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Abstract

As a follow-up to a series of review articles on enantioselective ligand exchange chromatography, the present contribution
critically evaluates achievements in this area of active and successful research which have been reported in the scientific
literature since 1992. Also discussed is enantioselective ligand exchange in electromigration techniques which have
developed especially fruitfully during the last decade.
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1. Introduction (LEC), suggested by Davankov et al. [1-5] in the
late 1960s—early 1970s for the resolution of racemic
Enantioselective ligand exchange chromatography compounds into enantiomers, was the first liquid
chromatography technique that provided a complete
and reliable separation of stereoisomers of the then
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amino alcohols and some others. The basic principle 2. Resolutions aided by an electrical field:
of enantioselective LEC was demonstrated by chemi- chromatography or electrophoresis?

cally binding a chiral selector, a Cu(ll) complex of a
natural amino acid, to the matrix of a polymeric
particulate sorbent and conducting chromatography
of the above mentioned racemates under conditions
suitable for the formation of ternary complexes
composed of the stationary chiral ligand, central
Cu(ll) ion and the analyte. Enantioselectivity of
formation of the ternary complexes, i.e. the differ-
ence in the thermodynamic stabilities of two dia-
stereomeric structures incorporating) (or (S) en-
antiomers of the analyte, was found to be extremely
high. It allowed both an analytical and a micro-
preparative scale separation of enantiomers, even at
the relatively low efficiency of LC columns initially
used. Together with the first success in gas chro-
matographic (GC) separations of enantiomers [6],
which was achieved due to the outstanding efficiency
of capillary GC columns introduced at that time, the
above triumph of enantioselective LEC caused an
outburst of research in stereochemistry, pharmacol-
ogy, asymmetric synthesis, enantioselective catalysis,
etc. Enantioselective LEC played a leading role in
this progress and also contributed decisively to the
emergence and development of basically new chro-
matographic techniques, including dynamic chiral
coating of column packings, use of chiral mobile
phase additives to the eluent, and preparative sepa-
rations on simulated moving beds, as well as a series
of electromigration techniques.

The progress of enantioselective LEC has been
systematically reviewed by Davankov [7-15]. Re-
views by Kurganov [16] and Gubitz et al. [17]
specifically deal with the problems of peak shape
analysis in LEC and the progress in electromigration
techniques, respectively. Referring to our most de-
tailed and latest reviews [9,12-15] which cover
scientific publications up to 1992, we restrict our-
selves here to more recent information on HPLC and
electromigration techniques. Also, we do not discuss
complexation gas chromatography, which is related
to LEC, but developed parallel to it. This literature
can be traced back from excellent reviews on GC
[18] and supercritical fluid chromatography (SFC)
[19] by Schurig, the main author of the complexation
chromatography technique.

The ligand exchange concept contributed much to

the development of chiral electromigration tech-

nigues, with chiral capillary electrophoresis first of
all. It appears appropriate here to analyze the princi-

pal distinguishing features of chromatographic and
electrophoretic techniques, since in several chiral
ligand exchange processes the above two separation
techniques seem to interpenetrate and even some-

times to merge.

Basically, chromatography is a two-phase sepa-
ration technique, where the “mobile” phase trans-
ports the enantiomeric analytes along the “station

ary” phase, which provides a differential, enan-

tioselective retention of the enantiomers. The move-
ment of one phase relative to the other is thus the
essential feature of all chromatographic techniques.
(As discussed in Ref. [20], so-called hydrodynamic
chromatography and all field flow fractionation
approaches, which are sometimes considered to be
one-phase separations, are in fact typical two-phase
chromatographic techniques. The role of the
“stationary” phase, in this case the walls of the
capillary channel, is reduced here to the “retention”
of the analytes through the retardation of the flow
velocity of the mobile phase layers that adhere to the
immobile solid surface. Nevertheless, the very pres-
ence of the immobile walls and the movement of the
mobile phase along the walls are essential for the
analytes to be separated.)
In contrast to chromatography, electrophoresis is a
one-phase separation technique. Here, electrically
charged analytes are self-transporting species and
neither the movement of the bulk solution nor the
presence of walls or any other stationary phase are
needed for the separation to occur. The analytes
separate due only to the difference in their movement
velocity, their electrophoretic mobility. It is true that
the movement of the bulk electrolyte due to the
electroosmotic phenomena (or external pressure
drop) can benefit the technique in many different
ways, but this movement does not contribute to the
separation of the analytes. Thus, electrophoresis
(formerly “free zone electrophoresis”) is not a
chromatographic technique.
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The basic difference between chromatography and
electrophoresis becomes less transparent in capillary
electrochromatography (CEC) techniques. Though
the presence of a stationary phase (in the form of a
column packing or wall coating) and the movement
of the mobile phase along the stationary phase (due
to a pressure gradient or electroosmosis) are essential
features of chromatography in CEC, the electric field
applied to the ends of the column can cause an
electrophoretic contribution to the separation of the
analytes, provided that the latter are charged and
possess self-transporting properties relative to the
mobile phase.

The electrophoretic contribution to analyte res-
olution becomes even more significant in micellar
electrokinetic chromatography (MEKC) where the
“pseudo-stationary” phase is represented by the
micelles of a surfactant [21]. The micelles can be
neutral or charged. In the first case charged analytes
can be separated, in the second both neutral and
charged can be separated. At least one of the
components of the system, the micelles or analytes
or both, must be charged, in order to provide the
transportation of analytes. During their movement,
the analytes partition between the bulk solution and
the pseudo-stationary phase, mainly due to hydro-
phobic and electrostatic interactions. The phase
partitioning process represents the chromatographic
contribution to the enantiomeric separation in
MEKC. Most probably, this contribution significant-
ly exceeds that of the electrophoretic contribution.
The enantioselectivity of formation of ternary com-
plexes in the bulk solution is generally very small.
This means that the extent of the involvement of two
enantiomers into the complexation process is nearly
identical, whereas the size and charge of the two
diastereomeric ternary complexes formed are exactly
identical. The two diastereomeric species thus can
only differ in their shape. This difference, most
probably, does not influence significantly the electro-
phoretic mobility of the species, but can affect most
dramatically their adsorption on solid or pseudo-solid
surfaces. This phenomenon of the decisive contribu-
tion of achiral solid surfaces to the chiral discrimina-
tion of enantiomers in their ternary complexes was
discussed in detail by Davankov [22,23] regarding
chromatography (on dynamically coated chiral
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stationary phases). The same phenomenon should be

valid for the “adsorption” of ternary complexes on

pseudo-stationary phases, i.e. on micelles in MEKC
systems, largely explaining the success of this tech-
nique in chiral ligand exchange resolutions.

The balance between contributions from chroma-
tography and electrophoresis must shift substantially
towards electrophoresis in systems where a soluble
polymeric selector is used, instead of a micelle-
forming surfactant. The polymer solution must be
considered as an isotropic, homogeneous phase.
Through interaction with the analytes, by retarding

or facilitating the movement of the latter in the
electric field, the soluble polymeric molecules serve
as “pseudo-micelles” (but no longer as a “pseudo-
stationary phase”). Here, as in MEKC, it is only
important that at least one of the components of the
system, either the analyte or the polymer molecules,
or both, are charged and provide the movement of
the analyte relative to the bulk solution. Whether the
solution as a whole moves in the capillary or not, is
irrelevant for the resolution of analytes, which is
characteristic of all one-phase, non-chromatographic
systems.

Finally, a typical electrophoretic separation oper-
ates in chiral systems with low-molecular-weight
soluble selectors, as chiral metal complexes (or
cyclodextrins). Through interacting with the chiral

selectors of this type, the enantiomeric molecules
differentially change their size or charge, thus chang-
ing their electrophoretic mobility.

The ligand exchange concept has been realized in
all the above chromatographic and electrophoretic
systems, thus contributing significantly to their emer-

gence and development. It should be mentioned here

that the mathematical description of resolutions is
logically made either in terms of the analyte dis-
tribution between two chromatographic phases, or in
terms of the electrophoretic mobility of the analytes
and their labile adducts with the chiral selectors
present in the one-phase electrophoretic separation
system. The mathematical description of separation
in systems where the contributions from both chro-
matography and electrophoresis are significant, still
remain to be developed (first approaches can be
found, for example, in Ref. [24]). At last, but not
least, it should be mentioned here that in systems
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where the chiral selector retards and in those where
the selector accelerates transportation of two enantio-
mers toward the detector, opposite elution sequence
of the enantiomers is generated. This regularity [25]

must be valid for both chromatography and electro-

phoresis.

implying that they bind preferably to thédi€u/
selector. It is noteworthy that the enantiomers bound
more strongly to the selector show a weaker fluores-
cence signal, which is the result of quenching from
association with the copper ion. Replacement of

Cu(Il) with Co(ll) ions resulted in a loss of enantio-

selectivity, whereas good resolutions were found to
occur in the BGE containing Cu(aspartagme)- (

3. Enantioselective ligand exchange in
combination with electromigration separation
techniques

aspartyle-phenylalanine  methyl ester) complexes
[36] instead of Cu(-His),. Both selector systems
showed similar separation regularities and in both

cases it was very difficult to resolve mixtures of

Several excellent reviews on chiral separations by
electromigration techniques appeared in the last
decade [26—34]. The last one [34] deals with ligand
exchange separations. Accounting for the above
significant differences in chromatographic and elec-
trophoretic principles, we present below our critical
evaluation of the literature on ligand exchange in
electromigration techniques.

3.1. Capillary electrophoresis (CE)

Ligand exchange was the first enantioselective
separation technique used in capillary electropho-
resis. As early as 1985, Gassman et al. [35] reported
on the use of 2.5 M Cu(-histidine), in 10 nM
ammonium acetate background electrolyte (BGE) for
a successful separation of enantiomers of N2
dansyl-amino acids (Dns-AAs). In this one-phase
system, the only driving force for chiral recognition
is the difference in the thermodynamic stabilities of
diastereomeric ternary complexes GiHis) (.- or
p-Dns-AA) formed by the analyte enantiomers with
the chiral selector [CufHis),]. This difference
results in the different involvement of the two
analyte enantiomers in the formation of ternary
complexes. In spite of the low enantioselectivity of
the complexation process in solution, the analyte
enantiomers were completely separated, due to the
extremely high efficiency of CE (a plate number of
over 100 000 for a 75-cm capillary). Being incorpo-
rated into the ternary complex with the basitlis,

the analytes form a positively charged species and O

move faster toward the cathode and the detector (in
the pH range of 7-8, the uncomplexed Dns-AA
species are charged negativelp}lsomers of Dns-

several neutral amino acids (Fig. 1). Aspartame was
also combined [37] with Mg(ll), Cd(Il) and Zn(ll) in
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Fig. 1. Electropherogram of a mixture of four DosAAs and
Dns+i-Arg. BGE, 5.0 nM aspartame, 2.5 M Cu(ll), 10 M

AAs were found to appear first at the detector, NH,OAc, pH 7.4; capillary, 100 cm 7%m I.D. From Ref. [36].
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the CE of Dns-AAs, but with no advantage over
Cu(aspartamg) .

Schmid and Gubitz [38] successfully resolved
racemates of ten unmodified aromatic amino acids by
CE in a fused-silica capillary with a hydrophobic
wall coating, using 40 M Cu(-Pro), or, better,
Cu(L-Hypro), adjusted to pH 4.0. Organic modifiers
like methanol and acetonitrile were found to decrease
the resolution. In all experiments theenantiomers
migrated faster than the-isomers. Nevertheless, in
this case, the conclusion that the heterochiral .€u(
Hypro) (o-AA) ternary complexes are more stable,
needs to be carefully re-examined. At pH 4.0, the
uncomplexed AAs could be expected to acquire a
positive charge and migrate faster than the neutral
ternary complexes. Ifp-enantiomers were more
strongly involved in formation of neutral complexes
with Cu and L-Hypro, they should migrate more
slowly. Precisely this interpretation, namely that the
heterochiral complexes Cufypro) (p-Phe) and
Cu(.-Hypro) (o-Trp) are the less stable species, is
given for the same CE system in Ref. [39]. In this
paper, Chen et al. interestingly report that the sign of
enantioselectivity and the enantiomeric migration
order (EMO) of aromatic AAs inverses, whan
Hypro @rans-arrangement of the carboxy and hy-
droxy groups, relative to the five-membered
pyrrolidine ring) is replaced byallo-L.-Hypro (or
cis-L.-Hypro). The latter ligand is tridentating, since
its hydroxy group, in addition to the-amino and
carboxy functions, participates in the coordination to
Cu(ll).

Karbaum and Jira [40] applied copper complexes
of L-proline and alsa-isoleucine in a non-aqueous
CE in the resolution of racemic unmodified AAs. In
methanolic media containing 25 Mh ammonium
acetate and M acetic acid and adjusted to apparent
pH* value of 3.9 with NaOH and formic acid, eight
investigated AAs were resolved. Interestingly, iso-
mers of basic AAs, His and kynurenine were better
separated with-lleu selector. In contrast to aqueous
systems where the optimal ratio of Cu(ll) to chiral
amino acid was always found to bel:2, in metha-
nol the optimal proportion of the selector amounts to
3. Increasing the total concentration of the selector
complex in the BGE usually enhances selectivity of

separation, but makes the detection of the resolved

analytes more difficult. When Cu(ll) was replaced by
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Co(ll), no separation of the enantiomers could be
observed.
A more efficient chiral selector was synthesized by
the Gubitz group [41] by alkylating the secondary
nitrogen atom-sfypro with 1,2-epoxyoctane in an
alkaline media. TheN-(2-hydroxyoctyl)t-4-hy-
droxyproline, HBypro, thus obtained is capable
of functioning as a tridentate ligand at the copper
ion, with the 2-hydroxy group (that originates from
the opened epoxy ring) occupying an axial position
at copper. Though the hydroxy group-containing 2-
carbon atom of\tmetyl chain becomes asymmet-
ric, with its configuration remaining unknown and
probably irregular, its asymmetry obviously does not
influence significantly the enantiorecognition capaci-
ty of the chiral selector, as this was the case in most
chiral chromatographic systems that operate with
similar kind of selectors [13]. Combined with the
more dense packing of electron donating atoms in
the coordination sphere of copper with the tridentate
H®lypro, additional hydrophobic interactions
between analyte enantiomers and the octyl group of
the chiral selector may contribute to better mutual
recognition of the chirality of the partners. Baseline
separations of enantiomers of 12 aromatic amino
acids (at pH 4.3) and the basic histidine (at pH 6.0)
was achieved [41]. As little as 0.03B6D@PA
could be detected in the-preparation. The new
selectoMN-(2-hydroxypropyl)t-4-hydroxyproline,
HR-Hypro, proved to be equally efficient having a
shorter C3 substituent at the nitrogétypfo. A
total of 13 underivatized aromatic and six aliphatic
amino acids were successfully separated into en-
antiomers [42]. Since a smaller concentration of
HA4ypro was needed than that ofHypro, de-
tection problems with aliphatic amino acids were
minimized. Glyciphenylalanine was baseline
resolved, whereas fowileucyloL-phenylalanine
stereoisomers were split into three peaks only. In
total only five among ten examined dipeptides
displayed enantioseparation. In some cases, at high
concentrations (2M)mof HO-L.-Hypro, 35%
methanol was needed in the® phosphate BGE to
overcame the low solubility of the selector complex.
In an ammonia containing BGE of pH 12, the
Cu(HBypro), selector was found to baseline
resolve nine out of 13 sympathomimetic amino
alcohols of the ephedrine family [43]. The enantio-
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meric analysis of these drugs is of great interest, values, UR, 6.8 for 3-(4-hydroxyphenyl)lactic

since theR-(—)-enantiomer of epinephrine, for ex- acid. Since the resolution was excellent with most of
ample, shows an-50-fold higher activity. R-(—) the hydroxy acids, increasing the voltage and short-
enantiomers of both ephedrine and norephedrine ening the effective length of the capillary allowed the
were found to elute before th&(+)-stereoisomers. analysis time to be reduced. In total, 11 racemic
Authors note that “at high pH the selector is hydroxy acids were resolved.

negatively charged and tends toward the opposite A more complex task, separation of four stereo-
direction of the EOF. This retards the analytes, isomerg-afiethyl substitutedx-amino acids, has
which migrate with lower velocity than the EOF”. been addressed recently by the same research group
Here again the conclusion that the more strongly [47]. Of the three chiral selectors tested in CE,

retardedS-(+) isomer must show higher affinity to Cu(ll) complexestefypro, HP+-Hypro and HO-
the selector, does not seem to be logical. The L-Hypro, the second one was found to be superior to

moment the selector forms a ternary copper complex the others. Baseline separations were achieved at pH
with the analyte, the total charge of the new species 4.3 for the enantiomBrdlefderivatives of Phe,
becomes neutral or positive, depending on the dis- Tyr and Trp (Fig. 2), but not for the derivatives of
sociation of the amino alcohol hydroxyl group. 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid.
Therefore, the stronger bound enantiomer should be An important theoretical paper was recently pub-
expected to move faster, as a component of a neutral lished by Chen et al. [48]. The authors derived
ternary complex, not as a free anion. In any case, one equations that relate the electrophoretic mobility of
must consider relative charges and possible electro- the analytes to the stability constant of their ternary
phoretic mobilities of the analyte-containing species Cu(ll) complex with the chiral selactdypfo).
only, not those of the selector itself. It is noteworthy By plotting mobility values as the function of the
that drugs having one (e.g. octopamine) or two (e.g. selector concentration in the BGE, it becomes pos-
orciprenaline) dissociating phenolic groups migrate sible to evaluate the thermodynamic stability con-
substantially slower. Using the same enantioselective stants of the hetero-ligand ternary complexes. CE
system, sixB-blockers, including propranolol and seems to provide an unique possibility for calculating
oxprenolol, were successfully resolved [44]. Their these barely available parameters. It turned out that
behavior in the CE experiments is typical f@- heterochiral complexes CufHypro) (p-AA), where
amino alcohols. AA is Phe or Trp, are less stable than the corre-
Fanali et al. [45] succeeded in the resolution of sponding homochiral species. Accordireyhan-
some racemiox-hydroxy acids using Cu(ll) com- tiomers are less involved in formation of neutral

plexes of L-Pro, L-Hypro and aspartame. The in-
fluence of capillary temperature, applied voltage and
pH of the BGE on the extent of the separation was [ MeT )
studied. Krasensky et al. [46] used the same selectors 251 PHeTp RD

for the resolution ofa-hydroxy acids in a column
coupling system, in order to avoid interference of the
high UV absorption of the BGE with the detection.
The detection limit for hydroxy acids could be
improved to 10'® M by this approach. When
discussing the resolution af-hydroxy acids in the
Cu(HO-+-Hypro), BGE of pH 4.3, Schmid et al. [44]
reasonably notice that at that pH the selector com-
plexes are neutral and move with EOF (indicated by 10 12 14 16 18 20
DMSO), and amino acids are charged positively and time (min)

elute earlier, whereas-hydroxy acids bear a nega- Fig. 2. Electropherogram of a mixture of four stereoisomers of

tive charge and remain much longer in the capillary. g methyl-tryptophan. BGE, 20 M HP+-Hypro, 10 nM Cu(ll),
The latter resolve with very high enantioselectivity in 5 mM phosphoric acid, pH 4.3. From Ref. [47].
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ternary complexes and, being partially protonated
species at the pH 4.0 of the experiment, move faster
towards the cathode. It was also shown that higher
enantioselectivity values can be obtained at the
Cu(ll) to selector ratio of 1:1, rather than at the ratio
of 1:2, since, in the Cu¢Hypro) (H,O), or Cu(-
Hypro) (NH,), complexes, water or ammonia mole-
cules can be easily replaced by the bidentate analyte
ligands to form the desired ternary complex, as
compared to the ligand exchange in a more stable
Cu(L-Hypro), complex.

Recently [49], Cu(ll) complexes of a basic AA,
L-lysine were tested as the chiral selector in a BGE
of pH 7.0. Unfortunately, the positively charged
species were found to adsorb on the capillary walls,
thus reducing the EOF, increasing the analysis time
and diminishing the efficiency of resolution of free
AAs. The resolution of Dns-AAs with another basic
AA, L-arginine [50] proved to be much more effi-
cient. Simultaneous resolution of six racemic Dns-
AAs with this chiral selector in combination with
Cu(ll) ions at pH 7.0 was achieved (Fig. 3). Interest-
ingly, combinations of Co(ll), Zn(ll), or Ni(ll) with
L-Asp, L-Glu or L-Ala resulted in a loss of chiral
recognition in most cases.
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Fig. 3. Electropherogram of a mixture of six Dns-AAs. BGE,
2.0 MM L-Arg, 1.0 M Cu(ll), 40 mM NH,OAc, pH 4.0;
capillary, 52 cm 50um 1.D. From Ref. [50].
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Besides vareaino acids and their deriva-
tives, another group of chiral selectors deserves to be
examined in the ligand exchange CE, nramely,
hydroxy acids. Kodama et al. [51] succeeded in
separating malic acid enantiomers by using Cu(ll)—
L-tartrate complexes in the BGE. Vice versa, apply-
ing Mntopper sulfate and 10 kh p-quinic acid
(1,3,4,5-tetrahydroxy-cyclohexane-carboxylic  acid)
at pH 5.0, they developed a method for enantiomeric
analysis of tartrate additives in grape juices, wines,
jams, etc. (In Japan, bath and racemic tartaric
acids can be legally used in food products.) The
authors employed a poly(vinylalcohol) coated capil-
lary to suppress EOF. Since carboxylic groups of
tartaric acid, with thejr 293 and 4.23, are
dissociated in the BGE at pH 5.0, all complexes
migrate to the anode. Under conditions of experi-
ment, racemates of malic, lactic and glyceric acids
showed no enantioseparation. Though the structure
of ternary complexes that incorporate tartrate anions
may be very complicated, using other than copper-
amino acid complexes in the ligand exchange CE
may extend the application of this technique.
A polycyclic antibiotic, Vancomycin, known to be
an outstanding chiral selector both in HPLC and CE
systems, was tested in the form of its Cu(ll) complex
in an aqueous—organic BGE. Partial resolutions of
some non-steroidal anti-inflammatory drugs, Dns-
and N-CBZ-amino acids, folic acid derivatives, etc.,
were obtained at pH of 5.0. However, Vancomycin
itself resolved these analytes much more effectively.
Obviously, the Cu(ll)-ion blocks the most selective
site of the polycyclic selector. On the other hand,
functional groups of the selector occupy five coordi-
nation positions of the metal (the complex is purple
in color), which prevents further ligand exchange
around the metal. Most probably, only free Van-
comycin molecules that form after dissociation of
Cu(ll) complexes at the low pH, not the complex
itself, cause the chiral resolution of the analytes [52].
An interesting application of ligand exchange in
the outer coordination sphere of kinetically inert
Co(lll) complexes with ethylenediamine anephen-
anthroline has been demonstrated by Fanali et al.
[53]. Using solutions ofiL-(+)-tartrate, they were
able to separate enantiomers of these and some other
octahedral complexes.
An unexpected and important finding was made by
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Horimai et al. [54], namely, that only a combination
of the ligand exchange process with the formation of
inclusion complexes provides a baseline separation
of enantiomers of a series of quinolone drugs. These
heterocyclic compounds belong @eketo-carboxylic
acids and form ternary complexes with divalent
metal ions andx-amino acids. However, only inclu-
sion of these ternary complexes intecyclodextrin
results in chiral differentiation in CE. Qf, B, y, and
dimethyl-cyclodextrins, Fe, Ni, Cu and Zn metal
ions and the following chiral amino acids: Phe, Tyr,
Ser, Thr, Val, Leu, lle, Met, Asp, Lys, Arg and Pro
tested, only a combination o#-CD, Zn(ll) and

philieAla part of the selector obviously remained
exposed to the surface of the mixed micelles and
readily formed ternary complexes with the Dns-AA
analytes. Similar experiments on 11 Dns-AAs were
later carried out by Sundin et al. [56].
An improvement in the enantiomeric resolution on
switching from a CE to MEKC mode was also
observed by Schmid and” Gubitz [38] after adding
SDS to the CufHypro), containing BGE. Interest-
ingly, when the surfactant was added;ethentio-
mers of the 11 aromatic AAs tested started to
migrate faster than theanalogues (Fig. 4). The
same changes were reported [49] to proceed on

aromatic AAs, preferably Phe, was found to be
effective and give adequate resolution. Replacing
p-Phe for L-Phe inverted the EMO and slightly
reduced the resolution. The resolution of a quinolone
is considered to proceed by formation of the dia-
stereomeric ternary complexes with Zn(ll) and Phe
and inclusion of the complexes into the hydrophobic
cavity of they-CD. This report opens a new field of
searching for synergetic combinations of several
different chiral selectors in CE.

3.2. Micellar electrokinetic chromatography
(MEKC)

In one of the very first reports [35], the Gassman/
Zare group tested the addition of sodium tetradecyl
sulfate micelles to the chiral Cu(aspartagme) con-
taining BGE and observed an improvement of the
resolution of enantiomeric pairs of Dns-AAs. In
addition to this, the MEKC approach facilitated the
separation of several equally charged analytes from
each other. Under conditions of MEKC, all com-
ponents of the system, including analytes and their
ternary complexes, partition between the bulk solu-
tion and the “pseudo-stationary phase”, micelles
formed by the surfactant. This chromatographic
component of the MEKC system significantly contri-
butes to the resolving power of the system, also
enhancing its enantioselectivity. Another early
MEKC system contained mixed micelles of SDS that
were doped with Cu(ll) complexes &f N-didecyl+ -

adding SDS ta-Cy$),-based BGE.
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alanine [55]. This chiral selector alone did not form Fig. 4. (A) Electropherogram of a mixture of three AAS. BGE
individual micelles, but readily converted the SDS g5 = L-Hypro, 40 mM Cu(ll), pH 4.0. (B) MEKC mode of

micelles into a chiral pseudo stationary phase and separation of the same mixture. BGE, 50m-Hypro, 25 nM
resolved a series of racemic Dns-AAs. The hydro- cu(ll), 15 mM SDS and 3 vl urea, pH 4.0. From Ref. [38].
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This important observation was used by Chen et
al. [57] to develop an elegant method for the
determination of the critical micelle concentration
(CMC) of a series of anionic surfactants. Increasing
the surfactant concentration in a Ct{ypro), con-
taining BGE first results in the decrease of the
enantiomeric resolution obL-Phe andoL-Trp and
then, after inversion of the elution order of the amino
acids and their enantiomers, in a significant increase
in the resolution. The inflection point at which
resolution equals zero was considered as the CMC
value of the surfactant. Thus, a 5MnSDS con-
centration corresponds to the CMC of the surfactant
[58]. In the same paper, the authors try to explain the
inversion of EMO of analytes on addition of SDS by
the inversion of the migration direction of analytes
and complexes, when they enter the negatively
charged micelle. This explanation, however, is a
serious oversimplification, since all species acquire
identical migration velocity with respect to the BGE,
namely, the velocity of the micelle, when they enter
this pseudo-stationary phase. Rather, one has to
consider the extent of the phase partition of all
components, as well as the enantioselectivity of

b: 10 mM

~N
-

] o -
- ~ ~
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complexation within the micelle. The latter may
differ substantially from the enantioselectivity in
bulk solution. This situation was discussed in more
detail by Davankov et al. [25] in HPLC systems

operating in accordance with the ligand exchange
mechanism. A reasonable analysis of the inversion of

EMO by adding SDS is given in Ref. [59], where the
authors also observe an inversion of migration order
of enantiomers on using trideihtateHypro,
instead of the bidentatypro ligand.

The same group of Chen et al. [60] described a
series of practically important chiral resolutions
using LE-MEKC technique. The simultaneous sepa-
ration of 12 enantiomers, afh-, p-fluorooL-
phenylalanine amd m-, p-tyrosine by using
2MnCu(L-Hypro), chiral selector in the presence
of M BDS at pH 4.5 was very impressive (Fig.

5). A total of 16 positional and optical isomers of the
tryptophan family (having hydroxy, methyl or fluoro
substituents) were successfully separated as well
[61]. It is noteworthy that neutral surfactant Tween

20 suppressed the EOF and caused longer migratior
times. Cethyltrimethylammonium bromide (CTAB),
a cationic surfactant inverted the direction of the

L3

T2

12
14

TaP

@ ~ w © -
~ L L - - :

Fig. 5. MEKC mode of separation of a mixture of three positional isomers of tyrosine and three isomers of fluoro-phenylalanine. BGE, 50
mM L-Hypro, 25 nM Cu(ll), 10 nM SDS, pH 4.0. Peaks: 1 and negative peaks are system peaks,-3yr, 4=p-p-Tyr, 5=m-L-Tyr,
6=m-p-Tyr, 7=0-L-Tyr, 8=0-p-Tyr, 9=0-F-.-Phe, 10=0-F-0-Phe, 1= m-F-L.-Phe, 12=p-F-.-Phe, 13=m-F-0-Phe, 14=p-F-0-Phe. From

Ref. [60].
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EOF, but did not improve the resolution [62]. Of (monomer), piperazine diacrylamide (cross-linker),
other anionic surfactants, such as alkylben- vinylsulfonic acid (introduction of a negative
zenesulfonates and straight-chain alkyl sulfates, SDS charge) Naidhydoxy-3-allyloxypropyl)e-4-hy-
was the most efficient. Organic modifiers hinder the droxyproline (chiral selector). For the fixation of the
phase distribution of the ternary complexes and polymer to capillary walls, the latter were pretreated
diminish the effect of resolution. This negative with-methacryloyloxypropyl-trimethoxysilane. A
influence increases in the sequence DMSO, MeOH, redox initiating system was used composed of am-
EtOH, MeCN, acetone, 2-propanol and THF, in monium peroxodisulfate and tetramethyl ethyl-
correlation with their distribution coefficients be- enediamine, to result in a homogeneous packing of
tween water andh-octanol, logP,,,. Migration times interconnected nodules 6f3000 A in diameter.
of analytes in the MEKC systems also correlate with Since the negative charge of the bed originated from
the logP,,, values of the analytes [63]. the strong sulfonic acid units, the EOF (from anode
A series of racemic hydroxy acids (mandelic acid, to cathode) was independent of the pH of the BGE.
B-phenyllactic acid, indole-3-lactic acid and their Nine racemic unmodified AAs were baseline re-
hydroxy and methoxy derivatives) were resolved in solved in the B0 sodium dihydrogenphosphate,

the same MEKC system. Interestingly, adding SDS pH 4.6/0M @u(ll) as BGE. Separation time of

to the Cu(-Hypro),-based BGE does not change the Phe enantiomerspyitie eluting faster, could be

enantiomeric migration order of hydroxy acids- (  reduced to 8 min by using a shorter (8.5 cm)

enantiomers always migrate faster), whereas adding continuous bed and a 12-bar pressure support at the

CTAB does [64]. column inlet. Pressure-driven HPLC on the same
monoliths showed lower plate humbers. Comparable
results were obtained whew-(2-hydroxyoctenyl)--

3.3. Capillary electrochromatography (CEC) 4-hydroxyproline was used instead of the(2-hy-
doxy-3-allyloxypropyl)t-Hypro chiral selector in the
Capillary electrochromatography (CEC), a modern polymeric monolith. WHeypro was replaced by

separation technique, integrates major features ofL-Pro, only partial resolution of racemic AAs was
high-performance liquid chromatography (HPLC) observed [66].

and capillary electrophoresis (CE). As in HPLC, this Whereas amino acids in weakly acidic solutions
technique can employ all kinds of packed and wall- are positively charged and migrate along the EOF,
coated capillaries and operate in chiral resolutions, anions of hydroxy acids migrate in the opposite
depending on the location of the chiral selector, with direction and reside in the capillary for too long.

all possible enantioselective systems, i.e. chiral Therefore, in the preparation of the monolithic bed

stationary phase (CSP), chiral coated phase (CCP) for CEC of hydroxy acids, the vinylsulfonic acid was
and chiral mobile phase (CMP). The flow of the omitted in the polymerization mixture [67]. The

mobile phase is basically generated by the elec- transport of the analytes was thus accomplished
troosmosis, though a certain pressure difference at primarily by their own electrophoresis toward the
the ends of the capillary can modulate the total flow. anode. Enantioselective interaction with the ligand
Thus far, only few reports have been published exchanging CSP served for the separati@naf
dealing with the combination of enantioselective L-stereoisomers. Of 11 racemic hydroxy acids tested,
ligand exchange and CEC, but all of them relate to 11 were resolved, with baseline separation of all
the most progressive and fascinating type of CSP, three lactic acid derivatives. Racemate of mandelic
namely continuous beds (or monolithic columns). acid showed low resolution, whereas its derivatives
The first report on the preparation of a continuous were generally better resolved. Plate numbers for the
polymeric bed designed for combining the LEC and best resolved 3-(4-hydroxyphenyl)lactic acid were
CEC techniques appeared from the group of Schmid, found to be 1154 and 634 plate/m, which is lower
Gubitz and Hjerten [65]. In a quartz capillary of 26 than for the enantiomers of amino acids. The ef-
cm length and 75pm 1.D., authors in situ co- ficiency of this CEC system thus remains to be

polymerized an aqueous mixture of methacrylamide further investigated and improved.
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A very detailed paper by Chen and Hobo [68] positive electrode (anode). The EOF logically in-

deals with chemically bonded-phenylalaninamide creases with the Cu(ll) concentration in the BGE
monolithic silica capillary column. Polycondensation (and the density of the positive charged complexes of
of tetramethoxysilane by a sol-gel process in a the packing), but drops with increasing pH values
carefully cleaned 100pm I.D. quartz capillary where unmodified silanol groups begin to dissociate
resulted in a continuous silica packing of high and reduce the positive charge of the surface. Dns-
permeability. It was activated with (3-glycidoxy- amino acids, as negatively charged species, were
propyltrimethoxysilane and finally treated with a found to migrate in the same direction with the EOF,
10% solution of L-phenylalaninamide in DMF at appearing at the detector (UV, 254 nm) in front of
room temperature for 1 week. After complexing with the acetone peak. Shstentiomers of all Dns-
Cu(ll) ions, the packing was found to acquire a net AAs tested showed longer retention times-than
positive charge counterbalanced with mobile anions analytes, the ternary complexd2h€NH, ) (Dns-

which cause an electroosmotic flow toward the L-AA) must have higher stability than the corre-
sponding heterochiral diastereomers, though the real
structure of the sorption complexes cannot be evalu-
ated from these data and remains largely unknown.
The efficiency of the LE-CEC system under optimal
N»=16,000 m™! conditions (Fig. 6) strongly depends on the type of
Ny=19,000 m"* the analyte and varies over a very broad range for
» reasons not yet known. No obvious decline in the
N;=50,000 m column efficiency was observed after using the
N5=66,000 m™' column for hundreds of operations. Interestingly,
N¢=5,000 m"" enantiomers of free amino acids were not separated
on the Cu(-PheNH, ), CSP, whereas on an analogue
Cu(L-ProNH, ), monolithic column enantiomers of
4 both hydroxy acids and Dns-AAs were separated
315 [69].

N;=38,000 m"'

4. Enantioselective ligand exchange in
combination with chromatographic techniques

4.1. Enantiomeric separations on chiral stationary
phases (CSP)

S mAU

Successful development over 30 years of chiral
LEC technigque has shown it to be especially effec-
tive for the separation of enantiomers of amino acids,
{’\———’—J numerous derivatives of AAs and hydroxy acids. It is
only natural, therefore, that routine problems of
: L 1 —J enantiomeric analysis of these compounds are usual-
8 16 ly performed on commercially available ligand ex-
Migration time (min) changing CSP. One typical application of this kind is
the monitoring of the conversion af_-aspartic acid
. AR _ into p-aspartic acid and-alanine under the action of
Column:L-Phe-NH, -modlfleq monollthlc silica capillary 26.5 cm, Pseudomonas dacunhae. Ligand exchanging column
100 wm 1.D. BGE, acetonitrile/0.55 M Cu(OAc),—40 nM .
NH,OAc, pH 5.5. Peaks: Zo-Thr, 2=p-Ser, 3=L-Thr, 4=p- 5 pm TSK gel Enantio L1 (TOSO, Japan) was tested
Leu, 5=L-Leu, 6=c-Ser. From Ref. [68]. on 18 essential amino acids under varying tempera-

or

Fig. 6. CEC electropherogram of a mixture of three DnsAAs.
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tures and in combination with Cu(ll), Zn(ll) and
Ni(ll) ions [70]. The latter were found to give
acceptable results with aromatic AAs only. Zn(ll)
ions performed well with hydroxyl containing AAs.
Most universal was Cu(ll), whose use contributed to
discovering and proving the formation ofThr as a
by-product in the above process. A more advanced
process, total enzymatic transformationofaspar-

tic acid into L-alanine by combined action af-
amino acid oxidase and aminotransferase, was moni-
tored [71] on a Chiralpak WM (which is aPro-Cu-
complex bonded to silica gel) column (Daicel,
Japan). The column permits convenient simultaneous
determination of enantiomers of Ala and Asp in the
fermentation mixture, using an 0.25Mn CuSQ,
aqueous eluent at pH 3.6 and 45 However,
sample pretreatment on a SPE cartridge was found to
be essential, in order to remove the proteins and
interfering matrix. The problem was solved by an
automated column-switching technique.

In a process of convertiny-acetyloL-methionine
into L-methionine by the combined action af
aminoacylase anil-acetyl amino acid racemase, the
Chiralpak WH column separated enantiomers of both
N-Ac-pL-Met and pL-Met [72], though still better
resolutions of that mixture were provided by a
Teicoplanine-based Chirobiotic T column. The LEC
technique with Chiralpak WH also helped to prove
that no racemization occurs, on storage in aqueous
solutions, of the recently developed drug (SSS)-
imidapril [73]. This complicated drug molecule
contains three asymmetric carbons. A mixture of its
eight stereoisomers produces six peaks on the chro-
matogram with good resolution of all enantiomeric
pairs. Enantiomeric analysis of the antifungal agents,
econazole, miconazole, and sulconazole, which have
N, O or S atoms in their molecules, can be easily
accomplished on Chiralpak WH [74]. MCI gel
CRS10w column provided convenient analysis of
pp-, meso- andiL-isomers of 2,6-diaminopimelic
acid without derivatization [75].

Of a very great importance for synthetic peptide
chemistry is the finding [76] that the LEC phase
ChiralProCu (Serva, Germany) provides fast enantio-
meric analysis of almost all N-protected AA deriva-
tives, such as formyl-, acetyl-, monochloroacetyl-,
trifluoroacetyl- (Tfa-), benzoyl-, benzyloxycarbonyl-
(Z-), tert.-butyloxycarbonyl- (Boc-), tert.-butyl-
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(tBu-), 9-fluorenylmethyloxycarbonyl- (Fmoc-) and
dansyl- (Dns-) derivatives (only Fmoc-Phe and
Fmoc-Val were resolved incompletely). Enantiomers
afhydroxymethyl AAs [77] also separated, as well

as enantiomessmoéthyl AAs, as shown earlier

[78,79]. All the above derivatives and unnatural AAs

are widely used in peptide synthesis.
The same column also separaies and trans-

isomers of enantiomerically pure proline-containing

dipeptides, Leu—Pro and lle—Pro [80]. Columns

based on chiral Pro and especially Hypro and Val are

well suited for the analysis of Phe and PhGly
containing one or several fluorine atoms in the
aromatic ring [81].

The Chiral-Si 10@-Hypro-Cu (Serva, Germany)

column readily resolves racemichydroxy acids

[82]. Thus, studies into asymmetric synthesis of
2-hydroxy-4-phenylbutyric acid were strongly facili-
tated by the enantiomeric exggsnélysis of the
product on that column [83]. A very important

experimental and theoretical report on LEC of
hydroxy acids on Chiral-Si 10Q-Hypro-Cu ap-

peared from the group of Chilmonczuk [84]. The
authors successfully resolved 16 of 17 examined

racemates of-hydroxy acids and ong-hydroxy

acid (only 2-hydroxy-2-methylbutyric acid was not
resolved). Then, the authors analyzed the applicabili-
ty of the general model of chiral recognition of
amino acids in LEC to the recognition of hydroxy
acids. These rules, most concisely formulated by
Davankov in Refs. [9,12,13], are based on the
distorted octahedral structure of bis(amino
acidato)copper(ll) complexes with two amino acid
ligands situatedaims-position in the main coordi-
nation square of Cu(ll) ion and two water molecules
or other electron donating groups occupying two
more remote axial positions. In this arrangement,
heterochiral ternary complexes.-§rléctor) ¢-
analyte) are generally the more stable diastereomers.
This is the case with bidentatero andL-Hypro

selectors as well as with tridentatalo-Hypro-

incorporating polystyrene-type resins. For tridentate

AA analytes, the enantiomeric elution order inverses.
A different chiral discrimination mechanism operates

in all polymeric and silica-type materials where
Pra-¢typro are bonded to the sorbent matrix via

a 2-hydroxyalkyl-type spacer (as in the above com-

mercial Chiral-Si 100L-Hypro-Cu). Here, the 2-
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hydroxy group occupies an axial position in the
coordination sphere and makes the binding oef
stereoisomers less probable. OnitPro, as an
exception, forms a more stable ternary complex.
After having examined the results of LEC of many
hydroxy acids and after conducting extensive theo-
retical calculations within the ZINDO semiempirical
quantum mechanical method, the authors [84] arrive
at the conclusion that “Davankov’'s selection rule,
formulated originally to explain elution order of
a-amino acids chromatographed on stationary phases
employing ligand exchange mechanism, can be
extended, after minor modifications, teo-hydroxy
acids chromatographed on similar stationary phases
If we assume that the ternary complex
adopts another structure in which the alcohol hy-
droxy and a-amino groups (of the analyte and
selector, respectively) are in thes-configuration
(and nottrans-), ... then the reasoning provided by
Davankov would also hold. . . Thus, the important
conclusion on theis-arrangement of one amino acid
and one hydroxy acid ligand in the ternary complex
logically follows from chromatographic data and
does not contradict the results of theoretical calcula-
tions; however, it still requires to be confirmed by
other independent methods. As to the theoretical
calculations, the authors [84] mention that a more
advanced theoretical model of chiral recognition
should include an improved representation of the
spacer that connects the chiral selector to the sorbent «
matrix, and also considering the hydration shell
around the basic ternary complex.

Besides the above mentioned ligand exchanging
CSPs offered by Daicel, Toso (Japan) and Serva
(Germany), Nucleosil Chiral-1L-Hypro-Cu by
Macherey-Nagel (Germany) and Astec CLC-L and
CLC-D by Advanced Separation Technologies
(USA) are also commercially available. The latter
incorporate a proprietary Astec amine derivative and
resolve racemates of free AAs, malic, lactic, tartaric
acids, and 3-phenyllactate.

In spite of this fact, the search for new packings
remains an area of constant activity. New binding
chemistry for .-Pro and L-Lys as selectors was
suggested [85]. The above amino acids have been
provided with a chlorine-activated triazine sub-
stituent at thew- and w-amino groups, respectively,
and then bonded to aminopropylsilica. The rationale

w
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was to allow the amino groups of the triazine-type

spacer to occupy one of the axial positions of the
Cu(ll) ion. Though the new material was shown to

resolve racemates of some AAsNif2i-di-
nitrophenyl)- and Dns-derivatives, its overall per-
formance was inferior to that of commercially avail-
able known materials having 2-hydroxyalkyl-type
spacers. Another bulky substitugmblte nitro-
gen atom in combination with a polar amido group in

close vicinity (structure 1 below) was tested by Veig|

and Lindner [86]. The modified structure of the
selector did not show any benefits and the sign of

chirality of the chiral C-atom of th&l-substituent

was shown to play a minor role in the chiral
recognition process. More successful was a similar
attempt By Gubitz et al. [87], who fixed a rigid
2-hydroxy-cyclohexyl substituent at the N-atom of

proline (structure 2). Alternatively, they also used a

long and flexible spacer between the Pro moiety and

matrix,  6-hydroxy-4-oxa-8-aedecene

(structure 3). Probably, due to the ability to supply
an O or N heteroatom into the axial position of the

Cu(ll) complex, both the above chiral selectors
showed enhanced selectivity toward isomers of AAs,

their Dns-derivatives, hydroxy acids, and dipeptides,
as well as some barbiturates.
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After having tested several CSPs with cyclic to 6.0) of the mobile phase enhanced the retention of
amino acids as chiral selectors in an attempt to solutes, opposite to the situation with AA-type
resolve racemates df-alkylated barbiturates, drugs selectors. The addition of acetonitrile allowed a
of the phenobarbital series, "Gubitz et all. [88] faster separation and an increage fof all
decided that a less strongly complexing chiral selec- analyzed Dns-AAs. The elution order was always
tor was needed. They bondegrolinol, an analogue  ky <k, and the authors suggest that the bulky Dns-
of L-proline with a hydroxymethyl group in place of group of the analyte coordineiteselative to the
the initial carboxy group, to the glycidoxypropyl- amide group of thBhe-NH, selector.
activated silica. The idea proved successful in that CSP having the same chemical structure as the
one of the twoc-prolinol ligands in the initial Cu- bonded ligand;Phe-NH, , was also prepared on a
bis-complex on the CSP could be better replaced by monolithic silica column [92]. It showed similar
the barbiturate analyte to form a ternary complex. selectivity with respect to Dns-AAs, but a lower
The result was a nice separation of enantiomers of all efficiency. Bonded AJa-NH was not selective,
four barbiturates examined. Because both the selec- wherees-NH, resolved several Dns-AAs and a
tor and analyte represent relatively weak ligands, few hydroxy acids.
retention and resolution were found to rise with New polymeric chiral LEC phases were also
increasing pH, but, in order to prevent rapid destruc- described during the last decade. A styrene-2%-
tion of the silica-type packing, pH of the eluent must divinylbenzene copolymer was substituted (to
be kept below 8. ~20%) with long decyl chains bearing active

Another successful new chiral LEC phase was bromine at the chain end. Bromine was then replaced
prepared on the base ofleucinol [89]. In this case, with.-Pro to give a resin with a relatively high
however, the amino group of the leucinol was exchange capacity, 1.43 mmol/g [93]. In aqueous-
provided with an additional carboxymethyl sub- ethanolic Cu-containing eluents, of 15 free racemic
stituent, so that coordination to Cu(ll) first of all AAs resolved, hydrophabamalytes were found to
resulted in an achiral five-membered chelate ring of be retained longer, whereas hydrophilic amino acids
glycine type. The hydroxy group of leucinol oc- showed opposite elution ordehefore L. This
cupied an axial position of the copper ion. Nitrogen pattern points to a stabilizing hydrophobic interaction
atom of the selector was connected to the silica of the alkyl or aryl substituentsAd& with the
matrix via a long undecenyl spacer. The new phase non-polar spacer and polymer styrene units, similar
resolved racemates of 24 tested unmodified AAs, to the situation with polystyrene-type CSPs. A
except asparagine, with goaedvalues, but relatively polymeric hydrophilic CSP was also prepared and
long retention times..-Enantiomers were always compared with the above hydrophobic polystyrene
retained longer. Enhanced temperature and organic resin. It had a polyvinylamine backbondé”with
modifiers in the eluent reduce the analysis time, but, bonded via glycidyl spacer [94]. As expected, the
also the enantioselectivity. Heating, however, en- hydrophilic resin showed opposite elution sequence
hances the peak shape and resolution factor. Im- of enantiomers for most AAs. Interestingly, retention
portantly, the above N-carboxymethyk-leucinol was reported to increase at higher temperatures.
phase resolved ten of 12 tested racerBi@mino Hydrophilicity of the resin could be reduced by
acids [90]. introducing benzyl substituents to the nitrogen atom

An efficient new CSP was obtained by an Italian of vinylamino units. This procedure inverted the
group [91] on treating the glycidoxypropyl-activated enantioselectivity sign for Trp. Another hydrophilic
silica with L-phenylalanine-amide. It baseline re- resin witiPro selectors was made of crosslinked
solved racemates of up to four dansyl- or dabsyl- polyvinyl alcohol activated again with glycidyl func-
amino acids (dabsyl, 4-(dimethylamino)azobenzene- tional groups [95]. It showed preference for the
4'-sulphonyl), taken in a mixture, as well as a cyclic L-isomers of 15 tested AA analytes, in full accord-
sulphonamide;y-sultam. Derivatives of polar AAs ance with Davankov's chiral recognition scheme
were separated with particularly high selectivity, up mentioned above. The only exception, again, was the

to a« =5.54 for Dns-Ser. Reducing the pH (from 7.5 stronger binding-Bfo. Highly porous microbeads
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were prepared by a crosslinking polymerization of
glycidylmethacrylate in the presence of porogens
(cyclohexanol and dodecanol)-Pro and L-Hypro
residues were then introduced by opening the epoxy
rings [96]. In the presence of Cu(ll), the resins
resolvedoL-His. Providing chitosan, a natural poly-
mer composed of glucosamino units, with ligand
exchanging properties finally should be mentioned
[97]. When coated on a silica gel carrier, the material
was observed to resolve racemates of some AAs
under conditions of LEC.

The first molecularly imprinted ligand exchange
adsorbent was prepared by radical copolymerization
of 10 parts of ethylene glycol dimethacrylate and 1
part of a chiral ternary complexN¢vinylbenzyl-
iminodiacetate/coppenfPhe) on the propyl-
methacrylate-derivatized surface of wide-porous
silica gel [98]. After removing the chiral template,
p-Phe, chiral cavities remain in the crosslinked
polymeric matrix. These cavities in the chemically
achiral material preserve the ability to preferably
retain, via formation of ternary copper complexes
with iminodiacetate, the isomers of the initial tem-
plate or molecules of a similar spatial structure.
Thus, the above material enantioselectively absorbs
p-Phe @=1.65), b-Tyr, and §)-a-methyl-

phenethylamine, but does not recognize enantiomers

of aliphatic AAs. Preliminary experimental results on
imbedding, into an electro-conductive polypyrrole, of
p-Pro adsorbed on the Cu(ll) form of a-Pro-
polystyrene resin were recently reported [99].
Though enantiomers of Pro, Lys and Asp were
barely separated on that material, the elution order of
the last two charged analytes could be changed by
changing the sign of a potential applied to the
conductive packing.

In conclusion to this section it can be noted that,
in spite of many reports on preparing and using new
CSPs, the highest resolving power in a LEC process
was still displayed by theL-Hypro-incorporating
polystyrene material that was bonded to silica gel
surface, as described by Davankov and Kurganov
[12]. Of eight pairs of AA enantiomers applied in a
mixture, seven pairs were separated almost to the
base line (Fig. 7). On a similar resin witti'-benzyl-
(R)-propanediamine-1,2 chiral selector, a mixture of
11 racemic AAs produced 20 chromatographic peaks
[12].
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Fig. 7. Separation of a mixture of eight AAs on a CSP prepared
by binding L-Hypro-modified polystyrene chains to silica. Col-
umn, 250<4 mm, 5 pm. Eluent, 0.5 ™ Cu(ll), 10 mM
NH,OAc, pH 4.5, flow rate 0.7 ml/min, temperature & From
Ref. [12].

4.2. Chiral coated phases (CCP) in ligand
exchange chromatography

As early as 1980, Davankov et al. [100] described
an extremely simple method of converting commer-
cially available reversed-phase HPLC columns into

highly efficient chiral ligand exchangers by a dy-
namic coating of the column with a hydrophobic
derivative of complexing chiral selatiyl-L-
Hypro. The long alkyl chain, from C7 to C18,
provides permanent adsorption of the selector on the
hydrophobic packing surface. The fact that mixtures
of up to seven racemic amino acids could be baseline
resolved on a 10-cm-long column [100] indicates the
high selectivity and efficiency of such CCP systems.
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Kurganov et al. [101] reported on fast chiral baseline
separations within 30 s to 3 mirN-Decyl+-hy-
droxyproline (C10--Hypro) coated onto RP &

coating-6f6 mmol of the ligand on a standard
(4.6x250 mm) RP G, column, an efficient LEC
system was obtained for the resolution of racemic

columns became available as the “Davankov LEC
column” from Regis Technologies (USA). This

efficient enantioselective separation technique
became very popular not only in enantiomeric analy-
sis, but also in micropreparative resolutions. Thus,

free AAs (witbhantiomers retained longer, with

the exception of His) as well as racemic Gly-con-

taining dipeptides. The paper describes in detall
relations between the retention, selectivity and ef-
ficiency of the column and such experimental param-

Cl,C=C(CH;)—-CH, -C*H(NH,)-COOH was sepa-
rated into pure enantiomers, in order to convert them
into chiral leucine of extremely high specific activity,
(S)- and R)-[4,5,5,5° H]-Leu [102]. More detailed
examination of the preparative perspectives of the
above CCPs showed that under optimized conditions
up to 2 mg of a racemic AA can be baseline resolved Hooc, H
on a 1254 mm RP column [103]. The high NH
loadability of the column becomes possible due to
unusual and very favorable distortion of both peaks, 4
fronting of the first and tailing of the second one.
Interestingly, a similar unusual type of peak distor-
tion was also observed [104] in capillary supercriti-
cal fluid chromatography (SFC) on *“Chirasil-
Nickel” in a process called complexation chromatog-
raphy. The latter is closely related to LEC, since the
both processes involve formation of ternary metal
complexes with the selector and analyte. Initial
attempts to explain this interesting and important
phenomenon of “enantioselective peak distortion”
are made by Kurganov [16] in terms of association-
type secondary equilibria.

Another CCP recently became commercially avail-
able, Chiralpak MA() from Daicel (Japan) and is
prepared by dynamic coating oN,N-dioctyl-L-
alanine on 3um C,; RP material. According to
information from the company, the new CCP is
highly effective for resolution of racemates of hy-
droxy carboxylic acids.

In addition to the previously describéd-decyl -

His [105], another His derivative was synthesized
and investigated, namely containing thedecyl
substituent at the imidazol™ atom [106]. Both the
above His-based CCPs showed good enantioselec-
tivity and general preference teenantiomers of AA
analytes. More recently, Remelli et al. [107] de-
scribed a new chiral ligand\™-n-decyl+-spinacine
(structure 4) which is a condensation product of His
with formaldehyde and contains a methylene bridge
between the amino group and the imidazole ring. By

eters as pH, type and concentration of the buffer and
organic modifier, temperature, flow rate, etc. These
dependencies have been earlier studied with regard
to the C10Hypro CCP and are basically similar for
all CCP systems.

T
T NvN_C10H21

A promising approach, namely uShadkyl-sub-
stituted amino acid amides for the preparation of
CCPs, was suggested by an Italian group [108]. The
most stable and efficient CCP involvasRbE2-
NH . It resolves ten of tested 11 racemic AAs (His is
not resolved), five hydroxy acids, three amides and
three methyl esters of AAs. Two diastereomeric
dipeptides gave four peaks each. Interestingly, for
faster elution of hydrophobic AAs, the authors prefer
to employ enhanced concentrations of Cu(ll) in the
eluent, rather than using organic modifiers. In the
first case, only retention is known to decrease
substantially, whereas in the second both retention
and selectivity decrease. The presence of the phenyl
group in the selector seems not to be essential, since
aliphatic Alk-Nleu-NH, generates comparable en-
antioselectivity values and the same elution order as
AA enantiomelsforep. Dipeptides elute in the
following sequencen, b, LL, DD.
LEC is less suitable for chiral resolution of
monodentate analytes that do not chelate Cu(ll) ion.
This follows from the three-point interaction model
required for chiral recognition. In conventional LEC
systems with AA-type ligands, two interaction points
for each ligand are represented by two electron-
donating heteroatoms (O and N) in the Cu(ll)
chelate, while the third point results from a steric,
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hydrophobic or polar interaction that the side chain
of the AA enters with the microenvironment of the
ternary complex [7-9,100]. In order to add one
missing interaction possibility to simple mono-
amines, Yamazaki et al. [109] suggest converting the (R
amines, 1-phenylethylamine, 1-cyclohexyl-
ethylamine, 1-methylpropylamine into theM-car-
boxymethyl or everlN,N,-bis(carboxymethyl) deriva-
tives. These derivatives act now as bi- or even
tridentate chelating ligands and easily resolve on the
C124-Hypro CCP. Interestingly, the carboxymethyl-
ated amines form glycine-type copper chelates, with
no asymmetric carbon atom within the chelate ring. ‘
The C* atom resides in thex-position in the N- I, b
substituent. Nevertheless, racemic analytes of this CCP 1
type resolve with highx-values.

A similar approach, namelyN-carboxymethyl-

out the importance of hydrophobic interactions in the
chiral recognition mechanism.

H
H,l % _CH,
0

\\ WO“(_‘: _.--N,,
Cu?,
N- e
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Two following important contributions from

ation, was taken by Hyun et al. [110,111], in order to
enhance the complexing properties of the chiral
selector. ($52R)-Norephedrine, as arw-hydroxy
amine, does not bind Cu(ll) sufficiently strongly, in
contrast to itsN-carboxymethyl derivative. The thus
modified selector was further provided with an
additional N-dodecyl chain and then dynamically
coated on octadecyl silica from an aqueous/methanol
mixture of 1:2 (v/v). The coated phase C12-NE
showed excellent resolving ability with respect to all

Hyun’s group intended to generate more information
on the mechanism of chiral recognition of amino
acids on the CCP 1. NewvN-dodecyl-substituted
derivatives of chiralN-carboxymethyl-alaninolN-
carboxymethyl-leucinol [113] andl-carboxymethyl-
phenylethylamine [112] were synthesized for the
preparation of CCP 2, CCP 3 and CCP 4, respective-

ly.

CH3

R, ~ ens

[0)

tested racemic AAs, with the exception of cystein.
The chiral recognition model (CCP 1) suggested by
the authors is almost identical to that suggested by
Davankov et al. [100] for the C10Hypro coating.
The model impliestrans-orientation of two amino
groups in the coordination square of Cu(ll) and a
lipophilic interaction between thex-substituent of
the p-amino acid analyte with the non-polar surface
of the packing. This interaction stabilizes ternary
sorption complexes ob-analytes having non-polar
side chains R, but destabilizes complexes of polar
p-AAs. Thus, first eluting enantiomers on CCP 1 are
L-Ala, L-Val, L-Leu, butp-His, p-Ser, o-Thr, p-Tyr,

oo

ccp3 ccP4

As compared to CCP 1, the alaninol-based CCP 2
did not contain the bulky phenyl substituent near the
p-Asp, p-Asn. However, Phe, Glu, Gln and Arg do hydroxy group. The much better performance of the
not follow this simple elution rule on the CM- CCP 2 and its consistency in stronger retention of
norephedrine CCP 1. As on Davankov's CCP col- b-stereocisomers of all AAs (with the exception of
umns, retention of AAs decreases at higher tempera- His), regardless the lipophilicity or polarity of their
tures, higher Cu(ll) concentrations in the mobile side groups, leads to the conclusion that the phenyl
phase, at lower pH values and on adding organic functionality at the first chiral center of CCP 1 is not
modifiers. Enantioselectivity of resolution decreases essential in chiral recognition and simply disturbs the
with the content of organic modifier, which points axial coordination of the hydroxy group of the
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stationary ligand. In this regard, CCP 3 prepared
from leucinol and having one bulkier isobutyl group
at the chiral C* atom displays even better enantio-
selectivity. Again, only His showed an inverted
elution order of enantiomers. CCP 3 was also
superior to CCP 2 in that it allowed use of a mobile
phase containing up to 20% acetonitrile for faster
elution of heavier AAs, without thex-values de-
creasing too much. In contrast to that, CCP 4 was
found to perform badly with respect to its enantio-
selectivity and consistency of chiral recognition. This
result proves unambiguously the importance of the
occupation of the axial Cu(ll) position by the
hydroxy group of the chiral selector.

A further paper [113] is also important in that it
pays attention to the fact that in all CCPs, 1 through
4, the coordination of Cu(ll) to tertiary nitrogen of
the selector makes that N atom chiral. Its absolute
configuration, however, is not fixed and can invert on
interaction with the analyte enantiomer on formation
of the tertiary complex. This makes it possible that
both the p-enantiomers of AA analytes anden-
antiomers, after a configurational inversion of N*,
are in position to enter lipophilic interactions with
the RP support. The only difference between the two

V.A. Davankov / J. Chromatogr. A 1000 (2003) 891-915

containing CCP separates enantiomers of underiva-

tized aromaticB-amino alcohols and aliphati@-
amino alcohols of the 1l-amino-2-ol type, such as
1-amino-2-butanol through 1-amino-2-hexanol, and
trans-2-amino-cyclohexanol [114]. Thus, the impor-
tance of the location of the hydroxy group at the
secondary C atom was established. An unexpected
finding [115] was that these separations were greatly
improved by the presence in the eluent-e5 mM
barbital, a six-membered heterocycle with two N
atoms and three carbonyl groups. The role of this
achiral additive was not clear. Later [116], it was
found that, in the presence of barbital, aliphatic
amino alcohol racemates also resolve on the C12-NE
CCP. Even analytes with the hydroxy group at the
primary carbon atom, 2-amino-1-propanol and 2-
amino-1-butanol could be resolved in this manner.

N-Substituted $)-phenylglycinole, structurally re-
lated to L-phenylglycine, has been synthesized,
coated on G; material, loaded with Cu(ll) and tested
as CCPs in the enantioseparation of five AAs [117].
The elution order of isomers was found to be
beforeL for all three aromatid\N-substituents tested
(4-methoxybenzyl-, 2-naphthylmethyl- and 9-anth-
rylmethyl-) and the aliphatic C12 chain. Surprisingly,

diastereomeric ternary complexes in this case would the elution sequence inverted when shorter alkyls

consist of different orientation of three substituents at
the chiral C* atom with respect to the glycine chelate
ring below them (CCP 3A and 3B). This difference
obviously becomes the only source of chiral dis-
crimination in the CCPs of the type under discussion.
It should be mentioned here that the configuration of
the N* atom in Davankov's C1Q-Hypro chiral
selector is always fixed by the cyclic nature of
proline [100].

ch)\-._ H
R H 5 M H
\. O, 0 0"
(R) N 0;( "\ Coscul
=0 TN
R
R
h ,) ) ) ) ) ( ( < < ¢ <
S / / N . \ \ \
CCP3A CCP3B

It has been found earlier that the CilMHypro

were attached to the amino group, C9 and C7. This
finding remains to be examined more closely and
explained.

CHs o +
HiC  cooH OH ‘ /NMEs
e P NATY e ot
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A CCP initially developed by Oi et al. [118],
where a Cu(ll) complex ofN,N-dioctyl-o-penicill-
amine (structure 5) is embedded in RP silica, became
available from Penomenex (Germany) as Ching (
penicillamine. The chiral selector has three possible
coordinating heteroatoms, N, O and S, in the mole-
cule and can change the predominant chelating
pattern as a function of experimental conditions and,
possibly, the structure of the analyte. The system
shows remarkable versatility and resolves racemates
of amino acidsp-alkyl AAs [119], hydroxy acids, as
well as trans-1,2 diaminocyclohexane, 1-amino-
ethylphosphonic acid, tetrahydro-2(or 3)-furoic acids,
3-aminopyrrolidine, etc. [120]. Chirexo)-penicill-
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amine was successfully used [121] for the separation
of four
carboxylic acid substituted in the 2-position with
methyl-, hydroxy- or amino groups. An analogue
methyl-substituted cyclopentane compound was also
tested. Each of the above cyclic compounds con-
tained the substituent in thes- or trans-position to

the carboxy group, hence two diastereomeric pairs.
Since the analytes differed substantially in their
polarity and retention, optimal separation conditions
had to be found for each quadruple individually, by
varying the concentration of methanol, propanol-2 or
acetonitrile, pH, Cu(ll) concentration, temperature,
etc. Interestingly, the elution order of enantiomers
was sometimes observed to change with the con-
centration or type of the organic modifier. A detailed
thermodynamic investigation [122] of such cases
showed that the temperature of inversion of elution
order (“isoenantioselective” temperature) strongly
depends on the content of the organic modifier,
which points toward the importance of hydrophobic
interactions in chiral recognition. Similarly, enantio-
mers of trans-1-benzylcyclohexane-1,2-diamine
were also separated [123] on the ChireX-peni-
cillamine.

Chiral coated phases witN,N-dioctyl-o-penicill-
amine and RR)-tartaric acid monoK)-1-(«-naph-
thylethylamide) (structure 6) are also available from
Sumica Chemical Analysis Service (Osaka, Japan) as

nism of chiral recognition more closely. A series of

stereoisomers of 1-amino-cyclohexane- L-Phe with alkyl- and aryl-typeN-substituents were
synthesized [127] and a similar series of substituted
L-Pro derivatives [128] (see structures).

oH
WH

N"“CooH
&H, N “cooH
CH,
O@H wH oM
' COOH N “cooH N"cooH
CrHis CgHyg Ciz2Hzs
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CH, CH, \ OH
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All selectors were found to strongly adsorb on the
flat graphite surface and effectively resolve most
racemic AAs in an aqueous 1INnCu(OAc), eluent.
Interestingly, the order of elution for AAs on, G -

Phg®he and G, .-Phe (with the exception of
Thr and Arg)owaefore L, whereas a reversed

Sumichiral OA-5000 and OA-6000. Sumichiral OA-
6000 was recently used for quantitation in urine of
enantiomers op-hydroxymandelic acid, a metabolite

elution order was found with aryl-type substituents at
thehe (4-methoxybenzyl-, 2-naphthylmethyl- and
9-anthrylmethyl-). On all talkyl- and N-aryl-

of synephrine contained in Chinese medicines [124].
Stearoyle-carnitine (structure 7) coated on RP was
shown to resolve a series of racemic amino acids and
hydroxy acids under conditions of LEC [125].

Aside from the above discussed alkyl-derivatized
RP silica supports, another strongly hydrophobic
material, porous graphite was recently suggested to
be used for the immobilization oN-substituted
amino acid-type chiral selectors in LEC [126]. First
experiments showed good efficiency and enantio-
selectivity of L-phenylalanine bearing a 2-naphtha-
lenesulphonyl anchor group at the nitrogen atom in
the resolution of racemic Pro, Val, Thr, and Asn, as
well as lactic and hydroxyisovaleric acids. Since the
elution order wa beforeL (with the exception of
Pro), i.e. opposite to that observed in systems RP/
Alk-L-Hypro, it was decided to examine the mecha-

substitutdo phases, the-enantiomer always
eluted beforeptpartner. Surprisingly, all alkyl-
substituted CCPs showed a decrease in analyte

retention as the alkyl chain length increased. This

effect was especially dramatic-Rith phases. On
the other hand, the selectivity of separation noticeab-
ly increased on theL-8lkyl-phases with the

length of the alkyl. The authors try to explain the
observed regularities in terms of hydrophobic inter-

actions between substituents of both the analyte and

selector in their ternary complexes. These considera-

tions underestimate the interactions of the ternary
complexes with the flat hydrophobic support. In
these systems, all transformations take place on the

graphite surface, not in bulk solution. Without under-

standing the conformation of the chiral selector that
is strongly fixed on the hydrophobic surface, it is not
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possible to discuss the structure of ternary complex- differentiation was determined by the “relative af-
es. The fact that hydrophilic Ser, Thr, Asp and finities of the ternary complexes for the column
hydrophobic Val, Met, etc. elute onPro phases in stationary phase”, or, as explained in Ref. [25], by
the sameL-p sequence, cannot be explained by the difference in the stabilities of the diastereomeric
internal hydrophobic interactions within the ternary ternary complexes in the stationary phase. A similar
complex structure. More likely, some repulsive steric contradiction between enantioselectivities in solution
effects on graphite surface play the decisive role in and on the surface was shown for several combina-
the chiral recognition. tions of AAs and their amides [131].
Generally, amides of chiral AAs (Pro, Val, Phe,
4.3. Chiral mobile phase (CMP)-type separations Trp) and theirN-methyl derivatives (MeVal, Mg -
Val, MePhe, Mg Phe) proved to be efficient chiral
The combination of a conventional achiral RP selectors for the resolution of racemates of both
column packing with an eluent containing a chiral Dns-AAs [131] and free AAs [132]. Based on these
selector, which was pioneered by Karger and Lin- experimental data, it would be interesting to re-
dner [129], differs from the chiral coating-mode of consider the elution order of AA enantiomers by
enantioseparation only in that the selector predomi- accounting quantitatively for the phase distribution
nantly resides in the stationary phase in the latter of the above selectors. Interestingly, sufficient lipo-
systems, whereas it predominantly moves with the philicity of MePhg-NH angd Me Phe-NH (i.e. their
mobile phase in CMP systems. The important conse- predominant location in the stationary, rather than
quence of this situation is that the enantiomer more mobile phase) was found to be responsible for the
strongly bound to the selector will be retained longer special productivity of these selectors (Fig. 8). Their
in the CCP column, whereas it will elute first with use permitted enantiomeric analysis of AAs in food
the CMP [25]. Of course, there is also a whole products [133] to be performed and showed that
palette of intermediate systems where the chiral fermentation, rather than heat treatment, causes the
selector partitions between the mobile and stationary emergencedAf enantiomers in food [134].
phases, acting in two opposite directions with respect L-Phe-NH, additive was found to be efficient in
to enantiomers of the analyte. For this reason, one the resolution of racemic amino acids [135], a whole

should be extremely careful in coming to any

conclusion on the relative stability of two diastereo-

meric ternary complexes in LEC, based on the (R -oNBy

elution order of enantiomers only. The situation is

even more complicated in the case where one of the

two competing diastereomers is more stable in the /

bulk solution, but represents the less stable species

when in adsorbed state. (This combination is most (S_A(f"'{su

productive with respect to chromatographic resolu- =

tion of enantiomers.) Davankov postulated that the ®-Aa

situation in the stationary phase is often the de-

termining factor for the overall elution order, since

the achiral sorbent surface largely enhances or even

induces the enantioselective discrimination phenom- U /L

enon [8,22,23,100]. Marchelli et al. [130] showed

experimentally that stability constants of ternary .- —0 10 20 0 0 55

Cu(ll) complexes of Dns-AAs withN-(2-hydroxy-

propyl)--phenylalaninamide in solution do not cor- Fig. 8. CMP-type separation of a mixture of five AAs on a RP
. . . column Spherisorb-2 (3vm, 150x4.6 mm). Eluent: 2.0 il

relate with the elution order of Dns-AA engntlomers L-Me-Phe-NH , 1.0 v Cu(ll), pH 6.0, flow rate 0.5 mi/min.

from the RP column operated with a solution of that Fiyorescence detection (post-column derivatization with OPA).

chiral selector as the mobile phase. Obviously, the From Ref. [136].
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series of aliphatic and aromatichydroxy acids and € )-Monoethyl ester of N-(1'-hydroxymethyl)-
of dicarboxylic acids such as malic and tartaric acids prepgiminobenzylphosphonic acid was shown to
[136]. Also the authors [136] showed that enantio- resolve racemic valine in combination with Cu(ll)
mers elute in the form of diastereomeric ternary and RP packing [140]. Interesting chiral selectors for
complexes, which means that a real ligand exchange CMP chromatography, namely, a helically distorted
equilibrium does exist in the system. This fact is square planar Ni(ll) complex with tetradentate lig-
further important in view of the necessity of obtain- ands (prepared by formation of Shiff bases of chiral
ing individual calibration plots for each enantiomer 1,2-diamines with 1,3-diketones) were reported by
[8] if their quantitative estimation in a CMP system Bazylak [141,142]. These selectors do not exchange
is needed. That eluting diastereomeric species, in- their ligands with analyte enantiomers; rather, outer-
deed, have different optical properties, has been sphere diastereomeric adducts are formed. This could
proven experimentally [130]. In a systematic ap- be a reason for relatively rapid dissociation—associa-
proach, the same lItalian group also examined terden- tion equilibrium, resulting in good system efficiency
tate and tetradentate chiral selectors based-Bhe in the resolution of racemic amino alcohols and
[137,138]. In the first, one amino group of ethyl- dipeptide-type sweeteners and diketopiperazines. The
enediamine was condensed to amide with the car- selector is also thought to form helical associates on
boxylic group of oneL-Phe residue, while in the the RP surface and offer chiral cavities for the
second both amino groups were converted to bis-( enantiomers (e.g. clenbuterol) to be resolved [143].
Phe-amide). The-amino groups of the Phe-residues A new concept for designing chiral selectors was
were additionally methylated. Of a series of deriva- suggested by an lItalian group [144—146]. It consists
tives examined, only the tetradentate [Me Phe- of combining the ligand exchanging properties of the
NHCH,-], displayed acceptable efficiency and selec- selector with its ability to form inclusion complexes.
tivity. Being sufficiently hydrophobic, the latter One of the six hydroxy groupg-gf/clodextrin was
selector could be easily operated as a permanent replaced by a histamine or 2-(aminomethyl)-pyridine
chiral coating on the RP material for the resolution residues. In both cases, the above diamino moieties
of both polar and apolar AAs. Trying to understand are achiral, but, nevertheless, their ternary complexes
the mechanism of chiral recognition, the authors formed with Cu(ll) and an amino acid analyte
measured stability constants of corresponding ternary display a distinct enantioselectivity, since- only
complexes with the analytes in solution. No enantio- amino acids, after forming the ternary complex, can
selectivity could be found in the bulk solution, be included into the cyclodextrin cavity of the same
implying the important role of hydrophobic interac- selector molecule. The more stable complex with the
tions of diastereomeric ternary structures with the p-enantiomer then resides in aqueous phase and
hydrophobic surface in the emergence of enantio- emerges first from a RP column. Only aromatic AAs
selectivity. are recognized by the selectors, since Ala and
Based on the “reciprocity rule of chiral recogni- aliphatic AAs are too small to be discriminated by
tion” [25], Yamazaki et al. [139] showed that not tieCD cavity. Rather than for ligand exchange
only racemic hydroxy acids are resolved in a CMP chromatography, such selectors may prove useful for
based on chiral AAs, but also, vice versa, racemic designing fluorescent enantioselective sensors of
amino acids ang-amino alcohols are resolved in an amino acids [147].

eluent containing 20 M chiral mandelic acid and
20 mM Cu(ll) at pH 6.5. Certainly, detection
problems in this case must be overcome by post- 5. Enantioselective ligand exchange in liquid—

column derivatization. liquid partitioning systems

N,N-dimethyl+-Phe in combination with Cu(ll)
and RP G, packing provides a convenient method Formation of a ternary metal complex with a
for the ee analysis of a whole series af-alkyl- chiral selector must affect distribution of two en-
substituted a-amino acids anda-hydroxymethyl antiomers of an analyte between two immiscible

substituted AAs [77]. liquid phases. In a series of papers Pickering et al.
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[148—-152] examined in detail a composition NFf
decyl+-Hypro, copper(ll) andL-phenylalanine in a

two-phase system (aqueous buffer/decane-hexanol)

and considered the possibility of using liquid mem-

brane technology for a preparative separation of Phe

enantiomers. The process of liquid membrane ex-
traction is analogous to the unit operation of solvent
extraction. While the extraction step is identical for
both processes, the stripping step of the former
occurs simultaneously with extraction by using a

second aqueous phase that has a composition favor-

ing the re-extraction of Phe from the organic phase.

This arrangement overcomes the problems of satura-

tion of the organic phase with the analyte and
provides significantly faster rates of transfer of the

analyte from the first agueous source phase through
the organic membrane phase into the second aqueous

receiving phase. A kinetic enantioselectivity of=
1.65+0.31 was found in the bulk extraction and up
to a«=2.4 in the emulsion liquid membrane system,
with p-Phe enantiomer being extracted faster into the
organic C10:-Hypro-containing phase [149].

In a process called micelle-enhanced ultrafiltration
[153,154], noticeable enantiomeric enrichment of
Phe, up toee 69%, was observed in the permeate
chamber on ultrafiltration of @aL-Phe solution that
contained Cu(ll) ions and micelles of cholesteryl-
glutamate.n-Phe was predominantly retained in the
initial solution as a ternary complex inside the

micelles which are too big to pass through membrane

pores, whereas the predominantly fred?he mi-
grated through the membrane. By the way, tee
analysis in this work was performed using enan-
tioselective LEC ontf)-penicillamine coated column
Chirex 3126 (Phenomenex, USA).

In the above cases, thee of the received enantio-
mer is restricted by the enantioselectivity of the

complexation process, unless a cascade of separation

units is provided. Much higher purities result from

multi-stage processes, e.g. from countercurrent sol-

vent extraction which is closely related to a chro-

matographic process. An impressive result was pre-

sented in Ref. [155], where a solution of copper-
C124-Pro in n-butanol was pumped in an opposite
direction to a flow of agqueous solution of-Val. The

racemate was completely resolved into enantiomers

of optical purity of 99.5% and higher. In another
example [156pL-leucine was resolved using hollow
fiber technique.
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6. Conclusion

For more than three decades, ligand exchange
chromatography has proved to be an extremely
dynamic and fruitful field of research that has
extended not only our fundamental knowledge of
stereochemistry, coordination chemistry, chromatog-
raphy and electrophoresis, but also our practical
abilities in analytical, separation, and synthetic tech-
nigques. Its support of the fast development of the
chemistry of natural compounds, synthetic organic
chemistry and pharmaceutical science and industry
can hardly be overestimated.
As with any other enantioselective separation
technique, LEC has its own specific application area
which are organic compounds capable of forming
labile coordination compounds with transition metal
cations. LEC is a technique of choice for all mole-
cules having a pair of heteroatoms (N, O or S) with
two to three carbon atoms in between. There is a
reasonable understanding of separation mechanisms
with these chelating molecules and some predictions
of the elution sequence can be made. Cases of
successful separation of enantiomers with more
distant pairs or isolated heteroatoms are also known,
but no systematic information for such compounds is
available thus far. All types of chromatographic and
electromigration techniques are suitable for analyti-
cal-scale separations, though the CSP approach
displays lower column efficiency and requires en-
hanced column temperature, whereas the CMP sys-
tems, as well as the CE and MEKC approaches,
require separate calibration for each enantiomer.
Preparative separations are feasible with both CSP
and CCP systems.
In spite of an extremely large amount of knowl-
edge already generated in the field of enantioselec-
tive LEC, new approaches in research and applica
tion can still be explored. Thus, the design of new
chiral chromatographic and electrophoretic ligand
exchanging systems by involving new chiral selec-
tors and new selector carriers, as a rather mature aree
of research and technology, has a relatively high
chance of final success. In contrast, the search for
systems with synergetic action of several different
types of chiral selectors and systems where enan-
tiorecognition is facilitated by an achiral auxiliary
molecule remains an exciting field of empirical trial-
and-error approach. The search for suitable chiral
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kinetically stable complexes for an enantioselective
ligand exchange in their outer coordination sphere,
i.e. their solvation shell, should also be considered as
a promising direction of development.

Acknowledgements

The financial support of the Russian Foundation
for Basic Research (grant 00-15-97427) is gratefully
acknowledged.

References

[1] SV. Rogozhin, V.A. Davankov, USSR patent 308635 (appl.
1968).

[2] SV. Rogozhin, V.A. Davankov, German patent 1932190
(appl. 1969), Chem. Abstr. 72 (1970) 90875c.

[3] SV. Rogozhin, V.A. Davankov, Dokl. Akad. Nauk. 193
(1970) 94.

[4] V.A. Davankov, SV. Rogozhin, J. Chromatogr. 60 (1971)
280.

[5] V.A. Davankov, Yu.A. Zolotarev, AV. Tevlin, Bioorg. Khim.
4 (1978) 1164.

[6] E. Gil-Av, B. Feibush, R. Charles-Sigler, Tetrahedron Lett.
(1969) 1009.

[7]1 V.A. Davankov, Adv. Chromatogr. 18 (1980) 139.

[8] V.A. Davankov, A.A. Kurganov, A.S. Bochkov, Adv. Chro-
matogr. 22 (1983) 71.

[9] V.A. Davankov, J.D. Navratil, H.F. Walton, Ligand Exchange
Chromatography, CRC Press, Boca Raton, FL, 1988.

[10] V.A. Davankov, Chromatographia 27 (1989) 475.

[11] V.A. Davankov, in: K.K. Unger (Ed.), Packings and Station-
ary Phases in Chromatographic Technigues, Marcel Dekker,
New York, 1990, p. 541.

[12] V.A. Davankov, in: A. Krstulovic (Ed.), Chiral Separations
by HPLC, Ellis Horwood, Chichester, 1989, p. 446.

[13] V.A. Davankov, in: D. Cagniant (Ed.), Complexation Chro-
matography, Marcel Dekker, New York, 1992, p. 175.

[14] V.A. Davankov, J. Chromatogr. A 666 (1994) 55.

[15] V.A. Davankov, Enantiomer 5 (2000) 209.

[16] A. Kurganov, J. Chromatogr. A 906 (2001) 51.

[17] M.G. Schmid, N. Grobuschek, O.L. Lecnik, G."Gubitz, J.
Biochem. Biophys. Methods 48 (2001) 143.

[18] V. Schurig, J. Chromatogr. A 965 (2002) 315.

[19] V. Schurig, M. Fluck, J. Biochem. Biophys. Methods 43
(2000) 223.

[20] V.A. Davankov, Zh. Anal. Khim. 56 (2001) 1211.

[21] S. Terabe, K. Otsuka, A. Tsuchiya, T. Ando, Anal. Chem. 56
(1984) 111.

[22] V.A. Davankov, A.A. Kurganov, Chromatographia 17 (1983)
686.

[23] V.A. Davankov, V.R. Meyer, M. Rais, Chirality 2 (1990) 208.

[24] Z. Chen, T. Hobo, Anal. Chem. 73 (2001) 3348.

A 1000 (2003) 891-915 913

[25] V.A. Davankov, A.A. Kurganov, T.M. Ponomareva, J.
Chromatogr. 452 (1988) 309.

[26] R. Kuhn, S. Hoffstetter-Kuhn, Chromatographia 34 (1992)
505.

[27] J. Snopek, |. Jelinek, E. Smolkova-Keulemansova, J. Chro-
matogr. 609 (1992) 1.

[28] M.-L. Riekkola, S.K. Wiedmer, I.E. Valko, H. Siren, J.
Chromatogr. A 792 (1997) 13.

[29] N.W. Smith, M.B. Evans, J. Pharm. Biomed. Anal. 12 (1994)
579.

[30] M.M. Rogan, K.D. Altra, D.M. Goodall, Chirality 6 (1994)
25.

[31] P.R. Haddad, M. Macka, E.F. Hilder, D.P. Bogan, J. Chroma-
togr. A 780 (1997) 329.

[32] G. Gubitz, M.G. Schmid, J. Chromatogr. A 792 (1997) 179.

[33] H. Wan, L.G. Blomberg, J. Chromatogr. A 875 (2000) 43.

[34] M.G. Schmid, N. Grobuschek, O.L. Lecnik, G."Gubitz, J.
Biochem. Biophys. Methods 48 (2001) 143.

[35] E. Gassman, J.E. Kuo, R.N. Zare, Science 230 (1985) 813.

[36] P. Gozel, E. Gassman, H. Michelsen, R.N. Zare, Anal. Chem.
59 (1987) 44.

[37] B. Soontornniyomkij, K. Scandrett, D.J. Pierzyk, J. Liq.
Chromatogr. Relat. Technol. 21 (1998) 2245.

[38] M.G. Schmid, G. Gubitz, Enantiomer 1 (1996) 23.

[39] Z. Chen, J. Lin, K. Uchiyama, T. Hobo, Anal. Sci. 16 (2000)
131.

[40] A. Karbaum, T. Jira, J. Chromatogr. A 874 (2000) 285.

[41] A. Végvary, M.G. Schmid, F. Kilar, G. Gubitz, Electro-
phoresis 19 (1998) 2109.

[42] M.G. Schmid, R. Rinaldi, D. Dvereny, G. Gubitz, J. Chroma-
togr. A 846 (1999) 157.

[43] M.G. Schmid, M. Laffranchini, D. Dreveny, G. Gubitz,
Electrophoresis 20 (1999) 2458.

[44] M.G. Schmid, O. Lecnik, U. Sitte, G. Gubitz, J. Chromatogr.
A 875 (2000) 307.

[45] C. Desiderio, Z. Aturki, S. Fanali, Electrophoresis 15 (1994)
864.

[46] S. Krasensky, S. Fanali, L. Krivankova, P. Bocek, Electro-
phoresis 16 (1995) 968.

[47] N. Grobuschek, M.G. Schmid, C. Tuscher, M. Ivanova, G.
Gubitz, J. Pharm. Biomed. Anal. 27 (2002) 599.

[48] Z. Chen, K. Uchiayma, T. Hobo, Anal. Sci. 16 (2000) 837.

[49] X. Lu, Y. Chen, Y. Yang, J. Chromatogr. A 945 (2002) 249.

[50] Z. Yuan, L. Yang, S.-S. Zhang, Electrophoresis 20 (1999)
1842.

[51] S. Kodama, A. Yamamoto, A. Matsunaga, T. Soga, K.
Hayakawa, Electrophoresis 22 (2001) 3286.

[52] U.B. Nair, S.S. Chang, DW. Armstrong, Y.Y. Rawjee, D.S.
Eggleston, JV. McArdle, Chirality 8 (1996) 590.

[53] S. Fanali, L. Ossicini, F. Foret, P. Bocek, J. Microcol. Sep. 1
(1989) 190.

[54] T. Horimai, M. Ohara, M. Ichinose, J. Chromatogr. A 760
(1997) 235.

[55] A.S. Cohen, A. Paulus, B.L. Karger, Chromatographia 24
(1987) 15.

[56] N.G. Sundin, T.M. Dowling, N. Grinberg, G. Bicker, J.
Microcol. Sep. 8 (1996) 323.

[57] Z.-L. Chen, J.M. Lin, K. Uchiyama, T. Hobo, Chem. J. Chin.

Univ. 20 (1999) 186.



914

[58] Z. Chen, J.-M. Lin, K. Uchiyama, T. Hobo, J. Microcol. Sep.
11 (1999) 534.

[59] Z. Chen, J. Lin, K. Uchiyama, T. Hobo, Anal. Sci. 16 (2000)
131.

[60] Z. Chen, J.M. Lin, K. Uchiyama, T. Hobo, J. Chromatogr. A
813 (1998) 369.

[61] Z. Chen, J.M. Lin, K. Uchiyama, T. Hobo, Chromatographia
49 (1999) 436.

[62] Z. Chen, J.-M. Lin, K. Uchiyama, T. Hobo, J. Microcol. Sep.
11 (1999) 534.

[63] Z. Chen, J.-M. Lin, K. Uchiyama, T. Hobo, J. Chromatogr.
49 (1999) 436.

[64] Z. Chen, K. Uchiyama, T. Hobo, Bunseki Kagaku 49 (2000)
759.

[65] M.G. Schmid, N. Grobuschek, C. Tuscher, G. Gubitz, A.
Végvary, E. Machtejevas, A. Maruska, S. Hjerten, Electro-
phoresis 21 (2000) 3143.

[66] M.G. Schmid, N. Grobuschek, O.L. Lecnik, G."Gubitz, J.
Biochem. Biophys. Methods 48 (2001) 143.

[67] M.G. Schmid, N. Grobuschek, O. Lecnik, G."Gubitz, A.
Végvary, S. Hjerten, Electrophoresis 22 (2001) 2616.

[68] Z. Chen, T. Hobo, Anal. Chem. 73 (2001) 3348.

[69] Z. Chen, T. Hobo, Electrophoresis 22 (2001) 3339.

[70] C. Cheng, F.-Y. Lin, Chromatographia 39 (1994) 15.

[71] C. Cheng, S.-C. Wu, J. Chromatogr. A 896 (2000) 299.

[72] Y.-P. Yu, S.-H. Wu, Chirality 13 (2001) 231.

[73] H. Nishi, K. Yamasaki, Y. Kokusenya, T. Sato, J. Chroma-
togr. A 672 (1994) 125.

[74] H.Y. Aboul-Enein, I. Ali, Chromatographia 54 (2001) 200.

[75] T. Nagasawa, J.R. Ling, R. Onodera, J. Chromatogr. A 653
(1993) 336.

[76] H. Bruckner, B. Sorsche, A. Ensa-Ashari, R. Joster, in: G.
Lubec, G.A. Rosenthal (Eds.), Amino Acids. Chemistry,
Biology and Medicine, ESCOM Science Publishers BV,
1990, p. 152.

[77] H. Bruckner, M. Langer, A. Ensa-Ashari, A. Labudda, Z.J.
Kaminski, M.T. Leolawy, R. Joster, in: G. Lubec, G.A.
Rosenthal (Eds.), Amino Acids. Chemistry, Biology and
Medicine, ESCOM Science Publishers BV., 1990, p. 159.

[78] H. Bruckner, Chromatographia 24 (1987) 725.

[79] H. Bruckner, I. Bosch, T. Graser, P." Furst, J. Chromatogr.
395 (1987) 569.

[80] A.Wutte, G. Gubitz, S. Friebe, G.-J. Krauss, J. Chromatogr.
A 677 (1994) 186.

[81] SV. Galushko, I.P. Shishkina, V.A. Soloshonok, J. Chroma-
togr. A 661 (1994) 51.

[82] G. Gubitz, S. Mihellyes, J. High Resolut. Chromatogr. 17
(1994) 733.

[83] Z. Chilmonczuk, H. Ksycinska, H. Kruszewska, J. Cybulski,
Chirality 6 (1994) 627.

[84] z. Chilmonczuk, H. Ksycinska, J. Cybulski, M. Rydzewski,
A. Les, Chirality 10 (1998) 821.

[85] M. Wachsmann, H. Bruckner, Chromatographia 47 (1998)
637.

[86] E. Veigl, W. Lindner, J. Chromatogr. A 660 (1994) 255.

[87] G. Gubitz, S. Mihellyes, G. Kobinger, A. Wutte, J. Chroma-
togr. A 666 (1994) 91.

V.A. Davankov / J. Chromatogr. A 1000 (2003) 891-915

[88] G! Gubitz, R. Winter Steiger, S. Mihellyes, G. Kobinger,
Quim. Anal. 12 (1993) 45.

[89] M.H. Hyun, S.C. Han, CW. Lee, Y.K. Lee, J. Chromatogr. A
950 (2002) 55.

[90] M.H. Hyun, S.C. Han, Y.C. Cho, ISCD-14, Hamburg, 2002,
Poster A09.

[91] B. Galli, F. Gasparini, D. Misiti, C. Villani, R. Corradini, A.
Dossena, R. Marchelli, J. Chromatogr. A 666 (1994) 77.

[92] Z. Chen, K. Uchiyama, T. Hobo, J. Chromatogr. A 942
(2002) 83.

[93] J. Ma, L. Chen, B. He, Chin. J. Reactive Polym. 4 (1995)
1109.

[94] Z. Yuan, B. He, Chin. J. Reactive Polym. 4 (1995) 113.
[95] J. Ma, L. Chen, B. He, J. Appl. Polym. Sci. 61 (1996) 2029.
[96] D. Blondeau, M. Bigan, P. Despres, Reactive Funct. Polym.

27 (1995) 175.

[97] Y. Kurauchi, A. Yoshida, K. Kuroda, T. Inoue, K. Ogha,

Chem. J. Chin. Univ. 20 (1999) 239.

[98] S. Vidyasankar, M. Ru, F.H. Arnold, J. Chromatogr. A 775

(1997) 51.

[99] H.S. Lee, J. Hong, J. Chromatogr. A 868 (2000) 189.
[100] V.A. Davankov, A.S. Bochkov, A.A. Kurganov, P.
Roumeliotis, K.K. Unger, Chromatographia 13 (1980) 677.
[101] A. Kurganov, T. Issaeva, K. Unger, 8th ISCD, Edinburgh,
UK, 1996, Poster 9.13
[102] D. Ego, J.-P. Beaucourt, L. Pichat, J. Labelled Comp.
Radiopharm. 23 (1986) 229.
[103] A. Kurganov, V. Davankov, K. Unger, F. Eisenbeiss, J.
Kinkel, J. Chromatogr. A 666 (1994) 99.
[104] M. Schleimer, M. Fluck, V. Schurig, Anal. Chem. 66 (1994)
2893.
[105] V.A. Davankov, A.S. Bochkov, Y.P. Belov, J. Chromatogr.
218 (1981) 547.
[106] M. Remelli, P. Fornasari, F. Pulidori, J. Chromatogr. A 761
(1997) 79.
[107] M. Remelli, D. Trombin, C. Conato, Chromatographia 55
(2002) 301.
[108] G. Galaverna, R. Corradini, A. Dossena, R. Marchelli, F.
Dallavalle, Chirality 8 (1996) 189.
[109] S. Yamazaki, K. Ban'i, T. Tanimura, J. High Resolut.
Chromatogr. 22 (1999) 487.
[110] M.H. Hyun, N.-E. Lim, S.-N. Choi, Bull. Korean Chem.
Soc. 12 (1991) 594.
[111] M.H. Hyun, J.-J. Ryoo, N.-E. Lim, J. Lig. Chromatogr. 16
(1993) 3249.
[112] M.H. Hyun, D.H. Yang, H.J. Kim, J.-J. Ryoo, J. Chroma-
togr. A 684 (1994) 189.
[113] M.H. Hyun, J.-J. Ryoo, J. Lig. Chromatogr. Relat. Technol.
19 (1996) 2635.
[114] S.Yamazaki, T. Takeuchi, T. Tanimura, J. Chromatogr. 540
(1991) 169.
[115] S.Yamazaki, S. Nagaya, K. Saito, T. Tanimura, J. Chroma-
togr. 602 (1994) 219.
[116] S. Yamazaki, K. Saito, T. Tanimura, J. High Resolut.
Chromatogr. 21 (1998) 561.
[117] M. Sliwka, M. Slebioda, A.M. Kolodziejczyk, J. Chroma-
togr. A 824 (1998) 7.



V.A. Davankov / J. Chromatogr. A 1000 (2003) 891-915

[118] N. Oi, H. Kitahara, R. Kira, J. Chromatogr. 592 (1992) 291.

[119] T. Miyazawa, H. Minowa, K. Jamagawa, T. Yamada, Anal.
Lett. 30 (1997) 867.

[120] N. Oi, H. Kitahara, F. Aoki, J. Chromatogr. A 707 (1995)
380.

[121] M. Schlauch, F.-J. Volk, K.P. Fondekar, J. Wede, AW.
Frahm, J. Chromatogr. A 897 (2000) 145.

[122] M. Schlauch, AW. Frahm, Anal. Chem. 73 (2001) 262.

[123] P. Bisel, M. Schlauch, E. Weckert, K.-S. Sin, AW. Frahm,
Chirality 13 (2001) 89.

[124] K. Arai, D. Jin, F. Kusu, K. Takamura, J. Pharm. Biomed.
Anal. 15 (1997) 1509.

[125] H. Kamimori, M. Konishi, J. Chromatogr. A 929 (2001) 1.

[126] J.H. Knox, Q.-H. Wan, Chromatographia 40 (1995) 9.

[127] Q.-H. Wan, P.N. Shaw, M.C. Davies, D.A. Barrett, J.
Chromatogr. A 765 (1997) 187.

[128] Q.-H. Wan, P.N. Shaw, M.C. Davies, D.A. Barrett, J.
Chromatogr. A 786 (1997) 249.

[129] W. Lindner, J. LePage, G. Davies, D. Seitz, B.L. Karger, J.
Chromatogr. 185 (1979) 433.

[130] R. Marchelli, R. Corradini, T. Bertuzzi, G. Galaverna, A.
Dossena, F. Gasparrini, B. Galli, C. Villani, D. Misiti,
Chirality 8 (1996) 452.

[131] F. Dallavalle, G. Folesani, R. Marchelli, G. Galaverna,
Helv. Chim. Acta 77 (1994) 1623.

[132] G. Galaverna, R. Corradini, E. deMunari, A. Dossena, R.
Marchelli, J. Chromatogr. A 657 (1993) 43.

[133] A. Dossena, G. Galaverna, R. Corradini, R. Marcelli, J.
Chromatogr. A 653 (1993) 229.

[134] R. Marchelli, A. Dossena, Trends Food Sci. Technol. 7
(1996) 113.

[135] S. Husain, R. Sekar, R.N. Rao, J. Chromatogr. A 687
(1994) 351.

[136] G. Galaverna, F. Panto, A. Dossena, R. Marchelli, F. Big,
Chirality 7 (1995) 331.

[137] G. Galaverna, R. Corradini, A. Dossena, E. Chiavaro, R.
Marcelli, F. Dallavalle, G. Folesani, J. Chromatogr. A 829
(1998) 101.

[138] G. Galaverna, R. Corradini, F. Dallavalle, G. Folesani, A.
Dossena, R. Marcelli, J. Chromatogr. A 922 (2001) 151.

915

[139] S. Yamazaki, K. Ozaki, K. Saito, T. Tanimura, J. High
Resolut. Chromatogr. 18 (1995) 68.

[140] Y.P. Belov, A.Y. Aksinenko, B. Blessington, A.H. Newman,
Chirality 8 (1996) 122.

[141] G. Bazylak, J. Chromatogr. A 665 (1994) 75.

[142] G. Bazylak, J. Chromatogr. A 668 (1994) 519.

[143] G. Bazylak, H.Y. Aboul-Enein, Chirality 11 (1999) 387.

[144] G. Impellizzeri, G. Maccarrone, E. Rizzarelli, G. Vecchio,
R. Corradini, R. Marchelli, Angew. Chem., Int. Ed. Engl.
30 (1991) 1348.

[145] R. Corradini, A. Dossena, G. Impellizzeri, G. Maccarrone,
R. Marchelli, E. Rizzarelli, G. Sartor, G. Vecchio, J. Am.
Chem. Soc. 116 (1994) 10267.

[146] R.P. Bonomo, V. Cucinotta, F. D’Alessandro, G. Impelliz-
zeri, G. Maccarrone, E. Rizzarelli, G. Vecchio, L. Carima,
R. Corradini, G. Sartor, R. Marchelli, Chirality 9 (1997)
341.

[147] S. Pagliari, R. Corradini, G. Galaverna, S. Sforza, A.
Dossena, R. Marchelli, Tetrahedron Lett. 41 (2000) 3691.

[148] P.J. Pickering, J.B. Chaudhuri, Chirality 9 (1997) 261.

[149] P.J. Pickering, J.B. Chaudhuri, Chem. Eng. Sci. 52 (1997)
377.

[150] P.J. Pickering, J.B. Chaudhuri, J. Membr. Sci. 127 (1997)
115.

[151] P.J. Pickering, C.R. Southern, J. Chem. Technol. Biotech-
nol. 68 (1997) 417.

[152] P.J. Pickering, J.B. Chaudhuri, Chirality 11 (1999) 241.

[153] T.J.M. De Bruin, A.T.M. Marcelis, H. Zuilhof, L.M.
Rodenburg, H.A.G. Niederlander, A. Koudijs, P.E.M. Over-
devest, A. van der Padt, E.J.R. Sudholter, Chirality 12
(2000) 627.

[154] P.E.M. Overdevest, A. van der Padt, CHEMTECH 12
(1999) 17.

[155] T. Takeuchi, R. Horikawa, T. Tanimura, Sep. Sci. Technol.
25 (1990) 941.

[156] H.B. Ding, PW. Carr, E.L. Cussler, Am. Inst. Chem. Eng. J.
38 (1992) 1493.



	Enantioselective ligand exchange in modern separation techniques
	Introduction
	Resolutions aided by an electrical field: chromatography or electrophoresis?
	Enantioselective ligand exchange in combination with electromigration separation techniques
	Capillary electrophoresis (CE)
	Micellar electrokinetic chromatography (MEKC)
	Capillary electrochromatography (CEC)

	Enantioselective ligand exchange in combination with chromatographic techniques
	Enantiomeric separations on chiral stationary phases (CSP)
	Chiral coated phases (CCP) in ligand exchange chromatography
	Chiral mobile phase (CMP)-type separations

	Enantioselective ligand exchange in liquid-liquid partitioning systems
	Conclusion
	Acknowledgements
	References


