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Supervisor:  Eric V. Anslyn 

 

In the pharmaceutical industry, the development of molecular or chemical sensors 

for an analyte of interest and the determination of the enantiomeric purity of chiral 

molecules is essential. Chirality sensors were developed for analytes, such as alcohols, 

carboxylic acids, ketones, etc., which are valuable building blocks for the synthesis of 

complex pharmaceuticals.  As such, the development of protocols for enantiomeric 

excess (ee) analysis of alcohols is of significant interest. Furthermore, high-throughput ee 

screening (HTS) has become crucial due to advances in the methods of combinatorial 

chemistry and parallel synthesis. Chapter 1 presents the overview of optical detection 

methods for ee analysis, as they are more suitable for HTS, compared to chromatographic 

techniques.   

The alcohols are important functional groups that are widely found in natural 

products such as terpenes, steroids and saccharides. Accordingly, the development of 

protocols involving multi-component dynamic assembly for ee analysis of alcohols has 

been extensively explored. Chapter 2 presents the ee screening method utilizing a 

reversible tetradentate ligand-based assembly that incorporates the chiral alcohols. The 

inclusion of alcohols into the ligand structure induces a twist which results in large 
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Cotton effects in the circular dichroism spectra; indicative of the handedness of the 

alcohol. The objective of the work has been applying this chiral alcohol sensing assay for 

a true HTS in combination with the parallel synthesis of chiral homo-allylic alcohol.  

Chapter 3 reports on past studies performed to further gain kinetics and the 

mechanistic insight toward the multi-component assembly reaction. By elucidating the 

mechanism of the assembly reaction, we can further optimize the experimental conditions 

of the reaction in the development of a new assembly. 

Finally, Chapter 4 presents an effort toward the advancement of a novel sensor for 

α-chiral ketones. Chiral ketones produced by α-arylation of α,α-difluorocarbonyl 

compounds has been of interest in medicinal chemistry. This is not only contributed by 

carbonyl functionality, but by the importance of aromatic compounds containing a 

fluorine atom or a trifluoromethyl group on an aromatic ring. Improving the original 

chiral ketone assay to achieve HTS will substantially aid developments in synthetic 

methodology.  

 



 ix 

Table of Contents 

List of Tables ...................................................................................................... XIII 

List of Figures .................................................................................................... XVI 

List of Schemes ................................................................................................ XXIV 

Chapter 1:  Methods for Rapid Determination of Enantiomeric Excess ...............1 
1.1 Introduction ...............................................................................................1 

1.1.1 High-Throughput Approaches in Asymmetric Reaction Discovery 
and Optimization  .........................................................................3 
1.1.1.1 Combinatorial Chemistry ..................................................3 
1.1.1.2 The Split-and-Mix Synthesis ............................................4 
1.1.1.3 Parallel Synthesis ..............................................................4 
1.1.1.4 Tools for Parallel Synthesis ..............................................5 

1.2 Chromatographic Methods ........................................................................7 
1.2.1. Introduction  ................................................................................7 
1.2.2 High Performance Liquid Chromatography  ...............................9 
1.2.3 Gas Chromatography  ................................................................10 
1.2.4 Capillary Electrophoresis  ..........................................................11 

1.3 Optical Spectroscopic Methods ..............................................................13 
1.3.1 Introduction  ...............................................................................13 
1.3.2 Enantioselective Indicator Displacement Assay (eIDA)  ..........14 

1.3.2.1. eIDA for α-Hydroxycarboxylates and Vicinal Diols .....14 
1.3.2.2. eIDA for α-Amino Acids ...............................................19 

1.3.3 Circular Dichroism (CD) ............................................................21 
1.3.3.1. Metal-to-Ligand-Charge Transfer (MLCT) CD Assays .... 
 ............................................................................................22 
1.3.3.2. A Boronic Acid Receptor for Chiral Primary Amines ...29 
1.3.3.3. Exciton-Coupled Circular Dichroism (ECCD) ..............31 
1.3.3.4 Conclusions .....................................................................40 



 x 
 

1.4 Summary and Outlook ............................................................................41 
1.5 References  .............................................................................................42 

Chapter 2: Application of High Throughput Enantiomeric Excess Optical Assay 
involving a Dynamic Covalent Assembly for Sensing of Homo-allylic Alcohols
.......................................................................................................................47 
2.1 Introduction   .........................................................................................47 
2.2 Results and Discussions ..........................................................................49 

2.2.1 Iridium Catalyzed Carbonyl Allylation Reactions in 96-Well Mini-
block. ...........................................................................................50 

2.2.2 Dynamic Covalent Muti-component Assembly for Enantiomeric 
Excess Sensing  ..........................................................................55 

2.2.3 Quantitative TLC Method in the Yield Determination to Pre-screen 
Allylation Reactions  ..................................................................59 

2.2.4 Ee Determination of Homo-allylic Alcohols  ............................63 
2.3 Conclusions .............................................................................................65 
2.4 Experimental Details  .............................................................................65 

2.4.1. Materials and Methods  .............................................................65 
2.4.2. Synthesis of Pre-catalysts ..........................................................66 
2.4.3. General Procedures for Synthesis of 1-Phenylbut-3-en-1-ol (2.3) 

.....................................................................................................67 
2.4.4. Diastereomeric Ratio Determination of Alcohols using Multi-

component Assembly  ................................................................70 
2.4.5 Spectrometry and Spectroscopy  ................................................74 
2.4.6. Procedures for Multi-component Assembly  ............................89 
2.4.7. General Procedures for TLC Analysis  .....................................89 
2.4.8. Tables of CD determined ee and TLC method based % yield of 2.3 

for each reaction  ........................................................................90 
2.5 References  ...........................................................................................109 

Chapter 3: Mechanistic Studies on Covalent Assemblies of Metal-Mediated Hemi-
Aminal Ethers ......................................................................................................113 

3.1 Introduction ...........................................................................................113 
3.2 Results and Discussions  ......................................................................114 



 xi 

3.2.1 Extent of Alcohol Incorporation in Multi Component Assembly ..
...................................................................................................115 

3.2.2 Isolation and Characterization of the Intermediate ...................118 
3.2.3 Kinetics  ...................................................................................121 
3.2.4 Hammett Analysis  ...................................................................125 
3.2.5 Proposed Mechanism ................................................................127 

3.3 Concluding Remarks .............................................................................129 
3.4 Additional and Experimental Information  ..........................................130 

3.4.1 General Information ..................................................................130 
3.4.2 General Procedures for Multi-component Assembly ...............130 
3.4.3 Synthesis of Pyridinium Salt (3.5)  ..........................................130 

3.4.4 Hammett Plot using σ+  ...........................................................131 

3.4.5 Spectrometry and Spectroscopy  ..............................................132 
3.4.6 Crystal Data and X-ray Experimental Procedures ....................159 

3.5 References .............................................................................................171 

Chapter 4:  Sensing Protocols for α-Chiral Ketones .........................................174 

4.1 Introduction ...........................................................................................174 

4.2 Previous Developed Assay for Αlpha-chiral Ketone Sensing ..............176 
4.3 Ketones of Interest ................................................................................177 
4.4 Preliminary Results and Future Work  .................................................178 

4.4.1 Design of Sensing Assembly ....................................................178 
4.4.2 Synthesis of Ligands   .............................................................180 

4.4.3 Ee determination of α-chiral ketones .......................................181 

4.4.4 Summary and Outlook  ............................................................182 
4.5 Experimental Details .............................................................................183 

4.5.1 General Methods .......................................................................183 
4.5.2 Synthetic Procedures and Spectroscopy   ...............................183 

4.6 References .............................................................................................187 



 xii 

Glossary ...............................................................................................................188 

References ............................................................................................................190 

Vita .....................................................................................................................203 



 xiii 

List of Tables 

Table 2.1: Various conditions creating 18 combinations of catalysts, as shown in 

 Equation 2.2. .......................................................................................53 

Table 2.2: Isolated yield and TLC method based yield varying base and acid additives 

 to generate 2.3 .......................................................................................62 

Table 2.3: HPLC and CD determined ee and isolated and TLC method determined 

 yield of 2.3 under various combinations of preformed catalysts, acids,  

 bases and solvents .................................................................................65 

Table 2.4: List of pre-catalysts generated and the isolated yield ...........................67 

Table 2.5: Percent yield and d.r. of various alcohols in the assembly reactions 

 calculated by integrals in 1H NMR spectra. ..........................................73 

Table 2.6: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C1 ...................................................................................................91 

Table 2.7: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C2 ...................................................................................................92 

Table 2.8: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C3 ...................................................................................................93 

Table 2.9: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C4 ...................................................................................................94 

Table 2.10: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C5 ...................................................................................................95 

Table 2.11: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C6 ...................................................................................................96 

Table 2.12: CD determined ee and TLC determined yield with preformed catalyst  



 xiv 

 (R)-C7 ...................................................................................................97 

Table 2.13: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C8 ...................................................................................................98 

Table 2.14: CD determined ee and TLC determined yield with preformed catalyst  

 (R)-C9 ...................................................................................................99 

Table 2.15: CD determined ee and TLC determined yield with preformed catalyst  

 (S)-C1 ..................................................................................................100 

Table 2.16: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C2 ..................................................................................................101 

Table 2.17: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C3 ..................................................................................................102 

Table 2.18: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C4 ..................................................................................................103 

Table 2.19: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C5 ..................................................................................................104 

Table 2.20: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C6 ..................................................................................................105 

Table 2.21: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C7 ..................................................................................................106 

Table 2.22: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C8 ..................................................................................................107 

Table 2.23: D determined ee and TLC determined yield with preformed catalyst  

 (S)-C9 ..................................................................................................108 

Table 3.1: Percent yield of hemi-aminal ether complex when number of molecular 

 sieves (3Å) and presence of Brønsted acid were varied. ....................116 



 xv 

Table 3.2 : σ+ values and corresponding log (kX/kH) values for encountered  

 substituents .........................................................................................131 

Table 3.3: Keq calculated using integral values in 1H NMR spectroscopy ...........152 

Table 3.4: Crystal data and structure refinement for pyridinium salt (3.5)  .......161 

Table 3.5: Atomic coordinates  ( x 10
4
) and equivalent  isotropic displacement 

parameters (Å
2
x 103) for 3.5  ........................................................162 

Table 3.6: Bond lengths [Å] and angles [°] for 3.5. .............................................164 

Table 3.7: Anisotropic displacement parameters  (Å2x 103) for 3.5.   ............166 

Table 3.8: Hydrogen coordinates ( x 104) and isotropic displacement parameters  

 (Å2x 10 3) for 3.5 .................................................................................168 

Table 3.9: Torsion angles [°] for 3.5 ....................................................................169 

Table 3.10: Hydrogen bonds for 3.5  [Å] and [°] ..............................................170 

 

 

 



 xvi 

List of Figures 

Figure 1.1: Stages of drug development ..................................................................5 

Figure 1.2: Tools for parallel synthesis. ...................................................................6 

Figure 1.3: Basic configuration of the P/ACE capillary electrophoresis system ...12 

Figure 1.4: Examples of structures of the hosts and indicators used in the study .14 

Figure 1.5: The hosts, guest enantiomers, and indicators used for developing HTS 

protocol.. ...........................................................................................16 

Figure 1.6: The PCA plot of the diol enantiomers discriminated with (S,S)-1.1-PV, 

(R,R)-1.2-ML, and (S,S)-1.2-PV receptor-indicator pair.. ................17 

Figure 1.7: The PCA plot of diol 1.5 with varying ee and at three different 

concentrations discriminated by (S,S)-1.1-BPG, (R,R)-1.2-ML, and 

(S,S)-2-PV receptor-indicator pair ....................................................18 

Figure 1.8: Structures of the chiral ligands (1.7 and 1.8) and the receptors formed 

with CuII and chiral ligand ................................................................20 

Figure 1.9: The 96-well plate used for making the ee calibration curves ..............20 

Figure 1.10: Racemic-metal complexes and  diamines employed ......................24 

Figure 1.11: CD spectra of R-1.9 and S-1.9 ..........................................................24 

Figure 1.12: Response patterns for all the analytes using (R)-1.9 receptor obtained  

 by LDA ................................................................................................25 

Figure 1.13: CD spectrum for (R)-9 and the enantiomers of CPI .........................26 

Figure 1.14: CD spectra of 1.9, S-1.9  mixed with (R,S)- 1.6  (red), and S-1.9   

 mixed with (S,R)- 1.6. .........................................................................28 

Figure 1.15: CD spectra of the assembly of MBA with (S)-BINOL-FPBA .........30 

Figure 1.16: Structures of the compounds used as hosts and guests/ analytes ......31 



 xvii 

Figure 1.17: Helical arrangements of the transition dipoles that couple to give rise to 

the positive and negative ECCD couplets for the Δ-(R)- and Λ-(S)-fac 

isomers, respectively. ........................................................................33 

Figure 1.18: Structures of the three amines studied, and the three imines formed 

  after reaction from the amines with aldehyde 1.16. The UV−vis and CD 

spectra of the MLCT bands for the three different imines studied ...34 

Figure 1.19: Structures of aldehyde studied, and 1.19, 1.20, and 1.21 created by 

reaction with 1.15 ..............................................................................35 

Figure 1.20: CD spectra of host 1.22 by itself and with each enantiomer of PBA in 

default buffer .....................................................................................37 

Figure 1.21: Types of amino acids ........................................................................37 

Figure 1.22: CD spectra for each indicated guest with host 1.22 ..........................38 

Figure 1.23: Dr values for assemblies with chiral mono-ols (R or S) obtained from  

 1H NMR and CD spectra of assembly derived from three alcohols ....40 

Figure 2.1: Carbonyl allylation from alcohol oxidation level via iridium-catalyzed 

coupling of allyl acetate to alcohols 2.1a-2.1c .................................50 

Figure 2.2: List of various carboxylic acids that were used to generate preformed 

catalyst ..............................................................................................52 

Figure 2.3: List of various triarylphosphine ligands that were used to generate 

preformed catalyst .............................................................................52 

Figure 2.4: Four-component assembly that reports the ee values of chiral secondary 

alcohols via examination of the resulting CD spectra. .....................55 

Figure 2.5: Various homoallylic alcohols studied and their d.r. values .................56 

Figure 2.6: Titration of alcohol 2.3 into 2-PA, DPA, and Zn(II) triflate in acetonitrile 

(all at 269 nm)    .............................................................................57 



 xviii 

Figure 2.7: CD spectra of 4-phenyl-1-butene-4-ol derived assembly with different ee 

of alcohol ..........................................................................................58 

Figure 2.8: Linear ee calibration curve lines at 269 nm. .......................................58 

Figure 2.9: Raw image of blank TLC plate, TLC plate spotted with different ratio of 

starting and product alcohol under UV lamp and the calibration 

generated ...........................................................................................61 

Figure 2.10: Synthesis of pre-catalysts with various phospho ligands ..................66 

Figure 2.11: Instrumentation for parallel synthesis and purification of alcohol 2.3 

  ...........................................................................................................69 

Figure 2.12: CD spectra of R-and S-1-Phenylbut-3-en-1-ol ..................................85 

Figure 2.13: CD spectra of R-and S-4-penten-2-ol ................................................85 

Figure 2.14: CD spectra of R-and S-4-penten-2-ol incorporated multi-component 

assemblies. ........................................................................................86 

Figure 2.15: CD spectra of R-and S-4-[3,4-(Methylenedioxy)phenyl]-1-buten-4-ol  

  ...........................................................................................................86 

Figure 2.16: CD spectra of 4-[3,4-(methylenedioxy)phenyl]-1-buten-4-ol 

incorporated multi-component assemblies .......................................87 

Figure 2.17: Calibration curve generated from CD at 269 nm ..............................87 

Figure 2.18: CD spectra of 3-butyn-2-ol incorporated multi-component assemblies 

varying the enantiomeric composition ..............................................88 

Figure 2.19: Calibration curve for 3-butyn-2-ol from CD at 269 nm. ..................88 

Figure 2.20: CD spectra of multi-component assemblies with various enantiopure 

chiral alcohols. ..................................................................................89 

Figure 2.21: Instrumentation set-up for TLC imaging technique.   .....................90 



 xix 

Figure 3.1: Reversible multicomponent-assembly for the binding of chiral secondary 

alcohols ...........................................................................................114 

Figure 3.2: Pathway of CEM-HCl to form 3,12-dioxa-6,9-diazoniadispiro[5.2.5.2]-

hexadecane releasing HCl ...............................................................116 

Figure 3.3: The percent yields and CD intensities of hemi-aminal ether formation  

 when the equivalency of alcohol was varied. ....................................118 

Figure 3.4: Lewis acid assisted condensation and formation of a pyridinium salt 

  .........................................................................................................119 

Figure 3.5: X-ray structure of pyridinium salt 3.5 created from 2-picolinaldehyde,  

 dipicolylamine and excess BF3-OEt2... ..............................................120 

Figure 3.6: Proposed pathway for interconversion of 3.1 and 3.3... ....................121 

Figure 3.7: Simplified mechanism and associated rate equation .........................122 

Figure 3.8: A plot of ln([A]o/([A]o-[P]) vs time as a function of the equivalents of 

alcohol .............................................................................................123 

Figure 3.9: The variation in kobs as a function of the starting concentration of alcohol

.........................................................................................................124 

Figure 3.10: A plot of ln [A]o/[A] vs time in forward and reverse reactions only over 

the first 10% of reaction. .................................................................125 

Figure 3.11: : Four-component covalent assembly reactions with various R-X 

structures & σpara values and corresponding log (kX/kH) values for 

encountered substituents. ................................................................126 

Figure 3.12: Hammett plot for four-components assembly with para substituted 2-

picolinaldehyde. ..............................................................................127 

Figure 3.13: Hypothesized reaction coordinate diagram for multi-component 

assembly reaction ............................................................................129 



 xx 
 

Figure 3.14: Hammett plot (σ+) for four-component assembly with para substituted  

 2-PA ..................................................................................................131 

Figure 3.15: 1H NMR spectra of multi-component assembly varying the 

concentration of alcohol from 17.5 mM to 210 mM ......................132 

Figure 3.16: 1H NMR spectra of multi-component assembly varying the presence of 

molecular sieves and Brønsted acid (CEM-HCl). ...........................133 

Figure 3.17: 1H NMR spectra of multi-component assembly varying Brønsted acids

.........................................................................................................134 

Figure 3.18: 1H NMR spectra of multi-component assembly varying solvents ..135 

Figure 3.19: 1H NMR spectra of multi-component assembly to see the reversibility 

within the system in presence of molecular sieves .........................136 

Figure 3.20: 1H NMR spectra of multi-component assembly taken every 10 minutes 

for first two hours, then every hour for the next 10 hours in absence of 

the molecular sieves ........................................................................137 

Figure 3.21: 1H NMR spectra of multi-component assembly taken every 10 minutes 

for first two hours, then every hour for the next 10 hours after the 

addition of H2O into the assembly in the absence of the molecular sieves

.........................................................................................................138 

Figure 3.22: 1H NMR spectra of multi-component assembly taken every 10 minutes 

for first two hours, then every hour for the next 10 hours in the absence 

of the molecular sieves with 30 equiv. of alcohol ..........................139 

Figure 3.23: 1H NMR spectra of multi-component assembly taken every 10 minutes 

for first two hours, then every hour for the next 10 hours in the absence 

of the molecular sieves with 40 equiv. of alcohol ..........................140 



 xxi 

Figure 3.24: 1H NMR spectra of multi-component assembly taken every 10 minutes 

for first two hours, then every hour for the next 10 hours in the absence 

of the molecular sieves with 50 equiv. of alcohol ..........................141 

Figure 3.25: A plot of ln [A]o/[A] vs time in forward and reverse reactions until the 

reaction reach equilibria ..................................................................142 

Figure 3.26: A plot of ln [A]o/[A] vs time varying concentration of alcohol in the 

assembly ..........................................................................................142 

Figure 3.27: 1H NMR spectra of multi-component assembly in equilibrium with 2-PA 

as the aldehyde (30 equiv. and 3 equiv. of alcohol) ........................143 

Figure 3.28: 1H NMR spectra of multi-component assembly in equilibrium with 5-

Chloro-2-pyridinecarbaldehyde as the aldehyde (30 equiv. and 3 equiv. 

of alcohol) .......................................................................................144 

Figure 3.29: 1H NMR spectra of multi-component assembly in equilibrium with 5-

fluoro-2-pyridinecarbaldehyde as the aldehyde (30 equiv. and 3 equiv. of 

alcohol) ...........................................................................................145 

Figure 3.30: 1H NMR spectra of multi-component assembly in equilibrium with 5-

hydroxy-2-pyridinecarbaldehyde as the aldehyde (30 equiv. and 3 equiv. 

of alcohol) .......................................................................................146 

Figure 3.31: 1H NMR spectra of multi-component assembly in equilibrium with 5-

methyl-2-pyridinecarbaldehyde as the aldehyde (30 equiv. and 3 equiv. 

of alcohol) .......................................................................................147 

Figure 3.32: 1H NMR spectra of multi-component assembly in equilibrium with 5-

nitro-2-pyridinecarbaldehyde as the aldehyde (30 equiv. and 3 equiv. of 

alcohol) ...........................................................................................148 



 xxii 

Figure 3.33: 1H NMR spectra of multi-component assembly in equilibrium with 30 

equiv. of alcohol in the presence of molecular sieves (5-hydroxy-2-

pyridinecarbaldehyde and 5-methyl-2-pyridinecarbaldehyde as the 

aldehyde) .........................................................................................149 

Figure 3.34: 1H NMR spectra of multi-component assembly in equilibrium with 30 

equiv. of alcohol in the presence of molecular sieves (2-PA and 5-

fluoro-2-pyridinecarbaldehyde as the aldehyde) ............................150 

Figure 3.35: 1H NMR spectra of multi-component assembly in equilibrium with 30 

equiv. of alcohol in the presence of molecular sieves (5-chloro-2-

pyridinecarbaldehyde and 5-ethynyl-2-pyridinecarbaldehyde as the 

aldehyde) .........................................................................................151 

Figure 3.36: 1H NMR spectra of multi-component assembly in equilibrium with 30 

equiv. of alcohol in the presence of molecular sieves (5-bromo-2-

pyridinecarbaldehyde as the aldehyde) ...........................................152 

Figure 3.37:  1H NMR spectrum of pyridinium salt (3.5) formed from 2-PA, DPA, 

and BF3-OEt2 ...................................................................................153 

Figure 3.38:  1H NMR spectrum of pyridinium salt (3.5) formed from 2-PA, DPA, 

and BF3-OEt2 in CD3CN. .................................................................154 

Figure 3.39:  13C NMR of pyridinium salt (3.5) formed from 2-PA, DPA, and BF3-

OEt2  ................................................................................................155 

Figure 3.40: 1H NMR spectrum of pyridinium salt (3.5) formed from 2-PA, DPA  

 and TMS-OTf ....................................................................................156 

Figure 3.41: 1H NMR spectrum of pyridinium salt (3.5) formed from 2-PA, DPA and 

TMS-OTf (all 1.0 equiv.) ................................................................157 



 xxiii 

Figure 3.42: Mass spectrum of pyridinium salt (3.5) generated from 2-PA, DPA and 

BF3-OEt2 .........................................................................................158 

Figure 3.43: Mass spectrum of pyridinium salt (3.5) generated from 2-PA, DPA and 

TMS-OTf. .......................................................................................158 

Figure 3.44: View the cation in 3.5 showing the atom labeling scheme .............160 

Figure 3.40: 1H NMR spectrum of pyridinium salt (3.5) formed from 2-PA, DPA and 

TMS-OTf ........................................................................................156 

Figure 4.1: Various α-chiral ketones synthesized from Palladium-catalyzed 

enantioselective α-arylation of fluorinated ketones (4.5-4.8) and the 

control ketone (4.9).   ....................................................................178 

Figure 4.2: Two proposed bidentate ligands to complex with Fe(II) and imine (4.4)

.........................................................................................................179 

 

 

 

 

 

  

 
 
  



 xxiv 

List of Schemes 

Scheme 1.1: Derivatization of the amines to form the corresponding  

   Schiff bases ......................................................................................26 

Scheme 1.2: Derivatization of R-chiral cyclohexanones (1.13) with 1-methyl-1-(2-

pyridyl) hydrazine (1.14) ..................................................................28 

Scheme 1.3: Assembly developed by the Bull and James groups .........................29 

Scheme 1.4: Aldehyde 1.16 reacts rapidly with an amine to form imine 1.17, 

followed by complexation with FeII to form 1.18 .............................35 

Scheme 1.5: Protocol to determine absolute configuration of chiral amino acids and 

proposed complex formation between [(BQPA)CuII(ClO4)2] host 1.22 

and chiral carboxylate guest ..............................................................36 

Scheme 1.6: Four-component reversible covalent assembly for secondary alcohol 

binding ..............................................................................................39 

Scheme 4.1: α-Arylation of ketone with Pd catalyst. ..........................................175 

Scheme 4.2: α-Arylation of α,α-Difluoroacetophenone with PhBr Catalyzed by 

Complex 4.1. ...................................................................................175 

Scheme 4.3: Asymmetric α-Arylation of Indanones and Tetralones with 

Chloroarenes  

 Catalyzed by Ni(COD)2/(R)-BINAP .................................................176 

Scheme 4.4: Derivatization of α-chiral cyclohexanone followed by complexation to 

[Cu1((S)-BINAP)(CH3CN)2]PF6. .....................................................176 

Scheme 4.5: Palladium-catalyzed enantioselective α-arylation of fluorinated ketones

.........................................................................................................178 



 xxv 

Scheme 4.6: Complexation of the condensation product of imine (4.4) with Fe(II) to 

form 4.10. ........................................................................................179 

Scheme 4.7: Proposed ligand complexation with Fe(II) and Hartwig condensation 

product ............................................................................................180 
 

Scheme 4.8: Proposed synthetic route for the two bidentate ligands (4.11 and 4.12)

.........................................................................................................181 

Scheme 4.9: Synthesis of substituted BIPY ........................................................181 



 
 
 

1 

Chapter 1:  Methods for Rapid Determination of Enantiomeric Excess 

1.1 INTRODUCTION 

The synthesis of chiral compounds that are optically pure has been of growing 

interest in the modern pharmaceutical industry. The significance of this development is 

due to the chirality of the majority of synthetic drugs. For instance, the pharmaceutical�s 

market share of single-enantiomer drugs increased from 27% in 1996 to 39 % in 2002.1,2 

The human body is effectively a chiral environment which reacts uniquely with different 

enantiomers. Enantiomers of a chiral drug can often exhibit variations in bioavailabilities, 

metabolism rate, potency, or toxicity.3 A common example that highlights the necessity 

of single-enantiomer drugs is with the introduction of thalidomide. This drug was sold 

worldwide to pregnant women as a treatment for morning sickness in the early 1960s. It 

was later found that only one of the enantiomers of this compound was responsible in 

treating morning sickness while the rest were teratogenic, which resulted in birth defects 

during pregnancy. Even in less drastic cases, where the other enantiomer is neither toxic 

or harmful, quantitative differences between the bioactivity of the two molecules have to 

be taken into account. For instance, theenantiomer of citalopram, used to treat depression, 

is 30 times more potent than the R-enantiomer.  

With these considerations in mind, the introduction and widespread use of 

asymmetric synthesis and chiral separation technologies have enabled pharmaceutical 

manufacturers to develop single-enantiomer drugs. The most commonly employed 

method to obtain enantiomerically enriched compounds is asymmetric synthesis using a 

chiral catalyst. This method has been shown to be a cost-effective method, saving money 
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and generations of waste via the avoidance of purification and discarding of the undesired 

enantiomer.  

The optimization of asymmetric reaction to increase the yield of a preferential 

enantiomer and the enantiomeric purity of the reaction is another key part in 

methodology development. Conventionally, the creation and optimization of asymmetric 

catalysts are achieved through inordinately time-consuming methods, such as with trial 

and error. However, recent advances have allowed for the screening for asymmetric 

catalyst using combinatorial libraries with parallel synthesis and the subsequent analysis 

of a large number of chiral catalysts. Often, the analysis of the enantiomeric purity acted 

as the bottleneck in the discovery of high-throughput reactions.  

Enantiomeric excess (ee), a measurement of enantiomeric composition of a chiral 

compound, is defined by Equation 1.1. A high value of ee represents a more successful 

asymmetric synthesis. ee ranges from -100% to +100% as shown in Equation 1.1, but is 

often reported as the absolute value in the literature.  

 

!! = ! R − [S]
R + [S] ×100 

Equation 1.1 

In order to determine ee, a chiral environment is needed, since enantiomers 

possess the same physical properties in an achiral environment. Traditionally, the degree 

of enantiopurity of a product is found using either high performance liquid 

chromatography (HPLC) or gas chromatography (GC). While these techniques are highly 

accurate, they are not amenable to studying a large number of samples in short periods of 

time.  Attempts to develop rapid methods that expedite the screening processes have 
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been undertaken.3 These methods are based on optical spectroscopy, such as circular 

dichroism (CD), fluorescence, and UV-visible. These alternate strategies have been well-

adapted in high-throughput reactions due to the advantages of their simple and rapid 

analysis, as well as the ability to be used for real-time analysis.3 

1.1.1 High-Throughput Approaches in Asymmetric Reaction Discovery and 
Optimization 

The traditional approach in the discovery of reaction in asymmetric synthesis is 

first to design a reaction which accounts for the catalyst, auxiliary, and other components 

in the system. The reaction is then performed and its enantioselectivity subsequently 

analyzed. At this point, in order to optimize the reaction, the system is redesigned 

followed by synthesis and analysis. This cycle repeats until the desired ee is obtained. 

This trial and error-based reaction discovery system is a vastly time-consuming method. 

High-throughput screening (HTS), which is the process of testing a large number 

of analytes simultaneously, has been essential for the synthesis development in 

combinatorial chemistry and parallel synthesis.  

1.1.1.1 Combinatorial Chemistry 

For the past two decades, combinatorial chemistry has proven to be a useful 

synthetic tool in peptide and small molecule synthesis, in addition to asymmetric 

synthesis. It is with a collection of methods that provides the means for the simultaneous 

chemical synthesis of a large number of compounds, which utilizes a variety of starting 

materials. The resulting compound library could contain all of the possible chemical 

structures that can be produced in this manner.52 There are two major approaches in 
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combinatorial chemistry. The first approach is the “mix and split synthesis”, and the other 

is coined “parallel synthesis”. 

1.1.1.2 The Split-and-Mix Synthesis 

 The mix and split synthesis involves attaching starting materials to the polymer 

beads. The polymer resin beads are then split into a number of equal portions (x) and 

each of these is then individually reacted with a single different reagent. After this 

reaction, and subsequent washing to remove excess reagents, all the beads are 

recombined and mixed together and split again into portions (x). This entire process may 

then be repeated (for a total of n times) by reacting with the next set of reagents. The 

number of compounds that are obtained from the geometric increase in potential products 

would be xn. The completed beads can be screened in order to determine whether any 

produces the desired activity.53 The library with the best performance can be identified 

and tested further. The screening of bead-based split and mix combinatorial chemistry 

libraries is a powerful high-throughput approach that aids in the discovery of new 

chemical compounds able to interact with and modulate the activities of targets of 

interest. 

1.1.1.3 Parallel Synthesis 

Parallel synthesis is a technique widely used by researchers for the discovery of 

new compounds and screening of optimal process conditions. In parallel synthesis, 

combinations with different reaction conditions are prepared separately, in parallel, using 

hundreds of reaction vessels.  

In medicinal chemistry, parallel synthesis applications can be utilized for lead 

identification, lead optimization, and determination of optimal reaction conditions 
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(Figure 1.1). Lead generation, also known as hit to lead, describes an early stage in drug 

discovery where small molecule hits from a HTS are evaluated and undergo limited 

optimization in order to distinguish promising lead compounds. Lead optimization is the 

process by which a drug candidate is designed after an initial lead compound is 

identified. This complex and iterative process of synthesis and characterization of a 

potential drug collected together represent the bigger picture of how chemical structure 

and activity relate in terms of interactions with its targets and its metabolism. Screening 

for select conditions involves optimization of the processes through improved 

understanding of synthetic routes, solvent systems, optimal temperatures and 

concentrations, correct reagents, reaction times, and selection of catalysts. 

 

 

Figure 1.1: Stages of drug development 

1.1.1.4 Tools for Parallel Synthesis 

The widespread applications of parallel synthesis for the breakthrough of new 

drugs or methodology development is driving the evolution of novel technologies and 

tools, which enables the production of compounds at a greater rate than previously 

thought possible. For high-throughput parallel synthesis, multi-well reaction plates or 

reaction blocks can be utilized. The delivery of reagent can be accomplished using the 

multi-channel pipettor or robotic system. The purification process can also be done in 

parallel with a filter plate or purification tower. Also, an evaporator manifold for 24, 48 
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or 96 well blocks, which delivers equal amounts of gas to each well in order to gently 

speed solvent evaporation, is commercially available (Figure 1.2). 

 

Figure 1.2: Tools for parallel synthesis. Clockwise from the top left: 96-well plate with 
sealing caps, Evaporator/manifold system in multi-well block, parallel 
synthesis reaction block, parallel purification tower. 

Development of such tools for parallel synthesis led to the final step of reaction 

discovery, which is testing of the product of the desired activity. In asymmetric synthesis, 

the focus is the determination of ee of multiple reactions that were performed in parallel. 

Traditionally, the enantiomeric composition of the compound was quantified by using 
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chromatographic methods. However, optical methods have been more of an interest due 

to the advances in parallel synthesis, as they are more suitable for a HTS.   

1.2 CHROMATOGRAPHIC METHODS 

1.2.1. Introduction 

The most common chromatographic methods that determine ee are chiral high-

performance liquid chromatography (HPLC), chiral gas-chromatography (GC), or 

capillary electrophoresis (CE). 

Chromatography is a well-known technique that has been used to separate, 

identify and determine the molecules of the analytes in a complex mixture and quantify 

the enantiomeric composition in a quick and relatively simple way. The adaptability of 

chromatography in a wide range of compounds, including biomolecules, makes this 

separation method very powerful.  

Chromatographic separation is based on the different interactions of chemical 

compounds with a stationary phase and a mobile phase. The components of a mixture are 

carried through the stationary phase, which is fixed in the system, by the streaming of the 

mobile phase. The mobile phase is a liquid in liquid chromatography (LC), and it is a gas 

in gas chromatography (GC). The different migration velocities resulting from the 

different distribution of the analytes between mobile and stationary phase indicates that 

the stationary phase can be viewed as receptors in host-guest chemistry. For the 

determination of ee, chiral stationary phase would be used, which will interact uniquely 

with each individual enantiomer in a compound.  

There are two approaches in chiral separation by chromatographic techniques; a 

direct and an indirect separation. The indirect approach involves derivatization of the 
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chiral compound with a chiral auxiliary to form diastereomeric complexes. These 

diastereomeric complexes can be separated by utilizing the achiral stationary phase. 

However, due to the extra derivatization step with prerequisites, such as absence of 

racemization during derivatization, absence of diastereomeric fractionation upon sample 

handling and injection, absence of diastereomeric bias upon detection, as well as the 

quantitative enantiomeric purity of the auxiliary, the direct chiral separation is more 

commonly used.54 Typically in the direct approach, a chiral stationary phase is utilized as 

a selector, which forms transient diastereomers upon reversible interactions with analytes. 

This is advantageous, as it does not need to be further purified in order to separate 

enantiomers.  

The packing materials of the column, the stationary phase, can be considered as a 

receptor. In liquid chromatography (LC) or gas chromatography (GC), commonly used in 

combination with mass spectrometry (MS), the analytes in the mixture interact differently 

with receptors (ligands) in the chiral chromatographic column.  The speed of the 

different enantiomers varies upon the column selectivity and is controlled by the choice 

of the phase system. If a detector is coupled with the chromatographic system, the elution 

of the analytes can be observed as peaks. A chromatography based system is a great 

analytical tool that detects and isolates analytes in the mixture due to their sensitivity and 

functions even in exceedingly low concentrations.  

Choosing the right chiral column to screen is a first crucial step in the 

identification and separation for each analyte in chromatographic methods. Therefore, 

researchers sought for the advancement of chiral stationary phases. The most popular 

classes of chiral stationary phases are based on polysaccharides, such as cellulose or 
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amylose. Also, a number of classes of chiral stationary phases are available; polymer-

based carbohydrates, polysaccharide derivatives, macrocyclic glycopeptides, 

cyclodextrins, chiral synthetic polymer, and chiral ligand exchange.54-57   

1.2.2 High Performance Liquid Chromatography 

A chromatographic technique known as chiral high performance liquid 

chromatography (HPLC) is considered one of the power tools used in analytical 

chemistry. Chiral recognition can be achieved based on the ability of the chiral stationary 

phase to interact uniquely with each enantiomer to form transient-diastereomeric 

complexes. It requires a minimum of three interactions through hydrogen bonding, π-π�

interactions, dipole stacking, inclusion complexing, or steric bulk. To quantify ee using 

chiral HPLC requires a process of finding a suitable chiral column and ideal operating 

conditions that will separate the enantiomers.  

Chiral HPLC has been widely used in ee analysis for its precise and accurate 

measurement. However, with the advances in parallel synthesis and combinatorial 

chemistry, HPLC technique suffers from several disadvantages. These include the 

reduction of resolving power of the column and the high cost of chiral columns, which 

are generally more expensive than comparable achiral stationary phases.58 The primary 

drawback, however, is the prolonged analysis time that involves equilibration of the 

column. Although this instrument can be automated, analyzing samples one at a time is a 

time-consuming process, which can be cumbersome when trying to screen thousands of 

samples at a time. Even with a rapid chiral HPLC analysis, the minimum of ten minutes 

is required, which allows for about 144 samples to be analyzed in a day.59 However, 

when factoring in the time used for re-equilibration of the solvent system and the 
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reloading of the solvent, much fewer than 144 samples will be analyzed by a chiral HPLC 

in a day.  

Today, several parallel HPLC systems are available commercially and the multiplexing 

technology enabled parallel HPLC systems to synchronize to individual components, 

including the gradient pump, auto sampler, detection system and fraction collector. In the 

market, a HPLC system using up to 8 columns in parallel with flow control unit is the 

best-improved system available. Compared to standard HPLC, parallel HPLC systems 

possess the advantage in reduction of analysis time. 

1.2.3 Gas Chromatography 

There have been growing applications in the research fields of natural products, 

asymmetric synthesis, biological studies, etc. that utilize chiral gas chromatography (GC). 

The chiral separation using GC for ee determination works similarly to the HPLC 

technique, except that in GC, the mobile phase is a gas rather than a liquid. Like in the 

HPLC technique, direct chiral separation is commonly used where the separation of 

enantiomers is based upon the reversible interaction with chiral stationary phase in GC.  

 GC presents numerous advantages over HPLC for the separation of enantiomers. 

Since the mobile phase is gas, it is faster in the analysis and thereby more suitable for a 

HTS. Also, high efficiency and sensitivity are important merits of GC when separating 

volatile enantiomers. Other benefits include short column equilibration time, ease of 

coupling to mass spectrometry (MS), and ease of trace impurity quantitation. 

However, the downside of this technique is that the injected samples need to be 

thermally stable and not racemized, since the high column temperatures can cause 

racemization of the chiral stationary phase and the analyte. Also, the high column 
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temperatures limit the analysis to be only suitable for compounds that are small and 

volatile. Most importantly, although GC is a high-speed analysis compared to HPLC, it 

remains to be in a serial method, which is not suitable for a true HTS. 

1.2.4 Capillary Electrophoresis (CE) 

Capillary electrophoresis (CE) is a technique which separates enantiomers upon 

the differential migration of analytes in an applied electric field. These separations are 

facilitated by the use of high voltages, and may generate electro-osmotic and 

electrophoretic flow of buffer solutions and ionic species, respectively, within the 

capillary.  

The basic instrumentation for CE requires a capillary tube with a optical viewing 

window, a controllable high voltage power supply, two electrodes, two buffer reservoirs, 

and an ultraviolet (UV) detector (Figure 1.3). Chiral CE separation is achieved by adding 

a chiral selector to the buffer. Electrodes are located at the ends of the capillary, and are 

placed in the buffer reservoirs and the optical viewing window is aligned with the 

detector. After filling the capillary tube with buffer and a chiral selector, the sample can 

be introduced by dipping one end of the capillary into the sample solution and a high 

voltage is applied across the capillary tube. This causes the analytes in the sample to 

migrate along its length at different rates and to subsequently separate.60  
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Figure 1.3: Basic configuration of the P/ACE capillary electrophoresis system. 

One of the many advantages in utilizing chiral CE for ee analysis is that it 

requires a small sample size and chiral selector. More importantly, it is rapid and highly 

efficient, which results in higher resolution. Additionally, the apparatus itself is fairly low 

cost and easy to set up. Although chiral selector is generally expensive, since very little 

amount of chiral selector is required, it still proves more economical than HPLC. 

However, the primary disadvantage of CE is that it cannot be used for the isolation of 

enantiomers on a preparative scale and is limited to the analyte that can be ionizable in 

the analysis buffer.  
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1.3 OPTICAL SPECTROSCOPIC METHODS 

1.3.1 Introduction 

One method of chiral catalyst and auxiliary discovery is high-throughput 

screening (HTS), where rapid quantification of product enantiomeric excess (ee) and 

yield is required to achieve high efficiency.4,5 Currently, the use of chiral 

chromatographic methods is the most common strategy in order to measure ee values, as 

previously discussed. However, these methods are associated with high cost (solvent, 

column replacement) and low duty cycle (equilibration time), and as a result, are not ideal 

for HTS. To achieve the speed required for true HTS, methods that avoid elution are most 

desirable.  

Optical spectroscopy based ee determination is preferable due to the inherently 

short analysis time and lack of chromatographic separation as they use instrumentation, 

such as circular dichroism (CD) spectrometers, fluorimeters, UV-vis spectrophotometers, 

etc. The typical analysis time using these instruments would be within a minute, which is 

significantly faster compared to using chromatographic methods.  

These methods, however, often require derivatization of the analyte, which add 

additional steps to the screening process.5 Hence, host-guest systems that selectively 

target the asymmetric transformation products are ideal. Currently, our group has 

developed optical spectroscopy-based host-guest systems with the aim of rapid 

determination of enantiomeric excess. In this section, the group work that has been 

reported will be discussed.  

This section begins with enantioselective indicator displacement assays (eIDAs) 

that target α-hydroxycarboxylates,14-16 vicinal diols,14-18 and α-amino acids.19-22  This is 

followed by circular dichroism (CD) and exciton coupled circular dichroism (ECCD) 
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techniques for diamines, amines, carboxylic acids, amino acids, secondary alcohol, 

cyclohexanones, and aldehydes. 
 

1.3.2 Enantioselective Indicator Displacement Assay (eIDA) 

In an enantioselective indicator displacement assay (eIDA), the quantification of 

enantiomeric excess (ee) is based on displacement of an indicator by a chiral analyte. 

1.3.2.1. eIDA for α-Hydroxycarboxylates and Vicinal Diols 

One of our first eIDAs exploited the binding of boronic acids to α-hydroxyacids 

and vicinal diols.14-16 The assay was developed with boronic acid receptors and catechol 

indicators. A representative example is shown in Figure 1.4. It was hypothesized that the 

presence of stereocenters neighboring the boron atom in the host would result in 

enantioselective association with chiral guests. In addition, o-aminomethyl functionality 

was utilized to aid the association equilibria.15 In the initial study with boronic acid 

receptor (S,S)-1.1 and various α-hydroxycarboxylates, using PV as the colorimetric 

indicator, an average of ±15% error was observed for the determined ee values.  

 

 

Figure 1.4: Examples of structures of the hosts and indicators used in the study. 
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In an effort to enhance the assay’s sensitivity and improve the accuracy in ee 

measurements, fluorescent indicators were investigated.15 4-Methylesculetin ML, along 

with receptor (S,S)-1.1, were used to develop mathematical relationships that correlate 

optical signal to ee and concentration. It was found that iterative fitting the curve of 

fluorescence intensity vs ee using Origin® software yielded the best results. With this 

approach, the average error in ee was found to be ±7%. Further studies with a series of 

receptors, a series of indicators, and other guest substrates produced a protocol that may 

be employed to optimize indicator selection, concentration of the indicator, and the chiral 

receptor concentration.16 
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Figure 1.5: The hosts, guest enantiomers, and indicators used for developing HTS 
protocol. 

The boronic acid and vicinal diol host-guest eIDA was further explored to extend 

the scope of detection and practicality.17,18 In the reported study,17 four pairs of syn-

vicinal diol enantiomers were selected as guests along with three indicators (Figure 1.5). 

Two additional chiral hosts, (S,S)-1.2 and (R,R)-1.2, were introduced to the system along 

with the previously reported host (S,S)-1.1 to enhance the enantioselectivity. Using 96-
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well plates and a UV-Vis plate reader, absorbance data was collected at different 

wavelengths with each host-indicator pair (3 for each pair, 9 total). The wavelengths were 

selected on the basis of the largest absorbance changes. Principal Component Analysis 

(PCA) on the absorbance data displayed excellent differentiation of both the identity of 

the diols and their enantiomers (Figure 1.6). Furthermore, the eIDA successfully 

differentiated samples with different guest concentration at various ee values on a PCA 

score plot (Figure 1.7). To demonstrate the predictive power of this system, artificial 

neural network (ANN) analysis with 14 absorbance inputs yielded an average absolute 

error of ±0.08 mM for sample concentration and ±7% for ee.  

 

Figure 1.6: The PCA plot of the diol enantiomers discriminated with (S,S)-1.1-PV, (R,R)-
1.2-ML, and (S,S)-1.2-PV receptor-indicator pair. The study was conducted 
in 10 mM p-toluenesulfonic acid/Hunig’s base buffer (pH 7.4) in 100% 
MeOH at 25 °C. 
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Figure 1.7: The PCA plot of diol 1.5 with varying ee and at three different concentrations 
discriminated by (S,S)-1.1-BPG, (R,R)-1.2-ML, and (S,S)-1.2-PV receptor-
indicator pair. The study was conducted in 10 mM p-toluenesulfonic 
acid/Hunig’s base buffer (pH 7.4) in 100% MeOH at 25 °C. 

In an effort to perform HTS using this eIDA procedure, a stepwise process for a 

protocol development for concentration and ee determination was published.18 The 

protocol described a 5 step process which includes optimization of the eIDA host and 

indicator concentration using UV-Vis titrations, screening for the best host-indicator 

combination to discriminate the enantiomers of interest, training of an ANN, analyzing 

unknown ee analytes, and, lastly, loading the absorbance results onto the trained ANN to 

determine ee and concentration. With the exception of the first step, which is only 

required to be done once per host-indicator pair, all the steps can be performed on a well-

plate reader allowing for true HTS. The developed protocol was employed to analyze 

samples of hydrobenzoin with unknown ee and an average error of ±0.17 mM in the 

range of 3-8 mM concentration and ±2.4% for ee. When tested with samples synthesized 
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with established Sharpless asymmetric dihydroxylation reactions, the protocol was able 

to identify the best ligand as reported by literature.17  

1.3.2.2. eIDA for α-Amino Acids 

Another system of eIDAs was developed for ee determination of α-amino 

acids.19-22 The system utilized CuII with chiral ligands 1.7 and 1.8 as hosts complexed to 

chromazurol S to form the receptor (Figure 1.8). Upon enantioselective coordination of 

chiral α -amino acids to form diastereomeric complexes, the selected colorimetric 

indicators were released, thus resulting in absorbance changes. Using X-ray 

crystallographic data, the enantioselectivity was postulated to have arisen from both the 

favored positioning of the dimethoxybenzylic rings on ligand 1.7 and the steric 

interactions of the phenyl groups on ligand 8 with the amino acid side chain. Using this 

eIDA, 13 out of the 17 examined amino acids were enantioselectively discriminated. 

Further study with ee calibration curves indicated approximately ±11.9% average error 

for ee determination. To further demonstrate its practicality, a high throughput screening 

protocol promoting this eIDA was developed with 96-well plates and four α-amino 

acids. (Figure 1.9).22 The average absolute error of ee determination for all four of the 

amino acids was ±9.7% using only receptor [CuII((R,R)-1.7)]2+; receptor [CuII((R,R)-

1.8)]2+ had unsatisfactory results. . In hopes of improving the eIDA’s predictive power, 

ANN analysis was applied to the data collected. With ANN, the average absolute error of 

ee was found to be ±10.0%. An asymmetrically synthesized α -amino acid with 

unknown was subjected to the eIDA. The determined ee, from the reported eIDA, was 

found to be in satisfactory agreement with values measured with chiral HPLC and a 1H 

NMR chiral shift agent. 
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Figure 1.8: Structures of the chiral ligands (1.7 and 1.8) and the receptors formed with 
CuII and chiral ligand. 

 

Figure 1.9: The 96-well plate used for making the ee calibration curves. Each plate had 4 
rows of amino acids samples for producing the calibration curve with 6 test 
samples on the bottom.  (a)[CuII((R,R)-1.7)]2+ was used as the receptor. (b) 
[CuII((R,R)-1.8)]2+ was the receptor. 
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In our research, the focus for ee determination switched from UV-Vis and 

fluorescence based systems to Circular Dichroism (CD) based methods. Accounting for 

this change was the signal dependence on the concentration of chiral analyte. 

Furthermore, with UV-Vis based systems, anything that can be absorbed in the region of 

detection could interfere with the signal of interest. This fact, in the context of HTS for 

chiral catalysts, would mean additional purification steps, which are not ideal for the 

process. A second reason for the change was simplification in host design. The hosts for 

eIDAs were often not commercially available and required synthesis, whereas most of 

our CD based hosts are formed with commercially available compounds or ligands that 

can be made with simple synthetic procedures. For the reasons given here, we moved the 

focus of our work to various forms of CD spectroscopy. 

1.3.3 Circular Dichroism (CD)  

Circular dichroism (CD) spectroscopy is an optical technique that is inherently 

sensitive to chirality. It enables one to analyze and differentiate analytes in a chiral host-

guest system, and is applicable to high-throughput screening (HTS). Most chiral building 

blocks do not display strong Cotton effects in CD spectroscopy. However, intense Cotton 

effects can be produced when metal complexes carry MLCT bands, or when identical 

chromophores have a helical twist, leading to exciton-coupled circular dichroism 

(ECCD). The sign of the Cotton effect provides valuable information in determining the 

absolute configuration of the chiral analyte, and the CD signals can be directly correlated 

to the ee of the sample. For our CD based sensors, titration studies are typically 

performed to determine saturation point and the binding stoichiometry of the host-guest 
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interaction. The use of guest concentrations beyond the saturation point leads to 

concentration independent spectral responses.  

In combination with statistical and chemometric techniques, such as linear 

discriminant analysis (LDA), artificial neural networks (ANNs), and principal component 

analysis (PCA), the CD spectral data can be further analyzed to find trends in the data as 

well as uncover characteristics of the data that best differentiate the chemo- and enantio- 

identity of the products. LDA is a technique used to determine linear combinations of 

features that maximize the separation between classes and minimizes the separation 

within classes.23,24 Lastly, PCA is a tool that can classify and identify variance in the 

data.25 These analysis techniques allow for highly accurate discrimination of 

chemoselectivity and enantioselectivity in sample reactions.  

1.3.3.1. Metal-to-Ligand-Charge Transfer (MLCT) CD Assays 

Our first CD-based assay for ee involved analysis of a metal complex that has 

CD-active metal-to-ligand-charge transfer (MLCT) bands.26,27 The MLCT band in the 

visible region of the CD spectrum was particularly noteworthy, as most organic 

functional groups are CD-silent in this range, showing signals only in the 190-220 nm 

region. A simple inorganic coordination complex with R- or S- BINAP (2,2’-

diphenylphosphino-1,1’-binaphthyl), a binaphthyl diphosphine ligand with axial chirality, 

was used as a host system to discriminate the chirality of diamines, primary amines, and 

cyclohexanones.26-30 The axial chirality of BINAP arises from the limited rotation at room 

temperature of the bond linking the two sterically hindered two napthyl rings. The 

coordination complex with a transition metal, such as copper or palladium, introduces 

structural rigidity to the BINAP and its ligands derivatives.28 Upon the addition of a chiral 
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guest, the MLCT bands were modulated, allowing for enantiomeric differentiation. 

BINAP was also selected because both of its enantiomerically pure forms are 

commercially available. The guest molecules can be directly used with the metal complex 

when the number of host binding sites and the number of functional handles of the guest 

are the same. Otherwise, the guests need to be derivatized in order to bind to the metal 

complex.  

Racemic and Chiral Metal Complexes as Hosts for Diamines 

   Chiral metal complexes that have CD active MLCT bands, such as 

[CuI(BINAP)(MeCN)2]PF6 (1.9) or [PdII(BINAP)(MeCN)2]PF6 (1.10), were used to 

differentiate enantiomers of chiral vicinal  1,2-diamines (Figure 1.10).26 Both 

enantiomers of 1.9 have MLCT bands around 340 nm in the CD spectrum, giving 

opposite Cotton effects for the R and S copper-coordinated complexes (Figure 1.11). 

Because there are no CD signals above 300 nm for the diamine analytes tested, or for the 

metal alone with diamines, the signals above 300 nm are indicative of the chemical 

identity, chirality, and concentration of the guests. Distinctive CD-active MLCT bands 

were observed for each diamine and its enantiomer when complexed with R- or S- 1.9. 

Also, by comparing the intensity difference between CD signals of the complexes of 

diamine enantiomers with R-1.9 or S-1.9, the ee for diamines was evaluated with an 

average error of ±3.8%. 
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Figure 1.10: (a) Racemic-metal complexes employed. (b) Diamines employed: 1,2-
phenylethylenediamine (PD), 1,2-diaminocyclohexane (DC), 1,2-
diaminopropane (DP), bis(4-methoxyphenyl)-1,2-diaminoethane (MD). 

 

Figure 1.11: CD spectra of R-1.9 [0.4mM] and S-1.9 [0.4mM] between 220 nm and 450 
nm. 

 The LDA plot in Figure 1.12, generated from the CD data of all receptors at 
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the diamine analytes, which was determined by their individual clustering through the 

four quadrants. When the same data was analyzed with multilayer perceptron (MLP) 

ANNs, ee and concentration ([G]t) were determined with average errors of  ±3.8% and 

±18.6%, respectively.  

The racemic mixtures of 1.9 and 1.10 were also employed to discriminate 

enantiomers of chiral diamines.27 Of course, the racemic mixture did not show any CD 

signals alone, but upon binding with enantiopure vicinal 1,2-diamines, CD active MLCT 

bands were observed. The LDA plot successfully classified the diamines and their 

handedness. 

 

Figure 1.12: Response patterns for all the analytes using (R)-1.9 receptor obtained by 
LDA. 

Chiral Metal Complexes as a Host for α-Chiral Primary Amines 

The same metal complex 1.9 was employed to discriminate α-chiral primary 

amines.29 However, the addition of underivatized chiral amines to R-1.9 did not exhibit 

any signal modulation by CD spectroscopy. Therefore, a simple derivatization of chiral 

amines to form imines that can coordinate with R-1.9 was necessary.  Chiral imines 

were formed from the condensation of chiral amines with 2-pyridinecarboxaldehyde in 
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situ (Scheme 1). The modulated MLCT signal, which is indicative of the coordination of 

the imines with R-1.9, was observed in the CD spectrum (Figure 1.13). The CD signals 

were characteristic to each analyte, and the data was further analyzed with LDA and 

PCA. In the PCA plot, F1 axis defines chirality with negative values for R-enantiomers 

and positive values for S-enantiomers, and F2 axis defines concentration. The average 

error for ee was ±17%, which led us to develop a method that could provide a more 

accurate enantiodiscrimination.45 

 

 

Scheme 1.1: Derivatization of the amines to form the corresponding Schiff bases. 

 

Figure 1.13: CD spectrum for (R)-1.9 [0.4mm] and the enantiomers of CPI [0.8 
mm](regular line=(R)-CPL, bold line=(S)-CPL). 
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Chiral Cu(I) Metal Complexes as Hosts for α-Chiral Cyclohexanones 

Complex 1.9 was also applied to the enantiodiscrimination of α -chiral 

cyclohexanones.30 In order to create bidentate ligands which produce a twist upon binding 

with R- or S-1.9, enantiomerically pure α-chiral cyclohexanones were derivatized with 1-

methyl-1-(2-pyridyl) hydrazine to form hydrazones (Scheme 1.2). The nitrogen atoms in 

the pyridyl group and hydrazone moieties coordinate to a CuI, forming a metal complex. 

Upon the addition of hydrazone to enantiomerically pure 1.9, diastereomers will be 

produced with different twist angles. Different twist angles between the naphthyl rings in 

BINAP were predicted based upon steric interactions between the phosphine ligand and 

the R group on the ketones. The degree of twist is reflected in the CD spectrum, allowing 

for discrimination between the two enantiomers. The R-enantiomers of hydrazones with 

S-1.9, compared to S-enantiomers, will cause a larger change in the twist, thus inducing a 

larger change in the CD signals from the original MLCT band of 1.9 (Figure 1.14). The 

enantiomeric host R-1.9 produces a mirror image CD spectrum. Through the use of 

calibration curves, these studies allow ee determination of the chiral cyclohexanones to 

be performed with an absolute error of ± 7%.   
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Scheme 1.2: Derivatization of R-chiral cyclohexanones (1.13) with 1-methyl-1-(2-
pyridyl) hydrazine (1.14) to produce a bidentate analyte (1.15), followed by 
complexation to (1.9). 

 

Figure 1.14: CD spectra of 1.9 (401 μM) in CH3CN (black), S-1.9 (401 μM) mixed with 
(R,S)- 1.6 (4 mM) (red), and S-1.9 (401 μM) mixed with (S,R)- 1.6 (4 mM) 
(green).  
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 1.3.3.2. A Boronic Acid Receptor for Chiral Primary Amines 

Another method for the analysis of chiral primary amines was created using an 

assembly from the Bull and James groups,31,32 where enantiopure 1,1’-bi-2-naphthol 

(BINOL) assembles with o-formylphenyl boronic acid (FPBA) and α-chiral primary 

amines (Scheme 1.3). Enantiomerically pure a BINOL and BINOL-FPBA mixture both 

have a CD signal that is modulated upon addition of R or S guest amines.33 The three-

component assembly forms an imine coordinated boronate ester, and it was hypothesized 

that the absolute configuration of the amine would modify the torsional angles of S or R-

BINOL, resulting in the modulation in CD. However, molecular modeling experiments 

using Spartan showed no evidence of distortion of the dihedral angle of BINOL in the 

product assembly. The change in CD occurs from extending the chromophore ability of 

the chiral amine through condensation with the aromatic boronic acid (Figure 1.15).  

 

 

Scheme 1.3: Assembly developed by the Bull and James groups. 
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Figure 1.15: CD spectra of the assembly of MBA with (S)-BINOL-FPBA.  

Various amine analytes were assembled with BINOL and analogues, and with 

FPBA (Figure 1.16). The CD spectra of the resulting complexes exhibited differences in 

intensity and shape, making it possible to discriminate their identities and chirality. With 

all of the data obtained from varying hosts and guests, PCA and LDA plots were 

generated to classify the amines. The ee analysis done was highly accurate, giving an 

average absolute error of ±5.8% using the calibration curves generated.  
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Figure 1.16: Structures of the compounds used as hosts and guests/analytes. 

1.3.3.3. Exciton-Coupled Circular Dichroism (ECCD) 

One form of CD, namely exciton-coupled circular dichroism (ECCD),34 has been 

widely employed in chirality sensing for various analytes.35-44 When a compound contains 

two or more chromophores that can be oriented in a helical fashion, ECCD signals are 

generated. This phenomenon leads to bisignate CD curves centered at the UV-Vis 

absorption maximum. Enantiomers have mirror image CD spectra, and the sign of the 

Cotton effect is used to determine the absolute configuration of the analyte. Practically, 

chiral analytes must be derivatized with chromophores or need to be bound to receptors 

containing chromophores through supramolecular interactions. 
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In Situ Generated FeII Complexes as a Host for Chiral Amines 

The method described in section 3.1.2 for chiral monoamines29 suffers from 

several drawbacks. First, the derivatization of 2-pyridinecarboxaldehyde to form 

bidentate imines takes two hours. Second, it gave a moderately high average error of 

±17%. Lastly, the calibration curves are concentration dependent. In an effort to 

eliminate the need for the synthesis of a host and to create a simple and quick assay, our 

group has turned to self-assembly. In one example, FeII was used as a metal center to 

coordinate three equivalents of bidentate imines, which were created from the 

condensation between a chiral amine and aldehyde 1.16.45 In order to reduce 

derivatization time, 3-hydroxy-2-pyridinecarbaldehyde was allowed to react with the 

chiral primary amines to form chiral imines (Scheme 1.4). Followed by this in situ amine 

derivatization, FeII was added to form octahedral complexes that possess different helical 

twists. There are four possible stereoisomers for enantiomerically pure amines, and 24 

possible stereoisomers for mixtures of R and S amines. These isomers result from helical 

isomerism (clockwise, counterclockwise), configurational isomerism (fac and mer), as 

well as R and S amines. However, this complexity does not interfere in ee determination 

and enantiomeric differentiation because the isomers interchange rapidly in equilibria. 

The three asymmetrically oriented ligands bonded to FeII generate ECCD signals, which 

correlate with the identity of the stereogenic center of the imines and the helicity of the 

complex (Figure 1.17). Imines with a R stereogenic center induce a counterclockwise 

twist and have a negative ECCD couplet, and vice versa. 
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Scheme 1.4: Aldehyde 1.16 reacts rapidly with an amine to form imine 1.17, followed by 
complexation with FeII to form 1.18. 

 

 

Figure 1.17: Helical arrangements of the transition dipoles that couple to give rise to the 
positive and negative ECCD couplets for the Δ-(R)- and Λ-(S)-fac isomers, 
respectively. 

Amines with aromatic, cyclic, and acyclic functionality were differentiated by the 

CD signal intensity and shape (Figure 1.18). A concentration-independent calibration 

curve was generated to determine ee with a low average error of ±5%.   
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Figure 1.18: a) Structures of (left) MBA, CEA, and HPA, the three amines studied, and 
(right) MBI, CEI, and HPI, the three imines formed after reaction of the 
amines with aldehyde 1.16. b) UV−vis and CD spectra of the MLCT bands 
for the three different imines studied, MBI (3 mM), CEI (6 mM), and HPI (7 
mM), at 100% and −100% ee in acetonitrile with 1 mM FeII in a 0.1 cm 
quartz cell from 400 to 700 nm. 

FeII complexes as a host for α-chiral aldehydes 

Adapting the two protocols previously discussed,29,45 an assay for chiral aldehydes 

was created.46 Imines generated from compound 1.14 with various chiral aldehydes 

coordinate with metal upon the addition of FeII triflate (Scheme 1.4 and Figure 1.19). 

Compared to our previous approach,29 this assay was advantageous because the 

derivatization of the amine to form an imine was reduced from two hours to a half hour.  

The complexation of synthesized bidentate imines 1.19-1.21 with FeII led to large CD 

signals, which were used to determine ee of α-chiral aldehydes. The CD signal was used 

to discriminate absolute configuration of the α-chiral aldehydes, as well as their ee 

values with an absolute average error of ±5%.  
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Scheme 1.4: Aldehyde 1.16 reacts rapidly with an amine to form imine 1.17, followed by 
complexation with FeII to form 1.18. 

 

 

Figure 1.19: Structures of aldehyde studied, and 1.19, 1.20, and 1.21 created by reaction 
with 1.15. 

A CuII Complex as a Host for Chiral Carboxylates and α-Amino Acids 

Our group has also exploited ECCD for the analysis of chiral carboxylates.47 
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coordination site for monodentate carboxylate binding (Scheme 1.5). Host complex 1.22 

alone has two different helical isomers that exchange rapidly in equilibria, resulting in no 

CD signal. However, binding of a chiral guest causes one twist to dominate, and thereby 

generates the corresponding ECCD couplet (Figure 1.20). This method has the advantage 

of avoiding an analyte derivatization step. The guest forms a complex that has a 

minimum steric interaction with the groups on the stereocenter, thus dictating the helicity. 

R-enantiomers gave negative CD couplets, which are indicative of a P helical isomer with 

a counterclockwise twist, and vice versa. The difference in steric size of the groups 

attached to the stereocenter is directly correlated to the magnitude of the CD signal. 

Calibration curves for the determination of ee of carboxylates were generated, and gave 

an average absolute error of ±3%.  

 

Scheme 1.5: Protocol to determine absolute configuration of chiral amino acids (Top) and 
proposed complex formation between [(BQPA)CuII(ClO4)2] host 1.22 and 
chiral carboxylate guest. 
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Figure 1.20: CD spectra of host 1.22 (0.5 mM) by itself and with each enantiomer of 
PBA (1.0 mM) in default buffer (75% MeCN/H2O with 20 mM HEPES 
buffer at pH 7.4). 

Amino acids contain carboxylate groups, and hence host 1.22 was also used as a 

sensor for α-amino acids and β-homoamino acids.48 Boc-protected α-amino acids and 

Boc-protected β-amino acids follow the same operating principles as the previously 

studied carboxylates. For both α-amino acids and β-homoamino acids, D-isomers led to 

a P-type helix, whereas L-isomers led to an M-type helix. However, due to the increase in 

the degrees of rotational freedom in β-homoamino acids, reduced CD signals were 

observed (Figure 1.21 and 1.22). γ-Amino acids were not suitable for this system.  

 

 

Figure 1.21: Types of amino acids. 
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Figure 1.22: CD spectra for each indicated guest (1.0 mm) with host 1.22 (0.5 mm) in 
default buffer. 

A ZnII Mediated Multi-Component Assembly as a Host for Chiral Secondary Alcohols 

Our most recent ECCD-based sensor targets chiral secondary alcohols and was 

formed via a dynamic multi-component assembly process.49 Four components: 2-

pyridinecarboxaldehyde, di-(2-picolyl)amine, zincII triflate and the chiral alcohol were 

mixed together, and reversible covalent bonding formed assembly 1.23 (Scheme 1.6). 

The assembly possesses a helical twist of the pyridines that relies on the handedness of 

the stereocenter at the hemiaminal ether carbon. The stereocenter, in turn, is dictated by 

the handedness of the alcohol. The helical twist of the tris-pyridine complex induces a 

large Cotton effect in the CD spectrum resulting from ECCD. R-Alcohols lead to a 

preference of an S-stereocenter at the hemiaminal ether carbon, giving a preferential P 

twist of the tris(pyridine) ligand and a negative ECCD couplet, while the opposite is true 

for S-alcohols.50 The sign of the Cotton effect is therefore indicative of the handedness of 

the alcohol stereocenter and the unique CD signals for each alcohol allow determination 
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of alcohol identity. This system has successfully been used to quantify ee values of chiral 

secondary alcohols with a ±3% error.  

 

Scheme 1.6: Four-component reversible covalent assembly for secondary alcohol 
binding. 

The diastereomeric ratio (dr) of the assembly with chiral alcohols was linearly 

correlated with the magnitude of the CD signal (Figure 1.23).51 Furthermore, Charton 

steric parameters linearly correlate with the dr values and thereby also the ECCD 

intensity. From these correlations, the magnitude of CD values of various alcohols could 

be predicted with an average absolute error of ±9.5%.  
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Figure 1.23: a) Dr values for assemblies with chiral mono-ols (R or S) obtained from 1H 
NMR. b) CD spectra of assembly derived from three alcohols (0.175 mM 2-
PA, 0.525 mM mono-ol). 

1.3.3.4 Conclusions 

The use of optical spectroscopy for the determination of enantiomeric excess 

values has the potential to revolutionize reaction and catalyst development.  Many 

researchers, including our group, have pioneered this effort with a focus on either 

colorimetric or circular dichroism approaches. A series of assays targeting several chiral 

functional groups have been created: diols, diamines, amines, alcohols, carboxylic acids, 
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aldehydes and ketones.  In addition, a series of strategies for optical modulations have 

been implemented: indicator-displacement assays, CD-active MLCT excitation, and 

exciton-coupled circular dichroism.  While the absolute errors in the ee values are not 

yet as low as those traditionally associated with chiral HPLC analysis, advances in 

lowering the errors can be anticipated in the near future.  Yet, even with errors of around 

5% to 10%, one can quickly identify trends in data and find the “hits” within hundreds of 

samples.  This ability to screen with errors that are relatively large in comparison to 

HPLC has been reiterated to our group numerous times by chemists in big-pharma. Thus, 

true high-throughput screening is right around the corner.   

1.4 SUMMARY AND OUTLOOK 

In asymmetric synthesis, the introduction of automated systems and robotics has 

led to a direction focusing on combinatorial and parallel synthesis for chiral catalysts. In 

order to test with the primary objective of determining enantiomeric purity, the generated 

products high-throughput screening methods became indispensable. The analysis 

technique has been slowly shifting from the current chromatographic technique to an 

optical signal base technique. As thousands of compounds can be generated, the optical 

signaling based methods are more rapid in the measurement of ee. The user-friendly 

instrumentation and its compatibility with 96-well plates allow for one to screen hundreds 

of samples in a relatively short amount of time. Our group, amongst many other 

researchers in the field, is contributing in the development and optimization of an optical 

method based assay for a rapid determination of ee of various analytes.  
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Chapter 2:  Application of High Throughput Enantiomeric Excess 
Optical Assay involving a Dynamic Covalent Assembly for Sensing of 

Homo-allylic Alcohols 

2.1 INTRODUCTION  

The asymmetric synthesis of enantiomerically enriched organic compounds is 

crucial in the pharmaceutical industry.1,2 For example, the asymmetric reduction of a 

ketone to an alcohol was used by Lilly to create Cymbalta, which is a prescription 

medication used to treat a certain type of depression called Major Depressive Disorder 

(MDD). It is also known to treat or manage generalized anxiety disorder, diabetic 

peripheral neuropathic pain, fibromyalgia, and chronic musculoskeletal pain. Another 

example is an asymmetric enamine hydrogenation used by Merck to generate Januvia, 

which is a type of prescription diabetes medicine that helps you control your blood sugar 

levels.  

Enantioselective metal catalysis ranks among the foremost methods used in the 

manufacture of chiral pharmaceutical ingredients.3-6 Asymmetric hydrogenation 

encompasses the majority of enantioselective metal catalyzed processes employed on 

scale.5,6 Indeed, the largest volume application of enantioselective metal catalysis is the 

asymmetric iridium catalyzed imine hydrogenation used to generate the agrochemical 

metolachlor, which delivers over 10,000 metric tons of chiral product annually.7,8 Inspired 

by the importance of asymmetric hydrogenation to the manufacture of chiral 

pharmaceutical and agrochemical products, the Krische group has developed a broad, 

new family of catalytic enantioselective C-C bond forming hydrogenations and transfer 

hydrogenations.9,10 Among these processes, the iridium catalyzed C-C coupling of 

primary alcohols and allyl acetate to furnish enantiomerically enriched homoallylic 
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alcohols figures prominently,11-15 as it has been widely adopted in natural product 

synthesis.16-24  

In any asymmetric reaction, the goal is to achieve as high enantiomeric excess 

(ee) as possible, which commonly involves testing numerous experimental conditions, 

reagents, and/or catalysts, to optimize the ee. This has led to the use of parallel synthesis 

and high-throughput screening (HTS) for reaction discovery.25 Due to utilization of 

micro-well plates, mini-block reactors and automated liquid handlers, these methods 

enable a series of reactions to be performed, varying any number of experimental 

parameters and reagents in a short amount of time. Conventionally for ee determination, 

chiral HPLC and GC are used. However, they are not suitable for HTS of ee when 

hundreds to even thousands of reactions are to be analyzed. For this reason, optical assays 

for ee determination using colorimetric,26-28 fluorescence,29,30 or circular dichroism (CD) 

spectroscopy,25,31-32 are being created for the interrogation of chiral organic compounds.  

Our group has reported several CD methods using dynamic assemblies for various 

chiral functional groups: amines, alcohols, carboxylic acids, and aldehydes/ketones.33-36 

Each assay was validated with a limited number of commercially available chiral 

examples.  The assays are not as accurate as conventional chromatographic techniques, 

having errors ranging between 3 and 7%. However, such errors are deemed sufficient for 

a pre-screening of asymmetric reactions to discover trends or uncover hits.  These errors 

are acceptable primarily due to the ease of use of the assays and their speed.  For 

example, in each assay the chiral analyte is simply mixed with the assembly components, 

the solutions are allowed to reach equilibrium, and a robot transfers the samples from a 

96-well plate to a CD spectrometer for the determination of 96 ee values in under two 

hours.37 Alternatively, when using a laser table with four photo-elastic modulators, such a 

plate can be read in less than five minutes.38 While the Anslyn amine and alcohol assays 
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have been used by Zhang39 and Miller40, respectively, to measure a few dozen ee values 

each,41 we have yet to truly put the assays to the test measuring hundreds of values. 

In this chapter, we describe our first successful combination of parallel reactions 

with rapid CD analysis.  We describe how the Krische methodology for generating 

homo-allylic alcohols can be combined with our HTS ee assay for chiral alcohols.34 

Furthermore, we also have developed a quantitative Thin Layer Chromatography (TLC) 

analysis in order to avoid analyzing reactions with low yields, regardless of their ee 

values. In total, approximately 400 reactions were analyzed, with nearly 200 ee values 

being determined.  Once the assays were considered functional, the total analysis time 

for the combined TLC and ee screening could be accomplished in under a day. The ee 

screening alone was easily performed in under four hours. The study validates that the 

assays are functional in a real-life setting. 

2.2 RESULTS AND DISCUSSIONS 

Asymmetric Ir-catalyzed C-C coupling of primary alcohols with allyl-acetates, as 

described by Krische, to form chiral secondary homo-allylic alcohols were performed in 

parallel as a means to optimize the ee values thereof. Specifically, approximately 400 

examples of this reaction were performed by varying the catalyst, adding acids and bases, 

and starting reactants to form 4-phenyl-1-butene-4-ol (2.3). The ee values for the 

transformations were determined in a high-throughput fashion using a 4-component 

assembly that creates a circular dichroism signal indicative of the extent of asymmetric 

induction.  Further, a parallel and rapid quantitative TLC method measures the yield of 

each reaction, revealing which reactions give reliable ee values in the CD-based assay. 

Overall, the nearly 200 reactions whose ee values were determined could be quantitated 



 50 

in under two hours. Using a combination of the TLC method to measure yield with the 

CD-assay to measure ee values, several trends in reaction conditions were revealed.   

2.2.1 Iridium Catalyzed Carbonyl Allylation Reactions in 96-Well Mini-block. 

Previously, the iridium catalyzed enantioselective carbonyl allylation protocol, 

based upon allyl acetate-alcohol transfer hydrogenative coupling, was developed by the 

Krische group.11 This disclosed catalytic system for transfer hydrogenative carbonyl 

allylation employed allyl acetate and alcohol in the presence of an iridium catalyst 

generated in situ from [Ir(cod)Cl]2 and a chelating triarylphosphine ligand. Allyl acetate 

was chosen as the allyl donor due to the low cost and its tractability. They reported that 

under optimal conditions, which employ the commercially available iridium complex 

[Ir(cod)Cl]2 (2.5 mol %) in combination with (R)-BINAP (5 mol %) as ligand in THF at 

100 °C in a sealed tube, along with Cs2CO3 (20 mol %) and m-NO2BzOH  (10 mol %) 

as additives, primary alcohols studied converted to corresponding homoallylc alcohols in 

good yield with excellent levels of enantioselectivity (Figure 2.1).11 

 

 

Figure 2.1: Carbonyl allylation from alcohol oxidation level via iridium-catalyzed 
coupling of allyl acetate to alcohols 2.1a- 2.1c. 
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In their later work, they reported that employing chromatographically purified 

iridium catalysts, referred to as “preformed catalyst”, allows alcohol-mediated carbonyl 

allylations and crotylations to be conducted at a significantly lower temperatures, 

resulting in enhanced levels of anti-diastereoselectivity and enantioselectivity. Using the 

preformed catalysts was advantageous in terms of yield and could be applied under 

milder conditions.  Thus, in our studies we adopted the use of preformed catalysts 

(Equation 2.1). 

Equation 2.1 

 

 

In the present study, 18 preformed catalysts were generated by varying the acid 

and the chiral phosphine ligands as shown in Equation 2.2 and Figure 2.2 (Table 2.1). 

Cesium carbonate as a base and allyl acetate were used for all preformed catalysts.  

Based upon previous results from the Krische group, the chiral phosphine SEGPHOS 

generally gives the highest ee values in the carbonyl allylation.  But, due to the fact that 

BINAP is much less expensive, a major focus of this project was to screen reactions in an 

attempt to reveal conditions where BINAP would rival SEGPHOS.  Previous studies 

also give the highest production yield of catalyst when a meta-substituted carboxylate 

was used. Thereby, we set out to explore m-nitrobenzoic acids with various electron-

withdrawing and electron-donating groups on the para position.  
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Equation 2.2 

 

 

Figure 2.2: List of various carboxylic acids that were used to generate the preformed 
catalyst.  

 

 

Figure 2.3: List of various triarylphosphine ligands that were used to generate the 
preformed catalyst.  
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Entry Ligands Acids Preformed 
Catalysts 

1 (R)-BINAP A1 (R)-C1 

2 (R)-BINAP A3 (R)-C2 

3 (R)-BINAP A5 (R)-C3 

4 (R)-SEGPHOS A1 (R)-C4 

5 (R)-SEGPHOS A3 (R)-C5 

6 (R)-SYNPHOS A1 (R)-C6 

7 (R)-SYNPHOS A3 (R)-C7 

8 (R)-Cl,MeO-
BIPHEP A1 (R)-C8 

9 (R)-Cl,MeO-
BIPHEP A3 (R)-C9 

10 (S)-BINAP A1 (S)-C1 

11 (S)-BINAP A3 (S)-C2 

12 (S)-BINAP A5 (S)-C3 

13 (S)-SEGPHOS A1 (S)-C4 

14 (S)-SEGPHOS A3 (S)-C5 

15 (S)-SYNPHOS A1 (S)-C6 

16 (S)-SYNPHOS A3 (S)-C7 

17 (S)-Cl,MeO-
BIPHEP A1 (S)-C8 

18 (S)-Cl,MeO-
BIPHEP A3 (S)-C9 

Table 2.1:  Various conditions creating 18 combinations of catalysts, as shown in 
Equation 2.2. 

Using the 18 catalysts described, as well as a series of other experimental 

conditions (described below), we performed nearly 400 carbonyl allylations that create 4-

phenyl-1-butene-4-ol (Equation 2.1). For this parallel synthesis, a series of preformed 
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catalysts, bases and solvents were screened in 96-well reaction-blocks, sometimes loaded 

with only 48 reactions or at other times fully loaded, each well being a different reaction 

condition associated with its position on the plate. Often, when double-checking results, 

the plates were loaded with only 20 reactions. The reactions were stirred for two days, 

heated with two different procedures.  In some cases the reaction-block was sealed, 

buried in a sand bath, and heated at 100 °C with a flea stir-bar in each well.  

Alternatively, the reaction-blocks could be placed directly on a heat plate with a 

temperature controller embedded in the reaction block.  Both procedures gave consistent 

results. After two days the blocks were opened, and purification was performed using a 

parallel procedure involving various 96-well filter and collection plates. First, a small 

spatula of silica was added to each well (approximately 200 mgs), followed by 

simultaneous removal of the solvent from all wells using a Genevac (dry loading 

method).  Second, each well of a 96-well filter plate was loaded with approximately 1 

cm of silica. Each crude reaction mixture was loaded into this filter plate using the same 

positions as in the reaction plate.  Approximately 2 mls of 2% EtOAc in hexanes, 

followed by about 2 mls of 5% EtOAc, was flushed through each well in the filter-plate 

and collected in deep-well plates. The first wash removes the excess benzyl alcohol, 

while the second wash elutes the product. The benzyl alcohol must be removed, because 

it can compete with the chiral secondary alcohol in the assay that reports the ee values 

(vida infra).  The allyl moiety, either acetate or chloride, can co-elute with the product 

alcohol, since we found it has no influence on the ee determination.  The solvent of the 

product-containing fractions from the second wash was removed again using a Genevac. 

By the end, homo-allylic alcohol 2.3 was the only compound that remained in the 96-well 

plate which responds in our ee assay. 
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2.2.2 Dynamic Covalent Muti-component Assembly for Enantiomeric Excess 
Sensing 

 

 

Figure 2.4. Four-component assembly that reports the ee values of chiral secondary 
alcohols via examination of the resulting CD spectra. 

Our group previously reported an assay to measure the ee values of chiral 
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amplifying the signal. Although this system has been successfully used to quantify the ee 

values of a variety of commercially available chiral secondary alcohols, the assay had yet 

to be used in a true high-throughput manner. 

We first analyzed a series of homo-allylic alcohols to verify that our assay would 

function with such structures (Figure 2.5).  The four-component assembly using each 

alcohol was studied by 1H NMR and ESI-Mass spectroscopy. The presence of 

diastereomers of 2.4 formed from the homo-allylic alcohols was confirmed by 1H NMR 

spectroscopy. Diastereomeric ratios (d.r.) were measured by integrating the hydrogen 

resonances of the chiral alcohols within the assembly (Figure 2.5). In the past, we have 

been able to create effective ee assays for alcohols with d.r. values as small as 1.2, and 

therefore every analyte examined would be useful in our assay.46  

 

 

Figure 2.5: Various homoallylic alcohols studied and their d.r. values. 

A titration was performed with 2.3 to find the minimum concentration required to 

reach signal saturation (Figure 2.6). Three equivalents were sufficient, thus removing 

concentration dependence at this or higher equivalents. Therefore, to create calibration 

curves that relate CD ellipticities to ee, 3 equivalents of 2.3 relative to the assembly was 

used.  It is important to note that during the parallel reaction screening, if the yield of 
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determined would be incorrect.  Therefore, in many cases (as described below), we 

determined the reaction yield prior to measuring the ee values simply to verify that we 

could trust the ee values from our assay. 

 

Figure 2.6: Titration of alcohol 2.3 into 2-PA, DPA, and Zn(II) triflate (all at 269 nm) in 
acetonitrile.   

Prior to the anticipated parallel screening, a calibration curve for 4-phenyl-1-

butene-4-ol (2.3) was generated using the CD spectra of the multi-component assembly 

reaction (Figure 2.7.). The calibration curve (Figure 2.8.) showed a correlation coefficient 

of 0.99. 
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Figure 2.7: CD spectra of 4-phenyl-1-butene-4-ol derived assembly with different ee of 
alcohol (0.175 mM 2-PA, 0.525 mM alcohol). 

 

Figure 2.8: Linear ee calibration curve lines at 269 nm. 
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The approximately 400 samples of 2.3, created using the parallel synthesis routine 

described above, were analyzed in numerous 96-well plates employing the multi-

component assembly of 2PA, Zn(OTf)2, DPA and CEM-HCl (Figure 2.4.).  The 

analyses were performed in situ, in parallel, in acetonitrile, and in the presence of 

molecular sieves.  The well plates were sealed with 96-well strip plates, and the 

mixtures were stirred at room temperature for ~ 18 hr, allowing the assembly equilibria to 

be achieved. A CD spectrum of each well was taken and the ee was determined using the 

calibration curve generated for 2.3. Using a robot, the plate could be read in 2 hours, but 

using a newly developed CD laser system, each plate can be read in 5 minutes.38 

2.2.3 Quantitative TLC Method in the Yield Determination to Pre-screen Allylation 
Reactions 

As described above, a caveat for this parallel synthesis and the HTS ee assay is 

that a minimum of 3 equiv. of alcohol is needed to ensure saturation of the CD signal. If 

the reaction gives a low yield, then even if the reaction results in high enantioselectivity, 

the CD reported ee values will not be accurate. In order to circumvent this issue, we 

devised a rapid and parallel TLC method to roughly quantify the yield of each reaction.47-

50 The experiment was set up such that if 100% yield of 2.3 (Equation 2.1) were achieved, 

that would represent 6 equivalents to be used in the assembly whch measures ee values, 

hence far beyond the 3-4 equivalents needed to saturate the CD signal.  Therefore, even 

around a 60 to 65 % yield would still give saturation of the CD signal and an accurate ee 

value.  Hence, the assay created to measure yields needed to have a threshold of 

detection of 60% with a ±10% error. The yield can be calculated if we quantify the ratio 

between the starting precursor, benzyl alcohol and the product alcohol, 4-phenyl-1-

butene-4-ol.  If the yield was below 60%, further detection of the ee was not performed.  
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Benzyl alcohol and 4-phenyl-1-butene-4-ol are both luminant under a UV lamp 

when spotted on a silica gel plate.  Microcaps were used to spot the reactions on the 

TLC plates. A box was constructed that held an iPhone with a hole for the camera, and a 

UV lamp was set to uniformly illuminate the TLC plate from one side of the box. The 

camera was placed the same distance from TLC plate as the lamp, because we found this 

was best at making the image not too bright or too dim.  

To generate calibration curves in order to quantify the yield of the reactions, 

images of empty TLC plates were taken (Figure 2.9a). These are needed for subtracting 

the background when analyzing with computer software.  Next, 11 samples that contain 

different ratios of starting and product alcohols, all at the same total concentration 

identical to that used in the parallel reactions, were spotted on the plates.  The plates 

were allowed to dry and eluted in 20% ethyl acetate in hexane.  The developed TLC 

plate was placed in the same location where the empty TLC plate was placed before, and 

the image was taken (Figure 2.9b). 
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Figure 2.9:  a) Raw image of blank TLC plate under UV lamp b) Raw image of TLC 
plate spotted with different ratios of starting and product alcohol under UV 
lamp c) Image of TLC plate when background is subtracted d) Background 
subtracted image of TLC plate in grey scale e) Calibration generated from % 
concentration of product alcohol to starting alcohol vs % product alcohol 
intensity counts for each development. 
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Entry Base Acid % Yield % Yield (calcd) 

1 Cs2CO3 A1 85 80 

2 Cs2CO3 BzOH 44 48 

3 Na2CO3 A1 16 23 

4 K2CO3 A1 24 27 

5 Cy2NMe A1 - - 

6 Strychnine A1 22 43 

7 Brucine A1 - - 

Table 2.2: Isolated yield and TLC method based yield varying base and acid additives to 
generate 2.3.  

The software Igor pro was used to analyze the images. By subtracting the 

background image, only benzyl alcohol and 4-phenyl-1-butene-4-ol spots appear (Figure 

2.9c). After converting color to black and white (Figure 2.9d), the program counts the 

pixels of each spot and takes ratios of counted pixels, thereby generating a calibration 

curve (Figure 2.8, Table 2.2). The graph is slightly curved, due to the fact that at the low 

end the program picks up some signal for 1, even though there should be none (note that 

the graph does not start at zero on the y-axis).  At the high end, the program detects 

some signal for benzyl alcohol although there is none (note that the values are less than 

100% on the y-axis).  Because the same issues will exist when analyzing hundreds of 

parallel reactions, we used a curve to fit the calibration data. This screening step, using 

simple TLC techniques, proved extremely useful. It was used either to eliminate some 

reactions before ee determination, or for checking the yields of reactions after ee 

determination when the CD signals were very low, implying either a low yield or poor 

enantioselectivity.  
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2.2.4 Ee Determination of Homo-allylic Alcohols 

Combinations of 9 different pre-catalysts, their enantiomers, 4 different bases, 3 

different solvents, and 2 different allyl moieties generated more than 400 reactions that 

were ran in parallel. Their yield and ee was checked rapidly using our CD method (see 

section 2.4). For randomly selected reactions, HPLC determined ee and CD determined 

ee was compared and gave average errors of ±7% for examples that give a yield of 1 

above 60% (Table 2.3).  For the pre-catalyst, using BINAP as a chiral ligand, along with 

m-NO2-p-CN-BzOH, showed the highest ee of the product alcohol 2.3 (94%). Using 

SEGPHOS as a chiral ligand also gave comparable yield as well as an ee of 91%. The 

sample using BINAP with a 94% CD-determined ee value was checked via HPLC, 

revealing an ee of 98%. This is above the 94% ee found for catalysts incorporating 

SEGPHOS, determined using HPLC (Table 2.3, and section 2.4). Thus, our screening 

revealed conditions of which the less expensive ligand could rival SEGPHOS. Among 

the acids (A1- A6) that were used to generate preformed catalysts, having more electron-

withdrawing groups para to the benzoic acid gave the best yield. Among inorganic bases, 

changing bases in the reaction resulted in differences in yield, but did not significantly 

change the ee. But there was a decrease in ee with the chiral base. Change in allyl moiety 

did not influence the yield or ee of 2.3. A sample with a reasonably high yield that was 

confirmed by TLC, the ee determined by CD was in a small error range with the ee 

determined by HPLC. 

It is important to note that when a low yield of alcohol was observed via the TLC 

assay, the CD determined and HPLC ee values showed quite a discrepancy (Table 2.3). 

Thus, one limitation of our rapid CD-based assays is that highly asymmetric 

transformations that are low yielding will be missed due to the fact that they would be 

inaccurately reported.  Yet, we feel that the advances reported here using a simple and 
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quantitative TLC-approach will help to rule out miss-interpretations because the low-

yielding reactions can be identified before CD-analysis. 

Table 2.3: HPLC and CD determined ee and isolated and TLC method determined yield 
of 2.3 under various combinations of preformed catalysts, acids, bases and 
solvents. 

Pre-
catalyst 

Allyl 
Moiety Base Solvent CD ee HPLC 

ee 
TLC yield 

(%) 
Isolated 

yield (%) 
(R)-C1 1a Cs2CO3 THF 90 92 80 85 

   MeCN 8 54 25 18 

   Dioxane 88 90 68 52 

  K2CO3 THF 45 77 48 58 

   MeCN 11 47 15 12 

   Dioxane 65 68 32 25 

  K3PO4 THF 85 90 80 80 

   MeCN 12 48 25 23 

   Dioxane 88 89 83 78 

  strycine THF 18 51 22 43 

   MeCN 7 42 16 12 

   Dioxane 12 38 33 48 

(R)-C2 1a Cs2CO3 THF 94 98 85 84 

 1b Cs2CO3 THF 90 94 85 - 

 1a K3PO4 THF 90 84 80 - 

(R)-C4 1a Cs2CO3 THF 88 93 75 80 

 1b Cs2CO3 THF 87 93 78 76 

(R)-C5 1a Cs2CO3 THF 89 94 80 78 

 1b Cs2CO3 THF 90 94 75 80 

 1a K3PO4 THF 91 96 70 - 

(R)-C6 1a Cs2CO3 THF 86 84 82 77 
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Table 2.3 (continued) 
 1b Cs2CO3 THF 85 84 77 - 

(R)-C8 1a Cs2CO3 THF 84 86 80 75 
(R)-C8 

 
1b Cs2CO3 THF 84 85 75 - 

2.3 CONCLUSIONS 

We successfully demonstrated parallel enantioselective carbonyl allylation 

reactions using multi-well mini-blocks, followed by ee determination using a dynamic 

multi-component CD assay. By performing the synthesis of the analytes as well as 

sensing assemblies in multi-well plates, we have achieved true HTS. The overall result 

shows that when the reaction gives a reasonable yield (>60%), the CD based ee assay 

gives acceptable errors. However, when the yield of 2.3 is low, because saturation is not 

reached in the multi-component assembly, the ee values are inaccurate. Our screen 

revealed conditions for the specific analyte 2.3 that allowed the less expensive BINAP 

ligand to rival SEGPHOS, a ligand that is found to generally give high ee for other 

similar carbonyl allylations.42,43 Similarly, each of our group’s HTS assays should allow 

chemists to analyze hundreds of reactions that create the same chiral structure using the 

same calibration curve for CD versus ee values. 

2.4 EXPERIMENTAL DETAILS 

2.4.1. Materials and Methods 

NMR spectra were recorded on Agilent MR 400 at The University of Texas at 

Austin NMR facility. ESI-mass spectra were obtained on Agilent 6100 at The University 

of Texas at Austin mass spectrometry facility. Circular dichroism (CD) spectra were 

recorded on a Jasco J-815 spectropolarimeter at The University of Texas facility. High 
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performance liquid chromatography (HPLC) analysis was performed with OD-H column 

from Chiralcel. 

2.4.2. Synthesis of Pre-catalysts 

 

Figure 2.10: Synthesis of pre-catalysts with various phospho ligands. 

A pressure tube equipped with a magnetic stirbar was charged with [Ir(cod)Cl]2 

(161.9 mg, 0.24 mmol, 100 mol%), phospho ligand (0.48 mmol, 200mol%), Cs2CO3 

(312.9 mg, 0.96 mmol, 400 mol%) and 4-Cl-3-NO2BzOH (192.5 mg, 0.96 mmol, 400 

mol%). The tube was purged with argon and an outlet for 5 minutes, followed by the 

addition of allyl acetate (142µL, 1.2 mmol, 500 mol%) in THF (5.2 mL, 0.05 M). The 

mixture was stirred for 30 min at room temperature under argon. The reaction mixture 

was then stirred for 90 min at 80 °C. Upon cooling to ambient temperature, the reaction 

mixture was diluted and rinsed with CH2Cl2 and concentrated in vacuo at ambient 

temperature. The compound was purified by flash chromatography (SiO2, 20% 

Et2OAc/CH2Cl2) and concentrated in vacuo at ambient temperature. The light brown gum 

was dissolved in a small amount of THF and precipitated upon rapid addition of HPLC 

grade hexanes. Gravity filtration, followed by removal of trace solvents with flushing N2 

gives a yellow powder. 
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Pre-catalyst Phospho ligand Acid Yield (%) 

(R)-C1 (R)-BINAP 4-Cl-3-NO2BzOH 80 

(R)-C2 (R)-BINAP 4-CN-3-NO2BzOH 78 

(R)-C3 (R)-BINAP 4-OH-3-NO2BzOH 66 

(R)-C4 (R)-SEGPHOS 4-Cl-3-NO2BzOH 76 

(R)-C5 (R)-SEGPHOS 4-CN-3-NO2BzOH 83 

(R)-C6 (R)-SYNPHOS 4-Cl-3-NO2BzOH 76 

(R)-C7 (R)-SYNPHOS 4-CN-3-NO2BzOH 79 

(R)-C8 (R)-Cl, MeO-BIPHEP 4-Cl-3-NO2BzOH 79 

(R)-C9 (R)-Cl, MeO-BIPHEP 4-CN-3-NO2BzOH 81 

(S)-C1 (S)-BINAP 4-Cl-3-NO2BzOH 81 

(S)-C2 (S)-BINAP 4-CN-3-NO2BzOH 80 

(S)-C3 (S)-BINAP 4-OH-3-NO2BzOH 65 

(S)-C4 (S)-SEGPHOS 4-Cl-3-NO2BzOH 76 

(S)-C5 (S)-SEGPHOS 4-CN-3-NO2BzOH 80 

(S)-C6 (S)-SYNPHOS 4-Cl-3-NO2BzOH 78 

(S)-C7 (S)-SYNPHOS 4-CN-3-NO2BzOH 78 

(S)-C8 (S)-Cl, MeO-BIPHEP 4-Cl-3-NO2BzOH 80 

(S)-C9 (S)-Cl, MeO-BIPHEP 4-CN-3-NO2BzOH 82 

Table 2.4: List of pre-catalysts generated and the isolated yield 

2.4.3. General Procedures for Synthesis of 1-Phenylbut-3-en-1-ol (2.3) 

To a vial in the mini-block, pre-catalyst (8.75 μmol, 5 mol%) and stock solutions 

of benzyl alcohol (17.5 μmol, 100 mol%), base (10.5 μmol, 6 mol%) in THF (0.4 M) 

and H2O (0.35 mmol, 200 mol%) were placed. The stock solution of allyl acetate (0.35 

mmol, 200 mol%) in THF was added to the mixture and was left to stir at 100 oC for 48 

hours, at which point the reaction mixture was evaporated onto silica gel using Genevac. 
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Purification of the product by mini-plug silica column chromatography on 96-well filter 

plate (SiO2: ethyl acetate:hexanes, 1:50 to 1:20) provided 2.3 as a colorless oil. 

Spectroscopic properties matched those in the literature 2.3.  

HPLC: (Chiralcel OD-H column, hexanes:i-PrOH = 95:5, 0.5 mL/min, 254 nm), 

(R)-1-Phenylbut-3-en-1-ol: 17.2 min, (S)-1-Phenylbut-3-en-1-ol: 15.2 min. 

Instrumentation   

Initially, we have attempted to create a 96-well plate sandwiched between two 

metal blocks by sealing the plate with screws. Typically, multi-well microplates are 

employed in biolab, such as with PCR experiments, polystyrene plates are widely used. 

However, in our study, we employed organic solvent (THF) by heating it to reflux at 100 

oC. Thereby, polypropylene multi-well plates were utilized, which has a high temperature 

tolerance and resistance to most organic solvents. The main technical problem that we 

encountered stems from the sealing of the well plate in order to ensure that the solvent 

will not evaporate or counter contaminate to neighboring wells. Sealing tapes, films, mats 

and strips for well plates, as well as molded rubber mats, were used to prevent the solvent 

from escaping. However, the metal plates, which were utilized to ensure proper sealing as 

well as to conduct heat, did not hold securely to the well plate to further perform the 

reactions.  

Next, we sought after a commercially available parallel synthesis plate purchased 

from Analytical Sales and Services, Inc. The parallel synthesis/optimization plates were 

composed of four different components. The optimization 96-well block holds 96 glass 

vials that can contain 250μL. Replacement films and replacement mats cover the vials, 

and finally, the metal block is subsequently sealed at the vials’ top with numerous screws. 

The silicone rubber mats provide compression sealing. These assembled 96-well reaction 
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plates are validated to have less than 5% solvent loss with prolonged heating above 

boiling point, which proves suitable for our study.  

 

 

Figure 2.11: Instrumentation for parallel synthesis and purification of alcohol 2.3. (A) 96-
parallel mini-block. (B) Reaction at 100 oC for 48 hrs in either a sand bath or 
directly up on the hot plate. (C) Removal of the solvent by centrifugal 
evaporator (Genevac). (D) Short chromatography column using silica loaded 
96-well filter plate.  

 

 

(A) (B) 

(C) (D) 
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2.4.4. Diastereomeric Ratio Determination of Alcohols using Multi-component 
Assembly 

Synthesis of Chiral Homo-allylic Alcohols 

(R)- 4-phenyl-1-buten-4-ol  

In an oven-dried microwave tube, benzalcohol (108.1 mg, 1.0 mmol, 100 mol%), (R)-I 

(53 mg, 0.05 mmol, 5 mol%), Cs2CO3(195.5 mg, 0.60 mmol, 60 mol%), 4-chloro-3-

nitrobenzoic acid (20.2 mg, 0.1 mmol, 10 mol%), and THF (2.5 mL, 0.4 M) were mixed 

and stirred. Freshly ditilled allyl acetate (200.2 mg, 2.0 mmol, 200 mol%), via Hickman 

distillation apparatus, was added to the mixture and followed by the addition of H2O (36 

μL, 2.0 mmol, 200 mol%). The mixture was allowed to stir at room temperature for 30 

minutes. The reaction vessel was placed in a microwave reactor, and the temperature was 

set at 90 C under Power Max mode at medium stir for 6 hrs. The reaction mixture was 

diluted in CH2Cl2 and in order to do a dry packing, small amounts of SiO2 were added to 

the diluted solution and concentrated in vacuo. Purification was performed by column 

chromatography (SiO2). First, the mixture was flashed with hexanes, followed by 1:20 

ethyl acetate: hexanes. After the removal of starting aldehyde precursors (UV-active), 

1:10 ethyl acetate: hexanes collected product containing fractions. The solvent was 

removed in vacuo, and colorless oil of (R)- 4-phenyl-1-buten-4-ol in 76 % yield (96 % 

e.e.). After collecting the alcohol product, the column was flashed with 1:1 ethyl acetate: 

hexanes to remove any other organic impurities, followed by changing the eluent system 

to 20% CH2Cl2 in THF. The yellow band was collected and concentrated in vacuo. (R)-

C1 (42 mg, 0.040 mmol) was recovered as a yellowish brown gum in 77% yield.  
1H NMR (400 MHz, CD3Cl): δ7.29 (m, 5H), 5.8 (m, 1H), 5.1 (m, 2H), 4.6 (dd, J = 7.6, 

5.4 Hz, 1H), 2.4 (m, 2H), 1.9 (s, 1H) 
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HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

12.8 min, tminor = 16.2 min, ee = 96%   

 (S)- 4-phenyl-1-buten-4-ol  

The procedure is the same as the preparation for (R)- 4-phenyl-1-buten-4-ol. The only 

change in the procedure is using (S)-C1 (53 mg, 0.05 mmol, 5 mol%), in place of (R)-C1.  

The yield was 75 %. (S)-C1 was recovered in 77 % yield. 
1H NMR (400 MHz, CD3Cl): δ7.29 (m, 5H), 5.8 (m, 1H), 5.1 (m, 2H), 4.6 (dd, J = 7.6, 

5.4 Hz, 1H), 2.4 (m, 2H), 1.9 (s, 1H) 

HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

17.2 min, tminor = 13.8 min, ee = 94%   

(R)-4-(4-Bromophenyl)-1-buten-4-ol 

The procedure is the same as the preparation for (R)- 4-phenyl-1-buten-4-ol. The only 

change in the procedure is using 4-bromo-benzalcohol instead of using benzalcohol. 
1H NMR (400 MHz, CD3Cl): δ7.49 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 5.8 (m, 

1H), 5.1 (m, 2H), 4.7 (dd, J = 7.6, 5.4 Hz, 1H), 2.4 (m, 2H), 2.1 (s, 1H) 

HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

20.4 min, tminor = 23.1 min, ee = 96%   

(S)-4-(4-Bromophenyl)-1-buten-4-ol 

The procedure is the same as the preparation for (R)-4-(4-Bromophenyl)-1-buten-4-ol. 

The only change in the procedure is using (S)-C1 (53 mg, 0.05 mmol, 5 mol%), in place 

of (R)-C1.   
1H NMR (400 MHz, CD3Cl): δ7.49 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 5.8 (m, 

1H), 5.1 (m, 2H), 4.7 (dd, J = 7.6, 5.4 Hz, 1H), 2.4 (m, 2H), 2.1 (s, 1H) 

HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

22.9 min, tminor = 20.4 min, ee = 93%   
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(R)-1-(benzo[d][1,3]dioxol-5-yl)but-3-en-1-ol 

The procedure is the same as the preparation for (R)- 4-phenyl-1-buten-4-ol. The only 

change in the procedure is the starting aldehyde. Piperonly alcohol was used in this 

reaction. 
1H NMR (400 MHz, CD3Cl): δ6.93 (s, 1H), 6.8 (m, 2H), 5.92 (s, 2H), 5.8 (m, 1H), 5.14 

(m, 2H), 4.65 (d, J = 6.8 Hz, 1H), 2.46 (t, J = 6.5 Hz, 2H), 2.1 (s, 1H) 

HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

15.4 min, tminor = 19.2 min, ee = 93%   

(S)-1-(benzo[d][1,3]dioxol-5-yl)but-3-en-1-ol 

The procedure is the same as the preparation for (R)-1-(benzo[d][1,3]dioxol-5-yl)but-3-

en-1-ol. The only change in the procedure is using (S)-C1 (53 mg, 0.05 mmol, 5 mol%), 

in place of (R)-C1.   
1H NMR (400 MHz, CD3Cl): δ6.93 (s, 1H), 6.8 (m, 2H), 5.92 (s, 2H), 5.8 (m, 1H), 5.14 

(m, 2H), 4.65 (d, J = 6.8 Hz, 1H), 2.46 (t, J = 6.5 Hz, 2H), 2.1 (s, 1H) 

HPLC (Chiralcel OD-H column, hexanes: i-PrOH = 95:5, 0.5 mL/min, 254 nm): tmajor = 

19.3 min, tminor = 15.4 min, ee = 92%   

Diastereomeric Ratio for Various Alcohols using NMR Method 

The binding of enantiomerically pure alcohols was also investigated, and the 

presence of diastereomers was determined by 1H NMR spectra. The faces of the iminium 

ion intermediate are enantiotopic in the assembly reactions. Therefore, the complex 

formed by adding chiral alcohols will have two stereocenters. The consequence here is 

the formation of two sets of enantiomers. In 1H NMR spectra, we cannot differentiate 

enantiomers; however, we confirmed the creation of diastereomers.  Diastereomeric 

ratios (d.r.) were measured by integrating hydrogen peak areas of chiral alcohols within 
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the assembly. The d.r. values are consistent with the relative sizes of two groups on the 

stereocenters of alcohols.  

All assembly reactions were performed in situ in acetonitrile without isolation and 

purification. To a stirred solution of pyridine-2-carboxyaldehyde (35 mM, 1 equiv.), zinc 

triflate (1 equiv.) in acetonitrile, 3 Å molecular sieves (4-8 mesh), di-(2-picolyl)amine 

(1.2 equiv.), and a target alcohol (5 equiv.) and 4-(2-chloroethyl)morpholine 

hydrochloride (1 equiv.) were added in the order. The mixture was stirred at room 

temperature overnight. The assembly solution was characterized by 1H NMR and ESI-

MS. For alcohols that possess stereocenters, diastereomers were generated, and the 

diastereomeric ratios (d.r.) were calculated using integrals in the 1H NMR spectra.  

 
Name of alcohols % yield d.r. 

 3-buten-1-ol 95.1 - 

3-buten-2-ol 88.34 1.21 

 1-penten-3-ol 88 1.25 

 2-butyn-1-ol 86.12 - 

 3-butyn-2-ol 76.7 1.71 

 4-penten-2-ol 80 1.26 

1-hepten-4-ol 77.8 1.13 

2-methyl-5-hexen-3-ol 81.1 - 

 4-phenyl-1-buten-4-ol 88.8 1.54 

 4-(4-Bromophenyl)-1-buten-4-ol 81.3 1.51 

 1-(benzo[d][1,3]dioxol-5-yl)but-3-en-1-ol 82.8 1.44 

(E)-1-phenylhexa-1,5-dien-3-ol 71.5 1.41 

Table 2.5: Percent yield and d.r. of various alcohols in the assembly reactions calculated 
by integrals in 1H NMR spectra. 
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2.4.5 Spectrometry and Spectroscopy 

1H NMR of 4-penten-2-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.26, % alcohol incorporation: 80% 

 

 

 

 

 

 

 

���������������������������������������	��	��
��
������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
�
��
�

�
��
�

�
��
�

����������������������������������������
�������

�
��
�

�
��
�



 75 

 

1H NMR of 1-phenylethanol in Multi-component Assembly 

 

Diastereomeric ratio: 1.96, % alcohol incorporation: 86% 
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1H NMR of 4-(4-Bromophenyl)-1-buten-4-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.51, % alcohol incorporation: 81% 

 

 

 

 

 

 

 

 

���������������������������������������	��	��
��
������������
�������

�
�	
�

�
��
	

�
	
��



�
�
�

	

�
��
	

�
�




�
��
�

�
�
��
�

�
��
�

�
��
	

�
�
��
�

�
�
��
�

�
��
�



 77 

 

1H NMR of 4-phenyl-1-buten-4-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.54, % alcohol incorporation: 88% 
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1H NMR of 1-Hepten-4-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.13, % alcohol incorporation: 78% 
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1H NMR of 2-Methyl-5-hexen-3-ol in Multi-component Assembly 

 

Diastereomeric ratio 1.06, % alcohol incorporation: 81% 
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1H NMR of 3-Butyn-2-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.71, % alcohol incorporation: 77% 
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1H NMR of 5-Hexyn-3-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.25, % alcohol incorporation: 14% 
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1H NMR of 3-Buten-2-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.21, % alcohol incorporation: 88% 
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1H NMR of 1-Penten-3-ol in Multi-component Assembly 

 

Diastereomeric ratio: 1.25, % alcohol incorporation: 88% 
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1H NMR of 4-[3,4-(Methylenedioxy)phenyl]-1-buten-4-ol in Multi-component 
Assembly 

 

Diastereomeric ratio: 1.44, % alcohol incorporation: 83% 
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CD Spectroscopy of Free Alcohols and Alcohol Incorporated Assemblies 

1-Phenylbut-3-en-1-ol (2.3) 

 

 

 

 

 

 

 

Figure 2.13: CD spectra of R-and S-1-Phenylbut-3-en-1-ol. 

4-Penten-2-ol 

 

 

Figure 2.14: CD spectra of R-and S-4-penten-2-ol. 

OH

OH
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Figure 2.15: CD spectra of R-and S-4-penten-2-ol incorporated multi-component 
assemblies. The max CD value is 7 mdeg at 269 nm.  

4-[3,4-(Methylenedioxy)phenyl]-1-buten-4-ol 

 

 

Figure 2.16: CD spectra of R-and S-4-[3,4-(Methylenedioxy)phenyl]-1-buten-4-ol. 
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4-[3,4-(Methylenedioxy)phenyl]-1-buten-4-ol in Multi-component Assembly 

 

 

Figure 2.17: CD spectra of 4-[3,4-(methylenedioxy)phenyl]-1-buten-4-ol incorporated 
multi-component assembly varying enantiomeric composition. 

 

  

Figure 2.18:Calibration curve generated from CD at 269 nm. 

  

ee CD at 269 nm 
-1 22.5753 
1 -21.5798 

-0.75 17.4222 
0.75 -15.4873 
-0.5 12.505 
0.5 -9.66873 

-0.25 7.18924 
0.25 -4.41307 
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3-butyn-2-ol 

 

 

Figure 2.19: CD spectra of 3-butyn-2-ol incorporated multi-component assemblies 
varying the enantiomeric composition. 

 

  

Figure 2.20: Calibration curve for 3-butyn-2-ol from CD at 269 nm. 

OH
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Figure 2.21: CD spectra of various enantiopure chiral alcohols. 

2.4.6. Procedures for Multi-component Assembly 

All reactions were performed using stock solution of each component in situ in 

acetonitrile without isolation and purification. Pyridine-2-carboxyaldehyde (2-PA, 35 

mM, 0.0175 mmol, 1 equiv.), zinc triflate (Zn(OTf)2, 35 mM, 0.0175 mmol, 1 equiv.), di-

(2-picolyl)amine (DPA, 42mM, 0.021 mmol, 1.2 equiv.),  1-phenylbut-3-en-1-ol (1, 

equivalents varies within allylation reactions performed.), and 4-(2-

chloroethyl)morpholine hydrochloride (CEM-HCl, 35 mM, 0.0175 mmol, 1 equiv.) were 

stirred together in acetonitrile in the presence of 3Å activated molecular sieves. The 

mixture was stirred at room temperature. 

2.4.7. General Procedures for TLC Analysis 

Each reaction was spotted onto TLC silica plate and developed with 10% 

ethylacetate in hexane. The TLC plate was placed inside the box that has the UV lamp 
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attached and the photo was taken using an iPhone. It is important that each time, the TLC 

plate was placed at the same position and that a picture of the blank TLC plate was taken 

before the development. The pictures were converted to grey-scale using any generic of 

photo management software, then using a software Igor pro, the intensity for each spot 

was counted and the ratio between the starting alcohol and the product alcohol was 

calculated as percentile. 

 

Figure 2.12:  Instrumentation set-up for TLC imaging technique.   

2.4.8. Tables of CD determined ee and TLC method based % yield of 2.3 for each 
reaction 

Allylation was performed for each pre-catalyst varying allyl moiety, base and 

solvent to give product alcohol 2.3, followed by multi-component assembly. The ee 

obtained from a CD based calibration curve and yield estimated using the TLC method 

for each condition are shown below. Some of the reactions were randomly selected to 

compare with HPLC ee and isolated yield. When using enantiomers of the pre-catalysts, 

essentially the opposite ee were obtained with slight fluctuations in yield. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C1 1a Cs2CO3 THF 90 80 

   MeCN 8 25 

   Dioxane 88 68 

  K2CO3 THF 45 48 

   MeCN 11 15 

   Dioxane 65 32 

  K3PO4 THF 85 80 

   MeCN 12 25 

   Dioxane 88 83 

  strycine THF 18 22 

   MeCN 7 16 

   Dioxane 12 33 
 1b Cs2CO3 THF 93 68 

   MeCN 14 20 

   Dioxane 90 65 

  K2CO3 THF 58 52 

   MeCN 18 24 

   Dioxane 35 28 

  K3PO4 THF 92 80 

   MeCN 20 28 

   Dioxane 88 64 

  strycine THF 19 24 

   MeCN 11 25 

   Dioxane 16 24 

Table 2.6: CD determined ee and TLC determined yield with preformed catalyst (R)-C1.  
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C2 1a Cs2CO3 THF 94 85 

   MeCN 12 20 

   Dioxane 86 65 

  K2CO3 THF 52 61 

   MeCN 14 10 

   Dioxane 68 52 

  K3PO4 THF 90 80 

   MeCN 21 28 

   Dioxane 92 77 

  strycine THF 20 25 

   MeCN 12 14 

   Dioxane 12 18 
 1b Cs2CO3 THF 90 85 

   MeCN 7 12 

   Dioxane 90 72 

  K2CO3 THF 33 43 

   MeCN 7 12 

   Dioxane 68 48 

  K3PO4 THF 88 87 

   MeCN 15 22 

   Dioxane 88 75 

  strycine THF 18 14 

   MeCN 10 12 

   Dioxane 21 34 

Table 2.7: CD determined ee and TLC determined yield with preformed catalyst (R)-C2. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C3 1a Cs2CO3 THF 85 74 

   MeCN 15 22 

   Dioxane 78 70 

  K2CO3 THF 65 51 

   MeCN 14 22 

   Dioxane 64 52 

  K3PO4 THF 70 80 

   MeCN 14 28 

   Dioxane 67 58 

  strycine THF 15 22 

   MeCN 8 12 

   Dioxane 12 12 
 1b Cs2CO3 THF 87 80 

   MeCN 12 19 

   Dioxane 87 70 

  K2CO3 THF 49 44 

   MeCN 10 18 

   Dioxane 69 52 

  K3PO4 THF 80 70 

   MeCN 14 22 

   Dioxane 78 68 

  strycine THF 11 28 

   MeCN 6 10 

   Dioxane 10 23 

Table 2.8: CD determined ee and TLC determined yield with preformed catalyst (R)-C3. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C4 1a Cs2CO3 THF 88 75 

   MeCN 12 28 

   Dioxane 81 61 

  K2CO3 THF 66 52 

   MeCN 14 20 

   Dioxane 61 44 

  K3PO4 THF 88 80 

   MeCN 12 22 

   Dioxane 75 68 

  strycine THF 8 20 

   MeCN 11 15 

   Dioxane 21 28 
 1b Cs2CO3 THF 87 78 

   MeCN 10 14 

   Dioxane 82 70 

  K2CO3 THF 45 50 

   MeCN 13 22 

   Dioxane 78 41 

  K3PO4 THF 87 80 

   MeCN 12 10 

   Dioxane 85 70 

  strycine THF 22 20 

   MeCN 12 20 

   Dioxane 8 24 

Table 2.9: CD determined ee and TLC determined yield with preformed catalyst (R)-C4. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C5 1a Cs2CO3 THF 89 80 

   MeCN 17 12 

   Dioxane 86 64 

  K2CO3 THF 52 48 

   MeCN 12 20 

   Dioxane 60 42 

  K3PO4 THF 91 70 

   MeCN 15 28 

   Dioxane 90 65 

  strycine THF 25 24 

   MeCN 14 16 

   Dioxane 20 28 
 1b Cs2CO3 THF 90 75 

   MeCN 15 32 

   Dioxane 89 64 

  K2CO3 THF 45 49 

   MeCN 14 22 

   Dioxane 65 38 

  K3PO4 THF 88 72 

   MeCN 18 25 

   Dioxane 87 68 

  strycine THF 21 34 

   MeCN 14 21 

   Dioxane 16 28 

Table 2.10: CD determined ee and TLC determined yield with preformed catalyst (R)-C5. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C6 1a Cs2CO3 THF 86 82 

   MeCN 18 30 

   Dioxane 75 62 

  K2CO3 THF 44 51 

   MeCN 14 12 

   Dioxane 60 28 

  K3PO4 THF 85 66 

   MeCN 10 28 

   Dioxane 70 57 

  strycine THF 18 11 

   MeCN 12 18 

   Dioxane 18 21 
 1b Cs2CO3 THF 85 77 

   MeCN 18 12 

   Dioxane 70 58 

  K2CO3 THF 42 52 

   MeCN 10 18 

   Dioxane 55 42 

  K3PO4 THF 84 80 

   MeCN 8 16 

   Dioxane 48 55 

  strycine THF 15 20 

   MeCN 15 21 

   Dioxane 18 31 

Table 2.11: CD determined ee and TLC determined yield with preformed catalyst (R)-C6. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C7 1a Cs2CO3 THF 82 78 

   MeCN 12 22 

   Dioxane 75 64 

  K2CO3 THF 37 61 

   MeCN 18 15 

   Dioxane 55 22 

  K3PO4 THF 74 58 

   MeCN 15 22 

   Dioxane 77 62 

  strycine THF 20 14 

   MeCN 16 14 

   Dioxane 18 25 
 1b Cs2CO3 THF 87 80 

   MeCN 9 14 

   Dioxane 68 60 

  K2CO3 THF 44 54 

   MeCN 11 16 

   Dioxane 59 52 

  K3PO4 THF 76 72 

   MeCN 12 24 

   Dioxane 51 58 

  strycine THF 18 21 

   MeCN 6 10 

   Dioxane 12 27 

Table 2.12: CD determined ee and TLC determined yield with preformed catalyst (R)-C7. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C8 1a Cs2CO3 THF 84 80 

   MeCN 9 11 

   Dioxane 61 58 

  K2CO3 THF 46 54 

   MeCN 17 15 

   Dioxane 61 42 

  K3PO4 THF 84 71 

   MeCN 10 8 

   Dioxane 77 59 

  strycine THF 15 16 

   MeCN 7 10 

   Dioxane 10 12 
 1b Cs2CO3 THF 84 75 

   MeCN 11 16 

   Dioxane 66 55 

  K2CO3 THF 40 43 

   MeCN 12 14 

   Dioxane 53 52 

  K3PO4 THF 80 71 

   MeCN 14 18 

   Dioxane 55 52 

  strycine THF 12 22 

   MeCN 10 14 

   Dioxane 12 14 

Table 2.13: CD determined ee and TLC determined yield with preformed catalyst (R)-C8. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(R)-C9 1a Cs2CO3 THF 85 82 

   MeCN 11 8 

   Dioxane 62 56 

  K2CO3 THF 40 36 

   MeCN 16 18 

   Dioxane 61 52 

  K3PO4 THF 86 78 

   MeCN 14 14 

   Dioxane 52 55 

  strycine THF 10 12 

   MeCN 15 6 

   Dioxane 17 15 
 1b Cs2CO3 THF 83 78 

   MeCN 13 12 

   Dioxane 76 55 

  K2CO3 THF 66 48 

   MeCN 14 12 

   Dioxane 63 38 

  K3PO4 THF 84 75 

   MeCN 12 12 

   Dioxane 55 40 

  strycine THF 18 27 

   MeCN 6 9 

   Dioxane 11 18 

Table 2.14: CD determined ee and TLC determined yield with preformed catalyst (R)-C9. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C1 1a Cs2CO3 THF 88 82 

   MeCN 12 23 

   Dioxane 86 65 

  K2CO3 THF 43 52 

   MeCN 8 22 

   Dioxane 66 35 

  K3PO4 THF 87 79 

   MeCN 14 29 

   Dioxane 85 80 

  strycine THF 20 24 

   MeCN 13 17 

   Dioxane 15 33 
 1b Cs2CO3 THF 93 67 

   MeCN 10 25 

   Dioxane 88 69 

  K2CO3 THF 61 50 

   MeCN 22 26 

   Dioxane 39 32 

  K3PO4 THF 90 79 

   MeCN 22 30 

   Dioxane 90 65 

  strycine THF 17 28 

   MeCN 12 25 

   Dioxane 12 24 

Table 2.15: CD determined ee and TLC determined yield with preformed catalyst (S)-C1.  
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C2 1a Cs2CO3 THF 95 80 

   MeCN 15 14 

   Dioxane 87 62 

  K2CO3 THF 52 69 

   MeCN 15 22 

   Dioxane 70 48 

  K3PO4 THF 88 80 

   MeCN 20 29 

   Dioxane 91 80 

  strycine THF 22 27 

   MeCN 14 12 

   Dioxane 19 22 
 1b Cs2CO3 THF 92 81 

   MeCN 8 14 

   Dioxane 90 70 

  K2CO3 THF 34 43 

   MeCN 12 13 

   Dioxane 71 48 

  K3PO4 THF 89 88 

   MeCN 14 24 

   Dioxane 92 80 

  strycine THF 22 15 

   MeCN 18 12 

   Dioxane 25 36 

Table 2.16: CD determined ee and TLC determined yield with preformed catalyst (S)-C2. 



 102 

Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C3 1a Cs2CO3 THF 81 71 

   MeCN 11 20 

   Dioxane 77 68 

  K2CO3 THF 65 54 

   MeCN 19 22 

   Dioxane 62 51 

  K3PO4 THF 72 80 

   MeCN 12 28 

   Dioxane 68 59 

  strycine THF 12 22 

   MeCN 10 11 

   Dioxane 16 15 
 1b Cs2CO3 THF 88 75 

   MeCN 14 22 

   Dioxane 85 72 

  K2CO3 THF 50 46 

   MeCN 12 20 

   Dioxane 71 53 

  K3PO4 THF 80 70 

   MeCN 16 24 

   Dioxane 80 72 

  strycine THF 15 22 

   MeCN 4 20 

   Dioxane 6 17 

Table 2.17: CD determined ee and TLC determined yield with preformed catalyst (S)-C3. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C4 1a Cs2CO3 THF 87 68 

   MeCN 12 32 

   Dioxane 80 62 

  K2CO3 THF 68 58 

   MeCN 17 40 

   Dioxane 58 42 

  K3PO4 THF 88 77 

   MeCN 15 18 

   Dioxane 73 72 

  strycine THF 10 20 

   MeCN 14 15 

   Dioxane 22 29 
 1b Cs2CO3 THF 86 74 

   MeCN 15 18 

   Dioxane 80 80 

  K2CO3 THF 46 54 

   MeCN 15 26 

   Dioxane 80 44 

  K3PO4 THF 88 80 

   MeCN 14 15 

   Dioxane 83 72 

  strycine THF 12 24 

   MeCN 8 22 

   Dioxane 12 22 

Table 2.18: CD determined ee and TLC determined yield with preformed catalyst (S)-C4. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C5 1a Cs2CO3 THF 90 77 

   MeCN 22 16 

   Dioxane 86 62 

  K2CO3 THF 54 48 

   MeCN 18 24 

   Dioxane 62 44 

  K3PO4 THF 91 72 

   MeCN 15 14 

   Dioxane 89 65 

  strycine THF 24 22 

   MeCN 18 18 

   Dioxane 22 27 
 1b Cs2CO3 THF 90 72 

   MeCN 19 31 

   Dioxane 90 67 

  K2CO3 THF 46 47 

   MeCN 12 27 

   Dioxane 66 37 

  K3PO4 THF 89 71 

   MeCN 22 23 

   Dioxane 87 67 

  strycine THF 24 36 

   MeCN 14 27 

   Dioxane 19 31 

Table 2.19: CD determined ee and TLC determined yield with preformed catalyst (S)-C5. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C6 1a Cs2CO3 THF 86 78 

   MeCN 12 32 

   Dioxane 77 57 

  K2CO3 THF 46 56 

   MeCN 19 14 

   Dioxane 62 24 

  K3PO4 THF 87 64 

   MeCN 12 32 

   Dioxane 72 58 

  strycine THF 22 13 

   MeCN 14 19 

   Dioxane 18 22 
 1b Cs2CO3 THF 86 67 

   MeCN 19 14 

   Dioxane 72 62 

  K2CO3 THF 41 60 

   MeCN 12 22 

   Dioxane 54 40 

  K3PO4 THF 83 78 

   MeCN 13 14 

   Dioxane 46 55 

  strycine THF 17 22 

   MeCN 12 14 

   Dioxane 14 22 

Table 2.20: CD determined ee and TLC determined yield with preformed catalyst (S)-C6. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C7 1a Cs2CO3 THF 83 74 

   MeCN 14 14 

   Dioxane 77 58 

  K2CO3 THF 39 63 

   MeCN 22 22 

   Dioxane 54 28 

  K3PO4 THF 72 48 

   MeCN 13 34 

   Dioxane 77 64 

  strycine THF 22 17 

   MeCN 13 21 

   Dioxane 20 28 
 1b Cs2CO3 THF 87 67 

   MeCN 13 16 

   Dioxane 70 65 

  K2CO3 THF 46 51 

   MeCN 13 22 

   Dioxane 62 49 

  K3PO4 THF 80 71 

   MeCN 14 28 

   Dioxane 47 61 

  strycine THF 17 24 

   MeCN 4 11 

   Dioxane 14 14 

Table 2.21: CD determined ee and TLC determined yield with preformed catalyst (S)-C7. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C8 1a Cs2CO3 THF 81 77 

   MeCN 12 15 

   Dioxane 58 62 

  K2CO3 THF 49 61 

   MeCN 13 19 

   Dioxane 60 43 

  K3PO4 THF 84 68 

   MeCN 11 12 

   Dioxane 78 51 

  strycine THF 22 14 

   MeCN 10 20 

   Dioxane 12 14 
 1b Cs2CO3 THF 82 66 

   MeCN 13 21 

   Dioxane 69 54 

  K2CO3 THF 43 59 

   MeCN 17 18 

   Dioxane 55 49 

  K3PO4 THF 81 68 

   MeCN 19 2 

   Dioxane 54 50 

  strycine THF 14 34 

   MeCN 12 10 

   Dioxane 15 14 

Table 2.22: CD determined ee and TLC determined yield with preformed catalyst (S)-C8. 
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Pre-catalyst Allyl Moiety     Base Solvent CD ee TLC yield (%) 

(S)-C9 1a Cs2CO3 THF 85 80 

   MeCN 11 12 

   Dioxane 60 54 

  K2CO3 THF 44 39 

   MeCN 19 22 

   Dioxane 62 54 

  K3PO4 THF 86 77 

   MeCN 19 19 

   Dioxane 54 50 

  strycine THF 14 21 

   MeCN 11 10 

   Dioxane 13 21 
 1b Cs2CO3 THF 82 70 

   MeCN 19 14 

   Dioxane 77 51 

  K2CO3 THF 69 50 

   MeCN 18 15 

   Dioxane 67 43 

  K3PO4 THF 86 72 

   MeCN 14 10 

   Dioxane 59 30 

  strycine THF 14 33 

   MeCN 10 11 

   Dioxane 12 18 

Table 2.23: CD determined ee and TLC determined yield with preformed catalyst (S)-C9. 
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Chapter 3:  Mechanistic Studies on Covalent Assemblies of Metal-Mediated 
Hemi-Aminal Ethers  

3.1 INTRODUCTION  

Dynamic Covalent Bonding (DCB) can be used to exchange molecular components in 

order to reach the thermodynamic minima of a system.1-6 In recent decades, DCB has been 

explored due to its far-reaching applicability in supramolecular chemistry.7-10 For instance, DCB 

is useful in creating new molecular receptors, protein ligands, and sensors.11-15 It is quite common 

to combine metal-coordination or donor-acceptor interactions with dynamic covalent bonds. 13,16 

One application to which DCB has been applied is the determination of chirality. The 

discrimination of chiral compounds is essential in the pharmaceutical industry, where 

enantiomeric purity of chiral drugs can greatly influence therapeutic and biological properties.17 

Much effort has been devoted to creating methods that report the enantiomeric excess (ee) of 

target chiral building blocks using supramolecular and dynamic covalent bond chemistry.18-20  

Our group reported a one-pot protocol involving multiple dynamic covalent bonds that 

target chiral alcohols.21 This system forms a hemi-aminal (3.1) from three components which 

subsequently forms a hemi-aminal ether (3.3) from a fourth component (alcohol) upon 

dehydration (Figure 3.1). The reversibility of the covalent bonds in this assembly enables the 

exchange of all four components.22 The use of the assembly to measure ee values of alcohols has 

been covered in-depth.21,23,24 In this paper, a mechanistic investigation of this multi-component 

assembly is reported. Understanding the mechanism of this assembly should enable further 

exploration of dynamic hemi-aminal ether formation in a variety of contexts.25-27 
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Figure 3.1: Reversible multicomponent-assembly for the binding of chiral secondary alcohols. 

3.2 RESULTS AND DISCUSSION 

The use of reversible covalent-bonding in a four-component assembly incorporating 

chiral alcohols was recently reported to give a method for determining the enantiomeric excess 

of the alcohols via CD spectroscopy.  Experiments that probe the mechanism of this assembly, 

which consists of 2-formylpyridine (2-PA), dipicolylamine (DPA), Zn(II), and alcohols, to yield 

zinc-complexes of tren-like ligands, are presented. The studies focus upon the mechanism of 

conversion of a hemi-aminal (3.1) to a hemi-aminal ether (3.3), thereby incorporating the fourth 

component. It was found that molecular sieves along with 3 to 4 equivalents of alcohol are 

required to drive the conversion of 3.1 to 3.3.  Attempts to isolate an intermediate in this 

reaction via the addition of strong Lewis-acids led to the discovery of a five-membered ring 

pyridinium salt (3.5), but upon exposure to Zn(II) and alcohols gave different products than the 

assembly.  This was interpreted to support the intermediacy of an iminium species. Kinetic 

studies reveal that the conversion of 3.1 to 3.3 is zero-order in alcohol with large excesses of 

alcohol, supporting rate-determining formation of an intermediate prior to reaction with alcohol.  
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Further, the magnitude of the rate constant for interconversion of 3.1 and 3.3 are similar, 

supporting the notion that there are similar rate-determining steps (rds’s) for the forward and 

reverse reactions. Hammett plots show that the rds involves creation of a negative charge 

(interpreted as the loss of positive charge), supporting the notion that decomplexation of Zn(II) 

from the assemblies to generate apo-forms of 3.1 and 3.3 is rate-determining.  The individual 

mechanistic conclusions are combined to create a qualitative reaction coordinate diagram for the 

interconversion of 3.1 and 3.3. 

3.2.1 Extent of Alcohol Incorporation in Multi Component Assembly 

In our previous work, which described the use of the four-component assembly given in 

Figure 3.1, we postulated that the reaction proceeded via iminium ion 3.2, which would then add 

alcohols to create hemi-aminal ethers that are thermodynamically stabilized via binding of Zn(II) 

to the tren-like ligand.21 Molecular sieves play a major role in the assembly process by 

scavenging water to drive the equilibrium, which involves alcohol incorporation. Depending on 

the absence or presence of molecular sieves in the solution, the alcohol incorporation jumps from 

40% to 90%, respectively (Table 3.1). Further, the Brønsted acid (CEM-HCl), used as a catalyst, 

is critical to the assembly. Without a Brønsted acid, no hemi-aminal ether is formed (Table 3.1). 

It was found that CEM-HCl is the most effective acid catalyst, and led to the best yield of the 

hemi-aminal ether complex when Brønsted acids were screened.21 CEM-HCl forms 3,12-dioxa-

6,9-diazoniadispiro[5.2.5.2]hexadecane in the presence of DPA by slowly releasing hydrochloric 

acid (Figure 3.2).28 
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# of sieves Brønsted acid % Alcohol incorporation 

0 N 0 

0 Y 40 

2 N 0 

2 Y 88 

4 N 0 

4 Y 90 

Table 3.1: Percent yield of hemi-aminal ether complex when number of molecular sieves (3Å) 
and presence of Brønsted acid were varied. (Concentration of 2-PA: 35 mM, DPA: 
42 mM, alcohol: 175 mM and Zn(II) : 35 mM in acetonitrile).  

 

 

Figure 3.2: Pathway of CEM-HCl to form 3,12-dioxa-6,9-diazoniadispiro[5.2.5.2]-hexadecane 
releasing HCl. 
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the assembly to completion. Figure 3.3A shows the yield of the assembly as a function of the 

number of equivalents of an alcohol (4-penten-2-ol). As previously reported, the assembly with 

chiral alcohols results in circular dichroism (CD) signals. Figure 3.3B displays the CD intensity 
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ensure complete assembly. To ensure saturation in the assembly reactions, all experiments for ee 

determination are conducted using 3 equiv. or more of alcohol. 

 
!!" = ! [!.!] !!!!.! !"#      (Equation 3.1) 

Because molecular sieves and excess alcohol are required to drive the reaction to 

completion, it was anticipated that the value of the equilibrium constant (Keq) between 3.1 and 

3.3 must be less than 1.  The 1H-NMR chemical shifts of 3.1 and 3.3 are distinct, and thus it is a 

simple matter of integration of the respective resonances to measure a Keq value, along with 

knowledge of the starting concentrations of all reactants: 3.1 and alcohol, and a controlled 

amount of water (Equation 3.1). Thus, with an initial concentration of 3.1 being 35 mM, water at 

35 mM, and alcohol at 175 mM, Equation 3.1 yielded a Keq value of 0.042. 
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Figure 3.3: A) The percent yields and B) CD intensities of hemi-aminal ether formation when the 
equivalency of alcohol was varied. (Concentration of 2-PA: 35 mM, DPA: 42 mM 
and Zn(II) : 35 mM in acetonitrile). 

3.2.2 Isolation and Characterization of the Intermediate 

Although not commonly isolated, iminium salts have been characterized previously.29 

With this precedent in mind, we set out to create iminium 3.2 as a means to test its validity as the 

intermediate in the assembly process shown in Figure 3.1. To isolate salt 3.2, we used powerful 

Lewis acids such as TMS-OTf and BF3-OEt2 to facilitate DPA in addition to 2-PA (Figure 3.4). 
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Figure 3.4: Lewis acid assisted condensation and formation of a pyridinium salt. The cyclization 
of 3.2 to 3.5 is 5-endo-trig, and thus not strictly allowed by Baldwin’s rules. 

In an NMR tube, upon the addition of one equivalent of TMS-OTf or BF3-OEt2 to a 

mixture of 2-PA and DPA in CD3CN (60 mM), resonances for a new product along with 

unreacted 2-PA were observed. The 1H NMR spectrum was not consistent with 3.2 as the 

product, because two inequivalent CH2-groups were formed and the hydrogens on each CH2 

were diastereotopic (see section 3.4). When excess BF3-OEt2 (more than 2 equiv.) was used to 

push the addition of DPA to completion in acetonitrile, a yellow precipitate was isolated at 0 °C. 

The precipitate was separated and crystals were grown by slow diffusion of diethyl ether into a 

solution of the yellow solid in acetonitrile at 0 °C. X-ray diffraction analysis revealed pyridinium 

salt 3.5. 
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Figure 3.5: X-ray structure of pyridinium salt 3.5 created from 2-picolinaldehyde, dipicolylamine 
and excess BF3-OEt2. 

However, the addition of water or alcohol and Zn(OTf)2 to the pyridium salt 3.5 did not 

produce good yields of the hemi-aminal 3.1 or hemi-aminal ether 3.3, respectively. Instead, a 

myriad of additional un-isolable products were created. Therefore, although while pyridinium 

salt 3.5 can be isolated, it must not in actuality be the correct intermediate formed in the 

assembly.  We interpret this evidence as supporting iminium 3.2 as the true intermediate that 

reacts with water or an alcohol to create 3.1 or 3.3, respectively. One rationalization for these 

results stem from Baldwin’s rules.30,31 The cyclization of 3.2 to 3.5 is 5-endo-trig, which is 

forbidden by these rules.  A second rationalization comes from the expected lifetime of an 

iminum in the presence of water.  For example, in water as the solvent, iminium ions have 

lifetimes on the order of only picoseconds.32-35 Hence, irrespective of the intramolecularity of the 

pyridine, only in the absence of an external water or alcohol nucleophile does the cyclization 

occur.  Apparently, in the presence of these nucleophiles, their intermolecular addition 

outcompetes the intramolecular addition of pyridine. 
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3.2.3 Kinetics 

As described above, the three-component assembly readily forms the hemi-aminal 

complex 3.1, and with the assistance of a Brønsted acid catalyst, it will create the hemi-aminal 

ether 3.3 in the presence of an alcohol.  Therefore, to explore the mechanism of formation of 

3.3, it was most convenient to start with preformed 3.1.  A plausible mechanism for the creation 

of 3.3 is given in Figure 3.6.  It starts with loss of Zn(II) from the tren-like ligand, followed by 

acid catalyzed elimination of water to create 3.2. Given that 3.2 is the highest energy species 

along the sequence, either of the two steps prior to formation of 3.2 could be rate-determining.  

Thus, we set out to determine if loss of metal or elimination of water is the slow step leading to 

3.2. 

 

Figure 3.6: Proposed pathway for interconverion of 3.1 and 3.3. 

As shown in Figure 3.7, the two steps leading to the intermediate can be combined to 
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form of the rate expression predicts a second order reaction at low concentrations of alcohol 

(first order in 3.1 and alcohol).  To test this dependence, we analyzed the reaction as first order 

in 3.1 and zero-order in alcohol using three equivalents of alcohol (and no molecular sieves).  

The standard plot of (ln{[A]o / ([A]o – [P])}) versus time exhibited a trend with significant 

curvature (Figure 3.8), therefore not conforming to first order kinetics.  However, the rate 

expression predicts that the reaction should become increasingly first order in 3.1 and zero-order 

in alcohol as the alcohol concentration increases. The mechanism is analogous to an SN1 

reaction, where at high concentrations of nucleophile, a zero order dependence of nucleophile is 

the norm.  As seen in Figure 3.8, the kinetic plot becomes increasingly linear, and at 18 or more 

equivalents of alcohol, the plot conforms nicely to pseudo-first order kinetics.  Under these 

conditions the concentration of alcohol is large enough to compete with any residual water or 

water released during the reaction.  The rate constant k-1 is predicted to be larger than k2 due to 

a larger nucleophilicity of water relative to alcohols, accounted by water’s smaller size.36 Thus, it 

takes an excess of alcohol to cause the rate expression to simplify to first order in 3.1 only. When 

2 equivalents of water were added at this high concentration of alcohol, the rate drops drastically 

and the reaction loses first order behaviour, analogous to the common ion effect in an SN1 

reaction.37 
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Figure 3.7: Simplified mechanism and associated rate equation. 
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This kind of kinetics is referred to as saturation kinetics, and it is indicative of a pre-

equilibrium prior to the formation of a high energy intermediate that then reacts with the alcohol. 

Taking the values of the initial slopes in Figure 3.8, where the concentration of alcohol was the 

only variable, leads to the graph shown in Figure 3.9. Zero order dependence of alcohol in the 

reaction was verified as a plateau in this plot. The experiments given above, however, do not 

distinguish as to whether the loss of Zn(II) or the loss of water is the slow step leading to the 

intermediate. 

 

Figure 3.8: A plot of ln([A]o/([A]o-[P]) versus time as a function of the equivalents of alcohol. A 
is hemi-aminal 3.1 and P is 3.3. (All experiments: 35 mM of 2-PA and Zn(II) were 
used for the assembly reaction). 
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Figure 3.9: The variation in kobs as a function of the starting concentration of alcohol. 
Concentration of 2-PA was 35 mM for all experiments. 

The mechanism given in Figure 3.6 has analogous steps leading to the intermediate, 

either starting from reactant 3.1 or product 3.3. The difference is the departure of water or 

departure of alcohol directly before formation of intermediate 3.2.  The rate of departure of 

water is predicted to be slower than that of alcohol departure due to the increased stability of the 

hemi-aminal over the hemi-aminal ether, as revealed from the equilibrium constant measured 

(see above).  However, the difference in the rate of loss of Zn(II) from either the hemi-aminal 

3.1 or the hemi-aminal either 3.3 is likely minimal.  Thus, in order to reveal whether metal loss 

or leaving group departure is the slow step in formation of the intermediate(s), we followed the 

time course for the forward and reverse reactions during the initial period of the transformations. 

The reactions involve the addition of alcohol to 3.1 or water to 3.3. All experiments were 

performed with the concentration of 2-PA being 0.035 M, and alcohol or water fixed at 0.175 M. 

By fitting a linear line to the first 10% of reaction, we were able to estimate rate constants of the 

two reactions.  We find rate constants that are approximately the same (0.30 hr-1 vs 0.35 hr-1). 

This was the first experiment that indicated that the rate-determining step in hemi-aminal to 

hemi-aminal ether is loss of the metal.   

Although the forward and reverse rate constants are approximately the same, thereby 

indicating that the rate-determining steps for the forward and reverse reactions are both likely 
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due to the loss of Zn(II), it is true that the rate from hemi-aminal ether back to hemi-aminal is 

slightly faster. This is to be predicted because an ROH is anticipated to be a better leaving group.  

Thus, we sought even stronger evidence that the loss of Zn(II) is rate-determining, and therefore 

we performed a Hammett linear free energy analysis. 

 

Figure 3.10: A plot of ln [A]o/[A] vs time in forward and reverse reactions only over the first 
10% of reaction. 
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the conclusion that negative charge is building during the rds of the assembly, or alternatively, 

there is a loss of positive charge.  

 

A) 

 

 

 

B) 

X σpara log (kX/kH) 

OH -0.38 -0.21 

Me -0.14 -0.062 

H 0 0 

F 0.15 0.15 

ethylene 0.23 0.13 

Cl 0.24 0.17 

Br 0.26 0.16 

 

Figure 3.11: A) Four-component covalent assembly reactions with various R-X structures. B) 
σpara values38,39 and corresponding log (kX/kH) values for encountered substituents. 
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Figure 3. 12: Hammett plot for four-components assembly with para substituted 2-
picolinaldehyde. 

The two possible rate-determining steps for the formation of intermediate 3.2 either 

involve loss of the Zn(II) cation or formation of a positive iminium, respectively. Loss of a 

cation is analogous to increased negative charge, whereas formation of an iminium involves 

creation of a positive charge. Because a positive rho value was found, this supports loss of Zn(II) 

as the rds in the conversion of 3.1 to 3.3, as was also supported by the fact that the forward and 

reverse reaction rate constants of Figure 3.7 are basically the same. 

A Hammett plot using σ+ was also generated (see section 2.4). Such a Hammett plot 

includes resonance, whereas σ  primarily reflects induction. The plot using σ + contained 

significantly more scatter, with a R2 value of 0.84 compared to the normal Hammett plot (R2 of 

0.977). This is in further accordance with our conclusion that the rds is the loss of Zn(II). If the 

rds was the loss of water, instead, we would predict a better Hammett plot with σ+, because 3.2 

is stabilized via direct resonance with the substituents. However, the substituents primarily affect 

metal chelation via induction. 

3.2.5 Proposed Mechanism 

The experiments described above allow one to create a qualitative reaction coordinate 

diagram (Figure 3.13) for the interconversion of 3.1 (A) and 3.3 (P). First, because the 
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equilibrium constant for the reaction is less than 1, the energy of A and alcohol is placed lower 

than P and water (ΔGo).  Second, because the loss of Zn(II) from A and P was found to have 

similar rate constants, the barriers leading from A and P to L1 and L2, respectively, are placed 

the highest on the diagram and their activation energies are comparable (ΔG1
‡ = ΔG2

‡). Next, 

we place intermediate I in the center of the diagram, which our results support as being 3.2 rather 

than 3.5. Third, because water is a better nucleophile than an alcohol, the barrier from I to L1 (Δ

GL1
‡) is drawn lower than the barrier of I to L2 (ΔGL2

‡). The remaining question involves the 

relative energies of L1 and L2, and whether their energy difference is similar to the difference in 

their activation energies to achieve I. However, we postulated above that the bond strengths 

between OH and OR in A and P likely do not change significantly whether or not Zn(II) is 

bound. Thus, as a fourth point, the energy difference between L1 and L2 should be similar to 

that between A and P. This reasoning led to the qualitative placement of L1 and L2 on the 

diagram. The third and fourth insights used here to generate the reaction coordinate diagram also 

led to the conclusion that the activation energy used to create I from L1 is higher than from L2 

to I. This is consistent with the notion that an alcohol is a better leaving group than water. 
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Figure 3.13: Hypothesized reaction coordinate diagram for the multi-component assembly 
reaction. See Figure 3.6 for identities of A, L1, L2, I and P. 

3.3 CONCLUDING REMARKS 

Mechanistic studies of the four-component assembly involving 2-PA, DPA, Zn(II), a 

secondary alcohol, and catalytic acid revealed several insights.  First, the equilibrium lies 

toward hemi-aminal 3.1, and thus the creation of a high yield of 3.3 requires molecular sieves.  

Further, the reaction can be driven toward 3.3 via the use of excess alcohol.  Attempts to isolate 

the previously postulated iminium 3.2 instead led to the isolation of a pyridinium salt 3.5.  Yet, 

3.5 does not produce the correct products and its formation is not allowed via Baldwin’s rules, 

and thus 3.5 must form slower than the reaction of 3.2 with water or alcohols.  The 

transformation of 3.1 to 3.3 is first order in 3.1 and zero order in alcohol only at high alcohol 

concentration, thus showing saturation kinetics in alcohol, analogous to an SN1 reaction. This 

supports the creation of a high-energy intermediate that reacts in a fast step with alcohol.  The 
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water, but rather the decomplexation of Zn(II) from the assembly.  This conclusion is supported 

both by the fact that the forward and reverse rate constants for interconversion of 3.1 and 3.3 are 

essentially the same, and by a positive Hammett rho value that supports loss of positive charge in 

the rds.  The mechanistic insights given herein should be informative for other dynamic 

reactions involving interconversions of hemi-aminals to hemi-aminal ethers. 

3.4 ADDITIONAL AND EXPERIMENTAL INFORMATION 

3.4.1 General Information 

NMR spectra were recorded on Agilent MR 400 at The University of Texas at Austin 

NMR facility. ESI-mass spectra were obtained on Agilent 6100 at The University of Texas at 

Austin mass spectrometry facility. Circular dichroism (CD) spectra were recorded on a Jasco J-

815 spectropolarimeter at The University of Texas facility. 

3.4.2 General Procedures for Multi-component Assembly 

All assembly reactions for kinetics and LEFR studies were performed in situ in 

acetonitrile without isolation and purification. Pyridine-2-carboxyaldehyde (2-PA, 35 mM, 1 

equiv.), zinc triflate (Zn(OTf)2, 35 mM, 1 equiv.), di-(2-picolyl)amine (DPA, 42mM, 1.2 equiv.), 

4-penten-2-ol (ROH, 175 mM, 5 equiv. except for the alcohol dependence studies), and 4-(2-

chloroethyl)morpholine hydrochloride (CEM-HCl, 35 mM, 1 equiv.) were stirred together in 

acetonitrile in the presence of 3Å activated molecular sieves. The mixture was stirred at room 

temperature. 

3.4.3 Synthesis of Pyridinium Salt (3.5) 
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To pyridine-2-carboxaldehyde (2-PA, 3.21 mg, 0.03 mmol) in dry CD3CN solution (60 mM), 

dipicolylamine (DPA, 7.17 mg, 0.036 mmol) was added. Then, BF3-OEt2 (5.11 μL, 0.036 mmol) 

was added dropwise.  The reaction mixture was shaken for 3–5 min and then 1H NMR, 13C 

NMR, and mass spectrum were recorded. 

3.4.4 Hammett Plot using σ+ 

X Keq σ+ log (kX/kH) 

OH 16.9 -0.92 -0.21 

Me 23.6 -0.31 -0.062 

H 27.2 0 0 

F 38.0 -0.07 0.14 

alkyne 36.3 - 0.13 

Cl 40.1 0.11 0.17 

Br 39.7 0.15 0.16 

Table 3.2: σ+ values and corresponding log (kX/kH) values for encountered substituents. 

 

 

Figure 3.14: Hammett plot (σ+) for four-component assembly with para substituted 2-PA. 
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3.4.5 Spectrometry and Spectroscopy 

 

Figure 3.15: 1H NMR of multi-component assembly varying the concentration of alcohol from 
17.5 mM (0.5 equiv.) to 210 mM (6 equiv.). For alcohol, 4-penten-2-ol was chosen 
for all kinetic studies. 
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Figure 3.16: 1H NMR of multi-component assembly varying the presence of molecular sieves 
and Brønsted acid (CEM-HCl). Concentration of alcohol (4-penten-2-ol) in CD3CN 
is 175 mM (5 equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and CEM-HCl is 
35 mM. a) With the presence of two molecular sieves and brønsted acid b) With the 
presence of four molecular sieves and brønsted acid c) With the presence of four 
molecular sieves and without brønsted acid d) Without any molecular sieves but 
with the presence of brønsted acid e) Without either molecular sieves or brønsted 
acid. 
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Figure 3.17: 1H NMR of multi-component assembly varying Brønsted acids. Concentration of 
alcohol (4-penten-2-ol) in CD3CN is 175 mM (5 equiv.), 2PA is 35 mM (1 equiv.), 
DPA is 42 mM, and brønsted acid is 35 mM. a) CEM-HCl (84.1% alcohol 
incorporation) b) tri-ethylammonium hydrochloride (75.0%) c) pyridinium triflate 
(46.8%) d) imidazolium triflate (60.7%) e) 2-chloromethylquinole hydrochloride 
(83.8%) e) 2-picolyl chloride hydride (80.1%) f) 4-picolyl chloride hydrochloride 
(80.5%). 
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Figure 3.18: 1H NMR of multi-component assembly varying solvents. Concentration of alcohol 
(4-penten-2-ol) in corresponding deuterated solvent is 175 mM (5 equiv.), 2PA is 
35 mM (1 equiv.), DPA is 42 mM, and brønsted acid is 35 mM. a) CD3CN (84.5% 
alcohol incorporation), and no alcohol incorporation observed in b) CDCl3, c) 
CD2Cl2, d) d-DMSO and e) C6D6.  
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Figure 3.19: 1H NMR of multi-component assembly to see the reversibility within the system in 
presence of molecular sieves. Concentration of alcohol (4-penten-2-ol) in CD3CN is 
175 mM (5 equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and brønsted acid is 
35 mM. a) after 22 hrs at r.t (89.2% alcohol incorporation) b) the addition of water 
(2.52uL, 5 equiv.) to a) and stirred overnight (alcohol incorporation decreased to 
57.2%).  
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Figure 3.20: 1H NMR spectra of multi-component assembly taken every 10 minutes for the first 
two hours (12 spectra) and then every hour for the next 10 hours in absence of the 
molecular sieves. Concentration of alcohol (4-penten-2-ol) in CD3CN is 175 mM (5 
equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and Brønsted acid is 35 mM. The 
arrow indicates the direction of increasing reaction time. The alcohol incorporation 
is 4.7% after 10 mins (the bottom spectrum) and increased in yield up to 41.2% 
after 12 hours (the top spectrum). 
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Figure 3.21: 1H NMR spectra of multi-component assembly taken every 10 minutes for the first 
two hours (12 spectra), then every hour for the next 10 hours after the addition of 
H2O into the assembly in the absence of the molecular sieves. Concentration of 
alcohol (4-penten-2-ol) in CD3CN is 175 mM (5 equiv.), 2PA is 35 mM (1 equiv.), 
DPA is 42 mM, and Brønsted acid is 35 mM. The arrow indicates the direction of 
increasing reaction time. The alcohol incorporation is 38.2% after 10 mins (the 
bottom spectrum) and decreased in yield down to 13.0% after 16 hours (the top 
spectrum). 
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Figure 3.22: 1H NMR spectra of multi-component assembly taken every 10 minutes for the first 
two hours (12 spectra), then every hour for the next 10 hours in the absence of the 
molecular sieves. Concentration of alcohol (4-penten-2-ol) in CD3CN is 1050 mM 
(30 equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and Brønsted acid is 35 mM. 
The arrow indicates the direction of increasing reaction time. The alcohol 
incorporation is 9.0% after 10 mins (the bottom spectrum) and increased in yield up 
to 72.6% after 12 hours (the top spectrum). 
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Figure 3.23: 1H NMR spectra of multi-component assembly taken every 10 minutes for the first 
two hours (12 spectra), then every hour for the next 10 hours in the absence of the 
molecular sieves. Concentration of alcohol (4-penten-2-ol) in CD3CN is 1400 mM 
(40 equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and Brønsted acid is 35 mM. 
The arrow indicates the direction of increasing reaction time. The alcohol 
incorporation is 13.7% after 10 mins (the bottom spectrum) and increased in yield 
up to 79.6% after 12 hours (the top spectrum). 
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Figure 3.24: 1H NMR spectra of multi-component assembly taken every 10 minutes for the first 
two hours (12 spectra) and then every hour for the next 10 hours in absence of the 
molecular sieves. Concentration of alcohol (4-penten-2-ol) in CD3CN is 1750 mM 
(50 equiv.), 2PA is 35 mM (1 equiv.), DPA is 42 mM, and Brønsted acid is 35 mM. 
The arrow indicates the direction of increasing reaction time. The alcohol 
incorporation is 13.4% after 10 mins (the bottom spectrum) and increased in yield 
up to 87.2% after 12 hours (the top spectrum). 
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Figure 3.25: A plot of ln [A]o/[A] vs time in forward and reverse reactions until the reaction 
reach equilibria. Data points obtained from integrals in 1H NMR spectra. 

 

 

Figure 3.26: Top: A plot of ln [A]o/[A] vs time varying concentration of alcohol in the assembly. 
Bottom: Same only over the first 10% of reaction. Data points obtained from 
integrals in 1H NMR spectra. 
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Figure 3.27: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 2-PA is the aldehyde component and 
molecular sieves were not added to the reaction.  
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Figure 3.28: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 5-Chloro-2-pyridinecarbaldehyde is 
the aldehyde component and molecular sieves were not added to the reaction. 
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Figure 3.29: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 5-Fluoro-2-pyridinecarbaldehyde is 
the aldehyde component and molecular sieves were not added to the reaction. 
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Figure 3.30: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 5-Hydroxy-2-pyridinecarbaldehyde 
is the aldehyde component and molecular sieves were not added to the reaction. 
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Figure 3.31: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 5-Methyl-2-pyridinecarbaldehyde is 
the aldehyde component and molecular sieves were not added to the reaction. 
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Figure 3.32: 1H NMR spectra of multi-component assembly in equilibrium with 30 equiv. of 
alcohol (top) and 3 equiv. of alcohol (bottom). 5-Nitro-2-pyridinecarbaldehyde is 
the aldehyde component and molecular sieves were not added to the reaction. 
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Figure 3.33: 1H NMR spectra of multi-component assembly in equilibrium with 5-Hydroxy-2-
pyridinecarbaldehyde (top) and 5-Methyl-2-pyridinecarbaldehyde (bottom). 30 
equiv. of alcohols were used in the presence of molecular sieves.  
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Figure 3.34: 1H NMR spectra of multi-component assembly in equilibrium with 2-
pyridinecarbaldehyde (top) and 5-fluoro-2-pyridinecarbaldehyde (bottom). 30 
equiv. of alcohols were used in the presence of molecular sieves.  

������������������������������������	��	��
��
������������
�������

�
�
�	
�

�
��
�

�
��
�

�������������������	���
����������������������������
�������

�
�
�	
�

�
��
�

N
N

OH

ZnII N

N

N
N

OR

ZnII N

N

������������������������������������	��	��
��
������������
�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�����������������������	���
������������������������
�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

N
N

OH

ZnII N

N

F

N
N

OR

ZnII N

N

F



 151 

 

 

Figure 3.35: 1H NMR spectra of multi-component assembly in equilibrium with 5-chloro 2-
pyridinecarbaldehyde (top) and 5-ethynyl-2-pyridinecarbaldehyde (bottom). 30 
equiv. of alcohols were used in the presence of molecular sieves.  

������������������������������������	��	��
��
������������
�������

�
�
��
�

�
��
�

�
��
�

�
��
�

���������������	���
����������������
�������

�
�
��
�

�
��
�

N
N

OH

ZnII N

N

Cl

N
N

OR

ZnII N

N

Cl

������������������������������������	��	��
��
������������
�������

�


�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
�
��
�

�
�
��
�

�����������	���
������������������������
�������

�


�

�

�
��
�

�
��
�

�
��
�

N
N

OH

ZnII N

N

N
N

OR

ZnII N

N



 152 

 

Figure 3.36: 1H NMR spectra of multi-component assembly in equilibrium with 5-bromo 2-
pyridinecarbaldehyde 30 equiv. of alcohols were used in the presence of molecular 
sieves.  

para- Keq sigma log (Kx/KH) 
OH 16.91 -0.38 -0.21 
Me 23.62 -0.14 -0.06 
H 27.24 0 0.00 
F 38.03 0.15 0.14 

alkyne 40.13 0.23 0.13 
Cl 36.34 0.24 0.17 
Br 39.74 0.26 0.16 

Table 3.3: Keq calculated using integral values in 1H NMR spectroscopy.  
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Figure 3.37: 1H NMR of pyridinium salt (3.5) formed from 2-PA(1.0 equiv.), DPA (1.2 equiv.), 
and BF3-OEt2 (1.2 equiv.) (top), 1H NMR of DPA (middle) and 1H NMR of 2-PA 
(bottom).  All nmrs recorded in CD3CN. 
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Figure 3.38: 1H NMR of pyridinium salt (3.5) formed from 2-PA(1.0 equiv.), DPA (1.2 equiv.), 
and BF3-OEt2 (1.2 equiv.) in CD3CN. 

Peaks corresponding to pyridinium salt (3.5): 1H NMR (400 MHz, CD3CN) δ 8.72–8.66 (m, 

2H), 8.62–8.50 (m, 3H), 8.15 (d, J = 8.0 Hz, 1H), 8.00–7.91 (m, 4H), 7.79 (d, J = 8.0 Hz, 1H), 

7.48 (m, 1H), 6.97 (s, 1H), 4.93 (d, J = 16.8 Hz, 1H), 4.69 (d, J = 16.8 Hz, 1H), 4.58 (d, J = 16.8 

Hz, 1H), 4.50 (d, J = 16.8 Hz, 1H). 



 155 

 

Figure 3.39: 13C NMR of pyridinium salt (3.5) formed from 2-PA(1.0 equiv.), DPA (1.2 equiv.), 
and BF3-OEt2 (1.2 equiv.) in CD3CN. 

Peaks corresponding to pyridinium salt (3.5): 13C NMR (100 MHz, CD3CN) δ 154.9, 153.6, 

152.7, 151.3, 148.4, 148.2, 142.3, 141.1, 139.4, 127.8, 127.7, 127.6, 126.9, 125.2, 124.5, 91.3, 

58.2, 54.5. 
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Figure 3.40: 1H NMR of pyridinium salt (3.5) formed from 2-PA (1.0 equiv.), DPA (1.2 equiv.) 
and TMS-OTf (1.2 equiv.) in CD3CN. 
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Figure 3.41: 1H NMR of pyridinium salt (3.5) formed from 2-PA (1.0 equiv.), DPA (1.0 equiv.) 
and BF3-OEt2 (1.0 equiv.) in CD3CN.   
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Figure 3.42: Mass spectrum of pyridinium salt (3.5) generated from 2-PA, DPA and BF3-OEt2. 
HRMS calcd for C18H17N4

+ (M +) 289.1448. Found 289.1450. 

 

 

Figure 3.43: Mass spectrum of pyridinium salt generated from 2-PA, DPA and TMS-OTf. 
HRMS calcd for C18H17N4

+ (M +) 289.1448.  Found 289.1445. 
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3.4.6 Crystal Data and X-ray Experimental Procedures 

X-ray Experimental for (C18H18N4)2+ - 2BF4: The data crystal was cut from a larger 

crystal and had the approximate dimensions; 0.22 x 0.20 x 0.10 mm.  The data was collected at 

-120 °C on a Nonius Kappa CCD diffractometer using a Bruker AXS Apex II detector and a 

graphite monochromator with MoKa radiation (l = 0.71073Å).  Reduced temperatures were 

maintained by use of an Oxford Cryosystems 600 low-temperature device.  A total of 1117 

frames of data were collected using w and φ-scans with a scan range of 1.1° and a counting time 

of 44 seconds per frame.  Details of crystal data, data collection and structure refinement are 

listed in Table 3.4.  Data reduction was performed using SAINT V8.27B.40 The structure was 

solved by direct methods using SUPERFLIP41 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-2013.42  

Structure analysis was aided by use of the programs PLATON9843 and WinGX.44  Most of the 

hydrogen atoms were calculated in idealized positions.  The hydrogen atom bound to N4 was 

observed in a ∆F map and refined with an isotropic displacement parameter.  

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(s(Fo))2 + (0.0508*P)2 + 

(2.0034 *P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.128, with R(F) equal to 0.0482 

and a goodness of fit, S, = 1.01.  Definitions used for calculating R(F),Rw(F2) and the goodness 

of fit, S, are given below.
45

  The data was checked for secondary extinction, but no correction 

was necessary.  Neutral atom scattering factors and values used to calculate the linear 

absorption coefficient are from the International Tables for X-ray Crystallography (1992).
46  All 

figures were generated using SHELXTL/PC.
47

  Tables of positional and thermal parameters, 

bond lengths and angles, torsion angles and figures are found elsewhere.   
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Figure 3.44: View the cation in 3.5 showing the atom labeling scheme. Displacement ellipsoids 
are scaled to the 50% probability level.  
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Table 3.4: Crystal data and structure refinement for pyridinium salt (3.5). 
 
Empirical formula  C18 H18 B2 F8 N4 
Formula weight  463.98 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P 21/n 
  Unit cell dimensions a = 7.9704(6) Å a= 90°. 
 b = 9.6387(7) Å b= 98.556(4)°. 
 c = 26.395(2) Å g = 90°. 
Volume 2005.2(3) Å3 
Z 4 
Density (calculated) 1.537 Mg/m3 
Absorption coefficient 0.144 mm-1 
F(000) 944 
Crystal size 0.220 x 0.200 x 0.100 mm 
Theta range for data collection 1.560 to 27.499°. 
Index ranges -10<=h<=10, -12<=k<=12, -34<=l<=34 
Reflections collected 52310 
Independent reflections 4615 [R(int) = 0.0659] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.875 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4615 / 0 / 293 
Goodness-of-fit on F2 1.012 
Final R indices [I>2sigma(I)] R1 = 0.0482, wR2 = 0.1119 
R indices (all data) R1 = 0.0746, wR2 = 0.1281 
Extinction coefficient n/a 
Largest diff. peak and hole 0.693 and -0.446 e.Å-3 
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Table 3.5: Atomic coordinates  ( x 10
4
) and equivalent  isotropic displacement parameters 

(Å
2
x 103) for 3.5.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

____________________________________________________________________________ 

 x y z U(eq) 
______________________________________________________________________________   
C1 21(2) 8107(2) 6827(1) 17(1) 
C2 -1418(3) 10189(2) 7143(1) 24(1) 
C3 -2515(3) 11277(2) 7021(1) 30(1) 
C4 -3155(3) 11542(2) 6513(1) 32(1) 
C5 -2688(3) 10717(2) 6129(1) 28(1) 
C6 -1592(2) 9632(2) 6263(1) 21(1) 
C7 -920(3) 8533(2) 5950(1) 22(1) 
C8 1508(2) 8213(2) 7251(1) 18(1) 
C9 2998(3) 8877(2) 7188(1) 28(1) 
C10 4268(3) 8944(3) 7602(1) 35(1) 
C11 4012(3) 8351(2) 8058(1) 30(1) 
C12 2481(3) 7714(2) 8087(1) 32(1) 
C13 880(3) 6504(2) 6214(1) 21(1) 
C14 1745(2) 6382(2) 5750(1) 18(1) 
C15 1743(2) 5185(2) 5465(1) 21(1) 
C16 2592(3) 5154(2) 5046(1) 23(1) 
C17 3453(3) 6314(2) 4917(1) 24(1) 
C18 3457(3) 7483(2) 5211(1) 24(1) 
N1 480(2) 7944(2) 6315(1) 17(1) 
N2 -997(2) 9407(2) 6759(1) 18(1) 
N3 1226(2) 7631(2) 7689(1) 27(1) 
N4 2601(2) 7487(2) 5613(1) 20(1) 
B1 2599(3) 11281(2) 5493(1) 26(1) 
B2 6047(3) 5942(3) 6481(1) 23(1) 
F1 986(2) 11795(2) 5362(1) 63(1) 
F2 2668(2) 10282(1) 5877(1) 50(1) 
F3 3683(2) 12348(1) 5667(1) 41(1) 
F4 3150(2) 10689(2) 5065(1) 45(1) 
F5 6127(2) 7336(2) 6603(1) 59(1) 
F6 7448(2) 5298(2) 6754(1) 48(1) 



 163 

Table 3.5 (continued) 
F7 6089(2) 5809(2) 5967(1) 56(1) 
F8 4593(2) 5380(2) 6614(1) 51(1) 
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Table 3.6: Bond lengths [Å] and angles [°] for 3.5. 
_____________________________________________________  
C1-N1  1.461(2) 
C1-N2  1.489(2) 
C1-C8  1.507(3) 
C1-H1  1.00 
C2-N2  1.345(2) 
C2-C3  1.373(3) 
C2-H2  0.95 
C3-C4  1.385(3) 
C3-H3  0.95 
C4-C5  1.384(3) 
C4-H4  0.95 
C5-C6  1.375(3) 
C5-H5  0.95 
C6-N2  1.342(2) 
C6-C7  1.491(3) 
C7-N1  1.476(2) 
C7-H7A  0.99 
C7-H7B  0.99 
C8-N3  1.334(2) 
C8-C9  1.381(3) 
C9-C10  1.378(3) 
C9-H9  0.95 
C10-C11  1.373(3) 
C10-H10  0.95 
C11-C12  1.379(3) 
C11-H11  0.95 

C12-N3  1.341(3) 
C12-H12  0.95 
C13-N1  1.458(2) 
C13-C14  1.499(3) 
C13-H13A  0.99 
C13-H13B  0.99 
C14-N4  1.343(2) 
C14-C15  1.376(3) 
C15-C16  1.381(3) 
C15-H15  0.95 
C16-C17  1.381(3) 
C16-H16  0.95 
C17-C18  1.369(3) 
C17-H17  0.95 
C18-N4  1.344(3) 
C18-H18  0.95 
N4-H4N  0.86(3) 
B1-F1  1.373(3) 
B1-F3  1.378(3) 
B1-F4  1.393(3) 
B1-F2  1.394(3) 
B2-F7  1.368(3) 
B2-F8  1.371(3) 
B2-F5  1.381(3) 
B2-F6  1.382(3)

N1-C1-N2 100.62(14) 
N1-C1-C8 114.61(15) 
N2-C1-C8 112.80(15) 
N1-C1-H1 109.5 
N2-C1-H1 109.5 
C8-C1-H1 109.5 
N2-C2-C3 118.28(19) 
N2-C2-H2 120.9 

C3-C2-H2 120.9 
C2-C3-C4 119.8(2) 
C2-C3-H3 120.1 
C4-C3-H3 120.1 
C5-C4-C3 120.2(2) 
C5-C4-H4 119.9 
C3-C4-H4 119.9 
C6-C5-C4 118.6(2) 
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Table 3.6 (continued) 
C6-C5-H5 120.7 
C4-C5-H5 120.7 
N2-C6-C5 119.51(18) 
N2-C6-C7 108.76(16) 
C5-C6-C7 131.68(18) 
N1-C7-C6 102.10(15) 
N1-C7-H7A 111.3 
C6-C7-H7A 111.3 
N1-C7-H7B 111.3 
C6-C7-H7B 111.3 
H7A-C7-H7B 109.2 
N3-C8-C9 123.99(18) 
N3-C8-C1 113.52(16) 
C9-C8-C1 122.48(17) 
C10-C9-C8 117.9(2) 
C10-C9-H9 121.0 
C8-C9-H9 121.0 
C11-C10-C9 119.3(2) 
C11-C10-H10 120.4 
C9-C10-H10 120.4 
C10-C11-C12 118.8(2) 
C10-C11-H11 120.6 
C12-C11-H11 120.6 
N3-C12-C11 123.1(2) 
N3-C12-H12 118.4 
C11-C12-H12 118.4 
N1-C13-C14 111.31(15) 
N1-C13-H13A 109.4 
C14-C13-H13A 109.4 
N1-C13-H13B 109.4 
C14-C13-H13B 109.4 
H13A-C13-H13B 108.0 
N4-C14-C15 118.55(17) 
N4-C14-C13 118.14(17) 

 
C15-C14-C13 123.29(17) 
C14-C15-C16 119.62(18) 
C14-C15-H15 120.2 
C16-C15-H15 120.2 
C17-C16-C15 120.12(18) 
C17-C16-H16 119.9 
C15-C16-H16 119.9 
C18-C17-C16 119.01(18) 
C18-C17-H17 120.5 
C16-C17-H17 120.5 
N4-C18-C17 119.47(19) 
N4-C18-H18 120.3 
C17-C18-H18 120.3 
C13-N1-C1 111.26(14) 
C13-N1-C7 114.30(15) 
C1-N1-C7 107.15(14) 
C6-N2-C2 123.56(17) 
C6-N2-C1 111.24(15) 
C2-N2-C1 124.89(16) 
C8-N3-C12 116.86(19) 
C14-N4-C18 123.22(18) 
C14-N4-H4N 119.2(16) 
C18-N4-H4N 117.6(16) 
F1-B1-F3 109.37(19) 
F1-B1-F4 109.88(19) 
F3-B1-F4 108.60(19) 
F1-B1-F2 111.5(2) 
F3-B1-F2 108.51(19) 
F4-B1-F2 108.91(18) 
F7-B2-F8 111.24(19) 
F7-B2-F5 108.4(2) 
F8-B2-F5 109.7(2) 
F7-B2-F6 109.66(19) 
F8-B2-F6 109.74(19) 
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Table 3.7: Anisotropic displacement parameters  (Å2x 103) for 3.5.  The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C1 18(1)  17(1) 15(1)  1(1) 5(1)  -2(1) 
C2 23(1)  30(1) 19(1)  -4(1) 8(1)  0(1) 
C3 28(1)  32(1) 31(1)  -7(1) 10(1)  5(1) 
C4 26(1)  29(1) 40(1)  0(1) 6(1)  9(1) 
C5 28(1)  32(1) 24(1)  3(1) 1(1)  7(1) 
C6 21(1)  24(1) 17(1)  0(1) 3(1)  -1(1) 
C7 27(1)  24(1) 15(1)  0(1) 1(1)  5(1) 
C8 19(1)  18(1) 16(1)  -2(1) 3(1)  2(1) 
C9 26(1)  36(1) 23(1)  1(1) 5(1)  -9(1) 
C10 22(1)  48(1) 35(1)  -5(1) 2(1)  -9(1) 
C11 26(1)  34(1) 26(1)  -10(1) -9(1)  9(1) 
C12 38(1)  40(1) 18(1)  4(1) -1(1)  0(1) 
C13 26(1)  18(1) 20(1)  1(1) 8(1)  1(1) 
C14 18(1)  17(1) 16(1)  2(1) 0(1)  2(1) 
C15 22(1)  17(1) 24(1)  1(1) 3(1)  -1(1) 
C16 27(1)  21(1) 20(1)  -6(1) 0(1)  5(1) 
C17 25(1)  28(1) 20(1)  3(1) 7(1)  7(1) 
C18 28(1)  22(1) 26(1)  5(1) 10(1)  1(1) 
N1 22(1)  17(1) 14(1)  1(1) 5(1)  2(1) 
N2 16(1)  21(1) 17(1)  0(1) 4(1)  0(1) 
N3 28(1)  34(1) 17(1)  4(1) 2(1)  -5(1) 
N4 27(1)  15(1) 20(1)  -1(1) 7(1)  0(1) 
B1 32(1)  20(1) 25(1)  -2(1) 5(1)  0(1) 
B2 20(1)  30(1) 19(1)  0(1) 1(1)  -3(1) 
F1 33(1)  57(1) 98(1)  -20(1) 5(1)  7(1) 
F2 103(1)  20(1) 34(1)  -1(1) 28(1)  -14(1) 
F3 47(1)  28(1) 46(1)  9(1) -3(1)  -12(1) 
F4 66(1)  42(1) 27(1)  0(1) 9(1)  17(1) 
F5 50(1)  42(1) 88(1)  -21(1) 24(1)  -5(1) 
Table 3.7 (continued) 
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F6 26(1)  69(1) 48(1)  25(1) -1(1)  7(1) 
F7 64(1)  83(1) 20(1)  -7(1) 5(1)  1(1) 
F8 25(1)  72(1) 56(1)  17(1) 3(1)  -15(1) 
______________________________________________________________________________ 
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Table 3.8: Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for 3.5. 

______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
  
H1 -725 7319 6900 20 
H2 -968 9993 7489 28 
H3 -2834 11846 7285 36 
H4 -3918 12293 6429 38 
H5 -3115 10897 5779 34 
H7A -1795 7825 5835 26 
H7B -500 8932 5646 26 
H9 3142 9276 6868 34 
H10 5309 9396 7574 42 
H11 4875 8380 8348 36 
H12 2306 7315 8404 39 
H13A -180 5952 6163 25 
H13B 1626 6120 6515 25 
H15 1160 4385 5557 25 
H16 2584 4334 4846 28 
H17 4034 6301 4627 29 
H18 4060 8286 5132 29 
H4N 2590(30) 8250(30) 5786(9) 30(6) 
______________________________________________________________________________
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 Table 3.9: Torsion angles [°] for 3.5. 
________________________________________________________________  
N2-C2-C3-C4 0.0(3) 
C2-C3-C4-C5 -0.2(3) 
C3-C4-C5-C6 0.5(3) 
C4-C5-C6-N2 -0.5(3) 
C4-C5-C6-C7 176.7(2) 
N2-C6-C7-N1 -15.9(2) 
C5-C6-C7-N1 166.7(2) 
N1-C1-C8-N3 -145.71(17) 
N2-C1-C8-N3 99.94(19) 
N1-C1-C8-C9 35.5(3) 
N2-C1-C8-C9 -78.8(2) 
N3-C8-C9-C10 -0.1(3) 
C1-C8-C9-C10 178.5(2) 
C8-C9-C10-C11 0.2(4) 
C9-C10-C11-C12 -0.5(4) 
C10-C11-C12-N3 0.7(4) 
N1-C13-C14-N4 25.0(2) 
N1-C13-C14-C15 -156.79(18) 
N4-C14-C15-C16 -0.9(3) 
C13-C14-C15-C16 -179.09(18) 
C14-C15-C16-C17 0.7(3) 
C15-C16-C17-C18 0.4(3) 
C16-C17-C18-N4 -1.2(3) 
C14-C13-N1-C1 -166.27(15) 

C14-C13-N1-C7 72.2(2) 
N2-C1-N1-C13 -156.86(15) 
C8-C1-N1-C13 81.84(19) 
N2-C1-N1-C7 -31.26(18) 
C8-C1-N1-C7 -152.56(16) 
C6-C7-N1-C13 153.52(15) 
C6-C7-N1-C1 29.77(19) 
C5-C6-N2-C2 0.3(3) 
C7-C6-N2-C2 -177.49(18) 
C5-C6-N2-C1 174.15(18) 
C7-C6-N2-C1 -3.6(2) 
C3-C2-N2-C6 0.0(3) 
C3-C2-N2-C1 -173.06(18) 
N1-C1-N2-C6 21.66(19) 
C8-C1-N2-C6 144.23(16) 
N1-C1-N2-C2 -164.59(17) 
C8-C1-N2-C2 -42.0(2) 
C9-C8-N3-C12 0.3(3) 
C1-C8-N3-C12 -178.50(18) 
C11-C12-N3-C8 -0.6(3) 
C15-C14-N4-C18 0.1(3) 
C13-C14-N4-C18 178.36(18) 
C17-C18-N4-C14 1.0(3)
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Table 3.10: Hydrogen bonds for 3.5  [Å] and [°]. 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 C1-H1...F5#1 1.00 2.51 3.160(2) 122 
 C1-H1...F6#1 1.00 2.43 3.384(2) 160 
 C2-H2...F6#2 0.95 2.49 3.144(2) 126 
 C2-H2...F8#2 0.95 2.48 3.391(3) 160 
 C7-H7A...F7#1 0.99 2.63 3.551(3) 155 
 C13-H13B...F8 0.99 2.45 3.181(3) 131 
 C15-H15...F1#3 0.95 2.55 3.327(3) 139 
 C17-H17...F3#4 0.95 2.46 3.207(2) 136 
 C17-H17...F7#5 0.95 2.56 3.165(3) 122 
 C18-H18...F4 0.95 2.43 3.119(3) 130 
 C18-H18...F4#4 0.95 2.56 3.396(3) 148 
 N4-H4N...F2 0.86(3) 1.98(3) 2.782(2) 155(2) 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z    #2 -x+1/2,y+1/2,-z+3/2    #3 x,y-1,z       
#4 -x+1,-y+2,-z+1    #5 -x+1,-y+1,-z+1       
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Chapter 4:  Sensing Protocols for a-Chiral Ketones  

4.1 INTRODUCTION 

Fluorinated compounds have demonstrated novel and exciting advancements in 

the biological arena, and the recent studies incorporating fluorine atoms to other small 

molecules have proven to be a booming industry in chemistry research. For development 

of drugs, the significance of fluorine cannot be overlooked as 20-25% of drugs in the 

pharmaceutical industry contains at least one fluorine atom.1,2 Among many fluorine 

containing small molecule based drugs, aromatic compounds containing a fluorine atom 

or trifluoromethyl group on an aromatic ring are more commonly found. A drug molecule 

is considered to be efficient if it is able to pass through a cell membrane and into the lipid 

core, but not become trapped in it; in other words, it requires just the right amount of 

lipophilicity. Fluorine and trifluoromethyl substituents on an aryl group are known to 

control the lipophilicity and metabolic stability of organic compounds. The 

stereocontrolled and enantioselective synthesis of novel chiral fluorine compounds, 

especially compounds containing one or more -CHF- units, are of great interest in many 

fields. The compounds containing fluorine atoms at the benzyl position are more complex 

and difficult to prepare, and are thereby less widely investigated.  

Also, the carbonyl group is a profoundly functional area of focus in organic 

chemistry, as it is easily transformed into many other functional groups, including 

alcohols, aldehydes, ketones, carboxylic acids, esters, amides, acyl (acid) chlorides, and 

acid anhydrides. Carbonyl compounds containing fluorine atoms would be especially 

interesting to study.  

Recently, the Hartwig group has developed a simple method to convert aryl 

halides and ketones, esters and related compounds to α-aryl carbonyl compounds in the 
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presence of a base and a palladium catalyst. The direct arylation of α , α -

difluoroacetophenone with bromobenzene is shown in Scheme 4.1 and 4.2.3  

 

Scheme 4.1: α-Arylation of ketone with Pd catalyst.  

 

Scheme 4.2: α-Arylation of α,α-difluoroacetophenone with PhBr catalyzed by complex 
4.1. 

Additionally, another protocol for α-arylation of ketones has been reported by the 

Hartwig group.4 In order to generate chiral fluorine carbonyl compounds, the α-arylation 

of ketones with aryl and hetero-aryl chlorides were catalyzed by the combination of 

Ni(COD)2 and (R)-BINAP or (R)-DIFLUORPHOS. It resulted in high enantioselectivity 

with various aryl halides substrates ranging from 90 to 99% ee (Scheme 4.3). 
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Scheme 4.3: Asymmetric α-arylation of indanones and tetralones with chloroarenes 
catalyzed by Ni(COD)2/(R)-BINAP 

As discussed in previous chapters, to be a HTS, in collaboration with various 

methodology groups, our goal is to build a CD based chiral sensing system for the ee 

determination of α-chiral ketones. 

4.2 PREVIOUS DEVELOPED ASSAY FOR ΑLPHA-CHIRAL KETONE SENSING  

Previously, our group developed a chiral sensing assay for α-chiral ketones.5 This 

assay involves a simple derivatization step. A bidentate analyte (4.4) is produced from 

the condensation of α -chiral ketones with 1-methyl-1-(2—pyridyl) hydrazine (4.3) 

(Scheme 4.4). This derivatization step is required in order to complex with [Cu1((S)-

BINAP)(CH3CN)2]PF6, which would produce [Cu1((S)-BINAP)(4.4)]PF6.  

  

 

Scheme 4.4: Derivatization of α-chiral cyclohexanone followed by complexation to 
[Cu1((S)-BINAP)(CH3CN)2]PF6. 
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The enantioselective discrimination of 4.4 comes from the complexation with 

[Cu1((S)-BINAP)(CH3CN)2]PF6, which results in varying twist angles. In this assay, the 

two enantiomers of 4.4 will interact differently, primarily due to the sterics. The R-

enantiomer of 4.4, which has more steric clash with phosphine ligands, induces a larger 

twist to prevent such interaction, and R-enantiomer of 4.4 will have smaller twist. These 

twists can be directly correlated in CD measurement. The more steric interaction with the 

BINAP moiety, the larger twist is expected to arise from the napthyl rings, which in turn 

induces a larger change in the MLCT band.  

Similarly, our group has employed assembly of octahedral Fe(II) complexes for 

ee determination of chiral amines.6 Although the starting enantiomers are chiral amines, 

through a fast in situ derivatization step with aldehydes, chiral imines are produced. The 

chiral imine will be the analyte that would complex with FeII(TfO-)2. This complexation 

generates numerous stereoisomers, where some would dominate over the others, resulting 

in ECCD. Although this assembly was developed for the sensing of chiral amines, in 

combining the previous two assays together, we attempted to construct a novel sensing 

assembly for α-chiral ketones. 

4.3 KETONES OF INTEREST 

α-Chiral ketones produced by Pd-catalyzed enantioselective α-arylation of α-

fluorinated ketones are our target analytes. The work done by the Hartwig group 

demonstrates that reactions of α-fluorinated indanones with aryl bromides afford the 

corresponding α- arlylated products with high enantioselectivities in the presence of 

chiral monophosphine ligand (Scheme 4.5, where n=0). The enantioselectivities for 

tetralones (Scheme 4.5, n=1) were lower than those of indanones. Therefore, in order to 
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generate more enantioselective α-arylation for tetralones, development of a catalyst 

using novel chiral monophosphine ligands would be beneficial.  

 

Scheme 4.5: Palladium-catalyzed enantioselective α-arylation of fluorinated ketones.  

 

Figure 4.1: Various α -chiral ketones synthesized from palladium-catalyzed 
enantioselective α-arylation of fluorinated ketones (4.5-4.8) and the control 
ketone (4.9).   
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The original assembly that was developed for ee determination of chiral amine 
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Scheme 4.6: Complexation of the condensation product of imine (4.4) with Fe(II) to form 
4.10. 

However, in order to enhance the CD signals induced from the twists of the 

assembled complex, we have come up with two different bidentate ligands that will 

assemble with Fe(II). These two ligands were designed based on CPK model 

examinations (Figure 4.2).  

 

 

Figure 4.2: Two proposed bidentate ligands to complex with Fe(II) and imine (4.4) 
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regiochemistry of linkage was proposed to lower the steric hindrance in the final complex 

and lower strain in the linker due to the gauche effect. 

 

Scheme 4.7: Proposed ligand complexation with Fe(II) and Hartwig condensation 
product. 
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Scheme 4.8: Proposed synthetic route for the two bidentate ligands (4.117 and 4.12)  

 

Scheme 4.9: Synthesis of substituted BIPY.8,9 
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likely violet or burgundy in color) will be in a chiral environment, and thus CD active. 

Any condensation of the hydrazine on a racemic mix of ketone reactants should be 

optically silent, as the M and P twists will cancel.  Only an ee in the produce will lead to 

an optical signal. 

4.4.4 Summary and Outlook 

Our key end goal for this work will not only be limited to utilizing the sensing 

assembly for a rapid ee determination of the analyte, but also to employ the asymmetric 

synthesis that is developed from the varying methodology groups to be done in parallel.  
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4.5 EXPERIMENTALS 

4.5.1 General Methods 

NMR spectra were recorded on Agilent MR 400 at The University of Texas at 

Austin NMR facility. ESI-mass spectra were obtained on Agilent 6100 at The University 

of Texas at Austin mass spectrometry facility. 

4.5.2 Synthetic Procedures and Spectroscopy 

Synthesis of 1-methyl-1-(2-pyridyl) hydrazine (4. 3): 

To a 50 mL 3-neck round bottom flask, 2-bromopyridine (3 mL, 31.5 mmol), and 

methylhydrazine (25 mL, 475 mmol) were added and refluxed for 6 h under Ar. After 

cooling, the excess methyl hydrazine was removed in vacuo. Then the residue was 

dissolved with EtOAc (250 mL) and extracted with 10% Na2CO3 aqueous (60 mL). The 

organic layer was then extracted with saturated aqueous NaCl (50 mL x 2). The organic 

layer was dried over Na2SO4 and the solvent was removed in vacuo to afford 3 (3.5 g, 

90.0%) as a yellow-orange oil.  
1H NMR (CDCN3, 400 MHz): δ 8.16 (ddd, J=5.0, 1.9, 0.9 Hz, 1H), 7.50 – 7.45 (m, 1H), 

6.94 – 6.93 (m, 1H), 6.60 (ddd, J=7.1, 5.0, 0.9 Hz, 1H), 4.06 (bs, 2H), 3.27 (s, 3H).  
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Synthesis of 5-Methyl-2,2′-bipyridine (4.13): 

(2-Pyridacyl)pyridium iodide  (10.0 g, 0.031 mmol), methacrolein (2.36 g, 0.034 mmol), 

and ammonium acetate (5.44 g, 0.071 mmol) were dissolved in formamide (95.5 mL). 

The reaction mixture was stirred at 75 °C for 6 h. After the addition of H2O, the reaction 

mixture was extracted with Et2O. The combined organic solution was washed with brine 

and dried (MgSO4). The solvent was removed in vacuo, and the residue was subjected to 

column chromatography (SiO2; CH2Cl2/MeOH, 20:1) to yield 5-methyl-2,2′-bipyridine 

(4.13) (3.26 g, 62%) as an orange oil.  
1H NMR (300 MHz,CDCl3) δ 2.36 (s, 3H), 7.23-7.27 (m, 1H), 7.58-7.61 (m, 1H), 7.74- 

7.80 (m, 1H), 8.25 (d, J ) 8.1 Hz, 1H), 8.31-8.35 (m, 1H), 8.48 (d, J ) 1.8 Hz, 1H), 8.63, 

8.65 (m, 1H); 13C NMR (75 MHz, CDCl3) δ18.3, 120.6, 120.8, 123.4, 133.4, 136.9, 

137.5, 149.1, 149.6, 153.6,156.3. 
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Synthesis of 5-Bromomethyl-2,2′-bipyridine (4.14). 

5-Methyl-2,2′-bipyridine (4.13; 2.80 g, 16.4 mmol), NBS (2.93 g, 16.4 mmol), and 

AIBN(673 mg, 4.1 mmol) were refluxed in dry CCl4 (250 mL) for 8 h. After cooling, the 

suspension was filtered. The solvent was removed in vacuo and the residue was purified 

by column chromatography (SiO2; CHCl3/Me2CO, 30:20) to yield 5-bromomethyl-2,2′-

bipyridine (4.14) (835 mg, 39%) as a yellow solid. 
1H NMR (CDCl3): δ = 8.68 (s, 1 H), 7.97 (m, 2H), 7.75 (m, 2 H), 7.45 (m, 3 H), 4.52 (s, 

2 H) ppm.  

C12H10BrN (248.1) + 0.25 H2O: calcd. C 57.05, H 4.19, N 5.54; found C 56.81,H 3.95, N 

5.57. DCI MS (NH3): m/z (%) = 248.1 (33), 250.1 (34)[MH]+. 
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Synthesis of 5-Bromomethyl-2,2′-bipyridine (4.12). 

A mixture of dry ethylene glycol (46.6 mg, 0.75 mmol) and NaH (157 mg, excess) in dry 

thf (23.5 mL) under N2(g) was stirred for 40 minutes. 5-Bromomethyl-2,2-bipyridine 

(411 mg, 1.65 mmol) 4.14 was added and the reaction mixture was heated to reflux for 18 

h. After cooling, MeOH was added to destroy residual NaH and the solvent was removed 

in vacuo. The crude mixture was loaded onto a silica column and eluted with 20% MeOH 

in CH2Cl2 to yield 4.12 as a pale yellow oil (0.27 g, 72%), which is hygroscopic.  
1H NMR (CDCl3): δ 3.74 (s, 4 H, –OCH2CH2O–), 4.66 (s, 4 H, bpy-CH2–), 7.30 (2 H, 

ddd), 7.87–7.76 (4 H, m), 8.42–8.35 (4 H, m), 8.72–8.65 (4 H, m). 

EIMS: m/z 398 [M+], 229 [M+ bpy-CH2].  
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Glossary 

List of Abbreviations and Acronyms 

ANN Artificial Neural Network 

BINAP 2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl 

BINOL 1,1’-Bi-2-naphthol 

BIPHEP Biphenylphosphine 

BIPY (Bipy) 2,2’-Bipyridine 

BPG Bromopyrogallol Red 

BQPA Bis(quinolinylmethyl)amine 

CD Circular Dichroism 

CE Capillary Electrophoresis 

CEA Cyclohexylethanamine 

CEI (E)-2-(((1-cyclohexylethyl)imino)methyl)pyridin-3-ol 

COD (cod) 1,5-Cycooctadiene 

DIFLUORPHOS 5,5'-Bis(diphenylphosphino)-2,2,2',2'-tetrafluoro-4, 4'-bi-1,3-
benzodioxole 

d.r Diastereomeric Ratio 

ECCD Exciton Coupled Circular Dichroism 

ee Enantiomeric Excess 

eIDA enantioselective Indicator Displacement Assay 

GC Gas Chromatography 

FPBA o-Formylphenyl boronic acid 
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HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

HPA 2-Heptanamine 

HPI (E)-2-((Heptan-2-ylimino)methyl)pyridin-3-ol 

HPLC High Performance Liquid Chromatography 

HTS High-Throughput Screening 

LC Liquid Chromatography 

LFER Linear Free Energy Relationship 

MBA Methylbenzylamine 

MBI (E)-2-(((1-phenylethyl)imino)methyl)pyridin-3-ol 

ML 4-Methylesculetin 

MLCT Metal Ligand Charge Transfer 

MS Mass Spectroscopy 

NMR Nuclear Magnetic Resonance  

PCA Principle Component Analysis 

PV Pyrocatechol Violet 

RDS (rds) Rate Determining Step 

SEGPHOS 4,4'-Bi-1,3-benzodioxole-5,5'-diylbis(diphenylphosphane) 

SYNPHOS 6,6'-Bis(diphenylphosphino)-2,2',3,3'-tetrahydro-5,5'-bi-1,4-
benzodioxin 

THF Tetrahydrofuran 

TMS Tetramethylsilane 

TLC Thin Layer Chromatography 

UV-Vis Ultraviolet-visible spectroscopy 
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