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A new method for lowering the error of CD based methods for
measuring high enantiomeric excess values is described, which exploits
the majority rules eﬀect exhibited by certain helical polymers. A proof
of principle experiment was conducted.

The development of new asymmetric reactions for the fabrication of
enantiomerically pure compounds is an active area of research and
of special interest to the pharmaceutical industry.1 In asymmetric
reactions, there are usually a high number of parameters that
need to be optimized, including catalyst, solvent, temperature,
and equivalents of reactants. For each set of conditions screened,
the yield and enantiomeric excess need to be determined. For
this reason, methods for high-throughput screening (HTS) are
desired.2 Traditional methods such as HPLC are serial, and can
represent a bottleneck in the screening process.2,3 Optical
methods, on the other hand, have the advantage of fast data
collection and are more easily adaptable to parallel analysis.2
Because circular dichroism (CD) is inherently able to distinguish
between enantiomers, many CD methods for ee determination
have been developed. Among others, our group, and that of Wolf,
have reported methods for the ee determination of chiral analytes
bearing functional groups such as amines,4–10 amino alcohols,11–13
amino acids,14 carboxylates,15 and secondary alcohols.16,17 For the
most part, the errors for these methods lie in the range of 3–8%.3
These errors have generally been viewed to be low enough to
identify hits by high-throughput screening,3 but in order to distinguish a 99% ee from a 97% ee, it would still be necessary to employ
more accurate methods such as chiral HPLC.
In this paper we show how to lower the error in CD based ee
determination by taking advantage of the majority rules eﬀect
in helical polymers, which was first described by Green.18,19 If a

polymer exhibits this eﬀect, a nonlinear response to the enantiomeric excess of chiral monomer units is observed. Due to the
relatively high enthalpic penalty of helix reversal in these polymers,
small enantiomeric excesses in the monomer units can lead to an
almost complete preference of the polymer for only one helical
twist.18–20 If the polymer backbone contains a chromophore, this
preference can be read out via CD, leading to a sigmoidal curve
when CD intensity is plotted against ee, with the highest slope of
the curve around 0% ee. This effect has been successfully used to
detect very small ee’s of amino acids, of less than 0.005%.21
However, distinguishing low ee’s is not usually of much
value, particularly in asymmetric catalysis development. On the
other hand, it would be advantageous to use the intense slope
of the CD response curve around 0% ee to measure high ee’s
accurately. We envisioned that this could be achieved by adding
an equivalent amount of the opposite enantiomer to a sample
of unknown ee. By doing so, a sample of e.g. 95% ee would
be converted to a sample of 2.5% ee, which would lie in the
sensitive region of the CD response curve.
To test our hypothesis, we chose a poly(phenylacetylene) with
crown ether pendant groups, originally reported by Yashima in
2003 (Fig. 1).21 The pendants complex protonated amines, and if
these amines are chiral their handedness influences the preferred twist of the polymer backbone. We chose the Yashima
polymer because it is an outstanding example of the majority
rules eﬀect, exhibiting a large helical bias with small ee values.

a

Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, USA
Department of Chemistry, Xiamen University, Xiamen 361005, China.
E-mail: anslyn@austin.utexas.edu
† Electronic supplementary information (ESI) available: Preparation of the
measurement solutions and details of the CD analysis. See DOI: 10.1039/
c4cc07927b
b

15330 | Chem. Commun., 2014, 50, 15330--15332

Fig. 1

Structure of Yashima’s poly(phenylacetylene).
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Table 1 Errors obtained when calculating the ee of unknowns from the
calibration curve

% ee
100
99
98
97
96
95

CD (mdeg) of unknown
28.1
32.7
37.5
40.8
49.3
54.0

b

(1.3)
(1.3)
(1.3)
(1.3)
(1.3)
(1.3)

Calculated eea
99.7
99.0
98.2
97.7
96.3
95.5

(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)

Absolute error
0.3
0.0
0.2
0.7
0.3
0.5

(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)

Published on 21 October 2014. Downloaded by Xiamen University on 12/11/2014 09:41:00.

a

Calculated from the formula displayed in Fig. 1. b Error estimated
from the average standard deviation of the calibration curve.

Fig. 2 CD intensity of Yashima’s poly(phenylacetylene) at 330 nm dependent on the enantiomeric excess of alanine. The concentration of the
Yashima polymer is 1.0 mg mL 1 (2.6 mM monomer units) and the one of
alanine 26 mM. Measurements were taken in MeCN containing 2.8 vol% of
aq. 1 M HClO4 at 25 1C using a 0.1 cm cuvette. The dashed line represents a
hypothetical linear system.

Yashima and coworkers have shown that a small enantiomeric excess
of less than 5% of an added amino acid leads to almost the same CD
signal as the enantiomerically pure amino acid.21 Furthermore, using
a large enough excess of alanine, all monomer subunits of the
polymer are occupied, rendering the CD signal independent of a
further increase of the concentration of alanine.21 Thus, we recorded
the response of the CD value to the ee of alanine, and found nearly
identical results to that reported by Yashima for chiral amines (Fig. 2).
A calibration curve that is to a good approximation linear can
be obtained for samples with ee values ranging from 95–100% by
taking alanine solutions of known ee and adding the same
amount of a solution of 100% ee of the opposite enantiomer
(Fig. 3). A slope of around 6.2 mdeg/(% ee) is obtained, which is

Fig. 3 Calibration curve with samples of diﬀerent ee values of alanine,
after dilution with the same amount of the opposite enantiomer. The
concentration of the Yashima polymer is 1.0 mg mL 1 (2.6 mM monomer
units) and the one of alanine 26 mM. Measurements were taken in MeCN
containing 2.8 vol% of aq. 1 M HClO4 at 25 1C using a 0.1 cm cuvette.
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significantly higher than the 1.3 mdeg/(% ee) that would be
obtained with a simple linear response spanning the same total
mdeg range as Yashima’s polymer (dashed line of Fig. 1).
In contrast, the slope of the curve obtained with the polymer
for ee’s between 50 and 100% is less than 0.1 mdeg/(% ee).
As expected, a higher slope translates into errors that are
lower compared to previously reported CD based systems for ee
determination (Table 1). This is because of the greater sensitivity of
the CD signal to small changes in ee values.
Table 1 shows the diﬀerences between the calculated ee
values using the calibration curve given in Fig. 3 and the actual
values. The errors are remarkably low, and are better than those
commonly reported for chiral HPLC (routinely about 0.5 to 1%
error). Importantly, any system that shows a majority rules
eﬀect should be adaptable to measuring high ee values with
analogously low errors using our approach.
While the results presented are promising, certain caveats
apply. One general caveat is that the approach is very sensitive
to the concentration of the unknown sample as well as that of
the stock solution of the opposite enantiomer that is added. Of
course, the concentration of the stock solution that would be
added to all the samples in a screen would be accurately
determined in advance. But, in order to be applicable to a real
HTS of unknown samples, a method to accurately and quickly
determine the concentration of the analyte in the samples
would be required.
The system is only able to determine ee’s that are around
95% or higher with high accuracy. For unknown samples with
an ee that is much lower than 95%, the error will increase
significantly as the ee after addition of the opposite enantiomer
will no longer arrive in the linear region of the curve. However,
in the final stages of a screening, ee’s that are much lower than
a certain cut-oﬀ are usually of lower interest, and the larger
errors commonly associated with CD methods are adequate.
Another caveat is specific to only this polymeric system. In
our hands diﬀerent batches of the polymer lead to diﬀerences
in the maximum CD values, and thereby the slope around 0%
ee. Also, the polymer gradually oxidizes in air, which likewise
leads to a lowering of the maximum CD signal and a flattening
of the CD-response around 0% ee. Due to this problem, the low
errors reported herein were obtained when a freshly prepared
solution of polymer was used for the calibration curve and the
same solution used for the measurement of the unknowns, all
on the same day. Thus, while this polymer’s performance was
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outstanding for our proof-of-principle study, in practical terms
a more robust system would be needed as a general chiral
amine assay.
In conclusion, we introduced an approach to lower the error
typically seen in CD based methods for the measurement of
enantiomeric excess, and a proof of principle experiment using
Yashima’s remarkable majority rules eﬀect polymer was conducted.
However, any system exhibiting a majority rules eﬀect should in
principle work. Ultimately, the improved errors using such systems
could make chiral HPLC unnecessary to distinguish between
the best hits in a screen using CD spectroscopy.
We thank the National Institutes of Health (Grant GM77437)
and the Welch Foundation (Grant F-1151) for financial support.
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