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The principle of chiral ligand-exchange, introduced by Davankov, has become a widely used
technique for chiral separation in both chromatography and in electromigration techniques. This simple
technique makes use of the formation of mixed metal chelate complexes between a chiral selector and
both enantiomers of an analyte. In HPLC, the chiral selector can be either bonded to the stationary phase
or added to the mobile phase. In CE the chiral selector is simply added to the electrolyte. A relatively new
approach represents CEC, where capillaries contain a chiral stationary phase. More than thousand papers
appeared in the field of chiral ligand-exchange. To cite all papers would require several books.

The present article gives an overview of both milestones and our activities on chiral separation
using the principle of ligand-exchange. Recent advances in chip technology for chiral separations and new
approaches regarding improvement of detection sensitivity are mentioned.
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XHWPAJIHU PA3/IBOJYBAIBA CO UBMEHA HA JIMTAHIU

[IprHIMIOT HAa M3MEHA Ha JIMTaH/U, BOBEJEH o1 JlaBaHKOB, CTaHa IMPOKO KOPUCTEHA TEXHUKA 3a
XHUPAJHUA PA3/BOjyBarba U BO XPOMATOrpa)CKUTE M BO €IEKTPOMUTPALUCKUTE TeXHUKH. OBaa eTHOCTaBHA
TEXHHKa TO KOPHCTH 00pa3yBareTO Ha MEHIAHH METAOXENATHU KOMIUIEKCH MOMErYy XHUpPajeH CEeJeKTOp
u obara eHaHTHOMepa Ha aHaIUTOT. Bo BHcokoedukacHara Teuna xpomarorpaduja (HPLC) xupagauor
CeNIeKTOp MOXKe Jia OuJie Bp3aH Ha CTallMoHapHaTa (a3a WiM 1oAajieH Bo MoomiHara daza. Bo kanunapuara
enexktpoopesa (CE) XupalHHOT CEJIEKTOp €IHOCTaBHO C€ J0/laBa BO EJIEKTPOIMTOT. Kammimapuara
esrekrpoxpomarorpaduja (CEC) mpercraByBa pelaTUBHO HOB IpHCTAll, KaJi€ IITO KalWIAPUTE COApIKAT
XHpayHa cTannoHapHa (aza. O0jaBeHH ce oBeKe Ofl Mijaa TPYAOBHU 01 00JacTa Ha XUPATHU Pa3IBOjyBamba
CO M3MEHA Ha JIUTaH/IX ¥ ToTpeOHN Ou Omite moBeke KHUTH 3a CUTE THE J1a ce codepar.

Bo oBoj Tpyn e mazeH mperien Ha INIaBHUTE Pa3BOjHM TOYKM M HA HAmIaTa paboTa Ha XHPaTHU
paznenyBarba co ynorpeda Ha IPUHIUIIOT Ha U3MeHa Ha Jiuran . OCBeH T0a, HaBEJICHN CE U IOCIISTHUTE
JOCTHTHYBalba Ha YUII-TEXHOJOTHjaTa 3a XHUPAJHHM DPa3[BOjyBarba M HOBHUTE MPUCTANH MOBP3aHU CO

noz[06pyBa}be Ha OCCTIIMBOCTA Ha z[eTeKquaTa.

Koayunu 360poBu: M3MeHa Ha JIMTAH/N; XUPATHU CEJIEKTOPH; XEMUCKH Bp3aHH (a3u; TMHAMUYKH
HaHeceHH ¢a3u; MoHosuTHY (pazu; HPLC; kanmnapha enektpodopesa; KanuiapHa ejlekTpoxpomarorpaduja
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1. INTRODUCTION
1.1. Chiral separations

A big number of compounds of biologi-
cal or pharmacological interest are chiral. More
than 60 % of the drugs in use contain asym-
metry centers but only about 25% are adminis-
tered as pure enantiomers. However, it is well
established that in most cases the pharmaco-
logical effect is restricted to only one enanti-
omer (eutomer) while the unwanted enantiomer
(distomer) has either less activity or no activ-
ity or can exhibit even toxic effects. The most
frequently cited example is thalidomide, about
which we now know that only the S-enantiomer
is responsible for the teratogenic effect. There
are a lot of similar examples existing. Even if
the side effects of the distomer are not that dras-
tic, it has to be metabolized and represents an
unnecessary burden for the organism. In fact
it is a 50% impurity. Therefore, the authorities
force the pharmaceutical industry to bring with
new developed drugs only the pure enantiomers
onto the market.

Analytical chiral separation methods
based on chromatography and capillary elec-
trophoresis have been widely developed for
controlling the enantiomer purity. Moreover,
chromatographic methods are in use also on a
preparative scale.

Chiral ligand exchange represents a pow-
erful chiral separation principle, used both in
chromatography and electromigration tech-
niques. Our group has been working on chiral
ligand-exchange for more than 30 years. This

article will give an overview of our activities in
this field.

2. SEPARATION BY LIQUID
CHROMATOGRAPHY

Pioneering work in the field of chiral lig-
and-exchange was done by Davankov’s group
who introduced this principle in the late 1960s
—early 1970s [1-3].

The first phases were prepared by binding
chiral amino acids to a polystyrene-divinylben-
zene copolymer. The phases were packed into
classical glass columns. After complexation
with Cu(Il) ions, these phases showed remark-
able enantioselectivity, however, efficiency was
low. We transferred this principle to HPLC by
chemically binding amino acids to silica gel via
a suitable silane [4-7] (Figure 1). Cyclic amino
acids such as L-proline or L-4-hydroxyproline
as chiral selectors showed the best results (Fig-
ure 2). Contrary to the hydrophobic phases of
Davankov, on our rather hydrophilic phases the
enantiomer elution order was D before L— A re-
versal of the elution order can be obtained by us-
ing a chiral selector with the opposite chirality.
When D-proline was used, the elution order was
L before D.

| |
§—S|1 —o—slzi— (CHy);—O—CH;—CH—CH,— N

OH
COOH

CSPIa: X=H CSPIb: X=OH

Fig. 1. Structure of silica-based chiral ligand-exchange
phases using L-proline and
L-4-hydroxyproline

Reversal of the EMO is of importance in
enantiomer purity checks. The enantiomer present
in minor amounts should always appear as first
peak to avoid of being covered by the tailing of
the major peak.

The principle of chiral ligand-exchange is
based on the formation of diastereomeric ternary
mixed metal complexes between the enantio-
merically pure selector ligand and the analyte as
shown in Scheme 1. Different thermodynamics
in stability of the mixed complexes between the
selector and the two enantiomers are responsible
for enantioseparation. A prerequisite of a success-
ful enantioseparation is the presence of certain
functional groups, such as amino-, hydroxy- or
carboxy groups on both selector and analyte.

Maced. J. Chem. Chem. Eng. 30 (2), 127-137 (2011)
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Fig. 2: Enantioseparation of a mixture of amino acids by
LEC. Conditions: Mobile phase,
0.05 M KH,PO, (pH 4.6)-10* M CuSO,;
flow rate 1 ml/min

In addition to underivatized amino acids,
these silica based phases showed enantioselec-
tivity for a—alkyl amino acids [4], B-methyl-
amino acids [8], N-protected amino acids [4],
a-hydroxy acids [9], dipeptides [4, 10] and thy-
roid hormones [11]. Phases of this type have
been commercialized by Daicel Chem. Ind. Ltd.
(www.daicel.co.jp).

Cu(L-Sel), + L-A 5 Cu (L-Sel)(L-A) + L-Sel
Sel: selector

Cu (L-Sel), + D-A S Cu (L-Sel)(D-A) + L-Sel
A: analyte

Scheme 1
Chiral separation principle of ligand—exchange

The structure of these phases has been sys-
tematically varied studying the influence of dif-
ferent spacers on enantioselectivity [12] (Figure
3). In addition to an improved separation power
for amino acids, these phases showed chiral rec-
ognition ability for hydroxy acids, dipeptides
and barbiturates. A lot of publications appeared
in the following on this field [13—16].

Maced. J. Chem. Chem. Eng. 30 (2), 127-137 (2011)

An alternative to chemically bonded phas-
es is the preparation of dynamically coated phas-
es[17, 18]. In this approach a non-chiral reversed
phase column is coated with a chiral amino acid

| N
—8j—O0—Si—CH,—CH,
| | ﬁ COOH
OH

— O—Sli—(CH2)3—O— CH;—CH-CH;—N

OH
COOH

Fig. 3. Chemical structure of ligand-exchange CSPs

derivative containing a hydrophobic chain. The
drawback of this simple technique, however, is
that the choice of mobile phase is restricted to
predominantly aqueous solutions.

A recent trend for high performance sepa-
ration techniques is miniaturization. We used a
commercially available 3 um phenyl-octadecyl
micro LC column and coated it with N-decyl-
L-4-hydroxyproline [19]. With this technique a
series of underivatized aromatic and aliphatic
amino acids were resolved (Figure 4); elution
order was L before D, what is in accordance with
Davankov’s coated phases.

Very rapid separations were reported by
Schmid ez al. [20] on a silica based monolithic
RP-18 column coated with long-chain n-alkyl
derivatives of L-4-hydroxyproline. These coat-
ings were shown to be stable against desorption
for months at ambient temperature when aque-
ous mobile phases were used. The monolithic
columns were applied to the chiral separation
of amino acids, glycyl dipeptides and diastereo-
meric dipeptides and tripeptides. These columns
were easy to prepare and showed high perme-
ability allowing high flow rates. Very fast sepa-
rations in the range of seconds were achieved
using flow rates of 8 ml/min. (Figure 5). The
chiral selector can be removed or changed easily
by washing the column with an organic solvent
such as acetonitrile.
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Fig. 4: Chromatogram
of the enantioresolution of norvaline.
Conditions: Ultimate 3000 micro-LC, ACE-C18-AR
column coated with N-decyl-L-4-hydroxyproline, 50
mM phosphate solution pH 4.5, 1 mM Cu(II), injection
0.1 pl, flow: 50 ul/min
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Fig. 5: Chromatogram
of the rapid chiral separation of phenylglycine.
Stationary phase: RP-18 monolithic column coated with
N-decyl-L-4-hydroxyproline.
Mobile phase: 0.1 mM Cu(II)sulfate.
Injection 1 pl; flow: 8 ml/min

A simple alternative to chiral stationary
phases is the use of chiral mobile phases. This
approach was applied by several authors [21,
22].

Recently, we succeeded in the chiral sepa-
ration of Leu on an ODS monolithic column and
L-4-hydroxyproline/Cu(II) as a mobile phase ad-
ditive. In this case, EEO was D before L [23].
Drawbacks of this simple technique, however,
are the high consumption of chiral selectors;
furthermore, this approach is not applicable to
preparative separations.

3. SEPARATION
BY ELECTROMIGRATION TECHNIQUES

3.1. Capillary zone electrophoresis

The principe of chiral ligand-exchange
has been transferred to CE by Zare‘s group.
They used histidine [24] and aspartame/Cu(II)
complexes [25] as chiral selectors added to the
electrolyte and resolved dansyl amino acids.

We demonstrated that by using simply L-
proline or L-4-hydroxyproline Cu(Il) complex-
es as electrolyte additives, a series of amino ac-
ids could be resolved. (Figure 6A) [26]. When
an anionic surfactant such as SDS is added, fol-
lowing the principle of micellar electrokinetic
chromatography, significant improvement of
resolution and a reversal of the migration order
of the amino acids according their hydropho-
bicity, was observed. Additionally, a reversal
of the enantiomer migration order (EMO) oc-
curred. The possibility of reversing the EMO
is of importance for purity checks. A reversal
of the EMO can be obtained also by changing
from an L-selector to a D-selector. Furthermore,
EMO is reversed when cis-L-hydroxyproline is
used instead of trans-L-hydroxyproline [27].

An improvement of enantioselectivity
was obtained by attaching hydroxyalkyl chains
to the nitrogen of L-4-hydroxyproline [28]
(Figure 7).

Besides improved enantioselectivity for
amino acids these selectors showed also chiral

Maced. J. Chem. Chem. Eng. 30 (2), 127-137 (2011)
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Fig. 6. Reversal of EMO: Electropherogram of the enantiomer separation of a-methylphenylalanine
(MePhe), phenylalanine and tryptophan:
(A) 80 mM L-4-hydroxyproline, 40 mM Cu*", adjusted with NH, to pH 4.0;
(B) 50 mM L-4-hydroxyproline, 25 mM Cu*, 15 mM SDS and 3 M urea, adjusted with NH, to pH 4.0),

U=27kV

recognition abitlity for B-methyl amino acids
[8] halogenated aromatic amino acids [29] and
dipeptides [30]. Furthermore, with these selec-
tors also drugs with amino alcohol structure
such as sympathomimetics and B-blockers were
resolved [30, 31].

COOH

I'>/\/\A
/D
HO

COCH

i SN

HO OH

Fig. 7. Synthesis of N-(2-hydroxyoctyl)-L-4-
hydroxyproline

Sympathomimetics and B-blockers were
resolved also with the Cu(Il) complexes of L-
tartaric acid and L-threonine [32]. Recently the
influence of different central metal ions such
as Cu(II), Co(II), Cd(II), Ni(II) and Zn(II) on
enantioseparation of dansylated amino acids
using L—phenylalaninamide, L-lysine and L-
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threonine as chiral selectors was studied [33].
Figure 8 shows the chiral separation of sepa-
ration of Dns—DL—Asp, Dns—DL-Met, Dns—
DL-Asp, Dns—DL—a—~ABA and Dns—-DL-Leu
with L-lysine as chiral selector.

In the course of looking for further natu-
ral compounds as chiral selectors for LECE,
we investigated sugar acids such as D-glucon-
ic acid, D-saccharic acid and L-threonic acid
by means of the enantioseparation of a series
of aromatic amino acids and dipeptides. As
metal ions besides Cu(Il), Co(II), Ni(II) and
Zn(IT) were checked [34]. While in most of
the cases Cu(Il) was found to be the most ef-
fective complexing ion, with D-gluconic acid
Co(1II) turned out to be optimal for the enanti-
oseparation of amino acids. With Ni(II) only
partial separations were obtained and Zn(II)
gave no results.

An approach related to ligand exchange
is the formation of mixed borate-diol com-
plexes. We studied different cyclodextrins in
the presence of borate: A dual chiral recogni-
tion mechanism is assumed to take place: In-
clusion of the aromatic moiety of the analyte
into the cavity of the cyclodextrin and the for-
mation of a mixed borate complex involving
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Fig. 8. Simultaneous chiral separation of Dns-DL-
Asp, Dns-DL-Met, Dns-DL-Asp, Dns-DL-a-ABA
and Dns-DL-Leu with L-lysine as chiral selector.
Conditions: 10 mM L-lysine, 5 mM copper(II) sulfate,
25 mM ammonium acetate, adjusted with ammonia to
pH 5.5; applied voltage: 27 kV to cathode. Injection: 10
mbar for 5s

the hydroxyl groups at the C-2 and the C-3 at
the mouth of the CD and the hydroxyls of the
1,2-diol of the analyte.

This assumption is proven by the fact
that no separation occurred when B-CD was
replaced by 2,6-dimethyl-3-CD and 2,3,6-tri-
methyl-B-CD. This technique was applied to
various diols, hydrobenzoin [35] and some

quinazolines containing 1,2-diol side chains
[36].

3.2. Capillary electrochromatography (CEC)

CEC can be regarded as a hybrid tech-
nique between HPLC and CE, combining the
efficiency of CE and the selectivity of chroma-
tographic stationary phases.

Three variations are possible in chiral
CEC: The use of open-tubular containing the
chiral selector coated to the capillary wall, the
use of capillaries packed with silica based chi-
ral phase and monolithic phases.

We compared capillaries packed with a
3 um silica based chemically bonded L-4-hy-
droxyproline phase with capillaries containing

N-decyl-L-hydroxyproline dynamically coat-
ed on a reversed phase [37]. While the chemi-
cally bonded phase was found to be suitable
for the chiral separation of amino acids and
dipeptides, the dynamically coated phase gave
the better results for hydroxy acids (Figure 9).
A reduction of retention time and improve-
ment of efficiency was obtained by diluting
the chemically bonded phase with bare silica
to increase the EOF.

50
40
304

20 4

Response 208 nm (mAU)

T T T T
0 2 4 6

Time (min)

Response 208 nm (mAU)
W
o
1
o

T T
0 2 4

Time (min)

o
®©

Fig. 9. Enantioseparation of 3-hydroxymandelic acid.
Stationary phase: (A) dynamically coated LE-CSP;
(B) chemically bonded LE-CSP. Mobile phase: 25 mM
ammonium acetate buffer, 0.5 mM Cu(II), pH 4.5.
Temperature: 25 °C. Applied voltage: 5 kV to the anode,
12 bar pressure support.

A disadvantage of packed capillaries is
the complicated packing procedure whereby
the frits have to be prepared by sintering a zone
of the silica based packing. To overcome these
shortcomings a recent trend is to prepare mono-
lithic phases.

Chen et al. [38, 39] prepared monolithic
phases on silica bases by polycondensation of
tetramethoxysilane in a sol-gel process. As chi-
ral selectors they used amino acid amides wich
were chemically bonded to the monolith. The

Maced. J. Chem. Chem. Eng. 30 (2), 127-137 (2011)
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authors resolved dansyl amino acids on these
phases. We prepared monolithic phases (con-
tinuous beds) by in situ copolymerisation of
methacrylamide (monomer), piperazine diacry-
lamide (crosslinker), vinlysulfonic acid (charge
providing agent for generating an EOF) and
N-(2-hydroxy-3-allyloxypropyl)-L-4-hydroxy-
proline (chiral selector) [40]. To fix the polymer
in the capillary, the wall was pretreated with
a—methacryloxypropyltrimethoxysilane which
participates in polymerization. Ammonium sul-
fate was added for acting as a porogen and the
polymerization was started by ammonium per-
oxodisulfate. The advantages of this approach
are the ease of preparation and the fact that the
capillary can be cut to any desired length. It
was demonstrated by means of the chiral sepa-
ration of phenylalanine that the same capillary
can be used for CEC, nano-HPLC and pressure
supported CEC. To reduce the separation time,
short end injection at the anodic side with a 8
cm packing and 12 bar pressure support were
applied.

Replacing N-(2-hydroxy-3-allyloxypro-
pyl)-L-4-hydroxyproline by the longer-chain N
-(2-hydroxyoctenyl)-L-4-hydroxyproline gave
comparable results.

Hydroxy acids are negatively charged
and tend to migrate in direction opposite to the
EOF. This fact resulted in extremely long sepa-
ration times. Omitting the negatively charge
providing agent vinlysulfonic acid in the mon-
omer mixture was one parameter checked for
reducing separation time [41]. More effective
was the replacement of vinylsulfonic acid by a
positive charge-providing agent, diallyldimeth-
ylammonium chloride [42]. Thereby an EOF is
generated wich is superimposed to the migra-
tion of the hydroxy acids.

An attempt to improve efficiency was
the creation of the particle-loaded continuous
beds [43]. In this approach a silica based CSP
is suspended in an achiral monomer mixture.
For ligand-exchange separation we bonded L-
4-hydroxyproline to 3 um silica and mixed the
material with the monomers for polymeriza-
tion. Figure 10 shows the chiral separation of
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Fig. 10: Chiral separation of tryptophan by particle-
loaded CEC. Conditions: stationary phase: 15 wt% LE
chiral silica particles in a CB (6 cm x 100 um, 34 cm
entire length), mobile phase: 50 mM phosphate solu-
tion, 1 mM Cu(Il) pH 4.5

tryptophan on this particle loaded monolith.
The advantage of this simple approach is that
any commercially CSP used in HPLC can be
incorporated in the polymer.

As an alternative to the use of the metha-
cryl amide polymer backbone, monoliths pre-
pared by a ring opening methathesis polymeri-
zation (ROMP). The synthesis is carried out by
mixing norborn-2-ene, 1, 4, 4a, 5, 8, 8a-hex-
ahydro-1, 4, 5, 8, exo, endo—dimethanonaph-
thalene as monomers, propan-2-ol and toluene
as porogens, RuCl (PCy,), as initiator and silica
based particles containing the chiral selector.
Comparable results were obtained with this ap-
proach. Figure 11 shows the enantioseparation
of DOPA [44].

Although only one example using LE has
been reported to date, a few milestones on the
development of microfluid devices are present-
ed in this chapter. The first microchip system
for enantioseparation was developed by Hutt et
al. [45]. The authors made use of a CD-MEKC
system with o-CD in combination with SDS
for the chiral separation of FITC-labeled amino
acids using LIF detection. The development of
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Fig. 11: Enantiomeric separation of DOPA by a ring-
opening metathesis polymerization (ROMP) particle—
loaded continuous bed
Conditions: particle-loaded ligand-exchange monolith
(27.5 cm). Mobile phase: 25 mM phosphate solution,
I mM Cu(Il) pH 4.5. Inj.: 12 barx9 s, 15 kV and 12
bar pressure support

a microchip CE system in combination with
on-chip chemiluminescence detection was re-
ported by Liu et al. [46]. The authors resolved
Dns—amino acids by means of HP-B-CD as chi-
ral selector using the peroxyoxalate-hydrogen
peroxide chemiluminescence detection system.
Ludwig et al. [47] described the use of a com-
mercially available microchip electrophoresis
system (MCE 2010, Shimadzu, Kyoto, Japan)
containing a linear imaging UV detection sys-
tem. In this case the separation can be monitored
continuously, since the detection is carried out
on the whole separation channel. The fastest sep-
aration reported up to now was reported by Piehl
et al. [48]. The authors resolved Dns-amino ac-
ids within 720 ms using highly sulfated CDs in a
microchip system containing a separation chan-
nel of only 7 mm in length. To date, only one ap-
plication of LE—CE using microchip technique
has been reported [49]. We are currently working
on the development of microchip techniques for
chiral electrochromatographic separations using
the principle of ligand-exchange.

5. CONCLUSIONS AND FUTURE TRENDS

The principle of chiral ligand exchange
holds a well established position among chiral
separation techniques. Although this principle
is restricted to chelate complex forming com-
pounds, it offers a wide application spectrum.
For amino acid enantiomer separation, it is still
the most frequently used technique. Its appli-
cation ranges from control for racemization in
synthesis, enantiomer purity checks over detec-
tion of rare D-amino acids in natural samples to
the determination of the amino acid enantiomer
ratio for age determination in excavations.

Recent trends are miniaturization tech-
niques such as the use of nano-HPLC or mi-
crochip devices in CE. In general, electromi-
gration techniques offer a useful alternative to
LC, since small amounts of both solvents and
analyte are required. Further developments
in CEC are to be expected. Especially the use
of monolithic phases as a trend to move away
from complicated packing procedures is in
progress. A promising approach represents the
online-coupling of ITP with CZE for sample
pretreatment and preconcentration. This is of
relevance for the analysis of biological samples
in pharmaceutical analysis. To enhance sample
throughput, capillary array systems are in de-
velopment. On-capillary preconcentration by
stacking and sweeping techniques will be fur-
ther contributions for sensitivity enhancement.
Since UV detection is not sensitive enough for
trace analysis in CE, LIF, MS and electrochem-
ical detection are increasingly used.
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