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ABSTRACT 

ENANTIOMERIC SEPARATIONS AND NEW CHIRAL STATIONARY PHASES 
 

Chunlei Wang, PhD 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor: Daniel W. Armstrong 

Chirality is an important concern for biological activity because asymmetry dominates biological processes 

at a molecular level. After nearly thirty years of development, liquid chromatographic separations on chiral 

stationary phases (CSPs) have become the state-of-art technology for resolution of enanantiomeric 

compounds. However, with the trend in the pharmaceutical industry to replace racemate drugs with their 

single enantiomer forms, chiral methods are in ever increasing demand.  The efficient development of 

enantiomeric separation methods is still challenging and time consuming. In this thesis, we present new 

approaches for the enantiomeric separation of two important pharmaceutical compounds, the development 

of three new CSPs, and mechanistic studies of the cyclofructan-based CSPs. 

Part one discusses the enantiomeric separation of β-lactams and astaxanthin on cyclodextrin- and cellulose-

based CSPs, respectively. Part two presents three types of new CSPs, i.e., the boromycin CSP, the 

cyclofructan-based CSP, and a synthetic polymer-based CSP. Supercritical fluid chromatography (SFC) 

separations on polymeric CSPs are also discussed in detail. Part three examines the host-guest 

complexation between cyclofructans and metal cations, application of its host-guest complexation for the 

purification of cyclofructans, and possible chiral recognition mechanisms of cyclofructans.  
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CHAPTER 1 
 

INTRODUCTION 

  There is a remarkable discrepancy between, on one hand, the high requirements 
        for purity as laid down in the various pharmacopoeias and, on the other hand, the 

    indiscriminate use of racemic mixtures; that is, the neglect of the extremely high 
    degrees of impurity-the "isomeric ballast"-that they actually contain. There is no 

    reason why the distomer should not contribute to the toxic action.1  

                                                                                                                 Ariëns, 1984 

1.1 Importance and Challenges of Enantiomeric Separations  

Chirality is one of the most fundamental and fascinating aspects of life. Most biomolecules are chiral, such 

as sugars, amino acids, proteins, the nucleic acids, DNA and RNA. More interestingly, chiral biomolecules 

exist dominantly in one enantiomeric form in living organisms, i.e., D-sugars and L-amino acids.  A group 

of molecules possessing the same sense of chirality is known as homochiral. Homochirality is considered 

“the signature of life”,2 and the origin of homochirality is listed as one of the top 125 questions facing 

scientific inquiry over the next quarter-century by the Science magazine in 2005.3 An understanding in 

homochirality could even provide crucial knowledge as to the origin of life. If research on homochirality is 

simply to cater to ones curiosity, chirality does draw probably the most practical concerns: the health and 

well-being of our lives.4 Since countless biological pathways of the life cycle are so intricately 

enantioselective, the ability to discriminate between chiral molecules holds vast importance in biochemical 

development.  Chiral selection plays an even more critical role in matters dealing with extraneously 

introduced substances (from food additives to drugs) that affect these metabolic pathways, of which is an 

area that garners special consideration from regulatory agencies worldwide.5 

The ability to analyze and/or separate enantiomers is usually a prerequisite for almost all avenues of 

research involving chirality. Many non-chromatographic techniques have been used for enantiomeric 

analysis, e.g., polarimetry, nuclear magnetic resonance, isotopic dilution, calorimetry, and enzyme 

techniques. Unfortunately, these techniques require enantiomeric pure samples as standards or references. 
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On the other hand, chromatographic methods, especially enantiomeric separations by high performance 

liquid chromatography (HPLC), have become the method of choice due to the wide availability of 

chromatographic instruments, high extent of automation, as well as its high reproducibility and 

transferability. In addition to their application in enantiomeric analysis, HPLC and supercritical fluid 

chromatography (SFC) also can be employed to purify targeted enantiomers in large quantities via 

preparative scale separations. As a matter of fact, the development and maturity of chiral HPLC methods 

played an active role in driving the pharmaceutical industry towards producing single enantiomer drugs.6 

Developing an enantioselective chromatographic method is not always easy. The most challenging aspect 

for chiral method development is to choose the right chiral stationary phase (CSP). Currently, there are 

over a hundred CSPs available commercially.7 On one hand, more CSPs provide more “degrees of 

freedom” for researchers. On the other hand, one might have to undertake an arduous path of searching 

through multiple manufacture’s brochures when faced with a limited time and budget. Fortunately, Most of 

the chiral separations can be achieved on relatively few CSPs (e.g., macrocyclic glycopeptides CSPs and 

polysaccharide CSPs).7 “It is only when these few ‘mainstays’ don’t work that the sometimes arduous task 

of surveying the vast array of other columns presents itself.”7 However, even with those “mainstay” CSPs, 

it is not usually an easy task to find the right chromatographic conditions for certain compounds.  

1.2 Research Objectives and Organization of the Thesis 

My general research goal is to advance chiral HPLC method development via three approaches, which 

corresponds to the three parts in this thesis.  

Although accumulated trial-and-error knowledge or simply experience does not sound scientific, these 

provide the main source of information when selecting the right chromatographic columns and conditions 

for enantiomeric separations nowadays. The first part of my research focuses on expanding the general 

knowledge database of enantiomeric separations on the most useful CSPs for important classes of chiral 

compounds. Chapter one discusses the separation of β-lactams on cyclodextrin based CSPs; Chapter two 

reports the first baseline separation of astaxanthin on cellulosic based CSPs. Those are important 

separations that have immediate applications in the pharmaceutical industry. Indeed, the chromatographic 
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method for the separation of astaxanthin stereoisomers was directly transferred to a pharmaceutical 

company and used for both analytical and preparative separations.  

The second part of my research involves the development of new CSPs. Instead of focusing on broad 

selectivity, we developed CSPs with high specificity, i.e., having almost universal enantioselectivity for 

certain classes of compounds. Chapter three presents the performance of the boromycin-based CSP, which 

shows a 98% success rate for enantiomeric separation of primary amine compounds. Chapter four discusses 

the cyclofructan family CSPs, which display different chiral recognition ability when derivatized with 

different groups. Certain types of derivatized cyclofructan CSPs showed high chiral selectivity for amine 

containing compounds, whereas differently derivatized cyclofructan CSPs produced broader chiral 

selectivity for other types of compounds. Chapter five outlines the development of a synthetic polymeric 

CSP, which is believed to have good preparative capabilities given the high loading ability of polymeric 

chiral selectors. Chapter six reports the performance of polymeric CSPs in SFC, which is considered a 

green technique of increasing popularity especially for preparative separations. 

The last part of my research is dedicated to understanding of the separation mechanism of cyclofructan 

family of CSPs. The “holy grail” of the chiral separation research is to be able to predict whether or not a 

specific CSP can separate certain enantiomers. This is possible only with a full understanding of the chiral 

selector. There are limited studies of cyclofructans since its discovery in 1989, and more basic host-guest 

studies are needed for a better understanding of cyclofructan CSPs. Chapter seven describes an electrospray 

ionization mass spectrometry (ESI-MS) study of the complexation of cyclofructans with metal cations. 

Chapter eight takes advantage of the host-guest chemistry of cyclofructans and presents an efficient 

separation method for the homologous series of cyclofructans in the hydrophilic chromatography (HILIC) 

mode. Chapter nine discusses the operation mechanism of cyclofructan CSPs with the aid of computational 

methods. 
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CHAPTER 2 
 

SEPARATION OF ENANTIOMERS OF Β-LACTAMS BY HPLC USING CYCLODEXTRIN-BASED 
CHIRAL STATIONARY PHASES 

2.1 Abstract 

The enantiomeric separation of 12 β-lactam compounds on 3 native cyclodextrin and 6 derivatized β-

cyclodextrin stationary phases was evaluated using high performance liquid chromatography (HPLC). The 

dimethylphenyl carbamate functionalized chiral stationary phase (CSP) (Cyclobond I 2000 DMP) separated 

11 of the 12 β-lactams in the reversed phase mode. The dimethylated β-cyclodextrin column (Cyclobond I 

2000 DM) was the second most effective CSP and it separated 8 of the 12 compounds. The reversed phase 

separation mode was the most effective approach. The effects of the composition and the flow rate on 

enantioseparations were studied. The effect of the structure of the substituents on the β-lactams was 

examined. P. Sun, C. Wang, A. Péter, and D. W. Armstrong. Journal of Liquid Chromatography & Related 

Technologies (2006), 29(13), 1847-1860. Copyright © 2006 with permission from the Taylor & Francis 

Group, LLC. 

2.2 Introduction 

β-Lactams, including penicillins and cephalosporins, are one of the most widely used types of antibiotics. 

Their antibacterial function results from the four-membered β-lactam ring inhibiting the formation of 

bacterial cell walls.1 Many synthetic methods have been developed to construct β-lactams with functional 

groups and defined stereochemistry.8 In addition, β-lactams have been used as important building blocks in 

the synthesis of other compounds of biological importance, such as amino acid, peptides, and heterocyclic 

molecules.9  

Stereochemistry greatly affects the synthetic approach, as well as the biological activity of these 

compounds, so there is a great need for obtaining enantiomerically pure β-lactams. Due to its flexibility, 

broad selectivity and high efficiency, liquid chromatography with chiral stationary phases (CSPs) has been  
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widely used for enantioseparations.10 Some enantiomers of β-lactams with aromatic substituents in the 3- or 

4-position were separated on an amino acid-derived CSP ((S)-N-3,5-dinitrobenzoylleucine).10f It was 

reported that a C3, C4-substituted β-lactamic cholesterol absorption inhibitor was separated on an amylose-

based chiral stationary phases (Chiralpak AD and AS).10a The enantiomers of 12 β-lactams were separated 

on two types of CSPs, one of which was a cellulose-tris-3,5-dimethylphenyl carbamate, and the other of 

which was a macrocyclic glycopeptide antibiotic teicoplanin or teicoplanin aglycone CSP.10c 

Cyclodextrin-based CSPs have been widely used to separate chiral compounds,11 especially those with 

aromatic moities. This class of chiral stationary phases has not been used for separating bicyclic and 

tricyclic β-lactams to our knowledge. In this work, the enantioseparation of 12 chiral β-lactams is evaluated 

by comparing 3 native and 6 derivatized cyclodextrin based CSPs in different chromatographic modes. The 

effects of the composition of the mobile phase and flow rate on enantioseparation are studied. The effects 

of the structure of the analytes on retention and selectivity also are discussed.  

2.3 Experimental 

2.3.1 Materials 

2-Azetidinone was purchased from Aldrich (Milwaukee, WI, USA). The twelve β-lactams were given by 

Antal Péter. They are dissolved in either ethanol or acetonitrile. Ethanol (200 proof) was obtained from 

Aaper Alcohol and Chemical Company (Shelbyville, KY, USA). Acetonitrile, methanol, tetrahydrafuran 

(THF), isopropanol and heptane of HPLC grade were purchased from Fisher Scientific (Fairlawn, NJ, 

USA). Water was deionized and filtered through active charcoal and a 5-µm filter. Cyclobond I (β-

cyclodextrin), II (γ-cyclodextrin), III (α-cyclodextrin), AC (acetylated β-cyclodextrin), DM (dimethylated 

β-cyclodextrin), RSP (hydroxypropyl ether β-cyclodextrin), DMP (dimethylphenyl carbamate β-

cyclodextrin), RN and SN (naphthylethyl carbamate) CSPs were obtained from Advanced Separation 

Technologies (Whippany, NJ, USA).  

2.3.2 Equipment 

Chromatographic separations were carried out in three HPLC systems. The first system was a HP (Agilent 

Technologies, Palo Alto, CA, USA) 1050 system with a UV VWD detector, an autosampler, a quaternary 
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pump and Chemstation software. The second system consisted of a UV detector (SPD-6A, Shimadzu, 

Kyoto, Japan), a pump (LC-6A, Shimadzu), a system controller (SCL-10A, Shimadzu) and a 

chromatographic integrator (SPD-6A, Shimadzu). The third one included a pump (LC-10A, Shimadzu), a 

UV detector (SPD-10A, Shimadzu) and an integrator (SPD-6A, Shimadzu). In these systems, the samples 

were injected via a six-port injection valve with a 10 µL sample loop (Rheodyne, Cotati, CA, USA). 

Mobile phase was degassed by ultrasonication under vacuum for 5 min. All compounds are detected at 210 

nm. 

2.3.3 Column Evaluation 

All CSPs were evaluated in the reversed phase mode using acetonitrile-water, methanol-water, and 

tetrahydrafuran-water. Except DM, all CSPs were also evaluated in the polar organic mode using 

acetonitrile/methanol. Aromatic derivatized CSPs (DMP, SN and RN) were evaluated in the normal phase 

mode with isopropanol-heptane mobile phase. All separations were carried out at room temperature with 

the mobile phase flow rate of 1.0 mL/ min.  

2.3.4 Calculations 

The retention factor (k) was calculated using the equation k = (tr-t0)/tr, where tr is the retention time, and t0 

is the dead time which is determined by the peak of the refractive index change due to the sample solvent. 

Selectivity (α) was calculated by α=k2/k1, where k1 and k2 are the retention factors of the first and second 

eluted enantiomers, respectively. The resolution (Rs) was determined using Rs = 2×(tr2 -tr1)/(w1 + w2), 

where w is the base peak width. The efficiency (the number of theoretical plates, N) was calculated by N= 

16×(tr/ w)2. 

2.4 Results and Discussion 

2.4.1 Evaluation 

In this work, nine cyclodextrin-based CSPs were evaluated for their ability to separate 12 chiral bicyclic or 

tricyclic β-lactam compounds in the reversed phase mode. Because these β-lactams have no ionizable 

groups, the pH of the mobile phase does not greatly affect the enantioseparation. Three types of organic 

modifier were used: methanol, acetonitrile, and tetrahydrofuran. Except for the Cyclobond I 2000 DM CSP, 

the other eight columns were evaluated in the polar organic mode with acetonitrile/methanol as the mobile 
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phase. In the normal phase mode, the main attractive interactions between analytes and the chiral stationary 

phase are of the π-π and dipolar types, so only the aromatic derivatized cyclodextrin-based CSPs (DMP, 

RN, and SN) were used in the normal phase mode with heptane /2-propanol as the mobile phase. 

In the reversed phase mode, enatioselectivity (α≥1.02) was observed for all the 12 β-lactams. Table 2.1 

shows the compound structure and the separation results (including k1’, α, Rs, and the mobile phase 

composition) under optimized conditions. If the chiral analytes are partially separated (0.3<Rs<1.5), the 

condition with the largest Rs was selected. When baseline separation occured (Rs≥1.5), the conditions that 

produced the smallest k’ are given. The results show that seven β-lactams (Compounds 4, 5, 6, 7, 8, 9, and 

10) are baseline separated and five (Compounds 1, 2, 3, 11, and 12) are partially separated. Decreasing the 

flow rate from 1.0 mL/min to 0.5 ml/min improved all the enantioseparations. At the lower flow rate 

compounds 4, 5, and 7 were baseline separated, while at higher flow rates, they were not.  

In order to illustrate the effect of the analyte structure on the enantioseparation, Table 2.1 also includes the 

chromatographic retention data of compound 13 (2-azetidinone, a nonchiral compound). This compound 

has greater retention in the polar organic mode (methanol/acetonitrile=1/99) than in the reversed phase 

mode (acetonitrile/water =1/99). It is most strongly retained on the γ-cyclodextrin CSP, with a k’=0.91, 

shown in Table 2.1. Enantioresolution varied for different β-lactams and Figure 2.1 shows selected 

chromatograms for the best (compounds 9 and 10), moderate (compounds 5 and 12), and the worst 

resolutions (compounds 1 and 3).  

Different columns have different selectivities for these β-lactams. Figure 2.2A shows the performance of 

nine CSPs. The dimethylphenyl functionalized β-cyclodextrin (Cyclobond I 2000 DMP) is the most 

effective column for separating these β-lactam enatiomers. It showed enantioselectivity for eleven of the β-

lactams (all except compound 12), including five baseline separations and six partial separations. The 

dimethylated β-cyclodextrin (Cyclobond I 2000 DM) is the second effective column with two baseline and 

six partial separations. For the native cyclodextrin CSPs, only γ-cyclodextrin showed any enantioselectivity 

for these compounds (e.g. for two of the chiral β-lactam compounds). It is apparent that the different 

functional groups of the derivatized cyclodextrin CSPs provide enhanced enantioselectivity and expand the 
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Table 2.1 Summary of the optimized enantioseparation results. 

Number Structure CSPa k1 α Rsb Rs*c Mobile Phase (v/v) 

1 

 

 
 

DMP 3.14  1.06  0.8  0.9  ACN/H2O=1/99 

2 
 

DMP 7.85  1.07  0.9  0.9  ACN/H2O=1/99 

3 
 

DMP 3.88  1.08  0.9  1.0  ACN/H2O=1/99 

4 
 

DMP 4.70  1.11  1.3  1.5  ACN/H2O=1/99 

5 
 

DMP 3.96  1.10  1.2  1.5  MeOH/H2O=30/70 

6 
 

DMP 7.40  1.08  1.5  1.6  ACN/H2O=15/85 

7 
 

DM  2.68  1.14  1.4  1.5  THF/H2O=0.1/100 

8 
 

DMP 4.20  1.10  1.5  1.9  ACN/H2O=15/85 

9 
 

DMP 5.20  1.13  1.9  2.4  ACN/H2O=15/85 

10 
 

DM  2.13  1.20  1.6  2.0  ACN/H2O=5/95 

11 
 

SN 7.34  1.07  1.2  1.2  ACN/H2O=5/95 

12  DM 1.24  1.11  1.2  1.3  THF/H2O=0.1/99.9 

13d 
  

II 0.91       MeOH/ACN=1/99 

afor the CSP designated by the abbreviations, see Experimental sections. 
bobtained at 1.0 mL/min; cobtained at 0.5 mL/min. 
dk’ on α, β, DMP, DM, RSP, RN, SN, and AC in the reversed phase (acetonitrile/water =1/99) and polar 
organic mode (acetonitrile/methanol=99/1) are 0.19 and 0.47, 0.07 and 0.41, 0.23 and 0.57, 0.09 , 0.17 and 
0.44, 0.22 and 0.42, 0.20 and 0.52, 0.13 and 0.42, respectively.   
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usefulness of CSPs based on cyclodextrin. 

Only the aromatic derivatized cyclodextrin CSPs (DMP, SN and RN) can be used to separate enantiomers 

in all three chromatographic modes (shown in Figure 2.2B). Eleven compounds are separated in the 

reversed phase mode on the Cyclobond DMP compared to four on the RN and three on the SN column. In 

the normal phase mode, the DMP, RN, and SN columns can separate one, one, and two compounds, 

respectively. In the polar organic mode, only compound 10 was separated on the DMP and SN columns, 

while the RN column did not achieve any enantioseparations. The separation efficiencies in the reversed 

phase mode are significantly greater than in the other two modes. Comparing the resolution (Rs) achieved 

in different modes for the same compound, the reversed phase separations consistently produced larger Rs –

values for these compounds. The separation of compound 10 on the Cyclobond I-2000 SN is a good 

example. With acetonitrile/water (20/80), the Rs is 2.0, while in 100% acetonitrile and 2-propanol/heptane 

(5/95) the values are 0.5 and 1.0 respectively. The change in enantioresolution in different chromatographic 

modes depends on the retention mechanism. In the reversed phase mode, inclusion complexation is the 

dominant retentive interaction while CSPs form dipolar and π-complexes in the normal phase mode. The 

hydrogen bonding interactions are the most important in the polar organic mode. 

2.4.2 Effect of Mobile Phase on Enantioseparation 

2.4.2.1 Type of Organic Modifier 

In the reversed phase mode on Cyclobond CSPs, acetonitrile and methanol are more commonly used than 

tetrahydrofuran as organic modifiers. The optimized separations for ten of twelve compounds were 

achieved with acetonitrile or methanol and water as the mobile phase (Table 2.1). The best separations for 

compounds 7 and 12 were achieved with tetrahydrofuran (THF)-water mobile phases. Comparing 

acetonitrile and methanol as organic modifiers, acetonitrile is more successful mainly due to the higher 

chromatographic efficiencies produced the selectivity was similar for most compounds. In some specific 

cases, changing from acetonitrile to methanol has a notable effect on enantioselectivity. For example, using 

acetonitrile/water as the mobile phase, no selectivity for compound 10 was seen on the Cyclobond I 2000 

DMP column, while it was partially separated with a methanol-water mobile phase, as shown in Figure 2.3. 
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2.4.2.2 Concentration of Organic Modifier 

When operating in the reversed phase mode, an important interaction between the CSPs and analytes is the 

hydrophobic inclusion complex. Organic solvents compete with the analytes for the nonpolar cavity of the 

cyclodextrin, so the analytes are more strongly retained when the concentration of the organic modifier is 

decreased. Changing the concentration of organic modifier changes the retention, selectivity and resolution. 

Table 2.2 lists the separation results for compound 10 as separated on the Cyclobond I 2000 SN column. 

When the percentage of acetonitrile is below 80%, decreasing the concentration of acetonitrile increases the 

retention, enantioselectivity, and resolution of the analytes. However, when the percentage of acetonitrile is 

above 80%, the reverse trend is obtained. In pure acetonitrile (the polar organic mode), a partial separation 

(Rs=0.6, α=1.08) was obtained.  

2.4.2.3 Flow Rate of the Mobile Phase 

Changing the flow rate of the mobile phase affects the efficiency of liquid chromatography. Table 2.3 

shows the separation results for compound 12 on the Cyclobond I 2000 SN column with a THF/water 

(1/99) mobile phase. When decreasing the flow rate from 1.0 ml/min to 0.2 ml/min, the selectivity (in the 

range of 1.128-1.130) and the retention factor (0.64) are the same within experimental error. The main 

factor contributing the change of resolution is efficiency (N1, the number of theoretical plates of the first 

peak). Decreasing the flow rate from 1.0 to 0.2 mL/min improved the efficiency (N increased from 7040 to 

8200) and resolution slightly (Rs changed from 0.99 to 1.14). In some cases, the flow rate shows larger 

effect on chromatographic separation. In Table 2.1, decreasing the flow rate from 1.0 mL/min to 0.5 

mL/min improve the resolution of compound 9 from 1.9 to 2.4. 

2.4.2.1 Effect of Analyte Structure 

It was found that the simple, unsubstituted lactam (compound 13) has very little retention on any column 

and under any of the mobile phase conditions (Table 2.1). Clearly the hydrophobicity provided by the 

cyclic or bicyclic hydrocarbon substituent is essential for retention in the reversed phase mode and this 

substituent structure affects enantioselectivity as well. 

In the reversed phase mode, solute retention results from an inclusion complex formation with the 

cyclodextrin cavity, and this is affected by the hydrophobicity of the solutes. Figure 2.4 indicates that the  
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Table 2.2 Effect of concentration of organic modifier on the separation parameters for compound 10 on the 
Cyclobond I 2000 SN column. 

Percent of Acetonitrile k1 α Rs 
0 20.78 1.39 3.4 
5 7.40 1.27 2.2 

10 5.04 1.25 2.1 
15 3.33 1.19 1.8 
20 2.23 1.15 1.4 
30 0.92 1.10 1.1 
40 0.73 1.05 0.6 
50 0.59 1.00 0 
60 0.46 1.00 0 
70 0.23 1.00 0 
80 0.18 1.00 0 
90 0.25 1.00 0 

100 0.63 1.08 0.6 
 

Table 2.3 Effect of the flow rate of the mobile phase on the separation of compound 12 on Cyclobond I 
2000SN column using 1% tetrahydrafuran (aq) solvent. 

Fow rate (mL/min) k1 α Rs 2.4.3 N  
1.0 0.64 1.13 0.99 7040 
0.9 0.64 1.13 1.06 7530 
0.8 0.64 1.13 1.09 7620 
0.7 0.64 1.13 1.10 7940 
0.6 0.64 1.13 1.12 8080 
0.5 0.64 1.13 1.13 8110 
0.4 0.64 1.13 1.13 8160 
0.3 0.64 1.13 1.13 8140 
0.2 0.64 1.13 1.14 8170 
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Figure 2.4 Retention times of 13 β-lactams on four Cyclodextrin-based CSPs (α, β, γ, and 
DM). Note: the mobile phase for α, β, γ,-cyclodextrin CSPs is acetonitrle-water (1/99), 

while it is acetonitrile-water (5/95) for Cyclobond I-2000 DM CSP. 
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size of the substituent ring of the β-lactams affects the retention greatly. An examination of the retention 

results of compounds 1, 2, 5, and 6 on the Cyclobond DM column reveals that the size increase from a five-

membered to eight-membered ring enhances the retention due to higher hydrophobicity.  

The presence of an aromatic ring is beneficial to chiral recognition on Cyclobond-based CSP as well. 

Comparison of compounds 1 and 8, 2 and 9 on the Cyclobond I 2000 DMP column (shown in Table 2.1) 

shows the effect of addition of an aromatic ring. The Cyclobond DMP CSP shows baseline resolution for 

compounds 8 (Rs* =1.9) and 9 (Rs* =2.4), but not for 1 (Rs* =0.9) and 2 (Rs* =0.9) under optimized 

conditions. 

The presence of double-bond also shows a beneficial effect on enantioseparation. Comparison of the 

chromatographic results of compounds 2, 3 and 4 on the Cyclobond DM column is a good example. 

Compared to 2, compounds 3 and 4 have a double-bond, which are positioned differently in the ring. It was 

observed that adding a double-bond decreased the retention (shown in Figure 2.4) while enhancing 

selectivity. Cyclobond DM CSP shows enantioselectivity for compound 4, but not for compounds 2 and 3. 

2.5 Conclusions 

Enantioseparation of 12 β-lactams was achieved on nine cyclodextrin-based CSPs. Baseline separation was 

observed for seven compounds. The Cyclobond DMP column was the most effective stationary phase in  

that it separated 11 of 12 substituted β-lactams. Cyclobond DM also is effective and separated 8 of 12 β-

lactams. Cyclobond RSP, RN, SN, AC, and γ cyclodextrin CSPs show enantioselectivity for a few β-

lactams, while the native α and β-cyclodextrin CSPs do not show any enantioselectivity for these analytes. 

The reversed phase mode was the most effective approach and only two separations were observed in the 

normal phase and polar organic modes. The composition of organic modifier and the flow rate affect all 

enantioseparations. The substituents on the β-lactams contribute much to retention and enantioselectivity. 

In particular more rigid aromatic and tricyclic compounds produced the greatest separation factors and 

resolutions. 
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CHAPTER 3 
 

RAPID BASELINE SEPARATION OF ENANTIOMERIC AND MESO FORMS OF ALL-TRANS-
ASTAXANTHIN, 13-CIS-ASTAXANTHIN, ADONIRUBIN, AND ADONIXANTHIN IN STANDARDS 

AND COMMERCIAL SUPPLEMENTS 

. 
 

3.1 Abstract 

Astaxanthin, 3,3’-dihydroxy-β,β-carotene-4,4’-dione, is widely used as important colorant in the 

aquaculture feed industry, and as nutraceuticals in human health products. Synthetic all-trans-astaxanthin 

consists of a mixture of a pair of enantiomers (3R,3’R and 3S,3’S) and a meso form (3R, 3’S). An HPLC 

method for direct, rapid, and baseline separation of three stereoisomers of all-trans-astaxanthin is described 

for the first time on a immobilized cellulosic column (Chrialpak IC). Enantiomers of two important 

precursors in the biosynthetic pathway of astaxanthin, adonirubin and adonixanthin, were also directly 

separated. In addition, the major cis form of astaxanthin (13-cis-astaxanthin) resulted from isomerization 

was isolated with preparative C18 separation, and the separation of all four stereoisomers of 13-cis-

astaxanthin is achieved. Finally, the stereoisomeric purity test of commercial astaxanthin supplements 

confirmed that they were from a natural source, although their levels were quite low. Chunlei Wang, Daniel 

W. Armstrong, and Chau-Dung Chang. Journal of Chromatography A (2008), 1194(2), 172-177. Copyright 

© 2008 with permission from the ScienceDirect. 

3.2 Introduction 

Astaxanthin (3,3’-dihydroxy-β,β-carotene-4,4’-dione), adonirubin (3-hydroxy-β,β-carotene-4,4’-dione) and 

adonixanthin (3,3’-dihydroxy-β,β-carotene-4-one) belong to the xanthophylls family of oxygenated 

derivatives of carotenoids. Astaxanthin is an important colorant in the salmonid and crustacean aquaculture 

feed industry to provide the desirable pink color characteristic of these species.12 Astaxanthin also is used 

as a human nutraceutical. Its major health benefits arises from its outstanding antioxidant activity, several 

fold higher than that of vitamin E and other carotenoids.13 Hence, astaxanthin is a potential candidate as a 
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 protective agent against a wide range of ailments that may be either triggered or aggravated by oxidative 

stress. These include cardiovascular problems, inflammation, ulcerous infections, and UV-light damage.12 

Other benefits such as immunomodulating14 and anti-cancer properties15 of astaxanthin have been reported 

in literature. Adonirubin and adonixanthin are direct precursors along the biosynthetic pathway of 

astaxanthin,16 and often are present in the final product, in various percentages.17 

Astaxanthin has two ionone rings held together by a long chain of conjugated double bonds (Figure 3.1), 

indicating many possible geometrical isomeric forms (cis and trans). Thermodynamically, the all-trans-

astaxanthin is more stable than other cis isomers,18 but they may be isomerized from one to another when 

heated or exposed to light.19 Due to the presence of two stereogenic carbon atoms at the C-3 and C-3’ 

position, there are three stereoisomers for astaxanthin: a pair of enantiomers (3R,3’R- and 3S,3’S-

astaxanthin) and an optically inactive meso form (3R,3’S-astaxanthin). Synthetic formed astaxanthin has a 

stereoisomeric ratio of 1:2:1 for the 3R,3’R/meso/3S,3’S isomers. However, in nature, 3S,3’S-astaxanthin 

is the most abundant isomer,20 and different biologic sources produce astaxanthin of different 

stereoisomeric ratios.21 Artificial racemic astaxanthin (e.g., from BASF, Roche) are widely used as 

additives in fish feed, whereas the natural source of optically active astaxanthin (usually (3S,3’S)-isomer) is 

utilized by fish in the wild. A knowledge of the stereoisomeric ratios may help to identify the source of the 

aquaculture product (whether wild or farmed).22 In addition, the U.S. Food and Drug Administration (FDA) 

requires a characterization of the stereoisomer from API (active pharmaceutical ingredient) manufacturing, 

and an evaluation of the pharmacology and toxicology of stereoisomer could be needed.5a As studies of 

astaxanthin’s health benefits proliferate, a method to separate, identify, and quantitate the stereoisomers is 

necessary. 

 The current method to determine the astaxanthin stereoisomer ratio is based on the separation of 

corresponding diastereomeric astaxanthin di-(-)-camphanates by high performance liquid chromatography 

(HPLC) on a Spherisorb S-5CN stationary.23 Many attempts have been made to separate astaxanthin 

stereoisomers directly without pre-column derivatization. These include normal phase separations on: a 

Sumipax OA-2000 column,24 a D-phenylglycine based CSP; a 3,5-dinitrobenzoyl derivatized L-leucine 

based CSP;24b, 25 and a reversed phase separation on Chiralcel OD-RH, a coated cellulosic CSP.21 In none  
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Figure 3.2 Monomer structures of the CSPs used in this study. 

Figure 3.1 Structure of astaxanthin geometrical isomers (A) all-trans-astaxanthin, (B) 9-cis-astaxanthin, (C) 
13-cis-astaxanthin, and stereoisomers of all-trans-astaxanthin: (D) (3S,3’S)-all-trans-astaxanthin, (E) 

(3R,3’S)-all-trans-astaxanthin, and (F) (3R,3’R)-all-trans-astaxanthin. 
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of these cases were the three stereoisomers of all-trans-astaxanthin baseline separated (Rs≥1.5) from each 

other. Furthermore, the analysis times were usually 30 min or longer. Finally, no direct enantiomeric 

separations have been reported for the closely related precursor molecules adonirubin and adonixanthin. 

In this study, we report a direct, fast and baseline separation method for all stereoisomers of the all-trans-

astaxanthin, and structurally related carotenoids. Successful separations were found on three immobilized 

polymeric CSPs. The effects of mobile phase composition on the separations are discussed in detail. All 

four stereoisomers of 13-cis-astaxanthin were successfully separated as well. Finally, all-trans-astaxanthin 

from commercial nutraceutical supplements were analyzed for their stereoisomeric purity. 

3.3 Experimental 

3.3.1 Materials 

All-trans-astaxanthin was purchased from Sigma-Aldrich (Milwaukee, WI). Racemic adonirubin, 

(3R,3’R)-adonixanthin, and (3S,3’S)-adonixanthin were purchased from CaroteNature (Lupsingen, 

Switzerland). All commercial astaxanthin supplements were purchased from vitacost.com. The analytical 

(25 cm x 4.6 mm) and preparative (25 cm x 21.2 mm) C18 stationary phases, and the (S,S)-P-CAP (25 cm 

x 4.6 mm) chiral stationary phase (CSP) were obtained from Astec (Whippany, NJ). The Chiralpak IB (25 

cm x 4.6 mm) and Chiralpak IC (25 cm x 4.6 mm) CSPs were purchased from Chiral Technologies, Inc. 

(West Chester, PA). HPLC grade acetonitrile, dichloromethane, ethanol, ethyl acetate, isopropanol, 

methanol, methyl t-butyl ether(MtBE), tetrahydrofuran were purchased from VWR (Bridgeport, NJ). 

3.3.2 Instrumentation 

The analytical scale separations were achieved on an HP 1050 HPLC with an autosampler, a quaternary 

pump, a UV VWD detector, and ChemStation. The preparative separations were obtained with a self 

assembled Shimadzu system: Shimadzu LC-10AD pump, Shimadzu SPD-6A UV VWD detector, and 

Shimadzu CR601 chart recorder. The diode array detection was achieved with an Agilent 1100 HPLC, 

equipped with an autosampler, micro vacuum degasser, binary pump, diode array detector, and Agilent 

ChemStation for data processing. The JASCO CD-2095 circular dichroism detector together with 

Shimadzu LC-10AD pump was used for chiroptical detection analysis. 
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3.3.3 Methods  

Samples were prepared by dissolving 0.5 mg of the analytes in either MtBE, acetonitrile or the mobile 

phases. All separations were monitored at 476 nm at room temperature (~22 °C). The flow rates for 

analytical and preparative separations were 1.0 mL/min and 10.0 mL/min respectively. The detection 

wavelength used for circular dichroism detector is 330 nm. 

3.4 Results and Discussion 

3.4.1 Separation of all-trans-Astaxanthin 

Among all of the tested chiral stationary phases (CSPs), three bonded polymeric CSPs showed 

enantioselectivity towards astaxanthin enantiomers. They were: the (S,S)- P-CAP (Astec, Whippany, NJ), 

Chiralpak IB and IC (Chiral Technologies, West Chester, PA). The structures of monomeric unit for each 

of these three polymeric CSPs are shown in Figure 3.2. 

Typical separation conditions of all-trans-astaxanthin on these three CSPs are listed in Table 3.1. The 

(S,S)-P-CAP column partially separates the astaxanthin stereoisomers with a heptane/ethanol 90/10 mobile 

phase (Table 3.1, entry 1). Although the enantiomers are well separated, there is some overlap between the 

meso compound and each of the enantiomers. The isomers’ elution order on the (S,S)-P-CAP CSP is 

opposite to that on the immobilized cellulose based CSPs. Since this is the only totally synthetic CSP (of 

the three), it is possible to produce the opposite retention order using a (R,R)-P-CAP column. 

Recently, Grewe et al reported the reversed phase separation of all-trans-astaxanthin on a coated cellulose 

tris(3,5-dimethylphenyl-carbamate) CSP(Chiralcel OD-RH).21 Chiralpak IB is the immobilized version of 

the Chiralcel OD CSP. The reported separation was reproduced on the Chiralpak IB CSP with slightly 

worse selectivity and resolution (Table 3.1, entry 2). In the normal phase mode, the separation is also 

achieved using a heptane/ethanol mobile phase (Table 3.1, entry 3), which is compatible with the coated 

Chiralcel OD CSP, but was not reported. The best separation on the Chiralpak IB is obtained with a 

heptane/acetone 90/10 mobile phase (Table 3.1, entry 4). In both the reversed and normal phase mode, the 

elution order of the all-trans-astaxanthin isomers on the IB CSP is the same as that reported on the reversed 

phase OD CSP. 

In none of the above cases are all three stereoisomers baseline separated from each other. The Chiralpak IC 



     
 

Table 3.1 Example of the separations of all-trans-astaxanthin on three polymeric CSPs. 

No. CSPs Mobile Phasesa k1’b α(1,2)c α (1,3) α (2,3) Rs(1,2)d Rs(1,3) Rs (2,3) First eluted 

 

1 (S,S)-P-CAP Hept/EtOH 90/10 4.70 1.08 1.16 1.07 0.8 1.5 0.7 (R, R) 

2 Chiralpak IB ACN/H2O 70/30 9.70 1.05 1.12 1.07 1.1 2.2 1.1 (S, S) 

3  Hept/EtOH 90/10 2.90 1.06 1.13 1.07 0.8 1.9 1.1 (S, S) 

4  Hept/ACT 90/10 5.37 1.07 1.16 1.09 1.2 2.6 1.4 (S, S) 

5  MtBE/EtOH 98/2e 0.77 -- -- -- -- -- -- -- 

6 chiralpak IC Hept/EtOH 90/10 no elution within 60 min 

7  Hept/EtOH 50/50 14.30 1.09 1.29 1.19 1.1 3.3 2.2 (S, S) 

8  MtBE/EtOH 98/2 7.90 1.27 1.62 1.27 2.0 4.1 2.1 (S, S) 
 a Mobile phases: Hept, heptanes; EtOH, ethanol; ACN, acetonitrile; ACT, acetone; MtBE, methyl t-butyl ether. b K1’ is the k’ 
of the first eluted isomer. c α(1,2) is the selectivity between the first and second eluted isomers. d Rs(1,2) is the resolution 
between the first and second eluted isomers. e There is no separation of the isomers at this particular condition. 
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CSP is based on cellulose tris(3,5-dichlorophenyl-carbamate) polymer. By changing the derivatization 

group from 3,5-dimethylphenyl to 3,5-dichlorophenyl, the Chiralpak IC CSP retains astaxanthin more 

strongly than the Chiralpak IB CSP using the same mobile phase (compare Table 3.1, entries 3, 5 with 

entries 6, 8). The increased retention, or solute-CSP interaction, proved to be key to the enantiomeric 

separation of astaxanthin.  

The stereoselectivity for astaxanthin is maintained on the Chiralpak IC CSP with a variety of normal phase 

solvent compositions. Because of the aforementioned stronger interaction between the astaxanthin and 

Chiralpak IC CSP, heptane cannot be used to effectively elute the solute in a reasonable time period (Table 

3.1, entry 6 and 7). Therefore methyl t-butyl ether (MtBE) is used as the major component of the mobile 

phase. The nature of the stronger mobile phase solvent modifier greatly affects the selectivity and 

efficiency of the astaxanthin separations. Table 3.2 compares the selectivity, efficiency, and the resolution 

of the separations achieved at similar retention times using different organic modifiers in the MtBE main 

solvent. Regardless of the type of organic modifier, astaxanthin is separated using MtBE based mobile 

phase on the Chiralpak IC CSP with greater selectivity than anything previously reported. Generally, the 

selectivity and resolution of the separations are better when using organic additives that have hydrogen 

bond accepting capabilities but not hydrogen bond donating properties, e.g., tetrahydrofuran, ethyl acetate, 

acetone, and acetonitrile (Table 3.2, entries 4-7) versus alcohols (Table 3.2, entries 1-3). Using a 

halogenated solvent, dichloromethane, as the organic modifier results in the highest efficiency, but the 

resolution is sacrificed somewhat due to the decreased selectivity, compared to other organic solvents 

(Table 3.2, entry 8). Compared with all other the mobile phase compositions in Table 3.2, the 

MtBE/acetonitrile mobile phase separates  astaxanthin with the highest selectivity and resolution, and it 

produces short analysis times. Hence this solvent combination was used for the rest of the study. 

Figure 3.3 shows plots of the capacity factor, selectivity, efficiency, and resolution of all-trans-astaxanthin 

on the Chiralpak IC CSP as a function of acetonitrile volume percentage in the mobile phase. The capacity 

factor decreased quickly as acetonitrile increased from 5% to 20% (by volume), reached a minimum and 

leveled off between 20% and 40%, and gradually increased as the acetonitrile concentration went from 

40% to 100%. The selectivity (α) between R,R- and S,S-astaxanthin decreased from 1.81 to 1.49 as the  



     
 

Table 3.2 Organic modifier effects on the separation of all-trans-astaxanthin on Chiralpak IC CSP using methyl t-butyl ether (MtBE) mobile phases. 

No. Modifiers in 
MtBEa 

N 
(meso) 

k1’ 
(SS) 

α 
(meso,SS) 

α 
 (RR,SS) 

α 
(RR,meso) 

Rs 
(meso,SS) 

Rs 
(RR,SS) 

Rs 
(RR,meso) 

     
1 5% IPA 1573 6.03 1.27 1.62 1.27 1.7 3.6 1.9 
2 5% EtOH 2172 4.60 1.23 1.53 1.24 1.8 3.7 1.9 
3 2% MeOH 2200 6.43 1.21 1.47 1.21 1.8 3.4 1.7 
4 5% THF 1653 4.87 1.27 1.64 1.29 1.8 3.6 1.8 
5 10% EtAc 2055 5.20 1.31 1.73 1.32 2.2 4.6 2.4 
6 5% ACT 2316 3.47 1.29 1.67 1.30 2.0 4.4 2.4 
7 5% ACN 2531 4.17 1.34 1.81 1.35 2.7 5.6 2.8 
8 50% DCM 3187 6.73 1.15 1.32 1.15 1.4 3.0 1.6 

a Modifiers: IPA, isopropanol; EtOH, ethanol; MeOH, methanol; THF, tetrahydrofuran; EtAc, ethyl acetate; ACT, acetone; 
ACN, acetonitrile; DCM, dichloromethane. 
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Figure 3.4 Separations of all-trans-astaxanthin on Chiralpak IC CSP. Mobile phases: (A), MtBE/ACN 
50/50; (B), MtBE/ACN 95/5; and (C) ACN 100%. 

Figure 3.3 Comparison of retention, selectivity, efficiency, and resolution of the all-trans-astaxanthin 
separations with mobile phases of different acetonitrile/methyl t-butyl ether compositions. k1 is the 

retention capacity of the first eluted isomer (SS); alpha (α) is the selectivity between the RR and SS isomer; 
N is the number of plates for the second eluted isomer (meso); Rs is the resolution between RR and SS 

isomers. 
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acetonitrile increased from 5% to 40%, leveled off at ~1.50 between 40% and 80% acetonitrile in MtBE, 

and continued to decrease to 1.25 when a pure acetonitrile mobile phase was used. The efficiency of the 

meso-astaxanthin peak showed a maximum of 6230 at a 50/50 MtBE/acetonitrile mobile phase 

composition, and decreased rapidly when either the acetonitrile or MtBE volume percentage increased. The 

resolution profile paralleled the selectivity curve, with an exception of the 50/50 v/v MtBE/acetonitrile 

mobile phase composition, where the separation reached the highest resolution due to the highest 

efficiency. Figure 3.4 shows separations with mobile phases of (A) MtBE/acetonitrile 50/50, (B) 

MtBE/acetonitrile 95/5, and (C) 100% acetonitrile. 

3.4.2 Separation of Structurally Related Carotenoids 

Adonirubin and adonixanthin are precursors along the biosynthetic pathway of astaxanthin.16, 26 Compared 

to astaxanthin, adonirubin has one less hydroxyl group attached to a stereogenic carbon center, and thus has 

only one stereogenic center and two enantiomers (3R or 3S-adonirubin). Adonixanthin has one less ketone 

group than astaxanthin. Thus it has two stereogenic centers but no internal plane of symmetry (and 

therefore no meso compound). Although all-trans-adonixanthin has four stereoisomers (two pairs of 

enantiomers), the sample used for analysis is manually mixed (3R,3’R) and (3S,3’S)-adonixanthin 

enantiomers. Figure 3.5 compares the enantiomeric separation of these three structurally related 

carotenoids. The removal of the ketone group significantly reduces the retention, selectivity and overall 

separation (peak 1 and 3 vs. 6 and 7), whereas the removal of hydroxyl group has virtually no effect on the 

retention or separation (peak 1 and 2 vs. peak 4 and 5). All enantiomers of these structurally related 

compounds are baseline separated.  

3.4.3 Isolation and Separation of 13-cis-Astaxanthin 

All-trans-astaxanthin is readily isomerized to cis-trans mixtures, especially to the 9-cis and 13-cis isomers 

for steric reasons.19 In our study, isomerization was achieved by exposing all-trans-astaxanthin to daylight 

for a week. The separation between all-trans, 9-cis, and 13-cis-astaxanthin was achieved on a C18 column 

with a methanol/dichloromethane/acetonitrile/water 85/5/5.5/4.5 mobile phase according to literature.27 

Figure 3.6A shows the separation of isomerized astaxanthin on an analytical C18 column. The capacity 

factor is about two times that reported by Yuan et al, which could be the result of the different C18 columns  
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Figure 3.5 Separation of (A) all-trans-astaxanthin, (B) adonrubin, and (C) adonixanthin on Chiralpak IC 
CSP with MtBE/ACN 50/50 mobile phase. Peak 1, 2, and 3: (3S,3’S), (3S,3’R), and (3R,3’R)-astaxanthin; 

peak 4, 5: undetermined (3R/S)-adonrubin; peak 6, and 7*: (3S, 3’S), and (3R, 3’R)-adonixanthin. *The 
split in peak 7 is due to impurities in (3R,3’R)-adonixanthin sample from CaroteNature (Lupsingen, 

Switzerland). 
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employed. However, the retention pattern is the same as that reported previously. In addition, the 

absorption spectra obtained with a diode array detector also confirms the formation and elution of 9-cis and 

13-cis-astaxanthin. 27 

A preparative C18 column was used to separate and collect isomers of astaxanthin. The eluents collected 

from the preparative C18 separation were concentrated and subsequently injected into the analytical C18 

column to check for purity, and then the Chiralpak IC column for the enantiomeric separations. After 

purification by preparative HPLC separation, there was no detectable cis isomer in the all-trans astaxanthin 

(Figure 3.6B). The enantiomeric separation of the pure all-trans-astaxanthin is shown in Figure 3.6 E. 

However, the 9-cis and 13-cis isomers cannot be completely separated on the preparative C18 column, and 

are collected as mixtures. The separation on the analytical C18 reveals that the mixture contains 3.7% of 

all-trans- astaxanthin, 9.7% of 9-cis-astaxanthin, and 86.6% of 13-cis-astaxanthin (Figure 3.6C). The 

stereoisomers of ~87% pure 13-cis-astaxanthin were also separated at the same chromatographic conditions 

as the all-trans-astaxanthin (Figure 3.6F). Figure 3.7 shows the chromatograms obtained with both UV and 

circular dichroism (CD) detector for the all-trans and 13-cis-astaxanthin. Note that the “central eluting” 

meso compound (all-trans- (3R,3’S)-astaxanthin ) registers no peak with chiroptical detection (top 

chromatogram in Figure 3.7A). However, upon the trans to cis isomerization, the symmetry of the all-

trans-meso-astaxanthin is lost, and two non-superimposible enantiomers: 13-cis-(3R,3’S)-astaxanthin, and 

13-cis-(3S,3’R)-astaxanthin are generated. Therefore, there are two pairs of enantiomers, or four 

stereoisomers, of 13-cis-astaxanthin. The separation on Chiralpak IC (Figure 3.7B), as well as previously 

reported separations in literature,24a, b, 25 separated only three stereoisomers of 13-cis-astaxanthin with 

stereoisomeric ratio 1:2:1. Separation of all four stereoisomers of 13-cis-astaxanthin was achieved on 

Chiralpak IB with a heptane/aceton 95/5 mobile phase (Figure 3.8).  

3.4.4 Stereoisomeric Purity Test of Commercial Nutraceutical Supplements 

Astaxanthin supplements from four different manufactures were analyzed. Two of these marked the source 

as Haematococcus pluvialis algae extract, and the other two indicated “natural astaxanthin” on the bottle. 

The supplement in the liquid state was directly injected into the preparative C18 column with a guard 

column. The eluent of all-trans-astaxanthin was collected, concentrated and subsequently analyzed by  
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Figure 3.6 Separation of astaxanthin isomers. (A,D), isomerized mixtures of cis and trans-astaxanthin 
obtained by exposing all-trans-astaxanthin to daylight for 6 days; (B,E), all-trans-astaxanthin purified from 

isomerized mixtures by preparative C18 separation; (C,F) cis-astaxanthin (mainly 13-cis) purified from 
isomerized mixtures by preparative C18 separation. (A-C), analytical C18 stationary phase from Astec, 

MeOH/ACN/DCM/H2O 85/5/5.5/4.5; (D-E), Chiralpak IC CSP, MtBE/ACN 50/50. 
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Chiralpak IC using the method described above. All of these tested commercial supplements showed no 

detectable meso or (3R,3’R) stereoisomer of all-trans-astaxanthin, indicating that the (3S,3’S) isomer 

accounts for more than 99.5% of all-trans-astaxanthin in the supplement. Previouly, Renstrom et al 

reported 99% (3S,3’S)-astaxanthin (trans + cis), and 1% meso-all-trans-astaxanthin in Haematococcus 

pluvialis extract.28 The authors also noted that the 1% meso compound was possibly produced during their 

analysis.28 Our result is in good agreement with that reported by Renstrom et al, and confirms that these 

commercial astaxanthin supplements are produced from natural source. 

3.5 Conclusion 

An HPLC method using a chiral stationary phase was developed to directly separate all stereoisomers of 

all-trans-astaxanthin. For the first time, the stereoisomers of all-trans-astaxanthin, and its structurally 

related compounds (adonirubin and adonixanthin) were directly baseline separated from each other. The 

all-trans-astaxanthin was partially isomerized to its cis forms after exposure to daylight. The separation of 

all four stereoisomers of 13-cis-astaxanthin was obtained on the Chiralpak IB CSP for the first time. Four 

natural sourced commercial astaxanthin supplement were analyzed to contain almost exclusively (3S,3’S) 

isomer of all-trans-astaxanthin. 
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Figure 3.8 Separation of all four stereoisomers (peak 1-4) of 13-cis-astaxanthin on Chiralpak IB CSP. 
Mobile phase: heptane/aceton 95/5. Note: small peaks in the chromatogram are possibly other forms of cis 

isomers of astaxanthin co-eluted with 13-cis-astaxanthin on the preparative C18 column. 

Figure 3.7 Chromatograms obtained with Circular Dichroism (CD) detector on Chiralpak IC CSP. (A) all-
trans-astaxanthin, and (B) 13-cis-astaxanthin. Top chromatograms were obtained using chiroptical detector 

(see Experimental), are the bottom chromatograms utilized UV detector (330 nm). Mobile phase: 
MtBE/ACN 50/50. 
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CHAPTER 4 
 

EMPIRICAL OBSERVATIONS AND MECHANICAL INSIGHTS ON THE FIRST BORON-
CONTAINING CHIRAL SELECTOR FOR LC AND SFC 

4.1 Abstract 

Boromycin is a macrodiolide that exists as a hydrophobic Böeseken complex formed from boric acid and a 

chiral polyhydroxy macrocyclic ligand. It was covalently bonded to silica gel through a urea linkage to an 

attached D-valine ester. When evaluated as a chiral stationary phase it shows pronounced enantioselectivity 

toward primary amine-containing racemates, separating 98% of those tested. The selectivity is most 

pronounced in the presence of organic solvents and supercritical CO2 + methanol. The enantioselective 

binding site and mechanistic factors are examined. Analytes can be complexed as either the free base or 

their protonated analogues, with the free base being more strongly associated with the chiral selector. 

Chunlei Wang, Daniel W. Armstrong, and Donald S. Risley. Analytical Chemistry (2007), 79(21), 8125-

8135. Copyright © 2007 with permission from the American Chemical Society. 

4.2 Introduction 

Despite the large number of chiral selectors introduced for modern enantiomeric separations, a few classes 

tend to dominate the field. The dominant class of chiral selector differs with the separation technique. For 

example, derivatized cyclodextrins are most often used as chiral stationary phases (CSPs) in gas 

chromatography.29 Natural and derivatized cyclodextrins are the most frequently used chiral selectors in 

capillary electrophoresis.30 In liquid chromatography (LC) there is a greater variety and number of chiral 

selectors available than for other analytical methods.31 LC also differs in that it often is used for the 

preparative separations of enantiomers.32 Ones choice of a chiral selector in LC can be strongly affected by 

factors in addition to enantioselectivity. For example, in pharmacokinetic and pharmacodynamics studies , 

a reversed phase or polar organic mode CSP often is preferred.33 For preparative separations a supercritical 

fluid or normal phase separation can be beneficial given the greater ease of sample recovery and higher 
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 flow rates for these techniques.34 When using ESI-MS detection, a polar organic solvent usually is 

preferred.35 In order for a new LC-CSP to have a significant impact nowadays it must be either: (a) more 

broadly applicable than existing CSPs, (b) superior in regard to one or more specific separation properties 

than existing CSPs (e.g., loadabilty, separation time, solvent compatibility, specific analyte selectivity, etc. 

), or (c) fill a separation nitch not occupied by any current LC-CSP. Other beneficial aspects of chiral 

selectors include a reasonable knowledge of their structure and mechanism of action so that they can be 

utilized and optimized in a logical manner. It is not uncommon that mechanistic studies continue for years 

after the introduction of chiral selectors. Indeed these studies can be complex, involved and require a 

variety of experimental and theoretical approaches. The enantioselective separation mechanism of some 

CSPs remain poorly understood today. Finally, the “holy grail” of CSP understanding is considered to be 

the ability to predict whether or not a specific CSP can separate enantiomers of a particular compound or 

group of compounds. This is possible with only a few CSPs. 

In this work we introduce a new, highly unusual chiral selector for LC. To our knowledge it is the first 

effective chiral selector that contains boron. Furthermore, the boron is a stereogenic center and is essential 

for chiral molecular recognition. We have determined the essential structural characteristics that are 

required for chiral analytes to be separated. In addition, this CSP fills an important nitch in regard to the 

type of enantiomers separated and their separation mode. Finally information on the separation mechanism 

will be presented. 

4.3 Experimental Section 

4.3.1 Materials 

HPLC grade Kromasil silica gel (particle size 5 µm, pore size 100 Å, and surface area 310 m2/g) was 

obtained from Akzo Nobel (EKA Chemicals, Bohus, Sweden). All organosilane compounds were obtained 

from Silar Laboratories (Wilmington, NC). These include: (3-aminopropyl)dimethylethoxysilane, (3-

aminopropyl)triethoxysilane, [2-(carbomethoxy)ethyl]trichlorosilane, [1-

(carbomethoxy)ethyl]methyldichlorosilane, (3-isocyanatopropyl)triethoxysilane and (3-

glycidoxypropyl)triethoxysilane. Anhydrous N,N-dimethylformamide (DMF), anhydrous toluene, 

tetramethylammonium nitrate, tetraethylammonium nitrate, tetrapropylammonium chloride, 
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tetrabutylammonium nitrate and all chiral analytes tested were obtained from Sigma-Aldrich (Milwaukee, 

WI). HPLC grade n-heptane, 2-propanol, ethanol, methanol, acetonitrile, methylene chloride, 1,4-dioxane, 

ethyl acetate, tetrahydrofuran were purchased from VWR (Bridgeport, NJ). Boromycin was the generous 

gift of Eli Lilly and Company (Indianapolis, IN).  

Three different linkage chemistries to 5 µm diameter silica gel particles were attempted as outlined in 

previous studies.36 A procedure for the successful CSP of the current study is as follows. A 1.3 molar 

excess of (3-isocyanatopropyl)triethoxysilane was added to 0.5 g of dried boromycin dissolved in 40 mL of 

dry DMF. This slight excess was sufficient to react with the accessible primary amine of the boromycin but 

not with the relative inaccessible and less reactive secondary alcohol moieties within its cavity. The 

reaction was stirred under anhydrous conditions at 95 °C for 5 h. This solution was added to 3.0 g of dry 

silica gel in a 250-mL three-neck flask. The slurry was heated at 105 °C and stirred for 16 h. The mixture is 

then cooled , filtered and washed with successive 50 mL portions of DMF, methanol, 50% aqueous 

methanol and again neat methanol. The elemental analysis for the finished product was: C, 6.6%; H, 

1.36%; and N, 0.72%. 

4.3.2 Methods 

The CSP was slurry packed into a 15 cm or 25 cm x 0.44 cm (i.d.) stainless steel column. The analytes 

were dissolved in methanol, ethanol or the appropriate mobile phases. Separations were achieved on an HP 

1050 HPLC system with an auto sampler, a UV VWD detector, and computer-controlled HP ChemStation 

for data processing. The mobile phases were degassed under helium for 10 min. Separations were carried 

out with 1 mL/min flow rate, 254 nm UV detection wavelength, and at room temperature (~22 °C) unless 

noted otherwise. The aliphatic amines were detected by Shimadzu (Columbia, MD) RF-10AXL 

Spectrofluorometric detector after post column derivatization according to the literature.37 In these cases, 

the mobile phase flow rate was 0.5 mL/min, and the column eluent was mixed with a 0.5 mL/min post-

column stream ( 3.8 g o-phthalaldehyde and 2.0 mL 2- mercaptoethanol dissolved in 500 mL methanol). 

The mixed stream passed a 50 cm PEEK tube (0.25 mm i.d., 1.6 mm o.d.) heated at 45 °C before it reached 

the detector. The formed adduct fluoresced at 431 nm when excited with 340 nm UV light. Additional 

mobile phase compositions are listed in the appropriate tables and figures. Note that all solvent mixtures are 
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given as additive volume percents. The SFC apparatus used for this work was from Thar Technologies, Inc. 

(Pittsburgh, PA). The SFC system includes a fluid delivery module (liquid CO2 pump and cosolvent pump), 

an auto sampler with a 48 sample tray, a column oven with column switching, an auto back pressure 

regulator, a UV VWD detector, and the SuperChrom software for date processing. The mobile phase for 

SFC were different compositions of CO2 and cosolvents (methanol with additives dissolved in it). 

Separations were carried out with 4 mL/min flow rate, 254 nm UV detection wavelength, and the column 

was kept at 40 °C, with a 100 bar back pressure. The software used to edit molecular structure of 

boromycin was Gaussview 3.0 from Gaussian, Inc. (Wallingford, CT) and Mercury 1.4.2 from The 

Cambridge Crystallographic Data Centre (Cambridge, UK).38 

4.4 Results and Discussion 

Boromycin is thought to be the first discovered and characterized naturally occurring organic compound 

that contains boron.39 It is produced via fermentation by a strain of Streptomyces antibioticus.40 It tends to 

bind strongly to cell membranes and can act as an ion channel.41 It can inhibit the growth of gram-positive 

bacteria and some fungi and protozoae.41a More recently boromycin has been shown to have anti-HIV 

activity,42 to selectively inhibit Ca2+ influx in human erythrocytes,43 and to abrogate the bleomycin-induced 

G2 checkpoint.44 Boromycin is a macrodiolide Böeseken complex (named for J. Böeseken who extensively 

studied boric acid + polyol complexes45) containing a D-valine ester as shown in Figure 4.1A. It contains 

16 carbon-based stereogenic centers, has two free hydroxyl groups, each attached to a stereogenic center. 

Boromycin is poorly soluble in water, partly soluble in water-miscible solvents and soluble in many other 

organic solvents including halocarbons, DMF, DMSO and so forth. A summary of physicochemical 

properties of boromycin is given in Table 4.1. The valine moiety can be hydrolytically cleaved from 

boromycin using a dilute solution of a strong base at moderate temperatures.46 The x-ray structure of the 

resulting anion is shown in Figure 4.1B,C, and D.46a Note that the negatively charged “boron-moiety” (in 

green) is imbedded deep within the C-shaped organic ligand. Except for two carbonyl groups, all oxygens 

(in red) are inside the C-shaped cavity. The external surface of the macrodiolide is mainly hydrocarbon 

which make it very nonpolar, despite the charged groups, and helps to explain its solubility.  

The molecular recognition properties (particularly chiral recognition) of boromycin has not been 
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A B 

C D 

Figure 4.1 (A) Molecular structure of boromycin . (B) Face view and (C) side view of des-val-boromycin 
ball and stick model. (D) Space filling model of des-val-boromycin: side view. Color code: carbon: black, 

hydrogen: white, oxygen: red and boron: green. 
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considered. No molecule of this type or structure has been evaluated as a chiral selector. After covalently 

linking boromycin to silica gel (see Experimental) the resulting CSP was evaluated via HPLC by injection 

of over 250 racemates of most structural types in three mobile phase modes (reversed phase, normal phase 

and polar organic). The results are summarized in Table 4.2 to Table 4.4. The total number of separated 

compounds in the three tables is 52, which does not seem to be an extraordinarily high percentage by 

today’s standards. However, a closer examination of the data reveals some rather interesting facts. All the 

separated compounds are primary amines. In fact 52 out of the 53 primary amine containing compounds 

tested were easily separated on a 15 cm column – an extraordinarily high percentage. This includes 

compounds with no other functionality, i.e., simple amino alkanes, that ordinarily can only be separated by 

gas chromatography (see 2-aminoheptane, Table 4.4, compound 2). Only chiral crown ether-based CSPs 

have an analogous selectivity for primary amine containing compounds, but even they don’t appear to be as 

broadly applicable for this specific class of compounds as boromycin.47 There is another even more 

significant difference. The boromycin chiral selector works primarily in organic solvents (normal phase and 

polar organic modes) while chiral crown ether CSPs are used exclusively with acidic, aqueous mobile 

phases – most often with 0.01 M HClO4(aq).
47a-f This is because the amine must be protonated (ammonium 

ion form) to form an inclusion complex with 18-crown-6 or similar analogues. In contrast, boromycin does 

not require protonated amines. It can separate enantiomers of lipophilic amines (that have poor water 

solubility) or hydrophilic amines as either the free base or the salt (provided they can be solubilized in an 

organic or polar organic mobile phase). Figure 4.2 shows the types of separations obtained on this CSP. 

Good efficiencies and separation times <10 minutes are normal. Because of the organic mobile phase 

composition these separations are amenable to supercritical fluid separations and preparative scale-up as 

will be discussed in a later section. 

The composition of the mobile phase strongly affects retention, efficiency and selectivity. The typical polar 

organic mobile phase consists of methanol + an organic modifier + a dilute additive (in mM concentration). 

Figure 4.3 shows the effect of organic modifiers on all three chromatographic parameters for a racemic, 

free base amino acid amide (methionine-β-naphthylamide , Figure 4.3, A-C) and the hydrochloride salt of 

an amino alcohol (tyrosinol hydrochloride, Figure 4.3, D-F). The 1,4-dioxane modifier produces the best  
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Table 4.1 Physicochemical Properties of  Boromycin. 
 

 Characteristic   

   

empirical formula C45H74BNO15 

molecular weight 879.9 

no. of carbon stereogenic centersa 16 

produced via fermentation from Streptomyces antibioticus 

no. of marocyclic rings 2 

no. of hydroxyl groups 2 

no. of amine groups 1 

no. of charged moieties 2 : boron (-); ammonium (+) 

no. of esters 3 

no. of ether groups 5 

no. of boron moieties 1 
solubility 

Insoluble in water; partially soluble in methanol, ethanol, 
acetonitrile; Soluble in N,N-dimethylformamide, 
dimethylsulfoxide, dichloromethane, chloroform 

pIb 6.1 

acid stability Acid can remove the boric acid moietyc 
base stability  Hydrolysis of the valine ester occurs in the presence of 

dilute solutions of strong based 
  
a The central boron is also a stereogenic center. b The pI value was measured using dilute solutions of 
boromycin in 0.01 M phosphate buffer / methanol (80/20). DMSO was used as the EOF marker. c See 
reference 47. d See reference 46. 
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Table 4.2 Chromatographic Data for Enantiomeric Separation of Amino Alcohol Enantiomers on the 
Boromycin CSP.  

#         COMPOUNDS k' a α Rs Mobile Phaseb TMANc

1 2-amino-1,2-diphenylethanol 0.877 1.36 2.2 MeOH/ACN 
70/30 

30mM 

2 2-amino-1,1-diphenyl-1-propanol 0.754 1.37 1.8 MeOH/ACN 
70/30 

10mM 

3 α-(1-aminoethyl)4-hydroxybenzyl 
alcohol hydrochloride 

0.471 1.63 2.4 MeOH/ACN 
70/30 

30mM 

4 cis-1-amino-2-indanol 0.447 1.99 3.7 MeOH/DiOx 
80/20 

5mM 

5 trans-1-amino-2-indanol 0.799 1.50 2.4 MeOH/ACN 
70/30 

30mM 

6 2-amino-3-methyl-1,1-diphenyl-1- 
butanol 

0.935 1.30 2.1 MeOH/DCM 
20/80 

2.5mM 

7 2-amino-1-(4-nitrophenyl)-1,3- 
propanediol 

1.16 1.31 1.8 MeOH/DiOx 
50/50 

5mM 

8 2-amino-1-phenylethanol 1.42 1.63 2.8 MeOH/ACN 
70/30 

30mM 

9 2-amino-1-phenyl-1,3-propanediol 0.998 1.38 2.1 MeOH/DiOx 
50/50 

5mM 
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Table 4.2 – Continued 

 
10 2-amino-3-phenyl-1-propanol 0.583 1.43 2.5 MeOH/DiOx 

80/20 
5mM 

11 2-amino-1,1,3-triphenyl-1-propanol 0.590 1.80 2.1 EtOH/DCM 
10/90 

2.5mM 

12 4-chlorophenyl alaninol 0.687 1.70 3.7 MeOH/DiOx 
80/20 

5mM 

13 histidinol dihydrochloride 2.44 1.00 0.0 MeOH  
100 

10mM 

14 norepinephrine L-bitartrate hydrate 1.54 1.60 3.8 MeOH/DiOx 
80/20 

5mM 

15 normetanephrine hydrochloride 1.39 1.60 3.2 MeOH/ACN 
70/30 

30mM 

16 octopamine hydrochloride 1.41 1.59 2.7 MeOH/ACN 
70/30 

30mM 

17 2-phenylglycinol 1.94 1.32 1.7 MeOH/DiOx 
50/50 

5mM 

 

18 phenylpropanolamine hydrochloride 0.486 1.62 1.9 MeOH/ACN 
70/30 

30mM 
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Table 4.2 – Continued 

 
19 tryptophanol 1.58 1.29 2.1 MeOH/DiOx 

50/50 
5mM 

20 tyrosinol hydrochloride 0.545 1.33 1.8 MeOH/DiOx 
80/20 

5mM 

 a This is the k’ of the first eluted enantiomer. b Mobile phases: MeOH for methanol, EtOH for ethanol, 
ACN for acetonitrile, DCM for dichloromethane, DiOx for 1,4-dioxane. c Molarity of additive 
tetramethylamonium nitrate in the mobile phases.  
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Table 4.3 Chromatographic Data for Enantiomeric Separation of Amino Acid Ester/Amide Enantiomers on 
the Boromycin CSP. 

#           COMPOUNDS k' a α Rs Mobile Phaseb TMANc 

1 alanine methyl ester hydrochloride 0.174 2.32 1.8 MeOH/DiOx 
70/30 

5mM 

2 alanine-β-naphthylamide hydrochloride 7.19 1.38 3.0 MeOH/ACN 

20/80 

10mM 

3 4-chlorophenylalanine ethyl ester  
hydrochloride 

0.265 3.53 6.5 MeOH/ACN 
70/30 

30mM 

4 methionine β-naphthylamide 1.19 1.45 3.8 MeOH/DiOx 
80/20 

5mM 

5 phenylalanine methyl ester  
hydrochloride 

0.236 2.91 4.1 MeOH/ACN 
70/30 

30mM 

6 2-phenylglycine methyl ester 
hydrochloride 

0.0777 3.58 2.9 MeOH  
100 

30mM 

7 serine methyl ester hydrochloride 0.250 2.60 2.6 MeOH/DiOx 
70/30 

5mM 

8 tryptophan benzyl ester 0.306 2.33 3.5 MeOH/ACN 
70/30 

30mM 

9 tryptophan methyl ester hydrochloride 0.290 1.73 2.0 MeOH/ACN 
70/30 

30mM 

 a This is the k’ of the first eluted enantiomer. b Mobile phases (MPs): MeOH for methanol, ACN for 
acetonitrile, DiOx for 1,4-dioxane. c Molarity of tetramethylamonium nitrate in the MPs. 
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Table 4.4 Chromatographic Data for Enantiomeric Separation of Other Primary Amine Enantiomers on the 
Boromycin CSP.  

#         COMPOUNDS k' a α Rs Mobile Phaseb TMANc 

1 α-amino-γ-butyrolactone 
hydrochloride 

0.217 1.18 0.6 MeOH/ACN 
70/30 

30mM 

2d 2-aminoheptane 7.83 1.20 1.4 MeOH/ACN 

10/90 

4mM 

3 1-aminoindan 0.793 1.56 2.2 MeOH/ACN 
70/30 

30mM 

4 2-amino-3-methyl-1,1-diphenylbutane 0.982 1.31 2.2 EtOH/ACN  
20/80 

5mM 

5 2-amino-4-methyl-1,1-
diphenylpentane 

2.43 1.33 1.8 MeOH/DiOx 
20/80 

2.5mM 

6d 2-aminopentane 6.56 1.11 0.6 MeOH/ACN 

10/90 

4mM 

7 1-benzyl-3-aminopyrrolidine 7.48 1.18 0.8 MeOH/DCM 
50/50 

10mM 

8 1-benzyl-2,2-diphenylethylamine 0.843 1.33 1.9 EtOH/ACN  
20/80 

5mM 

9 1-(4-borophenyl)ethylamine 0.438 1.49 2.6 MeOH  
100 

10mM 
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Table 4.4 – Continued 

 
10 p-chloroamphetamine 1.69 1.38 1.6 EtOH  

100 
2.5mM 

11d 1,3-dimethylbutylamine 7.98 1.14 0.9 MeOH/ACN 

10/90 

4mM 

12 1,1-diphenyl-2-aminopropane 0.533 1.47 2.1 MeOH/ACN 
50/50 

10mM 

13 1,2-diphenylethylamine 3.17 1.20 1.5 MeOH/EtOAc 
50/50 

5mM 

14 1,2-diphenylethylenediamine 1.08 1.49 3.5 MeOH/DiOx 
50/50 

5mM 

15 1,1-diphenyl-1-fluoro-2-aminopropane 0.525 1.47 2.4 MeOH/ACN 
50/50 

10mM 

16 homocysteine thiolactone  
hydrochloride 

0.611 1.35 1.9 MeOH/DiOx 
80/20 

5mM 

17 α-methylbenzylamine 1.03 1.31 1.9 MeOH/ACN 
80/20 

2.5mM 

 

18 β-methylphenethylamine 1.54 1.05 0.6 MeOH/ACN 
70/30 

10mM 
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Table 4.4 – Continued 

 
19 1-(1-naphthyl)ethylamine 0.716 1.61 2.7 MeOH/ACN 

70/30 
30mM 

20 1-(2-naphthyl)ethylamine 0.764 1.60 3.4 MeOH/ACN 
70/30 

30mM 

21 trans-2-phenylcyclopropylamine  
hydrochloride 

2.76 1.16 1.3 MeOH/ACN 
70/30 

30mM 

22 1,2,3,4-tetrahydro-1-naphthylamine 1.09 1.32 2.0 MeOH/THF 
70/30 

10mM 

23 N-p-tosyl-1,2-
diphenylethylenediamine 

0.434 1.74 2.9 MeOH/ACN 
30/70 

5mM 

24 1,2,2-triphenylethylamine 0.268 1.59 2.4 MeOH/ACN 
50/50 

10mM 

 a This is the k’ of the first eluted enantiomer. b Mobile phases: MeOH for methanol, ACN for acetonitrile, 
DiOx for 1,4-dioxane. c Molarity of additive tetramethylamonium nitrate in the mobile phases. dPost 
column derivatization with o-phthalaldehyde/2-mercaptoethanol and the Shimadzu fluorescence detector 
were used for the detection of aliphatic amines. 37 
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efficiency, selectivity and shortest retention for tyrosinol hydrochloride as well as the best efficiency for 

methionine-β-naphthylamide. However, an ethyl acetate modifier produced the shortest retention times and 

good selectivity for methionine-β-naphthylamide. 

The dilute additive (often a quaternary ammonium salt) has a tremendous effect on the retention and 

efficiency of chiral primary amine containing compounds. This profound effect also provides evidence for 

the primary enantioselective retention mechanism on these CSPs. This is illustrated in Figure 4.4. With no 

additive, most analytes have exceeding long retention times and poor efficiencies with substantial tailing 

peaks (Figure 4.4A). This indicates a very strong interaction with the boromycin with poor mass transfer on 

the stationary phase. The addition of 10 mM of an appropriate additive can decrease retention by an order 

of magnitude and increase efficiency by 1-2 orders of magnitude (Figure 4.4B). The selectivity is generally 

maintained unless much higher additive concentrations are used. The magnitude of this effect changes with 

the nature and size of the additive. As shown in Figure 4.5, increasing the size of the tetraalkylammonium 

ion produces less profound effects in regard to decreasing retention time and enhancing efficiency.  

However, if the additive competes too effectively with the chiral analyte for the chiral selector (i.e., 

ammonium ion in Figure 4.5A) then a single unresolved sharp peak is obtained near the dead volume. Since 

free unprotonated amines bind even more strongly to boromycin than their protonated ammonium 

analogous, they are not usually effective additives, for the same reason ammonium is not (Figure 4.5A). 

Figure 6 shows the effect of added organic modifier (acetonitrile in this case) and added 

tetramethylammonium nitrate (TMAN) on retention and enantioselectivity. Addition of a poor or non 

hydrogen bonding modifier to the mobile phase increases retention and enantiomeric separation (Figure 

4.6A). Increasing concentrations of the additive salt decreases retention and eventually enantioselectivity 

(Figure 4.6B). 

Packed column supercritical fluid separations (SFC) are playing an increasingly important role in 

enantiomeric separations.34 Its advantage with respect to separation speed (because of higher flow rates) 

and analyte recovery (less solvent) have made it particularly advantageous for preparative separations. The 

ability of CSPs to perform SFC enantiomeric separations is considered an additional advantage, particularly 

for pharmaceutical applications. Figure 4.7 shows the SFC separation of three racemic analytes on a 15 cm  
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Figure 4.3 Effects of organic modifiers in a methanol mobile phase on the separation of: A, B & C = 
methionine beta-naphthylamide and D, E & F = tyrosinol hydrochloride. Mobile phases: (A), 

methanol/acetonitrile/TMAN 80/20/10 mM; (D), methanol/acetonitrile/TMAN 60/40/10 mM; (B), (E), 
methanol/ethyl acetate/TMAN 70/30/5 mM; (C), (F), methanol/1,4-dioxane/TMAN 80/20/5 mM. 
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Figure 4.2 Chromatograms showing typical separations on the boromycin CSP: (A) cis-1-amino-2-indanol, 
(B) 4-chlorophenylalanine ethyl ester hydrochloride, (C) 1-(2-naphthyl)ethylamine and (D) 

phenethylsulfamic acid. Mobile phases: (A), methanol/1,4-dioxane/tetramethylammonium nitrate (TMAN) 
80/20/5 mM; (B), (C) and (D), methanol/acetonitrile/TMAN 70/30/30 mM. Note that chromatogram D is a 

separation of the only compound in this study that wasn't a primary amine. 
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Figure 4.5 Separations of trans-1-amino-2-indanol using methanol as the mobile phase with 10mM 
additives of: (A) ammonium nitrate, (B) tetramethlyammonium nitrate (TMAN), (C) tetraethylammonium 
nitrate (TEAN), (D) tetrapropylammonium chloride (TPAC) and (E) tetrabutylammonium nitrate (TBAN).
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Figure 4.4 Separations of trans-1-amino-2-indanol using a methanol mobile phase: (A) without and (B) 
with 10 mM TMAN (see Results and Dicussion for detalis.) (A): k1’=14.0, α=1.24, Rs=1.3; (B): k1’=0.553, 

α=1.29, Rs=1.6. 
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boromycin CSP. Typical mobile phase compositions are CO2 + methanol + a dilute additive. As in the case 

of HPLC, only primary amine-containing compounds are separated. As can be seen, the separation times 

are even less than the already short LC separation times (Figure 4.7). The efficiencies are somewhat lower 

as is sometimes the case with SFC. 34 A more exhaustive evaluation of SFC especially in terms of 

preparative separations and the production of enantiomers is currently under way.  

4.5 Enantioselective Retention Mechanism 

All previous information on the structure of boromycin and the current data on its association/separation of 

chiral molecules provide evidence as to the nature and location of its enantioselective binding site. First, the 

x-ray crystal study of des-valine boromycin indicated that the associated rubidium counter cation (not 

shown in Figure 4.1, B-D) is accommodated within the oxygen-lined cleft (Figure 4.1). When esterified 

with D-valine (to form boromycin, Figure 4.1A), its ammonium group can be accommodated in the same 

position.46a Indeed it appears that there are only two possible locations where boromycin can associate with 

polar functionalities of molecules (chiral or achiral). The first and most obvious is the same oxygen lined 

cleft that also contains the “buried” negatively charged boron moiety. Oppositely charged ions and free 

amines most likely insert and bind strongly here. The cleft itself is quite narrow (Figure 4.1C), making it 

likely that steric interactions are very important for chiral molecular recognition. Indeed, a comparison of 

the separation of enantiomers for compounds that also are geometrical isomers or differ by only a methyl 

group support this contention. For example, compare the retention and selectivity for cis and trans-1-

amino-2-indanol (compounds 4&5, Table 4.2), compounds 17&18 in Table 4.2, compounds 4&5 in Table 

4.4, and compounds 17&18 in Table 4.4. The importance of “steric bulk” is further indicated in Table 4.5, 

where the enantiomeric separations of amino acid esters and their related amino alcohol counterparts are 

compared. Steric bulk that is not alpha to the amine group tends to produce larger selectivities and 

resolutions. Hence the esters are better separated. Thus it is likely that charge-charge interactions, hydrogen 

bonding with the cleft oxygens and steric repulsion are largely responsible for chiral recognition by 

boromycin. 

For cations, the size of the ion affects its association with boromycin. For steric reasons, larger cations 

cannot penetrate the cavity/cleft as easily as smaller cations (Figure 4.5). Hence larger cations cannot  



   49   
 

 

A
2.9

3.8

C

3.0
3.4

Time, min

B

4.03.6

N
H

NH2

OCH3

O

HCl

N
H

NH2

O

O

O

H
N

S

NH2

Figure 4.7 Supercritical Fluide Chromatography (SFC) enantiomeric separations of (A) DL-tryptophan 
benzyl ester , (B) DL-methionine beta-naphthylamide, and (C) DL-tryptophan methyl ester hydrochloride 
on the 15 cm boromycin CSP column. Mobile phase, CO2/methanol(20 mM TMAN) 70/30; flow rate, 4 

mL/min; temperatuer, 40 °C ; and column back pressure, 100 bar. 
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Figure 4.6 (A), Retention of the first eluted (k’1) and the second eluted (k’2) enantiomers of homocysteine 
thiolactone hydrochloride as the function of mobile phase organic modifier composition. Mobile phases: 

methanol/acetonitrile/TMAN (100-x)/x/10 mM. (B), Retention of the first eluted (k’1) and the second 
eluted (k’2) enantiomers of trans-1-amino-2-indanol as the function of the tetramethylammonium nitrate 

additive concentration. Mobile phases: methanol with various amount of TMAN. 
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compete with and displace primary amine-containing compounds from the boromycin cleft as easily as can 

smaller cations. Likewise, free primary amines penetrate and are even more strongly retained than cations. 

The phenomena is clearly illustrated in Figure 4.8, where the free base of 2-phenethylamine is strongly 

retained and is severely broadened while its hydrochloride salt elutes just after the dead volume as a sharp 

peak. When 2.5 mM tetramethylammonium nitrate was added in the mobile phase, both the free base and 

hydrochloride salt forms of 2-phenethylamine elute just after dead volume, with essentially the same 

retention time as that of the hydrochloride salt in a mobile phase without additives (chromatograms not 

shown). Certainly the relative mobile phase solubility of the free base versus its protonated ion pair as well 

as the association with boromycin CSP will affect the separation. Larger racemic secondary and tertiary 

amines do not bind as strongly or selectively and are not effectively separated in this study.  

In order to study the effect of the boron in boromycin, boric acid was removed from the complex via mild 

acid hydrolysis.46b The remaining ligand is chiral and has a conformation similar to that of boromycin. 46b  

However, no enantiomeric separations of the compounds in Table 4.2 to Table 4.4 were observed, although 

they were retained. Clearly the anionic boron moiety is essential for chiral molecular recognition. 

The only other location on the boromycin molecule that is available for ionic association would be on the 

backside of the molecule where the boron is close to the outer surface (Figure 4.1). Although an 

electrostatic association may be possible here, this site is surrounded by hydrocarbon and offers few other 

interactions possibilities, particularly in the presence of organic solvents (which negate hydrophobic 

interactions). 

4.6 Conclusions 

Boromycin is the first effective, boron-containing chiral selector. It strongly retains and selectively 

separates enantiomers of a wide variety of primary amine-containing compounds. The boromycin CSP is 

most selective in the presence of organic solvents and supercritical CO2 + methanol. Unlike crown ether-

based CSPs (which require aqueous mobile phases) boromycin can complex unprotonated amines as well 

as protonated amines. Because of the strength of the CSP-amine complex, mM concentrations of a 

competitive binding additive profoundly enhances efficiency and decreases retention. Most separations are 

completed in 4-10 minutes. The amine group of chiral analytes insert in the boromycin’s oxygen lined cleft  
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Table 4.5 Comparison of Enantiomeric Separations of Amino Alcohols and their Related Amino Acid 
Esters on the Boromycin CSPa 

Amino acid alcohols/esters k'1 k'2 α Rs 

4-chlorophenyl alaninol 0.447  0.687  1.44  1.3  

4-chlorophenylalanine ethyl ester hydrochloride 0.267  0.936  3.53  6.5  
 
DL-tryptophanol 0.337  0.427  1.27  0.9  

DL-tryptophan methyl ester hydrochloride 0.290  0.503  1.73  2.0  

DL-tryptophan benzyl ester 0.306  0.712  2.33  3.5  
aMobile phase: methanol/acetonitrile/TMAN 70/30/30 mM. 
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Figure 4.8 Comparison of retention behavior of an achiral primary amine (2-phenethylamine) in its free 
base form (A), and in the hydrochloride salt form (B) on the boromycin CSP. Mobile phase: 100% 

methanol. 
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 near the negatively charged boron moiety. The cleft is a sterically restricted space. Consequently “steric 

bulk” on the analyte plays a major role in chiral molecular recognition. In particular, steric bulk β-, γ- or 

further from the amine moiety tends to enhance selectivity. Removal of boric acid from the chiral selector 

produces a chiral ligand with no observed enantioselective behaviors toward any of the chiral amines in this 

study. 
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CHAPTER 5 
 

DEVELOPMENT OF NEW HPLC/SFC CHIRAL STATIONARY PHASES BASED ON NATIVE AND 
DERIVATIZED CYCLOFRUCTANS 

5.1 Abstract 

An unusual class of chiral selectors, cyclofructans, is introduced for the first time as bonded chiral 

stationary phases. Compared to native cyclofructans (CFs), which have rather limited capabilities as chiral 

selectors, aliphatic- and aromatic-functionalized CF6s possess unique and very different enantiomeric 

selectivities. Indeed, they are show to separate a very broad range of racemic compounds. In particular, 

aliphatic-derivatized CF6s with a low substitution degree baseline separate all tested chiral primary amines. 

It appears that partial derivatization on the CF6 molecule disrupts the molecular internal hydrogen bonding, 

thereby making the core of the molecule more accessible. In contrast, highly aromatic-functionalized CF6 

stationary phases lose most enantioselective capabilities toward primary amines, however they gain broad 

selectivity for most other types of analytes. This class of stationary phases also demonstrates high 

“loadability” and therefore has great potential for preparative separations. The variations in enantiomeric 

selectivity often can be correlated with distinct structural features of the selector. The separations occur 

predominantly in the presence of organic solvents. Ping Sun, Chunlei Wang, Zachary S. Breitbach, Ying 

Zhang, Daniel W. Armstrong. Analytical Chemistry, in press. Copyright © 2007 with permission from the 

American Chemical Society. 

5.2 Introduction 

Enantiomeric separations have attracted great attention in the past few decades. Early enantioselective LC 

work in the 1980’s provided the impetus for the 1992 FDA policy statement on the development of 

stereoisomeric drugs.5a This was because the facile analysis and preparation of many pharmaceutically 

active enantiomers became possible for the first time. Such broadly applicable techniques were essential for 

pharmacokinetic and pharmacodynamic studies, development, quality control and sometimes production of  
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enantiomeric drugs. HPLC with chiral stationary phases (CSPs) is far and away the most powerful and 

widely used technique for solvent-based enantiomeric separations at both analytical and preparative scales. 

Supercritical fluid separations are increasing in importance, particularly for preparative separations. 

However, they use the same packed columns as those for LC.  

Currently, over a hundred CSPs have been reported, and these CSPs are made by coating or bonding the 

chiral selectors, usually to silica gel supports. Interestingly, only a few types/classes of CSPs dominate the 

field of enantiomeric separations, for example, polysaccharide-based CSPs,48 macrocyclic antibiotic 

CSPs,49 and π complex CSPs.50 Researchers continue to make great efforts to develop new HPLC CSPs, 

which could make a substantial impact on enantiomeric separations. It has been stated that today in order 

for any new CSPs to have an impact, they must fulfill one or more of the following requirements:51 (a) 

broader applicability than existing CSPs; (b) superior separations for specific groups of compounds; or (c) 

fill an important unfulfilled separation nitch. In the present paper, a unique class of CSPs based on 

cyclofructan (CF) is introduced, and is shown to have the potential to satisfy all of the above-mentioned 

requirements.  

Cyclofructans (CFs) are one of a relatively small group of macrocyclic oligosaccharides.52 Cyclodextrins 

are perhaps the best known member of this class of molecules.11a, 53 However, as will be shown, 

cyclofructans are quite different in both their structure and behavior. Cyclofructans consist of six or more 

β-(2→1) linked D-fructofuranose units (see Figure 5.1). Common abbreviations for these compounds are 

CF6, CF7, CF8, etc, which indicate the number of fructose units in the macrocyclic ring. Cyclofructans 

were first reported by Karvamura and Uchiyama in 1989.52b Their structures were determined by means of 

enzymic, spectroscopic, and chromatographic methods. Cyclofructans have been used in a variety of 

applications mostly as additives to consumer products, such as moderators of food and drink bitterness and 

astringency,54 browning prevention agent,55 ink formulation agent,56 lubricants57 and so on. In addition, 

cyclofructans have been shown to have cryoprotective effects,58 and complexing abilities toward metal 

ions.59 However, to date and to our knowledge, there have been no published reports on HPLC 

enantiomeric separations using either native cyclofructan or derivatized cyclofructans as chiral selectors. 

In the present work, we described the unique structure of CF6, synthesis of CF6-based CSPs, chiral  
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Figure 5.1 Structure of cyclofructan. (A) Molecular structure of CF6, CF7 and CF8; (B-D) Crystal 
structure of CF6: B. side view; C. hydrophobic side up; D. hydrophilic side up. Color scheme: oxygen 

atoms are red and carbons are black. Hydrogens are not shown. 
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separation mechanistic considerations, their chromatographic performance in terms of enantiomeric 

separations, and the pronounced effect of certain derivatization approaches on CF6 structure and 

selectivity.  

5.3 Experimental Section 

5.3.1 Materials 

Cyclofructans (CFs) can be produced either by fermentation of inulin via any of five microorganisms (for 

example, Bacillus circulans OKUMZ 31B and B. circulans MCI-2554),52b, 60 or incubation of inulin with 

the active enzyme cycloinulo-oligosaccharide fructanotransferase (CFTase).52a Also, the CFTase gene has 

been isolated, and its sequence has been determined and incorporated into common baker’s yeast.52a, 60b 

Therefore, mass-produced CFs could be available at low cost. CF6, and a mixture of CF7 (80%) + CF6 

(20%) were generously donated by Mari Yasuda at Mitsubishi Chemical Group (Tokyo, Japan). Different 

types of silica (all of 5μm spherical diameters) were utilized. They include Daiso silica of 5μm spherical 

diameter (300 Å pore size, 107 m2/g surface area; 200 Å, 170 m2/g; 120 Å, 324 m2/g; 100 Å, 440 m2/g), 

and Kromasil silica (300 Å, 116 m2/g; 200 Å, 213 m2/g; 100 Å, 305 m2/g). Anhydrous N,N-

dimethylformamide (DMF), anhydrous toluene, anhydrous pyridine, acetic acid (AA), triethylamine (TEA), 

trifluoroacetic acid (TFA), butylamine, sodium hydride, 3-(triethoxysilyl)propyl isocyanate, 1,6-

diisocyanatohexane, (3-aminopropyl)triethoxysilane, 3-glycidoxypropyltrimethoxy silane, and all of 81 

racemic analytes tested in this study were purchased from Sigma-Aldrich (Milwaukee, WI, USA). All 

isocyanate and isothiocyanate derivatization reagents were also obtained from Sigma-Aldrich. They include 

methyl isocyanate, ethyl isocyanate, isopropyl isocyanate, tert-butyl isocyanate, methyl isothiocyanate, 3,5-

dimethylphenyl isocyanate, 3,5-dichlorophenyl isocyanate, p-tolyl isocyanate, 4-chlorophenyl isocyanate, 

3,5-bis(trifluoromethyl)phenyl isocyanate, R-1-(1-naphthyl)ethyl isocyanate, S-1-(1-naphthyl)ethyl 

isocyanate, S-α-methylbenzyl isocyanate. 1-Chloro-3,5-dinitrobenzene, and 4-chloro-2,6-

dinitrobenzotrifluoride were obtained from Alfa Aesar (Ward Hill, MA, USA). Acetonitrile (ACN), 2-

propanol (IPA), n-heptane, ethanol (ETOH), and methanol (MEOH) of HPLC grade were obtained from 

EMD (Gibbstown, NJ, USA). Water was obtained form Millipore (Billerica, MA, USA).  
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5.3.2 Synthesis of CF-based CSPs 

Native or derivatized cyclofructan were bonded to silica support by a variety of different methods. Native 

CF6 is used as an example to describe the procedures for the three binding chemistries tested. In the first 

method, silica (3 g) was dried at 110 ˚C for 3 h. Anhydrous toluene was added and any residual water was 

removed using a Dean-Stark trap for 3h. The mixture was cooled down <40 ˚C and 1mL of (3-

aminopropyl)triethoxysilane was added dropwise to the 3 g silica-toluene slurry. Next the mixture was 

refluxed for 4 h and then cooled, filtered, washed and dried to obtain amino-functionalized silica (3.3 g). 

Then, 2 mL of 1,6-diisocyanatohexane was added to the dry amino-silica toluene slurry, which was kept in 

an ice bath. Next, the slurry mixture was heated to 70˚C for 4h. The excess reactant was removed by 

vacuum filtration and the solid product was washed with anhydrous toluene twice. Lastly, 1 g of dried 

cyclofructan dissolved in 20 mL of pyridine was added and the mixture was heated to 70˚C and allowed to 

react for 15 h. Finally 3.7 g of product was obtained.  

The second binding chemistry also forms the carbamate linker. Cyclofructan (1g) was dissolved in 40 mL 

of anhydrous pyridine. To this solution, 0.7 mL of 3-(triethoxysilyl)propyl isocyanate was added dropwise 

under dry argon atmosphere protection. And the mixture was heated at 90 ˚C for 5h. Next, residual water 

was removed from silica gel (3g) using a Dean-Stark trap and 150 mL of anhydrous toluene. After the two 

mixtures were cooled to room temperature, the cyclofructan reaction mixture was added to the silica-

toluene slurry and heated at 105 ˚C overnight. The final mixture was cooled and washed. After drying in 

vacuum over overnight, 3.4 g of product was obtained. 

The third binding chemistry forms an ether linkage. Epoxy-functionalized silica was synthesized as 

previously described.49b First, CF6 (1g) was dissolved in 30 mL of anhydrous DMF. Then, 0.2 g NaH was 

added to the solution under dry argon protection and stirred for 10 min. Unreacted NaH was removed by 

vacuum filtration. Lastly, dry epoxy-functionalized silica (3.3 g) was added to the filtrate, and the mixture 

was heated at 140 ˚C for 3 h and subsequently cooled down to room temperature. Then filtered and dried. 

Syntheses of derivatized cyclofructan chiral stationary phases (CSPs) have been conducted in a variety of 

ways. For example, native cyclofructan can be chemically bonded to silica, then derivatized; or 

cyclofructan can be first partially derivatized, then bonded to silica. Figure 5.2 shows the diagram of 
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covalently-bonded CF6 and the structures of the aliphatic and aromatic derivatization groups used in this 

study. All derivatization groups were bonded to CF6 via a carbamate or a thiocarbamate linkage, with the 

exception of dinitrophenyl and dinitrophenyl-trifluoromethyl groups, which are attached to CF6 via an 

ether linkage.61 Table 5.1 shows elemental analysis data for the native CF6-CSP, partially-derivatized 

methyl carbamate-CF6 CSP, and completely-derivatized R-naphthylethyl carbamate-CF6 CSP. 

After the cyclofructan derivative is bonded to the support, it can be further derivatized to achieve more 

complete coverage, or to have two different derivative groups on the cylofructan (π-acid and π-basic 

groups).  

5.3.3 HPLC method 

The HPLC column packing system is composed of an air driven fluid pump (HASKEL, DSTV-122), an air 

compressor, a pressure regulator, a low pressure guage, two high pressure gauges (10000 psi and 6000 psi), 

a slurry chamber, check valves and tubings. The CSP was slurry packed into a 25cm×0.46cm (i.d.) stainless 

steel column. 

The HPLC system was an Agilent 1100 system (Agilent Technologies, Palo Alto, CA, USA), which 

consists of a diode array detector, an autosampler, a binary pump and Chemstation software. All chiral 

analytes were dissolved in ethanol, methanol or appropriate mobile phases. For the LC analysis, the 

injection volume and the flow rate were 5 µL and 1mL/min, respectively. Separations were carried out at 

room temperature (~20 οC) if not specified. The mobile phase was degassed by ultrasonication under 

vacuum for 5 min. Each sample was analyzed in duplicate. Three operation modes (the normal phase mode, 

polar organic mode, and reversed phase mode) were tested. In the normal phase mode, heptane with ethanol 

or isopropanol was used as the mobile phase. In some cases, TFA was used as an additive. The mobile 

phase of the polar organic mode was composed of acetonitrile/methanol and small amounts of acetic acid 

and triethylamine. Water/acetonitrile or acetonitrile/acetate buffer (20mM, pH=4.1) was used as the mobile 

phase in the reversed phase mode. Supercritical fluid chromatographic instrument is a Berger SFC unit with 

an FCM1200 flow control module, a TCM 2100 thermal column module, a dual pump control module, and 

a column selection valve. The flow rate is 4mL/min. The co-solvent is composed of 

methanol:ethanol:isopropanol=1:1:1 and 0.2% DEA (diethylamine). The gradient mobile phase  
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Figure 5.2 Scheme of chemically-bonded CF6 stationary phase and derivatized-CF6 CSPs and chemical 
structure of all derivatizing groups. 
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Table 5.1 Elemental analysis results of three representative CF6-based stationary phases 

Chiral selector Degree of substitution C% H% N% 
Native CF6 0 10.19 1.78 0.41 
Methyl carbamate CF6 Lowa 12.02 1.90 1.01 
R-naphthylethyl carbamate CF6 Very highb 19.11 2.52 1.57 
a DS ~ 6. 
b Complete derivatization (DS=18).  
 

Table 5.2 Physical properties of cyclofructans 6-8 

aMelts and decomposes in this range. 
bValues taken from Ref. 28. 
cValues estimated from Ref. 46. Estimates accounting for van der Waals radii. 
dMeasured in our lab. 
  

Macrocycle 
Melting Point 

(°C) 
[α]D

20 (°) in 
H2O 

Cavity i.d. 
(Å)c 

Macrocycle o.d. 
(Å)c 

Macrocycle 
Height (Å)c 

CF6 210-219a -64.6b 2.3 14.6 8.7-9.4 

231-233b -63.5d 

CF7 215-222a -59.1d 4.1 15.9 8.5-8.9 

CF8 N/A N/A 4.7 16.1 8.5-9.2 
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composition is: 5% co-solvent hold during 0-0.6 min, 5-50% during 0.6-3.6 min, 50% hold during 3.6-4.6 

min, 50%-5% during 4.6-5.1min, 5% hold during 5.1-6.6 min.  

For the calculations of chromatographic data, t0 is determined by the peak of the refractive index change 

due to the sample solvent, or determined by injecting 1,3,5-tri-tert-butylbezene in the normal phase mode. 

Selectivity (α) was calculated by α=k2’/k1’, where k1’ and k2’ are the retention factors of the first and second 

eluted enantiomers, respectively. The molecular structure modeling program is ACD/3D viewer freeware.  

5.4 Results and Discussion 

5.4.1 Structure and Properties of Cyclofructans 

Cyclofructans consist of six or more D-fructofuranose units (Figure 5.1) and each fructofuranose unit 

contains four stereogenic centers and three hydroxyl groups. Their central skeleton has the same structure 

as the respective crown ethers. Table 5.2 gives relevant physico-chemical data for CF6, CF7 and CF8. It 

indicates that the “cavity” inner diameter (i.e., distance between opposing oxygen atoms in the molecular 

core) increase significantly from 2.3 Å for CF6 to 4.1 Å for CF8.60a And the macrocycle outer diameter of 

CF6-CF8 demonstrates the same trend. However, the macrocycle heights are all quite similar.  

Among cyclofructans, CF6 has attracted the most attention due to its availability in pure form and its highly 

defined geometry. The crystal structure of CF6 (shown in Figure 5.1B-D) reveals that six fructofuranose 

rings are arranged in spiral fashion around the crown ether skeleton, either up or down towards the mean 

plane of the crown ether.60f, g Its symmetry is lowered to C3 and the molecular energy decreases due to the 

staggered ring structure that reduces the steric repulsion between adjacent fructofuranose units.60a, 60f, g Six 

3-position hydroxyl groups alternate to point towards or away from the molecular center, and three oxygen 

atoms pointing inside (oxygens in the molecular center of Figure 5.1D) are very close to each other. The 

distance between them is around 3 Å, which is approximately the sum of van der Waals radius of two 

oxygen atoms. As a result, access to the 18-crown-6 core on one side of the macrocycle is blocked by the 

hydrogen bonding between these hydroxyl groups60g (Figure 5.1D). This side of the macrocycle is 

relatively hydrophilic as the result of the directionality of all its hydroxyl groups (Figure 5.1D). It has been 

reported that interactions between these 3-OH groups on the CF6 hydrophilic side and metal cations plays 

an important role in metal complexation.60a The other side of CF6 appears to be more hydrophobic, 
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resulting from the methylene groups of -O-C-CH2-O- around the central indentation (Figure 5.1C). A 

computational lipophilicity pattern of CF6 also confirms that CF6 shows a clear “front/back” 

regionalization of hydrophilic and hydrophobic surfaces. 60a Both the crystal structure and computational 

modeling studies demonstrate that CF6 appears to have considerable additional internal hydrogen bonding. 

The fact that three 3-OH groups completely cover one side of the 18-crown-6 ring and the skeleton crown 

oxygens are almost folded inside the molecule, makes CF6 very different from other 18-crown-6 ether 

based chiral selectors. It is worth emphasizing that CF6-8 do not possess central hydrophobic cavities, as 

do cyclodextrins.11a, 53 Consequently, hydrophobic inclusion complexation, which plays an important role in 

the association of organic molecules with cyclodextrins, does not seem to be relevant for cyclofructans.  

For the above-mentioned structural reasons, native CF6 appears to have limited capabilities to form either 

hydrophobic inclusion complexes or ion/crown ether inclusion complexes. In order to investigate whether 

or not CF6 provides any chiral recognition capabilities, we synthesized the covalently bonded native-CF6 

stationary phase to investigate its capability for chiral recognition. We also conducted extensive CE 

experiments investigating CF6 as a chiral run buffer additive. The native CF6-based column was evaluated 

by injecting a set of 81 analytes with a wide variety of functionalities, including amines, carboxylic acids, 

alcohols, and so forth. This CSP based on native CF6 only partially separated enantiomers of a few primary 

amines (Figure 5.3A top) and two binaphthyl compounds [i.e., 1,1’-bi(2-naphthyl diacetate), and 1,1’-bi-2-

naphthol bis(trifluoromethanesulfonate)]. It appeared that none of the separations were baseline due to a 

combination of marginal selectivity, inefficient separations often coupled with poor peak shapes and often 

long retention. For all of other analytes, the CF6-CSP exhibited negligible enantioselectivity. Furthermore 

no enantiomeric separations were obtained with native CF6 in CE. 

5.4.2 Initial Observations on the Effects of Derivatization of Cyclofructan 6 

The hypothesis that extensive intramolecular hydrogen bonding in CF6 (see Figure 5.1D) and its compact 

configuration has detrimental effects on its enantioselective separation ability could be tested if one could 

disrupt its internal hydrogen bonding and allow the structure to “relax” or open somewhat. One way to do 

this is to block a few of the crucial hydrogen bonding groups within the CF6 structure. Interestingly, when 

CF6 CSPs were made with either aliphatic or aromatic substituted-CF6s (with a low degree of hydroxyl 
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group substitution), they exhibited tremendous enantioselectivity toward chiral primary amines (see Figure 

5.3A). Molecular modeling was performed for the derivatized CF6 (Figure 5.4A) and helps to explain the 

improved enantiomeric resolution toward primary amines. In this simplest case, it is supposed that initial 

derivatization with the methyl substituent (ME) occurs with the 6-OH groups. Figure 5.4A shows a side 

view of the molecular model of ME-carbamate CF6, obtained with ACD/3D viewer freeware program. It 

suggests that the CF6 intramolecular hydrogen bonding is disrupted after partial derivatization, causing a 

“relaxation” of the molecular structure. This may expose the crown ether core and/or other previously 

inaccessible hydrogen bonding sites of the CF6. Substitution of a few of the hydroxyl groups, especially 

with larger derivatization groups can increase the steric bulk, which can be beneficial for improving peak 

efficiency (as will be discussed). However, further increases in the substitution degree on the CF6 molecule 

(Figure 5.3B) results in significantly worse capabilities for separating primary amines. Enantioselectivity 

for all primary amines was completely lost on the RN-CSP with complete substitution. The reason for this 

becomes apparent from the structure of CF6 with 18 RN groups (Figure 5.4B), which shows the RN groups 

are positioned up or down, thus enlarging the depth of the molecule and again sterically blocking the 

molecular core. The conversion of all hydroxyl groups to carbamate groups also removes all hydrogen 

bonding donor groups and most oxygens are buried deep inside the molecule. Thus, having many bulky 

functional groups can sterically hinder the chiral recognition of primary amines. These observations 

suggest that the substitution degree on CF6 is playing a crucial role in its capability for chiral recognition of 

primary amines. Also, it is found that aliphatic- and aromatic-functionalized CF6 CSPs provide different 

capabilities for separating primary amines. Figure 5.5 shows one example, comparing methyl, isopropyl 

and RN derivatized-CF6 stationary phases of the same substitution degree. The IP- and ME-derivatized 

columns gave higher enantioselectivity and resolution for tryptophanol. A noticeable improvement in peak 

efficiency was observed on these aliphatic-functionalized columns. The aliphatic-functionalized CF6 

stationary phases separate primary amines more effectively, providing higher selectivity and/or higher 

efficiency. These results demonstrate that the size of the derivatizing group also plays an important role in 

the separation of primary amines. Although aliphatic-functionalized CF6 stationary phases with a low 

substitution degree were highly successful for the separations of primary amines, they show poor  



   64   
 

   

min10 14 18 22 26

min6 10 14

A 

Native-CF6 CSP 
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Low degree of substitution 
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                         High degree of substitution 

Figure 5.3 Separation of primary amines on derivatized-CF6 stationary phases with different substitution 
degrees. Analytes and mobile phases are: (A) normetanephrine hydrochloride, 

75ACN/25MEOH/0.3AA/0.2TEA (top), 60ACN/40MEOH/0.3AA/0.2TEA (bottom); (B) 1-aminoindan, 
60ACN/40MEOH/0.3AA/0.2TEA (top and bottom). 
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  (A)  

(B)  

Figure 5.4 Edge view of CF6 derivatized with (A) six methyl carbamate groups and (B) eighteen R-
naphthylethyl carbamate groups. The color coding is: oxygen atoms are red, carbon atoms are black and 
nitrogen atoms are blue. Hydrogen atoms are not shown. Compare these edge views with that of native 

cyclofructans in Figure 5.1B. 
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Figure 5.6 Comparison between native- and aromatic-functionalized CF6 chiral columns. The analytes is 
N-(3,5-dinitrobenzoyl)-DL-leucine. Mobile phases: (A) 90heptane/10ETOH/0.1TFA; (B) 

70heptane/30ETOH/0.1TFA. 
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(C) Aliphatic ME-CF6 CSP 

Figure 5.5 Comparison between aromatic- and aliphatic-derivatized-CF6 CSPs. The analyte is DL-
tryptophanol. The chromatographic data and mobile phases are:  
(A) k1=4.66, α=1.12, Rs=1.4, 75ACN/25MEOH/0.3AA/0.2TEA;  
(B) k1=3.39, α=1.15, Rs=2.7, 60ACN/40MEOH/0.3AA/0.2TEA;  
(C) k1=3.03, α=1.12, Rs=1.7, 60ACN/40MEOH/0.3AA/0.2TEA. 
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capabilities for separating most other analytes.  

Aromatic-functionalization of a native chiral selector is a common strategy used to develop new chiral 

stationary phases, such as dimethylphenyl and dichlorophenyl substitution of amylose and cellulose,48 and, 

and dimethylphenyl and naphthylethyl substitution of β-cyclodextrin.62 Compared to native chiral selectors, 

the aromatic derivatized-types provide improved enantioseparation capabilities and separate a wider range 

of analytes. Therefore it was logical to synthesize aromatic-functionalized CF6 stationary phases with a 

higher substitution degree. Evaluations of these stationary phases show that highly aromatic-functionalized 

CSPs negate the previously found almost universal selectivity for chiral primary amines. However, there 

was a dramatic enhancement in enantiomeric selectivity for most other types of compounds. Figure 5.6 

illustrates the enhanced selectivity provided by the RN-carbamate CF6 stationary phase. N-(3,5-

dinitrobenzoyl)-DL-leucine was successfully separated (α=1.91, Rs=4.4) by the RN-CF6 column, while no 

separation was observed on the CF6-CSP. The aromatic-functionalized CF6 CSPs provide ample 

opportunities for multiple hydrogen bonding interactions, π-π interaction, and dipole-dipole interaction, 

aided by steric interactions to obtain effective chiral recognition.  

It appears from these initial results, that cyclofructan can be functionalized in such ways as to provide two 

completely different types of chiral selectors which separate enantiomers via two different mechanisms. 

The minimally functionalized CF6 (with smaller aliphatic moieties) has a relaxed structure that exposes its 

crown ether core and additional hydroxyl groups. This allows for interactions with and separation of chiral 

primary amines in organic solvents for the first time. More highly aromatic derivatized CF6 has a sterically 

crowded structure (Figure 5.4B) that hinders access to its molecular core, but provides other ample 

interaction sites about its periphery. It is these sites that provide chiral recognition for a broad range of 

compounds. In the following sections more detailed examination and optimization of these two 

functionalized cyclofructan formats are discussed.  

5.4.3 Cyclofructan CSPs Based on Aliphatic-functionalized CF6 

Initial studies (supra vide) showed that aliphatic-CF6 CSPs provide excellent enantiomeric separation 

abilities for primary amines, so it was necessary to conduct more comprehensive studies on these aliphatic-

functionalized stationary phases. Aliquots of CF6 were respectively derivatized with four different aliphatic 
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Table 5.3 Chromatographic data of primary amines separated on derivatized-CF6 stationary phases in 
optimized conditions 

# Compound name CSPa k1 α Rs Mobile phaseb 
1 trans-1-Amino-2-indanol IP 2.85  1.31  3.9 60A40M0.3AA0.2T 
  ME 2.44  1.28  3.5 60A40M0.3AA0.2T 
  RN-L 1.43  1.23  1.6 60A40M0.3AA0.2T 
2 cis-1-Amino-2-indanol IP 2.69  1.12  1.6 60A40M0.3AA0.2T 
  ME 2.47  1.10  1.5 60A40M0.3AA0.2T 
  RN-L 3.00  1.07  0.8 75A25M0.3AA0.2T 
3 Normetanephrine hydrochloride IP 5.83  1.16  2.6 60A40M0.3AA0.2T 
  RN-L 2.84  1.15  1.6 60A40M0.3AA0.2T 
  ME 5.24  1.14  2.0 60A40M0.3AA0.2T 
4 DL-Octopamine hydrochloride IP 6.09  1.14  2.1 60A40M0.3AA0.2T 
  ME 5.46  1.12  1.8 60A40M0.3AA0.2T 
  RN-L 2.74  1.10  1.5 60A40M0.3AA0.2T 
5 Phenylpropanolamine IP 3.64  1.13  2.2 60A40M0.3AA0.2T 
 hydrochloride RN-L 1.81  1.13  1.6 60A40M0.3AA0.2T 
  ME 3.17  1.11  1.9 60A40M0.3AA0.2T 
6 1-Aminoindan IP 3.90  1.17  3.1 60A40M0.3AA0.3T 
  RN-L 3.21  1.17  2.1 60A40M0.3AA0.2T 
  ME 3.37  1.15  2.7 60A40M0.3AA0.2T 
7 1,1-Diphenyl-2-aminopropane  IP 1.12  1.09  1.5 60A40M0.3AA0.2T 
  RN-L 3.31  1.07  1.5 85A15M0.3AA0.2T 
  ME 1.94  1.07  1.3 75A25M0.3AA0.2T 
8 2-Amino-1-(4-nitrophenyl)-1,3- 

propanediol  
ME 2.40  1.18  1.9 60A40M0.3AA0.2T 

 IP 2.16  1.15  2.3 60A40M0.3AA0.2T 
  RN-L 6.74  1.14  1.7 85A15M0.3AA0.2T 
9 α-Methylbenzylamine  ME 3.07  1.17  1.5 60A40M0.3AA0.2T 
  IP 2.77  1.15  1.5 60A40M0.3AA0.2T 
  RN-L 8.12  1.09  0.8 85A15M0.3AA0.2T 
10 DL-Tryptophanol  IP 3.39  1.15  2.7 60A40M0.3AA0.2T 
  ME 3.03  1.12  1.7 60A40M0.3AA0.2T 
  RN-L 4.66  1.12  1.4 75A25M0.3AA0.2T 
11 1,2,2-Triphenylethylamine IP 1.14  1.16  1.6 75A25M0.3AA0.2T 
  ME 0.48  1.07  0.6 75A25M0.3AA0.2T 
aAbbreviations of CSPs: ME, methyl carbamate-CF6 CSP; IP, isopropyl carbamate-CF6 CSP; RN-L, R-
naphthylethyl carbamate-CF6 CSP with a low substitution degree. 
bAbbreviations of mobile phases: A: acetonitrile; M: methanol; AA: acetic acid; T: triethylamine. 
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moieties: methyl (ME), ethyl (ET), isopropyl (IP), and tert-butyl (TB) groups. Among them, IP- and ME-

functionalized CF6 appeared to give the best enantiomeric separations of primary amines. Representative 

chromatographic data are shown in Table 5.3. For comparison, data generated on the aromatic RN-CF6 

CSP with a low substitution degree also are included. The IP CSP gave the highest selectivity toward nine 

primary amines, while slightly higher selectivity was obtained on the methyl-derivatized CF6 column for 

two of the compounds. However, in those two cases, the IP-CSP gave better or the same resolution, due to 

its higher efficiency. In most cases the aromatic derivatized RN-CSP gave the poorest enantioselectivities 

and resolutions. Compared to all other columns (Figure 5.2), the isopropyl-derivatized CF6 CSP provided 

higher selectivity and/or higher efficiency, and it produced baseline separations of all racemic primary 

amines tested.  

Furthermore, thiocarbamate linkages between CF6 and various functional groups also were tested using the 

analogous isothiocyanate derivatization reagent. A comparison of the separations obtained from CF6 after 

derivatization with methyl isocyanate versus methyl isothiocyanate is shown in Figure 5.7. The methyl-

functionalized CSP based on the carbamate linkage produced significantly higher selectivity and resolution. 

For primary amines, enantioresolution was observed in both the polar organic mode and normal phase 

mode (shown in Figure 5.8). While operating under normal phase conditions, both acidic additives 

(trifluoroacetic acid) and basic additives (butylamine) were tested. In this instance, the acidic modifier is 

thought to act to maintain an ion-pair. Fronting asymmetric wide peaks were always observed in the normal 

phase mode with an acidic additive, due to strong interactions between basic analyte and the weakly acidic 

silica-based stationary phase. The selectivity of primary amines on the CF6 column was lost in most cases 

when using a butylamine additive, although symmetric peaks were observed (data not shown). The effect of 

butylamine in decreasing the retention and selectivity can be attributed to the fact that this basic additive 

simply competes with basic analytes for the primary interaction sites on the chiral stationary phase. In the 

polar organic mode, better resolution (Rs=1.6) was observed due to good selectivity (α=1.16) and highest 

efficiency (symmetric sharp peaks). However, higher enantioselectivity (α=1.25) often was obtained in the 

normal phase mode. This trend is true for all tested primary amines: better resolution was obtained in the 

polar organic mode. All primary amines were baseline separated using the same or similar mobile phase 
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Figure 5.8 Separation of 1,2,2-triphenylethylamine on the IP-CF6 column. The chromatographic data and 
mobile phases are: (A) k1=2.09, α=1.25, Rs=1.4, 70heptane/30ETOH/0.1TFA; (B) k1=1.14, α=1.16, 

Rs=1.6, 75ACN/25MEOH/0.3AA/0.2TEA. 
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Figure 5.7 Comparison between methyl carbamate- and methyl thiocarbamate-CF6 CSPs. The analyte and 
mobile phase are cis-1-amino-2-indanol, and 60ACN/40MEOH/0.3AA/0.2TEA, respectively. 
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compositions, which streamlines the method development process. In addition, the polar organic mode 

offers other advantages, for example, short analysis times, low back-pressure, and better analyte solubility 

in the mobile phase. In order to evaluate the effects of acidic and basic additives in the polar organic mode 

on the separation of primary amines, different types and amounts of basic additives were investigated and 

the results are shown in Table 5.4. The highest enantioselectivity was obtained using the combination of 

triethylamine and acetic acid as additives. Also, the ratio of acidic/basic additives has been optimized and it 

was determined that addition of 0.3% acetic acid/0.2% triethylamine commonly results in highest 

selectivity. 

The most important feature of the derivatized-CF6 CSPs is their extremely high success rate for separating 

primary amines. Indeed, 100% of the tested primary amines were baseline separated. Currently, the most 

effective CSPs available for separating racemic primary amines are synthetic chiral crown ether-based 

stationary phases.63 However, their applications are intrinsically restricted to primary amines, with the 

partial exception of 18-crown-6 tetracarboxylic acid. Furthermore, strong acidic, aqueous mobile phases are 

always necessary to protonate and separate these primary amines. The derivatized CF6-based CSPs differ 

significantly from all other crown ether-based ones, in that they work best in polar organic and normal 

phase solvents for separating primary amines, and their applications are not always limited to primary 

amines.  

5.4.4 Cyclofructan CSPs based on aromatic-functionalized CF6 

Ten different CSPs were made which consisted of silica bonded cyclofructan, highly functionalized with 

ten different aromatic moieties (See Figure 5.2). Their respective chromatographic performances were 

evaluated by injecting all 70 probe molecules (non primary amine types). Among these ten aromatic 

derivatized-CF6 CSPs, four CSPs appeared to produce superior results. They are: 3,5-dimethylphenyl 

(DMP), 3,5-dichlorophenyl (DCP) , R-1-(1-naphthyl)ethyl (RN), and S-α-methylbenzyl (SMP). The 

chromatographic data of the 70 probe analytes on these four columns are listed in Table 5.5. If one analyte 

is separated on more than one columns, the results are listed in descending order of selectivity. If the IP-

functionalized CSP showed an enantioseparation, the data also was included for comparison purposes. 

Chromatograms of four representative separations under optimized conditions are shown in Figure 5.9. In 
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Table 5.4 Additive effect of separation of (±) trans-1-amino-2-indanol (primary amine type) in the polar 
organic mode on the IP-CF6 column 

  k1 α Rs 
Change basic 
additive typea 

triethylamine 2.85 1.31 4.0 
trimethylamine 3.36 1.29 5.3 
ethanolamine 1.97 1.14 2.6 
diethylamine 3.67 1.29 1.6 

Change additive 
amount ratiob 

0.30AA/0.20TEA 2.85 1.31 4.0 
0.20AA/0.30TEA 2.69 1.24 3.9 
0.25AA/0.25TEA 3.24 1.27 4.4 

aThe mobile phase is composed of 60%acetonitrile/40%methanol/0.3%acetic acid (equals 52mM) /14 mM 
basic additive.bVolume percentage. 
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Table 5.5 Chromatographic data of other compounds separated on six derivatized-CF6 stationary phases in 
optimized conditions 

# Compound name CSPa  k1 α Rs Mobile phaseb 
Acids 
1 O-Acetylmandelic acid IP 11.00  1.04  1.2 98H2E0.1TFA 
  SMP 9.86  1.04  0.9 98H2E0.1TFA 
2 2,3-Dibenzoyl-DL-tartaric acid IP 5.93  1.08  1.0 99A1M0.3AA0.2T 
  RN 7.74 1.04 1.2 99.8A0.2M0.3AA0.2T 
3 Ketorolac IP 8.30  1.03  0.9 95H5E0.1TFA 
  SMP 4.77  1.03  0.6 90H10E0.1TFA 
  RN 4.65  1.03  0.6 90H10E0.1TFA 
4 Phenethylsulfamic acid IP 3.24  1.14  2.6 60A40M0.3AA0.2T 
  SMP 3.18  1.13  0.8 70H30E0.1TFA 
  RN 5.90  1.10  1.3 80A20M0.3AA0.2T 

  DMP 2.03  1.10  0.6 70H30E/0.1TFA 
5 1-Methyl-6,7-dihydroxy-1,2,3,4- 

tetrahydroisoquinoline 
hydrobromide  

RN 8.87 1.16 1.6 70H30E0.1TFA 
 SMP 7.19 1.14 2.2 70H30E0.1TFA 
 IP 2.74  1.11  1.8 60A40M0.3AA0.2T 
  DMP 4.12  1.07  1.2 70H30E0.1TFA 
Secondary and tertiary amines  
1 Bis-[(R/S)-1-phenylethyl]amine 

HCl 
RN 4.04 1.16 2.5 90H10E0.1TFA 

 SMP 7.07  1.13  1.5 98H2E0.1TFA 
2 Bendroflumethiazide RN 5.50 1.16 2.3 70H30E0.1TFA 
  SMP 4.27  1.03  0.5 70H30E0.1TFA 
3 Tröger’s base DMP 0.95  1.59  5.7 70H30E 
  RN 0.96 1.53 4.2 70H30E 
  DCP 1.25  1.28  2.0 80H20E 
  SMP 0.94  1.19  1.5 80H20E 
  IP 0.62  1.11  0.9 80H20E 
4 Orphenadrine citrate salt DCP 8.28  1.51  3.0 80H20E 
5 Diperodon hydrochloride DCP 2.89  1.21  1.2 80H20E 
  SMP 10.36  1.06  0.7 70H30E0.1TFA 
Amino acid derivatives  
1 N-(3,5-dinitrobenzoyl)-DL-

leucine 
RN 0.80 1.91 4.4 50H50E0.1TFA 

 DMP 5.54  1.12  2.3 90H10E0.1TFA 
 SMP 1.85  1.11  1.5 80H20E0.1TFA 
  DCP 7.45  1.06  0.6 80H20E0.1TFA 
2 N-(3,5-Dinitrobenzoyl)-DL- 

phenylglycine 
RN 7.22 1.12 1.8 70H30E0.1TFA 

 DMP 11.01  1.08  1.5 90H10E0.1TFA 
  SMP 10.80  1.05  1.1 90H10E0.1TFA 
3 Carbobenzyloxy-alanine SMP 3.83  1.10  1.6 90H10I0.1TFA 
  DCP 6.49  1.06  1.3 95H5E0.1TFA 
4 N-Benzoyl-DL-phenylalanine β-

naphthyl ester 
SMP 4.49  1.19  3.2 90H10E0.1TFA 

 DMP 4.00  1.10  1.7 90H10I0.1TFA 
  IP 6.19  1.08  1.5 95H5E0.1TFA 
  RN 10.25  1.06  0.6 95H5E0.1TFA 
  DCP 3.63  1.05  0.7 90H10I0.1TFA 
5 3,5-Dinitrobenzoyl-tryptophan 

methyl ester 
RN 3.99 1.17 2.2 50H50E0.1TFA 

 SMP 2.76  1.10  1.5 70H30E0.1TFA 
  DMP 5.19  1.09  1.5 80H20E0.1TFA 
6 N-2,4-Dinitrophenyl-DL-

norleucine 
DMP 5.54  1.10  1.7 95H5I0.1TFA 

 RN 10.91 1.07 1.3 95H5E0.1TFA 
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Table 5.5 – Continued 

7 Dansyl-norleucine 
cyclohexylammonium salt 

SMP 6.95 1.07 1.4 90H10E0.1TFA 
 DMP 15.05  1.05  1.2 95H5E0.1TFA 
  IP 6.93 1.04 0.8 90H10E0.1TFA 
Alcohcols 
1 α-Methyl-9-anthracenemethanol RN 5.05 1.08 1.7 98H2I0.1TFA 
  DMP 7.61 1.03 0.7 99H1I0.1TFA 
  SMP 5.18 1.02 0.5 98H2E0.1TFA 
2 Benzoin DMP 5.91  1.07  1.5 99H1I0.1TFA 
  SMP 4.89  1.05  1.3 98H2E0.1TFA 
  RN 6.22 1.04 0.8 98H2E0.1TFA 
3 N,N’-Dibenzyl-tartramide DMP 18.03  1.10  1.5 95H5I0.1TFA 
  DCP 3.34  1.10  1.2 80H20E0.1TFA 
  RN 11.30 1.06 1.3 90H10E0.1TFA 
  SMP 9.26  1.05  0.8 90H10E0.1TFA 
4 furoin IP 9.91  1.03  1.3 95H5E0.1TFA 
  DMP 9.98  1.03  0.6 98H2E0.1TFA 
  SMP 5.64  1.02  0.5 90H10E/0.1TFA 
5 Cromakalim DMP 16.00  1.05  1.5 95H5E0.1TFA 
  DCP 8.69  1.05  1.1 90H10E0.1TFA 
  RN 8.84  1.02  0.4 90H10E0.1TFA 
Others 
1 1,1’-Bi(2-naphthyl diacetate) IP 0.40  1.35  2.9 70H30E 
  DMP 0.74  1.21  1.7 70H30E 
  SMP 0.77  1.17  1.9 70H30E 
  RN 1.79  1.11  1.6 90H10E0.1TFA 
  DCP 1.15  1.08  1.1 90H10E0.1TFA 
2 5,5’,6,6’,7,7’,8,8’-

Octahydro(1,1’- 
binaphthalene)-2,2’diol 

DMP 5.47  1.18  2.8 99H1I0.1TFA 
 RN 5.34 1.11 1.9 98H2E0.1TFA 
 SMP 4.47  1.09  1.5 98H2E0.1TFA 
3 2,2’-Diamino-1,1’-binaphthalene DMP 1.43  1.45  5.3 70H30E 
  DCP 1.77  1.22  2.0 80H20E 
  SMP 1.91  1.20  3.1 70H30E 
  RN 2.31 1.18 2.8 70H30E 
  IP 2.15  1.16  3.0 80H20E 
4 6,6’-Dibromo-1,1’-bi-2-naphthol DMP 0.74  1.58  4.7 70H30E 
  DCP 2.13  1.24  5.0 90H10E 
  SMP 0.93  1.19  2.1 70H30E 
  RN 1.17 1.15 1.5 70H30E 
  IP 3.63  1.07  1.5 90H10E 
5 Althiazide RN 2.83 1.16 1.9 50H50E0.1TFA 
  DMP 8.80  1.04  0.7 80H20E0.1TFA 
  IP 8.29  1.02  0.8 70H30E0.1TFA 
  SMP 7.10  1.02  0.5 70H30E/0.1TFA 
6 1.1’-Bi-2-naphthol 

bis(trifluoromethanesulfonate) 
SMP 3.84  1.17  2.0 100H 

 IP 1.17  1.08  1.5 100H 
  RN 6.13 1.08 1.3 100H 
7 cis-4,5-Diphenyl-2-

oxazolidinone 
DMP 5.41  1.09  1.6 90H10I0.1TFA 

 RN 6.82 1.04 0.8 90H10I0.1TFA 
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Table 5.5 – Continued 

8 2,3-Dihydro-7a-methyl-3- 
phenylpyrrolo[2,1-b]oxazol-
5(7aH)- 
one 

RN 3.20 1.12 1.9 85H15I0.1TFA 
 DMP 5.13  1.05  1.1 98H2E0.1TFA 
 SMP 2.46  1.03  0.7 98H2E0.1TFA 
 DCP 2.67  1.02  0.6 90H10E0.1TFA 

 
9 Ethyl 11-cyano-9,10-dihydro-

endo- 
9,10-ethanoanthracene-11- 
carboxylate 

SMP 1.44  1.13  2.0 90H10I0.1TFA 
 RN 3.21 1.08 1.5 98H2E0.1TFA 
 IP 1.42  1.08  1.5 95H5E0.1TFA 
 DMP 2.07 1.03 0.5 98H2E0.1TFA 
10 Lormetazepam SMP 3.87  1.08  1.5 80H20E0.1TFA 
  IP 8.46  1.06  1.5 90H10E0.1TFA 
  RN 5.02  1.04  0.7 80H20E0.1TFA 
11 3a,4,5,6-Tetrahydro-

succininido[3,4-b]acenaphthen-
10-one 

SMP 2.36  1.13  2.2 70H30E0.1TFA 
 IP 2.14  1.12  1.9 70H30E0.1TFA 
 RN 3.25 1.10 1.5 70H30E0.1TFA 
  DMP 7.35  1.08  1.5 90H10E0.1TFA 
12 3-(alpha-Acetonyl-4-

chlorobenzyl)-4- 
hydroxycoumarin 

DMP 5.35  1.17  2.0 90H10I0.1TFA 
 SMP 5.16  1.14  2.2 90H10E0.1TFA 

  RN 15.94 1.10 1.6 95H5E0.1TFA 
  DCP 4.65  1.10  1.4 90H10E0.1TFA 
  IP 4.61  1.09  1.5 90H10E0.1TFA 
13 Warfarin DMP 9.87  1.10  1.6 95H5I0.1TFA 
  SMP 7.19  1.08  0.9 90H10I0.1TFA 
  DCP 4.98  1.07  0.8 90H10E0.1TFA 
  RN 11.94  1.05  1.2 95H5E0.1TFA 
  IP 4.60  1.02  0.5 90H10E0.1TFA 
14 Fipronil SMP 16.03 1.09 2.0 98H2E0.1TFA 
  IP 2.83  1.08  1.5 90H10E0.1TFA 
  RN 12.02 1.07 1.5 97H3E0.1TFA 
  DCP 0.55  1.03  0.4 80H20E 
15 trans-Stilbene oxide IP 0.62  1.10  1.3 100H 
  SMP 2.02  1.09  1.5 100HEP 
  RN 2.75 1.07 1.0 100HEP 
16 Thalidomide SMP 5.89  1.10  1.9 70H30E0.1TFA 
  DMP 8.03  1.08  1.5 80H20E0.1TFA 
  DCP 10.69  1.05  1.0 80H20E 
  RN 7.85  1.04  0.7 70H30E0.1TFA 
17 3,5-Dinitrobenzoyl-2-

aminoheptane 
RN 1.68  1.15  2.2 80H20E0.1TFA 

18 3,5-Dinitro-N-(1-phenylethyl)- 
benzamide 

RN 1.24 1.92 8.2 50H50E0.1TFA 
 SMP 0.93  1.14  1.5 70H30E0.1TFA 
aAbbreviations of CSPs: DMP, dimethylphenyl carbamate-CF6 CSP; DCP, dichlorophenyl carbamate-CF6 
CSP; RN, R-naphthylethyl carbamate-CF6 CSP; SMP, S-methylbenzyl carbamate-CF6 CSP. IP, isopropyl 
carbamate-CF6 CSP; ME, methyl carbamate-CF6 CSP. 
bAbbreviations of mobile phases: H: heptane; I: isopropanol; E: ethanol; A: acetonitrile; M: methanol; AA: 
acetic acid; T: triethylamine; TFA: trifluoroacetic acid. 
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summary, 40 analytes out of 70 were separated, including 35 baseline (Rs≥1.5) and 5 partial resolution 

(0.3<Rs<1.5). Table 5.5 clearly demonstrates the aromatic derivatized-CF6 columns show excellent 

enantioselectivity toward various types of analytes, including acids, secondary amines, tertiary amines, 

alcohols, and others. Although they are not universally effective for all of the tested enantiomers, the 

variety of compounds separated by derivatized-CF6 was encouraging. Table 5.5 clearly demonstrates that 

the nature of the aromatic group plays a major role in chiral recognition. The aromatic-functionalized CF6 

CSPs demonstrate complimentary capability of enantiomeric selectivities, in that some analytes were 

baseline separated on one column, while only a partial separation or no separation was observed on other 

aromatic functionalized CF6 columns. Figure 5.10 illustrates this complimentary behavior for 3,5-dinitro-

N-(1-phenylethyl)benzamide which was well separated (Rs=8.2) on the RN-CF6 column with an extremely 

high selectivity (α=1.92), and also baseline separated (α=1.14, Rs=1.5) on the SMP column. However, a 

single peak was observed using the DMP-CF6 and DCP-CF6 columns. The stereogenic center of 3,5-

dinitro-N-(1-phenylethyl)benzamide is directly attached to a phenyl ring, which participates in π-π 

interactions with the aromatic moieties of the derivatized CF6. Compared to DMP, both RN and SMP 

contain a stereogenic center, directly connected to the aromatic ring (phenyl or naphthyl), which may be 

beneficial for chiral recognition of this analyte. One advantage for all CF6-based CSPs is their excellent 

stability. These columns are stable in all common organic solvents and no detrimental changes in column 

performance was observed after more than 1000 injections. The selection of the mobile phase is an 

important parameter in enantioselective chromatography. Therefore, it was necessary to compare all three 

operation modes (i.e., the normal phase mode, polar organic mode, and the reversed phase mode) when 

evaluating these CF6-based columns. Further, the effects of other experimental factors, such as alcohol 

modifier type in the normal phase mode, and the column temperature on the separations were studied. Such 

fundamental information offers guidance for methods development. For neutral and acidic compounds, 

better resolution was typically obtained in the normal phase mode. Figure 5.11 shows one example 

comparing the reversed phase mode and normal phase mode. 6,6'-Dibromo-1,1'-bi-2-naphthol is baseline 

separated (α=1.58, Rs=4.7) using 70%heptane/30%ethanol, while only a tiny peak split (α=1.03, Rs=0.6) 

was observed using the reversed phase mode. With the polar organic mobile phase, no retention of this 
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Figure 5.9 Selected chromatograms showing enantioseparations of various analytes on different 
derivatized-CF6 columns. The analytes and mobile phases are: (A) Bis-[(R/S)-1-phenylethyl]amine, 
90H10E0.1TFA; (B) α-Methyl-9-anthracenemethanol, 98heptane/2IPA/0.1TFA; (C) Tröger’s base, 

70heptane/30ETOH; (D) Thalidomide, 70heptane/30ETOH/0.1TFA. 
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analyte was obtained. Water in the reversed phase system may compete too effectively for hydrogen 

bonding sites on the chiral stationary phase, and thus it has a negative effect on the separation of 

enantiomeric compounds. It is well known that certain interactions are enhanced in less polar solvents.50d, 

62b, 64 Specifically these are π-π, n-π, dipolar and hydrogen bonding interactions. Since these CSPs are 

effective mainly in the normal phase mode and polar organic mode, these must be the dominant associative 

interactions, while steric repulsion is important in all solvent systems.  

In the normal phase mode, ethanol and isopropanol are commonly used as alcohol modifiers. Ordinarily, 

the ethanol modifier yields good enantioselectivity, better peak efficiency, and faster elution, therefore it 

was chosen as the primary polar organic modifier. Isopropanol also was tested for further optimization, 

because in some cases higher enantioselectivity is observed using isopropanol rather than ethanol (Figure 

5.12). The value of α for the enantioseparation of N-benzoyl-DL-phenylalanine β-naphthyl ester is 

improved from 1.05 to 1.10, when replacing ethanol with isopropanol.  

At lower temperatures, enantioselectivity usually increases, at the expense of efficiency. Figure 5.13 

illustrates that reducing the column temperature from 20 ºC to 0 ºC significantly improves 

enantioselectivity and resolution. Therefore, lowering the column temperature is another strategy to 

optimize enantioseparations with these CSPs, as it is with most other CSPs.   

In order to assess the potential for preparative HPLC, it is necessary to perform loading tests on any new 

stationary phases. Sample loading was examined by injecting N-(3,5-dinitrobenzoyl)-phenylglycine on the 

RN-CF6 column in the polar organic mode. Figure 5.14 shows that 4200 μg of this racemate has been 

baseline separated on an analytical column. It should be noted that the injection amount was limited by the 

solubility of the analyte in the mobile phase. It is clear that more sample could be loaded while maintaining 

baseline resolution. Currently, all LC studies have been conducted on typical analytical scale columns (250 

× 4.6 mm). Using standard assumptions, scaling to a 5 cm i.d. column could separate 400 mg of N-(3,5-

Dinitrobenzoyl)- phenylglycine in a single run (less than 7 min).65 As a result, over 3g of the racemic 

analyte could be separated in one hour. Therefore, these brush-type CSPs based on derivatized-CF6 

demonstrate great potential for preparative HPLC. In addition, comprehensive SFC investigations of these 

cyclofructan-based CSPs are under way and a representative chromatogram is shown in Figure 5.15.  
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Figure 5.11 Separation of 6,6'-dibromo-1,1'-bi-2-naphthol in the normal phase mode and reversed phase 
mode on the DMP-CF6 column. The chromatographic data and mobile phases are: (A) k1=0.74, α=1.58, 

Rs=4.7, 70heptane/30ETOH; (B) k1=2.51, α=1.03, Rs=0.6, 50ACN/50water. 
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Figure 5.10 Complimentary character of the aromatic-derivatized CF6 CSPs. The analyte is 3,5-
dinitro-N-(1-phenylethyl)benzamide. The CSPs and mobile phases are: (A) 3,5-dimethylphenyl 
carbamate-CF6 CSP, 70heptane/30ETOH/O.1TFA; (B) R-naphthylethyl carbamate-CF6 CSP, 

50heptane/50ETOH/0.1TFA; (C) S-α-methylphenyl carbamate-CF6 CSP, 
70heptane/30ETOH/0.1TFA. 
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Figure 5.13 Temperature effect on separation of trans-stilbene oxide on the IP-CF6 column. The mobile 
phase is 100% heptane. The chromatographic data: (A) k1=0.62, α=1.10, Rs=1.3; (B) k1=0.80, α=1.16, 

Rs=2.0.  
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Figure 5.12 Effect of alcohol modifier on enantioseparation in the normal phase mode on the DMP-CF6 
column. The mobile phase is 90heptane/10 alcohol modifier. The analyte is N-benzoyl-DL-

phenylalanine β-naphthyl ester. The chromatographic data are: (A) k1=3.23, α=1.05, Rs=0.8; (B) 
k1=4.00, α=1.10, Rs=1.7. 
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Figure 5.16 Separation of dansyl-norleucine cyclohexylammonium salt on the dimethylphenyl 
carbamate-CF7 CSP. The mobile phase is 80heptane/20ETOH/0.1TFA. 
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Figure 5.15 SFC chromatogram of althiazide on the RN-CF6 column. The gradient mobile phase is as 
described in EXPERIMENTAL SECTION. 
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Figure 5.14 Loading test on the RN-CF6 column. The analyte is N-(3,5-dinitrobenzoyl)-DL-
phenylglycine. The mobile phase is 85ACN/15MEOH/0.3AA/0.2TEA. Injection volumes are: 5μL (top) 

and 100μL (bottom). UV detection: 350 nm. 
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Most recently, we have begun to study the cyclofructan containing seven units (CF7) as a chiral selector. 

Preliminary studies show that the derivatized-CF7 CSP also successfully separates various types of analytes 

and an initial result is shown in Figure 5.16. It is worth mentioning that this analyte was only partially 

separated by all derivatized-CF6 columns. This demonstrates that the dimethylphenyl carbamate-CF7 likely 

has somewhat different enantioselectivities. This work is on-going and will be presented in a subsequent 

publication. 

5.5 Conclusions 

Cyclofructans are a completely new class of chiral selectors. While native cyclofructan 6 has limited 

capabilities as a chiral selector, specific, derivatized cyclofructans appear to be exceptional chiral selectors 

which can be “tuned” to separate enantiomers of different types of molecules. Partial derivatization of the 

cyclofructan hydroxyl groups appears to disrupt internal hydrogen bonding and “relax” the structure. When 

“lightly” derivatized with aliphatic functionalities, CF6 becomes exceptionally adept at separating 

enantiomers of primary amines and does so in organic solvents and supercritical CO2. This is in contrast to 

all known chiral crown ether CSPs that work exclusively with aqueous acidic solvents. When CF6 is 

extensively functionalized with aromatic moieties, it no longer effectively separates primary amine 

racemates. However, it does separate a broad variety of other enantiomers. Furthermore, its preparative 

separation capabilities appear to be exceptional and this indicates that it is likely that multiple analytes can 

associate simultaneously with a single chiral selector. While this class of chiral selectors is in its infancy, it 

is clear that they will be further developed and play an important role in future enantiomeric separations. 
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CHAPTER 6 
 

PREPARATION AND EVALUATION OF A NEW SYNTHETIC POLYMERIC CHIRAL 
STATIONARY PHASE FOR HPLC BASED ON THE TRANS-9, 10-DIHYDRO-9, 10-

ETHANOANTHRACENE-(11S, 12S)-11, 12-DICARBOXYLIC ACID BIS-4-VINYLPHENYLAMIDE 
MONOMER 

6.1 Abstract 

A new synthetic polymeric chiral stationary phase for liquid chromatography was prepared via free radical 

initiated polymerization. The new polymeric chiral stationary phase showed enantiomeirc selectivities for 

many chiral compounds with various structures in multiple mobile phases. High stability and sample 

loading ability were observed on this new chiral stationary phase. Mobile phase components and additives 

were important for the chiral separations. The new chiral stationary phase is complementary to 

commercially available columns such as P-CAP and poly-DPEDA columns and extends the concept of 

these columns. Xinxin Han, Chunlei Wang, Lingfeng He, Thomas E. Beesley, and Daniel W. Armstrong. 

Journal Analytical and Bioanalytical Chemistry (2007), 387(8), 2681-2697. Copyright © 2007 with 

permission from the Springer, LLC. 

6.2 Introduction 

HPLC on chiral stationary phases (CSPs) continues to be the most powerful and versatile method for the 

separation of racemates in both analytical and preparative scales.31a, 66 More than 100 chiral stationary 

phases have been commercialized.31a. Based on the structure of chiral selector, they can be divided into five 

classes. They are polymeric, macrocyclic, π-π association, ligand exchange, and hybrid chiral stationary 

phases. 31a In general, polymeric CSPs, with the exception of the ones based on proteins, are highly suitable 

for preparative separation due to their high loading of chiral selectors on the support and the fact a single 

bonded or adsorbed polymer molecule can interact with and separate several analyte molecules 

simultaneously along its length. The polymeric chiral selectors can be classified as two types by their  
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origins.66b One class uses natural polymers such as polysaccharides and proteins or their derivatives as 

chiral selectors; another class uses purely synthetic polymers as chiral selectors. Chiral stationary phases 

based on polysaccharide derivatives have been extensively used for the analytical and preparative 

separations of chiral molecules because of their broad enantioselectivities and high sample loading 

capacity.48e, 66b Until recently, no synthetic polymeric CSP has achieved comparable success. 56b However, 

research on synthetic polymeric CSPs is also evolving67 due to their attractive features such as the richness 

of the chemical structures, ease of chemical modification of potential chiral selectors, and the possibility of 

obtaining chiral selectors with opposite absolute configuration. The elution order of the two enantiomers 

can be easily reversed by using two CSPs with opposite absolute configuration. The change of elution order 

help the detection of trace enantiomeric impurity when the impurity peak is the latter peak if the first peak 

is tailing, thus covers the second tiny peak. 

Three approaches have been used to make the synthetic polymeric CSPs. The first is the polymerization of 

chiral monomers. Blaschke and his coworkers reported the first polymeric CSPs.68 The CSPs are polymeric 

beads prepared through copolymerization of chiral acrylamides or methacrylamides with ethylene 

diacrylate as cross-linking agent. These CSPs could not be used under high pressure and were mainly 

useful for preparative purposes. The mechanical problem was solved by copolymerization of optically 

active acrylamides or methacrylamides with methacryloyl silica gel.69 These CSPs showed 

enantioselectivities for some drug molecules including thalidomide. Some other types of polyacrylamide 

and polymethacrylamide CSPs were also reported.70 One type bearing penicillin moieties can separate some 

aromatic racemates.70a The other one possessing amino acid and menthone or menthol units can separate a 

few chiral drug molecules.70b A second approach used to prepare chiral polymers uses prochiral monomers 

via asymmetric catalyzed polymerization.66b, 71 Perfectly one-handed helical polymers were prepared from 

prochiral monomers such as triphenylmethyl methacrylate (TrMA) and diphenyl-2-pyridylmethyl 

methacrylate (D2PymA) via asymmetric catalyzed anionic polymerization. 66b, 71 These optically active 

polymers were either coated or bonded to silica gel to form CSPs. Many chiral compounds were separated 

on these polymeric CSPs. The last method is copolymerization of chiral monomers with diallyl groups with 

multifunctional hydrosilane to form network polymeric chiral selectors.72 Derivatives of N, N’-diallyl-L-
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tartradiamide (DATD) [17-18] and derivatives of trans-9,10-dihydro-9,10- ethanoanthracene-(11S,12S)-

11,12-dicarboxylic acid72a have been used as monomers. These chiral selectors were then bonded to the 

vinyl-functional silica gel as CSPs. Resolution of many compounds has been reported on these CSPs. In 

fact, the small molecular chiral selectors are just incorporated into the network of an organosilane matrix 

and not even two of these monomers are directly chemically bonded to each other in these CSPs. 

Recently, two new synthetic polymeric CSPs, based on trans-1, 2-diamino cyclohexane (commercial name 

= P-CAP)67a, b, 67d and trans-diphenylethylenediamine (commercial name = P-CAP-DP)67c, have been 

developed by Gasparrini’s group and our group, respectively. The “P-CAP” chiral stationary phase is 

prepared from radical initiated polymerization of the N, N’-diacryloyl derivative of trans-1, 2-

diaminocyclohexane (DACH), while the “P-CAP-DP” CSP was made from the N, N’-diacryloyl derivative 

of trans-1, 2-diphenylethylenediamine (DPEDA). In the first case, the free radical initiator was bonded to 

the silica gel; while in the second case, the initiator was dissolved in the bulk reaction solution. Both CSPs 

were stable and can be used in multiple mobile phase modes such as normal phase mode and polar organic 

mode. Many racemates with different structures have been separated on these two synthetic polymeric 

CSPs. These two CSPs are known to have high sample capacities and thus have considerable potential as 

preparative columns, also both enantiomeric forms of these CSPs are available. Finally, these two columns 

are complementary to one another. Some analytes are only separated on one or the other of these two 

columns, and the enantiomeric selectivities are usually different for the racemates, which can be separated 

on both columns.  

The P-CAP CSP contains a chiral selector that is relatively rigid ring that has no aromatic moieties, while 

P-CAP-DP CSP has aromatic units, and the conformation of the monomer is flexible. A new chiral 

monomer presented here has structural features of both of the two commercial CSPs. Trans-9,1 0-dihydro-

9, 10-ethanoanthracene-(11S, 12S) -11, 12-dicarboxylic acid provides the possibility of makinge a new 

synthetic polymeric CSP with different enantiomeric selectivities in comparison with the P-CAP and P-

CAP-DP columns. In this paper, we reported a new synthetic polymeric CSP prepared via radical initiated 

polymerization of the bis-4-vinylphenylamide derivative of this molecule. The synthesis of the chiral 

selectors, its enantiomeric resolution, bonding chemistry, and chromatographic evaluation of its 
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enantiomeric separation abilities in the normal phase mode, and polar organic mode are presented. The 

effect of the polar modifier in the mobile phase, mobile phase additives, and complementary nature to 

related polymeric columns also are discussed.  

6.3 Experimental 

6.3.1 Materials 

Spherical silica gel (partical diameter: 5 μm, pore size: 200 Å, surface area: 213 m2/g) functionalized with 

dichloride of 4,4’-azo-bis-cyanovaleric acid was obtained from Advanced Separation Technologies 

(Whippany, NJ, USA). Anthrance, fumaric, brucine, 4-vinylaniline, triethylamine, anhydrous chloroform, 

anhydrous toluene, acetone, thionyl chloride, and trifluoroacetic acid (TFA) were purchased from Aldrich 

(Milwaukee, WI, USA). HPLC grade methylene chloride, methanol, ethanol, acetonitrile, 2-propanol, and 

n-heptane were purchased from Fisher (Fairlawn, NJ, USA). 

6.3.2 Synthesis 

6.3.2.1 Preparation of trans-9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboxylic acid [21] 

6.3.2.2 Preparation of trans-9,10-dihydro-9,10-ethanoanthracene-(11S,12S)-11,12-dicarboxylic acid bis-

4-vinylphenylamide (DEABV) 

Trans-9,10-dihydro-9,10-ethanoanthracene-(11S,12S)-11,12-dicarboxylic acid (1.0 g, 3.40 mmol) and 

thionyl chloride (0.8 mL, 11.0 mmol) were added into 30 mL anhydrous toluene. The mixture was refluxed 

for 12 h. After removal of volatile components under vacuum, the residue was dissolved in 10 mL 

anhydrous chloroform. This solution was then added dropwise into the 40 mL chloroform solution of 

triethylamine (1.5 mL, 11.0 mmol) and 4-vinylaniline (1.0 g, 8.40 mmol) at 0 ºC under stirring. The 

reaction was then raised to room temperature in 30 minutes and stirred for 12 h. The chloroform solution 

was washed with 1 M hydrochloric acid (2 x 20 mL), 1 M sodium bicarbonate (2 x 20 mL), and water (2 x 

20 mL). The chloroform layer was dried over sodium sulfate, filtered, and the solvent was evaporated under 

vacuum. The product was purified by flash chromatography (Methylene chloride) to obtain 1.20 g light 

yellow solid (yield: 71%). 1H NMR (300 MHz, CDCl3): δ 8.75 (s, 2H), 7.56-7.53 (m, 2H), 7.43-7.32 (m, 

10H), 7.26-7.16 (m, 4H), 6.65 (dd, J1 = 17.4 Hz, J2 = 11.1 Hz, 2H), 5.66 (dd, J1 = 17.4 Hz, J2 = 0.6 Hz, 

2H), 5.18 (dd, J1 = 11.1 Hz, J2 = 0.6 Hz, 2H), 4.80 (s, 2H), 3.10 (s, 2H). 13C NMR (75 MHz, CDCl3)  
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6.3.2.3 Preparation of poly-DEABV CSP 

  To a heated anhydrous, degassed chloroform (50 mL) solution of DEABV (0.8 g), Silica gel 

functionalized with dichloride of 4,4’-azo-bis-cyanovaleric acid (3.20 g) was added under argon 

atmosphere. The suspension was stirred at 60 ºC for 5 h and was heated to reflux for 1 h. The CSP was 

collected by filtration, washed with 100 mL of methanol, acetone, and chloroform respectively. The CSP 

was dried under vacuum at 50 ºC over night and screened with 53 μm sieve and bottle to obtain 3.50 g. 

Loading: 9.38%. Elemental Analysis: C, 19.53%; H, 1.97%; N, 2.46%. The CSP was packed into a 250 

mm x 4.6 mm (i. d.) stainless steel column. 

6.3.3 Equipment 

Chromatographic separations were carried out using a HP 1050 HPLC system with an auto sampler, a UV 

VWD detector, and computer controlled Chem-station data processing software (Agilent Technologies, 

Palo Alto, CA, USA). The mobile phases were degassed under helium for 7 min. UV detection was carried 

out at 254 nm for all analytes. All separations were carried out at room temperature (~ 23˚C) and the flow 

rate of the mobile phase for all separations was 1.0 mL min-1. 

6.3.4 Column Evaluation 

The performance of poly-DEABV chiral stationary phase was evaluated in the polar organic mode using 

acetonitrile/methanol mobile phase, in the normal phase mode using 2-propanol/heptane, ethanol/heptane, 

and methylene chloride/methanol mobile phase. Before using a new mobile phase, ten column volumes of 

new mobile phase were pumped through the column prior to the injection of the analyte. 

6.3.5 Calculation 

The dead time (t0) was estimated using the peak resulting from the change in refractive index from the 

injection solvent on the poly-DEABV column. The retention factor (k) was calculated using the equation k 

= (tr-t0) / t0. The enantiomeric selectivity (α) was calculated using α = k2 / k1. The resolution factor (RS) was 

calculated using the equation RS = 2 x (tr2-tr1) / (w1+w2), where tr2 and tr1 are the retention times of the 

second and first enantiomers, respectively, and w1 and w2 are the corresponding base peak widths. The 

efficiency (number of theoretical plates, N) was calculated using N = 16(tr/w)2. 
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6.4 Results and Discussion 

6.4.1 Synthesis of poly-DEABV 

Racemic Trans-9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboxylic acid is easy to prepare through a 

simple Diels-Alder reaction between anthrance and fumaric aicd. The racemic diacid can be simply 

resolved via recrystallization with brucine to obtain the enantiomeric pure (S, S)-enantiomer. Trans-9,10-

dihydro-9,10-ethanoanthracene- (11S,12S)-11,12-dicarboxylic acid was transformed to diacid dichlorides 

and reacted with 4-vinylaniline to obtain the DEABV monomer. Figure 6.1 shows the procedure of 

preparation of the new synthetic polymeric CSP (See Experimental). We use the polymerization method 

introduced by Gasparrini.67a, b In this method, the radical initiator, 4, 4’-azo-bis-4-cyanopentanoic acid, is 

immobilized on the surface of the silica gel. This silanized support is then suspended along with the 

monomer, which is dissolved in the anhydrous chloroform. Thus, the radical polymerization is initiated 

from the surface of the silica gel and a uniform and thin polymer layer is bonded to the silica gel. The 

unreacted monomers can be removed by washing the CSP with various solvents. A 9.37% loading of chiral 

selector was obtained. 

6.4.2 Column Performance of poly-DEABV CSP 

Two mobile phase modes were investigated for this new poly-DEABV CSP. They are normal phase mode 

and polar organic mode. The major components for the normal phase are heptane/isopropanol or 

heptane/ethanol. For the polar organic mode, the mobile phase is acetonitrile with a small amount of 

methanol. One uncommon mobile phase of normal phase mode, which is composed of methylene chloride 

and methanol, was also assessed on this new polymeric CSP. The separation factors of the compounds 

resolved on this new polymeric CSP are listed in Table 6.1, Table 6.2 and Table 6.3 for the three mobile 

phases, respectively. In heptane/ethanol or heptane/isopropanol mobile phase, 59 enantiomeric separations 

and 26 baseline separations of chiral molecules were observed. The other two mobile phases were not as 

powerful as heptane/ethanol or heptane/isopropanol mobile phase. Only 20 enantiomeric separations and 5 

baseline separations were obtained in the polar organic mode. Nineteen separations and 7 baseline 

separations were acquired in the methylene chloride/methanol mobile phase. Totally, this new polymeric 

CSP showed enantiomeric selectivities for 70 chiral molecules and 28 of them were baseline separated. The  
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Table 6.1 Retention factor of the first peak (k1), enantioselectivity (α), and enantioresolution (Rs) of 
separated racemic compounds on the poly-DPAAS column in the normal phase mode 

# Compound Structure k1 α Rs Mobile Phase (v/v)a

1 
N-Acetylhomo- 

cysteine thiolactone 
S

O

N

O

H

3.27 1.10 0.9 
HEP/EtOH/TFA = 

70/30/0.1 

2 O-Acetyl-mandelic acid 

COOH

O O 3.70 1.07 0.7 
HEP/EtOH/TFA = 

90/10/0.1 

3 
1-(2-Aminocyclohexyl)-3- 
(3, 5-bis-trifluoromethyl 

-phenyl)urea N N

O

CF3

CF3

NH2
H H

3.58 1.33 1.6 
HEP/EtOH/TFA = 

90/10/0.1 

4 cis-1-Amino-2-indanol 
NH2

OH

 
3.19 1.12 0.8 

HEP/EtOH/TFA = 
70/30/0.1 

5 Benzoin 

O

HO

5.48 1.07 0.9 
HEP/EtOH/TFA = 

95/5/0.1 

6 N-Benzoyl-valine 

O

N

COOH

H
5.20 1.30 2.7 

HEP/EtOH/TFA = 
90/10/0.1 

7 
4-Benzyl-5,5-dimethyl-2- 

oxazolidinone 
O

N
O

Ph
H

1.63 1.20 1.5 
HEP/EtOH/TFA = 

60/40/0.1 

8 
N-Benzyl-1-(1-naphthyl)- 

ethylamine 
N Ph
H

4.21 1.12 0.5 
HEP/EtOH/TFA = 

70/30/0.1 

9 4-Benzyl-2-oxazolidinone HN
O

O

2.58 1.24 1.6 
HEP/EtOH/TFA = 

60/40/0.1 

10 
3-(Benzyloxycarbonyl)-4- 

oxazolidine carboxylic acid 
O

O

N
O

HOOC

3.79 1.06 0.4 
HEP/EtOH/TFA = 

80/20/0.1 

11 Benzylphthalide 
O

O

3.58 1.07 0.7 
HEP/EtOH/TFA = 

80/20/0.1 

12 
4-Benzyl-3-propoinyl-2- 

oxazolidinie 
O

N
O

O

6.43 1.23 1.9 
HEP/EtOH/TFA = 

80/20/0.1 

13 1, 1’-Bi-2-naphthol 
OH

HO 8.65 1.07 0.6 
HEP/EtOH/TFA = 

90/10/0.1 
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Table 6.1 – Continued 

 

14 
N,N’-Bis(2-methyl- 

benzyl)sulfamide 
N

S
N

O

O

H H
4.67 1.05 0.4 

HEP/EtOH/TFA = 
80/20/0.1 

15 
Bis[1-phenylethyl]- 

Amine hydrochloride Me

Ph

N Me

Ph

H HCl

4.11 1.30 1.7 
HEP/EtOH/TFA = 

80/20/0.1 

16 
2-Carbethoxy-γ-phenyl-γ- 

butyrolactone 

O

O

O

O

6.67 1.12 1.5 
HEP/EtOH/TFA = 

90/10/0.1 

17 Carbobenzyloxy-alanine 
H
N O

O
OHO

2.33 1.33 2.5 
HEP/EtOH/TFA = 

80/20/0.1 

18 Carprofen 

N

CL
COOH 3.72 1.09 0.5 

HEP/EtOH/TFA = 
80/20/0.1 

19 4-Chloromandelic acid Cl

OH

COOH
11.3 1.03 0.4 

HEP/EtOH/TFA = 
95/5/0.1 

20 
4-Chlorophenyl-2, 3- 

epoxypropyl ether Cl O

O

3.51 1.04 0.6 
HEP/EtOH/TFA = 

100/1/0.1 

21 Chlorthalidone NH

O

HO
Cl

S
O

O

NH2

5.48 1.12 0.6 
HEP/EtOH/TFA = 

60/40/0.1 

22 trans-4-Cotinine-carboxylic 
acid 

N

N
O

O

HO

4.63 1.13 0.6 
HEP/EtOH/TFA = 

60/40/0.1 

23 Dansyl-norleucine 
cyclohexylammonium salt 

N

S
HN O

O

OOC

NH3
4.37 1.24 1.5 

HEP/EtOH/TFA = 
80/20/0.1 

24 Dansyl-phenylalanine 
cyclohexylammonium salt 

N

S
HN O

O

OOC

Ph

NH3 2.60 1.49 1.8 
HEP/EtOH/TFA = 

60/40/0.1 

25 
2,3-Dibenzoyl-tartaric acid O

HOOC
OH COOH

OH

O 7.41 1.23 1.5 
HEP/EtOH/TFA = 

80/20/0.1 

26 
N,N’-Dibenzyl-tartramide Ph N

N Ph

O

OH

OH

O

H
H

4.42 1.33 1.6 
HEP/EtOH/TFA = 

70/30/0.1 
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Table 6.1 – Continued 

 

27 3,4-Dihydroxyphenyl-α- 
propylacetamide 

OH

OH

O

NH2

5.99 1.05 0.4 
HEP/EtOH/TFA = 

80/20/0.1 

28 1,5-Dimethyl-4-phenyl-2- 
imidazolidinone 

HN
N

O

Ph

2.67 1.08 0.8 
HEP/EtOH/TFA = 

80/20/0.1 

29 5,5-Dimethyl-4-phenyl-2- 
oxazolidinone 

NH
O

Ph

O

3.63 1.18 1.5 
HEP/EtOH/TFA = 

80/20/0.1 

30 N-(3,5-Dinitrobenzoyl)- 
leucine 

O2N

NO2

O

N Bu

CO2H

i
H 1.79 3.93 5.1 

HEP/EtOH/TFA = 
60/40/0.1 

31 N-(3,5-Dinitrobenzoyl)- -
phenylglycine 

O2N

O2N

O

NH

OH

O

Ph

4.52 1.87 2.8 
HEP/EtOH/TFA = 

60/40/0.1 

32 
4-(Diphenylmethyl)- 

2-oxazolidinone 
O

N
O Ph

Ph
H

 

5.23 1.23 1.6 
HEP/EtOH/TFA = 

70/30/0.1 

33 
cis-4,5-Diphenyl-2- 

oxazolidinone 
O

NH
Ph

Ph O
2.57 1.30 1.8 

HEP/EtOH/TFA = 
60/40/0.1 

34 Flavanone 

O

O

Ph

2.96 1.06 0.6 
HEP/EtOH/TFA = 

95/5/0.1 

35 Furoin 
O

OH

O
O

9.29 1.03 0.4 
HEP/EtOH/TFA = 

90/10/0.1 

36 
Guaiacol glyceryl ether 

carbamate 
O

O

OH

O NH2

O
1.93 1.25 1.9 

HEP/EtOH/TFA = 
70/30/0.1 

37 Hydrobenzoin 

OH

HO

7.03 1.04 0.4 
HEP/EtOH/TFA = 

95/5/0.1 

38 
2-(4-Hydroxyphenoxy)- 

propionic acid 
HO O

COOH
2.89 1.09 0.8 

HEP/EtOH/TFA = 
80/20/0.1 

39 
4-((1-(Isopropoxycarbonyl-4-

methyl)-butyl)amino)- 
Benzoic acid 

HN

O

O

COOH

1.10 2.68 3.3 
HEP/EtOH/TFA = 

60/40/0.1 
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Table 6.1 – Continued 

 

40 
2,3-O-Isopropylidene-2,3- 

dihydroxy-1,4-bis- 
(disphenylphosphino)butane 

OO

PP
Ph

Ph

Ph

Ph 3.64 1.35 1.3 
HEP/EtOH/TFA = 

60/40/0.1 

41 Ketamine hydrochloride 

O

NH
Cl

HCl 8.77 1.17 0.5 
HEP/IPA/TFA = 

50/50/0.1 

42 Lormetazepam 
N

N

Cl

Cl

O

HO

3.51 1.37 1.6 
HEP/EtOH/TFA = 

60/40/0.1 

43 Mandelamide 
OH

NH2

O

6.67 1.17 1.7 
HEP/EtOH/TFA = 

85/15/0.1 

44 
N-(α-Methylbenzyl)phthalic 

acid monoamide 
COOH

O

N
H

2.38 1.16 0.9 
HEP/EtOH/TFA = 

70/30/0.1 

45 
cis-4-Methyl-5-phenyl-2- 

oxazolidinone 
HN

OO

11.3 1.15 1.7 
HEP/EtOH/TFA = 

90/10/0.1 

46 
α-Methyl-α-phenyl- 

succinimide 
NH

O

O

3.73 1.05 0.4 
HEP/IPA/TFA = 

70/30/0.1 

47 Omeprazole 
N

NCH3O

S

O

N

OCH3

 

6.04 1.42 1.4 
HEP/EtOH/TFA = 

60/40/0.1 

48 Oxazepam 
N

N

ClO

HO

18.0 1.18 0.8 
HEP/EtOH/TFA = 

85/15/0.1 

49 Phenethyl-phthalimide 
NO O

H

2.75 1.04 0.3 
HEP/EtOH/TFA = 

95/5/0.1 

50 
5-(α-Phenethyl)- 
semioxamazide 

N

O

NHNH2

O
H

2.77 1.13 0.5 HEP/EtOH = 60/40 

51 2-Phenoxypropionic acid 
O COOH

CH3
3.66 1.07 0.7 

HEP/EtOH/TFA = 
95/5/0.1 

52 Z-Phenylalanine N O

O
OHO

H

1.09 1.58 2.2 
HEP/EtOH/TFA = 

60/40/0.1 

53 3-Phenylphthalide O

O

Ph

10.0 1.10 1.5 
HEP/EtOH/TFA = 

95/5/0.1 
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Table 6.1 – Continued 

 

54 
5-Phenyl-2- 

(2-propynylamino)-2- 
oxazolin-4-one 

O

N
O

N
H 5.04 1.21 1.5 

HEP/EtOH/TFA = 
70/30/0.1 

55 Propranolol hydrochloride 
O

OH

N
H

HCl

4.02 1.11 0.4 
HEP/EtOH/TFA = 

70/30/0.1 

56 
(3a-cis)-3,3a,8,8a- 

Tetrahydro-2H-indenol[1,2-
d]oxazol-2-one 

NH

O O

12.4 14.0 1.5 
HEP/EtOH/TFA = 

85/15/0.1 

57 
3a,4,5,6-Tetrahydro- 
succininido[3,4-b]- 
acenaphthen-10-one 

NH

O

O

O

6.96 1.16 0.9 
HEP/EtOH/TFA = 

60/40/0.1 

58 Trihexyphenidyl 

Ph

OH

N 7.72 1.08 0.4 
HEP/EtOH/TFA = 

80/20/0.1 

59 Warfarin 

O

OH

O

O

14.1 1.05 0.3 
HEP/EtOH/TFA = 

90/10/0.1 

a HEP: n-heptane. EtOH: ethanol. IPA: isopropanol. TFA: trifluoroacetic acid 
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Table 6.2 Retention factor of the first peak (k1), enantioselectivity (α), and enantioresolution (Rs) of 
separated racemic compounds on the poly-DPAAS column in the polar organic mode 

# Compound Structure k1 α Rs Mobile Phase (v/v)a

1 
N-Acetylhomo- 

cysteine thiolactone 
S

O

N

O

H

0.27 1.07 0.3 
ACN /TFA = 

100/0.1 

7 
4-Benzyl-5,5-dimethyl-2- 

oxazolidinone 
O

N
O

Ph
H

0.18 1.28 0.7 ACN/TFA =100/0.1 

9 4-Benzyl-2-oxazolidinone HN
O

O

0.24 1.32 1.3 ACN/TFA =100/0.1 

12 
4-Benzyl-3-propoinyl-2- 

oxazolidinie 
O

N
O

O

0.25 1.32 1.4 ACN/TFA =100/0.1 

18 Carprofen 

N

CL
COOH 0.85 1.06 0.3 ACN/TFA =100/0.1 

26 
N,N’-Dibenzyl- 

tartramide Ph N
N Ph

O

OH

OH

O

H
H

 
0.68 1.48 2.0 

ACN/MeOH/TFA 
=100/1/0.1 

29 
5,5-Dimethyl-4-phenyl-2- 

oxazolidinone 
NH

O

Ph

O

0.23 1.43 1.4 ACN/ TFA=100/0.1 

30 
N-(3,5-Dinitro-benzoyl)- 

leucine 

O2N

NO2

O

N Bu

CO2H

i
H 0.30 2.31 2.6 

ACN/MeOH/TFA 
=100/1/0.1 

31 
N-(3,5-Dinitrobenzoyl)- -

phenylglycine 

O2N

O2N

O

NH

OH

O

Ph

0.50 1.40 1.4 
ACN/MeOH/TFA 

=100/1/0.1 

32 
4-(Diphenylmethyl)- 

2-oxazolidinone 
O

N
O Ph

Ph
H

0.29 1.38 1.6 ACN/TFA =100/0.1 

33 cis-4,5-Diphenyl-2- 
oxazolidinone 

O

NH
Ph

Ph O
0.26 1.54 1.9 ACN/TFA =100/0.1 

39 
4-((1-(Isopropoxycarbonyl-4-

methyl)-butyl)amino)- 
Benzoic acid 

HN

O

O

COOH

0.04 6.06 3.0 ACN/TFA =100/0.1 

44 N-(α-Methylbenzyl)phthalic 
acid monoamide 

COOH

O

N
H

0.46 1.15 0.5 
ACN/MeOH/TFA 

=100/1/0.1 
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Table 6.2 – Continued 

 

45 cis-4-Methyl-5-phenyl-2- 
oxazolidinone 

HN

OO

0.24 1.25 0.8 ACN/TFA =100/0.1 

52 
Z-Phenylalanine N O

O
OHO

H

0.33 1.33 1.0 ACN/TFA =100/0.1 

54 
5-Phenyl-2- 

(2-propynylamino)-2- 
oxazolin-4-one 

O

N
O

N
H 0.31 1.16 0.4 

ACN/MeOH/TFA 
=100/1/0.1 

56 
(3a-cis)-3,3a,8,8a- 

Tetrahydro-2H-indenol[1,2-
d]oxazol-2-one 

NH

O O

0.38 1.24 1.3 ACN/TFA =100/0.1 

60 
Bendroflumethiazide 

H

S
NH

NF3C

S

O

H2N

O O O

0.10 1.40 0.3 ACN/TFA =100/0.1 

61 
Sulindac 

F

HO2C

S

O

1.38 1.05 0.3 
ACN/MeOH/TFA 

=100/1/0.1 

62 1,2,3,4-Tetrahydro-1- 
naphthylamine 

NH2

0.38 1.24 1.4 ACN/TFA =100/0.1 

a ACN: acetonitrile. MeOH: methanol. TFA: trifluoroacetic acid. 
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Table 6.3 Retention factor of the first peak (k1), enantioselectivity (α), and enantioresolution (Rs) of 
separated racemic compounds on the poly-DPEDA column in the normal-phase mode with halogenated 

solvent 

# Compound Structure k1 α Rs Mobile Phase (v/v)a

1 
N-Acetylhomo- 

cysteine thiolactone 
S

O

N

O

H

0.93 1.22 1.3 
CH2Cl2/MeOH 
/TFA = 99/1/0.1 

4 Cis-1-Amino-2-indanol 
NH2

OH
3.62 1.13 0.8 

CH2Cl2/MeOH 
/TFA = 95/5/0.1 

9 4-Benzyl-2-oxazolidinone HN
O

O

0.11 2.04 1.8 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

18 Carprofen 

N

CL
COOH 1.65 1.10 0.5 

CH2Cl2/MeOH 
/TFA = 97/3/0.1 

21 Chlorthalidone NH

O

HO
Cl

S
O

O

NH2

2.77 1.21 1.4 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

26 N,N’-Dibenzyl-tartramide Ph N
N Ph

O

OH

OH

O

H
H

 
0.26 1.43 1.5 

CH2Cl2/MeOH 
/TFA = 95/5/0.1 

45 
cis-4-Methyl-5-phenyl-2- 

oxazolidinone 
HN

OO

1.18 1.32 2.2 
CH2Cl2/MeOH 
/TFA = 99/1/0.1 

54 
5-Phenyl-2- 

(2-propynylamino)-2- 
oxazolin-4-one 

O

N
O

N
H 0.96 1.18 1.4 

CH2Cl2/MeOH 
/TFA = 97/3/0.1 

56 
(3a-cis)-3,3a,8,8a- 

Tetrahydro-2H-indenol[1,2-
d]oxazol-2-one 

NH

O O

 

0.36 0.62 2.6 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

57 
3a,4,5,6-Tetrahydro- 
succininido[3,4-b]- 
acenaphthen-10-one 

NH

O

O

O

0.95 1.30 2.0 
CH2Cl2/MeOH 
/TFA = 97/3/0.1 

62 1,2,3,4-Tetrahydro-1- 
naphthylamine 

NH2

0.40 1.70 2.7 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

63 
N-Desmethyl-nefopam 

N

O

H

0.94 1.26 1.1 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

64 1,2-Diphenylethylene- 
diamine 

NH2

H2N
0.69 1.39 1.1 

CH2Cl2/MeOH 
/TFA = 95/5/0.1 
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Table 6.3 – Continued 

 

65 
α, α-Diphenylprolinol 

N

OH

Ph
Ph

H

0.95 1.26 1.4 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

 

66 5-Hydroxymethyl-2(5H)- 
furanone 

OO

OH

1.75 1.28 2.0 
CH2Cl2/MeOH 
/TFA = 99/1/0.1 

67 5-(4-Hydroxyphenyl)-5- 
phenylhydantoin N

N

OH

Ph

O
O

H

H 4.85 1.13 0.8 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

68 
1-(1-Naphthyl)ethylamine 

H2N

3.20 1.08 0.5 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

69 
Ofloxacine 

N

O

N

N

COOH

O

F

0.83 1.10 0.9 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

70 
2-Phenylglycinol 

NH2

OH

3.75 1.12 0.7 
CH2Cl2/MeOH 
/TFA = 95/5/0.1 

a MeOH: methanol. TFA: trifluoroacetic acid. 
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number of enantiomeric separations in every mobile phase was summarized in Figure 6.3.  

Since the polymeric chiral selectors are covalently bonded to the surface of silica gel, high stability of the 

new CSP was observed in the column evaluation process. After more than 1500 injections and several 

times of mobile phase mode change, no decrease in retention or enantiomeric selectivities were observed, 

which indicated that no degradation of CSP occurred.  

6.4.3 Comparison of Separation in Three Mobile Phases 

Altough polar organic mode and methylene chloride/methanol mobile phase are not as powerful as 

heptane/ethanol mobile phase for the separation of chiral molecules, these two mobile phases have their 

own advantages. First, 11 new separations of racemates were obtained from these two mobile phases 

(Figure 6.3). Second, the separations in these two mobile phases are fast. Most separations in these two 

mobile phases are in 10 minutes. Finally, for some analytes such as compound 1, 21, 26, 45, 56, and 57, 

better separations were achieved in either polar organic mode or methylene chloride/methanol mobile phase 

compared with the separations in the heptane/ethanol or heptane/isopropanol mobile phase. 

6.4.4 Effect of Polar Modifiers in Normal Phase Mode 

  Two polar modifiers, ethanol and isopropanol were assessed in the normal phase mode. Generally, ethanol 

is a bette polar modifer compared with isopropanol. For most analytes, better efficiency and resolution 

were observed in ethanol/heptane mobile phase than ones in isopropanol/heptane mobile phase. The typical 

examples are the separations of compound 6 and 24 (Figure 6.2). Although enantioselectivities of 

compound 6 and 24 decreased a little bit from the ethanol/heptane mobile phase to isopropanol/heptane 

mobile phase, the resolutions increased greatly due to the significant improvement of peak efficiency. For 

compound 6, N1 (Therotical plate numbers of the first peak) was 2600 when ethanol was used as polar 

modifier, while N1 was just 700 when isopropanol was used. For compound 24, N1 also increased from 200 

to 800 when the moble phase was changed from isopropanol/heptane mobile phase to ethanol/heptane 

mobile phase. The reason of this phenomenon is because the viscosity of ethanol is lower than that of 

isopropanol. The low viscosity of moibile phase improves mass transfer, thus increases efficiency and 

resolution. However, for a few analytes such as compound 41 and 46, better resolutions were achieved in 

isopropanol/heptane mobile phase than ones in ethanol/heptane moble phase (data not showed) due to the 
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Figure 6.3 Summary of the number of observable and baseline separations achieved on the poly-DEABV 
CSP. 

  a) b)

c) d)

6

24

O

N

COOH

H

N

S
HN O

O

OOC

Ph

NH3

19.85

24.79

31.63

42.64

11.52

15.63

16.73

25.79

Figure 6.2 The effect of polar modifier on the enantiomeric separations of compounds 6 (a), b)) and 24 (c), 
d)) in the normal phase mode. Mobile phase: a) Heptane/Ethanol/TFA = 90/10/0.1, b) 

Heptane/Isopropanol/TFA = 90/10/0.1, c) Heptane/Ethanol/TFA = 60/40/0.1, d) Heptane/Isopropanol/TFA 
= 50/50/0.1. Enantioselectivity α: a) α = 1.30, b) α = 1.39, c) α = 1.49, d) α = 1.67. Resolution Rs: a) Rs = 
2.7, b) Rs = 1.8, c) Rs = 1.8, d) Rs = 1.4. Number of theoretical plates of the first peak N1: a) N1 = 2600, b) 

N1 = 700, c) N1 = 800, d) N1 = 200. 
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better enantiomeric selectivities when isopropanol was used as polar modifier. 

6.4.5 Effect of Mobile Phase Additive: TFA 

A small amount of trifluoroacetic acid is important for the enantiomeric separation on this new polymeric 

CSP. The effect of TFA depends on the structural characteristics of the analytes. For the neutral analytes 

without ionizable groups, Addition of TFA into mobile phase has no or little effect on the enantiomeric 

separations. For example, no difference has been observed on the retention, enantiomeric selectivitiy, and 

resolution on the separation of compound 33 (Figure 6.4a and b). However, for the separation of acidic 

analytes, addition of TFA into the mobile phase can decrease the retention and increase the efficiency, 

enantiomeric selectivities and resolutions in some cases. The typical example is the separation of 

compound 31 (Figure 6.4c and d). Better efficiency, enantiomeric selectivity, and resolution were obtained 

when 0.1% TFA was added into the mobile phase versus ones observed in the mobile phase without TFA. 

Another advantage of TFA is the decrease of separation time. Similar phenomenon has also been observed 

on the P-CAP column [8]. A small amount of TFA in the mobile phase can cover the residual amino groups 

on the stationary phase, thus prevent the strong acid-base interaction between the acidic analytes and basic 

sites on the stationary phase. Therefore, efficiency increases and retention decreases. 

6.4.6 Sample Loading Study 

  This new polymeric CSP showed high sample loading ability for some analytes with high enantiomeric 

selectivities. For example, when 1 μg of compound 30 was injected into the column, an excellent separation 

with a resolution 5.1 was achieved (Figure 6.5a). However, a satisfactory separation with a resolution of 2.4 

was obtained when 1000 μg of analyte was injected (Figure 6.5b). Considering that the baseline separation 

of such a large amount of analyte was achieved on an analytical size column (250 x 4.6 mm), this new 

polymeric CSP has the potential to be an excellent preparative CSP. 

6.4.7 Complentary Nature to P-CAP and P-CAP-DP Columns 

As a column in the same family, poly-DEABV CSP is complementary to the other two polymeric CSPs, P-

CAP and P-CAP-DP CSPs. It is clearly to see this phenomenon from the two examples below (Figure 6.6). 

For the separation of compound 30, enantiomeric selectivities increased from P-CAP column to DEABV 

column. However, for the separation of compound 13, the best separation was achieved on the P-CAP CSP 
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O2N

N2O

O

N

CO2H

H

7.87

16.95

,

9.03

27.16

30

a) b)

Figure 6.5 The effect of sample loading on the enantiomeric separation of compound 30 with a) 1.0 μg and 
b) 1000 μg of compound injected on the poly DEABV CSP. Mobile phases: a), b) Heptane/Ethanol/TFA = 

60/40/0.1. Enantioselectivity α: a) α = 4.11, b) α = 2.94. Resolution Rs: a) Rs = 5.1, b) Rs = 2.4. 

O NH

Ph Ph

O

cis

11.44

13.93

11.45

13.93

17.67

30.30

27.80

41.71O2N

NO2

O

N COOH

Ph

H

a) b)

c) d)

33

31

Figure 6.4 The effect of the acidic additive on the enantiomeric separations of compound 33 (a), b)) and 31
(c), d)) in the normal phase mode. Mobile phase: a), c) Heptane/Ethanol/TFA = 60/40/0.1, b), d) 
Heptane/Isopropanol/TFA = 60/40. Enantioselectivity α: a), b) α = 1.30, c) α = 1.87, d) α = 1.54. 

Resolution Rs: a), b) Rs = 1.8, c) Rs = 2.8, d) Rs = 1.4. 
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and the worst separation was obtained on the poly-DEABV CSP. The new polymeric CSP extends the 

concept of the P-CAP column family. 

6.5 Conclusions 

A new polymeric CSP based on a new monomer, trans-9, 10-dihydro-9, 10-ethanoanthracene-(11S, 12S)-

11, 12-dicarboxylic acid bis-4-vinylphenylamide, was prepared via the surface initiated free radical 

polymerization method. The new CSP was stable and showed enantiomeric selectivities for many chiral 

compounds in multiple mobile phases. Most chiral separations were achieved in the ethanol/heptane mobile 

phase, while better separations for some analytes were obtained in the polar organic mode and halogenated 

solvent mobile phase. In the normal phase mode, ethanol is the better polar modifier compared with 

isopropanol. The acidic mobile phase additive is important for the separations of some compounds with 

ionizable groups. This new polymeric CSP showed its potential for preparative scale application. All in all, 

the poly-DEABV CSP enriches the family of former synthetic polymeric CSPs such as P-CAP and P-CAP-

DP CSPs. 
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Figure 6.6 Comparison of the enantiomeric separations of compound 13 (a), b), c)) and 30 (d), e), f)) on the 
P-CAP (a), d)), poly-DPEDA (b), e)), and poly-DEABV (c), f)) CSPs. Mobile phase: a) 

Heptane/Ethanol/TFA = 90/10/0.1, b) Heptane/Isopropanol = 80/20, c) Heptane/Isopropanol = 50/50, d) 
Heptane/Ethanol/TFA = 80/20/0.1, e) Heptane/Isopropanol/TFA = 70/30/0.1, f) Heptane/Ethanol/TFA = 
60/40/0.1. Enantioselectivity α: a) α = 1.36, b) α = 1.23, c) α = 1.07, d) α = 1.07, e) α = 1.41, f) α = 3.93. 
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CHAPTER 7 
 

SUPER/SUBCRITICAL FLUID CHROMATOGRAPHY SEPARATIONS WITH FOUR SYNTHETIC 
POLYMERIC CHIRAL STATIONARY PHASES 

7.1 Abstract 

New synthetic polymeric chiral stationary phases were tested with supercritical fluid mobile phases made 

of CO2 plus an alcohol modifier and 0.2% v/v trifluoroacetic acid. The polymeric N, N’-(1S, 2S)-1, 2-

cyclohexanediyl-bis-2-propenamide (P-CAP), the polymeric N,N’-[(1R,2R)]-1,2-diphenyl-1,2-ethanediyl] 

bis-2-propenamide (P-CAP-DP), the polymeric trans-9,10-dihydro-9,10-ethanoanthracene-(11S,12S)-

11,12-dicarboxylic acid bis-4-vinylphenylamide (DEABV)and the polymeric N,N’-[(1R,2R)-1,2-diphenyl-

1,2-ethanediyl] bis-4-vinylbenzamide (DPEVB) were bonded to 5 μm silica particles and used to prepare 

four columns that were tested with a set of 88 chiral compounds with a wide variety of chemical 

functionalities. All 88 test compounds were separated on one or more of these “related” polymeric CSPs. 

Forty three enantiomeric pairs were separated in SFC conditions by only one of the CSPs. Twenty pairs 

were separated by two CSPs and eighteen and seven enantiomeric pairs were separated by three and all four 

CSPs, respectively. The three P-CAP, P-CAP-DP and DEABV CSPs have equivalent success being able to 

separate 49 enantiomeric pairs of the studied set with respectively 12, 14 and 20 at baseline (Rs > 1.5).  The 

DPEVB CSP was significantly less efficient separating only 18 chiral compounds with only one at 

baseline.The great advantage of the SFC mobile phases is the rapid separation, with most achieved in less 

than 5 min. Xinxin Han, Alain Berthod, Chunlei Wang, Ke Huang, and Daniel W. Armstrong.  

Chromatographia (2007), 65(7/8), 381-400. Copyright © 2007 with permission from the Springer, LLC. 

7.2 Introduction 

LC chiral stationary phases (CSPs) can be used for analytical and preparative enantiomeric separations. 

However, the effectiveness of different classes of CSPs at each task can vary widely. Modern chiral  
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selectors include π-complex, ligand exchange, chiral crown ethers, cyclodextrins, polysaccharides, proteins 

and macrocyclic glycopeptide chiral selectors.31a, 73 All these chiral selectors were found to be very useful 

in separating enantiomers on an analytical scale (microgram to milligram amounts). One of the important 

challenges in enantiomeric separations is enhancing production, i.e. going to gram, kilogram and even to 

greater amounts in a facile manner. Many polymeric chiral selectors have a significant higher loading 

capability than smaller chiral selectors.25a An exception to this statement are the protein CSPs which have 

very low capacities. Successful polymeric chiral stationary phases (CSP) include natural polymers such as 

polysaccharide derivatives, cellulose and amylose carbamates, or synthetic polymers such as polyamides, 

vinyl polymers, polyurethanes and polyacetylene derivatives.66b, 67d  Recent polymeric chiral selectors based 

on trans-1,2-diaminocyclohexane were found very useful when used to prepare CSPs for normal phase 

liquid chromatography (NPLC).48e, 67d, 74 

The need for preparative enantiomeric separations is driving the renewed interest in supercritical fluid 

chromatography (SFC). In the 1980s, some studies overestimated the solvent strength of supercritical CO2 

and this lead to some disappointments especially in the applicability of capillary SFC.75 It became clear that 

some percentage of a more polar cosolvent, like methanol, was needed to elute most analytes. With the 

increased interest in high throughput separations, preparative separations and solvent disposal concerns, 

SFC with packed columns underwent a rebirth as a potential replacement for NPLC.71 

Enantiomeric separations using SFC with packed columns were first performed by Mourier et al. separating 

phosphine oxide enantiomers on a π-complex based CSP.67c Supercritical CO2, almost exclusively used in 

its subcritical state associated with significant amounts of organic modifier, was found to increase 

dramatically the preparative productivity of enantiomeric separations.67b, 76 Many different CSPs have been 

used in packed column SFC.77 

In this work, the capabilities of the recently introduced synthetic polymeric CSPs67c, d will be evaluated in 

SFC. Two new related polymeric CSPs will also be evaluated with the same set of solutes and SFC mobile 

phases. The results obtained with the four CSPs will be discussed and compared. A set of 88 chiral 

compounds with a wide variety of functionalities was used to test the four CSPs. Experimental conditions 



  107   
 

were deliberately selected to favor fast rather than efficient separations. The results obtained on the four 

CSPs are compared and discussed in terms of enantiorecognition capabilities. 

7.3 Experimental 

7.3.1 Chemicals  

Eighty eight enantiomeric pairs with a wide variety of functionalities were evaluated on four different 

polymeric CSPs. All the test compounds could be placed into one of four classes: i) compounds with a sp2 

hybridized carbon directly attached to the asymmetric center; ii) compounds whose asymmetric center is 

part of a ring; iii) chiral acids and derivatized amino-acids; iv) other compounds including atropoisomers, 

alcohols, and stereogenic phosphorous and sulfoxide compounds. All analytes were obtained from Sigma 

(St. Louis, MO, USA) or Aldrich (Milwaukee, WI, USA). Stock solutions of 1 mg/mL of each compound 

were prepared and injected individually on the four polymeric CSPs.  

7.3.2 Chiral Stationary Phases 

Figure 7.1 shows the chiral monomers used to prepare the four synthetic polymeric CSPs evaluated in this 

work. All chiral selectors were bonded on spherical 5 μm porous silica gel (Akzo Nobel, EKA Chemicals 

AB, Sweden, pore size 20 nm, pore volume 0.9 ml/g, specific surface area 210 m2/g). The bonded particles 

were used to fill 250 x 4.6 mm columns. The P-CAP, from “poly Cyclic Amine Polymer”, is actually a 

polymer of trans-1,2-cyclohexanediyl-bis-acrylamide (Figure 7.1a). The P-CAP denomination comes from 

the Astec trade name (Astec, Whippany, NJ, USA). This stationary phase was fully described recently.67d 

The P-CAP-DP, also an Astec trade name, is a polymer of N,N’-[(1R,2R)]-1,2-diphenyl-1,2-ethanediyl] 

bis-2-propenamide (Figure 7.1b). It was prepared as fully described in.67c Figure 7.1c shows the monomer 

trans-9,10-dihydro-9,10-ethanoanthracene-(11S,12S)-11,12-dicarboxylic acid bis-4-vinylphenylamide that 

was used to prepare the DEABV stationary phase. This molecule was synthesized in our group using a 

chiral dicarboxylic acid originally reported by Thunberg and Allenmark and then coupled to p-

vinylphenylamine. The chiral selector and the phase preparation were fully described in a recent article.78 

Figure 7.1d shows the N,N’-[(1R,2R)-1,2-diphenyl-1,2-ethanediyl] bis-4-vinylbenzamide monomer, a 

variation of Figure 7.1b, used to prepare the DPEVB stationary phase according to a procedure similar to 

those described previously.67c, d 
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Figure 7.1 The monomer of the polymeric chiral stationary phases used. a- P-CAP (trans-1,2-
cyclohexanediyl-bis acrylamide) , b- P-CAP-DP (N,N’-[(1R,2R)]-1,2-diphenyl-1,2-ethanediyl] bis-2-

propenamide), c-DEABV (trans-9,10 dihydro-9,10-ethanoanthracene-(11S,12S)-11,12-dicarboxylic acid 
bis-4-vinylphenylamide), d-DPEVB (N,N’-[(1R,2R)-1,2-diphenyl-1,2-ethanediyl] bis[4-vinylbenzamide).
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7.3.3 Supercritical Fluid Chromatography 

The SFC apparatus was from Thar Technologies, Inc. (Pittsburgh, PA). The SFC system includes a fluid 

delivery module (liquid CO2 pump and cosolvent pump) an auto sampler with a 48 sample tray, a column 

oven with column selection and an auto back pressure regulator, a UV VWD detector, and the 

SuperChromTM software for data treatment. SFC-grade CO2 was from Air Liquide America (Houston, TX). 

7.3.4 Operating Conditions 

All studies of the effect of temperature in enantiomeric separations have shown that the enantioselectivity 

factors decrease as the temperature increases.79 So a constant and low temperature of 31oC (CO2 critical 

temperature is 31.3oC) was selected for all analyses. Similarly, raising the pressure does produce faster 

analyses, but it is associated with a poorer enantioselectivity.80 Consequently, a constant outlet pressure of 

100 bar (1430 p.s.i.) was used in all cases. 

The polarity of pure CO2 mobile phase can be compared to that of pentane. It is not high enough to perform 

useful separations. Therefore, significant amounts of polar organic modifier were added in all mobile 

phases used.81 Trifluoroacetic acid (TFA) was also added at a concentration of 0.2% v/v in the organic 

modifier (unless otherwise indicated) used in all mobile phases to protonate the solutes and any stationary 

phase basic sites. The total flow rate (CO2 + MeOH) was always 4 ml/min at the column inlet. 

The amount of methanol (MeOH) added to CO2 was selected so that the solute peaks elute in less than 8 

min. When a particular solute was not separated on all four CSPs, another mobile phase was tested either 

with first another MeOH concentration and next another organic modifier (ethanol, EtOH, or isopropyl 

alcohol, IPA) keeping the CO2 pressure at 100 bar and the TFA concentration at 0.2% v/v in the organic 

modifier until the solute’s enantiomers are separated by at least one CSPs. This procedure shows that the 

listed results are certainly not the best results that could be obtained working with the studied polymeric 

CSPs. Further optimization of the mobile phase composition for each individual compounds could be done 

if desired. 

7.4 Results and Discussion 

Table 7.1 gives the number code used to identify the 88 compounds; along with their names, chemical 

structures and chromatographic parameters obtained on the four polymeric CSPs. All blank entries 
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correspond to non-observable enantiomeric separation (a single peak, enantioselectivity and resolution 

factors are respectively 1 and 0). 

7.4.1 Overall CSP Effectiveness 

Figure 7.2 (top) shows the number of enantiomeric separations obtained on each polymeric CSP. It clearly 

shows that the DPEVB CSP is less effective than the three other CSPs and is able to baseline separate only 

one compound (Compound 58, Rs = 1.6,Table 7.1). By chance, the other three CSPs, P-CAP, P-CAP-DP 

and DEABV, were able to separate exactly the same number of compounds (49). The DEABV CSP 

baseline separated 20 compounds (41% of the 49 separations, Table 7.1). Fifteen of the 49 fully or partially 

enantioseparated compounds were separated only on the DEABV-CSP. The number of baseline separations 

for the P-CAP and P-CAP-DP CSPs was, respectively, 12 and 14 compounds. The number of unique 

separations for the P-CAP and P-CAP-DP CSPs was eleven compounds. With the 6 compounds uniquely 

separated by the DPEVB CSP, a total of 43 compounds or 49% of the selected set were separated by only 

one CSP. Figure 7.2 (bottom) shows that 20 compounds were separated by two CSPs, 18 by three CSPs and 

7 compounds were enantioseparated by all four CSPs. These later compounds are 6, 22, 23, 26, 45, 52 and 

63 (Table 7.1). 

Figure 7.3 presents an overall view of the Table 7.1 listed results. A solid vertical bar over the compound 

number means that an observable separation of the enantiomers of that compound was obtained (Rs > 0.3). 

The bar with horizontal stripes indicates baseline separations (Rs > 1.5). The light color bar containing 

wavy lines indicates that this particular compound was only separated on that specific polymeric CSP and 

none of the others. The DEABV-CSP seems to be somewhat better than the other two P-CAP CSPs in 

terms of the number of baseline separations and separations of compounds which contain the stereogenic 

center in a ring. 

7.4.2 Compound Structure and Polymer CSP Enantiorecognition 

In our recent work studying the behavior of the macrocyclic glycopeptide CSPs in subcritical 

chromatography, strong difference in enantiorecognition was found between the different related CSPs.81 

Chiral acid and amino-acid enantiomers were significantly better separated by the teicoplanin aglycone 

(TAG) CSP while the chiral amino alcohols (β-blockers) were better separated on the native teicoplanin 
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 CF3HO

Table 7.1 Enantiomeric separations on four polymeric CSPs by SFC. 

No. Compound name and formula CSP 
t1 

min 
α Rs 

Additive 
M/TFA 

N 
plates 

Compounds with sp2 hybridized carbon on the asymmetric center    
1 1-(9-Anthryl)-2,2,2-

trifluoroethanol 
 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

2.64 
3.54 

 

1.07 
1.07 

0.7 
0.7 

30%/0.2% 
15%/0.2% 

4900 
3700 

 

2 2-(4-
Nitrophenyl
)-propionic 
acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 
 

7.62 

 
 
 

1.05 

 
 
 

0.8 

 
 
 

5%E/0.2% 

 
 
 

7200 
3 3,4-

Dihydroxy-
phenyl-2-
propylacetam
ide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.27 
7.31 
6.18 

1.16 
1.03 
1.04 

1.6 
0.3 
0.3 

25%/0.2% 
20%/0.2% 
20%/0.2% 

 

2900 
2200 
2100 

4 4-Chloromandelic acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
2.96 

 
1.08 

 
0.3 

 
20%/0.2% 

 

 
600 

5 4-Isobutyl-α-
methyl-
phenylacetic 
acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.75 1.05 0.5 5%/0.2% 
 

3400 

6 5-(α-Phenethyl)-
semioxamazide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

2.19 
3.58 
1.73 
3.69 

1.13 
1.05 
1.21 
1.22 

0.8 
0.4 
1.1 
1.1 

30%/0.2% 
15%/0.2% 
40%/0.2% 
10%/0.2% 

2200 
2400 
3000 
1000 

7 1-Phenyl-1,2-
ethanediol 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.63 
11.2 

1.16 
1.06 

1.8 
1.4 

15% I/0.2% 
5%/0.2% 

 

3500 
9000 

8 Atrolactic acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.02 

 
1.05 

 
0.6 

 
10%/0.2% 

 
3900 

9 Benzoin P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

3.31 
3.81 
4.93 

1.07 
1.18 
1.07 

0.9 
2.0 
1.1 

10%/0.2% 
5%/0.2% 

10%/0.2% 

6900 
4700 
7700 

10 Bis[1-
phenylethyl]-
Amine 
hydrochloride 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.34 
3.02 
4.30 

1.09 
1.16 
1.28 

1.1 
0.9 
2.0 

5%/0.2% 
15%/0.2% 
20%/0.2% 

 

4000 
1400 
2000 

11 Carpr
ofen 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.54 
4.19 
4.81 

 
1.07 
1.08 
1.08 

 
0.8 
0.5 
0.7 

 
25%/0.2% 
40%/0.2% 
30%/0.2% 

 
4400 
1300 
2400 
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Table 7.1 – Continued 

 
12 Doxylami

ne 
P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

3.06 1.07 0.3 15%/0.2% 
 

700 

13 Furoin P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
2.48 
4.15 
3.91 

 
1.25 
1.04 
1.03 

 
2.0 
0.4 
0.5 

 
10%/0.2% 
10%/0.2% 
5%/0.2% 

 
3800 
2800 
8000 

14 Hydrobenz
oin 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.12 
5.23 
7.18 

1.12 
1.06 
1.03 

1.8 
0.9 
0.5 

15%E/0.5% 
10%/0.5% 
10%/0.5% 

6500 
5400 
5000 

15 Mandelamide P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.25 

 
 

1.13 

 
 

1.5 

 
 

20%/0.5% 

 
 

5300 

16 N-(α-Methylbenzyl) 
phthalic acid 
monoamide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.29 
 

7.06 

1.08 
 

1.14 

0.8 
 

1.4 

15%/0.2% 
 

25%/0.2% 
 

2800 
 

2800 

17 N,N’-
Bis(2-
methyl-
benzyl) 
sulfamide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.92 
3.01 
3.31 

1.06 
1.70 
1.09 

0.7 
3.4 
0.7 

15%/0.2% 
20%/0.2% 
30%/0.2% 

 

3800 
1800 
2200 

18 N-Benzyl-1-(1-
naphthyl)-
ethylamine 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

5.31 

 
 

1.12 

 
 

0.6 

 
 

35%E/0.2% 

 
 

700 

19 O-Acetyl 
mandelic acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
5.33 
3.75 

 
1.06 
1.04 

 
0.7 
0.3 

 
5%/0.2% 

10%/0.2% 

 
3300 
1500 

20 Tropic acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.44 

 
1.15 

 
1.6 

 
15%E/0.2% 

 
3700 

21 Vera
pami
l 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.10 1.06 0.4 10%/0.2% 1300 

22 Coumachl
or 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.48 
4.66 
5.96 
5.10 

1.12 
1.06 
1.06 
1.07 

1.4 
0.6 
0.4 
0.7 

15%/0.2% 
15%/0.2% 
30%/0.2% 
20%/0.2% 

3600 
2600 
1000 
2100 
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23 Warfarin P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

4.50 
4.08 
4.89 
4.30 

1.11 
1.07 
1.07 
1.11 

1.3 
0.8 
0.5 
1.1 

15%/0.2% 
15%/0.2% 
30%/0.2% 
20%/0.2% 

4500 
4200 
1400 
3100 

 
Compounds whose asymmetric center is part of a ring    
24 Althia

zide 
P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

 
4.00 

 
1.31 

 
1.4 

 
40%/0.2% 

 
900 

25 2-Azabicyclo[2.2.1]-hept-5-en-3-
one 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.17 1.10 1.4 3%/0.2% 5300 

26 (3a-cis)-3,3a,8,8a-
Tetrahydro-2H-
indenol[1,2-d] 
oxazol-2-one 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.31 
4.35 
5.8 

2.95 

1.16 
1.12 
1.13 
1.06 

1.5 
1.1 
1.5 
0.8 

20%/0.2% 
15%/0.2% 
20%/0.5% 
20%/0.2% 

2900 
2700 
4100 
5700 

27 1,2,3,4-Tetrahydro-
1-naphthol 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.25 

 
1.05 

 
0.9 

 
5%E/0.2% 

 
8000 

28 1,5-Dihydroxy-
1,2,3,4-
tetrahydronaphthalen
e 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.6 

 
1.08 

 
1.3 

 
15%/0.2% 

 

 
7000 

29 1,5-Dimethyl-4-phenyl-2-
imidazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
3.40 
2.94 
6.15 

 
1.08 
1.07 
1.09 

 
1.0 
0.8 
1.2 

 
10%/0.2% 
20%/0.2% 
5% E/0.2% 

 
5100 
5000 
5000 

30 2-Carbethoxy-γ-
phenyl-γ-
butyrolactone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.59 

 
 

1.07 

 
 

0.9 

 
 

10%/0.2% 

 
 

5100 

31 3-(Benzyloxy 
carbonyl)-4-
oxazolidine 
carboxylicacid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

7.07 

 
 

1.05 

 
 

0.5 

 
 

10%/0.5% 

 
 

2400 

32 3a,4,5,6-
Tetrahydro-
succininido[3,4-b]-
acenaphthen-10-one 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.08 
 

5.60 

1.04 
 

1.13 

0.5 
 

1.0 

15%/0.2% 
 

35%E/0.2% 

3300 
 

1800 

33 3-Oxo-1-
indancarboxylic acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.79 

 

 
1.05 

 
0.6 

 
10%E/0.2% 

 
4000 
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34 3-Phenylphthalide P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

 
 

6.87 

 
 

1.08 

 
 

1.5 

 
 

10%/0.5% 

 
 

8000 

35 4-
(Diphenylmethyl
)-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.00 
6.86 
2.97 

1.08 
1.04 
1.18 

1.3 
0.4 
1.5 

10%/0.2% 
10%/0.2% 
40%/0.2% 

6300 
2400 
3000 

36 4-Benzyl-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

2.85 

 
 

1.18 

 
 

1.5 

 
 

30%/0.2% 

 
 

3300 

37 4-Benzyl-3-
propionyl-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

4.44 

 
 

1.18 

 
 

2.0 

 
 

20%/0.2% 

 
 

4300 

38 4-Benzyl-5,5-
dimethyl-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.17 

 
 

1.17 

 
 

1.5 

 
 

25%E/0.2% 

 
 

3300 

39 5-(3-
Hydroxyphenyl)-5-
phenylhydantoin 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.34 1.04 0.3 40%/0.2% 1300 

40 5-(4-
Hydroxyphenyl)-5-
phenylhydantoin 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
4.88 

 
1.05 

 
0.3 

 
40%/0.2% 

 
900 

41 5,5-Dimethyl-4-
phenyl-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.08 

 
 

1.14 

 
 

1.5 

 
 

20%/0.5% 

 
 

4800 

42 5-Phenyl-2-(2-
propynylamin
o)-2-oxazolin-
4-one 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.52 
4.73 
3.15 

1.06 
1.08 
1.25 

0.7 
0.7 
1.5 

15%/0.2% 
15%/0.2% 

35%E/0.2% 

4000 
2400 
1700 

43 Bendro-
flumethi
azide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

8.91 
3.90 

1.11 
1.31 

0.8 
1.3 

40%/0.2% 
35%/0.2% 

1200 
800 

44 Benzylphthalide P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.94 

 
 

1.05 

 
 

0.7 

 
 

20%/0.2% 

 
 

5100 
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45 Chlorthalidone P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

7.08 
4.38 
3.79 
5.27 

1.21 
1.09 
1.09 
1.07 

1.5 
0.4 
0.5 
0.6 

40%/0.2% 
40%/0.2% 
40%/0.2% 
30%/0.2% 

1600 
600 

1100 
2000 

46 cis-1-Amino-2-
indanol 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

6.38 

 
 

1.10 

 
 

1.3 

 
 

20%/0.2% 

 
 

4400 

47 cis-4,5-Diphenyl-
2-oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.43 
4.51 
3.66 

1.06 
1.06 
1.21 

1.0 
0.9 
1.6 

10%/0.2% 
15%/0.2% 
30%/0.2% 

6700 
6600 
2400 

48 cis-4-Methyl-5-
phenyl-2-
oxazolidinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.15 
4.94 
3.76 

1.07 
1.08 
1.16 

0.9 
1.0 
1.5 

15%E/0.2% 
10%/0.2% 

25%E/0.2% 

5100 
4600 
3300 

49 Flavanone P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

5.11 

 
 

1.31 

 
 

0.4 

 
 

10%/0.2% 
 

 
 

100 

50 Ketamine 
(hydrochloride) 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.79 1.05 0.5 10%/0.2% 
 

2300 

51 Lormetazepam P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.79 
 

3.00 

1.15 
 

1.31 

2.0 
 

1.8 

15%/0.2% 
 

40%/0.2% 

5800 
 

1800 

52 Oxazepam P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

3.43 
3.18 
3.62 
3.32 

1.37 
1.36 
1.34 
1.08 

2.2 
2.5 
1.0 
0.5 

40%/0.2% 
40%/0.2% 
40%/0.2% 
30%/0.2% 

1800 
2600 
400 

1400 

53 N-(α-
Methylbenzyl)-
phthalimide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

4.48 

 
 

1.02 

 
 

0.3 

 
 

10%/0.2% 
 

 
 

4600 

54 Phensuximide P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
6.25 

 
1.11 

 
1.5 

 
1%/0.2% 

 

 
4700 

55 t-Butyl-6-oxo-2,3-
diphenyl-4-
morpholine 
carboxylate 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

3.66 
4.85 

1.04 
1.16 

0.3 
1.5 

5%/0.2% 
5%E/0.2% 

1700 
3000 
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56 Thioridazine P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

3.9 1.09 0.4 15%/0.2% 700 

57 trans-4-Cotinine- 
carboxylic acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.25 
 

4.27 

1.06 
 

1.02 

0.6 
 

0.3 

10%/0.2% 
 

20%/0.2% 

2800 
 

4300 

Chiral acids and amino-acid derivatives   
58 4-((1-(Isopropoxycarbonyl-4-

methyl)-
butyl) 
amino)-
benzoic acid 
           .      

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
2.64 
2.22 
3.46 

 
1.28 
1.93 
1.21 

 
1.6 
4.0 
1.6 

 
10%/0.2% 
30%/0.2% 
10%/0.2% 

 
1800 
2200 
2500 

59 4-Chlorophenyl-
alanine ethyl 
ester  

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.08 1.10 0.7 15%/0.2% 1700 

60 

Carbobenzyloxy-alanine 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.44 
3.68 
2.79 

1.07 
1.06 
1.21 

0.9 
0.7 
1.5 

15%E/0.2% 
10%/0.2% 
20%/0.2% 

5300 
5100 
2500 

61 Dansyl-norleucine 
cyclohexylammonium 
salt 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.08 
 

3.96 

1.08 
 

1.16 

1.0 
 

1.4 

30%/0.2% 
 

30%/0.2% 

5600 
 

2900 

62 Dansyl-phenylalanine 
cyclohexylammonium 
salt 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
3.81 
3.90 

 
1.09 
1.29 

 
0.5 
1.7 

 
30%/0.2% 
40%/0.2% 

 

 
1000 
1400 

63 N-(3,5-
Dinitro-
benzoyl)-
leucine 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.17 
2.35 
1.97 
3.74 

1.04 
1.30 
3.14 
1.10 

0.4 
1.6 
4.5 
1.2 

15%/0.2% 
20%/0.2% 
40%/0.2% 
20%/0.2% 

2600 
1900 
1200 
4400 

64 N-(3,5-
Dinitro-
benzoyl)-phenyl 
glycine 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

3.75 
3.94 
3.70 

 

1.19 
1.23 
1.58 

1.4 
1.8 
2.7 

30%/0.2% 
20%/0.2% 
40%/0.2% 

 

3100 
2400 
1300 

65 N-Acetylhomo-
cysteine thiolactone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

7.36 
4.73 
3.55 

1.06 
1.11 
1.06 

0.9 
1.3 
0.7 

5%/0.2% 
10%/0.2% 
20%/0.2% 

5600 
4600 
4700 

 

 

N

N

N

SMe

HCl

 

N

N
O

O

HO

 

N

S
HN O

O

OOC

Ph

NH3

 

N

S
HN O

O

OOC

NH3



  117   
 

 O

N

COOH

H

 
N O

O
OHO

H

 
Cl O

NH2

O

 CO2H

Br

 
HO2C

Br

CO2H

 
I

H2N I

I

COOH

 
I

HO I

I

COOH

 
OH

HO

 O COOH

Cl

Table 7.1 – Continued 

 
66 N-Benzoyl-valine P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

4.85 
3.58 

1.11 
1.07 

1.3 
0.7 

15%E/0.2% 
10%/0.2% 

4200 
3800 

67 N-carbobenzoxy-

Phenylalanine 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.13 
4.38 
2.04 

1.04 
1.09 
1.35 

0.5 
0.9 
1.5 

15%/0.2% 
15%E/0.2% 
40%/0.2% 

4300 
3000 
1600 

68 2-Phenoxy 
propionic 
acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

3.49 

 
 

1.03 

 
 

0.4 

 
 

10%/0.2% 

 
 

5100 

69 2-(3-
Chloro-
phenoxy) 
propionamide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
6.73 

 
1.06 

 
0.9 

 
5%/0.2% 

 
5300 

70 2-(4-Chloro-2-
methyl-
phenoxy) 
propionic acid 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 
 

4.81 

 
 
 

1.09 

 
 
 

1.1 

 
 
 

5%E/0.2% 

 
 
 

4700 
 

71 
 
2,3-
Dibenzoyl-
tartaric acid 
 
 

 
P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

 
 

3.80 
4.61 

 
 

1.15 
1.03 

 
 

1.3 
0.3 

 
 

30%/0.2% 
20%/0.2% 

 
 

2700 
2200 

72 2-Bromo-3-methylbutyric acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.02 1.08 0.9 5%/0.2% 4400 

73 Bromosuccinic acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

5.15 
5.90 

1.05 
1.11 

0.6 
1.5 

20%/0.2% 
10%/0.2% 

3100 
5100 

74 Iopanoic acid P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 
 

6.02 

 
 
 

1.13 

 
 
 

1.0 

 
 
 

30%/0.2% 

 
 
 

1600 
75 Iophenoxic acid P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

 
 
 

5.75 

 
 
 

1.12 

 
 
 

0.7 

 
 
 

30%/0.2% 

 
 
 

1000 
Atropoisomerism and miscellaneous chemical functionalities on the 
asymmetric center 

  

76 1,1’-Bi-2-naphthol P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.17 
 

7.96 

1.32 
 

1.04 

2.7 
 

0.3 

40%/0.2% 
 

30%/0.2% 
 

3100 
 

1500 

 O COOH
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77 1,1’-Bi-2-naphthol 

bis(trifluoro-
methane 
sulfonate) 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 
 

5.18 

 
 
 

1.08 

 
 
 

0.9 

 
 
 

5%E/0.2% 

 
 
 

3200 

78 2,2’-Diamino-1,1’-
binaphthalene 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
6.54 

 
1.08 

 
0.8 

 
20%/0.2% 

 
2800 

79 6-(4-Chloro-
phenyl)-
4,5-
dihydro-2- (2-
hydroxybutyl)-3-(2H)-
pyridazinone 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.65 
11.6 

1.22 
1.06 

2.4 
1.0 

10% I/0.2% 
5%/0.2% 

3800 
6800 

80 7-(2,3-
Dihydroxy-
propyl) 
theophyline 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

6.08 1.03 0.4 10%/0.2% 3900 

81 Triadimenol 
(Baytan)  

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

3.94 1.20 1.6 10% I/0.2% 2500 

82 N,N’-
Dibenzyl-
tartramide 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

2.60 
3.44 
2.73 

1.46 
1.45 
1.36 

2.5 
2.2 
1.5 

30%/0.2% 
20%/0.2% 
40%/0.2% 

2100 
1300 
1100 

83 2-Amino-3-
phenyl-1-
propanol 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

4.61 
2.90 

1.09 
1.07 

1.3 
0.4 

15%/0.2% 
20%/0.2% 

6000 
1400 

84 Propranolol P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 

7.12 

 
 

1.10 

 
 

0.4 

 
 

20%/0.2% 

 
 

400 

85 3-(4-Nitrophenyl) 
glycidol 

P-CAP 
P-CAP-DP 
DEABV 
DPEVB 

 
 
 

9.4 

 
 
 

1.07 

 
 
 

0.9 

 
 
 

5%E/0.2% 

 
 
 

4200 
86 Crufomate (Ruelene)  P-CAP 

P-CAP-DP 
DEABV 
DPEVB 

3.27 
5.72 

1.06 
1.14 

0.5 
1.7 

5%/0.2% 
5%E/0.2% 

2700 
4300 

The additive is methanol (M) unless otherwise indicated: E = ethanol, I = isopropyl alcohol. The TFA 
percentage is added to the alcohol modifier. The plate number is the average value for the two enantiomer 
peaks (accuracy 20%).  
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CSP. 81 The data in Figure 7.3 does not indicate that there is such a profound structural selectivity 

difference between the polymer CSPs. The 43 compounds that are enantioseparated by a single CSP are 

more randomly spread among the four structural classes of compounds. 

However, a closer look at solute structure and CSP enantiorecognition allows one to find some structural 

selectivity. More specifically, the 9 oxazolidinone derivatives (Compounds 26, 35, 36, 37, 38, 41, 42, 47 

and 48) with an asymmetric carbon in position 4 are all baseline separated on the DEABV CSP. Four of 

these compounds (36, 37, 38 and 41) are separated only on the DEABV CSP (Table 7.1). For the 5 

oxazolidinone that are separated on several CSPs, the resolution factor obtained with the DEABV CSP is 

the highest. Clearly, there is an interaction between the oxazolidinone ring and the DEABV CSP that is 

very sensitive to substitution on the ring’s 4-carbon. 

Some general trends that have been observed with other CSPs also were observed with the polymeric CSPs 

studied here. First, it was observed that compounds having four very different substituents on the 

stereogenic center are well differentiated by many CSPs. 82 For example, the enantiomers of Warfarin (23), 

with a hydrogen atom, a phenyl group, an acetonyl group and a huge hydroxylcoumarinyl group on its 

asymmetric center are differentiated by all four CSPs in this study. Also, it was observed that a minor 

change in the molecular structure of a chiral analyte can produce a dramatic change in enantioseparation.82 

For example, compounds 39 and 40 differ only in the position of their hydroxyl group (changing from the 

meta to para position). 39 is separated by the P-CAP-CSP only and 40 is separated by the P-CAP-DP CSP 

only (Table 7.1). Such a change in enantiomeric recognition is observed only if the minor structural change 

occurs on an “enantiosensitive” part of the molecule. Considering Coumachlor (22) and Warfarin (23), they 

differ only by a chlorine atom, but both are equally well separated by all four CSPs indicating that the 

chlorine atom is not located in a part of the molecule involved in any enantioselective interactions. A 

similar observation can be made with Benzoin (9) and Hydrobenzoin (14) whose enantiomers are equally 

well separated by three polymeric CSPs (Table 7.1). 

7.4.3 Chiral stationary Phases and Chemical Interactions 

Figure 7.1a shows that the P-CAP monomer does not contain any aromatic moieties. Consequently, π-π 

interactions cannot be important in the chiral recognition mechanism of this CSP. The P-CAP polymeric 
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Figure 7.2 Overall results obtained with the four synthetic polymeric chiral stationary phases in subcritical 
mode. Top diagram: number of separations obtained on each CSPs. Bottom diagram: the number of 

compounds that were separated only by one single CSP or 2 or 3 or all 4 CSPs. The percentages refer to the 
number of compounds from the 88 compound set shown in Compound Structure and Polymer CSP 
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Figure 7.3 Overview of the results obtained on the four polymeric CSPs with the 88 chiral compounds evaluated in subcritical mode with 
CO2/methanol/trifluoroacetic acid mobile phases, see Table 1 for full details. A solid dark vertical bar over the compound number indicates an 

observable separation (Rs > 0.3). A vertical bar with horizontal stripes doubling a bar indicates a baseline separation (Rs > 1.4) and a light vertical bar 
with wave lines indicates that the compound was only separated on that particular CSP. 
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CSP has a large number of amide linkages providing a wealth of sites for hydrogen bonding and dipolar 

interactions.67d The three other CSPs do have several aromatic rings in their structures (Figure 7.1b, c, and 

d) along with amide linkages. They should be able to combine π-π interactions with other types of 

interactions for chiral recognition.82 

Figure 7.4 shows the separation of Compounds 63 (left) and 64 (right), respectively DNB-leucine and 

DNB-phenylglycine, on the three CSPs, P-CAP, P-CAP-DP and DEABV. π-π interactions are likely in the 

case of the DNB-leucine (63, Figure 7.4-left). The DNB derivative is a strongly π-acid substituent on the 

amine group of leucine. The two enantiomeric forms of DNB-leucine are well (Rs = 1.6) and extremely 

well (Rs = 4.7) separated by the π-π capable P-CAP-DP and DEABV CSPs, respectively. They are poorly 

separated by the P-CAP CSP which is unable to interact through π-π interactions (Figure 7.4-left). 

However, the P-CAP CSP separates well (Rs = 1.4) the structurally related DNB-phenylglycine (Figure 

7.4-right). This compound (64) is equally or better separated by the two other CSPs as shown. In this case, 

the dipolar interactions with the DNB amide group and/or the H-bond interactions with the carboxylic acid 

moiety are more important than the π-π interactions for enantiorecognition of DNB-phenylglycine. 

The results obtained with atropoisomers suggest that π-π interactions play little or no role in their 

enantioseparation. Indeed, the highest enantioresolution factor of all atropoisomers is obtained with 1,1’-

binaphthol (76) on the P-CAP CSP (no π-π interactions). All other three CSPs are able to separate partially 

(Rs < 0.9) the binaphthalene atropoisomers 76, 77 and 78 (Table 7.1). However, the exact nature of the 

enantioselective interactions has not been identified. 

7.4.4 Normal Phase LC versus SFC 

The synthetic polymeric CSPs were shown to be highly efficient in normal phase liquid chromatography 

using heptane-alcohol, halogenated solvent or waterless acetonitrile-methanol mobile phases. The later 

mobile phase is used in the special mode called polar organic mode67c, d, 78 Most of the compounds whose 

enantiomers were successfully separated with a given polymeric phase in the normal or polar organic mode 

also produced successful enantioseparations with subcritical CO2 + MeOH mobile phases.  

The separations of N-(-methylbenzyl) phthalic acid monoamide (16) and Furoin (13) respectively on the 

DEABV and P-CAP-DP CSPs will be used to illustrate the difference that can be observed between the 
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Figure 7.4 Enantioseparation of DNB-leucine (3 left chromatograms) and DNB-phenylglycine (3 right 
chromatograms on the indicated polymeric chiral stationary phases. Column 250 x 4.6 mm with 5 μm silica 
particles bonded by the indicated selector, subcritical mobile phase with CO2 + methanol (+ 0.2% v/v TFA) 

(proportion in Table 1, Compounds 63 and 64), 100 bar, 4 ml/min, 31oC, UV detection 254 nm. 
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normal phase mode and the subcritical fluid mode. The two enantiomers of 16 are partially separated (α = 

1.13, Rs = 1.2, Figure 7.5A) in the normal phase mode with an heptane/MeOH mobile phase in more than 

12 min. They are separated with a similar enantioselectivity factors in less than 8 min in SFC with a 

CO2/MeOH 75/25% v/v mobile phase (Figure 7.5B). Raising the amount of methanol to 30% halves the 

separation duration without loosing any enantioresolution (Figure 7.5C). The two enantiomers of Furoin are 

very well separated (α = 1.69, Rs = 3.7, Figure 7.5D) in the normal phase mode with a heptane-IPA mobile 

phase in about 32 min. Table 7.1 and Figure 7.5E shows the separation obtained with a SFC mobile phase, 

also baseline and obtained in less than 3 min. Better resolution factors were obtained in the normal phase 

mode compared to the Table 7.1 results in SFC for many compounds. It is recalled that the SFC separations 

were not optimized and all Rs-factors listed in Table 7.1 could likely be increased. However, the solute 

retention times were always significantly lower in the SFC mode than in both the normal phase and polar 

organic modes of classical liquid chromatography. 

7.4.5 Kinetic Considerations 

Table 7.1 lists the average plate number measured for the observed enantioseparated peaks. A huge plate 

count variation, with efficiencies that could be as low as 500 plates for a 25 cm column (hetp = 5000 μm or 

1000 particle diameters) or reach 9000 plates (hetp = 270 μm or 50 particle diameters), could be observed 

on the four CSPs studied. Of course, a low efficiency is not favorable for an acceptable resolution factor as 

illustrated by Figure 7.6. The enantiomers of 27 are separated with a measured plate number of about 7000 

plates and an enantioselectivity factor of 1.08 producing an almost baseline resolution factor (Rs = 1.3). 

With the same retention times and selectivity factor, the enantiomers of Chlorthalidone (Compound 45) are 

separated with a low resolution factor of 0.4 because the observed efficiency is very low (600 plates) for 

this compound (Figure 7.6, bottom). 

The observed efficiency is a measure of the kinetics of the solute exchange between the mobile phase and 

the stationary phase. This parameter is difficult to predict. It is known that strong interactions between a 

solute and the stationary phase may be linked to a slow adsorption-desorption process being associated with 

a low efficiency. In the case illustrated by Figure 7.6, Chlorthalidone has a plethora of functionality 

including a sulfamide group, an amide, an alcohol, a chlorinated phenyl and another aromatic ring. These 
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Figure 7.5 Separation of the enantiomers of N-(α-methylbenzyl) phthalic acid monoamide (16) on the 
DEABV CSP. Chromatogram A: normal phase heptane/EtOH 70%/30% (+0.1% v/v TFA), 1 ml/min, α = 

1.13, Rs = 1.2; Chromatogram B: SFC CO2/MeOH 75/25% v/v (+0.2% v/v TFA), 100 bar, 4 ml/min, 31oC, 
α = 1.14, Rs = 1.4; Chromatogram C: SFC CO2/MeOH 70/30% v/v (+0.2% v/v TFA), 100 bar, 4 ml/min, 
31oC, α = 1.12, Rs = 1.3. Separation of the enantiomers of Furoin (13) on the polymeric P-CAP-DP CSP. 

Chromatogram D: normal phase mode, mobile phase heptane/IPA 80/20 %v/v (with 0.1% TFA), 1 ml/min, 
α = 1.69, Rs = 3.7; Chromatogram E: SFC CO2/MeOH 90/10% v/v (+0.2% v/v TFA), 100 bar, 4 ml/min, 

31oC, α = 1.25, Rs = 2.0, detection UV 254 nm. 
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numerous functionalities are subject to a variety of different interactions with the polymeric P-CAP-DP 

stationary phase.  At least one of these possible interactions is slow, producing the observed poor peak 

shape. Compound 28 has less functionalities (phenol and alcohol). It interacts rapidly with the CSP 

producing sharper peaks. The kinetics of a particular solute-stationary phase interaction can be completely 

independent of the solute’s chiral recognition interactions. In some cases, a strong interaction with slow 

adsorption/desorption kinetic may be critical for enantiorecognition. In other cases, the strong interaction 

may play no role.81 

The observed peak efficiency of a particular solute separated on a given CSP is very dependent on the 

experimental conditions. The nature of the alcohol modifier used is especially important. However 

quantitative comparison is difficult because most often the retention times and enantioselectivity factors are 

also changed when the organic modifier is changed. As a general trend, ethanol produced better efficiencies 

than methanol and isopropyl alcohol. The TFA additive has also a critical influence on efficiencies since it 

reduces the strong (and slow) charge-charge interactions that occur with acidic analytes. 

7.5 Conclusions 

The new synthetic polymeric P-CAP, P-CAP-DP, DEABV and DPEVB CSPs are all capable of producing 

effective enantioseparations with supercritical fluid mobile phases. The DPEVB CSP is significantly less 

successful than the three other CSPs in separating a large number of compounds with a variety of 

functionalities. The DEABV CSP seems to be the most broadly applicable and useful of these CSPs. The 

biggest advantage of the SFC mobile phase is the short separation times observed compared to those in the 

normal phase mode. Retention times lower than 5 min, with 25 cm columns, were obtained for 90% of the 

separations presented in this work. The second advantage of SFC mobile phases is the easy recovery of the 

separated solutes. There is no hindrance to injecting large amounts of sample on these columns and 

maintaining the enantiomeric separations as was demonstrated in the normal phase mode,67c, d, 78 however 

the SFC loading capability was not evaluated in this study. 
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CHAPTER 8 
 

STUDY OF COMPLEXATION BETWEEN CYCLOFRUCTANS AND ALKALI METAL CATIONS BY 
ELECTROSPRAY IONIZATION MASS SPECTROMETRY AND DENSITY FUNCTIONAL THEORY 

CALCULATIONS  

8.1 Abstract 

Cyclofructans, cyclic fructofuranose oligomers, form complexes with a variety of metal cations in solution. 

ESI-MS was used to investigate both solution and gas phase selectivities of cyclofructans for alkali metal 

cations. In the gas phase, cyclofructans bind to alkali metal cations in the order of Li+ > Na+ > K+ > Rb+ > 

Cs+. The gas phase selectivity, obtained by competitive dissociation of ternary complexes between one 

cyclofructan and two different metal cations, was confirmed with density functional theory calculations. 

The calculated binding strength is from -99 to -383 kJ mol-1 for cyclofructan 6 and the alkali metal cations. 

The cyclofructan’s 3-position oxygens are the most likely interaction points for the alkali metals. 

Surprisingly, the crown ether oxygens are barely involved in the complexation process. For the solution 

phase study, sodium and potassium complexes of cyclofructans were the most abundant species in the ESI-

MS spectra. Compared with previous solution phase studies of cyclofructans, ESI-MS produced higher 

abundance of complexes with Li+ and lower abundance of complexes with larger metal cations. The 

relative intensities of different cyclofructan-metal cation complexes observed in the ESI-MS spectra was a 

reflection of both the solution phase and gas phase stability of different complex ions. Chunlei Wang, 

Samuel H. Yang, Jianguang Wang, Peter Kroll, Kevin A Schug, Daniel W Armstrong. Submitted to 

International Journal of Mass Spectrometry. Unpublished work Copyright © 2009 with permission from 

Elsevier. 

8.2 Introduction 

Cyclofructans are β-(2→1)-linked cyclic fructofuranose oligomers that have unique crown ether cores (see 

Figure 8.1).60g, 83 Native and derivatized cyclofructans have been found to complex with a variety of metal  



  129   
 

cations,60c, 84 and have been used as ion trapping agents in various applications.85 The X-ray structure of 

permethylated cyclofructan 6 (CF6) and barium isothiocyante,84d along with NMR studies,84b, 84d revealed 

that the crown ether moiety in permethylated CF6 did not participate directly in metal complexation as did 

other synthetic crown ether analogues. However, the selectivities of permethylated cyclofructans for alkali 

metals are found to be identical to their counterpart crown ethers: i.e., permethylated CF6 binds to alkali 

metals in the decreasing order of K+ > Rb+ > Cs+ > Na+ > Li+.84b, 84d Surprisingly, there are only limited 

host-guest studies for native cyclofructans.84a, 84e, f  

ESI-MS has been widely used for host-guest studies of many crown ethers and their related analogues in 

solution and in the gas phase.86 The Brodbelt group has extensively studied the selectivity of crown ether 

type hosts for different metal cations with known stability constants in solution using ESI-MS.86b 

Generally, the selectivity of a host for different guests, predicted from ion intensity in the mass spectrum, 

correlated well with that in solution. On the other hand, the Liu group reported that corrections for 

ionization efficiency of different complex ions were necessary when studying the alkali metal complexes of 

a series of lariat ethers.87 ESI-MS also has been used to study complexation between oligosaccharides and 

alkali metal cations. Reale et al. studied the metal complexation of β-cyclodextrin (β-CD), an isomer of 

cyclofructan 7 (CF7).88 With competitive binding ESI-MS experiments, they found that sodium, among the 

alkali metals, had the highest affinity for β-CD in solution.88 Both 1:1 and 1:2 β-CD-metal cation 

complexes were observed in the ESI-MS spectra. Shizuma et al. studied the complexation between 

permethylated cyclofructans with alkali metal cations uing ESI-MS along with other approaches.84b 

According to their results, relative peak intensities in ESI mass spectra were not always a true reflection of 

the distribution of species in the solution. Surprisingly, there is no reported ESI-MS study of complexation 

by native cyclofructans.  

In this paper, we study the complexation of native cyclofructans with alkali metal cations using ESI-MS, 

and compare the solution phase selectivity deduced from ESI-MS spectra with previous results from a thin 

layer chromatography study.84e In addition, the gas phase selectivity of cyclofructans for alkali metal 

cations is studied using both the competitive dissociation method and density functional theory 

calculations.  
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Figure 8.1 (A) Molecular structure of CF6. (B) 3-D structure of CF6 with only 18-crown-6 skeleton and 
two neighboring fructofuranose units: one is “inward-inclinded” and the other is “outward-inclinded”. All 

hydrogen atoms have been removed for visual clarity. Color coding: carbon, gray; oxygen, red. 

A) B) 
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8.3 Experimental 

8.3.1 Materials 

All chloride salts of alkali metal cations were purchased from Sigma-Aldrich (Milwaukee, WI, USA). LC-

MS grade methanol and water were purchased from VWR (Bridgeport, NJ, USA). Cyclofructans were 

generous gifts from from Mitsubishi Kagaku Co. (Tokyo, Japan): CF6 was used as received whereas CF7 

was purified before use according to a previously published method.89  

8.3.2 Methods 

All mass spectrometry experiments were performed with a Thermo Finnigan LXQ mass spectrometer 

equipped with a syringe pump, an ESI source and a linear ion trap mass analyzer. The syringe pump flow 

rate was set at 5.0 μl/min. Compound mixtures were sprayed in 50% aqueous methanol solution at a source 

voltage of 3.5 kV. The vacuum chamber was operated at a pressure of 1mTorr with helium. Each spectrum 

was sampled for 1 min (~ 300 scans).  Triplicate spectra were averaged for each experimental data point. 

The collisional induced dissociation study was carried out with 30 ms activation time, a 0.25 Q value, and 

the normalized collisional energy between 5% and 30% for different species. Density functional theory 

calculations were computed using Gaussian 03 program.38b 

8.4 Results and Discussion 

Figure 8.1A shows the molecular structure of CF6. The 18-crown-6 ring serves as the skeleton as core of 

CF6, with six fructofuranose units attached on its rim. The fructofuranose units are alternatively pointing 

towards and away from the molecular center, which are described as “inward-inclined” and “outward-

inclined” by Immel et al., respectively.90 These two types of fructofuranose units are depicted in Figure 

8.1B. The numberings of C and O atoms on the fructofuranose units are also labeled in Figure 8.1B. 

The complexes between cyclofructans and metal cations are sufficiently stable to be observed directly by 

ESI-MS. Figure 8.2 shows the mass spectrum of 1 × 10-4 M CF6 and equimolar NaCl in 50% aqueous 

methanol solution. The m/z 995 and m/z 509 peaks correspond to the 1:1 and 1:2 complexes between CF6 

and Na+. Minor peaks at m/z 1011 (CF6 + K)+ and m/z 506 (CF6 +K - H)+ were also observable due to 

trace amounts of potassium present in the MS system. In order to establish the solution concentration for 

our study, the dependence of the signal intensity (characterized by the peak area of all isotope peaks) on the 
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solution concentration was examined over the range from 1 × 10-8 M to 3 × 10-4 M. As shown in Figure 8.3, 

a linear response was observed for the studied range of concentrations (R2 = 0.9841 for the fitted linear line 

passing the origin point). The linear range is comparable to the reported range for crown ethers.91 As a 

result, a working concentration of 1 × 10-4 M was chosen for our study.  

8.4.1 Complexation Ratio 

Crown ethers form stable complexes with metal cations. Both 2:1 and 1:1 crown ether-metal complexes 

have been observed by mass spectrometry.92 However, crown ethers do not typically complex with multiple 

metal cations, with an exception of a few bis-crowned hosts.93 In our study, a substantial abundance of 1:2 

cyclofructan-metal cation complexes was observed for small alkali metals even at a solution host-to-guest 

concentration ratio of 1:1 (Figure 8.2). Cyclofructans have a crown ether macrocycle as the core/skeleton. 

The formation of 1:2 cyclofructan-metal cation complexes implies that at least one other structured feature 

of cyclofructan is responsible for its complexation with metal cations, if the crown ether moiety is even 

responsible at all.  

Table 8.1 lists the relative intensities observed for 1:1 and 1:2 cyclofructan-metal cation complexes. The 

1:2 complexes were observed for Li+ and Na+ with CF6, and for Li+, Na+, and K+ with CF7. Clearly, the 

extent of 1:2 complex formation depends on the sizes of the hosts and guests. The larger CF7 is able to 

complex with two larger metal cations (i.e., K+). For the same alkali metal cation, the relative intensities of 

1:2 complexes, compared to 1:1 complexes, is always higher for CF7 versus CF6.  

For both CF6 and CF7 hosts, Na+ has the highest tendency among the alkali metals to form 1:2 rather than 

1:1 host-guest complexes. β-cyclodextrins, which are isomers of CF7, also have the capability to complex 

with 2 Li+ or 2 Na+.88 Unlike CF7, (β-CD + 2Li)2+ has a higher relative intensity (to its 1:1 complexes) than 

that of (β-CD + 2Na)2+ (Figure 8.4) and β-CD does not form 1:2 complexes with K+. 

8.4.2 Solution Phase Selectivity 

Figure 8.5 shows the mass spectrum of an equimolar solution of cyclofructan and every alkali metal 

chloride salts in 50% aqueous methanol solvent. The relative intensities of these cyclofructan-alkali metal 

cation peaks (based on the peak area of all isotopic peaks) are listed in Table 8.2.  

Uchiyama et al. studied the relative complexation strength between alkali metal cations and cyclofructans 
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Figure 8.2 Sample mass spectrum obtained by electrospraying 50% aqueous methanol solution of 1:1 (1.0 × 
10-4 M each) CF6 and NaCl. 

 

 

Figure 8.3 The linear fit of ESI-MS peak intensity vs. concentration of 1:1 CF6 and NaCl in 50% aqueous 
methanol solution. Error bars represent one standard deviation from the mean. 
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by a thin layer chromatographic (TLC) method.84e There seemed to be a size dependence aspect to the 

complexation strength: CF6 was found to bind the strongest to Rb+, while the CF7 binds the strongest to 

Cs+, among all of the alkali metal cations. Interestingly, Reijenga et al. reported the opposite relative 

binding strength for CF6-Rb+ and CF6- K+ complexes, based on their apparent mobility in a capillary 

electrophoresis study.84a These are the only two systematic complexation studies between native 

cyclofructans and alkali metal cations which can be found in literature. In our study, by directly comparing 

the complex ion intensities in the ESI mass spectra, the apparent cationic selectivity for CF6 was Na+ > K+ 

> Rb+ > Li+ > Cs+, and the selectivity for CF7 was Na+ > K+ > Li+ > Rb+ > Cs+ (as shown in Table 8.2). The 

Na+ and K+ complexes of cyclofructans were the two most abundant species detected for both CF6 and CF7 

hosts. The Li+ was found to have negligible binding towards cyclofructans according to the TLC study by 

Uchiyama et al.84e However, a substantial abundance of cyclofructan-Li+ complexes (~40% of the most 

abundant species) were detected in our ESI-MS study for both CF6 and CF7. On the other hand, the Rb+ 

and Cs+ complexes were among the least abundant species in the ESI-MS spectra, whereas Rb+ and Cs+ 

were reported to bind strongly to cyclofructans in the previous TLC study. 

Shizuma et al. studied the alkali metal cation preference of permethylated cyclofructans using similar ESI-

MS methods.84b Permethylated CF6 was found to bind to alkali metal cations in the decreasing order of K+ 

> Rb+ > Cs+ > Na+ (Li+ was not studied), which correlated well with that observed in the solution phase via 

a NMR study. On the other hand, there was an underestimation of the CF7-Cs+ complex abundance by the 

ESI-MS technique, compared to the NMR study.  The cesium cation was found to form the second 

strongest complex (right after Rb+) with permethlyated CF7, yet the (CF7 + Cs)+ ion peak was observed as 

the least abundant signal in the mass spectrum. 

The ability of the ESI mass spectra to accurately portray the equilibrium of ionized species in solution is 

still an issue of heated debate.86b, 94 In addition to spray efficiency differences among complex ions, the 

relative stabilities of the ions in the mass spectrometer may also dictate the relative peak intensities. The 

gas phase stability of cyclofructan-alkali metal complexes was thus studied in an attempt to explain the 

differences observed between our ESI-MS studies and the previous TLC study.   
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Table 8.1 The ratios between 1:2 and 1:1 cyclofructan-metal cation complexes electrosprayed form 1:1 
solutions of cyclofructan and metal chloride salts. The peak intensities are scaled relative to the 1:1 

cyclofructan-metal complexes within each set. “NA” represents less than 1% of 1:2 complexes observed. 
Standard deviation for three measurements are given. 

CF6 CF7 

Li (7 ± 1) : 100 (46 ± 6) :100 

Na (18 ± 1): 100 (58 ± 5) :100 

K NA (8 ± 1) :100 

Rb NA NA 

Cs NA NA 
 

 

Table 8.2 Relative abundance of cyclofructan-alkali metal cation complexes obtained from ESI-MS 
experiment for the equimolar (10-4 M) solution of cyclofructan, alkali metal and ammonium chloride salts 

(refer to Figure 5 for mass spectra). Standard deviation for three measurements are given. 

CF6 CF7 

Li 41 ± 1 38 ± 1 

Na 100 100  

K 88 ± 1 61 ± 1 

Rb 44 ± 1 24 ± 1 

Cs 8 ± 1 4 ± 1 

NH4 2 ± 1 1 ± 1 
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Figure 8.4 Comparison of ESI-MS spectra between the β-CD and CF7 when complexing with Li+ and Na+. 
(A) 1:2 complexes is more favorable for Li+ than for Na+; (B) CF7 gives the opposite trend, i.e., 1:2 

complexes is more favorable for Na+ than for Li+. Figure A is reprinted from reference 88 with permission. 
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Figure 8.5 Competitive binding of (A) CF6 and (B) CF7 with all alkali metal cation and ammonium 
chlorides. 
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8.4.3 Gas Phase Selectivity 

The gas phase selectivities of cyclofructans for the alkali metal cations were studied by competitive 

dissociation of ternary complexes, in a manner similar to the kinetic method.86e, 95 As shown in Figure 8.6A, 

the parent ion (CF6 + Na + K)2+, subjected to collision induced dissociation,  produced almost exclusively a 

(CF6 + Na)+ fragment by loss of a potassium cation. Consequently, the Na+ was determined to have a 

higher affinity than K+ for cyclofructan in the gas phase.  Because both dissociation channels ((CF6 + Na)+ 

and (CF6 + K)+) were not observed, cauculations of product ratios, typically recorded using the kinetic 

method, could not be evaluated. The data did however show conclusive binding preferences. The large 

alkali metal rubidium and cesium cations form negligible doubly charged complexes with cyclofructans. 

Instead, the complex of cyclofructan with Rb+, Cs+ and one Cl- was isolated for the CID study (as shown in 

Figure 8.6B). Three fragment ions were observed: (CF6 + Rb + Cs - H)+, (CF6 + Cs)+, and (CF6 + Rb)+, 

corresponding to the parent ion losing one HCl, one RbCl, and one CsCl, respectively. The significantly 

higher abundance of the (CF6 + Rb)+ signal compared to the (CF6 + Cs)+ signal was interpreted as the 

result of the preferential binding of CF6 towards Rb+ in the gas phase. By mixing cyclofructan with all 

possible combinations of two alkali metal complexes, the selectivity of both CF6 and CF7 for alkali metal 

ions is determined to be Li+ > Na+ > K+ > Rb+ > Cs+. Similar studies have been conducted for synthetic 

crown ethers: 18-crown-6 and 21-crown-7 bind the most strongly to Na+ and K+ cations, respectively.86e 

Only small crown ethers (e.g., 15-crown-5) have a similar gas phase preference for alkali metal cations to 

the cyclofructans.86e Our findings provide strong evidence that the crown ether core of the cyclofructan 

does not directly participate in binding the alkali metal cations.  

The gas phase complexation between CF6 and alkali metals also was studied by B3LYP density functional 

theory calculations using the cc-pVDZ basis for C, H, and O,96 and the SDD (Stuttgart/Dresden) ECP basis 

set97 for metal cations. The input coordinates of CF6 were obtained from the X-ray structure.60g The side 

and top view of the central 18-crown-6 plane in CF6 are illustrated in Figure 8.7. Metal cations, in 

principle, can approach CF6 from either side of the CF6 central plane. However, previous computational 

results showed that the two sides are dramatically different in their electrostatic potential profiles. One side 

is aligned with 1- and 6-methylene moieties of fructofuranose units, and is “pronouncedly electropositive”, 
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Figure 8.6 Collision induced dissociation mass spectra of complexes formed by ESI-MS: (A) (CF6 + Na + 
K)2+ and (B) (CF6 + Rb + Cs + Cl)+. 
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whereas the other side is occupied with hydroxyl groups in the 3- and 4-positions of the fructofuranose 

units (top side in Figure 8.7A), and is “distinctly electronegative”.90 Previous NMR studies of metal 

complexation of native and derivatized cyclofructans also revealed that the 3-OH and 4-OH groups are 

responsible for cyclofructan-metal cation interactions.84f In addition, the X-ray structure analysis of 

permethylated CF6 complexed with Ba2+ showed that the cation (Ba2+) is positioned on the molecular 

rotational axis on the electronegative side (top side in Figure 8.7A) of the molecule.84d Consequently, we 

placed metal cations on the electronegative side of CF6, right above the plane defined by three O-3(i) 

atoms (which will be referred to as the O-3(i) plane in following discussions), as shown in Figure 8.7. 

There was no obvious structure relaxation of CF6 after energy minimization of the complex. The calculated 

binding energies are between -99 and -383 kJ mol-1 (Table 8.3, column 4) for the studied complexes. Our 

results compare well with experimental data obtained by threshold CID studies for the binding energies 

between crown ethers and alkali metal cations (see Table 8.3).98 According to our calculations, CF6 binds 

to alkali metal cations in the decreasing order of Li+ > Na+ > K+ > Rb+ > Cs+, which is in good agreement 

with the results obtained by the MS study.  

By comparing the optimized complex structures, it can be inferred that the gas phase selectivity of CF6 is 

dictated by the size of the metal cations. Table 8.4 lists the elevation of metal cations above the O-3(i) 

plane (shaded plane in Figure 8.7): The distance increases with increasing size of the metal cation. The 

small Li+ ion is able to nestle inside the plane, whereas larger cations can only perch above the plane. The 

relative position of the metal cations to the O-3(i) plane bears important consequences. Firstly, the 

distances between metal cations and the three O-3(i) atoms increase as the metal cations perch higher above 

the plane. Secondly, according to the “best fit” model developed for crown ether and metal complexes,100 

the nestling provides stronger binding than perching. Finally, the crown ether ring in CF6 is located on the 

side opposite to the metal cations. The Li+, nestling inside the O-3(i) plane, is closer to the crown ether ring 

in CF6 than a larger metal cation perching above the plane. As a result, the electrostatic interaction between 

oxygen atoms on the crown ether ring in CF6 is stronger with Li+ than with larger metal cations. All these 

three factors contribute to a gas phase selectivity for CF6 of Li+ > Na+ > K+ > Rb+ > Cs+.  
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Table 8.3 Binding energy (kJ mol-1) between alkali metal cations and crown ethers and CF6. Values for 
crown ethers are obtained from threshold CID experiments,98 and values for CF6 are obtained from DFT 
calculations. 

18-crown-6 15-crown-5 12-crown-4 CF6 

Li+ NA NA -372 -383 

Na+ -296 -294 -252 -234 

K+ -235 -205 -189 -152 

Rb+ -191 -114 -93 -121 

Cs+ -168 -100 -85 -99 
 

Table 8.4 Optimized structural parameters for complexes between CF6 and alkali metal cations. 

d,planea M-O1b M-O2 b M-O3 b rM+ + rO2-
c 

Li+ 0.56 1.92 1.87 1.88 2.16 

Na+ 1.76 2.36 2.28 2.44 2.42 

K+ 2.26 2.74 2.71 2.86 2.78 

Rb+ 2.51 3.03 2.95 2.93 2.92 

Cs+ 2.81 3.53 3.12 3.13 3.07 
a between neighboring  distance (in the unit of Å) between metal cations to the plane consisting of three 3-
position oxygen atoms; b bond length (in the unit of Å) between metal cations (M) and three 3-position 
oxygen atoms (O1, O2, and O3); c sum ionic radius (in the unit of Å) of metal cation and oxygen anion.99 
  

A) B) 

Figure 8.7 Ball and stick model of optimized CF6-Na+ complex: (A) side view; (B) top view. Color 
coding: sodium, blue; carbon, gray; oxygen, red; hydrogen, white. The plane defined by three O-3(i) 
atoms is shaded light gray. The size of sodium is enlarged in order to differentiate from C, H, and O 

atoms. Hydrogen atoms attached to the carbons have been removed for visual clarity. 
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8.5 Conclusions 

Complexes of one cyclofructan and two guest cations were observed for small alkali metals using ESI-MS. 

The larger size CF7 is more likely to form 1:2 complexes with alkali metal cations than CF6.  By direct 

inference from the ESI-MS spectra, both CF6 and CF7 favor the mid-size alkali metal cations (e.g., Na+ 

and K+) in solution. Our ESI-MS results differ from the previous TLC results by overestimating the Li+ 

complexes and underestimating the Rb+ and Cs+ complexes, which could be explained by relative gas phase 

stabilities of complex ions. 

The gas phase selectivity of both CF6 and CF7 is determined to be Li+ > Na+ > K+ > Rb+ > Cs+ by the 

competitive dissociation method. The density functional theory calculations of CF6-alkali metal cation 

complexes reveal that the gas phase selectivity of CF6 is determined by the size of metal cations: smaller 

size metal cations better fit the interaction plane, and are able to form stronger electrostatic-dipole 

interactions with CF6. 
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CHAPTER 9 
 

SEPARATIONS OF CYCLOINULOOLIGOSACCHARIDES VIA HYDROPHILIC INTERACTION 
CHROMATOGRAPHY (HILIC) AND LIGAND-EXCHANGE CHROMATOGRAPHY 

 

9.1 Abstract 

A homologous series of three cycloinulooligosaccharides were separated on the β-cyclodextrin and on the 

silica based strong cation exchange columns using high organic content aqueous solvents. The elution order 

on the cyclodextrin column was from low DP to high DP of oligosaccharides, whereas the elution order on 

the cation exchange column was mixed and determined by both the metal cations on the stationary phases 

and the organic solvent in the mobile phases. In comparison, α-, β- and γ-cyclodextrin were also separated 

using the same or similar mobile phases on these columns. With no exception, the elution order was from 

α- to γ-cyclodextrins. Chunlei Wang, Zachary S. Breitbach, and Daniel W. Armstrong. Separation Science 

and Technology, in press. Copyright © 2009 with permission from the Taylor & Francis Group, LLC. 

9.2 Introduction 

Cycloinulooligosaccharides (cyclofructans) are β-(2→1)-linked cyclic fructofuranose oligomers (Figure 

9.1). They are produced via fermentation of inulin by Bacillus circulans or alternatives from the enzyme 

cycloinulooligosaccharide fructanotransferase which can be isolated from this culture.83, 101 The major 

cyclofructans (CF) produced is cycloinulohexaose (CF6), although both cycloinuloheptaose (CF7) and 

cycloinulooctaose (CF8) also are produced in smaller amounts.83 CFs have a unique crown ether skeleton 

as the center core.60g, 102 The crown ether core for CF6 is 18-crown-6, which makes CF6 attractive for CF6-

metal complexation. In addition, CF6·3H2O forms crystals in MeOH, and can be easily purified. 83 Many 

host-guest studies of CF6 and derivatized CF6 thus have been carried out since its first discovery in 

1989.60c, 84b, 84d, e, 103 On the other hand, CF7 and CF8 are far less studied, largely due to the lack of facile 

purification methods. The purification of CF7 was briefly reported on the QAE-Toyopearl 550C strong 
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purification methods. The purification of CF7 was briefly reported on the QAE-Toyopearl 550C strong 

cation exchange (SCX) resin using 70% aqueous ethanol solvents. Unfortunately no information was 

provided on the counter cation employed.83, 84d Shizuma et al. briefly mentioned purifying CF7 with a 

potassium (K+)/calcium (Ca2+) charged cation exchange resin.84b In a recent study, Jiang et al. reported 

different chiral discriminating capability between sulfated-CF6 and sulfated-CF7.104 In their study, 72% 

pure CF7 was used (with CF6 as the major impurity). To better study the host-guest chemistry of CFs, both 

appropriate analytical and preparative separation methods for CFs are needed. 

Separations of other carbohydrates were achieved on ion-exchange columns mainly in the following three 

modes105: (a) They were either ionized in very basic mobile phases (pH > 13) or complexed with borate 

anions to adopt an anionic form, and were subsequently separated on anion-exchange columns;106 (b) 

carbohydrates were separated via a ligand-exchange mechanism on calcium or lanthanum cation charged 

cation-exchange columns;107 (c) carbohydrates were separated using high ACN (or ethanol) aqueous 

solvents on cation- or anion-exchange columns (HILIC mode).108 Many other polar stationary phases have 

also been used to separate carbohydrates in the HILIC mode.109 In HILIC, the polar stationary phases 

provide more retention for carbohydrates than reversed-phase stationary phases. In this paper, we present 

the HILIC and/or ligand-exchange separation of CFs on a β-cyclodextrin column and a silica based SCX 

column charged with different metal cations. Possible separation mechanisms are discussed. 

9.3 Experimental 

9.3.1 Materials 

Lithium chloride, sodium acetate, potassium chloride, rubidium nitrate, silver nitrate, barium acetate, α-, β- 

and γ-cyclodextrins were purchased from Sigma-Aldrich (Milwaukee, WI, USA). LC-MS grade 

acetonitrile (ACN), methanol (MeOH) and water were purchased from VWR (Bridgeport, NJ, USA). The 

β-cyclodextrin column CYCLOBOND I 2000 250 x 4.6 mm, 5 µm was provided by Astec (Whippany, NJ, 

USA). The silica based SCX column TSK-Gel SP-2SW 250 x 4.6 mm, 5 µm was purchased via VWR. 

Mixture of cyclofructan 6, cyclofructan 7 and cyclofructan 8 are generous gift from Mitsubishi Kagaku Co. 

(Tokyo, Japan).  
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Figure 9.1 Chemical structure of (A) cyclofructans and (B) cyclodextrins. 
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9.3.2 Instrumentation 

All LC-ESI-MS experiments were performed on a Thermo Finnigan (San Jose, CA, USA) Surveyor LC 

system coupled to a Thermo Finnigan LXQ Advantage API ion-trap mass spectrometer with ESI ion 

source. A Shimadzu LC-6A pump was used to charge the SCX column with different cations.  

9.3.3 Methods 

The mixture of CF6, CF7 and CF8 were used directly for analytical separations as it was received from 

Mitsubishi Kagaku Co. Samples were prepared at 0.5 mg/ml using water or ACN/water 70/30 (v/v, all 

solvents are indicated in volume percentage unless otherwise noted) as solvents. All separations were 

carried out at room temperature with 0.4 ml/min flow rate. To enhance the ionization of oligosaccharides, 

0.1% w/v sodium acetate dissolved in water/ACN 10/90 was added into the mobile phase post column via a 

Y-type mixing tee at 4 µl/min using a syringe pump. The ESI-MS conditions were as following: spray 

voltage 3.2 kV; sheath gas flow rate, 37 arbitrary units (AU); auxiliary gas flow rate, 6 AU; capillary 

voltage 11 V; capillary temperature, 350 C; tube lens voltage 105 V; and all oligosaccharides were detected 

in the SIM mode for [M+Na]+ cations. The Xcalibur software was used for data analysis.  

9.4 Results and Discussion 

9.4.1 Separation of CFs in the HILIC Mode 

The separation of α-cyclodextrin (CD6), β-cyclodextrin (CD7), and γ-cyclodextrin (CD8) on cyclodextrin 

columns has been reported previously.110 Cyclofructans are isomers of cyclodextrins, and are readily 

separated on a β-cyclodextrin column using hydro-organic mobile phases with high percentages of ACN 

(Figure 9.2A). The retention and separation factors decrease as the amount of water increases in the mobile 

phase (Figure 9.3).  

In addition, the mixture of CD6-8 and CF6-8 can be separated simultaneously on the β-cyclodextrin 

column as shown in Figure 9.2B. CFs and CDs of the same degree of polymerization (DP) have the same 

number of hydroxyl groups, but cyclofructan isomers are less retained than their cyclodextrin counterparts 

(Figure 9.2B). Despite of the same total number of hydroxyl groups for CF and CD isomers, all hydroxyl 

groups are not equally available for solute-stationary phase interactions (e.g., hydrogen-bonding). The 

separation of CF and CD isomers can be attributed to their different numbers of simultaneously available 
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hydroxyl groups for solute-stationary phase interactions. As a matter of fact, the separation of isomers of 

oligosaccharides has been reported on the β-cyclodextrin columns before.109a-d 

HPLC separation of CFs was also demonstrated on a silica based strong cation exchange column, TSK-Gel 

SP-2SW. The retention of CFs and CDs follow the typical HILIC mechanism: the higher the DP, the 

greater the retention (Figure 9.4A); retention increases as acetonitrile percentage increases in the aqueous 

mobile phase (Figure 9.4B). 

9.4.2 Separation of CFs via Ligand-Exchange Mechanism 

The possession of a crown ether skeleton makes CFs different from other oligosaccharides. Uchiyama et al. 

studied the complexation of CFs with different metals via thin-layer chromatography.84e They also obtained 

complexation coefficient in 50% aqueous MeOH solvents based on the equation (Eq. (3)) derived by 

Briggs et al.111  

K = 1/RF’– 1  (Eq. (3)) 

where K is the complexation coefficient, and RF’ is the real migration rate relative to solvent front. Table 

9.1 summarizes the complexation coefficients between CFs and selected metal cations in 50% aqueous 

MeOH. The differences of the complexation coefficients between CFs of different DPs and metal cations 

are also listed in Table 9.1. 

Figure 9.5A shows the separation of CFs using a neat water mobile phase. The retention of all CFs and the 

separation between CF7/8 and CF6 increases with increasing amounts of ACN in the mobile phase. When 

using a 40% aqueous ACN mobile phase, the CF7 and CF8 coelute at 8.6 min, whereas the CF6 is retained 

for 107.5 min (chromatogram not shown). In all aqueous ACN mobile phases tested, the CF6 is always 

much more strongly retained. The strong retention of CF6 is attributed to its strong binding to the Ba2+ on 

the stationary phase surface. 

Our HPLC separations are in good accordance with the complexation difference between CFs obtained by 

TLC. Ba2+ binds CF6 much stronger than CF7 and CF8, and the Ba-SCX provides greatest retention for 

CF6. In this case, the direct interaction between the CFs and Ba2+ on the solid support, instead of 

hydrophilic partitioning, plays the dominant role in the separation.  

Furthermore, compared with other metal cations, the Ba2+ provides the largest binding difference between  
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Figure 9.3 Plots of retention time of (A) CFs and (B) CDs vs. water percentage in the aqueous ACN mobile 
phases on the β-cyclodextrin column. 
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Figure 9.2 Separation of (A) CFs and (B) CFs and CDs on the β-cyclodextrin column. Mobile phases: (A), 
ACN/water 70/30; (B) ACN/water 72/28. 
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CF6 and CF7/CF8, and correspondingly, Ba-SCX produces the best separation between CF6 and CF7/CF8. 

Silver cation (Ag+) provides the largest binding difference between CF8 and CF7 (refer to Table 9.1), and 

Ag+ charged SCX column provides best separation for CF7 and CF8 (Figure 9.5B). Using aqueous MeOH 

mobile phases, CF8 is retained less than CF7 and CF6 due to its weaker affinity for Ag+. 

9.4.3 Mixed Mode Separation of CFs 

Rubidium cation (Rb+) provides a minimal binding difference between CF7 and CF8, whereas it binds 

strongly to CF6. Figure 9.6 shows the separation of the cyclofructans on the Rb-SCX column using a 65% 

aqueous ACN mobile phase. The longer retention of CF6 is the result of the stronger CF6-Rb+ interaction, 

whereas relative retention of CF8 and CF7 follow a more conventional HILIC mechanism like that shown 

in Figure 9.4A. In this case, both the hydrophilic interaction and CFs-metal cation complexation are 

reflected in the chromatogram. In fact, the relative importance of these two interactions can be affected by 

simply modifying the mobile phase composition as demonstrated on the K-SCX column below (Figure 

9.7).  

 Potassium cation (K+) binds strongest to CF6, and it also binds slightly more to CF7 than CF8. In aqueous 

ACN mobile phases, CF6 always elutes last on the K-SCX coulumn. The elution order of CF7 and CF8 can 

be manipulated by changing mobile phase compositions as shown in Figure 9.7. In the 40% aqueous ACN 

mobile phase, the direct CF-K+ complexation determinates the elution order, and CF8 is eluted first (Figure 

9.7A). With a 65% aqueous ACN mobile phase, however, the hydrophilic interaction is a more important 

contributor to the elution order, and CF7 elutes first (Figure 9.7B). 

9.4.4 Separation of CDs on the SCX Column 

Carbohydrates are in general good ligands for metal cations, and ligand-exchange chromatography has 

been used for separation of carbohydrates using aqueous mobile phases.112 However, most carbohydrate-

metal cation complexation is much weaker than that of CF-metal complexation. In our study, the elution 

order of cyclofructans were greatly affected by the counter cations on the SCX column, whereas the elution 

order of cyclodextrins is, with no exception, from CD6 to CD8 under all tested chromatographic conditions 

(Figure 9.8).  
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Table 9.1 Complexation coefficients between CFs and different metal cations (summarized from reference 
84e). 

KCF6 KCF7 KCF8 ΔKCF6,7 ΔKCF7,8 

Li+ 0.00 0.00 0.00 0.00 0.00 

Ba2+ 4.65 0.06 0.01 4.59 0.05 

Ag+ 1.66 0.84 0.33 0.82 0.51 

Rb+ 1.40 0.09 0.09 1.31 0.00 

K+ 1.18 0.11 0.04 1.07 0.07 
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Figure 9.5 Separations of CFs on (A) the Ba-SCX column and (B) the Ag-SCX column. Mobile phases: (A) 
water; (B) MeOH/water 80/20. 
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Figure 9.4 (A) Separation of CFs on the Li-SCX column using an ACN/water 65/35 mobile phase. (B) Plot 
of retention time of CFs vs. water percentage in the aqueous ACN mobile phases on the Li-SCX column. 
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Figure 9.7 Separation of CFs on the K-SCX column using different mobile phases: (A) ACN/water 40/60; 
(B) ACN/water 65/35. 
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Figure 9.6 Separation of CFs on the Rb-SCX column using an ACN/water 65/35 mobile phase. 
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Figure 9.8 Separation of CDs under various tested conditions: (A) β-cyclodextrin column, ACN/water 
65/35; (B) Li-SCX column, ACN/water 65/35; (C) Ba-SCX column, ACN/water 55/45; (D) Ag-SCX 

column, MeOH/water 97/3; (E) Ag-SCX column, ACN/water 70/30; (F) Rb-SCX column, ACN/water 
65/35; and (G) K-SCX column, ACN/water 65/35. 
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9.5 Conclusions 

The separation of CF6, CF7 and CF8 were achieved on both the β-cyclodextrin column and various metal 

cation charged silica based SCX columns by HILIC and/or ligand-exchange mechanisms. Typical HILIC 

elution order, i.e, from CF6 to CF8, was observed on the cyclodextrin column. On the SCX column 

however, the complexation between CFs and the counter cation on the column (ligand-exchange 

mechanism) played an important role in the retention and separation. The elution order of CFs can be 

manipulated by changing both counter cations on the column and the organic solvent in the mobile phase. 

The ligand-exchange separation of CFs based on their specific complexation differences with metal cations 

provide higher selectivity than the separations based on simple generic hydrophilic interactions. In 

comparison, cyclodextrins were eluted in the order of CD6 < CD7 < CD8 in all chromatographic conditions 

tested.  
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CHAPTER 10 
 

CYCLOFRUCTANS, A NEW CLASS OF CHIRAL STATIONARY PHASE 

10.1 Introduction 

Cyclofructans are cyclic oligosaccharides consisting of β-2, 1 linked D-fructofuranose units (Figure 10.1).  

As first reported by Karvamura and Uchiyama in 1989, they are produced by fermentation of inulin using 

an extracellular enzyme from a strain of Bacillus circulans OKUMZ31B.83 In 1994, Kushibe et al. reported 

a different strain of Bacillus circulans (MCI-2554), which enabled more efficient cyclofructan 

production.101  Cyclofructans with degrees of polymeration from six to eight have been produced, and they 

are commonly abbreviated as CF6, CF7, and CF8, respectively. CF6 can be crystallized from aqueous 

methanol solutions,60g, 102 and is available with high purity. Analytical separation methods for cyclofructans 

of different degrees of polymerization have been reported,89 and high purity CF7 (>99%) can be produced 

via preparative separation using methods slightly modified from the reported analytical approaches. 

There are two general types of applications of cyclofructans. First, they have been used as bulk additives in 

various industrial formulations, in much the same mannor as another cyclic oligosaccharide (cyclodextrin) 

has. For example, cyclofructans have been be used as the coating material for inkjet recording media113 and 

silver halide photographic materials,114 as the food additives,54-55, 115 and as excipients in pharmaceutical 

applications.116 Secondly, cyclofructans have been used as ion trapping reagents due to their ability to form 

complexes with many metal cations.85 

The first study on chiral recognition of cyclofructans was reported by Sawada et al. in 1998.117 They found 

that permethylated CF6 and CF7 were able to discriminate between several enantiomers of amino acid 

esters in the gas phase using a direct FAB mass spectrometric approach. The highest enantioselectivity, 

1.38, was observed for D,L-tryptophan isopropyl esters using permethylated CF6. There was no follow up 

on this topic. Nor were there any other reports on any type of “chiral applications” of cyclofructans in the 

following 11 years. It was not until very recently that Armstrong et al. employed native and/or derivatized  
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Figure 10.1 Molecular structure of cyclofructans. 

 

 
Figure 10.2 Inward and outward inclinded fructofuranose units on the crown ether rim of CF6. The angle 

Ocenter-C2-C3 is 92° and 139° for inward and outward inclinded fructofuranose units, respectively. Ocenter is 
the average position of six oxygen atoms on the crown ether rim, and is colored pink. Only two 

fructosefuranose units and part of the crown ether rim are shown for clarity reason. Carbon atoms are 
colored gray, oxygen atoms red. The suffix “(i)” and “(o)” are included in atom labels to indicate that the 

atom is in the “inward” inclined and “outward” inclined fructofuranose units, respectively.   
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cyclofructans as chiral selectors for the capillary electrophoresis (CE), gas chromatography (GC), high 

performance liquid chromatography (HPLC), and supercritical fluid chromatography (SFC) separations of 

enantiomers. In this chapter, we examine the enantiomeric separations obtained using cyclofructan-based 

selectors by all of the aforementioned approaches, and then examine possible chiral recognition 

mechanisms for this new class of chiral selectors with the help of computational tools. 

10.2 Structural Characteristics of Native Cyclofructan 6  

Cyclofructans are isomers of cyclodextrins of the same degree of polymerization. However, their structures 

are substantially different. Cyclofructans do not have hydrophobic cavities. Cyclodextrins are linked via α-

1, 4 glycosidic bonds, and α-cyclodextrin (α-CD) has a 30-atom macrocyclic ring (24 carbon and 6 oxygen 

atoms). In contrast, cyclofructans are linked via β-2, 1 glycosidic bonds, and there are only 18 atoms (12 

carbon and 6 oxygen atoms) in the center macrocycle of cyclofructan 6 (CF6).60g, 102 The distance between 

opposing oxygens on the macrocyclic ring is 6.1 Å for CF6 as compared to 8.5 Å for α-CD.118 In addition, 

the six glucose units in α-CD are uniformly tilted towards the molecular center, whereas the six 

fructofuranose units in CF6 are oriented alternatively towards (“inward” inclination) and away from 

(“outward” inclination) the molecular center to minimize steric repulsion on the macrocyclic rim (Figure 

10.2).90 The alternating inward/outward inclination of fructofuranose units are more like chiral propellers 

attached to the CF6 central macrocycle. 

The CF6 central macrocycle is a natural 18-crown-6. However, the conformation of macrocycle is different 

from that of synthetic crown ethers. When crown ethers are  complexed with potassium ion, the six -O-C-

C-O- units adopt a gggggg (g stands for gauche) conformation (Figure 10.3A),119 and are evenly distributed 

above and below the crown ether mean plane. In CF6, the six oxygen atoms are all aligned towards one 

side of the macrocycle due to the gtgtgt (g stands for gauche; t trans) configuration of the six -O-C-C-O- 

units in the center 18-crown-6 core as shown in Figure 10.3B.60g In addition, all 3-OH and 4-OH groups 

also are aligned on the same side of the macrocycle, making this side “pronouncedly hydrophilic”.90 The 

other side of the macrocycle is “distinctly hydrophobic” due to occupation of ethylene groups in the 18-

crown-6 core, 6-methylene groups, and the O5-C5-H5 fragments.90  

Figure 10.4A shows the space filling model viewed from hydrophobic side of CF6. It is clear that the 
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(B)(A) 

Figure 10.4 Space filling model of CF6: (A) view from the hydrophobic side; (B) view from the 
hydrophilic side. Color coding: carbon, gray, oxygen, red; oxygen on the crown ether ring, pink; hydrogen, 

white. 

(A) 

(B) 

Figure 10.3 Comparison of the macrocycle in CF6 with that in 18-crown-6: (A) the oxygen atoms are in the 
gggggg conformation in 18-crown-6 and K+ complexes. (B) the oxygen atoms are alternatively in the gtgtgt 
conformation in the macrocycle in CF6;Color coding: carbon, gray, oxygen, red. Hydrogen atoms are left 

out for clarity purpose. 
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oxygen atoms are all hidden by the ethylene groups in the 18-crown-6 core, and the inner diameter of the 

macrocycle is around 1.5 Å (as compared to 2.6 Å in 18-crown-6120). Consequently, any solute interaction 

with the six oxygen atoms on the 18-crown-6 moiety from the hydrophobic side of CF6 is not likely. On 

the hydrophilic side, 3-OH groups from the three inward-inclined fructofuranose units (the O3(i) groups in 

Figure 10.2) are hydrogen bonding with each other and effectively block access to the macrocycle cavity 

from this side (Figure 10.4B). Consequently, the 18-crown-6 core of the native CF6 is cavity is effectively 

folded inside the molecule and relatively inaccessible.  

Overall, CF6 has distinctively different hydrophilic and hydrophobic surfaces on the two sides of the 

central macrocycle, and propeller-oriented fructofuranose units along the rim of the macrocycle. These loci 

are three possible docking sites for molecular recognition of CF6. 

10.3 Chiral Recognition of Native Cyclofructan 6 

The native CF6 chiral stationary phase produced chiral separations of a few primary amines and binaphthyl 

type molecules using organic solvents as mobile phases (as shown in Figure 10.5). The fact that no 

enantiomeric separations were observed in the reversed-phase mode indicates that effective chiral 

recognition at the hydrophobic surface of CF6 is not prevalent. Previous NMR studies of metal 

complexation of native and permethylated cyclofructans also reveal that the 3-OH and 4-OH groups are 

responsible for cyclofructan-metal cation interactions.84b, 84d, 84f In the X-ray structure of permethylated CF6 

with Ba2+, the Ba2+ is positioned on the molecular rotational axis on the top side of the molecule.84d 

Protonated primary amines could approach CF6 in a similar way. In fact, the three O3(i) atoms form a 

triangular plane, which is similar to the three alternating oxygen atoms in 18-crown-6. Primary amines are 

likely to form tripodal hydrogen bonding with these O3(i) atoms as they do with 18-crown-6. However, 

these three oxgen atoms are much closer together (2.8 Å, as compared to 4.9 Å in 18-crown-6; see Figure 

10.6A and B) and they are hydrogen bonding with one another. As a result, the tripodal hydrogen bonding 

with three O3(i) atoms in CF6 is much weaker than that with 18-crown-6. As will be discussed in the 

following sections, partial derivatization of native CF6 very likely disrupts the CF6 internal hygrogen 

bonding thereby causing the remaining free hydroxyl groups to reorient to different geometries. In addition, 

the hydroxyl groups in CF6 can also act as hydrogen bonding donors, and enantiomeric separation of  
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Figure 10.5 Two out of a few enantiomeric separations observed on a native CF6 CSP: (A) primary amine 
type compound; (B) binaphthyl type compound. Mobile phases: (A) heptan/ethanol/trifluroacetic acid 

70/30/0.1; (B) heptane 100. 
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secondary and tertiary amines are common on cyclofructan based CSPs, whereas crown ether based CSPs 

separate almost exclusively primary amines.  Tripodal hydrogen bonding alone is not sufficient for chiral 

recognition. After the docking of amines by the tripodal hydrogen bonding with 3-OH groups, surrounding 

chiral interaction sites and/or simply chiral barriers (i.e., C3-C4-O4 fragments on fructofuranose units) 

would provide enantioselective interactions for chiral amines. 

There are totally 18 hyroxyl groups in CF6, two thirds of which are attached to chiral centers and are able 

to provide different hydrogen bonding with chiral analytes. In addition, some of these oxygen atoms adopt 

a similar geometry to 18-crown-6.  As shown in Figure 10.6C and D, the triage formed by O4(i)-O3’(o)-

O3’’(i) and O3(o)-O6(o)-O4’(i) are more similar to 18-crown-6 than the three O3(i) atoms are in the 

respective of O-O distances among each other. Density theory functional theory calculations at the 6-31g 

level were employed to validate the binding of potassium cations at these sites.  Surprisingly, these two 

triangular planes provide stronger binding than do the O3(i) triangular plan (refer to Figure 10.6 caption). 

When a potassium cation approches these two sites (Figure 10.6C and D), it is also able to have 

electrostatic-dipole interaction with one oxygen atom on the crown ether skeleton of CF6. Despite the 

energetically favorite binding at these two sites (Figure 10.6C and D), there are not many chiral interaction 

sites/barriers above these triangular planes in native CF6 to afford chiral recognition. Derivatization could 

provide extra interactions surrounding those triangular planes for chiral recognitions. One thing to note is 

that, the hydroxyl groups can also reorient themselves upon interacting with a guest molecule. This 

“induced-fit” by hydroxyl groups could possibly provide even more interaction sites between cyclofructans 

and amine compounds. The abundance of hydroxyl groups and suitable interaction sites may account for 

the high loading capacity that is observed for cyclofructan based CSPs as will be discussed in Section 10.5. 

10.4 Chiral Recognition of Derivatized Cyclofructan 6 

Despite the limited success of native CF6 as a chiral selector in both HPLC and CE, certain derivatized 

CF6s show great potential as chiral selectors. During the discussion of structural properties of native CF6, 

several advantages of derivatization have already been mentioned: (1) derivatization could disrupt the 

hydrogen bonding between 3-OH groups (as shown in Figure 10.6B) and increase their hydrogen bonding 

interaction with guest molecules; (2) derivatized groups could provide additional interaction sites  
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(D)(C) 

(A) (B)

Figure 10.6 Possible tripodal hydrogen bonding sites for ammonium cations: (A) alternating oxygen atoms 
in 18-crown-6; (B) three alternating O3 on inward-inclinded fructofuranose units (O3(i) atoms); (C) O4(i), 

O3’(o) and O3’’(i) on three neighboring fructofuranose units; (D) O3(o), O6(o) and O4’(i) on two 
neighboring fructofuranose units. The distance between those oxygen atoms are labeled on the figures in 
the unit of Å. The binding energy of potassium cation (having similar size as ammonium cation) at these 

sites (calculated at B3LYP/6-31g level) are -364, -195, -261, and -210 kJ mol-1, respectively. Color coding: 
carbon, gray, oxygen, red. Hydrogen atoms are left out for clarity purpose. 
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 surrounding effective amine binding sites, i.e. sites as shown in Figure 10.6C and D. In addition, the C3 

symmetry of native CF6 could be broken. Finally, addition of aromatic groups to CF6 can increase π-π and 

steric interactions, which are important for many successful chiral selectors.49b, 62c, 121 

10.4.1 Aliphatic-Drivatized CF6 

Cyclofructan 6 derivatized with only a few aliphatic groups showed exceptional enantioselectivity for 

primary amine containing compounds.122 Organic solvents are the best mobile phases for these types of 

separations. As discussed in section 10.3, hydrogen bonding is considered to be the most important primary 

interaction for chiral recognition of amines. This type of interaction is known to be enhanced in solvents of 

low dielectric constants. It is also observed experimentally that better enantioselectivity is observed in the 

normal phase mode (heptane/alcohol solvents) than in the polar organic mode (acetonitrile/alcohol 

solvents) (Figure 10.7). The efficiency, however, is typically better in the polar organic mode as indicated 

by the sharp and symmetric peaks observed, as compared to usually broad and fronting peaks in the normal 

phase mode. Overall, faster separations and better enantiomeric resolution (due to enhanced efficiency) is 

obtained in the polar organic mode (Figure 10.7). In contrast, Crown ether based CSPs operate almost 

exclusively in the reversed phase mode using acidic aqueous solvents. 

Additives are often necessary in order for the elution of chiral primary amines from aliphatic-derivatized 

CF6 in the normal phase mode. Figure 10.8 shows the separation of trans-1-amino-2-indanol with different 

additives in a heptane/ethanol 70/30 (v/v) solvent. Without additives, the analyte was strongly retained and 

did not elute in 2 hr. In mobile phases with acidic additives, peaks were eluted and enantiomeric separation 

was observed. The retention decreases with the decrease of pKa of acidic additives: the first peak was 

eluted at 91 min when using 0.1% acetic acid (chromatogram not shown), and was decreased to 31 min 

when using 0.1% trifluoroacetic acid (Figure 10.8A). Basic additives caused a more dramatic decrease in 

the retention times, yet enantioseparation was still observed when 0.1% triethylamine was used (Figure 

10.8B). The enantiomeric separation of a primary amine in its free form (when only basic additives are 

used) implies that the prevalent hydroxyl groups in CF6 could effectively act as hydrogen bond donors 

when interacting with free primary amines. In contrast, there are no hydrogen bonding donating groups on 

crown ether rings and strong acidic additives, i.e., sulfuric and perchloric acid, are necessary to protonate  
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Figure 10.8 Separation of trans-1-amino-2-indanol on a methyl carbamate CF6 CSP in a heptanes/ethanol 

70/30 mobile phase with different additives: (A) 0.1% trifluroacetic acid; (B) 0.1% triethylamine. 
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Figure 10.7 The polar organic mode (A) and the normal phase (B) mode separations of a chiral primary 
amine on a methylated CF6 CSP. Chromatographic parameters: (A) acetonitrile/methanol/acetic 

acid/triethylamine 60/40/0.3/0.2, k1 = 1.77, α = 1.19, N = 8750, Rs = 2.8; (B) heptane/ethanol/trifluroacetic 
acid 70/30/0.1, k1 = 4.33, α = 1.22, N = 3110, Rs = 2.2. 
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primary amines to afford enantiomeric separation on synthetic crown ether based CSPs. 

A combination of acidic and basic additives is used for the separation of primary amines in the polar 

organic mode. Table 10.1 lists the chromatographic data obtained using different combinations of acidic 

and basic additives. The optimized additive composition is 0.3%/0.2% (v/v) acetic acid/triethylamine, 

which happens to be the recommended buffer for the polar organic phase separation on cyclodextrin based 

CSPs.73a, 123  

Different aliphatic groups, i.e., methyl, ethyl, isopropyl, and tert-butyl groups, have been used to derivatize 

CF6. Slightly different separations are observed for these four aliphatic-derivatized CF6 CSPs due to the 

bulkiness and geometry of different aliphatic groups. Overall, the isopropyl-derivatized CF6 produced the 

best enantiomeric separations for primary amines. 

10.4.2 Aromatic-Derivatized CF6 

Derivatization of native chiral molecules with aromatic moieties is a common strategy used to enhance 

their chiral recognition abilities. Examples are oligo- and poly-saccharide based selectors that lack of 

delocalized π electrons, e.g., (R or S)-naphthylethyl derivatized cyclodextrins, 3,5-dimethylphenyl, along 

with many other different aromatic moieties, derivatized cellulose and amylose. The optimal derivatization 

degree is usually different for different type of native selectors. A low degree of derivatization, i.e., 6, was 

found to be the best for β-cyclodextrins because these aromatic groups were able to effectively provide 

extra interactions while not completely blocking the cyclodextrin cavity or removing all free hydroxyl 

groups.62c On the other hand, cellulose and amylose based CSPs favors high degrees of derivatization, and 

even complete derivatization of all hydroxyl groups.124 

Aromatic-derivatized CF6 was thus prepared in both low and high degrees of derivatization. Interestingly, 

low and high degree derivatized CF6 showed dramatically different chiral recognition properties. When 

CF6 is derivatized with 3 to 5 aromatic groups, the general enantioselectivity for primary amines were also 

observed, quite analoguous to that found on aliphatic-derivatized CF6. The CF6 aromatic moieties play 

essentially the same role as the aforementioned aliphatic moieties did to enhance chiral recognition for 

primary amine compounds. Figure 10.9A and B compares the separation of trans-1-amino-2-indanol on 

similarly substituted aliphatic- and aromatic-derivatized CF6 columns. Higher enantiomeric selectivity,  
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Table 10.1 The effect of acidic and basic additives on the chromatographic separation of (±) trans-1-amino-
2-indanol in the polar organic mode on an isopropyl carbamate derivatized CF6 column. 

 No.  Additives (in volumn percentages) k1 α Rs 
 1 Acetic acid  (0.30%) / trimethylamine (0.13%) 3.36 1.29 5.3 
 2 Acetic acid  (0.30%) / ethanolamine (0.08%) 1.97 1.14 2.6 
 3 Acetic acid  (0.30%) / butylamine (0.14%) 2.36 1.16 2.3 
 4 Acetic acid  (0.30%) / diethylamine (0.14%) 3.67 1.29 1.6 
 5 Acetic acid  (0.30%) / triethylamine (0.20 %) 2.85 1.31 4.0 
 6 Acetic acid  (0.20%) / triethylamine (0.30 %) 2.69 1.24 3.9 
 7 Acetic acid  (0.25%) / triethylamine (0.25%) 3.24 1.27 4.4 
The mobile phase is composed of 60%acetonitrile/40%methanol (v/v). Different volume percentages of 
basic additives in entry 1-5 are chosen to afford same molar concentration (14 mM) of basic additives. 
 
 

 

Figure 10.9 Separation of trans-1-amino-2-indanol (left) and Troger’s base (right) on CF6 CSPs derivatized 
in three different ways: (A) and (D), low degree methyl carbamate derivatization; (B) and (E), low degree 

3,5-dimethylphenyl carbamate derivatization; (C) and (F), high degree 3,5-dimethylphenyl carbamate 
derivatization. Mobile phases: left, acetonitrile/methanol/acetic acid/triethylamine 60/40/0.3/0.2 

(70/30/0.3/0.2 for (C)); right, heptane/ethanol 70/30. 
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efficiency, and better separation were always observed on aliphatic-derivatized CF6 columns for primary 

amines. However, in addition to primary amines, other types of racemic compounds were starting to show 

enantioselectivity on the aromatic-derivatized CF6 CSPs (Figure 10.9D and E). 

When most of the accessible hydroxyl groups in CF6 are derivatized with aromatic groups, however, the 

general enantioselectivity for primary amines is almost completely lost (Figure 10.9C), whereas enhanced 

separations of a great variety of other chiral compounds can be obtained (Figure 10.9F). These observations 

are readily explained by looking at the optimized (at HF/6-31g level) structure of the all-O-3,5-

dimethylphenyl carbamate-derivatized CF6 as shown in Figure 10.10. The bulky aromatic groups block the 

access to the tripodal hydrogen bonding sites (shown in Figure 10.6), and negate the chiral recognition for 

primary amines. On the other hand, the propeller side arm along the crown ether rim of CF6 was not only 

preserved but also extended in the space to adopt chiral helical geometry with polar oxygen and nitrogen 

moieties aligned in the helical grooves. Similar chiral helical groove motifs have been proposed to 

contribute to high enantioselectivity observed for highly aromatic-derivatized polysaccharide-type 

CSPs.48e, 121d  They are likely to play a similar role in chiral recognition for a variety of compounds in 

the highly aromatic-derivatized CF6.    

Ten different aromatic derivatizations of CF6 were made. Examples of the enantiomeric separation of 

different classes of racemates are shown in Figure 10.11. Most of the observed enantiomeric separations 

could be obtained on several different aromatic-derivatized CSPs 122. In addition, the same elution order is 

generally obtained for chiral compounds on R- and S-naphthylethyl carbamate derivatized CSPs. These 

observations suggest that the enantiomeric selectivities of the aromatic-functionalized CF6 CSPs are more 

dependent on the chirality of the base CF6 than the chirality of substituent groups. However, aromatic 

moieties play an indispensible role in chiral recognitions because the separations of non-primary amine 

compounds on aromatic-derivatized CF6 CSPs are generally better than those on aliphatic-derivatized ones. 

10.4.3 Derivatized CF6 for CE 

Capillary electrophoresis is usually carried out in aqueous solutionss. However, the interactions (mainly 

hydrogen bonding) between native CF6 and amino compounds are greatly attenuated in aqueous solvents. 

Minimal interactions between native CF6 and amine compounds were observed in aqueous CE. On the  
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Figure 10.11 Separation of different class of compounds on aromatic-derivatized CF6 CSPs. Aromatic 
derivatization groups: (A) 3,5-dichlorophenyl carbamate; (B) 3,5-bis(trifluromethyl)phenyl carbamate; (C), 

and (D) R-naphthylethyl carbamate. Mobile phases: (A) heptane/ethanol 80/20; (B) 
acetonitrile/methanol/acetic acid/triethylamine 75/25/0.3/0.2; (C) heptane/isopropanol/trifluroacetic acid 

98/2/0.1; (D) acetonitrile/methanol 40/60 with 25 mM ammonium nitrate. 

min0 4 8 12 16

min0 5 10 15 min0 5 10 15

min0 5 10 15 20 25

(A) (B)

(C) (D)

(B)(A) 

Figure 10.10 Space filling model of all-O-3,5-dimethylphenyl carbamate CF6 calculated at HF/6-31g level: 
(A) top view from the hydrophilic side of CF6; (B) side view.  
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other hand, sulfated CF6 was able to bind to basic analytes via strong electrostatic interactions in aqueous 

solvents at appropriate pHs.104 This electrostatic interaction may not only facilitate initial docking of basic 

analytes, but also contributes to their chiral separation, along with hydrogen bonding interactions. Figure 

10.12 shows the enantiomeric separation of p-chloroamphetamine using sulfated CF6. The separation was 

virtually unaffected when 20% methanol was added to the background electrolyte (BEG) (Figure 10.12). 

This was different from what was observed for enantiomeric separations using sulfated cyclodextrins, 

where methanol in the BGE competes for the hydrophobic cavity of cyclodextrin-based selectors and 

usually diminishes their enantiomeric separations.125 The fact that methanol has minimal effects on 

enantiomeric separations by sulfated CF6 indicates that the hydrophobic side of CF6 is not responsible for 

the chiral recognitions, which is in accordance with the mechanisms deducted from HPLC separations.  

Sulfated CF6 showed excellent enantioselectivity towards primary, secondary, tertiary, and quantanary 

amines.104 Enantiomeric separations can be obtained in both normal and reverse polarity modes, although 

the reversed polarity mode usually produced electropherograms with better peak shapes.104 In addition, 25 

native amino acids were also separated in the reversed polarity mode.104 

10.4.4 Derivatized CF6 for GLC 

Permethylated and partially pentylated CF6 have been used as chiral selectors for gas-liquid 

chromatography (GLC).126 The geometry of these chiral selectors was optimized using Hatree-Fock theory 

calculations at the 6-31g level. Computational studies showed that the high degree alkylation of CF6 

changed the alternating inward/outward arrangements on the CF6 macrocyclic rim. As shown in Figure 

10.2, the Ocenter-C2-C3 angle is 92° and 139° for inward and outward inclined fructofuranose units, 

respectively. After alkylation, the C3 symmetry of native CF6 is lost, the Ocenter-C2-C3 angles becomes 

larger on average ( 

Table 10.2), the distances among the O3(i) atoms increases and thus original intramolecular hydrogen 

bonding of the native CF6 is disrupted, and the crown ether skeleton becomes more exposed (Figure 

10.13). These structural changes after derivatization are also likely for other type derivatizations of CF6. 

Racemic compounds separated using alkylated CF6 as the selector in GCL includes: β-lactams, 

trifluroacetyl derivatized amino acids and tartaric acid esters.126 Hydrogen bonding is of critical  
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Figure 10.12 Effect of MeOH addition (in volume percentages) on the separation of  p-chloroamphetamine 
using 5 mM sulfated cyclofructan as the chiral selector. CE conditions: buffer, 20 mM ammonium acetate; 
pH, 4.7; voltage, +25 kV; capillary length, 30/40 cm; capillary i.d., 50 µm. First peak is EOF marker. The 

unit for the time axis (horizontal axis) is minute. Reprinted from reference 104 with permission. 

 

Table 10.2 Ocenter-C2-C3 angles (as shown in Figure 10.2) for each of the six fructofuranose ring in native 
and derivatized CF6. a, X-ray structure of CF6 (obtained from reference 60g); b, structures calculated at 

B3LYP/cc-pVDZ level; c, X-ray structure of permethylated CF6 when crystallized with Ba(SCN)2 
(obtained from referece 84d); d, structures calculated at HF/b-31g level; e, all-4-O-all-6-O-pentylated CF6. 

Fructose 
ring index 

CF6(X-ray)a CF6b 
PM-CF6(X-ray 

with Ba(SCN)2)
c 

PM-CF6d PT-CF6d,e 

1 93.9 92.6 98.1 103.4 79.4 
2 139.2 139.4 121.3 124.6 130.6 
3 93.9 92.3 139.2 152.2 101.6 
4 139.2 139.2 98.1 101.2 105.9 
5 93.8 92.4 121.3 126.1 106.9 
6 139.2 138.6 139.2 159.6 117.6 
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(D)

(E) (F)

Figure 10.13 Top view of native and alkylated CF6: (A) and (B), native CF6 optimized at 
B3LYP/6-31g level; (C) and (D), permethylated CF6 optimzed at HF/6-31g level; (E) and (F), all-
4-O-all-6-O-pentylated CF6 optimized at HF/6-31g level. Figures on the right side are displaying 

relative positions of O3 atoms on each fructofuranose units. The distance between neighboring 
oxygen atoms are labeled in the unit of Å. Color coding: gray, carbon; oxygen, red; O3 oxygen 

atoms, purple. Hydrogen atoms are left out for clarity purpose.  
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Table 10.3 Chromatographic data for three structurally similar compounds on permethylated-CF6 chiral 
GLC phase at the same chromatographic condition. Data from reference 126. 

No. Compound Structure k1’ α 

1 
α-(trifluromethyl)benzyl 
alcohol 

93.2 1.05 

2 
trifluoacetyl α-
(trifluromethyl)benzyl 
alcohol  

4.2 1.00 

z3 α-methylbenzyl alcohol 34.4 1.00 

 

 

Figure 10.14 ESI-MS spectrum showing adduct ions of one CF6 with multiple sodium cations (see 
reference 127 for detail experimental conditions).  
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importance for enantiomeric separations in GLC. On permethylated CF6, α-(trifluromethyl)-benzyl alcohol 

was baseline separated, whereas esters of this alcohol were less retained and no separation was observed 

(Table 10.3). Furthermore, no separation was observed for native α-methylbenzyl alcohol, which is a 

weaker hydrogen bond donor than α-(trifluromethyl)benzyl alcohol. Likewise, enantiomers of N-acetylated 

amino acids were poorly separated or not separated, whereas N-trifluoroacetylated amino acids are very 

well separated.126 

10.5 Loading Tests on Cyclofructan Based CSPs 

The loading capability of a CSP is related to the available number of selector-analyte interaction sites. For 

example, protein-based CSPs are vulnerable to overloading because protein selectors generally interact 

enantioselectively with only one analyte at a time. On the other hand, polymeric CSPs usually have high 

loading capabilities because its repeating units can provide multiple interaction sites for chiral recognition. 

Cyclofructans are oligomers. As shown in Figure 10.6, cyclofructans and derivatized cyclofructans can 

interact with chiral primary amines via tripod hydrogen bonding through at least several interaction sites. In 

addition, adducts of one CF6 with two metal cations, or multiple metal chloride salts were observed in ESI-

MS (Figure 10.14). In contrast, crown ethers can only interact with one guest molecule at a time, and only 

1:1 crown ether-metal cation complexes were observed in ESI-MS.127 Consequently, cyclofructan-based 

CSPs are expected to have superior loading capabilities than crown ether-based CSPs. Loading test 

experiment was performed on a methylcarbamate CF6 CSP with trans-1-amino-2-indanol in the polar 

organic mode. As shown in Figure 10.15, 3.37 mg of the primary amine can be baseline separated in 20 

min on an analytical column (250 × 4.6 mm). Furthermore, cyclofructan type CSPs operates best in organic 

solvents and supercritical fluid solvents as well, which makes the sample recovery much easier than with 

aqueous mobile phases. These characteristics make the cyclofructan type of CSPs viable candidates for the 

preparative separations of primary amines. In addition, high loading of N-blocked amino acids were also 

reported on aromatic-derivatized CF6 CSPs.122 

10.6 Conclusions 

Cyclofructans are a new class of chiral selectors. Despite the fact that they are cyclic oligosaccharides and 

have a crown ether core, their chiral recognition capabilities are completely different from either  
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Figure 10.15 Loading test of a methyl carbamate CF6 CSP in the polar organic mode. (A) 13.5 μg and (B) 
3.37 mg of trans-1-amino-2-indanol were injected on a 250 x 4.6 mm column. Mobile phase: 

acetonitrile/methanol/acetic acid/triethylamine 75/25/0.3/0.2. 
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cyclodextrins or crown ethers. Two chiral recognition mechanisms are proposed for cyclofructan CSPs. 

Tripodal hydrogen bonding between the hydroxyl groups on the hydrophilic side of CF6 and hydrogen 

bonding donor and/or acceptors in analytes is of critical importance for enantiomeric separations of primary 

amine type compounds. On the other hand, chiral helical grooves on the side of CF6, along with the 

carbamate linked aromatic substituents, can provide steric and π-π interactions between the CSP and 

analytes. These interactions contribute to chiral recognition for aromatic non-primary amine compounds 

separated on the aromatic-derivatized CF6 CSPs. 

While native CF6 showed only limited enantioselectivity to a few compounds, derivatized CF6 appeared to 

be versatile chiral selectors and can be tuned for the best HPLC separation of different types of compounds. 

Aliphatic-derivatized cyclofructans operating in the polar organic mode provide best enantiomeric 

separations for primary amines. On the other hand, extensively aromatic-derivatized CF6 were able to 

separate a variety of different classes of enantiomers. Cyclofructans are the newest types of chiral selectors, 

and their further development and their applications in both analytical and preparative ennatiomeric 

separations are expected to grow in the future. 
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CHAPTER 11 
 

CONCLUSIONS AND REMARKS 

11.1 Conclusions 

11.1.1 Part One (Chapter 2 and 3) 

All 12 β-lactams were successfully separated on cyclodextrin-based CSPs. The 3,5-dimethylphenyl 

derivatized β-cyclodextrin column (Cyclobond I 2000 DMP) operating in the reversed phase mode 

(acetonitrile/water solvents) is the preferred chromatographic approach for their enantiomeric separation.  

The first efficient baseline separation of all-trans-astaxanthin stereoisomers was obtained on an 

immobilized 3,5-dichlorophenyl derivatized cellulose column (Chiralpak IC) using methyl t-butyl ether and 

acetonitrile as mobile phase solvents. In addition, stereoisomers of several structurally related compounds 

were also separated in the same chromatographic conditions. As a result, Chiralpak IC is recommended for 

the separation of astaxanthin type compounds. 

11.1.2 Part Two (Chapter  4, 5, 6 and 7) 

Boromycin is a specific chiral selector for primary amine compounds: 52 out of 53 tested chiral primary 

amines were separated successfully. The boromycin CSP is most selective in the presence of polar organic 

solvents. Because of the strength of the CSP-amine complex, mM concentrations of a competitive binding 

additive (i.e., tetramethylammonium nitrate) profoundly enhances efficiency and decreases retention. Most 

separations are completed in 4-10 minutes.  

Cyclofructans are a new class of chiral selectors. Their mass production is possible via fermentation of 

inulin. There are 18 to 24 of hydroxyl groups in cyclofructans that can be functionalized to afford different 

chiral selectors. While native cyclofructan 6 has limited capabilities as a chiral selector, specific, 

derivatized cyclofructans appear to be exceptional chiral selectors which can be “tuned” to separate 

enantiomers of different types of molecules. When partially derivatized with aliphatic functionalities, CF6 

becomes an excellent selector for chiral primary amines in organic mobile phases. When CF6 is extensively  
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functionalized with aromatic moieties, it no longer effectively separates primary amine racemates. 

However, it does separate a broad variety of other enantiomers. 

The polymeric CSP based on a new monomer, trans-9, 10-dihydro-9, 10-ethanoanthracene-(11S, 12S)-11, 

12-dicarboxylic acid bis-4-vinylphenylamide, is a valuable addition to the commercially available 

polymeric type of P-CAP and P-CAP-DP CSPs. The new CSP (DEABV) showed competitive performance 

with P-CAP and P-CAP-DP CSPs. Totally 70 out of 200 random selected chiral compounds were separated 

on the new polymeric CSP. The CSP operates best in the normal phase mode using heptane/ethanol 

solvents with acidic additives. Its high loading property was demonstrated by the separation of 1 mg of N-

(3,5-dinitrobenzoyl)-phenylglycine at a resolution of 2.6 on an analytical column (250 x 4.6 mm). These 

polymeric CSPs also were tested and compared in SFC. The normal phase separations on these polymeric 

CSPs were successfully transferred into SFC separations. The advantages of SFC over HPLC separations 

are: short separation times, i.e., usually less than 5 min; low consumption of organic solvents; and easy 

recovery of the separated solutes. Overall, the DEABV CSP is the most broadly applicable and useful of 

these polymeric CSPs.  

11.1.3 Part Three (Chapter 8, 9, and 10) 

Part three of the thesis studied the host-guest chemistry of cyclofructans and its applications. In addition, 

theoretical computations were carried out to help understanding of the chiral recognition mechanism of 

cyclofructan-based CSPs.  

The complexation between cyclofructans and alkaline metal cations was studied by ESI-MS. In the gas 

phase, cyclofructans bind to alkali metal cations in the order of Li+ > Na+ > K+ > Rb+ > Cs+. The gas phase 

selectivity, obtained by competitive dissociation of ternary complexes between one cyclofructan and two 

different metal cations, was confirmed with density functional theory calculations. For the solution phase 

study, sodium and potassium complexes of cyclofructans were the most abundant species in the ESI-MS 

spectra. Compared with previous solution phase studies of cyclofructans, ESI-MS produced a higher 

abundance of complexes with smaller metal cations and lower abundances of complexes with larger metal 

cations. The relative intensities of different cyclofructan-metal cation complexes observed on ESI-MS 

spectra was a reflection of both solution phase and gas phase stability of different complex ions.  
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Cyclofructans form complexes with metal cations. We designed ligand-exchange separations of 

cyclofructans (CF6, CF7, and CF8) based on their specific complexation differences with metal cations. 

The separation was performed on a silica based SCX column charged with metal cations. A barium charged 

SCX column provides the best separation between CF6 and CF7, whereas a silver charged SCX column 

provides the greatest separation between CF7 and CF8. The analytical methods could be scaled up for mass 

production of CF7 with high purity. 

The chiral recognition mechanism was studied using computational methods in combination with 

chromatographic data obtained experimentally. Despite the fact that cyclofructans are cyclic 

oligosaccharides and that they have a crown ether central macrocyclic core, the chiral recognition 

mechanism of cyclofructans are completely different from that of either cyclodextrins or synthetic crown 

ethers. Two chiral recognition mechanisms are proposed for cyclofructan CSPs. Hydrogen bonding 

between the hydroxyl groups on the hydrophilic side of CF6 and hydrogen bonding donor and/or acceptors 

in chiral anyaltes is of critical importance for chiral separations of amine type compounds. On the other 

hand, chiral helical grooves on the side of CF6, along with the carbamate linked aromatic derivatization 

moieties, can provide steric and π-π interactions between these CSPs and aromatic analytes. These 

interactions are responsible for chiral recognition of aromatic non-primary amine compounds separated on 

high aromatic-derivatized CF6 CSPs. 

11.2 Remarks 

We have demonstrated three major approaches to facilitate chiral methods development. Firstly, trial-and-

error is still the most commonly adopted approach. Chiral method development in pharmaceutical 

companies relies on automated column screening approaches. A series of complementary CSPs, with the 

highest success rates, are screened at predetermined chromatographic conditions. Although time 

consuming, an overall success rate of 80% to 90% can be achieved on a well-established screening 

strategy.128  

Secondly, the continuous development of new CSPs that specifically separate a class of compounds is 

attractive. These types of CSPs can provide a “yes or no” answer to whether a compound will be separated 

even without any scouting HPLC injections. In addition, the same class of compounds is usually separated 
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in the same or similar chromatographic conditions on a specific CSP. As a result, minimal effort would be 

needed for method development on this type of CSP. Crown ether CSPs and the boromycin CSP belong to 

this type. They were initially discovered to have specific host-guest chemistry for primary amines, and 

based on this characteristic, they were extended to applications as CSPs for enantiomeric separation of 

chiral primary amines with high success rates.  From the examples of crown ether and boromycin, it is clear 

that molecules with specific host-guest chemistry are potentially successful CSPs for a specific class of 

compounds. With this approach in mind, the discovery of new host molecules, being natural products or 

synthetic compounds, would provide a good source for new CSPs. 

Thirdly, a clear understanding the chiral recognition mechanism would help to pin-point the starting 

chromatographic conditions or even predict the separation conditions for certain analytes. This is only 

possible with large amount of chromatographic data collected for a specific CSP. By comparing the 

separation of structural similar compounds or the separation of same compounds under different 

chromatographic conditions, the general properties of a CSP can sometimes be revealed. Computational 

tools are starting to play a role in understanding chiral recognition. The geometry of chiral selector and 

analytes, and possible binding sites can be examined by energy minimization computations. The adsorption 

of analytes on CSP surfaces can be studied by molecular dynamics methods. However, this type of 

application is still at a rudimentary stage, but is expected to grow with the continuous development of both 

computational methodologies and computer hardware. 

In addition to these three approaches, computers are going to play a more important role in chiral method 

development as they do in almost every scientific field. With almost thirty years’ development of chiral 

HPLC separations, there are huge amounts of chromatographic data available. Data mining tools using 

modern algorithms would help us to use the huge chromatographic database more creatively, and to extract 

useful information for further guidance into chiral method development. This is a fast expanding field. 

Several applications have already emerged. For example, with a new chiral compound, a structural 

similarity search can be used to isolate all separations achieved on structurally similar molecules. This 

would help to establish a starting condition for method development of the new chiral compound. 

Classification algorithms can help to give a “yes or no” answer as to whether a compound can be separated 
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on a certain CSP. Quantitative structure-retention relationships (QSRR) methods can even predict retention 

times, elution order and enantioselectivity of a pair of enantiomers at a specified chromatographic 

condition.   
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