Optical Analysis of Reaction Yield and Enantiomeric Excess.
A New Paradigm Ready for Prime Time
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ABSTRACT: This Perspective highlights the advances of optical methods for asymmetric reaction discovery. Optical anal-
ysis allows for the determination of absolute configuration, enantiomeric excess and reaction yield that is amenable to high-
throughput experimentation. Thus, the synthetic organic community is encouraged to incorporate the methods discussed
to expedite the development of high-yielding, enantioselective transformations.

I. Introduction

The use of high-throughput experimentation (HTE) for
catalyst design and reaction optimization in both academic
and industrial asymmetric synthesis has become quite
popular over the last few decades.*> This approach allows
screening of combinations of reaction variables (such as
catalysts, solvents, bases, temperatures, concentrations,
additives, etc.) in order to efficiently identify the optimal
conditions for a given transformation, and has been
equally successful at discovering new synthetic reactions.>
7 In addition, the directed evolution of enzymes to create
synthetically useful transformations is a form of HTE be-
cause of the ability to search protein sequence space for re-
action optimization.8?° The HTE paradigm enables hun-
dreds to thousands of parallel reactions to be run by a sin-
gle worker over the course of a day, utilizing small volume
reactions contained within multi-well plates. HTE has also
allowed literature methods to be tested beyond the narrow
scope of substrates for which they were originally devel-
oped, thereby pushing the techniques into the realm of
structurally complex molecules typical of pharmaceutical
intermediates and products.

HTE generates an extremely large number of samples,
and necessarily places a significant burden on the analyti-
cal methodology required to determine reaction success.*
2 As the number of samples grows from a few at a time to
thousands per day, innovative high-throughput screening
(HTS) solutions are necessary in order to prevent analysis
from becoming the perpetual bottleneck in the process.s
There are many diverse analytical techniques that have
been targeted for application in determining success, both
in terms of yield and enantioselectivity, of synthetic or-
ganic reactions. The most commonly applied techniques
include chromatography, nuclear magnetic resonance
spectroscopy (NMR), and mass spectrometry (MS). A few
decades ago high performance liquid chromatography
(HPLC) became ubiquitous within the industrial synthetic

community due to its high resolving power. More recently,
supercritical fluid chromatography (SFC) has emerged as
an ideal tool for faster separations due to superior diffusion
rates and lower viscosity of supercritical CO,.’> The last few
decades have seen many improvements in chromato-
graphic instrumentation to take advantage of the speed of
analysis to facilitate HTS.

The commercialization and widespread use of small par-
ticle LC columns has had a tremendous effect increasing
the analytical throughput. The smaller particles, combined
with instruments that can operate at significantly higher
pressure, allow the same resolution for a given separation
to be achieved in significantly less time. For example, a se-
ries of alkyl benzenes analytes could be separated in 15
minutes using a column with 5 pm particles. Using the
same phase with smaller 1.7 um particles, the aforemen-
tioned compounds could be resolved in only 1.8 minutes.*-
7 Ultrafast chiral separations lagged behind their achiral
counterparts, but there has recently been growing interest
in developing sub-2 pm particles to decrease analysis time
for enantiomer resolution.’®19 Where chiral separations of-
ten required upwards of 20 minutes in the past, we are now
reaching a period where these separations can be carried
out in the seconds timeframe.?*= A further study was car-
ried out using a chemically diverse set of 50 racemic com-
pounds to test the general application of this methodology,
including some challenging intermediates from the phar-
maceutical industry. These studies showed that it was pos-
sible to resolve 43 of the 50 members of the set under one
minute of run time using either SFC or HPLC.>+ Unfortu-
nately, all ultrafast HPLC separations mentioned above
were achieved with chemically pure samples, but not with
crude asymmetric reaction mixtures.

While chromatography remains the workhorse for de-
termining the purity and enantiomeric excess for chiral
compounds in regulated pharmaceutical work, the use of



optical methods in synthetic organic reactions run in par-
allel is rapidly gaining ground. These methods are gener-
ally less accurate than HPLC, however they offer several
advantages that outweigh this limitation. Chromatog-
raphy is inherently a serial process and requires new
screening to be carried out for every new structure for anal-
ysis. Small changes in analyte structure can have dramatic
differences in selectivity of a chiral stationary phase. Opti-
cal analysis can be performed in plates and thus has many
of the advantages of a parallel process.?s-26 Numerous probe
designs and optical assays that report ee values via circular
dichroism, fluorescence, and UV absorbance have been de-
veloped and reported previously. Assays have been devel-
oped for many common functional groups created in asym-
metric methodologies. The techniques are robust and
ready to be employed by synthetic chemists, and advertis-
ing/popularizing these assays is the main goal of this re-
view. We herein show via example methods for ee deter-
mination, ee and reaction yield analysis, and examples of
true screening.

Thus, we offer up a new opportunity to the synthetic
methodology community carrying out numerous parallel
reactions - give optical analysis a try, you may not go back
to your HPLC.

II. Chiral Recognition and Quantitative ee Sensing

As alluded to above, in the past two decades, significant
progress has been made in the field of optical differentia-
tion of molecular chirality, as well as quantitative ee deter-
mination. More recently, several methods that combine ee
and yield analysis have emerged, and these are available to
accelerate asymmetric reaction development projects. Op-
tical methods for determining ee, such as UV-Vis, fluores-
cence, and circular dichroism (CD) spectroscopy are sim-
ple, fast, and cost-effective, allowing for them to be easily
implemented in high-throughput screening protocols.

A. Chiroptical Methods The differentiation of enantio-
mers necessarily requires a chiral environment and circular
dichroism spectroscopy is inherently suited for this task.
Left- and right- circularly polarized light creates diastereo-
meric interactions with the chiral analyte giving rise to
characteristic Cotton effects. The sign of the Cotton effect
is indicative of the molecular handedness of the analyte
and the magnitude of the CD signal can be correlated to
the ee of the sample.?2 While most chiral molecules have
small CD signals that typically appear at low wavelengths,
large Cotton effects can be generated at extended wave-
lengths with a molecular sensor, such as metal complexes
that display metal ligand charge transfer (MLCT) bands or
when two chromophores in close proximity arrange in a
chiral orientation, leading to exciton-coupled circular di-
chroism (ECCD).> These characteristic MLCT or ECCD
signals at extended wavelengths show signals at a portion
of the spectrum that is less likely to have interference from
reaction components such as solvent or chiral catalyst.

i. Noncovalent Assemblies Borhan, Berova and
Nakanishi developed some of the earliest chiroptical meth-
ods for chirality differentiation. They introduced zinc-por-
phyrin tweezers for determining the absolute configura-
tion of chiral diamines and other analytes (Figure 1).3°

Their approach utilizes two zinc-porphyrin moieties con-
nected via a flexible linker. Host-guest complexation be-
tween the zinc-porphyrin tweezers and a bidentate chiral
analyte results in a through-space interaction between the
two zinc-porphyrin units and an exciton-coupled CD sig-
nal, the sign of which is indicative of the handedness of the
chiral analyte. Since the initial report in 1998, these three
investigators have developed a suite of zinc-porphyrin
tweezers for the determination of the absolute configura-
tion of a wide range of chiral compounds.3~44 In several
cases, a CD spectrum can be obtained with micrograms of
analyte without the need for derivatization of the chiral
compound; however, a few functional groups require deri-
vatization prior to analysis. While this approach has rarely
been used to quantify ee values, the potential is clear.4> The
work is mentioned here primarily for the inspiration it gave
to the field, setting the impetus for many others to follow
suit with quantitative approaches.
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Figure 1. A) Prototypical bis-porphyrin molecular design,
B) Complex formation leads to clockwise or counter clock-
wise twists of the porphyrins, C) The twist leads to charac-
teristic positive or negative Cotton effects, indicative of the
handedness of the stereocenter.

Inspired by this work, Canary demonstrated that deri-
vatization of - and B-amino acids with quinoline ligands
followed by Zn(II) or Cu(II) complexation can be used for
the reliable assignment of the absolute configuration via
ECCD spectroscopy.4¢4 Once again, the twist of the chro-
mophores gives rise to a CD signal, where the sign of the
couplet reveals the absolute configuration of the chiral
compound. Building on the strategy embodied in com-
pound 2, Anslyn and Canary introduced an ECCD protocol
for quantitative determination of the ee for chiral carbox-
ylates with the copper complex 3.4 In this approach, there
is no need for analyte derivatization; it is a simple mix and
measure protocol, reporting ee values with an average 3%
error. With no chiral analyte present, the tripodal copper
complex exists as a racemic mixture of M and P isomers.
However, addition of an «- or -chiral carboxylate results
in enantiomeric complexes where one helical twist domi-
nates over the other and a CD signal is generated. The
method can be used for acetyl/Boc-protected a-amino ac-
ids and $-amino acids.>®
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In a similar approach, Buchholz and Kleij developed
bis(metallosalphen) zinc complexes for the quantitative ee
determination of chiral carboxylates, also via ECCD spec-
troscopy.> Both of these approaches are robust in measur-
ing the ee values of chiral carboxylic acids with a high level
of accuracy.

As discussed throughout this review, the Wolf group has
made extensive contributions towards chirality sensing.5*
5 They have introduced many ee sensing assays and
demonstrated their subsequent implementation in screen-
ing protocols. In an approach analogous to those intro-
duced above, a stereodynamic probe 4 was shown to report
ee values and allows the assignment of absolute configura-
tion for amines, diamines, amino acids, amino alcohols,
and o-hydroxy acids (Figure 2).5+ As with compounds 2 and
3, substrate binding induces a distinct chiroptical signal in-
dicative of the analyte’s handedness. In this approach, the
analyte and probe can simply be combined, and CD meas-
urements can be immediately recorded for ee determina-
tion. The same group developed similar methods with
other stereodynamic metal complexes for quantitative ee
determination of amines, diamines, and amino alcohols.5*
5355 Each of these assays can be adapted for comprehensive
asymmetric reaction analysis, which is discussed in Section
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Figure 2. Stereodynamic metal probe for the sensing of
chiral amines, diamines, amino alcohols, amino acids, and
hydroxy acids.

Zonta and colleagues most recently introduced vana-
dium complex 5 carrying a tetradentate aminotriphenolate
ligand for the ee analysis of a broad variety of chiral ana-
lytes including amides, sulfoxides, amines, amino alcohols,
carboxylic acids, and a-hydroxy acids (Figure 3).5° Coordi-
nation of the substrate to the vanadium center coincides
with substantial red-shifted absorption — an attractive
feature that could allow combined concentration and ee
determination with minimized interference from impuri-
ties. Accurate ee determination independent of the analyte
concentration using the anisotropic g-factor (g=Ae/e) was
accomplished with a 5% margin of error. This major ad-
vance in the field awaits adoption by the synthetic commu-

nity.
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Figure 3. Vanadium complex and substrate (S) binding.

ii. Dynamic Covalent Assemblies Dynamic Covalent
Chemistry (DCC) is one of the most promising strategies

for rapid chiroptical reaction screening.5” Several groups
have developed chiroptical methods where the chiral ana-
lyte is incorporated into a multicomponent DCC assembly.
The Wolf group has demonstrated that the 1,8-bis(3™-
formyl-4-hydroxyphenyl)naphthalene probe 6 can be used
for ee determination of amino alcohols and a-amino acids
(Figure 4).5%% In the absence of a chiral bias, the triaryl
probe exists as an equal distribution of rapidly intercon-
verting (P,P)- and (M,M)-isomers. Imine formation with
chiral amines is complete within a few minutes and syner-
gistic steric and intramolecular hydrogen bonding interac-
tions result in chiral amplification across the chromo-
phoric sensor. As the equilibrium between the sensor con-
formations is shifted to strongly favor a single isomer, a
large CD signal is produced.
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Figure 4. Stereodynamic sensor for chiral amino alcohols
and amino acids.

In another approach, Wolf and colleagues used confor-
mationally flexible arylacetylene frameworks for ee deter-
mination of mono- and diamines, amino alcohols and al-
dehydes.®% The arylacetylene probes, 7a and b, freely ro-
tate about the acetylene axes and are CD silent. Diimine
formation with the chiral compounds induces axial chiral-
ity, resulting in large chiroptical signals. Use of both 7a and
b gave ee values with errors ranging from 2-7%. Hong, Kim
and Chin demonstrated that 2,2’-dihydroxybenzophenone,
8, and derivatives thereof are equally powerful DCC sen-
sors for amino acids, amino alcohols, diamines and amino
esters and amides.®+%

The Anslyn group has developed a series of chiroptical
methods for the ee determination of chiral amines, alco-
hols, and aldehydes/ketones (Figure 5).°7 Assays for
amines and carbonyls function similarly. First, a condensa-
tion reaction yields a chiral imine or hydrazone which then
undergoes complexation to an Fe(II) center to form octa-
hedral complexes. The Fac and Mer isomers have a prefer-
ential A or A twist that induces large CD signals based on
the handedness of the chiral analyte. The same group has
developed ECCD methods for amines and amine deriva-
tives based on DCC with enantiopure BINOL, o-formyl
phenylboronic acid and the chiral analyte.”> A three-com-



ponent assembly rapidly forms and gives a distinct chirop-
tical signal for ee determination. This system has also been
used for chirality sensing via fluorescence methods.7’74
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Figure 5. Dynamic covalent bond formation for ee deter-
mination of amines, aldehydes/ketones, and alcohols.

Importantly, the third DCC assembly shown in Figure 5
allows sensing of chiral secondary alcohols. As ofyet, there
has not been a secondary alcohol that did not work with
this assay, although it fails with tertiary alcohols. Even sim-
ple targets such as 2-butanol give a large enough CD signal
to determine ee values with good accuracy. The same as-
sembly can also be used for chiral thiols, aromatic amines
and secondary amines.”> The method involves a four-com-
ponent assembly:  2-pyridinecarboxaldehyde (PA),
dipicolylamine (DPA), Zn(OTf), and the chiral functional
group of interest. The chiral analyte, 2-PA, and DPA com-
bine to form a tren-like ligand that strongly binds to Zn(II).
The diastereoselective assembly affords a complex with
twisted pyridine rings that generate a characteristic ECCD
signal. Importantly, each of the assays shown in Figure 5
were designed to operate on mono-functional chemicals,
i.e. mono-ols, mono-amines, or mono-carbonyl structures.
Furthermore, there is no synthesis required for any of the
aforementioned assemblies; each assay functions with
commercially available starting materials. The amine and
alcohol ee assays are currently being utilized for the analy-
sis of a wide variety of synthetic reactions.

Recently, You and Anslyn introduced the rapidly inter-
converting 2,2’-disubstituted biphenyl pair, 9 and 10, to
capture chiral alcohols, amines and thiols by forming dia-
stereomeric aminals and imines (Figure 6).7° Covalent sub-
strate binding results in a conformational bias of the axially
chiral sensor which produces a strong CD signal that allows
analysis of the absolute configuration and ee with an error
margin under 2%. This work, and those discussed in Figure
5, underscore that chiral amplification with DCC probes af-
fords practical assays that one can directly apply to asym-
metric reaction screening; successful examples of these
strategies are given in Section V.
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Figure 6. Ee sensing using the biphenyl pair 9 and 10 and
the corresponding ee calibration curves for 2-(methoxyme-
thyl)pyrrolidine, 1-phenylethanol, and 1-phenylethyla-
mine. Adapted with permission from reference 76.

iii. Supramolecular Polymeric Systems Supramolec-
ular and polymeric systems have also been investigated for
chirality differentiation. Amabilino and coworkers used ol-
igo(p-phenylenevinylene) aggregates for the ee determina-
tion of several acids.”7 The acids induce helicity in the ag-
gregates and the enantiomeric composition can be deter-
mined via ECCD. Jiang and James have developed an ECCD
protocol using perylenebisimide aggregates for the quanti-
tative ee analysis of a-hydroxy acids.” Further, early stud-
ies from the Feringa group focused on liquid crystals.7o8

The strength of using polymers is to exploit the cooper-
ativity properties they can impart. For example, the errors
associated with optical methods for ee determination typi-
cally range from 3-10%, making them useful for preliminary
asymmetric reaction discovery. The unique properties of
helical aggregates and polymeric systems offer the ad-
vantage of increased accuracy that can rival chiral chroma-
tography. In this regard, the Majority Rules Effect (MRE)
of helical polymers has been utilized. Polymers of this kind
show nonlinear responses to the enantiomeric excess of a
chiral monomer. The polymer cooperatively binds mono-
mers of the same handedness, where the handedness of the
monomer dictates the twist imparted upon the polymer.
Binding of the enantiomer requires a relatively large en-
thalpic penalty to induce helix reversal. Thus, a small en-
antiomeric excess of the chiral monomer can lead to an al-
most complete preference for one helical twist. If a chro-
mophore is incorporated into the polymer backbone, this
helical preference can be monitored via CD spectroscopy.
Plotting CD intensity against the ee of the monomer yields
a sigmoidal curve, where the change in CD intensity is
highest near 0% ee (Figure 7).
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Figure 7. Typical calibration curve for linear, majority
rules effect and racemate rules effect responses.

Exploiting the MRE, Jiang and Anslyn developed a CD-
based method for ee determination of amino acids using a
helical polymer.22 A polyphenylacetylene backbone was
appended with crown ether moieties and complexation of
the crown ether with protonated amines induces a distinct
chiroptical signal. Taking advantage of the intense slope
near 0% ee, it was shown that adding an equivalent of the
opposite enantiomer to a sample of unknown ee allows for
the accurate determination of high ee values. In this man-
ner, a sample of e.g. 97% ee can be converted to a sample
of -1.5% ee, bringing the intensity of the CD sample into the
most sensitive region of the CD calibration curve. This ap-
proach yielded accurate ee values with errors ranging from
0.2-0.7%, while retaining all the advantages of the speed of
optical methods. However, there is a critical drawback to
this approach. One needs to know the concentration of
the unknown sample such that the correct amount of the
opposite enantiomer can be added. Thus, unlike the other
assays discussed herein, this particular approach is not yet
amenable to true HTS.

Most supramolecular aggregates and polymeric systems
exhibit either linear or MRE responses; however, Jiang and
Anslyn identified supramolecular stacks that show a Race-
mate Rules Effect (RRE) (Figure 7). There is no funda-
mental reason that a polymer should prefer to bind the
same enantiomer, rather than alternate binding enantio-
mers. Thus, in a RRE system, the CD response curve gen-
erated is opposite of that observed for MRE; the CD signals
of nearly racemic mixtures were lower than expected for a
linear CD vs ee or MRE plot. Thus, this particular system
cooperatively binds opposite enantiomers until the solu-
tion becomes so enriched with one enantiomer that the
polymer can only bind molecules of the same handedness,
which would occur with solutions with high ee. In such a
system, the CD response for mixtures near 0% ee would be
low because cooperative binding of opposite enantiomers
would not induce a helical pitch. Only at high ee values will
the polymer adopt a preferential helical twist giving rise to
a chiroptical signal. The distinct curve associated with the
RRE leads to a larger dynamic response to high ee values,
resulting in lower errors. Furthermore, utilization of the
RRE removes the requirement of adding the opposite en-
antiomer to dial the CD signal to the region of largest dy-
namic range. Although this system was only demonstrated
for malate and a particular perylenebisimide aggregate, it
represents an approach that would allow for the determi-
nation of high ee value with low error. Clearly much more

work is needed to design RRE polymers to bind many chi-
ral functional groups as a means to make the approach
more general.

iv. Instrumentation As presented, substantial effort
over the last decade or so has been put toward the devel-
opment of CD-based assays. However, while traditional
fluorescence and UV/Vis plate readers are common and
ubiquitous, CD plate readers were not commercially avail-
able until quite recently. Traditional plate readers are rou-
tine instruments in biochemical laboratories, and they can
be immediately adapted to HTS of ee values (see below).
In contrast, CD spectrometers are historically interfaced
with robots that transfer samples from the plate to the in-
strument. However, Anslyn and Kahr showed that CD
plate readers can be created.34 This has led to the recent
development of a commercial system by Hinds Instru-
ments, Inc., with distribution through Bio-Logic Science
Instruments. The commercial CD well-plate reader uses a
vertical light beam to measure the CD signals and ee values
of a sample directly from the well-plate. The well-plate is
moved by a computer-controlled XY stage from well to well
for rapid measurements. The current commercial CD
Reader, bearing the trade-mark name EKKO™, is capable
of measuring CD spectra from 185 nm to 850 nm from a
well-plate directly. It can also operate at a desired wave-
length to read ee values in all 96 wells in a few minutes. In
comparison to a standard CD spectrometer, which univer-
sally uses a horizontal measuring beam, the EKKO™ CD
Reader eliminates the time-consuming process of transfer-
ring the content from each well of the microplate into a
specific sample cell for CD measurements. It is well suited
to identifying enantiomeric “hits” in HTS. Further efficien-
cies are possible with the 384 well microplate option.

B. Traditional Spectroscopic Methods

Irrespective of the recent advances in CD-plate readers,
it is certainly true that traditional plate readers are far
more common and less expensive. As such, fluorescence
and UV-Vis spectroscopies are more readily adapted to be
truly high-throughput on a lower budget. As with CD as-
says, these methods can also afford high sensitivity, rapid
analysis, and the opportunity for real-time sensing. An-
other added benefit of traditional spectroscopic methods
is that the chiral sensor may be used in the racemic form
to afford a protocol for both ee and concentration determi-
nation. Furthermore, enantioselective fluorosensing af-
fords high sensitivity, requiring only micrograms of analyte
and sensor. As alluded to above, with well-plate readers be-
coming commonplace, thousands of samples can be rap-
idly screened via traditional enantiosensing methods.
Thus, the assays described below are truly ready to be
rolled out into the synthetic community.

i. Colorimetric Approaches The use of UV-Vis spec-
troscopy for quantitative ee determination is well-known.
A chiral analyte binds to the chiral host, which results in a
change in the spectroscopic signal. In many cases, the en-
antioselective sensor requires multi-step synthesis, with
the efficacy of the host being determined post-synthesis.
Such an approach is unfavorable because a poor spectro-
scopic signal would necessarily require the synthesis of a



new host. This iterative process is time-consuming and in-
troduces a bottleneck for the quantitative determination of
ee.

In contrast, enantioselective indicator displacement as-
says (eIDAs) have been shown to be excellent general strat-
egies for the discrimination of chiral compounds with a
wide range of functional groups.®® In an elDA, there are
competing equilibria involving a chiral host, an indicator
and the chiral analyte of interest (vide infra). With this
strategy, the indicator binds reversibly to the host and dis-
plays a distinct spectroscopic signal when free in solution.
The guest binds to the host, displacing the indicator, which
results in a change in the absorbance signal. The competi-
tion between guest and indicator can be monitored as a
function of the total concentration of guest and the result-
ing color change. The interaction of a chiral host of an
elDA with an enantiomeric mixture of chiral guests creates
competing equilibria involving diastereomeric host-guest
adducts. The difference in equilibrium constants for the
enantiomers with the host results in different amounts of
indicator being displaced and thus, the enantiomers can be
differentiated from the color of the solution. This approach
is not limited to colorimetric indicators, as fluorophore in-
dicators have also been used successfully in e[DA develop-
ment.57-88

The Anslyn group has established the usefulness of el-
DAs over the past 20 years. In one example, a simple and
general method was developed for the quantitative ee de-
termination of non-derivatized a-amino acids with a chiral
Cu(II)-diamine complex and the indicator pyrocatechol vi-
olet (PCV).® It was found that D-amino acids displace the
indicator more readily than L-amino acids (Figure 8). Thus,
pure enantiomers gave distinct spectroscopic signals al-
lowing for the differentiation of the enantiomers. Addition
of enantiomeric amino acid mixtures gave colors that were
in between the two enantiopure extremes and a calibration
curve was used to quantify ee. It is worth noting that the
ligand used in this eIDA was synthesized in one step from
commercially available starting materials and required no
chromatographic purification. Quantification of ee in the
synthesis of unnatural amino acids has been of interest for
decades, and thus this assay is clearly one of widespread
general utility awaiting adoption.

(S,5)-Cu(ll):PCV N
Figure 8. Enantioselective indicator displacement assay
for the ee determination of a-amino acids.

ii. Fluorescence Methods

a. Sensing Based on Noncovalent Probe-Substrate
Interactions The Pu group has pioneered the use of fluo-
rescence methods for ee determination, dating back to
studies in the early 2000s. Their workhorse approach uti-
lizes enantioselective fluorescent BINOL sensors, such as
11 and 12, for quantitative ee determination of a-hydroxy
acids, amino alcohols, and N-protected amino acids.%°99

Hydrogen bonding between the substrates and BINOL-
derivatives lead to either fluorescence quenching or en-
hancement of the BINOL core, and the enantiomeric com-
position of the chiral compound can be determined. Sev-
eral of the BINOL sensors can be immediately incorporated
into screening protocols, and only await the synthetic com-
munity to avail themselves of their use.
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In an alternative approach, the Anzenbacher group in-
troduced the N-anthracenyl cinchona alkaloid 13, which
forms diastereomeric ion pairs with chiral carboxylates ex-
hibiting characteristic fluorescence signals.**® This group
has also developed the enantioselective macrocyclic sensor
14 for chiral carboxylate sensing purposes.”® These chiral
carboxylate sensors have been incorporated into simple
mix and measure procedures that are readily amenable to
high-throughput screening protocols. Wolf and coworkers
used 1,8-diacridylnaphthalene sensors for combined con-
centration and ee determination of chiral carboxylic acids
and other compound classes which is discussed in greater
detail in Section [V.10>104

b. Covalent Substrate Binding Assays The Pu group
has demonstrated the usefulness of covalent substrate
binding with BINOL based probes.'>>"°8 In one example, a
BINOL derived aldehyde was used for quantitative ee de-
termination of diamines, amino alcohols, and amino acids.
Imine formation and metal complexation to a Zn(II) center
gave distinctive enantioselective fluorescent responses.'*s
In another approach, they developed an enantioselective
perfluoroalkyl BINOL-based diketone sensor for amines,
diamines and amino alcohols.*®*7 Most compounds are
not soluble in a fluorinated solvent without a highly fluor-
inated substituent. Thus, chiral recognition in the fluorous
phase offers the advantage of minimizing the interference
of other species in a screening protocol: i.e. catalyst, ligand,
co-additive, etc., potentially allowing for the rapid screen-
ing of crude reaction mixtures. Altogether this minimizes
the work-up needed prior to optical determination of ee
values, and is a major advance in making optical ee assays
increasingly user-friendly.

II1. Pioneering Efforts Toward Real-World Sensing
Application

The advances in optical methods for quantitative ee de-
termination have led to their use in a variety of high-
throughput screening protocols for asymmetric reaction
discovery. The “proof is in the pudding”, and here we



demonstrate that the protocols can truly be used to obviate
the use of chiral HPLC in many instances.

In one of the earliest approaches towards optical meth-
ods for asymmetric reaction discovery, the Pu group devel-
oped macrocycle 15 for fluorescence detection of mandelic
acid, 16.1°9 Using both enantiomers of the sensor, the enan-
tiomeric composition of a reaction mixture can be deter-
mined with a calibration curve. To demonstrate the suita-
bility of this assay for HTS, they investigated the conver-
sion of an aldehyde to an a-hydroxy ester. A screening pro-
tocol was developed such that the asymmetric reaction
product precipitated out, avoiding the need for purifica-
tion prior to ee analysis. Subsequent hydrolysis of the me-
thyl mandelate gave the a-hydroxy acid and the ee of the
reaction was determined with the enantioselective
fluorosensors. The optically determined ee values corre-
lated well with chiral HPLC results.

Similarly, Wolf and coworkers utilized the axially chiral
1,8-diquinolylnaphthalene N,N-dioxide, 17, for the enanti-
oselective analysis of an enzymatic reaction (Figure g).*°
They investigated the kinetic resolution of trans-1,2-dia-
minocyclohexane with dimethyl malonate by Candida ant-
arctica lipase (CAL). The 1,8-diquinolylnaphthalene N,N-
dioxide exhibits enantioselective fluorescence enhance-
ment upon formation of diastereomeric hydrogen bond
adducts with the diamine enantiomers. Screening of the
reaction course was accomplished with small aliquots of
product mixtures after fast acid/base extraction. The ee
values were determined from a calibration curve and veri-
fied by chiral HPLC, which required a cumbersome prod-
uct derivatization step prior to analysis. Thus, the optical
sensing method streamlines the reaction monitoring by re-
ducing both labor and time and is amenable to other asym-
metric transformations.
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Figure 9. Enantioselective fluorosensor 17 used for the
screening of the kinetic resolution of trans-1,2-diaminocy-
clohexane.

Yanagisawa developed a HTS protocol that speeds up the
optimization of the Cu(OAc),-catalyzed Henry reaction
between a benzaldehyde derivative and nitromethane (Fig-
ure 10).""2 In this approach, chiral imidazoline-amine lig-
ands were immobilized on a solid surface and then tested.

Upon completion of the reaction, the mixtures were ana-
lyzed via continuous injections into a CD spectrophotom-
eter. Reactions with high yield/low ee values and low
yield/high ee values resulted in a CD signal with low mag-
nitude. A maximum CD signal was only observed for reac-
tions with both high yield and high enantioselectivity. This
pioneering HTS effort led to the discovery of a method that
gives the desired nitroaldol product in 95% ee. The tandem
use of combinatorial chemistry with CD spectroscopy al-
lowed for the screening of experimental parameters that
would otherwise be omitted due to the sheer number of
reactions that would need to be processed. Furthermore,
the use of immobilized catalysts simplifies reaction screen-
ing because any interference of potentially CD active cata-
lysts with the optical ee determination is eliminated. This
method is ultimately amenable to the analysis of combina-
torially-derived catalysts generated on a solid-support by a
split-and-pool synthesis approach. Optical methods for ee
determination can have a large advantage over chromato-
graphic methods in such cases. We discuss below, how-
ever, that this has become reality for homogeneous asym-
metric reaction analysis as well.
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Figure 10. Schematic for HTS of heterogeneous catalysis
with continuous injection CD spectrophotometry. Repro-
duced with permission from reference 1.

In an alternative approach, the Berkowitz lab developed
enzymatic methods for the discovery of asymmetric reac-
tions.'>4 In one example, an in situ enzymatic screening
(ISES) approach was applied to the kinetic resolution of
propylene oxide (Figure 11).™ A double-cuvette setup was
used where the cobalt catalyst and starting material were
dissolved in a common lower organic layer and the upper
aqueous layer contained a reporting enzyme specific for
the R (cuvette 1) or S enantiomer (cuvette 2) and an oxidiz-
ing agent (NADP*/NAD") that acts as the chromophoric re-
porter. As the starting material is converted, the hydro-
philic diol product diffuses from the lower organic layer
into the upper aqueous layer, where an increase in absorb-
ance at 340 nm can be monitored via UV-Vis spectropho-
tometry. With this approach, 49 reactions were conducted
in parallel and 25 active catalysts giving ee values up to 65%
were identified. This ISES approach is very attractive for
several reasons: it allows real-time reaction monitoring
without product derivatization and it relies on a readily
available sensor system. We are confident such strategies
will have a high impact on asymmetric reaction develop-
ment if adopted widely.
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Figure 1. Principles of ISES. TBADH is an alcohol dehy-
drogenase from Thermoanaerobium brockii and HLADH is
an alcohol dehydrogenase from horse liver.

IV. Combined Concentration and ee Analysis

For a long time, the primary foci within the chiroptical
sensing arena were to investigate the fundamentals of chi-
ral recognition and amplification processes, and to design
probes that can be used for reliable determination of the
absolute configuration of chiral compounds. Through
these contributions it became apparent that optical probes
can also be used for ee quantification, much of which is de-
lineated above, and the first few examples of reaction anal-
ysis appeared, albeit with some practical limitations and
narrow reaction scope. These pioneering efforts presented
above, however, clearly demonstrated the prospect of op-
tical assays that would allow determination of both the to-
tal amount and the enantiomeric composition of a chiral
analyte. In recent years, several groups have come forward
with innovative sensor designs and concepts that achieve
this goal. These achievements can be considered key step-
ping stones on the path toward broadly useful optical
asymmetric reaction screening. With this ultimate applica-
tion in mind, we emphasize in the following discussion
some of the most important features of integrated concen-
tration and ee sensing: general scope, practicality and
speed. We believe that high accuracy is generally desirable
but less significant. The purpose of parallel analysis of hun-
dreds of reactions is to rapidly identify the hits and general
trends, that is, reaction conditions that result in yields and
ee values above the 90% threshold and error margins of a
few percent are generally considered acceptable.

A. Combined Sensing with Racemic and Enanti-
opure Probes Wolf and coworkers introduced the axially
chiral 1,8-diacridylnaphthalenes 19 and 20 and the corre-
sponding dioxides 21 and 22 for fluorescence sensing of a
wide range of chiral compounds (Figure 12).°>93 These
probes have a fairly rigid scaffold but possess sufficient
one-dimensional flexibility to accommodate analytes of
varying size in the C,-symmetric cleft. The hydrogen bond
interactions with chiral carboxylic acids, hydroxy acids, di-
amines, and protected amino acids cause enantioselective
fluorescence enhancement or quenching that can be used
for quantitative concentration and ee analysis. First, the
sensor is used in its racemic form to determine the total
analyte concentration. With that information in hand, the
sample ee is determined in a separate step by employing

enantiopure probe in essentially the same assay. Alto-
gether, the use of a single fluorosensor - first in racemic
and then in enantiopure form - allows stereochemical anal-
ysis with high accuracy. For example, the concentration
and ee of nonracemic samples of chloropropionic acid were
quantified with error margins below 3% using anti-1,8-
bis(3'-tert-butyl-g’-acridyl)naphthalene, 19, as the sensor.
The same principles were exploited for the sensing of dia-
mine 18 using a chiral iron(II) complex by Feng et al."s

Inspired by Anslyn’s success with indicator displacement
assays, Mei and Wolf developed a ligand displacement
strategy using scandium(IIl) complexes carrying two 1,8-
diacridylnaphthalene N,N’-dioxide ligands (Figure 12).87-88
The N,N-dioxides are subsequently displaced from the
metal center by two equivalents of a chiral analyte, includ-
ing unprotected amino acids, amino alcohols, amines and
carboxylic acids, and both protic and aprotic solvents are
tolerated.”*+ The substitution of the N,N’-dioxide ligands 21
or 22 by the metal coordinating analyte coincides with
characteristic UV absorption and fluorescence changes at
410 and 588 nm, respectively. In analogy to the aforemen-
tioned sensing strategy, the combination of two assays is
required to achieve concentration and ee analysis. The con-
centration value is first calculated from the change in the
UV (or fluorescence) signal observed with a racemic
Sc(N,N’-dioxide), complex and the enantiomeric sample
composition is then determined by using the scandium(III)
complex in enantiopure form.
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Figure 12. 1,8-Diacridylnapthalene sensor scaffolds used
for combined ee and concentration fluorosensing and the
ligand displacement reaction.

B. The One-Sensor-Double-Readout Approach: Co-
valent Analyte Binding The use of a sensor first in race-
mic and then in enantiopure form for concentration and ee
analysis, respectively, requires two tests albeit with the
same setup. Alternatively, the sensing of both unknowns
can be accomplished with a single assay. Pu and Yu intro-
duced an elegant IDA based on dynamic covalent chemis-
try with the BINOL derived diimine 23 (Figure 13)."® Imine
metathesis in the presence of excess of diamine 18 and zinc
acetate gives a diastereomeric mixture of 25 and two equiv-
alents of free 2-naphthylamine, 24, which serves as the dis-
placed indicator. The displacement thus affords 24 with a
fluorescence emission maximum at 4277 nm that can be cor-
related to the original concentration of 18 while the fluo-
rescence intensity of 25 measured at 525 nm depends on



the chirality of 18 and provides information about the ana-
lyte ee. Similar results were obtained with phenylalaninol,
phenylglycinol and alaninol. The free sensor shows only
weak fluorescence signals under the same conditions and
generates negligible background noise. Concentration and
ee analysis of samples of 18 with this IDA gave results that
deviated only by a few percent from the actual values. The
same concept was exploited by Pilicer and Wolf for the de-
velopment of a biomimetic IDA with an imine analogue of
pyridoxal-5’-phosphate, the active form of Vitamin Be. In
this case, stoichiometric imine metathesis allows simulta-
neous determination of the concentration, absolute con-
figuration and ee of amino acids, amino alcohols and
amines via circular dichroism and fluorescence measure-
ments."” These optical assays allow convenient concentra-
tion and ee analysis, and are considered major steps toward
optical asymmetric reaction screening.
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Figure 13. Enantioselective indicator displacement assay
with the BINOL diimine 23. (R)-23 + Zn(OAc), + (S,S)-18
(red), (R)-23 + Zn(OAc), + (RR)-18 (blue), (R)-23 +
Zn(OAc), (green).

Anslyn and coworkers demonstrated that the analytical
protocol can be streamlined by combining an enantiose-
lective IDA with a dual-chamber quartz cuvette."8 As
shown in Figure 14A, one cuvette was filled with a meth-
anolic aqueous solution containing the colorless indicator
4-methylesculetin (ML), and the achiral boronic acid 26 as
host. The other cuvette was charged with the red indicator
alizarin complexone (AC), and the chiral host (S,S)-27. The
reversible interactions between indicators and hosts in
each cuvette were found to modulate the UV signatures of
the dyes (Figure 14B). The corresponding equilibria are dis-
turbed upon addition of nonracemic 2-hydroxy-3-phe-
nylpropionic acid 28, which ultimately changes the UV ab-
sorbance of the two separate systems (Figure 14C). The use
of the dual-chamber cuvette allowed simultaneous collec-
tion of the optical changes by a single measurement. An
artificial neural network analysis (ANN) of the UV data ob-
tained with several samples of 28 showed that both con-
centration and ee of the analyte can be determined with
error margins of no more than 2%. The use of a dual cham-
ber cuvette is simple and is amenable to conditions of
many synthetic organic reactions.
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Figure 14. A) Dual-chamber cuvette containing the indica-
tors ML (left) and AC (right) in 75% methanolic aqueous
solution with 10 mM HEPES at pH 7.4. B) UV Spectra of ML
in the presence of varying amounts of 26 (blue) and of AC
with varying amounts of (S,5)-27 (red). C) Change in the
UV absorptions in the presence of hydroxy acid 28 with
changing ee. Adapted with permission from reference 118.

The stereodynamic sensor 29 developed by the Wolf
group carries a salicylaldehyde-derived receptor unit that
undergoes fast Schiff base formation with unprotected
amino acids, amino alcohols and amines (Figure 15)."92°
The binding of a chiral analyte results in distinct central-
to-axial chirality amplification across the sensor scaffold
and a strong circular dichroism signal at high wavelengths.
This chiroptical sensor response provides direct infor-
mation about the absolute configuration and ee of the an-
alyte. The binding event also affects the fluorescence of the
adjacent pyridyl N-oxide moiety. This optical change is in-
dependent of the chirality and enantiomeric composition
of the analyte, and thus provides the basis for calculation
of the total concentration. This concept of stereodynamic
chirality sensing and simultaneous CD/fluorescence anal-
ysis is broadly applicable. It has been successfully exploited
for accurate determination of the ee and concentration of
several compounds, and a related probe that accomplishes
the same task with a CD/UV response has been reported.’!
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Figure 15. [llustration of the chiroptical sensing concept
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nm (green) as a function of the ee of 1,2-diphenylaminoeth-
anol using sensor 29 at 7.50 105 M (middle). Fluorescence
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equimolar amounts (blue) and excess of the analyte (red)
(right).

The Pu group was able to determine the overall concen-
tration and the ee of diamine 18 by a single fluorescence
assay with the BINOL-derived probe 30 (Figure 16).> This
is possible because the sensor exhibits two fluorescence
outputs - one being highly enantioselective and one re-
sponding mostly to the total analyte concentration irre-
spective of the enantiomeric composition. The covalent
substrate binding by probe 30 predominantly gives the
products 31 and 32 and it coincides with a new fluorescence
emission at 370 nm. This signal is nearly independent of
the substrate chirality and it can therefore be correlated to
the overall diamine concentration. By contrast, the inten-
sity of a second emission at 438 nm depends on the chiral-
ity of 18 thus providing an independent means for ee anal-
ysis. Several samples of varying concentration and ee of 18
were analyzed with sufficient accuracy for HTS purposes.
The integration of concentration and ee determination
into a single measurement greatly simplifies the analytical
protocol and this approach is generally useful. In fact, sim-
ultaneous concentration and ee analysis of diaminocyclo-
hexane, phenylalaninol, phenylglycinol, alaninol and phe-
nylalanine based on a similar dual fluorescence response
with a probe mixture consisting of a BINOL-derived bisal-
dehyde, salicylaldehyde and zinc acetate was demon-
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Figure 16. Sensing of diamine 18 with the BINOL-derived
probe (S)-30.

C. Coordination Complexes with Dual Readouts An-
slyn, Chin and coworkers realized early the potential of
metal coordination chemistry for integrated concentration
and ee sensing. They observed that vicinal diamines alter
the metal-to-ligand charge transfer bands and the intrinsic
CD signals in the 300-400 nm region of enantiopure [Cu(I)
(BINAP)(MeCN),]PFs, 33 (Figure 17).24 The characteristic
CD effects can be used for identification of individual ana-
lytes and for stereoselective sensing. Concentration and ee
quantification with sufficient accuracy for HTS purposes
were achieved based on multilayer perceptron artificial
neuron network analysis. This seminal work demonstrated
the practicality of chiroptical sensing with metal com-
plexes. The same principles were exploited for fingerprint
analysis and quantification of diamines with CD-silent ra-
cemic BINAP and Tol-BINAP derived Cu(I) and Pd(II)
complexes.’2s
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Figure 17. Structure of 33 and chemoselective response
patterns with vicinal diamines based on linear discrimi-
nant analysis.

Zhang and Wolf showed that concentration and ee quan-
titation can also be accomplished with
[PA(II)(DPPF)(MeCN),](SbFs)., 34, and other stereody-
namic metal complexes that carry chromophoric tropos
ligands, for example 35.2° Coordination of a variety of dia-
mines and amino alcohols to the CD-silent metal complex
is accompanied by spontaneous imprinting of the analyte
chirality onto the diphosphine ligand (Figure 18). The fast
binding and chiral amplification processes generate a
strong CD readout and a change in the UV absorbance of
the palladium complex. The former is a function of the en-
antiomeric composition of the analyte and the latter corre-
lates to its overall concentration. This sensing strategy is
quite adaptable and other readily available metal probes
have been utilized in the same way.”?7 This quite general
strategy can be immediately adopted by any investigators
creating chiral diamines and amino alcohols.
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Figure 18. Principles of chirality sensing with stereody-
namic palladium complexes 34 and 35. Adapted with per-
mission from reference 126.
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Following the examples of Anslyn, Chin, and Wolf,
Feng’s group used a racemic N,N-dioxide-iron(III) com-
plex for determination of the absolute configuration, enan-
tiomeric composition, and concentration of several hy-
droxy acids (Figure 19).2® Metal coordination of the biden-
tate analyte was found to induce strong CD amplitudes
above 300 nm and a significant fluorescence increase at 337
nm. These two responses were successfully used for quan-
titative concentration and ee analysis of 2-hydroxy-3-phe-
nylpropionic acid samples. The results are sufficiently ac-
curate for HTS purposes and underscore once more that
chiroptical chemosensing with metal complexes provides



generally useful and practical means for high-throughput
stereochemical analysis.
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Figure 19. Cotton effects and the proposed binding
model of 2-hydroxy-3-phenylpropionic acid to an N,N-di-
oxide-iron(IIl) sensor. Adapted with permission from ref-
erence 128.

V. Asymmetric Reaction Screening

The examples of simultaneous concentration and ee de-
termination presented in the preceding section underscore
the general capability of optical sensing when nonracemic,
but otherwise chemically pure, samples are used. The in-
creased throughput, reduced labor, and the chemical sus-
tainability benefits of optical yield and ee sensing are in-
herent features of this technology and not limited to a spe-
cific reaction type. The real power of optical HTS with re-
gard to time, labor, energy and chemical waste reduction,
however, lies in the direct analysis of crude microscale re-
action mixtures, and by eliminating elaborate purification
steps. The composition of asymmetric reaction mixtures is
typically complicated and quite different from artificially
prepared samples that only contain enantiomers of a single
compound in varying amounts. A wide range of chemicals
that could interfere with the sensing process, such as re-
maining starting materials, by-products, catalyst and/or
additives, are generally expected to be present in the crude
reaction mixture prior to work-up. Direct asymmetric re-
action screening therefore requires optical assays that are
robust, adaptable to microwell plate technology, and ap-
plicable to minute amounts of complex mixtures. Despite
these challenges, several case studies that highlight the
practicality and the advantages of optical asymmetric reac-
tion sensing have been reported to date.

A. It Works: Optical Sensing of the Absolute Config-
uration, ee, and Yield from Crude Reaction Mixtures
The first step in this direction was made in 2009 when An-
slyn and coworkers demonstrated that optical chemosens-
ing is adaptable to yield and ee reaction analysis (Figure
20).9 A tailored UV/Vis eIDA was applied to the Sharpless
asymmetric dihydroxylation (AD) of trans-stilbene, 36.
The sensing of the isolated reaction product 37 was carried
out with a combination of the boronic acid hosts 38-40 and
the indicator 41. The raw UV absorbance data collected on
a 96-well plate were subjected to 3-layered MLP analysis
which gave results with sufficient accuracy for HTS pur-
poses.
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Figure 20. Sharpless asymmetric dihydroxylation and
IDA components.
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Essentially the same statistical treatment of metal-to-lig-
and charge transfer induced CD changes observed upon
coordination of a pyridine-2-carboxaldehyde derived Schiff
base of 1-phenylethylamine, 43, to the (BINAP)Cu(I) com-
plex, 33, allowed fast determination of the ee and yield of
the reductive amination of acetophenone, 42 (Figure 21).3°
Quantitative Schiff base formation of the reduction prod-
uct 43 was achieved and the mixture was then loaded with-
out further purification onto a 96-well plate for CD analysis
with the copper complex 33. It is important to note that the
product derivatization step and the succeeding CD meas-
urements can be easily automated. As is the case with most
chiroptical assays described in this Section, this protocol
eliminates the need for product isolation, typically a time-
consuming and labor-intensive task. This streamlines the
reaction development process and sets the stage for real
high-throughput analysis.

A) Catalytic asy ic reduction of

o HCO,NH, NH,
[((R)-TolBinap)RuCl,(DMF),] 44
42 NH3/MeOH (15%) 43

B) Reaction analysis
Derivatization of 43 with pyridine-2-carboxaldehyde for CD
sensing with 33 and MLP-ANN analysis

Figure 21. HTS of the asymmetric reduction of 4.

Some of the major advantages of optical reaction analy-
sis over traditional chromatographic methods were quan-
tified by the Wolf group. They showed that fast chiroptical
sensing of one milligram of crude reaction mixtures ob-
tained by the Sharpless AD of trans-stilbene allows accu-
rate determination of the absolute configuration, yield and
ee of the diol product 37.3' The simple mix-and-measure
procedure with a stereodynamic titanium complex of lig-
and 46 is not only adaptable to miniature-scale reactions;
it also eliminates cumbersome work-up steps. Examination
of four reaction samples showed that the sensing method-
ology significantly reduces solvent waste and analysis time
compared to automated flash chromatography purification
followed by gravimetric analysis and chiral HPLC ee deter-
mination (Figure 22). Given the serial nature of chroma-
tography, the superior efficiency of optical sensing which
is amenable to parallel data acquisition can be expected to
improve even further when large numbers of samples need
to be analyzed.
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Figure 22. Fluorescence/CD sensing of one milligram of
crude Sharpless asymmetric dihydroxylation mixtures.

The chiroptical Brensted/Lewis acid receptor 47 was
used to evaluate the asymmetric reduction of phenylglyox-
ylic acid 48 to 49 with (+)-DIP-CI (Figure 23).32 In this case,
0.5 milligram of the crude reaction mixture sufficed for
yield and ee quantification which was accomplished
through fast UV and CD measurements and comparison
with a calibration curve. In analogy to the breakdown of
the Sharpless AD sensing example shown above, only mi-
nute sample amounts were required and the total analysis
time and solvent consumption were reduced to only a few
percent compared to traditional reaction analysis.

Parallel asymmetric reaction screening High-throughput analysis
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mL ACN
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> no work-up

> no derivatization
> fast results
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Figure 23. UV/CD sensing of crude phenylglyoxylic acid
reduction mixtures.

As we have alluded repeatedly in the preceding sections,
sensing assays based on DCC and the formation of supra-
molecular assemblies are particularly attractive for asym-
metric reaction screening. The Wolf group developed a
practical sensing protocol that was applied to the iridium
catalyzed asymmetric hydrogenation of the iminium chlo-
ride 50 to the primary amine 43.33 Yield and ee determina-
tion was accomplished through rapid self-assembly of pal-
ladium(II) acetate, a stereodynamic phosphine ligand car-
rying a formyl group 51, and a chiral compound with a pri-
mary amine function - amines, amino alcohols or amino
acid can be used - that is captured as a Schiff base (Figure
24). This rugged chiroptical assay eliminates the need to
purify the hydrogenation product and allows direct optical
sensing of microscale amounts of crude reaction mixtures.
The performance of several chiral phosphine-derived irid-
ium catalysts in the asymmetric hydrogenation of 50 was

investigated and these reactions were used to compare tra-
ditional analysis of the isolated amine product with direct
optical sensing of the crude product. The absolute config-
uration, yield and ee of 43 were determined with good ac-
curacy, and at significantly reduced cost, labor, solvent
consumption and time. In a related study, a CD sensing en-
semble assay was used for accelerated analysis of rhodium
catalyzed asymmetric hydrogenations of imine 50.534

A) Asymmetric imine hydrogenation

®NHzCI@ [I(COD)Cl], NH,

phosphine ligands
—_—
50 Hz 43
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Figure 24. Chiroptical analysis of an asymmetric imin-
ium hydrogenation reaction.

Biedermann and Nau successfully exploited noncovalent
substrate binding with a cucurbit[8]uril (CB8) host and a
dicationic dye to monitor the stereochemical course of ki-
netic resolution and racemization reactions.’>> The reversi-
ble incorporation of a chiral aromatic compound into a ter-
nary ensemble involves fast exchange kinetics and results
in distinct ICD effects which altogether allow real-time re-
action analysis (Figure 25). Alternatively, this can be ac-
complished with aptamers. Oligonucleotide and peptidic
aptamers have been used extensively for specific binding
and biosensing of a large variety of small and large target
compounds. Heemstra’s group designed L- and D-DNA ap-
tamers equipped with orthogonal fluorophores for selec-
tive molecular recognition of D- and L-tyrosinamide, re-
spectively.3¢ They found that the use of the enantiomeric
DNA biosensor pair simplifies concurrent quantification of
the concentration of both tyrosinamide enantiomers. The
usefulness, enormous time savings compared to HPLC
analysis, and the high accuracy of this approach which is
perfectly compatible with high-throughput equipment
were demonstrated by monitoring the aminolysis and con-
comitant racemization of the ethyl ester of D-tyrosine, 52,
to D/L-tyrosinamide, 53, in the presence of ammonium hy-
droxide at various temperatures (Figure 25). While CB-
hosts can be immediately exploited by any chemist because
the assay is simple and CB8 is commercially available, the
creation of aptamers is more specialized. Importantly,
these are both extremely attractive approaches to HTS of
ee values. This is because they demonstrate that analytes
can be targeted without a focus on reactivity with a partic-
ular functional group.
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Figure 25. Top: Reaction monitoring with noncovalent
supramolecular cucurbituril assemblies, Bottom: Yield/ee
analysis of the aminolysis of 52 with enantiomeric DNA ap-
tamers. Reproduced with permission from reference 135.

Anzenbacher and colleagues demonstrated that high
sample throughput (ee determination of 20 samples in less
than a minute) can be achieved by combining fluorosens-
ing with microwell plate technology.3” They analyzed
crude reaction mixtures of the asymmetric Noyori transfer
hydrogenation of benzil, 54, with dynamic covalent assem-
blies obtained from the hydrogenation product, 37,
formylphenylboronic acid, 55, and a tryptophanol fluores-
cence reporter 56 (Figure 26). The corresponding diastere-
omeric iminoboronate esters 57 have distinctive fluores-
cence emission profiles that were exploited for highly ac-
curate statistical analysis of the ee and yield of the hydro-
gen transfer reaction.
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Figure 26. High-throughput sensing of the Noyori hy-
drogenation of benzil using a fluorescent iminoboronate
ester assembly.

B. Accelerating Asymmetric Reaction Development
with Hybrid Methods To date, the majority of reports on
asymmetric reaction sensing have focused on general util-
ity, accuracy, and practicality aspects with the general in-
tent to evaluate the robustness of the assay and to compare
analysis time and chemical waste production to that of tra-
ditional methods. Taken together, the examples presented
above underscore that asymmetric reaction analysis with
optical sensing assays has matured into a full-fledged tech-
nique that accelerates reaction analysis at reduced cost. In
this regard, the Sharpless AD and other established reac-
tions have been excellent choices to showcase the superior
features of the sensing methodology over current labora-
tory practices. Although it is outside the scope of this re-
view, we note that the ruggedness of optical chirality sens-
ing assays does not only allow high-throughput screening
of asymmetric reactions, it also provides exciting venues
for accurate stereochemical analysis of biological targets in
complex samples.’38

The examples outlined in the preceding sections show
that the time is ripe to routinely incorporate optical sens-
ing at the reaction development stage. In other words, chi-
roptical sensing has matured and emerged out of its testing
phase. It can now be used to expedite serendipitous screen-
ing of asymmetric reaction parameters. Realizing that
high-throughput asymmetric reaction development has
become reality, Miller and Anslyn applied a previously de-
veloped supramolecular CD sensing assay to speed up on-
going efforts to improve the Baeyer-Villiger oxidation
shown in Figure 27.5% They screened the performance of
small peptide catalysts in the desymmetrization of the cy-
clic ketone 58. For determination of the absolute configu-
ration and ee, the lactone product 59 was subjected to
methanolysis and a simple silica plug purification. The ste-
reochemical analysis of the corresponding alcohol 6o was
achieved by CD measurements with the self-assembled
complex 61. This approach was successful in identifying the
best catalysts for this reaction and it offered significant
time-savings over chiral HPLC.
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Figure 27. CD Analysis of an asymmetric Baeyer-Villiger
Oxidation

Alternatively, the combination of chiroptical sensing
and chromatographic analysis can increase the pace of
asymmetric reaction development. Joyce introduced a fully
automated HPLC/CD approach to determine the stereose-
lective outcome of an enzymatic transamination.'° Krische
and Anslyn further developed this idea by combining opti-



cal sensing and TLC for comprehensive screening of an en-
antioselective iridium-catalyzed allylation reaction (Figure
28).4 Their TLC/CD hybrid assay enabled fast screening of
over 400 reaction conditions by systematic variation of 18
preformed iridium complexes, base additives, and solvents.
The reactions and purification steps were conducted in
parallel using g6-well plates. Yields were determined by
quantitative TLC analysis while the enantiopurity of the
chiral alcohol 64 was assessed by CD sensing with the cor-
responding supramolecular assembly 61 as shown above in
Figure 27. These HTS efforts led to the discovery of an im-
proved catalytic method that is more cost-effective and
gives higher ee values than previously optimized proce-
dures.
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Figure 28. CD/TLC screening of the asymmetric iridium-
catalyzed allylation of benzyl alcohol 63 using assembly 61.
Adapted with permission from reference 141.

VI. Outlook

During the past 15 years, optical chirality sensing has
emerged from an “academic Mauerbliimchen” activity into
a powerful technique that allows fast determination of the
absolute configuration, ee and yield of minute amounts of
crude asymmetric reaction mixtures. Robust sensing as-
says are now available and have been successfully applied
to a variety of reaction types, including asymmetric oxida-
tions, reductions and C-C bond formations. Optical HTS
can dramatically decrease analysis time, labor, cost, sol-
vent consumption, and waste production compared to tra-
ditionally used techniques such as chiral HPLC. Given the
compatibility of optical sensing techniques with parallel
data acquisition, miniaturization and multi-well assay
plate formats, the obvious cost, waste and time savings are
likely to increase further when hundreds of samples are an-
alyzed. A switch from traditional screening methods to op-
tical chirality sensing is set to drastically accelerate asym-
metric reaction discovery and development projects. We
encourage our synthetic methodology colleagues to con-
sider these methods; adopting those that exist, devising
their own, or contacting one of the many investigators
whose work was highlighted in this review for collabora-
tions and further development.
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