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ABSTRACT 

 
This work showcases several chirality sensors that undergo covalent bond formation with 

small amine-containing molecules and thus produce a circular dichroism (CD) signal that can be 

used for chiroptical analysis of the absolute configuration and enantiomeric composition of the 

substrate.  

Pyridoxal-5’-phosphate (PLP) was introduced for simultaneous absolute configuration, ee 

and concentration analysis of unprotected amino acids, amino alcohols and amines. Fast imine 

metathesis with a PLP aryl imine probe was shown to capture analytes and to generate 

characteristic Cotton effects for suitable %ee determination. Synchronous release of an 

aromatic indicator moiety results in a non-enantioselective off-on fluorescence response 

independent of the enantiomeric sample composition which in turn allows for determination of the 

analyte concentration. 

N-aminobenzaldehyde sensors were prepared and tested. Schiff base formation with 

amines generates a conformational bias in the chromophoric sensor moiety resulting in 

characteristic CD signals. Computational analysis revealed that CD prediction of the sign of the 

Cotton effect and subsequent determination of absolute configuration becomes practical with a 

sterically crowded probe design due to the limited number of relevant conformations 

as the chiroptical response is less sensitive to conformational equilibria. At the same time, 

experimental CD amplitudes were successfully used for quantitative ee analysis. 
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A novel approach to chiral recognition of small molecules using the classical ninhydrin 

agent was introduced. Well-defined dynamic covalent chemistry (DCC) with amines and amino 

alcohols was developed and applied to quantitative ee sensing with good accuracy using a 

straightforward mixing protocol and subsequent CD measurements. This assay is fast, broadly 

useful, practical and repurposes an inexpensive reagent known for 100 years in a new application.  

 The utility of using the EKKO CD plate-reader and a coumarin reagent for the ee 

determination of a diverse set of chiral amines was examined. Linear relationships between the 

ee and the induced CD responses were obtained, minimum detectable and quantifiable ee values 

were calculated, an asymmetric hydrogenation reaction was analyzed, and the effects of 

interferents often found in crude samples were evaluated.  The automated CD assay was found to 

be suitable for high throughput experimentation applications.  
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Chapter 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.1, 2 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.3-7 HTE enables hundreds to thousands of parallel reactions to 

be run by a single worker over the course of a day, utilizing small volume reactions contained 

within multi-well plates. This generates an extremely large number of samples, and necessarily 

places a significant burden on the analytical methodology required to determine reaction success.8, 

9 As the number of samples grows from a few at a time to thousands per day, innovative high-

throughput screening (HTS) solutions are necessary to prevent analysis from becoming the 

perpetual bottleneck in the process.10,11 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 CO2.12 The last decade has seen many 

improvements in chromatographic instrumentation to take advantage of the speed of analysis to 

facilitate HTS.  

 
*Reproduced in part with permission from the American Chemical Society, Washington, DC, 
USA. Hererra, B.T.; Pilicer, S.L.; Anslyn, E.V.; Joyce, L.A.; Wolf, C. Copyright 2018 ACS. 



2 
 

The commercialization and widespread use of small particle 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 series of alkyl benzenes analytes could be 

separated in 15 minutes using a column with 5 µm particles. Using the same phase with smaller 

1.7 µm particles, the aforementioned compounds could be resolved in only 1.8 minutes.13, 14 

Ultrafast chiral separations lagged behind their achiral counterparts, but there has recently been 

growing interest in developing sub-2 µm particles to decrease analysis time for enantiomer 

resolution.15, 16 Where chiral separations often 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.17-20 A 

study was carried out using a chemically diverse set of 50 racemic compounds to test the general 

application of this methodology, including some challenging intermediates from the 

pharmaceutical industry. They showed that it was possible to resolve 43 of the 50 members of the 

set under one minute of run time using either SFC or HPLC.21 Unfortunately, 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 determining the purity and enantiomeric excess 

for chiral compounds in regulated pharmaceutical work, the use of optical methods in synthetic 

organic reactions run in parallel is rapidly gaining ground. These methods are generally less 

accurate than HPLC, however they offer several advantages that outweigh this limitation.  

Chromatography is inherently a serial process and requires new screening to be carried out for 

every new structure for analysis. Small changes in analyte structure can have dramatic differences 
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in selectivity of a chiral stationary phase. Optical analysis can be performed in plates and thus has 

many of the advantages of a parallel process.22, 23 Numerous probe designs and optical assays that 

report ee values via circular dichroism, fluorescence, and UV absorbance have been developed 

and the techniques are not only robust but ready to be employed by synthetic chemists.   

 

1.1. Chiral Recognition and Quantitative ee Sensing 

Significant progress has been made in the field of optical differentiation of molecular chirality, as 

well as quantitative ee determination. More recently, several methods that combine ee and yield 

analysis have emerged, and these are available to accelerate asymmetric reaction development 

projects. Optical methods for determining ee, such as UV-Vis, fluorescence, and circular dichroism 

(CD) spectroscopy are simple, fast, and cost-effective, allowing for them to be easily implemented 

in high throughput screening protocols.  

1.1.1 Chiroptical Methods  

The differentiation of enantiomers necessarily requires a chiral environment and circular dichroism 

spectroscopy is inherently suited for this task. Left- and right- circularly polarized light creates 

diastereomeric 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.24, 25 While most chiral molecules have 

small CD signals that typically appear at low wavelengths, large Cotton effects can be generated 

at extended wavelengths 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 dichroism (ECCD).26  These characteristic 
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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.  

1.1.2 Noncovalent Assemblies  

Borhan, Berova and Nakanishi developed some of the earliest chiroptical methods for chirality 

differentiation. They introduced zinc-porphyrin tweezers for determining the absolute 

configuration of chiral diamines and other analytes (Figure 1.1).27  

 

Figure 1.1. A) Prototypical bis-porphyrin molecular design, B) Complex formation leads to 

clockwise or counter-clockwise twists of the porphyrins, C) The twist leads to characteristic 

positive or negative Cotton effects, indicative of the handedness of the stereocenter. Adapted 

with permission from Huang, X.;  Rickman, B. H.;  Borhan, B.;  Berova, N.; Nakanishi, K., Zinc 

porphyrin tweezer in host-guest complexation: determination of absolute configurations of 

diamines, amino acids, and amino alcohols by circular dichroism. J. Am. Chem. Soc. 1998, 120 

(24), 6185-6186. Copyright 1998. American Chemical Society. 
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through-space interaction between the two zinc-porphyrin units and an exciton-coupled CD signal, 

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 configuration of a wide range of chiral compounds.28-41 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 derivatization 

prior to analysis. While this approach has rarely been used to quantify ee values, the potential is 

clear.42  

Inspired by this work, Canary demonstrated that derivatization of α- and β-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.43-45 Once again, the twist of the 

chromophores 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 compound 2, Anslyn 

and Canary introduced an ECCD protocol for quantitative determination of the ee for chiral 

carboxylates with the copper complex 3 (Figure 1.2).46 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 α- or β-chiral carboxylate results in enantiomeric 

complexes where one helical twist dominates over the other and a CD signal is generated. The 

method can be used for acetyl or Boc-protected α-amino acids and β-amino acids.47 
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Figure 1.2. ECCD-active Cu(II) assemblies pioneered by Canary (2) and implemented by 

Anslyn (3). 

 
In a similar approach, Buchholz and Kleij developed bis(metallosalphen) zinc complexes for the 

quantitative ee determination of chiral carboxylates, also via ECCD spectroscopy.48 Both of these 

approaches are robust in measuring 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.49-52 They have introduced many ee sensing assays and demonstrated their 

subsequent implementation in screening protocols.  In an approach analogous to those introduced 

above, a stereodynamic probe 4 was shown to report ee values and allows the assignment of 

absolute configuration for amines, diamines, amino acids, amino alcohols, and α-hydroxy acids 

(Figure 1.3).51 As with compounds 2 and 3, substrate binding induces a distinct chiroptical signal 

indicative of the analyte’s handedness. In this approach, the analyte and probe can simply be 

combined, and CD measurements can be immediately recorded for ee determination. The same 

group developed similar methods with other stereodynamic metal complexes for quantitative ee 

determination of amines, diamines, and amino alcohols.49, 50, 52 Each of these assays can be adapted 

for comprehensive asymmetric reaction analysis. 
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Figure 1.3. Stereodynamic metal probe for the sensing of chiral amines, diamines, amino 

alcohols, amino acids, and hydroxy acids.  

 

Zonta and colleagues most recently introduced vanadium complex 5 carrying a tetradentate 

aminotriphenolate ligand for the ee analysis of a broad variety of chiral analytes including amides, 

sulfoxides, amines, amino alcohols, carboxylic acids, and α-hydroxy acids (Figure 1.4).53 

Coordination 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 impurities. Accurate ee determination independent of the 

analyte concentration using the anisotropic g-factor (g=Δε/ε) was accomplished with a 5% margin 

of error. This major advance in the field awaits adoption by the synthetic community. 

 

Figure 1.4. Vanadium complex and substrate (S) binding. 
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1.1.3 Dynamic Covalent Assemblies  

Dynamic Covalent Chemistry (DCC) is one of the most promising strategies for rapid chiroptical 

reaction screening.54 Several groups have developed chiroptical methods where the chiral analyte 

is incorporated into a multicomponent DCC assembly. We have demonstrated, previously, that the 

1,8-bis(3’-formyl-4’-hydroxyphenyl)naphthalene probe 6 can be used for ee determination of 

amino alcohols and α-amino acids (Figure 1.5).55, 56  

 

Figure 1.5. Stereodynamic sensor for chiral amino alcohols and amino acids.  

 
In the absence of a chiral bias, the triaryl probe exists as an equal distribution of rapidly 

interconverting (P,P)- and (M,M)-isomers. Imine formation with chiral amines is complete within 

a few minutes and synergistic steric and intramolecular hydrogen bonding interactions result in 

chiral amplification across the chromophoric sensor. As the equilibrium between the sensor 

conformations is shifted to strongly favor a single isomer, a large CD signal is produced. 

In another approach, Wolf and colleagues used conformationally flexible arylacetylene 

frameworks for ee determination of mono- and diamines, amino alcohols and aldehydes.57-60 The 

arylacetylene probes, 7a and b, freely rotate about the acetylene axes and are CD silent. Diimine 

formation with the chiral compounds induces axial chirality, resulting in large chiroptical signals. 

Use of both 7a and b gave ee values with errors ranging from 2 to 7%. Hong, Kim and Chin 

demonstrated that 2,2’-dihydroxybenzophenone, 8, and derivatives thereof are equally powerful 
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DCC sensors for amino acids, amino alcohols, diamines and amino esters and amides (Figure 

1.6).61, 62  

 

Figure 1.6. Conformationally flexible chiral probes acrylacetylene (7a and 7b), and 2,2’-

dihydroxybenzophenone. 

 

The Anslyn group has developed a series of chiroptical methods for the ee determination of chiral 

amines, alcohols, and aldehydes/ketones (Figure 1.7).63-68 Assays for amines and carbonyls 

function similarly. First, a condensation reaction yields a chiral imine or hydrazone which then 

undergoes complexation to an Fe(II) center to form octahedral complexes. The Fac and Mer 

isomers have a preferential Δ or Λ 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 derivatives 

based on DCC with enantiopure BINOL, o-formyl phenylboronic acid and the chiral analyte.69 A 

three-component assembly rapidly forms and gives a distinct chiroptical signal for ee 

determination. This system has also been used for chirality sensing via fluorescence methods.70, 71 
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Figure 1.7. Dynamic covalent bond formation for ee determination of amines, 

aldehydes/ketones, and alcohols. 

 

Importantly, the DCC assembly shown in Figure 1.7 allows sensing of chiral secondary alcohols.  

As of yet, there has not been a secondary alcohol that did not work with this assay, although it fails 

with tertiary alcohols. Even simple targets such as 2-butanol give a large enough CD signal to 

determine ee values with good accuracy. The same assembly can also be used for chiral thiols, 

aromatic amines and secondary amines.72 The method involves a four-component assembly: 2-

pyridinecarboxaldehyde (PA), dipicolylamine (DPA), Zn(OTf)2 and the chiral functional group of 

interest. The chiral analyte, 2-PA, and DPA combine 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 7 were 

designed to operate on mono-functional chemicals, i.e. mono-ols, mono-amines, or mono-carbonyl 



11 
 

structures. Furthermore, there is no synthesis required for any of the aforementioned assemblies; 

each assay functions with commercially available starting materials.  

Recently, You and Anslyn introduced the rapidly interconverting 2,2’-disubstituted biphenyl pair, 

9 and 10, to capture chiral alcohols, amines and thiols by forming diastereomeric aminals and 

imines (Figure 1.8).73 Covalent substrate 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 1.7, underscore 

that chiral amplification with DCC probes affords practical assays that one can directly apply to 

asymmetric reaction screening; successful examples of these strategies are given in Section 1.5. 

 

 

Figure 1.8. Ee sensing using the biphenyl pair 9 and 10 and the corresponding ee 

calibration curves for 2-(methoxymethyl)pyrrolidine, 1-phenylethanol, and 1-

phenylethylamine. Adapted with permission from Jo, H. H.;  Lin, C.-Y.; Anslyn, E. V., Rapid 

Optical Methods for Enantiomeric Excess Analysis: From Enantioselective Indicator 



12 
 

Displacement Assays to Exciton-Coupled Circular Dichroism. Acc. Chem. Res. 2014, 47 (7), 

2212-2221. Copyright 2014. American Chemical Society. 

1.1.4 Instrumentation 

As presented, substantial effort over the last decade or so has been put toward the development of 

CD-based assays. However, while traditional fluorescence and UV/Vis plate readers are common 

and ubiquitous, CD plate readers were not commercially available until quite recently. Traditional 

plate readers are routine 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 instrument. However, Anslyn and Kahr 

showed that CD plate readers can be created.74 This has led to the recent development of a 

commercial system by Hinds Instruments, 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 EKKOTM, is capable of measuring CD spectra from 185 

nm to 850 nm from a well-plate directly. It can also operate at a desired wavelength to read ee 

values in all 96 wells in a few minutes. In comparison to a standard CD spectrometer, which 

universally uses a horizontal measuring beam, the EKKOTM CD Reader eliminates the time-

consuming process of transferring 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 efficiencies are possible with the 384 well microplate option.  
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1.2 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 assays, these 

methods can also afford high sensitivity, rapid analysis, and the opportunity for real-time sensing. 

Another 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 determination. Furthermore, 

enantioselective fluorosensing affords high sensitivity, requiring only micrograms of analyte and 

sensor. As alluded to above, with well-plate readers becoming commonplace, thousands of samples 

can be rapidly screened via traditional enantiosensing methods.  

1.2.1 Colorimetric Approaches 

  The use of UV-Vis spectroscopy for quantitative ee determination is well-known.75 A chiral 

analyte binds to the chiral host, which results in a change in the spectroscopic signal. In many 

cases, the enantioselective sensor requires multi-step synthesis, with the efficacy of the host being 

determined post-synthesis. Enantioselective indicator displacement assays (eIDAs), however, have 

shown to be excellent general strategies for the discrimination of chiral compounds with a wide 

range of functional groups.76 In an eIDA, 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 displays 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 

competition between guest and indicator can be monitored as a function of the total concentration 

of guest and the resulting color change. The interaction of a chiral host of an eIDA with an 
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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 

indicators have also been used successfully in eIDA development.77, 78  

The Anslyn group has established the usefulness of eIDAs over the past 20 years. In one example, 

a simple and general method was developed for the quantitative ee determination of non-

derivatized a-amino acids with a chiral Cu(II)-diamine complex and the indicator pyrocatechol 

violet (PCV).79 It was found that D-amino acids displace the indicator more readily than L-amino 

acids (Figure 1.9). Thus, pure enantiomers gave distinct spectroscopic signals allowing 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. 

 
Figure 1.9. Enantioselective indicator displacement assay for the ee determination of a-

amino acids. 
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1.2.2 Fluorescence Methods 

The Pu group has pioneered the use of fluorescence methods for ee determination, dating back to 

studies in the early 2000s. Their workhorse approach utilizes enantioselective fluorescent BINOL 

sensors, such as 11 and 12, for quantitative ee determination of α-hydroxy acids, amino alcohols, 

and N-protected amino acids (Figure 1.10).80-89 Hydrogen bonding between the substrates and 

BINOL-derivatives lead to either fluorescence quenching or enhancement of the BINOL core, and 

the enantiomeric composition of the chiral compound can be determined.  Several of the BINOL 

sensors can be immediately incorporated into screening protocols, and only await the synthetic 

community to avail themselves of their use. 

 

 

Figure 1.10. Non-covalent style fluorescent sensors designed for chiral recognition assays 
by Anzenbacher (11-12) and Pu (13-14). 
 

In an alternative approach, the Anzenbacher group introduced the N-anthracenyl cinchona alkaloid 

13, which forms diastereomeric ion pairs with chiral carboxylates exhibiting characteristic 

fluorescence signals.90 This group has also developed the enantioselective macrocyclic sensor 14 
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for chiral carboxylate sensing purposes.91 These chiral carboxylate sensors have been incorporated 

into simple mix and measure procedures that are readily amenable to high-throughput screening 

protocols (Figure 1.10). Wolf and coworkers used 1,8-diacridylnaphthalene sensors for combined 

concentration and ee determination of chiral carboxylic acids and other compound classes which 

is discussed in greater detail in below.92-94  

The Pu group has also demonstrated the usefulness of covalent substrate binding with BINOL 

based probes.95-98 In one example, a BINOL derived aldehyde was used for quantitative ee 

determination of diamines, amino alcohols, and amino acids. Imine formation and metal 

complexation to a Zn(II) center gave distinctive enantioselective fluorescent responses.95 In 

another approach, they developed an enantioselective perfluoroalkyl BINOL-based diketone 

sensor for amines, diamines and amino alcohols.96, 97 Most compounds are not soluble in a 

fluorinated solvent without a highly fluorinated 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 screening 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.  

 
1.3. Pioneering Efforts Toward Real-World Sensing Application 

The advances in optical methods for quantitative ee determination have led to their use in a variety 

of high-throughput screening protocols for asymmetric reaction discovery. The “proof is in the 

pudding”, and it was demonstrated that the protocols can truly be used to obviate the use of chiral 

HPLC in many instances.  
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In one of the earliest approaches towards optical methods for asymmetric reaction discovery, the 

Pu group developed macrocycle 15 for fluorescence detection of mandelic acid, 16 (Figure 1.11).99 

Using both enantiomers of the sensor, the enantiomeric composition of a reaction mixture can be 

determined with a calibration curve. To demonstrate the suitability of this assay for HTS, they 

investigated the conversion of an aldehyde to an a-hydroxy ester. A screening protocol was 

developed such that the asymmetric reaction product precipitated out, avoiding the need for 

purification prior to ee analysis. Subsequent hydrolysis of the methyl mandelate gave the a-

hydroxy acid and the ee of the reaction was determined with the enantioselective fluorosensors. 

The optically determined ee values correlated well with chiral HPLC results. 

 

Figure 1.11. Macrocycle-style fluorescence sensor by Pu for the quantitative chiral 

recognition of mandelic acid (16). 

 

Similarly, Wolf and coworkers utilized the axially chiral 1,8-diquinolylnaphthalene N,N’-dioxide, 

17, for the enantioselective analysis of an enzymatic reaction (Figure 1.12).100 They investigated 

the kinetic resolution of trans-1,2-diaminocyclohexane with dimethyl malonate by Candida 

antarctica lipase (CAL). The 1,8-diquinolylnaphthalene N,N’-dioxide exhibits enantioselective 

fluorescence enhancement upon formation of diastereomeric hydrogen bond adducts with the 

diamine enantiomers. Screening of the reaction course was accomplished with small aliquots of 
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product mixtures after fast acid/base extraction. The ee values were determined from a calibration 

curve and verified by chiral HPLC, which required a cumbersome product derivatization step prior 

to analysis. Thus, the optical sensing method streamlines the reaction monitoring by reducing both 

labor and time and is amenable to other asymmetric transformations. 

 

 

Figure 1.12. Enantioselective fluorosensor 17 used for the screening of the kinetic resolution 

of trans-1,2-diaminocyclohexane. 

 

1.4 Combined Concentration and ee Analysis 

For a long time, the primary foci within the chiroptical sensing arena were to investigate the 

fundamentals of chiral 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 delineated above, and the first few examples of reaction analysis appeared, albeit with 

some practical limitations and narrow reaction scope. These pioneering efforts presented above, 

however, clearly demonstrated the prospect of optical assays that would allow determination of 

both the total 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 steppingstones on the path toward broadly useful 
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optical asymmetric reaction screening. With this ultimate application in mind, we emphasize in 

the following discussion some of the most important features of integrated concentration 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 hundreds 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.  

1.4.1 Combined Sensing with Racemic and Enantiopure Probes  

Wolf and coworkers introduced the axially chiral 1,8-diacridylnaphthalenes 19 and 20 and the 

corresponding dioxides 21 and 22 for fluorescence sensing of a wide range of chiral compounds 

(Figure 1.13).92, 93 These probes have a fairly rigid scaffold but possess sufficient one-dimensional 

flexibility to accommodate analytes of varying size in the C2-symmetric cleft. The hydrogen bond 

interactions with chiral carboxylic acids, hydroxy acids, diamines, 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. Altogether, the use of a single 

fluorosensor - first in racemic and then in enantiopure form - allows stereochemical analysis 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-9’-

acridyl)naphthalene, 19, as the sensor. The same principles were exploited for the sensing of 

diamine 18 using a chiral iron(II) complex by Feng et al.105   
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Inspired by Anslyn’s success with indicator displacement assays, Mei and Wolf developed a ligand 

displacement strategy using scandium(III) complexes carrying two 1,8-diacridylnaphthalene N,N’-

dioxide ligands (Figure 1.13).77, 78 The N,N’-dioxides are subsequently displaced from the metal 

center by two equivalents of a chiral analyte, including unprotected amino acids, amino alcohols, 

amines and carboxylic acids, and both protic and aprotic solvents are tolerated.94 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 

aforementioned sensing strategy, the combination of two assays is required to achieve 

concentration and ee analysis. The concentration value is first calculated from the change in the 

UV (or fluorescence) signal observed with a racemic Sc(N,N’-dioxide)2 complex and the 

enantiomeric sample composition is then determined by using the scandium(III) complex in 

enantiopure form.  

 

 

Figure 1.13. 1,8-Diacridylnapthalene sensor scaffolds used for combined ee and 

concentration fluorosensing and the ligand displacement reaction. 

 
 

1.4.2 The One-Sensor-Double-Readout Approach: Covalent Analyte Binding  

NNR R
NNR R

O O
19: R=tert-Bu 21: R=tert-Bu

22: R=3,5-Me2C6H320: R=3,5-Me2C6H3
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The use of a sensor first in racemic 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 introduced an elegant IDA 

based on dynamic covalent chemistry with the BINOL derived diimine 23 (Figure 1.14).106 Imine 

metathesis in the presence of excess of diamine 18 and zinc acetate gives a diastereomeric mixture 

of 25 and two equivalents of free 2-naphthylamine, 24, which serves as the displaced indicator. 

The displacement thus affords 24 with a fluorescence emission maximum at 427 nm that can be 

correlated to the original concentration of 18 while the fluorescence intensity of 25 measured at 

525 nm depends on the chirality of 18 and provides information about the analyte 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 development of a biomimetic IDA with an imine analogue of pyridoxal-5’-phosphate, the 

active form of Vitamin B6. In this case, stoichiometric imine metathesis allows simultaneous 

determination of the concentration, absolute configuration and ee of amino acids, amino alcohols 

and amines via circular dichroism and fluorescence measurements.107 These optical assays allow 

convenient concentration and ee analysis, and are considered major steps toward optical 

asymmetric reaction screening. 
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Figure 1.14. Enantioselective indicator displacement assay with the BINOL diimine 23. (R)-

23 + Zn(OAc)2 + (S,S)-18 (red), (R)-23 + Zn(OAc)2 + (R,R)-18 (blue), (R)-23 + Zn(OAc)2 

(green).  

 

Anslyn and coworkers demonstrated that the analytical protocol can be streamlined by combining 

an enantioselective IDA with a dual-chamber quartz cuvette.108 As shown in Figure 1.15, A, one 

cuvette was filled with a methanolic 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 1.15, B). The corresponding equilibria are disturbed upon addition of nonracemic 2-

hydroxy-3-phenylpropionic acid 28, which ultimately changes the UV absorbance of the two 

separate systems (Figure 1.15, C). The use of the dual-chamber cuvette allowed simultaneous 

collection of the optical changes by a single measurement. An artificial neural network analysis 

(ANN) of the UV data obtained with several samples of 28 showed that both concentration and ee 
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of the analyte can be determined with error margins of no more than 2%.  The use of a dual chamber 

cuvette is simple and is amenable to conditions of many synthetic organic reactions. 

 

Figure 1.15. A) Dual-chamber cuvette containing the indicators 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,S)-27 

(red). C) Change in the UV absorptions in the presence of hydroxy acid 28 with changing ee. Zhu, 

L.;  Shabbir, S. H.; Anslyn, E. V., Two methods for the determination of enantiomeric excess and 

concentration of a chiral sample with a single spectroscopic measurement. Chem.-Eur. J. 2007, 13 

(1), 99-104. 

 
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 1.16).109, 110 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 information about the absolute 

configuration and ee of the analyte. The binding event also affects the fluorescence of the adjacent 

A. B.

C.

ML AC

26
(S,S)-27

(R)-28

(S)-28
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pyridyl N-oxide moiety. This optical change is independent 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 analysis 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.111 

 

 

Figure 1.16. Illustration of the chiroptical sensing concept with 29 (left). CD Signals at 260 

(blue), 290 (red), and 340 nm (green) as a function of the ee of 1,2-diphenylaminoethanol 

using sensor 29 at 7.50 10-5 M (middle). Fluorescence emission at 515 nm in the presence of sub-

stoichiometric to equimolar amounts (blue) and excess of the analyte (red) (right). 

 

The Pu group was able to determine the overall concentration and the ee of diamine 18 by a single 

fluorescence assay with the BINOL-derived probe 30 (Figure 1.17).112 This is possible because the 
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sensor exhibits two fluorescence outputs - one being highly enantioselective and one responding 

mostly to the total analyte concentration irrespective 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 

intensity of a second emission at 438 nm depends on the chirality of 18 thus providing an 

independent means for ee analysis. 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, simultaneous concentration and ee analysis of 

diaminocyclohexane, phenylalaninol, phenylglycinol, alaninol and phenylalanine based on a 

similar dual fluorescence response with a probe mixture consisting of a BINOL-derived 

bisaldehyde, salicylaldehyde and zinc acetate was demonstrated.113 

 

Figure 1.17. Sensing of diamine 18 with the BINOL-derived probe (S)-30. 

 

1.4.3 Coordination Complexes with Dual Readouts  

Anslyn, 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-
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ligand charge transfer bands and the intrinsic CD signals in the 300-400 nm region of enantiopure 

[Cu(I) (BINAP)(MeCN)2]PF6, 33 (Figure 1.18).114 The characteristic CD effects can be used for 

identification of individual analytes 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 complexes. The same principles were exploited for fingerprint 

analysis and quantification of diamines with CD-silent racemic BINAP and Tol-BINAP derived 

Cu(I) and Pd(II) complexes.115 

 

Figure 1.18. Structure of 33 and chemoselective response patterns with vicinal diamines 

based on linear discriminant analysis.  

 
Zhang and Wolf showed that concentration and ee quantitation can also be accomplished with 

[Pd(II)(DPPF)(MeCN)2](SbF6)2, 34, and other stereodynamic metal complexes that carry 

chromophoric tropos ligands, for example 35.116 Coordination of a variety of diamines and amino 

alcohols to the CD-silent metal complex is accompanied by spontaneous imprinting of the analyte 

chirality onto the diphosphine ligand (Figure 1.19).   
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Figure 1.19. Principles of chirality sensing with stereodynamic palladium complexes 34 and 

35. Adapted with permission from Shabbir, S. H.;  Clinton, J. R.; Anslyn, E. V., A general protocol 

for creating high-throughput screening assays for reaction yield and enantiomeric excess applied 

to hydrobenzoin. Proc Natl Acad Sci U S A 2009, 106 (26), 10487-10492. Copyright 2009. PNAS. 

 

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 enantiomeric 

composition of the analyte and the latter correlates to its overall concentration. This sensing 

strategy is quite adaptable and other readily available metal probes have been utilized in the same 

way.117 This quite general strategy can be immediately adopted by any investigators creating chiral 

diamines and amino alcohols. 

Following the examples of Anslyn, Chin, and Wolf, Feng’s group used a racemic N,N’-dioxide-

iron(III) complex for determination of the absolute configuration, enantiomeric composition, and 

concentration of several hydroxy acids (Figure 1.20).118  
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Figure 1.20. Cotton effects and the proposed binding model of 2-hydroxy-3-

phenylpropionic acid to an N,N’-dioxide-iron(III) sensor. Adapted with permission Peng, R.;  

Lin, L.;  Cao, W.;  Guo, J.;  Liu, X.; Feng, X., A racemic N,N '-dioxide-iron(III) complex 

chemosensor for determination of enantiomeric excess, concentration and identity of hydroxy 

carboxylic acids with circular dichroism and fluorescence responses. Tet. Lett. 2015, 56 (25), 

3882-3885. Copyright 2015. ACS. 

 

Metal coordination of the bidentate 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 quantitative concentration and ee analysis of 2-hydroxy-3-phenylpropionic acid samples. The 

results are sufficiently accurate for HTS purposes and underscore once more that chiroptical 

chemosensing with metal complexes provides generally useful and practical means for high 

throughput stereochemical analysis. 

 
1.5. Asymmetric Reaction Screening 

The examples of simultaneous concentration and ee determination presented in the 

preceding section underscore the general capability of optical sensing when nonracemic, but 

otherwise chemically pure, samples are used. The increased throughput, reduced labor, and the 

chemical sustainability benefits of optical yield and ee sensing are inherent features of this 
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technology and not limited to a specific reaction type. The real power of optical HTS with regard 

to time, labor, energy and chemical waste reduction, however, lies in the direct analysis of crude 

microscale reaction 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 remaining 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 reaction screening therefore requires optical assays 

that are robust, adaptable to microwell plate technology, and applicable to minute amounts of 

complex mixtures. Despite these challenges, several case studies that highlight the practicality and 

the advantages of optical asymmetric reaction sensing have been reported to date.  

1.5.1 It Works: Optical Sensing of the Absolute Configuration, ee, and Yield from Crude 

Reaction Mixtures  

The first step in this direction was made in 2009 when Anslyn and coworkers demonstrated that 

optical chemosensing is adaptable to yield and ee reaction analysis (Figure 1.21).119 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 purposes. 
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Figure 1.21. Sharpless asymmetric dihydroxylation and IDA components.  

 

Essentially the same statistical treatment of metal-to-ligand 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) complex, 33, allowed fast determination of the ee and 

yield of the reductive amination of acetophenone, 42 (Figure 1.22).120  

 

Figure 1.22. HTS of the asymmetric reduction of 42. 

 

Quantitative Schiff base formation of the reduction product 43 was achieved and the mixture was 

then loaded without 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 

measurements can be easily automated. As is the case with most chiroptical assays described in 
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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. 

Some of the major advantages of optical reaction analysis over traditional chromatographic 

methods were quantified by the Wolf group. They showed that fast chiroptical sensing of one 

milligram of crude reaction mixtures obtained by the Sharpless AD of trans-stilbene allows 

accurate determination of the absolute configuration, yield and ee of the diol product 37.121 The 

simple mix-and-measure procedure with a stereodynamic titanium complex of ligand 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 methodology significantly reduces 

solvent waste and analysis time compared to automated flash chromatography purification 

followed by gravimetric analysis and chiral HPLC ee determination (Figure 1.23).  

 

Figure 1.23. Fluorescence/CD sensing of one milligram of crude Sharpless asymmetric 

dihydroxylation mixtures.  
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Given the serial nature of chromatography, 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. 

The chiroptical Brønsted/Lewis acid receptor 47 was used to evaluate the asymmetric reduction of 

phenylglyoxylic acid 48 to 49 with (+)-DIP-Cl (Figure 1.24).122 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 minute sample amounts were 

required, and the total analysis time and solvent consumption were reduced to only a few percent 

compared to traditional reaction analysis. 

 

Figure 1.24. 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 supramolecular assemblies are particularly attractive for asymmetric reaction 
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screening. The Wolf group developed a practical sensing protocol that was applied to the iridium 

catalyzed asymmetric hydrogenation of the iminium chloride 50 to the primary amine 43.123 Yield 

and ee determination was accomplished through rapid self-assembly of palladium(II) acetate, a 

stereodynamic phosphine ligand carrying a formyl group 51, and a chiral compound with a primary 

amine function - amines, amino alcohols or amino acid can be used - that is captured as a Schiff 

base (Figure 1.25).  

 

Figure 1.25. Chiroptical analysis of an asymmetric iminium hydrogenation reaction. 

 

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 iridium catalysts in the asymmetric hydrogenation of 50 was 

investigated and these reactions were used to compare traditional analysis of the isolated amine 

product with direct optical sensing of the crude product. The absolute configuration, yield and ee 

of 43 were determined with good accuracy, and at significantly reduced cost, labor, solvent 

consumption and time. In a related study, a CD sensing ensemble assay was used for accelerated 

analysis of rhodium catalyzed asymmetric hydrogenations of imine 50.124 
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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 kinetic 

resolution and racemization reactions.125 The reversible incorporation of a chiral aromatic 

compound into a ternary ensemble involves fast exchange kinetics and results in distinct ICD 

effects which altogether allow real-time reaction analysis (Figure 1.26). Alternatively, this can be 

accomplished 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 aptamers equipped with orthogonal fluorophores for 

selective molecular recognition of D- and L-tyrosinamide, respectively.126 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 concomitant 

racemization of the ethyl ester of D-tyrosine, 52, to D/L-tyrosinamide, 53, in the presence of 

ammonium hydroxide at various temperatures (Figure 1.26).  
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Figure 1.26. Top: Reaction monitoring with noncovalent supramolecular cucurbituril 

assemblies, Bottom: Yield/ee analysis of the aminolysis of 52 with enantiomeric DNA 

aptamers. Reproduced with permission from Biedermann, F.; Nau, W. M., Noncovalent 

chirality sensing ensembles for the detection and reaction monitoring of amino acids, peptides, 

proteins, and aromatic drugs. Angew. Chem. Int. Ed. 2014, 53 (22), 5694-9. 

 

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 particular functional group. 

Anzenbacher and colleagues demonstrated that high sample throughput (ee determination of 20 

samples in less than a minute) can be achieved by combining fluorosensing with microwell plate 

technology.127 They analyzed crude reaction mixtures of the asymmetric Noyori transfer 

hydrogenation of benzil, 54, with dynamic covalent assemblies obtained from the hydrogenation 

product, 37, formylphenylboronic acid, 55, and a tryptophanol fluorescence reporter 56 (Figure 
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1.27). The corresponding diastereomeric iminoboronate esters 57 have distinctive fluorescence 

emission profiles that were exploited for highly accurate statistical analysis of the ee and yield of 

the hydrogen transfer reaction. 

 

Figure 1.27. High throughput sensing of the Noyori hydrogenation of benzil using a 

fluorescent iminoboronate ester assembly.   

 

1.5.2 Accelerating Asymmetric Reaction Development with Hybrid Methods  

To date, the majority of reports on asymmetric reaction sensing have focused on general 

utility, accuracy, and practicality aspects with the general intent to evaluate the robustness of the 

assay and to compare analysis time and chemical waste production to that of traditional methods. 

Taken together, the examples presented above underscore that asymmetric reaction analysis with 

optical sensing assays has matured into a full-fledged technique that accelerates reaction analysis 

at reduced cost. In this regard, the Sharpless AD and other established reactions have been 

excellent choices to showcase the superior features of the sensing methodology over current 

laboratory practices. Although it is outside the scope of this analysis, we note that the ruggedness 

of optical chirality sensing assays does not only allow high-throughput screening of asymmetric 
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reactions, it also provides exciting venues for accurate stereochemical analysis of biological targets 

in complex samples.128 

The examples outlined in the preceding sections show that the time is ripe to routinely incorporate 

optical sensing at the reaction development stage. In other words, chiroptical sensing has matured 

and emerged out of its testing phase. It can now be used to expedite serendipitous screening of 

asymmetric reaction parameters. Realizing that high-throughput asymmetric reaction development 

has become reality, Miller and Anslyn applied a previously developed supramolecular CD sensing 

assay to speed up ongoing efforts to improve the Baeyer-Villiger oxidation shown in Figure 1.28.129 

They screened the performance of small peptide catalysts in the desymmetrization of the cyclic 

ketone 58. For determination of the absolute configuration and ee, the lactone product 59 was 

subjected to methanolysis and a simple silica plug purification. The stereochemical analysis of the 

corresponding alcohol 60 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. 

 

Figure 1.28. CD analysis of an asymmetric Baeyer-Villiger oxidation. 
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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 stereoselective outcome of an enzymatic transamination.130 Krische and 

Anslyn further developed this idea by combining optical sensing and TLC for comprehensive 

screening of an enantioselective iridium-catalyzed allylation reaction (Figure 1.29).131 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 96-well plates. Yields were determined by 

quantitative TLC analysis while the enantiopurity of the chiral alcohol 64 was assessed by CD 

sensing with the corresponding supramolecular assembly 61 as shown above in Figure 1.29. These 

HTS efforts led to the discovery of an improved catalytic method that is more cost-effective and 

gives higher ee values than previously optimized procedures. 
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Figure 1.29. CD/TLC screening of the asymmetric iridium-catalyzed allylation of benzyl 

alcohol 63 using assembly 61. Adapted with permission from Jo, H. H.;  Gao, X.;  You, L.;  

Anslyn, E. V.; Krische, M. J., Application of a High-Throughput Enantiomeric Excess Optical 

Assay Involving a Dynamic Covalent Assembly: Parallel Asymmetric Allylation and Ee Sensing 

of Homoallylic Alcohols. Chem. Sci. 2015, 6 (12), 6747-6753. Published by the Royal Society of 

Chemistry. Copyright 2015. 

 

1.6 Outlook 

During the past 15 years, optical chirality sensing has emerged from an “academic 

Mauerblümchen” 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 assays are now available and have been successfully applied to a variety of reaction types, 

including asymmetric oxidations, reductions and C-C bond formations. Optical HTS can 
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dramatically decrease analysis time, labor, cost, solvent consumption, and waste production 

compared to traditionally 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 analyzed. A switch from traditional screening methods to optical chirality sensing is 

set to drastically accelerate asymmetric reaction discovery and development projects. We 

encourage our synthetic methodology colleagues to consider these methods; adopting those that 

exist, devising their own, or contacting one of the many investigators whose work was highlighted 

in this review for collaborations and further development. 
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Chapter II. Objectives 

The quantitative enantiomeric analysis of chiral organic compounds remains an 

everlasting and important pillar in chemistry and pharmaceutical development. In terms of 

workflow, the determination of enantiopurity and absolute configuration of large numbers of 

samples remains difficult and time consuming. Despite improvements with chiral HPLC, 

increased attention has been given to spectroscopic techniques like circular dichroism (CD) 

spectroscopy which only recently has entered the high throughput space. To further enable 

technological CD advancements, innovative sensor designs are needed for enantioselective 

analysis when the target compounds are CD-silent. Of particular interest is the development of 

innovative chiroptical sensors that allow enantiomeric excess determination on a short time 

scale, under mild conditions, and with small error margins. 

Main objectives of this thesis: 

(1) To develop next generation chirality sensors using fast dynamic covalent 

chemistry  

Just like for chiral HPLC where an entire library of columns is often required to develop 

a method for ee determination of a specific target compound, the same is likely true for 

spectroscopic methods. The introduction of inexpensive, readily available probe designs that 

undergo fast dynamic covalent bond formation with a variety of chiral amine compounds has 

potential to greatly increase the general utility of chiroptical sensing. It was expected that the 

repurposing of ninhydrin, a 100-year-old reagent, as well as taking a biomimetic approach 

employing vitamin B6, would accomplish this task. Of particular interest was to find new assays 
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for concentration and ee analysis in common solvents and to elucidate the mechanistic 

underpinnings of the molecular recognition event.  

(2) To demonstrate that a rational chirality sensor design can accomplish absolute 

configuration and ee determination. 

A number of chiroptical sensors have been reported to date. However, reliable absolute 

configuration determination in the absence of a reference sample remains challenging and still 

requires further development. It was envisioned that the rigid nature of Schiff base sensors could 

provide a binding motif possessing an intramolecular hydrogen bond that would facilitate control 

of the conformational freedom in the sensor-analyte product. The development of a thorough 

understanding of the structure and CD signal origin based on computational analysis was 

expected to allow reliable a priori determination of the absolute configuration and ee of chiral 

primary amines. 

(3) To evaluate the usefulness and boundaries of high throughput sensing with an 

automated CD plate reader. 

High-throughput CD screening technology carries significant promise but remains 

underexplored as the first commercially available instrument only recently became available. A 

full understanding of the speed of analysis and data quality would exemplify the power of this 

new tool. With prime focus on industrial applications, it was deemed most important to explore 

the accuracy, reproducibility, precision, and possible interferences using a micro-well plate kit 

assay.  

  



60 
 

Chapter III. Biomimetic Chirality Sensing with Pyridoxal-5’-phosphate* 

3.1 Introduction 

Pyridoxal-5’-phosphate (PLP, the active form of Vitamin B6) is an indispensable and 

ubiquitous enzyme cofactor that plays a central role in transamination, racemization, elimination 

and many other reactions.1-7 The remarkable predominance and versatility of PLP in nature has 

inspired the development of intriguing examples of biomimetic catalysis,8-13 continuous flow 

chemistry,14 combinatorial biosynthesis of complex target compounds,15, 16 biomolecule labeling or 

protein conjugation17-19 and other applications.20-23 Despite the myriad of pyridoxal-5’-phosphate-

dependent enzymes and the variety of biological processes, the propensity of the PLP aldehyde 

group toward Schiff base formation with primary amino functions is a strikingly unifying leitmotif 

and the PLP-imine moiety is a widely encountered resting state in natural and biomimetic catalytic 

reactions. Despite its wide utilization and general understanding of its properties and functions, 

PLP has not been previously exploited for molecular recognition and quantitative chemosensing 

of chiral compounds. 

The general importance of chiral amino acids, amines and amino alcohols in biological 

processes and asymmetric synthesis has directed increasing attention to optical methods that are 

capable of high throughput screening (HTS) of the enantiomeric composition of small sample 

amounts.24, 25 In this regard, time-efficiency, cost, and compatibility with automation and 

microscale analysis are among the most important considerations whereas error margins of up to 

 
*Reproduced in part with permission from the American Chemical Society, Washington, DC, 
USA. Pilicer, S.L; Bakhshi, P.R.; Bentley, K.W.; Wolf, C. J. Am. Chem. Soc. 2017, 139, 1758. 
Copyright 2017 ACS. 
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10% ee have been considered acceptable for HTS applications.26 The concept of covalent substrate 

fixation with a carefully designed aldehyde or ketone probe and subsequent enantiomeric excess 

(ee) determination of the bound chiral amine by UV, fluorescence or circular dichroism 

measurements has been successfully exploited by Kim, Hong and Chin,27, 28Anslyn,29, 30 Pu,31-33 

Joyce34 and Wolf.35-44 Many of the chemosensors introduced to date, however, have a limited 

application scope and require elaborate syntheses. More importantly, the chiroptical determination 

of both enantiopurity and concentration of chiral target compounds remains a difficult task.45-61 

Employing the pyridoxal motif, a cost-effective approach to quantitative chirality sensing 

using readily available PLP imines as probe was successfully introduced (Figure 3.1). At the onset 

of this study, it was rationalized that condensation of PLP with an aromatic amine would afford a 

fast and broadly useful chirality sensor carrying an integrated indicator unit. This biomimetic 

sensing strategy relied on covalent binding of a chiral amino acid or another target with a primary 

amino group and concomitant chirality amplification onto the PLP imine scaffold to generate a 

circular dichroism signal that can be correlated to the ee and absolute configuration of the substrate. 

The binding event interconverts the chemosensor, an aromatic PLP aldimine, to a more stable 

aliphatic imine – a reaction that is thermodynamically favored.  
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Figure 3.1. PLP applications and illustration of the biomimetic Schiff base chirality sensing 

concept. 

 

Because Schiff base formation and the imine exchange reaction are accelerated by the 

presence of the phenol and phosphate groups,62-64 the use of PLP as chirality probe also addresses 

the need for time-efficiency in HTS applications. The imine metathesis was therefore expected to 

be fast, quantitative and a stoichiometric process, that is, for each bound target compound, one aryl 

amine molecule, or “indicator,” is released. Importantly, this displacement reaction is independent 

of the chirality of the substrate and it consequently allows concentration analysis based on the 

fluorescence signal of the free indicator regardless of the enantiopurity of the target compound as 

previously shown by Yu and Pu.33 Altogether, this biomimetic sensing approach enables one to 

determine both the enantiomeric excess and the total amount of amino acids, amino alcohols and 

amines by a simple indicator displacement assay (IDA) with fast CD and fluorescence 

measurements.33, 65-68 
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3.2 DCC sensing with pyridoxal-5’-phosphate derived scaffolds 

It has been reported that free PLP and pyridoxal Schiff bases exist as complex equilibria 

of multiple tautomeric forms with often indistinguishable UV absorptions that are highly sensitive 

to the solvent polarity, pH, ionic strength, the presence of counterions, solvation effects and other 

environmental factors.69-75 This renders efforts to use UV spectroscopy for reliable quantification 

of the imine metathesis impractical. Because both PLP and PLP-imines typically have low 

quantum yields it was ruled out to accomplish this by direct fluorescence analysis and therefore 

resorted to an indicator displacement assay.76 With this in mind, PLP Schiff bases exhibiting an 

aromatic imine moiety that would (a) be irreversibly displaced by the more nucleophilic aliphatic 

sensing target and (b) generate a characteristic fluorescence signal suitable for quantitative analysis 

upon cleavage from the PLP sensor scaffold were prepared (Figure 3.1). At the onset of this 

project, Keith Bentley and Pegah Bakhshi designed a PLP sensing derivative using 4-

aminobenzenesulfonic acid as indicator and provided proof-of concept for this approach. A variety 

of aromatic primary amines were subsequently explored for analysis. The three described herein 

represent the successful sensor scaffolds capable of comprehensive chirality sensing 

(concentration and ee determination). 
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Figure 3.2. Structures of the optimized PLP imine sensors 1-3 and 19 amino acids, amino 

alcohols and amines tested.  

 

 Initially, solvents and bases were screened to dissolve the PLP imine sensors and the 

targeted amino acids and to achieve homogeneous conditions for the imine metathesis at 

millimolar concentrations. It was found that the desired indicator displacement occurs within a few 

minutes in the presence of KOH using methanol as solvent. The reaction mixtures obtained from 

sensor 1 and the amino acids 4-12 were then diluted with methanol to submillimolar concentrations 

and directly subjected to CD analysis. In all cases (Figure 3.2), characteristic Cotton effects were 

produced upon sensor binding, including with aliphatic substrates such as methionine (Figure 3.3). 

Unique CD profiles were found for each substrate and the experiments were repeated with the 

amines and amino alcohol analytes 13-21. In the absence of the sensor, the substrates did not 

produce a CD signal under otherwise identical conditions. 
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Figure 3.3. Chirality sensing of 21 (360 µM), 15 (450 µM), 4 (600 µM in MeOH), and 7 (480 

µM), with PLP imine 1.  
. 

 The imine metathesis was further investigated by 1H NMR spectroscopic analysis. Mixing 

of sensor 1 and cyclohexylethylamine, 20, in methanolic solution in the presence of stoichiometric 

amounts of TBAOH showed smooth displacement of the aniline moiety by the substrate within 45 

seconds (Figure 3.4). The reaction coincides with a clear upfield shift of the formylimine proton 

from 9.39 to 9.03 ppm and of the aromatic PLP proton from 7.99 to 7.82 ppm. As expected, the 

cleaved indicator has upfield shifted NMR signals that are identical with free aniline and the PLP 

methylene and methyl groups shift from 5.12 to 4.99 ppm and 2.50 to 2.43 ppm, respectively. The 

PLP binding of 20 results in a down field shift of the methine proton attached to the chiral center 

from 2.58 to 3.50 ppm. Importantly, the imine metathesis occurred quantitatively and without 

hydrolysis toward free PLP which would be clearly visible by the appearance of the PLP aldehyde 
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signal at approximately 10.2 ppm. As a result, the indicator displacement showed to be a perfectly 

stoichiometric process, (i.e. the quantity of the released aniline corresponds exactly to that of the 

bound amine target). The generation of equimolar indicator amounts thus sets the stage for 

determination of the concentration of the sensing target independent of the enantiomeric 

composition, vide infra. 

 

 

 

Figure 3.4. Proton NMR analysis of the metathesis using PLP sensor 1 and amine 19. 1) 

Cyclohexylethylamine, 20; 2) free aniline; 3) PLP-bound cyclohexylethylamine after mixing of 1 

and 19 for 45 seconds; 4) PLP sensor 1. All NMR spectra were recorded at 23 mM (both 1 and 

19) after addition of 1 equivalent of TBAOH (1 M in MeOH) using CD3OD as solvent. ¨MeOH; 

•TBAOH; *TBAOH-impurity. 
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Having established conceptual proof for the proposed imine metathesis and chirality 

sensing of all 19 target compounds with the prototype sensor 1, evaluating the possibility of 

quantitative ee and concentration analysis was continued using the aminonaphthalene analogues 2 

and 3. Nonracemic tryptophan samples were applied to the indicator displacement assay with each 

sensor and the CD amplitudes measured at 416 nm were plotted against % ee. As expected, linear 

responses were obtained (Figure 3.5). 

 

 

 
Figure 3.5. Top: CD effects observed with nonracemic samples of Trp and sensor 3 in 

MeOH at 480 µM (left). Linear relationship between the CD response of 3 and Trp % ee (right). 

The CD signals observed for Trp samples of random enantiomeric composition are shown in red. 
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Bottom: Off-on fluorescence response to the imine metathesis and indicator release using 3 and 

Trp. The fluorescence spectra were obtained at 24 µM in MeOH, lexc. 325 nm.  

 

The known CD response of PLP sensor 3 was then used to analyze nine Trp samples with 

random enantiomeric compositions (red data series, Figure 3.5). Four of these samples contained 

the D-isomer in 87%, 78%, 54% and 30% ee. I was pleased to find that the chiroptical analysis 

based on the indicator displacement assay with 3 gave 88%, 80%, 58% and 32% ee, respectively. 

The remaining five samples had the L-isomer of Trp in 14%, 38%, 44%, 56% and 85% ee and the 

sensing results were 20%, 41%, 49%, 56% and 86% ee (Table 3.1). The results showed that the 

sign of the Cotton effects provide the absolute configuration of the major Trp enantiomer while 

the CD amplitudes measured allow calculation of accurate ee values. 

 

Table 3.1. Experimentally determined ee’s of tryptophan samples based on CD analysis 

(see Figure 3.5). Positive signs: D-tryptophan; Negative signs: L-tryptophan. 

Actual % ee Calculated % ee 
87 88 
78 80 
54 58 
30 32 
-14 -20 
-38 -41 
-44 -49 
-56 -56 
-85 -86 

 

As demonstrated above, the binding of enantiomeric substrates to PLP generates 

characteristic Cotton effects of opposite sign at high wavelengths that can be used to identify the 



69 
 

absolute configuration and – when nonracemic samples are investigated – the intensity of the CD 

response yields the enantiomeric composition. While the CD sensor response is enantioselective, 

the release of the aminonaphthalene indicator is not, which allows for total concentration analysis 

irrespective of the sample ee. It was noticed that excitation of the free indicator at 325 nm gives a 

strong fluorescence emission at 429 nm (Figure 3.5). The low fluorescence background generated 

by the PLP imine sensor thus results in an off-on fluorescence response to the presence of a 

substrate. To test if the CD and fluorescence responses could be exploited for simultaneous ee and 

concentration analysis, several Trp samples of varying enantiomeric composition and amounts 

were prepared. The samples were then introduced into the indicator displacement assay and 

analyzed as described above (Table 3.2). Comparison of the actual (prepared) samples with the 

experimentally determined values shows that the error margins are within the typical range that is 

accepted for high-throughput screening purposes (± 10% ee). For example, chiroptical sensing of 

a sample containing a 5.16 mM solution of D-Trp in 93% ee correctly confirmed that the D-form 

was the major enantiomer and present in 90% ee at 5.35 mM (Table 3.2, entry 5). 

 
Table 3.2. Comprehensive chirality sensing of Trp.a  

 
entry tryptophan samples  chiroptical sensing results 

 abs. 
config. 

conc. 
(mM) %ee abs. 

config. 
conc. 
(mM) %ee 

1 D 4.26 41 D 4.00 49 
2 L 3.06 22 L 3.05 31 
3 D 2.34 54 D 2.31 61 
4 D 2.04 71 D 2.19 66 
5 D 5.16 93 D 5.35 90 
6 / 3.60 0 / 3.21 7 

aCircular dichroism and fluorescence sensing were performed in MeOH at submillimolar 
concentrations after 15-20 minutes as described in Figure 3.5. 
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After demonstrating the scope of our PLP system, it was considered whether analyte mixtures 

could be evaluated using this system. trans-1-Amino-2-indanol and phenylalanine were used for 

this proof of concept endeavor and within reasonable accuracy ee determination was possible 

(Figure 3.6).  

 

Figure 3.6. CD spectra of the imines formed from 1 and D-phenylalanine (red), L-

phenylalanine  (blue), (1R,2R)-16 (red dashed), (1S,2S)-16 (blue dashed) and the mixture 

described in entry 1 (black) at 240 µM in MeOH with 2.0 molar equivalents of KOH.  

 

Actual versus calculated ee values for mixtures of the amino alcohol and amine were 

determined based on comparing the CD spectra obtained with mixtures to those of the enantiopure 

reference compounds at the same concentration (Figure 3.6). Altogether, though with a modest 

sample size, I have additionally shown one of the first examples of ee analysis of mixtures of chiral 

compounds. 
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Table 3.3. ee analysis of mixtures of trans-1-amino-2-indanol and phenylalanine using CD 

measurements at a sensing concentration of 240 µM. 

entry phenylalanine trans-1-amino-2-
indanol 

 Actual 
% ee 

 Calculated 
% ee 

Actual 
% ee 

Calculated 
% ee 

1 80.0 (L)  72.5 (L) 100.0 (RR) 104.3 (RR) 
2 20.0 (L)  19.7 (L) -80.0 (SS) 83.4 (SS) 

 

3.3 Conclusion 

 In summary, I have introduced, together with Pegah Bakhshi and Keith Bentley, a 

biomimetic indicator displacement assay that exploits readily available pyridoxal phosphate 

derived aryl imines for simultaneous determination of the absolute configuration, enantiomeric 

composition and concentration of unprotected amino acids, amino alcohols and amines. The 

chiroptical assay is based on irreversible imine metathesis and facile circular dichroism and 

fluorescence measurements. The binding of the substrate by the PLP receptor generates 

characteristic Cotton effects that identify the major enantiomer and the sample ee. The concomitant 

indicator displacement results in a non-enantioselective off-on fluorescence response that is 

independent of the enantiomeric sample composition and readily correlated to the total analyte 

concentration. The sensing assay is broadly applicable - 19 chiral compounds were successfully 

tested – and it gives results with sufficient accuracy for HTS purposes.  
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3.4 Experimental Details 

3.4.1 Synthetic Procedures and Compound Characterization 

All reagents and solvents were commercially available and used without purification. Reactions 

were carried out using anhydrous solvents, and starting materials were subjected to lyophilization 

prior to use. NMR spectra were obtained at 400 MHz (1H-NMR) and 100 MHz (13C-NMR) using 

DMSO-d6 as solvent with excess of TBAOH (1 M, MeOH: H2O, 2:1) in the case of PLP imines 2 

and 3. NMR signals are reported in ppm using the solvent peak as reference. Elemental analysis 

was conducted (1.5-2.5 mg) in the presence of V2O5 to afford complete combustion. 

3.4.2 Synthesis of 1 

5-Hydroxy-6-methyl-4-((phenylimino)methyl)pyridin-3-yl)methyl dihydrogen phosphate 

(1) 

 

Pyridoxal-5’-phosphate monohydrate (50.0 mg, 0.188 mmol) was added to a solution of aniline 

(87.5 mg, 5 eq, 0.94 mmol) in 3 mL of MeOH and stirred for 1 hour (95% conversion by 1H NMR). 

The suspension was filtered and washed with MeOH (~5 mL). The residue was resuspended in 

anhydrous MeOH (3 mL) and a second portion of aniline (87.5 mg, 5 eq, 0.94 mmol) was added. 

After 2 days, the suspension was filtered and the residue was washed with dichloromethane 

followed by MeOH. Removal of solvents in vacuo afforded 26.4 mg of a bright yellow amorphous 

solid (0.082 mmol, 44% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.25 (bs, 1H), 8.05 (s, 1H), 7.56 

(d, J = 8.3 Hz, 2H), 7.50 (dd, J = 7.5 Hz, J = 8.0 Hz, 2H), 7.38 (dd, J = 7.3 Hz, J = 7.3 Hz, 1H), 
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5.19 (d, J = 7.3 Hz, 2H), 2.45 (s, 3H).13C NMR (100 MHz, DMSO-d6) δ 160.4, 153.2, 149.5, 146.5, 

138.7, 129.4, 128.8, 128.0, 121.7, 119.7, 61.9, (JC,P = 4.7 Hz), 18.6. Anal. Calcd. C18H17N2O5P: C, 

52.18; H, 4.69; N, 8.69; Found: C, 52.03; H, 4.93; N, 8.72. 

3.4.3 Synthesis of 2 

5-Hydroxy-6-methyl-4-((naphthalen-2-ylimino)methyl)pyridin-3-yl)methyl dihydrogen 

phosphate (2) 

 

Pyridoxal-5’-phosphate-monohydrate (50 mg, 0.188 mmol) was added to a solution of 2-

aminonaphthalene (135 mg, 0.942 mmol, 5 eq) in 3 mL of anhydrous ACN and and the mixture 

was stirred at room temperature for 24 hours. The product was filtered and rinsed with MeOH to 

afford a yellow-orange amorphous solid that was then dried in vacuo to remove residual solvent 

(61.97 mg, 88.5% yield). 1H NMR (400 MHz, DMSO-d6, TBAOH) δ 9.15 (s, 1H), 7.86 – 7.71 

(m, 3H), 7.56 (s, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.43 – 7.26 (m, 3H), 5.11 (d, J = 3.9 Hz, 2H), 

2.15 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 161.5, 149.7, 147.0, 133.9, 132.6, 131.6, 131.5, 

129.4, 128.8, 128.6, 127.8, 126.7, 126.1, 125.4, 118.8, 106.3, 61.9 (JC,P = 5.4 Hz), 19.1. Anal. 

Calcd. C18H17N2O5P: C, 58.07; H, 4.60; N, 7.52; Found: C, 58.09; H, 4.81; N, 7.44. 
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3.4.4 Synthesis of 3 

5-Hydroxy-6-methyl-4-((naphthalen-1-ylimino)methyl)pyridin-3-yl)methyl dihydrogen 

phosphate (3) 

 

Pyridoxal-5’-phosphate monohydrate (56.8 mg, 0.214 mmol) was added to a solution of 1-

aminonaphthalene (135.0 mg, 0.942 mmol, 5 eq) in 3 mL of anhydrous MeOH and the mixture 

was stirred at room temperature for 5 days. The product was filtered and rinsed with MeOH to 

afford an orange amorphous solid that was then dried in vacuo to remove residual solvent (41.6 

mg, 0.118 mmol, 52% yield). 1H NMR (400 MHz, DMSO-d6, TBAOH) δ 9.14 (bs, 1H), 8.38 (m, 

1H), 7.79 (m, 1H), 7.64 (s, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.48 – 7.35 (m, 3H), 6.91 (dd, J = 7.3, 

1.1 Hz, 1H), 5.25 (d, J = 4.4 Hz, 2H), 2.17 (s, 3H). 13C NMR (100 MHz, DMSO-d6, TBAOH) δ 

166.7, 161.9, 151.7, 149.6, 134.2, 134.1, 132.8, 128.1, 126.3, 125.6, 125.2, 124.8, 124.5, 124.5, 

122.7, 121.4, 111.7, 62.3, (JC,P=3.6 Hz), 19.4. Anal. Calcd. C18H17N2O5P: C, 58.07; H, 4.60; N, 

7.52; Found: C, 57.82; H, 4.66; N, 7.55. 

 

3.5 Experimental Details for Chiroptical Sensing  

All CD experiments were conducted in MeOH at concentrations varying from 100 µM to 720 

µM using a 3 mL quartz cuvette with a 10 mm path length. The general scope of the PLP imine 
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sensors was evaluated using amino acids, amino alcohols, and primary amines (one enantiomer 

shown). 

3.5.1 Chiroptical Sensing of Amino Acids with Sensor 1  

 

A stock solution containing 1 (6.0 mM) in MeOH (12.0 mM KOH) was prepared and 0.5 mL 

aliquots were placed into small vials. To each vial, 10 µL of a methanolic solution containing the 

substrate of interest (0.30 M) and 2.0 equivalents of KOH were added. The mixtures were then 

stirred for 15-20 minutes prior to CD analysis. In the absence of the sensor, the substrates did not 

give a CD signal under otherwise identical conditions.  

 
CD Spectra obtained at 360 µM of the imine formed from 1 and D-aspartic acid (red) and L-

aspartic acid (blue). 
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CD Spectra obtained at 480 µM of the imine formed from 1 and D-leucine (red) and L-leucine 

(blue). 

 

 

CD Spectra obtained at 480 µM of the imine formed from 1 and D-methionine (red) and L-

methionine (blue). 
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CD Spectra obtained at 360 µM of the imine formed from 1 and D-phenylalanine (red) and L-

phenylalanine (blue). 

 

CD Spectra obtained at 240 µM of the imine formed from 1 and D-threonine (red) and L-

threonine (blue). 
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CD Spectra were obtained at 240 µM (dashed), 480 µM (dotted), and 600 µM (solid) of the 

imine formed from 1 and D-tryptophan (red) and L-tryptophan (blue). 

 

CD Spectra obtained at 480 µM of the imine formed from 1 and D-tyrosine (red) and L-tyrosine 

(blue). 

 

Figure 3.7. Various CD spectra of amino acids with 1. 
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then stirred for 15-20 minutes prior to CD analysis. In the absence of the sensor, the substrates 

did not give a CD signal under otherwise identical conditions.  

CD Spectra obtained at 360 µM of the imine formed from 1 and (1R,2S)-13 (red) and (1S,2R)-13 

(blue). 

  

CD Spectra obtained at 270 µM (dashed) and 450 µM (solid) of the imine formed from 1 and 

(1R,2S)-15 (red) and (1S,2R)-15 (blue). 
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CD Spectra obtained at 360 µM of the imine formed from 1 and (1R,2R)-16 (red) and (1S,2S)-16 

(blue). 

  

CD Spectra obtained at 270 µM of the imine formed from 1 and (1R,2S)-17 (red) and (1S,2R)-17 

(blue). 
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CD Spectra obtained at 360 µM of the imine formed from 1 and (R)-19 (red) and (S)-19 (blue). 

 

CD Spectra obtained at 360 µM of the imine formed from 1 and (R)-21 (red) and (S)-21 (blue). 

 

Figure 3.8. Various CD spectra of amines and amino alcohols with 1. 

 

3.5.3 Quantitative ee and Concentration Analysis of Tryptophan with Sensor 3 

Tryptophan was chosen as the sensing target to develop a quantitative ee and concentration assay 

based on the IDA with PLP imine 3 (shown below). 
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A stock solution containing 3 (6.0 mM) in MeOH (12.0 mM methanolic KOH) was prepared and 

0.5 mL aliquots were placed into small vials. To each vial, 10 µL of a solution of tryptophan (6.0 

mM) of varied ee was added. The enantiomeric excess compositions of the tryptophan solutions 

were 100.0, 80.0, 60.0, 40.0, 20.0, 0.0, -20.0, -40.0, -60.0, -80.0, and -100.0% ee. Each mixture 

was stirred for 20 minutes prior to CD analysis.  In the absence of the sensor, the substrates did 

not give a CD signal under otherwise identical conditions. All CD measurements were taken after 

dilution to 480 µM with MeOH. A second set of scalemic tryptophan solutions with randomly 

chosen ee compositions were prepared and the sensing and CD measurements were performed 

following the previously described protocol. The enantiomeric excess compositions of the 

tryptophan solutions were (87.0, 78.0, 54.0, 30.0, -14.0, -38.0, -44.0, -56.9, -85.0) 

 

Figure 3.9 Chiroptical response of 3 to tryptophan at varying ee’s. 
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Figure 3.10 Linear fit between the CD response of 3 at 416 nm and the ee’s of the scalemic 

tryptophan solutions. 

 

Table 3.4 Experimentally determined ee’s of tryptophan samples based on the CD analysis 

shown above using CD output at 416 nm. 

Actual % ee Calculated % ee 
87.0 88.0 
78.0 80.0 
54.0 58.0 
30.0 32.0 
-14.0 -20.0 
-38.0 -41.0 
-44.0 -49.0 
-56.0 -56.0 
-85.0 -86.0 

Positive signs: D-tryptophan; Negative signs: L-tryptophan 
 

3.5.4 Quantitative ee Analysis of Tryptophan with Sensor 2 

A stock solution containing 2 (6.0 mM) in MeOH (12.0 mM methanolic KOH) was 

prepared and 0.5 mL aliquots were placed into small vials. To each vial, 10 µL of a solution of 

tryptophan (6.0 mM) of varied ee was added. The enantiomeric excess compositions of the 

tryptophan solutions were 100.0, 80.0, 60.0, 40.0, 20.0, 0.0, -20.0, -40.0, -60.0, -80.0, and -100.0 
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ee. Each mixture was stirred for 20 minutes prior to CD analysis.  In the absence of the sensor, the 

substrates did not give a CD signal under otherwise identical conditions. All CD measurements 

were taken after dilution to 480 µM with MeOH. A second set of scalemic tryptophan solutions 

were prepared and the sensing and CD measurements were performed with randomly chosen ee 

compositions following the previously described protocol. The enantiomeric excess compositions 

of the tryptophan solutions were (87.0, 78.0, 54.0, 30.0, -14.0). 

 
Figure 3.11 Chiroptical response of 2 to tryptophan at varying ee’s. 

 

Figure 3.12 Linear fit between the CD response of 2 at 428 nm and the ee’s of the scalemic 

tryptophan solutions. 
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Table 3.5. Experimentally determined ee’s of tryptophan samples based on the CD analysis 

shown above using CD output at 428 nm. 

Actual % ee Calculated % ee 
87.0 86.0 
78.0 83.0 
54.0 56.0 
30.0 32.0 
-14.0 -18.0 

 

3.5.5 Quantitative Concentration Analysis of Tryptophan with Sensor 3 

A stock solution containing 3 (6.0 mM) in MeOH with 12.0 mM KOH was prepared and 

placed into vials (0.5 mL aliquots). Varied molar equivalents (0.0, 0.1, 0.2, 0.35, 0.5, 0.6,0.7, 0.8, 

0.9, 1.0, 1.5, 2.0) of a prepared tryptophan solution (0.3 M in MeOH with 2 equivalents of KOH) 

were then added. The mixtures were stirred for 15-20 minutes prior to fluorescence analysis. All 

fluorescence measurements were taken at 24 µM concentrations in degassed MeOH.  

 

Figure 3.13 Fluorescence emission spectra obtained by indicator displacement using 3 and 

tryptophan. Note: The lowest curve depicts the emission spectrum of tryptophan without 3 in 

solution at 24 µM. lex=325 nm; lmax= 429 nm.  
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Figure 3.14 Calibration curve using the fluorescence signal at 446 nm for fluorescence 

emission spectra obtained by indicator displacement using 3 and tryptophan.  

 

  

Figure 3.15 Fluorescence emission spectra obtained by indicator displacement using 3 and 

tryptophan samples of varied concentrations. Note: All samples analyzed were taken from 

reaction mixtures with concentrations between 1.50-5.70 mM.  lex=325 nm; lmax= 429 nm.  
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Table 3.6 Experimentally determined concentrations of tryptophan samples using the 

calibration curve determined at 446 nm using 3. 

Actual Concentration 
(mM) 

Calculated Concentration 
(mM) 

5.16 5.35 
4.26 4.00 
4.02 4.01 
3.06 3.05 
2.34 2.31 
2.04 2.19 
1.50 1.58 

 

3.5.6 Simultaneous ee and Concentration Determination of Tryptophan using Sensor 3  

Several tryptophan samples of varying concentration and ee were prepared (41.0, 22.0, 54.0, 71.0, 

93.0, 0.0 % ee) and subjected to CD and fluorescence analysis as described above. The mixtures 

were stirred for 15-20 minutes prior to CD and fluorescence analysis. All CD measurements were 

taken in MeOH at 480 µM. All fluorescence measurements were taken at 24 µM by adding 10 µl 

aliquots to 2.5 mL of degassed MeOH.  

Fluorescence concentration curve equation: y = -527490x2 + 2E+06x + 76293, where y is the 

emission count and x is the concentration in mM. 

CD ee linear fit equation: a = 0.4769b - 2.3346, where, 

 a= experimental chiroptical response (mdeg)  

b=% ee uncorrected for concentration; obtained the concentration-corrected ee was obtained 

according to Equation 1 below.  

x= calculated concentration from fluorescence calibration curve (mM) 

%	𝑒𝑒 =
!"#.%%&'
(.&)'*
+

'	-.
   (Equation 3.1) 
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Chapter IV. Predictive Chirality Sensing via Schiff Base Formation* 

4.1 Introduction 

The introduction of new methods for the stereochemical analysis of chiral compounds is 

essential to enable progress in asymmetric synthesis, materials sciences and other chemical 

disciplines. The determination of absolute configuration and enantiomeric excess (ee) of chiral 

amines, which play a dominant role in biological processes and drug development initiatives, is 

particularly important and remains a challenging task. In this regard, optical methods using UV, 

fluorescence and circular dichroism (CD) spectroscopy have become quite popular in recent 

years.1-4 Berova,5-8 Kim, Hong and Chin,9,10 Anslyn11-19 Anzenbacher,20-22 Pu,23-30 Borhan,31,32 

Feng,33-35 Wolf36-48 and others49-54 have developed a variety of optical probes that undergo chiral 

recognition and amplification processes with amines and derivatives thereof via various covalent 

binding strategies including Schiff base formation.  

 Some of the most successful innovations in the realm of chirality sensing have undoubtedly 

been motivated by an increasing demand for fast optical assays that can exploit parallel screening 

technology.55 Accordingly, many probes that bind the target substrate through Schiff base 

formation have been introduced with the common goal to achieve ee analysis for chiral amines 

with minute analyte quantities. Absolute configuration, however, cannot often be predicted and 

must instead be determined by comparison of the induced UV, fluorescence or CD signal with the 

response of the optical sensor to a reference sample. Stereochemical assignments based on such 

an empirical approach are unreliable when the analysis of new compounds is required or when a 

 
*Reproduced in part with permission from the Royal Chemical Society. Pilicer, S.L; Mancinelli, 
M.; Mazzanti, A.; Wolf, C. Org. Biomol. Chem. 2019. 17, 6699-6705. Copyright 2019. 
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reference is unavailable. The possibility, then, to rationally elucidate the absolute configuration of 

chiral substrates from the induced Cotton effect would extend the use of Schiff base chirality 

sensors to the stereochemical analysis of new compounds. In the pharmaceutical sciences, for 

example, this remains a very important goal. It was therefore decided to involve computational 

means to develop a Schiff base sensor that obviates the need to compare the induced CD signals 

observed upon amine binding to those obtained with a reference of known absolute configuration.   

The readily available 2-aminobenzaldehyde scaffold carrying a hydrogen bond donating 

secondary diarylamine unit adjacent to the formyl group appeared to be an attractive starting point 

for this study because this arrangement was expected to facilitate the condensation with an amine 

substrate and limit the conformational freedom of the corresponding Schiff base product (Figure 

4.1).  

 

Figure 4.1. Preparation and structures of sensors 1 and 2. Blue: CD sensing chromophore. 

Red: proximate H-donor, Green: amine binding site. 

 

It was hypothesized that the 2-aminobenzaldehyde core needed to be linked to an additional 

UV-chromophoric group with a strong UV transition in the low-energy region of the UV spectrum. 

This is generally considered desirable because it reduces the possibility that CD-active impurities 

interfere with the chiroptical sensing event. In addition, solvents having a relatively high 
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wavelength cut-off (e.g. chloroform) can be used. Within the obvious choice of an aromatic 

component as the UV-absorbing moiety, this could be either a locally C2-symmetric or an 

asymmetric aryl ring. In sensor design 1, two diastereoisomeric conformations are generated 

whereas in design 2, the two conformations generated by a 180° rotation of the aryl ring around 

the N-C bond are homomeric. Since the goal was to develop a strong CD signal induced by the 

chirality of the analyte, a highly unbalanced conformational equilibrium was advisable in the case 

of a non-C2-symmetric sensor. In an optimal scenario, only one conformation of the sensor would 

be populated in solution so that the experimental CD spectrum is not a complicate weighted 

average of several conformational contributions.  

Two sensor designs resulting from the coupling of 2-bromobenzaldeyde with 2-methyl-1-

naphthylamine (compound 1) and p-nitroaniline (compound 2) were examined. The synthesis of 

the desired probes was accomplished via conventional coupling chemistry using commercially 

available aryl amines and protected bromobenzaldehyde (Figure 4.1). Subsequent deprotection of 

the aldehyde group was carried out under acidic conditions, producing both 1 and 2 in 49% overall 

yield. Both possess a strong chromophoric group in the low energy region of the UV spectrum, 

each with different geometric constraints and with different orientations of the UV-absorbing 

dipoles. It was envisioned that the chirality of a covalently attached amine would control the 

relative orientation of the chromophores in these sensor designs and thus generate characteristic 

Cotton effects that one could systematically correlate to the absolute configuration of the substrate. 

The test amines are shown in Figure 4.2. 
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Figure 4.2 Structures of selected substrates. 

4.2 Results and Discussion 

The CD spectra of the Schiff bases formed from (R)-phenylethylamine with 1 and 2 were 

designated as 1a and 2a were simulated by Mancinelli and Mazzanti with TD-DFT methods and 

compared with the experimental CD data (Figure 4.2).  

 

Figure 4.3. Comparisons of ECD simulation and experimental CD spectra of (R)-1a (top) and 

(R)-2a (bottom). For full computational details see Pilicer, S.L; Mancinelli, M.; Mazzanti, A.; 

Wolf, C. Org. Biomol. Chem. 2019. 17, 6699-6705. 
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The extensive computational analysis conducted in the Mazzanti lab was utilized to 

determine the relative stabilities of different conformational Schiff base isomers of the two sensors 

and the corresponding CD and UV spectra. A single crystal of the imine formed from 2 and (S)-1-

phenylethylamine was obtained by slow evaporation of a methanol solution (Figure 4.3).  This 

solid-state structure corresponds to one of the low-energy and most stable conformations 

computationally determined in the Mazzanti lab. The computations showed that the more rigid 

sensor, 1, generates two major conformations upon Schiff base formation that have the same CD 

profile and are in agreement with the experimental data. The flexibility exhibited by sensor 2 

complicated the computational analysis and consequently, reliable CD predictions are much more 

difficult. Sensor 1 appears more suitable for absolute configuration determination because the sign 

of the low-energy Cotton effect should not be influenced by a complicated conformational 

isomerism.  

 

Figure 4.4.  Single crystal structure of 2a. 

 

With these analyses in hand suggesting that 2 may have lower predictive CD capacity, the 

utility of both probes for sensing of amines c-h was considered experimentally. The condensations 

were carried out using either dichloromethane or acetonitrile as solvent and the reaction mixtures 

were then diluted with acetonitrile and subjected to CD analysis without further purification. In all 
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cases, the imine formation proceeds smoothly at room temperature in the presence of molecular 

sieves and positive Cotton effects at micromolar concentrations upon binding of the (S)-amines 

were observed while the Schiff base formation with the (R)-enantiomers gave the opposite 

chiroptical signal. Representative examples for analytes a and b with 1 and 2 shown in Figure 4.4.  

 

 

 

 

Figure 4.5. Representative examples of chiroptical amine sensing. a) CD signals of the imines 

obtained using 1 and (R)-1-phenylethylamine (blue) or (S)-1-phenylethylamine (red) at 68 µM in 

ACN (left), 1 and (R)-1-cyclohexylethylamine (blue) or (S)-1-cyclohexylethylamine (red) at 68 

µM (right). b) CD signals using 2 for (R)-1-phenylethylamine (blue) and (S)-1-phenylethylamine 

(red) at 60 µM (left), and with (R)-1-cyclohexylethylamine (blue) or (S)-1-cyclohexylethylamine 

(red) at 90 µM (right). 
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With consistent empirical CD signals for the test analytes, the possibility of empirical 

quantitative ee analysis of amine e with sensor 1 was considered. A calibration curve was first 

determined for the CD maximum of the imine product measured at 354 nm versus the sample ee 

values. This was then used to determine the enantiomeric composition of four nonracemic samples. 

The sensing analysis revealed the correct absolute configuration of the major enantiomer based on 

the sign of the observed Cotton effect (Figure 4.5). 

 

 

Figure 4.6.  Quantitative ee analysis using sensor 1. Calibration curve of the chiroptical 

responses of 1 with varied enantiomeric compositions of 1-phenylpropan-1-amine (left) and 

polynomial fitting of the sensor-tethered analyte CD responses at 354 nm versus the ee values of 

each scalemic sample (blue). The CD results with random ee compositions of e are shown in 

orange.  
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Additionally, it allowed for the determination of the sample ee values with sufficient 

accuracy for high-throughput screening purposes (Table 4.1). For example, the CD sensing of the 

samples containing the (S)-amine in 87 and 76% ee gave 93 and 74% ee, respectively (entries 1 

and 2). 

Table 4.1. CD Sensing of nonracemic samples of amine e using sensor 1. 

Sample composition Chiroptical sensing 
results 

absolute 
configuration 

ee values 
(%) 

absolute 
configuration 

ee values 
(%) 

S 87 S 93 
S 76 S 74 
R 64 R 73 
R 89 R 97 

 

4.3. Conclusion 

In summary, two chiroptical sensors exhibiting a 2-aminobenzaldehyde derived scaffold 

with a hydrogen bond donating secondary diarylamine unit adjacent to the formyl group which 

allows Schiff base formation with amines were prepared and tested. The covalent binding of a 

chiral amine substrate affects the conformational bias in the sensor moiety which results in 

characteristic CD spectra. Computational analysis revealed that CD prediction and thus 

determination of the absolute configuration of the substrate becomes practical with a sterically 

crowded sensor design as the number of conformations to be considered is largely reduced while 

the induced CD spectrum is less sensitive to conformational equilibria. Finally, the possibility of 

quantitative ee analysis of nonracemic amine samples was demonstrated. 
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4.4 Experimental Section 

4.4.1 Synthetic Procedures and Compound Characterization 

All reagents and solvents were commercially available and used without further 

purification. NMR spectra were obtained at 400 MHz (1H NMR) and 100 MHz (13C NMR) using 

CD3CN or CDCl3 as solvent. NMR signals are reported in ppm using the solvent peak as reference. 

 

2-(2-Bromophenyl)-1,3-dioxolane (636 mg, 2.78 mmol for the synthesis of 1 and 400 mg, 1.75 

mmol for the synthesis of 2) , Cs2CO3 (1.15 eq), Pd(OAc)2 (4 mol%), rac-BINAP (7.5 mol%) and 

1.1 equivalents of either 2-methylnaphthalen-1-amine (for synthesis of 1) or 4-nitroaniline (for the 

synthesis of 2) were dissolved in toluene (12 mL for the case of 1 and 8 mL for the case of 2) under 

nitrogen atmosphere. The reaction mixture was heated to 100 oC for 16 and 14 hours for 1 and 2, 

respectively. After cooling, toluene was removed in vacuo and the mixture was diluted with water 

and extracted with EtOAc (3x). The organic layers were combined and dried over Na2SO4. The 

crude product was then purified by silica column chromatography with hexanes/EtOAc gradients 

(3-15% EtOAc for 1, and 5-15% EtOAc for 2). For 1, deprotection was carried out using 5% HClaq 

in THF (v/v) at room temperature. The mixture was extracted with EtOAc, dried over sodium 

sulfate, and concentrated in vacuo. For 2, deprotection was carried out 5% HClaq in THF (v/v) at 

room temperature at 60 oC. After cooling to room temperature, red-orange crystals were isolated, 

washed with cold water and dried under vacuum. 
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2-((2-Methylnaphthalen-1-yl)amino)benzaldehyde  

  

Compound 1 was obtained in 49% yield (358.4 mg, 1.37 mmol) over two steps. 1H NMR (400 

MHz, in CDCl3) δ 10.05 (s, 1H), 9.90 (s, 1H), 7.92-7.83 (m,  2H), 7.77 (d, J = 8.4 Hz, 1H), 7.62 

(dd, J = 7.7, 1.7 Hz, 1H), 7.51 – 7.38 (m, 3H), 7.19 (dd, J = 8.7, 7.1 Hz, 1H), 6.82 – 6.71 (m, 1H), 

6.15 (d, J = 8.5 Hz, 1H), 2.38 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.7, 150.3, 136.4, 135.9, 

133.8, 133.4, 132.7, 131.7, 129.2, 128.2, 127.3, 126.8, 125.6, 123.3, 118.7, 116.3, 113.2, 18.5. 

 

2-((4-Nitrophenyl)amino)benzaldehyde  

  

Compound 2 was obtained in 49% yield (210.3 mg, 0.87 mmol) over two steps. 1H NMR (400 

MHz, CD3CN) δ 10.11(br, 1H), 9.96 (s, 1H), 8.18 (d, 9.38 Hz, 2H), 7.80 (d, J = 7.45, 1H), 7.57 

(d, 4.07 Hz, 2H), 7.38 (d, J = 9.22 Hz, 2H), 7.20 – 7.07 (m, 1H). 13C NMR (100 MHz, CD3CN) δ 

196.0, 148.3, 137.6, 136.5, 126.5, 123.3, 121.8, 119.4, 118.3, 116.8. 
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4.4.2 Procedures for Chiroptical Sensing  

All CD measurements were taken at submillimolar sensor concentrations with chiral 

analytes used in stoichiometric amounts in acetonitrile as the bulk sensing solvent. All CD spectra 

were collected with a standard sensitivity of 100 mdeg, a data pitch of 1.0 nm, a band width of 1 

nm, a scanning speed of 500 nm min-1 and a response of 1 s using a quartz cuvette (10 mm path 

length). UV-vis spectra were taken using 0.5 s integration time and scanning intervals of 1 nm. 

Scans were corrected using a binomial smoothing function. The chiral substrates surveyed do not 

produce a CD profile above 250 nm at the experimental conditions in the absence of the sensor. 

4.4.3 Chiroptical Sensing with 1 

A solution of 1 (27 mM for sensing of chiral amines and 23 mM for sensing of chiral amino 

alcohols) was prepared in anhydrous dichloromethane and 250 µL amounts were distributed into 

vials containing 750 µL of anhydrous dichloromethane to generate reaction concentrations of 6.8 

mM (6.4 mM for sensing of chiral amino alcohols). Molecular sieves (4Å) were added to each vial 

followed by equimolar amounts of the chiral substrate. The vials were sealed and placed on a 

shaker apparatus for 12 hours. CD and UV measurements were then taken by dispensing 20-180 

µL aliquots of the imine condensation reactions into 2 mL of anhydrous acetonitrile to afford the 

desired sensing concentrations mentioned below. 
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CD spectra of the imine formed from 1 with (R)-1-phenylpropan-1-amine (blue) and (S)-1-
phenylpropan-1-amine (red) at 136 µM. 

 

CD spectra of the imine formed from 1 with (R)-1-(naphthalen-1-yl)ethan-1-amine (blue) and 
(S)-1-(naphthalen-1-yl)ethan-1-amine (red) at 68 µM. 

 
 
CD spectra of the imine formed from 1 with (R)-1-(naphthalen-2-yl)ethan-1-amine (blue) and 
(S)-1-(naphthalen-2-yl)ethan-1-amine (red) at 68 µM. 
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CD spectra of the imine formed from 1 with (R)-1-phenylethan-1-amine (blue) and (S)-1-
phenylethan-1-amine (red) at 68 µM.  

 
 
CD spectra of the imine formed from 1 with (R)-1-cyclohexylethan-1-amine (blue) and (S)-1-
cyclohexylethan-1-amine (red) at 68 µM. 

 
 
CD spectra of the imine formed from 1 with (1R,2R)-1-amino-2,3-dihydro-1H-inden-2-ol (blue) 
and (1S,2S)-1-amino-2,3-dihydro-1H-inden-2-ol (red) at 512 µM. 

 
 
 
 
 
 

-30

-20

-10

0

10

20

30

240 340 440m
de

g

nm

NH2

-10
-8
-6
-4
-2
0
2
4
6
8

10

240 340 440m
de

g

nm

NH2

-12

-8

-4

0

4

8

12

275 325 375 425 475m
de

g

nm

NH2

OH



111 
 

 
CD spectra of the imine formed from 1 with (1R,2S)-2-amino-1-phenylpropan-1-ol (blue) and 
(1S,2R)-2-amino-1-phenylpropan-1-ol (red) at 512 µM. 

 
Figure 4.7. CD spectra of chiral primary amine analytes with sensor 1. 

 

4.4.4 Chiroptical Sensing with 2 

A solution of 2 (19 mM) was prepared in anhydrous acetonitrile and 250 µL amounts were 

distributed into vials containing 750 µL of anhydrous dichloromethane to generate reaction 

concentrations of 4.8 mM. Molecular sieves (4A) were added to each vial followed by equimolar 

amounts of the chiral substrate. The vials were sealed and placed on a shaker apparatus for 12 

hours. CD and UV measurements were then taken by dispensing 20-180 µL aliquots of the imine 

condensation reactions into 2 mL of anhydrous acetonitrile to afford the desired sensing 

concentrations mentioned below. 
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CD spectra of the imine formed from 2 with (R)-1,2,3,4-tetrahydronaphthalen-1-amine (blue) 
and (S)-1,2,3,4-tetrahydronaphthalen-1-amine (red) at 120 µM. 

 
 
 CD spectra of the imine formed from 2 with (R)-1-(naphthalen-1-yl)ethan-1-amine (blue) and 
(S)-1-(naphthalen-1-yl)ethan-1-amine (red) at 120 µM. 

 

 
CD spectra of the imine formed from 2 with (R)-1-(naphthalen-2-yl)ethan-1-amine (blue) and 
(S)-1-(naphthalen-2-yl)ethan-1-amine (red) at 96 µM. 

 
Figure 4.8. CD spectra of chiral primary amine analytes with sensor 2. 
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A solution of 2 (24 mM) was prepared in anhydrous acetonitrile and 500 µL amounts were 

distributed into vials containing 500 µL of anhydrous acetonitrile to generate reaction 

concentrations of 12 mM. Molecular sieves (4A) were added to each vial followed by equimolar 

amounts of the chiral substrate. The vials were sealed and placed on a shaker apparatus for 12 

hours. CD and UV measurements were then taken by dispensing 20-180 µL aliquots of the imine 

condensation reactions into 2 mL of anhydrous acetonitrile to afford the desired sensing 

concentrations mentioned below. 

 
CD spectra of the imine formed from 2 with (R)-1-phenylethan-1-amine (blue) and (S)-1-
phenylethan-1-amine (red) at 60 µM. 
 

 
 
CD spectra of the imine formed from 2 with (R)-1-cyclohexylethan-1-amine (blue) and (S)-1-
cyclohexylethan-1-amine (red) at 90 µM. 

 
Figure 4.9. Additional CD spectra of chiral primary amine analytes with sensor 2. 
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4.4.5 Quantitative ee Determination 

A solution of 1 (19.6 mM) was prepared in anhydrous dichloromethane and 250 µL 

amounts were distributed into vials containing 750 µL of anhydrous dichloromethane to generate 

reaction concentrations of 4.9 mM. Molecular sieves (4A) were added to each vial followed by 

equimolar amounts of 1-phenylpropan-1-amine with varied ee values (100, 80, 60, 40, 20, 0, -20, 

-40, -60, -80, -100 %ee). The vials were sealed and placed on a shaker apparatus for 12 hours. CD 

and UV measurements were then taken by dispensing 100 µL aliquots of the imine condensation 

reactions into 2 mL of anhydrous acetonitrile to afford an ee calibration curve. A second set of 

imine condensation reactions were prepared following the same procedure described using random 

ee mixtures of the same amine (87, 76, -64, -89 %ee). 

4.4.6 X-ray Crystallography of 2 with (S)-1-phenylethan-1-amine 

(S,E)-N-(4-nitrophenyl)-2-(((1-phenylethyl)imino)methyl)aniline (CCDC 1896570). A single 

crystal was obtained by slow evaporation of a solution of the chiral product in methanol. The 

residue used was obtained from a concentrated aliquot of the reaction mixture of 2 and (S)-1-

phenylethan-1-amine in CD3CN resuspended in methanol. Single crystal X-ray analysis was 

performed at 100 K using a Bruker Apex DUO equipped with an APEXII CCD detector with a 

multi-layer mirror monochromated Cu-Kα IμS radiation (λ = 1.54178 Å). Data were integrated 

and corrected using the SAINT v8.37A and SADABS v2016/2 software within APEX 3. The 

structures were solved by direct methods and refined with full-matrix least-square analysis using 

SHELX-2018-1 software. Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Crystal data: C21H19N3O2, M = 345.39, yellow column, 0.212 x 0.118 x 0.056 mm3, 

orthorhombic, space group P212121 a = 7.6371(4), b = 14.5261(8), c = 16.1757(8) Å, V 
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=1794.49(16) Å3, Z = 4. The CCDC number 1896570 contains the supplementary crystallographic 

data. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre. 
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Chapter V: Ninhydrin Revisited-Quantitative Chirality Recognition of Small Amine 

Compounds*  

5.1 Introduction 

The development of methods that allow fast detection and quantification of chiral 

compounds remains a major topic in the realm of analytical chemistry. Optical sensing techniques 

are of increasing interest due to their speed and compatibility with high throughput equipment.1-3 

Several research groups have developed circular dichroism (CD) methods with carefully designed 

probes that bind to a chiral target molecule and generate chiroptical signals that can be used for 

enantiomeric excess (ee) determination.4-16 Dynamic covalent chemistry (DCC), for example 

reversible Schiff base formation, is one avenue that has been quite successful in this regard.8, 17-22 

The general promise and operational simplicity of chiroptical DCC sensing led to a reexamination 

of  ninhydrin’s utility as an inexpensive reagent with a long history of synthetic and analytical 

applications.23-27   

Ninhydrin was first introduced for the detection of amino acids. 24, 25, 28, 29  Today, it can be 

found in numerous synthetic and biochemical laboratories where it is often used for the detection 

of amines,30, 31 peptides,32 and other natural compounds like putrescine.33 Ninhydrin has also been 

integrated into important forensic applications including fluorescent ketamine detection34 and 

fingerprinting analysis.35-37 Its unique structure and reactivity has been exploited in the synthesis 

of a variety of biologically active compounds containing an indanone core, a spirocyclic scaffold 

and important heterocyclic motifs.38-42 Typically, the reaction of ninhydrin with amines and amino 

 
* Reproduced in part from a manuscript submitted to the American Chemical Society, Washington, 
DC, USA. 
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acids produces ammonia, hydrindantin and the classical Ruhemann’s purple which is ultimately 

used for qualitative and quantitative analysis.28, 29 This process generally requires acidic conditions 

and elevated temperatures, and information of the original molecular structure and chirality is lost 

due to compound degradation (Figure 5.2).25, 27, 43-45  

While the utility of ninhydrin lies in the vibrant colorimetric detection of compounds that 

form Ruhemann’s purple,43 it was decided to investigate the possibility of a controlled DCC 

protocol with chiral amines that proceeds without degradation and loss of the molecular chirality. 

N,O-hemiacetal formation was envisioned to be achieved under mild reaction conditions, and thus 

generate characteristic Cotton effects arising from the covalent placement of the ninhydrin 

chromophore scaffold in close proximity to the chiral center (Figure 5.1). Together, it was 

hypothesized this would allow for optical ee analysis based on simple CD measurements which, 

based on thorough review of the historical and current literature, has not been demonstrated to 

date. 
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Figure 5.1. Classical ninhydrin reaction with an amino acid resulting in degradation and 

destruction of chiral information (top). Amine capture via dynamic covalent ninhydrin N,O-

hemiacetal formation under mild conditions (bottom). 

 

5.2 Ninhydrin Reaction Optimization and DCC Evaluation 

Initially, the possibility of nondestructive DCC was examined with phenylethylamine, 1, 

and ninhydrin hydrate, A, using anhydrous DMSO as solvent to ensure homogenous reaction 

conditions. Complete consumption of the free amine was observed with no detectable by-products 

based on 1H NMR spectroscopic analysis (Figure 5.2).  
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Figure 5.2. NMR analysis of the reaction between A and 1. From bottom spectra (red) to top: 

(1) ninhydrin hydrate, (2) phenylethan-1-amine, (3-6) ninhydrin hydrate with 0.5 (3), 1.0 (4), 1.5 

(5), 2.0 (6) equivalents of phenylethan-1-amine. *DMSO solvent signal; +H2O. 

 

The reaction was found to be complete within 10 minutes, does not require inert 

atmosphere, and titration experiments were in agreement with a 1:1 stoichiometric binding event. 

Further 1H NMR analysis revealed a new signal consistent with the N-H proton of an N,O-

hemiacetal at approximately 3.0 ppm. Although binding of the amine analytes to ninhydrin does 

release an equivalent of water, addition of molecular sieves did not affect the reaction equilibrium 

and time needed to completion. Importantly, the fast amine binding event generates a strong CD 
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produces a positive Cotton effect while the opposite chiroptical induction is observed when the 

(R)-enantiomer is used under otherwise identical conditions (Figure 5.3).  

 

Figure 5.3. DCC reaction between ninhydrin hydrate, A, and phenylethylamine, 1, in DMSO 

(5.00 mM) and CD analysis after dilution with ACN to 1.10 mM.  

 

To maintain homogeneous conditions and a simple workflow, the acetal formation was 

conducted in DMSO and the CD analyses were subsequently carried out after dilution with either 

DMSO, acetonitrile, or mixtures of the two solvents to optimize the chiroptical signal induction. 

It was found that dilution of the reaction mixture with acetonitrile slightly improves the CD 

intensity compared to samples analyzed in neat DMSO. This protocol was therefore adapted in all 

other CD experiments. To probe the robustness and usefulness of chirality sensing with ninhydrin, 

the stability of product samples was monitored over time and no sign of CD signal degradation 

after two hours was observed. As one would expect for a DCC assay, addition of water to a solution 

containing 1A did result in partial acetal cleavage. 1H NMR analysis showed regeneration of the 

free amine as well as substantial peak broadening of the signal at 6.49 ppm which was assigned as 

the exchangeable hydroxyl proton in the ninhydrin N,O-hemiacetal. 
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Having established that the DCC with ninhydrin hydrate and phenylethylamine produces a 

stable, CD-active product under mild conditions, the sensing protocol was subsequently applied to 

a compound library containing a total of 26 primary and secondary amines, amino alcohols, and 

diamines (Figure 5.4). Following the simple mixing protocol, the analyte screening was conducted 

in DMSO at 5.00 mM and the samples were diluted with acetonitrile to 1.10 mM for CD analysis. 

 

Figure 5.4. Structures of chiral amines, amino alcohols, and diamines examined. 
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moiety in the analyte structure. For both 14 which has two phenyl groups and 24 devoid of an aryl 

ring, strong CD couplets above 300 nm upon binding to A were generated (Figure 5.5).  

 

The sensing assay with ninhydrin hydrate also produced quantifiable CD signals with 

secondary amines and secondary amino alcohols which cannot be analyzed with Schiff base-

derived sensors. In the case of 22A, for instance, CD intensities were particularly strong which 

underscores the broad utility of this chiroptical assay. 

Figure 5.5. Exemplary CD spectra obtained using ninhydrin hydrate, A, and stoichiometric 

amounts of the chiral analytes. Reactions were carried out at 5.00 mM in DMSO and the 

solutions were diluted with ACN to 1.10 mM prior to chiroptical analysis. 

 

It was also expected that the diamines 25 and 26 would allow incorporation of a second 

equivalent of ninhydrin to form CD-active species denoted as 25AA and 26AA, respectively. As 

shown in Figure 5.6 (top), when one equivalent of A is introduced to 25 or 26, the resulting Cotton 

effects are similar to the CD profiles observed with the monofunctional analogues. When two 
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equivalents of A were added, however, the Cotton effects were remarkably red shifted (Figure 5.4, 

bottom).  

 

Figure 5.6. Chiroptical diamine sensing using one (top) and two (bottom) equivalents of 

ninhydrin hydrate, A, in ACN:DMSO (5:1) solutions at 1.10 mM. *Sensing was performed at 

1.65 mM. 

 

It was then decided to further examine the reversibility of the dynamic covalent assay with 

a titration experiment (Figure 5.7). First, a 1.10 mM solution of (R)-1A was formed as described 

above and the CD spectrum was recorded. Then, 0.2 molar equivalents of the free (S)-1 enantiomer 

were added and CD measurements were taken after 30 seconds, 10, 20, and 30 minutes to monitor 

the equilibration process which was apparent by the decrease of the negative amplitude at 

approximately 365 nm (Figure 5.7, green CD spectra). To the same solution, additional 1.8 

equivalents of (S)-1 were added and within 30 seconds, significant displacement of the initially 

bound (R)-1 enantiomer was observed. The amine exchange was monitored for 30 minutes when 

the equilibrium was reached as indicated by a stable positive CD signal at the same wavelength 
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(Figure 5.7, blue CD curves). These results confirm that the sensing with ninhydrin hydrate is 

based on DCC and that the exchange occurs within a few minutes. 

 

Figure 5.7. Titration of (S)-1 (0.0-2.2 mM) into a solution of (R)-1A (1.1 mM) and CD analysis 

of the DCC process observed in ACN:DMSO (5:1).  

 

5.3 Quantitative ee Sensing with Ninhydrin Hydrate 

 Finally, quantitative ee sensing was pursued by exposing solutions of varied enantiomeric 

ratios of 1 to A (Figure 5.8). The linearity of the CD responses (CD intensity vs. %ee) obtained is 

in agreement with 1:1 stoichiometric amine binding and suggests that compound aggregation 

phenomena, which may result in nonlinear effects,46 are very unlikely under the sensing conditions.  

-30

-15

0

15

300 350 400 450m
de

g
nm

O

O

OH

N
H

Ph + PhH2N

O

O

OH

N
H

Ph PhH2N+

O

O

OH

N
H

Ph

t=0

t=0.5 min

t=10 min,
20 min, 30 min

t=0.5 min

t=10 min

20 min; 30 min



134 
 

 

Figure 5.8. Quantitative ee sensing of phenylethylamine, 1, with ninhydrin hydrate, A. CD 

signals (top), measured CD intensity at 360 nm vs. % ee (blue series), and comparison of results 

obtained with test mixtures (red series).  

 

A second series of samples prepared in parallel were subjected to the assay under identical 

conditions and their ee’s were calculated using the calibration data. The analysis of samples with 

high ee values showed sensing results as close as 0.2% ee to the actual values. At low enantiomeric 

excess where signal-to-noise ratios can affect accuracy more substantially, the error margin was 

still within 4.0% ee and, with the -16.0% ee sample, the calculated value deviated by only 1.0%. 

The accuracy of the assay surpassed typical expectations for most high-throughput applications. 

 

5.4 Conclusion 

In this chapter a practical assay enabling the chiral analysis of primary and secondary 

amines, amino alcohols and diamines is described by repurposing ninhydrin hydrate as an effective 
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CD sensing agent in nondestructive chemistry. While previously known UV and fluorescence 

detection methods with ninhydrin are based on irreversible analyte degradation and formation of 

Ruhemann’s purple, this approach exploits mild, reversible acetal formation and chiroptical 

analysis of a variety of chiral small molecules that are CD-silent in the absence of the sensing 

agent under the same conditions. With a simple mixing protocol in hand, the usefulness of the 

DCC chirality sensing assay is demonstrated with 26 substrates and it was shown that fast 

quantitative ee determination is possible with good accuracy. 

 

5.5 Experimental Section 

All reagents and solvents were commercially available and used without purification. 

Ninhydrin hydrate, A, was obtained from Alfa Aesar, and all chiral analytes were from Sigma 

Aldrich or Combi-Blocks and used as is. The sensing reactions were carried out using anhydrous 

solvents. NMR spectra were obtained at 400 MHz (1H-NMR) and 100 MHz (13C-NMR) using 

DMSO-d6 as solvent.  

 

5.5.1 General CD Procedures 

All CD experiments were conducted using acetonitrile as bulk solvent at 1.10 mM 

analyte concentration unless otherwise indicated. The general scope of the ninhydrin chiroptical 

sensing was evaluated using stoichiometric amounts of chemically diverse primary amines and 

amino alcohols. All CD spectra were collected with a standard sensitivity of 100 mdeg, a data 

pitch of 1.0 nm, a band width of 1.0 nm, a scanning speed of 500 nm min-1 and a response of 1 s 

using a quartz cuvette (10 mm path length). Scans were corrected using a binomial smoothing 
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function (15x). The chiral substrates surveyed do not produce a CD profile above 250 nm at the 

experimental conditions in the absence of the ninhydrin sensor. 

 
 
5.5.2 CD spectra of various substrates bound to A 
 
Sensing of (R)-1-(pyridin-3-yl)ethan-1-amine (red) and (S)-1-(pyridin-3-yl)ethan-1-amine (blue) 
with A at 1.23 mM. 

  
 
 
 
 
Sensing of(R)-1-(naphthalen-1-yl)ethan-1-amine (red) and (S)- 1-(naphthalen-1-yl)ethan-1-amine 
(blue) with A at 1.1 mM. 
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Sensing of (R)-2-amino-2-phenylethan-1-ol (red) and (S)-2-amino-2-phenylethan-1-ol (blue) 
with A at 1.1 mM. 

 
 
Sensing of (R)-3-aminopropane-1,2-diol (red) and (S)-3-aminopropane-1,2-diol (blue) with A at 
1.1 mM. 

 
Figure 5.9. CD spectra with various analytes with A. 
 
 
5.5.3 Stability of the Product Formed from (R)-1 and A 

 
Solutions were prepared according to the CD sensing protocol described above. The acetal 

formed from (R)-1-phenylethan-1-amine and ninhydrin was subsequently subjected to CD 

measurements (at 1.1 mM) for a total time of 120 minutes.  
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Figure 5.10. CD intensity of (R)-1A monitored over time. 
 
 
 
5.5.4 D2O Titration  

 
A solution of ninhydrin hydrate in DMSO-d6 (18.7 mM) was prepared with one 

stoichiometric equivalent of (R)-phenylethan-1-amine and analyzed by 1H NMR spectroscopy (red 

bottom spectrum). D2O (0.5 molar equivalents) was then added to the reaction (blue-green top 

spectrum). The results show apparent peak broadening of the signal at 6.48 ppm indicating the 

presence of an exchangeable proton (X). Cleavage of the acetal upon D2O addition is evident from 

the development of the free amine proton signals (*). Taken together, the spectra indicate a 

reversible and dynamic covalent process in solution. 
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Figure 5.11. 1H NMR analysis of the acetal hydrolysis. 

 

5.5.5 Confirmation of Stoichiometric Binding between (R)-1 and A. 

Ninhydrin hydrate and one equivalent of (R)-1-phenylethan-1-amine (red) or 2 

equivalents of (R)-1-phenylethan-1-amine (blue) were mixed in DMSO at 5.00 mM for 10 

minutes. CD analysis was performed after dilution with ACN to 1.10 mM. The results are in 

agreement with 1:1 stoichiometric binding. 

 

Figure 5.12 Comparison of stoichiometric and excess (R)-1 with A with 1 equivalent of (R)-

1 (red) and 2 equivalents of (R)-1 (blue).  
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5.5.6 CD Intensities Examined by Sensing Dilution Solvent for (R)-1 with A 

Solutions were prepared according to the above CD sensing protocol. A 5.00 mM solution 

of the ninhydrin adduct of (R)-phenylethan-1-amine was prepared in DMSO. A portion of the 

reaction mixture was diluted to 1.1 mM with either ACN (blue) or DMSO (red) and subsequently 

subjected to CD measurements. 

 

Figure 5.13 CD Spectra of (R)-1 with A diluted with DMSO and ACN. 
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Chapter VI: High Throughput Determination of Enantiopurity by Microplate Circular 

Dichroism*  

6.1 Introduction 

Rapid and accurate measurement of enantiopurity is a fundamental requirement in the 

fields of asymmetric synthesis and catalysis, and for many ancillary studies of chiral 

pharmaceuticals, agrochemicals, and specialty chemicals.1 While chiral HPLC and SFC have been 

the gold standard for these tasks for decades,2 the use of chiroptical spectroscopy has been gaining 

renewed attention3-5 owing to a potential advantage in sample throughput.  To date, many groups 

have demonstrated that chiroptical analysis rivals chromatography by reducing cost, waste 

production, and assay development efforts.6-12 A variety of methods for optical determination of 

enantiopurity have been reported, typically employing circular dichroism (CD), UV, or 

fluorescence spectroscopy.13 The sensing approaches range from the observation of inherent 

chiroptical signals of the molecules of interest,14 to the use of probes that serve as reporters for 

chiral compounds that display little or no usable CD signal. Some chiroptical sensors are designed 

to undergo conformational changes upon covalent or noncovalent analyte binding that result in an 

induced CD signal,15-25 while others are assembled in a series of chemical reactions upon exposure 

to the analyte.26-37 

The interest in the use of CD for enantiopurity determination motivated further exploration 

of the reagents, instrumentation, and experimental protocols that would be required for practical 

high throughput enantioselective analysis.  A number of researchers have reported sensor designs 

 
*Reproduced in part with permission from the American Chemical Society, Washington, DC, 
USA. Pilicer, S.L; Dragna, J.M.; Garland, A.; Welch, J.W.; Anslyn, E.V.; Wolf, C. J. Org. Chem. 
2020, ASAP. Copyright 2020 ACS. 
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and assay conditions that enable reliable, reproducible, and accurate ee values for different 

compound types, suggesting that a manageable collection of chiroptical sensors and assay 

protocols might afford a general approach for enantiopurity determination.13 While fluorescence 

and UV measurements have been conducted with plate readers for decades, gathering high-

throughput chiroptical data in microwell plates has until recently meant interfacing a liquid 

handling autosampler with a CD spectrophotometer containing a flow cell. This is an approach 

that affords little or no speed advantage over conventional autosampler-limited chromatographic 

approaches.38 

When developing an analytical method for chiral HPLC or SFC separation of enantiomers, 

multiple columns and elution conditions are often tested by trial and error before sufficient 

separation is achieved. Chiral amines, which are examined in this study, are a challenging class of 

substrates for chiral chromatography, were chemical derivatization is often used to improve the 

signal intensity and enantiomer resolution. By contrast, the development of chiroptical methods 

may be achieved with a single, generally applicable, small-molecule sensor and relatively little 

optimization of solvent and other sensing parameters, which can also be carried out in parallel if 

desired. However, the generation of a calibration curve that correlates the measured CD signal to 

the sample ee values is required. It was noted that this can be conveniently performed together 

with the sample preparation when using a CD plate reader, a direction pioneered by the Anslyn 

and Kahr laboratories.39 

In order to investigate the performance of CD microplate spectroscopy for assessment of 

enantiopurity an EKKO CD microplate spectrophotometer was obtained. This instrument executes 

fast circular dichroism measurements using vertical optics to accommodate a series of analytes in 
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either 96 or 384-well microplates.  Using this instrument, a variety of chiral amines were examined 

using a 4-chlorocoumarin reagent recently developed in the Wolf lab.40 This reagent reacts rapidly 

with a variety of compounds, including amines, which results in characteristic UV changes and a 

chiroptical signal at wavelengths greater than 300 nm, where interference from other chiral 

components is typically low. Described below is the first comprehensive assessment, method 

validation, and a real-time workflow protocol using this instrument. Altogether, several 

experimental objectives were evaluated: (a) the general utility of this plate reader for quantitative 

chiral amine analysis, (b) the tolerance for potentially interfering compounds, which is important 

in real-world applications, and (c) the feasibility of using a kit approach to chiroptical ee 

determination by performing the assay in microwell plates containing the pre-concentrated 4-

chlorocoumarin reagent. This study ultimately showcases practical aspects relating to the speed, 

performance, robustness, and convenience of microplate measurements of enantiopurity by CD. 

 

6.2 Results and Discussion  

As reported previously,40 the 4-chlorocoumarin A reacts quickly with primary and 

secondary amines, yet it is stable under normal storage conditions (Figure 6.1).  To increase the 

ease of use it was found that evaporation of predefined quantities of A in the wells of a microplate 

provided a loaded “kit” which could be stored at least for several weeks at room temperature, or 

several months in the freezer, and then used as needed (Figure 6.1).  Addition of 5.0 mM amine 

samples and stoichiometric amounts of triethylamine in acetonitrile to the individual wells of the 

reagent-loaded microplates leads to rapid dissolution of A and formation of a covalent derivative 

exhibiting a high wavelength CD signal. The preparation of the 96-well plate including sample 
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derivatization can be completed in about 30 minutes. Subsequent transfer of the 96-samples to a 

quartz microplate of optical quality suitable for CD measurements sets the stage for the automated 

sample analysis. It is advisable to run a blank plate filled with the solvent for UV and CD baseline 

correction prior to the analysis, but this can easily be done in parallel to the sample preparation. 

Variation of the scanning time per well from 1 to 25 seconds showed that the precision of the 

readings is optimal using 3 second measurements. However, data that are sufficient for high-

throughput screening purposes, where less accuracy can be tolerated, can also be obtained with 0.8 

second scans. An increase of the scanning time above 3 seconds does not further improve the 

results. It takes about 1.5 seconds for the plate reader to move from one well to the next. Thus, for 

a high-speed application, CD analysis of 96 samples could be achieved in approximately 4 minutes 

using the 0.8 second scanning time.  

 

Figure 6.1. Overview of the workflow for high throughput enantiopurity determination 

based on 4-chlorocoumarin derivatization and CD measurements using a microplate 

spectrophotometer.  
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It was decided to target a diverse array of amine analytes (Figure 6.2) in order to explore 

the substrate scope of the 4-chlorocoumarin sensing assay using the EKKO instrumentation 

(Figure 6.1) and assess its usefulness with the microplate circular dichroism technology. For this 

purpose, various aliphatic and aromatic substrates 1-21 possessing either primary or secondary 

amine groups, as well as alcohol or other additional functionalities were selected. As noted above, 

some of these analytes are challenging substrates for traditional methods such as chiral HPLC, as 

well as NMR spectroscopy with chiral solvating or derivatizing agents. 

 

Figure 6.2. Structures of chiral amines successfully tested with the 4-chlorocoumarin CD 

assay. Only one enantiomer is shown.  

 

For the purpose of ee determination, it is not necessary to record full CD spectra, and in 

fact, a single wavelength measurement is sufficient for ee analysis as shown below. Single point 

measurements between 375 and 410 nm were collected. While it is possible to obtain continuous 

spectra, this would unnecessarily reduce sample throughput. It was instead decided to measure the 
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CD sensor outputs every 5 nm in ACN, which proved sufficient for identification of the CD curve 

and its maximum. In a similar fashion, the concentration of the amine can be obtained by 

measuring UV absorbances at a few selected wavelengths for comparison with a calibration curve. 

Representative CD spectra obtained by derivatization of the aliphatic and aromatic amines 2 and 

6 of varying enantiomeric composition at 5.0 mM and subsequent dilution to 0.3 mM for the CD 

analysis are shown in Figure 6.3. The calibration curves for the 4-chlorocoumarin derived products 

2A and 6A were acquired and linear relationships between the CD signals at 395 nm and the 

sample ee’s were observed. The substrate derivatization is quantitative within 20 minutes and is 

typically performed in the presence of one equivalent of a base such as triethylamine. Comparison 

of the effects of Et3N and DBU on the induced CD signals showed only minor differences and no 

deviation from the linear increase in the measured chiroptical response of the coumarin probe to 

the substrate ee. Triethylamine was therefore used in all subsequent studies. 
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Figure 6.3. Top: Chiroptical sensing of 2 and 6 at 100.0, 80.0, 40.0, 0.0, -40.0, -80.0,  

-100.0 %ee with 4-chlorocoumarin A at 5.0 mM in the presence of 10 equivalents of 

triethylamine in acetonitrile. After 20 minutes, samples were diluted to 300.0 µM with the same 

solvent and transferred to the quartz plate for CD analysis. Bottom: Plotting of the CD intensities 

measured at 395 nm vs %ee. For both 2 and 6, positive CD readouts correspond to majority R 

enantiopurity. 

 

Importantly, the method outlined in Figure 6.1 is generally applicable and the plate reader 

performed reliably with all analytes 1-21. In general, similar CD spectra recorded after dilution of 

the 5.0 mM reaction mixtures to 0.3 or 0.6 mM and transfer to the quartz plate were obtained, 
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although the exact location of the CD maximum varied slightly between analytes. As expected, 

the CD amplitudes of the coumarin derivatives of 1, 7, 8, 10, 15 and 18 vary substantially, but 

fortunately, it was found that accurate ee determination is possible even at relatively small CD 

effects, as shown. Again, plotting of the CD amplitudes measured at 395 nm versus the sample ee 

values of these coumarin derivatives reveal linear correlations, Figure 6.4.  

 

 

Figure 6.4. Linear correlation between the CD amplitudes at 395 nm and the enantiomeric 

excess of 1, 7, 8, 10, 15 and 18. The reactions between A and stoichiometric amounts of the amine 

in the presence of one equivalent of triethylamine were performed at 5.0 mM in acetonitrile in 96-

well plates. For the reaction with 15, 10 equivalents of base were added. After 20 minutes, the 

reaction mixtures were diluted to 0.6 mM (1A, 7A, 8A, 10A) and 0.3 mM (15A and 18A) for CD 

analysis.  



155 
 

With linear regression equations in hand, 24 samples of 1, 2, 4, 13 or 19 with randomly 

chosen enantiomeric composition were prepared, derivatized and analyzed as described above at 

a single wavelength (395 or 405 nm, Table 6.1). The results show that the error margin is within 

± 7%, which is typically acceptable for high-throughput screening applications. Standard errors 

were obtained from regression analysis and used to determine the minimum ee quantifiable 

(MEQ), as defined by Equation 1. The MEQ is generally below 5%, which underscores the good 

sensitivity of the CD analysis. 

 

 

  

MEQ =
(ee	cal	std. 	error) × 5

2
															𝐸𝑞. 1 
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Table 6.1. Determination of enantiomeric excess of samples of random enantiomeric 

composition, MEQ analysis using CD intensities at 395 or 405 nm measured with the plate 

reader after reaction with the 4-chlorocoumarin reagent A. 

Entry Analyte  Sample 
(% ee) 

CD (% 
ee) 

Absolute 
error (% ee) 

Standard 
Error MEQ  

1 1 86.0 (R) 83.5a 2.4   
2 1 56.0 (R) 53.4a 2.6   
3 1 28.0 (R) 23.2a 4.8   
4 1 -46.0 (S) -45.9a 0.1   
5 1 -72.0 (S) -73.0a 1.0 2.7 3.5 
6 2 28.0 (R) 24.4b 3.6   
7 2 -46.0 (S) -42.1b 3.9   
8 2 -72.0 (S) -70.3b 1.7   
9 2 -92.0 (S) -92.7b 0.7 2.8 4.4 
10 4 86.0 (R) 87.4a 1.5   
11 4 56.0 (R) 56.6a 0.6   
12 4 28.0 (R) 28.4a 0.4   
13 4 -46.0 (S) -44.0a 2.0   
14 4 -72.0 (S) -72.5a 0.5 1.2 1.5 
15 13e 86.0 (R) 89.3c 3.3   
16 13e 56.0 (R) 60.9c 4.9   
17 13e 28.0 (R) 35.0c 6.9   
18 13e -46.0 (S) -46.5c 0.5   
19 13e -72.0 (S) -76.7c 4.7   
20 13e -92.0 (S) -91.3c 0.7 4.2 4.3 
21 19  86.0 (R) 84.4d 1.6   
22 19 56.0 (R) 58.5d 2.5   
23 19 28.0 (R) 32.9d 4.9   
24 19 -72.0 (S) -70.9d 1.1 2.9 3.6 

Solutions were prepared as described above and CD analysis was conducted at 395 nm. 
aMeasurements at 0.6 mM (1 equiv. of Et3N) in ACN. b0.3 mM (10 equiv. of Et3N). c0.6 mM (10 
equiv. of Et3N). d0.3 mM (2 equiv. of Et3N). e CD analysis at 405 nm. 
 

Having established the general usefulness, accuracy, and speed of chirality sensing it was then 

decided to examine the possibility of asymmetric reaction analysis with multiplate CD 

spectroscopy (Figure 6.5). For this purpose, a literature protocol was followed which produces the 

secondary amine 19 via hydrogenation of imine 22 using a catalyst formed from a commercially 
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available Ir dimer and the phosphinooxazoline ligand 23.40 The catalyst and ligand were premixed 

under argon for 1 hour prior to exposure to the imine and subsequent introduction of the reaction 

vials into the hydrogenation apparatus. 

 

Figure 6.5. Comparison of CD and chiral HPLC ee analysis of an asymmetric imine 

hydrogenation mixture. 

 

Reactions were conducted in CH2Cl2:MeOH (5:1) for 16 hours. After 16 hours, the crude 

product mixture was filtered through a Cotton plug and a small 5.0 mM aliquot was applied to the 

4-chlorocoumarin sensing assay as described above by diluting with ACN to 5.00 mL for sensing 

using A and 2 equivalents of Et3N as described above. Sensing data were collected at 0.600 mM 

and 0.300 mM (Figure 6.5). 
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Figure 6.6. CD spectra for the diluted crude reaction mixture at 0.600 mM (blue) and 0.300 

mM (red). 

 

CD analysis and comparison with the calibration curve previously obtained for 19 gave 

61% ee. In parallel, another portion of the reaction mixture was used to prepare the t-Boc derivative 

24 for chiral HPLC analysis. The separation of the enantiomers of 24 was achieved on a Whelk-

O1 column within 10 minutes and the enantiomeric excess was determined as 61%, which is in 

excellent agreement with the CD result. HPLC comparison was conducted by subjecting the crude 

reaction mixture to Boc protection according to a published procedure.40 After purification, chiral 

HPLC analysis on a Whelk-O1 column using hexanes:IPA (94:6) as mobile phase was performed 

and the enantiomeric excess was determined as 61.0 % ee. The enantiomers eluted at 7.9 and 9.0 

minutes which was verified with racemic Boc-protected N-methyl-1-phenylethan-1-amine. The ee 

values were compared to those calculated from CD analysis at 0.600 mM and 0.300 mM using 

calibration reference data determined above. 
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Table 6.2. Reaction analysis using NMR and sensing data collected on the EKKO 

instrument with 0.600 mM (top) and 0.300 mM (bottom) concentrations. 

Calculated 
yield (UV) 

Conversion 
(1H NMR) 

ee by CD 
(390 nm) 

ee by CD 
(395 nm) 

ee by CD 
(400 nm) 

90.7% 97% 64.2% 62.0% 57.4% 
90.7% 97% 63.0% 58.7% 56.6% 

 

Encouraged by this result, further investigation of the effects of possible molecular 

interference to validate the rigor of microplate CD sensing were pursued. The general robustness 

of chromatographic methods in particular with respect to impurities that may be separated from 

the targeted enantiomers during the separation process is an attractive feature and an ultimate test 

for optical methods. The effects of up to 10 equivalents of a wide variety of possible 

solvents/interferents on the reaction between 4-chlorocoumarin A and amine 2, and subsequent 

CD assay protocol were studied as depicted in Figure 6.6 and the Experimental Section. It was 

observed that typically encountered solvents such as tetrahydrofuran, methanol, chloroform, 

acetone, water, ethyl acetate, toluene, dimethylformamide and dimethylsulfoxide, and even 

equimolar amounts of enantiopure Binol or [Rh(COD)Cl]2, are well tolerated and have only minor 

effects on the CD signal.  The presence of excess of triphenylphosphine, a nucleophile that can be 

expected to compete with the amine for the reaction with A, resulted in a decrease in the CD signal. 

While this shows that interference with this particular sensing method is possible, it simply 

determines the application boundaries and provides valuable guidance for the user to avoid 

complications.  
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Figure 6.7. Effects of molecular interferents on the CD sensing output. 

 

6.3 Conclusion 

This work clearly demonstrates the potential for chiroptical methods to become an 

important contributor in the high throughput analysis of enantiopurity. Using an existing 

derivatization methodology, it was evident that the CD-plate reader gave accurate ee values with 

the potential of screening 96 samples in under 4 minutes. While the method was applied solely to 

one optical assay and with only chiral amines, the workflow can be applied to the wealth of 

derivatization and supramolecular assembly techniques currently available to the synthetic 

methodology community.  Finally, it can be imagined that the parallel analysis of multiple chiral 
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functional groups with other optical approaches obviates the use of chiral HPLC techniques for an 

initial screen of ee values. 

 

6.4 Experimental Section 

6.4.1 General Procedures 

All reagents were used as purchased unless otherwise indicated. Chiral analytes were 

obtained from Sigma Aldrich or CombiBlocks. Chiral analytes obtained as HCl salts were used as 

is and neutralized by using equimolar triethylamine during the derivatization reactions. Solvents 

were dried over 3Å molecular sieves (heated to 170 oC for 24 hours prior to use). All chiroptical 

analyses were performed using the EKKO CD microplate reader and a Hellma Suprasil quartz 96-

well plate equipped with quartz lid and silicon buffer mat inlay. Spectral scanning was conducted 

every 5 nm from 375-410 nm with 0.8 sec (default) or 3.0 seconds (optimized) integration time 

and 40 mdeg sensitivity. All stock solutions of the sensor, additive/interferents and chiral analytes 

were prepared using a Mettler Toledo analytical balance (XS105 Series), Eppendorf electronic 

pipettes, and acetonitrile as solvent.  

6.4.2 Chiroptical Sensing of Primary Amines 

Solutions of 4-chloro-3-nitrocoumarin, A, (5.00-6.00 mM) were prepared and distributed 

into vials. Stock solutions of each enantiomer of the chiral analyte of interest were prepared (0.025 

M or 0.25 M) in acetonitrile for either 10.0 µL or 100.0 µL additions to the reagent (1:1 A/analyte 

ratio) allowing for the click reaction to occur at 5.00 mM. The reactions were conducted in the 

presence of 1.0-10.0 molar equivalents of triethylamine or DBU. After 20 minutes, aliquots of the 

reaction solutions were diluted to 600.0 µM and/or 300.0 µM. Calibrations were constructed with 
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the quartz 96-well plate and varied ee’s (-100, -80, -40, 0, 40, 80, 100 %) of the analytes. EKKO 

parameters were set to scan every 5 nm at 375-410 nm with 40 mdeg sensitivity, 3 second 

integration time using the quartz plate and individual well blanking with acetonitrile. 

 
Min ee det: 2.07% ee 
Min ee quant: 3.46% ee 

  
 
Figure 6.8. CD sensing data and quantitative analysis of heptan-2-amine with 4-chloro-3-

nitrocoumarin and 1 equivalent of triethylamine reacted at 5.00 mM and diluted to 0.600 

mM for chiroptical sensing. Reactions were prepared following the general protocol above. 

Calibration data were taken at 395 nm. 

 
Table 6.3. Calibration data at 395 nm for heptan-2-amine with 4-chloro-3-nitrocoumarin. 
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Table 6.4. Experimentally determined ee of solutions of heptan-2-amine with 4-chloro-3-

nitrocoumarin. Varied ee sample data run in parallel with calibration (Figure 6.7, orange 

series): 

Actual ee CD (mdeg) Calculated 
ee 

Difference 
in ee (% ee) 

86.0 9.51 83.5 2.46 
56.0 6.01 53.4 2.61 
28.0 2.51 23.2 4.80 
-46.0 -5.50 -45.9 -0.08 
-72.0 -8.64 -73.0 1.03 

 

 
Min ee det: 5.42% ee 
Min ee quant: 9.05% ee 
(at 405 nm: MED=2.96%; MEQ=4.94%) 

  
 
Figure 6.9. CD sensing data and quantitative analysis of (+)-isopinocampheylamine and (-)-

isopinocampheylamine with 4-chloro-3-nitrocoumarin and 1 equivalent of triethylamine 

reacted at 5.00 mM and diluted to 0.600 mM for chiroptical sensing. Reactions were 

prepared following the general protocol above. Calibration data were taken at 395 nm. 
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Table 6.5. Calibration data at 395 nm for (+)-isopinocampheylamine with 4-chloro-3-

nitrocoumarin. 

% ee CD (mdeg) 
100.0 6.02000284 
80.0 4.89415121 
40.0 2.35648561 
0.0 0.61880469 

-40.0 -1.4942828 
-80.0 -3.4392319 
-100.0 -4.6544204 

 
 

Table 6.6. Experimentally determined ee of solutions of (+)-isopinocampheylamine and (-)-

isopinocampheylamine with 4-chloro-3-nitrocoumarin using CD data at 395 nm. Varied ee 

sample data run in parallel with calibration (Figure 6.8, orange series): 

Actual ee CD 
(mdeg) 

Calculated 
ee 

Difference in 
ee (% ee) 

86.0 4.84 80.6 5.33 
56.0 3.23 49.9 6.06 
28.0 1.77 22.1 5.92 
-46.0 -1.87 -47.3 1.33 
-72.0 -2.84 -66.0 -6.02 
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Min ee det: 9.46% ee 
Min ee calc: 15.76% ee 
(at 405 nm: MED=2.56%; MEQ=4.27%) 

 

 
 
Figure 6.10. CD sensing data and quantitative analysis of with 4-chloro-3-nitrocoumarin 

and 1-(pyridin-2-yl)ethan-1-amine and 10 equivalents of triethylamine reacted at 5.00 mM 

and diluted to 0.600 mM for chiroptical sensing. Reactions were prepared following the 

general protocol above. Calibration data were taken at 395 nm (top) and 405 (bottom). 
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Table 6.7. Calibration data at 395 nm for 1-(pyridin-2-yl)ethan-1-amine with 4-chloro-3-

nitrocoumarin.  

% ee CD (mdeg) 
100.0 -20.2468 
80.0 -18.3840 
40.0 -11.4047 
0.0 -0.8733 

-40.0 8.3173 
-80.0 16.5375 
-100.0 19.7018 

 
 

Table 6.8. Experimentally determined ee of solutions of 1-(pyridin-2-yl)ethan-1-amine with 

4-chloro-3-nitrocoumarin using CD data at 395 nm. Varied ee sample data run in parallel 

with calibration (Figure 6.9, orange series): 

Actual ee CD 
(mdeg) 

Calculated 
ee 

Difference in 
ee (% ee) 

86.0 -19.70 89.3 -3.28 
56.0 -13.73 60.9 -4.91 
28.0 -8.27 35.0 -6.98 
-46.0 8.88 -46.5 0.48 
-72.0 15.24 -76.7 4.69 
-92.0 18.31 -91.3 -0.73 

 
 
 
  



167 
 

Table 6.9. Calibration data at 405 nm for 1-(pyridin-2-yl)ethan-1-amine with 4-chloro-3-

nitrocoumarin. 

% ee CD (mdeg) 
100.0 -15.8350 
80.0 -13.1643 
40.0 -7.2669 
0.0 -0.6469 

-40.0 5.4427 
-80.0 11.9774 
-100.0 14.7731 

 
 

Table 6.10. Experimentally determined ee of solutions of 1-(pyridin-2-yl)ethan-1-amine 

with 4-chloro-3-nitrocoumarin using CD data at 405 nm. Varied ee sample data run in 

parallel with calibration (Figure 6.9, bottom, orange series): 

Actual ee CD 
(mdeg) 

calculated 
ee 

Difference 
in ee (% ee) 

86.0 -14.30 87.9 -1.88 
56.0 -10.07 60.6 -4.60 
28.0 -5.31 29.9 -1.93 
-46.0 6.32 -45.2 -0.85 
-72.0 10.42 -71.6 -0.43 
-92.0 13.45 -91.1 -0.90 
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6.4.3. Chiroptical Sensing of Primary Amino Alcohols 

 
Min ee det: 3.09% ee 
Min ee calc: 5.16% ee 

 
 
Figure 6.11. CD sensing and quantitative analysis of 4-chloro-3-nitrocoumarin with 4-(2-

amino-3-hydroxypropyl)phenol and 10 equivalents of triethylamine reacted at 5.00 mM 

and diluted to 0.300 mM for chiroptical sensing. Reactions were prepared following the 

general protocol above. Calibration data were taken at 395 nm. 

 
 
Table 6.11. Calibration data at 395 nm for 4-(2-amino-3-hydroxypropyl)phenol with 4-

chloro-3-nitrocoumarin. 

% ee CD (mdeg) 
100.0 9.4333 
80.0 7.4694 
40.0 3.5805 
0.0 -0.0682 

-40.0 -3.6350 
-80.0 -8.0452 
-100.0 -9.7922 
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Min ee det: 3.86% ee 
Min ee calc: 6.45% ee 
 

  
 
Figure 6.12. CD sensing and quantitative analysis of with 4-chloro-3-nitrocoumarin with 3-

amino-3-(4-chlorophenyl)propan-1-ol (racemate vs. S enantiomer) and 1 equivalent of 

triethylamine reacted at 5.00 mM and diluted to 0.600 mM for chiroptical sensing. 

Reactions were prepared following the general protocol above. Calibration data were taken at 

395 nm. 

 

Table 6.12. Calibration data at 395 nm for 3-amino-3-(4-chlorophenyl)propan-1-ol with 4-

chloro-3-nitrocoumarin. 

Calibration data at 395 nm (blue): 
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6.4.4 Chiroptical Sensing of Secondary Amines  

 
Min ee det: 7.35% ee 
Min ee calc: 12.25% ee 

 
Figure 6.13. CD sensing and quantitative analysis of with 4-chloro-3-nitrocoumarin with N-

methyl-1-phenylethan-1-amine and 10 equivalents of triethylamine reacted at 5.00 mM and 

diluted to 0.600 mM for chiroptical sensing. Reactions were prepared following the general 

protocol above. Calibration data were taken at 395 nm. 

 
 

Table 6.13. Calibration data at 395 nm for N-methyl-1-phenylethan-1-amine with 4-chloro-

3-nitrocoumarin. 

% ee CD (mdeg) 
100.0 -19.1155 
80.0 -15.7032 
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Min ee det: 2.15% ee 
Min ee calc: 3.58% ee 

  
 
Figure 6.14. CD sensing and quantitative analysis of 4-chloro-3-nitrocoumarin with N-

methyl-1-phenylethan-1-amine and 2 equivalents of triethylamine reacted at 5.00 mM and 

diluted to 0.300 mM for chiroptical sensing. Reactions were prepared following the general 

protocol above. Calibration data were taken at 395 nm. 

 

Table 6.14. Calibration data at 395 nm for N-methyl-1-phenylethan-1-amine with 4-chloro-

3-nitrocoumarin. 
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100.0 -7.5616 
80.0 -5.9090 
40.0 -2.9740 
0.0 -0.0185 
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-100.0 7.8288 
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Table 6.15. Experimentally determined ee of solutions of N-methyl-1-phenylethan-1-amine 

with 4-chloro-3-nitrocoumarin using CD data at 395 nm. Varied ee sample data run in 

parallel with calibration (Figure 6.13, bottom, orange series): 

Actual ee CD 
(mdeg) 

Calculated 
ee 

Difference 
in ee (% ee) 

86.0 -6.36 84.41 1.59 
56.0 -4.38 58.54 -2.55 
28.0 -2.41 32.87 -4.87 
-72.0 5.56 -70.88 -1.12 

 

 

 
Min ee det: 3.36% ee* 
Min ee calc: 5.60% ee* 
*For readings at 410 nm 

 
 
Figure 6.15. CD sensing and quantitative analysis of with 4-chloro-3-nitrocoumarin with 

pyrrolidin-3-ol and 1 equivalent of triethylamine reacted at 5.00 mM and diluted to 0.600 

mM for chiroptical sensing. Reactions were prepared following the general protocol above. 

Calibration data were taken at 410 nm. 
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Table 6.16. Calibration data at 410 nm for pyrrolidin-3-ol with 4-chloro-3-nitrocoumarin. 

ee mdeg 
100.0 -19.4685 
80.0 -15.7860 
40.0 -8.6630 
0.0 -1.0948 

-40.0 6.6828 
-80.0 13.2848 
-100.0 18.2167 

 
 

6.4.5 Assay Precision Estimation Between Wells 

EKKO parameters were set to scan every 5 nm 375-410 nm with 40 mdeg sensitivity, 3 

second integration time and single data accumulation. Individual well blanking with acetonitrile 

was applied before sample scans were collected. CD sensing was carried out with enantiopure (R)-

1-cyclohexylethan-1-amine using 4-chloro-3-nitrocoumarin and 1 equivalent of triethylamine 

reacted at 5.00 mM and diluted to 0.600 mM for chiroptical sensing after 20 minutes.  CD signals 

for the different wells in the quartz plate were compared at 395 nm with average and standard 

deviation values reported by CD intensities (mdeg). 
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Table 6.17. Assay precision estimation between quartz wells with cyclohexylethan-1-amine 

using 4-chloro-3-nitrocoumarin. 

Entry CD (mdeg) 
1 18.3808 
2 19.7558 
3 17.3792 
4 18.0662 
5 18.0745 
6 19.1789 
7 19.1064 
8 19.6535 
9 19.4360 
10 19.8321 
11 18.8046 
12 19.9456 

 
Average 18.9678 
1 std. dev. 0.8303 

 

6.4.6 Accuracy, MED and MEQ Determination 

Minimum ee detectable (MED) and minimum ee quantifiable (MEQ) were determined by using 

the standard error of linear fit for each analyte calibration. 

 
 
 

 

  

MED =
(𝑒𝑒	cal	std. 	error) × 3

2  

MEQ =
(𝑒𝑒	cal	std. 	error) × 5

2  
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Table 6.18. CD and UV data metrics obtained by analyte. 
Signal and analyses at 395nm. Accuracy is shown as averaged absolute % ee difference of actual sample ee’s in 
comparison to calculated values. (n.d.=not determined) 

Analyte Conditions 
(base & 
sensing 
conc.) 

Signal at 
+100% 
ee (R) 

Signal at 
-100% ee 
(S) 

MED MEQ UV 
(395 
nm) 

lmax Accuracy 
(ee) 

 

1 eq Et3N 
0.600 mM  

11.436 -11.696 2.07 3.46 .522 395 2.20%  

 

10 eq Et3N 
0.600 mM 

20.870 -21.331 2.62 4.37 .652 395 2.45% 

 

1 eq Et3N 
0.600 mM  
 

6.020 -4.654 5.43 9.05 .503 405 4.93%  

 

1 eq Et3N 
0.600 mM 
 

28.483 -29.619 0.98 1.50 .547 390 1.82% 

 

10 eq Et3N 
0.600 mM 

n/a -27.911 7.86 13.10 .666 390 n.d. 

 

10 eq Et3N 
0.300 mM  

15.117 -15.221 1.80 2.99 .272 390 n.d. 

 

1 eq Et3N 
0.600 mM 

21.334 -20.907 2.99 4.99 .558 395 n.d. 

 

1 eq Et3N 
0.600 mM 

15.679 -18.699 2.86 4.77 .508 
 

395 n.d. 

 

1 eq DBU 
0.600 mM 

-6.221 4.665 9.47 15.79 
 

.570 385 n.d. 

 

1 eq Et3N 
0.600 mM 

-8.272 8.193 6.67 11.12 .543 390 n.d. 

NH2

NH2

NH2

NH2

NH2F

NH2

F
NH2

O
NH2

NH2

NH2
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10 eq Et3N 
0.300 mM 

8.898 -8.506 2.91 4.85 .370 395 n.d. 

 

10 eq Et3N 
0.300 mM 

11.3915 -12.033 2.27 3.79 .285 395 n.d. 

 

10 eq Et3N 
0.600 mM  

-20.247 19.702 9.46 15.76 1.141 385 3.51% 

 

10 eq Et3N 
0.600 mM  

n/a  -12.452 
 

3.38 
 

5.63 
 

.668 375 n.d. 

 

10 eq Et3N 
0.300 mM 

9.433 -9.792 3.10 5.16 .363 <375 n.d. 

 

1 eq Et3N 
0.600 mM  

n/a  -29.662 3.87 6.45 .746 380 n.d. 

 

10 eq Et3N 
0.300 mM  

-18.723 
 

20.250 
 

3.81 
 

6.35 
 

0.54 390 n.d. 

 

1 eq Et3N 
0.300 mM  

-72.242 72.446 1.11 1.85 .976 390 n.d. 

 

10 eq Et3N 
0.600 mM  

-19.116 
 

15.961 
 

7.35 
 

12.25 
 

1.152 380 n.d. 

 

2 eq Et3N 
0.600 mM  

-15.401 15.292 3.31 5.51 .7848 380 n.d. 

 

2 eq Et3N 
0.300 mM  

-7.562 7.829 2.15 3.58 .377 380 2.53%  

 

1 eq Et3N 
0.600 mM  

-40.489 38.259 8.50 14.16 1.584 395 n.d. 

NH2

NH2

N

NH2

NH2

HO
HO

OH
NH2

Cl

NH2

OH
NH2

N
H
N

HN

HN

HN

H
N

OH
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10 eq Et3N 
0.600 mM  

20.666 n/a 2.66 4.43 .618 390 n.d. 

 
 

6.4.7 Interferent Analysis 

Interferent studies were conducted using 1-cyclohexylethyl-1-amine, 1 equivalent of 

triethylamine and a stoichiometric amount of the coumarin probe. Reactions were carried out at 

5.00 mM consistent with the analyte screening experiments described above. Sensing using the 

EKKO then allowed for the assessment of interferent significance at the standard 0.600 mM 

analytical concentration. Various interferent amounts were added to each reaction vial containing 

A and Et3N in acetonitrile. After 10 minutes, a stoichiometric equivalent of (R)-1-cyclohexylethyl-

1-amine was added and the mixture was allowed to equilibrate for 30 minutes. The samples were 

then diluted to 0.600 mM for plating into the quartz 96-well plate where chiroptical analysis was 

carried out. EKKO parameters were set to scan every 5 nm 375-410 nm with 40 mdeg sensitivity, 

3 second integration time.  

 

  

NH2

F

O

O
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DMF interferant exposure. 

 
 

DMF 
(equiv) 

CD at 395 
nm (mdeg)  

0.0 18.38081 
0.1 19.05924 
0.5 18.60195 
1.0 17.92278 
10.0 18.26321 

 
 
Toluene interferent exposure. 

 
 

Toluene 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.7558 
0.1 20.1864 
0.5 20.1140 
1.0 20.0526 
2.0 20.4845 
10.0 19.4970 
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Triphenylphosphine interferent exposure 

 
 
 

PPh3 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 17.37922 
0.1 16.36394 
0.5 18.28477 
1.0 14.01682 
2.0 10.76414 
10.0 3.249209 

 
 
Dimethylsulfoxide interferent exposure 

 
 

DMSO 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 18.06618 
0.1 17.2803 
0.5 17.36935 
1.0 16.7928 
2.0 18.52839 
10.0 17.11227 
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Water interferent exposure. 

 
 
H2O 

(equiv) 
CD at 395 
nm (mdeg) 

0.0 18.0745 
0.1 18.9078 
0.5 18.0516 
1.0 18.7149 
2.0 17.7119 
10.0 18.3002 

 
 
Ethyl acetate interferent exposure. 

 
 

EtOAc 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.17887 
0.1 19.4692 
0.5 20.49106 
1.0 19.8442 
2.0 20.04825 
10.0 18.67634 
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Tetrahydrofuran interferent exposure. 

  
 

THF 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.1064 
0.1 20.3974 
0.5 20.5231 
1.0 20.6233 
2.0 19.9035 
10.0 19.9389 

 
 
(S)-BINOL interferent exposure. 

 
 

(S)-
BINOL 
(equiv) 

CD at 395 
nm (mdeg) 

 
0.0 19.6535 
0.1 19.4858 
0.5 19.4201 
1.0 18.4063 
2.0 19.0014 
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[Rh(COD)Cl]2 interferent exposure. 

 
 

[Rh(cod)Cl]2 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.4360 
0.1 19.4468 
0.5 18.9465 
1.0 19.4445 

 
 
 
Methanol interferent exposure. 

 
 

MeOH 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.83215 
0.1 19.96178 
0.5 20.04448 
1.0 20.17724 
2.0 20.09847 
10.0 18.63258 
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Chloroform interferent exposure. 

 
 

CHCl3 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 18.8046 
0.1 18.8396 
0.5 19.0639 
1.0 18.9368 
2.0 19.2524 
10.0 19.3025 

 
Acetone interferent exposure. 

 
 

Acetone 
(equiv) 

CD at 395 
nm (mdeg) 

0.0 19.9456 
0.1 19.6864 
0.5 18.7184 
1.0 19.9424 
2.0 19.3773 
10.0 19.7858 

Figure 6.16. CD spectra and quantitative signal variation for various interferants with 2, A, 

and one equivalent of Et3N.  
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6.4.8 Reconstitution Assay Plate Preparation 

A concentrated solution of 4-chloro-3-nitrocoumarin was prepared using dry acetonitrile 

in a 25.00 mL volumetric flask. With an electronic pipettor, 20.0 µL aliquots were dispensed into 

200 nm glass-coated polypropylene (Thermofisher Plate+) 96-well plates where the wells have a 

maximum capacity of 270.0 µL and introduced into Genevac instrumentation for 5 hours at 27 oC. 

The crystalline residues in the wells were then preserved using teflon sealing covers placed on the 

wells directly after removal from the Genevac instrument and then stored in the fridge, freezer, or 

benchtop. The plates were subsequently used for 6.800 mM sensing reactions in acetonitrile.  

 

 
Figure 6.17. Crystalline residues of the concentrated 4-chloro-3-nitrocoumarin in vacuo. 

 
 

6.4.9 Sensing of 1-cyclohexylethyl-1-amine with Reconstituted Crystalline A 
 
4-Chloro-3-nitrocoumarin was plated and subjected to the Genevac instrument where 0.0017 

mmol sensor was present in each well according to the protocol above. A stock solution of 1-

cyclohexylethyl-1-amine with 1 equivalent of Et3N was used (250 µL of the stock solution 

contained 0.0017 mmol of analyte and of Et3N, all stoichiometrically 1:1:1). Different ratios of the 

S and R enantiomers of 1-cyclohexylethyl-1-amine were added to establish a calibration curve. 
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The reactions were left to proceed in the wells (recovered with the Teflon cover) for 1 hour prior 

to dilution and sensing was conducted at 0.600 mM. 

 

Figure 6.18. Calibration data for solutions of 1-cyclohexylethyl-1-amine with varied ee and 

A stored on a bench top for 6 weeks. 

 

 
Figure 6.19. Calibration data for solutions of 1-cyclohexylethyl-1-amine with varied ee and 

A (plate stored in the refrigerator for 6 weeks). 
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