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Asymmetric synthesis has become an important tool to prepare enantiomerically
pure compounds because it avoids the wasteful discarding of the undesired enantiomer.
Combinatorial libraries allow for much faster screening for new and better asymmetric
catalysts/auxiliaries, but they generate a large number of samples whose enantiomeric
excess (ee) cannot be determined rapidly. This bottleneck currently limits the
applicability of such approaches. We propose here the use of faster optical techniques for
the

determination

of

ee

using

common

instrumentation,

such

as

UV-vis

spectrophotometers, and circular dichroism (CD) spectrophotometers. Our methods are
easily transitioned to the microwell format commonly used in parallel/combinatorial
chemistry endeavors, just by using common microplate readers: this allows for an even
more rapid analysis of samples and a seamless integration in a high-throughput
workflow.

vii

We have shown that enantioselective indicator displacement assays can be
developed to determine ee in a high-throughput fashion utilizing either a UV-vis
spectrophotometer or a 96-well plate reader. Two chiral receptors and a commercial pH
indicator were used to enantioselectively discriminate α-amino acids by monitoring the
degree of indicator displacement. The two receptors were able to enantioselectively
discriminate 13 of the 17 analyzed α-amino acids and accurately determine ee values of
independent test samples with the use of ee calibration curves. Moreover, a sample of
valine was synthesized through an asymmetric reaction, whose ee was then determined
with our assay and compared to chiral HPLC and 1H NMR chiral shift reagent analysis,
with excellent correlation. An artificial neural network was also successfully employed in
the analyses, as an alternative to ee calibration curves. Both techniques consistently
produced results accurate enough for preliminary determination of ee in a rapid manner,
allowing for high throughput screening (HTS) of asymmetric reactions.
The use of circular dichroism spectroscopy with chiral BINAP was also explored
to enantioselectively discriminate α-chiral ketones. The ketones were derivatized with
pyridyl hydrazines to produce hydrazones, which were then bound to enantiomerically
pure [CuI(BINAP)]+, forming diastereomeric complexes with differential steric
interactions leading to different degrees of twist in the BINAP moiety and characteristic
signatures in the CD spectrum, as a function of sample ee.
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Chapter 1: Introduction and Background
1.1. INTRODUCTION
Asymmetric catalysis is well-recognized as a cost-effective method for the
production of enantiomerically pure products, while one limiting factor in catalyst
discovery is the determination of the enantiomeric excess (ee) of reaction products in a
high-throughput (HT) fashion. The goal of asymmetric synthesis is to obtain one
enantiomer preferentially over the other, commonly via the use of chiral catalysts and/or
auxiliaries.1
Asymmetric synthesis is the most popular method for obtaining the desired
enantiomer because it is cost-effective, due to the avoidance of the labor-intensive,
cumbersome, and often time-consuming separation of enantiomers, and because it does
not require the wasteful discarding of the undesired enantiomer.2 With an ever-increasing
number of chiral drugs on the market,3 these advantages are critical to drug discovery due
to the pressure on pharmaceutical companies for a new approved drug to make it into the
market as soon as possible and in a cost-effective manner. In more general terms, the
importance and significance of asymmetric synthesis to the scientific community was
highlighted by the 2001 Nobel Prize awarded to W. Knowles, R. Noyori, and B. K.
Sharpless for their work on asymmetric hydrogenation.4
Asymmetric synthesis requires the use of a chiral environment, through the use of
a chiral catalyst or auxiliary. To optimize an asymmetric reaction to increase the yield of
a preferential enantiomer, screening or testing of a range of chiral compounds is required.
The discovery of these chiral catalysts or auxiliaries has been traditionally conducted by
rational design and trial and error by iterative development. As will be demonstrated
below, the use of combinatorial libraries is advantageous over traditional rational design.
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However, the determination of ee for the obtained products still represents the major
bottleneck on the way to high-throughput catalyst discovery.
Enantiomeric excess (ee), defined by Eq. 1.1, is used to quantify how well an
asymmetric reaction worked. As defined in Eq. 1.1, ee covers the range of values from
-100% to +100%; however, in the literature the absolute value of ee is more frequently
reported. The existence of both scales may generate confusion, especially when
comparing the accuracy of different methods.
To quantify ee, a chiral environment is needed, which will generate diastereomers
displaying an overall difference in energy which enables enantiomer separation and
quantification. It has been suggested by Dalgliesh5 that effective separation of
enantiomers occurs through a minimum of a three-point interaction between the analyte
and the chiral selector, to produce a transient diastereomeric complex.

 [ R] − [ S ] 
 ×100
ee = 
 [ R] + [ S ] 

(Eq. 1.1)

1.1.1. Traditional Asymmetric Synthesis Design
Rational design is the traditional approach to asymmetric synthesis. It goes
through a sequence of steps, whereby a single system (catalyst, auxiliary, other chiral
environment) is designed and tested for reactivity and selectivity. After testing, an
improved generation of the system is designed, prepared and tested again, and the cycle
continues until a system capable of producing the desired ee is obtained (Figure 1.1a).
The design principles used are typically based on specific structural and electronic
properties, which rely heavily on mechanistic data, molecular modeling, and/or blind
trial-and-error. Usually a family of compounds are identified as potential chiral catalysts,
2

or auxiliaries, since there is no method to identify a single system to obtain a desired
activity and selectivity for a reaction.6 The cycle of design, synthesis, and testing is
repeated until a system is discovered with the best reactivity and selectivity possible.
a)

b)

Traditional Methods

High-throughput Screening

Figure 1.1. Screening of asymmetric catalysts/auxiliaries by a) traditional methods and
b) high-throughput screening.
Thus far, most research groups have used traditional rational design, such as
Crabtree’s search for a chiral catalyst for asymmetric hydrogenation of olefins. He started
with a chiral ferrocene ligand, which had been used for industrial asymmetric synthesis of
the agrochemical (S)-metolachlor (1.1), and iridium due to earlier work conducted by
Schrock and Osborn with rhodium.7 The starting point of his screen was based on
previous studies.

Crabtree, et al. spent two years searching, synthesizing, and characterizing a
dozen different iridium compounds, before achieving satisfactory result. In this search,
Crabtree had settled on a non-coordinating solvent, dichloromethane, that had not
3

normally been used as a solvent in these reactions, due to its tendency to oxidize and
deactivate the low valent metal catalysts commonly used in hydrogenation.8 As
demonstrated by this example, traditional methods are often cumbersome and timeconsuming, due to the creation and testing of catalysts on top of the analysis of
experimental conditions, since the activity of a catalyst is affected by many factors, such
as temperature, solvent(s), substrate, precursor, co-solvent(s), pressure, pH, reaction time,
stoichiometry, etc., each requiring time for screening. In addition, the search of
asymmetric catalysts based on previous knowledge could lead to unexplored routes to the
desired enantiomer. Although iterative rational design is still at the forefront of
asymmetric synthesis, the drawbacks have led to exploration of other approaches, such as
combinatorial chemistry.7,9
1.1.2. Combinatorial Chemistry and Parallel Synthesis for Asymmetric Catalysis
In the 1990’s combinatorial chemistry emerged as a tool for the screening of
catalysts due to technological advances that allowed the synthesis of large libraries of
compounds in a high-throughput manner. A combinatorial library is usually composed of
highly analogous compounds or substrates that are synthesized in a rapid manner because
similar reaction conditions are used, allowing for the synthesis to be conducted in a
parallel fashion, or even in a limited number of reaction vessels through split-and-pool
methods. Under optimal conditions, combinatory chemistry allows for design, synthesis,
and testing to be done in parallel for many compounds, reducing the overall development
time (Figure 1.1b).10
The screening of a large library of compounds makes a serendipitous discovery
more likely than when using traditional rational design, where one catalyst is analyzed at
a time. Another advantage of the use of combinatorial chemistry is the inherent
accommodation for more failures, due to the speed at which synthesis and analysis are
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conducted. Because traditional rational design commonly depends on assumptions on the
mechanism, the chemists risks putting all their hope on one path, instead of exploring
many possible successful systems.
1.1.2.1. The Split-and-Pool Method
For synthesis in one vessel, solution chemistry is difficult, but with the
introduction of solid-phase synthesis (SPS) methods, it is now a viable alterative, which
allows for the use of split-and-pool methods to synthesize and screen a large library of
compounds in a pool.9d Polymer resin beads are used, with reagent (X, Y and Z) linked to
the resin. The beads are then mixed together, then split into n number of groups and made
to react with n number of reagents. The cycle continues m times as desired to produce n
number of libraries with nm products as shown in Figure 1.2.9d The library of compounds
will then be used/tested to determine if any of the members produces desirable activity. If
one library produces a “hit,” i.e. it contains a compound that shows desirable activity for
the asymmetric reaction being targeted, the identification of the compound is carried out,
either by deconvolution or encoding.

Figure 1.2. Schematic of making combinatorial libraries through split and pool.
5

Jacobsen has employed split and pool methods for the creation of a library of
catalysts for the asymmetric epoxidation of olefins with H2O2 (Scheme 1.1). Three novel
highly efficient catalysts were discovered, that had no structural resemblance to
previously known systems.11 This example nicely demonstrates the power of using
combinatorial chemistry in catalyst development.
Ph
200 mM

30% H2O2 (aq) 200 mM
1 mg metal library
50 mL CH2Cl2:tBuOH 1:1
15 h

1.2

O
Ph

1.3

Scheme 1.1. Model system used to screen for metal ligands for asymmetric epoxidation
of olefins.
Split-and-pool allows for a large library of chiral catalysts/auxiliaries to be
synthesized at once, and enables a large number of compounds to be examined for
activity, reducing the number of asymmetric/test reactions to be conducted for the
discovery of the best catalysis. But this could also lead to a possible missing hits: a
library may contain two active catalysts/auxiliaries, but they have opposite
enantioselectivity, producing a very low overall ee, leading to the discarding of two good
catalysts. Another disadvantage is the fact that the observed activity of the pool could be
due to the combination of two or more poorly active catalysts, producing high ee values
giving a false hit. In addition, most split-and-pool screens are conducted on solid support
following a solid-phase synthesis: this provides steric constrains which could bias the
selectivity. This led most scientists to use parallel synthesis instead of split-and-pool
method for HT screening of chiral catalysts/auxiliaries.
1.1.2.2. Parallel Synthesis
Parallel synthesis combines both combinatorial chemistry and traditional rational
design, by using prior knowledge to pick a library of compounds to synthesize in parallel.
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However, the candidates are tested individually instead of in a pool. Due to the
emergence of high-throughput equipment and facilities, such as microwell plates,
microreactors, miniblock reactors, automated liquid handlers, etc., the parallel synthesis
of large libraries of chiral molecules has become easier, and the testing of these reagents
for asymmetric reactions has also become faster. This was elegantly demonstrated by
Minnaard, et al.12 who used a parallel synthesis of phosphoramidite ligands (1.6, Scheme
1.2) in the search for a rhodium-catalyzed asymmetric addition of arylboronic acids
(Scheme 1.3), where microreactors and liquid handling robots were employed.

Scheme 1.2. Synthetic scheme for BINOL-based phosphoramidite ligands.

Scheme 1.3. Rhodium-catalyzed asymmetric addition of arylboronic acids.
While the use of high-throughput methods allows for new catalysts to be
synthesized, tested, and modified simultaneously, it also allows for the optimization of
catalysts over wider ranges of conditions (temperature, solvent(s), co-solvent(s), pH,
reaction time, pressure, stoichiometry, etc.), than otherwise typically explored, due to the
number of reactions that would have to be conducted. The exploration of these
parameters individually and in combination, is critical, due to the effect that each factor
7

has on others for improving the yield and selectivity, as seen by the screening study
conducted by Crabtree. This type of optimization is possible with parallel synthesis, as
demonstrated by Minnaard, et al.12 and Burgess13 in their HTS of asymmetric
catalysts/auxiliaries. Automated parallel synthesis also allows working at smaller scales,
thus reducing costs and waste production. The advantages discussed above make
combinatorial library creation and screening an attractive approach to asymmetric
catalyst discovery.7,9a,9c-f,14
Despite all these advantages, combinatorial methods have been in part limited by
the inability to determine the ee of samples as quickly as they are synthesized due to the
volume of samples/reactions requiring analysis. The methods of ee analysis currently
available don’t afford a truly high-throughput workflow, where thousands of samples are
analyzed a day. As an example, Burgess required a week to analyze 96 samples.13 The
ability to analyze a larger number of samples would allow for more trials for the
discovery of activity. Due to this bottleneck in HTS, researchers have to restrict the scope
of their combinatorial libraries to reduce the number of compounds requiring analysis.
1.2. CHROMATOGRAPHIC METHODS FOR THE DETERMINATION OF EE
1.2.1. Introduction
Chromatography has been used for enantiomeric separation for decades allowing
for quantification of ee. Currently, the most common methods to determine ee in a HT
format are chiral high-performance liquid chromatography (HPLC),15 HPLC coupled
with circular dichroism (HPLC-CD), chiral gas-chromatography (GC) or capillary
electrophoresis (CE).3,9e,12 The main reason for the use of chromatographic techniques for
HT analysis is the accuracy these instruments afford, and their ability to be automated.
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Chromatographic techniques are generally classified as either direct or indirect
separation. In direct chiral separation, chiral selectors are used in the mobile phase and/or
stationary phase, and form diastereomers upon reversible interactions with analytes,
allowing for separation. In indirect chiral separation, chiral derivatizing reagents are used
to form diastereomeric complexes, which can than be separated through regular
methods.5c Direct chiral separation is more commonly used, due to the extra
derivatization step and additional cost of chiral selectors required by indirect chiral
separation.
Direct chiral separation with chiral selectors located on the stationary phase is
most commonly used because these can be recovered and reused many times, and the
separated enantiomers need not be purified further. When the chiral selector is loaded on
a stationary phase, it is known as a chiral stationary phase (CSP) or most commonly
known as chiral columns. The chiral analyte interacts with the CSP reversibly through
interactions such as hydrogen bonding, complex formation, inclusion phenomena,
electrostatic interactions, etc. to produce transient diastereomers for separation. The more
stable complex requires more time to elute, allowing for separation and quantification of
the enantiomers. A number of classes of CSPs are available, such as Pirkle-type (πcomplex), polysaccharide derivatives, macrocyclic-type (cyclodextrin, crown ethers,
etc.), ligand exchange, proteins, and other polymeric types.5b,5c,16 By the very nature of
the enantioselective separation, there is no single column that can enantioselectively
separate all analytes.16a A CSP must be found and optimized for each specific analyte
class.16b
To overcome the issue of finding the proper columns to use for each analyte,
many scientists have explored column screening. An approach proposed by Wang is the
sequential connection of more than one column, with the injection of only one sample.
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One then determines if any separation occurs. In the case of a positive result,
deconvolution is required. However, the mobile phases must be compatible with all the
CSPs. It is also difficult to automate such screening due to the constant need for
switching of columns and/or solvents.
Another method entails multi-column parallel screening, with up to five different
columns running in parallel. A customized HPLC system is required, with five UV-vis
detectors and one circular dichroism (CD) detector. The sample is pumped to all five
columns by individual pumps. The eluates from each column pass through their
individual UV-vis detectors, and recombine to pass through the CD detector, for peak
tracking and determination if separation of enantiomers occurred, respectively. This
instrument must be specially designed for such operations. This type of screening of
CSPs was conducted by Ding for the separation of enantiomers produced during a screen
of several asymmetric catalysts for a hetero-Diels-Alder reaction.17
1.2.2. High-performance Liquid Chromatography
One chromatographic technique is chiral HPLC, which uses a liquid mobile phase
and separation is based on the interactions between chiral selector and analytes. Chiral
HPLC allows accurate quantification and has the ability to recover the analyte. The
process of using chiral HPLC for the determination of ee requires one to find a CSP and
the best operating conditions that cleanly separate the enantiomers. One disadvantage of
chiral HPLC is the use of expensive columns which lose resolving power over time.18
There are many reviews in the literature on chiral HPLC.5b,15,16b,19
However, the main limitation of chiral HPLC in a HT context is the inability to
conduct fast parallel analyses. A fairly rapid chiral HPLC analysis requires ten minutes,3
which results in around 144 samples analyzed per day if the HPLC is running
continuously. This estimate does not account for re-equilibration of the solvent system, or
10

the reloading of solvents. This time frame is not compatible with the thousands of
samples that can be generated with combinatorial methods.20 The main reason that
chromatographic techniques are time-consuming is the fact that they are inherently serial.
In addition, the injection of crude reaction mixture is not possible, because most solvents
or reagents irreversibly contaminate the column. Hence, sample pre-treatment is
necessary, which is common for most techniques.21
Chiral HPLC has recently seen many improvements in the speed of analysis. One
is the use of multiplexing HPLC (Figure 1.3), which is composed of parallel columns,
with individual pumps, and detectors allowing for more than one sample to be analyzed
at once increasing workflow. To demonstrate these advances Welch has used eight
parallel columns with individual pumps, and individual diode array UV-vis detectors to
analyze 96 samples in 1.5 to 2 hours, whereas the same analysis would have taken 16
hours on a conventional HPLC.15,21-22 Samples were automatically injected from a
microtiter plate. Smaller-bore columns were used to reduce the time and solvent used.
The use of multi-parallel microscale HPLC allows for an environmentally friendly
analysis due to the lower volumes of solvents used compared to standard HPLC in
addition to the advantage in reduction of analysis time.
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Figure 1.3. A multiplex HPLC.
In addition to HPLC, supercritical fluid chromatography (SFC) is used to
determine ee of samples. SFC is a chromatographic technique similar to HPLC, but uses
supercritical fluids as the mobile phase. It has similar disadvantages to chiral HPLC and
GC (discussed below).16a
1.2.3. Gas Chromatography
An alternative chromatographic technique for the rapid determination of ee is the
use of chiral gas chromatography (GC) where the mobile phase is a gas. As discussed
previously, separation can be conducted indirectly or directly, but direct separation is
commonly used, where separation of enantiomers is based on reversible interactions with
the CSP.23 The typical CSPs used with chiral GC rely on inclusion phenomena,
coordination, and hydrogen bonding.5c,23-24
The advantage of GC over HPLC is the high efficiency, sensitivity,
reproducibility, and the simple mobile phases used. Also, because the mobile phase is a
gas, the speed of analysis is generally much faster than HPLC. However, GC is severely
limited in the types of analytes it can analyze due to their required thermal stability. Due
to the vaporization of the compound prior to separation/analysis, and the heated oven
12

around the CSP, this method can only be used for compounds that are volatile and
thermally stable. GC also has the disadvantage that the temperature at which these
experiments are conducted often leads to a much quicker degradation or racemization of
the CSP,16a or the sample itself. In addition, sample recovery is generally impossible.
Even though GC is a much more rapid method than HPLC, it still has the
limitation of being a serial method, while HTS requires a parallel method to
accommodate the number of samples. Some scientists have devised ways to circumvent
such issues. For example, Reetz configured a GC with two injectors, two columns in one
oven, and two detectors, such that two samples could be analyzed at once.25 Even though
this system doubles throughput while maintaining a small footprint, it is still not as fast as
the rate at which samples are commonly generated in parallel synthesis.
1.2.4. HPLC-CD
Similar to HPLC, HPLC coupled with circular dichroism (HPLC-CD) is an
alternative chromatographic technique used to quantify ee. Since using CSPs does not
always successfully separate enantiomers, the use of HPLC-CD has been explored,19a,19b
where the chiral environment is provided by circularly polarized light, removing the
necessity of a CSP or a chiral selector.26 To use HPLC-coupled CD, a chromophore is
required, and it must be in intimate electronic contact with the chiral center(s) to produce
a CD signal. Unfortunately, however, most analytes do not have a strong enough CD
signal, or do not contain a chromophore, requiring derivatization of the analyte to amplify
or generate a signal, thus adding an extra step for analysis.27
Chiral HPLC uses an absorption/fluorescence detector, which depends on the
concentration, while the use of HPLC-coupled CD can be made concentration
independent, because the response can be linearly related to the ee with the use of a CD
detector, by the use of the anisotropy (g) parameter. Anistropy (g) is defined as the ratio
13

of circular dichroism (∆ε) to absorption (ε). Once more, since this is also a
chromatographic technique, retention time is a key parameter in the analysis: if the
analyte requires many minutes to come off the column, the time for analysis will become
impractical, as with chiral HPLC.18,28
Reetz was able to demonstrate the capability of HPLC-CD to conduct HT analysis
by analyzing 700 – 900 samples per day with the use of a JASCO-CD 1595
instrumentation in conjunction with a robotic autosampler on a HPLC for the purification
and determination of ee of an alcohol (1.9) through correlation of anisotropy (g) to ee of
1.9.29

1.2.5. Capillary Electrophoresis
Capillary electrophoresis (CE) is a separation method based on the differential
rate of migration of charged species in a capillary tube. A capillary tube is loaded with a
buffer, a chiral selector, and platinum electrodes are located at both ends. The sample is
introduced at one end of the tube and a dc voltage is applied across the entire capillary
tube. This leads to a buffer flow from one end to the other, leading to the migration of
analytes, dependant on its size and charge. The separation of the two enantiomers is due
to the interaction with the chiral selector, and subsequent production of transient
diastereomers. Detectors similar to those used in HPLC are located at the end of the
tube.30 There are numerous types of chiral selectors, which have been reviewed.31 They
largely consist of charged cyclodextrins and polysaccharides.
For parallel analysis to be conducted with a CE, capillary array electrophoresis
(CAE) has been implemented by Reetz for the analysis of chiral amines (1.10) with 96
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capillaries in parallel.32 The amines (1.10) were derivatized with fluorescein
isothiocyanate (1.11) for optical detection, as shown in Scheme 1.4. A γ-cyclodextrin was
used as the chiral selector. This allowed for the analysis of >7000 samples in a day, with
detection by laser-induced fluorescence in a capillary array system. Analysis of 1.12
showed good baseline separation as shown by a selection of chromatograms (Figure 1.4).
The authors suggest that the analysis of 15,000-30,000 ee samples a day might be
possible32 upon using optimized parameters, such as increasing the electric field strength
and/or control of the electroosmotic flow through the use of special capillaries.

Scheme 1.4. Derivatization of chiral amines for the determination of ee by CAE.
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Figure 1.4. Capillary array electrophoresis separation of derivatized amines (1.12) at
different ee values.
There are many advantages for using CE for ee analysis. One is the high
resolution and minimal sample diffusion. Further, CE uses smaller quantities of chiral
selectors and solvents compared to HPLC, which allows for the use of more expensive
reagents, and small sample volumes. CAE is fast and works well with parallel screening
in a high-throughput format. The main limitation of CE is the requirement that the
analyte be ionizable in the analysis buffer. In addition, derivatization of most analytes is
required for optical detection, as conducted by Reetz.32
The chromatographic techniques reviewed thus far separate compounds by their
elution times, making them all inherently dependant on time and are typically serial
analyses in contrast to the parallel synthesis methods that require their use, thus limiting
the number of samples that can be analyzed. Even when multiplexed (as in multi-column
HPLC, or CAE), throughput still depends on the time required for elution. Hence, there is
an overarching need to develop methods that can conduct analysis in parallel and with a
reduced analysis time. This has led to the development of systems and techniques that
can determine the ee of samples in parallel and in a HT fashion.
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1.3. OPTICAL SIGNALING TECHNIQUES
In this regard, researchers turned to techniques that utilize optical signals. These
methods require less time for analysis, and their use allows for a transition to array
platform such as microwell plates, thereby increasing the throughput. Optical signaling
techniques are well adapted for the fast determination of ee because they use
instrumentation, such as circular dichroism spectrometers, fluorimeters, UV-vis
spectrophotometers, etc. which requires only a short time for analysis: typical
measurements could be conducted within a minute. In addition, these techniques require
almost no preparation to begin the reading of samples.
These signaling paradigms can also be easily made compatible with microwell
plates, the platform of choice for HTS work. The ability to use microwell plate readers is
an enormous advantage since they are already present in many HTS facilities, as are
automated liquid dispensers and plate handlers, providing for a streamlined transition
from reaction mixtures to well plates for ee analysis. In the case of absorbance, the ability
for ‘naked eye’ detection is also available for rapid screening. Even though most of these
techniques utilizing optical signals cannot determine ee as accurately as chiral HPLC,
their use has been proposed as preliminary screening methods. The technique would
identify reactions that produce “good” ee; only these promising samples would then be
analyzed by chiral HPLC. This would prevent undesirable samples from wasting precious
chiral HPLC analysis time. Below are different techniques currently being explored for
rapid determination of ee utilizing optical signaling techniques.
1.4. LIQUID CRYSTALS
Liquid crystals33 (LCs) have been used for determining ee via visual detection, or
by spectroscopic measurements, thereby allowing for parallel screening. LCs are fluids
exhibiting long range directional order. Their use for ee determination has focused on
17

nematic and cholesteric phases. Nematic phases are composed of achiral molecules. The
addition of a chiral dopant to a nematic phase generates a chiral nematic phase, more
commonly called a cholesteric phase. In the cases described here, the chiral dopant is
generally the analyte being targeted for ee measurements. The optical properties of the
LC are dependent on the ee of the chiral dopant, and the measurement of these properties
allows the determination of ee. The approaches to the use of liquid crystals for the
determination of ee have included examples where the analyte resembles the achiral
mesogenic unit to induce desirable optical properties, and the use of ferroelectric liquid
crystals. These two methods are reviewed below.
1.4.1. Derivatization
When a chiral dopant that resembles the mesogenic unit is added to a LC, a
helical twist is induced, with layering of the LC films along different directional axes, as
shown in Figure 1.5. The helical twist is measured by the pitch (p), which is the distance
between the mesogenes undergoing a full 360° twist. Figure 1.5 shows a rotation through
only 180°, so the indicated distance is half of the pitch. The pitch is dependent on the
concentration of the chiral dopant(s), the helical twisting power (β) of the chiral dopant,
and the ee of the chiral dopant, as shown by Eq. 1.2. The chiral dopant is the analyte for
the purpose of using LC for determining ee. Wavelength of reflected light (λ) is
dependent on the angle of the incident light (α) relative to the normal to the surface and
on the average refractive index of the material (n) (Eq. 1.3). If one knows the refractive
index of the material (n), the ee of the analyte can be measured by determining the
wavelength of reflected light to determine the pitch (Eq. 1.4).
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Figure 1.5. Diagram of liquid crystal film.
p = (c β ee) −1

(Eq. 1.2)
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(Eq. 1.4)

Feringa has taken advantage of these properties of LCs for the determination of
ee. He utilizes systems where the reflected wavelength is within the visible spectrum (360
– 700 nm) to allow for HTS, due to the ease of ‘naked eye’ detection, and uses a modified
microscope to determine λ(α) for the quantification of ee.34 However, most analytes from
asymmetric reactions do not produce a powerful enough helical twist, when used directly
as a chiral dopant, so two methods have been explored by Feringa to overcome this
problem. One method is post-reaction derivatization of the analyte to give it mesogenic
character, which allows for high compatibility with the LC and would induce helical
twisting powers. Another method is pre-reaction derivatization of the starting material to
make it resemble the mesogenic unit prior to the asymmetric reaction, so that the product
of the reaction is compatible with the mesogenic unit to induce desirable helical twists.
The first method was implemented on chiral amines (1.13a), and chiral amino
esters (1.13b), by condensation with aldehyde 1.14 (Scheme 1.5a). Chiral alcohols (1.16)
were also targeted by derivatization by acyl chloride 1.17 (Scheme 1.5b). The nematic
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LC used in these studies was E7. As shown, the derivatized analytes 1.15 and 1.18
resemble the LC mesogenic units and lead to helical twisting that produces the desired
pitches for measurement.

Scheme 1.5. Derivatization with mesogenic units of: a) chiral amines and amino acid
esters. b) chiral alcohols.

Upon addition of 10-20% w/w concentrations of derivatized analytes (1.15a) to a
nematic LC formed from E7 there was a visible color change. Addition of 100% ee of
1.15a led to violet while 50% ee was red (Figure 1.6a). Similarly, the color change upon
addition of 1.18 to E7 ranged from violet to red between 100% - 50% ee (Figure 1.6b).
Calibration curves were generated by measuring the wavelength of maximum reflection
for 1.15a and 1.18 (Figure 1.7a). The calibration curves could be established only in the
100% - 50% ee range. However, when using 1.15b as the chiral dopant for E7, a color
change from violet to a red was observed on varying the ee from 100% (R) to 100% (S),
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with an accompanying linear curve (Figure 1.7b).34b These examples demonstrated the
ability to determine ee of analytes using LC after derivatization of the chiral analyte.

a)
b)

Figure 1.6. Color of the reflected light from (λ(0°)) of doped LC samples with different
enantiomeric excess of: a) 1.15a. b) 1.18.
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a)

b)

Figure 1.7. Wavelength of the maximum reflection (λ(31°)) versus the enantiomeric
excess for: a) imine 1.15a (■) and ester 1.18 (□). b) imine 1.15b.
Another approach explored by Feringa to determine the ee of analytes using LC is
the derivatization of the starting material prior to an asymmetric reaction, so that the
products resembles the mesogenic unit and can be used as chiral dopants to induce
desirable helical twists.34c This method removes the derivatization step after the parallel
asymmetric catalysis, concentrating the derivatization effort on one molecule, which can
be prepared in bulk. This is advantageous, since in a screen for one specific reaction the

22

substrate is usually the same, whereas derivatization of the products of each asymmetric
reaction requires individual reactions.
Feringa demonstrated this technique by using a test asymmetric reaction, a
copper-catalyzed asymmetric conjugate addition of diethylzinc to chalcone 1.19 (Scheme
1.6a). Substrate 1.19 was mimicked by 1.21, which leads to product 1.22 as a mimic of
product 1.20. As expected, compound 1.22 produces a helical twist in the liquid
crystalline films of E7, allowing quantification of ee of 1.22. Upon addition of 1.22 with
varying ee to the LC, blue to deep red colors were produced (Figure 1.8). A calibration
curve was generated by measuring the reflection wavelength at an incident angle of 31°
when 1.22 is added to E7 at varying ee (Figure 1.9).

Scheme 1.6. Copper catalyzed asymmetric conjugate addition of diethyl zinc to:
a) chalcone (1.19). b) 1.21, to resemble a mesogenic unit of LC E7 and
substrate chalcone (1.19).
ee: 50% 60% 70% 80% 90% 100%

Figure 1.8. Color change (90°) observed upon addition of different enantiomeric excess
of 1.22 to E7 LC.
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Figure 1.9. Wavelength of reflection (λ(31°)) versus the enantiomeric excess of E7 LC
doped with different enantiomeric excess of 1.22.
Feringa used this technique to screen six chiral phosphoramidite ligands (L1 –
L6) used in the catalyst for the asymmetric reaction shown in Scheme 1.6b. The ee of the
products could be determined after the reaction mixture was quenched and filtered to
remove the zinc and copper salts. The ee was roughly estimated by visual inspection, and
then measured by the use of the calibration curve. The values were compared with those
obtained by chiral HPLC analysis. The use of visual inspection had a difference of ≤5%
compared to chiral HPLC analysis, while the use of calibration curves and reflection
wavelength measurements showed excellent correlation. Compound L1 was found to be
the best chiral phosphoramidite ligand of the six ligands screened.

As demonstrated from these studies, it is possible to quantify ee using LC, and
with the use of ‘naked eye’ detection, the method could possibly be rapid. The
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disadvantage of this method is the extra derivatization steps, especially when it is
conducted on the analyte, which is not optimal for HTS. Even though the second
approach requires derivatization of the substrate only, the change of the substrate used in
the screening process could change its reactivity and enantioselectivity relative to the
original one. For instance, the derivatized 1.21 had solubility differences compared to the
original substrate 1.19, which forced the use of a different solvent in the screen. The
assurance that the new solvent would not skew the reactivity or selectivity had to be
investigated. In addition, the special instrumentation and large percentage of analyte
required is not favorable.
1.4.2. Non-Derivatization
An alternative and ingenious approach was demonstrated by Walba.35 By
leveraging currently established technology in the field of LC displays, Walba used a
racemic mixture of a chiral mesogenic unit that is known to give a ferroelectric LC. Upon
exposure to an electric field and the addition of a small amount of a chiral dopant
(1% w/w), the LC shows electrooptical activity. This means that the LC rotates planepolarized light, and the degree of rotation depends on the ee of the chiral dopant. Using
LC display technology the LCs can be organized into a matrix of pixels, thereby allowing
a very high number of concurrent ee determinations in a truly parallel fashion.
In specific, Walba used mesogenic unit 1.23 for the measurement of the ee of the
commercially available drugs naproxen (1.24) and pseudoephedrine (1.25). A polarized
light microscope was used to measure the rotation of the plane-polarized light at different
ee values for the drugs. Using calibration curves, samples of 1.24 with unknown
enantiomeric purity were analyzed, and errors of about ±5% were obtained. Extension of
this method to analysis of guest (S,S)-1.25 was explored, but the signal was much smaller
than what was observed with (S)-1.24.
25

One advantage of this method is that it does not require derivatization of the
analytes or substrates, which allows this method to be more readily used in a HT fashion.
In addition, the use of small amounts (1% w/w) of chiral dopant (analyte) makes this
system more readily applicable to small-scale HTS of asymmetric catalysts. Finally, the
matrix organization is attractive for a truly parallel determination, even though it requires
highly specialized techniques and instrumentation to carry out the measurements itself.
1.5. INFRARED THERMOGRAPHY
The use of photovoltaic infrared cameras with focal-plane array detectors has
become popular for monitoring the reactivity of parallel reactions, as pioneered by
Maier36 and Willson.37 The images give a two-dimensional representation of heat emitted
during reactions. The infrared (IR) radiation is codified by a color in the IR image, where
red is a “hot spot” and blue is a “cold spot.” To determine the ee of a sample, a chiral
selector is added to enantiomerically pure analyte and a racemic mixture of analyte to
determine the chiral selector’s selectivity, by the intensity of the infrared radiation. Then
the enantiomeric purity of a sample could be determined by the reactivity it has with the
chiral selector, monitored by IR-thermography.
This method was demonstrated by Reetz by studying a lipase-catalyzed
enantioselective acetylation of a chiral alcohol 1.9 as a test reaction (Scheme 1.7) to
demonstrate the use of infrared thermography for the determination of ee.38 A microwell
plate was prepared, containing three columns of substrate with differing enantiomeric
purity, racemic-1.9, (S)-1.9, and (R)-1.9, with increasing concentrations down the
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columns. The lipase selectively acetylates (R)-1.9 to produce (R)-1.26 (Scheme 1.7),
leaving (S)-1.9 unreacted, allowing differentiation between the two enantiomers. The
immobilized enzyme was added to each well, and a “hot spot” appeared for wells
containing (R)-1.9 after 0.5 min (Figure 1.10). Wells containing (S)-1.9 had no change,
and wells containing racemic 1.9 had a slight rise in temperature. This method therefore
can be used to identify samples from asymmetric reactions that contained mainly (R)-1.9.
This particular use of infrared thermography only allows one to identify the most reactive
well, and wells with high concentration of preferential enantiomer, but does not allow an
accurate determination of ee values.

Scheme 1.7. Lipase-catalyzed enantioselective acetylation of chiral alcohol.
rac

(S)-1.9 (R)-1.9

0.5 M
1M
2M
2M
Without
enzyme

Figure 1.10. Infrared image of acetylation reaction after 0.5 minutes.
Mahmoudian has also explored the use of IR-thermography with enzymes to
analyze ee in a HT fashion.39 He used it to image lipase-catalyzed acylations of (R)- and
(S)-alcohols. Similar to the study described above by Reetz,38 the lipase-catalyzed
acylation of 1-phenylethanol (1.9) was conducted with Candida antarctica lipase
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(Scheme 1.7), while in this study calibration curves were generated to demonstrate the
ability to quantify ee. Candida antarctica lipase is selective towards (R)-1.9 to produce
(R)-1.26, leaving (S)-1.9 unreacted. To a 96-well plate containing the immobilized lipase,
samples of various enantiomeric purity of 1.9 were added, and IR images were obtained.
Infrared images of the plate before (Figure 1.11a) and 60 seconds after addition of vinyl
acetate to start the reaction (Figure 1.11b) showed elevated heat outputs for racemic-1.9
and (R)-1.9, showing that C. antarctica lipase is selective for (R)-1.9 and could be used to
distinguish (R)-1.9 and (S)-1.9. The heat output was measured as a function of time
(Figure 1.12), and the area under the curve from the start of the reaction (9 s) to
maximum temperature rise (117 s) was used to quantify the ee of 1.9. A five point
calibration curve was generated that correlated ee to the area under these curves (Figure
1.13).

A)

B)

Figure 1.11. Time-resolved thermal imaging of lipase-catalyzed enantioselective
acylation of 1-phenylethanol: a) before addition of lipase. b) 60 seconds
after addition of lipase.
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Figure 1.12. Time-resolved temperature profile for C. antarctica acylation of 1phenylethanol, 1.9. Black curves are 100% S, 50% S, 0% S, 50% R, 100% R.
Green and red curves are the racemic 1.9 and unknown sample of 1.9.

Figure 1.13. Calibration curve generated for correlating ee to temperature areas of lipasecatalysed resolution of 1.9. Positive ee values correlate to (R)-1.9, and
negative values correlate to (S)-1.9.
This method was tested on the asymmetric reaction shown in Scheme 1.8, where a
sample

of

unknown

ee

was

generated

using

CBS

(Corey-Bakshi-Shibata)

oxazaborolidine as a catalyst for reduction of acetophenone (1.27). The sample was
analyzed with IR-thermographic measurements upon addition of C. antarctica as a lipase
for a subsequent acetylation. The ee of the sample was determined to be 96%, while
chiral HPLC analysis showed 86%. This method was also implemented on other analytes
(1.28 & 1.29) using C. antarctica as a lipase for acetylation.
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Scheme 1.8. Reaction for asymmetric reduction of acetophenone (1.27).

The use of IR-thermography is amenable to parallel analysis because it uses
microwell plates, allowing for HTS to determine the ee of samples. However, the
overwhelming disadvantage of IR-thermographic techniques is their inability to quantify
the ee value of a sample, because they only signal high concentration of the preferred
enantiomer by reactivity with the chiral selector. Other than in Mahmoudian’s study,39
quantification of ee is not generally done. Another obstacle is the need for a chiral
selector that only reacts with one enantiomer of the analyte.
Furthermore, some technical issues with the method exist, such as the uneven
dissipation of heat from wells located at the edge vs. at the center of the plate, which give
false results, as in Mahmoudian’s study.39 Reanalysis of various plates by randomizing
the location of wells to achieve reproducibility is necessary. Shaking of the vessel
changes the position at which the wells appear in the IR-camera, leading to semicirclelike thermographic emissions near the walls of each well, requiring data to be obtained at
the center only. Also, the effects of evaporation of solvents or by-products give skewed
results, as seen in the study conducted by Reetz on ring-closing olefin metathesis, where
evolution of ethylene gave a false positive.40 These limitations make IR-thermography a
difficult technique for rapid determination of ee for HTS.
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1.6. MOLECULARLY IMPRINTED POLYMER
Molecularly imprinted polymers have been used for selective detection,
separation, and purification.41 MIPs have also been used as chiral stationary phases for
chiral separation in chromatographic techniques.42 In the creation of MIPs, functional
monomers are allowed to self-assemble in solution in the presence of a target molecule to
produce a three-dimensional architecture which is then crosslinked to “lock-in” a
structure with cavities complementary to the target molecules. After the formation of the
polymer, the template molecule is removed to produce a polymer with binding sites in a
shape and functionality specific to the imprinted species. This method is selective for
specific guests, because it is tailored to one specific analyte or enantiomer, which allows
its use for determining ee.
An example of the implementation of MIPs to determine ee values is due to the
Shimizu group.43 They synthesized MIPs using methacrylic acid (1.30) and ethylene
glycol dimethacrylate (1.31), in the presence of L-phenylalanine anilide (L-1.32) as
shown in Scheme 1.9, which required ~14 hours of reaction time. The L-1.32 was
removed by washing with methanol to produce L-MIP, which is selective for L-1.32.
Since 1.32 is UV-active (λmax=260 nm), the concentration of 1.32 in solution could be
determined with UV-vis measurements. Solutions of known ee and concentration of 1.32
were added to L-MIP, and the solutions were shaken for two hours and centrifuged to
obtain the supernatant, which would contain unbound 1.32, after selective uptake of
L-1.32

by the MIP. The amount of 1.32 that was not bound to L-MIP was determined by

UV-vis measurements (Figure 1.14). If a solution containing concentration L-1.32, the LMIP would have removed most of the 1.32, giving a reduction in absorbance, while
samples containing D-1.32, the reverse would be observed (Figure 1.14). A calibration
curve was generated to correlate concentration of 1.32 in solution to ee after the reaction
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to L-MIP and centrifugation to remove the MIP (Figure 1.15). The system’s accuracy was
tested by determining the ee of unknown samples using a calibration curve. The same
samples were also analyzed by chiral HPLC, and individual measurements showed ±5%
standard error.

Scheme 1.9. Synthesis of molecularly imprinted polymer for enantioselective
discrimination of phenylalanine anilide.

Figure 1.14. Schematic of using MIP for determining ee of 1.32.
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[1.32] (mM)

Figure 1.15. Correlation of leftover 1.32 to %ee after treatment with L-MIP.
The authors stated that the advantage of using MIP is their tolerance to acidic,
basic, and organic treatment due to their highly cross-linked nature. The MIPs are also
thermally and chemically stable, and could be extended to many different chiral analytes.
They are also easy to synthesize. The use of a UV-vis spectrophotometer to determine the
ee is also favorable due to the quick measurement times, and the potential to transition to
microwell plates that allows for parallel analysis. However, the analyte must contain a
chromophore for this system to work.
The time (two hours) required to reach equilibrium for the binding of the analyte
to the MIP is far too long for HTS, as is the need for further manipulation (centrifugation
to obtain the supernatant for analysis). The authors have proposed the use of
fluorescence, which requires a fluorophore, and NMR, GC, HPLC, or scintillation, to
quantify the concentration of analyte, which are not rapid techniques. The authors are
currently exploring the use of test tubes for use of microblock reactors, and the transfer of
solutions through pipetting into microwell plates. This will allow for a faster, and more
parallel analysis.
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1.7. ENZYMATIC AND ANTIBODY METHODS
The use of enzymes and antibodies to determine ee is popular because of their
inherent chirality and selectivity, allowing them to be naturally good hosts for
distinguishing enantiomers. Two enzymes or antibodies can be used, with one being
enantioselective, and thus affording a means of measuring the concentration of one
enantiomer, whereas the other binds both enantiomers giving the total concentration of
the analyte, thereby allowing ee to be calculated. Kinetic resolution has also been adapted
to determine ee. Also, using enantioselective enzymes or antibodies which target a
specific moiety is possible, so that derivatization of the analyte with such a moiety
provides a “handle” for binding. There is extensive work in the literature on using
enzymes and antibodies for the determination of ee,44 but in the interest of brevity, only a
few will be mentioned here.
The most common technique used to signal the interaction between an enzyme
and guest is via optical signaling, via the use of pH indicators.44a,44d Optical techniques
are used due to the fact that they are fast, and can be adapted to a microwell plate format,
allowing them to be conducted in parallel while also reducing time of analysis, waste and
the amount of analyte required.
One method that utilizes enzymes to determine ee was reported by Berkowitz.45
In his approach the organic reaction under study is coupled in situ with an enzymatic
reaction that permits continuous UV-vis spectroscopic monitoring. This method was
called in situ enzymatic screening (ISES), and was applied to the screening of
[CoIII(salen)] catalysts for the asymmetric hydrolysis of epoxides to create 1,2-diols.
Two enzymes are used in a double cuvette that have opposite enantioselectivity
for the analyte, 1,2-propanediol. The two enzymes chosen were Thermoanaerobium
brockii alcohol dehydrogenase (TBADH) and horse liver alcohol dehydrogenase
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(HLADH). TBADH reacts with (R)-1,2-propanediol to produce 1-hydroxypropan-2-one,
whereas HLADH reacts with (S)-1,2-propanediol to produce (S)-2-hydroxypropanal
(Scheme 1.10). Two separate cuvettes were used: the asymmetric reaction was carried out
in the lower organic layer, while the upper aqueous layer contained one of the two
enzymes: in cuvette 1, TBADH/NADP+; in cuvette 2, HLADH/NAD+ (Scheme 1.10).
After the asymmetric reaction in the lower organic layer, the product reacts with the
enzyme in the upper aqueous layer, yielding NADPH and NADH in cuvette 1 and 2,
respectively. Both NADPH and NADH absorb at 340 nm, thereby allowing separate
determination of concentration of (R)- and (S)-1,2-propanediol, respectively, and from
these the calculation of ee.
Cuvette 1

Cuvette 2

TBADH-cuvette

HLADH-cuvette

O

OH

OH

R

H+ + NADPH
aq. 'reporting' layer 1

NADP+

O
2-methyloxirane

O

OH
OH

1-hydroxypropan-2-one

common organic layer

OH

S

OH

H
(S)-2-hydroxypropanal

NAD+

NADH + H+
aq. 'reporting' layer 2

CoIII-salen
catalyst

OH
*

OH
1,2-propanediol

H2O

Scheme 1.10. Schematic of a double-cuvette ISES.
Berkowitz demonstrated the method’s ability to screen for catalyst by generating
Co(III) salen ligands from seven chiral diamine scaffolds and seven salicylaldehydes, and
using them as catalysts for the asymmetric production of 1,2-propanediol. From a screen
using the ISES, the relative rates predicted by ISES were compared to 1H NMR
experiments. The predictions were within 25% for nine of the ten cases measured. The
advantage of ISES is the ability to analyze samples without derivatization with a
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chromophoric unit, yet still being able to use an optical signaling technique to determine
ee.
Competitive enzyme immunoassays (EIA) can also be used for ee analysis.
Wagner and Mioskowski explored the analysis of mandelic acid (1.33),46 by
immobilizing antibodies that binds to 1.33 in microwell plates. At first, enzyme-product
conjugates are bound to the antibodies, which is displaced upon binding between
antibodies and 1.33. Upon staining, the amount of enzyme-product conjugates could be
determined, to quantify the amount lost and the amount of 1.33 bound, due to the
decrease in absorbance from the loss of enzyme-product conjugates.

1.34

mAb-15

1.33
mAb-8

Figure 1.16. Schematic diagram of the competitive enzyme immunoassays.
Two monoclonal antibodies were used in this study: mAb-15 (anti-racemate
antibody) and mAb-8 (enantiospecific antibody). Both antibodies has enzyme-product
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conjugates immobilized, where antibody mAb-15 binds to both (R)- and (S)-1.33, while
mAb-8 binds to (S)-1.33 preferentially, allowing for the determination of total
concentration of 1.33 and concentration of (S)-1.33, respectively, by the amount of
enzyme-product conjugates displaced, for the quantification of ee.
This system was tested by screening 176 reactions: 22 different chiral ligands and
four metals were used in the asymmetric reduction of benzoyl formic acid (1.34) to
mandelic acid (1.33) (Scheme 1.11). The ee and percent yield of these reactions were
determined using calibration curves. Forty-two of the 176 samples were also analyzed by
HPLC, and the accuracy for ee determination was determined to be ±9%. One of the
major disadvantages of this method is the required incubation time (12 hours) upon
addition of the reaction mixture, which limits its usefulness in HTS.
O
Ph

O
OH

Metal ion
Diamine Ligand
H2 source
DMF, -25°C

1.34

HO

O

Ph

OH

1.33

Scheme 1.11. Screening different ligands and metals for the symmetric reduction of 1.34.
In conclusion, enzymes and antibodies for the determination of ee typically use
optical signaling techniques to determine ee. This is an advantage to the systems due to
the ability to conduct the analysis in parallel with the use of microwell plates. Also,
absorbance and fluorescence readings are inherently rapid, which is an added bonus. The
use of enzymes and antibodies as hosts often makes the system too specific for one
analyte, and often requires extra equilibration times, incubation times, and derivatization
steps required. This severely limits the generality of these methods to those analytes for
which adequate enzymes/antibodies can be found at a reasonable price, and with a
reasonable effort. A host that targets a broad range of analytes would be preferred, but the
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very nature of these methods, drawing from enzymes’ and antibodies’ exquisite
specificity, is in conflict with this desire.
1.8. SUPRAMOLECULAR SENSORS
The methods presented thus far have advanced the field of rapid ee analysis
significantly, but each has a specific limitation. Chromatographic techniques dependant
on elution time are not convenient, and require specialized instrumentation for parallel
analysis. The liquid crystal methods require complex instrumentation. The MIP approach
requires polymer synthesis experience. Enzymes and antibodies suffer from a lack of
generality. Some use multi-step protocols or derivatization steps. This is why many
research groups have turned to enantioselective molecular sensors using small molecular
artificial hosts, often combined with optical signaling techniques.
Molecular sensors have been often used for the detection of analytes.47 Typically,
the signaling mode is optical, which originates from the change in the system’s electronic
or structural characteristic upon binding between the host and guest as shown in Scheme
1.12 & Eq. 1, Scheme 1.13. The signal allows for the quantification and detection of the
analyte depending on the change of optical signal (Eq. 2, Scheme 1.13).

analyte

sensor

Scheme 1.12. Schematic diagram of a typical molecular sensor with host and guest
complexation.

Scheme 1.13. Equilibrium involved in molecular sensing. H = host or receptor; G =
analyte or guest; [G]t = total guest concentration; KG = binding constant.
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In chemical receptors used to determine ee, a chiral host is required for
discriminating the two enantiomers. The chiral receptor/host interacts with the
enantiomers of the chiral analytes to form diastereomers, which have different stabilities
(Scheme 1.14). Due to the different stabilities of the diastereomers produced, the binding
constants (KR & KS) between the chiral host and enantiomeric guests are different (Eq. 1
& Eq. 2, Scheme 1.15).
(R)
(R) (R)

(R)
more stable
diastereomer

(R)-Host

(S)

(R)
(S)
less stable
diastereomer

Scheme 1.14. Discrimination of enantiomers using a chiral host.

Scheme 1.15. Equilibria involved in chiral recognition. H* = chiral host or receptor; GR,
GS, = analyte or guest; [G]t = total guest concentration; KR, KS = binding
constant.
Molecular sensors require a chromogenic or fluorogenic unit in either the analyte
or host, in close proximity to the binding site, so that upon binding a change in the optical
signal is observed. The chromogenic or fluorogenic unit is typically incorporated in the
host, not the analytes, so as not to require their derivatization. Researchers have explored
a number of different host scaffolds, such as crown-ether rings, cyclodextrins,
calixarenes, 1,1’-bi-2-naphthol (BINOL) and boronic acids. These hosts are readily
derivatized to enhance chiral discrimination, and to incorporate a chromogenic unit.
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Amino acids are most commonly used as the chiral groups in the hosts due to their
availability and variety. The different types of scaffolds commonly used in molecular
sensing are discussed below.
Crown ethers are heterocyclic rings composed of ether groups, which have been
commonly used for molecular recognition of cations and amine analytes through
hydrogen bonding by the ether oxygens allowing for binding between the host and
guest.48
Cyclodextrins49 (Figure 1.17) are highly water soluble and possess a hydrophobic
cavity for inclusion of guest molecules. The most common use of cyclodextrins for
molecular sensing involves the derivatization of the hydroxyl groups at the top or bottom
of the macrocycle with a linker/spacer to a fluorophore, where the inclusion of the guest
into the cyclodextrin cavity leads to an environment change around the fluorophoric unit,
allowing for the signaling of the presence of the analyte. The inherent chirality of
cyclodextrin is an added advantage in their use for the determination of ee.50

Figure 1.17. Structure of β-cyclodextrin.
Calixarenes49b,51 are cyclic oligomers of aromatic units. The para substituents on
the phenolic rings define the so called upper rim; a lower rim is defined by the phenolic
hydroxyl groups. A calix[n]arene contains n phenolic units (see calix[4]arene below,
40

1.35). Calixarenes are commonly used for molecular sensing due to the ability to tune the
size of the cavity to achieve better selectivity. It is common to derivatize the upper and
lower rims of calixarenes to obtain the desired functionality or chirality for molecular
sensing.52 Calixarenes are known to bind ammonium cations through their aromatic cone
cavity. Also, they have the ability to form cation-π interactions due to their preorganized
aromatic rings.53

Many groups have used the atropisomers of the easily derivatizable 1,1’-bi-(2naphthol) (BINOL) for enantioselective discrimination due to its ability to function both
as a chirogenic unit and a chromophore. Kubo has reviewed the use of BINOL as a
chromogenic receptor, and its use for the colorimetric recognition of amines.54
Many research groups have also explored the use of boronic acids as a binding
moiety due to their ability to reversibly bind to saccharides, and their viability in aqueous
media.55 They form reversible covalent bonds with diols, sugars, and αhydroxycarboxylates to produce boronate esters; all these interactions have been put to
use in molecular recognition systems.56
In the lock and key model, researchers attempt to design a receptor/host that binds
to a specific guest with high selectivity. The design of these receptors involves the
identification of the proper recognition entities to be incorporated into the receptor in
order to bind each particular epitope on the guest, as only one key opens one lock. Some
of the interactions exploited by researchers for guest binding are metal complexation,
hydrophobic interactions, hydrogen bonding, electrostatic interactions, and other covalent
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and non-covalent reversible interactions. The ability to target a class of analytes rather
then one specific compound lends more generality to these methods.
Molecular sensors typically do not require long of equilibration time, work-up for
analysis, or specialized skills due to the use of optical techniques, such as circular
dichroism spectrophotometry, fluorimetry, and UV-vis spectrophotometry. In addition, to
the advantages of optical signaling, as discussed previously, the hosts are typically not
target specific, rather functional group specific. This allows targeting of a broader range
of analytes compared to the other optical techniques described above.
Below are examples of the use of molecular recognition for the determination of
enantiomeric excess, divided by the type of signaling paradigm (circular dichroism,
fluorescence, and absorbance).
1.8.1. Circular Dichroism
When thinking about optical purity, many chemists think of optical rotation and
circular dichroism (CD). The use of optical rotation requires concentrated samples, which
is hardly compatible with the limited sample amounts available in HTS. CD has the
advantage of higher sensitivity and does not necessarily require the use of a chiral host. In
addition, the CD signal can be directly related to ee through the use of anisotropy.
However, CD requires the presence of at least one intense absorption band. Exciton
coupled circular dichroism (ECCD) is typically used for determining ee with the use of a
CD spectrophotometer. The different approaches available for using ECCD are discussed
below.
1.8.1.1. Exciton-Coupled Circular Dichroism
To use ECCD for discriminating enantiomers, the system must contain two or
more chromophores chirally oriented in space. Coupling of the excited states of the
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chromophores leads to a splitting of the two degenerate excited states by a quantity
known as the Davydov splitting. A bisignate CD couplet appears at the wavelength of the
UV-vis absorption maximum to form a trough, referred to as the Cotton effect.
Enantiomers will have mirror-image CD spectra, because they have equal but opposite
interactions with the left and right circularly polarized light used in CD spectroscopy.
The sign of the Cotton effect depends on the orientation of the two chromophores
in space, which allows it to be used for the determination of the relative spatial
orientation of the chromophores and the absolute configuration of the analyte. The first
Cotton effect (longer wavelength, εr) correlates to the helicity of the system (Figure
1.18): a positive Cotton effect (known as P-form, Figure 1.18a) correlates to the two
interacting electronic transitions being oriented in a clockwise orientation, whereas a
negative Cotton effect (known as M-form, Figure 1.18b) means they are in a
counterclockwise orientation. If the binding mode between the analyte and the host is
known, the CD spectrum can determine the absolute configuration of the analyte.26 This
removes the need for a reference sample.

Figure 1.18. Split Cotton effect: a) Positive Cotton effect. b) Negative Cotton effect.
Most analytes lack a chromophoric unit, or one that can generate a CD signal.
This has led researchers to either derivatize the analyte with chromphores, or bind the
analyte via metal complexation, or hydrophobic, electrostatic, or non-covalent
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interactions to incorporate the required chromophores, in order to determination ee. A
selection of such systems are described below.57
Metal complexation is used in ECCD due to its ability to bring two chromophoric
units in close proximity to the chiral center of the guest. An example of such use was
demonstrated elegantly by Canary, who exploited ECCD to determine the absolute
configuration and ee of amino acids by derivatizing α–amino acids with 2-bromoethyl
quinoline, for the complexation to CuII salts producing a propeller-like structure (1.36)
(Scheme 1.16).58 The twist of the structure depends on the configuration at the α-carbon
stereocenter. The CuII metal center binds to the three nitrogen atoms and the carboxylate
(Figure 1.19) of the ligand, thus locking the spatial orientation of the chromophores in
space. Upon derivatization, amino acids with L-configuration had a counterclockwise
twist, leading to a negative Cotton effect, while a D-configuration shows a positive
Cotton effect due to the clockwise twist shown in Figure 1.19.

Scheme 1.16. Derivatization scheme of L- or D-α-amino acid.

Figure 1.19. The twist of the propeller-like structure of derivatized L- or D-α-amino acid.
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Canary was able to determine the absolute configuration of analytes through
derivatization as shown in Scheme 1.16, where bulky side chains had reduced amplitudes
of signal, hypothesized to be due to steric interactions with the propeller, distorting the
twist. Canary was able to determine the absolute configuration of the amino acids upon
derivatization without purification (Scheme 1.16). However, for the determination of ee
purification of the derivatives was required, due to an overestimation of the concentration
of analyte caused by achiral impurities. Calibration curves for the determination of ee of
alanine were generated (Figure 1.20), but analysis of unknown samples was not
conducted.58 Canary also conducted similar studies with β-amino alcohols.59 Further,
since only the amine functional group is required in the derivatization, the scope of this
application can be extended to chiral amines.60

[Cu(II)(D-1.36)]ClO4
[Cu(II)(L-1.36)]ClO4

Figure 1.20. Using derivatized alanine (Scheme 1.16) as an analyte, a plot correlating the
%ee of [Cu(II)(1.36)]ClO4 complex and ∆ε in methanol at 25°C at λ =
240 nm was generated.
Using hydrophobic interactions, Yashima has shown that ECCD can be used to
discriminate the enantiomers of chiral amines by exploiting a chromophoric
polyacetylene backbone with appended β-cyclodextrin side groups (1.37, Figure 1.21).61
Upon addition of analyte (S)-1.38 ((1S)-1-phenylethanamine) to host 1.37 in a
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H2O:DMSO mixture (7:3 v/v, buffered to pH 11.7), there was a color change in the
solution from yellow to red (Figure 1.22), and a negative first Cotton effect was seen in
the CD spectrum. The addition of analyte (R)-1.38 to host 1.37 showed no color change
(Figure 1.22) and a positive Cotton effect. Calibration curves were then generated for
determining the ee of 1.38. The molar ellipticity did not change upon addition of
solutions containing 50-100% of (R)-1.38, while there was a change with 50-100% of
(S)-1.38. Other chiral analytes, such as phenylalaninol (1.39) and 1-phenylethyl alcohol
(1.9) were also tested with this system, but no comparable changes in the CD or
absorption spectra were observed.

m=2
R=H

100% (S)-1.38

100% (R)-1.38

Figure 1.21. Structure of polyacetylene host backbone with β-cyclodextrin as a side
group, and analytes, 1.38 and 1.39.

Figure 1.22. Color difference between solutions of host 1.37 containing enantiomerically
pure (R)-1.38 and (S)-1.38, respectively.
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1.8.2. Fluorescence
Fluorescence is another optical signaling technique used in molecular sensing to
determine ee. There are many advantages, such as its sensitivity, rapid readout, less
expensive instrumentation compared to CD spectrophotometers, and the ability to be used
for real-time analysis.62 Fluorescence has numerous detection modes available, such as
fluorescence intensity, anistropy, both as steady-state and as time-dependant
measurements.
The two most commonly used signaling modes are fluorescent enhancement (a
“turn on”), and fluorescence quenching (a “turn off”). The advantage of using a “turn on”
signal is its increased sensitivity due to the detection being carried out on a blank
background. In contrast, the signal change in the case of a “turn off” signal can be too
small to detect on top of a much higher initial signal: it is easy to spot a single candle
being lit in a pitch-dark stadium, it is almost impossible to see the same candle go off in a
stadium full of lit ones. The difference in emission intensity caused by the use of a chiral
host allows the quantification of ee.
Some of chiral receptors, utilizing fluorescent signals for detection are described
below. For further reading fluorescence signaling in chiral recognition has been recently
reviewed by Pu.62a
Corradini and co-workers have developed a dansyl modified β-cyclodextrin with
L-amino

acids (L-Phe (1.40a), L-PhGly (1.40b), and L-Pro (1.40c)) as spacers for the

enantioselective recognition of unmodified amino acids in aqueous buffer (pH 7).63 These
hosts were synthesized in four steps. Upon excitation of host 1.40 at 360 nm, emission at
538 nm was observed, but upon addition of a [CuII(AA)2] solution (AA = amino acid) the
fluorescence was quenched. The observed quenching was believed to be due to the dansyl
fluorophore being displaced from the hydrophobic cyclodextrin cavity into the
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hydrophilic media upon addition of amino acid, following the formation of a ternary
complex, 1.40:CuII:AA as shown in Figure 1.23. It was proposed that two competitive
equilibria (Scheme 1.17) lead to the formation of the diastereomers (KL and KD) for the
two enantiomers of the same amino acid. Titrations of [CuII(AA)2] into a solution of 1.40
showed a decrease in fluorescence emission at 538 nm upon excitation at 360 nm, and
quenching occurred more readily with D-amino acid. It was found that 1.40a had the
greatest enantioselectivity for valine, while 1.40c had the best enantioselectivity for
proline.
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Figure 1.23. Binding interactions of modified cyclodextrin 1.40 and amino acid.
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Scheme 1.17. Equilibria in the sensing process for amino acids.
In this study, calibration curves were generated on a microwell plate; eleven
solutions of [CuII(valine)2] were used with varying enantiomeric ratios from 100% Dvaline to 100% L-valine a sample curve is shown in Figure 1.24. Six unknown samples
(in triplicate) were analyzed. When a single host was used to determine the % D-valine in
unknown samples, a standard deviation and accuracy of 6% was obtained. Upon using
three hosts (1.40a-c) for the analysis of the six samples, the accuracy increased. The
analysis of a plate required 2 minutes, which is very convenient for HTS. Hosts
containing different amino acid side chains were explored, in addition to a range of
derivatized amino acids as guests, to extend the scope of this research.63b

Figure 1.24. Calibration curve for determining ee of valine using 1.40b.
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Wolf developed 1,8-diacrydylnaphthalene N,N’-dioxide fluorescent sensors (1.41)
for a range of chiral hydrogen bond donor analytes.64 Ligand 1.41 can be synthesized in
six steps with a 57% overall yield, and resolution on a chiral HPLC to obtain the host
enantiomerically pure.

A range of analytes, chiral carboxylic acids and chiral diamines were examined
with ligand 1.41 in acetonitrile.64 Fluorescent quenching was observed upon binding.
Wolf used this signal to develop calibration curves for the determination of [G]t and ee
using racemic 1.41 and (+)-1.41 (Figure 1.25), respectively. Using calibration curves, six
samples of analyte 1.43 with differing concentration and ee were analyzed, giving good
agreement between the calculated and actual values as shown by the correlation of their
fluorescence response to the calibration curve (Figure 1.25).64b
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Figure 1.25. Fluorescence response (λexc = 490 nm; λem = 571 nm) of (+)-1.41 has a
function of enantiomeric composition of 1.43 (♦) and the three samples
analyzed (♦) with host (+)-1.41.
In addition ligand 1.42 was used to enantioselectively discriminate chiral
carboxylic acids (such as 1.44) and amino acid derivatives.65 To test the system’s ability
to determine [G]t and ee, calibration curves were generated using a racemic mixture of
host 1.42 and (-)-1.42, and six samples of 1.44 with differing concentration and
enantiomeric purity were analyzed. The results thus obtained were within ±2% and ±3%
of the actual values, respectively. Time of analysis was not reported in these studies, but a
typical fluorescent measurement is rapid (1 min.), which is optimal for HTS, especially
with such excellent correlation observed in this system.
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(S)-1.44

Figure 1.26. Enantioselective fluorescence quenching of (-)-1.42 as a function of
enantiomeric composition of 1.44.
Pu developed several fluorescent receptors for enantioselective discrimination
using BINOL moieties due to its ability to interact with analytes through hydrogen
bonding. Notably, Pu developed enantioselective receptors containing bis(binaphthyl)
macrocycles, and synthetically decorated them with different chiral functional groups,
and incorporated them in dendritic structures.62a,66 In specific Pu developed a cycloheane1,2-diamine-based bisbinaphthyl macrocycle (1.45) to determine ee of mandelic acid
(1.33).66a From enantiomerically pure starting material (S)-1.45 was obtained in two steps
with an overall 55% yield. Pu observed a fluorescence increase upon addition of (S)mandelic acid to (S)-1.45, while the (R)-enantiomer showed almost no effect on the
fluorescence upon addition to the host. The enantiomeric host (R)-1.45, had the opposite
enantioselectivity for mandelic acid, and Pu was able to demonstrate the host’s ability to
quantify ee through analysis of samples with various enantiomeric compositions of
mandelic acid (0 – 100% ee) (Figure 1.27), in addition to the concentration of mandelic
acid.
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[(R)-1.33

%(R)-1.33

Figure 1.27. Fluorescent enhancement of host (R)-1.45 to: Curve A) different
enantiomeric composition of 1.33. Curve B) optically pure 1.33.
With the examples given above, it is clear that research groups have demonstrated
the ability to perform enantioselective discrimination using fluorescence and host-guest
interactions. This technique is very sensitive and rapid. In addition, it can be transitioned
to microwell plate readers, allowing for a fast and parallel analysis, which was elegantly
demonstrated by the Corradini group.63a Typically, reading of a 96-well plate using a well
plate reader requires approximately 1 minute for the reading of the fluorescence intensity
at one emission wavelength, which makes this method optimal for HTS. These
techniques speak positively for future HTS, using a microwell plate reader.
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1.8.3. Absorbance
UV-vis spectroscopy is another very common optical signaling technique that is
often used for molecular sensing and has numerous advantages for use in rapid
determination of ee. The use of absorbance as a signaling mode is inherently quick and
requires simple instrumentation. In addition, this technique has the ability to transition
from a UV-vis spectrophotometer to a microwell plate reader, giving access to truly
parallel analysis with dramatic reduction in time of analysis. Typical absorbance readings
on a UV-vis spectrophotometer require less than 1 minute for an entire UV-vis spectrum
to be obtained, while a single wavelength reading of a 96-well plate using a plate reader
is 1 minute, reducing the time of analysis even more significantly. If the absorbance lies
in the visible range, ‘naked eye’ detection is also possible, affording a quick
approximation of the ee value by sight. These advantages have led numerous research
groups to explore the use of absorbance as a mode of detection, for the discrimination of
enantiomers and the eventual quantification of ee. Selected examples of such work on the
use of UV-vis spectroscopy for enantioselective discrimination are presented below.
Kubo, et al. developed a chromogenic calixarene as an enantioselective optical
sensor for amines and amino acids.67 Calixarenes allowed for multiple chromophores to
be appended to the platform. The synthesis of 1.46a was conducted through six steps,
using optically pure (S)-1,1’-bi-2-naphthol. A solution of host 1.46a in ethanol displays
an absorbance maximum at 515.5 nm. Upon the addition of guest (R)-1.47, the solution
turns blue-violet, with a new absorbance band at 650 nm, while addition of (S)-1.47 to
host 1.46a shows no color or spectral change, thus allowing for enantioselective
discrimination by UV-vis measurements and through ‘naked eye’ detection, as shown in
Figure 1.28. The association constant (K(R)) was determined to be 66±8.8 dm3mol-1 for
guest (R)-1.47.
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Figure 1.28. Solutions containing host 1.46a, and solutions of host with each enantiomer
of 1.47 demonstrating enantioselective discrimination through ‘naked eye’
detection of guest.
The data indicated that the amine of 1.47 complexes to the cavity of 1.46 through
interactions with the ether oxygens of the macrocyclic ring and the phenolate of the
indophenol fragment. The color change of 1.46a upon addition of (R)-1.47 was due to
both the ionization of the phenol unit of the indophenol chromophore (a long-wavelength
band), and a binaphthyl-induced hydrophobic effect (a short-wavelength band). Binding
of the (R)-amine alters the position of the binaphthyl unit, which is not possible with (S)1.47, leading to the observed enantioselective optical signal.
There

was

no

selectivity

between

the

enantiomers

of

guest

1.38

(1-phenylethanamine) by host 1.46a, demonstrating the importance of the hydroxyl group
in the analyte for chiral recognition. This is most likely due to hydrogen bonding between
the phenolate of the indophenol and the guest. The binding of the amine was strengthened
by intramolecular hydrogen bonding interaction between the indophenol hydroxyl group
and the adjacent phenolic oxygen in host 1.46a, leading to the spectral change of the
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short-wavelength band. Figure 1.29 shows the proposed complexation geometry between
host 1.46a and guest 1.47.

Figure 1.29. Possible complexation between host 1.46a and guest 1.47.67
A second host (1.46b) was used to analyze guest (R)-1.47, and the binding
constant was determined to be 17±12 dm3mol-1, which was a quarter of the binding
constant between host 1.46a and (R)-1.47. Because host 1.46a had a larger Ka for (R)1.47 than host 1.46b, it was used as a colorimetric sensor for the enantiomeric
discrimination of other chiral amines (1.39 (2-amino-3-phenyl-1-propanol), 1.48).
Enantioselective discrimination and preferential binding of (R)-1.39 and (R)-1.48 over
(S)-isomers was found.
Fuji and Tsubaki have used chiral crown ether derivatives of phenolphthalein
(1.50-1.53) for the enantioselective recognition of alanine derivatives, 1.54 in hopes of
using hydrogen bonding interactions between the amines of 1.54 with the crown ether
oxygen atoms of the hosts.68 An increase in the absorption at 570 nm was observed with
the addition of the analytes. Association constants were measured in these studies for the
five hosts (1.49-1.53) to the guests (1.54) in methanol, where hosts 1.50, 1.51, and 1.53
favored (R)-alanine derivatives (1.54), while host 1.52 had the reverse enantioselectivity.
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The proposed binding made between host 1.51 and guest 1.54c is shown in Figure
1.30, demonstrating a steric repulsion between the methyl group on C-7 of the phenolic
18-crown-6-ring of 1.51 and the methyl group on the α-position of the guest. This
interaction results in host 1.51 enantioselectively binding to (R)-1.54c, producing the
most stable diastereomer. Host 1.51 produced a purple color solution with the addition of
guest (R)-1.54b or (R)-1.54c, while a colorless solution was observed with the respective
enantiomers (Figure 1.31), allowing enantiomeric recognition through ‘naked eye’
detection. An ee calibration curve was generated for guest 1.54c using host 1.51, but the
analysis of unknown samples was not explored (Figure 1.32).69
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1.51:(R)-1.54c
Figure 1.30. Proposed complexation of host 1.51 to analyte 1.54c with addition of Nethylpiperidine.

1.51

1.51+
1.51+
(R)-1.54b (S)-1.54b

1.51+
(R)-1.54c

1.51+
(S)-1.54c

Figure 1.31. Solutions demonstrating ‘naked eye’ detection for enantioselective
discrimination of alanine derivatives using host 1.51.

Figure 1.32. Correlation between absorbance at 574 nm with ee of guest 1.54c upon
addition to host 1.51.
The scope of enantioselective recognition by host 1.51 was extended to β-amino
alcohols (1.55, 1.56, (R,S)-1.57), a simple amine 1.38 (1-phenylethanamine) and alanine
derivatives containing large substituents, such as ethyl or isopropyl groups at the
α-position. Negligible differences could be observed between the enantiomeric pairs of
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guests by ‘naked eye’ detection for 1.55, 1.56, (R,S)-1.57, while alanine derivatives
showed no increase in enantioselectivity or color change compared to 1.54. This led to
the development of hosts 1.58 and 1.59.69 These hosts contained a larger phenyl
substituent on the crown ether ring, and therefore were more effective π-donors in the
complexation of the acidic hydrogen atoms of the guest molecules. Upon interaction of
host 1.58 with β-amino alcohols 1.55, 1.56, (R,S)-1.57, a color change was observed
(Figure 1.33a) with a deeper color observed when (S)-guest were added. In comparison to
host 1.51, 1.58 produced a deeper color with addition of guests.

Figure 1.33. Color differences of solutions of β-amino alcohols (1.55-(R,S)-1.57) added
to host 1.58.
1.9. SUMMARY
High-throughput screening for chiral catalysts/auxiliaries is a direction
increasingly taken in asymmetric synthesis. However, it is challenging to determine the
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ee of the samples as quickly as they are being generated. Current serial analyses do not
handle the number of samples requiring analysis. More rapid measurements are necessary
to overcome this barrier to truly take advantage of combinatorial methods for HTS.
Although chromatographic methods still produce the most accurate measurements, these
methods are serial in nature and depend on the elution time. This has led researchers to
transition to the use of optical signaling techniques, taking advantage of their ability for
rapid, and parallel analysis. Optical signaling uses simple instrumentation, and more
importantly, allows for transition to microwell plate formats, thereby allowing parallel
readings. The use of the microwell plate format further allows streamlining because it
meshes with facilities already in place in HTS laboratories; namely, with automated
liquid handlers, and plate stackers. Because these methods are not yet as accurate as
chromatographic techniques, they are envisioned to be used as a preliminary screen,
allowing for the removal of undesirable samples prior to HPLC analysis.
Several groups have elegantly demonstrated how optical signaling might
overcome the challenges involved in HTS. There are limitations to most methods (LC,
IR-thermography, MIPs, enzymatic/antibodies), such as derivatization steps, narrow
scope, specialized equipment, and time-consuming equilibration, or the requirement for
pretreatment of samples before analysis. More importantly, some systems do not actually
quantify ee. These limitations have brought on a move to the use of molecular sensors
using optical signals (CD, fluorescence, absorbance), makes them potentially great
vehicles for creating methods.
Even though synthetic receptors have their advantages, current work shows that
their ability to quantify ee with high accuracy is limited. Though the accuracy of these
methods may not be as great as chromatographic techniques, they possess the ability to
rapidly determine the enantiomeric excess of samples. Many research groups have
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demonstrated the use of microwell plates, reducing analysis time compared to singlecuvette analysis.
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Chapter 2: Using Indicator Displacement Assays for Determining
Enantiomeric Excess of α-Amino Acids
2.1. ENANTIOSELECTIVE INDICATOR DISPLACEMENT ASSAYS
As demonstrated in Chapter 1, optical signaling techniques such as circular
dichroism (CD) spectroscopy, fluorescence spectroscopy, and UV-vis spectroscopy have
been used to rapidly determine enantiomeric excess (ee) for high-throughput screening
(HTS) of asymmetric catalysts/auxiliaries. These techniques are fast and easy, and
different classes of analytes can be targeted with the use of molecular sensors.
To determine ee with supramolecular sensors, a chiral host is required with one or
more chromophores for optical signaling. The chromophore(s) is attached to the host or
analyte, and upon binding/interaction a detectable change in the properties of the system
signals the occurrence of such an event. In most cases the chromophore is attached to or
included in the host, because derivatizing each analyte/sample separately would be
complex and tedious. In this way, the host can be synthesized in a large quantity and will
have no effect on the time of analysis of the samples for HTS.
Even though there is a range of chemosensors utilizing optical signaling
techniques for enantiomeric discrimination and for quantification of ee, there are
common limitations. Many of these receptors discussed require multiple synthetic steps
to incorporation a chromophoric unit to the host. The system’s ability to signal the
binding event is not known until after the synthesis of the host, which is unfavorable due
to the required resynthesis of the scaffold in the cases that the signal or detection is not
optimal. The resynthesis to modify the host and/or chromophore is time-consuming,
especially given that certain receptors are obtained through multiple synthetic steps and
require extensive purification. Even after modification, the new generation of host/system
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may not yet produce the desired signal, thereby requiring further refinement. This is very
similar to the cycle used in the traditional approach of discovering chiral
catalyst/auxiliary, comprising of design, synthesis, and testing. These limitations have led
researchers to develop a different class of molecular sensors, generally known as
indicator displacement assays (IDAs), or competitive binding assays, and/or the use of
ensembles.
Indicator displacement assays (IDAs) are competitive binding assays, involving a
host/receptor (H), indicator (I) and a guest/analyte (G).1 The indicator must reversibly
bind to the host (Eq. 1, Scheme 2.1), and the bound indicator must have a different
spectroscopic signal than when free in solution. The analyte or guest must bind to the
host/receptor (Eq. 2, Scheme 2.1), and upon binding the equilibrium is shifted towards
the displacement of the indicator from the host (Eq. 3, Scheme 2.1). Upon displacement,
the indicator’s optical properties change, leading to the generation of a signal for the
detection of the binding event between the guest and host. The resulting competition
between the indicator and guest for the host can be monitored through the change in the
indicator’s spectral properties, which are sensitive to the guest total concentration ([G]t)
(Eq. 4, Scheme 2.1).1b,2 As the [G]t increases, more indicator will be displaced, leading to
a larger spectroscopic change. The use of IDAs for the detection of analytes has been
popularized by the Anslyn group,1b,3 and there are reviews on the use of IDAs for a wide
range of analytes4 (i.e. glucose,4a citrate,4d calcium,4d phosphoesters,4b tartrate4c). In
addition, there are numerous other groups who have successfully used IDAs for
molecular recognition.5
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H+I
H+G
H:I + G

KI
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H:I

(Eq. 1)
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(Eq. 2)

H:G + I

(Eq. 3)

Signal = f([G]t)
KR
H*:I + GR
H*:GR + I
KS
H*:I + GS
H*:GS + I
Signal = f([G]t, ee)

(Eq. 4)
(Eq. 5)
(Eq. 6)
(Eq. 7)

Scheme 2.1. Equilibria involved in an indicator displacement assay and enantioselective
indicator displacement assay. H = host or receptor; H* = chiral host or
receptor; I = indicator; G, GR, GS, = analyte or guest; [G]t = total guest
concentration; KI, KG, KR, KS = binding constant.
Because an IDA uses an indicator, there is a secondary tuning element available
for modulating sensitivity and selectivity other than the receptor itself. As previously
stated, the advantage of IDA over covalently linked supramolecular sensors is the ability
to optimize the assay for specific analytes with ease; such as simply making a solution of
a different indicator.
The Anslyn group has extended the use of IDAs to the field of enantioselective
discrimination, called enantioselective indicator displacement assays (eIDAs), where a
chiral host/receptor (H*) is used.1a,6 The association of a chiral receptor with an
enantiomeric mixture of chiral analytes/guests (GR, GS) produces multiple equilibria in
solution simultaneously, which lead to the formation of two diastereomeric host-guest
complexes (H*:GR, H*:GS, Eq. 5 & 6, Scheme 2.1). Because diastereomers have
different stabilities, the two equilbria (Eq. 5 & 6, Scheme 2.1) in solution will have
different equilibrium constants (KR & KS). The difference in the equilibrium constants
leads to differential displacement of indicator (I), and a difference in optical properties
for the two solutions (Eq. 7, Scheme 2.1). For instance, if the signal is absorbance,
mixtures of the two enantiomers will give an absorbance/color that is in between the
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extremes of the two pure enantiomers. Using an achiral host (H), the total concentration
of analyte or percent yield of a reaction can be determined, while using a chiral host (H*)
the ee of the mixture can be determined.
eIDAs have been developed utilizing different kinds of interactions between the
chiral host and indicator, such as metal complexation, electrostatic interactions, reversible
covalent interactions, etc. These interactions are commonly used for binding a host and a
guest, which is the reason they are exploited for IDAs, but they are also reversible
interactions, allowing for a competitive assay to occur. The guest will replace the
indicator using similar interactions with the host. Below are examples of work conducted
in this field using an eIDA to enantioselectively discriminate analytes and their ability to
rapidly determine ee.
2.1.1. Metal Complexation
The interaction of analytes with metal complexes is commonly exploited for
molecular sensing, due to the vast number of metals available to bind the hosts, and
guests to produce the desired complexation. In addition, complexation with appropriate
metal centers is reversible, allowing for competitive binding between the guest and
indicator.
Wolf developed a system for enantioselective discrimination, which is similar to
an IDA, but does not use a traditional indicator, rather, a chromogenic ligand, which
doubles as the chiral host.7 His system uses a scandium-naphthalene complex for the
determination of the ee of amino acids, amines, amino alcohols, and carboxylic acids. A
2:1 complex between a naphthalene derived ligand 2.1a to Sc(III) produces his sensor,
which has an absorbance at 410 nm due to charge transfer bands. Ligand 2.1a was
obtained in six steps with a 57% overall yield, and finally purified on a chiral HPLC to
obtain both pure enantiomerics. After addition of enantiomerically pure analytes (valine,
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phenylglycine, methionine, glutamic acid, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7) to solutions of
[ScIII((+)-2.1a)2](OTf)3 in acetonitrile:H2O (1:1) one ligand ((+)-2.1a) was displaced,
producing

diastereomers

([ScIII((+)-2.1a)(analyte)])(OTf)3

that

resulted

in

enantioselective discrimination. This was observed by the decrease in absorbance at 410
nm. It was shown that guest (S)-valine more readily displaced (+)-2.1a from
[ScIII((+)-2.1a)2](OTf)3 complex compared to (R)-valine. The [G]t could be determined
using a racemic mixture of the [ScIII(2.1a)2](OTf)3 complex.

To validate this system’s ability to determine ee, calibration curves for
determining the [G]t and ee of valine, 2.5, 2.6, and 2.7 were generated using
[ScIII(2.1a)2](OTf)3 and [ScIII((+)-2.1a)2](OTf)3 complexes, respectively. Nine unknown
samples for each analyte were analyzed with the corresponding calibration curve for the
determination of [G]t and ee, which showed good agreement. An example is shown for
valine in Figure 2.1, where the absorbance is dependant on the enantiomeric purity of
valine added to [ScIII((+)-2.1a)2](OTf)3 complex, allowing for quantification of ee.
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Figure 2.1. UV-vis response of [ScIII((+)-2.1a)2](OTf)3 as a function of enantiomeric
purity of valine (x: calibration, ♦: actual measurements).
Wolf extended the scope of his eIDA using [ScIII((+)-2.1b)2](OTf)3 for α-amino
alcohols (2.8 – 2.12) in acetonitrile.8 The eIDA was similar to the previous work, but
fluorescence was used as the signaling mode. The [ScIII((+)-2.1b)2](OTf)3 complex has a
fluorescence emission at 588 nm upon excitation at 420 nm. Fluorescence quenching was
observed upon addition of chiral α-amino alcohols (2.8 – 2.12) into [ScIII((+)2.1b)2](OTf)3, which enantioselectively bound to the (S)-amino alcohols, except for 2.9
and 2.12. For the later two analytes, [ScIII((+)-2.1b)2](OTf)3 enantioselectively bound to
(R)-2.9 and (1S,2R)-2.12.
Once again, [G]t was determined through the use of a racemic mixture of
complex, [ScIII(2.1b)2](OTf)3, while the enantiomeric purity of unknown samples was
determined using [ScIII((+)-2.1b)2](OTf)3. Nine samples were generated with differing
concentrations and enantiomeric composition of 2.8, and their [G]t and ee were
determined

using

calibration

curves

developed
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with

[ScIII(2.1b)2](OTf)3

and

[ScIII((+)-2.1b)2](OTf)3, respectively. The calculated ee and [G]t correlated with the true
values quite well, as shown in Figure 2.2.

Figure 2.2. Fluorescence response of [ScIII((+)-2.1b)2](OTf)3 as a function of the
enantiomeric composition of 2.8 (♦: calibration, ▲: actual measurements).
In these studies Wolf explored a range of metals (Cu(II), Zn(II), In(III), Al(III),
Sn(II), Sc(III), Gd(III) and Yb(III) triflate) and discovered that Sc(III) produced the most
desirable change in signal. This study demonstrated how an IDA has the ability to be
optimized without extensive synthesis and the added advantage metal complexes have,
due to the numerous metals that can be explored to optimize a system.
2.1.2. Electrostatic Interactions
Electrostatic interactions between hosts and guests are commonly used for cation
and anion molecular recognition. In this vein, Kacprzak has developed an eIDA for ee
determination of α-hydroxydicarboxylic acids (2.13) using cationic bis-Cinchona alkaloid
diimide derivatives as hosts (2.14), and bromophenol blue (2.15) as the indicator.9 Upon
complexation between hosts 2.14 and indicator 2.15, an absorbance maximum was
observed at 597 nm, with the formation of a blue solution, while the free indicator had a
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yellow color and an absorbance maximum at 426 nm (Scheme 2.2). Using three different
Cinchona alkaloid configurations (2.14) and different α-hydroxydicarboxylic acids
(2.13), it was determined that 2.14a had the best selectivity for 2.13a and 2.13b. A
calibration curve was generated using the 2.14:2.15 complex with different enantiomeric
compositions of 2.13a, demonstrating the ability to generate calibration curves through
the use of a competitive assay with electrostatic interactions between the different
components of an IDA. Unfortunately, this study did not explore the determination of ee
of samples.

Scheme 2.2. Indicator displacement assay for the recognition of dicarboxylic acids.
2.1.3. Reversible Covalent Interactions
Rapid reversible covalent bonds are not very common. However, the reversible
covalent interactions of boronic acid with alcohols has been exploited by many research
groups for molecular sensing, especially for the recognition of diols, sugars, and αhydroxycarboxylates.1a Numerous researchers have used boronic acid moieties in their
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receptors for discriminating enantiomers.10 Our group has used them for eIDAs, where
2.16, and (S,S)-2.17 were used as achiral and chiral hosts, respectively, and 2.18 as the
indicator, targeting guest 2.19.6a The hosts were synthesized in two steps from
commercially available material. The boronic acid host reversibly forms a boronate ester
with the catechol group of 2.18, as shown in Scheme 2.3. Upon addition of guest 2.19 the
indicator is displaced and (S,S)-2.17:2.19 is formed (Scheme 2.3). A range of αhydroxycarboxylic acids (2.19) was examined using host (S,S)-2.17, revealing preference
for samples with (S)-configuration. In addition, achiral host 2.16 was used for the
determination of [G]t.

Scheme 2.3. Equilibria in eIDA using boronic acid receptor (S,S)-2.17 and pyrocatechol
violet indicator (2.18) for discriminating α-hydroxycarboxylic acids.
A mathematical analysis based on mass balance equations and association
constants measured from receptor-indicator binding isotherms was used to determine [G]t
and ee. This method does not require the use of a calibration curve for the determination
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of ee, which is [G]t dependent, thereby requiring multiple calibration curves for different
concentrations of samples being analyzed. This is necessary because a higher [G]t of a
racemic mixture of guest 2.19a could produce the same change in absorbance upon
addition to the (S,S)-2.17:2.18 complex with a less concentration sample of guest 2.19a
enriched in (S)-2.19a giving incorrect ee values. If one is using a calibration curve, one
must consider, which [G]t of analyte was used to then quantify ee correctly. The accuracy
of the eIDA to determine ee was tested via analysis of three independent samples, and
±20% error was obtained using the proposed mathematical analysis.
The use of eIDAs allows researchers to optimize the sensor through a change of
host or indicator, and of experimental conditions, so that optimum pairings and
conditions can be readily identified for a number of analytes. This was demonstrated by
our group using a screening plate (containing different hosts and indicator combinations)
to determine the best host-indicator combination for a specific analyte, as described
below.
This screening protocol6g contains five steps: 1) UV-vis titrations and
determination of standard binding isotherms used to determine the proper concentration
of receptor (2.16, 2.17, 2.20-2.25) and indicator (2.18, 2.26, 2.27, 2.28, 2.29, and 2.30) to
be used in the IDAs; 2) using the optimal concentration of receptors and indicators
determined in step 1, a screen on a 96-well plate is conducted to determine which
combination produces the most effective reporting of ee for the targeted analyte (this is
known as the screening plate); 3) using the best indicator and receptor combination
determined from step 2, an artificial neural network is used to generate a training set from
the optical data obtained from different [G]t and ee values (this is known as the training
plate); 4) measurement of spectra of samples using the best indicator and host
combination will determine [G]t and ee (this is known as the analysis plate); and, 5) ANN
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analysis of the spectral data obtained from step 4, allowing determination of ee and [G]t
with the trained ANN obtained in step 3. This protocol was tested on hydrobenzoin (2.31)
with the use of hosts 2.16, 2.17, and 2.20-2.25, and indicators 2.18, 2.26, 2.27, 2.28, 2.29,
and 2.30, in a methanol solution buffered to pH 7.4.
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The first step required the determination of binding constants between the hosts
with indicators using standard UV-vis titrations (step 1). Using the binding constants data
thus obtained, the optimal concentrations for the various IDAs were determined. On a 96well plate the proper concentrations of hosts (2.16, 2.17, and 2.20-2.25) and indicators
(2.18, 2.26, 2.27, 2.28, 2.29, and 2.30) were added, then the absorbance was measured
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with the addition of a racemic mixture of hydrobenzoin (2.31), pure (R)-2.31, or pure (S)2.31, at two different concentrations (5 mM and 10 mM), for each host:indicator
combination (step 2). This represented six samples for each host-indicator combination
on a 96-well plate. It was found that host (S,S)-2.17 and indicator 2.28 were the most
effective combination for enantioselective discrimination at both [G]t concentrations
examined. This was determined by noting which system afforded the largest absorbance
difference between the addition of (R)- and (S)-hydrobenzoin (2.31) to the host:indicator
combinations.
Next, the use of an artificial neural network was explored, in order to skip the
determination of equilibrium constants and molar absorptivities necessary for the use of
the previously reported mathematical analysis for determining ee and [G]t, artificial
neural network (ANN) was explored. ANN is a chemometric tool capable of modeling
complex relationships between a number of input and output variables, without explicit
definition of the underlying mathematical model on the user’s part. In this case, a training
set comprising of the absorbance values (inputs) corresponding to known [G]t and ee
(outputs) was used as inputs to generate a network capable of predicting the
corresponding [G]t and ee values.
Three ANN training plates were made using three hosts (2.16, (S,S)-2.17, and
(R,R)-2.17) and indicator 2.28, with varying ee values and at four different guest
concentrations of 2.31 (step 3). After generating ANNs, achiral host 2.16 and chiral host
2.17 with indicator 2.28 were used to analyze eight different unknowns, at varying [G]t
and ee (step 4). In step 5, the spectra of these sixteen samples, recorded from a plate
reader, were analyzed with the trained ANNs. The errors from the analysis were
±0.17 mM and ±3.5% for [G]t and ee, respectively.
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This method includes a labor-intensive first step to determine optimal
concentrations of hosts and indicators (step 1). However, since this step is independent
from the analysis of analytes, it only needs to be conducted once, upon method
development. Steps 2 and 3 are analyte specific, but again, are only required out once per
targeted analyte. Since microwell plates are used, automated liquid dispensers and robotic
stackers for transporting plates makes these steps easily automated. After determining the
best host and indicator combination, measurement of the actual samples (step 4) and
automated ANN analysis of the obtained spectral data (step 5) can be repeated at will
until the desired asymmetric reaction conditions have been identified. Only steps 4 and 5
need to be repeated to identify the conditions, once step 2 and 3 have been done for the
specific analyte and step 1, once overall.
To further demonstrate the system’s ability to be used as a HTS catalyst discovery
method, two chiral cinchona alkaloid ligands were used for Sharpless asymmetric
dihydroxylation of trans-stilbene to give hydrobenzoin (2.31). The isolated product’s ee
and [G]t were determined using the best host-indicator combination (2.17:2.28 &
2.16:2.28, respectively) and the previously obtained ANNs, with average absolute errors
of ±2.4% and ±0.40 mM for ee and [G]t, respectively, compared to NMR analysis.
This protocol was applied to hydrobenzoin, but other analytes can be readily
approached in the same manner, where the best host:indicator combination (sensor) can
be screened to target a specific analyte, without resynthesis of sensors. The advantages
mentioned previously for parallel screening of chiral catalysts/auxiliaries are also present
in this protocol, where the number of sensors examined are increased due to the ease of
creating them, which increases the probability of finding a system or the best system to
discriminate the target.
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Hopefully it has been demonstrated that eIDA has the added advantage of being
able to screen for the best sensor compared to traditional molecular sensors. In addition,
there are a range of interactions that could be explored for binding.
2.2. PREVIOUS STUDIES
Previously published communications by our group have shown that hosts
[CuII(2.32)](OTf)2 6f and [CuII(2.33)](OTf)2 6d can enantioselectively discriminate
α-amino acids. The complex of 2.32 with Cu(OTf)2 (OTf = trifluoromethanesulfonate)
and pyrocatechol violet (2.18) showed enantioselectivity for four hydrophobic α-amino
acids (valine, tryptophan, leucine, phenylalanine).6f Further studies were conducted using
an array of three hosts (2.32 and 2.33 included) and three indicators to enantioselectively
discriminate L- and D-amino acids and differentiate the same four hydrophobic amino
acids from one another using a pattern recognition technique.6d
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2.3. DESIGN
Using metal ions to provide an organizational center around which to build a
sensor is very convenient. This strategy has been used frequently, and was demonstrated
elegantly by Wolf in his studies, where he was able to explore a range of different metal
centers to find the one that produced optimal results.7
In our study, a Cu(II) metal center was chosen because Cu(II) is known to be a
labile,11 allowing reversible interactions for rapid ligand exchange between an indicator
and analytes. This would allow for the implementation of a competitive assay. In
addition, Cu(II) complexes (d9 electronic configuration) assume a square planar
coordination geometry, thereby facilitating sensor design and interpretation of the
experimental results.
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The use of chiral diamine ligands as hosts was due to the fact that they are great
ligands for complexing to Cu(II) metal centers, as shown by copious literature.12 In
addition, enantiomerically pure chiral diamines are easily accessible, either commercially
or through synthesis from enantiomerically pure chiral amines, a wide range of which is
commercially available.
Indicators containing metal binding moieties were selected from a vast range of
commercial structures.
Alpha-amino acids, the target of this study, present an interesting scientific
challenge, in that even the naturally occurring ones present a great chemical variability,
with side chains ranging from highly polar and charged (e.g. arginine) to highly
hydrophobic (e.g. phenylalanine). Moreover, unnatural synthetic amino acids are
important synthetic intermediates, both industrially and in research environments. Also,
α-amino acids have two metal binding moieties (the amine and carboxylate groups), that
are uniquely adapted to complexing transition metal ions like Cu(II), by forming a fivemembered metallacycle.11-12
2.4. LIGANDS AND SYNTHESIS
Ligands 2.32 and 2.33 were synthesized through procedures developed in the
Anslyn and Floriani group, respectively.6f,13 The ligands were obtained in two steps from
commercially available enantiomerically pure starting material, and did not require
chromatographic purification, making them easily accessible. Ligand 2.32 was obtained
from reductive amination of aldehyde 2.36 with chiral diamine 2.35 (Scheme 2.4a).
Enantiomerically pure (R,R)-2.32 and (S,S)-2.32 were obtained with (R,R)-2.35 and (S,S)2.35, respectively. Ligand 2.33 was synthesized through SN2 attack of 1,2-dibromoethane
(2.37) using a chiral amine (2.38), Scheme 2.4b. Enantiomerically pure (R,R)-2.33 and
(S,S)-2.33 were obtained with (R)-2.38 and (S)-2.38, respectively.
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Scheme 2.4. Synthesis of ligands: a) 2.32. b) 2.33.
The chiral ligands 2.32 and 2.33 coordinates to a Cu(II) metal center, creating
receptors with chiral coordination sites available for fast ligand exchange between an
indicator and α-amino acids (Scheme 2.5) producing a desirable system for implementing
an IDA.6f Chrome azurol S (2.34) was used as the indicator in this study, which afforded
a large change in absorbance upon displacement of indicator. Chelation of 2.34 to the
Cu(II) metal center leads to a bathochromic absorbance shift from 429 nm to 602 nm,
resulting in a colorimetric change from yellow to intense blue upon indicator
coordination. The addition of α-amino acids to the sensor leads to a reversal in the
spectral change due to the displacement of the indicator from the receptor, allowing for
the monitoring of the binding event between the analyte and receptor (Scheme 2.5).
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Scheme 2.5. Enantioselective indicator displacement assays for α-amino acids based on
displacement of chrome azurol S (2.34) from complex:
a) [CuII((R,R)-2.32)(2.34)]2-. b) [CuII((R,R)-2.33)(2.34)]2-.
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To monitor the selectivity of the receptor [CuII(2.32)]2+ for L- and D-amino acids,
UV-vis

displacement

isotherms

were

generated.

The

absorbance

at

602 nm

([CuII(2.32)(2.34)]2-) was monitored on a UV-vis spectrophotometer where analyte
(α-amino acid) was titrated into the Cu(II) complex (Figure 2.3). Upon the addition of
analyte to ([CuII(2.32)(2.34)]2-), 2.34 is displaced, leading to a decrease in the absorbance
measured at 602 nm ([CuII(2.32)(2.34)]2-) and an increase in absorbance at 429 nm (free
2.34) (Figure 2.11a) that could be analyzed quantitatively (Scheme 2.1, Eq. 7). As
expected, the decrease in absorbance at 602 nm ([CuII(2.32)(2.34)]2-) was different for the
two enantiomers of a given amino acid, due to the different stability of the two
diasteromeric complexes produced.

Abso rbance

2

1. 5

1

0. 5

0
350

400

4 50

500

55 0

600

650

700

Wavelength (nm)

Figure 2.3. Hypsochromic absorbance shift upon the addition of L-valine (5.01 mM) into
a solution of 2.34 (10 µM), Cu(OTf)2 (200 µM) and (R,R)-2.32 (2.5 mM) in
1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5.
From conducting titrations of amino acids to [CuII((R,R)-2.32)(2.34)]2-, it was
observed that [CuII((R,R)-2.32)]2+ preferentially binds to L-amino acids due to the
stability of the diastereomer formed. While [CuII((S,S)-2.32)(2.34)]2- binds to D-amino
acids. The relative stability of these diastereomers depends on the steric hindrance
between the chiral receptor and the side chain of the α-amino acid, leading to a different
degree of indicator displacement: the enantiomer that produces the more stable
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diastereomer, displaces a larger amount of indicator. A deeper understanding of the
mechanism underlying the enantioselectivity was obtained from the crystal structure, as
discussed in section 2.5. Ligand 2.33 was investigated in this study as well, due to the
inability of receptor [CuII(2.32)]2+ to enantiomerically discriminate all of the seventeen
analyzed α-amino acids. The complexation and signaling pattern shown by receptor
[CuII(2.33)]2+ is analogous to that of receptor [CuII(2.32)]2+: when bound to α-amino
acids,

diastereomers

are

formed

([CuII((R,R)-2.33)(L-amino

acid)]+

vs.

[CuII((R,R)-2.33)(D-amino acid)]+, Scheme 2.5b). [CuII((R,R)-2.33)]2+ selectively binds to
L-amino

acids, and [CuII((S,S)-2.33)]2+ selectively binds to D-amino acids.

2.5. CRYSTAL STRUCTURES
The previously published crystal structure of [CuII((S,S)-2.32))(D-Phe)]+
[CuII((S,S)-2.32))(L-Val)]+

6b

6f

and of

(Figure 2.4) are discussed here in order to establish the

origin of the observed selectivity. As shown by the crystal structures, the Cu(II) metal
center forms a square planar complex with the chiral diamine ligand (S,S)-2.32 and the αamino acid (D-Phe or L-Val). The counter-ion, trifluoromethanesulfonate, is coordinated
to the Cu(II) metal center at a distant axial position. It is believed that the interaction
between the counter-ion and the metal center is weak in solution and plays no role in the
competitive binding to Cu(II). In the solid state, there is also a weak axial interaction
between the oxygen from one of the methoxy group of the dimethoxybenzylic ring with
the Cu(II) metal center, which is also believed to be negligible in solution.
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Figure 2.4. X-ray crystal structures of [CuII((S,S)-2.32)(D-Phe)](CF3SO3) (top) and
[CuII((S,S)-2.32)(L-Val)](CF3SO3) (bottom). Thermal ellipsoids are scaled to
30% probability. Most of the hydrogen atoms have been removed for clarity.
The hypotheses for the observed enantioselectivity for L- and D-amino acid is
described here. Figure 2.4 shows the binding of the preferred isomer, while Figure 2.4
shows binding of the less optimal stereoisomer by [CuII((S,S)-2.32)]2+. The methoxy
coordinated to the Cu(II) metal center is most likely absent in solution, allowing the two
dimethoxybenzylic rings to be oriented on opposite sides of the Cu(II) metal center to
minimize gauche interactions with the cyclohexane scaffold, where a trans-trans
configuration is observed (Figure 2.4 and Figure 2.5).
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Figure 2.5. Explanation of enantioselectivity of [CuII((R,R)-2.32)]2+.
With the Cu(II) metal center directing the amines of the chiral diamine ligand
2.32, and the carboxylate group and amine of the amino acid in a square planar geometry,
and with the stereocenter of the chiral diamine ligand set, the dimethoxyl benzylic rings
will move below and above the metal center, to minimize gauche interactions with the
cyclohexane scaffold (Figure 2.5). If this is the how the chiral diamine ligand and
dimethoxybenzylic rings are oriented upon coordination to the metal center, the steric
interactions between the side chain of the amino acid and one of the dimethoxybenzylic
ring is present in the complex with D-amino acid, leading to the observed
enantioselectivity (Figure 2.5).
In the case of ligand 2.33, however, the inherent enantioselectivity is more readily
postulated to arise from the avoidance of a steric interaction between the side chain of the
amino acids and the ligand. Even though we did not obtain crystal structures as we did
with

ligand

2.32,

examination

of

CPK

models

of

the

complex

between

[CuII((R,R)-2.33)]2+ and amino acids suggests that there is a steric interaction between the
side chain of D-amino acids and the methyl attached at the benzylic position of the
diamine ligand 2.33 (Figure 2.6a). This interaction is absent in the case of L-amino acids
(Figure 2.6b), thus making their complex more stable, as evidenced by the larger degree
of indicator displacement observed during their titrations.
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Figure 2.6. Enantioselective discrimination by ligand 2.33 explained through steric
modeling of: a) [CuII((R,R)-2.33)(D-amino acid)]+. b) [CuII((R,R)2.33)(L-amino acid)]+.
2.6. DESIGN AND OPTIMIZATION
Typically, binding constants (K) between the host and each enantiomer (KR, KS)
are used to quantify the enantioselectivity of the host. We attempted the determination of
binding constants using a binding model based on two simple 1:1 binding equilibria (Eq.
1 & 2, Scheme 2.1). Unfortunately, this simple model didn’t appropriately fit the
experimental binding isotherms. This is likely due to the fact that, in solution, a more
complex network of simultaneous equilibria is established, as is discussed below (section
2.10, Scheme 2.6).
Instead of using binding constants, the ∆Amax parameter was used as an empirical
measurement of enantioselectivity. ∆Amax is defined as the largest difference in
absorbance observed in separate titrations of a [CuII((R,R)-2.32)(2.34)]2- solution with the
same concentration of D- or L-amino acid, respectively. A discussion on the use of ∆Amax
for quantifying enantioselectivity is reported in section 2.8.
The conditions used in this study were determined through experimental
optimization. The solvent system used in this was 1:1 MeOH:H2O buffered with ), 4-(2hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) to pH 7.5. This ratio was
determined by examining the solubility of the ligands (2.32 and 2.33) in different ratios
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of MeOH:H2O. We required the use of H2O to solubilize Cu(OTf)2, and MeOH for the
ligands. It was determined that any solvent with high quantity of H2O than 40:60
MeOH:H2O, the ligands would precipitate. This lead us to choose 1:1 MeOH:H2O to
ensure solubility of all components in the assay.
Then, different counterions of Cu(II) were explored. Cu(OTf)2, CuCl2 and
Cu(OAc)2 were examined, these counterions being known to be poorly coordinating to
Cu(II), which would favor the formation of [CuII(2.32)(2.34)]2- and [CuII(2.32)(AA)]+.
Valine was used as the reference analyte for all three titrations. The same pH and
concentration of indicator, Cu(II) source, and ligand were employed, while varying the
copper source. As shown in Figure 2.7, there was no significant effect on the degree of
enantioselectivity by changing the counterion. This could be shown by the ∆Amax being
0.457, 0.476, and 0.465 when using Cu(OTf)2, CuCl2 and Cu(OAc)2, respectively. Initial
solutions before addition of AA have the same absorbance in all cases, and saturation is
reached

at

the

same

equivalence

point,

which

means

the

formation

of

[CuII((R,R)-2.32)(2.34)]2- and [CuII((R,R)-2.32)(AA)]+, respectively were the same no
matter the couterion of Cu(II). The assays were then carried out using Cu(OTf)2, since it
is the least hygroscopic salt among the ones considered.
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Figure 2.7. Effect of Cu(II) counterion. Displacement isotherms at 602 nm upon the
addition of L- or D-valine (4.26 mM) into a solution containing 2.34 (19 µM),
CuII source (195 µM) and (R,R)-2.32 (2.8 mM) in 1:1 MeOH:H2O, 50 mM
HEPES buffered to pH 7.5, with different copper source: a) Cu(OTf)2.
b) CuCl2. c) Cu(OAc)2.
A buffer is required to maintain a constant pH through the titration, since a pHsensitive indicator was used, whose absorbance is highly dependent on its protonation
state. In addition to examining couterion sources, the pH of the solutions was examined
to determine the optimal pH for the assay. Three different pH conditions were explored,
pH 6.2, 7.5, 10, by using 2-(N-morpholino)ethanesulfonic acid (MES), 4-(2hydroxyethyl)piperazine-1-ethanesulfonic

acid

(HEPES),

and

N-cyclohexyl-3-

aminopropanesulfonic acid (CAPS) buffered to obtain the desired pH, respectively. These
buffers were chosen since they are known to be very poor ligands for Cu(II) and do not
interfere with the assay. Once again, valine was used as the analyte to determine the best
pH condition to use in the study.
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The three titrations were carried out using the same concentration of indicator,
ligand, and Cu(OTf)2, so that the variable was only the pH of the solution, using valine as
analyte (Figure 2.8). The initial absorbance of the sensor ([CuII((R,R)-2.32)(2.34)]2-) was
different depending on the pH used, but the position of the absorption band of
[CuII((R,R)-2.32)(2.34)]2- did not change in the UV-spectra. The difference in the starting
absorbance was most likely due to the different amount of indicator that can coordinate to
the Cu(II) metal center to produce [CuII((R,R)-2.32)(2.34)]2- since coordination implicates
the deprotonation of phenol moiety on the indicator, a process which is expected to be
dependant on the solutions’ pH. From the data, it can be seen that optimal pH for the
formation of deprotonated 2.34 is above pH 6.2, due to the increase in absorbance at
602 nm at the start of the titrations conducted at pH 7.5 and 10, indicating the ability to
produce more of [CuII((R,R)-2.32)(2.34)]2-. The pH of 7.5 was chosen to be the optimal
pH, since it also had the largest difference in absorbance with the addition of L- vs.
D-valine,

affording a ∆Amax value of 0.486 compared to 0.114 and 0.449 at pH 6.2 and 10,

respectively.
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Figure 2.8. Effect of pH. Displacement isotherms at 602 nm upon the addition of L- or
D-valine (3.8 mM) into a solution containing 2.34 (19 µM), Cu(OTf)2
(195 µM) and (R,R)-2.32 (2.4 mM) in 1:1 MeOH:H2O, a) 25 mM MES
buffered to pH 6.2. b) 50 mM HEPES buffered to pH 7.5. c) 25 mM CAPS
buffered to pH 10.
A similar series of experiments was carried out on ligand 2.33 (Figure 2.9).
Similar results were obtained by using valine as a reference analyte (Figure 2.10).

98

L-Val

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

b)

D-Val
Absorbance @ 602 nm

Absorbance @ 602 nm

a)

∆A max

0

1

2

3

4

5

6

7

∆A max

1

2

3

4

5

6

7

[Val]/[Cu]

L-Val

1.8
Absorbance @ 602 nm

D-Val

0

[Val]/[Cu]

c)

L-Val

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

D-Val

1.6
1.4
1.2
1

∆A max

0.8
0.6
0.4
0.2
0
0

1

2

3

4

5

6

7

[Val]/[Cu]

Figure 2.9. Effect on Cu(II) counterion. Displacement isotherms at 602 nm upon the
addition of L- or D-valine (1.01 mM) into a solution containing 2.34 (10 µM),
CuII source (105 µM) and (R,R)-2.33 (8.8 mM) in 1:1 MeOH:H2O, 25 mM
MES buffered to pH 6.2, with different copper source: a) Cu(OTf)2.
b) CuCl2. c) Cu(OAc)2.

99

a)

b)

L-Val
1.6

L-Val
1.6

D-Val

1.2
1
0.8
0.6
0.4
0.2

1.2
1
0.8
0.6
0.4
0.2

0

0
0

0.5

1

1.5

2

2.5

0

[Val]/[Cu]

c)

D-Val

1.4
Absorbance @ 602 nm

Absorbance @ 602 nm

1.4

1

2

3

4

5

[Val]/[Cu]

L-Val

Absorbance @ 602 nm

1.4

D-Val

1.2
1
0.8
0.6
0.4
0.2
0
0

0.5

1

1.5

2

2.5

3

[Val]/[Cu]

Figure 2.10. Effect of pH. Displacement isotherms at 602 nm upon the addition of L- or
D-valine (3.8 mM) into a solution containing 2.34 (10 µM), Cu(OTf)2
(105 µM) and (R,R)-2.33 (8.8 mM) in 1:1 MeOH:H2O, a) 25 mM MES
buffered to pH 6.2. b) 50 mM HEPES buffered to pH 7.5. c) 25 mM CAPS
buffered to pH 10.
In conclusion, these experiments allowed us to select Cu(OTf)2 as the metal
source, and the use of HEPES to obtain a pH of 7.5, in a 1:1 MeOH:H2O solution.
To maintain accuracy and reproducibility of experiments, the concentration of
indicator was kept at 10 µM to prevent the absorbance at 602 nm from exceeding 2
absorbance units, in order to obtain accurate and reproducible data where the ∆Amax
region of the isotherms are. Concentrations used for Cu(OTf)2 and ligand were
experimentally determined. After a couple of changes to the conditions, the best result
was used for developing the assay, since the PI decided it was best to move forth to
investigate the potential of the system for enantioselective discrimination of different
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amino acids, over the optimization of the system, since large enantioselective
discrimination was already observed. In addition, reassessing the conditions used could
be done, if the assay was unable to discriminate enantiomers, but as shown in section 2.7,
that was not necessary.
2.7. UV-VIS DISPLACEMENT ISOTHERMS
Upon obtaining optimal conditions for conducting the assay, analysis of amino
acids was conducted. First it was demonstrated that enantiomers of ligands (S,S)-2.32 and
(R,R)-2.32 had equal, but opposite enantioselectivity for the amino acids (L- and D-amino
acids),

since

the

[CuII((S,S)-2.32)(L-amino

diastereomers
acid)]+

&

produced

are

pairwise

[CuII((S,S)-2.32)(D-amino

enantiomers
acid)]+

vs.

[CuII((R,R)-2.32)(D-amino acid)]+ & [CuII((R,R)-2.32)(L-amino acid)]+. As expected, the
two enantiomeric ligands (S,S)-2.32 and (R,R)-2.32, showed cross-reactivity, as shown in
the UV-vis isotherms with valine (Figure 2.11). In the UV-vis titration, D-valine
displaced the indicator from the [CuII((S,S)-2.32)(2.34)]2- complex more readily than
L-valine,

as evidenced by a steeper decrease in absorbance at 602 nm (Figure 2.11a),

allowing enantioselective discrimination. Receptor [CuII((R,R)-2.32)]2+ showed opposite
enantioselectivity compared to [CuII((S,S)-2.32)]2+: the absorbance at 602 nm decreased
more readily upon addition of L-valine (Figure 2.11b) compared to D-valine. This
demonstrated the selectivity of the receptor [CuII((R,R)-2.32)]2+ for L-valine, due to the
larger decrease in absorbance of [CuII((R,R)-2.32)(2.34)]2- (602 nm).
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Figure 2.11. Cross-reactivity of (R,R)-2.32 and (S,S)-2.32. a) Displacement isotherms at
602 nm upon the addition of L- or D-valine (5.01 mM) into a solution
containing 2.34 (10 µM), Cu(OTf)2 (200 µM) and (S,S)-2.32 (2.5 mM) in 1:1
MeOH:H2O, 50 mM HEPES buffered to pH 7.5. b) Displacement isotherms
at 602 nm upon the addition of L- or D-valine (5.01 mM) into a solution
containing 2.34 (10 µM), Cu(OTf)2 (200 µM) and (R,R)-2.32 (2.5 mM) in 1:1
MeOH:H2O, 50 mM HEPES buffered to pH 7.5. ∆Amax is defined as the
largest difference in absorbance observed in separate titrations of a
[CuII((R,R)-2.32)(2.34)]2- solution at the same concentration of D- and
L-amino acid.
The cross-reactivity pattern shown by [CuII((R,R)-2.32)]2+ and [CuII((S,S)-2.32)]2+
was applicable for all α-amino acids, so only results from [CuII((R,R)-2.32)]2+ are shown
from here on. Receptor [CuII((R,R)-2.32)]2+ was used to analyze seventeen of the twenty
naturally occurring α-amino acids. Cysteine and tyrosine were not completely soluble in
the 1:1 MeOH:H2O, 50 mM HEPES buffer solution used in these studies and therefore
could not be analyzed. Glycine was not analyzed in this study because it has no
stereocenter.

The

UV-vis

isotherms

demonstrating

the

enantioselectivity

[CuII((R,R)-2.32)]2+ for the seventeen analyzed amino acids are shown in Figure 2.12.
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Figure

2.12. Displacement isotherms at 602 nm measured with a UV-vis
spectrophotometer using receptor [CuII((R,R)-2.32)]2+. Displacement
isotherms obtained for a solution containing 2.34 (10 µM), Cu(OTf)2
(200 µM) and (R,R)-2.32 (2.5 mM) in 1:1 MeOH:H2O, 50 mM HEPES
buffered to pH 7.5 with the addition of: a) L- or D-alanine. b) L- or
D-arginine. c) L- or D-asparagine. d) L- or D-aspartate. e) L- or D-glutamine.
f) L- or D-glutamate. g) L- or D-histidine. h) L- or D-isoleucine. i) L- or
D-leucine. j) L- or D-lysine. k) L- or D-methionine. l) L- or D-phenylalanine.
m) L- or D-proline. n) L- or D-serine. o) L- or D-threonine. p) L- or
D-tryptophan. q) L- or D-valine. The concentrations of amino acids used are
shown in Table 2.3 of the experimental section 2.15.11.
In analogy to receptor [CuII(2.32)]2+, a similar enantioselectivity and cross-

reactivity pattern was observed upon the addition of enantiomerically pure valine to
solutions of [CuII((S,S)-2.33)(2.34)]2- and [CuII((R,R)-2.33)(2.34)]2-, with preference for
D-

and L-valine, respectively (Figure 2.13). Also in this case, this cross-reactivity pattern

was applicable to all α-amino acids, so in analogy to receptor [CuII(2.32)]2+ only results
obtained with [CuII((R,R)-2.33)]2+ are reported from here on. Using [CuII((R,R)-2.33)]2+
eight amino acids (alanine, gluatamine, glutamate, lysine, methionine, phenylalanine,
serine, tryptophan) were analyzed. These eight amino acids were chosen because their
enantiomers were not discriminated by [CuII(2.32)]2+. The UV-vis isotherms for these
eight amino acids are shown in Figure 2.14.
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Figure 2.13. Cross-reactivity of (R,R)-2.33 and (S,S)-2.33. a) Displacement isotherm at
602 nm upon the addition of L- or D-valine (1.25 mM) into a solution
containing 2.34 (10 µM), Cu(OTf)2 (105 µM) and (S,S)-2.33 (8.8 mM) in 1:1
MeOH:H2O, 50 mM HEPES buffered to pH 7.5. b) Displacement isotherm
at 602 nm upon the addition of L- or D-valine (1.25 mM) into a solution
containing 2.34 (10 µM), Cu(OTf)2 (105 µM) and (R,R)-2.33 (8.8 mM) in 1:1
MeOH:H2O, 50 mM HEPES buffered to pH 7.5.
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Figure

2.14. Displacement isotherms at 602 nm measured with a UV-vis
spectrophotometer using receptor [CuII((R,R)-2.33)]2+. Displacement
isotherms obtained for a solution containing 2.34 (10 µM), Cu(OTf)2
(105 µM) and (R,R)-2.33 (8.8 mM) in 1:1 MeOH:H2O, 50 mM HEPES
buffered to pH 7.5 with the addition of: a) L- or D-alanine. b) L- or
D-glutamine. c) L- or D-glutamate. d) L- or D-lysine. e) L- or D-methionine.
f) L- or D-phenylalanine. g) L- or D-serine. h) L- or D-tryptophan. i) L- or
D-valine. The concentrations of amino acids used are shown in Table 2.4 of
the experimental section 2.15.11.

2.8. ENANTIOSELECTIVITY: ∆AMAX
As described above, the degree of enantioselectivity of a host for each analyte was
reported using ∆Amax. ∆Amax is the largest difference in absorbance of sensor (602 nm)
upon addition of equal concentrations of L- vs. D-amino acid. If ∆Amax > 0.1, the analyte
was considered to be enantioselectively discriminated. This value was chosen arbitrarily,
but if this limit was not sufficient or too strict, upon analysis of ee of unknown samples, it
could be adjusted easily without extra experimental analysis. The observed ∆Amax for
titrations using receptor [CuII((R,R)-2.32)]2+ are shown in Table 2.1a.
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a)
Amino Acids
Ala
Arg
Asn
Asp
Gln
Glu
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Val

∆Amax
0.025
0.119
-0.262
-0.169
-0.075
0.043
-1.125
0.392
0.235
0.070
0.023
0.020
0.167
0.070
0.118
0.096
0.292

b)
Amino Acids
Ala
Gln
Glu
Lys
Met
Phe
Ser
Trp
Val

∆Amax
0.103
0.087
0.078
0.079
0.105
0.074
0.120
0.117
0.331

Table 2.1. ∆Amax values obtained from displacement isotherms by receptor:
a) [CuII((R,R)-2.32)]2+. b) [CuII((R,R)-2.33)]2+.
Only nine of the seventeen α-amino acids analyzed met our arbitrary criterion
with [CuII((R,R)-2.32)]2+. As shown in Table 2.1a, they were arginine, asparagine,
aspartate, histidine, isoleucine, leucine, proline, threonine, and valine. Therefore receptor
[CuII((R,R)-2.33)]2+ was used in an attempt to enantioselectively discriminate the eight
remaining amino acids. Since valine had been used thus far as a reference analyte, and it
showed good enantioselectivity using receptor [CuII((R,R)-2.32)]2+, it was also analyzed
using [CuII((R,R)-2.33)]2+ as a reference/benchmark to compare the enantioselectivity of
the two receptors.
The ∆Amax values obtained using receptor [CuII((R,R)-2.33)]2+ showed appreciable
enantioselectivity for four of the eight remaining amino acids (Table 2.1b). It is
interesting to note that the other four amino acids that were not considered
enantioselectively discriminated by our arbitrary definition had ∆Amax values above 0.07,
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which is not very far from our arbitrary threshold of 0.1. Thus, by combining the results
obtained with ligands 2.32 and 2.33 (Table 2.1), thirteen of the seventeen analyzed
α-amino acids were considered to be enantioselectively detectable (∆Amax > 0.1) using
only two simple synthetic receptors, and commercially available indicator chrome
azurol S.
2.9. UNEXPECTED ENANTIOSELECTIVITY BY RECEPTOR [CUII((R,R)-2.32)]2+
As discussed above, receptor [CuII((R,R)-2.32)]2+ was generally found to bind
more strongly to L-α-amino acids. However, in the case of aspartate, asparagine, and
histidine, the D-enantiomer was preferred by receptor [CuII((R,R)-2.32)]2+, leading to the
observed negative ∆Amax values shown in Table 2.1a for these three amino acids. This
behavior can be explained by postulating a different coordination mode for these amino
acids, involving binding motifs present in their side chains, as shown in Figure 2.15.
Coordination of the side chain of the amino acid to the [CuII((R,R)-2.32)]2+ complex
produces a more stable diastereomeric complex with D-amino acid, due to the avoidance
of steric interactions between the carboxylate group at the α-carbon of the amino acid and
the dimethoxybenzylic ring, when compared to L-amino acid complex (Figure 2.15).
However, direct experimental evidence of these structures has not yet been obtained.
With these same amino acids, analysis with receptor [CuII((S,S)-2.32)]2+ has shown a
preference for the L-form, thus conserving the required cross-reactivity by the chiral
ligand 2.32.
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Figure 2.15. Possible binding modes to explain inverted enantioselectivity by
[CuII((R,R)-2.32)]2+ for: a) aspartate. b) asparagine. c) histidine.
2.10. EQUILIBRIA IN SOLUTION
The binding curves obtained could not be fitted to a displacement model based on
two simple 1:1 equilibria (Eq. 1 & 2, Scheme 2.1), which lead to the use of ∆Amax to
determine if the analyte was enantioselectively discriminated, as discussed previously
(section 2.6). The proposed equilibria in solution that presumably led to the observed
UV-vis isotherms in this study are shown in Scheme 2.6. Chrome azurol S (2.34) binds to
Cu(II) metal center much more strongly than the chiral ligand 2.32 and 2.33 (Eq. 1,
Scheme 2.6). This was confirmed by adding a 100-fold excess of Ln* to solutions of
Ln*:CuII:I; the deep blue color characteristic of the bound indicator remained, implying
the lack of displacement of the indicator to produce a 2:1 Ln*:CuII complex.
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Scheme 2.6. Equilibria in solution, where Ln* = Chiral ligand 2.32 or 2.33; I = 2.34;
AA = α-amino acid.
An excess of chiral ligand (Eq. 2, Scheme 2.6) was used in the UV-vis titrations
to favor the formation of [CuII(2.32)(2.34)]2- and [CuII(2.33)(2.34)]2- (Ln*:CuII:I, Eq. 2,
Scheme 2.6) and to prevent the formation of [CuII(2.34)2]6- ([CuII(I)2]6-) due to the
indicator (I; 2.34) stronger interaction with Cu(II) metal center. In addition, an excess of
ligand was used to prevent the complex dissociation of the Ln*:CuII complex with the
addition of amino acid, producing non-diastereomeric 2:1 AA:CuII complexes.
Due to the excess of chiral ligand 2.32 or 2.33 in solution, [CuII(2.32)2]2+ or
[CuII(2.33)2]2+ (Ln*:CuII:Ln*) will also form, in addition to the active species
[CuII(2.32)(2.34)]2- or [CuII(2.33)(2.34)]2- (Eq. 2, Scheme 2.6). In the absence of amino
acids, there is an excess of Ln*:CuII:Ln* complex in solution compared to Ln*:CuII:I
complex, due to a significantly lower concentration of indicator used compared to CuII
and Ln*. Upon the addition of amino acid (AA), one chiral ligand from the Ln*:CuII:Ln*
complex is preferentially displaced from the CuII metal center (Eq. 3, Scheme 2.6)
instead of displacing an indicator from the Ln*:CuII:I complex. This is due to the excess
amount of Ln*:CuII:Ln* complex and the binding affinity of I to Cu(II) compared to Ln*.
Since Ln* is first displaced from Ln*:CuII:Ln* rather than the displacement of I from
Ln*:CuII:I, a flat region is observed at the start of the UV-vis titration profiles, due to the
unproductive nature of this interaction from the signaling stand (Figure 2.12 & Figure
2.14).
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Upon the addition of more amino acid, 2.34 was displaced from the metal center,
leading to the observed increase in absorbance at 429 nm, and a decrease in absorbance at
602 nm (hypsochromic shift). Because the indicator binds to the CuII metal center more
strongly than the amino acid, excess amino acid is required to displace all of the
indicator, and upon doing so, saturation is reached (plateau). The concentration of amino
acids used in the titrations was such that complete displacement of 2.34 could be
observed. The receptors (Ln*:CuII) had different affinities towards the α-amino acids,
which affected the amount of amino acid required to displace all the 2.34 from the Cu(II)
complex (refer to isotherms Figure 2.12 and Figure 2.14).
2.11. ENANTIOMERIC EXCESS CALIBRATION CURVES
After demonstrating the system’s ability to discriminate enantiomers, we tested its
ability to determine enantiomeric excess. In the following phase of the project we created
enantiomeric excess calibration curves and tested their validity with independent test
samples. As expected, [CuII((R,R)-2.32)]2+ and [CuII((S,S)-2.32)]2+ had cross-reactive
enantiomeric excess calibration curves, since they are enantiomers: this was confirmed
experimentally by the mirror image plots obtained with the two enantiomers of the
ligands (Figure 2.16a). A similar experiment was conducted with receptor [CuII(2.33)]2+
(Figure 2.16b). The ee calibration curves range from –100 to 100% ee, since ee was
defined here as ee = ([L]-[D])/([L]+[D]).
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Figure 2.16. Cross-reactive enantiomeric excess calibration curves obtained using a
UV-vis spectrophotometer: a) Overlay of the two ee calibration curves for
(R,R)-2.32 and (S,S)-2.32: absorbance at 602 nm as a function of ee for
displacement experiments performed with the addition of valine (714 µM)
into a solution containing 2.34 (10 µM), Cu(OTf)2 (200 µM) and 2.32
(2.5 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5. b) Overlay
of two ee calibration curves, (R,R)-2.33 and (S,S)-2.33: absorbance at
602 nm as a function of ee for displacement experiments performed with the
addition of valine (125 µM) into a solution containing 2.34 (10 µM),
Cu(OTf)2 (105 µM) and 2.33 (8.8 mM) in 1:1 MeOH:H2O, 50 mM HEPES
buffered to pH 7.5.
Enantiomeric excess calibration curves were made for a selection of α-amino
acids. The choice of amino acids used was made in an attempt to cover a range of ∆Amax
values and to diversify the nature of the side chains studied. The amino acids selected for
the determination of ee calibration curves with receptor [CuII((R,R)-2.32)]2+ were
aspartate, histidine, isoleucine, and valine (Figure 2.17). Alanine, serine, tryptophan, and
valine were the selected amino acids for ee calibration curves to be made with receptor
[CuII((R,R)-2.33)]2+ (Figure 2.18). In particular, alanine was chosen because it has the
smallest side chain among chiral amino acids and should represent the hardest case of
enantiomer discrimination. The concentration of amino acid used in each ee calibration
curve was the same as the concentration at which the respective ∆Amax value was
obtained (refer to Table 2.5 & Table 2.6 of the experimental section 2.15.11), thus
maximizing the discrimination between ee values.
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Figure 2.17. Enantiomeric excess calibration curves using receptor [CuII((R,R)-2.32)]2+.
Absorbance at 602 nm as a function of ee for displacement experiments
performed on a solution containing 2.34 (10 µM), Cu(OTf)2 (200 µM), and
(R,R)-2.32 (2.5 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5
with the addition of: a) aspartate (302 µM). b) histidine (202 µM).
c) isoleucine (697 µM). d) valine (714 µM).
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Figure 2.18. Enantiomeric excess calibration curves using receptor [CuII((R,R)-2.33)]2+.
Absorbance at 602 nm as a function of ee for displacement experiments
performed on a solution containing 2.34 (10 µM), Cu(OTf)2 (105 µM), and
(R,R)-2.33 (8.8 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5
with the addition of: a) alanine (149 µM). b) serine (125 µM). c) tryptophan
(101 µM). d) valine (125 µM).
2.12. UNKNOWNS AND ERRORS
The ee calibration curves were subjected to linear and second-degree polynomial
regression. The best-fit curve (displayed at the top right of each curve) was used to
determine the ee of test samples. Four test samples were prepared for each amino acid for
which an ee calibration curve was generated. These four test samples were made
independently of the one used to generate the ee calibration curves and analyzed after the
calibration curve was generated so as to obtain real independent samples, not just a jackknife analysis based confirmation of curve validity, used in previous studies.6f The
average absolute error was calculated for each amino acid. This error was defined as the
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average of the absolute difference between the actual and the experimental ee values (Eq.
2.1) obtained for the four test samples. The average absolute errors for various amino
acids analyzed with [CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+ are shown in Table 2.2a
& b, respectively. The average of these values, describing the overall performance of
each ligand, has also been calculated to be ±13.1% and ±18.2% for [CuII((R,R)-2.32)]2+
and [CuII((R,R)-2.33)]2+, respectively.
Absolute Error = Actual ee − Experimental ee

(Eq. 2.1)

a)
Amino Acids
Aspartate
Histidine
Isoleucine
Valine

Average Absolute Error
21.8%
13.0%
5.7%
12.0%

b)
Amino Acids
Alanine
Serine
Tryptophan
Valine

Average Absolute Error
22.6%
12.8%
32.1%
5.5%

Table 2.2. Average absolute errors for the determination of ee of test samples through
UV-vis
spectrophotometric
measurements
using
receptor:
a) [CuII((R,R)-2.32)]2+. b) [CuII((R,R)-2.33)]2+.
At first glance, the overall average absolute error for [CuII((R,R)-2.32)]2+ may
seem high, but looking at Table 2.2a, isoleucine has an excellent average absolute error
of 5.7%. The same can be observed with analysis conducted with [CuII((R,R)-2.33)]2+,
where the average absolute errors of serine and valine are lower than the overall absolute
error of ±13.6%, and valine has an even better average absolute error of 5.5%.
The observed average absolute errors can be seen to roughly correlate with the
∆Amax values for each amino acid. As shown by Table 2.2, the amino acids that produced
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the largest errors were those that had the smallest ∆Amax values. Histidine was an
exception, but this could be due to its different binding mode (Figure 2.15), or to the fact
that histidine required the least amount of analyte to reach saturation, causing a steep
slope in the isotherm. The system is very sensitive to changes in concentration, so small
differences in the total histidine concentration of a sample would lead to a large change in
absorbance, which in turn would affect the ee value determined by reference to the
corresponding calibration curve.
The correlation between the average absolute error and ∆Amax values is probably
due to the fact that a large ∆Amax value makes it easier to differentiate close ee values,
since their absorbance would be significantly different. This results in a lower error in
determining the test samples’ ee. This would demonstrate why certain amino acids were
not considered in this study even though they show a close ∆Amax value to the arbitrarily
set criteria. Their ee calibration curve would be similar in shape to those shown, but there
would be a smaller range of absorbance between -100% to 100% ee leading to an
inability to determine ee of unknown samples accurately. Undoubtedly, at this point the
system could be fine-tuned to improve enantioselectivity in order to obtain a larger
∆Amax, which could lower the errors, or a higher threshold be set for enantioselective
discrimination.
The average error obtained with the two proposed receptors falls within an
adequate range, compatible with the primary goal of this research, which is to explore the
use of eIDA as a method for preliminary determination of ee in a HT fashion. In practice,
potentially only those samples reported by this method to have a 90% ee or above would
be examined using a more accurate method, such as chiral HPLC. Processes yielding low
ee would not be analyzed further, thus saving significant time and expense.
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As stated above, fine-tuning of receptors could eventually enable the
determination of ee for all α-amino acids and possibly afford a lower error. However, our
academic goal was not to optimize the assays but rather to demonstrate the principle. The
next stage of the project, which is reported in Chapter 3, was to move to a
high-throughput screening platform, by exploiting eIDA’s advantages compared to
traditional methods of determining ee. In Chapter 3 we will show that moving to a rapid
HTS technique does not lead to a deterioration of the error and significantly increases the
speed of analysis.
2.13. ‘NAKED EYE’ DETECTION
As shown in Table 2.1a, and by the displacement isotherm (Figure 2.19a),
histidine had the largest ∆Amax. Hence, there is a large spectroscopic difference between
the addition of L-histidine and D-histidine to a solution of [CuII((S,S)-2.32)(2.34)]2-. The
intervening color change is so striking that it can be easily observed by the ‘naked eye’
(Figure 2.19b). Among the other considered amino acids, valine also induced a very
noticeable change in color when added to a solution containing [CuII((R,R)-2.33)(2.34)]2(Figure 2.19c). The color differences are shown in Figure 2.19b-c. The solution
containing [CuII((S,S)-2.32)(2.34)]2- and L-histidine was light yellow, indicating
displacement of 2.34, while the D-histidine containing solution was blue, indicating that
most of the 2.34 was still bound to the metal center (Figure 2.19b). Solutions of valine
(Figure 2.19c) showed similar colorimetric differences with receptor [CuII((R,R)-2.33)]2+,
with the solution of L-valine being brown and the one containing D-valine being blue.
The ability to discriminate between L- and D-amino acids through ‘naked eye’ detection
is not intended to substitute for a precise instrumental method, but it certainly allows for a
very rapid and simple method for roughly gauging the enantioselectivity of reactions,
showing the advantage of using a colorimetric method such as an eIDA.
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Figure 2.19. ‘Naked eye’ detection. a) Displacement isotherms at 602 nm obtained upon
the addition of L- or D-histidine (2.02 mM) into a solution containing 2.34
(10 µM), Cu(OTf)2 (200 µM) and (S,S)-2.32 (2.5 mM) in 1:1 MeOH:H2O,
50 mM HEPES buffered to pH 7.5. b) Histidine (480 µM) was added to a
solution containing 2.34 (21 µM), Cu(OTf)2 (375 µM) and (S,S)-2.32
(4.7 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5. c) Valine
(124 µM) was added to a solution containing 2.34 (30 µM), Cu(OTf)2
(120 µM) and (R,R)-2.33 (50 mM) in 1:1 MeOH:H2O, 50 mM HEPES
buffered to pH 7.0.
2.14. SUMMARY
In this study an enantioselective indicator displacement assay (eIDA) has been
shown to be able to determine enantiomeric excess values of α-amino acids with good
accuracy on a conventional UV-vis spectrophotometer. With only two receptors
([CuII((R,R)-2.32)]2+, [CuII((R,R)-2.33)]2+) and one indicator (2.34), we were able to
enantioselectively discriminate 13 of the 17 analyzed α-amino acids. Enantiomeric excess
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was determined for true test samples using ee calibration curves to demonstrate the
capabilities of eIDAs. Analysis using receptor [CuII((R,R)-2.32)]2+ afforded an overall
average error of ±13.1%, whereas analysis by receptor [CuII((R,R)-2.33)]2+ showed an
overall average error of ±18.2%. Also, eIDAs were able to enantioselectively
discriminate the enantiomers of histidine and valine using ‘naked eye’ detection.
Enantiomeric indicator displacement assays are excellent for HT determination of
ee due to the use of optical methods and associated inexpensive instrumentation.
Measurements on a UV-vis spectrophotometer could be obtained in less than one minute.
Transitioning to a microplate reader is possible and easy, allowing for a more rapid
analysis, which could overcome the limitation of current methods for determining
enantiomeric excess in a HT manner (see the following chapter).
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2.15. EXPERIMENTAL
2.15.1. General Experimental Details:
All commercially obtained reagents were used as received. Purity of
commercially available chrome azurol S (2.34) is low and was determined to be 37.5%
by

1

H NMR. Deionized water was used throughout. All solvents used in

spectrophotometric titrations were degassed by sparging with argon for one hour. A
Varian Mercury 400 MHz, a Varian Inova 400 MHz, and a Varian Unity 300 MHz NMR
spectrometer were used to obtain 1H and 13C NMR spectra, which were referenced using
the solvent residual peak or TMS. UV-vis spectra were recorded on a Beckman Coulter
DU-800 spectrophotometer in a Starna 1 cm 7Q quartz cuvette. All titrations and
enantiomeric excess calibration curves were measured at 25°C in a 1:1 MeOH:H2O
solution, buffered to pH 7.5 with 50 mM HEPES unless otherwise stated. All pH
measurements were made using an Orion 720A pH meter. Ligands (R,R)-2.32 and
(S,S)-2.32 were synthesized according to a modified published procedure.6f Ligands
(R,R)-2.33 and (S,S)-2.33 were also synthesized according to a modified published
procedure.13
2.15.2. Experimental Details on: Synthesis of Ligands 2.32 and 2.33

(1R,2R)-N1,N2-bis(2,5-dimethoxybenzyl)cyclohexane-1,2-diamine ((R,R)-2.32):
(R,R)-(+)-diaminocyclohexane L-tartrate (3 g, 11.4 mmol) was extracted with 1 N NaOH
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(20 mL) and 12 M NaOH (1 mL) with DCM (100 mL x 3). The combined organic layer
was dried over Na2SO4 and the solvent was removed in vacuo to produce 2.35 (0.8865 g,
7.763 mmol) as a white solid. In a 250 mL round bottom flask, (R,R)-2.35 (0.8865 g,
7.763 mmol), 2,5-dimethoxybenzaldehyde (2.36, 2.8412 g, 17.10 mmol), and dry MeOH
(15 mL) were added and stirred under Ar for 15 h. NaBH4 (0.6048 g, 15.99 mmol) was
added in four additions over a 2 h period and stirred under Ar, during which the solution
turned from yellow to clear. The reaction mixture was concentrated to produce a white
residue. The white residue was dissolved in 1:1 CH2Cl2:1 N NaOH (100 mL:100 mL) and
extracted with CH2Cl2 (100 mL x 3). The combined organic layer was then extracted with
1 M HCl (100 mL x 5). The combined aqueous layer was then basified with 12 M NaOH
and then extracted with CH2Cl2 (100 mL x 5). The combined organic layer was dried
over Na2SO4 and the solvent was removed in vacuo to produce (R,R)-2.32 (1.9946 g,
62.0%) as a clear oil. 1H NMR (CDCl3, 400 MHz): δ 6.91 (d, J=2.8 Hz, 2H), 6.77 – 6.69
(m, 4H), 3.91 – 3.82 (m, 2H), 3.73 (s, 6 H), 3.71 (s, 6H), 3.65 – 3.59 (m, 2H), 3.31 – 2.22
(m, 2H), 3.18 – 2.02 (m, 4H), 1.77 – 1.62 (m, 2H), 1.30 – 1.14 (m, 2H), 1.14 – 0.97 (m,
2H).
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C NMR (CDCl3, 400 MHz): 153.4, 151.7, 130.4, 115.6, 111.9, 111.0, 60.9, 55.7,

55.7, 46.0, 31.5, 25.1. HR-MS (CI+): 415.2592 (calc. for [M+H+] C24H35N2O4+:
415.2591).

(1S,2S)-N1,N2-bis(2,5-dimethoxybenzyl)cyclohexane-1,2-diamine ((S,S)-2.32):
(S,S)-(+)-diaminocyclohexane D-tartrate (3 g, 11.4 mmol) was extracted with 1 N NaOH
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(20 mL) and 12 M NaOH (1 mL) with DCM (100 mL x 3). The combined organic layer
was dried over Na2SO4 and the solvent was removed in vacuo to produce (S,S)-2.35
(0.8347 g, 7.310 mmol) as a white solid. In a 250 mL round bottom flask, (S,S)-2.35
(0.8347 g, 7.310 mmol), 2,5-dimethoxybenzaldehyde (2.36, 2.6708 g, 16.07 mmol), and
dry MeOH (15 mL) were added and stirred under Ar for 15 h. NaBH4 (0.6091 g,
16.10 mmol) was added in four additions over a 2 h period and stirred under Ar, during
which the solution turned from yellow to clear. The reaction mixture was concentrated to
produce a white residue. The white residue was dissolved in 1:1 CH2Cl2:1 N NaOH
(100 mL:100 mL) and extracted with CH2Cl2 (100 mL x 3). The combined organic layer
was then extracted with 1 M HCl (100 mL x 5). The combined aqueous layer was then
basified with 12 M NaOH and then extracted with CH2Cl2 (100 mL x 5). The combined
organic layer was dried over Na2SO4 and the solvent was removed in vacuo to produce
(S,S)-2.32 (1.9780 g, 65.3%) as a clear oil. 1H NMR (CDCl3, 400 MHz): δ 6.91 (d,
J=2.8 Hz, 2H), 6.77 – 6.69 (m, 4H), 3.91 – 3.82 (m, 2H), 3.73 (s, 6 H), 3.71 (s, 6H), 3.65
– 3.59 (m, 2H), 3.31 – 2.22 (m, 2H), 3.18 – 2.02 (m, 4H), 1.77 – 1.62 (m, 2H), 1.30 –
1.14 (m, 2H), 1.14 – 0.97 (m, 2H).
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C NMR (CDCl3, 400 MHz): 153.4, 151.7, 130.4,

115.6, 111.9, 111.0, 60.9, 55.7, 55.7, 46.0, 31.5, 25.1. HR-MS (CI+): 415.2591 (calc. for
[M+H+] C24H35N2O4+: 415.2591).

N1,N2-bis((R)-1-phenylethyl)ethane-1,2-diamine ((R,R)-2.33): In a 25 mL round
bottom flask, (R)-(+)-α-methylbenzylamine ((R)-2.38, 4.6 mL, 35.7 mmol), 1,2124

dibromoethane (2.37, 0.8 mL, 9.28 mmol) were added and heated at 130°C for 0.5 h
producing a yellow solution. The mixture was cooled to RT and 1:1 CH2Cl2:1 M NaOH
(25 mL:25 mL) were added. The reaction mixture was extracted with CH2Cl2 (50 mL x
2). The combined organic layer was dried over Na2SO4 and the solvent was removed in
vacuo to afford a crude. The crude was then purified by Kugelrohr, where (R)-(+)-αmethylbenzylamine ((R)-2.38) was removed at 105°C and (R,R)-2.33 (1.8389 g, 78.8%)
was obtained at 175°C as a clear oil. 1H NMR (CDCl3, 400 MHz): δ 7.33 – 7.23 (m, 8H),
7.23 – 7.16 (m, 2H), 3.64 (q, J=6.6 Hz, 2H), 2.57 – 2.43 (m, 4H), 1.74 (bs, 2H), 1.32 (d,
J=6.6 Hz, 6H).

13

C NMR (CDCl3, 300 MHz): 145.2, 128.2, 126.8, 126.6, 58.0, 47.1,

24.3. HR-MS (ESI+): 269.2020 (calc. for [M+H+] C18H25N2+: 269.2012).

N1,N2-bis((S)-1-phenylethyl)ethane-1,2-diamine ((S,S)-2.33): In a 25 mL round
bottom flask, (S)-(-)-α-methylbenzylamine ((R)-2.38, 4.6 mL, 35.7 mmol), 1,2dibromoethane (2.37, 0.8 mL, 9.28 mmol) were added and heated at 130°C for 0.5 h
producing a yellow solution. The reaction mixture was cooled to RT and 1:1 CH2Cl2:1 M
NaOH (25 mL:25 mL) were added. The reaction mixture was extracted with CH2Cl2
(50 mL x 2). The combined organic layer was dried over Na2SO4 and the solvent was
removed in vacuo to afford a crude. The crude was then purified by Kugelrohr, where
(S)-(+)-α-methylbenzylamine ((S)-2.38) was removed at 105°C and (S,S)-2.33 (1.611 g,
64.7%) was obtained at 175°C as a clear oil. 1H NMR (CDCl3, 400 MHz): δ 7.33 – 7.23
(m, 8H), 7.23 – 7.16 (m, 2H), 3.64 (q, J=6.6 Hz, 2H), 2.57 – 2.43 (m, 4H), 1.74 (bs, 2H),
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1.32 (d, J=6.6 Hz, 6H).
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C NMR (CDCl3, 300 MHz): 145.2, 128.2, 126.8, 126.6, 58.0,

47.1, 24.3. HR-MS (ESI+): 269.2015 (calc. for [M+H+] C18H25N2+: 269.2012).
2.15.3. Experimental Details on: 1H NMR Titrations
Impure CAS (2.34, 0.1513 g, 250 µmol) was dissolved with CD3OD in a 5 mL
volumetric flask. NMR was obtained for an aliquot of the CAS solution (2.34, 600 µL),
and neat CH2Cl2 (24 µL) was added to the tube. The concentration of CAS (2.34) in the
sample was calculated from the integration data, and from that the purity of the CAS
(2.34) lot was ascertained to be 37.5%. The purity of (R,R)-2.32, (S,S)-2.32, (R,R)-2.33,
and (S,S)-2.33 were determined in the same manner using CH2Cl2 and CH3CN as the
titration for ligand 2.32 and 2.33, respectively. The concentrations used has been
corrected with the values obtained in the 1H NMR titrations.
2.15.4. Experimental Details on: Solutions
Buffer. Degassed MeOH and H2O were obtained by sparging with argon gas for
1 h. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 11.915 g, 50.0 mmol)
was dissolved in MeOH:H2O (1:1, 800 mL). The pH of the solution was adjusted to 7.5
with 2 M NaOH. The solution was filtered and diluted to 1 L with 1:1 MeOH:H2O to
obtain a 50 mM HEPES buffer. 2-(N-morpholino)ethanesulfonic acid (MES; 1.2187 g,
6.242 mmol) was dissolved in MeOH:H2O (1:1, 200 mL). The pH of the solution was
adjusted to 6.2 with 2 M NaOH. The solution was filtered and diluted to 250 mL with 1:1
MeOH:H2O to obtain a 25 mM MES buffer. N-cyclohexyl-3-aminopropanesulfonic acid
(CAPS; 1.3894 g, 6.278 mmol) was dissolved in MeOH:H2O (1:1, 200 mL). The pH of
the solution was adjusted to 10 with 2 M NaOH. The solution was filtered and diluted to
250 mL with 1:1 MeOH:H2O to obtain a 25 mM CAPS buffer.
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Copper solutions. Cu(Cl)2•2H2O (0.1277 g, 749.1 µmol) was dissolved in 25 mL
in H2O to give a 30 mM stock solution. Cu(OAc)2•H2O (0.1501 g, 751.8 µmol) was
dissolved in 25 mL in H2O to give a 30 mM stock solution.
2.15.5. Experimental Details on: UV-vis Titrations using Receptor
[CuII((R,R)-2.32)]2+
Stock solutions for UV-vis Spectroscopy Analysis. (R,R)-2.32 (6.50 mmol) was
dissolved into 50 mL in MeOH to give a 130 mM stock solution. Cu(OTf)2 (54.25 mg,
150.0 µmol) was diluted to 5 mL in H2O to give a 30 mM stock solution. 2.34 (47 mg,
29.1 µmol, 37.5%) was dissolved into 10 mL of 1:1 MeOH:H2O, buffered to pH 7.5 with
50 mM HEPES, to give a 2.91 mM stock solution. All amino acid stock solutions were
prepared with 1:1 MeOH:H2O, buffered to pH 7.5 with 50 mM HEPES.
Displacement Isotherms. In a separate solution, stock solution of 2.34 (7 µL,
10 µM), stock solution of Cu(OTf)2 (13 µL, 200 µM), and stock solution of (R,R)-2.32
(37 µL, 2.5 mM) were mixed and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give
solution A. In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (13 µL, 200 µM), stock solution of (R,R)-2.32 (37 µL, 2.5 mM), and L-amino
acid (different concentrations of amino acids were used, refer to Table 2.3) were mixed
and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give the L-titrant A. In a separate
solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of Cu(OTf)2 (13 µL,
200 µM), stock solution of (R,R)-2.32 (37 µL, 2.5 mM), and D-amino acid (different
concentrations of amino acids were used, refer to Table 2.3) were mixed and diluted to
2 mL with buffered 1:1 MeOH:H2O, to give the D-titrant A. L-titrant A was titrated into
a cuvette containing solution A (600 µL) and absorbance measurements were taken from
300 – 900 nm on a UV-vis spectrophotometer, affording the displacement isotherm
measurements at 602 nm for the L-amino acid. D-titrant A was analogously titrated.
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2.15.6. Experimental Details on: UV-vis Titrations using Receptor
[CuII((R,R)-2.33)]2+
Stock solutions for UV-vis Spectroscopy Analysis. (R,R)-2.33 (9.767 mmol) was
dissolved in 25 mL in MeOH to give a 390 mM stock solution. The same stock solutions
of 2.34, and Cu(OTf)2 were used as above.
Displacement Isotherms. In a separate solution, stock solution of 2.34 (7 µL,
10 µM), stock solution of Cu(OTf)2 (7 µL, 105 µM), and stock solution of (R,R)-2.33
(45 µL, 8.8 mM) were mixed and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give
solution B. In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (7 µL, 105 µM), stock solution of (R,R)-2.33 (45 µL, 8.8 mM), and L-amino
acid (different concentrations of amino acids were used, refer to Table 2.4) were mixed
and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give the L-titrant B. In a separate
solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of Cu(OTf)2 (7 µL,
105 µM), stock solution of (R,R)-2.33 (45 µL, 8.8 mM), and D-amino acid (different
concentrations of amino acids were used, refer to Table 2.4) were mixed and diluted to
2 mL with buffered 1:1 MeOH:H2O, to give the D-titrant B. L-titrant B was titrated into
a cuvette containing solution B (600 µL) and absorbance measurements were taken from
300 – 900 nm on a UV-vis spectrophotometer, affording the displacement isotherm
measurements for L-amino acid. D-titrant B was analogously titrated.
2.15.7. Experimental Details on: UV-vis Spectrophotometer Analysis: Enantiomeric
Excess Calibration Curves using Receptor [CuII((R,R)-2.32)]2+
In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (13 µL, 200 µM), stock solution of (R,R)-2.32 (37 µL, 2.5 mM), and L-amino
acid (different concentrations of amino acids were used, refer to Table 2.5) were mixed
and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give the L-titrant C. In a separate
solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of Cu(OTf)2 (13 µL,
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200 µM), stock solution of (R,R)-2.32 (37 µL, 2.5 mM), and D-amino acid (different
concentrations of amino acids were used, refer to Table 2.5) were mixed and diluted to
2 mL with buffered 1:1 MeOH:H2O, to give the D-titrant C. L-titrant C was titrated into
a cuvette containing D-titrant C (600 µL) and absorbance measurements were taken
from 300 – 900 nm on a UV-vis spectrophotometer, affording the absorbance for ee
calibration points at 602 nm for –100% to 0% ee. D-titrant C was titrated into a cuvette
containing L-titrant C (600 µL) and absorbance measurements were taken from 300 –
900 nm on a UV-vis spectrophotometer, affording the absorbance for ee calibration
points at 602 nm for 0% to 100% ee.
2.15.8. Experimental Details on: UV-vis Spectrophotometer Analysis: Enantiomeric
Excess Calibration Curves using Receptor [CuII((R,R)-2.33)]2+
In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (7 µL, 105 µM), stock solution of (R,R)-2.33 (45 µL, 8.8 mM), and L-amino
acid (different concentrations of amino acids were used, refer to Table 2.6) were mixed
and diluted to 2 mL with buffered 1:1 MeOH:H2O, to give the L-titrant D. In a separate
solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of Cu(OTf)2 (7 µL,
105 µM), stock solution of (R,R)-2.33 (45 µL, 8.8 mM), and D-amino acid (different
concentrations of amino acids were used, refer to Table 2.6) were mixed and diluted to
2 mL with buffered 1:1 MeOH:H2O, to give the D-titrant D. L-titrant D was titrated into
a cuvette containing D-titrant D (600 µL) and absorbance measurements were taken
from 300 – 900 nm on a UV-vis spectrophotometer, affording the absorbance for ee
calibration points at 602 nm for –100% to 0% ee. D-titrant D was titrated into a cuvette
containing L-titrant D (600 µL) and absorbance measurements were taken from 300 –
900 nm on a UV-vis spectrophotometer, affording the absorbance for ee calibration
points at 602 nm for 0% to 100% ee.
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2.15.9. Experimental Details on: UV-vis Spectrophotometer Analysis of Test
Samples using Receptor [CuII((R,R)-2.32)]2+
In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (13 µL, 200 µM), stock solution of (R,R)-2.32 (37 µL, 2.5 mM), and a mixture
of L- and D-amino acid (different concentrations of amino acids were used, refer to Table
2.5) were mixed and diluted to 2 mL with buffered 1:1 MeOH:H2O, to afford test
samples. Absorbance measurements were taken from 300 – 900 nm on a UV-vis
spectrophotometer, providing the absorbance at 602 nm for determining ee of the test
sample using the ee calibration curve developed for the specific amino acid (the ee of test
samples are reported in Table 2.7).
2.15.10.
Experimental Details on: UV-vis Spectrophotometer Analysis of Test
Samples using Receptor [CuII((R,R)-2.33)]2+
In a separate solution, stock solution of 2.34 (7 µL, 10 µM), stock solution of
Cu(OTf)2 (7 µL, 105 µM), stock solution of (R,R)-2.33 (45 µL, 8.8 mM), and a mixture of
L-

and D-amino acid (different concentrations of amino acids were used, refer to Table

2.6) were mixed and diluted to 2 mL with buffered 1:1 MeOH:H2O, to afford the test
samples. Absorbance measurements were taken from 300 – 900 nm on a UV-vis
spectrophotometer, providing the absorbance at 602 nm for determining ee of the test
sample using the ee calibration curve developed for the specific amino acid (the ee of test
samples are reported in Table 2.8).

130

2.15.11.

Amino Acids
Ala
Arg
Asn
Asp
Gln
Glu
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Val

Tables

[L-amino acid] (mM)
5.00
6.05
2.58
2.01
3.67
3.85
2.02
5.60
5.11
6.26
5.09
1.50
9.96
2.50
4.98
1.26
5.01

[D-amino acid] (mM)
5.00
6.01
2.61
2.00
3.65
3.81
2.02
5.61
5.14
6.23
5.13
1.50
9.96
2.50
5.06
1.26
5.01

Table 2.3. Concentrations of α-amino acids used to produce UV-vis displacement
isotherms with [CuII((R,R)-2.32)]2+.
Amino Acids
Ala
Gln
Glu
Lys
Met
Phe
Ser
Trp
Val

[L-amino acid] (mM)
1.24
0.856
0.714
1.26
1.27
0.759
1.25
0.631
1.25

[D-amino acid] (mM)
1.24
0.851
0.706
1.27
1.28
0.757
1.25
0.632
1.25

Table 2.4. Concentrations of α-amino acids used to produce UV-vis displacement
isotherms with [CuII((R,R)-2.33)]2+.
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Amino Acids
Asp
His
Ile
Val

[Amino Acid] (mM)
0.302
0.202
0.697
0.714

Table 2.5. Concentrations of α-amino acids used to produce ee calibration curves using
[CuII((R,R)-2.32)]2+.
Amino Acids
Ala
Ser
Trp
Val

[Amino Acid] (mM)
0.149
0.125
0.101
0.125

Table 2.6. Concentrations of α-amino acids used to produce ee calibration curves using
[CuII((R,R)-2.33)]2+.
Amino Acids
Asp
a
b
c
d
His
a
b
c
d
Ile
a
b
c
d
Val
a
b
c
d

ee (Actual)

ee (Experimental)

Absolute Error

-13.0%
60.2%
-33.1%
-86.6%

12.2%
94.0%
-4.9%
-86.4%

25.2%
33.8%
28.1%
0.2%

-25.1%
-50.0%
75.0%
-0.1%

-20.0%
-67.1%
54.7%
-9.7%

5.1%
17.1%
20.3%
9.6%

-57.2%
-21.5%
42.8%
78.5%

-56.7%
-14.8%
39.4%
90.6%

0.5%
6.7%
3.4%
12.1%

-57.9%
78.9%
-22.8%
93.0%

-68.1%
60.9%
-39.2%
89.6%

10.2%
18.0%
16.4%
3.4%

Table 2.7. Enantiomeric excess determination of test samples by analysis using
[CuII((R,R)-2.32)]2+ through UV-vis measurements.
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Amino Acids
Ala
a
b
c
d
Ser
a
b
c
d
Trp
a
b
c
d
Val
a
b
c
d

ee (Actual)

ee (Experimental)

Absolute Error

0.0%
33.3%
100.0%
-33.3%

-17.6%
68.2%
66.4%
-37.5%

17.6%
34.9%
33.6%
4.2%

-100.0%
59.9%
19.9%
-60.1%

-90.8%
82.6%
13.9%
-73.3%

9.2%
22.7%
6.0%
13.2%

24.9%
-50.1%
75.0%
-0.1%

74.1%
-16.3%
67.8%
-38.3%

49.2%
33.8%
7.2%
38.2%

20.0%
-20.0%
60.0%
-60.0%

19.0%
-6.8%
67.5%
-60.3%

1.0%
13.2%
7.5%
0.3%

Table 2.8. Enantiomeric excess determination of test samples by analysis using
[CuII((R,R)-2.33)]2+ through UV-vis measurements.
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Chapter 3:Transitioning Enantioselective Indicator Displacement
Assays for α-Amino Acids to Protocols Amenable to High-throughput
Screening
3.1. INTRODUCTION
As shown in Chapter 1, parallel screening of a large library of catalysts/auxiliaries
increases the probability of finding a working system for an asymmetric reaction, but the
limitation of determining enantiomeric excess (ee) as quickly as these reactions are being
conducted has limited this technique. As shown in Chapter 2, indicator displacement
assays (IDA) utilizing molecular sensors and optical instrumentation such as UV-vis
spectrophotometers allow for rapid analysis of samples. While UV-vis analysis is rapid,
and accessible to most scientists, the speed of analysis could be increased with the use of
a microwell plate reader. This has led to the transition of the enantioselective indicator
displacement assays (eIDAs) introduced in Chapter 2 to a 96-well plate format, so that a
large number of samples could be analyzed in a rapid manner, assisting in highthroughput screening (HTS).
Using a 96-well plate reader, a single wavelength absorption reading can be
obtained in one minute for the entire plate, which would significantly increase the
number of samples that could be analyzed in a day. A higher-density plate could also be
used, further increasing the number of samples screened in a given amount of time. In
addition to the advantage of increasing the speed of analysis, microwell plate readers are
already present in many HTS facilities, as well as automated liquid dispensers and plate
handlers, allowing for a streamlined transition from reaction mixtures to well plates for ee
analysis.
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Microwell plate readers for determining ee with molecular sensors have been
implemented by other research groups that use molecular sensors for determining ee: for
instance, Corridini1 used β-cyclodextrin complexes to discriminate amino acids. In
addition, the Anslyn group has implemented numerous studies in microwell plate formats
for determining ee, speeding up analysis.2 Here we will demonstrate the ability of the
eIDAs developed to be implemented on a microwell plate format, for rapid analysis of
samples.
3.2. PREVIOUS WORK
As shown in Chapter 2, enantioselective indicator displacement assays with two
receptors ([CuII(2.32)]2+ and [CuII(2.33)]2+) and an indicator, chrome azurol S (2.34), can
enantioselectively discriminate 13 of the 17 analyzed α-amino acids. Chiral ligand 2.32
or 2.33 coordinates to a Cu(II) metal center, leaving two open coordination sites for the
exchange between the indicator chrome azurol S (2.34) and α-amino acids.3 Enantiomeric
excess of true test samples could be determined on a UV-vis spectrophotometer in
aqueous media at pH 7.5 with an acceptable accuracy for preliminary determination of
ee. In this study, we demonstrate eIDA’s ability as a HTS method by conducting these
studies on a microwell plate, enabling a more rapid and simpler method of analysis.
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3.3. DESIGN CRITERIA
After informal consultation with collaborators in pharmaceutical firms, we have
come to realize that any catalytic system yielding a true ee of 90% or higher in the
screening process should be considered a promising lead and selected for analysis with a
more accurate technique, such as chiral HPLC. With that in mind, we have set for
ourselves an upper limit of around 15% absolute error as an accuracy guideline. We feel
that a significantly higher error would render our method less useful for HTS. Taking this
15% arbitrary limit into consideration, any sample with an ee below 75% could be
discarded outright, because the ee values above 75% could possibly fall near true ee
values of 90%. Given that we define ee to span –100% to 100%, this means that if the ee
values of unknowns were evenly distributed, our method would allow one to discard 75%
of the samples (Figure 3.1a), and only submit the best leads to time-consuming chiral
HPLC analysis. High values at the opposite end of the scale should also be analyzed,
because the opposite enantiomer of the catalyst under study could be used to obtain the
desired product. Further, in a case where the ee values obtained from random catalysts
screening were normally distributed (Gaussian) an even lower fraction of samples would
be retained for analysis (Figure 3.1b). This would considerably decrease the overall
screening time, without compromising final accuracy. Of course, lower errors would
allow for an even higher ability to narrow the selection of samples for analysis by a more
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accurate method, and slightly higher errors would lead to more samples to be analyzed.
We interpret the results given herein having this goal in mind.
a)
retained = 25% of samples

discarded
-100% -75%

0

+75% +100%

retained

b)

discarded

ee = -100% -75% 0 +75% +100%
Figure 3.1. Effectiveness of prescreening method. a) Supposing that the ee products from
an asymmetric reaction were evenly distributed, with a ±15% error in ee
values, approximately 75% could be discarded after screening. b) In the case
of a Gaussian distribution of product ee, an even lower number of samples
would need to be analyzed to be further analyzed with a slower highaccuracy technique.
3.4. ENANTIOMERIC EXCESS CALIBRATION CURVES
In Chapter 2, we described the ability to produce ee calibration curves and to
determine ee values of test samples with a standard UV-vis spectrophotometer by
exploiting

the

different

stabilities

of

diastereomeric

complexes

created

by

[CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+ with chiral amino acids. The use of a 96-well
plate was examined here as a means to integrate a rapid and automated method for
determining ee, which will allow for a truly HTS of asymmetric catalysts. To integrate
the microwell plate reader into our study, ee calibration curves and test samples were
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prepared with a BioTek Precision Microplate Pipetting System on clear polystyrene
96-well plates (Figure 3.2). Samples with 100%, 80%, 60%, 40%, 20%, 0%, -20%, -40%,

-80%

-100%

-80%

-100%

-60%

-40%

-20%

0%

20%

40%

60%

ee

80%

a)

100%

-60%, 80%, -100% ee samples are used to generate the calibration curves.

Valine
Aspartate
Histidine
Isoleucine
Valine Test Samples
Aspartate Test Samples
Histidine Test Samples

-60%

-40%

-20%

0%

20%

40%

60%

ee

80%

b)

100%

Isoleucine Test Samples

Valine
Tryptophan
Alanine
Serine
Valine Test Samples
Tryptophan Test Samples
Alanine Test Samples
Serine Test Samples

Figure 3.2. The 96-well plate used for making the ee calibration curve for: a) valine,
aspartate, histidine, and isoleucine using receptor [CuII((R,R)-2.32)]2+ (top
four rows) and six test samples for each of the above amino acids (bottom
four rows). b) valine, tryptophan, alanine, and serine using receptor
[CuII((R,R)-2.33)]2+ (top four rows) and six test samples for each of the
above amino acids (bottom four rows).
The same amino acids analyzed with a UV-vis spectrophotometer in Chapter 2 for
these two receptors were also analyzed here on a microwell plate format. On a 96-well
plate, four rows were used for ee calibration curves, one for each amino acid. In the
remaining four rows, six test samples for each amino acid, were laid in each row, one
amino

acid

per

row.

The

ee

calibration
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curves

generated

with

receptor

[CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+ are shown in Figure 3.3 and Figure 3.4,
respectively. After generating calibration curves, the system was tested for its ability to
determine ee of test samples. The test samples’ ee values were determined using the
corresponding calibration curve and the best fit curve of the calibration data. These test
samples were made independently of the ee calibration curve, therefore affording a more
convincing validation rather than the use of a jack-knife analysis.
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Figure 3.3. Enantiomeric excess calibration curves obtained using a 96-well plate reader
using receptor [CuII((R,R)-2.32)]2+. Absorbance at 602 nm as a function of
ee for displacement experiments performed in a solution containing 2.34
(10 µM), Cu(OTf)2 (200 µM), and (R,R)-2.32 (2.5 mM) in 1:1 MeOH:H2O,
50 mM HEPES buffered to pH 7.5, with the addition of: a) aspartate (302
µM). b) histidine (202 µM). c) isoleucine (697 µM). d) valine (714 µM).
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Figure 3.4. Enantiomeric excess calibration curves obtained using a 96-well plate reader
using receptor [CuII((R,R)-2.33)]2+. Absorbance at 602 nm as a function of
ee for displacement experiments performed with the addition of amino acid
into a solution containing 2.34 (10 µM), Cu(OTf)2 (105 µM), and (R,R)-2.33
(8.8 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffered to pH 7.5, with the
addition of: a) alanine (149 µM). b) serine (125 µM). c) tryptophan (101
µM). d) valine (125 µM).
3.5. UNKNOWN SAMPLES AND ERRORS
The ee calibration data were subjected to linear and second-order polynomial
regression. The best-fit curves, shown on the calibration data plots in Figure 3.3 and
Figure 3.4, were used to determine the ee of the test samples. The average absolute errors
were computed for each test sample by taking the absolute difference between the actual
and the experimental ee values and averaging them for the six test samples to give the
average absolute error for each amino acid (Table 3.1a & b). The handling of the data
was similar to the analysis of test samples conducted on the single-cell UV-vis data. The
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overall averages of these individual average absolute errors were calculated to be ±9.7%
for receptor [CuII((R,R)-2.32)]2+ and ±26.6% for receptor [CuII((R,R)-2.33)]2+, which is
comparable with what was obtained with a standard UV-vis spectrophotometer analysis
(±13.1%, and ±18.2%, respectively) in our previous study (see Chapter 2). The average
absolute errors using [CuII((R,R)-2.32)]2+ were well within the limit, as is well
exemplified in the case of histidine with an average absolute error of 4.8%.
Unfortunately, most of the average absolute errors using [CuII((R,R)-2.33)]2+ exceeded
our arbitrary limit of 15%, and would require improvements for such a system to be
applied to the analysis of samples from those amino acids, but valine had an acceptable
error of 8.5% nevertheless. The transition from the UV-vis spectrophotometer to a
96-well plate reader allowed for a much faster and automated process of analysis, since it
takes approximately one minute to read an entire plate, although the error suffered when
using [CuII((R,R)-2.33)]2+.
a)
Amino Acids
Aspartate
Histidine
Isoleucine
Valine

Average Absolute Error
13.5%
4.8%
10.3%
10.2%

b)
Amino Acids
Alanine
Serine
Tryptophan
Valine

Average Absolute Error
32.0%
47.6%
18.3%
8.5%

Table 3.1. Average absolute errors for the determination of ee of test samples on a 96well
plate
reader
using
receptor:
a) [CuII((R,R)-2.32)]2+.
II
2+
b) [Cu ((R,R)-2.33)] .
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3.6. PATHLENGTH ISSUE
The transition from the UV-vis spectrophotometer to a microwell plate format
showed little loss of accuracy upon using [CuII((R,R)-2.32)]2+, but a loss of accuracy with
the use of [CuII((R,R)-2.33)]2+. The observed increase in error when using
[CuII((R,R)-2.33)]2+ could be due to the decrease in ∆Amax values when transitioning to
the microwell plate format from a single-cell cuvette. In fact, the optical pathlength
associated with the 96-well plate is shorter than the corresponding standard 1 cm cuvette .
This in turn decreases the absorbance, leading to a reduction in the signal’s dynamic
range between -100% and 100% ee. As discussed in Chapter 2, the errors usually
correlate to the ∆Amax values; the larger the ∆Amax values the larger the difference in
absorbance between two mixtures with close ee, thus lowering the errors. Since the ∆Amax
values obtained for [CuII((R,R)-2.33)]2+ on the UV-vis spectrophotometer were already
close to 0.1, which was our set threshold for enantioselectivity, some of them decreased
below 0.1 when transitioning to a microwell plate format due to the decrease in
pathlength. With the ∆Amax values below 0.1, an increase in errors was observed. For
receptor [CuII((R,R)-2.32)]2+ the ∆Amax values obtained in the UV-vis spectrophotometer
were well above 0.1, so that the decrease in pathlength did not cause them to drop below
0.1, thus not affecting the errors as much. Actually, the opposite was observed: the errors
decreased for receptor [CuII((R,R)-2.32)]2+ due to the use of automated liquid handlers,
which increased reproducibility, as seen with histidine, whose absolute error was ±13.0%
and dropped to ±4.8%. As discussed in Chapter 2, the histidine assay was plagued by
higher sensitivity to even minute changes in amino acid total concentration, due to the
steepness of the displacement isotherm. In this case, the use of an automated liquid
handler improved the reproducibility for dispensing total amino acid concentration, and
significantly contributed to lowering the absolute error. It is important to note that the
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pathlength issue could be mitigated with the use of deeper plates, which are commercially
available. Also, the transition to a higher density plate for analysis of a larger number of
samples would not further impact the optical pathlength.
3.7. ANALYSIS OF ASYMMETRICALLY SYNTHESIZED UNKNOWN EE SAMPLE
To show the practicability of the proposed method, the eIDA was used for the
analysis of samples obtained from an asymmetric reaction, since this method would
eventually be used for such a setting. In order to provide such a sample, valine was
synthesized using the asymmetric reaction shown in Scheme 3.1, so that the ee of the
sample is truly unknown compared to the test samples.4 Upon obtaining the unknown ee
valine sample, its ee was determined using the eIDA method with [CuII((R,R)-2.32)]2+,
and this value was compared to that obtained by two well accepted protocols: HPLC
using a chiral stationary phase and 1H NMR with the use of a chiral shift reagent, to
determine its true ee value.5

Scheme 3.1. Asymmetric reaction used to produce a sample of valine of unknown ee.4
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The isolated valine sample was found to be a 3:1 ammonium chloride adduct
(NH3Cl:C5H11NO2) by elemental analysis. This sample of valine of unknown ee obtained
from the reaction was used to prepare six replicate samples laid out on a 96 well plate for
analysis. On the same plate, another row was laid out for an ee calibration curve of valine
using [CuII((R,R)-2.32)]2+. The ee of the six samples was computed using the best-fit
curve of the ee calibration data (Table 3.2), and averaged to be 84.6% with a standard
deviation of 4.9%.
Samples
1
2
3
4
5
6

ee (Experimental)
80.0%
85.6%
91.2%
82.1%
89.1%
79.3%

Table 3.2. Determination of enantiomeric excess values of six replicate samples of
unknown sample valine using receptor [CuII((R,R)-2.32)]2+ on a 96-well
plate reader.
The sample was analyzed by chiral HPLC, since it is the more accepted technique
for the determination of ee. The Daicel Crownpak CR(+) (refer to experimental section
3.14.1 for detail) was used in this analysis because it is the most commonly used chiral
stationary phase for α-amino acids. The amine of the amino acid is protonated due to the
acidic pH (pH 1.5) of the eluent, forming an ammonium ion at the α-position of the
amino acid. The ammonium ion interacts with the crown-ether moiety of the Crownpak
CR(+) chiral selector through hydrogen bonding (3.6), producing diastereomers which
are differently retained by the column and allow for separation of the enantiomers of
amino acids. The enantiomeric peaks of valine were identified for the unknown valine
sample on the chromatogram through the analysis of standard L- and D-valine shown in
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overlay chromatograms (Figure 3.5). From using the peak areas of the chromatogram of
the unknown valine sample (Table 3.2) it was determined that the sample gave an ee of
79.9%. Compared to the chiral HPLC, the eIDA method was shown to differ by 4.7%,
which is within one standard deviation of the values obtained from eIDA analysis.

O
O

O

O

O
O

3.6
L-Valine
D-Valine
Unknown Valine

0.4
Absorbance @ 200 nm

0.35
0.3
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0.1
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0
-0.05 0
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Figure 3.5. Chromatogram of L-valine (black), D-valine (blue) and unknown sample of
valine (orange).
Area D-Valine
1461359

Area L-Valine
13081585

Table 3.3. The area of peaks of L- and D-valine in chromatogram of unknown valine
sample shown in Figure 3.5.
The ee of the unknown valine sample was also determined by an NMR titration
with a chiral shift reagent, using the ratio of the integral of the Hα of L- and D-valine
(Figure 3.6, Table 3.4) when mixed with sodium[(R)-1,2-diaminopropane-N,N,N’,N’tetraacetato]samarate(III) hydrate5 (3.7). It was determined to be 72.6%, which is 7.3%
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off from the HPLC result. The eIDA analysis thus differed by 12.0% from the NMR
results. This comparison affirmed that a sample from an asymmetric reaction could be
analyzed with the proposed eIDA with acceptable accuracy, and an error well within the
range we have set for ourselves for preliminary screening of catalysts in asymmetric
reactions in high-throughput fashion with the use of a 96-well plate reader (Table 3.5).

Figure 3.6. 1H NMR of the unknown sample of valine with the addition of chiral shift
reagent 3.7.
Integral D-Valine
0.38

Integral L-Valine
2.39

Table 3.4. Integral of the Hα of L- and D-valine of the unknown sample upon addition of
chiral shift reagent 3.7 to determine the ee of the sample from an
asymmetric reaction.

Unknown Sample

ee by eIDA by
[CuII((R,R)-1)]2+

ee by Chiral HPLC

ee by Chiral Shift Reagent

84.6%

79.9%

72.6%

Table 3.5. Determination of ee of a sample of valine of unknown ee using eIDA
([CuII((R,R)-2.32)]2+), chiral HPLC, and 1H NMR chiral shift reagent.
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3.8. ARTIFICIAL NEURAL NETWORK
Our group has previously shown that an artificial neural network (ANN) can be
used to determine ee of unknown samples and lower the absolute errors of analysis
obtained from eIDAs.6 An artificial neural network is a data analysis technique capable of
modeling complex relationships between the input and output data. The network’s
adaptive system adjusts its structure based on established learning sets (e.g. calibration
data), thus enabling it to apply the learned knowledge to new situations (such as unknown
samples).7 Therefore, an ANN was used as a second method of analysis of the amino acid
test samples. Statistica ANN software version 4.0 E was used to train a different network
for each amino acid with the data collected for ee calibration curves on a 96-well plate
reader. A different network was required for each amino acid because each one has a
different ee calibration response.
To train a network, the raw data already collected for the purpose of establishing
ee calibration curves were used as training sets (absorbance between 570 – 620 nm). The
range of wavelengths used to train the network was restricted to that containing the
relevant spectral changes (570 – 620 nm). The ANN system was trained on the basis of
the percentage of one enantiomer rather than ee, simply because the software is unable to
accommodate negative values, so %L-amino acid was used. Percentage of L-amino acid
is defined as the concentration of L-amino acid, divided by the total concentration of
L-and D-amino

acid (Eq. 3.1), and its relation to the ee value is given by Eq. 3.2.
[ L]
× 100
[ L] + [ D]

(Eq. 3.1)

100(1 + ee)
2

(Eq. 3.2)

%L − amino acid =

%L − amino acid =

Networks were developed for each amino acid, and the % L-amino acid of the test
samples analyzed with [CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+ on a 96-well plate
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reader were determined by inputting the test sample absorbances at the wavelengths with
which the network was trained (570 – 620 nm), in order to check the efficacy of the ANN
approach. Since the ee calibration curves are different for each amino acid, and two
receptors were used in the analysis, a different network was required for each
combinations. An artificial neural network was generated for each amino acid for which
calibration data was collected. The six samples previously analyzed by using the best-fit
curve of the calibration data to determine the ee were analyzed here with the ANNs. The
absolute errors of each test sample were computed as previously described by taking the
absolute difference of the actual and experimental ee. The absolute errors for the six
samples were then averaged to give average absolute errors for each amino acid analyzed,
shown in Table 3.6. An overall average absolute error of ±5.0% was obtained using
receptor [CuII((R,R)-2.32)]2+ and ±17.1% with [CuII((R,R)-2.33)]2+, which are acceptable
values.
a)
Amino Acids
Aspartate
Histidine
Isoleucine
Valine

Absolute Error
For %L-AA
For ee
4.4%
8.8%
5.0%
9.9%
6.6%
13.1%
4.0%
8.0%

b)
Amino Acids
Ala
Ser
Trp
Val

Absolute Error
For %L-AA
For ee
16.4%
32.9%
20.3%
40.6%
27.8%
55.6%
3.8%
7.6%

Table 3.6. Average absolute errors for the determination of %L-amino acid and ee with
the %L-amino acid values obtained using ANN with data collected on a
96-well
plate
reader
using
receptor:
a) [CuII((R,R)-2.32)]2+.
II
2+
b) [Cu ((R,R)-2.33)] .
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3.9. COMPARISON OF ERRORS OBTAINED FROM CALIBRATION CURVES AND ANNS
The errors obtained for the test samples using enantiomeric excess calibration
curves may appear to be higher than the errors obtained using ANN, but these two
methods cannot be compared directly since they are determining two different variables
(ee vs. %L-amino acid). However, given the way we calculated ee (Scheme 3.2, Eq. 1), it
is possible to compute ee using the %L-amino acid determined with ANN analysis
(Scheme 3.2, Eq. 2). Numerically, the errors for ee will appear to double due to the very
definition of this parameter (Scheme 3.2, Eq. 3). This is demonstrated by converting the
%L-amino acid determined using ANN to ee (Scheme 3.2, Eq. 2), and by recalculating
their average absolute errors, which are also shown in Table 3.6. The error in ee is double
the error obtained with analysis using ANN for determining %L-amino acid (Table 3.6).
After determining the ee using the value of %L-amino acid determined through ANN, the
overall average absolute error is ±10.0% and ±34.2% for analysis conducted with
[CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+, respectively. This is comparable to the
errors obtained for determining ANN, ±5.0% and ±17.1%, respectively. In addition, these
errors for determining ee with ANNs are comparable to the errors obtained for
determining ee using ee calibration curves (Table 3.1).

Scheme 3.2. Equations used to determine enantiomeric excess using %L-amino acid
determined through ANN analysis.
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3.10. ANN ANALYSIS OF THE ASYMMETRICALLY SYNTHESIZED SAMPLE OF VALINE
The raw data previously obtained in a 96-well plate format for the six replicate
samples of valine of unknown ee, synthesized through an asymmetric reaction, were also
analyzed using the appropriate ANN network to determine the %L-amino acid. These
samples averaged to be 84.1%±1% in L-valine, which corresponds to an ee of 68.2%. The
error between the %L-valine value calculated by ANN and the chiral HPLC and chiral
shift reagent5 is 5.9% and 2.2%, respectively. The comparison of %L-valine determined
through ANN, chiral HPLC, and chiral shift reagent is shown in Table 3.7.

%L-Unknown Valine

ANN
84.1%

Chiral HPLC
90.0%

Chiral Shift Reagent
86.3%

Table 3.7. ANN analysis to determine %L-valine of a sample of valine of unknown ee on
a 96-well plate reader.
3.11. CONCEPT OF USING THE IDA IN HIGH-THROUGHPUT SCREENING
The system presented here is truly a HTS technique because when a single
wavelength based calibration curve is employed, the time required for measuring the
absorbance at one wavelength of all 96-wells is approximately one minute. On a 96-well
plate, we generally laid out four calibration curves, but in a typical HTS, there is one
specific analyte of interest, so only one row would be taken up by the calibration curve,
whereas the rest of the microwell plate would be used for samples. The calibration curves
thus obtained could be automatically used to determine the ee of the samples, which
requires less than a minute with a computer. This means that the analysis time of 84
samples would require two minutes taking into account the measurement and processing
of data. Liquid handlers can be used to dispense solutions into 96-well plates, as was
done in this study. Also, an automated plate stacker can remove and place a new plate
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into the reader, thereby completely automating the procedure: this would allow for
analysis of samples from start to finish without any operator intervention.
In cases where ANN was used as the method of analysis, a range of wavelengths
would be scanned: it takes approximately 9 minutes to obtain absorbance data from 570 –
620 nm for the entire 96-well plate. The absorbance at this range of wavelengths could be
used automatically by a computer to generate and train the ANN. It takes approximately
15 minutes to create a neural network that best models the training set. Hence, for the
analysis of one amino acid (i.e. one calibration curve and seven rows of samples), it
would require approximately 25 minutes to obtain measurements of the entire plate
(absorbance = 570 – 620 nm) and to train to obtain the best neural network. The
computer could then compute the %L-amino acid with a trained network in hand. Once a
network is generated, it does not need to be recomputed as long as instrumental
parameters do not change, and the analysis time will be shortened to the time required to
read 96-wells and process the read data, which is around 10 minutes.
The method proposed here is much more rapid than the use of chiral HPLC. As
discussed in the introduction, the purpose that we envision does not strictly require
extreme accuracy. In fact, in the first steps of a screening for asymmetric catalysts, even a
pass/fail answer based on a threshold ee value would be adequate. After screening with
our method, the reactions that generated low-ee products could be discarded, while only
the best leads (for example, those whose products had 90+% ee within the error of our
analysis) would be further examined, and their products reassessed with a more accurate
standard technique to be taken on to the next level of optimization. Such a two-tier
method would expedite the screening process immensely.
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3.12. COMPARISON TO OTHER TECHNIQUES
The need for a rapid means for determining enantiomeric excess for highthroughput screening of asymmetric catalysts/auxiliaries has led many research groups to
turn to optical signaling techniques, due to the speed at which data can be collected. The
use of an indicator displacement assay has numerous advantages compared to the optical
signaling techniques discussed in Chapter 1. One main advantage of an IDA over the
optical sensing techniques discussed in Chapter 1 is the ease in which we can explore
different chromophores without any further synthesis. We were able to optimize the
system easily without resynthesis of the receptor. Two indicators/chromophores
(pyrocatechol violet (2.18) and chrome azurol S (2.34)) were explored to produce the
optimal signal, without any kind of resynthesis. This is not true for the traditional sensors
shown in Chapter 1. The chromophores are covalently attached, such as the sensor (1.40)
developed by Corradini, where the dansyl fluorophore is conjugated to the β-cyclodextrin
host.1 It required five synthetic steps8 to obtain this sensor. The assay developed using an
indicator displacement approach does not require the resynthesis of the chiral diamine
ligands (2.32 and 2.33) in case the chromophore does not produce an optimal signal for
the detection of the analyte. Instead, simply making a new solution of a suitable indicator
is required, with no resynthesis.
Another advantage of eIDA is the simple receptors used which could be obtained
in 1 or 2 steps from commercially availale enantiomerically pure materials. When the
assays were developed, the goal was to make these sensors easily accessible to anyone.
This was a clear departure from the traditional sensors shown in Chapter 1, such as
Wolf’s scandium complexes which requires 5 – 7 synthetic steps, and chiral separation of
the ligand to obtain them enantiomerically pure.9
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Most of the molecular sensors require the use of a calibration curve to quantify ee,
as does our system. The use of an ee calibration curve requires the concentration of the
analysis sample to be the same as the concentration used to develop the calibration curve
because the absorbance depends on both concentration ([G]t) and enantiomeric excess.
To overcome this disadvantage, the [G]t of the sample can be determined and then the
required aliquot of sample can be dispensed for analysis with the eIDA to quantify ee
using the correct concentration at which the calibration curves are developed. An achiral
host, or a racemic mixture of the chiral ligands could be used to develop a [G]t calibration
curve, and to quantify [G]t. This additional measurement requires the same time as the
analysis for ee, which could be done in 2 minutes for 96 samples. This is not a significant
addition of time to the analysis process. In addition, this has been conducted previously in
our group demonstrating that it is possible.6 This limitation is also present in other assays,
due to the dependence of [G]t on binding. The eIDA compares well to the sensors
developed, where there are advantages to the use of eIDA, and the limitations are present
in both techniques.
When eDIA is compared to chiral HPLC, the main advantage of the eIDA
approach is the time of analysis. It has ben shown that analysis of 96 samples could be
conducted in 2 minutes for ee. This allows for a much faster means of screening
compared to chiral HPLC, where a sample typically requires 10 – 30 minutes. One of the
disadvantages of eIDA compared to chiral HPLC is the accuracy at which the assays
could quantify ee since the errors range from 5% to 32%, while for chiral HPLC it is
typically less than 1%. While the errors are high, this technique was not meant to replace
chiral HPLC, but to assist the screen of catalysts/auxiliaries rapidly to give a pass/fail
response to determine whether further analysis is necessary. The assay could determine
which samples produce desirable ee, and only these samples would have to be analyzed
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by more accurate techqniues, e.g. by chiral HPLC. This prescreening process would
allow for samples that did not produce desirable ee to be removed from the analysis by
the time-consuming chiral HPLC technique, which would save a significant amount of
time in analysis.
Unfortunately, our assay had absolute errors of 32% for certain amino acids, so
the assay would not be used for that specific analyte. During a screen of asymmetric
catalysts/auxiliaries, the assay would be developed and optimized to target one specific
analyte, where the errors would be lowered. The advantage of an eIDA is the ability to
change components in the assay easily, such as the simple synthetic receptor and
numerous commercially available indicators. On a plate a series of assays could be
arranged, to determine the best combination of receptor and chromophore, for
enantioselective signaling. This has been conducted previously in our group to identify
the best combination of receptor and indicator for one specific analyte.2a This process of
finding the best sensor would be difficult for other traditional molecular sensors, since the
sensor would have to be synthesized for each combination to be generated.
One limitation present in our current assay is the need for purified samples for
analysis because any other components in the synthesis of the sample could bind to the
receptor. But this limitation is present even with chiral HPLC. CSPs are very sensitive,
where not all solvents can be used, limiting the use of chiral HPLC on crude reaction
mixtures as well. This limitation is present in almost all assays developed thus far, not
just in the eIDA. One solution to this limitation is the analysis of the different
components generated in an asymmetric reaction: solvent, reagents, etc. to check if they
interfere in the assay. If there is no issue, the assay could be used directly. If there are
interfering components, then purification would be required.
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Hopefully, it has been shown that there are numerous advantages to an eIDA,
such as the ability to screen and optimize assays easily and the speeed of analysis of
unknown samples. While there are also limitations, such as the dependence of the assay
on [G]t, most of these can either be overcome easily or are of comparable hinderance in
other techniques.
3.13. SUMMARY
In this study enantioselective indicator displacement assays (eIDAs) have been
used to determine the enantiomeric excess of α-amino acids with acceptable accuracy
using a 96-well plate reader, as would be done in high-throughput screening.
Enantiomeric excess was determined for test samples using ee calibration curves on a 96well plate reader, affording an overall average error of ±9.7% when analysis of samples
was conducted with receptor [CuII((R,R)-2.32)]2+ and an overall average error of ±26.6%
when receptor [CuII((R,R)-2.33)]2+ was used. As shown in this Chapter, the errors
produced through the analysis of test samples on a 96-well plate reader were consistent
with those obtained on a UV-vis spectrophotometer, with the advantage of increased
speed of analysis, as required in a HTS method.
A sample of valine was asymmetrically synthesized and its ee, analyzed with
receptor [CuII((R,R)-2.32)]2+, its ee was determined to be 84.6%. This result was
compared to that obtained by reference methods (chiral-column HPLC and 1H NMR
chiral shift reagent) and found to be in good agreement (79.9% and 72.6%, respectively).
This showed the assay’s ability to analyze real-world samples with acceptable errors
(4.7% and 12%, respectively).
Artificial neural networks were used as a second method to determine the
%L-amino acid of test samples. Using the collected absorbance data, networks were
developed for each amino acid. ANN analysis on the data collected for test samples in a
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96-well plate format showed overall average errors of ±5.0% and ±17.1% for analyses
conducted with [CuII((R,R)-2.32)]2+ and [CuII((R,R)-2.33)]2+, respectively. ANN was also
able to determine %L-amino acid of the sample of valine of unknown ee with an excellent
error relative to standard methods, chiral HPLC and chiral shift reagent, giving 5.9% and
2.2% errors, respectively.
In conclusion, the proposed eIDA method has been shown to be capable of
determining enantiomeric excess of α-amino acids as a HTS technique mainly due to the
use of colorimetric sensing. The transition to a microplate reader from a UV-vis
spectrophotometer was possible, allowing for a more rapid analysis time while retaining
accuracy in determining ee, showing that the method is robust. Even the results from a
real-world sample from an asymmetric reaction showed excellent agreement with
accepted methods. The use of a microwell plate reader allows for a seamless integration
into a high-throughput screening workflow aimed at asymmetric reaction discovery or
optimization. Furthermore, the use of an artificial neural network lowers the error in the
determination of %L-amino acid and offers a second method to indirectly determine ee of
samples in a high-throughput fashion.
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3.14. EXPERIMENTAL
3.14.1. General Experimental Details:
All commercially obtained reagents were used as received. Purity of
commercially available chrome azurol S (2.34) was low and determined to be 37.5% by
1

H NMR. Deionized water was used throughout. All solvents used in spectrophotometric

titrations were degassed by sparging with argon for one hour. A Varian Mercury
400 MHz, a Varian Inova 400 MHz, and a Varian Unity 300 MHz NMR spectrometer
were used to obtain 1H and

13

C NMR spectra, which were referenced using the solvent

residual peak or TMS. Elemental analyses were conducted by Atlantic Microlab, Inc.
Liquid dispensing of solutions into 96-well plates were conducted with a BioTek
Precision Microplate Pipetting System. Absorbance measurements on a plate reader were
taken with a BioTek Synergy 2 Multi-Detection Microplate Reader at 25°C using 96-well
Fisherbrand flat bottom, clear polystyrene plates. All enantiomeric excess calibration
curves were measured at 25°C in a 1:1 MeOH:H2O solution, buffered to pH 7.5 with
50 mM HEPES. All pH measurements were made using an Orion 720A pH meter. A
Shimadzu HPLC system equipped with 2 LC-6AD pumps, a Daicel Chiral Crownpak
CR(+) column (250 mm x 4.6 mm, I.D.), and a SPD-M20A PDA for UV-vis photodiode
array detection were used. Ligands (R,R)-2.32 and (S,S)-2.32 were synthesized according
to a modified published procedure.3 Ligands (R,R)-2.33 and (S,S)-2.33 were synthesized
according to modified published procedure and were described in Chapter 2 in the
experimental details section.10 Valine of unknown ee (3.5) was synthesized according to
modified published procedure.4b
Buffer. Degassed MeOH and H2O were obtained by sparging with argon gas for
1 h. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 11.915 g, 50 mmol)
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was dissolved in MeOH:H2O (1:1, 800 mL). The pH of the solution was adjusted to 7.5
with 2 M NaOH to 7.5. The solution was filtered and diluted to 1 L with 1:1 MeOH:H2O
to obtain a 50 mM HEPES buffer.
3.14.2. Asymmetric Synthesis of Unknown Enantiomeric Excess Sample of Valine

2-((R)-2-hydroxy-1-phenylethylamino)-3-methylbutanenitrile

(3.3):

To

a

100 mL round bottom flask, isobutyraldehyde (3.1, 2 mL, 21.91 mmol), water (35 mL),
NaHSO3 (2.1496 g, 20.66 mmol), and potassium cyanide (1.3478 g, 20.70 mmol) were
added. (R)-(-)-2-phenylglycinol (3.2, 1.8886 g, 13.77 mmol) was dissolved in methanol
(28 mL) and was added to the round bottom flask, cooled to 0ºC with an ice-water bath.
The cooling bath was then removed and the mixture stirred at room temperature for 3 h.
The reaction mixture was extracted with CH2Cl2 (50 mL x 3). The combined organic
layers were dried over MgSO4 and the solvent was removed in vacuo. Flash
chromatography of the residue on silica gel (hexane:ethyl acetate, 3:1) afforded a mixture
of diastereomers (R,S)-3.3 and (R,R)-3.3 (2.6386 g, 87.8%) as a yellow oil. Diastereomers
were not separated, so the spectral data shown below represents a mixture of both
diasteremoers. Integrations data is reported, rather than nuclide number assignment.
1

H NMR (CDCl3, 300 MHz): δ 7.40 – 7.27 (m, 6.86), 4.09 (dd, J=9.3, 3.9 Hz, 1.09), 3.96

(dd, J=7.1, 4.4 Hz, 0.21), 3.78 ( m, 0.21), 3.67 (m, 0.21), 3.62 – 3.48 (m, 1.26), 3.10 (d,
J=6.1 Hz, 1.00), 2.22 (bs, 2.03), 2.10 – 1.89 (m, 1.99), 1.31 – 1.20 (m, 0.22), 1.08 (m,
9.19).

13

C NMR (CDCl3, 400 MHz): δ 139.4, 138.4, 128.7, 128.7, 128.1, 127.6, 127.3,

119.5, 119.4, 67.2, 66.7, 63.1, 62.9, 55.3, 54.5, 32.9, 31.6, 19.1, 18.3, 17.7, 17.2. HR-MS
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(ESI+): 219.1508 (calc. for [M+H+] 219.1492 C13H19N2O+). Spectral data correlates to
the separated diastereomers from literature4b

2-(benzylideneamino)-3-methylbutanenitrile (3.4): In a 100 mL round bottom
flask, the mixture of diastereomer 3.3 (884.7 mg, 4.053 mmol) was dissolved in
dichloromethane:methanol (2:1, 40 mL). Lead tetraacetate (2.1596 g, 4.871 mmol) was
added to the round bottom flask at 0ºC and stirred for 5 min. Aqueous phosphate buffer
(0.2 M, 40 mL, pH 7) was added to the mixture and stirred at room temperature for 0.5 h.
The aqueous layer was extracted with dichloromethane (100 mL x 2). The combined
organic layers were dried over Na2SO4 and concentrated in vacuo to afford the crude oil.
The crude oil was flash-distilled on a Kugelrohr (2.5 mbar, 135ºC) to afford pure 3.4
(248.9 mg, 33.0%) as a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 8.49 (d, J=1.63 Hz,
1H), 7.80 (dd, J=7.89, 1.56 Hz, 2H), 7.57 – 7.36 (m, 3H), 4.53 (dd, J=5.30, 1.68 Hz, 1H),
2.40 – 2.23 (m, 1H), 1.15 (d, J=6.75 Hz, 3H), 1.07 (d, J=6.75 Hz, 3H). 13C NMR (CDCl3,
400 MHz): δ 162.7, 135.0, 131.6, 128.7, 128.7, 117.0, 64.9, 32.8, 19.1, 17.9. HR-MS
(ESI+): 187.1228 (calc. for [M+H+] 187.1230 C12H15N2+).

2-amino-3-methyl-butyric acid (3.5): To a 25 mL round bottom flask, 3.4
(291.3 mg, 1.564 mmol), and conc. aqueous HCl (6 mL) were added and refluxed for 5 h.
The reaction mixture was cooled and extracted with diethylether (25 mL x 3). The
aqueous layer was concentrated in vacuo to afford the crude amine hydrochloride salt.
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The crude amino hydrochloride salt was purified by passing through Dowex H+ ion
exchange resin with aqueous NH3 (10%) as the eluent, which yielded 3.5·3NH4Cl
(240 mg, 55.3%) as a white solid. 1H NMR (D2O, 400 MHz): δ 3.41 (d, J=4.34 Hz, 1H),
2.05 (m, 1H), 0.83 (d, J=7.0 Hz, 3H), 0.77 (d, J=7.0 Hz, 3H). 13C NMR (D2O, 400 MHz):
δ 174.4, 60.5, 29.2, 18.2, 16.9. HR-MS (ESI+): 118.0858 (calc. for [M+H+] 118.0863
C5H12NO2+). Elemental analysis results (calc. for C5H23N4O2Cl3): C 21.51% (21.63%), H
8.33% (8.35%), Cl 38.04% (38.31%), N 19.99% (20.18%), O 11.61% (11.53%).
3.14.3. Experimental Details on: 96-well Microplate Analysis: Enantiomeric Excess
Calibration Curves using Receptor [CuII((R,R)-2.32)]2+
Stock Solutions for Analysis Conducted on the 96-well Plate Reader. (R,R)-2.32
(800 µmol) was diluted to 50 mL in MeOH to give a 16 mM solution. Cu(OTf)2
(21.21 mg, 58.64 µmol) was dissolved in 50 mL H2O to give a 1.173 mM solution. 2.34
(49.49 mg, 30.66 µmol, 37.5%) was diluted to 500 mL with 1:1 MeOH:H2O buffered to
pH 7.5 with 50 mM HEPES to give a 61.32 µM solution. All amino acid stock solutions
were prepared with 1:1 MeOH:H2O, buffered to pH 7.5 with 50 mM HEPES.
In each well, the following aliquots of the mentioned stock solutions were added:
2.34 (50 µL, 10 µM), Cu(OTf)2 (50 µL, 200 µM), and (R,R)-2.32 (46 µL, 2.5 mM).
Aliquots of L- and D-amino acid stock solutions (50 µL, concentration was different
depending on amino acid, refer to Table 3.8 in section 3.14.9) were added to each well in
order to span the complete ee range (-100% to 100% in increments of 20% ee). The
solutions in the wells were brought to volume (300 µL) with buffered 1:1 MeOH:H2O.
3.14.4. Experimental Details on: 96-well Microplate Analysis: Enantiomeric Excess
Calibration Curves using Receptor [CuII((R,R)-2.33)]2+
Stock Solutions for Analysis Conducted on the 96-well Plate Reader. (R,R)-2.33
(1.22 mmol) was diluted to 25 mL in MeOH to give a 49 mM solution. Cu(OTf)2
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(11.47 mg, 31.71 µmol) was dissolved in 50 mL in H2O to give a 634.3 µM solution. 2.34
(49.49 mg, 30.66 µmol, 37.5%) was dissolved in 500 mL with 1:1 MeOH:H2O, buffered
to pH 7.5 with 50 mM HEPES, to give a 61.32 µM solution. All amino acid stock
solutions were prepared with 1:1 MeOH:H2O, buffered to pH 7.5 with 50 mM HEPES.
In each well, the following aliquots of the mentioned stock solutions were added:
2.34 (50 µL, 10 µM), Cu(OTf)2 (50 µL, 105 µM), and (R,R)-2.33 (54 µL, 8.8 mM).
Aliquots of L- and D-amino acid stock solutions (50 µL, concentration was different
depending on amino acid, refer to Table 3.9 in section 3.14.9) were added to each well in
order to span the complete ee range (-100% to 100% in increments of 20% ee). The
solutions in the wells were brought to volume (300 µL) with buffered 1:1 MeOH:H2O.
3.14.5. Experimental Details on: 96-well Microplate Analysis of Test Samples using
Receptor [CuII((R,R)-2.32)]2+
In each well, the following aliquots of the mentioned stock solutions were added:
2.34 (50 µL, 10 µM), Cu(OTf)2 (50 µL, 200 µM), (R,R)-2.32 (46 µL, 2.5 mM) and a
mixture of L- and D-amino acid (different concentrations of amino acids were used, refer
to Table 3.8 in section 3.14.9). These were mixed and diluted to 300 µL with buffered 1:1
MeOH:H2O, to afford test samples (the ee of test samples are shown in Table 3.10 in
section 3.14.9).
3.14.6. Experimental Details on: 96-well Microplate Analysis of Test Samples using
Receptor [CuII((R,R)-2.33)]2+
In each well, the following aliquots of the mentioned stock solutions were added:
2.34 (50 µL, 10 µM), Cu(OTf)2 (50 µL, 105 µM), (R,R)-2.33 (54 µL, 8.8 mM), and a
mixture of L- and D-amino acid (different concentrations of amino acids were used, refer
to Table 3.9 in section 3.14.9). These were mixed and diluted to 300 µL with buffered 1:1
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MeOH:H2O, to afford the test samples (the ee of test samples are shown in Table 3.11 in
section 3.14.9).
3.14.7. Experimental Details on: Chiral HPLC Analysis of Valine of Unknown ee
Solvents were filtered through 0.4 micron filters and purged with helium for an
hour. A Shimadzu HPLC system equipped with 2 LC-6AD pumps, a Daicel Chiral
Crownpak CR(+) column, and a SPD-M20A PDA for UV-vis photodiode array detection
were used. The eluent used was 15%:85% MeOH:H2O (HClO4, pH 1.5), with a flow rate
of 0.4 mL/min. Detection was at 200 nm. The HPLC column was thermostatted at 0ºC by
circulating ice-water.
3.14.8. Experimental Details on: Determining Enantiomeric Excess of Unknown
Valine Sample with Chiral Shift Reagent 3.7
Stock Solutions: A 40% wt% solution of NaOD in D2O (286 µL, 4.00 mmol) was
diluted to 2 mL in D2O to produce a 2.0 M stock solution. NaOD of a 40 wt% in D2O
(29 µL, 406 µmol) was diluted to 2 mL in D2O to produce a 203 µM stock solution. 3.7
(67.94 mg, 142.9 µmole, 142.9 µM) was diluted to 1 mL in D2O in a volumetric flask.
NMR Sample: 3.5•3NH4Cl (12.73 mg, 46.85 µmole, 61.14 mM) was diluted to
750 µL in D2O. Adjusted the pH with NaOD (2 M, 203 mM) to pH 9.65. 3.7 (94 µL,
13 µmol) was added to 3.5•3NH4Cl NMR sample. 1H NMR (D2O, 400 MHz): δ 3.66 (dd,
J=35, 17.5 Hz, 1H), 3.40 (d, J=4.2 Hz, 1H), 3.23 (d, J=4.6 Hz, 1H), 3.04 (d, J=16.5 Hz,
1H), 2.69 (d, J=16 Hz, 1H), 2,48 (d, J=17.2 Hz, 1H), 2.24-2.02 (m, 1H), 0.90 (d,
J=7.0 Hz, 3H), 0.81 (d, J=7.0 Hz, 3H).
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3.14.9. Tables
Amino Acids
Asp
His
Ile
Val

[Amino Acid] (mM)
0.302
0.202
0.697
0.714

Table 3.8. Concentrations of α-amino acids used to produce ee calibration curves using
[CuII((R,R)-2.32)]2+.
Amino Acids
Ala
Ser
Trp
Val

[Amino Acid] (mM)
0.149
0.125
0.101
0.125

Table 3.9. Concentrations of α-amino acids used to produce ee calibration curves using
[CuII((R,R)-2.33)]2+.
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Amino Acids
Asp
a
b
c
d
e
f
His
a
b
c
d
e
f
Ile
a
b
c
d
e
f
Val
a
b
c
d
e
f

ee (Actual)

ee (Experimental)

Absolute Error

60.0%
-52.0%
16.0%
44.0%
-100.0%
32.0%

36.1%
-61.6%
12.9%
58.7%
-95.9%
6.4%

23.9%
9.6%
3.2%
14.7%
4.1%
25.6%

-64.1%
-32.1%
68.0%
15.9%
47.9%
-72.0%

-66.7%
-39.2%
58.2%
12.3%
43.9%
-70.2%

2.7%
7.1%
9.7%
3.6%
4.0%
1.8%

-0.1%
-28.1%
64.0%
19.9%
-76.0%
-56.0%

20.0%
-12.5%
82.0%
19.3%
-77.8%
-61.4%

20.0%
15.6%
18.0%
0.6%
1.8%
5.4%

-36.4%
-76.2%
100.0%
31.5%
-64.3%
-0.5%

-43.5%
-83.2%
109.8%
48.0%
-73.7%
11.0%

7.0%
7.0%
9.8%
16.5%
9.4%
11.5%

Table 3.10. Enantiomeric excess determination of test samples by analysis using
[CuII((R,R)-2.32)]2+ and ee calibration curves through 96-well plate reader
measurements.
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Amino Acids
Ala
a
b
c
d
e
f
Ser
a
b
c
d
e
f
Trp
a
b
c
d
e
f
Val
a
b
c
d
e
f

ee (Actual)

ee (Experimental)

Absolute Error

-72.1%
-100.0%
-32.1%
7.9%
-16.1%
100.0%

-82.8%
-60.1%
-82.8%
-29.3%
-68.8%
100.6%

10.7%
39.9%
50.7%
37.2%
52.7%
0.6%

100.0%
-0.1%
-16.1%
7.9%
-32.1%
60.0%

127.9%
70.8%
61.7%
44.9%
24.9%
75.2%

27.9%
70.9%
77.8%
36.9%
57.0%
15.2%

100.0%
64.0%
40.0%
-24.0%
-20.0%
-52.0%

116.3%
82.6%
58.0%
-12.3%
24.8%
-51.5%

16.3%
18.6%
18.0%
11.7%
44.8%
0.5%

72.0%
8.1%
-40.0%
-31.9%
-48.0%
0.1%

73.7%
23.2%
-38.1%
-33.8%
-60.5%
17.9%

1.6%
15.2%
1.9%
1.8%
12.5%
17.8%

Table 3.11. Enantiomeric excess determination of test samples by analysis using
[CuII((R,R)-2.33)]2+ and ee calibration curves through 96-well plate reader
measurements.
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Amino Acid
Asp
a
b
c
d
e
f
His
a
b
c
d
e
f
Ile
a
b
c
d
e
f
Val
a
b
c
d
e
f

%L (Actual)

%L (Experimental)

Absolute Error

80.0%
24.0%
58.0%
72.0%
0.0%
66.0%

67.5%
23.4%
62.0%
71.0%
1.5%
59.2%

12.5%
0.6%
4.0%
1.0%
1.5%
6.9%

18.0%
34.0%
84.0%
58.0%
74.0%
14.0%

13.4%
26.8%
73.1%
57.0%
69.2%
12.6%

4.6%
7.2%
10.9%
0.9%
4.8%
1.4%

50.0%
36.0%
82.0%
60.0%
12.0%
22.0%

60.9%
40.1%
99.9%
59.6%
16.2%
20.2%

10.9%
4.1%
18.0%
0.4%
4.2%
1.8%

31.8%
11.9%
100.0%
65.8%
17.8%
49.7%

22.9%
15.8%
102.6%
64.5%
17.4%
42.8%

8.9%
3.9%
2.6%
1.3%
0.5%
6.9%

Table 3.12. Determining ee of test samples using ANN on data collected with analysis by
[CuII((R,R)-2.32)]2+ on a 96-well plate reader.
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Amino Acid
Ala
a
b
c
d
e
f
Ser
a
b
c
d
e
f
Trp
a
b
c
d
e
f
Val
a
b
c
d
e
f

%L (Actual)

%L (Experimental)

Absolute Error

14.0%
0.0%
33.9%
53.9%
41.9%
100.0%

8.0%
20.3%
18.5%
25.0%
19.7%
105.6%

6.0%
20.3%
15.5%
28.9%
22.2%
5.6%

100.0%
50.0%
42.0%
54.0%
34.0%
80.0%

108.5%
87.0%
78.8%
69.5%
48.3%
89.6%

8.5%
37.1%
36.8%
15.5%
14.4%
9.6%

100.0%
82.0%
70.0%
38.0%
40.0%
24.0%

89.2%
87.8%
86.8%
78.8%
82.8%
73.5%

10.8%
5.8%
16.8%
40.8%
42.8%
49.5%

86.0%
54.0%
30.0%
34.0%
26.0%
50.0%

92.8%
58.9%
30.2%
33.0%
22.3%
56.3%

6.8%
4.8%
0.2%
1.0%
3.8%
6.3%

Table 3.13. Determining ee of test samples using an ANN on data collected during
analysis with [CuII((R,R)-2.33)]2+ on a 96-well plate reader.
Samples
1
2
3
4
5
6

%L (Experimental)
84.2%
84.2%
82.3%
85.3%
84.1%
84.7%

Table 3.14. Determining ee of unknown valine samples using an ANN on data collected
during analysis with [CuII((R,R)-2.32)]2+ on a 96-well plate.
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Chapter 4:Using Circular Dichroism for Determining Enantiomeric
Excess of α-Chiral Ketones
4.1. INTRODUCTION
As discussed in Chapter 1, there is a need for methods to rapidly determine
enantiomeric excess in for high-throughput screening of asymmetric catalysts or
auxiliaries. Optical signaling techniques allow for rapid analysis, which was
demonstrated in Chapters 2 and 3 in the case of amino acids. We also explored a different
approach for determining the ee of α-chiral ketones using circular dichroism (CD)
spectroscopy.
4.1.1. CIRCULAR DICHROISM
Many research groups have explored the use of CD spectroscopy for
enantioselective discrimination with the goal to determine ee. As demonstrated with the
use of ECCD in Chapter 1, different types of interactions can be used to produce a
desirable signal for the quantification of ee using CD spectroscopy.
4.1.2. Metal-to-Ligand-Charge Transfer
While ECCD can be used to determine ee, our group took a different approach
using metal complexes to produce different metal-to-ligand charge transfer (MLCT)
bands.1 Host 2,2’-bis(diphenylphosphino)-1,1’-binaphthalene (BINAP) and 2,2’bis(di-p-tolyl-phosphino)_1,1’-dinaphthyl (p-tol-BINAP) were used as ligands with both
a CuI ([CuI(4.1)(CH3CN)2]PF6) and PdII ([PdII(4.1)(CH3CN)2](PF6)2) metal centers
respectively, in order to discriminate enantiomers of chiral diamines (4.2-4.5). Upon
addition of chiral diamines to enantiomerically pure [CuI(4.1a)(CH3CN)2]PF6, different
MLCT bands were observed, allowing for the discrimination of the enantiomers of
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amines (Scheme 4.1).1b As shown in Figure 4.1 the MLCT band in the visible region are
different for each enantiomer of 4.3 upon addition to enantiomerically pure [CuI((R)4.1a)(CH3CN)2]PF6.

Scheme 4.1. Enantioselective discrimination of chiral diamines through coordination to
[CuI(4.1)(CH3CN)2]PF6 or [PdII(4.1)(CH3CN)2](PF6)2 to produce a
tetrahedral complex.

Figure 4.1. CD spectra of [CuI((R)-4.1a)(CH3CN)2]PF6 with 2 equivalences of (R,R)-4.3
(purple) and (S,S)-4.3 (light purple).
174

We chose to monitor the MLCT band in the visible region because we wanted to
find a region that did not have a CD signal from any other components that were added to
the assay, as a means to avoid interference. In addition, the visible region is desirable
because most organic solvents and reagents used in asymmetric reactions do not absorb,
so there is less need for purification, as long as they do not interfere with the assay. This
is an added advantage because it would increase the speed of analysis.
An artificial neural network (ANN) was used for the determination of guest total
concentration ([G]t) and ee simultaneously. An ANN is a supervised pattern recognition
protocol (discussed in Chapter 2). In our studies the network was generated to correlate
the input variables (ellipticities at different wavelengths) to the output variables ([G]t and
ee). To demonstrate the system’s ability to determine the ee of samples for HTS of
asymmetric catalysts/auxiliaries, two unknown samples of 4.3 were analyzed using ANN,
and their [G]t and %R were determined. A difference of 11.8% and 15.8% to the true
values were obtained.
In addition, to demonstrate the systems’ ability to conduct rapid analysis of ee, a
computer controlled robotically interfaced 96-well plate CD reader was integrated into
the study for HTS. Unknown samples were analyzed to determine the [G]t and %R,
which had average errors of 7.7% and 2.6%, respectively. Using a 96-well plate, 33 wells
were dedicated to generating the training set for the ANN, and the remaining 63 wells
could be used for unknown samples, which required a total of two hours to analyze. This
correlates to approximately 2 minutes a sample, which is a significantly more rapid
method compared to chromatographic techniques.
In addition, using host [CuI(4.1a)(CH3CN)2]PF6 our group was able to
enantioselectively discriminate chiral amines (4.6, 4.7, 4.8) by monitoring the MLCT
band in the visible region.2 Since chiral amines (4.13) have only one functional handle,
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they were derivatized with aldehyde 4.12 to produce a bidentate ligand, 4.14 (Scheme
4.2a). This ligand could be enantioselectively discriminated by monitoring the MLCT
band (Figure 4.2) in the visible region upon addition to [CuI(4.1a)(CH3CN)2]PF6
(Scheme 4.2b). Derivatization as shown in Scheme 4.2a of chiral amines, 4.6, 4.7, and
4.8 produced imines, 4.9, 4.10, and 4.11, respectively. The method was successful at
determining the [G]t and enantiomeric excess of unknown samples with average absolute
errors of 14.7% and 11.7%, respectively.

Scheme 4.2. a) Derivatization of chiral amines with 4.12 to produce a bidentate ligand,
4.14. b) Coordination of derivatized chiral amine (4.13) to a Cu(I) metal
center for enantioselective discrimination with [CuI(4.1a)(CH3CN)2]PF6.

176

Figure 4.2. Enantioselective discrimination of chiral amines using CD spectroscopy.
a) CD spectra of [CuI((R)-4.1 a)(CH3CN)2]PF6 with the addition of (R)-4.9
(−) and (S)-4.9 (▬), the enantiomers of derivatized 4.7. b) Titration of
[CuI((R)-4.1a)(CH3CN)2]PF6 with derivatized (R)-4.10 (○) and (S)-4.10 (▪).
4.2. DESIGN
In this chapter, we report the results from research aimed at extending this method
to the analysis of α-chiral ketones. The concept is similar to that described above (Section
4.1.2). We anticipated that α-chiral ketones require two sites for coordination to the Cu(I)
metal center, requiring derivatization of analytes to produce a bidentate ligand. Pyridyl
hydrazine (4.16) was used to derivatize the ketones to produce hydrazones, 4.17, which
are bidentate ligands (Scheme 4.3). The nitrogen atoms in the pyridyl group and
hydrazone moieties produce two coordination sites for complexation to a Cu(I) metal
center. In this study, hydrazine was used as the nucleophile instead of an amine as
conducted in the previous study2 because hydrazines are supernucleophiles,3 which
facilitates the nucleophilic attack on the less electrophilic carbonyl in ketones, compared
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to aldehydes. In addition, we wanted this derivatization step to be rapid, which would
shorten the time of analysis.

Scheme 4.3. Derivatization of α-chiral ketone (4.15) with pyridyl hydrazine (4.16) to
produce bidentate ligands.
In theory, two isomers of hydrazone could be produced (E)-4.17 and (Z)-4.17, due
to the rotation of the single N-N bond. The hope is that, due to the steric interactions
between R1 and R2 in hydrazone (Z)-4.17, the predominant component in solution would
be

(E)-4.17.

The

addition

of

hydrazone

4.17

to

enantiomerically

pure

[CuI(4.1a)(CH3CN)2]PF6 would produce diastereomers, where the twist between the
naphthyl rings in BINAP would be different due to the steric interactions between R1 and
the BINAP moiety, allowing for differentiation between the two enantiomers (Scheme
4.4).
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Scheme 4.4. Coordination of hydrazone 4.17 to [CuI((S)-4.1a)(CH3CN)2]PF6 for
enantioselective discrimination of ketones.
The ability to direct the substituents at the stereocenter towards the chiral BINAP
would allow for enantioselective discrimination (Scheme 4.4) through the different twist
angles that the two enantiomeric hydrazones (4.17) would impart. As shown in Scheme
4.4, upon using [CuI((S)-4.1a)(CH3CN)2]PF6, the diastereomer that would impart a
smaller change in the twist of the two naphthyl moieties would be with (S)-hydrazone,
due to the avoidance of steric interactions between R1 and the (S)-BINAP moiety. In fact,
in the case of the (S)-hydrazone, a smaller degree of BINAP twisting is necessary to
accommodate the R1 side chain within the complex, whereas in the diasteromeric
complex [CuI((S)-4.1a)((R)-4.17)]PF6, the R1 is clashing with the naphthyl rings, which
would cause the rings to twist further to prevent such interactions. This is exemplified by
the Newman projection of the two diastereomeric complexes [CuI((S)-4.1a)((R)4.17)]PF6 and [CuI((S)-4.1a)((S)-4.17)]PF6 in Figure 4.3. This figure shows the clash
between R1 and the (S)-BINAP moiety with (R)-4.17, which would force the phosphines
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to move away and twist the naphthyl rings. This steric interaction between the chiral
hydrazone and chiral BINAP would be reflected in their CD spectra, where the
disfavored diastereomeric complex would have a large change in CD signal compared to
[CuI((S)-4.1a)(CH3CN)2]PF6 signal, thus allowing for enantioselective discrimination
between the two enantiomers of ketones.
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Figure 4.3. The steric interactions for enantioselective discrimination of 4.17 with
enantiomerically pure [CuI(4.1a)(CH3CN)2]PF6.
Even though CD spectroscopy has the ability to discriminate enantiomers due to
the use of circularly polarized light, not all analytes absorb to produce a CD signal, nor
do all analytes have the ability to produce a large enough signal to discriminate the
enantiomers. In addition, if a CD signal is present, it may be small, while the use of
BINAP produces a larger signal. BINAP was chosen as the host in this assay because it is
commercially available in both its enantiomerically pure forms, making the assay
accessible to any scientist to implement with ease. In addition, the use of BINAP as a
host has shown success in the past, which makes it a good starting point.
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A Cu(I) metal center was used in this system to produce a tetrahedral complex
that would facilitate a twist of the two naphthyl rings by directing the α-substituents on
the hydrazone towards the BINAP moiety. In addition, Cu(I) has a fast ligand exchange,
allowing the complexation to reach equilibrium quickly. We did not use Cu(II) because it
is reduced to Cu(I) by the phosphines in BINAP, so the use of Cu(I) directly would
simplify the assay.4
One might think that derivatization of an analyte for the determination of ee may
not be a favorable technique for HTS of asymmetric catalysts/auxiliaries, but this added
synthetic step is a one-off addition to the time of analysis and can be carried out in
parallel with asymmetric reactions. If, for example, 100 reactions were conducted, at
once, the derivatization step could be carried on all of them at the same time, so that the
total contribution of the derivatization time to the total time for analysis is actually small
to negligible. If more samples are analyzed, the time of analysis per sample will be
further reduced. This is in direct contrast with chromatographic techniques, in which the
time for analysis is simply proportional to the number of samples to be analyzed. In
addition, since HTS of catalysts uses microreactors, this added synthetic step can be
incorporated into the asymmetric reaction scheme with little to no trouble.
4.3. HYDRAZINE
Upon searching the literature for a suitable pyridyl hydrazine derivative (4.16),
structure 4.20 was discovered.5 Compound 4.20 was synthesized according to published
literature procedure5 through nucleophilic attack of 2-bromopyridine (4.18) with
methylhydrazine (4.19) to produce hydrazine 4.20 in 74% yield.
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Scheme 4.5. Synthesis of 1-methyl-1-(2-pyridyl) hydrazine, 4.20.
Other pyridyl hydrazines (4.16) were pursued, such as 4.22 to increase the size of
R2, in an effort to favor the formation of the hydrazone (4.17).The attempted synthesis is
shown in Scheme 4.6. Unfortunately the reaction was unsuccessful, the phenyl hydrazine
(4.21) possibly conducted a nucleophilic attack on itself, and eventually formed 1,2diphenyldiazene, which eventually lost N2 (g). This theory was unconfirmed, but the
reaction mixture did turn bright orange, confirming production of a diazene compound,
and the production of gas was observed as well.

Scheme 4.6. Synthesis of 4.22.
Following a published literature procedure, the synthesis of 4.24 was pursued
(Scheme 4.7) in the hope of pursuing a different pyridyl hydrazine (4.16).6 The synthesis
produced by-products (4.25, 4.26) which could not be separated. The presence of the
product and by-product were confirmed through LC-MS analysis.

Scheme 4.7. Synthesis of 4.24.
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After unsuccessful synthesis of additional pyridyl hydrazines, we decided to
pursue the assay with just 4.20 to determine the assay’s ability to discriminate the
enantiomers with the BINAP system on a CD spectrophotometer.
4.4. CHIRAL KETONE
Chiral ketones were targeted because they presented a challenge due to their
limited functional handles for binding to chiral hosts and limited interactions for binding.
The use of previous work that targeted chiral amines seemed to be promising due to their
similar challenges. In addition, there is a limited number of methods available for
determining the ee of α-chiral ketones due to the difficulty of binding to ketones to
produce diastereomers for enantiomeric differentiation and, ultimately, for ee
determination.
Cyclohexanones were used in this study because they prevent backbone rotation
in the vicinity of the stereocenter, which would bring the smallest substituent at the αposition of the derivatized ketones (Scheme 4.8) towards the BINAP moiety. As shown
in Scheme 4.8, the rotation of the red bond would rearrange the smallest substituent
(hydrogen in the scheme) towards the chiral BINAP, reducing steric interactions and thus
enantioselectivity. This rotation is not possible for cyclohexanones, and hence the ring
directs the substituents towards the BINAP stereocenter to increase the enantioselective
discrimination by chiral BINAP (Scheme 4.4).
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Scheme 4.8. Rotation at the red bond will rearrange the substituents at the stereocenter of
the derivatized α-chiral ketone for stability.
To develop the assay, enantiomerically pure analytes were required. This is not an
intrinsic limitation of our system, rather a requirement for other methods as well, such as
chiral HPLC, which also requires enantiomerically pure compounds to attribute the
enantiomeric peaks on a chromatogram. Commercially available α-chiral ketones with a
cyclohexyl backbone and with substituents that would not interfere with the assay were
limited. We did not want to start with analytes that could potentially bind to the metal
center, to keep the preliminary studies simple and to minimize the number of equilibria in
solution.
4.4.1. Enantiomeric Separation of Ketones
Due to the limited choice of analytes, we pursued the purification of racemic
mixtures of ketones. Literature did not show many methods for the enantiomeric
separation of ketones with the cyclohexyl backbone. The obvious choice was the use of
chiral HPLC to obtain the enantiomerically pure ketones. However, there was no
previous work describing chiral stationary phases (CSPs) to use for the separation of
simple ketones with cyclohexyl backbones. This led to the exploration of different CSPs
to determine the best column to separate the enantiomers. Due to the cost of chiral
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stationary phases, the exploration of chiral columns was limited to the ones available in
this Department.
The chiral stationary phases that were available were cellulose tribenzoate (OB),
cellulose

tris

(3,5-dimethylphenylcarbamate)

(OD-H),

and

amylase

tris

(3,5-

dimethylphenylcarbamate) (AD), where the chiral selectors are coated on silica-gel
(Figure 4.4). The separation of enantiomers comes about through the inclusion of
analytes in the cellulose or amylase to produce diastereomers, which have different
energetic stabilities. One enantiomer produces a more stable complex and is retained in
the CSP for a longer duration of time compared to the other, allowing for separation of
enantiomers.7 In addition, cellulose CSPs have been shown to be able to
enantioselectively discriminate a broad spectrum of compounds, which makes them a
great starting point.7
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Figure 4.4. Chiral selectors in chiral stationary phases used for separation of racemic
mixtures of ketones.
The suggested solvents for these specific CSPs (OB, OD-H, and AD) were hexane
and 2-propanol. A range of ketones was examined (4.27 – 4.30). A diode array detector
was used. A UV-spectrum of each analyte was obtained, to determine the best
wavelength to monitor the elution (Figure 4.6). The UV-data was obtained in hexane,
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since hexane was used as the eluent on the HPLC. The wavelengths chosen to monitor
the elution of analytes were 200 nm for 4.27, and 290 nm for 4.28, 4.29, and 4.30.

Figure 4.5. Structures of ketones being explored for separation with chiral HPLC.
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Figure 4.6. UV-spectra of ketones (4.27 – 4.30) in hexane.
Starting with chiral stationary phase cellulose tribenzoate (OB), each analyte was
analyzed individually. Ketones 4.27 was separated successfully on the OB column as
shown in Figure 4.7 with the use of hexane:2-propanol (50:50, 0 – 12 min; 75:25, 12 –
25 min; flow rate = 1 mL/min) after optimization of solvent gradient.
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Figure 4.7. Chromatogram of 4.27 using a chiral HPLC with a cellulose tribenzoate (OB)
CSP using hexane:2-propanol 50:50, 0 – 12 min; 75:25, 12 – 25 min.
Cellulose tribenzoate (OB) CSP was then used to separate enantiomers of 4.28
due to the success seen with 4.27. Unfortunately, separation was poor with the use of
95:5 hexane:2-propanol as shown in Figure 4.8a, while slight improvement was seen with
the use of a solvent gradient, but even after optimization, the best gradient could not
resolve the two enantiomers of 4.28. The best separation obtained on OB was shown in
Figure 4.8b. The third peak in the chromatogram (Figure 4.8b) was believed to be a
separate isomer, due to the extra stereocenter present in 2-sec-butylcyclohexanone
(circled in Figure 4.9), in addition to the stereocenter at the α-position of the
cyclohexanone ring.
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Figure 4.8. Chromatograms of 4.28 using a chiral HPLC with a cellulose tribenzoate
(OB) CSP, with hexane:2-propanol a) 95:5. b) 95:5, 0 – 1 min; 95:5 to
86:14, 1 – 20 min; 86:14, 20 – 25 min.

Figure 4.9. Extra stereocenter in 2-sec-butylcyclohexanone (4.28).
The separation of enantiomers of 4.29 was then attempted with the cellulose
tribenzoate (OB) CSP. Unfortunately separation was again poor with the use of 95:5
hexane:2-propanol as shown in Figure 4.10a. Slight improvement in separation was seen
with the use of a solvent gradient, but even after optimization, the best gradient could not
resolve the two enantiomers of 4.29, giving the best separation shown in Figure 4.10b-c.
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Figure 4.10. Chromatograms of 4.29 using chiral HPLC with a cellulose tribenzoate
(OB) CSP, with hexane:2-propanol a) 95:5. b) 95:5, 0 – 1 min; 95:5 to
50:50, 1 – 20 min; 50:50, 20 – 25 min. c) 95:5, 0 – 1 min; 95:5 to 86:14, 1 –
20 min; 86:14, 20 – 25 min.
Separation of enantiomers of 4.30 was attempted with the use of chiral HPLC on
a cellulose tribenzoate (OB) CSP. Unfortunately separation was poor with the use of 95:5
hexane:2-propanol as shown in Figure 4.11a. Here too, a slight improvement in
separation was seen with the use of a solvent gradiuent, but even the best gradient could
not resolve the two enantiomers of 4.30 with a resolution that would allow for good
separation on a preparatory HPLC. The best separation of the enantiomers is shown in
Figure 4.11b-c.
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Figure 4.11. Chromatograms of 4.30 using chiral HPLC with a cellulose tribenzoate
(OB) CSP, with hexane:2-propanol a) 95:5. b) 95:5, 0 – 1 min; 95:5 to
50:50, 1 – 20 min; 50:50, 20 – 25 min. c) 95:5, 0 – 1 min; 95:5 to 86:14, 1 –
20 min; 86:14, 20 – 25 min.
Because of the inability to separate the ketones through the use of chiral HPLC
with

a

cellulose

tribenzoate

(OB)

CSP,

the

use

of

cellulose

tris

(3,5-

dimethylphenylcarbamate) (OD-H) was examined. Even though separation of
enantiomers of ketone 4.27 was successful with cellulose tribenzoate (OB) CSP, this
column still could not separate all the analyzed ketones, and due to the cost of
preparatory scale CSP we would rather purchase only one CSP for all the analytes.
Analysis of 4.27 on cellulose tris (3,5-dimethylphenylcarbamate) (OD-H) CSP (Figure
4.12) showed that separation was not as good as that obtained with the cellulose
tribenzoate (OB) CSP, but some separation was obtained nonetheless (Figure 4.7).
However, transition to a preparatory scale chiral HPLC may not produce desirable
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separation due to the 0.5 min separation between the enantiomers. The best conditions are
shown in Figure 4.12, with a 0.5 min. separation between the two enantiomers.
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Figure 4.12. Chromatograms of 4.27 using chiral HPLC with a cellulose tris (3,5dimethylphenylcarbamate) (OD-H) CSP, with hexane:2-propanol a) 95:5.
b) 85:15.
Due to the inability to separate the enantiomers of 4.28 with OB, the use of CSP
OD-H was pursued. Unfortunately, separation of the enantiomers was not achieved, as
shown in Figure 4.13, nor did a gradient help improve the separation (Figure 4.13b).
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Figure 4.13. Chromatograms of 4.28 using chiral HPLC with a cellulose tris (3,5dimethylphenylcarbamate) (OD-H) CSP, with hexane:2-propanol a) 95:5.
b) 95:5, 0 – 1 min; 95:5 to 70:30, 1 – 10 min; 70:70, 10 – 15 min; 95:5, 15 –
20 min.
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CSP OD-H was also pursued to attempt separation of the enantiomers of 4.29, but
unfortunately, separation of the enantiomers was not achieved as shown in Figure 4.14,
nor did a gradient help improve the separation (Figure 4.14b-c) in this case.
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Figure 4.14. Chromatograms of 4.29 using chiral HPLC with a cellulose tris (3,5dimethylphenylcarbamate) (OD-H) CSP, with hexane:2-propanol a) 95:5.
b) 85:15. c) 95:5, 0 – 1 min; 95:5 to 70:30, 1 – 10 min; 70:30, 10 – 15 min;
95:5, 15 – 20 min.
Equally unsatisfactory results were unfortunately obtained for 4.30 with OD-H
CSP (Figure 4.15), nor did a gradient help improve the separation (Figure 4.15b-c). The
separation of enantiomers of ketones (4.27 – 4.30) was better on the OB CSP compared
to the OD-H CSP.
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Figure 4.15. Chromatograms of 4.30 using chiral HPLC with a cellulose tris (3,5dimethylphenylcarbamate) (OD-H) CSP, with hexane:2-propanol a) 95:5.
b) 85:15. c) 95:5, 0 – 1 min; 95:5 to 70:30, 1 – 10 min; 70:30, 10 – 15 min;
95:5, 15 – 20 min.
Since neither OB nor OD-H CSP could separate the enantiomers of all four
targeted ketones, so that enantiomerically pure samples could be obtained for developing
the assay, a third column was examined, amylase tris (3,5-dimethylphenylcarbamate)
(AD). Unfortunately after analyzing all four ketones (4.27 – 4.30), their enantiomers were
not separated sufficiently to be used in a preparatory scale to obtain them
enantiomerically pure (Figure 4.16 – Figure 4.19). Though it is nice to note that, in
separations shown here with the AD CSP, the resolution has increased compared to the
OD-H CSP, it is still worse than that obtained with the OB stationary phase.
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Figure 4.16. Chromatogram of 4.27 using chiral HPLC with an amylase tris (3,5dimethylphenylcarbamate) (AD) CSP, with hexane:2-propanol 95:5.
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Figure 4.17. Chromatograms of 4.28 using chiral HPLC with an amylase tris (3,5dimethylphenylcarbamate) (AD) CSP, with hexane:2-propanol a) 95:5.
b) 85:15.
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Figure 4.18. Chromatograms of 4.29 using chiral HPLC with an amylase tris (3,5dimethylphenylcarbamate) (AD) CSP, with hexane:2-propanol a) 95:5.
b) 85:15.
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Figure 4.19. Chromatograms of 4.30 using chiral HPLC with an amylase tris (3,5dimethylphenylcarbamate) (AD) CSP, with hexane:2-propanol a) 95:5.
b) 85:15.
Due to the inability to separate the ketones using chiral HPLC, the limited number
of columns available, and the lack of literature on the types of columns to use for the
separation of these types of analytes, we decided to explore derivatizing the analyte to
increase the size of the compound, hoping to increase their interactions with the chiral
selector. Since cellulose and amylase columns bind with analytes through an inclusion
interaction,8 we thought that by enlarging the size of the compounds, the separation
would increase. Since the assay developed requires the addition of a pyridyl hydrazine,
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we decided to use the reaction that was already necessary to develop the assay, so as to
not have to remove the group after separation of the enantiomers from the chiral column.
We were able to derivatize ketones 4.27, 4.29, and 4.30 with hydrazine 4.20 in
CH3CN, to produce the hydrazones 4.31, 4.32, and 4.33 (Scheme 4.9). Ketone 4.28 was
not examined here due to the complexity of the mixture with the existence of an extra
stereocenter. Upon derivatizing the racemic mixtures of ketones, it was noticed that
isomers were present, where a mixture of (E)- and (Z)-4.17 was found. Originally we had
hoped that the predominant product would be (E)-4.17, due to the unfavorable steric
interactions between the methyl group on the hydrazine and the substituent on the αposition of the ketone. From analysis of the HR-MS for each hydrazone, it was seen that
the data correlated to the [M+H+] of the hydrazones, while in the

13

C NMR for each of

the three hydrazones, extra peaks were present. The extra peaks did not correlate to
starting material, which led us to believe that both isomers were present in solution.
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Scheme 4.9. Derivatization of ketones 4.27, 4.29, and 4.30 with 4.20 to enlarge analytes
for enantiomeric separation on the chiral HPLC.
For hydrazone 4.31, there should be 16 carbon peaks, but the

13

C NMR showed

32 peaks, which would correlate to our hypothesis that both isomers are present (Figure
4.20). These extra peaks have a significantly smaller intensity, and are very close in
chemical shift to their major counterparts, leading us to conclude that indeed one of the
isomers was preferred, but unfortunately the energy difference was small enough that
both were formed in the reaction. These peaks did not correlate to the starting ketone 4.27
(Figure 4.21).
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Figure 4.20. 13C NMR of 4.31.
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Figure 4.21. 13C NMR of 4.27.
There is additional evidence for the presence of both isomers in solution from the
1

H NMR. In the 1H NMR for 4.31, two sets of peaks with the same multiplicity, and not

correlating to the starting material chemical shifts were seen (Figure 4.22). Two peaks at
8.24 ppm and 8.21 ppm have the same multiplicity (ddd, J=5.0, 1.9, 0.8 Hz, and ddd,
J=5.0, 1.9, 0.9 Hz, respectively). This multiplet represents the proton on the 5 position of
the pyridine ring, and its position is shifted downfield in comparison to the corresponding
peak in the starting material, which correlates with the electron withdrawing nature of the
hydrazone. The integration of the peak at 8.24 ppm is 0.28, while the integration for the
peak at 8.21 ppm is 0.88 (labeled 1, Figure 4.22). The peak at 8.24 ppm represents isomer
A and the peak at 8.21 ppm represents isomer B, with a molar ratio of 0.28:1 = A:B, from
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integration. Another peak supports this hypothesis: a signal at 4.65 ppm, a broad singlet,
is the proton on the α-position of the hydrazone of isomer A, and a second peak at
3.86 ppm (labeled 2, Figure 4.22), is the corresponding signal from isomer B. The molar
ratios are confirmed as 0.28:1 = A:B, from integration. This supports that the extra
signals are from the isomer A. This can also be seen in other peaks with 1H = 0.28
integration value. With the data in hand, we are unable to definitively assign the A and B
signals sets to the (E)- or (Z)-species.
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Figure 4.22. 1H NMR of 4.31.
A similar hypothesis of having both (E)- and (Z)-isomer products would also
explain the

13

C NMR of hydrazone 4.32: there should be 16 carbon signals, but the

13

C NMR shows 29 carbon peaks. Here there isn’t an exact double number of carbons, to
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represent (E)- and (Z)-isomer: 3 peaks are missing. The carbons that are not accompanied
by an adjacent smaller signal are circled in Figure 4.23. These carbons do not show up
with the extra isomer signals because they are quaternary carbons, which already produce
small signals; the corresponding signals from the minor isomer are lost in the
background. For hydrazone 4.31 both isomers’ carbon peaks could be observed due to the
higher concentration of the sample analyzed. The HR-MS data matches the product
[M+H+] for 4.44 correlating to the (E)- and (Z)-isomer mass, so the extra peaks due to
isomeric species, and most likely the two isomers.

Figure 4.23. The circled carbons are the extra carbon peaks in the
isomer of 4.32.
For hydrazone 4.33, there should be 13 carbons, but the

13

13

C NMR for (Z)-

C NMR showed 23

peaks. Again, three carbons are missing their counterparts, which are circled in Figure
4.24. As discussed with hydrazone 4.32, these signals correspond to quaternary carbons,
and their counterparts from the less abundant isomer were lost in the background.

Figure 4.24. The circled carbons are the extra carbon peaks in the
isomer of 4.33.
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13

C NMR for (Z)-

In the 1H NMR for hydrazone 4.33, the extra peaks that did not correlate to the
starting material, while having the same multiplicity, had an integration of 0.3 for 1H, as
shown in Figure 4.25. This also supports the hypothesis of two isomers in solution.
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Figure 4.25. 1H NMR of 4.33.
Even though we produced mixtures of isomers, we believe we can separate the
enantiomers with the chiral HPLC. We may obtain two mixtures that are
enantiomerically pure hydrazone, with both (E)- and (Z)-isomer, or separation of all
isomers and enantiomers. We started with the OB and AD CSP, since they were
available, and they showed acceptable separation for the ketones (4.27 – 4.30), prior to
derivatization with hydrazines (4.20). CSP OD-H was not explored due to its inability to
separate ketones prior to derivatization, so improvement was less likely even with
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enlargement of the analytes. We first attempted OB CSP: as shown in Figure 4.26, the
separation was unsuccessful, and there was no improvement in separation compared to
prior derivatized ketones. The use of AD CSP was next examined, as shown in Figure
4.27. Improvement in separation of the enantiomers compared to prior derivatization was
not observed either. Extra peaks were seen in some of the chromatograms (Figure 4.27),
which again points at to the existence of (E)- and (Z)-isomer in solution. The extra peaks
are believed to be (E)- and (Z)-4.31 shown in Figure 4.27a, rather than its enantiomers
because the areas of the peaks are not equal, and because we used racemic mixtures of
ketones in the derivatization a racemic mixtures of hydrazone should be produced. In
addition, the peak at 9 min in Figure 4.27a actually consists of two unresolved peaks,
which are most likely enantiomers of one isomer due to the similar size and inability to
be resolved fully. In conclusion, the attempt of improving the separation by increasing
the size of the analytes did not produce the desired results.
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Figure 4.26. Chromatograms using chiral HPLC with a cellulose tribenzoate (OB) CSP,
with hexane:2-propanol 95:5 for: a) 4.31. b) 4.32. c) 4.33.
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Figure 4.27. Chromatograms using chiral HPLC with an amylase tris (3,5dimethylphenylcarbamate) (AD) CSP, with hexane:2-propanol 95:5 for:
a) 4.31. b) 4.32. c) 4.33.
Due to the inability to separate the enantiomers of the ketones through the use of
chiral HPLC, we pursued the use of a chiral compound to derivatize a racemic mixture of
ketones to produce diastereomers, which could be separated by ordinary chromatographic
means. The chiral sulfoximine, 4.37 was examined to separate chiral ketones. The
synthesis of 4.37 was carried out, starting with enantiomerically pure 4.34, following
literature procedures as shown in Scheme 4.10.9

Scheme 4.10. Synthesis of chiral sulfoximine, 4.37.
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After obtaining both (R)- and (S)-4.37, it was used to derivatize a racemic mixture
of 2-phenylcyclohexanone (4.27), to produce a diastereomeric mixture that could be
separated through chromatographic means. The derivatization was carried out according
to published literature procedures.10 In theory four diastereomers could be produced (4.38
A-D, represented in fastest to elute (A) to slowest (D)), which can be separated by
ordinary chromatography. The chiral directing group, 4.37 would then be removed
through heating, to obtain the ketone enantiomerically pure. This method could be used
to separate other racemic mixtures of ketones, allowing a range of analytes to be targeted
with the CD assay.

Scheme 4.11. Separating enantiomers of 4.27 through derivatization with chiral auxiliary
4.37.

Scheme 4.12. Removal of chiral directing group, 4.37, to obtain ketone, 4.27
enantiomerically pure.
The derivatization step, Scheme 4.11, produced three diastereomers which were
separated on silica gel. The removal of the chiral sulfoximine (4.37) was attempted for
two diastereomeric ketones, since the yield for the third species was too low to continue
forth with (Scheme 4.12). Unfortunately, the removal of the chiral directing group was
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unsuccessful for one of the two remaining diastereomers obtained, so that we were only
able to obtain one enantiomer of the ketone, 4.27. The removal of the chiral sulfoximine
4.37 was confirmed by 1H,

13

C, HR-MS of 4.27. The inability to remove the chiral

sulfoximine after heating the second diastereomer of 4.38 was confirmed by the presence
of the hydroxyl group at 6.30 ppm in the 1H NMR spectrum. This meant that we only had
one enantiomer of 4.27 enantiomerically pure.
Luckily, we were exploring other options of obtaining enantiomerically pure
ketones, which did produce fruitful results. We were able to obtain enantiomerically pure
starting material 4.39, which could be oxidized with pyridinium chlorochromate (PCC) to
produce 2-phenylcyclohexanone (4.27) enantiomerically pure (Scheme 4.13). Oxidation
produced enantiomerically pure ketones confirmed by polarimetry analysis. We chose to
use polarimetry because, as we have seen above, there was no other technique known to
confirm the enantiomeric purity of these products. Using a polarimeter, we found that
(R)-4.27 had a molar optical rotation of 108.2°, and (S)-4.27 had a molar optical rotation
of -110.8°, which were closely equal and opposite and is comparable with literature
lit
lit
lit
lit
values of [α ] 24
= +114.7º, [α ] 24
= +108.7º for (R)-4.27 and [α ] 24
= -114.7º, [α ] 24
=D
D
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D

109.8º for (S)-4.27.10
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Scheme 4.13. Oxidation of enantiomerically pure starting material (4.39) to produce
enantiomerically pure 2-phenylcyclohexanone (4.27).
To expand the scope of the assay, we also obtained enantiomerically pure starting
material, 4.40, which could be oxidized to produce enantiomerically pure ketone 4.41
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(Scheme 4.14). Similar to 2-phenylcyclohexanone (4.27) we were able to confirm the
optical purity of 2-(2-phenylpropan-2-yl)cyclohexanone (4.41) through polarimetry
analysis. It was found that (R)-4.41 and (S)-4.41 have a molar optical rotation of 83.7°
and -83.4°, which are equal and opposite. There is no literature values reported currently.

Scheme 4.14. Oxidation of enantiomerically pure starting material (4.40) to produce
enantiomerically pure 2-(2-phenylpropan-2-yl)cyclohexanone (4.41).
4.5. DERIVATIZATION OF KETONES
After obtaining two enantiomerically pure ketones (4.27, 4.41) they were
derivatized with 4.20 to produce a bidentate hydrazone, that could coordinate to Cu(I)
metal center for enantioselective discrimination. The derivatization of 4.41 was
unsuccessful (Scheme 4.15) with stirring, at room temperature. Neither refluxing nor the
use of a Dean stark trap while refluxing in toluene to drive the reaction forward by the
removal of H2O were successful. This is most likely due to the steric bulky group at the
α-position of the ketone 4.41, which hinders the nucleophilic attack by hydrazine 4.20.

Scheme

4.15.

Derivatization of enantiomerically pure 2-(2-phenylpropan2-yl)cyclohexanone (4.41) with a pyridyl hydrazine, 4.20.
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The derivatization of enantiomerically pure 2-phenylcyclohexanone (4.27) with
hydrazine 4.20 was carried out to produce hydrazone 4.31 (Scheme 4.16). Upon stirring
4.20 and 4.27, we observed the disappearance of the starting material by LC-MS and by
1

H NMR, and the appearance of the mass correlating to the desired product mass and a

corresponding change in the 1H NMR. Upon examining the

13

C NMR spectrum, it was

noticed that every expected carbon signal was accompanied by a smaller peak at close
chemical shift. This correlates to the observed isomers ((E)- and (Z)-4.31) and previous
studies. This was observed when either (R)- and (S)-4.27 were derivatized. Because the
only hydrazine with a pyridyl group present was 4.20, we could not increase the steric
bulk to drive the formation of the (E)-isomer. Fortunately, each time the reaction was
(Scheme 4.16) rerun, the amount of each isomer produced was identical, as observed by
1

H NMR: isomer A always had an integration of 0.28 for 1H with respect to isomer B

both when a racemic mixture of 4.27 or enantiomerically pure 4.27 are used in the
reaction (Scheme 4.16).

Scheme 4.16. Derivatization of enantiomerically pure 2-phenylcyclohexanone (4.27)
with a pyridyl hydrazine, 4.20.
Because ketone 4.41 could not be derivatized with the necessary hydrazine, 4.20,
we were fortunate to have menthone (4.43) enantiomerically pure and commercially
available. With this ketone the reaction went to completion upon reflux, while only
stirring was required for the derivatization of 2-phenylcyclohexanone (4.27). Upon
examining the 13C NMR, we observed the two isomer, (E)- and (Z)-4.44 as well, with an
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excess of signals with respect to the expected number, and no correlation to the starting
material chemical shifts. The extra peaks had chemical shift similar to the main product,
but smaller in intensity, while showing only one mass in the HR-MS, which lead us to
conclude that the isomer issue existed here as well.

Scheme 4.17. Derivatization of enantiomerically pure methone (4.43) with a pyridyl
hydrazine, 4.20.
Even though the isomers existed in solution, we decided that because the amount
of isomers produced each time the reaction was conducted was the same, binding of the
isomers to the Cu(I) metal center should be attempted. With this in mind we moved forth
to determine the ability of [CuI(4.1a)(CH3CN)2]PF6 to enantioselectively discriminate the
derivatized ketones.
4.6. ANALYSIS OF DERIVATIZED KETONES
With the derivatized ketones 4.31 and 4.44 in hand, we decided to conduct
titrations with enantiomerically pure [CuI(4.1a)(CH3CN)2]PF6 to determine the ability of
the assay to discriminate the enantiomers of hydrazone 4.31 and 4.44 by monitoring the
MLCT in the visible region of the CD spectra. First, we demonstrated that there was no
CD signal in the visible region due to either enantiomers of 4.44 (Figure 4.28a), nor
enantiomers of 4.44 mixed with the Cu(I) source, [CuI(CH3CN)4]PF6 (Figure 4.28b). The
CD signal from [CuI((S)-4.1a)(CH3CN)2]PF6 shows a MLCT band in this region, which
is the signal we would be monitoring to determine the hosts ability to discriminate the
enantiomers (Figure 4.28c). As discussed earlier, the visible region has the advantage of
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being silent for most organic functional groups and solvents used in asymmetric
reactions. Hence, the signal would be free from their influence and their removal prior to
analysis would not be necessary, as long as they did not interfere with the assay itself.
The signal from [CuI((S)-4.1a)(CH3CN)2]PF6 is significantly larger than that of the
analytes themselves, which is an added advantage of using the BINAP host. As shown in
Figure 4.28d-e, upon addition of enantiomerically pure hydrazone 4.44 to [CuI((S)4.1a)(CH3CN)2]PF6, we observed a different change in the CD signals for each
enantiomer, thereby allowing for enantioselective discrimination.
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Figure 4.28. Enantioselective discrimination of 4.44. CD spectra of: a) (R,S)-4.44
(398 µM) and (S,R)-4.44 (403 µM) in CH3CN. b) (R,S)-4.44 (398 µM) and
(S,R)-4.44 (403 µM), (R,S)-4.44 (398 µM) mixed with [CuI(CH3CN)4]PF6
(401 µM), and (S,R)-4.44 (403 µM) mixed with [CuI(CH3CN)4]PF6 (401 µM)
in CH3CN. c) (R,S)-4.44 (398 µM) and (S,R)-4.44 (403 µM), (R,S)-4.44
(398 µM) mixed with [CuI(CH3CN)4]PF6 (401 µM), (S,R)-4.44 (403 µM)
mixed
with
[CuI(CH3CN)4]PF6
(401 µM),
and
[CuI((S)BINAP)(CH3CN)2]PF6
(401 µM)
in
CH3CN.
d) [CuI((S)BINAP)(CH3CN)2]PF6 (401 µM) mixed with (R,S)-4.44 (398 µM) and
[CuI((S)-BINAP)(CH3CN)2]PF6 (401 µM) mixed with (S,R)-4.44 (403 µM)
in CH3CN. d) Zoomed in area of CD spectra for Figure 4.28d to demonstrate
enantioselectivity of hydrazones.
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With proof that [CuI((S)-4.1a)(CH3CN)2]PF6 could enantioselective discriminate
derivatized α-chiral ketones, we went forth and conducted CD titrations with
enantiomerically pure 4.44. We monitored the molar ellipticity at 350 nm (Figure 4.29c),
which is the λmax of the MLCT of [CuI((S)-4.1a)(CH3CN)2]PF6 (Figure 4.28c). The
enantiomer that induced the largest signal change was (R,S)-4.44 (Figure 4.29c). This
correlates with the hypothesis that the enantiomer with a (R)-α-stereocenter would lead to
more steric interactions with the BINAP moiety, forcing the twisting of the naphthyl
rings in order to relieve the steric hinderance (discussed in section 4.2).
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Figure 4.29. CD titrations and isotherms of 4.44. a) CD spectra upon addition of (R,S)4.44 (5.31 mM) into a solution of [CuI((S)-4.1a)(CH3CN)2]PF6 (398 µM) in
CH3CN. b) CD spectra upon addition of (S,R)-4.44 (5.31 mM) into [CuI((S)4.1a)(CH3CN)2]PF6 (398 µM) solution. c) CD isotherms at 350 nm upon the
addition of (R,S)- or (S,R)-4.44 (5.31 mM and 5.35 mM, respectively) into a
solution of [CuI((S)-4.1a)(CH3CN)2]PF6 (398 µM) in CH3CN. d) CD
isotherms at 370 nm upon the addition of (R,S)- or (S,R)-4.44 (5.31 mM and
5.35 mM, respectively) into a solution of [CuI((S)-4.1a)(CH3CN)2]PF6
(398 µM) in CH3CN.
We monitored the enantioselective discrimination of the two enantiomers of 4.44
at 370 nm, in order to get maximum dynamic range (Figure 4.29d). The molar ellipticity
signal at 350 nm increases with the addition of analyte, while the opposite is observed at
370 nm due to the presence of an isosbestic point at 359 nm. Therefore, the trend in
signal change observed in Figure 4.29c and Figure 4.29d is opposite.
The binding interaction of [CuI((S)-4.1a)(CH3CN)2]PF6 was weaker with 4.44
compared to derivatized chiral amines (Figure 4.2b), as evidenced by the fact that a larger
excess of 4.44 was required to reach saturation compared to chiral amine, but the degree
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of enantioselective discrimination is comparable, which gives great promise for the
potential of this assay to be used in determining the ee of α-chiral ketones after
derivatization.
After being able to enantioselectively discriminate 4.44 with [CuI((S)4.1a)(CH3CN)2]PF6, we extended the scope of this study to determine if the enantiomers
of 4.31 could be discriminated as well. Indeed, this was the case: as shown in Figure
4.30, [CuI((S)-4.1a)(CH3CN)2]PF6 was able to discriminate the enantiomers of hydrazone
4.31. In conclusion, the CD isotherm demonstrates that the two enantiomers of 4.31 can
be discriminated with our system by monitoring the molar ellipticity at 350 nm. Also, a
larger change in CD signal was observed with (R)-4.31, which is in line with the
hypothesis on the origin of the enantioselectivity put forth in section 4.2. the signal at
another wavelength, 320 nm, afforded an even larger discrimination between (R)- and
(S)-4.31, shown in Figure 4.30d.
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Figure 4.30. CD titrations and isotherms of 4.31. a) CD spectra upon addition of (R)-4.31
(18.1 mM) into a solution of [CuI((S)-4.1a)(CH3CN)2]PF6 (400 µM) in
CH3CN. b) CD spectra upon addition of (S)-4.31 (22.2 mM) into [CuI((S)4.1a)(CH3CN)2]PF6 (400 µM) solution. c) CD isotherms at 350 nm upon the
addition of (R)- or (S)-4.31 (18.1 mM and 22.2 mM, respectively) into a
solution of [CuI((S)-4.1a)(CH3CN)2]PF6 (400 µM) in CH3CN. d) CD
isotherms at 320 nm upon the addition of (R)- or (S)-4.31 (18.1 mM and
22.2 mM, respectively) into a solution of [CuI((S)-4.1a)(CH3CN)2]PF6
(400 µM) in CH3CN.
Unfortunately, in this titration we were not able to reach saturation, due to the
weak binding interactions between [CuI((S)-4.1a)(CH3CN)2]PF6 and 4.31. Though the
interaction was weak, we did observe the same degree of enantioselectivity achieved with
4.44, and with the chiral amine system analyzed in previous studies. This was also an
extremely promising result, that could allow the assay to be eventually used for
determining ee of real-world samples.

216

4.7. SUMMARY
In conclusion, we have been able to obtain enantiomerically pure α-chiral ketones
through oxidation of enantiomerically pure starting material. In addition, we have
successfully derivatizated these ketones to produce bidentate hydrazones for the
coordination to enantiomerically pure [CuI(4.1a)(CH3CN)2]PF6 complexes. By
monitoring the visible region of the CD spectra, we were able to enantioselective
discriminate the derivatized ketones, and a comparable enantioselectivity was observed
compared to the chiral amine reference system. This is promising for the system’s ability
to determine ee of unknown samples, as conducted with the chiral amine assay. The
analysis time on a CD spectrophotometer is significantly shortened compared to
chromatographic techniques, which would significantly reduce the time required to
screen asymmetric catalysts/auxiliaries.
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4.8. EXPERIMENTAL
4.8.1. GENERAL EXPERIMENTAL DETAILS
All commercially obtained reagents were used as received. A Varian Mercury
400 MHz, a Varian Inova 400 MHz, and a Varian Unity 300 MHz NMR spectrometer
were used to obtain 1H and

13

C NMR spectra, which were referenced using the solvent

residual peak. A Shimadzu HPLC system equipped with 2 LC-6AD pumps, and a
SPD-M20A PDA for UV-vis photodiode array detection were used. All LC-MS data
were collected on a Surveyor HPLC (autosampler, quaternary pump, and diode array
detector) and a Thermo LTQ-XL linear ion trap mass spectrometer with electrospray
source. The method of elution used was CH3CN:H2O with 0.1% formic acid, with a flow
rate of 0.5 mL/min. The initial eluent ratio was 5:95 (CH3CN:H2O) and the gradient
increased to 95:5 (CH3CN:H2O) over 4 minutes, followed by 2 minutes at 95:5 ratio
(CH3CN:H2O). All polarimetry data were collected on an AP-300 Automatic Polarimeter
with a 1 dm cell, at the sodium line, at 25°C; where three measurements were obtained
and averaged to obtain the molar optical rotation reported. Circular dichroism spectra
were obtained on CD-Jasco-815 CD spectrophotometer with a temperature controller at
25°C in a Starna 1 mm quartz cuvette. Synthesis of 4.20,5 4.24,6 4.27,9 and 4.38,10 were
conducted according to modified published procedures.
4.8.2. Synthesis

1-methyl-1-(2-pyridyl) hydrazine (4.20): To a 50 mL 3-neck round bottom
flask, methyl hydrazine (4.19, 25 mL, 475 mmol), and 2-bromopyridine (4.18, 3 mL,
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31.5 mmol) were added and refluxed for 3 h under Ar. After cooling, the excess methyl
hydrazine (4.19) was removed in vacuo. Then the residue was dissolved with EtOAc
(250 mL) and extracted with 10% Na2CO3 aqueous (60 mL). The organic layer was then
extracted with saturated aqueous NaCl (50 mL x 2). The organic layer was dried over
Na2SO4 and the solvent was removed in vacuo to afford 4.20 (2.8708 g, 74.0%) as a
yellow oil. 1H NMR (CD3Cl, 400 MHz): δ 8.16 (ddd, J=5.0, 1.9, 0.9 Hz, 1H), 7.50-7.45
(m, 1H), 6.94 (m, 1H), 6.60 (ddd, J=7.1, 5.0, 0.9 Hz, 1H), 4.06 (bs, 2H), 3.27 (s, 3H).
13

C NMR (CD3Cl, 400 MHz): δ 161.3, 147.4, 137.1, 112.9, 107.3, 41.1. HR-MS (CI+):

124.0875 (calc. for [M+H+] C6H10N3+: 124.0875).

2-(1-phenylhydrazinyl)pyridine (4.22): To a 100 mL 3-neck round bottom flask,
phenyl hydrazine (4.21, 15 mL, 152 mmol), and 2-bromopyridine (4.18, 14.5 mL,
152 mmol) were added and refluxed under Ar. This produced a bright orange mixture and
a gas.

2-(1-cyclohexylhydrazinyl)pyridine (4.24): In a 100 mL round bottom flask,
cyclohexylhydrazine (4.23, 4.53 g, 39.7 mmol) was cooled with ice, and 2-bromopyridine
(4.18, 8 mL, 84 mmol) was added slowly then heated to 140°C for 25 h under Ar. The
excess of 4.23 was evaporated under high vacuum. Flash chromatography of the residue
on silica gel (ammonia-saturated methanol:dichloromethane, 0.5:10) afforded a mixture
of product and by-products (4.24, 4.25, 4.26) confirmed by LC-MS (ESI+): 191.27 (calc.
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for [M+H+] C11H18N3+: 192.1495), 269.18 (calc. for [M+H+] C16H21N4+: 269.1761),
264.18 (cal. for [M+H+] for C15H14N3+ 264.1214).

2-(1-methyl-2-(2-phenylcyclohexylidene)hydrazinyl)pyridine
50 mL

3-neck

round

bottom

flask

4.20

(0.5079 g,

(4.31):

4.124 mmol),

In
and

a
2-

phenylcyclohexanone (4.27, 0.7191 g, 4.127 mmol), and dry CH3CN (20 mL) were added
and stirred under Ar for 5 h. The reaction turned cloudy. The reaction mixture was
filtered through Celite and the solvent was removed in vacuo to afford a mixture of (E)and (Z)-isomers of 4.31 (0.7482, 64.9%) as a bright yellow oil. 1H NMR (CD3Cl,
400 MHz): δ 8.24 (ddd, J=5.0, 1.1, 0.8 Hz, 1H, Integration: 0.28), 8.21 (ddd, J=5.0, 1.9,
0.9 Hz, 1H, Integration: 0.88), 7.53 – 7.48 (m, 1H, Integration: 0.40), 7.48 – 7.42 (m, 1H,
Integration: 1.05), 7.40 – 7.19 (m, 10H, Integration 7.81), 6.81 – 6.78 (m, 1H,
Integration: 0.27), 6.74 – 6.65 (m, 3H, Integration: 2.16), 4.65 (bs, 1H, Integration: 0.28),
3.86 (dd, J=6.7, 5.0 Hz, 1H, Integration: 1.00), 3.23 (s, 3H, Integration: 2.71), 3.19 (s,
3H, Integration: 0.79), 2.68 – 1.52 (m, 16H, Integration: 10.86).

13

C NMR (CD3Cl,

400 MHz): δ 179.1, 176.6, 160.8, 160.6, 147.5, 147.2, 140.7, 139.3, 137.0, 136.9, 128.6,
128.3, 127.9, 127.4, 126.3, 126.3, 114.4, 114.1, 109.0, 108.9, 49.2, 41.6, 39.1, 39.0, 33.2,
32.6, 31.0, 28.6, 28.2, 26.9, 23.2, 21.0. HR-MS (ESI+): 280.1814 (calc. for [M+H+]
C18H21N3+: 280.1808).
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2-(2-(2-tert-butylcyclohexylidene)-1-methylhydrazinyl)pyridine (4.32): In a
50 mL

3-neck

round

bottom

flask

4.20

(0.6769 g,

5.496 mmol),

2-tert-

butylcyclohexanone (4.29, 930 µL, 5.40 mmol), and dry CH3CN (15 mL) were added and
stirred under Ar for 24 h. The reaction mixture was filtered through Celite and the solvent
was removed in vacuo to afford a mixture of (E)- and (Z)-isomers of 4.32 (0.8303 g,
59.3%) as a yellow oil. 13C NMR (CD3Cl, 400 MHz): δ 179.5, 160.7, 150.0, 147.3, 136.9,
136.5, 129.7, 128.8, 127.1, 126.2, 113.8, 109.0, 54.1, 39.0, 34.3, 33.6, 32.1, 31.9, 29.9,
29.7, 29.4, 29.1, 29.0, 28.6, 27.2, 24.6, 22.7, 20.9, 14.1. HR-MS (ESI+): 260.2120 (calc.
for [M+H+] C16H26N3+: 260.2121).

2-(1-methyl-2-(2-methylcyclohexylidene)hydrazinyl)pyridine
100 mL

3-neck

round

bottom

flask,

4.20

(0.5421 g,

(4.33):

In

4.402 mmol),

a
2-

methylcyclohexanone (4.30, 530 µL, 4.37 mmol), and dry CH3CN (15 mL) were added
and stirred under Ar for 24 h. The reaction mixture was filtered through Celite and the
solvent was removed in vacuo to afford a mixture of (E)- and (Z)-isomers of 4.32
(0.8128 g, 85.7%) as a yellow oil. 1H NMR (CD3Cl, 400 MHz): δ 8.25 (ddd, J=5.0, 1.9,
0.9 Hz, 1 H, Integration: 0.3), 8.22 (ddd, J=4.9, 1.9, 0.9 Hz, 1 H, Integration: 1.13), 7.53
– 7.49 (m, 1H, Integration: 0.31), 7.49 – 7.42 (m, 1H, Integration: 1.37), 6.77 – 6.64 (m,
4H, Integration: 2.88), 3.21 (s, 3H, Integration: 0.80), 3.19 (s, 3H, Integration: 2.63), 2.86
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– 2.78 (m, 1H, Integration: 1.00), 2.63 = 2.44 (m, 3H, Integration: 1.63), 2.20 – 1.36 (m,
14H, Integration: 14.90), 1.28 – 1.23 (m, 6H, Integration: 4.41).

13

C NMR (CD3Cl,

400 MHz): δ 179.3, 160.7, 147.4, 137.2, 136.9, 114.9, 113.9, 109.2, 108.8, 41.8, 39.4,
38.8, 36.2, 35.8, 29.7, 28.7, 27.3, 27.1, 27.0, 26.7, 24.1, 22.8, 17.5. HR-MS (ESI+):
218.1651 (calc. for [M+H+] C13H20N3+: 218.1652).

(S)-(+)-N,S-dimethyl-S-phenylsulfoximine ((S)-4.37): In a 50 mL 3-neck round
bottom flask, (S)-(+)-S-methyl-S-phenylsulfoximine ((S)-4.34, 0.3646 g, 2.349 mmol),
paraformaldehyde (4.36, 0.1435 g, 4.779 mmol), and formic acid (4.35, 10 mL) were
added and heated at 100°C for 36 h under Ar. The reaction mixture was evaporated and
dissolved with 2 M H2SO4 (15 mL). The mixture was then extracted with CH2Cl2 (10 mL
x 2). The combined organic layers were washed with 2 M NaOH (30 mL), which was
confirmed to be basic with a pH strip. The mixture was then extracted with CH2Cl2
(20 mL x 3). The combined organic layers were dried over MgSO4 and the solvent was
removed in vacuo to afford (S)-4.37 (0.285 g, 71.7%) as a clear oil. 1H NMR (CD3Cl,
300 MHz): δ 7.94-7.88 (m, 2H), 7.68-7.55 (m, 3H), 3.09 (s, 3H), 2.66 (s, 3H). 13C NMR
(CD3Cl, 300 MHz): δ 138.5, 132.7, 129.3, 128.5, 44.8, 29.4. HR-MS (ESI+): 170.0636
(calc. [M+H+] 170.0634 C8H12NOS+).

(R)-(-)-N,S-dimethyl-S-phenylsulfoximine ((R)-4.37): In a 50 mL 3-neck round
bottom flask, (R)-(-)-S-methyl-S-phenylsulfoximine ((R)-4.34, 1.0538 g, 6.789 mmol),
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paraformaldehyde (4.36, 0.4078 g, 13.58 mmol), and formic acid (4.35, 21 mL) were
added and heated at 100°C for 36 h under Ag. The reaction mixture was evaporated and
dissolved with 2 M H2SO4 (40 mL). The mixture was then extracted with CH2Cl2 (20 mL
x 2). The combined organic layer were washed with 2 M NaOH (60 mL), which was
confirmed to be basic with a pH strip. The mixture was then extracted with CH2Cl2
(40 mL x 4). The combined organic layer was dried over MgSO4 and the solvent was
removed in vacuo to afford (R)-4.37 (1.1098 g, 96.6%) as a clear oil. 1H NMR (CD3Cl,
300 MHz): δ 7.94-7.88 (m, 2H), 7.67-7.53 (m, 3H), 3.09 (s, 3H), 2.66 (s, 3H). 13C NMR
(CD3Cl, 300 MHz): δ 138.7, 132.9, 129.5, 128.7, 45.0, 29.6. HR-MS (ESI+): 170.0634
(calc. [M+H+] 170.0634 C8H12NOS+).

1-(((S)-N-methylphenylsulfonimidoyl)methyl)-2-phenylcyclohexanol
To

flame

dried

100 mL 3-neck

round

bottom

flask

(4.38):

(S)-(+)-N,S-dimethyl-S-

phenylsulfoximine ((S)-4.37, 900 mg, 5.310 mmol) dissolved in dry THF (19 mL), and
n-BuLi in hexane (2.1 mL, 5.35 mmol, 2.5 M) was added at 0°C under Ar. The reaction
was stirred at room temperature for 15 min, during which the solution turned yellow.
2-Phenylcyclohexanone (4.27, 0.9252 g, 5.31 mmol) dissolved in dry THF (8 mL) was
added to the reaction flask over 5 min at -78°C. The reaction was stirred at -78°C for
45 min. The cold mixture was poured into diethyl ether (30 mL) and saturated aqueous
NH4Cl (15 mL). The aqueous layer was extracted with diethyl ether (30 mL x 2). The
combined organic layers were dried over MgSO4 and the solvent was removed in vacuo
to afford a yellow oil mixture. Flash chromatography of the residue on silica gel (ethyl
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acetate:dichloromethane:hexane, 0.3:2.4:7.3) afforded three separated diastereomers
(4.38) as white solids. First diastereomer (160.6 mg, 467.6 µmol) eluted: 1H NMR
(CD3Cl, 400 MHz): δ 7.71 – 7.65 (m, 2H), 7.58 – 7.51 (m, 1H), 7.51 – 7.43 (m, 2H), 7.41
– 7.10 (m, 5H), 6.30 (bs, 1H), 3.00 (d, J=13.8 Hz, 1H), 2.88 – 2.81 (m, 1H), 2.78 (d,
J=13.8 Hz, 1H), 2.52 (s, 3H), 2.33 (dd, J=12.7, 3.3 Hz, 1 H), 2.16 (dd, J=12.9, 3.7 Hz,
1H), 2.06 – 1.87 (m, 2H), 1.87 – 1.77 (m, 1H), 1.77 – 1.63 (m, 2H), 1.45 – 1.31 (m, 1H).
13

C NMR (CD3Cl, 400 MHz): δ 142.3, 138.8, 132.9, 129.5, 129.3, 128.8, 128.0, 126.5,

73.7, 64.2, 54.7, 37.5, 29.5, 28.8, 26.4, 21.3. Second diastereomer (402.5 mg,
2.310 mmol) eluted: 1H NMR (CD3Cl, 400 MHz): δ 7.76 – 7.71 (m, 2H), 7.62 – 7.56 (m,
1H), 7.55 – 7.48 (m, 2H), 7.29 – 7.11 (m, 5H), 6.75 (s, 1H), 3.34 (d, J=13.8 Hz, 1H), 3.09
– 2.99 (m, 1H), 2.93 (dd, J=13.8, 1.5 Hz, 1H), 2.84 (dd, J=12.7, 3.7 Hz, 1H), 2.5 (s, 3H),
1.92 – 1.35 (m, 7 H). Only a small amount of the third diastereomer was obtained.
HR-MS (ESI+): 344.1681 (calc. for [M+H+] 344.1679 C20H26NO2S+).

(R)- or (S)-2-phenylcyclohexanone (4.27): Diasteromer (eluted first) 4.38
(402.5 mg, 2.310 mmol) was placed in a Kugelrohr oven preheated to 160°C under a
vacuum of 1 torr and distilled for 5 min. A clear oil was obtained. The oil was dissolved
in n-pentane (20 mL) and extracted with saturated Cu(NO3)2 aqueous solution (20 mL x
2) and H2O (10 mL x 3). The organic layer was dried over MgSO4 and the solvent was
removed in vacuo to afford 4.27 (19 mg, 4.9%) as a white solid. The absolute
configuration of the obtained species was not determined since at this point the direct
synthesis of the chiral ketones by oxidation of the corresponding alcohols (see below)
proved to be more promising. 1H NMR (CD3Cl, 300 MHz): δ 7.40-7.19 (m, 3H), 7.19 –
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7.10 (m, 2H) 3.61 (dd, J=11.9, 5.4 Hz, 1H), 2.60-2.39 (m, 2H), 2.34-2.22 (m, 1H), 2.20 –
1.94 (m, 3H), 1.93 – 1.73 (m, 2H). 13C NMR (CD3Cl, 300 MHz): δ 210.3, 138.7, 128.5,
128.3, 126.9, 57.4, 42.2, 35.1, 27.8, 25.3. HR-MS (CI+): 175.1123 (calc. for [M+H+]
C12H15O+ 175.1123). m.p.: 37 – 39°C (lit10 m.p. 38 – 39°C).

(R)-2-phenylcyclohexanone ((R)-4.27): In a 250 mL round bottom flask loaded
with 4 Å MS, (S,R)-4.39 (1.5149 g, 8.595 mmol), pyridinium chlorochromate (PCC,
3.6504 g, 16.93 mmol), and dry CH2Cl2 (250 mL) were added and stirred under Ar for 15
h. The reaction mixture was filtered through 1:1 Celite:silica and washed with diethyl
ether (600 mL). The solvent was evaporated away, producing a brown solution with
brown particles. Flash chromatography of the residue on silica gel (hexane:ethyl acetate,
8:2) afforded (R)-4.27 (1.3312 g, 88.9%) as a white solid. 1H NMR (CD3Cl, 400 MHz): δ
7.38 – 7.30 (m, 2H), 7.29 – 7.23 (m, 1H), 7.18 – 7.11 (m, 2H), 3.61 (dd, J=12.2, 5.4 Hz,
1H), 2.57 – 2.41 (m, 2H), 2.32 – 2.23 (m, 1H), 2.21 – 2.10 (m, 1H), 2.10 – 1.95 (m, 2H),
1.90 – 1.76 (m, 2H).

13

C NMR (CD3Cl, 400 MHz): δ 210.3, 138.7, 128.5, 128.3, 126.9,

57.4, 42.2, 35.1, 27.8, 25.3. HR-MS (CI+): 175.1127 (calc. for [M+H+] C12H15O+
24 lit
175.1123). m.p.: 38 – 40°C (lit10 m.p. 38 – 39°C). [α ] 24
= +114.7º,
D = +108.2º ( [α ] D

[α ] 24
D

lit

= +108.7º).

(S)-2-phenylcyclohexanone ((S)-4.27): In a 250 mL round bottom flask loaded
with 4 Å MS, (R,S)-4.39 (2.1708 g, 12.32 mmol), pyridinium chlorochromate (PCC,
5.2304 g, 24.26 mmol), and dry CH2Cl2 (160 mL) were added and stirred under Ar for 15
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h. The reaction mixture was filtered through 1:1 Celite:silica and washed with diethyl
ether (600 mL). The solvent was evaporated away, producing a brown solution with
brown particles. Flash chromatography of the residue on silica gel (hexane:ethyl acetate,
8:2) afforded (S)-4.27 (1.8083 g, 84.3%) as a white solid. 1H NMR (CD3Cl, 400 MHz): δ
7.37 – 7.30 (m, 2H), 7.29 – 7.23 (m, 1H), 7.17 – 7.12 (m, 2H), 3.61 (dd, J=12.2, 5.4 Hz,
1H), 2.57 – 2.41 (m, 2H), 2.32 – 2.23 (m, 1H), 2.20 – 2.10 (m, 1H), 2.10 – 1.94 (m, 2H),
1.90 – 1.75 (m, 2H).

13

C NMR (CD3Cl, 400 MHz): δ 210.3, 138.7, 128.5, 128.3, 126.9,

57.4, 42.2, 35.1, 27.8, 25.3. HR-MS (CI+): 175.1125 (calc. for [M+H+] C12H15O+:
24 lit
175.1123). m.p.: 39 – 40°C (lit10 m.p. 38 – 39°C). [α ] 24
= -114.7º,
D = -110.8º ( [α ] D

[α ] 24
D

lit

= -109.8º).
OH

Ph

O
PCC
CH2Cl2
4 Å MS

(S,R)-4.40

Ph

(R)-4.41

(R)-2-(2-phenylpropan-2-yl)cyclohexanone ((R)-4.41): In a 250 mL round
bottom flask loaded with 4 Å MS, (S,R)-4.40 (2 g, 9.16 mmol), pyridinium
chlorochromate (PCC, 3.8938 g, 18.06 mmol), and dry CH2Cl2 (160 mL) were added and
stirred under Ar for 15 h. The reaction mixture was filtered through 1:1 Celite:silica and
washed with diethyl ether (600 mL). The solvent was evaporated away, producing a
brown solution with brown particles. Flash chromatography of the residue on silica gel
(hexane:ethyl acetate, 8:2) afforded (R)-4.41 (1.7064 g, 86.1%) as a clear oil. 1H NMR
(CD3Cl, 400 MHz): δ 7.37-7.26 (m, 4H), 7.19 – 7.14 (m, 1H), 2.73 (dd, J=11.6, 4.5 Hz,
1H), 2.35 – 2.22 (m, 2H), 2.06 – 1.98 (m, 1H), 1.83 – 1.76 (m, 2H), 1.70 – 1.53 (m, 2H),
1.52 – 1.48 (m, 1H), 1.47 (s, 3H), 1.41 (s, 3H).

13

C NMR (CD3Cl, 400 MHz): δ 212.0,

149.8, 127.9, 125.8, 125.5, 60.4, 44.2, 39.2, 30.2, 28.5, 26.6, 26.0, 23.9. HR-MS (CI+):
217.1598 (calc. for [M+H+] C15H21O+: 217.1592). [α ] 24
D = 83.7º.
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(S)-2-(2-phenylpropan-2-yl)cyclohexanone ((S)-4.41): In a 250 mL round
bottom flask loaded with 4 Å MS, (R,S)-4.40 (2 g, 9.16 mmol), pyridinium
chlorochromate (PCC, 3.8930 g, 18.06 mmol), and dry CH2Cl2 (160 mL) were added and
stirred under Ar for 15 h. The reaction mixture was filtered through 1:1 Celite:silica and
washed with diethyl ether (600 mL). The solvent was evaporated away, producing a
brown solution with brown particles. Flash chromatography of the residue on silica gel
(hexane:ethyl acetate, 8:2) afforded (S)-4.41 (1.9810 g, 100%) as a clear oil. 1H NMR
(CD3Cl, 400 MHz): δ 7.37-7.25 (m, 4H), 7.20 – 7.14 (m, 1H), 2.73 (dd, J=12.2, 4.4 Hz,
1H), 2.35 – 2.22 (m, 2H), 2.06 – 1.98 (m, 1H), 1.83 – 1.76 (m, 2H), 1.70 – 1.53 (m, 2H),
1.52 – 1.48 (m, 1H), 1.47 (s, 3H), 1.41 (s, 3H).

13

C NMR (CD3Cl, 400 MHz): δ 212.0,

149.8, 128.0, 125.8, 125.5, 60.4, 44.2, 39.2, 30.2, 28.5, 26.6, 26.0, 23.9. HR-MS (CI+):
217.1592 (calc. for [M+H+] C15H21O+: 217.1592). [α ] 24
D = -83.4º.

(R)-2-(1-methyl-2-(2-phenylcyclohexylidene)hydrazinyl)pyridine

((R)-4.31):

In a 50 mL round bottom flask, charged with 4 Å MS, (R)-2-phenylcyclohexanone ((R)4.27, 0.3135 g, 1.799 mmol), 1-methyl-1-(2-pyridyl) hydrazine (4.20, 0.2463 g,
2.0 mmol), and dry CH3CN (18 mL) were added and stirred under Ar for 26 h. The
reaction mixture was filtered through Celite and the solvent was removed in vacuo to
afford a mixture of (E)- and (Z)-isomers of (R)-4.31 (0.3789 g, 75.4%) as a yellow oil.
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1

H NMR (CD3Cl, 400 MHz): δ 8.24 (ddd, J=4.9, 1.9, 0.8 Hz, 1H, Integration: 0.26), 8.21

(ddd, J=4.9, 1.9, 0.8 Hz, 1H, Integration: 0.93), 7.53 – 7.48 (m, 1H, Integration: 0.30),
7.48 – 7.42 (m, 1H, Integration: 1.13), 7.39 – 7.18 (m, 10H, Integration: 10.59), 6.82 –
6.78 (m, 1H, Integration: 0.23), 6.74 – 6.64 (m, 3H, Integration: 2.22), 4.64 (bs, 1H,
Integration: 0.23), 3.86 (dd, J=6.7, 5.2 Hz, 1H, Integration: 1.00), 3.23 (s, 3H,
Integration: 2.94), 3.18 (s, 3H, Integration: 0.74), 2.68 – 1.56 (m, 16H, Integration:
10.21).

13

C NMR (CD3Cl, 400 MHz): δ 176.6, 160.8, 160.7, 147.5, 147.3, 140.8, 137.0,

136.9, 128.7, 128.4, 127.9, 127.4, 126.4, 126.3 114.5, 114.1, 109.0, 108.9, 49.2, 41.7,
39.1, 33.2, 32.6, 31.0, 28.6, 28.3, 26.9, 23.2, 21.0. HR-MS (ESI+): 280.1818 (calc. for
[M+H+] C18H22N3+: 280.1808).

(S)-2-(1-methyl-2-(2-phenylcyclohexylidene)hydrazinyl)pyridine ((S)-4.31): In
a 50 mL round bottom flask, charged with 4 Å MS, (S)-2-phenylcyclohexanone ((S)-4.27,
0.2993 g, 1.718 mmol), 1-methyl-1-(2-pyridyl) hydrazine (4.20, 0.2352 g, 1.91 mmol),
and dry CH3CN (18 mL) were added and stirred under Ar for 26 h. The reaction mixture
was filtered through Celite and the solvent was removed in vacuo to afford a mixture of
(E)- and (Z)-isomers of (S)-4.31 (0.4876 g, 93.1%) as a yellow oil. 1H NMR (CD3Cl,
400 MHz): δ 8.24 (ddd, J=4.9, 1.9, 0.8 Hz, 1H, Integration: 0.27), 8.21 (ddd, J=4.9, 1.8,
0.8 Hz, 1H, Integration: 0.92), 7.54 – 7.48 (m, 1H, Integration: 0.32), 7.47 – 7.41 (m, 1H,
Integration: 1.12), 7.40 – 7.18 (m, 10H, Integration: 7.16), 6.80 (m, 1H, Integration:
0.23), 6.73 – 6.64 (m, 3H, Integration: 2.22), 4.64 (bs, 1H, Integration: 0.22), 3.86 (dd,
J=6.6, 5.3 Hz, 1H, Integration: 1.00), 3.23 (s, 3H, Integration: 2.94), 3.19 (s, 3H,
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Integration: 0.74), 2.69 – 1.58 (m, 16H, Integration: 10.07).

13

C NMR (CD3Cl,

400 MHz): δ 179.1, 176.6, 160.8, 147.5, 147.3, 140.8, 139.4, 136.9, 128.7, 128.3, 127.9,
127.4, 126.4, 126.3, 114.4, 114.1, 109.0, 108.9, 49.2, 41.7, 39.1, 33.2, 32.6, 31.0, 28.6,
28.2, 26.9, 23.2, 21.0. HR-MS (ESI+): 280.1812 (calc. for [M+H+] C18H22N3+:
280.1808).

(2R,5S)-2-isopropyl-5-methylcyclohexylidene)-1-methylhydrazinyl)pyridine
((R,S)-4.33): In an oven dried 10 mL round bottom flask, charged with 4Å MS, 1-methyl1-(2-pyridyl) hydrazine (4.20, 0.3559 g, 2.890 mmol), (R,S)-menthone ((R,S)-4.43,
0.5 mL, 2.89 mmol), dry CH3CN (5 mL) were added and refluxed under Ar for 5 h. The
reaction mixture was filtered through Celite and the solvent was removed in vacuo to
afford a mixture of (E)- and (Z)-isomers of (R,S)-4.44 (0.0907 g, 12.1%) as a brown oil.
Integrations data is reported, rather than nuclide number assignment due to the inability
to separate the two isomers. 1H NMR (CD3Cl, 400 MHz): δ 8.24 – 8.21 (m, 1.00), 7.49 –
7.42 (m, 1.06), 6.72 – 6.64 (m, 2.09), 3.18 (s, 0.44), 3.18 (s, 2.32), 2.92 – 2.85 (m, 0.83),
2.44 – 2.33 (m, 1.09), 2.15 – 2.07 (m, 1.06), 2.07 – 1.98 (m, 1.25), 1.97 – 1.45 (m, 5.83),
1.35 – 1.13 (m, 3.69), 1.08 – 1.04 (m, 0.61), 1.04 – 0.97 (m, 6.00), 0.97 – 0.91 (m, 3.53),
0.91 – 0.79 (m, 1.83). 13C NMR (CD3Cl, 400 MHz): δ 178.2, 160.7, 147.2, 137.1, 136.9,
114.1, 113.8, 108.9, 108.9, 50.8, 38.7, 36.9, 33.3, 32.3, 29.6, 26.8, 26.5, 21.7, 21.4, 19.3.
HR-MS (ESI+): 260.2126 (calc. for [M+H+] C16H26N3+: 260.2121).
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(2S,5R)-2-isopropyl-5-methylcyclohexylidene)-1-methylhydrazinyl)pyridine
((S,R)-4.33): In an oven dried 10 mL round bottom flask, charged with 4Å MS, 1-methyl1-(2-pyridyl) hydrazine (4.20, 0.3561 g, 2.850 mmol), (R,S)-menthone ((S,R)-4.43,
0.5 mL, 2.89 mmol), dry CH3CN (5 mL) were added and refluxed under Ar for 5 h. The
reaction mixture was filtered through Celite and the solvent was removed in vacuo to
afford a mixture of (E)- and (Z)-isomers of (S,R)-4.44 (0.2387 g, 32.3%) as a brown oil.
Integrations data is reported, rather than nuclide number assignment due to the inability
to separate the two isomers. 1H NMR (CD3Cl, 400 MHz): δ 8.24 – 8.20 (m, 1H), 7.48 –
7.42 (m, 1.05), 6.72 – 6.63 (m, 2.08), 3.18 (s, 0.64), 3.18 (s, 2.17), 2.91 – 2.85 (m, 0.78),
2.43 – 2.34 (m, 0.97), 2.15 – 2.07 (m, 1.07), 2.07 – 1.97 (m, 1.26), 1.97 – 1.45 (m, 5.96),
1.36 – 1.15 (m, 3.85), 1.07 – 1.04 (m, 0.62), 1.04 – 0.97 (m, 5.90), 0.96 – 0.93 (m, 2.94),
0.91 – 0.79 (m, 1.85). 13C NMR (CD3Cl, 400 MHz): δ 180.2, 178.2, 160.8, 147.3, 137.0,
136.9, 114.1, 113.9, 109.1, 108.9, 50.8, 50.6, 38.7, 36.9, 34.7, 34.5, 33.3, 32.4, 29.4, 28.7,
27.1, 26.9, 26.5, 22.6, 21.8, 21.46, 21.2, 20.7, 19.4. HR-MS (ESI+): 260.2124 (calc. for
[M+H+] C16H26N3+: 260.2121).
4.8.3. General Experimental Details on: Chiral HPLC
Solvents were filtered through 0.4 micron filters and purged with helium for an
hour. Chiralcel OB, OD-H, and AD were used (250 mm x 4.6 mm, I.D.) with hexane and
2-propanol as eluent.
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4.8.4. General Experimental Details on: Polarimetry Analysis
(R)-2-phenylcyclohexanone ((R)-4.27): In a 10 mL volumetric flask, (R)-4.27
(1.0509 g, 603.2 mM, 10.5 w/v%) was added and brought to the mark with benzene. Read
sample in 1 dm cell three times, [α] = +108.48°, +108.10°, and +108.10°, giving an
average of [α] = +108.2°.
(S)-2-phenylcyclohexanone ((S)-4.27): In a 10 mL volumetric flask, (S)-4.27
(1.0522 g, 603.9 mM, 10.5 w/v%) was added and brought to the mark with benzene. Read
sample in 1 dm cell three times, [α] = -110.82°, -110.72°, and -110.82°, giving an
average of [α] = +110.8°.
(R)-2-(2-phenylpropan-2-yl)cyclohexanone ((R)-4.41): In a 10 mL volumetric
flask, (R)-4.41 (1.4124 g, 652.9 mM, 14.1 w/v%) was added and brought to the mark with
CH2Cl2. Read sample in 1 dm cell three times, [α] = +84.47°, +83.26°, and +83.26°,
giving an average of [α] = +83.7°.
(S)-2-(2-phenylpropan-2-yl)cyclohexanone ((S)-4.41): In a 10 mL volumetric
flask, (S)-4.41 (1.3556 g, 626.6 mM, 13.6 w/v%) was added and brought to the mark with
CH2Cl2. Read sample in 1 dm cell three times, [α] = -83.80°, -83.80°, and -82.62°, giving
an average of [α] = -83.4°.
4.8.5. General Experimental Details on: CD Titrations
Stock Solutions. In a 5 mL volumetric flask (S)-BINAP (4.1a, 0.0124 g,
19.91 µmol), and [CuI(CH3CN)4]PF6 (0.0074 g, 19.9 µmol) were added and brought to
the mark with dry CH3CN to give a 3.97 mM stock solution. In a 10 mL volumetric flask,
(R,S)-4.44 (0.0399 g, 153.8 µmol) was added and brought to the mark with dry CH3CN to
give a 15.4 mM stock solution. In a 10 mL volumetric flask, (S,R)-4.44 (0.0496 g,
191.2 µmol) was added and brought to the mark with dry CH3CN to give a 19.1 mM
stock solution.
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CD Titrations. In separate vials, [CuI((S)-4.1a)(CH3CN)2]PF6 (100 µL, 400 µM),
and different equivalents of (R,S)- or (S,R)-4.31 (15.4 mM or 19.1 mM, respectively) were
added and brought to 1 mL with dry CH3CN. CD measurements were taken from 220 –
470 nm, affording the isotherms.
Stock Solutions. In a 50 mL volumetric flask (S)-BINAP (4.1a, 0.0336 g,
53.96 µmol), and [CuI(CH3CN)4]PF6 (0.0202 g, 54.2 µmol) were added and brought to
the mark with dry CH3CN to give a 1.08 mM stock solution. In a 50 mL volumetric flask
(R)-4.31 (0.2526 g, 904 µmol) was added and brought to the mark with dry CH3CN to
give a 18.1 mM stock solution. In a 50 mL volumetric flask (S)-4.31 (0.3095 g,
1.108 mmol) was added and brought to the mark with dry CH3CN to give 22.2 mM stock
solution.
CD Titrations. In separate vials, [CuI((S)-4.1a)(CH3CN)2]PF6 (373 µL, 400 µM),
and different equivalents of (R)- or (S)-4.31 (18.1 mM or 22.2 mM, respectively) were
added and brought to 1 mL with dry CH3CN. CD measurements were taken from 220 –
470 nm affording the isotherms.
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