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ABSTRACT 

When NMR spectra of chiral racemic organic molecules containing a Lewis basic 

functional group are recorded in the presence of air and water stable salts of the cobalt(III) 

trication [Co((S,S)-NH2CHArCHArNH2)3]3+ ((S,S)-23+ for Ar = Ph), separate signals are 

usually observed for the enantiomers (28 diverse examples, >12 functional groups). 

Several chiral molecules can be simultaneously analyzed, and enantiotopic groups in 

prochiral molecules differentiated (16 examples). Particularly effective are the mixed 

bis(halide)/tetraarylborate salts Λ-(S,S)-23+ 2X–BArf
– (X = Cl, I; BArf = B(3,5-

C6H3(CF3)2)4), which are applied in CD2Cl2 or CDCl3 at 1-100 mol% (avg 34 and 14 

mol%). Job plots establish 1:1 binding for Λ-(S,S)-23+ 2Cl–BArf
– and 1-phenylethyl 

acetate or 1-phenylethanol, and ca. 1:2 binding with DMSO (CD2Cl2). Selected binding 

constants are determined, which range from 7.60-2.73 M–1 for the enantiomers of 1-

phenylethanol to 28.1-22.6 M–1 for the enantiomers of 1-phenylethyl acetate. The NH 

moieties of the C2 faces of the trication are believed to hydrogen bond to the Lewis basic 

functional groups, as seen in the crystal structure of a hexakis(DMSO) solvate of -(S,S)-

23+ 3I–. These salts rank with the most broadly applicable chirality sensing agents 

discovered to date. 

The chiral enantiopure cobalt(III) complex -(S,S)-23+ 2Cl–B(C6F5)4
– is an 

effective catalyst, together with pyridine (10 mol% each), for enantioselective additions 

of substituted cyanoacetate esters NCCH(R)CO2R' to acetylenic esters R"CCCO2R"'. In 

the resulting adducts, which feature quaternary carbon stereocenters, NC(R'O2C)C-

(R)CR"C=CHCO2R"', C=C isomers in which the CO2R"' moiety is trans to the new 

carbon-carbon bond dominate (avg. ratio 98:2). These are obtained in 70-98% ee (avg. 

86%; data for optimum R' and R"'), as determined by 1H NMR with the chiral solvating 

agent Λ-(S,S)-23+ 2I–BArf
–. NMR experiments show that the cyanoacetate and acetylenic 
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esters and pyridine can hydrogen bond to certain NH groups of the catalyst. Rates are zero 

order in the cyanoacetate and acetylenic esters as well as the catalyst, and implications are 

discussed. 

Exploratory studies were conducted with three additional reactions. First, the 

reaction of methyl 2-oxocyclopentanecarboxylate with N-fluorobenzenesulfonimide in the 

presence of Λ-(S,S)-23+ 2Cl–BArf
– (10 mol%) gave the monofluorinated product methyl 

1-fluoro-2-oxocyclopentanecarboxylate in >99% yield and 79% ee. Second, the Neber 

reaction of 3-((tosyloxy)imino)butanoate catalyzed by 10 mol% Λ-(S,S)-23+ 2Cl–BArf
– in 

the presence of 2.0 equiv of Et3N gave 3-methyl-2H-azirine-2-carboxylate in >99% yield 

and 97% ee. Third, intramolecular hydride transfer and cyclization of dimethyl 2-(2-

(dialkylamino)benzylidene)malonate gave tetrahydroquinoline products in 50% to >99% 

yields and 0-82% ee using 10 mol% of the catalyst Λ-[Co((S,S)-NH2CHArCHArNH2)3]3+ 

2Cl–BArf
– (Λ-(S,S)-3b3+ 2Cl–BArf

– for Ar = 1-naphthyl) at 50-80 ℃. Extension of these 

promising results to other substrates will be studied and communicated in the future. 

When the complex Λ-(S,S)-23+ 3Cl– was treated with AgF, a new salt Λ-(S,S)-23+ 

3F– was obtained in 98% yield. This could be used as the catalyst in the 

trifluoromethylation of aromatic aldehydes to give trimethylsilyl-1-aryl-2,2,2-

trifluoroethanols in 20-70% isolated yields and 54-99% ee. Extension to other aldehydes 

gave low yields and ee values. The chloride anions in Λ-(S,S)-23+ 2Cl–BArf
– were 

exchanged in situ with anions of the enantiomers of proline to generate the catalyst Λ-

(S,S)-23+ 2(prolinate)–BArf
–. The catalyst was used in the addition of acetone to trans-β-

nitrostyrene to give the adduct 5-nitro-4-phenylpentan-2-one in 90% yield and 58% ee. 

Without the proline anions or the cation Λ-(S,S)-23+, lower ee values were obtained. 
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1. INTRODUCTION 

1.1. Hydrogen bond donors in asymmetric organocatalysis 

"Organocatalysis", the use of small organic molecules to catalyze reactions, had 

been documented even before the term itself was envisioned. The earliest reaction was 

reported by Liebig in 1860, in which acetaldehyde was described as a necessary 

component for the formation of the oxamide product from cynogen and water but was 

fully recovered after work-up (Figure 1.1).1  

 
Figure 1.1. Oxamide synthesis from cyanogen reported by Liebig using acetaldehyde as the catalyst. 

In the early 2000s, the term was officially introduced in peer-reviewed papers.2 

Since then, organocatalysis has become a major field of research. One of the main 

playgrounds for researchers in this field involves designing chiral small molecules serving 

as the catalysts for synthesizing enantiopure products in pharmaceutical and agricultural 

chemistry.3 Due to the abundance of types of organic stereocenters, the term 

"organocatalysts" was originally believed to be exclusive for metal-free organic 

molecules.3  

 
Figure 1.2. Quinine and quinidine as the catalysts for hydrocyanation of benzaldehyde. 
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A more recent definition has expanded the scope to include other species in which 

inorganic elements are present but are "not part of the active principle".6 A notable 

example is the "planar-chiral" derivatives of DMAP developed by Fu and coworkers.7 The 

catalyst contains a metal core which only transfers the chiral information and does not 

actively participate in the catalysis. This renders it, in the eyes of many, as an 

organocatalyst. One application of the iron-containing catalyst in the Staudinger reaction 

is shown in Figure 1.3.  

 
Figure 1.3. Metal-containing organocatalyst for Staudinger synthesis of a lactam. 

Regardless of how organocatalysts are defined, they can be divided into two 

principle categories: (1) catalysts that activate substrates through covalent bonds and (2) 

those that activate substrates through non-covalent bonds. The former category usually 

consists of amine catalysts that can form iminium or enamine intermediates whereas 

hydrogen bond donating catalysts constitute a major part of the latter.6 The first use of a 

hydrogen bond donor as the catalyst was reported in 1942 by Wassermann. The work 

features phenol as the catalyst, which activates benzoquinone through hydrogen bonding 

for a Diels-Alder reaction with cyclopentadiene (Figure 1.4).8  

 
Figure 1.4. Diels-Alder reaction between benzoquinone and cyclopentadiene catalyzed by phenol. 
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Since then many chiral hydrogen bond donor catalysts have been developed and 

applied in asymmetric catalysis.6b,9 The next subsections are centered around these 

catalysts. Subsection 1.1.1 discusses current catalysts that do not have metals in the 

molecules. Subsection 1.1.2 introduces chiral-at-metal hydrogen bond donors.  

1.1.1. Hydrogen bond donors without metals in the molecules 

Wynberg is recognized as the first to suggest hydrogen bonding between reactants 

and a chiral catalyst (Figure 1.5).9a,b,10 In that work, addition of 4-t-butylthiophenol to 

5,5-dimethyl cyclohexen-1-one was accomplished using 1 mol% of cinchonidine as the 

catalyst. The exact yield for each substrate was not reported individually (range 80-98%) 

and the highest ee reached was 75% (for the substrate in Figure 1.5). 

 
Figure 1.5. Asymmetric addition of 4-t-butylthiophenol to 5,5-dimethyl cyclohexen-1-one using 

cinchonidine as the hydrogen bond donating catalyst. 

Since then, other designs have been brought into play to utilize this mode of 

activation for catalysis with high enantioselectivity.9 Almost all of these approaches are 

based on two factors: (1) enantiopurity of the catalyst, and (2) the acidity (pKa) of the X-

H bonds in the molecule (X = O/N). A majority of the catalysts reported in the literature 

contain carbon stereocenters, with some occasional exceptions of sulfur stereocenters in 

sulfonamide.11 A variety of NH and OH bonds have been used as the hydrogen bond 

donors. The acidity (pKa, Figure 1.6)9b of these NH and OH bonds affects the reaction 

outcomes. For example, in the Strecker reaction between N-allylbenzylidene and HCN, 
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reported by Jacobsen (Figure 1.7),12 a urea catalyst (pKa 27, Figure 1.6) gave only a 45% 

ee of the product while a thiourea catalyst (pKa 21, Figure 1.6) gave an 80% ee.  

 
Figure 1.6. Representatives of chiral hydrogen bond donors in asymmetric catalysis with their pKa values 

in DMSO or water. 

The reaction depicted in Figure 1.7 also marked the introduction of the well-known 

chiral thiourea catalysts.9d,9f Since then, thiourea catalysts have been further developed to 

perform a new mode of activation through anion binding.13 Figure 1.8 shows one of the 

first applications of this new approach in the Pictet-Spengler reaction.13b  

 
Figure 1.7. Enantioselective Strecker reaction catalyzed by urea and thiourea hydrogen bond donors. 
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Figure 1.8. An example of hydrogen bond donor catalysis by anion binding. 

One of the newest members of organic hydrogen bond donors are 

squaramides/thiosquaramides (Figure 1.9), which were introduced by Rawal in 2008.14 

These feature comparable pKa values15 and geometrical characteristics9g,16 to 

ureas/thioureas, also summarized in Figure 1.9. Some even exhibit stronger hydrogen 

bonds to substrates with common Lewis basic functional groups such as NO2, C=O, and 

CN,9g and are effective in many reactions.9f  

 
Figure 1.9. Representatives of (thio)ureas and (thio)squaramides. 

1.1.2. Chiral-at-Metal Hydrogen-Bond Donors 

This group of catalysts also have two features: (1) metal and/or ligand based 

stereocenter(s), and (2) X-H bonds for hydrogen bonding. These catalysts exhibit 

hydrogen bonding through second coordination sphere interaction. In other word, the 

ligands in these metal complexes bear X-H units (X = N or O) which act as the hydrogen 

bond donors. It is necessary to note that hydrogen bonding in the second coordination 

sphere has been observed and widely exploited in other applications.17  
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The metals in these catalysts do not directly activate the reactants. Although 

enantiomers of metal complexes can be found with many geometries (Figure 1.10),18-21 

tetrahedral and octahedral hydrogen bond donors are the most commonly seen.  

 
Figure 1.10. Representatives of chirality in metal complexes with different geometries (only one 

enantiomer is shown in each case). 

Several groups have reported chiral-at-metal tetrahedral hydrogen bond donating 

catalysts.22,23 Most notable examples include the 2-guanidinobenzimidazole based 

cyclopentadienyl ruthenium complexes reported by the Gladysz group.22 Especially, the 

bifunctional catalyst SRuRCRC-1+ PF6
– (Figure 1.11) gave high enantioselectivities in the 

addition of malonates to trans-β-nitrostyrene.22a Recent mechanistic studies confirmed 

that the substrates are activated through hydrogen bonding with the NH units of the 2-

guanidinobenzimidazole containing ligand.22b,22c  

 
Figure 1.11. Enantioselective reaction catalyzed by chiral tetrahedral ruthenium complex. 

Another species of organometallic ruthenium compound has also been reported to 

activate reactants through the OH moiety in the ligand (Figure 1.12).23 The OH unit is 

directly bound to the ruthenium center, enhancing its acidity. Consequently, a complete 



 

7 

 

proton transfer to the imine substrates instead of hydrogen bonding was observed, leading 

to no enantioselectivity in the investigated Aza-Diels–Alder reaction (Figure 1.12).23  

 
Figure 1.12. Aza-Diels–Alder reaction catalyzed by chiral pseudotetrahedral ruthenium complex. 

 
Figure 1.13. Two enantiomers of the trication cobalt(III) tris(ethylenediamine). 

Enantioselective catalysis involving octahedral complexes started with the 

pioneering report from the Gladysz group in 2008 with the chiral cation [Co(en)3]3+ (en 

= ethylenediamine).24 Two enantiomers of this cation is shown in Figure 1.13. The 

coordinated NH units have comparable pKa (ca. 15)25 to those of the organic hydrogen 

bond donors (Figure 1.6 and 1.9). The addition of dimethyl malonate to cyclopentenone 

was catalyzed by the enantiopure lipophilic catalyst Δ-[Co(en)3]3+ 3BArf
– (BArf

– = 

(B(3,5-C6H3(CF3)2)4
–) to give the 3-substituted cyclopentanone adduct in 33% ee (Figure 

1.14).  

 
Figure 1.14. Enantioselective Michael addition catalyzed by the Werner complex Δ-[Co(en)3]3+ 3BArf

–. 
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From this initial report, members of the Gladysz group, especially Carola 

Ganzman, Kyle Lewis, and Subrata Ghosh, have contributed significantly to the 

development of Werner type complexes in enantioselective catalysis. The catalysts have 

encompassed many different metals26 and nitrogen donor ligands,27-29 which resulted in 

multiple studies and applications in enantioselective catalysis over the past decade (Figure 

1.15).30  

 
Figure 1.15. Representatives of enantioselective reactions catalyzed by Werner type complexes. 

 
Figure 1.16. Representatives of the cations in Meggers' catalysts. 



 

9 

 

Other groups have also reported chiral-at-metal octahedral hydrogen bond 

donating catalysts. For example, Meggers and coworkers have developed octahedral 

iridium(III) and rhodium(III) complexes in which NH and OH groups of the ligands act 

as hydrogen bond donors (Figure 1.16).31-33    

 
Figure 1.17. A representative of the cations in Belokon's catalysts. 

The Belokon group has also demonstrated some successes in synthesizing 

octahedral cobalt(III) and chromium(III) complexes from a Schiff base ligand bearing a 

chiral diamine (Figure 1.17).34 The NH units in these complexes are reported to activate 

substrates and/or reagents in several reactions through hydrogen bonding. 

 
Figure 1.18. A reaction involving Yoon's photocatalyst. 

Iridium complexes have also been used as chiral photocatalysts. By integrating a 

NH unit to one of the ligands, the Yoon group has achieved high yields and 

enantioselectivities in an intramolecular [2+2] cycloaddition (Figure 1.18).35 It was 
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speculated that the pyrazolyl NH unit kept the substrates close to the iridium chiral center 

through hydrogen bonding and thus is responsible for the high enantioselectivity.  

1.2. Expanding applications of Werner complexes in enantioselective synthesis 

The cobalt(III) cations in Figures 1.13 and 1.15 have six NH2 groups with two 

diastereotopic hydrogen atoms on each nitrogen atom. Consequently, there are a total of 

12 NH moieties in the molecule available for hydrogen bonding to substrates, as opposed 

to two or three in the other hydrogen bond donor catalysts described in sections 1.1.1 and 

1.1.2. Therefore, it is hypothesized that this new class of catalysts can exhibit unique 

activities and applications in organic synthesis. 

Coexisting with the cations in Werner complexes are the anions. Beside the role 

of bringing the cations into organic solvents (BArf
– and B(C6F5)4

–),24,27 the anions (such 

as Cl–, BF4
–, and PF6

–, and chiral phosphates) have also shown some effects in the 

enantioselectivities of several reactions (Figure 1.15).30,36 In this study, it is speculated 

that when the chlorides in these catalysts are metathesized to other anions, which can 

actively participate in a reaction as catalysts or activators in cooperation with the chiral 

cation, more interesting activities can be observed. 

In this dissertation, the application of the complexes of the type Λ-[Co((S,S)-

NH2CHPhCHPhNH2)3]3+ 2X–X'– as chiral solvating agents will be reported in chapter 2. 

Chapters 3 and 4 will discuss several enantioselective reactions catalyzed by Λ- and Δ-

[Co((S,S)-NH2CHPhCHPhNH2)3]3+ 2X–X'–. Chapter 5 will present data of some 

asymmetric transformations, in which X and X' of Λ-[Co((S,S)-NH2CHPhCHPhNH2)3]3+ 

2X–X'– also participate in the transformations. 
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2. THE ROBUST, READILY AVAILABLE COBALT(III) TRICATION 

[Co(NH2PhCHCHPhNH2)3]3+ IS A PROGENITOR OF BROADLY APPLICABLE 

CHIRALITY AND PROCHIRALITY SENSING AGENTS* 

2.1. Introduction 

Ever since the recognition of molecular chirality, chemists have sought to quantify 

enantiomer ratios in non-racemic samples.1 For more than a century, the dominant method 

was polarimetry, despite many intrinsic limitations.2,3 Today, nearly every analytical 

technique is being brought to bear on the problem, often in a quest for high throughput 

screening.4,5 Two broad classes of assays see the most use: "chiral" chromatography6,7 

and NMR spectroscopy.8-13  

 
Figure 2.1. Examples of a chiral derivatizing agent (CDA, Mosher's reagent) and its application (top), and 

a chiral lanthanide shift reagent (CLSR, tris(3-trifluoroacetyl-d-nopinato)europium(III)) and its application 

(bottom). 

NMR methods can be divided into three principal categories: chiral derivatizing 

agents (CDAs, Figure 2.1, top),8-12,14,15 paramagnetic chiral lanthanide shift reagents 

(CLSRs, Figure 2.1, bottom),16 and chiral solvating agents (CSAs, see below).8,10-13 Over 
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the past few years, the last approach has attracted increasing attention.17-30 Many but not 

all of the CSAs are hydrogen bond donors, often with two-four NH or OH 

groups.17,21,22,25-28,30 Some of these have been tailored to recognize a specific functional 

group,19,23,24,26-28 while others have wider applicability.17,20-22,25,29,30  

 
Figure 2.2. Top: chiral hydrogen bond donor catalysts based upon cobalt(III) tris(ethylenediamine) 

trications. Bottom: space filling representations of the trication of Λ-(S,S)-23+ 3Cl–·2H2O·2CH3OH; A, 

view down the idealized C3 axis; B, view down one of three idealized C2 axes.42 

The first chiral inorganic compounds to be isolated in enantiomerically pure form 

were reported by Werner some 110 years ago, and included salts of the trication 

[Co(en)3]3+ (13+; en = ethylenediamine).31-35 The Gladysz group has recently found that 

lipophilic salts of this trication36 and the related species [Co((S,S)-

NH2CHArCHArNH2)3]3+ ((S,S)-23+ for Ar = Ph)37-40 and [Co(en)2((S)-NH2-

CH2CH((CH2)nN(CH3)2)NH2)]3+ ((S)-33+)41 – all of which are depicted in Figure 2.2 – 

serve as hydrogen bond donor catalysts for a variety of organic transformations. The 
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trication 13+ features only metal centered chirality, for which the absolute configurations 

are traditionally designated  and .42 In the trications 23+ and 33+, the three 

ethylenediamine ligands are substituted with six aryl groups43 or a single (CH2)nN(CH3)2 

moiety, respectively.44 The latter constitutes a bifunctional catalyst.41 Both enantiomers 

of the NH2CHPhCHPhNH2 (dpen) ligand in 23+ are commercially available at modest 

prices.45  

Although the mechanisms of these transformations are still under investigation, 

their effectiveness is thought to be rooted in the large number of NH groups (twelve). 

Those of one diastereomer of 23+ are depicted in Figure 2.2 (bottom). As many as five to 

six might play a role in transition state assemblies,46 as opposed to a maximum of two 

with most literature catalysts such as thioureas.47 As such, they might possess unique 

capabilities as CSAs. Indeed, in the course of screening catalytic reactions by NMR, 

marked differentiation of enantiomers and enantiotopic (prochiral) groups were noted.  

In this chapter, I report a detailed study of chirality and prochirality sensing by the 

preceding complexes, and in particular the commercially available48 

bis(chloride)/tetraarylborate mixed salt Λ-(S,S)-23+ 2Cl–BArf
– (BArf = B(3,5-

C6H3(CF3)2)4) and the bis(iodide) analog Λ-(S,S)-23+ 2I–BArf
–. These robust, air and 

water stable substances are remarkable in affording baseline NMR signal separations at 

loadings as low as 1 mol%. The scope of functional group applicability ranks with the 

most versatile existing CSAs, and they appear unsurpassed in differentiating enantiotopic 

groups in achiral molecules.49-56  

2.2. Results 

2.2.1. Syntheses of cobalt(III) CSAs.  

Enantiopure Λ-13+ 3BArf
– and diastereopure Λ-(S,S)-23+ 2Cl–BArf

–, Λ-(S,S)-23+ 

2Cl–B(C6F5)4
–, Λ-(S,S)-23+ 3BArf

–, and Δ-(S,S)-23+ 2Cl–BArf
– were prepared according 
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to previously reported procedures.36,43 Those for the BArf
– salts of Λ-(S,S)-23+ are 

summarized in Scheme 2.1. The key precursor Λ-(S,S)-23+ 3Cl– is easily synthesized from 

CoCl2 or Co(OAc)2, O2, and (S,S)-dpen.43  

The new triiodide salt Λ-(S,S)-23+ 3I– was isolated in 97% yield from the reaction 

of Λ-(S,S)-23+ 3Cl– and KI in acetone.57 Addition of 1.0 equiv of Na+ BArf
– afforded the 

mixed bis(iodide)/tetraarylborate salt Λ-(S,S)-23+ 2I–BArf
– in 99% yield after workup. 

This complex could also be isolated in >99% yield from the reaction of excess NaI and Λ-

(S,S)-23+ 2Cl–BArf
–. It possessed the advantage of being – unlike the other salts – soluble 

in the inexpensive deuterated solvent CDCl3. 

 
Scheme 2.1. Syntheses of cobalt(III) CSAs (all reactions at room temperature, 5 min to 6 h).* 

2.2.2. Screening of cobalt(III) CSAs.  

The efficacies of the preceding complexes as CSAs were screened with racemic 1-

phenylethyl acetate (4). As presented in Table 2.1, 0.0071 M solutions of the CSAs in 

various solvents were combined with neat 4 (1.0 equiv). In favorable cases, the chemical 
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shifts of all of the aliphatic NMR signals of the enantiomers differed, as detailed in Table 

A-1 of appendix A. In all of these cases, the methine (PhCH(CH3)O(C=O)CH3) protons 

were the most strongly differentiated (Δδ, Table 2.1). However, Λ-13+ 3BArf
– (entry 1) 

was ineffective in all assays, including additional analytes such as 1-phenethyl amine (5), 

phenyl methyl sulfoxide (6), and 2-carbomethoxycyclopentanone (7).  

Table 2.1. Separation of the methine proton 1H NMR signals (Δδ, ppm) of the enantiomers of racemic 1-

phenylethyl acetate (4) as a function of CSA (1.0 equiv) and solvent.a* 

Entry CSA Solvent Δδ 

1 Λ-13+ 3BArf
– CD2Cl2 —b 

2 Λ-(S,S)-23+ 2Cl–BArf
– CD2Cl2 1.32 

3 Δ-(S,S)-23+ 2Cl–BArf
– CD2Cl2 0.15 

4 Λ-(S,S)-23+ 2Cl–B(C6F5)4
– CD2Cl2 1.37 

5 Λ-(S,S)-23+ 3BArf
– CD2Cl2 0.34 

6 Λ-(S,S)-23+ 2I–BArf
– CD2Cl2 1.30 

7 Λ-(S,S)-23+ 2I–BArf
– CDCl3 1.75 

8 Λ-(S,S)-23+ 2I–BArf
– acetone-d6 —b 

9 Λ-(S,S)-23+ 2I–BArf
– CD3CN —b 

10 Λ-(S,S)-23+ 2I–BArf
– DMSO-d6 —b 

11 Λ-(S,S)-23+ 2Cl–BArf
– acetone-d6 —b 

12 Λ-(S,S)-23+ 2Cl–BArf
– CD3CN —b 

13 Λ-(S,S)-23+ 2Cl–BArf
– DMSO-d6 —b 

aSamples were prepared in 5 mm NMR tubes as described in the experimental section. bSeparate signals 

for the enantiomers were not observed, although line widths increased from 0.6-0.9 to 1.0-2.0 Hz. 
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In contrast, the bis(chloride) tetraarylborate salts Λ-(S,S)-23+ 2Cl–BArf
– and Λ-

(S,S)-23+ 2Cl–B(C6F5)4
– gave widely separated methine proton signals in CD2Cl2 (entries 

2 and 4; Δδ 1.37-1.32 ppm). The opposite diastereomer of the former, Δ-(S,S)-23+ 2Cl–

BArf
–, was much less effective (entry 3, Δδ 0.15 ppm). Interestingly, the corresponding 

tris(tetraarylborate) salt Λ-(S,S)-23+ 3BArf
– was also less effective (entry 5; Δδ 0.34 ppm), 

despite the removal of all counter anions that can hydrogen bond to the NH groups of the 

trication.43  

The bis(iodide) salt Λ-(S,S)-23+ 2I–BArf
– gave a high Δδ value (entry 6; 1.30 

ppm), comparable to that of Λ-(S,S)-23+ 2Cl–BArf
–. Happily, when Λ-(S,S)-23+ 2I–BArf

– 

was applied in the less polar and coordinating solvent CDCl3, the Δδ value increased by 

33% (entry 7, 1.75 ppm). Finally, when either Λ-(S,S)-23+ 2Cl–BArf
– or Λ-(S,S)-23+ 2I–

BArf
– were employed in the more polar and coordinating solvents acetone-d6, CD3CN, or 

DMSO-d6, the enantiomers of 4 were no longer differentiated (entries 8-13).  

 
Figure 2.3. Dependence of the separation of the aliphatic 1H NMR signals of the enantiomers of 4 (Δδ, 

CD2Cl2) upon the mol% of the CSA Λ-(S,S)-23+ 2Cl–BArf
–.* 
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It was sought to establish the minimum CSA loading needed to resolve the NMR 

signals of the enantiomers. Accordingly, an NMR tube was charged with a 0.036 M 

CD2Cl2 solution of Λ-(S,S)-23+ 2Cl–BArf
– (0.70 mL, 0.025 mmol). Then neat 4 was added 

in increments (0.00050 mL; ca. 0.0012 g, 0.0050 mmol). As shown in Figure 2.3, the Δδ 

values for all three aliphatic signals were plotted against the mol% of the CSA, which is 

in great excess at the start. The data spanned a range of 500 mol% down to 5 mol% (total 

volume of liquids: 0.7005 to 0.7500 mL, or less than a 7% concentration change). 

Although the Δδ values monotonically decreased, all signals maintained baseline 

separations. 

The concentration dependence of the efficacies of the CSAs was also probed. For 

this purpose, an NMR tube was charged with a CD2Cl2 solution that was 0.040 M in 4 

(0.020 mmol) and 0.010 M in Λ-(S,S)-23+ 2Cl–BArf
– (0.0050 mmol), or a CSA loading 

of 25 mol%. Then increments of CD2Cl2 were added, giving more dilute solutions. As 

shown in Figure 2.4, there was little change in the Δδ values over a twofold dilution. 

However, up to a 30% decrease could be seen at the lower concentration ranges 

investigated. 

 
Figure 2.4. Dependence of the separation of the aliphatic 1H NMR signals of the enantiomers of 4 (Δδ, 

CD2Cl2) upon concentration using the CSA Λ-(S,S)-23+ 2Cl–BArf
– (constant at 25 mol%).* 
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2.2.3. Functional group scope, chirality sensing. 

As summarized in Table 2.2, racemic chiral organic compounds with a variety of 

Lewis basic functionalities (4-31) were treated with the most effective CSAs, Λ-(S,S)-23+ 

2I–BArf
– (CDCl3 solution) and Λ-(S,S)-23+ 2Cl–BArf

– (CD2Cl2 solution). The former 

could differentiate the 1H NMR signals of the enantiomers in every case, and the latter 

failed with only three analytes. The signals employed are denoted in red in Table 2.2. With 

fluorine (15) or phosphorus (19, 20) containing analytes, 19F{1H} or 31P{1H} NMR was 

used instead. In cases where signals have been assigned to specific enantiomers, the 

samples were spiked with 0.50 equiv of an authentic sample of one of the enantiomers. 

With Λ-(S,S)-23+ 2Cl–BArf
–, the loadings required for baseline to near-baseline 

signal separations ranged from 1 to 100 mol%, with an average of 34 mol%. With Λ-(S,S)-

23+ 2I–BArf
–, the loading range was identical, but the average decreased to 14 mol%. 

When a chiral arene lacking a Lewis basic functional group, sec-butyl benzene (PhCH(C-

H3)CH2CH3), was similarly investigated (Λ-(S,S)-23+ 2I–BArf
–, CDCl3), only a single set 

of (broadened) NMR signals was observed. Other analytes that gave only one set of signals 

included the benzylic chloride 1-phenyl-1-chloroethane, BINOL and its diacetate, and 

(surprisingly) the amide 5-hydroxymethyl-2-pyrrolidinone. However, the enantiomers of 

alkyl halides that contained additional Lewis basic functional groups, such as 29 and 30 

(Table 2.2), were easily differentiated. 
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Table 2.2. Separation of key NMR signals of the enantiomers of various analytes in the presence of the 

CSAs Λ-(S,S)-23+ 2I–BArf
– (CDCl3) or Λ-(S,S)-23+ 2Cl–BArf

– (CD2Cl2).a* 

Analyte / NMR signalsb 

Δδc 

 
mol% 

Δδd 

 
mol% 

Analyte / NMR signalsb 
Δδc 

 
mol% 

Δδd 
 

mol% 

 

0.07 
 

1.0 

0.29 
 

5.0 

 

0.05 
 

10 

0.01 
 

10 

 

0.01 
 

4.0 

0.05 
 

10 

 

0.01 
 

3.0 

0.05 
 

10 

 

0.08 
 

100 

0.04 
 

20 
 

0.05 
 

20 

0.04 
 

50 

 

0.06 
 

3.0 

0.07 
 

50 
 

0.05 
 

3.0 

0.06 
 

30 

 

0.10 
 

1.0 

0.43 
 

100 
 

0.18 
 

30 

0.06 
 

100 

 

0.06 
 

30 

0.32 
 

100 
 

0.02e 
 

30 

0.04e 
 

100 

 

0.03 
 

10 

0.04 
 

4.0 
 

0.12 
 

30 

0.28 
 

100 

 

0.11 
 

1.0 

0.09 
 

1.0 

 

0.09f 
 

11 

0.07f 
 

10 

aSamples were prepared in 5 mm NMR tubes as described in the experimental section. bThe spectra depicted 

(1H unless noted) were obtained with Λ-(S,S)-23+ 2I–BArf
– in CDCl3. cSignal separation (ppm)/mol% using 

Λ-(S,S)-23+ 2I–BArf
–. dSignal separation (ppm)/mol% using Λ-(S,S)-23+ 2Cl–BArf

–. e 19F{1H} NMR 

spectra were utilized. f 31P{1H} NMR spectra were utilized. gSeparate signals for the enantiomers were not 

observed.  
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Table 2.2. Continued.a* 

Analyte / NMR signalsb 

Δδc 

 
mol% 

Δδd 

 
mol% 

Analyte / NMR signalsb 
Δδc 

 
mol% 

Δδd 
 

mol% 

 

0.09f 
 

3.0 

0.10f 
 

2.0 
 

0.09 
 

5.0 

0.09 
 

12 

 

0.06 
 

5.0 

0.06 
 

4.0 
 

0.11 
 

7.0 

0.16 
 

50 

 

0.07 
 

33 
—g 

 

0.08 
 

6.0 

0.05 
 

33 

 

0.05 
 

2.0 

0.06 
 

3.0 
 

0.03 
 

3.0 
—g 

 

0.02 
 

22 
—g 

 

0.10 
 

11 

0.07 
 

25 

 

0.04 
 

2.0 

0.04 
 

2.0 
 

0.12 
 

18 

0.06  
 

18 

aSamples were prepared in 5 mm NMR tubes as described in the experimental section. bThe spectra depicted 

(1H unless noted) were obtained with Λ-(S,S)-23+ 2I–BArf
– in CDCl3. cSignal separation (ppm)/mol% using 

Λ-(S,S)-23+ 2I–BArf
–. dSignal separation (ppm)/mol% using Λ-(S,S)-23+ 2Cl–BArf

–. e 19F{1H} NMR 

spectra were utilized. f 31P{1H} NMR spectra were utilized. gSeparate signals for the enantiomers were not 

observed. 

It was sought to verify that reliable quantitative data could be obtained from this 

new class of CSAs. Thus, scalemic samples of 4 were prepared and the ee values assayed 

using both Λ-(S,S)-23+ 2Cl–BArf
– and chiral HPLC, as described in the experimental 

section. As depicted in Table 2.3 and Figure 2.5, the two methods were essentially in 

perfect agreement. 
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Table 2.3. Tabular comparison of ee values of scalemic 4 obtained by NMR and HPLC.* 

Sample (R)-4 (mL)a (S)-4 (mL)a 
Theoretical 

ee (%) 

HPLC ee 

(%)b 

NMR ee 

(%)b 

1 0.940 0.060 +88 +88 +88 

2 0.800 0.200 +60 +60 +60 

3 0.660 0.340 +32 +32 +32 

4 0.220 0.780 –56 –56 –56 

5 0.050 0.950 –90 –90 –90 
aPer the experimental procedure, the volumes represent the ratios of the enantiomers in the samples 

assayed. bThe original traces and spectra are depicted in Figures A-1 to A-5 (appendix A). 

 
Figure 2.5. Graphical comparison of ee values of scalemic 4 obtained by NMR and HPLC.* 

2.2.4. Prochirality sensing  

The types of experiments in the previous section were repeated with achiral 

molecules using a CSA loading of 100 mol% (1.0 equiv). As summarized in Table 2.4, in 

many cases different signals were observed for enantiotopic groups. Enantiotopic geminal 

or vicinal hydrogen atoms also became coupled to each other. Achiral molecules in which 

enantiotopic groups were not differentiated include nitroethane, propionitrile, propionic 

acid, methyl isovalerate, tetrahydrofuran, and diethyl phosphite. 
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Table 2.4. Separation of 1H NMR signals of enantiotopic groups of various achiral analytes in the 

presence of 100 mol % (1.0 equiv) of the CSAs Λ-(S,S)-23+ 2I–BArf
– (CDCl3) or Λ-(S,S)-23+ 2Cl–BArf

– 

(CD2Cl2).a* 

Analyte / NMR signalsb Δδc Δδd Analyte / NMR signalsb Δδc Δδd 

 

0.03 0.04 

 

0.12 0.10 

 

0.12 0.23 

 

0.04 0.12 

 

0.16 0.15 

 

0.02 0.02 

 

0.03 0.02 

 

0.46 0.66 

 

0.05 0.04 

 

0.16 0.09 

 

0.17 0.11 

 

0.20 0.09 

 

0.30 0.18 

 

0.12 0.11 

 

—e 0.07 

 

0.15 0.10 

aSamples were prepared in 5 mm NMR tubes as described in the experimental section. bThe spectra depicted 

were obtained with Λ-(S,S)-23+ 2I–BArf
– in CDCl3. cSignal separation (ppm) using Λ-(S,S)-23+ 2I–BArf

–. 
dSignal separation (ppm) using Λ-(S,S)-23+ 2Cl–BArf

–. eSeparate signals for the enantiomers were not 

observed in the presence of 100-500 mol% of Λ-(S,S)-23+ 2I–BArf
–. 
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2.2.5. Enhanced throughput sensing  

Higher throughput variants of the above methodology would be desirable. Thus, it 

was tested whether the enantiomeric purities of two or more analytes could be 

simultaneously determined. A CDCl3 solution of racemic 4, 2-carbomethoxycyclopent-

anone (7), 1-phenylethanol (10), and two hydroxyphenylmethyl dialkyl phosphonates (19, 

20) was prepared (2.0:2.0:2.0:1.0:2.0 mol ratio). Then Λ-23+ 2I–BArf
– was added (100 

mol% with respect to 19; 50 mol% with respect to the other analytes; average loading per 

analyte 11 mol%). As shown in Figure 2.6, the enantiomers of all five analytes were 

differentiated by NMR. 

 
Figure 2.6. 31P{1H} (top) and 1H (bottom) NMR spectra of a CDCl3 solution of a 2.0:2.0:2.0:1.0:2.0:1.0 

mixture of 4, 7, 10, 19, 20 and the CSA Λ-(S,S)-23+ 2I–BArf
– (50 mol% vs. 4, 7, 10, and 20; 100 mol% vs. 

19).* 

Such experiments are potentially complicated by overlapping signals, but this is 

sidestepped in Figure 2.6 by using a second nucleus, 31P, to assay the phosphonates 19 

and 20. Some practical uses of simultaneous enantiomeric purity assays would include 

kinetic resolutions,58-60 for example the acetylation of 10 to 4 or vice-versa,58-61 and 
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enantioselective reactions that afford two or more diastereomers. To date, the closest 

approximation to this capability seems to involve covalent adducts of CDAs where all 

analytes contain a common functional group (e.g., a primary amine, Figure 2.7).62  

 
Figure 2.7. A palladium based chiral derivatizing agent (left) and the amine analytes for which the 

enantiomers can be simultaneously discriminated by 19F NMR (right).62 

2.2.6.  Mechanism of chirality and prochirality sensing 

Some insight has been previously acquired regarding hydrogen bonding between 

the twelve NH protons of the trications 13+ and (S,S)-23+ and various counter 

anions.37,43,46 For example, data for Λ-(S,S)-23+ 2Cl–BArf
– indicate that the two chloride 

anions strongly bind to the two C3 faces (Figure 2.2, bottom left), shifting the 1H NMR 

signals of six NH protons markedly downfield (ca.  8 ppm). The other six NH protons, 

which occupy the three C2 faces (Figure 2.2, bottom right), have only the solvent or the 

very poorly coordinating BArf
– anion to interact with. Accordingly, their 1H NMR signals 

remain upfield (ca.  4 ppm).37 These trends are illustrated in the bottom spectrum in 

Figure 2.8, although it deserves emphasis that the signal separation is both concentration 

and temperature dependent.43  
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Figure 2.8. 1H NMR spectra: titration of a 0.019 M CD2Cl2 solution of Λ-(S,S)-23+ 2Cl–BArf

– (0.0076 

mmol; bottom spectrum) with dimethyl malonate in 0.0080 mL (0.0073 mmol) increments (ten ascending 

spectra).* 

As exemplified by the other spectra in Figure 2.8, CD2Cl2 solutions of Λ-(S,S)-

23+ 2Cl–BArf
– have been titrated with various analytes, such as dimethyl malonate, trans-

ß-nitrostyrene, methyl ethyl ketone, and both enantiomers of 4. In proceeding from one to 

10 equivalents, appreciable downfield shifts of the upfield C2 NH signals are observed. 

The downfield C3 NH signals are much less affected. Often there is virtually no shift, as 

seen with dimethyl malonate (Figure 2.8, Δδ = 0.07 ppm), trans-ß-nitrostyrene, and 

methyl ethyl ketone; with the enantiomers of 4, there is a modest upfield trend (0.13-0.33 

ppm). Although these shifts may reflect a combination of phenomena, it seems assured 

that the donor functionalities in the analytes hydrogen bond to the C2 faces.  

Next, Job plots63 were constructed using 1H NMR data (CD2Cl2) for Λ-(S,S)-23+ 

2Cl–BArf
– and the enantiopure analytes (S)-4 and (S)-10 as described in the experimental 

section. As shown in Figure 2.9, both exhibited maxima when the mol fraction of both 

components was 0.50, indicative of 1:1 adducts. Analogous experiments with the prochiral 
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analyte DMSO showed a maximum when the mol fraction of the CSA was 0.3, indicative 

of a ca. 2:1 DMSO/Λ-(S,S)-23+ 2Cl–BArf
– adduct. 

 
Figure 2.9. Job plots for mixtures of Λ-(S,S)-23+ 2Cl–BArf

– and (S)-1-phenylethyl acetate ((S)-4), (S)-1-

phenylethanol ((S)-10), and DMSO (35) in CD2Cl2 at ambient temperature.* 

In an established protocol for obtaining binding constants (K),63 0.0050 M CD2Cl2 

solutions of Λ-(S,S)-23+ 2Cl–BArf
– and Λ-(S,S)-23+ 2I–BArf

– were titrated with (S)-4, 

(R)-4, (S)-10, and (R)-10. The concentrations of the analytes were plotted versus the 

change in chemical shift of the C2 NH protons. The K values were calculated by nonlinear 

least-square curve fitting using the 1:1 stoichiometry established from the Job plots and 

standard equations and software (appendix A and Figure A-7). 

As can be seen in Table 2.5, the alcohol 10 exhibited the lowest K values (7.60-

2.73 M–1), while those of the corresponding acetate 4 were somewhat higher (124-22.6 

M–1). Whereas (R)-4 gave somewhat higher K values than (S)-4, (S)-10 (which has the 

same relative configuration as (S)-4) gave higher K values than (R)-10. The K values for 

Λ-(S,S)-23+ 2I–BArf
– and either enantiomer of 4 were considerably higher than those with 
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Λ-(S,S)-23+ 2Cl–BArf
–. However, they were much more comparable for the other 

analytes. 

Table 2.5. Binding constants (K) for CSAs and representative analytes in CD2Cl2 at 23 °C.* 

 

Entry CSA analyte K (M–1)a 

1 Λ-(S,S)-23+ 2Cl–BArf
– (S)-4 22.6 

2 Λ-(S,S)-23+ 2Cl–BArf
– (R)-4 28.1 

3 Λ-(S,S)-23+ 2I–BArf
– (S)-4 104 

4 Λ-(S,S)-23+ 2I–BArf
– (R)-4 124 

5 Λ-(S,S)-23+ 2Cl–BArf
– (S)-10 7.60 

6 Λ-(S,S)-23+ 2Cl–BArf
– (R)-10 2.73 

7 Λ-(S,S)-23+ 2I–BArf
– (S)-10 5.60 

8 Λ-(S,S)-23+ 2I–BArf
– (R)-10 4.28 

aSee experimental section including appendix A for details. 

2.2.7. Crystal structure of a DMSO adduct 

Efforts were made to cocrystallize salts of (S,S)-23+ with analytes from Tables 2.2 

and 2.4. This proved to be much more challenging than anticipated. Finally, diethyl ether 

was allowed to vapor diffuse into a DMSO solution of -(S,S)-23+ 3I–. This gave yellow 

blocks of the hexakis(DMSO) solvate -(S,S)-23+ 3I–·6DMSO. X-ray data were acquired 

and the structure was solved as outlined in Table A-2 (appendix A) and the experimental 

section. The unit cell contained two independent molecules. Their structures were quite 

similar, so only one is depicted in Figure 2.10. 
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Although there was no crystallographic symmetry, the trication exhibited an 

idealized C3 axis. This lies perpendicular to the plane of the paper in the left view in Figure 

2.10. Furthermore, three idealized C2 axes lie in the plane of the paper. The right view in 

Figure 2.10 is oriented so that one C2 axis runs perpendicular to the plane of the paper. 

Since the CHPh-CHPh bonds of each chelate are parallel to the C3 axis (Figure 2.10, left), 

the trication is said to exhibit a lel3 orientation,42 as previously found in the crystal 

structure of -(S,S)-23+ 3Cl– (Figure 2.2, bottom).  

As depicted in Figure 2.10 (left), the oxygen atoms of all six DMSO molecules 

make a single hydrogen bond to a different NH group associated with the three C2 faces. 

The O…HN and O…N distances (1.975-2.290 Å (avg 2.132 Å)64-66 and 2.869-3.006 Å 

(avg 2.929 Å) are close to those found in other crystallographically characterized adducts 

of DMSO with NH hydrogen bond donors (for five typical examples67-71 1.81-2.10 Å 

(avg 1.97 Å) and 2.65-2.85 Å (avg 2.77 Å)). For further validation, the sums of the relevant 

van der Waals radii can be considered (oxygen/hydrogen, 1.52 + 1.20-1.10 Å; 

oxygen/nitrogen, 1.52 + 1.55 Å).72-74 The closer contacts in -(S,S)-23+ 3I–·6DMSO 

confirm bonding interactions by both classical75 and modern76 criteria.  

As illustrated in Figure 2.11, two of the three iodide anions hydrogen bond to the 

three NH groups on opposite C3 faces, consistent with the rationale for the downfield NH 

1H NMR signals in Figure 2.8. The I…HN and I…N distances (2.725-2.835 Å (avg 2.767 

Å)64-66 and 3.612-3.712 Å (avg 3.648 Å)) are in typical ranges.77 The closest contacts for 

the third iodide anion (see Figures A-7 and A-8) involve the hydrogen atoms of DMSO 

molecules (2.996-4.043 Å; avg 3.330 Å) and phenyl rings of adjacent trications (3.027-

3.285 Å; avg 3.121 Å).64-66  

Over 150 crystal structures of salts of the trication [Co(en)3]3+ have been 

determined, and the diverse types of NH/anion hydrogen bonding interactions observed 
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have been reviewed and classified.46 The bonding motifs exhibited by the two proximal 

iodide anions in -(S,S)-23+ 3I–·6DMSO are quite common and have been given the 

designation [C3,C3,C3][1]. Those for the DMSO molecules would be abbreviated [C2][1]. 

 

O atom O…HN (C2) O…N O…H-N 

O1 
2.026 
2.039a 

2.893 
2.882 

159.1 
153.6 

O2 
2.265 
2.141a 

2.923 
2.965 

147.6 
150.2 

O3 
2.290 
2.256a 

3.006 
3.011 

135.5 
140.1 

O4 
1.975 
2.013a 

2.869 
2.859 

167.0 
154.1 

O5 
2.085 
2.074a 

2.870 
2.897 

143.9 
149.8 

O6 
2.197 
2.219a 

2.999 
2.969 

146.7 
139.2 

aThe second set of values is for the other independent molecule in the unit cell, which is geometrically 
similar. 

Figure 2.10. Thermal ellipsoid diagram (50% probability level) of the trication of Λ-(S,S)-23+ 3I–

·6DMSO viewed along the idealized C3 axis (left) with all six DMSO molecules, and along one of three 

idealized C2 axes (right) with two DMSO molecules.* 
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iodide I…HN (C3) I…N I…H-N 

I1 
2.826 
2.799a 

3.712 
3.675 

164.7 
166.6 

I1 
2.794 
2.820a 

3.681 
3.700 

165.2 
163.0 

I1 
2.771 
2.693a 

3.664 
3.585 

167.3 
166.6 

I3 
2.835 
2.783a 

3.687 
3.652 

156.4 
160.5 

I3 
2.725 
2.609a 

3.612 
3.506 

165.5 
168.6 

I3 
2.760 
2.798a 

3.633 
3.672 

161.3 
161.5 

aThe second set of values is for the other independent molecule in the unit cell, which is geometrically 
similar. 

Figure 2.11 Thermal ellipsoid diagrams (50% probability level) showing interactions of two iodide anions 

with the trication of Λ-(S,S)-23+ 3I–·6DMSO (lel3) viewed along the idealized C3 axis (left) and one 

idealized C2 axis (right). The other independent molecule is similar.* 
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2.3. Discussion 

2.3.1. New CSAs vs. literature systems  

The preceding data document an impressive efficacy of Λ-(S,S)-23+ 2Cl–BArf
– 

and Λ-(S,S)-23+ 2I–BArf
– as CSAs. The former has the advantage of being commercially 

available, whereas the latter (easily synthesized from the former) exhibits superior 

performance characteristics apparently connected to its solubility in CDCl3. The data for 

Λ-(S,S)-23+ 2Cl–B(C6F5)4
– in Table 2.1 suggest that salts with related tetraarylborate 

anions may be comparably effective. The mechanism of action (following section) clearly 

involves hydrogen bonding between the C2 NH donor groups of the CSAs and the 

analytes. 

Most of the other CSAs described in the literature also feature hydrogen bond 

donor groups,17,19-21,23-30 although many possess acceptor groups as well.17,20,21,23,29 

Typical donor groups include ureas or chalcogenoureas,25,26,30 squaramides,27 secondary 

amines,24 amides of primary amines,17,23,29 sulfonamides,19 and BINOL derivatives.20 

However, many of these have only been applied to one or two functional groups.  

The most broadly applicable CSAs for chirality sensing reported to date have been 

developed by Ema, Sakai, and coworkers.17 Their lead system, 48 (Figure 2.12, top), was 

applied to ten functional groups, three of which were not assayed with Λ-(S,S)-23+ 2X–

BArf
– (oxazolidinone, sulfoximine, isocyanate). Their typical loadings were 100-200 

mol%, although a chiral sulfoxide was found to require only 5 mol%. Conversely, Tables 

2.2 and 2.3 contain several functional groups that they did not study (ester/ß-ketoester, 

amine, amide/sulfonamide, hydroxyphosphonate, ketone/ 1,3-diketone, ether). 

Furthermore, with my lead CSA, Λ-(S,S)-23+ 2I–BArf
–, the average loading is 14% (range 

1-100%). 



 

40 

 

 
Figure 2.12. Some relevant previously reported CSAs. 

There is a wider selection of CSAs that have been applied to four-seven functional 

groups (Figure 2.12, middle and bottom, 49-52).21,22,25,29 These generally require 

loadings of 100-300 mol%, although with one analyte the CSA 49 (Figure 2.12, middle) 

was shown to be effective at 60 mol%. None of these CSAs are commercially available. 

However, another group has assembled a library of 32 commercial CSAs, and developed 

high throughput protocols for identifying optimal partners for specific analytes.78 Far 

fewer CSAs have been applied to prochirality sensing, and the eight functional groups 

represented in Table 2.4 exceed the sum of all those in the literature I have been able to 

locate.49-55  
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To my knowledge, the above salts of Λ-(S,S)-23+ represent the first CSAs that are 

based upon transition metals. However, transition metals are well represented among 

chiral derivatizing agents (CDAs).62,79,80 The ionic CSA 4922 in Figure 2.12 is based 

upon a main group metal, aluminum, and displays several conceptual similarities with my 

cobalt(III) systems. First, both metals are octahedral and constitute stereocenters. Second, 

the anion of 49 has C2 symmetry, versus D3 symmetry for the trication 23+. Third, 49 has 

two Al-NH groups that can serve as hydrogen bond donors (as well as four Al-O groups 

that can serve as hydrogen bond acceptors).  

2.3.2. Analyte binding to Λ-(S,S)-23+ 

There is a variety of evidence that the enthalpy of hydrogen bonding to a C3 face 

of Λ-(S,S)-23+ (A, Figure 2.2) is much greater than that to a C2 face (B, Figure 2.2). For 

example, the solid state structures of the diastereomeric trichloride salts Λ- and -(S,S)-

23+ 3Cl– show the three chloride ions to be distributed over two C3 faces and one C2 face 

(as opposed to, for example, three C2 faces).37 Scheme 2.1 shows that one chloride ion – 

presumably that associated with the C2 face – can more easily be replaced by the very 

poor hydrogen bond acceptor BArf
– than the other two.37,43 As illustrated by the bottom 

trace in Figure 2.8, the 1H NMR spectra of mixed salts Λ-(S,S)-23+ 2X–BArf
– always 

show two NH signals of equal area (6H/6H), with the downfield signal moving upfield as 

X– becomes a poorer hydrogen bond acceptor (e.g., BF4
–, PF6

–).37,43 These observations 

are consistent with two "occupied" C3 faces and three "free" C2 faces.  

When Λ-(S,S)-23+ 2Cl–BArf
– is titrated with suitable substrates, such as dimethyl 

malonate in Figure 2.8, the upfield NH groups shift markedly downfield, but the downfield 

NH groups are much less affected.37,43 This indicates dominant analyte binding at the C2 

faces. In accord with the Job plots (Figure 2.9), I presume that the binding constants for 

the first one ((S)-4, (S)-10) or two (35) analyte molecules are much greater than those for 
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additional molecules. This may seem at odds with the crystal structure in Figure 2.10, in 

which the three C2 faces engage in hydrogen bonding with six DMSO molecules (one per 

NH group). However, interactions that may be very weak in solution are often expressed 

in the solid state. Also, such six-fold binding gives a more symmetrical species that may 

be better disposed towards crystallization. 

The binding constants (K) in Table 2.5 track the order found for the hydrogen bond 

donor p-fluorophenol and the analytes ethyl acetate and benzyl alcohol (CCl4, 25 °C; 11.7 

and 7.24 M–1).81 Those for the acetate 4 (22-124 M–1) are in the range of values measured 

for other CSAs and cyclic esters,17,19 and those for the benzylic alcohol 10 (2.7-7.6 M–1) 

likewise compare well with values obtained with other benzylic alcohols.26  

The loss of efficacy of Λ-(S,S)-23+ 2Cl–BArf
– and Λ-(S,S)-23+ 2I–BArf

– in 

coordinating solvents (entries 8-13, Table 2.1) presumably reflects the saturation of the 

C2 faces, obstructing access by the analytes. The halide free salt Λ-(S,S)-23+ 3BArf
–, with 

three very poorly hydrogen bond accepting anions, gives much lower Δδ values (entry 5, 

Table 2.1). I speculate that the analyte now preferentially binds to an "unoccupied" C3 

face, which for some reason gives diminished chiral recognition. Naturally, the 

cocrystallization of additional analytes with all of the preceding cobalt(III) complexes 

remains a goal. Crystal structures have been reported for analyte adducts of only a few 

other CSAs.22,24 Alternatively, insight can be gained by computational studies,22,23,26-28 

and a series of DFT investigations are currently underway. 

2.4. Conclusion 

The new cobalt based CSAs described in chapter 2 offer unparalleled functional 

group applicability, effectiveness at significantly lower loadings and in the presence of 

multiple analytes, extended stability to air and water, and ready availability from 

inexpensive building blocks. Their success reflects the generality of second coordination 
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sphere hydrogen bonding between the NH donor groups and Lewis basic functional groups 

in the analytes. Given the many "best in class" characteristics, and recent commercial 

availability, they appear primed for wide adoption. In the interval since this work was 

published, I have also aided in the preparation and investigation of an additional CSA Λ-

(S,S)-23+ 2I–B(C6F5)4
–. In several cases, the data for Λ-(S,S)-23+ 2I–B(C6F5)4

– are better 

than those in Table 2.2. This finding will be communicated in a future date.  

2.5. Experimental 

General. The CSAs Λ-(S,S)-23+ 2Cl–BArf
–, Λ-(S,S)-23+ 2Cl–B(C6F5)4

–, Λ-(S,S)-

23+ 3BArf
–, and Δ-(S,S)-23+ 2Cl–BArf

– were synthesized as reported earlier,43 and Λ-13+ 

3BArf
– was prepared as described for the enantiomer;36 Λ-(S,S)-23+ 2Cl–BArf

– is also 

commercially available.48 All abbreviations are defined in the introduction. All reactions 

and workups were conducted in air. 

Λ-(S,S)-23+ 3I–. A round bottom flask was charged with a suspension of Λ-(S,S)-

23+ 3Cl–·3H2O (0.170 g, 0.199 mmol) in acetone (20 mL) and KI (0.099 g, 0.597 mmol) 

was added with vigorous stirring. A suspension of white particles in an orange solution 

formed. After 1 h, the mixture was filtered. The solvent was removed from the filtrate by 

rotary evaporation and oil pump vacuum (20 h, rt) to give Λ-(S,S)-23+ 3I–·3H2O (0.219 g, 

0.194 mmol, 97%) as an orange solid, mp 200-202 °C dec (open capillary). Anal. Calcd. 

for C42H48CoI3N6·3H2O (1130.07): C 44.62, H 4.81, N 7.43; found C 44.81, H 4.91, N 

7.02. 

NMR (CD3OD/acetone-d6, δ in ppm): 1H (500 MHz) 7.51-7.49 (m, 12H, o-Ph), 

7.38-7.37 (m, 18H, m-, p-Ph), 6.75 (br s, 6H, NHH'), 5.95 (br s, 6H, NHH'), 5.26 (s, 6H, 

CHPh), 2.83 (br s, 7H, H2O); 13C{1H} (125 MHz) 136.4 (s, i-Ph), 130.1 (s, p-Ph), 129.9 

and 129.7 (2 s, o- and m-Ph), 62.8 (s, CHPh). IR (powder film, cm–1): 3032 (m, νNH), 

1683 (m, δNH), 1041 (vs, δCCN). 
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Alternative syntheses of Λ-(S,S)-23+ 3I– (directly from cobalt(II) precursors. 

(bypassing Λ-(S,S)-23+ 3Cl– in Scheme 2.1). A. A gas circulating flask43 was charged 

with a solution of CoI2 (0.156 g, 0.50 mmol) in CH3OH (50 mL). Activated charcoal (0.05 

g) and (S,S)-dpen (0.356 g, 1.68 mmol, 3.36 equiv) were added with vigorous stirring. Air 

was passed through the suspension. After 17 h, the mixture was filtered through Celite and 

aqueous HI (0.377 g, 57 wt%, 1.68 mmol) was added. The solvent was removed by rotary 

evaporation to give an orange solid. A portion was dissolved in acetone-d6. The 

diastereomers exhibit diagnostic CHPh 13C NMR chemical shift trends.43 13C{1H} NMR 

(acetone-d6, δ in ppm, partial): 62.2 and 64.7 (2s, ca. 2:1, CHPh for Λ and Δ-(S,S)-23+ 3I–

).The solid was dissolved in 95:5 v/v CH2Cl2/CH3OH (1 mL). The solution was loaded 

on a silica gel column (2 × 15 cm) packed in CH2Cl2, which was eluted with 

CH2Cl2/CH3OH (100:0 v/v, 200 mL; 98:2 v/v, 500 mL; 97:3 v/v as needed). The orange 

band was collected. Solvents were removed by rotary evaporation. The residue was dried 

by oil pump vacuum at room temperature (20 h) to give Λ-(S,S)-23+ 3I–·H2O (0.208 g, 

0.190 mmol, 38%) as an orange solid. B. A solution of Co(OAc)2·4H2O (0.296 g, 1.19 

mmol) in CH3OH (50 mL), activated charcoal (0.1 g), (S,S)-dpen (0.849 g, 4.00 mmol, 

3.36 equiv), air, Celite, and aqueous HI (0.898 g, 57 wt%, 4.00 mmol) were combined in 

a procedure analogous to that in A. A similar workup (3 mL 95:5 v/v CH2Cl2/CH3OH) 

gave Λ-(S,S)-23+ 3I–·H2O (0.611 g, 0.559 mmol, 47%) as an orange solid, mp 200-201 

°C dec (open capillary). Anal. Calcd. for C42H48CoI3N6·H2O (1094.05): C 46.09, H 4.60, 

N 7.68; found C 46.16, H 4.75, N 7.46.  

NMR (acetone-d6, δ in ppm): 1H (500 MHz) 7.57-7.54 (m, 12H, o-Ph), 7.53 (br s, 

6H, NHH', partial overlap with o-Ph), 7.32-7.22 (m, 18H, m-, p-Ph), 5.63 (br s, 6H, 

NHH'), 5.25 (s, 6H, CHPh), 2.83 (br s, 7H, H2O); 13C{1H} (125 MHz) 130.3 (s, i-Ph), 

130.0 (s, p-Ph), 129.6 and 128.8 (2 s, o- and m-Ph), 63.2 (s, CHPh). 
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Λ-(S,S)-23+ 2I–BArf
–. A. A round bottom flask was charged with Λ-(S,S)-23+ 3I–

·3H2O (0.117 g, 0.104 mmol), CH2Cl2 (20 mL), H2O (20 mL), and Na+ BArf
– (0.092 g, 

0.104 mmol). The mixture was vigorously stirred until the orange color had entirely 

transferred to the CH2Cl2 layer (30 min), which was separated. The solvent was removed 

by passive evaporation (fume hood) and oil pump vacuum (20 h, rt) to give Λ-(S,S)-23+ 

2I–BArf
–.0.5H2O (0.188 g, 0.103 mmol, 99%) as a red solid, mp 107-110 °C dec (black 

liquid, open capillary). Anal. Calcd. for C74H60BCoF24I2N6·0.5H2O (1821.20): C 48.79, 

H 3.37, N 4.61; found C 48.88, H 3.61, N 4.62. B. A round bottom flask was charged with 

aqueous NaI (15.0 mL, 10 wt%, 10.5 mmol), toluene (15.0 mL), and Λ-(S,S)-23+ 2Cl–

BArf
–.2H2O (0.259 g, 0.152 mmol). The mixture was vigorously stirred, and after 6 h 

transferred to a separatory funnel. The clear aqueous layer was discarded, and the red 

toluene layer was washed with water (2  10 mL). The solvent was removed from the 

toluene layer by rotary evaporation. The residue was dissolved in CH3OH (10 mL) and 

the solution was stirred for 20 min.82 The solvent was removed again by rotary 

evaporation and oil pump vacuum (10 h, rt) to give Λ-(S,S)-23+ 2I–BArf
–·0.5 H2O (0.277 

g, 0.152 mmol, >99%) as a red solid, mp 108-110 °C dec (black liquid, open capillary). 

Anal. Calcd., see above; found C 49.17, H 3.50, N 4.46. 

Data for Λ-(S,S)-23+ 2I–BArf
–.0.5H2O: NMR (δ in ppm): 1H (500 MHz, CDCl3 

or CD2Cl2) BArf
– at 7.69 or 7.71 (s, 8H, o), 7.49 or 7.55 (s, 4H, p); (S,S)-dpen at 7.37-

7.27 or 7.29-7.44 (m, 30H, ArH), 6.98 or 7.88 (br s, 6H, NHH'), 4.86 or 4.21 (br s, 6H, 

NHH'), 4.60 (s, 6H, CHPh); 2.22 or 1.78 (br s, 5H or 2H, H2O).83 13C{1H} (126 MHz, 

CD2Cl2) BArf
– at 162.3 (q, 1JBC = 49.8 Hz, i), 135.4 (s, o), 129.4 (q, 2JCF = 31.5 Hz, m), 

125.2 (q, 1JCF = 272.3 Hz, CF3), 118.1 (s, p); (S,S)-dpen ligand at 134.6 (s, i-Ph), 130.8 

(s, p-Ph), 130.3 (s, o-Ph), 128.7 (s, m-Ph), 62.7 (s, CHPh). IR (powder film, cm–1): 3064 

(m, νNH), 1608 (m, δNH), 1354 (s, νAr-CF3
), 1275 (vs, νCF), 1117 (vs, δCCN). 
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Dependence of Δδ upon CSA and solvent (Table 2.1). A 5 mm NMR tube was 

charged with a 0.0071 M solution of a CSA (0.70 mL, 0.0049 mmol) in the indicated 

solvent. Neat 1-phenylethyl acetate (4; 0.00050 mL, 0.0012 g, 0.0050 mmol) was added 

and a 1H NMR spectrum was recorded. 

Dependence of Δδ upon mol% of CSA (Figure 2.3). A 5 mm NMR tube was 

charged with a CD2Cl2 solution of Λ-(S,S)-23+ 2Cl–BArf
–·2H2O (0.70 mL, 0.036 M, 

0.025 mmol). Neat 4 was then added in 0.00050 mL increments (ca. 0.0012 g, 0.0050 

mmol). A 1H NMR spectrum was acquired after each addition. The total volume of 4 

added from the first data point (500 mol%) to the final data point (5 mol%) was 0.050 

mL).  

Dependence of Δδ upon concentration (Figure 2.4). A 5 mm NMR tube was 

charged with a CD2Cl2 solution (0.50 mL) that was 0.040 M in 4 (0.020 mmol) and 0.010 

M in Λ-(S,S)-23+ 2Cl–BArf
–·2H2O (0.0050 mmol, 25 mol%). A 1H NMR spectrum was 

recorded. Then CD2Cl2 was added in increments so as to attain total volumes of 0.60, 

0.70, 0.80, 0.90, 1.00, 1.10, 1.50, 2.00, 3.00, 4.00, and 5.00 mL. After each addition, a 1H 

NMR spectrum was recorded. 

Chirality sensing (Table 2.2). A (liquid analytes 4-7, 10, 14-18, 21-25, 27-29, 

31). 5 mm NMR tubes were charged with CD2Cl2 solutions of Λ-(S,S)-23+ 2Cl–BArf
–

·2H2O or CDCl3 solutions of Λ-(S,S)-23+ 2I–BArf
–·0.5H2O (0.70 mL, 0.0071 M, 0.0049 

mmol). The samples were titrated with neat liquid analytes in increments of 0.0050 mmol 

(1.0 equiv) and monitored by 1H NMR. Experiments were halted when separate signals 

for the enantiomers were no longer observed. The total volume of liquids added usually 

ranged from 0.72 to 0.80 mL. B (solid analytes 8, 9, 11-13, 19-20, 26, 30). Procedure A 

was repeated, but with the analytes added as 10.0 M CD2Cl2 or CDCl3 solutions in 

increments of 0.00050 mL (0.0050 mmol). 
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Comparison of ee values obtained by NMR and HPLC (Table 2.3 and Figure 

2.5). Standard solutions of (R)- and (S)-4 were prepared in hexanes/isopropanol (99:1 v/v, 

0.0010 g/mL). These were mixed at different ratios into five separate volumetric flasks so 

that the total volume was always 1.00 mL (Table 2.3). Each was assayed by HPLC 

(Chiralcel OD-H column, hexane/isopropanol 99:1 v/v, 0.5 mL/min, 254 nm). The HPLC 

samples were concentrated by rotary evaporation, redissolved in CD2Cl2 (0.70 mL), and 

transferred to 5 mm NMR tubes. Then -(S,S)-23+ 2Cl–BArf
–·2H2O (0.0085 g, 0.0050 

mmol) was added and 1H NMR spectra were recorded. 

Enhanced throughput sensing (Figure 2.6). A 5 mm NMR tube was charged 

with a CDCl3 solution (0.70 mL) that was 0.029 M in 4, 7, 10, and 20 (0.020 mmol each), 

and 0.014 M in 19 (0.010 mmol). Then Λ-(S,S)-23+ 2I–BArf
–·0.5H2O (0.018 g, 0.010 

mmol) was added, and 1H and 31P{1H} NMR spectra were recorded. 

Prochirality sensing (Table 2.4). A 5 mm NMR tube was charged with a CD2Cl2 

solution of Λ-(S,S)-23+ 2Cl–BArf
–·2H2O or a CDCl3 solution of Λ-(S,S)-23+ 2I–BArf

–

·0.5H2O (0.70 mL, 0.0071 M, 0.0049 mmol). The analyte (1.0 equiv) was added as a neat 

liquid (32-38, 40-42, 44, 46) or solid (39, 43, 45, 47) and 1H NMR spectra were recorded.  

Titration of a CSA with dimethyl malonate (Figure 2.8). A 5 mm NMR tube 

was charged with a 0.019 M CD2Cl2 solution (0.40 mL) of Λ-(S,S)-23+ 2Cl–BArf
–·2H2O 

(0.0076 mmol). A reference 1H NMR spectrum were recorded. A 0.91 M CD2Cl2 solution 

of dimethyl malonates was added in 0.0080 mL increments (0.0073 mmol). A 1H NMR 

spectrum was recorded after each addition. 

Job plots (Figure 2.9).63 0.010 M CD2Cl2 solutions of Λ-(S,S)-23+ 2Cl–BArf
–

·2H2O and (S)-4 were prepared and mixed at nine volume ratios (mL/mL: 0.050/0.45, 

0.10/0.40, 0.15/0.35, 0.20/ 0.30, 0.25/0.25, 0.30/0.20, 0.35/0.15, 0.40/0.10, 0.45/0.050). 
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1H NMR spectra were recorded (500 MHz) and the concentration of the adduct CSA·(S)-

4 calculated from the equation84,85  

[CSA·(S)-4] = [(obs – 0)/(c – 0)]  [CSA] 

where [CSA] is the concentration of Λ-(S,S)-23+ 2Cl–BArf
– in the sample, δobs is 

the chemical shift of the C2 NH protons in the sample (always upfield from the C3 NH 

protons),43 δ0 is the chemical shift of the C2 NH protons of Λ-(S,S)-23+ 2Cl–BArf
– in 

otherwise identical samples that lack (S)-4, and δc is the chemical shift of the C2 NH 

protons in the complex CSA·(S)-4. The values for [CSA·(S)-4] were then plotted versus 

the mol fraction (X) of Λ-(S,S)-23+ 2Cl–BArf
– per Figure 2.8. This procedure was repeated 

with 0.010 M CD2Cl2 solutions of Λ-(S,S)-23+ 2Cl–BArf
– and (S)-10 or 35. 

Binding constants (Table 2.5).63 0.0050 M CD2Cl2 solutions of Λ-(S,S)-23+ 2Cl–

BArf
–·2H2O and Λ-(S,S)-23+ 2I–BArf

–·0.5H2O were prepared. One 5 mm NMR tube was 

charged with 1.0 mL of one solution, and another tube with 1.0 mL of the other. Reference 

1H NMR spectra were recorded. Analytes were then added in 0.0050 mmol increments 

(1.0 equiv) using a microsyringe, and a 1H NMR spectrum was recorded after each 

addition. The concentrations of the analytes were plotted versus the change in chemical 

shift of the C2 NH protons (Δδ = δobs–δ0) as in Figure A-7. The binding constants K were 

calculated by nonlinear least-square curve fitting using Origin Pro 8.0,86 the 1:1 

stoichiometry established from the Job plots, and the equation87  

[Analyte] = (1/K)  [x/( – x)] 

where x = (obs – 0)/(c – 0). 

Crystallography. A solution of -(S,S)-23+ 3I–·3H2O (0.011 g, 0.010 mmol) in 

DMSO (0.50 mL) in an open vial was placed inside a 20 mL closed vial containing diethyl 

ether (7.0 mL). After 4 d, yellow blocks were collected. Data were obtained as outlined in 

Table A-3. Cell parameters were determined from 45 data frames using a 1° scan. 
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Integrated intensity information for each reflection was obtained by reduction of the data 

frames with the program APEX3.88 Data were corrected for Lorentz, polarization, and 

crystal decay effects. SADABS89 was employed for absorption corrections, and the 

structure was solved using XT/XS in APEX3.88,90-93 The unit cell contained two 

independent molecules of -(S,S)-23+ 3I–, each associated with six molecules of DMSO. 

Hydrogen atoms were placed in idealized positions and refined using a riding model. All 

non-hydrogen atoms were refined with anisotropic thermal parameters. Five of the DMSO 

molecules were disordered over two positions (occupancy ratios: C1S/3A, C1R/4A, 

O2/2A, S2/2A, 72:28; C1T/6A, C1U/5A, O3/3A, S3/3A, 79:21; C1V/8A, C1W/7A, 

O4/4A, S4/4A, 78:22; C1X/10A, C1Y/9A, O5/5A, S5/5A, 72:28; C2C/2E, C1AA/2CA, 

O12/12A, S12/12A, 52:48). Restraints were applied to keep the metrical parameters 

meaningful. The data were refined by weighted least squares refinement on F2 to 

convergence.90-94 PLATON (ADDSYM)95 was used to verify the absence of additional 

symmetry and voids. Flack's parameter (Table A-3) confirmed the absolute 

stereochemistry.96 
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3. AN AIR AND WATER STABLE HYDROGEN BOND DONOR CATALYST FOR 

THE ENANTIOSELECTIVE GENERATION OF QUARTERNARY CARBON 

STEREOCENTERS BY ADDITION OF SUBSTITUTED CYANOACETATE 

ESTERS TO ACETYLENIC ESTERS* 

3.1. Introduction 

The efficient enantioselective synthesis of compounds with quaternary carbon 

stereocenters has been a subject of immense interest over the last 25 years, as reflected by 

an extensive review literature that emphasizes catalytic methods.1 There has been a 

particular focus upon conjugate additions. In this context, racemic "active methylene 

compounds" with a single carbon-hydrogen bond and three unlike carbon substituents 

represent attractive building blocks. One obvious choice would be substituted 

cyanoacetate esters NCCH(R)CO2R', large numbers of which are commercially available 

or easily prepared. However, many types of acceptors (e.g., conjugated cycloalkenones, 

Scheme 3.1, top) would yield a second carbon stereocenter, such that diastereoselectivity 

also becomes an issue. 

 
Scheme 3.1. Examples of additions of cyanoacetate esters to alkene acceptors. 

Given the new family of catalysts that I was interested in applying to this problem 

(vide infra), I sought to evaluate their efficacies one stereocenter at a time. One way to 
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avoid generating a second stereocenter in additions of substituted cyanoacetate esters 

would be to employ an acetylenic acceptor, as generalized in Figure 3.1 (top). Of course, 

there would be the possibility of cis/trans or Z/E isomers about the resulting C=C linkage. 

However, this was seen as a more tractable complication.  

 
Figure 3.1. Enantioselective catalysts for additions of substituted cyanoacetate esters to acetylenic esters 

developed to date.* 

Others have recognized the attractiveness of substituted cyanoacetate esters as 

building blocks.2 Of particular value is the attendant installation of multiple functional 

groups that can be elaborated under different conditions.3 However, there have only been 
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scattered reports dealing with acetylenic acceptors, and the best literature methods are 

summarized in Figure 3.1. One of these, developed by Maruoka, used an enantiopure 

phase transfer catalyst (I).2a In this work, only cyanoacetate esters with aliphatic 

substituents gave high enantioselectivities. Another, developed by Ikariya, used an 

enantiopure ruthenium Lewis acid catalyst.2b However, only cyanoacetate esters with aryl 

substituents were reported. I saw these divergent strengths and weaknesses as 

opportunities that might be addressed with new types of catalysts. 

In parallel with the review literature cited,1 there has been extensive recent 

development of chiral organic hydrogen bond donor catalysts.4 Some of these are quite 

effective for the enantioselective construction of quaternary carbon centers from other 

combinations of reactants.1f,5 The Gladysz group,6-9 together with several others,10-12 has 

been interested in developing chiral transition metal containing hydrogen bond donors. 

One impetus has been the application of an untapped region of the chiral pool, believed to 

provide binding motifs and modes of action that significantly differ from organic 

counterparts.13  

The Gladysz group's main catalyst family was inspired by Werner's reports of the 

first enantiopure chiral inorganic compounds over a century ago.14,15 One of these, 

[Co(en)3]3+ 3Cl– (13+ 3Cl–; en = ethylenediamine),14e can be prepared by undergraduate 

students in an afternoon.16 The configurations of such "chiral at metal" species are 

conventionally designated  and 17 as depicted in Figure 3.2 (top). The former exhibits 

a left handed helical array of chelate rings, and the latter a right handed array. However, 

tris(1,2-diamine) cobalt(III) complexes are substitution inert,18,19 which precludes direct 

activation of substrates by the metal. But tellingly, crystal structures reveal extensive NH 

hydrogen bonding interactions with counter anions.20  
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Figure 3.2. Catalysts screened in this study.* 

Accordingly, the Gladysz group has prepared various tris(1,2-diamine) cobalt salts 

with one or more tetraarylborate anions of the formula B(3,5-C6H3(CF3)2)4
– (BArf

–) or 

B(C6F5)4
–.6-8,21 These anions are very poor hydrogen bond acceptors22 and help to 

solubilize the trications in standard organic solvents. In aqueous solution, water would 

presumably compete for the substrate binding sites, and many educts would be insoluble. 

In any case, the complexes in Figure 3.2 have been applied to several types of carbon-

carbon and carbon-nitrogen bond forming reactions known to be catalyzed by hydrogen 

bond donors.6-8  

The Gladysz group has found that tris(adducts) of 1,2-diphenyl ethylenediamine 

(dpen), [Co(dpen)3]3+ 2X–X'– (23+ 2X–X'–), are often particularly enantioselective 

catalysts. The S,S and R,R enantiomers of this ligand are commercially available at 

surprisingly modest prices.23 With the former, two sets of diastereomers are possible, the 
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salts Λ-(S,S)-23+ 2X–X'– depicted in Figure 3.3, and the cobalt epimers Δ-(S,S)-23+ 2X–

X'–. The enantiomeric catalysts derived from (R,R)-dpen would be expected to give 

identical ee values (but opposite product configurations).  

Analogous complexes have been prepared with a wide variety of aryl groups in 

place of the dpen phenyl groups.21 Thus, a catalyst with 2-naphthyl substituents, Λ-(S,S)-

33+ 2Cl–BArf
– (Figure 3.2), has been included in this study. In addition, a bifunctional 

catalyst with an internal tertiary amine, Λ-(S)-43+ 3BArf
– (Figure 3.2), which obviates the 

need for an external base and has given highly enantioselective reactions,8 has also been 

examined in screening reactions below.  

Accordingly, in this chapter I compare the efficacies of the complexes in Figure 

3.2 and selected diasteromers as catalysts for enantioselective additions of substituted 

cyanoacetate esters to acetylenic esters (Figure 3.1, top). From the standpoints of isolated 

yields, ee values, and substrate generality, Λ-(S,S)-23+ 2Cl–B(C6F5)4
– clearly emerges as 

the best of a limited number of other catalysts (Figure 3.1) that have previously been 

reported to effect this transformation. 

3.2. Results 

3.2.1.  Catalyst Screening. 

In initial scout experiments, commercial dimethyl acetylenedicarboxylate (4a) and 

ethyl phenylcyanoacetate (5a) were combined in a 1.1:1.0 mol ratio in CH2Cl2 at a 

temperature specified in Table 3.1. Then the indicated catalyst (10 mol%) and base were 

added. The latter was applied in both stoichiometric (100 mol%) and catalytic (10 mol%) 

quantities. When TLC indicated that the reaction was complete, the solvent was removed 

and the residue taken up in CDCl3. The Z/E ratio of the crude addition product 6aa was 

then assayed by 1H NMR (structure and data: Table 3.1; Z/E =CH 5.88-5.89/7.07-7.08 

ppm, s). Chromatographic workups gave pure 6aa in 99-95% yields. The ee values were 
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determined by 1H NMR using the chiral solvating agent Λ-(S,S)-23+ 2I–BArf
–.24 These 

and all other reactions and workups were carried out in air. 

Table 3.1 shows that useful levels of enantioselectivities were found only with the 

catalyst Δ-(S,S)-23+ 2Cl–B(C6F5)4
– and the base pyridine at –36 °C (entry 22). None of 

the other catalysts were effective (entries 2-8). Interestingly pyridine was best used in 

catalytic quantities (entry 21 vs. 22). Furthermore, these conditions gave the most 

favorable Z/E product ratio (91:9). As with the other catalysts, the enantiomeric purity of 

the minor E isomer was poor (10% ee), but that of the major Z isomer was excellent (99% 

ee). However, the ee dropped to 59% when the catalyst loading was decreased to 5%. 

Although Δ-(S,S)-23+ 2Cl–B(C6F5)4
– readily dissolves in CH2Cl2 solutions of the 

substrates, per the conditions employed in Table 3.1, it is only sparingly soluble in the 

absence of substrates. 

3.2.2. Reaction scope. 

The conditions in entry 22 of Table 3.1 were then applied to a variety of substrates 

as illustrated in Figure 3.3. When ethyl phenylacetate was replaced by ethyl benzylcya-

noacetate (5b), the Z/E ratio of the product remained high (6ab; 99:1) but the enantiomeric 

purity fell to 44% ee. However, t-butyl benzylcyanoacetate (5c), which features a bulkier 

ester alkyl group, gave the corresponding adduct 6ac as a >99:<1 Z/E mixture in 88% ee. 

Thus, t-butyl esters were used for the remaining reactions. 

  



 

67 

 

Table 3.1. Screening of catalysts for the addition of ethyl phenylcyanoacetate (5a) to dimethyl 

acetylenedicarboxylate (4a).a* 

 

Entry Catalyst 
Loading 

(mol%) 
Solvent 

Base 

(mol%) 

Time 

(h) 

Temp

(℃) 

Yield 

(%)b 
Z/Ec 

ee 

(%)d 

1 - - CH2Cl2 
Et3N 

(100) 
12 23 99 78/22 0/0 

2 
Λ-13+ 

3BArf
– 10 CH2Cl2 

Et3N 

(100) 
0.20 23 99 61/39 0/0 

3 
Λ-(S,S)-23+ 

2BF4
–BArf

– 
10 CH2Cl2 

Et3N 

(100) 
12 23 99 75/25 10/4 

4 
Λ-(S,S)-23+ 

2BF4
–BArf

– 
10 CH2Cl2 

Et3N 

(10) 
24 23 28 78/22 12/4 

5 
Λ-(S,S)-23+ 

2Cl–BArf
– 

10 CH2Cl2 
Et3N 

(100) 
12 23 99 78/22 0/0 

6 
Λ-(S,S)-33+ 

2Cl–BArf
– 

10 CH2Cl2 
Et3N 

(100) 
12 23 99 83/17 16/0 

7 
Λ-(S)-43+ 

3BArf
– 

10 CH2Cl2 - 12 23 99 69/31 18/40 

8 
Λ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
Et3N 

(100) 
12 23 99 79/21 0/0 

9 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
Et3N 

(100) 
11 23 99 85/15 36/2 

10 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
NMM 

(100) 
12 23 99 90/10 32/12 

11 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
NMI 

(100) 
12 23 99 93/7 36/9 

12 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
morph 

(100) 
12 23 5 - - 

13 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(100) 
12 23 99 95/5 14/13 

14 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 acetone 
pyridine 

(100) 
12 23 99 90/10 4/2 

aA vial was charged with a stir bar, 4a (0.0078 g, 0.055 mmol, 0.0068 mL), 5a (0.0095 g, 0.050 mmol, 

0.0087 mL), and 0.50 mL of a solvent. The sample was brought to the indicated temperature, and a catalyst 

(0.0050 mmol, 10 mol%) and a base were added with stirring. The reaction was monitored by TLC and was 

worked up as described in the experimental section. bIsolated yields after chromatography. cDetermined by 
1H NMR. dDetermined by 1H NMR using 10 mol% of the CSA Λ-(S,S)-23+ 2I–BArf

–
.  
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Table 3.1. Continued.a* 

 

Entry Catalyst 
Loading 

(mol%) 
Solvent 

Base 

(mol%) 

Time 

(h) 

Temp 

(℃) 

Yield 

(%)b 
Z/Ec 

ee 

(%)d 

15 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH3CN 
pyridine 

(100) 
12 23 99 87/13 12/6 

16 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 toluene 
pyridine 

(100) 
12 23 99 88/12 8/14 

17 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
Et3N 

(10) 
12 23 99 87/13 30/11 

18 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 - 24 23 <1 - - 

19 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
Et3N 

(100) 
12 0 99 86/14 36/6 

20 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
Et3N 

(10) 
15 –36 99 88/12 54/13 

21 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(100) 
17 –36 99 95/5 44/22 

22 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(10) 
17 –36 95 91/9 99/10 

23 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

5 CD2Cl2 
pyridine 

(10) 
17 –36 95 91/9 59/10 

24 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

2 CD2Cl2 
pyridine 

(10) 
17 –36 94 91/9 38/7 

25 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(20) 
16 –36 99 94/6 52/6 

26 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(10) 
72 –50 <1 - - 

27 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(10) 
72 –60 <1 - - 

28 
Δ-(S,S)-23+ 

2Cl–B(C6F5)4
– 

10 CH2Cl2 
pyridine 

(10) 
72 –70 <1 - - 

aA vial was charged with a stir bar, 4a (0.0078 g, 0.055 mmol, 0.0068 mL), 5a (0.0095 g, 0.050 mmol, 

0.0087 mL), and 0.50 mL of a solvent. The sample was brought to the indicated temperature, and a catalyst 

(0.0050 mmol, 10 mol%) and a base were added with stirring. The reaction was monitored by TLC and was 

worked up as described in the experimental section. bIsolated yields after chromatography. cDetermined by 
1H NMR. dDetermined by 1H NMR using 10 mol% of the CSA Λ-(S,S)-23+ 2I–BArf

–
. 
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Next, the benzyl group in the preceding reaction was replaced by allyl, homoallyl, 

and related alkyl substituents. As shown for the adducts 6ad-g in Figure 3.3, only Z 

isomers were obtained (88->99% yields), and with ee values of 70-98%. A series of four 

substrates with CH2aryl substituents gave similar results (6ah-k, 70-99% yields, 85-91% 

ee). When diethyl acetylenedicarboxylate (4b) and 5c were similarly reacted, the 

enantiomeric purity of the product 6bc was close to that obtained with 4a (83% vs, 88% 

ee).  

Other alkyne substrates were briefly investigated. When unsymmetrically 

substituted t-butyl propiolate (4c) and 5c were analogously combined, a slower reaction 

took place. After 72 h at 23 °C, the addition product 6cc (Figure 3.3) was isolated in 53% 

yield as a <1:>99 Z/E mixture with an enantiomeric purity of 94% ee. Note that despite 

the inverted Z/E ratio, the quarternary carbon atom remains trans to the carboalkoxy C=C 

substituent, exactly as in the other products. When di(t-butyl) acetylenedicarboxylate (4d) 

and 5c were similarly combined, no reaction occurred, even after 72 h at 23 °C, 

presumably for steric reasons. 

In view of evidence for catalyst/pyridine binding presented below, the reaction of 

4a and 6c was also investigated with the more hindered Brønsted bases 2,6-

dimethylpyridine (2,6-lutidine) and 2,6-di(t-butyl) pyridine (10 mol%). After 19 h, 

workups gave 6aa in 99% and 22% yields, respectively. Much starting material remained 

in the second reaction. However, the enantioselectivities were essentially unaffected (89% 

and 86% ee), so these more costly bases offer no advantages. 
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Figure 3.3. Substrate scope of the title reaction. aDetermined by a 1H NMR spectrum of the crude 

mixture. bDetermined by 1H NMR analysis of the purified product. cAverage of six runs.* 

Of all the products in Figure 3.3, only 6aa has been previously reported in the 

literature. The others were characterized by NMR (1H, 13C{1H}) and C/H/N 

microanalyses, as summarized in the experimental section. For adducts with =CHCO2R"' 

moieties, the 1H NMR signal for the E C=C isomer was always downfield of the Z. 

Otherwise, all NMR features were routine. Four of the t-butyl cyanoacetate substrates 

were also new compounds (5f,g,h,k), and were prepared by standard procedures (usually 

alkylation) as described in the experimental section. 
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3.2.3. Probes of mechanism. 

One fundamental question concerns the interaction of the reaction components 

with the catalyst Δ-(S,S)-23+ 2Cl–B(C6F5)4
–. The chiral cobalt trication has idealized D3 

symmetry, which means a principal C3 axis that defines two "C3 faces" and three C2 axes 

in a perpendicular plane that define three "C2 faces". These are illustrated in Figure 3.4,7a 

although it merits note that the idealized symmetry is never found crystallographically. 

For each NH2 group, one proton is associated with a C3 face, and the other (diastereotopic) 

with a C2 face.  

 
Figure 3.4. Representations of the trication Δ-(S,S)-23+; left, view down the idealized C3 axis; right, view 

down one of three idealized C2 axes.* 

Previous studies, especially with the diastereomeric BArf
– salt Λ-(S,S)-23+ 2Cl–

BArf
–, have established significant hydrogen bonding between the two chloride anions 

and the two C3 faces.7a,21 Each face offers three roughly synperiplanar NH protons, which 

are depicted in green in Figure 3.4. Hence, the 1H NMR chemical shifts of these six NH 

protons are significantly downfield of the other six. The C2 faces feature two roughly 

synperiplanar NH protons, which are depicted in magenta.  

Thus, 10.0 equiv of dimethyl acetylenedicarboxylate (4a), ethyl 
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phenylcyanoacetate (5a), and pyridine were separately titrated into a sample of CD2Cl2 

and the catalyst Δ-(S,S)-23+ 2Cl–B(C6F5)4
–. The amounts of the catalyst and solvent were 

identical to those used in Table 3.1, and thus the catalyst was only partially soluble until 

ca. 4 equiv of the additive was present. This renders the spectra with 1.0-3.0 equiv of 

additive less rigorously comparable to the others. In any case, the initial chemical shift 

difference between the diastereotopic protons associated with the C3 and C2 faces is ca. 

2.1 ppm (the former signal is obscured by the phenyl protons of the catalyst). 

As shown in Figure 3.5a (top), the successive addition of 4a led to a slight 

downfield shift of the C2 NH signal ( 5.12 to 5.27 ppm;  0.15 ppm). Any shift of the 

obscured C3 NH signal could be bounded as less than  0.01 ppm (upfield). For 

reference, the signal of the aliphatic CH groups, which always neighbor a NH2 group, 

shifted less than the C2 NH signal ( 4.21 to 4.26 ppm;  0.05 ppm).  

As shown in Figure 3.5b (middle), the successive addition of 5a led to a more 

pronounced downfield shift of the C2 NH signal ( 5.12 to 5.42 ppm;  0.30 ppm). The 

C3 NH signal was obscured by the phenyl protons of the catalyst and 5a, and the aliphatic 

CH signal was obscured by the methylene protons of 5a.  

As shown in Figure 3.5c (bottom), the successive addition of pyridine led to a 

pronounced downfield shift of the C2 NH signal ( 5.12 to 6.12 ppm;  1.00 ppm). The 

C3 NH signal was obscured by the aromatic protons of the catalyst and pyridine. The 

aliphatic CH signal shifted much less than the C2 NH signal ( 4.21 to 4.42 ppm;  0.21 

ppm). 
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Figure 3.5. NMR titration of Δ-(S,S)-23+ 2Cl–B(C6F5)4

– in CD2Cl2 with (a) 4a, (b) 5a, and (c) pyridine.* 
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Figure 3.6. Application of the reaction progress kinetic analysis method25 to a reaction similar to entry 22 

of Table 3.1 (further details: see text). Top: plot of the concentration of 5a versus time. Bottom: plot of 

Δ([5a])/Δt versus time.* 

In a quest for further insight, reaction orders were sought. For this purpose, the 

recently popularized reaction progress kinetic analysis method was applied.25 

Accordingly, 4a, 5a, pyridine, Δ-(S,S)-23+ 2Cl–B(C6F5)4
–, and CD2Cl2 were combined in 
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a NMR tube in a manner similar to that in Table 3.1. but in the presence of the internal 

standard Ph2SiMe2. The reaction was monitored by 1H NMR at –36 °C. The concentration 

of 5a and the rate (Δ([5a])/Δt) were then plotted against the reaction time as shown in 

Figure 6 for three experiments with 2.0, 5.0, and 10 mol% catalyst loadings. 

Concentration and rate data for 4a were similarly treated (Figure B-18, appendix 

B). Analyses established positive orders for 4a and 5a during the first hour after mixing. 

These then transitioned to zero order, which was maintained until the reaction was 

complete. The same data set was used for probing the order in catalyst. In an application 

of the time normalization method,26 the concentration of 5a was plotted against the 

normalized time (see experimental section) at different orders n as shown in Figure B-19 

(appendix B). The best fit was obtained for n = 0, indicating a rate zero order in Δ-(S,S)-

23+ 2Cl–B(C6F5)4
–. These data are further interpreted in the discussion section. 

3.3. Discussion 

As summarized in Figure 3.3, the cobalt complex Δ-(S,S)-23+ 2Cl–B(C6F5)4
– and 

the base pyridine represent the best available catalyst system for enantioselective additions 

of substituted cyanoacetate esters to acetylenic esters, a powerful route to quaternary 

carbon stereocenters. The products are amenable to a number of subsequent 

functionalization protocols,3 rendering them versatile synthetic building blocks. 

Furthermore, the reactions may be conducted in air, and the cobalt catalyst is 

commercially available.27  

The objective of Figure 3.3 is to present the substrate scope in its entirety, with full 

representation of strengths and weaknesses. In some of the products with lower ee values, 

it is a simple matter of introducing a bulkier ester alkyl group on the cyanoacetate to obtain 

much higher ee values (e.g., ethyl vs. t-butyl as in 6ab and 6ac). However, replacing the 

methyl or ethyl groups of the acetylene dicarboxylate diester with t-butyl groups kills all 
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reactivity (e.g., 6ac or 6bc vs. 6dc). In any case, considering only the optimum ester alkyl 

groups (R', R"'), the ee values range from 70 to 98% with an average of 86%. 

It would be premature to read too much significance into the poorer performing 

catalysts in Table 3.1. For example, bifunctional organocatalysts often give superior 

enantioselectivities.4d,e Indeed, Λ-(S)-43+ 3BArf
–, which features a tertiary amine tethered 

by a (CH2)3 spacer, has proven to be a highly enantioselective catalyst for certain addition 

reactions that require a Brønsted base,8 and was therefore available in quantity for this 

study. However, catalysts with other tether lengths have also been prepared (e.g., (CH2)n 

with n = 1-4), as have the corresponding  diastereomers, and these remain to be screened. 

In the same vein, the naphthyl substituted catalyst Λ-(S,S)-33+ 2Cl–BArf
– is not yet 

available as the  diastereomer or analogous 2Cl–B(C6F5)4
– salt, two attributes of the best 

catalyst in Table 3.1. 

My data also illustrate the versatility of the chiral solvating agent (CSA) Λ-(S,S)-

23+ 2I–BArf
–, which is easily prepared in one step from a commercial precursor, for 

determining the enantiomeric purities of analytes with Lewis basic functional groups.24 

For most of the products in Figure 3.3, only 10 mol% was required. It is not surprising 

that a class of complexes capable of highly sensitive chiral recognition also can effect 

highly enantioselective catalysis. 

Finally, to round out the picture with respect to other chiral hydrogen bond donor 

catalysts, three protocols that give other types of addition products with quaternary carbon 

stereocenters are illustrated in Figure 3.7.5,10e All of these deliver excellent 

enantioselectivities. One, developed by Meggers, features an iridium containing catalyst 

with NH donor groups that promotes additions of indoles to trisubstituted nitroalkenes.10e  
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Figure 3.7. Enantioselective syntheses of compounds with quaternary stereocenters using other chiral 

hydrogen bond donor catalysts.* 

 Some headway has been made in computationally determining the mechanisms of 

enantioselective addition reactions catalyzed by metal containing hydrogen bond 

donors.9c However, these have involved ruthenium catalysts where the NH groups are 

remote from the metal and only three can simultaneously participate in the transition state. 

The situations with cobalt(III) catalysts of the types in Figure 3.2 are potentially much 

more complex. For example, it is clear from Figure 3.4 that 4-5 NH groups could 

potentially participate in a transition state assembly.  

 In any case, NMR data (Figure 3.5) establish that the C2 site is capable of binding 

both types of substrates as well as the base pyridine. The greater downfield shifts observed 

with pyridine suggest a stronger binding constant. This could be a factor in the lower 
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enantioselectivities when pyridine is used in a tenfold molar excess of the catalyst as 

opposed to a 1:1 ratio (Table 3.1, entries 13 vs. 12). Similar NMR evidence has been 

obtained with related catalysts, such as the diastereomeric salt -(S,S)-23+ 2Cl–BArf
–, for 

substrate binding to the C2 site.7a,24  

 However, there is also evidence that some level of access to the C3 site can be 

required. Specifically, rates of additions of malonate esters to nitroalkenes become faster 

when the chloride ions of -(S,S)-23+ 2Cl–BArf
– are replaced by more weakly hydrogen 

bonding anions such as BF4
– and PF6

–.7a My own view is that a multitude of mechanistic 

pathways is available to this family of cobalt(III) complexes for catalyzing various 

addition reactions. For example, with some reactions  diastereomers of (S,S)-23+ 2X–X'– 

provide higher enantioselectivities,7a,7c and with other reactions  diastereomers are more 

effective.7b  

 The reaction orders supplied by the data in Figures 3.6, B-18, and B-19 generate 

more questions than answers. The zero-order dependence upon the concentrations of the 

alkyne, cyanoacetate ester, and catalyst suggest a rest state and transition state of the same 

atomic compensation. A low energy ternary adduct is consistent with the enhanced 

solubility of Δ-(S,S)-23+ 2Cl–B(C6F5)4
– in CD2Cl2 in the presence of the alkyne and 

cyanoacetate substrates. However, efforts to further define the mechanism have been 

hampered by problems with parallel experiments involving pyridine. For some reason, the 

data do not give interpretable plots. Despite the incomplete picture, it was felt best to share 

all data at this time. 

 In terms of reactions that can be effected with organocatalysts, zero order behavior 

with respect to one or both substrates is not unusual.25,28 Initial regimes with positive 

order, as observed in Figures 3.6 and B-18, have been attributed to the interval required 

for accumulating both substrates on the catalyst to form the intermediate.25,28b,c Also, 
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reactions of metal containing catalysts that are zero order in catalyst have ample 

precedent.29  

3.4. Conclusion 

The study in chapter 3 has significantly expanded the scope of enantioselective 

reactions that can be catalyzed with chiral tris(1,2-diamine) cobalt(III) hydrogen bond 

donor catalysts of the types in Figure 3.2. Furthermore, it is the first that can be advertised 

as significantly improving upon existing literature catalysts, as opposed to being 

comparably effective (Figure 3.1).  

3.5. Experimental 

General. The complexes Λ-13+ 3BArf
–,6 Λ-(S,S)-23+ 2Cl–BArf

–,21 Λ-(S,S)-23+ 

2BF4
–BArf

–,21 Λ-(S,S)-23+ 2Cl–B(C6F5)4
–,21 Δ-(S,S)-23+ 2Cl–B(C6F5)4

–,21 Λ-(S,S)-33+ 

2Cl–BArf
–,21 Λ-(S)-43+ 3BArf

–,8 and Λ-(S,S)-23+ 2I–BArf
–,24 most of which are shown 

in Figure 3.2, were synthesized as reported earlier. Data on the known starting materials, 

solvents, and instrumentation are provided in appendix B. All reactions and workups were 

conducted in air.  

Catalyst screening (Tables 3.1). A vial was charged with a stir bar, 4a (0.0078 g, 

0.055 mmol, 0.0068 mL), 5a (0.0095 g, 0.0050 mmol, 0.0087 mL), and CH2Cl2 (0.50 

mL). The sample was bought to the indicated temperature, and the catalyst (0.0050 mmol, 

10 mol%) and base were added with stirring (100 mol% base: neat Et3N (0.0051 g, 0.050 

mmol, 0.0070 mL) or pyridine (0.0040 g, 0.050 mmol, 0.0040 mL); 10 mol% base: 0.20 

mL of a 0.025 M CH2Cl2 solution). The reaction was monitored by TLC (silica gel, 9:1 

v/v hexanes/ethyl acetate). After the time indicated in Table 3.1, the vial was opened to 

air and (for low temperature runs) allowed to warm to room temperature. The solvent was 

removed by rotary evaporation, and CDCl3 (0.70 mL) was added. The Z/E C=C ratio was 

assayed by 1H NMR (Z/E =CH: 5.88-5.89/7.07-7.08 ppm, s/s). The sample was 
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chromatographed (silica gel, 1 × 20 cm column, packed in and eluted with 9:1 v/v 

hexanes/ethyl acetate). The product containing fractions were combined and the solvents 

were removed by rotary evaporation to give 6aa. Further data are provided below. 

Additions of cyanoacetate esters 5 to acetylenic esters 4 (Figure 3.3). A vial 

was charged with a stir bar, an alkyne 4 (0.055 mmol), a cyanoacetate 5 (0.050 mmol), 

and CH2Cl2 (0.50 mL). Except for the last two systems in Figure 3.3, the sample was 

placed in a –36 ℃ freezer and stirred. After 10 min, Δ-(S,S)-23+ 2Cl–B(C6F5)4
–·3H2O 

(0.010 g, 0.0050 mmol, 10 mol%) and a CH2Cl2 solution of pyridine (0.025 M, 0.20 mL, 

0.0050 mmol) were added. The reaction was monitored by TLC (silica gel, 9:1 v/v 

hexanes/ethyl acetate). After the specified time, the samples of 6 were transferred to a 

hood, opened to air, and worked up analogously to those in Table 3.1. Further data are 

provided below. 

Determination of ee values.24 An NMR tube was charged with CDCl3 (0.30 mL), 

a product 6 (0.010 mmol), and a 0.0050 M CDCl3 solution of the chiral solvating agent 

Λ-(S,S)-23+ 2I–BArf
–·0.5H2O (0.20 mL, (0.0010 mmol, 10 mol%) for 6aa-6ae, 6ah, 6ai, 

6ak, 6bc, and 6cc; 0.40 mL (0.0020 mmol, 20 mol%) for 6af and 6ag; 0.80 mL (0.0045 

mmol, 45 mol%) for 6aj).24 A 1H NMR spectrum was acquired and selected signals of 

the enantiomers were integrated (see Figures B-5 to B-17, appendix B). 

NMR titration experiments (Figure 3.5). An NMR tube was charged with Δ-

(S,S)-23+ 2Cl–B(C6F5)4
–·3H2O (0.010 g, 0.0050 mmol) and CD2Cl2 (0.70 mL). The 

catalyst was only partially soluble. A 1H NMR spectrum was recorded. A 1.0 M CD2Cl2 

solution of pyridine was added in 0.0050 mL increments (0.0050 mmol). A 1H NMR 

spectrum was recorded after each addition. The experiment was repeated with solutions 

of 4a and 5a. 

Rate Experiments (Figure 3.6). A (determination of the order in 4a and 5a). An 
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NMR tube was charged with a stir bar, 4a (0.0078 g, 0.055 mmol, 0.0068 mL), 5a (0.0095 

g, 0.0050 mmol, 0.0087 mL), the internal standard Ph2SiMe2 (0.0021 g, 0.010 mmol, 

0.0022 mL), and CD2Cl2 (0.50 mL). The sample was vigorously stirred. The resulting 

solution was cooled to –36 ℃, the stir bar removed, and a 1H NMR spectrum recorded. 

The stir bar was reintroduced, the solution cooled to –36 °C, and Δ-(S,S)-23+ 2Cl–

B(C6F5)4
–·3H2O (0.010 g, 0.0050 mmol, 10 mol%), and a CD2Cl2 solution of pyridine 

(0.025 M, 0.20 mL, 0.0050 mmol) were added with stirring. 1H NMR spectra were 

recorded at t (min) = 5, 15, 30, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540 (always 

temporarily removing the stir bar). The experiment was repeated with 5.0 and 2.0 mol% 

catalyst loadings. The reaction progress kinetic analysis method25 was applied. The 

concentration of 5a at each time point t was calculated from the relative integration of the 

standard and plotted versus t (Figure 3.6). The instantaneous rate (Δ([5a])/Δt) was 

similarly plotted and the same analysis was performed for 4a (Figure B-18). B 

(determination of the order in catalyst). The time normalization method26 was used. The 

concentration of 5a from A was plotted against the normalized time t' for each catalyst 

loading. The order in catalyst n was varied until the data points for all catalyst loadings 

overlaid (Figure B-19, appendix B).26  

t' = t × [Δ-(S,S)-23+ 2Cl–B(C6F5)4
–]n  

where [Δ-(S,S)-23+ 2Cl–B(C6F5)4
–] represents total concentration of the catalyst 

in the reaction (M) and n is the order in catalyst. 

Syntheses of t-butyl 2-cyanododec-11-enoate (5f), t-butyl 2-

cyanohexadecanoate (5g), and t-butyl 2-cyano-3-(p-tolyl)propanoate (5k). A round 

bottom flask was charged with a stir bar, potassium carbonate (0.660 g, 4.40 mmol, 1.10 

equiv), t-butyl cyanoacetate (1.69 g, 12.0 mmol, 1.68 mL), and CH3CN (10.0 mL). The 

mixture was vigorously stirred at room temperature. After 1 h, an alkyl bromide (4.00 
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mmol) was added dropwise. After 5 h, water (5.0 mL) and diethyl ether (10.0 mL) were 

added. The organic phase was collected, and the aqueous phase was extracted with diethyl 

ether (2 × 5.0 mL). The organic phases were combined, washed with HCl (1.0 M, 5.0 mL), 

and dried (Na2SO4). The solvents were removed by rotary evaporation. The residue was 

chromatographed (silica gel, 3 × 40 cm column, packed and eluted with 9:1 v/v hex-

anes/ethyl acetate). The solvent was removed from the product containing fractions by 

rotary evaporation. 

This procedure was carried out with 10-bromo-1-decene (0.878 g, 4.00 mmol, 

0.804 mL), 1-bromotetradecane (1.11 g, 4.00 mmol, 1.19 mL), or 4-methylbenzyl bromide 

(0.740 g, 4.00 mmol). The new compounds 5f (0.871 g, 3.12 mmol, 78%), 5g (1.08 g, 3.20 

mmol, 80%), or 5k (0.863 g, 3.52 mmol, 88%) were obtained as colorless oils  

Data for 5f. NMR (CDCl3, δ in ppm): 1H (500 MHz) 5.81 (m, 1H, CH=CH2), 4.97 

(m, 2H, CH=CH2), 3.39 (dd, 3JHH = 7.3, 6.7 Hz, 1H, CHCN), 2.04 (m, 2H, 

CH2CH=CH2), 1.90 (m, 2H, CHCHH'), 1.51 (s, 9H, C(CH3)3), 1.65-1.25 (m, 12H, 

(CH2)6); 13C{1H} (125 MHz) 165.2 (s, CO2C(CH3)3), 139.1 (s, CH=CH2), 117.0 (s, 

CHCN), 114.2 (s, CH=CH2), 83.8 (s, C(CH3)3), 38.6 (s, CHCN), 27.8 (s, C(CH3)3), 

(CH2)8 at 33.6, 29.9, 29.3, 29.1, 29.0, 28.9, 28.8, 26.7 (8 × s). Anal. Calcd. for C17H29NO2 

(279.22): C 73.07, H 10.46, N 5.01; found C 72.86, H 10.45, N 5.02. 

Data for 5g. NMR (CDCl3, δ in ppm): 1H (500 MHz) 3.40 (m, 1H, CHCN), 1.91 

(m, 2H, CHCHH'), 1.51 (s, 9H, C(CH3)3), 1.45-1.25 (m, 24H, (CH2)12), 0.88 (t, 3JHH = 

7.1 Hz, 3H, (CH2)12CH3); 13C{1H} (125 MHz) 165.2 (s, CO2C(CH3)3), 117.0 (s, 

CHCN), 83.6 (s, C(CH3)3), 38.6 (s, CHCN), 27.8 (s, C(CH3)3), (CH2)13CH3 at 31.9, 

29.9, 29.67, 29.65, 29.64, 29.62, 29.5, 29.44, 29.35, 29.2, 28.8, 26.7, 22.7, 14.1 (14 × s). 

Anal. Calcd. for C21H39NO2 (337.30): C 74.72, H 11.65, N 4.15; found C 72.76, H 11.59, 

N 3.65. 
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Data for 5k. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.20-7.13 (m, 4H, C6H4), 

3.61 (dd, 3JHH = 8.4, 5.9 Hz, 1H, CHCN), 3.29-3.05 (m, 2H, C6H4CHH'), 2.35 (s, 3H, 

C6H4CH3), 1.47 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 164.5 (s, CO2C(CH3)3), 137.3 

and 132.4 (2 × s, C(sub) of C6H4), 129.4 and 128.9 (2 × s, CH of C6H4), 116.7 (s, CHCN), 

84.2 (s, C(CH3)3), 40.7 (s, CHCN), 35.4 (s, C6H4CH2), 27.8 (s, C(CH3)3), 21.1 (s, 

C6H4CH3). Anal. Calcd. for C15H19NO2 (245.14): C 73.44, H 7.81, N 5.71; found C 

73.61, H 7.66, N 5.78. 

Synthesis of t-butyl 2-cyano-3-(naphthalen-1-yl)propanoate (5h). In a 

procedure adapted from one for closely related compounds,30 a vial was charged with a 

stir bar, 1-naphthaldehyde (0.469 g, 3.00 mmol, 0.408 mL), 4-dimethylaminopyridine 

(0.073 g, 0.60 mmol, 20 mol%), Hantzsch ester (0.750 g, 3.00 mmol, 1.00 equiv), t-butyl 

cyanoacetate (0.423 g, 3.00 mmol, 0.429 mL), and ethanol (6.0 mL), sealed with a Teflon 

cap, and placed in an 80 °C oil bath. The sample was vigorously stirred for 12 h. The vial 

was opened to the air and allowed to cool. The solvent was removed by rotary evaporation. 

The residue was chromatographed (silica gel, 3 × 40 cm column, packed and eluted with 

9:1 v/v hexanes/ethyl acetate). The solvent was removed from the product containing 

fractions by rotary evaporation to give 5h as a yellow oil (0.660 g, 2.35 mmol, 78%). Anal. 

Calcd. for C18H19NO2 (281.14): C 76.84, H 6.81, N 4.98; found C 77.06, H 6.77, N 4.91.  

NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.97 (d, 3JHH = 8.6 Hz, 1H, C10H7), 7.91 

(d, 3JHH = 8.0 Hz, 1H, C10H7), 7.83 (d, 3JHH = 8.0 Hz, 1H, C10H7), 7.59 (m, 1H, C10H7), 

7.53 (m, 1H, C10H7), 7.48 (m, 1H, C10H7), 3.84 (m, 2H, C10H7CHH'), 3.52 (m, 1H, 

CHCN), 1.48 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 164.7 (s, CO2C(CH3)3), 134.0, 

131.5, 131.2, 129.2, 128.6, 127.9, 126.7, 125.9, and 125.5 (10 × s, C10H7), 116.6 (s, 

CHCN), 84.4 (s, C(CH3)3), 39.8 (s, CHCN), 33.2 (s, ArCH2), 27.8 (s, C(CH3)3). 

3-Ethyl 1,2-dimethyl 3-cyano-4-phenylprop-1-ene-1,2,3-tricarboxylate (6aa, 
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Figure 3.3). This known compound2b was obtained by the general procedure for Figure 

3.3 as a colorless oil (0.016 g, 0.048 mmol, 95%, 91:9 Z/E, 99% ee). Rf = 0.25 (80:20 v/v 

hexanes/ethyl acetate).  

Data for Z-6aa. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.65-7.40 (m, 5H, Ph), 

5.88 (s, 1H, C=CH), 4.40-4.20 (m, 2H, CH2CH3), 3.83 and 3.75 (2 × s, 2 × 3H, 2 × 

CO2CH3), 1.28 (t, 3JHH = 7.0 Hz, 3H, CH2CH3); 13C{1H} (125 MHz) 165.4, 165.1, and 

164.0 (3 × s, CO2Et and 2 × CO2Me), 138.3 (s, C=CH), 132.9 (s, i-Ph), 131.1 and 129.9 

(2 × s, o- and m-Ph), 129.5 (C=CH), 127.7 (s, p-Ph), 116.1 (s, CN), 64.0 (s, CH2CH3), 

56.4 (s, CCN), 53.0 and 52.4 (2 × s, 2 × CO2CH3), 13.7 (s, CH2CH3). The configuration 

(R) was assigned by comparison to an authentic sample obtained from a reported 

procedure.2b  

Partial data for E-6aa. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.07 (s, 1H, C=CH), 

4.26-4.11 (m, 2H, CH2CH3), 3.72 (s, 3H, CO2CH3), 1.22 (t, 3JHH = 7.1 Hz, 3H, 

CH2CH3). 

3-ethyl 1,2-dimethyl 3-cyano-4-phenylbut-1-ene-1,2,3-tricarboxylate (6ab, 

Figure 3.3). This new compound was isolated as a colorless oil (0.018 g, 0.050 mmol, 

>99%, 99:1 Z/E,31 44% ee). Rf = 0.21 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. for 

C18H19NO6 (345.12): C 62.60, H 5.55, N 4.06; found C 62.47, H 5.64, N 4.01.  

Data for Z-6ab. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.35-7.30 (m, 5H, Ph), 

6.22 (s, 1H, C=CH), 4.35-4.25 (m, 2H, CH2CH3), 3.89 and 3.77 (2 × s, 2 × 3H, 2 × 

CO2CH3), 3.53 (d, 2JHH = 13.7 Hz, 1H, PhCHH'), 3.43 (d, 2JHH = 13.7 Hz, 1H, PhCHH'), 

1.27 (t, 2JHH = 7.1 Hz, 3H, CH2CH3); 13C{1H} (125 MHz) 165.0, 164.7, and 164.1 (3 × 

s, CO2Et and 2 × CO2Me), 140.0 (s, C=CH), 132.7 (s, i-Ph), 130.7 and 128.4 (2 × s, o- 

and m-Ph), 128.2 (C=CH), 126.3 (s, p-Ph), 115.5 (s, CN), 64.0 (s, CH2CH3), 54.9 (s, 

CCN), 53.1 and 52.4 (2 × s, 2 × CO2CH3), 41.2 (s, PhCH2), 13.7 (s, CH2CH3). 
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Partial data for E-6ab. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.07 (s, 1H, C=CH), 

3.78 and 3.72 (2 × s, 2 × 3H, 2 × CO2CH3), 3.66 (d, 2JHH = 13.6 Hz, 1H, PhCHH'), 3.60 

(d, 2JHH = 13.6 Hz, 1H, PhCHH'), 1.21 (t, 2JHH = 7.1 Hz, 3H, CH2CH3). 

3-t-Butyl 1,2-dimethyl 3-cyano-4-phenylbut-1-ene-1,2,3-tricarboxylate (6ac, 

Figure 3.3). This new compound was isolated as a colorless oil (0.019 g, 0.050 mmol, 

>99%, 99:1 Z/E,31,32 88% ee). Rf = 0.27 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. 

for C20H23NO6 (373.15): C 64.33, H 6.21, N 3.75; found C 64.37, H 6.27, N 3.78.  

Data for Z-6ac. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.37-7.28 (m, 5H, Ph), 

6.20 (s, 1H, C=CH), 3.89 and 3.76 (2 × s, 2 × 3H, 2 × CO2CH3), 3.53-3.36 (m, 2H, 

PhCHH'), 1.46 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 165.1, 164.2, and 163.3 (3 × s, 

CO2C(CH3)3 and 2 × CO2CH3), 140.8 (s, C=CH), 133.0 (s, i-Ph), 130.7 and 128.4 (2 × 

s, o- and m-Ph), 128.0 (C=CH), 125.7 (s, p-Ph), 115.9 (s, CN), 85.8 (s, C(CH3)3), 55.7 

(s, CCN), 53.0 and 52.4 (2 × s, 2 × CO2CH3), 41.2 (s, PhCH2), 27.5 (s, C(CH3)3).  

Partial data for E-6ac. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.04 (s, 1H, C=CH), 

3.78 and 3.69 (2 × s, 2 × 3H, 2 × CO2CH3), 1.44 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyanohexa-1,5-diene-1,2,3-tricarboxylate (6ad, 

Figure 3.3). This new compound was isolated as a colorless oil (0.016 g, 0.050 mmol, 

>99%, 99:1 Z/E,31 80% ee). Rf = 0.31 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. for 

C16H21NO6 (323.14): C 59.43, H 6.55, N 4.33; found C 59.58, H 6.69, N 4.40.  

Data for Z-6ad. NMR (CDCl3, δ in ppm): 1H (500 MHz) 6.44 (s, 1H, C=CH), 

5.85-5.72 (m, 1H, CH=CH2), 5.37-5.26 (m, 2H, CH=CH2), 3.84 and 3.79 (2 × s, 2 × 3H, 

2 × CO2CH3), 2.96-2.73 (m, 2H, CHH'CH=CH2), 1.50 (s, 9H, C(CH3)3); 13C{1H} (125 

MHz) 164.8, 164.2, and 163.0 (3 × s, CO2C(CH3)3 and 2 × CO2CH3), 141.1 (s, C=CH), 

129.6 (s, CH=CH2), 125.1 (s, C=CH), 122.1 (s, CH=CH2), 115.8 (s, CN), 85.8 (s, 

C(CH3)3), 54.0 (s, CCN), 52.9 and 52.4 (2 × s, 2 × CO2CH3), 39.4 (s, CH2CH=CH2), 
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27.5 (s, C(CH3)3). 

Partial data for E-6ad. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.02 (s, 1H, C=CH), 

1.48 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyanohepta-1,6-diene-1,2,3-tricarboxylate (6ae, 

Figure 3.3). This new compound was isolated as a colorless oil (0.017 g, 0.050 mmol, 

>99%, Z/E = 99/1,31 98% ee). Rf = 0.27 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. 

for C16H21NO6 (337.15): C 60.52, H 6.87, N 4.15; found C 60.24, H 6.89, N 4.18.  

Data for Z-6ae. NMR (CDCl3, δ in ppm): 1H (500 MHz) 6.48 (s, 1H, C=CH), 

5.86-5.73 (m, 1H, CH=CH2), 5.16-5.01 (m, 2H, CH=CH2), 3.84 and 3.79 (2 × s, 2 × 3H, 

2 × CO2CH3), 2.37-2.03 (m, 4H, (CH2)2CH=CH2), 1.51 (s, 9H, C(CH3)3); 13C{1H} (125 

MHz) 164.8, 164.2, and 163.2 (3 × s, CO2C(CH3)3 and 2 × CO2CH3), 142.0 (s, C=CH), 

135.6 (s, CH=CH2), 124.6 (s, C=CH), 116.5 (s, CH=CH2), 116.0 (s, CN), 85.7 (s, 

C(CH3)3), 53.9 (s, CCN), 52.9 and 52.4 (2 × s, 2 × CO2CH3), 34.3 (s, CH2CH=CH2), 

29.4 (s, CH2CH2CH=CH2), 27.5 (s, C(CH3)3). 

Partial data for E-6ae. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.06 (s, 1H, C=CH), 

3.86 (s, 3H, CO2CH3), 1.49 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyanotrideca-1,12-diene-1,2,3-tricarboxylate (6af, 

Figure 3.3). This new compound was isolated as a colorless viscous oil (0.020 g, 0.048 

mmol, 96%, 98:2 Z/E,31 70% ee). Rf = 0.45 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. 

for C23H35NO6 (421.25): C 65.53, H 8.37, N 3.32; found C 65.61, H 8.21, N 3.32.  

Data for Z-6af. NMR (CDCl3, δ in ppm): 1H (500 MHz) 6.46 (s, 1H, C=CH), 5.84-

5.73 (m, 1H, CH=CH2), 5.03-4.92 (m, 2H, CH=CH2), 3.83 and 3.79 (2 × s, 2 × 3H, 2 × 

CO2CH3), 2.14-1.94 (m, 4H, CH2(CH2)6CH2CH=CH2), 1.51 (s, 9H, C(CH3)3), 1.46-

1.22 (m, 12H, (CH2)6CH2CH=CH2); 13C{1H} (125 MHz) 164.9, 164.3, and 163.5 (3 × s, 

CO2C(CH3)3 and 2 × CO2CH3), 142.3 (s, C=CH), 139.1 (s, CH=CH2), 124.3 (s, C=CH), 
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116.3 (s, CN), 114.2 (s, CH=CH2), 85.5 (s, C(CH3)3), 54.3 (s, CCN), 52.9 and 52.4 (2 × 

s, 2 × CO2CH3), 35.1 (s, CH2CH=CH2), 33.8 (s, CCH2), 27.5 (s, C(CH3)3), CH2(CH2)6 

at 29.3, 29.2, 29.1, 29.0, 28.8, 25.1 (6 × s).  

Partial data for E-6af. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.02 (s, 1H, C=CH), 

3.85 and 3.82 (2 × s, 2 × 3H, 2 × CO2CH3), 1.48 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyanoheptadec-1-ene-1,2,3-tricarboxylate (6ag, 

Figure 3.3). This new compound was isolated as a yellow viscous oil (0.021 g, 0.044 

mmol, 88%, 98:2 Z/E,31 80% ee). Rf = 0.55 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. 

for C27H45NO6 (479.32): C 67.61, H 9.46, N 2.92; found C 67.09, H 9.28, N 2.93.  

Data for Z-6ag. NMR (CDCl3, δ in ppm): 1H (500 MHz) 6.46 (s, 1H, C=CH), 3.83 

and 3.79 (2 × s, 2 × 3H, 2 × CO2CH3), 2.15 (m, 1H, CHH'(CH2)12CH3), 1.98 (m, 1H, 

CHH'(CH2)12CH3), 1.51 (s, 9H, C(CH3)3), 1.40-1.20 (m, 24H, (CH2)12CH3), 0.88 (t, 

3JHH = 7.1 Hz, 3H, (CH2)12CH3); 13C{1H} (125 MHz) 164.9, 164.3, and 163.5 (3 × s, 

CO2C(CH3)3 and 2 × CO2CH3), 142.3 (s, C=CH), 124.3 (s, C=CH), 116.3 (s, CN), 114.2 

(s, CH=CH2), 85.5 (s, C(CH3)3), 54.3 (s, CCN), 52.9 and 52.4 (2 × s, 2 × CO2CH3), 27.5 

(s, C(CH3)3), (CH2)13CH3 at 35.2, 31.9, 29.67, 29.66, 29.64, 29.61, 29.55, 29.5, 29.4, 

29.2, 29.1, 25.1, 22.7, 14.1 (14 × s).  Partial data for E-6ag. 1H NMR (500 MHz, CDCl3, 

δ in ppm): 7.02 (s, 1H, C=CH), 3.85 and 3.83 (2 × s, 2 × 3H, 2 × CO2CH3), 1.48 (s, 9H, 

C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyano-4-(naphthalen-1-yl)but-1-ene-1,2,3-

tricarboxylate (6ah, Figure 3.3). This new compound was isolated as a yellow viscous 

oil (0.021 g, 0.049 mmol, 99%, >99:<1 Z/E,31 88% ee). Rf = 0.25 (90:10 v/v hexanes/ethyl 

acetate). Anal. Calcd. for C24H25NO6 (423.17): C 68.07, H 5.95, N 3.31; found C 68.15, 

H 6.05, N 3.38.  

Data for Z-6ah. NMR (CDCl3, δ in ppm): 1H (500 MHz) 8.13 (d, 3JHH = 8.5 Hz, 
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1H, C10H7), 7.90-7.80 (m, 2H, C10H7), 7.60-7.41 (m, 4H, C10H7), 6.26 (s, 1H, C=CH), 

4.19 (d, 2JHH = 14.6 Hz, 1H, ArCHH'), 3.91 and 3.74 (2 × s, 2 × 3H, 2 × CO2CH3), 3.86 

(d, 2JHH = 14.6 Hz, 1H, ArCHH'), 1.39 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 165.3, 

164.3, and 163.6 (3 × s, CO2C(CH3)3 and 2 × CO2CH3), 140.4 (s, C=CH), 133.9, 132.5, 

129.5, 129.1, 128.8, 128.7, 126.5, 126.2, 125.8, 125.0, and 124.0 (11 × s, naphthyl C10H7 

and C=CH), 116.3 (s, CN), 85.9 (s, C(CH3)3), 55.0 (s, CCN), 53.0 and 52.4 (2 × s, 2 × 

CO2CH3), 36.8 (s, ArCH2), 27.4 (s, C(CH3)3).  

Partial data for E-6ah. 1H NMR (500 MHz, CDCl3, δ in ppm): 6.94 (s, 1H, C=CH), 

4.19 (d, 2JHH = 14.6 Hz, 1H, ArCHH'), 3.78 (s, 3H, CO2CH3), 1.41 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyano-4-(furan-2-yl)but-1-ene-1,2,3-tricarboxylate 

(6ai, Figure 3.3). This new compound was isolated as a yellow oil (0.015 g, 0.040 mmol, 

82%, >99:<1 Z/E,31 88% ee). Rf = 0.22 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. 

for C18H21NO7 (363.13): C 59.50, H 5.83, N 3.85; found C 58.72, H 5.81, N 3.83.  

Data for Z-6ai. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.38 (m, 1H, furanyl O–

CH), 6.40 (s, 1H, C=CH), 6.33 (m, 2H, furanyl O–CH=CH–CH), 3.86 and 3.78 (2 × s, 2 

× 3H, 2 × CO2CH3), 3.64 (d, 2JHH = 15.1 Hz, 1H, ArCHH'), 3.43 (d, 2JHH = 15.1 Hz, 1H, 

ArCHH'), 1.49 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 164.7, 164.3, and 162.8 (3 × s, 

CO2C(CH3)3 and 2 × CO2CH3), 147.5 (s, furanyl O-C(CH2)=), 142.8 (s, furanyl O–

CH=), 140.0 (s, C=CH), 126.1 (C=CH), 115.8 (s, CN), 110.6 and 110.1 (2 × s, furanyl 

CH–CH=CH), 85.9 (s, C(CH3)3), 54.0 (s, CCN), 53.0 and 52.4 (2 × s, 2 × CO2CH3), 34.4 

(s, ArCH2), 27.5 (s, C(CH3)3).  

Partial data for E-6ai. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.05 (s, 1H, C=CH), 

3.81 and 3.77 (2 × s, 2 × 3H, 2 × CO2CH3), 1.51 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 4-(4-bromophenyl)-3-cyanobut-1-ene-1,2,3-

tricarboxylate (6aj, Figure 3.3). This new compound was isolated as a colorless viscous 
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oil (0.016 g, 0.035 mmol, 70% or 71-68%, six replicate experiments), 97-96:3-4 Z/E 

(97.5:2.5 average crude),31 85% ee. Rf = 0.27 (90:10 v/v hexanes/ethyl acetate). Anal. 

Calcd. for C20H22BrNO6 (451.06): C 53.11, H 4.90, N 3.10; found C 51.25, H 4.74, N 

2.99.  

Data for Z-6aj. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.49-7.43 (m, 2H, C6H4), 

7.25-7.21 (m, 2H, C6H4), 6.19 (s, 1H, C=CH), 3.88 and 3.77 (2 × s, 2 × 3H, 2 × CO2CH3), 

3.46-3.33 (m, 2H, C6H4CHH'), 1.48 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 165.0, 164.1, 

and 163.1 (3 × s, CO2C(CH3)3 and 2 × CO2CH3), 140.4 (s, C=CH), 132.0 (s, C(sub) of 

C6H4), 132.4 and 131.5 (2 × s, CH of C6H4), 125.8 (C=CH), 122.3 (s, C(sub) of C6H4), 

115.6 (s, CN), 86.1 (s, C(CH3)3), 55.5 (s, CCN), 53.0 and 52.5 (2 × s, 2 × CO2CH3), 40.3 

(s, C6H4CH2), 27.5 (s, C(CH3)3). 

Partial data for E-6aj. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.04 (s, 1H, C=CH), 

3.79 and 3.72 (2 × s, 2 × 3H, 2 × CO2CH3), 1.52 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-dimethyl 3-cyano-4-(p-tolyl)-but-1-ene-1,2,3-tricarboxylate 

(6ak, Figure 3.3). This new compound was isolated as a colorless viscous oil (0.017 g, 

0.045 mmol, 90%, 98:2 Z/E,31 91% ee). Rf = 0.38 (90:10 v/v hexanes/ethyl acetate). Anal. 

Calcd. for C12H25NO6 (387.17): C 65.10, H 6.50, N 3.62; found C 63.75, H 6.26, N 3.62.  

Data for Z-6ak. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.25-7.20 (m, 2H, C6H4), 

7.14-7.09 (m, 2H, C6H4), 6.20 (s, 1H, C=CH), 3.88 and 3.77 (2 × s, 2 × 3H, 2 × CO2CH3), 

3.46 (d, 2JHH = 13.8 Hz, 1H, C6H4CHH'), 3.34 (d, 2JHH = 13.8 Hz, 1H, C6H4CHH'), 2.33 

(s, 3H, C6H4CH3), 1.46 (s, 9H, C(CH3)3); 13C{1H} (125 MHz) 165.1, 164.2, and 163.4 

(3 × s, CO2C(CH3)3 and 2 × CO2CH3), 140.9 (s, C=CH), 137.7 (s, C(sub) of C6H4), 130.6 

and 129.1 (2 × s, CH of C6H4), 130.0 (s, C(sub) of C6H4), 125.6 (C=CH), 115.9 (s, CN), 

85.8 (s, C(CH3)3), 55.9 (s, CCN), 53.0 and 52.4 (2 × s, 2 × CO2CH3), 40.8 (s, C6H4CH2), 

27.5 (s, C(CH3)3), 21.1 (s, C6H4CH3). 
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Partial data for E-6ak. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.02 (s, 1H, C=CH), 

3.77 and 3.70 (2 × s, 2 × 3H, 2 × CO2CH3), 1.44 (s, 9H, C(CH3)3). 

3-t-Butyl 1,2-diethyl 3-cyano-4-phenylbut-1-ene-1,2,3-tricarboxylate (6bc, 

Figure 3.3). This new compound was isolated as a colorless oil (0.020 g, 0.050 mmol, 

>99%, 99:1 Z/E,31 83% ee). Rf = 0.25 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. for 

C22H27NO6 (401.18): C 65.82, H 6.78, N 3.49; found C 66.43, H 7.03, N 3.64.  

Data for Z-6bc. NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.37-7.30 (m, 5H, Ph), 

6.20 (s, 1H, C=CH), 4.41-4.19 (m, 2H, CO2CH2CH3), 4.21 (q, 3JHH = 7.1 Hz, 2H, 

CO2CH'2CH'3), 3.52 (d, 2JHH = 13.7 Hz, 1H, PhCHH'), 3.39 (d, 2JHH = 13.7 Hz, 1H, 

PhCHH'), 1.46 (s, 9H, C(CH3)3), 1.36 (t, 3JHH = 7.1 Hz, 3H, CO2CH2CH3), 1.29 (t, 3JHH 

= 7.1 Hz, 3H, CO2CH'2CH'3); 13C{1H} (125 MHz) 164.6, 163.8, and 163.4 (3 × s, 

CO2C(CH3)3 and 2 × CO2CH2CH3), 140.3 (s, C=CH), 133.2 (s, i-Ph), 130.7 and 128.4 

(2 × s, o- and m-Ph), 128.0 (C=CH), 126.2 (s, p-Ph), 116.0 (s, CN), 85.7 (s, C(CH3)3), 

62.4 and 61.4 (2 × s, 2 × CO2CH2CH3), 55.7 (s, CCN), 41.2 (s, PhCH2), 27.5 (s, 

C(CH3)3), 14.0 and 13.8 (2 × s, 2 × CO2CH2CH3). 

Partial data for E-6bc. 1H NMR (500 MHz, CDCl3, δ in ppm): 7.03 (s, 1H, C=CH), 

1.43 (s, 9H, C(CH3)3). 

(E)-Di-t-butyl 3-cyano-4-phenylbut-1-ene-1,3-dicarboxylate (E-6cc, Figure 

3.3), This new compound was isolated as a colorless oil (0.0095 g, 0.027 mmol, 53%, 

<1/>99 Z/E,33 94% ee). Rf = 0.24 (90:10 v/v hexanes/ethyl acetate). Anal. Calcd. for 

C21H27NO4 (357.19): C 70.56, H 7.61, N 3.92; found C 69.82, H 7.67, N 3.81.  

NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.37-7.28 (m, 5H, Ph), 6.86 (d, 3JHH = 

15.6 Hz, 1H, CH=CHCO2C(CH3)3), 6.19 (d, 3JHH = 15.6 Hz, 1H, CH=CHCO2C(CH3)3), 

3.36 (d, 2JHH = 13.6 Hz, 1H, PhCHH'), 3.10 (d, 2JHH = 13.6 Hz, 1H, PhCHH'), 1.50 and 

1.39 (2 × s, 2 × 9H, 2 × C(CH3)3); 13C{1H} (125 MHz) 164.6 and 164.1 (2 × s, 2 × 
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CO2C(CH3)3), 139.4 (s, C=CH), 133.2 (s, i-Ph), 130.3 and 128.5 (2 × s, o- and m-Ph), 

128.1 (C=CH), 126.5 (s, p-Ph), 116.7 (s, CN), 85.4 and 81.5 (2 × s, 2 × C(CH3)3), 54.0 

(s, CCN), 43.5 (s, PhCH2), 28.5 and 27.7 (2 × s, 2 × C(CH3)3). 
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4. WERNER COMPLEXES AS HYDROGEN BOND DONOR CATALYSTS FOR 

THE ENANTIOSELECTIVE FORMATION OF CARBON-HETEROATOM BONDS 

AND HETEROCYCLES 

4.1. Introduction 

The last two decades have seen an impressive growth of hydrogen bond donors in 

asymmetric catalysis.1 These catalysts heavily relied on carbon stereocenters. Recently, 

another approach has been introduced, in which metal based chirality is used.2-8 The 

hydrogen bonding activity comes from the ligands and the metal centers do not activate 

reactants. The Gladysz group's interest has started and continuously developed in parallel 

with this field.2-5  

 
Figure 4.1. Representatives of Werner catalysts reported by the Gladysz group. 

Representatives of the catalysts reported by the Gladysz group are illustrated in 

Figure 4.1. The absolute configurations at the chiral cobalt center are usually designated 

Λ and Δ. In most cases, the catalysts have extra stereocenters in the di- or triamine ligands 

and thus can exist as diastereomers (Figure 4.1, middle and right). Especially the 

diastereomeric mixed salts Λ- and Δ-(S,S)-23+ 2X–X'– have been quite effective in a 

number of enantioselective transformations.3 However, these reactions mainly focus on 

the formation of carbon-carbon bonds. Therefore, expanding the applicability of these new 

hydrogen bond donors to constructing carbon-heteroatom bonds has been one of my 
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priorities. In this chapter, I turn my interests to the synthesis of fluorinated compounds9 

as well as azirines10 and tetrahydroquinolines11 due to their vital roles in pharmaceuticals 

and agricultural chemistry.  

 
Figure 4.2. Examples of fluorination of β-keto esters (top), electrophilic fluorinating agents (middle), and 

organocatalysts in asymmetric fluorination of β-keto esters (bottom) 

Catalytic asymmetric fluorination of organic substrates has been well studied,12 

especially the fluorination of β-keto esters (Figure 4.2, top).13,14 These protocols usually 

use a chiral catalyst coupled with an electrophilic fluorinating agent (Figure 4.2, 

middle).15 The most commonly used reagent is N-fluorobenzenesulfonimide (NFSI, 

Figure 4.2, middle)12 owing to its commercial availability at a low price.16 Some of the 

catalysts used in asymmetric fluorination of β-keto esters are organocatalysts (I-III in 

Figure 4.2, bottom).14 Two of them are hydrogen bond donors (II and III).14b,14c I see 

this as an opportunity to apply the catalysts in Figure 4.1 to the asymmetric fluorination 

of β-keto esters. 
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Figure 4.3. Example of the Neber reaction (top), and previously reported catalysts used in the Neber 

reactions (bottom). 

Similarly, I sought to use the catalysts in Figure 4.1 to achieve enantioselectivity 

in the Neber reaction (Figure 4.3, top).17 Asymmetric syntheses of azirines via the Neber 

reaction have been described before.18 Two of those reports used organocatalysts (IV and 

V in Figure 4.3, bottom). Catalyst IV (often called Takemoto catalyst) is a hydrogen bond 

donor.18a  

 
Figure 4.4. Examples of intramolecular hydride transfer reaction (top), and previously reported catalysts 

used (bottom). 
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The syntheses of tetrahydroquinolines19 and tetrahydroisoquinolines20 using 

chiral rhenium complexes have been reported by the Gladysz group. An intramolecular 

hydride transfer sequence (Figure 4.4, top) has also been used for the synthesis of 

tetrahydroquinoline.21 Many Brønsted acids were used as the catalysts for this reaction.21b 

Two chiral phosphoric acids are shown in Figure 4.4 (bottom).22 In this chapter, I applied 

the catalysts in Figure 4.1 to the reaction of Figure 4.4 (top) to synthesize 

tetrahydroquinolines. 

4.2. Results 

The enantiopure salt Λ-13+ 3BArf
– (Figure 4.1) was obtained by a literature 

procedure.2 Other catalysts incorporating other ligands of the type (S,S)-

NH2CHArCHArNH2 and a bifunctional catalyst Λ-(S)-53+ 3BArf
– were synthesized as 

previously reported.4,23 

4.2.1. Enantioselective fluorination of β-keto esters 

Attempts to achieve enantioselective fluorination of β-keto esters are summarized 

in Table 4.1. Commercial methyl cyclopentanone-2-carboxylate (6) and the fluorinating 

agent NFSI (Figure 4.2, middle) was combined in a 1:1 molar ratio in CH2Cl2 in the 

presence of 10 mol% of one of the catalysts in Figure 4.1 and at a temperature specified 

in Table 4.1. K2CO3 was then added with stirring. After the reaction was complete as 

indicated by TLC, aqueous and chromatographic workups (see experimental section for 

details) gave 7 in 82 to >99% yields. The ee values were determined by 19F NMR using 

the chiral solvating agent Λ-(S,S)-23+ 2I–BArf
–.24 All reactions and workups in this 

section were carried out in air. 
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Table 4.1. Catalyst screening for the fluorination of methyl 2-oxocyclopentanecarboxylate (6) by NFSI.a 

 

Entry Catalyst 
x 

(equiv) 

Temp. 

(°C) 

Time 

(h) 

Yield 

(%)b 
Ee 

(%)c 

1 – 2.0 rt 26 >99 0 

2 Λ-13+ 3BArf
– 2.0 rt 12 >99 0 

3 Λ-13+ 3BArf
– – rt 30 0 – 

4 Λ-(S,S)-23+ 2Cl–BArf
– 2.0 rt 19 99 13 (S) 

5 Λ-(S,S)-23+ 2BF4
–BArf

– 2.0 rt 19 96 10 (S) 

6 Δ-(S,S)-23+ 2Cl–B(C6F5)4
– 2.0 rt 19 >99 10 (R) 

7 Δ-(S,S)-23+ 2Cl–BArf
– 2.0 rt 19 >99 7 (R) 

8 Λ-(S,S)-23+ 2I–BArf
– 2.0 rt 19 98 3 (S) 

9 Λ-(S,S)-23+ 2I–BArf
– 1.0 0 94 99 8 (S) 

10 Λ-(S,S)-23+ 2I–BArf
– 0.50 0 94 82 62 (S) 

11 Λ-(S,S)-23+ 2Cl–BArf
– 0.50 0 94 >99 79 (S) 

12 Λ-(S,S)-23+ 2Cl–BArf
– 0.50 –36 96 0 – 

13 Λ-(S,S)-23+ 2Cl–BArf
– 0.50 –78 96 0 – 

14 Λ-(S,S)-3a3+ 2Cl–BArf
– 0.50 0 120 99 50 (S) 

15 Λ-(S)-53+ 3BArf
– – 0 120 0 – 

aA vial was charged with a stir bar, 6 (0.0071 g, 0.050 mmol, 0.0062 mL), NFSI (0.016 g, 0.050 mmol), a 

catalyst (10 mol%), and CH2Cl2. The sample was brought to the indicated temperature and K2CO3 was 

added with stirring. The reaction was monitored by TLC and worked up as described in the experimental 

section. bIsolated yields. cDetermined by 19F NMR and HPLC (see experimental section for details). 
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The highest ee value (79%) was obtained when the catalyst Λ-(S,S)-23+ 2Cl–BArf
– 

(10 mol%) was used with 0.50 equiv of K2CO3 at 0 ℃ (entry 11). Further decreasing the 

temperature (entry 12 and 13) or using a bifunctional catalyst Λ-(S)-53+ 3BArf
– (entry 15) 

resulted in no product formation. The catalyst Λ-(S,S)-23+ 2I–BArf
– also gave the product 

7 in 82% yield and 62% ee (entry 10) under the reaction conditions in entry 11. 

4.2.2. Neber synthesis of azirine 

As summarized in Table 4.2, ethyl 3-((tosyloxy)imino)butanoate (8) was 

combined in dry CH2Cl2 with 10 mol% of a catalyst in Figure 4.1 at room temperature 

(except for entry 8 when the reaction was tested at –36 ℃). A base was then added with 

stirring. After 48 h, unless noted, aqueous and chromatographic workups gave the product 

ethyl 3-methyl-2H-azirine-2-carboxylate (9) in 50 to >99 % yields. The ee values were 

determined by 1H NMR using the chiral solvating agent Λ-(S,S)-23+ 2I–BArf
–.24 All 

reactions and workups in this section were carried out in air. 

When an inorganic base (Na2CO3) was used, an uncatalyzed reaction gave only a 

40% yield of the product 9 after 72 h. In the presence of the catalyst Λ-(S,S)-23+ 2Cl–

BArf
– (10 mol%) and 2.0 equiv of Na2CO3, 9 was obtained in >99 % yield and 28% ee 

after 48 h (entry 2). The catalyst Λ-(S,S)-23+ 2I–BArf
– also gave 9 in >99 % yield but a 

lower 20% ee (entry 5). Decreasing the temperature (entry 8) resulted in a 50% yield and 

56% ee. The highest enantioselectivity, 97% ee, was achieved when 10 mol% of Λ-(S,S)-

23+ 2Cl–BArf
– and 2.0 equiv of Et3N were used at room temperature (entry 10). Additional 

approaches to enantioselective Neber reactions found in the literature are presented in the 

discussion section. The ee value in entry 10 is one of the highest obtained to date. 
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Table 4.2. Catalyst screening for the Neber synthesis of azirine 9.a 

 

Entry Catalyst Base 
Temp. 

(°C) 

Time 

(h) 

Yield 

(%)b 
Ee 

(%)c 

1 – Na2CO3 rt 72 40 0 

2 Λ-(S,S)-23+ 2Cl–BArf
– Na2CO3 rt 48 >99 28 (S) 

3 Λ-(S,S)-23+ 2BF4
–BArf

– Na2CO3 rt 48 >99 12 (S) 

4 Δ-(S,S)-23+ 2Cl–B(C6F5)4
– Na2CO3 rt 48 >99 8 (R) 

5 Λ-(S,S)-23+ 2I–BArf
– Na2CO3 rt 48 >99 20 (S) 

6 Λ-(S,S)-3a3+ 2Cl–BArf
– Na2CO3 rt 72 99 30 (S) 

7 Λ-(S,S)-43+ 2Cl–BArf
– Na2CO3 rt 48 99 30 (S) 

8 Λ-(S,S)-23+ 2I–BArf
– Na2CO3 –36 48 50 56 (S) 

9 Λ-(S,S)-23+ 2Cl–BArf
– NaHCO3 rt 48 0 – 

10 Λ-(S,S)-23+ 2Cl–BArf
– Et3N rt 48 >99 97 (S) 

11 Λ-(S,S)-23+ 2Cl–BArf
– DABCO rt 48 0 – 

12 Λ-(S,S)-23+ 2Cl–BArf
– pyridine rt 48 >99 29 (S) 

aA vial was charged with a stir bar, 8 (0.0075 g, 0.025 mmol), a catalyst (10 mol%), and dry CH2Cl2. The 

sample was brought to the indicated temperature and a base was added with stirring. The reaction was 

monitored by TLC and worked up as described in the experimental section. bIsolated yields. cDetermined 

by HPLC (see experimental section for details).  

4.2.3. Tandem hydride transfer-cyclization 

In initial screening reactions, 0.050 mmol of dimethyl 2-(2-(pyrrolidine-1-

yl)benzylidene) malonate (10a) and 10 mol% of a catalyst from Figure 4.1 were combined 
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Table 4.3. Catalyst screening for the tandem hydride transfer-cyclization of dimethyl 2-(2-(pyrrolidin-1-

yl)benzylidene) malonate (10a).a 

 

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ee (%)c 

1 – CH2Cl2 rt 168 0 – 

2 Λ-13+ 3BArf
– CH2Cl2 rt 17 >99 1 (S) 

3 Λ-(S,S)-23+ 2Cl–BArf
– CH2Cl2 rt 168 17 – 

4 Λ-(S,S)-23+ 2Cl–BArf
– CH2Cl2 50 48 30 24 (S) 

5 Λ-(S,S)-23+ 2BF4
–BArf

– CH2Cl2 rt 168 39 27 (S) 

6 Λ-(S,S)-23+ 2BF4
–BArf

– CHCl3 50 120 99 27 (S) 

7 Λ-(S,S)-23+ 2I–BArf
– CH2Cl2 50 48 >99 25 (S) 

8 Λ-(S,S)-23+ 3BArf
– CH2Cl2 rt 1.5 >99 10 (S) 

9 Λ-(S,S)-23+ 3BArf
– CH2Cl2 0 24 >99 8 (S) 

10 Λ-(S,S)-23+ 3BArf
– CH2Cl2 –36 168 0 – 

11 Λ-(S,S)-23+ 3BArf
– CH2Cl2 50 4 0 – 

12 Λ-(S,S)-3b3+ 3BArf
– CH2Cl2 rt 4 90 24 (S) 

13 Λ-(S,S)-3b3+ 2Cl–BArf
– CH2Cl2 50 24 >99 35 (S) 

14 Λ-(S,S)-43+ 2Cl–BArf
– CH2Cl2 50 24 50 29 (S) 

aA vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 mol%), and a solvent. The 

vial was sealed and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC and worked up as described in the experimental section. bIsolated yields. cDetermined 

by HPLC (see experimental section for details).
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Table 4.3. Continued.a 

 

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ee (%)c 

15 Λ-(S,S)-3b3+ 2Cl–BArf
– CHCl3 50 24 50 43 (S) 

16 Λ-(S,S)-3b3+ 2Cl–BArf
– toluene 50 24 >99 32 (S) 

17 Λ-(S,S)-3b3+ 2BF4
–BArf

– CHCl3 50 24 50 38 (S) 

18 Λ-(S,S)-3b3+ 2BF4
–BArf

– CH2Cl2 50 24 60 31 (S) 

19 Λ-(S,S)-3a3+ 2BF4
–BArf

– CHCl3 50 96 50 11 (S) 

20 Λ-(S,S)-3a3+ 3BArf
– CHCl3 rt 18 50 7 (S) 

aA vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 mol%), and a solvent. The 

vial was sealed and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC and worked up as described in the experimental section. bIsolated yields. cDetermined 

by HPLC (see experimental section for details). 

in a vial containing 2.00 mL of a solvent. The vial was sealed and the sample was brought 

to a temperature shown in Table 4.3. The mixture was stirred until TLC indicated that the 

reaction was complete. Chromatographic workups gave the cyclized product 11a. The 

yields and ee values are summarized in Table 4.3. 

The highest enantioselectivity (43% ee, Table 4.3, entry 15) was found when a 

more sterically demanding naphthyl substituted ethylenediamine ligand was used (Λ-

(S,S)-3b3+ 2Cl–BArf
– in Figure 4.1) at 50 ℃ (entry 15). All reactions at 50 ℃ in Table 

4.3 (especially ones with the 3BArf
– salts) showed noticeable decomposition of the 

catalysts. Solids with the characteristic green color of trans-

[Co(NH2CHArCHArNH2)2]Cl2
3a,23 were observed. 
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The best performing conditions from Table 4.3 (entry 15) were then applied to 

several other substrates, as illustrated in Figure 4.5. A useful level of enantioselectivity 

was achieved only with 10b, which has two N-benzyl substituents, and gave 11b in 82% 

ee.  

 
Figure 4.5. Substrate scope for the tandem hydride transfer-cyclization reaction. All yields are isolated 

yields and the ee was determined by HPLC (see experimental section and appendix C for details). 

4.3. Discussion 

4.3.1. Enantioselective fluorination of β-keto esters 

The enantioselective fluorination of 6 (Table 4.1) has been previously studied with 

several other catalysts (Figure 4.6, top).13c,d,14c A quinine based thiourea hydrogen bond 

donor (III) gave the product 7 in 95% yield and 87% ee at –60 ℃.14c A cobalt(II) salen 

complex VIII gave good enantioselectivity (90% ee) at –20 ℃.13d A copper complex of 

a chiral sulfoximine ligand (IX) gave 7 in 74% ee.13c The highest ee obtained in Table 4.1 

(79%) surpassed those obtained with catalyst IX.13c Although the catalyst Λ-(S,S)-23+ 
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2Cl–BArf
– somewhat underperformed the hydrogen bond donor III, a fairer comparison 

will be made in future communications. Catalyst III is ineffective for a number of 

substrates (Figure 4.6, bottom). It is anticipated that the catalyst Λ-(S,S)-23+ 2Cl–BArf
– 

can improve the enantioselectivity in these cases. Future communications will also include 

comparison to the catalyst II (Figure 4.2), which was reported to give ee values of 85-98% 

for the products depicted in Figure 4.6 (bottom). 

 
Figure 4.6. Previously reported catalysts for the enantioselective fluorination of β-keto ester 6 (top), and 

some systems that are not effective with the hydrogen bond donor III (bottom). 

Two diastereomeric catalysts used in entries 4 and 7 of Table 4.1, Λ-(S,S)-23+ 2Cl–

BArf
– and Δ-(S,S)-23+ 2Cl–BArf

–, showed some difference in enantioselectivity (13% vs. 

7% ee, entry 4 vs. 7, Table 4.1). Among reported transformations catalyzed by the catalysts 
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in Figure 4.1, some worked best with the Λ diastereomer3a,3c while others gave better 

results with the Δ diastereomer.3b,3f Regardless, the cobalt configuration of the catalyst 

directed the configuration of the product 7.  

The failure with a bifunctional catalyst (entry 15, Table 4.1) could be due to the 

deactivation of the internal tertiary amine base by NFSI as reported before.25 Switching 

between the lipophilic anions BArf
– and B(C6F5)4

– also led to some degree of differences 

in enantioselectivity (entry 6 vs. 7, Table 4.1). Weaker but bulkier hydrogen bond 

accepting anions26 such as I– and BF4
– also underperformed the stronger and less 

sterically demanding acceptor Cl–.26 

4.3.2. Neber synthesis of azirine 

As shown in Table 4.2, all salts of the trication (S,S)-23+ and related species afford 

azirine 9 with significant enantioselectivity. However, the Δ diastereomers are always 

inferior to the Λ diastereomers (entry 3 vs. 4, Table 4.2). In contrast to what was observed 

in the fluorination of β-keto esters (section 4.2.1 and 4.3.1), increasing the bulkiness of 

the hydrogen bond donors brought about a small increase in the ee value (entries 6 and 7). 

However, due to the ease of access to Λ-(S,S)-23+ 2Cl–BArf
– (commercially available),27 

further investigation was carried out with the benchmarked catalyst. The optimal 

enantioselectivity (97% ee, entry 10, Table 4.2) was obtained with 10 mol% of the catalyst 

Λ-(S,S)-23+ 2Cl–BArf
–, and 2.0 equiv of Et3N in CH2Cl2 at room temperature. 

The effect of the halide anions in the catalysts (Cl– vs. I–, entries 2 vs. 5) was 

smaller than that observed in the fluorination of β-keto esters (sections 4.2.1 and 4.3.1). 

On the other hand, the base used for the deprotonation of the α proton in 8 (Figure 4.3 and 

Table 4.2) seems to have a major effect on the enantioselectivity. For example, replacing 

the inorganic base Na2CO3 (pKa of HCO3
– = 10.3)28 with an organic equivalent Et3N 

(pKa of Et3NH+ = 10.7)29 resulted in a pronounced increase in the enantiomeric excess 
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(entries 2 vs. 10, Δee = +69%). An opposite trend was found in the case of a bifunctional 

catalyst involving thiourea as the hydrogen bond donor (IV in Figure 4.7), in which 

Na2CO3 gave 64% ee of the product 9' (Figure 4.7, top), and Et3N gave a 10% ee.18a  

 
Figure 4.7. Enantiopure catalysts previously used in the Neber synthesis of azirines. 

Under the ideal optimized conditions (Table 4.2, entry 10), the catalyst Λ-(S,S)-

23+ 2Cl–BArf
– stands head and shoulders above other organocatalysts previously applied 

to the synthesis of azirines via the Neber method (Figure 4.7).16a,16c Given that the 

reactant 8 possesses one of the simplest combination of substituents found in the literature 

(R'' = Me and R''' = Et), expanding the substrate scope using these catalytic conditions is 

demanded and expected to bring a diversity of azirines with good to excellent 

enantiopurities. These data will be obtained and communicated in the future. 
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4.3.3. Tandem hydride transfer-cyclization 

Figure 4.5 demonstrated the initial attempts in expanding the substrate scope of 

tetrahydroquinoline synthesis. When both R1 and R2 are phenyl groups (giving N-benzyl 

substituents as in 10b), the product 11b was obtained in >99% yield and 82% ee. However, 

when R1 and R2 were changed to other groups, the ee decreased (to 43% for 11a, 0% for 

11c, and 27% for 11d). Compound 11b has been obtained before using a chiral phosphoric 

acid as the catalyst (VI, Figure 4.8, bottom) in 95% ee.22a A closely related compound 

(11b', Figure 4.8) was also obtained in 85% ee using catalyst VII.22b  

 
Figure 4.8. Catalysts previously used in the synthesis of 11b and a closely related compound 11b'. 

The reasons for the decomposition of the catalysts under the reaction conditions 

are not clear since the catalysts described in this chapter have been established to be quite 

thermally stable.3a,23 However, even more robust complexes are being searched for and 

investigated to minimize or avoid this problem.  
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4.4. Conclusion 

This chapter reported three reactions catalyzed by Werner catalysts in addition to 

the one described in chapter 3. First, the fluorination of β-keto ester 6 using NFSI and the 

catalyst Λ-(S,S)-23+ 2Cl–BArf
– (10 mol%) gave the product 7 in 79% ee. Second, the 

Neber reaction using the catalyst Λ-(S,S)-23+ 2Cl–BArf
– (10 mol%) gave azirine 9 in 

>99% yield and 97% ee. Third, the intramolecular hydride transfer reaction using the 

catalyst Λ-(S,S)-3b3+ 2Cl–BArf
– (10 mol%) gave tetrahydroquinoline 11b in >99% yield 

and 82% ee. 

It is anticipated that the substrate scope for the fluorination (section 4.2.1 and 

4.3.1) and the Neber reaction (section 4.2.2 and 4.3.2) can be expanded in the future based 

on the promising results presented in this chapter. Exploration for other catalysts to 

synthesize tetrahydroquinoline (section 4.2.3 and 4.3.3) is being conducted in the Gladysz 

group. 

The next chapter will introduce two more reactions using the catalyst Λ-(S,S)-23+ 

2X–X'–, in which the anions X– and X'– participate in the reaction. 

4.5. Experimental (see also appendix C) 

Catalyst screening for enantioselective fluorination of 6 (Table 4.1). A vial was 

charged with a stir bar, 6 (0.0071 g, 0.050 mmol, 0.0062 mL), NFSI (0.016 g, 0.050 

mmol), a catalyst (10 mol%), and CH2Cl2 (1.0 mL). The sample was brought to the 

indicated temperature and K2CO3 (0.0040-0.014 g, 0.025-0.10 mmol, 0.50-2.0 equiv) was 

added with stirring. The reaction was monitored by TLC (silica gel, 8:2 v/v hexanes/ethyl 

acetate). After the time indicated in Table 4.1, the vial was opened to air and (for low 

temperature runs) allowed to warm to room temperature. Water (3.0 mL) was added and 

the organic phase was collected and dried (Na2SO4). The solvent was removed by rotary 

evaporation and the residue was chromatographed (silica gel, 1 × 25 cm column, packed 
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in and eluted with 80:20 v/v hexanes/ethyl acetate). The product containing fractions were 

combined and the solvents were removed by rotary evaporation to give 7 (see appendix C 

for further data). An NMR tube was charged with a portion of 7 (0.0016 g, 0.010 mmol), 

CDCl3 (0.30 mL), and a 0.0050 M CDCl3 solution of the chiral solvating agent Λ-(S,S)-

23+ 2I–BArf
– (0.20 mL, 0.0010 mmol, 10 mol%). A 19F NMR spectrum was acquired and 

signals of the enantiomers were integrated (see Figure C-1 in appendix C). The dominant 

configuration was assigned by HPLC with a Chiralcel AD-H column, 98:2 

hexane/isopropanol, 1.0 mL/min, 254 nm, tR = 31.4 min, tS = 33.5 min. The order of 

elution was established in an earlier study with an identical column.14c  

Catalyst screening for the Neber synthesis of the azirine 9 (Table 4.2). A vial 

was charged with a stir bar, 8 (0.0075 g, 0.025 mmol), a catalyst (10 mol%), and 0.50 mL 

of dry CH2Cl2.30 The sample was brought to the indicated temperature and a base (0.050 

mmol, 2.0 equiv) was added with stirring. The reaction was monitored by TLC (silica gel, 

75:25 v/v hexanes/ethyl acetate). After the time indicated in Table 4.2, the vial was opened 

to air and (for low temperature runs) allowed to warm to room temperature. For reactions 

using Na2CO3, water (3.0 mL) was added and the organic phase was collected and dried 

(Na2SO4). The solvent was removed by rotary evaporation and the residue was 

chromatographed (silica gel, 1 × 25 cm column, packed in and eluted with 80:20 v/v 

hexanes/ethyl acetate). For reactions with other bases, the solvent was removed by rotary 

evaporation and the residue was analogously chromatographed. The product containing 

fractions were combined and the solvents were removed by rotary evaporation to give 9 

(see appendix C and Figure C-2 for further data). The ee value and the dominant 

configuration were determined by HPLC with a Chiralcel OD-H column, 98:2 

hexane/isopropanol, 1.0 mL/min, 210 nm, tS = 7.55 min, tR = 11.77 min. The order of 

elution was established in an earlier study with an identical column.31  
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Catalyst screening for the tandem hydride transfer-cyclization (Table 4.3 and 

Table C-1). A vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 

mol%), and a solvent (2.00 mL). The vial was sealed and the sample was brought to the 

indicated temperature. The reaction was stirred and monitored by TLC (silica gel, 80:20 

v/v hexanes/ethyl acetate). For the reactions at 50 ℃, the sample was cooled to room 

temperature before each TLC run. After the time indicated in Table 4.3, the vial was 

opened to air and (for 50 ℃ runs) allowed to cool to room temperature. The reaction 

mixture was loaded directly onto a column (silica gel, 1 × 25 cm column) and that was 

eluted with hexanes and then 80:20 v/v hexanes/ethyl acetate. The product containing 

fractions were combined and the solvents were removed by rotary evaporation to give 11a 

(see appendix C for further data). The ee value and the dominant configuration were 

determined by HPLC with a Chiralcel OJ-H column, 90:10 hexane/isopropanol, 1.0 

mL/min, 254 nm, tR = 14.19 min, tS = 15.86 min. The order of elution was established in 

an earlier study with an identical column.32  

Substrate scope for the tandem hydride transfer-cyclization (Figure 4.5). A 

vial was charged with a stir bar, 10 (0.050 mmol), the catalyst Λ-(S,S)-3b3+ 2Cl–BArf
–

·2H2O (0.011 g, 0.0050 mmol, 10 mol%), and a solvent (2.00 mL). The vial was sealed 

and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC (silica gel, 80:20 v/v hexanes/ethyl acetate). The sample was cooled to 

ambient temperature before each TLC run. After the time indicated in Figure 4.5, the vial 

was opened to air and allowed to cool to room temperature. The reaction mixture was 

loaded directly onto a column (silica gel, 1 × 25 cm column) and that was eluted with 

hexanes and then 80:20 v/v hexanes/ethyl acetate. The product containing fractions were 

combined and the solvents were removed by rotary evaporation to give 11 (see appendix 

C for further data). The ee values of 11 was determined by HPLC (see appendix C). 
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5. WERNER COMPLEXES WITH NON-INNOCENT ANIONS IN 

ENANTIOSELECTIVE CATALYSIS 

5.1. Introduction 

Since the first report of lipophilic salts of enantiomers of the trication cobalt(III) 

tris(ethylenediamine) (Λ- and Δ-13+ in Figure 5.1),1 many derivatives of this emerging 

class of chiral hydrogen bond donors have been described2 exploiting both the ligand2a 

and metal center.2b Most effective in enantioselective catalysis are those containing the 

trication cobalt(III) tris((S,S)-diphenylethylenediamine) Λ- and Δ-(S,S)-23+ (Figure 5.1).3 

 
Figure 5.1. Representatives of the trications in Werner catalysts. 

Multiple studies have established that organic substrates are activated by hydrogen 

bonding to the NH units that exist in abundance in these catalysts.3a,3f,4 The number of 

Lewis basic functional groups that exhibit hydrogen bonding to Λ-(S,S)-23+ 2X–X'– also 

exceeds a dozen.4 Naturally, exploratory chemistry involving Werner complexes has been 

centered around reactions where both the electrophiles and nucleophiles can bond to the 

trication (Figure 5.2 and chapter 4).3  

Normally, three monoanions are present in the catalyst. One of those is usually a 

lipophilic non-coordinating tetraarylborate (B(3,5-C6H3(CF3)2)4
– = BArf

– or B(C6F5)4
–

).5 The enantioselectivity of the reactions in Figure 5.2 also showed some correlation to 
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the identity of these three anions.3 Integrating chiral anions to the catalysts in fact resulted 

in a certain degree of match and mismatch phenomena in enantioselection.3e However 

direct participation of the anions in any reactions has not been evidenced. 

 
Figure 5.2. Highly enantioselective reactions catalyzed by Werner complexes. Color code: hydrogen bond 

acceptors in nucleophiles (green) and electrophiles (pink). 

Motivated by the potentials of these underexplored species in my own catalysts, I 

set out to study several reactions, which require one or two anions to actively contribute 

as activators or catalysts themselves. To maximize the cooperation between the hydrogen 

bond donors and the anion, the reaction pools were simplified to those involving at least 

one reactant with a hydrogen bond accepting group. Two reactions that fit well into the 

category are presented in Figure 5.3. The former is known to be catalyzed by fluoride 
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anions,6 and the latter operates via an iminium salt generated from the conjugate base of 

proline.7 

 
Figure 5.3. Reactions tested in this chapter: trifluoromethylations of aldehydes (left) and additions of 

enamines to C=C bonds (right). 

5.2. Results 

5.2.1. Syntheses of catalysts 

Enantiopure Λ-13+ 3I–, Λ-(S,S)-23+ 3Cl–, and Δ-(S,S)-23+ 3Cl– were prepared as 

previously reported.2 The complex Λ-13+ 3F– was synthesized following a procedure 

reported for the racemic salt 13+ 3F–.8 The other catalysts containing fluoride anions 

investigated in Table 5.1 were synthesized as depicted in Scheme 5.1. Treating the 

chloride precursors with silver fluoride in water gave the tris(fluoride) salt of each cation 

in good yield. The salts Λ- and Δ-(S,S)-23+ 3F– are readily soluble in methanol but 

insoluble in other solvents such as CH2Cl2, CHCl3, acetone, CH3CN, and THF. Attempts 

to replace one fluoride anion by a BArf
– anion with Na+ BArf

– for a more lipophilic salt 

were not successful. The salt Λ-(S,S)-23+ 3F– was characterized by 1H, 13C, 19F NMR. 

The purity and hydration level were confirmed by elemental analysis. The purity and 

hydration level of Δ-(S,S)-23+ 3F– will be reported in future communications. 

 
Scheme 5.1. Synthesis of the tris(fluoride) salts of the trications Λ- and Δ-(S,S)-23+. 
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5.2.2. Active fluoride anions in the enantioselective trifluoromethylation of 

aromatic aldehydes 

Due to the low solubility in organic solvents of the fluoride salts of all cations 

investigated, reactions with neat benzaldehyde 3a and trifluoromethyl trimethylsilane 

(TMSCF3) were initially screened. As seen in Table 5.1, no background reaction was 

detected (entry 1). All "non-fluoride" salts of the trications Λ-13+  and Λ-(S,S)-23+ did not 

give catalytic activity (entry 2 and 3). The tris(fluoride) salt Λ-13+ 3F– gave a trace amount 

of the product 2,2,2-trifluoro-1-phenylethanol (4a, entry 4). The catalyst -(S,S)-23+ 3F– 

gave 4a in 90% ee and 76% yield as assayed by 1H NMR (66% after isolation, entry 5). 

Interestingly, the other diastereomer gave an excellent ee (99%) with the same dominant 

configuration of product (entry 6). Reducing the catalyst loading diminished yields and 

enantioselectivities (entry 7 and 8). 

An identical series of reactions with the catalyst Λ-(S,S)-23+ 3F– was carried out 

in various solvents (0.10 mL, CH2Cl2, CHCl3, acetone, CH3CN, THF, DMSO, and DMF). 

Under these conditions, the catalyst Λ-(S,S)-23+ 3F– dissolved. However, benzaldehyde 

was fully recovered after column chromatography. When a 2:1 mixture of Λ-(S,S)-23+ 3F– 

(0.0085 g, 0.010 mmol) and Λ-(S,S)-23+ 3BArf
– (0.030 g, 0.0050 mmol) was stirred 

vigorously in CD2Cl2, a clear solution was obtained. This had the potential to generate the 

mixed salt Λ-(S,S)-23+ 2F–BArf
–. However, a reaction carried out in this solution gave 

0% conversion of benzaldehyde as determined by 1H NMR. 
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Table 5.1. Catalyst screening for the trifluoromethylation of benzaldehyde.a 

 

Entry Catalyst Loading (mol%) Yield (%)b Ee (%)c 

1 – – – – 

2 Λ-13+ 3I– 10 – – 

3 Λ-(S,S)-23+ 3Cl– 10 — – 

4 Λ-13+ 3F– 10 3 0 

5 Δ-(S,S)-23+ 3F– 10 76 (66) 90 (R) 

6 Λ-(S,S)-23+ 3F– 10 78 (70) 99 (R) 

7 Λ-(S,S)-23+ 3F– 5 50 (50) 62 (R) 

8 Λ-(S,S)-23+ 3F– 1 5 0 

aA vial was charged with benzaldehyde (0.055 g, 0.50 mmol, 0.050 mL), and a catalyst (1-10 mol%). 

TMSCF3 (0.140 g, 1.00 mmol, 0.150 mL) was then added slowly over 30 min and the mixture was stirred 

for 24 h. bThe reaction mixtures were dissolved in CDCl3 and NMR yields were calculated from 1H NMR 

spectra using dimethyldiphenylsilane as the internal standard (see experimental section for details). Isolated 

yields are in parentheses. cDetermined by HPLC (see experimental section for details).  

The optimized conditions (Table 5.1, entry 6) were used for some other substrates. 

As summarized in Figure 5.4, substrates derived from benzaldehyde gave 99 to >99% ee 

(4a, and 4c-4e). Substrates with naphthyl and thiophenyl substituents gave products with 

84% and 54% ee respectively. Extensions to other aldehydes gave low yields and ee 

values. In all cases, the reaction turned black when TMSCF3 was added to the reaction 

mixture. 
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Figure 5.4. Substrate scope and 1H NMR yields for the enantioselective trifluoromethylation of aromatic 

aldehydes. Isolated yields are given in parentheses. 

5.2.3. Active proline anions in the enantioselective condensation of ketones and 

trans-β-nitrostyrene 

In initial screening reactions, acetone and trans-β-nitrostyrene (5) were combined in 10:1 

mole ratio in CH2Cl2 in the presence of 10 mol% of a catalyst from Figure 5.1, Na2CO3 

(40 mol%), and D- or L-proline (20 mol%). The results are summarized in Table 5.2. D-

proline itself catalyzed the reaction and gave the product 5-nitro-4-phenylpentan-2-one 

(6) in 30 % yield and 15% ee (entry 1). The combination of D or L-proline and the catalyst 

Λ-13+ 3BArf
– gave 6 in 17-25% ee (entries 3 to 6). The highest ee value (58%) was 

obtained when the catalyst Λ-(S,S)-23+ 2Cl–BArf
– (10 mol%) and D-proline (20 mol%) 

were used (entry 10). 
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Table 5.2. Catalyst screening for the addition of acetone to trans-β-nitrostyrene (5).a 

 

Entry Catalyst Proline config. Time (h) Yield (%)b Ee (%)c 

1 – D 24 30 15 (R) 

2 Λ-13+ 3BArf
– – 29 10 – 

3d Λ-13+ 3BArf
– D 72 50 17 (R) 

4d Λ-13+ 3BArf
– L 72 50 20 (S) 

5 Λ-13+ 3BArf
– D 20 >99 20 (R) 

6 Λ-13+ 3BArf
– L 20 >99 25 (S) 

7d Λ-(S,S)-23+ 3BArf
– D 24 0 – 

8 Λ-(S,S)-23+ 3BArf
– D 20 >99 22 (R) 

9 Λ-(S,S)-23+ 3BArf
– L 20 >99 1 (S) 

10 Λ-(S,S)-23+ 2Cl–BArf
– D 22 90 58 (R) 

11 Λ-(S,S)-23+ 2Cl–BArf
– L 22 90 7 (S) 

12 Δ-(S,S)-23+ 2Cl–BArf
– D 22 92 8 (R) 

13 Δ-(S,S)-23+ 2Cl– BArf
– L 20 90 18 (S) 

aA vial was charged with 5 (0.0075 g, 0.050 mmol), a catalyst (0.0050 mmol, 10 mol%), proline (0.0012 g, 

0.010 mmol, 20 mol%), Na2CO3 (0.0022 g, 0.020 mmol, 40 mol%), and CH2Cl2 (0.50 mL). Acetone (0.036 

mL, 0.50 mmol, 10 equiv) was then added with stirring. The reaction was monitored by TLC and worked 

up as described in the experimental section. bIsolated yields. cDetermined by HPLC (see experimental 

section for details). dNa2CO3 was not added. 
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5.3. Discussion 

5.3.1. Active fluoride anions in the enantioselective trifluoromethylation of 

aromatic aldehydes 

All fluoride salts investigated in this reaction are hydrated. This is observed for 

many other fluoride salts, for example t-Bu4N+ F–.9 The best performing catalyst Λ-(S,S)-

23+ 3F– under ideal conditions (neat, rt) gave 99% to >99% ee for substrates with a 

substituted phenyl ring (Figure 5.4). However, changing the aryl group to 1-naphthyl 

diminished the enantioselectivity (4b). A thiophene ring has similar effects. Attempts to 

expand the substrate scope were unsuccessful, especially for aliphatic aldehydes. 

The enantioselective trifluoromethylation of aldehydes has been previously 

studied with other fluoride salts (Figure 5.5). The quinine based catalyst I gave the 

trifluoromethylated products in 11-58% ee (4a was not reported).11c A related species (II 

in Figure 5.5) gave the product 4a in 46% ee.11a Catalyst III gave 4a in 11% ee (other 

substrates were not reported for catalyst III).11b The ee values obtained for 4a-4e in this 

chapter surpassed those obtained by all the catalysts in Figure 5.5. 

 
Figure 5.5. Previously reported catalysts for the enantioselective trifluoromethylation of aldehydes. 
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5.3.2. Active proline anions in the enantioselective condensation of ketones and 

trans-β-nitrostyrene 

As summarized in Table 5.2, the combination of Werner catalysts and proline 

outperformed the individual catalysts in most cases. The absolute configuration of 6 

depends on the configuration of proline. Some match and mismatch type phenomena3e 

was observed (entries 10 and 12). D-proline itself gave 6 in 15% ee (entry 1). When the 

catalysts Λ-(S,S)-23+ 2Cl–BArf
– and D-proline were used, 6 was obtained in 58% ee (entry 

10). When the catalyst Δ-(S,S)-23+ 2Cl–BArf
– and D-proline were used, 6 was obtained in 

only 8% ee (entry 12).  

The enantioselective condensation of ketones and nitrostyrenes has been 

previously studied with other hydrogen bond donors (Figure 5.6). A bifunctional thiourea 

catalyst (IV in Figure 5.6) gave 6 in 99% ee.12 An ionic quinine based catalyst (V) 

containing the conjugate base of L-phenylglycine gave 6 in 95% ee.7 Although the highest 

ee value (58%) obtained for 6 in this chapter is lower than those shown in Figure 5.6, an 

improvement in enantioselectivity is anticipated when anions of other amino acids are 

used (such as one in V). These studies are being conducted in the Gladysz group and will 

be communicated in the future. 

 
Figure 5.6. Previously reported hydrogen bond donor catalysts for the enantioselective condensation of 

ketones and nitrostyrenes. 
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5.4. Conclusion 

This chapter reported two additional reactions catalyzed by Werner catalysts 

besides those described in chapters 3 and 4. First, the catalyst Λ-(S,S)-23+ 3F– was 

synthesized in 98% yield. Trifluoromethylation of aromatic aldehydes 3 using 10 mol% 

of Λ-(S,S)-23+ 3F– and TMSCF3 gave 4 in 54% to >99% ee. These ee values are higher 

than those obtained from other fluoride containing catalysts previously studied. Second, 

condensation of acetone and trans-β-nitrostyrene using the catalyst Λ-(S,S)-23+ 2(D-

proline)–BArf
– (generated in situ) gave the adduct 6 in 58% ee. Catalysts containing 

anions of other amino acids and an expansion of substrate scope for the condensation of 

ketones and nitrostyrenes will be communicated in the future.  

5.5. Experimental (see also appendix D) 

Λ-(S,S)-23+ 3F–. A round bottom flask was charged with a suspension of Λ-(S,S)-

23+ 3Cl–·3H2O (0.170 g, 0.199 mmol) in water (30 mL) and anhydrous AgF (0.0762 g, 

0.597 mmol) was added with vigorous stirring. A suspension of white particles in an 

orange solution formed. After 2 h, the mixture was filtered through a pad of Celite. 

Methanol (10 mL) was added to the filtrate and the solvents were removed by rotary 

evaporation and oil pump vacuum (20 h, rt) to give Λ-(S,S)-23+ 3F–·4H2O13 (0.162 g, 

0.195 mmol, 98%) as a brown solid, mp 112-115 °C dec (open capillary). Anal. Calcd. for 

C42H48CoF3N6·4H2O (824.86): C 61.16, H 6.84, N 10.19; found C 60.62, H 6.61, N 

10.02. 

Data: NMR (9:1 v/v CD2Cl2/CD3OD, δ in ppm): 1H (500 MHz) 7.50-7.49 (m, 

12H, o-Ph), 7.31-7.17 (m, 18H, m-, p-Ph), 6.41 (br s, 3H, NHH'), 6.25 (br s, 3H, NHH'), 

4.51 (s, 6H, CHPh), 2.98 (br s, 24H, CD3OH/H2O).14 13C{1H} (125 MHz) 136.6 (s, i-

Ph), 129.3 (s, p-Ph), 129.2 (s, o-Ph), 129.0 (m-Ph), 63.2 (s, CHPh). 19F (470 MHz) –102.4 

(br s). IR (powder film, cm–1): 3032 (m, νNH), 1683 (m, δNH), 1041 (vs, δCCN). 
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Δ-(S,S)-23+ 3F–. A round bottom flask was charged with a suspension of Δ-(S,S)-

23+ 3Cl–·3H2O (0.170 g, 0.199 mmol) in water (30 mL) and AgF (0.0762 g, 0.597 mmol) 

was added with vigorous stirring. A suspension of white particles in an orange solution 

formed. After 2 h, the mixture was filtered through a pad of Celite. Methanol (10 mL) was 

added to the filtrate and the solvents were removed by rotary evaporation and oil pump 

vacuum (20 h, rt) to give Δ-23+ 3F–·xH2O (0.152 g) as a brown solid. 19F NMR (470 

MHz, 9:1 v/v CD2Cl2/CD3OD, δ in ppm): –102.4 (br s). 

Trifluoromethylation of aromatic aldehydes (Table 5.1 and Figure 5.4). A vial 

was charged with an aldehyde 3 (0.50 mmol), and Λ-(S,S)-23+ 3F–·4H2O (0.041 g, 0.050 

mmol, 10 mol%). The mixture was vigorously stirred and TMSCF3 (0.150 mL, 1.00 

mmol, 2.0 equiv) was then added slowly over 30 min at room temperature. The reaction 

mixture turned black when TMSCF3 was added. After 24 h, Ph2SiMe2 (0.011 mL, 0.050 

mmol, 0.011 g) was added and the reaction was stirred for another 15 min. CDCl3 (1.00 

mL) was then added and the NMR yield was calculated from the 1H NMR spectrum using 

Ph2SiMe2 as the internal standard. The NMR sample was loaded directly on a silica gel 

column (2 × 25 cm) packed in and eluted with 90:10 v/v hexanes/ethyl acetate. The 

product containing fractions were combined and solvents were removed by rotary 

evaporation to give 4 (see appendix D for further details). Desilylated derivatives were 

better substrates for chiral HPLC analysis. Therefore, 4 was dissolved in ethyl acetate (2.0 

mL). Concentrated HCl (0.1 mL, 36% w/w aq.) was added and the mixture was vigorously 

stirred at room temperature. After 6 h, water (10 mL) was added and the organic phase 

was collected. The aqueous phase was further extracted with ethyl acetate (2 × 10 mL). 

The organic phases were combined and dried (Na2SO4). Solvents were removed by rotary 

evaporation to give the desilylated derivative of 4, which was analyzed as described in 

appendix D.  
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Addition of acetone to nitrostyrene (Table 5.2). A vial was charged with 5 

(0.0075 g, 0.050 mmol), a catalyst (0.0050 mmol, 10 mol%), D- or L-proline (0.0012 g, 

0.010 mmol, 20 mol%), Na2CO3 (0.0022 g, 0.020 mmol, 40 mol%), and CH2Cl2 (0.50 

mL). The mixture was stirred for 10 min and then brought to the indicated temperature. 

Acetone (0.036 mL, 0.50 mmol, 10 equiv) was added with stirring. The mixture was 

monitored by TLC (silica gel, 3:1 v/v hexanes/ethyl acetate). When conversion was 

complete, the sample was loaded directly onto a prep TLC plate (silica gel) and eluted 

with 3:1 v/v hexanes/ethyl acetate. The product containing band (Rf = 0.25) was collected 

and 6 was extracted with 4:1 v/v CH2Cl2/MeOH. The solvent was removed by rotary 

evaporation to give 6 as a white solid (see appendix D for details). The ee value and the 

dominant configuration were determined by HPLC with a Chiralcel AS-H column, 60:40 

hexane/isopropanol, 1.0 mL/min, 254 nm, tS = 8.84 min, tR = 10.77 min. The order of 

elution was established in an earlier study with an identical column.12  
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(13) The hydration level was assigned based upon 1H NMR integrations and 

microanalyses. When these differ, the microanalytical values were given precedence, as 

the NMR integrations can be enhanced by protic impurities or NH/ND exchange. 
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(14) The increased integration of the OH signal over that derived from the 

microanalysis is believed to originate from protic impurities in the deuterated solvent. 
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6. SUMMARY AND CONCLUSION 

The new cobalt-based CSAs described in chapter 2 can be applied to a wide variety 

of functional groups at significantly low loadings and in the presence of multiple analytes. 

The CSAs are stable to air and water, and readily available from inexpensive building 

blocks. Their success reflects the generality of second coordination sphere hydrogen 

bonding between the NH donor groups and Lewis basic functional groups in the analytes.  

The study in chapter 3 has significantly expanded the scope of enantioselective 

reactions that can be catalyzed with hydrogen bond donor catalysts of the types [Co((S,S)-

NH2CHPhCHPhNH2)3]3+ 2X–X'–. Furthermore, it is the first that can be advertised as 

significantly improving upon existing literature catalysts, as opposed to being comparably 

effective.  

Chapter 4 reported three reactions catalyzed by Werner catalysts in addition to the 

one described in chapter 3. It is anticipated that the substrate scope for the fluorination 

(section 4.2.1 and 4.3.1) and the Neber reaction (section 4.2.2 and 4.3.2) can be expanded 

in the future based on the promising results presented. Exploration for other catalysts to 

synthesize tetrahydroquinoline (section 4.2.3 and 4.3.3) will also be conducted in the 

Gladysz group. 

Two additional reactions were reported in chapter 5. First, trifluoromethylation of 

aromatic aldehydes using 10 mol% of Λ-[Co((S,S)-NH2CHPhCHPhNH2)3]3+ 3F– and 

TMSCF3 gave 54% to >99% ee of trimethylsilyl-1-aryl-2,2,2-trifluoroethanols. Second, 

condensation of acetone and trans-β-nitrostyrene using the catalyst Λ-[Co((S,S)-

NH2CHPhCHPhNH2)3]3+ 2(D-prolinate)–BArf
– (generated in situ) gave the adduct in 

58% ee. Catalysts containing anions of other amino acids and an expansion of substrate 

scope for the condensation of ketones and nitrostyrenes will be communicated in the 

future. 
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APPENDIX A: THE ROBUST, AND READILY AVAILABLE COBALT (III) 

TRICATION [Co(NH2PhCHCHPhNH2)3]3+ IS A PROGENITOR OF BROADLY 

APPLICABLE CHIRALITY AND PROCHIRALITY SENSING AGENTS 

General data. NMR spectra were recorded on a Varian NMRS 500 MHz 

spectrometer at ambient probe temperature. Chemical shifts (δ in ppm) were referenced to 

residual solvent signals (1H: CHCl3, 7.26; CHD2CN, 1.94; DMSO-d5, 2.50; CHD2OD, 

3.30; CDHCl2, 5.32; acetone-d5, 2.05; 13C: CDCl3, 77.2; DMSO-d6, 39.5; CD3OD, 49.0; 

CD2Cl2, 54.0; acetone-d6, 29.8) or external C6F6 (19F, –164.9) or 85 wt% aqueous H3PO4 

(31P, 0.00). IR spectra were recorded on a Shimadzu IRAffinity-1 spectrometer (Pike 

MIRacle ATR system, diamond/ZnSe crystal). Melting points were determined using an 

OptiMelt MPA 100 instrument. Microanalyses were conducted by Atlantic Microlab. 

HPLC analyses were carried out with a Shimadzu instrument package 

(pump/autosampler/detector LC-20AD/SIL-20A/SPD-M20A). 

NMR solvents (Cambridge Isotopes) were treated as follows: DMSO-d6, distilled 

under vacuum and stored over molecular sieves; CDCl3, CD2Cl2, acetone-d6, CD3CN, 

and CD3OD, stored over molecular sieves. HPLC grade solvents (hexanes, Fischer; 

isopropanol (38), JT Baker) were degassed. The following materials were used as 

received: CH2Cl2 (EMD Chemicals, ACS grade), CH3OH (EMD, anhydrous, 99.8%), 

acetone (BDH, ACS grade), toluene (BDH, ACS grade), Co(OAc)2·4H2O (Alfa Aesar, 

98%), (S,S)-dpen (NH2CHPhCHPhNH2; Oakwood or Combi blocks), activated charcoal 

(Acros, Norit SX 4), Na+ BArf
– (BArf

– = B(3,5-C6H3(CF3)2)4
–; Ark Pharm, 97%), 

aqueous HI (Aldrich, 57 wt%, 99.9%), CoI2 (Aldrich, anhydrous, 99%), KI (Aldrich, 

anhydrous, 99%), NaI (EMD, >99.5%), silica gel (Silicycle SiliaFlash® F60), Celite 545 

(Aldrich), (S)-1-phenethyl amine ((S)-5, TCI Chemicals, >98%, ee 97+%), 2-

carbomethoxy cyclopentanone (7, TCI Chemicals, 97%), D- and L-proline (R- and S-9, 
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Acros Organics, 99%), (S)-1-phenylethanol ((S)-10; Alfa Aesar, 98+%), (R)-10 (Alfa 

Aesar, 99%, ee 97+%), DL-lactide (11, Aldrich, 99%), L-lactide (S,S-11, Aldrich, 98%),  

(S)- and (R)-1,1'-bi-2-naphthol ((S)- and (R)-BINOL, Ark Pharm, >98%),  δ-

hexanolactone (12, Alfa Aesar, 98%), styrene oxide (16, Alfa Aesar, 98%), 1,2-

propanediol (21, Aldrich, 99%), 1,2-butanediol (22, Aldrich, 98%), 2-carbomethoxy 

cycloheptanone (23, Aldrich, 99%), ethyl 2-methylacetoacetate (24, Alfa Aesar, 95%), 2-

acetylcyclopentanone (25, TCI Chemicals, >95%), (S)-tert-butylsulfinamide ((S)-26, Ark 

Pharm, 98%), (R)-tert-butylsulfinamide ((R)-26, ACS Scientific, 98%), 2-methyltet-

rahydofuran (27, Aldrich, >99%), 2-bromopropionamide (30, Aldrich, 99%), 2-

carboethoxy cyclohexanone (31, Aldrich, 95%), cyclohexene oxide (32, TCI Chemicals, 

98%), methyl ethyl ketone (33, Aldrich, 99%), chloroacetone (34, Acros Organics, 96%), 

DMSO (35, BDH, 99.9%), ethyl acetate (36, Aldrich, 99.8%), isopropylamine (37, Alfa 

Aesar, 99%), 1-methyl-2-oxindole (39, Aldrich, 97%), ethyl acetoacetate (40, Alfa Aesar, 

99%), 2-bromoethyl acetate (41, TCI Chemicals, >98%), 3-pentanone (42, Aldrich, 

>99%), 2-bromoacetophenone (43, Alfa Aesar, 98%), ethyl chloroacetate (44, TCI 

Chemicals, 98%), benzyl carbamate (45, Alfa Aesar, 99%), ethyl cyanoacetate (46, TCI 

Chemicals, >98%), propionamide (47, TCI Chemicals, >98%), dimethyl malonates (Alfa 

Aesar, 98%), sec-butylbenzene (TCI Chemicals, >99%), nitroethane (Aldrich, >98%), 5-

hydroxymethyl-2-pyrrolidinone (Chem-Impex International, 98.5%), propionitrile (Acros 

Organics, 99%), propionic acid (Alfa Aesar, 99%), methyl isovalerate (Aldrich, >98%), 

diethyl phosphite (Alfa Aesar, 96%), and tetrahydrofuran (Aldrich, >99%). 

The following analytes were synthesized by literature procedures: (S)- and (R)-1-

phenylethyl acetate ((S)- and (R)-4),s1 1-phenethyl amine (5),s2 phenyl methyl sulfoxide 

(6),s3 (S)- and (R)-Boc-BINOL ((S)- and (R)-8),s1 (S)- and (R)-BINOL diacetate,s1 1-

phenyl-1,2-ethanediol (14),s4 1-phenyl-2,2,2-trifluoroethanol (15),s5 N-tosyl phenethyl 
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amine (17),s6 N-acetyl phenethyl amine (18),s2 hydroxyphenylmethyl diethyl phosphonate 

(19),s7 hydroxyphenylmethyl dimethyl phosphonate (20),s7 2-phenyl-2-butanol (28),s8 1-

phenyl-1-chloroethane.s9 and methyl 2-bromopropionate (29).s10 Ibuprofen (13) was 

isolated from commercially available tablets following a literature procedure.s11  

Extended Bibliography. Additional literature that augments that given in the 

main text is supplied at the end of the references (other CSAs from 2014-present,s12-s27 

other NMR methods for prochirality sensings28-s33).  
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Table A-1. Expansion of Table 2.1 showing the separation of all aliphatic 1H NMR signals (Δδ, ppm) of 

the enantiomers of racemic 1-phenylethyl acetate (4). 

Entry CSA Solvent 
Δδ (ppm) 

PhCH(CH3)O 

Δδ (ppm) 

O(C=O)CH3 

Δδ (ppm) 

PhCH(CH3)O 

1 Λ-13+ 3BArf
– CD2Cl2 — — — 

2 Λ-(S,S)-23+ 2Cl–BArf
– CD2Cl2 1.32 0.50 0.28 

3 Δ-(S,S)-23+ 2Cl–BArf
– CD2Cl2 0.15 0.02 — 

4 Λ-(S,S)-23+ 2Cl–

(C6F5)4
– 

CD2Cl2 1.37 0.53 0.28 

5 Λ-(S,S)-23+ 3BArf
– CD2Cl2 0.34 0.15 0.08 

6 Λ-(S,S)-23+ 2I–BArf
– CD2Cl2 1.30 0.52 0.25 

7 Λ-(S,S)-23+ 2I–BArf
– CDCl3 1.75 0.68 0.37 

8 Λ-(S,S)-23+ 2I–BArf
– acetone-d6 —  —  —  

9 Λ-(S,S)-23+ 2I–BArf
– CD3CN —  —  —  

10 Λ-(S,S)-23+ 2I–BArf
– DMSO-d6 —  —  —  

11 Λ-(S,S)-23+ 2Cl–BArf
– acetone-d6 —  —  —  

12 Λ-(S,S)-23+ 2Cl–BArf
– CD3CN —  —  —  

13 Λ-(S,S)-23+ 2Cl–BArf
– DMSO-d6 —  —  —  
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Figure A-1. HPLC trace (top) and 1H NMR spectrum (bottom) of 4 (88% ee) corresponding to the data in 

Table 2.3 
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Figure A-2. HPLC trace (top) and 1H NMR spectrum (bottom) of 4 (60% ee) corresponding to the data in 

Table 2.3. 
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Figure A-3. HPLC trace (top) and 1H NMR spectrum (bottom) of 4 (32% ee) corresponding to the data in 

Table 2.3. 
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Figure A-4. HPLC trace (top) and 1H NMR spectrum (bottom) of 4 (–56% ee) corresponding to the data 
in Table 2.3. 
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Figure A-5. HPLC trace (top) and 1H NMR spectrum (bottom) of 4 (–90% ee) corresponding to the data 

in Table 2.3. 
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Figure A-6. NMR titration and binding constants of Λ-(S,S)-23+ 2Cl–BArf

– and Λ-(S,S)-23+ 2I–BArf
– with 

the analytes (S)-4, (R)-4, (S)-10, and (R)-10; raw data underlying Table 2.5. 
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Table A-2. Summary of crystallographic data for -(S,S)-23+ 3I–·6DMSO.a 

empirical formula  

formula weight 

temperature of collection [K] 

diffractometer  

wavelength [Å] 

crystal system  

space group  

unit cell dimensions: 

a [Å] 

b [Å] 

c [Å] 

α [deg] 

β [deg] 

γ [deg] 

V [Å3]  

Z 

calc [Mg/m3] 

absorption coefficient [mm–1] 

F(000)  

Crystal size [mm3] 

Θ [deg] 

range / indices (h, k, l) 

reflections collected  

independent reflections  

completeness to Θ = 24.763°  

absorption correction  

max. and min. transmission  

refinement method  

data / restraints / parameters  

goodness-of-fit on F2  

final R indices [I>2σ(I)]  

R indices (all data)  

absolute structure parameter  

largest diff. peak and hole [e.Å–3] 

C108H168Co2I6N12O12S12
a 

3080.44 

110.0 

Bruker Quest 

0.71073  

monoclinic 

P2(1) 

 

23.057(2) 

13.6098(12) 

23.378(2) 

90 

110.977(2) 

90 

6849.8(10)  

2a 

1.494  

1.832 

3100 

0.257 × 0.098 × 0.081 

2.314 to 24.763 

–27,26; –16,15; –27,27 

72270 

22606 [R(int) = 0.0476] 

98.8% 

semiempirical from equivalents 

0.4283 and 0.3391 

full-matrix least-squares on F2 

22606 / 2887 / 1441 

1.214 

R1 = 0.0820, wR2 = 0.1405 

R1 = 0.0993, wR2 = 0.1521 

0.08(3) 

4.180 / –1.492 
aThere are two independent molecules in the unit cell. Hence, there are two cobalt atoms in the empirical 
formula and the Z value represents the total number of dicobalt units. 
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I…HC (3 DMSO) I…C (3 DMSO) 

4.043, 3.081, 3.083, 3.100, 3.321, 3.947 3.910, 3.938, 3.946, 3.992, 4.113, 4.294 

I…HC (2 Ph) I…C (2 Ph) 

3.027, 3.285 3.921, 4.057 

Figure A-7. Thermal ellipsoid diagram (50% probability level) showing the nearest contacts of the third iodide 
anion in Λ-(S,S)-23+ 3I–·6DMSO (molecule 1) with neighboring atoms (CH of three DMSO molecules and two 

phenyl rings). 
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I…HC (2 DMSO) I…C (2 DMSO) 

2.996, 3.116, 3.120, 3.494 3.941, 4.028, 4.069, 4.165 

I…HC (4 Ph) I…C (4 Ph) 

3.060, 3.082, 3.123, 3.151 3.848, 3.876, 4.039, 4.068 

Figure A-8. Thermal ellipsoid diagram (50% probability level) showing the nearest contacts of the third iodide 
anion in Λ-(S,S)23+ 3I–·6DMSO (molecule 2) with neighboring atoms (CH of two DMSO molecules and four 

phenyl rings). 
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Table A-3. Key interatomic distances (Å) and angles (°) in crystalline Λ-(S,S)-23+ 3I–·6DMSO. 

molecule 1a molecule 2a 

Co(1)-N(1B) 

Co(1)-N(2B) 

Co(1)-N(3B) 

Co(1)-N(4B) 

Co(1)-N(5B) 

Co(1)-N(6B) 

N(1B)-C(1B) 

N(2B)-C(8B) 

N(3B)-C(6) 

N(4B)-C(13) 

N(5B)-C(1I) 

N(6B)-C(1A) 

I(2)…HN(2B) 

I(2)…HN(4B) 

I(2)…HN(6B) 

I(5)…HN(1B) 

I(5)…HN(3B) 

I(5)…HN(5B) 

I(6)…HC(2C) 

I(6)…HC(1AA) 

I(2)…N(2B) 

I(2)…N(4B) 

I(2)…N(6B) 

I(5)…N(1B) 

I(5)…N(3B) 

I(5)…N(5B) 

I(6)…C(2C) 

I(6)…C(1AA) 

O(7)…HN(3B) 

O(8)…HN(2B) 

O(9)…HN(4B) 

O(10)…HN(6B) 

O(11)…HN(1B) 

O(12)…HN(5B) 

O(7)…N(3B) 

O(8)…N(2B) 

1.973(13) 

1.986(13) 

1.951(12) 

1.944(12) 

1.949(12) 

1.971(12) 

1.516(19) 

1.49(2) 

1.509(19) 

1.49(2) 

1.484(19) 

1.493(18) 

2.783 

2.609 

2.798 

2.799 

2.820 

2.693 

4.059 

3.081 

3.652 

3.506 

3.672 

3.675 

3.700 

3.585 

4.294 

3.938 

2.074 

2.219 

2.256 

2.141 

2.039 

2.013 

2.897 

2.969 

Co(1D)-N(1D) 

Co(1D)-N(2D) 

Co(1D)-N(3D) 

Co(1D)-N(4D) 

Co(1D)-N(5D) 

Co(1D)-N(6D) 

N(1D)-C(1D) 

N(2D)-C(8D) 

N(3D)-C(15D) 

N(4D)-C(22D) 

N(5D)-C(36D) 

N(6D)-C(29D) 

I(1)…HN(1D) 

I(1)…HN(3D) 

I(1)…HN(5D) 

I(3)…HN(2D) 

I(3)…HN(4D) 

I(3)…HN(6D) 

I(4)…HC(1P) 

I(4)…HC(1Q) 

I(1)…N(1D) 

I(1)…N(3D) 

I(1)…N(5D) 

I(3)…N(2D) 

I(3)…N(4D) 

I(3)…N(6D) 

I(4)…C(1P) 

I(4)…C(1Q) 

O(1)…HN(1D) 

O(2)…HN(6D) 

O(3)…HN(4D) 

O(4)…HN(5D) 

O(5)…HN(3D) 

O(6)…HN(2D) 

O(1)…N(1D) 

O(2)…N(6D) 

1.958(12) 

1.996(13) 

1.977(12) 

1.963(12) 

1.952(13) 

1.977(12) 

1.504(19) 

1.494(19) 

1.490(18) 

1.49(2) 

1.487(19) 

1.501(18) 

2.826 

2.794 

2.771 

2.835 

2.725 

2.760 

3.120 

2.996 

3.712 

3.681 

3.664 

3.687 

3.612 

3.633 

4.028 

3.941 

2.062 

2.265 

2.290 

1.975 

2.085 

2.197 

2.893 

2.923 
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O(9)…N(4B) 

O(10)…N(6B) 

O(11)…N(1B) 

O(12)…N(5B) 

3.011 

2.965 

2.882 

2.859 

O(3)…N(4D) 

O(4)…N(5D) 

O(5)…N(3D) 

O(6)…N(2D) 

3.006 

2.869 

2.870 

2.999 

N(1B)-Co(1)-N(2B) 

N(3B)-Co(1)-N(1B) 

N(3B)-Co(1)-N(2B) 

N(3B)-Co(1)-N(6B) 

N(4B)-Co(1)-N(1B) 

N(4B)-Co(1)-N(2B) 

N(4B)-Co(1)-N(3B) 

N(4B)-Co(1)-N(5B) 

N(4B)-Co(1)-N(6B) 

N(5B)-Co(1)-N(1B) 

N(5B)-Co(1)-N(2B) 

N(5B)-Co(1)-N(3B) 

N(5B)-Co(1)-N(6B) 

N(6B)-Co(1)-N(1B) 

N(6B)-Co(1)-N(2B) 

I(2)…H(2BA)-N(2B) 

I(2)…H(4BA)-N(4B) 

I(2)…H(6BA)-N(6B) 

I(5)…H(1BA)-N(1B) 

I(5)…H(3BA)-N(3B) 

I(5)…H(5BA)-N(5B) 

I(6)…H(2CA)-C(2C) 

I(6)…H(1AB)-C(1AA) 

O(7)…H(3BB)-N(3B) 

O(8)…H(2BB)-N(2B) 

O(9)…H(4BB)-N(4B) 

O(10)…H(6BB)-N(6B) 

O(11)…H(1BB)-N(1B) 

O(12)…H(5BB)-N(5B) 

85.0(5) 

92.8(5) 

92.6(5) 

172.5(5) 

176.4(5) 

92.8(5) 

84.4(5) 

93.1(5) 

89.0(5) 

89.3(5) 

173.3(5) 

91.4(5) 

85.4(5) 

93.9(5) 

91.3(5) 

160.5 

168.6 

161.5 

161.7 

163.0 

166.6 

97.2 

146.5 

149.8 

139.2 

140.1 

150.2 

153.6 

154.1 

N(1D)-Co(1D)-N(2D) 

N(1D)-Co(1D)-N(3D) 

N(1D)-Co(1D)-N(4D) 

N(1D)-Co(1D)-N(6D) 

N(3D)-Co(1D)-N(2D) 

N(4D)-Co(1D)-N(2D) 

N(4D)-Co(1D)-N(3D) 

N(4D)-Co(1D)-N(6D) 

N(5D)-Co(1D)-N(1D) 

N(5D)-Co(1D)-N(2D) 

N(5D)-Co(1D)-N(3D) 

N(5D)-Co(1D)-N(4D) 

N(5D)-Co(1D)-N(6D) 

N(6D)-Co(1D)-N(2D) 

N(6D)-Co(1D)-N(3D) 

I(1)…H(1DA)-N(1D) 

I(1)…H(3DA)-N(3D) 

I(1)…H(5DA)-N(5D) 

I(3)…H(2DA)-N(2D) 

I(3)…H(4DA)-N(4D) 

I(3)…H(6DA)-N(6D) 

I(4)…H(1PB)-C(1P) 

I(4)…H(1QB)-C(1Q) 

O(1)…H(1DB)-N(1D) 

O(2)…H(6DB)-N(6D) 

O(3)…H(4DB)-N(4D) 

O(4)…H(5DB)-N(5D) 

O(5)…H(3DB)-N(3D) 

O(6)…H(2DB)-N(2D) 

84.7(5) 

91.1(5) 

174.6(5) 

94.2(5) 

93.3(5) 

92.8(5) 

84.1(5) 

90.7(5) 

88.7(5) 

172.2(5) 

91.0(5) 

94.0(5) 

84.5(5) 

91.8(5) 

172.9(5) 

164.7 

165.2 

167.3 

156.4 

165.5 

161.3 

154.7 

162.6 

159.1 

147.6 

135.5 

167.0 

143.9 

146.7 
aThere are two independent molecules in the unit cell. 
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APPENDIX B: AN AIR AND WATER STABLE CATALYST FOR THE 

ENANTIOSELECTIVE GENERATION OF QUARTERNARY CARBON STEREOCENTERS 

BY ADDITION OF SUBSTITUTED CYANOACETATE ESTERS TO ACETYLENIC ESTERS 

General data. NMR spectra were recorded on a Varian NMRS 500 MHz spectrometer at 

ambient probe temperature. Chemical shifts (δ in ppm) were referenced to residual solvent signals 

(1H: CHCl3, 7.26; CDHCl2, 5.32; acetone-d5, 2.05; 13C: CDCl3, 77.2). Microanalyses (see the 

experimental section of chapter 3) were conducted by Atlantic Microlab. All reactions were carried 

out in air. 

The following materials were used as received: NMR solvents (Cambridge Isotopes: CD-

Cl3, CD2Cl2, acetone-d6), CH2Cl2 (EMD Chemicals, ACS grade), silica gel (Silicycle SiliaFlash® 

F60), TLC plates (silica gel, EMD Millipore), ethyl acetate (Sigma-Aldrich, ≥99.5%), hexanes 

(Sigma-Aldrich, ≥98.5%), CH3CN (anhydrous, BDH Chemicals, 99.5%), diethyl ether (Sigma-

Aldrich, ≥99.0%), acetone (Sigma-Aldrich, 99.5%), toluene (Omnisolv, 99.9%), ethanol (Koptec, 

200 proof), DMSO (BDH, 99.9%), conc. HCl (BDH Chemicals, 36.5-38% in water), sodium 

sulfate (anhydrous, EMD Millipore, 99.0%), dimethyl acetylenedicarboxylate (4a, Acros 

Organics, 98%), diethyl acetylenedicarboxylate (4b, Acros Organics, 97%), t-butyl propiolate (4c, 

Acros Organics, 98%), di(t-butyl) acetylenedicarboxylate (4d, eMolecules, 95%), ethyl phe-

nylcyanoacetate (5a, Alfa Aesar, 98%), t-butyl cyanoacetate (TCI Chemicals, 97%), triethyl amine 

(Macron Fine Chemicals, 99.5%), pyridine (EMD Millipore, 99.0%), 2,6-lutidine (Acros 

Organics, 98%), 2,6-di(t-butyl)pyridine (Ambeed, 98%), N-methylimidazole (Acros Organics, 

99%), morpholine (Alfa Aesar, 99%), 4-methylmorpholine (Alfa Aesar, 99%), potassium carbo-

nate (anhydrous, Alfa Aesar, 99%), 10-bromo-1-decene (Sigma-Aldrich, 97%), 1-bromotetradec-

ane (Alfa Aesar, 98%), 4-bromobenzyl bromide (Alfa Aesar, 97%), 4-methylbenzyl bromide (Alfa 

Aesar, 98%), 1-naphthaldehyde (TCI Chemicals, 95.0%), 4-dimethylaminopyridine (Sigma-

Aldrich, 99%), Hantzsch ester (diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate, 

Matrix Scientific, 95%), Ph2SiMe2 (TCI Chemicals, 97.0%).  
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The following were synthesized by literature procedures: ethyl 2-cyano-3-phenylpropan-

oate (5b),s1 t-butyl 2-cyano-3-phenylpropanoate (5c),s2 t-butyl 2-cyanopent-4-enoate (5d),s3 t-

butyl 2-cyanohex-4-enoate (5e),s3 t-butyl 2-cyano-3-(furan-2-yl)propanoate (5i),s2 t-butyl 2-cya-

no-3-(4-bromophenyl)propanoate (5j),s4 and Λ-(S,S)-23+ 2I–BArf
–.s5  

 
Figure B-1. 1H and 13C{1H} NMR spectra of 5f in CDCl3.  
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Figure B-2. 1H and 13C{1H} NMR spectra of 5g in CDCl3.  



 

-165- 

 
Figure B-3. 1H and 13C{1H} NMR spectra of 5h in CDCl3. 

 

 

 
Figure B-4. 1H and 13C{1H} NMR spectra of 5k in CDCl3.  
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Figure B-5. Spectra of 6aa in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf
–, (c) 1H NMR, 

independently prepared sample with 10 mol% Λ-(S,S)-23+ 2I–BArf
–, and (d) expansion of δ 5.65-6.15 ppm region.  
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Figure B-6. Spectra of 6ab in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) expansion 
of δ 6.10-6.35 ppm region, and (d) 13C{1H} NMR. 
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Figure B-7. Spectra of 6ac in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 1H NMR 
with 10 mol% Λ-(S,S)-23+ 2I–BArf

– of 6ac from a reaction using 2,6-lutidine, (d) expansion of δ 6.00-6.25 ppm 
region, and (e) 13C{1H} NMR. 
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Figure B-8. Spectra of 6ad in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) expansion 
of δ 6.25-6.50 ppm region, and (d) 13C{1H} NMR. 
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Figure B-9. Spectra of 6ae in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) expansion 
of δ 6.35-6.60 ppm region, and (d) 13C{1H} NMR. 
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Figure B-10. Spectra of 6af in CDCl3: (a) 1H NMR, (b) 1H NMR with 20 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.20-6.50 ppm region, and (d) 13C{1H} NMR. 



 

-172- 

 
Figure B-11. Spectra of 6ag in CDCl3: (a) 1H NMR, (b) 1H NMR with 20 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.20-6.50 ppm region, and (d) 13C{1H} NMR.  
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Figure B-12. Spectra of 6ah in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.10-6.30 ppm region, and (d) 13C{1H} NMR. 
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Figure B-13. Spectra of 6ai in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.20-6.50 ppm region, and (d) 13C{1H} NMR. 
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Figure B-14. Spectra of 6aj in CDCl3: (a) 1H NMR, (b) 1H NMR with 45 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 5.95-6.25 ppm region, and (d) 13C{1H} NMR. 
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Figure B-15. Spectra of 6ak in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.00-6.25 ppm region, and (d) 13C{1H} NMR. 
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Figure B-16. Spectra of 6bc in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.00-6.25 ppm region, and (d) 13C{1H} NMR. 
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Figure B-17. Spectra of 6cc in CDCl3: (a) 1H NMR, (b) 1H NMR with 10 mol% Λ-(S,S)-23+ 2I–BArf

–, (c) 
expansion of δ 6.70-6.95 ppm region, and (d) 13C{1H} NMR.
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Figure B-18. Application of the reaction progress kinetic analysis methods6 to a reaction similar to entry 

22 of Table 3.1 (see text). Top: plot of the concentration of 4a versus time. Bottom: plot of Δ([4a])/Δt 

versus time.
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Figure B-19. Application of the time normalization method (see text)s7 to the determination of the order in 

catalyst of a reaction similar to entry 12 of Table 3.1.  
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Figure B-20. Scope of enantioslectivities when 1.0 mol% catalyst was used. 

 

Figure B-21. Job plots for mixtures of Δ-(S,S)-23+ 2Cl–BArf
– and 4a, 5a, and pyridine in CD2Cl2 at 

ambient temperature. 
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APPENDIX C: WERNER COMPLEXES AS HYDROGEN BOND DONOR 

CATALYSTS FOR THE ENANTIOSELECTIVE FORMATION OF CARBON-

HETEROATOM BONDS AND HETEROCYCLES. 

General data. NMR spectra were recorded on a Varian NMRS 500 MHz 

spectrometer at ambient probe temperature. Chemical shifts (δ in ppm) were referenced to 

residual solvent signals (1H: CHCl3, 7.26; 13C: CDCl3, 77.2; or external C6F6 (19F, –

164.9). HPLC analyses were carried out with a Shimadzu instrument package 

(pump/autosampler/detector LC-20AD/SIL-20A/SPD-M20A). NMR solvent CDCl3 

(Cambridge Isotopes) stored over molecular sieves. HPLC grade solvents (hexanes, 

Fischer; isopropanol, JT Baker) were degassed. The CH2Cl2 (BDH Chemicals, ACS 

grade) was dried and degassed using a Glass Contour solvent purification system. 

The following materials were used as received unless noted: silica gel (Silicycle 

SiliaFlash® F60), TLC plates (silica gel, EMD Millipore), ethyl acetate (Sigma-Aldrich, 

≥99.5%), hexanes (Sigma-Aldrich, ≥98.5%), CH3CN (anhydrous, BDH Chemicals, 

99.5%), acetone (Sigma-Aldrich, 99.5%), toluene (Omnisolv, 99.9%), CH2Cl2 (Sigma-

Aldrich, >99.5%) K2CO3 (anhydrous, Alfa Aesar, 99%), 2-oxocyclopentanecarboxylate 

(6, TCI, >97%), N-fluorobenzenesulfonimide (NFSI, Arkpharm, 98%). Na2CO3 

(anhydrous, Mallinckrodt, 99%), NaHCO3 (anhydrous, Mallinckrodt, 99%), triethyl 

amine (Macron Fine Chemicals, 99.5%), pyridine (EMD Millipore, 99.0%), DABCO 

(Alfa Aesar, 98%), sodium sulfate (anhydrous, EMD Millipore, 99.0%). 

The following were synthesized by literature procedures: ethyl 3-

((tosyloxy)imino)butanoate (8),s1 dimethyl 2-(2-(pyrrolidin-1-yl)benzylidene) malonate 

(10a),s2 dimethyl 2-(2-(dibenzylamino)benzylidene) malonate (10b),s3 dimethyl 2-(2-

(diethylamino)benzylidene) malonate (10c),s3 dimethyl 2-(2-(methyl(naphthalen-2-

ylmethyl)amino)benzylidene) malonate (10d).s2 
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Methyl 1-fluoro-2-oxocyclopentanecarboxylate (7). This known compounds4 

was isolated as a yellow liquid (0.0079 g, 0.050 mmol, >99%, 79% ee). The ee value was 

determined by 19F NMR using the chiral solvating agent Λ-(S,S)-23+ 2I–BArf
– (Figure C-

1). The dominant configuration was assigned by HPLC with a Chiralcel AD-H column, 

98:2 hexane/isopropanol, 1.0 mL/min, 254 nm, tR = 31.4 min (minor), tS = 33.5 min 

(major). The order of elution was established in an earlier study with an identical 

column.s4  

Data for 7: NMR (CDCl3, δ in ppm): 1H (500 MHz) 3.80 (s, 3H, CO2CH3), 

cyclopentane ring -(CH2)3- at 2.62-2.40 (m, 3H), 2.23-2.36 (m, 1H), and 2.20-2.05 (m, 

2H); 19F (470 MHz) –163.60 (t, 3JFH = 21.0 Hz). 

 
Figure C-1. Spectra of 7 in CDCl3: (top) 19F NMR, and (bottom) 19F NMR with 10 mol% Λ-(S,S)-23+ 2I–

BArf
–. 

Ethyl 3-methyl-2H-azirine-2-carboxylate (9). This known compounds1 was 

isolated as a colorless oil (0.0032 g, 0.025 mmol, >99%, 97% ee). The ee value and the 

dominant configuration were determined by HPLC with a Chiralcel OD-H column, 98:2 
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hexane/isopropanol, 1.0 mL/min, 210 nm, tS = 7.66 min (major), tR = 11.96 min (minor).  

The order of elution was established in an earlier study with an identical column.s1  

1H NMR (500 MHz, CDCl3, δ in ppm) 4.43 (q, 3JHH = 7.1 Hz, 2H, CO2CH2CH3), 

3.42 (s, 1H, CHCO2Et), 2.74 (s, 3H, CH3C=N), 1.38 (t, 3JHH = 7.1 Hz, 3H, 

CO2CH2CH3). 

 

Figure C-2. 1H NMR Spectrum of 9 in CDCl3. 

 
Figure C-3. HPLC trace of 9 (97% ee) corresponding to data in entry 10 of Table 4.2. 
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Figure C-4. Catalysts used in Table C-1 that were not included in Table 4.3. 

Table C-1. Expansion of Table 4.3 in Chapter 4.a 

 

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ee (%)c 

1 – CH2Cl2 rt 168 0 – 

2 Λ-13+ 3BArf
– CH2Cl2 rt 17 >99 1 (S) 

3 Λ-(S,S)-23+ 2Cl–BArf
– CH2Cl2 rt 168 17 – 

4 Λ-(S,S)-23+ 2Cl–BArf
– CH2Cl2 50 48 30 24 (S) 

5 Λ-(S,S)-23+ 2BF4
–BArf

– CH2Cl2 rt 168 39 27 (S) 

6 Λ-(S,S)-23+ 2BF4
–BArf

– CDCl3 50 120 99 27 (S) 

7 Λ-(S,S)-23+ 2I–BArf
– CH2Cl2 50 48 >99 25 (S) 

8 Λ-(S,S)-23+ 3BArf
– CH2Cl2 rt 1.5 >99 10 (S) 

9 Λ-(S,S)-23+ 3BArf
– CH2Cl2 0 24 >99 8 (S) 

10 Λ-(S,S)-23+ 3BArf
– CH2Cl2 –36 168 0 – 

aA vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 mol%), and a solvent. The 

vial was sealed and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC and was worked up as described in the experimental section. bIsolated yields. 
cDetermined by HPLC (see experimental section for details).
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Table C-1. Continued.a 

 

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ee (%)c 

11 Λ-(S,S)-23+ 3BArf
– CDCl3 rt 4 >99 50 (R) 

12 Λ-(S,S)-23+ 3BArf
– toluene rt 2 >99 4 (S) 

13 Λ-(S,S)-23+ 3BArf
– dioxane rt 4 >99 6 (R) 

14 Λ-(S,S)-23+ 3BArf
– THF rt 72 0 – 

15 Λ-(S,S)-23+ 3BArf
– CH3CN rt 72 10 – 

16 Λ-(S,S)-23+ 3BArf
– acetone rt 72 10 – 

17 Λ-(S,S)-3a3+ 3BArf
– CHCl3 rt 18 50 7 (S) 

18 Δ-(S,S)-123+ 3BArf
– CHCl3 rt 18 50 6 (S) 

19 Λ-(S,S)-3b3+ 3BArf
– CH2Cl2 rt 1.5 >99 0 

20 Λ-(S,S)-3b3+ 3BArf
– CHCl3 rt 4 90 24 (S) 

21 Λ-(S,S)-3b3+ 2Cl–BArf
– CH2Cl2 50 24 >99 35 (S) 

22 Λ-(S,S)-43+ 2Cl–BArf
– CH2Cl2 50 24 50 29 (S) 

23 Λ-(S,S)-133+ 2Cl–BArf
– CH2Cl2 50 24 >99 10 (S) 

24 Λ-(S,S)-133+ 2Cl–BArf
– CH2Cl2 rt 3 >99 6 (S) 

aA vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 mol%), and a solvent. The 

vial was sealed and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC and was worked up as described in the experimental section. bIsolated yields. 
cDetermined by HPLC (see experimental section for details).
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Table C-1. Continued.a 

 

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ee (%)c 

25 Λ-(S,S)-143+ 3BArf
– CH2Cl2 rt 2 >99 0 

26 Λ-(S,S)-143+ 3BArf
– CH2Cl2 rt 120 >99 0 

27 Λ-(S,S)-23+ 3I– CH2Cl2 50 48 0 – 

28 Λ-(S,S)-153+ 3BArf
– CH2Cl2 rt 24 >99 2 (S) 

29 Λ-(S,S)-153+ 3BArf
– CHCl3 rt 24 >99 6 (S) 

30 Λ-(S,S)-3b3+ 2Cl–BArf
– CHCl3 50 24 50 43 (S) 

31 Λ-(S,S)-3b3+ 2Cl–BArf
– toluene 50 24 >99 32 (S) 

32 Λ-(S,S)-3b3+ 2BF4
–BArf

– CHCl3 50 24 50 38 (S) 

33 Λ-(S,S)-3b3+ 2BF4
–BArf

– CH2Cl2 50 24 60 31 (S) 

34 Λ-(S,S)-3a3+ 2BF4
–BArf

– CHCl3 50 96 50 11 (S) 

aA vial was charged with a stir bar, 10a (0.014 g, 0.050 mmol), a catalyst (10 mol%), and a solvent. The 

vial was sealed and the sample was brought to the indicated temperature. The reaction was stirred and 

monitored by TLC and was worked up as described in the experimental section. bIsolated yields. 
cDetermined by HPLC (see experimental section for details). 

Dimethyl 1,2,3,3a-tetrahydropyrrolo[1,2-a]quinoline-4,4(5H)-dicarboxylate 

(11a, Figure 4.5). This known compounds2 was isolated as a white solid (0.0070 g, 0.025 

mmol, 50%, 43% ee). The ee value and the dominant configuration were determined by 

HPLC with a Chiralpak OJ-H column, 90:10 hexane/isopropanol, 1.0 mL/min, 254 nm, tR 
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= 13.54 min (minor), tS = 15.05 min (major). The order of elution was established in an 

earlier study with an identical column.s2  

1H NMR (500 MHz, CDCl3, δ in ppm) 7.08 (t, 3JHH = 7.8 Hz, 1H, ArH), 7.01 (d, 

3JHH = 7.2 Hz, 1H, ArH), 6.62-6.57 ( m, 1H, ArH), 6.46 (d, 3JHH = 7.8 Hz, 1H, ArH), 

3.79 (s, 3H, CO2Me), 3.76 (dd, 3JHH = 9.0, 6.6 Hz, 1H, NCHCH2), 3.57 (s, 3H, CO2Me), 

3.40-3.32 (m, 2H, ArCHH'), –(CH2)3– at: 3.32-3.27(m, 1H), 3.24 (d, 3JHH = 15.6 Hz, 

1H), 2.46-2.37 (m, 1H), 2.18-2.03 (m, 2H), 1.98-1.88 (m, 1H).  

Dimethyl 1-benzyl-2-phenyl-1,2-dihydroquinoline-3,3(4H)-dicarboxylate 

(11b, Figure 4.5). This known compounds3 was isolated as a white solid (0.021 g, 0.050 

mmol, >99%, 82% ee). The ee value and the dominant configuration were determined by 

HPLC with a Chiralpak AD-H column, 90:10 hexane/isopropanol, 0.5 mL/min, 254 nm, 

tS = 13.88 min (major), tR = 17.12 min (minor). The order of elution was established in an 

earlier study with an identical column.s3 

1H NMR (500 MHz, CDCl3, δ in ppm) 7.32-7.10 (m, 12H, ArH), 6.66 (d, 3JHH = 

8.0 Hz, 1H, ArH), 6.52 (d, 3JHH = 8.0 Hz, 1H, ArH), 5.31 (s, 1H, NCHPh), 4.48 (d, 2JHH 

= 17.2 Hz, 1H, NCHH'Ph), 4.32 (d, 2JHH = 17.2 Hz, 1H, NCHH'Ph), 3.65 (s, 3H, CO2Me), 

3.57 (s, 3H, CO2Me), 3.40 (d, 2JHH = 16.0 Hz, 1H, ArCHH'), 3.32 (d, 2JHH = 16.0 Hz, 

1H, ArCHH').  

Dimethyl 1-ethyl-2-methyl-1,2-dihydroquinoline-3,3(4H)-dicarboxylate (11c, 

Figure 4.5). This known compounds3 was isolated as a colorless oil (0.013 g, 0.045 mmol, 

90%, 0% ee). The ee value was determined by HPLC with a Chiralpak AD-H column, 

90:10 hexane/isopropanol, 0.5 mL/min, 254 nm, tS = 9.61 min, tR = 11.00 min.s3 

1H NMR (500 MHz, CDCl3, δ in ppm) 7.10-7.02 (m, 2H, ArH), 6.60 (d, 3JHH = 

7.6 Hz, 1H, ArH), 6.54 (d, 3JHH = 7.6 Hz, 1H, ArH), 4.18 (q, 3JHH = 6.8 Hz, 1H, 

NCHCH3), 3.77 (s, 3H, CO2Me), 3.61 (s, 3H, CO2Me), 3.50-3.35 (m, 2H, NCH2CH3), 
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3.32-3.20 (d, 2JHH = 17.2 Hz, 1H, ArCHH'), 3.20 (d, 2JHH = 17.2 Hz, 1H, ArCHH'), 1.20 

(d, 3JHH = 6.8 Hz, 3H, NCHCH3), 1.05 (t, 3JHH = 6.8 Hz, 3H, NCH2CH3).  

Dimethyl 1-methyl-2-(naphthalen-2-yl)-1,2-dihydroquinoline-3,3(4H)-

dicarboxylate (11d, Figure 4.5). This known compounds2 was isolated as a colorless oil 

(0.020 g, 0.050 mmol, >99%, 27% ee). The ee value and the dominant configuration were 

determined by HPLC with a Chiralpak IC column, 90:10 hexane/isopropanol, 1.0 mL/min, 

254 nm, tR = 7.00 min (minor), tS = 11.20 min (major). The order of elution was 

established in an earlier study with an identical column.s2  

1H NMR (500 MHz, CDCl3, δ in ppm) 7.81-7.77 (m, 1H, ArH), 7.75-7.12 (m, 2H, 

ArH), 7.61 (s, 1H, ArH), 7.45-7.44 (m, 2H, ArH), 7.26-7.22 (m, 1H, ArH), 7.19 (t, 3JHH 

= 7.5 Hz, 1H, ArH), 7.07 (d, 3JHH = 7.2 Hz, 1H, ArH), 6.67 (t, 3JHH = 7.5 Hz, 1H, ArH), 

6.65 (d, 3JHH = 8.4 Hz, 1H, ArH), 5.29 (s, 1H, NCHC10H7), 3.62 (s, 3H, CO2Me), 3.56 

(s, 3H, CO2Me), 3.37-3.23 (m, 2H, ArCHH'), 2.93 (s, 3H, NCH3).  

 
Figure C-4. HPLC trace of 11a (43% ee) corresponding to data in Figure 4.5. 
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Figure C-5. HPLC trace of 11b (82% ee) corresponding to data in Figure 4.5. 

 
Figure C-6. HPLC trace of 11c (0% ee) corresponding to data in Figure 4.5. 
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Figure C-7. HPLC trace of 11d (27% ee) corresponding to data in Figure 4.5. 
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APPENDIX D: WERNER COMPLEXES WITH NON-INNOCENT ANIONS IN 

ENANTIOSELECTIVE CATALYSIS. 

General data. NMR spectra were recorded on a Varian NMRS 500 MHz 

spectrometer at ambient probe temperature. Chemical shifts (δ in ppm) were referenced to 

residual solvent signals (1H: CHCl3, 7.26; CHD2OD, 3.30; CDHCl2, 5.32; 13C: CDCl3, 

77.2; CD3OD, 49.0; CD2Cl2, 54.0) or external C6F6 (19F, –164.9). IR spectra were 

recorded on a Shimadzu IRAffinity-1 spectrometer (Pike MIRacle ATR system, 

diamond/ZnSe crystal). Melting points were determined using an OptiMelt MPA 100 

instrument. Microanalyses were conducted by Atlantic Microlab. HPLC analyses were 

carried out with a Shimadzu instrument package (pump/autosampler/detector LC-

20AD/SIL-20A/SPD-M20A). 

NMR solvents (Cambridge Isotopes) were treated as follows: CDCl3, CD2Cl2, and 

CD3OD, stored over molecular sieves. HPLC grade solvents (hexanes, Fischer; 

isopropanol, JT Baker) were degassed. The following materials were used as received: 

CH2Cl2 (Sigma-Aldrich, >99.5%), CH3OH (Sigma-Aldrich, >99.8%), CHCl3 (Macron 

Fine Chemicals, ACS grade), THF (Sigma-Aldrich, >99.9%), DMSO (BDH, ACS grade), 

DMF (Mallinckrodt Chemicals, ACS grade), hexanes (Sigma-Aldrich, >98.5%), ethyl 

acetate (Sigma-Aldrich, >99.5%), Na+ BArf
– (BArf

– = B(3,5-C6H3(CF3)2)4
–; Ark Pharm, 

97%), AgF (anhydrous, Aldrich, 99%), silica gel (Silicycle SilicaFlash® F60), Celite 545 

(Aldrich), Na2SO4 (EMD, anhydrous, >99%), Ph2SiMe2 (TCI Chemicals, 97.0%), 

trifluoromethyl trimethylsilane (TMSCF3, Oakwood Chemical, 98%), concentrated HCl 

(BDH, ACS grade), benzaldehyde (3a, Alfa Aesar, >99%), 1-naphthaldehyde (3b, TCI, 

>95%), 2-chlorobenzaldehyde (3c, Aldrich, 99%), p-tolualdehyde (3d, Alfa Aesar, 98%), 

4-(trifluoromethyl)benzaldehyde (3e, TCI, >95%), 2-thiophenecarboxaldehyde (3f, Alfa 

Aesar, >98%). 
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Trimethylsilyl-1-phenyl-2,2,2-trifluoroethanol (4a, Figure 5.4). This known 

compounds1 was isolated as a colorless liquid (0.087 g, 0.35 mmol, 70%, 99% ee). NMR 

(CDCl3, δ in ppm): 1H (500 MHz) 7.70-7.40 (m, 5H, Ph), 4.98 (q, 3JFH = 6.6 Hz, 1H, 

PhCHCF3), 0.18 (s, 9H, Si(CH3)3); 19F (470 Hz) –78.3 (d, 3JFH = 6.6 Hz, 3F, CF3). The 

ee value and the dominant configuration were determined by HPLC after conversion to 

the corresponding alcohol as described in the main text: Chiralcel OD-H column, 98:2 

hexane:isopropanol, 1.0 mL/min, 254 nm, tR = 23.08 min (major), tS = 30.05 min (minor). 

The order of elution was established in an earlier study with an identical column.s2  

Trimethylsilyl-1-(1-naphthyl)-2,2,2-trifluoroethanol (4b, Figure 5.4). This 

known compounds3 was isolated as a yellow liquid (0.048 g, 0.16 mmol, 32%, 84% ee). 

NMR (CDCl3, δ in ppm): 1H (500 MHz) 8.15 (d, 3JHH = 8.5 Hz, 1H, ArH), 7.95-7.90 (m, 

2H, ArH), 7.88 (d, 3JHH = 7.2 Hz, 1H, ArH), 7.62-7.52 (m, 3H, ArH), 5.81 (q, 3JFH = 6.3 

Hz, 1H, ArCHCF3), 0.14 (s, 9H, Si(CH3)3); 19F (470 Hz) –77.3 (d, 3JFH = 6.3 Hz, 3F, 

CF3). The ee value and the dominant configuration were determined by HPLC after 

conversion to the corresponding alcohol as described in the main text: Chiralcel AS-H 

column, 98:2 hexane/isopropanol, 1.0 mL/min, 254 nm, tR = 18.68 min (major), tS = 21.30 

min (minor). The order of elution was established in an earlier study with an identical 

column.s4  

Trimethylsilyl-1-(2-chlorophenyl)-2,2,2-trifluoroethanol (4c, Figure 5.4). This 

new compound was isolated as a colorless liquid (0.061 g, 0.22 mmol, 43%, >99% ee). 

NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.41-7.40 (m, 1H, ArH), 7.39 (d, 3JHH = 1.9 Hz, 

1H, ArH), 7.35-7.31 (m, 2H, ArH), 5.57 (q, 3JFH = 6.2 Hz, 1H, ArCHCF3), 0.13 (s, 9H, 

Si(CH3)3); 19F (470 Hz) –78.2 (d, 3JFH = 6.3 Hz, 3F, CF3). The ee value was determined 

by HPLC after conversion to the corresponding alcohol as described in the main text: 

Chiralcel OD-H column, 98:2 hexane/isopropanol, 1.0 mL/min, 254 nm, t = 33.11 min. 
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The dominant configuration was presumed to be analogous to those of 4a,b,d-f. 

Trimethylsilyl-1-(4-methylphenyl)-2,2,2-trifluoroethanol (4d, Figure 5.4). 

This known compounds1 was isolated as a colorless liquid (0.026 g, 0.10 mmol, 20%, 99% 

ee). NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.39 (d, 3JHH = 8.5 Hz, 2H, ArH), 7.20 (d, 

3JHH = 8.5 Hz, 2H, ArH), 4.95 (q, 3JFH = 6.6 Hz, 1H, ArCHCF3), 2.37 (s, 3H, CH3Ar), 

0.15 (s, 9H, Si(CH3)3); 19F (470 Hz) –78.5 (d, 3JFH = 6.6 Hz, 3F, CF3). The ee value and 

the dominant configuration were determined by HPLC after conversion to the 

corresponding alcohol as described in the main text: Chiralcel OD-H column, 98:2 

hexane/isopropanol, 1.0 mL/min, 254 nm, tR = 17.85 min (major), tS = 25.18 min (minor). 

The order of elution was established in an earlier study with an identical column.s5  

Trimethylsilyl-1-(4-trifluoromethylphenyl)-2,2,2-trifluoroethanol (4e, Figure 

5.4). This known compounds6 was isolated as a yellow liquid in 31% yield (0.031 g, 0.15 

mmol, 31%, 99% ee). NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.66 (d, 3JHH = 8.1 Hz, 

2H, ArH), 7.60 (d, 3JHH = 8.1 Hz, 2H, ArH), 4.98 (q, 3JFH = 6.4 Hz, 1H, ArCHCF3), 0.15 

(s, 9H, Si(CH3)3); 19F (470 Hz) –62.8 (s, 3F, ArCF3), –78.3 (d, 3JFH = 6.5 Hz, 3F, 

CHCF3). The ee value and the dominant configuration were determined by HPLC after 

conversion to the corresponding alcohol as described in the main text: Chiralcel OD 

column, 95:5 hexane/isopropanol, 1.0 mL/min, 254 nm, tR = 6.93 min (major), tS = 7.69 

min (minor). The order of elution was established in an earlier study with an identical 

column.s7  

Trimethylsilyl-1-(2-thiophenyl)-2,2,2-trifluoroethanol (4f, Figure 5.4). This 

known compounds8 was isolated as a colorless liquid (0.057 g, 0.23 mmol, 45%, 54% ee). 

NMR (CDCl3, δ in ppm): 1H (500 MHz) 7.36 (d, 3JHH = 5.1 Hz, 1H, ArH), 7.16 (d, 3JHH 

= 3.5 Hz, 1H, ArH), 7.04 (dd, 3JHH = 3.6, 5.0 Hz, 1H, ArH), 5.26 (q, 3JFH = 6.3 Hz, 1H, 

ArCHCF3), 0.15 (s, 9H, Si(CH3)3); 19F (470 Hz) –79.5 (d, 3JFH = 6.3 Hz, 3F, CHCF3). 
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The ee value and the dominant configuration were determined by HPLC after conversion 

to the corresponding alcohol as described in the main text: Chiralcel OD column, 95:5 

hexane/isopropanol, 0.8 mL/min, 254 nm, tS = 36.4 min (major), tR = 47.2 min (minor). 

The order of elution was established in an earlier study with an identical column.s9  

5-nitro-4-phenylpentane-2-one (6, Table 5.2, entry 10). This known 

compounds10 was isolated as a white solid (0.011 g, 0.050 mmol, >99%, 58% ee). NMR 

(CDCl3, δ in ppm): 1H (500 MHz) 7.35 (m, 2H, PhH), 7.32 (m, 1H, PhH), 7.22 (m, 2H, 

PhH), PhCHCH2NO2 at: 4.71 (m, 1H), 4.62 (m, 1H), 4.04 (m, 1H), 2.93 (d, 3JHH = 7.3 

Hz, 2H, CH3C(O)CH2), 2.12 (s, 3H, CH3C(O)CH2). The ee value and the dominant 

configuration were determined by HPLC with a Chiralcel AS-H column, 60:40 

hexane/isopropanol, 1.0 mL/min, 254 nm, tS = 8.84 min (minor), tR = 10.77 min (major). 

The order of elution was established in an earlier study with an identical column.s10  



 

-197- 

 
Figure D-1. HPLC trace of 4a: racemic sample (top), and scalemic sample (99% ee, bottom) 

corresponding to data in Figure 5.4 and Table 5.1, entry 6. 
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Figure D-2. HPLC trace of 4a (90% ee,) corresponding to data in Table 5.1, entry 5. 

 
Figure D-3. HPLC trace of 4a (62% ee) corresponding to data in Table 5.1, entry 7. 
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Figure D-4. HPLC trace of 4b (84% ee) corresponding to data in Figure 5.4. 

 
Figure D-5. HPLC trace of 4c (>99% ee) corresponding to data in Figure 5.4. 
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Figure D-6. HPLC trace of 4d (99% ee) corresponding to data in Figure 5.4.

 

Figure D-7. HPLC trace of 4e (99% ee) corresponding to data in Figure 5.4. 
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Figure D-8. HPLC trace of 4f (54% ee) corresponding to data in Figure 5.4. 

 
Figure D-9. HPLC trace of 6 (58% ee) corresponding to data in entry 10, Table 5.2. 
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