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a b s t r a c t

Reversed-phase high-performance liquid chromatographic methods were developed for the separa-
tion of enantiomers of eleven unnatural �2-amino acids on a new chiral stationary phase, using
the 11-methylene-unit spacer of aminoundecylsilica gel for the bonding of (+)-(18-crown-6)-2,3,11,12-
eywords:
2-Amino acids
olumn liquid chromatography
ong-tethered
+)-(18-crown-6)-2,3,11,12-tetracarboxylic
cid-based chiral stationary phase

tetracarboxylic acid as selector. The nature and concentration of the acidic and organic modifiers, the pH,
the mobile phase composition, and the structures of the analytes substantially influenced the retention
and resolution. Separations were carried out at constant mobile phase compositions in the temperature
range 7–40 ◦C and the changes in enthalpy, �(�H◦), entropy, �(�S◦), and free energy, �(�G◦) were
calculated. The elution sequence was determined in some cases: the S enantiomers eluted before the R
pacer length effect
emperature effect

enantiomers.

. Introduction

In view of owing to their presence in biologically active com-
ounds with outstanding pharmacological properties, interest in
-amino acids in the past 20 years has continuously increased

1–8]. With an extra carbon atom between the amino and car-
oxylic groups, these �-amino acids have even greater potential
or structural diversity than their � analogs; the availability of a
umber of stereo- and regioisomers, together with the possibility

or further functionalization on the ring, adds to their structural
iversity. Moreover, these �-amino acids are generally more sta-
le to hydrolysis or enzymatic degradation than their � analogs,
hich leads to the enhanced stability of the peptides in which they

re incorporated. �-Amino acids are used as starting substances
or the synthesis of heterocyclic compounds, potential pharma-
ons and analogs of natural products. Their enantiomerically pure

orms can serve as chiral auxiliaries in asymmetric transforma-
ions.

The enantioselective syntheses of �-amino acids require ana-
ytical methods with which to evaluate the enantiopurity of the

∗ Corresponding author. Tel.: +36 62 544000/3656; fax: +36 62 420505.
E-mail address: apeter@chem.u-szeged.hu (A. Péter).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.07.003
© 2009 Elsevier B.V. All rights reserved.

final products. The separation and identification of �-amino acid
enantiomers have mainly been performed by indirect and direct
high-performance liquid chromatographic (HPLC) methods. In the
past decade, new types of chiral stationary phases (CSPs) have
been applied for the enantioseparation of �-amino acids (mainly
�3-amino acids) by D’Acquarica et al. [9] and Péter et al. [10–14].
Since the introduction of chiral crown ethers as CSPs by Cram
and co-workers [15], a (+)-(18-crown-6)-2,3,11,12-tetracarboxylic
acid-based CSP has been successfully applied for the enantiosep-
aration of �3-amino acids by Hyun et al. [16–21] and Péter et
al. [22,23]. Péter and co-workers [24] recently separated new �2-
amino acids bearing aliphatic and aromatic side-chains on a CSP
of (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid attached to silica
with a short, 3-methylene-unit spacer: all aromatic �2-amino acid
enantiomers were baseline-resolved, while amino acids with alkyl
side-chains exhibited only partial separation.

Enantioselective retention mechanisms are sometimes influ-
enced by temperature to a greater extent than are ordinary
separations. This has been noted for some time in chiral gas chro-

matography [25,26]. It is additionally known that there are both
achiral and chiral contributions to retention that can vary with a
wide variety of experimental parameters [27–29]. Accordingly, the
column temperature has often been optimized in enantioselective
HPLC separations [30–36].

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:apeter@chem.u-szeged.hu
dx.doi.org/10.1016/j.chroma.2009.07.003
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The dependence of the retention of an analyte on the tempera-
ure can be expressed by means of the van’t Hoff equation, which

ay be interpreted in terms of mechanistic aspects of chiral recog-
ition:

n k′ = −�H◦

RT
+ �S◦

R
+ ln � (1)

his equation reveals that a plot of ln k′ vs. 1/T is linear, with a
lope of −�H◦/R and an intercept of �S◦/R + ln �, if �H◦ is invari-
nt with temperature. In chiral chromatography, however, the van’t
off plot often deviates from linearity, possibly as a result of the

nhomogeneity of the CSP surface, leading to a mixed retention
echanism.

Chromatographic chiral separations are determined by the dif-
erence in free energy �(�G◦) of adsorption of the enantiomers,
nd in a plot of R ln ˛ vs. 1/T, the slope is −�(�H◦) and the intercept
s �(�S◦):

(�G◦) = −RT ln ˛ = �(�H◦) − T�(�S◦) (2)

In the present paper, direct HPLC methods are described for
he enantioseparation of new racemic �2-amino acids (Fig. 1),
ith the application of a (+)-(18-crown-6)-2,3,11,12-tetracarboxylic

cid selector connected to silica gel through a relatively long, 11-
ethylene-unit spacer [19]. The long spacer of the CSP is purely

ipophilic and flexible, and consequently it improves the mobility
f the residual aminoalkyl groups and the chiral selector moiety of
he CSP. The longer spacer of the CSP is expected to exert significant
ffects on the separation of amino acids with alkyl side-chains. The

ffects on the separation of parameters such as the natures and con-
entrations of acidic and organic (alcoholic) modifiers, the mobile
hase composition, the structure of the analyte and temperature are
xamined and discussed. The elution sequence was determined in
ome cases.

ig. 1. (1) 3-Amino-2-methylpropionic acid, (2) 2-aminomethylbutanoic acid, (3) 2-ami
ethylbutanoic acid, (6) 2-aminomethyl-4-methylpentanoic acid, (7) 3-amino-2-benzylp

ydroxybenzyl)propionic acid, (10) 3-amino-2-(4-ethoxybenzyl)propionic acid, and (11) 3
217 (2010) 1075–1082

2. Experimental

2.1. Chemicals and reagents

Two-step syntheses were applied for the production of racemic
3-amino-2-methylpropionic acid (1), 2-aminomethylbutanoic acid
(2), 2-aminomethylpentanoic acid (3), 2-aminomethylhexanoic
acid (4), 2-aminomethyl-3-methylbutanoic acid (5), 2-amino-
methyl-4-methylpentanoic acid (6), 3-amino-2-benzylpropionic
acid (7), 3-amino-2-(4-hydroxybenzyl)propionic acid (8), 3-
amino-2-(3-hydroxybenzyl)propionic acid (9), 3-amino-2-(4-
ethoxybenzyl)propionic acid (10) and 3-amino-2-benzo[1,3]-
dioxol-5-yl-methylpropionic acid (11) (Fig. 1). In the first step,
the starting material, methyl cyanoacetate, was either alky-
lated [37] or condensed with aromatic aldehydes [38,39], and
in the next step it was reduced (and N-protected). Enantiomers
(S)-1, (S)-5 and (S)-6 were generous gifts from Prof. D. Tourwé
(Vrije Universiteit Brussels, Brussels, Belgium). The addition of
benzylamine to ethyl ethacrylate furnished the corresponding
N-benzylamino ester, which was transformed to racemic ethyl
3-amino-2-ethylpropanoate, the ethyl ester of 2, by catalytic
hydrogenolysis. Compound (R,S)-2 was resolved via Candida
antarctica lipase-A-catalyzed N-acylation in tert-amyl alcohol with
ethyl butanoate, yielding (R)-2 [40].

Acetonitrile (MeCN), methanol (MeOH) of HPLC grade and
glacial acetic acid (AcOH) were purchased from Merck (Darmstadt,
Germany). Formic acid (HCOOH), trifluoroacetic acid (TFA), ethanol
(EtOH), 1-propanol (PrOH), 2-propanol (IPA) and other reagents of
analytical reagent grade were from Sigma–Aldrich Kft (Budapest,
Hungary). Ultrapure Milli-Q water was further purified by filtration
on a 0.45-�m Millipore filter, type HV (Molsheim, France).

2.2. Apparatus
The HPLC measurements were carried out on a Waters HPLC
system consisting of an M-600 low-pressure gradient pump, an
M-2996 photodiode-array detector and a Millenium32 Chromatog-
raphy Manager data system; the alternative Waters Breeze system

nomethylpentanoic acid, (4) 2-aminomethylhexanoic acid, (5) 2-aminomethyl-3-
ropionic acid, (8) 3-amino-2-(4-hydroxybenzyl)propionic acid, (9) 3-amino-2-(3-
-amino-2-benzo[1,3]dioxol-5-yl-methylpropionic acid.
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Fig. 2. Effects of MeOH content on retention factor of first-eluting enantiomer
′
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onsisted of a 1525 binary pump, a 487 dual-channel absorbance
etector, a 717 plus autosampler and Breeze data manager soft-
are (both systems from Waters Chromatography, Milford, MA,
SA). Both chromatographic systems were equipped with Rheo-
yne Model 7125 injectors (Cotati, CA, USA) with 20-�l loops.

The (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid-based CSP
ontaining the 11-methylene-unit spacer, 5-�m particle size,
50 mm × 4.0 mm I.D., was prepared via the method described in a
revious paper [19]. The column was thermostated in a Spark Mis-
ral column thermostat (Spark Holland, Emmen, The Netherlands).
he precision of the temperature adjustment was ±0.1 ◦C.

Mobile phases were prepared by mixing the indicated volumes
f solvents and were further purified by filtration through a 0.45-
m Millipore filter, type HV. The eluents were degassed in an
ltrasonic bath and He gas was purged through them during the
nalysis. Stock solutions of analytes (1 mg ml−1) were prepared by
issolution in the starting mobile phase.

.3. HPLC operating conditions applied for validation process

To determine validation characteristics of the analytical proce-
ure separations were carried out repeatedly on the investigated
SP with a mobile phase H2O/IPA = 62/38 (v/v) + 10 mM AcOH for
wo representative analytes, compound 6 bearing an alkyl side-
hain and 7 bearing an aromatic side-chain, at a flow rate of
.5 ml min−1 maintaining the column at 25 ◦C. The injection volume
as 20 �l, while the detector was set at 205 nm.

. Results and discussion

The analytes in this study (Fig. 1) can be arranged into two
lasses. Compounds 1–6 bear alkyl groups, while compounds 7–11
ear aromatic rings. It has generally been accepted that, for a crown
ther-based CSP, the most important interaction is the host–guest
omplexation of the primary ammonium ion (R–NH3

+) and the oxy-
en atoms in the crown ether ring. Lee et al. [41] reported that the
igh enantioselectivity of this type of CSP for �-amino acids was
ue to the H-bonding between one carboxylic acid in the CSP and a
arbonyl group oxygen in the amino acid. Functional groups on �2-
omoamino acids are potentially able to contribute to hydrophobic,
–� complexation, dipole stacking, H-bonding, electrostatic, short-
istance van der Waals interactions, and steric/rigidity effects with
he CSP.

.1. Effects of acidic modifier

In order to investigate the effects of acidic modifiers on the res-
lution behavior of the CSP, analyte 4 with an alkyl and 7 with an
ryl side-chain were chosen as model compounds (Table 1). The
oncentration of MeOH was fixed at 20% (v/v) and that of the acidic
odifier at 10 mM. In example separations, the largest k′ values
ere in most cases obtained on the application of HCOOH or AcOH,
hile HClO4 and H2SO4 resulted in the lowest k′ values (Table 1).

The application of HCOOH, AcOH, TFA, HClO4 or H2SO4 at the
ame concentration (10 mM) resulted in different levels of pHa

the actual pH measured in the hydro-organic mobile phase). In
detailed investigation of the effects of pH, analytes 1, 4, 6, 7, 8

nd 10 were chosen as model compounds. A decrease of the pH
rom 5.22 to 3.65 in the H2O/MeOH = 50/50 (v/v) + AcOH aqueous

obile phase system decreased the retention factors by 70–80%.
tronger decreases (80%) were observed for the analytes bearing

lkyl side-chains (1, 4 and 6). As the acid content was elevated,
he ionic strength of the mobile phase increased, while the pH
ecreased. The hydrophilic interaction of the ionic analyte with the
olar mobile phase was then expected to increase, with a conse-
uent decrease in the retention time. However, the change of the
(k1) for analogs 1, 2, 4, 6, 7 and 8. Chromatographic conditions: column, long-
tethered (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid-based CSP; mobile phase,
H2O/MeOH (v/v) + 10 mM AcOH; flow rate, 0.5 ml min−1; detection, 205 nm; analyte,
1 (�); 2 (�); 4 (�); 6 (�); 7 (©); 8 (♦).

pH exhibited only slight effects on the ˛ and RS values. On decrease
of the pH from 5.22 to 3.65, ˛ exhibited a slight change (decrease),
while RS decreased by about 10–15%. This behavior differed from
that observed on short-tethered CSP, where ˛ and RS increased with
decreasing pH [24]. The length of the spacer may have significant
influence on the enantiorecognition and it may help or impede the
achiral interactions [42]. Steric reasons may also contribute to the
observed behavior.

Table 1 reveals that, on the application of different acidic modi-
fiers at constant pHa the differences in k′

1 for analytes 4 and 7 were
not as high as when the different acidic modifiers were used at the
same concentration. For analyte 4, k′

1 ranged between 1.58 and 2.13,
while for analyte 7 it was between 3.65 and 4.51. The somewhat
higher k′ for HClO4 was due to the low complex-formation ability
of ClO4

− [43], indicating the weakest stereoselective complexation
of primary ammonium ions of analytes with ClO4

−. It was estab-
lished that the use of different acidic modifiers with the same pHa

may result in similar chromatographic results, but the chromato-
graphic parameters may be influenced by other effects, such as the
charge/ionic radius (e/r) value of the anion, the ability of the anions
to form complexes and ion-pairs, etc.

3.2. Effects of organic modifier

The effects of the MeOH content of the mobile phase on the
retention, selectivity and resolution for analytes 1, 2, 4 and 6 con-
taining an alkyl side-chain, and for analytes 7 and 8 containing
a phenyl or a hydroxyphenyl side-chain, are depicted in Fig. 2.
For all these analytes, a U-shaped curve was observed. At higher
water content, the retention factor increased with increasing water
content, especially for analyte 4, due to the enhanced hydropho-
bic interactions in the water-rich mobile phase. Analyte 4 bears
a long lipophilic alkyl side-chain capable of hydrophobic interac-
tions with the 11-methylene-unit spacer. As the content of MeOH
in the aqueous mobile phase was increased from 50 to 80% (v/v), k′

increased again. With increasing MeOH content, the mobile phase
became less polar and more hydrophobic. In this instance, the

hydrophilic interactions between the mobile phase and the polar
analytes decreased, and consequently the retention increased. Here,
as earlier for macrocyclic antibiotic-based CSPs, the inflection point
and the slope of the U-shaped curve at higher and lower MeOH
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Table 1
Chromatographic data, retention factors (k′), separation factors (˛) and resolutions (RS) for analytes 4 and 7 on long-tethered (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid
CSP with variation of the type and concentration (pH) of the acidic modifier of the mobile phase.

Mobile phase Analyte

4 7

k′
1 k′

2 ˛ RS k′
1 k′

2 ˛ RS

20% MeOH + 10 mM HCOOH (pHa 3.03) 2.23 3.63 1.63 0.95 4.03 5.83 1.45 1.40
20% MeOH + 10 mM AcOH (pHa 3.54) 2.07 3.07 1.48 1.60 2.71 3.96 1.46 1.40
20% MeOH + 10 mM TFA (pHa 2.11) 1.00 1.61 1.61 1.85 1.91 2.47 1.29 1.25
20% MeOH + 10 mM HClO4 (pHa 2.10) 0.78 1.27 1.63 1.92 1.41 1.96 1.39 1.29
20% MeOH + 10 mM H2SO4 (pHa 1.91) 0.86 1.38 1.60 2.00 1.60 2.15 1.34 1.60

20% MeOH + HCOOH (pHa 3.99) 2.06 3.50 1.70 1.60 4.05 5.71 1.41 1.25
20% MeOH + AcOH (pHa 3.98) 1.78 3.05 1.71 2.30 4.03 5.84 1.45 1.40
20% MeOH + TFA (pHa 3.96) 1.58 2.63 1.66 2.10 3.80 5.43 1.43 1.65
20% MeOH + HClO4 (pHa 3.95) 2.13 3.68 1.72 2.35 4.51 6.29 1.39 1.95
2 1.60

C er; flo
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C
A

0% MeOH + H2SO4 (pHa 3.97) 2.09 3.33

hromatographic conditions: mobile phase: H2O/MeOH = 80/20 (v/v) + acidic modifi
obile phase; temperature, ambient.

oncentrations differed somewhat for each compound [44]. Com-
arison of the retention behavior of �2-homo-amino acids on the
hort- or the long-tethered CSPs demonstrated that the increase
f k′ with increasing water content was missing in the case of the
hort-tethered CSP [24], i.e. the hydrophobic and steric interactions
ere more significant on the long-tethered CSP.

For �2-amino acids possessing alkyl side-chains, ˛ and RS
lightly increased with increasing MeOH content (the increases in
S were more progressive), while for amino acids with aromatic
ide-chains, both ˛ and RS slightly decreased with increasing
eOH content. Such a difference in the behavior of amino acids

ossessing aliphatic and aromatic side-chains was not observed on
he CSP with the short tethering group, where decreases in ˛ and
S with increasing alcohol content were observed for both types of
nalytes [24].

The nature of the alcohol influenced the retention and resolu-
ion. Table 2 reveals that for analytes 1, 4, 6, 7, 8 and 10 at constant

−1 ′
lcohol concentration (4.93 mol l ), the change in k did not appear
o correlate with the carbon number of the alcohols. From these six
xamples (Table 2), it can be concluded that MeOH and EtOH in
ost cases gave larger k′ values than those for PrOH or IPA. The

polar character of the mobile phase increased in the sequence

able 2
etention factor of first-eluting enantiomer (k′

1), separation factor (˛) and resolution (RS)

nalyte k′
1, ˛, RS Alcohol

MeOH EtOH PrOH IPA

k′
1 0.30 0.33 0.32 0.21

˛ 1.29 1.54 1.40 1.55
RS 1.55 0.80 0.90 1.00

k′
1 0.75 – – –

˛ 1.60 – – –
RS 1.40 – – –

k′
1 1.30 – – –

˛ 1.70 – – –
RS 1.65 – – –

k′
1 2.07 2.02 1.22 0.97

˛ 1.48 1.67 1.57 2.10
RS 1.55 1.75 0.90 1.45

k′
1 0.84 – – –

˛ 1.45 – – –
RS 1.55 – – –

k′
1 0.94 1.22 1.17 0.99

˛ 1.28 1.83 1.70 2.11
RS 1.55 1.50 2.45 2.80

olumn, long-tethered (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid-based CSP; mobi
cOH, H2O/PrOH = 62/38 (v/v) + 10 mM AcOH, H2O/IPA = 62/38 (v/v) + 10 mM AcOH; flow r
1.80 3.65 5.73 1.47 2.95

w rate: 0.5 ml min−1; detection: 205 nm; pHa: actual pH, measured in hydro-organic

MeOH < EtOH < PrOH < IPA and, due to the decreased polar interac-
tions between the mobile phase and the analytes, an increase in
retention in this sequence would therefore be expected, as reported
in the case of the short-tethered CSP [24] (only analyte 6 exhibited a
slight increase in k′ with increasing number of carbon atoms in the
alcohol). The decrease in retention was more pronounced for IPA.
The enantioselectivity changed when the different alcohols were
applied at the same molar concentration, and a slight increase in ˛
was generally observed with increasing number of carbon atoms in
the alcohol. The nature of the alcohol exhibited a significant effect
on the resolution but no general rule could be established. In most
cases, the smallest resolution was observed on the application of
PrOH (an exception was 6), whereas the application of MeOH or IPA
ensured the largest RS values. The reason for this chromatographic
behavior is not yet clear; the long-tethered selector probably swells
more in these solvents, resulting in better mass-transfer kinetics
and higher RS values.
3.3. Structure–retention relationship

The k′ values may vary with the structures of the analytes. With
the mobile phase H2O/MeOH = 80/20 (v/v) + 10.0 mM AcOH, k′ var-

of enantiomers of �2-homo-amino acids as a function of nature of alcohol.

Analyte k′
1, ˛, RS Alcohol

MeOH EtOH PrOH IPA

7 k′
1 2.71 2.83 1.54 1.52

˛ 1.46 1.41 1.34 1.57
RS 1.40 1.70 1.35 2.15

8 k′
1 1.74 1.72 1.02 0.85

˛ 1.39 1.31 1.21 1.32
RS 1.90 1.40 0.95 1.25

9 k′
1 2.00 – – –

˛ 1.41 – – –
RS 1.60 – – –

10 k′
1 7.10 5.89 1.89 1.66

˛ 1.53 1.49 1.38 1.60
RS 1.74 1.38 1.40 1.82

11 k′
1 6.20 – – –

˛ 1.55 – – –
RS 1.60 – – –

le phase, H2O/MeOH = 80/20 (v/v) + 10 mM AcOH, H2O/EtOH = 71/29 (v/v) + 10 mM
ate, 0.5 ml min−1; detection, 205 nm; temperature, ambient.
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Table 3
Retention factor of first-eluting enantiomer (k′

1), separation factor (˛) and resolution (RS) of enantiomers of �2-homo-amino acids as a function of temperature.

Analyte Mobile phase Temperature (◦C)

7 15 20 30 40

k′
1 ˛ RS k′

1 ˛ RS k′
1 ˛ RS k′

1 ˛ RS k′
1 ˛ RS

1 a 0.35 1.33 0.65 0.32 1.29 0.70 0.31 1.26 0.75 0.28 1.22 0.35 0.26 1.18 0.20
b 0.26 1.63 1.25 0.23 1.59 1.30 0.21 1.55 1.00 0.19 1.48 0.95 0.16 1.43 0.40

2 b 0.78 1.69 1.90 0.67 1.64 1.95 0.62 1.62 1.90 0.52 1.58 1.20 0.45 1.53 0.80

3 b 0.89 2.11 1.95 0.79 1.96 2.45 0.73 1.92 2.80 0.60 1.79 2.60 0.50 1.71 1.45

4 a 2.62 1.36 1.10 2.21 1.32 1.20 2.07 1.27 1.80 1.79 1.23 1.20 1.50 1.18 0.90
b 1.33 2.31 1.85 1.09 2.17 1.90 0.97 2.10 3.45 0.81 1.92 2.80 0.66 1.83 2.00

5 b 0.99 1.76 1.75 0.84 1.72 1.80 0.75 1.69 2.10 0.59 1.64 2.30 0.48 1.60 1.60

6 a 1.21 1.31 1.20 1.03 1.29 1.75 0.94 1.28 2.80 0.79 1.26 3.00 0.65 1.23 1.05
b 1.52 2.22 2.40 1.12 2.16 2.45 0.99 2.11 2.75 0.71 2.03 2.35 0.54 1.95 2.10

7 a 4.14 1.54 1.85 3.11 1.50 1.90 2.71 1.46 1.45 2.08 1.42 1.30 1.50 1.39 1.20
b 2.36 1.65 1.95 1.70 1.60 2.15 1.52 1.57 2.15 1.07 1.48 1.95 0.78 1.42 1.80

8 a 2.83 1.57 2.10 2.09 1.46 2.20 1.74 1.39 1.85 1.27 1.31 1.20 0.97 1.21 1.00
b 1.25 1.36 1.15 0.95 1.34 1.25 0.85 1.32 1.20 0.61 1.30 1.10 0.44 1.28 0.85

1 0
0

C , b, H
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were constructed [Eq. (1)]. The �H and �S * = �S + ln �, values

T
T

A

1
2
3
4
5
6
7
8
1

C

0 a 9.04 1.57 1.30 7.43 1.54 1.6
b 2.54 1.83 1.70 1.96 1.64 1.7

olumn, long-tethered CSP; mobile phase, a, H2O/MeOH = 80/20 (v/v) + 10 mM AcOH

ed with the length of the alkyl chain in the molecules (Table 2).
olecules 1–4, with increasing n-alkyl chains, are more hydropho-

ic and flexible, and hydrophobic/steric interactions between
he analyte and the long-tethered CSP are therefore favored: k′

ncreased. The relatively long spacer of CSP is lipophilic and flexi-
le, and consequently it improves the mobility of the chiral selector
oiety of the CSP. For analytes 5 and 6, in spite of the longer

lkyl chain, the smaller k′ values indicate that a branched alkyl
roup diminishes the stabilization of the molecule–CSP complex.
he presence of an extra CH2 group in analyte 6 as compared with
increases the flexibility and lipophilicity of the molecule: k′ again

ncreased.
For analytes 7–11, bearing an aromatic ring, k′ proved higher as

ompared with 1–6. The � character of the analytes contributes to
he retention through the interaction with the polar moieties of the
elector. The presence of –OH or –O– groups in analytes 8–11 may
mprove the interaction with the selector through the H-bonding
r may decrease the apolar interaction ability with CSP due to the
hange in polarity. The decrease in the retention factor when 8 and
are compared with 7 and 11 is compared with 10 underlines the

mportance of lipophilic interactions with the long-tethered CSP.

The elution sequences for analytes 1, 2, 5 and 6 were

etermined by injecting configurationally known samples. The
lution sequences were consistent, the R enantiomers being
etained longer than the S enantiomers. Selected chromatograms

able 4
hermodynamic parameters, �(�H◦), �(�S◦), �(�G◦) and correlation coefficient (R2) of

nalyte Mobile phase H2O/MeOH = 80/20 (v/v) + 10 mM AcOH

−�(�H◦) (kJ mol−1) −�(�S◦)
(J mol−1 K−1)

Correlation
coefficient, R2

−�(�G◦)293

(kJ mol−1)

2.4 6.2 0.9986 0.56
– – – –
– – – –
3.2 8.8 0.9944 0.59
– – – –
1.3 2.5 0.9959 0.59
2.3 4.6 0.9910 0.92
5.6 16.2 0.9975 0.81

0 2.2 4.0 0.9928 1.31

olumn, long-tethered CSP; R2 correlation coefficient of plot R ln ˛ vs. 1/T curves.
6.21 1.51 1.75 4.88 1.47 1.90 3.46 1.42 1.80
1.66 1.60 1.80 1.26 1.44 1.70 0.95 1.35 1.65

2O/IPA = 62/38 (v/v) + 10 mM AcOH; flow rate, 0.5 ml min−1; detection, 205 nm.

for the enantioseparation of analytes 1–11 are depicted in
Fig. 3.

3.4. Temperature effects and thermodynamic parameters

In order to investigate the effects of temperature on the
chromatographic parameters, a variable-temperature study was
carried out between 7 and 40 ◦C at mobile phase compositions
of H2O/MeOH = 80/20 (v/v) + 10 mM AcOH and H2O/IPA = 62/38
(v/v) + 10 mM AcOH (the concentration of MeOH or IPA was 4.93 M
in both cases) (Table 3). A comparison of the retention factors in
Table 3 shows that k′

1 and ˛ decreased with increasing tempera-
ture. It is evident that an increase in separation temperature lowers
the separation factor, ˛, but it may also improve the peak symme-
try. Since the effect of temperature on the separation was more
complex, an extensive study dealing with the thermodynamics of
enantiomer separation was carried out.

Several papers have been published that discuss the effects of
temperature on enantiomers HPLC separation [27,45,46,34,47]. In
order to calculate the thermodynamic parameters, van’t Hoff plots

◦ ◦ ◦
calculated from the slopes and intercepts of the plots of Eq. (1) for
the enantiomers in both eluent systems were negative. Further, the
�H◦ and �S◦* values for the first-eluting enantiomer were always
less negative than those for the second-eluting enantiomer. The

analytes measured with different mobile phase additives.

Mobile phase H2O/IPA = 62/38 (v/v) + 10 mM AcOH

K −�(�H◦)
(kJ mol−1)

−�(�S◦)
(J mol−1 K−1)

Correlation
coefficient, R2

−�(�G◦)293 K

(kJ mol−1)

3.0 6.5 0.9921 1.07
2.1 3.2 0.9958 1.17
4.6 10.2 0.9906 1.60
5.3 12.0 0.9936 1.80
2.2 3.1 0.9977 1.27
2.9 3.7 0.9992 1.82
3.3 7.5 0.9923 1.09
1.3 2.1 0.9908 0.68
6.7 19.0 0.9901 1.14
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ifferences in �H◦ and �S◦ values of the second- and first-eluting
nantiomers are depicted in Table 4.

For the amino acids bearing an aliphatic side-chain (1–6), the
�H◦ and −�S◦* values in both eluent systems increased with
ncreasing lipophilicity. For analytes 1–6 in the H2O/MeOH system,
�H◦ ranged between 6.3 and 14.8 kJ mol−1, and in the H2O/IPA

ystem between 10.3 and 25.8 kJ mol−1. In the H2O/MeOH sys-
em, −�S◦* ranged between 31.4 and 49.8 J mol−1 K−1, and in the

2O/IPA system between 48.1 and 82.0 J mol−1 K−1. It was also

ig. 3. Selected chromatograms for analytes 1–11. Chromatographic conditions: column
hase, H2O/IPA = 62/38 (v/v) + 10 mM AcOH for analytes 1–3, 5–8, H2O/MeOH = 80/20 (v/v
and 11 and H2O/EtOH = 71/29 (v/v) + 10 mM AcOH for analyte 10; flow rate, 0.5 ml min−

nalyte 5, and ambient temperature for the others.
217 (2010) 1075–1082

observed that for the same analyte the �H◦ and �S◦* values in
the H2O/IPA system were in most cases more negative than in the
H2O/MeOH eluent system.

For amino acids bearing an aromatic side-chain, somewhat
◦ ◦
larger −�H and −�S * values were observed and these values did

not differ appreciably in the two eluent systems (for analytes 7, 8
and 10 in both eluent systems, the −�H◦ values ranged between
22.0 and 28.0 kJ mol−1 and the −�S◦* values between 60.0 and
88.0 J mol−1 K−1).

, long-tethered (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid-based CSP; mobile
) + 10 mM AcOH for analyte 4, H2O/MeOH = 50/50 (v/v) + 10 mM AcOH for analytes

1; detection, 205 nm; temperature, 15 ◦C for analyte 2, 40 ◦C for analyte 3, 30 ◦C for
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The data on the changes in �(�H◦), �(�S◦) and �(�G◦) are
epicted in Table 4. For the �2-amino acid analogs bearing an alkyl
ide-chain, the −�(�H◦) and −�(�S◦) were most negative for ana-
yte 4 in both eluent systems, indicating that the interaction of the
ong alkyl side-chain of the analyte with the long-tethered CSP con-
ributes not only to the retention, but also to the selectivity. The
ata on the changes in −�(�G◦) indicate that enantioseparation
n the long-tethered CSP in the H2O/IPA = 62/38 (v/v) + 10 mM AcOH
obile phase system is more favorable for �2-amino acids bearing

n alkyl side-chain (Table 4). The largest negative �(�G◦) values
or 4 and 6 suggest that the lipophilic or steric/rigid interactions
nduce highly efficient binding to the selector. The difference in
�(�G◦) values for 5 and 6 may be explained by the differences
ue to the steric and lipophilic effects of the one methylene group
ifference in the alkyl side-chains. The −�(�G◦) values of ana-

ytes 7, 8 and 10 indicate that the more polar H2O/MeOH = 80/20
v/v) + 10 mM AcOH mobile phase favors the interactions between
he aromatic side-chain and the CSP, resulting in higher −�(�G◦)
alues.

In summary, the complex formation that involved multiple
ntermolecular interactions was generally exothermic, and the cor-
esponding entropic contribution was also negative. The negative

(�G◦) values originated from the negative �(�H◦) values and
onsequently the separations for all the investigated analytes on
his CSP were enthalpically favored.

However, the exact chiral recognition mechanism on the long-
ethered CSP is not yet clear; further investigations are needed to
larify the effects of acidic/alcoholic modifiers and interactions gov-
rning the chiral recognition.

. Method validation

.1. Linearity

Solutions of the racemates were prepared at six different con-
entration levels, from 0 to 875 �g ml−1 and 0 to 10 ng ml−1 for
nalytes 6 and 7, respectively. Three parallel injections of each solu-
ion were made under the chromatographic conditions described
bove. The peak area response of the first and the second-eluting
nantiomers was plotted against the corresponding concentration
nd the linear regression was computed by the least square method
sing Microsoft Excel program. Very good linearity was observed in
he investigated concentration range with the following regression
quations; y = 1538x + 4703 (R2 = 0.9997) and y = 132,993x + 1313
R2 = 0.9999) for compounds 6 and 7, respectively. (The difference
f the regression parameters of the enantiomers was within the
tandard error.)

.2. Limit of detection (LOD) and limit of quantitation (LOQ)

LOD and LOQ were determined based on the calibration curve
ccording to the ICH guidelines [48]. LOD was 10 �g ml−1 and
.02 ng ml−1, while LOQ 30 �g ml−1 and 0.06 ng ml−1 for 6 and 7,
espectively.

.3. Precision

Replicate HPLC analysis showed that the relative standard devi-
tion was no more than 6% for the peak area response and less than
% for the retention time.
. Conclusions

This study has demonstrated that the long-tethered CSP is
uite successful for the direct enantioseparation of the investigated

[
[
[

[
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�2-amino acids. The chromatographic retention and resolution
behavior was found to be dependent on the natures and concen-
trations of the acidic and alcoholic modifiers and the nature of the
substituents in the � position. On the basis of the thermodynamic
parameters, the separation proved to be enthalpically favored. In
contrast with the short-tethered CSP, the long-tethered CSP exhib-
ited excellent resolution for �-amino acids, either bearing aliphatic
or aromatic side-chains in the � position. The elution sequence fol-
lowed the general rule (S < R) established earlier for �- and �-amino
acids.
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