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Enantiomers of cationic compounds of pharmaceutical relevance, namely
tetrahydro-ß-carboline and 1,2,3,4-tetrahydroisoquinoline analogs, were sepa-
rated by high-performance liquid chromatography. Separations were performed
on Cinchona-alkaloid-based zwitterionic ion exchanger type chiral stationary
phases applied as cation exchangers using mixtures of methanol and ace-
tonitrile or tetrahydrofuran as bulk solvent components containing triethy-
lammonium acetate or ammonium acetate as organic salt additives. On the
zwitterionic ZWIX(+) and ZWIX(−) columns investigated, retention and enan-
tioseparation of the studied basic analyteswere influenced by the nature and con-
centration of the organic components of the mobile phase. The effect of organic
salt additives on the retention behavior of the studied analytes can be described
by the stoichiometric displacement model related to the counterion concen-
tration. Investigations on the structure–retention relationships were performed
applying different mobile phase systems for the two types of cationic analytes.
For the thermodynamic characterization, parameters such as changes in stan-
dard enthalpy (Δ(ΔH◦)), entropy (Δ(ΔS◦)), and free energy (Δ(ΔG◦)) were calcu-
lated on the basis of van’t Hoff plots derived from the ln α versus 1/T curves. In
most cases, enthalpy-driven enantioseparations were observed, with a consistent
dependence of the calculated thermodynamic parameters on the mobile phase
composition. Elution sequences of the studied compounds were determined in
all cases.

KEYWORDS
chiral stationary phases, enantioselective separation, high-performance liquid chromatogra-
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1 INTRODUCTION

A large number of compounds containing tetrahydroiso-
quinoline (THIQ) have important pharmacological
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activity. Anticancer effect is shown by the naturally
occurring expectorant emetine [1], antitussive noscapine
[2], and trabectidine [3], whereas urinary antispasmodic
effect is shown by the synthetic compound solifenacin [4].
The use of compounds containing tetrahydro-ß-carboline
(THβC) in medicine is as important as THIQ derivatives
mentioned above. For instance, vincristine, vinblastine
[5], and reserpine [6] exhibit antihypertensive and/or
antitumor activities. Harmicine [7] has antinociceptive
activity, whereas (+)−7-bromotypargine shows antimalar-
ial activity [8]. The THIQ and THβC derivatives are of
great pharmaceutical potential, and attempts to synthesize
novel compounds might possibly result in the discovery
of effective new drugs. These new chiral compounds
demand the development of effective methods offering
enantioselectivity for efficient enantioseparation. From
the 1990s, enantioseparation of salsolinol and THIQ
analogs was performed by gas chromatography, utilizing
indirect liquid chromatography applying isothiocyanate-
based chiral derivatizing agent, and by direct LC using
ß-CDs and their derivatives as mobile phase additives
or selectors incorporated into stationary phases. Related
results are collected in a review paper published recently
[9]. Besides ß-CDs, selectors based on polysaccharides
[9–13], chiral crown ether [14] and, recently, Cinchona
alkaloids [13,15] were applied. The relatively few direct
chromatographic enantioseparations of chiral THβC
derivatives were performed on chiral stationary phases
based on polysaccharides [12,13,16,17], Cinchona alkaloids
[13], and strong cation exchangers (CSPs) [17].
Stereoselective interactions are greatly affected by the

temperature in chiral separations [18–20]. Thermody-
namic parameters derived from temperature-dependence
studies can provide valuable information about processes
that play key roles in the retentionmechanism. It is impor-
tant to emphasize that the thermodynamic data presented
here cover apparent values from a combination of enan-
tioselective and nonselective interactions. Nevertheless, by
a careful interpretation of the van’t Hoff equation, thermo-
dynamic parameters obtained under the same conditions
(given stationary phase, mobile phase with constant com-
position, constant flow rate) still can provide useful infor-
mation for a better understanding of the mechanism in
the case of structurally related compounds. The difference
in the change in standard enthalpy (Δ(ΔH◦)) and entropy
(Δ(ΔS◦)) for the two enantiomers can be calculated on the
basis of Eq. (1) [19–22],

ln α = −
Δ (Δ𝐻◦)

𝑅𝑇
+
Δ (Δ𝑆◦)

𝑅
, (1)

where R is the universal gas constant, T is temperature
in Kelvin, and α is the apparent selectivity factor. All

possibilities and problems of calculation of the thermody-
namic parameters were excellently summarized by Asnin
and Stepanova [20].
In our earlier study, employing strong cation exchanger-

based CSPs revealed some interesting peculiarities regard-
ing the enantioseparation of THIQ and THβC deriva-
tives [23]. Since the efficient enantioseparation of THIQ
analogs could not be achieved, here, a detailed study
applying Cinchona-alkaloid-based zwitterionic chiral ion
exchangers has been carried out. The focus of the present
report is on the investigation of the effects of the nature
and concentration of mobile phase components and the
concentration of the counterion on the chromatographic
performance. The specific structural features of analytes
and selectors and the effect of temperature on chromato-
graphic behavior and thermodynamic parameters were
also studied. The elution sequence was determined in all
cases.

2 MATERIALS ANDMETHODS

2.1 Chemicals and reagents

Enantiomers of 1-methyl- (1A and 1B), 1-ethyl- (2A and
2B), 1-propyl- (3A and 3B) THβC, and 1-methyl- (4A
and 4B), 1-ethyl- (5A and 5B), 1-propyl- (6A and 6B)
THIQ were prepared through Candida antarctica lipase
B-catalyzed asymmetric N-alkoxycarbonylations with
phenyl allyl carbonate of racemic 1-substituted THIQ
and THβC in diisopropyl ether (iPr2O) at 60◦C (E > 200)
[24,25] (Figure 1). Both the unreacted (S) enantiomers
(1B−6B) and their antipodes (1A−6A), prepared through
hydrolysis of (R)-carbamates in enzymatic reactions, were
obtained with high enantiomeric excess (>97%).
Organic components of mobile phases such as acetoni-

trile (MeCN), methanol (MeOH), tetrahydrofuran (THF)
of HPLC grade, and ammonium acetate (NH4OAc), tri-
ethylamine (TEA), formic acid (FA), and acetic acid
(AcOH) of analytical reagent grade were obtained from
VWR International (Radnor, PA, USA). All analytes
were dissolved in MeOH in the concentration range
0.5−1.0 mg/mL and injected in a volume of 20 μL.

2.2 Apparatus and chromatography

Chromatographic measurements were carried out on a
Waters Breeze system consisting of a 1525 binary pump,
a 2996 photodiode array detector, a 717 plus autosam-
pler, and Empower 2 data manager software (Waters,
Milford, MA, USA). A Lauda Alpha RA8 thermostat
(Lauda Dr. R. Wobser Gmbh, Lauda-Königshofen,
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F IGURE 1 Structure of analytes

Germany) was employed to maintain constant column
temperature.
Cinchona-alkaloid-based zwitterionic columns, namely

the quinine-based ZWIX(+) and the quinidine-based
ZWIX(−), were obtained fromChiral Technologies Europe
(Illkirch, France); their structures are depicted in Support-
ing Information Figure S1. All employed columns have
the same physical size (150 × 3.0 mm id, 3-μm particle
size). The dead times of the columns were determined
by injection of acetone dissolved in MeOH. Experiments,
unless otherwise stated, were carried out in isocratic mode
at a flow rate of 0.6 mL/min and column temperature of
25◦C.

3 RESULTS AND DISCUSSIONS

The investigated THβC and THIQ analogs under slightly
acidic conditions behave as cationic compounds (the
calculated pKa values for analytes 1−6 are 9.16, 9.29,
9.30, 8.89, 9.04, and 9.06, respectively; calculations were
done by Marvin Sketch v. 17.28 software, ChemAxon
Ltd., Budapest). The structural differences of tetrahydro-
ß-carboline (THßC) and THIQ analogs with three- and
two-ring systems, bearing methoxy groups on the lat-
ter, and an alkyl (methyl, ethyl, propyl) substitution
in both types of analytes may provide differences in
chromatographic behavior. In view of their chemical
nature and ampholitic property, we intended to explore
the efficiency of the chiral zwitterionic ZWIX columns
applied as cation exchangers for the given chiral cationic
analytes.

3.1 Mobile phase selection

ZWIX(+) and ZWIX(−) columns are frequently used with
MeOH as protic polar bulk solvent (which can modify
H-bond interactions) and MeCN or THF as aprotic, but
polar bulk solvents (which can support ion-pair formation,
but they interfere with π–π interactions) in combination
with organic acid (FA or AcOH) and base additives (TEA
or ammonia) [15]. The effects of the composition of the
bulk solvent on chromatographic parameters on zwitteri-
onic columns are depicted in Figure 2 [for ZWIX(–)] and
in Supporting Information Figure S2 [for ZWIX(+)]. In
the MeOH/MeCN (100/0−10/90 v/v) mobile phases con-
taining 25 mM TEA and 50 mM FA, for the k1 values of
all studied analytes, a significant increase was registered
with increasing MeCN content (Figure 2A and Support-
ing Information Figure S2A). The observed changes in the
retentions of THßCanalogswere slightly higher, compared
to those of the THIQ analogs. These mobile phase sys-
tems were only slightly effective in the enantioseparation
of THßC and THIQ analogs, and gave moderate α and RS
values only for analytes 1 and 4 (enantiomers of analyte 5
were not separable under these conditions).
The change of MeCN to THF has a significant effect on

the chromatographic performance similar to that observed
earlier [26]. Starting with a mobile phase containing 100%
MeOH (and 25 mM TEA and 50 mM FA), k1 increased
substantially with increasing THF content, especially in
the cases of analytes 1 and 4 (Figure 2B and Supporting
Information Figure S2B). As concerns α and RS values,
they changed in different ways compared toMeOH/MeCN
mobile phases. Namely, they increased substantially with
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F IGURE 2 Effects of the bulk solvent composition on the retention factor of the first eluting enantiomer (k1), the separation factor (α),
and the resolution (RS) for analytes 1−6 chromatographic conditions: column, ZWIX(–); mobile phase, A, MeOH/MeCN (100/0, 75/25, 50/50,
25/75, and 10/90, v/v) all containing 25 mM TEA and 50 mM FA and B, MeOH/THF (100/0, 75/25, 50/50, 25/75, and 10/90, v/v) all containing
25 mM TEA and 50 mM FA; flow rate, 0.6 mL/min; detection, 220−250 nm; temperature, 25◦C; symbols: for analyte 1, △, for 2, ⬜ , for 3, ○,
for 4, ▴, for 5, ⬛, for 6, ⬤

increasing THF content especially on ZWIX(–) CSP, while
on ZWIX(+) CSP the enhancement in α and RS values was
smaller and analyte 1 was separable only at the highest
THF content.
Themarked increase of retentionwith increasingMeCN

or THF in both mobile phase systems can be attributed
to the decreased solvation effect of both the polar cationic
analytes and the zwitterionic selectors. In mobile phases
rich in MeCN or THF, solvation of polar compounds and
charged sites decreased, thus, the electrostatically driven
interaction between selector and selectand enhanced.
With variation of the type of bulk solvents, α and RS val-
ues can be improved.

3.2 Effect of the counterion
concentration

To provide evidence of ionic interactions taking place in
the separation, the stoichiometric displacement model is

most often applied [27]. According to this model, the pres-
ence of co- and counterions in the mobile phase influence
the retention behavior and the logarithm of the retention
factor is linearly related to the logarithm of the counterion
concentration,

log𝑘 = log𝐾𝑍 − 𝑍 log 𝑐counterion (2)

where Z = m/n is the ratio of the number of charges of
the cation and the counterion, and Kz is related to the ion-
exchange equilibrium constant. If ionic interaction takes
place, the log k versus log ccounterion function shows a linear
relationship, where the slope of the line is proportional to
the effective charge during ion exchange, while the inter-
cept carries information about the equilibrium constant of
ion exchange.
Applying a mobile phase of MeOH/MeCN (50/50, v/v)

or MeOH/THF (50/50, v/v) in the presence of TEA/FA
at concentrations of 6.125/12.5, 12.5/25, 25/50, 50/100, and
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TABLE 1 Comparison of the effect of MeCN and THF content in MeOH as bulk solvent and of formic acid content on the
chromatographic data, k1, α, and RS of tetrahydro-ß-carboline and 1,2,3,4-tetrahydroisoquinoline analogs on zwitterionic chiral stationary
phases

Analyte k1, α, RS

ZWIX(+) ZWIX(–)
MeOH/MeCN MeOH/THF MeOH/MeCN MeOH/THF

1 k1 9.73 (R) 8.58; 23.78∗ (S) 7.04 (S) 10.76 (R)
Α 1.06 1.00; 1.07∗ 1.07 1.21
RS 0.90 0.00;0.50∗ 0.70 2.41

2 k1 7.48 (R) 5.53 (S) 5.49 (R) 5.77 (R)
Α 1.05 1.25 1.12 1.65
RS 0.80 3.52 1.37 6.70

3 k1 7.21 (R) 4.96 (S) 5.31 (R) 5.35 (R)
Α 1.04 1.40 1.15 2.08
RS 0.55 4.90 1.77 6.51

4 k1 4.73 (R) 7.46 (R) 5.02 (S) 13.15 (S)
Α 1.27 1.35 1.53 1.35
RS 3.36 4.70 4.52 3.44

5 k1 4.30 6.34 (S) 4.96 9.70 (R)
Α 1.00 1.11 1.00 1.44
RS 0.00 1.43 0.00 3.92

6 k1 4.49 6.63 (S) 5.62 (R) 11.42 (R)
Α 1.00 1.26 1.04 1.52
RS 0.00 3.42 0.30 5.25

Chromatographic conditions: columns, ZWIX(+) and ZWIX(–); mobile phase, MeOH/MeCN or MeOH/THF (25/75, v/v) and ∗MeOH/THF (10/90, v/v) all con-
taining 25 mM TEA and 50 mM FA; flow rate, 0.6 mL/min; detection at 223 or 230 nm; temperature, 25◦C; (R) or (S), configuration of the first eluting enantiomer.

100/200 mM/mM, the protonated triethylammonium ion
acts as a competitor in the ion-pairing process. The effects
of variation of the concentration of the counterion on
retention for analytes 1−6 on ZWIX(+) and ZWIX(–)
CSPs are depicted in Supporting Information Figure S3.
Under the studied conditions, linear relationships were
found between log k1 versus log ccounterion, with slopes
varying between (−0.50)–(−0.70) and (−0.35)–(−0.52) on
ZWIX(+) and ZWIX(–) CSPs, respectively. The observed
slopes correspond well to the values found earlier by
Grecsó et al. for trans-paroxetin [26] and by Lajkó et
al for C-protected amino acids examined on zwitterionic
selector acting as cation-exchanger-type CSP [28]. Under
the applied conditions, practically identical slopes were
obtained for each enantiomer, that is, the enantioselectiv-
ity remained almost constant (no data presented).

3.3 Structure–retention relationships
and elution sequences

Our primary goal was to explore the relationships between
the molecular structure of sample compounds and their
chromatographic properties. Themethyl, ethyl, and propyl
substituents on both types of analytes endow themolecules

with different sizes. The so-called size descriptor (Va)
introduced by Meyer characterizes the steric effect of the
substituent on the reaction rate [29]. In order to gain a
deeper understanding of the effect of alkyl substituents, the
relationship between the Meyer parameter and retention
(and selectivity)was explored. The effect of alkyl side chain
was studied on ZWIX(+) and ZWIX(−) CSPs with mobile
phases MeOH/MeCN and MeOH/THF (10/90, v/v), both
containing 25 mM TEA and 50 mM FA. According to Sup-
porting Information Figure S4, for analytes 1−3, retention
markedly depends on the volume of the alkyl side chain
and a linear relationship could be registered for k1 ver-
sus Va, with good correlation. With increasing size of the
molecule retention decreased, while selectivity increased.
That is, a bulkier substituent, via steric effects, slightly
inhibited nonselective but improved selective interactions
formed between analyte and selector. It is important to
mention that the elution order was not influenced by the
size of the substituent.
The sterically demanding structures of the analytes

(Figure 1) affect retention and chiral recognition. Table 1
reports the k1, α, and RS values with the most frequently
applied mobile phases on ZWIX(+) and ZWIX(–) CSPs.
The comparison of separation performances of THßC
and THIQ analogs reveals that THßC derivatives and
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the methyl-substituted THIQ analog (4) could effi-
ciently be separated on ZWIX(+) and ZWIX(−) CSPs
in the MeOH/THF mobile phase system, while the
MeOH/MeCN mobile phase exhibited poorer separation
efficiency (the only exception was analyte 4). The THIQ
analogs were less retained than the THßC derivatives in
MeOH/MeCN mobile phases, while in the MeOH/THF
system they were more efficiently retained and, in general,
baseline separation could be achieved (Table 1). Applying
MeOH/MeCN (25/75, v/v), mobile phases containing
NH4OAc as additive instead of triethylammonium acetate
similar retention behavior was observed: k1 decreased
with increasing bulkiness of the side chain of the analytes.
In this case, analytes eluted with retention times three to
four times lower than in the case of triethylammonium
acetate. This behavior is probably attributed to the differ-
ence of size and elution strength of the ammonium and
triethylammonium ion. It is interesting to note here that
separation factors practically remained constant (ranged
between 1.05 and 1.13), and rather poor resolutions were
registered (Supporting Information Table S1). It must be
mention that application of AcOH instead of FA has only
a slight effect on the k1, α, and RS values (data not shown).
The chiral selectors of Chiralpak ZWIX(+) and

ZWIX(–) columns are actually diastereomeric to each
other (Supporting Information Figure S1), but in most
cases behave like pseudo-enantiomers [30]. As a conse-
quence, upon changing from the quinine-based to the
quinidine-based CSP, a reversal of the elution sequence
generally takes place. This expectation proved to be valid
in the MeOH/THF mobile phase system. However, in
MeOH/MeCN mobile phases, the reversal of elution
sequence was registered only for analytes 1 and 4, while in
the case of analytes 2, 3, and 6, the configuration of the first
eluting enantiomer on both ZWIX(+) and ZWIX(–) was
(R); analyte 5 was not separable under these conditions
(Table 1).

3.4 Temperature dependence and
thermodynamic study

Asnin and co-workers have recently studied the enan-
tioseparation of some dipeptides applying macrocyclic
antibiotic-based CSPs and reported correlation between
∆H◦, ∆S◦ or ∆G◦ and the pH or MeOH content of the
mobile phase [21,22]. To characterize the employed sys-
tems from a thermodynamic point of view, the effect of
temperature on the chromatographic parameters in the
temperature range 10−50◦C (at 10◦C increments) was
studied. ZWIX(–)™ column and conditions ensuring
the best separation performances, namely, MeOH/THF
and MeOH/MeCN mobile phase systems with varying

ratios of organic solvent components between 90/10 and
10/90 (v/v) were applied with a constant acid-to-base ratio
(FA/TEA, 50/25 mM/mM). The experimental data are
listed in Supporting Information Tables S2–S4, while the
calculated thermodynamic parameters are depicted in
Supporting Information Table S5 and Figure 3.
Surveying the data for the MeOH/THF mobile phase

system (Supporting Information Tables S2, S3, and S5),
a marked difference in chromatographic and thermo-
dynamic parameters for analytes 2−6 versus 1 can be
revealed. The transfer of the analyte from the mobile to
the stationary phase is commonly an exothermic process
with α decreasing with increasing temperature. This trend
was observed for analytes 2−6. The calculated thermody-
namic parameters were all negative and varied in a range
from −0.48 to −3.73 kJ mol−1 for ∆(∆H◦), and from −0.14
to−9.23 J mol−1 K−1 for∆(∆S◦). The negative∆(∆H◦) val-
ues indicate that the adsorption is preferential in view of
the enthalpy term, while it is unfavorable in view of the
entropy term. The Δ(ΔS◦) values are governed by the dif-
ference in the number of degrees of freedom between the
stereoisomers on the CSP, and mainly by the number of
solvent molecules released from the chiral selector and the
analyte, when the analyte is associated with the CSP. The
trends in the change in Δ(ΔS◦) and Δ(ΔH◦) were similar,
that is, the more negative Δ(ΔH◦) was accompanied with a
more negative Δ(ΔS◦). Analyte 1 (possessing a methyl sub-
stituent) exhibited different behavior. In this case, selectiv-
ity increases with increasing temperature, and the calcu-
lated∆(∆H◦) and∆(∆S◦) are positive. The positive∆(∆S◦)
value compensates the positive∆(∆H◦) value resulting in a
negative∆(∆G◦), that is, the enantioseparation is still ther-
modynamically favorable (Supporting Information Table
S5 and Figure 3).
Investigation of the effect of THF content on ther-

modynamic characteristics in the MeOH/THF bulk
solvent system showed that for analytes 2, 3, 5, and
6, the increase of THF concentration resulted in more
negative Δ(ΔH◦) and Δ(ΔS◦) values. Furthermore, it
is important to highlight the more negative Δ(ΔG◦)
values, because enantioseparation becomes thermody-
namically more favorable and both enantioselectivity
and resolution are improved (Supporting Information
Table S5 and Figure 3). The increasing negative values
of the four analogs with increasing THF content suggest
that the solvation of ionic analytes in THF-rich bulk
solvents decreases, and retention and selectivity enhance.
These phenomena are due to the difference between the
sum of the enantioselective and nonselective processes
related to the adsorption and desorption steps of the
enantiomers.
Interestingly, methyl-substituted analytes 1 and

4 behaved differently. The deviation from the
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F IGURE 3 Thermodynamic parameters, Δ(ΔHo), Δ(ΔSo), and Δ(ΔGo) of THßC and THIQ analogs on ZWIX(–) column
chromatographic conditions: columns, ZWIX(–); mobile phase, MeOH/THF (90/10, v/v), MeOH/THF (75/25, v/v), MeOH/THF (50/50, v/v),
and MeOH/THF (25/75, v/v) all containing 50 mM FA and 25 mM TEA; flow rate, 0.6 mL/min; detection, 218−280 nm; symbols:

− Δ(ΔHo); − Δ(ΔSo); + Δ(ΔHo); + Δ(ΔSο); ⬥, Δ(ΔGo)

above-mentioned behavior of analyte 1 and 4 is man-
ifested in two ways. For analyte 1, α increased with
increasing temperature and THF content, that is, ∆(∆H◦)
and ∆(∆S◦) values became more positive. In contrast to
analytes 2, 3, 5, and 6, for analyte 4 k1 increased, while α
exhibited a slight maximum with increasing THF content.
However, k1 and α decreased with increasing temperature.
As a result of these two effects,∆(∆H◦) and∆(∆S◦) values
become slightly less negative, and the∆(∆G◦) value shows
a slight maximum with increasing THF content (Figure 3
and Supporting Information Table S5). It should be noted
that ∆(∆G◦) values for analyte 4 are much less dependent
on the THF content, and they exhibit relatively high val-
ues. The different behavior of analytes 1 and 4 possessing
a methyl substituent sheds light on the importance of
steric effect in the discrimination mechanism.
Investigating the MeOH/MeCN mobile phases, it can

unambiguously be stated that the change of THF toMeCN
in the bulk solvent led to a less effective separation system
for both types of analytes; analytes 1, 5, and 6 practically
were not separable, while 2 and 3 exhibited only partial
separation. Analyte 4, again, behaved in a different way. Its
quite high α values were markedly increased with decreas-

ing temperature, and in contrast to MeOH/THF bulk sol-
vent systems, the∆(∆H◦) and∆(∆S◦) values becomemore
negative with increasingMeCN content (Supporting Infor-
mation Table S5). This fact indicates the serious effects of
bulk solvent composition on thermodynamic parameters.
The relative contribution of the enthalpic and entropic

terms to the free energy of adsorption is reflected in the
enthalpy/entropy ratios Q = ∆(∆H◦)/298 × ∆(∆S◦) (Sup-
porting Information Table S5). Except for analyte 1, where
Q< 1.0 was registered in theMeOH/THF eluent system, in
all other studied cases, Q was higher than 1.0, that is, sep-
arations were enthalpically driven independently from the
applied mobile phase systems.
Typical chromatograms for the enantioseparation of

tetrahydro-ß-carboline and 1,2,3,4-tetrahydroisoquinoline
analogs are depicted in Supporting Information Figure S5.

4 CONCLUDING REMARKS

Enantioseparation of newly synthesized THßC and THIQ
analogs was performed on Cinchona-alkaloid-based zwit-
terionic CSPs applying MeOH/THF and MeOH/MeCN
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mobile phases containing TEA and FA (or NH4OAc) addi-
tives. The increase of the less polar, aprotic THF, or MeCN
in the bulk solvent considerably enhanced retention, selec-
tivity, and resolution, in particular, when applying THF
as bulk solvent component. The change of concentra-
tion of salt additives moderately affects retention, and
according to the stoichiometric displacement model, an
ion-exchange mechanism exists, while selectivity prac-
tically was independent from the salt content. Inves-
tigation of structure–retention (selectivity) relationships
revealed that for THßC analogs, both k1 and α strongly
depend on the size of molecules. Specifically, the bulkier
molecules hinder the interaction with the selector, while
alkyl substituents with larger volume promote the chiral
discrimination. A comparison of separation performances
of THßC and THIQ molecules in parallel with applica-
tion ofMeOH/THForMeOH/MeCNbulk solvents showed
that in the MeOH/THF system, all analytes were sepa-
rated effectively, while MeOH/MeCN as bulk solvent was
effective only in the chiral discrimination of THßC analogs
and the methyl–substituted THIQ analog (4). Accord-
ing to the detailed temperature-dependent study carried
out in MeOH/THF and MeOH/MeCN mobile phase sys-
tems, separations, in most cases, were enthalpically con-
trolled, while entropy-controlled separation was observed
only for analyte 1. The change of thermodynamic param-
eters [∆(∆H◦), ∆(∆S◦), and ∆(∆G◦)] with the variation
of mobile phase composition strongly depends on the
nature of analyte. In most cases, with the increase of
the amount of less polar, aprotic component (THF or
MeCN) in the bulk solvent, ∆(∆H◦) and ∆(∆S◦) values
becomemore negative. The characteristic reversed elution
order of the pseudoenantiomeric ZWIX(+) and ZWIX(–)
was only registered in the MeOH/THF mobile phase
systems.
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