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Abstract

Abstract
Chiral drugs are non-superimposable mirror images of the same molecule, and hence,
different enantiomers originate. Enantiomers have the same physical and chemical
properties but are sometimes different in potency and toxicity. In the 1960s, the S
enantiomer of thalidomide caused birth defects in 12,000 babies, whereas the R form is
the one that has the therapeutic activity. Therefore, obtaining a pure enantiomer is
sometimes extremely important. Among the most widely used methods to access
enantiomers; kinetic resolution, crystallisation and enantioselective chromatography
proved competency. Chromatography has attracted a lot of interest in chiral resolution due
to its excellent efficacy in the separation of racemic pharmaceuticals in short time. Several
analytical techniques are available for chiral separations including gas chromatography,
supercritical

fluid

chromatography,

capillary

electrophoresis,

capillary

electrochromatography and High-performance liquid chromatography. Separations via
high-performance liquid chromatography represent the most prominent method which has
many advantages, such as high separation efficiency, good selectivity, high detection
sensitivity, automatic operation, a wide range of applications, the column can repeatedly
be used, the sample is small, easy to recycle.
Miniaturization is a current trend sweeping across all areas of separation science, and
indeed the development of stationary phases for use in nano-high-performance liquid
chromatography is an area of increasing interest, due to less cost and higher efficiency.
Nano-high-performance liquid chromatography uses microfluidic techniques, which
integrated narrowed column inner diameter (10-300 μm) and decreased flow rate (2001000 μL/min). The monoliths stationary phases used in nano systems offer advantages
over conventional particle-packed equivalents, due to their dual pore distribution,
V
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enhanced mass transferability and relatively wide macropores allowing high flow rates
with minimal backpressures. Inorganic silica-based monoliths are particularly
advantageous due to their wide range of solvent compatibility and ease with which their
surface may be derivatised.
In this project, the recently commercialised conventional CHIRALPAK IG column was
investigated for the enantioselective separation of a set of pharmaceuticals under standard,
non-standard and reversed phase mobile phase condition. A further modified sub 2-micron
version of the same column was also investigated for the enantioselective separation of
racemates and compared with other investigated columns. The results revealed that
shortening the column length, internal diameter and using sub 2-micron silica particles
size for immobilisation are all beneficial for faster and baseline separation of a set of
pharmaceuticals.
In an attempt to fabricate a cost-effective column with similar characteristics to the
commercially available conventional columns, hybrid-type native silica monolithic
capillary columns (100 μm i.d) were prepared in eight generations and tested for efficiency.
Characterization of the monoliths morphology was elucidated using scanning electron
microscopy.

Surface

coverage

of

the

monolith

with

anchor

group

was

chromatographically evaluated, with modification process repeated if necessary. Nanohigh-performance liquid chromatography is used to separate enantiomers by
immobilisation of a chiral selector namely functionalized proline, sulphated betacyclodextrin and bacitracin on polymer-based monolithic columns. The new chiral
stationary phases were screened for enantioselective separations using a variety of racemic
pharmaceutical

compounds

(n=47)

using

reversed

phase

(methanol/water,

acetonitrile/water) chromatography modes. The results revealed that; regarding resolution
(Rs) and separation factor (α), the functionalized proline column showed good
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performance in the separation of small molecules. In particular, under the 10% acetonitrile
in copper sulphate (0.001mol/L copper(II) sulphate in water) (v/v) mobile phase. On the
other hand, under similar condition, the sulphated β-cyclodextrin column did not
demonstrate good performance in separation as functionalized proline column, and the
best range of the mobile phase was 7/93 (v/v) and 10/90 (v/v) methanol/water. The
bacitracin column did not show good performance in separation as functionalized proline
column; however, the results are better than the sulphated β-cyclodextrin column with
3/97/0.1 (methanol/water/tetrahydrofuran) as an ideal mobile phase system for the
separation of the investigated compounds.
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Chapter 1:
LITERATURE REVIEW
1.1. Introduction
Many pharmaceutics and herbicides are chiral. They exist as two incongruent
stereoisomers called enantiomers. As optical isomers, they rotate linearly polarised light
in opposite directions although they are generally known to have similar physical
properties (e.g., melting point, hydrophobicity, etc.) and they can behave quite differently
to one another in a chiral (asymmetric) environment. Since biological processes tend to
involve chiral chemicals (e.g. enzymes), chirality constitutes an important topic in drug
development [1]. The United States Food and Drug Administration (FDA) requires
toxicology testing for racemates, even if a company plans to market a single isomer. If an
adverse effect is found to be associated with the racemate, FDA suggests contacting the
agency on whether similar studies are required of the enantiomers. In such case, the FDA
requires that only the active drug enantiomer (the eutomer) is produced by
enantioselective access (e.g., via asymmetric synthesis, resolution via diastereomers,
kinetic resolution, enzyme catalysis, chirality pool approach). The inactive enantiomer
(the distomer) constitutes ‘isomeric ballast’, or it may be highly toxic. In the case of
thalidomide, one enantiomer possessed the required therapeutic effect, while the other was
eventually shown to be teratogenic causing birth defects in the unborn babies. While the
use of enantiomerically pure drugs may appear to be a viable solution to such a problem,
configurationally unstable stereoisomers like thalidomide may interconvert (known
variously as enantiomerisation, enantiomeric inversion or racemisation) [2]. The
thalidomide tragedy could have been avoidable, had the physiological properties of the
individual enantiomers been identified, separated and tested before commercialisation.
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Enantioselective chromatography has been well documented as a powerful, contemporary
and practical technique for the chiral separation of racemic drugs, food additives,
agrochemicals, fragrances and chiral pollutants [1, 2]. This technique is several steps
ahead of other previously reported methods to access pure enantiomers; including
synthesis from a chirality pool, asymmetric synthesis from pro-chiral substrates and the
resolution of racemic mixtures [3]. The separation of racemic mixtures has been
considered the most feasible method for industrial applications compared to the time
consuming and expensive synthetic approaches [4].
Remarkable developments have been achieved in enantioselective chromatography since
the first chiral separation of enantiomers using chiral stationary phase (CSP) in the midsixties [5]. Following this development, several subclasses have emerged as well
established chromatographic techniques with outstanding applications in chiral separation
like electrochromatography (EC), supercritical fluid chromatography (SFC), countercurrent chromatography (CCC), gas chromatography (GC), and high-performance liquid
chromatography (HPLC) [6].
Most enantioselective separations are performed by direct resolution using a CSP where
the chiral selector (CS) is adsorbed, attached, bound, and encapsulated or immobilised to
an appropriate support to make a CSP. The enantiomers are resolved by the formation of
transient diastereomeric complexes between the CSP and the analyte. Thousands of CSPs
have been reported, with hundreds commercialised [7]. Among the existing CSPs, those
prepared from polysaccharides such as cellulose and amylose, attract more attention due
to their robust separation capability. In general, the development of chemically postmodified polysaccharides is the mainstream trend in the commercial and non-commercial
CSPs. Commercially available polysaccharide-based CSPs mainly include cellulose and
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amylose as CSs adsorbed, bonded, encapsulated or immobilised [7-14]. Moreover,
commercially available CSs are classified according to their type into: molecularly
imprinted polymers (MIPs), ligand exchange type, cellulose and amylose derivatives,
cyclodextrin/s derivatives, protein and glycoprotein based, ion-exchange type, donoracceptor type (Brush/Pirkle type) and macrocyclic antibiotics based. (Table 1.1) [15] This
has been previously reviewed by many researchers. On the other hand, several noncommercialised CSs are still widely used uptill today such as: chitosan, chitin, glycogen,
pectin, amylopectin and others, have not been reported.

Categories
Chiral Selectors
Molecularly Imprinted
Chiral crown ether
Polymer (MIP)

Support
CROWNPAK®CR

CHIRALPAK® OP
(+)
Cellulose/amylose
Cellulose tris (3,5-dimethylphenylcarbamate), YMC® CHIRAL
Derivative
Amylose tris (3,5-dimethylphenylcarbamate)
ART
Cyclodextrin/
s
YMC® CHIRAL
β-cyclodextrin
derivates
CD BR
Protein
and
CHIRALPAK®
α1-acid glycoprotein
glycoprotein based
AGP
CHIRALPAK®
Ion exchange type
O-9-(tert-butylcarbamoyl) quinine
QD-AX
Ligand Exchange type

Amino acids and its derivatives

Donor-acceptor type

1-(3,5-dinitrobenzamido)-1,2,3,4tetrahydrophenanthrene

Whelk-O® 1

Table 1.1: List of different types of chiral selectors

Herein, the thesis focus is on non-commercialised polysaccharides used as CSs including
chitosan, chitin, glycogen, pectin, amylopectin and others. Furthermore, non-commercial
cyclodextrins and cyclic peptide as CSPs in HPLC are briefly discussed to match the
investigation in this thesis. With special emphasis on 1) the analytical ability of CSs and
2) factors that influence the separation ability with a possible way of improvement.
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1.2. Chiral selectors
Commercially available CSPs derived from cellulose tris(3,5-dimethylphenylcarbamate)
(CDMPC) and amylose tris(3,5-dimethylphenylcarbamate) (ADMPC) have been the first
choice for enantioselective separation of racemates for the past decade or so [16-23].
However, to match the evolving trend in chiral separation, several non-commercialised
CSPs have been developed. Among which, chitosan, chitin, glycogen, pectin, amylopectin
and others; and also, the CDs and cyclic peptide as CS showed promising results.

1.2.1. Chitosan
Chitosan has a similar structure to that of cellulose where an amino group at C2-position
in chitosan but a hydroxyl group at C2-position in cellulose. The similarity in structure
implies possible similar satisfactory enantioselective separation capability. Chitosan is a
linear polysaccharide consisted of β-(1→4)-linked D-glucosamine and N-acetyl-Dglucosamine generally prepared via the deacetylation of chitin. In 1997, Kuravchi et al.
prepared N-carboxymethylated chitosan (NCMC) by N-carboxymethylation followed by
modification with 6-amino-6-deoxy-β-cyclodextrin. The prepared chitosan derivatives
were attached to a macroporous silica gel and used as a stationary phase for chiral HPLC
separations of 2,4-dinitrophenyl-α-amino acids. The low substitution degree of the
stationary phase β-cyclodextrin-NCMC exhibited a lower enantioselectivity than the
highly substituted β-cyclodextrin-NCMC in spite of similar amount of the immobilised βcyclodextrin (β-CD) moiety. [24]
In further report, Okamoto et al. used and compared the 3, 5-dimethylphenylcarbamates
of chitosan, xylan and the 3,5-dichlorophenylcarbamate of galactosamine as CSPs in
HPLC. The results revealed relatively high chiral recognition ability when compared with
nine new 3,5-dichloro- and 3,5-dimethylphenylcarbamates of polysaccharides as CSPs in
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HPLC. Their results suggest that the selection of the best CSP is unpredictable, and further
experimentation is required to achieve better or similar results. It demonstrated that the
new CSPs used to separate some enantiomers were better resolved on xylan bis(3,5dimethyl- or 3,5dichlorophenylcarbamate) (Figure 1.1). [25]

Figure 1.1: Separation of enantiomers of dichloroisoproterenol, nicardipine, and
tolperisone
on
bis(3,5-dimethylphenylcarbamate)
and
bis(3,5dichlorophenylcarbamate) of xylan. Eluent: hexane-2-propanol (98/2) and
hexane-2-propanol (90/10). Flow rate: 0.5 ml/mm 25
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In 1998, Franco et al. compared the enantioselectivity of three polysaccharides of the
mixed 10-undecenoyl/ 3, 5-dimethylphenylaminocarbonyl derivatives of amylose and
chitosan immobilised on allyl silica gel of an analogous cellulose-derived CSP previously
prepared. The chitosan derived CSP (CSP3) showed superior discrimination ability when
using both heptane–2-propanol (2-PrOH) and heptane–chloroform mixtures as the mobile
phase (MP). The authors asserted that the new polysaccharides based CSPs could be
further developed to a promising field of study, because of their ease of preparation and
high stereoselectivity (Figure 1.2). [26]

Figure 1.2: Resolution of lorazepam on CSP3 using as mobile phase (a) heptane–2propanol (90:10, v/v), (b) 100% chloroform 26
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A series of mixed chitosan derivatives (10-undecenoyl/phenylaminocarbonyl or benzoyl)
were prepared, characterised and immobilised on allyl silica gel. The influence of the
starting polysaccharide material is discussed, as well as that of the MP modifiers on the
preparation and performance of the resulting CSPs. Highly substituted derivatives showed
better enantioselectivity due to improved solubility while the amount of acetyl group has
an insignificant impact on enantiorecognition (Figure 1.3). [27]
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Figure 1.3: Resolution of some racemic test compounds on different chitosan-based
CSPs (flow rate: 1 ml /min; UV detection: 254 nm, except otherwise indicated) 27
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Li et al. prepared CSP with 1,1-carbonyldiimidazol. A film of hydrophilic chitosan was
covalently coupled on the aminopropyl silica before immobilisation of bovine serum
albumin (BSA) which can weaken the hydrophobic interaction between enantiomers and
albumin and decrease the retention time (Rt) of the enantiomers. A decrease in Rt. from
39 min to 8.74 min have been noted. Due to the presence of the hydrophilic chitosan; the
retention factor (k) of the racemic tryptophan was significantly reduced. The time required
for resolving the corresponding counterpart is shortened, and a large amount of MP is
saved, and the optimum chromatographic conditions are determined by examining various
MPs and injection conditions (Figure 1.4). [28]

Figure 1.4: Comparison of retention of D, L-tryptophan on the column I (a) and
column II (b) 28
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In 2007, Son and Jegal reported that chitosan was modified with N-nicotinoyl-Lphenylalanine and 3, 5-dimethylphenylisocyanate to prepare a CSP for the HPLC
application, especially for the separation of optical isomers of a series of α-amino acids
(Figure 1.5). The modified chitosan prepared in this study showed good solubility in
several organic solvents and was easy to handle when coating the silica particles to prepare
chiral HPLC column with good chiral separation capabilities under a wide range of
temperatures. [29]

Figure 1.5: Scanning electron microscope photographs of silica particles before and
after coating with the CSP based on chitosan; (a) before coating, (b) after coating,
and (c) the magnification of the coated surface 29
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In a related report, Potekhina et al. investigated the enantioselectivity of several basic
compounds, including fluoxetine, chlorcyclizine, pindolol, and other medicinals by a new
sorbent-based on silica gel modified by N-(3-sulfo,3-carboxy)-propionylchitosan (SCPC
modified silica gel). This sorbent has been synthesised, and its chromatographic properties
have been studied. The selectivity and resolution in polar-organic HPLC (PO-HPLC) is
in general better than in reversed-phase HPLC (RP-HPLC). The high resolutions are
related to the high-performance of the column (Figure 1.6). [30]

Figure 1.6: Chromatogram for fluoxetine enantioseparation (MP, methanol: 0.05%
triethylamine (50: 50); pH 4.6; flow rate, 1 ml/min; λ = 230 nm) 30
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Yammoto et al. prepared deacetylated chitosan by treatment of commercial chitosan with
50% aqueous sodium hydroxide (NaOH). This was then derivatized into several new
chitosan phenylcarbamate derivatives having urea and an imide moiety at the 2-position
of the glucosamine ring by the reaction with isocyanate and phthalic anhydride/isocyanate,
respectively. The chitosan derivatives were coated on macroporous silica gel and
evaluated as CSPs for HPLC which improved the chiral recognition ability by using the
completely deacetylated chitosan (Figure 1.7). [31]

Figure 1.7: Resolution of cobalt(III) tris(acetylacetonate) on chitosan carbamateimide derivative 31
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In a related article, a novel cationic hydrophilic interaction monolithic stationary phase
has been prepared by Lü et al. where carboxymethyl chitosan (CMCH) was attached to
the monolithic silica skeleton using carbodiimide as an activation reagent then used in
capillary liquid chromatography (CLC) (Figure 1.8). The amino and hydroxyl moieties of
CMCH acted as both the ion-exchange sites and polar providers. The separation of polar
acidic compounds studied the performance of the column. The chitosan functionalized
monolithic silica column showed good selectivity for aromatic acids and aliphatic acids.
The results revealed that these compounds were separated primarily based on the
hydrophilic interaction mechanism. [32]

Figure 1.8: Scheme for the chemical modification of the monolithic silica column
using carboxymethyl chitosan. 32
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Chen and Hsieh subsequently reported the copolymerisation of glycidyl methacrylate
(GMA)-modified nano-chitosan with methacrylamide (MAA) and bis-acrylamide crosslinkers (forming the MAA-CS (methacrylamide chiral stationary) capillary) rather than
the attachment of nano-chitosan to the copolymer of GMA, MAA, and bisacrylamide
(forming the MAA-CS capillary). For tryptophan, because of the poor loading of CSs in
the capillary during fabrication, the MAA-CS capillary showed satisfactory resolution.
The new CSP; however, has its limitations albeit the enantiomer separation of the two
groups of alpha-tocopherol stereoisomers (Figure 1.9). [33]

Figure 1.9: Enantioseparations of the tryptophans in the MAA-CS capillary of (60
cm (55 cm) X75 mm id). Conditions: BGE, Tris buffer, 100mM at pH equals (A) 8.5,
(B) 9.5, (C) 10.5, and (D) 9.5 with the addition of 10% v/v Methanol. The applied
voltage was 15 kV. Samples: hydrostatic injection of 10 cm for 5 s and detection at
214 nm. Peak corresponds to (1) D-tryptophan and (2) L-tryptophan 33
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Two new capillaries (3-glycidyloxypropyl) trimethoxysilane-chitosan (GTS–CS) and
hydrosilation-chitosan (SiH–CS–s) were prepared by Chen et al followed by a
comparative study between GTS–CS, SiH–CS–s, (3-glycidyloxypropyl)trimethoxysilanebovine serum albumin (GTS–BSA) and methacrylamide-chitosan (MAA–CS) capillary
prepared by the copolymerisation of chitosan with methacrylamide. The crosslinking
agent (succinic acid) was crucial for CS loading and the chiral resolution potential.
Noteworthy, no resolution of the tryptophan enantiomers was observed for the GTS–CS
capillary without adding succinic acid. The GTS–CS–s capillary exhibited better
resolution than the SiH–CS–s capillary. Although the column efficiency and the resolution
of the tryptophans separated in both capillaries were not superior than MAA–CS capillary,
the performance of the GTS–CS–s capillary was close to that of the GTS–BSA capillary,
in which the fixed CS, BSA, demonstrated stronger chiral recognition of tryptophan with
a separation factor (α) of 4.0 than CS (α = 1.4-1.6). For the chiral separation of (±)catechin, the electrostatic repulsions between the anionic catechins and the succinic acidmodified phases greatly affected the performance of the GTS–CS–s and SiH–CS–s
capillaries while the performance of the MAA–CS capillary was hindered by the
hydrogen-bonding between the five catechin hydroxyl groups and the polyacrylamide
backbone. For the acidic racemates, 2-phenylpropionic acid and its derivative ibuprofen,
their chiral separations could achieve the satisfactory resolutions (Figure 1.10). [34]
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Figure 1.10: Enantioseparations of L-phenylcarboxylic acids in the GTS–CS–s and
SiH–CS–s capillaries. (A) BGE used in the GTS–CS–s capillary (60 cm (55 cm) ×75
m internal diameter): borate buffer, pH 7.5, 30 mM. (B) BGE used in the SiH–CS–s
capillary (60 cm (55 cm) ×75 m internal diameter): borate buffer, pH 8.0, 10 mM.
The applied voltage was 25 kV. Samples: hydrostatic injection of 10 cm for 5 s and
detection at 214 nm. Samples: (1) 2-phenylpropionic acid; (2) ibuprofen 34
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Carbamylation is a potent modification that has been widely documented to improve
enantioselective recognition of naturally occurring CSs [35]. The chitosan has first been
carbamylated by Han et al., thus a silica-based chitosan tris(3-chlorophenyl carbamate)
derivative CSP was used for the enantioseparation of nine racemic compounds in the
normal phase (NP) mode by HPLC. The effect of the modifier type and percentage on the
optimisation of the resolution was studied. The separation of Epoxiconazole using this
CSP was comparable with those attained by Chiralcel OD-H and Chiralpak AD-H
columns. Among the tested racemates, seven racemic compounds were separated the
quickest on the CSP of chitosan tris(3-chlorophenylcarbamate). Baseline or near-baseline
separation was achieved for benzoin, penconazole, hexaconazole, and epoxiconazole,
while the others were partially separated (Figure 1.11). [36]

Figure 1.11: Enantioseparation chromatograms for chiral compounds: a benzoin, b
penconazole, and c epoxiconazole [n-hexane/2-propanol (v/v, a and b) = 95:5;
hexane/1-propanol (v/v, c) = 95:5] 36

17

Chapter 1
An open-tubular (OT) column coated with chitosan–silica hybrid using chitosan and
silane-coupling agent (γ-glycidoxypropyltrimethoxysilane, GPTMS) was developed for
use on capillary electrochromatography (CEC) (Figure 1.12). Chitosan was covalently
bonded

to

the

inner

wall

of

a

fused-silica

capillary

using

γ-glycidoxy-

propyltrimethoxysilane as a cross-linking agent. The stationary phase was hydrophilic due
to plentiful amine and hydroxyl functional groups of the chitosan–silica hybrid. While the
mechanism for the separation was based on the hydrophilic and electrostatic interactions
combined with the electrophoretic mechanism. The used CEC method compared to
capillary electrophoresis (CE) method in a bare capillary where CS/GPTMS-coated OT
column by CEC proved a possible alternative to CE. [37]

Figure 1.12: Scheme of the CS silica hybrid OT column prepared using CS and
GPTMS 37
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A further modification of the chitosan/silica hybrid monolith has been introduced by Yao
et al. via covalently immobilising BSA to the column (Figure 1.13). The covalent binding
of proteins onto a monolithic matrix was investigated to overcome the drawback of loss
and/or denaturing of the biomolecules from physical adsorption and encapsulation method.
The enantioseparation of D, L-tryptophan by CEC was investigated using the prepared
column. A resolution of 2.44 have been achieved using 20 mmolL-1 phosphate buffers at
pH 7.5. A higher chitosan concentration was achieved using acetic acid as solvent. The
much shorter Rt and increased separation ability demonstrate the advantages of the
capillary column under investigation. [38]

Figure 1.13: Scanning electron microscope photograph of the monolithic column
with covalently linked BSA. 20 kV, WD 4 mm, and magnification 1080X 38
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In 2012, Chen and Syu compared three different approaches for the immobilisation of
cross-linked chitosan molecules (CS-s) in sol–gel phases to form chiral OT-CEC
capillaries (column I, a bare capillary was first silanized with triethoxysilane (TEOS) and
then reacted with the reaction product of 3-glycidyloxypropyltrimethoxysilane (GTS) and
CS-s. Column II was prepared by the silanization of a bare capillary with a mixture of
TEOS and GTS silanes followed by reaction with CS-s. For the preparation of column III,
all reagents, including TEOS, GTS, and CS-s were reacted together in a bare capillary.
The hydrophobic tryptophan and catechin enantiomers were better separated by columns
I and II (Figure 1.14). [39]

Figure 1.14: Enantioseparations of (d/l)-Trp in the CS-immobilised sol–gel
capillaries. (A) column I (60 cm (55 cm) ×75 um internal diameter); (B) column II
(60 cm (55 cm) ×75 um internal diameter); (C) column III (44 cm (38 cm) ×75 um
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internal diameter); and (D) GTS–CS-s (60 cm (55 cm) ×75 um internal diameter).
BGE: Tris buffer, 50 mM, (A) pH 10.0; (B) pH 9.5 with 20% Methanol; (C) pH 9.0
with 50% Methanol; and (D) pH 8.5. The applied voltage was 10 kV except for (D),
which was 15 kV. Samples: hydrostatic injection of 15 cm for 10 s and detection at
214 nm. Peaks correspond to (1) l-Trp, and (2) d-Trp 39

In 2014, Ring opening metathesis mediated polymerisation (ROMP) for the continuous
assembly of polymers (CAP) was used for the fabrication of the immobilised-type CSPs
for the enantiomeric separation. The chiral recognition abilities of the CSPs were explored
using LC. The results revealed that an increase in the quantity of polysaccharide cross –
linked films enhance chiral separation capabilities. The re-initiation reactions can
respectively, improve the polysaccharide content by 8 and 44 weight % for chitosan- and
amylose-based macro-cross-linkers. (Figure 1.15) [40]
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Figure 1.15: a) General scheme of CAPROMP reinitiation on mesoporous silica
particles with amylose-based macrocross-linker P2. b) TGA analysis of the CSPs
fabricated via single CAPROMP step (L1) (red) and after two reinitiation steps (L3)
(blue) with P2. c) fabricated by a single CAPROMP reaction, and d) after two
additional reinitiation steps. a) General scheme of CAP ROMP reinitiation on
mesoporous silica particles with amylose-based macrocross-linker P2. The graphs
indicate percentage weight loss with increasing temperature, which results from
degradation of the amylose-based P2 films. The degradation of P2 occurred between
230 to 480 8C. UV absorbance at 254 nm (left panel) of trans-stilbene oxide M2 after
being passed over column C2 packed with P2-based CSPs, c) fabricated by a single
CAP ROMP reaction, and d) after two additional reinitiation steps. Right panels in
c) and d) show the ratio of area under the peak between the two enantiomers. Low-
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resolution UV traces of some fractions are due to high noise/peak area ratio at low
sample concentrations 40

Zhang et al., prepared chitosan bearing different 4-Chlorophenylcarbamate–Urea and
evaluated their chiral recognition abilities as CSPs for HPLC. The derivative containing
pure 3,6-dicarbamate and 2-urea structure showed higher chiral recognition for most of
the racemates in comparison to the other derivatives bearing biuret or allophanate
substituents (Figure 1.16). Furthermore, the previous derivative containing pure 3,6dicarbamate and 2-urea structure is implying that the current condition can lead to the
chitosan derivatives with preferable structures. The resolution of some racemates could
remarkably be improved on the coated chitosan-based CSPs by using non-standard
solvents, such as chloroform and methanol (MeOH). [41]

Figure 1.16: Possible structures of chitosan derivatives and chromatogram for the
Rs of racemate 5 on CSP-a 41
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Inspired by the results of chitosan phenyl carbamate urea derivatives and to deliver a
systematic study about the position, number, and nature of the substituent on the phenyl
group, Zhang et al. synthesised fourteen chitosan 3,6-diphenylcarbamate-2-urea
derivatives starting with well-deacetylated chitosan and the corresponding phenyl
isocyanates followed by coating on silica gel. The derivatives were evaluated for their
chiral recognition abilities when used as CSPs in HPLC. These coated-type CSPs
exhibited different chiral recognition abilities depending on the position, nature, and the
number of the substituents introduced on the phenyl group. The introduction of either an
electron-withdrawing or an electron-donating substituent improved the chiral recognition
of the CSPs. Among the CSPs, the 2-substituted CSPs showed low chiral recognition
abilities, while those with 3,5-dimethyl and 3,5-dichloro substituents showed relatively
higher chiral recognition abilities, hence, the baseline separation of some racemates. In
addition, the CSPs demonstrate solvent versatility with non-standard eluents such as
chloroform compared to other coated polysaccharide-based CSPs. A number of racemates
were more efficiently resolved with the investigated non-standard eluents (Figure 1.17).
Remarkably, some racemates resolution has been improved when using eluents containing
chloroform and ethyl acetate, which cannot be used with the cellulose and amylose-based
coated-type CSPs. [42]

24

Chapter 1

Figure 1.17: Structure and chromatograms for the Rs of racemate 2 in hexane/2propanol (90/10, v/v) (I) and hexane/chloroform/2-propanol (90/10/1, v/v/v) (II) on
derivative 42
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Zhang et al. developed new CSPs with high chiral recognition capability and high
compatibility with the non-standard organic solvents. Seven new chitosan bis(phenylcarbamate)-(N-cyclobutylformamide) derivatives were developed and used as
CSPs in HPLC, (Figure 1.18). Compared to the well-identified CSPs of CDMPC and
ADMPC, the newly derivatized CSPs showed enhanced separations for some analytes.
[43]

Figure 1.18: Preparation scheme of CSs 1-7 and CSPs 1-7 43
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A further trial preparing non-standard solvents compatible with chitosan based CSP has
been conducted by Feng et al. were chitosan was firstly acylated by various alkyl
chloroformates yielding chitosan alkoxyformamides, then derivatized with 4methylphenyl

isocyanate

to

afford

chitosan

bis(4-methylphenylcarbamate)-

(alkoxyformamide). A series of CSPs were prepared by coating these derivatives on 3aminopropyl silica gel. The content of the derivatives on the CSPs was nearly 20% by
weight.

The

CSPs

prepared

from

chitosan

bis(4-methylphenylcarbamate)-

(ethoxyformamide) and chitosan bis(4-methylphenylcarbamate)-(isopropoxyformamide)
comparatively showed better enantioseparation capability than those prepared from
chitosan bis(4-methylphenyl carbamate)- (n-pentoxyformamide) and chitosan bis(4methylphenylcarbamate)-(benzoxyformamide). Chitosan bis(4-methylphenylcarbamate)(ethoxyformamide) was revealed to withstand 100% ethyl acetate and 100% chloroform
mobile phases. The corresponding CSPs can be utilised in a wider range of mobile phases
in comparison with conventionally coated type CSPs of cellulose and amylose derivatives.
(Figure 1.19) [44]

Figure 1.19: Preparation scheme of chitosan derivatives and CSPs 1–4 44
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Tang et al. prepared chitosan derivatives coated onto 3-aminopropyl silica particles
synthesised by carbamylating chitosan isobutyrylamide with different methylphenyl
isocyanates, resulting in a series of new CSPs for HPLC. The observed chiral recognition
abilities of these coated-type CSPs significantly rely on the phenyl moieties substituents
of the chitosan derivatives, the eluent composition, as well as the structure of racemates.
The chitosan isobutyrylamide derivatives CSPs demonstrated excellent chiral recognition
ability, and meanwhile possessed satisfactory eluent tolerance in a wider range of solvents
(Figure 1.20). [45]

Figure 1.20: Chromatograms for the Rs of troger’s base in n-hexane/isopropanol on
Chitosan bis(3-methylphenylcarbamate)-(isobutyrylamide) (CSP5), amylose
tris(3,5-dimethylphenylcarbamate -based CSP (CSPa) and ellulose tris(3,5dimethylphenylcarbamate -based CSP( CSPb) 45
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In 2017, Wang et al. developed coated type CSPs with excellent enantioseparation
capability and high tolerance against MPs. The CSPs consisted of synthesised chitosan
bis(3,5-dimethylphenylcarbamate)-(alkyl urea)s coated on 3-aminopropyl silica gel. The
newly prepared CSPs exhibited promising prospects for enantioseparation of several
chiral compounds (Figure 1.21). [46]

Figure 1.21: Enantioseparation comparison of hitosan bis(4-chlorophenylcarbamate)-(isobutyrylamid (CSP 1) under different conditions. A: total numbers
of the compounds chirally recognized and baseline separated by CSP 1; B:
chromatograms of compound 10 resolved by CSP 1. Eluent: n-hexane/ethanol
(90/10). Conditions: I: the initial separation results; II: the separation results after
CSP 1 was flushed with pure ethyl acetate; III: the separation results after CSP 1
was flushed with pure ethyl acetate and acetone 46

Alternative derivatives of chitosan offer a possibility of enhancing the analytical ability,
along with a broader eluent tolerance in a wider range of solvents, considering the
enhanced racemates resolution under a mixture of chloroform and ethyl acetate.
Furthermore, chitosan used in conjunction with albumin have been shown to reduce
hydrophobic interactions between enantiomers and albumin and hence reduce the Rt of
enantiomers.
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1.2.2. Chitin
Chitin is a kind of long-chain polymer of an N-acetylglucosamine found in a lot of places
throughout the natural world. The structure of chitin is comparable to cellulose; chitin has
been used for several medicinal, industrial and biotechnological purposes. Chitin bis(ary1
carbamate)s were coated onto APS-Hypersil column, using tetrahydrofuran (THF) and
N,N-dimethylacetamide (10:1 v/v) as a solvent. The CSPs prepared (CSP-1 and CSP-2)
(Figure 1.22) were tested for the enantioseparation of a series of structurally different
chiral compounds. It is known that chitin isolated from the same animal varies in the
length of its molecular chain, number of acetyl groups, and in its crystallinity. Therefore,
the investigated non-commercial chitin demonstrated elemental analysis indicating a
higher degree of derivatisation of hydroxyl groups. As with CSP-1 and CSP-2, the CSP3 derivative was coated onto the support in 15% w/w ratio. The resulting column was
evaluated with the previously selected racemic compounds and showed an increase in
resolution when compared with CSP-1 and CSP-2. Because of its higher solubility and
reactivity, the chitin has a good resolving ability. [47]

Figure 1.22: Structure of chiral phases CSP-1 to CSP-4. CSP-1 and CSP-2: Sigma
chitin. CSP-3 and CSP-4: CETEDRE chitin 47
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In 2000, Yamamoto et al. used the chitin carbamate derivatives namely 4-substituted and
3,5-disubstituted phenylcarbamates, 1-phenylethylcarbamates, and cycloalkylcarbamates
to synthesis and coat on macroporous silica gel. This was followed by a study to
demonstrate their chiral recognition abilities as CSPs in HPLC. The new chitin carbamate
derivatives as the CSPs in HPLC were significantly influenced by the substituents on the
phenyl groups, and the derivatives, the 3,5-dimethylphenyl, 4-chlorophenyl, and 4trifluoromethylphenylcarbamates have high-chiral recognitions in enantioseparations.
Chitin phenylcarbamates have a higher chiral recognition ability to cellulose and amylose
due to the phenylcarbamates acetamide residue which played the same important role for
recognition enantiomers similar to phenylcarbamate residue (Figure 1.23). [48]

Figure 1.23: Rs of benzoin on chitin bis(3, 5-dichlorophenylcarbamate) 48
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In 2003, Yamamoto et al. used three chitin derivatives, 3,6-bis(phenylcarbamate), 3,6bis(3,5-dimethylphenylcarbamate), and 3,6-bis(3,5- dichlorophenyl carbamate) to
develop and identify their chiral approval abilities as CSPs for HPLC. The 3,5-dimethyland 3,5- dichlorophenylcarbamates demonstrated a higher chiral recognition ability than
3,6-bis(phenylcarbamate) (Figure 1.24). Particularly, ibuprofen and ketoprofen were
efficiently resolved on the 3,5-dichlorophenylcarbamate. Some chiral 2-arylpropionic
acids were efficiently resolved on the 3,5-dichlorophenylcarbamate. [49]

Figure 1.24: Rs of flavanone on chitin bis(4-chlorophenylcarbamate) 49
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In

2015,

Wang

et

al.

prepared

new

CSPs

by blending

chitin

bis(3,5-

dimethylphenylcarbamate) (Chi-DMPC) with highly solvent tolerance and cellulose
tris(4-methylbenzoate)

(CMB)

and

cellulose

tris(3,5-dimethylphenylcarbamate)

(CDMPC) to coat on 3-aminopropyl silica gel; respectively. The motivation was to solve
the problems of cellulose solvation or swelling in some organic solvents such as
chloroform. The results revealed that the biselector ChiDMPC/ CMB and ChiDMPC/
CDMPC possess powerful chiral recognition capability compared with the corresponding
single selector CSPs. These CSPs can work in a wider range of MPs. Moreover, the supra
molecular structure of polysaccharide derivatives in different MPs was variable, resulting
in changeable enantioseparation ability. [50] For the Chitin, the alternative derivatives
show the better analytical ability, and the biselector ChiDMPC/ CMB and ChiDMPC/
CDMPC have powerful chiral recognition.

1.2.3. Glycogen
Glycogen structure consists of a multibranched polysaccharide of glucose that serves as a
form of energy storage in humans and animals. It represents the main storage form of
glucose in the body. In 2010, the branched polysaccharides glycogen was firstly used by
Chen et al. as a CS to separate enantiomers of basic and acidic compounds using CE
(Figure 1.25)[51]. Using 3.0% w/v glycogen with 90mM Tris-H3PO4 buffer (pH 7.0),
ibuprofen was base-line separated. By altering the conditions to use a 50mM Tris-H3PO4
buffer (pH 3.0) containing 3.0% glycogen, the enantiomers of citalopram, cetirizine and
nefopam were also baseline-resolved. Such separations motivated Chen et al., to pursue
their study on glycogen. Thus, the enantioselectivity of three glycogen-based dual selector
systems with either chondroitin sulphate A (CSA, ionic polysaccharide), β-CD or
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hydroxypropyl-β-cyclodextrin (HP-β-CD) were investigated for the chiral separation of
basic racemic drugs. The dual systems showed good separations where glycogen/CSA
was the best. Enhanced enantioseparations have been observed by glycogen/CSA system
when compared to the single selector systems for the tested analytes (Figure 1.26). This
might be justified through the favourable interaction effects between glycogen and CSA.
[52]

Figure 1.25: Chemical structure of glycogen 51

Figure 1.26: Electropherograms of the chiral separations of CET and SUL in
glycogen/CSA system. Conditions: fused-silica capillary, 50cm (41.5cm effective
length) ×50µm ID; BGE, 40mM phosphate buffer at pH 3.0; selector concentration,
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3%glycogen alone for CET(a), 2%CSA alone for SUL(a), 3%glycogen + 2%CSA for
CET(b) and SUL(b); applied voltage, 25 kV (CET) and 15 kV (SUL); capillary
temperature, 20 °C 52

In the same vein, the synergistic effect of amino acid-based chiral ionic liquids (ILs)
namely; tetramethylammonium-l-arginine (TMA-L-Arg) and tetramethyl ammonium-laspartic acid (TMA-L-Asp) with glycogen as CS was studied for the first time in CE.
Improved separations of citalopram hydrobromide (CIT), Nefopam hydrochloride (NEF),
and duloxetine hydrochloride (DUL) enantiomers were obviously received in the chiral
ILs/glycogen synergistic systems compared to the single glycogen separation system
based on three parameters (AAILs concentration, glycogen concentration and buffer pH)
(Figure 1.27). [53]
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Figure 1.27: Chiral separations of all tested drug enantiomers (A: CIT, B: NEF, C:
DUL) in the final optimized TMA-L-Arg/glycogen synergistic system. Conditions:
fused-silica capillary, 50 cm (41.5 cm effective length) ×50 µm id; applied voltage,
18.9 kV; capillary temperature, 19.2◦C; BGE, 36.67 mM Tris/H3PO4 buffer (pH 3.0)
containing2.5% glycogen and 60 mM TMA-L-Arg 53
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It is the hydroxyl group in the glycogen (a neutral polysaccharide) and Hydrogen bonding
between the amino group and the hydroxyl group in the alkaline analyte to play a role in
the enantiomeric recognition. When combined with CSA (chondroitin sulfate A, a charged
polysaccharide, the mainly chiral recognition is by the sulfate group electrostatic
interactivity), the formation of a double polysaccharide system, the mixture of neutral and
charged polysaccharides combined with electrostatic interactions with hydrogen bonds
and hydrophobic interactions, Enhanced enantiomeric separation of basic drugs.

1.2.4. Pectin
Pectin is a structural heteropolysaccharide presented in the primary cell walls of terrestrial
plants. In 1994, Hicks et al. developed novel methods to prepare inositols and pectin
oligosaccharides by the TFA-catalyzed hydrolysis for the subsequent analytical and
preparative high-performance liquid chromatography (Figure 1.28). Pectin packed with
aminopropyl silica gel used in a weak, anion exchange mode, have high sample capacities
for acidic oligosaccharides. However, for separation of carbohydrates, it is better to use
the action-exchange HPLC columns because of their durability, easy operation and simple
requirements such as flow rate, MP and back-pressure [54].
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Figure 1.28: Stereochemical features of the inositols, including numbers of adjacent
axial-equatorial-axial (a-e-a) and axial—equatorial (a--e) hydroxyl groups 54
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1.2.5. Amylopectin
Amylopectin is a highly branched polymer of glucose found in plants. The structure of the
amylopectin tris(phenylcarbamate) CSP is different from cellulose or amylose CSPs, but
very similar to β-CD CSPs. In 1993 Felix and Zhang studied amylopectin
tris(phenylcarbamate) as a CSP for HPLC to investigate the capabilities of MP
composition and the modifier in the mechanism of chiral discrimination. In their research,
they separated twelve arylalcohol racemates. [55]
In 1995, Chassaing et al. tested five compounds under the same chromatographic
conditions (hexane-isopropanol, 9:1 v/v, at a flow rate of 0.5ml/min) using the
tris(pheny1carbamate)-substituted amylopectins which compared with the corresponding
substituted amylose derivatives. It was found that the enantioselectivity of polysaccharide
stationary phases is highly dependent on the substituent on the phenyl group of the
carbamate moieties because the size of the substituted phenyl moieties influences on the
discriminating power.; however, they do not explain the enantioselective behaviour of the
amylopectin (APEC) CSPs. [56]
In 2007 Wang et al. prepared the CSP by synthesizing amylopectin-tris(phenylcarbamate)
which was coated with aminopropyl silica to separate the fungicide enantiomers using
HPLC. The influence of the percentage of isopropanol in the MP on the separations by
testing twelve chiral fungicides was studied. Seven chiral fungicides showed
stereoselectivity on the CSP. The enantiomers of metalaxyl and benalaxyl were near
baseline separated and myclobutanil, hexaconazole, tebuconazole, uniconazole, and
paclobutrazol enantiomers were completely separated (Figure 1.29). Furthermore, it was
found that better separation and longer analysis time were achieved by decreasing
percentage of isopropanol in the MP. Moreover, the separation efficiency of amylopectin
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stationary phase is related to the size of the substituent on the phenyl group of the
carbamate moiety. [57]

Figure 1.29: The chromatograms of the chiral separations of the fungicide
enantiomers on the ATPC chiral stationary phase. 1: metalaxyl, 10% isopropanol,
230 nm; 2: hexaconazole, 10% isopropanol, 230 nm; 3: myclobutanil, 10%
isopropanol, 230 nm; 4: tebuconazole, 5% isopropanol, 220 nm; 5: uniconazole, 5%
isopropanol, 230 nm; 6: paclobutrazol, 5% isopropanol, 230 nm; and 7: benalaxyl,
3% isopropanol, 230 nm 57
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1.2.6 Cyclodextrins and cyclodextrin derivatives
CDs are torch-like naturally occurring cyclic oligosaccharides consisted of 6 to 12 Dglucopyranose units. Among the more studied and important practical ones are molecules
containing 6, 7 or 8 D-glucose units namely α-, β- and γ- CDs, respectively [58-60]. CDs
are widely used in the chiral resolution of racemic compounds in pharmaceutical,
agrochemical and food industries, where they are applied either as MP additives or CSPs
[58]. The applications of CDs in chiral separation have been previously reviewed[61, 62].
Here we focus on the non-commercial CDs developed since 2010.
In 2010, Zhao, et al. developed a novel type of substituted β-cyclodextrin-bonded CSP:
Rifamycin-capped

(3-(2-O-β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended

silica particles (RCD-HPS), which has a CS with two recognition sites namely rifamycin
and β-CD (Figure 1.30). Because of the cooperative functioning of rifamycin and β-CD,
the RCD-HPS has good selectivity on the separation of aromatic positional isomers and
enantiomers of chiral compounds under RP-HPLC MP conditions. [63]
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Figure 1.30: Synthetic scheme for preparation of RCD-HPS 63
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Wang, et al. developed two CD-based CSPs via the immobilisation of functionalized
mono-6-azido-β-CD derivatives to alkynyl modified silica (Figure 1.31). The
perphenylcarbamated CD CSP (CCP-CSP) showed good chiral recognition of a wide
range of analytes including racemic aryl alcohols, flavonoids, bendroflumethiazide,
atropine and some β-blockers. The “click” chemistry immobilised permethylated CD CSP
(CCM-CSP) showed poor chiral recognition for most analytes, however, it was able to
resolve non-aromatic ionone derivatives which the CCP-CSP cannot be separated. [64]

Figure 1.31: Preparation of the CSPs. (i) Phenyl isocyanate/dry pyridine/90◦C; (ii)
CH3I/NaH/DMF/rt; (iii) Cul(PPh3)/DMF/80◦C 64
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In the following year, Li, et al. prepared an organo-inorganic chiral silica composite (βCD PMOs) as the CSPs for enantioseparation of some alkaline medicines containing
nitrogen under reverse-phase-HPLC (RP-HPLC) and normal-phase-HPLC (NP-HPLC)
conditions. The results showed that, at the similar pH value (pH=4.15), the β-CD PMOs
was efficient in the separation of the investigated compounds when using common mobile
namely propranolol with α 2.42 and resolution (Rs) 1.80.[65]
Li, et al developed a new mono-6-deoxy-(2,4-dihydroxybenzimide)-β-CD (MDHB-β-CD)
as a CS. The corresponding stationary phase was used in HPLC and the enantioseparation
performance was researched to separate chiral 1-phenyl-2-nitroethanol derivatives in the
RP mode (MeOH/water and acetonitrile/ triethylamine acetate) (Figure 1.32). In the
MeOH/water (H2O) mobile phase, the better separation abilities and good
enantioselectivities of MDHB-β-CD CSP was α >1.26, Rs >1.73. [66]

Figure 1.32: Synthesis route for MDHB-β-CD CSP 66
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Lai, et al. developed three new CSP via the regioselective chemical immobilisation of
mono(6A-N-allylamino-6A-deoxy)perphenylcarbamoylated (PICD) α-, β-, and γ-CD
onto silica support via hydrosilylation. Their enantioseparation properties in HPLC were
tested by a large spectrum of racemates including flavanone compounds, β-adrenergic
blockers, amines and non-protolytic compounds. The results showed that α-PICD got the
best resolutions towards flavonone and most aromatic alcohols under NP conditions with
the highest surface loading. [67]
In 2012, Varga, et al. developed three β-CD-based CSPs: β-CD, (R, S)-2-hydroxypropylβ-CD, and permethyl-β-CD-based CSPs and compared the enantioseparation ability of
each other. The results revealed that the permethylated-β-CD bonded phase was the most
effective for the enantioseparation in RP mode applying 0.1% triethylammonium
phosphate (pH 3.5)/MeOH MP systems. (Figure 1.33) [68]
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Figure 1.33: Selected chromatograms for investigated analytes. Chromatographic
conditions: column, permethyl-β-CD-based CSP (PMBCD) for analytes
Acenocoumarol (1), warfarin (3), dansyl-leucine (Dns-Leu) (5), dansyl-methionine
(Dns-Met) (6), mecoprop (7), phenoprop (9), fluoxetine (12) and cis- (13) and transpermetrinic acid (14); β-CD-based CSP (BCD) for analyte 5; hydroxypropyl-β-CDbased CSP (HPBCD) for analyte 11; MP, 0.1% TEAP (pH 3.5)/MeOH = 66/34 (v/v)
for analytes 1, 3, 11, 0.1% TEAP (pH 3.5)/MeOH = 77/23 (v/v) for analytes 7, 9, 0.1%
TEAP (pH 3.5)/MeOH = 74/26 (v/v) for analyte 5, 0.1% TEAP (pH 3.5)/MeOH =
90/10 (v/v) for analyte 12, 0.1% TEAP (pH 3.5)/MeOH = 67/33 (v/v) for analytes 13,
14; detection, 210 nm; flow rate, 0.8 ml min−1; temperature, ambient 68
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Wang, et al. developed two covalently bonded cationic β-CD CSPs namely 6A-(3vinylimidazolium)-6-deoxyperphenylcarbamate-β-cyclodextrin chloride or 6A-(N, Nallylmethylammonium)-6-deoxyperphenylcarbamoyl-β-cyclodextrin chloride onto silica
(Figure 1.34) which were tested for their enantioselective separation ability of twelve
racemic pharmaceuticals and six carboxylic acids. The results showed that imidazoliumcontaining β-CD CSP afforded more favourable enantioseparations than that containing
ammonium moiety under NP HPLC. [69]

Figure 1.34: Synthesis route of cationic CSPs (IMPC and AMPC) 69
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In the following year, Chang, et al. developed three diamino-bridged bis(β-CD)s CSPs,
namely 1,3-(aminomethyl)-benzylamine-bridged bis(6-amino-6-deoxy-β-cyclodextrin)
(CSP1), 4,4-diaminodiphenyl methano-bridged bis(6-amino-6-deoxy-β-cyclodextrin)
(CSP2) and 4,4 -ethylenedianiline-bridged bis(6-amino-6-deoxy-β-cyclodextrin) (CSP3).
Their enantioseparation ability were tested by 11 enantiomers using triethylammonium
acetate buffer containing MeOH as the MP. The CSP1 has the best enantiomer separation
efficiencies in all of three CSPs. [70]
One year later, Cheng, et al. prepared a novel chiral CSP for HPLC via dinitrophenyl ether
β-CD-bonding with ordered mesoporous SBA-15. The results revealed that this new CSP
effectively resolve the enantiomers of atenolol in 20 min (α=1.73) using
acetonitrile(ACN)/MeOH/glacial acetic acid/triethylamine (90:10:2.5:3.0, v/v/v/v) as MP
at the flow rate of 0.5 mL/min. [71]
In 2014, Zhou, et al developed a new CSP by synthesizing the CD derivative namely mono
(6A-N-allylamino-6A-deoxy)per-3-chlorine-4-methyl-phenylcarbamoylated-β-CD
followed by immobilisation onto the surface of γ-mercaptopropyl-functionalized silica gel
(Figure 1.35). This novel CSP showed the good enantiomeric separation capability for
five racemates under MeOH and aqueous KH2PO4 buffer MP in HPL. [72]
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Figure 1.35: Synthetic route to silica gel-bonded per-3-chlorine-4-methylphenylcarbamoylated-b-CD. Reagents and conditions: (i) allylamine/reflux, (ii) 3chlorine-4-methyl-phenylisocyanate/pyridine (dry)/D, (iii) P (Ph)3 cat./toluene
(dry)/N2/reflux and (iv) toluene (dry)/N2/reflux 72
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Zhou, et al. developed a new N, N'-ethylenediamino bridged bis(β-CD)-bonded SBA-15
CSP (BCDSP), which was used 3-isopropyltriethoxysilane coupling agent continuous
reaction method. The BCDSP can separate 14 kinds of β-blockers enantiomers under the
optimized chromatographic conditions, especially propranolol enantiomers (Rs= 2.18)
and carvedilol (Rs= 2.01) within 10~20 min. [73]
Pang, et al. researched a novel CSP by clicked perphenylcarbamated CD. The new CSP
was examined on twenty-six racemic compounds such as aryl alcohols, flavanoids and
adrenergic drugs in RP HPLC. The results exhibited good enantioseparation of aryl
alcohols, flavanoids and β-blockers at wide separation conditions, and the best MP for the
chiral separation of enantiomers was MeOH with 1% of triethylammonium acetate buffer
(pH 4) (Figure 1.36). [74]

Figure 1.36: Typical chromatograms of selected racemates 74
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Wang, Deng and Ji developed a new CSP of derivatized β-CD bonded silica gel (βCD/SiO2) via carbodiimide activation. The β-CD/SiO2 CSP was used for the chiral
separation of racemic naproxen by HPLC. Racemic naproxen was separated with Rs of
1.70 and a α of 1.25 which can be used in commercial separation and purity assessment
of naproxen sustained release tablets. [75]
Chelvi, et al. developed a novel type of 4-isopropylcalix[4]arene-capped (3-(2-O-β-CD)2-hydroxypropoxy)propylsilyl-appended silica particles (IPC4CD-HPS) (Figure 1.37)
prepared

by

the

treatment

of

hydroxypropoxy)propylsilyl-appended

bromoacetate-substituted
silica

particles

(3-(2-O-β-CD)-2-

(BACD-HPS)

with

4-

isopropylcalix[4]arene oxyanions in anhydrous N-methyl-2-pyrrolidone. The results of
separation of positional isomers of several disubstituted benzenes and enantiomers of
some chiral drug compounds under RP conditions exhibited that IPC4CD-HPS had good
selectivity. [76]

Figure 1.37: Synthetic scheme for preparation of IPC4CD-HPS 76
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Li and Zhou developed four novel β-CD derivatives functionalized by ionic liquids, and
the corresponding CSPs based on silica gel, namely mono-6-deoxy-6-(p-N,N,Ntrimethylaminobenzimide)-β-CD nitrate CSP (CSP 4a), mono-6-deoxy-6-(p-N,N,Ntrimethylaminobenzimide)-β-CD tosylate CSP (CSP 4b), mono-6-deoxy-6-(p-Nmethylimidazolemethylbenzimide)-β-CD nitrate CSP (CSP 4c) and mono-6-deoxy-6-(pN-methylimidazolemethylbenzimide)-β-CD tosylate CSP (CSP 4d). The separation
ability of the four CSPs were judged by the analysis of a large number of chiral 1-phenyl2-nitroethanol derivatives, aromatic alcohols and ferrocene derivatives. The results
revealed that these CSPs have good enantioseparations for most of the analytes (Figure
1.38). [77]

Figure 1.38: Number of enantioselectives and baseline separations obtained on CSPs
4a, 4b, 4c and 4d 77
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In

2015,

Lin,

et

al.

methylphenylcarbamoylated

developed

two

CD

mono-6A-azido-β-CD

CSPs

namely

(CSP1)

and

per-4-chloro-3per-5-chloro-2-

methylphenylcarbamoylated mono-6A-azido-β-CD (CSP2) onto alkynylated silica
support. The two new CSPs were evaluated by separating 29 racemates such as aromatic
alcohols, flavonoids, β-blocker and FMOC-amino acids in both RP and NP HPLC. CSP1
showed relatively better enantioseparation ability than CSP2 in both RP- and NP-elution
mode in HPLC. The RP-elution mode exhibited a higher enantioselectivity (Figure 1.39).
[78]

Figure 1.39: Enantioseparations of naringenin, hesperetin and coumachlor with
different organic modifiers 78
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Shi, et al. synthesised a new β-CD intermediate namely mono-2A-allylcarbamido-2Adeoxy-permethylated-β-CD immobilised onto silica by one-pot hydrosilylation. They
compared the CSP made by the immobilisation of the CD at the C2 position with that at
the C6 position. The resolutions of C2 position for hesperetin (Rs =3.91) and naringenin
(Rs =1.11) were much higher than the previous permethylated β-CD with the linkage at
the C6 position (Figure 1.40). [79]

Figure 1.40: Synthetic pathway of CSP-M 79
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Wang, Bao, and Li developed a novel CSP using synthesised β-cyclodextrin polymer (βCDP) prepared by simple condensation and bonded onto three homemade silica
microspheres namely β-CD polymer-bonded silica gel, β-CD monomer-bonded silica gel
and C18-bonded silica gel. The CSPs were used for the separation of chiral drugs and their
chromatographic properties were compared. The results demonstrate that the best
separation was obtained with β-CDP bonded silica gel. [80]
Zhou, et al developed a new CSP by preparing mono (6A-N-allylamino-6A-deoxy) per (3chlorine-4-methyl-phenylcarbamoylated)-β-CD with mercaptopropyl functionalized
silica gel and found this CSP has a good chiral recognition performance for timolol (Rs =
4.49) in the reverse mode (MeOH: 25 mM KH2PO4= 80:20, v/v). (Figure 1.41) [81]

Figure 1.41: Synthetic route to silica gel bonded per-3-chlorine-4-methylphenylcarbamoylated-β-CD. Reagents and conditions: (i) allylamine/reflux; (ii) 3chlorine-4-methyl-phenyl isocyanate/ pyridine (dry)/Δ; (iii) P(Ph)3 cat./toluene
(dry)/N2/reflux; (iv) toluene (dry)/N2/reflux 81
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Rahim, Tay and Mohamad (2016) prepared the immobilised mono-6-deoxy-6-(3benzylimidazolium tosylate)- β-CD (β-CD-BIMOTs) which is a β-CD based CSP with
ionic liquid (3-ben- zylimidazolium tosylate) substituent, and native β-CD based CSP
prepared by covalently bonded procedure. The results revealed that β-CD-BIMOTs has a
better enantioseparation than native β-CD when investigated for the enantioselective on
separate the racemic mixtures of β-blockers. [82]
Wang, et al. found a simple method to prepare β-CD⁃silica hybrid CSPs which combined
the chiral recognition performance of β-CD and showed performance of organic-inorganic
hybrid material. Under the optimal conditions, the five chiral compounds (2-phenyl-1propanol, 1-phenethyl alcohol, propranolol, pazufloxacin, ofloxacin) got the baseline
chiral separations shows that the new CSPs had a good chiral recognition ability. [83]
Zhou, et al. developed a new cationic CD CSPs by clicking 6A-azido-6C-[(3methoxylpropyl)-1-

ammonium]-heptakis[2,3-di-O-(3-chloro-4-

methylphenylcarbamate)-6B,6D,6E,6F,6G-pentakis-O-per(3-chloro-4methylphenylcarbamate)-β-CD chloride onto alkynyl silica support. They tested the new
CSP on twenty-one model racemates including flavonoids, aromatic alcohols, acidic drugs,
β-blocker and amino acids. The results revealed that good enantioseparations were
achieved in polar-organic phase HPLC, with 7-methoxyflavanone (Rs=8.07) (Figure 1.42).
[84]
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Figure 1.42: (a) The retention time change of second enantiomer and (b) chiral
resolution of 7 flavonoids with varied MeOH content in MeOH/H2O mobile phases
84
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Li, et al. developed four single thioether bridged cationic CD CSPs, which were
synthesised mono-6-(1-vinyl/allyl/butenylimidazolium)-β-CDs chloride and clicked onto
thiol silica to form three novels cationic native-CD-CSPs (CSP1, CSP2 and CSP3) and a
post-synthetic phenylcarbamoylation of CSP2 was performed affording CSP4 (Figure
1.43). The separation of forty enantiomers including isoxazolines, dansyl amino acids,
flavonoids, tröger’s base, 4-chromanol, bendroflumethiazide and styrene oxide to test the
enantioseparation ability in HPLC. They compared the current CSP with a commercial
column (Cyclobond I 2000) and found that the enantioseparation ability of CSP2 was
better than the commercial column. [85]

Figure 1.43: Synthetic pathway of the novel cationic CSPs. (i) 1alkenylimidazol/DMF/60◦C/24 h; (ii) amberlite-900-Cl resin; (iii) Toluene/90◦C/12
h; (vi) MeOH, H2O/AIBN/60◦C/24 h; (v) p-Tolyl isocyanate/pyridine/85◦C/15 h 85
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Li, et al. synthesised of three new oxazolinyl-substituted β-cyclodextrins (6-deoxy-6-R(–)-4-phenyl-4,5-dihydrooxazolinyl-β-cyclodextrin (R-PHDOCD), 6-deoxy-6-S-(–)-4phenyl-4,5-dihydrooxazolinyl-β-cyclodextrin (S-PHDOCD), and 6-deoxy-6-S-(–)-(4pyridin-1-ium-4-methyl-benzenesulphonate)-4,5-dihy-drooxazolinyl-β-cyclodextrin) (SPOTPHDOCD) and covalent bonding them to silica as CSPs. They tested the ability of
these CSPs by separating twenty-eight racemates in the polar-organic MP mode. The
results showed the S-PHDOCD CSP interacted and kept analytes better than R-PHDOCD
because of the steric configuration of S-PHDOCD CSP. S-POTPHDOCD was more
suitable for the separation of some polar compounds because of electrostatic interactions
(Figure 1.44). [86]

Figure 1.44: Synthesis route for R-PHDOCD, S-PHDOCD, and S-POTPHDOCD
CSPs 86

59

Chapter 1
Tang, et al. prepared the per(3-chloro-4-methyl)phenylcarbamate-β-CD clicked CSP
(CCC3M4-CSP) and compared with perphenylcarbamate-β-CD clicked CSP (CCCP-CSP)
in HPLC (Figure 1.45). They examined the enantioseparation of 39 racemates, and the
results showed the CCC3M4-CSP has stronger enantioselectivity and wider range of
mobile phases than CCCP-CSP. [87]

Figure 1.45: Structures of two CD clicked CSPs 87
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In 2017, Liang, et al. prepared a novel CSP by bonding N-benzyl-phenethylamino-β-CD
for HPLC (Figure 1.46). They found the new CSP can effectively separate β-blockers by
using polar organic solvent MP, the enantioselectivity factors and resolutions of βblockers were up to 1.30 and 1.97 within 20 min. Under the reversed MP, the CSP
exhibited high enantioselectivities for dansyl amino acids, among them the resolution of
dansyl-tyrosine was 3.29 with 20 min. [88]

Figure 1.46: Synthetic route of N-benzyl-phenylethylamino-β-cyclodextrin-bonded
chiral stationary phase (BZCDP) 88
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Ma, et al. developed a novel type of partially substituted 3,5-dimethylphenylcarbamate(3-(2-O-β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica particles (MPCD-HPS) by a convenient post-immobilisation derivasition procedure (Figure 1.47). The
MP-CD-HPS has good selectivity for aromatic positional isomers. [89]

Figure 1.47: Synthetic scheme for preparation of MP-CD-HPS 89
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1.2.7 Cyclic Peptides
A very important function of amino acid is used as building blocks of peptides and
proteins. Peptides are often cyclic and comprise proteinogenic and non-proteinogenic
amino acids in many cases. Peptides consisting of three-dimensional structures based on
the production of complex peptides from disulfide bridges or cross-linked amino acids
and stereoisomers of amino acids containing chiral carbon atoms may have the biological
activity difference in biological systems, the cyclic peptides are separated by
chromatography. The development of methods for the separation of enantiomers has
drawn great interest.[90-93]
In 1992, Birkinshaw and Taylor studied the performance of a CSP based upon the smallest
ring structure (Figure 1.48), such as the cyclic dipeptide and diketopiperazine. In their
research, it was found that the 3,5-dinitrobenzoyl esters and propylamides of various
amino acids gave enantiomeric separation with evidence that the extra amide bond played
an important role in the chiral recognition process. [94]

Figure 1.48: Preparation of CSPs 94
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Three years later, Armstrong, et al. developed a new material as a CSP for HPLC by
covalently bonding a macrocyclic glycopeptide antibiotic containing a hydrophobic “tail”
to silica gel via linkage chains (Figure 1.49). They discussed a molecule which they made
with an effective chiral selector of the relevant structural features of the teicoplanin. The
teicoplanin CSP appeared to exhibit excellent enantioselectivity for native amino acids,
peptides, a-hydroxycar- boxylic acids, and a variety of neutral analytes, including cyclic
amides and amines utilising both normal and reversed MP. [95]

Figure 1.49: Structure of the macrocyclic, glycopeptide antibiotic, teicoplanin A,-2.
Note (a) the semirigid aglycone “basket in which two of the seven aromatic rings
have chloro-substitutents, (b) the three pendant sugar moieties (u-glucosamine and
u-rnannose), and (c) the hydrophobic hydrocarbon moiety attached to one sugar 95
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In 1998, Ekborg-OTT, et al. developed a novel CSP using ristocetin A (Figure 1.50) as a
CS, and tested the CSP by 230 racemates resolved in three MP modes: the RP mode, the
NP mode, or the polar-organic mode. The results showed that ristocetin A CSP has a good
enantioselective ability to analyse native primary and secondary amino acids, dipeptides
and tripeptides. Moreover, they found this CSP has no column degeneration by about
10,000 injections in the polar-organic mode or in the normal-phase mode, but observed
some separation degeneration by about 5,000 injections in the RP mode.[96]

Figure 1.50: Structure of ristocetin A (MW = 2,066). The ‘‘pocket’’ formed by the
four fused macrocyclic rings is shown, as well as the polar, pendant carbohydrate
moieties 96
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1.2.8. Miscellaneous
Other polysaccharides such as xylan, galactosamine and curdlan were tested for its
recognition ability for chiral separation. The phenylcarbamate derivatives of cellulose,
amylose and xylan as CSPs were used for chiral resolution of six dihydropyridines,
nimodipine, nilvadipine, benidipine, nitrendipine, isradipine and nicardipine. The results
revealed that the cellulose tris(3,5-dimethylphenylcarbamate) showed high optical
resolving abilities for many racemates. The cellulose tris(4-tert-butylphenylcarbamate)
and xylan bis(3,5-dichlorophenylcarbamate) were almost completely resolved nicardipine
on using hexane-2-PrOH (90:10 v/v). The xylan bis(3,5-dimethylphenylcarbamate),
however using the same eluent obtained a more expeditious separation.[97]
Li et al. (2015) developed ten new xylan bisphenylcarbamate derivatives bearing metaand parasubstituents on their phenyl groups, and tested their chiral recognition abilities as
the CSPs for HPLC after coating them on macroporous silica. They found that xylan
bis(3,5 dimethylphenylcarbamate) based CSP possessed the highest resolving power for
many racemates, and the meta-substituted CSPs also exhibited better chiral recognition
than the para-substituted ones (Figure 1.51). the xylan bis(3,5-dimethylphenylcarbamate)
derivative showed higher enantioselectivity on some racemates due to the presence of an
electron-donating substituent is more preferable than that of an electron withdrawing
group to improve the chiral recognition ability of the xylan phenylcarbamate derivatives.
[98]
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Figure 1.51: Chromatograms for resolution of racemate 3 on xylan
phenylcarbamates bearing 3-Cl (1b), 4-Cl (1f) and 3,5-Cl2 (1j) substituents. Column:
25 × 0.20 cm (i.d.); eluent: hexane/2-propanol (90/10, v/v); flow rate: 0.1 mL/min 98
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Okamoto, Noguchi and Yashima (1998) prepared polysaccharide derivatives as CSPs, and
it was found that the 3,5-dimethylphenylcarbamates of chitosan and xylan and the 3,5dichlorophenylcarbamate of galactosamine demonstrated a high chiral recognition ability.
The 3,5-dimethylphenylcarbamates of cellulose and amylose often showed better chiral
resolving power than 3,5-dimethylphenylcarbamates of chitosan and xylan and the 3,5dichlorophenylcarbamate of galactosamine. Improved resolution; however, was achieved
on the new phenylcarbamates than the corresponding cellulose and amylose derivatives
in some racemates and also some chiral drugs were better resolved on xylan bis(3,5dimethyl- or 3,5dichlorophenylcarbamate) (Figure 1.52). [99]

Figure 1.52: Separation of enantiomers of (±)-1,2,2,2-tetraphenylethanol on bis(3,5dimethylphenylcarbamate) of xylan (5a) 99
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Ichida et al, (1984) synthesised many polysaccharide derivatives, especially cellulose
derivatives, which used as CSPs for optical resolution by HPLC after being adsorbed on
macroporous silica get. The results revealed that the cellulose triacetate (CTA-II) showed
chiral recognition ability for many racemates as the also same chiral recognition with other
cellulose derivatives such as cellulose tribenzoate (OB), cellulose trisphenylcarbamate
(OC), cellulose tribenzyl ether (OE), and cellulose tricinnamate (OK). Curdfan triacetate
was also showed an effective chiral recognition (Figure 1.53).[100] The alternative
derivatives exhibit better analytical ability than para-substituted derivatives.

Figure 1.53: Comparison of k'-values for benzenoid aromatic compounds. Column:
25X0.46 (i.d.) cm, mobile phase: hexane-2-propanol =9:1, flow rate: 0.5ml/min, temp.:
20 oC 100
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1.3. Objectives and aims of the study
Chiral drugs are stereoisomers (non-superimposable mirror images) composed of two
enantiomers of which the chemical and physical properties are similar, however, their
optical activity is different. The latter accounts for their different pharmacological and
toxicological effects in our bodies. For example, thalidomide which was used in early 60’s
against nausea and to alleviate morning sickness in pregnant women; one enantiomer
possessed the required therapeutic effect, while the other lead to birth defects in unborn
babies, namely teratogenic effect. Although the use of enantiomerically pure drugs may
be prevented this tragedy, configurationally unstable stereoisomers may interconvert
(known variously as enantiomerisation, enantiomeric inversion or racemisation). [101]
The United States FDA requires toxicology testing for racemates, if a company plans to
market a single isomer. Therefore, the goal of pharmaceutical companies is to develop
pure enantiomeric forms of drugs to meet the standard requirements for the best
therapeutic drugs, with fewer side effects. HPLC is considered as one of the strongest,
most reliable, stable, economical and environmentally friendly technologies for the
separation of chiral drugs. The CSP in the HPLC column used is the key to success for
the separation of enantiomers.
Here we develop new separation technologies using new CSPs in conventional
(commercial) and capillary (fabricated in our lab) liquid chromatography (LC). Thus,
commercial conventional columns CHIRALPAK IG® (Length (L): 250mm, Particle size:
5µm and Internal diameter (ID): 4.6 mm) and CHIRALPAK IG-U® (L: 50mm, Particle
size: sub 2µm and ID: 3mm) were compared for the enantioselective separation of
racemates under standard, non-standard and reversed phase mobile phase condition. This
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was followed by the development of new CSPs in capillary chromatography aiming to
achieve similar separation using monolithic columns.
The specific research objectives include:
1. To study the solvents versatility of new CHIRALPAK IG ® namely amylose tris
(3-chloro-5-methylphenylcarbamate) immobilised on silica particles of 5 µm size
and column length 250 mm under conventional liquid chromatography offering
new horizons for chiral separation under non-standard organic solvents.
2. Use similar CSP as CHIRALPAK IG® with three variables namely the column
length, ID and the particles’ size studying the effects of shortening the length of
column five times (from 250 mm in CHIRALPAK IG® to 50 mm in CHIRALPAK
IG-U®), the ID (from 4.6 mm in CHIRALPAK IG® to 3 mm CHIRALPAK IGU®) and the particles size (from 5 µm in CHIRALPAK IG® to 1.6 µm or sub-two
micron in CHIRALPAK IG-U®) for the enantioselective separation of racemates
under normal standard and non-standard organic phase and RP chromatographic
conditions.
3. Preparing new chiral stationary phases namely proline, sulphated β-CDs and
bacitracin for testing in enantioselective capillary chromatography.
Different approaches are adopted to prepare the monolithic CSPs. The influence of the
nature of the CSP on the enantioselective separation of different classes of racemic
pharmaceuticals will be investigated.
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Chapter 2:
Experimental

This chapter describes the instrumentation, chemicals and procedures used throughout this
research, unless otherwise specified in a particular chapter.

2.1. Reagents and materials
All chemicals and reagents were analytical grade, unless otherwise specified. Chemicals
are listed according to experiment category.
Ethylene glycol dimethacrylate (EGDMA, 98%), glycidy methacrylate (GMA 97%), 3(trimethoxysilyl) propyl methacrylate (98%), 1-propanol (99%), 1, 4-butanediol (99%),
trifluoroacetic acid (TFA ≥99.5%), sulphated β-CD (SBCD), bacitracin, sodium
hydroxide, 1-dodecanol (≥98.0%), methyl methacrylate (MMA) (99%), N, N’Methylenebisacrylamide (99%), dimethyl sulfoxide (≥99.7%), copper sulphate and
hydrochloric acid were purchased from Aldrich (Milwaukee, WI, USA). Acetone (AR
grade), ethanol (EtOH) (HPLC grade) were purchased from BDH (Kilsyth, Vic.,
Australia). MeOH (HPLC grade) and ACN (HPLC grade) were purchased from Scharlau
(Sentmenat, Spain). All other reagents were of the highest available grade and used as
received. The fused-silica capillaries (150 µm ID) were purchased from Polymicro
Technologies (Phoenix, AZ, USA).2, 2’-Azobis (isobutyronitrile) (AIBN) were obtained
from Wako (Osaka, Japan). All water used for dilutions and experiments was purified by
Nanopure Infinity water system (NJ, USA). Racemic analytes were mostly purchased
from Sigma Aldrich. Functionalised proline (group made)
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2.2. Preparation of the monolithic columns
2.2.1 Surface modification of fused silica capillaries
The surfaces of the columns had to be activated before in situ polymerisation of the
capillary columns to enable the attachment of the monoliths. The surface modification in
fused silica capillaries (150 µm ID) was done by using the procedure of Schaller et al. [1]
Briefly, the fused silica capillaries were rinsed using a Harvard syringe pump (Harvard
Apparatus, Holliston, MA, USA) and a 250 µL gas-tight syringe (Hamilton Company,
Reno, NE, USA) with acetone and water 2-3 times, activated with 0.2 mol/L sodium
hydroxide (NaOH) for 6 hours, confirming absence of any air bubbles, washed with water
3-4 times till neutral (pH=7), then with 0.2 mol/L hydrochloride (HCl) for 12 hours, rinsed
with water and EtOH 2-3 times. A 20% (w/w) solution of 3-(trimethoxysilyl) propyl
methacrylate (γ-MAPS) in 95% (v/v) EtOH adjusted to pH=5 using acetic acid was
pumped through the capillaries at a flow rate of 0.25 µL/min for 6 hours. A solution of 3(trimethoxysilyl)propyl methacrylate was used to vinylize the inner capillary walls
allowing the polymer monolith anchoring groups for subsequent good mechanical
stability. The capillary was then washed with acetone and dried with a stream of nitrogen
for 2 minutes and left at room temperature (25oC) for 24 hours. (Figure 2.1)
Once again, selection was based on successful application within the research group.

Figure 2.1: Blank capillary column (left) and modified capillary column (right)
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2.2.2. Preparation of the porous polymer monoliths in fused silica
capillaries
The short (∼25 cm L) surface modified capillary will filled monolithic CSPs by Harvard
syringe pump with the degassed polymerisation mixture at 0.25 µL/min by using the
syringe pump. (Figure 2.2)

Figure 2.2: Schematic presentation showing the in-situ derivatization of the silanol
groups of the capillary columns (150 µm i.d.) with the difunctional γ-MAPS reagent

2.3. Instrumentation and HPLC conditions
The HPLC analysis was carried out at 25 oC using a Prominence Shimadzu System that
consists of the LC-20AD solvent delivery unit, SPD-M20A photodiode-array detector,
SIL-20AHT autosampler, and CTO-20Acolumn oven. For data processing, LabSolutions
data managing software, v. 5.54 SP2 was utilised. Chiral HPLC separation conditions
were determined by obtaining a separation of a racemic sample and by applying
previously reported parameters if any.
The MP is solution of H2O and methanol, respectively. For all samples, the injected
volume was 1-10 µl. Preliminary UV analyses were performed at several different
wavelengths (219nm) for each compound, to select the optimum wavelength for all
analytes and best utilise a single wavelength UV detector.
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2.4. Standard solutions and sample preparation
Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLC
grade MP and concentrations of 1 mg/mL in filtered HPLC grade ACN were prepared.
Prior to injection, the stock solutions were further diluted 20× and filtered through
Sartorius Minisart RC 15 0.2 µm pore size filters (Goettingen, Germany).
Chemical structures of the investigated racemates are listed in Table 2.1

2.5 Calculations
α is defined the relative retention of two analyte peaks within a chromatographic system.
The α for peak one and peak two must be > 1.0, other words, α > 1.
Rs is the resolution calculated for two adjacent peaks and values of 0, 1 and > 1.5 indicate
co-elution (0≤Rs<1), partial separation (1≤Rs<1.5) and baseline separation (Rs≥1.5).
The separation and resolution factors are calculated according to equations below,
respectively.

;
Where t1 and t2 correspond to the retention times of the second and first eluted enantiomers,
t0 is the retention time of an unretained solute and w1 is the baseline width of the first
enantiomer and w2 is that of the antipode.
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Class

β-blockers

Common

IUPAC

Use

Alprenolol 1

(RS)-1-(2-allylphenoxy)-3(isopropylamino) propan-2-ol

Used in the treatment of
angina pectoris.

3B
Scientific
Corporation,
USA

Celiprolol 2

3-[3-acetyl-4-[3-(tertbutylamino)-2-hydroxypropoxy]
phenyl]-1,1-diethylurea

Used in the management
of angina pectoris and
hypertension.

American
Custom
Chemicals
Corp., USA

2-[4-[2-hydroxy-3-(propan-2ylamino) propoxy] phenyl]
acetamide

A cardioselective beta-1
adrenergic blocker
possessing properties and
potency similar to
propranolol, but without a
negative inotropic effect.

1-naphthalen-1-yloxy-3-(propan2-ylamino) propan-2-ol

A widely used noncardioselective betaadrenergic antagonist.

(RS)-1-(Isopropylamino)-3-[4(2-methoxyethyl) phenoxy] 2propanol

Treat high blood pressure,
chest pain due to poor
blood flow to the heart,
and a number of
conditions involving an
abnormally fast heart rate.

Atenolol 3

Propranolol 4

Metoprolol 5

Structure

Supplier

SigmaAldrich, St.
Louis, MO,
United
States

Table 2.1: Chemical structures, use and suppliers of investigated racemates
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α-blocker

Naftopidil 6

Norepinephrine 7

1-[4-(2-methoxyphenyl) piperazin1-yl]-3-(1-naphthyloxy) propan-2-ol

4-[2-amino-1-hydroxyethyl]
benzene-1,2-diol

Neurotransmitters
Epinephrine
hydrochloride 8

4-[1-hydroxy-2-(methylamino)
ethyl] benzene-1,2-diol
hydrochloride

Tocainide 9

2-amino-N-(2,6-dimethylphenyl)
propanamide

Mexiletine
hydrochloride 10

1-(2,6-Dimethylphenoxy)-2propanamine hydrochloride

Antiarrhythmics

Benign prostatic
hypertrophy.
An injectable drug for
the treatment of
critically low blood
pressure.
Stimulates both the
alpha- and betaadrenergic systems,
causes systemic
vasoconstriction and
gastrointestinal
relaxation, stimulates
the heart, and dilates
bronchi and cerebral
vessels.
An antiarrhythmic
agent which exerts a
potential- and
frequency-dependent
block of sodium.

SigmaAldrich,
St.
Louis,
MO,
United
States

Antiarrhythmic agent
pharmacologically
similar to lidocaine.

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Propafenone
hydrochloride 11

1-[2-(2-Hydroxy-3(propylamino) propoxy)
phenyl]-3-phenyl-1-propanone
hydrochloride

An antiarrhythmia agent
that is particularly
effective in ventricular
arrhythmias.

5-Hydroxypropafenone
12

1-[5-hydroxy-2-[2-hydroxy-3(propylamino) propoxy]
phenyl]-3-phenylpropan-1-one

Treats illnesses associated
with rapid heartbeats such
as atrial and ventricular
arrhythmias.

SigmaAldrich, St.
Louis, MO,
United States

Antiarrhythmics

Carprofen 13

2-(6-chloro-9H-carbazol-2-yl)
propanoic acid

Antiinflammatories
Naproxen 14

2-(6-methoxynaphthalen-2-yl)
propanoic acid

Used by veterinarians as a
supportive treatment for
the relief of arthritic
symptoms in geriatric
dogs.
Used in the treatment of
rheumatoid arthritis and
other rheumatic or
musculoskeletal disorders,
dysmenorrhea, and acute
gout.

Gift

SigmaAldrich, St.
Louis, MO,
United States

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Antiinflammatories

Cizolirtine 15

N,N-dimethyl-2-[(2methylpyrazol-3-yl)phenylmethoxy]ethanamine

An analgesic drug.

Desmethyl cizolirtine
oxalate 16

N-Methyl-2-[(1-methyl-1Hpyrazol-5-yl)
(phenyl)methoxy]
ethanamine

N/A

Cizolirtine-citrate 17

N,N-dimethyl-2-[(2methylpyrazol-3-yl)phenylmethoxy]ethanamine;
2-hydroxypropane-1,2,3tricarboxylic acid

Treating urinary incontinence
secondary to overactive bladder.

Cizolirtine-N-oxide 18

Dimethyl{2-[(1-methyl-1Hpyrazol-5-yl)
(phenyl)methoxy] ethyl}
amine oxide

N/A

Gift

2-(3-fluoro-4-phenylphenyl)
propanoic acid

It is primarily indicated as a preoperative anti-miotic (in an
ophthalmic solution) as well as
orally for arthritis or dental pain.

SigmaAldrich, St.
Louis, MO,
United States

Flurbiprofen 19

American
Custom
Chemicals
Corp., USA

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Indoprofen 20

2-[4-(3-oxo-1H-isoindol-2-yl) phenyl]
propanoic acid

A nonsteroidal antiinflammatory drug
(NSAID).

Ibuprofen 21

2-[4-(2-methylpropyl) phenyl]
propanoic acid

Used for treating
pain, fever, and
inflammation.

Ampicillin 22

6-([2-amino-2-phenylacetyl] amino)3,3-dimethyl-7-oxo-4-thia-1-azabicyclo
[3.2.0]heptane-2-carboxylic acid

Prevent and treat a
number of bacterial
infections.

2-(2,4-dichlorophenyl)-1-(1,2,4-triazol1-yl) hexan-2-ol

A systemic fungicide
used for the control
of many fungi
particularly
Ascomycetes and
Basidiomycetes.

Antiinflammatories

β-lactam
antibiotics

Hexaconazole 23

Antifungals

Miconazole 24

1-[2-(2,4-dichlorophenyl)-2-[(2,4dichlorophenyl) methoxy] ethyl]
imidazole

An imidazole
antifungal agent that
is used topically and
by intravenous
infusion.

Sigma-Aldrich,
St. Louis, MO,
United States

3B Scientific
Corporation,
USA

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Sulconazole 25

1-[2-[(4-chlorophenyl)
methylsulfanyl]-2-(2,4dichlorophenyl) ethyl] imidazole

Anticancer

Ifosfamide 26

N,3-Bis(2-chloroethyl)-1,3,2oxazaphosphinan-2-amide 2oxide

Tumor marker

Normetanephrine 27

4-(2-amino-1-hydroxyethyl)-2methoxyphenol

Marker for tumors.

Antihistaminics

Chlorpheniramine
maleate salt 28

3-(4-chlorophenyl)-N,Ndimethyl-3-pyridin-2-yl-propan-1amine maleate salt

A histamine H1
antagonist used in
allergic reactions, hay
fever, rhinitis, urticaria,
and asthma.

Sedative
hypnotics

NAcetylaminoglutethimide
29

N-[4-(3-Ethyl-2,6-dioxo-3piperidinyl)phenyl]acetamide

Aminoglutethimide liver
metabolism of the major
metabolite.

Antifungals

A broad-spectrum antifungal agent.

3B Scientific
Corporation,
USA

An alkylating
agent and an
immunosuppresive
agent.
SigmaAldrich, St.
Louis, MO,
United States

American
Custom
Chemicals
Corp., USA

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Sedative
hypnotics

Norepinephrin
e-dopamine
reuptake
inhibitors

Amino acid

Aminoglutethimide 30

3-(4-aminophenyl)-3ethylpiperidine-2,6-dione

Used in the treatment of
advanced breast cancer.

American
Custom
Chemicals
Corp., USA

Nomifensine 31

(±)-2-methyl-4-phenyl-1,2,3,4tetrahydroisoquinolin-8-amine

A norepinephrinedopamine reuptake
inhibitor

SigmaAldrich, St.
Louis, MO,
United States

Tyrosine 32

2-amino-3-(4-hydroxyphenyl)
propanoic acid

One of the 20 standard
amino acids.

2-amino-3-phenylpropanoic acid

Sold as a nutritional
supplement for its
reputed analgesic and
antidepressant effects.

2-aminopentanedioic acid;hydrate

Used by almost all living
beings in the biosynthesis
of proteins.

Phenylalanine 33

Glutamic acid
monohydrate 34

SigmaAldrich, St.
Louis, MO,
United States

SigmaAldrich, St.
Louis, MO,
United States

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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2-phenyl-2,3dihydrochromen-4-one

A type of
flavonoids, are
various aromatic,
colorless ketones
derived.

6-Hydroxyflavanone 36

6-hydroxy-2-phenylchromen4-one

One of the
noncompetitive
inhibitors of
cytochrome P450
2C9.

GYKI-23107 37

(+/-) 1-(2,6dimethylphenylamino)-2dimethylaminopropane

A new membrane
stabilizing
antiarrhythmic
agent.

Gift

Flavanones 35

miscelaneouse

Alfa Aesar,
USA

Alfa Aesar,
USA

Thalidomide 38

2-(2,6-dioxopiperidin-3-yl)
isoindole-1,3-dione

Immunosuppressive
and anti-angiogenic
activity.

SigmaAldrich, St.
Louis, MO,
United
States

1-phenyl-2,2,2trifluoroethanol 39

(+/-)-1-phenyl-2,2,2trifluoroethanol

N/A

Alfa Aesar,
USA

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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5-(α-hydroxybenzyl)-1methylpyrazole 40

o-Methoxymandelic acid
41

(+/-)-(1-Methyl-1H-pyrazol5-yl)(phenyl)methanol

N/A

SigmaAldrich, St.
Louis, MO,
United
States

Hydroxy(2methoxyphenyl)acetic acid

N/A

4-Hydroxy-3methoxymandelic acid
42

2-hydroxy-2-(4-hydroxy-3methoxyphenyl)acetic acid

A chemical
intermediate in the
synthesis of artificial
vanilla flavorings.

Nicotine 43

(±)-3-(1-Methyl-2pyrrolidinyl)pyridine

A Cholinergic
Nicotinic Agonist.

Gift

Cantharidin 44

2, 6-Dimethyl-4,10dioxatricyclo[5.2.1.02,6]decane-3,5-dione

A toxic compound, it
can produce severe
skin inflammation,
and is extremely toxic
if ingested orally.

SigmaAldrich, St.
Louis, MO,
United
States`

Miscellaneous

Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Miscellaneous

1-Acenaphthenol 45

1,2-dihydroacenaphthylen-1-ol

Methyldopa 46

alpha-methyl-3-hydroxy-DLtyrosine

N/A

A medication used
for high blood
pressure.

SigmaAldrich, St.
Louis, MO,
United States

A part of the Steroid
hormone
biosynthesis, and
1-Indanol 47
2,3-dihydro-1H-inden-1-ol
Arachidonic acid
metabolism
pathways.
Table 2.1: (cont.) Chemical structures, use and suppliers of investigated racemates
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Chemical

Purity & Supply

n-Hexane

96% Scharlau, Spain

Methanol

99.99% Honeywell, Korea

Tetrahydrofuran

99.9% Sigma-Aldrich, USA

Ethyl alcohol

99.5% Sigma-Aldrich, USA

Tert-butyl methyl ether

99.8% Sigma-Aldrich, USA

Dichloromethane

99.9% Sigma-Aldrich, USA

Isopropanol

99.9% Honeywell, USA

Acetonitrile

99.9% Fisher chemical, UK

Table 2.2: Organic solvents used for HPLC

Chemical
Ethylene glycol
dimethacrylate
(EGDMA)
Methyl methacrylate
(MMA)
N, N’Methylenebisacrylamide
Glycidyl methacrylate
(GMA)
2,2’Azobis(isobutyronitrile)
(AIBN)

Formula
[H2C=C(CH3)CO2CH2]2

Supplier
Sigma-Aldrich, St. Louis,
MO, United States

Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
C7H10N2O2
MO, United States
Sigma-Aldrich, St. Louis,
CH2=C(CH3)COOCH2(CHCH2O)
MO,United States
CH2=C(CH3)COOCH3

(CH3)2C(CN)N=NC(CH3)2CN

1-Propanol

CH3(CH2)2OH

1,4-Butanediol

HO(CH2)4OH

Dimethyl sulfoxide

(CH3)2SO

1-Dodecanol

C12H26O

Wako (Osaka, Japan)
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States

Table 2.3: Chemicals used for silica monolith preparation and testing

93

Chapter 2
Chemical
Copper sulfate

Formula
CuSO4

Trifluoroacetic acid (TFA) CF3COOH
Triethanolamine (TEA)

C6H15NO3

Sodium hydroxide

NaOH

Hydrochloric acid

HCl

Acetone
Ethanol

CH3COCH3
C2H5OH

Supplier
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
Sigma-Aldrich, St. Louis,
MO, United States
BDH, Vic., Australia
BDH, Vic., Australia

Table 2.4: Other chemicals used in this study

Chemical
Sulphated β-Cyclodextrin
Bacitracin
Functionalized proline

Supplier
Sigma-Aldrich, St. Louis, MO, United States
Sigma-Aldrich, St. Louis, MO, United States
Group made

Table 2.5: Chiral selectors
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Chapter 3:
Enantioselective separation of racemates using
CHIRALPAK IG amylose-based chiral stationary phase
under normal standard, non-standard and reversed
phase high performance liquid chromatography
3.1 Introduction
Many pharmaceutics and herbicides are chiral. They exist as two incongruent
stereoisomers called enantiomers. As optical isomers, they rotate linearly polarised
light in opposite directions although they are generally known to have similar physical
properties (e.g. melting point, hydrophobicity, etc.) and they can behave quite
differently to one another in a chiral (asymmetric) environment. Since biological
processes tend to involve chiral chemicals (e.g. enzymes), chirality constitutes an
important topic in drug development [1]. The United States Food and Drug
Administration (FDA) requires toxicology testing for racemates only, regardless of
industry plans to market a single isomer. In case of unexpected or significant toxicity
is found in the racemate, FDA suggests querying the agency on whether similar studies
are required for individual enantiomers. In such case, the FDA requires that only the
active drug enantiomer (the eutomer) is produced by enantioselective access (e.g., via
asymmetric synthesis, resolution via diastereomers, kinetic resolution, enzyme
catalysis or chirality pool approach). The inactive enantiomer (the distomer) constitutes
‘isomeric ballast’ or it may be highly toxic. In the case of thalidomide, one enantiomer
possessed the required therapeutic effect, while the other was eventually shown to be
teratogenic causing birth defects in the unborn babies. While the use of
enantiomerically pure drugs may appear to be a viable solution to such a problem,
configurationally unstable stereoisomers like thalidomide may interconvert (known
variously as enantiomerisation, enantiomeric inversion or racemisation) [2]. The
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thalidomide tragedy was entirely avoidable, had the physiological properties of the
individual thalidomide forms been identified, separated and tested prior to
commercialisation.
Enantioselective chromatography has been well documented as a powerful,
contemporary and practical technique for the chiral separation of racemic drugs, food
additives, agrochemicals, fragrances and chiral pollutants [1, 2]. This technique is
several steps ahead of other previously reported methods to access pure enantiomers;
including synthesis from a chirality pool, asymmetric synthesis from pro-chiral
substrates and the resolution of racemic mixtures[3]. The separation of racemic
mixtures has been considered as the most feasible method for industrial applications
compared to the time consuming and expensive synthetic approaches[4]. Remarkable
developments have occurred in enantioselective chromatography since the first chiral
separation of enantiomers using optically active stationary phase in the mid-sixties [5].
Following this development, several subclasses have emerged as well established
chromatographic techniques with outstanding applications in chiral separation like EC,
SFC, CCC, GC, and HPLC [6]. The chiral selectors used as stationary phases in liquid
chromatography play a crucial role in the separation efficiency and the column
backpressure governing the entire separation[1].
Most enantioselective separations are performed by direct resolution using a CSP where
the chiral selector is adsorbed, attached, bound, encapsulated or immobilised to an
appropriate support to make a CSP. The enantiomers are resolved by the formation of
temporary diastereomeric complexes between the CSP and the analyte. Thousands of
CSPs have been reported, with more than one hundred commercialized [7]. Among the
existing CSPs, those prepared from polysaccharides such as cellulose and amylose,
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attract more attention due to their powerful separation capability [8-18]. In general, the
developments of chemically post-modified polysaccharides are the mainstream trend in
the commercial and non-commercial CSPs. Out of the commercially available
polysaccharide-based CSPs, cellulose and amylose were adsorbed, bonded,
encapsulated or immobilised[19-26]. Of the amylose derivatives, the coated tris (3,5dimethylphenylcarbamate) known as CHIRALPAK AD® has been widely and
effectively used in chiral separation. It is not compatible; however, to all eluents
solvents, in particular, non-standard organic solvents such as ethyl acetate (EtOAc),
THF, methyl tert-butyl ether (MtBE), dichloromethane (DCM) and chloroform, in
which the polysaccharide derivatives can be dissolved or swollen. To widen the
selection of solvents, the polysaccharide derivatives have been immobilised/bonded
onto a silica matrix and have been extensively used as chiral stationary phases in nonstandard organic solvents. Such immobilization of the polymeric CS is considered as
an efficient approach to confer a universal solvent versatility [27-32]. Several
immobilised phases have been commercialised (Figure 3.1). For examples previously
commercialised CHIRALPAK columns have been extensively studied and proved to
be solvents versatile in the enantiomeric separation of racemates [3, 4]. Most recently
CHIRALPAK IG®: Amylose tris (3-chloro-5-methylphenylcarbamate) with a chlorine
substituent replacing the methyl group in CHIRALPAK IA®. Here we focus on the
solvents versatility of CHIRALPAK IG® and the enantioselective separations of
racemates (Table 2.1) under non-standard organic solvents and RP chromatographic
conditions. A brief comparison with CHIRALPAK IA® showing the effect of chlorine
substituent in CHIRALPAK IG® on the enantiomeric separation of racemates is also
demonstrated.
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Figure 3.1: Chemical structures of CHIRALPAK® amylose and cellulose based
chiral stationary phases
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3.2 Materials and methods
3.2.1 Instrumentation
Conventional HPLC analysis was carried out using a Prominence Shimadzu System
that consists of an LC-20 AD VP pump (Kyoto, Japan), SIL- 20AHT auto sampler, a
GL Science UV-vis detector model MU 701 UVVIS (Tokyo, Japan), and a Shimadzu
CDM-20A communications bus module (Kyoto, Japan). All analyses were performed
at room temperature. CHIRALPAK IG® (4.6 mm ID × 250 mm, 5 μm silica gel) was
supplied by Daicel (Tokyo, Japan).

3.2.2 Chemicals and reagents
All solvents were HPLC grade purchased from Sigma-Aldrich (St. Louis, MO, USA).
Most of the tested compounds (Chapter 2, Table 2.1) were also purchased from SigmaAldrich (St. Louis, MO, USA) namely Arterenol 3, Propranolol 4, Normetanephrine 6,
Epinephrine 8, Tocainide 9, Propafenone 11, naproxen 14, Flurbiprofen 19, Indoprofen
20, Miconazole 24, Ifosfamide 26, Nomifensine 31, Tyrosin 32, Phenylalanine 33,
Glutamic acid monohydrate 34, 4-Hydroxy-3-methoxymandelic acid 42, 1Acenaphthenol 45 and α-Methyl DOPA 46. On the hand, Naftopidil 6 was purchased
from Boehringer Mannheim (Mannheim, Germany), Carprofen 13 and Sulconazole 25
were purchased from AK Scientific (Union, CA, USA), Cizolirtine 15 was purchased
from American Custom Chemicals Corp., (San Diego, CA, USA), Chlorpheneramine
28 was purchased from Research Biochemicals International (Natick, MA, USA),
Aminoglutethimide 30 was purchased from CIBA GEIGY (Basel, Switzerland),
Flavanone 35 and 6-Hydroxyflavanone 36 were purchased from Alfa Aesar (Ward Hill,
MA, USA). 1-Phenyl-2,2,2-trifluorethanol 39 was purchased from Sigma-Aldrich
Switzerland.1-Indanol 47 was purchased from Fluka Chemical (Milwaukee, WI, USA).
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Classification of the investigated racemates and their purities are as listed below:
Classification

Durg

Purity & Supplier

Arterenol 3

97%, Sigma-Aldrich, USA

Propranolol 4
Naftopidil 6
Epinephrine 8
Tocainide 9
Propafenone 11
Carprofen 13
Naproxen 14

Flurbiprofen 19
Indoprofen 20

99%, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
98%, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
98%, AK Scientific, USA
NA, Sigma-Aldrich, USA
NA, American Custom
Chemicals Corp., USA
NA, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA

Miconazole 24

98% Sigma-Aldrich, USA

Sulconazole 25

NA, AK Scientific, USA

Anticancer

Ifosfamide 26

98%, Sigma-Aldrich, USA

Tumor marker

Normetanephrine 27

Antihistaminics

Chlorpheneramine 28

Sedative hypnotics
Norepinephrinedopamine reuptake
inhibitors

Aminoglutethimide 30

98%, Sigma-Aldrich, USA
NA, Research Biochemicals
International, USA
NA, CIBA GEIGY

Nomifensine 31

NA, Sigma-Aldrich, USA

Tyrosin 32
Phenylalanine 33
Glutamic acid monohydrate 34
Flavanone 35
6-Hydroxyflavanone 36

99%, Sigma-Aldrich, USA
99%, Sigma-Aldrich, USA
98%, Sigma-Aldrich, USA
98%, Alfa Aesar, USA
98%, Alfa Aesar, USA
98%, Sigma-Aldrich,
Switzerland

β-blockers
α-Blocker
Neurotransmitters
Antiarrhythmics

Anti-inflammatories

Antifungals

Amino acids

Cizolirtine 15

1-Phenyl-2,2,2-trifluorethanol 39
Miscellaneous

4-Hydroxy-3-methoxymandelic
acid 42
1-Acenaphthenol 45

98%, Sigma-Aldrich, USA
99%, Sigma-Aldrich, USA

a-Methyl DOPA 46

NA, Sigma-Aldrich, USA

1-Indanol 47

98%, Fluka Chemika, USA

Table 3.1: Classification of the investigated racemates and purities
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3.2.3 Sample Preparations
Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLCgrade 2-PrOH were prepared, filtered through Sartorius Minisart RC 15 0.2-μm pore
size filters (Goettingen, Germany) and further used for analysis without dilution; the
injection volume was 1 μL.

3.2.4 HPLC Conditions
The enantioselective analyses were conducted using standard normal MP comprised of
n-hexane in combination with 2-PrOH or EtOH and non-standard NP namely THF,
DCM and MtBE. Reversed mobile phase consisted of ACN and H2O mixture. UV
analyses were performed at fixed wavelength (254 nm) for all compounds.

3.3 Results and discussion
The solvent versatility and enantioselectivity of CHIRALPAK IA® and a new phase
CHIRALPAK IG® under normal standard and non-standard organic phase as well as
RP chromatographic conditions were illustrated. In the CHIRALPAK IA®, the chiral
selector (amylose tris (3,5-dimethylphenylcarbamate)) is immobilised/bonded onto 5
µm silica particles. The CHIRALPAK IG® is a new immobilised phase namely amylose
tris (3-chloro-5-methylphenylcarbamate). A short comparison with CHIRALPAK IA®
and CHIRALPAK IG® is a comparison of the effect of methyl substitution and chloro
substitution on amylose selectivity on amylose derivatives.
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3.3.1 Chiral separation under normal standard and nonstandard organic mobile phase
The enantioselective separation of 28 racemates samples (Table 3.1) was using a binary
mixture of standard organic solvents consisting of n-hexane/EtOH as the MP, screened
from 90:10 to 10:90 v/v at 1 ml/min flow rate on CHIRALPAK IG® at fixed UV
detection 254 nm. There were fifteen out of twenty-eight samples which are 4, 9, 11,
13, 14, 15, 19, 20, 24, 27, 28, 31, 35, 36, 39, 42, 45 and 47 got baseline separation under
either 90:10 or 80:20 v/v n-hexane/ethanol, respectively (Table 3.2 and Figure 3.2). The
other samples 3, 6, 8, 25, 26, 30, 32, 33, 34 and 46 were getting no baseline separation.
Another normal standard MP group n-hexane/2-PrOH achieved the baseline separation,
namely 9, 11, 13, 15, 19, 24, 27, 35, 36, 31, 45 and 47 under either 90:10, 80:20, 70:30
or 60:40 % v/v n-hexane/2-PrOH (Table 3.2). To Compare composition and in terms
of enantioselective separation (Rs and α) between 2-PrOH and EtOH in MP, found that
the composition of n-hexane/EtOH MP system was better than n-hexane/2-PrOH MP
system. For example, in n-hexane/EtOH system 4, 14, 20, 28, 39 and 42 were all
separated but not in n-hexane/2-PrOH system. That means the 3-chloro substituted
amylose in amylose tris (3-chloro-5-methylphenylcarbamate) or CHIRALPAK IG®
gives better separation in EtOH. The interesting part is the n-hexane/EtOH system has
shorter Rt than n-hexane/2-PrOH system and using higher alcohol in n-hexane/EtOH
system. The interesting part is the n-hexane/EtOH system has shorter Rt than nhexane/2-PrOH system and it is also happening when using higher alcohol contents in
n-hexane/EtOH system composition (Table 3.2 and Figure 3.2). In an attempt to
enhance separation or resolution of undecomposed compounds in the standard solvents
mentioned above. A wider variety of solvents were combined with standard organic
solvents in DCM, THF or MtBE. The non-standard solvent was then added to the MP
composition (Table 3.2). For example, sample 15 in standard solvent (n-hexane/2104
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PrOH 90/10 v/v) gave an Rs of 1.47 and α value of 1.38. Replacing 2-PrOH with EtOH
resulted in an increase in Rs to 3.83 and α to1.19. Furthermore, substituting n-hexane
with MtBE and changing the concentration to (MtBE/EtOH 98/2 v/v) gave the highest
Rs of 5.13 and α of 3.35 MP.
It is noteworthy to mention that sample 3 was baseline separated under non-standard
organic solvent (MtBE/EtOH 98:2 v/v), with an Rs of 5.13 and α 2.12 in this study;
however, it wasn’t settled under any standard solvents MP systems. Comparably,
sample 30 was separated under the same conditions as compound 3. The racemates
samples 9, 14 and 15 achieved better separation under non-standard organic solvents
MP than under standard organic solvents MP (Table 3.2 and Figure 3.2). It can be
concluded that the adjustment of the stereogenic environment of the chiral cavity of
amylose derivatives in the presence of ethanol can be used for the enantiomeric
separation of the racemates studied. Another factor is polarity affect the chiral
recognition of CHIRALPAK IG®. For instance, the polarity index of ethanol (5.2) is
higher than the polarity index of 2-PrOH (3.9) and ethanol/n-hexane system or
ethanol/MtBE system is more sensible than 2-PrOH/n-hexane system or 2-PrOH/MtBE
system in enantioseparation under standard and non-standard organic solvents.
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IG
Rs
3 1.248
0.621
1.202
4
0.711
0.278
6
NS
0.415
0.648
0.737
5.02
1.677
9
1.338
2.369
0.944
1.084
2.392
0.711
4.556
5.138
8.887
11 7.984
9.048
10.642
0.879
1.809

α
1.28
1.137
1.152
1.12
1.12
NS
1.123
1.104
1.132
1.152
1.101
1.083
1.119
1.188
1.149
1.518
1.041
1.699
1.571
2.012
2.194
1.636
1.881
1.15
1.126

Normal solvents
Standard solvents
Nonstandard solvents
Hexane 2-PrOH EtOH THF DCM MtBE
60
40
80
20
90
10
80
20
80
20
90
10
80
20
70
30
80
20
60
40
90
10
80
20
90
10
80
20
80
20
60
40
90
10
80
20
70
30
80
20
60
40
90
10
80
20
90
10
70
30

additives

IA

TEA TFA

0.1
0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

Rs
NS
NS
NS
NS
NS
0.31
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

Table 3.2: The Rs and α for the enantioselective separation of racemates under
normal standard and non-standard MP condition (% v/v)
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α
NS
NS
NS
NS
NS
1.18
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
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IG

13

14

15

Rs
0.897
1.454
0.399
0.647
1.435
1.247
0.778
1.813
3.058
4.197
1.289
1.243
1.232
3.196
5.411
1.745
2.799
0.678
2.035
1.47
2.361
3.835
5.131
2.391

α
1.141
1.15
1.121
1.347
1.173
1.16
1.067
1.131
1.218
1.247
1.198
1.122
1.119
1.236
1.384
1.091
1.151
1.149
1.634
1.38
1.134
1.19
3.354
1.684

Normal solvents
Standard solvents
Nonstandard solvents
n-Hexane 2-PrOH EtOH THF DCM MtBE
90
10
80
20
80
20
60
40
80
20
90
10
80
20
90
10
80
20
90
10
50
0.2
50
80
20
90
10
80
20
90
10
80
20
90
10
80
20
2
98
90
10
80
20
90
10
2
98
60
40

additives

IA

TEA TFA

0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1

Rs
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

Table 3.3: (cont.) The Rs and α for the enantioselective separation of racemates
under normal standard and non-standard MP condition (% v/v)
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α
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
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IG

19

20

24

25
27
28
30

31

Rs
2.341
1.469
2.434
1.652
1.367
9.632
10.05
8.423
8.214
9.202
0.798
1.15
3.361
2.793
1.413
1.123
1.141
3.018
4.758
3.397
5.268
2.503
1.964
1.14
0.671
0.891
3.327
5.136
4.116
3.74
4.65
2.528
2.615

α
1.129
1.134
1.125
1.104
1.054
4.803
1.597
1.462
1.533
1.931
1.132
1.338
1.497
1.275
1.347
1.095
1.053
1.224
1.282
1.292
1.293
1.242
1.281
1.104
1.604
1.041
1.286
2.121
1.372
1.672
1.454
1.399
1.772

Normal solvents
Standard solvents
Nonstandard solvents
n-Hexane 2-PrOH EtOH THF DCM MtBE
90
10
70
30
90
10
80
20
60
40
80
20
90
10
80
20
80
20
90
10
80
20
50
0.2
50
80
20
60
40
2
98
70
30
80
20
80
20
90
10
80
20
90
10
80
20
60
40
80
20
80
20
90
10
80
20
2
98
80
20
70
30
80
20
60
40
80
20

additives

IA

TEA TFA

0.1
0.1
0.1

0.1
0.1
0.1

0.1

0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1

Rs
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
6.94
NS
NS
NS
NS
NS

Table 3.4: (cont.) The Rs and α for the enantioselective separation of racemates
under normal standard and non-standard MP condition (% v/v)
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α
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
3.429
NS
NS
NS
NS
NS
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IG

35

36

39

42

Rs
2.787
1.972
7.2
8.423
10.05
8.214
9.967
4.724
2.354
1.453
2.656
1.191
1.323
1.329
0.985
14.749
15.026
15.536
1.919
1.958
4.038
7.971
3.098
NS
0.621
1.202
0.711
0.278
5.505
3.242
5.075

α
1.321
1.108
1.907
1.462
1.597
1.533
1.595
1.673
1.652
1.115
1.159
1.142
1.126
1.16
1.146
2.029
2.304
2.022
1.141
1.147
1.231
3.784
2.544
NS
1.137
1.152
1.12
1.12
1.493
1.309
1.665

Normal solvents
Standard solvents
Nonstandard solvents
n-Hexane 2-PrOH EtOH THF DCM MtBE
90
10
90
10
90
10
80
20
90
10
80
20
90
10
2
98
60
40
90
10
80
20
70
30
90
10
80
20
70
30
80
20
80
20
80
20
70
30
80
20
50
0.2
50
2
98
60
40
90
10
80
20
90
10
80
20
80
20
80
20
80
20
90
10

additives

IA

TEA TFA

Rs
α
1.645 1.114
NS
NS
15.614 2.32
NS
NS
NS
NS
NS
NS
NS
NS
1.51 1.468
NS
NS
0.599 1.17
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
0.947 1.32
NS
NS
0.906 1.106
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

Table 3.5: (cont.) The Rs and α for the enantioselective separation of racemates
under normal standard and non-standard MP condition (% v/v)
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IG

45

47

Rs
1.039
1.14
0.99
3.244
2.519
1.708
1.334
1.306
1.68
1.328
1.619
1.116
1.711
0.661
1.87
1.538
1.324
1.195
1.107
1
1.441
0.971
0.886
0.722
1.371
2.068
1.271
2.098
1.133
2.081
1.324
2.039
NS

α
1.031
1.203
1.202
1.18
1.217
1.274
1.18
1.101
1.095
1.103
1.091
1.082
1.098
1.066
1.128
1.126
1.332
1.035
1.291
1.29
1.085
1.065
1.029
1.037
1.119
1.123
1.114
1.125
1.095
1.078
1.113
1.193
NS

Normal solvents
Standard solvents
Nonstandard solvents
n-Hexane 2-PrOH EtOH THF DCM MtBE
90
10
80
20
70
30
90
10
80
20
70
30
60
40
80
20
90
10
80
20
90
10
80
20
90
10
60
40
80
20
50
0.2
50
2
98
90
10
80
20
70
30
90
10
80
20
70
30
60
40
80
20
90
10
80
20
90
10
80
20
90
10
80
20
50
0.2
50
2
98

additives
TEA TFA

0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

IA
Rs
1.516
NS
NS
NS
NS
NS
NS
NS
1.041
NS
NS
NS
NS
NS
NS
NS
NS
1.896
NS
NS
NS
NS
NS
NS
NS
1.658
NS
NS
NS
NS
NS
NS
0.687

Table 3.6: (cont.) The Rs and α for the enantioselective separation of racemates
under normal standard and non-standard MP condition (% v/v)
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α
1.092
NS
NS
NS
NS
NS
NS
NS
1.071
NS
NS
NS
NS
NS
NS
NS
NS
1.137
NS
NS
NS
NS
NS
NS
NS
1.133
NS
NS
NS
NS
NS
NS
1.175
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Figure 3.2: UV traces/Chromatograms for the enantioselective separation of
racemates under normal standard and non-standard MP
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3.3.2 Chiral separation under reversed phase
Literature supporting the use of amylose and cellulose-based CSPs in LC are limited
[22, 34-39].However, in this study, those CSPs will be used under RP due to its
advantages from the economic and environmental point of view.
Initially, enantioselectivity was tested using (ACN/H2O) reversed MP, ranging from
10-90% (v/v) (Table 3.3 and Figure 3.3). There were some baseline separations
researched under ACN condition for racemate samples 9, 11, 19, 24, 27, 28, 36, 42, 45
and 47. Especially, sample 19 achieved baseline separation under ACN/H2O 60:40 v/v
in presence of 0.1% TEA in MP (Rs=16.80, α=2.63). The same as compound 24
(Rs=5.83, α=1.46) were higher to other separations reached under standard and nonstandard organic solvents (Table 3.3 and Figure 3.3). Compound 27 was baseline
separated under reversed phase condition (ACN/H2O/TEA 60:40:0.1 % v/v) with
higher Rs 1.35 and α 1.46, which was better than separated under standard and nonstandard solvents.
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Reversed mobile phase
IG
6
9
11
19
24
27
28
30
33
36
42
45
47

Rs
NS
1.443
1.496
4.549
4.216
16.801
12.384
5.831
1.325
0.965
1.1
NS
NS
11.174
7.721
5.825
1.117
1.125
1.897
0.906

α
NS
1.09
1.109
1.399
1.385
2.637
2.719
1.461
1.179
1.084
1.071
NS
NS
2.965
3.214
2.441
1.247
1.055
1.133
1.07

ACN/H2O/0.1TEA
(% v/v)
60/40
60/40
80/20
60/40
80/20
60/40
80/20
60/40
60/40
60/40
80/20
60/40
60/40
40/60
60/40
80/20
60/40
40/60
40/60
60/40

IA
Rs
1.429
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
2.275
10.91
NS
5.563
NS
NS
NS
NS
NS

α
1.097
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
1.285
1.678
NS
2.822
NS
NS
NS
NS
NS

Table 3.7: The Rs and α for the enantioselective separation of racemates under
reversed MP condition
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Figure 3.3: UV traces/Chromatograms for the enantioselective separation of
racemates under reversed MP (ACN/H2O)
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3.3.3 Methyl vs Chlorine substituent in CHIRALPAK IA® vs
CHIRALPAK IG®
Try to study the effect of amylose tris (3,5-dimethylphenyl carbamate) or ADMPC
(referred CHIRALPAK IA®) introduced into the third position chloro substituent group
instead of a methyl group to produce a given amylose tris (3-chloro-5methylphenylcarbamate) is called CHIRALPAK IG®. To compare between
CHIRALPAK IA® and CHIRALPAK IG® by using standard, non-standard and
reversed phase MP composition for the enantioseparation of selected racemates. As
previously mentioned, the n-hexane/EtOH 90: 10 v/v mixtures are the best performance
mixture for the standard solvent in the MP composition in terms of Rs and α. The MP
mixtures selected were compared for the enantioselective resolution of the racemate in
CHIRALPAK IA®. To compare with CHIRALPAK IG®, in the same condition, only 4
compounds: 6 (Rs 0.31, α 1.11), 35 (Rs 15.61, α 2.32), 45 (Rs 1.04, α 1.07) and 47 (Rs
1.65, α 1.13) were achieved partial or base-line separation under n-hexane/EtOH 90:10
v/v MP. Under the n-hexane/2-PrOH 90:10 v/v MP composition showed partial or baseline separation of 35 (Rs 1.64, α 1.11), 36 (Rs 0.59, α 1.17), 39 (Rs 0.90, α 1.10), 45
(Rs 1.51, α 1.09) and 47 (Rs 1.89, α 1.13). The CHIRALPAK IG® was found to be
superior to the CHIRALPAK IA® by comparing the Rs with the α in the n-hexane/EtOH
90:10 v/v or n-hexane/2-PrOH 90:10 v/v MP composition. When using non-standard
solvents as the MP, such as MtBE/EtOH 98/2 % v/v, CHIRALPAK IA® separated only
four compounds 30, 33, 36 and 42 compared CHIRALPAK IG® which separated seven
compounds (14, 15, 20, 30, 33, 36, 42 and 45). Furthermore, the Rs and α were all better
on CHIRALPAK IG® (Table 3.2). The different chiral recognition capabilities may be
attributed to the electronic effects of substituents, that is, the substitution of methyl
groups with chloro groups can change the polarity and the three-dimensional structure
of the polymer.
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Under reversed MP (ACN/H2O/TEA 60:40:0.1 v/v/v), CHIRALPAK IA® achieved
baseline separation only 4 compounds: 6 (Rs 1.42, α 1.09), 30 (Rs 2.27, α 1.28), 33 (Rs
10.91, α 1.67), and 36 (Rs 5.56, α 2.82) compared with CHIRALPAK IG® which
separated 10 compounds: 9, 11, 19, 24, 27, 28, 36, 42, 45 and 47. It is interesting that
CHIRALPAK IG® was not separated compounds 6, 30 and 33 under similar conditions
(Table 3.3).
Under reversed MP composition namely ACN/H2O/TEA 60:40:0.1 v/v/v respectively,
only compounds 6 (Rs 1.42, α 1.09), 30 (Rs 2.27, α 1.28), 33 (Rs 10.91, α 1.67), and 36
(Rs 5.56, α 2.82) were baseline separated on CHIRALPAK IA® compared to
compounds 9, 11, 19, 24, 27, 28, 36, 42, 45 and 47 separated on CHIRALPAK IG®. It
is noteworthy to mention that compounds 6, 30 and 33 were not previously separated
on CHIRALPAK IG® under similar conditions (Table 3.3).

3.4 Conclusions
CHIRALPAK IG® shows the adaptability of solvents. The results demonstrated that the
prohibited non-standard LC solvents such as MtBE, DCM and THF, which can dissolve
or swell the amylose derivative CSP, can be used as eluents in the MP composition.
Used addition of these solvents as diluents to directly monitor organic reactions online
will be also beneficial. Some tested racemates samples can be separated under normal
non-standard organic solvents, but unseparable under standard organic solvents in MP
composition. The ACN/H2O composition RP broaden the application of CHIRALPAK
IG® and enhanced Rs and α to compare similar separation under standard and nonstandard organic solvents. To compare with CHIRALPAK IA®, the CHIRALPAK IG®
shows a better Rs and α, under standard and non-standard solvents. However, under
reversed phase, CHIRALPAK IA® got more separations than CHIRALPAK IG®, which
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were not in place when using CHIRALPAK IG®. In general, CHIRALPAK IG®
outperform CHIRALPAK IA® and may be a replacement for CHIRALPAK IA®.
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Chapter 4:
Enantioselective separation of racemates using the sub 2
micron CHIRALPAK IG-U under normal standard, nonstandard and reversed phase high-performance liquid
chromatography

4.1 Introduction
Enantioselective chromatography has become a practical technique for the chiral separation of
racemates [1, 2]. Compared to the time consuming and expensive synthetic production of
racemates, the separation of racemic mixtures is considered a feasible method for industrial
applications [3]. Following the development of this technology, several subclasses
chromatographic techniques have appeared for separating racemic mixtures including EC, SFC,
CCC, GC, and HPLC [4].
The development of chromatography technology has always been committed to improving
efficiency and faster solutions to reduce costs and increase yields [5, 6]. Due to the relatively
low efficiency and long analysis times, conventional HPLC, could not fully satisfy these
requirements. Although increasing flow rates, shortening the column length or using
monolithic columns and other approaches can increase the efficiency and analysis time; these
methods may result in low phase ratio and low capacity factor. [5]
Conventional LC employs 3 or 5 μm porous particles in standard chromatographic column;
however, the main drawbacks are long analysis time (>20 min), low separation efficiency and
large amounts of reagents expended. [7] Through van Deemter’s equation, the separation
efficiency is inversely proportional to the particle size. Therefore, the use of smaller size silica
particles (less than 2 µm) can enhance the separation performance in liquid chromatography.
[8] Sub-2 micron materials have been developed and proved in many separation techniques. [9]
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For example, ultra-high-performance liquid chromatography (UHPLC) using nonporous sub2-µm silica particles (1-1.5 µm) which were monodisperse to make efficient chromatographic
columns [10-13]. Compared with the conventional 3 and 5 µm packing materials, mesoporous
sub-2 µm silica materials are smaller and have more efficiency of separation enhancing the
loading capacity, shortening the separation time and achieving higher resolution than
conventional HPLC. [14, 15]
Previously published reports revealed that chiral separations performed on columns packed
with sub 2-µm particles have been used in size exclusion chromatography (SEC) [16], ionexchange chromatography (IEX) [17], hydrophilic interaction chromatography (HILIC) [18,
19], SFC [20, 21] and UHPLC [22]
The ultimate goal for chromatographers is to be able to achieve analyses in shorter run times
without compromising the resolution, efficiency, and sensitivity that is strived for during
method development. The wide availability of modern stationary phase packing materials and
column dimensions renders this goal achievable to all chromatographers without, necessarily,
the need for expensive UHPLC equipment. Such criteria include reducing the column L, [23]
narrowing the column ID [24] and using smaller particle size. Here we report the first use of
amylose tris (3-chloro-5-methylphenylcarbamate) or ACMPC immobilised on sub 2-micron
silica particles with brand name CHIRALPAK IG-U® (Figure 4.1) for the enantioselective
separation of racemates under normal standard, non-standard and reversed phase HPLC. A
brief comparison with the ordinary CHIRALPAK IG® using similar CSP immobilised on 5
micro silica particles in a longer column with larger ID is also discussed.
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Figure 4.1: Chemical structures of CHIRALPAK IG-U® amylose based chiral stationary
phases.
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4.2 Materials and methods
4.2.1 Instrumentation
Conventional HPLC analysis was carried out using a Prominence Shimadzu System that
consists of an LC-20 AD VP pump (Kyoto, Japan), SIL- 20AHT auto sampler, a GL Science
UV-vis detector model MU 701 UVVIS (Tokyo, Japan), and a Shimadzu CDM-20A
communications bus module (Kyoto, Japan). All analyses were performed at room temperature
(25oC). CHIRALPAK IG-U® (3 mm ID × 50 mm, 1.6 μm silica gel) was supplied by Daicel
(Tokyo, Japan).

4.2.2 Chemicals and reagents
All solvents were HPLC grade purchased from Sigma-Aldrich (St. Louis, MO, USA). Most of
the tested compounds (Figure 2.3) were also purchased from Sigma-Aldrich (St. Louis, MO,
USA) namely Arterenol 3, Propranolol 4, Normetanephrine 6, Epinephrine 8, Tocainide 9,
Propafenone 11, naproxen 14, Flurbiprofen 19, Indoprofen 20, Miconazole 24, Ifosfamide 26,
Nomifensine 31, Tyrosin 32, Phenylalanine 33, Glutamic acid monohydrate 34, 4-Hydroxy-3methoxymandelic acid 42, 1-Acenaphthenol 45 and α-Methyl DOPA 46. On the hand,
Naftopidil 6 was purchased from Boehringer Mannheim (Mannheim, Germany), Carprofen 13
and Sulconazole 25 were purchased from AK Scientific (Union, CA, USA), Cizolirtine 15 was
purchased

from

American

Custom

Chemicals

Corp.,

(San

Diego,

CA,

USA),

Chlorpheneramine 28 was purchased from Research Biochemicals International (Natick, MA,
USA), Aminoglutethimide 30 was purchased from CIBA GEIGY (Basel, Switzerland),
Flavanone 35 and 6-Hydroxyflavanone 36 were purchased from Alfa Aesar (Ward Hill, MA,
USA). 1-Phenyl-2,2,2-trifluorethanol 39 was purchased from Sigma-Aldrich Switzerland.1Indanol 47 was purchased from Fluka Chemical (Milwaukee, WI, USA).
Classification of the investigated racemates and their purities are as listed below:
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Classification

Durg

Purity & Supplier

Arterenol 3

97%, Sigma-Aldrich, USA

Propranolol 4
Naftopidil 6
Epinephrine 8
Tocainide 9
Propafenone 11
Carprofen 13
Naproxen 14

Flurbiprofen 19
Indoprofen 20

99%, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
98%, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA
98%, AK Scientific, USA
NA, Sigma-Aldrich, USA
NA, American Custom
Chemicals Corp., USA
NA, Sigma-Aldrich, USA
NA, Sigma-Aldrich, USA

Miconazole 24

98% Sigma-Aldrich, USA

Sulconazole 25

NA, AK Scientific, USA

Ifosfamide 26

98%, Sigma-Aldrich, USA

Tumor marker

Normetanephrine 27

Antihistaminics

Chlorpheneramine 28

Sedative hypnotics
Norepinephrinedopamine reuptake
inhibitors

Aminoglutethimide 30

98%, Sigma-Aldrich, USA
NA, Research Biochemicals
International, USA
NA, CIBA GEIGY

Nomifensine 31

NA, Sigma-Aldrich, USA

Tyrosin 32
Phenylalanine 33
Glutamic acid monohydrate 34
Flavanone 35
6-Hydroxyflavanone 36

99%, Sigma-Aldrich, USA
99%, Sigma-Aldrich, USA
98%, Sigma-Aldrich, USA
98%, Alfa Aesar, USA
98%, Alfa Aesar, USA
98%, Sigma-Aldrich,
Switzerland

β-blockers
α-Blocker
Neurotransmitters
Antiarrhythmics

Anti-inflammatories

Antifungals
Anticancer

Amino acids

Cizolirtine 15

1-Phenyl-2,2,2-trifluorethanol 39
Miscellaneous

4-Hydroxy-3-methoxymandelic
acid 42
1-Acenaphthenol 45

98%, Sigma-Aldrich, USA
99%, Sigma-Aldrich, USA

a-Methyl DOPA 46

NA, Sigma-Aldrich, USA

1-Indanol 47

98%, Fluka Chemika, USA

Table 4.1: Classification of the investigated racemates and purities
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4.2.3 Sample Preparations
Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLC-grade
2-PrOH were prepared, filtered through Sartorius Minisart RC 15 0.2-μm pore size filters
(Goettingen, Germany) and further used for analysis without dilution; the injection volume was
1 μL.

4.2.4 HPLC Conditions
The enantioselective analyses were conducted using standard normal MP comprised of nhexane in combination with 2-PrOH or EtOH and non-standard NP namely THF, DCM and
MtBE. Reversed MP consisted of ACN and H2O mixture. The additives TEA and TFA were
added in both normal MP and reversed MP. UV analyses were performed at fixed wavelength
(254 nm) for all compounds.

4.3 Result and discussion
The effects of shortening the length of column five times (from 250 mm in CHIRALPAK IG ®
to 50 mm in CHIRALPAK IG-U®), the ID (from 4.6 mm in CHIRALPAK IG® to 3 mm
CHIRALPAK IG-U®) and the particles size (from 5 m in CHIRALPAK IG® to 1.6 m or sub
two micron in CHIRALPAK IG-U®) using similar CSP namely amylose tris (3-chloro-5methylphenylcarbamate) achieved the enantioselective separation of racemates under normal
standard and non-standard organic phase and reversed phase chromatographic conditions.
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4.3.1 Chiral separation of racemates on the sub 2 micro column
CHIRALPAK IG-U® under normal standard and non-standard organic
mobile phase
Firstly, the initial MP selected for the enantioselective separation of twenty-eight racemates
(Table 4.1) was a binary mixture of standard organic solvents consisting of n-hexane/EtOH
screened from 90:10 to 10:90 v/v at 1 ml/min flow rate on the sub 2 micro column
CHIRALPAK IG-U® at fixed UV detection 254 nm. Out of the twenty-eight compounds
screened, eleven compounds namely 6, 9, 11, 13-15, 20, 24, 31, 35 and 36 were partially or
baseline separated, under either 90:10 or 80:20 v/v n-hexane/EtOH MP, respectively (Table
4.2 and Figure 4.2). Other compounds namely 3, 4, 8, 19, 25-28, 30, 32-34, 39, 42 and 45-47
were not separated. Substituting EtOH with 2-PrOH resulted in the separation of only seven
compounds namely 6, 11, 13, 25, 35, 36 and 45 under either 90:10, 80:20, 70:30 or 60:40 v/v
n-hexane/2-PrOH (Table 4.2). In terms of Rs and α, EtOH in MP system showed better results
than 2-PrOH where 9, 14, 20, 24 and 31 were all separated under n-hexane/EtOH which was
not the case in n-hexane/2-PrOH.
To test the solvent versatility of the new immobilised sub 2 micro phase (CHIRALPAK IGU®), non-standard solvents namely DCM, THF) or MtBE were used instead of the combination
of standard organic solvents. The addition of non-standard solvents in MP composition
enhanced the Rs and α of several tested racemates (Table 4.2). For example, in case of 9, the
Rs 1.437 and α 1.386 in standard solvents namely n-hexane/EtOH 90:10 v/v were enhanced to
Rs 1.888 and α 1.663 when using non-standard solvent in MP composition (nhexane/DCM/EtOH 50/50/0.2 v/v/v). Of particular interest, compound 39 which was not
resolved under any standard solvents’ combination investigated in this study, was baseline
separated under non-standard organic solvent (MtBE 40% v) in combination with ethanol
(EtOH 60% v) or MtBE/EtOH 40:60 v/v, respectively with Rs 1.546 and α 1.783. Similarly,
compounds 30 and 47 were only separated under non-standard organic MP composition
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consisting of MtBE/EtOH 40:60 v/v and n-hexane/DCM 85%/15% v/v. One can conclude that
the chiral recognition of sub 2 micro column CHIRALPAK IG-U® is like that of CHIRALPAK
IG® where polarity is playing a role. Another reason might be the stereo environment of the
chiral cavities in amylose derivatives which might be favourable in presence of EtOH. Other
researchers have speculated that the configuration of the chiral cavities in the amylose tris (3,5dimethylphenyl carbamate) is determined by the composition of MP in NP mode while the
configuration of RP mode remains unchanged. [25] It is worthy to note that the chiral
recognition is not only due to hydrogen bonding and π-π interactions but also due to the chiral
cavities of the stationary phases with specific configuration responsible for bonding of different
magnitude between the stationary phase and enantiomers. [26]

132

Chapter 4

IG-U

3
4

6

9

11

13

Rs
0.634
1.241
0.859
0.679
4.399
5.949
1.922
5.276
3.34
2.661
2.025
0.87
1.437
0.274
0.804
1.888
1.555
1.136
3.637
5.786
5.205
2.678
2.39
1.532
0.925
1.674
0.55
1.825
2.343
0.865
0.3
0.323
1.052

α
1.724
1.505
1.302
1.243
2.617
3.152
2.047
3.452
3.158
1.598
1.899
1.192
1.386
1.198
1.107
1.663
1.267
1.298
2.212
2.298
2.526
1.834
1.564
1.302
1.858
1.278
1.242
1.282
1.643
1.436
1.201
1.124
1.233

Normal solvents
Standard solvents
Nonstandard
Hexane 2-PrOH EtOH THF solvents
DCM MtBE
80
20
2
98
50
0.2
50
80
20
80
20
90
10
80
20
90
10
80
20
70
30
60
40
50
0.2
50
90
10
80
20
90
10
50
0.2
50
80
20
90
10
80
20
90
10
90
10
80
20
70
30
50
0.2
50
60
40
90
10
80
20
90
10
90
10
80
20
70
30
90
10
50
0.2
50

additives
TEA

TFA
0.1

0.1
0.1
0.1
0.1
0.1
0.1

0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1

0.1

Table 4.2: (cont.) The Rs and α for the enantioselective separation of racemates under
normal standard and non-standard MP condition (% v/v) (Rs <1 = not separated,
Rs > 1 = separated)
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IG-U

14

15

20

24

25

28
30
31

0.687
0.738
1.817
0.712
2.716
0.638
1.032
1.048
1.775
1.798
3.177
1.416
0.73
0.845
0.785
1.13
0.89
0.378
0.962
0.212

1.162
1.304
1.343
1.159
1.441
2.019
1.155
1.305
1.158
1.182
1.282
1.217
1.16
1.102
1.161
1.173
1.11
1.098
1.098
1.09

1.048
0.592
1.64
1.176
1.007
0.961
0.386
8.087
2.658
3.249

1.236
1.216
1.772
1.389
1.4
1.178
1.16
3.979
1.414
1.522

Normal solvents
Standard solvents
Nonstandard
solvents
90
10
80
20
90
10
90
10
80
20
80
20
90
10
80
20
80
20
80
20
80
20
70
30
2
98
80
20
90
10
90
10
90
10
80
20
90
10
80
20
80
70
90
80
70
60
50
90
90

20
30
10
20
30
40

additives

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1

0.1
0.1

0.1
0.1
0.1
0.1
0.2
60
10
10

50
40
0.1

Table 4.3: (cont.) The Rs and α for the enantioselective separation of racemates under
normal standard and non-standard MP condition (% v/v) (Rs <1 = not separated,
Rs > 1 = separated)
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IG-U

35

36

39
46

45
47

2.566
2.538
2.808
2.114
2.724
2.113
1.361
1.403
1.297

1.49
1.746
2.077
1.985
1.45
2.222
1.502
1.272
2.398

7.144
9.554
7.245
9.557
7.21
9.575
0.78
1.002
2.413
1.546
0.609
0.41
0.768
1.025
0.948
0.936

2.237
2.3
3.709
2.336
2.1
2.312
1.116
1.27
2.862
1.783
1.729
1.194
1.238
1.71
1.118
1.312

Normal solvents
Standard solvents
Nonstandard
solvents
80
20
90
10
80
20
90
10
80
20
90
10
90
10
90
10
2
98
80
90
80
90
80
90
90
90

80
80
90
90
85
85

20
10
20
10
20
10

additives

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

10
10

0.1
2
60
20

98
40
20

10
10

0.1
15
15

Table 4.4: (cont.) The Rs and α for the enantioselective separation of racemates under
normal standard and non-standard MP condition (% v/v) (Rs <1 = not separated,
Rs > 1 = separated)

135

Chapter 4

136

Chapter 4

137

Chapter 4

138

Chapter 4

Figure 4.2: UV traces/Chromatograms for the enantioselective separation of racemates
under normal standard and non-standard MP

4.3.2 Chiral separation under reversed phase
The enantioselective separation of the selected racemates (Table 4.1) was also investigated
using RPs including ACN and H2O or ACN/H2O ranging from 10–90% (v/v) (Table 4.3). Few
separations were achieved for compounds 6, 9, 11, 24, 25, 30, 35 and 36. Compound 6 was
baseline separated with unpreceded Rs 2.559 and α 1.622 under ACN/H2O 80:20 v/v in
presence of 0.1% TEA in MP composition. Similarly, in case of 30; Rs 1.894 and α 1.344 were
superior to other separations achieved under standard and non-standard organic solvents (Table
4.3 and Figure 4.3). Compound 36 which was separated under standard and non-standard
solvents, was separated under RP condition (ACN/H2O/TEA 40:60:0.1% v/v) with superior Rs
2.385 and α 2.712 which Rs≥1.5 and α >1.
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Reversed mobile phase
IG-U
Rs

α

ACN/H2O/0.1TEA
(% v/v)

6

2.559 1.622

80/20

9

1.447 1.287

40/60

11 1.009 1.255

80/20

24 1.035 1.256

80/20

25

1.117

60/40

30 1.894 1.344

80/20

35 5.446 2.644
2.697 1.945

60/40

2.385 2.712

40/60

36 1.797 1.976

60/40

1.999 2.019

80/20

0.95

80/20

Table 4.5: The Rs and α for the enantioselective separation of racemates under reversed
MP condition (% v/v)

Figure 4.3: UV traces/Chromatograms for the enantioselective separation of racemates
under reversed MP (ACN/H2O v/v)
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4.3.3 Effect of column length, internal diameter and particle size:
CHIRALPAK IG® vs CHIRALPAK IG-U®
We have previously reported on the enantioselectivity of the CHIRALPAK IG ® or amylose
tris (3-chloro-5- methylphenylcarbamate) CSP with a chlorine substituent replacing the methyl
group in CHIRALPAK IA® (amylose tris (3,5-dimethylphenylcarbamate) under normal
standard and non-standard organic phase as well as RP chromatographic conditions. The results
revealed that in terms of Rs and , CHIRALPAK IG® was superior to CHIRALPAK IA® [26].
Both columns had similar column L (250 mm), ID (4.6 mm) and particles size ( mm) with
CSP as the only variable. Here we use similar CSP with three variables namely the column L,
ID and the particles’ size.
Compound 9, when separated on CHIRALPAK IG® (250mm L, 4.6mm ID and 5 m particle
size) column using 1ml/min flow rate, it was separated within 20.15 min with Rs 1.677 and α
1.101. Similar compound when separated on CHIRALPAK IG-U® with shorter L (50mm), ID
(3 mm) and particles size (1.6 m) using similar flow rate of 1 ml/min, the compound was
separated with Rs. 1.437, α 1.386 and similar linear velocity is achieved in 1.1 min. The latter
is eighteen times reduction in retention time, however, at the expense of resolution decreasing
from Rs 1.232 to Rs 0.687. Similarly, for compounds 14 (Rs 1.232, 1.119on CHIRALPAK
IG® and Rs 0.687, 1.162 on CHIRALPAK IG-U®), 24 (Rs 4.758, α 1.282 on CHIRALPAK
IG® and Rs 0.785, α 1.161 on CHIRALPAK IG-U®), and 35 (Rs 7.2, 1.907 on CHIRALPAK
IG® and Rs 2.538,  1.746 on CHIRALPAK IG-U ®) (Table 4.4).
On the other hand, compound 13 demonstrated higher Rs when reducing column L, ID and
particle size (Rs 1.247, 1.16 on CHIRALPAK IG® and Rs 1.674  1.278 on CHIRALPAK
IG-U ®) (Table 4.4).
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Under reversed MP composition namely ACN/H2O/TEA 80:20:0.1 v/v/v respectively, only
compounds 11 and 36 were separated on both CHIRALPAK IG® and CHIRALPAK IG-U®
(Table 4.5).
In theory [27], the sensitivity, or signal to noise ratio, is related to the concentration at the peak
apex as per equation 1. Therefore, the sensitivity should have increased by reducing the column
L and ID while increasing efficiency (i.e. smaller particle size, minimize extra system/column
volume, increase flow rate etc.) (Figure 4.4, Figure 4.5).

Where:
N = efficiency, Vi = injection volume, L = column length, dc = column internal diameter, k =
retention factor

Figure 4.4: Effect of large particle

Figure 4.5: Effect of small particle
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When column ID is decreased an increase in sensitivity (2-3 fold) can be expected when
injecting the same analyte mass. This is due to there being an increased analyte concentration
in the MP. A change in column diameter (and particle size) will reduce the amount of stationary
phase in the column which will affect the loading capacity, both the volume of sample and the
mass of analyte which can be injected onto the column, along with the flow rates which can be
used. Any loss of sensitivity obtained by reducing the injection volume is more than offset by
the increase in sensitivity achieved by the other changes. It may seem that the smallest diameter
particles will be the obvious choice for high efficiency separations; however, this benefit does
come at a substantial price, that of increased back pressure. The pressure increase is inversely
proportional to the square of the particle diameter as shown in Equation 2.

Where:
η = viscosity, F = flow rate, L = length, K°= specific permeability, r = column radius, dp =
particle diameter

On the other hand, reducing particle size when using traditional porous silica can result in high
back pressures which may not be tolerated by traditional HPLC instruments. The use of
superficially porous materials allows the use of particle sizes which produce lower back
pressures (i.e. 2.6-2.7 µm) while still increasing efficiency and allowing the use of increased
flow rates, which ultimately results in faster analyses. This is due to the increased mass transfer
kinetics associated with superficially porous particles (C term of the van Deemter equation) for
larger molecules (biomolecules) and an increase in packing efficiency and reduction in multiple
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path lengths through the column (A term of the van Deemter equation) for small molecules,
which is demonstrated by the very flat van Deemter curves produced by this packing material
type. In the current study, all three parameters namely the column L, ID and particles size have
been varied when moving from the conventional/ordinary CHIRALPAK IG® (L= 250mm, ID=
4.6mm, particles size 5m) to the sub two micron CHIRALPAK IG-U® (L= 50mm, ID= 3mm,
particles size 1.6m) to allow for faster separation in shorter time while maintaining resolution
as explained in the theory above.
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IG-U

3
4

6

9

Rt1
0.5
0.4

Rt2
Rs
α
0.6 0.634 1.724
0.58 1.241 1.505

1

1.2

1.2

2

2

3.7

1.3
2
1.1

2.1
3.7
1.8

0.859
4.399
5.949
1.922
5.276
3.34

1.302
2.617
3.152
2.047
3.452
3.158

0.8
1.4

1.2
1.7

2.025 1.899
0.87 1.192

1.8
2
0.804 1.107
1.1 1.38 1.437 1.386
1.09 1.5 1.888 1.663

Normal solvents
Standard solvents
Non-standard solvents
n-Hexane 2-PrOH EtOH THF
DCM MtBE
80
20
2
98
80
20
50
0.2
50
80
20
90
10
80
20
90
10
80
20
70
30
60
40
50
0.2
50
70
30
90
10
90
10
50
0.2
50

additives

IG
Rt1

Rt2

Rs

α

0.1

6.75

7.4

1.387

1.17

0.1
0.1

13.8
23

26.1
49

11.54
14.58

2.22
2.32

0.1
0.1
0.1
0.1

22
13
9.3
8
17.5
12.5

39
21.6
14.3
12
24.2
13.5

8.324
7.216
6.42
5.832
1.48
0.648

1.831
1.889
1.628
2.034
1.38
1.104

20.15

21.8

1.677

1.101

TEA

TFA
0.1

0.1

Table 4.6: The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard and nonstandard MP condition (% v/v)
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IG-U
Rt1 Rt2
Rs
α
1.31 2.11 3.637 2.212

11

3
5.3 5.205 2.526
1.38 2.19 2.678 1.834

1.5
1.5
0.8
0.55

1.9
2.3
1
0.7

1.532
2.343
0.865
0.3

1.302
1.643
1.436
1.201

13
1.45
0.7
1.5

1.7
0.8
1.8

1.674 1.278
0.55 1.242
1.825 1.282

1.15 1.38 1.052 1.233

Normal solvents
Standard solvents
Non-standard solvents
n-Hexane 2-PrOH EtOH THF
DCM MtBE
80
20
80
20
70
30
90
10
80
20
60
40
90
10
80
20
90
10
50
0.2
50
90
10
80
20
70
30
80
20
60
40
80
20
90
10
80
20
90
10
80
20
50
0.2
50

additives
TEA
0.1

TFA

0.1
0.1
0.1
0.1
0.1

0.1
0.1

0.1
0.1
0.1

IG
Rt1
15
32
19

Rt2
25.5
46
26

Rs
8.887
4.556
5.138

α
2.012
1.699
1.571

14.65
3.7
33.5
14.6
28.25

23.15
7.8
53.5
23.1
31.5

8.887
7.984
9.048
10.642
0.879

2.012
2.194
1.636
1.881
1.15

39.5
18.7
10.5
11.5
6
7.4
19.6
17
16.4
7
31.28

43.15
21.7
12.5
13
7.1
8.2
21.2
18
19.9
7.9
35.05

0.897
1.454
1
0.399
0.647
1.435
1.247
0.778
1.813
3.058
1.289

1.141
1.15
1.19
1.121
1.347
1.173
1.16
1.067
1.131
1.218
1.198

Table 4.7: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
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IG-U
Rt1

Rt2

1

1.18

1.15

14 2.19
1

15

Rs

α

0.687 1.162
1.3 0.738 1.304
2.68 1.817 1.343
1.1

0.712 1.159

1.14 1.28 1.032 1.155
0.9 1.1 1.048 1.305

19

20

5.9
5.4

6.8
6.3

1.775 1.158
1.798 1.182

7.6
2
2

9.5
2.5
2.2

3.177 1.282
1.416 1.217
0.73 1.16

Normal solvents
Standard solvents
Non-standard solvents
n-Hexane 2-PrOH EtOH THF
DCM MtBE
80
20
90
10
80
20
90
10
80
20
90
10
80
20
90
10
80
20
90
10
90
10
80
20
80
20
80
20
80
20
60
40
80
20
70
30
2
98

additives
TEA

TFA

0.1
0.1
0.1
0.1
0.1

IG
Rt1
Rt2
7.5
8.12
14.1
15.2
13.45
15.9
36
49
6.3
6.7
11.4
12.65
6
6.5
18.274 21.145

Rs
1.243
1.232
3.196
5.411
1.745
2.799
0.678
3.835

α
1.122
1.119
1.236
1.384
1.091
1.151
1.149
1.19

0.1

0.1
0.1
0.1

7.3
6.8
11.6
4.9

8.5
10.1
12.5
6.55

2.341
10.05
0.999
6.338

1.129
1.597
1.089
1.835

22
9.8

31.1
11.6

3.361
2.793

1.497
1.275

21

23.5

1.413

1.347

Table 4.8: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
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Normal solvents
additives
IG
Standard solvents
Non-standard solvents
Rt1 Rt2
Rs
α
n-Hexane 2-PrOH EtOH THF
DCM MtBE TEA TFA
Rt1
Rt2
Rs
α
70
30
22.5
24
1.123 1.095
2.6 2.9 0.89 1.11
90
10
24 1.49 1.6 0.845 1.102
80
20
8
9.2
3.018 1.224
1.48 1.61 0.785 1.161
90
10
13.982 16.921 4.758 1.282
1.4 1.61 1.13 1.173
90
10
0.1
13.982 16.921 5.268 1.293
1.5 1.8 1.048 1.236
80
20
1.08 1.22 0.592 1.216
70
30
25
3
3.6 1.64 1.772
90
10
0.1
1.45 1.65 1.176 1.389
80
20
0.1
16.95
20.4
2.503 1.242
8.5 9.5 0.961 1.178
60
40
0.1
8.5
9.85
1.964 1.281
27
80
20
0.1
5
6.4
0.671 1.604
28
80
20
0.1
9.6
11.4
3.327 1.286
30 1.65 5.1 8.087 3.979
60
40
0.9 1.15 1.361 1.502
90
10
12.2
13.4
2.787 1.321
0.95 1.1 1.403 1.272
90
10
0.1
10.67 11.42 1.972 1.108
35
1
1.48 2.566 1.49
80
20
3.2
12.6
9.632 4.803
1.3 1.9 2.538 1.746
90
10
15.49
22.6
7.2
1.907
Table 4.9: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
IG-U
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Normal solvents
additives
IG
Standard solvents
Non-standard solvents
Rt1 Rt2
Rs
α
n-Hexane 2-PrOH EtOH THF
DCM MtBE TEA TFA
Rt1
Rt2
Rs
α
1.05 1.45 2.808 2.077
80
20
0.1
11.4
15.78 8.423 1.462
1.2 1.9 2.114 1.985
90
10
0.1
14.3
21.1
10.05 1.597
35
1
1.5 2.724 1.45
80
20
0.1
11.2
15.6
8.214 1.533
1.25 1.89 2.113 2.222
90
10
0.1
14.6
21.45 9.967 1.595
0.55 0.67 1.297 2.398
2
98
4.8
5.9
4.724 1.673
1.9 2.05 0.78 1.116
90
10
36.5
38
1.453 1.115
80
20
23.5
25
2.656 1.159
70
30
15
16
1.191 1.142
1.8
2
1.002 1.27
90
10
0.1
21.8
24.5
1.323 1.126
70
30
0.1
7.7
8.1
0.985 1.146
1.8 3.6 7.144 2.237
80
20
21.5
43.3 14.749 2.029
36 3.4 7.4 9.554 2.3
90
10
1.75 3.45 7.245 3.709
80
20
0.1
20.7
40.8 15.026 2.304
1.75 3.5 7.21
2.1
80
20
0.1
16.5
30
15.536 2.022
3.5 7.6 9.575 2.312
90
10
0.1
80
20
8.4
9.5
1.958 1.147
50
0.2
50
10.2
12.2
4.038 1.231
0.6 1.05 2.413 2.862
2
98
5.6
9.6
7.971 3.784
Table 4.10: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
IG-U
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Normal solvents
additives
IG
Standard solvents
Non-standard solvents
Rt1 Rt2
Rs
α
n-Hexane 2-PrOH EtOH THF
DCM MtBE TEA TFA
Rt1
Rt2
Rs
α
80
20
1.9
2.1
0.621 1.137
39
90
10
4.53
4.78
1.202 1.152
80
20
0.1
5.25
7.1
5.505 1.493
42
80
20
0.1
8.9
10.6
3.242 1.309
0.88
1
0.768 1.238
90
10
36.5
38
1.039 1.031
80
20
18.5
19.8
1.14 1.203
70
30
12.5
13
0.99 1.202
0.89 1.01 1.025 1.71
90
10
0.1
8.9
10
3.244 1.18
70
30
0.1
4.95
5.3
1.708 1.274
80
20
5.6
5.9
1.306 1.101
90
10
8
8.55
1.68 1.095
45
80
20
0.1
5.6
5.9
1.328 1.103
90
10
0.1
8
8.5
1.619 1.091
80
20
0.1
6
7.5
1.116 1.082
90
10
0.1
8.3
8.88
1.711 1.098
60
40
3.95
4.05
0.661 1.066
80
20
6.6
7.2
1.87 1.128
4.5
5
0.948 1.118
85
15
50
0.2
50
6.95
7.35
1.538 1.126
Table 4.11: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
IG-U
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Normal solvents
additives
IG
Standard solvents
Non-standard solvents
Rt1 Rt2
Rs
α
n-Hexane 2-PrOH EtOH THF
DCM MtBE TEA TFA
Rt1
Rt2
Rs
α
46 1.6
2
0.41 1.194
80
20
80
20
17.5
18.5
1.107 1.291
70
30
11.75
12.5
1
1.29
90
10
0.1
7.1
7.4
1.441 1.085
80
20
5
5.3
1.371 1.119
90
10
6.9
7.43
2.068 1.123
47
80
20
0.1
5
5.3
1.271 1.114
90
10
0.1
7
7.5
2.098 1.125
80
20
0.1
4.9
5.15
1.133 1.095
90
10
0.1
7.1
7.6
2.081 1.078
80
20
5.9
6.1
1.324 1.113
50
0.2
50
6.11
6.48
2.039 1.193
Table 4.12: (cont.) The retention time (Rt), resolution (Rs) and separation factor (α) of the separated racemates under normal standard
and non-standard MP condition (% v/v)
IG-U

151

Chapter 4

6

Rt1
0.9

IG-U
Rt2
Rs
α
1.4 2.559 1.622

9
11
24
25
27

1.25
0.7

1.5 1.439 1.322
0.85 1.009 1.255

1.2
2.8

1.4
3.1

1.035 1.256
0.95 1.117

28
30
35

36

4.2
1.6
0.7
1.26
0.5

5.6
3
1.2
2.25
0.85

1.894
5.446
2.697
2.385
1.797

0.5

0.83 1.999 2.019

39
42
45

1.344
2.644
1.945
2.712
1.976

Reversed solvents
ACN/H2O/0.1TEA
80/20
60/40
80/20
60/40
80/20
60/40
80/20
60/40
60/40
60/40
80/20
80/20
60/40
80/20
40/60
60/40

IG
Rt1

Rt2

Rs

α

3.7
3.8
12.2
6.8
32

4.05
4
16.4
8.4
43.8

1.443
1.496
4.549
4.216
5.831

1.09
1.109
1.399
1.385
1.461

3.2
8.15
5.9

3.6
8.7
6.2

1.325
0.965
1.1

1.179
1.084
1.071

14.2
6.4
6.2
5

32 16.801 2.637
11.9 12.384 2.719
13.6 11.174 2.965
9.3 7.721 3.214

80/20
40/60
60/40

4.75
4.6
7.05

8.5
4.85
7.8

5.825
1.897
0.906

2.441
1.133
1.07

60/40
40/60

1.9
13

2.2
13.6

1.117
1.125

1.247
1.055

Table 4.13: The retention time (Rt), resolution (Rs) and separation factor (α) of
the separated racemates under reversed MP condition (% v/v)

4.4 Conclusions
The solvents versatility of sub 2 micro column CHIRALPAK IG-U® has been
demonstrated. The results revealed that solvents known as prohibited non-standard LC
solvents such as MtBE, DCM and THF in which the amylose derivatives CSP can be
dissolved/swollen can be used as eluents in MP compositions. The addition of these
solvents will be also beneficial when used as diluents to directly monitor organic
reactions online. The use of RP consisting of ACN/H2O broaden the application of sub
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2 micro column CHIRALPAK IG-U® with the enhanced Rs and α comparing to similar
separation under standard and non-standard organic solvents. Comparing the Rt of
CHIRALPAK IG® and CHIRALPAK IG-U®, the Rt of CHIRALPAK IG-U® appears
to be superior under standard and non-standard solvents organic solvents and revered
phase. Overall, for the results of the samples we tested shows the Rt of CHIRALPAK
IG-U® appears to be superior to CHIRALPAK IG® and it may offer an alternative to
CHIRALPAK IG®.

153

Chapter 4

4.5 References

1.
2.

3.

4.

5.

6.

7.

8.

9.

10.
11.

12.

13.

14.
15.
16.

Schurig, V., The reciprocal principle of selectand-selector-systems in
supramolecular chromatography. Molecules, 2016. 21(11): p. 1535.
Ali, I. and H.Y. Aboul-Enein, Chiral pollutants: distribution, toxicity and
analysis by chromatography and capillary electrophoresis. 2005: John Wiley
& Sons.
Francotte, E.R., Enantioselective chromatography as a powerful alternative
for the preparation of drug enantiomers. Journal of Chromatography A, 2001.
906(1): p. 379-397.
Han, S.M., Direct enantiomeric separations by high performance liquid
chromatography using cyclodextrins. Biomedical Chromatography, 1997.
11(5): p. 259-271.
Wang, Y., et al., Sub-2μm porous silica materials for enhanced separation
performance in liquid chromatography. Journal of Chromatography A, 2012.
1228(Supplement C): p. 99-109.
Reyes-Reyes, M.L., et al., UHPLC Determination of Enantiomeric Purity of
Sertraline in the Presence of its Production Impurities. Chromatographia,
2014. 77(19): p. 1315-1321.
Reyes-Reyes, M., et al., UHPLC determination of enantiomeric purity of
sertraline in the presence of its production impurities. Chromatographia, 2014.
77(19-20): p. 1315-1321.
Wu, N. and A.M. Clausen, Fundamental and practical aspects of ultrahigh
pressure liquid chromatography for fast separations. Journal of Separation
Science, 2007. 30(8): p. 1167-1182.
Zhang, Z., et al., Applications of nanomaterials in liquid chromatography:
Opportunities for separation with high efficiency and selectivity. Journal of
Separation Science, 2006. 29(12): p. 1872-1878.
Xiang, Y., et al., Separation of chiral pharmaceuticals using ultrahigh
pressure liquid chromatography. Chromatographia, 2002. 55(7): p. 399-403.
MacNair, J.E., K.C. Lewis, and J.W. Jorgenson, Ultrahigh-pressure reversedphase liquid chromatography in packed capillary columns. Analytical
chemistry, 1997. 69(6): p. 983-989.
MacNair, J.E., K.D. Patel, and J.W. Jorgenson, Ultrahigh-pressure reversedphase capillary liquid chromatography: isocratic and gradient elution using
columns packed with 1.0-μm particles. Analytical chemistry, 1999. 71(3): p.
700-708.
Xiang, Y., et al., Synthesis of micron diameter polybutadiene-encapsulated
non-porous zirconia particles for ultrahigh pressure liquid chromatography.
Journal of Chromatography A, 2003. 1002(1): p. 71-78.
Shen, Y., et al., Ultrahigh-throughput proteomics using fast RPLC separations
with ESI-MS/MS. Analytical chemistry, 2005. 77(20): p. 6692-6701.
Swartz, M. and I. Krull, Implementing new technology in a regulated
environment. LC GC North America, 2006. 24(8).
Hong, P., S. Koza, and E.S. Bouvier, A review size-exclusion chromatography
for the analysis of protein biotherapeutics and their aggregates. Journal of
liquid chromatography & related technologies, 2012. 35(20): p. 2923-2950.

154

Chapter 4
17.
18.

19.
20.

21.
22.
23.

24.

25.

26.

27.

Roos, P.H., Chapter 1 Ion Exchange Chromatography, in Journal of
Chromatography Library. 1999. p. 3-88.
McCalley, D.V. and U.D. Neue, Estimation of the extent of the water-rich
layer associated with the silica surface in hydrophilic interaction
chromatography. Journal of Chromatography A, 2008. 1192(2): p. 225-229.
Periat, A.C., et al., Advances in hydrophilic interaction liquid chromatography
for pharmaceutical analysis. LCGC Europe, 2013. 26(5): p. 17-23.
Grand-Guillaume Perrenoud, A., J.-L. Veuthey, and D. Guillarme,
Comparison of ultra-high performance supercritical fluid chromatography
and ultra-high performance liquid chromatography for the analysis of
pharmaceutical compounds. Journal of Chromatography A, 2012. 1266: p.
158-167.
Fekete, S., et al., Current and future trends in UHPLC. TrAC trends in
analytical chemistry, 2014. 63: p. 2-13.
Cavazzini, A., et al., Enantioseparation by ultra-high-performance liquid
chromatography. TrAC Trends in Analytical Chemistry, 2014. 63: p. 95-103.
Haginaka, J., et al., Retention and enantioselective properties of ovomucoidbonded silica columns: Influence of physical properties of base materials and
spacer length. Journal of Chromatography A, 1994. 660(1): p. 275-281.
Buckenmaier, S., et al., Instrument contributions to resolution and sensitivity
in ultra high performance liquid chromatography using small bore columns:
Comparison of diode array and triple quadrupole mass spectrometry
detection. Journal of Chromatography A, 2015. 1377: p. 64-74.
Aboul-Enein, H.Y. and I. Ali, Studies on the effect of alcohols on the chiral
discrimination mechanisms of amylose stationary phase on the
enantioseparation of nebivolol by HPLC. Journal of Biochemical and
Biophysical Methods, 2001. 48(2): p. 175-188.
Ghanem, A. and C. Wang, Enantioselective separation of racemates using
CHIRALPAK IG amylose-based chiral stationary phase under normal
standard, non-standard and reversed phase high performance liquid
chromatography. Journal of Chromatography A, 2018. 1532: p. 89-97.
CHROMacademy. Available from:
https://www.chromacademy.com/chromatography-speeding-up-yourHPLC.html.

155

Chapter 5

Chapter 5:
Preparation of functionalized proline-based monolithic
chiral stationary phases for the enantioselective
separation of pharmaceuticals using nano-HPLC

5.1. Introduction
In 1848, Louis Pasteur found chirality in the study of sodium ammonium paratartrate
(racemates) crystals. [1, 2] The reason for the growing use of the separation of optical
isomers and the preparation of enantiomerically pure compounds in biotechnology,
chemistry and pharmacology fields are that the most biologically important compounds
have two enantiomeric forms which have different physiological activities. [3]
Enantioselective HPLC the most widely used separation technique at both analytical
and preparative scale in the chromatographic methods, such as CE, GC, HPLC, SFC,
and thin layer chromatography (TLC) [4]
Under the Wainer classified CSPs types of interaction, CSPs derived from amino acids
are among the most important. [5-7] In several studies, which reported protein-based
polymer monoliths as CSs for enantiomeric separation, it was found that poly (GMAco-EGDMA) monoliths have been used extensively for post modification approaches
due to the presence of reactive epoxy groups susceptible to reaction with various
nucleophiles [8-15].
Furthermore, a new monolithic silica column was bonded to two polypropylene-derived
CSs which was considered to constitute a new class of peptide based CSs, that has a
higher enantioseparation and broader application domain than analogous bead based
CSPs. [9]
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The new monolithic silica column, which improved HPLC performance, is covalently
bonded an oligopeptide of proline derivative (octaproline) based chiral monolithic
column which having 3,5-dimethylphenylcarbamate residues on each proline unit. The
results displayed higher enantioselectivity, wider range of applications and higher
loading capacity. [10][16]
The purpose of this study is to prepare polymer monolith by in which the CS is
functionalized proline it is worth mentioning that this preparation has not been
previously reported in nano-LC

5.2. Experimental
The general experimental details are described in Chapter 2; however, the preparation
of specific monoliths is elaborated in this chapter. The prepared monolithic columns
were tested under RP conditions using a Shimadzu LC-10.

5.2.1. Reagents and materials
Functionalized proline (group made), 3-(trimethoxysilyl) propyl methacrylate (98%),
TFA (≥99.5%), sodium hydroxide, 1-dodecanol (≥98.0%), MMA (99%), N, N’Methylenebisacrylamide (99%), dimethyl sulfoxide (≥99.7%), copper sulphate and
hydrochloric acid were purchased from Aldrich (Milwaukee, WI, USA). Acetone (AR
grade), EtOH (HPLC grade) was purchased from BDH (Kilsyth, Vic., Australia).
Methanol (HPLC grade) and ACN (HPLC grade) were purchased from Scharlau
(Sentmenat, Spain). All other reagents were of the highest available grade and used as
received. The fused-silica capillaries (150 µm ID) were purchased from Polymicro
Technologies (Phoenix, AZ, USA).2, 2’-Azobis (isobutyronitrile) (AIBN) were
obtained from Wako (Osaka, Japan). All water used for dilutions and experiments was
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purified by the Nanopure Infinity water system (NJ, USA). Racemic analytes were
mostly purchased from Sigma Aldrich.

5.2.2. Preparation of monolith by functionalized proline as a
chiral selector
5.2.2.1. Preparation of functionalized proline monomer
The 25cm modified capillary was filled by Harvard syringe pump with the degassed
polymerisation mixture at 0.2μl/min using the syringe pump. One polymer-based
monolithic capillary column P1 (Figure 5.1, Table 5.1) was prepared via in situ
copolymerisation of binary monomer mixtures consisted of functionalized proline (a
CS) (Figure 5.2), methylmethacrylate and N, N’-Methylenebisacrylamide as a
functional monomer and a crosslinker with three porogens namely; 1-dodecanol,
dimethyl sulfoxide and 1 wt% AIBN (with respect to monomers). The filled capillaries
were then sealed with a septum, placed in 70°C water bath for 17 hours for the
polymerisation reaction to take place (Figure 5.3). The column was checked under
microscope (Figure 5.4). Left is a bad column and right is a good column. The unreacted
monomers were removed from the monolithic columns by pumping MeOH at a flow
rate of 10 µL/min for 2 hours before being conditioned with the MP.
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Figure 5.1: Preparation of monolithic chiral columns by functionalized proline

P1

Functionalized
Proline

Dimethyl
sulfoxide

1-dodecanol

Methylmet
hacrylate

N, N’Methylenebis
acrylamide

AIBN

0.057g (8%)

0.37g
(52%)

0.161g
(23%)

0.06g
(8%)

0.063g (9%)

0.002g

Table 5.1: Composition (% w/w) of polymerisation mixture of prepared column

Figure 5.2: Schematic of functionalised proline

160

Chapter 5

Figure 5.3: Schematic of column preparation

Figure 5.4: A bad column washed by MeOH and checked under microscope (Left),
and a good column washed by MeOH and checked under microscope (Right)

5.2.2.2. Scanning electron microscopy of the prepared
monoliths
Capillaries were cut into ~1cm sections and put perpendicularly on 12.7 mm pin-type
aluminium stub using double face epoxy resin tape. Scanning electron microscopy
(SEM) was carried out and high-resolution images were collected by sputter coating
the capillaries sections with gold. (Figure 5.5)
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Figure 5.5: SEM of P-1 at 522x (top), 1,300x (middle) and 25,000x (bottom)
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5.2.3. Instrument
The nano LC system was a Shimadzu LC-10AD VP pump (Kyoto, Japan), Rheodyne
injector model 7725i-049 (Park Court, CA, USA), a GL Science UV-Vis detector model
MU 701 UV-VIS (Tokyo, Japan) and a Shimadzu CDM-20A communications bus
module (Kyoto, Japan) was used. The system flow was split after direct injection. The
data were processed by the Shimadzu Lab-Solutions software version 5.54 SP2 (Kyoto,
Japan).

5.2.4. Standard solutions and samples preparation
Stock solutions of the racemic analytes at concentrations of 1 mg/ml in filtered HPLC
grade methanol were prepared. Prior to injection, the stock solutions were further
diluted 10× and filtered through Sartorius Minisart RC 15 0.2 µm pore size filters
(Goettin-gen, Germany). Tested compounds were: β-blockers: alprenolol 1, celiprolol
2, atenolol 3, propranolol 4, metoprolol 5. α-blocker: naftopidil 6. Neurotransmitters:
norepinephrine 7, epinephrine hydrochloride 8. Antiarrhythmics: tocainide 9,
mexiletine hydrochloride 10, propafenone hydrochloride 11, 5-hydroxypropafenone 12.
Anti-inflammatories: carprofen 13, naproxen 14, cizolirtine 15, desmethyl cizolirtine
oxalate 16, cizolirtine-citrate 17, cizolirtine-N-oxide 18, flurbiprofen 19, indoprofen 20,
ibuprofen 21. β-lactam antibiotics: ampicillin 22. Antifungals: hexaconazole 23,
miconazole 24, sulconazole 25. Anticancer: ifosfamide 26. Tumor marker:
normetanephrine 27. Antihistaminics: chlorpheniramine maleate salt 28. Sedative
hypnotics: N-acetylaminoglutethimide 29, aminoglutethimide 30. Norepinephrinedopamine reuptake inhibitors: nomifensine 31. Amino acid: tyrosine 32, phenylalanine
33 glutamic acid monohydrate 34. Miscellaneous: flavanones 35, 6-hydroxyflavone 36,
GYKI-23107

37,

thalidomide

38,

1-phenyl-2,2,2-trifluoroethanol

39,

5-(α-
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hydroxybenzyl)-1-methylpyrazole 40, o-methoxymandelic acid 41, 4-hydroxy-3methoxymandelic acid 42, nicotine 43, cantharidin 44, 1-acenaphthenol 45, methyldopa
46, 1-indanol 47. The chemical structures of the investigated racemates are listed in
figure 2.

5.2.5. HPLC conditions
The MP consisted of H2O (v/v) MeOH (v/v) and H2O (v/v) ACN (v/v) for the RP HPLC.
For all samples, the injected volume was 0.2 µL and the flow rate was 0.001ml/min.
Preliminary UV analyses were performed at wavelength 219nm. For each compound,
to select the optimum wavelength for all the analytes and best utilised single wavelength
UV detector.

5.3. Results and discussion
5.3.1. Preparation of polymer monoliths by functionalized
proline
As shown in the schematic diagram of Figure 5.1, the modified silica monolithic
capillary column was reacted with the functionalized proline to obtain a silica
monolithic bound chiral functionalized proline.

5.3.2. Scanning electron microscopy and surface properties of
the monoliths
SEM was used to study the effect of the prepared monoliths. The columns P1 showed
homogenous porous structure with inter connecting channels allowing the flow of MP
under reduced column back-pressure.
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5.3.3. Enantioseparation of pharmaceuticals under reversed
phase
Functionalized proline based polymer monolithic column was prepared via in situ
copolymerisation of functionalized proline with Methylmethacrylate (8%) as a
functional monomer and N, N’-Methylenebisacrylamide (9%) as a crosslinker in the
presence of a ternary porogenic system composed of 1-dodecanol (23%), Dimethyl
sulfoxide (52%) and 8% CS.
For the P1 column, the enantioselective separation was investigated using RP, a MP
composed of MeOH and H2O mixture ranged from 90-10% (v/v) and then exchange
the ACN to MeOH and H2O mixture was 10% (v/v) were tested 34 racemate drugs at
0.0010 ml/min flow rate on P1 column at fixed UV detection 219 nm.
The MeOH/H2O MP system achieved separations for 16 samples (1, 3, 6, 7, 9, 12, 15,
17, 23, 27, 29, 30, 31, 39, 40 and 41). The best separation was achieved under 30/70
v/v MeOH/ H2O which got ten separations. However, the 10% MeOH in H2O (v/v) just
got only one separation. The separation of 23 was observed in 30 min using 50% v/v
MeOH/ H2O (Rs=1.4, α=2.78) condition (Table 5.2, Figure 5.6, Figure 5.7, Figure 5.8).
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Functionalized Proline
P1

Rs

α

MeOH/H2O (% v/v)

0.56

1.36

30/70

0.86

1.42

70/30

1.04

1.94

50/50

0.69

1.47

10/90

6

0.21

0.49

90/10

7

0.35

1.55

30/70

0.37

1.2

30/70

0.51

1.4

50/50

0.58

1.38

70/30

0.82

1.74

90/10

12

1.13

1.67

30/70

15

0.87

1.43

90/10

17

0.42

1.24

30/70

1.4

2.78

50/50

1.07

2.51

30/70

0.6

1.33

70/30

1.04

1.69

90/10

29

0.4

1.73

30/70

30

1.13

1.49

30/70

31

0.71

1.3

70/30

39

0.94

1.6

30/70

40

0.37

1.36

30/70

41

1.08

1.51

90/10

1
3

9

23
27

Table 5.2: Separation factor (α) and Rs for P1 columns by MeOH/H2O (v/v) system
as MP
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Figure 5.6: Chromatograms showing baseline separated tocainuide 9 on P1: Flow
rate: 0.0010μL/min, injection 10 µl, detector 219 nm Mobile phase: 50:50 MeOH:
H2O (v/v)

Figure
5.7:
Chromatograms
showing
baseline
separated
Nacetylaminoglutethimide 29 on P1: Flow rate: 0.0010μL/min, injection 10 µl,
detector 219 nm Mobile phase: 50:50 MeOH: H2O (v/v)

Figure 5.8: Chromatograms showing baseline separated aminoglutethimide 30 on
P1: Flow rate: 0.0010μL/min, injection 10 µl, detector 219 nm Mobile phase: 30:70
MeOH: H2O (v/v)
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Moreover, when using the copper sulphate aqueous solution (0.001mol/L CuSO4 in
H2O) (v/v) instead of H2O in the MP, as the concentration of 10% (v/v) MeOH to
separate the racemates, and enhanced the quality of racemate separations: 12, 29 and
33 got separation. The 12 and 29 were also separated in 30/70 (v/v) MeOH / H2O system,
but the result of this new condition of the MP was better than 30/70 MeOH / H2O system.
It seems that the copper sulphate played a role of the Ion Exchange Separation
Mechanism which can enhance the ability of separation. What's more, add copper
sulphate can help decline the concentrate of organic solvent which got the similar
separation results. There were; however, no baseline separation was observed. The
retention time in this condition were in 30 min. (Table 5.3)
Functionalized Proline
P1 Rs
α
MeOH/0.001M CuSO4 H2O (% v/v)
12 1.12 1.37
10/90
29 0.51 1.14
10/90
33 0.19 1.18
10/90
Table 5.3: Separation factor (α) and Rs for P1 columns by MeOH/0.001M CuSO4
H2O (v/v) system as MP

Furthermore, the use MP of 10% acetonitrile in copper sulphate (0.001mol/L CuSO4 in
H2O) (v/v), and separated a further 4 enantiomers separations which were 9, 16, 30 and
40. The retention time in this condition were in 90 min. (Figure 5.6), (Table 5.4, Figure
5.9, Figure 5.10)

Functionalized Proline
α
ACN/0.001M CuSO4 H2O (% v/v)

P1

Rs

9

0.58

1.3

10/90

16

0.86

1.31

10/90

30

0.28

1.08

10/90

40

0.28

1.2

10/90

Table 5.4: Separation factor (α) and Rs for P1 columns by ACN/0.001M CuSO4
H2O (v/v) system as MP
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Figure 5.9: Chromatograms showing baseline separated aminoglutethimide 30 on
P1: Flow rate: 0.0010μL/min, injection 10 µl, detector 219 nm MP: 10% ACN in
0.001M CuSO4 in H2O (v/v)

Figure 5.10: Chromatograms showing baseline separated tocainuide 9 on P1: Flow
rate: 0.0010μL/min, injection 10 µl, detector 219 nm MP: 10% ACN in 0.001M
CuSO4 in H2O (v/v)
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5.3.4. Comparison of the enantioseparation ability of different
reversed phases
Comparing to 10% (v/v) ACN in CuSO4 (0.001mol/L CuSO4 in H2O) (v/v), the 10%
(v/v) MeOH in CuSO4 (0.001mol/L CuSO4 in water) (v/v) and 10% (v/v) MeOH in
H2O (v/v) systems, the result showed that the 10% ACN in CuSO4 (0.001mol/L CuSO4
in H2O) observed the best ability of separation in the systems which got four separations
of forty-seven drugs.
Comparing the separate the ability of 10% (v/v) ACN in CuSO4 (0.001mol/L CuSO4 in
water) (v/v) MeOH/water system, the result showed of sample 9 showed that in the 10%
(v/v) ACN in CuSO4 (0.001mol/L CuSO4 in H2O) system got almost equal separation
ability with 70/30 v/v MeOH/H2O system. (Table 5.5). It is shows the copper sulphate
played a role in Ion Exchange Separation Mechanism which can enhance the ability of
separation.

9

Rs

α

Mobile phase (v/v)

0.58
0.58

1.38
1.3

70/30 (MeOH/H2O)
10/90 (ACN/0.001M CuSO4 H2O)

Table 5.5: Comparison separate abilities of the sample 9 in different MPs

5.4. Conclusion
In this work, a novel CSP for HPLC was prepared. The ability enantioseparation of P1
column was tested by the forty-seven racemates, and the results shows the
functionalized proline column has a good performance on separation. Especially, the
10% ACN in CuSO4 (0.001mol/L CuSO4 in water) (v/v) MP system was the best MP
system in the three systems (10% ACN in CuSO4 (0.001mol/L CuSO4 in H2O) (v/v),
10% MeOH in CuSO4 (0.001mol/L CuSO4 in H2O) (v/v) and 10%MeOH in H2O (v/v))
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in this research. However, only using MP containing 0.001M CuSO4, which ensuring
it is a role in Ion Exchange Separation Mechanism, was observed the Rt of
enantioselective separation after 20 minutes.
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Chapter 6:
Preparation of sulphated β-cyclodextrin-based monolithic
chiral stationary phases for the enantioselective separation
of pharmaceuticals using nano-HPLC

6.1. Introduction
CDs are widely used in chiral resolution of racemic compounds in pharmaceutical,
agrochemical and food industries either as MP additives or CSPs. [1] CDs are torch-like
naturally occurring cyclic oligosaccharides ranging from 6 to 12 D-glucopyranose units with
the ones containing 6,7 or 8 D-glucose units known as α-, β- and γ- CDs connected by 1,4glycosidic bonds into a ring mainly used. Glucose units are usually analysed by X-ray
crystallography, infrared spectroscopy and nuclear magnetic resonance spectroscopy.[1-3]
The preparation of novel CD derivative-based CSPs has greatly expanded their applicability as
CSs, due to the CD hydroxyl groups interacting with specific moieties. Up to 2012, there have
been 15 types of derivatized CD–CSPs commercialized [4] More specifically, several studies
have reported good selectivity for the separation of aromatic positional isomers and chiral
compounds when using a CS composed of β-CD-based polymer monoliths. [5-9]
The aim of this work is to prepare a novel CSP in which the CS is sulphated β-cyclodextrin
(SBCD), a β-CD derivative.

6.2. Experimental
The general experimental details are described in Chapter 2; however, the preparation of
specific monoliths is elaborated in this chapter. The prepared monolithic columns were tested
under RP conditions using a Shimadzu LC-10.
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6.2.1. Reagents and materials
SBCD, 3-(trimethoxysilyl) propyl methacrylate (98%), TFA (≥99.5%), sodium hydroxide, 1propanol, 1,4-butanediol, EGDMA (98%), GMA ( ≥ 97.0%) and hydrochloric acid were
purchased from Sigma-Aldrich (Milwaukee, WI, USA). Acetone (AR grade), EtOH (HPLC
grade) were purchased from BDH (Kilsyth, Vic., Australia). MeOH (HPLC grade) was
purchased from Scharlau (Sentmenat, Spain). All other reagents were of the highest available
grade and used as received. The fused-silica capillaries (150 µm ID) were purchased from
Polymicro Technologies (Phoenix, AZ, USA).2, 2’-Azobis (isobutyronitrile) (AIBN) were
obtained from Wako (Osaka, Japan). All deionised water used for dilutions and experiments
was purified by Nano-pure Infinity water system (NJ, USA). Racemic analytes were mostly
purchased from Sigma Aldrich.

6.2.2. Preparation of monolith silica with the chiral selector
Sulphated β-cyclodextrin as a chiral selector
6.2.2.1. Preparation of Sulphated β-cyclodextrin monomer
The 25cm modified capillary was filled by Harvard syringe pump with the degassed
polymerisation mixture at 0.2μl/min using the syringe pump. Three polymer-based monolithic
capillary columns, SBCD1, SBCD2 and SBCD3 (Table 6.1) were prepared via in situ
copolymerisation of binary monomer mixtures of SBCD (Figure 6.1), GMA and EGDMA as
functional monomer along with three porogens namely; 1-propanol, and 1,4-butanediol in the
presence of 1 wt% AIBN a crosslinker (with respect to monomers). (Figure 6.2) The filled
capillaries were then sealed with a septum, placed in 70°C water bath for 17 hours for the
polymerisation reaction to take place (Refer to Figure 5.3). The column was then checked under
the microscope (Refer to Figure 5.4). The unreacted monomers were removed from the
monolithic columns by pumping MeOH at a flow rate of 10 µL/min for 2 hours before being
conditioned with the MP.
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SBCD1
SBCD2
SBCD3

Chiral Selector
0.151g (6%)
0.302g (11%)
0.450g (16%)

1-Propanol
0.898g (36%)
0.9g (34%)
0.901g (32%)

1,4-Butanediol
0.451g (18%)
0.452g (17%)
0.45g (16%)

EGDMA
0.502g (20%)
0.5g (19%)
0.501g (18%)

GMA
AIBN
0.5g (20%) 0.001g
0.501g (19%) 0.001g
0.498g (18%) 0.001g

Table 6.1: Composition (% w/w) of polymerisation mixture of prepared columns

Figure 6.1: Schematic of sulphated β-cyclodextrin

Figure 6.2: Preparation of monolithic chiral columns by sulphated β-cyclodextrin
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6.2.2.2. Scanning electron microscopy of the prepared monoliths
Capillaries were cut into ~1cm sections and put perpendicularly on 12.7 mm pin-type
aluminium stub using double face epoxy resin tape. SEM was carried out and high-resolution
images were collected by sputter coating the capillaries sections with gold. (Figure 6.5)
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Figure 6.3: Scanning electron micrograph of SBCD at 545x (top), 1,300x (middle) and
25,000x (bottom)
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6.2.3. Instrumentation
The nano-LC system was a Shimadzu LC-10AD VP pump (Kyoto, Japan), Rheodyne injector
model 7725i-049 (Park Court, CA, USA), a GL Science UV-Vis detector model MU 701 UVVIS (Tokyo, Japan) and a Shimadzu CDM-20A communications bus module (Kyoto, Japan)
was used. The system flow was split after direct injection. The data was processed using the
Shimadzu Lab-Solutions software version 5.54 SP2 (Kyoto, Japan).

6.2.4. Standard solutions and sample preparation
Stock solutions of racemic analytes at a concentration of 1 mg/ml in filtered HPLC grade were
prepared. Prior to injection, the stock solutions were further diluted 10× and filtered through
Sartorius Minisart RC 15 0.2 µm pore size filters (Goettin-gen, Germany). Tested compounds
were: β-blockers: atenolol 3, propranolol 4, metoprolol 5. α-blocker: naftopidil 6.
Neurotransmitters: norepinephrine 7, epinephrine hydrochloride 8. Anti-inflammatories:
cizolirtine 15, cizolirtine-citrate 17, ibuprofen 21. Antifungals: hexaconazole 23. Anticancer:
ifosfamide 26. Antihistaminics: chlorpheniramine maleate salt 28. Sedative hypnotics:
aminoglutethimide 30. Norepinephrine-dopamine reuptake inhibitors: nomifensine 31. Amino
acid: tyrosine 32, phenylalanine 33. Miscellaneous: flavanones 35, GYKI-23107 37,
thalidomide 38, 1-phenyl-2,2,2-trifluoroethanol 39, 5-(α-hydroxybenzyl)-1-methylpyrazole 40,
o-methoxymandelic acid 41, 4-hydroxy-3-methoxymandelic acid 42, nicotine 43, cantharidin
44, 1-acenaphthenol 45, methyldopa 46, 1-indanol 47. The chemical structures of the
investigated racemates are listed in Chapter 2, Table 2.1.
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6.2.5. HPLC conditions
The MP consisted of H2O/MeOH (v/v) for the RP HPLC. For all samples, the injected volume
was 0.2 µL. Preliminary UV analyses were performed at wavelength 219nm. For each
compound, to select the optimum wavelength for all the analytes and best utilised single
wavelength UV detector.

6.3. Results and discussion
6.3.1. Preparation of polymer monoliths by Sulphated βcyclodextrin
As shown in the schematic diagram of Figure 6.2, the modified silica monolithic capillary
column was reacted with the SBCD to obtain a silica monolithic bound chiral SBCD. By
keeping the porogen composition constant, but varying the ratio of functional monomer to
crosslinker, an attempt was made to study the effect of the CS concentration on
enantioselectivity.

6.3.2. Scanning electron microscopy and surface properties of the
monoliths
SEM was used to study the effect of CSs with different concentrations of the prepared
monoliths. The columns SBCD1, SBCD 2 and SBCD3 showed homogenous porous structure
with inter connecting channels allowing the flow of MP under reduced column back-pressure
(Figure 6.5).

6.3.3. Enantioseparation of pharmaceuticals under reversed phase
SBCD use as a CS in nano-LC have been examined for the first time in this study. SBCD based
polymer monolithic column was prepared via in situ copolymerisation of SBCD with GMA
(20%, 19%, 18%) as a monomer and EGDMA (20%, 19%, 18%) as a crosslinker in the

179

Chapter 6
presence of a ternary porogenic system composed of 1-propanol (36%, 34%, 32%), 1,4butanediol (18%, 17%, 16%) and 6%, 11%, 16% CS.
For SBCD1, SBCD2 and SBCD3 columns, the enantioselective separation was investigated
using reversed MP, a MP composed of MeOH and H2O mixture ranged from 10-50% (v/v) and
10%-5% (v/v) was tested. Twenty-one racemates were tested using SBCD columns at 0.0010
ml/min flow rate and UV detection of 219 nm.
The results showed 6 samples (5, 7, 8, 15, 21 and 43) to be separated using the SBCD1 column,
MP with the best range of concentration between 7/93 (v/v) and 10/90 (v/v) MeOH/H2O. The
concentration of 7/93 (v/v) and 10/90 (v/v) gave the best separation of the 3 samples (5, 7 and
8) with an Rt 60 minutes. Unfortunately, no baseline separation have been observed in this
research method. (Table 6.2)
A correlation between a decrease in MeOH concentration and an increase in enantioselectivity
have been reported. Therefore, increasing H2O concentration in the sample can increase
sample-CSP interactions MP.

Sample
5
7
8
15
21
43

sulphated β-cyclodextrin
Rs
α
MeOH/H2O (% v/v)
7/93
0.67 1.31
0.54 1.28
10/90
0.93 1.14
7/93
1.16 0.38
10/90
0.68
1.3
5/95
0.62 1.17
10/90
0.26 1.18
30/70
0.277 1.17
5/95
0.202 1.14
7/93

Table 6.2: Separation factor (α) and resolution (Rs) for 6% sulphated β-cyclodextrin
columns by MeOH/H2O (v/v) system as MP
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6.3.4. The effect of varying chiral selectors’ concentration on
enantioselectivity
As the concentration of the CS is increased (Table 6.1), the ability of enantioselectivity
decreases (Table 6.3). For example, in the MeOH /H2O (7/93 v/v) using the SBCD1 column
showed three partial separations (compound 5, 7 and 43), but SBCD2 and SBCD 3 did not
achieve any separations. This is attributed to the increased concentration of CS in SBCD1 to
6% CS (Table 6.3).

SBCD1

SBCD2

SBCD3

Sample

α

Rs

Α

Rs

α

Rs

5

1.31

0.67

NS

NS

NS

NS

7

1.14

0.93

NS

NS

NS

NS

43

1.14

0.202

NS

NS

NS

NS

Table 6.3. The separate ability of the different concentration of chiral selector

6.4. Conclusion
In this study, a novel SBCD based CSP was prepared for HPLC. It was found that the best
range of MeOH/ H2O system MP was 7/93 (v/v) and 10/90 (v/v). Moreover, increasing the
concentration of the CS would not benefit enantioselectivity but in fact decline it.
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Chapter 7:
Preparation of bacitracin-based monolithic chiral
stationary phases for the enantioselective separation
of pharmaceuticals using nano-HPLC

7.1. Introduction
Amino acids are the building blocks of peptides and proteins. Peptides are often cyclic
and in many cases, comprise of proteinogenic and non-proteinogenic amino acids.
Peptides are made of three-dimensional structures based on complex peptides made of
either (disulfide bridges or cross-linked amino acids) and amino acids stereoisomers
consisting of chiral carbon atoms. The biological activity differs depending on what the
complex peptide is comprised of. Many literatures studied the method development of
amino acid enantiomer separation.[1-4]
Birkinshaw and Taylor [2] studied the performance of a CSP based upon the small ring
structure, such as the cyclic dipeptide and diketopiperazine. In their research, it was
found that the 3,5-dinitrobenzoyl esters and propylamides of various amino acids gave
enantiomeric separations which showed that the extra amide bond played an important
role in the chiral recognition process.
Armstrong, et al [3]. developed a CSP for HPLC by covalently bonding a macrocyclic
glycopeptide antibiotic containing a hydrophobic “tail” to silica gel via linkage chains.
A molecule with an effective CS of the relevant structural features of teicoplanin was
made. The teicoplanin CSP exhibited excellent enantioselectivity for native amino
acids, peptides, a-hydroxycar-boxylic acids, and a variety of neutral analytes including
cyclic amides and amines under both normal and reversed MP.
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The aim of this work is to prepare a novel CSP in which the CS is bacitracin. The
enantioselectivity and solvent versatility of bacitracin CSP will also be tested.

7.2. Experimental
The general experimental details are described in Chapter 2; however, the preparation
of specific monoliths is elaborated in this chapter. The prepared monolithic columns
were tested under RP conditions using a Shimadzu LC-10.

7.2.1. Reagents and materials
Bacitracin, 3-(trimethoxysilyl) propyl methacrylate (98%), TFA (≥99.5%), sodium
hydroxide, 1-propanol, 1,4-butanediol, EGDMA (98%), GMA ( ≥ 97.0%) and
hydrochloric acid were purchased from Aldrich (Milwaukee, WI, USA). Acetone (AR
grade), EtOH (HPLC grade) were purchased from BDH (Kilsyth, Vic., Australia).
Methanol (HPLC grade) and ACN (HPLC grade) were purchased from Scharlau
(Sentmenat, Spain). All other reagents were of the highest available grade and used as
received. The fused-silica capillaries (150 µm ID) were purchased from Polymicro
Technologies (Phoenix, AZ, USA).2, 2’-Azobis (isobutyronitrile) (AIBN) were
obtained from Wako (Osaka, Japan). All water used for dilutions and experiments was
purified by Nanopure Infinity water system (NJ, USA). Racemic analytes were mostly
purchased from Sigma Aldrich.
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7.2.2. Preparation of monolith silica by bacitracin as a chiral
selector
7.2.2.1. Preparation of bacitracin monomer
The 25cm modified capillary was filled by Harvard syringe pump with the degassed
polymerisation mixture at 0.2μl/min using the syringe pump One polymer-based
monolithic capillary column bacitracin (Table 7.1) was prepared via in situ
copolymerisation of binary monomer mixtures consisted of 10mg/ml bacitracin in
water (a chiral selector, Figure 7.1), GMA and EGDMA as functional monomer along
with three porogens namely; 1-propanol, and 1,4-butanediol in the presence of 1 w/w
AIBN a crosslinker (with respect to monomers). (Figure 7.2) The filled capillaries were
then sealed with a septum, placed in 70°C water bath for 17 h for the polymerisation
reaction to take place. (Refer to Figure 5.3) The column was checked under microscope
(Refer to Figure 5.4). The unreacted monomers were removed from the monolithic
columns by pumping methanol at a flow rate of 10 µL/min for 2 hours before being
conditioned with MP.

Bacitracin

Chiral
Selector

1-Propanol

1,4-Butanediol

EGDMA

0.151g (6%)

0.902g
(36%)

0.451g (18 %)

0.502g
(20%)

GMA

AIBN

0.5g
0.001g
(20%)

Table 7.1: Composition (% w/w) of polymerisation mixture of prepared columns
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Figure 7.1. Structure of bacitracin
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Figure 7.2: Schematic of the preparation of monolithic chiral columns by
bacitracin
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7.2.2.2. Scanning electron microscopy of the prepared
monoliths
Capillaries were cut into ~1cm sections and perpendicularly placed on a 12.7 mm pintype aluminium stub using double face epoxy resin tape. SEM was carried out and highresolution images were collected by sputter coating the capillaries sections with gold.
(Figure 7.3)
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Figure 7.3: Scanning electron micrograph of Bacitracin at 545x (top), 1,300x (left)
and 25,000x (right)
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7.2.3. Instrumentation
The nano-LC system was a Shimadzu LC-10AD VP pump (Kyoto, Japan), Rheodyne
injector model 7725i-049 (Park Court, CA, USA), a GL Science UV-Vis detector model
MU 701 UV-VIS (Tokyo, Japan) and a Shimadzu CDM-20A communications bus
module (Kyoto, Japan) was used. The system flow was split after direct injection. The
data was processed by the Shimadzu Lab-Solutions software version 5.54 SP2 (Kyoto,
Japan).

7.2.4. Standard solutions and samples preparation
Stock solutions of the racemic analytes at concentrations of 1 mg/ml in filtered HPLC
grade methanol were prepared. Prior to injection, the stock solutions were further
diluted 10× and filtered through Sartorius Minisart RC 15 0.2 µm pore size filters
(Goettin-gen, Germany). Tested compounds were: β-blockers: alprenolol 1, atenolol 3,
propranolol 4, metoprolol 5. α-blocker: naftopidil 6. Neurotransmitters: norepinephrine
7, epinephrine hydrochloride 8. Antiarrhythmics: tocainide 9, mexiletine hydrochloride
10, 5-hydroxypropafenone 12. Anti-inflammatories: carprofen 13, naproxen 14,
cizolirtine 15, cizolirtine-citrate 17, ibuprofen 21. β-lactam antibiotics: ampicillin 22.
Antifungals: hexaconazole 23, miconazole 24, sulconazole 25. Anticancer: ifosfamide
26. Tumor marker: normetanephrine 27. Antihistaminics: chlorpheniramine maleate
salt 28. Sedative hypnotics: N-acetylaminoglutethimide 29, aminoglutethimide 30.
Norepinephrine-dopamine reuptake inhibitors: nomifensine 31. phenylalanine 33.
Miscellaneous: flavanones 35, GYKI-23107 37, thalidomide 38, 1-phenyl-2,2,2trifluoroethanol 39, 5-(α-hydroxybenzyl)-1-methylpyrazole 40, o-methoxymandelic
acid 41, nicotine 43, 1-indanol 47. The chemical structures of the investigated
racemates are listed in Chapter 2, Table 2.1.
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7.2.5. HPLC conditions
The MP consisted of H2O/MeOH (v/v) for the RP-HPLC. For all samples, the injected
volume was 0.2 µL. Preliminary UV analyses were performed at wavelength 219nm.
For each compound, to select the optimum wavelength for all the analytes and best
utilised single wavelength UV detector.

7.3. Results and discussion
7.3.1. Preparation of polymer monoliths by bacitracin
As shown in the schematic diagram of Figure 7.2, the modified silica monolithic
capillary column was reacted with the bacitracin to obtain a silica monolithic bound
chiral bacitracin.

7.3.2. Scanning electron microscopy and surface properties of
the monoliths
SEM was used to study the quality of the prepared monoliths. Bacitracin column
display a homogenous porous structure with inter connecting channels allowing the
flow of MP under reduced column back-pressure. (Figure 7.5)

7.3.3. Enantioseparation of different classes of pharmaceutical
racemates
It is the first time to use bacitracin as a CS in nano-LC. bacitracin based polymer
monolithic column was prepared via in situ copolymerisation of bacitracin with GMA
(20%) as a monomer and EGDMA (20%) as a crosslinker in the presence of a ternary
porogenic system composed of 1-propanol (36%), 1,4-butanediol (18%) and 6% CS.
For this column, the enantioselective separations were investigated using reversed
MP, a MP composed of MeOH and H2O mixture ranged from 10-90% (v/v) and 10%-
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3% with the additive (TFA) were tested using 34 racemate drugs at 0.0010 ml/min
flow rate on bacitracin column at fixed UV detection of 219 nm.
Five samples were separated into their enantiomers, which are 3 (Rs=0.2; α=1.12), 6
(Rs= 0.43 α=1.28), 10 (Rs=0.3, α=1.13), 13 (Rs=0.53; α=1.24) and 29 (Rs=0.3; α=1.09).
The best MP was 3/97/0.1 v/v (MeOH/H2O/TFA) that separated 3 racemate compounds:
6 (Rs= 0.43 α=1.28), 10 (Rs=0.3, α=1.13) and 13 (Rs=0.53; α=1.24) with a retention
time of 50 minutes. Unfortunately, no baseline separation was observed in this research
method (Table 7.2, Figure 7.6, and Figure 7.7). With particular interest, adding an
additive MP (MeOH/ H2O /TFA 7/93/0.1 v/v) increased the quantity of separations.
This means that decreasing pH increases the CSP-samples interaction in the low H2O
content MP. As a long time running of chromatographic operation with a flow rate of
0.001mL/ml at the room temperature, no abnormal phenomena were observed, such as
column efficiency decreases and unstable baseline, it means that the immobilisation
bacitracin binds tightly to the column.
Bacitracin
Rs

α

MeOH/H2O (% v/v)

0.2

1.12

30/70

0.45

1.28

3/97

0.43

1.28

3/97/0.1TFA

10

0.3

1.13

3/97/0.1TFA

13

0.53

1.24

3/97/0.1TFA

29

0.3

1.09

20/80

3
6

Table 7.2: Separation factor (α) and Rs for Bacitracin columns by MeOH/H2O
(v/v) system as MP
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Figure 7.4: Chromatograms showing baseline separated naftopidil 6 on bacitracin
column: Flow rate: 0.001mL/min, injection 10 µl, detector 219 nm MP: 3:97
MeOH: H2O (v/v)

Figure 7.5: Chromatograms showing baseline separated carprofen 13 on
bacitracin column: Flow rate: 0.001mL/min, injection 10 µl, detector 219 nm MP:
3:97:0.1 MeOH: H2O: TFA (v/v)
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7.4. Conclusion
In this work, a novel immobilised bacitracin based CSP was prepared for HPLC. It was
found that the best MP was (MeOH/ H2O/TFA 7/93/0.1 v/v). Hence, a low pH can
increase the interaction of the samples and the CSP in low water content MP. However,
the immobilisation bacitracin column has poor separation and increasing the CS
concentration would not benefit enantioselectivity.
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Chapter 8:
Conclusions and future directions
The current study is made up of two parts: the first one looks at two types of
conventional HPLC columns, the second section prepares and investigate novel CSs for
capillary columns to be used on nano-LC.
The conventional columns were 5-micron column (CHIRALPAK IG® and
CHIRALPAK IA®) and sub 2-micron column (CHIRALPAK IG-U®). The 5-micron
column, CHIRALPAK IG®, demonstratied broad solvent versatility such as prohibited
solvents (MtBE, DCM and THF), which have been previously known to dissolve or
swell the amylose derivative CSP, can be used as eluents in MP compositions. Besides,
the addition of these solvents is beneficial when used as diluents to directly monitor
organic reactions online.
Some tested racemic samples were separated under normal non-standard organic
solvents, but inseparable under standard organic solvents in MP composition. The
ACN/H2O RP mixture broaden the application of CHIRALPAK IG® and enhanced the
Rs and α compared to standard and non-standard organic solvents.
Compared to CHIRALPAK IA®, CHIRALPAK IG® showed better Rs and α, under
standard and non-standard solvents. However, under RP, CHIRALPAK IA® got more
separations than CHIRALPAK IG®, which were not in place when using CHIRALPAK
IG®. In general, CHIRALPAK IG® outperform CHIRALPAK IA® and may be a
replacement for CHIRALPAK IA®.
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Chapter 8
The sub 2-micron column CHIRALPAK IG-U® demonstrated broad solvent versatility
such as prohibited solvents (MtBE, DCM and THF), which have been previously
known to dissolve or swell the amylose derivative CSP can be used as eluents in MP
compositions. Besides, the addition of these solvents are beneficial when used as
diluents to directly monitor organic reactions online. The use of RP mixture consisting
of ACN/H2O broaden the application of sub-2 micron column CHIRALPAK IG-U®
with enhanced Rs and α compared to similar separation conditions under standard and
non-standard organic solvents. The Rt of CHIRALPAK IG-U® appears to be superior
under standard and non-standard organic solvents and RP. Consequently,
CHIRALPAK IG- U® Rt may offer an alternative to CHIRALPAK IG®.
For the capillary columns, 3 kinds of novel CSPs (functionalized proline, SBCD and
bacitracin) were prepared for racemic enantioseparation using nano-LC. The
functionalized proline column was tested by the thirty-four racemates, and the result
show good separation. Especially, when using 0.001M CuSO4 in H2O instead of H2O
alone as the MP, the enhanced separation could have been caused by the iron-exchange.
The SBCD column have been tested by twenty-one racemates, with (MeOH/ H2O 7/93
v/v) showing the best results enantioselectivity MP. Different concentrations of CSs
were used such as (6%, 11%, 16%) to test the effect of varying concentrations on
enantioseparation. 6% was found to be the best concentration for this method in
research. Of particular interest, an increase in CSs concentration resulted in adverse
effects on separation. Twenty-one racemates were tested for enantioseparation using
bacitracin column. The results revealed poor performance of the immobilised bacitracin
column on separation.
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Chapter 8
This thesis investigated the feasibility of using capillary monolithic CSPs in the
pharmaceutical industry. The capillary monolithic CSPs used in this research with
improvements and variation can be further studied and applied in industry for purified
enantiomers monomer.
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