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a b s t r a c t

The (S)-(+)-isomer of 3-isobutyl-GABA (pregabalin), the blockbuster drug in the treatment of neuropathic
pain has been separated from its R isomer by cyclodextrin modified capillary zone electrophoresis (CZE)
using uncoated fused-silica capillary. Derivatization of the single isomer and the racemate with tosyl- and
dansyl-chloride was carried out to introduce strong UV chromophores of different size. CE-pH titrations
were performed to determine the dissociation constants for both derivatives. 30 cyclodextrin (CD) deriva-
tives as chiral agents were used at four different pH values to study the enantioseparation of the differently
protonated guest molecules. The separation was optimized as a function of CD concentration, buffer
type and concentration, pH and applied voltage. For the tosylated derivate the best resolution (Rs = 2.76)
was found with 6-monodeoxy-6-mono-(3-hydroxy)-propylamino-beta-cyclodextrin hydrochloride (PA-
�-CD) at pH 6.8, while with the same selector at pH 7.2 enantioseparation with an Rs value of 4.32 could be
achieved for the dansylated pregabalin. At pH 2.5 for the dansylated derivative trimethylated alpha- and
beta-CD systems resulted the most significant separation (R = 7.38 and R = 7.74, respectively). Experi-
s s

ments with dual CD systems were carried out as well. The stoichiometry of the complexes was determined
using the Job plot method and resulted in a 1:1 complex in both cases. The structures of the inclusion

ed us
complexes were elucidat

. Introduction

Enantiomeric purity is a key issue of chiral drugs for quality
ontrol and biological activity. Pharmacopoeias require sensi-
ive, selective, fast, robust, inexpensive and environment-friendly

ethods to control the chiral purity [1,2]. Beside other separa-
ion techniques, such as high-performance liquid chromatography
nd gas chromatography, capillary electrophoresis (CE) eminently
eets all these requirements. CE has become a powerful tool in

he field of chiral analyses as it provides a rapid method develop-
ent [3]. Additional advantage is that trace enantiomer impurities

elow 0.1% can even be routinely determined due to its high sepa-
ation efficiency. Among the various chiral selectors, cyclodextrins
epresent the major class of chiral applications to optimize the
eparation of two enantiomers in capillary electrophoresis via com-

lexation [4]. CE is suitable for the investigation of both stability
onstants and enantioseparating properties of CDs with various
uest molecules.

∗ Corresponding author. Tel.: +36 1 217 0891; fax: +36 1 217 0891.
E-mail address: beniszabi@gytk.sote.hu (S. Béni).

1 Tel.: +36 1 347 6060; fax: +36 1 347 6068.

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.10.010
ing 2D ROESY NMR experiments.
© 2009 Elsevier B.V. All rights reserved.

CDs are neutral glucose oligomers of truncated cone shape,
and possess a hydrophilic exterior surface and a hydrophobic
interior cavity, enabling them to form host–guest inclusion com-
plexes with a wide range of pharmaceuticals in aqueous solution
[5].

Pregabalin, chemically known as (S)-3-aminomethyl-5-
methylhexanoic acid (1) (Fig. 1), an alkylated single isomer
analogue of the main inhibitory neurotransmitter GABA [6] is
indicated for the treatment of neuropathic pain associated with
diabetic peripheral neuropathy [7], post-herpetic neuralgia [8],
adjunctive therapy for adult patients with partial onset seizures
and fibromyalgia [9]. Pregabalin binds with high affinity to the
alpha2-delta subunit protein of voltage-gated calcium channels
in central nervous system tissues, thereby reducing the release
of excitatory neurotransmitters. The R(−) enantiomer has been
reported to be 10 times less active in biological assays, so R(−)
represents an optical impurity [10].

Pregabalin has been determined in human plasma using
LC–MS–MS [11]. Since pregabalin has very weak UV absorption,

the inexpensive analysis of the drug requires derivatization for
UV or fluorescence detection. The determination of pregabalin in
the serum has been performed by HPLC using picryl sulfonic acid
[12] or o-phthaldialdehyde [13] as derivatizing agent. Early stud-
ies reveal the need for chiral analyses of pregabalin intermediates

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:beniszabi@gytk.sote.hu
dx.doi.org/10.1016/j.jpba.2009.10.010
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ig. 1. Synthetic scheme, structure and numbering of the compounds studied.
no}methyl) hexanoic acid 4: 1-[(4-methylphenyl)sulfonyl]-4-(2-methylpropyl)pyr
yl)hexanoic acid 7: 1-[5-(dimethylamino)naphthalene-1-sulfonyl]-4-(2-methylpr

o determine their enantiomeric purities [14]. Three LC methods
ere mentioned in the literature for direct enantiomeric sep-

ration of pregabalin. One separation has been achieved using
macrocyclic glycopeptide stationary phase based, validated LC
ethod with MS detection [15], while the other two methods were

erformed on ordinary C18 columns after derivatization of the race-
ate with N-5-fluoro-2,4-dinitrophenyl-5-l-alanine amide [16]

nd [17].
To the best of our knowledge, no CE method has so far been

pplied for the chiral separation of pregabalin isomers. Tosyl- and
ansyl-chloride as proven derivatizing reagents for amino acids are
specially advantageous in cyclodextrin modified capillary zone
lectrophoretic separations due to their strong interaction with the
polar cavity of cyclodextrins. Complexation mechanisms of dan-
yl moieties with various cyclodextrins have been studied in the
iterature [18].

The present paper reports direct capillary zone electrophoretic
CZE) methods for the enantioseparation of racemic tosylated
nd dansylated 3-aminomethyl-5-methylhexanoic acid deriva-
ives using 30 different native and synthetically modified CDs.
o achieve baseline-level chiral separation, the electrophoretic
onditions were also optimized. The effects of separation circum-
tances, such as the composition, concentration and pH of the

ackground electrolyte (BGE), concentration of chiral additives and
he applied voltage were examined. Effectivity of dual CD sys-
ems was also extensively investigated. The migration order of the
nantiomers was in all cases determined by spiking the racemic
amples with the appropriate derivative of (S)-3-aminomethyl-5-
ystematic names are as follows 3: 5-methyl-3-({[(4-methylphenyl)sulfonyl]am-
n-2-one, 6: 5-methyl-3-({[5-(dimethylamino)naphthalene-1-sulfonyl]amino}met-
yrrolidin-2-one.

methylhexanoic acid. The stoichiometry and the 3D structure of
the complexes were confirmed by the Job’s method and 2D ROESY
NMR measurements, respectively.

2. Experimental

2.1. Materials

Racemic and (S)-3-aminomethyl-5-methylhexanoic acid were
kindly provided by the Pharmaceutical Company EGIS. All native
CDs and their derivatives were the products of Cyclolab Ltd.
(Budapest, Hungary). H3BO3, H3PO4, NaH2PO4, CH3COOH and
NaOH used for the preparation of buffer solutions for CE were of
analytical grade purchased from commercial suppliers. The NMR
solvents D2O (>99.8 atom% D) and CDCl3 were from Sigma. As
EOF marker in CE experiments DMSO from Reanal (Budapest, Hun-
gary) was used. All reagents were used without further purification.
Bidistilled Millipore water (specific resistance: 18.2 M� cm) was
used throughout this study.

2.2. Synthetic procedures

The tosylation and dansylation of both (S)- and the racemic

3-(aminomethyl)-5-methylhexanoic acid (1) were performed
by a modified literature procedure [19]: 3-(aminomethyl)-5-
methylhexanoic acid (1) (77 mg, 0.48 mmol) and p-toluenesulfonyl
chloride (Sigma) (2) (110 mg, 0.58 mmol, 1.2 equiv.) or 5-
(dimethylamino)naphthalene-1-sulfonyl chloride (Sigma) (5)
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Table 1
1H and 13C NMR assignments of the synthesized compounds in CDCl3.

Moiety No. 3 4

13C 1H m, J (Hz), int. 13C 1H m, J (Hz), int.

Pregabalin 1 178.4 173.6
2 37.3 2.34 m, 2H 39.7 2.08 dd, (17.1, 8.9), 1H

2.53 dd, (17.1, 8.1), 1H
3 33.7 2.11 m, 1H 30.8 2.43 m, 1H
4 42.0 1.13 m, 2H 43.5 1.28 m, 2H
5 25.8 1.55 m, 1H 26.7 1.55 m, 1H
6 23.3 0.85 d, (6.6), 3H 23.15 0.88 d, (6.6), 3H
7 23.1 0.84 d, (6.6), 3H 23.19 0.90 d, (6.6), 3H
N-CH2 47.5 2.84 m, 1H 53.4 3.40 dd, (9.7, 7.8), 1H

2.97 m, 1H 4.04 dd, (9.7, 7.6), 1H
NH 5.07 brs, 1H

Tosyl 1 137.6 135.9
2 and 6 127.8 7.73 d, (8.2), 2H 128.7 7.92 d, (8.3), 2H
3 and 5 130.4 7.29 d, (8.2), 2H 130.3 7.33 d, (8.3), 2H
4 144.1 145.8
4-CH3 22.2 2.40 s, 3H 22.4 2.44 s, 3H

Moiety No. 6 7

13C 1H m, J (Hz), int. 13C 1H m, J (Hz), int.

Pregabalin 1 178.9 173.3
2 37.1 2.24 d, (6.4), 2H 39.8 2.08 dd, (16.9, 8.5), 1H

2.50 dd, (16.9, 8.5), 1H
3 33.4 1.94 m, 1H 30.4 2.42 m, 1H
4 41.6 0.96 m, 1H 43.4 1.24 m, 1H

1.02 m, 1H 1.29 m, 1H
5 25.8 1.39 m, 1H 26.6 1.54 m, 1H
6 23.1 0.73 d, (6.5), 3H 23.1 0.88 d, (6.6), 3H
7 23.0 0.67 d, (6.5), 3H 0.86 d, (6.6), 3H
N-CH2 47.2 2.83 m, 1H 53.5 3.58 dd, (9.4, 7.8), 1H

2.95 m, 1H 4.18 dd, (9.4, 7.8), 1H
NH 5.38 bs, 1H

Dansyl 1 135.3 134.0
2 130.3 8.22 dd, (7.3, 1.1), 1H 133.1 8.48 dd, (7.4, 1.3), 1H
3 131.1 7.49 dd, (8.6, 7.3), 1H 124 7.58 dd, (8.5, 7.4), 1H
4 123.9 8.53 dd, (8.6, <0.5), 1H 132.4 8.60 dd, (8.5, <0.5), 1H
5 152.5 152.9
6 116.0 7.18 dd, (7.4, <0.5), 1H 115.6 7.19 dd, (7.5, <0.5), 1H
7 129.1 7.54 dd, (8.6, 7.4), 1H 129.3 7.57 dd, (8.7, 7.5), 1H
8 119.5 8.31 dd, (8.6, <0.5), 1H 118.9 8.20 dd, (8.7, <0.5), 1H
9 130.3 132.4
10 130.5 129.3

s, 6H
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N-(CH3)2 46.1 2.84

156 mg, 0.58 mmol, 1.2 equiv.) were suspended in 3 ml 1 M
a2CO3 aqueous solution and stirred for 4 h at room temper-
ture. The pH was adjusted to 2 with concentrated HCl, and
hen water (5 ml) was added. The mixture was extracted with
ichloromethane (2× 15 ml), the organic layer was dried over
a2SO4, and evaporated to dryness. The crude product was
urified by column chromatography with a mixture of n-hexane
nd ethyl acetate (2:1) to get the desired tosylated pregabalin 3
Tos-preg) (white solid, yield 41%, mp 77–78 ◦C) and dansylated
regabalin 6 (Dns-preg) (green oil, yield 30%) (Fig. 1). As undesired
y-products, their ring-closed forms, the appropriate pyrrolidin-
-one derivatives 4 (off-white solid, yield 7%, mp 71–72 ◦C) and
(yellow solid, yield 17%, mp 117–121 ◦C) were also isolated and

haracterized. This cyclization reaction has also been reported
y Hoekstra et al. [20]. 1H and 13C NMR data of the synthesized
ompounds are collected in Table 1.
.3. NMR measurements

All NMR experiments were carried out on a 600 MHz Varian
NMRS spectrometer equipped with a dual 5-mm inverse-
46.1 2.89 s, 6H

detection gradient (IDPFG) probehead. In case of structure
identifications standard pulse sequences and processing routines
available in VnmrJ 2.2C/Chempack 4.0 were used. 1H and 13C chem-
ical shifts in CDCl3 were referenced to internal TMS (ı = 0.000 ppm)
or to the residual solvent signal unless otherwise stated. In all
experiments, the probe temperature was maintained at 298 K and
standard 5 mm NMR tubes were used. The ROESY spectra were
recorded on 5 mM �-CD/�-CD/PA-�-CD, 5 mM derivatized pre-
gabalin and 70 mM Na2HPO4 samples in D2O, applying mixing
times ranging from 350 to 100 ms during a spin-lock of 2.2 kHz.
256 increments were collected with 32 repetitions and the mea-
sured data matrix was processed as a matrix of 4K (F2) by 1K
(F1) data points. Intermolecular NOEs between pregabalin and
cyclodextrin protons directly involved in the host-guest interaction
were detected as cross-peaks. Job’s analysis was carried out using
5 mM tosylated or dansylated pregabalin derivative and 5 mM �-

CD at pH 7.2 in phosphate buffer (in H2O/D2O 9/1). 16–128 scans
(depending on the experiment) with a spectral window of 4800 Hz
were collected into 32,000 data points, giving a digital resolu-
tion of 0.3 Hz/point. For H2O signal suppression the presaturation
sequence was used.
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.4. CE measurements

All CE experiments were performed on a 3DCE instrument
Agilent Technologies, Waldbronn, Germany), equipped with a
hotodiode array detector and the Chemstation software for data
andling. An untreated fused-silica capillary (50 �m id, 64.5 cm
otal, 56 cm effective length) was purchased from Agilent. Condi-
ioning of new capillaries was conducted by flushing with 1 M NaOH
or 30 min followed by 0.1 M NaOH and buffer for 60 min each. The
emperature of the capillary cassette was set to 25 ◦C. During mea-
urements at pH 9.2, pH 7.2 and pH 4.7 +30 kV voltage, while at
H 2.5 −25 kV voltage was applied, unless stated otherwise. UV
etection was performed at 200, 215, 220, 225 and 230 nm and
amples were run in triplicate. Along with the UV traces the cur-
ent and the voltage were monitored. Prior to all runs the capillary
as preconditioned by flushing with water (0.5 min), 0.1 M NaOH

1 min), water (1 min) and BGE (2 min). The samples were injected
ydrodynamically (50 mbar, 4 s).

The running buffers were 80 mM borate at pH 9.2, 50 mM
hosphate at pH 7.2, 50 mM acetate at pH 4.7 and 15 mM phos-
hate at pH 2.5. The BGE contained CDs at various concentrations
2–75 mM). The Tos-preg and Dns-preg stock solutions (1.6 and
.0 mM, respectively) contained 20% (v/v) MeOH and 0.001% (v/v)
MSO, the latter served as EOF marker. During CE-pH experiments

or BGE acetate and phosphate buffers or their mixtures were used
epending on the desired pH (ranging from 1.99 to 5.99).

As primary response functions tEOF, t1 and t2 migration times
ere recorded. Effective mobility values were calculated as:

eff = lcld
U

·
(

1
t

− 1
t0

)

here lc is the total length of the capillary, ld is the length of the
apillary to the detector, U is the applied voltage and t and t0 are
he peak appearance times of the analyte and the EOF, respectively
21].

The binding constants of the inclusion complexes were deter-
ined using x-reciprocal linearization method [22]. The resolution

Rs) was applied as the secondary response function when evaluat-
ng the performance of the separation system and was calculated
s:

s = 2(t2 − t1)
w1 + w2

here w1 and w2 stand for the extrapolated peak width at the
aseline.

. Results and discussion

.1. Capillary electrophoresis

.1.1. CE-pH titration
The inclusion study of differently protonated forms of both pre-

abalin derivatives required (first) the determination of the acid
issociation constant. The titration was carried out with capillary
lectrophoresis in the pH range of 3.68 and 5.78 for Tos-preg and of
.99 and 5.99 for Dns-preg. For the determination of pH values cal-

brated pH meter reading was used. Using the capillary parameters,
he applied voltage and the migration times, the effective mobility
alues were calculated and plotted as a function of pH. The dissocia-
ion constants were determined with the OPIUM program [23]. The

bserved electrophoretic mobility at a particular pH is a weighted
um of individual mobilities of the unprotonated (�A) and proto-
ated (�HA, charges omitted) form of the molecule, which can be
earranged to the master equation of pKa determination by CE. A
urve was fitted on the observed data points using the following
Fig. 2. CE-pH titration of Tos-preg along with the fitted curve.

equation:

�eff = �A + �HA · 10pKa−pH

1 + 10pKa−pH

Fig. 2 shows the CE-pH titration of Tos-preg, for which
pKa = 4.75 ± 0.02 was determined. The overlapping dissociation
steps of the diprotic Dns-preg correspond to pKa1 = 3.47 ± 0.06
and pKa2 = 4.67 ± 0.06. The pH values applied in subsequent
experiments were set upon these constants.

3.1.2. Enantioseparation
Due to Wren’s theory, the optimal CD concentration for the

enantioseparation can be calculated as:

[CD]opt
��

= 1√
KRKS

where KR and KS are the stability constants of the inclusion com-
plexes of the R and S enantiomer, respectively [24]. The crucial
requirement of application of CE in binding analysis is that at least
one of the interacting species has to carry a charge. For deter-
mination of the binding constants various concentration of CDs
were added to the BGE at each pH value. Stability constants were
determined with x-reciprocal method and the optimal selector
concentration was then calculated by the Wren equation. The enan-
tioseparation experiments were carried out at four different pHs to
study the effect of protonation state on the complexation. Based
on the pKa values, both derivatives are in their most basic form
and carry one negative charge at pH 9.2 and 7.2. At pH 4.7 they are
still partially anionic, thus at these pH values all CDs are suitable for
the CE analysis. As the Tos-preg is neutral at pH 2.5 the detection of
enantiomeric separation is possible only with ionic CDs, while Dns-
preg bears positive charge and was investigated with all selectors.
The CDs applied in our study are listed in Table 2.

At pH 9.2, where the pregabalin derivatives bear negative
charge for Tos-preg the HP-�-, MA-�-, PA-�-, CE-�- and SP-�-
CDs, while for Dns-preg the HP-�-, HP-�- (DS ∼ 4.6), DIMEB-,
MA-�-, PA-�- and CE-�-CDs gave enantiodiscrimination, although
complex formation could be observed in almost all cases. Among
these CD derivatives, PA-�-CD caused the most significant separa-
tion with both pregabalin derivatives, Rs = 1.45 for Tos-preg and
Rs = 1.21 for Dns-preg. The effect of the PA-�-CD selector con-
centration on the enantioseparation of Tos-preg can be seen in
Fig. 3A.

At pH 7.2 the BGE contained 50 mM phosphate buffer instead of
80 mM borate. As the guest molecules were still negatively charged,
only the CDs that caused enantioseparation at pH 9.2 were inves-
tigated. The change in BGE resulted in a less effective separation in

case of neutral (HP- and DIMEB-) and negative (CE-�- and SP-�-)
CDs. As at pH 7.2, MA-�- and PA-�-CDs are partially protonated,
electrostatic interactions increase the stability of the inclusion
complexes and improve the selectivity of the CDs. An additional
experiment was carried out at this pH with PA-�-CD and Dns-preg
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Table 2
Collection of tosyl- and dansyl-pregabalin enantioseparation data in CD- and pH-dependent systems, including abbreviations of the applied CDs, stability constants (K) and resolution (Rs).

Abbreviations Name Enantioseparation

Tos-preg Dns-preg

pH 9.2 pH 7.2 pH 4.7 pH 2.5 pH 9.2 pH 7.2 pH 4.7 pH 2.5

�-CD Alpha-cyclodextrin − − − − −
63.8(1) 64(4) 51.6(6) 0 96(5)

�-CD Beta-cyclodextrin − − − − −
286(2) 252(19) 365.1(3) 195(11) 555(40)

�-CD Gamma-cyclodextrin − + − + −
169(1) S: 242(2) 426(20) S: 42.2(3) 221(13)

R: 230(2) R: 34.1(2)
Rs = 0.55 Rs = 0.56

HP-�-CD DS ∼ 3a (2-Hydroxy)propyl-
�-CD

− − + − − −

42(1) 55.4(7) S: 43.7(5) 28(1) 40(4) 38(4)
R: 48.0(6)
Rs = 0.40

HP-�-CD DS ∼ 3 (2-Hydroxy)propyl-
�-CD

− + − − +

291(3) S: 365(6) 261(8) 252(6) S: 470(40)
R: 363(6) R: 490(34)
Rs = 0.56 Rs = 1.05

HP-�-CD DS ∼ 4.6 (2-Hydroxy)propyl-
�-CD

− − + − − +

265(2) 427(30) S: 270(3) 189(4) 141(6) S: 182(7)
R: 309(4) R: 191(6)
Rs = 0.54 Rs = 1.16

HP-�-CD DS ∼ 6.3 (2-Hydroxy)propyl-
�-CD

− − − − +

177(5) 297(2) 414(1) 142(3) S: 424(2)
R: 426(2)
Rs = 1.36

HP-�-CD (2-Hydroxy)propyl-
�-CD

+ + + − + +

S: 91(1) S: 57(5) S: 181(1) 365(3) S: 261(25) S: 154(6)
R: 82(1) R: 49(5) R: 165(1) R: 218(19) R: 159(4)
Rs = 0.65 Rs = 0.54 Rs = 0.55 Rs = 0.36 Rs = 0.39

TRIMEA-CD Trimethylated-�-CD − − − + +
201(10) 210(2) 86(2) S: 109(3) S: 133(6)

R: 130(4) R: 125(5)
Rs = 2.30 Rs = 7.38

TRIMEB-CD Trimethylated-�-CD − − − + +
73(3) 16.8(6) 65(10) S: 33.7(7) S: 104(5)

R: 52(1) R: 110(4)
Rs = 1.00 Rs = 7.74

TRIMEG-CD Trimethylated-�-CD − + − − +
41(2) S < 10 25(3) 0 S: 42(3)

R < 10 R: 40(4)
Rs = 1.68 Rs = 1.05
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Table 2 (Continued)

Abbreviations Name Enantioseparation

Tos-preg Dns-preg

pH 9.2 pH 7.2 pH 4.7 pH 2.5 pH 9.2 pH 7.2 pH 4.7 pH 2.5

DIMEB-CD 50b Heptakis(2,6-di-O-
methyl)-�-CD

− − + − +

DS ∼ 14 202(9) 667(5) S: 329(1) 676(17) S: 246(2)
R: 268(1) R: 251(2)
Rs = 0.81 Rs = 1.75

DIMEB-CD 98 Heptakis(2,6-di-O-
methyl)-�-CD

− − + + − +

DS ∼ 14 249(6) 721(34) S: 406(3) S: 147(2) 893(75) S: 360(2)
R: 270(1) R: 151(2) R: 368(2)
Rs = 1.11 Rs = 0.57 Rs = 3.87

RAMEB-CD DS ∼ 12 Methylated-�-CD − − − − +
248(1) 420(2) 325(18) 283(4) S: 428(8)

R: 436(6)
Rs = 0.70

Ac-�-CD DS ∼ 7 Acetylated-�-CD − − − − −
505(7) 144(1) 527(3) 79(13) 198(8)

MA-�-CD 6-Monoamino-6-
monodeoxy-�-CD

+ + - + + + − +

S: 117(2) S: 361(1) 0 S < 10 S: 70(2) S: 305(2) 0 S < 10
R: 116(2) R: 324(1) R < 10 R: 63(1) R: 204(1) R < 10
Rs = 0.98 Rs = 1.72 Rs = 0.52 Rs = 1.03 Rs = 1.17 Rs = 0.59

PA-�-CD 6-Monodeoxy-6-
mono(3-
hydroxy)propylamino-
�-cyclodextrin
hydrochloride

+ + − + + + − +

S: 277(1) S: 502(4) 0 S < 10 S: 184(1) S: 399(5) 0 S < 10
R: 242(1) R: 358(4) R < 10 R: 141(1) R: 292(4) R < 10
Rs = 1.45 Rs = 2.32 Rs = 1.19 Rs = 1.21 Rs = 2.85 Rs = 1.37

optimized Rs = 2.76 optimized Rs = 4.32

Succ-�-CD DS ∼ 4 Succinylated-�-CD − − − − −
0 29.7(8) 0 41(5) 231(17)

Succ-�-CD DS ∼ 6 Succinylated-�-CD − − − − −
0 29.3(8) 0 44(8) 298(10)

CM-�-CD DS ∼ 1 Carboxymethylated-
�-CD sodium
salt

− − − − −

0 0 0 0 0

CM-�-CD DS ∼ 3 Carboxymethylated-
�-CD sodium
salt

− − − − −

62(2) 0 85(1) 0 0

CE-�-CD DS ∼ 3 Carboxyethylated-�-
CD

+ − − + − − +

S: 29.7(3) 47(2) 47(5) S: 26.1(5) 42(3) 71(5) S: 336(2)
R: 14.3(2) R: 10.4(2) R: 340(3)
Rs = 0.87 Rs = 0.61 Rs = 1.15
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SP-�-CD DS ∼ 2 Sulfopropylated-
�-CD sodium
salt

− − + − − −

28(1) 0 S: 24(1) 48(1) 0 0
R: 27(1)
Rs = 1.05

SP-�-CD DS ∼ 2 Sulfopropylated-
�-CD sodium
salt

− − + − − +

182(1) 36(8) S: 288(2) 128.0(4) 0 S: 329(12)
R: 302(2) R: 408(14)
Rs = 1.02 Rs = 1.00

SP-�-CD DS ∼ 4 Sulfopropylated-
�-CD sodium
salt

− − + − − −

14.8(5) 0 S: 716(16) 0 0 1286(11)
R: 760(18)
Rs = 0.89

SP-�-CD DS ∼ 2 Sulfopropylated-
�-CD sodium
salt

+ − − − − − +

S: 35(3) 14.7(5) 17(2) 189(8) 90(2) 0 S: 29.5(2)
R: 38(3) R: 38.2(3)
Rs = 0.33 Rs = 1.38

P-�-CD DS ∼ 4 Phosphated-�-
CD sodium
salt

− − + − − +

0 0 S: 680(20) 0 0 S: 379(13)
R: 620(20) R: 368(12)
Rs = 1.16 Rs = 1.20

SHP-�-CD DS ∼ 3 Sulfo(2-hydroxy)
propylated-�-CD
sodium salt

− − + − − +

17.8(8) 0 S: 376(15) 22(1) 0 S: 110(3)
R: 398(16) R: 131(3)
Rs = 0.98 Rs = 1.83

SHP-�-CD DS ∼ 3 Sulfo(2-hydroxy)
propylated-�-CD
sodium salt

− − − - − +

0 0 284(12) 67(3) 0 S: 73(2)
R: 79(2)
Rs = 1.10

SB-�-CD DS ∼ 4 Sulfobutylated-
�-CD sodium
salt

− − + − − +

46(5) 0 S: 946(5) 0 0 S: 672(12)
R: 1014(8) R: 756(15)
Rs = 1.92 Rs = 2.29

Uncertainties in parentheses are estimated standard deviations of the last significant digit (0 stands for indeterminable stability constants). Success of enantioseparation (+ or −) and resolution measured at optimal selector
concentration according to Wren’s formula at four pH values with both pregabalin derivatives.

a DS stands for degree of substitution, number of substituted hydroxyl groups per CD molecule.
b The number after the abbreviation means the isomer purity of the CD in %.
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ig. 3. (A) The enantioseparation of Tos-preg at various concentrations of PA-�-
nantiomers in DIMEB-CD systems at optimal CD concentration.

o compare the theoretical and empirical optimal CD concentration
or the enantioseparation. The results were in excellent correla-
ion (ctheor = 3.15 mM vs. cemp = 3.2 mM), thus Rs determinations
ere carried out at the optimal concentration calculated by Wren’s

ormula. The slight difference between the stability constants of
he neutral CDs and the pregabalin derivatives can be observed at

H 9.2 and pH 7.2, though the charge of both the hosts’ and the
uests’ are constant. This can be explained as the effect of the dif-
erent composition and concentration of the BGE (80 mM borate vs.
0 mM phosphate).

ig. 4. The electropherograms of the optimized PA-�-CD systems (A and B) and the high
ns-preg (C).
pH 9.2. (B) The effect of pH on the resolution and migration order of Dns-preg

At pH 4.7 50 mM acetate buffer was applied as BGE, where
negatively charged and neutral pregabalin derivatives exist at com-
measurable concentrations. For Tos-preg a partial separation with
the �-, HP-�- (DS ∼ 3), HP-�-CD and baseline separation with
TRIMEG-CD could be achieved. Interestingly, TRIMEG-CD was the
most effective chiral selector for Tos-preg (R = 1.68), despite its
s

low stability constant (K < 10). In case of Dns-preg besides �- and
HP-�-CD, TRIMEA- and TRIMEB-CD were the most suitable. Simi-
larly to Tos-preg, the permethylated CD derivatives showed better
enantioseparation.

est resolution achieved (pH = 2.5, 50 mM TRIMEB-CD) on the enantioseparation of
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with the “R” enantiomers, thus this isomer reaches the detector
ig. 5. Detection of R(−)-Tos-preg trace with the optimized PA-�-CD system in the
resence of the single S(+) enantiomer at 1:1000 concentration ratio.

At pH 2.5, 15 mM phosphate buffer was used as BGE. As at this pH
os-preg isomers migrate with the EOF, so their separation could be
bserved only with ionic CDs in CZE. However, Dns-preg is almost
ully protonated, thus its complexation with all the applied CDs
as investigated., All the applied CDs with the exception of SHP-
- and SP-�-CD gave partial or baseline enantioseparation in case
f Tos-preg, the highest resolution however, was achieved with
B-�-CD (Rs = 1.92). A great number of CDs were applied success-
ully in the enantioseparation of Dns-preg enantiomers at pH 2.5.
mong the ionic CDs, similarly to Tos-preg SB-�-CD caused pro-
ounced enantioseparation (Rs = 2.29), while DIMEB, TRIMEA and
RIMEB as neutral CDs showed the most successful separation of
ll experiments (Rs = 3.87, Rs = 7.38, Rs = 7.74, respectively). Nev-
rtheless, the optimal resolution of the di- and trimethylated CD
ystems can be achieved at high CD concentration (above 50 mM)
urning the method uneconomical. An interesting effect of the size
f CD cavity can be observed at pH 2.5 in case of trimethyled CDs
esulting changes in migration order of Dns-preg enantiomers:
ith TRIMEA- and TRIMEG-CD the S(+) isomer, while with TRIMEB-
D R(−) migrates first. The binding constants for both enantiomers
nd resolution values of the above mentioned systems are shown
t each pH in Table 2, the highest resolution values are highlighted
n bold. The effect of pH on the enantioseparation and migration
rder of Dns-preg isomers with DIMEB-CD is depicted in Fig. 3B.

As Table 2 shows, the only system that caused major enantiosep-

ration with both pregabalin derivatives was PA-�-CD at pH 7.2,
hese systems were therefore further optimized investigating the
ffect of smaller changes in pH, concentration of the buffer and
A-�-CD and the applied voltage. The selector concentration was

Fig. 6. The electropherograms of Dns-preg with 10 mM P-�-CD and wit
Fig. 7. Job’s plot derived from the downfield changes in chemical shift of 2H, 3H,
and 6H in Tos-preg’s pregabalin moiety (square), 4H of Dns-preg’s pregabalin moiety
(triangle) and 3H �-CD protons (circle).

varied between 2.0 and 4.0 mM in 0.2 mM steps. At the optimal
CD concentration systematic, 0.30 pH unit changes ranging from
6.20 to 8.30 were carried out. With the optimal CD concentration
and pH, the effect of BGE concentration (from 20 to 120 mM by
10 mM changes) on the resolution was investigated. Finally the
applied voltage was varied from +15 to +30 kV by 2.5 kV units.
The best resolution for the Tos-preg (Rs = 2.76) was achieved in
the presence of 3.4 mM PA-�-CD at pH 6.80 in 100 mM phosphate
buffer with +17.5 kV applied voltage, while for Dns-preg Rs = 4.35
was achieved with 3.2 mM PA-�-CD at pH 7.10 in 100 mM phos-
phate buffer with +17.5 kV voltage (Fig. 4A and B), however for the
separation of the dansylated enantiomers, the 50 mM TRIMEB-CD
system at pH 2.5 remained the most successful (Rs = 7.74, Fig. 4C).
Fig. 5 shows that even 0.1% of the possible R(−) isomer as impurity
can be detected with the optimized systems (3.4 mM PA-�-CD at
pH 6.8).

The migration order of the enantiomers was determined by
spiking the racemic sample with the single S(+) isomer in all exper-
iments. These experiments showed that at pH 9.2 and 7.2 the “S”
enantiomers migrate faster. This tendency is not as clear at pH 4.7,
since with permethylated CDs the “R” enantiomers migrate faster.
At pH 2.5 most CDs (except for TRIMEA- and TRIMEB-CD with Dns-
preg and P-�-CD with both derivatives) form a more stable complex
first.
Numerous experiments were attempted to develop a dual CD

system for an even better separation of the enantiomers. In these
systems an ionized and a neutral CD were mixed at different

h the dual system of 10 mM P-�-CD and 5 mM HP-�-CD at pH 2.5.
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ig. 8. (A) ROESY spectrum in D2O with 300 ms mixing time, containing 5 mM To
rotons of Tos-preg and 3H, 5H �-CD protons. (B) Two proposed structures for the

oncentrations. With adverse enantiomer recognition of the two
Ds, better separation could be achieved than with the single com-
onents. This effect was unambiguously observed, nevertheless,
he previously found highest resolution could not be surpassed. The

ost promising results were achieved in acidic environment (pH
.5), where the dual systems improved the separation significantly.
-�-CD alone causes a maximum resolution of Rs = 1.20 with Dns-
reg, while in a dual system of 10 mM P-�-CD and 5 mM HP-�-CD
s = 1.98 could be achieved. The electropherograms of the above
entioned systems are shown in Fig. 6.

.2. NMR experiments

.2.1. The Job’s method
The stoichiometry of the inclusion complex was determined

ith Job plots, using 5 mM guest derivatives and 5 mM �-CD at
H 7.2 in 50 mM phosphate buffer. The stock solutions were mixed
t different ratios and chemical shift changes of both the guests and
osts were recorded. The chemical shift displacements (�ı) were
hen plotted as functions of the molar ratio (see Fig. 7). The result-
ng Job’s plots have a maximum at 0.5 indicating the 1:1 binding
toichiometry for both derivatives.

.2.2. 2D ROESY NMR
To explore the structure of the inclusion complexes 2D ROESY

MR experiments were carried out. The cross-peaks between CD
nd pregabalin derivative signals indicate the spatial proximity of
hese protons as shown in Fig. 8A. These data suggest that two
ossible structures exist in equilibrium: either the tosyl (or dan-
yl) moiety gets into the cyclodextrin cavity from the narrower
im (as reported earlier [18]), or the pregabalins’ isobutyl moiety
nters the CD cavity from the wider rim. The direction of pene-
ration was also confirmed by the different cross-peak intensities
btained for 4-CH3 of Tos-preg and inner CD cavity protons. As
uggested by the Job plot experiments these complexes co-exist
nd are in a rapid exchange on the NMR timescale. Series of ROESY

xperiments with decreasing mixing time (from 300 to 100 ms by
0 ms steps) show that cross-peaks of aromatic tosyl and inner
D protons are more intense than the cross-peaks of the com-
eting isobutyl methyls’. These data suggest that the aromatic
oiety of the guest is the preferred side of inclusion. The possible
and 5 mM �-CD showing the ROE cross-peaks between the aromatic and methyl
ion complexes of Tos-preg and �-CD based on the ROESY experiments.

structures for the complexes of Tos-preg and �-CD are depicted in
Fig. 8B.

4. Conclusion

Cyclodextrin-hosted diastereomeric complexation and con-
comitant enantioseparation of pregabalin derivatives and charac-
terization of their inclusion complexes were carried out. UV active
tosylated and dansylated derivatives were synthesized for the CE
measurements. The binding constants and enantiomeric resolu-
tion of the derivatives with 30 different CDs at four pHs were
determined. Two of the most promising systems were then opti-
mized in subtle adjustments of pH, buffer and CD concentration and
applied voltage. The maximum resolution of the optimized systems
is Rs = 2.76 for tosylated- and Rs = 4.35 for dansylated pregabalin.
The highest resolution and therefore the most prominent enan-
tioseparation was achieved at pH 2.5 for Dns-preg enantiomers
with TRIMEB-CD (Rs= 7.74). Application of dual CD systems was
successful, however achieving no higher resolution than the most
suitable single CD systems. The stoichiometry and the structure of
the inclusion complexes were determined by NMR experiments. As
a result, 1:1 complex is formed with both pregabalin derivatives in
two possible orientations: either the aromatic part of the tosyl or
dansyl moiety or the isobutyl moiety of the guest fits the CD cavity.
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