This document is downloaded from DR-NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Enantioseparation with cationic B-cyclodextrin
chiral stationary phases in supercritical fluid
chromatography and high-performance liquid
chromatography

Wang, Renqi
2011

Wang, R. (2011). Enantioseparation with cationic 3-cyclodextrin chiral stationary phases in
supercritical fluid chromatography and high-performance liquid chromatography. Doctoral
thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/44704

https://doi.org/10.32657/10356/44704

Downloaded on 09 Apr 2024 15:40:09 SGT



Chapter 1

General Introduction
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1.1 Chiral drugs and compounds

The basic biological components such as amino acids, carbohydrates,
proteins and polysaccharides in organisms are chiral and exist mainly in single
enantiomeric form. Over the past three decades, stereoselectivity in drug action
and disposition has become a well-recognized consideration in clinical
pharmacology and development of chiral drugs. It is well established that chirality
of drugs may influence significantly their pharmacological [1], toxicological [2],
pharmacodynamic and pharmacokinetic [3, 4] properties. Therefore, it is important
to obtain optically pure enantiomers of the racemic drugs. More than half of the
marketed drugs are chiral [5]. Although not all the racemic drugs are marketed in
optically pure form, the trend is towards marketing more single-enantiomer drugs
[6].

The effects of chirality on drugs are now integrated into the process of drug
development [7] and strict regulations have been demanded by US F.D.A. [8]. It is
thus inevitable to investigate the necessity of developing optically pure enantiomer
in new drugs’ developments. This decision should be made based on sufficient
scientific data. Only if the metabolic interconversion of enantiomers or the identity
of the effects can be found, then the drug is allowed to be marketed as a mixture of
enantiomers. Otherwise, it is necessary to obtain optically pure drugs. In those
cases, the enantiomer with unwanted activity is considered as an impurity and
efforts are devoted to detect and eliminate its presence.

In the past two decades, the development of asymmetric synthesis and
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efficient techniques for analytical control of the enantiomeric composition of chiral
compounds has made significant breakthroughs in the commercialization of single
enantiomeric drugs [88-90]. However, asymmetric synthesis process usually
requires involutedly protective and deprotective steps and tedious reaction
conditions as well; the synthesis routes are not universally applicable. On the other
hand, the enantioselective separation techniques are more practical and convenient
to conduct. Thus, the enantioseparation techniques have become mature and

popular in analysis and preparation of enantiomericly pure drugs [39, 91-93].

1.2 Enantiomeric separation technology preview

1.2.1 Development of chiral selectors

Enantioseparations have been studied extensively ever since Davankov’s
finding that ion exchange chromatography could be used for enantioseparation in
the early 1970s [9]. Driven by the growth of asymmetric organic synthesis leading
to chiral drugs, food additives, fragrances, agricultural chemicals and many other
important chiral intermediates, the development of chiral selectors has grown
rapidly. Many chiral selectors were developed and applied in various chiral
resolution technologies. Firstly, Davankov et al. developed metal ion complexes
for enantioseparations [9, 10]. After that, by linking small chiral molecules onto
stationary phase, brush type chiral stationary phases were prepared [3, 5]. It is
worthy to mention that Pirkle et al. developed the first commercial column with
brush type chiral stationary phase for HPLC in 1981 [11]. Most recently, natural

chiral macromolecules such as crown ethers [6-8], cyclodextrins [12, 13],
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celluloses [14, 15], macrocyclic glypeptides [16], proteins [17, 18] as well as
synthetic polymers [19] were modified for the application of enantioselective
processes.
1.2.2 Development of chiral separation technologies

There are two emerging trends [20]: The first trend is the micro scaling of
existing separation technologies, such as CE, CEC, microbore-LC, microbore-SFC,
GC; the second trend is the development of chiral technology for large scale
industrial applications wherein HPLC and SFC are most suitable to scale up. The
following sections review the most commonly used chromatographic techniques

for enantioseparations.

Gas chromatography (GC)

Gas chromatography has been widely employed for chemical analysis due to
its high speed and efficiency. Volatile organic chemical samples are able to be
evaporated at high temperature and the gaseous analytes are flushed through fused
silica capillary with inert gas to achieve separations. GC analysis is the most
efficient among chromatographic techniques. In many cases, the stationary phases
in the capillary were modified to enhance the selectivity [15, 17-19]. The modifiers
were either immobilized as a thin film on the capillary wall or deposited on the
packing material. Amongst all the chemically modifiers, cyclodextrin derivatives
were also applied as GC stationary phases by coating onto the packing material.
Moreover, the cyclodextrin GC stationary phases are commercially available [21].

Efficient enantioseparations of chiral organic precursors were attained on

20



cyclodextrin GC phases [22-24]. Additionally, GC has also been used in
preparative scale to separate enantiomers of anesthetic drugs and the separations
were performed in the overloaded elution mode [25, 26]. However, the choice of
applicable inert gas as mobile phase is limited and the solubility of most organic
chemicals in the gaseous mobile phase is poor. GC analysis also requires good
volatility as well as stability of the analyte at the operation temperatures. Therefore,
analytes which can be analyzed in GC are quite limited. Although the GC analysis
takes on most of the chromatographic merits such as high efficiency and analysis

speed, a relatively narrow area is applicable [20].

Liquid chromatography (LC)

The separation modes in LC analysis can be varied among normal phase
liquid chromatography (NPLC), reversed phase liquid chromatography (RPLC)
and polar organic phase chromatography (POLC) determined by the relative
polarities between the stationary phase and mobile phase. A comparable
application of enantioseparations on a cyclodextrin (CD) based chiral stationary
phase (CSP) showed that the sequence of the enantiomers eluted out could be
reversed in different separation modes [27] which suggested that when CD based
CSPs were used in HPLC, the enantioseparation mechanisms were altered in
different separation modes. It is considered that in NPLC and POLC, the CD
cavity is occupied by hydrophobic organic solvent. The enantioseparation is
attained through the enantioselective interactions between substituents on the CD

rim and functional groups on the analytes. In RPLC, on the contrary, the cavity is
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vacant and ready to form hydrophobic inclusion with hydrophobic moiety of the
analytes. Because the hydrophobic inclusion with the CD cavity is so efficient to
enable enantioseparation for many racemates, CD based CSPs are usually applied
in RPLC.

A comparison amongst all enantioseparation techniques showed LC was the
most versatile method applied in chromatographic separations and the publications
on LC in the area of enantioseparation were growing rapidly especially in recent
years [28]. However, there are no universal CSPs or chromatographic conditions
enabling all chiral molecules’ enantioseparations. Small changes in the analytes’
structures and/or chromatographic conditions would exert a strong impact on the
enantioseparation results. Thus, the optimization on CSPs and chromatographic
conditions in LC requires a lot of time [35, 36]. The application of multi-column
parallel screening for HPLC condition optimization has successfully solved this
problem [29]. As many parameters of chromatography in LC can be optimized,
almost all racemates are able to be resolved at least in LC. Many reviews
elucidated the applications of HPLC in evaluating new CSPs [30-33]; a broad
range of pharmaceutical racemates such as amino acids [34], aromatic carboxylic
acids [35], flavonoids [36] cardiovascular medicines (antihypertensives,
antiarrhythmics, antianginals, diuretics), adrenergic drugs (vasopressors),
anti-inflammatory and analgesic compounds, topical anesthetics, antihistanminics
and antimalarial therapeutics [37] etc. were performed enantioseparations in HPLC.

Excellent enantioseparation abilities are usually achievable in LC whilst separation
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speed is relatively slower [20].

The conventional analytical scale HPLC is normally using 2.1 ~ 4.6 mm I.D.
columns in enantioseparations. Because of the large column sizes, both the costs of
columns and the consumptions of expensive and hazardous organic solvents are
high. On the other hand, long analysis time, high cost and significant
environmental issues of conventional HPLC incumber parallel and
multidimensional analysis, which is nevertheless becoming increasingly important
as the number and complexity of the samples being enlarged in recent years [29].
Those drawbacks could be remedied using miniaturized techniques recently
developed in LC [38]. The nano-LC systems are usually applying capillary
columns with 1.D. between 10-100 um and a flow rate of 50-700 nl/min.
Compared to HPLC, nano-LC may offer a higher column efficiency, faster analysis,
higher sample sensitivity and lower sample dilution [39]. The chiral selectors in
nano-LC are attached onto stationary phases [40, 41] or added into the mobile
phases [39, 42]. As capillary columns applied in nano-LC, consumptions of
valuable chiral mobile phase additives could be reduced significantly [43].
Although nano-LC is widely employed in chiral analysis and enantioseparations,
problems were noticed as the volume of sample should be strictly controlled in
order to avoid sample volume overloading in the capillary columns [44]. Vissers et
al brought forward a “column switching and large volume injection” scenario to
solve the problem, wherein the sample was pre-concentrated in a column of higher

I.D. using appropriate conditions, before it was transferred into the capillary
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column [45]. An alternative method is “the on-column focusing” where the sample
is directly concentrated in the analytical column [46]. Giovanni et al. employed the
on-column focusing method and injected relatively high sample values (1500 nL)
in the nano-LC which successfully increased the method sensitivity [47]. Because
the nano-LC has shown the advantages of high sensitivities and low sample / chiral
selector consumptions, this method is especially valuable in the field of food and
beverages’ quality control [48] and in cases when expensive chiral selectors are
employed [49].

The development of LC is currently heading onto nano-separation technology.
Nanoparticles and nanostructured materials have been applied in the
enantioselective LC. Higher efficiency as well as separation speed was attained;
the two qualities are greatly demanded in the development of high throughput
analytical methods [50]. Accordingly, wultra high performance liquid
chromatography (UHPLC) was developed to overcome the high pressure drop
generated by the submicro or nano particle packing. Wu et al have discussed the
correlations amongst separation time, particle size and pressure drop as well as the
practical problems in the pump system, the special injection system and the

column packing material on UHPLC [51].

Supercritical Fluid Chromatography (SFC)

The application of supercritical fluid chromatography (SFC) as well as
subcritical fluid chromatography to enantioseparations has been investigated in

recent years [52-54]. CSPs which have been employed in the SFC conditions are
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including Pirkle-type phases, cyclodextrin and cellulose derivatives [41-44].
Relatively less work has been done using chiral selector entrained in the mobile
phase in SFC conditions because of the low solubility [55]. Since Carbon dioxide
has relatively low critical temperature and pressure, it is the most commonly used
mobile phase in SFC. In order to increase the mobile phases’ eluting power, CO3 is
usually incorporated with polar organic solvents [56].

The polarity of CO, is often equated with n-hexane applied in LC condition.
In this way, the conditions applied in NPLC and SFC are sometimes comparable.
However, in comparative studies between HPLC and SFC, it was found
enantioseparations attained in NPLC, POLC or RPLC could be entirely achievable
in SFC, which suggested that the separation mode in SFC overlapped all the three
separation modes in LC [27]. Additionally, polar modifiers such as methanol are
able to be employed in SFC while they are immiscible with n-hexane in NPLC.

The mobile phase is mainly CO, in SFC and it has low viscosity. As a result,
the solute in the mobile phase has higher diffusion coefficient in SFC than when it
is in LC mobile phase. Accordingly, higher flow rate of the mobile phase can be
applied to shorten the analysis time whilst column pressure is lower [27]. In
supporting the development of large scale synthetic manufacture of chiral drugs, it
is inevitable to highlight the efficiency of developing optimum chiral
chromatographic modalities for specific products and the potential intermediates of
increasing number. Higher flow rate and lower mobile phase viscosity conduce

increased peak efficiency and higher resolution in SFC [57].
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In contrast to LC where normally two or more solvents can be varied, mobile
phase in SFC is CO, mixed with one organic solvent, normally only the organic
modifier should be optimized. Thus, it would be much simpler for mobile phase
optimizations in SFC. On the other side, in SFC, the system rapidly attains
equilibrium status after changing chromatographic parameters. Consequently, the
time needed for condition optimization in SFC is much shorter than in LC. As the
efficiency of finding out optimal separation condition in the analytical grade
analysis is highly demanded in the modern pharmaceutical industry, application of
SFC instead of LC could effectively shave time off the schedule of a drug
development program [58].

Moreover, SFC has higher sensitivity than LC. A comparative investigation
between HPLC and SFC has shown that SFC enabled better separation and
detection of impurities whereas the peak ascribable to small amount of impurity
was invariably obscurred by the major ingredients’ peaks in HPLC [56, 59]. SFC is
widely employed in the pharmaceutical industry both in high throughput
manufacturing and rapid analyses of drugs.

i) SFC is cost effective. The product is easily recoverable from the solvents

after collection [60, 61];

ii) In the analytical chromatography, SFC readily attains equilibrium when

changing mobile phase parameters, allowing for the optimization of the

chromatography parameters in a shorter time frame [27, 62];

iii) Low viscosity of CO, diminishes the column pressure drop and thus a
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higher flow rate can be applied. The solute in SFC mobile phase has a higher

diffusion coefficient than in NPLC mobile phase, and the optimum linear

velocity is shifted to a higher value. In many cases, the increase in flow rate

can reduce analysis time without compromising efficiency [63];

iv) Previous comparisons between SFC and HPLC indicated the column

efficiency in SFC is generally higher than in HPLC [57].

v) The work done by Wong et. al [61] demonstrated the difference between

SFC and HPLC in method screening approaches on three different types of

CSPs.

Although it was emphasized that the analytical SFC was not always better
than HPLC in chiral selectivity for a certain kinds of racemates, the application of
SFC led to direct scaling up to preparative chromatography

In recent years, 20-mm-diameter chiral columns are used by the
pharmaceutical manufacturers. Pump systems can accommodate up to
100-mm-diameter columns. Accordingly, a facile scale up of the column

dimensions would afford the advantage of lower cost in SFC compared with LC.

Capillary Electrophoresis (CE) & Capillary Electrochromatography (CEC)

In CE, the sample to be separated is placed in the electrolyte and an electric
field is applied. The components carrying a negative charge migrate to the anode
while those carrying a positive charge migrate to the cathode. The species in the
interior of a capillary which is filled with electrolyte are separated based on their

size to charge ratios. Many factors such as chiral selectors’ concentration,
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background electrolyte’s pH and ionic strength [64], addition of organic solvents
[65], injection mode [66] as well as temperature [67] could influence the
enantioseparation results in CE.

In CEC, on the other hand, the capillary is filled, packed or coated with
stationary phase. The movement of the mobile phase as well as analytes is usually
driven by an applied electric field. Additional pressure is sometimes added for
assisting analytes mobility. The retention of an analyte may be determined by
electrophoretic migration and chromatographic retention [68]. Different from CE
where mobility differences are the only factor determines separation, in CEC,
modification on stationary phase improves chromatographic results as well.

Although CE and CEC are relatively new separation technologies, they have
built up strong positions in enantioseparation analysis because of their high
sensitivity and efficiency [69, 70]. The reproducibility of peptides analysis was
amongst the first notable successes of CE. In addition, some acidic peptides which
achieve enantioseparations in LC with difficulty are readily separated in CE using
B-CD as chiral mobile phase additive [71]. It is reported that CE & CEC are

especially efficient in charged analytes’ enantioseparation [72-75].

1.3 Cyclodextrin’s property and applications.

Cycodextrins are toroidal structural molecules. The a-,5-,y- cyclodextrins
consist of six, seven and eight o-(1,4)-linked D-(+)-gluco-pyranose units
respectively. The images and dimensions of a-, -, y-cyclodextrins are illustrated in

Fig. 1.1, while their physical and chemical properties are summarized in Table 1.1.
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Table 1.1: Physical and Chemical Properties of Cyclodextrin Molecules [76]

cyclodextrin No. of glucose Molecular Cavity No. of Water
units mass(g/mol)  diameter(nm)  stereogenic solubility
centers (9/100 ml)

o 6 972 0.49 30 145

p 7 1135 0.62 35 1.85

y 8 1297 0.79 40 23.2

HO
\%/ZO\HO
o

HO

|
(CHZ0H)s

Figure 1.1: Three naturally occurring cyclodextrin molecules: a-, -, y-cyclodextrins

The special properties of cyclodextrins originate from their unique structures.
Cyclodextrin contains a hydrophobic cavity and a hydrophilic surface. The
hydrophobic cavity is able to entrap hydrophobic molecules. Entrapment and
inclusion occurs without formation of chemical bonds. This peculiar property of
cyclodextrins were useful in catalytic reactions and chromatographic separations

[77, 78]. As illustrated in Fig. 1.1, three types of cyclodextrins (CD) have different
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sizes. A general consideration is that small volume hydrophobic organic molecules
form the most stable complexes with a-CD but the weakest with y-CD. Secondly,
neutral molecules generally bind more tightly with native CD than their charged
equivalents. However, the stability of the complex formed in most cases, whether
it is tight or loose, is not always straightforward and can be more complicated with
functionalized CD [79]. A large number of reports on enantioseparations with CD
derivatives in CE and LC have been published [31, 80] where the CDs are most
frequently employed as chiral mobile phase additives (CMAS) because they have
sufficient solubility in the mobile phase and limited UV absorbance. Nevertheless,
in packed column SFC, the modifications of chiral selectors are usually on
stationary phases and the CD-based CSPs are relatively less investigated. Most
CSPs reported for SFC are polymer-multilayer polysaccharides [81]. In the
analogical studies of immobilizing CD as CSPs, the CDs were bonded onto
stationary phases with greater difficulty. For the simplification of preparation,
polymerized CDs can be coated facilely onto silica particles and implemented as
stationary phases, though the enantioseparations were attained only within a

narrow range of conditions [82].

1.4 Mechanism of enantioseparation

The stereogenic difference between interactions of chiral compounds and a
chiral receptor in the biological system was firstly explained by Easson and
Stedman in 1933 [83]. As illustrated in Fig. 1.2, this is a statement on

configuration-dependant three attractive contact point model. However, the
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approach of chiral compound towards the receptor from interior condition is not

allowed.

Figure 1.2: Easson-Stedman model (a, b, c) derived from an exterior approach of
racemic selectant towards a chiral receptor. Each group on the chiral center
of the selectant has a corresponding binding site on the chiral receptor. The
interior approach of selectant (d) is not allowed.

To overcome the limitation of Easson-Stedman model, Topiol and Sabio
brought forward a 4-contact point model in explaining the stereoselective binding
of selectant enantiomers when the corresponding binding sites on the receptor
were not in a plane (Fig. 1.3) [84]. Topiol also raised a more general criterion to
explain that the stereogenic binding of chiral compounds and receptor relied on the
inequality of the distance matrices of diastereometric complexes between
enantiomers and a receptor [85]. Although all the models mentioned above have
been used in explaining mechanisms in chromatographic enantioseparation,

basically, “three-point interaction model” is the most prominent [86].
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Figure 1.3: Topiol-Sabio 4-contact point model allows stereogenic bindings when
selectants approach towards chiral receptors from both exterior (a,b)
and interior (c) conditions.

Pirkle et al restated the “three-point interaction model” in discussing
enantioseparations with chiral stationary phases (CSP) [87]. According to Pirkle’s
model, “chiral recognition requires a minimum of three simultaneous interactions
between the CSP and at least one of the enantiomers, with at least one of these
interactions being stereochemically dependant”. Pirkle’s three point interaction
model can be illustrated by a representative enantioseparation in Fig. 1.4. Only one
of the enantiomers affords three simultaneous interactions with the chiral selector.
Although both the two enantiomers are able to form transient complex with the
chiral selector, the formation energies of these two complexes are different. If the
difference is great enough, the enantiomers can be resolved by this CSP. It was
also suggested by Pirkle et al that when forming the complex, in many cases, not
all the interactions are attractive. The interaction is sometimes steric hindrance or
repulsive electrostatic force [87]. The repulsive force is usually combined with one

or more attractive interactions and contributes to the ultimate chiral recognition.
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Figure 1.4: Examples of Pirkle’s three point interaction model: only one of
enantiomers affords three simultaneous interactions with the chiral
selector. If energy difference between two diastereometric complexes is
great enough, enantioseparation is able to achieve.

The interactions discussed in Pirkle’s three point interaction model usually
include:
i) Dipole dipole stacking
i) Hydrogen bonding
iii) m-w stacking
iv) Steric hindrance
v) Hydrophobic inclusion
vi) Electrostatic force
The long range and nondirectional electrostatic force is much stronger than
the hydrophobic interactions especially in apolar solvents [88]. On the contrary,
dipole-dipole stacking, hydrogen bonding and =-m stacking are short range
directional interactions. The electrostatic force is important as a strong binding
interaction which is usually incorporated with secondary interactions such as
hydrogen bonding, =n-r stacking, dipole dipole stacking etc. to fit the three-point

interaction model [86]. When polysaccharide and cyclodextrin are applied as chiral
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selector, hydrophobic inclusion is usually accounted as an important
enantioselective interaction. On the other hand, the charged analytes and chiral
selectors generate electrostatic force mutually. “The interactions of electrostatic
force and hydrophobic inclusion are important complementarities towards the
enantioseparation mechanism on Pirkle’s model” [89].

Transient complexes are formed between chiral selector and each of the
enantiomers. According to the model, “only the difference between enthalpies of
two transient complexes is directly related with enantioseparation whereas the
enthalpy quantity of individual complex formed is unimportant in the
consideration” [87]. The enantioseparation mechanism is usually investigated
through computational method. The retention behavior and selectivity of selectand
enantiomers on a chiral selector are computational results of free energy, enthalpy
and entropy in forming diastereometric complexes (eq. 1.1-1.3). High values of
enthalpy and entropy usually indicate that strong binding interactions between
enantiomers and chiral selector are involved in the chiral recognition mechanism.
Enthalpy-entropy compensation regression usually reveals that the solute retention

mechanism is not related with the selectand molecular structures [90-93].

A(AGL ) =AGs —AGy ..o eq.
1.1
. Ks
—AAG")=RTIN—=RTINa@ ..cciiiii i eq.
KR
1.2
RINa=—A(AH)/T +A(AS”) oo, eq.
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1.3

When cyclodextrins are applied as chiral selectors, their hydrophobic cavities
allow complexation or adsorption with the hydrophobic moieties on the selectand
molecules. If the volume of the analytes’ hydrophobic moiety matches up with the
cavity size well, the complex formed is considered relatively inflexible. As the
cavity itself is chiral, the inflexible hydrophobic complex usually contains
stereoselective interactions between analytes and the CD cavity [87]. In many
cases, the hydrophobic inclusion process effectively cooperates with other
interactions, enhancing enantioseparation. The combined interactions between
hydrophobic inclusion and electrostatic forces are illustrated with a representative
example in Fig. 1.5 where three points’ interactions are likely to afford successful

enantioseparation.

CD cavity @NH
N o/

A N=
CO,
2 /
-CH
N+
.-NH;
s
O;~

Figure 1.5: Example of hydrophobic complex combined with electrostatic force

1.5 lonic liquids and ionic chiral selectors

It was found that lonic liquids (ILs) are useful in efficient and
environmentally benign chemical processing and chemical analysis. Amongst the

applicable ILs, the imidazolium, pyridinium and ammonium ionic liquid had been
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applied as solvents in catalytic reactions or liquid-liquid extractions [94-96]. The
peculiar  physicochemical properties of a series of ILs containing
nitrile-functionalized imidazolium, pyridinium and quaternary ammonium cations
were studied for the reference of relative investigations [97]. The alkylimidazolium
IL had also been used as stationary phase in GC. Its dual nature to interact with the
analytes through electrostatic and dispersive forces was shown [98]. In order to
understand the dual nature of this kind of IL properly, a detailed study had shown
the high charge region and low charge region on the IL molecule [99]. Moreover,
the imidazolium, pyridinium and quaternary ammonium ILs have also been used
as media in enantioselective reactions [100-102]. In those studies, aromatic and
aliphatic cations were usually comparatively studied due to the distinct differences
amongst their shapes and structures [94, 103]. However, the difference between
aromatic cations was less investigated but more intriguing; for example, a
comparison  between influences of  1-butyl-3-methylimidazolium and
butyl-pyridinium on the rates in phase transfer catalysis reactions had shown the
imidazolium IL accelerated the reaction rate more than pyridinium IL [100].

It was reported that the ILs possessed dual capability of dissolving both polar
and nonpolar species [104]. In the applications of chiral ionic liquids (CIL) as
chiral selectors, the CILs also showed the “dual nature” properties, in that they
separated nonpolar compounds as if they were nonpolar stationary phase and
separated polar compounds as if they were polar stationary phases [105]. The CILs

have been successfully applied as stationary phases for GC. A range of chiral
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alcohols and diols, chiral sulfoxides, some chiral epoxides and acetamides was
successfully resolved [105]. The CILs were also used as background electrolyte
additives in CE [106] or pseudostationary phase in micellar electrokinetic
chromatography [107]. In the study of Yuan et. al [108], CIL was applied as chiral
selector in HPLC and CE for resolving compounds included racemic alcohol, acid,
amino acid and amine etc. Therein, the interactions between chiral ionic liquid and
analyte were experimentally investigated. The complicated interactions between
the multifunctional CILs and the analytes could also be calculated theoretically
with a linear free energy approach [109].

The charged moieties was first introduced into cyclodextrin and applied as
charged chiral selector in CE by Terabe et al [110]. The application of charged
chiral selectors such as quaternary ammonium-B-cyclodextrin, sulfobutyl
ether-B-cyclodextrin, coboxylic-B-cyclodextrin successfully afforded
enantioseparation towards a broad range of pharmaceutical racemates [111, 112].
The combination of CE and mass spectrometry provided high separation efficiency,
sensitivity and on-line molecular structural elucidation [113]. A charged
coboxylic-B-cyclodextrin which was employed as stationary phase in CE appeared
to be pH responsible in the enantioseparation processes [114]. Tait et al.
demonstrated that the use of anionic chiral mobile phase additives effectively
increased the ‘“separation window” as the maximum opportunity for separation
might exist when the analyte and chiral selector migrated in opposite direction

[115]. Stalcup et al. developed sulfated B-cyclodextrin derivatives and applied
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them as chiral mobile phase additives in CE [116]. They also developed
chemically bonded sulfated B-cyclodextrin derivatives as CSPs in HPLC [117].
This type of negatively charged B-cyclodextrin derivatives had shown versatility in
enantioseparation of at least 16 racemates of pharmaceutical interests. The novel
anionic stationary phases exhibited considerable potential for multi-modal
retention properties and promised the development of more universal applicable
separation medium [118]. On the contrary, there are few reports on positively
charged B-cyclodextrin derivatives as CSPs in enantioseparations especially in
HPLC & SFC.

Recently, our group [119-121] has reported the syntheses of cationic
cyclodextrins containing imidazolium, pyridinium or ammonium moieties and
applied them as chiral mobile phase additives in CE. These cationic chiral selectors
are highly soluble in aqueous solutions or alcohol / aqueous medium. These
cationic chiral additives have demonstrated efficient enantioseparations for phenyl

hydroxyl acids, phenyl carboxylic acids and dansyl amino acids.

1.6 CSP immobilization methods

The most widely used CSPs can be classified into several categories:
polysaccharide CSPs, CSP based on synthetic polymers, protein CSPs,
cyclodextrin CSPs and macrocyclic antibiotic CSPs etc. [122].

CSPs based on polysaccharide and cyclodextrin derivatives are well
developed and commercialized for enantioseparations [123]. These chiral selectors

are immobilized onto silica gel either by physically coating or chemically bonding.
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Since there is no chemical bond between silica gel and the functional material in
coated CSPs, polar solvents such as chloroform and THF could swell or dissolve
the chiral selectors and should be prohibited from usage [124]. In order to develop
more robust CSPs, chemical immobilization of the chiral selector without the loss
of its chiral recognition ability is highly desirable and it would help extending the
range of applicable eluents. A more suitable eluent thus improves the chiral
selectivities [125].

The methods for chemically bonding of polysaccharides onto silica were
explored through variable reactions. Yamamoto et al. prepared immobilized CSP
by chemically bonding of part of the hydroxyl groups of the polysaccharide
derivatives to the amino group on the silica gel with diisocyanate [126]. These
immobilizations might have caused a change in the higher order structure of the
polysaccharide derivatives and the stronger bonding linker would make the

polyglucose ring tortuous, therefore their chiral recognition abilities were lowered.
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Figure 1.6 Immobilization of 3,5-dimethylphenylcarbamates of cellulose and
amylose with diisocyanate [126]

The addition of vinyl monomers into the radical polymerization reaction enabled
the efficient immobilization of the chiral selector without loss of chiral selectivities

[127]. In another investigation, Staudinger reaction was used to connect azido
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substituted polysaccharides with amino functionalized silica [128].
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Figure 1.7 immobilization of azido cellulose phenylcarbamate onto silica gel via
Staudinger reaction [128]

Our group facilitated direct immobilization of B-CD derivatives onto
stationary phases through Staudinger reactions [129]. Another direct
immobilization approach through catalytic hydrosilylation to bond vinylized B-CD
with bare silica gel was also reported by our research group [130]. On the other
hand, CD derivatives are usually immobilized onto the support indirectly. A
polymer or other compounds are often employed as an intermediate arm [131-133].
Chu et al. made a thermoresponsive CSP by attaching -CD moieties onto linear
poly(N-isopropylacrylamide) chains. The chains acted as microenvironmental
adjustors for B-CD molecules where high temperature would decrease the phase
transition coefficient and the inclusion constant of CD as well [134]. Buchmesier
et al. successfully applied ring-opening metathesis graft-polymerization in

synthesizing a series of bonded CSPs based on B-CD derivatives. The resulted
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CSPs were able to be used in a wide pH range from 2-10, however, a valuable

ruthenium based catalyst was used in this synthesis route [135-137].

o {OH)s

{OH)14

Jorepiuy

OH)g

(OH)q4

Figure 1.8 Immobilization of chiral f-CD based polymer via ring-opening
metathesis graft-polymerization [135]

The comparison between the natures of coated and bonded B-CD CSP was
made by Morcellet et al. The connection of B-CD onto silica surface through a
short grafting linkage would result in a reduced CSP porosity. Furthermore, coated
method was more preferable as non-toxic solvent and fewer reaction steps were
required, comparing with bonded method [138].

Similarly, CSPs based on synthetic polymers are also prepared through
physically coated [139, 140] or chemically bonded [141, 142] methods. Those
CSPs are sustainable with a larger pH range and higher sample loading, but
generally lower chiral recognition abilities were attainable than the polysaccharide

type CSPs [143]. The protein based CSPs are usually immobilized through
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crosslinking protocols. The most important ones are based on human serum
albumin (HSA) [144]. The CSPs based on proteins require restricted pH and
temperature operation conditions. Their loading capacities are insufficient for

preparative applications too [145].

1.7 Loading study

Amongst the techniques extensively applied in chemical and biological
analyses, electrophoretic methods such as CE and CEC provide high efficiency but
very low throughput of the product. LC and SFC have shown the advantages of
providing an appropriate output of optically pure intermediates for subsequent
synthetic work or medical treatments. Their utmost productivities are able to be
determined by the loading study performed on packed columns. Problems for

loading study are usually divided into two parts [146]:

i) Sample volume overload (peak efficiency is reduced)

i) Sample mass overload (non-linear isotherm causes peak distortion)

In the discussion of loading study, volume and concentration of the sample
can be overloaded if baseline separation is achieved (Rs > 1.5). The utmost loading
as well as output is able to be measured by increasing the amount of racemic
analytes until the separated ingredients disperse in the column and start to merge at
the outlet. This loading study is usually applied for evaluation of newly developed
CSPs and acting as an intermediate investigation for scaling up [147-150]. Welch

et al. had shown that the chromatographic schemes attained on microscale packed
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column, conventional analytical column and preparative column were comparable
[150]. In the loading study chromatography obtained on analytical column, it was
found the utmost loading of sample with concentration of 90 mg/ml appeared
when an injection volume of 150 pl was performed and its Rs was around 1.5.
Loading study on the analytical column achieved enantioseparation of an amount

up to tens of milligrams.

1.8 Scope of this thesis

The main objective of this project is to prepare a series of novel cationic
B-CD CSPs. The CSPs were prepared either by coating or bonding synthesized
cationic B-CD derivatives onto silica gel. Their chromatographic properties were

evaluated in HPLC and SFC with racemic compounds and drugs.

Efforts were made to investigate the relationship between the CSPs’ structures
and enantioseparations. The novel CSPs synthesized herein comprise a cationic
moiety which is different from conventional neutral CD based CSPs. Comparison
between our cationic CSPs and neutral CSPs with similar structures would reveal
the role of cationic moiety in enantioseparations processes. The influence of the
cationic substituent on enantioseparations is further evaluated through a
comparative study amongst imidazolium, pyridinium or ammonium moiety using a
broad range of conditions and racemic analytes. Besides the cationic substituents,

the cationic B-CD derivatives were fully derivatized with O-phenylcarbamate
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groups. CSPs with the same cationic imidazolium substituent were either fully
derivatized with O-phenylcarbamate or O-3,5-dimethylphenylcarbamate groups.
Their functions were being compared in the same condition in SFC and HPLC to
reveal these achiral and neutral substituents’ influences on enantioseparation.
Furthermore, in a detailed study on the CSPs structures, the substituent on the
cationic imidazolium ring was varied between methyl and n-octyl substituent. The

influence of the alkyl substituents’ length on enantioseparation is discussed.

In order to improve our CSPs’ performances in HPLC and SFC, optimal
methodologies were explored for bonding cationic -CDs onto stationary phases,
wherein hydrosilylation and radical co-polymerization approaches were adopted
and compared. As bonded cationic B-CD CSPs could tolerate a broad range of
mobile phases, the chiral selectivities and capacity factors were optimized by
varying mobile phase composition, pH and ionic strength. The discrepancies
between SFC and HPLC enantioseparation results on our bonded cationic f-CD
CSPs were observed. The possible interactions between analytes and cationic CSPs
in different conditions are discussed. Attempts were made to rationalize using
viable separation mechanisms. Furthermore, loading studies on our cationic CSPs

in SFC were also investigated.
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Chapter 2 Preparation and Application of
Coated Cationic Chiral Stationary Phases in
Normal Phase Liquid Chromatography and Supercritical

Fluid Chromatography
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2.1 Introduction

In the applications of charged chiral selectors, it was found that
enantioseparations were strongly dependent on the presence of opposite charges as
well as the structural compatibility between chiral selector and analyte [107].
Francois et al. [151] has found that applying the ionic liquids of ethyl- and
phenylcholine bis (trifluoromethylsulfonyl) amide alone did not afford any
enantioseparation on tested racemates. However, enantioseparations were
attainable by applying those chiral ionic liquids together with cyclodextrin
derivatives. A synergistic effect of the two selectors on enantioseparation was
suggested. Investigation on chiral ionic liquid has also showed that applying the
ionic liquid alone was unable to bring on enantioseparation. The cationic moiety in
the ionic liquid could probably afford one or two interaction sites while at least 3
interaction sites were needed according to Pirkle’s three-point model [152].
Accordingly, it would be interesting to investigate the chiral selector when the
ionic liquid also incorporated with the B-CD moiety. In our CSPs, the positive
charge was innovatively imposed onto CD rings through the imidazolium,
pyridinium or ammonium moiety. Intensive investigations on those cationic
moieties revealed their dual nature in their interactions with the analytes through
electrostatic and dispersive forces. Their capability of supplying multiple
interaction sites towards the analytes might be favorable to enantioseparations.

The procedure for coated CSPs’ preparation is simple and the surface

coverage of CD derivatives on CSPs can be easily adjusted. Coated CSPs are most
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widely employed, for example, commercial column Chiralpak AD® is prepared by
coating amylose tris(3,5-dimethylphenylcarbamte) onto underivatized silica;
Chiralcel OD® is prepared by coating cellulose tris(3,5-dimethylphenylcarbamte).
Both columns are widely applied for enantioseparations [153, 154]. In this chapter,
the coated CSPs were prepared by coating functional cationic B-CDs onto
underivatized 5 um spherical silica gel. As the loading of CD derivatives on coated
CSP can be facilely varied, CSPs of three different CD loadings were compared to
determine the optimal one for enantioseparation. The coated cationic CSP was
being compared with the corresponding chemical bonded neutral CSP, SINU-PC

[155], to evaluate its capabilities in enantioseparation.

. o
= Si—(CHy);-N-G-N
— Si—(CHa); — (OR)s

-,

- O
)_‘k SINU-PC
(0]

Figure 2.1: Structure of SINU-PC

(OR)q4

2.2 Preparation of coated cationic CSPs

2.2.1 Synthesis of cationic 3-cyclodextrins

As depicted in Scheme 2.1, the cationic p-CD derivatives (3a-3e) with
cationic substituent of imidazolium, pyridinium and ammonium moiety at the
6-position  were  successfully  prepared  through  reactions  between
6”-O-toluenesulfonyl-B-CD (2) with imidazole, pyridine or amines in anhydrous

DMF with excellent yields using established procedures [156].
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The ESI-MS results of the cationic B-CD tosylate matched up with the
calculated molecular mass (table 2.1). The NMR resonance peaks also
corroborated the success of linking cationic moiety onto B-CD. In the NMR
spectra of 6”-(3-alkylimidazolium)-B-CD tosylate, three aromatic peaks presented
hydrogens on the cationic imidazolium ring which appeared downfield between 6
7.6 t0 9.4 ppm. In the NMR spectra of 6”-(4-vinylpydinium)-B-CD tosylate, the
characteristic peaks of hydrogens on the cationic pyridinium ring appeared
downfield between & 85 and 8.9 ppm. In the NMR spectra of
6”-(N,N-allylmethylammonium)-B-CD tosylate, the hydrogen on the positively
charged nitrogen depicted chemical shift at 6 7.96 ppm. Those hydrogens on the
cationic substituent were more deshielded than the hydrogens on the neutral

moiety of the molecule and therefore easily characterized.

Table 2.1: ESI-MS [M] Results of Cationic p-CD Tosylate

Code 3a 3b 3c 3d 3e
Calculated 1199.4 1297.5 1211.4 1222.4 1188.4
Found 1199.6 1297.7 1211.4 1222.2 1188.3

As it was tested that the cationic B-CD with chloride anion exhibited better
enantioseparation abilities over those with tosylate anion when they were applied
as chiral mobile phase additives in CE [121], anionic exchange were performed on
the cationic B-CD tosylates using Amberlite resin chloride. The characteristic
NMR peaks of tosylate group in the aromatic region between 6 7.0 and 7.5 ppm
are no longer manifested, while the other resonance peaks ascribable to the

remaining cationic $-CD moiety are unchanged.
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On the other hand, prior investigative work on modified f-CD has shown that
carbamoylated B-CD derivatives afforded higher chiral selectivities compared with
those simply functionalized with ester, phenyl or carbonyl groups. It was shown
that the O-phenylcarbamate groups on the carbamoylated CSPs 