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Abstract

Different dual selector systems containing a cyclodextrin derivative (methyl-�-cyclodextrin and dimethyl-�-cyclodextrin) and a new diaza-
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rown-ether derivative (N-[2-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)propanoyl]glycine) were studied in the enantiosele
ration of tryptophan-methylester and tyrosine-methylester enantiomers. This paper deals with the systematic study of the effects

he composition of the background electrolyte on the resolution of thed- andl- forms using an experimental design approach. It was foun
he dual systems allowed a better chiral separation of the amino acid derivatives. The experimental design approach also allowe
he separation compared to the starting conditions (center point of the design), which were adopted from a previous study.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The enantioselective separation of chiral molecules has re-
ently become an intensively studied field of analytical and
harmaceutical research. The fact that the different stereo

somers of a compound may result in completely different
harmacokinetic, pharmacodynamic or even toxic effects in

he human body is well known, and its importance makes the
tudy of this topic even more urgent[1]. The use of single
somer drugs, which is also strongly recommended by reg-
latory authorities by defining more strict requirements to
atent new racemic drugs, is an additional encouragement to
evelop enantioselective separation methods[2]. The large-
cale production of chiral pharmaceutical products arose the
eed for developing reliable analytical techniques, which can
e useful at every stage of drug production, including the anal-
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ysis of starting materials (e.g. the amino acid derivatives
amined here), control of asymmetric synthesis and the qu
control of the end product.

Enantioselective separation methods were devel
using various techniques (gas chromatography, thin-
chromatography, supercritical fluid chromatography, ele
migration methods, liquid–liquid extraction, etc.) but
most widely used methods are high-performance li
chromatography (HPLC) and capillary electrophoresis (
[3–5].

Chiral separations in CE are based on the formation o
astereomeric complexes between the enantiomers and
ral selector, which is added to the background electro
The most popular chiral selectors are cyclodextrins[6–13],
since they are non-UV absorbent, commercially availa
stable, environment-friendly and they are usually solub
the background electrolyte.

Crown-ethers are successfully applied in the separ
of positively charged particles, but their stereoselectivi
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limited [14]. With the introduction of four carboxylic-acid
groups they can be used as chiral selectors for the separation
of enantiomers containing primary amine functional groups
[15–17].

Furthermore, the use of background electrolytes combin-
ing cyclodextrins and crown-ethers—both chiral and non-
chiral—has been reported for various separations[18–20].
The effect of the crown-ether on the resolution is positive in
most cases, but sometimes—depending on the substrates and
the cyclodextrin—no effect or a decreased enantioselectiv-
ity is observed. The three species (analyte, CD and crown-
ether) form a difficult multi-complex system, where possibly
a three-body complex is responsible for the enantiorecogni-
tion [14].

Iványi et al.[21] showed that newly synthesized diaza-
crown-ethers individually did not have the ability to achieve
chiral separation of some amino acid derivatives. Their use
in dual selector systems with cyclodextrin-containing back-
ground electrolytes induced better results, than using cy-
clodextrin alone. They also investigated the substitution
of 1,4,7,10,13,16-hexaoxacyclooctadecane (18C6) with the
diaza-crown-ether in dual selector systems, and in most cases
the use of diaza-crown-ether proved to be more efficient. A
possible explanation given is the following: at low pH values
both the N atoms of the amino-group of the diaza-crown-ether
are positively charged. During the formation of the three-
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develop a method that can be used routinely for specific ap-
plications, method validation was not considered after the
optimization step.

2. Materials and methods

2.1. Chemical

d,l-Tryptophan-methylester hydrochloride (TrMe),d,l-
tyrosine-methylester hydrochloride (TyMe) and methyl-
�-cyclodextrin (Me-�CD) were purchased from Sigma
(St. Louis, MO, USA), and d-tryptophan-methylester
from Aldrich (Steinheim, Germany). Hydroxypropyl-�-
cyclodextrin (HP-�-CD), dimethyl-�-cyclodextrin (diMe-�
CD) were gifts from Beckman (Fullerton, CA, USA). 18-
crown-6 (18C6) andortho-phosphoric acid were obtained
from Fluka Chemie (Bornem, Belgium), NaH2PO4 was ob-
tained from Merck (Darmstadt, Germany).N-[2-(1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)propanoyl]-glycine
(RS-1) was synthesized in our laboratory. Water was purified
by a Milli-Q system (Millipore, Milford, MA, USA).

2.2. Instrumentation

The pH was measured with an Orion 520A (Boston, MA,
U
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ember complex between the cyclodextrin, the diaza-cr
ther and the amino acid, one proton leaves the comple

o its electronic overload. This would stabilize the comp
nd lead to a stronger three-member interaction and enh
nantioselectivity. The results were compared with thos
rmstrong et al.[14], where cyclodextrins and 18C6 syste
ere used. Therefore, the same separation conditions
pplied, which were not necessarily optimal for the ac
ual systems[21].

The goal of this paper is to further study the newly in
uced diaza-crown-ethers in CE separations. Therefor

nfluence of their concentration in the background electro
nd occasionally of their interaction with other parame
e.g. CD concentration) on the separation of tyros
ethylester (TyMe) and tryptophane-methylester (Tr

somers is evaluated from the response surfaces obtaine
he execution of an experimental design. This should le
ore optimal separation conditions than those applied in[21].
TrMe and TyMe were selected as model compound

he type of chiral substances that could be separated b
pproach of Refs.[14] and [21]. The importance of thes
mino acid derivatives lies in their application as build
locks in combinatorial chemical processes.

A second objective is to optimize and improve the s
ration conditions of[21]. A three-factor central compos
esign[22], with the cyclodextrin concentration, crown-et
oncentration and buffer concentration as factors, was
uted for these purposes. The considered responses we
lution and migration time. As the focus of this paper

n improving the already existing separation rather tha
-

SA) pH meter.
All experiments were carried out on a SpectraPHO

IS ULTRA device with a SpectraPHORESIS vial ser
V3000 UV–vis detector and SN4000 communication

erface (Thermo Separation Products, San Jose, CA). F
eparation a 56.5 cm long (50.00 cm effective length), 75�m
iameter uncoated fused-silica capillary (Composite M
ervices, Ilkley, UK) was used.
Samples were injected hydrostatically using positive p

ure of 0.8 psi for 2 s (injected volume is 6.7 nL). Further
erimental conditions were a 15 kV analyzing voltage, 2◦C
ontrolled temperature and 3-wavelength detection (218
nd 254 nm). Before each separation, the capillary was r
ith the running electrolyte for 2 min, while at buffer chan
2 min conditioning with, consecutively, 0.1 M NaOH a
illiQ water, and a 5 min wash with the new running el

rolyte were applied.

.3. Electrolytes and sample preparation

The various phosphate buffers concentrations of pH
ere prepared by adjusting the pH of a NaH2PO4 solution
aving the desired concentration with the same concentr
rtho-phosphoric acid.

The background electrolytes were kept in an ultras
ath for 10 min to dissolve the chiral selectors, and then
ltered through a 0.45�m nylon syringe filter (Chromafi
acherey-Nagel, D̈uren, Germany). Before use they w
laced again in the ultrasonic bath for 15 min in orde
egas.
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Table 1
Central composite design for three factors and resulting conditions

Experiment Experimental design levels Experimental design conditions

[CD] [RS-1] [Buffer] [CD] (mM) [RS-1] (mM) [Buffer] (mM)

1 −1 −1 −1 20 20 30
2 +1 −1 −1 40 20 30
3 −1 +1 −1 20 40 30
4 +1 +1 −1 40 40 30
5 −1 −1 +1 20 20 70
6 +1 −1 +1 40 20 70
7 −1 +1 +1 20 40 70
8 +1 +1 +1 40 40 70
9 −1.68 0 0 13.2 30 50

10 1.68 0 0 46.8 30 50
11 0 −1.68 0 30 13.2 50
12 0 1.68 0 30 46.8 50
13 0 0 −1.68 30 30 16.4
14 0 0 1.68 30 30 83.6
15 0 0 0 30 30 50

[CD], cyclodextrin concentration; [RS-1], N-[2-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl) propanoyl] glycine concentration; [buffer], buffer concen-
tration.

Stock solutions of the racemic compounds were made by
dissolving them in a concentration of 1 mg/ml (a small excess
of thed-enantiomer of tryptophan-methylester was used) in
Milli-Q water. The stock solution of TrMe was 5-fold di-
luted because of its higher molar absorbance. Before use, the
sample solutions were filtered also through a 0.45�m nylon
syringe filter (Chromafil, Macherey-Nagel, Düren, Germany)
and then degassed in an ultrasonic bath.

2.4. Experimental design

In order to examine the impact of the changes in com-
position of the background electrolyte on resolution and mi-
gration time, a five-level, spherical, central composite design
for three factors was created, which requires 15 experiments
(Table 1). The three factors wereRS-1 concentration, buffer
concentration and cyclodextrin concentration.

The Nemrod software (LPRAI, Marseille, France) was
used for the creation of the design. After its execution, data
treatment and drawing response surfaces was done with the
same software.

3. Results and discussion

The experimental domain examined was defined starting
f -
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h
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l

y

wherey represents the response,x1, x2, x3 the factors andbij
the regression coefficients of the model.

Two amino acid derivatives TrMe and TyMe were
chosen to study the impact of the above mentioned con-
centration changes. The experiments at the central point
conditions of the design gave similar results to the res-
olutions observed by Iv́anyi et al [21]. These conditions
were possible starting points for method optimization, since
in none of the described cases baseline separation was
achieved.

3.1. Optimization of the separation of TrMe with the
dual system Me-βCD+RS-1

In Fig. 1 the resolution (a) and the migration time (b)
are plotted as a function of theRS-1 and CD concentrations.
The buffer concentration was kept constant (50 mM). The
increase of both the cyclodextrin and the diaza-crown-ether
concentrations results in an increased resolution (Rs), but
at higher concentrations of the selectors the migration time
(Tm) increases fast, which can be detrimental from a prac-
tical point of view. At lowRS-1 concentrationTm is only
slightly affected by the cyclodextrin concentration, but when
the amount ofRS-1 in the solution is high, the effect of the
cyclodextrin concentration onTm becomes much more im-
p

t
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rom the conditions used by Iványi et al[21], and the cen
ral point of the design was chosen equal to the condi
sed in their studies (Table 1). The +� extreme level of th
yclodextrins was determined by their solubility limits, a
ence, the +� level ofRS-1 was set similarly.

For the responses (resolution and migration time) the
owing model was determined:

= b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3

+b23x2x3 + b11x
2
1 + b22x

2
2 + b33x

2
3 (1)
ortant (Fig. 1b).
The shape of the response surface inFig. 1a shows tha

here is no interaction between cyclodextrin andRS-1concen
rations. However, for the responseTm (Fig. 1b), we observ
n interaction effect between the factors, since the effe

he CD concentration is depending on theRS-1concentration
nd vice versa.

A minimum in migration time is observed at lowRS-1
nd medium CD concentration. However, in this domain
lution is insufficient (below 0.5). The optimum in the
erimental domain can be defined around point A (Fig. 1).
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Fig. 1. Resolution (a) and migration time (b) of TrMe enantiomers as a function ofRS-1 and Me-�CD concentrations at constant buffer concentration (50 mM).
Points A and B: see text.

In point B, we get a similar resolution (around 1), while the
migration time is much longer (seeFig. 1b).

Fig. 2represents the resolutions as a function of buffer and
RS-1 concentration (a) and of buffer and CD concentration
(b). The third factor was kept constant. When the CD con-
centration is kept constant (30 mM) (Fig. 2a), the resolution
slightly increases with increasingRS-1 concentration, as was
already noticed inFig. 1. The influence of the buffer con-
centration on the resolution was found to be low. The EOF
increased as a function of buffer concentration, which gener-
ates shorter migration times and a decreased resolution. This
is contradictory to what one would theoretically expect[10],
i.e. a decrease of EOF as a function of the ionic strength, and
hence the buffer concentration.

Fig. 2b shows that at high CD concentrations there is no
clear effect of the buffer concentration on the resolution,
while at low CD concentrations it has a negative effect. It
can, therefore, be concluded that there is an interaction effect
between buffer and cyclodextrin concentration.

At constant buffer andRS-1 concentrations, the Rs as
a function of the cyclodextrin concentration seems to go
through a maximum. This can be observed inFigs. 1a and 2b.
This seems to be similar to the curves found by Wren and
Rowe [23] for situations where only cyclodextrin is used
in the background electrolyte and where Rs is also going
through a maximum.

Table 2
Influence of different selectors on resolution and migration time of TrMe
and TyMe enantiomers

Selector Tryptophan-methylester Tyrosine-methylester

Rs Tm (min) Rs Tm (min)

Me-�CD +RS-1 0.99 38.6 1.15 31.42
Me-�CD 0.075 13.9 0 13.4
Me-�CD + 18C6 0 15.0 0.9 18.2

[CD, RS-1, buffer, 18C6] = 50 mM.

In summary, it can be said from the response surfaces
that within the examined domain addition ofRS-1 in dual
systems with Me-�CD improves the separation, but increases
the migration time. Buffer concentration has a minor effect
on the separation, at least in the parts of the experimental
domain where Rs is higher. However, the best predicted Rs in
the experimental domain examined still remained moderate,
i.e. around one.

To test the efficiency of the Me-�CD +RS-1 dual selector
system compared to the single Me-�CD and the dual Me-
�CD + 18C6 containing background electrolytes, some ex-
periments were carried out in the conditions describing point
B of Fig. 1. The results are given inTable 2, a typical elec-
tropherogram is shown inFig. 3.

In the comparison of three different systems, the use of
the dual Me-�CD +RS-1combination proved to be most effi-

F centra trin
a

ig. 2. Resolution of TrMe enantiomers as a function ofRS-1and buffer con
ndRS-1 concentrations, respectively (30 mM).
tions (a) and of buffer and Me-�CD concentrations (b) at constant cyclodex
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Fig. 3. Separation of the TrMe enantiomers in a dual Me-�CD andRS-
1 system [CD,RS-1, buffer] = 50 mM. Other experimental conditions: see
text.

cient. WithoutRS-1 in solution, the cyclodextrin causes some
separation, but the Rs is one order of magnitude less, while for
the dual Me-�CD + 18C6 system even this minor separation
disappeared. The separation under the optimized conditions
(Rs 0.99) is better than in the center point (Rs 0.74). However,
it is not better than the one reported in[21] (Rs 1.01). This
difference in results at center point conditions may be due
to reproducibility problems, which in CE can occur when a
given method is transferred between instruments, operators
or laboratories[24].

The results of experiments with singleRS-1 and 18C6 as
chiral selector are not shown, because—in accordance with
the results of Iv́anyi et al.[21]—they do not exhibit enan-
tiomer Rs in any condition examined in this paper.

3.2. Optimization of the separation of TyMe with the
dual system Me-βCD+RS-1

Using the same design to examine the separation of
tyrosine-methylester, clearly different results were obtained
(Fig. 4). The response surfaces of Rs as a function ofRS-1
and CD concentrations and as a function of buffer and CD
concentrations show a minimum. The behavior of Rs as a
function of the CD concentration is not similar to the curves

Fig. 5. Separation of the TyMe enantiomers in a dual Me-�CD andRS-
1 system. [CD,RS-1, buffer] = 50 mM. Other experimental conditions: see
text.

found by Wren and Rowe. The explanation of this minimum
is beyond the scope of this article, but anyway it draws one’s
attention to the diverse behavior of the same systems towards
different substrates (see alsoFigs. 1 and 2).

As can be seen onFig. 4a, there is a large difference be-
tween the Rs values in points A and B as compared toFig. 1.
Generally, the two enantiomers can be separated more ef-
ficiently here, but the system is less robust, i.e. it is more
sensitive to the changes in the measuring conditions.

In summary, the occurrence ofRS-1 improves again
separations in dual systems, especially at high CD concent-
rations.

In the particular case of TyMe, the outcome of the same
separation conditions as executed for TrMe is summarized in
Table 2. The chiral recognition ability of the 18C6 + Me-�CD
system is significantly increased for this substance, while
with a single cyclodextrin-containing background electrolyte
system no separation was observed. The Me-�CD +RS-1 se-
lector combination still provides the best potential to separate
the enantiomers (seeFig. 5). The obtained Rs (1.15) is similar
to that in[21] at center point conditions, but much better than
the center point result of the actual design. These differences
again can be attributed to the earlier mentioned reproducibil-

F -�CD c buffer
a

ig. 4. Resolution ofd andl isomers of TyMe as a function ofRS-1 and Me
ndRS-1 concentrations, respectively (30 mM).
oncentrations (a), and of buffer and CD concentration (b) at constant
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Fig. 6. Resolution ofd andl isomers of TrMe as a function ofRS-1 and diMe-�CD concentrations (a), and of buffer andRS-1 concentrations (b) at constant
buffer and CD concentration, respectively (30 mM).

ity problem occurring with some CE separations[24]. The
tendency for the differences observed with[21] is similar as
observed in Section3.1. However, as the main aim of this
study was to evaluate the effect of the different factors on the
separation, the experimental design approach allowed defin-
ing more optimal separation conditions than at center point
level of the actual situation.

3.3. Optimization of the separation of TrMe with the
dual system diMe-βCD+RS-1

Changing methyl-�-cyclodextrin to its dimethyl analogue
alters the properties of the background electrolyte, which re-
sults itself in different Rs results (Fig. 6versusFigs. 1 and 2).
The use of diMe-�CD acts beneficial upon the separation of
the TrMe enantiomers. In contrast to the use of Me-�CD the
Rs values are above 1 in the whole experimental domain. At
lowRS-1 concentrations the increasing CD concentration re-
sults in a slight loss of Rs. However, an interaction between
the two selectors can be observed, because at highRS-1 con-
centrations the higher CD concentration is favourable in order
to separate the enantiomers.

The reaction conditions (derived from Nemrod) and the
results achieved in the single CD, the CD + 18C6 and the
CD +RS-1containing systems, are shown inTable 3. In com-
parison to the other studied systems, the use of the diMe-
� the

T
I rMe
e

S

d
d
d

[
4

separation of TrMe enantiomers. InFig. 7, the electrophero-
gram of the best separation can be seen.

The Rs value (1.93) is much higher than at nominal level
(1.22), and a clear baseline separation was observed.

3.4. Optimization of the separation of TyMe with the
dual system diMe-βCD+RS-1

As for the separation of TrMe, the change in cyclodextrin
altered the complex-formation in the background electrolyte,
which can be observed from the response surfaces (Fig. 8
versusFig. 4). The best Rs values are lower than those
obtained with Me-�CD and no minimum was observed in
the response surface. The efficiency of the selector system
increases largely when the concentrations ofRS-1 and
mainly diMe-�CD are increased, while an increase in the
buffer concentration has a small but negative impact on
the Rs. The electropherogram measured in the optimum
region (high CD andRS-1 concentrations and low buffer
concentration) and resulting in Rs of 1.05 is shown in
Fig. 9.

F
1 r
e

CD +RS-1 dual system is by far the most effective in

able 3
nfluence of different selectors on resolution and migration time of T
nantiomers

elector Tryptophan-methylester

Rs Tm (min)

iMe-�CD +RS-1 1.93 44.53
iMe-�CD 0.685 18.9
iMe-�CD + 18C6 0 22.5

CD] = 28.6 mM; [RS-1] = 47.0 mM; [buffer] = 44.7 mM; [18C6] =
7.0 mM.
ig. 7. Separation of the TrMe enantiomers in a dual diMe-�CD andRS-
system. [CD] = 28.6 mM, [RS-1] = 47 mM and [buffer] = 44.7 mM. Othe
xperimental values: see text.
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Fig. 8. Resolution of TyMe enantiomers as a function of diMe-�CD and buffer concentrations (a), and of CD andRS-1 concentrations (b) at constantRS-1 and
buffer concentration (30 mM and 50 mM), respectively.

Fig. 9. Separation of TyMe enantiomers in presence of diMe-�CD andRS-1
selectors. [CD] = 40 mM, [RS-1] = 40 mM and [buffer] = 30 mM.

4. Conclusion

In this study, different dual selector systems containing cy-
clodextrin derivatives (methyl-�-cyclodextrin and dimethyl-
�-cyclodextrin) and a new diaza-crown-ether derivative were
studied in the enantioselective separation of tryptophan-
methylester and tyrosine-methylester enantiomers by means
of capillary electrophoresis. The dual system results were
compared with CD + 18C6 containing systems, and the sin-
gle CD system. The response surfaces showed that, in gen-
eral,RS-1 has a positive influence on the selectivity. How-
ever, migration times also increased using the dual sys-
tem. At optimal conditions baseline separation was not al-
ways obtained. However, the use ofRS-1+ CD dual se-
lector systems resulted always in better resolutions than
the other systems tested and than the starting point of
the development (centre point of the design). The use of
methyl-�-cyclodextrin +RS-1 proved to be more success-
ful in the separation of tryptophan-methylester isomers,
while the use of dimethyl-�-cyclodextrin +RS-1 gave bet-
ter results in the separation of tyrosine-methylester iso-
mers. Our results demonstrated that the new diaza-crown-
ether derivative might be a helpful tool to improve the sep-
aration of amino acids and their derivatives, when used

in dual systems with a cyclodextrin derivative as second
selector.
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