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ABSTRACT

A protocol for the determination of enantiomeric excess of chiral carboxylic acid, using the subtle frequency shifts (chemical shift perturbation)
in NMR spectra induced by chiral auxiliary, is described. The spectra were analyzed with two pattern recognition protocols. Principal component
analysis demonstrated good enantioselective separation of the analytes, and partial least-squares was used to analyze ee values of unknown
samples.

The dramatic growth in the importance of asymmetric
synthesis has led to the demand for facile and efficient
techniques for assaying the enantiomeric excess (ee) of
reaction products.1 Enantioselective analysis often remains
the bottleneck in these processes because it usually entails
laborious and time-consuming chromatographic techniques.

The pressing need for efficient methods has shifted the focus
to MS,2 IR thermography,3 UV and colorimetric assays,4

fluorescence spectroscopy,5 and circular dichroism.6

A very different approach is based on NMR spectroscopy
that discriminates enantiomers depending on chiral auxiliaries
such as chiral solvating agents (CSAs).7 A drawback is that
they need a large amount of reagent to give rise to signal
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expensive. This has been accomplished only in some rare
cases developing highly specific, very selective CSAs or
synthetic receptors.9

Recently, Anslyn and co-workers pioneered the use of
pattern recognition for enantioselective colorimetric and
fluorescent indicators of chiral compounds.4e,f,h-j,6b En-
couraged by Anslyn’s success with pattern-based discrimina-
tion of enantiomeric excess, we decided to employ the
combination of pattern recognition techniques and chiral
auxiliaries to dissimilarly perturb the NMR spectra of the
enantiomers for enantioselective analysis. Herein, we report
that common chiral reagents can be used as chiral auxiliaries
for accurate and highly reproducible NMR quantification of
enantiomeric composition of various carboxylic acids.

According to the traditional enantioselective NMR
analysis method, few chiral shift reagents can be used to
determine enantiomeric purities of chiral carboxylic acids
accurately either because of their structural complexity
or because their 1H chemical shift nonequivalences are
too small to realize baseline resolution.9a We selected
commercially available and inexpensive quinidine and
cinchonine as chiral auxiliaries (Figure 1A) to induce

discrimination in the NMR spectra of chiral carboxylic
acids. The four different carboxylic acids used for the array
are shown in Figure 1C and were chosen so that each
carboxylic acid was sufficiently different from one another
in their structure and functionality to ensure variation
among analytes. To evaluate the chiral discrimination
abilities of quinidine, we measured NMR spectra for 1:1
mixtures of quinidine and chiral carboxylic acids 3-6 and
their racemates in CDCl3. Chemical shift nonequivalences
were not observed. A careful comparison of the 1H NMR
spectra of enantiomers and racemates of various carboxylic
acids showed subtle frequency shifts which were induced
by the interaction between auxiliary and analytes (Figure
1B). Where we were able to obtain unique chemical shift
change signatures for both analytes and chiral auxiliary,
those signatures would be indicative of the chirality of

an analyte. Previous studies have elucidated the chemical
shift perturbations that occur during chiral auxiliary
binding in situ to analytes through noncovalent, intermo-
lecular forces, usually under conditions of exchange
between the bound and the unbound forms. The associated
complexes of a pair of enantiomers with a chiral auxiliary
are diastereomers and are the source of perturbation in
the NMR spectrum.10

Our first goal was to demonstrate chemo- and enan-
tiodifferentiation of the analytes. Each carboxylic acid,
as well as the enantiomers, was treated at 5 mM
concentration with 5 mM chiral auxiliary 1. The experi-
ment was repeated four times to ensure reproducibility.
A full spectrum of each sample was recorded, referenced
to TMS. The data were analyzed in the aromatic region
corresponding to the chemical shift range from δ 6.9 to δ
8.8 after removing the solvent resonance region (δ
7.0-7.3) prior to principal component analysis (PCA)11

for fingerprinting. The PCA plot shows excellent dis-
crimination for all of the carboxylic acids and their
enantiomers (Figure 2). Tight clustering of identical

samples and good spatial resolution for all of the analytes
was achieved. Using cinchonine as a chiral auxiliary led
to similar chemoselectively responses (Figure S1, Sup-
porting Information), as expected.

Having found chemo- and enantioselectivity, the next
goal was to explore the ability to quantitate ee for a known
analyte. For this purpose, we recorded 1H NMR spectra
of quinidine at given concentrations of carboxylic acids
(5 mM), along with eight ee values at given concentrations
(-1, -0.6, -0.4, -0.2, 0, 0.2, 0.6, and 1; expressed as
% R in the data). Four replicates were done at each ee.
These data were analyzed with PCA (Figure 3). Good
spatial resolution was obtained in the PCA plot, which
showed clustering of identical samples and spatial resolu-
tion of ee. The data sets with varying ee values were

Figure 1. (A) Chiral auxiliaries of quinidine (1) and cinchonine
(2). (B) Partial 1H NMR spectra of 1:1 mixtures of quinidine and
(S)-6 (red), (R)-6 (blue), and racemate (green), respectively. (C)
Chiral carboxylic acids employed as analytes: (3) mandelic acid,
(4) R-methoxyhpenylacetic acid, (5) 2-phenylpropionic acid, and
(6) 1,2,3,4-tetrahydronaphthalene-1-carboxylic acid. Figure 2. Response patterns for all the analytes, using chiral

auxiliary quinidine obtained by PCA.
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clustered together in smooth curves and the ee values
ranged within the region left to right from -1 to +1,
respectively (Figure 3). Clearly the 1H NMR technique
described allows for chemo- and enantiodiscrimination.
These encouraging results prompted us to immediately
proceed to creating an evaluation approach.

We employed partial least squares (PLS)11 as a protocol
for prediction. To quickly test the viability of the PLS
approach, the data used to generate Figure 3 were used for
the PLS regression model (8 latent variables), consisting of
24 samples for which the ee values were -1, -0.6, -0.2,

0, 0.6, and 1 at four sample intervals, while the prediction
set consisted of the remaining eight samples for which the
ee values were -0.4 and 0.2. The linear relation between
predicted and known ee values is shown in Figure 4. The

linear relation plot shows an excellent linear relationship
between predicted and known ee values. An excellent value
of 0.999 for the regression coefficient was obtained. Given
this success, we expanded the approach to practical applica-
tion by determining the unknown ee values of various chiral
carboxylic acids.

PLS models of carboxylic acids (3-5) with quinidine were
generated by using data produced by the same protocol as
used for carboxylic acid 6. Two unknown ee values of each
carboxylic acid, including 6, prepared completely separately
and independent of the training set, were subjected to each
PLS model respectively. The calculated values are listed in
Table 1. The absolute error for ee ranges between 0.06%

and 9.97%. Using cinchonine as a chiral auxiliary for
prediction gave similar excellent results (Table S1, Support-
ing Information), as expected. The absolute error for ee
ranges between 0.32% and 8.47%.

In conclusion, we demonstrated a technique that finger-
prints the chemical chirality of chiral carboxylic acids. Pattern
recognition protocols were used to analyze the data. Excellent
fingerprinting, in which the carboxylic acids were chemose-
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Figure 3. Two-dimensional PCA plot of chiral carboxylic acids 6
at eight different ee values (-1, -0.6, -0.4, -0.2, 0, 0.2, 0.6, 1).

Figure 4. The linear relation between predicted and known ee
values.

Table 1. PLS Analysis of Unkown Solutionsa (ee % expressed
as % R in the data) with Quinidine as a Chiral Auxiliary

analytes givena PLSb error givena PLS error

3 0.00 3.33 3.33 -60.00 -63.26 3.26
4 60.00 69.97 9.97 -40.00 -45.78 5.78
5 60.00 59.54 0.06 -60.00 -56.66 3.34
6 20.00 20.34 0.34 -60.00 -56.22 3.78

a Enantiomeric compositions of the solutions prepared from R- and
S-carboxylic acid standards. b Predicted by PLS model.
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lectively and enantioselectively separated, was obtained. This
was achieved by using accessible chiral auxiliaries for
induced chemical shift perturbation NMR. We believe that
our method combines several attractive features: it depends on
commercially accessible chiral auxiliaries that are nonspecific
and it avoids substrate derivatization and minimizes solvent
waste. Therefore, this result provides a new insight to refining
and expanding the applications of existing chiral solvating
agents for enantioselective analysis. We are currently working
to expand the technique to a wide variety of chiral organic
functional groups and to automate the pattern recognition.
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