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The enantioselective separation of newly prepared, pharmacologically significant isopulegol-based f-
amino lactones and f3-amino amides has been studied by carrying out high-performance liquid chro-
matography on diverse amylose and cellulose tris-(phenylcarbamate)-based chiral stationary phases
(CSPs) in n-hexane/alcohol/diethylamine or n-heptane/alcohol/ diethylamine mobile phase systems. For
the elucidation of mechanistic details of the chiral recognition, seven polysaccharide-based CSPs were
employed under normal-phase conditions. The effect of the nature of selector backbone (amylose or cel-
lulose) and the position of substituents of the tris-(phenylcarbamate) moiety was evaluated. Due to the
complex structure and solvation state of polysaccharide-based selectors and the resulting enantioselective
interaction sites, the chromatographic conditions (e.g., the nature and content of alcohol modifier) were
found to exert a strong influence on the chiral recognition process, resulting in a particular elution order
of the resolved enantiomers. Since no prediction can be made for the observed enantiomeric resolution,
special attention has been paid to the identification of the elution sequences.

The comparison between the effectiveness of covalently immobilized and coated polysaccharide phases
allows the conclusion that, in several cases, the application of coated phases can be more advantageous.
However, in general, the immobilized phases may be preferred due to their increased robustness.

Thermodynamic parameters derived from the temperature-dependence of the selectivity revealed
enthalpically-driven separations in most cases, but unusual temperature behavior was also observed.

© 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

a prodrug mechanism for different human cancer cell lines [2]. In
addition, ring opening of B-amino lactones with different amines

B-Amino acid derivatives such as B-amino lactones and f-
amino amides have remarkable pharmacological importance. Lac-
tones of natural 8-amino acids, obtained from sesquiterpene-type
o, B-unsaturated lactones, e.g., alantolactone, isoalantolactone or
ambrosin, possess significant biological activities, such as increas-
ing the proportion of cells in the G2/M and S phase [1]. Their
water-soluble derivatives, in turn, exhibit cytotoxic activity through
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results in B-amino amides, which are well-known subunits of bio-
logically important compounds, such as «-hydroxy-S-amino amide
bestatin, a potent aminopeptidase B. Its usefulness in the treat-
ment of cancer through its ability to enhance the cytotoxic ac-
tivity of known antitumor agents was described in the literature
[3]. B-Amino amides exhibit other important biological activities
as well. For example, pinane-based S-amino amides and similar
bicyclic, norbornene-based amides with N-heteroaryl substituents
possess tyrosine kinase inhibitor properties or even antibiotic ac-
tivity [4,5]. Sitagliptin, a novel antidiabetic drug (Januvia®) bearing
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Fig. 1. Structure of isopulegol-based f3-amino lactones and f8-amino amides

a B-amino amide moiety, is a lead antidiabetic agent [G]. Further-
more, some hydroxyl-substituted B-amino amides have remark-
able HIV protease or renin inhibitor activities [7]. The determina-
tion of enantiomeric and diastereoisomeric purity of 8-amino lac-
tones and hydroxyl-substituted B-amino amides is of high signifi-
cance, because these synthons are excellent starting materials for
the synthesis of other families of bioactive building blocks, includ-
ing aminodiols (by reduction of amino lactones), diamino alcohols
(by reduction of hydroxyl-substituted S-amino amides), and their
heterocyclic derivatives.

There are several proposed chiral high-performance liquid chro-
matographic (HPLC) methods for assaying the stereoisomers of dif-
ferent «-, 8-, y- and §-lactones [8-12]. However, to the best of
our knowledge, no data are available about the enantioseparation
of $-amino lactones. An achiral separation of S-amino amides was
performed by Paulsen et al. [13], while a few papers described
the separation of fS-amino amide enantiomers [14-16]. It should
be noted that enantioseparation of different lactones and amino
amides were performed mostly on coated polysaccharide-based
chiral stationary phases (CSPs) [8-10,14-16].

Polysaccharide-based selectors represent the most frequently
applied CSPs for enantiomeric separations [17-20]. After the first
report by Okamoto et al. [21], polysaccharide-based CSPs went
through a very dynamic development. Chankvetadze et al. fur-
ther extended the applicability of polysaccharide-based phases by
incorporating halomethyl N-phenylcarbamate moieties to the cel-
lulose and amylose chains [22-25]. Immobilization of amylose-
or cellulose-based tris-(phenylcarbamate) selectors onto silica re-
sulted in very robust CSPs [26-29], which were successfully ap-
plied, e.g., for the enantioseparation of different lactones [11,12].

The main objective of the present paper is to reveal possible
structure-separation relationships of the pharmacologically inter-
esting f8-amino lactones and f$-amino amides. Our interest is based
on the information that, to the best of our knowledge, no sepa-
ration has been reported for f$-amino lactone enantiomers so far,
and only a few cases were described for the enantiorecognition
of f8-amino amides. Investigations were carried out on amylose-
and cellulose-based tris-(phenylcarbamate)-type CSPs, due to their
wide applicability and robust behavior described often in the lit-
erature. The study focused on exploring various effects observed
with the variation of mobile phase composition, the nature and
concentration of the alcohol modifier, the structure of chiral se-
lectors and analytes, and the temperature on retention, selectiv-
ity, and resolution of stereoisomers. Elution sequences were deter-
mined in all cases.

2. Materials and methods
2.1. Chemicals and reagents

B-Amino lactones (—)-1, (+)-2, (+)-3, and (—)-4 as well as 8-
amino amides (—)-5, (+)-6, and (—)-7 were prepared from (-)-
isopulegol according to a method described earlier. All physical
and chemical properties of these compounds were identical with
those reported therein [30]. (—)-Isopulegol, purchased from Merck
(Darmstadt, Germany), was applied as starting material to prepare
key intermediate (+4)-cc-methylene-y -butyrolactone with a regios-
elective hydroxylation, followed by two-step oxidation and ring
closure. Michael addition of primary and secondary amines to-
wards lactones afforded S-amino lactones in a highly stereose-
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Fig. 2. Effect of mobile phase composition on chromatographic parameters, retention factor (k), separation factor («) and resolution (Rs) for the separation of analytes 2 and
6 on Chiralpak IA and IE columns Chromatographic conditions: columns, Chiralpak IA, and Chiralpak IE; mobile phase, A, n-hexane/2-PrOH/DEA, B, n-hexane/EtOH/DEA all
containing 20 mM DEA; the concentration of alcohols: 3.893, 2.596, 1.298 and 0.649 M; flow rate 1.0 ml min—!; detection at 220 nm; temperature, 25 °C.
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Fig. 3. Effect of mobile phase composition on the elution order of the enantiomers
of analyte 5 Chromatographic conditions: column, Chiralpak IA; eluent, n-hexane/2-
PrOH/DEA (95/5/0.1, 85/15/0.1 and 60/40/0.1 v/v/v); flow rate, 1.0 ml min~!; detec-
tion at 220 nm; temperature, 25 °C.

lective reaction. Ring opening of B-amino lactones with different
amines furnished B-amino amides in excellent yields.

(+)-Isopulegol was prepared according to literature procedures
and all spectroscopic data were similar to those described therein
[31]. The synthesis of enantiomeric (+)-1, (-)-2, (=)-3, and (+)-
4 as well as B-aminoamides (+)-5, (—)-6, and (+)-7 was started
from (+)-isopulegol according to the method reported recently. All
physical and chemical properties of the enantiomeric pairs of 1-7
were identical with those reported therein [32]. Analytical data of
the newly synthesized compounds are presented in Supplementary
Information (Fig. S1).

n-Hexane, n-heptane, methanol (MeOH), ethanol (EtOH), 1-
propanol (1-PrOH), 2-propanol (2-PrOH), 1-butanol (BuOH), diethy-
lamine (DEA) of HPLC grade were provided by VWR International
(Radnor, PA, USA).

2.2. Apparatus and chromatography

Liquid chromatographic measurements were performed with
the use of two chromatographic systems. The Waters Breeze sys-
tem consisted of a 1525 binary pump, a 2996 photodiode array
detector, a 717 plus autosampler, and Empower 2 data manager
software (Waters Corporation, Milford, MA, USA). A Lauda Alpha
RA8 thermostat (Lauda Dr. R. Wobser Gmbh, Lauda-Kénigshofen,
Germany) was used to maintain constant column temperature.

The 1100 Series HPLC system from Agilent Technologies (Wald-
bronn, Germany) contained a solvent degasser, a pump, an au-
tosampler, a column thermostat, and a multiwavelength UV-Vis
detector. Data acquisition and analysis were carried out with
ChemStation chromatographic data software from Agilent Tech-
nologies.

All analytes were dissolved in 2-PrOH or EtOH in the concen-
tration range 0.5-1.0 mg ml~! and injected in a volume of 20 L.
The dead times of the columns were determined by injection of
tri-t-butylbenzene.

Polysaccharide-based columns amylose tris-(3,5-
dimethylphenylcarbamate) [Chiralpak IA and Chiralpak AD-H
(coated)], amylose  tris-(3-chlorophenylcarbamate) (Chiralpak
ID), amylose tris-(3,5-dichlorophenylcarbamate) (Chiralpak IE),
amylose tris-(3-chloro-4-methylphenylcarbamate) (Chiralpak IF),
and amylose tris-(3-chloro-5-methylphenylcarbamate) (Chiral-
pak IG), as well as cellulose tris-(3,5-dimethylphenylcarbamate)
[Chiralpak IB and Chiralcel OD-H, (coated)] and cellulose tris-
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Table 1

Chromatographic data, k;, ¢, Rs and elution sequences of §-amino lac-
tones and f8-amino amides on polysaccharide-based chiral stationary
phases in normal-phase mode

Analyte  Column kq o Rs Elution sequence
1 1A 3.55 118 289 A<B
IB 2.54 117 271 B<A
IE 1816 1.05 119 B<A
IC 1402 120 422 B<A
IF 1270 113 226 A<B
IG 1483 115 268 A<B
ID 11.75 1.04 0.70 B<A
2 1A 1.55 130 363 B<A
IB 1.50 1.07 120 B<A
IE 8.09 117 256 B<A
IC 7.65 1.09 200 B<A
IF 3.95 128 479 B<A
IG 4.41 126 405 B<A
ID 3.59 125 407 B<A
3 1A 1.42 1.06 098 B<A
IB 1.36 1.06 088 B<A
IE 5.79 1.20 2.61 B<A
IC 5.88 155 965 B<A
IF 3.99 1.08 133 B<A
IG 4.52 128 410 B<A
ID 3.54 1.33 5.27 B <A
4 1A 1.75 1.05 057 A<B
IB 1.89 1.06 104 B<A
IE 5.00 118 156 A<B
IC 6.40 1.08 171 A<B
IF 3.94 119 336 A<B
IG 5.36 1.08 088 A<B
ID 3.82 115 276 A<B
5 1A 3.87 127 195 A<B
1B 1.61 140 106 A<B
IE 10.61 1.07 095 B<A
IC 518 124 293 A<B
IF 7.67 118 177 A<B
IG 1213 110 100 A<B
ID 1353 1.02 032 B<A
6 1A 2.03 159 625 A<B
IB 1.03 1.36 2.48 B<A
IE 5.47 149 444 A<B
IC 3.80 137 269 B<A
IF 2.77 149 345 A<B
IG 5.45 1.67 4.85 A<B
ID 5.77 1.04 035 B<A
7 1A 3.25 112 186 B<A
1B 0.79 1.00 0.00 --
IE 6.21 148 417 A<B
IC 3.65 125 305 A<B
IF 4.26 1.65 6.14 A<B
IG 7.01 134 282 A<B
ID 4.82 238 671 A<B

Chromatographic conditions: columns, Chiralpak IA, IB, IC, ID, IE, IF,
and IG; mobile phase,

n-hexane/2-PrOH/DEA (95/5/0.1 v/v/v); flow rate, 1.0 ml min~'; detec-
tion at 220 nm; temperature, 25 °C

(3,5-dichlorophenylcarbamate) (Chiralpak IC) all with the same
size (250 mm x 4.6 mm LD., 5 um particle size) were generous
gifts from Chiral Technologies Europe (Illkirch, France). Except for
Chiralpak AD-H and Chiralcel OD-H, all CSPs employed in this
study are immobilized phases. The structures of selectors are
presented in Supplementary Information (Fig. S2).

3. Results and discussions

The f3-amino lactones and fS-amino amides as summarized in
Fig. 1 are isopulegol-based analytes with benzyl, methylbenzyl or
dibenzyl moieties attached to the N-atoms. Opening the f3-lactone
ring (analyte 5, 6, and 7) modifies the structural characteristics of
the molecules and may influence their interactions with chiral se-
lectors.

3.1. The effect of mobile phase composition

Polysaccharide-based CSPs are most frequently employed in
normal-phase mode (NPM), applying mixtures of a nonpolar hy-
drocarbon (typically n-hexane or n-heptane) and an alcohol of low
molecular weight (e.g., EtOH, 1-PrOH, 2-PrOH, BuOH) as mobile
phase [19,20]. The variation of the nature and concentration of al-
cohol serves most often for the modulation of the chromatographic
behavior (i.e., retention and stereoselectivity) in NPM [33-36].

To study the effect of the nature of alcohol modifier on chro-
matographic parameters, analytes 1, 2, 4, and 6 were selected as
representatives of the complete set of analytes of this study. To
avoid the generation of an unnecessary large data set among the
nine polysaccharide-based CSPs, four of them were selected on the
basis of structural similarities. These are amylose- and cellulose-
based tris-(3,5-dimethylphenylcarbamate) (Chiralpak IA and IB)
and tris-(3,5-dichlorophenylcarbamate) (Chiralpak IE and IC). For
the purpose of a reliable comparison, the studied alcohols, namely
EtOH, 1-PrOH, 2-PrOH, and BuOH, were used at the same molar
concentration of 1.298 M. This corresponds to a different volume
ratio of each alcohol in the mobile phase as follows: EtOH: 7.6 v%,
1-PrOH: 9.7 v%, 2-PrOH: 10.0 v%, and BuOH: 11.9 v%.

Data obtained with the change of the alcohol are presented in
Supplementary Information (Table S1). Under normal phase con-
ditions, increasing the apolar character of the alcohol usually re-
sults in enhanced analyte retention; however, opposite observa-
tions have also been described [35,36]. Under the applied condi-
tions, no general trends can be observed in retention factors: k in-
creased with alcohol apolarity unequivocally only for Chiralpak IE
in the case of analyte 1 and 2. Interestingly, separation factors, in
most cases, changed only slightly (<10%) with the variation of the
nature of alcohol. From a practical point of view, it is important
to note that unlike selectivity, resolution is much more dependent
on the nature of the alcohol modifier. Depending on the structure
of the analyte and the chiral selector, Rg values were higher with
EtOH or 2-PrOH, however, in some cases, the highest Rg values
were registered in the presence of BuOH. The changein enantios-
electivity caused by changing the alcohol modifier was previously
rationalized as a result of alteration of the steric environment of
the chiral cavities within the chiral polymer material induced by
different alcohol modifiers [17,18]. Taking into account all results
obtained with respect to the effect of the nature of alcohol on
chromatographic parameters in NPM, the use of 2-PrOH and, in
some cases, EtOH was favored for this class of compounds. Con-
sequently, these two solvents were chosen for further studies.

Besides studying how the nature of alcohol affects the chi-
ral recognition ability, comparing n-hexane and n-heptane as the
most frequently applied NP solvents is of scientific interest. (It
is worth mentioning that n-heptane is less toxic compared to n-
hexane.) Previous works have shown improvements in selectivity
with the use of n-heptane over n-hexane [37]. Applying Chiralpak
IB with mobile phases of n-hexane/2-PrOH/DEA and n-heptane/2-
PrOH/DEA and analytes 2 and 4, n-heptane showed no improve-
ments over n-hexane: retention times, in most cases, were slightly
shorter, but « and Rg were significantly lower in mobile phases
containing n-heptane. It should be noted here that this is only a
limited data set (Fig. S3).

For the study of the effects of modifier concentration on chro-
matographic parameters, two pairs of isopulegol-based f$-amino
lactone and f-amino amide (analytes 1, 5 and 2, 6) were cho-
sen. The mobile phase systems were n-hexane/2-PrOH/DEA and n-
hexane/EtOH/DEA containing 2-PrOH and EtOH at the same molar
concentration (3.893, 2.596, 1.298, and 0.649 M), all containing 20
mM DEA, as the usual mobile phase additive used for the chro-
matography of basic analytes. Chiralpak IA and Chiralpak IE, as the
best performing CPSs, were selected for this study. Regarding the
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Fig. 4. Effect of backbone and nature of the carbamate substituent of polysaccharide-based CSPs on the elution order A, analytes 1 and 6; chromatographic conditions:
column, Chiralpak IA vs. IB and Chiralpak IE vs. IC; eluent, n-hexane/2-PrOH/DEA (95/5/0.1 v/v/v); flow rate, 1.0 ml min~!; detection at 220 nm; temperature, 25 °C; B,
analytes 1 and 4; chromatographic conditions: column, Chiralpak IA vs. IE and Chiralpak IB vs. IC; eluent, n-hexane/2-PrOH/DEA (95/5/0.1 v/v/v); flow rate, 1.0 ml min~';

detection at 220 nm; temperature, 25 °C.

retentive characteristics, a typical NP behavior was observed for
both alcohol modifiers studied: increasing the apolar n-hexane to
alcohol ratio resulted in an increased k; (Fig. 2). Enantioselectivity
exhibited only a small change with increasing n-hexane content.
Most notably, Rg, in most cases, increased significantly, in particu-
lar, for analyte 6 in mobile phase systems containing 2-PrOH. It is
worth mentioning that the change in the chromatographic perfor-
mance caused by the alcohol modifier depended on the structure
of the chiral selector as well. Specifically, on Chiralpak IA, slightly
higher k;, @, and Rg were observed for analytes 1, 2, and 6 with
the use of EtOH, while on Chiralpak IE, 2-PrOH had a similar effect
for analytes 1, 5, and 6.

Not only the nature of the alcohol modifier, but also its concen-
tration in a given mobile phase may affect the elution sequence as
observed in several cases on polysaccharide-based CSPs [29,34,38].
In the present study, the reversal of elution order for analyte 5
on Chiralpak IA was registered by changing the composition of n-
hexane/2-PrOH/DEA mobile phase from 95/5/0.1 v/v/v to 60/40/0.1
(Fig. 3), which probably due to the change in the solvation state of
the chiral selector.

3.2. The effect of the structure of selectors

The amylose- and cellulose-based selectors are constructed of
o or f§ 14-linked glucopyranose units, respectively. The differ-
ent linkage is responsible for a difference in the secondary struc-
ture of these polysaccharides and of their derivatives. Due to
these differences, the interactions between analyte and selector
may change and this results in different chromatographic behav-
iors. Table 1 summarizes chromatographic data for the seven f(-
amino lactones and f$-amino amides obtained on seven polysaccha-
ride phases at the same mobile phase composition of n-hexane/2-
PrOH/DEA (95/5/0.1 v/v/v).

The effect of the polysaccharide backbone can be evaluated
by the comparison of the chromatographic data of amylose and
cellulose tris-(3,5-dimethylphenylcarbamate) (Chiralpak IA vs. Chi-
ralpak IB) and tris-(3,5-dichlorophenylcarbamate) (Chiralpak IE vs.

Chiralpak IC), respectively. According to data in Table 1, in most
cases, k;, o, and Rs were higher on amylose- than on cellulose-
based CSPs. It appears that, with a few exceptions, the stud-
ied analytes fit better to the amylose- than to the cellulose-
based polymeric CSP, especially in the case of [$-amino amides
with the f8-lactone ring opened. The structural differences between
amylose- and cellulose-based tris-(3,5-dimethylphenylcarbamate)
or tris-(3,5-dichlorophenylcarbamate) were found to be reflected
in the chiral recognition pattern toward some analytes. Reversal of
elution order between amylose- and cellulose-based CSPs, contain-
ing the same substituents was registered for analytes 1, 4, and 6
on Chiralpak IA and IB, and for analytes 5 and 6 on Chiralpak IE
and IC (Table 1 and Fig. 4A). Examples of reversed elution orders
of analytes on amylose- or cellulose-based columns have been de-
scribed previously [29,34].

The effect of the nature of the phenylcarbamate moi-
ety can be estimated by comparing amylose tris-(3,5-
dimethylphenylcarbamate) (Chiralpak IA) and amylose tris-(3,5-
dichlorophenylcarbamate) (Chiralpak IE) or cellulose tris-(3,5-
dimethylphenylcarbamate) (Chiralpak IB) and cellulose tris-(3,5-
dichlorophenylcarbamate) (Chiralpak IC). Data in Table 1 reveal
that much higher retentions were registered for all analytes on
CSPs with tris-(3,5-dichlorophenylcarbamate) moiety than on CSPs
possessing the tris-(3,5-dimethylphenylcarbamate) moiety. Higher
retentions were generally accompanied with higher « and Rg
values showing that dichloro rather than dimethyl substitution fa-
vored the enantioselective interactions, probably through enhanced
m-m interactions. In a few cases lower o and Rs were registered
on Chiralpak IE than on Chiralpak IA, but these differences were
not significant. In this study, the reversal of elution order was
registered for analytes 1, 5, and 7 in the case of Chiralpak IA and
IE and for analyte 4 in the case of Chiralpak IB and IC (related
examples are depicted in Fig. 4B). The reversal of elution sequence
by the change of the chemical structure of substituents on the
tris-(phenylcarbamate) moiety was also mentioned in earlier
publications [29,34,39,40].



6 D. Tandcs, T. Orosz and Z. Szakonyi et al./Journal of Chromatography A 1621 (2020) 461054

Table 2

Effect of mobile phase composition on k;, &, and Rs of isopulegol-based S-amino lactones and

B-amino amides

Analyte Column Eluent tr1 tro kq o Ry Elution order
1 1A 70/30 5.84 6.16 0.96 1.06 112 A<B
80/20 7.24 7.70 1.43 1.11 150 A<B
90/10 10.06 11.05 241 114 233 A<B
95/05 1459 1644 355 116 289 A<B
IE 70/30 12.82 1423 3.02 1.11 055 B<A
80/20 18.84 2027 473 1.11 145 B<A
90/10 33.54 36.17 9.52 1.09 152 B<A
95/05 6246  65.51 1816 1.05 169 B<A
2 1A 70/30 441 4,75 0.48 123 173 B<A
80/20 4.96 5.44 0.67 125 243 B<A
90/10 6.10 6.94 1.07 127 250 B<A
95/05 7.70 9.05 1.40 130 363 B<A
IE 70/30 7.59 8.35 1.38 118 232 B<A
80/20 9.61 10.68  2.02 117 233 B<A
90/10 1470 16.82  3.61 118 320 B<A
95/05 23.10 2642 6.09 117 356 B<A
5 1A 70/30 4.86 5.02 0.63 1.09 059 B<A
75/25 5.10 5.27 0.71 1.08 035 B<A
80/20 5.52 5.65 0.86 1.05 026 B<A
85/15 6.90 - 1.33 1.00 000 - -
90/10 9.56 1029 224 1.11 118 A<B
95/05 1565 19.06 3.87 127 195 A<B
IE 70/30 7.08 7.34 1.22 1.07 067 B<A
80/20 9.42 9.54 1.96 1.02 027 B<A
90/10 17.41 1741 446 1.00 000 --
95/05 37.86 4035 10.61 1.07 095 B<A
6 1A 70/30 3.69 4.17 0.24 166 233 A<B
80/20 4.12 4.87 0.39 1.66 347 A<B
90/10 5.42 6.95 0.84 162 483 A<B
95/05 8.99 12,55  2.03 159 625 A<B
IE 70/30 5.27 6.24 0.65 146 369 A<B
80/20 6.33 7.86 0.99 148 457 A<B
90/10 10.01 1334 214 149 553 A<B
95/05 21.09 29.74 547 149 644 A<B

Chromatographic conditions: columns, Chiralpak IA and IE; eluent, n-hexane/2-PrOH/DEA
(70/30/01-95/5/0.1 v/v/v); flow rate, 1.0 ml min~'; detection, 220 nm; temperature, 25 °C.

The effect of the position of the methyl substituent in the
phenylcarbamate moiety on the chromatographic performance was
investigated by comparing chromatographic data obtained on amy-
lose tris-(3-chloro-4-methylphenylcarbamate) (Chiralpak IF) and
amylose tris-(3-chloro-5-methylphenylcarbamate) (Chiralpak IG).
For all analytes, higher retentions were obtained on Chiralpak IG
than on Chiralpak IF, but higher retention was accompanied with
higher selectivity and resolution only for half of the studied an-
alytes. It shows that the methyl substituent in position 5 offers
stronger retentive interactions, but enantioselectivity may be re-
duced, probably for steric reasons.

The new generation of covalently immobilized polysaccha-
ride phases are very robust and can be applied in different
modalities with different bulk solvents [28,29,41,42]. A compar-
ison of separation performances of covalently immobilized and
coated polysaccharide CSPs were performed for analytes 1, 2,
and 6 by applying immobilized and coated amylose tris-(3,5-
dimethylphenylcarbamate) (Chiralpak IA vs. Chiralpak AD-H) and
cellulose tris-(3,5-dimethylphenylcarbamate) (Chiralpak IB vs. Chi-
ralcel OD-H) with the same mobile phase composition of n-
hexane/2-PrOH/DEA (95/5/0.1 v/v/v) and n-hexane/ethanol/DEA
(95/5/0.1 v/v/v) (Table 2). Data in Table 2 revealed that in almost all
cases higher k;, «, and Rs values were registered on coated CSPs
than on the immobilized CSPs. Interestingly, a reversal of elution
sequence was registered for analyte 6 on Chiralpak IA vs. Chiralpak
AD-H in the n-hexane/ethanol/DEA (95/5/0.1 v/v/v) mobile phase
system (Fig. 5A). A similar change was reported by Chankvetadze
et al. [29]. Moreover, for analyte 6 on Chiralpak AD-H, the change
of EtOH to 2-PrOH in n-hexane also resulted in a reversed elution
sequence (Fig. 5B).

The strong dependence of the elution order of the individ-
ual enantiomers on the applied conditions calls particular at-
tentions to the need of identification of each enantiomer in
the case of polysaccharide-based CSPs. The complex structure of
polysaccharide-based selectors and their applied conditions de-
pending on solvation status do not allow to predict chiral recog-
nition and elution order at these times.

3.3. The effect of the structure of analyte

Analytes 1-4 are f8-amino lactones, while 5-7, the ring-opened
analogs of 1-3, are f$-amino amides. These structural differences
may affect chromatographic behavior and chiral recognition. An-
alyte 4, compared to analyte 1, contains two benzyl moieties in-
stead of a single benzyl group. According to chromatographic data
(Table 1), more bulky analyte 4 fits less well into the cavity of
amylose or cellulose backbone resulting in a significantly shorter
retention.Among the studied CSPs selectivity and resolutions were
higher with Chiralpak IE, IF, and ID, probably due to enhanced
m-7m interactions of analyte 4. Analytes 2 and 3 possess an ex-
tra methyl moiety compared to analyte 1. This structural differ-
ence has marked influences on the chromatographic behavior. An-
alyte 2 and 3 are much less retained by each CSP, but in several
cases, their enantiomers exhibited better resolution, possibly due
to steric reasons. Analytes 5, 6, and 7, ring-opened analogs of ana-
lytes 1, 2, and 3, contain an extra hydroxyl and a secondary amino
group capable of hydrogen bonding interactions with the carba-
mate moiety. Furthermore, the additional benzyl ring may be in-
volved in - interactions. The presence of extra interaction sites,
in most cases, led to enhanced enantioselectivity, while retention
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Fig. 5. Effect of selector coating and alcohol modifier on the elution order for analyte 6 on Chiralpak IA and Chiralpak AD-H column Chromatographic conditions: column, A,
Chiralpak IA and Chiralpak AD-H, B, Chiralpak AD-H; mobile phases, A, n-hexane/EtOH/DEA (95/5/0.1 v/v/v), B, n-hexane/2-PrOH/DEA (95/5/0.1 v/v/v) and n-hexane/ EtOH/DEA

(95/5/0.1 v/v/v); flow rate, 1.0 ml min—'; detection at 220 nm; temperature, 25 °C.

was generally smaller for the amino amide analogs, suggesting re-
duced nonselective interactions for these compounds.

It is interesting to examine how the structure of analyte affects
the elution sequence. In case of analyte 1 the elution sequence de-
pends strongly on the applied CSP, while no changes in elution or-
der were observed for analytes 2 and 3 (Table 1). This draws at-
tention how a simple methyl substitution by creating a new chiral
center can affect the chiral recognition. It is important to highlight
that the methyl substitution in the same position in case of the
amides (5 vs 6 and 5 vs 7) did not result in a consistent change
in the elution sequences. On the basis of this limited data set no
clear trend can be suggested how the structure of analytes affect
the elution sequence.

For the quantitative characterization of the optimized methods,
limits of both detection (LOD) and quantitation (LOQ) were de-
termined for analytes 2 and 6 on Chiralpak IA and Chiralpak IE
columns. Due to the better peak shapes sligthly lower LOD and
LOQ values were obtained on Chiralpak IE, where LOD and LOQ
values for analyte 2 were 6.9 pmol and 23.2 pmol, respectively,
while these values for analyte 6 were 4.9 pmol and 16.3 pmol, re-
spectively. Fig. 6 depicts the chromatograms obtained on Chiralpak
IE for analytes 2 and 6 for the minor enantiomer in the presence
of the major one.

3.4. Effect of temperature and thermodynamic parameters

By careful interpretations of the van’t Hoff equation, the studies
of temperature dependence of retention and enantioselectivity may
offer valuable information on the chiral recognition process. For
the enantiomeric pairs, the difference in the change in standard
enthalpy A(AH°) and entropy A(AS°) can be obtained on the ba-
sis of the van't Hoff equation, not forgetting about the limitations
of the simplified approach applied in this study (i.e., not differenti-
ating between chiral and achiral contributions, which may vary in
their magnitude) [43-46].

In order to investigate the effects of temperature on the chro-
matographic parameters, a variable temperature study was carried
out for analytes 1, 2, 5, and 6 on Chiralpak IA, Chiralpak AD-H, and

Column: Chiralpak IE
Eluent: n-hexane/2-PrOH/DEA (70/30/0.1 viviv)

o o

2 e c

N 28 5| (6A d

(7] a [72]

-] o

< <
7 8 9 5 6 7 8
Time (min) Time (min)

Fig. 6. Chromatograms of analytes 2 and 6 for the determination of enantiomeric
and chemical impurities Chromatographic conditions: column, Chiralpak IE; elu-
ent, n-hexane/2-PrOH/DEA (70/30/0.1 v/v/v); flow rate, 1.0 ml min~'; detection at
220 nm; temperature, 25 °C; the ratio of minor component to major one, 1:10.000;
a, b, ¢, d, e, unknown impurities.

Chiralpak IE columns in the temperature range 5-50 °C (at 5 or
10 °C increments). Mobile phases n-hexane/2-PrOH/DEA (70/30/0.1
v/v/v) and n-hexane/ethanol/DEA (70/30/0.1 v/v/v) were applied un-
der the same set of experimental conditions, as highlighted their
importance by Sepsey et al [46]. The corresponding experimental
data are summarized in Table S2. Transfer of the analyte from the
mobile phase to the stationary phase can commonly be described
as an exothermic process. Because of this reason, retention de-
creases with increasing temperature. On the three studied columns
with both mobile phase systems, k and « decreased with increas-
ing temperature in most cases. However, for analyte 1 on Chiral-
pak IE and for analyte 6 on Chiralpak IA in n-hexane/ethanol/DEA
(70/30/0.1 v/v/v), k decreased, but « increased with increasing tem-
perature (Table S2 and Fig. S4).

From the chromatographic data on the basis of Eq. 1,

A(AH®) A(AS°)

TR TR ™
where R is the universal gas constant, T is temperature in Kelvin,
and « is the apparent selectivity factor, In « vs. 1/T plots were con-
structed. As a general trend, linear plots were obtained as indicated

Ina =
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Table 3

Thermodynamic parameters, A(AH®), A(AS°), TXA(AS®)08x, A(AG®)y9gk, correlation coefficients, (R?), Q values, and T, temperatures of isopulegol-based B-amino
lactones and f8-amino amides on Chiralpak IA, Chiralpak AD-H, and Chiralpak IE columns.

Analyte  -A(AH°) (k] mol-')  -A(AS°) (J mol~' K-')  Correlation coefficients (R2)  -TXA(AS)z9s¢ (kK] mol=1)  -A(AG®)yes¢ (kK] mol~') Q Tiso (°C)
1 Chiralpak 1A
‘4.0 “11.4 “0.949 “3.4 “0.6 “1.2 77
2 Chiralpak 1A
2.3 6.0 0.988 1.8 0.5 13 109
Chiralpak AD-H
2.5 6.3 0.994 19 0.6 1.3 114
Chiralpak A
3.2 7.9 0.973 24 0.8 ‘1.4 127
5 Chiralpak 1A
3.7 11.9 0.986 3.6 0.2 1.1 39
4.7 “14.4 0.996 *4.3 “0.4 1.1 51
6 Chiralpak IA
2.5 3.8 0.993 1.1 13 2.2 367
Chiralpak AD-H
24 3.8 0.993 1.1 13 2.2 361
Chiralpak 1A
*-2.0 *-~7.9 “0.965 —2.4 0.3 0.8 -17
Chiralpak IE
1 0.8 1.7 0.997 0.5 0.3 1.6 175
*—-0.9 =33 “0.814 *—~1.0 0.1 *0.9 -5
2 1.2 2.8 0.999 0.8 0.4 1.4 169
2.0 ‘4.8 “0.998 ‘1.4 “0.5 ‘1.4 137
5 2.2 6.7 0.984 2.0 0.2 1.1 47
“1.9 6.3 ©0.933 “1.9 “0.1 1.1 31
6 24 49 0.981 1.5 1.0 1.8 226
1.1 “1.6 “0.998 *0.5 *0.6 *2.3 385

Chromatographic conditions: columns, Chiralpak IA, Chiralpak AD-H, and Chiralpak IE; mobile phase, n-hexane/2-PrOH/DEA (70/30/0.1 v/v[v),

Q = A(AH®)[298 x A(AS°).

* n-hexane/EtOH/DEA (70/30/0.1 v/v/v); flow rate, 1.0 ml min~!; detection at 220 nm; correlation coefficient (R?) of van’t Hoff plot, In o vs 1/T curves;

by the correlation coefficients listed in Table 3. In most cases, dif-
ferences in the changes in standard enthalpy and entropy, -A(AH®)
and -A(AS®), in both mobile phases were more negative on Chiral-
pak IA than on Chiralpak IE (Table 3) indicating a stronger adsorp-
tion process. Interestingly, -A(AH®) and -A(AS°) values for Chiral-
pak IA and Chiralpak AD-H were very similar. The two CSPs pos-
sess the same selector in covalently bonded or coated form and,
consequently, a retention mechanism independent of the immobi-
lization of the selector can be suggested.

According to the data of Table S2, retention decreases in ev-
ery case, but selectivity increases with increasing temperature
in two cases, as reported previously in chromatographic sys-
tems applying polysaccharide-type phases [28,29,34,38,47]. The
Tiso value (the temperature where the enantioselectivity cancels),
in most cases, were above room temperature (Table 3). To es-
timate the enthalpy/entropy contribution to the free energy, Q
[Q = A(AH®)/[298 x A(AS®)] values were calculated. According to
data in Table 3, Q values, in most cases, were higher than 1.0, in-
dicating the relatively higher contribution of the enthalpy to the
free energy. For the systems in which analytes possess negative
Tiso» Q < 1 suggests a predominantly entropic contribution to the
free energy. That is, enantiodiscrimination was driven by entropy
in these cases.

4. Conclusions

Enantioseparations of newly prepared fs-amino lactones and f3-
amino amides were carried out on amylose- and cellulose-based
tris-(phenylcarbamate) stationary phases in n-hexane/alcohol/DEA
and n-heptane/alcohol/DEA mobile phases. Regarding mobile phase
composition, in case of the studied compounds, applications of 2-
propanol and ethanol in the mobile phase seem to be more advan-
tageous, while changing between n-hexane and n-heptane leads to
only slight differences in separation performances. The nature and

content of alcohol modifier may have a significant influence on the
elution sequence.

The nature of the chiral selector backbone (amylose or cel-
lulose) together with the nature of substituents of the phenyl-
carbamate moiety influence not only the separation performance
but also the elution sequence in several cases. In the ap-
plied chromatographic systems in general, much higher reten-
tions were registered for all analytes on CSPs with tris-(3,5-
dichlorophenylcarbamate) moiety than on CSPs possessing tris-
(3,5-dimethylphenylcarbamate) moiety, probably due to -7 ac-
ceptor type of interactions. The chemical structure of the sub-
stituent on the amylose or cellulose backbone may influence not
only retention and selectivity but also the elution sequence.

The study of the effect of the position of the substituents of
the phenylcarbamate moiety on the chromatographic performance
in the case of amylose-based CSPs revealed that tris-(3-chloro-5-
methylphenylcarbamate) is more efficient regarding the chiral in-
teraction between selector and the investigated analytes than that
on tris-(3-chloro-4-methylphenylcarbamate).

The new generation of covalently immobilized polysaccharide
phases are very robust. However, regarding separation perfor-
mances for the analytes studied, higher k;, «, and Rg were reg-
istered on coated CSPs than on the comparable immobilized ones.
Rarely reported so far, but it is worth highlighting that the change
between the two types of CSPs may result in a reversal of the elu-
tion sequence.

The structure of selector and analyte, the mobile phase compo-
sition (nature and content of bulk solvent and alcohol modifier),
and temperature may affect the observed elution order. Conse-
quently, the identification of enantiomers is mandatory for a valid
interpretation of data.

Regarding the effect of the nature of analytes, it can be con-
cluded that enantiodiscrimination of $-amino amides were gener-
ally more pronounced, despite their shorter retention times.
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The temperature-dependence study revealed enthalpically
driven recognition in most cases, but entropy-controlled separa-
tion in n-hexane/ethanol mobile phase system was also observed
under the chromatographic conditions employed in this study.
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