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ABSTRACT Direct high-performance liquid chromatographic (HPLC) separation of four
bicyclo[2.2.2]octane based 2-amino-3-carboxylic acid enantiomers were developed on chiral sta-
tionary phases (CSPs) containing different macrocyclic glycopeptide antibiotic selectors. The
analyses were performed under reversed-phase, polar organic and polar ionic mode on
macrocyclic-glycopeptide-based Chirobiotic T, T2, TAG, and R columns. The effects of the mo-
bile phase composition including the acid and base modifier, the structure of the analytes, and
the temperature on the separations were investigated. Experiments were achieved at constant
mobile phase compositions on different stationary phases in the temperature range 5–40°C.
Thermodynamic parameters were calculated from plots of ln k or ln α versus 1/T. It was recog-
nized that the enantioseparations in reversed-phase and polar organic mode were enthalpically
driven, but under polar-ionic conditions entropically driven enantioseparation was observed as
well. Baseline separation and determination of elution sequence were achieved in all cases.
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INTRODUCTION
The role of nonnatural amino acids is significant and in-

creasing due to their interesting chemical and biological ac-
tivities. Among them, bicyclic amino acids are important
components in biological systems. One of the most signifi-
cant representatives of this family is the α-amino acid, 2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH). This
compound has several potentially useful effects in biological
systems: it is able to increase insulin secretion,1,2 it plays a
role in cell membrane transport,3 and cancer cell apoptosis.4,5

β-Amino acids with similar structures could be effective
analogs of α-amino acids; in addition, their biological activities
also have been noted.6,7 In addition, they have been used as
intermediates for the synthesis of pharmaceutical compounds
and other organic molecules such as alkaloids, peptides, and
β-lactam antibiotics.8–13 Moreover, these compounds are
building blocks of novel β-peptides with unique properties,
which has been attracting attention because of the feasibility
of derivatization with various side chains at α- and β-posi-
tions.14–17 Several β-amino acid derivatives were shown to
be effective inhibitors of glycine transport.18

The antigen-4 (VLA-4) is a heterodimeric cell surface
glycoprotein transmembrane receptor,19 which is implicated
in several inflammatory and autoimmune disease states.20

The inhibition of VLA-4 may produce a reduction in the
migration and/or activation of cell types important to sustain-
ing a prolonged inflammatory response.21 The cyclic β-amino
acids were found to be effective as VLA-4 antagonists.22

Conformationally constrained bicyclo[2.2.2]octane β-amino
acids are also of great interest, owing to their role in both
synthetic and medicinal chemistry.23–28 These compounds
simultaneously combine the particular structural proper-
ties of constrained cyclic amino acids and those of β-amino
dicals, Inc.
acids that are more resistant than α-amino acids to enzy-
matic degradations. The interest in bicyclic amino acids
is highlighted by publications on several investigations in
recent years.29–31

The wide-ranging utility of these compounds has led to
increased interest in their enantioselective syntheses,
which demand analytical methods for checking the
enantiopurity of these chemical products. The direct
and indirect chiral high-performance liquid chromatogra-
phy (HPLC) are well-known, frequently used, and reli-
able applied techniques in the enantioseparation of
different analytes.
Due to their biological importance, many papers deal with

the enantioseparation of chiral β-amino acids on different
types of chiral stationary phases (CSPs). Successful
separations were achieved on macrocyclic glicopeptide,32–36

crown-ether,37–39 cyclodextrin,40,41 cinchona alkaloid,42 and
cyclofructan-based43 chiral columns.
The macrocyclic glycopeptide antibiotics (especially

teicoplanin, ristocetin A and vancomycin) and their analogs,
appear to be among the most successful chiral selectors in
HPLC and capillary electrophoresis (CE).44 The variety of
chiral interactive sites, which are able to create hydrogen
bonding, steric hindrance, π–π interaction, inclusion complex-
ation, electrostatic, van der Waals forces, and hydrophobic
interactions with the stereoisomers makes them so broadly
successful.45 Their excellent chiral discrimination capability
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can be achieved in normal phase (NPM), reversed phase
(RPM), polar-organic (POM), and polar-ionic (PIM) modes.46

Moreover, to some extent these macrocyclic glycopeptides
are complementary to each other.
In all chromatographic modes, the selectivity and

retention factors are mainly controlled by the concentra-
tion and nature of the mobile phase components, together
with other variables, such as the pH of the mobile phase.
Enantioselective retention mechanisms are often influenced
by temperature. This has been noted for some time in chiral
gas chromatography.47,48 Additionally, it is known that there
are both achiral and chiral contributions to retention that can
vary with changes in experimental parameters.48–52 Several
papers have been published discussing the effects of temper-
ature on enantiomeric HPLC separations.53–57

The dependence of the retention of an analyte on tempera-
ture can be expressed by the van’t Hoff equation, which may
be interpreted in terms of mechanistic aspects of chiral
recognition:

ln k ¼ �ΔHo

RT
þ ΔSo

R
þ lnϕ (1)

in which k is the retention factor, ΔH° is the enthalpy of trans-
fer of the solute from the mobile phase to the stationary
phase, ΔS° is the entropy of transfer of the solute from the
mobile phase to the stationary phase, R is the gas constant,
T is the absolute temperature, and ϕ is the inverse of the
phase ratio of the column: ϕ=VS/VM.
This equation reveals that a plot of ln k vs. 1/T is linear,

with slope of -ΔH°/R and intercept ΔS°/R + ln ϕ, if ΔH° is in-
variant with temperature. Since the value of ϕ is often not
known, the ΔS°* values [ΔS°* = ΔS° +R ln ϕ] calculated from
the intercepts of the plots via Eq. 1 are generally used. Any
uncertainty in the phase ratio affects the ΔS°* values virtually
equally. In chiral chromatography, however, the van’t Hoff
plot often deviates from linearity, possibly as a result of the in-
homogeneity of the CSP surface, leading to a mixed retention
mechanism.
The corresponding Δ(ΔH°) and Δ(ΔS°) values for the sep-

arated enantiomers can be determined from a modification of
Eq. 1:

ln α ¼ �Δ ΔHoð Þ
RT

þ Δ ΔSoð Þ
R

(2)

where α is the selectivity factor (α = k2/k1). If α is 1.0 (ln α is
0), there must exist a temperature at which enthalpic and en-
tropic contributions to chiral recognition exactly compensate
each other and the enantiomers coelute.46,58

This paper describes direct HPLC methods for the separa-
tions of the enantiomeric mixtures of four bicyclo[2.2.2]oc-
tane-based 2-amino-3-carboxylic acids on the macrocyclic
glycopeptide-based CSPs Chirobiotic T, Chirobiotic T2,
Chirobiotic TAG, and Chirobiotic R under RPM, POM,
and PIM. Additionally, in order to better understand
the chromatographic behavior of the β-amino acids, the
effects of the different conditions — the mobile phase
composition, the amount and ratio of acid and base
modifier, the structure of the analytes, and the column
temperature — were investigated. The separation of the
stereoisomers was optimized by variation of the
chromatographic parameters. The elution sequence was
determined in all cases.
MATERIALS AND METHODS
Chemicals

The Diels Alder reaction of 1,3-cyclohexadiene with maleic anhydride
resulted in diendo-bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic acid anhydride
diastereoselectively. The starting diendo-3-aminobicyclo[2.2.2]oct-5-ene-
2-carboxylic acid (1) was prepared selectively by hypochlorite-mediated
Hoffman degradation of the carboxamide obtained by ammonolysis of
diendo-bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic acid anhydride. Com-
pound 1 was transformed into cis-amino acid 3 with H2 in the presence
of Pd/C.59

Racemic ethyl diendo-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylate was
prepared by a literature method.59 The C-2 isomerization of ethyl diendo-
3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylate with NaOEt in EtOH at
70°C resulted in ethyl 2-exo-3-endo-3-aminobicyclo[2.2.2]oct-5-ene-2-
carboxylate. Diendo- and endo-exo-amino ester derivatives were
transformed into cis- and trans-amino ester derivatives of 3 and 4 with
H2 in the presence of Pd/C. Continuous flow hydrogenations were carried
out in the H-Cube system. When subjected to microwave irradiation in
H2O at 150°C for 1 h, cis- and trans-esters gave amino acids 2 and 4. Ethyl
diendo-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylate was resolved with O,
O’-dibenzoyltartaric acid via diastereomeric salt formation. The synthesis
of the enantiomers of diendo-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylic
acid (1a and 1b), 2-exo-3-endo-3-aminobicyclo[2.2.2]oct-5-ene-2-
carboxylic acid (2a and 2b), cis- and trans-3-aminobicyclo[2.2.2]octane-
2-carboxylic acid (3a, 3b, 4a. and 4b) was achieved via isomerization,
hydrogenation. and hydrolysis of the corresponding ester enantiomers.60

The stereochemistry and absolute configurations of the synthesized
compounds were determined by nuclear magnetic resonance (NMR)
spectroscopy and X-ray crystallography.59,60

The difference between analytes a and b is the difference in the steric
orientation in positions 1, 2, 3, and 4 (Fig. 1); they are enantiomers.
Hence, the configurations of the enantiomers are 1S2R3S4R (a) and
1R2S3R4S (b) in case of sample 1 and 1S2S3S4R (a), 1R2R3R4S (b) in
case of sample 2, the analytes 1 and 2 are diastereomers. The same rela-
tionship exists between sample 3 and 4.

Methanol (MeOH) and acetonitrile (MeCN) of HPLC grade were
purchased from Merck (Darmstadt, Germany). Triethylamine (TEA),
glacial acetic acid (AcOH), and other reagents of analytical reagent grade
were from Sigma-Aldrich (St. Louis, MO). TheMilli-Q water was further pu-
rified by filtration on a 0.45-μm type HVMillipore filter (Molsheim, France).

Instruments and Chromatography
The HPLC measurements were carried out on a Waters HPLC sys-

tem consisting of an M-600 low-pressure gradient pump, an M-2996
photodiode-array detector, and an Empower 2 Chromatography Man-
ager data system; the alternative Waters Breeze system consisted of
a 1525 binary pump, a 487 dual-channel absorbance detector, a 717
plus autosampler, and Empower 2 data manager software (both sys-
tems from Waters Chromatography, Milford, MA). Both chromato-
graphic systems were equipped with Rheodyne Model 7125 injectors
(Cotati, CA) with 20-μL loops.

The macrocyclic glycopeptide-based stationary phases used for ana-
lytical separation were teicoplanin-containing Chirobiotic T and T2,
teicoplanin aglycone-containing Chirobiotic TAG, and ristocetin A-
containing Chirobiotic R columns, 250 x 4.6 mm I.D., 5 μm particle size
(for each column) (Sigma-Aldrich). Teicoplanin has 23 chiral centers sur-
rounding four cavities. Hydrogen donor and acceptor sites are readily
available, close to seven aromatic rings. Chirobiotic T and T2 are both
based on silica gel with a 5-μm diameter, but the Chirobiotic T material
has a 120 Å pore size and the Chirobiotic T2 material has a 200 Å pore
size. Moreover, the linkage chain in Chirobiotic T2 is approximately twice
as long as that in Chirobiotic T. Hence, the coverage and spacing will be
different for the two CSPs leading to steric interaction differences
between the two columns. Teicoplanin aglycone is made by chemical syn-
thesis with the removal of the three sugar moieties of teicoplanin. After
the modification it contains eight chiral centers and four inclusion cavi-
ties. Ristocetin is the largest and most complex selector. It has 38 chiral
centers surrounding four cavities. Six sugar moieties, a peptide chain,
Chirality DOI 10.1002/chir



Fig. 1. Structures of analytes (1S,2R,3S,4R)-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylic acid (1a), (1R,2S,3R,4S)-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylic acid
(1b), (1S,2S,3S,4R)-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylic acid (2a), (1R,2R,3R,4S)-3-aminobicyclo[2.2.2]oct-5-ene-2-carboxylic acid (2b), (2R,3S)-3-
aminobicyclo[2.2.2]octane-2-carboxylic acid (3a), (2S,3R)-3-aminobicyclo[2.2.2]octane-2-carboxylic acid (3b), (2S,3S)-3-aminobicyclo[2.2.2]octane-2-carboxylic acid
(4a), (2R,3R)-3-aminobicyclo[2.2.2]octane-2-carboxylic acid (4b).
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and additional ionizable groups give this structure the complexity and
diversity to separate a wide variety of analytes.
The columns were thermostated in a Spark Mistral column thermostat

(Spark Holland, Emmen, The Netherlands). The precision of the temper-
ature adjustment was ± 0.1˚C.

RESULTS AND DISCUSSION
The experimental conditions, including the nature and con-

centration of themobile phase components and the temperature
were investigated. The analytes in this study (Fig. 1) possess
unsaturated and saturated bicyclic skeletons with carboxy and
primary amino groups (in exo or endo position). These differ-
ences result in different steric effects and influence the hydro-
phobicity, bulkiness, and rigidity of the molecules, depending
on how their atoms are linked and how capable they are of
different simultaneous interactions with the selector.

Enantioseparation in RPM
In RP chromatographic mode all the compounds in

Figure 1 were evaluated with a minimum of six mobile
phases, the eluent composition being varied between 0.1%
TEAA (pH 4.1)/MeOH= 2/98 – 90/10 (v/v). For comparison
purposes and to simplify the presentation, Figure 2 exhibits
only the chromatographic results obtained when the enantio-
meric separation was achieved; enantiomers of analyte 1
were separable on Chirobiotic T and TAG, enantiomers of 2
and 3 on Chirobiotic R, while enantiomers of analyte 4
exhibited a partial separation on Chirobiotic T at 0.1% TEAA
(pH 4.1)/MeOH= 10/90 (v/v) (RS = 0.55) and on Chirobiotic
R at 0.1% TEAA (pH 4.1)/MeOH=2/98 (v/v) eluent composi-
tion (RS = 0.85) in the RPM.
At a given mobile phase composition, the retention factors

were lowest on the ristocetin A CSP (Chirobiotic R) and
highest on the aglycone CSP (Chirobiotic TAG). The native
teicoplanin phase (Chirobiotic T) exhibited intermediate k
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values. Similar trends, with higher k values on Chirobiotic
TAG than on a Chirobiotic T column, were observed by
Berthod et al.61 D’Acquarica et al.62 and Péter et al.63,64 for
unusual α-amino acids and cyclic β-amino acids. Teicoplanin
and teicoplanin aglycone differ in the lack of sugar units in
the latter. The possible interactions strictly depend on how
the enantiomers fit into the aglycone cavity which is deter-
mined, among others,by the presence of the sugar moieties
and the chemical structure of the selector. The absence of the
sugar groups in case of teicoplanin aglycone manifested in the
largest retention, while the structure of the ristocetin A was un-
favorable for the investigated analytes to the fitting of the cavity.
The effects of the MeOH content of the mobile phase

were investigated on all three CSPs (Fig. 2). In most cases,
a U-shaped retention curve was observed for all analogs
(the exceptions were analyte 2 and analyte 4 on Chirobiotic
T and TAG columns; data not shown). At higher water
contents, the retention factor increased with increasing water
content; this was probably due to enhanced hydrophobic in-
teractions between the analyte and the CSP in the water-rich
mobile phases. In the RPM, one of the most important interac-
tions between the analyte and the CSP is the hydrophobic
interaction inside the “basket” of the glycopeptide. When the
MeOH content of the mobile phase exceeded ~50%, the reten-
tion factor increased. This suggests that the separation may
rather be controlled by the hydrophilic interaction liquid chro-
matography (HILIC) than by the RPM mechanism at high
MeOH contents. In this study, as earlier,44,57 the inflection
point and the slope of the U-shaped curve at higher and lower
MeOH concentrations differed somewhat for each compound.
Different extents of solvation of the stationary phase during
HILIC and under the RPM conditions may explain the
observed retention behavior. On Chirobiotic T and TAG col-
umns a continuous increase in k was observed for analytes 2
and 4 with increasing MeOH content. The different behavior



Fig. 2. Effects of MeOH content on retention factor of first-eluting enantiomer (k1), separation factor (α) and resolution (RS) for analog 1 on Chirobiotic T and
TAG and for analogs 2, 3 and 4 on Chirobiotic R CSP. Chromatographic conditions: mobile phase, TEAA(pH 4.1)/MeOH = 90/10 – 2/98 (v/v); temperature, 25°C;
flow rate, 1.0 mL min-1; detection, 215 nm; k, ◼; a,•; Rs, ▴.
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of analytes 2 and 4may be due to the different positions of the
carboxy and amino groups, resulting in differences in their
steric interactions with the selector.
With regard to the variations in the separation factors (α)

and resolutions (RS) with change of the MeOH content, no
general trends were observed.
In the RPM in MeOH-rich mobile phases, on Chirobiotic R

analytes 1 and 3 exhibited larger k1 values than analytes 2
and 4, respectively, indicating how the structures of the
analytes influences the chiral recognition. At high MeOH
contents, for the more polar analytes 1 and 3 probably the
HILIC interaction resulted in higher retention and in better
chiral recognition. The value of α reached its maximum when
using mobile phases of high MeOH content.
Elution sequences were determined in all cases. In RPMwhen

separation occurred on Chirobiotic T and TAG column for ana-
lyte 1 b< a while on Chirobiotic R CSP for analytes 1 and 3 a<
b and for analytes 2 and 4 b< a elution sequence was obtained.

Enantioseparation in POM and PIM
Use of the MeOH/AcOH/TEA=100/0.1/0.1 (v/v/v) mobile

phase system on four columns at constant temperature (35ºC)
generally resulted in lower retention and higher resolution than
with 100% MeOH (Table 1). In the case of PIM and POM the k
Chirality DOI 10.1002/chir



Fig. 3. Enantioselectivity free energy differences, Δ(ΔG°)TAG - Δ(ΔG°)T, be-
tween aglycone and native teicoplanin CSPs. Chromatographic conditions: col-
umn, Chirobiotic T and Chirobiotic TAG; mobile phase, a, 0.1% TEAA(pH 4.1)/
MeOH = 10/90 (v/v), b, MeOH = 100%, c, MeOH/AcOH/TEA = 100/0.1/0.1
(v/v/v); temperature, 25 °C; flow rate, 1.0 mL min-1; detection, 215 nm.
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values of the first (and the second) eluted enantiomers were
lower on the teicoplanin CSPs (T and T2) than on the aglycone
CSP. The different separation ability of the Chirobiotic TAG
column compared to Chirobiotic T for amino acids indicates a
possible difference in the separation mechanism on the
teicoplanin versus the teicoplanin aglycone CSPs. From the as-
pect of enantiomeric separations, the sugar moieties of the
native teicoplanin may intervene in the chiral recognition pro-
cess in at least three ways61: (i) sugar units occupy the space in-
side of the “basket”; (ii) they block the possible interaction sites
on the aglycone (phenolic hydroxy groups and an alcohol
moiety); and (iii) they offer competing interaction sites, since
the three sugars are themselves chiral and have hydroxy, ether
and amido functional groups.
To quantify the effects of the sugar units, the differences in

enantioselective free energies between the two CSPs, Δ(ΔG°)
TAG - Δ(ΔG°)T, were used. Δ(ΔG°) values were taken partly
from Table 1 [-Δ(ΔG°) =RT ln α]. The Δ(ΔG°)TAG - Δ(ΔG°)
T, values were plotted as shown in Figure 3. A negative num-
ber means that the stereoisomers were better separated on
the aglycone CSP. A positive number means that the stereo-
isomers are better separated on the native teicoplanin CSP.
The negative energy difference means that the absence of
sugar units increases the amino acid enantiorecognition. It
also indicates that the aglycone basket of the teicoplanin
molecule is solely responsible for the enantiorecognition. As
can be seen in Figure 3, no general trends could be observed.
The differences in Δ(ΔG°)TAG - Δ(ΔG°)T, depends on the
nature of analyte and mobile phase composition, too.
TABLE 1. Chromatographic data, retention factor (k), separation fa
isomers of bicyclic β-amino acids on

Analyte Column
Mobile phase

MeOH/MeCN/AcOH/TEA (v/v/v/v)

1 T 100/0/0/0/0
T 100/0/0.1/0.1

2 T 100/0/0.1/0.1
3 T 100/0/0.1/0.1
4 T 100/0/0.1/0.1
1 T2 100/0/0/0/0

T2 100/0/0.1/0.1
2 T2 100/0/0.1/0.1
3 T2 100/0/0.1/0.1
4 T2 100/0/0.1/0.1
1 TAG 100/0/0/0/0

TAG 100/0/0.1/0.1
2 TAG 100/0/0.1/0.1
3 TAG 100/0/0/0/0

TAG 100/0/0.1/0.1
4 TAG 100/0/0/0/0

TAG 100/0/0.1/0.1
1 R 100/0/0/0/0

R 100/0/0.1/0.1
R 50/50/0.1/0.1

2 R 100/0/0/0/0
R 100/0/0.1/0.1
R 50/50/0.1/0.1

3 R 100/0/0/0/0
R 100/0/0.1/0.1
R 50/50/0.1/0.1

4 R 100/0/0/0/0
R 100/0/0.1/0.1
R 50/50/0.1/0.1

Chromatographic conditions: columns, T, Chirobiotic T, T2, Chirobiotic T2, TAG, Ch
v/v/v); flow rate, 1.0 mL min-1; detection, 215 nm; temperature, 35°C.
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Comparison of the Chirobiotic T and T2 columns revealed
that the retention factors on Chirobiotic T were somewhat
larger (Table 1). Similar behavior was observed by Sipos et al.
for the enantioseparaton of β3-amino acids,34 but slightly
higher k values on Chirobiotic T2 than on Chirobiotic T were
observed by Péter et al.64. These small differences may come
from the different physical properties of the silica gel and the
linkage of the selector. The teicoplanin-based CSPs were very
ctor (α), and resolution (RS) for direct separation of the stereo-
macrocyclic glycopeptide CSPs

k1 α RS Elution sequence

2.36 1.62 3.79 b< a
2.62 1.59 3.23 b< a
1.51 1.10 0.76 b< a
1.88 1.04 <0.20 —

1.72 1.05 0.29 b< a
1.90 1.49 3.14 b< a
1.82 1.48 2.63 b< a
1.39 1.00 0.00 —

1.42 1.00 0.00 —

1.59 1.00 0.00 —

3.70 1.97 9.20 b< a
3.49 1.95 6.95 b< a
2.11 1.06 0.63 b< a
3.33 1.04 <0.20 —

3.14 1.00 0.00 —

3.80 1.05 0.30 b< a
2.37 1.05 0.29 b< a
1.14 1.09 0.46 a< b
1.12 1.07 0.50 a< b
3.53 1.09 0.93 a< b
0.57 1.22 1.13 b< a
0.54 1.22 1.51 b< a
4.47 1.10 1.08 b< a
0.72 1.25 1.36 a< b
0.72 1.24 1.93 a< b
2.81 1.15 1.81 a< b
1.37 1.11 0.80 b< a
0.58 1.17 1.33 b< a
5.17 1.17 1.88 b< a

irobiotic TAG, R, Chirobiotic R; mobile phase, MeOH/MeCN/AcOH/TEA (v/



TABLE 2. Retention factor of first-eluting enantiomer (k1),
separation factor (α), and resolution (RS) of enantiomers of
bicyclic β-amino acids 1, 2, 3, and 4 on different Chirobiotic

columns as a function of temperature

Column Eluent k1, α, RS
Temperature (°C)

5* 15 20 30 40

1
T a k1 1.28 1.16 1.06 0.88 0.77

α 1.29 1.28 1.26 1.25 1.23
RS 2.46 2.39 2.23 1.97 1.72

TAG a k1 3.10 2.65 2.52 2.22 1.99
α 1.41 1.37 1.34 1.30 1.26

RS 3.25 3.43 3.46 3.54 3.55

2
R b k1 0.75 0.68 0.65 0.59 0.55

α 1.22 1.22 1.21 1.20 1.19
RS 1.23 1.36 1.42 1.47 1.50

3
R b k1 1.05 0.91 0.84 0.76 0.68

α 1.24 1.25 1.26 1.26 1.27
RS 1.71 1.87 1.91 1.96 2.05

4
R b k1 0.74 0.67 0.66 0.61 0.57

α 1.23 1.22 1.21 1.20 1.18
RS 1.54 1.49 1.45 1.37 1.35

Columns, T, Chirobiotic T, TAG, Chirobiotic TAG, R, Chirobiotic R; mobile
phase, a, 0.1% TEAA (pH 4.1)/MeOH=50/50 (v/v), b, MeOH/AcOH/TEA=
100/0.1/0.1 (v/v); flow rate, 1.0 mL min-1; detection, 215 nm;
*exact temperature on T was 8.7°C, on TAG 6.3°C and on R 5°C.
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effective (Chirobiotic TAG was the most effective) for the
enantioseparation of analyte 1, but less effective in case of
analytes 2–4. The selectivity and the resolution observed in
the case of 1 and 2 are similar or somewhat higher compared
with samples 3 and 4 on T, T2, and TAG. The presence of the
double bond in 1 and 2 ensures π–π interactions which is one
of the most important interactions in case of macrocyclic
glycopeptides in PIM and POM conditions.
Another obvious trend indicated by the data in Table 1 was

that on the Chirobiotic R CSP, in most cases despite the lower
k’ values, higher α and RS values were obtained, indicating
that the level of chiral discrimination improved in the PIM
and POM (an exception was analyte 1) (Table 1). The
smallest k values on Ristocetin A was probably due to the lack
of interaction between the carboxymethyl ester group on the
selector and protonated ammonium group of analytes. On
Chirobiotic R, baseline separations were achieved in cases
2, 3, and 4, while for analyte 1 this CSP was less effective.
The effects of the MeOH/MeCN ratio of the mobile phase

in PIM were investigated on Chirobiotic R. With increasing
MeCN content, the k value and RS also increased (except
for analyte 2). This was probably due to the solvation effect
both of the enantiomers and the CSP. When the MeOH
content decreased, solvation of analytes in mobile phase also
decreased, resulting in higher retention.
The effect of the concentration of the acid and base compo-

nents was examined in the following mobile phase systems:
MeOH/AcOH/TEA, a, 100/0.1/0.1, b, 100/0.05/0.05, c,
100/0.01/0.01, d, 100/0.05/0.01 and e, 100/0.01/0.05 (v/v/
v). Decreasing the AcOH/TEA content from 0.1/0.1 (v/v) to
0.01/0.01 (v/v) k increases, indicating the importance of cou-
lombic interactions in the separation process, while α and RS
remained similar or slightly decreased. With the variation of
the ratio of acid and base additives, AcOH/TEA between
0.05/0.01 – 0.01/0.05 (v/v) a small increase in k, α, and RS
in TEA-rich mobile phase was observed.
The sequence of elution of the enantiomers was deter-

mined by spiking the racemic samples with enantiopure
analytes. For analytes 1–4 on the Chirobiotic T, T2, TAG,
and R columns, no consistent elution sequence was observed
in PIM and POM. On the Chirobiotic T, T2, and TAG CSPs, if
the separation occurred b< a an elution sequence was
observed, while on Chirobiotic R analytes 1 and 3 exhibited
a< b and analytes 2 and 4 b< a elution sequence. The differ-
ent steric position of –NH2 and –COOH groups in analytes 1,
3 and 2, 4 may explain the different elution sequence on
Chirobiotic R.

Effects of Temperature and Thermodynamic Parameters
In order to investigate the effects of temperature on the

chromatographic parameters, a variable-temperature study
was carried out on Chirobiotic T, TAG, and R columns over
the temperature range 5–40°C (with 5 or 10°C increments).
Experimental data for analyte 1 on Chirobiotic T and TAG
in the mobile phase 0.1% TEAA (pH 4.1)/MeOH=50/50 (v/
v) and for analytes 2–4 on Chirobiotic R in the mobile phase
MeOH/AcOH/TEA = 100/0.1/0.1 (v/v/v) are listed in
Table 2. A comparison of the retention factors in Table 2
reveals that all of the recorded values decreased with increas-
ing temperature. It is evident that an increase in the separa-
tion temperature lowers the separation factor, α. However,
for analyte 3 on the Chirobiotic R column a slight increase
in α (and RS) were registered with increasing temperature
(Table 2). As concerns resolution, RS generally decreases with
an increase of temperature but for analyte 1 on Chirobiotic
TAG and for analytes 2 and 3 on Chirobiotic R it increases
with temperature. Increasing temperature may improve the
peak symmetry (improves the kinetics of separation) and effi-
ciency, and therefore the resolution may also improve.
Since the effect of temperature on the separation was com-

plex, an extensive study relating to the thermodynamics of
this system was carried out. The initial step of this process
is to accumulate accurate chromatographic data from which
van’t Hoff plots were constructed (Eq. 1). The ΔH° and ΔS
°* values calculated from the slopes and intercepts of these
plots for the enantiomers on three columns were negative
(Table 3). Since the second-eluting enantiomers have more
negative ΔS°* values (except for analyte 3 on Chirobiotic
R), it is likely that they have fewer degrees of freedom on
the CSP, i.e. they are held at more points or are less able to
move or rotate. It is widely accepted that both enantiomers
undergo the same nonspecific interactions, whereas the more
strongly retained one is subject to additional stereospecific
interactions. Moreover, applying 0.1% TEAA(pH 4.1)/
MeOH= 50/50 (v/v) mobile phase system, it was observed
in the case of analyte 1 that ΔH°1 and ΔH°2, and in parallel
ΔS°*1 and ΔS°*2, for the Chirobiotic T column were more neg-
ative than those for the Chirobiotic TAG column. This may be
due to the fact that the teicoplanin aglycone (TAG) had the
sugar units removed and this may hinder the interaction
between the analyte and the CSP (but the difference in the
interaction energies of the two enantiomers in the basket of
the aglycone was higher).
In the case of the Chirobiotic R column, using the MeOH/

MeCN/TEA= 100/0.1/0.1 (v/v/v) eluent system for analytes

Chirality DOI 10.1002/chir



TABLE 3. Thermodynamic parameters, ΔH°, ΔS°*, Δ(ΔH°), Δ(ΔS°), Δ(ΔG°), and Tiso of analytes 1, 2, 3, and 4 on Chirobiotic T,
TAG and R columns

Analyte Column
Mobile
phase

Stereo
isomer

-ΔH°
(kJ mol-1)

-ΔS°*

(J mol-1 K-1)
-Δ(ΔH°)
(kJ mol-1)

-Δ(ΔS°)
(J mol-1 K-1)

-TΔ(ΔS°)298K
(kJ mol-1)

-Δ(ΔG°)298K
(kJ mol-1)

Tiso
(°C)

1 T a 1 12.0 40.4 1.1 1.8 0.5 0.6 340
2 13.1 42.2

TAG a 1 9.4 24.4 2.4 5.6 1.7 0.7 150
2 11.8 30.0

2 R b 1 6.2 24.8 0.5 0.2 <0.1 0.4 —

2 6.7 25.0
3 R b 1 8.8 31.2 �0.1 �2.3 �0.7 0.6 �220

2 8.7 28.9
4 R b 1 5.2 21.5 0.9 1.4 0.4 0.5 350

2 6.1 22.9

Chromatographic conditions: column, T, Chirobiotic T, TAG, Chirobiotic TAG, R, Chirobiotic R; mobile phase, a, 0.1% TEAA (pH 4.1)/MeOH= 50/50 (v/v), b,
MeOH/AcOH/TEA = 100/0.1/0.1 (v/v/v); ΔS°* = ΔS° + lnΦ, where Φ is reversal of the phase ratio
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2–4, the ΔH°1 and ΔH°2 were less negative than those for
analyte 1 on Chirobiotic T and TAG. It seems that the energy
of transfer from the mobile phase to the CSP in this case is
less favorable. The relatively more negative ΔH° and ΔS°*

values for analyte 3 indicate that the different position of the
functional groups, compared with analytes 2 and 4, may pro-
mote steric effects or different simultaneous interactions with
the CSP. The -ΔH° and -ΔS°* values of 2 and 4 were similar,
but slightly higher values were obtained for analyte 2
possessing an unsaturated skeleton, indicating the impor-
tance of π–π interactions in the PIM.
The differences in the changes in enthalpy and entropy,

Δ(ΔH°) and Δ(ΔS°), are also presented in Table 3. The -Δ
(ΔH°) values ranged from �2.4 to +0.1 kJ mol-1. The interac-
tions of 1 with the Chirobiotic TAG stationary phase were
characterized by the highest negative Δ(ΔH°) value, while an-
alyte 3 on Chirobiotic R exhibited a small positive Δ(ΔH°).
The trends in the change in –Δ(ΔS°) showed that analyte 1
on Chirobiotic TAG displayed the largest negative entropies;
–Δ(ΔS°) ranged from �5,6. to +2.3 J mol-1 K-1 (Table 3). For
analyte 3, similar to the Δ(ΔH°) on the Chirobiotic R column,
Δ(ΔS°) also was positive. The Δ(ΔS°) values are controlled by
the difference in the degrees of freedom between the stereo-
isomers on the CSP, and mainly by the number of solvent
Fig. 4. Temperature dependence of separation of analyte 3. Chromato-
graphic conditions: column, Chirobiotic R; mobile phase, 0.1% MeOH/
AcOH/TEA = 100/0.1/0.1 (v/v/v); flow rate, 1.0 mL min-1; detection, 215 nm.
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molecules released from both the chiral selector and the ana-
lyte when the analyte is associated with the CSP.
The thermodynamic parameter -Δ(ΔG°) suggests that the

teicoplanin without sugar units (i.e., the TAG) induces highly
efficient binding to the selector, as reflected by the large neg-
ative Δ(ΔG°) values for 1. Analytes 2–4 exhibit a negative
Δ(ΔG°) value on the Chirobiotic R column. For analytes 1, 2,
and 4 the selector-selectand complex formation proceeds via
multiple intermolecular interactions and was generally exother-
mic, with corresponding negative entropic contributions.
From the data of the -TΔ(ΔS°) values for analyte 3, on

Chirobiotic R, the positive Δ(ΔS°) compensated for the
positive Δ(ΔH°) and resulted in a relatively high -Δ(ΔG°)
value (Table 3). The ristocetin A, which contains several
sugar moieties having more chiral centers, ensures more
interaction sites for the analytes, leading to more negative
–Δ(ΔG°) values. In this temperature range, enantioresolution
is entropically driven, and the selectivity increases with
increasing temperature (Fig. 4).
From the data, the temperature, Tiso, was calculated at

which the enantioselectivity balances out and the elution
sequence changes (Table 3). In most cases, Tiso was above
150°C, but for analyte 3 on Chirobiotic R it was �220°C.
These temperatures indicate that lower temperatures are
preferable for the best separation of most of the analytes, with
the exception of analyte 3 on the Chirobiotic R, where posi-
tive Δ(ΔH°) and Δ(ΔS°) were observed.

CONCLUSION
HPLC methods were developed for the separation of the

enantiomers of bicyclo[2.2.2]octane-based 2-amino-3-carbox-
ylic acids, using macrocyclic glycopeptide-based CSPs: (i.e.,
Chirobiotic T, T2, and TAG). Baseline resolution was
achieved applying different chromatographic methods. The
values of thermodynamic parameters such as the changes in
enthalpy, Δ(ΔH°), entropy, Δ(ΔS°), and Gibbs free energy,
Δ(ΔG°), depended on the structures of the analytes and on
the chiral selectors used. The elution sequence was deter-
mined in all cases, but no general predictive rule could be
found to describe the elution behavior of these compounds.
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