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ABSTRACT

 

Chiroptical sensing has recently gained interest as a rapid technique for screening 

asymmetric reactions and quantification of important biomolecules. In this thesis an array of 

probes and chiroptical sensing strategies that accomplish these tasks were developed and 

evaluated. 

Both L- and D-amino acids can co-exist as nonracemic mixtures in the human and 

mammalian central nervous system and endocrine organs, and have clinical relevance. A selective, 

molecular probe that allows accurate quantification of the enantiomeric excess (ee) and 

concentration of cysteine was introduced. The sensing is based on ipso-substitution at an electron-

deficient aryl sulfonate probe. The colorimetric UV change provides information of the 

concentration and the distinct circular dichroism (CD) signal gives the absolute configuration of 

the major enantiomer and the ee of D/L cysteine. This method is fast and compatible with aqueous 

solutions including simulated body fluids. The probe is highly specific for cysteine and other 

amino acids and biothiols, such as homocysteine and glutathione, do not interfere with the 

chiroptical analysis. 

Asymmetric reaction optimization has become a critical part across the chemical and 

pharmaceutical sciences. Yet, the determination of optimal reaction conditions is often time 

consuming and labor intensive. A sensing strategy was developed for the rapid analysis of the 
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conversion and asymmetric induction of 54 asymmetric allylation reactions of nine different isatins 

in various solvents. The inherent CD/UV change during product formation was used to determine 

the optimal reaction conditions by a single operator in less than 20 work hours without the need 

for calibration curves. The efficiency of this strategy was shown by successful upscaling of two 

optimized isatin allylations with 98–99% yield and 91–94% ee. 

The inherent practicality and ruggedness of click reactions was exploited for operationally 

simple sensing of amines, amino alcohols, alcohols, amino acids with 4-halocoumarins. The click 

sensing is high yielding, shows fast substrate consumption at room temperature with no by-product 

formation, it is wide in scope, insensitive to air and water, has excellent solvent compatibility and 

proceeds under mild reaction conditions at room temperature. The irreversible bond formation 

results in characteristic CD/UV spectra, which allow determination of the absolute configuration, 

ee, and concentration of a large variety of chiral compounds. The potential of this approach was 

demonstrated by the determination of ee and the conversion of crude reaction mixtures of iridium 

catalyzed asymmetric imine hydrogenations.  

A method that can be used in a high throughput setting for the rapid analysis of amino acids 

has potential as a diagnostic tool. With this important purpose in mind, a small molecular probe 

that undergoes smooth binding with each of the 19 standard amino acids in aqueous solutions was 

introduced. The probe is inexpensive, readily available and reports concentration, ee and absolute 

configuration within a short period of time. The assay was used for the accurate analysis of aspartic 

acid samples of various ee’s and concentrations. This was further extended to the analysis of the 

enantiomeric composition of binary mixtures of amino acids, amines and biothiols. 
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The sensing of alcohols is often challenging due to their low nucleophilicity. Chromophoric 

chlorophosphite probes that can undergo irreversible bond formation with an alcohol group or 

other nucleophiles were used for the CD/UV sensing of almost 30 compounds including alcohols, 

diols, hydroxy acids, hydroxy amides, amines and amino alcohols. The applicability of this assay 

was demonstrated by accurate determination of concentration, ee and absolute configuration of 

scalemic samples containing 1-phenylethyl alcohol using a relay assay sensing strategy.  
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Chapter 1. Introduction 

1.1. Significance of chirality 

Chirality plays a crucial role in the chemical and health sciences.1 Many natural compounds 

are chiral, and their enantiomers often have distinct biological functions. Similarly, enantiomers 

of chiral drugs can show significant differences in their pharmacokinetics, pharmacodynamics and 

toxicology profiles.2 Numerous studies have highlighted the advantages of enantiopure drugs over 

their racemates. As a result, the preference for single enantiomer drugs has increased at both 

industrial and regulatory fronts.3 The rising awareness of the importance of stereochemistry within 

the chemical industries has stimulated an increased demand for efficient methods to synthesize 

and analyze enantiopure molecules. 

 

Figure 1.1. FDA approved single enantiomer drugs. 

 

Esomeprazole, a single enantiomer drug marketed under the name “Nexium”, is a proton 

pump inhibitor and used for treating gastroesophageal reflux disease. This compound was 

originally sold in racemic form under the brand name “Losec/Prelosec” until it was shown that 

Esomprezole, the (S)-enantiomer, has superior pharmacokinetics.4 (R)-Albuterol, the active 

ingredient of salbutamol is a β2-adrenoceptor agonist used in the treatment of asthma and has a 

greater affinity towards the β2-adrenoceptor than its enantiomer.5a (S)-Albuterol has been shown 
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to metabolize more slowly than the (R)-enantiomer, which causes it to accumulate in the body 

leading to adverse side effects.5b,c Bupivacaine, a widely used long-acting local anesthetic in 

surgery and obstetrics, was originally marketed as a racemate, but has since been associated with 

fatal cardiotoxicity.6 However, the (S)-enantiomer of Bupicacaine marketed as “Levobupivacaine” 

is reported to be a safer alternative with reduced toxicity and a similar anesthetic potency profile.7 

In accordance with these examples, 50% of the pharmaceuticals marketed in 2016 were single 

enantiomers and the worldwide sales of enantiopure drugs have continued to grow.8  

The general view of predominant homochirality in nature has been partially revised by 

emerging reports of co-existing enantiomers of amino acids in mammals. D-amino acids are 

known to be present in bacterial cell walls9 and recent studies have shown that the D-enantiomers 

of serine, aspartic acid, alanine, methionine and cysteine are present in the CNS and endocrine 

organs.10 D-Serine and D-aspartic acid have been reported to originate in mammalian cells and are 

produced from their L-enantiomer.11 D-serine is known to play a role as co-agonist for the NMDA 

(N-methyl-D-aspartate) receptor that is primarily responsible for controlling synaptic plasticity and 

memory functions in the brain.12 D-aspartic acid is an endogenous neurotransmitter and plays a 

crucial role in neuronal development and behavior.13 In light of these important findings, it has 

been recognized that some of these D-amino acids are potential biomarkers for certain diseases. 

D-serine has been associated with many neurogenetic disorders such as schizophrenia, epilepsy, 

Huntington’s disease and Alzheimer's disease.14 Increased amounts of D-aspartate in cerebrospinal 

fluids have been reported in patients with Alzheimer’s disease in contrast to healthy patients.15 

High concentrations of D-alanine have been found in the gastric juice of patients that are diagnosed 

with early gastric carcinoma.16 This has inspired the development of a DNA/silver nanocluster 
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based biosensing system to quantify D-amino acids in saliva which can potentially be used for 

early diagnosis of gastric cancer.17 Furthermore, recent reports show that D-enantiomers of serine, 

proline and asparagine can be used as biomarkers for pre-diagnosis of chronic kidney diseases.18  

Altogether these studies show the importance of enantioselective analysis of amino acids and other 

important biomolecules for the diagnosis and early detection of diseases to ensure timely 

treatment. 

 

1.2. Analysis of chiral compounds 

1.2.1. Traditional analysis versus chiroptical sensing 

The characterization and quantification of chiral compounds are important tasks frequently 

encountered during the discovery and development of fine chemicals and drugs. High-performance 

liquid chromatography (HPLC),19 capillary electrophoresis (CE),20 gas chromatography (GC)21 

and nuclear magnetic resonance (NMR)25 spectroscopy are commonly used for this purpose. Chiral 

HPLC is more versatile than GC because it can be applied to the separation of non-volatile and 

thermally unstable compounds. Yet, both chiral HPLC and GC methods may require column 

optimization, pre-sample treatment, re-equilibration of the column between successive injections 

as well as derivatization of the analyte to improve the separation or detection. These inherently 

serial methods may produce a large amount of solvent waste (i.e. HPLC) and the analysis time per 

sample often exceeds 10 minutes.22 NMR spectroscopy, another serial method, requires the 

presence of a chiral solvating or derivatizing agent to differentiate enantiomers.23 CE is an 

attractive technique for the analysis of charged and polar compounds. It requires only a minimal 
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sample amount and shows less waste production, yet it suffers from reproducibility24 and low 

sensitivity25 issues.  

Techniques that enable parallel analysis with high throughput are highly desirable to 

circumvent these limitations. Optical techniques such as circular dichroism (CD), UV-Vis and 

fluorescence spectroscopy have emerged as powerful methods to quantify chiral molecules with 

relatively high sensitivity and selectivity. These methods allow for fast stereochemical analysis 

and require minute amounts of sample.  Many fluorogenic probes have been developed to image, 

label and quantify important target compounds.26 Correlation between the enhancement or the 

quenching of the fluorescence response upon analyte binding can be utilized for the quantification 

of the desired compound. Similarly, colorimetric probes utilize UV-Vis absorbance changes to 

quantify analyte concentration and enantiomeric composition.27 Fluorescence and UV-Vis assays 

differentiate between the diastereomeric complexes formed between the chiral sensor and analyte 

to determine the enantiomeric composition of the target.28 Unlike other optical spectroscopic 

methods, CD is inherently enantioselective. It measures the difference between the absorption of 

left and right circularly polarized light by a chiral analyte and therefore allows direct differentiation 

of enantiomers.  CD spectra may show either a negative or a positive Cotton effect at specific 

wavelengths that can be associated with the analyte’s absolute configuration and quantified for the 

determination of the enantiomeric excess (ee) or ratio (er).  Chiral analytes that do not contain 

chromophores can be converted into CD active entities with a probe. Many research groups have 

developed small molecular sensing assays for the chiral analysis of a variety of compounds using 

CD, UV-Vis and fluorescence individually or in combination.29  
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1.2.2. Chiroptical sensing via reversible analyte binding  

Probes that are designed to form reversible host-guest-adducts via weak interactions 

including metal complexation,30 inclusion complex formation,31 hydrogen bonding interactions32 

and ᴨ-ᴨ stacking33 have been used for quantification and detection of wide array of chiral 

compounds.  

 

 

Figure 1.2. Zinc porphyrin tweezer 1 used for the determination of the absolute configuration of 

diamines. 

 

Porphyrin tweezers are one of the earliest examples introduced by Nakanishi, Berova and Borhan 

for absolute configuration assignment of diamines, amino acids, and amino alcohols using non-
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covalent host-guest interactions. Coordination of a chiral diamine to the zinc porphyrin tweezer 1 

generates the host-guest complex 2 (Figure 1.2). The analyte is sandwiched between the two 

porphyrin rings, P-1 and P-2, and can form either favored or disfavored conformers depending 

upon the orientation of the sterically demanding groups of the analyte. If the small substituent of 

the analyte (S) is sandwiched between the two porphyrin rings, with the larger group (L) projecting 

out, this would lead to an energetically favored chiral complex. The sign of the resulting ECCD 

spectrum can then be used to assign the absolute configuration of the bound analyte. This assay 

was extended to the determination of the absolute configuration of amino acids and amino 

alcohols. Certain complications were noted when other functional groups are present, such as 

alcohol moieties.34 

 

 
Figure 1.3. Dynamic multi-component covalent assembly for the chiroptical analysis of alcohols. 

 

In 2011, Anslyn et al. used a multi-component assembly consisting of pyridine-2-

carboxaldehyde (2-PA), di-(2-pyridylmethyl)amine (DPA) and Zn(OTf)2 for reversible binding of 

chiral alcohols (Figure 1.3). 2-PA and DPA form a reactive iminium intermediate which can react 

with a secondary alcohol. The resulting adduct, in the presence of Zn(OTf)2, forms the rigid 

assembly 3 with a conformational bias. Depending upon the stereochemistry of the analyte, the 

assembly either orients in a clockwise direction (P) or a counterclockwise direction (M). The 
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calibration curve of the chiral 1-phenylethanol assembly showed a linear relationship between the 

enantiomeric excess and the CD intensity at 251 nm and 269 nm which enabled quantification of 

the ee of this compound at a known concentration. The sign of the Cotton effect was used to 

determine the absolute configuration of the major enantiomer.35 This strategy was further extended 

towards the analysis of chiral mono-amines.36 

 

1.2.3. Chiroptical sensing via irreversible analyte binding  

One of the earliest examples of irreversible covalent sensing chemistry was reported by 

Rosini et al. and used for assigning the absolute configuration of chiral acids (Figure 1.4). The 

biphenyl probe 4 reacts with 2-substituted carboxylic acids in the presence of DMAP and EDC to 

make a conformationally biased amide structure. The chirality at the carboxylic acid analyte 

transfers to the probe, impacting the preferential torsion in the biphenyl system. This arrangement 

gives rise to a characteristic positive or negative CD output which was used for the determination 

of the absolute configuration of the analyte.37 

 

 
Figure 1.4. Biphenyl chromophore 4 used for the assignment of the absolute configuration of 

carboxylic acids. 

Pu et al. developed a chiral fluorescent sensor 5 that interacts covalently with chiral di-

amine 6 resulting in distinct fluorescent emission at two different wavelengths (Figure 1.5). The 
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fluorescence signal at 438 nm was found to be highly dependent on the enantiomeric excess of the 

sample whereas the signal at 370 nm principally depends on the total analyte concentration. Using 

the changes in the fluorescence response at these two emission wavelengths, both the concentration 

and the enantiomeric composition of the chiral analyte 6 were determined. The fluorescence 

response was mainly attributed towards the formation of 7 and 8 according to proton NMR 

analysis. This assay enables determination of both concentration and enantiomeric excess with 

average errors of 10.6% and 8.0% respectively, using one fluorescence measurement with a single 

sensor.38  

 
Figure 1.5. Fluorescent sensor 5 used for the simultaneous determination of concentration and 

enantiomeric composition. 

 

1.3. Applications of chiroptical sensing 

1.3.1. Sensing of biomolecules 

Chiroptical analysis of biomolecules is of great interest due to their crucial role in 

fundamental life processes. Many chiral molecules in the body such as amino acids have vital 

biological functions and therefore can act as indicators for certain diseases. Assays that can 

quantify the total concentration and enantiomeric excess of these important biomolecules could 

pave the way for a prophylactic diagnostic tool. Quantum dots and nanorods have been developed 
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to selectively quantify important chiral molecules by enabling selective fluorescence or CD 

responses in the presence of the target analytes.39 As an example, Xu et al. demonstrated that 

plasmonic nanoparticles exhibit selective CD signals in the presence of free cysteine allowing 

accurate quantification of enantiomeric excess and total analyte concentration. This sensing 

platform was used to measure cysteine in the presence of other amino acids with a limit of detection 

of 20 pM.40 Chiroptical sensing of biomarkers with nanoparticles has been extended to a wide 

range of substrates such as sugars,41 nucleic acids42 and proteins.43 There are certain limitations 

that restrict the use of nanoparticles in biologically relevant media. Preparation of uniform 

nanoparticles is often challenging and long-term toxicity44 still remains a concern. Small molecular 

sensing systems that have been developed in the past few years may mitigate these shortcomings. 

In the past decade, many optical assays have been developed to target important biological entities 

such as amino acids,45 biothiols46 and metabolites.47  

Pu et al. recently developed an array of bis-binaphthyl based fluorescent probes for 

enantioselective detection of free amino acids (Figure 1.6). Probe 9 can be prepared in several 

steps from BINOL and is used in enantiopure form together with a Zn(II) salt. The aldehyde moiety 

of the enantiopure probe can react with the amine group of the free amino acid, whereas the 

carboxlyate and the pyridyl units of the sensor can coordinate to the Zn(II) ion toward a rigid 

diastereomeric complex. This sensing method requires five equivalents of the analyte and shows 

highly enantioselective fluorescence enhancement with 13 amino acids while only small 

enhancements were observed with proline, aspartic acid, glutamic acid, cysteine and lysine.48 

Probe 10 was shown to detect structurally diverse amino acid in a biphasic fluorous/aqueous 

media. This assay was used to calculate the ee of phenylalanine obtained from an enzyme-
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catalyzed asymmetric hydrolysis of a racemic amino acid ester.49 Probe 11, in the presence of the 

diblock copolymer mPEG−PLLA (polyethylene glycol-poly(L-lactic acid)) enabled 

chemoselective and enantioselective detection of lysine. A high fluorescence enhancement at 528 

nm was observed for D-lysine in contrast to the other amino acids.50 Both probe 12 and 13 were 

used to determine the total analyte concentration and enantiomeric composition of free amino 

acids. The applicability of probe 12 was shown by determination of the concentration and ee of 

glutamic acid51 in an aqueous buffer solution whereas probe 13 was successfully applied to 

calculate the concentration and ee of valine.52 All probes except 13 require the presence of Zn(II) 

to enable fluorescence enhancement for the detection and quantification of amino acids. 

 

 
Figure 1.6. BINOL based fluorescent probes for free amino acid recognition by Pu et al. 

 

Most abundant endogenous biothiols such as cysteine, homocysteine and glutathione 

(GSH) play a crucial role in physiological processes.53 Due to their biological importance, there 

have been many attempts to develop sensing assays for their detection and quantification.54 
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Glutathione, a cysteine containing tripeptide, is an essential antioxidant that plays a key role in 

intracellular defense against oxidative stress and maintenance of redox homeostasis.55 

 

Figure 1.7. Cyanine based fluorescent probe for highly selective detection of glutathione. 

 

Yoon et al. recently reported a cyanine based fluorescent probe, CPDSA, that is specific 

for the detection of glutathione under physiological conditions (Figure 1.6). CPDSA is a near IR 

fluorescent probe that is synthesized in two steps. It consists of a piperazine molecule attached to 

a dansyl moiety that acts as the fluorescence quencher for the cyanine fluorophore. GSH cleaves 

the sulfonamide bond in CPDSA to form an adduct with the dansyl group thereby acting as a “turn 

on” analyte. The sensing assay is selective for GSH in the presence of other biothiols such as 

cysteine and homocysteine. The probe is stable in aqueous environments and shows cell 

penetration and can be used to detect and monitor GSH in living cells as well as in vivo. Even 

though there are certain limitations associated with this probe such as the requirement of low 

temperature storage, poor photostability and the failure to quantify concentrations of GSH, it can 

be used to facilitate an understanding of the role of GSH within biological processes.56  
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1.3.2. Asymmetric reaction analysis  

Chiral drug development often requires new synthetic methods for efficient preparation of 

the preferred enantiomer. The analysis of hundreds of simultaneously performed reactions to find 

optimal conditions is often time consuming and cumbersome and remains a major bottleneck in 

the drug development pipeline. Conventional reaction analysis methods such as chiral HPLC, GC 

and NMR can be improved upon in terms of efficiency, waste production and cost. New and 

innovative methodologies that can be adopted to high throughput screening technology and 

accelerate reaction analysis have gained much interest within the past decade.57 Optical methods 

such as CD, UV-Vis and fluorescence are often introduced as alternatives to circumvent the 

limitations of traditional methods. These techniques facilitate reaction scale miniaturization and 

adaptation to high-throughput analysis equipment (i.e. multi-well plate readers) while eliminating 

unnecessary workup, reducing labor, time and waste production. Chiroptical sensors have been 

utilized to quantify total analyte concentration, enantiomeric excess and absolute configuration of 

pure samples.58 The real potential, however, lies in the direct analysis of asymmetric reactions. 

Crude reaction mixtures may contain chiral catalysts, by-products and reagents that can interfere 

with the spectroscopic output. Altering solvents, temperature, additives and other parameters may 

also affect optical signals. Small-molecule sensing assays have been used for the analysis of 

asymmetric reactions despite these challenges and have been shown to dramatically improve the 

speed while reducing solvent waste production and cost in comparison to conventional methods.59 

In 2005, Wolf et al. demonstrated that enantioselective fluorescence sensing can be applied 

to asymmetric reaction analysis. Candida Antarctica Lipase (CAL) was used for enzymatic kinetic 

resolution of trans-1,2-diaminocyclohexane in the presence of dimethyl malonate by enriching the 



13 

 

unreacted (S,S)-14 as the air-stable salt 15 (Figure 1.8). This enantioselective enrichment of (S,S)-

14 was screened using sensor 18, which allowed determination of the ee of the reaction without 

the need for column purification or additional derivatization. Aliquots of the enzymatic kinetic 

resolution mixture were taken at various time intervals and reacted with the sensor 18 after a minor 

workup. The calculated ee’s at different time intervals using this C2-symmetric fluorescent sensor 

18 are in good agreement with the results obtained from traditional HPLC methods and the 

presence of monoamide 16 did not interfere with the analysis of 15.60 

 

 
Figure 1.8. Enzymatic kinetic resolution analyzed by the C2-symmetric fluorescent sensor 18. 

 

In 2009, Anslyn et al. used an indicator displacement assay to analyze asymmetric 

Sharpless dihydroxylation reactions. Addition of hydrobenzoin to the boronic acid host displaces 

the indicator from the initial host complex which causes a shift in the UV-Vis absorbance spectrum 

(Figure 1.9). Several boronic acid hosts and indicators were screened and the best host/indicator 

complex was chosen to train an artificial neural network for the analysis of ee and total 

concentration. The analysis of the asymmetric reaction was carried out by treating aliquots of the 

reactions mixtures with achiral host 19, (S,S)-20 and (R,R)-20 and the resulting spectroscopic 
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outputs were analyzed to determine the ee and total concentration of the dihydroxylation products. 

The average absolute error of the total analyte concentration calculated using this method was 

8.0% and the average absolute error of the ee calculation in comparison to the HPLC data was 

2.4%. This indicator displacement assay showed the potential to enable screening of dozens of 

reactions in a very short period of time.61 

 

 
 

Figure 1.9. An indicator displacement assay for the analysis of the asymmetric Sharpless 

dihydroxylation. 

 

Determination of the ee of an enzymatic transamination was demonstrated using 3-

hydroxypyridine-2-carboxaldehyde (HCA, 22) as CD sensor (Figure 1.10). Prochiral ketones were 

converted to the chiral amines (21) in the presence of isopropyl amine, a transaminase and the 

enzymatic co-factor, PLP, in a pH 10.5 buffer mixture. The mixtures were shaken for 24 hours at 

45 °C and subjected to a short workup prior to the analysis. Eight samples of each reaction were 
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split in half, and one portion was reacted with sensor 22 while the other portion was used for HPLC 

analysis for comparison. The imine formation with the sensor 22 was rapid, affording a CD signal 

that can be used to quantify the ee of the reactions with a 2.0-3.6% error margin.62 

 

 
 

Figure 1.10. Imine-based chiroptical sensing for the analysis of an enantioselective biocatalytic 

transamination by Joyce et al. 

 

A stereodynamic metal complex developed by Wolf et al. in 2016 was used for the rapid 

analysis of diols without the need for product isolation (Figure 1.11).  After successful analysis of 

concentration, ee and absolute configuration of samples of N-methyl ephedrine using the Zn 

complex of probe 23, the assay was implemented for the chiroptical analysis of the crude product 

of the asymmetric Sharpless dihydroxylations of trans-stilbene. The titanium complex of 23 was 

added to ~1 mg of the reaction mixture and CD and fluorescence measurements were taken to 

determine the total amount of product formed, ee and the absolute configuration of the major 

enantiomer. The reaction analysis with sensor 23 dramatically reduces the time required and 

solvent waste produced in contrast to conventional HPLC. This robust mix and measure protocol 

highlighted the application of chirality sensing assay to streamline asymmetric reaction screening 

and optimization.63   
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Figure 1.11. Stereodynamic metal complexes for the analysis of the Sharpless asymmetric 

dihydroxylation. 

 

The analysis of chiral α-hydroxy acids using a Brønsted/Lewis acid probe 24 was 

showcased by Wolf et al. (Figure 1.12). The α-hydroxy group of the analyte coordinates with the 

boronic acid moiety of the probe and the adduct is stabilized further by the hydrogen bonding with 

the urea counterpart of the sensor. The chirality of the analyte becomes imprinted on the aryl-

acetylene-aryl axis of 24 giving rise to characteristic CD and UV outputs and enabling 

simultaneous analysis of concentration, ee and absolute configuration of crude reaction mixtures. 

The α-hydroxy acids were obtained by the reduction of phenylglyoxylic acid using (+)-DIP-Cl and 

a total of 16 samples containing various solvent and amine additives were analyzed. Upon 

quenching with H2O2/NaOH followed by acidification, an aliquot from each sample was reacted 

with the sensor 24 and subjected to UV and CD analysis. The absolute configuration, enantiomeric 

composition and total concentrations of the analyte compounds were determined within three 

minutes using only ~0.5 mg of the crude reaction mixtures.64  
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Figure 1.12. Brønsted/Lewis acid receptor for direct asymmetric reaction screening. 

 

Covalent bond formation combined with metal complexation was used in the analysis of 

21 primary amines, amino acids and amino alcohols using probe 25 (Figure 1.13). The imine 

formation between the amine and the achiral probe, followed by coordination to the Pd metal to 

form a rigid complex, gives rise to a strong CD and a unique UV-Vis spectrum. This three-

component assembly was then used to analyze crude reaction mixtures of an iridium catalyzed 

asymmetric imine hydrogenation. The yield, ee and absolute configuration were determined using 

only one milligram of crude reaction mixtures eliminating reaction workup and isolation. The ee 

determination using HPLC required isolation and derivatization of the chiral product whereas the 

sensing strategy allowed the direct analysis of crude reaction mixtures.65  
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Figure 1.13. Multicomponent self-assembly used for screening of an asymmetric hydrogenation 

of an iminium chloride. 

 

Efficient chiral recognition and analysis methods have sparked a significant interest within 

the synthetic community as chiral molecules have gained increased attention in many areas of the 

chemical and health sciences. Compared to traditional serial chromatographic techniques, 

chiroptical assays allow rapid analysis of chiral compounds with dramatic reduction in cost, labor 

and waste production. These assays are often amenable to parallel high-throughput screening and 

facilitate reaction scale miniaturization. The general utility and potential of chiroptical methods 

have been demonstrated by detection and quantification of important biomolecules and 

streamlined asymmetric reaction analyses. The extraordinary promise, however, still requires 

further development of increasingly robust, broadly applicable sensing tools.  
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Chapter 2. Objectives 

Chiroptical sensing is at the forefront among analytical techniques used for the 

determination of the enantiomeric composition of chiral asymmetric reaction products and to 

quantify important biomolecules. Optical techniques typically enable rapid analysis and are 

adaptable to high-throughput screening technology. By contrast, traditional techniques such as 

chiral HPLC, NMR spectroscopy, mass spectrometry and capillary electrophoresis cannot be 

conducted in parallel and are often time consuming, generating a bottleneck in today’s chemical 

development processes. Consequently, there is a growing need for alternatives that allow parallel 

analysis of hundreds of samples in a short time. To this end, a variety of chiroptical methods and 

probes that undergo covalent and/or non-covalent interactions with chiral analytes to generate CD 

and UV-Vis signals used for determination of absolute configuration, enantiomeric excess (ee) and 

concentration have been introduced.  

 

Main objectives of this thesis: 

1. Biomolecule sensing 

a. Practical quantitative enantioselective analysis of all 19 standard amino acids using an 

optical assay that is amenable to HTS has been a challenging task. It was envisioned 

that an electron-deficient aryl fluoride probe, which can covalently bind with the amine 

group via nucleophilic aromatic substitution in aqueous media, would give rise to 

distinct CD/UV signals suitable for determination of the absolute configuration, 

enantiomeric ratio, and concentration. 
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b. At the beginning of this work, substrate specific chiroptical analysis of cysteine in the 

presence of structurally similar biothiols and other amino acids was not feasible. A 

chromophoric molecular probe that selectively attaches to the thiol and amino group in 

cysteine was expected to give rise to characteristic CD/UV spectra. These 

spectroscopic outputs would be used for the substrate specific analysis of cysteine in 

aqueous solutions at low micromolar levels. 

 

2. Asymmetric reaction screening  

a. A high-throughput screening method applicable to crude product mixtures would 

greatly accelerate asymmetric reaction optimization, in particular, if it can be generally 

used for different substrates without individual calibration curves. It was proposed that 

this could be accomplished based on the comparison of relative UV and CD changes. 

The allylation of isatins was chosen as a test reaction to showcase this approach because 

this reaction coincides with inherent UV/CD changes that can be correlated to the 

substrate conversion and the extent of asymmetric induction. 

 

b. A robust optical assay that enables enantioselective analysis, even with complex 

mixtures, would be very attractive for users who seek a simple solution to a difficult 

analytical task. Taking advantage of click chemistry, 4-halocoumarins were expected 

to enable sensing of a wide variety of chiral molecules through rapid substrate 

consumption without byproduct formation, broad analyte scope, air and moisture 

tolerance, extensive solvent compatibility and mild reaction conditions. The use of such 
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an assay for the analysis of crude reaction mixtures was anticipated to drastically extend 

the scope of chirality sensing.  

 

c. Alcohols are a common functional group found in many natural products and 

pharmaceuticals. Due to their poor nucleophilicity, detection and quantification of 

chiral alcohols using chiroptical sensing assays or traditional methods has remained a 

major challenge. It was envisioned that chlorophosphite probes which could undergo 

fast and irreversible covalent bond formation with alcohols would address this problem 

and provide unique sensing opportunities, including comprehensive analysis of 

alcohols. 
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Chapter 3. Substrate Specific Optical Sensing of the Chirality, Concentration and D/L-Ratio 

of Cysteine with a Small Molecular Probei 

 

3.1. Introduction 

Amino acids are inarguably among the most predominant and important chiral compounds 

in nature. For a long time, it has been assumed that L-amino acids are almost exclusively present 

in higher animals while the corresponding D-enantiomers would only be utilized by 

microorganisms and bacteria. In recent years, this view of homochirality has been revisited as 

substantial amounts of D-amino acids have been detected in mammals and humans. In fact, D- and 

L-amino acids are not mutually exclusive and often co-exist as nonracemic mixtures. This is the 

case in mammalian and human tissue where they occur in the free form or in proteins66 as well as 

in the central nervous system (CNS).67  The total amount and enantiomeric excess or ratio (ee or 

er) of amino acids in the CNS play an important role in human physiology and pathology and they 

have been associated with neurological disorders such as schizophrenia, Parkinson’s, Huntington’s 

and Alzheimer’s disease and other neurodegenerative or psychiatric disorders such as traumatic 

stress and anxiety attacks.68  The widespread occurrence, racemization processes, and pivotal 

biological functions of D-amino acids have important implications in the life sciences.69  The 

ability to quantify both concentration and enantiomeric composition of amino acids with artificial 

receptors is considered very promising for the study, diagnosis and treatment of diseases and 

ageing.70  Although increasing efforts have recently been directed to optical chemosensing,71 a 

 
i Reproduced in part from Thanzeel, F. Y., Wolf, C. Angew. Chem. Int. Ed. 2017, 56, 25, 7276 - 

7281 with permission from the Wiley-VCH, Germany. 
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robust method that accurately reports the total amount and ee at the micromolar concentration level 

of a specific amino acid in the presence of others is still elusive.72   

The change in the dogmatic perception of mammalian amino acid homochirality has shifted 

increasing attention to the natural occurrence and the distinct biological, nutritional and medicinal 

roles of the D-enantiomer of cysteine and of D/L-enantiomeric mixtures in recent years.73  These 

findings underscore the need for a means that permits fast determination of the absolute 

configuration, ee and overall concentration of cysteine in aqueous mixtures. Selective 

stereochemical cysteine analysis, however, is particularly complicate because of the common 

presence of chemically similar biothiols. In addition to other amino acids, homocysteine (Hcy) and 

glutathione (GSH) typically interfere with molecular recognition processes and further complicate 

both substrate-specific detection and enantioselective quantification. Significant progress with 

regard to chemosensing of biothiols with molecular UV or fluorescent probes has been reported 

over the past decade.74 A variety of fluorescence,75 colorimetric/UV76 and electrochemical assays77 

for selective quantification of Cys, Hcy or GSH have been introduced. While some of these 

methods can be used for quantitative analysis of cysteine in aqueous solutions in the presence of 

Hcy and GSH, additional information about the enantiomeric composition cannot be obtained. The 

use of silver nanoparticles for the detection of cysteine enantiomers has shown promise but does 

not achieve combined concentration and ee analysis.78 

 

3.2. Probe selection and sensing development 

To accomplish this task, a molecular probe that would allow fast cysteine detection and 

generate independent UV and circular dichroism (CD) data for simultaneous determination of a 
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total of three variables: absolute configuration, enantiomeric composition and overall 

concentration of the combined enantiomers in aqueous solution was designed. It was envisioned 

that this could be accomplished by the attachment of two aryl moieties onto the thiol and amino 

groups in cysteine. The incorporation of two proximate chromophores would afford a distinct 

circular dichroism signal that is indicative of the absolute configuration of the major enantiomer 

(based on the sign of the produced Cotton effect) and also provide the means for ee analysis (based 

on the induced CD amplitude). In contrast with this enantioselective sensing mode, a concomitant 

colorimetric or UV change would be independent of the sample ee and therefore suitable for 

quantification of the total amount of the sensing target. Since modern instruments automatically 

produce UV and CD spectra at the same time, a dual UV/CD sensing method seemed particularly 

practical and convenient.  

In the search for a rugged chiroptical sensing assay that is specific to cysteine, a covalent 

derivatization approach was most promising to afford a chromophoric probe that would generate 

strong spectroscopic readouts at high wavelengths to avoid interference with other compounds, in 

particular amino acids, for quantitative analysis at biologically relevant concentrations. 

Specifically, an inexpensive readily available small-molecule probe that combines good solubility 

and hydrolytic stability for use in aqueous media with sufficient reactivity for fast cysteine 

detection and chirality recognition even at micromolar levels and at room temperature was sought. 

The screening of several molecular receptors and binding motifs, including Schiff base formation 

and metal complexation, led to investigate the possibility of complementary N- and S-arylation of 

the amino and thiol functionalities in cysteine using phenyl 2,4-dinitrobenzenesulfonate, 1, and the 

2,4-dinitronaphthalene analogues 2 and 3 shown in Figure 3.1.79  



25 

 

 

    

Figure 3.1. Structures of 1-3 and circular dichroism responses to the D (red) and L (blue) 

enantiomers of cysteine using probe 1 (bottom left) and 3 (right). The CD measurements were 

taken at 0.11 mM in acetonitrile:water (4:1). 

 

The three sulfonates were prepared in a single step from the corresponding phenol and 

naphthol precursors and fully characterized by NMR spectroscopy, crystallography and 

combustion analysis. Initial evaluation of the cysteine sensing potential of 1-3 revealed strong 
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ultraviolet and CD readouts above 300 nm at approximately 100.0 M concentrations using 

aqueous acetonitrile as solvent (Figure 3.1). The probes are stable to hydrolysis even under basic 

conditions and the intended double ipso-substitution reaction with cysteine was found to generate 

characteristic CD signals that identify the absolute configuration of the substrate. The sensing of 

D-cysteine consistently gave two positive Cotton effects, the first in the 400 nm region and a 

second above 300 nm. The opposite trend was observed with the L-enantiomer. The derivatization 

with probes 2 and 3 yields the same cysteine analogue and virtually identical CD responses were 

obtained in these cases as expected (see Experimental section 3.8.2). Although all three probes 

showed substantial promise, probe 1 affords the strongest CD amplitude above 400 nm under the 

same conditions which is preferable with regard to the sensitivity and ruggedness of the planned 

quantitative ee sensing applications, vide infra.  

 

3.3. Optimization of the chiroptical assay 

Based on the preliminary results discussed above, the chiroptical sensing using probe 1 

was optimized further. To provide evidence that indeed both the amino and the thiol group in Cys 

undergo ipso-substitution, N,S-bis(2,4-dinitrophenyl)cysteine, 4, was independently prepared and 

the structure was identified by one- and two-dimensional NMR spectroscopy. Comparison of the 

in-situ sensing results using 1 with the CD signature of 4 obtained under typical assay conditions 

gave superimposable spectra which confirms the proposed reaction outcome. Accordingly, the 

addition of more than two equivalents of 1 to a solution containing cysteine does not further change 

the chiroptical readout and substantially diminished Cotton effects were observed when only one 
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sensor equivalent was employed in the assay protocol. The cysteine sensing also results in the 

appearance of a new UV absorption band at approximately 350 nm (Figure 3.2).  

     

  

Figure 3.2. Chiroptical cysteine sensing and reaction analysis. Top: UV spectra obtained from the 

reaction between 1 and varying amounts of L-cysteine (left) and UV absorbance at 355 nm plotted 

against the concentration of L-cysteine (right), Bottom: Chiroptical response of 1 (750.0 μM) to 

scalemic samples of cysteine (50.0 μM) (left), Plot of the CD amplitudes at 375 nm (red) and 422 

nm (blue) versus sample %ee (right). 

 

The off-on UV response occurs almost immediately upon mixing and reaches a stable 

maximum within a few minutes. As mentioned above, a nonenantioselective UV readout bears the 

chance to determine total D/L-cysteine levels which would complement the ee analysis based on 

the induced CD effects. In addition, the sensing reaction was monitored by NMR spectroscopy 
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using essentially the same conditions as applied in the chiroptical sensing experiments (Figure 

3.3). Quantitative conversion of free cysteine to the N,S-diarylation product 4 and simultaneous 

generation of free phenolate occurred within 7 minutes. The reaction is apparently fast and by-

products were not detected which is an important prerequisite for quantitative sensing analysis.  

 

 

Figure 3.3. NMR analysis of the formation of 4. All NMR spectra were collected using deuterated 

acetonitrile:water (4:1) as solvent and K2CO3 as base. (1) Reference spectrum of 4. (2) Potassium 

phenolate. (3) Cysteine sensing experiment after 7 minutes. (4) Probe 1. (5) Cysteine.  
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Comparison of the NMR spectra obtained with the sensing mixture with the independently 

prepared compound 4 and phenol in deuterated acetonitrile:water containing four equivalents of 

K2CO3 allowed unequivocal reaction analysis. The attachment of the electron-deficient 2,4-

dinitrophenyl rings to the amino and thiol groups result in very strong downfield shifts of the 

aliphatic cysteine protons He and Hf. For example, the proton He attached to the chiral carbon 

center shifted from 3.26 to 4.59 ppm. The ipso-substitutions generate two distinguishable 2,4-

dinitrophenyl rings. Attachment to the amino moiety causes distinct upfield-shifting of Hb and Hc 

from 8.49 and 8.13 ppm to 8.14 and 7.05 ppm (labeled as Hb2 and Hc2). As expected, the changes 

in the NMR shifts are less pronounced for Hb1 and Hc1 and for the most downfield-shifted proton 

Ha. The concomitant cleavage of phenolate from the probe coincides with an upfield shift of the 

Hd protons from 7.15 and 7.39 ppm to 7.17 and 6.79 ppm, respectively. Altogether, the UV, CD 

and NMR experiments demonstrate that quantitative conversion of Cys toward 4 can be 

accomplished with stoichiometric sensor amounts and the use of large excess of the probe is not 

necessary. Further studies revealed that aqueous methanol and acetonitrile solutions are suitable 

solvent mixtures albeit the latter generates more intense and slightly red-shifted CD and UV 

signals. Finally, nine inorganic and organic bases were screened to optimize the sensitivity of the 

cysteine sensing method. The best results were obtained with NaOH, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), KOH and K2CO3 which was used for all other sensing 

studies (see Experimental section 3.8.3.3).   
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3.4. Cysteine specificity and competition experiments 

The irreversibility of the N,S-diarylation reaction and the hydrolytic stability of both the 

probe and N,S-bis(2,4-dinitrophenyl)cysteine allow smooth and unambiguous Cys derivatization 

devoid of interfering by-product formation. The conversion to the chiroptically active product 4 

coincides with characteristic and stable UV and CD signals at high wavelengths. Having thus 

established the basic prerequisites for quantitative stereochemical cysteine sensing, the possibility 

of substrate specificity in the presence of other substances was evaluated. The effect of possibly 

interfering stoichiometric amounts of amino acids was tested by choosing phenylalanine, alanine, 

serine and tyrosine as representative examples. First, solutions containing probe 1 (2.50 mM) and 

one of the aforementioned L-amino acids or L-Cys (1.25 mM) in the presence of K2CO3 (5.00 mM) in 

2.0 mL of CH3CN:water (4:1) were stirred for 1 hour. The mixtures were then further diluted for CD 

and UV analysis (Figure 3.4).  

All mixtures remained CD silent with the exception of the cysteine solution and similar results 

were obtained by UV analysis. A solution containing the five amino acids altogether with six 

equivalents of 1 was prepared under otherwise the same conditions to determine possible interference 

with the cysteine sensing. Importantly, identical CD and UV responses were observed, which 

highlights a remarkable specificity of this assay for cysteine. Encouraged by these results, L-

homocysteine and L-glutathione which are common biothiols that often impede the selective 

targeting of cysteine were screened. Glutathione, a cysteine-derived tripeptide, and the non-

proteinogenic amino acid homocysteine, which differs only by one additional methylene group 

from cysteine, display free amine and thiol groups and are therefore very difficult to distinguish 

from cysteine.  When the sensing assay with probe 1 was applied to these biothiols under the 

conditions described above for the amino acid analysis, a relatively weak UV response in the 300 
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nm region was observed with no induction of a CD signal which is in stark contrast to the cysteine 

sensing results (Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Determination of cysteine specificity. Top: CD (left) and UV (right) sensing of L-Cys 

in the presence of the L-enantiomers of Phe, Ala, Ser and Tyr. Bottom: Substrate specificity in the 

presence of homocysteine (HCy) and glutathione (GSH). The CD and UV measurements were 

taken in acetonitrile:water (4:1) at 110.0 and 30.0 M, respectively.  
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Furthermore, the analysis of a mixture consisting of Cys, HCy and GSH revealed only a 

minor contribution of these two biothiols to the UV readout while the CD sensing was not affected 

at all. The induced Cotton effects obtained with samples containing either L-Cys or a combination 

of L-Cys, L-HCy and L-GSH at individual 1.25 mM concentrations in aqueous acetonitrile were 

virtually identical. The competition experiments thus prove a remarkable specificity of the 

chiroptical sensing method for cysteine over other amino acids and common biothiols. The optical 

detection mode is also visible to the naked eye and allows colorimetric cysteine analysis in the 

presence of amino acids and biothiols (see Experimental section 3.8.3.4). 

 

3.5. Quantitative cysteine analysis at M concentrations 

Further CD analysis revealed that the chiroptical sensor response increases linearly with 

the enantiomeric excess and also with the concentration of cysteine (Figure 3.5). The sensing is 

rugged and practical as recalibration of the UV and CD responses of the probe is not necessary. 

Having once established the quantitative correlations between the induced UV and CD signals to 

the concentration and ee of cysteine, the possibility of sensing at physiologically relevant levels 

was investigated. A concentration range of 15.0-30.0 µM of cysteine in healthy adults has been 

reported and elevated levels of cysteine in the human body have been used as indicator for 

increased risk of Alzheimer’s and heart disease.80 The possibility of chiroptical cysteine sensing at 

these concentrations was investigated. Initial CD sensing tests indicated that nonracemic mixtures 

at 15.0 M generate sufficient Cotton effects and can easily be detected and quantified (Figure 

3.5). This encouraged the ultimate testing of our assay and our probe was applied to six nonracemic 

samples combining a wide range of cysteine amounts and enantiomeric ratios, er (Table 3.1).  
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Figure 3.5. Quantitative cysteine recognition. Top: Linearity of ee sensing vs L-Cys sample 

concentration (left) and plot of the CD amplitudes at 376 nm (blue) and 423 nm (red) vs [Cys] 

(right). Bottom: Quantitative chiroptical sensing of L-cysteine and D-cysteine at 15.0 M 

concentration (left) and linear relationship between the CD effects at 377 nm (blue) and 417 nm 

(red) vs enantiomeric excess (%ee) of cysteine (right). 

 

Following the simple mix-and-measure protocol described above, two fast UV and CD 

measurements allowed simultaneous determination of the absolute configuration of the major 

cysteine isomer (based on the sign of the induced Cotton effect), the enantiomeric ratio (using the 

induced CD amplitude) and the overall concentration of the combined enantiomers (from the UV 
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response of the probe) with good accuracy and without the need to generate a new calibration 

curve.  

 

Table 3.1. Comprehensive chirality sensing of nonracemic cysteine samples. 

 

aMajor enantiomer. bBased on the CD sensing at 375 and 422 nm. 

 

Of particular interest is the analysis of the 18.0 M sample containing the D-form in 27.8% 

and the L-enantiomer in 72.2% (entry 5). Even at this low concentration the sensing results 

deviated only by a few percent from the actual values. The assay correctly identified L-cysteine as 

the major enantiomer and the quantitative concentration and er determination gave 21.0 M and 

Entry 

Cysteine samples Chiroptical sensing results 

Abs. 

config.a 

Conc. 

(μM) 
D/L ratio 

Abs. 

config.a 

Conc. 

(μM) 

D/L ratio 

(375 nm) 

D/L ratio 

(422 nm) 

Averageb  

D/L Ratio 

1 D 100.0 70.0:30.0 D 105.5 70.6:29.4 73.4:26.6 72.1:27.9 

2 L 50.0 10.0:90.0 L 54.8 6.9:93.1 9.7:90.3 8.3:91.7 

3 L 75.0 40.0:60.0 L 79.5 36.6:63.4 38.1:61.9 37.4:62.6 

4 D 90.0 55.5:44.5 D 95.4 55.2:44.8 57.5:42.5 56.4:43.6 

5 L 18.0 27.8:72.2 L 21.0 28.3:71.7 30.6:69.4 29.4:70.6 

6 L 40.0 37.5:62.5 L 42.0 35.5:64.5 37.0:63.0 36.3:63.7 
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an enantiomeric ratio of 29.4:70.6, respectively. Importantly, samples covering a wide 

concentration range and drastically different enantiomeric ratios can be analyzed by this method 

(compare entries 1 with 5 and 2 with 4).  

 

3.6. Simulated body fluids 

Because brain fluids and other biological samples containing amino acids in varying 

nonracemic compositions are not generally available we resorted to the use of simulated body 

fluids (SBFs). SBFs mimic the human blood plasma and have been used for in-vitro studies of 

biologically active compounds. Conventional SBFs have ion concentrations equal to typical values 

in blood plasma, except for chloride and bicarbonate. A revised-SBF (r-SBF)81 composition has 

been introduced to eliminate this discrepancy and was selected to test the ruggedness and 

usefulness of the Cys sensing assay. The concentration and enantiomeric ratio of cysteine at 

micromolar concentrations in r-SBFs containing ions at physiologically relevant levels were 

determined using our probe 1 as described above. The r-SBF was prepared from NaCl, NaHCO3, 

Na2CO3, KCl, K2HPO4, MgCl2, HEPES, CaCl2, Na2SO4, and by using 1.0 M NaOH and HCl to 

adjust the pH to 7.40 as described in detail in the literature. The results obtained with six 

nonracemic samples are shown in Table 3.2. Again, the absolute configuration of the major isomer 

together with the ratio and the total concentration of the cysteine enantiomers were determined 

correctly and with good accuracy. For example, analysis of the sample containing cysteine at 130.0 

M with an enantiomeric D/L ratio of 23.1:76.9 gave 129.0 M and 24.2:75.8, respectively (Table 

3.2., entry 1). A comparison of the actual with the experimentally determined data obtained for the 

second sample (90.0 M, D/L 55.5:44.5) shows almost identical values (89.6 M, D/L 55.4:44.6). 
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Overall, significant interference with the cysteine sensing in simulated body fluids is not observed 

and the sensitivity of this method is not compromised as is evident from the analysis of a 15.0 M 

sample with a D/L ratio of 33.3:66.7. In this case, the concentration was determined as 16.6 M 

and the enantiomeric ratio as 37.2:62.8 (entry 5).  

 

Table 3.2. Analysis of nonracemic cysteine samples in simulated body fluids. 

Entry 

Cysteine samples Chiroptical sensing results 

Abs. 

 config.a 

Conc. 

(μM) 
D/L Ratio 

Abs.  

config.a 

Conc. 

(μM) 
D/L Ratiob 

1 L 130.0 23.1:76.9 L 129.0 24.2:75.8 

2 D 90.0 55.5:44.5 D 89.6 55.4:44.6 

3 L 75.0 40.0:60.0 L 73.1 41.0:59.0 

4 D 100.0 70.0:30.0 D 102.9 69.3:30.7 

5 L 15.0 33.3:66.7 L 16.6 37.2:62.8 

6 L 40.0 25.0:75.0 L 35.1 28.2:71.8 

aMajor enantiomer. bAveraged value based on the CD sensing at 366 and 409 nm. 

 

3.7. Conclusions  

 Three small-molecule probes that are stable to hydrolysis and carry a transferable 

dinitroaryl moiety were synthesized for substrate-specific optical sensing of cysteine. The 

chromophoric probes used in this study attach to the thiol and amino functions of the targeted 

cysteine within minutes in aqueous solution. The reaction course and outcome with one of the 

probes was verified by NMR spectroscopy, and by comparison of the UV and circular dichroism 

readouts observed upon in situ cysteine sensing with the chiroptical signals of separately prepared 
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and fully characterized N,S-bis(2,4-dinitrophenyl)cysteine. The double ipso-substitution results in 

strong spectroscopic readouts at high wavelengths which provides detailed information about the 

absolute configuration, enantiomeric ratio and total concentration of cysteine. The absolute 

configuration of the major amino acid enantiomer and the D/L ratio can be readily determined 

from the sign and amplitude, respectively, of the induced CD signals appearing at approximately 

370 and 410 nm. In addition, a new UV absorption band at approximately 350 nm appears that is 

independent of the enantiomeric sample composition and correlated to the overall cysteine 

concentration. The molecular detection and stereochemical sensing of cysteine is highly substrate-

specific and the presence of other amino acids (phenylalanine, alanine, serine and tyrosine were 

used as representative examples) or biothiols (homocysteine and glutathione) does not interfere 

with the (chir)optical responses. Finally, quantitative analysis of cysteine in simulated body fluids 

was demonstrated. The optical assay relies on a practical mix-and-measure protocol and two fast 

UV and CD measurements that provide comprehensive stereochemical information about the 

absolute configuration, D/L ratio and overall amount of cysteine. Samples covering a wide 

concentration range and drastically different enantiomeric ratios can be analyzed without the need 

for cumbersome recalibration experiments by this method and accurate values are obtained with 

aqueous solutions containing cysteine at biologically relevant micromolar levels. 

  



38 

 

3.8. Experimental section 

3.8.1. Synthesis and characterization  

All reagents and solvents were commercially available and used without further 

purification. Reactions were carried out under inert conditions and the products were purified by 

flash chromatography on silica gel. The structures of the isolated compounds were identified by 

spectroscopic analyses and the purity was confirmed by elemental analysis. 

 

Synthesis of phenyl 2,4-dinitrobenzenesulfonate (1) 

A mixture of phenol (282.3 mg, 3.0 mmol) and triethylamine (460.0 μL, 3.3 mmol) was stirred in 

anhydrous CH2Cl2 (2 mL) for 1 hour at 0 °C. Then, 2,4-dinitrosulfonyl chloride (1.32 g, 4.95 

mmol) in CH2Cl2 (3 mL) was added dropwise to the reaction mixture. After stirring for 18 hours, 

the reaction was quenched with water and extracted with CH2Cl2. The combined organic layers 

were dried over MgSO4 and concentrated in vacuo. Purification by flash chromatography on silica 

gel (10% EtOAc in hexanes) afforded 833.5 mg (2.57 mmol, 86% yield) of a light yellow solid. 

1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 2.2 Hz, 1H), 8.48 (dd, J = 8.6 Hz, 2.1 Hz, 1H), 8.17 

(d, J = 8.6 Hz, 1H), 7.44 – 7.30 (m, 3H), 7.20 (d, J = 7.9 Hz, 2H). 13C NMR (100 MHz, CDCl3): 

δ = 120.4, 122.1, 126.41, 128.4, 130.4, 133.8, 134.0, 149.0, 151.0. Anal. Calcd. for C12H8N2O7S: 

C, 44.45; H, 2.49; N, 8.64. Found: C, 44.59; H, 2.58; N, 8.51. 

 

Synthesis of 2,4-dinitronaphthalen-1-yl methanesulfonate (2) 

Methanesulfonyl chloride (46.0 μL, 0.593 mmol) was added dropwise to a solution of a 2,4-

dinitronaphth-1-ol (123.9 mg, 0.539 mmol), triethylamine (82.7 μL, 0.593 mmol) and DMAP (6.6 
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mg, 0.054 mmol) in CH2Cl2 (2 mL) at room temperature. After the reaction was complete, the 

mixture was washed with water and extracted with CH2Cl2. The combined organic layers were 

dried over MgSO4 and concentrated in vacuo. Purification by flash column chromatography on 

silica gel (20% EtOAc in hexanes) afforded 84.0 mg (0.27 mmol, 54%) of a yellow solid. 1H NMR 

(400 MHz, CDCl3): δ = 8.85 (s, 1H), 8.67-8.58 (m, 2H), 7.99 (ddd, J = 8.7, 7.0, 1.3 Hz, 1H), 7.91 

(ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 3.62 (s, 3H).13C NMR (100 MHz, CDCl3): δ = 40.7, 119.4, 123.6, 

126.1, 128.0, 130.0, 130.3, 133.4, 142.3. Anal. Calcd. for C11H8N2O7S: C, 42.31; H, 2.58; N, 8.97. 

Found: C, 42.41; H, 2.70; N, 8.85. 

 

Synthesis of 2,4-dinitronaphthalen-1-yl 4-toluenesulfonate (3) 

p-Toluenesulfonic acid (152.9 mg, 0.802 mmol) was added dropwise to a solution of 2,4-

dinitronaphth-1-ol (170.8 mg, 0.729 mmol), triethylamine (112.0 μL, 0.802 mmol) and DMAP 

(8.9 mg, 0.073 mmol) in CH2Cl2 (2 mL) at room temperature. After the reaction was complete, the 

mixture was washed with water and extracted with CH2Cl2. The combined organic layers were 

dried over MgSO4 and concentrated in vacuo. Purification by flash column chromatography on 

silica gel (20% EtOAc in hexanes followed by 10% MeOH in CH2Cl2) afforded 137.2 mg (0.35 

mmol, 55%) of a yellow solid. 1H NMR (400 MHz, CDCl3): δ = 8.76 (s, 1H), 8.62 (dd, J = 8.9, 

0.9 Hz, 1H), 8.35 (dd, J = 8.7, 1.0 Hz, 1H), 7.93 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H), 7.90-7.87 (m, 2H), 

7.76 (ddd, J = 8.3, 7.0, 1.1 Hz, 1H), 7.49-7.39 (m, 2H), 2.52 (s, 3H). 13C NMR (100 MHz, CDCl3): 

δ = 21.9, 119.4, 123.5, 125.8, 127.8, 128.8, 129.7, 129.8, 130.4, 131.5, 133.0, 142.4, 144.4, 147.2. 

Anal. Calcd. for C17H12N2O7S: C, 52.58; H, 3.11; N, 7.21. Found: C, 52.72; H, 3.41; N, 6.82. 
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Synthesis of N, S-bis(2,4-dinitrophenyl)cysteine 

A solution of phenyl 2,4-dinitrobenzenesulfonate (1) (100.0 mg, 0.309 mmol) in 2 mL of CH3CN 

was added to a mixture of cysteine (18.7 mg, 0.154 mmol) and K2CO3 (85.1 mg, 0.616 mmol) in 

0.5 mL of deionized water at room temperature. After the reaction was complete, the mixture was 

concentrated in vacuo. Column purification on silica gel using 100% ethyl acetate followed by 5% 

formic acid in ethyl acetate as mobile phase afforded 49.9 mg (0.11 mmol, 72%) of an amorphous 

yellow solid. 1H NMR (400 MHz, (CD3)2CO) δ = 9.04 (d, J = 7.7 Hz, 1H), 8.90 (d, J = 2.7 Hz, 

1H), 8.83 (d, J = 2.5 Hz, 1H), 8.34 (dd, J = 9.0, 2.5 Hz, 1H), 8.29 (dd, J = 9.5, 2.7 Hz, 1H), 7.38 

(d, J = 9.5 Hz, 1H), 5.31 (m, 1H), 4.17 (dd, J = 14.0, 4.4 Hz, 1H), 4.00 (dd, J = 14.0, 6.3 Hz, 1H).  

13C NMR (100 MHz, CD3)2CO) δ = 34.3, 54.5, 115.3, 120.9, 123.3, 127.0, 129.2, 130.0, 136.9, 

143.3, 144.6, 146.4, 146.8, 146.9, 169.5. Anal. Calcd. for C15H11N5O10S: C, 39.74; H, 2.45; N, 

15.45. 
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3.8.2. Probe development and optimization studies 

3.8.2.1. General information 

Initially, reactions were performed with 1.25 mM cysteine concentrations as described 

below to identify a probe with superior chiroptical properties. The CD spectra of the diluted 

solutions (110 μM) were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, 

a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min and a 

response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected and 

smoothed using a binomial equation. UV spectra were collected with an average scanning time of 

0.0125 s, a data interval of 5.00 nm and a scan rate of 400 nm/s. 

 

3.8.2.2. Cysteine sensing using phenyl 2,4-dinitrobenzenesulfonate (1) 

A solution of phenyl 2,4-dinitrobenzenesulfonate (1) (2.50 mM, 2.43 mg), cysteine (1.25 

mM, 0.45 mg) and K2CO3 (5.0 mM, 2.07 mg) in 3.0 mL of CH3CN:water (4:1) was stirred for 1 

hour. To 200.0 μL of this solution acetonitrile (2.0 mL) was added and the mixture was subjected 

to CD analysis (110.0 μM). Control experiments with cysteine in the absence of the probe did not 

show any CD signal at the wavelengths of interest. The above procedure was repeated with probe 

2 and 3. 
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Figure 3.6. CD spectra obtained using 1 with L-cysteine (blue) and D-cysteine (red). CD 

measurements were taken at 110.0 μM in acetonitrile. 

 

 

 
Figure 3.7. CD spectra obtained using 2 with L-cysteine (blue) and D-cysteine (red). CD 

measurements were taken at 110.0 μM in acetonitrile. 
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Figure 3.8. CD spectra obtained using 3 with L-cysteine (blue) and D-cysteine (red). CD 

measurements were taken at 110.0 μM in acetonitrile. 

 

 

 
Figure 3.9. Comparison of the CD spectra of the cysteine adducts derived from 1 (red), 2 (blue) 

and 3 (yellow). All CD measurements were taken at 110.0 μM in acetonitrile.  
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3.8.3. Spectroscopic analysis 

CD spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, 

a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min and a 

response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected and 

smoothed using a binomial equation. UV spectra were collected with an average scanning time of 

0.0125 s, a data interval of 5.00 nm and a scan rate of 400 nm/s.  

 

3.8.3.1. Identification of the sensing product 

CD analysis was performed with 1.25 mM cysteine solutions and probe 1. It was expected 

that both the thiol and the amino group in cysteine react and consume two equivalents of the probe. 

The reactivity of the two sites towards the probe was analyzed by reacting 1 equivalent of probe 1 

(1.25 mM) with L-cysteine (1.25 mM) and K2CO3 (5.00 mM) in 3.0 mL of CH3CN:water (4:1). A 

second reaction was performed using 2 equivalents of the probe (2.50 mM) with L-cysteine (1.25 

mM) and K2CO3 (5.00 mM) in 3.0 mL of CH3CN:water (4:1). The resulting mixtures were 

analyzed by CD and UV spectroscopy at 140.0 μM and 30.0 μM, respectively.  
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Figure 3.10. CD spectra obtained of the reaction mixtures with 1:1 (blue) and 2:1 (red) 

probe:cysteine ratio. CD measurements were taken at 140.0 μM in acetonitrile. 

 

 

 

Figure 3.11. UV spectra obtained of reaction mixtures with 1:1 (blue) and 2:1 (red) probe:cysteine 

ratio. UV measurements were taken at 30.0 μM in acetonitrile. 
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3.8.3.2. Kinetic study 

The cysteine binding (1.25 mM) with probe 1 (2.50 mM) in the presence of K2CO3 (5.0 

mM) in 6.0 mL of CH3CN:water (4:1) was monitored using UV-Vis spectroscopy. Measurements 

were taken at 10.0 μM concentration, after dilution of 20.0 μL reaction mixture aliquots with 2.0 

mL of acetonitrile. The Reaction was complete within 15 minutes under these conditions. 

 

 

Figure 3.12. Plot of absorbance at 355 nm versus time. 
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above experiment was repeated in MeOH:water (4:1) and subjected to CD and UV analysis (110.0 

μM and 50.0 μM respectively). 

 

 
Figure 3.13. CD sensing with L-cysteine with probe 1 in different solvents. 

 

A solution of probe 1 (3.33 mM), L-cysteine (1.66 mM) and TBAOH (6.67 mM) in 3.0 mL of 

CH3CN:water (4:1) was stirred for 1 hour. To 150.0 μL of this solution acetonitrile (2.0 mL) was 

added and the mixture was subjected to CD analysis (110.0 μM). The above experiment was 

repeated with KOH, NaOH, LiOH, Na2CO3, Cs2CO3, K2CO3 and DBU as base and subjected to 

CD analysis (110.0 μM). 
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Figure 3.14. Comparison of CD sensing results of L-cysteine using probe 1 and different base 

additives. 

 

3.8.3.4. Naked eye detection of cysteine in the presence of other amino acids 

The selectivity of probe 1 towards cysteine in the presence of phenylalanine, alanine, serine 

and tyrosine was investigated. Solutions of probe 1 (2.50 mM) containing one of the 

aforementioned L-amino acids (1.25 mM) in the presence of K2CO3 (5.00 mM) in 3.0 mL of 

CH3CN:water (4:1) were stirred for 1 hour. In addition, a solution containing all of the amino acids 

(1.25 mM) and probe 1 (7.5 mM) in the presence of K2CO3 (12.5 mM) in 3.0 mL of CH3CN:water 

(4:1) was stirred for 1 hour. The chiroptical responses were analyzed by CD spectroscopy by 

diluting 200.0 μL of each reaction mixture  with 2.0 mL of CH3CN (110.0 μM). For UV analysis 

45.0 μL aliquots of each reaction mixture were diluted to 2.0 mL of CH3CN (30.0 μM). 
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Figure 3.15. Naked eye detection L-cysteine with probe 1. (A)- L-Serine + 1, (B)- L-Phenylalanine 

+ 1, (C)- L-Alanine + 1, (D)- L-Tyrosine + 1, (E)- L-Cysteine + 1, (F)- Probe 1 

 

3.8.4. Crystallographic analysisii 

Single crystals of 1, 2 and 3 were obtained by slow evaporation of solutions in acetonitrile 

or chloroform. Single crystal X-ray analysis was performed at 296 K using a Siemens platform 

diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). Data were 

integrated and corrected using the Apex 2 program. The structures were solved by direct methods 

and refined with full-matrix least-square analysis using SHELX-97-2 software. Non-hydrogen 

atoms were refined with anisotropic displacement parameter.  

 

 
ii Single crystal X-ray analyses were performed by Dr. Zeus De los Santos. 
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Phenyl 2,4-dinitrobenzenesulfonate (1) 

 

A single crystal was obtained by slow evaporation of a solution of phenyl 2,4-

dinitrobenzenesulfonate in CH3CN. Single crystal X-ray analysis was performed at 296 K using a 

Siemens platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 

Data were integrated and corrected using the Apex 2 program. The structures were solved by direct 

methods and refined with full-matrix least-square analysis using SHELX-97-2 software. Non-

hydrogen atoms were refined with anisotropic displacement parameter. Crystal data: C12H8N2O7S, 

M = 324.26, colorless needle, 3.6 x 2.4 x 0.9 mm3, orthorhombic, space group P2121, a = 

6.2524(10), b = 10.8770(18), c = 19.422(3) Å, V = 1320.8(4) Å3, Z = 4. Absolute structure 

parameter is not given since crystal was achiral that crystallized in a chiral space group. 
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2,4-Dinitronaphthalen-1-yl methanesulfonate (2) 

  

A single crystal was obtained by slow evaporation of a solution of 2,4-dinitronaphthalen-1-yl 

methanesulfonate in CHCl3. Single crystal X-ray analysis was performed at 100 K using a Siemens 

platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). Data 

were integrated and corrected using the Apex 2 program. The structures were solved by direct 

methods and refined with full-matrix least-square analysis using SHELX-97-2 software. Non-

hydrogen atoms were refined with anisotropic displacement parameter. Crystal data: C11H8N2O7S, 

M = 312.25, colorless needle, 2.3 x 1.8 x 0.9 mm3, monoclinic, space group P21/c, a = 9.3945(5), 

b = 16.2435(8), c = 8.0481(4) Å, V =1226.89(11) Å3, Z = 4. 
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2,4-Dinitronaphthalen-1-yl 4-toluenesulfonate (3) 

 

A single crystal was obtained by slow evaporation of a solution of 2,4-dinitronaphthalen-1-yl 4-

toluenesulfonate in CHCl3. Single crystal X-ray analysis was performed at 173 K using a Siemens 

platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). Data 

were integrated and corrected using the Apex 2 program. The structures were solved by direct 

methods and refined with full-matrix least-square analysis using SHELX-97-2 software. Non-

hydrogen atoms were refined with anisotropic displacement parameter. Crystal data: 

C17H12N2O7S, M = 388.35, colorless needle, 1.4 x 1.2 x 1.0 mm3, monoclinic, space group P21/c, 

a = 12.8942(15), b =7.7595(9), c = 16.4720(19) Å, V = 1647.7(3) Å3, Z = 4.  
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Chapter 4. Asymmetric Reaction Screening with a Molecular Click Chemistry Sensoriii 

4.1. Introduction 

Chirality plays an essential role across the chemical and pharmaceutical sciences, and the 

development of stereoselective methods for the synthesis and analysis of chiral compounds are 

frequently required tasks in academic and industrial laboratories. To accelerate the discovery 

process, it has become routine to perform hundreds of small-scale reactions in parallel using widely 

available high-throughput experimentation equipment (HTE).82 With regard to asymmetric 

reaction development, many combinations of different chiral catalysts, solvents, additives and 

other parameters typically need to be evaluated. In the search for an optimized procedure, a chemist 

can easily alter a large set of reaction parameters and produce hundreds of chiral samples in a very 

short time using multi-well plate technology. In stark contrast with automated synthesis 

capabilities, the determination of the absolute configuration, yield and enantiomeric excess (ee) of 

asymmetric reactions with traditional chromatographic methods that are serial in nature and 

incompatible with HTE remains slow, and this has shifted increasing attention to contemporary 

screening techniques.83  

Optical methods are compatible with parallel data acquisition, miniaturization and multi-

well plate formats and offer a new path to real high-throughput analysis of chiral samples.84 Few 

examples of asymmetric reaction analysis with sensors operating on the principles of dynamic 

covalent chemistry,85 metal complex coordination86 and supramolecular chemistry87 to recognize 

a chiral target compound and to generate quantifiable UV, fluorescence and circular dichroism 

 
iii Reproduced in part from Thanzeel, F.Y., Balaraman, K., Wolf, C. Nat. Commun. 2018, 9, 5323 

with permission from the Nature Publishing Group.  
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(CD) signals have been reported.88 Surprisingly, the use of a molecular sensor capable of 

comprehensive chirality sensing (CCS), i.e. determination of the absolute configuration, yield and 

ee, of crude asymmetric reaction mixtures via irreversible covalent product fixation has been 

largely neglected to date. Most recently, this strategy was exploited in the development of a 

cysteine-specific chiroptical assay that achieves CCS with micromolar sample concentrations in 

aqueous solutions.89 The inherent practicality and ruggedness of this approach encouraged us to 

explore probe designs and sensing assays that overcome drawbacks of many currently used 

chiroptical methods such as limited substrate scope (amine sensors often utilize reversible Schiff 

base formation and are restricted to primary substrates), competing chiral recognition processes 

and equilibria that complicate the analysis and diminish CD readouts, and sensitivity to moisture 

and chemical interferences which limits both robustness and accuracy when complex mixtures and 

asymmetric reactions need to be examined. The introduction of a robust, readily available, easy to 

use, inexpensive molecular sensor having click chemistry features bears potential to change the 

way how asymmetric reaction development is pursued and may dramatically increase the speed of 

scientific discoveries in countless laboratories.90  

 

4.2. Sensor development studies 

Our search for a suitable chromophoric probe that can quickly and quantitatively capture a 

variety of chiral target compounds at room temperature led us to prepare and investigate the 

coumarin-derived Michael acceptors 1-5 (Scheme 4.1).  
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Scheme 4.1. Selected examples of the distinct CD signals obtained at high wavelengths using 3 as 

probe (0.24 mM in CHCl3 or aqueous acetonitrile). 
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Initial screening with chiral amines revealed that these 4-halocoumarins undergo smooth Michael 

addition and subsequent halide elimination toward 6 and 7, respectively. Further analysis of the 

chiroptical properties showed that the covalent attachment of 1-phenylethylamine, 8, which was 

one of the initially tested amines, to the coumarin scaffold results in a strong CD signal and a 

distinct UV change at high wavelengths at micromolar concentrations. Importantly, the Michael 

addition/elimination substrate binding strategy does not generate a new chirality center. In contrast 

to other sensor designs, this feature avoids complications arising from the formation of 

diastereomeric mixtures which simplifies the chirality sensing protocol described below. 

Comparison of the reactivity and chiroptical responses of the five probes revealed superior 

properties of 4-chloro-3-nitrocoumarin, 3. When this probe is employed, the reaction proceeds 

quantitatively at room temperature without by-product formation in various solvents ranging from 

chloroform to aqueous acetonitrile. The presence of the nitro group is important and two-fold: it 

significantly accelerates the covalent substrate fixation and it affords a stronger Cotton effect at 

higher wavelengths (see Experimental section 4.6.2).  

The scope of this probe turned out to be very large (Figure 4.1), significantly exceeding 

the general utility of NMR chiral solvating agents and derivatizing reagents. Encouraged by the 

practicality of the sensing assay and the large Cotton effects observed upon binding of 8, coumarin 

3 was applied to a variety of amines, amino alcohols, alcohols and amino acids, including aspartic 

acid, threonine, cysteine and others with functionalized sidechains. Distinct chiroptical responses 

were obtained in all cases. Representative CD spectra are shown in Scheme 4.1. The binding of 

the S-enantiomers of the amines, amino alcohols and amino acids 8, 16, 27 and 35 yields a positive 

Cotton effect above 300 nm whereas the R-substrates induce the opposite CD response.  
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Figure 4.1. Chiroptical click chemistry sensing scope. 

 

The reverse relationship between the absolute configuration and the sign of the induced 

Cotton effects was observed using the alcohol 33 as the sensing target. It is noteworthy that among 

the 39 sensing targets are several with a secondary amino group, i.e. 16, 17, 24, 26, 27, 28, 37 and 
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46, that cannot be sensed via the commonly used Schiff base formation approach.91,92 The 

successful sensing of 32, 33 and 46 exhibiting low nucleophilicity further underscores the wide 

utility of coumarin probes (see Experimental section 4.6.4). 

Comparison of the chiroptical signals observed with the 4-halocoumarins 1 and 2 versus 

the nitro analogues 3-5 upon binding of 8 shows a strong contribution of the nitro dipole in the 

sensor scaffold to the CD intensity of the Michael addition/elimination product. The nitro group 

contribution results in a stronger and remarkably red-shifted CD signal which is important for 

direct asymmetric reaction analysis, vide infra. Although intramolecular hydrogen bonding (-

NH···O2N-) is likely to occur with 7 in aprotic solvents it is not a prerequisite for this sensor to 

function. Strong albeit quite different CD effects were obtained using chloroform, 

dichloromethane, toluene, acetonitrile and methanol, which is expected to disturb the hydrogen 

bonding motif, as solvent (Figure 4.2). In fact, intramolecular hydrogen bonding interactions are 

absent in the crystal structure of the primary amine addition product 7 and very strong CD effects 

were observed upon binding of substrates with secondary amino groups, for example 16, which 

affords a product devoid of an NH donor site. These features of the probe do not only result in a 

large application scope. The inherently wide solvent compatibility is also very attractive from an 

operational perspective because it simplifies adaption to asymmetric reaction conditions, for 

example when alcoholic co-solvents are used in catalytic enantioselective imine hydrogenations 

as described below. The sensing reaction and the corresponding CD effects were further 

investigated by UV, CD and NMR spectroscopy. The products of the reactions of 3 with 8, 17 and 

cis-22 were prepared. The CDs of these isolated compounds match those generated in the sensing 

assays (see Experimental section 4.6.3).   
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Figure 4.2. Analysis of the sensing chemistry. A) The CD spectra of 7 were obtained at 0.19 mM 

or 0.24 mM when MeOH was used as solvent. B) X-ray structures of chiral amine derivativesiv of 

3. C) 1H NMR analysis of the reaction between probe 3 and (S)-8 in the presence of Et3N (all 5.0 

 
iv The single crystal of the secondary amine derivative of 3 was obtained by Prof. Balaraman 

Kaluvu and the structure was solved by Dr. Zeus De los Santos.  
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mM) in 0.8 mL of CDCl3. 1) Probe 3; 2) (S)-1-phenylethylamine; 3) reaction mixture of (S)-1-

phenylethylamine, Et3N and probe 3 after 5 minutes; 4) reaction after 10 minutes; 5) after 15 

minutes; 6) isolated 3-nitro-4-((1-phenylethyl)amino)coumarin, 7, for comparison. 

The reaction between 1-phenylethylamine and probe 3 in the presence of Et3N was closely 

monitored by 1H NMR spectroscopy (Figure 4.2). The spectra collected after 5, 10 and 15 minutes 

show the clean transformation of 3 and 8 into 7 which is complete after approximately 15 minutes 

at room temperature. For example, the signals at 1.39 ppm (Hj) and 4.12 ppm (Hh) of 8 undergo a 

downfield shift to 1.78 ppm and 5.38 ppm, respectively, as 7 is formed. Accordingly, the doublet 

at 8.00 ppm (Ha) of probe 3 shows an upfield shift to 7.78 ppm in the reaction mixture.  

Altogether, the sensing chemistry with 3 features the major elements of click chemistry.90 

It is fast, wide in scope, displays smooth substrate transformation with very high yield at room 

temperature, is compatible with a wide range of environmentally benign solvents such as methanol 

and acetonitrile, avoids formation of by-products, eliminates chromatography or any type of work-

up, is insensitive to air and moisture, and utilizes readily available starting materials, i.e. the 

coumarin probe 3. These preferable reaction characteristics in combination with the strong, red-

shifted chiroptical readouts generate unique sensing opportunities.  

 

4.3. Comprehensive chirality and concentration sensing 

A closer look at the sensing of 1-(2-naphthyl)ethylamine, 10, revealed that the irreversible 

substrate binding concurs with a drastic UV increase at 265 and 355 nm while the absorption at 

309 nm remains unchanged (Figure 4.3). This unique feature allows ratiometric sensing of the 

amine concentration. Circular dichroism experiments exhibited that the induced CD maxima at 
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257 and 355 nm increase linearly with the substrate ee. The absolute configuration of 10 or another 

target compound can be assigned based on the sign of the induced CD signals and quantitative 

information about the substrate amount (concentration) and its enantiomeric composition is 

directly accessible from the UV changes and the CD amplitudes, respectively. This is particularly 

attractive because modern CD instruments generate UV and CD spectra simultaneously.  

 

 

 

      
 

Figure 4.3. Top: UV response of 3 to varying amounts of 10. Bottom: CD response of 3 to 

nonracemic samples of 10 and linear correlation between the induced CD signals at 257 (red) and 

355 (blue) nm and the sample ee.  



62 

 

The robustness of the fast and quantitative Michael addition/elimination chemistry 

observed with a wide variety of chiral compounds in combination with the distinct chiroptical 

readouts of the coumarin sensor 3 greatly facilitates asymmetric reaction screening. First it was 

verified that the UV/CD responses of the coumarin probe allow reliable assignment of the absolute 

configuration together with accurate determination of the ee and concentration of micromolar 

samples of 10. Nine samples containing the amine in varying concentration and ee were prepared 

and subjected to our CCS assay (Table 4.1, see Experimental section 4.6.5). In all cases, the 

absolute configuration of the major enantiomer was correctly identified and the concentrations and 

ee’s were determined with good accuracy. For example, the sensing analysis of the sample 

containing (S)-10 in 33.3% ee at 2.50 μM determined that the S-enantiomer was present in 36.0% 

ee at 2.70 μM (entry 5, Table 4.1). 

 

Table 4.1. UV/CD sensing of samples of 10 with varying concentrations and ee’s using 3. 

 Sample composition Sensing results 

Entry Abs. 

config. 

Conc. 

(μM) 
%ee 

Abs. 

config. 

Conc. 

(μM) 

%ee 

(257 nm) 

%ee 

(355 nm) 

%ee 

(averaged) 

1 R 4.00 25.0 R 4.34 23.4 24.7 24.0 

2 R 2.25 55.5 R 2.01 56.0 56.9 56.5 

3 S 5.00 50.0 S 4.59 54.7 54.1 54.4 

4 R 9.20 8.0 R 9.29 11.9 11.1 11.5 

5 S 2.50 33.3 S 2.70 36.6 35.5 36.0 

6 R 7.00 42.8 R 6.55 47.1 46.6 46.8 

7 S 8.00 37.5 S 7.78 43.5 41.7 42.6 

8 S 9.75 79.0 S 9.54 81.3 84.7 83.0 

9 S 1.25 60.0 S 1.14 56.5 52.5 54.5 
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Generally, the click chemistry with coumarin 3 is complete within 1 h when the 

derivatization is conducted at 5.0 mM concentration which is convenient for adaption to small-

scale asymmetric reaction development. The chiroptical analysis can then be performed without 

delay after dilution to micromolar concentrations. Simultaneous determination of the enantiomeric 

composition of two analytes present in the same sample is also possible. The click sensor 3 was 

applied to scalemic mixtures of 1-phenylethylamine, 8, and N-methyl-1-phenylethylamine, 17, 

following the general protocol described above. The chiroptical analysis of 10 samples containing 

these representative amines in drastically varying ee’s proved sufficiently accurate for HTS 

purposes with errors ranging from 0.6 to 7.6% ee (see Experimental section 4.6.7). 

 

4.4. Asymmetric reaction analysis 

Finally, the chirality sensing method with chlorocoumarin 3 was applied to asymmetric 

reaction analysis (Table 4.2). The iridium catalyzed hydrogenation of the N-methyl imine 48 to 

the secondary amine 17 was chosen for this purpose.93 Several ligands 49-53 and catalyst loadings 

were varied to determine the value of chiroptical sensing and to compare it with traditional 

NMR/chiral HPLC analysis. The inherent ruggedness of our click chemistry sensing approach 

together with the wide solvent compatibility allowed us to simply take 200.0 μL aliquots from the 

methanolic reaction mixtures for click sensing and direct UV/CD analysis (see Experimental 

section 4.6.6). Based on a conservative estimate the analysis time per sample was 60 minutes and 

6.0 mL of solvent waste for diluting the samples were generated. The vast majority of the analysis 

time is required for the reaction of the amine product with the probe. 
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Table 4.2. Analysis of the asymmetric hydrogenation of N-methyl-1-phenylethan-1-imine. 

 

 Reaction conditions Traditional analysisa Chiroptical sensingb 

Entry Ligand Cat. load. 

(mol%) 

Time 

(h) 

Abs. 

config. 

%ee  Conv.  Abs. 

config. 

%ee  Conv.  

 

1 49 5.00 18 S 55.8 99.9 S 59.8 96.0 

2 50 5.00 18 R 16.3 99.9 R 14.3 99.9 

3 51 5.00 18 R 31.0 99.9 R 32.2 99.1 

4 52 5.00 18 R 31.4 99.9 R 25.8 98.0 

5 53 5.00 18 S 16.3 92.0 S 14.2 96.3 

6 49 2.50 1 S 46.2 51.1 S 47.8 53.9 

7 49 3.25 1 S 57.3 63.3 S 54.5 68.4 
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aThe enantiomeric excess and conversion were determined by chiral HPLC and 1H NMR. bThe 

enantiomeric excess and conversion were determined by CD and UV sensing at 376 nm and 392 

nm, respectively. Cat. load. = catalyst loading, Conv. = conversion. 

 

If necessary, this can be accelerated at higher temperatures, however, one can easily 

conduct hundreds of these experiments in parallel using multi-well plate technology. In such a 

high-throughput screening (HTS) scenario, the analysis of hundreds of reaction mixtures would 

still take approximately one hour. A chiral HPLC method with Boc-protected 17 was developed 

to verify the results from our sensing assay. The traditional NMR and chiral HPLC analysis of the 

enantioselective imine hydrogenation required more than 7 hours and 540 mL of solvent waste 

were accumulated, which can be mostly attributed to the formation and purification of the Boc-

protected derivative of 17. Overall, the results obtained by both methods are in good agreement. 

For example, the reaction with 5 mol% of the Phox ligand derived Ir catalyst gave (S)-17 in 55.8% 

ee and quantitative yield according to NMR and HPLC analysis which compares well to the 59.8 

%ee and 96.0% yield determined by sensing (Table 4.2, entry 1). The error margins of the 

chiroptical sensing are fairly small and acceptable, in particular if one would apply the sensing 

assay to HTS of hundreds of samples. The minimization of time and chemical waste compared to 

traditional methods underscores the efficiency, practicality, cost and environmental sustainability 

advantages of chiroptical sensing. 

 

4.5. Conclusion 

In summary, a rugged click chemistry sensing assay was developed that allows 

comprehensive chirality sensing of 39 primary and secondary amines, amino alcohols, alcohols 

and amino acids. Irreversible substrate binding with readily available 4-halocoumarins has several 
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advantageous features, including a wide application spectrum, quantitative and fast substrate 

fixation without by-product formation at room temperature, excellent solvent compatibility, and 

tolerance of air and water. The usefulness and practicality of this approach were demonstrated with 

the chiroptical sensing of the absolute configuration, concentration and ee of several samples of 2-

(2-naphthyl)ethylamine, 10, and by the direct analysis of crude reaction mixtures generated by 

iridium catalyzed asymmetric hydrogenation of an imine to N-methyl-1-phenylethylamine, 17. 

Comprehensive chirality sensing with probe 3 provides very practical access to time-efficient 

parallel screening of minute sample amounts of a wide variety of compound classes. This 

chemosensing strategy addresses increasingly important time efficiency and sustainability aspects 

and enables reaction scale miniaturization and adaption to high-throughput analysis equipment, 

i.e. multi-well plate CD/UV readers, which altogether streamline asymmetric reaction 

development and reduce labor, cost, energy consumption and waste production.   
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4.6. Experimental section 

All reagents and solvents were commercially available and used without further 

purification. Reactions were carried out under inert and anhydrous conditions. Flash 

chromatography was performed on silica gel, particle size 40-63 μm. 1H NMR and 13C NMR 

spectra were obtained at 400 MHz and 100 MHz, respectively, using deuterated acetonitrile and 

chloroform as solvents. Chemical shifts were reported in ppm relative to TMS or to the solvent 

peak. The CD spectra of the diluted solutions (0.24 mM) were collected with a standard sensitivity 

of 100 mdeg, a data pitch of 0.5 nm, a bandwidth of 1 nm, in a continuous scanning mode with a 

scanning speed of 500 nm/min and a response of 1 s, using a quartz cuvette (1 cm path length). 

The data were baseline corrected and smoothed using a binomial equation. UV spectra were 

collected with an average scanning time of 0.0125 s, a data interval of 5.00 nm and a scan rate of 

400 nm/s. 

 

4.6.1. Synthesis and characterization of probes and selected sensing products 

4-Chlorocoumarin (1) 

To a mixture of 4-hydroxycoumarin (250.0 mg, 1.54 mmol) and POCl3 (5.0 mL), Et3N (322.4 μL, 

2.31 mmol) was added slowly over a period of 5-10 minutes and then the mixture was heated under 

reflux for 12 hours. After the reaction was completed, the mixture was quenched by pouring it 

slowly onto ice-cold water. The crude product was extracted with dichloromethane. The combined 

organic layers were washed with water, brine and dried over MgSO4 and concentrated in vacuo. 

Purification by flash column chromatography on silica gel (4% ethyl acetate in hexanes) afforded 

201.7 mg (1.12 mmol, 73%) of a white solid. 1H NMR (400 MHz, CDCl3): δ = 7.87 (m, 1H), 7.62 
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(ddd, J = 8.7, 7.3, 1.5 Hz, 1H), 7.42 – 7.34 (m, 2H), 6.61 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 

= 160.0, 153.0, 149.6, 133.3, 125.5, 124.8, 118.0, 117.0, 115.5. Anal. Calcd. for C9H5ClO2: C, 

59.86; H, 2.79. Found: C, 59.62; H, 2.91. 

 

4-Bromocoumarin (2) 

A mixture of 4-hydroxycoumarin (250.0 mg, 1.54 mmol), TBAB (575.9 mg, 1.78 mmol) and P4O10 

(524.6 mg, 3.69 mmol) in toluene was stirred at 90-95 °C and the reaction was monitored by GC-

MS. After 2 hours, the mixture was allowed to cool to room temperature and washed with water, 

sat. NaHCO3 and extracted with dichloromethane. The combined organic layers were dried over 

MgSO4 and concentrated in vacuo. Purification by flash column chromatography on silica gel (4% 

ethyl acetate in hexanes) afforded 204.2 mg (0.91 mmol, 59%) of a white solid. 1H NMR (400 

MHz, CDCl3): δ = 7.84 (dd, J = 8.0, 1.5 Hz, 1H), 7.60 (ddd, J = 8.7, 7.4, 1.5 Hz, 1H), 7.41 – 7.29 

(m, 2H), 6.86 (s, 1H). 13C NMR (100 MHz, CDCl3): δ = 158.6, 152.5, 141.4, 133.2, 128.0, 124.9, 

119.6, 118.9, 117.0. Anal. Calcd. for C9H5BrO2: C, 48.04; H, 2.24. Found: C, 48.00; H, 2.25. 

 

4-Bromo-3-nitrocoumarin (4) 

A mixture of 4-hydroxy-3-nitrocoumarin (250.0 mg, 1.21 mmol), tetra-n-butylammonium 

bromide (451.3 mg, 1.40 mmol) and P4O10 (340.7 mg, 2.89 mmol) in toluene was stirred at 90-95 

°C. The solution was allowed to cool to room temperature, washed with water and sat. NaHCO3 

and extracted with dichloromethane. The combined organic layers were dried over MgSO4 and 

concentrated in vacuo. Purification by flash column chromatography on silica gel (10% ethyl 

acetate in hexanes) afforded 194.4 mg (0.72 mmol, 60%) of a brown solid. 1H NMR (400 MHz, 
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CDCl3): δ = 7.98 (dd, J = 8.1, 1.6 Hz, 1H), 7.76 (ddd, J = 8.6, 7.3, 1.5 Hz, 1H), 7.51 (ddd, J = 8.3, 

7.4, 1.2 Hz, 1H), 7.44 (dd, J = 8.4, 1.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ = 151.6, 151.3, 

135.3, 133.7, 129.8, 126.4, 117.4, 117.2. Anal. Calcd. for C9H4BrNO4: C, 40.03; H, 1.49; N, 5.19. 

Found: C, 40.02; H, 1.71; N, 5.22. 

 

4-Iodo-3-nitrocoumarin (5) 

A mixture of 4-chloro-3-nitrocoumarin (3) (100.0 mg, 0.44 mmol) and NaI (263.7 mg, 1.76 mmol) 

was heated under reflux in acetonitrile. The reaction was monitored by GC-MS and full conversion 

was observed after 18 hours. After cooling to room temperature, the reaction mixture was washed 

with water, NaHCO3 and extracted with dichloromethane. The combined organic layers were dried 

over MgSO4 and concentrated in vacuo to give 140.8 mg (0.44 mmol, 99%) of a yellow solid. 1H 

NMR (400 MHz, CDCl3): δ = 7.84 (dd, J = 8.2, 1.4 Hz, 1H), 7.72 (ddd, J = 8.0, 7.6, 1.4 Hz, 1H), 

7.47 (ddd, J = 7.8, 7.6, 1.0 Hz, 1H), 7.38 (dd, J = 8.4, 0.8 Hz, 1H). 13C NMR (100 MHz, CDCl3): 

δ = 150.7, 150.6, 135.0, 134.6, 126.6, 119.4, 117.4, 113.8. Anal. Calcd. for C9H4INO4: C, 34.10; 

H, 1.27; N, 4.42. Found: C, 34.11; H, 1.39; N, 4.33.  

 

(S)-3-Nitro-4-((1-phenylethyl)amino)coumarin (7) 

A mixture of 4-chloro-3-nitrocoumarin (3) (100.0 mg, 0.44 mmol), (S)-1-phenylethylamine (8) 

(57.2 μL, 53.7 mg) and Et3N (61.7 μL, 0.44 mmol) was stirred in chloroform (3.0 mL). After the 

reaction was completed, the reaction mixture was concentrated in vacuo. Purification by flash 

chromatography (14% ethyl acetate in hexanes) afforded 122.7 mg (90%, 0.40 mmol) of a yellow 

solid. 1H NMR (400 MHz, CDCl3): δ = 10.58 (s, 1H), 7.78 (dd, J = 8.3, 1.4 Hz, 1H), 7.62 (ddd, J 
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= 8.6, 7.3, 1.4 Hz, 1H), 7.50 – 7.42 (m, 2H), 7.41 – 7.35 (m, 3H), 7.32 (m, 1H), 7.17 (ddd, J = 8.4, 

7.2, 1.3 Hz, 1H), 5.38 (m, 1H), 1.78 (d, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 154.4, 

153.6, 152.7, 141.5, 135.2, 129.6, 128.5, 127.2, 125.3, 124.2, 118.3, 115.9, 112.8, 57.9, 26.3. Anal. 

Calcd. for C17H14N2O4: C, 65.80; H, 4.55; N, 9.03. Found: C, 65.87; H, 4.78; N, 8.81. 

 

4-(((1S,2R)-2-Hydroxy-2,3-dihydro-1H-inden-1-yl)amino)-3-nitrocoumarin  

A mixture of 4-chloro-3-nitrocoumarin (3) (100.0 mg, 0.44 mmol), (1S,2R)-cis-1-amino-2-indanol 

(22) (66.1 mg, 0.44 mmol) and Et3N (61.7 μL, 0.44 mmol) was stirred in chloroform (3.0 mL). 

After the reaction was completed, the mixture was concentrated in vacuo. Purification by flash 

chromatography (50% ethyl acetate in hexanes) afforded 133.1 mg (89%, 0.39 mmol) of a brown 

solid. 1H NMR (400 MHz, (CD3)2SO): δ = 8.28 (d, J = 8.3 Hz, 1H), 7.78 (m, 1H), 7.46 (m, 1H), 

7.44 – 7.38 (m, 2H), 7.37 – 7.24 (m, 3H), 5.83 (s, 1H), 5.44 (bs, 1H), 4.58 (q, J = 4.4 Hz, 1H), 

3.18 (dd, J = 16.4, 4.7 Hz, 1H), 2.92 (d, J = 16.4 Hz, 1H). 13C NMR (100 MHz, (CD3)2SO): δ = 

154.8, 152.1, 141.8, 139.9, 135.2, 128.8, 127.2, 126.5, 125.8, 125.2, 124.9, 118.1, 116.0, 113.9, 

73.4, 63.8, 55.3. Anal. Calcd. for C18H14N2O5: C, 63.90; H, 4.17; N, 8.28. Found: C, 63.62; H, 

4.25; N, 8.11. 

 

(R)-3-Nitro-4-(N,α-dimethylbenzyl)amino)coumarinv 

A mixture of 4-chloro-3-nitrocoumarin (3) (45.0 mg, 0.20 mmol), (R)-N-methyl-1-

phenylethylamine (17) (29.2 μL, 0.24 mmol) and Et3N (33.5 μL, 0.24 mmol) was stirred in 

chloroform (1.0 mL). After the reaction was completed, the reaction mixture was concentrated in 

 
v Synthesis and characterization were performed by Prof. Balaraman Kaluvu. 
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vacuo. Purification by flash chromatography (30% ethyl acetate in hexanes) afforded 62 mg (96%, 

0.19 mmol) of a yellow solid. 1H NMR (400 MHz, CDCl3): δ = 7.83 (dd, J = 8.2, 1.5 Hz, 1H), 

7.60 (ddd, J = 8.6, 7.2, 1.5 Hz, 1H), 7.49 – 7.42 (m, 2H), 7.42 – 7.35 (m, 4H), 7.25 – 7.19 (m, 1H), 

5.32 (q, J = 6.9 Hz, 1H), 2.82 (s, 3H), 1.77 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 

155.7, 152.9, 152.5, 138.5, 133.4, 129.0, 128.4, 128.2, 126.9, 126.2, 124.6, 118.3, 116.6, 62.3, 

33.2, 17.9. Anal. Calcd. for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found: C, 66.65; H, 5.17; N, 

8.60. 

 

4.6.2. Probe development and optimization studies 

4.6.2.1. General information 

Initially, reactions were performed with 5.0 mM (S)-1-phenylethylamine (8) 

concentrations as described below to identify a probe with superior chiroptical properties.  

 

4.6.2.2. CD analysis with different derivatives of coumarin  

A solution of 4-chloro-3-nitrocoumarin (3) (5.0 mM), (S)-1-phenylethylamine (8) (5.0 

mM) and Et3N (5.0 mM) in 2.0 mL of chloroform was stirred for 1 hour. To 100.0 μL of this 

solution chloroform (2.0 mL) was added and the mixture was subjected to CD analysis (0.24 mM). 

Control experiments with (S)-1-phenylethylamine (8) in the absence of the probe did not show any 

CD signal at the wavelengths of interest. The analysis was repeated with 4-chlorocoumarin (1) and 

4-bromocoumarin (2). No reaction occurred under the conditions described above. A mixture of 

4-chlorocoumarin (1) (9.2 mg, 0.05 mmol), (S)-1-phenylethylamine (8) (6.5 μL, 0.05 mmol) and 
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Et3N (7.0 μL, 0.05 mmol) was heated to 60-70 °C in CHCl3 in a closed vessel for 3 hours. No 

reaction occurred based on 1H NMR and TLC analysis.  

 
Figure 4.4. CD spectra obtained using 4-chloro-3-nitrocoumarin (3, red), 4-chlorocoumarin (1, 

blue) and 4-bromocoumarin (2, yellow) with (S)-1-phenylethylamine (8) at room temperature. 

 

 

(S)-1-Phenylethylamine (8) addition to 4-chlorocoumarin (1) 

A mixture of 4-chlorocoumarin (1) (9.8 mg, 0.05 mmol), (S)-1-phenylethylamine (8) (6.9 μL, 0.05 

mmol) and Et3N (7.5 μL, 0.05 mmol) was heated in acetonitrile to 120 °C in a microwave reactor 

(150 W). After 1 hour, the reaction mixture was concentrated in vacuo. Purification by flash 

chromatography (0%-5% MeOH in dichloromethane) afforded 7 mg (49%, 0.03 mmol) of a white 

solid. 1H NMR (400 MHz, CDCl3): δ = 7.59 – 7.50 (m, 2H), 7.40 – 7.27 (m, 7H), 5.37 (d, J = 5.6 

Hz, 1H), 5.21 (s, 1H), 4.67 (m, 1H), 1.66 (d, J = 6.8 Hz, 3H). 

 

 

-80

-60

-40

-20

0

20

40

60

250 300 350 400 450

m
d

e
g

nm



73 

 

 
Figure 4.5. CD of (S)-4-((1-phenylethyl)amino)coumarin (6) in chloroform taken at 0.24 mM. 

 

 

 

Amine sensing using 4-chloro-3-nitrocoumarin (3) 

A solution of 4-chloro-3-nitrocoumarin (3) (5.0 mM), (S)-1-phenylethylamine (8) (5.0 mM) and 

Et3N (5.0 mM) in 2.0 mL of chloroform was stirred for 1 hour. To 100.0 μL of this solution, 

chloroform (2.0 mL) was added and the mixture was subjected to CD analysis (0.24 mM). Control 

experiments with (S)-1-phenylethylamine (8) in the absence of the probe did not show any CD 

signal at the wavelengths of interest. 
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Figure 4.6. CD spectra obtained using 4-chloro-3-nitrocoumarin (3) with (S)-1-phenylethylamine 

(8) (red) and (R)-1-phenylethylamine (8) (blue). 

 

 

Amine sensing using 4-bromo-3-nitrocoumarin (4) 

A solution of 4-bromo-3-nitrocoumarin (2) (5.0 mM), (S)-1-phenylethylamine (8) (5.0 mM) and 

Et3N (5.0 mM) in 2.0 mL of chloroform was stirred for 1 hour. To 100.0 μL of this solution, 

chloroform (2.0 mL) was added and the mixture was subjected to CD analysis (0.24 mM). Control 

experiments with (S)-1-phenylethylamine (8) in the absence of the probe did not show any CD 

signal at the wavelengths of interest. 
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Figure 4.7. CD spectra obtained using 4-bromo-3-nitrocoumarin (4) with (S)-1-phenylethylamine 

(8) (red) and (R)-1-phenylethylamine (8) (blue). 

 

 

 

 

Amine sensing using 4-iodo-3-nitrocoumarin (5) 

A solution of 4-iodo-3-nitrocoumarin (5) (5.0 mM), (S)-1-phenylethylamine (8) (5.0 mM) and 

Et3N (5.0 mM) in 2.0 mL of chloroform was stirred for 1 hour. To 100.0 μL of this solution, 

chloroform (2.0 mL) was added and the mixture was subjected to CD analysis (0.24 mM). Control 

experiments with (S)-1-phenylethylamine (8) in the absence of the probe did not show any CD 

signal at the wavelengths of interest. 
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Figure 4.8. CD spectra obtained using 4-iodo-3-nitrocoumarin (5) with (S)-1-phenylethylamine 

(8) (red) and (R)-1-phenylethylamine (8) (blue). 

 

 

 

 

 
Figure 4.9. Comparison of the CD spectra obtained with (S)-1-phenylethylamine (8) and probe 3 

(red), 4 (blue) and 5 (yellow).  
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4.6.2.3. Solvent and base optimization using 4-chloro-3-nitrocoumarin (3) 

A solution of probe 3 (5.0 mM), (S)-phenylethylamine (8) (5.0 mM) and Et3N (5.0 mM) in 

2.0 mL of chloroform was stirred for 1 hour. To 80.0 μL of this solution, chloroform (2.0 mL) was 

added and the mixture was subjected to CD analysis (0.19 mM). The above experiment was 

repeated with dichloromethane, acetonitrile and toluene as solvents with TBAOH and in the 

absence of base. 

 

 
Figure 4.10. CD comparison of the sensing of (S)-phenylethylamine (8) with probe 3 in different 

solvents with Et3N.  
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Figure 4.11. CD comparison of the sensing of (S)-phenylethylamine (8) with probe 3 in different 

solvents with TBAOH. 

 

 

 

 
Figure 4.12. CD comparison of the sensing of (S)-phenylethylamine (8) with probe 3 in different 

solvents in the absence of base.  
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4.6.3. Mechanistic studies 

4.6.3.1. Identification of the sensing products 

(S)-3-Nitro-4-((1-phenylethyl)amino)coumarin (7) was synthesized from probe 3 and (S)-

phenylethylamine (8) as described above. Comparison of the CD spectrum of the isolated product 

with the CD spectrum obtained from the reaction mixture showed that they were identical. CD 

measurements were taken at 0.24 mM concentrations. 

 

 

 
Figure 4.13. Comparison of the CD spectra of the isolated product (7) (red) with the reaction 

mixture (blue).  
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4-(((1S,2R)-2-Hydroxy-2,3-dihydro-1H-inden-1-yl)amino)-3-nitrocoumarin was synthesized 

from probe 3 and (1S,2R)-cis-1-amino-2-indanol (22) as described above. Comparison of the CD 

spectrum of the isolated product with the CD spectrum obtained from the reaction mixture, showed 

that they were identical. CD measurements were taken at 0.24 mM concentrations. 

 

  
Figure 4.14. Comparison of the isolated product (red) with the reaction mixture (blue).  
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(R)-3-Nitro-4-(N,α-dimethylbenzyl)amino)coumarin was synthesized from probe 3 and (R)-N-

methyl-1-phenylethylamine (17) as described above. Comparison of the CD spectrum of the 

isolated product with the CD spectrum obtained from the reaction mixture showed that they were 

identical. CD measurements were taken at 0.10 mM concentrations. 

 

 
Figure 4.15. Comparison of the isolated product (red) with the reaction mixture (blue). 

 

 

4.6.3.2. Reaction time 

The capture of (S)-1-phenylethylamine (8) (1.25 mM) by probe 3 (1.25 mM) in the 

presence of Et3N (1.25 mM) in 6.0 mL of chloroform was monitored using UV-Vis spectroscopy. 

Measurements were taken at 18.0 μM concentration, after dilution of 30.0 μL reaction mixture 

aliquots with 2.0 mL of chloroform. The reaction was complete in 40 minutes under these 

conditions. 
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Figure 4.16. UV analysis of the reaction between (S)-1-phenylethylamine (8) and probe 3.  

 

 

 
Figure 4.17. Absorbance (355 nm) vs. time plot.  
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Measurements were taken at 18.0 μM concentration, after dilution of 30.0 μL reaction mixture 

aliquots with 2.0 mL of chloroform. The reaction was complete after 40 minutes under these 

conditions. 

 
Figure 4.18. UV analysis of the reaction between (S)-1-phenylethylamine (8) and probe 4. 

 

 

 
Figure 4.19. Absorbance (355 nm) vs. time plot.  
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The capture of (S)-1-phenylethylamine (8) (1.25 mM) by probe 5 (1.25 mM) in the presence of 

Et3N (1.25 mM) in 6.0 mL of chloroform was monitored using UV-Vis spectroscopy. 

Measurements were taken at 18.0 μM concentration, after dilution of 30.0 μL reaction mixture 

aliquots with 2.0 mL of chloroform. The reaction was complete in less than 100 minutes under 

these conditions. 

 
Figure 4.20. UV analysis of the reaction between (S)-1-phenylethylamine (8) and probe 5. 

 
Figure 4.21. Absorbance (355 nm) vs. time plot. 
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4.6.3.3. Sensing in protic solvents 

A solution of probe 3 (5.0 mM), (S)-phenylethylamine (8) (5.0 mM) and Et3N (5.0 mM) in 

2.0 mL of chloroform was stirred for 1 hour. To 100.0 μL of this solution, solvent (2.0 mL) was 

added and the mixture was subjected to CD analysis (0.24 mM). CD spectra were collected in 

chloroform, methanol and chloroform-methanol (1:1) mixture. 

 
Figure 4.22. CD sensing in protic solvents. 

 

 

4.6.4. Sensing scope 

To test the utility of probe 3 as enantioselective chemosensor, CD and UV spectroscopy 

performed reactions with chiral amines, chiral amino alcohols, chiral alcohols, chiral amino acids 

and the chiroptical responses of the sensor were analyzed. 

 

4.6.4.1. Amines 

A solution of probe 3 (5.0 mM), chiral amines (8-19) (5.0 mM) and Et3N (5.0 mM) in 2.0 

mL of chloroform was stirred for 1 hour and subjected to CD analysis.   
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Figure 4.23. CD spectra obtained from probe 3 with (S)-9 (red) and (R)-9 (blue). CD 

measurements were taken at 0.24 mM in chloroform. 

 

 

 

 
Figure 4.24. CD spectra obtained from probe 3 with (S)-10 (red) and (R)-10 (blue). CD 

measurements were taken at 0.24 mM in chloroform.  
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Figure 4.25. CD spectra obtained from probe 3 with (S)-11 (red) and (R)-11 (blue). CD 

measurements were taken at 0.19 mM in chloroform. 

 

 

 

 

 
Figure 4.26. CD spectra obtained from probe 3 with (S)-12 (red) and (R)-12 (blue). CD 

measurements were taken at 0.35 mM in chloroform.  
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Figure 4.27. CD spectra obtained from probe 3 with (S)-14 (red) and (R)-14 (blue). CD 

measurements were taken at 0.24 mM in chloroform. 

 

 

 

 

 

 
Figure 4.28. CD spectra obtained from probe 3 with (S)-15 (red) and (R)-15 (blue). CD 

measurements were taken at 0.24 mM in chloroform.   
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Figure 4.29. CD spectra obtained from probe 3 with (S)-16 (red) and (R)-16 (blue). CD 

measurements were taken at 0.24 mM in chloroform. 

 

 

 

 

 

  
Figure 4.30. CD spectra obtained from probe 3 with (S)-17 (red) and (R)-17 (blue). CD 

measurements were taken at 0.24 mM in chloroform.  
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Figure 4.31. CD spectra obtained from 1 equivalent of probe 3 with (S)-trans-18 (red) and (R)-

trans-18 (blue). CD measurements were taken at 0.24 mM in chloroform. 

 

 

 

 

 
Figure 4.32. CD spectra obtained from 1 equivalent of probe 3 with (S,S)-syn-19 (red) and 

(R,R)-syn-19 (blue). CD measurements were taken at 0.23 mM in chloroform.  
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4.6.4.2. Amino alcohols 

A solution of probe 3 (5.0 mM), chiral amino alcohols (20-31) (5.0 mM) and Et3N (5.0 

mM) in 2.0 mL of chloroform was stirred for 1 hour and subjected to CD analysis. 

 

 

 

 
Figure 4.33. CD spectra obtained from probe 3 with (1S,2S)-anti-20 (red) and (1R,2R)-anti-20 

(blue). CD measurements were taken at 0.19 mM in chloroform.  
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Figure 4.34. CD spectra obtained from probe 3 with (1S,2R)-cis-22 (red) and (1R,2S)-cis-22 

(blue). CD measurements were taken at 0.24 mM in chloroform. 

 

 

 

 

 
Figure 4.35. CD spectra obtained from probe 3 with (S)-23 (red) and (R)-23 (blue). CD 

measurements were taken at 0.17 mM in chloroform.  
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Figure 4.36. CD spectra obtained from probe 3 with (S)-24 (red) and (R)-24 (blue). CD 

measurements were taken at 0.26 mM in chloroform. 

 

 

 

 

 
Figure 4.37. CD spectra obtained from probe 3 with (1S,2R)-anti-25 (red) and (1R,2S)-anti-25 

(blue). CD measurements were taken at 0.24 mM in chloroform.  

-150

-100

-50

0

50

100

150

250 300 350 400 450 500m
d

e
g

nm

-30

-20

-10

0

10

20

30

260 310 360 410 460

m
d

e
g

nm



94 

 

 

 
Figure 4.38. CD spectra obtained from probe 3 with (S)-26 (red) and (R)-26 (blue). CD 

measurements were taken at 0.17 mM in chloroform. 

 

 

 

 

 

 
Figure 4.39. CD spectra obtained from probe 3 with (S)-27 (red) and (R)-27 (blue). CD 

measurements were taken at 0.24 mM in chloroform.  
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Figure 4.40. CD spectra obtained from probe 3 with (S)-30 (red) and (R)-30 (blue). CD 

measurements were taken at 0.24 mM in chloroform. 

 

 

4.6.4.3. Alcohols 

A solution of probe 3 (10.0 mM), chiral alcohols (32-33) (10.0 mM) and LiOtBu (20.0 

mM) in 2.0 mL of tetrahydrofuran was stirred for 2 hours and subjected to CD analysis.  
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Figure 4.41. CD spectra obtained from probe 3 with (S)-32 (red) and (R)-32 (blue). CD 

measurements were taken at 0.34 mM in THF. 

 

 

 

 

 
Figure 4.42. CD spectra obtained from probe 3 with (S)-33 (red) and (R)-33 (blue). CD 

measurements were taken at 0.24 mM in THF.  
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4.6.4.4. Amino acids 

A solution of probe 3 (5.0 mM), chiral amino acids (34-46) (5.0 mM) and K2CO3 (10.0 

mM) in 2.0 mL of acetonitrile-water (4:1) mixture was stirred for 1 hour and subjected to CD 

analysis.  

 

 

 
Figure 4.43. CD spectra obtained from probe 3 with (S)-34 (red) and (R)-34 (blue). CD 

measurements were taken at 0.28 mM in acetonitrile.  
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Figure 4.44. CD spectra obtained from probe 3 with (S)-35 (red) and (R)-35 (blue). CD 

measurements were taken at 0.24 mM in acetonitrile. 

 

 

 

 

 

 
Figure 4.45. CD spectra obtained from probe 3 with (S)-36 (red) and (R)-36 (blue). CD 

measurements were taken at 0.24 mM in acetonitrile.  
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Figure 4.46. CD spectra obtained from probe 3 with (S)-38 (red) and (R)-38 (blue). CD 

measurements were taken at 0.28 mM in acetonitrile. 

 

 

 

 
Figure 4.47. CD spectra obtained from probe 3 with (S)-39 (red) and (R)-39 (blue). CD 

measurements were taken at 0.28 mM in acetonitrile.  
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Figure 4.48. CD spectra obtained from probe 3 with (S)-40 (red) and (R)-40 (blue). CD 

measurements were taken at 0.28 mM in acetonitrile. 

 

 

 

 

 

 

 
Figure 4.49. CD spectra obtained from probe 3 with (S)-41 (red) and (R)-41 (blue). CD 

measurements were taken at 0.24 mM in acetonitrile.  
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Figure 4.50. CD spectra obtained from 1 equivalent of probe 3 (with (S)-42 (red) and (R)-42 

(blue). CD measurements were taken at 0.28 mM in acetonitrile. 

 

 

 

 

 
Figure 4.51. CD spectra obtained from 2 equivalents of probe 3 (with (S)-42 (red) and (R)-42 

(blue). CD measurements were taken at 0.19 mM in acetonitrile.  
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Figure 4.52. CD spectra obtained from probe 3 with (S)-43 (red) and (R)-43 (blue). CD 

measurements were taken at 0.24 mM in acetonitrile. 

 

 

 

 

 
Figure 4.53. CD spectra obtained from probe 3 with (S)-44 (red) and (R)-44 (blue). CD 

measurements were taken at 0.28 mM in acetonitrile.  
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4.6.5. Quantitative sensing: Absolute configuration, enantiomeric excess and total 

concentration  

The CD spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 

nm, a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min 

and a response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected 

and smoothed using a binomial equation. UV spectra were collected with an average scanning time 

of 0.0125 s, a data interval of 5.00 nm and a scan rate of 400 nm/s. 

 

4.6.5.1. Determination of the concentration of (S)-1-(2-naphthyl)ethylamine using probe 1 

The change in the UV absorbance of probe 3 upon (S)-1-(2-naphthyl)ethylamine (10) 

sensing was analyzed. Probe 3 (10.0 mM) and (S)-1-phenylethylamine (10) in varying 

concentrations (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10.0 mM) were dissolved in the presence of Et3N 

(10.0 mM) in 2.0 mL of chloroform. To 10.0 μL of this solution, chloroform (2.0 mL) was added 

and the mixture was subjected to UV analysis. The UV absorbance at 355 nm and 265 nm increased 

as the concentration of (S)-1-(2-naphthyl)ethylamine (10) changed from 0 to 10.0 μM. Plotting 

and curve fitting of the UV absorbance change at 265 nm relative to 309 nm against the 

concentration (mM) of (S)-1-(2-naphthyl)ethylamine (10)  gave a linear equation. (y = 0.268x – 

0.1361, R² = 0.9981).  
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Figure 4.54. UV spectra obtained from the reaction between probe 3 and varying amounts of (S)-

1-phenylethylamine (10). 

 

 

 

 
Figure 4.55. ([A265-A309]/[A309]) ratio of the reaction mixture plotted against the concentration of 

(S)-1-(2-naphthyl)ethylamine (10).  
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4.6.5.2. Determination of the enantiomeric excess of 1-(2-naphthyl)ethylamine (10) using 

probe 3 

A calibration curve was constructed using samples containing 1-(2-naphthyl)ethylamine 

(10) with varying enantiomeric composition. Probe 3 (10.0 mM) and 1-(2-naphthyl)ethylamine 

(10) (5.0 mM) with varying ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were 

dissolved in the presence of Et3N (10.0 mM) in 2.0 mL of chloroform. After 1 hour, CD analysis 

was carried out by diluting 25 μL of the reaction mixture with chloroform (2.0 mL). The CD 

amplitudes at 355 and 257 nm were plotted against the enantiomeric excess of 1-(2-

naphthyl)ethylamine (10). 

 

 

 

 
Figure 4.56. Chiroptical response of probe 3 to scalemic samples of 1-(2-naphthyl)ethylamine 

(10).  
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Figure 4.57. Plot of the CD amplitudes at 257 nm (red) and 355 nm (blue) versus sample ee. 

 

 

4.6.5.3. Simultaneous ee and concentration determination  
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enantiomeric excess and absolute configuration using probe 3. First, a UV spectrum was obtained 

as described above and the concentration was calculated using regression equation (Equation 1) 

below. Then, a CD spectrum was obtained as described above. The relevant intensities were used 

with linear regression equations (Equation 2) and (Equation 3) to determine the enantiomeric 

excess. The absolute configuration was determined using the sign of the Cotton effect (see Table 

4.1). 
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Using the ratio of, y =  
[𝑨𝟐𝟔𝟓 - 𝑨𝟑𝟎𝟗]

𝑨𝟑𝟎𝟗
;  

 

𝑥 =
(𝑦+0.1361)

0.268
   (Equation 1; x in mM) 

 

 

At 355 nm; 

 

𝑒𝑒 =
(

(𝑚𝑑𝑒𝑔 ×5)

𝑥
 −0.5075)

0.3085
   (Equation 2) 

 

 

At 422 nm; 

 

𝑒𝑒 =
(

(𝑚𝑑𝑒𝑔 ×5)

𝑥
 + 2.0775)

(−0.6456)
   (Equation 3) 

 

 

 

 

 

 
Figure 4.58. Plot of the calculated vs actual values of concentration. 
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4.6.6. Asymmetric reaction analysis 

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

1H NMR spectra were obtained at 400 MHz and 13C NMR were obtained at 100 MHz. N-Boc 

protected asymmetric reduction products were purified by flash column chromatography on silica 

gel (particle size = 40-60 μm). The enantiomeric ratio was determined by chiral HPLC. 

The CD spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, a 

bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min and a 

response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected and 

smoothed using a binomial equation. UV spectra were collected with an average scanning time of 

0.1 s, a data interval of 1.00 nm and a scan rate of 600 nm/min. Because of the UV and CD 

absorption of the iridium catalyst and other starting materials, ratiometric reaction analysis with 

the absorption at 265 nm was not possible. Therefore, calibration curves of signals above 300 nm 

were used. 

 

4.6.6.1. UV Calibration curve of the reference (S)-N-methyl-1-phenylethylamine (17) using 

probe 3 

The change in the UV absorbance of probe 3 upon (S)-N-methyl-1-phenylethylamine (17) 

sensing was analyzed. Probe 3 (10.0 mM) and (S)-N-methyl-1-phenylethylamine (17) in varying 

concentrations (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10.0 mM) were dissolved in the presence of Et3N 

(10.0 mM) in 2.0 mL of chloroform. To 10.0 μL of this solution, chloroform (2.0 mL) was added 

and the mixture was subjected to UV analysis. The UV absorbance at 392 nm increased as the 

concentration of (S)-N-methyl-1-phenylethylamine (17) changed from 0 to 10.0 μM. Plotting and 
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curve fitting of the UV absorbance at 392 nm against the concentration (mM) of (S)-N-methyl-1-

phenylethylamine (17) gave a linear equation. (y = 0.0092x + 0.0122). 

 

 
Figure 4.59. UV spectra obtained from the reaction between probe 3 and varying amounts of 

(S)-N-methyl-1-phenylethylamine (17). 

 

 
Figure 4.60. Absorbance at 392 nm of the reaction mixture plotted against the concentration of 

(S)-N-methyl-1-phenylethylamine (17).  
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4.6.6.2. Determination of the enantiomeric excess of the reference (S)-N-methyl-1-

phenylethylamine (17) using probe 3 

A calibration curve was constructed using samples containing (S)-N-methyl-1-

phenylethylamine (17) with varying enantiomeric composition. Probe 3 (10.0 mM) and (S)-N-

Methyl-1-phenylethylamine (17) (5.0 mM) with varying ee’s (+100, +80, +60, +40, +20, 0, -20, -

40, -60, -80, -100%) were dissolved in the presence of Et3N (10.0 mM) in 2.0 mL of chloroform. 

After 1 hour, CD analysis was carried out by diluting 40.0 μL of the reaction mixture with 

chloroform (2.0 mL). The CD amplitudes at 376 nm were plotted against the enantiomeric excess 

of (S)-N-methyl-1-phenylethylamine (17). 

 

 

Figure 4.61. Chiroptical response of probe 3 to scalemic samples of the reference (S)-N-methyl-

1-phenylethylamine (17). 
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Figure 4.62. Plot of the CD amplitudes at 376 nm versus sample enantiomeric excess. 

 

 

4.6.6.3. Asymmetric reduction of N-methyl-1-phenylethan-1-imine (48) and subsequent 

analysis 

 

 
Scheme 4.2. Synthesis of N-methyl-1-phenylethan-1-imine. 

 

N-Methyl-1-phenylethan-1-imine (48) was synthesized via a modified literature procedure. 
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activated 4 Å molecular sieves (250 mg /1 mmol) and the reaction was allowed to complete without 

stirring. Concentration of the reaction mixture in vacuo afforded 1.1 g (97%, 8.2 mmol) of a 
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 Ir-ligand catalyzed enantioselective hydrogenation of imine 

Bis(1,5-cyclooctadiene)diiridium(I) dichloride ([Ir(cod)Cl]2) (12.4 mg, 0.02 mmol) was added to 

the ligand (0.04 mmol) (49-53) in dichloromethane and stirred for 30 minutes. N-Methyl-1-

phenylethan-1-imine (48) (100 mg, 0.75 mmol) and the preformed metal-ligand complex (0.04 

mmol) were mixed in dichloromethane:methanol (8:1) (9 mL) and stirred overnight under 15 bar 

H2 pressure.  

 
 

Scheme 4.3. Asymmetric reduction of N-methyl-1-phenylethan-1-imine (48). 
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Simultaneous ee and concentration determination of the crude reaction mixture  

To 200.0 μL of the crude reaction mixture, 4-chloro-3-nitrocoumarin (3) (10.0 mM), and Et3N 

(10.0 mM) were added in 2.0 mL of chloroform and stirred for 1 hour. Then, 40.0 μL of this 

solution were diluted with chloroform (2.0 mL) and subjected to CD analysis to determine the 

absolute configuration based on the sign of the Cotton effect and the enantiomeric excess based 

on the CD amplitude. Another aliquot of 10.0 μL of the sensing solution was diluted with 

chloroform (2.0 mL) and subjected to UV analysis to determine the conversion (see Table 4.2). 

 

Using the absorbance measured at 392 nm = y   
 

𝑥 =
(𝑦+0.0122)

0.0092
   (Equation 4; x in mM) 

 

 

At 392 nm; 

 

𝑒𝑒 =
(

(𝑚𝑑𝑒𝑔 ×5)

𝑥
−0.3586)

0.126
   (Equation 5) 

 

 

HPLC analysis 

A portion of the crude reaction mixture was filtered through a cotton plug and di-tert-butyl 

dicarbonate was added to the filtrate. Due to the presence of methanol in the reaction mixture, di-

tert-butyl dicarbonate was used in excess (3 equivalents) and the reaction was allowed to run for 

5 hours. Then the reaction mixture was concentrated and purified via flash column 

chromatography on silica using 10%-40% dichloromethane in hexanes to afford a colorless oil of 

N-Boc-N-methyl-1-phenylethylamine. The enantiomeric excess of N-Boc-N-methyl-1-

phenylethylamine was determined by chiral HPLC on an S,S-Whelk-O column unless otherwise 
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noted. Mobile phase: hexanes:IPA = 99:1,  flow rate = 1.0 mL/min, UV= 214 nm, tR = 8.6 min 

(major) and tR = 9.6 min (minor). 

 

Synthesis of racemic N-Boc-N-methyl-1-phenylethylamine 

(±)-N-methyl-1-phenylethylamine (0.74 mmol, 100 mg) and di-tert-butyl dicarbonate (0.74 mmol, 

161.4 mg) were stirred in dichloromethane for 3 hours. Purification by flash column 

chromatography (20%-60% dichloromethane in hexanes) afforded 170.0 mg (98%, 0.72 mmol) of 

a colorless oil.  

1H NMR of the N-Boc-N-methyl-1-phenylethylamine (400 MHz, CD3CN): δ = 7.36 (dd, J = 8.0, 

6.7 Hz, 2H), 7.32-7.21 (m, 3H), 5.44-5.28 (m, 1H), 2.58 (s, 3H), 1.48 (d, J = 7.1 Hz, 3H), 1.45 (s, 

9H).   
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4.6.7. Mixture analysis: Simultaneous determination of the ee of 1-phenylethylamine (8) 

and N-methyl-1-phenylethylamine (17) using probe 3 

A calibration curve was constructed using samples containing 1-phenylethylamine (8) with 

varying enantiomeric composition. Probe 3 (11.3 mM) and 1-phenylethylamine (8) (5.0 mM) with 

varying ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in the presence 

of Et3N (11.3 mM) in 2.0 mL of chloroform. After 1 hour, CD analysis was carried out by diluting 

30.0 μL of the reaction mixture with chloroform (2.0 mL). The CD amplitudes at 340 nm were plotted 

against the enantiomeric excess of 1-phenylethylamine (8). 

 
Figure 4.63. Chiroptical response of probe 3 to scalemic samples of 1-phenylethylamine (8). 
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Figure 4.64. Plot of the CD amplitudes at 340 nm versus sample ee. 

 
 

A calibration curve was constructed using samples containing N-methyl-1-phenylethylamine (17) 

with varying enantiomeric composition. Probe 3 (11.3 mM) and N-methyl-1-phenylethylamine 

(17) (5.0 mM) with varying ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were 

dissolved in the presence of Et3N (11.3 mM) in 2.0 mL of chloroform. After 1 hour, CD analysis 

was carried out by diluting 30.0 μL of the reaction mixture with chloroform (2.0 mL). The CD 

amplitude at 410 nm were plotted against the enantiomeric excess of N-methyl-1-

phenylethylamine (17). 
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Figure 4.65. Chiroptical response of probe 3 to scalemic samples of N-methyl-1-phenylethylamine 

(17). 

 

 

 
Figure 4.66. Plot of the CD amplitudes at 410 nm versus sample ee.  
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Ten scalemic samples of 1-phenylethylamine (8) (5.0 mM) and N-methyl-1-phenylethylamine (17) 

(5.0 mM) with varying %ee were prepared in chloroform and subjected to simultaneous analysis 

of the enantiomeric excess and absolute configuration in the presence of probe 3 (11.3 mM) and 

Et3N (11.3 mM). CD spectra were obtained as described above and by using the relevant 

intensities, the enantiomeric excess was calculated using regression equations (Equations 6 and 7) 

below to determine the enantiomeric excess of the two analytes simultaneously. The absolute 

configuration was determined using the sign of the Cotton effect at respective wavelengths. 

 

Enantiomeric excess of 1-phenylethylamine (8); 

Using the CD intensity measured at 340 nm = y 

𝑥 =
(𝑦−0.8299)

0.1811
   (Equation 6; x = %ee of 1-phenylethylamine (8)) 

 

Enantiomeric excess of N-methyl-1-phenylethylamine (17); 

Using the CD intensity measured at 410 nm = y 

𝑥 =
(𝑦−0.2045)

0.0582
   (Equation 7; x = %ee of N-methyl-1-phenylethylamine (17)) 
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Table 4.3. Enantiomeric excess and absolute configuration of samples of 1-phenylethylamine (8) 

and N-methyl-1-phenylethylamine (17) determined by the CD responses of probe 3. 

Actual Experimental 

Amine (8) 

 

Amine (17) 

 

Amine (8) 

 

Amine (17) 

 

%ee Abs. 

config. 

%ee Abs. 

config. 

%ee 

by CD 

at 340 nm 

Abs. 

config. 

%ee 

by CD 

at 410 nm 

Abs. 

config. 

-90.0 R +10.0 S -93.0 R +05.0 S 

-70.0 R +30.0 S -76.2 R +25.3 S 

-50.0 R +50.0 S -48.3 R +48.9 S 

-30.0 R +70.0 S -26.5 R +66.6 S 

-10.0 R +90.0 S -04.0 R +82.4 S 

+10.0 S -90.0 R +06.5 S -88.1 R 

+30.0 S -70.0 R +30.6 S -72.4 R 

+50.0 S -50.0 R +55.2 S -56.6 R 

+70.0 S -30.0 R +74.9 S -34.3 R 

+90.0 S -10.0 R +93.1 S -12.5 R 

 

 
Figure 4.67.  Plot of the calculated vs actual values of %ee’s of 8 and 17. 
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4.6.8. Crystallographic analysisvi 

4-Chlorocoumarin (1) 

 

 
 

A single crystal was obtained by slow evaporation of a solution of 1 in chloroform. Single crystal 

X-ray analysis was performed at 100 K using a Siemens platform diffractometer with graphite 

monochromated Mo- Kα radiation (λ = 0.71073 Å). Data were integrated and corrected using the 

APEX 3 program. The structures were solved by direct methods and refined with full-matrix least 

square analysis using SHELX-97-2 software. Non-hydrogen atoms were refined with anisotropic 

displacement parameter. Crystal data: C9H5ClO2, M = 180.58, prism, 0.32 x 0.27 x 0.07 mm3, 

monoclinic space group, P21/n, a = 7.0745(13), b = 12.671(2), c = 8.9875(17) Å, V = 751.2(2) Å3, 

Z = 4.  

 
vi Single crystal X-ray analyses were performed by Dr. Zeus De los Santos. 
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4-Bromocoumarin (2) 

 

 

A single crystal was obtained by slow evaporation of a solution of 2 in chloroform. Single crystal 

X-ray analysis was performed at 100 K using a Siemens platform diffractometer with graphite 

monochromated Mo- Kα radiation (λ = 0.71073 Å). Data were integrated and corrected using the 

APEX 3 program. The structures were solved by direct methods and refined with full-matrix least 

square analysis using SHELX-97-2 software. Non-hydrogen atoms were refined with anisotropic 

displacement parameter. Crystal data: C9H5BrO2, M = 225.03, prism, 0.19 x 0.10 x 0.08 mm3, 

monoclinic space group, P21/n, a = 7.1649(9), b = 12.9828(16), c = 9.0176(11) Å, V = 783.24(17) 

Å3, Z = 4.  



122 

 

4-Iodo-3-nitrocoumarin (5) 

 

 

A single crystal was obtained by slow evaporation of a solution of 5 in chloroform. Single crystal 

X-ray analysis was performed at 100 K using a Siemens platform diffractometer with graphite 

monochromated Mo- Kα radiation (λ = 0.71073 Å). Data were integrated and corrected using the 

APEX 3 program. The structures were solved by direct methods and refined with full-matrix least 

square analysis using SHELX-97-2 software. Non-hydrogen atoms were refined with anisotropic 

displacement parameter. Crystal data: C9H4INO4, M = 317.03, prism, 0.24 x 0.17 x 0.09 mm3, 

monoclinic space group, Cc, a = 14.714(1), b = 8.0151(5), c = 9.2491(6) Å, V = 955.80(11) Å3, Z 

= 4.  
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(S)-3-Nitro-4-((1-phenylethyl)amino)coumarin (7) 

 

 

A single crystal was obtained by slow evaporation of a solution of 7 in 50% chloroform in hexanes. 

Single crystal X-ray analysis was performed at 100 K using a Siemens platform diffractometer 

with graphite monochromated Mo- Kα radiation (λ = 0.71073 Å). Data were integrated and 

corrected using the APEX 3 program. The structures were solved by direct methods and refined 

with full-matrix least square analysis using SHELX-97-2 software. Non-hydrogen atoms were 

refined with anisotropic displacement parameter. Crystal data: C17H14N2O4, M = 310.30, prism, 

0.46 x 0.41 x 0.34 mm3, triclinic space group, P1, a = 7.4195(3), b = 7.5034(3), c = 15.0658(7) Å, 

V = 716.64(5) Å3, Z = 2.  
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(R)-3-Nitro-4-(N,α-dimethylbenzyl)amino)coumarin 

 

 

A single crystal was obtained by slow evaporation of a solution of (R)-3-nitro-4-(N,α-

dimethylbenzyl)amino)coumarin in 50% hexanes in ethyl acetate. Single crystal X-ray analysis 

was performed at 100 K using a Siemens platform diffractometer with graphite monochromated 

Mo- Kα radiation (λ = 0.71073 Å). Data were integrated and corrected using the APEX 3 program. 

The structures were solved by direct methods and refined with full-matrix least square analysis 

using SHELX-97-2 software. Non-hydrogen atoms were refined with anisotropic displacement 

parameter. Crystal data: C18H16N2O4, M = 324.33, prism, 0.22 x 0.19 x 0.09 mm3, monoclinicspace 

group, P21, a = 6.4366(9), b = 6.6366(10), c = 18.111(3) Å, V = 765.5(2) Å3, Z = 2.  
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Chapter 5. Streamlined Asymmetric Reaction Development: A Case Study with Isatinsvii 

5.1. Introduction 

Asymmetric reaction development is a central task in the chemical and pharmaceutical 

sciences. Despite impressive advances with high-throughput equipment, the optimization of the 

yield and the enantiomeric excess of a chiral product often remains a major bottleneck that limits 

the overall progress and the workflow, especially in highly collaborative settings where on-time 

delivery of drug candidates for preclinical studies is critical. Such a scenario may arise, for 

example, at the early drug discovery stage where it is necessary to quickly select and establish a 

synthetic method that affords fast and reliable access to an urgently needed compound and 

analogues thereof for initial testing purposes. Expectations of short response times to urgent 

compound requests generate operational constraints that can make this a daunting challenge. As 

the major focus typically lies on time-efficiency and expeditious production of the target 

compound(s) the use of catalysts or reagents that are not commercially available and have to be 

prepared separately may not be acceptable. At the same time, analytical tools that allow 

determination of the conversion or yield when a large number of miniaturized reactions are 

performed in parallel to identify optimal conditions must be in place and ready for use. With the 

help of high-throughput screening techniques and automated equipment that have become routine 

in many laboratories, the development of a satisfactory synthetic route can often be accomplished 

fairly quickly when the goal is to prepare achiral compounds.94 

 
vii Reproduced in part from Thanzeel, F. Y., Kaluvu, B., Wolf, C. Chem. Eur. J. 2019, 25, 11020–

11025 with permission from the Wiley-VCH, Germany. 



126 

 

This may not be the case, however, when a chiral product in high yield and enantiomeric 

excess (ee) is needed. The determination of either conversion or yield and ee values often involves 

two separate methods and elaborate purification steps prior to the analysis. The common use of 

chiral chromatography for ee determination introduces several problems. First, it generally 

requires time-consuming screening of several chiral columns and mobile phase compositions to 

achieve baseline enantioseparation unless a literature protocol exists. Second, it typically 

necessitates the synthesis and isolation of racemic reference materials for this task. Third, the 

separation of enantiomers by HPLC and GC methods may take several minutes to an hour which 

makes the analysis of many reaction samples tedious and inefficient.95 Unfortunately, some of 

these issues remain when NMR chiral solvating agents are used.96 Alternatively, optical methods 

that are compatible with parallel screening of small-scale reactions conducted in multi-well plates 

offer increased analysis speed and high-throughput.97 Carefully designed optical sensors have been 

successfully applied in asymmetric reaction screening trials in recent years.98 The implementation 

of these assays, however, involved extensive preparative efforts and the use of enantioenriched 

reference compounds, e.g. for the production of calibration curves, which still creates an 

operational hurdle and slowdown. A practical strategy that greatly accelerates asymmetric reaction 

developments is proposed here that would allow parallel screening of several substrates. It was 

shown that initial optimization and testing of a chiroptical sensing protocol can be reduced to a 

minimum which eliminates a common bottleneck in many academic and industrial laboratories 

and allows one to directly proceed with the reaction screening. A task that typically takes weeks 

to several months can thus be accomplished in a few days or even within a 24 hour period.   
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5.2. Results and discussion 

At the onset of this study, the asymmetric allylation of isatins was selected as a test reaction. 

The introduction of an allyl group at C-3 in the isatin scaffold affords chiral 3-hydroxyoxindoles 

which are important precursors for the synthesis of biologically active compounds.99  

 

Scheme 5.1. Reaction development task.  



128 

 

Previous studies with isatin transformations showcase that asymmetric nucleophilic 

addition reactions give oxindoles exhibiting diminished UV absorption and strong circular 

dichroism (CD) signals.100 It was envisioned that these spectroscopic changes can be easily 

measured using a small reaction aliquot to evaluate the conversion and degree of asymmetric 

induction, respectively, without the need to isolate the product. During our search for a new 

asymmetric allylation procedure under the operational restrictions discussed above, i.e. exclusion 

of any reagents or catalysts that would have to be synthesized, it was surprising to find that the 

widely successful and commercially available Ipc2(allyl)borane complex had not been applied to 

isatins.101  

With Ipc2B(allyl) as allylation reagent in mind, nine isatin compounds and six different 

solvents (THF, diethyl ether, chloroform, 1,2-dichloroethane, ethyl acetate and tert-butyl methyl 

ether) were selected to test the possibility of accelerated asymmetric reaction screening. The 

parameters and boundaries of the isatin allylation development task are summarized in Scheme 

5.1. Our high-throughput optimization strategy has several attractive features. It is amenable to 

commercially available high-throughput screening and automated chiroptical sensing equipment, 

it relies on small-scale reactions to minimize cost and waste production, it eliminates time-

consuming work-up procedures and product isolation, and it replaces chromatographic ee analysis 

with fast optical measurements. Finally, the screening approach is ready for use after very little 

preliminary work because it obviates the common need for isolated (non)racemic reference 

compounds which are typically prepared prior to the beginning of the actual reaction optimization 

and used to develop an analytical method for ee determination.  
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The preliminary work needed in preparation of the chiroptical analysis of the asymmetric 

allylation of isatins 1a-i is generally straightforward and not time-consuming. First, a test reaction 

in a small vial was conducted with isatin 1b which was selected as a representative example. 

Quenching of the reaction with NaOH/H2O2 followed by addition of HCl produces homogeneous 

reaction mixtures with stable chiroptical signals.98c Then the UV spectrum of 1b and the UV and 

CD spectra of the quenched crude reaction mixture containing the corresponding allylic alcohol 

2b were collected. These fast optical measurements revealed the CD and UV windows that can be 

exploited to determine the conversion and the degree of the asymmetric induction which is 

indicative of the ee of the allylation product (Figure 5.1).  

 
Figure 5.1. Preliminary experiments and selected isatins 1a-i. 
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It is noteworthy that the allylation coincides with the disappearance of the characteristic 

red color of the isatins which serves as a good indication of the reaction progress. Accordingly, 

the isatin UV absorption at approximately 420 nm disappears as it is converted to the allyl alcohol 

and a CD signal around 265 nm appears when nonracemic product is formed. The purpose of these 

experiments was to develop a protocol for quenching of the allylation reaction and to establish the 

optimal concentration for simultaneous UV and CD analysis from a small aliquot of the reaction 

mixture. Importantly, isolation of the product is not necessary because neither a reference standard 

nor a calibration curve is required for our screening assay.  

 

With a high-throughput screening (HTS) protocol in hand, the parallel reaction screening 

assay was setup. As mentioned above, 9 representative isatin compounds 1a-i and 6 solvents were 

selected to determine the preferred conditions for the asymmetric allylation with Ipc2(allyl)borane 

complex. The setup of the corresponding 54 reactions and the workflow with the individual time 

periods required to accomplish all the individual tasks manually by a single operator are shown in 

Figure 5.2. First, stock solutions of the substrates in THF were prepared and 100.0 L aliquots 

were transferred into small vials. The solvent was then removed and the vials were transferred into 

a drybox. The individual reactions were then started by adding 1.0 mL of the reaction solvent and 

the borane reagent. After 1 hour, the reactions were quenched with basic hydrogen peroxide, 

acidified with HCl and a small aliquot was diluted with either chloroform or methanol for direct 

UV/CD analysis. All steps were completed within 12.5 hours. Alternatively, the operations could 

have been conducted with significantly less labor and probably in a shorter timeframe if 

commercially available automated sample handling and analysis instrumentation had been used.   
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Figure 5.2. HTS setup and workflow. The reactions were conducted using approximately 3 mg of 

the isatins (12.5 mM, 1.0 mL of solvent) and the chiroptical analyses were performed using 15.0-

20.0 µL aliquots of the reaction mixtures and dilution to 94.0-125.0 µM with chloroform or 

methanol (see Experimental section 5.4.1).viii  

 
viii The image of the Cole-Parmer Evaporator/Concentrator is taken from the website 

https://www.coleparmer.com/p/cole-parmer-evaporator-concentrators/53571. 
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For example, the solution preparation and CD/UV measurements can in principle be achieved on 

a microwell plate format with a pipetting robot and a fully automated Ekko UV/CD reader. One 

can easily imagine that the HTS operation can be extended to hundreds of asymmetric reactions if 

it is desirable to include variation of more reaction parameters. 

 

With the goal to identify the best solvent for the asymmetric allylation of each substrate 

the chiroptical data was then processed using the CD and UV windows shown in Figure 5.1. The 

decline of the UV absorption signal allowed to quantify the conversion of the isatin to the allylic 

alcohol derivative. The exact ee values were not determined here because the prerequisite of 

reference compounds and time-consuming chiral HPLC analysis of each run were deliberately 

eliminated. However, the induced CD signal increases proportionally with the enantioselectivity 

of the reaction. For quantification purposes, the term normalized asymmetric induction (NAI) was 

introduced which considers the measured CD intensity and the relative amount of product formed 

which is available from the conversion (Equation 1). To corroborate this concept, it was confirmed 

with a few representative reactions that the NAI values correctly reveal the solvent effects on the 

product ee by chiral HPLC analysis (see Experimental section 5.4.4).  

NAI = [ (
𝐶𝐷 𝑖𝑛 𝑚𝑑𝑒𝑔 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
) ∗ 100]  (Equation 1) 

The processing of all data was accomplished in less than 2 hours and the results of the 

chiroptical analysis of each allylation reaction are shown in Figure 5.3. A high conversion of the 

unprotected isatin, 1a was observed, ranging from 89 to 93% after 1 hour with all solvents but 

clearly the highest NAI values of 84-85 were measured for diethyl ether and ethyl acetate.   
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Figure 5.3. HTS results. Conv. = Conversion based on UV analysis. NAI = Normalized 

asymmetric induction based on the intensity of the CD signal measured in mdeg (NAI = [mdeg] • 

3/Conv.). The factor 3 was applied for visualization purposes. 

 

 

The other solvents gave NAI’s of only 78 (THF) or 59-68 (chloroform, dichloroethane and 

tert-butyl methyl ether). The conversion of 1b to 2b exceeded 90% in all trials but diethyl ether is 
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the solvent of choice as it produces the highest asymmetric induction (NAI = 86). Similar trends 

were determined for the reactions with 1c and d. The preferred solvents for the allylation of the N-

Boc protected isatin 1e are THF and ethyl acetate whereas MTBE is clearly superior in the case of 

N-methyl-5-fluoroisatin, 1f. The transformation of 1g to 2g can be expected to be most successful 

in either chloroform or ethyl acetate while very similar conversion and NAI values were obtained 

for 1h with all solvents except MTBE which apparently is highly detrimental to the 

enantioselectivity. Finally, 2i was produced with the highest NAI (61) and 80% conversion when 

ethyl acetate was used as solvent. Comparison of the results obtained with the differently 

substituted N-methylisatins 1b and f or for the series of N-phenylisatins 1c,g,h and i reveals that 

solvent optimization is important to determine optimal reaction conditions for each substrate as 

substituent effects play an important role (see Experimental section 5.4.2 and 5.4.3).102  

In many cases asymmetric reactions produce chiral compounds that do not carry a 

chromophore and are devoid of quantifiable UV and CD signatures. Although the selected 

asymmetric reaction coincides with a decrease of the characteristic UV band of isatins and yields 

an intrinsically CD active product, it should be emphasized that our HTS strategy can also be 

adapted to reactions with UV/CD-silent compounds. For such applications, our group and others 

have shown that quantification of product formation and ee values can be achieved by using 

chiroptical sensors that generate distinct UV and CD signals.97,98,103 

In this study, a request frequently encountered by synthetic chemists working in a 

collaborative, interdisciplinary environment was considered, which is to quickly develop an 

efficient process that affords chiral compounds selected for pharmaceutical studies or other testing 

purposes. The task, therefore, is to rapidly identify substrate-specific reaction conditions that allow 
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the synthesis of one or several chiral compounds in optimal yield and enantiomeric excess using 

readily available starting materials and HTS tools. To demonstrate how such expectations can be 

met with our streamlined HTS approach two representative allylations on a 50 mg scale were 

conducted. Having determined that diethyl ether and MTBE are the solvents of choice for the 

asymmetric allylation of 1d and 1f, respectively, the two reactions were performed with (-)-

Ipc2B(allyl) at -78 oC (Scheme 5.2). It was found that the corresponding allylic alcohols 2d and 2f, 

were obtained in 98-99% yield and with 91-94% ee which was verified by chiral HPLC. 

 

 

Scheme 5.2. Exemplary upscaling of the asymmetric allylation using the best HTS hits obtained 

with 1d and 1f at -78 oC (see Experimental section 5.4.5).ix 

 

5.3. Conclusion 

In summary, a high-throughput screening strategy was introduced that streamlines 

asymmetric reaction development using the allylation of isatins with a chiral boron complex as a 

case study. The search for synthetic methods that produce chiral compounds in high yield and 

 
ix The isolation, characterization and HPLC study of the scale up reactions were performed by 

Prof. Balaraman Kaluvu.  
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enantiomeric excess and the determination of individual conditions that give optimal results with 

different substrates, for example various isatin derivatives, is often very time-consuming, tedious 

and can take several months. It is now shown that these tasks can be accomplished in a few days. 

Our HTS method is based on fast optical analysis of minute amounts of crude reaction mixtures 

and it is amenable to automated high-throughput experimentation equipment. It obviates product 

isolation and the general need for reference compounds that are traditionally used to develop either 

NMR and chiral HPLC methods or calibration curves for optical assays. A minimum of 

preliminary work is required to identify suitable sample concentrations and other parameters for 

the parallel reaction setup and the UV/CD analysis. The reaction screening can therefore be started 

without much delay. While 54 asymmetric allylations of 9 different isatins in 6 different solvents 

were screened here, one could easily extend this HTS strategy to investigate hundreds of reactions 

in the same time frame. This study revealed ideal conditions for each isatin derivative which 

demonstrates that one can very quickly establish an individually optimized substrate scope. Such 

a task is very time-consuming but necessary in frequently observed cases where a single synthetic 

protocol does not work equally well with differently substituted starting materials. The 

effectiveness of our asymmetric reaction development strategy was confirmed with the upscale 

synthesis of two representative 3-allyl-3-hydroxyisatins in 98-99% yield and with 91-94% ee. 

Finally, it should be noted that our strategy eliminates cumbersome ee analysis from the HTS 

stage, the enantiopurity of the chiral compounds obtained at the production stage under optimized 

conditions still has to be determined, for example by a chiral HPLC run, of course. 
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5.4. Experimental section 

All reagents and solvents were commercially available and used without further 

purification. Reactions were carried out under inert and anhydrous conditions. Flash 

chromatography was performed on silica gel, particle size 40-63 μm. 1H NMR and 13C NMR 

spectra were obtained at 400 MHz and 100 MHz, respectively, using chloroform as solvent. 

Chemical shifts were reported in ppm relative to TMS or to the solvent peak.  

The CD and UV spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 

nm, a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min 

and a response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected 

and smoothed using a binomial equation.  

 

5.4.1. Screening procedure 

 

Scheme 5.3. Enantioselective allylation of isatins using (-)-Ipc2B(allyl) complex. 

 

A stock solution of substrate 1a (0.125 M) was prepared in THF and 100.0 µL aliquots 

were loaded into six vials. The solvent was removed using an evaporator until a dry solid was 

remained.  In the dry box, to each vial, 1.0 mL of THF, diethyl ether, chloroform, 1,2-

dichloroethane, ethyl acetate and MTBE was added separately (12.50 mM). After the solid was 

completely dissolved, 18.75 µL of a 1.0 M Ipc2B(allyl) solution in pentane (18.75 mM, 1.5 eq) 



138 

 

was added and stirred. The above procedure was repeated for substrates 1b-1i. After 1 hour, the 

reactions were quenched using 1.0 M NaOH (30.0 µL) and 30% H2O2 (2.8 µL) and stirred for 30 

minutes. The reactions were then acidified with 1.0 M HCl (45.0 µL) and stirred for 15 minutes. 

The UV and CD analysis were then carried out by diluting aliquots of the reaction mixtures with 

either chloroform or MeOH as described below. The sequence of the individual steps and the 

corresponding time periods are shown in Figure 5.1.  

 

5.4.2. Spectroscopy and data analysis 

 

1. The NAI (Normalized Asymmetric Induction) was calculated according to the following 

equation. The factor 3 was selected for visualization purposes.  

 

NAI = [ (
𝐶𝐷 𝑖𝑛 𝑚𝑑𝑒𝑔 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
) ∗ 100 ∗ 3] (Equation 2) 

 

2. The reaction conversion was calculated using the consumption of starting material based 

on the decline of the UV maxima of the starting materials between 380 nm – 440 nm. 

 

Table 5.1.  CD values (mdeg) determined for the enantioselective allylation of substrates 1a-1i. 

Reaction 

/ λmax 

THF Ether CHCl3 1,2-DCE EtOAc MTBE 

1a → 2a 

262 nm 
-23.31 -26.31 -17.42 -20.96 -24.84 -18.40 

1b → 2b 

264 nm 
-23.21 -26.78 -20.31 -22.52 -23.65 -24.05 

1c → 2c 

265 nm 
-15.76 -22.55 -13.63 -15.82 -15.59 -17.69 

1d → 2d 

264 nm 
-22.25 -26.33 -19.17 -22.54 -22.25 -22.81 

1e → 2e 

262.5 nm 
-17.14 -10.98 -14.01 -15.07 -17.90 -13.03 

1f → 2f 

260 nm 
-22.47 -15.68 -21.32 -23.06 -24.37 -28.46 

1g → 2g -15.38 -9.15 -17.18 -13.67 -17.36 -14.32 
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Table 5.2. UV values (mAu) determined for the enantioselective allylation of substrates 1a-1i. 

Reaction 

/ λmax 

THF Ether CHCl3 1,2-DCE EtOAc MTBE Substrate 

1a → 2a 

397.0 nm 
10.99 7.55 11.33 7.85 10.92 11.58 101.08 

1b → 2b 

423.5 nm 
7.14 5.02 3.88 3.98 6.44 5.88 70.85 

1c → 2c 

424.0 nm 
9.33 3.79 5.22 6.12 7.80 6.96 58.16 

1d → 2d 

424.0 nm 
11.56 5.38 4.89 5.53 6.56 4.07 75.67 

1e → 2e 

414.0 nm 
19.40 11.22 12.33 12.48 13.53 11.71 100.74 

1f → 2f 

431.5 nm 
0.77 0.73 1.16 0.00 0.05 0.00 17.13 

1g → 2g 

423.0 nm 
0.00 0.00 0.00 0.00 0.00 0.00 22.95 

1h → 2h 

423.0 nm 
1.03 0.00 0.00 0.00 0.00 0.00 15.07 

1i → 2i 

435.0 nm 
3.03 4.70 2.92 0.00 4.11 5.64 20.75 

 

Table 5.3. Conversion and NAI determined for the enantioselective allylation of substrates 1a-1i. 

Reaction Conv 

(%). 

/NAI 

Solvents 

THF Ether CHCl3 1,2-

DCE 

EtOAc MTBE 

1a → 2a Conv.  89 93 89 92 89 89 

NAI 78 85 59 68 84 62 

1b → 2b Conv.  90 93 95 94 91 92 

NAI 77 86 64 72 78 79 

1c → 2c Conv.  84 93 91 89 87 88 

NAI 56 72 45 53 54 60 

1d → 2d Conv.  85 93 94 93 91 95 

NAI 79 85 61 73 73 72 

265 nm 

1h → 2h 

265 nm 
-16.13 -17.29 -18.25 -18.91 -18.19 -4.98 

1i → 2i 

270 nm 
-16.38 -11.06 -16.87 -18.30 -16.30 -12.00 
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1e → 2e Conv.  81 89 88 88 87 88 

NAI 64 37 48 52 62 44 

1f → 2f Conv.  96 96 93 100 100 100 

NAI 71 49 69 69 73 85 

1g → 2g Conv.  100 100 100 100 100 100 

NAI 46 27 52 41 52 43 

1h → 2h Conv.  93 100 100 100 100 100 

NAI 52 52 55 57 55 15 

1i → 2i Conv.  85 77 86 100 80 73 

NAI 58 43 59 55 61 49 

 

5.4.3. CD/UV plots and NAI/Conversion 

(a) CD plots. 
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(b) UV plots. 

 
 

(c) NAI and conversion. 

 

Figure 5.4. (a-c). NAI calculated from the CD amplitude at 262 nm and conversion according to 

the UV decrease at 397 nm for the enantioselective allylation of substrate 1a in different solvents. 

CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction solution 

with 2.0 mL of chloroform. 
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(a) CD plots. 

 
 

 

 

 

 

(b) UV plots. 
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(c) NAI and conversion. 

 
Figure 5.5. (a-c). NAI calculated from the CD amplitude at 264 nm and conversion according to 

the UV decrease at 423.5 nm for the enantioselective allylation of substrate 1b in different solvents. 

CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction solution 

with 2.0 mL of chloroform. 

 

(a) CD plots. 

 
 

-30

-20

-10

0

10

20

30

2 5 0 3 0 0 3 5 0m
d

e
g

nm

THF

Ether

CHCl3

DCE

EtOAc

MTBE



144 

 

(b) UV plots. 

 

 
 

(c) NAI and conversion. 

 
Figure 5.6. (a-c). NAI calculated from the CD amplitude at 265 nm and conversion according to 

the UV decrease at 424 nm for the enantioselective allylation of substrate 1c in different solvents. 

CD and UV measurements were taken at 0.100 mM by diluting 16.0 μL of the reaction solution 

with 2.0 mL of chloroform.  

-0.02

0.18

0.38

0.58

2 7 0 3 7 0 4 7 0 5 7 0

A
b

s

nm

THF

Ether

CHCl3

DCE

EtOAc

MTBE

Sub 1c



145 

 

 

(a) CD plots. 

 
 

 

 

 

 

(b) UV plots. 
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(c) NAI and conversion. 

 
Figure 5.7. (a-c). NAI calculated from the CD amplitude at 264 nm and conversion according to 

the UV decrease at 424 nm for the enantioselective allylation of substrate 1d in different solvents. 

CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction solution 

with 2.0 mL of chloroform. 

 

(a) CD plots. 
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(b) UV plots. 

 
 

 

(c) NAI and conversion. 

 
Figure 5.8. (a-c). NAI calculated from the CD amplitude at 262.5 nm and conversion according 

to the UV decrease at 414 nm for the enantioselective allylation of substrate 1e in different 

solvents. CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction 

solution with 2.0 mL of chloroform.  
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(a) CD plots. 

 
 

 

 

 

 

(b) UV plots. 
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(c) NAI and conversion. 

 
 

Figure 5.9. (a-c). NAI calculated from the CD amplitude at 260 nm and conversion according to 

the UV decrease at 431.5 nm for the enantioselective allylation of substrate 1f in different solvents. 

CD and UV measurements were taken at 0.100 mM by diluting 16.0 μL of the reaction solution 

with 2.0 mL of methanol. 

 

(a) CD plots. 
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(b) UV plots. 

 

 
 

 

(c) NAI and conversion. 

 
Figure 5.10. (a-c). NAI calculated from the CD amplitude at 265 nm and conversion according to 

the UV decrease at 423 nm for the enantioselective allylation of substrate 1g in different solvents. 

CD and UV measurements were taken at 0.094 mM by diluting 15.0 μL of the reaction solution 

with 2.0 mL of methanol.  
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(a) CD plots. 

 
 

 

 

 

(b) UV plots. 
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(c) NAI and conversion. 

 
Figure 5.11. (a-c). NAI calculated from the CD amplitude at 265 nm and conversion according to 

the UV decrease at 423 nm for the enantioselective allylation of substrate 1h in different solvents. 

CD and UV measurements were taken at 0.100 mM by diluting 16.0 μL of the reaction solution 

with 2.0 mL of methanol. 

 

(a) CD plots. 
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(b) UV plots. 

 
 

(c) NAI and conversion. 

    
 

Figure 5.12. (a-c). NAI calculated from the CD amplitude at 270 nm and conversion according to 

the UV decrease at 435 nm for the enantioselective allylation of substrate 1i in different solvents. 

CD and UV measurements were taken at 0.100 mM by diluting 16.0 μL of the reaction solution 

with 2.0 mL of methanol.  
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5.4.4. Comparison of normalized CD results with chiral HPLC 

 
 

Scheme 5.4. Enantioselective allylation of 1e using (-)-Ipc2B(allyl) complex. 

 

A stock solution of substrate 1e (0.125 M) was prepared in THF and 100.0 µL aliquots were 

loaded into three vials. The solvent was removed and after transferring into a dry-box, 1.0 mL of 

THF, diethyl ether, 1,2-dichloroethane was added separately to each vial (12.50 mM). After the 

solid was completely dissolved, 18.75 µL of a 1.0 M Ipc2B(allyl) solution in pentane (18.75 mM, 

1.5 eq) was added and stirred. After 5 hours, the reactions were quenched using 1.0 M NaOH (30.0 

µL) and 30% H2O2 (2.8 µL) and stirred for 30 minutes. The reactions were then acidified with 1.0 

M HCl (45.0 µL) and stirred for 15 minutes. The UV and CD analysis were then carried out by 

diluting aliquots of the reaction mixtures using chloroform. HPLC analysis of reaction mixtures 

were carried out after TLC purification (HPLC conditions: Phenomenex Lux® Amylose-1, 4.6 mm 

x 250 mm, particle size 5 µm, hexanes: ethanol = 90:10, 1 mL/min).  
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(a) CD plots. 

 

 

 

 

(b) UV plots. 
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(c) Comparison of NAI and %ee obtained via HPLC. Both analyses show the same trend, 

which confirms that one can use NAI values to select optimal reaction conditions.  

 

 

 

Figure 5.13. (a-c). NAI calculated from the CD amplitude at 262.5 nm and conversion according 

to the UV decrease at 415 nm of the enantioselective allylation of substrate 1e in different 

solvents. CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction 

solution with 2.0 mL of chloroform.  
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Scheme 5.5. Enantioselective allylation of 1d using (-)-Ipc2B(allyl) complex. 

 

A stock solution of substrate 1d (0.125 M) was prepared in THF and 100.0 µL aliquots were loaded 

into three vials. The solvent was removed and after transferring into a dry-box, 1.0 mL of THF, 

diethyl ether, 1,2-dichloroethane was added separately to each vial (12.50 mM). After the solid 

was completely dissolved, 18.75 µL of a 1.0 M Ipc2B(allyl) solution in pentane (18.75 mM, 1.5 

eq) was added and stirred. After 5 hours, the reactions were quenched using 1.0 M NaOH (30.0 

µL) and 30% H2O2 (2.8 µL) and stirred for 30 minutes. The reactions were then acidified with 1.0 

M HCl (45.0 µL) and stirred for 15 minutes. The UV and CD analysis were then carried out by 

diluting aliquots of the reaction mixtures using chloroform. HPLC analysis of reaction mixtures 

were carried out after TLC purification (HPLC conditions: CHIRALPAK® IA, 4.6 mm x 250 mm, 

particle size 5 µm, hexanes: ethanol = 95:5, 1 mL/min).   
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(a) CD plots. 

 

 
 

 

 

(b) UV plots. 
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(c) Comparison of NAI and %ee obtained via HPLC. Both analyses show the same trend, 

which confirms that one can use NAI values to select optimal reaction conditions. 

 

 

Figure 5.14. (a-c). NAI calculated from the CD amplitude at 264.5 nm and conversion according 

to the UV decrease at 423 nm of the enantioselective allylation of substrate 1d in different solvents. 

CD and UV measurements were taken at 0.125 mM by diluting 20.0 μL of the reaction solution 

with 2.0 mL of chloroform. 

 

5.4.5. Upscale synthesis of representative 3-allyl-3-hydroxyisatinsx 

5.4.5.1. General procedure for asymmetric allylation of isatins 

To a solution of the isatin (50.0 mg) in anhydrous diethyl ether or methyl tert-butyl ether 

(3.0 mL) was added (-)-Ipc2B(allyl)borane (1.0 M pentane solution, 1.5 eq) at -78 oC. The resulting 

mixture was stirred at -78 oC until completion and then 3.0 N NaOH (0.6 mL) and 30% H2O2 (0.6 

mL) were added sequentially. The reaction vessel was warmed to room temperature and stirred for 

 
x Performed by Prof. Balaraman Kaluvu. 
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3 hours and the reaction mixture was extracted with ether and washed with NH4Cl. The combined 

organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude product was 

purified by flash chromatography on silica gel using hexanes-ethyl acetate as mobile phase as 

described below. 

 

(S)-3-Allyl-1-benzyl-3-hydroxyindolin-2-one (2c)104 

Compound 2c was obtained as a colorless solid in 98% yield (58 mg, 0.206 mmol) from 1-

benzylindoline-2,3-dione (50 mg, 0.21 mmol) and (-)-Ipc2B(allyl)borane (1.0 M pentane solution, 

0.32 mL, 0.32 mmol) after 13 hours at -78 oC using diethyl ether as solvent by following the 

general procedure described above. Rf = 0.5 (hexanes/EtOAc, 1:1); The ee was determined as 91% 

by HPLC (CHIRALPAK IA, hexanes/EtOH, 95:5, flow rate 1.0 mL/min, λ = 254 nm), tR (minor) 

= 17.6 min, tR (major) = 19.8 min; 1H NMR (400 MHz, chloroform-d): δ = 7.40 (d, J = 7.6 Hz, 

1H), 7.32 – 7.19 (m, 5H), 7.20 (dd, J = 7.8, 7.7 Hz, 1H), 7.06 (dd, J = 7.8, 7.7 Hz, 1H), 6.69 (d, J 

= 7.8 Hz, 1H), 5.62 (m, 1H), 5.23 – 4.92 (m, 3H), 4.71 (d, J = 15.7 Hz, 1H), 3.34 (s, 1H), 2.83 (dd, 

J = 13.3, 6.2 Hz, 1H), 2.71 (dd, J = 13.3, 8.5 Hz, 1H); 13C NMR (100 MHz, chloroform-d): δ = 

178.0, 142.5, 135.5, 130.6, 129.7, 129.7, 128.9, 127.8, 127.4, 124.2, 123.2, 120.7, 109.6, 76.1, 

43.9, 43.2. 

 

(S)-3-Allyl-5-fluoro-3-hydroxy-1-methylindolin-2-one (2f)105 

Compound 2f was obtained as a colorless solid in 99% yield (61 mg, 0.276 mmol) from 5-fluoro-

1-methylindoline-2,3-dione (50 mg, 0.28 mmol) and (-)-Ipc2B(allyl)borane (1.0 M pentane 

solution, 0.42 mL, 0.42 mmol) after 6 hours at -78 oC using methyl tert-butyl ether as solvent by 
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following the general procedure described above. Rf = 0.2 (hexanes/EtOAc, 1:1); The ee was 

determined as 94% by HPLC (Amylose-1, hexanes/EtOH, 95:5, flow rate 1.0 mL/min, λ = 254 

nm), tR (minor) = 14.0 min, tR (major) = 14.9 min; 1H NMR (400 MHz, chloroform-d): δ = 7.13 

(dd, J = 7.8, 2.6 Hz, 1H), 7.01 (ddd, J = 8.9, 7.8, 2.6 Hz, 1H), 6.74 (dd, J = 8.5, 4.0 Hz, 1H), 5.60 

(m, 1H), 5.20 – 4.99 (m, 2H), 3.73 (s, 1H), 3.14 (s, 3H), 2.74 (dd, J = 13.4, 6.4 Hz, 1H), 2.60 (dd, 

J = 13.4, 8.4 Hz, 1H); 13C NMR (100 MHz, chloroform-d): δ = 177.8, 159.6 (d, JC-F = 241.8 Hz), 

139.2 (d, JC-F = 2.1 Hz), 131.5 (d, JC-F = 7.9 Hz), 130.2, 120.8, 115.9 (d, JC-F = 23.6 Hz), 112.5 (d, 

JC-F = 24.9 Hz), 109.1 (d, JC-F = 8.0 Hz), 76.3 (d, JC-F = 1.7 Hz), 43.0, 26.4; 19F NMR (376 MHz, 

chloroform-d) δ = -119.7 (m, 1F).  
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5.4.6. Crystallographic analysisxi 

 

(S)-3-Allyl-5-fluoro-3-hydroxy-1-methylindolin-2-one (2f) 

 
 

A single crystal was obtained by slow evaporation of a solution containing the chiral alcohol in a 

mixture of hexanes and dichloromethane (2:1). Single crystal X-ray analysis was performed at 100 

K using a Siemens platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 

0.71073 Å). Data were integrated and corrected using the Apex 3 program. The structures were 

solved by direct methods and refined with full-matrix least-square analysis using SHELX-97-2 

software. Non-hydrogen atoms were refined with anisotropic displacement parameter. Crystal 

data: C12H12FNO4, M = 221.23, colorless block, 0.82 x 0.73 x 0.23 mm3, orthorhombic, space 

group P212121, a = 7.809(12), b = 9.701(13), c = 14.51(2) Å, V = 1099(3) Å3, Z = 4. Absolute 

structure parameter = 0.065(205) (Flack, H. D. Acta Cryst. 1983, A39, 876-881). 

 
xi Single crystal X-ray analyses were performed by Dr. Zeus De los Santos. 
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3-allyl-3-hydroxy-1-methylindolin-2-one (2b) 

 

 

 

A single crystal was obtained by slow evaporation of the compound 2b in chloroform and hexanes. 

Single crystal X-ray analysis was performed at 100 K using a Siemens platform diffractometer 

with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). Data were integrated and 

corrected using the Apex 3 program. The structures were solved by direct methods and refined 

with full-matrix least-square analysis using SHELX-97-2 software. Non-hydrogen atoms were 

refined with anisotropic displacement parameter. Crystal data: C12H13NO4, M = 203.23, yellow 

needle, 0.355 x 0.274 x 0.190 mm3, monoclinic, space group P21/n, a = 8.9599(4), b = 7.8730(3), 

c = 15.4167(6) Å, V = 1087.51(8) Å3, Z = 4.   
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Chapter 6. Quantitative Free Amino Acid Sensing Based on Enantioselective CD Induction 

and Non-Enantioselective UV Signal Modulation with an Aryl Fluoride Probexii 

 

6.1. Introduction 

Chiral amino acids play a critical role in many biological processes and are essential 

building blocks of peptides, proteins and other natural compounds. The structural diversity of 

common natural amino acids has been exploited in numerous ways across the chemical and 

pharmaceutical sciences.106 Both enantiomeric forms have become invaluable starting materials 

for the asymmetric synthesis of biologically active compounds and new materials.107 During recent 

years, the traditional focus on proteogenic S-amino acids has been revised as the biological 

significance of several R-antipodes has surfaced. Free R-amino acids perform important 

physiological and pathological roles in mammals, and nonracemic mixtures of standard amino 

acids, in particular serine, aspartic acid, alanine and cysteine, have been found in the central 

nervous system and in endocrine organs.108 Although many specific biological functions remain 

to be fully explored, the potential of R-amino acids as diagnostic biomarkers and for the treatment 

of schizophrenia, Parkinson’s, Huntington’s, Alzheimer’s or other neurological diseases have 

received increasing attention. 109  

The universal importance and widespread use of R- and S-amino acids in chemistry, 

biotechnology and the life sciences have generated substantial interest in the development of 

methods that allow quantitative enantioeselective analysis in aqueous solutions and are amenable 

to high-throughput experimentation equipment.110 Despite substantial progress with optical assays 

 
xii Reproduced in part from Thanzeel, F. Y., Sripada, A., Wolf, C. J. Am. Chem. Soc. 2019, 141, 

41, 16382-16387 with permission from the American Chemical Society. 
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and arrays,111 the search for a practical and broadly useful sensing system that accomplishes this 

task has remained very challenging.112-115  

 

Figure 6.1. Enantioselective sensing of amino acids, biothiols, amines and amino alcohols with an 

aryl fluoride probe. 

 

A practical sensing assay was introduced that allows determination of the absolute 

configuration, enantiomeric ratio (er) and concentration of each of the 19 standard amino acids in 

aqueous solution (Figure 6.1). This approach is based on circular dichroism and UV spectroscopic 

measurements which can be obtained within a single operation using generally available CD 

spectrophotometers or with modern UV/CD multiwell plate readers. Only stoichiometric amounts 

of an achiral sensor that is prepared in a single step from commercially available starting materials 

are required. This reduces the extra work and costs typically associated with the synthesis of chiral 

probes that are used in enantiopure form. In addition, possible complications that may impede 

quantification efforts, such as undesirable kinetic resolution effects resulting from unequal 

formation of diastereomeric species, are avoided. To overcome these drawbacks and to streamline 
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concentration and er quantification, an optical assay was introduced that relies on covalent 

substrate recognition with an achiral probe equipped with a chromophoric reporter moiety.116 This 

strategy does not yield diastereomeric products but instead converts the amino acid enantiomers 

into enantiomeric sensing products with inherently the same UV signature but opposite CD 

activity. It is shown that this approach greatly simplifies the analytical task as the chromophoric 

probe generates distinct UV/CD outputs upon covalent substrate binding with a well-defined 1:1 

stoichiometry (as opposed to sensors that rely on non-covalent interactions or reversible binding 

modes and require access of an amino acid); the UV response is non-enantioselective and therefore 

allows determination of the total amount of a nonracemic amino acid sample while the induced 

CD signal is used for absolute configuration assignment and enantiomeric ratio analysis. 

 

6.2. Results and discussion 

The study began by screening the electron-deficient fluoroarenes 1-4 with the expectation 

that these probes would a) undergo smooth C-N bond formation via nucleophilic aromatic 

substitutions with amino acids in aqueous solution at room temperature and b) generate 

quantifiable chiroptical signals. Bergmann’s reagent, 1,117 is commercially available and the 

derivatives 2-4 were prepared following literature procedures.118 Aspartic acid, one of the amino 

acids that appears in nonracemic form in the mammalian brain and endocrine system, was selected 

as test analyte for the initial sensor evaluation (Figure 6.2). Unfortunately, Asp sensing with 1 did 

not result in a CD signal. A very strong CD signals above 300 nm was observed when N-(5-fluoro-

2,4-dinitrophenyl)benzamide, 2, was employed for the sensing of a solution containing either (R)- 

or (S)-Asp in sodium borate buffer at pH 8.5. The reaction with of (R)-Asp gave two negative 
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Cotton effects centered at approximately 415 nm and 330 nm and exactly the opposite results were 

obtained by sensing of the S-enantiomer (see Experimental section 6.4.2).  

 

 

 

Figure 6.2. Structures of the aryl fluoride probes 1-4 and CD and UV signals obtained using (R)-

aspartic acid as substrate. The sensing reactions were conducted at 4.0 mM with 1.2 equivalents 

of the sensor in ACN:sodium borate buffer (4:2.25, pH 8.5, 40.0 mM). UV measurements were 

taken at 40.0 µM. The CD responses with 1, 2 and 4 were collected at 49.0-88.0 µM. For sensing 

with 3, a solution of DMSO:ACN:borate buffer (8:2:2, pH 8.5, 40.0 mM) was used and the CD 

spectrum was recorded at 63.0 µM.  
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To avoid possible interference with CD- or UV-active impurities an optical sensor that operates 

above 300 nm is generally preferable and 2 clearly fulfills this requirement. It was found that 

chiroptical sensing with the 2-naphthamide analogue, 3, is less practical due to its low solubility 

in both aqueous and organic solvents and the placement of an acetamide group in 4 did not prove 

advantageous. Therefore probe 2 was used in all other amino acid sensing experiments.   

The assay workflow follows a simple mix-and-measure protocol that can be easily adapted 

to automated high-throughput screening equipment (Figure 6.3a). The substrate derivatization 

occurs smoothly at room temperature without formation of by-products which enables amino acid 

sensing using one equivalent of 2. The clean conversion and the well-defined stoichiometry of our 

amino acid assay are important because this sets the stage for combined quantitative er and 

concentration analysis, vide infra. Monitoring of the sensing reaction by UV, CD and NMR 

analysis revealed that it is complete within 1-4 hours. The covalent attachment of the aryl fluoride 

probe onto the amino acid as shown in Figure 6.2b was verified by ESI-MS analysis of the product 

obtained from 2 and aspartic acid and by superposition of the perfectly identical CD spectra of the 

proline sensor-tagged adduct generated in situ and of the isolated reference compound (Figure 

6.3b, Experimental section 6.4.3). The application scope of 2 was established by testing all chiral 

standard amino acids as well as the biothiols homocysteine and glutathione in aqueous solutions. 

In all cases, distinct chiroptical signals were obtained which underscores the general utility of this 

assay. Representative examples of the CD effects obtained upon derivatization of alanine, proline, 

glutamic acid, and cysteine are shown in Figure 6.3. Very strong chiroptical responses were 

measured with aspartic acid, glutamic acid and proline. The sensing of all other amino acids with 
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2 occurred with good CD responsesxiii that generally suffice for quantitative er analysis (see 

Experimental section 6.4.4.1). 

 

 

Figure 6.3. Selected examples of chiroptical amino acid sensing with 2.  

 

As mentioned above, the induced CD signal of 2 observed upon amino acid derivatization 

coincides with a characteristic UV change, and it was envisioned that this dual response would 

 
xiii Amino acids substrate scope screening with probe 2 was performed in collaboration with 

Archita Sripada. 
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allow comprehensive quantitative analysis. To demonstrate the feasibility of determination of the 

absolute configuration, total concentration and enantiomeric composition a series of UV and CD 

spectra were collected by applying probe 2 to samples of aspartic acid in varying concentrations 

and enantiomeric ratios in aqueous borate buffer solution at pH 8.5 (Figure 6.4a). 

 

 

Figure 6.4. CD and UV calibration curves of chiral amino acids with 2. 

 

 The steadily increasing UV maximum observed at 315 nm is a non-enantioselective process and 

therefore identical for either amino acid enantiomer. The characteristic UV change therefore 

allows quantitative concentration analysis irrespective of the sample er. By contrast, the induced 

CD signals at 320 and 340 nm directly correspond to the enantiomeric composition of Asp. A 
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closer look at the CD signals of 2 obtained upon sensing of nonracemic aspartic acid, glutamic 

acid, proline, methionine, cysteine and alanine revealed that nonlinear effects occur with Asp and 

Glu but not with the other amino acids (Figure 6.4b). Scalemic mixtures of Asp and Glu may 

contain homochiral and heterochiral dimers in solution and this is known to result in nonlinear CD 

signals.119 Importantly, nonlinear CD effects do not compromise the efficiency and accuracy of 

our method as demonstrated by the quantitative Asp sensing results discussed below. 

Table 6.1. Quantitative concentration and er analysis and assignment of the absolute configuration 

of ten Asp samples. 

 Sample composition Sensing results 

Entry 
Abs.  

config. 

Conc. 

(mM) 

Ratio 

S/R 

Abs.  

config.a 

Conc. 

(mM)b 

Ratio  

S/Rc 

1 S 2.50 82.0:18.0  S 2.50 80.1:19.9 

2 R 3.00 20.0:80.0 R 3.09 20.5:79.5 

3 S 3.25 78.0:22.0 S 3.28 79.0:21.0 

4 R 3.50 30.0:70.0 R 3.50 28.2:71.8 

5 S 3.75 65.0:35.0 S 3.78 67.5:32.5 

6 R 4.00 40.0:60.0 R 4.27 38.3:61.7 

7 S 4.00 75.0:25.0 S 4.27 75.6:24.4 

8 S 2.00 90.0:10.0 S 1.73 88.3:11.7 

9 S 4.00 95.0:5.0 S 3.46 92.9:7.2 

10 R 2.50 2.0:98.0 R 2.31 0.7:99.3 
aBy comparison of the sign of the induced CD with a reference spectrum. bBased on the UV 

maximum at 315 nm. cBased on the amplitude of the CD response at 320 nm. 

 

Having developed a protocol for quantitative concentration and er determination, the assay 

was used to analyze ten samples containing aspartate in vastly different amounts and enantiomeric 

ratios (Table 6.1). In all cases, unequivocal assignment of the absolute configuration of the major 

enantiomer present in the nonracemic samples was straightforward using the sign of the induced 

Cotton effects. The intensities of the CD and UV maxima at approximately 320 nm were used to 

quantify the er values and the total Asp concentration with high accuracy (see Experimental section 
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6.4.5.1). For example, sensing of a sample containing 2.50 mM of Asp at 82.0:18.0 er (S/R) gave 

the exact same concentration and an enantiomeric ratio of 80.1:19.9 (entry 1). Another mixture 

consisted of 70% of the R-enantiomer and a total aspartate concentration (R+S) of 3.50 mM (entry 

4). Again, the absolute configuration of the major enantiomer was correctly assigned and the 

concentration and enantiomeric ratio were determined as 3.50 mM and 28.2:71.8 (S/R), 

respectively. It was found that the use of probe 2 is quite universal and extends beyond Asp 

analysis. Chiroptical er sensing of nonracemic samples of Pro and even of Ala and Met, which 

afford moderate CD signals, was accomplished with high accuracy and precision (see 6.4.5.2 and 

6.5.4.3 Experimental section). Moreover, our chiroptical assay allows reliable determination of the 

absolute configuration and enantiomeric composition even at very low er values. Enantiomeric 

ratios as low as 51.0:49.0 of Pro and Met samples were accurately quantified. The sensing of a 

sample of Pro with a 51.0:49.0 S/R ratio gave 51.1:48.9 (S/R) and the er of a Met sample containing 

51.0% of the R-enantiomer was determined as 51.5: 48.5 (R/S). 

It was suspected that our sensor is also applicable to aliphatic and aromatic amines and 

amino alcohols. To demonstrate the exceptional utility of 2 additional substrates 10-27 were 

screened. Using our simple mix-and-measure protocol and chloroform as solvent strong CD 

spectra were obtained in all cases (Figure 6.5). Unlike the widely used class of optical probes that 

operate based on Schiff base formation with the target compound, chirality sensing with 2 is not 

restricted to primary amines (see Experimental section 6.4.4.2). This is highly advantageous 

because it allows chiroptical sensing of amino acids, amines and amino alcohols carrying either a 

primary or a secondary amino function which altogether represent a large pool of important 

molecular targets. 
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Figure 6.5. Structures of amines and amino alcohols analyzedxiv, representative CD spectra 

obtained with 2, and X-ray structure of the tagged 1-(2-naphthyl)ethylamine derivative 28. The 

sensing reactions were conducted at 20.0 mM. CD measurements were taken at 60.0-120.0 µM.  

 
xiv Substrate scope analysis with probe 2 and er sensing of 11 and 17 with probe 2 were performed 

in collaboration with Archita Sripada. 
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To this end, the very strong Cotton effects measured with the aliphatic secondary amine 17 

and amino alcohol 24 are particularly noteworthy and underscore the versatility of probe 2. The 

covalent substrate binding mode was verified by mass spectrometric detection of the tagged 

products formed with 1-(2-naphthyl)ethylamine and 2-pyrrolidinol, and a single crystal of the 

adduct formed with (S)-1-(2-naphthyl)ethylamine that was suitable for crystallographic analysis 

was obtained (Figure 6.5). The smooth substrate derivatization at room temperature and the distinct 

chiroptical signals generated from 2 are in accordance with our standard amino acid sensing 

studies. The utility of our sensing method was proven by accurate er analysis of many nonracemic 

samples of 15 and 17 including examples with very low enantiomeric ratios. For example, 

chiroptical sensing of a sample of 15 with a 51.0:49.0 S/R ratio gave 50.8:49.2 (S/R) and the er of 

a sample of 17 with a 49.0:51.0 S/R ratio was analyzed as 48.8:51.2 (S/R) (see Experimental section 

6.4.5.4).  

Finally, the chiroptical sensing with probe 2 affords complementary ICD signatures, for 

example with Pro and Met, which provides a unique entry toward selective er sensing of compound 

mixtures (Table 6.2). Calibration curves were constructed using samples containing proline and 

methionine with varying enantiomeric composition. The relationships between CD amplitude at 

324 nm versus %ee of proline and the CD amplitude at 250 nm versus the %ee of methionine were 

obtained. The combined analysis of the CD responses of 2 at 250 and 324 nm allowed 

quantification of nonracemic samples containing both Pro and Met (see Experimental section 

6.4.6). Similarly, accurate er sensing of mixtures of the amines 15 and 17 was accomplishedxv and 

 
xv er sensing of mixtures of the amines 15 and 17 were performed in collaboration with Archita 

Sripada. 
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the enantiomeric composition of Cys in the presence of the biothiols homocysteine and glutathione 

was successfully determined (see Experimental section 6.4.7). 

 

Table 6.2. Quantitative er analysis of compound mixtures. 

 

Sample composition Sensing resultsa 

Abs. 

config. 

Pro 

S/R 

Abs. 

config. 

Met 

S/R  

Abs. 

config. 

Pro 

S/R 

Abs. 

config. 

Met 

S/R  

R 15.0:85:0 S 65.0:35.0 R 15.4:84.6 S 67.2:32.8 

R 25.0:75.0 S 75.0:25.0 R 26.0:74.0 S 74.5:25.5 

R 35.0:65.0 S 85.0:15.0 R 35.9:64.1 S 84.2:15.8 

S 75.0:25.0 R 25.0:75.0 S 75.0:25.0 R 27.5:72.5 

S 85.0:15.0 R 35.0:65.0 S 87.3:12.7 R 33.2:66.8 

S 95.0:5.0 R 45.0:55.0 S 95.3:4.7 R 42.5:57.5 

S 55.0:45.0 R 5.0:95.0 S 55.2:44.8 R 9.7:90.3 

S 65.0:35.0 R 15.0:85.0 S 66.0:34.8 R 19.9:80.1 

Abs. 

config. 

15 

S/R  

Abs. 

config. 

17 

S/R 

Abs. 

config. 

15 

S/R  

Abs. 

config. 

17 

S/R 

R 5.0:95.0 S 95.0: 5:0 R 6.2:93.8 S 95.6:4.4 

R 15.0:85.0 S 85.0:15.0 R 11.1:88.9 S 84.0:16.0 

R 25.0:75.0 S 75.0:25.0 R 25.0:75.0 S 74.0:26.0 

R 35.0:65.0 S 65.0:35.0 R 34.0:66.0 S 64.4:35.6 

R 45.0:55.0 S 55.0:45.0 R 42.4:57.6 S 56.5:43.5 

S 85.0:15.0 R 15.0:85.0 S 85.3:14.7 R 16.0:84.0 
aThe wavelengths that were selected for orthogonal er sensing are highlighted with circles.  
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6.3. Conclusion 

In summary, a small-molecule probe that irreversibly binds amino acids in aqueous solution 

with a well-defined 1:1 stoichiometry and thereby generates distinct chiroptical signals that allow 

assignment of the absolute configuration and quantification of the sample concentration and 

enantiomeric ratio was developed. The UV response of the probe is non-enantioselective and 

therefore allows determination of the total amount of an amino acid sample independent of the 

enantiomeric composition while the induced CD signals are in response to the chirality of the target 

compound and can be used for absolute configuration and er analysis. The achiral sensor is readily 

available, inexpensive and suitable for chiroptical analysis of each of the 19 standard amino acids, 

homocysteine and the tripeptide glutathione as well as aliphatic and aromatic amines and amino 

alcohols. The sensing method is operationally simple, based on a mix-and-measure protocol, 

adaptable to high-throughput screening with modern UV/CD plate readers, and the data analysis 

is straightforward. The utility and practicality of the assay were demonstrated with the successful 

analysis of ten samples containing aspartic acid over a wide concentration range and with largely 

varying enantiomeric compositions. The wide scope, selectivity and ruggedness of our sensing 

method was further verified with accurate er sensing of 85 scalemic samples of Pro, Met, Cys, 

Ala, methylpyrrolidine, 1-(2-naphthyl)amine and mixtures thereof.  
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6.4. Experimental section 

All reagents and solvents were commercially available and used without further 

purification.. Flash chromatography was performed on silica gel, particle size 40-63 μm. 1H NMR 

and 13C NMR spectra were obtained at 400 MHz and 100 MHz, respectively, using deuterated 

DMSO as the solvent. Chemical shifts were reported in ppm relative to TMS or to the solvent 

peak. 

 

6.4.1. Synthesis and characterization of probes and selected sensing products 

Probe 1 (2,4-dinitro-5-fluoroaniline), is commercially available and was used without 

additional purification. Probe 2 (N-(5-fluoro-2,4-dinitrophenyl)benzamide),120 probe 3 (N-(5-

fluoro-2,4-dinitrophenyl)-2-naphthamide) and probe 4 (N-(5-fluoro-2,4-

dinitrophenyl)acetamide),121 were synthesized using modified literature protocols.122 

 

N-(5-Fluoro-2,4-dinitrophenyl)benzamide (2) 

Benzoyl chloride (140.6 mg, 116.0 μL, 1.00 mmol) was added to a mixture of 2,4-dinitro-5-

fluoroaniline (Bergmann’s Reagent) (1) (201.1 mg, 0.50 mmol) and DIPEA (129.3 mg, 191.0 μL, 

1.00 mmol) in toluene (3 mL) at 0 °C. The reaction was heated to 50 °C for 10 minutes at 150 W 

using a microwave. Two batches of the above reaction were combined and toluene was evaporated, 

MeOH (2-3 mL) was added to the crude residue and the mixture was allowed to stand at room 

temperature overnight. The precipitate was washed three times with MeOH and dried under 

vacuum which afforded 212.0 mg (0.70 mmol, 70%) of a yellow crystalline solid. 

m.p. = 165.2 – 166.5 °C 
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1H NMR (399 MHz, (CD3)2SO): δ = 11.25 (s, 1H), 8.83 (d, J = 7.5 Hz, 1H), 8.17 (d, J = 13.0 Hz, 

1H), 8.03 – 7.94 (m, 2H), 7.71 (m, 1H), 7.68 – 7.55 (m, 2H). 

19F NMR (376 MHz, (CD3)2SO): δ = -107.66 (dd, J = 13.0, 7.7 Hz). 

13C NMR (100 MHz, (CD3)2SO): δ = 166.0, 157.5 (d, J = 268.2 Hz), 139.4 (d, J = 13.3 Hz), 136.6 

(d, J = 3.0 Hz), 133.6, 133.1, 132.2 (d, J = 8.8 Hz), 129.4, 128.3, 125.2, 113.3 (d, J = 26.8 Hz). 

 

N-(5-Fluoro-2,4-dinitrophenyl)-2-naphthamide (3)  

2-Naphthoyl chloride (188.7 mg, 0.99 mmol) was added to a mixture of 2,4-dinitro-5-fluoroaniline 

(Bergmann’s Reagent) (1) (100.0 mg, 0.49 mmol) and DIPEA (127.0 mg, 172.0 μL, 1.00 mmol) 

in toluene (3 mL) at 0 °C. The reaction was heated to 50 °C for 10 minutes at 150 W in a 

microwave. After toluene was evaporated, MeOH (2-3 mL) was added to the crude residue and 

the mixture was allowed to stand at room temperature overnight. The formed precipitate was 

washed three times with MeOH and dried under vacuum which afforded 122.3 mg (0.35 mmol, 

71%) of a yellow amorphous solid.122a 

1H NMR (399 MHz, (CD3)2SO): δ = 11.42 (s, 1H), 8.85 (d, J = 7.7 Hz, 1H), 8.64 (d, J = 1.9 Hz, 

1H), 8.28 – 8.12 (m, 3H), 8.06 (d, J = 8.0 Hz, 1H), 8.01 (dd, J = 8.7, 1.8 Hz, 1H), 7.70 (ddd, J = 

9.6, 8.0, 1.5 Hz, 2H). 

19F NMR (376 MHz, (CD3)2SO): δ = -107.79. 

13C NMR (100 MHz, (CD3)2SO): δ = 165.6, 155.7, 136.4, 134.9, 132.0, 129.9, 129.2, 129.0, 128.7, 

127.8, 127.3, 124.8, 123.8, 122.9, 122.8, 113.0 (d, J = 26.3 Hz) 

Anal. Calcd. for C17H10FN3O5: C, 57.47; H, 2.84; N, 11.80. Found: C, 57.11; H, 3.06; N, 11.68. 
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(S)-(5-Benzamido-2,4-dinitrophenyl)proline 

A solution of probe 2 (49.6 mg, 0.160 mmol, 5.0 mM), (S)-proline (18.0 mg, 0.135 mmol, 4.0 mM) 

in pH 8.5 sodium borate buffer (40.0 mM) in 34.0 mL of acetonitrile: buffer: water (4:1:1.25) 

mixture was stirred for 3 hours. The reaction was acidified with 1.0 M formic acid (0.25 mL) and 

extracted with ethyl acetate and water. Combined organic layers were dried and concentrated under 

vacuum. Column purification using 100% ethyl acetate followed by 5% formic acid in ethyl acetate 

afforded 32.0 mg (0.08 mmol, 50%) of a yellow powder. 

1H NMR (399 MHz, (CD3)2SO): δ = 11.22 (s, 1H), 8.59 (s, 1H), 7.98 – 7.90 (m, 3H), 7.69 (m, 

1H), 7.61 (t, J = 7.5 Hz, 2H), 4.53 (t, J = 7.2 Hz, 1H), 3.53 – 3.36 (m, 2H), 3.17 (t, J = 9.0 Hz, 

1H), 2.08 – 1.97 (m, 2H), 1.91 (m, 1H). 

13C NMR (100 MHz, (CD3)2SO): δ = 172.0, 165.4, 145.4, 136.9, 133.5, 132.8, 131.5, 129.0, 127.7, 

127.5, 126.0, 107.9, 62.5, 52.4, 30.5, 24.4. 

Anal. Calcd. for C18H16N4O7: C, 54.00; H, 4.03; N, 13.99. Found: C, 54.11; H, 4.04; N, 13.80. 

 

6.4.2. Probe development  

Reactions were performed with aspartic acid with probes 1, 2, 3 and 4 as described below 

to identify a probe with superior chiroptical properties. The CD spectra of the diluted solutions 

were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, a bandwidth of 1 

nm, in a continuous scanning mode with a scanning speed of 500 nm/min and a response of 1 s, 

using a quartz cuvette (1 cm path length). The data were baseline corrected and smoothed using a 

binomial equation. Sodium borate buffer (0.25 M) was prepared using boric acid and sodium 

hydroxide in distilled water. The pH was adjusted to 8.5 using 5.0 M NaOH.  
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Initial CD analysis of amino acids with probe 2 

A solution of probe 2 (4.8 mM) and aspartic acid (4.0 mM) in 2.5 mL of acetonitrile: aq. pH 8.5 

borate buffer (4:2.25) was stirred for 3 hours. The reaction mixtures were diluted with 1.25 mL of 

ACN and 1.15 mL of water and subjected to CD and UV analysis. 

 

 

Figure 6.6. CD spectra obtained by sensing of (S)-aspartic acid (red) and (R)-aspartic acid (blue) 

with probe 2. CD measurements were taken at 88.0 μM after diluting with acetonitrile.  
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CD analysis of aspartic acid with probe 3 

A solution of probe 3 (4.3 mM) and aspartic acid (3.6 mM) in 2.8 mL of DMSO: acetonitrile: aq. 

pH 8.5 borate buffer (8:3:3) was stirred for 3 hours and subjected to CD and UV analysis. 

 

 

Figure 6.7. CD spectra obtained by sensing of (S)-aspartic acid (red) and (R)-aspartic acid (blue) 

with probe 3.  CD measurements were taken at 63.0 μM after diluting with acetonitrile.  
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CD analysis of aspartic acid with probe 4 

A solution of probe 4 (4.8 mM) and aspartic acid (4.0 mM) in 2.5 mL of acetonitrile: aq. pH 8.5 

borate buffer (4: 2.25) was stirred for 3 hours and subjected to CD and UV analysis. 

 

 

Figure 6.8. CD spectra obtained from probe 4 with (S)-aspartic acid (red) and (R)-aspartic acid 

(blue). CD measurements were taken at 49.0 μM after diluting with acetonitrile. 

 

 

6.4.3. Optimization and mechanistic studies 

6.4.3.1. Reaction time analysis by UV spectroscopy (Asp) 

The capture of (R)-aspartic acid (4.0 mM) by probe 2 (4.8 mM) in 2.5 mL of acetonitrile: 

aq. pH 8.5 sodium borate buffer (4:2.25) was monitored using UV-Vis spectroscopy. Before each 

measurement, the reaction mixtures were diluted with 1.25 mL of acetonitrile and 1.15 mL of 

water. UV measurements were taken by diluting 40.0 μL aliquots with 2.0 mL of acetonitrile. The 

reaction was complete in 4 hours. 

-10

-5

0

5

10

250 350 450m
d

e
g

nm



183 

 

 

 

Figure 6.9.  UV analysis of the reaction between (R)-aspartic acid and probe 2. 

 
 

Figure 6.10. Absorbance (320 nm) vs. time plot.  
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6.4.3.2. Reaction time analysis by CD spectroscopy (Asp) 

The capture of (R)-aspartic acid (4.0 mM) by probe 2 (4.8 mM) in 2.5 mL of acetonitrile: 

aq. pH 8.5 sodium borate buffer (4:2.25) was monitored using CD spectroscopy. Before each 

measurement, the reaction mixtures were diluted with 1.25 mL of acetonitrile and 1.15 mL of 

water. UV measurements were taken by diluting 90.0 μL aliquots with 2.0 mL of acetonitrile. The 

reaction was complete in 4 hours. 

 

 

 
Figure 6.11.  CD analysis of the reaction between (R)-aspartic acid and probe 2.  
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6.4.3.3. Reaction time analysis by 1H NMR (1-phenylethylamine, 10) 

The reaction between 1-phenylethylamine (10) (20.0 mM) and probe 2 (24.0 mM) in the 

presence of Et3N (40.0 mM) in 1.0 mL of CDCl3 was monitored by 1H NMR. The reaction was 

complete within 1 hour under these conditions. 

 
 

 
 

Figure 6.12. 1H NMR analysis of the reaction between probe 2 and 1-phenylethylamine (10).  
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6.4.3.4. Identification of the sensing product (Pro) 

(S)-(5-Benzamido-2,4-dinitrophenyl)proline was synthesized from probe 2 and (S)-proline 

as described above. Comparison of the CD spectrum of the isolated product with the CD spectrum 

obtained from the reaction mixture showed that they were identical. CD measurements were taken 

at 0.124 mM. 

 

Figure 6.13. Comparison of the CD spectra of the isolated product (yellow) with the reaction 

mixture (red).  
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6.4.3.5. MS analysis  

MS analysis of the reaction between (R)-aspartic acid and probe 2 

ESI-MS analysis of the reaction between (R)-aspartic acid (4.0 mM) and probe 2 in 2.5 mL of 

acetonitrile: aq. pH 8.5 sodium borate buffer (4:2.25) was performed. After 3 hours, the reaction 

mixture was acidified with 1.0 M formic acid (20.0 μL) and diluted to 10.0 mL using water and 

ACN (1:1). An 8.0 µL aliquot of this mixture was diluted to 2.0 mL of water for ESI-MS analysis. 

 

 

Figure 6.14. ESI-MS spectrum of the reaction between (R)-aspartic acid (4.0 mM) and probe 2 

(4.8 mM) (negative ion mode).  

 



188 

 

MS analysis of the reaction between (R)-1-(2-naphthyl)ethylamine) (14) and probe 2 

ESI-MS analysis of the reaction between (R)-1-(2-naphthyl)ethylamine (14) (20.0 mM) and probe 

2 (24.0 mM) in the presence of Et3N (20.0 mM) in 1.0 mL of chloroform was performed. After 3 

hours, the reaction mixture was acidified with 2 equivalents of formic acid and extracted with 

water and ethyl acetate. The organic layer was dried over Na2SO4, and the filtrate was concentrated 

and dissolved in 10.0 mL of ACN. To this solution were added 2 equivalents of formic acid. An 

8.0 µL aliquot of this mixture was diluted with 2.0 mL of ACN for ESI-MS analysis. 

  

 

 

Figure 6.15. ESI-MS spectrum of the reaction between (R)-1-(2-naphthyl)ethylamine (14) and 

probe 2 (negative ion mode).  
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MS analysis of the reaction between (R)-3-pyrrolidinol (24) and probe 2 

ESI-MS analysis of the reaction between (R)-3-pyrrolidinol (24) (20.0 mM) and probe 2 (20.0 

mM) in the presence of Et3N (20.0 mM) in 1.0 mL of chloroform was performed. After 3 hours, 

the reaction mixture was acidified with 2 equivalents of formic acid and extracted with water and 

ethyl acetate. The organic layer was dried over Na2SO4, concentrated and the filtrate was dissolved 

in 10.0 mL of ACN. To this solution were added 2 equivalents of formic acid. An 8.0 µL aliquot 

of this mixture was diluted with 2.0 mL of ACN for ESI-MS analysis. 

  

 

 
Figure 6.16. ESI-MS spectrum of the sensing product between (R)-3-pyrrolidinol (24) and probe 

2 (positive ion mode).  
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6.4.4. Sensing scope 

6.4.4.1. Amino acids 

The utility of probe 2 was tested with all chiral standard amino acids.xvi  

 

Method 1 (Leu, Pro, Phe, Ser, Thr, Trp, Asp, Glu, Gln) 

To a solution of probe 2 (25.0 mM in acetonitrile, 480.0 µL) were added the amino acid (25.0 mM 

in pH 8.5 sodium borate buffer, 0.25 M, 400.0 µL) and the mixture was diluted with 1120.0 µL of 

acetonitrile and 500.0 µL of water. The reaction mixture was stirred for 3 hours and CD 

measurements were taken by diluting an aliquot of this mixture with 2.0 mL of acetonitrile. 

 

Method 2 (Ala, Val, Met, His) 

To a solution of probe 2 (25.0 mM in acetonitrile, 480.0 µL) were added the amino acid (25.0 mM 

in water, 400.0 µL) and K2CO3 (1.0 M, 20.0 µL).  Acetonitrile was used to dilute the total volume 

to 2.0 mL. The reaction mixture was stirred for 3 hours and CD measurements were taken by 

diluting an aliquot of this mixture with 2.0 mL of acetonitrile. 

 

Method 3 (Cys, Asn, Ile, Arg) 

To a solution of probe 2 (25.0 mM in DMSO, 480.0 µL) was added the amino acid (25.0 mM in 

pH 8.5 sodium borate buffer, 0.25 M, 400.0 µL) and the mixture was diluted to 2.0 mL with 

 
xvi CD analysis of chiral amino acids with probe 2 were performed in collaboration with Archita 

Sripada. 
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DMSO. The reaction mixture was stirred for 3 hours and CD measurements were taken by diluting 

an aliquot of this mixture with 2.0 mL of acetonitrile. 

 

Method 4 (Tyr) 

Tyrosine (25.0 mM) was dissolved in 1.0 mL of water by the addition of K2CO3 (1.0 M, 75.0 µL). 

To a solution of probe 2 (25.0 mM in DMSO, 480.0 µL) was added the tyrosine solution (25.0 

mM, 400.0 µL) and DMSO was used to dilute the total volume to 2.0 mL. The reaction mixture 

was stirred for 3 hours and CD measurements were taken by diluting 50.0 µL of this reaction 

mixture with 2.0 mL of acetonitrile. 

 

Method 5 (Lys) 

To a solution of probe 2 (25.0 mM in DMSO, 480.0 µL) were added lysine monohydrochloride 

(25.0 mM in water, 400.0 µL) and K2CO3 (1.0 M, 30.0 µL). The mixture was diluted to 4.0 mL 

with DMSO. The reaction mixture was stirred for 3 hours and CD measurements were taken by 

diluting 62.0 µL of this mixture with 2.0 mL of acetonitrile. 

 

Selected CD spectra are shown below.   
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Figure 6.17. CD spectra obtained from probe 2 with (S)-Glu (red) and (R)-Glu (blue). CD 

measurements were taken by diluting 73.0 µL aliquot of the reaction mixture with 2.0 mL of 

acetonitrile. 

 

Figure 6.18. CD spectra obtained from probe 2 with (S)-Val (red) and (R)-Val (blue). CD 

measurements were taken by diluting 40.0 µL aliquot of the reaction mixture with 2.0 mL of 

acetonitrile.  
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Figure 6.19. CD spectra obtained from probe 2 with (S)-Asn (red) and (R)-Asn (blue). CD 

measurements were taken by diluting 20.0 µL aliquot of the reaction mixture with 2.0 mL of 

acetonitrile. 

 

Figure 6.20. CD spectra obtained from probe 2 with (S)-Tyr (red) and (R)-Tyr (blue). CD 

measurements were taken by diluting 50.0 µL aliquot of the reaction mixture with 2.0 mL of 

acetonitrile.  
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Figure 6.21. CD spectra obtained from probe 2 with (S)-Lys (red) and (R)-Lys (blue). CD 

measurements were taken by diluting 62.0 µL aliquot of this mixture with 2.0 mL of acetonitrile. 

 

 

 

6.4.4.2. Amines and amino alcohols 

A solution of probe 2 (20.0 mM in chloroform), chiral amines 10-20 (20.0 mM in 

chloroform) or chiral amino alcohols 21-27 (20.0 mM in chloroform) and Et3N (40.0 mM) in 1.0 

mL of chloroform was stirred for 2 hours. CD analysis was performed after dilution with 

chloroform as indicated below. Selected CD spectra are shown below.   
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Figure 6.22. CD spectra obtained from probe 2 with (S)-13 (red) and (R)-13 (blue). CD 

measurements were taken at 0.06 mM in chloroform. 

 

 

 

Figure 6.23. CD spectra obtained from probe 2 with (S)-14 (red) and (R)-14 (blue). CD 

measurements were taken at 0.09 mM in chloroform.  
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Figure 6.24. CD spectra obtained from probe 2 with (S)-17 (red) and (R)-17 (blue). CD 

measurements were taken at 0.08 mM in chloroform. 

 

 

 

Figure 6.25. CD spectra obtained from probe 2 with (S)-21 (red) and (R)-21 (blue). CD 

measurements were taken at 0.09 mM in chloroform.  
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Figure 6.26. CD spectra obtained from probe 2 with (1S, 2R)-22 (red) and (1R, 2S)-22 (blue). CD 

measurements were taken at 0.12 mM in chloroform. 

 

 

 

Figure 6.27. CD spectra obtained from probe 2 with (S)-24 (red) and (R)-24 (blue). CD 

measurements were taken at 0.08 mM in chloroform.  
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6.4.5. Quantitative sensing: Absolute configuration, enantiomeric excess and total 

concentration 

The CD spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 

nm, a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min 

and a response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected 

and smoothed using a binomial equation. UV spectra were collected with an average scanning time 

of 0.0125 s, a data interval of 5.00 nm and a scan rate of 400 nm/s. An aspartic acid stock solution 

(0.025 M) was prepared in 0.25 M pH 8.5 sodium borate buffer (0.25 M, prepared from boric acid 

and sodium hydroxide). A probe 2 stock solution (0.025 M) was prepared in acetonitrile. 

 

6.4.5.1. Aspartic acid 

Calibration curve for concentration analysis of (R)-aspartic acid using probe 2 

The change in the UV absorbance of probe 2 upon (R)-aspartic acid sensing was measured. Probe 

2 (4.8 mM) and (R)-aspartic acid in varying concentrations (0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 

3.2, 3.6 and 4.0 mM) were dissolved in 2.5 mL of acetonitrile: buffer: water (4:1:1.25). After 3 

hours, the reactions were diluted using 1.25 mL of acetonitrile and 1.15 mL of water. To 40.0 µL 

of this solution, acetonitrile (2.0 mL) was added and the mixture was subjected to UV analysis. 

The UV absorbance at 315 nm increased as the original concentration of (R)-aspartic acid varied 

from 0.0 to 4.0 mM. Plotting and curve fitting of the UV absorbance change at 315 nm against the 

concentration (mM) of (R)-aspartic acid gave a polynomial equation. (y = -0.0056x3 + 0.031x2 + 

0.0391x + 0.4298, R² = 0.9941).  
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Figure 6.28. UV spectra obtained from the reaction between probe 2 and varying amounts of (R)-

aspartic acid. 

 

 

 

Figure 6.29. Absorbance at 315 nm of the reaction mixture plotted against the concentration of 

(R)-aspartic acid.  
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Calibration curve for enantiomeric excess (ee) analysis of aspartic acid using probe 2 

A calibration curve was constructed using samples containing aspartic acid with varying 

enantiomeric composition. Probe 2 (4.8 mM) and aspartic acid (4.0 mM) with varying ee’s (+100, 

+80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in 2.50 mL of an acetonitrile: 

buffer: water (4:1:1.25) mixture. After 3 hours, the reactions were diluted using 1.25 mL of 

acetonitrile and 1.15 mL of water. CD analysis was carried out by diluting 90.0 μL aliquots with 

acetonitrile (2.0 mL). The CD amplitudes at 320 nm were plotted against the enantiomeric excess 

of aspartic acid. 

 

 

Figure 6.30. Chiroptical response of probe 2 to scalemic samples of aspartic acid.  
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Figure 6.31.  Plot of the CD amplitudes at 343 nm (red) and 320 nm (blue) versus sample ee. 

 

Simultaneous ee and concentration determination  

Nine scalemic samples of aspartic acid at varying concentrations in acetonitrile were prepared and 

subjected to simultaneous analysis of the concentration, enantiomeric excess and absolute 

configuration using probe 2. First, a UV spectrum was obtained as described above and the 

concentration was calculated using the intensities at 315 nm and the regression equation obtained 

above (Figure 6.28). Then, a CD spectrum was obtained as described above. The relevant 

intensities at 320 nm were used with linear regression equation obtained above (Figure 6.30) to 

determine the enantiomeric excess. The absolute configuration was determined using the sign of 

the Cotton effect (Table 6.1).  
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6.4.5.2. Proline 

Enantioselective analysis of proline samples using probe 2 

A proline stock solution (0.025 M) was prepared with pH 8.5 sodium borate buffer (0.25 M, 

prepared from boric acid and sodium hydroxide). A probe 2 stock solution (0.025 M) was prepared 

in acetonitrile. A calibration curve was constructed using samples containing proline with varying 

enantiomeric composition. Probe 2 (4.8 mM) and proline (4.0 mM) with varying ee’s (+100, +80, 

+60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in 2.5 mL of an 

acetonitrile:buffer:water (4:1:1.25) mixture. After 3 hours, CD analysis was carried out by diluting 

65 μL aliquots with acetonitrile (2.0 mL). The CD amplitudes at 338 nm and 283 nm were plotted 

against the enantiomeric excess of proline. 

 

 

Figure 6.32. Chiroptical response of probe 2 to scalemic samples of proline.  
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Figure 6.33. Plot of the CD amplitudes at 338 nm (blue) and 283 nm (red) versus sample ee. 

 

Simultaneous er and absolute configuration determination  
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subjected to chiroptical analysis of the enantiomeric ratio and absolute configuration using probe 

2 as described above. The relevant intensities at 338 nm and 283 nm were used with the linear 

regression equations obtained above (Figure 6.32) to determine the er. The absolute configuration 

was determined using the sign of the Cotton effect.   

y = -0.6338x + 0.3873
R² = 0.9996

y = 0.8512x - 2.1173
R² = 0.9994

-100

-80

-60

-40

-20

0

20

40

60

80

100

-100 -50 0 50 100

m
d

e
g

%ee
338

283



204 

 

Table 6.3. Analysis of er and absolute configuration of proline samples using probe 2. 

Sample composition  Sensing results 

S/R Abs. config. 

 

S/R at 338 nm S/R at 283 

nm 

S/R 

(averaged) 

Abs. config. 

57.5:42.5 S 58.1:41.9 57.8: 42.2 57.9:42.1 S 

37.5:62.5 R 37.7:62.3 37.5: 62.5 37.6:62.4 R 

67.5:32.5 S 67.3:32.7 67.8: 32.2 67.5:32.5 S 

27.5:72.5 R 28.2:71.8 27.2: 72.8 27.7:72.3 R 

75.0:25.0 S 75.1: 24.9 74.5: 25.5 74.8:25.2 S 

82.5:17.5 S 84.1: 15.9 83.7: 16.3 83.9:16.1 S 

12.5:87.5 R 11.4: 88.6 11.6: 88.4 11.5:88.5 R 

2.5:97.5 R 1.9: 98.1 2.0: 98.0 2.0:98.0 R 

80.0:20.0 S 81.5: 18.5 81.4: 18.6 81.5:18.6 S 

30.0:70.0 R 30.5: 69.5 30.3: 69.7 30.4:69.6 R 

 

 

 

 
Figure 6.34. Proline sensing results.  
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Determination of the accuracy at low er values 

Fifteen scalemic samples of proline at low enantiomeric ratios in acetonitrile:buffer:water 

(4:1:1.25) were prepared and subjected to chiroptical sensing with probe 2 as described above. The 

relevant intensities at 338 nm and 283 nm were analyzed using the linear regression equations 

obtained above (Figure 6.32) to determine the er. The absolute configuration was determined using 

the sign of the Cotton effect. 

 

Table 6.4. Determination of the limit of er quantification for proline. 

Sample composition Sensing results 

S/R Abs. 

config. 

S/R  

(338 nm) 

S/R 

(averaged) 

S/R 

(283 nm) 

S/R 

(averaged) 

Abs. config. 

55.0:45.0 S 54.7: 45.3  55.0: 45.0  S 

55.0:45.0 S 55.2: 44.8 54.9: 45.1 55.5: 44.5 55.2:44.8 S 

55.0:45.0 S 54.7: 45.3  55.0: 45.0  S 

54.0:46.0 S 53.8: 46.2  53.8: 46.2  S 

54.0:46.0 S 53.7: 46.3 53.8: 46.2 53.8: 46.2 54.1:45.9 S 

54.0:46.0 S 53.9: 46.1  54.8: 45.2  S 

53.0:47.0 S 52.7: 47.3  52.9: 47.1  S 

53.0:47.0 S 53.4: 46.6 52.9: 47.1 52.2: 47.8 52.9:47.1 S 

53.0:47.0 S 52.6: 47.4  53.5: 46.5  S 

52.0:48.0 S 52.7: 47.3  52.5: 47.5  S 

52.0:48.0 S 52.1: 47.9 52.2: 47.8 51.5: 48.5 52.0:48.0 S 

52.0:48.0 S 51.8: 48.2  52.1: 47.9  S 

51.0:49.0 S 51.0: 49.0  51.1: 48.9  S 

51.0:49.0 S 51.1: 48.9 51.1: 48.9 51.4: 48.6 51.1:48.9 S 

51.0:49.0 S 51.3: 48.7  50.9: 49.1  S 
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6.4.5.3. Methionine 

Enantioselective analysis of methionine using probe 2 

A methionine stock solution (0.025 M) and a K2CO3 stock solution (1.0 M) were prepared in water. 

A probe 2 stock solution (0.025 M) was prepared in acetonitrile. A calibration curve was 

constructed using samples containing methionine with varying enantiomeric composition. Probe 

2 (6.0 mM) and methionine (5.0 mM) with varying ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -

60, -80, -100%) in the presence of K2CO3 (10.0 mM) were dissolved in 2.0 mL of an 

acetonitrile:water (4:1) mixture. After 3 hours, CD analysis was carried out by diluting 35.0 μL 

aliquots with acetonitrile (2.0 mL). The CD amplitudes at 288 nm and 250 nm were plotted against 

the enantiomeric excess of methionine. 

 

 
Figure 6.35. Chiroptical response of probe 2 to scalemic samples of methionine.  
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Figure 6.36. Plot of the CD amplitudes at 228 nm (blue) and 250 nm (red) versus sample ee. 

 

Simultaneous er and absolute configuration determination  

Eleven scalemic samples of methionine in acetonitrile:water (4:1) were prepared and subjected to 

chiroptical analysis of the enantiomeric ratio and absolute configuration using probe 2 as described 

above. The relevant intensities at 228 nm and 250 nm were used with the linear regression 

equations obtained above (Figure 6.35) to determine the er. The absolute configuration was 

determined using the sign of the Cotton effect.  
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Table 6.5. Analysis of er and absolute configuration of samples of methionine using probe 2. 

Sample composition Sensing results 

S/R Abs. 

config. 

S/R  

(250 nm) 

S/R 

(288 nm) 

S/R 

(averaged) 

Abs. 

config. 

42.5: 57.5  R 43.8: 56.2  42.7: 57.3 43.3:56.7 R 

62.5: 37.5  S 62.0: 38.0  62.3: 37.7 62.2:37.8 S 

32.5: 67.5  R 33.6: 66.4  32.8: 67.2 33.2:66.8 R 

72.5: 27.5  S 73.2: 26.8  72.7: 27.3 72.9:27.1 S 

25.0: 75.0  R 24.3: 75.7  25.0: 75.0 24.6:73.6 R 

77.5: 22.5  S 76.6: 23.4  78.9: 21.1 77.7:22.3 S 

17.5: 82.5 R 16.7: 83.3  16.1: 83.9 16.4:83.6 R 

87.5: 12.5 S 86.8: 13.2  87.1: 12.9 86.9:13.1 S 

7.5: 92.5 R 6.8: 93.2 6.3: 93.7 6.6:93.4 R 

97.5: 2.5 S 97.9: 2.1  99.0: 1.0 98.4:1.6 S 

20.0: 80.0 R 18.7: 81.3  18.6: 81.4 18.6:81.4 R 

 

 

 

 
Figure 6.37. Methionine sensing results.  
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Determination of the accuracy at low er values 

Fifteen scalemic samples of methionine at low enantiomeric ratios in acetonitrile:water (4:1) were 

prepared and subjected to chiroptical sensing with probe 2 as described above. The relevant 

intensities at 338 nm and 283 nm were analyzed with the linear regression equations obtained 

above (Figure 6.35) to determine the er. The absolute configuration was determined using the sign 

of the Cotton effect. 

 

 

Table 6.6. Determination of the limit of er quantification for methionine. 

Sample composition Sensing results 

S/R Abs. 

config. 

S/R 

(250 nm) 

S/R 

(averaged) 

S/R 

(283 nm) 

S/R 

(averaged) 

Abs. 

config. 

45.0: 55.0 R 46.6: 55.4  47.3: 52.7  R 

45.0: 55.0 R 46.2: 53.8 44.9: 55.1 45.9: 54.1 46.0:54.0 R 

45.0: 55.0 R 44.0: 56.0  44.9: 55.1  R 

46.0: 54.0 R 46.7: 53.3  48.0: 52.0  R 

46.0: 54.0 R 45.1: 54.9 46.2: 53.8 45.7: 54.3 46.9:53.1 R 

46.0: 54.0 R 46.9: 53.1  46.9: 53.1  R 

47.0: 53.0 R 46.1: 53.9  47.1: 52.9  R 

47.0: 53.0 R 45.8: 54.2 46.2:53.8 46.2: 53.8 47.1:52.9 R 

47.0: 53.0 R 46.7: 53.3  47.9: 52.1  R 

48.0: 52.0 R 47.9: 52.1  49.2: 50.8  R 

48.0: 52.0 R 48.3: 51.7 48.0: 52.0 49.4: 50.6 49.0:51.0 R 

48.0: 52.0 R 47.7: 52.3  48.3: 51.7  R 

49.0: 51.0 R 48.4: 51.6  48.3: 51.7  R 

49.0: 51.0 R 48.8: 51.2 48.6. 51.4 48.8: 51.2 48.4:51.6 R 

49.0: 51.0 R 48.6: 51.4  48.0: 52.0  R 

  



210 

 

6.4.5.4. 2-Methylpyrrolidine (17)xvii 

Enantioselective analysis of 2-methylpyrrolidine samples using probe 2 

A 2-methylpyrrolidine stock solution (0.05 M) and probe 2 stock solution (0.05 M) were prepared 

in chloroform. A calibration curve was constructed using samples containing 2-methylpyrrolidine 

(17) with varying enantiomeric compositions. Probe 2 (12.0 mM) and 2-methyl pyrrolidine (17) 

(10.0 mM) with varying ee (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved 

in 2.0 mL of chloroform followed by the addition of triethylamine (1 equivalent). After 2 hours, 

CD analysis was carried out by diluting 20.0 μL aliquots with chloroform (2.0 mL). The CD 

amplitudes at 340.5 nm and 280 nm were plotted against the enantiomeric excess of proline. 

 

 

Figure 6.38. Chiroptical response of probe 2 to scalemic samples of 2-methylpyrrolidine.  

 
xvii er analysis of 17 with probe 2 was performed by Archita Sripada. 
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Figure 6.39. Plot of the CD amplitudes at 340.5 nm (blue) and 280 nm (red) versus sample ee. 

 

Simultaneous er and absolute configuration determination  

 

Seven scalemic samples of 2-methylpyrrolidine in chloroform were prepared and subjected to 

chiroptical analysis of the enantiomeric ratio and absolute configuration using probe 2 as described 

above. The relevant intensities at 340.5 nm and 280 nm were used with the linear regression 

equations obtained above (Figure 6.38) to determine the er. The absolute configuration was 

determined using the sign of the Cotton effect.  
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Table 6.7. Analysis of er and absolute configuration of samples of 2-methylpyrrolidine using CD 

responses of probe 2. 

Sample composition Sensing results 

S/R Abs.  

Config. 

S/R 

 (280nm) 

S/R  

(340.5nm) 

S/R 

(averaged) 

Abs 

config. 

37.5:62.5 S 38.0:62.0 38.1:61.9 38.1:62.9 S 

67.5:32.5 S 67.6:32.4 68.5:31.5 68.1:31.9 S 

27.5:72.5 S 26.9:73.1 26.0:74.0 26.4:73.6 
 

S 

75.0:25.0 S 75.5:24.5 76.2:23.8 75.8:24.2 S 

22.5:77.5 S 22.5:77.5 22.4:77.6 22.4:77.6 S 

87.5:12.5 S  89.1:10.9 88.3:11.7 88.7:11.3 S  

2.5:97.5 S 6.0:94.0 5.8:94.2 5.9:94.1 S 

  

 

 

 

 
Figure 6.40. 2-Methylpyrrolidine sensing results.  
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Determination of the accuracy at low er values 

 

Four scalemic samples of 2-methylpyrrolidine at low enantiomeric ratios in chloroform were 

prepared and subjected to chiroptical sensing with probe 2 as described above. The relevant 

intensities at 340.5 nm were analyzed using the linear regression equations obtained above (Figure 

6.38) to determine the er. The absolute configuration was determined using the sign of the Cotton 

effect. 

 

 

Table 6.8. Determination of the limit of er quantification for 2-methylpyrrolidine. 

Sample composition Sensing results 

S/R Abs.  

config. 

S/R  

(340.5nm) 

Abs 

config. 

45:55 S 46.3:53.7 S 

47:53 S 47.0:53.0 S 

48:52 S 47.4:52.6 S 

49:51 S 48.8:51.2 S 

  



214 

 

6.4.6. Mixture analysis of amino acids (Pro and Met) 

6.4.6.1. Determination of the enantiomeric composition of mixtures of amino acids 

A proline stock solution (0.025 M) and a methionine stock solution (0.025 M) were 

prepared in pH 8.5 sodium borate buffer (0.25 M, prepared from boric acid and sodium hydroxide). 

A probe 2 stock solution (0.025 M) was prepared in acetonitrile. 

 

 

Figure 6.41. CD responses of probe 2 toward proline and methionine. 

 

A calibration curve was constructed using samples containing proline with varying enantiomeric 

composition. Probe 2 (4.8 mM) and proline (2.0 mM) with varying ee’s (+100, +80, +60, +40, 

+20, 0, -20, -40, -60, -80, -100%) were dissolved in 2.5 mL of an acetonitrile:buffer:water 

(4:1:1.25) mixture. After 3 hours, reactions were diluted with 0.5 mL water and 0.5 mL of 

acetonitrile. CD analysis was carried out by diluting 70.0 μL aliquots with acetonitrile (2.0 mL). 

The CD amplitudes at 324 nm were plotted against the enantiomeric excess of proline.  
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Figure 6.42. Chiroptical response of probe 2 to scalemic samples of proline. 

 

 

 

Figure 6.43. Plot of the CD amplitudes at 324 nm versus sample ee.  
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A calibration curve was constructed using samples containing methionine with varying 

enantiomeric composition. Probe 2 (4.8 mM) and methionine (2.0 mM) with varying ee’s (+100, 

+80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in 2.5 mL of an 

acetonitrile:buffer:water (4:1:1.25) mixture. After 3 hours, reactions were diluted with 0.5 mL 

water and 0.5 mL of acetonitrile. CD analysis was carried out by diluting 70.0 μL aliquots with 

acetonitrile (2.0 mL). The CD amplitude at 250 nm were plotted against the enantiomeric excess 

of methionine. 

 

 
Figure 6.44. Chiroptical response of probe 2 to scalemic samples of methionine.  
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Figure 6.45. Plot of the CD amplitudes at 250 nm versus sample ee. 

 

Eight samples containing proline (2.0 mM) and methionine (2.0 mM) with varying er were 

prepared in 2.5 mL of an acetonitrile:buffer:water (4:1:1.25) mixture and subjected to 

simultaneous analysis of the enantiomeric ratio and absolute configuration using probe 2 (4.8 mM). 

CD spectra were obtained as described above. The enantiomeric ratios were calculated using 

equations (1-4). The absolute configuration was determined using the sign of the Cotton effect. 

Enantiomeric excess of proline (v); 

 

Using the CD intensity measured at 340 nm (u); 

𝑣 =
(𝑢 + 0.2817)

0.1864
 (Equation 1) 

CD contribution of proline at 250 nm (x);  

𝑥 = (−0.0518 ∗ 𝑣) − 0.8016   (Equation 2) 

CD intensity measured at 250 nm when both analytes are present = w (experimental) 

y = -0.1589x - 0.4289
R² = 0.9967-18
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CD contribution of methionine at 250 nm when both analytes are present (y); 

𝑦 = (𝑤 − 𝑥)  (Equation 3) 

Enantiomeric excess of methionine (z); 

𝑧 =
(𝑦 +0.4289)

−0.1589
 (Equation 4) 

 

Table 6.9. Enantiomeric ratio and absolute configuration of mixtures containing proline and 

methionine determined by the CD responses of probe 2. 

 

Sample composition Sensing results 

Proline Methionine Proline Methionine 

S/R Abs. 

config. 

S/R Abs. 

config. 

S/R Abs. 

config. 

S/R Abs. 

config. 

15.0:85.0 R 65.0:35.0 S 15.4:84.6 R 67.2:32.8 S 

25.0:75.0 R 75.0:25.0 S 26.0:74.0 R 74.5:25.5 S 

35.0:65.0 R 85.0:15.0 S 35.9:64.1 R 84.2:15.8 S 

75.0:25.0 S 25.0:75.0 R 75.0:25.0 S 27.5:72.5 R 

85.0:15.0 S 35.0:65.0 R 87.3:12.7 S 33.2:66.8 R 

95.0:05.0 S 45.0:55.0 R 95.3:04.7 S 42.5:57.5 R 

55.0:45.0 S  5.0:95.0 R 55.2:44.8 S 9.7:90.3 R 

65.0:35.0 S 15.0:85.0 R 66.0:34.8 S 19.9:80.1 R 
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Figure 6.46. Sensing results for the mixtures of amino acids.  
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6.4.7. Analysis of biothiols 

6.4.7.1. Cysteine 

To a solution of probe 2 (0.025 M in acetonitrile, 480.0 µL) was added cysteine (0.025 M 

in water in the presence of 3 equivalents of K2CO3, 200.0 µL) and the  reaction was diluted to 2.5 

mL using 1.12 mL of acetonitrile  and 0.5 ml of water. After 3 hours, CD analysis was carried out 

by diluting 70.0 μL aliquots with acetonitrile (2.0 mL) and UV analysis was carried out by diluting 

20.0 μL aliquots with acetonitrile (2.0 mL). 

 

 

Figure 6.47. CD spectra obtained from probe 2 with (R)-cysteine (red) and (S)-cysteine (blue). 

 

The reaction mixture was acidified with 1.0 M formic acid (20.0 μL) and an 8.0 µL aliquot of this 

mixture was diluted using 2.0 mL of water:acetonitrile (1:1) for ESI-MS analysis. 
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Figure 6.48. ESI-MS spectrum of the reaction between (R)-cysteine and probe 2 (positive ion 

mode). 

 

6.4.7.2. Homocysteine (Hcy) 

To a solution of probe 2 (0.025 M in acetonitrile, 480.0 µL) was added (S)-homocysteine 

(HCy) (0.025 mM in pH 8.5 sodium borate buffer; 0.25 M, 400.0 µL) and the  reaction was diluted 

to 2.5 mL using 1.12 mL of acetonitrile  and 0.5 ml of water. After 3 hours, CD analysis was 

carried out by diluting 70.0 μL aliquots with acetonitrile (2.0 mL) and UV analysis was carried out 

by diluting 20.0 μL aliquots with acetonitrile (2.0 mL).  
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Figure 6.49. CD spectra obtained from probe 2 with (S)-homocysteine. 

 

The reaction mixture was acidified with 1.0 M formic acid (20.0 μL) and an 8.0 µL aliquot of this 

mixture was diluted using 2.0 mL of water:acetonitrile (1:1) for ESI-MS analysis. 

 
Figure 6.50. ESI-MS spectrum of the reaction between (S)-Hcy and probe 2 (positive ion mode).  
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6.4.7.3. Glutathione 

To a solution of probe 2 (0.025 M in acetonitrile, 480.0 µL) was added (S,R)-glutathione 

(0.025 M in water in the presence of 3 equivalents of K2CO3, 200.0 µL) and the reaction was 

diluted to 2.5 mL using 1.12 mL of acetonitrile  and 0.5 mL of water. After 3 hours, 1.0 mL of 

DMSO, 0.5 mL of water and 0.5 mL of acetonitrile were added. CD analysis was carried out by 

diluting 140.0 μL aliquots with acetonitrile (2.0 mL) and UV analysis was carried out by diluting 

20.0 μL aliquots with acetonitrile (2.0 mL). 

 
Figure 6.51. CD spectra obtained from probe 2 with (S,R)-glutathione. 

 

The reaction mixture was acidified with 1.0 M formic acid (20.0 μL) and an 8.0 µL aliquot of this 

mixture was diluted using 2.0 mL of water:acetonitrile (1:1) for ESI-MS analysis.  
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Figure 6.52. ESI-MS spectrum of the reaction between (S,R)-glutathione and probe 2 (negative 

ion mode). 

 

6.4.7.4. Enantiomeric determination of cysteine in the presence of other biothiols 

Enantioselective analysis of cysteine sensing using probe 2 

A cysteine stock solution (0.025 M) was prepared in water in the presence of 3 equivalents of 

K2CO3. A probe 2 stock solution (0.025 M) was prepared in acetonitrile. A calibration curve was 

constructed using samples containing cysteine with varying enantiomeric composition. Probe 2 

(4.8 mM) and cysteine (2.0 mM) in the presence of K2CO3 (6.0 mM) with varying ee’s (+100, 

+80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in 2.5 mL of an acetonitrile:water 

(4:2.25) mixture. After 3 hours, the solutions were diluted with 2.0 mL of DMSO and 0.5 mL of 
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water. CD analysis was carried out by diluting 80.0 μL aliquots with acetonitrile (2.0 mL). The 

CD amplitudes at 440 nm were plotted against the enantiomeric excess of cysteine. 

 

Figure 6.53. Chiroptical response of probe 2 to scalemic samples of cysteine. 

 

 

Figure 6.54. Plot of the CD amplitudes at 440 nm versus sample %ee.  
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A sample containing cysteine (2.0 mM) with 50% ee enantiomeric composition was reacted with 

probe 2 (9.6 mM) in the presence of (S)-homocysteine (100% ee, 1.0 mM), (S,R)-glutathione 

(100% ee, 1.0 mM) and K2CO3 (6.0 mM) in 2.5 mL of an acetonitrile:water (4:2.25) mixture. After 

3 hours, the mixture was diluted with 2.0 mL of DMSO and 0.5 mL of water. CD analysis was 

carried out after diluting 80.0 μL aliquots with acetonitrile (2.0 mL). 

 

 

Figure 6.55. Chiroptical response of probe 2 to a sample of 50% ee of cysteine in the presence of 

(S)-homocysteine and (S,R)-glutathione. 

 

Enantiomeric ratio (er) determination of cysteine in the presence of other biothiols 

Seven scalemic samples of cysteine (2.0 mM) at varying enantiomeric ratios were prepared in the 

presence of (S)-homocysteine (1.0 mM), (S,R)-glutathione (1.0 mM) and K2CO3 (6.0 mM) in 2.5 

mL of an acetonitrile:water (4:2.25) mixture. After 3 hours, the mixtures were diluted with 2 mL 

of DMSO and 0.5 mL of water and subjected to analysis of the enantiomeric ratio and absolute 
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configuration using probe 2. CD spectra were obtained as described above. The CD responses at 

440 nm were used to determine the er. The absolute configuration was determined using the sign 

of the Cotton effect. 

CD intensity of the 50% ee mixture at 440 nm in the presence of homocysteine and (S,R)-

glutathione (z);  z = 9.9877 mdeg (Figure 6.58) 

Relationship between enantiomeric excess of cysteine and CD intensity 

y = 0.1169x - 0.5263 (Equation 5) 

The CD contribution of cysteine in a sample of 50% ee (x) according to Equation 5; 

y = 0.1169 * 50 – 0.5263 = 5.3187 mdeg 

The CD contribution of (S)-homocysteine and (S,R)-glutathione at 440 nm  (a);  (z – y) = a 

9.9877 mdeg - 5.3187 mdeg = 4.66895 mdeg  

The CD intensity measured of a sample of unknown cysteine %ee at 440 nm when all three 

biothiols are present = b 

The CD contribution of cysteine at 440 nm (c) 

𝑐 = 𝑏 − 𝑎 (Equation 6) 

Enantiomeric excess of cysteine (ee); 

𝑒𝑒 =
(𝑐 +0.5263)

0.1169
 (Equation 7)  
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Table 6.10. Sensing of the er and the absolute configuration of cysteine in the presence of 

homocysteine and glutathione. 

Sample composition Sensing results 

(440 nm) 

S/R Abs. config. S/R Abs. config. 

37.5:62.5 R 37.0:63.0 R 

27.5:72.5 R 31.3:68.7 R 

22.5:77.5 R 22.4:77.6 R 

82.5:17.5 S 85.4:14.6 S 

12.5:87.5 R 15.3:84.7 R 

92.5:07.5 S 92.4:07.6 S 

2.5:97.5 R 2.2:97.8 R 
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6.4.8. Crystallographic analysisxviii 

 

N-(5-Fluoro-2,4-dinitrophenyl)benzamide (2) 

 

 
 
A single crystal was obtained by slow evaporation of a solution of the chiral product in acetonitrile: 

hexanes: ethyl acetate (1:1:1). Single crystal X-ray analysis was performed at 100 K using a 

Siemens platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 

Data were integrated and corrected using the APEX 3 program. The structures were solved by 

direct methods and refined with full-matrix least-square analysis using SHELX-97-2 software. 

Non-hydrogen atoms were refined with anisotropic displacement parameter. Crystal data: 

C13H8FN3O5, M = 305.22, yellow prism, 0.93 x 0.49 x 0.14 mm3, monoclinic, space group P21/c, 

a = 6.2521(15), b = 7.8349(19), c = 24.818(6) Å, V = 1213.1(5) Å3, Z = 4.  

 
xviii Single crystal X-ray analyses were performed by Dr. Zeus De los Santos and Dr. Jeffery Bertke. 
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(S)-N-(5-((1-(Naphthalen-2-yl)ethyl)amino)-2,4-dinitrophenyl)benzamide (18) 

 

 
 

A single crystal was obtained by slow evaporation of a solution of the chiral product in hexanes: 

ethyl acetate: chloroform = (1:1:1). Single crystal X-ray analysis was performed at 100 K using a 

Siemens platform diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 

Data were integrated and corrected using the APEX 3 program. The structures were solved by 

direct methods and refined with full-matrix least-square analysis using SHELX-97-2 software. 

Non-hydrogen atoms were refined with anisotropic displacement parameter. Crystal data: 

C25H20N4O5, M = 456.45, colorless block, 0.19 x 0.13 x 0.08 mm3, monoclinic, space group P21, 

a = 6.082(4), b = 8.299(7), c = 20.852(15) Å, V = 1043.5(13) Å3, Z = 2.  
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Chapter 7. Quantitative Chirality and Concentration Sensing of Alcohols, Diols, Hydroxy 

Acids, Amines and Amino Alcohols using Chlorophosphite Sensors in a Relay Assayxix 

 

7.1. Introduction 

The introduction of high-throughput experimentation methodologies has greatly 

accelerated scientific discoveries and streamlined efforts in numerous academic and industrial 

laboratories aimed at solving complex chemical and biological tasks under strict time 

constraints.123 Despite the undisputable need for quantitative screening methods that can take full 

advantage of generally available multiwell plate technology with parallel data acquisition and 

processing capabilities traditional techniques it is still routine to analyze one sample at a time with 

serial techniques.95,96 The shortage of experimental advance with these endeavors can at least be 

partially attributed to the difficulty with simultaneous determination of the concentration and 

enantiomeric ratio (er) of chiral samples, and these tasks are commonly accomplished separately 

by gravimetric analysis and chiral chromatography, respectively. Recent progress with chiroptical 

sensing technologies has shown that high-throughput screening of an increasing variety of chiral 

compounds is now possible.124 The most impressive examples have been achieved with chiral 

amines, amino alcohols, amino acids, hydroxy acids and diols.125 But with regard to other 

compound classes, for example mono-alcohols, chiroptical on-the-fly concentration and er 

determination needs to be demonstrated. In fact, stereochemical analysis of chiral mono-alcohols 

by NMR spectroscopy,126 mass spectrometry127 or optical methods128 has remained challenging.129 

 
xix Reproduced in part from Thanzeel, F. Y., Kaluvu, B., Wolf, C. Angew. Chem. Int. Ed. 2020, 

with permission from the Wiley-VCH, Germany. DOI: 10.1002/anie.202005324. 
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Herein, a chiral alcohol relay sensing strategy was introduced, that can accomplish three 

tasks, i.e. determination of the absolute configuration, sample concentration and enantiomeric 

composition, altogether. A series of chromophoric phosphite and amidophosphite probes that 

expedite comprehensive stereochemical analysis of chiral mono-alcohols via simultaneous 

UV/CD analysis from a single sample were studied. In addition, the usefulness of this new class 

of sensors was proven by demonstrating a wide application spectrum that includes alcohols but 

also extends to diols, hydroxy acids, amines and amino alcohols. The unique molecular recognition 

and chiroptical sensing features are based on irreversible formation of alkyl (amido)phosphite 

products exhibiting characteristic UV and circular dichroism (CD) signals that allow combined 

concentration and er analysis. While most chirality sensors introduced to date have a narrow 

substrate scope we show that our phosphite probes are very broadly useful. 

 

7.2. Results and discussion 

To date, a wide range of optical chirality assays operating on the principles of dynamic 

covalent chemistry, in particular systems involving reversible Schiff base formation, or metal 

coordination, multicomponent assemblies, host-guest complexation, hydrogen bonding 

interactions and irreversible substrate binding have surfaced.126c To the best of our knowledge, 

stereochemical analysis with a phosphite or amidophosphite probe has not been demonstrated. It 

was envisioned that fast binding of alcohol substrates with aromatic chlorophosphite probes 1-5 

should be possible and enable the complicated stereochemical sensing tasks outlined above, Figure 

7.1.   
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Figure 7.1. Structures of chlorophosphite probes 1-5 and chiral alcohol, diol, hydroxy acid, 

amino alcohol and amine target compounds 6-33. Only one enantiomer is shown. 

 

Although initial focus was placed on the challenging group of alcohols 6-18, the possibility of 

optical sensing of diols and hydroxy acids 19-22, amino alcohols 23-28 and amines 29-33 was also 

investigated. 

 

Scheme 7.1. Synthesis of probe 5 (top)  and CD signatures of the phosphites derived from probes 

1 and 5, respectively, and the enantiomers of 1-phenylethanol, 6 (bottom). For comparison, the CD 

spectrum of the free alcohol (R)-6 under the same conditions is shown in orange. The CD 

measurements were conducted in chloroform at 0.75 mM (left) and 0.22 mM (right). 
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The chlorobenzodioxaphosphite 1 was commercially available and the analogues 2-4 were 

prepared in a single step from the corresponding diols and phosphorous trichloride. The N,N’-

dibenzyl chlorobenzodiazaphophite 5 was synthesized in three high-yielding steps (Scheme 7.1.). 

The ability of the probes 1-5 to differentiate between the enantiomers of 1-phenylethanol, 6, and 

1-phenylbutanol, 7, was then tested under various conditions (see Experimental section 7.4.2). It 

was found that all probes generate CD signals that are easily obtained by a mixing stoichiometric 

amounts of the chlorophosphite and the analyte in the presence of diisopropylethylamine (Scheme 

7.1). The phosphite formation was verified with several substrates by ESI-MS analysis (see 

Experimental section 7.4.3). Importantly, the sensing reaction is very fast, it is complete within 3 

minutes and readily occurs in common organic solvents, including CHCl3, CH2Cl2, THF and ACN, 

at room temperature which underscores the potential of this sensing assay in high-throughput 

screening applications. 

Encouraged by these initial findings, the suitability of the chloroamidophosphite 5 was 

tested for enantioselective recognition and analysis of the enantiomeric ratio of samples with 

various amounts of 6, Table 7.1. In all cases, the formation of the amidophosphite 34 allowed 

correct identification of the absolute configuration of the major enantiomer by comparison with a 

reference sample and determination of the enantiomeric composition of the nonracemic samples 

with high accuracy. For example, the sensing of the samples containing the (R)- and (S)-6 in a 

95.0:5.0 and 35.0: 65.0 ratio gave 94.6:5.4 and 34.9:65.1, respectively, entries 1 and 4 (see 

Experimental section 7.4.5.1).  
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Table 7.1. Chiroptical determination of the enantiomeric ratio and absolute configuration of 

samples of 1-phenylethanol, 6, using probe 5. 

 

Entry 
Sample composition Sensing results 

Conc. (mM) Abs. config. er Abs. config.a erb 

1 5 R 95.0:5.0 R 94.6:5.4 

2 10 S 15.0:85.0 S 18.8:81.2 

3 15 R 75.0:25.0 R 78.3:21.7 

4 18 S 35.0:65.0 S 34.9:65.1 

5 19 R 95.0:5.0 R 95.5:4.5 
aBased on the sign of the induced Cotton effects. bThe er was calculated based on the CD signal 

at 300 nm. 

 

The evaluation of the substrate scope was continued by applying the standard sensing 

protocol with probes 1 and 5 to a large variety of alcohols 6-18 including aliphatic substrates and 

natural products such as menthol and isopulegol. In all cases, it was found that the alcohol binding 

induces a characteristic CD signal that can be utilized for enantioselective analysis. Representative 

sensing results with 11, 12, 14 and 18 are shown in Figure 7.2. Based on the general usefulness 

with mono-alcohols, it was expected that the application spectrum of our sensors would extend to 

other important target compounds and therefore our chiroptical assay was applied to the diols, 

hydroxy acids, amino alcohols and amines 19-33. Again, a smooth phosphite formation was 

observed under mild conditions in the presence of base and simultaneous induction of strong 

chiroptical signals at submillimolar concentrations, Figure 7.2.   
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Figure 7.2. Representative CD responses of probes 1 and 5 to alcohols, hydroxy acids, amino 

alcohols and amines. All measurements were performed at 0.13-0.40 mM in chloroform.   
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The successful testing with a total of 28 structurally diverse analytes demonstrates that chirality 

sensing with aromatic chlorophosphites is broadly useful and a practical tool for the determination 

of the absolute configuration and enantiomeric composition of several compound classes (see 

Experimental section 7.4.4). 

To develop a robust optical assay that can accomplish on-the-fly sensing of the 

enantiomeric ratio and total concentration of chiral compounds the tandem use of probe 1 and 

aniline derived UV indicators was explored. The general concept of this relay assay is shown in 

Scheme 7.2. First, the phosphite formation of an unknown amount of the alcohol substrate that 

may be present in up to 25.0 mM with a full equivalent of 1 matching the maximal possible analyte 

concentration is used for the determination of the absolute configuration and enantiomeric ratio 

via CD analysis as described above. The remaining excess of unreacted 1 is then captured with an 

aniline indicator to generate a quantifiable UV signal that is correlated to the original analyte 

concentration. Several candidates were screened for this purpose and the shortest reaction time 

together with a distinct UV change that can be used for accurate determination of the original 

alcohol amount were obtained with para-anisidine 38 (see Experimental section 7.4.5.2). This 

chiroptical sensing workflow was first tested with samples containing the alcohol 6 in varying 

amounts and enantiomeric ratios to quantitatively correlate the variation in the corresponding 

chiroptical readouts to the change of the analyte concentration and er. Having established the relay 

flow, the comprehensive sensing analysis was then attempted of several alcohol mixtures. The 

samples were subsequently treated with the chlorophosphite and the aniline probe and the resulting 

mixtures containing 37 and 39 in varying quantities were then subjected to CD/UV analysis, Table 

7.2.   
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Scheme 7.2. a) Workflow of the comprehensive UV/CD sensing of 1-phenylethanol using probe 

1 and p-anisidine as indicator. b) Chiroptical probe responses. Left: CD response of probe 1 at 273 

nm to scalemic samples of 1-phenylethanol. Right: UV response at 308 nm to different 

concentrations of 1-phenylethanol in the presence of probe 1 and the indicator.   
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The results prove that the optical relay sensing concept is very reliable and generates 

accurate concentration and er data. The analysis of a nonracemic solution of 6 with an S:R ratio of 

83.4:16.6 and a total concentration (both enantiomers combined) of 6.0 mM gave 84.1:15.9 and 

6.2 mM, see entry 1. The sensing of other mixtures with vastly different amounts and enantiomeric 

compositions was also successful and relatively small error margins were obtained that are 

acceptable for high-throughput screening purposes, entries 2-7. The recording of CD and UV 

spectra can be accomplished simultaneously by modern CD spectrophotometers which takes full 

advantage of the inherent speed of the underlying reactions and the continuous relay workflow. 

 

Table 7.2. Simultaneous chiroptical sensing of the concentration, absolute configuration and 

enantiomeric ratio of nonracemic samples of 6. 

Entry 

Sample composition Sensing results 

Conc. 

(mM) 

Abs. 

config. 
er 

Conc.a 

(mM) 

Abs.  

config.b 
erc 

1 6.0 S 83.4:16.6 6.2 S 84.1:15.9 

2 10.0 S 85.0:15.0 9.9 S 82.9:17.1 

3 13.0 R 25.0:75.0 13.8 R 22.3:77.7 

4 16.0 S 71.9:28.1 15.6 S 67.5:32.5 

5 18.0 R 33.3:66.7 18.6 R 34.1:65.9 

6 20.0 S 62.5:37.5 20.5 S 61.8:38.2 

7 24.0 S 97.9:2.1 22.5 S 96.9:3.1 
aBased on the UV change at 308 nm. bBased on the sign of the induced Cotton effects. cThe er was 

calculated based on the CD amplitude measured at 273 nm.  

 

7.3. Conclusion 

In summary, a new class of chiroptical probes and a relay assay sensing strategy that enable 

accurate on-the-fly stereochemical analysis of mono-alcohols, diols, hydroxy acids, amines and 

amino alcohols were introduced. The chlorophosphite CD probes 1-5 and several aniline derived 
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UV indicators were evaluated and the commercially available chlorobenzodioxaphosphite and 

para-anisidine were combined into a continuous sensing workflow. The practicality of this 

approach and the accuracy of the chiroptical concentration and enantiomeric ratio analysis were 

demonstrated with seven 1-phenylethanol samples. It is envisioned that this assay can be adapted 

to high-throughput equipment and multiwell plate technology which would allow fully automated 

operation and simultaneous screening of hundreds of samples in parallel. 

 

7.4. Experimental section 

7.4.1. General information 

Commercially available 2-chlorobenzo[d][1,3,2]dioxaphosphole (1), naphthalene-2,3-diol, 

2,2′-biphenol, 4-nitrocatechol, all reagents and solvents were used as purchased without further 

purification. N, N2-Dibenzylbenzene-1,2-diamine (36),130 6-

chlorodibenzo[d,f][1,3,2]dioxaphosphepine (4)131 and 2-chloronaphtho[2,3-

d][1,3,2]dioxaphosphole (3)132 were synthesized by following literature procedures. NMR spectra 

were obtained at 400 MHz (1H NMR) and 100 MHz (13C NMR) in deuterated chloroform. 

Chemical shifts are reported in ppm relative to TMS. Reaction products were purified by column 

chromatography on silica gel (particle size 40-63 μm). The CD spectra were collected with a 

standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, a bandwidth of 1 nm, in a continuous 

scanning mode with a scanning speed of 500 nm/min and a response of 1 s, using a quartz cuvette 

(1 cm path length). The data were baseline corrected and smoothed using a binomial equation. 
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7.4.2. Synthesis of chlorophosphites and chlorodiazaphosphitexx 

A 25-mL two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux 

condenser was flame-dried and purged with nitrogen. The flask was charged with 2,2′-biphenol 

(558 mg, 3.0 mmol) and phosphorus trichloride (2.51 mL, 28.8 mmol) under nitrogen. N-Methyl-

2-pyrrolidinone (5 mol%) was added and the reaction mixture was refluxed at 92 oC for 2 hours. 

After cooling, the reaction mixture was transferred to a 100 mL round-bottom flask and the 

remaining PCl3 was removed under reduced pressure. Trace amounts of PCl3 were evaporated with 

dry toluene (3 x 20 mL). The resulting colorless amorphous solid was directly used for chirality 

sensing of alcohols without further purification. 

 

2-Chloro-5-nitrobenzo[d][1,3,2]dioxaphosphole (2) 

Compound 2 was obtained as a yellow amorphous solid in 89% yield (584 mg, 2.67 mmol) from 

4-nitrobenzene-1,2-diol (465 mg, 3.0 mmol) and phosphorus trichloride (2.51 mL, 28.8 mmol) in 

the presence of 5 mol% of NMP by following the general procedure described above. 1H NMR 

(400 MHz, Chloroform-d) δ = 8.20 – 8.10 (m, 2H), 7.37 (d, J = 8.6 Hz, 1H); 13C NMR (100 MHz, 

Chloroform-d) δ = 149.5 (d, JC-P = 8.0 Hz), 145.1 (d, JC-P = 8.0 Hz), 144.7, 121.2, 113.8, 110.4; 

Anal. Calcd. for C6H3ClNO4P: C, 32.83; H, 1.38; N, 6.38. Found: C, 32.58; H, 1.67; N, 6.45. 

 

2-Chloronaphtho[2,3-d][1,3,2]dioxaphosphole (3) 

Compound 3 was obtained as a yellow amorphous solid in 96% yield (645 mg, 2.88 mmol) from 

naphthalene-2,3-diol (480 mg, 3.0 mmol) and phosphorus trichloride (2.51 mL, 28.8 mmol) by 

 
xx Performed by Prof. Balaraman Kaluvu. 
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following the general procedure described above. Characterization and spectroscopic data were in 

agreement with literature values.134 

 

6-Chlorodibenzo[d,f][1,3,2]dioxaphosphepine (4) 

Compound 4 was obtained as a yellow amorphous solid in 94% yield (705 mg, 2.82 mmol) from 

2,2′-biphenol (558 mg, 3.0 mmol) and phosphorus trichloride (2.51 mL, 28.8 mmol) by following 

the general procedure described above. Characterization and spectroscopic data were in agreement 

with literature values.133 

 

1,3-Dibenzyl-2-chloro-2,3-dihydro-1H-benzo[d][1,3,2]diazaphosphole (5) 

Compound 5 was obtained as a pale yellow amorphous solid in 96% yield (1.013 g, 2.87 mmol) 

from N1,N2-dibenzylbenzene-1,2-diamine (34) (865 mg, 3.0 mmol) and phosphorus trichloride 

(2.51 mL, 28.8 mmol) in the presence of 5 mol% NMP by following the general procedure 

described above. 1H NMR (400 MHz, Chloroform-d) δ = 7.46 – 7.40 (m, 4H), 7.40 – 7.30 (m, 6H), 

6.98 (m, 2H), 6.90 (m, 2H), 4.92 (d, JH-P = 12.1 Hz, 4H); 13C NMR (100 MHz, Chloroform-d) δ = 

137.2 (d, JC-P = 10.5 Hz), 135.9 (d, JC-P = 7.1 Hz), 129.0, 128.3 (d, JC-P = 1.3 Hz), 128.2, 121.6, 

111.5 (d, JC-P = 1.3 Hz), 48.1 (d, JC-P = 17.7 Hz); Anal. Calcd. for C20H18ClN2P: C, 68.09; H, 5.14; 

N, 7.94. Found: C, 67.88; H, 5.36; N, 7.66.  
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7.4.3. Probe development and optimization studies 

Initially, reactions were performed with 1-phenylbutanol (7) concentrations as described 

below to identify a probe with superior chiroptical properties. The CD spectra were collected with 

a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, a bandwidth of 1 nm, in a continuous 

scanning mode with a scanning speed of 500 nm/min and a response of 1 s, using a quartz cuvette 

(1 cm path length). The data were baseline corrected and smoothed using a binomial equation. 

Solutions containing probe 1, 2, 3, 4 or 5 (25.0 mM) with 1-phenylbutanol (7) (20.0 mM) and 

DIPEA (40.0 mM) in 1.0 mL of chloroform were stirred for 2 hours and subjected to CD analysis.   
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7.4.3.1. Initial UV and CD sensing experiments with probe 1-5 

 

Figure 7.3. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 1. CD measurements were taken at 0.61 mM in chloroform. 

 

  

 

Figure 7.4. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 2. CD measurements were taken at 0.37 mM after diluting with chloroform. 
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Figure 7.5. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 3. CD measurements were taken at 0.25 mM after diluting with chloroform. 

 

 

 

 

Figure 7.6. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 4. CD measurements were taken at 0.25 mM after diluting with chloroform. 
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Figure 7.7. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 5. CD measurements were taken at 0.25 mM after diluting with chloroform. 

 

 

 

 

Figure 7.8. UV sensing of (S)-1-phenylbutanol (7) (yellow) with probe 4 (yellow) and of the probe 

4 (green). UV measurements were taken at 0.12 mM after diluting with chloroform. 
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Figure 7.9. UV sensing of (S)-1-phenylbutanol (7) (yellow) with probe 5 (yellow) and of the probe 

5 (green). UV measurements were taken at 0.10 mM after diluting with chloroform. 

 

 

7.4.3.2. Optimization of the reaction solvent and CD solvent 

A solution of probe 1 (25.0 mM), 1-phenylbutanol (7) (20.0 mM) and DIPEA (40.0 mM) 

in 1.0 mL of solvent was stirred for 2 hours and subjected to CD analysis.  

Reaction performed in hexanes resulted in precipitation. Considering the CD intensity and 

volatility of solvents, chloroform was selected as the optimal reaction and CD solvent for future 

studies.  

0

0.2

0.4

0.6

0.8

1

1.2

250 280 310 340

A
b

s

nm



249 

 

 

Figure 7.10. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 1 in chloroform. CD measurements were taken at 0.68 mM after diluting with chloroform. 

 

 

 

 
Figure 7.11. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 1 in acetonitrile. CD measurements were taken at 0.68 mM after diluting with acetonitrile. 
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Figure 7.12. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 1 in THF. CD measurements were taken at 0.49 mM after diluting with THF. 

 

 

 

Figure 7.13. CD sensing of (S)-1-phenylbutanol (7) (red) and (R)-1-phenylbutanol (7) (blue) with 

probe 1 in dichloromethane. CD measurements were taken at 0.68 mM after diluting with 

dichloromethane.  
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7.4.4. Mechanistic studies 

7.4.4.1. Sensing speed 

A solution of probe 1 (25.0 mM), 1-phenylethanol (6) (20.0 mM) and DIPEA (40.0 mM) 

in 1.0 mL of solvent was stirred and subjected to CD analysis at different time intervals. CD 

measurements were taken by diluting 60.0 µL of the reaction mixture with 2.0 mL of chloroform. 

 
Figure 7.14. CD intensity at different time intervals. 

 
Figure 7.15. Plot of CD intensity at 273 nm vs time.  
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7.4.4.2. ESI-MS analysis 

ESI-MS analysis of the reaction between (R)-1-phenylethanol (6) (20.0 mM) and probe 5 

(25.0 mM) in the presence of DIPEA (40.0 mM) in chloroform (0.5 mL) was performed. After 2 

hours, the reaction mixture was diluted to 10.0 mL using ACN. An 8.0 µL aliquot of this mixture 

was diluted to 2.0 mL with ACN for ESI-MS analysis. 

 

 

 
Figure 7.16. ESI-MS spectrum of probe 5 with 1-phenylethanol (6) (positive ion mode).  
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ESI-MS analysis of the reaction between (R,R)-hydrobenzoin (19) (13.3 mM) and probe 5 (33.3 

mM) in the presence of DIPEA (53.3 mM) in chloroform (0.75 mL) was performed. After 2 hours, 

the reaction mixture was diluted to 10.0 mL using ACN. An 8.0 µL aliquot of this mixture was 

diluted to 2.0 mL with ACN for ESI-MS analysis. 

 

 

 
Figure 7.17. ESI-MS spectrum of probe 5 with (R,R)-hydrobenzoin (19) (positive ion mode).  
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ESI-MS analysis of the reaction between (1S,2R)-(−)-norephedrine (25) (13.3 mM) and probe 5 

(33.3 mM) in the presence of DIPEA (53.3 mM) in chloroform (0.75 mL) was performed. After 2 

hours, the reaction mixture was diluted to 10.0 mL using ACN. An 8.0 µL aliquot of this mixture 

was diluted to 2.0 mL with ACN for ESI-MS analysis. 

 

 

 
Figure 7.18. ESI-MS spectrum of probe 5 with (1S,2R)-(−)-norephedrine (25) (positive ion 

mode).  
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ESI-MS analysis of the reaction between (S)-3,3,3-trifluoro-2-hydroxy-2-methylpropionic acid 

(22) (13.3 mM) and probe 5 (33.3 mM) in the presence of DIPEA (39.9 mM) in chloroform (0.75 

mL) was performed. After 2 hours, the reaction mixture was diluted to 10.0 mL using ACN. An 

8.0 µL aliquot of this mixture was diluted to 2.0 mL with ACN for ESI-MS analysis. 

 

 

 
Figure 7.19. ESI-MS spectrum of probe 5 with (S)-3,3,3-trifluoro-2-hydroxy-2-methylpropionic 

acid (22) (negative ion mode).  
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ESI-MS analysis of the reaction between (1R,2R)-(−)-pseudoephedrinepropionamide (12) (20.0 

mM) and probe 5 (25.0 mM) in the presence of DIPEA (40.0 mM) in chloroform (0.50 mL) was 

performed. After 2 hours, the reaction mixture was diluted to 10.0 mL using ACN. An 8.0 µL 

aliquot of this mixture was diluted to 2.0 mL with ACN for ESI-MS analysis. 

 

 

 
Figure 7.20. ESI-MS spectrum of probe 5 with (1R,2R)-(−)-pseudoephedrinepropionamide (12) 

(positive ion mode).  
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ESI-MS analysis of the reaction between benzyl (R)-(−)-mandelate (14) (20.0 mM) and probe 5 

(25.0 mM) in the presence of DIPEA (40.0 mM) in chloroform (0.5 mL) was performed. After 2 

hours, the reaction mixture was diluted to 10.0 mL using ACN. An 8.0 µL aliquot of this mixture 

was diluted to 2.0 mL with ACN for ESI-MS analysis. 

 
 

 

 
Figure 7.21. ESI-MS spectrum of probe 5 with (R)-(−)-mandelate (14) (positive ion mode). 
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7.4.5. Sensing scope 

All CD spectra were collected with a standard sensitivity of 100 mdeg, a data pitch of 0.5 

nm, a bandwidth of 1 nm, in a continuous scanning mode with a scanning speed of 500 nm/min 

and a response of 1 s, using a quartz cuvette (1 cm path length). The data were baseline corrected 

and smoothed using a binomial equation. 

 

7.4.5.1. Sensing scope of probe 1 

A solution of probe 1 (25.0 mM), the chiral substrates (20.0 mM) and DIPEA (40.0 mM) 

in 1.0 mL of chloroform was stirred for 2 hours and subjected to CD analysis.  

 

 

 
Figure 7.22. CD sensing of (S)-6 (red) and (R)-6 (blue). CD measurements were taken at 0.75 mM 

in chloroform.  
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Figure 7.23. CD sensing of (S)-7 (red) and (R)-7 (blue). CD measurements were taken at 0.61 mM 

in chloroform. 

 

 

 

 

 
Figure 7.24. CD sensing of (S)-8 (red) and (R)-8 (blue). CD measurements were taken at 0.75 mM 

in chloroform.  
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Figure 7.25. CD sensing of (S)-9 (red) and (R)-9 (blue). CD measurements were taken at 0.75 mM 

in chloroform. 

 

 

 

 

 
Figure 7.26. CD sensing of (S)-10 (red) and (R)-10 (blue). CD measurements were taken at 0.25 

mM in chloroform.  
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Figure 7.27. CD sensing of trans-(1S,2R)-11 (red) and trans-(1R,2S)-11 (blue). CD measurements 

were taken at 0.61 mM in chloroform. 

 

 

 

 

 

 
Figure 7.28. CD sensing of anti-(1S,2S)-12 (red) and anti-(1R,2R)-12 (blue). CD measurements 

were taken at 0.40 mM in chloroform.  

-30

-20

-10

0

10

20

30

250 275 300m
d

eg

nm

-20

-10

0

10

20

250 275 300m
d

eg

nm



262 

 

 
Figure 7.29. CD sensing of (S)-15 (red) and (R)-15 (blue). CD measurements were taken at 0.81 

mM in chloroform. 

 

 

 

 

 

 
Figure 7.30. CD sensing of (1S,2R,5S)-16 (red) and (1R,2S,5R)-16 (blue). CD measurements were 

taken at 0.90 mM in chloroform.  
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Figure 7.31. CD sensing of (S)-17 (red) and (R)-17 (blue). CD measurements were taken at 0.61 

mM in acetonitrile. 

 

 

 

 

 
Figure 7.32. CD sensing of (S)-29 (red) and (R)-29 (blue). CD measurements were taken at 0.34 

mM in chloroform.  
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Figure 7.33. CD sensing of (S)-33 (red) and (R)-33 (blue). CD measurements were taken at 0.61 

mM in chloroform. 

 

7.4.5.2. Sensing scope of probe 5 

A solution of probe 5 (25.0 mM), chiral alcohols or amines (20.0 mM) and DIPEA (40.0 

mM) in 1.0 mL of chloroform was stirred for 2 hours and subjected to CD analysis. The sensing 

of amino alcohols and diols were performed using probe 5 (33.3 mM), the substrate (13.3 mM) 

and DIPEA (53.3 mM) in 1.5 mL of chloroform. After sensing for 24 hours, CD analysis was 

performed after further dilution as indicated below. The same concentrations and protocol except 

for DIPEA (39.9 mM) was used for sensing of hydroxy acids.  
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Figure 7.34. CD sensing of (S)-6 (red) and (R)-6 (blue). CD measurements were taken at 0.22 mM 

in chloroform. 

 

 

 

 

 
Figure 7.35. CD sensing of (S)-7 (red) and (R)-7 (blue). CD measurements were taken at 0.25 mM 

in chloroform.  

-50

-25

0

25

50

250 280 310 340m
d

eg

nm

-40

-30

-20

-10

0

10

20

30

40

250 280 310 340m
d

eg

nm



266 

 

 

 
Figure 7.36. CD sensing of (S)-8 (red) and (R)-8 (blue). CD measurements were taken at 0.22 mM 

in chloroform. 

 

 

 

 

 
Figure 7.37. CD sensing of (S)-9 (red) and (R)-9 (blue). CD measurements were taken at 0.22 mM 

in chloroform.  
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Figure 7.38. CD sensing of (S)-10 (red) and (R)-10 (blue). CD measurements were taken at 0.17 

mM in chloroform. 

 

 

 

 

 

 
Figure 7.39. CD sensing of trans-(1S,2R)-11 (red) and trans-(1R,2S)-11 (blue). CD measurements 

were taken at 0.22 mM in chloroform.  
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Figure 7.40. CD sensing of anti-(1S,2S)-12 (red) and anti-(1R,2R)-12 (blue). CD measurements 

were taken at 0.25 mM in chloroform. 

 

 

 

 

 
Figure 7.41. CD sensing of (1S,2R)-13 (red) and (1R,2S)-13 (blue). CD measurements were taken 

at 0.20 mM in chloroform.  
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Figure 7.42. CD sensing of (S)-14 (red) and (R)-14 (blue). CD measurements were taken at 0.25 

mM in chloroform. 

 

 

 

 

 

 
Figure 7.43. CD sensing of (S)-15 (red) and (R)-15 (blue). CD measurements were taken at 0.22 

mM in chloroform.  
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Figure 7.44. CD sensing of (1S,2R,5S)-18 (red) and (1R,2S,5R)-18 (blue). CD measurements were 

taken at 0.30 mM in chloroform. 

 

 

 

 

 

 

 
Figure 7.45. CD sensing of (S,S)-19 (red) and (R,R)-19 (blue). CD measurements were taken at 

0.13 mM in chloroform.  
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Figure 7.46. CD sensing of (S)-20 (red) and (R)-20 (blue). CD measurements were taken at 0.13 

mM in chloroform. 

 

 

 

 

 
Figure 7.47. CD sensing of (S)-21 (red) and (R)-21 (blue). CD measurements were taken at 0.13 

mM in chloroform.  

-12

-6

0

6

12

257 307 357m
d

eg

nm

-15

-10

-5

0

5

10

15

257 297 337m
d

eg

nm



272 

 

 
Figure 7.48. CD sensing of (S)-22 (red) and (R)-22 (blue). CD measurements were taken at 0.13 

mM in chloroform. 

 

 

 

 

 
Figure 7.49. CD sensing of anti-(1S,2R)-23 (red) and anti-(1R,2S)-23 (blue). CD measurements 

were taken at 0.13 mM in chloroform.  
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Figure 7.50. CD sensing of syn-(1S,2S)-24 (red) and syn-(1R,2R)-24 (blue). CD measurements 

were taken at 0.13 mM in chloroform. 

 

 

 

 

 

 
Figure 7.51. CD sensing of anti-(1S,2R)-25 (red) and anti-(1R,2S)-25 (blue). CD measurements 

were taken at 0.13 mM in chloroform.  
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Figure 7.52. CD sensing of (S)-26 (red) and (R)-26 (blue). CD measurements were taken at 0.13 

mM in chloroform. 

 

 

 

 

 

 

 
Figure 7.53. CD sensing of trans-(1S,2S)-27 (red) and trans-(1R,2R)-27 (blue). CD measurements 

were taken at 0.13 mM in chloroform.  
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Figure 7.54. CD sensing of (S)-28 (red) and (R)-28 (blue). CD measurements were taken at 0.13 

mM in chloroform. 

 

 

 

 

 
Figure 7.55. CD sensing of (S)-29 (red) and (R)-29 (blue). CD measurements were taken at 0.25 

mM in chloroform.  
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Figure 7.56. CD sensing of (S)-30 (red) and (R)-30 (blue). CD measurements were taken at 0.25 

mM in chloroform. 

 

 

 

 

 

 
Figure 7.57. CD sensing of with (S)-31 (red) and (R)-31 (blue). CD measurements were taken at 

0.25 mM in chloroform  
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Figure 7.58. CD sensing of (S)-32 (red) and (R)-32 (blue). CD measurements were taken at 0.25 

mM in chloroform. 

 

 

 

 

 

 
Figure 7.59. CD sensing of (S)-33 (red) and (R)-33 (blue). CD measurements were taken at 0.25 

mM in chloroform.  
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7.4.6. Comprehensive sensing: Absolute configuration, enantiomeric composition and total 

concentration 

7.4.6.1. Concentration and ee analysis of 1-phenylethanol (6) using probe 5 

 

 
Scheme 7.3. Comprehensive sensing of 1-phenylethanol (6) using probe 5. 

 

The change in the UV absorbance of probe 5 upon (R)-1-phenylethanol (6) sensing was 

analyzed. Probe 5 (25.0 mM) and (R)-1-phenylethanol (6) in varying concentrations (0.0-20.0 

mM) were dissolved in the presence of DIPEA (40.0 mM) in 1.0 mL of chloroform under inert 

atmosphere and the solution was stirred for 2 hours. An aliquot of 10.0 μL was diluted with 

chloroform (2.0 mL) and the mixture was subjected to UV analysis. The UV absorbance at 300 

nm increased as the concentration of (R)-1-phenylethanol (6) in the original samples changed from 

0 to 20.0 mM. The UV absorbance change at 300.0 nm was plotted against concentration (mM) of 

(R)-1-phenylethanol (6).  
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Figure 7.60. UV spectra obtained from the reaction between probe 5 and varying amounts of (R)-

1-phenylethanol (6). 

 

 

 
Figure 7.61. Plot of the absorbance at 300.0 nm vs. the concentration of (R)-1-phenylethanol (6). 

 

 

A calibration curve was constructed using samples containing 1-phenylethanol (6) with varying 

enantiomeric composition. Probe 5 (25.0 mM) and 1-phenylethanol (6) (20.0 mM) with varying 
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ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were dissolved in the presence of 

DIPEA (40.0 mM) in 1.0 mL of chloroform. After 2 hours, CD analysis was carried out by diluting 

30.0 μL of the reaction mixture with chloroform (2.0 mL).  

 

 
Figure 7.62. Chiroptical response of probe 5 to scalemic samples of 1-phenylethanol (6). 

 

 

 
Figure 7.63. Plot of the CD amplitudes at 300 nm versus sample %ee.  
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Enantiomeric ratio and absolute configuration determination of 1-phenylethanol (6) 

Five samples containing 1-phenylethanol (6) with varying ee’s were prepared in 1.0 mL of 

chloroform and subjected to simultaneous analysis of the enantiomeric excess and absolute 

configuration using probe 5 (25.0 mM). CD spectra were obtained as described above. The 

enantiomeric excess was calculated using Equation 1. The absolute configuration was determined 

using the sign of the Cotton effect (Table 7.1). 

 

Concentration of 1-phenylethanol = x (in mM) 

Enantiomeric excess of 1-phenylethanol = %𝑒𝑒 =
(

(𝑚𝑑𝑒𝑔 ×20)

𝑥
 + 0.316)

0.4303
 (Equation 1) 
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7.4.6.2. Concentration and er analysis of 1-phenylethanol (6) using CD probe 1 and p-

anisidine as UV indicator 

UV change of the probe 1 with different indicators 

 
Scheme 7.4. Reaction of probe 1 with different additives 

 

The change in the UV absorbance of probe 1 upon the addition of various aniline derivative  was 

analyzed. A solution of probe 1 (25.0 mM), aniline derivative (25.0 mM) and DIPEA (40.0 mM) 

in 1.0 mL of chloroform was stirred for 1.5 hours. An aliquot of 10.0 μL was diluted with 

chloroform (2.0 mL) and the mixture was subjected to UV analysis. 

 

Indicator: 1-Naphthylamine 

 

Figure 7.64. UV change of probe 1 upon addition of 1-naphthylamine (blue). UV Spectra of probe 

1 (yellow) and 1-naphtylamine (red).  
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Indicator: o-Toluidine 

 
Figure 7.65. UV change of probe 1 upon addition of o-toluidine (blue). UV Spectra of probe 1 

(yellow) and o-toluidine (red). 

 

 

Indicator: 4-Nitroaniline 

 

 
Figure 7.66. UV change of probe 1 upon addition of 4-nitroaniline (blue). UV Spectra of probe 1 

(yellow) and 4-nitroaniline (red).  
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Indicator: p-Anisidine 

 
Figure 7.67. UV change of probe 1 upon addition of p-anisidine (blue). UV Spectra of probe 1 

(yellow) and p-anisidine (red). 

 

Indicator: 4-Fluoroaniline 

 

 
Figure 7.68. UV change of probe 1 upon addition of 4-fluoroaniline (blue). UV Spectra of probe 

1 (yellow) and 4-fluoroaniline (red).  
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Indicator: Martius yellow 

 
Figure 7.69. UV change of probe 1 upon addition of Martius yellow (blue). UV Spectra of probe 

1 (yellow) and Martius yellow (red). 

 

 

Indicator: 4-Methoxyphenol 

 
Figure 7.70. UV change of probe 1 upon addition of 4-methoxyphenol (blue). UV Spectra of probe 

1 (yellow) and 4-methoxyphenol (red).  
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The most distinct UV change and shortest reaction time was obtained with p-anisidine. Thus p-

anisidine was chosen as the UV indicator for concentration and ee analysis of 1-phenylethanol (6). 

 

Concentration and er analysis  

 
Scheme 7.5. Comprehensive sensing of 1-phenylethanol (6) using probe 1 and p-anisidine. 

 

 

The change in the UV absorbance of probe 1 upon (R)-1-phenylethanol (6) sensing was analyzed. 

Probe 1 (25.0 mM) and (R)-1-phenylethanol (6) in varying concentrations (0.0-25.0 mM) were 

dissolved in the presence of DIPEA (40.0 mM) in 1.0 mL of acetonitrile under inert atmosphere 

and the solution was stirred for 30 minutes. p-Anisidine (25.0 mM) was then added as indicator 

and the solution was stirred for another hour. An aliquot of 20.0 μL was diluted with acetonitrile 

(2.0 mL) and the mixture was subjected to UV analysis. The UV absorbance at 308.0 nm increased 

as the concentration of (R)-1-phenylethanol (6) in the original samples changed from 0 to 25.0 

mM. The UV absorbance change at 308.0 nm was plotted against concentration (mM) of (R)-1-

phenylethanol (6).  
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Figure 7.71. UV response to different concentrations of 1-phenylethanol (6) in the presence of an 

indicator. 

 

 
 
 
 

 
Figure 7.72. Plot of the UV amplitudes at 308.0 nm versus sample concentration.  
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A calibration curve was constructed using samples containing 1-phenylethanol (6) with varying 

enantiomeric composition. Probe 1 (25.0 mM) and 1-phenylethanol (6) (20.0 mM) with varying 

ee’s (+100, +80, +60, +40, +20, 0, -20, -40, -60, -80, -100%) were stirred in 1.0 mL of acetonitrile 

for 30 minutes. p-Anisidine (25.0 mM) was then added as indicator and the solution was stirred 

for another hour. An aliquot of 65.0 μL was diluted with chloroform (2.0 mL) and the mixture was 

subjected to CD analysis. The CD intensity at 273.0 nm was plotted against the enantiomeric 

excess of 1-phenylethanol (6). 

 
 

Figure 7.73. Chiroptical response of probe 1 to scalemic samples of 1-phenylethanol (6).  
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Figure 7.74. Plot of the CD amplitude at 273.0 nm versus sample %ee 

 

Simultaneous ee and concentration determination using probe 1 

Seven scalemic samples of 1-phenylethanol (6) at varying concentrations in acetonitrile were 

prepared and subjected to simultaneous analysis of the concentration, enantiomeric excess and 

absolute configuration using probe 1. First, a UV spectrum was obtained as described above and 

the concentration was calculated using the intensities at 308.0 nm with the regression equation 

obtained above (Fig. 7.74, Equation 2). Then, a CD spectrum was obtained as described above. 

The relevant intensities at 273.0 nm were applied in the linear regression equation obtained above 

(Fig. 7.74, Equation 3) to determine the enantiomeric composition. The absolute configuration was 

determined based on the sign of the Cotton effect (Table 7.2). 

 

Concentration of 1-phenylethanol (in mM) = x = 
(𝑦 − 0.1994)

0.0106
  (Equation 2) 

Enantiomeric excess of 1-phenylethanol = %𝑒𝑒 =
(

(𝑚𝑑𝑒𝑔 ×20)

𝑥
 + 0.064)

0.1781
  (Equation 3) 
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