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Abstract

Different dual selector systems containing a cyclodextrin derivative (m@ttylelodextrin and dimethyg-cyclodextrin) and a new diaza-
crown-ether derivativeN-[2-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)propanoyl]glycine) were studied in the enantioselective sep-
aration of tryptophan-methylester and tyrosine-methylester enantiomers. This paper deals with the systematic study of the effects of changing
the composition of the background electrolyte on the resolution afthadL- forms using an experimental design approach. It was found that
the dual systems allowed a better chiral separation of the amino acid derivatives. The experimental design approach also allowed improving
the 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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1. Introduction ysis of starting materials (e.g. the amino acid derivatives ex-
amined here), control of asymmetric synthesis and the quality
The enantioselective separation of chiral molecules has re-control of the end product.
cently become an intensively studied field of analytical and  Enantioselective separation methods were developed
pharmaceutical research. The fact that the different stereousing various techniques (gas chromatography, thin-layer
isomers of a compound may result in completely different chromatography, supercritical fluid chromatography, electro-
pharmacokinetic, pharmacodynamic or even toxic effects in migration methods, liquid—liquid extraction, etc.) but the
the human body is well known, and its importance makes the most widely used methods are high-performance liquid
study of this topic even more urgefif]. The use of single  chromatography (HPLC) and capillary electrophoresis (CE)
isomer drugs, which is also strongly recommended by reg- [3-5].
ulatory authorities by defining more strict requirements to  Chiral separations in CE are based on the formation of di-
patent new racemic drugs, is an additional encouragement toastereomeric complexes between the enantiomers and a chi-
develop enantioselective separation meth@{isThe large- ral selector, which is added to the background electrolyte.
scale production of chiral pharmaceutical products arose theThe most popular chiral selectors are cyclodextfgsl3],
need for developing reliable analytical techniques, which can since they are non-UV absorbent, commercially available,
be useful at every stage of drug production, including the anal- stable, environment-friendly and they are usually soluble in
the background electrolyte.
* Corresponding author. Tel.: +32 2 477 47 34; fax: +32 2 477 4735. Crown-ethers are successfully applied in the separation
E-mail addressyvanvdh@vub.ac.be (Y.V. Heyden). of positively charged particles, but their stereoselectivity is
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limited [14]. With the introduction of four carboxylic-acid  develop a method that can be used routinely for specific ap-
groups they can be used as chiral selectors for the separatiomplications, method validation was not considered after the
of enantiomers containing primary amine functional groups optimization step.
[15-17]
Furthermore, the use of background electrolytes combin-
ing cyclodextrins and crown-ethers—both chiral and non- 2. Materials and methods
chiral—has been reported for various separatid@s-20]
The effect of the crown-ether on the resolution is positive in 2.1. Chemical
most cases, but sometimes—depending on the substrates and
the cyclodextrin—no effect or a decreased enantioselectiv-  p,L-Tryptophan-methylester hydrochloride (TrMe),L-
ity is observed. The three species (analyte, CD and crown-tyrosine-methylester hydrochloride (TyMe) and methyl-
ether) form a difficult multi-complex system, where possibly B-cyclodextrin (MeBCD) were purchased from Sigma
a three-body complex is responsible for the enantiorecogni- (St. Louis, MO, USA), andb-tryptophan-methylester
tion [14]. from Aldrich (Steinheim, Germany). Hydroxypropgk
Ivanyi et al.[21] showed that newly synthesized diaza- cyclodextrin (HPB-CD), dimethylg-cyclodextrin (diMep
crown-ethers individually did not have the ability to achieve CD) were gifts from Beckman (Fullerton, CA, USA). 18-
chiral separation of some amino acid derivatives. Their use crown-6 (18C6) andrtho-phosphoric acid were obtained
in dual selector systems with cyclodextrin-containing back- from Fluka Chemie (Bornem, Belgium), NaFO, was ob-
ground electrolytes induced better results, than using cy- tained from Merck (Darmstadt, German\:[2-(1,4,10,13-
clodextrin alone. They also investigated the substitution tetraoxa-7,16-diazacyclooctadecan-7-yl)propanoyl]-glycine
of 1,4,7,10,13,16-hexaoxacyclooctadecane (18C6) with the(RS1) was synthesized in our laboratory. Water was purified
diaza-crown-ether in dual selector systems, and in most casedy a Milli-Q system (Millipore, Milford, MA, USA).
the use of diaza-crown-ether proved to be more efficient. A
possible explanation given is the following: at low pH values 2.2. Instrumentation
both the N atoms of the amino-group of the diaza-crown-ether
are positively charged. During the formation of the three-  The pH was measured with an Orion 520A (Boston, MA,
member complex between the cyclodextrin, the diaza-crown- USA) pH meter.
ether and the amino acid, one proton leaves the complex due All experiments were carried out on a SpectraPHORE-
to its electronic overload. This would stabilize the complex, SIS ULTRA device with a SpectraPHORESIS vial server,
and lead to a stronger three-member interaction and enhancet) V3000 UV-vis detector and SN4000 communication in-
enantioselectivity. The results were compared with those of terface (Thermo Separation Products, San Jose, CA). For the
Armstrong et al[14], where cyclodextrins and 18C6 systems separation a 56.5 cm long (50.00 cm effective length)yitb
were used. Therefore, the same separation conditions weraliameter uncoated fused-silica capillary (Composite Metal
applied, which were not necessarily optimal for the actual Services, llkley, UK) was used.
dual system§21]. Samples were injected hydrostatically using positive pres-
The goal of this paper is to further study the newly intro- sure of 0.8 psi for 2 s (injected volume is 6.7 nL). Further ex-
duced diaza-crown-ethers in CE separations. Therefore, theperimental conditions were a 15 kV analyzing voltage; 25
influence of their concentration in the background electrolyte controlled temperature and 3-wavelength detection (218, 236
and occasionally of their interaction with other parameters and 254 nm). Before each separation, the capillary was rinsed
(e.g. CD concentration) on the separation of tyrosine- with the running electrolyte for 2 min, while at buffer change
methylester (TyMe) and tryptophane-methylester (TrMe) a 2 min conditioning with, consecutively, 0.1 M NaOH and
isomersis evaluated from the response surfaces obtained fronMilliQ water, and a 5 min wash with the new running elec-
the execution of an experimental design. This should lead totrolyte were applied.
more optimal separation conditions than those appligilih
TrMe and TyMe were selected as model compounds for 2.3. Electrolytes and sample preparation
the type of chiral substances that could be separated by the
approach of Refg[14] and[21]. The importance of these The various phosphate buffers concentrations of pH 2.27
amino acid derivatives lies in their application as building were prepared by adjusting the pH of a N&t, solution
blocks in combinatorial chemical processes. having the desired concentration with the same concentration
A second objective is to optimize and improve the sep- ortho-phosphoric acid.
aration conditions of21]. A three-factor central composite The background electrolytes were kept in an ultrasonic
design22], with the cyclodextrin concentration, crown-ether bath for 10 min to dissolve the chiral selectors, and then were
concentration and buffer concentration as factors, was exe-filtered through a 0.4hm nylon syringe filter (Chromafil,
cuted for these purposes. The considered responses were re$dacherey-Nagel, Dren, Germany). Before use they were
olution and migration time. As the focus of this paper lies placed again in the ultrasonic bath for 15min in order to
in improving the already existing separation rather than to degas.
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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 0 132 30 50

10 168 0 0 468 30 50

11 0 —1.68 0 30 132 50

12 0 168 0 30 468 50

13 0 0 —1.68 30 30 164

14 0 0 168 30 30 8%

15 0 0 0 30 30 50

[CD], cyclodextrin concentration; [R], 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 wherey represents the response, xz, X3 the factors andb
dissolving them in a concentration of 1 mg/ml (a small excess the regression coefficients of the model.
of the p-enantiomer of tryptophan-methylester was used) in  Two amino acid derivatives TrMe and TyMe were
Milli-Q water. The stock solution of TrMe was 5-fold di- chosen to study the impact of the above mentioned con-
luted because of its higher molar absorbance. Before use, theentration changes. The experiments at the central point

sample solutions were filtered also through a Qu#bnylon conditions of the design gave similar results to the res-
syringe filter (Chromafil, Macherey-Nageliigen, Germany)  olutions observed by Bnyi et al[21]. These conditions
and then degassed in an ultrasonic bath. were possible starting points for method optimization, since

in none of the described cases baseline separation was
2.4. Experimental design achieved.

In order to examine the impact of the changes in com- 3.1, Optimization of the separation of TrMe with the
position of the background electrolyte on resolution and mi- dual system MgCD + RS4

gration time, a five-level, spherical, central composite design
for three factors was created, which requires 15 experiments  |n Fig. 1 the resolution (a) and the migration time (b)
(Table ). The three factors wer@S1 concentration, buffer  are plotted as a function of tHeS1 and CD concentrations.
concentration and cyclodextrin concentration. The buffer concentration was kept constant (50 mM). The
The Nemrod software (LPRAI, Marseille, France) was increase of both the cyclodextrin and the diaza-crown-ether
used for the creation of the design. After its execution, data concentrations results in an increased resolution (Rs), but
treatment and drawing response surfaces was done with theyt higher concentrations of the selectors the migration time
same software. (Tm) increases fast, which can be detrimental from a prac-
tical point of view. At low RS4 concentrationTy, is only
slightly affected by the cyclodextrin concentration, but when
3. Results and discussion the amount oRS4 in the solution is high, the effect of the
cyclodextrin concentration ofi,, becomes much more im-
The experimental domain examined was defined starting portant Fig. 1b).
from the conditions used by &nyi et al[21], and the cen- The shape of the response surfacéig. 1a shows that
tral point of the design was chosen equal to the conditions there is no interaction between cyclodextrin &8l concen-
used in their studiesTable 3. The + extreme level of the  trations. However, for the respon$g (Fig. 1b), we observe
cyclodextrins was determined by their solubility limits, and  an interaction effect between the factors, since the effect of

hence, the & level of RS1 was set similarly. the CD concentration is depending on R®1 concentration
For the responses (resolution and migration time) the fol- gnd vice versa.
lowing model was determined: A minimum in migration time is observed at loRS1

and medium CD concentration. However, in this domain res-
olution is insufficient (below 0.5). The optimum in the ex-
+bo3x2x3 + b11x + baox3 + bagx3 1) perimental domain can be defined around pointAy( 1).

y = bo + bix1 + boxp + baxz + biox1x2 + b13x1x3
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[CD]

(a)

Fig. 1. Resolution (a) and migration time (b) of TrMe enantiomers as a functiB&afand MegCD 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 Table 2
migration time is much Ionger (Sﬁg Jb) Influence of different selectors on resolution and migration time of TrMe

Fig. 2represents the resolutions as a function of buffer and and TyMe enantiomers

RS4 concentration (a) and of buffer and CD concentration Selector Tryptophan-methylester  Tyrosine-methylester
(b). The third factor was kept constant. When the CD con- Rs Tm (Min) Rs  Tm (min)
centration is kept constant (30 mMyjig. 2a), the resolution  yegcp+rRs1 099 386 115 3142

slightly increases with increasim®S4 concentration, aswas  Me-CD 0075 139 0 134

already noticed irFig. 1 The influence of the buffer con- Me-CD+18C6 0 150 09 182

centration on the resolution was found to be low. The EOF [CD, RS1, buffer, 18C6]=50 mM.
increased as a function of buffer concentration, which gener-
ates shorter migration times and a decreased resolution. This In summary, it can be said from the response surfaces

is contradictory to what one would theoretically expid€l], that within the examined domain addition BS4 in dual
i.e. a decrease of EOF as a function of the ionic strength, andsystems with Meg3CD improves the separation, butincreases
hence the buffer concentration. the migration time. Buffer concentration has a minor effect

Fig. 2b shows that at high CD concentrations there is no on the separation, at least in the parts of the experimental
clear effect of the buffer concentration on the resolution, domain where Rs is higher. However, the best predicted Rs in
while at low CD concentrations it has a negative effect. It the experimental domain examined still remained moderate,
can, therefore, be concluded that there is an interaction effecti.e. around one.
between buffer and cyclodextrin concentration. To test the efficiency of the MBCD +RS4 dual selector

At constant buffer andRS4 concentrations, the Rs as  system compared to the single &D and the dual Me-

a function of the cyclodextrin concentration seems to go CD +18C6 containing background electrolytes, some ex-
through a maximum. This can be observeHigs. 1a and 2b periments were carried out in the conditions describing point
This seems to be similar to the curves found by Wren and B of Fig. 1L The results are given ifable 2 a typical elec-
Rowe [23] for situations where only cyclodextrin is used tropherogram is shown iRig. 3.

in the background electrolyte and where Rs is also going In the comparison of three different systems, the use of
through a maximum. the dual MeBCD +RS4 combination proved to be most effi-
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Fig. 2. Resolution of TrMe enantiomers as a functioR8f1 and buffer concentrations (a) and of buffer and @b concentrations (b) at constant cyclodextrin
andRS1 concentrations, respectively (30 mM).
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Fig. 3. Separation of the TrMe enantiomers in a dual BGD andRS Fig. 5. Separation of the TyMe enantiomers in a dual B@D andRS
1 system [CD,RS1, buffer]=50 mM. Other experimental conditions: see system. [CDRS1, buffer] =50 mM. Other experimental conditions: see
text.
text.

cient. WithoutRS4 in solution, the cyclodextrin causes some
separation, but the Rs is one order of magnitude less, while forfound by Wren and Rowe. The explanation of this minimum
the dual MeBCD + 18C6 system even this minor separation is beyond the scope of this article, but anyway it draws one’s
disappeared. The separation under the optimized conditionsattention to the diverse behavior of the same systems towards
(Rs 0.99) is better than in the center point (Rs 0.74). However, different substrates (see al6ms. 1 and 2
it is not better than the one reported[#1] (Rs 1.01). This As can be seen oRig. 4a, there is a large difference be-
difference in results at center point conditions may be due tween the Rs values in points A and B as comparédédol
to reproducibility problems, which in CE can occur when a Generally, the two enantiomers can be separated more ef-
given method is transferred between instruments, operatordficiently here, but the system is less robust, i.e. it is more
or laboratorie$24]. sensitive to the changes in the measuring conditions.

The results of experiments with singRS4 and 18C6 as In summary, the occurrence d&S4 improves again
chiral selector are not shown, because—in accordance withseparations in dual systems, especially at high CD concent-
the results of lanyi et al.[21]—they do not exhibit enan-  rations.

tiomer Rs in any condition examined in this paper. In the particular case of TyMe, the outcome of the same
separation conditions as executed for TrMe is summarized in

3.2. Optimization of the separation of TyMe with the Table 2 The chiral recognition ability of the 18C6 + MgcD

dual system MgCD + RS4 system is significantly increased for this substance, while

with a single cyclodextrin-containing background electrolyte
Using the same design to examine the separation of system no separation was observed. Thepd@® +RS4 se-
tyrosine-methylester, clearly different results were obtained lector combination still provides the best potential to separate
(Fig. 4). The response surfaces of Rs as a functioR84 the enantiomers (sédg. 5). The obtained Rs (1.15) is similar
and CD concentrations and as a function of buffer and CD to that in[21] at center point conditions, but much better than
concentrations show a minimum. The behavior of Rs as athe center point result of the actual design. These differences
function of the CD concentration is not similar to the curves again can be attributed to the earlier mentioned reproducibil-

(A
Q"ﬁ.‘?"[’
sl i)
L

Fig. 4. Resolution ob andL isomers of TyMe as a function &S 1 and MeCD concentrations (a), and of buffer and CD concentration (b) at constant buffer
andRS1 concentrations, respectively (30 mM).
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Fig. 6. Resolution ofy andL isomers of TrMe as a function &¥S1 and diMe8CD concentrations (a), and of buffer aR&1 concentrations (b) at constant
buffer and CD concentration, respectively (30 mM).

ity problem occurring with some CE separatid@g]. The separation of TrMe enantiomers. fiig. 7, the electrophero-
tendency for the differences observed WRi] is similar as gram of the best separation can be seen.

observed in SectioB.1 However, as the main aim of this The Rs value (1.93) is much higher than at nominal level
study was to evaluate the effect of the different factors on the (1.22), and a clear baseline separation was observed.
separation, the experimental design approach allowed defin-

ing more optimal separation conditions than at center point 3 4. Optimization of the separation of TyMe with the

level of the actual situation. dual system diMgCD + RS1
3.3. Optimization of the separation of TrMe with the As for the separation of TrMe, the change in cyclodextrin
dual system diMgCD + RS1 altered the complex-formation in the background electrolyte,

which can be observed from the response surfaEep 8

Changing methyB-cyclodextrin to its dimethyl analogue  yersusFig. 4). The best Rs values are lower than those
alters the properties of the background electrolyte, which re- gptained with MeBCD and no minimum was observed in
sults itself in different Rs result§(g. 6versusFigs. 1 and 2 the response surface. The efficiency of the selector system
The use of d|Mq‘}CD acts beneficial upon the Separation of increases |arge|y when the concentrations R$41 and
the TrMe enantiomers. In contrast to the use of @B the  mainly diMe8CD are increased, while an increase in the
Rs values are above 1 in the whole experimental domain. At yyffer concentration has a small but negative impact on
low RS4 concentrations the increasing CD concentration re- the Rs. The electropherogram measured in the optimum
sults in a slight loss of Rs. However, an interaction between region (high CD andRS1 concentrations and low buffer

the two selectors can be observed, because aRtfighcon-  concentration) and resulting in Rs of 1.05 is shown in
centrations the higher CD concentration is favourable in order Fig. g

to separate the enantiomers.
The reaction conditions (derived from Nemrod) and the
results achieved in the single CD, the CD+18C6 and the

.. 0,05
CD +RS4 containing systems, are shownriliable 3 In com-
parison to the other studied systems, the use of the diMe- g
BCD +RS4 dual system is by far the most effective in the ’
E 0,03
=
BS‘
Table 3 : 0,02 -
Influence of different selectors on resolution and migration time of TrMe
enantiomers 0.01 -
Selector Tryptophan-methylester
Rs Tm (Min) 0 J : ! : J
- 41 42 43 44 45 46
diMe3CD +RS1 1.93 4453 Tm (min)
diMe-BCD 0.685 189
diMe-BCD +18C6 0 25 Fig. 7. Separation of the TrMe enantiomers in a dual dpGD andRS
[CD]=28.6 mM; [RS1]=47.0mM; [buffer]=44.7mM; [18C6]= 1 system. [CD]=28.6 mM, [R9] =47 mM and [buffer] =44.7 mM. Other

47.0 mM. experimental values: see text.
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[Rs-1]

Fig. 8. Resolution of TyMe enantiomers as a function of dipf@b and buffer concentrations (a), and of CD &f81 concentrations (b) at constadR&1 and
buffer concentration (30 mM and 50 mM), respectively.

J in dual systems with a cyclodextrin derivative as second
0,007 selector.
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