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Abstract

The chiral separation methods using liquid chromatographic techniques can be divided into two categories: one is
a direct method, which is based on a diastereomer formation on stationary phase or in mobile phase. The other is an
indirect method, which is based on a diasteromer formation by reaction with a homochiral reagent. The enantiomer
separation on a chiral stationary phases followed by derivatization with an achiral reagent is also dealt with this
review article as the indirect method. The pharmaceutical and biomedical applications of enantioseparations using the
direct and indirect methods have been considered in this review. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Reviews; Stationary phases, liquid chromatography; Chiral stationary phases, liquid chromatography; Chiral separation;
Chiral derivatizing reagent

Nomenclature

AGP a,-acid glycoprotein

2-APAs 2-arypropionic acid derivatives

AP-OTf 2-(anthracene-2,3-dicarboximido)-1-propyltrifluoromethanesulfonate
B-CD B-cyclodextrin

CBH cellobiohydrolase 1

CD circular dichroism
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CDITC
Chiralcel OD
Chiralpak AD
CSp chiral stationary phase
DBD-Apy
DBD-CO-Hz
2,1,3-benzoxadiazole
DBD-F

N-[(2-isothiocyanato)cyclohexyl]-6-methoxy-4-quinolinylamide
tris(3,5-dimthylphenyl carbamate)cellulose
tris(3,5-dimetylphenylcarbamate)amylose

4-(N,N-dimethylaminosulphonyl)-7-(3-aminopyrrolidin-1-yl)-2,1,3-benzoxadiazole
(N-hydrazinoformyl)methyl]- N-methyl]amino-7-(N,N-dimethylamino)sulfonyl-

(N,N-dimethylaminosulphonyl)-7-fluoro-2,1,3-benzoxadiazole

DBD-N-Me-Ala 4-(N-1-carboxyethyl-N-methyl)amino-7-(N,N-dimethyl)amino-2,1,3-benzoxadiazole

4-(2-carboxypyrrolidin-1-yl)-7-(NV,N-dimethylaminosulphonyl)-2,1,3-benzoxadiazole

DBD-Pro

DBD-PyNCS 4-(3-isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-
2,1,3-benzoxadiazole

DBD-Pz 4-(N,N-dimethylamino)sufonyl-7-piperazine-2,1,3-benzoxadiazole

DIB-Cl 4-(4,5-diphenyl-lH-imidazol-2-yl)benzoyl chloride

ELSD evaporative light scattering detection

FLEC fluorenylethyl chloroformate

FMOC-L-Pro 9-fluorenylmethyl chloroformate-L-proline

GITC 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate

LC liquid chromatography

3-MPA 3-mercaptopropionic acid

MS mass spectrometry

NBD-Apy 4-nitro-7-(3-aminopyrrolidin-1-yl)-2,1,3-benzoxadiazole

NBD-CO-Hz N-(4-nitro-2,1,3-benzoxadiazoyl-7-yl)-N-methyl-2-aminoacetohydrazide

NBD-F 4-fluoro-7-nitro-2,1,3-benzoxadiazole

NBD-N-Me-Ala 4-(N-1-carboxyethyl-N-methyl)amino-7-nitro-2,1,3-benzoxadiazole

NBD-Pro 4-(2-carboxypyrrolidin-1-yl)-7-nitro-2,1,3-benzoxadiazole
NEA 1-(1-naphthyl)ethylamine

NEIC naphthylethylisocyanate

OPA o-phthalaldehyde

PITC phenyl isocyanate

PTC-AAs phenylthiocarbamoyl derivatives of amino acids

RAM restricted access media

SPE solid-phase extraction

1. Introduction

Two enantiomeric forms of a drug can have
different properties, such as different potencies
and different toxicities [1]. Thus, in the prepara-
tion and analysis of chiral drugs, it is of vital
importance to separate their enantiomeric forms.

In the 1970s, racemic thalidomide was chromato-
graphically separated on optically active
polyamide by Blaschke’s group [2]. This study
prompted the development and progress of chiral
stationary phases (CSPs), and many research
groups have sought to suitable CSPs for chro-
matographic resolution of enanitomeric forms
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over the last three dacades [3,4]. Those include
natural chiral selectors such as proteins, oligosac-
charides, macrocyclic antibiotics and alkaloids,
semisynthetic chiral selectors such as modified
oligosaccharides and polysaccharides, and syn-
thetic chiral selectors such as Pirkle type selectors,
crown ethers, proline derivatives and helical syn-
thetic polymers.

The chiral separation methods can be divided
into two categories: one is a direct method, which
is based on a diastercomer formation on a sta-
tionary phase or in a mobile phase [5,6]. The
other is an indirect method, which is based on a
diasteromer formation by reaction with a ho-
mochiral reagent. The enantiomer separation on a
CSP followed by derivatization with an achiral
reagent is also dealt with in this review article as
the indirect method. The direct method, which
can separate enantiomeric forms based on forma-
tion of a diastereomeric complex on a stationary
phase, is suitable for the analysis of enantiomers
in a standard sample and pharmaceutical prepara-
tions, where the low amount of the antipode level
should be determined. It is suitable for prepara-
tive purposes [6]. However, for trace analysis of
the enantiomers of a drug and its metabolite(s) in
complex matrices such as biological samples, lig-
uid-liquid extraction, solid-phase extraction
(SPE) or column switching technique was fol-
lowed by the enantiomer separation on a CSP.
Further, for biomedical and pharmaceutical appli-
cations of enantioseparations, mass spectrometry
(MS) combined with liquid chromatography (LC)
separations, which includes LC-MS-MS, has
been utilized for the sensitive and specific detec-
tion of a target drug [7]. On the other hand, the
indirect method, which involves the reaction with
a homochiral reagent and the separation of the
diastereomeric derivatives on an achiral stationary
phase, is an efficient technique for separation of
many enantiomers having functional groups. It is
essential that the chiral derivatization reaction
proceeds completely in both enantiomers, and
that the racemization reaction does not occur
[5,6]. Further, if the optical purity of the deriva-
tization reagent is not known, or is not taken into
consideration, the optical purity of the target
compound will not be determined precisely. The

enantiomers of A are to be separated and deter-
mined as their diastereomeric derivatives (I and
IT), which can be resolved as respective peaks on
achiral stationary phases (Scheme 1). However,
the peaks of the products III and IV produced
with (—)-B overlap with the peaks of II and I,
respectively, on achiral stationary phases, because
II and III, and I and IV are enantiomeric pairs.
The indirect method was unsuitable for the analy-
sis of enantiomers in a standard sample and phar-
maceutical preparations, and were unsuitable for
preparative purposes. However, they were suitable
for trace analysis of enantiomers in complex ma-
trices such as biological samples because of the
introduction of a highly sensitive tag(s). Those
include ultraviolet-visible, fluorescence and elec-
trochemical tags [6,10]. Among them, the fluores-
cence derivatization is the most effective for
determinations in complex matrices, in terms of
sensitivity and/or selectivity.

Many book chapters and review articles dealt
with the separations of drug enantiomers using
LC techniques [1,3,4,8—13]. This review article
focuses on recent developments in the biomedical
and pharmaceutical applications of enantiosepa-
rations using LC techniques.

2. Direct methods

Though direct methods using chiral mobile
phase additives can separate many enantiomers by
addition of chiral selectors to a mobile phase on
an achiral stationary phase, the applicability of
the methods in the biomedical and pharmaceuti-
cal areas is limited because of purity of chiral
selectors and detection problem. This review arti-
cle only deals with the enatioseparations based on
CSPs.

[(+)-A+()-A] + [(H)-B + (-)-B] ———>
Enantiomers Reagents
(H-A(+)B + (JA(B + ()-AC)B + ()-A()B
I II I v

Reaction products

Scheme 1. Derivatization of enantiomers with a chiral reagent
with less than 100% optical purity.
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Fig. 1. Chromatogram of a batch of estradiol drug substance
spiked with 0.05% ent-estradiol. Reproduced from Ref. [17]
with permission. LC conditions: Chiralpak AD-R column
(250 x 4.6 mm 1i.d.); mobile phase, acetonitrile-water (50:50,
v/v); flow-rate, 1.0 ml/min; column temperature, 40 °C; detec-
tion, 278 nm.

2.1. Pharmaceutical analysis

In pharmaceutical applications, the quantita-
tion of the antipode in pharmaceuticals or drug
substances can be attained with the direct separa-
tion of drug enantiomers using CSPs. The quanti-
tation of the opposite enantiomer of tiagabine
hydrochloride was attained using a tris(3,5-
dimthylphenyl carbamate)cellulose CSP (Chiralcel
OD) [14]. Similarly, crown ether dynamically
coated CSP was used for the enatiomer separation
of hydrophobic amino compounds [15]. The
method could determine as little as 0.05% of the
D-form in L-alanine-fB-naphthlamide. Ovomucoid
and Chiralcel OD columns were used in reversed-
phase and normal phase modes, respectively, for
the quantitation of fluoxetine hydrochloride enan-
tiomers [16]. The chromatographic conditions
provided a much more discriminating test, com-
pared to an optical rotation method proposed for
pharmacopeial use [16]. Chiral resolution of enan-
tiomeric steroids was attained using tris(3,5-
dimetylphenyl carbamate)amylose (Chiralpak
AD-R, R means a column for reversed-phase
mode) under reversed-phase mode [17]. Fig. 1
shows the chromatogram of an estradiol sample

spiked with 0.05% of the unnatural enantiomer of
estradiol (ent-estradiol), whose concentration level
is the quantitation limits. The method was suc-
cessfully validated for the quantitation of ent-
estradiol in drug substances.

For the optimization of enantioselective analyt-
ical methods, chemometrics, factorial design [18—
20] or neural network [21-23], was used to
examine the influence of the descriptor variables
on chromatographic responses. Two CSPs based
on a,-acid glycoprotein (AGP) and cellobiohydro-
lase I (CBH) were tested for the enantiosepara-
tions of twelve closely structurally related amino
alcohols using factorial design [20]. The changes
in mobile phase buffer pH and column tempera-
ture affected the enantioselective retentions for
the two CSPs. Further, the ionic strength and
2-propanol concentration affected them for the
AGP and CBH columns, respectively [20].

For the detection of enantiomeric compounds
which have no chromophore, evaporative light
scattering detection (ELSD) method was effective
[24,25]. Carnitine and O-acetylcarnitine [24], and
underivatized amino acids [25] enantioseparated
using teicoplanin CSPs were easily detected by
ELSD.

2.2. Biomedical applications

With regard to the assays of enantiomeric drugs
in biological fluids, liquid-liquid extraction meth-
ods were generally utilized for extraction and
concentration of the target drugs [26—37]. The
simultaneous determinations of disopyramide and
its active metabolite, mono-N-dealkyldisopyra-
mide, in plasma and urine were attained with a
Chiralpak AD column using hexane—ethanol plus
diethylamine as an eluent, following the liquid-
liquid extraction with dichloromethane after
protein precipitation with trichloroacetic acid [37].
Typical chromatograms of drug-free human
plasma, human plasma spiked with disopyramide
and mono-N-dealkyldisopyramide, and treated
subject plasma are shown in Fig. 2. As an alterna-
tive approach to liquid-liquid extraction, the dis-
posable SPE  columns such as CIS8,
nonpolar/strong cation mixed phase and phenyl-
boronic acid were used for the assays of ketopro-
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Fig. 2. Chromatograms referring to the analysis of disopyra-
mide and mono-N-dealkyldisopyramide enantiomers in
plasma. Reproduced from Ref. [37] with permission. (A) Blank
plasma; (B) plasma spiked with 625 ng/ml of disopyramide
and mono-N-dealkyldisopyramide enantiomers; (C) plasma
sample from a healthy volunteer collected 6 h after the admin-
istration of 100 mg of Dicorantil (racemic disopyramide). Peak
assignments: (+ )-(S)-disopyramide (1); (—)-(R)- disopyra-
mide (2); metoprolol (3 and 4); (+ )-(S)-mono-N-dealkyld-
isopyramide (5); (—)-(R)-mono-N-dealkyldisopyramide (6).
LC conditions: Chiralpak AD column (250 x 4.6 mm i.d.);
mobile phase, hexane—ethanol (91:9, v/v) plus 0.1% diethy-
lamine; flow-rate, 1.2 ml/min; detection, 270 nm.

fen [38], reboxetine [39] and albuterol [40] enan-
tiomers, respectively, in biological samples.

For the enantiomeric determinations of drugs
and their metabolites in serum or plasma, tedious
and time-consuming pretreatment procedures
such as liquid-liquid extraction, SPE or mem-

C—(|I—CH3
NH

= HiC—C—CHs
CH,

Bupropion (1)

brane-based extraction have been required [41].
Among those pretreatment procedures, SPE is
most widely used for the extraction of the target
compounds in biological fluids. However, direct
injection of serum or plasma samples onto LC or
SPE materials causes protein denaturation at the
partitioning phase and accumulation on the parti-
cles, resulting in undesired loss in the capacity and
selectivity of the packing materials [42,43]. Thus,
it is inevitable to remove serum or plasma
proteins before loading the samples onto the LC
or SPE materials. Recently, restricted access me-
dia (RAM) were introduced for direct injection of
proteinaceous samples onto the LC or SPE mate-
rials [42,43]. Direct serum injection assays of pin-
dolol enantiomers were attained using Pinkerton
GFF2 RAM system [44]. The method involves
on-line sample clean-up using Pinkerton GFF2
RAM column separation and heart-cut of the
drug on a CI8 column, and the chiral separation
of the drug enantiomers on an AGP column. The
alkyl-diol RAM columns were used in a column-
switching system for the determination of keto-
profen enantiomers in plasma [45] and atenolol
enantiomers in urine [46], in conjunction with
human serum albumin and teicoplanin columns,
respectively.

Direct injection of the biological samples after
liquid-liquid extraction or solid-phase extraction
resulted in interferences by biological matrix com-
ponents and drastically diminished the column
life. Thus, the on-line achiral—chiral system using
a trimethylsilyl-silica gel column and an AGP
column was developed for the enantiomeric deter-
mination of the phenylmorpholinol metabolite (2)
of bupropion (1) (their structures, see Scheme 2)

* Cl
OH
H5C X

H,C CH;

Phenylmorpholinol (2)

Scheme 2. Structures of bupropion (1) and phenylmorpholinal (2).
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Fig. 3. Chromatograms of a 100 pl injection of a human
steady-state plasma sample extract. Reproduced from Ref. [47]
with permission. LC conditions: achiral column, Supelcosil
LC-1 (150 x 4.6 mm i.d.); chiral column, Chiral-AGP (100 x 4
mm i.d.). Peak assignments: bupropion (1); phenylmorphori-
nol (2); erythro-amino alcohol (3); threo-amino alcohol (4);
(+ )-phenylmorpholinol (2a); (— )-phenylmorpholinol (2b).
Concentration of phenylmorpholinol (2) is estimated to be
2167 ng/ml (equivalent to 2071 ng/ml of ( — )-phenylmorpholi-
nol (2b)).

in human plasma after liquid-liquid extraction
[47]. Tt was found that 2 is present in human
steady-state plasma in enantiomeric (— )-form,
which corresponds to peak 2b in the chiral chro-
matogram in Fig. 3. Since a C18 column has been
known to provide very strong retention of a target
drug, it is very difficult to match the eluents
between achiral and chiral systems. For the
stereoselective determination of montelukast, a
potent and selective leukotriene D, receptor an-
tagonist, in plasma after protein precipitation [48],
Biomatrix RAM column was used as an achiral
column. Enantiomer separations of chlorpheni-
ramine and its main monodesmethyl metabolite in
urine were attained using a coupled achiral—chiral
LC system after liquid—liquid extraction [49]. The
two compounds were separated from the biologi-
cal matrix on a cyanopropyl column and rein-
jected into a Chiralpak AD-R column in a
reversed-phase mode. For the enantiomeric sepa-
rations of tramadol and its metabolite [50], and
varapamil and its metabolites [51], an off-line

achiral-chiral LC system was used. For the
simultaneous separation of verapamil and its
seven metabolites, a rapid and simple achiral sys-
tem using Hisep C18 and Novapak C18 columns
was used. The achiral preseparation steps in off-
line mode have been recommended as effective
clean-up and preconcetration procedures. An
AGP column was used for successful chiral sepa-
rations of verapamil and its seven metabolites
[51].

LC-MS, especially LC-MS-MS, was effec-
tively used for etection of a drug and its metabo-
lites in Dbiological fluids [52-56]. On-line
LC-MS-MS system using atmospheric pressure
chemical ionization was developed for the enan-
tiomeric determinations of tramadol (3) and its
active metabolite, O-desmethyltramadol (4), in
human plasma (their structures, see Scheme 3).
After off-line solid-phase extraction on a dispos-
able extraction cartridges, the enantiomeric sepa-
rations of tramadol and O-desmethyltramadol
were achieved on a Chiralpak AD column [55].
The MS-MS ion traditions monitored were
264 — 58 for tramadol, 264 — 58 for O-desmethyl-
tramadol and 264 — 58 for ethyltramadol, used as
an internal standard. Fig. 4 shows a typical chro-
matogram of a plasma extract spiked with
racemic tramadol and racemic O-desmethyltra-
madol. These two drugs were enantioseparated
and the absence of interfering endogenous compo-
nents at retention times of tramadol and O-
desmethyltramadol was demonstrated.

OR,
N OH R
2
Cﬂz—llq
CH;,
Ri R;
tramadol CH; CHj

O-desmethyltramadol H CH;

Scheme 3. Structures of tramadol (3) and O-desmethyltra-
madol (4).
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Fig. 4. Selective reaction monitoring ion chromatogram of blank plasma (A) and spiked plasma (B) samples with 25 ng/ml for
tramadol (T) and 10 ng/ml for O-desmethyltramadol (ODT) racemates. Reproduced from Ref. [55] with permission. LC conditions:
column, Chiralpak AD (250 x 4.6 mm 1i.d.); mobile phase, isohexane—ethanol—diethylamine (97:3:0.1, v/v); flow-rate, 1.0 ml/min;

column temperature, 25 °C.

The enantioseparations of warfarin and 7-
hydroxywarfarin in human plasma and urine,
respectively, were attained using Chiralcel OD
column with ultraviolet or fluorescent detect-
ion, and their absolute configuration was deter-
mined simultaneously by circular dichroism

(CD) detection [57]. Similarly, enantiomers of
lorazepam in human plasma were determined
using a PB-cyclodextrin (B-CD) column based on
CD detection [58]. Chiroptical detection was
useful for the pharmacokinetic study of chiral
drugs.
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Recently, SPE on disposable cartridges, dialysis
or column switching used for sample preparation
techniques, which can be fully automated and
applied to enantioselective analysis in biological
fluids, are compared, with regard to selectivity,
detectability, elution of the analytes from the
extraction sorbent, sample volume and analyte
stability (Table 1)[41]. The three sample prepara-
tion techniques had advantages and disadvan-
tages: in column-switching systems, stability
problems were often observed with the pre-
column but the recent introduction of RAM gives
some interesting perspectives. The SPE procedure
with disposable extraction cartridges is an ‘open’
system that can sometimes cause problems if the
analytes are particularly sensitive to light or to
oxygen, However, the wide range of extraction
sorbents commercially available combined to the
high flexibility in the choice of the eluting solvent
are two important advantages. The principal limi-
tation of the dialysis approach lies in the recovery
of the analytes, which is usually somewhat lower
than those observed with the other two
approaches.

3. Indirect method

The indirect methods were divided into two
categories: one is to derivatize the enantiomers
using a homochiral derivatizing reagent (struc-
tures, see Scheme 4) and to separate the deriva-

Table 1

tives using an achiral stationary phases. The other
is to derivatize the enantiomers using an achiral
derivatizing reagent (structures, see Scheme 5) and
to separate the derivatives using a CSP.

3.1. Derivatization with chiral reagent

2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate (GITC) as a chiral derivatization
reagent was used for the assays of S-(—) and
R-(+ ) enantiomers of propranolol and 4-hydrox-
ypropranolol in human plasma [59]. The method
involved liquid—liquid extraction for sample
clean-up, derivatization with GITC and separa-
tion of the derivatized products on a C18 column.
The proposed assay was used to quantify the
enantiomers of propranolol and 4-hydroxypropra-
nolol, respectively, in human plasma. Similarly,
GITC was used for the assays of the enantiomers
of atenolol [60] and unusual secondary aromatic
amino acids [61]. (4 )-(S)-Naphthylethyliso-
cyanate ((S)-NEIC) was used for the determina-
tion of mefloquine enantiomers in plasma, urine
and whole blood [62]. The method involved lig-
uid—liquid extraction of mefloquine from biologi-
cal fluids and derivatization of the residue by
(S)-NEIC, and separation of the resulting
diastereomers on a silica gel column. Further,
enantiomers of acebutolol and its active metabo-
lite, diacetolol, in human serum were determined
after dervatization with (S)-NEIC following lig-
uid-liquid extraction [63]. Enantiomerically pure

Comparison of different sample preparation methods coupled to enantioselective LC analysis

Column-switching

SPE on DEC Dialysis
Selectivity Wide range of sorbents available
for DEC
for TEC
Detectability High recoveries, possibility of
reconcentration of the extract
Elution Free choice of the eluting solvent

Sample volume 100-1000
(uD)

Stability Open system

Dialysis: non selective process,
wide range of sorbents available

Recoveries lower than 100%

By the LC mobile phase
100-370

Totally closed system

Limited number of RAM sorbents
available so far

High recoveries

By the LC mobile phase
10-1000

Totally closed system

Reproduced from Ref. [41] with permission. SPE, solid-phase extraction; DEC, disposable extraction cartridge; TEC, trace

enrichment cartridge; RAM, restricted access media.
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Scheme 4. Structures of a homochiral derivatizing reagent.
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Scheme 5. Structures of an achiral derivatizing reagent.

trans-1,2-diaminocyclohexane based (1R,2R)- and
(1S,2S)- N-[(2-isothiocyanato)cyclohexyl]- 6-meth-
oxy-4-quinolinylamide ((R,R)- and (S,S)-CDITC)
was designed as a new fluorescence tagging chiral
derivatizing agent for the enantiomeric separation
of amino acids and amines [64]. These derivatives
were separated on a CI8 column. A fluorescent
chiral tagging reagent, 4-(3-isothiocyanatopyrro-
lidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-2,1,3-
benzoxadiazole [R-(—)-DBD-PyNCS], has been
used for the derivatization of amino acids [65] and
thiols [66]. The enantiomeric separations of pro-

pranolol in rat plasma and saliva, and thiols were
attained based on diastereomer formation with
R-(—)-DBD-PyNCS [67]. Further, R-(—)-DBD-
PyNCS was applied to chiral resolution of 17
amino acids and discrimination of D/L-amino
acids in peptide sequences [68]. 9-Fluorenylmethyl
chloroformate-L-proline (FMOC-L-Pro)[69] or
(—)-fluorenylethyl chloroformate (FLEC)[70]
were employed for the enantiomeric determina-
tion of amphetamine and various amphetamine-
type compounds by LC. FLEC was applied for
the separation of enantiomers of a-hydroxy acids
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[71]. Further, 4-(2-carboxypyrrolidin-1-yl)-7-nitro-
2,1,3-benzoxadiazole (NBD-Pro), 4-(2-carboxy-
pyrrolidin-1-yl)-7-(N,N-dimethylaminosulphonyl)-
2,1,3-benzoxadiazole (DBD-Pro), 4-(N-1-car-
boxyethyl- N-methyl)amino-7-nitro-2,1,3-benzox-
adiazole (NBD-N-Me-Ala), 4-(N-1-carboxyethyl-
N-methyl)amino - 7- (N, N - dimethyl)amino - 2,1,3-
benzoxadiazole (DBD-N-Me-Ala) have been syn-
thesized for the resolution of enantiomers of
amines [72].

For enantiomeric determination of 2-arypro-
pionic acid derivatives (2-APAs), a few chiral
derivatizing reagents were reported [73—75]. The
fluorescent reagents with a benzofurazan struc-
ture, (S)-(+ )-4-(N,N-dimethylaminosulphonyl)-
7-(3-aminopyrrolidin-1-yl)-2,1,3-benzoxadiazole
((S)-DBD-Apy), (R)-(— )-4-nitro-7-(3-aminopyr-
rolidin-1-yl)-2,1,3-benzoxadiazole ((R)-NBD-Apy)
by LC-MS were utilized for the enantiomeric sep-
aration and the detection of 2-APAs. The separa-
tion on a CI8 column after the diastercomeric
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derivatization with (S)-DBD-Apy or (R)-NBD-
Apy and detection by electrospray ionization MS
afforded high sensitivity [73]. Methylated Ne-dan-
syl-L-lysine, which has a free amino group and an
asymmetric carbon atom, was examined as a chi-
ral derivatizing reagent for ibuprofen [74]. The
method was successfully applied for the determi-
nation of ibuprofen in urine. (R)-1-(1-Naph-
thyl)ethylamine ((R)-NEA) was used for the
derivatization of the enantiomers of flurbiprofen
and ibuprofen in human serum, serum dialysate
and urine samples [75]. Chromatograms of drug
free urine and urine obtained from a volunteer,
2—4 h post drug administration, both prior to and
following treatment with NaOH are shown in Fig.
5. No interfering peaks were observed in the
chromatograms of blank and blank alkali treated
urine  samples.  (S)-( + )-2-(Anthracene-2,3-di-
carboximido)-1-propyl trifluoromethanesulfonate
(AP-OTY) was synthesized as a chiral fluorescence
derivatization reagent for carboxylic acids [76,77].

e

Fig. 5. Chromatograms of (a) standard solutions of racemic ibuprofen (5 ng/ml) derivatized with (R)-NEA, (b) extract of a blank
urine sample, (c) extract of a urine sample of a volunteer 2—4 h following oral administration of 400 mg of the racemic drug, (d)
extract of alkali treated blank urine and (e) extract of volunteer urine sample as in (c) following treatment with alkali. Reproduced
from Ref. [75] with permission. LC conditions: column, Resolve C18 (150 x 2.1 mm i.d.); mobile phase, 10 mM phosphate buffer
(pH 3.5)—acetonitrile = 50:50 (v/v); detection, excitation wavelength at 290 nm and emission wavelength at 330 nm. Peak
assignments: 1, (R)-flurbiprofen; 2, (S)-flurbiprofen; 3, (R)-ibuprofen; 4, (S)-ibuprofen.
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Fig. 6. Separation of a mixture of 37 PTC amino acids. Reproduced from Ref. [79] with permission. Amount of each enantiomer
was 1 nmol, and Gly was 2 nmol. The elution order of enantiomers was D-form and then L-form. Ile was a mixture of D-allo-Ile
and L-lle. Column and temperature: Octyl-80Ts (at 30 °C) + phenylcarbamoylated B-CD (at 20 °C). Mobile phase: A, 100 mM
ammonium acetate (pH 6.5) containing | mM sodium butanesulfonate; B, 100 mM ammonium acetate (pH 6.5)— methanol = 50:50
(v/v) containing 1 mM sodium butanesulfonate. Gradient: isocratic elution until 50 min (B, 0%), linear gradient elution from 50 to
80 min (B, 0-20%) then from 80 to 110 min (B, 20-80%), isocratic elution from 110 to 150 min (B, 80%). Flow-rate: 0.7 ml/min.

Detection, 254 nm.

Beraprost, which is composed of four optical
isomers, was derivatized with this reagent, and all
four isomeric derivatives were separated using a
silica gel column. The method was successfully
applied to determine beraprost in human plasma
[77]. 4-(N,N-Dimethylaminosulphonyl)-7-fluoro-
2,1,3-benzoxadiazole (DBD-F) and R-(— )-DBD-
APy, respectively, were used for chiral separation
of racemic metabolite, M1, from erdosteine, a
thiol and two carboxyl groups in the M1 structure
[78]. The derivatives were completely separated on
a CI18 column. Erdosteine with a carboxyl group
was also labelled with R-( —)-DBD-APy and sep-
arated together with M1 derivatives. The simulta-
neous determinations of racemic MI1 and
erdosteine in rat plasma after administration of
erdosteine were attained using the proposed
derivatization and separation methods.

3.2. Derivatization with achiral reagent

Phenyl isocyanate (PITC), which is used for
N-terminal sequencing of peptides or proteins,

was used for the enatiomeric separations of the
derivatized amino acids [79]. The enantiomeric
separation of phenylthiocarbamoyl derivatives of
amino acids (PTC-AAs) was carried on a series of
a C8 column coupled to a phenylcarbamoylated
B-CD column by optimizing the column tempera-
ture, ion-pairing reagent and content of methanol.
Under the best conditions, all the individual PTC-
AAs were well separated within 150 min, as
shown in Fig. 6. Further, the applicability of the
method was demonstrated by the sequence/
configuration analysis of a peptide containing a
D-amino acid ([D-Thr?]-leucine enkephalin-Thr).
4-Fluoro-7-nitro-2,1,3-benzoxadiazole ~ (NBD-F)
was employed for the determination of minute
amounts of D-Leu in biological samples [80] using
coupled achiral-chiral columns, micro C18 and
N - (3,5 - dinitrobenzoyl) - (S) - 1 - naphthylglycine
columns. Without the use of the column-switching
system, many interfering peaks due to the endoge-
nous substances in the rat hippocampus were
observed. While using the column-switching sys-
tem, most of the interfering compounds were re-
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moved, and selective determination of D- and
L-Leu in the rat hippocampus could be attained.
The precolumn derivatization using o-phthalalde-
hyde (OPA) and 2-mercaptoethanol was used for
the chiral resolution of racemic phenylalanine at
trace levels in urine [81]. The method involved the
retention of OPA-derivatized phenylalanine on a
C18 column, the zone transfer of the retained
band of the amino acid from the column and the
separation on an analytical B-CD column. This
allowed the chiral resolution and quantification of
the enantiomers of the amino acid using reversed-
phase HPLC and fluorescence detection. Deriva-
tization in situ with OPA-3-mercaptopropionic
acid (3-MPA) and FMOC afforded the enantiose-
lective determination of selfotel in human urine
[82]. Chromatographic separations of the FMOC
derivatives of selfotel enantiomers were achieved
using a column switching system consisting of a
C18 column and a Chiralcel OD column. Both
reagents have previously been described for the
analysis of primary and secondary amino acids
[10]. With a combination of these reagents, sec-
ondary amino acids like selfotel can selectively be
determined after formation of FMOC derivatives.
Possible interfering primary amino acids were first
derivatized with the OPA-3-MPA reagent. The
method was successfully utilized to determine
selfotel stereospecific pharrnacokinetics. For the
determination of the enantiomers of metham-
phetamine and its major metabolites, am-
phetamine and p-hydroxymethamphetamine, in
urine  samples, 4-(4,5-diphenyl-lH-imidazol-2-
yl)benzoyl chloride (DIB-Cl) was used [83,84].
The derivatives of six enantiomers were separated
isocratically on a Chiralcel OD-R column follow-
ing a preseparation on a CI18 column. The
method was successfully applied to discriminate
between (S)-( + )-methamphetamine and its corre-
sponding metabolites found in abusers’ urine
and their antipodes in a sample taken from a
Parkinsonian patient on selegiline [(R)-(—)-N-
methyl- N-(1-phenyl-2-propyl)-2-propinylamine;
Deprenyl] therapy as shown in Fig. 7 [83].
2-APAs were derivatized with the fluorogenic
reagents, 4-(N,N-dimethylamino)sufonyl-7-piper-
azine-2,1,3-benzoxadiazole (DBD-Pz) and (N-hy-

drazinoformyl)methyl] - N - methylJamino - 7 - (N,
N - dimethylamino)sulfonyl - 2,1,3 - benzoxadiazole
(DBD-CO-Hz), and their enantiomeric separation
by a Chiralcel OD-R in a reversed-phase mode
[85]. The derivatives with DBD-Pz were enan-
tiomerically separated well under the elution con-
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Fig. 7. Typical chromatograms of DIB-Cl derivatives with
fluorescence detection of (A) 10-fold diluted control human
urine, (B) 10-fold diluted human urine spiked with
methanphetamines at a concentration of 10 umol/l per enan-
tiomer, with 2.5 pmol of each compound injected on-column,
(C) 10-fold diluted methanphethamine abuser’s urine sample
and (D) Parkinsonian’s urine after selegiline intake. Repro-
duced from Ref. [83] with permission. LC conditions: columns,
Disopak SP-120-5-ODS (250 x 4.6 mm 1i.d.) and Chiralcel
OD-R (250 x 4.6 mm i.d.); mobile phase, 2-propanol-acetoni-
trile—phosphate—citrate buffer (pH 4.5) =1:59:40 (v/v) con-
taining 50 mM sodium hexafluorophosphate; flow-rate, 0.6
ml/min; detection, excitation wavelength at 330 nm and emis-
sion wavelength at 440 nm. Peak assignments: 1, (S)-( + )-p-hy-
droxymethamphetamine; 2. (R)-(—)-p-hydroxymethamphet-
amine; 3, (R)-( — )-amphetamine; 4, (S)-( + )-amphetamine; 5,
(S)-(+ )-methamphetamine; 6, (R)-( — )-methamphetamine.
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dition of H,O/MeOH, based on the m—m interac-
tion between the derivatives and the stationary
phase. The rigid and bulky stucture of DBD-Pz
was demonstrated to be more effective as com-
pared to the less rigid ones. The derivatives with
DBD-CO-Hz were more efficiently separated into
each enantiomer with H,O/CH;CN as the cluent.
The effective separation was based on hydrogen-
bonding interaction between the acid hydrazide of
the derivatives and the carbamoyl moiety of the
stationary phase. There was a reversal in the
elution order of the enantiomers between the two
fluorescent derivatives. The method was demon-
strated to be useful for the enantiomeric quantifi-
cation of flurbiprofen in rat plasma. Further,
N-(4-nitro-2,1,3-benzoxadiazoyl-7-yl)- N-methyl-
2-aminoacetohydrazide (NBD-CO-Hz) was used
for the enantiomeric assays of 2-APAs [86].
DBD-Pz was used for the determination of D-
and L-lactic acid. HPLC separation of the lactic
acid derivative was achieved using a C18 column
followed by enantiomeric separation on a phenyl-
carbamoylated B-CD chiral column in off-line [87]
and on-line [88] modes. Further, DBD-Pz was
used for the enantiomeric assay of a natriuretic
hormon, 2,7,8-trimethyl-2-(B-carboxyethyl)-6-hy-
droxy chroman, in rat plasma, urine and bile
using C18 and Chiralcel OD-R columns [89].

4. Conclusions

For the separations of drug enantiomers in
pharmaceuticals and in biological fluids using LC
techniques, the direct and indirect methods have
been developed. The direct method, which can
separate enantiomeric forms based on a
diastereomeric complex formation on a stationary
phase, are suitable for the analysis of enantiomers
in a standard sample and pharmaceutical prepara-
tions. However, for trace analysis of the enan-
tiomers of a drug and its metabolite(s) in complex
matrices such as biological samples, liquid—liquid
extraction, SPE or column switching technique
was followed by the enantiomer separation on a
CSP. Further, for biomedical applications of

enantioseparations, LC-MS-MS has been uti-
lized for the sensitive and specific detection of a
target drug. On the other hand, the indirect meth-
ods, which involves the reaction with a homochi-
ral reagent and the separation of the
diastereomeric derivatives on an achiral stationary
phase, or the reaction with an achiral reagent and
the enantiomer separation on a CSP, is an effi-
cient technique for separation of many enan-
tiomers having functional groups. It is essential
that the derivatization reaction proceeds com-
pletely in both enantiomers, and that the racem-
ization reaction does not occur. They were
suitable for trace analysis of enantiomers in com-
plex matrices such as biological samples because
of the introduction of highly sensitive tags. In the
future, these direct and indirect methods could be
complementarily used for pharmaceutical and
biomedical applications of enatioseparations us-
ing LC techniques.
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