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Abstract: We have developed an optical method for accurate
concentration, er, and dr analysis of amino alcohols based on
a simple mix-and-measure workflow that is fully adaptable to
multiwell plate technology and microscale analysis. The
conversion of the four aminoindanol stereoisomers with
salicylaldehyde to the corresponding Schiff base allows
analysis of the dr based on a change in the UV maximum at
420 nm that is very different for the homo- and heterochiral
diastereomers and of the concentration of the sample using
a hypsochromic shift of another absorption band around
340 nm that is independent of the analyte stereochemistry.
Subsequent in situ formation of CuII assemblies in the absence
and presence of base enables quantification of the er values for
each diastereomeric pair by CD analysis. Applying a linear
programming method and a parameter sweep algorithm, we
determined the concentration and relative amounts of each of
the four stereoisomers in 20 samples of vastly different
stereoisomeric compositions with an averaged absolute percent
error of 1.7%.

Introduction

The advance of high-throughput strategies and the
introduction of commercially available instrumentation capa-
ble of parallel analysis of large numbers of microscale samples
have greatly accelerated R&D productivity across the chem-
ical, materials, and life sciences during the last decade.[1] The
progress with scientific discoveries or process development
tasks, however, is often slowed down or even stalled when the
analysis of the concentration and the enantiomeric composi-
tion of hundreds to thousands of chiral samples is required.[2]

To date, the determination of the enantiomeric ratio (er) of
chiral analytes is typically accomplished with chromato-
graphic techniques that are intrinsically serial, time-consum-
ing and produce large amounts of solvent waste, albeit high-
speed HPLC and SFC separations have recently been
reported.[3] Alternatively, mass spectrometry,[4] IR thermog-

raphy,[5] NMR spectroscopy,[6] capillary electrophoresis,[7] and
biochemical assays[8] have been used to quantify enantiomeric
mixtures.

To address the limited capacity and lack of throughput
with the stereochemical analysis of chiral compounds, a vari-
ety of fast and cost-efficient optical sensing assays that are
compatible with automation, multiwell plate technology, and
parallel screening operations have been developed.[9] Many
examples of concurrent concentration and er sensing with
fluorescence,[10] UV,[11] and circular dichroism (CD)[12] spec-
troscopic methods including optical asymmetric reaction
analysis have been reported.[13] By contrast, the steadily
growing demand for methods that allow determination of the
er and the diastereomeric ratio (dr) of compounds exhibiting
more than one chiral center, for example in the drug
development arena, has been largely neglected. Although
an impressive diversity of robust sensor designs is available,
the development of optical methods that achieve accurate
determination of concentration, er and dr values following
a practical workflow is a formidable challenge. AnslynQs and
our group have shown that ternary isomeric mixtures
containing the enantiomers and the meso form of 1,2-
diamines can be identified and analyzed either by linear
discriminant analysis with a chiral BINAP-CuI complex[14] or
with a ligand displacement assay using a fluorescent diacri-
dylnaphthalene N,N’-dioxide scandium(III) complex.[15] An-
zenbacher and Pu described optical systems with potential for
diastereo- and enantioselective fluorosensing of hydroben-
zoin and threonine mixtures, respectively, but the combined
quantification of er and dr values was not demonstrated.[16,13d]

The possibility of optical concentration, er, and dr analysis of
2-aminocyclohexanol with a maximum absolute error of
12.7% was recently demonstrated by the Anslyn group using
a tandem of UV, CD and fluorescence assays that require
protection chemistry, working at elevated temperature, and
reaction work-up (extraction, filtration, and solvent remov-
al).[17]

Vicinal amino alcohols are among the most privileged
classes of compounds and widely used as key building blocks
for the synthesis of biologically active compounds and as
chiral ligands or auxiliaries in asymmetric reactions. The
evaluation of the total amount and the stereoisomeric
composition of chiral amino alcohols is therefore a very
important and frequently encountered task. In many cases,
the presence of two stereogenic centers gives rise to two
diastereomers, each comprising a pair of enantiomers. The
determination of the total amount and the relative quantities
of the four stereoisomeric forms is typically accomplished by
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gravimetric analysis in combination with either chiral chro-
matography using standard reference samples for comparison
or by NMR spectroscopy with chiral solvating agents or
derivatizing reagents.[18] As mentioned above, these are
inherently serial techniques that are often time-consuming,
and when compared to optical sensing approaches, are less
amenable to high-throughput screening.

We report herein a method for accurate concentration, er,
and dr analysis of amino alcohols based on machine learning
and a simple mix-and-measure workflow that is fully adapt-
able to multiwell plate technology and applicable to micro-
scale analysis. Conversion of the four aminoindanol stereo-
isomers with salicylaldehyde to the corresponding Schiff base
allows analysis of the diastereomeric composition and the
total amount (concentration) of the sample based on a change
in the UV maximum absorbance at approximately 420 nm
that is the same for the individual enantiomers and a hyp-
sochromic shift of another absorption band around 340 nm
that is independent of the analyte stereochemistry. The
subsequent in situ formation of CuII assemblies in the absence
and presence of base enables quantification of the er values
for each diastereomeric pair by CD analysis at 340–350 nm
and 410–420 nm, respectively. Applying a linear programming
(LP) method to optimize the weighting of UV/Vis and CD
spectra and a parameter sweep (PS) algorithm to identify
optimal wavelength ranges for the most accurate and robust
analysis using 20 training samples, we determined the percent
amounts of each of the four stereoisomers in 20 samples with
a maximum absolute error of only 8.0%. Our approach is very
practical and offers several advantageous features. Only CD
and UV measurements are required, which facilitates the
workflow as modern UV/CD instruments and plate readers
typically generate both spectra simultaneously. All spectro-
scopic readouts used for the analysis appear above 300 nm,
which is advantageous because this is more likely to eliminate
possible interferences from impurities. We avoid neat reac-
tion conditions that might be difficult to handle when minute
sample amounts have to be processed, and derivatizations
that require heating, which could result in partial solvent loss
and concentration alterations that may compromise the
accuracy of the optical assay. Protection chemistry and any
work-up are also avoided, and all reagents used are commer-
cially available and inexpensive. The Schiff base and CuII

complex formations are complete within 30 and 15 min,
respectively, and occur at 25 88C, which greatly facilitates
parallel handling of hundreds of samples in a single multiwell
plate under uniform temperature conditions if desired
(Scheme 1).

Results and Discussion

The widespread use of high-throughput equipment en-
ables chemists to run hundreds of asymmetric reactions at the
1 milligram scale in parallel to optimize catalyst structure,
additives, solvents, or other important parameters. Typically,
catalytic reactions are complete within a few hours or
overnight and then await evaluation. The remaining bottle-
neck of the overall development progress, however, com-

monly lies in the analysis of the product yield and er for each
run because traditional methods are either not applicable to
small-scale reactions or time-consuming. While the introduc-
tion of optical assays has been shown to solve this problem for
reactions that generate compounds with a single chiral center
existing only in the form of two enantiomers,[9e] the sensing of
mixtures that contain diastereomers, each existing as a pair of
enantiomers, remains a major challenge. The discovery and
optimization of asymmetric reactions that introduce two
chirality centers with high enantio- and diastereoselectivity is
a frequently encountered task in numerous laboratories. An
analytical method that can handle high-throughput screening
of mixtures of enantiomers and diastereomers is therefore in
high demand.

At the onset of this study, we envisioned a practical
sensing assay that allows differentiation of four stereoisomers
and accurate quantification of er and dr values based on
a very attractive mix-and-measure workflow with the follow-
ing features: 1) It can be applied to minute sample amounts,
2) eliminates any work-up steps, 3) requires only inexpensive,
commercially available agents, and 4) would be readily
adaptable to high-throughput instrumentation and automated
operation. Based on the general significance and ubiquity of
amino alcohols described above, we selected aminoindanol, 1,
exhibiting two vicinal chirality centers as test compound. Our
group has developed a variety of optical sensing methods that
exploit the principles of dynamic covalent chemistry, for
example through reversible Schiff base formation,[19] or
coordination of a chiral analyte to stereodynamic metal
complexes[20] to produce UV and CD spectra that allow the
determination of concentration and enantiomeric composi-

Scheme 1. Quantitative optical sensing of mixtures of four stereoiso-
mers of amino alcohols.
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tion of a large number of compounds including amino
alcohols. We expected that the general practicality and
efficiency of these sensing strategies would be highly advanta-
geous in our search for an optical method that achieves
comprehensive stereoselective analysis of 1 while adhering to
the unique features itemized above.

After screening several Schiff base sensor designs and
conditions, we found that the diastereomers of 1 react
quantitatively with salicylaldehyde 2, to the corresponding
homo- and heterochiral imines 3, which have optical proper-
ties that are favourable for quantitative sensing (Scheme 2).

The condensation reaction occurs smoothly under stoichio-
metric conditions in DMSO at room temperature and is
complete within 30 min according to UV analysis. Formation
of by-products that could potentially interfere with the
chiroptical sensing was excluded by NMR and IR spectros-
copy and ESI-MS (Supporting Information). To assure high
reproducibility of our sensing assay we allowed a 1-hour
reaction time for all experiments. Further analysis revealed
that the UV spectra of the salicylaldimine enantiomers
formed from 1 are identical as one would expect. However,
the signal intensity at 415 nm increases substantially as the
relative amount of the homochiral diastereomer, that is,
(R,R)-3 and (S,S)-3), versus the heterochiral diastereomer,
(R,S)-3 and (S,R)-3), decreases. The steady change in the UV
absorption intensity can therefore be used to determine the dr
of samples of 1.

We recently reported that chiroptical analysis of unpro-
tected chiral amino alcohols and many other classes of
compounds is possible with a simple mix-and-measure pro-
tocol using inexpensive cobalt, iron, copper, and other metal
salts that generate strong Cotton effects at long wave-
lengths.[21] The induced CD (ICD) signals were successfully
correlated to the enantiomeric ratio of the sensing targets and
used for quantitative er determination. These findings en-
couraged us to examine the possibility of using metal
complexation of 3 for the same purpose.

The testing of various metal salts and optimization of the
analyte-to-metal-ion ratio revealed very strong CD effects, in
particular when 0.5 equivalents of copper(II) chloride were
employed (Figure 1 and the Supporting Information). The
complex formation is fast and coincides with a characteristic
change from pale yellow to green and dark yellow when the
heterochiral and homochiral imines, respectively, are added.
The CD spectra can be collected within 15 min. A closer
inspection of the ICD effects showed distinct Cotton effects

Scheme 2. Schiff base formation and diastereoselective UV sensing.
UV/Vis spectra of the salicylaldimine formed from 1 and 2 at varying
dr starting from 100 mol% of either (R,R)-1 (solid magenta curve) or
(S,S)-1 (dotted magenta curve) to 100 mol% of either (R,S)-1 (solid
brown curve) or (S,R)-1 (dotted brown curve). All UV spectra were
recorded at a concentration of 1.0 mm in DMSO.

Figure 1. CD spectra of the CuII assemblies formed from salicylaldimine 3 and 0.5 equiv of CuCl2·2H2O (left, CDA) and after addition of 1 equiv of
TBAOH (right, CDB). Gradation of color from maroon to purple indicates distribution of dr between homochiral (i.e., maroon is either 100%
(R,R)- or 100% (S,S)-1) and heterochiral (i.e. , purple is either 100% (R,S)- or 100% (S,R)-1) species. CD analysis was performed at
a concentration of 0.6 mm in DMSO.
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for all four stereoisomers. A strong positive signal at
approximately 380 nm appears in the presence of the (R,S)-
enantiomer, while the exact opposite curvature with a strong
negative CD maximum at the same wavelength is observed
with the (S,R)-enantiomer (CDA, purple curves). By contrast,
the CuII complexes of the homochiral enantiomers are CD-
silent at 380 nm but display a maximum around 320 nm, which
is positive for the (R,R)-enantiomer and negative for its
antipode (CDA, maroon curves). The effect of a gradual
change in the dr of the Schiff base, for example from the
(R,R)-imine copper complex to the (R,S)-analogue, is visual-
ized by the color change from maroon to purple. Moreover,
we observed a dramatic CD modulation upon addition of
base. Again, the system equilibration and subsequent chirop-
tical changes are very fast and we were able to conduct all CD
experiments without delay. In the presence of 1 equivalent of
tetrabutylammonium hydroxide (TBAOH), the CD spectra
of the heterochiral complexes remain quite similar (CDB,
purple curves). The homochiral CuII complexes, however,
give strikingly different results. The (R,R)-imine copper
assembly now shows a positive CD maximum at approx-
imately 440 nm and two negative peaks between 300 and
400 nm. As expected, the opposite effects are observed with
the (S,S)-enantiomer (CDB, maroon curves). The same CD
modulation effects were obtained when TBAOH was re-
placed with KOH or diisopropylethylamine (Supporting
Information).

Based on the detailed studies of chiroptically active metal
ion assemblies previously communicated from our labora-
tory,[21] the measured ICD signals generated upon addition of
CuCl2·2 H2O to solutions of the imine 3 are likely attributable
to a complex mixture of enantiomeric and diastereomeric
copper complexes that are in equilibrium with multinuclear
species. In fact, we were able to identify both dinuclear and
trinuclear copper complexes of 3 by ESI-MS, which is in
agreement with the X-ray structure of a single crystal
obtained by slow evaporation of a methanol solution of the
heterochiral Schiff base and CuCl2 (Figure 2 and Supporting
Information). Our spectroscopic and crystallographic obser-
vations are in accordance with a wealth of studies and
thorough characterizations of copper complexes carrying
amino-alcohol-derived Schiff base ligands.[22] The well-docu-
mented complicated nature of such CuII complexes and their
aptitude to form multinuclear species, however, have not
impeded their successful use in asymmetric catalysis;[23] and as

we show in this work, these features do not affect the
efficiency and practicality of quantitative er/dr sensing.

Having developed a simple workflow that yields charac-
teristic UV and CD readouts of the four stereosiomers of
1 upon Schiff base formation, copper coordination, and base
addition, we continued with the analysis of our sensing results.
To accomplish the quantification of the large body of data, we
referred to a supervised learning approach based on linear
programming (LP). LP is a class of optimization algorithm
that finds an optimal result with minimal deviation from the
actual value, subject to several constraining variables. In this
study, LP is employed to find the combination of UV/Vis and
CD calibration curves that minimizes the squared distance
between an unknown value (i.e., concentration, dr, or er)
across various wavelength ranges. The algorithm exploits
areas in which one species gives a predominant spectroscopic
output to generate weights for each calibration curve (blue,
green, orange, and red lines in Figure 3) such that, when
combined, a computed spectrum (pink dashed line) that is
superimposable onto the target spectrum (black dashed line)
is obtained. The weights for each calibration curve are then
employed to predict the composition of unknown samples by
weighting the composition of each calibration curve (Sup-
porting Information).

We realized that manual identification of regions in which
quantitative differentiation between the four stereoisomeric
species is optimal can be time-consuming, prone to errors, and
generate unnecessary bias. This important task was therefore
achieved by using a parameter sweep (PS) algorithm. PS uses
a set of training samples with known compositions of
quaternary isomeric mixtures of 1 to identify the wavelength
ranges that the algorithm can use to ensure efficient and
accurate analysis. For this purpose, a training set composed of
20 samples, T1–T20, with varying dr and er of aminoindanol
was prepared and the UV/Vis and CD spectra were collected
according to the procedure described above (see the Sup-
porting Information for details). The spectra obtained were
then fed into the LP algorithm to obtain individual percent
compositions of (R,S)-1, (S,R)-1, (R,R)-1, (S,S)-1 (er values),
and [(R,S)-1 + (S,R)-1] and [(R,R)-1 + (S,S)-1] (dr values).
First, the results for each training sample obtained from all
possible 10, 50, 100, 150, and 200 nm ranges were evaluated by
10 nm steps across the whole spectrum width (i.e., 280–
600 nm). Then, the optimal wavelength span was selected by
identifying the range that produces the lowest averaged
absolute error across all composition (concentration, dr, and
er) values. This process is completely automated and can be
executed in about one hour.

The distribution of the averaged absolute errors across 20
samples from the training set within the 10 nm segments
between 280 nm to 600 nm is shown in Table 1. The color
scheme shows gradation among the calculated averaged
absolute %error indicating an increase from green to red
(i.e., values having lowest percent error are in green and
values having highest %error are in red). The wavelength
range that gives the lowest averaged absolute percent error of
only 1.2% is highlighted in a red box. The averaged absolute
percent error is defined as the error obtained from comparing
er and dr values using LP against actual values across all 20Figure 2. Single-crystal structure of [Cu(R,S)-3]2.

[24]
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samples in the training set. The results obtained with wave-
length segments of 50, 100, 150, and 200 nm are tabulated in
the Supporting Information.

The PS analysis of our training set suggested that the 340–
350 nm (CDA) and 410–420 (CDB) segments are optimal for
the chiroptical analysis of stereoisomeric mixtures of 1. To test
the accuracy of our method, we prepared twenty scalemic
mixtures of S1–S20 with substantially varying dr and er values.
The samples were treated following our general sensing
workflow. The experimentally obtained UV and CD spectra
were fed into the LP algorithm, and by using the optimized
ranges, the individual amounts of all four stereoisomers of
1 were calculated. The results are shown in Table 2. Compar-
isons of the experimentally obtained and the LP-generated
CDA and CDB spectra showing excellent agreement in the
10 nm regions selected by our supervised learning approach
can be found in Figure 3 and in the Supporting Information.

The stereoselective determination of the concentrations
and relative amounts of the four stereoisomers as well as the
correct assignment of the absolute configuration of each
individual component was accomplished with excellent accu-
racy for all 20 samples. For example, the er and dr sensing of
S2 consisting of 31% (69 %) of the heterochiral (homochiral)
amino alcohol and 5.0%, 26.0 %, 8.3% and 60.7% of (R,S)-,
(S,R)-, (R,R)- and (S,S)-1, respectively, gave the same
diastereomeric composition while the individual isomers

were calculated as 3.1%, 27.9 %, 8.7% and 60.3%, respec-
tively. A comparison with the results obtained for S4
demonstrates that the method is broadly reliable as significant
changes in the enantiomeric and diastereomeric compositions
are not a problem. In this case, the quantification of a 91:9 dr
mixture containing the (R,S)-, (S,R)-, (R,R)-, and (S,S)-
isomers in 81.9%, 9.1%, 7.6%, and 1.4% gave a dr of 90:10
and individual percentages of 79.8, 10.2, 7.9, and 2.1,
respectively. Overall, we were able to determine the percent
amounts of each of the four stereoisomers in the 20 samples
with an averaged absolute percent error of only 1.7%. The
maximum absolute error in S1–S20 was determined as 8.0%
(see S9 in Table 2).

Further examination of our sensing results showed that
the UV spectra obtained with the salicylaldimine 3 contain
a region between 330 and 350 nm that can be used for
concentration analysis independent of the enantiomeric and
diastereomeric sample composition. We found that a hypso-
chromic shift and a decrease in signal intensity are observed
as the concentration of 1 increases (Figure 4). The Schiff bases
formed from the individual enantiomers and diastereomers of
1 and sensor 2 produce almost perfectly superimposable UV
responses between 338 to 345 nm, which allows concentration
determination of the analyte. To demonstrate the viability of
the concentration analysis, seven samples of varying concen-
trations (6.0–15.0 mm) of 1 were prepared according to our

Figure 3. CDA (top) and CDB (bottom) spectra of the assemblies formed between CuII, enantiopure (R,S)-3 (blue), (S,R)-3 (green), (R,R)-3
(orange), and (S,S)-3 (red) (CDA), and after addition of one equivalent of TBAOH (CDB). The LP algorithm is employed to find a set of weights to
minimize the squared distance between the experimental curve (dashed black line) from different calibration curves across various wavelength
ranges. Insets: The experimental curves (dashed black curve) of sample S2 (Table 2) and the calculated curves from LP (pink dashed curve) are
superimposable.
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general protocol. The UV signals between 338 to 345 nm were
then fed into the LP algorithm and the concentrations of
aminoindanol were calculated with high accuracy in all cases.

Altogether, we have thus demonstrated that our method
can be used for comprehensive concentration, er and dr
sensing of aminoindanol samples with strikingly different
stereoisomeric compositions. Importantly, our approach is not
restricted to this particular amino alcohol but rather generally
applicable. Employing 1-amino-2-cyclohexanol as another
test analyte in our UV/CD sensing protocol also gave striking
CDA/CDB signal modulations and diastereoselective UV
changes that can be used for er and dr quantification using
the machine learning approach discussed above (Supporting
Information).

Conclusion

We have developed a chiroptical sensing method that
allows accurate determination of the absolute configuration,
enantiomeric composition, diastereomeric ratio, and total
amount of a mixture of four stereoisomers using amino-
indanol as a test compound. The stereodifferentiation is based
on fast Schiff base formation and CuII coordination chemistry
that are quantified by simple UV and CD measurements,

which can be performed simultaneously with modern UV/CD
instruments and plate readers. All chiroptical signals used for
the analysis appear above 300 nm, which is advantageous
because this is likely to eliminate possible interferences from
impurities that may be present. Our assay exclusively uses
inexpensive chemicals, eliminates protection chemistry and
any type of sample work-up, and it follows a simple mix-and-
measure workflow that is fully adaptable to multiwell plate
technology and applicable to microscale analysis. An inert
atmosphere and the use of anhydrous solvents are not
necessary, and all steps occur in the same solvent at room
temperature, which greatly simplifies sample handling and
streamlines the operation. LP was used to optimize the
weighting of the UV and CD spectra and a PS algorithm
enabled unbiased identification of optimal wavelength ranges
for the most accurate and robust analysis using 20 training
samples. The combination of a powerful sensing assay and
supervised learning method proved very efficient, which was
demonstrated with the determination of the concentrations
and relative amounts of each of the four amino alcohol
stereoisomers in 20 samples with an averaged percent error of
only 1.7%.

Table 1: PS-generated averaged absolute percent error distribution across 20 training set samples T1–T20 within 10 nm segments between 280 to
600 nm.[a]

[a] The wavelength range that gives the lowest averaged absolute percent error is highlighted in a red box. The averaged absolute percent error shown
were obtained by comparing er and dr values collected using LP-generated sensing data against actual values across 20 samples in the training set.
Column CDA denotes the 10 nm wavelength segments of the calibration curves obtained with the Schiff base CuII complexes and row CDB denotes the
10 nm wavelength segments of the calibration curves obtained with the assembies in the presence of base. The color scheme in the table shows
gradation among the calculated averaged absolute percent error indicating an increase in percent error as it goes from green to red (i.e., values having
lowest %error are in green and values having highest percent error are in red).
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Table 2: Summary of the results obtained from the simultaneous determination of 20 samples containing 1 in varying er and dr using the wavelength
range obtained by PS algorithm (340 to 350 nm for CDA and 410 to 420 nm for CDB).
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