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The use of high-throughput screening (HTS) in the discovery of
drug leads is now a widespread practice in pharmaceutical firms.1

Extending the concept to the discovery of asymmetric catalytic
reactions requires protocols that rapidly determine enantiomeric
excess (ee).2 The most commonly used techniques involve HPLC
or GC.3 However, these techniques are not optimal for HTS because
of the time and labor involved in their use. Further, during the
measurement of ee using these methods, one does not commonly
also determine concentration. In contrast, optical techniques are
faster, less expensive, and easily amenable to concentration
determination.4 Our group has pioneered the use of indicator-
displacement assays for the creation of fast optical techniques.5

Here we report an even simpler optical strategy, one that not only
quantitates ee and concentration in one measurement, but also
differentiates between analytes.

CD spectroscopy is used routinely in organic chemistry and
biochemistry to determine structural differences arising from
changes in chirality.6 Common organic functional groups overlap
each other in approximately the 190-220 nm region of the CD
spectra, and therefore interferences make CD measurements directly
on crude samples not readily amenable to ee quantitation. To adapt
CD techniques to HTS protocols of reaction samples, we sought
an analyte binding event that would induce CD spectra at
wavelengths longer than 320 nm, where the analytes themselves
are CD silent. Although exciton-coupled CD is commonly used in
this regard,6a,7 we explored the use of metal-to-ligand charge
transfer (MLCT) bands of a simple inorganic coordination complex.
Our analytes were chiral and achiral vicinal diamines, such as those
for which the Chin group has recently reported asymmetric
protocols.8

CD active MLCT bands can arise from achiral complexes upon
chiral analyte binding.9 However, we choose to use a chiral metal
complex with its own inherent CD spectra as a means to differenti-
ate achiral analytes from chiral analytes.

To create a chiral metal complex that has CD active MLCT
transitions we turned to Cu(I) and the ligand BINAP ((R)- or (S)-
2,2′-bis (diphenylphosphino)-1,1′-dinaphthyl).10 Cu(I) was used
because it is readily oxidized to Cu(II) during MLCT to the BINAP
ligand, and because the bisphosphine ligand stabilizes the Cu(I)
oxidation state, even in air. Therefore we prepared both enantiomers
of [Cu(I)(BINAP)(MeCN)2]PF6 (1), (see Supporting Information).11

Both R and S complexes show MLCT bands around 340 nm, and
the enantiomers give opposite Cotton effects (Supporting Informa-
tion, Figure S2). There are no CD signals above 300 nm for the
chiral diamine analytes, copper alone with the diamines, nor of

free BINAP. Therefore, any signals above this wavelength would
be indicative of the chirality, identity, and concentration of an
analyte.

We first focused upon differentiating chirality and thereby
analyzed a racemic mixture of 1 with the enantiomers of 1,2-
diphenylethylenediamine (PD). With the addition of the two
enantiomers of PD, the CD showed that the MLCT bands of 1
were sensitive to the analyte, and that the enantiomeric analytes
gave equal and opposite CD spectra (Figure 1A). The rest of the
studies discussed below employ (R)-1 so that meso analytes can
be differentiated.

To demonstrate the ability to distinguish enantiomers as well as
chemical identity, we studied the interaction of the analytes shown
in Scheme 1A-D with (R)-1. Each diamine, as well as the
enantiomers thereof, leads to different CD active MLCT bands (see
Supporting Information, Figure S3). As representative examples,
the CD spectra produced by the addition of 2 equiv of either
(1R,2R)-PD or (1S, 2S)-PD to a solution of (R)-1 in acetonitrile
are shown in Figure 1B.

The greatest difference between the CD spectra of the enantio-
meric complexes with (R)-1 was DC > PD > MD ∼ DP, thereby
reflecting the ordering of enantiodiscrimination (see a representative
titration in Figure S4). Discrimination of all the analytes involved
recording the CD spectra of each at 0.8 mM concentration, and to
ensure reproducibility each experiment was performed five times.
The data was analyzed at four different wavelengths (320, 335,
360, 373 nm), and subjected to linear discriminate analysis (LDA)
for fingerprinting.12
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Figure 1. (A) CD spectrum of (Rac)-1 [0.4 mM] with PD (2 equiv [0.8
mM] and 10 equiv [4 mM]); (B) CD spectrum for (R)-1 [0.4 mM] and 2
equiv of the enantiomers of PD [0.8 mM].

Scheme 1. Diamines Employed as Analytesa

a (A) 1,2-diphenylethylenediamine (PD), (B) 1,2-diaminocyclohexane
(DC), (C) 1,2-diaminopropane (DP), (D) bis-(4-methoxyphenyl)-1,2-
diaminoethane (MD).
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The LDA plot shows excellent discrimination for all the diamines
and their enantiomers (Figure 2). The responses are clustered into
tight distinct groupings. Because we used a chiral host, we could
also discriminate diastereomeric analytes, such as meso-DC and
PD, from their chiral analogues. A rotation of the PC axes (dashed
lines in Figure 2) defines chemoselectivity along F1′, and chirality
along F2′, with negative and positive scores for (R)- and (S)-
diamines, respectively. Using the enantiomeric receptor (S)-1 leads
to similar chemoselective responses, but opposite enantioselectivity
(Figure S5), and as expected, the same response was found for the
meso-diamines. The accuracy of the LDA classification was
examined using a jackknife analysis,13 and 100% accuracy in
chemo- and enantiodiscrimination was found.

Having found chemo- and enantioselectivity, the next goal was
to explore the ability to simultaneously quantitate concentration
and enantiomeric excess (ee) for a known analyte. For this purpose
we recorded CD spectra of (R)-1 at three different total concentra-
tions of PD ([G]t: 0.2, 0.8, and 1.4 mM), along with six ee values
at each concentration (1, 0.6, 0.2, -0.2, -0.6, and -1; expressed
as %R in the data). Five replicates were done at each ee and [G]t.
This data was analyzed using PCA (Figure 3A).12 A slightly rotated
axis shows concentration along PC1′ and ee along PC2′. Clearly
the CD technique described allows for chemo- and enantiodis-
crimination, as well as concentration determination. Given this
success, we moved to creating a screening technique.

We employed multilayer perceptron (MLP) artificial neural
networks (ANN)14 as the protocol for HTS.5d,15 To quickly test
the viability of an ANN approach, the data used to generate Figure
3A was used for the input layer, consisting of 17 ellipticities from
CD320 to CD400 at 5 nm intervals, while the hidden layer consisted
of 14 nodes (see Figure 3B). Two unknown samples, prepared
completely separate and independent of the training set, were
subjected to the ANN. The calculated values of [G]t and %R were
off by 11.8% and 15.8%, respectively (see Supporting Information,
Table S1). These encouraging results prompted us to immediately
proceed to creating a technique amenable to HTS.

For HTS we moved to a robotically controlled 96-well plate CD
reader (JASCO ASU-605). A subset of the wells was designated
as the ANN training set, defined again as seventeen ellipticities

from CD320 to CD400 at 5 nm intervals. These wells were loaded
with 0.4 mM (R)-1 in acetronitrile and charged with three
concentrations of PD (0.2 mM, 0.8 mM, 1.4 mM), and for each
concentration 11 ee values (1, 0.8, 0.6, 0.4, 0.2, 0, -0.2, -0.4,
-0.6, -0.8, and -1, expressed as %R in the data). The same plate
was loaded with four unknowns created independent of the training
set. The training set data resulted in a MLP-ANN with nine hidden
layers. The four unknowns were computed, and the values of [G]t

and %R had average errors of only 7.7% and 2.6%, respectively
(Table S2).

In summary, we described a technique that fingerprints chemical
identity, chirality, and concentration, a heretofore-unachieved result.
In our final analysis, thirty-three training sets and four unknowns
were read in approximately 74 min. It takes just under two minutes
for the CD-spectrometer/robot to complete all operations: sample
loading, reading, and washing. If the entire 96-well plate were
utilized, again with 33 wells dedicated as the training set, it would
allow for the determination of 63 ee values, along with their
associated concentrations, in approximately 2 hours. Relative to
conventional HPLC and GC, this improvement in speed is clearly
amenable to high-throughput screening.
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Figure 2. Response patterns for all the analytes using (R)-1 receptor
obtained by LDA.

Figure 3. (A) Two-dimensional PCA plot of PD with three ee trainings
sets at three different [G]t values: 0.2, 0.8, and 1.4 mM. (B) Structure of
the MLP used to analyze the data of PD represented in the PCA plot.
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