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Introduction, Scope and Aims

Introduction, Scope and Aims

Modern enantioselective chromatography, as a part of the field of chiral analysis, is a
powerful technique for both preparative separations of enantiomers and for high-resolution
analyses of their complex mixtures. Why is this important? The targets of enantioselective
chromatography are chiral compounds, i.e. molecules which are not superimposable on their
mirror images. Such molecules are called enantiomers. With the exception of their chiroptical
properties, the characteristics of enantiomers in an achiral environment are strictly equivalent.
However, in a chiral environment, the physical and chemical properties of the enantiomers
become distinct. Since most of the building blocks in living organisms are homochiral (e.g. L-
amino acids, D-carbohydrates, etc), the biosphere represents a perfect chiral environment and,
as a consequence, pharmacological properties, odor and taste of enantiomers are often
significantly different. For example, (R)-(-)-carvone smells like spearmint while (S)-(+)-
carvone has the odor of caraway. (R)-(+)-Limonene smells like orange, whereas (S)-(-)-
limonene has the odor of turpentine [1, 2]. The different pharmacological properties of
enantiomers may have much more severe consequences. Thus, one enantiomer of thalidomide
(Contergan), a well-known drug, has a sedative effect, while the other is believed to have a
strong teratogenic effect, causing birth defects. Administration of racemic thalidomide to
pregnant women in the late fifties led to a tragedy: approximately 10,000 children were born
with severe malformations. However, it has been found that the enantiomers of thalidomide
are interconverted in vivo, therefore, administering only one enantiomer would not have
prevented the teratogenic effect [3a]. Another chiral substance, ibuprofen, is a non-steroidal
anti-inflammatory drug (NSAID). It has been found that only (S)-(+)-ibuprofen is the active
form, whereas the (R)-(-)-ibuprofen has no pharmacological activity [3b] but is transformed to

the (S)-enantiomer in the body.

O
estas *
f (T .

Limonene Carvone Thalidomide Ibuprofen

There are many other examples of chiral drugs in which the opposite enantiomers have
completely different pharmacological properties. Therefore, it is obligatory to treat

enantiomers as different compounds in the assessment of chiral pharmaceuticals. Thus, it is
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Introduction, Scope and Aims

not surprising that the world market of the chiral technology has constantly increased over the
last decades and that today chirality is one of the central issues of organic and pharmaceutical
chemistry, especially in the development of new drugs. According to Stinson, “worldwide
sales of chiral drugs in single-enantiomer dosage forms continued growing at an annual rate
of more than 13%. With a sales volume of $133 billion in 2000, “this figure could hit $200
billion in 2008 [4]. In 1999, the turnover in the Chiral Technology business (Geoffrey
Winkler, Business Commun., Norwalk, CT USA) amounted to $150 billions. Of this sum,
chiral analyses accounted for $150 millions per annum with an annual increase of 15%.
Figure 1 shows further areas of research topics that require precise chiral analysis for
various different purposes. The most important techniques used for the analysis of
enantiomers nowadays are liquid chromatography (LC, HPLC) [5,6], high-resolution gas
chromatography (GC) [7,8,9], capillary electrophoresis (CE) [10,11,12], supercritical fluid
chromatography (SFC) [13-18] and ligand-exchange chromatography (LEC) [19-22]. The
present PhD thesis will deal mainly with practical and theoretical aspects of enantioseparation

by GC and HPLC as the central tools of the field of chiral analysis.

reaction flavours,
mechanisms fragrances

f

asymmetric pheromones,

kinetic

: fine chemicals
resolution

chiralica

chiral
catalysis

pharmaceuticals,
agrochemicals

A

chirality
pool
synthesis

-

extraterrestrial

Figure 1 Different areas of research that require precise methods for

analysis of enantiomers.
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As previously mentioned, the properties of enantiomers are rendered different only in a
chiral environment. Therefore, to be able to separate enantiomers by chromatography, the
stationary phase or mobile phase must be chiral and non-racemic. One of the main strategy of
introducing chirality into stationary phases is the use of chiral and non-racemic selectors
capable of forming transient diastereomeric associates with the enantiomers of selectand
(analyte) enantiomers during the separation process.

In enantioselective GC, the first chiral selectors that showed a reproducible and
quantitative ability for the separation of enantiomers were derivatives of natural a-amino
acids as introduced by Gil-Av, Feibush and Charles-Sigler in 1966 [23]. These selectors
showed enantioselectivity towards derivatives of amino acids, diols, amino alcohols and other
classes of compounds on the basis of stereoselective hydrogen-bonding [24-29]. The scope of
the enantioseparations was further substantially expanded by Schurig et al. with the
development of complexation-GC with metal chelates as chiral selectors [30-33]. The
enantioselectivity of metal chelates is based on different complexation strengths of the
selectand enantiomers with the metal ions. Later on, Sybilska et al. [34,35], Juvancz et al.
[36,37], Venema et al. [38], Schurig et al. [39,40] and Konig et al. [41,42] introduced
derivatives of cyclodextrins as chiral selectors. The approach of Schurig et al. has the
advantage that modified cyclodextrins are dissolved or bonded to polysiloxanes.
Enantioselectivity of cyclodextrins is believed to be the result of inclusion into the cavity and
external interactions.

A breakthrough in enantioselective GC was achieved in 1977 by Frank, Nicholson and
Bayer [29,43] when the most important amino acid diamide chiral selector, N-acyl-valine-tert-
butyl amide, was linked to a polysiloxane, thereby combining the enantioselectivity of the
selector with the high efficiency of the polymer. The chiral polysiloxane containing the valine

selector in the L- or D-form was termed Chirasil-Val (Figure 2).
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Chirasil-Val Chirasil-Dex

Figure 2 Chirasil-Val (left) and Chirasil-B-Dex (right) chiral stationary phases.

Chirasil-Val represents the most valuable chiral stationary phase (CSP) for the
enantioselective analysis of amino acid derivatives. GC using Chirasil-Val is the only method
allowing the enantioseparation of all proteinogenic o-amino acids in a temperature-
programmed run within half an hour (Figure 3)! Since the enantioselectivity of Chirasil-Val
is based on hydrogen-bonding, the enantioseparation of chiral compounds lacking at least two

hydrogen-bonding sites is very difficult.
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Figure 3 Gas-chromatogram of the enantioseparation of a mixture of 20
proteinogenic a-amino acids in the form of N-trifluoroacetyl isopropyl

esters on Chirasil-L-Val CSP [29, 44].

Chirasil-B-Dex represents another versatile CSP based on permethylated—p-cyclodextrin
[45-47], chemically attached to a polysiloxane (Figure 2) and capable of the
enantioseparation of different classes of chiral selectands, e.g. underivatized alcohols,

ketones, amines and even hydrocarbons devoid of any functional groups (Figure 4) [48].
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Figure 4 Gas-chromatogram of the enantioseparation of the smallest
unfunctionalized hydrocarbons on Chirasil-Dex CSP. 25m x 0.25mm

1.d. -capillary, T=30°C, P=40kPa [unpublished results].

The two CSPs, Chirasil-Val and Chirasil-B-Dex, are commercially available and are
routinely used in analytical and research laboratories around the world. In 2005, a spacecraft
aimed at the search for extraterrestrial homochirality in outer space was launched toward the
67P/Churyumov-Gerasimenko comet (Rosetta mission [48]). The spacecraft carries a gas-
chromatograph equipped inter alia with two miniaturized enantioselective capillary columns

(Figure 5), one coated with Chirasil-Val, the other with Chirasil-f-Dex.

Figure S5 Enantioselective capillary column for the Rosetta/COSAC

instrumentation including heater and thermo-conductivity-detector [49]

26



Introduction, Scope and Aims

The reason for using two columns instead of one is the fact that despite high
enantioselectivity of Chirasil-B-Dex toward different classes of racemates, this CSP possesses
very low enantioselectivity toward derivatized proteinogenic o-amino acids, important
markers to be found in space. This reflects a general fact that despite the significant progress
in enantioselective chromatography, and particularly in GC, until now there exists no
universal chiral selector and all the CSPs available are enantioselective only toward a certain
class, or several classes, of chiral compounds.

Mixed or binary-selector CSPg(footnote: Stationary phase containing one kind of chiral selectors s called chiral

stationary phase (CSP) or single-selector CSP. If a stationary phase contains two different chiral selectors, it is termed a binary-selector CSP.

A simple mixture of different single-selector CSPs is termed as a mixed CSP.)

can be used to combine and, therefore, to
expand the enantioselective properties of single-selector CSPs. One of the main intention of
the present work was to develop the theoretical background and the practical implementation
of the use of binary-selector CSPs, i.e. CSPs containing two different chiral selectors.

In 1975 Purnell and Laub [50,51] suggested the use of achiral mixed stationary phases
in GC for the improvement of the separation of complex blends of compounds. Many
nonpolar and polar stationary phases have been combined in this manner. For liquid
chromatography (LC), there are greater constraints because the stationary phases must have
compatible mobile phases. Mixed achiral stationary phases that have been successfully used
in LC include reversed-phase with size-exclusion materials [52-55], cation- or anion-
exchange with size-exclusion materials [54], reversed phase with cation- or anion-exchange
materials [56-64], and cation- with anion-exchange materials [57,60,65].

Attempts to combine the enantioselective properties of different chiral selectors in
mixed and binary-selector CSPs have been realized in liquid chromatography [66-73] and in
gas-chromatography [74-80]. Many reports on using different enantioselective columns
coupled in series (tandem arrangement) appeared in the literature [81-85]. In a lucid account,
Pirkle and Welch treated the merits and limitations of coupling of dissimilar enantioselective
columns or mixing different CSPs for the separation of enantiomers in the realm of LC [73].
The coupled-column approach, and hence the mixed approach, was considered to be
advantageous only when complex mixtures of selectands had to be enantioseparated [73].
This clearly applies in attempts to enantioseparate different classes of compounds
simultaneously. For GC, however, simple mixing of CSPs may be disadvantageous due to the
frequent incompatibility of different polymers resulting in non-homogeneity of the produced
binary mixture. Thus, because of the immiscibility, the versatile CSPs, Chirasil-Val and

Chirasil-B-Dex, as well as Chirasil-Val and Chirasil-y-Dex [86,44], another important CSP,
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could not be used as simple homogeneous mixtures [unpublished results]. In 1994 Karpf [87]
succeeded in the preparation of a binary-selector CSP by means of copolymerization of
benzoyl-L-valine-bornylamide = and  permethyl-B-cyclodextrin ~ both  linked  to
dialkylcyclosiloxanes. Another rational way to overcome the problem of the immiscibility of
different polymers is the chemical linking of suitable precursors of the selectors
simultaneously to a polymeric matrix. Thus, Pfeiffer [86] combined resorcinarene-based L-
valine-diamide with permethylated-p-cyclodextrin selectors by simultaneous linking them to a
polysiloxane (Chirasil-Calix).

In the present work, three different ways for the combination of enantioselective
properties of different chiral selectors were investigated: (a) the simultaneous immobilization
of two different chiral selectors on a polymeric matrix, (b) the dissolution of a chiral selector
in a chiral stationary phase and (c) the direct chemical linking of different selectors to each
other.

Chirasil-Val and Chirasil-B-Dex, possessing complementary enantioselectivities, were
chosen for the aim to combine the enantioselective properties by simultaneous attachment the
chiral selectors to a polysiloxane. The synthesis of Chirasil-Val usually done by
copolymerization of monomers [29] was modified in order to be able to use platinum-
catalyzed hydrosilylation (Section 1.1.1), the method used for the synthesis of Chirasil-B-Dex.
Therefore, a modified valine-diamide chiral selector bearing a long olefinic spacer, N-undec-
10-enoylvaline-tert-butyl amide, was synthesized and attached to a polysiloxane by platinum-
catalyzed hydrosilylation. The GC investigation of the Chirasil-Val-C;; CSP thus produced
showed that the important enantioselective properties of the valine-diamide chiral selector
toward derivatives of a-amino acids were preserved (Section 1.1.1.1). The next step was the
simultaneous attachment to a polysiloxane of the permethylated-f3-cyclodextrin, also bearing a
long olefinic spacer, and the valine-diamide chiral selector. This was done by platinum-
catalyzed hydrosilylation leading to a novel binary-selector CSP Chirasil-DexVal combining
the enantioselectivities of both Chirasil-Dex and Chirasil-Val-C,; (Section 1.1).

The valine-diamide moiety was also chemically linked to a resorcin[4]arene to produce
a macromolecular resorcinarene-based chiral selector possessing a cavity composed of
aromatic groups and a chiral environment based on the valine-diamide moieties (Figure 6).

The L-form of this selector was first synthesized by Pfeiffer et al. [86].
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Figure 6 Octakis-O-(N-acetylyl-L-valine-tert-butylamide)-C-decenyl-

resorcinarene. Red — oxygens; blue — NH-groups.

In the present work, this selector was synthesized in both enantiomerically pure forms.
Two diastereomeric binary-selector CSPs, Chirasil-Calix(L)Dex and Chirasil-Calix(D)Dex
containing both resorcinarene-based chiral selectors (L or D forms, respectively) and
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin  were synthesized by platinum-catalyzed
hydrosilylation. Comprehensive GC investigation of the performance of the produced binary-
selector CSPs has been performed (Section 1.2). In order to analyse the influence of the
presence of the diamide selector on the enantioselectivity of the cyclodextrin selector, a
ternary-selector CSP containing the cyclodextrin-selector and the racemic mixture of the
resorcinarene-based chiral selectors has been prepared and investigated (Section 1.2).

Octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin first utilized by Konig et
al.[88] is an important cyclodextrin-based chiral selector commonly used in the field of GC
analysis of different classes of racemates and especially for the enantioseparation of the
components of essential oils [88,89]. The feasibility of combining the enantioselective
properties of this selector with those of the valine-diamide chiral selector was investigated on
a binary-selector CSP obtained by dissolving the cyclodextrin selector in Chirasil-Val-C;;
CSP. This work is described in Section 1.3.
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Direct chemical linking of different chiral selectors is the third approach that may lead
to the combination of their enantioselective properties. In this case, however, one can also
anticipate a change of the mechanism of the enantiorecognition, i.e. the close arrangements of
chiral selectors may influence their enantioselective properties by cooperative effects. Thus,
the valine-diamide moiety was chemically attached to heptakis(2,3-di-O-methyl)-p3-
cyclodextrin. The produced bifunctional valine-cyclodextrin chiral selector called ValDex
(Figure 7) was prepared with the intention of combining the apolar enantioselective
properties of the methylated-fB-cyclodextrin cavity with the polar hydrogen-bonding chiral
entities of the valine-diamide chiral selector. In order to study the enantioselective properties

of ValDex, it was used as a chiral solvating agent (CSA) in NMR. This work is described in

Section 1.4.
e \N/;
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Figure 7 Heptakis[6-O-(N-acetylyl-L-valine-tert-butylamide)-2,3-di-
O-methyl]-B-cyclodextrin. Red — oxygens; blue — NH-groups

Chiral selectors used in enantioselective GC are often dissolved in, or chemically
bonded, to achiral polymers, thereby improving the efficiency and thermal stability of the
CSPs. However, the retention on such CSPs is composed of the enantioselective contribution,
arising from the interaction of the selectand enantiomers with the chiral selector, and of the
nonenantioselective contribution, resulting from the interaction of the selectand enantiomers
with the achiral polymer [30,33,90-93]. As the result, the apparent enantioselectivity of the

CSP related to the apparent enantioseparation factor, oupp, 1s different from the
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enantioselectivity of the chiral selector determined from the true enantioseparation factor,
e Therefore it is mandatory to separate nonenantioselective and enantioselective
contributions to retention in chromatographic selector—selectand systems displaying
enantioselectivity [33].

In binary-selector CSPs, due to the presence of two chiral selectors along with an achiral
polymer, the apparent enantioseparation factor, olpp, depends not only on the amount of the
chiral selectors but also on the molar ratio between them. The theory of the enantioseparation
on binary-selector CSPs including determination of the apparent and true enantioseparation
factors, opp and oune, respectively, is discussed (Chapter 2). Using an equation for the
calculation of the apparent enantioseparation factor, olpp, the analysis of the behavior of ol
upon varying the ratio and the association strengths of the two different chiral selectors
present in the achiral solvent is described in Section 2.4.1.1.

Chapter 6 describes the development of a method for distinguishing between
enantioselective and nonenantioselective interactions in liquid chromatography on brush-type
CSPs. This method is based on the retention increment approach advanced by Schurig et al.
[30,33] known for the calculation of the true enantioseparation factor, oine, in enantioselective
GC. Equations are derived that account for two equilibrium processes, including the
nonenantioselective adsorption of the analyte on the achiral parts of the CSP and the
enantioselective association of the analyte with the chiral selector present on the surface of the
CSP. To verify the method, three compounds (N-fmoc-phenylalanine, N-[(3,5-
dipropoxybenzyloxy)carbonyl]leucine and 2-(2,4-dichlorophenoxy)propanoic acid) were
studied in three different mobile phase modes (organic polar, reversed and normal) on
quinine-based CSPs with different loadings of the chiral selector.

Enantioselective chromatography is important not only for separation purposes. Since
the establishment of this technique, it is widely used for the investigation of the
enantiorecognition mechanisms between CSPs or chiral selectors and the selectand
enantiomers. Temperature-dependent studies allow the determination of the thermodynamic
parameters of the interactions between the chiral selector and the selectand enantiomers
[7,33]. This information can be used for the elucidation of the mechanism of
enantiorecognition and, therefore, for the optimization of the enantioseparation. An important
phenomenon caused by the variation of temperature is the inversion of the elution order of
enantiomers [94-99]. The reason for such an inversion is the enthalpy-entropy compensation
at a certain temperature. The inversion of the elution order of enantiomers is important, e.g.,

for trace analyses where the trace enantiomer should be eluted as the first peak in order to
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attain the high precision of the analysis. The temperature-induced inversion of the elution
order of enantiomers was experimentally observed upon analysis of different derivatives of a-
amino acids on Chirasil-Val-C;; and Chirasil--Dex CSPs. The results of the comprehensive
thermodynamic investigation of this phenomenon are presented in Section 3.2.

The temperature dependent study of the enantioseparation of N-ethoxycarbonyl
propylamide derivatives of a number of a-amino acids on Chirasil-Val-C;; CSP revealed
nonlinearity of the plots of the natural logarithm of the enantioseparation factor as a function
of the reciprocal temperature. The results of the investigation of this rare phenomenon using
the retention increment method are presented in Section 3.3.

Enantioselective chromatography has been widely used for the investigation of dynamic
processes occurring during the separation, e.g. chemical reactions or interconversion of
enantiomers [100, 101]. The latter phenomenon has been studied for a long time in the present
laboratory and is based on the calculation of the rate constants and the activation parameters
from the shape of a plateau formed between the chromatographic peaks of the interconverting
enantiomers [101-108]. In the present work, enantiomerization was studied on 1,2-di-fert-
butylpyrazolidine with stereogenic centers located on the stereolabile nitrogen atoms. The GC
enantioseparation of the racemate of 1,2-di-fert-butylpyrazolidine on the Chirasil-B-Dex CSP
above 100°C revealed the characteristic plateau formation. The activation parameters were
determined using the approximation function [108]. This work is described in Chapter 4.

An important problem of enantioselective chromatography is the use of enantiomerically
impure chiral selectors. It should be noted that a CSP containing an enantiomerically impure
chiral selector represents the simplest case of a binary-selector CSP in which different
selectors are nothing else but the opposite enantiomers. Contrary to the chiral selectors based
on carbohydrates that are present in the enantiomerically pure forms, synthetic chiral selectors
may contain significant amounts of the opposite enantiomer. This is especially important for
amino acid-based chiral selectors that are prone to racemization. A recent investigation of the
enantiomeric purity of commercial compounds showed that more than half of the non-racemic
substances available on the market contained more than 0.1% of the undesirable enantiomer
[109,110]. The theoretical and liquid-chromatographic experimental investigation (Chapter 5)
of the influence of the presence of the opposite enantiomer on the enantioseparation showed
that for highly enantioselective systems, even traces of the opposite enantiomer dramatically
reduces the apparent enantioseparation factor, o..pp. This observation is especially important in
the light of the high enantioselectivity of newly developed synthetic “receptor-like” chiral
selectors [111-13].
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Chapter 7 describes the application of enantioselective chromatography and ESR
spectroscopy for distinguishing between two important crystalline modifications of chiral
substances: the racemic conglomerate (crystalline modification of a chiral substance where
each single crystal is composed of only one enantiomer) and racemic compound (crystalline
modification of a chiral substance where each single crystal is composed of both enantiomers)
[114,115]. As it is known, until now the easiest and cheapest way of separation of racemates
into pure enantiomers is still the “spontaneous resolution” or “preferential crystallization” of
racemates using a chiral seed [114-117]. However, a prerequisite for obtaining spontaneous
resolution is the formation of a racemic conglomerate upon crystallization, i.e. precipitation of
the racemate in the form of a conglomerate of enantiomerically pure single crystals. Detection
of the conglomerate formation using enantioselective GC is experimentally shown in Section

7.2.
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Chapter 1: Practice of the enantioseparation on binary-selector CSPs

1. Practice of the enantioseparation on single- and binary-selector gas-
chromatographic (GC) chiral stationary phases (CSPs). Combining the

enantioselective properties of different chiral selectors

1.1 Chirasil-DexVal: combining heptakis(2,3,6-tri-O-methyl)-3-

cyclodextrin and L-valine-diamide chiral selectors in one CSP

1.1.1 Synthesis of L-valine-diamide selector and single-selector CSP

Chirasil-Val-Cy;

N-Acyl-L(D)-valine-tert-butyl amide was found to be a versatile chiral selector for the
enantioseparation of amino acids as their N-trifluoroacetyl (N-TFA) alkyl esters by gas
chromatography. [25] Linking this selector to a polysiloxane via polymer-analogous reaction
gave rise to Chirasil-Val CSP which possessed greatly improved properties (higher thermal
stability, lower solidification point). [29,43] Nowadays, Chirasil-Val is one of the most
important CSP being used in enantioselective gas-chromatographic a-amino acid analyses.
The strategy of the synthesis of Chirasil-Val, using a polymerization reaction of the
corresponding monomers including the chiral selector itself, renders it relatively difficult to
control and vary the content of the selector in the produced CSP. An alternative way to CSPs
rests on the attachment of selector molecules, bearing terminal olefinic groups, to a
dimethylhydromethylpolysiloxane by platinum-catalyzed hydrosilylation. [118] This
approach permits the easy variation of the amount and the nature of a selector in the polymer.
Previously, both the diamide CSP Chirasil-Nova, [118] the cyclodextrin-based CSPs,
Chirasil-Dex, [45-47] Chirasil-y-Dex, [119] as well as the complexation CSPs such as
Chirasil-Metal [31,120] were obtained using platinum-catalyzed hydrosilylation. In addition,
the hydrosilylation approach allows one to link different chiral selectors to one polymer,
thereby combining their enantioselective properties within the same CSP as shown for
Chirasil-Calix. [121] In the present section, synthesis and gas-chromatographic investigation
of a novel CSP based on the L-valine-diamide selector chemically attached to a polysiloxane
using platinum-catalyzed hydrosilylation is described. The synthesis of Chirasil-Val-C;; was
shown to be more straightforward than that of the commercially available CSP, Chirasil-Val,
and the enantioselective properties were found to be excellent for the enantioseparation of a-

amino acids.
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The synthesis of the Chirasil-Val-C;; CSP is schematically shown in Scheme 1.1.
Protection of the amino group of valine with BOC is followed by amidation of the carboxylic
group with tert-butylamine to yield the diamide 2. After deprotection, the free amino group
was acylated with undec-10-enoyl chloride to give 4 (diamide (DA) chiral selector), which
was immobilized on dimethylhydromethylpolysiloxane (DMHMPS) by platinum-catalyzed
hydrosilylation leading to Chirasil-Val-Cy;. The long hydrocarbon C;;-spacer connecting the
selector molecules to the polymer increases the mobility of the selector in the stationary
phase. In addition, the spacer renders the polymer less polar and decreases the solidification
temperature. The polysiloxane containing 30% (w/w) of the selector is still liquid at room
temperature. That allows GC analyses of highly volatile racemates at low (ambient)
temperatures. In addition, embedding of apolar components into CSPs (e.g. hydrocarbons)
may even improve their enantioselective properties. Such a phenomenon is known as
squalane effect [122] and was previously used to amend the enantioseparation of several
CSPs. [118,123] To check the thermal stability of the CSP, a 20-m Chirasil-Val-C,; column
was conditioned at 200°C for five days whereby no decrease in the enantioseparation factor a

was observed.

BOC,0
HoN —
OH dioxane, water \n/ OH CH ,Cl,, tBu-NH,,
r.t. / overnight rt./ 5hrs
L-Valine
O .
l methyloxirane
(0] NH - =
\ﬂ/ NH CH,CI, NH CH,=CH(CH,),COCI;
0 rt. /2.5 hrs THF, rt./ 1hr
2 wL
HN
>_2:O
0 X( DMHMPS
CH,=CH(CH NH
2=CH(CH,)g W NH H,PtClg; THF/toluene
(o) 80°C /24 h
4 |

Chirasil-Val-C,,
Scheme 1.1 Synthesis of Chirasil-Val-Cy; starting from L-valine
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1.1.2 GC investigation of Chirasil-Val-Cy,

Chirasil-Val-C;; CSP was found to have very good enantioselective properties towards
derivatives of all investigated proteinogenic amino acids. A representative chromatogram is
shown in Figure 1.1 (His and Arg are not included). Enantioseparation of the proline (as N-
TFA alkyl ester) bearing a secondary amino group has been always a problem on the diamide-
type CSPs, [44] nevertheless, this could be overcome in a binary CSP (vide infra). A frequent
degradation of derivatized Ser and Cys during GC experiments [118] could be solved by
thorough purification of the produced CSP. However, it should be noted that occasionally an
increase of the enantiomeric excess of racemic cysteine from zero, caused by enantioselective
decomposition of the amino acid during the chromatographic experiments, was observed. The

same effect has been recently observed on a commercial Chirasil-Val column (unpublished

results).
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Figure 1.1 Enantiomeric separation of proteinogenic amino acids as N-
trifluoroacetyl ethyl esters on Chirasil-Val-C;; (30%). Carrier gas H,, 50
kPa; temperature program: 70°C/3 min isothermal, then 3°/min up to 170°C

followed by 30 min isothermally. Column: fused silica 20 m, 0.25 mm i.d.,

0.25 pum polymer film thickness.

39



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

Thus, a diamide CSP, Chirasil-Val-Cy;, has been synthesized by means of attachment of
the L-valine-diamide selector to dimethylhydromethylpolysiloxane matrix using platinum-
catalyzed hydrosilylation. The enantioselective properties of this readily accessible CSP have
been found to be similar to that of the commercially available Chirasil-Val CSP. The
developed synthesis of the valine-diamide selector and its subsequent attachment to a
polysiloxane can now be used for the combination of different selectors in the same polymer

(vide infra).

1.1.3 Synthesis of the single-selector CSP Chirasil-Dex and binary-selector CSP

Chirasil-DexVal

The valine-diamide selector (DA) (Scheme 1.2) and the corresponding CSP, Chirasil-
Val-C,;, were prepared as described in Section 1.1.1. The cyclodextrin selector (CD) was
prepared according to a described procedure [47,124] using 10-undecenylbromide [125]
instead of 7-octenylbromide. It should be mentioned that mono-undecenylation in the 2-
position of B-cyclodextrin followed by permethylation is confirmed for CD (cf. Scheme 1.2)
in contrast to the previous assignment [125]. Chemical immobilization of CD on the
dimethylhydromethylpolysiloxane gave Chirasil-Dex CSP. The percentage of CD in the

polymeric matrix was 20% (w/w).
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Scheme 1.2 (a) The cyclodextrin selector monokis-2-O-undecenyl-

permethylated-pB-cyclodextrin (CD); (b) the valine-diamide chiral selector
(DA).
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To produce the binary-selector CSP, Chirasil-DexVal-C,;, a mixture of DA and CD
selectors were simultaneously attached to dimethylhydromethylpolysiloxane by one-pot

platinum-catalyzed hydrosilylation under ultrasonic conditions (Scheme 1.3).

o~ )\(‘E
[ O
o °© 0 ~o

HN
(0]
NH
~0 O=
(a) ;
L VgV
—Si Si N i i—
\\O{\'\O | 0% of ]

Scheme 1.3 Synthesis of the binary-selector CSP Chirasil-DexVal; (a)

dimethylhydromethylpolysiloxane, hexachloroplatinic acid (cat.), 50°C,
ultrasonic bath, 24h.

1.1.4 Comparison of the enantioselective properties of the single- and binary-
selector CSPs: Chirasil-Dex, Chirasil-Val-Cy; and Chirasil-DexVal, respectively

Underivatized alcohols and hydrocarbons are known to be enantioseparated on the CD
selector, [45-47] while enantioseparation of oi-amino acid derivatives is a prerogative of the
DA selector. [25,26,44] To demonstrate the preservation of the enantioselective properties of
the DA selector in the binary CSP, a mixture of seventeen proteinogenic amino acids was
analyzed on Chirasil-Val-Cy; (Figure 1.1), Chirasil-Dex (Figure 1.2) and on Chirasil-DexVal
(Figure 1.3). Although there is an inherent decrease in the enantioselectivity of the binary-
selector CSP, all the amino acids (except Asp) were baseline enantioseparated on Chirasil-

DexVal containing 20% (w/w) of the CD selector and 15% (w/w) of the DA selector.
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Figure 1.2. Enantiomeric separation of proteinogenic a-amino acids as N-
trifluoroacetyl ethyl ester on Chirasil-Dex (20%, w/w). Carrier gas H,, 50
kPa; temperature program: 70°C/3 min isothermal, then 3°/min up to 170°C

followed by 30 min isothermally. Column: fused silica 20 m, 0.25 mm i.d.,

0.25 um polymer film thickness.
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Figure 1.3 Enantiomeric separation of proteinogenic a-amino acids as N-
trifluoroacetyl ethyl ester on Chirasil-DexVal CSP (20% of CD and 15% of
DA selector, w/w). Carrier gas H,, 50 kPa; temperature program: 70°C/3
min isothermal, then 3°/min up to 170°C followed by 30 min isothermally.

Column: fused silica 20 m, 0.25 mm i.d., 0.25 um polymer film thickness.

In order to meet the imposed requirements, the binary-selector CSP Chirasil-DexVal
had also to preserve the enantioselective properties of the CD selector. Therefore, a set of
underivatized alcohols (Table 1.1) was analyzed on Chirasil-DexVal and the results were
compared with that obtained on the single CSPs. Contrary to the CD, the DA selector displays
no enantioselectivity towards the alcohols. Nevertheless, all the underivatized alcohols
studied are enantioseparated on the binary-selector CSP Chirasil-DexVal, thus, confirming the

preservation of the enantioselective properties of the CD selector.
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Table 1.1 Enantioseparation of underivatized alcohols on Chirasil-Dex, Chirasil-Val-C;; and

Chirasil-DexVal CSPs

Chirasil-DexVal

Chirasil-Dex Chirasil-Val-C;
(CD —20%, DA — 15%, w/w)
Alcohols T (°C)* o Ry k; o R, k; o R, k;
1-(4-methoxyphenyl)ethanol 120 1.10 1.07 17.12  1.00 - 5.75 1.06 2.29 17.30
1-(4-methylphenyl)ethanol 100 1.20 5.53 20.10 1.00 - 522 1.15 4.57 17.65

1-(2-methylphenyl)ethanol 110 1.34 5.40 16.99 1.02 0.79 3.93 1.26 4.36 14.70

1-(2-chlorphenyl)-ethanol 140 1.11 3.27 11.42  1.00 - 4.71 1.07 2.85 11.15
1-phenylpropanol 100 1.09 2.25 25.14 1.00 - 4.87 1.07 2.68 21.42
1-(2-furyl)ethanol 80 1.07 1.70 9.68 1.00 - 1.77 1.06 1.79 7.78
1-phenylprop-2-en-1-ol 120 1.09 1.07 7.66 1.00 - 2.23 1.04 1.37 7.33
trans-1,2-cyclohexanediol 120 1.10 2.07 10.14 1.00 - 1.64 1.07 2.29 9.52

* The experiments were carried out isothermally.

Finally, a test-mixture of racemates containing both hydrocarbons (trans- and cis- 1,3-
dimethylcyclohexane and 1,2-dimethylcyclohexane), ketone (3,5-dimethylcyclohex-2-en-1-
one), alcohol (1-(2-methylphenyl)ethanol) and a-amino acids (Pro, Glu, Orn, Lys as N-
trifluoroacetyl ethyl esters) was prepared and analyzed on the single- and binary-selector
CSPs. As one can see from Figures 1.4-1.6, the enantioselective properties of the CD and the
DA selectors are successfully combined in Chirasil-DexVal leading to the baseline

enantioseparation of all the racemates from the test mixture.
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(+/-) -trans -1,2-dimethylcyclohexane
(+/-) -N -TFA-Pro-OEt
(+/-) -N -TFA-Glu-OEt

(+/-) -trans -1,3-dimethylcyclohexane
(+/-) -1-(2-methylphenyl)ethanol

(+/-) -3,5 -dimethylcyclohex-2-en-1-one

(+/-) -N -TFA-Om-OEt
(+/-) -N -TFA-Lys-OEt
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Figure 1.4 Enantiomeric separation of racemates of the test-mixture on Chirasil-Val-
Ci1, 30% (w/w), " - unknown impurity. Carrier gas Hy, 50 kPa; temperature program:
40°C/10 min isothermal, then 10°/min up to 170°C followed by 20 min isothermally.
Column: fused silica 20 m, 0.25 mm 1.d., 0.25 pm polymer film thickness.

(+/-) -N -TFA-Glu-OEt

(+1-) -N -TFA-Pro-OEt
\\(+/-) -1-(2-methylphenyl)ethanol

(+/-) -3,5 -dimethylcyclohex-2-en-1-one
(+/-) -N -TFA-Orn-OEt
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Figure 1.5 Enantiomeric separation of racemates of the test-mixture on Chirasil-Dex,
20% (w/w). Carrier gas H,, 50 kPa; temperature program: 40°C/10 min isothermal, then
10°/min up to 170°C followed by 20 min isothermally. Column: fused silica 20 m, 0.25

mm i.d., 0.25 um polymer film thickness.
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Figure 1.6 Enantiomeric separation of racemates of the test-mixture on
Chirasil-DexVal CSP, (20% of the CD and 15% of the DA selector, w/w).
Carrier gas Hy, 50 kPa; temperature program: 40°C/10 min isothermal, then
10°/min up to 170°C followed by 20 min isothermally. Column: fused
silica 20 m, 0.25 mm i.d., 0.25 um polymer film thickness.

1.1.5 Refinement of the enantioseparation of a-amino acid

derivatives on Chirasil-Val-Cy; using the binary-selector approach

The binary-selector approach used to combine the enantioselectivity of different chiral
selectors in one CSP can also be applied to improve the enantioseparation of a certain
racemate in a complex mixture. In this case a small amount of a chiral selector possessing
high enantioselectivity towards the problematic racemate is added to a CSP. For example, the
proteinogenic a-amino acids (as N-TFA alkyl esters) are very well enantioseparated on the
DA CSPs including Chirasil-Val-C;;, the only problematic a-amino acid derivative being
proline (o= 1.03, R; = 1.1 at 100°C on Chirasil-Val-C;;). On the contrary, the CD selector
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possesses much better enantioselectivity towards the proline derivative (o = 1.08, R;= 5.0 at
100°C) without inversion of the elution order of enantiomers. Thus, incorporation of a small
amount of the CD selector into Chirasil-Val-C;; should improve the enantioseparation of
proline. To demonstrate this notion, a binary-selector CSP which contains predominantly the
DA selector (24% w/w) and a minor amount of the CD selector (8%, w/w) has been
synthesized by means of simultaneous attachment of both selectors to a
dimethylhydromethylpolysiloxane using platinum-catalyzed hydrosilylation.
Chromatographic examination of a mixture of the derivatives of proteinogenic o.-amino acids
on the obtained binary-selector CSP revealed considerable improvement of the
enantioseparation of proline (o = 1.05, R, = 2.2 at 100°C), while the enantioseparation of the
other a-amino acids was not significantly affected (Figure 1.7). Moreover, the addition of a
small quantity of the CD selector also improved the nonenantioselective separation of the a-
amino acids. Thus, all the seventeen proteinogenic amino acids studied were separated from
each other without considerable overlapping (Figure 1.7).

Surprisingly, despite the relatively small amount of the CD selector added to the CSP,
the enantioseparation of underivatized alcohols on the produced binary CSP was still
observed and six out of eight alcohols from a test mixture were enantioseparated with

resolution factor R, higher than 1.3 (Table 1.2).

Table 1.2 Enantioseparation of underivatized alcohols on Chirasil-DexVal (CD - 8%,

DA —24%, w/w) CSPs

Alcohols: T (°C)" o Ry k;

1-(4-methoxyphenyl)ethanol 120 1.03 1.38 9.84
1-(4-methylphenyl)ethanol 100 1.07 3.11 10.18
1-(2-methylphenyl)ethanol 110 1.13 2.87 8.03
1-(2-chlorphenyl)-ethanol 140 1.04 2.11 7.20
1-phenylpropanol 100 1.04 1.24 10.50
1-(2-furyl)ethanol 80 1.03 0.90 3.68
1-phenylprop-2-en-1-ol 120 1.02 1.01 4.05
trans-1,2-cyclohexanediol 120 1.05 2.34 4.75

* The experiments were carried out isothermally.
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Figure 1.7 Enantiomeric separation of proteinogenic amino acids as N-
trifluoroacetyl ethyl ester on the binary-selector CSP Chirasil-DexVal (8% of the
cyclodextrin and 24% of the diamide selector, w/w): (a) the whole chromatogram,
(b) enlarged initial part of the chromatogram. Carrier gas H,, 50 kPa; temperature
program: 70°C/3 min isothermal, then 3°/min up to 170°C followed by 30 min

isothermally. Column: fused silica 20 m, 0.25 mm i.d., 0.25 pum polymer film

thickness.
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1.2 Chirasil-CalixDex: combining resorcinearene-based L(or D)-

valine-diamide and heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin

chiral selectors in one CSP

Resorcinarene with pendant L-valine diamide groups (L’ selector, Figure 1.8) and a
binary-selector CSP containing L’ and a permethylated-f-cyclodextrin chiral selector (CD —
selector) were first synthesized by Pfeiffer et al. [121,78] The following section describes the
synthesis of both enantiomers of the resorcinarene-based chiral selectors, L’ and D’, (Figure
1.8) and their employment for the preparation and GC investigation of two diastereomeric
binary-selector CSPs Chirasil-L-CalixDex (CD-L’) and Chirasil-D-CalixDex (CD-D’),
respectively. In addition, a ternary-selector CSP containing CD and the racemic mixture of D’
and L’ [CD-D’L’] has been prepared in order to probe the influence of the racemic mixture of
the resorcinarene-selectors D’ and L’ on the enantioselectivity displayed solely by the

cyclodextrin-selector CD in the polymeric matrix.

L’ CDh D’

Figure 1.8 L’ - octakis-O-(N-acetylyl-L-valine-fert-butylamide)-C-
decenyl-resorcinarene (Chirasil-L-Calix); D’ — octakis-O-(N-acetylyl-D-
valine-tert-butylamide)-C-decenyl-resorcinarene (Chirasil-D-Calix); CD —
monokis-2-O-undecenyl-permethyl-p-cyclodextrin (Chirasil-B-Dex with an
11 spacer at the 2 position of CD). Oxygens are marked with red, NH
groups - with blue.

1.2.1 Synthesis of Chirasil-Calix and Chirasil-CalixDex CSPs
The same length of the spacers (C;;) for CD, D’ and L’ selectors was chosen to
guarantee the same accessibility of the selectors by selectands in the polymeric matrix.

Selectors D’ and L’ (Figure 1.8) were prepared using a modified procedure [126] starting

49



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

from D- or L-valine, respectively (Scheme 1.4). Acylation of the free amino group of
compound 3, which was prepared as described above (see Scheme 1.1), with
bromoacetylchloride gave 5. Derivatization of resorcin[4]arene 6 with 5 gave rise to selectors
L’ or D’ depending on the configuration of the initial valine. The platinum—catalyzed
hydrosilylation of D’-selector (or L’-selector) with hydromethyl(7.4%)dimethylpolysiloxane
(PS) gave rise to the corresponding D’ (or L’) CSP. The percentage of D’ or L’ in the

polymeric matrix was 15% (w/w).

C‘) X( methyl oxirane NH ‘O X<
HoN —
2 NH BrCH,COCK THE Br Y NH
o)
5

r.t./1hr

L-orD-5
CH,CN, K,CO,

70°C /48 hrs

6 L' or D' -chiral selectors

Scheme 1.4 Synthesis of the chiral selector L’ (D).

The binary-selector CSPs CD-D’ and CD-L’ were prepared by one-pot platinum-
catalyzed hydrosilylation of the selector CD (20% w/w) and D’ or L’ (15% w/w),
respectively, with PS. In addition, CD-D’L’ CSP was prepared from the selector CD (20%
w/w) and a 1:1 mixture of the selectors D’ and L’ (15% of the mixture in PS, w/w). The
racemic nature of the 1:1 mixture of D’ and L’ has been proved by GC as follows. The
mixture of the selectors was hydrolyzed with DCI/D,0 (6 N) and the liberated free valine was
examined by GC-MS on D’ CSP.

It should be noted that if a chiral selector is diluted in a matrix (e.g., a polysiloxane), the

enantioseparation factor o is rendered concentration dependent and it increases with a higher
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selector loading [127]. Therefore, in the present work the individual selector concentrations of
CD and D’ (20% and 15%, respectively) were maintained in the binary-selector CSP CD-D’
(or CD-L’) assuming the overall concentration of the selectors of 35%.

The average molecular weight of PS used for the preparation of the CSPs is 3000 g/mol
and the percentage of the hydromethylsilyl groups (-SiHMe-O-) in the polymer is 7.3%
(according to NMR). Based on these data the ratio between the selector molecules, individual
polymeric chains, number of spacers bearing the double bonds and the binding sites
(hydromethylsilyl moieties) on each polymeric chain can be roughly calculated as follows. If
the terminal groups are neglected and the polysiloxane used is represented by the structure -
(SiMeH-0O)x-(SiMe,-O)y-, the following expression can be written 3000 = 60-X + 74-Y. 3000
g/mol is the molecular weight of the polymer and 60 g/mol and 74 g/mol are the molecular
weights of the -SiMeH-O- and -SiMe,-O- groups, respectively. On the other hand, the
percentage of the -SiMeH-O- groups in the polymer is 7.3%, therefore, the ratio X:Y is equal
to 7.3:92.7. Thus, the following combined equations can be written:

3000 = 60-X + 74-Y

{Y =X:(92.7/7.3)

Solution of this set of equations leads to X =3 and Y = 38, i.e. three -SiMeH-O- groups
and 38 -SiMe,-O- groups constitute one polymeric chain. Thus, it is obvious that in case of
the D’ selector, bearing four olefinic spacers, cross-linking of the polymeric chains must
occur.

The binary-selector CSPs CD-D’ and CD-L’ are composed of 20% of CD, 15% of D’ or
L’ and 65% of PS (w/w). Transformation of the weight-to-weight percentage into the molar
ratio gives approximately the following proportion CD : D’ : PS =2 : 1 : 4. The previous
calculation identified in each polymeric chain three hydromethylsilyl groups capable of the
reaction with the double bonds of the selectors. As the CD selector bears one spacer and the
D’ selector contains four spacers, altogether only six spacers of the three selectors (D’ : CD =
2 : 1) must be accommodated by twelve existing binding sites of the four polymer chains, i.e.,
only half of them are required.

Since the resorcinarene selector D’ (or L”) bears four spacers, four different possibilities
for a statistical linking the selectors to the polymeric chains are schematically shown in
Figure 1.9. The probabilities of the four cases are not equal. In the case A the selector can be
linked to the four polymeric chains in 81 different ways (3 possibilities for each spacer). The
number of the possible ways leading to the structures B, C and D are 27, 9 and 3, respectively.

The total number of the possibilities in which L’ can be linked to a maximum of four

51



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

polysiloxane chains carrying each three binding sites is 120. Therefore, the probabilities P of
the structures A, B, C and D (Figure 1.9) are 0.675, 0.225, 0.075 and 0.025, respectively.

A B C D
Polymeric ——— =
chains T——
Spacers of L' \/,QX 7)\ q KW N]\
L' L' L' L
Probability (P): P(A)=0.675 P(B)=0.225 P(C)=0.075 P(D)=0.025

Figure 1.9 Schematic representation of the possible structures formed by
reaction of selector L’ or D’ (having four spacers) and a maximum of four
polymeric chains (having three binding sites). P is statistical probability of the

structures.

Therefore, ignoring entropy effects and assuming that statistics governs the distribution
of the different structures in the binary-selector CSPs CD-D’ and CD-L’, the most likely

structure can be drawn (Figure 1.10).

CD
L'

CD
H \ - ‘
| | /6&\0}/&\0/3.\0/3,\
/Si\o/Si\O%Si\C)}/Si\ | | |
I N |

38 |
3 |
Si—_ Si\O%Si\O}
o ST
%Ti\o Ti\o%Ti\o}
Figure 1.10 Schematic representation of the most probable structure of the
binary-selector CSP CD-L’ (20% of CD and 15% of L*). The figure shows

the ratio between the selectors, polymeric chains, spacers of the selectors

and the hydromethylsilyl groups capable of the reaction with the spacers.
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It should be pointed out that the structure depicted in Figure 1.10 is not a mixture of
individual polymers but it is a single branched chain of a new polymer bearing two different
chiral selectors. It is surprising that, despite predicted crosslinking of the polymer, it is still

very good soluble in many organic solvents.

1.2.2 Comparison of the enantioselective properties of the single- and

binary-selector CSPs: Chirasil-Calix, Chirasil-Dex and Chirasil-

CalixDex, respectively

The purpose of this work was to expand the enantioseparation ability of both single
diamide and single CD selectors by means of fixing them to a polymeric matrix in a
simultaneous reaction. In order to demonstrate the versatility of such an approach, both single
and binary-selector CSPs were examined by enantioselective GC and the results were
compared. The chromatographic data obtained for the four CSPs CD, D’, CD-D’ and CD-L’

are summarized in Table 1.3.
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Table 1.3 Chromatographic data obtained on the single- and binary-selector CSPs (Chirasil-Dex (CD), Chirasil-Val-C;; (D’), Chirasil-L-
CalixDex (CD-L’), Chirasil-D-CalixDex (CD-D’))

CD D’ CDh-L’ CD-D»’
Racemates CSPs
T(°C) a Rs ky o Rs k; a Rs k; o Rs k;
GROUP 1
Alcohols
1-(3-methylphenyl)ethanol 100 | 1.124 | 2.64 | 243 | 1.000 - 7.11 1.109 | 2.85 | 2584 | 1.112 | 2.69 | 23.23
2-methyl-2-hepten-6-ol 80 1.082 1.92 10.9 [ 1.000 - 4.77 1.071 1.88 11.70 | 1.064 | 1.67 | 9.83
2-nonanol 80 1.024 | 0.80 15.8 | 1.000 - 1045 | 1.020 | 0.78 | 25.88 [ 1.020 | 0.59 | 20.89
4-methoxy-o-methylbenzyl alcohol 120 | 1.096 1.07 17.1 | 1.000 - 8.38 1.072 | 252 | 21.69 | 1.074 | 2.25 | 20.29
1-(4-methylphenyl)ethanol 100 | 1.203 5.53 | 20.1 | 1.000 - 7.19 1.172 | 5.65 | 2191 | 1.171 | 5.02 | 19.84
1-(2-naphthyl)ethanol 150 | 1.057 | 3.47 19.3 [ 1.000 - 1191 | 1.045 | 295 | 26.09 | 1.049 | 2.49 | 2443
3-octen-2-ol 80 1.050 | 0.84 11.0 [ 1.000 - 5.11 1.043 2.05 11.61 | 1.044 | 1.28 | 9.71
o-tetralol 120 | 1.066 | 2.08 | 26.0 | 1.000 - 10.23 | 1.053 2.60 | 30.64 | 1.053 | 2.72 | 29.22
3-methylcyclopentanol 70 1.000 - 11.0 [ 1.023 | 0.50 | 2.55 1.000 - 10.24 | 1.000 - -
1-hepten-3-ol 70 1.045 | 0.80 10.1 [ 1.000 - 3.35 1.040 | 0.50 9.85 1.025 | 0.67 | 6.28
1-(2-methylphenyl)ethanol 110 | 1.343 5.40 17.0 | 1.000 - 5.34 1.302 | 6.30 18.92 | 1.305 | 4.73 | 16.96
1-(4-pyridyl)ethanol 120 | 1.089 1.53 14.0 [ 1.000 - 5.72 1.071 241 17.88 | 1.022 | 1.27 | 12.33
1-indanol 120 | 1.030 | 0.71 11.9 | 1.000 - 5.57 1.024 1.25 14.75 | 1.026 | 1.24 | 13.74
1-phenylpropanol 100 | 1.092 | 225 | 25.1 | 1.000 - 6.43 1.087 | 224 | 26.52 | 1.089 | 2.14 | 22.81
trans-1,2-cyclohexandiol 120 | 1.102 | 2.07 10.1 | 1.036 | 0.66 | 3.10 1.094 | 2.46 12.00 | 1.074 | 1.20 | 10.94
3-methyl-1,5-heptadien-4-ol (1st diast.) 80 1.034 | 0.89 109 [ 1.018 | 0.64 | 3.69 1.035 1.65 1049 | 1.037 | 0.90 | 8.34
1-(2-furyl)ethanol 80 1.072 1.70 9.7 1.000 - 243 1.065 1.51 10.18 | 1.064 | 146 | 8.56
1-(2-bromophenyl)-ethanol 130 | 1.440 | 6.85 16.9 [ 1.000 - 6.10 1.382 | 10.44 | 19.84 | 1.380 | 6.15 | 18.44
phenyl-n-butyl-carbinol 120 [ 1.046 | 0.71 19.7 [ 1.000 - 9.42 1.040 146 | 24.76 | 1.036 | 1.03 | 22.34
phenyl-n-propyl-carbinol 120 | 1.020 0.28 11.7 | 1.000 - 5.73 1.020 0.81 14.75 | 1.020 | 0.87 | 13.61
1-(2-chlorophenyl)ethanol 140 | 1.107 | 3.27 11.4 [ 1.000 - 6.28 1.088 5.01 1438 | 1.079 | 2.52 | 1343
cyclopentyl-phenyl-carbinol 110 | 1.017 1.06 18.7 | 1.000 - 27.15 | 1.015 1.16 23.02 | 1.005 | 0.32 | 21.40
3-methyl-1-phenyl-butan-2-ol 120 | 1.030 | 0.10 11.6 | 1.000 - 6.68 1.030 1.07 14.28 | 1.021 | 0.86 | 13.07
methylheptan-3-ol 80 1.038 | 0.76 9.4 1.000 - 3.69 1.030 | 0.69 9.20 1.033 | 0.69 | 7.89
2,2-dimethylhexan-3-ol 70 1.082 1.82 12.2 | 1.000 - 3.56 1.069 1.48 11.96 | 1.071 | 1.82 | 9.50
2,2-dimethyloctan-3-ol 100 | 1.062 1.51 9.1 1.000 - 4.19 1.050 1.58 9.46 1.054 | 133 | 8.19
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1-phenylethanol 100 1.140 2.80 13.1 | 1.000 - 1.70 1.120 2.60 13.64 | 1.121 | 434 | 13.06
Others
4-hydroxy-2-pentanone 60 1.095 0.98 17.0 | 1.081 | 1.16 3.33 1.077 2.06 10.61 1.069 | 1.42 8.48
4-hydroxy-2-heptanone 90 1.061 1.80 9.0 1.000 - 3.88 1.047 1.60 9.63 1.050 | 1.37 8.47
3-methyl-2-pentanone 40 1.072 1.13 54 1.000 - 2.66 1.066 2.44 5.68 1.038 | 0.83 3.54
3-methyl-5-hepten-4-one 80 1.107 3.16 4.1 1.000 - 3.26 1.092 3.97 431 1.084 | 2.11 3.59
3,5-dimethyl-2-cyclohexen-1-one 90 1.110 2.63 13.7 | 1.000 - 6.30 1.097 3.26 14.64 | 1.092 | 2.13 | 12.28
2-bromopentane 50 1.067 1.68 4.3 1.000 - 1.89 1.086 2.24 26.20 | 1.034 | 0.94 2.62
1,2-dimethylcyclohexane (trans) 50 1.053 2.22 5.2 1.000 - 2.30 1.040 1.37 2.06 1.045 | 1.26 3.75
1,3-dimethylcyclohexane (trans) 50 1.066 3.25 6.7 1.000 - 1.93 1.051 2.33 4.55 1.059 | 1.67 4.50
2-methyl-2-ethyloxirane 40 1.053 1.33 1.1 1.000 - 2.44 1.065 1.17 4.79 1.000 - 3.37
2,2-dimethyl-3-methyloxirane 40 1.050 1.05 1.1 1.000 - 2.52 1.044 1.08 0.95 1.000 - 3.31
2-methyl-2-vinyloxirane 40 1.030 1.07 2.9 1.000 - 2.46 1.035 0.91 1.29 1.000 - 3.45
1,2-diethyloxirane (trans) 40 1.072 1.71 34 1.000 - 2.25 1.063 1.93 3.26 1.028 | 0.92 2.66
n-propyl mandelate 130 1.102 4.77 9.2 1.000 - 6.62 1.080 5.39 11.54 | 1.074 | 3.21 | 11.18
diethyl malate 120 1.032 0.54 9.0 1.000 - 6.21 1.020 1.00 11.61 1.023 | 0.86 | 10.29
GROUP 2

N-Trifluoroacetyl, ethyl ester derivatives of
amino acids

Ala-TFA-Et 80 1.239 | 12.02 | 6.2 1.080 | 2.10 | 5.28 1.202 | 10.12 7.42 1.100 | 3.51 7.02
Val-TFA-Et 80 1.010 | 0.76 10.2 | 1.048 | 1.88 | 10.28 | 1.045 2.55 11.54 | 1.046 | 1.87 | 10.29
Ile-TFA-Et -allo 100 [ 1.020 1.18 5.7 1.034 | 1.89 | 6.71 1.031 1.71 6.69 1.046 | 191 5.88
Ile-TFA-Et 100 | 1.018 1.10 6.2 1.031 | 1.53 | 7.05 1.027 1.58 7.22 1.041 | 1.78 | 6.36
Pro-TFA-Et 100 | 1.079 5.02 16.5 | 1.015 | 0.87 | 1238 | 1.068 | 4.35 18.11 | 1.048 | 2.25 | 16.51
Leu-TFA-Et 100 [ 1.024 1.46 6.7 1.066 | 2.81 7.34 1.057 | 3.38 8.67 1.072 | 299 | 7.57
Ser-TFA-Et 90 1.134 | 6.64 183 | 1.051 | 147 | 9.25 1.101 536 | 20.16 | 1.047 | 1.85 | 1543
Thr-TFA-Et 80 1.020 1.14 10.1 | 1.043 | 1.68 | 12.19 [ 1.036 1.86 13.06 | 1.031 | 1.19 | 10.98
Asp-TFA-Et 100 [ 1.012 | 093 | 29.5 | 1.019 | 0.97 | 21.72 [ 1.000 - 36.14 | 1.019 | 1.01 | 30.94
Cys-TFA-Et 100 | 1.067 3.89 | 227 * - - 1.067 | 3.84 | 2933 | 1.031 | 1.41 | 2645
Met-TFA-Et 120 | 1.014 | 0.81 15.3 | 1.000 - 14.35 | 1.039 | 2.05 19.68 * - -

Phe-TFA-Et 120 | 1.045 3.00 | 29.5 | 1.031 | 1.56 | 23.50 [ 1.000 - 34.95 | 1.057 | 2.93 | 34.48
Glu-TFA-Et 120 | 1.000 - 21.6 | 1.043 | 2.09 | 2039 [ 1.036 | 234 | 2695 | 1.039 | 1.96 | 27.53
Tyr-TFA-Et 140 | 1.010 | 0.84 | 232 | 1.033 | 1.85 | 19.91 [ 1.023 1.56 30.24 | 1.041 | 2.19 | 12.68
Om-TFA-Et 150 | 1.000 - 123 ] 1.080 | 2.72 | 17.73 | 1.060 | 2.72 | 25.68 | 1.053 | 2.37 | 24.20
Lys-TFA-Et 160 | 1.000 - 122 | 1.054 | 2.83 | 1537 | 1.043 2.81 23.28 | 1.036 | 3.31 | 22.43
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Trp-TFA-Et 160 [ 1.009 | 0.74 | 33.8 | 1.056 | 1.82 | 14.97 [ 1.016 1.03 | 46.65 [ 1.024 | 1.38 | 47.07
Nva-TFA-Et 80 1.016 1.12 149 | 1.085 | 2.83 | 14.85 | 1.081 4.92 18.12 | 1.059 | 2.48 | 16.13
2-Abu-TFA-Et 80 1.087 | 5.15 9.2 1.089 | 2.08 | 8&.75 1.113 6.19 10.86 | 1.000 - 10.01

N-Trifluoroacetyl, iso-propyl ester
derivatives of amino acids

Ala-TFA-iPr 80 1.184 | 10.08 | 84 1.087 | 3.17 | 6.46 1.185 | 10.05 9.21 1.072 | 2.56 | 8.72
Val-TFA-iPr 80 1.014 | 0.98 12.1 | 1.059 | 2.75 | 12.71 | 1.054 | 3.29 13.63 | 1.059 | 238 | 11.90
Ileu-TFA-iPr -allo 100 | 1.024 1.31 6.9 1.038 | 1.99 | 7.93 1.033 1.84 7.68 1.053 | 236 | 6.63
lleu-TFA-iPr 100 | 1.026 1.40 7.3 1.036 | 1.86 | 8.4l 1.027 1.59 8.29 1.052 | 228 | 7.15
Pro-TFA-iPr 100 | 1.022 1.41 17.4 | 1.010 | 0.67 | 14.58 [ 1.029 1.87 19.21 | 1.000 - 18.50
Leu-TFA-iPr 100 [ 1.038 | 2.12 7.7 1.073 | 3.16 | 8.46 1.057 | 3.15 9.59 1.089 | 3.62 | 8.34
Ser-TFA-iPr 90 1.184 | 10.55 | 17.3 | 1.047 | 1.68 | 10.42 | 1.146 8.12 | 2047 | 1.103 | 4.06 | 17.71
Thr-TFA-iPr 80 1.048 | 2.75 11.6 | 1.043 | 1.65 | 12.19 [ 1.027 1.48 14.78 | 1.058 | 2.15 | 12.17
Asp-TFA-iPr 100 | 1.044 | 2.89 | 39.7 | 1.015 | 0.93 | 30.02 [ 1.015 1.06 | 4543 [ 1.043 | 2.03 | 39.70
Cys-TFA-iPr 100 | 1.105 572 | 265 * - - 1.090 5.13 32.03 | 1.056 | 2.51 | 29.20
Met-TFA-iPr 120 | 1.018 1.03 16.5 | 1.056 | 1.20 | 15.27 | 1.037 | 2.58 19.96 * - -

Phe-TFA-iPr 120 | 1.022 1.53 | 327 ] 1.035 | 1.83 | 26.87 [ 1.020 1.37 | 3577 | 1.044 | 2.32 | 36.63
Glu-TFA-iPr 120 | 1.016 1.16 | 282 | 1.043 | 2.30 | 25.50 [ 1.031 2.06 | 32.84 | 1.049 | 2.44 | 32.38
Tyr-TFA-iPr 140 | 1.000 - 245 | 1.025 | 142 | 20.66 | 1.034 | 2.38 30.17 | 1.030 | 1.65 | 30.16
Om-TFA-iPr 150 | 1.000 - 12.5 1 1.084 | 3.71 | 17.08 | 1.062 | 3.87 | 25.03 | 1.060 | 2.98 | 23.60
Lys-TFA-iPr 160 | 1.000 - 123 | 1.059 | 3.04 | 1587 | 1.045 290 | 23.02 [ 1.042 | 2.22 | 22.29
Trp-TFA-iPr 160 | 1.000 - 344 * - - 1.020 1.37 | 45.50 * - -

Nva-TFA-iPr 80 1.025 1.62 17.7 1 1.094 | 3.82 | 17.64 | 1.073 447 | 21.04 | 1.095 | 391 | 18.20

N-Pentafluoropropionate(PFP), iso-propyl
ester derivatives of amino acids

Ala-PFP-iPr 80 1.194 | 10.59 | 8.1 1.056 | 232 | 6.22 1.171 9.07 8.44 1.087 | 3.53 8.14
Val-PFP-iPr 80 1.000 - 122 |1 1.034 | 1.69 | 12.62 | 1.033 1.99 12.58 | 1.036 | 1.55 | 11.33
Ileu-PFP-iPr -allo 100 [ 1.020 1.19 6.8 1.020 | 1.10 | 7.70 1.015 0.92 6.95 1.037 | 1.69 | 6.29
Ileu-PFP-iPr 100 | 1.019 1.17 7.2 1.020 | 1.11 8.09 1.015 0.94 7.40 1.036 | 1.62 | 6.70
Pro-PFP-iPr 100 [ 1.040 | 2.57 16.5 | 1.012 | 0.82 | 14.03 | 1.043 2.74 17.51 | 1.021 | 1.12 | 1691
Leu-PFP-iPr 100 [ 1.030 1.65 7.3 1.055 | 2.52 | 8.09 1.038 2.11 8.55 1.068 | 2.86 | 7.43
Ser-PFP-iPr 90 1.099 5.77 143 | 1.020 | 0.89 | 11.28 [ 1.090 5.03 18.12 | 1.149 | 1.96 | 19.84
Thr-PFP-iPr 80 1.031 1.78 13.0 | 1.016 | 0.93 | 13.29 [ 1.000 - 1443 | 1.027 | 1.15 | 12.44
Asp-PFP-iPr 100 | 1.025 1.64 | 37.8 | 1.000 - 29.52 | 1.000 - 41.01 | 1.025 | 1.22 | 36.76
Cys-PFP-iPr 100 | 1.054 | 9.21 27.0 * - - 1.111 7.31 30.73 | 1.099 | 4.49 | 27.54
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Met-PFP-iPr 120 1.022 1.03 15.3 | 1.000 - 15.57 | 1.020 1.09 18.03 | 1.000 - 17.76
Phe-PFP-iPr 120 1.022 1.55 30.7 | 1.024 | 1.38 | 2542 | 1.023 1.64 29.88 | 1.037 | 1.94 | 33.94
Glu-PFP-iPr 120 1.021 1.40 254 | 1.028 | 1.53 | 23.56 | 1.017 1.16 28.67 | 1.044 | 2.14 | 28.22
Tyr-PFP-iPr 140 1.010 0.88 23.6 | 1.026 | 144 | 21.86 | 1.029 1.88 2546 | 1.021 | 1.13 | 27.40
Orn-PFP-iPr 150 1.000 - 9.8 1.063 | 2.99 | 11.54 | 1.049 3.10 16.59 | 1.047 | 2.40 | 16.13
Lys-PFP-iPr 160 | 1.000 - 9.9 1.041 | 2.07 | 11.40 | 1.030 1.95 1574 | 1.034 | 1.77 | 15.51
Trp-PFP-iPr 160 1.000 - 28.6 * - - 1.018 1.90 32.93 * - -
Nva-PFP-iPr 80 1.033 2.09 16.9 | 1.060 | 2.75 | 17.02 | 1.041 2.52 18.83 | 1.078 | 3.37 | 16.90
Other amino acid derivatives

Abu-TFA-Me 80 1.091 4.35 6.0 1.057 | 1.56 5.13 1.076 1.85 10.84 | 1.020 | 0.87 6.63
Nva-TFA-Me 90 1.000 - 6.2 1.049 | 1.55 5.93 1.119 5.42 7.89 1.036 | 1.19 6.83
Met-TFA-Me 130 1.010 0.55 7.3 1.000 - 7.35 1.026 1.48 10.39 | 1.039 | 1.63 9.83
Ala-TFA-Me 80 1.000 - 4.9 1.062 | 1.37 3.24 1.000 - 6.41 1.089 | 2.31 4.65

57



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

In order to facilitate the evaluation of the multitude of the obtained chromatographic
data, these were depicted graphically (Figure 1.11) showing the percentages of the racemates
separated with o > 1.02 on the four CSPs (CD, D’, CD-D’ and CD-L’). The racemates were
subdivided into two groups:

— group 1 involves underivatized alcohols, ketones, hydrocarbons etc, i.e. chiral
compounds which are preferentially resolved on the cyclodextrin-based CSP CD;

— group 2 includes derivatized a-amino acids which are customarily resolved well on

the diamide selector D’ or, with peak inversion, [7] on L’.

ECDED'BCDD'mCDL’

percentage, %
8
o

20.0 -

10.0 -

0.0 -

group 1 group 2 all compounds
Figure 1.11 Percentage of racemates separated with oo > 1.02 on the single-
and binary-selector CSPs: CD, D’, CD-D’ and CD-L’. Group 1 includes
alcohols, ketones, lactones, hydrocarbons and others (not including
derivatized amino acids); group 2 includes all the investigated derivatized
o-amino acids (see Table 1.3). The diagram is drawn on the basis of the

retention data obtained from the analysis of 100 racemates.

As can be seen from Figure 1.11, despite the evident inability of the diamide selector D’
to enantioseparate racemates from the group 1, the inherent enantioselectivity of the selector

CD towards the same racemates is maintained in both binary-selector CSPs. On the other
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hand, the unsurpassed enantioseparation ability of the diamide phase D’ towards amino acid
derivatives of group 2 was not only maintained but even increased in both binary-selector
CSPs (Figure 1.11). It should be pointed out that the derivative of proline (Pro) represents the
most problematic proteinogenic o-amino acid for the valine-diamide phases [44] (the
enantioseparation factor a of N-TFA-Pro-OEt on D’ is only 1.015). However, the
cyclodextrin-based single-selector CSP shows a very good enantioseparation of proline with
a as high as 1.079. As a consequence, both diastereomeric binary-selector CSPs showed
better enantioseparation of the important a-amino acid in comparison to the single-selector
CSPs D’ or L’. Thus, the enantioseparation ability of the diamide phases D’ or L’ towards o.-
amino acid derivatives based on the hydrogen bonding can be enhanced in the binary-selector
CSPs due to the inherent enantioselectivity of the inclusion-type cyclodextrin selector CD.
Each of the binary-selector CSPs CD-D’ and CD-L’ were able to separate underivatized
alcohols, ketones, lactones, derivatized a-amino acids, hydrocarbons etc., thereby pointing the
way to the development of a single universal chiral stationary phase combining
enantioselectivities of different chiral selectors. To demonstrate the unification of the
enantioselective properties of the chiral selectors D and D’ (or L’) in the binary-selector
CSPs, a test mixture of different classes of racemates have been prepared (Table 1.4) and
analyzed on the single- and binary-selector CSPs (CD, L’, CD-D’ and CD-L’) (Figures 1.12-
1.15).
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Table 1.4 Components of a test mixture of racemate

trans- and cis-1,3-dimethylcyclohexane

trans- and cis-1,2-dimethylcyclohexane

1-(2-methylphenyl)ethanol

3,5-dimethylcyclohex-2-en-1-one /é\

(o]
> 0/\
N-TFA-Pro-OEt N

N-TFA-Glu-OEt

N-TFA-Orn-OEt

FsC NH X A
N-TFA-Lys-OFt T w"
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Figure 1.12 Enantiomeric separation of racemates from the test mixture (Table 1.4) on
the single-selector CSP CD (Chirasil-Dex) containing 20% (w/w) of the cyclodextrin
selector. Carrier gas H,, 50 kPa; temperature program: 40°C/10 min isothermal, then
10°/min up to 170°C followed by 20 min isothermally. Column: fused silica 20 m, 0.25

mm i.d., 0.25 pm polymer film thickness. (*)- Achiral; (**) - fast enantiomerization.
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Figure 1.13 Enantiomeric separation of racemates from the test mixture (Table
1.4) on the single-selector CSP L’ (Chirasil-L-Calix) containing 15% (w/w) of the
diamide selector. Conditions: see caption to Figure 1.12. (*)- Achiral; (**)- fast

enantiomerization.
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Figure 1.14 Enantiomeric separation of racemates from the test mixture (Table 1.4) on the
binary-selector CSP CD-L’ (Chirasil-L-CalixDex) containing 20% (w/w) of the cyclodextrin
and 15% (w/w) of the diamide selectors. Conditions: see caption to Figure 1.12. (*)- Achiral;

(**)- fast enantiomerization.
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Figure 1.15 Enantiomeric separation of racemates from the test mixture (Table 1.4) on the
binary-selector CSP CD-D’ (Chirasil-D-CalixDex) containing 20% (w/w) of the cyclodextrin
and 15% (w/w) of the diamide selectors. Conditions: see caption to Figure 1.12. (*)- Achiral;

(**)- fast enantiomerization.
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Examination of the ternary-selector CSP CD-D’L’ showed an expected [73] drastic
decrease of the enantioseparation factor o towards all the racemates studied. Thus, separation
of enantiomers with a >1.02 on CD-D’L’ was only observed for the racemates separated on
the single-selector CSP CD with a high enantioseparation factor (oo > 1.1). The extra
molecular interaction of the analytes with the racemic D’L’ part of the CSP CD-D’L’ reduced
the enantioseparation factors arising entirely from the CD part. In other words, the
nonenantioselective interaction of the analytes with the racemic part of the CSPs causes an
unnecessary increase in the retention times not affecting enantioselectivity (see Chapter 2).
Thus, hypothetical elongation of an enantioselective GC column with an achiral part
containing a nonenantioselective selector (coupling in a series [73]) would have exactly the
same result on the enantioseparation factor. This effect is clearly evident for the racemates
analyzed from the group 1 which were very poorly enantioseparated on D’ and as a
consequence the decrease of the enantioseparation factor o on the binary-selector CSPs CD-
D’ and CD-L’, in comparison with that on the single-selector CSP CD, is observed (Table
1.3).

1.2.3 Study of matched and mismatched cases

An important phenomenon inherent to the use of more than one chiral selector present in
a stationary phase is the differentiation between the mismatched case, i.e. decrease of the
enantioseparation factor a on a binary-selector CSP due to the opposite elution order of
enantiomers on single-selector CSPs, and the matched case, i.e. increase of the
enantioseparation factor o on a binary-selector CSP due to the same elution order of the
enantiomers on single-selector CSPs. Whereas the matched case always leads to a better peak
separation due to increased concentration (35%), the mismatched case may lead either to peak
coalescence or to peak inversion scenarios. Some examples of the matched and mismatched
cases for the enantioseparation of TFA-Et amino acids are summarized in Table 1.5 (the
configurational assignment of the eluted fractions was done by GC using a mixture of non-
racemic amino acid derivatives). A typical undesired mismatched case, i.e. peak coalescence,
is observed for N-TFA-Phe-OEt and N-TFA-Asp-OEt (Table 1.5 and Figures 1.16-1.19). The
elution order of the enantiomers and the enantioseparation factor oo on the single-selector
CSPs are roughly additive in the binary-selector CSPs. Thus, the elution order of N-TFA-Leu-
OEt on CD and D’ CSP is the same (a0 = 1.024 on CD and 1.066 on D) and consequently an
increase of a to 1.072 on CD-D’ (matched case) and a decrease of a to 1.057 on CD-L’

(mismatched case) is indeed observed. It should be noted that the elution order of the
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enantiomers on the binary-selector CSPs for all the amino acids studied is in agreement with
that on the single-selector CSP which displays the higher enantioseparation factor o (Table
1.5).

The calculation of the apparent enantioseparation factor op, on binary-selector CSPs
based on the retention data obtained on the corresponding single-selector CSPs is discussed in
Chapter 2. Yet, qualitatively matched and mismatched cases can readily be observed in
Figures 1.16-1.19 which represent temperature programmed enantiomeric separations of
selected derivatized a-amino acids on the single- and binary-selector CSPs. Surprisingly,
there is almost no influence of the matched and mistached cases on the overall performance of
the binary-selector CSPs CD-D’ and CD-L’, if all the studied racemates are compared (cf.
Figure 1.11). It should be noted that some compounds (namely Cys, Met and Trp derivatives)
have not been eluted on D’ and L’, nevertheless, these racemates (except Met) were eluted on

the binary-selector CSPs.

Table 1.5 Elution order of the enantiomers of a-amino acids (N-trifluoroacetyl ethyl
ester (V-TFA-AA-OEt)) on the single- and binary-selector CSPs (CD, D’, CD-D’ and
CD-L’).

Configuration of the first eluted enantiomer
and enantioseparation factor oo of N-TFA-, O-Et
o-Amino acids,
amino acids on the four CSPs.
(N-trifluoroacetyl ethyl ester)

CD D’ CD-D’ CD-L’

CSP CSP CSP CSP
) D L D D

N-TFA-Ala-OEt (80°C) 1.239 1.080 1.100 1.202
o n.r.* L L D

N-TFA-Val-OEt (30°C) 1.010 1.048 1.046 1.045
: L L L D

N-TFA-Ile-OEt (100°C) 1.018 1.031 1.041 1.027
) D L D D

N-TFA-Pro-OEt (100°C) 1.079 1.015 1.048 1.068
: L L L D

N-TFA-Leu-OEt (100°C) 1.024 1.066 1.072 1.057
. D L D D

N-TFA-Ser-OEt (90°C) 1.134 1.051 1.047 1.101
o n.r. L L D

N-TFA-Thr-OEt (80°C) 1.020 1.043 1.031 1.036
o n.r. L L n.r.

N-TFA-Asp-OEt (100°C) 1.012 1.019 1.019 1.000
o D n.e. ** D D

N-TFA-Cys-OEt (100°C) 1.067 - 1.031 1.067

64



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

o L n.e. n.e. D
N-TEA-Met-OEt (120°C) 1.014 1.000 ) 1.039
o L L L n.r.
N-TFA-Phe-OEt (120°C) 1.045 1.031 1.057 1.000
o n.r. L L D
N-TFA-Glu-OEt (120°C) 1.000 1.043 1.039 1.036
o n.r. L L D
N-TFA-Tyr-OEt (140°C) 1.010 1.033 1.041 1.023
o n.s. L L D
N-TFA-Om-OEt (150°C) 1.000 1.080 1.053 1.060
o n.r. L L D
N-TFA-Lys-OEt (160°C) 1.000 1.054 1.036 1.043
: L L L D
N-TFA-Trp-OEt (160°C) 1.009 1.056 1.024 1.016

“D or L designate the configuration of the first eluted enantiomer. The configurational
assignment was done by GC using a mixture of nonracemic a-amino acid derivatives. All the
chromatograms were recorded isothermally — the temperature is given in the brackets. *n.r. —

not resolved racemate. **n.e. — not eluted racemate.
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Figure 1.16 Enantiomeric separation of a mixture of a-amino acids as N-
trifluoroacetyl ethyl ester on the single-selector CSP CD (Chirasil-Dex)
containing 20% (w/w) of the cyclodextrin selector. Carrier gas H,, 50 kPa;
temperature program: 70°C/3min isothermal, then 3°/min up to 170°C
followed by 20 min isothermally. Column: fused silica 20 m, 0.25 mm L.D.,
0.25 um polymer film thickness.
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Figure 1.17 Enantiomeric separation of a mixture of a-amino acids as N-trifluoroacetyl
ethyl ester on the single-selector CSP D’ (Chirasil-D-Calix) containing 15% (w/w) of

the D-diamide selector. Conditions: see caption to Figure 1.16.
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Figure 1.18 Enantiomeric separation of a mixture of o-amino acids as N-
trifluoroacetyl ethyl ester on the binary-selector CSP CD-L’ (Chirasil-L-CalixDex)
containing 20% (w/w) of the cyclodextrin and 15% (w/w) of the L-diamide

selectors. Conditions: see caption to Figure 1.16.
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Figure 1.19 Enantiomeric separation of a mixture of a-amino acids as N-
trifluoroacetyl ethyl ester on the binary-selector CSP CD-D’ (Chirasil-D-
CalixDex) containing 20% (w/w) of the cyclodextrin and 15% (w/w) of the

diamide selectors. Conditions: see caption to Figure 1.16
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1.3 Chirasil-Val(y-Dex): combining L-valine-diamide and octakis(3-

O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin chiral selectors in one

CSpP

Octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin (yCD) (Figure 1.20), first
described by Konig et al. in 1989 [88], is a versatile chiral selector commonly used in
enantioselective GC. The yCD was employed for the enantioseparation of many different
classes of racemates [88, 128] including constituents of essential oils [89,129,130] and a-
amino acid derivatives [88,44]. However, in comparison with Chirasil-Val-type CSPs (based
on the L- or D-valine diamide selectors), a-amino acids Trp, Tyr, Phe, Cys and His were only
partially enantioseparated [88,44]. The extraordinary enantioselectivity of yCD toward
halogenated ethers [131,132] permitted the use of the simulated moving bed (SMB)
technology in preparative GC for enflurane [133] and of enantioselective sensor devices for
‘compound B’, a degradation product of sevoflurane [134]. The low solidification point of
vCD allowed the use of the selector in its undiluted form, thereby increasing the apparent
enantioselectivity of the CSP [88]. However, to improve the efficiency and thermal stability
of the CSP, yCD was either dissolved in a polar polysiloxane [135] or chemically linked to an
apolar polysiloxane by means of platinum-catalyzed hydrosilylation [119]. The
immobilization of polysiloxane-anchored yCD enabled its use in supercritical fluid

chromatography (SFC) [119].

e {
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f I

O
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Figure 1.20  Octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin
(yCD).
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CSPs based on the valine-diamide chiral selector are capable of simultaneous
enantioseparation of nineteen derivatized proteinogenic a-amino acids in one run. Routine
usage of Chirasil-Val CSP for almost 30 years unambiguously proves its importance in the
field of the enantiomeric analysis of a-amino acids. Unfortunately, the valine-diamide
selector is prone to racemization which is affected by elevated temperatures and by acidic
contamination introduced during injections. The racemization causes a decrease of the
apparent enantioseparation factor a,p,, which is already low for proline and aspartic acid
derivatives on the valine-diamide selectors. Therefore the increase of the enantioselectivity of
this selector towards derivatives of proline and aspartic acid is of great practical importance.
In Sections 1.1 and 1.2, a combination of the enantioselective properties of permethylated-3-
cyclodextrin and L-valine-diamide chiral selectors [78,136,137], resulting in an improvement
of the enantioseparation of the derivative of proline, was already described. The combination
was achieved by simultaneous chemical linking the corresponding cyclodextrin and the L-
valine diamide selector to an achiral polysiloxane to yield the binary-selector CSP. The use of
mixed-mode CSPs has received considerable attention [,72,73,75-79,136,137]. Herein another
approach toward the combination of the enantioselective properties of different selectors is
presented. It has previously been demonstrated that dissolution of chiral selectors in achiral
polymers (e.g. OV-1701) greatly improves the efficiency and performance of
enantioseparations [135]. The use of a chiral polymer as a matrix for the dissolution of
another chiral selector may improve not only the efficiency but also the enantioselectivity. In
the present work, the preparation of a binary-selector CSP Chirasil-Val(y-Dex) (DAYCD) by
means of the dissolution of the cyclodextrin selector YCD in the chiral polymer, Chirasil-L-
Val-Cy; (DA), is described. It will be shown that DAyYCD obtained by doping DA with yCD
indeed possesses an improved enantioseparation ability towards N-trifluoroacetyl (TFA) alkyl
esters of proline and aspartic acid because of the high enantioselectivity of yCD towards these
compounds whereby for proline the elution order is reversed on DAYCD as compared to DA.
In addition, it will be demonstrated that the enantioselective properties of YCD towards some
other classes of racemates are essentially retained in the binary-selector CSP, thereby
expanding the scope of the applicability of the binary-selector CSP in comparison with that of
the single-selector CSPs.
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1.3.1 Comparison of the enantioselective properties of the single- and binary-

selector CSPs: Chirasil-Val-C,;, Lipodex E and Chirasil-Val(y-Dex), respectively

Two single-selector CSPs containing yCD (20% of octakis(3-O-butanoyl-2,6-di-O-n-

pentyl)-y-cyclodextrin dissolved in PS-255 polymer) [88, 131] and DA (30% (w/w) of the L-

valine-diamide selector) [136] were prepared as previously described. To prepare the binary-

selector CSP DAyYCD, 20 mg of a mixture of 8% of the neat yCD (w/w) and 92% (w/w) of the

CSP DA was dissolved in 5 ml of dichloromethane/n-pentane (1:1 v/v). After shaking for 5

min the solution was used for the coating of a fused silica capillary by a static method [75].

A host of racemates (Table 1.6) belonging to different classes of compounds (o.-amino

acids, alcohols, halogenated ethers, terpenes etc.) have been analyzed on the single-selector

CSPs, yCD and DA, and on the binary-selector CSP DAyCD. The chromatographic results

are summarized in Table 1.6 and in Figures 1.21-1.26.

Table 1.6 Chromatographic data obtained on the single-selector CSPs yCD and DA and

on the binary-selector CSP DAYCD for selected analytes.”

Analytes: CSP DA CSPyCD CSP DAYCD

T(°C) | a ki Rs o 2 R, o ki R.
1-Phenylethanol 85 1.01 7.25 0.9 1.04 21.3 2.1 1.03 8.77 1.5
2-Pentanol 40 1.00 3.37 - 1.06 4.50 1.5 1.02 3.31 0.6
2-Heptanol 40 1.00 22.4 - 1.03 26.0 1.0 1.01 21.2 0.5
Pro-TFA-Et 100 |1.03 9.07 1.8 1.44 37.7 20 1.18 12.9 9.4
Asp-TFA-Me 130 [1.03 3.31 1.1 1.19 6.96 9.3 1.09 3.48 4.5
Tyr-TFA-Me 175 |1.07 4.29 2,7 1.00 6.32 - 1.06 4.73 3.4
Trp-TFA-Me 155 |1.09 52.9 3.4 1.01 65.2 0.5 1.08 49.5 52
Isoflurane’ 40 1.00 0.22 - 1.17 0.93 1.3 1.12 0.26 0.9
Enfluraned® 40 1.00 0.23 - 1.61 1.54 3.7 1.47 0.37 3.4
Desflurane’ 40 1.00 0.11 - 1.35 0.22 1.3 1.21 0.06 0.5
,Compound B** 40 1.00 0.79 - 6.24° 8.49 12 5.46 1.81 16
Linalool 40 1.00 97.9 - 1.05 232 1.8 1.02 104 1.1
Carvone 60 1.00 47.3 - 1.04° 152 1.5 1.02 54.9 1.3
Pulegone 60 |1.00 44.7 - 1.16 42.5 3.2 1.03 49.5 2.0
Phenyloxirane 90 1.00 3.17 - 1.09 10.5 5.2 1.04 3.76 2.1
Methyllactat 60 1.05 1.32 1.6 1.26 7.66 5.2 1.20 2.17 2.6

“the chromatograms were recorded isothermally at 50 kPa if not otherwise stated
®the chromatogram was recorded at 100 kPa
‘the chromatogram was recorded at 150 kPa

for chemical structures see text
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Figure 1.21 Gas-chromatograms of the enantioseparation of proline (as N-trifluoroacetyl ethyl
ester) on the single-selector CSPs yCD (middle) and DA (up), and on the binary-selector CSP
DAyYCD (bottom). The gas-chromatograms are recorded isothermally at 100°C and 50 kPa
pressure of H,. The elution order of the enantiomers is D after L on yCD and DAYCD and L
after D on DA. Capillaries: 20 m and 30 m for DAyYCD, DA and for yCD, respectively, 0.25
mm i.d. and 0.25 pm polymer film thickness.
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Figure 1.22 Example of a racemate not resolved on the CSP yCD. Gas-chromatograms of the
enantioseparation of tyrosine (as N-trifluoroacetyl methyl ester) on the single-selector CSPs
YCD (middle) and DA (up), and on the binary-selector CSP DAyCD (bottom). The gas-
chromatograms are recorded isothermally at 175°C and 50kPa pressure of H,. The elution
order is L after D for all the chromatograms. Capillaries: 20 m and 30 m for DAYCD, DA and

for yCD, respectively, 0.25 mm i.d. and 0.25 pm polymer film thickness.
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Figure 1.23 Example of a racemate not resolved on the CSP DA. Gas-chromatograms of the
enantioseparation of 1-phenylethanol on the single-mode CSPs yCD (middle) and DA (up),
and on the mixed-mode CSP DAyCD (bottom). The gas-chromatograms were recorded at
85°C and 50 kPa of the carrier gas (H). Capillaries: 20 m and 30 m for DAYCD, DA and for
YCD, respectively, 0.25 mm i.d. and 0.25 um polymer film thickness.
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Figure 1.24 Gas-chromatograms of the enantioseparation of “compound B” on the single-
selector CSPs yCD (middle) and DA (up), and on the binary-selector CSP DAyYCD (bottom).
The gas-chromatograms are recorded isothermally at 40°C and 50 kPa for DA and DAyCD and
100 kPa for yCD of H,. Capillaries: 20 m and 30 m for DAYCD, DA and for yCD, respectively,
0.25 mm 1.d. and 0.25 pm polymer film thickness.
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Figure 1.25 Gas-chromatograms of the enantioseparation of pulegone on the single-selector
CSPs yCD (middle) and DA (up) and on the binary-selector CSP DAyYCD (bottom). The gas-
chromatograms were recorded at 60°C and 50 kPa of the carrier gas (H,). Capillaries: 20 m
and 30 m for DAyYCD, DA and for yCD, respectively, 0.25 mm i.d. and 0.25 pm polymer
film thickness.

As can be seen from Table 1.6 the resolution (R;) of the enantiomers of proline and
aspartic acid (as N-trifluoroacetyl ethyl and methyl esters, respectively) is improved from 1.75
and 1.11 on DA, to 9.37 and 4.47 on DAYCD, respectively (cf. Figure 1.21 for Pro). On the
other hand, very low enantioselectivity of yCD towards tyrosine and tryptophane derivatives
does not impair the enantioseparation of these amino acids on DAyYCD (Table 1.6, Figure
1.22 for tyrosine). In contrast to DA, selector yCD exhibits high enantioselectivity toward
some underivatized alcohols. As a consequence, the binary-selector CSP DAyYCD containing
the cyclodextrin selector also displays enantioselectivity toward the underivatized alcohols (1-
phenylethanol, 2-pentanol and 2-heptanol) (Table 1.6 and Figure 1.23 for 1-phenylethanol).
Selector yCD is renowned for the extremely high enantioselectivity towards halogenated
ethers that represent important inhalation anesthetics (enflurane (CHF,-O-CF,-C*HCIF),
isoflurane (CHF,-O-C*HCI-CF;) and desflurane (CHF,-O-C*HF-CF3)) [131,132]. It is
interesting to note that the highest enantioseparation factor o ever observed in GC was found
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for a decomposition product of sevoflurane, i.e. “compound B” (CH;3-O-CF,-C*H(CF3)-O-
CHyF) on yCD (a0 = 10.6, T = 26°C) [131]. Quite expectedly, such predominant
enantioselectivity is retained in DAYCD (Table 1.6). Representative chromatograms of the
enantioseparation of “compound B on the single- and binary-selector CSPs are shown in
Figure 1.24. As mentioned before, yCD is commonly used for the chiral analysis of flavours
[89,129,130]. The chromatographic data of the enantioseparation of some of the
monoterpenes (linalool, carvone and pulegone) on the binary-selector CSP DAYCD are
depicted in Table 1.6 and on Figure 1.25 (for pulegone). Thus, by doping the CSP based on
the diamide chiral selector with the cyclodextrin selector, yCD, the scope of the
enantioselectivity of the diamide DA was greatly expanded. The decrease of the
enantioseparation factor on DAYCD for racemates that are only enantioseparated on yCD is
the result of a smaller concentration of the selector in the binary-selector CSP (8% w/w) in
comparison with the single-selector phase (20% w/w). In addition, the presence of the
diamide selector DA may cause non-enantioselective interactions, e.g. with underivatized
alcohols, thereby reducing the apparent enantioseparation factor (see Chapter 2) [137]. In
principle, a higher concentration of yCD in the binary-selector CSP DAYCD is feasible.
However, it may lead to an undesired decrease of the impact of the diamide selector DA in the
binary-selector CSP on the enantioseparation of the derivatives of ai-amino acids.

To demonstrate that the enantioselective properties of the valine-diamide selector were
not impeded by the presence of the cyclodextrin selector, a mixture of sixteen proteinogenic
amino acids was analyzed on DAYCD. As can be seen in Figure 1.26, among 16 o-amino
acids analyzed in one run only peaks of L-Leu and D-Ser were found to overlap which may be
overcome by temperature tuning. Thus, the enantioselective properties invoked by DA are
retained in the binary-selector CSP DAYCD. Moreover, the presence of the cyclodextrin
selector YCD in DAYCD greatly improved the enantioseparation of the derivatives of proline
and aspartic acid. The elution order of the derivatized a-amino acids on DAYCD is in
agreement with that on DA, i.e. L after D except for proline. Due to the presence of the
cyclodextrin selector, the elution order of proline is D after L both on yCD and on DAyCD,
i.e. an inversion of the elution order is observed as compared to DA. The elution order of
threonine is D after L on yCD but L after D on DA. Due to the stronger impact of selector DA
in the binary-selector CSP, the elution order is L after D on DAyCD.
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Figure 1.26 Gas-chromatogram of the enantioseparation of 16 proteinogenic amino acids (as
N-trifluoroacetyl methyl esters) on the binary-selector CSP DAyCD; (a) complete gas-
chromatogram (b) enlarged first part of the gas-chromatogram. Carrier gas H,, 50 kPa;
temperature program: 70°C/3 min isothermal, then 3°/min up to 170°C followed by 30 min

isothermally. Column: fused silica 20 m, 0.25 mm i.d., 0.25 pum polymer film thickness.
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Since the enantioselectivities of the two chiral selectors (all-D-cyclodextrin and L-
valine-diamide) are to a great extent complementary (except for proline and threonine), the
mismatched cases, i.e. strong decrease of the enantioselectivity due to the opposite elution
order of enantiomers on single selectors, were not observed. Due to the low concentration of
vCD in DAYCD, exceedingly long retention times on single-mode yCD are reduced in binary-

selector DAYCD resulting in shorter analysis times at acceptable resolution.
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1.4 Valdex: combining L-valine-diamide and heptakis(2,3,6-tri-O-

methyl)-B-cyclodextrin chiral selectors in one molecule

Direct chemical linking of different chiral selectors is the third approach that may lead
to the combination of their enantioselective properties. In this case, however, one can also
anticipate a change of the mechanism of the enantiorecognition, i.e. the close arrangements of
chiral selectors can also influence their enantioselective properties by cooperative effects.
Thus, the valine-diamide moiety was chemically attached to heptakis(2,3-di-O-methyl)-3-
cyclodextrin. The produced bifunctional valine-cyclodextrin chiral selector called Valdex
(Figure 1.27) was prepared with the intention to combine the apolar enantioselective
properties of the methylated-f-cyclodextrin cavity with the polar hydrogen-bonding chiral
groups of the valine-diamide chiral selector. Because of the low solubility of Valdex in all the
polymers examined as solvents, the GC measurements were not possible. However, using
Valdex as a chiral solvating agent (CSA), NMR spectroscopy could be utilized in order to
study the enantioselective properties of the molecule. The results of the synthesis and the

NMR investigation are presented in the following section.

+

Figure 1.27 Heptakis[6-O-(N-acetylyl-L-valine-tert-butylamide)-2,3-di-O-
methyl]-B-cyclodextrin (Valdex). Right: “Stick and ball” 3D-model of
Valdex representing the sizes of the apolar cavity and the polar valine-

diamide “arms”. Red — oxygens, Blue — NH groups.
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1.4.1 Synthesis of Valdex

The synthesis of heptakis(2,3-di-O-methyl)-B-cyclodextrin was carried out using the
classical procedure (Scheme 1.5) [138] of the selective protection of primary hydroxyls as
tert-butyldimethylsilyl (TBDMS) ethers, methylation of the secondary ones and, finally,
deprotection of the primary sites. Valdex was then prepared by alkylation of the primary
hydroxyl groups of heptakis(2,3-di-O-methyl)-B-cyclodextrin with N-bromoacetyl-L-valine-
tert-butylamide (5) (Scheme 1.5). Compound 5 was prepared as discussed above (see

Scheme 1.4).
OTBDMS OTBDMS

TBDMSCI TBAF
4>
NaH THF

B-cyclodextrln

g
0
N NH¢
b ¢
NH—,
aa’ }ﬂ'__e
/ \1
N‘/NH NI}< d o /,
6,6'
5 -0
1
T NaH DM / 3 20

Valdex
Scheme 1.5 Synthesis of Valdex (heptakis[6-O-(N-acetylyl-L-valine-tert-
butylamide)-2,3-di-O-methyl]-B-cyclodextrin)

1.4.2 Valdex as a chiral solvating agent for NMR determination of

enantiomeric compositions

Chiral auxiliaries for NMR spectroscopy, the enantiodiscriminating ability of which is
based on solvation or complexation processes occurring in solution, are called Chiral
Solvating Agents (CSAs), whereas the use of Chiral Derivatizing Agents (CDAs) relies on the
formation of covalent bonds [139,140]. Since the mixtures of the CSAs with the chiral
compounds to be analysed can be prepared directly inside an NMR tube, the use of the CSAs
is particularly attractive from the application point of view. During the last twenty years,

cyclodextrin CSAs gained great popularity [139,140,141] by virtue of the effect of their
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unique structural features on complexation processes in solution. The three hydroxyl groups
of every glucose unit of cyclodextrins have very different reactivities and can be suitably
derivatized giving the opportunity of modulating and tailoring cyclodextrin complexing and
enantiodiscriminating features as well as their physicochemical properties [142,143].

Recently, derivatized cyclodextrins, bearing both methyl and carbamoyl groups, have been
proposed [144-146] as CSAs for the enantiodiscrimination of both polar and apolar chiral
substrates. The results [144-146] revealed the necessity of having methyl groups on both
cyclodextrin secondary sites in order to obtain NMR differentiation of enantiomers of apolar
trisubstituted allenes devoid of hydrogen bonding groups, and raised the problem of finding
optimal derivatizing groups to be introduced into the primary sites of the cyclodextrin in order
to obtain the simultaneous efficient enantiodiscrimination of polar substrates.

In the present section the results of the NMR investigation of heptakis[6-O-(N-acetylyl-L-
valine-tert-butylamide)-2,3-di-O-methyl]-B-cyclodextrin ~ (Valdex) (Figure 1.27), a
methylated cyclodextrin containing the chiral L-valine-diamide moiety chemically attached to
the primary hydroxy groups, are presented. The racemates of polar a-amino acid derivatives
and apolar trisubstituted allenes used as the analytes for the NMR study are shown in Figure

1.28.

@] Rj
| )\/R i
A —c—(
H ) R

R, R, R, R
35DNPh  NHCH,, iso-Pr Br 18
35DNPh OH iso-Pr 8
CF, OH iso-Pr 9 Ph 19
CH, OH CH, 10 p-fluorophenyl 20
CF, OH CH, 11
CF, OCH,CH; CH, 12
35DNPh OCH, CH, 13
35DNPh OH PhCH, 14
CF, OH PhCH, 15
CF, OH n-Pr 16
CF, OH CH(OH)CH, 17

(35DNPh = 3,5-dinitrophenyl)

Figure 1.28 Racemic substrates 7-20
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Enantiodiscrimination experiments were carried out by comparing NMR spectra of pure
racemic compounds 7-20 (Figure 1.28) and that of their mixtures with Valdex. Comparison
with analogous mixtures containing pure enantiomers or their enantiomerically enriched
mixtures confirmed assignments of signals to the two enantiomers. Enantiodiscriminating
efficiency of chiral auxiliaries was evaluated by measuring chemical shift nonequivalences
(AJ).

Different kinds of a-amino acid derivatives have been investigated. Compound 7
represented a diamide compound similar to the diamide compound 5, whereas compounds 8-
17 were monoamide derivatives with a free carboxyl function in 8-11 and 14-17 or with an
ester group in 12 and 13, in order to find out the optimal combination of derivatizing
functional groups to improve enantiodiscrimination. The compounds were analysed in CDCls,
as their solubility was too low in less polar solvents (CCls, CsDy4 or C¢Dyz), which, in
principle, could favour complexation processes by the chiral auxiliaries and, hence, enhance
the enantiodiscrimination. Experiments with trisubstituted allenes were carried out in CD;0D.
The use of methanol as solvent also gave the opportunity of enhancing the
enantiodiscrimination at low temperatures.

Analysis of racemic diamide derivative of valine 7 revealed doublings of all its signals
in the presence of one equivalent of the Valdex. Nonequivalences were remarkably high (240
Hz at 20 mM, Figure 1.29d and Table 1.7) for the amide proton bound to the chiral center.
Even in diluted equimolar solutions (up to 1 mM), which is out of the concentration range
commonly involved in the use of CSAs, a strong non-equivalence of the amide proton was

observed (about 50 Hz, Table 1.7 and Figure 1.29a).

NH NH
J\J\ (o)
NH
A
(@
8.6 8.2 7.8 7.4

Figure 1.29 "H NMR (600 MHz, CDCls, 25 °C) spectral regions corresponding to the
NH proton bound to the stereogenic center of 7 in the presence of the equimolar
amount of Valdex at 1 mM (a), 5 mM (b) 10 mM (c), and 20 mM (d).
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Strong nonequivalence of the amide protons was also observed for other derivatives of
the same amino acid (Table 1.7, Figure 1.30) in the presence of Valdex. In the case of the
trifluoroacetyl derivative 9, with the free carboxyl group, nonequivalence measured for the
amide proton was 214 Hz in the equimolar 5 mM mixture, even higher than that for the
derivative 7 at the same concentration.

Chemical shift nonequivalences of the amide protons of trifluoroacetyl derivative of
alanine 11 and threonine 17 were similarly high (about 140 Hz, Table 1.7). Differentiation
was lower (about 20-30 Hz) in the case of phenylalanine (15) and of norvaline (16)

derivatives.

Table 1.7 Chemical shift nonequivalences (AS = |0r —0s|, Hz; 600 MHz, CDCl;) of NH
protons (bound to the stereogenic center) of a-amino acid derivatives 7-17 in the

presence of equimolar amount of Valdex.

compound mM AS
7 1 46.7
7 5 154.8
7 10 215.5
7 20 240.0
9 5 214.0
8 5 139.1
10 5 161.3
11 5 141.2
12 20 36.8
13 20 30.0
14 5 40.8
15 5 25.9
16 5 18.7
17 5 107.9

? NH bound to the chiral centre
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8.60 8.20 7.80 7.40

Figure 1.30 '"H NMR (600 MHz, CDCls, 25 °C, 5 mM) spectral regions
corresponding to the NH proton bound to the stereogenic center of 7 (a), 9

(b) and 8 (¢) in the presence of the equimolar amount of Valdex.

In the case of alanine, nonequivalence of the amide protons was virtually insensitive to
the kind of the derivatization of the amino group (Table 1.7). This result suggests that the
stabilization of the diastereoisomeric associate mainly involves the NH moiety of the amino
acid derivatives as a hydrogen bond donor group, whereas the role of the carbonyl amide
group as hydrogen bond acceptor group is less important. This is in accordance with the GC
experiments where the presence of the amide protons was found to be crucial for the
observation of the enantioselectivity (see Chapter 3). Nonequivalences of the amide proton of
the alanine derivative 12, which has the N-trifluoroacetyl group as in 11, but with an ester
function in place of the free carboxyl group, were remarkably lower (about 40 Hz at 20 mM),
indicating that the efficient enantiodiscrimination by Valdex required the presence of two
hydrogen bond donor groups, i.e. either two amide groups or one amide and one carboxyl
functions.

Investigation of compound 13 confirms the above conclusions: the magnitude of
nonequivalence of the amide proton at 20 mM in the presence of one equivalent of Valdex
was 30 Hz, i.e. very similar to the value obtained at the same concentration in the case of 12.

The enantiodiscrimination of trisubstituted allenes 18-20 (Figure 1.28) in CD;O0D
equimolar solutions (Table 1.8) could also be achieved using Valdex (60 mM) as the CSA.
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Table 1.8 Chemical shift nonequivalences (Ad =
|or —0s|, Hz; 600 MHz, CD3;OD, 60 mM) of
protons of allenes 18-20 in the presence of one

equivalent of Valdex.

Ad

allene  proton 25°C -20°C -40°C

18 H 1.7 8.6 17.1
Me 0 3.5 6.7
Bu' 0 2.0 43

19 H 1.7 11.1 22.8
Me 2.9 52 9.8
Bu' 0 3.4 6.8

20 H 4.2 27.8 54.7
Me 2.5 12.9 23.1
Bu' 2.1 8.9 16.5

Nonequivalences ranged from 2 to about 4 Hz and, even though quite small, were
comparable to the ones obtained by using heptakis[2,3-di-O-methyl-6-O-(3,5-
dimethylphenylcarbamoyl)]-B-cyclodextrin 21, which was most efficient [146] towards
trisubstituted allenes among mixed methylated-carbamoylated cyclodextrins. An important
difference between Valdex and 21 was revealed by low-temperature experiments. Thus,
nonequivalence of the allene proton of 18 changed from 1.7 Hz at room temperature to 8.6 Hz
at -20 °C, reaching the value of 17.1 Hz at -40 °C (Figure 1.31 and Table 1.8). The latter
value was comparable to the splitting (18.1 Hz) obtained [147] for the same proton of 18 in
the equimolar (40 mM) mixture containing fully methylated cyclodextrin, heptakis(2,3,6-tri-
O-methyl)-B-cyclodextrin 22, which was the most efficient CSA in the differentiation of
allene enantiomers [147,148]. However, 22 was devoid of polar groups and, hence, the
enantiodiscriminatation of polar substrates was prevented. This trend was confirmed in the

87



Chapter 1: Practice of the enantioseparation on binary-selector CSPs

case of racemate 19: in the presence of Valdex splitting of allene proton increased from 1.7
Hz at room temperature (to be compared to 3.3 Hz in the 40 mM mixture (R,S)-19/22) [147]
up to 11.1 Hz at -20 °C and 22.8 Hz at -40 °C (Table 1.8), reaching the nonequivalence value
comparable to that obtained (23.4 Hz) [147] in the presence of 22 40 mM at the same
temperature. Temperature gradients produced even more marked effects in the case of
compound 20 enantiomers of which were differentiated by 4.2 Hz in the presence of Valdex
at room temperature (comparable with 4.9 Hz obtained in the presence of 22), [148] but a
surprisingly higher nonequivalence of 54.7 Hz was measured at -40 °C (Table 1.8) with
respect to that measured (5.1 Hz at — 40 °C) in the presence of 21 [146]. Therefore, even
though CSAs Valdex and 21 have comparable efficiency in the enantiodiscrimination of
trisubstituted allenes at room temperature, Valdex clearly surpasses the mixed
carbamoylated-methylated cyclodextrin 21 at lower temperatures, becoming comparable to

permethylated cyclodextrin 22.

h___ﬁ_ﬁ_.!d WA (b)
N,

6.14 6.10 6.06 6.02

Figure 1.31 'H NMR (600 MHz, CD;OD, 60 mM) spectral regions
corresponding to the allene proton of 19 in presence of the equimolar

amount of Valdex at 25 °C (a), -20 °C (b), and —40 °C (¢)
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2. Theory of the enantioseparation on single- and binary-

selector gas-chromatographic chiral stationary phases

2.1 Introduction

Since four decades, enantioselective GC has been established as a versatile technique for
the analysis of volatile chiral compounds. A GC column is a capillary coated with a thin layer
of a CSP, enantiopure selector A present in an achiral solvent S. The separation of enantiomers
in enantioselective GC is based on the different thermodynamic stability of transient
diastereomeric associates, AD and AL, formed between A and the selectand enantiomers, D
and L, passing through the GC column. The greater the difference, the higher is the apparent
enantioseparation factor, a,pp, €xperimentally obtained as the ratio of the retention factors, kp
and k., of the second and the first eluted enantiomers, respectively (capp = i—"). Thus,

L
enantioselective GC, in addition to the practical applications as an analytical tool, has proven
to be an important method for the investigation of mechanisms of enantiorecognition.
Depending on the selectors employed, non-covalent molecular interactions such as hydrogen-
bonding [28], complexation [33] or inclusion [127] have previously been studied.

In contemporary enantioselective GC, the chiral selectors are either dissolved in
[40,149,150], or chemically bonded to [47,151,31], the achiral solvent S (often a polysiloxane)
and only in earlier studies they are used undiluted [23,24,152]. The distribution of the selectand
enantiomers, D and L, between the gas phase (g) and the neat achiral solvent (s) is

characterized by the distribution constants, K and K|, respectively. Due to the achiral nature

of S, K; and K are identical.

The association occurring between the selectand enantiomers, D and L, and the
enantiopure selector A are characterized by the association constants, K »* and K,

respectively. If the enantiopure selector A is enantioselective toward the selectand enantiomers

D and L, the constants, K, and K;;*, are rendered dissimilar.
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K5
A+ D= AD

Ky
A+L;= AL

The ratio of the association constants determines the true enantioseparation factor of the

. . . KSSSDC
selectand enantiomers D and L on the chiral selector A, ie. «,, =ﬁ. The
AL

enantioselectivity of the chiral selector A is quantitatively determined as the Gibbs energy
difference between the diastereomeric associates AD and AL by the expression —A,p o (AG) =
RTIn(ouyr,e), where R is the gas constant and 7' is the absolute temperature.

If the chiral selector A is diluted with the achiral solvent S, the apparent distribution of
the selectand enantiomers D and L between the gas phase and the CSP, A in S (i.e. chiral
selector A dissolved in achiral solvent S), is described by the apparent distribution constants,

K2™ and K"°, respectively. If the enantiopure selector A is enantioselective towards the
selectand enantiomers, the apparent distribution constants, K."* and K;'"*, are rendered
dissimilar.

AinS
KD

Dg D(A in S)

AinS
KL

Lg L(A in S)

The ratio of the apparent distribution constants K."* and K;'"* determines the apparent

enantioseparation factor of the selectand enantiomers D and L on the chiral stationary phase,

AinS
A in S, ie. a,, =— . The enantioselectivity of the chiral stationary phase, A in S, is
L

quantitatively determined as the Gibbs energy difference between the transfer of the selectand
enantiomers D and L from the gas phase into the CSP, A in S, by the expression —Ap (AG) =
RTIn(oupp), where R is the gas constant and 7 is the absolute temperature. Despite the above
elaboration, the expression —Ap (AG) = RTIn(a,pp) has been often erroneously used for the
assessment of the Gibbs energy difference between the diastereomeric associates AD and AL,
1.e., for the determination of the enantioselectivity of the chiral selector A. Since the selector A

is diluted with S and the latter contributes to the retention of the selectand enantiomers to the
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same extent, the apparent enantioseparation factor, o, does not correspond to the
enantioselectivity of the chiral selector A. This notion has been expressed many times in the
literature [30,33,90-93]. Thus, whereas the apparent enantioselectivity, cupp, 1s important from
the practical point of view, because it reflects the observed separation capabilities of the entire
enantioselective chromatographic system, the true enantioseparation factor, Ouye, 1S of
theoretical importance and can be used for the investigation of enantiorecognition mechanisms.
Because of some obscurity in the literature around the terms enantioselectivity and the
enantioseparation factor and their relationship, these terms are defined here as follows. The
apparent enantioseparation factor, o.pp, is related to the enantioselectivity of the total CSP,
composed of a chiral selector and an achiral support, as —AAG,p,, = RTIn(0lapp). The true

enantioseparation factor, o, 1s related to the enantioselectivity of the chiral selector as part

of an achiral matrix as —AAGye = RTIN(Olrye)-

The apparent distribution constants, K,"* and K", in contrast to the association

assoc

constants, K> and K™, can be easily determined experimentally as the product of the

phase ratio and the retention factor (i.e. K" = """ k"

where [ is the ratio of the volumes

of the gas and stationary phases).

Purnell and Laub [50] suggested in 1975 the use of mixed stationary phases, in GC in the
realm of achiral separations, for the improvement of the separation of complex mixtures of
compounds. Since then, many reports on the preparation and use of stationary phases
containing more than one chiral selector (binary-selector CSPs — in the case of using two chiral
selectors) appeared in the literature [72,73,76-79,136,137,153]. The idea behind the binary-
selector stationary phases is the endeavor to combine complementary enantioselectivities of
two different selectors in one stationary phase, thereby expanding the scope of the
enantioseparations [136,137,153].

In this chapter, a theoretical treatment of the enantioseparation on single- and binary-
selector CSPs is presented. The apparent and true enantioseparation factors are described for
both single- and binary-selector CSPs. Analysis of the variation of the apparent
enantioseparation factor, o, 0f @ binary-selector system as a function of the ratio between the

selectors and the strength of their interactions with the selectand enantiomers is advanced.

In the present treatise, a gas-chromatographic column is determined as a capillary coated with a thin film of
a chiral stationary phase (CSP). The CSP consists of a chiral selector A or B, or a mixture of them, A and B,
diluted with an achiral solvent S. Such CSPs will be referred to as CSP “A in S”, “B in S” and “AB in S”,
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respectively. The CSPs containing a single selector will be termed single-selector CSPs, the CSPs containing two
selectors will be called binary-selector CSPs and the CSPs composed of more than two selectors will be called
multi-selector CSPs. A CSP prepared by mixing two single-selector CSPs will be termed as a mixed CSP. The
selectors A and B are considered to be enantiomerically pure. The chiral selectand DL (considered to be racemic)
consists of the first eluted enantiomer L and the second eluted enantiomer D, irrespective of their absolute
configuration. Note, that in Section 2.2, in order to introduce a method for the determination of the association
constants, D and A are considered to be achiral. The terms used in this paper have subscripts that show “relation
to” and superscripts that refer to the location of the action. For example, subscripts (g) and (s) refer to the gas
phase and the achiral solvent S, respectively. D, (Lg) and D, (L) correspond to the selectand enantiomer D (L)
present in the gas phase and in the achiral solvent S, respectively. AD and BD (AL and BL) relate to the
corresponding associates (complexes) formed between selectors A or B and enantiomer D (L), respectively. The
following terms correspond equally to the L enantiomer provided the subscript “L” is used. If selector B is used
instead of selector A, the following terms will contain the corresponding super- or subscript “B”. For the binary-
selector CSP, AB in S, the corresponding superscript will be used.

The terms c,, cap and cp, are the concentrations of A, AD and Ds, respectively. The use of concentrations
instead of activities is a simplification which is only permitted at low values. The K is the apparent distribution
constant of D corresponding to its partitioning between the gas phase and the achiral solvent S devoid of the chiral
selector. K DA " s the apparent distribution constant of D corresponding to its partitioning between the gas phase
and the CSP A in S. K" is the association constant corresponding to the reversible formation of the associate
AD. S*"%is the phase ratio of a GC column containing the CSP A in S. k. "° and k. ™" are retention factors

of the selectand D and a standard compound not interacting with the selectors, respectively, on the CSP A in S.

AinS
12

. refers to the relative retention of D on the CSP A in S. R is the gas constant. 7" is absolute temperature.

AB

, and xQB are the mole fractions of A and B in the mixture of A plus B, respectively. n, and #; are the mole

X

amounts of A and B, respectively.

2.2 Determination of the distribution and association constants

The method for the determination of the association constants in achiral GC was
developed by Gil-Av and Herling [154] and by Muhs and Weiss [155]. According to this
method, a volatile selectand D is capable of reversible association with a selector A. In the
original work of Gil-Av [154], the selectand was designated with the letter B and it was
achiral as was the selector A. In the present section, the selectand D and the selector A are
considered to be achiral too, although, the same equations can be applied to chiral selectands
and selectors (see Section 2.3) dissolved in the solvent S and migrating through a GC column.

In this case, two different equilibria can be distinguished [154]:
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a) nonselective distribution of the selectand D between the gas phase and the solvent S:
K,
D, —D,

Ko=0 (1.1)

b) selective association of the selectand D with the selector A:

K3
A+D,= AD
assoc C
K = —AD (1.2)
CACDS

where subscripts g and s refer to the gas phase and the solvent S, respectively. AD is the

associate formed between D and A. K° is the distribution constant of D between the gas

phase and the neat solvent S, i.e. it reflects the nonselective contribution to the retention.

K> is the association constants of the selectand D with the selector A present in the solvent

S. ¢4 1s the concentration of the selector A in the solvent S. cip 1s the concentration of the
associate AD in the solvent S. ¢y, is the concentration of the selectand D in the solvent S.

Equation (1.2) can be rewritten into equation (1.3).

Kiye, == (1.3)

C‘DS

The total concentration of D present in S is the sum of the concentrations cp, and cxp.
Consequently, assuming no volume change on dissolution of D, the distribution of D between
the gas phase and the stationary phase A in S, described by the apparent distribution constant

K>"*, can be defined using the following expressions:

AinS
KD

Dg D(A in S)
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A (1.4)

Dy

Where D, i 5 is the selectand D present in the stationary phase A in S. Substituting (1.1)
and (1.3) into (1.4) gives (1.5).

K™ =K + KK c, (1.5)

Experimentally, the apparent distribution constant, K", is obtained as a product of

AinS

the phase ratio, #*"°, and the retention factor, k."°, of the selectand D on the stationary

phase A in S, i.e. K,"° = g™ - k,"°. The phase ratio, #*"*, is determined as the ratio of the

volume of the gas mobile phase and that of the stationary phase A in S. Thus, a plot of K}™*

vs. ¢, yields a straight line of the slope K° K[ *, and the intercept K°, from which the

AD

association constant, K;*, can be calculated. This method of distinguishing between

selective and non-selective interactions was developed by Gil-Av and Herling [154] and by
Muhs and Weiss [155] and was used for the determination of complexation constants of
various olefins with silver nitrate dissolved in ethylene glycol by argentation GC. Schurig
used this method for the determination of the stability constants of m-complexation of alkenes
and alkynes with various metal complexes [156,157]. It should be mentioned that the

requirement for the validity of the model and, hence, the linearity of the plot, K)™* versus c,,

is the low concentration of the selector A in S, whereas upon increasing the concentration of
the selector deviation of this plot from linearity may be observed [155].

A similar method for distinguishing between selective and nonselective interactions in
liquid chromatography on brush-type CSPs has been described in this work (see Chapter 6).
Another method that can be used for the differentiation between selective and nonselective
interactions occurring between the selectand and the components of the stationary phase in
liquid chromatography is based on the determination of adsorption isotherms by frontal

analysis technique and has been described by Guiochon et al. [158].
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2.3 Single-selector GC systems

2.3.1 Determination of the apparent enantioseparation factor, o,pp.

Dependence of a,,p, on the concentration of the chiral selector

present in the achiral solvent

In the following section, the apparent enantioseparation factor, a,pp, and its dependence
on the concentration of a chiral selector present in a CSP is described. The discussion is based
on the equations derived in the previous section. However, in the following section the
selectand D and L now represent enantiomers. Selector A is considered to be chiral and
enantioselective towards the racemate DL. The first application of the method of Gil-Av for
enantioselective GC was done by Schurig et al. [30] studing the enantioseparation of chiral
cyclic ethers by complexation GC on a manganese(Il)-bis(3-heptafluorobutyryl-1R-
camphorate chiral selector).

Thus, if two selectand enantiomers D and L compete for the same enantiopure selector
A present in the solvent S (CSP A in S), equations identical to (1.5) can be written for the

enantiomers D and L.

K™ =K + KK c, (1.5)

K" = Ko+ K Ko, (1.52)

Where subscripts D and L correspond to the enantiomers D and L, respectively. c, is the
concentration of the chiral selector A in the solvent S. c,p 1s the concentration of the associate
AD formed between A and D in the solvent S. ¢p 1S the concentration of the selectand

enantiomer D in the solvent S. K™ is the apparent distribution constant of the selectand
enantiomer D partitioned between the gas phase and the CSP A in S. K is the distribution

constant of the selectand enantiomer D between the gas phase and the neat solvent S, i.e. it

reflects the nonenantioselective contribution to the retention. Since the nonenantioselective

contribution is the same for both enantiomers, then K =K. K is the association constant

of the interaction of the selectand enantiomer D with the chiral selector A present in the

solvent S. Expression K- K * -c, defines the enantioselective contribution to the retention.
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Plotting distribution constants for the two enantiomers, K,"* and K*"*, as functions of
the concentration of A, c,, yields two straight lines of different slopes K -K:5* and

K- K7, respectively, but with the same intercept, K. =K, (Figure 2.1).

AL

tg(S) =K o}<assoc

L AL

Apparent distribution constants,
KDAlnS and KLAlnS

Concentration of the chiral selector A, Cps c,
present in the solvent S.

Figure 2.1 Plot of the apparent distribution constants K"* and K*"* as a

function of the concentration of the selector A, c,, in the solvent S

The apparent enantioseparation factor, cqpp, is determined as the ratio of the apparent
distribution constants, K,"® and K"°, or the retention factors, k,"° and k"°, i.e.

AinS AinS
— KD — kD

app K Ains - kAinS
L L

(1.6) (cf. Figure 2.1). Substitution of (1.5) and (1.5a) into (1.6) gives an

expression (1.7) for the apparent enantioseparation factor, app, in terms of the association

constants K> and K;** and the concentration of the selector A, c,, in the solvent S:

assoc ,AinS
I+ K e,

Do =4 K (1.7)

From (1.7) it can be seen that a,p, becomes larger with increasing the concentration of
the selector in the stationary phase. Provided the association constants, K> and K, are
known, equation (1.7) can be used for the determination of the apparent enantioseparation
factor, olapp, 0f @ CSP, A in S, at different concentrations of the chiral selector A. A plot of
Otapp VErsus ¢, is schematically shown in Figure 1.2. It is a convex upward curve. Equation
analogous to (1.7) was first derived and experimentally studied by Jung et al. [127]
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Concentration of the selector A, ¢ N

Figure 2.2 Plot of the apparent enantioseparation factor, a,pp, as a function
of the concentration of the chiral selector A in the solvent S. Eq. 1.7 was

used for the simulation with the following parameters: K, = 5, K=

assoc

3.75 (red curve); K= 50, K;;*= 37.5 (blue curve); o, =—""-=133

true K assoc
AL

for both curves (dotted line).

As one can see from Figure 2.2, upon increasing the concentration of the chiral selector
A the apparent enantioseparation factor, capp, approaches a constant value. For both examples

(Figure 2.2, red and blue curves) this constant was chosen 1.33 and this value is nothing else

assoc

but the true enantioseparation factor, cy., determined as «_ =—22— (1.8). Here, it should be

true K assoc
AL

reminded that the apparent enantioseparation factor, oy, 1s related to the enantioselectivity of
the total CSP, composed of a chiral selector and an achiral support, as ~AAGqp, = RT-In(0lapp),
while the true enantioseparation factor, o, is related to the enantioselectivity of the chiral

selector as a part of an achiral matrix as —AAGire = RT-In(Olrye)-

assoc

As one can see, the larger the value of the association constant, K}*, the more rapidly

Capp approaches the value of oine (Figure 2.2, blue curve). The product of the association

assoc

constant and the activity of the selector (e.g. K *a, ) is also called retention increment, R’,

AinS o
D

, where r*"* and r° are

D

[30,33,127,156] and can be determined experimentally as
r

the relative retention factors of D on the CSP, A in S, and on the reference column coated with
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the neat solvent S, respectively. The relative retention is defined as the ratio of the retention

factors of the selectand to the retention factor of a standard compound that does not interact

AinS
with the selector present in the CSP, i.e. r"° = ks [127].

D AinS
St

The value of the association constant that determines the initial slope of the curve
versus c,, depends on the temperature and on the selector. Cyclodextrin selectors used in GC
usually show low values of the association constants and, therefore, the slope of the curve aupp
VETSUs ¢,, 1s usually flat [127]. On the contrary, the metal complexes used as chiral selectors in
complexation GC [33] often display very high association constants [157,30] and hence should
reveal a fast increase of the plot of u, versus c,. Thus, the optimization of the
enantioseparation on CSPs containing one chiral selector consists in raising the concentration
of the chiral selector. It should be noted, however, that a large increase of the concentration of
the selector can often impair the efficiency of the CSP [135,40]. Therefore, neat selectors are
seldom used in modern GC. Usually chiral selectors are either dissolved in or chemically

bound to achiral polymers [151,31,40].

2.3.2 Determination of the true enantioseparation factor, otirye

The importance of the true enantioseparation factor, ¢, consists in its direct relation to
the enantioselectivity of the chiral selector quantitatively determined as the Gibbs energy
difference between the diastereomeric associates AD and AL
~Auspa(AG) = —RTIn(re), where R is the gas constant and 7 is absolute temperature.
Enantioselective chromatography (see also Chapter 6) is one of the techniques allowing the
exact experimental determination of the true enantioseparation factor, ., and hence the

enantioselectivity of a chiral selector as a part of an achiral matrix. The true enantioseparation

assoc

factor, oure, 1S determined as the ratio of the association constants, i.e. &, = K/:g"“ . As has
AL

been mentioned above, the association constants K and K™ can be calculated from the
plot of the apparent distribution constant K."° and K"°, respectively, versus the
concentration of the chiral selector A, c,, present in the solvent S [30,33]. Therefore,
preparation of several CSPs with different concentrations of the selector A is required. On the
other hand, the linearity of the plot K)™* (or K"*) versus c, allows using only two points
on the graph to determine the association constants. These two points can be the apparent

distribution constants obtained by using two columns, i.e., (a) a reference column devoid of
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the chiral selector and a column containing the chiral selector or (b) by using two columns

with different concentration of the chiral selector. In the latter case, the achiral contribution to

retention, K°, can be obtained by the following equation derived by Schurig et al. [33]:

. K AainS | grAiinS _ prAiinS grAging
K = Ay inLS Az[i)nS I;%z inS > AyinS (1 '9)
(KD +KL )_(KD +KL )

where subscripts D and L designate two enantiomers (D is arbitrary eluted after L) and
subscripts 1 and 2 correspond to the CSPs with different concentrations of the chiral selector
A.

assoc

To derive an expression for the determination of the association constant, K ;, using the

retention data obtained on two columns containing different concentrations of the chiral

selector, one should write eq (1.5) for the two columns:

ApinS __ o o assoc
K" =K +K; K. e,

1

ApinS __ o o assoc
Ky™ =K+ KoK, c,,

where ¢, and ¢, correspond to the concentrations of the chiral selector A in the two

CSPs. Solving this set of equations in terms of the association constant, K}, one obtains eq

(1.10):
KAZinS_KAlinS
Kyr=—>= . (1.10)
K;lms CA2 _K[z‘;zmSCAl

If the concentration of the chiral selector in one of the CSPs is zero, an expression (1.11)

is obtained. This equation can be used for the determination of the association constant, K",

based on the use of a reference column devoid of the chiral selector.

AinS o
KD _KD

assoc __
K AD T KO
p Ca

(1.11)
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Substituting (1.10) and (1.11) written for both selectand enantiomers D and L into the

expression for the true enantioseparation factor, cne, tWo equations are obtained:

KAinS_Ko
D
a,.=—— 1.10a
true K]zij_Ko ( )
KAzinS_KAIinS
alrue = K?zi"S_K?AHnS (l.lla)

The use of eq (1.10a) requires a reference column devoid of the chiral selector and a
column containing the chiral selector, while for eq (1.11a) two columns coated with CSPs with
different concentration of the chiral selector A are necessary. A favorable feature of these
methods is that the value of the concentration of the chiral selector A is not included in eq
(1.10a) and (1.11a).

The apparent distribution constants are experimentally determined as the product of the

AinS kAinS
D

retention factor and the phase ratio of the column being used, i.e. K3"* =8 . In gas

chromatography, however, the exact determination of the phase ratios is difficult. Hence, an
indirect route leading to the determination of e avoiding the use of the phase ratios has been
developed [33]. This method is based on the concept of the retention increment, R’, and
relative retentions, » [30,99,127,131,156,159]. The relative retentions are independent of all
operating conditions (column dimensions, flow-rate and film thickness) except the
temperature. Writing eqs (1.10a) and (1.11a) in terms of R’ and r leads to equations 1.12 and
1.13, respectively.

AinS o AinS
T —-r R
__b _ '
atrue ~ _ AinS o AinS (1.12)
rm=r R/
A,inS ApinS A,inS AjinS
7 -7 R -R
a, =2 "o T b (1.13)

true Ay A A,inS AjinS
rL rL RL RL

where 72" (r*"*) and r° are the relative retentions of the selectand D (L) on the CSP,

A in S, and on the reference column coated with the neat solvent S, respectively. The relative
retention is defined as the ratio of the retention factors of the selectand to the retention factor

of a standard compound that does not interact with the chiral selector A present in S, i.e.

AinS
Aims _ p

D T 7 AinS
k51

. The term R,™® is the retention increment of the selectand D on the CSP A in S.
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AinS _ o

The retention increment is determined as the ratio —————. Subscript 1 and 2 correspond to
r

the two CSPs with different concentration of the chiral selector A.

2.4 Binary-selector GC systems

2.4.1 Determination of the apparent enantioseparation factor, ol,pp

The presence of different chiral selectors in the solvent S renders the apparent
enantioseparation factor, aapp, dependent not only on the overall concentration of the selectors
(cf. Figure 2.2) but also on the ratio between them. In the foregoing section, an expression for
the determination of the apparent enantioseparation factor, ¢, of a CSP composing of two
selectors, A and B, and the solvent S (CSP: AB in S) will be derived. Thus, if a volatile
selectand D, capable of fast and reversible association with both selectors A and B, is
migrating through a GC column, three different equilibria can be distinguished:

a) nonenantioselective distribution of the selectand D between the gas phase and the

solvent S:

KO
D, — D,
Ko =S (1.14)

Dg

b) enantioselective association of the selectand D with the selector A:

Kn"
A +Ds=—AD
assoc c
KAD =ﬁ (115)

A Ds

¢) enantioselective association of the selectand D with the selector B:

Ki
B + Dy =BD
assoc c
Ko™ = ﬁ (1.16)

B Ds
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where subscripts g and s refer to the gas phase and the solvent S devoid of the chiral
selector, respectively. AD and BD are the associates formed between D and A or B,

respectively. ¢2”"° and ¢.®"° are the concentrations of the selector A and B in the CSP AB in

B
S, respectively. cpp and c,p are the concentrations of the associates BD and AD, respectively.

Cps 18 the concentration of the selectand D in the solvent S. K° is the distribution constant of
D between the gas phase and the neat solvent S. K° reflects the nonenantioselective

contribution to the retention. K;;* and K»* are the association constants of the selectand D

with the selector A or B, respectively, present in the solvent S. Equations (1.15) and (1.16)

can be rewritten into the equations (1.17) and (1.18), respectively.

: C
K:j;occ:BlnS — AD (1.17)
ch
assoc  ABinS __ CBD
K (1.18)
C

Ds

The total concentration of the selectand D present in the stationary phase is the sum of

the concentrations cp,, cap and cgp. Consequently, the apparent distribution constant K {)\ S of

the selectand D between the gas phase and the CSP AB in S, assuming no volume change on

dissolution of D, is

CDS + CAD + cBD

Krs = (1.19)
C
Dg
Substituting equations (1.14), (1.17) and (1.18) into (1.19) gives
KSBi“S :KI(;+K]; KZS];OCC:BinS +K]<; K;i;occhiuS (1'20)

Substituting eqs (1.20) written for the selectand enantiomers D and L into the expression

ABinS
D

for the apparent enantioseparation factor, oy, on the CSP, AB in S, («a,, =

equation (1.21):
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assoc _ ABinS assoc _ ABinS
amins 1+ K 5e7 + K e, (1.21)

app - assoc  ABinS assoc _,ABinS
1+ K e, + K%y

Since the association constants K> and K as well as K> and K™ can be
experimentally determined on single-selector CSPs A in S and B in S, respectively, equation

(1.21) can be used for the calculation of ¢,>"* related to the binary-selector CSP AB in S at

ABin$S
A

ABinS

and c;

any ratio and values of the concentrations ¢ . Similar equation can be produced

for more than two chiral selectors present in the solvent S. When the concentration of one of

ABinS __

the selectors present in S equals zero, i.e. ¢, " = 0, equation (1.21) transforms into equation

(1.7) known for single-selector CSPs (vide supra). Substitution of equation (1.11) and the

ABinS

w10 terms of the

same equation for L-enantiomer into (1.21) leads to the expression for «

apparent distribution constants obtained on single-selector CSPs:

o C:Bins AinS o CQBins Bins o
K"+ AinS (KD -K )+ BinS (KD -K )
" = s FTE (1.22)
Kot (K KoY+ S (KPS K
A B

AinS ABinS

where ¢,;"” and ¢, " are the concentrations of the selector B in the single-selector CSP

A in S and in the binary-selector CSP AB in S, respectively. K."® and K"° are the apparent
distribution constants of the selectand D and L, respectively, on the single-selector CSP B in
S. Since the distribution constants obtained on the reference column are the same for D and L
enantiomers, the corresponding subscripts are omitted.

In turn, equation (1.22) can be modified in terms of the mole fractions of the selectors A

and B in their mixture to give (1.23):

AinS__AB BinS AB
ABinS __ KD XA +KD (l_xA )
app AinS__AB BinS AB

KL X +KL (l-xA )

(1.23)

nA
n, +n,

where x,” = is the mole fraction of the selector A in the mixture A and B; na

and np are the mole amounts of the selector A and B present in the solvent S, respectively.
The apparent distribution constants present in eq (1.23) are determined on single-selector
CSPs. The concentrations of the selector A and B in the binary-selector and single-selector
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CSPs, however, become interrelated with each other. Therefore, the sum of the concentrations
of A and B in the binary-selector CSP AB in S has to be constant and must be equal to the

concentration of A or B in the single-selector CSPs A in S and B in S, respectively, i.e.

ABinS
B

cAinS :cBinS — (c:BinS Ny

N 5 ) (1.24). In this case, the distribution constant, K°, is cancelled.

Since the apparent distribution constant in chromatography is determined as the product
of the phase ratio, £, and the retention factor, &, equation (1.23) can be written in terms of the

retention factors provided the phase ratios f*"*, B°"° and B**"° are the same [72]:

AinS__AB BinS AB
ABinS __ kD )CA +kD (l_xA )

app 7 AinS_AB BinS AB
kXxs + k" (1-x07)

(1.25)

where k)" and £ (k3" and k") are the retention factors of the selectand

enantiomers D and L, respectively, on the CSP A in S (B in S) [67,72]. If the phase ratios are

not the same, relative retentions (vide supra) can be used instead of the retention factors:

AinS __AB BinS AB
ABinS_rD XA +I"D (l_xA)

app T AinS _AB BinS AB
Xy +rL (l'xA)

(1.26)

If the selectors A and B are used undiluted, the condition (1.24) is fulfilled. In this case,

however, the molar ratios in equation (1.23) should be substituted with volume fractions:

AKA+ BKB
:f) :¢A I/J\ ¢B ]; (127)
P K +PK,

where K and K (K; and K) are the apparent distribution constants of the

selectand enantiomers D and L, respectively, between the gas phase and the undiluted selector

A (B); ¢* and ¢ represent the volume fractions of the undiluted selectors A and B,

A

respectively, in their mixture - the mixed CSP AB. Note that ¢" = and ¢" +¢° =1,

yi+y?
where 7 and V® are volumes of the selectors A and B, respectively. Equation (1.27) was
derived by Purnell and Laub in 1975 [50] and was used for the optimization of solvent
compositions used as stationary phases in achiral GC for separations of complex mixtures of

analytes (up to 30 components) [50,160-164]. Some solvent mixtures, however, did not obey
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the equation [165-169,122]. Similar equation was used in liquid chromatography for the
optimization of the protein separation on a column packed with a mixture of ion exchangers
[61].

Mixed undiluted selectors were also used in enantioselective GC. Konig et al. used 1:1
mixture of per-O-methylated- and per-O-pentylated-B-cyclodextrins as the CSP for the
enantioseparation of a mixture of phenoxypropionic acid herbicides [80]. A mixture of
heptakis(2,6-di-O-methyl-3-O-pentyl)-B-cyclodextrin ~ and  octakis(2,6-di-O-methyl-3-O-
trifluoroacetyl)-y-cyclodextrin was applied for the analysis of a multicomponent system of
flavours and it was found to be superior to the separate use of the selectors [77]. Contrary to
the examples above, the enantioselective properties of a mixture of 6-O-tert-
butyldimethylsilyl-2,3-O-diacetyl- and 6-O-tert-butyldimethylsilyl-2,3-O-dimethyl-f3-
cyclodextrins were found to be unfavorable to that of the single selectors used separately
[170].

Equation (1.27) can be applied for the calculation of the apparent enantioseparation
factor, olapp, Of two columns coupled in series based on the retention data obtained on the
single columns. In this particular case ¢* and ¢® become length ratios of the columns
containing selector A and B, respectively [82]. Investigation of the (enantio)separation using
columns coupled in series was a frequent topic in GC and LC because of its ease of realization
accompanied by useful results [67,73,82-85].

Equation (1.21) and the related equations are based on the assumption that there are no
interactions between the mixed selectors that could lead to non-additive effects, i.e. the
absence of synergistic effects. Therefore, a deviation of the experimental data from the
predicted one on binary-selector CSPs may be a sign of synergistic effects. Thus, using
equation (1.23) Gil-Av et al. observed the deviation of the experimental retention data from
the predicted one that was attributed to the self-association of the chiral selectors [122,167-
169]. Laub et al. [165, 166] observed deviations from the linearity of the plot of the apparent
distribution constant, K, versus the volume fraction, ¢, (see eq 1.27) for several pairs of binary
solvent mixtures. Nevertheless, one should be careful when claiming for observed synergistic
effects on the basis of the deviations of experimental data from the calculated ones. As it was
mentioned, equation (1.25) can only be used providing the columns being compared have
identical phase ratios. Further, the equations using molar fraction, x, can only be applied if the
condition (1.24) is satisfied. Recently, a series of works [75,76,171-175] describing the
observation of synergistic effects was published. The conclusion was made on the basis of the

discrepancies found between experimental and calculated values of the separation factors on
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binary-selector stationary phases. Eq. (1.25) was used for the calculation of the apparent
separation factors, yet the identity of the phase ratios of the columns used was not stated. In
addition, concentrations of the selectors were different on all the single-selector stationary
phases compared, i.e. eq. (1.25) could not be used under such conditions and, therefore,
attribution of the disagreement of e With dobserved t0 synergistic effects was premature. It
should also be noted that for the investigation of the synergistic effects it would be more
reliable to compare calculated and observed retention factors (or relative retentions) instead of
enantioseparation factors. The reason for that is that the possible deviations of the observed
retention factors from the calculated ones for both enantiomers have often the same sign.
Therefore, when dividing the retention factors of the enantiomers to obtain the

enantioseparation factor, the deviations may cancel [176].

2.4.1.1 Analysis of the behavior of a,,, upon varying ratio and the

association strengths of two different chiral selectors, A and B,

present in an achiral solvent

Provided the absence of synergistic effects, the apparent enantioseparation factor, app,
on a binary-selector CSP is always smaller than that on a single-selector CSP containing the
more enantioselective selector. Therefore, it may appear unfavorable to combine different
selectors in the same CSP. This notion was expressed by Pirkle and Welch in their note on
“mixing of CSPs for the separation of enantiomers” [73]. On the other hand, however,
combination of chiral selectors with complementary enantioselectivity in the same CSP can
endow this CSP with a broader scope of the enantioselectivity than that of either of the single-
selector CSPs. Therefore, when combining different selectors in the same solvent S, it is
important to reach a compromise between a decreased absolute value of the apparent
enantioseparation factor, a,pp, and the extended scope of possible enantioseparations.
Consequently, the optimization of the ratio between chiral selectors present in a binary-
selector CSP is necessary. Such optimization can be performed using one of the equations
presented in Section 2.4.1. In the given section, the behavior of a,,, upon varying ratio

between selectors A and B and the values of the apparent distribution constants, K>"* (K’"")

and K2"* (K*"*), is studied. The examination is performed using equation (1.25).

AinS __AB BinS AB
ABinS_kD xA +kD (l_xA)

app 7 AinS_AB BinS AB
kL Xa +kL (l-xA)

(1.25)
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The matched case, i.e. the case when the elution order of the enantiomers D and L on the
selectors A and B is the same, will be described before the mismatched case — the case of the

opposite elution order of the enantiomers on the combined selectors.

a) Case I: the same elution order of the selectand enantiomers D and
L on the chiral selectors A and B (matched case)
In the case of the identical retention factors of the first eluted enantiomer on the single-

selector CSPs, A in S and B in S (i.e. '™ = k’"°), the apparent enantioseparation factor,

ABinS

a,,  , obtained on the binary-selector CSP, AB in S, is linearly dependent on the molar

fraction of the selector B, x.”, in the mixture of the selectors (Figure 2.3). The linearity of

the plot is preserved irrespectively of the value of the difference between the

AinS

BinS
app :

enantioseparation factors, «, " and «a_
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Figure 2.3 Plot of the apparent enantioseparation factor, «,,

, on the binary-selector

CSP, AB in S, as a function of the fraction of the selector B in the mixture of A and B,

x,". Green plot:ar, ™ = 1.2, ap "= 2.6, k" =4, k"*= 4; blue plot: a, "= 12,

apt=5, kM =4, k'™ =4;red plot: o, =12, a;"*=10, k"*=4, k'"* = 4. Where

app

aAinS and 6xBiuS

wor w are the apparent enantioseparation factors on the single-selector CSPs,

A in S and B in S, respectively; k*"° and k’"° are the retention factors of the first

eluted enantiomer on the CSPs A in S and B in S, respectively.

109



Chapter 2: Theory of the enantioseparation on binary-selector CSPs

However, if the selectors A and B retain the first eluted enantiomer of the selectand with
different strengths (i.e. k'"* # k’"*), the plot " vs. x,” becomes nonlinear (Figure 2.4).

The stronger the interaction of one of the selectors with the selectand, the greater is the

ABinS

influence of this selector on the apparent enantioseparation factor, ¢, ™", on the binary-

selector CSP AB in S. For example, the apparent enantioseparation factors of a racemic
selectand on the single-selector CSPs A in S and B in S are 1.2 and 5.0, respectively. If the
first eluted enantiomer is retained 20 times stronger on the CSP A in S than on B in S, the

addition of only 10% of the selector A to the CSP B in S reduces the apparent

BinS

enantioseparation factor, Ay s

from 5.0 to 2.4, i.e. more than twice. It should be emphasized

that in this case the elution order of the selectand enantiomers on the single-selector CSPs A

in S and B in S is the same.

ABinS
app
o8NS
app

Apparent
enantioseparation factor,

Apparent
enantioseparation factor, o**"

1.0 . . . T 1.0
0.0 01 02 03 04 05 06 07 08 09 1.0
SeLECtOFA Molar fraction of the selector B Selector B
(x,=0) in the mixture of A and B, x° (=1

ABinS

Figure 2.4 Plot of the apparent enantioseparation factor, a, ", on the binary-

selector CSP, AB in S, as a function of the fraction of the selector B in the

mixture of A and B, x,”. Green plot: o "*= 1.2, a;""=2.6, k" =4, k"=
80; blue plot: a;;insz 1.2’ BinS __ 2 6 kAmS 4 kBmS 8 I‘ed plOt aAmS 1 2,
airt=2.6, k"= 8, kfms: 4; yellow plot: ;"= 1.2, o, "= 2.6, k"= 80,

kP"* = 4. For descriptions see Figure 2.3.
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In the case of a binary-selector CSP containing a chiral selector B and an achiral
selector A (racemic or nonenantioselective towards the selectand) the same behavior of the

ABinS

apparent enantioseparation factor, «, ", can be observed. Namely, the stronger the achiral

selector retains the selectand (in comparison with that of the chiral selector), the lower will be

. . ABinS s
the apparent enantioseparation factor, o, /" (Figure 2.5).
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Figure 2.5 Plot of the apparent enantioseparation factor, &, ", on the binary-

selector CSP, AB in S, as a function of the fraction of the selector B in the
mixture of A and B, x,;”. Green plot: e, "*= 1.0, a,"°= 2.6, k""" =4, k'"*=

80; blue plot: o, "= 1.0, a,"*=2.6, k/"*=4, k"= 8; red plot: a,"*= 1.0,
BmS 2 6 kAmS 8 kBmS 4 yeHOW plOt aAmS 1 O, BinS _ 2 6 kAmS 80

k’"® = 4. For descriptions see Figure 2.3.

The role of the achiral selector can be fulfilled by any achiral “impurity” that interacts
with the selectand enantiomers. Achiral solvents, usually used in GC for dissolving or binding
chiral selectors, may also nonenantioselectively interact with the selectand enantiomers. It is
interesting to draw an analogy between the achiral selector in Figure 2.5 and a racemic
selector (vide infra). In this case, a convex downwards curve is expected because the retention
factor of the first eluted enantiomer on the enantiopure selector is, by definition, smaller than

that on the corresponding racemic selector. However, the presence of homo- and/or
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heterochiral interactions between the selector molecules, e.g. formation of homochiral dimers
in case of the enantiopure selector and heterochiral dimers in the case of the racemic one, may
lead to interesting unexpected results. For example, if the formation of heterochiral dimers

makes them indifferent towards the interaction with the selectand molecules, the plot of

ABinS AB

VS. X

o . can become convex upwards (cf. blue or green curve in Figure 2.5).

b) Case I1: opposite elution order of the enantiomers D and L on the chiral
selectors A and B (mismatched case)

The foregoing discussion deals with the behavior of the apparent enantioseparation

ABinS

factor, «,

, on a binary-selector CSP, AB in S, where the two chiral selectors, A and B,

possess opposite enantioselectivity (mismatched case), i.e. the elution order of the

ABinS

enantiomers is opposite on the single-selector CSPs. In this case, the behavior of «,

obeys

the same rule as in the matched cases, i.e. the stronger the interaction of the selectand with the

ABinS

wo > on the

selector, the greater is the influence of the apparent enantioseparation factor, «

binary-selector CSP, AB in S. An important difference of the mismatched case, distinguishing
it from the matched case, is the inevitability of the inversion of the elution order of the

enantiomers when turning between the single-selector CSPs A in S and B in S. Figure 2.6

ABin S

w > as a function of the

displays the behavior of the apparent enantioseparation factor, «

molar fraction of selector B in the mixture of A and B, the apparent enantioseparation factors
on the single-selector CSPs, A in S and B in S, being the same by the magnitude but opposite
by the sign. For convenience, the convention of « > 1 is retained, i.e. the points where the
plots cross the X-axis correspond to the inversion of the elution order of the enantiomers. As
one can see (Figure 2.6, green curve), equimolar mixture of the selectors loses completely its

enantioselectivity if the retention factors of the first eluted enantiomer on the single-selector

CSPs are the same, ie. &*"® = k’"°. In the other cases, despite the same apparent
enantioseparation factors on the single-selector CSPs, i.e. o, "*= «a, ", equimolar mixture of

the selectors can be still highly enantioselective towards the selectand (Figure 2.6, blue and

red curves).
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1.22
1.20
1.18
1.16
1.14
1.12
1.10
1.08 -
1.06 -
1.04

ABin'S

app
ABinS
app

Apparent
enantioseparation factor, o**"
Apparent
enantioseparation factor, o**"

1.02 +1.02
1.00 : : * - 1.00
00 01 02 03 04 0 5 0 6 07 08 09 10
Selector A Molar fraction of the selector B Selector B
(G =0) in the mixture of A and B, X" o=

ABinS

Figure 2.6 Plot of the apparent enantioseparation factor, ¢, ™", on the binary-

selector CSP AB in S as a function of the fraction of the selector B in the mixture

of Aand B, x;”. Green plot:ar, "= 1.2, ;"= 1.2, k"*=4, k’"* = 4; blue plot:

aAinS: 1.2’ BmS_ 12 kAmS_ 16 kBmS 4 I‘ed plOt aAmS_ 12 aBmS 1.2’

app

k"= 80, k'"®= 4; where k'"*and k’"° are the retention factors of the first

eluted enantiomer on the stationary phases A in S and B in S, respectively.

Enantioselectivity of A and B is opposite towards the selectand enantiomers.

It is interesting that contrary to the matched case with the same retention factors of the

first eluted enantiomer, where linearity of the plot o> vs. x;" is not disrupted even if the

apparent enantioseparation factors on the single-selector CSPs are very different (Figure 2.3,
red line), in the mismatched case with the same retention factors of the first eluted enantiomer
the visual linearity of the plot at low apparent enantioseparation factors (Figure 2.6, green
line) is dramatically upset at high enantioseparation factors (Figure 2.7). The green curves

depicted in Figures 2.6 and 2.7 were simulated using the same retention data but different

enantioseparation factors on the single-selector CSPs, i.e. a, " = a, "= 12 (Figure 2.6),
a," = a,°= 50 (Figure 2.7). The ideal example of the two chiral selectors possessing

opposite enantioselectivity but displaying the same retention factor for the first eluted

enantiomer is nothing else but a pair of opposite enantiomers. That means that the predicted

strong non-linearity of the plot ™ vs. x,° (Figure 2.7) should be observed for a

app
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chromatographic system where the mixed selectors are highly enantioselective opposite

ABinS

enantiomers. The behaviour of the apparent enantioseparation factor, «,

,onaCSPasa

function of the enantiomeric excess, ee, of the chiral selector will be discussed in the next

section.
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Figure 2.7 Plot of the apparent enantioseparation factor, &,

, on the binary-selector CSP,

AB in S, as a function of the fraction of the selector B in the mixture of A and B, x.”. The

AinS _ _ BinS__

highly enantioselective selectors A and B («,, .

50) display the same retention

factor for the first eluted enantiomer (k*"*= k”"* = 4) but possess opposite enantioselectivity
toward the selectand; where k'"*and k°"° are the retention factors of the first eluted

enantiomer on the stationary phases A in S and B in S, respectively. Enantioselectivity of A

and B is opposite towards the selectand enantiomers.

c¢) Case III: chiral selector is not enantiomerically pure. Analysis of the apparent

enantioseparation factor, aupp, as a function of the enantiomeric excess, ee, of the

chiral selector

The simplest binary-selector CSP contains a chiral selector which is enantiomerically
impure, i.e. the enantiomers of the selector behave as different chiral selectors with opposite
enantioselectivity. In the present section, the opposite enantiomers of the chiral selector will

be referred to as R and S. An analysis of the behavior of the apparent enantioseparation factor,

RS

aapp ’

as a function of the enantiomeric excess of the chiral selector, ee, will be presented. To

describe the dependence of the apparent enantioseparation factor, «, ., obtained on a CSP
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containing both selector R and S on the enantiomeric excess of the chiral selector, i.e. e, vs.

ee, equation (1.25) can be modified as follows. Molar fraction of the selector R, x;°,

ee+1

expressed in terms of the enantiomeric excess, ee, is x> = . Substitution this expression

into (1.25) gives

s _ ki (1+ee)+k;(1—ee)
T kf(1+ee)+ k1 (1—ee)

(1.28)

where k; and k' are retention factors of D and L selectand enantiomers, respectively,
on a CSP containing the enantiopure selector of R configuration. k> and & are retention

factors of D and L selectand enantiomers, respectively, on a CSP containing the enantiopure
selector of S configuration.
For a chromatographic system where the selectors R and S are opposite enantiomers the

following expressions hold true: k; =k’ and k' =k). Thus, dividing numerator and

denominator of (1.28) by &/, the expression (1.29) is obtained.

a“?(1+ee)+(1—ee
ai’i - azp:l El — ee; + El + ee; (1.29)
app

where aa';i is the apparent enantioseparation factor obtained on the CSP containing both

ee=l
app

R and S, i.e. the chiral selector R with the enantiomeric excess, ee, being less than unity; o
is the apparent enantioseparation factor obtained on a CSP containing enantiomerically pure
selector R.

The same equation can also be derived by the following thought experiment. A
chromatographic column containing a nonracemic mixture of a chiral selector enriched, e.g.,
with the enantiomer R, can be subdivided into two virtual segments containing the
enantiomerically pure selector R in the first part, and the racemic selector RS in the second
part of the column (or vice versa). For example, a column of the length /, containing a selector
with ee = 0.5 (75% R and 25% S), is thought to be equivalent (in the absence of non-linear
effects not yet observed in enantioselective chromatography [177]) to a column comprising of

two segments of the length //2, containing enantiomerically pure selector R, and racemic

selector RS, respectively. When the same column contains a selector with ee = 0.98 (99% R
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and 1% S), it can be subdivided into a segment with the length of 0.98 / containing R, and a
segment with the length of 0.02 / containing RS. Thus, the length of the segment containing
the pure enantiomer R is related to the ee of the selector whereas the length of the segment
containing the racemate RS is related to (1-ee), respectively.

The adjusted retention times (#;) of the enantiomers separated on a chiral selector with
ee < 1 can be calculated as follows. The adjusted retention time is x * ee for the first eluted
enantiomer and y " ee for the second eluted enantiomer, respectively, on the enantiomerically
pure selector R present in the segment with the length / - ee. The adjusted retention time is (x

+y)/2 " (1 — ee) for both unresolved enantiomers on the racemic selector RS present in the

RS

segment with the length /" (1 - ee). Hence, the apparent enantioseparation factor, «, , is:

/ y-ee+w-(l—ee)
ot =l or  a®= 2 (1.30)

app , app
En x-ee+(x+2y)-(1—ee)

ce=l

The apparent enantioseparation factor, o, ",

of the selectand on the enantiomerically

pure selector R is:

ag! =ylx (1.31)

P

As apparent enantioseparation factors are independent of the column length, equation
(1.31) can be inserted into equation (1.30) furnishing expression (1.29).
Equation (1.29) is compatible with an expression derived by Beitler and Feibush in 1976

1

[178]. The authors extrapolated the apparent enantioseparation factor «,~ of a chiral

selectand on an elusive enantiomerically pure selector from the apparent enantioseparation

factor o, obtained on a real enantiomerically impure selector (ee < 1) according to:

RS RS
_ (a,, tDee+(a,, —1) (132)
(o, +1)ee—(a,, —1)

app

ee=1

According to equation (1.29), a;f, is rendered equivalent to ¢, for ee = 1. For values

of o' =1.01 — 2.0, usually encountered in enantioselective GC, the function of a, vs. ee is
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almost linear and hence an enantiomerically pure chiral selector is not strictly required.

1

However, for large values of «a, = a striking drop of the apparent enantioseparation factor,

RS

w0 18 €ncountered as the result of minute deviations from ee = 1 of the selector. Thus, the

(24

RS

apparent enantioseparation factor, ¢, , of a chiral selectand drops from 100 to 49.8 on a

chiral selector of ee = 0.98, i.e. containing only 1% of the enantiomeric impurity (cf. Figure
2.8). This large difference can further be appreciated by the following thought experiment. In
the hypothetical case that one enantiomer is eluted with the void volume of the column,
whereas the other enantiomer is retained, the apparent enantioseparation factor, cpp,, becomes
infinite. However, only a tiny amount of an enantiomeric impurity present in the selector (ee =
1) causes a minute retention of the first eluted enantiomer and the infinite separation factor is

now rendered finite. A plot of «,> vs. ee of the chiral selector is shown in Figure 2.8. Such
behaviour was predicted by Davankov [21] and by Welch and Pirkle [73]. It should be noted,

however, that the equations (1.29) and (1.32) can only be used provided the condition (1.24)

is satisfied.
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Figure 2.8 Plot of the apparent enantioseparation factor, e, , as a function of the
enantiomeric excess of a chiral selector, ee; ' is the apparent enantioseparation

factor of the enantiomerically pure selector

It is important to recognize that according to a recent examination [109,110], over a half
of commercially available non-racemic chiral compounds contain more than 0.1% of the

undesired enantiomer.
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Despite the decrease of the apparent enantioseparation factors on enantiomerically
impure chiral selectors, coupling of two columns with enantiopure and racemic CSPs in
series, which is equivalent to a longer column with enantiomerically impure chiral selector,
can be useful for improving the diastereoselectivity of the CSP [73,81,82,84,85].

It is interesting to note that in enantioselective catalysis, governed by kinetics, an
enantiomerically pure product can not be obtained from a prochiral educt if the chiral catalyst
is not enantiomerically pure (ee # 1). In enantioselective chromatography, governed by
thermodynamics, however, enantiomerically pure fractions can still be obtained when the
chiral selector is not enantiomerically pure as only the apparent enantioseparation factor

is reduced according to equation 1.29. This is schematically shown in Figure 2.9 [177].
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Figure 2.9 This figure is an amended previously published version [177].

2.4.1.2 Experimental verification of the equation for the calculation

of the apparent enantioseparation factor, d.,pp, on a CSP containing

an L-valine diamide and a permethylated-p-cyclodextrin

In order to verify the equation for the calculation of the apparent enantioseparation
factors (1.22), six different chiral polymers were prepared: polymer containing 20% (w/w) of
the permethylated-p-cyclodextrin selector (CD) [151] bonded to
dimethylhydromethylpolysiloxane (polysiloxane) (CSP1) through an undecenyl spacer;

polymer containing 19.9% (w/w) of N-(undec-10-enoyl)-L-valine-fert-butylamide selector
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(DA) [136, 92] (cf. Section 1.1) bonded to the polysiloxane (CSP2); three polymers
containing both CD and DA selectors bonded to the polysiloxane, the concentrations of CD
and DA selectors being 6.2 and 18.5 (CSP3), 10.1 and 9.9 (CSP4), 14.4 and 4.9% (w/w)
(CSP5), respectively; a reference polysiloxane polymer devoid of any selectors (SP6). The
bonding of the selectors to the polysiloxane was performed by platinum-catalyzed
hydrosilylation [118]. The polymers were coated onto six fused-silica GC capillaries which
were used for the analysis of four different ai-amino acids (proline, phenylalanine, ornithine
and lysine) derivatized as N-trifluoroacetyl ethyl esters. The retention data obtained on CSP1,
CSP2 and SP6 were used for the calculation of the apparent enantioseparation factors of four
racemates enantioseparated on CSP3-5. In order to avoid measuring the phase ratios of the six
gas-chromatographic columns, relative retentions, », were used instead of the retention
factors. In the case of the derivatives of proline and phenylalanine, n-undecane was used as
the inert standard for the calculation of the relative retentions. For lysine and ornithine
derivatives, n-hexadecane was used. In addition, the concentration of the selectors in the
polysiloxane, ¢ (mol/L), was substituted by the molality, m (mol/kg). Thus, equation (1.33)
was used instead of (1.22). The calculated and experimental results are presented in Table
2.1. Although the calculation was based on the retention data obtained on three different

columns, the agreement of the calculated and the experimental enantioseparation factors is

satisfactory.
oy m:Bms (rAinS )+ mQBinS (rBinS )
_ Ains \'D Bins \'D
ag}sms = /[:Bins fBins (1.33)
7"0 + AAins (rLAinS _ }"0) + mBBinS (rLBinS _ I"O)
A B

For description see eq (1.22).

Table 2.1 Calculated and experimental values of the apparent enantioseparation

factors obtained for a-amino acid derivatives' enantioseparated on CSP1-5

Chiral stati Proline Phenylalanine  Ornithine Lysine
e’ satonay TT-80°C T=100°C __ T=130°C T = 140°C
phases
Qlexp Qcalc Qlexp Qcalc Qlexp Olcalc Qlexp Qcalc

CSP1 (0%) 1.02 1.18° 1.15 1.11
CSP3 (25%) 105 105 113 113 114 114 111 110
CSP4 (50.4%) 107 106 107 105 111 112 108 1.08
CSP5 (74.5%) 106 108 1.02 100 107 109 105 1.06
CSP2 (100%) 1.10 1.05° 1.01 1.00

'as N-trifluoroacetyl ethyl esters; %in the brackets are weight fractions of the CD selector in the

mixture of CD and DA selectors; *mismatched case — opposite elution order of the enantiomers on DA
and CD selectors;
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Chapter 2: Theory of the enantioseparation on binary-selector CSPs

2.4.2 Determination of the true enantioseparation factor, o ye.

In binary-selector CSPs where two different chiral selectors, e.g. A and B, are present in
an achiral solvent S, the selectand enantiomers, D and L, compete for the association with the
selectors. For each pair of the selector-selectand associate formed in the CSP a ratio of the

association constants, determining the true enantioseparation factor, e, can be written, i.e.

assoc assoc

A=A and @ 0" =—E2_ Each true enantioseparation factor can be used for the
K assoc rue K assoc
AL BL

calculation of the enantioselectivity of a separate chiral selector, i.e. the Gibbs energy

difference between the diastereomeric associates. For example, the enantioselectivity of the

assoc

chiral selector A will be determined as — A, ,, (AG)= RT ln(ozAD‘AL ) =RT ln( KAD ] , while that

assoc assoc
AL

AG)= RTln(aBD’BL): RT ln(K&j To determine the true

assoc K assoc
BL

of B will be -A

BD,BL (

enantioseparation factors corresponding to different chiral selectors, eq. (1.20) should be
written in terms of the required association constant (eq. 1.34). Recognizing that

K° K™ =K -K°, eq. (1.34) can be transformed into (1.35). Substituting (1.34) and

(1.35) into the expression for the true enantioseparation factor, cne, gives (1.36) and (1.37),

respectively.

ABinS o o assoc _ ABinS
KPS Ko— Ko K

assoc __
K\ = Ko s (1.34)
ABinS BinS
Kassoc — KD _KD (1 35)
AD Ko ABinS )
CA
assoc ABinS o__ o assoc _ ABinS
on K" Ko o8 R Ky (1.36)
true ABinS 0 o assoc _ ABinS :
K™ K -K°-K° K™ c
AL L BL B
Kassoc KABinS_KBinS
ADAL __ AD _ D D (137)

assoc - assoc ABinS BinS
K AL K L -K L

It should be noted that the apparent distribution constants K,*"* and K:"° (K *"* and

K?P"*)in (1.35) and (1.37) have to be measured at the same concentration of the selector B in

the solvent S, i.e. ¢,”"° must be equal to c;"°. Thus, using (1.36) or (1.37), the true

AD,AL
true

enantioseparation factor, o , corresponding to the chiral selector A can be determined on a
CSP containing both chiral selector A and B.
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Since the exact determination of the phase ratios required for the measurement of the

distribution constants ( K = - k) is difficult in GC, relative retentions should be used (1.38).

assoc ABinS BinS
aoar Ko 7, -7

— — D D
true - Kassoc T ABinS _ rBinS (138)
AL L L

Equation (1.38) can also be applied to other cases. For example, the selectors A and B
being the same (e.g. B = A), binary-selector CSP AB becomes just a more concentrated CSP
containing selector A and, therefore, eq (1.38) can be transformed into (1.39) (cf. eq 1.13).

A,inS AyinS
v

’/' -
ADAL _ "D D
Xe = A,inS A, inS (139)
rn -n

Where 7,2"° (") and "™ (") are the relative retentions of the selectand

enantiomer D(L) on two CSPs with different concentration of the selector A. Eq. (1.39) can

ADAL “on CSPs

be especially useful for the calculation of the true enantioseparation factor, o,
for which the reference stationary phase, i.e. the achiral polymer S, is not available.

It is worth noting that eq. (1.12) is just a special case of eq. (1.39), i.e. the case where

A

the relative retentions, r,'"* (""*), are determined on the reference stationary phase devoid

of the chiral selector A (i.e. ¢;'™* = 0).
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Chapter 3: Temperature-induced inversion of elution order of enantiomers

3. Influence of temperature on the enantioseparation by GC

3.1 Introduction
The separation of enantiomers in chromatography is the result of different stabilities of
transient diastereomeric associates formed between the selectand enantiomers, D and L, and

the enantiopure selector present in a CSP. Association equilibrium constants, K;** and K",

characterize the formation of the diastereomeric associates. The ratio of these constants is

defined as the true enantiose par ation factor (footnote: in the present Chapter apparent and true enantioseparation factors

are determined as the ratio of retention factors or association constants, respectively, of L and D enantiomers, i.e. a = L/D, independently of

assoc
the elution order of the enantiomers) L

s Oy = , which quantifies the true enantioseparation factor of
K ;SSOC

the racemate DL on the chiral selector (cf. Chapter 2). On the contrary, the apparent
enantioseparation factor, oLy, of a gas-chromatographic system is determined as the ratio of

the retention factors of the two enantiomers, k; and Kp, a,, = k_L . Since the retention factors

D

include both different chiral and identical achiral contributions to retention, oL, is always
lower than oye. By knowledge of the association enantioseparation factor oine, the Gibbs

energy difference, A, n(AG), between the diastereomeric associates is obtained via
AL’D(AG) = _RT ln(a«true)
where R is the gas constant and T is absolute temperature. Using the Van’t Hoff relation

Ap(AH) 1 A,,(AS)
R T R

ln(alrue) ==

the true enantioseparation factor oune is related to the enthalpy A;p(AH) and entropy
A;p(AS) differences between the diastereomeric selector-selectand associates. Since the
formation of a stronger selector-selectand associate implies a gain in enthalpy and a loss in
entropy (higher order of the stronger associate), the two contributions to the Gibbs energy
difference of the association act in opposite directions and there is a particular temperature at
which these contributions cancel each other. Such temperature is called isoenantioselective:

Tiso= ALp(AH)/ AL p(AS). Enantioseparation at this temperature is not possible, i.e.
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Chapter 3: Temperature-induced inversion of elution order of enantiomers

K™ =K™, A p(AG) = —RTIn(ouwre) = 0, and peak coalescence ensues. However, above and

below this temperature enantioseparation with the opposite elution order of the enantiomers

(inversion) takes place. The existence of the isoenantioselective temperature in
enantioselective liquid chromatography was predicted in 1978 by Davankov et al. [95] and in
enantioselective gas chromatography in 1984 by Koppenhoefer and Bayer [96]. First
examples were independently observed by Musso et al. in liquid chromatography [179], by
Gil-Av et al. in hydrogen-bonding GC systems [98] and by Schurig et al. in complexation GC
[97] (a report clamed of peak inversion for methyl lactate on a modified cyclodextrin selector
(Lipodex E) [180] could not be reproduced in our hands). All the by far known examples of
the experimentally observed inversion of the elution order of enantiomers at the

isoenantioselective temperature Tjg, in gas chromatography are summarized in Table 3.1.

Table 3.1 Examples of the experimentally observed isoenantioselective temperature, Tiso,

in gas chromatography.

Racemate: Chiral stationary phase: Tiso (°C)  Reference:

Tripeptides derived from alanine (LLL and Chirasil-L-Val Koppenhoefer,

DDD) Bayer et al. [181]

N-Trifluoroacetyl(TFA)-o-amino acids tert-  N-Docosanoyl-L-leucin-(1,1,3,3- 130-150 Gil-Av et al. [98]

butyl amides of alanine, 2-aminobutyric tetramethylbutyl)amide

acid, leucine, valine

(E)-2-Ethyl-1,6-dioxaspiro[4.4]nonane Nickel(II)-bis[3-heptafluorbutanoyl)-(1S)-10- 80 Schurig et al. [97]
methylencamphorate]

Isopropyloxirane Nickel(II)-bis[3-heptafluorbutanoyl)-(1R)- 65 Schurig et al. [32]
camphorate]

sec-Butyloxirane (unlike diastereomer) Nickel(II)-bis[3-heptafluorbutanoyl)-(1R)- 95 Schurig et al. [32]
camphorate]

2-(2,4-Dichlorophenoxy)propionic acid Octakis(3-O-butyryl-2,6-di-O-pentyl)-y- 115 Konig et al. [80]
cyclodextrin (Lipodex E)

2-(4-Chloro-2-methylphenoxy)propionic Octakis(3-O-butyryl-2,6-di-O-pentyl)-y- 135 Konig et al. [80]

acid cyclodextrin (Lipodex E)

Methyl lactate (re-investigation necessary) Octakis(3-O-butyryl-2,6-di-O-pentyl)-y- 62 Konig et al. [180]
cyclodextrin (Lipodex E)

N-TFA-O-n-butyl valine Heptakis(2,3,6-trimethyl)-B-cyclodextrin 85 Krupcik et al. [182]

y-Pentalactone Octakis(2,6-di-O-tert-butyldimethylsilyl-3-O- 67 Mosandl et al.
methyl)-y-cyclodextrin [183]

Isomenthone Octakis(2,6-di-O-tert-butyldimethylsilyl)-y- 63 Mosandl et al.
cyclodextrin [184]

1-Phenyl-2,2,2-trifluoroethanol Octakis (6-O-tert-butyldimethylsilyl-2,3-di-O-  80-90 Schomburg et al.

methyl)-y-cyclodextrin

[185]
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Chapter 3: Temperature-induced inversion of elution order of enantiomers

Despite the smaller range of the applicable temperatures, the isoenantioselective
temperature was also observed in liquid chromatography (e.g. see [186,187] and references
therein).

Thus, despite the 40 year history of enantioselective gas chromatography and thousands
of enantioseparated racemates, until now only a few examples of the temperature-induced
inversion of elution order of enantiomers were experimentally observed and even less of them
were investigated. On the one hand, this interesting phenomenon may cause many obstacles
during the optimization of the enantioseparation notably for multienantiomeric analysis in one
run. It is usually observed that a decrease of the temperature in the enthalpy-controlled regime
results in the improvement of the enantioselectivity of the system. This is not the case,
however, when the observed enantioseparation is governed by the entropy difference, i.e. if
the isoenantioselective temperature Tig, is already below the experimental temperature. In this
event, decrease of temperature will lead to a decline of the enantioselectivity invoked by the
CSP. On the other hand, the possibility to invert the elution order of the enantiomers may be
very useful, e.g., for trace analysis of enantiomeric impurities. In practice, the configuration
of the CSP should be chosen such that the minor component is eluted as the first peak.
Carbohydrate CSPs exist only in the all-D-configuration and, therefore, a change in the
elution order may only be affected by a temperature change in case of a low value of Tis,. In
the following section, the first comprehensive thermodynamic investigation of the observed
inversion of the elution order of enantiomers at the isoenantioselective temperature Tis, is
presented. The inversion is observed on the diamide-type CSP, Chirasil-L-Val-Cy;
[24,25,29,136], with N-ethoxycarbonyl propylamide derivatives [188,189] of a number of a-
amino acids and on the cyclodextrin-type CSP, Chirasil-Dex [151,31], (for the synthesis of

the CSPs see Section 1.1) with N-trifluoroacetyl ethyl esters of several a-amino acids.
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3.2 Temperature-induced inversion of the elution order of enantiomers

3.2.1 Enantioseparation of N-ethoxycarbonyl propyl amides of a-amino acids

on Chirasil-Val-Cy; CSP

Chirasil-Val-type CSPs are based on the valine-diamide chiral selector and are
important for the enantioseparation of a-amino acids, diols, amino alcohols etc. [29,27,28].
Since the invention of the valine-diamide selector [25,24], a-amino acids have been usually
analyzed in the form of N-trifluoroacetyl (N-TFA) alkyl esters. Recently, Abe et al. showed
that N-alkyloxycarbonyl alkyl esters (ACAE) [190,191] of a-amino acids could be used for
gas-chromatographic investigations. The procedure of the derivatization was significantly
simpler in comparison with that for N-TFA alkyl esters [137]. The enantioseparation of the
ACAE derivatives of amino acids on Chirasil-L-Val, however, turned out to be inferior to that
of N-TFA alkyl esters [190,191]. Later on, Abe et al. proposed a modified procedure for the
derivatization of amino acids that led to diamide derivatives, i.e. N-alkyloxycarbonyl
alkylamide derivatives [188,189]. These derivatives were found to have high
enantioseparation factors o,p, on Chirasil-L-Val despite high analysis temperatures. The
procedure itself was also simple and did not require heating of the samples as in the case of
the preparation of N-TFA alkyl esters. Another advantage was the greatly improved
enantioseparation of proline (oo = 1.36, T = 110°C as N-ethoxycarbonyl n-propylamide) which
was only slightly enantioseparated as N-TFA-alkyl ester on Chirasil-L-Val (oo = 1.03, T =
110°C as N-TFA ethyl ester). Above 150°C all the ai-amino acid enantiomers in the form of
N-alkyloxycarbonyl alkylamides were eluted D after L (except for proline enantiomers eluted
L after D) on Chirasil-L-Val, [188,189] in contrast to the N-TFA esters (L > D).

All the reported enantioseparations of a-amino acids derivatized as N-alkyloxycarbonyl
alkylamides were performed at relatively high temperature, i.e. above 150°C. The high
enantioseparation factors ol,pp at high temperatures may suggest one to use lower temperature
and a shorter column to gain the same o, at shorter times (in line with a miniaturization
concept for space applications to detect homochirality in extraterrestrial environment by GC
[192]). This idea was attempted in our group with N-ethoxycarbonyl n-propylamides (ECPA)
of several a-amino acids. However, it was found that the decrease of the analysis temperature
to approximately 120°C resulted in a decline or complete loss of the enantioselectivity of
Chirasil-L-Val-Cy; for all the analyzed racemates except proline. However, a further decrease
of the temperature surprisingly led to the improvement of the enantioseparation along with the

inversion of the elution order, i.c. the elution order below 120°C was L after D (Figure 3.1).
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This is the very first clear visual representation of the increase of the enantioseparation factor
Oapp as the temperature is raised. Note that the increase of o, is accompanied by a
concomitant reduction of the retention time. Van’t Hoff plots of In(owypp) versus 1/T for eight
a-amino acids in the form of ECPA derivatives were constructed (Figure 3.2) (plots of Nva-
ECPA and Nle-ECPA overlapping with that of Abu-ECPA and Ala-ECPA are not included).
The plots show a linear behavior up to approximately 130°C followed by a nonlinear part at
higher temperatures. The isoenantioselective temperatures, Tis,, were found to lie between 110
and 130°C. That means that the reported enantioseparation of N-alkyloxycarbonyl alkylamide
derivatives of a-amino acids at the temperatures above 150°C was governed by the entropic
term of the Gibbs-Helmholtz equation. Note that the similar behavior of In(ctspp) versus 1/T
was observed by Gil-Av et al. for N-trifluoroacetyl tert-butyl amides of a-amino acids on N-
docosanoyl-L-leucin-(1,1,3,3-tetramethylbutyl)amide CSP as one of the first examples of the

inversion of the elution order for enantiomers in GC [98].
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Figure 3.1 Gas chromatograms of the enantioseparation of Ala-ECPA and Val-ECPA on Chirasil-
L-Val-Cy; in the temperature range from 100 to 150°C with 10°C step-intervals; a-amino acids are
enriched in the L-enantiomer. Isoenantioselective temperatures, Tis,, for Ala-ECPA and Val-ECPA
are 120 and 114°C, respectively. Column: fused silica, 20 m x 0.25 mm (i.d.) x 0.25 pum (polymer
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thickness); carrier gas: dihydrogen; pressure: 50 kPa (120-170°C) and 100 kPa (100-110°C);
detector: FID.

0.49 _e— Ala-ECPA
| —e— Abu-ECPA
—e— Val-ECPA
0.34 —@— Leu-ECPA
—@— lle-ECPA
1 —e— Pro-ECPA

0.2

app)

In(a

0.1+

0.0 — T
2.6 2.7 1000/T(K)

-0.1-

Figure 3.2 Plots of In(app) versus 1/T(K) for the o-amino acids (as N-

ethoxycarbonyl n-propylamides — ECPA) enantioseparated on Chirasil-L-
Val-CU CSP.

In contrast, N-trifluoroacetyl ethyl esters (TFA-Et) of the same o-amino acids were
found to be enantioseparated under enthalpy control in the temperature range from 70 to

180°C, i.e. the approximated isoenantioselective temperatures Ti,, were above the analysis

temperature. The corresponding plots of In(at.pp) versus 1/T are shown in Figure 3.3.

0.4 —e— Ala-TFA-Et

©— Abu-TFA-Et
©— Nva-TFA-Et
0.34 —®—Nle-TFA-Et
—— Val-TFA-Et
—&— Leu-TFA-Et
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-~ ' —&— Pro-TFA-Et
\9{6
£ 014
oo o 0o o ©
0-0|'|'|'|'|'|'|'|'|'
121 22 23 24 25 26 27 1000/T(K)
-0.1-

Figure 3.3 Plots of In(app) versus 1/T(K) for N-trifluoroacetyl ethyl esters (TFA-Et) of

oi-amino acids enantioseparated on Chirasil-L-Val-C;; CSP.

131



Chapter 3: Temperature-induced inversion of elution order of enantiomers

Table 3.2 Isoenantioselective temperature, Tis, Of the derivatives of a-amino acids

enantioseparated on Chirasil-L-Val-Cyj.

Amino acids:  Tie" (°C) of Tiso” (°C) of

ECPA N-TFA-Et
derivatives derivatives

Ala 120 200

Abu° 122 220

Nva 121 250

Nle 122 220

Val 114 250

Leu 132 215

Ile 112 200

Pro 240° 230

*determined experimentally
Pextrapolated from the plot of In(ctypp) vs. 1/T
‘Abu = 2-aminobutanoic acid

The observed and extrapolated isoenantioselective temperatures, Tis,, for ECPA and
TFA-Et derivatives of the selected ai-amino acids are shown in Table 3.2. The values of Tis
for TFA-Et derivatives and for proline-ECPA were extrapolated from the In(otapp) vs. 1/T plots
using a polynomial fit. As one can see from Table 3.2, the replacement of the N-
trifluoroacetyl and ethyl ester groups with N-ethoxycarbonyl and propylamide, respectively,
reduces the isoenantioselective temperature, Tiso, by 80-130°C. Note that similar drop of Tis,
was observed for N-trifluoroacetyl tert-butylamide derivatives of a-amino acids on a CSP
related to Chirasil-L-Val-Cy; [98]. This suggests that the presence of the additional NH-amide
moiety in the ECPA and N-TFA-tert-butylamide derivatives of the amino acids is responsible
for the decrease of Tis,. The importance of NH-amide groups capable of hydrogen bonding for
the enantioseparation of the o-amino acid derivatives on Chirasil-Val-type CSPs is also
confirmed by the fact that Pro-ECPA having only one NH-amide group behaves very similar
to the TFA-Et derivatives of other a-amino acids also bearing only one NH-amide group
(Figure 3.2 and 3.3). Moreover, Pro-TFA-Et lacking any NH-amide group has dramatically
lower enantioseparation factor, d,pp, on Chirasil-L-Val-C;; compared to other a.-amino acids
and behaves completely different (Figure 3.3). It is worth noting that the A, ,(AH) value for

Pro-TFA-Et is virtually zero and the enantioseparation is based solely on the different entropy
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of the diastereomeric selector-selectand associates (Figure 3.3)! This is a very rare instance
for a temperature-independent enantiomeric separation. In addition, the sequence of the
elution of the ECPA derivatives on the Chirasil-L-Val-C;; CSP at 110°C is proline < alanine
< valine < leucine, while that on the reference column containing only dimethylpolysiloxane
is alanine < valine < proline < leucine. Realizing that among these amino acids only proline
has a secondary amino group, the influence of the hydrogen bonding selector-selectand
interactions on the retention of the analytes on Chirasil-Val-type CSPs becomes evident.

It can be concluded that for the efficient enantioseparation of a-amino acid derivatives
on an o-amino acid-based CSP it is important that in the selector-selectand associates two
NH-amide groups interact with at least one NH-amide group. Consequently, it can be
predicted that amino acid-monoamide selectors (e.g. N-trifluoroacetyl alkyl esters) which
show poor enantioselectivity toward mono-amide o-amino acid derivatives (i.e. N-
trifluoroacetyl alkyl esters) [23] would be highly enantioselective toward o-amino acid
derivatives containing two NH-amide groups (reciprocal approach). This has been proven by
preparing Pro-diamide selector, containing only one NH-amide group, but displaying high
enantioselectivity toward ECPA a-amino acids (except Pro-ECPA containing also one NH-
amide group). [unpublished results]

In the following part, a thermodynamic study of the enantioseparation of ECPA versus
TFA-Et derivatives of selected a-amino acids on Chirasil-L-Val-C;; CSP will be performed
with the aim to elucidate the thermodynamic incentives for the observed decrease of the
isoenantioselective temperature, Tis, in the case of the ECPA derivatives. In addition, the
thermodynamic investigation will be used to shed some light on the observed nonlinearity of
the plot In(cLapp) vs. 1/T observed for ECPA derivatives.

As already mentioned, the analysis of thermodynamically controlled enantiorecognition
mechanisms of chiral selector/selectand systems must rely on the true enantioseparation
factor, oure. Ignoring this, i.e. resorting to the apparent enantioseparation factor, Olapp, Will
lead to underestimated enantioselectivity in the presence of achiral contributions to retention
as outlined in Chapter 2. The true enantioseparation factor, o can be experimentally

obtained using the method of the retention increment, R’ (see Chapter 2) [156,33]:

Rv
atrue = ,L
R D
r—re
R =
ro
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where R', and R', are the retention increments of the two enantiomers (D and L

subscripts are arbitrary designation of oppositely configured enantiomers, regardless of the
observed elution order in the experiments); r and r° are the relative retentions of a single
enantiomer on the enantioselective column and on a reference column containing the
polysiloxane used as an achiral matrix for the chiral selector, respectively. Relative retentions,
r, are used because they are independent from all chromatographic parameters at a given
temperature. They are obtained as the ratio of the retention factors of the enantiomers and that

of a standard inert compound devoid of interactions with the chiral selector:

r=—
k

st

where k and kg are the retention factors of the single enantiomer and the standard
compound, respectively, whereby n-alkanes are usually appropriate for this purpose (see
below, however).

The thermodynamic investigation of ECPA vs. TFA-Et derivatives of a-amino acids
was performed on alanine and valine. n-Octadecane (C18) and n-hexadecane (C16) were used
as the standard compounds for ECPA derivatives and n-dodecane (C12) and n-decane (C10)
for TFA-Et derivatives. A fused-silica GC column coated with pure dimethylpolysiloxane was
used as the reference column. Some experimental and calculated data obtained for alanine and
valine ECPA and TFA-Et derivatives on Chirasil-L-Val-C;; are summarized in Table 3.3 (see

also supplementary material).
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Table 3.3 Experimental details of the enantioseparation of alanine and valine in the form
of ECPA and TFA-Et derivatives on Chirasil-L-Val-C;; CSP

Ala-TFA-Et Ala-ECPA
T(°C) Ry’ R’ Olapp Oirue (AkLJDr(nAO(IS l))a Rp* R.* Olapp Oliruc (AkLJDr(nAO? 1))a
100 152 201 1.195 1324 -0.87 10.81 1143 1.053 1.058 -0.17
110 145 186 1.167 1.281 -0.79 9.98 10.25 1.024 1.027 -0.08
120 135 1.69 1.143 1249 -0.73 8.81 8.81 1.000 1.000 0.00
130 131 1.60 1.125 1.220 -0.67 8.06 7.92 0.984 0.983 0.06
Val-TFA-Et Val-ECPA
100 098 127 1.145 1.292 -0.80 16.29 17.18 1.051 1.055 -0.17
110 094 117 1.121 1.250 -0.71 14.18 1435 1.012 1.012 -0.04
120 090 1.10 1.105 1.222 -0.66 12.30 12.16  0.989 0.989 0.04
130 083 1.00 1.089 1.196 -0.60 10.67 10.28 0.967 0.963 0.13

’n-dodecane and n-octadecane were used as standards for TFA-Et and ECPA derivatives,

respectively

Van’t Hoff plots of In(ouwe) vs. 1/T obtained using two different standard compounds
(n-hexadecane and n-octadecane) and that of In(ctpp) vs. 1/T are shown in Figure 3.4. As
predicted, the apparent enantioseparation factor o, does underestimate the
enantiodiscrimination of the enantiomers by the chiral selector, i.e. app is necessarily always
lower oye. Note that plots of In(ouwe) vs. 1/T obtained by using different hydrocarbon
standards are well superimposed confirming the absence of strong interactions between the
chiral selector and the hydrocarbons used as the standards. Because of the observed
nonlinearity of the plots, the regression analysis was performed in the temperature range from
100 to 130°C where the plots are virtually linear (Figure 3.5). The nonlinearity of the plots
will be discussed in Section 3.3. The thermodynamic parameters obtained by the regression

analysis are summarized in Table 3.4.
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Figure 3.4 Plots of In(oiwe) and In(op,) as functions of the reciprocal
temperature for Ala-ECPA enantioseparated on Chirasil-L-Val-C;; CSP. n-

Hexadecane (C16) and n-octadecane (C18) were used as reference standards.

0.4+ B Ala-TFA-Et
B Val-TFA-Et
® Ala-ECPA

034 e Vval-ECPA

2.8 1000/T(K)

Figure 3.5 Plots of In(ouwe) as a function of the reciprocal temperature for
Ala-ECPA and Val-ECPA enantioseparated on Chirasil-L-Val-C;; CSP.
Straight lines represent the linear fits obtained in the temperature range 100-
130°C (correlation coefficients R = 0.995 and 0.999 for ECPA and TFA-Et
derivatives, respectively). n-Octadecane and n-dodecane were used as the

reference standards for ECPA and TFA-Et derivatives, respectively.
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Table 3.4 A_5(AH) and A, (AS) for racemates of Ala-ECPA and Val-ECPA as well as for
Ala-TFA-Et and Val-TFA-Et obtained by the regression analysis of the In(ourue) vs. /T
plots (see Figure 3.5) in the temperature range 100-130°C

Amino acid derivatives: A, ,(AH) AL p(AS) T-ALp(AS)
(kJ-mol™) (J-mol K" (kJ-mol™);

T=393K

Ala-ECPA 3.140.2 -7.940.5 -3.140.2
Val-ECPA 3.740.3 9.4+0.7 -3.740.3
Ala-TFA-Et 3.540.1 -7.0£0.1 2.840.1
Val-TFA-Et 3240.1 6.5+ 0.1 2.6+0.1

As can be seen from Table 3.4, the A (AH) values for both ECPA and TFA-Et
derivatives of Ala and Val are similar. The A, ,(AS) values for ECPA derivatives are lower
than the corresponding values for the TFA-Et derivatives for both alanine and valine. This
entropy difference “moves” the plot of In(olre) vs. 1/T for ECPA derivatives down resulting
in the drop of the isoenantioselective temperature, Tis,, and, as a consequence, the enthalpic
and entropic terms of the Gibbs-Helmholtz equation for ECPA derivatives become the same
at 120°C (Table 3.4 fourth column). To conclude, the difference in the strength (A, ,(AH)) of
the interactions between the selectand enantiomers and the chiral selector is only slightly
changed upon the switch from TFA-Et to ECPA derivatives. On the other hand the entropy
difference between the diastereomeric associates of the ECPA derivatives is increased leading
to the more negative A, p(AS) value which is enough to reduce the isoenantioselective
temperature, Tis,, by 80-130°. Note, that despite the fact that for both ECPA and TFA-Et
derivatives the A, n(AH) values are very similar, the retention increment, R’, values for ECPA
derivatives are about ten times higher than that for the TFA-Et derivatives (Table 3.3). This
behavior represents an example that the increase in the strength of the selector-selectand
interactions does not necessarily result in an improved enantioselectivity of the system [193],
i.e. the chiral recognition factor ¥ = A pAG/AG varies at random as found previously in

complexation gas chromatography [194].
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3.2.2 Enantioseparation of N-trifluoroacetyl ethyl esters of a-amino

acids on Chirasil-Dex CSP

Further examples of the existence of an isoenantioselective temperature, Tis,, were found
for TFA-Et derivatives of several a-amino acids enantioseparated on a CSP based on
permethylated-f-cyclodextrin, i.e. on Chirasil-Dex CSP. [151,31] Unfortunately, the retention
increment method fails for cyclodextrin CSPs, as no inert reference standard, not interacting
with the selector, is available. Therefore, only the apparent enantioselectivity can be
considered. The plots of In(otapp) vs. 1/T in the range of 25 — 150 °C for twelve a-amino acids
are depicted in Figure 3.6. As one can see, the behavior of In(aLpp) is strongly nonlinear for
all analytes. As the ratio of k./kp has been used throughout, also curves in the negative In(otpp)
region are observed due to an inverted elution order (L<D). Table 3.5 lists the observed and
extrapolated values of Tjs, for the studied a-amino acids. Lysine and glutamic acid were not
enantioseparated at the temperatures studied. Ornithine was only slightly enantioseparated
between 120 - 130°C.

As one can see from Figure 3.6, because of the nonlinearity of the plot In(atpp) vs. 1/T,
for Val-, Leu- and Ile-TFA-Et there are two intercept points where In(olpp) = 0. Therefore, it
can be predicted that the elution order of the enantiomers of these compounds can be inverted

more than one time at two different isoenantioselective temperatures, Tiso!
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Figure 3.6 Plots of In(olapp) vs. 1/T for TFA-Et derivatives of a-amino acids enantioseparated on Chirasil-Dex CSP. The enantioseparation factor

Olapp Was determined as the ratio ki/k, independently of the elution order.
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Table 3.5 Isoenantioselective temperatures, Tis,, 0f a-amino acid TFA-Et derivatives
enantioseparated on Chirasil-Dex CSP experimentally observed or extrapolated from

the In(aapp) vs. 1/T plots (see Figure 3.6)

Amino acids : Tiso (°C)
Ala-TFA-Et 160°
Phe-TFA-Et 170
Pro-TFA-Et 160°
Ser-TFA-Et 140°

Abu-TFA-Et 90°

Val-TFA-Et 70°
Leu-TFA-Et 70°¢
Asp-TFA-Et 70°
Tyr-TFA-Et 50"
Met-TFA-Et 50°
Ile-TFA-Et 40°

allo-Ile-TFA-Et  30°
Thr-TFA-Et 20°

‘obtained by extrapolation
®coalescence temperature (inversion of the elution order of the enantiomers was not observed)
‘experimentally observed Tis,

As mentioned before, a reliable quantitative analysis of the thermodynamic parameters
and the use of the retention increment method was not feasible because of the strong
discrepancy of the R’ and oyne values determined using different hydrocarbon standards (n-
decane (C10) and n-dodecane (C12)) (Figure 3.7b). Such behavior may be rationalized by
two causes. First, it may indicate the presence of the selective interaction between the
standard compounds and the cyclodextrin selector [127]. Indeed, simple chiral hydrocarbons
have been resolved on Chirasil-Dex previously [48], thereby proving the existence of

molecular association. In the case of the Chirasil-L-Val-C;; CSP, where such interactions are
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improbable, the R’ values determined using different hydrocarbon standards were virtually

identical as expected (Figure 3.7a). Second, the very small values of the retention increment

in the case of the TFA-Et derivatives of a-amino acids analyzed on Chirasil-Dex (R’

1.5) could lead to large errors and, hence, to the observed discrepancy.
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Figure 3.7 Plots of In(R’,) versus 1/T determined using two different

reference standards: n-octadecane (C18) and n-hexadecane (C16) for Val-
ECPA on Chirasil-L-Val-Cy; (a) and n-dodecane (C12) and n-decane
(C10) for Leu-TFA-Et on Chirasil-Dex (b).
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Nevertheless, qualitative analysis of the retention data is possible. For this purpose it is
convenient to compare the behavior of the natural logarithms of the relative retentions of D
and L enantiomers, In(rp) and In(r.), respectively, with that of a standard compound, e.g. n-
dodecane, In(r¢;;) (rci; = relative to n-decane). In order to cover the temperature range from
30°C to 180°C a short column (10 m) for low temperatures and a long column (50 m) for high
temperatures were employed. Therefore, use of the relative retention, which is independent of
the phase ratio, pressure, flow rate, etc., is more appropriate in such investigation than the use
of the retention factors. The comparison has been performed using Leu-TFA-Et. The relative

retentions were obtained as the ratio of the retention factors of the corresponding analyte and

. k k k .
that of n-decane, i.e. 1, = " 2—,r, =—% and r., =—%. As one can see from Figure 3.8, the

C10 C10 C10

plots of In(r) vs. 1/T for both enantiomers are nonlinear, while that of n-dodecane is virtually
linear. This indicates that the observed nonlinearity of the plot In(atpp) vs. 1/T is the result of
the changes in the mechanism of the selector-selectand interactions for both enantiomers. This
is to be contrasted with the ECPA derivatives studied on Chirasil-L-Val-C;; CSP where only
the D-enantiomer showed nonlinearity (see Section 3.3). It is interesting to note that at high

temperatures the behavior of Leu-TFA-Et enantiomers become similar to that of n-dodecane.

3.0
—o—In(r))
—@—In(r)
2.5
—o—In(r_,,)
2.0 1
£
1.5+
1.0+
0.5 T T T T T T T T T
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Figure 3.8 Plots of In(r) vs. 1/T for the enantiomers of Leu-TFA-Et and n-
dodecane (C12) analyzed on Chirasil-Dex CSP with n-decane used as the

reference standard.
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It should be mentioned that if the mechanism of the selector-selectand interaction is
changed, i.e. if the plot In(r) vs. 1/T is nonlinear, then the lowest enantioselectivity will lead
to the strongest nonlinearity of the plot In(app) vs. 1/T. This may explain the often observed
nonlinear behavior of the natural logarithm of the enantioseparation factor o, at high

temperatures where o is usually small.

3.3 Study of the non-linear behavior of In(airue) as a function of the

reciprocal temperature

The following discussion illustrates an application of the retention increment R’ concept
to the investigation of the nonlinear behavior of the van’t Hoff plot, In(cte) vs. 1/T found for
ECPA derivatives of some o-amino acids enantioseparated on Chirasil-L-Val-C,; (Figure 3.4
& 3.5). The retention increment, R’, is determined as the product of the association constant

and the activity of the selector in the stationary phase, i.e. R' = K™ .a [156,33,127], where
K** is the association constant between the chiral selector and one of the selectand

enantiomers, and a is the activity (or concentration in highly diluted systems) of the chiral

selector in the stationary phase. Since In(K**) is related to AH and AS of the association

process through the Gibbs-Helmholtz equation, the following expression can be written:

In(R") = —ﬂl + ﬁ +In(a)

R T R

where AH and AS are the enthalpy and entropy changes, respectively, caused by the
formation of the selector-selectand associate; R’ is the retention increment; R is the gas
constant; T is the absolute temperature. Since a is a constant for a given CSP, the plot of
In(R’) as a function of 1/T should be linear, provided AH and AS are independent of
temperature. Therefore, plotting In(R’) vs. 1/T for both enantiomers one can shed light on the
cause of the nonlinearity of the plot In(otyye) vs. 1/T. In addition, AH and [AS/R + In(a)] can be
obtained from the slope and the intercept of the Y-axis, respectively. It should be reminded
that the use of the retention factor, K, instead of the retention increment R’ is inappropriate,
since the retention factor, K, is biased by the achiral contribution to retention of the polymer
used as the matrix for the chiral selector.

The van’t Hoff plots of In(R’) vs. 1/T for the D and L enantiomers of ECPA derivatives

of alanine and valine are depicted in Figures 3.9 and 3.10. One can see that basically the D

enantiomer is responsible for the observed nonlinearity of the plots In(ouwe) vs. 1/T in the case
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of both alanine and valine ECPA derivatives, i.e. while In(R', ) depends linearly on the
reciprocal temperature, the plot of In(R',) vs. 1/T is changing slope above approx. 140°C.

It should be noted that when plotting In(k) instead of In(R’) vs. 1/T, the nonlinearity of
the plot becomes less pronounced. This is the result of the achiral contribution to retention
from the polymeric matrix which renders the chiral contribution to retention by the chiral

selector as the sole cause of nonlinearity less important.
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Figure 3.9 Plots of In(R’) versus 1/T(K) for D and L enantiomers of Ala-
ECPA enantioseparated on Chirasil-L-Val-C;; CSP. n-Octadecane (C18)

was used as the reference standard.
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Figure 3.10 Plot of In(R’) versus 1/T(K) for D and L enantiomers of Val-
ECPA enantioseparated on Chirasil-L-Val-C;; CSP. n-Octadecane (C18)

was used as the reference standard.
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4. Enantiomerization of 1,2-di-tert-butylpyrazolidine and 1,2-di-iso-propyl-
3,5-dimethylpyrazolidine by dynamic GC

The racemate of 1,2-di-tert-butylpyrazolidine (23) was enantioseparated by gas
chromatography on Chirasil-Dex [151] with an enantioseparation factor o. = 1.07 (100°C). To

determine the enantiomerization barrier of 23, enantioselective dynamic gas chromatography
(DGC) was applied [196-198,104].

23

The elution profile of the interconverting enantiomers exhibited a characteristic plateau
between the first and the second eluted enantiomers. Based on the chromatographic data and
the relative plateau height, computer simulation with ChromWin [106] and direct calculation
by the approximation function [108] or the unified equation [199] can be used for the
evaluation of the rate constant of the enantiomerization. The rate constants represent a
weighted mean of the rate constants in the gas phase and the different rate constants in the
CSP (ky # k.1).

Selected experimental data of the enantioselective DGC experiments are presented in
Table 4.1. Elution profiles between 95°C and 120°C with 5°C steps (18 experiments) used for
the evaluation of the rate constants k*""* by the approximation function [108,101] are shown
in Figure 4.1. For the evaluation of the activation parameters, the mean values of the
In(k*P"*/T) were plotted versus 1/T according to the Eyring equation. By regression analysis
(correlation coefficient R = 0.999) (Figure 4.2) AH* was found to be 113.5 + 2.0 kJ-mol™ and
AS* = -14.7 £ 5.3 Jmol™-K™. The value of the entropy difference being close to zero indicates
that the enantiomerization occurs without breaking bonds and charge separations, the
transition state being only slightly more ordered. However, the high value of the activation
enthalpy reflects the high volumes of the tert-butyl groups rendering the nitrogen inversion

very energetic.
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Table 4.1 Selected experimental data from the DGC experiment, rate constants of the
enantiomerization of 23 in the presence of CSP Chirasil-Dex and enantiomerization

barrier of 23 at different temperatures

T a tm ty t2 Wi W, Nplateau kPP AG*
[°C] [min] [min] [min] [s] [s] [%] [10°s™] [kJ mol™]
95 1.076 6.25 49.83 53.16 42.80  46.58 2.01 15+0.2 1228+0.3
100  1.070 6.28  40.92 4333 3550 3830 3.10 24+03 123.0+0.3
105  1.064 6.31 3399 3575 29.92  32.04 5.00 40+05 123.1+0.4
110  1.057 6.34 2862 29.890 2546  27.20 8.29 6.2+0.7 123.3+0.4

115 1.052 6.40 23.39 24.24 20.88 22.00 15.29 10.2+1.2 123.3+04

120 1.046 6.36 21.17 21.86 18.56 19.60 28.56 174+2.0 123.2+04

T is the temperature in °C; a is the apparent enantioseparation factor; ty is the hold-up time; t; and t, are the
retention times of the first and second eluted enantiomers, respectively; w; and w, are the width of the peaks at a
half height for the first and second eluted enantiomers, respectively; hyiaeay i the relative height of the plateau

approx ;

formed between the interconverting peaks; k; is the rate constant determined by the approximation function;

AG” is the Gibbs free energy of the enantiomerization

95°C 100°C 105°C 110°C 115°C 120°C
n 51 54 o 42 @ ) 3% P 3 24 25 2 21 2

Figure 4.1 Chromatograms from the temperature-dependent DGC
experiment for 1,2-di-tert-butylpyrazolidine. Chromatographic conditions:
25m Chirasil-Dex (44% (w/w) of the permethylated-B-cyclodextrin as a
selector) [151] (0.25 mm i.d., film thickness 0.25 um). Carrier gas:
dihydrogen, P = 10 kPa.

150



Chapter 4: Enantiomerization of 1,2-di-tert-butylpyrazolidine
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Figure 4.2 Eyring plot for the determination of the activation parameters
AH* and AS" of 1,2-di-tert-butylpyrazolidine (23) from the DGC
experiment. The upper and lower curves represent the error bands of the
linear regression with a level of confidence of 95%. Activation parameters
calculated: AH* = 113.5 + 2.0 [kJ-mol™] and AS* = -14.7 £ 5.3 [J-mol™:-K™].

The racemate of one diastereomer (all-trans) of 1,2-di-iso-propyl-3,5-
dimethylpyrazolidine (24) was enantioseparated by gas chromatography on Chirasil-Dex with

the enantioseparation factor o = 1.08 (40°C) (Figure 4.3).

\(N—N'
24
In order to examine the possible diastereomerization (nitrogen inversion) of 24, a

stopped-flow experiment was performed as follows. Flow of the carrier gas was switched off
exactly at the time when both (already separated) enantiomers were located in the centre of
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the gas-chromatographic capillary. The temperature of the oven was quickly increased up to
190°C and kept for 10 min followed by fast cooling to 40°C and proceeding with the
separation at 50 kPa of the carrier gas pressure. As the result of the experiment, only two
peaks of the enantiomers of 24 were observed, i.e. no diastereomers of 24 were formed at
these conditions. Obviously, the reason for the greatly increased inversion barrier of 24 in
comparison with that of 23, despite the lower size of the isopropyl groups than that of tert-
butyls, is the presence of the methyl substituents in the a-positions which cause additional

steric hindrance.

(24)

o 20 40 60
(min)

Figure 4.3 Enantioseparation of N,N"-di-iso-propyl-a,o.”-
dimethylpyrazolidine (24) on Chirasil-Dex. Chromatographic conditions:
25m Chirasil-Dex (0.25mm i.d., film thickness 0.25 pm). Carrier gas:
dihydrogen, P = 50 kPa. Temperature 40°C.

152



Chapter 5

153



154



Chapter 5: Enantioselectivity vs. enantiomeric purity of a chiral selector

5. Experimental investigation of the influence of the enantiomeric purity of

a chiral selector on the enantioseparation by liquid chromatography

5.1 Introduction

Enantioselectiv lty (footnote: in the present chapter apparent enantioselectivity and apparent enantioseparation factor will be

implied under the terms of enantioselectivity and enantioseparation factor) o a1 imnortant concept in separation
techniques displaying the ability to distinguish one enantiomer from the other. As outlined in
Chapter 2, in chromatography, enantioselectivity is represented by the enantioseparation
factor, o, which is measured as the ratio of the retention factors of the second and the first
eluted enantiomer. Since three decades enantioselective LC has been greatly advanced and
nowadays enantioseparation factors, o, higher than 10 have become quite common [111, 200,
201]. High enantioselectivity is warranted in preparative chromatography [202] (e.g.
simulated moving bed [203,204] chromatography) in the chemical and pharmaceutical
industries and in membrane separations [205,206] - one of the most promising but challenging
method for enantiomer separations. Maximum enantioseparation factors are anticipated for
enantiomerically pure chiral selectors. It has been recently reported [109, 110], however, that
more than half of chiral building blocks of unnatural origin supposed to be enantiopure
contain more than 0.1% (in some cases up to 20%) of the undesired enantiomer. The reason
for that is economical because the higher the enantiopurity of a compound, the higher its
price. The aim of this work is to investigate experimentally (for theoretical considerations see
Section 2.4.1.1c) how the presence of the selector of opposite configuration influences the
enantioselectivity of a highly enantioselective chromatographic system [73].

Equation (1.29) [73,178,207] (see Section 2.4.1.1c) represents the dependence of the
enantioseparation factor, o, on the enantiomeric excess, €€, of the chiral selector responsible
for the enantioseparation and on the enantioseparation factor, o', corresponding to the
enantiopure chiral selector.

a“'(1+ee)+1—ee
- a“"(l1-ee)+1+ee

(1.29)

5.2 Results and discussion
To perform the experimental verification of the predicted drop of the enantioseparation
factor the main challenge is to identify a chiral selector possessing an extraordinary

enantioselectivity toward a racemic selectand. Another prerequisite is the availability of two
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opposite enantiomers of the selector in order to cover the whole range of the enantiomeric
compositions.

Chiral anion exchange-type stationary phases based on cinchona alkaloids developed by
Lindner et al. are known for very high enantioselectivities toward different classes of chiral
acids [200]. Natural quinine and quinidine molecules are in fact diastereomers having four out
of five stereogenic centers of opposite configuration. It was shown, however, that QN and QD
selectors used in LC possessed opposite enantioselectivity and they were therefore termed
“pseudoenantiomers”. The highest enantioseparation factor, o, ever observed in LC
(unpublished results) was recently found when derivatives of quinine (QN) or quinidine (QD)
(Figure 5.1) were used as chiral selectors for the enantioseparation of N-3,5-
dinitrobenzoyl(DNB)-a-amino  acids. The enantioseparation factor of N-DNB-4-
methylleucine on QN was found as large as 88.5 at 25°C (Figure 5.2). Consequently, it was

decided to use QN and QD as model selectors for our investigation.

QN QD

Figure 5.1 “Pseudoenantiomeric” modified quinine (QN) and quinidine (QD) selectors.
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(R)-N-DNB-4-methylleucine

(S)-N-DNB-4-methylleucine

r 7 T 7 T 7 T 7 T 7 T 7 T 7 T 7 1
0 20 40 60 80 100 120 140 160

(min)

Figure 5.2 Chromatogram of the enantioseparation of (R,S)-N-3,5-
dinitrobenzoyl-4-methylleucine on QN100 CSP. Enantioseparation factor a
= 88.5.

The chiral selectors QN and QD (Figure 5.1) were prepared from natural quinine and
quinidine, respectively. Enantiomeric excess of QN and QD checked by HPLC was found to
be more than 99.9%. The selectors were immobilized onto y-mercaptopropyl-modified
spherical silica (5 pm particle size) using radical initiation with AIBN. The selector loading
measured by elemental analysis was found to be 1454+0.5 and 1584+0.5 pmol/g for QN and
QD, respectively. Portions of the silica gel modified with QN and QD were mixed with to
yield seven batches of CSPs with different molar fractions, X, of QN in the mixture of QN and
QD: x = 1 (QN100), 0.989(QN99), 0.946 (QN95), 0.867 (QN87), 0.736 (QN74), 0.483
(QN48) and 0 (QD100). Thus, the whole range from ee = 0 to ee = 1 has been covered. It
should be noted that owing to the “pseudoenantiomeric” nature of QN and QD selectors, the
ee values are virtual (omote: virtual enantiomerie excess ee s in factthe diastercomeric excess de) vt 41 the best of
our knowledge, a selector possessing so high enantioselectivity and present in two
enantiomeric forms is not readily available at present. The silica gel batches were used for the

preparation of seven HPLC columns (15 cm x 4.0 mm i.d.) using the slurry method. The
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eighth column was packed with non-modified y-mercaptopropyl silica microparticles (SH)
and was used as the reference column.

(footnote: non-racemic samples were used for assignment of the elution order) o-amino acid

Six racemic
derivatives were selected to cover as large as possible range of the enantioseparation factors
obtained on the enantiomerically pure CSP QN100: N-Fmoc-phenylalanine (oo = 2.46), N-
benzoylmethionine (a0 = 4.29), N-DNB-alanine (o = 18.4), N-DNB-2-allylglycine (o = 30.9),
N-DNB-leucine (o= 51.8) and N-DNB-4-methylleucine (o= 88.5). Chromatographic
measurements were carried out in a polar organic mode with methanol modified with acetic
acid (2% v/v) and ammonium acetate (0.5% w/w) used as the mobile phase. The retention
data obtained on stationary phases QN100, QD100 and SH were used for the calculation of
the enantioseparation factors at the molar fraction of QN ranging from X = 0 to 1. Since the
selectors QN and QD are not true enantiomers, the enantioseparation factor was calculated

using equation (1.22) that was derived for CSPs containing mixtures of different selectors

with unequal concentrations (see Chapter 2 and 6).

mix mix

K0+Cﬂ(KQNIOO-KO)+ CQD (KQDloo_KO)
D C D

C QD100
a™ = — L (1.22)
Ko + CQN (KQNIOO K0)+ CQD (KQDIOO K&))
QN100 L - QD100 L -
QN CQD

where a™ is the enantioseparation factor on the mixed CSP containing both QN and
QD selectors; subscripts D and L refer to the opposite enantiomers of the selectand; K° is the
distribution constant of a selectand on a reference column containing stationary phase SH;

KM and K™ are the distribution constants of enantiomer D on columns containing CSP

QN100 and QD100, respectively. The distribution constants are determined as a product of
the retention factors and the phase ratio of the corresponding column, e.g.

K = g k™™ ; coe and ¢y are concentrations of selector QN and QD, respectively,

in the mixed CSP, while ¢\ and cg)' are concentrations of selector QN and QD in CSPs

QN100 and QD100, respectively. The phase ratios were determined as ratio of the void
volume to the volume of the stationary phase (see suppl. material).

As one can see from Table 5.1, the agreement of the experimental and the calculated
values of enantioseparation factor, a, is excellent. Figure 5.3 illustrates the behavior of the
enantioseparation factor of N-Fmoc-phenylalanine (Figure 5.3a) and N-DNB-4-methylleucine
(Figure 5.3b) as a function of molar fraction of QN, X. As one can see, the predicted drop of

158



Chapter 5: Enantioselectivity vs. enantiomeric purity of a chiral selector

the enantioseparation factor on the enantiomerically impure chiral selector possessing strong

enantioselectivity is fully confirmed. Thus, the enantioseparation factor a = 88.5 found for N-
3,5-dinitrobenzoyl-4-methylleucine on QN100 CSP is dropped to 51.4 on QN99 CSP
containing only 1.1% of QD selector. It should be noted that, although QN and QD possess

opposite enantioselectivity, QD is somewhat less enantioselective than QN (Table 5.1).

Therefore, for true enantiomeric selectors with so high enantioselectivity the drop of o would

be even more significant.

Table 5.1 Calculated and experimental enantioseparation factors obtained on the CSPs

with different molar fraction of QN selector

CSP:  QN100 QD100 QN99 QN95 QN87 QN75 QN50
molar fraction of QN, x:  1.00 0 0.989 0.946 0.865 0.734 0.479
"ee" of QN selector: 1 -1 0.978 0.892 0.73 0.468 -0.042

N-Fmoc-phenylalanine

Oexp 2.46£0.005 2.62+0.005 2.43+0.01 2.21+0.01  1.87+0.01  1.45£0.01  0.92+0.01*

Olcale - - 2.440.01 2.18+0.02  1.85+0.02  1.44+0.02  0.91%0.01
N-benzoylmethionine

Oexp  4.2940.03 5.00+£0.005 4.08+0.03 3.3740.02  2.47+0.01 1.62+0.01 0.82+0.01*

Olcale - - 4.06£0.03  3.33+£0.02  2.4440.05 1.59+0.02  0.80+0.01
N-DNB-alanine

Olexp 18.4£0.2 16.4+0.02  15.940.02  9.39+0.02  5.05+0.02  2.58+0.01  1.00+0.01

Olcale - - 15.5+0.2 9.33+0.02  5.0840.05 2.61+0.02  1.00+0.01
N-DNB-2-allylglycine

Oexp  30.9£0.1 28.840.1 24.0+0.2 11.6£0.14  5.56£0.07 2.67+£0.01  1.00+0.01

Olcale - - 23.310.2 11.5£0.08  5.54+0.07 2.66+0.02  0.9610.01%**
N-DNB-leucine

Olexp 51.840.2 44.610.3 36.0+0.1 14.6+0.05  6.47+0.02  2.98+0.01  1.03+0.01

Olcalc - - 34.440.3 14.3+£0.03 6.3940.02  2.96+0.02 1.04+0.01
N-DNB-4-methylleucine

Olexp 88.5£0.3 74.310.4 51.440.2 17.0£0.05  7.07+£0.01  3.16x0.01  1.0940.01

Olcale - - 48.610.3 16.810.2 7.0310.1 3.1620.03  1.0940.01

*o < 1 means inversion of the elution order

**a, < 1 because the loading of QD is slightly higher than that of QN
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Figure 5.3 Plot of the experimental (red circles) and the calculated (solid
black lines) enantioseparation factor, o, versus molar fraction of QN
selector in the mixture of QN and QD, X; analytes: (a) N-Fmoc-
phenylalanine, (b) N-DNB-4-methylleucine.

On the one hand, it is surprising and unexpected that the enantioseparation factor
collapse from 88 to 51 after addition of just 1% of the opposite enantiomer of the chiral
selector. Intuitively, a linear plot of o versus ee may be expected and this is indeed observed
for 0" less than 4 (Figure 5.3a). Thus, o = 2.46 recorded for N-Fmoc-phenylalanine on
QN100 CSP is only dropped to o = 2.43 on QN99 CSP. This peculiarity is a result of the
definition of the enantioseparation factor, a, as the ratio of the retention factors, i.e. ky/Kk;.
Thus, the higher a is, the stronger it is influenced by the fluctuation of the retention factor of
the first eluted enantiomer, k;. This behaviour can further be understood by the following
thought experiment: in the hypothetical case that one enantiomer is eluted with the void
volume of the column, whereas the other enantiomer is retained, the enantioseparation factor
becomes infinite. However, only a minute amount of an enantiomeric impurity present in the
selector (ee = 1) causes a minute retention of the first eluted enantiomer and the infinite
separation factor is now rendered finite. Thus, from the practical point of view such a strong
drop of a does not seem to be critical because it turned out that the distance between the
peaks of the enantiomers is linearly dependent on the enantiomeric excess ee (or molar
fraction, X) of the chiral selector. Therefore, for highly enantioselective CSPs the use of the

enantioseparation factor, o, might be confusing. Instead, it might be more appropriate to use

2_k1

+k

, where k; and ks are retention factors of the first and the

the ratio (“retention excess”)

2 1
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: . k, —k .
second eluted enantiomer, respectively. The plot of ——— vs. molar fraction, X of the
2 + 1

selector gives a straight line independently of the enantioselectivity of the selector (Figure
5.4). Slight nonlinearity of the lines and the fact that they do not cross X axis at value of 0.5 is

the result of the “pseudoenantiomeric” nature of QN and QD selectors.

—&— N-Fmoc-phenylalanine
—&— N-benzoylmethionine
©  N-DNB-alanine
—&— N-DNB-2-allylglycine
@ N-DNB-leucine
—@— N-DNB-4-methylleucine
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Figure 5.4 Plot of m vs. molar fraction of QN, X, in the mixture of QN and QD.

k, +k
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Chapter 6: Nonenantioselective vs. enantioselective interactions in LC

6. Evaluation of nonenantioselective versus enantioselective

interactions in liquid chromatography

6.1 Introduction

As outlined in Chapter 2, enantioselectivity, -Ap AG, is a strictly thermodynamic
quantity, and it is frequently correlated with the apparent enantioseparation factor aup, (as
before, the subscripts D and L denote enantiomers, irrespective of their absolute
configuration; the D enantiomer is arbitrarily eluted after the L enantiomer from the column

(below Tis,); R = gas constant; T = absolute temperature; k = retention factor; K =

distribution constant).

app
K D

app
K L

~A,,AG =RT -In(a ) (1.40)

app

):RT-In(t—D):RT-In(

L

In liquid-chromatography on brush-type CSPs, the chiral selectors are chemically linked
to an achiral support. Although the achiral support does not participate in enantiomeric
recognition, it contributes to the retention of both enantiomers to the same extent. Therefore it
is mandatory to separate achiral and chiral contributions to retention in chromatographic
selector—selectand systems displaying enantioselectivity [30,33]. In addition, a separate study
of the enantioselective and the nonenantioselective interactions is also important for a rational
design of new selectors or for the improvement of the enantioselectivity by means of reducing
the number and activity of the nonenantioselective sites. Despite the above mentioned notion,
eq (1.40) is frequently erroneously used for the determination of the true enantioselectivity of
a chiral selector, although for chiral bonded phases in liquid chromatography (LC), Pirkle et
al. previously stated that additional retention mechanisms other than those responsible for
chiral recognition attenuate the « value and hence stability differences between
diastereomeric solvates calculated from observed « values will represent minimum values (cf.
footnote in ref. [90]). A related argument of distinguishing nonenantioselective from
enantioselective interactions in enantioselective liquid-chromatography utilizing protein
stationary phases has been advanced by Allenmark [91]. The topic has been reiterated
recently by Guiochon et al. to differentiate between apparent and true enantioseparation
factors [93]. In enantioselective gas-chromatography (GC), the concept of the retention-

increment R’ has been used to quantitatively differentiate between nonenantioselective
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contributions to retention, arising from gas-liquid partitioning, and enantioselective
contributions to retention, arising from enantioselective molecular association defined by the

thermodynamic association constant K*, whereby only differences of the latter quantity

lead to the separation of enantiomers [30,127,131,99]. The concept of the retention-increment
R’ (formerly called retention-increase [30]) is an extension of an approach to determine
complexation constants in argentation GC [154,155]. In enantioselective GC, the true
enantioseparation factor, aure, Can be assessed by use of two columns, i.e., (a) a reference
column devoid of the chiral selector and a column containing the chiral selector or (b) by use
of two columns containing the chiral selector with different concentrations (loadings) in the

achiral matrix (cf. Chapter 2). In the latter case, the achiral contribution to retention, K°, can

be obtained by the following equation [33]:

app app app app

K® - K = KKy
app appy app app
(KDl + KL2 ) (KDz + KLl

0

where D and L designate two enantiomers (D is arbitrary eluted after L) and subscripts 1
and 2 correspond to the CSPs with different concentrations of the chiral selector.

A method similar to the retention increment approach, based on a “pseudo-phase”
model, was recently used in enantioselective GC by Armstrong et al. [208] in order to
separate partition equilibria occurring between the gas mobile phase and both components of
a CSP (an achiral polymeric matrix and a cyclodextrin selector) and the analyte equilibrium
between the achiral polymeric matrix and the cyclodextrin selector.

A method that permits the isolation of enantioselective interactions from the
nonenantioselective ones based on the determination of equilibrium isotherms by means of
frontal analysis followed by modeling the isotherms was described by Guiochon et al.
[158,209,92,93]

In the present Chapter, a method, based by the retention increment approach used in GC,
is described for distinguishing between enantioselective and nonenantioselective interactions
in liquid chromatography on brush-type CSPs. Despite its similarity with the method
described for GC (see Chapter 2), the possibility of the analytes to interact (adsorb) with the
selector molecules directly from the mobile phase renders the derived equations different

from those obtained for GC applications.
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6.2 Results and discussion

If a selectand enantiomer D migrates through a column packed with a brush-type CSP
containing enantiopure selector A chemically linked to an achiral support S, two independent
equilibria can be distinguished: adsorption of D on S and association of D with A. These

processes are described by the corresponding equilibrium constants.

K3
D D,
Ko = los (1.41)
CDm

Kz

D,+A+<AD

Koo = Cao (1.42)
CDmCA

where D, and D, represent the selectand in the mobile phase and the selectand

adsorbed on S, respectively; A is the chiral selector chemically linked to S; AD is the
associate formed between A and D; ¢y, (MOI/L) is the concentration of D in the mobile phase;
Cos (Mol/g) is the molality of D adsorbed on S (mol of D per gram of S); ¢, and cap (Mol/g) are
the molalities of A and AD present on the surface of S; K; (L/g) is the equilibrium constant
of the adsorption of D on the surface of S; K= (L/mol) is the equilibrium constant of the
association between D and A.

It is assumed that the selectand enantiomers form 1:1 associates with the chiral selector.
It is also assumed that the selectand is independently adsorbed on the surface of the achiral
support and that this adsorption is not changed upon increasing the amount of the chiral
selector present on the surface. The latter assumption is only valid at low concentrations of
the chiral selector.

The overall adsorption, including enantioselective and nonenantioselective interactions,
of the selectand enantiomer D on the CSP composed of the achiral support S and the chiral

selector A is described by the apparent adsorption equilibrium constant K2* (L/g).
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KSDP — CDsC+ CAD (143)

Dm
The value of the apparent adsorption equilibrium constant, KZ*, determines the

retention factor of the analyte according with the following expression.

Kg® =Bk, (1.43a)

Where g is the phase ratio of the column containing the CSP and k, is the retention
factor of D. Since the concentration of the selector on the silica surface is expressed as mol/g
(i.e. as molality), the phase ratio, £, should be determined as the ratio of the volume of the
mobile phase (void volume, L) to the mass of the CSP (g).

Substitution of eq (1.41) and (1.42) into (1.43) yields

K =K+ K" -c, (1.44)

The same considerations for the L enantiomer of the selectand lead to eq (1.45)

K =K +K>*.c, (1.45)

where subscript L corresponds to the L enantiomer.

The expression for the apparent adsorption equilibrium constant K:* (eq (1.44)) (and
K™- eq (1.45)) is composed of two terms. The first term, K., represents the
nonenantioselective contribution to the retention arising from the adsorption of D on S,
whereas the second term, K™ -c, , displays the enantioselective contribution to the retention
which is the result of the selector-selectand association.

The ratio of the association equilibrium constants of the enantiomers D and L

determines the true enantioseparation factor [33,207,92,93] of the racemate DL on the CSP,

assoc

=—22_ which is related to the Gibbs energy difference between the diastereomeric

true K assoc
AL

associates AD and AL as — A, ,, AG =RTIn(e,,.) .

AD,AL
Because of the nonenantioselective contribution of the term Ke (see eq (1.44) and

(1.45)), the value of the apparent enantioseparation factor, o.pp, determined as the ratio of the
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app
apparent adsorption equilibrium constants, i.e. «,, = KZ"" , 1s always lower than that of the
L

true enantioseparation factor, aure (See Chapter 2). If there were no nonenantioselective sites
on the CSP, i.e. K° were zero, the apparent enantioseparation factor, oapp, Would be equal to
the true enantioseparation factor, auue. The stronger the nonenantioselective interactions, the
lower will be the apparent enantioseparation factor, opp, 0On this CSP, although the true
enantioseparation factor will not change.

According to eq (1.44) and (1.45), a plot of K vs. c, yields a straight line of slope
K and intercept K_Z. Thus, using this method, the nonenantioselective and
enantioselective contributions to the retention, K° and K;5* -c, , respectively, can be isolated

and studied separately without interference with each other. It should be noted, however, that
the nonenantioselective interactions possibly occurring with the achiral parts of the chiral
selector, in contrast to the method of Guiochon [92,93,158,209], can not be evaluated.

In order to construct the plot of K*" vs. c,, several CSPs loaded with different amount

of the quinine selector (Figure 6.1) were prepared. Radical immobilization of the selector on
the mercaptopropyl silica surface was used to obtain 50, 80, 110 and 150 umol/g silica
batches. The loadings of the selector, coy (umol/g), determined by elemental analysis, were
found to be 48, 78, 111 and 146 umol/g, respectively. The close agreement of the planned
selector concentrations and the actually obtained values shows the feasibility of the controlled

loading of the selector.

ON

Figure 6.1 Structure of the quinine selector (QN) used for immobilization

on the mercaptopropyl silica particles.
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Four columns (15 cm x 4 mm i.d.) were packed with the produced CSPs by the slurry
method. A reference column was packed with the unmodified mercaptopropyl silica. Under
the assumptions mentioned above, the adsorption equilibrium constants obtained on the
reference column should correspond to the case with coy= 0, i.€. to the K° constants.

The following analytes were chosen for the investigation: N-Fmoc-phenylalanine (25),
N-{[(3,5-dipropoxybenzyl)oxy]carbonyl}leucine (26), 2-(2,4-dichlorophenoxy)propanoic acid
(27). The racemates were analyzed on the five columns in three different mobile phase modes
(for preparation of the mobile phases see experimental part): organic polar mode (methanol :
acetic acid : ammonium acetate [98 : 2 : 0.05]), reversed mode (water : methanol : acetic acid
: ammonium acetate [40 : 58 : 2 : 0.5]) and normal mode (n-heptane : ethanol : acetic acid [90
: 10 : 1]) (see experimental part). All the racemates, except 25 which could not be eluted in
the normal mode, could be enantioseparated using the three different mobile phases. All the
measurements were performed at 25.0 + 0.1°C. Each measurement was repeated at least three

times. Based on the retention data, plots K*" vs. coy Were constructed (Figure 6.2-6.4).

(ee]
1

® - Compound 25
® - Compound 26
e - Compound 27

(o))
1

Apparent equilibrium constant, K*(L/g)*10°
D
1

L L T I I I I I 1
0 20 40 60 80 100 120 140 160
Loading of silica with QN selector, cQN(moI/g)*lo6

Figure 6.2 Plots of the apparent distribution constants, K**, versus loading

of the quinine selector, coy. Subscripts 1 and 2 correspond to the first and the
second eluted enantiomers, respectively. Analyses were performed in

organic polar mode.
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Figure 6.3 Plots of the apparent distribution constants, K*", versus loading

of the quinine selector, coy. Subscripts 1 and 2 correspond to the first and the
second eluted enantiomers, respectively. Analyses were performed in
reversed mobile phase mode.
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Figure 6.4 Plots of the apparent distribution constants, K*", versus loading

of the quinine selector, coy. Subscripts 1 and 2 correspond to the first and the
second eluted enantiomers, respectively. Analyses were performed in
normal mobile phase mode. Regression analysis was performed excluding
the points at coy = 0 (See text)
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As one can see, all the plots represent straight lines with the correlation coefficient R
usually being higher 0.999. This confirms the validity of the equations (1.44 and 1.45) and the
precision of the immobilization chemistry and the elemental analysis used for the
determination of the loading of the selector on the silica surface. It is also important that the

plots corresponding to the opposite enantiomers are converged in the same points, K°.
In the polar organic and reversed modes the values of K° experimentally obtained on

the reference column were in good agreement with the extrapolated values obtained from the
linear plots constructed excluding the point obtained on the reference column, i.e. the point at

Con = 0. Equilibrium constants, K°, obtained on the reference column in the normal mode,

however, were slightly below the approximated values. Presumably, this was caused by the
repulsive effect of the acetic acid adsorbed on the pure mercaptopropyl silica surface. In the
other cases, ammonium acetate present in the mobile phases served as a competitor to such
adsorption. Thus, the linear plots depicted in Figures 6.2 and 6.3 were constructed on the
basis of the retention data obtained on the five columns (including the reference column, i.e.
Con = 0), while the plot represented in Figure 6.4 was drawn excluding the point at coy= 0.
From Figures 6.2-6.4 one can see that when cqy approaches zero, the apparent

adsorption equilibrium constants, K*, and selectivity drop significantly. This is also seen

from the experimental data summarized in Table 6.1. Values of K® and K -c,, (where

QN-X
Con = 146 umol/g and X is the first eluted enantiomer of the compounds 25-27) correspond to
the nonenantioselective adsorption of the selectand molecules with the achiral support and the
enantioselective selector-selectand interactions, respectively. From the data given in Table
6.1 it becomes apparent that the nonenantioselective interactions are extremely low in these

conditions in comparison with the enantioselective ones.
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Table 6.1 Chromatographic experimental data

Mobile K 0 103 ( KSS’\SIO; . CQN )103 K assoc K assoc § CQN
h de: g 2 e Oltrue Olapp
phase mode: [L/g] [L/g]? [L/mol] [L/mol]

a
X
Ds

Polar organic mode

Comp.25 0.22+0.05 2.77 £0.06 19.0+04 493+05 259+0.06 248 12.6

Comp.26  0.17 +0.03 1.20 +0.03 8.2+0.2 16.4+05 2.00+0.09 1.90 7.1

Comp. 27  0.061+0.004 1.59 +0.006 10.9+0.04 128+0.1 1.18+0.005 1.17 26.1
Reversed mode

Comp.25 6.1+0.3 83.4+2 571+14 1116 £24 1.95+0.07 1.87 13.7

Comp.26 75+0.3 39.6+0.9 271+6 457+10 1.69+0.06 1.58 5.3

Comp.27 0.92+0.04 16.1+0.4 110+ 3 127+ 4 1.15+0.005 1.14 175
Normal mode

Comp. 26 1.6+0.2 6.63 £ 0.06 454+04 714+1.0 157+0.02 1.50 4.1

Comp. 27 15+0.2 18.4+0.4 126 + 3 144 + 4 1.14 +0.02 1.14 12.3

X is the first eluted enantiomers of the racemates 25-27; cqy = 146 pmol/g
bassociation equilibrium constant corresponding to the first eluted enantiomer
“association equilibrium constant corresponding to the second eluted enantiomer
chN = 146 umol/g; standard deviations of the experimentally obtained apparent

enantioseparation factors were <0.01

The extremely weak nonenantioselective interactions result in virtually complete loss of
the retention of the analytes on the reference column devoid of the quinine selector. Such
unusual behavior can be explained by the large strength of the interactions of the positively
charged quinine selector with the negatively charged selectand molecules. Therefore, the high
ionic strength of the mobile phase is necessary for the analytes to be eluted with reasonable
retention times, whereas, the contribution of the weak nonselective interactions on the
retention in such conditions is very low. Such behavior is not common in liquid
chromatography where the nonenantioselective interactions have often pronounced influence
on the overall retention [92].

A quantitative characterization of the relative difference between enantioselective and
nonenantioselective interactions can be obtained from the following expression derived from
eq (1.41) and (1.42).

K assoc . C
Coo . n (1.46)
c K°

Ds
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Equation (1.46) represents the ratio of the amount of the selector-selectand associates,
AD, at a certain concentration of the selector, ca, to the amount of the selectand molecules,
D, adsorbed on the surface of the achiral support S, cp. The experimental data, obtained
according to eq (1.46) at the concentration of the quinine selector coy = 146 umol/g, are given
in Table 6.1. The lowest value of the ratio (1.46), corresponding to the highest

nonenantioselective adsorption, was found for the compound 26 analyzed in normal mode, i.e.

C
—2 — 4 (determined for the first eluted enantiomer). The largest value of the ratio (1.46),
C

2s

showing the lowest nonenantioselective adsorption, was observed for the racemate 27

. _ . C
analyzed in polar organic mode, i.e. == =26. The number 26 means that on each molecule
c

3
of 27 adsorbed on the achiral mercaptopropyl silica surface there are 26 molecules of 27
associated with molecules of the quinine-selector.

As one can see from Table 6.1, the nonenantioselective adsorption is significantly
increased when turning from the polar organic mode to the reversed and normal modes. For

example, the value of K° for compound 26 obtained in reversed mode is more than 40 times

higher than that obtained in polar organic mode. On the other hand, the strength of the
enantioselective interactions is also increased, e.g. the association constant of the first eluted

enantiomer, K™, of compound 26 is increased from 8.2 measured in polar organic mode to

approximately 270 obtained in reversed mode. This indicates that, upon turning from organic
polar to reversed mode, the hydrophobic interactions are increased with both the
mercaptopropyl silica surface and with the hydrophobic parts of the quinine-selector. It is
worth noting that, despite the strong increase of the strengths of the selector-selectand
interactions when turning from the polar organic to the reversed mode, the true
enantioseparation factor, oure, Of compound 26 is reduced from 2.0 to 1.7. Since the true
enantioseparation factor is considered, this reduction is solely the result of the decreased

enantioselectivity of the chiral selector toward compound 26. However, because of the

presence of the nonenantioselective interactions, the enantioselectivity of the CSP is further

reduced. Thus, the apparent enantioseparation factor, o.pp, found to be 1.6 in the reversed
mode with the concentration of the quinine selector, cqy = 146 umol/g.

Thus, this method allows one to analyze how one or another change in the
chromatographic conditions or modification of silica or some other changes in the system

influence the nonenantioselective vs. enantioselective interactions. In turn, this knowledge can
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help to optimize the enantioseparation by varying the conditions of the separation or by
modifying the CSP.

As predicted [207,33], the values of the apparent enantioseparation factors, oupp, are

found to be lower than that of the true enantioseparation factors, oue (Table 6.1). It is

interesting to note that due to the very strong enantioselective interactions the apparent

enantioseparation factors, ouapp, are only slightly reduced upon decreasing the concentration of

the quinine-selector from 146 to 48 umol/g (Figure 6.5). This behavior is in agreement with

the predicted variation of the apparent enantioseparation factors, oapp, in the presence of

strong enantioselective interactions (see Chapter 2) [127].

@ —— (b)
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Figure 6.5 Plots of the apparent enantioseparation factors, opp, Of

compounds 25 (1), 26 (2) and 27 (3) as functions of the concentration of the

quinine-selector on the silica surface, coy (g/umol). (a) Organic mode, (b)

reversed mode, (c) normal mode
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7. Differentiation between racemic compounds and

conglomerates by enantioselective GC

7.1 Introduction

Resolution of racemates into pure enantiomers by means of preferential crystallization
in the spirit of Pasteur’s work on tartaric acid is still the easiest and cheapest method available
for generation of enantiomerically pure compounds [114,115,117]. However, only chiral
compounds forming conglomerates, i.e. homochiral crystalline modifications where each
single crystal is composed of only one enantiomer, are capable of the resolution through the
preferential crystallization. The percentage of known conglomerate-forming substances,
however, in the pool of chiral organic solids [114] is still limited and, therefore, the search for
new conglomerates among the important synthons or their synthesized precursors is
important. Since, the conglomerates and racemic compounds (heterochiral crystalline
modifications of chiral compounds in which each single crystal is composed of both
enantiomers) have different crystal structures, they can be differentiated by different solid-
state techniques. Apart from X-ray diffraction techniques the well-known methods for
detection and visualization of the differences between homo- and heterochiral crystal
structures include solid state IR [210-213], Raman [210-215], solid state NMR [214,216] and
solid state UV-VIS spectroscopies [214]. Solid state ESR spectra of radicals provide valuable
information about their crystal structures, magnetic properties, local environment and spatial
distribution in the lattice [217,218]. It has been shown that ESR spectroscopy is also capable
of differentiating between homo- and heterochiral crystal structures [219]. Conglomerate
formation may be confirmed if the solid state spectrum of the crystalline racemic form is
identical to that of the enantiomerically pure substance.

Since single crystals of a conglomerate and a racemic compound have enantiomeric and
racemic compositions, respectively, they can be differentiated by the analysis of separate
single crystals (or their solutions) of the two forms by chiroptical methods like circular
dichroism or optical rotation. Probably, the most convenient and effective method for the
distinguishing between the racemic compound and a conglomerate, however, is
enantioselective chromatography. The advantages of this method consist in high sensitivity
and straightforwardness in comparison with the solid state methods, which require
comparison of the spectra of the racemic sample with the enantiomerically pure one. In the
following Section, two examples of using the enantioselective gas chromatography as a

method for detecting the formation of a conglomerate are presented.
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7.2 Results and discussion
2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene-4,8-dione (28) represents a rare example

of a chiral substance that possesses diastereomorphism [114,220], i.e. it is capable of forming

both a racemic compound (below 100°C) and a conglomerate (above 100°C) (Figure 7.1)
[221, 222].

Figure 7.1 Single crystals of the racemic compound 28 (left); single crystals
of the conglomerate 28 (right).

Therefore, 28 is especially appropriate for demonstrating the merit of enantioselective
chromatography as a tool for distinguishing between the racemic compounds and the
conglomerates. Compound 28 was synthesized according to a known procedure [223-225]
and crystallized at two different temperatures: at 20°C (from acetone or n-octane) and at
100°C (from toluene or n-octane). The produced single crystals were dissolved in diethylether
and analyzed by enantioselective GC using a 2 m fused-silica column (0.25 mm i.d. x 0.25
um film thickness) coated with the Chirasil-Dex CSP. Figure 7.2 represents chromatograms
of the enantioseparation of the solutions of single crystals obtained by low-temperature
crystallization and that obtained by high-temperature crystallization. As one can see, the
single crystal obtained at 20°C contains the two enantiomers in the ratio of 1:1, while that
obtained at 100°C contained essentially only one enantiomer. This unambiguously proves
conglomerate formation by 28 upon crystallization above 100°C and racemic compound at
20°C. This result was later confirmed by X-ray structural analysis (conglomerate of 28, space

group P2,2,2,; racemic compound of 28, space group P 1) [221].
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{-}-15,55-1

(+)-1R.5R-1
(=)-15.55-1

(+1-1R,5R-1

(=)=15.55-1

(+)-1R.5R-1

Figure 7.2 (a) Gas chromatogram of a solution of a single crystal of 28
obtained by low-temperature crystallization (left); (b) gas chromatograms
of solutions of single crystals of 28 obtained by high-temperature
crystallization (middle and right). CSP: Chirasil-Dex; carrier gas:
dihydrogen; 50kPa, 130°C. Fused silica column: 2 m x 0.25 mm i.d. x 0.25

pm polymer film thickness.

(28) (29)
Figure 7.3 2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-dienc-4,8-dione (28);
4,8-bis(methylene)-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (29)

4,8-bis(methylene)-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (29) represents another
example of the conglomerate formation as identified by enantioselective GC. An attention
was paid to the fact that the melting point of the pure enantiomers of 29 is much higher than
that of the racemate (AT tenantiomer - Tracematey = 43°), which is already an indication of the
possible formation of a conglomerate [114]. Furthermore, all substituted dibenzodiketones
studied by X-ray diffraction crystallized in achiral space groups [226]. In order to examine the
nature of the crystals of 29, the synthesis of this compound was performed. It was found that

the racemate of 29 can be separated into enantiomers by enantioselective GC on Chirasil-Dex
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CSP (Figure 7.4). However, single crystals grown from the racemic solution of 29 at 20°C
and -10°C gave only one peak under the same chromatographic conditions (Figure 7.4b.c).
Thus, it can be concluded that crystallization of 29 leads to a conglomerate of
enantiomerically pure single crystals. The conglomerate formation of compound 29 was
unambiguously confirmed by X-ray diffraction (space group P2,2,2) and polarimetry. Thus,
the limited number of well-known hydrocarbon conglomerates (3,4-benzophenanthrene, 1,1'-
binaphthyl, [5]-[9]-helicenes, 0-hexaphenylene [114] and [4]-triangulan [227]) has been
supplemented with a new example using enantioselective GC as a tool for the detection of the

conglomerate formation.

Figure 7.4 (a) Gas chromatogram of a solution of racemic
29, (b and c) chromatograms of solutions of single crystals
of 29. CSP: Chirasil-Dex; carrier gas: dihydrogen; 50kPa,

115°C. Retention time for the first peak: 5.93 min; and for

the second peak: 6,76 min. Fused silica column: 2 m x

0.25 1.d. x 0.25 pm film thickness.

e
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8. Experimental part

8.1 Materials and methods

'H and ®C NMR spectra were recorded on a Bruker Avance 400 spectrometer
operating at 400 MHz for protons and 100 MHz for carbon nuclei at 20°C. *H and **C NMR
spectra of 28 and 29 were recorded on a Bruker DRX-500 spectrometer operating at 500
MHz for protons and 125 MHz for carbon nuclei at 20°C. NMR measurements of heptakis(6-
O-(N-acetylyl-L-valine-tert-butylamide)-2,3-di-O-methyl)-B-cyclodextrin ~ (ValDex) were
performed at the University of Pisa by S. Nazzi and Prof. G. Uccello-Barretta using a Varian
Inova 600 spectrometer operating at 600 and 150 MHz for protons and carbons, respectively.
The temperature was controlled to +0.1 °C. Chemical shifts were expressed in parts per
million downfield from TMS. High-resolution ESI-MS (FT-ICR) was carried out on a Bruker
Daltonic APEX 2 spectrometer. Ultrasonication was performed using an ultrasonic bath Elma
Transsonic Digital-S (Singen, Germany). Optical rotations were measured using Jasco P-
1020 Polarimeter. The melting points were recorded with a Biichi B-540. The course of the
reactions was monitored by TLC: silica gel plates on plastic support, Polygram® SIL
G/UV2s4 Macherey-Nagel, Duren, Germany. Treatment with a mixture of p-anisaldehyde :
conc. sulfuric acid : acetic acid (1 : 2 : 97) followed by heating up to 150°C was used for the
visualization. Column chromatography was performed using silica gel 40-60 um.

Capillary gas chromatography was performed on a Trace GLC (Thermo Finnigan,
Milan, Italy) gas chromatograph equipped with an FID, dihydrogen as a carrier gas (50 kPa if
not otherwise stated), autosampler (Thermo Finnigan AS2000) and software Chrom-Card 32-
bit (2.0). Fused silica capillaries (0.25 mm 1.D.) were purchased from Ziemer, Mannheim,
Germany. The capillaries were heated at 250°C with a slow stream of dinitrogen overnight
followed by coating with a selected CSP using the static method to yield a film thickness of
0.25 um. The columns coated with CSPs were conditioned by gradual heating up to 190-
200°C followed by keeping at this temperature for 5-10 h. The maximum gas-
chromatographic working temperature was 190-200°C. The apparent enantioseparation
factor, ouapp, Was determined as o = (t2 - tg) / (t1 - tg), Where ty, t; are the retention times of the
first and second eluted enantiomer, respectively, and t; is the hold-up time approximated by
co-injection of methane. The resolution factor was determined using the following
expression: Rs = 1.177 * (t2 — t1) / (Wh1 + Wh2), Where why and wh are the width of the peaks

at the half height of the first and the second eluted enantiomer, respectively; k; is the
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retention factor obtained as (t; - tg) / tg. The elution order was determined by using non-
racemic standards of known configuration.

HPLC measurements were performed on a semi-preparative HPLC D-7000 HSM
system equipped with a pump L-7150, autosampler L-7250 and DAD detector. Detection was
performed at 254 nm. The rate of the mobile phase was 1 ml/min. The temperature was kept
at 20°C £ 0.1°C. The HPLC columns (15cm x 4mm i.d.) were packed by a slurry method. All
the solvents and reagents for the mobile phases were ordered from Fluka. Solvents were of
“HPLC-grade”. Organic polar mode: 20 mL of glacial acetic acid were placed in a 1L
volumetric flask followed by addition of methanol up to 1L. After equilibration, 5g of
ammonium acetate were added. Normal mode: 100 mL of ethanol were placed in a 1L
volumetric flask followed by addition of n-heptane up to 1L. After equilibration 10 mL of
glacial acetic acid were added. Reversed phase mode: 20 mL of glacial acetic acid and 400
mL of bi-distilled water were placed in a 1L volumetric flask followed by addition of
methanol up to 1L. After equilibration, 5g of ammonium acetate were added.

Solvents were purified by using standard procedures. Methyloxirane, trifluoroacetic
acid, trifluoroacetic acid anhydride, di-tert-butyldicarbonate, N,N’-dicyclohexylcarbodiimide,
tert-butylamine, bromoacetyl chloride, undec-10-enoyl chloride, hexachloroplatinic acid,
resorcinol, 10-undecenal, tert-butyldimethylsilyl chloride, methyl iodide, diiodomethane,
benzyl cyanide were purchased from Fluka (Buchs, Switzerland) or Sigma-Aldrich
(Steinheim, Germany). B-Cyclodextrin was purchased from Carl Roth GmbH (Karlsruhe,
Germany).

Hydromethyl(7.4%)dimethylpolysiloxane was synthesized in-house according to a
known procedure [47]. Derivatives of quinine and quinidine selectors and silica (5um)
modified with the selectors (Chapter 5 and 6) were kindly provided by Dr. N. M. Maier and
Prof. W. Lindner (University of Vienna). Derivatives of a-amino acids and 2-(2,4-
dichlorophenoxy)propanoic acid used for the liquid chromatographic investigation (Chapter
5 and 6) were kindly provided by Dr. N. M. Maier. Amino acid derivatives 7-17 were
prepared following the procedure reported by Pirkle et al. [228,229] or according the
procedure reported in Section 8.2.

8.2 Synthetic procedures

N-Trifluoroacetyl amino acid ethyl esters. Dry racemic amino acid (3 mg) was

dissolved in 0.5 ml of ethanol solution of hydrochloric acid (15%) and was heated at 110°C
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in a closed vial for 30 min. After cooling, the vial was opened and the solvent was removed
in a stream of dry dinitrogen at 110°C. Dichloromethane (110 uL) and trifluoroacetic
anhydride (10 drops) were added to the residue. After mixing, the reaction mixture was
heated up to 110°C in a closed vial for 10 min followed by cooling and evaporation of the
solvents at room temperature in a stream of dry dinitrogen. The residue was dissolved in
dichloromethane or diethyl ether and used for the gas chromatographic or NMR
investigations without further purification. N-Trifluoroacetyl and N-pentafluoropropionyl
amino acid iso-propyl esters were prepared according to the same procedure as in the case of
ethyl esters except for the higher concentration of hydrochloric acid in 2-propanol (20%) and
longer heating at the esterification step (1 h). To prepare a 15% solution of hydrochloric acid
in ethanol, 6 ml of acetyl chloride was slowly added to a cooled 40 ml of dry ethanol upon

stirring.

N-alkoxycarbonyl alkyl amide derivatives. N-ethoxycarbonyl propyl amides of the

amino acids were prepared according to Abe et al. [188,191].

N-Boc-L- or D-valine (1). Triethylamine (92 ml, 0.658 mol) was added to a solution of
L-valine (70.0 g, 0.598 mol) in water (500 ml) followed by a dropwise addition of a solution
of di-tert-butyldicarbonate (Boc,0O) (1579, 0.722 mol) in dioxane (400 ml). The reaction
mixture was stirred at room temperature overnight. The solution was concentrated to about
half of the volume in vacuo and adjusted to pH 2 with HCI 3M. The mixture was extracted
with ethyl acetate (4 x 200 ml). The combined organic phase was washed with brine and
dried over anhydrous Na,SO,. The filtered solution was concentrated in vacuo to give 1 as a
colorless oil (122.4 g, yield 94%). 'H NMR (400 MHz, CDCls) &(ppm): 0.93 (d, 3H, -
CH(CHs),, 3J=6.82Hz), 1.00 (d, 3H, -CH(CHs),, J=6.82Hz), 1.46 (s, 9H, -C(CH3)s), 2.21 (m,
1H, CH-CH(CHs),), 4.05 (br m, CH-CH(CHs),), 4.26 (dd, CH-CH(CHs),, *Jch.ch=4.55Hz,
3Jch-nn=8.84Hz), 5.08 (d, NH, *J\h.cH=8.84Hz), 6.23 (d, NH), 10.04 (s, 1H, OH). **C NMR
(100MHz, CDCl3) & (ppm): 17.1 (-CH(CHs),), 18.7 (-CH(CHs),), 28.2 (-C(CHs)s), 30.7
(CH(CHs3),), 58.2 (NH-CH-C=0), 79.9 (-C(CH3)3), 155.6 (C=0), 176.9 (C=0).

N-Boc-L- or  D-valine-tert-butylamide  (2). A  solution of N,N’-
dicyclohexylcarbodiimide (DCC) (116 g, 0.56 mol) in dichloromethane (100 ml) was added
slowly to the solution of N-Boc-L-valine 1 (122 g, 0.56 mol) in dry dichloromethane (250

ml). The solution was cooled to 5°C and tert-butylamine (68 ml, 0.56 mol) was added
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dropwise. After mechanical stirring (a solid bulk precipitate is formed(!)) at room
temperature for 5 h the solution was diluted with dichloromethane and the urea produced was
filtered off. The product was dissolved in ethyl acetate (200 ml) and heated up to 60°C. The
non-dissolved urea was filtered off. This procedure was repeated two times followed by
addition of n-hexane to the residue and cooling to 5°C overnight. The crystalline precipitate
was filtered out and washed several times with n-hexane followed by drying in vacuo to give
2 as colorless solid (71.7 g, yield 47%). '"H NMR (400 MHz, CDCls) & (ppm): 0.84 (d, 3H, -
CH(CHs),, %)= 6.82 Hz), 0.88 (d, 3H, -CH(CHa),, J= 6.56 Hz), 1.28 (s, 9H, -NH-C(CHs)3),
1.37 (s, 9H, -O-C(CHs)3), 1.98 (m, 1H, -CH(CHs3),), 3.66 (dd, 1H, -NH-CH-CO, *J= 7.58 and
7.83Hz), 5.07 (d, 1H, NH-CH, %J=7.58Hz), 5.72 (br s, 1H, NH-C(CHs)3). *C NMR (100
MHz, CDCls) & (ppm): 18.6 (-CH(CHs),), 19.8 (-CH(CHs),), 28.9 (-C(CHs)s), 29.3 (-
C(CHs)s), 31.6 (-CH(CHa)z), 51.9 (-NH-C(CHjz)s), 61.0 (NH-CH-C=0), 80.2 (OC(CHs)s),
156.5 (C=0), 171.3 (C=0).

L- or D- Valine-tert-butylamide (3). Trifluoroacetic acid (TFA) (112 ml, 1.45 mol)
was added at 0°C to a solution of N-Boc-L- or D-valine-tert-butylamide (2) (63.8 g, 0.234
mol) in dichloromethane (100 ml). The reaction mixture was stirred at room temperature for
2.5 h. The solvent and the unreacted acid were removed from the solution in vacuo followed
by dissolution of the residue in water and washing with diethyl ether. The water fractions
were collected and neutralized with NaHCO;3 (or aqueous ammonia) followed by extraction
with dichloromethane. The collected dichloromethane fractions were dried with Na;SO,4. The
solvent was evaporated in vacuo to give a colorless oil which subsequently crystallized into a
transparent crystalline mass of 3 (22.3 g, yield 67%). *H NMR (400 MHz, CDCls) & (ppm):
0.76 (d, 3H, -CH(CHs),, 3J=7.08Hz), 0.91 (d, 3H, -CH(CHs),, *J=6.82Hz), 1.29 (s, 9H, -
C(CH3)3), 1.74 (s, 1H, NH), 2.21 (m, 1H, CH-CH(CHa),), 3.07 (d, 1H, CH-C=0, %J=3.29Hz).
3¢ NMR (100MHz, CDCls) & (ppm): 18.6 (-CH(CHs),), 22.2 (-CH(CHs),), 31.3 (C(CHs)s),
33.3 (-CH(CHj3),), 53.0 (C(CHs3)3), 62.9 (H2N-CH), 175.7 (C=0).

N-(Undec-10-enoyl)-L-valine-tert-butylamide (4). L-Valine-tert-butylamide (1.11 g,
6.43 mmol) was dissolved in anhydrous tetrahydrofuran (THF) (5 ml) in a two-necked 100
ml flask. Methyloxirane (1.35 ml, 19.29 mmol) (CAUTION! Suspected carcinogen) was
added to the solution [228]. After cooling the reaction mixture to 0°C, a solution of undec-
10-enoyl chloride (1.45 ml, 6.75 mmol) in anhydrous THF (5 ml) was added dropwise to the

reaction mixture followed by heating up to room temperature. After stirring the reaction
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mixture for one hour the solvent was removed under reduced pressure. The resulting oil was
dissolved in ethyl acetate and was washed with water five times followed by drying with
sodium sulphate and concentration under vacuum. The crude 4 selector was purified by
column chromatography (ethyl acetate : n-hexane (1:3), Rs = 0.34 (ethyl acetate : n-hexane
(1:2)) followed by dissolving the product in ethyl acetate and washing it successively with
aqueous ammonia, brine (2x), hydrochloric acid (1M) and brine (2x). The ethyl acetate
fraction was dried with sodium sulphate and the solvent was removed under reduced pressure
to give 2.1 g of the pure product. *H NMR (400 MHz, CDCl;) & (ppm): 0.86 (t, (CHCHs),),
1.21 (br. s, CH,), 1.27 (s, C(CHs)3), 1.55 (m, CH,CH,CO), 1.96 (m, CH(CHj3), + CHCHy),
2.14 (t, %) = 7.6 Hz, CH,CO), 4.04 (dd, *Jnp.cH = 8.8 Hz, %Jch.ch = 7.58 Hz, NHCH), 4.9 (m,
CH,=CH), 5.7 (m, CH,=CH), 5.8 (s, NHC), 6.2 (d, ®Jxt.ch = 8.8 Hz, NH-CH). *C NMR
(L00MHz, CDClI3) & (ppm): 18.8 (CH(CHs),), 19.5 (CH(CH3)y), 26.2 (CHy), 29.1 (C(CHj3)3),
29.3 (CHy), 29.4(CHy), 29.6(CHy), 29.66(CH,), 29.7(CH,), 31.8 (CH(CHs),), 34.2 (CHCH,),
37.2 (CH,CO), 51.9 (C(CH3)3), 59.3 (NHCH), 114.5 (CH,=CH), 139.6 (CH,=CH), 170.95
(C=0), 173.6 (C=0). HR-ESI-MS (positive mode, m/z) for 4: [M+H]"ex, = 339.30062,
AMpeor-exp = 0.06 ppm; [M+Na] exp = 361.28240, AMineor-exp = 0.42 ppm.

N-Bromoacetyl-L-valine-tert-butylamide (5). Under a dinitrogen atmosphere,
methyloxirane (CAUTION! Suspected carcinogen) (6.15 ml, 87.9 mmol) was added to a
solution of dry L-valine-tert-butylamide 3 (5.0 g, 29.0 mmol) in dry tetrahydrofuran (THF)
(30 ml) and the reaction mixture was cooled to 0°C. A solution of bromoacetyl chloride (3.3
ml, 37.6 mmol) in 15 ml of dry tetrahydrofuran was added slowly to the reaction mixture
upon stirring. After the addition, the reaction mixture was allowed to heat up to room
temperature and it was stirred for one hour. The residue obtained after concentration of the
reaction mixture was recrystallized from n-hexane/ethyl acetate (or acetonitrile). The
precipitated white-yellowish crystalline substance was collected to afford 8.3 g of 5 (yield
94%). TLC (ethyl acetate — n-hexane, 1:1 v/v): Rs 0.66. 'H NMR (400 MHz, CDCls;)
& (ppm): 0.88 (d, 3H, -CH(CHa),, %)= 3.28Hz), 0.90 (d, 3H, -CH(CHj3), 2J=3.03Hz), 1.29 (s,
9H, -C(CH3)3), 2.0 (m, 1H, -CH(CHs),), 3.82 (s, 2H, CH,Br), 3.99 (dd, 1H, NH-CH, 3J=
6.82Hz and 8.59Hz), 5.47 (s, 1H, -NH-C(CHs)3), 6.96 (d, 1H, -NH-CH, J=8.6Hz). *C NMR
(100MHz, CDCl3) 6 (ppm): 18.6 (-CH(CHs),), 19.4 (-CH(CH3)2), 29.1 (C(CHs)3), 29.3 (Br-
CHy), 32.0 (-CH(CHs3),), 52.2 (C(CHs)3), 59.8 (HN-CH), 165.9 (C=0), 169.7 (C=0).
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C-dec-9-enylresorcinarene (6). The synthesis of 6 was carried out according to a
modified procedure [230]. 12 N hydrochloric acid (32 ml) was added to a solution of
resorcinol (22.0 g, 0.2 mol) and 10-undecenal (33.6 g, 0.2 mol) in ethanol (200 ml) at 0°C
over 10 min. The mixture was stirred at 60°C for 16 h. The red oil was poured into well-
stirred demineralised water (600 ml). The orange precipitate was filtered off and washed
thoroughly with hot water (80°C, 6 ) followed by drying. The solid product was dissolved in
acetonitrile at 40°C and left at room temperature for 3 h. The precipitated dark oil was
removed by decanting the solution. The yellow solution was concentrated approximately by
one third and cooled to 0°C. After precipitation of another part of the dark oil the solvent was
decanted. The procedure was repeated until no more dark oil was formed. The solvent was
removed under reduced pressure to afford 10 g (22%) of 6. It should be mentioned that
crystallization of the crude product from acetonitrile, cyclohexane or light petroleum was not
helpful for removing by-products. *H NMR (400 MHz, CDCls): 1.3 and 1.22 (two s, 48H, -
CHj-), 1.94-2.00 (q, 8H, -CH,-CH-Ar, 3J=8Hz), 2.13 (m, 8H, -CH,-CH=CH,), 4.21-4.25 (t,
4H, Ar-CH-, 3)=8Hz), 4.84-4.94 (dd, 8H, -CH=CH,), 5.69-5.78 (m, 4H, -CH=CH,), 6.04 (s,
4H, Ar-H), 7.12 (s, 4H, Ar-H), 9.2-9.5 (br s, 8H, Ar-OH). *C NMR (100MHz, CDCls)
d (ppm): 150.6, 139.2, 124.8, 123.8, 114.1, 102.7, 33.8, 33.2, 33.0, 30.9, 29.7, 29.5, 29.1,
29.0, 28.0. HR-ESI-MS (negative mode, m/z): [M-H]her=1039.70324, [M-H]
exp=1039.70378, Am/z=0.5 ppm.

Octakis-O-(N-acetylyl-D-valine-tert-butylamide)-C-decenyl-resorcinarene (D).
The synthesis of the selector D* was carried out according to a known procedure [126] using
N-bromoacetyl-D-valine-tert-butylamide  (5) which was attached to C-dec-9-
enylresorcinarene (6). As the product was not soluble in diethyl ether, it was dissolved in
ethyl acetate at 60°C followed by filtration from the salts. The solvent was removed under
reduced pressure and the residue was washed with diethyl ether three times followed by
decantation of the diethyl ether and by drying the obtained crystalline mass. The produced
yellowish crystalline solid was subjected to column chromatography (eluent: ethyl acetate, Ry
0.2) to give pure compound D’ (yield 20-40%). TLC: eluent ethyl acetate, R; 0.2. *H NMR
(400 MHz, CDCls): 0.86 (m, CH(CHs3),), 1.23 (br s, C(CHj3); and -CH,- of the spacer), 1.77
and 1.93 (br m, CH(CHjs);, CH,-CH=CH; and CH,-CH-Ar), 4.00 (m, Br-CH,), 4.22 (br s,
CH-Ar) 451 (br t, NH-CH), 4.87 (m, -CH=CH,), 5.7 (m, -CH=CH,), 6.12 (br m, aromatic
protons), 6.73 (br s, NH), 7.70 (br s, NH). HR-ESI-MS (positive mode, m/z) for D’:
[M+2H]? theor= 1369.97399, [M+H+Na]* o= 1380.96342, [M+2Na]**iheor= 1391.95439,
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[M+H+NH,]**theor= 1378.48572; [M+2H]*"exp= 1369.97633, [M+H+Na]* ;= 1380.96822,
[M+2Na]* exp= 1391.95891; Ameor-exp[M+2H]*'= 1.7 ppm, Aneorexp[M+H+Na]*'= 3.5

PPM, Atheor-exp[M +2Na]2+

= 3.2 ppm.

Octakis-O-(N-acetylyl-L-valine-tert-butylamide)-C-decenyl-resorcinarene (L’). The
synthesis of L’ was performed analogously to that of D’ using N-bromoacetyl-L-valine-tert-
butylamide. HR-ESI-MS (positive mode, m/z) for L’: [M+2H]2+exp: 1369.97296,
[M+H+NH4]* exp= 1378.48627, [M+H+Na]* exp= 1380.96069; Atheor-exp[M+2H]**= 0.75 ppm,
Atheor-exp[M+H+NH4]%*= 0.4 ppm, Atneor-exp)[M+H+Na]** = 2.0 ppm.

Monokis-2-O-undec-10-enyl-permethyl-B-cyclodextrin  (CD).  Preparation  of
monokis-2-O-(undec-10-enyl)-B-cyclodextrin and the subsequent permethylation leading to
the selector CD (monokis-2-O-undec-10-enyl-permethyl-B-cyclodextrin) was carried out
according to a described procedure[47,124,125] using 10-undecenylbromide instead of 7-
octenylbromide. Selector CD was purified by column chromatography (ethanol : toluene, 1 :
16 v/v). Rf= 0.43 (ethanol : toluene, 1 : 8 v/v). Monokis-2-O-(undec-10-enyl)-B-
cyclodextrin: *H NMR (400 MHz, DMSO-dg): 1.26 (s, -CH,- of the spacer), 1.36 (m, -CH,-
of the spacer), 1.50 (m, 2H, -CH,-CH»-O-), 2.00 (g, 2H, -CH,-CH=CH,, 3]=7.08Hz,
3)=6.82Hz), 3.2-3.7 (m), 4.45 (quin, 7H), 4.83 (s, 7H), 4.95 (s, 1H, ), 4.9-5.0 (m, 2H, -
CH=CHy), 5.7-5.9 (m). HR-ESI-MS (positive mode, m/z) for monokis-2-O-(undec-10-enyl)-
B-cyclodextrin: [M+Na]’exp=1309.51482, Atneor-exp=0.5 ppm. CD: 'H NMR (400 MHz,
CDCl3): 1.21 (s, -CH,- of the spacer), 1.28 (m, -CH,- of the spacer), 1.54 (m, 2H, -CH,-CH-
0-), 1.96 (g, 2H, -CH,-CH=CH,, *J=7.58Hz, 3J=6.82Hz), 3.11-3.14 (dd, 6H, CH-2,
3)=9.60Hz, 3J=2.7Hz), 3.16-3.20 (dd, 1H, CH-2, 3=9.60Hz, 3J=3.28Hz), 3.31 (br s, -OCHs),
3.44 (m, -OCHj3), 3.58 (br s, -OCHs), 3.4-3.9 (m), 4.85-4.94 (m, 2H, -CH=CH,), 4.99 (d, 1H,
CH-1, 3J=3.53Hz), 5.05 (d, 2H, CH-1, *J=3.28Hz), 5.08 (d, 4H, CH-1, *J=2.6Hz), 5.7-5.8 (m,
1H, -CH=CH,). HR-ESI-MS (positive mode, m/z) for CD selector: [M+Na]"ex,=1589.82987,
Atheor-exp= 0.9 ppm.

Heptakis[6-O-(tert-butyldimethylsilyl)]-B-cyclodextrin. Dry (P,Os, 0.1 mbar, 24hrs)
B-cyclodextrin (15.8 g, 13.92 mmol) was dissolved in pyridine (300ml) in a three neck flask
of 1L, under dinitrogen atmosphere, under vigorous stirring (thick gel might be formed). A
solution of tert-butyldimethylsilyl chloride (TBDMSCI) (25g, 165.65 mmol) in dry pyridine
(180 mL) was added dropwise to the cooled (0°C) reaction flask over 4h. The reaction
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mixture was stirred overnight at room temperature followed by the evaporation of the solvent
under reduced pressure to give a white solid which was taken up with dichloromethane (300
ml). The dichloromethane solution was washed with a solution of KHSO,4 (250 ml, 1M), than
with brine and dried over sodium sulphate. The dichloromethane layer was separated and
evaporated to dryness. In order to remove residual pyridine the solid was dissolved in toluene
and dried under reduced pressure several times. The residue was dried overnight to give
white solid (22.3 g, yield 83%) which was used without further purification. TLC (n-
hexane/ethanol, 3:1): R 0.63. The *H and **C NMR data were in accordance with those

previously reported [138,231].

Heptakis(6-O-(tert-butyldimethylsilyl)-2,3-di-O-methyl)-B-cyclodextrin. NaH 60%
(10.5g, 262.5 mmol) was weighed into the reaction vessel. Toluene (100 mL) was added and
the mixture was stirred for some minutes before the suspension was allowed to settle and the
toluene was decanted off. This procedure was repeated several times to obtain oil-free NaH.
Under dinitrogen atmosphere per-6-(tert-butyldimethylsilyl)-p-cyclodextrin (15.2g, 7.86
mmol) was dissolved in dry THF (100 mL) and at -15°C it was added to the suspension of
NaH. After 30 min the evolution of dihydrogen was ceased and methyl iodide (18 mL, 287
mmol) was added dropwise followed by stirring the reaction mixture overnight under
protection from light. Cooling was maintained for the first hour of the reaction after which
the suspension was allowed to warm up to room temperature. After 17 hours the reaction
mixture was cooled with an ice bath and methanol was added dropwise in order to destroy
the excess of NaH and methyl iodide followed by neutralization with diluted acetic acid. The
solvent was removed under reduced pressure and the residue was suspended in
dichloromethane. The mixture was washed with pure water and brine. The dichloromethane
layer was filtered through silica gel (eluent: toluene/ethanol = 10:1). After filtration, the
solvent was removed under reduced pressure. The residue was dried under vacuum overnight
to give 15.6 g of the product (yield 93%). TLC (toluene/ethanol, 10:1): R; 0.34. The *H and
3C NMR data were in accordance with those previously reported [138,231].

Heptakis(2,3-di-O-methyl)-B-cyclodextrin.  Heptakis[6-O-(tert-butyldimethylsilyl)-
2,3-di-O-methyl]-p-cyclodextrin (14.1 g, 6.62 mmol) was dissolved in a 250 ml flask in dry
THF (190 ml). A solution of (tetrabutylammonium fluoride (TBAF) (22.3 g, 70.68 mmol) in
dry THF (50 ml) was added to the reaction flask dropwise and the reacion mixture was

heated and refluxed for 2.5 h. The solvent was removed under reduced pressure and the
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residue was suspended in DCM. The solution was washed with brine and H,O, dried with
Na,SO, and concentrated under reduced pressure overnight. The residue was purified by
column chromatography on silica gel (8:1, 4:1, 1:1 DCM-MeOH, stepwise), to give 6.59 g of
the product (yield 75%). TLC (DCM/EtOH, 1:1): R 0.63. The *H and **C NMR data were in

accordance with those previously reported [138,231].

Octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin  (Lipodex E). For the
synthesis of octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin (Lipodex E) see
references [88,131].

Heptakis(6-O-(N-acetylyl-L-valine-tert-butylamide)-2,3-di-O-methyl)-B-
cyclodextrin (ValDex). A solution of heptakis(2,3-di-O-methyl)-p-cyclodextrin (1.08 g,
0.811 mmol) in dry DMF (5 mL) was added to the NaH 60% (2.13 g, 88.92 mmol) under
dinitrogen atmosphere at 0°C and stirred until the evolution of dihydrogen was ceased. This
mixture was added carefully to a solution of N-bromoacetyl-L-valine-tert-butylamide (5)
(1.83 g, 6.25 mmol) at 0 °C in dry DMF (5 mL). The reaction mixture was stirred overnight
at room temperature. An excess of methanol was added to the solution at 0 °C until the
evolution of dihydrogen subsided. The solvent was removed under reduced pressure and the
residue was dissolved in dichloromethane and washed several times with brine, water and
dried with sodium sulphate. The solvent was removed under reduced pressure and the residue
was purified by column chromatography on silica gel (ethyl acetate; 20:1 ethyl acetate-
ethanol) to give ValDex (0.44 g, yield 20%) with *H NMR (600 MHz, CDCls, 25 °C) & 0.90
(21H, H-e, d, J=7.4 Hz), 0.92 (21H, H-¢’, d, J=7.4 Hz), 1.32 (63H, H-g, s), 2.04 (7H, H-d,
m), 3.18 (7H, H-2, dd, J23=9.8 Hz, J»1=3.6 Hz), 3.49 (7H, H-3, dd, J3,=9.8 Hz, J3,=8.9 Hz),
3.50 (21H, OMe-2, s), 3.58 (7H, H-4, dd, J4s=9.5 Hz, J43=8.9 Hz), 3.63 (21H, OMe-3, 3),
3.73 (7H, H-6, br. d, Jee=11.5 Hz), 3.81 (7H, H-5, br. dd, J5,=9.5 Hz, Js¢-=4.0 Hz), 3.92 (7H,
H-6’, dd, Jes=11.5 Hz, J¢5=4.0 Hz), 4.01 (7H, H-a, d, J.»=15.5 Hz), 4.08 (7H, H-a’, d,
J#a=15.5 Hz), 4.08 (7H, H-c, d, J;,=8.8 Hz, J,s=8.2 Hz), 5.15 (7H, H-1, d, J1,=3.6 Hz), 6.35
(7TH, H-f, 5), 7.56 (7H, H-b, d, Jp:=8.8 Hz); 1*C NMR (150 MHz, CDCls, 25 °C) & 18.9 (C-e),
19.3 (C-¢’), 28.9 (C-g), 31.2 (C-d), 51.5 (CMej3), 58.7 (OMe-2), 59.3 (C-c), 61.6 (OMe-3),
70.6 (CHj-aa’), 70.9 (CH,-66"), 71.2 (C-5), 80.9 (C-4), 81.8 (C-3), 82.3 (C-2), 99.6 (C-1),
170.2 (CONH-b), 170.3 (CONH-f).
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Valdex

2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene-4,8-dione (28). Compound 28 was
prepared by a modified procedure [223-225] as follows.

Benzyl cyanide (0.4 mol), diiodomethane (0.2 mol) and powdered sodium hydroxide
(0.4 mol) were mixed and heated to 170°C under stirring for 30 min. To the cooled mixture
of crude 1,3-diphenylglutarodinitrile (dark oil), dissolved in ethanol (250 ml), a solution of
potassium hydroxide (105 g) in water (300 ml) was added and the resulting mixture was
heated at 70°C for 20 h. The reaction mixture was diluted with water (500 ml) and washed
with diethyl ether. The aqueous layer was acidified with concentrated hydrochloric acid and
extracted with ethyl acetate. The extract was washed with brine, dried over sodium sulfate,
and the solvent was removed under reduced pressure. The crude mixture of (+)- and meso-
1,3-diphenylglutaric acids was obtained as a dark oil. The mixture of acids was dissolved in
concentrated sulfuric acid and heated to 85°C with stirring for 1hr. The reaction mixture was
poured onto ice and extracted with ethyl acetate. Undissolved solid residue was washed with
water and recrystallized from methanol several times to give pure 28 as colorless needles. On
vacuum-assisted evaporation of ethyl acetate from the extract a colorless solid was obtained
which was recrystallized twice from methanol to yield the second portion of 28. The two
portions were combined to give 19.3 g of 28 (mp, 146-148°C).

The crystalline racemic compound of 28 (colorless needles, mp 146-148°C) was
obtained by slow evaporation of its near-saturated solutions in various organic solvents at -
6°C, 4°C, 23°C and from n-octane up to 90°C. The best single crystals of 28 (up to 43.4 mg)

were obtained by slow evaporation of an acetone solution of 28 at room temperature.
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The crystalline conglomerate of 28 (colorless plates, mp 160-190°C) was obtained by
slow evaporation of its near-saturated n-octane solution at 100°C and higher.

'H NMR 500MHz (CDCls) &: 2.99(t., 2H, 9-CH,, 3J=3.00 Hz), 4.01(t., 2H, 1,5-CH,
3=3,00 Hz), 7.36(m., 2H, 2B-H, %J,5=7.80 Hz, %J5,=7.39, “Jps=1.24 Hz), 7.46(m., 2H, 25-H,
30,5=7.74, °145<0.4 Hz), 7.50(m., 2H, 2y-H, “J,,=1.51 Hz), 7.96(m., 2H, 2a-H); *C NMR
125MHz {*H} (CDCls) &: 32.27 (9-C), 48.77(1,5-C), 128.23(a-C), 128.72(B-C), 128.76(5-
C), 128.80(3,7-C), 134.44(y-C), 140.01(4,8-C), 194.37(2,6-C).

4,8-bis(methylene)-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (29). Compound 29
was obtained using a well-known procedure [224] via dimethyldiol without additional
chromatography; the overall yield was 80%. The melting point was 124°C for a separate

single crystal obtained by crystallization from methanol.

HoC11

'H NMR (500MHz, CDCl3) 8: 2.36 (t., 2H, 9-CH,, 31 3.09 Hz) 3.90 (t., 2H, 1,5-CH, J
3.09 Hz), 5.27 (br.s., 2H, 10,11-CHb), 5.46 (br.s., 2H, 10,11-CHa), 7.12 (t.d., 2H, 2y-CH, *J
7.6 Hz,*J 1.5 Hz), 7.18 (t.d., 2H, 2B-CH, %] 7.6 Hz,%J 1.5 Hz), 7.30 (d.d., 2H, 20-CH, %) 7.6
Hz,%J 1.5 Hz), 7.56 (d.d., 2H, 28-CH, 3J 7.6 Hz, *J 1.5 Hz). *C {H} NMR (125MHz, CDCl5)
8:30.78 (9-C), 44.02 (1,5-C), 106.51 (10,11-C), 124.40 (5-C), 126.83 (y-C), 128.13 (B-C),
129.02 (a-C), 131.69 (3,7-C), 138.71 (2,6-C), 147.26 (4,8-C).

General procedure for the immobilization of chiral selectors to
dimethylhydromethylpolysiloxane by platinum-catalyzed hydrosilylation. Platinum-
catalyzed hydrosilylation was performed as follows. (a) In a dinitrogen atmosphere, 0.1 ml of
a solution of hexachloroplatinic acid (1 mg) in anhydrous THF (1 ml) was added to a mixture
of a chiral selector(s) and dimethylhydromethylpolysiloxane dissolved in anhydrous THF.
The reaction mixture was ultrasonicated at 50°C for 24 h. (b) The reaction was carried out by
refluxing the mixture of the dimethylhydromethylpolysiloxane and the chiral selector(s) in a
mixture of anhydrous THF and toluene (1:1) for 24 or 48h. The completion of the reaction

was monitored by the disappearing of the olefinic signals in the NMR spectra. The
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percentage of a selector in the final polymer was monitored by NMR and by elemental
analysis. Purification of the crude polymer and, in particular, removing the rest of the catalyst
was performed by passing the polymer through a short column of activated charcoal followed
by gel-filtration on Sephadex LH-20 (2x). It should be pointed out that avoiding the
purification step leads to partial or complete depletion of derivatized Cys, Ser, Met and Tyr

during GC experiments.

8.3 Preparation of the CSPs

Chirasil-Dex. 20% (w/w) of the permethyl-B-cyclodextrin selector in
dimethylhydromethylpolysiloxane was used.

Chirasil-L(D)-Val-Cy;. 30% (w/w) of the N-(undec-10-enoyl)-L-valine-tert-butylamide
(DA selector) in dimethylhydromethylpolysiloxane was used.

Chirasil-DexVal. (a) 20% (w/w) of the CD and 15% (w/w) of the DA selector were
used. (b) In the case of the binary CSP used for the improvement of the enantioseparation of
Pro (Section 1.1), 8% (w/w) of the CD and 24% (w/w) of the DA selectors were used.

Chirasil-CalixDex. (a) 15% (w/w) of the D’ (or L") and 20% (w/w) of the CD selector
were used.

Chirasil-y-Dex. 20% of octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin
(Lipodex E) was dissolved in PS-255 polymer [88,131].

Chirasil-Val(y-Dex). To prepare the binary-selector CSP Chirasil-Val(y-Dex), 20 mg
of a mixture of 8% of the neat selector Lipodex E (w/w) and 92% (w/w) of the Chirasil-L-
Val-Cy; CSP was dissolved in 5 ml of dichloromethane/n-pentane (1:1 v/v). After shaking for
5 min the mixture was used for the coating of the column by the static method. Continuous
use of the Chirasil-Val(y-Dex) CSP with a temperature program (up to 170°C) for two
months followed by heating of the column at 120°C for 1,5 months revealed no decrease in
the enantioselectivity and efficiency of the CSP.

Reference stationary phase. The reference column was coated with
dimethylhydromethyl(12%)polysiloxane. Coating solution: 4mg/ml of the polymer in

dichloromethane or ether or a 1:1 mixture of dichloromethane with n-pentane.
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Supplementary material 1: Retention data of the enantioseparation of Ala-ECPA and Val-ECPA on Chirasil-L-Val-Cy; chiral stationary phase.
Column: 20m x 0.25mm i.d. x 0.25um film thickness; carrier gas: dihydrogen; C16 — n-hexadecane, C18- n-octadecane.

T°C P, Configuratio k1 Olapp re- ro- relative  ry-relative  ro- relative ;- relative  ro- relative Ri- R,- Ri- R>- Olassoc Olassoc
kPa n of the first relative  retention on retention of retention of retention of retention of  retention retention retention retention (standard  (standard
eluted retention  ref. column  the first the second the first the second  increment  increment increment  increment C16) C18)
enantiomer on ref. (standard eluted eluted eluted eluted of the first of the of the first  of the first
column C18) enantiomer enantiomer enantiomer enantiomer eluted second eluted eluted
(standard (standard (standard (standard (standard  enantiomer eluted enantiomer  enantiomer
C16) C16) C16) C18) C18) (standard  enantiomer (standard (standard
C16) (standard C18) C18)
C16)
Ala-ECPA
100 100 D 218.08 1.053 0.598 0.168 6.875 7.238 1.987 2.092 10.503 11.110 10.809 11.432 1.058 1.058
110 100 D 115.77 1.024 0.579 0.175 6.210 6.360 1.918 1.965 9.717 9.976 9.982 10.248 1.027 1.027
120 50 DL 60.56 1.000 0.593 0.190 5.706 5.706 1.863 1.863 8.621 8.621 8.810 8.810 1.000 1.000
130 50 L 34.56 1.016 0.588 0.200 5.182 5.264 1.785 1.813 7.813 7.952 7.920 8.060 1.018 1.018
140 50 L 20.63 1.026 0.605 0.218 4.767 4.893 1.725 1.771 6.883 7.091 6.928 7.138 1.030 1.030
150 50 L 12.72 1.038 0.618 0.235 4.397 4.564 1.668 1.731 6.110 6.379 6.106 6.375 1.044 1.044
160 50 L 8.12 1.044 0.624 0.249 4.079 4.260 1.619 1.691 5.534 5.823 5.511 5.800 1.052 1.052
170 50 L 5.87 1.046 0.634 0.265 3.670 3.841 1.563 1.636 4.787 5.056 4.909 5.184 1.056 1.056
180 50 L 3.98 1.050 0.628 0.275 3.404 3.575 1.506 1.582 4.416 4.688 4.482 4.758 1.062 1.061
190 50 L 2.74 1.049 0.647 0.296 3.185 3.342 1.470 1.543 3.923 4.165 3.971 4.215 1.062 1.062
200 50 L 1.94 1.046 0.665 0.316 2.934 3.069 1.433 1.499 3.416 3.618 3.538 3.746 1.059 1.059
Val-ECPA
100 100 D 600.82 1.051 1.125 0.317 18.941 19.914 5.473 5.755 15.843 16.709 16.291 17.180 1.055 1.055
110 100 D 295.45 1.012 1.070 0.323 15.847 16.030 4.895 4.952 13.809 13.981 14.175 14.351 1.012 1.012
120 50 L 141.06 1.011 1.029 0.330 13.291 13.432 4.338 4.385 11.910 12.048 12.163 12.304 1.012 1.012
130 50 L 74.67 1.035 1.005 0.342 11.197 11.585 3.856 3.990 10.144 10.530 10.279 10.669 1.038 1.038
140 50 L 41.45 1.053 0.991 0.357 9.575 10.082 3.466 3.649 8.663 9.174 8.719 9.233 1.059 1.059
150 50 L 23.98 1.067 0.984 0.373 8.294 8.850 3.145 3.356 7.433 7.998 7.428 7.993 1.076 1.076
160 50 L 14.43 1.077 0.984 0.392 7.246 7.801 2.876 3.096 6.363 6.926 6.338 6.899 1.089 1.089
170 50 L 9.82 1.080 0.979 0.408 6.135 6.628 2.613 2.823 5.266 5.770 5.398 5.913 1.096 1.095
180 50 L 6.27 1.083 0.962 0.421 5.363 5.807 2.374 2.570 4.576 5.037 4.644 5.112 1.101 1.101
190 50 L 4.12 1.080 0.966 0.442 4,783 5.165 2.208 2.384 3.951 4.346 3.999 4.398 1.100 1.100
200 50 L 2.79 1.076 0.970 0.461 4.217 4.540 2.060 2.218 3.347 3.679 3.468 3.809 1.099 1.099
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Supplementary material 2: Retention data of the enantioseparation of Leu-TFA-Et on Chirasil-B-Dex chiral stationary phase. Column: 10m or
50m x 0.25mm i.d. x 0.25um film thickness; carrier gas: dihydrogen; C10 — n-decane, C12- n-dodecane.

T°C P(kPa) Configurati K1 Olapp re - relative re- relative r, - relative ro- relative ri- relative ro- relative R;-retention  R.-retention  R;- retention  R,- retention Olassoc Olassoc
on of the retentionon  retentionon  retentionof  retentionof  retentionof  retentionof  incrementof incrementof incrementof incrementof (standard (standard
first eluted ref. column  ref. column  the firsteluted thesecond  the firsteluted thesecond the firsteluted the second  the firsteluted the firsteluted  C10) C12)
enantiomer (standard C10) (standard C12) enantiomeron eluted enantiomeron eluted enantiomeron eluted enantiomeron enantiomeron
(standard C10) enantiomeron (standard enantiomeron (standard enantiomeron (standard (standard
(standard C10) C12) (standard C10) (standard C12) C12)
C12) C10)
10m-column
25 50 D 905.88  1.138 16.079 2.193
30 50 D 575.07 1.119 7.130 1.049 12.875 14.412 1.658 1.855 0.806 1.021 0.581 0.769 1.267 1.325
35 50 D 37472 1.091 6.501 1.017 11.046 12.051 1.528 1.667 0.699 0.854 0.502 0.639 1.221 1.272
40 50 D 246.96  1.063 5.977 0.988 9.621 10.229 1.418 1.507 0.610 0.711 0.434 0.525 1.167 1.209
50 50 D 11440 1.034 5.179 0.952 7.752 8.012 1.279 1.322 0.497 0.547 0.344 0.389 1.101 1.131
60 50 - 5751  1.000 4.537 0.919 6.488 6.488 1.192 1.192 0.430 0.430 0.297 0.297 1.000 1.000
70 50 - 29.76  1.000 4.024 0.892 5.461 5.461 1.108 1.108 0.357 0.357 0.242 0.242 1.000 1.000
80 50 - 16.39  1.000 3.619 0.871 4.694 4.694 1.048 1.048 0.297 0.297 0.204 0.204 1.000 1.000
90 50 - 9.36 1.000 3.267 0.856 4.142 4.142 1.006 1.006 0.268 0.268 0.175 0.175 1.000 1.000
50m-column
100 100 L 6.03 0.985 3.028 0.845 3.634 3.690 0.949 0.963 0.200 0.219 0.123 0.140 0.916 0.877
110 100 L 3.77 0.986 2.792 0.832 3.327 3.375 0.936 0.950 0.191 0.209 0.125 0.141 0.918 0.886
120 100 L 2.42 0.987 2.596 0.823 3.058 3.098 0.926 0.938 0.178 0.193 0.126 0.141 0.921 0.896
130 100 L 1.62 0.990 2.425 0.815 2.844 2.875 0.921 0.930 0.173 0.185 0.130 0.142 0.933 0.916
140 100 - 111 1.000 2.286 0.810 2.665 2.665 0.917 0.917 0.166 0.166 0.133 0.133 1.000 1.000
150 100 - 0.78 1.000 2.163 0.801 2.503 2.503 0.912 0.912 0.157 0.157 0.139 0.139 1.000 1.000
160 100 - 0.57 1.000 2.054 0.801 2.389 2.389 0.911 0.911 0.163 0.163 0.137 0.137 1.000 1.000
170 100 - 0.42 1.000 2.015 0.798 2.223 2.223 0.899 0.899 0.103 0.103 0.127 0.127 1.000 1.000
180 100 - 0.32 1.000 1.887 0.797 2.101 2.101 0.893 0.893 0.114 0.114 0.120 0.120 1.000 1.000

The phase ratios determined for CSPs (Chapter 5) QN100, QN99, QN95, QN87, QN74, QN48 and QD100 are 2.495, 2.528, 2.595, 2.401, 2.528, 2.528 and 2.463, respectively.
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Conclusions

Combining the enantioselectivities of different selectors. Theoretical and
experimental investigation aimed at the combination of two different chiral selectors in the
same polymeric matrix in order to expand the enantioselective properties of the single-
selector CSPs was performed. Several new binary-selector CSPs were synthesized. Thorough
GC investigation of the binary- and the single-selector CSPs has been performed.

Thus, a modified convenient way for the synthesis of the valine-diamide CSP (Chirasil-
Val-Cy;) was developed. The diamide chiral selector used in Chirasil-Val-C;; was chemically
attached to a polysiloxane together with another versatile chiral selector, permethylated-p3-
cyclodextrin, to give a new binary-selector CSP, Chirasil-DexVal. This CSP possessed both
the enantioselectivity of Chirasil-Val-C;; towards o-amino acid derivatives and the
enantioselectivity of the permethylated-p-cyclodextrin selector towards underivatized
alcohols, ketones and hydrocarbons. Such unification of the enantioselectivity within the
same CSP can be important for the search of homochirality in space in the programs Rosetta,
Titan, ExoMars etc. [48,192,232-234] and for the routine analyses of different classes of
racemates carried out in analytical laboratories. It was also shown that the presence of a small
amount of the permethylated-f-cyclodextrin selector in Chirasil-Val-C;; could significantly
improve the enantioseparation of proline which represented a problematic amino acid on the
diamide CSPs.

Similarly to the first approach, the valine-diamide moiety was chemically linked to a
resorcin[4]arene to produce a macromolecular resorcinarene-based chiral selector possessing
an aromatic cavity. This selector was synthesized in both enantiomerically pure forms which
were combined with permethylated-B-cyclodextrin selector by simultaneous linking them to a
polysiloxane by means of platinum-catalyzed hydrosilylation. A comprehensive gas-
chromatographic investigation of the produced diastereomeric binary-selector CSPs Chirasil-
L-CalixDex and Chirasil-D-CalixDex was performed. In order to analyse the influence of the
presence of the diamide selector on the enantioselectivity of the cyclodextrin selector, a mixed
ternary-selector CSP containing the same cyclodextrin selector and the racemic mixture of the
resorcinarene-based valine-diamide chiral selectors has been prepared and investigated. An
unfavourable effect of the racemic selector still possessing strong interactions with the
selectands was observed.

Combination of the enantioselective properties of octakis(3-O-butanoyl-2,6-di-O-n-

pentyl)-y-cyclodextrin (Lipodex E) and Chirasil-Val-C;1 has been realized by doping the
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Chirasil-Val-Cy; CSP with the non-polymeric selector Lipodex E. The resulting binary-
selector CSP Chirasil-Val(y-Dex) was found to have a greatly improved enantioselectivity
toward proline and aspartic acid (as N-trifluoroacetyl ethyl or methyl esters) in comparison to
that of the single-selector CSP Chirasil-Val-C;1. The presence of the cyclodextrin selector in
Chirasil-Val(y-Dex) extended the scope of gas-chromatographic enantioseparations
achievable on Chirasil-Val-C;; to underivatized alcohols, terpenes and other chiral
compounds that are exclusively enantioseparated on Lipodex E.

As another approach, the L-valine-diamide moiety was chemically attached directly to
heptakis[2,3-di-O-methyl]-B-cyclodextrin ~ to  produce a novel  multi-functional
macromolecular chiral selector heptakis[6-O-(N-acetylyl-L-valine-tert-butyl amide)-2,3-di-O-

methyl]-B-cyclodextrin (ValDex). ValDex was utilized as a CSA in NMR spectroscopy. It

was shown that the presence of the polar and hydrogen-bonding L-valine-diamide groups as
well as the apolar cyclodextrin cavity in Valdex allowed the enantiodiscrimination of both
polar a-amino acid derivatives and apolar trisubstituted allenes devoid of any functional
groups, i.e. the enantioselective properties of the valine-diamide moiety and that of the

cyclodextrin could be combined in one single molecule.

Theoretical treatment of the enantioseparation on binary-selector CSPs. The
peculiarity of the binary-selector CSPs is the dependence of the apparent enantioseparation
factor, oupp, On the ratio of the chiral selectors in the CSP. Thus, depending on the ratio of the
selectors and the strength of their interactions with the selectand enantiomers, the apparent
enantioseparation factor, oapp, Can be greatly reduced in some cases even leading to
coalescence of the peaks of the enantiomers (mismatched case). Besides, the elution order of
the enantiomers can be inverted. Therefore, the rational control of the ratio between the chiral
selectors present in a binary-selector CSP is important for achieving high enantioseparation
factors. The theoretical treatment of the enantioseparation on binary-selector CSPs, including
determination of apparent and true enantioseparation factors, oupp and oure, respectively, and
the analysis of the behavior of the apparent enantioseparation factor upon varying ratio
between the chiral selectors and the strengths of the selector-selectand interactions was
performed. An equation allowing the calculation of the apparent enantioseparation factor,
Olapp, ON binary-selector CSPs has been derived and experimentally proven by enantioselective

gas- and liquid chromatography.
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Investigation of the inversion of the elution order of enantiomers caused by
enthalpy-entropy compensation. The temperature-dependent inversion of the elution order
of enantiomers was experimentally observed for different derivatives of a-amino acids on
Chirasil-Val-Cy; and Chirasil-Dex CSPs. For the first time, a clear visual representation of the
increase of the apparent enantioseparation factor, o.pp, as the temperature raises was shown.
The increase of oy, Was accompanied by a concomitant reduction of the retention time. The
comprehensive thermodynamic analysis of the enantioseparation of the derivatives of a-
amino acids showed that the presence of NH-amide groups in the compounds analyzed
significantly influenced the value of the isoenantioselective temperature, Tiso.

In the case of the enantioseparation of N-trifluoroacetyl, ethyl esters of a-amino acids
on the cyclodextrin-based CSP, Chirasil-Dex, both inversion of the elution order of
enantiomers at the isoenantioselective temperature, Tis, and the nonlinearity of the plots
In(otapp) Vs. 1/T was observed. The Tis, values were in the range from 20 to 170°C depending
on the nature of the a-amino acid. Three a.-amino acids showed coalescence of the peaks at
two temperatures because of the nonlinear behavior of the VVan’t Hoff plots. Thus, it could be
predicted that the inversion of the elution order of enantiomers could also be observed more
than one time for a single racemate.

The following conclusions could be drawn from the thermodynamic investigation: (1)
increase in the strength of the selector-selectand interactions does not necessarily result in an
improved enantioselectivity of the system; (2) in order to optimize an enantiomeric separation
of a single racemate isothermally or of mixtures of racemates in a temperature-programmed
run using enantioselective GC it is necessary to conduct temperature-dependent studies; (3) it
is shown that consideration of the elution order of enantiomers and the value of the apparent
enantioseparation  factor, o.pp, alone, without performing temperature-dependent
measurements, can easily lead to wrong conclusions regarding the enantiorecognition

mechanism.

Study of the nature of non-linear plots In(app) vs. 1/T. Another interesting
observation was made when analyzing N-ethoxycarbonyl propylamide derivatives of a
number of a-amino acids on Chirasil-Val-Cy; CSP. Nonlinearity of the plots of the natural
logarithm of the apparent enantioseparation factor as a function of the reciprocal temperature
was observed. This phenomenon was investigated using the retention increment method. It

was shown that the change of the association mechanism between the chiral selector and the
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less interacting D-enantiomer of the a.-amino acids was responsible for the observed nonlinear

effect.

Determination of the activation parameters for the enantiomerization of 1,2-di-tert-
butylpyrazolidine. Enantioselective chromatography has been widely used for the
investigation of dynamic processes occurring during the separation, e.g. chemical reactions or
interconversion of enantiomers. Enantioselective GC has been employed to study the
interconversion of enantiomers of 1,2-di-tert-butylpyrazolidine in which stereogenic centers
are located on the nitrogen atoms. The GC enantioseparation of the racemate of 1,2-di-tert-
butylpyrazolidine on the Chirasil-Dex CSP above 100°C revealed the characteristic plateau
formation between the peaks of the separated enantiomers which allowed to measure the
activation parameters of the enantiomerization, AH* and AS”, using the “approximation
function”. AH" and AS” were found to be 113.5 + 2.0 k-mol™ and -14.7 + 5.3 J-mol™K™,

respectively.

Investigation of the influence of an enantiomeric impurity of a chiral selector on
the enantioselectivity. An important problem of enantioselective chromatography, namely,
the use of enantiomerically impure chiral selectors, was treated as a separate project.
Theoretical and experimental investigation of the influence of the enantiomeric impurity on
the enantioseparation showed that, for highly enantioselective systems, even traces of the
undesired enantiomer can dramatically reduce the apparent enantioseparation factor, ouapp.
This observation is especially important in the light of the increased enantioselectivity of the
newly developed synthetic “receptor-like” chiral selectors.

Investigation of nonenantioselective versus enantioselective interactions in
enantioselective liquid chromatography. Retention in enantioselective chromatography
results from nonenantioselective and enantioselective interactions, only the latter being
responsible for the enantioselectivity of the CSP. Therefore, for an efficient design of new
enantioselective selectors and for the analysis and optimization of the behavior of the existent
CSPs it is important to be able to study the enantioselective interactions without interference
with the nonenantioselective ones. In the present work, the issue of the nonenantioselective
interactions capable of reducing the apparent enantioseleparation factor, oupp, Was studied
using anion-exchange liquid chromatography with a quinine-based brush-type CSP. A method

for distinguishing between enantioselective and nonenantioselective interactions in liquid
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chromatography on brush-type CSPs was developed. This method is based on the retention
increment approach known for the calculation of the true enantioseparation factor, e, in
enantioselective GC. The equations derived account for two equilibrium processes: the
nonenantioselective adsorption of the analyte on the achiral parts of the CSP and the
enantioselective association of the analyte with the chiral selector present on the surface of the
CSP. To verify the method, three compounds (N-fmoc-phenylalanine, N-[(3,5-
dipropoxybenzyloxy)carbonyl]leucine and 2-(2,4-dichlorophenoxy)propanoic acid) were
studied in three different mobile phase modes (organic polar, reversed and normal) on
quinine-based CSPs with different loadings of the chiral selector. Generally, the
nonenantioselective contribution to retention was found to be significantly lower than the
enantioselective one in all the mobile phase modes studied. In the polar organic and reversed

modes, the plots of the apparent adsorption equilibrium constant, K*", as functions of the

loading of the quinine-selector, cqy, Were found to be strictly linear converging in the same

point and, therefore, confirming the validity of the method.

Application of enantioselective GC as a method for distinguishing between racemic
compounds and conglomerates as two important crystalline modifications. An important
application of the enantioselective GC, namely, distinguishing between the conglomerates
(crystalline modification of a chiral substance where each single crystal is composed of only
one enantiomer) and racemic compounds (crystalline modification of a chiral substance where

each single crystal is composed of both enantiomers) was studied.
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