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This Review article covers current topics, trends, and appli-
cations in chiral separations from January 2010 to Septem-

ber 2011 and is restricted to the English language literature.
The separation of enantiomers of chiral compounds continues
to be of great interest due to their prevalence in the pharma-
ceutical industry, agrochemicals, and food additives to name a
few. It is well established that enantiomers often exhibit dif-
ferent biological and pharmacological responses. Enantiomers
remain a challenge to separate due to their identical physical
and chemical properties in an achiral environment, and research
on specialized separation techniques continues to be developed
to resolve individual enantiomers. As evidenced by the number
of articles published in the review period, chiral separations are
a mature and widely used technique. While there have been a
number of new and novel technologies introduced in the
literature during this time period, the number of applications
using current or slightly modified techniques also continues
to grow.

’HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Chiral separations performed by HPLC remain the workhorse
of all enantioseparations, with more than half of all articles on
chiral separations published in this area. The use of polysacchar-
ide and cyclodextrin chiral stationary phases (CSPs) continues to
dominate the majority of all HPLC separations using CSPs.
Protein, ligand, and ion exchange, and macrocyclic antibiotic
CSPs were also widely used, accounting for approximately a third
of all HPLC chiral separations.
Polysaccharide CSPs. The number of publications involving

polysaccharide CSPs remained steady from the 2010 Review to
this review period, accounting for approximately a third of all
HPLC based chiral separations. Most chiral applications are
carried out on commercially available columns, with the most
commonly used phase on cellulose or amylose being the 3,5-di-
methylphenyl carbamate. The Chiralcel OD,1 4 Lux Cellulose,5,6

Kromasil CelluCoat,7 and AmyCoat8,9 all are 3,5-dimethylphenyl
carbamate phases. Another popular phase was the tris cellulose
4-methyl benzoateCSPs, which includeChiralcelOJ and Sino-chiral
OJ.10 12 Other polysaccharide CSPs are cellulose tris 3,5-di-
chlorophenyl carbamate such as Chiralpak IC13,14 and amylose
(S)-α-methylbenzyl carbamate such as Chiralpak AS-RH.15

Examples of uses of polysaccharide CSPs include the direct
enantioseparation of aminonaphthol analogs possessing two
chiral centers on the CelluCoat and AmyCoat CSPs,8 the chiral
resolution of 19 β-lactams on the CelluCoat and AmyCoat
CSPs,9 the separation of enantiomers of paclobutrazol on Sino-
chiral OJ CSP,10 and the role of trace water in agedmobile phases
on the enantioseparation of metalaxyl and metalaxyl acid on
Chiralcel OJ-H.11 A semipreparative Chiralpak IC CSP was used
in the resolution of more than 4 g of the proline analogs (S,S,S)-
and (R,R,R)-2-methyloctahydroindole-2-carboxylic acids,13 and
Lux Cellulose CSP columns packed with 3 μm and 5 μm particle
sizes were used in the enantioseparation of triazole fungicides.6

Chiral separation of fenoterol for pharmacokinetic studies was
described using a cellulose tris(3,5-dimethylphenylcarbamate)-
coated silica gel CSP.16

The polysaccharide CSPs tris(3,5-dimethylphenylcarbamate)
cellulose and amylose were used in the enantioseparation of
substituted binaphthyls, and the separations were compared to
those on β-cyclodextrin CSPs and new polymeric phases.17

While the cellulose based CSP proved to be the most con-
venient in the chiral analyses, the polymeric CSPs showed
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complementary separation behavior for some derivatives that
were difficult to separate on other systems.
HPLC methods for the enantioseparation of lesatropane were

developed using Chiralpak AD-H for a normal phase separation
and Chiralpak AS-RH in a reversed phase method.15 The chiral
separation of hesperidin and naringin was accomplished on
Chiralpak IC and Chiralpak IA,18 and naproxcinod was enantio-
resolved on a Chiralpak AD-H CSP.19

Cyclodextrin CSPs andMobile Phase Additives. The use of
cyclodextrins, mainly as CSPs, accounts for over a fourth of all
publications in chiral HPLC in this review period. Various
applications using commercially available columns exist, as well
as employing cyclodextrins as chiral additives in the mobile phase
and also using recently developed novel cyclodextrin CSPs such
as those using monolithic technology.
Monolithic stationary phases are finding increased use in

separations due to their unique structure which leads to im-
proved chromatographic performance. Monoliths are formed of
a single piece of porous material rather than the particles used in
most stationary phases, and the pore structure can be adjusted for
permeability and fast mass transfer. A novel perphenylcarbamoy-
lated β-cyclodextrin silica hybrid monolithic column was pre-
pared using a “one-pot” approach in the capillary and was used in
the enantioseparation of 13 racemates.20 Using a polymerization
system composed of mostly organic solvent (MeOH, DMF), the
authors were able to effectively use water insoluble hydrophobic
monomers and β-cyclodextrin derivatives in their preparation of
organic silica hybrid monolithic columns in a “one-pot” pro-
cess. Figure 1 shows the schematic for the preparation of the
perphenylcarbmoylated β-cyclodextrin silica hybrid monolithic
capillary column. The authors note this is a general “one-pot”
synthesis technique suitable to other β-cyclodextrin derivatives
and hydrophobic monomers in preparing organic silica hybrid
monolithic columns.
A novel single isomer cyclodextrin CSP was prepared from

(6-monoureido-6-monodeoxy) permethylated β-cyclodextrin and
used in the chiral separation of coumarin derivative racemates.21

The use of a single isomer derivative was found to be advanta-
geous for batch to batch reproducibility of reactions. A novel
ethylenediamine-β-cyclodextrin functionalized monolith was pre-
pared and used in the enantioseparation of ibuprofen.22 Three
novel mono(6A-N-(ω-alkenylamino)-6A-deoxy)perphenylcarba-
moylated β-cyclodextrin CSPs with different length spacers were
prepared and tested using 10 model racemates including aro-
matic alcohols, flavanone compounds, amines, and nonprotolytic
compounds under normal phase conditions.23 Other novel
CSPs included mono(6A-azido-6A-deoxy)-per(p-chlorophenyl-
carbamonylated) β-cyclodextrin, which was prepared using

different pore sizes and particle sizes and evaluated for enantio-
selectivity for various racemates in both reversed and normal
phase modes,24 and cyclodextrin derivatives modified by R-con-
figuration groups and evaluated for the enantioresolution of
nitroaromatic alcohols.25

Ultrahigh pressure liquid chromatography has garnered much
interest due to its potential for significantly reducing analysis
time and system turnaround and is finding application in chiral
separations as well. Ultrahigh pressure liquid chromatography
was employed with perphenylcarbamoylated β-cyclodextrin on
sub-1-μm mesoporous silica particles and was tested by the
enantioseparation of six basic and neutral racemates.26 This CSP
had low back-pressure with a maximum flow rate of 2 mL/min
and showed good enantioresolution of the test solutes.
Ultrahigh pressure chiral separations were also performed

using chiral mobile phase additives rather than CSPs. Sub-2-
μm particles and ultrahigh pressure liquid chromatography using
α-, β-, and γ-cyclodextrin mobile phase additives were investi-
gated for fast chiral separations of drugs.27 However, this chiral
mobile phase additive method suffered from broad peaks and
reduced column lifetime, as well as the consuming large amounts
of cyclodextrin, thus resulting in increased analysis cost. Success-
ful use of a sulfated-β-cyclodextrin chiral selector in a nanoliquid
chromatography method was reported for the enantiomeric
separation of ofloxacin, and the method was validated for linearity,
accuracy, and precision.28 Eight 2-arylpropionic acid nonsteroidal
anti-inflammatory drugs were enantioresolved using hydroxy-
propyl-β-cyclodextrin as the chiral mobile phase additive,29 and a
mixture of nonchiral crown ether and dimethyl-β-cyclodextrin in
the mobile phase was used in the chiral separation of primary
amino racemates including tyrosine and phenylalanine.30

Applications using cyclodextrin based CSPs are abundant
in the literature. Examples include the chiral separation of (+)/
( )-catechin in human plasma after cocoa consumption on a
permethylated-γ-cyclodextrin CSP,31 the enantioresolution of
dextromethorphan/levomethorphan and metabolites in plasma
on a Chiral CD-Ph column,32 and the analysis of hesperetin
enantiomers in human urine after the ingestion of blood-orange
juice on a phenyl-carbamate-propyl-β-cyclodextrin CSP.33Three
cyclodextrin CSPs were studied for the enantioseparation of
19 β-lactams, with the permethylated β-cyclodextrin phase prov-
ing to be the most effective.34 The enantioresolution of 15 4,5-
disubstituted imidazoles was examined using several native and
derivatized bonded cyclodextrin CSPs in HPLC and also using
several cyclodextrin derivatives as chiral selectors in CE,35 with
the result that 14 of the 15 analytes were separated by HPLC and
eight were separated using CE.

Figure 1. Schematic for the preparation of the perphenylcarbmoylated β-cyclodextrin silica hybrid monolithic capillary column. Reprinted with
permission from ref 20. Copyright 2011 American Chemical Society.
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Cyclofructans. A relatively new class of CSPs are the various
derivatized cyclofructans which seem to have great application
potential. Figure 2 shows cyclofructan 6 and its spacefilling
crystal structure, showing the crown ether core and fructofuran
units.36 A R-naphthylethyl functionalized cyclofructan 6 based
CSP was used to separate racemates of substituted binaphthyl
catalysts and was found to be more suitable for the enantio-
separation of those solutes than a R-naphthylethyl β-cyclodextrin
CSP.37 An isopropyl-carbamate functionalized cyclofructan
6 CSP was evaluated by the attempted enantioseparation of
119 racemic amine-containing compounds, with 93% of the tested
solutes enantioresolved, including some simple aliphatic amines
with no other functional groups.36 This isopropyl-carbamate
functionalized cyclofructan 6 CSP was reported to be considered
the most broadly applicable CSP for primary amine-containing
analytes and works more effectively with organic solvents and
supercritical fluids than current crown ether CSPs. A R-naphthyl-
ethyl-carbamate functionalized cyclofructan 6 CSP provided
complementary selectivity for those solutes not resolved on the
isopropyl-carbamate functionalized cyclofructan 6 CSP, so ulti-
mately, 98% of the 119 amine-containing solutes attempted were
enantioseparated.36 An isopropyl-carbamate functionalized cy-
clofructan 6 CSP was also used in the direct enantioseparation of
Betti base analogs, and the effects of mobile phase composition,
nature and concentration of mobile phase modifiers, and struc-
tures of the analytes were reported.38 A R-naphthylethyl func-
tionalized cyclofructan 6 based CSP and a dimethylpheny-
carbamate cyclofructan 7 CSP were synthesized and evaluated
in the enantioresolution of various classes of analytes.39 Enan-
tioselectivity was found to be complementary between the two
CSPs, with the authors reporting that 43% of the test solute
enantiomers were resolved. Classes of chiral compounds re-
ported to be separated included acids, amines, metal complexes,
and neutral compounds, and method development information
was reported.39

Macrocyclic Antibiotic CSPs. Though reports using macro-
cyclic antibiotic CSPs decreased in this review period, macro-
cyclic antibiotics continue to be developed and evaluated as chiral
selectors. For example, dalbavancin, a macrocyclic antibiotic
structurally related to teicoplanin, was used in the synthesis of
two new CSPs which differed only in the binding chemistry.40

Figure 3 shows the structure of dalbavancin and teicoplanin for
comparison. These novel dalbavancin CSPs were evaluated
relative to teicoplanin CSPs by comparing the enantiosepara-
tions of approximately 250 racemates using three different
mobile phases.40 The mobile phases included normal phase,
polar organic phase, and reversed phase modes, and the tested
analytes included heterocyclic compounds, chiral acids, chiral
amines, chiral alcohols, chiral sulfoxides and sulfilimines, amino
acids and amino acid derivatives, and other chiral compounds.
The dalbavancin CSP was found to be complementary in
selectivity compared to teicoplanin, with some compounds not
separated on teicoplanin resolved on the dalbavanin CSP, but other
compounds were enantioseparated only on the teicoplanin CSP.
Commercially available vancomycin and teicoplanin CSPs are

used for many chiral separations in the literature in this review
period. The commercially available vancomycin CSP Chirobiotic
V column was used in a reverse polar ionic liquid chromato-
graphic method for the enantioseparation of mirtazapine and its
metabolite in rat plasma.41 A method using the vancomycin
based CSP Chirobiotic V2 was developed and evaluated for the
enantioseparation of atenolol. Teicoplanin (Chirobiotic T and
T2) and teicoplanin aglycone (Chirobiotic TAG) were used as
chiral selectors in the direct chiral resolution of monoterpene
based 2-amino carboxylic acids,42 and macrocyclic glycopeptide
based CSPs were successfully used in the enantioseparation of
three underivatized γ-amino acids.43

Ligand Exchange CSPs. Ligand exchange CSPs were used in
several applications during this review period. For example, the
simultaneous analysis of aspartame and its hydrolysis products in
soda pop was accomplished by a two-dimensional HPLC system
using a ligand exchange CSP for the enantioseparation of amino
acid enantiomers,44 and the chiral separation of ofloxacin was
achieved using chiral ionic liquid-assisted ligand exchange
chromatography.45 A study was reported on the enantioresolu-
tion of pirinixic acid derivatives on tert-butylcarbamoylquinine
and quinine based chiral anion exchange CSPs46 and found that
the elution order of some derivatives changed when compared to
separations of the derivatives on amylose tris(3,5-dimethyl-
phenylcarbamate) CSPs. A 1,2,3-triazolo-linked quinine tert-
butyl carbamate anion exchange CSP showed enhanced enantio-
selectivity for mandelic acids and their derivatives, with the

Figure 2. Structure of (A) cyclofructan 6 and (B) its spacefilling crystal structure. Reprinted with permission from ref 36, Effective enantiomeric
separations of racemic primary amines by the isopropyl carbamate-cyclofructan6 chiral stationary phase. Copyright 2010 Elsevier B.V.
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authors suggesting that the rigid 1,2,3-triazole group participates
in the formation of an enantioselective-binding pocket.47

Protein BasedCSPs.Protein based enantioseparations, a well-
established group of CSPs, comprised around ten percent of

HPLC chiral separations. While most articles report applications
using commercially available CSPs, novel stationary phases and
strategies for method development are also being developed.
A new kind of immobilized human serum albumin CSP was

Figure 3. Structures of the macrocyclic glycopeptides dalbavancin and teicoplanin. Reprinted with permission from ref 40. Copyright 2010 JohnWiley
& Sons, Inc.
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developed on the basis of a high-performance affinity monolith
and was used for the chiral separation of amino acids in urine.48

The analysis was found to be relatively rapid and was also
employed in the measurement of the enzyme catalytic activity
in the incubation of D,L-amino acids with D-amino acid oxidase
and the study of the enzyme kinetics. A generalized method
development screening procedure that allows LC-MS compat-
ibility was reported by Michishita et al.49 Applications developed
using protein based CSPs included enantioseparations of dox-
azosin on an ovomucoid column,50 dorzolamide hydrochloride
on α-1-acid glycoprotein CSP,51 and aryloxyphenoxypropionic
herbicides in soil on α-1-acid glycoprotein CSP.52

Miscellaneous. Other novel CSPs for HPLC that were
reported and studied during this review period include polymeric
phases, proline based phases, and 4-(3,5-dinitrobenzamido)-
tetrahydrophenanthrene phases. Three new polymeric CSPs
were synthesized on the basis of three (1S,2S)-( )-1,2-diphenyl-
ethylenediamine derivatives and evaluated for use in normal
phase HPLC and supercritical fluid chromatography (SFC).
These phases were also compared with the commercially avail-
able P-CAP-DP polymeric CSP.53 Figure 4 illustrates the struc-
tures of the 1,2 diphenyl-1,2-ethanediyl bis-2-propen amide mono-
meric units used in the synthesis of the commercial P-CAP-DP
CSP and the three new polymeric phases. These CSPs are
composed of a thin polymer layer chemically bonded to silica
gel. One advantage of these phases is that they may be manu-
factured in the R,R or S,S form to reverse the order of elution
using the same mobile phase. The novel CSPs showed similar or
better enantioselectivities in both HPLC and SFC than the
commercial column and also achieved faster separations.
The commercially available polymeric CSPs P-CAP, P-CAP-

DP, and DEAVB, 9,10-dihydro-9,10-ethanoanthracene-11,12-
dicarboxylic acid bis-4-vinylphenyl amide, were evaluated for
the enantiomeric resolution of 17 chiral sulfoxides, with the
DEABV CSP separations reported to be superior.54 Reversed
phase enantioseparations on these columns were also reported
for the first time.54

A novel doubly tethered diproline CSP was used in a study of
the effect of temperature on enantioselectivity and robustness of
separation of enantiomers including 1,10-bi-2-naphthol and
warfarin,55 and unusual peak profiles of warfarin were character-
ized on two oligoproline CSPs.57 Eight diproline CSPs with
different end-capping groups were synthesized and evaluated for
the chiral resolution of 41 racemic analytes, with the enantio-
selectivity increasing with increasing steric bulkiness near the
N-terminal of diproline.58

A CSP derived from 4-(3,5-dinitrobenzamido)tetrahydro-
phenanthrene was used in the enantioresolution of mandelic
acid and its analogs, with suggested chiral recognition models

also presented.59 Chiral resolution of thalidomide and its deri-
vatives in water sediment was achieved on a Ceramosphere RU-2
CSP which employs a chiral ruthenium complex trapped in a
zeolite structure.60 This CSP was used in a study of supramole-
cular dynamics. A crown ether tetracarboxylic acid CSP, Chirosil
RCA(+), was used in the enantioseparation of aromatic amines
and aromatic amino alcohols, with a discussion of the relationship
between retention, enantioselectivity, and molecular structure.61

MIPs of affinity polymeric materials were synthesized for the first
time in supercritical carbon dioxide and tested as CSPs in the
enantioseparation of racemic tryptophan.62

’CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) has perceived advantages over
LC techniques in its reduced time of analysis, lower amounts of
mobile phase and buffers required, and use of a wide variety of
chiral mobile phase additives. CE techniques comprised about a
fourth of all chiral separations during this review period. Separa-
tions using cyclodextrins and micellar separations comprised the
bulk of the CE enantioseparations, about two-thirds. Publica-
tions involving techniques using ligand exchange CE accounted
for around ten percent of all chiral CE articles, and various
miscellaneous techniques accounted for the remaining CE en-
antioseparations in this review period.
Cyclodextrins. Chiral separations using cyclodextrins and

their derivatives as chiral selectors comprise a majority of chiral
CE separations in this review period, illustrating their versatility
and usefulness. Advantages of cyclodextrins and their derivatives
include their water solubility, stability in solution, UV transpar-
ency, and ionizability. The enantioseparation of cis-β-lactams
was studied using carboxylmethyl α-, β-, and γ-cyclodextrins, as
well as sulfobutyl β-cyclodextrin derivatives as chiral selectors.63

These derivatives along with neutral β-cyclodextrins were also
used in dual cyclodextrin systems, and 19 cis-β-lactams were
enantioresolved. Other examples of the use of cyclodextrin
derivatives in CE include the investigation of neutral and
negatively charged cyclodextrins for the enantioseparation of
antimalarial drugs. Carboxymethyl-β-cyclodextrin resulted in the
best separation of primaquine from quinocide with the simultan-
eous complete resolution of both compounds.64 The enantio-
separation of three vinca alkaloids was investigated using an
aqueous CE system using native α-, β-, and γ-cyclodextrins and
their hydroxypropylated, randomly methylated, carboxymethyl-
ated, and sulfobutylated derivatives, with the successful enantio-
resolution of all three analytes.65Carboxymethylated-β-cyclodextrin
was used as the chiral selector in an electrokinetic chromatogra-
phy study of zopiclone enantioselective binding to human
albumin and plasma proteins.66

Figure 4. Structures of (A) the monomeric units used in the synthesis of the commercial P-CAP-DP CSP and (B, C, and D) the three new polymeric
phases. Reprinted with permission from ref 56, Synthesis and chromatographic evaluation of new polymeric chiral stationary phases based on three
(1S,2S)-( )-1,2-diphenylethylenediamine derivatives in HPLC SFC, Figure 1. Copyright 2011 Springer.
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Six tetrahydronaphthalenic derivatives were successfully en-
antioresolved using CE and a dual system of highly sulfated-
β-cyclodextrin andγ-cyclodextrin.67A dual system of chiral selectors
using heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin and
heptakis(2,3-di-O-methyl-6-O-sulfo)-β-cyclodextrin was used in
the enantioseparation of oxfendazole.68 The enantiomers of
ofloxacin and ornidazole in pharmaceutical formulations was
achieved by CE using sulfated β-cyclodextrin as a chiral selector,69

and a separation mechanism was proposed to account for the
remarkable enantioselectivity of mixtures of highly sulfated
β-cyclodextrins compared with single isomers in capillary zone
electrophoresis.70

A CE partial-filling technique using hydroxypropyl β-cyclo-
dextrin as the chiral selector for the enantioresolution of phenir-
amine was described,71 and the enantiomers of two acylamine
fungicides were separated by electrokinetic chromatography
using succinyl derivatized cyclodextrins.72Other novel cyclodex-
trin derivatives found use in chiral CE separations, including a
novel single isomer mono-6-deoxy-6-((2S,3S)-(+)-2,3-O-isopropyl-
idene-1,4-tetramethylenediamine-β-cyclodextrin, which was synthe-
sized and studied in the enantioseparation of 10 dansyl-amino acids
and N-acetylphenylalanine, showing very good chiral recognition
ability.73

Micelles. The use of micellar electrokinetic chromatography
(MEKC) for chiral separations showed a slight increase in usage
during this review period. Cyclodextrin based chiral selectors
continue to dominate the MEKC separations. The enantio-
separation of four chiral polycyclic musks was achieved for the
individual musks using cyclodextrin and SDS as surfactant, and a
dual cyclodextrin system containing two neutral cyclodextrins
was used in a MEKC method for the simultaneous enantio-
resolution of 3 of the 4 musks.74 Hydroxypropyl-β-cyclodextrin
and SDS were used in the chiral separation of three chiral triazole
fungicides, hexaconazole, penconazole, and myclobutanil, and
two online preconcentration methods, stacking with a reverse
migrating micelle and sweeping, were evaluated with the sweep-
ing method proving superior.75 The enantioseparation of dipep-
tides was achieved using a precolumn derivatization procedure
then resolving using a hydroxypropyl-β-cyclodextrin MEKC
method.76 Another cyclodextrin-modified MEKC method used
hydroxypropyl-γ-cyclodextrin for the enantioseparation of
econazole.77 The synthetic pyrethroid cis-bifenthrin was en-
antioresolved using heptakis (2,3,6-tri-O-methyl)-β-cyclodex-
trin, and the method was applied to commercial insecticide
formulations.78 A polymer/β-cyclodextrin assembling molecular
film modified capillary was used in a MEKC method for the
separation of cis trans isomers and enantiomers of sertraline.79

Polymeric surfactants continue to find use in chiral MEKC
separations. For example, polysodium N-undecenoxycarbonyl-L-
isoleucinate was determined to be the best chiral selector in the
enantioseparation of three chiral barbiturates, mephobarbital,
pentobarbital, and secobarbital.80 Mixed molecular micelles
formed using the polymeric chiral surfactants polysodium
N-undecenoxycarbonyl-L-isoleucinate and polysodiumN-undec-
enoyl-L,L-leucylvalinate were used in the MEKC/atmospheric
pressure photoionization MS method for the chiral separation of
benzoin derivatives.81

The novel chiral selector clindamycin phosphate, a lincosa-
mide antibiotic, was evaluated for enantioseparation capability
toward basic drugs by MEKC, with excellent separation of
enantiomers of nefopam, citalopram, tryptophan, chlorphena-
mine, propranolol, and metoprolol.82 A water-insoluble solid

compound, di-t-butyl L-tartrate, was used as an oil to prepare a
microemulsion used in the MEKC method for the enantio-
resolution of β-blockers and structurally related compounds.83

Sodium cholate was used in the chiral MEKC separation of
amygdalin and neoamygdalin.84

Ligand Exchange. Ligand exchange CE remains an established
technique, comprising about ten percent of all chiral CE separations
during this review period. Novel chiral ligands continue to be
developed. A new family of copper β-amino alcohol ligand exchange
selectors was developed for the chiral separation of dansyl amino
acids, unmodified amino acids, and propranolol by capillary zone
electrophoresis.85Another example of a novel chiral ligand exchange
selector was Zn(II)-L-prolinamide, used in a pharmacokinetic study
of sodium benzoate based on its inhibitoryactivity in the D-amino
acid oxidasemediated oxidation ofD-serine.86D-Quinic acidwas used
as the chiral selector ligand and Fe(III), Co(II), Ni(II), Cu(II), and
Zn(II) ions were used in the enantioresolution of DL-isocitric acid.87

Miscellaneous. A wide variety of chiral selectors have been
used in CE, and one of the recently reported new chiral selectors
is the macrolide antibiotic erythromycin lactobionate, used in a
nonaqueous media CE separation of the basic drugs propranolol
hydrochloride and duloxetine.88 The structure of erythromycin
lactobionate is shown in Figure 5. Erythromycin lactobionate was
reported to have high solubility and low viscosity in the methanol
solvent, as well as very weak UV absorption. Another macrolide
antibiotic, clarithromycin lactobionate, was investigated for its
potential in the enantiomeric separation by CE of several basic
drugs, including metoprolol, atenolol, propranolol, bisoprolol,
esmolol, ritodrine, and amlodipine.89 A new chiral selector,
sodium arsenyl-(L)-(+) tartrate was introduced for CE and eval-
uated by enantioseparations of many cationic analytes including
primary, secondary, and tertiary amines.90

Highly succinate-substituted α-cyclosophoro-octadecaoses,
containing 18 glucose units per ring as the predominant form,
were successfully used as chiral additives in CE for the separation
of five flavanones and flavanone-7-O-glycosides, while unsub-
stituted α-cyclosophoro-octadecaoses did not give effective
enantioresolution.91 A linear polysaccharide, maltodextrin, was
used in the CEmethod for the enantioseparation of cetirizine and
hydroxyzine in human plasma.92 The linear ionic polysaccharide
chondroitin sulfate A was used as chiral selector in an affinity
electrokinetic chromatography method for the enantiomeric
separation of nefopam hydrochloride.93

An ephedrine based ionic liquid served as both chiral selector and
background electrolyte in the nonaqueous CE enantioseparation of

Figure 5. Structure of erythromycin lactobionate. Reprinted with
permission from ref 88. Copyright 2010 John Wiley & Sons, Inc.
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rabeprazole and omeprazole.94 The chiral selectivity of guanosine
gels in CE was examined,95 and a microchip affinity electrophoresis
method using bovine serum albumin gave a good chiral separation
of amino acids.96

’CAPILLARY ELECTROCHROMATOGRAPHY

Capillary electrochromatography (CEC) remains a powerful
analytical chiral separation technique. CECwhile similar to CE in
that the mobile phase is driven by electroosmosis, differs
significantly from CE in that the separating mechanism is the
partition between the liquid and stationary phases. Molecular
imprinted polymer (MIP) based chiral separations continue to
comprise a large number of all CEC enantioseparations. An
advantage of MIP based enantioseparations is the unambiguous
elution order of enantiomeric pairs due to the MIP’s predeter-
mined selectivity. A powerful generalized procedure for the
preparation of open tubular MIP chiral capillary columns was
reported by Zaidi et al.97 In the first study, the preparation of the
MIP columns was identical in every respect except for the
identity of the chiral template, which was composed of com-
pounds containing acidic functional groups including ibuprofen,
naproxen, mandelic acid, and others. While optimizing chroma-
tographic conditions improved resolution on the different MIP
columns, a universal eluent was also used with satisfactory results.
This generalized MIP procedure was also used to prepare open
tubular capillary columns with basic functional group templates.98

These basic compounds included atenolol, sulpiride, methyl
benzylamine, and (1-naphthyl)-ethylamine, with the chiral
separation of atenolol and sulpiride found to be better than or
comparable to non-MIP separations and other MIP based
techniques. Another study applied the generalized procedure
to templates consisting of phenyl carboxylic acids and their
derivatives.99 While enantioresolution was achieved for these
template enantiomers, the separation performances were found
to be inferior to those for the MIP columns produced for the
Profen drugs. This generalized procedure appears to have broad
application in the production of MIP based CSPs.

A monolithic MIP column was prepared using ( )-norepine-
phrine as the template and used in the enantioresolution of
neurotransmitters including dopamine, epinephrine, isoproter-
enol, norepinephrine, octopamine, and synephrine.100 (S)-Orni-
dazole was used as the template molecule for a MIP monolithic
column used in the fast separation of ornidazole by pressurized
CEC.101 The application to similar antiparasitic drugs was also
investigated, with the results indicating that secnidazole could
also be enantioresolved.

The high specificity of MIP based chiral separations is ad-
vantageous, although pure enantiomers must be available as
templates to construct the CSP. Monolithic columns based on
cyclodextrin derivatives have also been constructed in this review
period, with apparently more universal use in the separation of
various mixtures of racemates. A series of monolithic capillary
columns were prepared by chemically graphing β-cyclodextrin
and derivatives to the surface of monoliths.102 The cyclodextrin
derivatives included aspartate-β-cyclodextrin, NH2-β-cyclodex-
trin, and hydroxylpropyl-β-cyclodextrin. These CSPs were used
in the CEC separation of racemic mixtures of eight amino acids
and the chiral drugs mexiletine hydrochloride and oxybutynin
chloride in human plasma, with good selectivity shown. Another
article reported the synthesis of a sulfated poly-β-cyclodextrin-
modified silica based monolithic column which was found to

resolve the tedious desalting procedure necessary when sulfated
cyclodextrins are used as chiral additives.103

New nanomaterials derived from chitosan and cross-linked
with polyacrylamide were used as the CSP for open-tubular CEC
and were investigated for use in enantioseparations.104However,
only two groups of α-tocopherol stereoisomers were resolved on
this new CSP. Another new CSP based on ligand exchange
continuous bed technology was prepared using L-prolinamide as
the chiral selector105 and used in the enantioseparation of amino
acids and α-hydroxy acids. Another continuous bed containing
L-4-hydroxyproline as the chiral selector showed the possibility of
simultaneous enantioseparation of amino acids and α-hydroxy
acids.105

’GAS CHROMATOGRAPHY

Gas chromatography (GC) remains a popular technique
in this review period. Cyclodextrin derivatives have dominated
the field of chiral separation in GC. A novel and promising
CSP for GC used ionic liquids to dissolve ionic cyclodextrin
derivatives.106 Ionic liquids have emerged as important stationary
phases for GC due to the fact that they are fairly nonvolatile,
possess a rather large range of thermal stability, and have a variety
of physical and chemical properties. One concern from previous
work was the reported reduction in the range of enantio-
selectivity when the CSP was composed of neutral cyclodextrins
dissolved in ionic liquid. However, the use of charged cyclodex-
trins as the chiral selectors has resulted in significantly increased
enantioselectivity and efficiencies. A variety of chiral molecules
were resolved, and the performance of these novel ionic liquid/
ionic cyclodextrin CSPs was found to be comparable and com-
plementary to commercially available cyclodextrin CSPs. There
appears a growing interest in ionic liquid and ionic cyclodextrin
CSPs, as demonstrated by the numerous citations of this article.

There has also been interest in the use of derivatized cyclo-
fructan CSPs in GC chiral separations. These novel chiral
selectors, first introduced in 2010, have been evaluated in the
enantioseparation of esters, β-lactams, alcohols, amino alcohols,
tartrates, and amino acid derivatives.107,108 Evaluation of the
separation mechanism indicated that there was no inclusion
complex formed. A different type of CSP for GC, chiral metal 
organic framework coated open tubular columns, was reported
by Xie et al.109 and evaluated for enantioselectivity toward
aldehydes, ketones, organic acids, amino acids, and alcohols.

Commercially available GC CSPs also were utilized exten-
sively during this review period. For example, the simultaneous
enantioseparation of methylamphetamine, ephedrine, and pseu-
doephedrine derivatives was accomplished on a γ-cyclodextrin
Chiraldex G-PN CSP coupled to mass spectrometry.110 A beta-
DEX cyclodextrin column was used in the development of a
method for optically active food flavor chemicals menthol,
menthyl acetate, borneol, perillaldehyde, and 1,8-cineol.111 The
enantiomeric resolution of amino acids for space exploration
missions was evaluated using a Chirasil-I-Val CSP in twoGC/MS
methods.112

’SUPERCRITICAL FLUID CHROMATOGRAPHY

Supercritical fluid chromatography (SFC) found increased use
during this review period, with both novel CSPs and applications
on commercial CSPs in the literature. Three new polymeric
CSPs structurally related to (1S,2S)-1,2-diphenylethylenediamine,
the monomer used in the commercially available P-CAP-DP
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polymeric CSPs, were synthesized and evaluated in HPLC and
SFC.56 These novel polymeric CSPS showed similar or better
enantioselectivities than the commercial columns and were
found to have faster separation times.

’SIMULATED MOVING BED CHROMATOGRAPHY

Simulated moving bed chromatography (SMB) continues to
find use in preparative scale chiral separations. A two-column,
semicontinuous, open-loop SMB system was used in the chiral
separation of reboxetine racemate.113 Flurbiprofen enantio-
mers were separated by SMB using Chiralpak AD CSP,114 and
(RS,RS)-2-(2,4-difluorophenyl)butane-1,2,3-triol was subjected
to chiral separation using intermittent SMB.115

’MISCELLANEOUS TECHNIQUES

High-Speed Counter-Current Chromatography. Enantio-
meric separation by high-speed counter-current chromatogra-
phy (HSCCC) has shown increased activity in the field with an
increase in the number of publications from the last review
period. A brief review of the literature showed that the
preponderance of applications used cyclodextrin derivatives
as chiral selectors. For example, sulfated-β-cyclodextrin was
used in the enantioseparation of lomefloxacin hydrochloride,116

while hydroxypropyl-β-cyclodextrin was the chiral selector
in the chiral resolution of phenylsuccinic acid117 and (R,S)-
naproxen.118 An interesting biphasic chiral recognition method
utilized two chiral selectors, one in the aqueous phase and a
different one in the organic stationary phase, in which the chiral
selectors showed affinity for the opposite enantiomers of the
analyte.119 The biphasic system showed much more efficiency
in the chiral separation of α-cyclohexylmandelic acid than
traditional monophasic recognition enantioseparation since
both lipophilic and hydrophilic chiral selectors participated in
the resolution.
Thin Layer Chromatography. Thin layer chromatography

use for chiral separations did not have a significant presence in
the literature during this review period.

’CONCLUSIONS

The field of chiral separations has reached a clear level of
maturity after approximately 30 years of development since the
first successful commercialized columns appeared on the market.
Several areas that should experience increased interest in the
coming years will be development of monolithic CSPs, ionic-
liquid phases, and derivatized cyclodextrin phases. Chiral separa-
tion’s importance to so many diverse and critical industries such
as the pharmaceutical, agrochemical, petrochemical, and food
industry ensures future use and development.
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