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sing of stereoisomeric compound
mixtures with a redox-responsive optical probe†

Jeffrey S. S. K. Formen, Diandra S. Hassan and Christian Wolf *

The analysis of mixtures of chiral compounds is a common task in academic and industrial laboratories

typically achieved by laborious and time-consuming physical separation of the individual stereoisomers

to allow interference-free quantification, for example using chiral chromatography coupled with UV

detection. Current practice thus impedes high-throughput and slows down progress in countless chiral

compound development projects. Here we describe a chemometric solution to this problem using

a redox-responsive naphthoquinone that enables chromatography-free click chemistry sensing of

challenging mixtures. The achiral probe covalently binds amino alcohols within a few minutes at room

temperature and generates characteristic UVA and CDA spectra that are intentionally altered via sodium

borohydride reduction to provide a second, strikingly different chiroptical data set (UVB and CDB).

Chemometric partial least squares processing of the chiroptical outputs then enables spectral

deconvolution and accurate determination of individual analyte concentrations. The success of this

approach is demonstrated with 35 samples covering considerably varied total analyte amounts and

stereoisomeric ratios. All chemicals and machine learning algorithms are readily available and can be

immediately adapted by any laboratory.
Introduction

The ubiquity and general importance of chirality in the chem-
ical, materials and health sciences together with the widespread
use of automated equipment demand practical analytical assays
that can handle increasingly complicated stereoisomeric
compound mixtures and at the same time satisfy today's high-
throughput sample processing expectations. Most promising
for such task are methods that do not require sample purica-
tion and are compatible with multi-well plate technology and
parallel data acquisition. The quantication of enantiomers
and diastereomers has oen been a major bottleneck or even
a roadblock in chiral compound development projects and
generally relies on cumbersome separation steps prior to the
analysis. Despite remarkable progress with high-speed separa-
tions,1 chiral GC, SFC and HPLC are typically time-consuming
and liquid chromatography can generate large amounts of
solvent waste. To address these shortcomings, alternative
strategies based on mass spectrometry,2 UV3 and uorescence
spectroscopy,4 gas-phase rotational resonance spectroscopy,5 IR
thermography,6 circular dichroism,7 NMR spectroscopy,8 and
biochemical methods9 have been introduced.
iversity, Washington DC, 20057, USA.
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Optical chirality sensing with circular dichroism (CD) probes
is generally fast, robust, operationally simple, compatible with
high-throughput screening platforms and amenable to parallel
analysis of hundreds of samples which is an inherent advantage
over serial chromatography.10 In recent years, remarkable
progress in this eld has been made with several demonstra-
tions of crude asymmetric reaction analysis11 and through the
introduction of powerful probe designs that conquer chal-
lenging chirality space and overcome limitations of traditional
NMR and HPLCmethods.12 Additional noteworthy advances are
the report of a unied CD sensing protocol that gives ee and
concentration results without the common need for concomi-
tant UV measurements,13 the use of computer generated cali-
bration curves to eliminate trial-and-error method
development,14 and the combination with machine learning
tools that address the problem of CD spectral overlap in mul-
ticompound analysis.15 Methods that allow optical
chromatography-free chiral compound mixture analysis are
anxiously awaited by both academic and industrial laboratories
that need to streamline their development processes to increase
throughput at reduced cost, waste and workload. Despite recent
advances this eld is still in its early stages.16 Remaining
shortcomings of chemometric chiral compound mixture
sensing include elaborate sample treatments that require
ltration or isolation steps, insufficient accuracy and robust-
ness, and limited tolerance of sample composition variations.
We now wish to introduce a commercially available, inexpensive
naphthoquinone probe and demonstrate its use in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemometric chirality analysis of challenging binary to
quaternary compound mixtures that vary substantially in the
overall amount and stereoisomeric composition. This is ach-
ieved through a combination of click chemistry, fast generation
of two UV/CD data sets and partial least squares data process-
ing, which altogether eliminate typically required laborious and
time-consuming physical separation steps, a long-standing goal
and improvement highly sought-aer by many chemists (Fig. 1).
Scheme 1 Reaction of naphthoquinone 1 with amino alcohols 2–4 to
5 and reduction to the hydroquinone derivative 6. The crystal structure
shown is derived from the reaction between 1 and (R,S)-2.
Results and discussion

For this study we selected the dichlorobenzoquinone 1 which
we expected to undergo smooth carbon–nitrogen bond forma-
tion with amino alcohols like 2–4. Indeed, NMR, UV and CD
spectroscopic analysis showed that the replacement of one
chloride occurs within 30 minutes at room temperature
(Scheme 1 and ESI†). The substitution coincides with a charac-
teristic color change to orange and we were able to grow a single
crystal of (R,S)-5 obtained with a heterochiral 1,2-diphenylami-
noethanol substrate to conrm the reaction outcome. The
solution of 5 can then be used directly in the reduction step with
sodium borohydride to generate the naphthohydroquinone 6.
This transformation is complete within a few minutes which
was evident from the colorimetric change from orange to pale
yellow and by NMR analysis. Both reactions are quantitative and
we did not observe formation of by-products. This well-dened
reaction sequence set the stage for the evaluation of the chi-
rotical properties of the stereoisomeric quinone and hydroqui-
none products 5 and 6.
Fig. 1 Chemometric sensing of complicated stereoisomeric mixtures
with a redox-responsive chirality probe.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The amino alcohols 2–4 were chosen as test compounds
because they display two chirality centers and are commercially
available in all four stereoisomeric forms. This allowed us to
examine if 1 is capable of producing distinct UV and CD signals
in three separate cases and to prepare a diverse sample set of
quaternary mixtures for chemometric analysis, see below. In
addition, they represent cyclic and acyclic compounds with or
without aromatic moieties.

To this end, it is noteworthy that chiral compounds with an
aromatic group in close proximity to the chiral center are
conducive to exciton-coupled CD inductions and are therefore
oen privileged sensing targets while purely aliphatic ones are
much more difficult to work with. In some chiroptical assays,
the presence of aryl groups in the substrate proved to be highly
advantageous or even necessary for the generation of suffi-
ciently strong chiroptical signals that can be quantied without
interference from chiral impurities with inherent CD activity,
a complication that is most likely in the spectral region below
300 nm.7 Accordingly, a chiroptical assay that does not rely on
chromophoric contributions from the analyte and generally
produces red-shied CD effects that avoid these obstacles is
regarded much more useful.

With these considerations in mind, we applied 1 in the
reaction with each stereoisomer of amino alcohol 2. We were
pleased to nd that each of the corresponding naph-
thoquinones 5 displays strong CD signals above 300 nm at low
concentrations (Fig. 2A). The enantiomers of the heterochiral
amino alcohol products have a strong CD maximum around
340 nm at 0.33 mM while the homochiral naphthoquinones
give quite different CD couplets centered at approximately
350 nm. The in situ reduction toward the naphthohy-
droquinones resulted in remarkable chiroptical changes
(Fig. 2B). The signs of the Cotton effects of the heterochiral
products were reversed. For example, the positive CD signal
obtained by sensing of (R,S)-2 in the oxidized state 5 was
transformed into a negative CD response and themaximumwas
slightly red-shied in the (R,S)-hydronaphthoquinone 6 (yellow
lines in Fig. 2A and B). The opposite was observed with the (S,R)-
Chem. Sci., 2024, 15, 1498–1504 | 1499
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Fig. 2 CD and UV responses of the quinone/hydroquinone redox couple derived from amino alcohol 2. Conditions: (A) CDmeasurements were
conducted at 0.33 mM in DMSO. (B) CD spectra were obtained at 0.26 mM in DMSO :MeOH (3 : 1). (C) UV measurements at 0.225 mM in DMSO.
(D) The UV concentrations in DMSO :MeOH (3 : 1) in order of decreasing signal intensities: (a) purple and dashed red lines, 0.23 mM (1, Et3N and
2); (b) grey and dashed orange lines, as under (a) but [2] was 0.18 mM; (c) blue and dashed green lines, as under (A) but [2] was 0.14 mM.

Fig. 3 Reconstitution of CD spectral information obtained by sensing
stereoisomeric mixtures of 2 with naphthoquinone 1 (oxidized state).
See ESI† for details.
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enantiomer of 2 (green lines in Fig. 2A and B). The shape of the
couplets of the homochiral enantiomers also changed
substantially upon reduction and we obtained very strong
maxima around 350 nm at 0.26 mM (blue and red lines in
Fig. 2A and B). Altogether, the oxidized and reduced states 5 and
6, respectively, have signicantly different CD signatures which
we envisioned to be crucial for the chemometric analysis of
quaternary amino alcohol mixtures.

We then studied the UV characteristics of 5 and 6. Since our
probe is achiral, we do not introduce additional chiral infor-
mation and the naphthoquinones produced from enantiomeric
substrates give identical UV signals at 350 nm. Further analysis
with 5 revealed that the UV absorption steadily increases when
1500 | Chem. Sci., 2024, 15, 1498–1504
the heterochiral enantiomers of 2 are replaced with the homo-
chiral isomers. As a result, the UV analysis of 5 is sensitive to the
diastereomeric composition of 2 (Fig. 2C). In the reduced state 6
the UV maximum is shied to 370 nm and independent of the
stereoisomeric composition (Fig. 2D). A titration experiment
conrmed that this UV absorption is only responding to the
total amount of initially present 2. The same redox sensing
analysis with the amino alcohols 3 and 4 revealed that the
resultant enantiomeric and diastereomeric naphthoquinones
and naphthohydroquinones also exhibit remarkably distinct
CD proles (see ESI†). This suggests that a rigid substrate
structure and the presence of aryl groups in the analyte are not
strict requirements for sensing with 1. It is important to point
out that the quinone probe is used in slight excess to ensure
quantitative conversion toward 5 and to rule out the possibility
of a second substitution reaction which was not observed. The
mild assay conditions are noteworthy as well and 5 does not
undergo ring closure via attack of the alcohol moiety at the
adjacent electrophilic carbon carrying the remaining chloride.
We also conducted time studies of both the oxidized and the
reduced states to show that the products 5 and 6 do not undergo
noticeable epimerization even aer several hours (see ESI†).
This provides a very comfortable time frame during which the
assay can be conducted.

As mentioned above, the quantication of mixtures con-
taining up to four stereoisomers is a very challenging task and
typically requires time-consuming separation of the individual
compounds with chromatographic methods prior to the anal-
ysis. To replace undesirable chromatography by direct mixture
chemosensing one needs to be able to deconvolute a large
amount of spectral information hidden under widely
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemometric chiroptical sensing results of 15 samples containing the four stereoisomers of 2 in varying amountsa

Sample

RR
actual
(mM)

RR
predicted
(mM)

Absolute
error

SS
actual
(mM)

SS
predicted
(mM)

Absolute
error

RS
actual
(mM)

RS
predicted
(mM)

Absolute
error

SR
actual
(mM)

SR
predicted
(mM)

Absolute
error

1 20.0 20.7 0.7 5.0 5.7 0.7 22.0 20.4 1.6 3.0 2.1 0.9
2 4.0 3.5 0.5 16.0 18.2 2.2 18.0 16.1 1.9 2.0 0.1 1.9
3 19.0 18.9 0.1 4.0 4.5 0.5 10.0 10.1 0.1 12.0 11.0 1.0
4 13.0 13.5 0.5 2.0 2.5 0.5 7.0 7.3 0.3 8.0 8.0 0.0
5 10.0 10.7 0.7 7.0 6.6 0.4 15.0 15.1 0.1 3.0 3.7 0.7
6 15.0 14.2 0.8 5.0 5.3 0.3 1.0 1.4 0.4 19.0 18.4 0.6
7 3.0 2.9 0.1 22.0 20.4 1.6 7.0 7.3 0.3 18.0 18.9 0.9
8 2.0 2.4 0.4 23.0 23.9 0.9 24.0 24 0.0 1.0 0.4 0.6
9 10.0 10.5 0.5 13.0 13.4 0.4 1.0 0.0 1.0 21.0 21.7 0.7
10 15.0 14.1 0.9 5.0 4.0 1.0 12.0 12.5 0.5 8.0 9.2 1.2
11 14.0 13.1 0.9 6.0 4.8 1.2 9.0 10.5 1.5 6.0 7.3 1.3
12 15.0 14.8 0.2 5.0 5.4 0.4 15.0 14.1 0.9 7.0 6.5 0.5
13 10.0 9.1 0.9 14.0 13.4 0.6 12.0 13.3 1.3 7.0 6.6 0.4
14 12.0 11.6 0.4 13.0 11.6 1.4 7.0 8.1 1.1 14.0 14.8 0.8
15 9.0 11.0 2.0 5.0 6.3 1.3 8.0 6.3 1.7 13.0 11.7 1.3

a See ESI for details.
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overlapping CD and UV absorption bands. We expected that
this would be possible by combining the multi-modal spectral
output generated by our redox-responsive chiroptical assay with
chemometric data processing.

Fieen samples containing the stereoisomers of 2-amino-1,2-
diphenylethanol at varying concentrations in DMSO were
prepared and subjected to analysis with probe 1. For each sample, 5
single point UVmeasurements in DMSO were taken at 351 nm and
averaged. The diastereomeric ratio was calculated using UV
measurements of the oxidized state (see ESI† for details). Upon
addition of NaBH4 another 5 single point UV measurements were
taken in 3 : 1 DMSO :MeOH at 370 nm and averaged to determine
the overall sample concentration.17 The results from the linear
regressions of the UV absorptions of the naphthoquinone and
hydronaphthoquinone products, and theCD spectra of the oxidized
and the reduced states were used to quantify individual stereo-
isomer concentrations using partial least squares (PLS) regression.

PLS is commonly utilized in chemometrics to construct
predictive models and extract valuable insights from convoluted
chemical datasets, especially in spectroscopic analyses. It
proves particularly benecial for the treatment of highly corre-
lated variables, noisy data, and scenarios involving a limited
number of samples relative to variables. The main objective of
PLS is to establish relationships between input variables, such
as spectral data and total sample concentrations, and output
variables, for example individual concentrations of each
stereoisomer. This is achieved by creating a small set of
uncorrelated latent variables called components, which capture
the maximum covariance between the input and output vari-
ables. PLS offers several advantages. It effectively handles highly
correlated variables by capturing and extracting the shared
variance among them, leading to improved predictions and
enhanced interpretability. PLS is well-suited for situations with
a small sample size compared to the number of variables, as it
reduces dimensionality and extracts relevant information from
a smaller set of components. It robustly handles noisy data by
© 2024 The Author(s). Published by the Royal Society of Chemistry
focusing on the covariance between input and output variables,
resulting in more reliable predictions and improved data
analysis. Additionally, PLS allows for simultaneous analysis of
multiple variables, enabling the modeling of complex relation-
ships and the capture of interactions among various variables.
However, PLS also has limitations. The interpretation of PLS
models and connection of dimensionally reduced variables to
the original data can be challenging. PLS can be sensitive to
outliers, and extreme values that deviate signicantly from the
overall data pattern can disproportionately inuence the
model's outcomes. Furthermore, as the number of variables
increases, PLS models may become complex, hindering inter-
pretation and making it difficult to determine the true impor-
tance of independent variables. Lastly, PLS assumes a linear
relationship between input and output variables, limiting its
ability to adequately capture nonlinear relationships. The
viability of this approach was veried by CD reconstitution and
leave-one-out cross-validation (see ESI†). During spectra
reconstitution the data that have been reduced in dimension-
ality through PLS regression are reversed to the original
dimension. This can illustrate whether there is data loss during
processing. The spectra reconstitutions of selected samples
showing minimal data loss are shown in Fig. 3.

The results of the chemometric analysis of samples 1–15 are
shown in Table 1. Despite the complexity of the mixtures we
were able to determine individual stereoisomer concentrations
with good accuracy and with an averaged absolute error of only
0.8 mM. For example, the sensing of sample 4 containing
13.0 mM of (R,R)-2, 2.0 mM of (S,S)-2, 7.0 mM of (R,S)-2, and
8.0 mM of (S,R)-2 gave 13.5 mM, 2.5 mM, 7.3 mM, and 8.0 mM,
respectively. Larger deviations were observed with sample 2
showing the maximum absolute error across all analyses. In this
case, our assay predicted 3.5 mM of the (R,R), 18.2 mM of the
(S,S), 16.1 mM of the (R,S) and 0.1 mM of the (S,R) isomer
deviating between 0.5 to 2.2 mM form the actual
concentrations.
Chem. Sci., 2024, 15, 1498–1504 | 1501
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Fig. 4 Heat map, plot of actual versus predicted stereoisomer concentrations, and bar chart of the first ten samples. (A) The heatmap represents
the absolute %error ranging from 0.0 (dark green) to the maximum of 2.2% (light yellow). (B) Plot showing the consistently small assay inaccuracy
and robustness over a 25 mM range for each stereoisomer. (C) The bar chart compares the assay results together with the overall sample
concentrations which was varied from 30.0 mM to 50.0 mM. The complete bar chart with all 15 samples can be found in the ESI.†
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The reliability and robustness of our chemometric sensing
method are illustrated in Fig. 4. The heatmap in Fig. 4A provides
a visual representation of the algorithm's sensing accuracy, with
each box indicating the actual concentration of the individual
stereoisomer present in the samples. The color gradient,
ranging from green to yellow, corresponds to an absolute error
between 0.0 and 2.2 mM. Fig. 4B displays a scatterplot that
showcases the outstanding correlation between the predicted
and actual concentrations without substantial outliers.

Finally, Fig. 4C is a comprehensive comparison of actual and
predicted values in a stacked column chart, which reveals that
chemometric sensing with 1 does allow accurate quantication
1502 | Chem. Sci., 2024, 15, 1498–1504
of each amino alcohol stereoisomer even when the total analyte
concentrations vary from 30.0 to 50.0 mM. This highlights an
important advance over the scope of previously reported mul-
tinary chiral compound sensing work that was limited to
samples with constant total analyte quantities.15d

To further validate the chiroptical assay, we applied it to
samples that intentionally do not contain all four stereoiso-
mers, an inherently more challenging chemometric task. In the
case of binary samples, both enantiomeric as well as diaste-
reomeric mixtures were prepared. Twenty samples containing
either two or three stereoisomers of 2 at varying concentrations
were subjected to the chemometric process described above
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Chiroptical analysis of mixtures with two or three
stereoisomersa

Sample (R,R)-2 (mM)
(S,S)-2
(mM)

(R,S)-2
(mM)

(S,R)-2
(mM)

1 Actual 9.9 20.1 0.0 0.0
Predicted 9.2 23.1 0.4 0.0

2 Actual 33.5 0.0 16.5 0.0
Predicted 32.1 0.0 16.1 2.5

3 Actual 9.9 0.0 20.1 0.0
Predicted 10.2 0.0 22.8 0.5

4 Actual 26.8 0.0 0.0 13.2
Predicted 28.2 0.0 0.4 13.8

5 Actual 13.2 0.0 0.0 26.8
Predicted 15.7 0.0 0.0 27.1

6 Actual 0.0 20.1 9.9 0.0
Predicted 0.0 23.3 11.3 0.0

7 Actual 0.0 13.2 26.8 0.0
Predicted 1.1 16.4 25.1 0.0

8 Actual 0.0 20.1 0.0 9.9
Predicted 0.0 19.7 0.2 11.5

9 Actual 0.0 13.2 0.0 26.8
Predicted 0.0 14.4 0.1 26.5

10 Actual 0.0 0.0 9.9 20.1
Predicted 0.0 1.0 9.1 21.4

11 Actual 13.2 13.2 13.2 0.0
Predicted 13.6 12.4 13.7 0.0

12 Actual 11.0 9.0 0.0 20.0
Predicted 10.4 9.3 0.1 20.0

13 Actual 21.4 0.0 9.2 0.0
Predicted 24.0 0.0 8.3 0.0

14 Actual 0.0 22.1 0.0 7.4
Predicted 0.0 23.2 0.0 7.6

15 Actual 26.0 0.0 0.0 14.0
Predicted 25.5 0.7 0.4 13.5

16 Actual 0.0 20.1 9.0 11.1
Predicted 0.0 20.3 9.2 10.8

17 Actual 19.9 0.0 0.0 29.8
Predicted 20.3 2.3 0.0 28.2

18 Actual 15.2 0.0 6.8 8.4
Predicted 15.7 0.0 7.0 8.6

19 Actual 6.7 8.2 0.0 14.9
Predicted 7.7 7.8 0.0 16.1

20 Actual 8.3 6.8 0.0 15.1
Predicted 8.8 5.0 0.0 16.9

a See ESI for details and results obtained with all 20 samples.
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(Table 2 and ESI†). We were pleased to nd that the results
obtained by PLS were in close agreement with the actual sample
compositions. For the binary samples, the highest absolute
error increased only slightly to 3.2 mM (see entries 6 and 7 in
Table 2). Meanwhile, we found that the absolute error range for
ternary mixtures is comparable to that of quaternary mixtures.
For example, the analysis of a sample composed of 20.1 mM of
(S,S)-2, 9.0 mM of (R,S)-2 and 11.1 mM of (S,R)-2 gave 20.3 mM,
9.2 mM and 10.8 mM, respectively (entry 16). It is noteworthy
that our assay predicted 8.8 mM of (R,R)-2, 5.0 mM of (S,S)-2,
and 16.9 mM of (S,R)-2 for a sample consisting of these isomers
in 8.3 mM, 6.8 mM, and 15.1 mM, respectively, representing the
largest deviation of 1.8 mM from the actual sample composition
across all measurements (entry 20).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Summary

In conclusion, we have demonstrated practical chromatography-
free analysis of stereoisomeric mixtures of chiral compounds
using organic reaction based dual-mode optical sensing
combined with chemometric processing of UV and CD spectra
that are produced with a readily available dichloronaph-
thoquinone. This achiral probe covalently binds the target mole-
cules in a few minutes at room temperature and generates
characteristic UV and CD spectra that are intentionally altered by
reduction of the quinone motif to provide a second chiroptical
data set. Chemometric PLS processing of the optical measure-
ments enables spectral deconvolution of inherently broad and
largely overlapping absorption bands generated during simulta-
neous recognition of up to four amino alcohol stereoisomers. The
realization of quantitative in situ chirality sensing was veried by
accurate determination of individual analyte concentrations using
35 samples with largely varying amounts and stereoisomeric
ratios, thus advancing the scope of previously reported multinary
chiral compound sensing methods. It is noteworthy that this
method is adaptable to automation and high-throughput
screening of hundreds of samples with commercially available
microplate readers is possible. Of course, any methodological
advance has some remaining drawbacks. We found that the
chemosemesing assay is limited to a total analyte concentration
range from 30 to 50 mM. The strong absorbance and uorescence
of the quinone adducts and of the corresponding hydroquinone
compounds start interfering with the CD measurements above
50 mM and we noticed a deviation from the linear relationship
between the CD amplitudes and the enantiomeric excess of the
analytes. Below 30mM, the CD and UV intensities of some species
are too weak for accurate differentiation between them. In addi-
tion, PLS regression analysis of samples with only two or three
analytes is still challenging. While the averaged error increases
only slightly compared to samples that contain all four stereo-
isomers, the absence of one or two was not consistently detected.
Although this was not a problem with 90% of the samples, in two
out of twenty cases our chemometric processing incorrectly pre-
dicted the concentration of an absent stereoisomer as 2.0 and
2.5 mM, respectively. Nevertheless, we believe that chemometric
sensing with redox-responsive optical probes like 1 bears consid-
erable potential to accelerate chiral compound development
projects in numerous academic and industrial laboratories.
Data availability

General procedures, probe development studies, UV and CD
spectra, and chemometric details are available in the ESI.†
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