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Abstract

Because of the large number of commercially available chiral selectors both for electrophoretic and chromatographic techniques, the experimental
possibilities to separate enantiomers are numerous. As a result, the development of a proper separation method for a chiral molecule is challenging.
Generic separation strategies can present a useful approach for chiral method development. This paper overviews some strategies that have been
developed earlier for different electrophoretic and chromatographic techniques. These strategies can be used either for impurity determination of
enantiomers or for the enantioseparation of racemic mixtures. They are not only generic, i.e. applicable on diverse molecules, but are also fast, i.e.

requiring only a limited number of experiments to reach a decision.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decades, chirality has become a major concern
in pharmaceutical industry. New chiral drug substances have
to be stereochemically identified before being marketed since
enantiomers can differ in pharmacological, pharmacokinetic and
toxicological properties when exposed to chiral environments
such as biological systems, e.g. the human body [1-3]. In such
systems, one enantiomer (the eutomer) will be therapeutically
active while the other, the distomer, can be less active or inac-
tive, it can have an opposite or even toxic effect. Obviously the
separation of enantiomers is gaining importance at almost every
level of pharmaceutical drug development and quality assurance
[4].

Several analytical techniques can be used to separate enan-
tiomers but the most frequently used in pharmaceutical analysis
are capillary electrophoresis (CE) and high-performance liquid
chromatography (HPLC) [5,6]. Separations can be performed
either directly or indirectly. The indirect approach uses areaction
of an enantiomerically pure chiral derivatization agent with the
enantiomers to form diastereomers. These can be separated with
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any conventional achiral separation system since diastereomers
differ in physico-chemical properties. The direct approach for
chiral separations consists of the formation of transient diastere-
omeric complexes between the enantiomers and a chiral selector.
Chiral selectors can either be added to the mobile phase or
the background electrolyte, or bonded onto a chromatographic
support creating a chiral stationary phase (CSP).

The fact that nowadays many chiral selectors are available
makes the selection of proper analytical conditions to obtain
an acceptable result for a given analyte, challenging. Often the
search for suitable conditions is still a trial-and-error approach
which can be extensively time-, money- and labor consuming.
To avoid these drawbacks, fast generic chiral separation strate-
gies have been created [7-13]. A fast generic strategy allows
developing separations for large sets of substances with different
molecular structure in a limited number of experiments.

In this paper we present an overview of such strategies in CE
and in HPLC. For the latter technique, strategies in normal-phase
liquid chromatography (NPLC), reversed-phase liquid chro-
matography (RPLC) and polar organic solvent chromatography
(POSC) have been defined. These strategies can be considered
complementary and are used as alternatives when one fails to
separate a given compound.

The first step in the strategies is a screening where the ana-
lytes are examined according to a limited number of conditions.
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After evaluating the resolution (Rs), which is the most important
response for chiral separations, some optimization steps can be
considered when desired. When compounds have aRs > 1.5 after
screening, i.e. are baseline separated, usually no further opti-
mization is needed but the strategies allow optimizing responses
such as analysis time or peak shape. When 0 <Rs< 1.5 after
screening, i.e. when the peaks are only partly separated, some
optimization should be performed to increase the resolution.
However when Rs =0 after screening, a limited number of addi-
tional experiments will be done but when the separation does
not improve, the applied technique or mode is changed.

When peaks become baseline separated (Rs> 1.5) after exe-
cution of the additional experiments, again there is the possibility
to optimize further if desired. If not, the method development
stops here. However, when still no good enantioseparation is
achieved, which means that Rs < 1.5, each strategy suggests to
switch to another separation technique or mode.

2. Capillary electrophoresis

Capillary electrophoresis is a technique that provides several
advantages for chiral separations, such as high efficiency, a fast
equilibration time and its ability to add various chiral selectors to
the background electrolyte (BGE). Another important advantage
of CE is the low consumption of reagents and sample during
analysis which makes it possible to test new and/or expensive
compounds and selectors.

The proposed separation strategy in CE is based on the use of
three highly sulphated cyclodextrins (HSCDs), i.e. HS-a-CD,
HS-B-CD and HS-y-CD [14]. Its general set-up is shown in
Fig. 1. This set-up was based on experimental and literature
knowledge [7,13]. The selectors are screened at one set of con-
ditions and in the sequence: (1) HS-y-CD, (2) HS-3-CD and (3)
HS-a-CD. For the experimental conditions of the screening step
the phosphate buffer has a concentration of 50 mM and is set at
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a pH of 2.5. The cyclodextrin concentration is 5% (w/v). The
applied electric field has a strength of 300 V/cm while the capil-
lary temperature is 25 °C. The sequence of the selectors is based
on their observed enantioselectivity. HS-y-CD is the selector
that shows enantioselectivity for most compounds, followed by
the B and o forms [14].

Depending on the obtained results, several optimization steps
are defined as shown in Fig. 1. The first one is the optimization
of the Rs. This step (optimization 1) will be used when the
compound is partly but not baseline separated at screening con-
ditions. Depending on the analysis time at screening conditions,
two different experimental designs are proposed. If the analysis
time is less than 15 min, a 23 full factorial design with one cen-
tral point must be carried out. This means that three factors will
be examined at two levels followed by one experiment defined
at central conditions. The factors considered are the cyclodex-
trin concentration that varies from 2.5 over 6.25 to 10% (w/v),
the pH of the BGE that is increased from 2.5 to 3.25 and 4 and
the percentages of methanol in the BGE which will be added
ranging from 0% over 7.5% to 15%.

If the analysis time is more than 15 min, the designisa?2 x 3
factorial design, where the concentration of CD and the pH of
the BGE are the factors, the latter examined at two levels (2.5
and 4) while the former is examined at three levels (2.5%, 5%
and 10% (w/v)).

For nearly baseline separated peaks, the strategy provides
a second optimization possibility, which aims at improving the
efficiency and the peak shape (optimization 2). This optimization
also applies a 23 full factorial design. The voltage (250 V/cm and
350 V/cm), temperature (15 °C and 25 °C) and ionic strength of
the BGE (25mM and 75 mM) are now the factors. For com-
pounds that are baseline separated, a third optimization step
(optimization 3) can be executed. The choice exists between
a specific migration time optimization (performing a 2° full
factorial design) and a global optimization (performing a 2*!

[ Chiral Selector: (1) HS-y-CD: (2) HS-B-CD: (3) HS-o-CD J

(Screening conditions see text)

{ 0<Rs<13 }‘ Rs>1.5 }

1) Dual Selector strategy
(2) Change Technique

Optimization 1

Optimization 3

| I

Optimization 2

Rs>13 ] [ Rs<135 J

Optimization 3

)

1) Dual Selector strategy
(2) Change Technique

Fig. 1. General CE strategy.
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fractional factorial design). In the 23 design the voltage, temper-
ature and CD-concentration are the varying factors. The levels
of these factors are higher than the nominal levels at screening
because their increasing will reduce migration time. The volt-
age is changed to 350 mV/cm and 400 mV/cm, the temperatures
of the system are 25 °C and 35 °C while the CD concentrations
are 7.5% and 10% (w/v). The conditions for global optimiza-
tion are defined around the levels that were used previously. The
responses optimized are plate number, asymmetry factor, migra-
tion time and resolution. Therefore the voltages considered are
250 mV/cm and 350 mV/cm, the temperature of the system is
set at 15°C and 25 °C, while the ionic strength of the BGE is
changed to 25 mM and 75 mM, and the CD concentrations are
2.5% and 10% (w/v).

The CE strategy is not only applicable for the separation of
racemic mixtures but was also demonstrated as being useful
for the enantiomeric impurity determination [15]. The resolu-
tion is then preferably at least 3.0 instead of 1.5, due to the
large difference in concentrations between active substance and
enantiomeric impurity.

This CE strategy was applied on a test set of 40 compounds
[7]. The strategy gave an enantioselectivity of 98% (39 com-
pounds out of 40). A baseline separation was achieved for 90%
of the analytes. After the first screening step 29 compounds
were already baseline separated, while the optimization could
separate another 7 new compounds [7].

When no enantioseparation is seen with any of the three HS-
CDs, a dual cyclodextrins system can be tested, which combines
anegatively charged HS-CD with a neutral CD [16]. Combining
the two types of CDs may lead to better separations [17]. In this
dual CD-part of the strategy, basic and non-basic compounds are
treated differently, i.e. different concentrations of background
electrolyte are used. The dual-CD-based strategy also has three
optimization stages analogous to the HSCD-based strategy. For
baseline separated compounds, no further optimization is nec-
essary but a migration time (Mt) optimization can optionally
be performed. For 0 <Rs < 1.5, the resolution is optimized by
varying the concentration of the neutral CD in the BGE at the
levels 5 mM, 25 mM, 50mM and 100 mM. When after apply-
ing the extended strategy (HSCD and dual CD systems) still no
enantioseparation is achieved, it is recommended to use another
technique to develop the separation [16].

3. High-performance liquid chromatography

The second technique for enantioseparation that will be dis-
cussed in this paper is HPLC. In HPLC, enantiomers can also be
separated by adding chiral selectors to the mobile phase using a
conventional achiral column as stationary phase. However, sta-
tionary phases with bonded or coated chiral selectors are more
often used. Many types of chiral stationary phases exist but the
polysaccharide-based CSPs have shown the broadest enantiose-
lectivity so far [18,19]. A very useful property of these CSPs is
the fact that they are developed for different HPLC modes such
as normal- and reversed-phase liquid chromatography. The sta-
tionary phases developed for the latter mode can also be used
in polar organic solvent chromatography (POSC) [12,13]. The

POSC mode is gaining importance in the field of enantiosepa-
rations. Polar organic solvents (such as ethanol, methanol and
acetonitrile) have different advantages. For instance the increas-
ing solubility of some analytes, but also an alternative chiral
recognition mechanism can occur when only polar organic sol-
vents are used [20]. The stationary phases applied in NPLC on
the other hand can also be used in supercritical fluid chromatog-
raphy [11,13].

Literature shows that mainly derivatives of cellulose
and amylose are used and that they are able to separate
more than 80% of the drugs which are currently avail-
able on the market [21-23]. The stationary phases that
are used in the below described strategies have a cellu-
lose tris (3,5-dimethylphenylcarbamate)-, amylose tris (3,5-
dimethylphenylcarbamate)-, cellulose tris (4-methylbenzoate)-
and amylose tris-[(S)-a-methylbenzylcarbamate] as chiral
selectors. These CSPs are better known under their commer-
cial names Chiralcel® OD, Chiralpak® AD, Chiralcel® OJ and
Chiralpak® AS, respectively. Each of the below discussed HPLC
strategies applies UV detection at a wavelength of 220 nm.

3.1. Normal-phase liquid chromatography

In the normal-phase mode strategy the basic compounds are
analyzed separately from the non-basic (see Fig. 2).

The reason is that the selectors are neutral and are most
enantioselective when the analyzed compounds are also neu-
tral. Therefore basic compounds are analyzed at high pH and
the non-basic at low. The used CSPs are the normal-phase ver-
sions of the above mentioned polysaccharides. The first part of
the strategy is a screening step which is based on two experi-
mental designs. The screening of the basic compounds uses a 2>
full factorial design i.e. two factors are examined at two levels,
requiring four experiments. The considered factors are the type
of column, Chiralpak® AD and Chiralcel® OD, and the type of
organic modifier (OM) in the hexane-based mobile phase, i.e.
isopropanol (IPA) and ethanol (EtOH).

[ Nature of compound }

J [ Non-Basic J

2? experimental design

Factors:

-Column type (AD/OD)

-Organic Modifier (IPA/EtOH)

Mobile phase: Hexane/OM/DEA
(90/10/0.1)

Flow rate: 1.0 ml/min

Temperature: 20°C

3 x 2 experimental design

Factors:

-Column tvpe (AD/OJ/OD)

-Organic Modifier (IPA/EtOH)

Mobile phase: Hexane/OM/TFA
(90/10/0.1)

Flow rate: 1.0 ml/min

Temperature: 20°C

Fig. 2. NPLC screening strategy.
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Fig. 3. NPLC optimization steps.

The screening of the non-basic compounds uses a 3 x 2 fac-
torial design. This design includes two factors, one tested at
three levels and the other at two, thus six experiments will be
performed. The column type is now examined at three levels
(Chiralpak® AD, Chiralcel® OJ and Chiralcel® OD) and the type
of OM at two (IPA and EtOH). Other conditions such as tem-
perature, mobile phase contents and flow rate are constant. The
mobile phase also contains an additive which is diethylamine
(DEA) for the basic compounds and trifluoroacetic acid (TFA)
for the non-basic. It is known that the use of mobile phase addi-
tives can be essential to obtain good resolutions and to improve
the column efficiency [21]. Here, they are also used to determine
the pH.

After the screening, an optimization can be carried out
depending on the results [10]. The results of the screening again
can be divided into three categories (see Fig. 3). When immedi-
ately a baseline resolution is obtained, optimization of the peak
shape and/or analysis time can be carried out (optimization 1).
For the optimization of the peak shape, a3 x 2 design is proposed
where the percentage of additive is decreased and examined
at three levels (0.025%, 0.050% and 0.075%) and the analy-
sis temperature at two (15 °C and 25 °C) around the screening
conditions. To optimize the analysis time, first the percentage
of organic modifier is increased and when this is insufficient, a
22 full factorial design is proposed where the temperature and
the flow rate are varied. The temperature is increased (25°C
and 40 °C) while the flow rate depends on the chromatographic
system but is anyway above 0.5 ml/min.

For compounds that are partly separated, optimization 2 is
used to bring them to a baseline separation. This step starts with
the calculation of the retention factor k from the experiment
with the highest resolution in the screening. Depending on the
result different solutions are proposed. When k<1 or k>3 the
percentage organic modifier must be respectively decreased or

increased until 1 <k <5. When no satisfying result is obtained
another technique is recommended. When the wanted result
(1<k<5) is reached, one reconsiders the Rs since chang-
ing the percentage OM has an influence on the selectivity.
When 0<Rs<1.5 a 2% full factorial design is executed. In
this design the concentration of the additive in the mobile
phase is changed between 0.025% and 0.075% (v/v). The sec-
ond factor is the temperature that changes between 5 °C and
15°C. The responses considered are Rs and the number of
the theoretical plates N. For compounds with Rs> 1.5 further
optimization can be executed if wanted. Therefore optimiza-
tion step 1 is performed without changing the percentage OM
since this is already done at the beginning of optimization
2.

After the screening, the Rs of the compounds will be calcu-
lated. When the compounds with the highest Rs have a & that is
already 1 <k <35, the above mentioned 22 full factorial design is
executed. The experiment with the best compromise among the
considered responses is then selected. If acceptable, the opti-
mization stops at this point. If no experiment has acceptable
results, it is recommended to change to another technique. For
an elucidating overview of this strategy we refer to the original
paper [10].

When no beginning of separation is achieved after screen-
ing, the basic compounds are tested with Chiralcel® 0J, a
column that was not included in the screening. When Rs>0
for the basic compounds tested on the OJ column, optimiza-
tion 2 should be executed. However, when still no separation
is obtained, methanol (MeOH) is tested as organic modifier
first on the columns defined in the screening and when still
no resolution is obtained, also on the OJ column. The use of
methanol is evaluated, not only for the basic compounds but
also for the non-basics. When after this step still no separation
is obtained, one is recommended switch to another technique.
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The strategy in NPLC mode was tested for 36 compounds of
which 32 compounds showed enantioselectivity and 24 had a
baseline resolution [8].

3.2. Reversed-phase liquid chromatography

The screening step in the RPLC-mode strategy is a 3 x 2
factorial design (Fig. 4). The factors are the column type
(three levels) i.e. Chiralcel® OD-RH, Chiralcel® OJ-RH and
Chiralpak® AD-RH, and the buffer type (two levels). The letter
‘R’ in RH refers to the reversed-phase types (and the ‘H’ refers
to the particle size i.e. 5 wm) of this polysaccharide CSP’s. The
mobile phase is a mixture of buffer/ acetonitrile 60/40 (v/v).
In general, as already mentioned above, enantiomers are bet-
ter separated on the used columns when they are uncharged
[9]. Therefore the addition of a chaotropic salt, potassium hex-
afluorophosphate (KPFg), to the acidic phosphate buffer (pH
2) is recommended. The PFg~ ion will neutralize the basic
compounds that are positively charged in acidic solutions, by
formation of an ion-pair. This allows analyzing basic compounds
under acidic conditions. The second buffer considered is a borate
buffer at pH 9.

When no enantioselectivity (Rs=0) is seen, the strategy pro-
poses to change the organic modifier type. Acetonitrile (ACN) is
replaced by ethanol, isopropanol and methanol in that sequence.
The solvent strength is kept constant which means that the frac-
tion varies with the modifier used. For each new modifier, the
screening design is executed. When all modifiers are examined
and still no separation is achieved, the strategy recommends to
change the technique.

For compounds that have a beginning of separation
(0<Rs<1.5), the optimization consists of a 22 full factorial
design where the fraction OM and the temperature are decreased
at two levels. When the four experiments prescribed by the
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design still do not result in Rs> 1.5, one is recommended to
switch to another technique. When the Rs is larger than 1.5,
there is a possibility to optimize the retention factor (analysis
time) by optimizing the concentration of the chaotropic salt.

The developed RPLC strategy was tested for eight com-
pounds including basic, acidic, bifunctional and neutral analytes.
After screening and optimisation, seven compounds were base-
line separated [10].

3.3. Polar organic solvent chromatography

In this technique only polar organic solvents are used as
the basis for the mobile phase, while the above reversed-phase
columns are used. Additionally, also a Chiralpak® AS-RH col-
umn is used. The testing sequence of the columns is (1) AD-RH,
(2) OD-RH, (3) AS-RH and (4) OJ-RH (see Fig. 5).

The first screening step includes a sequential screening on
the four columns with two mobile phases, starting with an ace-
tonitrile based mobile phase containing both 0.1% (v/v) DEA
and 0.1% (v/v) TFA. The second mobile phase is a methanol-
based solution with again 0.1% (v/v) DEA as well as 0.1% (v/v)
TFA. The addition of both additives is preferred in this strategy
over their individual use “because it allows good separations
and minimizes memory effects in later separations” [12]. Since
the screening is sequential, the analyst can stop at the moment
where a Rs> 1.5 is reached. When after the first screening step
Rs=0, a second screening step is proposed where 5% IPA is
added to the mobile phase. Experiments are executed using the
columns in the same sequence. If this step does not result in
a (beginning of) separation, the use of another technique is
suggested.

When after this second screening step some separation is
obtained, the same step is used as when 0 <Rs < 1.5 after the first
sequential screening. It recommends an addition of 5% alcohol

3x2 Factorial design

Factors: - column type (OD-RH, OJ-RH, AD-RH)

- buffer type : - 100 mM [KPF] in 50 mM H;PO, pH 2.0
-20 mM H;BO, pH 9.0
Mobile Phase. (buffer/fACN) 60/40 (v/v)

Rs=0

J

0<Rs<1.5

!

Change type of OM
1- EtOH / 2- TPA/ 3- MeOH

A 2 L 4

J{

Optimization

((Rs>15 =
Vary [KPF]

Fig. 4. RPLC strategy.
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e |
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Addition of 3% IPA

Screening 't

S ing 11 : \ Peak shape or Analysis time
Srens ACN basis: IPA > EtOH > MeOH Optimization
MeOH basis: IPA > Butanol > EtOH

(optimization II )

( Rs>0 Rs=0

Change technique

END ]

Bascline optimisation
(optimization | )

Fig. 5. POSC strategy.

to the mobile phase basis that gave the best result. The type and
sequence of alcohols differ depending on the mobile phase basis.
For the acetonitrile-based mobile phase, the proposed sequence
is: isopropanol > ethanol > methanol, while for the methanol-
based mobile phase isopropanol > butanol > ethanol is suggested
[13]. If the result is still not satisfying (Rs < 1.5) an optimization
(I) of the resolution is proposed by means of a 3 x 2 factorial
design. The first factor to be changed is the fraction of organic
modifier. The fraction depends on the mobile phase used i.e. for
the ACN-based mobile phase the organic modifier will be 10%,
15% or 20%. For the MeOH-based mobile phase, it will vary
from 15% over 50% to 85%. The second factor changed is the
temperature which is reduced to 15 °C and 5 °C. When this step
still results in Rs < 1.5, the change to another technique is sug-
gested. If there is a baseline separation after this optimization,
or after the first screening, an optional peak shape or an analysis
time optimization (II) can be executed.

This strategy has been tested on 38 compounds. Enantios-
electivity is observed for 35 compounds (=92%) of which 27
(=71%) were baseline separated [12].

4. Conclusion

Screening and optimization strategies for the separation
of enantiomers in CE and different HPLC modes have been
reviewed. The aim of each strategy was to enable fast chiral
method development for any given compound. This also means
that for specific compounds, the success rate for baseline sep-
aration could be improved when a more thorough optimization
would be applied on the outcome of the strategy.

First, a screening is proposed and depending on the results
optimization steps are suggested. When after the optimization
step no enantioseparation is achieved with the applied technique,
the strategy recommends switching to another. Both, screening

and optimization steps are based on experimental and literature
knowledge.

Only by keeping the strategies up-to-date, they can be used
continuously in the future and global enantioselectivity rates
will further increase. Because numerous new chiral selectors
and CSPs are available or will be marketed, interesting ones,
e.g. CSP with substituted polysaccharides, must be evaluated
on their generic applicability and implemented into the existing
strategies.
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