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Preface

In the wake of enantioselective syntheses and chiral technologies, efficient analyti-
cal methods for the differentiation of enantiomers have become essential.

Earlier compendia in this area [1-5] need updating due to important recent
advances made in the realm of enantiomeric differentiation. Precise analytical
tools for the determination of enantiomeric proportions are important in many
contemporary fields associated with various aspects of chirality.

reaction flavours,

 mechanisms  fragrances

/

Enantiomeric fine chemicals,

differentiation \%

pharmaceuticals,
agrochemicals

The distribution of enantioselective methods for the determination of enantio-
meric proportions utilized in 319 published articles of Tetrahedron Asymmetry
2003, i.e., polarimetry [o], gas chromatography (GC), high performance liquid
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chromatography (HPLC), and nuclear magnetic resonance spectroscopy (NMR),
has been compiled previously [6].

TA : ]Othersw
o
(2003) (16

Chiral GC
(101)

These two volumes of Topics in Current Chemistry review various modern
methods and techniques of enantiomeric differentiation. Individual chapters have
been written by pioneers in the field and emerge from renowned laboratories which
have contributed significantly to recent research. In each chapter emphasis has been
given to an extended reference format including the titles of related original work
which will enable readers to appreciate and consult the important secondary literature.

The first volume begins with an introduction to historic and fundamental aspects
of chirality followed by recommendations on how to quantify mixtures of stereo-
isomers. Enantiomeric differentiation by chiral liquid chromatography utilizing
supramolecular chiral recognition systems and various chiroptic approaches is
described. Enantiomeric differentiation by gas chromatography and capillary elec-
trophoresis concludes the first volume. The second volume begins with enantio-
meric differentiation by NMR spectroscopy and sensor devices followed by chiral
recognition phenomena in supramolecular chemistry, chromatographic studies of
stereolabile interconverting enantiomers, and anisotropy spectroscopy as a novel
extension of circular dichroism. The second volume is concluded with the self-
disproportionation of enantiomers due to nonlinear effects.

We hope that these volumes on the differentiation of enantiomers will provide
inspiration and impetus to further advances in the ever-growing area of stereochem-
istry. The editor is grateful to all the colleagues who have helped to create this
survey on modern tools for the differentiation of enantiomers.

Tiibingen, Germany Volker Schurig
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Chiral Derivatizing Agents, Macrocycles,
Metal Complexes, and Liquid Crystals
for Enantiomer Differentiation

in NMR Spectroscopy

Thomas J. Wenzel

Abstract Enantiomerically pure chiral auxiliary agents are often used in NMR
spectroscopy to facilitate the differentiation of enantiomers. Chiral derivatizing
agents are covalently bound to the substrate and differences in chemical shifts of the
resulting diastereomeric complexes are used in the analysis. Macrocycles such as
cyclodextrins, crown ethers, and calix[4]resorcinarenes are chiral solvating agents
that associate with the substrate through non-covalent interactions. Enantiomeric
differentiation occurs in the NMR spectrum because of the diastereomeric nature of
the associated complexes and/or because of the differences in association constants
between the two enantiomers and the chiral reagent. Metal complexes are Lewis
acids that bind to suitable Lewis base donor compounds. Exchange of substrate can
be slow or fast depending on the particular metal ion, mimicking the behavior of a
chiral derivatizing or solvating agent, respectively. Chiral liquid crystals undergo a
partial alignment in an applied magnetic field and enantiomers dissolved in the
liquid crystal undergo a partial alignment as well. If the alignment of the two
enantiomers is different, enantiomeric differentiation can potentially be observed
by differences in chemical shifts, differences in dipolar coupling constants, and
different magnitudes of splitting of quadrupolar nuclei such as deuterium. The
chiral reagents described herein can be used to determine enantiomeric composition
and sometimes to assign absolute configuration. Significant discoveries as well as
recent findings with each of these types of systems are described.

T.J. Wenzel (b<)
Department of Chemistry, Bates College, Lewiston, ME 04240, USA
e-mail: twenzel@bates.edu
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1 Introduction

The use of NMR spectroscopy for the determination of enantiomeric composition of
a compound was first reported in 1965 [1]. In this pioneering work, Raban and
Mislow recognized that the derivatization of a pair of enantiomers with an
enantiomerically pure reagent would result in diastereomers that could have different
chemical shifts in the NMR spectrum. The area of the peaks was used to determine
the enantiomeric composition of the mixture. The analysis of 1-(o-fluorophenyl)
ethanol with 2-phenylpropionic acid in this first report demonstrated the viability of
NMR spectroscopy for the determination of enantiomeric composition. Since this
report there have been numerous other examples of chiral NMR derivatizing agents
that form a covalently coupled derivative with the chiral compound under study.

In 1966 Pirkle showed that the strategy described by Raban and Mislow for
determining enantiomeric composition could also be exploited through the use of
an enantiomerically pure chiral NMR solvating agent [2]. Instead of forming
covalently coupled diastereomeric complexes, a chiral solvating agent associates
with the compound under study through non-covalent interactions. Differentiation
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of the enantiomers is possible because the associated complexes are diastereomeric
and/or because the enantiomers often have different association constants with the
chiral solvating agent. Except for a description of certain cyclodextrin, crown ether,
and calix[4]resorcinarene cavity compounds, this chapter will not discuss the
application of chiral NMR solvating agents. Chiral solvating agents are discussed
in a separate chapter of this volume.

In 1970, Whitesides and Lewis described the first application of a chiral lanthanide
complex for determining enantiomeric composition in NMR spectroscopy [3]. Many
other chiral lanthanide complexes have since been examined in NMR applications.
A variety of transition metal complexes have been evaluated as well. The metal in
these complexes is a Lewis acid that forms donor-acceptor complexes with Lewis
bases. The exchange of donor molecules may be fast or slow on the NMR time scale
depending on the particular metal complex. Under fast exchange, chiral metal
complexes are more similar in function to chiral NMR solvating agents. Under
slow exchange, chiral metal complexes are more similar to chiral NMR derivatizing
agents.

The first application of a chiral liquid crystal for the differentiation of enantiomers
was reported in 1968 [4]. Unlike the rapid development and exploitation that
occurred with chiral derivatizing agents, chiral solvating agents, and chiral metal
complexes in NMR spectroscopy, the use of chiral liquid crystals in NMR spectros-
copy experienced little exploration until the mid-1990s. Over the past decade there
has been an extensive amount of work on the development and use of chiral liquid
crystals as NMR differentiating agents.

This chapter will describe the use of chiral derivatizing agents, metal complexes,
and liquid crystals for NMR analysis. The studies described herein involve the use
of an auxiliary reagent that brings about the differentiation of the enantiomers under
study. Applications aimed at and the determination of enantiomeric composition or
the assignment of absolute configuration will be discussed. The major emphasis of
this chapter is on work that has been published since 2007. Any work on systems
described that occurred prior to 2007 is included because of its particular signifi-
cance within the area of chiral NMR differentiation.

There have been a number of important recent reviews of the use of NMR
spectroscopy for chiral discrimination. A book published in 2007 provides an
exhaustive review of the entire field prior to that time [5]. More recent journal
articles and book chapters have focused on the use of NMR reagents for chiral
differentiation [6, 7] and for the assignment of absolute configuration [8]. Compre-
hensive reviews of NMR methods for assigning the absolute configuration of 1- and
2-hydroxy and 1- and 2-aminophosphonates [9] and of the use of chiral NMR
reagents for the analysis of ethers and epoxides have been published [10]. Recent
review articles specific to systems discussed herein are cited in the appropriate
section of this chapter.
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2 Chiral Derivatizing Agents

There are several criteria that must be met when using a chiral derivatizing agent for
the analysis of enantiomeric composition. One is that the chiral derivatizing agent
must be enantiomerically pure. Another is that there can be no loss of configuration of
the reactants during the derivatizing procedure. Finally, it is essential that there be no
kinetic resolution in the derivatization reaction. Kinetic resolution occurs if one
enantiomer reacts faster than the other and the reaction has not been run long enough
to insure that both enantiomers have reacted fully with the chiral derivatizing agent.
There are examples of chiral derivatizing agents where the reaction occurs rapidly
enough to carry out directly in an NMR tube.

A more common use of chiral NMR derivatizing agents today is in the assign-
ment of absolute configuration. Many of these systems involve formation of a
derivative that adopts a specific conformation, such that resonances in the deriva-
tive exhibit predictable perturbations in their chemical shifts that can be used to
assign the absolute configuration.

2.1 Carboxylic Acids

The first report in which chiral derivatizing agents were used in the assignment of
absolute configuration was by Dale and Mosher in 1973 [11]. In this landmark
study, a-methoxy-a-trifluoromethylphenylacetic acid (1 — MTPA) was used as a
chiral derivatizing agent for the assignment of the absolute configuration of sec-
ondary alcohols. The derivatization produces an ester and two key features allow
the assignment of absolute configuration. One is that the ester derivative adopts a
preferred conformation. The other is that the phenyl ring of the MTPA shields the
substrate and allows differentiation of the two substituent groups of the secondary
alcohol. The protocol is to prepare derivatives of the compound under study with
(R)- and (S)-MTPA. The chemical shifts are measured in each of the derivatives and
subtracted from each other. If the value in the (S)-derivative is subtracted from that
in the (R)-derivative, a series of AS®S values are obtained.

Figure 1 illustrates the use of MTPA in assigning the absolute configuration of
secondary alcohols. There is rotation about the bond connecting the MTPA to the
secondary alcohol; however, the derivative has a preference for the syn-periplanar
(sp) conformation in which the H-C-O-C(O)-C atoms are in the same plane.
A detailed computational investigation of MTPA esters of secondary alcohols
indicates that stabilization of the sp conformation is attributable to hyperconjugative
interactions [12]. Of special significance is shielding by the phenyl ring of the
substituent groups of the alcohol. As illustrated in Fig. 1, in the (R)-MTPA derivative,
the phenyl ring shields the L; substituent. In the (S)-MTPA derivative the phenyl ring
shields the L, substituent. Therefore, A5™S values will be negative for L; and positive
for L,.
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Fig. 1 Conformational model for the (R)- and (S)-MTPA derivatives of a secondary alcohol

The general features observed with MTPA — adoption of a preferred conforma-
tion and aromatic ring for shielding — have been exploited in numerous other chiral
NMR derivatizing agents. In fact, in their first report, Dale and Mosher examined
a-methoxyphenylacetic acid (2 — MPA) and mandelic acid (3) as chiral derivatizing
agents and observed that the AS*® values with both were larger than those with
MTPA [11, 13]. A problem with MPA in early studies was excessive racemization
of the reagent. The use of MPA as a chiral derivatizing agent became more practical
in 1986 when a derivatization procedure that minimized racemization of the reagent
was developed [14]. Another advantage of MTPA over MPA and mandelic acid
early on was the use of systematic trends in the '°F signal of the trifluoromethyl
group in assigning absolute configuration. Since most investigators only had access
to low-field NMR spectrometers, typically 60-90 MHz, inadequate resolution of
resonances in the "H NMR spectrum compromised the ability to assign reliably the
absolute configuration of many compounds. Today, the “modified Mosher method”
combines the use of high field instruments with 2D NMR methods to determine the
chemical shifts of overlapped resonances in "H NMR spectra [15]. It is possible to
use '*C resonances as well, which can be especially helpful if one or more of the
substituent groups of the compound under study has no hydrogen atoms [16].

In complicated "H NMR spectra with overlapping resonances it is possible to
record a selectively excited one-dimensional NMR spectrum as a way of simplifying
the spectrum. This procedure was demonstrated on the MPA derivatives of menthol
(4), borneol (5), and several natural products. Selective excitation of the a-proton on
MPA enables the observation of nearby protons in the same coupling network.
Signals from other impurities are no longer in the spectrum. Using a derivatization
mixture consisting of two parts (R)-MPA and one part (S)-MPA, it is possible to
analyze both derivatives simultaneously in the same NMR tube and eliminate the
need for two separate derivatization reactions [17].

Even though MTPA has been used to assign the configuration of hundreds of
compounds, and a detailed protocol for its use as a chiral differentiating agent has
recently been published [18], there are several reagents that routinely produce larger
A5 values than MTPA and therefore more reliable assignments of absolute config-
uration. The magnitude of the A5™ values is influenced by the degree to which the
derivative adopts the preferred conformation, whether the aryl ring in the preferred
conformation is positioned in a manner that causes shielding of resonances, and the
size of the aryl ring. Everything else being equal, the larger the aryl ring the larger the
shielding such that the magnitude of the A5* values varies in the order anthryl >
naphthyl > phenyl. Reagents that are noteworthy for the analysis of alcohols include
MPA, a-cyano-a-fluoro-p-tolylacetic acid (6 — CFTA), 2-methoxy-2-(1-naphthyl)
propionic acid (7 — MaNP), and a-(9-anthryl)-a-methoxyacetic acid (8 — 9-AMA).
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OMe

FsC COOH  MeO, COOH HO. COOH
% % OH OH
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COOH
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A recent study compared the magnitude of the AS™ values produced in the 'H
NMR spectrum of 4 after derivatization with a-methoxy aryl-containing carboxylic
acids with phenyl, 1- and 2-naphthyl, 2- and 9-anthryl, and 9-phenanthryl substitu-
ent groups. Derivatives with the naphthyl and anthryl rings produced much greater
A8 values than those with the phenyl rings. The 1-naphthyl and 9-anthryl reagents
were especially effective. In a study of symmetrical secondary alcohols, which have
prochiral methylene and terminal methyl groups (9), the 1-naphthyl reagent was the
best at producing long-range differentiation and caused differentiation of
the terminal methyl groups when they were up to 15 carbon atoms away from the
carbinol site. An interesting observation is that the signs of the A5*® values cross
over from positive to negative in the region from six to eight carbon atoms removed
from the carbinol site. This was unequivocally demonstrated by an analysis of
(§)-nonadecanol-1,1,2,2,-d, (10), which is chiral by virtue of the location of the
deuterium atoms [19]. The compound (S,5)-petrocortyne (11) has rather similar
substituent groups about the secondary carbinol at C14 and is symmetrical about
this site from C8 to C20. Instead of using A* values of the MTPA derivatives of
11 in assigning the absolute configuration, it is possible to subtract the chemical
shifts of symmetrically-related pairs of methylene groups. These sets exhibit
positive and negative values that correlate with the absolute configuration [20].

b b OH
OH
H.
7 8
n n D D
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N F — =

OH
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MPA [21] and CFTA [22] esters of secondary alcohols produce larger ASRS
values than MTPA because of a greater preference for the preferred conformation
that leads to larger shielding by the aryl rings. MaNP and 9-AMA are more
effective than MTPA because the larger aryl rings cause more shielding. Another
potential advantage of CFTA and MaNP over MPA and 9-AMA is that the
stereogenic center on the chiral reagent is a quaternary carbon and is less prone
to racemization.

o-Hydroxyphosphinates such as 12 have two stereogenic centers, one about the
carbon atom and the other about the phosphorus atom. The absolute configuration
of the a-carbon atom in 12 was assigned on the basis of A5® values in the MTPA
derivative. Once the configuration of the a-carbon was known, NMR data obtained
using quinine as a chiral NMR solvating agent enabled a tentative assignment of the
configuration about the phosphorus atom. Theoretical studies were then used to
confirm these assignments [23].

The methods described so far for assigning the absolute configuration all involve
the use of the (R) and (S) form of the chiral reagent. Sometimes it is possible to
prepare a derivative of the chiral compound under study with only one enantiomer
of the chiral derivatizing agent, record changes in the chemical shifts that occur on
lowering the NMR probe temperature, and correlate the As"' ' values with abso-
lute configuration [24, 25]. The absolute configuration of (+)-cis-4-hydroxy-6-
deoxyscytalone (13), a metabolite isolated from Colletotrichhum acutatum, was
found to be (3R,3S) by preparing a single diastereomeric MPA derivative and
comparing the NMR spectrum at 25°C and —70°C. The hydroxyl group at the
3-position was selectively acylated so that the MPA derivative at the 4-hydroxy
group could be examined in making the assignment [26].

Several recent reports, including a comprehensive review [27], have examined
the utilization of MaNP for assigning the absolute configuration of secondary
alcohols [28-33]. Derivatives of secondary alcohols with MaNP adopt a syn—syn
conformation, which was confirmed by the X-ray crystal structures of the esters of
22 different substrates [28]. The syn—syn conformation is stabilized by an intramo-
lecular hydrogen bond. A protic solvent such as methanol-d, is especially useful at
stabilizing the MaNP esters of secondary alcohols, leading to significant
enhancements in the AS*® values. While suitable A5 values of MaNP esters are
often obtained in chloroform-d, if the AS®S values are small and the assignment of
absolute configuration is compromised, recording the spectrum in methanol-d, is
recommended [29].

A combination of 2D NMR methods and A5®S values of MaNP esters of
(1R,28,3R,75)-2,3,7-trimethylcyclooctanol (14), which was prepared from the
corresponding cyclooctanone, was used to assign both the relative and absolute
configurations of the methyl-substituted sites [30]. MaNP derivatives of a range
of aliphatic acetylenic alcohols (15) [31] and 18-(tert-butyldimethylsilyloxy)-5-
octadecayne-7-ol (16) [32] were used to assign absolute configurations. In both
cases the compounds were not enantiomerically pure and the diastereomeric
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MaNP derivatives were separated. A crystal structure of the MaNP derivative of
one of the aliphatic acetylenic alcohols was obtained to confirm the NMR
configurational assignment [31]. The absolute configuration of 12-hydroxystearic
acid (17) can be assigned using the MaNP ester. NMR data obtained on the MaNP
ester were used to confirm the absolute stereochemistry of 17 isolated as a natural
product [32].

oH o
R
P
R OH OH
g0 \o
OH
12 13
HaC.
HsC .
X R2
HO
B H  OH

4-Ethyl-4-methyloctane (C*MeEtPrBu) (18) is the simplest chiral saturated
hydrocarbon with a quaternary stereogenic center. The synthesis of 18 can be
performed using ketone precursor 19. Conversion of the ketone group in 19 to a
hydroxyl group (20) results in (+/—)-cis- and (+/—)-trans-alcohols. The cis-alcohol
was converted to its MaNP ester, the two diastereomers were separated and the
absolute configuration assigned on the basis of AS® values. This information
facilitated assignment of the absolute configuration of 18, which was confirmed
by vibrational circular dichroism of 18 and X-ray crystallography of the MaNP
ester of 20 [33].

An issue with these chiral derivatizing agents is whether the derivative actually
adopts the expected conformation. The infrared spectrum of CFTA esters of
12 secondary alcohols exhibits distinct bands for the carbonyl stretch of the
sp (1,770 cmfl) and ap (1,750 cmfl) conformers. The infrared spectrum can be
used to confirm that the CFTA derivatives adopt the desired conformation [34].
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A variety of other aryl-containing carboxylic acids have been used as chiral NMR
derivatizing agents in recent studies. The absolute configurations of 1- and
2-hydroxyphosphonates (21, X =0) and 1- and 2-aminophosphonates
(21, X = N) can be assigned using derivatives with (R)- and (S)-naproxen (22).
Both sets of derivatives have a preference for the ap conformer and A5*® values in
the 'H and *'P NMR spectra are used to assign the stereochemistry [35]. Esters with
mandelic acid (3) [36] and (S)-O-acetyl mandelic acid (23) [37] have been used to
assign the absolute configuration of secondary alcohols such as endo/exo-norborn-5-
en-2-ol (24) and endo/exo-monocyclic cyclohexenols such as 25 [36, 37]. (R)- and
(8)-2-Methoxy-2-phenylpent-3-ynoic acid (26) have been evaluated as chiral NMR
derivatizing agents for secondary alcohols and primary amines. An advantage of 26 is
that it has no racemizeable a-carbon. Ester derivatives with 26 preferentially adopt an
sp conformation and A5®S values are better than those with MTPA and similar to
those with MPA and CFTA [38].

There are a few reports in which aryl-containing carboxylic acids have been used
to assign the absolute configuration of primary [39-41] and tertiary [42, 43]
alcohols. 9-AMA is especially effective for assigning the absolute configuration
of C2 chiral primary alcohols. Greater shielding from the anthryl ring combined
with a conformational preference that leads to more shielding from the anthryl ring
accounts for its enhanced effectiveness over MTPA or MPA [41].

The absolute configuration of P-chiral primary alcohols in which one of the
substituents has no observable hydrogen resonances can be assigned using A5
values of 9-AMA derivatives provided the substituent group without any hydrogen
atoms has a heteroatom and is polar. The A5® values for the hydrogen-containing
substituent and the Cp-hydrogen are used in assigning the absolute configuration.
Lowering the probe temperature to 213 K results in considerably larger A5*S values
and improves the reliability of the assignment [44]. Myrioneurinol (27) contains a
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fB-chiral primary alcohol and its absolute configuration has been assigned based on
AS®S values of the 9-AMA esters [45].

MTPA derivatives have been used to determine the enantiomeric composition
and assign the absolute configuration of products of a transketolase reaction of
structure 28. The derivatization reaction produces almost exclusively the mono-
MTPA derivative at the primary hydroxyl group. The signs of the AS®S values are
used in assigning the absolute configuration [46]. The stereochemistry at C3 in
3-methyl-4E-decenyl sulfate (29) was assigned using A5 values with a-methoxy-
(1-naphthyl)acetic acid (30 — 1-NMA). The alkene was hydrogenated to produce an
alkane, after which the sulfate group was converted to a hydroxyl group. Derivati-
zation with (R)- and (S)-1-NMA allowed assignment of the stereochemistry of the
y-chiral primary alcohol [47].

The absolute configurations of ketone cyanohydrins with a polar substituent
group, one example of which is 31, have been assigned on the basis of the (R)- and
(8)-MPA derivatives. The ester derivatives have two main sp conformers that lead
to the different signs of the A&™® values for the L, and L, substituent groups. A wide
range of ketone cyanohydrins were examined to confirm the use of AS® values
with MPA esters in assigning the absolute configuration [48].

COOH

Aryl-containing carboxylic acids can be used to assign the absolute configuration
of secondary thiols. The effectiveness of MPA, MTPA, N-Boc phenylglycine
(32 - BPG), 9-AMA, 2-tert-butoxy-2-phenylacetic acid, 2-fert-butoxy-2-
(2-naphthyl)acetic acid (33), and 2-(9-anthryl)-2-fert-butoxyacetic acid has been
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compared. The largest AS®S values are obtained with 33, and the thioester derivative
has a preference for an ap conformation. MPA produces the next largest A5® values,
which are still sufficient in magnitude to enable reliable assignment of absolute
configuration. Also, addition of barium(II) to the MPA derivatives alters the confor-
mational preference toward the sp conformer, thereby causing specific changes in the
AS®S values that provide additional confirmation of the configurational assignment
[49]. The absolute configuration of the thiol site in 4-mercapto-2-alkenones (34) can
be assigned on the basis of MaNP derivatives. Alterations in the spectrum of the
MaNP thioester are sufficiently large that assignment can be reliably performed using
only a single MaNP derivative [50].

Aryl-containing carboxylic acids can also be used to assign the absolute config-
uration of amines. The amide derivative adopts a preferred conformation, and
shielding by the aryl ring causes different signs of the A5® values for the substitu-
ent groups of the amine. A potential complication that must be considered with
amide derivatives is their ability to adopt syn- and anti-rotamers that undergo slow
exchange and produce two sets of peaks in the "H NMR spectrum. One rotamer is
usually predominant and used for the analysis. The conformational preference
within the predominant rotamer must be examined. Reports that describe the use
of these reagents for assigning absolute configuration address the topic of rotamer
and conformer preference. Among the various aryl-containing carboxylic acids,
BPG is particularly suitable for the analysis of primary amines. In a comparison of
MPA, MTPA, and BPG, AS®S values in the amide derivatives with BPG were
typically two to three times larger than those with MTPA and MPA [51]. As®S
values with MTPA are usually larger than those with MPA because of a greater
preference for the sp conformer in the MTPA amides [52]. Amide derivatives with
BPG have a preference for the ap conformer [51].

For secondary amines, amide derivatives with MTPA exhibit exceptionally large
AS®S values. A set of conformational rules have been established that take into
account the presence of the two rotamers. With some secondary amines, differenti-
ation is so large that only a single MTPA derivative is necessary [53, 54]. Recent
work describes the utility of MTPA for assigning the absolute configuration of
2-arylpyrrolidines, one example of which is 35. An interesting observation is that
the preferred conformation of the pyrrolidine ring is different in the (R)- and
(8§)-MTPA derivatives. Coupling of the H2 resonance is especially sensitive to
the conformational difference and the shape of the multiplet can be used to assign
the absolute configuration [55].

MPA has been used to assign the absolute configuration of hindered cyclic
secondary amines such as 36. Syn- and anti-rotamers are observed in the "H NMR
spectrum and the syn rotamer is predominant. The Ha resonance of the MPA moiety
exhibits changes in its chemical shifts that correlate with the absolute configuration of
the amine. Steric crowding inhibits the reaction of MTPA with the amine,
recommending the use of MPA for these substrates [56].

CFTA is an effective chiral derivatizing agent for hindered a-chiral primary
amines. CFTA was found to be about 500 times more reactive with amines than
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MTPA. The ap conformer of the amide is more stable and AS®S values in the 'H and
YF NMR spectra can be used to assign the absolute configuration [57].
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Aryl-containing carboxylic acids can be used to assign the absolute configurations
of diols, polyols, and amino alcohols. If the two functionalities are far enough apart
from each other, the stereochemistry about each site can be analyzed independent of
the other. In recent work, the configurations of both stereogenic centers of three
different trans-N-benzylhydroxypiperidinemethanols (37-39) were assigned using
bis-MTPA ester derivatives. The assignment was confirmed by X-ray crystallography
[58]. If the sites are close together, the aryl rings of the two covalently coupled chiral
reagents may both influence the chemical shifts of nearby nuclei and complicate the
normal rules for determining absolute configuration.

In recent years, Riguera and coworkers have published a series of articles in which
they have systematically and thoroughly explored the assignment of absolute config-
uration of diols, triols, and amino alcohols using systems such as MPA or 9-AMA.
These include secondary,secondary-1,n-diols (n = 2-5), primary,secondary-1,2-
diols, secondary,secondary-1,2-amino alcohols, secondary,primary- and primary,sec-
ondary-1,2-amino alcohols, and primary,secondary,secondary-1,2,3-triols. In each
case they have been able to identify one or more 'H signals of either the substrate
or derivatizing agent that show a consistent trend in behavior that correlates with the
relative and absolute configurations of the system. In many cases it is possible to
compare the spectra at ambient and lower probe temperatures and observe specific
changes that correlate with and provide additional confirmation of the absolute
configuration. Instead of describing the studies on each individual system herein, a
recent review article provides a comprehensive overview of the use of MPA, 9-AMA,
and MTPA for assigning the absolute configuration of diols, triols, and amino
alcohols [59].

A derivatization procedure referred to as the “mix-and-shake” method that
employs polystyrene-bound chiral derivatizing agents such as MTPA, MPA,
9-AMA, BPG, and 2-NTBA has been developed. The resin, which is either in a
single enantiomeric form or contains a combination of the (R)- and (S)-enantiomers at
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unequal but known ratios, is mixed with the compound to be derivatized in an NMR
tube and a solvent such as chloroform-d, acetonitrile-ds, or carbon disulfide/methy-
lene chloride-d,. The report provides the exact conditions to use for each derivatiza-
tion reaction. The mixture is shaken for several minutes to complete the reaction. The
resin floats on the solvent so the NMR spectrum can be recorded without having to
filter the sample. The efficacy of the procedure was demonstrated on chiral substrates
with alcohol, amine, and thiol functionalities [60].

2-(Anthracene-2,3-dicarboximido)cyclohexane carboxylic acid (40) is notewor-
thy for its use in the analysis of primary and secondary alcohols with stereogenic
centers that are remotely disposed from the carbinol site. The configuration of
40 places the aliphatic chain of the alcohol over the anthryl ring such that shielding
of resonances occurs over a considerable number of carbon atoms of the aliphatic
chain. For primary alcohols, non-equivalence in the NMR spectrum is observed as
far away as the C9 group [61, 62]. For secondary alcohols, differentiation of a
secondary alcohol with a chiral carbon at C16 and in which the two substituents
differ by only one carbon is possible [63, 64]. Furthermore, the A5*® values show
trends that correlate with the absolute configuration for both primary [61] and
secondary [65] alcohols. A recent application of 40 involves assigning the stereo-
chemistry at C4 in 4,8-dimethylnonylsulfate (41). The sulfate group in 41 was
converted to a hydroxyl group before analysis with 40 [47].

Several recent studies have used carboxylic acid-containing reagents for chiral
NMR differentiation. N-(2-Nitrophenyl)proline (42) reacts with a-chiral primary
amines. Two intramolecular hydrogen bonds lead to a stable anti conformation in
the derivatives. One hydrogen bond is between the amide hydrogen and proline
nitrogen. The other is a hydrogen bond between the 2-nitro and amide group. The
preferred conformation positions the phenyl ring to cause predictable shielding.
AS™ values for a variety of amines containing different substituent groups are
much larger than those with MTPA or MPA. Much smaller A8*® values in the
4-nitrophenylproline derivatives, which cannot form the second hydrogen bond
between the nitro and amide group, indicate the importance of this hydrogen bond
in the effectiveness of the 2-nitrophenyl derivative. The intramolecular hydrogen
bond and anti conformation are retained in solvents such as pyridine-ds, acetone-ds,
methanol-d,, acetonitrile-ds, and dimethylsulfoxide-dg [66, 67].

The enantiomeric composition of a palladium dimer containing an a-ferroceny-
lethylphosphine unit (43) was determined by reaction with (S)-prolinate. Complex-
ation of the prolinate with the dimer creates a monomeric species and the >'P NMR
spectrum exhibits four singlets corresponding to differentiation of the planar
chirality and stereogenic carbon center [68].

3-Arylcarbonyl-2,2-dimethyloxazolidine-4-carboxylic acids derived from serine
(44) are effective chiral derivatizing agents for the analysis of chiral secondary
alcohols. The amide functionality with benzoyl, 1-naphthoyl, and 2-naphthoyl
groups in these pseudoproline reagents adopts a cis conformation. Reaction of
44 with secondary alcohols produces esters in which A5® values can be used to
assign absolute configurations. The values are largest with the 2-naphthyl reagent
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and the system is effective in acetone-ds, acetonitrile-ds, dimethylsulfoxide-ds,
chloroform-d, toluene-dg, and methanol-d, [69].

The methyl ester of L- and p-phenyl alanine reacts with Cbz derivatives of
a-substituted serines in a three-step process to form diastereomeric diketopiperazines
as shown in Fig. 2. Shielding by the phenyl ring of the alanine causes very large A5™
values for certain hydrogen atoms in the diketopiperazine, which facilitates assigning
the absolute configuration of the original serine [70].

2,2-Diphenyl-[1, 3]-dioxolane-4,5-dicarboxylic acid and its corresponding
2-naphthyl derivative (45), which are cyclic ketals of tartaric acid, have been
employed as chiral derivatizing agents for a-chiral primary amines. Two amines
are coupled to 45 in the derivatization reaction. An intramolecular hydrogen bond
stabilizes the conformation of the derivative. AS®* values with the 2-naphthyl reagent
are much larger than those observed with MTPA and MPA and can be used to assign
the absolute configuration of the amine [71].

Tetrahydro-1,4-epoxynaphthalene-1-carboxylic acid (46) has been explored as a
chiral derivatizing agent for chiral secondary alcohols. The derivative adopts an sp
conformation. A5® values can be used to assign the absolute configuration. Eleven
alcohols were tested, but the AS®S values were generally smaller than those with

MPA [72].
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2.2 Anhydrides

(1-Naphthyl)(trifluoromethyl) O-carboxy anhydride (47) is an effective chiral
derivatizing agent for a-chiral primary amines. The resulting a-hydroxyamide has
an eclipsed conformation that is held in place through an intramolecular hydrogen
bond. The corresponding compound with a methoxy group in place of the hydroxyl
group has a staggered conformation and is not nearly as useful for chiral analysis.
AS®S values are larger than those obtained with MTPA, MPA, and NPP [73].

The stereochemistry of glucose and galactose formed by hydrolyzed products of
polysaccharides produced by Streptococcus thermophilus were assigned using 'H
NMR of the per-O-(S)-2-methyl butyrate derivatives. The derivatives were
prepared using (S)-2-methylbutyric anhydride and compared to monosaccharides
of known configuration. A combination of lH, 13C, and 2D NMR methods were
used in analyzing the mixtures and assigning the stereochemistry [74].

2.3 Alcohols

Enantiomerically pure alcohols have the potential to be used as chiral derivatizing
agents for chiral carboxylic acids. Among those that have been used for this purpose,
ethyl-2-(9-anthryl)-2-hydroxyacetate (48) is especially useful for the analysis of
a-chiral carboxylic acids. The derivatives adopt an ap conformation. The effective-
ness of 9-AHA was compared to several other aryl alkyl alcohols and, except for
trans-2-phenyl-1-cyclohexanol, 9-AHA caused the largest A5® values [75].

2,2,2-Trifluoro-1-(9-anthryl)ethanol (49), commonly known as Pirkle’s alcohol, is
often used as a chiral NMR solvating agent. It is also possible to derivatize carboxylic
acids with 49 and use the A® values of the corresponding esters to assign absolute
configuration. Such a procedure was used to determine the stereochemistry in trans
a-benzyl paraconic acid (50). The procedure was unsuccessful with the corresponding
cis-isomer as there was no reaction with either enantiomer of 49 [76].

A strategy for assigning the stereochemistry of glycosides is to hydrolyze them to
the corresponding monosaccharides and derivatize them with (R)- or (S)-2-butanol.
Characteristic trends in the chemical shifts in the 'H and '*C NMR spectra are used in
making the assignment. A protocol for rapid and automatic analysis and assignment of
the data of the 2-butanol derivatives of monosaccharides using software called
CASPAR has been described. Either 2-butanol enantiomer can be used and 'H, °C,
and/or "H-">C—HSQC data are needed. The software reports back structures and ranks
them according to how well they fit the data. No prior assignment of the NMR data is
needed [77].

2-Octanol derivatives of f-glycopyranosides and a-arabinopyranosides produce
specific trends in 'H data that correlate with absolute configuration. If the absolute
configuration of the attached monosaccharide is known, the '"H NMR of the
alicyclic peracetylated glycoside can also be used to assign the configuration at
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the aglycone moiety. The method was applied to marine steroid glycosides and
acetates that contained glycosylated side chains as alicyclic fragments [78].

A series of a-substituted chiral carboxylic acids that are derivatives of clofibric
acid, one example of which is 51, were examined as esters of ethylmandelate (52).
The derivatives adopt a conformational preference that is supported by density
functional theory calculations. AS®S values of the ethylmandelate derivatives could
be used to assign the absolute configurations of the carboxylic acids [79].

2.4 Amines

Several chiral amines have been used successfully for the assignment of absolute
configuration of chiral carboxylic acids. Most notable among the many amines that
have been studied is phenylglycine methyl ester (53 — PGME) [80]. X-Ray and
NOE data confirm that amide derivatives of PGME adopt the conformation shown
in Fig. 3, which then leads to predictable signs for the A5*® values of the two
substituent groups [81]. The use of PGME for assigning the absolute configuration
of carboxylic acids has been reviewed [5, 82].
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Amides of three related compounds, 1-phenylethylamine (54 - PEA),
1-(1-naphthyl)ethylamine (55 — NEA), and 1-(9-anthryl)ethylamine (56 — AEA),
have also been used quite frequently for assigning the absolute configuration of a-chiral
carboxylic acids. Amides of PEA, NEA, and AEA have major and minor rotamers that
must be considered in the analysis of the spectra. The A8*® values usually vary in the
order AEA > NEA > PEA [83]. AEA is not commercially available, and PEA and
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Fig. 3 Conformational o M B (R)
preference of PGME amide
derivatives of a-chiral
carboxylic acids

NEA have been used more frequently for enantiomeric analysis. They have also been
used in the analysis of f-chiral carboxylic acids [84, 85]. In recent studies, PEA amides
have been used to assign the absolute configuration at the C3 stereogenic center of
3-(2-oxo-3-indolyl)acetic acids (57). The derivatives have a preference for
ap (C=0)~(N-H)—(C-H) arrays. The N1-methyl, C3-methyl, and H8A signals are
particularly diagnostic in making the assignment. X-Ray structural data confirmed the
reliability of the NMR method [85].
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58, 59, and 60, which are prepared from either (R,R)- or (S,5)-trans-1,2-diaminocy-
clohexane, react with the carboxylic acid moiety of N-Boc a-amino acids. The
resulting amide derivatives have a preferred conformation in which the CH-NH-
C(O)—CH unit has an anti-orientation. AS®S values for the tert-butyl resonance and
R group of the amino acid can be used to assign the absolute configuration. The largest
AS®S values are observed with 58. Reaction of 5860 with triphosgene converts the
amine to an isocyanate group. The isocyanates of 59 and 60 react with the amine
functionality of a-amino acid esters and AS® values of the corresponding urea
derivatives can be used to assign the absolute configuration [86].

2.5 Miscellaneous Reagents

(18,28)-N-[(2-Isothiocyanato)cyclohexyl] trifluoromethanesulfonamide (61) has
been used as a chiral derivatizing agent for determining the enantiomeric composi-
tion of a-chiral primary and secondary amines. The 'F NMR spectrum of the
thiourea derivatives is conveniently monitored [87].
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Reaction of 2'-methoxy-1,1’-binaphthalene-8-carbaldehyde (62) with amines
produces the corresponding imine (63). Shielding from the second naphthalene ring
causes AS™® values that can be used to assign the absolute configuration of the amine.
The method was demonstrated on several substrates including amino acids and cyclic
chiral amines [88]. 2,2'-Dihydroxy-1,1’-binaphthalene (64 — BINOL) based receptors
65 [89] and 66 [90] have aldehyde groups that can form imine derivatives with 1,2-
amino alcohols. 67 shows the resulting product of the reaction of 65 with a 1,2-amino
alcohol. Intramolecular hydrogen bonding in 67 constrains the motion of the deriva-
tive and results in enantioselective recognition of the substrates.
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A procedure for assigning the absolute configuration of 2-oxo-3-indolylacetic
acids (57) using (R)- or (S)-2-phenyl-2-oxazolidinone (68) as a chiral derivatizing
agent has been reported. The carboxylic acid reacts at the NH group of the
oxazolidinone to produce an amide. Shielding by the phenyl ring of the oxazolidinone
moiety causes predictable AS®S values that correlate with the absolute configuration.
X-Ray structures of some of the derivatives confirm the NMR results and efficacy of
the procedure [91].

Tetramethylammonium salts of a-amino acids such as alanine react with helically
chiral 2,2'-dihydroxybenzophenone (69) to form the corresponding imine (70). The
conformation of the derivative is constrained by intramolecular hydrogen bonding
and splitting of signals is observed in a protic solvent like methanol-d, [92].
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Compound 71 is a C,-symmetric homoditopic receptor that forms adducts (72)
with a-amino acids through the formation of reversible covalent bonds. Only one
adduct forms in the reaction, and splitting of signals in the 'H and '"’F NMR can be
used to differentiate the enantiomers. The differentiation in the '°F signals correlates
with absolute configuration [93].

Reaction of cis-4-amino-1-benzyl-3-phenylpiperidine (73) with camphor sulfonyl
chloride (74) produces the corresponding camphor sulfonamide. The two methyl
singlets of the camphor moiety split in the sulfonamide derivatives, enabling the
determination of the enantiomeric composition of the amine [94].
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A carbonate of (2,6-dichloro-4-methoxyphenyl)(2,4-dichlorophenyl)methanol
(75) undergoes reactions with free amino acids to produce the corresponding carba-
mate derivative (76). A 3:1 mixture of (5)-(75) and (R)-(75) is used in the procedure.
Over 50 substrates including a-amino acids, a,a-disubstituted amino acids, one
-amino acid, and amino alcohols were examined and all showed a consistent trend
in the NH resonance that correlates with absolute configuration [95].

2.6 Phosphorus-Containing Reagents

Many phosphorus-containing reagents have been explored for applicability as chiral
NMR derivatizing agents. The majority of these are used for the determination of
enantiomeric composition. Usually the *'P NMR spectrum consists of a single
resonance that splits into two when diastereomers form in the derivatization reaction.
Most of the reagents have a chiral moiety attached to the phosphorus atom and a P—C1
group that reacts rapidly with alcohols and amines, such that most derivatization
reactions can be performed directly in the NMR tube. The reagents can be used in
either the P(II) or P(V) form. The P(III) species usually has larger differentiation
between the *'P signals of the two diastereomers, but the P(V) species are usually
more stable in solution. When integrating the phosphorus signals to determine
enantiomeric composition, it is important to recognize that the relaxation times
may be different for the two diastereomers and appropriate delay times need to be
employed [96]. The use of phosphorus-containing chiral derivatizing agents has been
comprehensively reviewed [5, 97].

Two common families of phosphorus-containing reagents involve complexes
with chiral diamine (77) or diol (78) moieties. These reagents are usually prepared
by reaction of the diamine or diol with phosphorus trichloride. Many examples of
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these that have been examined and their effectiveness are discussed in recent
review articles [5—7]. Only the most recent work in this area will be included herein.

A recent study used a phosphoroselenyl reagent with BINOL (79) to determine the
enantiomeric composition of alcohols and amines. Either the *'P or "’Se NMR
spectrum can be used for the analysis [98]. Derivatization of 1-aryl-2-propanols (80)
with 79 produces trends in the 'y, 13C, 31P, and 7’Se NMR spectra that correlate with
absolute configuration [99]. (S)-(1,1’-Binaphthalen-2,2-dioxy)chlorophosphine (81),
areagent identical to 79 without the selenium, is effective for determining the enantio-
meric composition of alcohols, amines, and N-Boc amino acids. Enantiomeric differ-
entiation in the >'P NMR spectrum was largest for alcohols and smallest for carboxylic
acids. 81 can also be used to analyze the enantiomeric composition of ketones. In one
procedure a transfer hydrogenation is used to convert the ketone to an alcohol, which is
then reacted with the phosphorus reagent. In another procedure the ketone is subjected
to an asymmetric hydrosilylation before reaction with the phosphorus reagent [100].

2-Chloro-(4R,5R)-bis[(1S5,2S5,5R)-menth-1-yloxycarbonyl)]-1,3,2-dioxapho-
spholane (82), which is prepared by reacting PCl; with bis[(1R,2S,5R)-menth-1-yl]
tartrate, is effective for determining the enantiomeric composition of chiral pri-
mary, secondary, and tertiary alcohols using the *'P NMR spectrum. The reaction is
run directly in an NMR tube in chloroform-d/THF and only requires a few minutes.
The complex is largely inert toward moisture and is stored in anhydrous THF after
preparation [101]. In more recent work, the effectiveness of bornenyl and fenchyl
tartrates similar in structure to 82 were prepared and compared to 82. The menthyl
reagent was judged the most versatile and could be stored in contact with air for
24 h without much degradation [102].

p——CI

81 82

A phosphorus reagent of structure 77 prepared using (1R,2R)- and (1S5,2S5)-
trans-N,N'-bis[(S)-a-phenylethyl]cyclohexane-1,2-diamine and the corresponding
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4-cyclohexene derivative (83) has been used to determine the enantiomeric compo-
sition of a- and P-chiral carboxylic acids. The diamine and PCl; are mixed together
in an NMR tube after which the carboxylic acid is added. The *'P NMR spectrum
can be recorded on the P(III) species or elemental sulfur can be added to generate
the P(V) species. Enantiomeric differentiation is greatest for the P(III) species of
the (S,R,R,S)-cyclohexene moiety, although the P(V) species is more stable [103].

2.7 Boron-Containing Reagents

A variety of boron-containing reagents have been employed as chiral NMR
differentiating agents and the use of these is covered in recent reviews [5—7]. Many
of these reagents are mostly suitable for the analysis of either diols or primary amines.

2-Formylphenylboronic acid, a diol, and an amine react as shown in Fig. 4. If an
enantiomerically pure alcohol such as (R)- or (S)-BINOL is used, then the enantio-
meric composition of the amine can be determined [104, 105]. This system has been
used to assign the configuration of B-chiral primary amines as well as 84 and 85, both
of which have stereogenic centers at remote positions relative to the amine group
[106]. Alternatively, an enantiomerically pure amine such as PEA can be used and the
enantiomeric composition of the diol can be determined [107]. Detailed protocols for
using this system have been reported [104, 107]. Using 4-fluoro-2-formylphe-
nylboronic acid (86) in the procedure allows the use of the '°F signals for determining
the enantiomeric composition [108].
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The combination of 2-formylphenylboronic acid with (R)-PEA has been used to
determine the enantiomeric composition of chiral a-hydroxy acids (87). Alterna-
tively, the use of (S)-mandelic acid (3) allows the enantiomeric composition of
chiral primary amines to be determined with this system [109]. The same procedure
with 2-formylphenylboronic acid with enantiomerically pure PEA can be used to

determine the enantiomeric composition of chiral acyclic (88) and cyclic (89)
diacids [110]. The enantiomeric composition of amines can be determined if

85
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Fig. 4 Borate—imine complex formed by the reaction of a diol, 2-formylphenylboronic acid, and
1-phenylethylamine

enantiomerically pure trans-1,2-cyclohexane dicarboxylic acid (90) is employed in
the boron reagent [110].

2-Formylphenylboronic acid has also been used in a procedure to analyze the
enantiomeric composition of 1,2-amino alcohols. Enantiopure (syn)-methyl-2,3-
dihydroxy-3-phenylpropionate (91) is used as the diol in creating the chiral reagent.
The hydroxyl group of the amino alcohol is silylated with fert-butyldimethylsilyl
chloride and an imine derivative is formed by reaction of the amine functionality
with the aldehyde on the 2-formyl phenyl ring [111].

A procedure for assigning the absolute configuration of a- (87) and p-hydroxyacids
using a boron reagent has been developed. One equivalent of B(OMe)s, the hydroxy
acid, and (R)- or (S)-BINOL are mixed with 3 equiv. of triethylamine and reacted
directly in an NMR tube. Molecular sieves are added to remove water. The naphthyl
rings on the BINOL give predictable AS*® values for the Ha and Hp methine protons
on the a- or B-hydroxyacid, respectively [112].

Boronate esters of (R)- or (S)-2-(1-methoxyethyl)phenylboronic acid (92) have
been used to determine the enantiomeric composition of chiral cis-1,2-diols (93)
with substituent groups at the 4,6- and 3,4-positions [113] and the 3,6-position
[114]. In some cases, attempts at using di-MTPA esters are ineffective either
because the products do not form or are unstable [114].

Data from three boronic acids used in combination with three pH indicators were
incorporated into a sensor array for 1,2-secondary,secondary diols. The array
consists of a series of patterns for different diols. The data set is recorded for a
diol with an unknown configuration and pattern recognition techniques identify the
best match. It is especially effective for threo diols and allows for the simultaneous
determination of their identity, enantiomeric composition, and concentration [115].

2.8 Selenium-Containing Reagents

Recent studies have used selenium-containing reagents for determining enantio-
meric composition. One employed (S)-3-phenyl-2-(selenophenyl)propan-1-ol (94)
as a chiral derivatizing agent for carboxylic acids. The reaction is run directly in the
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NMR tube. Differentiation in the "’Se NMR spectrum is larger than that observed
with the analogous (§)-2-(selenophenyl)propan-1-ol (95) [116].

COH
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(R)-2-Phenylselenopropanoic acid (96) has been used as a chiral derivatizing agent
for chiral alcohols and amines. Derivatization is performed in chloroform-d in an
NMR tube. Solid byproducts float on the solvent and do not interfere with the
spectrum. Enantiomeric differentiation in the ”’Se NMR spectrum is monitored [117].

,
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3 Macrocycles

3.1 Cyclodextrins
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Cyclodextrins are cavity compounds comprised of six () (97), seven (B), or
eight (y) glucose units. Secondary hydroxyl groups at the 2- and 3-positions are at
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the wider opening of the cavity, whereas primary hydroxyl groups at the 6-position
are at the smaller opening to the cavity. Underivatized native a- and y-cyclodextrin
are highly water-soluble. f-Cyclodextrin is soluble to a lesser degree in water
(approximately 20 mM), but is soluble enough for NMR studies. The different
sizes of the -, -, and y-cyclodextrin cavity allows for the study of a diverse variety
of substrates. Differentiation of chiral substrates that insert into the cavity usually
occurs through different interactions of the enantiomers with the secondary
hydroxyl groups. Alkylations and/or acylations of the hydroxyl groups have been
used to prepare a wide variety of cyclodextrin derivatives, many of which have been
examined as chiral NMR differentiating agents [5].

Several studies have shown that anionic cyclodextrin derivatives are more effec-
tive at causing enantiomeric differentiation in the NMR spectra of cationic substrates
than native cyclodextrins [5]. An early study examined commercially available
sulfated and carboxymethylated (98) p-cyclodextrin derivatives. The sulfate deriva-
tive had a high degree of substitution of sulfate groups (nine in p-cyclodextrin),
whereas the degree of substitution of the carboxymethyl groups was lower (3.5 in
B-cyclodextrin). These anionic reagents produce greater enantiomeric differentiation
in the '"H NMR spectra of the ammonium salts of pheniramine (99), carbinoxamine
(100), doxylamine (101), and propranolol (102) than native cyclodextrins. The H3
and H5 hydrogen atoms are inside the cyclodextrin cavity and perturbations in the
chemical shifts of these resonances indicate that 99—102 insert into the cavity. Ion
pairing between the cationic substrate and anionic groups on the cyclodextrin likely
accounts for the improved enantiomeric differentiation compared to native
cyclodextrins [118].

— I \ H—c—o N—
n=6,738 = =
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In subsequent work, synthetic procedures to incorporate carboxymethyl groups
selectively at the 6-position, 2-position, and indiscriminately at the 2-, 3-, and
6-positions of a-, -, and y-cyclodextrin were described [119]. Comparative studies
of these water-soluble systems on a wide range of cationic substrates show that the
indiscriminately-substituted derivatives, which have the highest degree of substitu-
tion of carboxymethyl groups, always produce the largest enantiomeric differentia-
tion in the "H NMR spectrum [119—121]. Substrates include hydrochloride salts of
aryl-containing amines (104), aryl-containing amino alcohols (105) [120], and
aromatic amino acids [121]. Figure 5 shows a portion of the "H NMR spectrum
of chlorpheniramine (103) in the presence of neutral a-cyclodextrin (Fig. 5b) and an
indiscriminately-substituted carboxymethylated o-cyclodextrin (Fig. 5c). Large
enantiodifferentiation of the H3' and H4' resonances of the pyridyl ring of 103 is
observed in the presence of the carboxymethylated a-cyclodextrin. The neutral
a-cyclodextrin causes no enantiodifferentiation of the resonances of any hydrogen
atoms of 103.

Other studies have examined the coupling of paramagnetic lanthanide ions to
cyclodextrins to enhance enantiomeric differentiation in the '"H NMR spectra of
substrates. A synthetic scheme in which diethylenediaminepentaacetic acid (DTPA)
is bound to the primary (6-position) and secondary (2-position) side of cyclodextrin
through an ethylenediamine (EN) [122] (Fig. 6) or amine (NH) [123] linker has
been described. When dysprosium(III) nitrate is added to the DTPA derivatives of
the cyclodextrin, it binds to the DTPA moiety and causes significant perturbations
and substantial enhancements in enantiomeric differentiation in the NMR spectrum
of the substrate. For the EN derivative, incorporation of the Dy(III)-DTPA at the
2-position is much more effective than the derivative with Dy(IITI)-DTPA at the
6-position [122]. Presumably the closer proximity of the Dy(Ill) to the chiral
recognition sites in the secondary derivative accounts for this observation. In
some cases, broadening from the paramagnetic dysprosium(IIl) is significant but
recording spectra at 50°C causes substantial reduction of the broadening without
eliminating enantiomeric differentiation .

The primary NH-linked Dy(III)-DTPA derivative causes larger lanthanide-
induced shifts and enhances the enantiomeric differentiation compared to the
primary EN-linked Dy(IIT)-DTPA derivative. The closer distance of the dyspro-
sium(IIl) to the cavity in the primary NH derivative likely accounts for this
observation. The NH derivative with Dy-DTPA at the 2-position is less effective
than the corresponding EN derivative. The Dy(IIT)-DTPA is closer to the opening of
the cavity in the NH derivative and appears to block access of the substrate to the
cavity [123].

Lanthanide ions also associate with the anionic groups of sulfated and
carboxymethylated cyclodextrins. The addition of dysprosium(IIl) nitrate or ytter-
bium(Ill) nitrate to commercially available sulfated and carboxymethylated
cyclodextrins causes enhancements in the enantiomeric differentiation in the 'H
NMR spectra of cationic substrates [118, 124]. For indiscriminately-substituted
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Fig. 5 'HNMR spectrum (400 MHz, D,0, 23°C) of the aromatic region of (a) 10 mM chlorphenir-
amine (103 — racemic mixture) with (b) 10 mM a-cyclodextrin and (¢) 10 mM carboxymethylated
a-cyclodextrin
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Fig. 6 Scheme used to couple lanthanide ions to cyclodextrins through a DTPA amide unit

carboxymethylated cyclodextrins with high degrees of substitution, the addition of
praseodymium(III) nitrate or ytterbium(III) nitrate causes pronounced improvements
in enantiomeric differentiation in the '"H NMR spectra of a wide range of cationic
substrates [120, 121].
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It has also been shown that water-soluble cationic cyclodextrins are more effective
for anionic substrates than native cyclodextrins. Cationic cyclodextrins were prepared
by reacting glycidyl trimethylammonium chloride with a-, -, and y-cyclodextrin as
shown in Fig. 7. An advantage of the system in Fig. 7 is that the quaternary amine
retains a positive charge irrespective of the pH. Degrees of substitution ranging from
one to three per glucose ring are achieved by varying the reaction conditions.
Derivatives with degrees of substitution of 1-1.5 are most effective at causing
enantiomeric differentiation in the "H NMR spectra of anionic substrates. A wide
range of substrates such as sodium salts of aryl-containing amino acids, pyroglutamic
acid (106), 3-indolelactic acid (107), 2-phenylpropanoic acid (108), and others have

been examined [125].

3.2 Crown Ethers
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Fig. 7 Preparation of cationic cyclodextrins

A wide variety of crown ethers have been evaluated as chiral NMR differentiating
agents for primary amines [5]. Protonated primary amines form three hydrogen bonds
to oxygen atoms of 18-crown-6 ethers as shown in Fig. 8. Most notable of the crown
ethers that have been examined in NMR applications is (18-crown-6)-2,3,11,12-
tetracarboxylic acid (109), both isomers of which are commercially available. In
comparative studies the enantiomeric differentiation in the 'H NMR spectra of
substrates with 109 is larger than observed with other notable crown ethers
(110-113) that have been studied in NMR applications [126—130].
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109 is effective for a-amino acids [130-132], aryl-containing primary amines,
amino alcohols, 1-cyclohexylethylamine (114) [130], and a-methylamino acids
[131]. The largest enantiomeric differentiation is usually observed in methanol-
d4. The amine substrate can be used in its protonated (e.g., hydrochloride salt of the
amine) or neutral form. When a neutral amine is mixed with 109, a neutralization
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Fig. 8 Interaction of a
protonated primary amine
with an 18-crown-6 ether @
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(400 MHz, methanol-d,, 23°C)
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reaction between a carboxylic acid group of 109 and the amine occurs to produce
the protonated amine needed for favorable association with the crown ether
[130]. The addition of paramagnetic ytterbium(IIl) to mixtures of protonated
primary amines and neutral 109 in methanol-d, causes enhancements in enantio-
meric differentiation. The ytterbium(III) binds to the carboxylic acid moieties of
109 and causes perturbations in the NMR spectra of the bound substrate.

Recent work has demonstrated the effectiveness of 109 for the analysis of f-amino
acids (115) that have a variety of aliphatic or aromatic substituent groups. Substantial
enantiomeric differentiation of the methylene and methine resonances of the f-amino
acid is observed. Furthermore, the methylene and methine resonances show specific
trends that correlate with absolute configuration [133]. 109 is also an effective chiral
NMR differentiating agent for cyclic B-amino acids with cyclopentane (116),
cyclopentene, cyclohexane, cyclohexene, bicyclo[2.2.1]heptane, and bicyclo[2.2.1]
heptene rings (117). Figure 9b shows a portion of the 'H NMR spectrum of 117 in the
presence of 109. Enantiodifferentiation of the H2, H7, and H7’ resonances is apparent
and is especially large for H7’. The neutral B-amino acid is mixed with 109 in
methanol-d4. Resonances of the hydrogen atoms o to the amine and carboxylic acid
groups exhibit enantiomeric differentiation in every substrate, and some show trends
that correlate with absolute configuration [134]. 109 is also effective for isoxazoline-
fused B-amino acids (118,119). Protonated salts of 118 and 119 are mixed with 109 in
methanol-d,. Enantiomeric differentiation of two or more resonances is observed in
the '"H NMR spectrum of each substrate [135].
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Chiral 18-crown-6 ethers are usually ineffective at binding to and causing enan-
tiomeric differentiation in the NMR spectra of secondary amines. Secondary amines
exhibit weaker binding to 18-crown-6 ethers because they can only form two hydro-
gen bonds. Steric hindrance from the second substituent group on the amine also
reduces the binding of secondary amines to 18-crown-8 ethers relative to primary
amines. However, 109 exhibits strong binding to secondary amines provided it is
mixed with a neutral amine.

Mixing 109 with a neutral secondary amine leads to a neutralization reaction that
produces a carboxylate of 109 and a cationic protonated amine. Interaction of 109
and the protonated secondary amine involves two hydrogen bonds and an ion pair as
shown in Fig. 10. 109 is an exceptionally effective chiral NMR differentiating agent
for secondary amines [136—139]. This includes aryl- and alkyl-containing second-
ary amines [136, 139], piperidines (120), piperazines (121) [137], and pyrrolidines
(122) [138]. Enantiomeric differentiation is even observed in piperazines (123) and
pyrrolidines (124, 125) that have high degrees of steric hindrance.
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109 also causes enantiomeric differentiation in the "H NMR spectra of prochiral

amines such as 2-aminopentane (126) and 2,5-dimethylpiperidine (127) in the 'H and
'3C NMR spectra of tertiary amines. Enantiomeric differentiation in the NMR spectra
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of tertiary amines with 109 is much less than in primary and secondary amines, but is
still sufficient for determining enantiomeric composition. '*C NMR spectra are best
for examining enantiomeric differentiation of tertiary amines with 109 [139].

3.3 Calix[4]Resorcinarenes

Calix[4]resorcinarenes are cavity compounds formed by the reaction of resorcinol
with an aldehyde as shown in Fig. 11. Varying the R group on the aldehyde facilitates
the solubilization of calix[4]resorcinarenes in a wide range of solvents. Reaction of
the calix[4]resorcinarene with a secondary amine and formaldehyde adds an amine
substituent to the resorcinol ring as shown in Fig. 12. Calix[4]resorcinarenes have
several possible conformations caused by flipping of the aryl rings. If all the rings
have the same orientation, a cone-shaped cavity compound results. Water-soluble
derivatives prepared using a sulfonated aldehyde and r-proline (128) [140-142],
hydroxyl-L-proline (129-131) [143-146], a-methylproline (132) [147, 148], and
L-pipecolinic acid (133) [149, 150] groups have been evaluated as chiral NMR
differentiating agents.
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Fig. 11 Reaction of resorcinol with an aldehyde to form a calix[4]resorcinarene
O<COOH
HO OH N CHs
CH,
E—
N H,0

SO5 Na®
3 4

Fig. 12 Coupling of a secondary amine (proline) to a calix[4]resorcinarene

128-133 adopt a cone conformation and are especially effective chiral NMR
differentiating agents for water-soluble substrates that have an aromatic ring free of
steric hindrance. The ring of the substrate inserts into the cavity as evidenced by large
shielding of the aryl resonances of the substrate by the resorcinol rings. Water-soluble
substrates with mono- or ortho-substituted phenyl, 2,3- and 1,8-disubstituted
naphthyl, ortho-substituted pyridyl, indole (134), dihydroindole (135), and indane
(136) rings associate favorably with 128-133 [145]. Substrates with naphthyl rings
have higher association constants than those with phenyl rings, presumably because
of the higher hydrophobicity of the naphthyl ring [141, 142].

The magnitude of the shielding of the aryl resonances of the substrate is indica-
tive of the geometry of association of substrates in the cavity of 128-133. Mono-
substituted aryl rings insert as shown in Fig. 13a. The indole ring of tryptophan
inserts as shown in Fig. 13b. The shielding of the aryl resonances of NEA and
propranolol provide an interesting contrast. For NEA, the H6 and H7 resonances
exhibit the largest shielding in the presence of 128-133, indicating the association
geometry shown in Fig. 13c. For propranolol, H4 and HS exhibit the largest
shielding in the presence of 128-133, indicating the association geometry shown
in Fig. 13d. Interactions between the aliphatic groups of NEA and propranolol with
the proline moieties of 128—133 must account for the difference in geometries
[141, 142].
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Fig. 13 Geometry of o
association of (a) mono-

substituted phenyl rings, HO NH,
(b) tryptophan,

(¢) 1-(1-naphthyl)ethylamine,

a R b
and (d) propranolol with calix "
[4]resorcinarenes 127-132

c NH;*CI" d

99 and 101 have phenyl and pyridyl rings that are free of steric hindrance and the
perturbations in chemical shifts in the presence of 128-133 indicate that both rings
associate to some degree in the cavity. The phenyl ring in 100, 103, and
brompheniramine (137) is sterically hindered by the halide and the perturbations
in chemical shifts indicate that association of these substrates with 128—133 only
involves insertion of the pyridyl ring [141].

128-133 are effective chiral NMR differentiating agents for a broad range of
neutral, cationic, and anionic aryl-containing substrates. The general effectiveness is
in the order L-pipecolinic acid (133) > o-methyl-L-proline (132) > hydroxyl-L-
prolines (129-131) > rL-proline (128) [141-150]. The enhanced effectiveness of
129-131 compared to 128 likely occurs because the hydroxyl group in 129-131
provides an additional site for hydrogen bonding with the substrate. The effectiveness
of 133 and 132 is likely due to the increased steric hindrance at the opening of the
cavity caused by the methyl group in 132 and the larger six-membered ring in 133.

Figure 14 shows the enantiodifferentiation caused by 133 in the three aromatic
resonances of phenylalanine methyl ester hydrochloride. The substantial shielding
of the resonances caused by insertion of the phenyl ring of the substrate into the
cavity of 133 is apparent in the spectrum. Figure 15 shows the progression of the
methyl doublet of 2-phenylpropanoic acid (108) as increasing concentrations of 133
are added. The spectra in Figs. 14 and 15 are representative of the enantiomeric

differentiation of aryl and alkyl hydrogen resonances that are obtained for water-
soluble substrates in the presence of 133.
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Fig. 14 "H NMR spectrum
(400 MHz, D,0, 23°C) of the
aromatic region of

(a) phenylalanine methyl ester
hydrochloride (2/3 D, 1/3 L)
with (b) 133 at 20 mM

Fig. 15 "H NMR spectrum
(400 MHz, D,0, 23°C) of the
methyl doublet of

(a) 2-phenylpropanoic acid
(108) (2/3 R, 1/3S) with

(b) 133 at 6 mM, (¢) 10 mM,
(d) 15 mM, and (e) 25 mM
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128, 132, and 133 have been used in a scheme to analyze aliphatic amines (138)
and amino alcohols (139-141). The amines are reacted with achiral naphtho[2,3-c]
furan-1,3-dione (142) to prepare the corresponding amide (143). Some of the
naphthyl amide derivatives are water-soluble. If not, the carboxylic acid group of
143 is converted to a water-soluble sodium salt by the addition of 1 equiv. of sodium
bicarbonate. Mixing 143 with 128, 132, or 133 leads to substantial perturbation and
enantiomeric differentiation of the naphthyl resonances. The corresponding amides
prepared from isobenzofuran-1,3-dione (144) exhibit rather small perturbations in
chemical shifts, indicating that the carboxylic acid and amide groups ortho on the
phenyl ring inhibit association with 128, 132, and 133. The H1 and H4 singlets of 143
are especially useful for monitoring enantiomeric differentiation. Figure 16 shows the
enantiomeric differentiation of the H1 and H4 resonances of the naphthyl amide
derivative of 2-amino-1-butanol with 128. An interesting observation is the reversal
in shift order for the (R)- and (S)-resonances of H1 and H4 in the presence of 128.
This reversal was consistent with all substrates and the order of the H1 and H4
resonances in the (R)- and (S)-enantiomers in the presence of 128, 132, and 133
correlate with the absolute configuration of the amines and amino alcohols [151].

l ‘ ’

142

144

4 Metal Complexes

A variety of metal complexes have been used as chiral NMR differentiating agents.
The metal ions are Lewis acids and form donor-acceptor complexes with Lewis
bases. In some cases the donor substrate undergoes rapid exchange between its
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Fig. 16 "H NMR spectrum d
(400 MHz, D,0, 23°C) of the R R
aromatic region of (a) the S S
naphthyl amide derivative of M
2-amino-1-butanol
((S)-isomer, 3 mM; (R)-isomer, c
7 mM) with (b) 128 at 6 mM,
(¢) 10 mM, and (d) 15 mM
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bound and unbound form and the NMR spectrum is a time average of the two
species. In other cases the exchange of the donor substrate is slow. With slow
exchange it is desirable to have only bound substrate since the presence of unbound
substrate combined with enantiomeric differentiation of bound substrate can lead to
three signals in the spectrum and complicate the analysis. Of special importance is
the use of lanthanide, rhodium, platinum, palladium, and silver complexes. Lantha-
nide complexes are primarily used with hard Lewis bases and rhodium, platinum,
and palladium complexes are primarily used with soft Lewis bases.

4.1 Lanthanide Complexes

Chiral lanthanide tris f-diketonate complexes are among the earliest group of
chiral NMR differentiating agents ever developed. Whitesides and Lewis
first described the use of organic-soluble lanthanide complexes of 3-(tert-
butylhydroxymethylene)-(1R)-camphor (145) as chiral NMR shift reagents in
1970 [3]. Soon after, lanthanide complexes with 3-trifluoroacetyl-(1R)-camphor
(146 — tfc) [152], 3-heptafluorobutyryl-(1R)-camphor (147 — hfc) [153], and (1R),
(1R)-dicampholylmethane (148 — dcm) [154] were developed and found to be
superior to the complexes with 145. While chelates with tfc and hfc have been
most frequently used because of their widespread commercial availability, com-
parative studies show that lanthanide chelates with dem usually produce superior
chiral differentiation [5, 154]. It has been proposed that lanthanide complexes of
dcm are more sterically crowded, which enhances the enantiomeric differentia-
tion of bound donor substrate molecules when compared to complexes with tfc
and hfc [154].
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Since lanthanide tris B-diketonates can bind to almost any compound with an
oxygen or nitrogen atom, they are incredibly versatile reagents with exceptionally
wide applicability. Comprehensive reviews describe the impressive range of
compounds for which chiral lanthanide tris f-diketonates have been used to determine
enantiomeric composition [5, 155, 156]. Lanthanide tris f-diketonate complexes are
fluxional in nature making it impossible to predict absolute stereochemistry of bound
substrates based on precise geometrical considerations. However, there are many
classes of compounds where empirical patterns in the chemical shifts for similar
structures show trends that correlate with absolute configuration. These have been
discussed in reviews of this field [5, 155, 156].

In the 1970s and early 1980s, when most investigators only had access to relatively
low field NMR spectrometers, the paramagnetism of many of the lanthanide ions, and
especially europium(IIl), praseodymium(IIl), and ytterbium(III), facilitated the anal-
ysis of chiral complexes. The magnetic field of a paramagnetic lanthanide ion
produces a through-space, dipolar shift of the resonances of the substrate. The
perturbations in chemical shifts and degree of enantiomeric differentiation caused
by paramagnetic lanthanide complexes is quite large, while the line broadening that is
caused by paramagnetic substances is reasonably small on instruments operating at
frequencies of 200 MHz or lower. In most cases, coupling information is still retained
in the resonances at these field strengths. Unfortunately, the combination of paramag-
netic line broadening with exchange broadening under conditions of intermediate
exchange is more significant at higher field strengths. Therefore, paramagnetic
lanthanide complexes are used much less frequently today in NMR applications
then they were 3—4 decades ago.

There are several strategies that have been used to reduce line broadening with
paramagnetic lanthanide complexes. One is to use more polar solvents such as
acetonitrile-d; that compete with the donor substrate for the lanthanide ion. The
reduction in the binding constant of the donor reduces the broadening, but in some
cases sufficient binding still occurs to observe enantiomeric differentiation in the
NMR spectrum [157, 158]. Another strategy is to warm the sample to speed up the
exchange rate and reduce the contribution of exchange broadening. On some
occasions this reduces broadening to acceptable levels while still maintaining
enantiomeric differentiation in the NMR spectrum [122, 159]. Among the para-
magnetic lanthanide ions, Sm(III) generally causes relatively small perturbations in
chemical shifts and produces a commensurate reduction in the level of broadening.
Esters of amino acids were successfully analyzed using Sm(tfc); at 400 MHz
without complications from paramagnetic line broadening [160].

Diamagnetic lanthanum(IIl) and lutetium(III) tris B-diketonates of tfc, hfc, and
dcem have been examined as organic-soluble chiral NMR shift reagents. Enantiomeric
differentiation is observed in the 400-MHz 'H NMR spectra of substrates with
alcohol, amine, epoxide, sulfoxide, and oxazolidine groups. Perturbations in the 'H
NMR spectrum result from complexation of the hard Lewis base substrate with the
lanthanide ion. No single combination of diamagnetic metal or ligand is consistently
most effective at causing enantiomeric differentiation. Better results are obtained in
benzene-dg or cyclohexane-d;, than in chloroform-d [161].
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Very recent work has found that lanthanum and lutetium complexes of 3-(benzoyl)-
(1R)-camphor (149 — bc) and 3-(2-naphthoyl)-(1R)-camphor (150 — 2np) are more
effective chiral NMR shift reagents than those of tfc, hfc, and dem. The diamagnetic
lanthanide complexes of 149 and 150 cause enantiomeric differentiation in the
400-MHz 'H NMR spectra of a considerably wider range of substrates. Significant
shielding of substrate resonances by the aryl groups of complexes with 149 or 150
accounts for much of their effectiveness. In several cases, diamagnetic lanthanide
chelates of 149 or 150 cause enantiomeric differentiation of resonances remote from
the stereogenic center. This includes the methyl group at the 4-position of 2-butanol,
which exhibits larger enantiomeric differentiation with La(2np); than the methyl
group at the 1-position. The methyl group at the 8-position of 2-aminooctane exhibits
a small degree of enantiomeric differentiation in the presence of La(bc); and La(2np);.
Resonances of the methyl groups in menthol (4), 3-methylcyclohex-2-en-1-ol (151),
menthone (152), and aryl hydrogen atoms in 153 and 154 are fairly distant from the
stereogenic center, but are significantly shielded and exhibit enantiomeric differentia-
tion in the presence of the diamagnetic lanthanide chelates of 149 and 150. Similar to
the lanthanum(I1I) and lutetium(IIT) complexes with tfc, hfc, and dem, better enantio-
meric differentiation is usually observed in benzene-dg or cyclohexane-d;, than in
chloroform-d. The remarkable versatility of paramagnetic lanthanide complexes at
lower field strengths is realized by the use of lanthanum(IIl) or Iutetium(III)
complexes of 149 and 150 on spectrometers operating at frequencies of 400 MHz or
higher [162].

Recording '*C NMR spectra is another way to analyze chiral compounds with
paramagnetic lanthanide tris fB-diketonates and keep broadening to acceptable
levels. The effect of the exchange broadening on the '*C nucleus is reduced relative
to that on the "H nucleus at comparable field strengths. Also, if broadband proton
decoupling is employed, line broadening will have less of an impact on observing
enantiodifferentiation of sharp '*C singlets. A strategy for assigning the absolute
configuration of secondary and tertiary alcohols using '>C NMR spectra recorded in
the presence of (R)- and (S)-Pr(hfc); has been described. The carbon atoms adjacent
to the carbinol site show specific trends in their AS*S values that correlate with
absolute configuration [163].
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Even though broadening is often a problem with paramagnetic lanthanide tris
B-diketonates, there are recent examples of their use to determine enantiomeric
composition. Splitting of the methyl signal of 4-methylsulfinylbutylglucosinolate
(155) isolated from broccoli and Arabidopsis thaliana is observed in the 400-MHz
"H NMR spectrum in the presence of Eu(hfc);. The use of a polar solvent mixture
(9:1 ratio of acetonitrile-d3 and methanol-d,) and a probe temperature of 50°C kept
broadening to acceptable levels [164].
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The methyl singlet of 156 splits in the presence of Eu(hfc); in chloroform-d at
500 MHz [165]. The enantiomeric purities of 1-substituted phenyl pyrrole
atropisomers 157 and 158 have been determined using Yb(tfc);. Enantiomeric
differentiation is observed in the 'F NMR spectrum at 470 MHz in benzene-d.
Certain resonances of the "H NMR spectrum of 158 also show enantiomeric differ-
entiation [166]. trans-2-Phenylcyclopropane derivatives (159) with a range of
functional groups have been examined with Eu(tfc); in chloroform-d at 200 MHz.
Specific patterns occur for resonances of the (R)- and (S)-isomers that correlate with
absolute configuration [167].

The combination of a lanthanide(III) tris p-diketonate [Ln(p-dik);] with a silver(I)
[-diketonate [Ag(f-dik)] in a solvent such as chloroform-d forms a lanthanide tetrakis
chelate anion that ion pairs with silver [Ln(B-dik),”Ag"]. The silver ion in the
bimetallic reagent binds to soft Lewis bases such as alkenes, aromatics, halogenated
compounds, and phosphines. The lanthanide ion causes perturbations in the chemical
shifts of the donor compound [168]. Chiral analogues are formed using lanthanide
chelates of tfc or hfc [169, 170]. A variety of achiral or chiral silver f-diketonates can
be employed, although the silver chelate with 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-
3,5-octanedione (160) is commercially available. Recent reviews describe uses of the
bimetallic reagents for enantiomeric analysis [5, 6]. In some cases the bimetallic
reagent is better for differentiating substrates with both hard and soft Lewis base
functionalities than lanthanide tris $-diketonates [171-174]. This may be because the



Chiral Derivatizing Agents, Macrocycles, Metal Complexes, and Liquid. . . 41

greater distance between the lanthanide ion and the substrate in the bimetallic reagent,
as compared to the lanthanide tris f-diketonate, reduces broadening in the spectrum.

.

R
159

~zF

o o
Br 'NH,
CF,CF,CF3 \/k )}\
S NH,
160

161 162

Bimetallic lanthanide-silver reagents can also be used to analyze organic cations.
A mixture of the bimetallic reagent with an organo halide salt forms a precipitate of
silver chloride and an ion pair between the organic cation and the lanthanide tetrakis
chelate anion [175, 176]. Enantiomeric differentiation of chiral isothiouronium (161)

[176] and sulfonium salts (162) [177] has been described.
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Water-soluble lanthanide complexes have also been developed for NMR
applications. Thorough discussions of the use of chiral water-soluble lanthanide
complexes are provided in recent reviews [5, 6]. The most widely used water-
soluble reagents employ the anionic ligand propylenediaminetetraacetic acid
(163 — pdta) or the neutral ligand N,N,N',N'-tetrakis(pyridylmethyl)propylene
diamine (164 — TPPN). Lanthanide reagents with 163 and 164 are suitable for
the analysis of carboxylic acids and amino acids. Eu(pdta) causes trends in the Ha
resonance of a-amino acids [178] and a-methyl signals of a-methyl amino
acids [179] that correlate with absolute configuration. Similarly, perturbations
of the a- and B-proton resonances of B-amino acids in the presence of Eu(pdta)
correlate with absolute configuration [180].

As with the organic-soluble paramagnetic lanthanide reagents, broadening with
water-soluble europium(IIl) complexes may be too severe at high field strengths. The
use of Ce(IIl) [181] or Sm(III) [182] complexes of pdta reduces the broadening to
acceptable levels and facilitate the analysis of the 'H and '*C NMR spectra of a-amino
acids. The '*C NMR spectra of a-amino acids show enantiomeric differentiation with
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Pr(dtpa) without significant line broadening [183]. An improved synthesis of (S)-pdta
that starts from L-alanine involves five steps and occurs in just over 50% yield has
been described [184]. Sm(pdta)-dg has been employed in the analysis of amino acids
from peptide hydrolysates. By using Sm(III) complexes with (R)- and (S)-pdta, A5®S
values for the Ha resonances are obtained that allow the assignment of absolute
configuration. Mixtures with up to ten amino acids can be analyzed [185].

When using complexes with pdta, the pH is usually basic, which deprotonates the
amino acid and facilitates binding to the lanthanide ion. Lanthanide complexes with
TPPN can be used with amino acids at neutral pH. Broadening with TPPN complexes
can be reduced through the use of Ce(III) [186] or La(IIl) [187]. Perturbations in the
spectra of a-amino acids with lanthanide complexes of TPPN show trends that
correlate with absolute configuration [186, 187].

4.2 Rhodium Complexes

Most notable among the rhodium complexes that have been studied as chiral NMR
differentiating agents is a rhodium dimer of MTPA (165 — Rhy(MTPA),).
Rh,(MTPA), exhibits strong binding to soft Lewis bases including alkenes and
compounds with phosphorus, sulfur, and iodine atoms. Substrates can form 1:1 or
2:1 complexes with Rh,(MTPA), as shown in Fig. 17. Exchange of the substrate
may be fast or slow depending on the nature of the substrate. Most reports using this
reagent provide the optimal concentration ratio for the analysis. In recent work, the
use of Rhy(MTPA), has been extended to systems with hard Lewis base nitrogen
and oxygen atoms. Comprehensive reviews that discuss the utility of Rh,(MTPA),
for chiral NMR differentiation have been published [5, 188].
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In recent work, 2-butylphenyl ethers such as 166 bind to Rh,(MTPA), and
enantiomeric differentiation is observed in the '*C NMR spectrum [189, 190]. The
methoxy groups of cycloveratrylenes 167 and cryptophanes 168 bind to Rh,(MTPA),
and enantiomeric differentiation is observed in the 'H and '*C NMR spectra. Binding
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Fig. 17 Binding of substrate ligands to Rhy(MTPA),

of ethers to rhodium primarily involves an electrostatic interaction [191]. This
contrasts with the analogous thioethers of 167 and 168 that bind more strongly to
Rhy(MTPA),. Interaction between the sulfur HOMO and rhodium LUMO accounts

for the more favorable association of sulfur compared to oxygen with rhodium
[190, 191].
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Schiff base substrates of general structure 169, which are derivatives of ortho-
hydroxyaldehydes, bind to Rhy(MTPA), preferentially at the oxygen atom of the
hydroxyl group. Evidence for 2:1 and 1:1 adducts was observed and a 2:1 substrate/
Rh,(MTPA), dimer ratio is recommended. Enantiomeric differentiation is noted in
the 'H and '"N NMR spectra. The spectra of some substrates are severely broad-
ened [192, 193].

3-Aryl-2-oxo-4-oxazolidinones (170) [194] and bicyclic lactams (171) [195] bind
to Rhy(MTPA), and exhibit enantiomeric differentiation in their 'H and '*C NMR
spectra. The corresponding thiocarbonyl analogues of 170 and 171 bind much more
strongly to the rhodium and show a much greater enantiomeric differentiation in their
NMR spectra.

The NMR spectra of adamantanones (172), dioxolanoadamantanes (173), and
dithiolano adamantanes (174) have been examined with Rho,(MTPA),. All were
examined as 1:1 mixtures in chloroform-d. Binding of 172 to Rh,(MTPA), occurs
through the carbonyl group. When X in 172 was an iodine or bromine, substrate
binding involved the halogen atom. The dithio adamantanes bind through the sulfur
atom and exhibit the largest enantiomeric differentiation of the various adamantanes
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studied. The perturbations in chemical shifts of the dithio adamantanes correlate with
absolute configuration [196].

The relative binding of oxygen-containing substrates to Rh(MTPA), was
investigated with 38 derivatives of 3-hydroxy-2-methylpropanoic acid (175). Each
compound has two possible binding sites, facilitating a determination of which one
preferentially binds. Enantiomeric differentiation is observed in the "H NMR spec-
trum of equimolar substrate—Rh,(MTPA)4 mixtures of most of the compounds. The
relative binding order is epoxides > primary alcohols > ethers > esters > amides
> carbonates > tertiary alcohols [197].

A procedure in which Rh,(MTPA), is used to assign the absolute configuration
of amino acids has been developed. The amino acid is converted to a 4-substituted
2-aryl or 2-alkyl-5(4H)oxazolone (176). "H NMR spectra recorded in chloroform-d
with equimolar concentrations of substrate and Rh,(MTPA),; show trends for
certain resonances that correlate with absolute configuration. Binding occurs
through the N-atom except when cysteine is the amino acid. For cysteine, binding
occurs through the sulfur atom of the substituent group. A partial racemization of
the amino acid occurs in the reaction to produce the oxazolone, so care must be
taken if using this method [198].

Rhy(MTPA), has been used to study diastereomerization rates of nitrogen inver-
sion in substrates such as (S)-N,N-dimethyl-1-phenylethylamine (177) and other
N-substituted 1-phenylethylamine derivatives. A twofold molar excess of the
(R)-MTPA or (S)-MTPA dimer is used. Splitting in the 'H and '>C NMR spectra
indicates that both the CsNr and CgNg forms of the complexed substrates are
observed. Vicinal NH coupling constants and NOE experiments are used to assign
the configuration at the nitrogen atom [199].
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Rh,(MTPA), has been used for enantiomeric differentiation of methionine (178)
derivatives. "H and '*C NMR spectra were recorded in chloroform-d. Binding of the
substrate occurs at the sulfur atom. Both 1:1 and 1:2 adducts form, which can
complicate the NMR spectra. Enantiomeric differentiation is most apparent in the
SCH; and OCH; '"H NMR resonances of 2:1 substrate—Rhy,(MTPA), mixtures [200].

Recent studies have explored the use of rhodium dimers with ligands other than
MTPA. One study compared the effectiveness of rhodium dimers with MTPA,
MNP, and (S)-N-phthaloyl-(S)-fert-leucine (179). Substrates that spanned a range
of binding groups were examined. The complex with 179 is especially effective at
causing enantiomeric differentiation. It was proposed that the phthaloyl group
extended out away from the rhodium core toward the substrate to cause substantial
shielding of substrate resonances [201].

0 oo

More recently the NMR spectra of five substrates with varying binding properties
ranging from soft to hard Lewis bases were recorded in the presence of 13 different
rhodium dimers including 179. The best results were obtained using the complex with
(8)-N-2,3-naphthalenedicarboxyl-ert-leucinate groups (180). A combination of ring
shielding effects from the large naphthyl ring with conformational flexibility that
allows binding of the substrate are responsible for the enhanced effectiveness of 180
compared to the other ligands [202].

4.3 Palladium Complexes
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Several palladium complexes have been used as chiral NMR reagents to deter-
mine the enantiomeric composition of soft Lewis bases. Most notable among them
are dimeric complexes with N,N-dimethyl-(1-phenyl)ethylamine or N,N-dimethyl-
1-(1-naphthyl)ethylamine (181) ligands. The ligands are commercially available
and synthesis of the complexes is straightforward. The palladium dimers consist of
cis and trans isomers. However, reaction with mono- and diphosphines, arsines,
bidentate aminophosphines, a- and p-amino acids, and diamines lead to monomeric
species so the initial cis or trans form of the palladium complex does not matter.
Both 'H and *'P NMR can be used for monitoring enantiomer differentiation. Many
of the complexes undergo slow exchange so resonances on the metal complex or
substrate can be employed in the NMR analysis. The fixed geometry of the
complexes sometimes allows NOESY or ROESY data to be used in assigning
absolute configuration. The naphthyl derivative is usually more effective than the
phenyl derivative at causing enantiomeric differentiation. The geometry of the
C-methyl group of the five-membered metallocycle is constrained by the H8
atom of the naphthyl ring, explaining the effective enantiomeric differentiation.
Recently, the phenyl reagent analogous to 181 was used to determine the enantio-
meric composition of an a-ferrocenylethylphosphine (182). The *'P NMR spectrum
had two well resolved signals [68]. The use of these [203] and other palladium
reagents has been thoroughly discussed in review articles [5].

4.4 Platinum Complexes

The most notable platinum reagents employed for chiral NMR differentiation consist
of an amine species either covalently attached to platinum (183) or ion paired to an
anionic platinum species (184). These reagents are effective for determining the
enantiomeric composition of alkenes and allenes. The ethylene group of the platinum
complex is displaced by the substrate. Usually the '*Pt NMR is examined for
enantiomeric differentiation. A potential complication with these reagents is that
alkenes and allenes have prochiral faces. Some enantiomeric substrates bind at both
faces which, if enantiomeric differentiation is present in the spectrum, results in four
signals in the '*>Pt spectrum. Others bind at only two faces, causing only two '*°Pt
signals in the spectrum. A variety of chiral amines have been examined to explore
which give the best enantiomeric differentiation. An advantage of 184 over 183 is
that sterically crowded amines can be used in the ionic reagent, which often leads to
greater enantiomeric differentiation. A comprehensive review article summarizes the
work that has been done with these systems and recommends options among the
covalent and ionic metal complexes for different categories of substrates [204].



Chiral Derivatizing Agents, Macrocycles, Metal Complexes, and Liquid. . . 47

@

Ph

/ \/ [C|>PI</} [AmHl*

183 184

////

i N
! \/H

R tert-butyl

In recent work, platinum dimers containing BINOL groups (185) were evaluated
as chiral shift reagents with racemic PEA. Reaction of the dimer with 2 equiv. of PEA
in methylene chloride-d, causes the formation of a monomeric species. Splitting of
the *'P signal is monitored for determining enantiomeric composition [205].

4.5 Silver Complexes

The enantiomeric composition of alkenes can be determined using a silver
complex of N,N’-bis(mesitylmethyl)-1,2-diphenyl-1,2-ethanediamine (186) and
the corresponding cyclohexyl-1,2-diamine derivative. The reagent is prepared
directly in an NMR tube by mixing silver triflate, the amine ligand and the alkene.
The aryl rings of the reagent cause shielding in the substrate that enable the
enantiomeric differentiation of alkenes with a stereogenic center a to the double
bond [206].

5 Liquid Crystals

The utilization of liquid crystals for differentiation of enantiomers by NMR spec-
troscopy has advanced considerably over the past 2 decades. Liquid crystals are
unique among chiral differentiating agents in that there is no need for a directed
interaction between the compound under study and the liquid crystal. The chiral
liquid crystal is dissolved in an achiral co-solvent and partially aligns in the NMR
probe. Molecules dissolved in the liquid crystal/co-solvent mixture partially align



48 T.J. Wenzel

as well. A pair of enantiomers will often have different alignments, meaning they
are oriented differently relative to the applied magnetic field. NMR spectra of
enantiomers dissolved in a chiral liquid crystal may show differentiation in NMR
spectra in three different ways.

The first and usually least useful is that the enantiomers may have different
chemical shifts, which is what occurs with the other systems discussed in this
chapter. Because there are usually no directed forces between the substrate and
the liquid crystals, the differences in chemical shifts between the enantiomers are
often quite small and not that useful for chiral differentiation.

The second involves differences in dipolar 'H-"H and 'H-">C coupling constants
in the two enantiomers. The magnitude of dipolar coupling constants depends on the
orientation of the molecule relative to the applied magnetic field. In solution,
molecules tumble and the coupling constant between a pair of nuclei is a single
value that represents a time average of all of the contributing orientations. If, in the
chiral liquid crystal, a comparable pair of coupled nuclei in two enantiomers have
different alignments relative to the applied magnetic field, then the coupling constant
between them will be different and two multiplets will appear in the spectrum for each
nucleus. The relative area of each multiplet corresponds to the proportion of each
enantiomer in the mixture. The doubling of all multiplets combined with the uncer-
tainty of the magnitude of the coupling constants creates complex 'H and '*C spectra.

Because of the desirability of using 'H NMR spectra for enantiomeric analysis in
liquid crystals, investigators have developed a variety of methodologies to simplify
the spectra. A comprehensive review article published in 2007 describes the various
procedures developed until that time for simplification and analysis of 'H and '*C
NMR spectra [207]. These include homonuclear and heteronuclear selective
refocusing sequences. Many more sequences and strategies have been described
in the past few years. The general strategy is to excite selectively a single resonance
and measure information about other hydrogen atoms it is coupled to. Techniques
include one- and two-dimensional NMR spectra as well as single and multiple
quantum methods. A discussion of the details of the extensive number of methods
described in the literature in just the past 5 years is beyond the scope of this chapter.
Comprehensive review articles published in 2009 [208] and 2010 [209] describe the
various methods that have been developed until that point in time for recording
more useful 'H NMR spectra in chiral liquid crystals. These articles discuss the
advantages and limitations of each method.

More recent developments include procedures for selective refocusing
experiments that allow assignment of all the dipolar couplings of each enantiomer
in racemic mixtures. This method makes it possible to observe the signals of one
enantiomer even if it overlaps with another [210]. Another procedure uses a selective
refocusing that facilitates the determination of all the coupling experienced by a given
proton in a single two-dimensional spectrum [211]. Still another refocusing technique
allows the measurement of short- and long-range "H-'H as well as one-bond 'H-"°C
coupling [212]. The development of these techniques has enhanced the ability to use
information in "H NMR spectra in chiral liquid crystals.
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The third way in which enantiomeric differentiation can be observed in liquid
crystals is in the NMR spectra of quadrupolar nuclei such as deuterium. When
molecules rapidly tumble, deuterium nuclei exhibit no quadrupolar splitting. When
the molecule is partially aligned relative to the applied magnetic field, deuterium
nuclei experience a quadrupolar interaction and appear as doublets. As with the
dipolar coupling described earlier, the magnitude of the quadrupolar splitting
depends on the orientation of the nucleus to the applied magnetic field. If two
enantiomers have different alignments, each deuterium nucleus will appear in the
spectrum as two doublets with a different degree of splitting. The areas of the two
doublets are proportional to the concentration of the two enantiomers.

Natural abundance “H NMR spectra in liquid crystals are compromised by
several factors. One is low sensitivity because of the limited isotopic abundance
of the *H nucleus. Another is that the spectra are complicated because each signal is
now two doublets and because the magnitude of the quadrupolar splittings is quite
large and often greater than the chemical shift differences between nuclei.

Many studies with chiral compounds in liquid crystals have involved species that
are enriched in deuterium. In some cases this involves a derivatization reaction that
adds a “H enriched substituent group to the compound. Since the purpose of the
derivatization is only to add a substituent group with an intense “H signal, these
reactions involve achiral moieties and kinetic resolution is not a concern.

Because it is not always practical to enrich compounds with deuterium, a variety
of NMR methods have been developed to simplify natural abundance “H NMR
spectra to improve sensitivity and to ease interpretation. An overview of these
methods has been published [213]. Recent advances in obtaining natural abundance
*H NMR spectra include the development of a three-dimensional double quantum
sequence. This report also notes the advantage of using a cryogenically cooled
probe to increase sensitivity [214]. More recently a procedure for recording natural
abundance H NMR spectra involving non-uniform sampling and a covariance
transform was described. This procedure improves spectral resolution while
reducing measurement times by a factor of 2—4 [215].

’H spectra can be complicated in some cases even when the molecule is
isotopically enriched. An example is 187, which has two stereocenters. Since the
stereocenters can have the same or different configurations, there is the possibility
of getting two chiral (RR and SS) and one achiral (RS) meso species. When ordered
in a liquid crystal, four quadrupolar doublets are observed. Two are from differen-
tiation of the enantiomeric SS and RR isomers. The other two are from differentia-
tion of the enantiotopic deuterons associated with the meso isomer. Homo- and
heteronuclear 2D NMR strategies to facilitate assignment of the signals in the *H
NMR spectrum are described in this report [216].

Poly-y-benzyl-L-glutamate (PBLG) is the most common liquid crystal that has
been used for chiral differentiation studies. Poly-y-ethyl-L-glutamate (PELG) and
poly-e-carbobenzyloxy-L-lysine (PCBLL) are other chiral liquid crystals that have
been used in NMR studies. The co-solvent used with these materials needs to be
chosen to ensure adequate solubility of the compound being studied. Methylene
chloride, chloroform, and N,N-dimethylformamide are common co-solvents.
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Some recent studies have focused on developing other chiral liquid crystal systems
for use in NMR applications. Mixed polypeptide systems comprised of PBLG and
PCBLL in chloroform often provide more differentiation between the ordering of
enantiomeric compounds or differentiation of enantiotopic directions in prochiral
compounds than either of the pure liquid crystals. The enantiodifferentiation, resolution
and sensitivity in the >H NMR spectrum can be simultaneously optimized by altering
the proportion of the two polypeptides [217].

Gelatin materials comprised of polysaccharides or carrageenans have been
examined as well. Differentiation of the prochiral hydrogen atoms in glycine and
dimethylsulfoxide-ds (DMSO) is observed with these gels. Enantiomeric differen-
tiation in the 'H, *C, and 2H NMR spectra of alanine is also observed. The gel can
be stretched to alter the alignment of molecules for more favorable enantiomeric
differentiation [218].

Irradiation by accelerated electrons produces a covalently cross-linked gelatin
that is effective for differentiating the prochiral groups in DMSO-dg and L- and

p-alanine. This system has a significant temperature effect. The spectrum of b- and

L-alanine shows enantiomeric differentiation at 55°C but not at 37°C. Differentia-
tion of the prochiral CD3 groups of DMSO-dg occurs at temperatures greater than
60°C. It is possible to use water as the co-solvent with these gels [219]. An
overview of the use of these biodegradable gelatin polymers as the basis of chiral
liquid crystals has been published [220]. The ability to use water as the co-solvent
and stretch the gels to alter their properties are two attributes of these systems.

Fragmented DNA strands consisting of 100-500 base pairs have also been
examined as chiral liquid crystals [221, 222]. Enantiomeric differentiation of
alanine was observed in the 'H NMR spectrum [221]. 2H NMR could be used to
differentiate the enantiomers of deuterated amino acids and the prochiral hydrogen
atoms in deuterated glycine and DMSO-dg [222]. An advantage of these DNA
phases is that water can be used as the solvent. One report noted that orientation of
the fragmented DNA in the magnetic field can take up to 3—4 h [221].

A few studies have used chiral liquid crystals to examine the ?H/'H ratios in the
methylene groups of fatty acids [223-225]. Enzymatic synthesis of fatty acids often
leads to different distributions of *H atoms into the methylene groups. The pro-R and
pro-S positions are distinguishable in compounds such as methyl linoleate (188),
methyl linolenate (189), and methyl vernoleate (190) using natural abundance ’H
NMR with the chiral liquid crystal PBLG. Using a 50/50 mixture of PBLG and poly-
y-benzyl-p-glutamate (PBDG) it is possible to assign the chain positions. In PBLG
alone there is a duplication of signals because of the quadrupolar splitting. It is
possible to assign almost all the pro-R and pro-S positions in a C18 fatty acid [223].
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Subsequent work extended this method to a-eleostearic acid (191) and punicic
acid (192). The influence of co-solvents was explored in this study and pyridine is
particularly effective at facilitating enantiodifferentiation of larger numbers of
prochiral methylene groups and enhancing the degree of enantiomeric differentia-
tion. The procedure facilitated assignment of the pro-R and pro-S sites without
requiring cleavage of the fatty acid to smaller units [224]. This method has been
used to explore the distribution of “H that occurs in the epoxidation of linoleate
(188) to vernoleate (190) with two different plant enzymes [225].

An advantage of chiral liquid crystals in NMR applications is that they may
enantiodifferentiate any compound because no specific interaction has to occur.
Many studies published to date have focused on expanding the range of compounds
that can be successfully analyzed with chiral liquid crystals. This even includes
aliphatic hydrocarbons. Recent reviews discuss the range of compounds that can be
analyzed using chiral liquid crystals [5-7].

Recent studies continue to expand the range of compounds that can be
differentiated with chiral liquid crystals. The analysis of primary and secondary
amines using chiral liquid crystals such as PBLG is enhanced if N,N-dimethyl-
formamide is used as the co-solvent. Chloroform and methylene chloride are usually
not suitable for use with amines because of solubility issues. Perdeuterobenzyl
chloride (193) is an excellent achiral derivatizing agent for amines, providing intense
’H signals for the aromatic and methylene hydrogen atoms to analyze for differentia-
tion. Derivatization of primary amines leads to a dibenzyl species but the “H NMR
spectrum is a time average of the two and only one set of signals is observed [226].

Several recent studies demonstrate the utility of chiral liquid crystals in explor-
ing the chirality of conformationally flexible species. '*C and “H NMR was used to
differentiate the crown and saddle isomers of nonamethoxy-cyclotriveratrylene in
PBLG (194 — M-enantiomer depicted for crown isomer). 3¢ spectra were recorded
in natural abundance and for a compound enriched in the ring methylene and one
methoxy group. Chemical shift anisotropy was observed in the '*C NMR spectrum.
’H spectra were on a sample enriched at methylene and aromatic sites [227].



52 T.J. Wenzel

Tridioxyethylenetriphenylene (195) has a fast chair-chair flip of the side chains
and is axially symmetric with pairs of enantiotopic ethylene groups. Using a com-
pound in which the side chains were partially deuterated, large differentiation of these
enantiotopic groups was observed in the ?H NMR in PBLG [228]. cis-Decalin (196) is
enantiomeric under conditions of slow exchange. Its methylene groups are
enantiotopic under conditions of fast exchange. ’H and '*C NMR were used to
examine both of these processes in PBLG/chloroform [229].
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Liquid crystals are also useful for studying atropisomeric di-aryls. Deuterated di-
aryls of general structure 197 were examined by “H NMR in PBLG/chloroform or
methylene chloride. Observation of the enantiomeric forms of these compounds is
dependent on temperature. Using variable temperature measurements, both enan-
tiomeric differentiation and the differentiation of enantiotopic directions in
prochiral substrates is observed [230]. Similarly, PBLG/chloroform enables the
differentiation of enantiotopic directions in 198 and 199, both of which are
prochiral compounds [231]. The enantiomeric composition of cationic planar chiral
(nﬁ-arene)Mn(CO)3+ complexes (200) has been determined using proton decoupled
2H NMR of a monodeuterated species in PBLG/chloroform [232].

Compound 201 is a prochiral rigid molecule with S, symmetry. The derivative
with deuterium at the four core methylene groups was studied by *H NMR in PBLG/
pyridine and differentiation of the enantiotopic groups was observed. With this
achievement, chiral liquid crystals have now been shown to bring about enantiotopic
differentiation in all possible symmetry groups containing enantiotopic groups [233].

Chiral liquid crystals have been used mostly for determination of enantiomeric
composition. The use of liquid crystals for assignment of absolute configuration has
been limited. In one study it was shown that a series of isostructural rigid epoxides
of known configuration, one example of which is 202, had similar ordering in
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PBLG/chloroform and other liquid crystal/co-solvent combinations such that the
empirical trends could likely be used to assign the absolute configuration to an
unknown compound of a similar structure [234].

A more intriguing prospect is the potential to use residual dipolar couplings
(RDCs) in chiral liquid crystals to assign absolute configuration. RDCs can be
measured for molecules that are aligned in a magnetic field. A pair of (R)- and
(S)-enantiomers will have different RDCs in a chiral liquid crystal. Since the magni-
tude of the RDCs depends on the ordering parameters, if the ordering parameters are
known for a compound, RDCs can be related back to its absolute configuration.

RDCs measured in PBLG/chloroform have been used to assign the diastereotopic
methylene atoms at C20 in strychnine (203) [235]. Subsequently it was discovered
that PELG provided a more favorable alignment and all of the diastereotopic protons
in 203 could be assigned [236]. Similarly, the diastereotopic protons at the C2, C8,
and C9 positions of ludartin (204) were assigned using natural abundance 'H-'*C
RDCs. The RDCs were measured in a stretched poly(methyl methacrylate) gel
(PMMA) with chloroform as the co-solvent [237].

200 201

OR

205

The RDC:s for the two enantiomers of tryptophan methyl ester hydrochloride were
measured in a high molecular weight PBLG. The co-solvent was a 2:1 ratio of
chloroform and DMSO, where the DMSO was needed to solubilize the tryptophan
salt [238]. In recent work, RDCs from #,-coupled "Hand "*C HSQC spectra were used
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to assign the stereochemistry about some of the sites in sucro-neolambertellin (205).
Spectra of the peracetate species were recorded in three aligning polymers. Only the
RSSR isomer was judged clearly consistent with the RDCs and other NOE data for the
compound [239].

206, which is the result of a Michael addition, has three stereogenic centers in the
flexible chain. RDCs measured in polyacrylamide and poly(acrylonitrile) gels
reduced the number of possible conformations and configurations for the com-
pound. DFT was then used to predict optical rotation dispersion spectra. The results
were compared to experimental data and enabled an assignment of the absolute
stereochemistry [240].

The stereochemistry of eburnamonine (207) and its 19-hydroxy derivative was
investigated in part through the use of RDCs obtained in liquid crystals. RDCs were
measured in a PMMA gel swollen in chloroform. The configuration at C21 was
fixed and all possible configurations at C19 and C20 were generated. Computed
RDCs were compared to measured RDCs for the best match. Finally, these results
were correlated with CD data and DT-DFT computed circular dichroism spectra to
arrive at an absolute configuration [241].

206 207

CO,H
° N
\[ >:O
(o]
208 209 210

The reports described above involve the assignment of stereochemistry either in
compounds where some stereochemical information is already known or in combi-
nation with other analysis methods such as NOE data, circular dichroism spectra, or
DFT calculations. Two reports used only RDCs measured in liquid crystals to
assign absolute stereochemistry. One involved assigning the absolute stereochem-
istry of ibuprofen (208) through RDCs measured in PBLG/chloroform [242]. The
other involved assigning the absolute configuration of 3-methyl-1,3-dioxolan-2-one
(209) through RDCs measured in PBLG/chloroform [243]. Recently a paper
coauthored by many of the leading investigators in the field called into question
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the conclusions in these two earlier reports [244]. The fundamental problems with
using RDCs measured in chiral liquid crystals to assign absolute stereochemistry is
that there is no means of predicting the alignment tensors from first principles or
predicting the ensembles of conformers for the enantiomers. To demonstrate this
problem further, the authors show the unreliability in being able to predict align-
ment tensors for a rigid compound such as a-pinene (210). Flexible compounds will
present even more difficulties [244].

Other work has shown that it would be possible to assign absolute configurations
of compounds in chiral liquid crystals if one could predict the sign of the rotation of
the principal axis system of the Saupe matrix in molecules when going from a
racemic (50:50 PBLG/PBDG) to an enantiomerically pure (PBLG) liquid crystal
[245]. Unfortunately, at this time the predictive theory and computational tools do
not yet exist to complete this task.

Two recent reviews describe the use of chiral liquid crystals for enantiomeric
differentiation. One emphasizes the use of RDCs for configurational and conforma-
tional analysis [246]. The other gives a thorough overview of the NMR methods that
can be used in chiral liquid crystals to differentiate enantiomers [247]. A third review
has a briefer coverage of chiral liquid crystals and a more extensive discussion of
recent work in which solid-state NMR spectra is used to examine chiral compounds.
The use of one-dimensional exchange spectroscopy by sideband alteration
(ODESSA) for analysis of solids is discussed. The method can be used to determine
enantiomeric composition, but relies on using nuclei other than 'H such as 31P, 19F,
°H, °C, or N [248].
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Chiral NMR Solvating Additives for
Differentiation of Enantiomers

Gloria Uccello-Barretta and Federica Balzano

Abstract This chapter will describe the general features and main categories of chiral
solvating agents (CSAs) for NMR spectroscopy, spanning from low-medium sized
CSAs to macrocyclic ones. CSAs based on chiral ionic liquids (CILs) will be introduced
in view of their increasing popularity, and, finally, a short paragraph will be dedicated to
special applications of CSAs in particular experimental conditions. Several valuable
works, which are mainly devoted to investigate enantiodifferentiation mechanisms by
NMR, will not be discussed. The main objective is to identify the current trend in the
research areas dedicated to the development of new CSAs for NMR spectroscopy.
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1 Introduction

The quantification and identification of chiral compounds constitutes a fundamental
issue for both the pharmaceutical industry and the regulatory authorities, which
involves the continuous growth of the research areas devoted to the development of
direct methods for the differentiation of enantiomers. NMR spectroscopy has
enormous potential in the field of structural determinations, but corresponding
nuclei of enantiomers cannot be distinguished since they reside in the same
chemical environment and, hence, are isochronous. The problem of the intrinsic
equivalence of enantiotopic nuclei can be overcome by putting them in a
diastereoisomeric environment, which renders them diastereotopic and, hence,
distinguishable by NMR [1-22]. The diastereoisomeric environment may originate
from the reaction of the two enantiomers with an enantiopure chiral auxiliary
(chiral derivatizing agents, CDAs) in order to obtain pairs of diastereoisomers in
which the substrate and the chiral auxiliary are covalently assembled. Alternatively,
non-covalent interactions between the two enantiomers and the chiral auxiliary can
be exploited in diastereoisomeric solvates or adducts, which are formed simply by
mixing the enantiomeric mixture and the complexing agent. In this last case, the
chiral complexing agent may be diamagnetic (chiral solvating agents, CSAs) or
paramagnetic (chiral lanthanide shift reagents, CLSRs).

Once the signals of the enantiomers have been differentiated, the determination
of the enantiomeric excess simply requires the identification of the corresponding
resonances of the two enantiomers and their integration under conditions of quanti-
tative analysis. In principle any NMR active nucleus of the chiral substrate can be
detected, which may also belong to the chiral auxiliary in the cases of CDAs, and
the choice should be subject to the following general considerations: the detected
nucleus should have high isotopic abundance, high gyromagnetic ratio, and, if
possible, it should be dipolar [23]. The enantiomeric excesses determinations
should be performed on the basis of the integration of well separated signals with
simple structures (singlets or doublets). Therefore, nuclei such as H, 31P, 1QF, with
natural abundance of about 100% and spin I = 1/2, are preferred, whereas low
abundant nuclei, such as '>C (natural abundance 1.1%), although dipolar, should be
avoided.

The effectiveness of the chiral auxiliary is evaluated on the basis of the magnitude
of the nonequivalence (A8 = |6g—8s|, the absolute value of the difference of the
chemical shifts of the two enantiomers in the chiral environment), and the relative
positions of the enantiomers signals (the so-called “sense of nonequivalence”) are
correlated to their respective absolute configurations.

The roots for the development of CSAs are found in some earlier experiments
carried out by using CDAs, during which the remarkable effect of the solvent
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Fig. 1 Simulation of the '°F
NMR spectra of (a) (R,S)-
2,2,2-trifluoro-1-
phenylethanol (1), (b) (R,S)-
1/(S)-a-phenylethylamine
(2), (c) enantiomerically 1 2
enriched 1/(R)-2, and

(d) enantiomerically

enriched 1/(S)-2 9 d

NH,

JA

employed for the NMR measurements on the magnitude of nonequivalence was
evidenced [3, 4]. The direct consequence of these preliminary observations was the
hypothesis, first formulated by Raban and Mislow in 1965 [1], that the solvent, if
optically active, could itself generate the chiral environment needed for inducing
nonequivalence in the enantiotopic nuclei of two enantiomeric solutes. The first
experimental evidence of the above-mentioned hypothesis was given by Pirkle in
1966 [2] with an experiment which will be described in detail since it embodies all
the main features of the CSAs and represents a milestone in the field of the
development and optimization of this class of chiral auxiliaries for NMR
spectroscopy.

In CCly, the fluorine resonance of racemic 2,2,2-trifluoro-1-phenylethanol (1)
appeared as a doublet (Jyr = 6.7 Hz) at 4,445 Hz from internal CFCl; (Fig. 1a).

In optically active a-phenylethylamine (2), the '°F spectrum showed the appear-
ance of two doublets with equal integrated areas, which are centered at +4,374 and
+4,376 Hz (Fig. 1b). A sample of the partially resolved fluorinated alcohol in
optically active amine again showed two doublets, but with different intensities
(Fig. 1c, d). When the opposite enantiomer of the amine was employed as solvent,
the two resonances were inverted (Fig. 1c, d). In both cases the relative intensities
of the two signals accurately corresponded to the enantiomeric excess of the
alcohol. The dissolution of the fluorinated alcohol into racemic amine caused the
coalescence of the signals of the enantiomers and, hence, the exchange of the two
enantiomers of the solvent on the solvated fluorinated alcohol is fast. In view of the
fact that the observed differentiation of the fluorine signals should be attributed to
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the formation of diastereoisomeric solvates, the chiral solvent, a-phenylethylamine,
was denoted as “CSA.”

Obviously the use of the chiral auxiliary as solvent is not acceptable from
economic and practical points of view. The resonances of the CSA could hamper
the observation of 'H nuclei of the two enantiomers and its very high concentration
could become detrimental in terms of spectral resolution. Luckily, analogous
differentiation of the corresponding resonances of the two enantiomers is observed
in achiral solvents in the presence of few equivalents of the CSA, taking care to
avoid the use of solvents which could compete with the CSA in the interaction with
the chiral substrate.

The first experiments carried out by Pirkle highlighted some fundamental
peculiarities of the CSAs: (1) the absolute configuration of the CSA affects exclu-
sively the sense of nonequivalence (i.e., the relative positions of the resonances of
the two enantiomers) and (2) the enantiomeric purity of the CSA affects only the
magnitude of the nonequivalence: the higher the enantiomeric purity of the CSA,
the greater the observed separations between corresponding signals of the two
enantiomers of the solute. This last property of the CSA represents an intrinsic
advantage with respect to CDAs, which are required to be enantiomerically pure in
order to obtain reliable enantiomeric excess (ee) determinations. However, even if
it is not essential to employ enantiopure CSAs it is strongly advisable, especially
considering that the magnitudes of nonequivalences which are produced by CSAs
are frequently not as high as in the case of paramagnetic CLSRs. Finally, only one
set of resonances is detected for the CSA in the two diastereoisomeric solvates and,
hence, the probe nucleus for the enantiomeric purity determination must belong to
the chiral substrate and cannot be predetermined on the basis of the structural
features of the CSA, as in the case of CDAs.

All the features of the CSAs can be easily understood when one considers that
the differentiation of the NMR signals of the two enantiomers in the presence of the
CSA relies on the formation of the diastereoisomeric solvates, rapidly equilibrating
with the unbound species.

In the fast exchange conditions, only one set of signals is observed in the NMR
spectrum for the free and bound species, and the measured chemical shifts (J,s) of
each enantiomer are the weighted average of the corresponding chemical shifts in
the free (&) and bound (6,,) states:

Oobs = XiOt + Xp0p, (D

where x; and x, are the molar fractions of the solute in the free and bound states.
Therefore, the differentiation of the chemical shifts of the two enantiomers has
two possible sources: differences in the x;, values of the two enantiomers and
differences in their ;, values. Different values of x;, are the result of differences
in the association constants of the two diastereoisomeric solvates; differences in the
Oy values reflect their different stereochemical arrangements. This aspect could be
envisaged as the main distinctive feature of enantiodiscrimination by NMR
methods in comparison to chiral chromatography, which relies only on an energy
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Fig. 2 Dependence of
nonequivalence on
CSA/solute molar ratio

nonequivalence
L]

T T T T T

0 1 2 383 4 5 6
CSA/solute molar ratio

difference existing between the diastereoisomeric complexes formed from the
analyte enantiomers and the chiral selector of the stationary phase. In principle,
very large differentiation of the NMR signals could also be observed when very
labile diastereoisomeric solvates are formed in solution on condition that the CSA
contains groups which produce strong anisotropic effects, enhancing the chemical
shift dispersion of the solvated enantiomers.

The choice of solvent is critical for the success of enantiomeric excess
determinations and it is subject to the knowledge of the interactions which contribute
to the formation of the diastereoisomeric solvates. When the CSA and the
enantiomers of the solute are likely held together by means of attractive interactions
between polar groups, such as hydrogen bond interactions, rather apolar solvents
(CDCl3, CCly, CD,Cl,, Cg¢Dg) represent the best choice, since a polar solvent
(CD50D, DMSO, acetone) could effectively solvate the enantiomeric solutes in
place of the CSA, and then the two enantiomers are no longer affected by the chiral
environment and their nuclei become isochronous. On the other hand, when there are
indications that attractive hydrophobic interactions between apolar groups of the
CSA and the solute are involved, then a polar solvent might be preferred. Further-
more, it is not uncommon to perform low-temperature measurements in order to
optimize the nonequivalences and, in these cases, a solvent having a low freezing
point is required.

Lowering the temperature gives rise to an increase of the nonequivalence in two
ways: as a consequence of the corresponding increase of the stability constants of
the diastereoisomeric solvates and by a greater restriction of the conformational
freedom of the CSA and of the solute. A similar increase of the differentiation of the
enantiomers could be attained by increasing the total concentration of the mixture.
In both cases great care must be taken to the concomitant loss of spectral resolution
which is always detrimental for quantitative analysis.

The effect of the CSA to solute molar ratio on the nonequivalence is illustrated in
Fig. 2: in general, higher nonequivalences correspond to a higher CSA/solute molar
ratio, up to a saturation point, which occurs generally in the presence of an excess of
CSA, beyond which any further significant increase of the separation between the
signals of the two enantiomers is not observed [7].

The application of sub-stoichiometric amounts of the chiral auxiliary would be
desirable: commercially available CSAs are often expensive, the synthesis of
several of them is time consuming, and, at low CSA/substrate molar ratios, there
is less spectral interference from the signals of the CSA and spectral resolution is
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often better. Therefore the application of sub-stoichiometric amounts of CSA in
NMR enantiodiscrimination experiments should be attempted. Recently Klika [24]
carefully analyzed this topic, highlighting the limits and advantages of the use of
sub-stoichiometric amounts of CSA. A problem can potentially arise in such
experimental conditions, when the NMR signal of the less-stable diastereoisomeric
complex is positioned further from the corresponding free enantiomer signal than
for the more-stable diastereoisomeric complex. Depending on the relative values of
the association constants of the two diastereoisomeric complexes, the sense of
nonequivalence may reverse during the progressive additions of CSA. Furthermore,
the optimization of experimental conditions cannot rely on a single measurement on
the racemic mixture and then applying this condition to the analytical sample, as the
chemical shift order is also dependent on the enantiomeric ratio. Thus a sample
which may appear to be enantiopure can instead be just exhibiting a lack of
enantiodifferentiation.

2 Small to Medium Sized CSAs

The majority of CSAs developed in the past have some common features: the
presence of hydrogen bond acceptor and donor groups, which are necessary for
the stabilization of attractive interactions in the diastereoisomeric adducts, and the
presence of aromatic substituents for the efficient differentiation of the chemical
shift of the enantiomers by virtue of strong anisotropy effects. Such CSAs are
aromatic fluorinated alcohols 1, 3 (Figs. 1 and 3), wherein fluorine enhances the
hydrogen bond donor propensity of the OH group, or aromatic amines 2, 4a (Figs. 1
and 3) [7]. Among them, 2,2,2-trifluoro-1-(9-anthryl)ethanol (Pirkle’s alcohol) (3b)
(Fig. 3) is very effective in the enantiodifferentiation of several classes of polar
compounds [25, 26].

Pirkle’s alcohol still remains one of the most popular and widely employed CSA.
Some recent applications include the differentiation of the stereoisomeric forms
of mono-, di-, and trispirocyclic phosphazenes (Fig. 4) [27-29]. Dispirocyclic
phosphazenes have 2 equiv. stereogenic P atoms and are expected to exist as cis
and trans geometric isomers, which constitute meso and rac forms, respectively. The
trispirocyclic derivatives have three stereogenic P atoms. The trans and cis
stereoisomers are directly differentiated in the *'P NMR spectra and, upon addition
of the CSA at a mole ratio of CSA/compound of 10:1, there is no splitting of signals
for the cis isomer, as was expected for a meso compound, but the signals of the trans
isomer split into two peaks of equal intensities corresponding to the two enantiomers.

The stereochemical analysis of biosynthetic fatty acyl sulfoxides has also been
reported [30-32], where '°F nuclei of the fluorine-tagged sulfoxide enantiomers
(Fig. 5) are distinguished at the trace (nanomole) level in the presence of Pirkle’s
alcohol [32].

The enantiodiscriminating efficiency and versatility of Pirkle’s alcohol is
witnessed by the flourishing literature which is devoted to the development of
CSAs structurally related to 3b: its anthracene derivatives contains bulky substituents
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Fig. 3 Basic structures of small-sized CSAs
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Fig. 4 Recent applications of Pirkle’s alcohol: mono-, di-, and trispirocyclic phosphazenes
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Fig. 5 Recent applications of Pirkle’s alcohol: fluorinated sulfoxide derivatives

(such as 5 in Fig. 6) [33] and the fully deuterated counterpart 6 (Fig. 6) [34] leaves
free of signals the full 'H chemical shift range. The strong electron-withdrawing
pentafluorophenyl group is present in 7 (Fig. 6) [35] or the number of stereogenic
centers has been increased in 8 (Fig. 6) [36], even if its enantiodifferentiating ability
remains similar to that of Pirkle’s alcohol, probably due the excessive distance
between the two stereogenic centers. The aromatic moiety has been modified in
(S)- or (R)-2,2,2-trifluoro-1-(1-pyrenyl)ethanol (9) (Fig. 6) [37].

In the use of carboxylic acids as CSAs for amines, some potential problems are
envisaged, due to the occurrence of salification processes, which could involve the
formation of slow exchanging species in the NMR spectra. When the salification is
not complete, three kinds of signals are detected in the NMR spectra: a couple of
resonances due to each bound enantiomer and a single resonance for both unbound
enantiomers and, hence, it is not possible to perform the determination of the
enantiomeric purity. Taking care to avoid such problems, carboxylic acids are
attractive CSAs since several of them are commercially available at low prices.
Mandelic acid (10a) [38] (Fig. 7) and its derivatives 10b—d [38—40] (Fig. 7) have
been successfully used to induce nonequivalence in the 'H NMR spectra of several
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Fig. 6 CSAs structurally related to Pirkle’s alcohol 3b
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Fig. 7 CSAs based on carboxylic acids

classes of chiral compounds, with 10a, 10c, and 10d mainly suitable for the analyses
of amines or diamines [38, 40]; its derivative 10b has a general applicability to the
stereochemical analysis of chiral sulfoxides [39]. In recent years, several O-aryl and
O-heteroaryl mandelic acids 11 (Fig. 7) have been proposed for the optimization of
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Fig. 9 Binaphthyl CSAs

NMR nonequivalences in mixtures containing several clinically and pharmaco-
logically relevant amines [41].

Anti-inflammatory drugs (S)-naproxen (12) and (S)-ibuprofen (13) (Fig. 7) are
an interesting alternative to mandelates for sulfoxide derivatives [42]; CSA 12
shows good enantiodifferentiating efficiency also towards mono-phosphine oxides
and bis-phosphine dioxides [43]. Simple derivatives 14 (Fig. 7) of very cheap lactic
acid afford efficient CSAs for amines or amino alcohols [44]. The atropisomeric
dicarboxylic acid 1-[2-carboxy-6-(trifluoromethyl)phenyl]pyrrole-2-carboxylic
acid (15) (Fig. 7) is an enantiodifferentiating agent for different chiral oxiranes,
oxetanes, and cis-but-2-ene-1,4-diol derivatives with a tertiary amino group [45].

In selected cases, when the chiral auxiliary is employed as resolving agent on a
preparative scale it can also be employed as CSA for testing the enantiomeric
excesses by NMR. The preparative and analytical resolution of lupinus alkaloids
(Fig. 8) using dibenzoyltartaric acid (16) (Fig. 8) as resolving agent constitutes an
example [46].

Due to their anisotropy features and ability to form host—guest diastereoisomeric
pairs, 1,1’-binaphthyl-2,2'-diol and its derivatives 17 (Fig. 9) have attracted great
attention as CSAs for amines, amides, amino alcohols, sulfoxides, and sulfinimines
[47-54]. 1,1-Binaphthyl-2,2'-diol has been employed for the NMR enantiodiffer-
entiation of omeprazole [51] and other important drugs [50], as well as for the
enantioanalysis of phytoalexin spirobrassinin derivatives [52].

A new binaphthol derivative containing a pyrrolidinyl substituent 18 (Fig. 9) has
been very recently proposed [55] for the enantiodifferentiation of carboxylic acids;
extraordinarily high nonequivalences are obtained at room temperature in mixtures
CSA/acid at 2:1 molar ratio and moderately low concentration of the acid. The
resonances of the enantiomers are differentiated by 0.2-0.3 ppm in fast exchange
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conditions. Interestingly, the efficient enantiodifferentiation of a carboxylic acid
devoid of aromatic substituent is also reported.

(—)-(S)- or (+)-(R)-t-Butylphenylphosphinothioic acid (19a) (Fig. 10) has been
known for a long time and has also been applied to the determination of the
enantiomeric purities of poly-functional compounds [56]. Some interesting
applications of the above CSA can be found in the literature, such as the analysis
of substrates with sulfur or phosphorus atoms [57, 58]. More recently the use of 20
(Fig. 10) has been reported for enantiomeric excess determinations of chiral
bis-imidazole N-oxides [59]. The analysis of the pharmacologically active crispine
alkaloid [60—62] is also reported. In this last case the phosphinoselenic congener
19b (Fig. 10) can be used as CSA with comparable results [62].

Equilibrating atropisomeric compounds have been discriminated by using (R)-
camphorsulfonic acid (21) (Fig. 10) [63] as chiral auxiliary.

Among amines-based CSAs, an interesting example is constituted by the Troger’s
base (22a) (Fig. 11), which is not itself very effective as an enantiodifferentiation
agent for chiral carboxylic acids, but its enantiodifferentiating efficiency has been
improved by putting a greater electrondonating substituent on the aromatic ring
(22b, Fig. 11) [64].

Amides are very attractive CSAs due to their ability to give cooperative hydrogen
bond donor and acceptor interactions. Amides (S)-23a and (S)-23b (Fig. 11), first used
by Kagan and coworkers [65] for the analysis of chiral sulfoxides, have been extended
to the 'H and *'P NMR analysis of chiral phospholenes [66]. For the analysis of chiral
amines, Kemp’s acid diamide CSA 24 [67, 68] (Fig. 11) constitutes a useful alternative
to the use of chiral acids, thus avoiding the formation of diastereoisomeric salts.
The chiral lactam 25 (Fig. 11) is an effective enantiodifferentiating reagent for chiral
lactams, quinolones, and oxazolidinones [69].

By reacting (1R,2R)-1,2-diaminocyclohexane with the appropriate 1,8-naphthalic
anhydride, the CSAs 26a—c (Fig. 11) are obtained with excellent enantioselective
recognition ability for some chiral carboxylic acids [70]. Enantioselective differentiation
could be achieved only in the less polar solvents and only for lipophilic guests. The use of
chiral amino alcohol instead of diaminocyclohexane leads to the amphiphilic CSAs 27a
and 27b (Fig. 11), which are effective CSAs. In particular, 27a can be used to
enantiodifferentiate not only lipophilic guests but also some hydrophilic guests such as
tartaric acid and lactic acid or hydroxylated acids in protic polar solvents [71]. They
could be used in many solvents, such as deuterated methanol, ethanol, acetonitrile,
acetone, chloroform, and ethyl acetate [71].
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Fig. 11 Amine and amide CSAs

Benzo[delisoquinoline 1,3-dione amino acids 28 (Fig. 11) are CSAs for the 'H
NMR enantiodifferentiation of a-arylalkylamines [72].

Enantiodifferentiation of carboxylic acids is also achieved by using proline-
based chiral receptors 29—-32 (Fig. 11) as CSAs, among which 30 and 32 have better
enantioselective recognition abilities toward carboxylic acids [73].

Rigidly connected amide moieties as in (S)-1-benzyl-6-methylpiperazine-2,5-
dione (33a) (Fig. 12) allow complementary hydrogen bond interactions with analo-
gous racemic compounds, which give detectable NMR nonequivalences [74, 75]. The
effect of substituents on analogous 1,6-dialkylpiperazine-2,5-diones (33b—g) (Fig. 12)
has also been evaluated [76] by using methyl (RS)-N-benzoylleucinate as the model
analyte. Several enantiomer signals were resolved by 0.1-0.2 ppm in spite of the
fact that the association constants of the diastereoisomeric pairs were not high or
remarkably differentiated.

A good cooperativity between hydrogen bond donor—acceptor groups and aromatic
moieties is obtained by means of the bisimidazoline-based CSA 34 (Fig. 13) for the
enantiomeric differentiation of chiral carboxylic acids [77]. The chiral auxiliary has a
highly symmetric structure with very simple NMR signals, reducing the probability of
accidental overlap with resonances of the substrate. The signals of the enantiomers are
resolved in the presence of 1 equiv. of the CSA in diluted solutions [77].
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For the enantiodifferentiation of a-chiral carboxylic acids (2-chloropropionic
acid, a-hydroxyisovaleric acid, ibuprofen, mandelic acid, and 2-chloromandelic
acid), chiral receptors 35-38 (Fig. 14), bearing both an amino group and a hydroxyl
group, give good nonequivalences, which are suitable for enantiomeric excess
determinations within £1% of the predetermined enantiopurity of the samples
[78]. In spite of the occurrence of salification processes, fast exchange conditions
are guaranteed, probably due to a co-operation between the polar groups of the
CSAs and their aromatic moieties and, hence, a good balance of hydrophilic and
hydrophobic interactions with the enantiomeric substrates [78].

Attempts to modify the structure of a-phenylethylamine by the incorporation of
two anisotropic groups (naphthyl and phenyl) and increasing the number of
stereogenic centers led to the diamine CSAs 39 and 40 (Fig. 14) with improved
efficiency in the enantiodifferentiation of carboxylic acids [79, 80]. Analogs of 40
are discussed in the section devoted to macrocyclic CSAs. Zhang’s contributions to
the development of efficient CSAs for the NMR differentiation of enantiomers of
the same class of chiral compounds include the amino alcohols-based CSAs 41-43
(Fig. 14), in which strong anisotropic groups and further hydrogen bond acceptor
interaction sites are present [81].

Derivatives of amino acids are attractive CSAs since several of them are commer-
cially available and inexpensive. As an example, N-Fmoc-N'-Boc-L-tryptophan
reveals good enantiodifferentiating efficiency towards stereogenic phosphorus centers
in phosphine oxides, phosphinates, phosphonates, phosphates, and phosphonamidates.
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Fig. 14 Amino alcohol, diamine, and thiourea CSAs

Enantiomeric excess determinations can be performed by detecting *'P, '°C, and 'H
NMR nuclei and substantial separations of the enantiomer resonances is obtained in
*IP NMR spectra, with the sole exception of chiral phosphates and phosphine oxides,
for which the separation of the signals is relatively small [82].

The synthesis of C,-symmetrical chiral thioureas (S,5)-44 (Fig. 14) is very
simple and involves inexpensive reagents. The thiourea chiral auxiliaries have the
capacity to act as receptors for anionic species via hydrogen bonding and produce
high separations of the NMR signals of chiral a-hydroxy and a-amino carboxylic
acids. The methine C—H signal of racemic phenylglycine was doubled by 0.05 ppm
in the presence of thiourea CSAs, and a reliable correlation between the relative
positions of the signals of the two enantiomers and their absolute configuration was
found [83].

Diamagnetic chiral hexacoordinate phosphate anions BINPHAT (45) and
TRISPHAT (46) (Fig. 15) associate efficiently with chiral organic or organometallic
cations endowed with different types of chirality and give rise to good non-
equivalences [84-90].
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By using ionic CSAs, efficient NMR enantiodifferentiation is regularly achieved in
low polarity halogenated solvents: in polar solvents, cations and anions (small organic
ones in particular) tend to behave as dissociated ion pairs as a result of weaker
electrostatic interactions, and hence a sharp decrease in the NMR enantio-
differentiation is found [3]. Surprisingly, BINPHAT anion is an efficient CSA for
quaternary ammonium cations derived from Troger’s base leading to large separations
of the proton signals of the enantiomers even in polar solvent such as CD;CN, where
nonequivalences up to 0.12 ppm are measured [86].

Interesting applications of the above-mentioned CSAs are the differentiation of A
and A forms of organometallic Ru(Il) complexes [87] and (M)- and (P)-enantiomers
of the azaphosphatrane-hemicryptophane cages [88] (Fig. 15), for which both 'H and
3P resonances are differentiated, and very efficient differentiation of octanuclear
metalla-cages were achieved in spite of the use of polar solvents [89].

The analogous mannose-derived hexacoordinated phosphate 47 (Fig. 15) is a
chiral anionic auxiliary with broad efficiency for the enantiodifferentiation both of
organic cations and organometallic species [90].

Among CSAs based on chiral anions, bis[(R)-1,1’-bi-2-naphtholato]borate (48)
(Fig. 16) should also be mentioned. It was reported in 2003 [91] as a "H NMR shift
reagent for cationic copper(I) complexes. Its diborate analog 49 (Fig. 16) has found
more recent [92] applications in the differentiation of enantiomeric
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triphenylphosphonium salts. In particular, the differentiation of the "H NMR signals of
triphenyl(1-phenylethyl)phosphonium bromide is obtained by addition of only
0.25 equiv. of the diborate CSA. Analogously responsive are the *'P resonances.
More additive leads to higher complexation-induced shifts, but the separation is
already complete after the addition of 0.25 equiv. of diborate.

The ion pair formed by optically active mandelic acid and dimethylamino-
pyridine 50 (Fig. 17) constitutes an excellent chiral shift reagent (CSR) for the
determination of enantiomeric excess and absolute configuration of cyanohydrins,
for which the use of CSAs is quite unusual [93, 94]. Two diastereoisomeric ternary
complexes were formed in solution with 1:1 association of the ion pair and the
cyanohydrin enantiomer (Fig. 17). The association constants of the two ternary
complexes are well differentiated.

Another important class of CSAs has a completely different origin: the considerable
demand for new chiral stationary phases (CSPs) for the direct control of the enantio-
meric excess of chiral substrates, mainly chiral drugs, by high performance liquid
chromatography (HPLC), prompted researchers to investigate the enantiodiffer-
entiating mechanism operating in chromatographic separations [95-97]. To this end,
reliable NMR investigations were carried out in solution on the mixtures formed by the
enantiomers of the substrates well separated on the CSPs and a suitable soluble model
of the CSP. In most cases these NMR investigations showed that the soluble model
of the CSP was able to induce nonequivalences in the enantiotopic nuclei of the
enantiomeric substrates and, hence, acted as CSA for them. Some CSAs, soluble
models of CSPs, were the following (Fig. 18): N-3,5-dinitrobenzoyl derivatives of
amino acid methyl esters S1a, b [98], quinine 52 [99-104], N-(n-butylamide) of
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(8)-2-(phenylcarbamoyloxy)propionic acid 53 [97, 105], and others. Common applic-
ations of these selectors involve the observation of "H nuclei of the enantiomeric
substrates, although selected examples of observation of '°N (as for CSA 53) and '°C
(as for CSA 51c¢) nuclei are reported for enantiomeric excess determinations of amino
acid derivatives. In recent work [106], which describes the use as CSA of the Pirkle’s
selector S1c (Fig. 18), the issue of comparison of the accuracy of chromatographic and
NMR methods has been addressed.

The Whelk-O chiral selector [107, 108] was originally developed for HPLC.
Numerous studies demonstrated its cleft-like structure into which only one enantio-
mer of a chiral compound can be included, thus originating impressive chromato-
graphic separations. Unfortunately its synthesis is quite difficult, thus limiting its
availability as CSA for NMR spectroscopy. By contrast, the analogous
3,5-dinitrobenzoyl-derived 1-naphthylethyl amide 54 (Fig. 18) can be prepared in
a single step by the condensation of 1-(1-naphthyl)ethylamine [109]. This chiral
auxiliary differentiated very efficiently pivaloyl derivatives of chiral amines. NMR
differentiation of the enantiomeric substrates was also detected in the presence of
sub-stoichiometric amounts of this CSA.

3 Molecular Tweezers

Chiral noncyclic compounds with two aromatic groups separated by a semi-rigid
spacer, in which U-shaped cavities are generated, are called molecular tweezers or
clips. Their flexibly sized cavities are potentially able to fit several kinds of chiral
substrates. The muconate of «,o-(bis-trifluoromethyl)-9,10-anthracenedimethanol
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55 (Fig. 19) [110] and di-(R,R)-1-[10-(1-hydroxy-2,2,2-trifluoroethyl)-9-anthryl]-
2,2 2-trifluoroethyl phthalate (56a), isophthalate (56b), and terephthalate (56c¢)
(Fig. 19) are examples of efficient CSAs proposed by Virgili and coworkers [111]
for the analysis of mono- and poly-functional chiral compounds, such as diols or
amines.

In the semi-rigid pincer-like C, symmetrical CSAs 57 and 58 (Fig. 20) the U-shape
geometry is favored by two H-bonds formed between the NH groups and the pyridine
nitrogen. This kind of CSA has been applied to the enantiodifferentiation of carboxylic
acids [112, 113]. A comparison between several structurally correlated receptors
57-59 (Fig. 20) ascertained the role of the different functional groups in the enantio-
differentiation processes: receptor 57a has an amide moiety, receptor 57b incorporates
a benzene-1,3-biscarboxamide in place of the pyridine moiety, compound 58 lacks the
amide bond, retaining the nitrogen atoms as secondary amino groups, receptor 59 can
be considered as “one half” of the pincer structure, and in the receptor 57¢ the size of
the carbocycle of the starting chiral diamine has been increased by one methylene
group. In the enantiodifferentiation experiments the resonance of the methine adjacent
to the carboxylic group of the acids moves to low-frequencies, implying a
deprotonation of the carboxylic group, which is more efficient for the stronger
mandelic-type acids. The pyridine-2,6-bis-carboxamide moiety leads, in general, to
the largest splitting values due to its rigid pincer-like conformation which is favored by
the co-planarity between the aromatic pyridine and both amide groups. The polyamine
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receptor 58 shows a very good peak resolution for lactic acid, but it causes a
concomitant line broadening, which suggests the co-presence of different
conformations as a consequence of the lesser rigidity of the cavity of 58 due to the
change of carbonyl by methylenic units and to the presence of two possible basic
protonation sites. The elimination of one half of the pincer biting cavity drastically
reduces the splitting for most of the acids, which demonstrates the strong cooperative
effect of the two side arms.

Salen ligand-based aminophenol compounds 60a—d (Fig. 21) are very attractive
CSAs for chiral carboxylic acids. Only a few 'H NMR signals are due to the CSAs,
so that the resonances of the enantiomeric compounds can be detected very easily
and also accurately integrated. Very good differentiation of the enantiomeric
signals is obtained at the 3:1 CSA/substrate molar ratio, corresponding to the
complexation stoichiometry [114].

The co-presence of the amide and amino groups in open chain peptide-mimetics
bis(amino amide) ligands 61 and 62 (Fig. 21) derived from natural amino acids also
allows the enantioselective interaction with carboxylic acids: the maximum



Chiral NMR Solvating Additives for Differentiation of Enantiomers 87

enantiodifferentiating efficiency is found by using the CSAs with aliphatic spacers
containing 3 to 5 carbon atoms, whereas low enantiomeric differentiation is
detected for the shortest and the longest aliphatic spacers [115]. The presence of
an aromatic moiety in the side chain favors the differentiation of the enantiomeric
substrates [115].

trans-1,2-Diaminocyclohexane can be employed as spacer for the preparation of
pincers CSAs, as in the case of the compound 63 (Fig. 21), with usnic acid units,
which doubles the resonances of various chiral esters containing an electron-poor
aromatic moiety [116].

Dimeric metalloporphyrins (64 in Fig. 21) are well suited to enforce strong
cooperative interactions during the encapsulation of multifunctional molecules.
Upon binding to the diporphyrin, all the signals of the chiral compounds are greatly
upfield-shifted due to the ring-current effect of the porphyrin rings, which strongly
supports their encapsulation between the two porphyrins. Very high enantiomeric
differentiations are detected, which demonstrate the usefulness of the porphyrin-
based tweezers as a highly sensitive CSR for the determination of the enantiomeric
purity of chiral diamines, aziridine, and isoxazoline at the microgram level [117].

4 Natural Products

Chiral auxiliaries derived from inexpensive, chiral natural sources are remarkably
very attractive. Among them, quinine (52 in Fig. 18) has many favorable features: it
is commercially available in pure stereoisomeric form, it is very cheap, well soluble
in CDCl;, the complex chemical structure (a secondary alcoholic group, two basic
nitrogen atoms, a heteroaromatic system) renders this molecule capable of
interacting with the enantiomers of many organic compounds and, hence, of
being of potential use as a CSA. In fact in 1969 Uskokovic recognized its ability
to generate chemical shift nonequivalence in the proton NMR spectra [118]. The
first work, specifically dedicated to the use of quinine as CSA for NMR spectro-
scopy, was published in 1988 by Salvadori’s research group [99] and represented
the starting point of intense research activity [19] that extends to the present time
and which is aimed at the exploitation of the modulability of the quinine selector: its
reactive groups can, in fact, be easily modified to make it suitable for interaction
with and enantiodifferentiation of a wide range of organic compounds. First, the
derivatization of the hydroxyl group of quinine was attempted, which led to Cq
carbamates 65 (Fig. 22) [119] with complementary enantiodifferentiating
properties with respect to non-derivatized alkaloids. Subsequently, C;; carbamates
66 (Fig. 22) were proposed [104, 120], in which the alkaloid double bond was
derivatized, thus preserving the hydroxyl function at the Cy site. The carbamate
function and the quinuclidine moiety of this last kind of derivative were separated
by two methylene groups, which gave a high degree of mobility to the newly
introduced carbamate function. C;; carbamates showed enhanced versatility and
combined the enantiodifferentiating properties of Cy carbamates and
non-derivatized quinine. With the aim of ascertaining the role of the spacer located
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at C; of the quinuclidine ring (Fig. 22), both on the enantiodifferentiating efficiency
and on the versatility of carbamoyl derivatives of quinine, a different kind of
quinine double bond derivatization was used by designing the C,, carbamate 67
(Fig. 22) [121]. The ability of 10-(pentafluorophenylcarbamoyloxy)-6'-methoxy-
11-norcinchonan-9-ol to induce NMR anisochrony of selected enantiomeric
substrates was analyzed in comparison with both the corresponding Cy carbamate
9-O-(pentafluorophenylcarbamoyl)quinine and quinine [121]. The pentafluoro-
phenyl group was selected in order to have an aromatic moiety potentially able to
develop n-stacking interaction, but without any spectral interference in the "H NMR
analyses.

C,o carbamate does not allow cooperation between the carbamate function and
the other functional groups (quinoline ring or quinuclidine nitrogen), which is the
prerequisite for efficient enantiodifferentiation. Probably, joining the quinuclidine
moiety and the carbamate function by means of a short spacer does not allow
cooperation between the different functional groups which are present in the chiral
auxiliary [121].

In the majority of applications of quinine-derived CSAs the enantiomeric pairs
were detected by 'H NMR spectroscopy. Suitably fluorinated chiral compounds can
be alternatively detected by '’F NMR spectroscopy, minimizing the spectral inter-
ference caused by the complex spectral pattern of the chiral auxiliary [122].

Alternatively, enantiomeric mixtures of 1-hydroxy and 1,2-dihydroxyalkane-
phosphonates and 1-N-benzyloxycarbonylaminoalkanephosphonic and phosphinic
acids can be differentiated in the *'P NMR spectra [102, 123, 124]. The opportunity
of differentiating chiral compounds with phosphorus centers encouraged the combi-
nation of quinine with a phosphate moiety in the phosphorylated quinines 68a, b
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(Fig. 23) that show good complexing properties towards different kinds of ligands
[125]. 3,5-Dinitrobenzoyl amino acids with free carboxylic groups are differentiated
efficiently in the "H NMR spectra. The salification of the chiral auxiliary causes a
significant loss of enantiodifferentiating efficiency, revealing the role of the
quinuclidine nitrogen in the diastereoisomeric ion pair stabilization. In order to
detect the diastereoisomeric interactions in the *'P NMR spectra, low-exchange
conditions must be forced by means of low-temperature experiments.

Interestingly, quinidine (69) (Fig. 23) has been reported for enantiomeric excess
determinations of dicarboxylic atropisomers (Fig. 23) with rotational barriers
(3040 kcal/mol or higher) high enough to separate and keep the enantiomers of
the target molecules for a long time without spontaneous enantiomerization at room
temperature. The alkaloid seems to be much better chiral auxiliary than chiral
lanthanides as it produces narrow resonances [126].

In the field of CSAs from natural sources, an isolate application of octasaccharide
subunits of succinoglycan 70 (Fig. 24), which consist of one galactose and seven
glucose residues joined by p-glycosidic linkages, has been reported for the '>*C NMR
differentiation of catechin enantiomers, following their use as chiral additives in
capillary electrophoresis (CE) [127].

Several other kinds of natural products are potentially useful for applications of
CSAs, such as glycopeptides, which are very popular in enantioselective chromato-
graphy [128]. Unfortunately, even if potentially highly effective in the stabilization of
diastereoisomeric solvates, they produce complex spectral patterns which generate
extended overlap with the signals of the enantiomeric substrates and, hence, are not
suited for the NMR evaluation of the stereoisomeric purities.
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5 Cyclodextrins

Similar to what occurred for a large number of chiral selectors for NMR spectro-
scopy, chiral chromatography has given a strong impulse to the development of
cyclodextrins (CDs) as CSAs for NMR enantiodiscrimination [129], as extensively
highlighted by Chankvetadze’s in several valuable publications [130-134].

Cyclodextrins 71 have found enormous technological applications [135-141] by
virtue of their unique structural features (Fig. 25). They are truncated cone shaped
cyclic oligosaccharides endowed with an apolar cavity in which apolar molecules
or apolar molecular fragments may be included, whereas their external surface is
hydrophilic due to the presence of the hydroxyl groups bound to the secondary and
primary sites on the wide and narrow rims. A good fit between the size of the
cyclodextrin cavity and that of the substrate to be included may be achieved by
selecting one of the three a-, B-, y-cyclodextrins congeners 7la—c (Fig. 25).
Cyclodextrins are largely employed as solubility promoters and for the transport
and controlled release of drugs in the pharmaceutical industry [141]. The chirality
of the glucopyranose units renders cyclodextrins well suited to host enantiomeric
compounds and, hence, to form diastereoisomeric inclusion solvates with them,
which, in principle, could be differentiated by NMR. In virtue of their C,-symmetry
properties, cyclodextrins are very attractive as CSAs due to the fact that their NMR
spectra are constituted by only a few signals, leaving available extended spectral
regions for the NMR analyses.

It should be noted that the introduction of cyclodextrins as CSAs for NMR
spectroscopy has filled a serious gap from the analytical point of view, regarding the
analysis of chiral compounds in aqueous medium, in contrast with the majority of
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the CSAs with low-medium molecular weight, which are suitable for enantiomeric
excess determinations in organic solvents.

Importantly, a thin and delicate balance between hydrophilic interactions involving
the polar groups on the narrow and wide edges and hydrophobic interactions with the
internal cavity makes cyclodextrin suitable for analyses in aqueous medium of both
hydrophilic and lipophilic substrates, with huge implications in the field of direct
analysis of chiral metabolites in biological fluids [142].

Cyclodextrins have three different kinds of hydroxyl groups — two secondary
groups and a primary one on each unit, the acidity and reactivity of which are
quite different. Thus, these cyclic oligosaccharides can be derivatized selectively or
exhaustively in order to introduce different kinds of derivatizing groups, which change
their solubility properties and may cooperate with the cavity in the stabilization of
diastereoisomeric solvates or, alternatively, may direct the interaction towards the
external surface of the cyclodextrin rather than inside the cavity [17-19, 22, 129, 139,
143-145]. In any case, in the design of new CSAs based on cyclodextrin derivatives,
the spectral pattern of their derivatives should always be considered with great care:
the selective derivatization of individual units would be attractive in some cases, but it
causes loss of symmetry. Consequently, the proton nuclei of the different
glucopyranose units are no longer isochronous and the cyclodextrin derivative is less
suited for use as a CSA. The exhaustive derivatization of the glucopyranose rings
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causes a great increase of the molecular weight, but does not perturb the system
symmetry, at least in the majority of cases [146—148].

Cyclodextrins have, in fact, been used in native form for the NMR enantio-
differentiation of apolar and polar compounds in aqueous medium, but, when
suitably derivatized, they can be used as CSAs in the majority of organic solvents
[13, 14, 16-22]. As a consequence of their high level of modulability, we could
assess that an alternative category of macrocycle chiral auxiliaries with equal
versatility cannot be found.

The literature on the use of native cyclodextrins CSAs for enantiomeric excess
determinations [13, 14, 16-22, 129] in aqueous environment is also huge by virtue of
the close connection with activities aimed to promote their use as solubility
enhancers. Casy and Greatbanks devoted some of the earliest papers to this topic,
in which the ability of native cyclodextrins to induce NMR nonequivalence in the
NMR spectra of chiral antihistamines and other kinds of drugs was demonstrated
[149, 150]; as an example, in the case of (R,S)-dimethindene maleate (Fig. 25) the
pyridyl signals are duplicated in D,O in the presence of f-CD (71b) due to the
formation of 1:1 diastereoisomeric inclusion complexes. Among the recent
flourishing literature devoted to the same subject, the *'P NMR analysis of
phosphonocarboxylate (PC) analogues of bisphosphonates (Fig. 25) [151] could be
considered. However, more and more investigations on the use of cyclodextrins
CSAs are coupled to accurate parallel investigations on enantiomeric differentiation
mechanisms and are addressed to the development of reliable protocols for the
accurate quantitative analyses of the enantiomers, which could complement the
chromatographic methods. Redondo et al. [152] have exploited the considerable
potential of NMR spectroscopy in the optimization of analytical protocols and
simultaneous analysis of chiral recognition processes of sodium salts of the
proton-pump inhibitors omeprazole, pantoprazole, and rabeprazole (Fig. 25) by
using the three cyclodextrin congeners a-CD, B-CD, and y-CD as chiral complexing
agents in D,0. The basic structure of the three guests consists of a benzimidazole
group linked to a pyridine ring through a sulfoxide group, with the sulfur atom
constituting a center of chirality. For the optimal observation of selected 'H NMR
signals of the three substrates, which resonate approximately at the same frequency
of the intense HDO signal, and in order to gain more signal-to-noise for the
resonances of interest, diffusion-filtered "H NMR spectra [153] with substantially
attenuated HDO signal are recorded instead of using conventional signal suppression
techniques. The induced magnetic nonequivalence of the guest protons at room
temperature by 1 equiv. of any of the three CDs is important in most cases and its
magnitude depends on the cavity sizes, according to the formation of
diastereoisomeric inclusion complexes. The pyridine proton signal H-13 of ome-
prazole (Fig. 25) is split by 0.043 ppm in the presence of a-CD. The larger congener
B-CD induces important nonequivalence on 14-Me and 16-OMe, whereas y-CD
gives significantly lower enantiodifferentiation. Pantoprazole behaves similarly,
but rabeprazole is the less enantiodifferentiated one. Interestingly, the two
enantiomers of pantoprazole are also efficiently differentiated in the '’F NMR
spectra with doublings to 0.085 ppm. Enantiomeric purities to 98% are accurately
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determined. The results of ROESY analyses suggested a preferential binding of the
benzimidazole moiety of the guest molecules within the macrocyclic cavity of a-CD,
whereas the higher dimensions of 3-CD and y-CD also permitted the inclusion of the
highly substituted pyridine moieties.

B-CD, which is the less expensive of the three native cyclodextrins, has poor
solubility in aqueous medium. Therefore the optimization of the nonequivalences by
increasing the total concentration or the molar ratio of the mixtures CSA/substrate
cannot be exploited. Several alternative well soluble B-CD derivatives are produced
on large scale and commercially available. As an example, accurate enantiomeric
excess determinations of sibutramine (Fig. 26), a serotonin and noradrenaline
re-uptake inhibitor, have been performed by using methyl-pB-cyclodextrin (72)
(Fig. 26) as CSA [154], in comparison with capillary electrophoretic measurements.
N-Methyl resonances giving well resolved resonances were selected for the
enantiomers quantification. Once again, the authors proposed a correlation between
CE and NMR resolution factors. Compounds with stereogenic phosphorus centers are
also differentiated by 3P NMR in the presence of neutral and anionic CDs [155].

Tonic derivatives of cyclodextrins [156—164] are water soluble and are effective
CSAs for ionic chiral compounds, also including organometallic ionic complexes,
as for the analysis of A and A enantiomers of Ru(Il) trisdiimine complexes [164] by
using anionic CDs (like 73 in Fig. 26).

Several factors contribute to enhance chiral differentiation by ionic CDs:
ion-pairing interactions upon complex formation, the extension of the cyclodextrin
cavity, and the enhancement of the hydrophilicity of the external surface. Relevant
contributions in this field come from Wenzel’s group [156—-161] and will be
extensively discussed by the same author in this volume.

The introduction of lipophilic groups on the CDs rims breaks the ordered
network of hydrogen bonds between the secondary hydroxyl groups of adjacent
rings of underivatized cyclodextrins, which is responsible for their global truncated
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Fig. 27 Cyclodextrin derivatives and compounds enantiodifferentiated in organic solvents by
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cone shapes. More flexible structures are obtained with remarkably different solu-
bility, complexing, and enantiodifferentiating properties. The development of
lipophilic CDs as CSAs for enantiomeric excess determinations in organic solvents
has received a strong impulse from the brilliant results attained in the field of chiral
gas chromatography (GC). Enantioselective inclusive processes by cyclodextrin
derivatives were reported in 1992 by Konig and coworkers [165], who described the
interaction of methyl (R,S)-2-chloropropionate with heptakis(3-O-acetyl-2,6-di-O-
pentyl)-B-cyclodextrin (74, Lipodex D) (Fig. 27). NMR spectra recorded in
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cyclohexane-d;, showed very high differentiation of methine protons of methyl
2-chloropropionate enantiomers, which were also significantly differentiated in
line-width.

Schurig and his coworkers’ elaborate activities [135-138] in the enantioselective
gas chromatographic area not only had a scientific and technological impact, but have
also urged and promoted parallel spectroscopic activities suggesting the use of the
same CDs as CSAs for NMR spectroscopy. This is the case for heptakis(2,3-di-O-
acetyl-6-O-tert-butyldimethylsilyl)-p-cyclodextrin (AcSiCD7) (75b, Fig. 27), which
exhibits a surprisingly high gas chromatographic enantioseparation factor o of 4.1 for
1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-methoxypropane (compound B) (Fig. 27),
a chiral degradation product of the inhalation anesthetic sevoflurane [166]. The sepa-
ration factor drops to 2.70 for the y-CD analogue AcSiCD8 (75¢) (Fig. 27) and no
enantioseparation at all is obtained for the a-CD analogue AcSiCD6 (75a) (Fig. 27)
[167]. Surprisingly, the separation of compound B also occurs on the corresponding
open chain selectors AcSiG7 (76a) (Fig. 27) and AcSiG8 (76b) (Fig. 27) [167].

NMR investigations [168] demonstrated that in apolar solvents, which better
mimic gas chromatographic conditions, AcSiCD7 leads to very high NMR
anisochrony of the two enantiomers of compound B (Fig. 28).

ROESY experiments revealed that both enantiomers are not deeply inserted into
the cyclodextrin cavity in a such a way as to make possible the Si-F attractive
interaction between the silyl groups on the primary sites, which are bent at the
external surface of the cyclodextrin, and the fluorinated head of the enantiomers
protruding from the wide rim of the cyclodextrin cavity. The Si—F attractive
interaction is favored by the increased cyclodextrin flexibility, which allows the
rotation of the glucopyranose rings around the glycosidic linkages. The relevance of
superficial fluorine—silicon interactions is confirmed by the ability of analogous
acyclic oligosaccharides, for which inclusion is not possible, to enantiodifferentiate
compound B by gas chromatography [167], although with minor enantio-
differentiating efficiency.

The silylated—acetylated B-cyclodextrin 75b (Fig. 27) was also proposed as an
efficient CSA for direct determinations of enantiomeric purities of fluorinated
a-amino acid derivatives [169]. Interestingly, in this last case a regular correlation
exists between the relative positions of enantiomer amide resonances and amino
acids absolute configuration [169]. The acyclic linear heptasaccharide AcSiG7
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(Fig. 27) is also able to bring about NMR enantiodifferentiation, but to a smaller
extent than CSA 75b.

Several other kinds of CSAs based on exhaustively derivatized cyclodextrins
have been proposed. Permethylated-p-cyclodextrin (77, TRIMEB) (Fig. 27), which
did not show any propensity to include chiral apolar substrates in CD;0D solution,
constitutes a very efficient CSA for trisubstituted allenes [170, 171] or aromatic
hydrocarbons [172] in the same solvent, in spite of the fact that the association
constants of the diastereoisomeric complexes are very low and almost equal. The
above result confirmed that subtle time-averaged stereochemical differentiation of
the two diastereoisomeric solvates contribute to differentiate them, even though the
interactions involved in the stabilization of the diastereoisomeric complexes are not
able to give rise to detectable thermodynamic differentiation. The use of
permethylated cyclodextrin as CSA also afforded a reliable empirical tool for the
assignment of the absolute configurations inside the same classes of chiral
compounds [170]. It is noteworthy that none of the traditional low molecular weight
CSAs could have been successfully applied for apolar compounds like allenes and
aromatic hydrocarbons. Benzylated and/or benzoylated CDs 78 (Fig. 27) [173, 174]
or carbamoylated CDs 79 (Fig. 27) [175-178] are chiral auxiliaries that are very
soluble in CDClj;, being applicable to the analyses of polar substrates, derivatized or
underivatized, insoluble in D,0O. In these last cases the formation of the
diastereoisomeric solvates, which are responsible for NMR nonequivalences,
relies on superficial interactions with the derivatizing groups located on the primary
and/or secondary sites. Bulky benzoyl derivatizing groups on the secondary sites of
a-CD led to a symmetry change from Cg to C5 which was clearly detected in the 'H
NMR spectra recorded in CDCl;: two sets of resonances were observed
corresponding to two different kinds of glucopyranose rings [174, 179].

6 Synthetic Macrocycles

One goal of molecular recognition is selective binding of stereoisomers by synthetic
host structures, where the target molecule is completely surrounded by a receptor that
provides a complementary, congruent surface. Encapsulation meets some of these
desired characteristics and, for this reason, synthetic macrocycle chiral auxiliaries for
NMR spectroscopy have long attracted great attention [180, 181]. Their complexing
properties, solubility characteristics, and enantiodifferentiating capabilities can be
predetermined in a truly and distinctly targeted rational approach. Supramolecular
interactions can take place effectively, such as the ion—dipole interactions in crown
ethers, the CH/r and n—n= interactions in calixarenes, hydrogen bonding and salt
formation in macrocyclic amides and amines, and t1—= stacking and metal coordina-
tion in porphyrins. Additional functional groups on the periphery of the macrocyclic
structures offer additional opportunities as the interaction sites and the high level of
structural preorganization may generate a high degree of chiral recognition, which
could be exploited for the efficient NMR separation of enantiomeric compounds.
In particular, major effort is being addressed to the assembling of complex structures
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in which hydrogen bonding interactions target the chiral guests into hydrophobic
cavity inside which steric or n—x interactions cooperate for chiral discrimination: the
NMR nonequivalence has its roots in the different stereochemical arrangements and
thermodynamic stabilities of the two diastereoisomeric solvates. Anisotropic effects
generated by aromatic moieties may also give the major contribution to NMR
enantiodifferentiation when very weak diastereoisomeric adducts are formed in
solution.

In recent years we are witnessing a fervent activity in the field of the development
of new calix[n]arenes and resorc[4]arenes. These host molecules are relatively easy
to synthesize in a wide range of molecular sizes and functional groups and behave as
receptors for a variety of guest molecules. Some of them are chiral by virtue of
derivatization. Alternatively, enantiomeric differentiation effects can be obtained by
exploiting inherently chiral macrocycles.

The inherently chiral calix[4]arene 80 (Fig. 29) [182, 183], which possesses both
amino and hydroxyl groups at proximal positions on the wide rim, provides a rigid
chiral environment and differentiates efficiently the enantiomers of mandelic acid
in CDCl;. Even in the presence of a less than stoichiometric amount of host,
different chemical shifts of the benzylic proton of (R)- and (S)-mandelic
acid are observed and the nonequivalence does not depend on the molar ratio of
CSA/mandelic acid. The addition of more than an equimolar amount of host shows
no further change in the chemical shifts of the mandelic acid, thus suggesting the
formation of a 1:1 complex.

Inherently chiral calix[4]crown carboxylic acid 81 (Fig. 29) in the 1,2-alternate
conformation is able to interact enantioselectively with 2-phenylglycinol and,
hence, its use as CSA for NMR spectroscopy is suggested [184].

It is easier to generate chirality by appropriate substitution on the calixarene
aromatic rings with suitable chiral pendants as in the case of bis(ethyl lactate)
derivative of p-tert-butylcalix[4]arene (82) (Fig. 30), which brings about efficient
enantiodifferentiation of simple amino acid derivatives [185].

Enantiodifferentiation mainly depends on the stabilization of its rigid cone
conformation, by virtue of the efficient hydrogen-bond network between the lactate
moieties and the residual phenolic hydroxyls. The importance of inclusion pheno-
mena is confirmed by the fact that none of the acyclic models 83 or 84 (Fig. 30) are
able to produce efficient enantiodifferentiation. The proximity of the lactate
stereogenic center to the calixarene rim is important as confirmed by the low
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efficiency of 85 (Fig. 30) with the lactate moiety further away from the calixarene
lower rim. It probably does not permit the cooperative processes involved in
enantiodifferentiation by 82. Such a kind of cooperation is not allowed for carba-
mate derivatives 86a, b (Fig. 30), in which the interaction with the enantiomeric
substrates are addressed at the external surface instead of at the internal cavity, in
spite of the fact that the calixarene cone conformation is not perturbed.

Chiral underivatized acids are differentiated by calix[4]arene derivatives 87
(Fig. 31) with appended chiral aminonaphthol moieties at the lower rim [186].

Compared with calixarene grafted with amino acid units 88 (Fig. 31) [187, 188],
thiacalix[4]arene 89 (Fig. 31) gives the highest enantioselectivity, probably due to the
fact that the cavity of thiacalix[4]arene is larger than it is in classical calix[4]arene,
and thiacalixarene derivatives also display remarkably high flexibility in solution
[189, 190].

In the field of calix[4]resorcinarene-based CSAs, Wenzel’s contribution is
noticeable and has led to the development of several efficient water soluble
CSAs for the enantiodiscrimination of phenyl-containing chiral compounds.
The calix[4]resorcinarene hosts have L-proline, hydroxy-L-proline, a-methyl-L-
prolinylmethyl, and L-pipecolinic pendants attached on the lower rim and produce
baseline separations of the enantiomeric resonances (refer to Wenzel’s [191] for a
more in-depth description of the enantiodifferentiating properties of above-
mentioned macrocycles CSAs) [192-199]. The NMR enantiodifferentiation of
aliphatic amines can be enhanced by reacting them with isobenzofuran-1,3-dione,
which is commercially available, and naphtho[2,3-c]furan-1,3-dione [200].
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An effective approach is to introduce chiral pendant groups on the upper rim of
the resorc[4]arene by generating new resorcinarene-based cavitands. The elon-
gated cavitand design has potential advantages: amino acids can be bonded to the
resorcin[4]arene and, as a result, the acidity of the host can be suitably modulated
and non-covalent hydrogen bonding and electrostatic interactions with guests
maybe suitably addressed.

Modification of the lower rim with long alkyl chains can be additionally
exploited, making it possible to absorb the compounds onto a hydrophobic surface
for applications in preparative separations or for controlling host solubility.
Harrison and coworkers [201] described a detailed structural study of new
alanine-containing cavitands 90 (Fig. 32), which were constituted by two major
components, the resorc[4]arene scaffold and the quinoxaline panels. The alanine
moiety, with the underivatized carboxylic group, is bound to the resorc[4]arene
upper rim by exploiting the quinoxaline panel, thus providing stereogenic centers
for chiral discrimination and binding sites for chiral primary, secondary, and
tertiary amines (Fig. 32). However, different amino acids can be bound to the
resorc[4]arene and, as a result, the acidity of the host and design of the stereogenic
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center can be modified depending on the enantiomeric compounds features. The
n-undecyl chains are incorporated into some of the molecules to increase solubility
in non-polar solvents. The conformational preference, which is fundamental for the
enantiodifferentiation processes, can be very easily predicted on the basis of
the chemical shift of the methine proton (H,, Fig. 32) on the lower rim bridge.
The simultaneous presence of polar and non-polar ends might promote micellar
structures. The enantiodifferentiation ability of the chiral cavitands was compared
to phthalyl alanine (PA) (Fig. 32), an analog of the cavitand side panel, in NMR
titration experiments where the chemical shifts changes of enantiomeric amines are
monitored on chiral auxiliaries additions. Cavitands bind amine guests more
strongly compared to the monoacid analog PA, and the chemical shift changes
also depend on the nature of the apolar head on the lower rim. The titration curves
demonstrate that the alanine cavitand with methyl groups at the lower rim (90a,
Fig. 32) does not differentiate (R)- and (S)-methyl benzyl amine and binds both
enantiomers similarly to achiral glycine derivative 90c¢ (Fig. 32). Primary and
tertiary amines are not enantiodifferentiated by the alanine derivative with
n-undecyl chains at the lower rim (90b, Fig. 32), whereas differentiation of second-
ary amines is obtained after addition about of 2 equiv. of amine, i.e., in the region of
weaker guest binding.

The chiral pocket of the cavitand can also be generated by exploiting the salen
framework, which can coordinate to the uranyl dication in uranyl-cavitand—salen
systems (91, Fig. 33) through the imine nitrogen and the phenolic oxygen atoms. In
this way both a Lewis acid uranyl center, which can bind the counter-anion of an ion
pair, and the electron-rich cavity able to recognize the corresponding counter-cation,
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are present [202]. The host has a potential enantiodiscriminating capability towards
chiral tetramethylammonium iodides, amino acid methyl esters with the amino group
transformed into a tetraalkylammonium iodide, and amino acid derivatives as
tetraalkylammonium carboxylates.

Ema et al. developed the bifunctional macrocycle 92a (Fig. 34), which is
effective in the enantiodifferentiation of a variety of chiral compounds with car-
boxyl, oxazolidinone, lactone, alcohol, sulfoxide, sulfoximine, isocyanate, and
epoxide functional groups. N,N’-Bis(6-acylamino-2-pyridinyl)isophthalamide was
selected as a binding unit, which has both hydrogen-bond donor and acceptor sites
[203]. A nitro group was introduced to strengthen the hydrogen bond donor ability
of the nearest amide groups and 1,1’-bi(2-naphthol) was selected to generate the
macrocyclic cavity as it is an inexpensive chiral unit having a strong anisotropic
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Fig. 35 Diporphyrin receptor 93 and a chiral substrate

ring-current. Relatively large association constants were measured for several
enantiomeric guests, hence a very good fit is realized inside the cavity. Sulfoxides
are enantiodifferentiated very efficiently with nonequivalence to 0.55 ppm. In one
case, the addition of only 5 mol% (69 pg, 0.15 mM) of 92a resolved the enantio-
meric resonances [203, 204]. The principal binding site of 92a is the hydrogen-bond
amide group between the isophthalic moiety and the pyridine moiety, where
lactones and sulfoxides are fixed by double hydrogen bonds. The third interaction
takes place at the pyridyl nitrogen for carboxylic acids and oxazolidinones. The
V-shaped arrangement of the two 2,6-diacylaminopyridine moieties is fundamental
for the effective guests binding. The presence of the 3,5-bis(trifluoromethyl)phenyl
group as in the host 92b (Fig. 34) improved enantioselectivity for small molecules
such as 2-chloropropionic acid and methyl lactate as evaluated by the binding
constants [205]. It is noteworthy that macrocycle 92a can also be used as a chiral
selector in enantioselective HPLC by immobilization to silica gel [206].

Ema et al. designed and synthesized a chiral diporphyrin receptor 93 (Fig. 35)
where two porphyrins are connected by means of two binaphthol moieties which
position them at a distance suitable for sandwiching aromatic molecules (about 7 A)
[207]. Excellent enantiomeric differentiation of m-acidic chiral compounds is
achieved despite the use of only stacking as the driving force of complexation.
The association constant values are very small [for examples 4.2 and 1.2 M~ for
(R)- and (S)-enantiomers of the substrate reported in Fig. 35] and hence the
percentages of the host—guest complex are less than 10% for both enantiomers at
the concentration employed [207].

trans-1,2-Diaminocyclohexane and (1R,2R)- or (1S5,25)-1,2-diphenylethylene-
diamine are the precursors of several macrocyclic chiral auxiliaries, which have
found interesting applications as CSAs for NMR.

Chiral A2B2 tetraamidic cyclic receptors have been developed by Gasparrini
et al. for the preparation of CSPs with efficient performances in the enantio-
separation of chiral compounds having a m-acidic moiety [208] and subsequently
proposed as efficient CSAs [209] for the enantiodifferentiation of the same classes
of compounds. By virtue of their C,-symmetry, CSAs 94 and 95 (Fig. 36) have very
favorable spectroscopic properties: the sharp few proton resonances of the two
chiral auxiliaries leave free wide spectral regions, where the signals of the chiral
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compounds to be analyzed can be detected without significant interference. The
nonequivalences are also high at very low concentrations (3.6 mM), reducing the
amount of the chiral auxiliary needed. The origin of enantiomeric differentiation
has been ascertained [210] by a combined computational-spectroscopic approach:
the high efficiency of the macrocyclic tetraamidic chiral selector both in solution
and chromatographic environments is probably determined by a concomitance of
favorable structural features: (1) the presence in 94 of adjacent cooperative x-donor
aromatic groups able to sandwich n-acidic moieties of the enantiomeric compounds
and (2) the location of groups able to originate attractive intermolecular interactions
in the inner part of the molecule, which are at the same time adjacent to the
stereogenic centers and hindered by the flanking aryl groups. Thus, the enantio-
meric pairs able to establish attractive interactions in this crowded region are
strongly differentiated as a consequence of steric repulsive interactions. The
extended network of NH and CO groups of the receptors allows substrates endowed
with two amide functions to act as bidentate ligands and hence to be efficiently
stabilized.

(R,R)-1,2-Cyclohexanediamine is the precursor of several chiral macrocyclic
amines, such as 96 [211] or 97 and 98 (Fig. 37) [212]. CSAs 96a, b are useful for the
determination of enantiomeric excess and the absolute configuration of a wide
range of carboxylic acid and amino acid derivatives. For all the carboxylic acids
(Fig. 37) tested, the signals for the protons attached to the stereogenic center were
split and baseline separation was enough for accurate integration, with very high
nonequivalences (in the range 0.052-0.150 ppm) (Fig. 37) in spite of the use of
0.25 equiv. of CSAs [211].

The chiral peraza-macrocyclic selector 97d gives good results as CSA for
carboxylic acids [213]. The enantiodifferentiation experiments were performed
by adding increasing amounts of racemic a-chiral carboxylic acids (PhCHRCOOH)
to a solution of 97d (10 mM in CDCl;) directly into the NMR tube. The most stable
complex of mandelic acid with 97d involves the interaction of two units of acid and
one unit of the macrocycle, even if multiple equilibria coexist in solution.
The optimal ratio between 97d and the racemic acid for a baseline separation
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Fig. 37 Macrocyclic amine CSAs and substrates enantiodiscriminated

of the enantiomers signals depends on the type of acid, in particular on its degree of
acidity: the stronger the acid, the lower the ratios required; the weaker the acid, the
higher the ratios needed. A correlation between the NMR enantiodifferentiation and
the host/guest ratio was obtained considering the acidity of the carboxylic acid, as
suggested by Zhang et al. [79, 214, 215]. Lower host/guest ratios are required when
the strength of the acid increases in order to achieve the optimal separation
of corresponding signals of the enantiomers of the acid. Weaker acids (e.g.,
2-phenylpropionic acid, R = Me) give partial proton transfer with 97d, whereas
stronger acids (e.g., mandelic acid, R = H) gave complete proton transfer in a
non-polar solvent. When further amounts of a strong acid are added to 97d,
multiprotonated species are quantitatively formed and no residual free acid remains
in solution, and thus the nonequivalence increases [213]. On increasing the amount
of a weak acid with respect to 97d, the amount of free acid increases, and thus the
nonequivalence decreases. Interestingly, the analyte and the CSA are separated and
recovered by a simple acid-base extraction and reused without any
purification [213].

Tanaka et al. reported that the analogous CSA 97a devoid of a phenyl group is
useful as CSA for secondary alcohols, cyanohydrins, and propargylic alcohols, but
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unsuccessful results are obtained with the same receptor in the case of carboxylic
acids at 1:1 or 2:1 CSA/substrate ratio [216]. In a recent study, Periasamy et al. has
demonstrated that the derivatives 97a, b and 98 (Fig. 37) are able to act as CSAs for
carboxylic acids, but when used in small amounts. Indeed, in consideration of their
polytopic nature, such a kind of receptors binds up to three molecules of guest, so
that good separation of the resonances are obtained in the presence of
0.17-0.33 equiv. of CSA [212]. Better results for the determination of the enantio-
meric purity of carboxylic acids can be obtained by using small amounts
(0.25-0.50 equiv.) of the host 99 (Fig. 37) [217], with phenolic hydrogen bond
donors groups.

Zhang et al. has designed several macrocyclic hosts 100-104 (Fig. 38) with
excellent enantiodifferentiating capabilities towards carboxylic acids, phosphinic,
phosphonic, and phosphoric acids [79, 214, 215]. Nonequivalences up to 0.80 ppm
are measured in "H NMR and/or *'P NMR. The author also reports a detailed
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analysis of the factors affecting the NMR enantiodifferentiations: solvent, concen-
tration, CSA to acid molar ratio, temperature.

Folmer-Andersen et al. reported new aza-crown macrocycles 105-109 (Fig. 39),
which are effective CSAs for mandelic acid. Each receptor contains a trans-1,2-
diaminocyclohexane moiety that is joined through N-benzylic linkages to a flexible
oligoethylene glycol bridge [218]. The 1,2-diaminocyclohexane subunits impart
chirality and C, symmetry onto the structures. (R,R)-109 (Fig. 39) serves as a
non-macrocyclic control compound. Multiple stoichiometry complexes are formed
at different CSA/mandelic acid molar ratios, with the 2:1 acid/receptor complex
responsible for NMR chiral discrimination. As expected, the stabilization of the
diastereoisomeric solvates is mainly due to interactions between the carboxylic acid
and amine groups of the substrates and macrocycles, respectively. The abilities of
the macrocycles to differentiate the '"H NMR spectra of the enantiomers of
mandelic acid by binding in CDCl; was markedly dependent on the nature of the
arene group, the arene linkage geometry, and the length of the ethereal bridge.

The cis-2-alkyl-3-oxy-tetrahydropyran unit is the basis of macrocyclic chiral
auxiliaries 110 (Fig. 40) with C,-symmetry, which display high association
constants with ammonium salts of a-amino acid methyl esters and very high
enantioselectivities [219]. The enantiomeric differentiation is conserved in differ-
ent solvents or in the presence of different anions. Particularly high enantio-
selectivity is shown for amino acids that bear aromatic side chains. Tryptophan
displays the best chiral discrimination with Kp/Ky up to 30. Interestingly, authors
demonstrated that a single CH—r interaction causes 70% of the enantioselectivity
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and, hence, weak non-covalent interactions may govern the whole process of
enantiodifferentiation.

The condensation of pyridine-based dialdehydes with (1R,2R)-(—)-1,2-
diaminocyclohexane by using the metal template technique gave a family of
enantiopure hexaazapyridinophanes 111 (Fig. 40), some of which are substituted
at the periphery [220, 221]. The presence of four protonable amino groups would
lead to the formation of the corresponding diastereoisomeric salts with chiral
carboxylic acids. Besides, the two pyridine moieties could display additional
interactions (H-bonding, solvophobic or n—r interactions) and highly anisotropic
environments due to the electronic nt-cloud of the aromatic rings. Different acid to
receptor molar ratios were analyzed. Good splitting of the carboxylic acids NMR
signals (up to Ad = 0.20 ppm) were observed using sub-stoichiometric amounts of
the receptor (1:4). According to the occurrence of a tetra-protonation process, the
1:4 receptor/acid stoichiometry for both enantiomers of the acid was found.

In the attempt to enhance enantiodifferentiation of bound guest molecules by
exerting additional ring current effects, new chiral polyazamacrocylic hosts 112
and 113 (Fig. 40) containing binaphthyl and phenyl moieties have very recently
been proposed [222], the enantiodifferentiating efficiency of which has been
probed. However, the enantiodifferentiation is not improved compared to the
macrocycles 111 derived from the chiral aliphatic diamine. The likely explanation
for this is the reduced basicity of 112 and 113 and the fact that the aromatic
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substituents make the formation of protonated cationic forms of these macrocycles
less favorable.

Chiral crown ethers are a class of cyclic compounds that are complementary to
cyclodextrins, possessing a polar cavity able to include positively charged polar
groups, such as ammonium cations. Among them, (+)-(R)-18-crown-6-
tetracarboxylic acid (114) (Fig. 41) represents the most popular CSR for the
enantiodifferentiation of amino acids, amines, and amino alcohols [223-234].

Because chiral crown ethers are expensive, the use of achiral crown ether/cyclo-
dextrin mixtures has been proposed as the way of improving the enantio-
differentiating ability of the cyclic oligosaccharides towards amines [229]. This last
application, primarily applied to capillary electrophoresis uses, has also been
investigated by 'H NMR spectroscopy (see Wenzel’s [191]).

Some chiral macrocycles are very interesting from the technological point of
view, but they have only limited applications as chiral auxiliaries for NMR, mainly
in cases where inclusion processes of the guests involve slow exchange conditions,
which are not suited for analytical application. This is the case for chiral capsules,
which sequester molecules with suited sizes. As an example the amino acid
substituted resorc[4]arene 115 (Fig. 41) quantitatively self-assembles into a
dimer, which can be considered as a molecular inverted micelle because it has
charged groups inside and hydrophobic groups outside the shell [235]. The capsule
easily includes alcohols, carboxylic acids, N-protected amino acids, and even
inorganic salts of carboxylic acids. Encapsulation in solution requires long equili-
bration times. Chiral discrimination occurs, but the NMR spectra reveal the
co-presence of several slow exchanging species.

Macrocyclic hosts with negative charges arising from phosphonate moieties
(such as 116 in Fig. 41) and hydrophobic binding sites in a cyclophane structure
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appear to be very promising for constructing effective artificial receptors for amino
alcohols and di-cationic amino acids molecules [236, 237].

Cryptophane derivatives are rigid, hollow organic host compounds which can be
designed and synthesized with interior cavities large enough to include organic
guest compounds [238]. They have attracted a lot of attention since the beginning of
the 1980s and are still of high interest to bind small neutral atoms or molecules. The
differentiation of the enantiomers of CHFCIBr and CHFCII molecules by chiral
cryptophane-C (117) (Fig. 42) [239] and a thiomethylated cryptophane [240] are
examples of enantioselective encapsulation processes reported in the past.

The pentahydroxyl cryptophane-A (118a) (Fig. 42) is a water soluble
cryptophane-A congener which is able to differentiate between the two enantiomers
of propylene oxide under basic conditions [241]. The enantiodifferentiation is
easily detected in the '"H NMR spectra as the six protons of the bound oxide are
located at negative chemical shift values due to the strong shielding effect of the six
aromatic rings surrounding the guest molecule.

The analogous enantiopure hexacarboxylic acid cryptophane-A (118b) (Fig. 42)
interacts enantioselectively with propylene oxide, epichlorohydrin, and
1,2-epoxybutane, but not 2,3-epoxybutane [242]. In this case, binding of the guests
to the cryptophane causes remarkable low-frequencies shifts.

7 Ionic Liquids

“Tonic liquid” (IL) is the commonly accepted term for low-melting salts (mp < 100°C)
formed by the combination of organic cations and a variety of anions. Ionic liquids are
attracting considerable attention for several technological applications [243]. Their
properties are strongly dependent on their physicochemical properties which, in turn,
depend on the interaction established between the cation and the anion: ions interact via
hydrogen bonding, m—x, dispersive, dipolar, electrostatic, and hydrophobic forces;
diffusion-ordered NMR spectroscopy (DOSY-NMR) constitutes the method of choice
for investigating their pairing [244].
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Fig. 43 CILs chiral solvating agents (BMIM = 1-butyl-3-methylimidazolium)

The structural tuneability of ILs is ideal for the design of new chiral auxiliaries
for enantioselective applications [245, 246]. Either the cation or the anion, or both,
can be chiral and the chirality may be either central, axial, or planar. Chiral ionic
liquids (CILs) have recently gained popularity based on their potential applications
as CSPs in gas chromatography [247] and as additives for enantiomeric separations
in micellar electrokinetic electrochromatography [248] or HPLC [249].

CIL directly derived from the “chirality pool” were reported in 2002 by
Wasserscheid et al. [250]. The easy preparation, thermal and chemical stability,
and low viscosity were the criteria for the design of CILs and, among them, IL 119
(Fig. 43), which is readily obtained from the alkaloid ephedrine in a three step
synthesis, was able to split the '"F NMR signal of the CFs-group of racemic
Mosher’s acid sodium salt [250]. The magnitude of nonequivalence was affected
not only by the total concentration and substrate/CSA molar ratio, but also,
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interestingly, by the amount of water added to the solvent (CD,Cl,). In the same
year, imidazolium salts with cyclophane-type planar chirality 120-122 (Fig. 43)
were proposed by Saigo and coworkers [251]. The ability of the cyclophane-type
ionic liquids to participate in chiral recognition processes was demonstrated by 'H
NMR analysis of the diastereoisomeric adduct formed by the racemic cation and
(18)-(+)-10-camphorsulfonate anion, which caused doubling of selected resonances
of the CIL cation [251]. The single stereoisomers of the chiral cationic CIL 123
(Fig. 43) enabled the differentiation of racemic or enantiomerically enriched
potassium salt of racemic a-methoxy-a-(trifluoromethyl)phenylacetic acid in the
presence of 18-crown-6 in CDCl; and also recognized the P-chirality of O-ethyl
phenylphosphonothioate anion by *'P NMR spectroscopy [252].

The development of CILs based on biocompatible and non-toxic materials, such
as amino acids, is strongly encouraged. Differentiation of fluorine signals of
Mosher’s salt was obtained by using CILs derived from L- and p-alanine fert-
butyl ester chloride with a variety of counterions such as lithium bis(trifluor-
omethane) sulfonimide, silver nitrate, silver lactate, and silver tetrafluoroborate
(124, Fig. 43) [253].

A new fluorescent CIL, L-phenylalanine ethyl ester bis(trifluoromethane)
sulfonimide 125 (Fig. 43), capable of serving simultaneously as solvent, chiral
selector, and fluorescent reporter in chiral analytical measurements, was proposed
by Warner and coworkers [254]. In the presence of 10 equiv. of 125 the '°F
resonances of the enantiomers of Mosher’s sodium salt are doubled by 0.04 ppm
in a solvent mixture of CD,Cl, and DMSO, suggesting that 125 has good
potentialities as a CSA for NMR spectroscopy.

Amino acids can be used as starting materials for introducing chirality in
imidazolium CILs [255, 256]. The enantiodifferentiating ability of 126 (Fig. 43)
was evaluated and compared by using racemic triethylamine mandelate salt as
probe compound [255]. One to two equivalents of CIL are needed to detect NMR
differentiation (about 0.02 ppm) for the methyl protons of mandelate. CILs derived
from L-phenylalanine, L-valine, and L-leucine with benzyl amide groups constitute
the best CSAs; when aromatic moieties are not present in the amide functionality of
the chiral auxiliaries, any NMR nonequivalence cannot be detected [255].

N-Heterocyclic-based zwitterions incorporating imidazolinium and alkyl-
sulfonate or sulfamate groups (such as 127 in Fig. 43) proved to be versatile
CSAs for Mosher’s acid, alcohols, cyanohydrins, amino alcohols, nitro alcohols,
thiols, and carboxylic acids with very high shifts in the "H and '°F NMR [257].

A series of novel structurally related protic CILs derived from enantiopure
norephedrine, ephedrine, and methylephedrine with protonated primary, secondary,
and tertiary amines (128, Fig. 43) have been obtained and evaluated as CSAs for the
"F NMR enantiomer differentiation of potassium Mosher’s salt in comparison to
the precursors of CILs [258]. The solubility of potassium Mosher’s salt in CDCl; is
enhanced by forming a complex between potassium cation and a crown ether. Both
the precursors and their CILs derivatives are able to differentiate the fluorine
resonances of Mosher’s salt, with a threefold increase of the nonequivalence in
the presence of the ionic liquid. However, the magnitudes of nonequivalences are
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small (less than 0.05 ppm) in spite of the high mixture concentration and the
presence of a relevant excess of the CILs. The primary amine shows the best
enantiodifferentiating efficiency.

Sulfate and sulfonate CILs were prepared from alcohols (129-132, Fig. 43) and
(R)-phenylethylamine (133, Fig. 43), respectively, and used as CSRs for 2,2,2-
trifluoro-1-phenylethanol and Mosher’s carboxylic acid [259]. The choice of the
solvent is critical for the success of the enantiodifferentiation experiments: CILs
show the best solubility in CDCl3, but toluene, where the chiral auxiliaries have
poor solubilities, interferes to a less extent in the interaction with the enantiomeric
compounds, giving nonequivalences to about 0.02 and 0.11 ppm for 2,2,2-trifluoro-
1-phenylethanol and Mosher’s carboxylic acid, respectively.

Carbohydrate-based chiral ammonium ionic liquids (134, Fig. 43) were obtained
by using isomannide as a bio-renewable substrate. The diastereoisomeric
interactions of these chiral ammonium ionic liquids with racemic Mosher’s acid
were studied using NMR and suggested their potential applications in enantiomeric
differentiation [260]. Mosher’s carboxylate is the counterion of the ionic liquid, but
the presence of achiral anion is advantageous for enhancing NMR nonequivalences.

Structurally novel CILs which have either chiral cation, chiral anion, or both
have been proposed [261]. Cations are an imidazolium group, while anions are
based on the borate ion and chiral substituents (135, Fig. 43). The synthesis in
enantiomerically pure form of the stereoisomers involves a simple one-step process
from commercially available reagents. The CILs in this series are liquid at room
temperature and have relatively high thermal stability. NMR experiments
demonstrated that CILs exhibit intramolecular as well as intermolecular enantio-
meric recognition. For a CIL composing with a chiral anion and a racemic cation,
enantiomeric recognition of the chiral anion toward both enantiomers of the cation
leads to differentiation of the NMR resonances of the cation enantiomers, which
strongly depends on solvent dielectric constant, concentration, and structure of the
ILs. Enhancing the steric hindrance, high concentrations of CIL, and solvents with
low dielectric constants all are factors favoring enantiodifferentiation.

Combinatorial chemistry permits systematic exploration of the influence of
structural variations in candidates by accelerating the rates at which they are created
and evaluated. Using a combinatorial approach, a library of 27 novel CIL-modified
silanes were synthesized [262]. Three chiral tertiary amines, Pro, Eph, and Peu
(Fig. 44) were used as building blocks to synthesize chiral cations by use of
quaternization reactions. These three chiral tertiary amines consist of different
functional groups including hydroxyl, phenyl, pyridyl, urea, and ester groups,
which are conducive to multiple-site interactions essential for chiral recognition
of analytes. '’F NMR was used as a high-throughput screening tool to identify
quickly and conveniently the best chiral selectors from a group of CIL-modified
silanes which were synthesized using a combinatorial approach. Three major
parameters (type of chiral cations, anions, and linker chain lengths) were included
and investigated during the synthesis and screening. As expected, the structure of
the chiral cation was found to play an important role in determining enantiodiffer-
entiation abilities. In addition, several types of intermolecular interactions
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including ion-pair, hydrogen bonding, n—=n stacking, dipole stacking, and steric
interactions were found to impact enantiodifferentiation.

8 Special Applications

8.1 Pattern Recognition Approach and 2D F1 Decoupled
COSY Experiments

To minimize the amount of chiral auxiliary to be used in the determination of the
enantiomeric excesses is a current focus: the measurements are more convenient
from the economic point of view and NMR signals of the CSA generate less
interference with the signals of the enantiomeric compounds. Unfortunately, unlike
what is observed with paramagnetic chiral auxiliaries, the magnitude of NMR
differentiation produced by diamagnetic CSAs may be quite small. This makes it
necessary to operate in concentrated solutions and, in the majority of cases, in the
presence at least of 1 equiv. of CSA. The pattern recognition approach is a good
alternative of undoubted interest, particularly in view of eventual applications in the
area of the analysis of chiral metabolites. It was first proposed by Anslyn and
coworkers [263] and then extended to the NMR analysis of biologically relevant
chiral compounds [264] just applied to the enantiodifferentiation of Boc-protected
alanine. Spectra of mixtures containing a catalytic amount of quinine (52, Fig. 18)
(16:84, quinine to chiral substrate) and the amino acid derivative with different
enantiomeric excesses were recorded. Under this condition a true chemical shift
differentiation of the NMR signals of the two enantiomers cannot be detected, but
the signals of selected spectral regions are a fingerprint of the enantiomeric
excesses. A reliable analytical protocol can be obtained by using principal compo-
nent analysis (PCA). The influence of the presence of impurities on the method
reliability was also investigated.

Multiplets belonging to (R)- and (S)-enantiomers, which overlap severely at low
solute/chiral auxiliary concentrations, can be resolved by eliminating "H-"H coupling
interactions in the indirect dimension of a decoupled "H-"H COSY experiment. In this
way, multiplets collapse into singlets in the incremented dimension of a 2D spectrum
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and quantitative determinations can be performed by determining the contour volumes
of the peaks. The decoupled '"H-"H COSY experiment was firstly reported for
enantiomeric purities determinations of enantiomers aligned in organic chiral liquid
crystal [265] and more recently the method has been applied to CLSRs and
CSAs [266].

8.2 Coupling of CSAs and Achiral Lanthanide
Shift Reagents

Much literature has been addressed to the attractive strategy of enhancing the NMR
enantioresolution power of CSAs by combining them with achiral lanthanides, as
first suggested by Pirkle and Sikkenga [267] and extensively developed by Wenzel
[17, 18, 22]: provided the CSA shows different association constants with the two
enantiomers and the lanthanide preferentially binds the substrate but not the CSA,
the enantiomer which is less strongly bound to the CSA and, hence, is the one in
excess in solution as a free species, will be bound preferentially to the lanthanide
and will show enhanced shift.

8.3 Chiral Sensing

An intriguing and challenging issue is the analysis of the enantiomeric excesses by
using non-CSAs. Such an approach requires non-chiral receptors, such as
porphyrins, which are responsive to the enantiomeric excess of the chiral substrates
to be analyzed [268, 269]. Chiral sensing is due to the fast exchange of analyte
molecules at a protonated meso-substituted porphyrin di-cation rather than to the
formation of diastereoisomeric complexes with a chiral solvating reagent. In CDCl;
solutions of tetraphenylporphine (136a) (Fig. 45) with (R)-2-phenoxypropionic
acid at —32.5°C the resonances of the ortho-phenyl protons and pyrrole protons
are split into two sets of symmetrical signals [269]. The separation of the respective
signals depends on the enantiomeric excess of the chiral carboxylic acid with high
values (about 0.2 ppm) in the presence of the pure enantiomer. The magnitude of
the signals separation is linearly correlated to the enantiomeric excesses of the
chiral substrate. A linear relationship between the signals splittings and ee has also
been found in solutions of ibuprofen and meso-tetra(tert-butyl)porphine (136b)
(Fig. 45), which has increased basicity over 136a. The main inconveniences of
non-chiral—chiral sensing systems are that a calibration curve must be built and
low-temperature measurements are required. The advantages overcome these
problems due to the fact that porphine macrocycles are available in large quantities
and the accuracy of ee determinations increases approaching the enantiopure state,
in contrast to the accuracy trend of traditional CSAs [269].

Some higher fullerenes, having dissymmetrically curved n-electronic surfaces,
are chiral. However, sensing of the dissymmetric structures of these carbon clusters
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Fig. 45 Chiral sensing receptors

is a challenging issue in chiral chemistry, because they do not possess suitable
functionalities needed for the interaction with common CSAs. Cyclic host
molecules, having a chiral N-methylporphyrin unit (137, Fig. 45), include C;¢ in
their asymmetrically distorted n-electronic cavity and differentiate the enantiomers
of C;6 as shown by 'H NMR [270, 271]. Encapsulation of fullerene into the
porphyrin cavity brings about a strong conformational prevalence of the host and
the enantiomers of the cyclic host can be used for the accurate determination of the
enantiodifferentiation of Cy¢ as the splitting of the NH signals of the porphyrin is
entirely dependent on the enantiomeric purities of guest C7¢ [270, 271].

8.4 Chiral Metabolites and Drug Formulations

Among the chiral auxiliaries for NMR spectroscopy, CSAs have gained increasing
popularity over time, especially for the analysis of compounds of biological and
pharmaceutical relevance. They do not suffer kinetic resolution problems, as with
CDAs, which may adversely affect the quantitative analysis. No discrepancies
between diastereoisomeric and enantiomeric ratios exist. All these issues are
critical when the demanding requirements of the regulatory agencies have to be
met, as clearly addressed by several authors [272-274].

The CLSRs do not suffer from the same drawbacks, but the considerable shift
induced by them in the resonances of enantiomers render them not always repro-
ducible and even difficult for identification of the corresponding resonances of the
two enantiomers, especially in complex matrices like pharmaceutical formulations
or biological fluids. In addition, the line broadening caused by the paramagnetic
metal center could lead to less accurate quantitative determinations.

As an example, in a recent paper, (R)-(—)-a-methoxyphenylacetic acid, (S)-(—)-
1,1’-(2-naphthol), and (R)-(+)-a-methoxy-a-trifluoromethylphenylacetic acid have
been evaluated as CSRs for "H NMR spectroscopic differentiation of the (R)- and
(8)-enantiomers of 2-(diphenylmethanesulfinyl)acetamide (modafinil, MDL) in
bulk drugs and formulations in CDClj; solutions [275]. MDL is a drug potentially
useful to treat narcolepsy, obstructive sleep apena/hypopnea syndrome, and shift
work sleep disorders. The methine signal of the MDL appears as sharp singlet and
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did not overlap with CSAs or excipients resonances. The quantitative analysis was
validated with respect to specificity, linearity, recovery, limit of detectability, and
limit of quantification and then extended to the direct analysis of tablets, without
any prior separation of the excipients which remained mainly undissolved in
CDCl;.

An even more challenging target, which has been pursued in recent years, is to
perform the direct analysis of chiral metabolites which are present in intact
biological fluids with non-invasive techniques. The determination of chiral
metabolites produced in the post-administration stages of drugs or due to the
occurrence of external stimuli has become a subject of considerable impact and
growing interest both for diagnosis of specific pathologies and for the optimization
of therapeutic approaches. NMR spectroscopy is the technique of choice in this
area, as the analysis of samples does not require any pre-treatment, apart from the
addition of a small aliquot of deuterated water for locking and shimming which,
however, may be avoided by using a coaxial tube containing such a component, and
the presence of an appropriate chiral auxiliary is needed, which must be well
soluble in the aqueous medium characteristic of the system under consideration.
The direct use of chiral auxiliaries within biological fluids is limited, unfortunately,
by the remarkable spectral complexity of the samples and by the need to guarantee
good reproducibility of the data. The different metabolic profile may, in fact,
generate different responses to the addition of the chiral auxiliaries. It may be
difficult to control the molar ratio between the chiral metabolites and the chiral
auxiliary, since the amount of metabolite cannot be exactly predetermined. In
addition, competition with other metabolites for the interaction with the chiral
auxiliary may occur and, therefore, the extent of differentiation of the enantiomeric
components may also be different depending on the sample under investigation. All
these issues have been carefully taken into consideration in a recently published
work [142] dealing with the direct '"H NMR enantiodifferentiation in urine of
ibuprofen, and one of its major metabolites, the glucuronidated carboxylate deriva-
tive (2-[4-(2-carboxy-2-methylpropyl)phenyl]propionic acid), after the direct addi-
tion of the CSA. B-Cyclodextrin was selected as water soluble CSA and its
enantiorecognition ability of ibuprofen enantiomers has been already demonstrated
[276]. A standardization procedure is reported, where racemic ibuprofen was
titrated with B-CD in D,O. Nonequivalence was achieved for several ibuprofen
protons with maximum values in the presence of 10 equiv. of the p-cyclodextrin.
Each set of resonances was assigned to the corresponding ibuprofen enantiomer by
spiking the mixture with pure (S)-ibuprofen. In order to establish the effect of the
multicomponent matrix of the urine samples on the enantiodifferentiating ability of
the CSA, racemic ibuprofen was added to urine samples and, by choosing ibuprofen
concentration in the same order of magnitude as endogenous metabolites, the effect
of B-CD addition was then assessed. Only slight differences were found regarding
the nonequivalence values and the relative positions of the enantiomeric resonances
remained unchanged. Then urine samples were collected from human volunteers
after the intake of racemic ibuprofen. No ibuprofen was detected, whereas its
glucuronidated metabolites were identified.
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9 Conclusions

The enormous perspectives of CSAs as effective tools for the direct, accurate, and
reliable determinations of enantiomeric purities are fully confirmed by the fervent
activities which are specifically dedicated to this research area. The development of
low-medium molecular weight CSAs seems to be oriented to the enhancement of
the enantiodifferentiating versatility and efficiency of already existing CSAs by
means of suitable structural modifications, whereas macrocyclic CSAs seem to
have better enantioselectivity, rendering them more suited for biological
applications. Cyclodextrins and macrocyclic chiral selectors which are soluble in
the aqueous medium deserve special comment in view of their enormous
potentialities in the field of the analysis of chiral metabolites directly into the
biological fluids, in such a way as to avoid more invasive analytical methods.
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Chiral Sensor Devices for Differentiation
of Enantiomers

Kyriaki Manoli, Maria Magliulo, and Luisa Torsi

Abstract Differentiation of enantiomers remains one of the most attractive and
important research areas in analytical chemistry due to its impact on pharmaceuti-
cal, chemical, biotechnology, and food industries. For a long time chiral separation
techniques, such as high performance liquid chromatography (HPLC), gas chroma-
tography (GC), and capillary electrophoresis (CE), have represented the gold
standard for the separation and determination of enantiomers. These techniques,
besides being time consuming and expensive, are also not suitable for real time
analysis. Therefore, the development of fast and reliable chiral sensors remains a
challenge to achieve on-line analysis of enantiomers in both gas and liquid samples.
The scope of this chapter is to provide an overview on the basic functioning
principles, as well as on the performance level, of solid-state sensing devices for
enantiomers differentiation. Particular attention is paid to work providing a set of
analytical figures of merit (sensitivity, repeatability, reproducibility, limit-of-detec-
tion, etc.) as well as to studies involving miniaturized (or miniaturizable) analytical
devices that can deliver real-time, on-line, and label-free information on chiral
compounds.

Keywords Chiral sensors - Enantiomeric differentiation - Molecular recognition -
OFET sensors - Real-time monitoring
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AFM Atomic force microscopy

Ala Alanine

Apt Aptamer

APTES  3-Aminopropyltriethoxysilane

Asp Aspartic acid

CDh Cyclodextrins

CLEP Chiral ligand exchange potentiometry

CSA Camphor sulfonic acid

cv Cyclic voltammetry

Cy Cysteine

DOPA Dopamine

DPV Differential pulse voltammetry

EIS Electrochemical impedance spectroscopy

GC Gas chromatography

Glu Glutamic acid

GSA Goat serum albumin

Hcy Homocysteine

His Histidine

HSA Human serum albumin

ISE Ion-selective electrode

ISFET Ton-selective field effect transistor

ITO Indium tin oxide

MA Mandelic acid

MIP Molecular imprinted polymer

MPTMS  (3-Mercaptopropyl)trimethoxysilane

OCD Optical circular dichroism

OFET Organic film effect transistor

OTS Octadecyltrichlorosilane

PDMS Polydimethylsiloxane
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PET Polyethyleneterephthalate
PPE Poly(phenylenethynylene)
PPy Poly(pyrrole)

pPVvC Polyvinylchloride

QCM Quartz crystal microbalance

RbSA Rabbit serum albumin
SAM Self-assembled monolayer

Try Tryptophan

TSMR Thickness shear mode resonator
Tym Tyrosinamide

Tyr Tyrosine

1 Introduction

The majority of metabolic and regulatory processes conducted by biological
systems are closely related to stereochemistry. Therefore chiral molecules are
involved in numerous enzymatic reactions, guest-host interactions, and several
other biological phenomena [1]. Moreover, living organisms behave mostly in an
enantioselective manner. For this reason, the human organism can differentiate the
different enantiomers of a racemic drug, and, while one enantiomer may produce
the desired therapeutic activities, the other may be inactive or could cause even
undesired effects [2].Thus the ability to differentiate the two enantiomers of a chiral
molecule and to determine its enantiomeric purity is rather important in drug
development. Enantiomeric purity is also relevant to the agrochemical industries
since several chiral pesticides appear to have different impacts on the environment
[3, 4]. Organoleptic characteristics of edibles are related to stereochemistry as well
since olfactory and taste receptors are chiral. For instance, the enantiomers of
carvone are the primary odor constituents of caraway and spearmint. Most of the
natural amino acids have a bitter taste, while their enantiomers are sweet [5]. In this
respect, it is essential to develop the technology for analysis and separation of
racemic mixtures. Moreover, research on enantiomeric differentiation can lead to a
better understanding of the mechanisms of chiral recognition of biological systems
and to further development of useful molecular devices for biomedical and envi-
ronmental applications.

Enantiomers can be differentiated only in a chiral environment. Chiral recogni-
tion is based on enantiospecific interactions between a chiral selector and the
enantiomers resulting in transient diastereomeric complexes. The equilibrium con-
stant for the formation or dissolution of the complex has to be different for two
enantiomers in order to be differentiated [6]. The formation of the complexes is
related to intermolecular non-covalent interactions such as ionic, ion—dipole or
dipole—dipole, hydrogen bonding, van der Waals, and n—r interactions. Due to the
structural variety of chiral selectors, steric interactions contribute to the chiral
recognition processes as well. The “three points binding” model [7] and the
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“lock-key” rule [8] are simplified tools proposed so far for the interpretation of the
formation of diastereomeric complexes and the resulting enantioselectivity [9].

There is a multitude of compounds available that can be used as chiral selectors of
natural or synthetic origin [10]. Receptors like polysaccharide derivatives [9, 11, 12],
cyclodextrins (CD) [13], proteins and antibodies [9], aptamers [14, 15], molecular
imprinted polymers (MIPs) [9, 16], helical [17, 18] and conducting polymers [19],
crown ethers [20], calixarenes [21, 22], and resorcinarenes [23] are some of the most
frequently used chiral selectors in conventional separation techniques as mobile/or
stationary phase and background electrolytes or as recognition elements in
transducer-based sensors.

Enantiomeric differentiation by using sensors is an alternative method that
allows real time analysis, low cost instrumentation, and almost zero waste of
expensive reagents. Chiral sensors based on different transduction principles have
been utilized [24]. Such devices could allow, for instance, the direct monitoring of
the enantiomeric purity in asymmetric synthesis, rendering this approach appealing
for industrial scale production of an enantiopure molecule [25]. Besides, a sensor
can also act as a fast, low cost method of screening stationary phases used in
chromatographic columns for the separation of enantiomers [26]. Enantioselective
chemical microsensors have also been proposed for investigating extraterrestrial
homochirality in space [27].

A crucial parameter for the development of a reliable sensing system is the
selection and functionalization of the chiral recognition element on the transducer.
Moreover, binding dynamics and kinetics of complex molecules on complex
surfaces are not easily quantitatively understood in terms of interactions, adsorption
sites, electron charge transfer, etc.; thus chiral sensing is a difficult task and still
under development.

The purpose of this chapter is to provide an overview of the basic functioning
principles, as well as of the performance level, of solid-state sensing devices for
differentiation of enantiomers in both liquid or gas phase. The focus is to outline the
chiral selectors used for enantioselective sensors development as well as to describe
the specific features and the analytical performance of sensors based on
different transduction principles such as electrochemical, piezoelectric, electronic,
and label-free optical devices. A critical examination of such technologies will be
provided too.

2 Electrochemical Sensors

Electrochemical sensors are considered as the most reliable alternative of conven-
tional high resolution chromatographic techniques to be used for enantiomeric
differentiation and detection. The main advantage of these transducers is that they
can provide simple means for interfacing, at a molecular level, the recognition
element with the signal transduction element. The high sensitivity, coupled with
their inherent miniaturization, small volume consumption, low power requirements,
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and independence of sample purity, renders electrochemical sensors excellent
candidates for molecular recognition sensing. However, short life time and the
need for a reference electrode have so far impaired their full integration into a
CMOS system.

Basically the structure of an electrochemical sensor resembles an electrochemi-
cal cell which employs a two- or three-electrode arrangement. According to the
measured electrical parameter, e.g., potential difference, current, they are
categorized into two types. If the difference of two potentials is measured one
refers to potentiometric sensors. Voltammetric and amperometric sensors involve
measuring current.

The use of electrochemical sensors for chiral differential detection has been
reviewed up to 2008 [6, 28, 29]; therefore only more recent contributions will be
discussed, providing an overall evaluation of this class of device performance.

2.1 Potentiometric Sensors

A potentiometric sensor reads an electrochemical potential against a reference
electrode at equilibrium. According to the Nernst equation, the sensor’s potential
is related to the ion activity normalized to that of a standard solution. The voltage is
proportional to the logarithm of the ionic activity. A potentiometric sensor
constitutes a quite simple structure and can be easily miniaturized by thick-film
screen printing technologies. It is especially suitable due to its simplicity, low cost,
high reproducibility, and efficiency in large-scale production. Examples of potenti-
ometric sensors are reported below.

2.1.1 Ion Selective Electrodes

An ion-selective electrode (ISE) is a potentiometric sensor that converts the activity
of a specific ion dissolved in a solution into an electrical potential. It consists of two
parts, an ion-sensitive membrane along with a reference electrode.

The enantioselectivity of the response of an ISE electrochemical sensor is
achieved by the addition of a chiral selector interfaced with the electrode on
which the interaction of the selector with the analyte is detected. The immobiliza-
tion techniques include physical sorption, covalent binding, and the formation of
self-assembled monolayers (SAMs). Plasticized polyvinyl chloride (PVC), glassy
carbon paste, as well as conductive polymers are the most widespread types of
membranes explored for the fabrication of ISEs for enantiomeric differentiation.

Maltodextrins with different dextrose equivalent (DE) have been integrated in
carbon paste electrodes as chiral selectors for enantiomeric differentiation of
several drugs. The different DE values result in maltodextrins of varying physico-
chemical properties. A recent review on this topic has been reported by Stefan-van
Staden et al. [12]. Enantioselective membrane carbon paste electrodes based on
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maltodextrins have been proposed for detection of L-pipecolic acid (PA) [30],
(8)-(+)-ibuprofen [31], (S)-(+) flurbiprofen [32], L-proline [33], (S)-captopril [34],
and (S)-perindopril [35]. Moreover, a-, - and y-cyclodextrins (CDs) as well
as 2-hydroxy-3-trimethylaminopropyl-p-CD for enantiomeric analysis of
(S)-flurbiprofen [36] and several angiotensin-converting enzyme inhibitors
(e.g., (8)-captopril, (S)-pentorpril, (S)-ramipril) have been reported during the
last decade by Stefan-van Staden et al. [37, 38] and Aboul-Enein et al.[39]. In all
cases, enantioselective coefficients Kgi‘ of 107* magnitude order were obtained.

The same constructions of a graphite paste sensor incorporated with macrocyclic
antibiotics (i.e., vancomycin and teicopolanin) have been reported as
enantioselective potentiometric sensors for the differentiation of pipecolic acid
and carnitine enantiomers by Ratko et al. Carbon paste electrodes incorporated
with vancomycin were shown to have Nernstian response with linearity from
1 nM to 1 mM of p-PA and neither linear nor Nernstian was the response for

L-PA ( log Kf‘];‘ =3.52 ) [40]. With the use of teicoplanin, L-carnitine was
differentiated ’With enantioselectivity coefficient log Kf_th =2.38 [41]. The
same macrocyclic antibiotics have been used for enantiomeric differentiation of
L.p-methotrexate (Mtx) [42]. Vancomycin was employed as chiral selector for the

L-enantiomer and teicoplanin for the p-enantiomer. A third electrode with modified
teicoplanin with acetonitrile was also fabricated. The electrodes proposed proved to
be successful for determination of enantiopurity of Mtx as a raw material in
pharmaceutical tablets and injections. The potentiometric enantioselectivity
coefficients were KE?]S =5.4x 1073 for the vancomycin-based sensor and
K5 = 6.2 x 1072 for the modified teicoplanin sensor.

In addition, different potentiometric and amperometric microsensors based on
porphyrins and polymer surfactants have been proposed by Stefan-van Staden et al.
for differentiating the enantiomers of PA in biological samples [43]. The ampero-
metric sensors served as quality detectors and the potentiometric sensors were used
for the quantitative enantiomeric analysis. Carbon and diamond paste electrodes
modified with Zn-5,10,15,20-tetra(4-sulfophenyl)porphyrin  (ZnTSPP) and
5,10,15,20-tetra(4-sulfophenyl)porphyrin (TSPP) and polysodium N-undecanoyl-
L-vanilate (SUV) and polysodium N-undecanoyl-L-leucylvanilate (SULV) were
tested as enantioselective membrane electrodes. The sensors exhibited a linear
response with concentrations in a range from 1 nM to 1 mM for the L-PA and
10 pM to 0.1 mM for the p-PA. The best potentiometric enantioselective
coefficients KP°" obtained from the ZnTSPP and SUV carbon paste sensors were
3.5 x 1077 for the p-PA and 3.8 x 107 for the L-PA, respectively.

The enantioselectivity of different types of ion selective membranes containing
different chiral ionophores was investigated recently by Kaniewska et al.
[44]. More specifically, PVC membranes with modified $-CDs selectors by using
different plasticizers were prepared so as to study the effect of the plasticizer’s
nature in the performance of the sensor. The sensors were tested upon different
concentrations of 1,4-nitrophenylethylamine enantiomers. From the results
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obtained it was shown that the nature of plasticizer affects the selectivity of the

sensor and thus can improve the figures of merit of the device. In addition, a

comparison between PVC and carbon paste membrane was made, using the same

chiral selector (teicoplanin) suitable for binding carnitine. It was shown that a

carbon paste-based electrode had the ability to discriminate the enantiomers tested,
ot

exhibiting enantioselectivity coefficient (log K, = 0.42) similar to the plasticized

ot .

PVC membrane (log K[, = 0.38). However, the latter exhibited longer life time

and good reproducibility.

The use of molecular imprinted polymers (MIPs) as sensitive membranes has
become rather popular since selective, reversible, long-term stable, and low cost
electrodes can be fabricated. Such artificial receptors have attracted much attention
since they are considered as good substitutes for natural selectors. MIPs have been
used as chiral coatings in different types of transducers [16]. They are polymeric
films prepared in the presence of a template-target analyte molecule. Briefly, the
MIP synthesis consists of two steps. First the template molecules are mixed with the
monomer, and after the polymerization they are removed, leaving binding sites of
specific shape and size capable of rebinding the template molecule. Two different
imprinting strategies are used: (1) covalent [45] and (2) non-covalent [46] template
polymerization.

A recent example is a potentiometric sensor for the discrimination of phenylala-
nine (Phe) enantiomers [47]. Poly[2-(N-carbazolyl)ethyl methacrylate-co-
methacrylic acid]s (PCEMMAs) were formatted on indium tin oxide (ITO) glass
by electropolymerization. In this MIP sensing film, the recognition sites, the
insulating polymethacrylic acid (PMAA), were covalently bonded to the
conducting polycarbazole which is used as signal transfer interface between recog-
nition layer and electrode. Although both enantiomers were used as template
molecules for the preparation of MIPs, only the L-Phe imprinted sensor exhibited
good selectivity for the respective enantiomer with an enantioselectivity coefficient
K, =575 x 107* and 1.37 pM limit of detection (LOD).

In addition, numerous studies are found in the literature regarding chiral sensing
using chiral ligand exchange potentiometry (CLEP) [48, 49]. Ligand exchange
involves the reversible formation of diastereomeric complexes of transition metal
ions (i.e., Cu, Zn) with chiral ligands (e.g., amino acids and derivatives) [50]. When
mixing an enantiomer with a metal ion, an enantiomeric complex is formed in
solution. In the presence of another competitive chiral substance (e.g., a chiral
receptor) the former complex reaction equilibrium is affected by the formation of
diastereomeric complexes. Due to conformational flexibility of the molecules and/
or steric interactions, desirable stereoselectivity can occur. This technique is suc-
cessfully used in HPLC and CE for enantiomeric separation [51, 52]. Impressive
stereoselectivity has been achieved with potentiometric sensors as well. Therefore
some recent representative examples will be discussed in the following paragraphs.

A novel potentiometric sensor exhibiting high enantioselectivity and recognition
ability to discriminate between enantiomers of the same amino acid (aspartic) but also
different amino acids was reported by Zhou et al. [53]. An octadecyltrichlorosilane
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Fig. 1 (a) Basic steps for the immobilization of chiral salen Co(II) complex onto a conductive
surface of ITO electrode. (b) Calibration curves of salen Co(II)-modified ITO electrode for b-MA
and L-MA at various concentrations. Reprinted with permission from [54], © 2010 The Chemical
Society of Japan

layer (OTS) was covalently bound on an ITO electrode in the presence of a
chiral ligand, N-carbobenzoxy-L/b-aspartic acid (N-CBZ-L/p-Asp). The recognition
mechanism relies on the chiral ligand exchange reaction at the N-CBZ-L/p-Asp
modified ITO-coated electrode. N-CBZ-L-Asp undergoes ligand exchange with
the enantiomeric coordination complexes of [Cu(II)(p-Asp),] or [Cu(I)(L-Asp),]
to form a diastereomeric complex [D-Asp)Cu(Il)(N-CBZ-L-Asp)] or [(L-Asp)Cu(Il)-
(N-CBZ-L-Asp)] on the electrode surface. The copper complexes with each
enantiomer co-exist in the analyte solution. Potentiometric enantioselectivity
coefficients Kp pL were 4.0 x 107> and 5.0 x 107> for the p-Asp and L-Asp respec-
tively, corresponding to an exceptional enantioselectivity.

The differentiation of mandelic acid (MA) enantiomers was successfully realized
by using an ISE potentiometric sensor. The sensor was fabricated by immobilizing an
ionophore chiral salen Co(II) complex on an ITO electrode surface modified with a
SAM of 3-aminopropyl-triethoxysilane (APTES). The ITO surface was first subjected
to a hydroxylation procedure to create —OH anchoring sites for the APTES that in turn
provided an ordered layer of amino groups for the Co(II) chiral selector to bound
(Fig. 1a). The modified electrode surface was exposed to different concentrations of
mandelic acid enantiomers (L-MA and p-MA) and the relevant calibration curves are
reported in Fig. 1b. Enantiomeric differential detection is apparent in a quite wide
concentration range with the Co(Il) complex forming a more stable diastereomer
with D-MA [54]. Similarly, a chiral salen Mn (III) complex was also capable of MA
differential detection with the L-MA being the preferred enantiomer in this case
[55]. A PVC membrane with different plasticizers and different amounts of salen
were prepared. The effects of several parameters such as nature of plasticizer, concen-
tration of ionophore, and pH were investigated in order to evaluate and optimize the
performance of the sensor fully. Good figures of merit in both studies are provided
with the detection limit, being in the micromolar range, and the enantioselectivity
coefficient (log K**") being —3.21 and —4.02.
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Moreover, high enantioselectivity coefficients values and low detection limit
(~107" pM) for amino acid enantiomers, namely tryptophan (Try) and histidine
(His), were obtained with a potentiometric sensor. An electroactive ion-pair com-
plex composed by a metallocarbonate anion ([Co(C,B9H11),] ) and the protonated
target enantiomer was implemented on a plasticized PVC membrane. As previously
shown, this anion receptor can be used for sensing protonated nitrogen-containing
molecules. Best enantioselectivity coefficients (log KP°') were achieved for p-Try
(—=3.79) and p-His (—5.79) [56].

As already mentioned, electrochemical sensors can act as appropriate platforms
for biosensing. Several electrochemical biosensors have been commercialized. The
use of biological recognition elements (e.g., proteins, antibodies) for selective
binding and thus enhanced sensitivity and selectivity can be realized for chiral
discrimination as well. The enantioselective behavior of human serum albumin
(HSA) has been reported. Selective potential response of HSA-modified ITO
electrode was observed for tryptophan (Try). HSA was immobilized on ITO
electrode surface modified with disuccinimidyl suberate (DSS). It was shown that
the potential of the ITO electrode shifted in the negative direction after injecting
the Try solution and this response was found different at all concentrations
for each enantiomer. Furthermore, negative response was observed even if the
ITO electrode was just DSS-modified without the addition of the protein but
the response was the same for the two enantiomers. According to the authors, the
presence of the protein prevents the L-Try to interact with DSS. The stronger
binding affinity between L-Try and HSA results in the smaller negative potential
shift as compared to p-Try [57].

Another approach for discriminating amino acids was adopted by Yin et al.
[58]. Conducting de-doped polyaniline was used as the ion selective membrane of
the electrochemical sensors. Optical active PANI nanofibers were synthesized
by electropolymerization of aniline in aqueous solution containing (15)-(+)- or
(1R)-(—)-camphor sulfonic acid (CSA) and was uniformly coated on glassy carbon
electrodes. The potentiometric enantioselective coefficient for the L-Phe was 0.2.
The response of the sensor to each enantiomer revealed that (—)-PANI had a higher
affinity for entrapping L-Phe and the (+)-PANI for the p-enantiomer.

2.1.2 Ion Sensitive Field Effect Transistors

A field effect transistor (FET) is a transducer in which the flow of current between
two (source and drain) of its terminals is controlled by an applied voltage at a third
terminal (gate). An ISFET is basically a metal oxide semiconductor field effect
transistor (MOSFET) where the gate is an ion-sensitive electrode. From an analyti-
cal chemistry point of view, in the case of an ISFET the metal gate is replaced by a
chemically sensitive membrane. The electric path is closed by a reference electrode
and both are immersed in a conductive solution. Change of the gate charge by a
chemical modification or chemical recognition event on the membrane alters the
gating metal electrochemical potential and this directly impacts on the the transistor
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threshold voltage, eventually affecting the drain current. A schematic illustration of
the ISFET is shown in Fig. 2. ISFET-based sensors are rather popular among the
transducers utilized for chiral and biosensing applications and generally sensing in
liquid media.

A representative example of enantiomeric differentiation using ISFET-based
sensors is the work of Lahav et al. [59]. ISFET-based sensors were employed
for enantiomeric differentiation of three chiral organic acids (i.e., (R/S)-
methylferrocene carboxylic acid, (R/S)-2-phenylbutanoic acid, and (R/S)-2-
phenylpropanoic acid). Each enantiomer was used as template molecule and was
imprinted in thin TiO, films on the gate surface of the ISFET device. More
specifically, titanium(IV) butoxide-carboxylate complex is polymerized on the
gate surface by hydration. The carboxylate units are removed with ammonia
solution, leaving stereoselective sites for the respective enantiomer. Moreover,
the hydrolysis of the carboxylate generates Ti-OH groups on the surface that control
the gate potential. Upon interaction with the carboxylic acid, an amount of —OH
groups is replaced by ester groups, thus altering the gate potential. Apart from high
enantioselectivity of each imprinted gate for the corresponding enantiomer, the
sensors exhibited high specificity among the (R)-enantiomers of 2-phenylbutanoic
acid and 2-phenylpropanoic acid. The stereochemical specificity was attributed to
the different structural configuration of each imprinted film that required appropri-
ate orientation and size of the analyte to bind the Ti-OH.

More recently, Mastunaga et al. [60] reported the differentiation of alanine (Ala)
enantiomers in solution by employing homocysteine (Hcy) SAM on the surface of
the gate sensitive electrode of an ISFET-based transducer. An n-type FET was
employed and, in order to minimize the current leakage (I/g) between the gold gate
film and SiO,, SAM of (3-mercaptopropyl)trimethoxysilane (MPTMS) was formed
on the SiO, as an adhesive and insulating layer. The functionalization of the gate
electrode is illustrated in Fig. 3a. Enantioselective formation of diastereomeric Cu
complexes on both L- and b-Hcy SAM modified gate surface with the respective Ala
enantiomer was observed. In each case the complex formation on the modified
surface leads to charge accumulation on the gate and thus change of the FET
threshold voltage. Moreover, the sensor was able to detect the excess of the one
enantiomer in the mixture (Fig. 3b—d). In an additional study, the dependence of the
ISFET response on the analyte amino acids, the central metal ions involved in
complex formation, and the solution pH was further investigated [61].
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Fig.3 (a) Illustration of Hcy/Au/MPTMS/SiO; and Cu complex formation on Hcy. Change of the
gate potential with time after addition of Ala and Cu(ID)for (b) L-Hcy gate and (c) p-Hcy gate.
(d) Change of gate potential of L-Hcy sensor in different percentage composition ratio of L-Ala in
the enantiomeric mixture. The total concentration was kept constant and the values depicted are
taken 35 min after the beginning of measurement. Reprinted with permission from [60], © 2010
Elsevier

2.2 Voltammetric Sensors

The current—potential (/-V) relationship of an electrochemical cell provides the
basis for voltammetric sensors. The most popular electroanalytical technique used
at solid electrolytes is cyclic voltammetry. In this technique the applied potential is
linearly cycled between two potentials. In one half of the cycle the oxidized form is
reduced and in the other it is reoxidized to its original form. Differential pulse
voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) are utilized
as well.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were used to investigate the enantioselective interaction between L-methotrexate
(L-Mtx) and penicillamine (Pen). L-Mtx was chosen as a chiral selector to recognize
Pen enantiomers using Zn(II) as central metal ion based on chiral ligand exchange
through formation of complexes. The chiral selector was immobilized by the self-
assembly technique. The L-Mtx modified electrode was able to recognize selec-
tively the p-Pen enantiomer due to preferable formation of the [(L-Mtx)Zn(I)
(p-Pen)] complex. The change of peak current had a linear relation with
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Fig. 4 Top (A) Cyclic voltammogram, (B) EIS of L-Mtx-Au (a) bare and after interaction with
(b) L-Pen + Zn(I) and (c) p-Pen + Zn(Il). Bottom Change of the peak currents of L-Mtx-Au in
different enantiomeric mixtures expressed as D-Pen percentage composition ratio in the presence of
Zn(1l) at different concentrations: (a) 5 mM and (b) 2 mM. Reprinted from [62], © Springer-Verlag
2012, with kind permission from Springer Science and Business Media

concentration of L-Pen and p-Pen allowing the differentiation of the two
enantiomers in a mixture (Fig. 4) [62]. The same principle was used for the
differentiation of MA enantiomers in the presence of Zn(II) ions on an L-cysteine
(L-Cys) self-assembled gold electrode. In this case, the sensor showed higher
response in the presence of the (R)-enantiomer [63].

The use of y-globulin protein as enantioselective surface for MA discrimination
has been reported as well. The protein was integrated on a glassy carbon electrode
(GCE). The immobilization of y-globulin on the GCE was realized in two steps.
First, gold nanoparticles were electrodeposited on the surface of the electrode so as
to provide a suitable large and rough surface for the adsorption of the biomolecules.
The electrode was immersed and left overnight in y-globulin solution. The surface
of the modified electrode was characterized by EIS. Moreover, DPV and AFM and
QCM sensing measurements were carried out to investigate the enantioselective
behavior of the protein. UV—vis spectroscopy was used to monitor and interpret the
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Fig. 5 (A) I-V curve of the electrochemical sensor using DPV of (a) bare y-globulin/Au/GCE,
and after exposure to (b) (S)-MA, and (c) (R)-MA. (B) AFM images of the electrode surface for
(a) y-globulin/Au/GCE, (b) (R)-MA/y-globulin/Au/GCE, and (c) (S)-MA/y-globulin/Au/GCE.
(C) Response of the y-globulin-gold coated QCM sensor vs time upon exposure to 1.25 mM
(a) (S)-MA and (b) (R)-MA. (D) UV-vis spectra of MA; insert: the UV spectra of (a) y-globulin,
(b) (5)-MA, (c) (R)-MA, (d) (S)-MA + y-globulin, and (e) (R)-MA + y-globulin. Reprinted with
permission from [64], © 2012 Elsevier

recognition mechanism of MA and y-globulin. All results revealed that that
the protein has higher affinity towards (R)-MA. This behavior was attributed to
stronger interactions (e.g., hydrogen bonding, n—r interactions) of the (R)-MA
enantiomer with y-globulin due to more suitable molecular configuration than the
(S)-enantiomer (Fig. 5) [64].

The enantioselective binding ability of HSA has been explored using cyclic
voltammetry. Gold electrodes were modified with both the enantiomers of
N-isobutyryl-cysteine (NIBC). The L-NIBC modified surface exhibited stronger
affinity when exposed to HSA molecules than the p-NIBC modified surface,
suggesting that the molecular configuration of L-NIBC leads to preferential adsorp-
tion of HSA on the electrode as compared to b-NIBC [65].

Enantioselective tailor made nucleic aptamers are an attractive alternative for
discriminating and quantifying chiral compounds. Due to their natural chirality and
structure flexibility, they exhibit high enantioselectivity. A new method was proposed
by Challier et al. [15], based on the difference of diffusion rates between the target
enantiomer and the aptamer/enantiomer complex. Enantioselective detection of trace
amounts of L- and p-tyrosinamide (Tym) by p- and L-deoxyribooligonucleotide
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Fig. 6 (a) Principle of operation of the electrochemical assay. (b) Molecular structures of L and
D-Tym, Ferrocene-labeled L-Tym, L-Tyrosine (L-Tyr) and Paracetamol. (¢) Normalized catalytic
peak current vs aptamer concentration for all aptamer couples: (blue) L-Tym/(D)-Apt49, (red)
D-Tym/L-Apt49, (black) p-Tym/p-Apt49, (pink) L-Tyr /p-Apt49, (gold) paracetamol/p-Apt49, and
(green) L-Tym/49-mer scramble oligonucleotide. (d) Competitive binding curves as the relative
peak change in different concentrations of Tym (blue and red L-Tym, green p-Tym). The Fc-L-Tym
concentration was 5 pM,whereas the p-Apt49 concentrations were Cg = 10 pM for blue, green,
and black and 3 pM for red points. (Black point): assay of 5 pM L-Tym in the presence of 5 mM

D-Tym. Reprinted with permission from [15], © 2012 American Chemical Society

aptamer, respectively, was reported using CV. The general principle of the method is
shown in Fig. 6a. Screen printed carbon paste electrodes placed on a polyethyleneter-
ephthalate (PET) film, in order to reduce the solution volume for the analysis, were
used. The electrodes were coated with BSA and electron transfer mediator couple
([OsIII/II(bpy)3]3+/ >*) was used to avoid the passivation of the electrode. From the
values of the catalytic peak current the diffusion coefficients in each case were
evaluated. Each non-bound “free” enantiomer exhibited faster diffusion compared
to the one bound to the aptamer receptor. Diffusion coefficients for free and bound

L-Tym were determined and were in agreement with values in the literature. To
examine the specificity as well as the enantioselectivity of the assay, binding
experiments with the p-Tym enantiomer and two structurally related ligands (i.e.,
the L-tyrosine and paracetamol) were performed. In all cases, no current response
changes were observed (Fig. 6b). The aptamer exhibited high enantioselectivity.
Moreover, ferrocene labeled (Fc) L-Tym was synthesized and used in a competitive
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assay experiment. The labeled compound L-Tym exhibited the same kinetic behavior
with the respective non-labeled one. The enantioselectivity of the assay was examined
using ferrocene labeled L-Tym and adding solutions containing the p-Tym enantio-
mer. No displacement of Fc-L-Tym from p-Apt by b-Tym could be observed over the
0-100 pM concentration range (Fig. 6d). Detection as low as 0.1% of the minor
enantiomer in a non-racemic mixture was achieved [15].

PANI doped with either (/R)- or (/S)-camphorsulfonic enantiomers were
also examined as sensors for dinoseb pesticide enantiomeric differentiation.
The membrane was electropolymerized on a glassy carbon electrode (GCE).
To prevent the degradation of the electrode, after each reductive scan and prior
to the next redoping step the sensor was immersed in a stirred 0.1 M NaOH
solution for 1 min. After fabrication optimization of the electrode, the sensors
exhibited detection limit in the micromolar range for each selective electrode
prepared [66].

Nanowires as enantioselective electrodes are also used in the construction of
electrochemical sensors. Due to the high surface area of nanowires, more active
binding sites are obtained compared to bulk films. In this way the sensitivity of the
sensors could be enhanced. Molecularly imprinted size-monodispersed nanowires
have been reported for enantioselective detection of phenylalanine. (/R)- and (/5)-
camphorsulfonic acid doped PPy nanowires were fabricated by electrochemical
polymerization on a Pt electrode. The CSA had a dual role: it was used both as a
dopant for PPy and as template molecule. Faradaic impedance spectroscopy (FIS)
was employed as technique for the enantioselective sensing. The conductivity of the
nanowires increased due to doping caused from the selective binding of each
enantiomer on the surface of the de-doped PPy. Each chiral MIP nanowire was
able to differentiate the respective enantiomer. The L-CSA doped PPy exhibited
stronger recognition ability for L-Phe compared to that of b-CSA for p-Phe. These
results were confirmed by optical circular dichroism (OCD) measurements. The
authors attributed this difference to the higher concentrations of anions in the L-Phe
aqueous solution (higher pH) [67].

Monolithic polymer—carbon fibers were recently presented as electrochemical
sensors for chiral recognition of Try enantiomers. In this case, a composite of
carbon and nonconductive polymer was used for the formation of the MIP-fiber.
The fiber becomes conductive due to the addition of carbon nanoparticles. In the
scheme of Fig. 7, the protocol of the formation of MIP-carbon composite and the
enantioselective binding of each enantiomer in the cavities of their respective MIPs
are illustrated. Differential pulse anodic stripping voltammetry was used for the
evaluation of the performance of the sensor. The sensor for L-Try was able to
differentiate successfully the target molecule in the presence of other amino acids
and in racemic mixtures in aqueous, biological, and pharmaceutical samples. The
detection limit of L-Try was found to be 0.24 ng/mL [68]. As an expansion of this
study, a detection limit down to 0. 026 ng/mL of p- and L-Try was reported by the
same research group [69]. This time the fiber served as micro-solid phase extraction
media for the pre-concentration of the target enantiomer and as the sensitive
electrode as well.
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Fig. 7 (a) Schematic representation of the preparation of MIP-carbon composite.
(b) Enantioselective binding of two enantiomers of Try in molecular cavities of their respective
MIPs. Reprinted with permission from [68], © 2010 Elsevier

2.2.1 Amperometric Sensors

Another type of electrochemical sensors is represented by amperometric sensors.
Specifically, in amperometric sensors a fixed potential is applied to the electrochemi-
cal cell, and a corresponding current, due to a reduction or oxidation reaction, is
measured. This current can be used to quantify the species involved in the reaction.

Several biosensors in which enzymes are immobilized on the surface of the
electrode have been reported for enantiomeric analysis. The enantioselectivity of
oxidoreductases for organic acids, amino acids, and their derivatives is well known.
The main disadvantages of enzyme receptors are the lack of regeneration of the
electrode and the short life time. To overcome these drawbacks, electron transfer
mediators are used to achieve recovery and addition of specific proteins is
suggested for obtaining stability. The use of enzyme-based electrochemical sensors
was reviewed recently by Trojanowicz et al. [6, 28] and Budnikov et al. [29]. Some
representative examples are given below.

Amperometric enzyme-based sensors have been reported by Stefan et al. [70] for
enantiomeric differentiation of (R)- and (S)-captopril using L- and p-amino acid
oxidase (L-AAOD, p-AAOD), respectively. Each enantioselective electrode was
fabricated by mixing each enzymatic solution with carbon paste. Chronoam-
perometric measurements were realized at +650 mV potential. The response of
the L-AAOD sensor was found to be linear with concentration of the (§)-enantiomer
in the range from 0.4 to 1.6 pmol/L and with a detection limit at 0.2 pmol/L. The
respective range of concentration of the (R)-enantiomer was from 0.12 to
0.95 pmol/L with a detection limit at 15 nmol/L. The enantioselectivity coefficients
PKamp Were 2.37 (R/S) and 2.5 (S/R). Similarly, mono- and bienzyme-based amper-
ometric biosensors were developed to differentiate the two enantiomers (D, L) of
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pipecolic acid (PA) [71]. The same enzymes were combined with horseradish
peroxidase (HRP). Measurements in different potentials were carried out. The
best enantioselectivity coefficient was obtained for the L-PA pK,,, = 3.82 at
+400 mV from the L-AAOD + HRP sensor. The p-AAOD exhibited higher
enantioselectivity coefficient for p-PA pK,m, = 2.96 at +130 mV. Moreover,
enantioselective electrodes for detection of Mtx enantiomers (D, L) were developed
using just the amino acid oxidases or different combinations of p- and L-AAOD
with  HRP and/or glucose oxidase. (Glox). Higher enantioselectivity was
achieved using electrode fabricated with L-AAOD + HRP + Glox enzymes
exhibiting pK,mp = 3.09 for the L-Mtx at +240 mV and with -AAOD + HRP for
the (D)-Mtx (pKymp = 2.91 at +650 mV) [72]. In more recent published work of the
same group, L-lysine oxidase was immobilized in diamond paste electrode
[73]. The resulting electrode was investigated for enantioselective detection of
the respective enantiomer of lysine. The measurements were held at +650 mV
potential and exhibited linear response with the concentration in the range from 1 to
100 nmol/L and a 4 pmol/L limit of detection. The enantioselectivity coefficient
PKamp Was 2.55. The proposed amperometric biosensors were successfully used for
detecting each enantiomer in serum samples as well as in pharmaceutical
compounds. In all the above cases the values of the enantioselectivity coefficients
were determined using the mixed solution method. The ratio between the concen-
tration of the main enantiomer and the other enantiomer (interfering compound)
was1:10.

Additionally, a competitive electrochemical assay for the discrimination/detec-
tion of saccharides using an imprinted electropolymerized matrix was recently
developed by Granot et al. [74]. The polymer matrix was composed of phenol
and 3-hydroxyphenylboronic acid. Boronic acid has the ability to form complexes
with monosaccharides. Binding of boronic acid ligands with cis-diols leads to the
formation of boronic complexes. The presence of these anchor ligands in the
polymer matrix allows specific orientation of the respective saccharide and, along
with the imprinted sites of each enantiomer in the polymer, enantioselectivity is
possible. In each case, the target enantiomer competes with its analogous ferrocene
modified saccharide which was utilized as a redox label (Fig. 8).The sensor was
able to discriminate the two enantiomers (D, L) of glucose as well as different
saccharides (i.e., D-glucose, D-mannose, and D-galactose).

3 Gravimetric-Mass Sensors-Resonators

Gravimetric/mass sensors are considered to be the leading platform among elec-
tronic sensors since they are capable of measuring sub-nanogram level changes,
they exhibit long time stability, and have the ability to make real-time condensed-
phase measurements. Quartz-crystal microbalances (QCMs), often called thickness
shear mode resonators (TSMRs), and bulk acoustic wave (BAW) sensors have been
thoroughly investigated for enantiomeric differentiation and detection.
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Fig. 8 (a) Illustration of the competitive assay for the detection of p-glucose using p-glucose-
imprinted polymer. (b) Current change of p-glucose imprinted polymer (squares), non imprinted
polymer (triangles) upon exposure to bD-glucose, current change of p-glucose imprinted polymer
exposed to D-mannose (stars), and D-galactose (circles), respectively. (¢) Current change of p-glu-
cose imprinted polymer upon exposure to L-glucose (stars), b-glucose (squares), and the change of
current of non-imprinted polymer exposed at L-glucose (triangles). Reprinted from [74], © 2008
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, with permission from John Wiley and Sons

QCM sensors are coated with enantioselective receptors films and the output signal
of the coated sensor changes upon exposure to enantiomers. A quartz resonator
consists of a resonator/piezoelectric quartz crystal and a sensing film coated on its
surface. In Fig. 9 the structure of a QCM sensor is illustrated. Based on the piezoelec-
tric phenomenon, the shift of the resonance frequency of QCM is proportional to the
variations in mass of the sensing layer deposited on the electrode due to adsorption of
analyte molecules onto the surface and/or absorption into the bulk of the material.

Herein, the latest achievements using gravimetric, mainly QCM, sensors, in the
field of enantiomeric differentiation will be reviewed. The following section is
divided based on the material utilized as chiral selector.

3.1 QCM Devices Based on Cyclodextrins

Cyclodextrins are considered to be efficient selectors for chiral sensing at
interfaces. The molecule acts as host to various enantiomers. Parameters such as
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shape, size, chemical nature of the cavity, and cavity entrance play an important
role in the interaction with the enantiomers and the stability of the complex [13].

It is nearly 20 years since Ide et al. [75] reported the use of a QCM gas sensors
for enantiomeric differentiation of both rose oxide and citronellol with modified
per-alkylated cyclodextrins (-, B-, y-CDs). A more analytical and comprehensive
study upon discrimination of enantiomers in gas phase was made 2 years later by
Bodenhofer et al. [76]. They successfully differentiated the enantiomers of methyl
lactate, methyl-2-chloropropionate, and the inhalation anesthetics (i.e., enflurane,
isoflurane, and desflurane) in the gas phase using octakis(3-O-butanoyl-2,6-di-n-O-
pentyl)-y-cyclodextrin. In an additional work, the possibility of estimating theoret-
ically the sensors performance when exposed to the chiral analytes and their
mixture was investigated. To this day the use of cyclodextrins was adapted by
several groups working on chiral differentiation with QCM sensors [77, 78].

In order to enhance the sensitivity and improve the adhesion of the recognition
sites on the surface of the transducer, the generation of imprinted recognition sites
in monolayer or thin film assemblies is suggested. Ng and coworkers were the first
to develop a chiral QCM sensor using a self-assembled monolayer (SAM) of
perfunctionalized B-CDs [79-81]. As shown in Fig. 10a, mercaptyl-functionalized
B-CDs with varying alkyl group and two different lengths of thiol linker (S-short
and L-long) were synthesized and immobilized on the gold electrode surface of the
sensor. Different pairs of enantiomers were tested in the gas phase: ethyl lactate,
methyl lactate, 2-octanol. The adsorption capacity of the SAM and the ability to
differentiate successfully the enantiomers was correlated to size cavity of the
different alkylated CDs and fitting space occurring from the monolayer packing
on the gold surface. Based on surface characterization and calculations of the
surface coverage of the SAMs, it was suggested that the L-type CDs were immobilized
in amore condensed way than those with small lengths of thiols and the surface density
was inversely proportional to the bulkiness of the alkyl group. From the gas sensing
measurements it was shown that functionalized B-CDs with long sulfide pendants
exhibit better enantiomeric differentiation than those with short ones and that both
L- and S-types of MP-B-CDs exhibited significantly enhanced enantioselectivities as
compared to the rest due to interactions that allowed orientation and better matching of



152 K. Manoli et al.

a {OR)H b 1500
1.450
3: R=methyl; me-8-COSNL 1.400
4: R= n-pentyl;Pe-8-COSNL
§: R= Ph-CO; By-8-COSL 1380
OR) 6: R= Ph-NH-CO; Ph-8-COSAL v 1.300

H 7: R= p-CHyOPh-NH-CO; MP-8-COS/\S* e

n=2 11; S=2,L=11
?:0 1.200
H 1.150

HS
&
d L]
20 -
=40
5 60
S %
-100
s &
R 120
< (#)cthy ] D-lactate (R % R-2-octanol
# (ke | L-lpceate (S) 140 * _S-2-octanol |
L] 500 1000 1500 2000 2500 3000 3500 0 2000 4000 6000 8000 10000
1(s) 1(s)

Fig. 10 (a) Schematic illustration of mercaptyl-functionalized B-cyclodextrins. (b) Chiral dis-
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2-octanol, methyl lactate, and ethyl lactate. Frequency response of MP-B-CDL sensor toward
(c) ethyl lactate and (d) 2-octanol enantiomers. Reprinted with permission from [81], © 2008
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the cavity size with the analytes tested. Furthermore, the (R)-enantiomer caused larger
shifts in the frequency, resulting in a higher enantioseparation factor compared to
reported values using GC. An example of the response of QCM with an electrode
modified with a monolayer of functionalized B-CD is shown in Fig. 10c, d. In general,
the enhanced enantioselectivity was attributed to the ordered surface morphology of
the monolayers. The ordered packing on the surface resulted in increasing the number
of binding sites and the monolayer structure enabled the analyte molecules to enter
into the cavities [81].

The self-assembled monolayer of a modified p-cyclodextrin, Ph-p-CD-S, on a
QCM sensor was also investigated as chiral selector for enantiomeric differentia-
tion of (R)- and (S)-(3-methoxyphenyl)ethylamine [MPEA] by Luo et al. [82]. The
interaction mechanism and complex formation were interpreted based on UV
spectra analysis. The sensor was tested upon one concentration of the analytes in
the gas phase and the enantioseparation factor was found to be ags = 1.33. Based
on UV analysis, both enantiomers were able to form complexes with the CD. The
analyte molecules enter into the cavities because of hydrophobic and n—x
interactions. Nevertheless, only the (R)-enantiomer was able to form a more stable
complex through the hydrogen bonding of its amine group and of the carbonyl
group of the modified B-CD.
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3.2 QCM Devices Based on Molecular Imprinted Polymers

MIPs have been employed as biomimetic recognition sensing layers with the
selectivity and binding affinity of MIP being comparable to antibody—antigen
interactions. MIPs have mainly been investigated for enantiomeric differentiation
in the liquid phase.

The use of MIPs as chiral selectors for enantiomeric differentiation was
reviewed by Maier and Lindner et al. [16]. Nevertheless, it is noteworthy to refer
briefly to the most interesting advances up to 2006. Haupt et al. [83] reported a
novel study on the differentiation of the enantiomers of propanolol, acquiring an
enantioseparation factor of nearly agr = 5. A few years later, an interesting
approach to control the growth of the MIP and improve the sensitivity of the sensor
was achieved by Piancham et al. [84]. Hayes and his group [85, 86] had also studied
thoroughly the performance of QCM sensors coated with MIPs for the differentia-
tion of menthol and serine enantiomers. In addition, an enantioselective MIP-coated
QCM sensor for dansyl phenylalanine enantiomers was reported by Cao et al.
[87]. The enantioseparation factor was a,, = 6.7 and the detection limit of the
sensor calculated from the calibration curve was 5 pg/mL for the L-enantiomer.

A QCM sensor able to differentiate L- and p-tryptophan enantiomers in the liquid
phase was developed by Liu et al. [88]. Non-covalent MIPs were synthesized on the
gold electrodes of the quartz crystal, using acrylamide (AM) and trimethyl-propane
trimethylacrylate (TRIM) as functional monomer and cross linking agent, respec-
tively. The influence of the cross linking agent concentration, during the fabrication
of molecular imprinted polymeric film in terms of enantioselectivity and sensitivity
was investigated. According to the authors, the results indicated that, with increas-
ing TRIM, the shift of resonant frequency upon exposure to the analyte increased.
They suggested that there is an optimum cross linking density that reduces the chain
flexibility and provides stabilization of the structure of the selective cavity, thus
leading to an enhancement of the specific binding of the analyte. On the other hand,
it might lead to a reduction of the number of sites for the analyte to be adsorbed/or
entrapped in the cavity. From the films prepared and tested the highest value of
enantioseparation factor was a,, = 6.4, with the detection limit at 8.8 pM.

Electropolymerized L-aspartic acid (L-Asp) imprinted polypyrrole (PPy) films
were exploited by Syritski et al. [89]. Electropolymerization offers the ability of
having controllable thickness, morphology, and spatial localization of the polymeric
films. Overoxidized polypyrrole (oPPy) matrix templated with either L- or p-aspartic
acid (Asp) was evaluated as a potential enantioselective recognition element. In
order to control the capability of the MIP to recognize enantioselectively the
respective template (L-Asp), they used an electrochemical quartz crystal microbal-
ance (EQCM) sensor. The set up apparatus is depicted in Fig. 11a. With EQCM the
mass changes can be monitored during the electrochemical modulation of the film. It
was found that synthesis parameters and pH value of the solution strongly influence
the film quality of the resulting MIP. The electropolymerization of pyrrole in the
presence of L-Asp in alkaline media and overoxidation of PPy enabled the formation
of adherent, smooth, and uniform PPy/L-Asp films. The experiments also showed
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that a higher doping level of the template molecule in the film enhanced the
enantioselectivity. The difference in mass uptake of the PPy/L-Asp sensor to the
two enantiomers is depicted in Fig. 11c.

The same concept was also adopted by Kong et al. [90]. They reported the
electrosynthesis of oPPy with L-tryptophan (L-Try) as a template to prepare an MIP
used for the enantioselective detection of tryptophan. The sensing performance of
the film was studied by the EQCM technique.

Imprinting of chiral counter-ions into polymeric matrices is also an appealing
strategy for chiral sensing. As was reported by Huang et al. [91], if polyaniline is
doped with chiral counter-ions, the backbone of the polymer can acquire a helical
conformation and thus can be utilized for enantiomeric differentiation. According
to the authors, a “memory effect” was observed. More specifically, they
investigated the ability of the doped polyaniline to differentiate the two enantiomers
of phenylalanine using different techniques (CV, UV, and a QCM sensor). From the
results obtained it was shown that polyaniline can be used as a general polymer
matrix to host various chiral dopants for enantiomeric differentiation. In addition,
the imprinted chiral dopants can be fully recovered by simple acid/base chemistry.
Another appealing concept of using conjugated polymers for enantiomeric differ-
entiation was reported by Tanese et al. [92]. The poly(phenylenethynylene) (PPE)
substituted with p-glucose units was proposed as active layer in a QCM chiral
sensor able to differentiate the two menthol enantiomers. This synthesized chiral-
polymer had a higher affinity for natural (—)-menthol. Such polymers are promising
candidates to be utilized as enantioselective materials in resistors and/or transistors.
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Fig. 12 (a) Schematic illustration of the vapor-diffused molecular assembly reaction of chiral
mandelic acid on the L-Phe-modified QCM sensor surface. (b) Response of the 4-NH,-L-Phe-
modified QCM sensor upon exposureto (A) 1 mL of 0.05 mol/L L-MA, (B) 0.5 mL of 0.05 mol/L

L-MA + 0.5 mL of 0.05 mol/L p-MA, (C) 1 mL of 0.05 mol/L b-MA, and (D) 1 mL of deionized
H,O0 vs time at 25 °C. Reprinted with permission from [94], © 2009 American Chemical Society

3.3 QCM Devices Based on Biological Recognition Elements

A chiral QCM sensor for differentiating the enantiomers of mandelic acid (MA)
was reported by Guo et al. [93, 94]. As chiral selector, L-4-amino-phenylalanine
(4NH,-L-Phe) was immobilized on the gold surface of the electrode using the layer
by layer (LbL) assembly procedure. In order to avoid the difficulties occurring
during liquid biosensing, in terms of signal stability, sensitivity, and selectivity, a
different protocol was adopted of producing vapors of the analyte and realizing the
sensing measurements. Vapor-diffused molecular assembly (VDMA) was used
(Fig. 12a).

According to this technique, the enantiomers are transferred and turned into
vapors via solvent evaporation. The pure solvent is used as a blank measurement.
The authors verified the adsorption/diffusion and selective binding of the analyte by
AFM surface characterization and contact angle measurements. The enantiose-
paration factor between L- and b-MA was found to be o, ~9 and the sensor was
also tested upon exposure to the racemic mixture. However, the VDMA method
proved to be rather time consuming since more than 5 days were needed for
realizing a measurement (Fig. 12b).

Recently the same research group demonstrated a chiral recognition system for
MA enantiomers for fast on-line monitoring. In this case the sensing was realized in
the liquid phase and an amide-type (S)-MA derivative with a stereogenic carbon
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atom was used as a recognition chiral element and deposited on the QCM surface.
Moreover, both the changes in resonant frequency (F) and the resonant resistance
(R) changes upon exposing the sensor device to different concentrations of the
enantiomers were monitored. As illustrated in Fig. 13, by combining the data from
both measurements (AR/AF) the value of the enantioseparation factor was
enhanced from ~5 to 10 [95].

In addition, the integration of antibodies as recognition elements in sensing
devices is a promising approach for highly sensitive and enantioselective sensors.
In 1928, Landsteiner and van der Scheer had shown that antibodies can differentiate
enantiomers [96]. In 2003, Dutta et al. [97] reported a nanomechanical
immunosensor for the enantiomeric differentiation of a-amino acids (tryptophan
and phenylalanine) in the liquid phase. An anti-L-AA monoclonal antibody was
covalently attached on the micro-cantilever nanostructure.

In another study conducted by Su et al., bovine serum albumin (BSA) and human
serum albumin (HSA) were immobilized onto a gold surface using the SAM technique
[98]. The differentiation ability of BSA and HSA upon exposure to vapors of five pairs
of enantiomers ((R,S)-1,2,3,4-tetrahydro-1-naphthylamine, (R,S)-1-(3-methoxyphenyl)
ethylamine, (R,S)-1-(4-methoxyphenyl)ethylamine, (R,S)-2-octanol, and (R,S)-methyl
lactate) was studied. The binding affinity of BSA and HSA was found to be
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Fig. 14 (a) Responses of BNSH-modified QCM after addition of (R)- and (S)-thalidomide.
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enantioselective. BSA was able to differentiate preferentially (R,S)-4-MPEA and
(R,S)-3-MPEA while the rest of the analytes were differentiated by HSA. UV and
fluorescence spectra were also realized to investigate the interactions between the two
proteins and the enantiomers. The results obtained were in agreement with the sensing
measurements. More recently, for differentiation of the same pairs of enantiomers, goat
serum albumin (GSA) and rabbit serum albumin (RbSA) were also investigated as
chiral selectors by the same group [99].

3.4 Other Approaches Used for QCM Sensors Development

An interesting study for the enantiomeric differentiation of thalidomide was
reported by Nakanishi et al. [100]. A QCM sensor able to differentiate thalidomide
enantiomers by using a self-assembled monolayer of atropisomeric
1,1’-binapthalene-2,2'-dithiol (BNSH) was fabricated. The QCM sensor exhibited
high enantioselectivity. Only one enantiomer was adsorbed on each of the
enantiomers of BNSH-SAM (Fig. 14a). Based on previous investigations and on
calculations of the amount of molecules adsorbed on the modified surface of the
QCM sensor with the BNSH-SAM, it was reported that chiral supermolecular
assemblies of C3 symmetric screw like units act as the adsorption sites for each
molecule of the enantiomer. Moreover, the response of the racemic SAM of BNSH
was found to be half of that caused by pure enantiomeric SAM (Fig. 14b).
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Guo et al. [101] reported the use of calixarenes linked to cyclopeptides
(bicyclodipeptide bearing calix[4]arenes) for enantiomer sensing of methyl lactate.
Three different calixarenes were synthesized and studied as chiral selectors in QCM
sensors. All three materials showed higher sensitivity towards the (R)-enantiomer.
From the calibration curve of the two enantiomers, the linear shape of the isotherm
reveals the non-specific bonding of the (S)-enantiomer (Henry isotherm) whereas
for the (R)-enantiomer the Langmuir type shows the adsorption of the analyte
in specific sites. (R) to (S) enantioseparation factors ag;s = AAR)/AAS) were
evaluated for all synthesized calixarenes ranging from 4 to 7. In accordance with
other studies [76], the ag;s values increased with decreasing analyte concentration,
resulting from the domination of the specific absorption of the (R)-enantiomer,
especially in the low concentration range.

4 Electrical Sensors

By definition an electrical sensor relies on changes of the electric properties of the
sensitive material upon interaction with an analyte, whereby no electrochemical
phenomena take place. The distinguishing features of these devices are the simplic-
ity of their fabrication and set-up instrumentation. Typically, they involve placing a
material between conducting electrodes, to which a voltage is applied and the
electrical conductivity or capacitance is subsequently measured.

4.1 Chemiresistors

Conductometric (or resistive) sensors are among the most commonly employed
devices in sensing applications and especially in the detection of gases and volatile
organic compounds. The transduction principle of chemiresistors is based on
chemical modulation of the surface or bulk conductivity of the sensitive layer. As
the chemically sensitive layer, inorganic materials and organic conductive/
semiconductive materials can be used. In addition, insulating polymers mixed
with conductive particles such as graphite or metal powder are utilized. In this
case the changes of bulk conductivity are due to swelling. These materials are
considered “poor conductors.” Despite the fact that chemiresistors dominate the
market as gas sensors, very little work has been reported on enantiomeric sensing.

Resistors based on carbon black (CB)-chiral polymer composites for the dis-
crimination of enantiomeric volatile compounds were developed by Severin et al. in
1998 [102]. The composite films consisted of carbon-black and poly((R)-3-
hydroxy-butyrate-co-(R)-3-hydroxyvalerate). Vapors of both enantiomers of
2-butanol, a-pinene, epichlorohydrin, and methyl 2-chloropropionate were tested.
It was shown that the sensor was able to have differential responses to each pair of
enantiomers, whereas the response was the same when each pair of analytes was
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tested with an achiral composite material. The average value of the enantiomer
separation factor for all pairs was a(,_) ~1.09.

An attempt for chiral gas sensing with resistor-based sensors was reported by
Benjamin et al. in 2003 [103]. In this work, the authors investigated the use of
conducting polymers properly substituted with chiral moieties. For this purpose,
3-substituted pyrrole monomers with different chiral side groups (i.e., menthol
(Men), phenylethanol (PE), boc-alaninol (Ala), boc-valinol (Val), and boc-prolinol
(Pro)) were synthesized. The compounds were polymerized using ferric salts and the
resulting polymers were deposited as conductive/sensitive materials onto the sensors.
The three terpenes carvone, limonene, and menthol, as well as 2-butanol, were
selected for vapor sensing. The pure enantiomers of 2-butanol, limonene, and carvone
were tested in concentrations from 5,000 to 20,000 ppm in all pairs of chiral polymer
sensors. In most cases, an increase in resistance was observed for all chiral polymer
pairs under exposure to each vapor analyte. Only the PE-polymer sensors exhibited the
opposite behavior (decrease). From the results reported it was shown that Ala-polymer
could differentiate better the two enantiomers of 2-butanol with the (R)-Ala-polymer
being more sensitive to (S)-2-butanol and the (S)-Ala-polymer to (R)-2-butanol. (R)-
Men-polymer showed higher response to (R)-limonene and the (S)-Men-polymer to
(S)-limonene. The enantiomers of carvone were better differentiated by the
Val-polymer (R)-Val-polymer for (S)-carvone, (S)-Val-polymer for (R)-carvone).
Menthol was only tested with the Men-polymer where the (R)-Men polymer showed
higher affinity to the (R)-enantiomer and the (S)-Men-polymer to the (S)-enantiomer.

4.2 Organic Field Effect Transistors

Different from a chemiresistor, organic field effect transistors (OFETs) are three-
terminal transducers consisting of an organic semiconductive layer, an insulating
(dielectric) layer, and three conductive terminals, the source, drain, and gate
(Fig. 15). The current (Ipg) that flows between the contact electrodes (source and
drain) through the semiconductor, upon application of a source and drain bias
(Vps), is modulated by a perpendicular electric field. The electric field is generated
by a voltage applied on the gate electrode (Vgs). OFETs are usually operated by
grounding the source and biasing the gate and the drain contacts against it. When no
voltage is applied to the gate electrode (off-state), bulk conduction occurs and the
transistor behaves as a chemiresistor. In contrast, when a gate voltage (beyond
threshold) is applied (on-state), charge carriers are induced in the organic semicon-
ductor at the interface with the gate dielectric. The higher the gate bias applied the
higher the density of charges in the channel. The on and off measured currents are,
hence, based on different charge transport regimes. For this reason they are able to
carry out two distinct sets of responses, one in the off-state, the other in the on-state.
Recently it was reported that the OFET response is affected by the contact resis-
tance variation only when operated in the off-regime, while the channel conduc-
tance is affected in the on-regime [104]. This unique way of operation makes these
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Fig. 15 (a) Illustration of the structure of the bilayer OFET. The chemical structure of the
bare PTO organic semiconductor and of the two PTA and PTG organic semiconductors used for
citonellol and carvon chiral differentiation respectively, is also reported. (b) The slopes of
the calibration curves obtained for a PTO OFET exposed to the (R)-(+)-p-citronellol and
(8)-(—)-p-citronellol at different gate biases are compared in the graph. Reprinted with permission
from [113], © 2008 Macmillan Publishers Ltd

devices attractive in sensing applications. The sensing measurements can be
realized by measuring either the Ips—Vps output or the Ips—Vg transfer
characteristics curves in the absence and in the presence of the analyte. OFET
sensors can also be used for on-line monitoring. In this case, sensing measurements
are performed by operating the device under a given set of Vpg and V.
OFET-based sensors have attracted great attention in the last decade [105]. This
is mainly due to the possibility of being implemented in high performance portable
sensing systems. They behave as multi-parameter sensors, exhibit high repeatabil-
ity, fast and reversible responses [106], operate at room temperature, and offer good
selectivity towards a broad range of analytes [107]. Moreover, the ability of OFETs
to operate in the sub-voltage regime allows the realization of low power
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consumption electronic sensing devices [108, 109]. In addition, OFETs have been
employed for the development of label-free biosensors, having a field-effect trans-
port directly coupled to a bio-recognition process [110—-112].

OFET-based sensors rely on the effect of the interaction of the analyte with the
organic semiconductor active channel. The sensing mechanism involves weak
interactions between the functionalized organic molecules and the analyte. The
adsorption of the analyte on the sensitive layer depends on the chemical affinity
between the analyte and the semiconductive layer. Proper modification of the
semiconductive layer with functional groups can improve the selectivity of the sensor.
Such an approach can be successfully employed for enantiomeric differentiation.

An archetypal example is the recently proposed bilayer OFET structure for high
performance chiral analysis by Torsi et al. [113]. The bilayer was engineered to
combine field-effect and chiral recognition properties. The introduction of L-phe-
nylalanine and $-p-glucosidic to alkoxyphenylene-thiophene oligomers affords two
ad hoc designed organic semiconductors endowed with chiral side groups (Fig. 15a)
named PTA and PTG respectively. Deposition of these two materials (PTA and
PTG) on the top of an unfunctionalized organic layer (PTO) allowed the differentiation
of the two enantiomers (R,S) of the chiral alcohol p-citronellol and of the chiral ketone
carvone. The PTO-PTA OFET exhibited enantioselectivity towards p-citronellol and
the PTO-PTG towards the enantiomers of carvone. In both cases the response of each
sensor was higher in the presence of the (R)-enantiomer. The enantioseparation factors
ag s for B-citronellol and carvone were 2 and 1.31, respectively (the values are derived
from the reported slope values of the calibration curves in the concentration range
2.5-30.6 ppm for p-citronellol and 10.8-64.7 ppm for carvone). These results provide
convincing proofs that introduction of receptor groups in field-effect semiconductors is
an efficient way to modulate the device functionality. Besides, one of the main interests
of the transistor sensor relies in its capability of amplifying the source-drain current
through the capacitance-coupled gate electrode. Even though this effect has been
widely assessed, the first direct evidence for a gate field-induced sensitivity enhance-
ment was only given with the elicited OFET chiral sensor. Figure 15b shows the
sensitivity of an OFET sensor exposed to two p-citronellol enantiomers for various
gate biases. There was an enhancement of several orders of magnitude when the device
switches from the off (gate biases below threshold) to the on (gate biases above
threshold) state. Similar gate-bias dependent sensitivity has been indirectly observed
for Organic Electrochemical Transistors (OECT) glucose sensors [114]. All these
pieces of evidence open interesting outcomes for the use of microscopic OFETs as
ultra-sensitive electronic transducers.

4.3 Chemocapacitors

In the case of the capacitors, between the electrodes is a dielectric material. The
electrical field that arises between the electrodes strongly depends on the materials
dielectric properties. The response of a capacitor depends on the change of
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permittivity of the dielectric sensitive layer (polymer) and also on the degree of
swelling of the polymeric layer.

A capacitive sensor for enantioselective recognition of glutamic acid (Glu) in the
liquid phase was proposed by Ouyang et al. [115]. A new MIP material was
electrosynthesized on a gold electrode by copolymerization of o-phenylenediamine
(0-PD) and dopamine (DOPA) in the presence of the respective template molecule. The
resulting L-Glu and p-Glu MIP films were characterized with various techniques such as
PES, CV, X-PS, AFM. It was found that structure and enantioselectivity of the film
towards the template molecule depended on its composition. The response of the sensor
was found to be linear with the concentration of the two enantiomers in the range
16.7-250 pM. The detection limit of each MIP to its template molecule L-Glu and p-Glu
was 4.7 pM and 5.9 pM, respectively. The enantioseparation factor o for L-Glu MIP was
24 and for p-Glu was 15. In order to evaluate the cross-selectivity of the sensor, the L-Glu
MIP sensor was exposed to a series of other L-amino acids. The sensor exhibited high
enantioselectivity, good reversibility, and stability. In Fig. 16 the calibration curves of
the sensors responses to each enantiomer and the relative response of L-Glu MIP towards
different L-amino acids are shown.

The development of an enantioselective electrochemical-capacitive immunosensor
for the detection of a-amino acids was reported by Zang et al. [116]. The sensor was
prepared by first binding mercaptoacetic acid to the surface of a gold electrode,
followed by modification with tyramine utilizing carbodiimide activation. The hapten
4-amino-p-phenylalanine was then covalently attached to the electrode by diazotiza-
tion. Stereoselective binding of an anti-p-amino acid antibody to the hapten-modified
sensor surface resulted in capacitance changes that were measured by using a
potentiostatic step method. Detection limits of 5 pg of antibody/mL were achieved.
In order to determine the concentration of the analyte p-phenylalanine in non-racemic
samples of both enantiomers, a competitive assay was utilized. Trace impurities of

D-phenylalanine as low as 0.001% were detected.

As far as chiral sensing in the gas phase is concerned, an analytical evalua-
tion of capacitive sensors for enantiomeric differentiation was reported by
Kurzawski et al. [117]. The capacitor was prepared by coating chiral selector/
sensitive film on top of interdigitated electrodes. A schematic presentation of the
capacitors is shown in Fig. 17. More specifically, the sensitive material consisted of
chiral octakis(3-O-butanoyl-2,6-di-n-O-pentyl)-y-cyclodextrin dissolved (50 wt%)
in poly(dimethylsiloxane) (PDMS).

The sensor was exposed to the two enantiomers of (S)- and (R)-methyl-2-
chloropropionate at different concentrations (from 20 to 1,600 ppm). The capacitor
was able to detect and discriminate the two enantiomers providing an opposite signal
upon exposure to the two enantiomers in low concentrations (up to 80 ppm). In higher
concentrations the response was positive for both enantiomers but was always
lower for the (S)-enantiomer (Fig. 18). This behavior allowed easy identification of
the enantiomers.

At this point it is worth mentioning that if the film thickness of the insulating
layer fully covers the electric field, swelling effects can be neglected and any



Chiral Sensor Devices for Differentiation of Enantiomers 163

a 50 Cc
45 A
|L 45 1
S 't 401
@) ~
40 1 ©
35
35 -
0 3 6 0 2 4 6 8
Time / ks Time / ks
b d
25 A 25 A
4 o ]
R 20 2 20 o
S 15 1 :? 15 A
G 10 1 S 107
T og] S
! 5 1 B b 5 4
o4 /
0] f——r— 0] * B
6 260 460 660 860 10'00 0 300 600 900 12001500
C/uM C/uM
e
251 2 a- L-Glutamic acid
b- L-Glutamine
i c- L-Aspartic acid
20 d- L-Serine
R e-L-Cysteine
< 151 f - L-Glycine
QO g- L-Leucine
G 10 - h- |-tyrosine
< i - L-Phenylalanine
b j - L-Lysine
5 1 c g4 k- D-Glutamic acid

Different Amino Acids

Fig. 16 Capacitance change of (a) L-Glu-imprinted and (b) L-Glu-imprinted copolymer upon
injection of different concentrations of the respective enantiomers. (c¢) Relative capacitance
changes at different concentrations of L-Glu at (a) L-Glu-MIP and (f) non-imprinted polymer
films and (y) p-Glu at the L-Glu-imprinted copolymer film. (d) Relative capacitance changes at
different concentrations of (o) b-Glu and (f) L-Glu at the same p-Glu-MIP film. (e) Relative
capacitance changes of the L-Glu-MIP capacitive sensor at 1.0 mM L-Glu and other L-amino acids
and p-Glu. Reprinted from [115], © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
with permission from John Wiley and Sons

change in the capacitance is only due to changes in permittivity of the sensitive
material. Consequently, when the dielectric constant of the analyte is larger than
that of the sensitive layer as in this case, an increase in capacitance is observed. This
was true for the (R)-enantiomer but was not valid for the other enantiomer.
The authors attributed this behavior to the higher affinity of the (S)-enantiomer
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Fig. 17 Side view of Enantiomers ~ PDMS matrix Electrical
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Fig. 18 Frequency change of capacitive sensors upon exposure to the enantiomers of methyl-2-
chloropropionate at different concentrations (1 Hz corresponds to acapacitance change of 5.25
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Weinheim, with permission from John Wiley and Sons
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with the cyclodextrin selector. They suggested that the negative capacitance was
due to the presence of orientation effects between the host and the guest molecule,
which resulted in decreasing the dielectric coefficient of the enantiomer. With
increasing analyte concentration, the cavity sites for specific binding of the analyte
were filled. From this point, non-specific absorption occurred and the signal was
reversed. These results were confirmed by exposing the sensor to vapors of methyl
lactate as well. The behavior of the capacitor was further investigated in the
presence of mixtures of the two enantiomers. The sorption kinetics was also
analyzed [118]. In an extension of this work, a three-transducer microsystem
(calorimetric, a gravimetric and a capacitor) was reported as a sensing platform
for enantiomeric differentiation. Chiral and achiral analytes were tested. The
sensor’s response curves for all types of transducers were explained and fitted by
applying models based on Langmuir and Henry sorption isotherms [119].

5 Optical Sensors

Optical sensors convert a physicochemical interaction into an optical signal. They
utilize the interaction between light and matter, generally in the visible, infrared, and
ultraviolet regions. These interactions cause the properties of the light waves to change,
e.g., intensity, phase, polarization, wavelength, and spectral distribution. Various types
of optical sensors exist and have been employed as sensing platforms for enantiomeric
detection. In this chapter, the latest accomplishments regarding enantiomeric differen-
tiation/detection using optical label free sensors will be presented.

5.1 Surface Plasmon Resonance (SPR) Sensors

SPR sensors have been widely applied in the development of sensors and mainly
biosensors. In general, surface plasmon waves are generated by irradiating the
surface of a thin metal film with a light. It is a high sensitive and versatile method
that is used to measure changes in the refractive index caused on metal surfaces by
interactions of the analyte and the sensing layer. The set up and signal change of an
SPR is depicted in Fig. 19. In the case of enantiomeric discrimination, SPR sensors
have been utilized mainly for sensing in the liquid phase.

Pioneering effort in the field of enantiomeric differentiation by combining an
immunosensor with SPR detection was made by Hofstetter et al. [120]. Streptavidin
was covalently linked to carboxymethylated dextran on the gold surface.
Biotinilated p- and L-enantiomers of an a-amino acid were immobilized into
separate channels of the sensor and a polyclonal rabbit antibody was injected. In
the presence of D-enantiomer the antibodies were attached to the sensor which
increased the signal, while the L-enantiomer did not cause the binding. A competi-
tive assay format was used for the differentiation of the chiral analyte in solution
and for determination of enantiomeric impurities (Fig. 20a). The sensor was able
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Fig. 20 (a) Competitive assay schematic illustration. (b) Inhibition curves of different a-amino
acids: p-tyrosine (filled triangles), L-tyrosine (open triangles), p-DOPA (filled circles), L-DOPA
(open circles), p-norleucine (filled diamonds), and L-norleucine (open diamonds) at different
concentrations. Reprinted with permission from [120], © 1999 Macmillan Publishers Ltd

not only to differentiate the enantiomers of a-amino acids but also to determine
quantitatively trace amount of impurities of one enantiomer in a large excess of the
opposite enantiomer (e.g., D-Try at a concentration of 0.1 pM in the presence of
250 pM of L-Try). The sensor was also tested upon the enantiomers of tyrosine,
DOPA, norleucine. The inhibition curves obtained after converting the SPR signal
are shown in Fig. 20b.
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Cyclodextrins have also been used as a sensitive layer in SPR-based sensors.
Enantioselective sensing of thyroxine by SPR using modified f-CD was proposed
by Shahgaldian et al. [121]. More specifically, a SAM of synthesized heptakis
(6-deoxy-6-[12-(thiododecyl)undecanamido])-B-cyclodextrin was used as chiral
selector. The chiral SAMs exhibited a greater affinity for the p-enantiomer of
thyroxine compared to the L-enantiomer. The ability of modified CD to differentiate
the two enantiomers of thyroxine was evaluated by measuring the apparent affinity
constant with varying proportions of each enantiomer.

Moreover, aptamers have been utilized as chiral receptors in SPR platforms. The
binding affinity and enantioselectivity of screened modified DNA aptamers from an
arginine-modified DNA library with the dicarboxylic acid moiety of the p-enantio-
mer of glutamic acid was successfully evaluated by SPR measurements [14].

Amplified SPR sensing has been achieved by using metallic nanoparticles (NPs)
[122]. Metallic nanoparticles provide high surface area films and exhibit localized
plasmon excitons. Moreover, NPs can be used for functionalization of
bio-recognition/chiral elements. This approach has inspired a lot of research groups
working in the field of chiral sensing. Ha et al. [123, 124] synthesized gold
nanoparticles modified with chiral receptor, and more specifically chiral substituted
calix[4]arene ligands, that exhibited optical circular dichroism (OCD) and an active
SPR absorption band. Two characteristic Cotton effects were observed in the OCD
spectrum when the gold NPs were capped with (R,S) amino calixarene enantiomeric
ligands. The first peak corresponds to the asymmetric n—x* transition of the
calixarene ligands at 270-300 nm and the second to the SPR band at
460—-600 nm. The ellipticity peaks (cotton effects) of the (R)-enantiomeric ligand
were positive and mirror images of the negative peaks of the (S)-enantiomeric
ligand. Zero ellipticity was found for the bare gold NPs and the NPs capped with
racemic mixture of the two enantiomers [123].

Impressive enantioselectivity towards mono- and disaccharides using molecu-
larly imprinted boronic acid—gold NP composites has been achieved with SPR
sensors by Ben-Amram et al. [125]. Gold NPs were functionalized with a capping
monolayer consisting of 4-mercaptoaniline, mercaptoethane sulfonic acid, and
mercaptophenyl boronic acid. The modified gold NPs were electropolymerized
on gold-coated glass surfaces in the presence of the respective saccharide template
molecule. Apart from the cavities originated by the addition/removal of the tem-
plate, the resulting composites consisted of ligands for binding mono- or
disaccharides (Fig. 21a). The mercaptophenyl boronic acid provided the anchoring
ligands for the saccharide molecules to attach covalently. A boronate complex
between the respective saccharide and the boronic acid is formed. Based on several
control experiments, it was shown that the selectivity and sensitivity of the pro-
posed MIP layer as sensing layer for the saccharides studied was strongly
associated with the presence of both boronic ligands and NPs. Each different
saccharide-imprinted film showed high selectivity toward its respective molecule
and impressive enantioselectivity between the two enantiomers of the same sac-
charide as well (Fig. 21b, c). From the calibration curves obtained, the detection
limits were determined for each analyte—MIP composite tested.
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Fig. 21 (a) Schematic presentation of imprinting D-glucose by electropolymerization of a
bis-aniline-crosslinked/gold NPs composite on a gold surface. (b) Sensograms showing the reflec-
tance changes of the bp-glucose-imprinted gold NPs composite upon exposure to different
concentrations of («) D-glucose and (P) L-glucose. (¢) Sensograms showing the reflectance
changes of the L-glucose-imprinted gold NPs composite upon exposure to different concentrations
of () L-glucose and () p-glucose. In the insets of (b) and (c) the respective calibration curves are
shown. Reproduced from [125], © 2010, with permission of The Royal Society of Chemistry. http://
dx.doi.org/10.1039/COAN00268B

5.2 Reflectometric Interference Spectroscopy-Based Sensors

RIfS is an optical technique which enables the detection of changes in the thickness
of a sensitive layer upon sorption/adsorption of analyte. At each wavelength
interference takes place due to the light traveling through the transparent layers,
and the final reflectance spectrum is monitored. Upon interaction of the analyte
molecules with the sensing layer, the film swells and the interference pattern is
changed.

Chiral discrimination in the gas phase using RIfS technique and a TSMR sensor
was reported by Bodenhofer et al. [126, 127]. Herein, only the results of the optical
RIfS sensor are presented. An array of optical transducers spin-coated with
Chirasil-Val derivatives (Fig. 22) was used for the detection of an a-amino acid
and lactates. Chirasil-Val is a diamide-based material used as stationary phase in
GC. An array of sensors fabricated with (R,S)-receptors and non-chiral polymer
(PDMS-SE-30) were simultaneously exposed to vapors of the analytes. Both
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Fig. 22 (a) Molecular structure of the chiral polymer receptors. (b) Normalized sensor signal of
(S)- and (R)-octyl-Chirasil-Val and of SE-30 upon exposure to different concentrations of enan-
tiomeric mixtures. Reprinted with permission from [126], © 1997 American Chemical Society

enantiomers of ethyl lactate, methyl lactate, and N-trifluoroacetyl-alanine methyl
ester (N-TFA-Ala-OMe) were tested. In Fig. 22 the relative responses of (R)- and
(8)-octyl-Chirasil-Val-coated sensors and achiral sensors upon exposure to enan-
tiomeric mixtures of (N-TFA-Ala-OMe) are presented. As is shown, a stronger
affinity is observed for each receptor with its relative enantiomer and the signal of
both chiral sensors is the same when exposed to the racemic mixture. The ability to
differentiate the enantiomeric composition of various mixtures of both lactates
quantitatively with Chirasil-Val derivatives was also demonstrated. Moreover, the
data were evaluated by chemometric tools (multiple linear regression, partial
component analysis, and principal component regression).

Optical (SPR, RIfS) and resonating (TSMR) sensors have also been employed
for the enantioselective detection of chiral inhalation anesthetics [78]. Modified
y-cyclodextrin (Lipodex E) dissolved in polysiloxane matrix (SE-4) was used as
chiral receptor for the differentiation of halogenated diether (1,1,1,3,3-pentafluoro-
2-(fluoromethoxy)-3-methoxypropane) (halodiether B). Both enantiomers were
tested in different concentrations and enantiomeric mixtures. The response of the
sensor was higher in the presence of (S)-enantiomer revealing a stronger affinity
between Lipodex E and the (S)-halodiether.

In addition, RIfS chiral sensors using MIPs as enantioselective layer has been
reported [128]. The discrimination of 2,3-di-O-benzoyltartaric acid enantiomers
using the respective enantiomers as template molecules was studied. In this case the
polymer matrix was fabricated by N,N'-diethyl-4-vinyl-benzamidine and ethylene
dimethacrylate as co-polymer and cross-linker. The MIP layers were exposed to
different concentrations of the two enantiomers in water. The interaction of the
target analytes with the MIP layers was observed directly by RifS. For the (S,S)-
MIP an enantioseparation factor a = 1.19 was found, while for the (R,R)-MIP it
was a = 1.23.
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6 Summary, Conclusions, and Outlook

Some of the most popular transduction platforms utilized in the field of enantiomer
differentiation in both liquid and gas phases were described. Along with these
descriptions, a large number of examples discussing the latest achievements of
each type of transducer in the field of enantiomeric differentiation were presented.
In addition, different chiral selectors and their immobilization strategies that have
been used for the development of sensing devices exhibiting high enantioselectivity,
repeatability, and stability were discussed.

Chiral sensors have the potential to replace conventional off-line analytical
techniques in industrial process flow control and high throughput enantiomer
screening procedures. Above all, the application itself always determines the type
of transducer utilized. Selecting the materials suitable for each of the transducer’s
components and setting up the appropriate geometry for all these components in
order to optimize the sensing performance is still a challenge for the future.
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Enantiopure Supramolecular Cages:
Synthesis and Chiral Recognition Properties

Thierry Brotin, Laure Guy, Alexandre Martinez, and Jean-Pierre Dutasta

Abstract Enantiopure compounds are ubiquitous in the chemical sciences and
present a particular interest in the field of molecular recognition and host-guest
systems. Indeed, chiral molecular receptors are at the basis of numerous biological
recognition processes and have important implications in biochemistry or pharma-
cology. Chemists have been investigating this field for several decades, which has
led to the development of the synthesis of chiral hosts, their enantiomeric differen-
tiation, and the studies of their recognition properties towards important and
bio-relevant chiral guest substrates. The design of molecular cages is a rather
difficult task that is even more demanding when enantiopure molecules are
required. In this review we chose to present the main families of synthetic organic
supramolecular cages that have been developed, whose structures contain
stereogenic centers or present an inherent chirality, giving rise to chiral supramo-
lecular cages. Particular attention is given to obtaining enantiopure compounds.
Their recognition properties are also underlined. A last important aspect of the
review is to present how chiroptical spectroscopies can be used to characterize the
recognition phenomena displayed by supramolecular cages.

Keywords Chiral cages - Chiral recognition - Chiroptical properties - Host-guest
systems - Supramolecular chemistry
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1 Introduction

1.1 General

Supramolecular chemistry is closely related to molecular associations and to recog-
nition phenomena, present in most of the chemical and biochemical processes of
living systems. The “lock and key” model coined by Emil Fisher at the end of the
nineteenth century brought a brilliant and realistic illustration of the stereoselective
functioning of the enzyme proteins, and later became the emblematic concept of
supramolecular chemistry [1]. These last 50 years have seen a huge development of
this field of research, which seems unlimited according to its extraordinary applica-
tion in many aspects of fundamental and applied domains of chemical sciences. The
host—guest interactions and the formation of complexes are examples of these
domains, which are strongly connected to molecular recognition in biological pro-
cesses. Thereby, chiral recognition appears as one of the most important challenges in
this field, when considering the main concerns in biology, pharmacology, or catalysis
to name just a few. This is probably one of the factors that encouraged the develop-
ment of artificial receptors that can generate host—guest complexes. Molecular
containers with intramolecular cavities that intrinsically present a chiral environment
are thus of prime importance. For instance, we can mention the cyclodextrins, where
the chirality arises from the glucosidic walls, or the cavitands and calixarenes, which
can also deliver a chiral environment if suitable substitutions and/or structures are
adequately designed. Two main approaches can make the synthetic receptors chiral:
the introduction of chiral moieties or the inherent chirality of the host arising from the
bowl shape of the molecular scaffold. Thus, the chiral recognition with artificial
receptors requires the preparation of enantiopure molecules or self-assembled
systems, which present efficient recognition abilities toward chiral substrates.

1.2 Scope

The purpose of this review is to provide an overview of studies of the synthesis and
functional properties of chiral entities that have three-dimensional molecular
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cavities, namely supramolecular cages. By supramolecular we mean that the
molecular hosts have the potential to form host—guest complexes, a terminology
that is more accepted today. We will focus on synthetic systems mainly issued from
organic chemistry and that have been enantiomerically resolved, so that their chiral
properties have been successfully exploited. This appears to be a real challenge as
the field has been increasing more and more over the last decades [2]. Thus, we
have limited this review to the last 10—15 years, citing, when appropriate, previous
seminal contributions. Furthermore, we tried to have a rational approach in terms of
structure and receptor family. Although supramolecular receptors can be covalent
or non-covalent entities, we will focus on the covalent structures, and will not refer
to capsular self-assembled systems that can also lead to chiral entities such as
coordination cages and MOFs [3, 4]. Similarly, we will not describe the chiral
nanoribbons and nanotubes developed by Huc et al. [5-7]. These self-assembling
systems constitute an original family of helical molecular capsules mainly based on
oligo-amide sequences [8]. Generally, single or double helical strands self-
assemble in a folded conformation delineating an inner chiral space capable of
binding appropriate guests [9, 10]. It is outside the scope of this review to deal with
biological systems, although they are the main source of inspiration in the field of
chiral recognition.

Chiral molecular cages have been designed in most of the main families of organic
receptors: calixarenes, cavitands, cryptophanes, cyclodextrins, cyclophanes, cholic
acid-based scaffolds, etc. They can be the source of important investigations in
pharmacology, materials technology (NLO materials, chromatographic phases), or
asymmetric catalysis. It is thus of great interest to try to have a compendium of the
supramolecular cages that were developed recently, for which synthesis, enantiomeric
separation, and diastereoselective and enantioselective recognition properties have
been reported. On the other hand, chirality can be used as a tool for characterizing
encaged species and recognition processes, using modern spectroscopic techniques,
e.g., NMR, ECD and VCD, or mass spectrometry.

First, we will briefly introduce chiral open-shell structures delineating a molec-
ular cavity. This concerns cyclodextrins, calix[n]arenes, cavitands, and other chiral
concave molecules, which often constitute starting entities for the design of chiral
supramolecular cages. A second part is devoted to the design of enantiopure
supramolecular cages. These chiral receptors are presented according to their
constitutive scaffolds based on well-known concave moieties. Finally, the last
part deals with the recognition of chiral or achiral guests and the consequences of
encapsulation on the diastereoselectivity and enantioselectivity of the recognition
in the confined space of the chiral cages. Furthermore, particular attention is given
to recent progresses in chiroptical methods for investigating structural changes and
characterization of guest recognition. Emphasis will be placed on the results from
our own laboratory.
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Fig. 1 Cyclodextrin (CD) hosts

y-CD

2 From Vase Like Cavitands to Close-Shell Molecular
Containers

In this chapter we will first refer briefly to families of molecules that present a chiral
cavity and can constitute in some cases the starting material for the design of close-
shell molecular cages. Then we will present more complex structures, obtained by
sophisticated chemical design often based on elementary bowl-shape structures that
lead to efficient enantiopure molecular containers.

2.1 Cyclodextrins

Cyclodextrins (CD) are water-soluble hosts made of glucopyranose units, which
adopt a conical shape forming a funnel shaped receptor. According to the number of
sugar units, six, seven, or eight in most of the usual derivatives, they are labeled as
a, P, or y-cyclodextrins (Fig. 1). Due to the chirality of the sugar moieties, they are
by nature chiral hosts and numerous studies have been reported concerning their
binding abilities thanks to their intrinsically chiral inner space. For instance, CDs
are widely used as chiral selectors for the preparation of stationary phases for the
enantiomeric differentiation of chiral guests [11]. Enantioseparation of racemic
guests by crystallization of the inclusion complexes with cyclodextrins has been
reported [12]. Recent developments in the functionalization of the cyclodextrins
opened the route to very interesting compounds with stereogenic centers
[13]. These new approaches allow the formation of original compounds on a
large scale. The enantioselective recognition of chiral guests by CDs is well
documented with particular attention on the recognition of L/D amino acids. For
instance, this has been well illustrated by the host properties of suitably side-
substituted p-cyclodextrins [14].

CDs are not closed shell molecules, but there exist capped cyclodextrins where
an enforced molecular cavity is formed, and they now constitute an important
family of chiral hosts [15]. Generally, they are synthesized from suitably
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Fig. 2 Structure of cholic acid-modified f-CD

Fig. 3 Structure of the cyclotriveratrylene-capped a-CD

functionalized CDs, which can react with various capping units. For instance,
recently, cholic and deoxycholic acids were bound to the rim of a -CD to form a
molecular container able to complex anionic species such as sulfonate-naphthalene
derivatives (Fig. 2) [16]. The cyclotribenzylene (CTB) cap linked to a
permethylated a-cyclodextrin forms the cavitand structure depicted in Fig. 3.
Interestingly, the chirality of the pyranosyl units controls the chirality of the CTB
unit formed during the reaction, leading to a diastereoselectivity with a diastereo-
meric ratio dr of 6:1 [17].

2.2 Calixarenes

Calix[n]arenes constitute a well known class of cone-shaped molecules useful in
the design of molecular receptors (Fig. 4). It is outside the scope of this chapter to
review this class of hosts, known since the mid-1950s, since many original
structures were created on the basis of the calix structure. However, it is a fitting
tribute to mention the pioneering works of Gutsche at the end of the 1970s [18],
followed by the impressive works of the groups of Bohmer, Shinkai, Ungaro, and
many others [19]. Herein, we will focus on some examples of closed molecular
cavities built from calix structures presenting chiral properties.
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Fig. 4 Calix[n]arene and the cone shape structure of the calix[4]arene

Calix[4]arenes in their cone conformation are able to present enantiomerism by
adding at least one chiral unit by substitution on either the wide or the narrow rim.
In their partial cone, 1,2-alternate and 1,3-alternate conformations, the calix[4]
arenes can give rise to chiral compounds [20]. This stereochemical behavior has
also been observed with larger calix[n]arenes (n > 4) providing that conforma-
tional exchanges are avoided [21]. This can be achieved for instance with calix[6]
arenes by bridging or capping the molecules or by metal binding. This is nicely
illustrated by the work of Jabin et al., who synthesized several interesting closed-
shell molecules based on the calix[6]arene scaffold and containing stereogenic
centers. The enantiopure calix[6]aza-cryptand 1 was obtained by reaction of a
chiral tren unit of known configuration with the 1,3,5-tris-tosylated calix[6]arene
2 (Scheme la). The tetra-ammonium salt of 1 exhibited remarkable host—guest
properties toward (£)-4-methylimidazolidin-2-one and can differentiate between
the two guest enantiomers [22]. The hemicryptophane cage 3 consists of a calix[6]
arene moiety bound to the intrinsically chiral cyclotribenzylene 4 by means of
amide linkers (Scheme 1b). In this example, only the racemic compound was
reported, which presents a heteroditopic cavity suitable for the cooperative binding
of ammonium chloride salts and neutral guest molecules. In the presence of (£)-4-
methylimidazolidin-2-one two diastereomeric complexes are obtained with a dia-
stereomeric excess of 44% [23].

The peculiar cone structure of the calixarene can also define an inherent chiral-
ity, which arises from the presence of a curvature created from a hypothetical planar
structure which does not contains any mirror plane (Fig. 5) [24]. In Fig. 5 the
presence of the Y substituent creates inherent chirality. The racemization is only
possible by the cone inversion, a highly energetic process in the case of the calix[4]
arenes. Examples of inherent chirality in calixarenes, as well as in the cavitands
briefly described in the next paragraph, have been reported by Bohmer in 2000 [25],
and different strategies for their syntheses were recently reviewed [26-28]. The
enantiomeric separation of such molecules is possible, for instance, by means of the
formation of diastereomers, which can be separated by chromatography [29]. How-
ever, we will not explore further these derivatives, as well as the numerous related
homocalixarene hosts, which generally cannot be classified as true closed-shell host
molecules and are beyond the scope of this review.
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2.3 Resorcin[4]arene-Based Host Molecules

These molecules are obtained from the cyclocondensation of resorcinol with
aliphatic or aromatic aldehydes R-C(O)H (Fig. 6a) [30]. They are able to complex
suitable guest molecules through H-bonding with the phenolic OH groups and n—,
CH-nr, or cation—= interactions. Most importantly, resorcin[4]arenes are starting
compounds for the synthesis of molecular containers containing an enforced rigid
molecular cavity obtained by rigidifying the structure by introducing bridging
moieties on the hydroxyl functions (Fig. 6b) [31]. In the early 1980s, Cram
introduced the term cavitand to name the bridged resorcin[4]arenes [32].

As for calixarenes, the introduction of stereogenic groups to the cavitand
structure affords chiral molecules. On the other hand, inherently chiral cavitands
were obtained by using different bridging units (Fig. 7a) [25] or by introducing one
nonsymmetrical linker, as, for example, to form the enantiopure chiral cavitand
depicted in Fig. 7b [33].

After the first enantioselective syntheses of enantiomerically pure resorcin[4]
arene derivatives (Fig. 8; R=C;,H,3; R'=(R)-a-methylbenzyl) [34], Schalley and
Rissanen reported the synthesis of chiral resorcin[4]arene based hosts and their
recognition properties towards chiral ammonium guests [35]. The reaction of
resorcin[4]arene with formaldehyde and enantiopure R- or S-1-cyclohexyl-
ethylamine led to compounds (R)-5 and (S)-5 (Fig. 8). The stereochemical problem
arising from the orientation of the newly formed six-membered rings was largely
overcome due to the H-bond network and only two diastereomers were formed. All
oxazines are clockwise oriented or anticlockwise with respect to the resorcarene
scaffold. The same reaction run with S-benzyl-1-methylbenzyl amine afforded the
quickly interconverting isomers leading to average NMR signals. The complexa-
tion of chiral ammonium guests was investigated by mass spectrometry, without
evidence for enantiodifferentiation.

Chiral C4 symmetrical hosts were also reported and obtained by introducing
moieties that form clockwise or anticlockwise directionalities. Their ability to form
intramolecular hydrogen bonds at their wide rim with directionality leads formally
to chiral molecules, which enantiomerize rapidly by exchange of the right and left
arrangements of the H-bonds pattern. Typically, the so-formed cycloenantiomers
presented in Fig. 9, where R and R’ are alkyl groups, are representative of this class
of chiral cavitands [36].

Phosphonatocavitands are particularly efficient in the recognition of various
species [37]. In particular they show remarkable binding properties towards alcohols
[38, 39], metal ions [40], and ammonium cations in organic solution [41, 42], and
have been used to design inherently chiral cavitands. The diphosphonatocavitand
(&£)-6 bearing a quinoxaline bridge has been synthesized. The three different bridges
define an inherently chiral structure. The two enantiomers were separated by semi-
preparative chiral HPLC. This method afforded enantiopure (+)-6 and (-)-6 with
ee > 99%. The absolute configuration of each enantiomer was determined from the
comparison between experimental and calculated VCD spectra, and allowed one to
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Fig. 7 Inherently chiral cavitands: (a) with different bridging moieties; (b) example of chiral
cavitand (R=CgH,3)

R=CyH,

R 1:1 mixtures of diastereomers

Fig. 8 Chiral resorcin[4]arene-based hosts (R)-5 and (S)-5

assign the cR configuration to (-)-6 (Fig. 10). The addition of L-adrenaline to a
solution of (£)-6 showed the complexation of the neurotransmitter in the cavity of
the host. NMR spectra showed the formation of the two diastereomeric complexes
L-adrenaline@(+)-6 and L-adrenaline@(—)-6. Starting from the enantiopure cavitands,
it was possible to assign each complex and to demonstrate that (+)-6 better

accommodates L-adrenaline than (-)-6 with binding constants of 435 M and
140 M, respectively (Table 1) [43].
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(cR)-(-)-6 (cS)-(+)6

Fig. 10 Enantiomerically resolved diphosphonato-cavitands (+)-6 and (—)-6 (R=C;;H,3) and the
calculated structure with R=CHj

This strategy was extended to other phosphonatocavitands 7-10 bearing differ-
ent bridging units. Examples are given in Fig. 11, of which only (%)-8 was resolved
by chiral HPLC. Enantioselective complexation of ammonium guests was
investigated by NMR experiments. Chiral ammonium of biological importance
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Table 1 Diastereomeric ratios (dr) guest@(+)-host/guest@(—)-host, for the complexes of the
racemic cavitands 6 and 8 with enantiopure ammonium guests 11-15

Host

Guest 11 12 13 14 15
(£)-6 2:1 1:1 1:1 2.2:1 1:2.5
()-8 1:1 1:1 1:1.3 2.5:1 -

Fig. 11 Inherently chiral phosphonatocavitands

11-15 were used and led to the formation of diastereomeric complexes observed by
'H and *'P NMR spectroscopy. Typical diastereomeric ratios obtained with the
ammonium picrate salts are reported in Table 1 [44].

ne D~ O O C O
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vadrenaline 11 nicotine 12 ephedrine 13 pseudoephedrine 14  norephedrine 15

2.4 And Others. ..

The cucurbit[n]urils (CB[#n]) constitute a particular class of molecular containers
which are rapidly developing [45]. They present a hydrophobic molecular cavity in
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Scheme 2 Formation of (4)-bis-nor-seco-CB[6] 16

a large range of size (82-870 A3 from CBJ[5] to CB[11]), capable of interacting with
various guest substrates. They have been widely used for their recognition
properties and to form supramolecular associations with non-polar molecules or
ions. The modularity in their synthesis and purification is tedious and this is
probably one reason why their chemical modifications are rare. Nevertheless, the
synthesis and the recognition properties of the chiral bis-nor-seco-cucurbit[6]uril
(£)-16 has been reported. This particular form of cucurbituril is obtained by
condensation of two glycoluril trimers 17 with formaldehyde, with complete
stereochemical control (Scheme 2) [46]. Complexation of chiral amines led to
moderate diastereoselectivity. In the present case the host was not enantiomerically
resolved.

Finally we will mention the fullerene family, which represents the perfect cage,
as it is impossible to observe the reversible encapsulation of a usual guest in their
aromatic cavity. They are more like carcerands where the imprisoned guest is
essentially obtained during the synthesis to form endohedral fullerene complexes.
Chiral fullerenes were reviewed some years ago and can be classified depending on
the origin of their chirality, which arises from its derivatization by chiral or achiral
addends and their inherent or non-inherent chirality [47, 48]. The separation of
non-substituted fullerene enantiomers is not trivial, but can be performed using, for
instance, chiral hosts that strongly interact with the fullerene guest as recently
reported in the case of (£)-Cy6 [49]. On the other hand, enantioenriched substituted
fullerenes could be obtained by grafting chiral addends. For instance, chiral Cgg
pyrrolidinofullerene derivatives have been synthesized by Martin et al. by
1,3-dipolar cycloadditions of N-metalated azomethine ylides, with ee > 90%
[50]. A similar approach afforded enantiopure endohedral metallofullerenes
[51]. Enantiomerically pure Cgo fullerene bis-adducts (+)-18 and (-)-19 were
recently obtained and separated by column chromatography (Fig. 12) [52], and
enantiomerically pure Cs-symmetric tris-adducts of Cg fullerene were isolated
from the Bingel addition of a tris-malonate (P)- or (M)-CTB derivative to Cgq
(Fig. 13) [53]. Fullerenes are outside the scope of this review, but it was important
to mention this family of carbon cages, potentially chiral, that has seen considerable
development since the 1990s. With the variety of fullerenes synthesized, their
promising involvement in many aspects of chemistry physics and biology mainly
rely on their stereochemistry and their structural richness.
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(+)-18 (5,5,5,5-*C-trans-3) (-)-19 (5,5,5,5-"%A-trans-3)

Fig. 12 The two enantiomerically pure Cgq bis-adducts (+)-18 and (-)-19

Fig. 13 Structure of one of the CTB-Cg, conjugate obtained by the regioselective Bingel addition
of a CTB scaffold to Cgg

3 Synthesis and Enantiomeric Separation
of Supramolecular Cages

This chapter deals with the synthesis of chiral molecular cages, some of which have
led to enantiopure molecules. As for any chiral compounds, there are several
methods to prepare chiral cages, mainly based on (1) the chirality pool, (2) the
chiral catalysts (chemical or biological), (3) the chiral auxiliaries, and (4) the
resolution of racemates. A common feature of all molecular containers reported
in the literature is the low, even very low, overall yields of their syntheses. First, this
is due to the high number of steps usually involved in their preparation. Second,
because of their structure, a cyclization step is necessary in which several isomers
and polymers can form. Thus, in order to optimize the global yield, very robust
reactions are often chosen. Therefore, few attempts have been reported for the
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access to enantiopure cages, including elaborated asymmetric syntheses. In recent
literature we find mainly two types of chiral cages: the most frequently found
concerns molecules built from chiral synthons, the other corresponds to inherently
chiral compounds. In both cases, the molecular receptors may be obtained as
racemic mixtures that have to be resolved in a last step.

An easy way to introduce chirality is to take advantage of the chirality pool. This
strategy is the most represented in the literature. Molecular cages are often built
from a C,, symmetry platform (mainly C;), which is connected either to the same
unit by three linkers or to a different C,, symmetry unit. Chirality arises from chiral
linkers and/or from the platforms that can possess chiral substituents or are them-
selves inherently chiral.

In an attempt to make this report as clear as possible, we chose to classify the
different syntheses of chiral molecular cages according to their constitutive
platform, specifying in each example the different approaches which have been
developed to connect the chiral blocks: the imine formation between chiral amines
and aldehydes or ketones, SN2 reactions, etc. Other important synthetic approaches
involve the formation of diastereomeric precursors or the resolution of racemates.

3.1 Carcerands and Carceplexes

In the 1980s Cram designed a new family of molecular containers based on the
resorcin[4]arene scaffold, covalently binding two cavitands to form carcerands and
hemicarcerands. Carcerands are globe-shaped molecules which can accommodate a
guest substrate to form a carceplex, whereas hemicarcerand contains a portal to
offer access to a guest molecule to enter and leave the inner cavity to form a
hemicarceplex [54]. This pioneering work led to the synthesis of many carcerands
and hemicarcerands that revealed an ability to encapsulate various substrates
efficiently [55, 56]. Their chemistry has been widely developed in the fields of
molecular recognition, catalysis, or drug delivery. Among these molecular
containers, chiral compounds have been obtained by the head to head covalent
association of two cavitands by means of chiral linkers such as binaphthyl or 2,3-O-
isopropylidene-L-threitol moieties (Fig. 14). Diastereomeric complexes are formed
with chiral guests such as sulfoxides or alcohols, which are easily distinguished by
NMR spectroscopy [57, 58].

3.2 Synthesis from C3;-Symmetrical Aromatic Platforms

3.2.1 Imination Reactions

Imination reactions are now widely used in the dynamic covalent syntheses of
molecular containers and capsules. They are of special interest for the formation of
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Fig. 15 Structures of the C; symmetric cage molecules 22 and 23

multicomponent systems due to the reversibility of the self-assembling process.
Furthermore, a reduction step often allows isolating new stable compounds with
new functionalities [59].

The chiral syn-benzotricamphor 20 and syn-tris(norborneno)benzene 21
platforms were condensed with various diamines to synthesize C; symmetric host
compounds. When (+)-syn-benzotricamphor 20 was condensed with hydrazine,
1,2-ethanediamine, or 1,4-butanediamine, the expected chiral cages 22a-c were
obtained (Fig. 15a) [60]. The yields varied from 91% (22a) to 25% (22¢) depending
on the length of the diamine. Condensation of p-phenylenediamine with (R)- or
(S)-syn-tris(norborneno)benzene (R)-21 or ($)-21, afforded the chiral phenylazomethine
cages (R)-23 and (5)-23 in 50% and 56% yields, respectively (Fig. 15b) [61]. In all cases,
among the possible four diastereomers due to the E or Z geometry of the double bonds
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Scheme 3 One-pot synthesis of the hexa-imino chiral cage 24

((E.EE),(E,EZ),(EZZ),and (Z,2,2)), the (E,E,E) is calculated as being the most stable
and is the only one observed in the solid state or by NOESY experiments, rendering this
pathway highly diastereoselective. The host—guest properties of 22b were investigated
by NMR in CDCIl; and revealed the formation of complexes with neutral gaseous
molecules such as CHy4, C,H,, C;Hy, and C,Hg, the highest binding constant being
observed with C,H, (K, = 221 M at 228 K) [60].

Another type of C; symmetry molecular cage was synthesized in a one-pot
procedure from a substituted fren analog and chiral 1,2-diaminocyclohexane
(DACH) to form the hexa-imino hemispherical chiral cage 24 [62]. This cage was
first synthesized step by step starting with the formation of a tripodal moiety bearing
six aldehyde groups and followed by the imination reaction in the presence of
3 equiv. diamine. The access to this chiral cage has been dramatically improved
by the successful one-pot synthesis to give 24 in 70% yield (Scheme 3). Complexa-
tion of metal ions was performed and experimental observations confirmed the
location of the metal in the tren-triazole core.

Chiral DACH and 1,2-diaminocyclo-4-hexene were also used for the formation of
other examples of chiral cages. Using the same 4 to 6 ratio of an achiral C3-symmetry
trialdehyde and the diamine, different sizes of assemblies were observed depending
on the nature of the aldehyde used. If the condensation is conducted with the tris-4-
(formylphenyl)amine 25, a large [8+12]-assembly is obtained (Scheme 4) [63]. If the
more rigid 1,3,5-triformylbenzene 26 is used, only a [4+6] assembly is formed
(Scheme 5) [64]. Crystals grown from this cage by Cooper [65] showed that it has
a significantly smaller size and confirmed the tetrahedral shape cavity proposed by
Gawronski. These modular assemblies based on the imination reactions from di- and
tri-functionalized partners afforded chiral building blocks, which led to the construc-
tion of novel porous organic molecular crystals [66].

3.2.2 Boronic Esters Formation on Chiral Alcohols

Another reaction that has been exploited for the synthesis of chiral cages is the
formation of boronate esters. This reversible reaction has already been largely used
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Scheme 5 Schematic representation of the formation of the tetrahedral structure of the DgA4
chiral cage (D=DACH; A=1,3,5-triformylbenzene 26)
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Scheme 6 Synthesis of the chiral homo- and hetero-[3+2] boronic-ester cages
for the formation of macrocycles, cages, and capsules [67]. Iwasawa described the

[3+2]-assembly of the chiral tetrol 27 and 1,3,5-tri(boronic acid)benzene 28
(Scheme 6) [68]. In this work, rac-27 was used in the synthesis. A templated-induced
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Scheme 7 Synthesis of the enantiopure molecular cages (S,5,5)-31a and (S,S,5)-31b

selective formation of homo-[3+2] and hetero-[3+2] diastereomers was observed
depending on the nature of the additive solvent used. However, although the authors
have observed that the homo-[3+2] diastereomer gives enantiopure crystals, the solid is
globally racemic because the synthesis has not been conducted on enantiopure 27.

3.2.3 SN2 Substitution

Kim and Ahn have also synthesized chiral cages by nucleophilic substitution of a
chiral tripodal C3-symmetry tris-phenol moiety on a tri-halide benzene derivative
[69]. First, the chiral enantiopure oxazolines were obtained from the corresponding
tricarboxylic acid by treatment with a chiral amino alcohol to give the
pre-organized tris-phenol precursors 29a and 29b. Then coupling with the
tri-bromide capping moiety 30a or 30b afforded the corresponding cages 31a and
31b with good yields (Scheme 7).

3.3 Synthesis from C; Cyclotribenzylene Platforms:
Cryptophanes and Congeners

Cryptophanes are some of the most studied organic chiral cages [70]. Their synthe-
sis involves various reactions leading to the assembly of two chiral cyclotri-
benzylene (CTB) moieties with three adequately functionalized linkers (Fig. 16).
Anti and syn structures can be formed and the chirality of the CTB units makes the
anti cryptophane chiral (D3 or C3 symmetry). In the case where X#Y and/or W#Z
the syn and anti isomers are chiral. The chiral anti isomers are usually obtained as
racemic mixtures and need improved strategies to get the enantiopure compounds.
The different strategies that are more commonly used to synthesize chiral
cryptophane derivatives are presented. Their properties will be discussed in the
following sections.
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Fig. 16 Cryptophane structure: anti and syn isomers

3.3.1 Chiral Cryptophanes and Nanocubes Obtained by Imination
Reactions

Warmuth achieved the synthesis of several enantiopure cryptophane derivatives by
a dynamic covalent synthetic approach [71]. The reaction of (rac)-CTB 32 bearing
three aldehyde moieties with (1R,2R)-diaminocyclohexane produced the
enantiomerically pure cryptophane (P,P,R,R,R)-33 in 92% yield (Scheme 8). In
this reaction, the low inter-conversion barrier of the CTB unit is exploited to build
the chiral cryptophane 33. Indeed, the authors have observed that the CTB racemate
leads almost quantitatively to the most stable diastereomer (P,P,R,R,R)-33. Inter-
estingly, the enantiopure CTB (P)-32 derivative was recovered after hydrolysis of
33, under mild conditions, in 92% yield and with ee > 99%. The -chiral
cryptophane 33 finally serves as an intermediate in the resolution of rac-32.

From enantiopure CTB (P)-32 the authors have elaborated larger chiral
structures to form CTB-based homochiral nanocubes with C; symmetry in high
yields. Using not racemizing conditions for the condensation of resolved (P)-32
with 1,4-phenylenediamine allows the formation of an [8+12]-assembly, the (P)-
CTB being located at the edges of a chiral nanocube (Fig. 17). Compared to
Cooper’s [8+12]-assembly described in Sect. 3.2.1, the shape of this cavity is no
more octahedral but cubic [63].

Very recently, Kuck has proposed a very elegant and similar strategy to obtain
enantiopure tribenzotriquinacene (TBTQ) derivatives [72]. Addition of (1S5,25)-
diaminocyclohexane to the tribenzotriquinacene (rac)-34 afforded a mixture of the
three expected diastereomeric cryptophanes: the two anti (+)-(P,P,S,S,5)-35 and
(-)-(M,M,S,S,5)-35 and the syn (+)-(P,M,S,S,5)-35 isomers. Hydrolysis in aqueous
trifluoroacetic acid gave the corresponding trialdehydes (+)-(P)-34, (-)-(M)-34,
and (4)-34 in high yields (Scheme 9). As for the previous example, this procedure
allows the production of enantiopure trifunctionalized CTB and TBTQ derivatives
that can be engaged in the construction of interesting supramolecular structures.
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Scheme 8 Synthesis of cryptophane (P,P,R,R,R)-33 from CTB rac-32 and enantiopure DACH
(R=hexadecyl)

(+)-(P.P.5.5.5)-35

Scheme 9 Synthesis of enantiopure TBTQ 34 from (rac)-34 via the enantiopure cryptophane 35
3.3.2 Chiral Cryptophanes from Enantiomerically Resolved CTB

The first method used to prepare enantiopure cryptophanes consisted in the prelimi-
nary preparation of resolved CTB derivatives [73]. The main drawback of this
method is the possible racemization of the CTB when temperatures above room
temperature were needed. Nevertheless, following this strategy, Crassous
et al. synthesized the enantioenriched thiomethylated analogs of cryptophane-E
(M.M)-(+)-36 and (P,P)-(—)-36 with ees of 81.6 and 65.6, respectively (Fig. 18) [74].



198 T. Brotin et al.

(P.P)-(~)-36 (M.M)-(+)-36

Fig. 18 Enantiomers of the thiomethylated cryptophane-E 36
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Fig. 19 Cryptophanol-A enantiomers (P,P)-(+)-37 and (M ,M)-(-)-37
3.3.3 Diastereomeric Derivatization Preceding Separation

Another approach has been proposed in 2003 for the enantiomeric resolution of the
cryptophanol-A 37 (Fig. 19).

The strategy requires the formation of cryptophane diastereomers obtained from
racemic cryptophanol-A and enantiomerically pure (§)-(—)-camphanic acid chlo-
ride. The reaction provides a mixture of two diastereomers (P,M-S)-(—)-38 and
(M,P-S)-(+)-38 obtained in similar amounts, which are easily separated by crystal-
lization in toluene. The separation is very efficient and leads to the two compounds
with excellent diastereomeric excess de > 99% (Fig. 20). Then saponification in a
KOH/H,O/THF mixture affords the enantiomers of cryptophanol-A (P,P)-(+)-37
and (M,M)-(-)-37 with excellent enantiomeric excesses ee > 99% [75].

The interest of this approach is twofold. First, it gives rise to fair quantities of
enantiopure cryptophanol-A and the amount of isolated enantiomers is only limited
by the amount of racemic cryptophanol-A available. Second, the two enantiomers
of cryptophanol-A can be used for subsequent reactions to give new compounds
without any loss of enantiopurity. For instance, enantiopure cryptophane-A and
cryptophane-ester were easily obtained by reaction of (P,P)-(+)-37 or (M ,M)-(-)-37
with methyl iodide or bromomethyl acetate, respectively [75]. Similarly, an
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Fig. 20 "H NMR spectra of diastereomers (P,M-S)-(-)-38 (a) and (M,P-S)-(+)-38 (b) recorded in
CHCIj; at 298 K. Only the aromatic, the methoxy and the aliphatic regions are shown

(M.M)-37 (M.A0)-39

Scheme 10 Synthesis of enantiopure cryptophane-monoH 39 from cryptophanol-A 37 (experi-
mental conditions: (@) pyridine/CH,Cl,/anhydride triflic; 0-20°C. (b) NBuj, PdC1,(PPhs),, dppp,
HCOOH, DMF; 110°C)

enantiopure cryptophane-biosensor bearing a DNA strain has been reported
(see Sect. 4.4) [76].

The hydroxyl function of cryptophanol-A 37 has been used to introduce a triflate
moiety, which in turn can be reduced in the presence of a palladium catalyst to give
the cryptophane-monoH 39 (Scheme 10). Thus, this strategy affords new
compounds with C;-symmetry; an enantiopure cryptophane dimer has also been
synthesized by connecting two enantiopure cryptophanol-A molecules with a
di-iododecane alkyl chain [77].

This approach has been exploited for the synthesis of enantiopure water-soluble
cryptophanes. For instance, the selective demethylation of (M,M)- and (P,P)-
cryptophane-A with lithium diphenylphosphide (PPh,Li) gives the two enantiomers
of compound 40 bearing six hydroxyl functions. In turn, the hexaphenol 40 can be
used to prepare the two enantiomers of the hexa-carboxylic acid derivatives (M,M)-
41 and (P,P)-41 [78]. The '"H NMR spectra recorded in aqueous basic solution
reveal two main conformations in solution: a bowl-shape conformation and an
imploded conformation (Scheme 11). The proportion of the two conformers in
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Scheme 12 Synthesis of enantiopure molecular biosensor (P,P)-(L)-NTA-42 from the
cryptophane (PP)-41 for the detection of Zn** cations in aqueous solution

solution strongly depends on the experimental conditions and in particular on the
presence or absence of a substrate inside the cavity of the cryptophane.

The design of the molecular biosensor (L)-NTA-42 for the detection of
Zn* cations in aqueous solution, was based on the two enantiomers (M,M)-
41 and (P,P)-41 (see Sect. 4.4). This compound was prepared by coupling a
single L-nitrilotriacetic acid (L-NTA) group to one of the six carboxylic acid
functions of 41 as depicted in Scheme 12. Purification of the two
diastereomers was achieved by HPLC [79].

Similarly, the two enantiomers of the penta-methoxylated derivative 39 were
treated with lithium diphenylphosphide to furnish the penta-hydroxylated
cryptophanes (M,M)-43 and (P,P)-43 (Fig. 21). In aqueous basic solution these
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(M.M)-43 (P.P)-43

Fig. 21 Structure of the two enantiomers (M,M)-43 and (P,P)-43

(M.P-5)-(+)-45 (P.P1-(+)-48

Scheme 13 Synthesis of the (S)-Mosher acid cryptophane diastereomers (P,M-S)-(—)-45 and
(M ,P-S)-(+)-45 and trihydroxy congeners (M,M)-(-)-46 and (P,P)-(+)-46

compounds show interesting molecular recognition properties towards small chiral
guests [80] and cesium or thallium cations even in the presence of large amounts of
competitors (see Sect. 4.3.2) [81].

Using a similar strategy, Dmochowsky et al. prepared the two diastereomers of a
tri-substituted cryptophane-A derivative bearing three (S)-Mosher acid moieties by
starting from the trihydroxy cryptophane precursor (rac)-44 [82]. The two
diastereomers (P,M-S)-(—)-45 and (M,P-S)-(+)-45 were efficiently separated by
column chromatography. The removal of the Mosher moieties of the isolated
diastereomers yielded the enantiopure trihydroxy cryptophanes (M,M)-(—)-46 and
(P,P)-(+)-46, respectively (Scheme 13). The presence of the three OH groups
allowed the preparation of new cryptophane derivatives [83].
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Fig. 22 Chiral HPLC chromatogram of (rac)-cryptophane-1,1,1 ((S,S)-Whelk-O1 column;
THF/n-hexane 40/60; 1 mL/min; T = 298 K)

3.3.4 Enantioseparation by Chiral HPLC

Cryptophanes have been successfully enantioseparated by HPLC using chiral
stationary phases [84]. The chiral stationary phase Chiralpak-OT(+) has been
used to resolve a series of cyclotriveratrylene and cryptophane derivatives. For
instance, the two enantiomers of the cryptophane-A have been successfully
separated using methanol as eluent (1.0 mL/min; 7 = 288 K) with retention
times of 22.1 and 30.0 min for the (P,P)-(+) and the (M,M)-(—) enantiomers,
respectively. Similarly, the two enantiomers of the cryptophane-E, which has
three propylenedioxy linkers, were also easily separated on the Chiralpak-OT(+)
chiral phase with retention times of 27.4 and 37.6 min for the (P,P)-(+) and the (M,
M)-(-) enantiomers, respectively. However, this chiral stationary phase suffers
from low stability and rapidly degrades over time. More recently, Crassous and
co-workers successfully used (S,S)-Whelk-O1 column (eluent THF/r-pentane:
60/40; 1 mL/min) to differentiate the two enantiomers of the enantioenriched
sulfur-containing cryptophane 36 [74]. The same column was also employed to
distinguish, with low separation efficiency, the two enantiomers of cryptophane-
1,1,1 (Fig. 22) [85].

3.4 Synthesis from C3 Cyclotribenzylene Platforms:
Hemicryptophanes

Hemicryptophanes are hollow molecules with a lipophilic cavity formed of a CTV
unit and a second Cs-symmetrical core. In comparison with the cryptophane
structure, the hemicryptophanes possess a ditopic cavity that can introduce inner
functionalities. As for the cryptophanes, the chiral environment is due to the P or
M configuration of the cyclotriveratrylene unit. Enantiopure hemicryptophanes
have been obtained by different strategies, such as the resolution of racemic
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Scheme 14 Synthesis of the peptoid-based hemicryptophanes 48 and 49

mixtures using chiral semi-preparative HPLC, or by introducing stereogenic centers
to form diastereomers.

3.4.1 Combinatorial Strategies

The one-pot assembly of multicomponent mixtures of trifunctionalized building
blocks and isocyanide derivatives, described as a Ugi-type macrocyclization
[86, 87], has been applied to form cryptands and cage-like compounds [88].
By incorporating peptoid backbones in the reaction mixture, macrocyclic hosts
were obtained. The procedure is quite simple and relies on a combinatorial strategy,
which gave rise to complex synthetic molecular receptors. The modularity of this
approach can lead to a variety of cryptand and cryptophane structures with
possibilities to form inclusion complexes. Two examples are reported in Scheme 14,
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Scheme 15 Synthesis of chiral hemicryptophanes and their oxidovanadium complexes

where the cyclotribenzylene 47 self-assemble in a threefold multicomponent
macrocyclization to produce hemicryptophanes 48 and 49 [89].

3.4.2 Hemicryptophanes from Sy2 Reactions

The intramolecular cyclization reaction of the enantiopure Cs-symmetric platform
50, by using stoichiometric quantities of Lewis acid Sc(OTf)3, afforded the enantio-
and diastereomerically pure hemicryptophane pairs (M-R,R,R)-51/(P-S,S,5)-51 and
(M-S,S,5)-51/(P-R,R,R)-51. The chiral precursor 50 was obtained following a
multistep procedure starting from (R)- or (S)-glycidyl nosylate as the chiral
pool reactant (Scheme 15). The diastereomers were separated by chromatography.
The four diastereomers of the trihydroxy hemicryptophanes 52 were obtained
quantitatively by removal the acetyl groups in 51 by hydrolysis with methanolic
NaOH. Interestingly, the enantiopure oxidovanadium-hemicryptophane complexes
were obtained by treatment of hosts 52 with oxidovanadium(V) triisopropoxide
leading to the first transition-metal@hemicryptophane derivatives [90-92].

3.4.3 Enantioseparation by Chiral HPLC

A similar approach was used to prepare Cz-symmetric triamide- and tren-
hemicryptophane molecules. A nitrilotriacetic acid derivative was bound to a
benzyl alcohol moiety to give a tripodal precursor of the hemicryptophane. As for
compound 51, a last cyclization step using Sc(OTf); as Lewis acid to build the CTV
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Fig. 23 Enantiomers of hemicryptophane 53 resolved by chiral HPLC
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Scheme 16 Preparation of the enantiomers of the hemicryptophane-phosphatrane cages (P)-(+)-
55 and (M)-(-)-55

unit afforded the hemicryptophane triamide 53 as a racemic mixture (Fig. 23)
[93]. The racemic hemicryptophane (£)-53 was then resolved by semi-preparative
HPLC on Whelk-O1 column, using a THF:n-hexane mixture as mobile phase. The
absolute configuration of enantiomers (P)-(+)-53 and (M )-(—)-53 was extrapolated
from the ECD spectra analysis [94]. The first eluted enantiomer, isolated with an
enantiomeric excess ee > 99%, corresponds to the (P)-(+)-53 enantiomer, and the
second with an ee = 96% corresponds to (M )-(—)-53.

The three amide functions of the supramolecular cage 53 can be reduced using
BH;/THF to afford the related tren-hemicryptophane 54. The encaged triamine
moiety has been used by Martinez et al. to prepare the hemicryptophane-
phosphatrane 55 [95]. Following the method of Verkade [96], the addition of bis
(N-dimethyl)-chlorophosphine [(CH3),N],PCI to 54, gives the hemicryptophane 55
in 35% yield (Scheme 16). The phosphatranes are the conjugate acids of the
proazaphosphatrane superbases, also named Verkade’s superbases, which present
interesting catalytic activities toward a large variety of reactions [97]. It was thus
important to benefit from the chiral environment of the hemicryptophane structure to
access chiral superbases. Later, the same authors performed the enantiomeric
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Scheme 17 Synthesis of chiral cages 59 and 60

resolution of the hemicryptophane-phosphatrane (£)-55 by semi-preparative chiral
HPLC on Chiralpak IC column, using EtOH/MeOH/TEA/TFA as the mobile phase.
Due to a selectivity factor of 1.5 the first enantiomer was isolated with an
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enantiomeric excess ee > 99% and the second with an ee = 97%. The absolute
configuration of each enantiomer was determined from analysis of their ECD spectra
and allowed the assigning of the (P)-(+)-55 and (M )-(—)-55 enantiomers [98].

Furthermore, TRISPHAT anion A-56 was found to act as a chiral solvating agent
[99]. Addition of A-56 to (P)-(+)-55 and (M )-(-)-55 led to non-equivalence of the 'H
and *'P NMR signals for each enantiomer. The chiral environment induced by the
inherently chiral CTB unit can be detected through the enantioseparation of the >'P
NMR signals of the azaphosphatrane unit (Fig. 24). Studies have been performed to
scale up the enantioseparation using crystallization or ion-pair chromatography
methods, although they have proved to be unsuccessful to date [98].

3.5 Cholic Acid-Based Scaffolds

Cholic acid constitutes an interesting chiral platform from which to build macrocy-
clic and cage molecules. The stereochemistry of this peculiar unit does fall into the
category of facial amphiphiles combining a lipophilic outer face and a hydrophilic
interior. This structure is therefore of great interest for the design of chiral molecu-
lar hosts. Such macrocycles have been designed by Davis et al. for the recognition
and transport of anion guests [100, 101]. Using the combinatorial strategy described
above (Sect. 3.4.1), cholic acid derivatives 57 and 58 are the basis of the molecular
cages 59 and 60 (Scheme 17) [89].

3.6 Assignment of the Absolute Configuration

3.6.1 Hemicryptophanes

The determination of the absolute configuration of enantiopure hemicryptophanes
host is usually achieved by ECD spectroscopy. ECD spectra of hemicryptophanes
recorded between 230 and 400 nm in CHCI; show several ECD bands that can mainly
be interpreted as the result of a strong excitonic coupling between the three aromatic
rings of the CTB skeleton. This interaction gives a specific signature that can be used
to assign the absolute configuration of hemicryptophanes. For instance, the ECD
spectrum of hemicryptophane 53 presents ECD bands of weak intensities located
between 270 and 300 nm that correspond to the 'L;, spectral region. These bands are
very sensitive to substituent and/or solvent effects. In consequence, this spectral
region cannot be used with confidence to determine the absolute configuration. In
contrast, the spectral region comprised between 230 and 270 nm ('L, spectral region)
appears to be less sensitive to substituent effects, and the bands in that spectral region
usually show a bisignate, which is a characteristic signature of the chiral CTB
skeleton. In the example of Fig. 25, the positive-negative bisignate (from low to
high energies; blue spectrum) allows assignment of the P configuration to the (+)-53
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Fig. 25 ECD spectra (CHCl;; 298 K) of the isolated enantiomers of hemicryptophane triamides
(P)-(+)-53 and (M )-(-)-53

derivative. In turn, the M configuration can be attributed to (-)-53, which exhibits a
negative-positive bisignate (red spectrum) [94].

3.6.2 ECD and VCD of Enantiopure Cryptophane Hosts in Organic
Solution

Collet and Gotarelli were the first to investigate the chiroptical properties of
enantiopure cryptophane hosts and to study their ECD spectra. They prepared in
small quantities a series of enantioenriched Ds-symmetry cryptophanes
(ee > 90%) according to the method mentioned in Sect. 3.3.2. In this study
assignment of the absolute configuration of the cryptophane derivatives was
obtained indirectly from the known absolute configuration of the CTB skeleton
used to prepare the enantioenriched cryptophanes [102]. The ECD spectra of these
molecules were interpreted using the Kuhn—Kirkwood excitonic model. This model
was found appropriate and simple enough to explain qualitatively the main
characteristics of the ECD spectra of Ds-symmetry cryptophanes for the two
forbidden 1La and lLb bands. These two transitions were found to be sensitive to
the nature of the substituents attached on the CTB skeleton and give rise to very
different ECD spectra in shape. Nevertheless, as previously mentioned for the
hemicryptophane derivatives, the ECD bands located in the 230-260 nm region
('L, spectral region) allow assignment of the absolute configuration of cryptophane
with D3-symmetry.

The ECD spectra of a series of (—)-cryptophane derivatives show characteristic
bisignates in the 230-260 nm region that can be used to assign easily the absolute
configuration of these compounds. Thus, the knowledge of the absolute
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Fig. 26 ECD spectra (CH,Clj3; 293 K) of CH,Cl,@cryptophanes (P,P)-(-)-61 and (M,M)-(+)-61

configuration of the (M,M)-(-)-cryptophane-A allows by analogy the easy determi-
nation of the absolute configuration of its congeners. For instance, the (P,P)
absolute configuration was attributed to the (—)-hexaacetate-cryptophane 61
(Fig. 26) and the (M,M) absolute configuration was attributed to the (-)-
hexahydroxy-cryptophane 40 [78]. Since then, cryptophanes with different symme-
try have been prepared by a multi-step synthesis and their chiroptical properties
have been thoroughly studied. For example, the ECD spectrum of the C;-symmetry
cryptophane-monoH 39 shows an ECD bisignate in the 230-260 nm region,
allowing assignment of the absolute configuration (M,M)-(-)-39 [77].

Buffeteau and co-workers showed that the absolute configuration of the two
enantiomers of cryptophane-A could be unambiguously determined by using VCD
spectroscopy in combination with ab initio calculations at the DFT level [103].
The VCD spectra recorded in CD,Cl,, a solvent that can enter into the cavity of the
host, or C,D,Cly, a solvent molecule too large to fit inside the cryptophane cavity,
did not show significant modifications. DFT calculations performed for the empty
cryptophane-A and for the CHCl;@cryptophane-A complex suggested that in all
cases the anti-conformation of the linkers was the dominant conformation. This
conclusion is in accord with the X-ray crystallographic structures of cryptophane-A
complexes previously reported in the literature [104].

Similarly, several enantiopure cryptophane derivatives, such as compounds 39,
having C;-symmetry have been synthesized and thoroughly studied by VCD
spectroscopy (Fig. 27). The VCD spectra of these derivatives reveal a lower
intensity of the VCD bands observed in the 1,700-1,000 cm~ ! domain, which
have been perfectly reproduced by means of DFT calculations (B3PW91/6-31G*)
[77]. In a following paper, compound 39 was the object of further investigation by
ECD and VCD spectroscopy [105]. This compound represents an interesting case
where an encapsulated chloroform molecule can have two possible orientations
since the molecular host present two different CTB caps.
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Fig. 28 Water-soluble cryptophanes (M,M)-40 and (P,P)-40

4 Chiral Recognition and Enantiomeric Differentiation

4.1 Use of Chiroptical Techniques for the Monitoring
of Complexation Phenomena: ECD and VCD of
Enantiopure Water-Soluble Cryptophane Cages

4.1.1 Water-Soluble Hydroxylated Cages

A restricted number of water-soluble cryptophanes have been described in the
literature and only very few examples of chiral compounds have been reported.
Brotin and Buffeteau reported the synthesis and the chiroptical properties of the
hexahydroxy-cryptophane-A 40 (Fig. 28) [106]. This compound is only soluble in
water under basic condition and can form inclusion complexes with neutral guests
such as halogenomethanes, methane, or xenon. The authors investigated the com-
plexation processes by polarimetry, ECD, and VCD spectroscopies. Their results
have shown a very strong dependence of the chiroptical properties of the host
molecule on the experimental conditions, such as the nature and the concentration
of the counter-ion (Li*, Na™, K*, Cs*) of the base used to dissolve the cryptophane
in water. In addition, the polarimetry experiments performed with or without a
guest inside the molecular cavity of the host also revealed large discrepancies. For
instance, and in contrast to what was observed with enantiopure cryptophanes
soluble in organic solution, the sign of the rotatory power at a given wavelength
could change. In 0.1 M NaOH/H,O solution, the [a]sgo Values for the enantiomers
(M,M)-40 and (P,P)-40 are +0.8 and —1.4, respectively, while the CHCl;@ (M ,M)-
40 and CHCl;@(P,P)-40 complexes have [a]sg9 values of —44.4 and +42.3, respec-
tively. On the other hand, no encapsulation effect was noticed when the LiOH/H,0
or the NaOH/H,O solutions were replaced by a CsOH/H,O solution. These peculiar
observations are the result of the specific trapping of the cationic species in the
molecular cavity (see Sect. 4.2).

The impact of the experimental conditions on the ECD spectra has been evidenced
with cryptophane 40 dissolved in a 0.1 M NaOH/H,O solution in the presence of
different neutral guest molecules (Fig. 29a). The ECD spectra are strongly modified
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in the 220-320 nm region when substrates of increasing molecular volume (CH,,
CH;Cl, CH,Cl,, CHCl3) interact with the host cavity. This effect is especially
important for the ECD bands of the 'L, and the 'B,, transitions. A size effect of the
guest molecule on the ECD spectrum was clearly observed since the larger the
molecular volume of the guest the stronger the modification of the ECD spectrum.
For instance, a direct correlation between the spectral modifications and the guest size
can easily be made by looking at the intensity of the ECD band located at 220 nm. In
turn, these spectral modifications provide direct information on the conformational
distribution of the three linkers connecting the two CTB caps.

In water the free cryptophane tends to reduce the size of its cavity (hydrophobic
effect) and the three linkers mainly adopt an all-gauche conformation. Upon
complexation of a small guest such as CH, or CH;Cl, the structure is not strongly
modified and the three linkers still adopt the gauche conformation. This situation is
no longer observed when a larger guest (CHCl;) is present inside the cavity, which
requires an enlarged cavity where the three linkers mainly adopt an all-trans
conformation. A similar effect was also observed depending on the concentration
of the basic solution used to dissolve the host molecule (Fig. 29b). In a diluted
NaOH/H,O solution (1.5 107 M) the hydrophobic effect dominates and the three
linkers adopt preferentially the all-gauche conformation. By increasing the concen-
tration the conformational distribution is strongly modified and in a 1.0 M NaOH/
H,O solution the three linkers prefer the all-trans conformation as this was
observed with large guest molecules.

In CsOH/H,O solution the situation was dramatically different. The ECD
spectrum of 40 remains unchanged whatever the nature of the guest added to the
solution, suggesting that the guest molecule cannot gain access to the cavity of the
host. This has been clearly demonstrated by '**Cs NMR, ECD and isothermal
titration calorimetry (ITC) experiments. It has been shown that the cesium cations
have a very high affinity for the electron-rich molecular cavity of the cryptophane,
which prevents the neutral CH,Cl, or CHCl; guest entering the cavity of the host
[107]. This peculiar behavior is discussed in detail in Sect. 4.2.



Enantiopure Supramolecular Cages: Synthesis and Chiral Recognition Properties 213

03] A __ CDCk@(RP)43
o‘\_\” nc_o o oM
02 1y 4o T coicL@(PA-43
Ae ]
0,1
04
0,1 4

. ———————————— —
1650 1600 1550 1500 1450 1400 1350
wavenumber (cm—1)

Fig. 30 VCD spectra of guest-free (P,P)-43, and its CD,Cl, and CDCl; complexes in NaOD/D,0O
solution

The C; symmetrical cryptophane 43, which contains five hydroxyl groups, has an
enlarged portal, making the encapsulation of larger guest molecules easier. Upon
encapsulation of neutral achiral guests in LiOH/H,O or NaOH/H,O solution, impor-
tant modifications of its ECD spectrum have been observed [108]. In contrast, in
CsOH/H,0 solution the ECD spectrum remains unchanged whatever the nature of
the guest added. In KOH/H,O solution an intermediate situation was observed since
slight modifications of the ECD spectrum were observed upon addition of CH,Cl, or
CHCl;. In this case, the two guests compete with the K* cation to enter the cavity of
the host. This effect is also characterized by an increase of the intensities of the VCD
bands in the 1,700—1,200 cm™! region (Fig. 30). For instance, the intensity of the band
at 1,500 cm ™! (v(c=c) stretching) significantly increases upon encapsulation of a
chloroform molecule, when compared to the empty host molecule. Both the ECD and
VCD spectral modifications can be interpreted in terms of conformational rearrange-
ment. These conclusions are fully supported by the DFT calculations performed on
the empty and the complexed cryptophanes 40 and 43.

4.1.2 Carboxylate Derivatives

Compound 41 possesses six carboxylic acid functions (D;-symmetry) and is soluble
in water over a large range of pH. Surprisingly, this compound exhibits different
chiroptical properties when compared to the hydroxylated derivatives 40 and 43.
The ECD and VCD spectra remain unaffected upon encapsulation of neutral guests
(Fig. 31), in contrast to the "H NMR spectrum, which is very sensitive to the nature
of the guest present inside the molecular cavity. Unlike what is observed with hosts
40 and 43, guest encapsulation also occurs in KOH/D,O and CsOH/D,0 solutions,
suggesting that this host does not bind alkali cations [78].
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Fig. 31 VCD spectra of (P,P)-41 in DMSO-dg and in NaOD/D,O (0.21M) solution (top, black).

VCD spectra of (P,P)-41 in the presence of CD,Cl, (top, blue) and CDCl; (fop, red) are also
reported
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Fig. 32 ECD spectra recorded at 293 K of (P,P)-43: (a) in 0.1 M LiOH/H,O solution in the
presence of different amounts of a CsOH/H,O solution; (b) in a saturated solution of CHCl; in
LiOH/H,0 in presence of different amounts of a CsOH/H,O solution. ECD spectra for higher
concentration in Cs* are identical to that recorded for 1.0 equiv. of Cs*

The structural differences observed between the three hosts 40, 41, and 43 shed
light on the importance of the substituents of the CTB units on the overall
chiroptical properties of the cryptophane molecules. For instance the remoteness
of the negative charges in compound 41 when compared to 40 prevents cationic
species from interacting with the phenolate moieties through coulombic interaction.
The lack of phenolate moieties in compound 41 also alters less significantly the
angle of polarization for the two forbidden 'L, and 'L, transition and the allowed
'B,, transition, making this system less ECD sensitive to conformational changes
upon encapsulation of neutral guests.
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Fig. 33 VCD spectra of empty (P,P)-43, CHCl;@(P,P)-43 and Cs*@(P,P)-43 complexes

4.2 Recognition of Monovalent Cations by Enantiopure
Water-Soluble Cryptophanes

Until recently, the complexation of charged species by cryptophane hosts mainly
concerned ammonium guests. Akabori and Weber are probably the first to have
reported the complexation of metal ions, in organic solvent, by cryptophane
derivatives possessing specific functionalities capable of strong interactions with
these guests, such as ether linkages [109] or carboxylic acid moieties [110]. None of
these studies involved enantiopure cryptophanes. Recently, Brotin and co-workers
demonstrated that cesium and thallium cations could interact strongly with hosts 40
and 43 in water. By using the enantiopure cages 40 and 43, the complexation of the
cationic guests could be followed by ECD, '*3Cs, or 2**TI NMR spectroscopy, and
the thermodynamic parameters of the complexation were obtained from titration
experiments (ITC). The K*, Rb*, and Cs* cations are well recognized by
cryptophane 43 in LiOH/H,O or NaOH/H,O solutions. The complexation is
characterized by important modifications of the ECD spectra of 43 in the
220-320 nm region (Fig. 32a). The spectral changes are even more important
when CHCI;, a competing guest, is used. Starting from the CHCl;@(P,P)-43
complex in LiOH/H,O solution, the addition of CsOH/H,O solution modifies the
ECD band of the 'L, transition and to a larger extent the ECD bands of the allowed
le transition (Fig. 32b). These spectral modifications have been correlated to the
conformational changes of the three ethylenedioxy linkers of the cage, when the
encapsulated CHCl; molecule (V4w = 72 A3) is replaced by the smaller cationic
guest (Vion = 20 A’ ). The 133Cs NMR spectra of the 133 Cs"@43 complex show two
signals corresponding to the free Cs* ion in solution at 0 ppm, and the Cs*
encapsulated in the cavity of 43 at —255 ppm. The Cs*@40 complex displays an
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even larger '**Cs chemical shift at —270 ppm. Titration experiments performed at
278 K in LiOH/H,O shows that the binding process to host 40 and 43 is enthalpy
driven (AH® = —12.0 kcal/mol) and that the entropic contribution can be neglected.
These two host molecules also recognize K* and Rb* cations with lower binding
constants [107].

In contrast to what is observed at low or moderate LiOH or NaOH
concentrations, under severe experimental conditions (1M LiOH/H,O or NaOH/
H,O solutions) cryptophane 43 binds to cesium as well as to thallium(I) cations,
resulting in dramatic changes in the ECD spectra [81]. Upon encapsulation of Cs*
or TI* cations, the ECD spectra clearly reveal a strong reduction of the ECD band
located at 220 nm, which was interpreted by a conformational change of the three
linkers and a reduction of the cavity size to maximize host—guest interactions. It
was noted that the spectral changes are more marked with the TI* guest that
interacts more strongly with the cavity of 43 as confirmed by titration experiments.

In NaOD/D,0, the VCD spectrum of the Cs*@(P,P)-43 complex is different in
shape and intensity from the VCD spectra of the empty host 43 and the CHCl;@
(P,P)-43 complex. The strong reduction of the band at 1,490 cm™' indicates the
preferential all-gauche conformation of the linkers, characteristic of Cs* encapsu-
lation, in contrast to the CHCl;@(P,P)-43 complex, which exhibits a strong
enhancement of this band, indicative of the preferential all-trans conformation of
the three linkers to accommodate the CHCl; guest (Fig. 33).

These results show that cryptophanes 40 and 43 are among the most efficient
host molecules reported in the literature for encapsulating Cs™ and TI" cations in
aqueous solvents. The complexation of these toxic cations can be investigated
under a large range of experimental conditions (concentration, temperature, etc.).
Both ECD and VCD spectroscopy provide valuable information about how host
molecules behave in solution with or without a guest inside their cavity.

4.3 Complexation of Chiral Guests

4.3.1 CHFCIBr and Cryptophane-C: The First Example of Chiral
Differentiation Using an Enantioenriched Cryptophane

Collet and co-workers studied the encapsulation of bromochlorofluoromethane, one
of the smallest chiral molecules, by the chiral Cs-symmetrical cryptophane-C. They
demonstrated that cryptophane-C in CHCl; recognized differently the two
enantiomers of CHFCIBr. This was confirmed by the difference in intensity of
the two sets of doublets in the 'H NMR spectrum characterizing the two
diastereomers (—)CHFCIBr@(P,P)-(+)-cryptophane-C and (+)CHFCIBr@(P,P)-
(+)-cryptophane-C (Fig. 34). In this example, the enantiomeric differentiation
was moderate (ee = 4%) and in favor of (+)CHFCIBr@ (+)-cryptophane-C diaste-
reomer [111]. Later, the enantioselective complexation of CHFCIBr by
cryptophane-C was re-investigated in more detail using molecular dynamics simu-
lation [112]. The finding that the (R)-CHFCIBr@ (-)cryptophane-C complex was
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the most stable diastereomeric complex allowed the determination of the two
enantiomers of CHFCIBr. Thus, from this work it was concluded that the absolute
configuration of CHFCIBr must be (R)-(—-) and (S)-(+). Interestingly, the same
absolute configuration (R)-(-) and (S)-(+) was assigned to the enantiomers of
CHFCII [113].

4.3.2 Complexation of Chiral Epoxides by Enantiopure Water-Soluble
Cryptophanes

The complexation of the (R) and (S) enantiomers of methyloxirane, under basic
condition, was thoroughly studied by "H NMR spectroscopy and ECD spectroscopy
[80]. In NaOD/D,0 at 278 K, (R)-methyloxirane is recognized by the (M,M)-43
host with a binding constant K of 95 M™', whereas its (S)-methyloxirane enantiomer
exhibits a higher affinity with K = 194 M™". This efficient enantioselective com-
plexation was easily monitored by '"H NMR spectroscopy: the protons of the
methyloxirane molecule inside the cavity of the cryptophane undergo a strong
shielding from the aromatic cavity and exhibit high field shifted signals (Fig. 35).
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The ECD spectra obtained at 293 K under similar experimental conditions (0.1 M
NaOH/H,O0) differentiate the two diastereomeric complexes (R)-methyloxirane@ (M,
M)-43 and (S)-methyloxirane@(M,M)-43, and exhibit small but distinct bands
corresponding to the 'Ly, transition in the 280-330 nm spectral range. In addition, a
comparison with the ECD spectrum of the (rac)-methyloxirane@ (M,M)-43 reveals a
clear preference of the (S)-methyloxirane enantiomer for (M,M)-43, in agreement
with the "H NMR experiments. The experimental conditions have a strong impact on
the ability of the methyloxirane to enter the cavity of 43. For instance, in KOH/H,O
solution the association constant is strongly reduced due to the competitive binding of
the potassium cations, and in CsOH/H,O solution no binding was observed as a
consequence of the strong affinity of the cesium cations for the cavity of the host (see
Sect. 4.2). The free energy of the two diastereomeric forms determined from molec-
ular dynamics and DFT calculations differs by 0.5-4.3 kJ/mol in accord with the
experimental data.

This study was then extended to the enantioselective complexation of a series of
small oxirane derivatives by the two enantiomers of cryptophane 41. The
enantiodifferentiation of the guests methyloxirane (V,4,, = 57 A’ ), epichloro-
hydrin (Vygw = 72 10%3), and ethyloxirane (Vyqw = 78 A3) was investigated by 'H
NMR spectroscopy. The signals of the guests’ protons are strongly high-field
shifted (Fig. 36) [78]. With the two enantiomers (R)-methyloxirane and (S)-
methyloxirane, a decrease of the binding constants is observed when compared to
cryptophane 43, as a result of the steric hindrance due to the six carboxylate
moieties. In an NaOH/H,O solution binding constants of 128 M~" and 99 M~ were
determined for the (R)-methyloxirane@(P,P)-41 and (R)-methyloxirane@(M,M)-41,
respectively, reflecting a lower enantioselectivity when compared to 43. Surprisingly,
increasing the size of the guest resulted in even lower binding constants but in better
enantioselectivities. For instance, (S)-ethyloxirane is recognized by host (M,M)-41 in
NaOD/D,0 solution with a binding constant K = 11 M~!, whereas the complexation
of (R)-ethyloxirane was not observed.

4.3.3 Enantioselective Recognition of Carbohydrates by Enantiopure
Hemicryptophanes

The molecular recognition of carbohydrates by proteins is involved in several
important biological processes such as protein folding, cell-cell recognition, and
tumor metastasis. In spite of numerous biomimetic receptors synthesized for carbo-
hydrate complexation, few deal with their enantioselective recognition. The inner
space of the cavity of hemicryptophanes 52 and 53 displays both polar
functionalities and apolar surfaces, which should induce selective sugar complexa-
tion. Enantioselective recognition of carbohydrates by the chiral enantiopure
hemicryptophane supramolecular cages (M-R,R,R)-52, (P-R,R,R)-52, (M-S,S,S)-
52, (P-S,5,5)-52, (M)-53, and (P)-53 has been investigated [114]. Octyl-p-p-
glucopyranoside (OctfGlc) and octyl-a-p-glucopyranoside (OctaGlc) were used
as soluble glycosidic guests and the related binding constants, obtained by "H NMR
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Table 2 Binding constants K, of enantiopure hemicryptophane 52 and 53 with octyl-glucosides in
CDCl; (T = 298 K)

octaGlc octpGlc
Entry Receptor K, M K, M
1 (M)-53 216 64
2 (P)-53 30 -
3 (M-R.R.R)-52 123 226
4 (P-S.,5.,5)-52 - 115
5 (M-S.5,5)-52 155 184
6 (P-R.R.R)-52 - -

titration experiments, are shown in Table 2. Modest to high diastereoselectivities
were observed. Most strikingly, enantioselectivity was found to be profoundly
dependent on the inherent chirality of the CTB moiety. Indeed, in most cases,
exclusive binding of the (M )-enantiomer is observed, demonstrating the crucial role
of the inherent chirality of the CTB part in this enantioselective complexation. In
contrast, the three stereogenic carbon centers in hosts 52 only smoothly affect the
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Fig. 37 Structure of the four diastereomers of hemicryptophane hosts 63

stereoselective recognition process. For instance, the (M-R,R,R)-52 and (M-S,S.,S)-
52 stereoisomers display similar binding constants for the recognition of OctpGlc
(respectively 123 and 155 M), whereas no complexation can be detected for the
(P-R,R,R)-52 and (P-S,S,5)-52 host molecules.

4.3.4 Enantioselective Recognition of Chiral Ammonium by
Enantiopure Supramolecular Cages

The organic ammonium salts have long been the guests of choice for testing the
properties of molecular recognition of cationic species. Regarding the results for the
supramolecular cages that bind chiral ammonium, one can refer to the recent work
of Ahn et al. who reported the enantioselective binding of organoammonium ion by
the cage-like chiral receptors based on tripodal oxazolines 31a and 31b (see
Sect. 3.2.3) [69]. The addition of a-phenylethylammonium or alanine methyl
ester to a solution of 31a or 31b was followed by "H NMR at different temperatures,
and compared to a model open receptor. Due to the change in size and space shape
available for guest complexation, the chiral differentiation observed with the cage
compounds was found to differ from that observed with model open receptors.
For instance, the cage-like receptor differentiates the enantiomers of alanine methyl
ester with high enantioselectivity, whereas the chiral differentiation is poor with
a-phenylethylammonium. In all cases, the chiral differentiation is in favor of the
(R)-guest with cages (5,5,5)-31a and (S,S,5)-31b.

Another important family of chiral guests investigated are the ammonium
neurotransmitters. The ability of the C3 symmetrical enantiopure hemicryptophanes
63 to differentiate the neurotransmitters ephedrine (13) and norephedrine (15), as
well as their diastereo and enantioselective recognition properties, has also been
studied (Fig. 37) [115].

The binding constants were obtained by "H NMR titration (Table 3). Moderate to
high diastereoselectivities were observed for both the recognition of ephedrine and
norephedrine, the highest ones being found for norephedrine. For instance, the
stereoisomers (P-R,R,R)-63 and (M-S,S,5)-63 display f; binding constants (1:1 host-
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guest complex) for norephedrine, 60 and 40 times higher than that of (P-S,5,5)-63,
respectively. The f, constants (1:2 host-guest complex) with the (P-R,R,R)-63 and
(M-S,S,5)-63 isomers were found to be much more efficient than the (P-S,5,5)-63 and
(M-R,R,R)-63 ones with association constants two order of magnitude higher. This
emphasizes the crucial role played by the stereogenic carbon centers and the configu-
ration of the CTB unit in the stereoselectivity of the recognition process. Furthermore,
a modest enantioselectivity was observed in the recognition of chiral ammonium
neurotransmitters. For example, the (M-S,S,5)-63 enantiomer showed higher f; and
- binding constants with ephedrine than the (P-R,R,R)-63 one. Moreover, good
enantioselectivity in favor of the (M-R,R,R)-63 enantiomer over the (P-S,5,5)-63 one
was achieved for the recognition of norephedrine.

HN Y HN*

N
norephedrine 15 ephedrine 13

4.4 Biosensing: Xenon—-Cryptophane Complexes

Xenon encapsulation by cryptophane hosts has been thoroughly investigated by
several groups, who have demonstrated that small cryptophane derivatives can
accommodate rare gases such as xenon [70] or radon [116]. Xenon—cryptophane
complexes are still widely investigated as new potential contrast agents for MRI
applications. Thanks to laser-polarization techniques of xenon gas, it is possible to
detect the xenon—cryptophane complexes at low concentration in organic or aque-
ous solution using '*’Xe NMR. The particular behavior of xenon encapsulated in
chiral cryptophane derivatives has been reported in some cases. The two diastereo-
meric cryptophanes (P,M-S)-38 and (M,P-S)-38 bearing a camphanic residue form
complexes with xenon in tetrachloroethane-d, (Fig. 38), which display two differ-
ent '**Xe NMR signals [117]. The NMR spectrum exhibits the signal of the free
xenon in solution at 228 ppm associated with two other resonances shifted towards
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Fig. 40 Structure of biosensor 64 and the laser-polarized '**Xe NMR spectrum

low frequencies by 160 ppm. These two signals are separated by 7 ppm and stand
for the two diastereomeric complexes Xe@ (P,M-S)-38 and Xe@ (M,P-S)-38, which
exhibit binding constants K, 2,000 M~ !and 3,200 M~ !, respectively.

Dmochowski and co-workers found similar results with the two diastereomers of
a tris-substituted cryptophane-A derivative made of an enantiopure cryptophane-A
derivative bearing three (S)-Mosher acid moieties (Fig. 39) [83]. Using '**Xe NMR
spectroscopy the authors showed that the diastereomeric xenon complexes exhibit
different xenon chemical shifts at 67.3 and 77.4 ppm for the (P,M-S)-(—)-45 and the
(M,P-S)-(+)-45 diastereomers, respectively.

The synthesis of enantiopure cryptophanes can find application in the elabora-
tion of molecular biosensors, used in combination with hyperpolarized xenon, for
the detection of in vitro or in vivo biological events. Pines et al. noticed that
complex biosensors involving cryptophane derivatives in their racemic form
could lead to '*’Xe NMR spectra difficult to interpret due to the formation of
several diastereomeric xenon complexes. This arises when one or several
stereogenic groups are bound to a racemic cryptophane core. For instance, in the
presence of xenon gas dissolved in the solution, the '**Xe NMR spectrum of the
biosensor 64 aimed at binding the avidin protein displays four distinct signals
(Fig. 40). Each of them stands for a diastereomeric species showing a specific
affinity for the xenon atom encapsulated in the cavity of the cryptophane. Thus, the
presence of several diastereomers in solution may significantly complicate the
interpretation of the '2*Xe spectrum of the biosensor with or without the biological
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target. To overcome this problem, Roy et al. synthesized a chiral cryptophane-
biosensor able to recognize specifically a DNA strand. At low concentration the
biosensor binds specifically the complementary strand, and the recognition process
is characterized by a shift of the '**Xe NMR signal. In contrast, in the presence of a
non-complementary DNA strand, the 129%e NMR signal remains unchanged [76].
The following experiment illustrates the consequences of using enantiopure host
molecules instead of the racemic form. The biosensor (L)-NTA-42 made of a water-
soluble cryptophane in its racemic form and bearing a chiral L-nitrilotriacetic acid
group, used for chelating Zn>* ions, was synthesized (see Sect. 3.3.3). The com-
plexation of Zn>* cations is detected indirectly via a hyperpolarization technique of
the xenon gas trapped in the cavity of the cryptophane and exchanging quickly with
xenon present in the bulk. In the absence of Zn”* the xenon NMR spectrum of the
two (M, M)-(L)-NTA-42 and (P,P)-(L)-NTA-42 diastereomers show a single signal.
However, upon Zn>" binding by the L-NTA probe, two 129%e NMR signals are
observed at 6 = 65.75 and 67.2 ppm, with respect to the free biosensor in solution
(6 = 65.6 ppm). These two signals correspond to the two diastereomeric biosensors
that respond differently in the presence of Zn>*. In order to assign the two '**Xe
NMR signals, the two diastereomerically pure cryptophane-biosensors (M,M)-(L)-
NTA-42 and (P,P)-(L)-NTA-42 have been synthesized independently. Their 129%e
NMR spectra recorded separately in the presence of Zn>* allowed the unambiguous
assignment of the two '??Xe NMR signals. Thanks to the technique of laser-
polarized xenon, the authors demonstrated that Zn** could be detected at a concen-
tration as low as 100 nM in short time. In addition, they showed that the significant
chemical shift difference observed between the free biosensor and the diastereomer
(M,M)-(L)-NTA-42, which presents the largest chemical shift difference when
chelating the Zn>* ion, was sufficient to perform MRI experiments (Fig. 41) [79].

5 Conclusion

The aim of this review was to present selected examples of chiral supramolecular
cages, with a short introduction to the well-known cavitand-type structures that are
often at the basis of these closed-shell supramolecular containers. We chose to
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present essentially covalent organic structures, and we hope we have demonstrated
the diversity and the modularity of the different synthetic approaches to these chiral
hosts. The access to enantiopure compounds often needs peculiar strategies, some
being presented in this review. These cages are “supramolecular” in the sense that
they can host very different substrates (neutral guests, chiral guests, ionic species).
We show that the supramolecular complexes can now be studied by modern spec-
troscopic techniques such as NMR spectroscopy or by means of chiroptical
techniques such as ECD or VCD spectroscopy. The ability of these host molecules
to encapsulate a guest, that can be chiral or achiral, may strongly affect the
chiroptical properties of the host molecules. Some examples studied in our labora-
tory have been used to illustrate the effect of the binding process on the overall
chiroptical properties of supramolecular cages. Despite the synthetic difficulties in
preparing enantiopure supramolecular cages, we hope to have shown throughout this
review that enantiomeric vessels are of great interest in today’s chemistry and may
find numerous applications in chiral differentiation, and further applications in
catalytic reactions in the confined space of the cages or in bio-medical sciences
are promising. The example of using chiral cages for the design of biosensors is
indeed extremely thrilling.
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Interconversion of Stereochemically Labile
Enantiomers (Enantiomerization)

Oliver Trapp

Abstract The investigation of the molecular dynamics of stereoisomers is of funda-
mental interest in chemistry, biochemistry, medicine, and related areas. In recent
years enantioselective dynamic chromatography and enantioselective dynamic capil-
lary electrophoresis (DCE) have been established as versatile tools to investigate the
kinetics of interconversions of stereoisomers. The term dynamic chromatography and
dynamic electrophoresis, following the term dynamic NMR (DNMR) (Grathwohl
and Wiithrich, Biopolymers 20:2623-2633, 1981; Wiithrich, Angew Chem Int Ed
42:3340-3363, 2003; Binsch et al., Angew Chem Int Ed 10:570-572, 1971), stresses
the dynamic (Herschbach, Angew Chem Int Ed 26:1221-1243, 1987) behavior of
analytes to interconvert between two stereoisomeric forms during the separation
process. If the interconversion process is slow compared to the separation of the
enantiomers, which can be achieved by accelerating the separation process or
lowering the temperature, partial separation with characteristic plateau formation or
peak broadening is observed.

This chapter gives an overview of recent advances in the study of stereodynamics
of molecules by dynamic chromatography (Trapp et al., Chirality 13:403—-414, 2001;
D’Acquarica et al., J Sep Sci 29:1508-1516, 2006; Wolf, Chem Soc Rev 34:595-608,
2005; Wolf, Dynamic stereochemistry of chiral compounds — principles and
applications. RSC Publishing, Cambridge, 2008) and capillary electrophoresis.
Models and algorithms to evaluate interconversion profiles obtained by separation
techniques are discussed with respect to the challenging demands of high separation
efficiencies typical of modern separation techniques. Models used for evaluation are
based on iterative computer simulation algorithms using the theoretical plate model
(TPM) or stochastic model of chromatography, empirical calculation methods,
derived from equations used in chemical engineering, namely Damkohler analysis,
and direct access using the approximation function, and more recently the unified
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equation of chromatography, which can be applied to all kinds of first-order reactions
taking place during a chromatographic or electrophoretic separation. Furthermore,
areas of applications to investigate stereodynamic processes are presented and
discussed to give a practical guide for using dynamic chromatography and capillary
electrophoresis.

Keywords Activation parameters - Chirality - Computer simulation - Drugs -
Dynamic capillary electrophoresis - Dynamic gas chromatography - Dynamic high
performance liquid chromatography - Dynamic super-critical chromatography -
Enantiomerization - Enantioselective chromatography - Interconversion - Kinetics -
Stopped-flow techniques - Theoretical plate model - Unified equation
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Abbreviations

CE Capillary electrophoresis

CSP Chiral stationary phase

DCE Dynamic capillary electrophoresis

DGC Dynamic gas chromatography

DHPLC  Dynamic high performance liquid chromatography

DNMR Dynamic nuclear magnetic resonance

DSFC Dynamic supercritical fluid chromatography

ee Enantiomeric excess

GC Gas chromatography

HPLC High performance liquid chromatography

SFC Supercritical fluid chromatography

sfGC Stopped-flow gas chromatography

sfMDGC  Stopped-flow multidimensional gas chromatography
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TLC Thin layer chromatography

1 Introduction

The stereodynamics of molecules is of great importance in chemistry, physics,
biochemistry, and medicine [1-3]. There are currently several techniques available
for the study of these conformational or configurational changes. Among the most
commonly used techniques are dynamic NMR (DNMR) spectroscopy, the mea-
surement of H/D exchange by high resolution mass spectrometry [4] especially
applicable to biomolecules, stopped-flow chromatography, and dynamic chroma-
tography (Fig. 1).

DNMR spectroscopy [5, 6] is well established and widely used to investigate
interconversions in the lower kJ-range [7] and therefore commonly used to investi-
gate conformational changes in molecules. Its applicability is limited by the
experimental temperature range and the time-scale. DNMR spectroscopy is best
suited to determine rate constants at the coalescence point, the temperature at which
the signals of the individual interconvertomers collapse to a single signal. Under
other experimental conditions a line shape analysis has to be performed. Still,
DNMR spectroscopy has made and continues to make indispensable contributions
to the understanding of protein folding on molecular and functional levels. For the
investigation of stereochemical changes, e.g., in compounds containing stereogenic
nitrogen, DNMR spectroscopy has enabled one to understand factors influencing
the interconversion barrier and consequently to apply this knowledge in the synthe-
sis of compounds characterized by improved stereointegrity [8, 9].

In stopped-flow chromatography and electrophoresis [10-15] the reaction time
is extended by stopping the chromatographic or electrophoretic flow after a separa-
tion of the stereoisomers is achieved. Column switching techniques, if appropriate,
are often used to trap one interconvertomer and transfer it to a second column. Then
the particular column is heated to initiate the interconversion process and then, after
cooling down to the separation temperature, the stereoisomers are separated to
determine the de novo stereoisomeric ratio. This method is very well suited to the
determination of high interconversion barriers; however, a baseline separation is
required. Furthermore, peak broadening caused by diffusion during the trapping
process requires high separation factors, a. This effect can be avoided in GC by
using cryo-focusing techniques.

Dynamic and stopped-flow chromatographic and electrophoretic techniques
have been used for the determination of kinetic parameters of stereolabile
compounds, i.e., compounds with stereogenic chirotopic nitrogen [16-25],
atropisomers [11, 26-36], pheromones [37], drugs [38-43], inherently chiral
compounds [44], natural products [45, 46], and even organic radicals [47]. The
low configurational stability of certain chiral drug substances is an issue of phar-
maceutical and pharmacological relevance, as most biochemical processes are
stereochemically controlled and enantiomeric drug substances can interact
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Fig. 1 Overview of methods available for the determination of enantiomerization barriers in
dependency of the targeted enantiomerization barrier (D dynamic, sf stopped flow, MD
multidimensional)
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Fig. 2 Example of an elution profile obtained by dynamic chromatography of interconverting
enantiomers with the experimental parameters: stochastic model, fy = 1.0 min # = 14.0 min,
£ =155 min, N = 50,000, and k™ =1 x 107> s '. Parameters calculated from the
chromatogram: widths at half height wy = 9.42 s, wg = 10.72 s, and Zpjaean = 24.81%

differently in terms of pharmacodynamics, pharmacokinetics, and toxicological
activity. Consequently, the pharmaceutical industry, as well as regulatory
authorities such as the US Food and Drug Administration (FDA), are interested in
methods able to determine quantitatively the stereochemical stability of chiral drug
substances. The FDA not only restricts the sale of racemic drugs but also demands
unambiguous data on the configurational stability of the pure enantiomers. Conse-
quently drug manufacturers are bound to consider the stereochemical integrity of
enantiomers and “assess the potential for interconversion...of the individual
isomers” [48, 49].

In dynamic chromatography, typical peak profiles are characterized by peak
broadening, plateau formation, and eventually peak coalescence (Fig. 2) [50].

Whereas in conventional chromatographic separations the occurrence of such
elution profiles is considered as a complication, in dynamic chromatography such
peak profiles are the prerequisite for the determination of interconversion barriers.
Depending on the physical properties of the analyte molecule and the expected
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interconversion barrier, different dynamic chromatographic or electrophoretic
techniques (e.g., DGC, DSFC, DHPLC, DCE, DCEC, DMEKC) can be chosen
for the quantification of the interconversion process (Fig. 1). The major advantages
of enantioselective dynamic chromatographic and electrophoretic techniques is that
only minute amounts of analytes are necessary, which even do not need to be
isolated from a product mixture or purified from a natural product extract, and that
the enrichment or isolation of single isomers, which can be quite complex for
isomers with low stereochemical integrity, is not necessary.

2 Experimental and Theoretical Aspects

2.1 Definition of Enantiomerization and Racemization

Enantiomerization defines the microscopic interconversion from one enantiomer
(A) into the other (B), can be described by a reversible first-order reaction, and is
independent of the mechanism of interconversion:

Kenant
==

k_enant

The integrated rate law of an enantiomerization is given by

Al

], - 28],

= 2Kkenantt 6]

If a molecule has more than one stereogenic element, this definition also takes
the simultaneous interconversion of all n stereogenic elements into consideration.
In contrast to enantiomerization, racemization is defined as an irreversible macro-
scopic process, which forms the racemate from a nonracemic starting material [51]:

AtueA B
B-t=A, B

The integrated rate law of racemization is given by

[A] _

Equations (1) and (2) can be summarized, giving the relationship of the rate
constants of enantiomerization and racemization:
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krac = 2Kenant (3)
The half-life 7 can be then calculated according to

_ In2 _ In2 @
= 2kenant N krac

The factor of 2 can be also experimentally proven by coupling three HPLC
columns in-line (see below), where each column is independently set to a defined
temperature. The first and last column are chiral columns, where the stereodynamic
phenomenon is observed; the center column is packed with an achiral stationary
phase, where racemization takes places. By this setup racemization and
enantiomerization can be experimentally observed under exactly the same reaction
conditions and can therefore be directly compared [35]. It is important to note that
enantiomerization describes an interconversion process on the molecular level
whereas racemization describes the conversion of the bulk material.

2.2 Experimental Setups

2.2.1 Enantioselective Dynamic Chromatography

Enantioselective chromatography and electrophoresis can be easily performed. The
only prerequisite is a successful enantioseparation of the interconverting
stereoisomers. Depending on the molecular properties, enantioselective GC,
HPLC, SFC, or electrophoretic techniques can be chosen. In a next step typically
a suitable chiral stationary phase (CSP) has to be found and separation conditions
have to be optimized. In contrast to conventional separations the separation
conditions should be applicable for a broader temperature range to determine
temperature-dependent kinetic data, which allows calculation activation
parameters. Experience shows that shorter separation columns are suitable to
investigate lower enantiomerization barriers, whereas longer separation columns
extend the reaction time at the cost of peak broadening, which lowers the resolution.

Minute amounts of racemic mixtures can be injected on the column and the
elution profiles characterized by pronounced plateau formations recorded for eval-
uation (Fig. 3).

2.2.2 Enantioselective Stopped-Flow Chromatography

Single-column stopped-flow gas chromatography, which does not require computer
simulation, is typically performed as follows. After quantitative separation of the
enantiomers on the CSP in the first part of the column, the flow is stopped and
enantiomerization of the separated fractions is effected at increased temperature by
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heating the entire column. After a given enantiomerization time, the former
enantiomerization temperature is restored and the enantiomerized fractions are
separated in the second part of the column. The enantiomerization barriers of
each of the two enantiomers are calculated from the four peak areas a;, the
enantiomerization time #, and the enantiomerization temperature 7. By single-
column stopped-flow GC [11], enantiomerization barriers of 70—180 kJ mol !
can be determined. Similar experiments can be performed in -capillary
electrophoresis [10].

2.2.3 Enantioselective Multidimensional Gas Chromatography

As in dynamic methods, single column stopped-flow experiments require that the
enantiomerization process takes place in the presence of the CSP. However, the
presence of the CSP can affect the enantiomerization barrier. The barrier can be
increased or lowered, e.g., by catalytic effects [52]. Efforts have therefore been
devoted to combine the advantages of the stopped-flow approach with the option to
perform enantiomerization in an achiral and inert environment. Stopped-flow mul-
tidimensional GC (sftMDGC) enhances the experimental range of enantiomerization
barriers (Fig. 1) [12, 14, 53]. This fast and simple technique allows the determination
of enantiomerization barriers in the range of AG™(T) = 70-200 kJ mol . After
complete gas chromatographic separation of the enantiomers in the first column, gas
phase enantiomerization of the heart-cut fraction of one single enantiomer is
performed in the second (reactor) column at increased temperature in reaction
time ¢. Afterwards this fraction is separated into the enantiomers in the third column
and the enantiomeric ratio, er, is determined (Fig. 4). From the de novo enantiomeric
ratio er, the enantiomerization time ¢, and the enantiomerization temperature T, the
enantiomerization (inversion) barrier AG+(Y) is determined (5) and the activation
enthalpy AHT and the activation entropy AST are obtained by temperature-
dependent experiments:
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2.2.4 Stereodynamics and Kinetics in a Single Setup: Three-Column
HPLC Technique

Solvent effects and stationary phase effects are often discussed and it has to be
pointed out that the quantification of such effects is a challenging task. The three-
column HPLC technique (Fig. 5) allows the investigation of such effects in great
detail [35].

The analyte passes through the first column which affords separation of the
enantiomers, then through a second column containing an achiral support, that
permits partial re-racemization, and finally through a third chiral column that
allows the degree of re-racemization to be analyzed accurately. Such an arrange-
ment has become feasible by the development of high-pressure resistant chiral
packing materials in HPLC, overcoming limitations in the solvent back-pressure
range. With this setup one can simultaneously investigate dynamic and kinetic
processes, i.e., enantiomerization and racemization, under identical conditions.

Depending on the applied temperatures in the respective column sections,
elution profiles of varying complexity can be obtained. Consider Fig. 5a where
the first and third column is at a lower temperature and the intermediate achiral
column at an elevated temperature. The elution profile on exiting the second
column will not change from the exit to the first column, but all analyte molecules
will be subject to racemization depending on the reaction time Az, temperature 7,
and stationary phase. Passage through the third column separates the de novo
enantiomeric mixture, leading to a third peak 2/3 (coincidence of peaks 2 and 3)
that is distinct from peaks 1 and 4. The racemization rate constant, k.., can be
directly calculated from the integrated peak areas and the reaction time.



Interconversion of Stereochemically Labile Enantiomers (Enantiomerization) 239
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Elevation of the temperature of the first column leads to dynamic interconver-
sion profiles in the first column, followed by racemization in the second. The
interconversion of the de novo enantiomeric mixture can be “frozen” by lowering
the temperature in the third column (Fig. 5b), which allows one to determine
independently the dynamics (enantiomerization) and kinetics (racemization) in a
single experimental setup.

In the case of elevated temperatures in all three columns (Fig. 5c¢), racemization
of the separated enantiomers also takes place in the second column, accompanied
by simultaneous doubled dynamic interconversion of peaks 1 and 2 (1 = 2), 3, and
4 (3 = 4) (both in the third column), as well as 1 and 4 (1 = 4) (in the first and third
column). Enantiomers of peaks 2 and 3 do not interconvert because of opposite
elution order leading to separation, which reveals the height of the overall plateau
and allows the simultaneous determination of enantiomerization and racemization
rate constants.



240 O. Trapp

mob mob mob mob
k1 k1 1 1
Ao — Biob | Amob - Brop | Amob ——= Bnop Anmob —— Bnop
k-1 K -1 k-1 K -1
' ' ' '
K'a K'g|K'a K'g|K'a K'g|K'a K's
stat stat stat stat
A K A 1 A 1 A 1
tat B tat B tat B tat B
'sta stat stat 'Sta stat stat 'Sta stat stat 'stal stat stat
1 -1 1 Bl

Fig. 6 Application of the theoretical plate model of chromatography to evaluate on-column
reactions in a chromatographic setup. Every theoretical plate is considered as a chemical reactor
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Fig.7 Equilibria and reaction kinetics of interconverting enantiomers in a single theoretical plate.
A is the first eluted stereoisomer, B is the second eluted stereoisomer, & represents the rate constant,
and K the phase distribution constant

2.3 Determination of Rate Constants of Enantiomerization
by Enantioselective Dynamic Chromatography

2.3.1 Theoretical Plate Model of Chromatography

The theoretical plate model (TPM), which was originally developed to describe a
separation process based on partitioning, is the most illustrative model. Here the
separation is described by a discontinuous process, assuming that all steps proceed
repeatedly in separate uniform sections of a multi-compartmentalized column
consisting of N theoretical plates [54-56].

To integrate a reaction in this model, every theoretical plate is considered as a
distinct chemical reactor (Fig. 5) [57] and three steps are performed in each plate:
(1) distribution of the stereoisomers or reactant and product A and B between the
mobile and the selective stationary phase, (2) (inter-) conversion of the species in
the mobile and selective stationary phase if applicable, and, finally, (3) shifting of
the mobile phase to the next theoretical plate (Figs. 6 and 7).

The distribution of the stereoisomers A and B between the mobile phase (mob)
and the selective stationary phase (stat) is determined according to (6) and (7),
respectively:
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1

m (Aomob + Aostat)

Amob =

Bmob = (Bomob + Boslat) (6)

14Kk
kA

14+k4
k's

Bstal = m (Bomob + Bostat) (7)

(Aomob + Aostm)

stat —

where A.ob, Bmobs Astat, and B, are the amounts of the stereoisomers A and B at the
equilibrium, A°yop, B mob» Astat, and B° g, are the amounts of A and B before the
equilibrium, and k4 and k'p are the retention factors of A and B, calculated from
the retention time #g and the hold-up time 7, determined by methane or regression
of the retention times of n-alkanes, according to k' = (tr — t9) /0.

The interconverted part of the stereoisomers or reactant during the residence
time At = y/N in the CSP and in the achiral mobile phase in a theoretical plate is
determined by the respective rate constants. In the case of enantiomers or any other

. . mob
degenerated interconversion process the forward and backward rate constants k,

and k'iof in the mobile phase are equal and the equilibrium constant K™ is unity,
whereas the equilibrium constant in the CSP depends on the two-phase distribution
constants (i.e., partition coefficients) K4 and Kp according to the principle of
microscopic reversibility [18, 58]:

kstat KB k/B
K = kitat K. ks ®)
—1 A A

This equation implies that the backward rate constant ™9 is already deter-
mined for given values of k{™, £’y and k'p, and that k&{™ differs from &*{' when
Kp # K, i.e., when the enantiomers are discriminated and hence separated in the
presence of the CSP (AAG # 0). For the interconversion of enantiomers in an
achiral environment the principle of microscopic reversibility has to be neglected
because the individual enantiomers show inherently different retentions. This
means that the rate constants depend only on the equilibrium constant (8).
Typically only apparent rate constants ki and k"’’, which represent a weighted
mean of the reaction rate constants in the mobile and stationary phase, are
experimentally accessible (9). By performing complementary experiments these
reaction rate constants can be accessed [59]:

kﬂpp _ 1 mob k,A stat
S O 1+ k! ©)
app _ 1 mob + K'g stat

14K 1+kp !
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The reversible first-order kinetics is described by

& — K (4o] — X)) — K7P(Bo] + X) (10)

where the amount [X] is the change of A and B. Equation (10) is solved by
integration, using the initial conditions:

K KPP [Ao] — K*P[Bo] e, o
. zapp ([Ao] + [Bo]) + = —1 150 (i)
KPP + kP KPP PP

[A] = (11)

The amount of [B] is calculated from the mass balance due to
[Ao] + [Bo] = [A] + [B]. After these two steps (partitioning of the present species
between mobile phase and stationary phase and undergoing interconversion) the
content of the mobile phase is shifted to the subsequent theoretical plate, whereas
the stationary phase is retained. While the given amount of the enantiomers is
initially introduced in the first theoretical plate, the content of the mobile phase of
the last theoretical plate is finally recorded as a chromatogram featuring an inter-
conversion profile over time . The first simulation program, developed by Biirkle
et al. was published in 1984 [18] and was based on the TPM. It was later extended
by Jung and Schurig in 1992 to simulations of up to 120,000 effective plates
(SIMUL) [19]. The TPM and especially algorithms based on Jung and Schurig
have been applied by many authors, especially for HPLC [60, 61].

Trapp and Schurig presented in 2000 the Windows-based program ChromWin
running on a PC [15, 62], which allows simulation with the TPM, the stochastic,
and a modified stochastic model without any restriction regarding theoretical plate
numbers N.

2.3.2 Stochastic Model

The stochastic model (SM) [46, 63—65], which was originally developed by
Giddings et al. for interconversion processes taking place in TLC, describes the
chromatographic separation using time-dependent distribution functions @;(¢) with
the input parameters hold-up time #y, retention times 7 and 75 and plate numbers N4
and Np. The concept of this model is that probability distributions are calculated for
the relative times spent as molecules A and B. This means that the probabilities have
to be calculated that a molecule starts as enantiomer A and ends as enantiomer B,
and A ends after “two interconversion cycles” again as enantiomer A. The same has
to be applied to isomer B. The elution profile P(z) (12) for an interconversion
process in the time-scale of separation is given by the sum of the distribution
functions @4 (¢) and @p (¢) of the non-interconverted stereoisomers A’ and B’ and
the probability density functions ¥4r(¢,7) and ¥p(t,f) of the interconverted
stereoisomers A” and B”:
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P(l) = (DA/(I) + @B/([) + lIIAH(Z, t/) + 5”3//([, l,) (12)

For the entire process the mass balance [A] + [B] = [A’] + [B'] + [A"] + [B"]
must be fulfilled. Taking into account that an interconversion process takes place in
the (achiral) mobile as well as in the enantioselective stationary phase, only
apparent rate constants for the forward and backward reaction (k{” and k") are
obtained applying the principle of microscopic reversibility. In the first step the
concentration of the non-interconverted enantiomers A’ and B’ are calculated
according to an irreversible first-order reaction. An irreversible first-order reaction
is considered, because all stereoisomers which undergo conversion are separated
from the peak of non-interconverted stereoisomers. The reaction time is defined by
the migration times #g and #5 [cf. (13) and (14)]:

__JAPP A
cal(ty) = et (13)
cpl(tB) = ek (14)

The concentration profiles of the edging peaks are described by Gaussian
distributions. The standard deviation ¢ of the Gaussian distribution function is
calculated from the peak width at half-height @y, according to

and o= (15)

It seems to be a contradiction to use plate numbers in a stochastic distribution
model, but the plate number characterizes the sequence of partition steps during
which the equilibrium is not completely reached. The partitioning illustrated by the
TPM can be statistically described by the Poisson distribution. Transformation of
the Poisson distribution by Stirling’s equation gives a stochastic distribution
(Gaussian functions) [66]. The envelope of the non-interconverted stereoisomers
A’ and B' is calculated by the time-dependent Gaussian distribution function @(¢):

2
(1=15)
Cil R

D1y, 01, 0i0) = \/Z_e_ ' withi=A and B (16)
O /3

i

The concentration profile of the interconverted enantiomers A” and B” is calcu-
lated using a probability density function which is proportional to the concentration
profile ¢; (17). The retention times of the stereoisomers tﬁ and tﬁ, the apparent rate
constants k;* and k™7, and the initial concentrations of the stereoisomers are
required for the calculation:

Gilt) = (Sy + Sp) - e(FH"HT) (17)
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The terminating condition for the variable j in expressions S; and S is achieved,
when the contribution approaches zero. Effects like tailing can be considered by
multiplication of (17) with an exponential function [44, 67—69]. For practical
reasons the concentration profile ¢; is fragmented in arbitrary intervals, which are
then replaced by distribution curves using the migration times 73 and 75 and the
mean theoretical plate number Nag (Nap = (Na + Np)/2). The variable 7 in (20)
represents the running time and ¢ the integration variable. By integration over all
distribution curves a concentration profile ¥(¢,7') is obtained, which complies with
an elution profile in non-ideal linear chromatography:

N 2l
Y1) =1/ AB/ ce 25 7dz (20)

The advantage of the SM over the TPM is the calculation speed, which is about
400 times faster for the SM.

Occasionally large differences in plate numbers N4 and Np are experimentally
observed. This complicates the evaluation of elution profiles because the peak with
the higher plate number becomes broader while the peak with the lower plate
number will be narrower than observed in the experiment. The modified stochastic
model (SM+) [61] overcomes these limitations by applying a linear gradient of the
plate numbers N4 and Np, and the corresponding migration times # and ¢5 to obtain
the plate number N(¢') which is dependent on the running time #':

AA BN

N(!
(F) = Ay pir

e (4 —tR)+NA 21

Comparing the TPM with the stochastic model (SM) it has to be noted that the
TPM requires considerably longer calculation times (e.g., for an average calcula-
tion with 50,000 theoretical plates the calculation time is 2 h with the TPM
compared to 30 s with the SM). The results of the two independent models are
generally in very good accordance with each other (Figs. 8 and 9).
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Fig. 8 Mathematical separation of an elution profile of enantiomerization into non-interconverted
peaks, represented by time-dependent Gaussian distribution functions @,4(f) and ®g(7), and the
interconverted part, represented by the stochastic distribution functions ¥(¢)

45 46 t[min]

Fig.9 Comparison of simulations obtained by the modified stochastic model (dotted line) and the
theoretical plate model (plain line)

2.3.3 Empirical Computer-Assisted Peak Deconvolution Methods

Peak deconvolution methods to determine conversions from chromatographic data
have been used in dynamic gas chromatography (DGC) [70]. Krupcik et al. [71, 72]
have developed computer assisted strategies to deconvolute such elution profiles
based on the concept, that the non-interconverted enantiomers and the converted
part can be fitted by Gaussian/Lorentzian as well as exponentially modified Gauss-
ian functions to approximate the peak shapes in the deconvolution procedure. An
advantage of this method is that essentially no knowledge about the separation
mechanism is necessary. However, Krupcik et al. [73] pointed out that it is
problematic to determine initial peak parameters for a deconvolution procedure.
In particular overlapping peak clusters are difficult to deconvolute because the
number of peaks to the number of functions necessary to represent the
non-Gaussian shaped interconversion profile is unknown. Krupcik et al. assume
in their approach irreversible or pseudo-irreversible first-order kinetics. Peak areas
determined by peak deconvolution and the retention times are used as parameters to
calculate the reaction rate constant.



246 O. Trapp

2.3.4 Dynamic Model Based on Continuity Equations

Gas et al. [74] proposed a dynamic model of DCE based on solving a set of
continuity equations [75] for all constituents of the separation system together
with complexation and acid—base equilibria. The model is also based on the general
scheme depicted in Fig. 7.
Gas et al. defined, very similar to the model of distributing enantiomers between
a mobile and a pseudo-stationary phase, a non-complexed and a complexed state,
here denoted by dissolved (dis) and complexed (com). This means the total con-
centration of the individual enantiomers R and S is given by ¢ = ¢ + ¢*®™. The
total concentration of the chiral selector CS is given by ccs = ¢§™ + ¢5°™ + ¢3S,
The complexation equilibria with the complexation constant K are defined by
CICgom

com
Cs

K, and Kg=—>— 22
R S Cgls Cdclg ( )

The complete electromigration process is described by the following set of
continuity equations in a one-dimensional separation column (D denotes the overall
diffusion coefficient of the enantiomers, k the reaction rate constants, and x is the
axial coordinate of the column):

dc d*cg 0
R_p R

dis .dis dis .dis com ,com com ,com
— =Dp — —(vper) — k50 4+ k(™ — kM eR™ + kMc (23)
or axz Ox ( ) R “R S ~S R R S S

des 8205 9 dis .dis dis .dis com .com com .com
5 = Dy 2 " o (vses) — kgc§® + kp®cg® — k&M ™ + k™M ey (24)
Assuming that the concentration of the enantiomers is lower than the concentra-
tion of the BGE, the electrophoretic velocities can be regarded as constant and the
whole process is in a linear range.
Ga$ et al. define a global reaction rate constant k¥'°° with the following
relationships, especially the relation to the apparent rate constant k*P:

kglob —_ k;deis + kjceomKRCdcig _ kgis + kgomKRCdCig (25)
lob lob
Ly S 26)
R 1 + Kocdis S 1 + Kocdis
+ Kgces + Ksces

Considering these equations and the principle of microscopic reversibility, the
following general continuity equations can be derived:
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R
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Based on these equations, Gas et al. developed a computer program SimulChir to
evaluate reaction rate constants from dynamic experiments. These equations are
numerically solved providing simulated electropherograms.

2.3.5 Direct Calculation Methods: Approximation Function and
Unified Equation

In 2001 Trapp and Schurig [76] introduced the approximation function for the
direct calculation of reaction rate constants from elution profiles of interconverting
enantiomers. The elution profile P(#/) for interconverting enantiomers with running
time 7 is given by the sum of the two Gaussian distribution functions ®4(¢) and
®p (') of the non-interconverted enantiomers, and the probability density functions
P4(¢) and ¥p(?') of the interconverted enantiomers:

P(l) = @4(¢) + Pp(!) + ¥ald) + ¥5(7) (29)

Since the time-dependent concentration profile ¢(#) of the interconverting
enantiomers has to be Gaussian modulated and the integral cannot be solved
analytically, the probability density functions ¥, (¢) and ¥g(f) have to be
calculated numerically. Therefore the strategy was first to calculate distribution
functions @4(7) and ®p(#') of the non-interconverted enantiomers, and second to
replace the time-dependent profile ¢(#') by a function for which the concentration is
time-independent and the integral of the Gaussian modulation can be approximated
(Fig. 7). Here, a box-car function Cpoxcar(f') (30) is introduced, which is then
modulated by Gaussian functions (31):

0 0
_ Cplateau Cp — CAl +cp —cp/
3 A _ 4 __ B\ __ “pla __“A B
Cboxcar(tR <=r <= IR) — B A B A (30)
IR —RR IR — R

() = © box&ai_;(ﬂ) / ’ \/fe%(’%’)z %dt 31)

The necessary data points at the migration times 3, t5 and 7 can be easily
approximated. Equation (32) represent the solution of the concentration profile at
the times 3, 15, and 7:
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1 _

W(lﬁ) ~ (05 + m) Cboxcar(tﬁ)
1

‘Ij(lg) ~ (OS — m) Eboxcar(fg)

¥ (1) ~ 1.0 Cooxear () 32)

With these functions the concentration at the peak migration times 73 and 75 and
the concentration at the plateau in the time-middle 7 (7= (ff +t5)/2) can be
calculated, which allows correlation of the relative plateau height £, with the
enantiomerization rate constant.

The relative plateau height £, is defined as the ratio of the concentration at the
time-middle 7 and the concentration of the higher peak at the migration times # and
18 of the enantiomers A or B. It has to be noted that in the case of tailing, the plateau
height is raised. In such cases it is recommended to take a point closer to the later
eluted peak if appropriate.

A detailed mathematical derivation of the approximation function is given
in [28].

Two cases (1) and (2) have to be differentiated, where (1) peak A is higher
(c(#g)) than peak B (c(78)) and (2) vice versa. For the first case (1) hj, is defined
by

c(t
hp = 100 <A) (33)
c(1R)
and the approximation function to calculate the reaction rate constant k""" is
given by
|2 (1=t (54—
M=\ 100\ T e
approx 1 2 2 2
K == () ) ()
R 2 h 1 0.0lh,—e "3 00lhe 5 —e %
—In <17—P<0.5+ >>+ L + L
B 100 V22N o427 opV/21
(34)
For the second case (2) the following equations have to be considered:
c(t
hp = 100 ( B) (35)
c(tr)

and
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(36)
The approximated backward reaction rate constant of enantiomerization k"7
can be calculated from the forward reaction rate. The approximation function can
only be applied to investigate enantiomerizations of racemic mixtures or any
degenerated first-order reaction where the ratio of the reactant and product concen-
tration equals 1. The unified equation of dynamic and reaction chromatography
overcomes this limitation [77, 78] and opened a completely new field to study
reactions beyond stereodynamic processes, and it unifies synthesis and analytics in
the field of high-throughput screening of catalytic reactions [79-82]. Here the
elution profiles are separated into non-converted peaks, represented by two Gaussian
distribution functions @4 (¢) and dg(¢) and a probability density functions ¥ () for the
converted part. As the time-dependent Gaussian distribution functions @4(¢) and
@p(t) and the approximated distribution function ¥,.(f) depend on the forward and
backward reaction rate constants k; and k_; of the first-order reaction, the forward
reaction rate constant kj° of the unified equation equals a function of the time-
dependent Gaussian distribution functions @4(f) and @z(¢) and the approximated
distribution function ¥ .(¢):

K =1 (®a(t), Po(1), ¥ue (1)) @37

The following extended equations can be derived:

KPP 1 mob kla stat
D Lk, ! 14kt !

1 k! As 1 k! kil
kapp _ kmob + B kstat — ( kmob + B —Akimt) (38)

LT kg Y Tkt T B\ ks ! 1+ ktg kig

The different reaction rates and times complicate the derivation of a function
covering rate constants from dynamic or on-column reaction chromatographic

experiments and therefore the following relationships are introduced:

Kt = ki 39)

Aco 14 Ax
K1 =5 kP = 2k (40)
oo (e8]
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Fig. 10 Distribution
function ¥Ygum(?) of the
stochastic model (/eft),
distribution function ¥Yyg(f)
of the unified equation
(center), and the time-
dependent difference
between 'IUSM(Z) and .IVUE(Z)
(right). (a) Degenerated
reversible (pseudo-) first-
order reaction with an
equilibrium constant

Kag =1; (b) reversible
(pseudo-) first-order reaction
with K45 >1; (c) reversible
(pseudo-) first-order reaction
with KA/B <1
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where the starting amount (Ag — A(f)) decreases to 0 and vice versa for the

distribution of A, converted from B (Figs. 8 and 10

).

The following conversion density function ¢(f) approximates the probability

density function between the migration times  an

iy <1< 1))

dk:

_ _2(A0 —A(z{zg)) (- ) + 2(AOB—Agtﬁ)) N 2(Bo —B(r{f))
(R — 1) R~ IR (R —1R)
x (t—1g) (41)

With (41) it is possible to calculate the amount with the conversion density
function Ty (¢) at the most interesting migration times, namely 73, 5, and the mean

time 7 (Fig. 8):

_ 2(A0 — A(rg
S =
_ 2(Bo — B(18
Cu(R) = W

Ao —A(l‘ﬁ) + By —

Car(f) =

B _ A
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A detailed mathematical derivation of the unified equation is given in
[76]. Similar to the approximation function, two different cases have to be consid-
ered: (45) is used in the case where the first eluted peak is higher than the second
peak and (46) is used in all other cases:

2

(&)

s S 1008+ 40 (100~ (1+/%))
In | Bye 7k | 100 Vi e 100 | o P N

opV/21 [y lgftﬁ
kuei_l
b tA A_ B 2
R ,(lkﬂql()
“1nl A | 100 8o I100-1,p(1+\/%)
0 oaV21 ! [
45)
(4-4)° .
: « 10040 +B (100—11 (1 1/7))
In| Boe—=ied [ 100e s 7hpihp(1f\/%),1oo N 0+Bo p(1+4/3
0 op\21 ! =i tgftﬁ
1
= : (46)
1 2
i (¢4 (g
20
_ hye A —100e A 100
In Ao oaV2n [

For the determination of forward reaction rate constants with the unified equa-
tion an iterative step is necessary, because an analytical solution can only
be obtained when the ratio Ay, /Bo, equals 1. Therefore &} has to be varied until
f(k§©) coincides with k}°. The whole evaluation process is reduced to a minimum
because all other parts of these equations are constant and are directly calculated
from the experimental parameters. Equations (45) and (46) can be reduced to the
following simplified expression where a, b, c, d, and e represent constants:

K =a(In(be"™ +d) —e) = f (k) (47)

These equations and extended equations to reflect different absorption
coefficients [83] of the interconverting analytes have been implemented in the
DCXplorer software [84].

2.4 Determination of Activation Parameters by Temperature-
Dependent Measurements

The Gibbs free activation energy AG+(T) can be calculated according to the Eyring
equation (48) with kg as the Boltzmann constant (kg = 1.380662 X 1072 TK™Y,
T as the reaction temperature [K], # as Planck’s constant (h = 6.62617 x 10734) S),
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Fig. 11 Eyring plot for the determination of the activation parameters AHT and AST of the
enantiomerization of 1-n-butyl-2-tert-butyldiaziridine from the DGC experiment. The upper and
lower curves represent the error bands of the linear regression with a level of confidence of 95%.
For the linear regression 15 data points were considered

and R as the gas constant (R = 8.31441 J K~ ' mol "). The statistical factor x is set
to 0.5 for a reversible and degenerated interconversion process, as it is the case for
enantiomerizations:

o kyh
AGT(T) RTln(KkBT> (48)

By temperature-dependent measurements, reaction rate constants as a function of
the temperature are obtained. The activation enthalpy AHT is then obtained from the
slope and the activation entropy AST from the intercept of the Eyring plot (In(k,/T)
as a function of T‘j) (Fig. 11).

3 Applications

3.1 Dynamic GC

In 1979 Schurig et al. predicted that complexation GC is a useful tool to detect
stereolabile compounds during the separation process [16]. In 1982 Biirkle and
Schurig reported about the plateau formation in an elution profile of 1-chloro-
2,2-dimethylaziridine 1 and 1,6-dioxaspiro[4.4]nonane 2. Subsequently Lai et al.
reported on the determination of the rotation barrier of 9,10-bis(2,3-dimethylphenyl)
phenanthrenes 3-5 by means of gas chromatography [26, 85]. Marriott et al.
described isomerization processes of chromium compounds 6 and 7 [86]. In 1992
Jung et al. described the computer program SIMUL, which allowed simulations with
up to 120,000 theoretical plates. The enantiomerization barrier of 1,2,3,3-
tetramethyldiaziridine 8 and 1-isopropyl-3,3-dimethylaziridine 9 was determined
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by inclusion gas chromatography with the CSP permethylated B-cyclodextrin,
dissolved in OV 1701 [19]. The investigations of compounds with stereogenic
nitrogen were extended to 3,3-unsubstituted 1,2-disubstituted diaziridines 10, 11,
and 12, which show very high enantiomerization barriers of up to 128 kJ mol ' [23,
87]. The enantiomerization barrier of homofuran 13 using Chirasil-Nickel(II)
(polysiloxane-anchored nickel(II)-bis[3-(heptafluorobutanoyl)-(1R)-camphorate])
at 95-130°C was determined by simulation of the experimental elution profiles
with SIMUL [51]. An excellent agreement of the reaction rate obtained in this
experiment was found with the polarimetric data. Another application for SIMUL
is described by Roth et al. [88] for the separation of trimethylenemethane-derivatives
and 2,6-dimethylenebicyclo[3.1.0]-hexane 14.

Wolf et al. investigated the influence of substituents on the rotational energy
barrier of atropisomeric biphenyls, e.g., 15, 16, by DGC and polarimetry
[28, 29]. They found that electron-donating groups decrease the rotational energy
barrier of 2,2’-bis(trifluoromethyl)biphenyl 15 derivatives but increase the barrier
of 2,2'-diisopropylbiphenyl 15 derivatives. Electron-accepting groups were found
to exhibit the opposite behaviour. Jung et al. evaluated elution profiles of
2,2'-disopropylbiphenyl 15 by SIMUL and compared the data with the polari-
metric measurements of Wolf et al. [89]. The determined barrier was in good
agreement with the values obtained by polarimetry. Hochmuth et al. determined
the rotational energy barrier of substituted planar-chiral dioxa[n]cyclophanes,
e.g., 17. The influence of the substituents due to electronic or secondary steric
effects was negligible [31]. In continuation of their studies, carbocyclic[11]
paracyclophanes 18 were synthesized and the rotational energy barrier deter-
mined. As expected, the barriers were about 10 kJ mol ' lower than found for
the dioxa[ll]cyclophanes 17. Trapp et al. determined the enantiomerization
barrier of Troger’s base 19 on the CSP Chirasil-p-Dex by dynamic chromato-
graphy in combination with the stopped-flow multidimensional gas chromato-
graphic technique [15]. Schurig et al. determined the enantiomerization barrier of
1-chloro-2,2-dimethylaziridine 1 by temperature-dependent studies and could
calculate the activation parameters by computer simulation with ChromWin
[14] (Fig. 12).

DGC combined with computer simulation has been extended to
epimerizations. This has been exemplified by the determination of the individual
epimerization processes of chalcogran 20 in presence of the CSP Chirasil-f-Dex
[37] (Fig. 13).

3.2 Stopped-Flow Gas Chromatography

Schurig et al. determined the rotational energy barrier of the atropisomeric PCB
132 (23) by this method [11]. After semipreparative HPLC separation a single
enantiomer was subjected to enantiomerization on Chirasil-B-Dex. The very high
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Fig. 12 Chemical structures of compounds investigated by enantioselective DGC

barrier of PCB 132 (~182 kJ mol™") demonstrated the extended range for the
determination of high enantiomerization barriers.

3.3 Stopped-Flow MDGC

The stopped-flow multidimensional gas chromatographic technique was applied for
the first time by Schurig et al. [12, 52] for the determination of the
enantiomerization barrier of atropisomeric polychlorinated biphenyls (PCB). Out
of 209 PCB congeners, 78 show axial chirality in non-planar conformation. Due to



Interconversion of Stereochemically Labile Enantiomers (Enantiomerization) 255

Experiment
70°C 80°C 90°C 100°C 110°C 120°C
T T 1 T 1 1 1 1 T T T T
45 50 35 40 32 37 26 30 22 24 20 22
[min]
Simulation
70°C 80°C 90°C 100°C 110°C 120°C
\ \ \ \ \ T I — \ \
45 50 35 40 32 37 26 30 22 24 20 22

[min]

Fig. 13 Epimerization of 20 at different temperatures: experimental chromatograms (fop) versus
simulated chromatograms (bottom)

their wide distribution in the environment and their persistence, there is an interest
in the examination of enantiomeric enrichment and enantioselective degradation of
PCB in biological samples and their toxicological impact. The very high
enantiomerization barriers (about 180 kJ molfl) of PCB 95 (22), PCB 132 (23),
PCB 136 (24), and PCB 149 (25) could be determined and the accuracy and
precision of the applied method was proven. The data provided a means to evaluate
results from molecular modelling studies which varied over 100 kJ mol ! [90]
(Fig. 14).

Schurig et al. determined the enantiomerization barrier of the axially chiral
allene dimethyl-2,3-pentadienedioate 21 in presence of the CSPs Chirasil-Ni(II)
and Chirasil-p-Dex. By comparison with the values from the stopped-flow
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Fig. 14 Chemical structures of PCBs investigated by stopped-flow multidimensional gas
chromatography
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Fig. 15 Structures of the enantiomers of 3,4-di-fert-butyl-1,3,4-oxadiazolidine

multidimensional gas chromatographic experiment, catalytic effects of the CSPs
could be determined. It could be shown that in presence of chiral metal(Il) bis
[3-(heptafluorobutanoyl)-(1R)-camphorate] complexes one of the enantiomers is
enriched with an ee of up to 82% [75, 91-93]. Using the method described here the
enantiomerization barrier could be determined in the absence of a CSP and the
results showed that the enantiomerization barrier increased remarkably.

The enantiomerization of 1-chloro-2,2-dimethylaziridine 1 was studied by
sfMDGC and compared with values obtained from classical racemization kinetics,
DGC, and DNMR studies. With the data from the sfMDGC experiment it was
possible to distinguish the rate constants of the dynamic chromatographic experi-
ment toward the contribution of the CSP and mobile gas phase. This enabled the
quantification of the influence of the CSP on the enantiomerization barrier.

The inherent chirality of Troger’s Base 19 was recognized in 1944 by Prelog and
Wieland and was proved by resolution into optically active fractions (op = 0.99)
by liquid chromatography on a 0.9-m column containing lactose hydrate and
subsequent fractional crystallization [94]. Ever since, Troger’s Base 19 has
represented a lucid target for resolution trials by novel innovative chromatographic
techniques. As already recognized by Prelog and Wieland, interconversion occurs
under acidic conditions. The enantioselective gas chromatographic separation of
Troger’s base 19 on Chirasil-p-Dex shows plateau formation with increasing
temperature. Trapp and Schurig could confirm the thermal interconversion by
sfMDGC and in a complementary dynamic experiment quantify the stabilizing
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Fig. 16 Chemical structures of dipeptides investigated by HPLC

effect of the chiral selector [15]. Kostyanovsky et al. and Schurig et al. reported on
the highest barrier of chiral pyramidal nitrogen in a five-membered heterocycle
determined in 3.4-di-tert-butyl-1,3,4-oxadiazolidine 26 by stMDGC [20]. At
126.2°C the barrier has been determined to be 136.7 + 0.8 kJ mol (Fig. 15).

3.4 Dynamic HPLC

Dynamic HPLC (DHPLC) can be used for the determination of interconversion barriers
between 70 and 120 kJ mol . An earlier review of DHPLC compared with DNMR is
given by Gasparrini et al. [95]. Advantages of DHPLC experiments compared to DGC
or DCE studies are the relatively low plate numbers that allow calculations and
computer simulations even with older programs (e.g., SIMUL), combined with the
good resolution factors that permit the fast separation of the enantiomers.

The first advances to exploit the information given by the occurrence of plateau
formation in a chromatogram obtained from an HPLC separation is due to Horvath
et al. for the investigation of cis—trans isomerizations of several proline-containing
dipeptides 27-31. Since the publication of “effect of molecular structure and
conformational change of proline-containing dipeptides in reversed phase chroma-
tography” in 1982, many papers dealing with interconversion profiles obtained by
DHPLC of peptidyl-proline dipeptides have been published, but not in all cases
were the rate constants of cis—trans isomerization determined. In 1984 the group of
Horvath published a theoretical paper about the determination of rate constants in
dynamic reversed phase chromatography with the help of the Damkdhler number
[96-104] (Fig. 16).

In 1983 Lebl et al. presented a method to calculate rate constants from the areas
of an interconversion profile of anomers of a muramyldipeptide 32 in HPLC
[105]. This method has also been applied by Moriyasu for the evaluation of elution
profiles of cis—trans isomers of o-substituted acetanilides 33 [106].

The first use of DHPLC for enantiomerization studies followed the results obtained
by GC. Thus, Stephan et al. [107] determined the energy barrier for the thermally
reversible ring opening of 2,2’-spirobichromenes 34 by dynamic HPLC on tribenzoyl-
cellulose. They obtained plateau formation in their chromatograms with both photo-
metric and polarimetric detection. As one of the very first theoretical applications of
DHPLC combined with computer simulation, Veciana and Crespo [46] described the
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determination of the enantiomerization barrier of tris(2,4,6-trichlorophenyl)methane
35 on a (+)-poly(triphenylmethylmethacrylate) column and the epimerization barrier
of the meso-biradical of perchloro-1,3-bisdiphenylmethylbenzene 36 on a C;g
reversed phase column. Another example of the determination of enantiomerization
barriers by DHPLC is given by Cabrera et al. [38, 108] who described the determi-
nation of the interconversion barrier of the enantiomers of phenylthiohydantoin-
phenylalanine 37, chlorthalidone 38, oxazepam 39, and prominal 40 on a chemically
bonded p-cyclodextrin (ChiraDex) stationary phase. Computer simulation of the
typical elution profiles exhibiting plateau formation was performed with SIMUL to
determine the rate constants and the corresponding enantiomerization barriers. The
calculated data were compatible with independently determined values, but a rather
strong solvent dependency was observed. The enantiomerization of the atropisomeric
drug  10-(3-chlorophenyl)-6,8,9,10-tetrahydrobenzo[b][ 1,8 naphthyridin-5(7H)-one
(Telenzepine) 41 in DHPLC was described by Friary et al. [109]. The dynamic elution
profiles obtained on an ovomucoid CSP exhibited plateau formation between 0°C and
30°C and were simulated with the computer program SIMUL. From the calculated
rate constants a linear Arrhenius plot was obtained.

With a modified version of the SIMUL program, Gasparrini et al. determined the
enantiomerization barriers and the stationary phase effects of four atropisomeric
naphthamides 42—45 on the brush-type (3R,4S5)-Whelk-O1 CSP [110]. They found
only a very small deviation of the activation energies obtained by computer
simulation from those obtained by off-column thermal racemization. By compari-
son of these two sets of data, the CSP was found to increase the isomerization
barrier by 2.0—4.0 kJ mol~'. The same group also investigated the atropisomerism
in sterically hindered sulfones 46 and 47 by DNMR and DHPLC [27].

Another example of the application of the SIMUL simulation program was given
by Oxelbark et al. [61]. They determined the free activation energies for the
enantiomerization at sulfur of a series of racemic N-aryl-1,3,2-benzodithiazole-1-
oxides 48, 49 by DHPLC on a (3R,4S5)-Whelk-O1 CSP. Pirkle et al. [111] also
observed hindered inversion at sulfinyl and sulfonyl naphthalene derivatives, but
did not evaluate the interconversion barrier.

Lorenz et al. [13] used DHPLC for enantiomeric enrichment of stereolabile
spiro-compounds. Separation of the spirochromenes 34 and 50 was performed on
a Chiracel OD column. After an initial enantiomer separation, one enantiomer was
transferred to a second column. During an equilibration reaction at an elevated
temperature, the other enantiomer was formed through racemization of the enantio-
mer. By repeated removal of one enantiomer the almost total conversion of a
racemic mixture into the pure enantiomers was observed.

Gasparrini et al. [112] presented an application of the SIMUL program to the
DHPLC investigation of interconverting syn/anti stereoisomers of fert-butyl-1-
(2-methyl-1-naphthyl)phosphine oxide 51. They found that the interconversion
barrier measured by DNMR yields essentially the same value as that measured by
DHPLC (Fig. 17).



Interconversion of Stereochemically Labile Enantiomers (Enantiomerization) 259

CH,0H
o)

O OH

R 0
HO, Vi
NHAc /N—C\
H;C—HC H CH;
//C—L-Ala—D-iGln R = alkyl
32 33 34

cl cicl cl c bl
Cl. CICl C1 Cl Cl S, /]—[
S
CH .
CI ~ ¢ Cl N
cl cl < , ¢
[ ) 0

Cl Cl Cl

35 36 37

oo
H N
\ O
“ A H O /@ =
SO,NH, a N 0=< o CHy
NH N
‘ ! Y o (N)

N
/
H;C

38 39 40 41

CH;,

¢ (

CH (\0
O No_-CH; O Ne_CHs 0. "O ° N\)
I I CHy ovcm O O 0. _CH; O O 0. CH;
4 43 44 45

2

R=aryl

Fig. 17 Chemical structures of interconverting compounds investigated by HPLC
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Fig. 18 Selected experimental interconversion profiles of (a) BIPHEP and (b) oxidized
BIPHEPO obtained by enantioselective DHPLC between 10°C and 35°C
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Fig. 19 Eyring plot of BIPHEP and oxidized BIPHEPO

More recently Trapp et al. reported the investigation of atropos BIPHEP ligands
by enantioselective DHPLC in the presence of Chiralpak AD-H. BIPHEP ligands
are of great interest in the design and synthesis of stereodynamic ligand systems in
catalysis. In these studies stationary phase effects could also be quantified [35, 113]
(Figs. 18 and 19).
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Fig. 20 Chemical structures of interconverting compounds investigated by SFC
3.5 Dynamic SFC

Enantioselective supercritical fluid chromatography enhances the measurement
range to very low temperatures for the determination of enantiomerization barriers.
Hence low enantiomerization barriers can also be measured. Wolf et al. [30]
applied this chromatographic technique to the separation of arylnaphthalenes
52-56 on the brush-type CSP Whelk-O1 between —25°C and 50°C. The rate
constants and Gibbs free activation energies AGT for the internal rotation of
these atropisomers have been determined by computer simulation with the program
Mimesis [114] which is based on the TPM (Fig. 20).

3.6 Electrophoretic Methods

Temperature-dependent stopped flow and dynamic capillary electrophoretic (DCE)
techniques represent a useful tool for the determination of enantiomerization
barriers between 70 and 120 kJ mol ', where DNMR experiments can no longer
be employed and GC experiments are not applicable because of poor volatility of
the analyte. Even though measurement of interconverting species in capillary
electrophoresis covers approximately the same range of interconversion barriers
as conventional HPLC, this method constitutes a valuable tool because of the large
variety of chiral additives, surfactants, and columns available. Dual recognition
systems have been shown to solve separation problems that could hardly be solved
by HPLC before.
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It has to be pointed out that the evaluation of elution profiles obtained by DCE
experiments was highly challenging in the past due to the very high separation
efficiencies. This problem was solved by the introduction of ChromWin and later
the unified equation of chromatography [77]. Another explanation for the negli-
gence of CE methods could be the difficulties of effective capillary thermostating
which are slowly overcome by the development of new, improved instruments. In
addition, the large separation factors necessary for the determination of intercon-
version barriers by stopped flow capillary electrophoresis and the requirement to
perform the separation at a temperature below measurable interconversion occurs
limit the described technique to only a few applications.

The first publications which report the measurement of interconversion barriers
in capillary electrophoresis by Weseloh et al. [10, 115] describe the determination
of rotational energies of axially chiral biphenyls. 4,4’-Diammonio-2,2'-bis
(trifluoromethyl)biphenyl 57 and 4,4’-diamino-2,2’-diisopropylbiphenyl 58 were
separated and enantiomerized using permethylated p-cyclodextrin as chiral selec-
tor. The energy barrier in this study was determined by stopped flow capillary
electrophoresis, a method so far only used in gas chromatography. The determina-
tion of the rotational energy with this method did not require the single enantiomers
and needed no computer simulation.

Rathore and Horvath [101] estimated the rate constants of interconverting
cis—trans conformers of peptidyl-proline dipeptides 27-31 in dynamic capillary
electrophoresis (DCE) with the Damkohler number which is given by the ratio of
the migrants’ residence time to the characteristic time of reaction in the capillary.
The kinetic data obtained between 1°C and 40°C showed good agreement with
those measured by NMR.

Other publications by Schoetz et al. [39—42, 116] describe dynamic MEKC
experiments followed by computer simulation with ChromWin. The enantiomer-
ization barriers of the three benzodiazepines oxazepam 39, lorazepam 59, and
temazepam 60 were determined temperature-dependently by dynamic micellar
electrokinetic chromatography using sodium cholate as the chiral surfactant. Compar-
ison of the calculated rate constants of enantiomerization with those of independent
studies shows a very good correlation. As well as the stopped flow experiment, this
method also requires the quantitative separation of the enantiomers but the inter-
conversion process is allowed to take place during the separation as an ongoing
reaction in a chiral environment. For this reason, and also the smaller technical
expense compared to the stopped flow experiment, this method has a broader appli-
cation spectrum. The same group also reported the determination of the
enantiomerization barriers of thalidomide 61 [42] by DMEKC and DEKC, and
chlorthalidone 38 by DEKC. Even the determination of the cis—trans isomerization
barrier of the three dipeptides r-alanyl-L-proline 28, r-leucyl-L-proline 30, and
L-phenylalanyl-L-proline 31 [43] were determined by DCE experiments and computer
simulation with ChromWin. More recently, DEKC and DCE were applied to
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Fig. 21 Chemical structures of interconverting compounds investigated by capillary
electrophoresis

determine rotational cis—trans isomerization barriers of proline-containing drugs, i.e.,
enalapril and captopril [117-120] (Fig. 21).

4 Outlook

The methods presented here constitute a valuable tool for the determination of
enantiomerization barriers over a wide range of energy barriers by chromatography.
Advantages of these methods are the small sample consumption in the nanogram
range and the use of racemic mixtures, which make these methods very convenient
in application. With the simulation tools available today the determination of
enantiomerization barriers from experimental chromatographic elution profiles in
dynamic chromatography is dramatically simplified and automation of the dynamic
chromatographic methods can be envisaged.

It can be assumed that these techniques will revolutionize many areas of
chemistry and analytical chemistry, because reaction and separation are integrated
in a single step, which makes rapid high-throughput screening of potential catalysts
and development of novel analytical devices feasible.
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Anisotropy Spectra for Enantiomeric
Differentiation of Biomolecular Building
Blocks
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Abstract All biopolymers are composed of homochiral building blocks, and
both p-sugars and L-amino acids uniquely constitute life on Earth. These monomers
were originally enantiomerically differentiated under prebiotic conditions. Particu-
lar progress has recently been made in support of the photochemical model for this
differentiation: the interaction of circularly polarized light with racemic molecules
is currently thought to have been the original source for life’s biological
homochirality. The differential asymmetric photoreactivity of particular small
molecules can be characterized by both circular dichroism and anisotropy spectros-
copy. Anisotropy spectroscopy, a novel derivative of circular dichroism spectros-
copy, records the anisotropy factor g = Aeg/e as a function of the wavelength.
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Anisotropy spectroscopy promisingly affords the wavelength-dependent determi-
nation of the enantiomeric excess (ee) inducible into chiral organic molecules by
photochemical irradiation with circularly polarized light. Anisotropy spectra of
small molecules therefore provide unique means for characterizing the different
photochemical behaviors between enantiomers upon exposure to various
wavelengths of circularly polarized light. This chapter will: (1) present the theory
and configuration of anisotropy spectroscopy; (2) explain experimentally recorded
anisotropy spectra of selected chiral biomolecules such as amino acids; and
(3) discuss the relevance of these spectra for the investigation of the origin of the
molecular homochirality observed in living organisms. This review describes a new
chiroptical technique that is of significance for advances in asymmetric photochem-
istry and that is also highly relevant for the European Space Agency Rosetta
Mission, which will determine enantiomeric excesses (ees) in chiral organic
molecules in cometary ices when it lands on Comet 67P/Churyumov—Gerasimenko
in November 2014.

Keywords Amino acids - Anisotropy spectroscopy - Chirality - Circular dichroism -
Circularly polarized radiation - COSAC - ROSETTA
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Abbreviations

CD Circular dichroism
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cpl Circularly polarized light

cpsr Circularly polarized synchrotron radiation
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DMF-DMA Dimethylformamide dimethylacetal

DMSO Dimethyl sulfoxide

ee Enantiomeric excess

ESA European Space Agency

GC Gas chromatography

HFiP 1,1,1,3,3,3-Hexafluoro-2-propanol
HV High voltage

I- Left

Me Methyl

MgF, Magnesium fluoride

min Minute(s)

PEM Photoelastic modulator

PMT Photomultiplier tube

r- Right

SRCD Synchrotron radiation circular dichroism
TFA Trifluoroacetic acid

TFAA Trifluoroacetic anhydride
TOFMS Time-of-flight mass spectrometer
uv Ultraviolet

vuv Vacuum ultraviolet

1 Introduction to Photochemical Enantiomeric
Differentiation of Biological Building Blocks

Biopolymers such as carbohydrates, proteins, and nucleic acids are all composed of
homochiral building blocks: life on Earth is uniquely handed [1, 2]. However, the
source of the homochirality of these building blocks remains unknown, in spite of
decades of research into both planetary and extraterrestrial origins. Of many
possible hypotheses, that homochirality originated from random asymmetric crys-
tallization effects [3, 4] or parity violation of the universal weak nuclear interaction
[5, 6], one highly plausible source of this original enantiomeric differentiation
between small chiral molecules is thought to be inter- and circumstellar circularly
polarized light (cpl) [7-13]. The interaction of key biological building blocks in
interstellar environments [14—18] with circularly polarized electromagnetic radia-
tion [8, 19] is thought to have afforded a differentiating absorption of circularly
polarized photons, yielding a photosynthetic or photolytic preference for the pres-
ervation of one enantiomeric form over its counterpart [20-22]. Currently, the main
evidence for these prebiotic photochemical reactions occurring in interstellar and
circumstellar environments are interstellar ice simulation experiments [23—28] and
carbonaceous chondritic meteorite analyses [29—-34]. It is hoped that further evi-
dence for interstellar photodifferentiation of enantiomers [35] will be provided by
such ambitious missions as the European Space Agency’s Rosetta Mission [36],
which will actually land on a comet and analyze its surface for enantiomeric



274 A.C. Evans et al.

excesses (ees) [37-39]. The photochemical behavior that results upon exposure of
small molecules to cpl likely originally served as a fascinating means for enantio-
meric differentiation and remains a novel way to characterize photochemical
differences between enantiomers.

1.1 CD Spectroscopy

CD spectroscopy provides a well-precedented means for characterizing the behav-
ior of molecules in the presence of cpl. It reflects the differential absorption of chiral
photons of both left- (I-) and right- (r-) handedness in the UV, visible, and
IR wavelengths by chiral molecules. For small molecules, the differential absorp-
tion of cpl can be directly characterized using CD spectroscopy. The differential
extinction coefficient Ae measured in CD spectra is defined by AA = (Ag)cl where
AA is the difference in absorption of left- and right-handed cpl (the CD signal), c is
the sample concentration, and / is the sample pathlength. For any given molecule,
Ae is determined for a range of wavelengths and can be used as a means for
predicting how that molecule will behave upon exposure to cpl. Both the rate and
the degree of asymmetric photochemical induction that the molecule will experi-
ence are thus predictable from CD spectroscopic characterization. However, tradi-
tional CD spectroscopy presents limitations when considering small molecules.
Conventional CD instruments use xenon arc lamps that provide light fluxes too low
for measurements conducted at vacuum UV (VUV) wavelengths below 200 nm.
Low light flux results in low signal-to-noise data and limits the amount of structural
information obtainable from a series of CD spectroscopic measurements. In order to
obtain a clearer understanding of the photochemical behavior of small molecules
upon exposure to cpl, given that many small molecules tend to absorb in the VUV,
it is necessary to extend CD spectroscopic measurements down into the lower VUV
wavelength range and increase the signal-to-noise ratios.

1.2 SRCD Spectroscopy

Synchrotron radiation circular dichroism (SRCD) bypasses the limitations encoun-
tered in characterizing chiral small molecules using standard CD spectroscopy. In
conventional circular dichroism spectrometers the light source is often a xenon arc
lamp. Although omnidirectional, these sources are intense in the visible and UV
spectral range, but the intensity decreases significantly below about 200 nm. In
contrast, bright and highly collimated synchrotron radiation is not only an excellent
UV source, but remains intense deep into the VUV spectral range [40]. This results
in much higher signal-to-noise ratios and more rapid throughput for obtaining
spectra. Most importantly, SRCD affords much more accurate data at lower
wavelengths that can be used to characterize electronic transitions within the
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molecule. In order to accomplish measurements at wavelengths lower than 190 nm,
the solid phase of the analytes must be produced, as the presence of both hydropho-
bic and hydrophilic solvents can mask the electronic behavior of the small
molecules being characterized. The CD spectra of amino acids at UV and VUV
wavelengths have now been recorded by a number of groups internationally using
SRCD [41, 42] and progress in the characterization of other families of small
biologically-relevant enantiomeric pairs continues [43].

1.3 Anisotropy Spectroscopy

In 1895, while at the Ecole Normale Supérieur in Paris, Aimé Cotton studied the
interactions of cpl with optically active molecules. He found that right-handed cpl is
absorbed differently to left-handed cpl (circular dichroism). He also discovered
the Cotton effect describing that in wavelength regions of high absorption the
absolute magnitude of optical rotation (optical rotary dispersion) of a chiral mole-
cule will vary greatly, passing through a maximum/minimum, then through zero at
the wavelength of maximum absorption and then through a further minimum/
maximum of equal magnitude but opposite sign [44]. However, Cotton did not
attempt to induce chiral bias into racemates using cpl irradiation. Results on actual
chirality transfer from chiral photons to racemic organic molecules were first
reported by Kuhn and Braun in 1929 [45]. At the University of Heidelberg Kuhn
and Braun subjected racemic solutions of the ethyl ester of a-bromopropanoic acid
in ethanol to either r-cpl or to I-cpl in separate experiments. The cpl wavelength was
fixed to 280 nm and optical activity of opposite sign was photochemically induced
into the ester. Follow-up experiments afforded the induction of enantiomeric excess
in n-hexane solutions of a-cyanopropanoic acid dimethylamide at 300 nm after
exposure to cpl irradiation [46].

The photochemical induction of molecular asymmetry is the result of faster
reaction kinetics and increased rate constants for the photolysis of the more
absorbing enantiomer, resulting in an increased abundance of the less absorbing
enantiomer. Thus chirality can be successfully — but not quantitatively — transferred
from chiral photons to chiral organic molecules by a process described today as
asymmetric photolysis, a process requiring different cpl absorption of the
enantiomers. The maximum ee-value inducible by asymmetric photolysis does
not exclusively depend on the differential extinction coefficient Ae obtained by
CD spectroscopy between two enantiomers. The degree of chiral bias induced also
depends upon the extinction coefficient, €, of the chiral molecule. The ratio of these
two values is called the anisotropy factor, g, and it is defined as g = Ae¢/e [7, 9, 47,
48]. The anisotropy factor (or dissymmetry factor) has become of key importance in
understanding enantioselective photolysis as first discovered by Kuhn and Braun.
The anisotropy factor is a dimensionless quantity.

The anisotropy factor has been found to be pH-dependent, as reported by the
ERATO research team of Inoue at the University of Osaka in Japan [11]. Aqueous
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solutions of the amino acid leucine were subjected to cpl and ees were determined
after irradiation. Inoue et al. found that the induced ee-values were dependent on the
degree of protonation of leucine’s carboxylic group, such that pH values close to
1 generated higher anisotropies. The highest ee value obtained was reported to be
close to 0.2% [11, 41, 49].

The anisotropy factor, g, is highly characteristic for the chiral molecule under
investigation. The team of Bonner at Stanford University selected leucine for the
study of enantioselective photolysis [10]. They found that up to 2.50% ee could be
induced into a racemate of leucine by irradiating with wavelengths of 212.8 nm.
Leucine has often been chosen for such experiments due to its large anisotropy
factor (g = 0.0244) measured at 211 nm in 1 N HCI [10]. Nordén at the
Gothenburg University selected the amino acid alanine (g = 0.007) for photo-
chemical ee generation at 203 nm and observed an induction of up to 0.06% ee [50].
In addition, Cohen and coworkers at Harvard University have recently reported on the
excitation of chiral molecules with circularly polarized electromagnetic radiation
described as “superchiral” light. The use of superchiral light provided anisotropy
factors increased by a factor of 11 compared to cpl [51], but standing waves were
used for these enantioselective studies on biperylene enantiomers which cannot be
considered relevant to the origin of biomolecular asymmetry and the prebiotic differ-
entiation between chiral organic precursor molecules of life.

The anisotropy factor of a molecule is also dependent on the wavelength, 4, of
the cpl carrying the chiral information to which the molecule is exposed. Therefore
systematic understanding of enantioselective photolysis reactions cannot exclu-
sively rely on CD data and requires the recording of the anisotropy factor as a
function of wavelength, or g(4). These measurements are now known as anisotropy
spectroscopy [52].

2 CD and Anisotropy Spectroscopy: Theory and
Configuration

A chiral molecule will experience r-cpl and 1-cpl differently, and the CD spectrum
for that molecule will display maxima/minima at the optimal differential absorption
wavelengths for the molecule’s electronic transitions. This difference in light
absorption, corrected for sample concentration and pathlength, is known as the
differential extinction coefficient, Ae, and is defined as

Ae = er-cpl — E1-pl- (D
CD spectroscopy of small molecules can provide great insight into the optimal

wavelengths for asymmetric excitation, and subsequent photoreactive chiral differ-
entiation, of these molecules.
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2.1 UV/VUV SRCD Spectroscopy of Small Molecules:
Theory

Circularly polarized light is a polarization state of light where the polarization
vector (the electric field vector) of the electromagnetic radiation rotates and traces
out a circle when polarized to the right or to the left (Fig. 1).

Circularly polarized light is in itself chiral, and interacts differentially with
chiral molecules, leading to a difference in absorption when exposed to r-cpl or
l-cpl. In quantum mechanical terms this differential absorption is determined by the
rotational strength operator [53, 54]

R = Im(p - m), @

where Im denotes the imaginary component, p is the electric dipole moment
operator (also used to calculate normal absorption), and m is the magnetic dipole
moment operator. For a molecule to be optically active (i.e., have a CD signal), the
excitation of the molecule upon photon absorption must result in both a displace-
ment (dipole moment) and a rotation (magnetic moment) of the electrons.

CD spectroscopy is commonly used to determine the secondary structure of
proteins, amongst other applications [55]. These polymers have CD signals starting
below ~240 nm and the extended wavelength range offered by synchrotron radia-
tion sources allows for more types of secondary structures to be determined with
higher accuracy [40]. The extended wavelength range of synchrotron radiation is
not only beneficial for protein structure determination. Many small biologically
relevant molecules demonstrate significant extinction coefficients below 200 nm.
For example, the lowest energy transition (n — ©*) in amino acids lies close to
200 nm [56, 57] and carbohydrates are transparent to wavelengths above 200 nm.
SRCD is therefore an important tool for the study of small chiral molecules.

2.2 Anisotropy Spectroscopy of Small Molecules: Theory

UV and VUV CD spectra of small molecules such as amino acids have recently
been recorded in the solid phase due to the limitations experienced when measuring
CD spectra in solution, such as solvent-induced polarizations and solvent absorp-
tion effects in the VUV [12, 42, 58]. DFT calculations of Nakagawa et al. match
experimentally obtained amino acid CD data for the UV and VUV spectral region
quite well. These calculations were performed considering the solid state and allow
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the assignment of electronic transitions to individual CD signals [59]. Conveniently,
these experimental and theoretical solid-phase CD data provide the most accurate
models for the interstellar and circumstellar solid state environments that prebiotic
precursors are likely to have evolved in. However, CD spectra alone do not offer a
direct understanding of the asymmetric photochemical influences that cpl can have
on a given molecule. As outlined above, these influences are more directly provided
by the anisotropy factor, g. This is given by the equation g = Ag/e, which utilizes
the differential extinction coefficient recorded during CD measurements as well as
the extinction coefficient recorded during absorption measurements. For a given
wavelength of cpl, g can be determined from CD and absorption spectra: for
a known extent of reaction & for the asymmetric photochemical process, the
maximum ee inducible by the process can be predicted using [52]

ce > (1 —(1- gﬁ) x 100%. 3)

During asymmetric photolysis of a racemate, the R- and S-enantiomers will
photodegrade at different rates. These two separate reactions can be considered to
be pseudo-first-order and their rate constants (defined as kg and kg respectively) will
necessarily not be equal. The difference between these rate constants dictates the
efficiency of the photolysis reaction. As these rate constants are directly propor-
tional to the molar absorption coefficients (defined as ez and &g respectively), the
efficiency of photolysis is dependent upon the anisotropy factor, g [45, 46]. This
relationship between g and reaction rate has also been shown to exist for non-first-
order kinetics [60]:

ER — &5 kR—kS
€R + &5 kr + ks

“4)

By determining g for every wavelength of cpl measured during CD spectros-
copy, it becomes possible to generate plots of anisotropy spectra that afford full and
direct characterization of the photochemical interactions of cpl with a given small
molecule [52]. Anisotropy spectra therefore provide a means for directly predicting
photochemical differentiation between enantiomers at given wavelengths of light
and provide a unique methodology for tuning photochemical behavior to produce
enantiomeric excesses that can be amplified using alternative chemical means
[61-64]. Once a pair of enantiomers has been characterized by anisotropy spectra,
the optimal wavelengths for inducing ee can be selected and utilized in photochem-
ical experiments such as interstellar ice photolytic simulations. A number of groups
have reported both solid and solution phase asymmetric photochemical induction
by using cpl [10, 11, 50], and it has already been demonstrated that by using the data
anisotropy spectroscopy provides, it is possible to induce ees of >5% [13]. Given
that such experiments have frequently been conducted within the context of inter-
stellar ice simulations, it is reasonable to postulate that this sort of anisotropic
chiral irradiation bias occurred in the molecular cloud that later collapsed to form
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Fig. 2 Experimental configuration for measuring SRCD and anisotropy spectra. The PEM
converts monochromatic light into alternating left and right handed cpl. Optically active organic
molecules have differential absorptions of chiral photons in the form of cpl. In SRCD spectroscopy
this differential absorption is recorded by the PMT detector

our Solar System and afforded the creation of homochirality in biomolecular
prebiotic precursor molecules. This hypothesis will be tested in 2014, when
the European Space Agency (ESA) Rosetta Mission lands on Comet 67P/
Churyumov—Gerasimenko and will demonstrate the relevance of anisotropy
spectroscopy for photochemical asymmetry generation.

2.3 Configuration and Measurement of SRCD and
Anisotropy Spectra

CD spectroscopy is most commonly measured as illustrated in Fig. 2 [65]. A
monochromatic source of light is linearly polarized, and a photoelastic modulator
(PEM) converts the polarization into alternating left- and right-handed cpl. This
alternating cpl is then passed through the sample and detected with a
photomultiplier tube (PMT). If there is a difference in absorption between left-
and right-handed polarization, the signal from the PMT oscillates with the same
frequency as the alternating polarization (typically 50 kHz). The amplitude of the
small oscillation (a CD signal is typically only 10~* to 10~ of the total absorption)
is picked up using a lock-in amplifier, with both frequency and phase locked to the
PEM oscillation. The signal from the PMT is dependent on the light intensity and
also on the high voltage (HV) applied to the detector. If the PMT is operated in a
varying HV mode, where the long period signal (i.e., for periods much longer than
the PEM oscillation period) is kept constant, the measured amplitude is directly
proportional to the CD signal. The magnitude of the HV depends on the intensity of
the light source and, most importantly, on the amount of sample absorption.
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The detector HV is therefore directly related to the sample absorbance. The light
hitting the PMT’s cathode produces a current of photoelectrons which is amplified
(denoted as Gain) via the HV and is to a good approximation given by

Gain(HV) = b(HV)“. 5)
If the sample absorption is Agumpie, the signal from the detector is proportional to
Signal ~Gain(HV) - 104wt . [ (©)

where Iy, 18 the light source intensity (or beam current in the case of SRCD). The
HYV and the beam current are recorded simultaneously with the CD signal and are
thus a function of wavelength: HV(4) and [,c,m(4). Since the signal from the
detector is kept constant by varying the HV, (6) is also valid for the reference
measurement, which is essential for absorption spectroscopy, hence:

Gain(HVsample) : 107A5umpls : Ibeam7 sample — Gain(HVref) . 107Amr . Ibeam, ref - (7)

From (7), and using (5), the absorbance can be calculated:

A = Asample — Aret = alog (ﬁple) + log (M) . ()
ref beam, ref

Only the detector-dependent constant a needs to be calibrated for the absor-
bance, A(4), in (8) to be evaluated from the spectroscopic measurement.

The calibration of the detector constant @ can be made against a sample of known
absorbance' (see Fig. 3). The same samples were measured both on a calibrated
Thermo EVO300 spectrometer and on the CD1 beam line [66, 67] at the ASTRID
synchrotron radiation source at Aarhus University in Denmark. This method is very
robust as it determines the single parameter a from four spectra (each containing
160 data points) in a full range of absorbances from O to about 2. We have found
that this method produces absorbance spectra of typical accuracies of a few
thousands of an absorption unit, which is suitable for anisotropy spectroscopy.

An important aspect of the simultaneous measurement of the CD spectrum and
the absorbance spectrum is that they are recorded with exactly the same conditions
of concentration and light spot profile and position. The anisotropy spectra can thus
be readily calculated as g(1) = Ae/e = AA/A, independent of any determination of
sample concentration and optical pathlength (for liquid samples) or film thickness
and density (for solid samples).

!For example, solutions of deoxyribonucleic acid from calf thymus (CT DNA Sigma Aldrich
D4522) at 1, 0.66, and 0.33 mM base pair concentrations, have been measured in both 0.1 and
1 mm pathlength quartz cells (type 121.000 Hellma, Germany) over a wavelength range from
190 to 350 nm.
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As anisotropy spectra are formed by dividing two spectra, any noise in either the
CD or the absorption spectra will be amplified. In order to obtain high quality
anisotropy spectra, a large data set is required. Typical measurements on solid
amino acid films (and the reference substrate) are made in a wavelength range of
330-130 nm in 1-nm increments, with a dwell time of 2 s for each step. All spectra
are repeated at least twice and the solid sample is rotated around the surface normal
in steps of 90°, a CD spectrum being measured for each rotation. This rotation
process ensures that the sample is essentially free from linear dichroism effects
originating from possible crystal alignment within the sample. This total data set is
then used to calculate the anisotropy spectra.

Measurements of samples in solution are made with the same 1 nm step size and
2 s dwell time as for solids, but the lowest wavelength recorded is 170 nm for
aqueous solutions and 160 nm for more VUV transparent solvents such as
1,1,1,3,3,3-hexafluoro-2-propanol (HFiP). At least three repeat measurements of
both the sample (and reference) over a range of sample concentrations are used to
form an anisotropy spectrum which spans wavelength ranges where the sample
extinction coefficient varies by more than an order of magnitude.

3 CD and Anisotropy Spectroscopy of Amino Acids:
Applications

Both UV and VUV SRCD measurements have been conducted on a wide range of
molecular substrates, but the family of small molecules most thoroughly studied by
UV/VUV SRCD spectroscopy has historically been amino acids. Because these
molecules serve as the basic building blocks for proteins [1], their unique VUV CD
spectra are of great interest to both prebiotic and synthetic chemists [12]. The CD



282 A.C. Evans et al.

spectra for amino acids all indicate that cpl is differentially absorbed by p- and
L-enantiomers. Additionally, the anisotropy spectra of amino acids measured to
date all indicate that >1% ee can be induced by photochemical exposure to cpl
[52]. Asymmetric photochemistry could therefore have induced a non-racemic bias
under prebiotic conditions. This chiral bias could then have triggered an autocata-
lytic enhancement of asymmetry [61] that resulted in today’s biomolecular
homochirality. A comparative study on the amino acid content of organisms from
all three domains of life (bacteria, archaea, and eukaryote) allowed for the determi-
nation of the recruitment order of amino acids in proteins [68]. Alanine, valine,
leucine, proline, and serine are all among the amino acids first recruited for the early
evolution of proteins. Indeed, both photolytic and photosynthetic cometary ice
simulation experiments have demonstrated that cpl can induce enantiomeric bias
in amino acids such as alanine [27] and leucine [12, 13].

3.1 UV/VUV CD Spectroscopy of Amino Acids

Amino acids have highly characteristic UV and VUV CD spectra. The theoretical
calculation for the no — nfy electronic transition for amino acids in aqueous
solution has been predicted to produce a CD signal at around 200 nm [56, 57]. Exper-
imentally the maximum peaks observed in the CD spectra of most amino acids, and
even diamino acids, in aqueous solution at around 205 nm have been assigned to
this transition [69]. One of the main limitations for measuring CD spectra in
aqueous solution is that water — one of the most popular solvents for CD spectros-
copy — starts to absorb photons at 190 nm [70]. Thus, even though there are some
unique CD signals present at or above 200 nm, most of the characteristic electronic
transitions for amino acids are not observable.

Hence researchers interested in measuring CD of small chiral molecules into the
VUV spectral region are now choosing to prepare amorphous solid state samples
that are commonly prepared on windows made of MgF,. It is convenient that the
amino acids are measured in the solid state, as this is the likely physical state in
which they would exist in interstellar contexts.

The no — ¢ electronic transition CD signal for amino acids in amorphous
samples is experimentally observable at around 200 nm; however, this CD signal is
likely a combination of the ng — #fy electronic transition and the no — o)
electronic transition [71] (Fig. 4). Additionally, the major peak observable in the
CD spectra of most amino acids is postulated to be the 7o — 7{ transition [59]
between 165 and 180 nm. Branched chain amino acids (valine, leucine, isoleucine)
have been observed to show additional strong minima between 170 and 175 nm that
straight-chain amino acids do not demonstrate [59].

It is interesting to note that a-methylated amino acids such as isovaline and
a-methyl valine display CD signals of the opposite sign to the family of a-H amino
acids. This change in sign can be attributed to the steric bulk located around the



Anisotropy Spectra for Enantiomeric Differentiation of Biomolecular Building. . . 283

a Cc 1o
- ‘g, 60 |
§ g
| 7]
w a
8 o f
-20
-60
b d = ——
1 100 |
75 b
= F |
g T st
E = 0
E [
5 2 a5} A
S a
: g %
3] 75 \_,—\/
-100 |
120 125 - -
140 160 180 200 220 240 260 280 300 320 140 160 180 200 220 240 260 280 300 320
Weavelength(nm) Wavelangth (nm)

Fig. 4 VUV CD spectra of amorphous solid-state amino acid enantiomers immobilized on MgF,
windows [42]. (a) p-Ala (red) and r-Ala (blue); (b) L-Ala (green), L-Val (orange) and L-Leu
(blue); (¢) L-Aba (dark blue) and L-Ser (light blue); (d) p-Iva (blue), L-1va (red), -Me-Val (black),
and L-Me-Val (yellow). Water starts to absorb below 190 nm and makes the spectral region
between 140 and ~175 nm inaccessible if amino acid CD spectra are recorded in aqueous solution

a-carbon — such crowding likely interferes with the molecular orbitals involved in
the no — 7¢ transition and results in the inversion of the expected CD signal [42].

3.2 UV/VUV Anisotropy Spectroscopy of Amino Acids

An anisotropy spectrum plots the anisotropy factor g as a function of the cpl
wavelength used to measure CD and absorption data for a given compound
[52]. Using anisotropy spectra and (1), the optimum percentage ee inducible
(assuming photolytic reaction completion) for a range of wavelengths of cpl can
also be included within an anisotropy plot. Figure 5 depicts anisotropy spectra of
the amino acids p-alanine and L-alanine (top); and p-valine and L-valine (bottom).

Anisotropy spectra have now successfully been recorded between 130 and
330 nm in the VUV and UV spectral region using synchrotron radiation for a
number of both a-H and a-methyl amino acids [52]. L-Alanine and L-valine
demonstrate characteristic maxima in the range 180—185 nm and minima in the
range 200-210 nm, and their enantiomers display equal and opposite anisotropy
spectra. These wavelength regions are thus considered important for the induction
of enantiomeric bias in amino acids, as the energy of the cpl photons at these
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Fig. 5 Thick lines show 0.010 Trrrrr
anisotropy spectra of selected -
a-amino acids in the vacuum 0.005 &
UV and UV spectral region; ’ B
thin lines represent the i &
corresponding eep. inducible g 0 ke »
by either 1- or r-cpl at the =
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& = 0.9999. Top: Anisotropy -0.005 |
spectra of p-alanine (red) and r
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Anisotropy spectra of p-Val 0.010 prrrrrr= T
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wavelengths is sufficient to provoke enantioselective photolysis. The IR wave-
length regions are not considered to be important to include in the recording of
anisotropy spectra, even if Vibrational Circular Dichroism (VCD) spectroscopy
continues to attract much attention with respect to the determination of the config-
uration, as these wavelengths of cpl cannot provide enough energy to the molecule
to result in chiral photolysis.

The current experimental set-up, which uses a PEM composed of CaF, and
employs MgF, windows as sample holders, restricts the ability to record anisotropy
spectra below 130 nm. This is due to the fact that both CaF, and MgF, absorb cpl
photons below this wavelength. Experiments on PEM-free recording of anisotropy
spectra using tunable cpl generation via synchrotron based undulator insertion
devices [72] might circumvent this problem in the future.

The secondary axis of the anisotropy spectra of alanine and valine enantiomers
represented in Fig. 5 depicts the theoretically inducible ee possible upon exposure
to cpl for racemic alanine and racemic valine respectively. At 200 nm, an ee of
greater than 5% can potentially be photochemically induced into rac-alanine and
rac-valine via a photolytic irradiation process, assuming the extent of reaction
& =0.9999 is reached. It can be seen that any cpl irradiation at 300 nm, where
the anisotropy signal is zero, will not result in asymmetric induction. Anisotropy
spectroscopy therefore serves as a highly useful tool for both characterizing and
predicting the photochemical behavior of amino acids. The application of anisot-
ropy spectroscopy towards enantioselective (asymmetric) photochemical synthesis
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is currently under investigation and may prove to serve as a unique predictive tool
for understanding how key chiral synthetic building blocks can be differentiated
solely by chiral light.

3.3 Application of Anisotropy Spectra Towards
Enantioselective Photochemistry

Amino acids constitute the key building blocks of proteins, which provide both
biological structure and biochemical function for all life on Earth. It remains
undetermined whether amino acids originated terrestrially or extraterrestrially,
and many hypotheses currently exist. Another issue is how amino acids were
rendered homochiral, and at what point throughout the evolution of life this
homochirality became predominant. The photochemical model for the origin of
amino acids supports an extraterrestrial origin and favours the asymmetric influence
of interstellar chiral light as the original source for life’s homochirality.

The earliest evidence of extraterrestrial amino acids came from the meteorite
that fell at Murchison, Australia in 1969. Physico-chemical and enantioselective
analyses of Murchison meteorite samples have detected of almost 90 mono- [73,
74] and diamino acids [32] with a slight excess of L-enantiomers relative to D-
enantiomers. These findings were the first indication that life’s enantiomeric bias
may have come from an extraterrestrial source. It must be noted that amino acids
(apart from glycine, detected in strewn comet Wild two dust particles by the
Stardust space probe [75]) have not been detected in interstellar space using
conventional analytical methods, although key precursor molecules such as formic
acid and acetic acid have been detected in abundance.

Further understanding of the origin of amino acids has been facilitated by
laboratory experiments committed to the spontaneous photosynthesis and/or
photolysis of amino acids under simulated interstellar conditions. The first two
landmark experiments in this area were independently conducted by Bernstein et al.
and Muifioz Caro et al., both in 2002, and published side on side in Nature. The
Bernstein group prepared an ice mixture of molar composition H,O:NH3:CH;OH:
CH;CN=20:2:1:1 that was subsequently irradiated, warmed to room temperature,
and analyzed for its composition using HPLC. The amino acids alanine, glycine,
and serine were detected [24].

The Muiioz Caro group prepared an ice mixture of molar composition
H,0:"*CH;0H:NH;:*CO:'*C0,=2:1:1:1:1. The ice mixture of the Mufioz Caro
group included the most abundant interstellar molecules — CO and CO, — and
specifically avoided using CH;CN, which is less abundant in interstellar
environments. The authors isotopically labeled carbon-containing molecules to
exclude any terrestrial contamination. The mixture was irradiated, warmed to
room temperature, acid hydrolyzed, derivatized with ECEE, and analyzed for
composition by enantioselective GC-gMS. The irradiated mixture yielded six
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proteinogenic amino acids and ten non-proteinogenic amino acids [23]. The Mufoz
Caro experiment reported the presence of numerous amino acids relative to the
Bernstein experiment. One common factor in both experiments was the observation
of high quantities of glycine, indicating that glycine could possibly be present in
greater abundances in interstellar space than originally detected. These groundbreak-
ing interstellar ice simulation experiments demonstrated that amino acids could have
been among the first chiral molecules produced in the universe. However, neither of
these experiments addressed the origin of the homochirality of amino acids.

In 1929, Kuhn and Braun subjected racemic solutions of ethyl
2-bromopropanoate to cpl [45] to probe whether chiral photons could be used to
induce chiral asymmetry into racemic organic molecules [76]. The current focus for
experiments investigating cpl asymmetric photochemistry has instead been directed
to amino acids due to their fundamental role in biological structure and
function [1]. There are two kinds of asymmetric photochemistry that are currently
being investigated using synchrotron-sourced cpl: asymmetric photolysis and
asymmetric photosynthesis.

Asymmetric photolysis experiments are carried out by subjecting a thin film of
racemic amino acid to circularly polarized synchrotron radiation (cpsr) of either
right- or left-handedness. Recently, the exposure of racemic leucine to cpsr resulted
in a photolytic asymmetric induction of 2.6% ee [12]. This sample of leucine was
specifically irradiated at a wavelength of 182 nm in the VUV region of its anisot-
ropy spectrum where highest anisotropy values were found. Given that the sample
was in solid form upon exposure to cpsr and was contained in an environment of
very low temperatures and pressures, these experiments can be considered to
simulate the conditions the racemic amino acid would encounter in interstellar
space. Such an enantiomeric enhancement would not have been possible if an
aqueous solution of racemic leucine had been irradiated due to the general light
absorption of water below 190 nm. Follow-up experiments irradiating racemic
leucine films that had been sublimated and condensed in order to provide an
amorphous film lacking long-range order and of a defined film thickness resulted
in an even greater photolytic asymmetric induction of 5.2% ee [13].

Asymmetric photosynthetic experiments have also been successfully carried out
in order to investigate and simulate the postulated light-induced origin of biomo-
lecular asymmetry. Anisotropy spectroscopy of amino acids, fully characterizing
their behavior as chiral species over a span of wavelengths, has proven invaluable in
conducting these experiments.

Asymmetric photosynthetic cometary ice simulations mimic the cometary for-
mation process, which is now well-understood [77]. Comets form via an agglomer-
ation of interstellar dust particles that are surrounded by layers of interstellar ices.
Within these ices lie the key synthetic ingredients for the formation of life’s
building blocks, and the cometary body serves as a very cold and unstable reaction
vessel for these species. Today the physico-chemical processes that result in
cometary formation can be simulated in the laboratory under cryogenic
temperatures and it is possible to form small amounts of artificial comets in the
laboratory. Surprisingly, such artificial comets have been shown to contain more
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Fig. 6 At cryogenic temperatures H,0, '>*CH;0H, and NH; were subjected to left-cpl (a), linearly
polarized light (b), and right-cpl (c) of iv = 6.64 eV. The amino acid '*C-alanine was subse-
quently observed to form in an asymmetric manner. The multidimensional gas chromatograms
show an ee of L-alanine in the sample irradiated with l-cpl and an ee of p-alanine was observed in
the sample irradiated with r-cpl. As expected, the sample irradiated with linearly polarized light
showed racemic alanine

than 26 amino acids that have photochemically formed out of small interstellar
starting molecules such as water, carbon monoxide, carbon dioxide, ammoniac, and
methanol [23, 28]. Thus it can be assumed that the photosynthetic formation
of the first chiral molecules in the universe can be reproduced under well-defined
conditions in the laboratory today.

In 2011, a microscale quantity of an artificial comet was photochemically
synthesized in the laboratory using irradiation from cpsr photons. Former such
studies had all used unpolarized light for simulating photochemical interstellar
processes, but the discovery of cpl in the Orion star formation region [8] enabled
de Marcellus et al. to replace the source of unpolarized light for their simulations
with cpsr. Numerous amino acids were detected by enantioselective multidimen-
sional gas chromatography [78] in the analytes from the artificial comet. However,
more interestingly, an ee of 1.34% was detected for the amino acid alanine as the
result of asymmetrical photochemical exposure to cpsr [27]. By changing the
helicity of the cpl photons the sample was exposed to, the detected ee of alanine
was found to invert (Fig. 6).

In 2007, the team of Kobayashi at the Yokohama National University in Japan
simulated the formation of interstellar amino acid precursor molecules in a similar
manner by irradiating carbon monoxide, ammonia, and water with 3.0 MeV
protons. The resulting intermediates were then individually subjected to right- and
left-handed cpsr. Enantioselective liquid chromatographic analyses of the irradiated
products detected asymmetric photochemical induction of up to 0.65% ee in the
alanine that had been produced under these simulated cometary conditions [79].

In interstellar space, chiral molecules including amino acids are known to
undergo racemization [80]. In particular, radioracemization is assumed favored to
be induced by ionizing a-, -, y-, X-, and/or synchrotron radiation in an interstellar
context. Racemization phenomena should thus be systematically taken into account
for the interpretation of data on enantiomeric enhancements of chiral molecules in
interstellar space including comets [80].
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Within photosynthetic contexts, it currently remains difficult to determine
whether the photochemical asymmetrical induction process is purely the result of
photochemical synthesis or is the result of a combination of both photosynthetic and
photolytic reactions occurring within the cometary ice simulation. However, further
investigation should afford greater understanding of the mechanism of asymmetric
photoreactivity of amino acids. What is highly encouraging is that novel techniques
such as anisotropy spectroscopy afford innovative ways of understanding exactly
how cpl can interact with chiral molecules to produce enantiomeric differentiation
and selectivity.

These experiments simulating cometary environments, in which cpl has been
shown to have an asymmetrical influence on the enantioselectivity of photochemi-
cal reactions, provide an indirect means for furthering understanding of the origin
of the homochirality of life’s key molecular building blocks. These studies are
supported by the meteorite evidence [73]. However, such indirect evidence is less
than satisfactory and ultimately the photochemical model for life’s homochiral
origins must be evaluated in situ. Further knowledge about the prebiotic ability of
chiral light to differentiate between enantiomers can only come from interstellar
environments. This knowledge will potentially be provided by the pioneering space
mission ROSETTA, which will land on a cometary nucleus in November 2014. The
COSAC experiment that is carried onboard ROSETTA’s landing component Philae
is equipped to analyze organic molecules in the cometary ices and has been custom-
designed to carry out a series of separation, identification, and quantification
analyses on any enantiomers found on the cometary body.

4 The ROSETTA Mission and the COSAC Experiment

The European Space Agency (ESA) has been the first space organization to launch
missions specifically targeted to study comets in close proximity, although other
space agencies have since established their own independent programs [81].
In 1986 the ESA launched its first cometary mission GIOTTO that made a
close fly-by of Halley’s Comet (1P/Halley) during its 1986 perihelion. This mission
also managed to fly in close proximity to another comet, 26P/Grigg-Skjellerup, in
1992. GIOTTO was the first mission to begin successful analysis of the shape and
size of both of these cometary nuclei. Apart from the precise dimensional analysis,
GIOTTO also provided data on the composition and velocities of dust particles and
gases emitted by cometary nuclei [82]. The initial success of GIOTTO therefore
inspired the development of a cometary landing mission aiming to touch down
directly upon a cometary nucleus. This would provide enhanced understanding
of the composition of cometary nuclei. This next generation cometary landing
mission, known as ROSETTA, has become a cornerstone mission for the ESA.
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4.1 The Cometary Mission ROSETTA

ROSETTA was first designed to land on its target comet 46P/Wirtanen [83] but a
technical delay with the Ariane 5 launch vehicle postponed the schedule by 1 year
and resulted in a change in the target comet. On March 2, 2004, ROSETTA was
successfully launched and its new target was chosen to be comet 67P/
Churyumov—Gerasimenko [84].

ROSETTA consists of two major mission components — the Rosetta orbiter and
the Philae lander. The ROSETTA spacecraft will encounter comet 67P in Novem-
ber 2014 and throughout this same period it will orbit the comet. Once an appropri-
ate landing position has been selected during the orbital reconnaissance, the Philae
lander component will be released from the orbiter to descend to the cometary
nucleus surface. This descent will take place at a solar distance of 3 astronomical
units (AU) under near zero-gravity conditions [85].

The Philae lander is a unique and highly innovative probe: it will be the first
probe ever to land on a cometary nucleus and it will be the first to analyze pristine
cometary material in situ. One of the main analytical objectives of Philae is to look
for any chiral organic compounds [86] extant on the cometary surface. Amino acids
are of primary interest due to the fundamental role they play as the building blocks
of life’s essential proteins. Given that chiral amino acids have been found in
meteorites and in cometary ice simulations, it is postulated that enantioenriched
amino acids will also be found on 67P. Such a discovery would implicate chiral
light as a fundamental differentiating influence between enantiomers in interstellar
contexts. Biological homochirality could subsequently have been delivered to Earth
by cometary impact events.

In order to determine the organic and chiral composition of comet 67P, gas
chromatography-mass spectrometry (GC-TOFMS) instrumentation known as the
Cometary Sampling and Composition (COSAC experiment) has been developed
and installed on the Philae lander. The COSAC instrument, designed to enable
enantiomeric detection and separation in interstellar environments, was constructed
at the Max Planck Institute for Solar System Research in Germany [87].

4.2 The COSAC Experiment

The COSAC experiment is an enantioselective GC-TOFMS instrumental suite
custom-designed to determine the organic composition of the cometary nucleus
by separating, identifying, and quantifying individual molecular components from
a volatilized sample mixture. Due to the payload requirements of the Philae lander,
the COSAC experiment has been miniaturized. It consists of eight independent
chromatographic columns of varying lengths and diameters. Each of these columns
is capable of separating different classes of organic molecules, such as amino acids,
carboxylic acids, alcohols, and hydrocarbons. Three of these eight columns are
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Fig. 7 Capillary column
including heating device and
thermo conductivity detector
as manufactured and
installed on the chirality
module of the COSAC
instrument onboard
ROSETTA'’s lander Philae

enantioselective gas-chromatographic columns (Fig. 7) and, in combination with
the TOFMS, these columns constitute the chirality module of the COSAC experi-
ment (Fig. 8). Further technical descriptions of the COSAC experiment can be
found in Goesmann et al. [88].

After landing on the surface of comet 67P, the Philae instrument Sample Drill
and Distribution System (SD2) will extract cometary ice samples from the nucleus
and will transfer them into one of two oven types (High Temperature Oven — heats
up to 600°C; Medium Temperature Oven — heats up to 180°C) of the COSAC unit
to convert the sample into the gaseous phase. The cometary sample will be heated in
a step-wise manner and the pressure generated will be monitored throughout the
heating process. Complex organic material with low volatility will require two
pre-processing techniques: evaporation and pyrolysis in COSAC ovens; and meth-
ylation derivatization of the cometary samples with a suitable reagent (DMF-DMA)
to a more volatile ester form that can then be injected into the COSAC
chromatographic columns.

The enantioselective columns of COSAC have been chosen in order to afford
resolution of a wide variety of chiral organic molecules that are anticipated to be
found on the nucleus surface of 67P (Table 1).

There are three different chiral stationary phases that have been chosen in order
to encompass the potential diversity of compounds to be detected. The Chirasil-Val
stationary phase is well-known and belongs to the first generation of
enantioselective phases used in enantioselective GC. This stationary phase is
thermally stable due to low volatility and high viscosity of its organic siloxane
polymer [89]. The chiral side-chain of Chirasil-Val consists of covalently bonded
valine-diamide selectors that distinguish between enantiomers on the basis of
dipole—dipole and Van der Waal’s forces, and mainly hydrogen bonding
interactions. The diamide moieties in the stationary phase can be integrated with
the amino acid valine in both its L-and its D-configuration (Chirasil-L-Val and
Chirasil-p-Val, respectively). The chiral side-chain of the stationary phase has the
ability to resolve both amino acid and carboxylic acid enantiomers using two
specific hydrogen bonding interactions. A Chirasil-L-Val stationary phase column
has therefore been systematically tested under space conditions with respect to
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Fig. 8 Cometary Sampling and Composition Experiment (COSAC) instrumental suite (500-mm
tall and 400-mm wide). The image shows a gas chromatograph box containing the GC hardware
frame including the three enantioselective chromatographic columns and its affiliate electronics;
two helium carrier gas tanks (each 330 cm®); the mass spectrometer E-box (electronic box). The
TOFMS is kept vertical as seen on the right

Table 1 Enantioselective chromatographic capillary columns as installed in the COSAC
instrument

Enantioselective Inner Stationary

chromatographic diameter phase Length Chiral cometary

capillary column (mm) thickness (pm) (m) target molecules

Cyclodextrin G-TA 0.25 0.125 10 Amines, alcohols,
diols

Chirasil Dex CB 0.25 0.25 10 Hydrocarbons

Chirasil-L-Val 0.25 0.12 12.5 Amides, amino
acids, carboxylic
acids

influences of heat, radiation, and high vacuum [90], and was selected for
incorporation into the chirality module of the COSAC experiment [37].

Modified cyclodextrins belong to the second generation of enantioselective GC
stationary phases and are the most widely used in chiral capillary column
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chromatography today [91]. Cyclodextrin stationary phases are composed of gly-
cosidically bonded cyclic oligosaccharides consisting of six, seven, or eight D-
glucose units, known as a-, -, and y-cyclodextrin respectively. Each of these
kinds of cyclodextrin can accommodate varying sizes of analyte molecules and
can be successfully applied towards resolving enantiomers. The inclusion
interaction between a “guest” analyte and “host” cyclodextrin is not observed in
Chirasil-Val phases and is thus useful as an orthogonal characterization tool. The
enantioselectivity of a cyclodextrin can furthermore be manipulated by varying the
chemical function of the side chain [1].

The Cyclodextrin G-TA stationary phase consists of a 2,6-di-O-pentyl-3-
trifluoroacetyl derivative of y-cyclodextrin. It is important for resolution of a
wide range of analytes (such as amines, alcohols and diols) with great accuracy
[86]. Cyclodextrin G-TA is particularly useful for resolving specific enantiomers
with single functional groups: this is not possible using a Chirasil-L-Val stationary
phase. y-Cyclodextrins like Cyclodextrin G-TA can accommodate guest molecules
as large as phenanthrene and anthracene. However, Cyclodextrin G-TA is not
bonded chemically to the stationary polymer and is hence considered less stable
as a stationary phase relative to Chirasil-L-Val against the thermal and radiation
damage it will encounter during the 10-year voyage to the comet.

The third enantioselective chromatographic column to be used in the COSAC
experiment is the Chirasil-Dex CB phase [38]. Chirasil-Dex CB is composed of
permethylated p-cyclodextrin chemically bonded to a polysiloxane phase [92, 93]. It
affords excellent resolution of chiral hydrocarbon analytes [94, 95], has been tested
under space conditions [88], and has been selected as an enantioselective column on
the COSAC experiment to explore possible chiral hydrocarbons present on the
cometary surface [39].

One of the most important goals of the chirality module of the COSAC experi-
ment is to identify and resolve chiral amino acids on the surface of comet 67P (see
Fig. 9). These amino acids are likely to be present in zwitterionic form. Because
they are highly polar, most of the amino acid zwitterions have low volatility. This
will make their detection and resolution with gas chromatographic techniques
difficult. In order to increase the detectability of these important low volatile
molecules, derivatization techniques will be deployed in situ. Methylation derivati-
zation is a commonly used technique for allowing the chromatographic resolution
of zwitterionic amino acids. Esters are more volatile and less polar than the original
amino acids and they are easily resolved by GC. In order to prevent the use of any
solvent on the surface of the cometary nucleus under nearly zero gravity conditions,
an alternate “dry” technique of methylation is required. The chosen methylation
derivatization technique chosen for the COSAC experiment thus involves the use of
dimethylformamide dimethylacetal (DMF-DMA) as a gas-phase derivatization
agent which is activated by pyrolysis. Adequate alloy capsules containing
DMEF-DMA, which melt at 100°C, have been constructed and placed in selected
COSAC pyrolysis ovens. Once the pyrolysis oven temperature reaches 100 °C, the
alloy will melt and release DMF-DMA, and amino acid analytes from the cometary
sample will be converted into their corresponding dimethylamino methyl esters.
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Fig. 9 This artist’s impression shows the ROSETTA lander Philae anchored to the comet’s
surface, where it will work for a minimum mission target of 65 h, although its operations may
continue for many months. The lander structure contains the COSAC experiment, a multicolumn
GC-TOFMS. Chiral stationary phases will afford the separation of enantiomers detected in the
cometary ice. The lander also carries a drilling system to collect samples of subsurface material for
analysis. Reproduction with permission of ESA/AOES Medialab

These derivatized amino acids will readily be detected by the enantioselective
columns present on the COSAC experiment. The DMF-DMA methylation deriva-
tization technique will also be used to convert p,L-carboxylic acids and D,L-
hydroxycarboxylic acids into their less polar, more volatile, and chromatographi-
cally resolvable b,L-alkyl ester and p,L-methyl ester counterparts respectively [96].

The COSAC experiment has already provided a unique opportunity for techno-
logical development. The miniaturization and column design of this novel
GC-TOFMS instrumentation have been highly innovative in order to address the
requirements of the ROSETTA Mission, and inventive approaches have been taken
in the development of methodologies such as the DMF-DMA pyrolytic methylation
derivatization procedure. More importantly, the COSAC experiment currently
provides the potential to address fundamental questions about the origins of
biological homochirality: it will provide a direct means for evaluating the extent
to which interstellar cpl can photochemically differentiate between enantiomers of
prebiotic small molecules.

S Future Outlook: Anisotropy Spectroscopy as a Means for
Chiral Differentiation

Today, the basic biological coding underpinning proteomes and genomes of various
species is well understood [97] and the mechanisms of gene expression are even
being artificially modified in order to design and engineer novel proteins with
innovative functions [98]. However, the fundamental question of how these
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fascinating biological codes evolved in the first place remains unknown. In this
pioneering era of genomics and proteomics such continued historical ignorance is
rather astonishing.

The photochemical model for the origin of life’s chirality remains an intriguing
hypothesis. There exist many indirect sources of evidence to substantiate the claim
that interstellar chiral photons provided the primary source of biological chiral bias
and enantiomeric differentiation, including both meteorite analysis data and come-
tary ice simulation experiments. SRCD spectra of chiral amino acids show maxima
and minima in the spectral VUV range from 160 to 220 nm, indicating that cpl
irradiation can best induce enantiomeric excesses at these wavelengths. The tech-
nique of anisotropy spectroscopy presented here facilitates a direct measurement of
the anisotropy factor g over a range of wavelengths and provides a prediction tool
for the extent to which cpl can differentiate between small molecule enantiomers
and induce ee during enantioselective photolysis. Anisotropy spectroscopy has
already revealed that amino acids show anisotropy extrema in the UV range from
185 to 220 nm. This range of wavelengths of chiral light could thus be considered
likely to have been an interstellar photochemical source for inducing and triggering
biomolecular asymmetry in these basic biological building blocks.

Kuhn pointed out that the optical rotation of a given enantiomer and its suscep-
tibility to differential photochemical change with circular radiation sum to zero
over the entire electromagnetic spectrum [99]. Condon supported this assumption
by reporting that the CD band areas sum to zero over the spectrum [100]. This effect
is known as the Kuhn—Condon zero sum rule [101]. The intensity of cpl capable of
inducing enantioselective photolysis in defined interstellar environments is
assumed to differ in various wavelength domains due to different radiation sources,
interstellar filters, and scattering processes. In agreement with the Kuhn—Condon
zero sum rule, this assumption necessitates an ee # 0 upon irradiation. Thus, after
enantioselective photolysis in interstellar space and delivery to the early Earth,
enantioenriched small molecules such as amino acids might have provided a
non-racemic environment triggering the molecular evolution of primitive cellular
life [102]. Anisotropy spectroscopy provides a direct means for quantifying how
large an enantioselective differentiating effect the various wavelengths of cpl might
have on prebiotic molecules in interstellar space.

Excitingly, there will soon be direct evidence for the extent to which chiral light
can photochemically differentiate between enantiomers of small molecules. In 2014
the ROSETTA Philae lander will detach from its orbiter and soft-land on the
surface of the nucleus of comet 67P/Churyumov—Gerasimenko, and the COSAC
experiment will analyze its chemical composition in situ. The COSAC instrumen-
tation will facilitate the identification of any organic molecules embedded in the
cometary ice, focusing specifically on the asymmetry present in the cometary
organic molecules it detects. This identification and quantification of enantiomers
of chiral organic molecules, including amino acids, in cometary ices by
ROSETTA’s COSAC experiment will be unprecedented and will significantly
contribute to our understanding of the role of chiral light in the origin of life’s
homochirality.
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Self-disproportionation of Enantiomers
of Enantiomerically Enriched Compounds

Alexander E. Sorochinsky and Vadim A. Soloshonok

Abstract This review describes self-disproportionation of enantiomers (SDE) of
non-racemic mixtures, subjected to distillation, sublimation, or chromatography on
achiral stationary phase using achiral eluent, which leads to the substantial enantio-
meric enrichment and corresponding depletion in different fractions, as compared
to the enantiomeric composition of the starting material. This phenomenon is of a
very general nature as SDE has been reported for different classes of chiral organic
compounds bearing various functional groups and possessing diverse elements of
chirality. The literature data discussed in this review clearly suggests that SDE is
typical for enantiomerically enriched chiral organic compounds and special care
should always be taken in evaluation of the stereochemical outcome of
enantioselective reactions as well as determination of enantiomeric ratios of
non-racemic mixtures of natural products after any purification process. The role
of molecular association of enantiomers on the magnitude and preparative effi-
ciency of SDE, as a new, nonconventional method for enantiomerc purifications, is
emphasized and discussed.
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1 Introduction

Self-disproportionation of enantiomers (SDE) is a new and still evolving concept
that has been invoked to provide for most accurate and generalized descriptions of
nonlinear behavior of non-racemic (enantiomerically enriched, scalemic)
compounds. One of the basic principles of SDE is that non-racemic compounds
should be viewed as a mixture of racemate with the excess enantiomer in line with
the definition of the enantiomeric excess (ee), that is in contrast to the more
prevailing definition of a non-racemic compound as a mixture of unevenly propor-
tioned enantiomers. The fundamental difference between these viewpoints is that a
mixture of enantiomers should show linear behavior with the original ratio of
enantiomers being unchanged. In sharp contrast, a mixture of racemate with the
excess enantiomer is expected to undergo disproportionation, producing
enantiomerically enriched and correspondingly depleted fractions, relative to the
original enantiomeric composition, in purification processes. The ultimate outcome
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of this process is a complete separation of racemic and enantiomerically pure
components of the original mixture. That is the second principle of SDE, suggesting
that enantiomerically enriched compound, under spontaneous or carefully designed
conditions, will eventually produce fractions of racemic and enantiomerically pure
forms. The third principle of SDE is its ultimately general nature, suggesting that
absolutely any type of chiral non-racemic compound will undergo SDE regardless
of its structure and functionalization. The structural features of a given compound
will only influence a magnitude of SDE — the efficiency and ease of a separation of
racemate from the excess enantiomer.

There are three major areas of SDE manifestation: gravitational field, physico-
chemical phase transitions, and achiral chromatography. SDE in gravitational fields
is based on the different densities of racemic and enantiomerically pure crystals
resulting in different rates of precipitation or behavior in a centrifuge. In the case of
phase transitions, the mechanism of SDE is not uniform and depends on the type of
transition. Basically, racemic and enantiomerically pure forms have different phys-
icochemical properties and will therefore behave differently (rates) under the
conditions of phase transition, leading to their separation. Mechanistically, the
case of achiral chromatography is the most difficult as, besides homo-/heterochiral
intermolecular interactions, there are also interactions of a chiral compound with
solvent and stationary phase. However, basically the origin of SDE in this case is
the formation of homo-/heterochiral high-order species behaving differently as
compared with the corresponding monomers.

In this chapter we provide the most detailed and up-to-date account of all
examples reported in the literature of SDE via phase transition and achiral chroma-
tography. The major goal of this chapter is to bring the promising and multidisci-
plinary potential of SDE to the attention of the chemical community and to
highlight its generality and the various forms of its manifestation. We also hope
that this chapter will stimulate greater awareness, intellectual interest, new ideas,
and further research into this fascinating and important, though challenging, field of
scientific endeavor.

2 Examples of SDE via Distillation; Liquid—Vapor Phase
Transition

As a high-energy process, distillation generally does not favor formation of homo-/
heterochiral dimers/oligomers and early examples of insignificant enantiomeric
enrichment via distillation mentioned in some articles [1-4] have been received
quite sceptically [5, 6]. However, more recently reported new results confirmed that
the enantiomeric composition of enriched mixtures can be changed under a distil-
lation process.
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Scheme 1 SDE of isopropyl
(3,3,3-trifluoro)lactate (S)-1 Fsc\/ﬁ\oj\ Distillation
OH

via distillation distillate + residue

(8)-1
Composition of
starting samples:
74.1% ee (2 g) 81.7% ee (1 g) 66.1% ee (1 g)

40.2% ee (2 g) 33.2% ee (09 g) 50.3% ee (1 g)

2.1 «a-Hydroxy Acids

One of the most thoroughly studied examples is a distillation of isopropyl (3,3,3-
trifluoro)lactate. It was shown that distillation of isopropyl (3,3,3-trifluoro)lactate
(8)-1 of 74.1% ee resulted in noticeably optically enriched distillate (81.7% ee) and
more racemic residue (66.1% ee) (Scheme 1) [7]. It should be emphasized that the
observed magnitude of SDE (Aee = 15.6%) renders this distillation procedure as a
potential enantiomeric purification method comparable with crystallization. In
contrast, the distillation of (S)-1 of 40.2% ee resulted in enantiomerically depleted
distillate (33.2% ee) and enantiomerically enriched residue (50.3% ee). Moreover,
boiling points of the (3,3,3-trifluoro)lactate varied by 43°C depending on its
enantiomeric excess. This change of boiling point, depending on the initial enan-
tiomeric excess of isopropyl (3,3,3-trifluoro)lactate, indicated a very complex
mechanism of SDE via distillation. Low-angle X-ray diffraction measurement has
shown that isopropyl (3,3,3-trifluoro)lactate was highly associated by hydrogen
bonding in the liquid state [8—10]. The IR spectra of the compound having different
enantiomeric excesses also suggested contribution of hydrogen bonding in the
liquid state. Therefore the phenomena could be caused by homo-chiral and
hetero-chiral hydrogen bonding association in the system. The energetic difference
between the homo-chiral and hetero-chiral hydrogen bonding association caused by
the electrostatic repulsion of negatively charged trifluoromethyl groups may
explain the observed, quite unusual difference of the boiling points depending on
enantiomeric excess of isopropyl (3,3,3-trifluoro)lactate.

2.2 oa-Amino Acids

The distillation of N-trifluoroacetyl valine methyl ester (S)-2 of 91% ee affording
distillate of 88.0% ee and residue of 97.6% ee has been reported by Koppenhoefer
and Trettin (Scheme 2) [11]. The authors did not observe a large change in boiling
point between the racemate and highly enriched enantiomer of N-trifluoroacetyl
valine methyl ester. The trifluoroacetyl group in this case increases both the
volatility of compound 2, allowing its distillation at lower temperatures, and the
hydrogen-donor ability of the trifluoroacetamide moiety for hydrogen bonding with
the carbonyl group, thus providing a basis for strong intermolecular interactions.
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Scheme 2 SDE of
N-(trifluoroacetyl)-Val-OMe -
(S)-2 via distillation o N 0 Distillation
Y H
0

(S5)-2
Composition of
starting sample

91% ee

distillate + residue

88.0% ee  97.6% ee

The gas chromatographic ee determination on Chirasil-L-Val and Chirasil-p-Val
[11] can be considered as very reliable.

3 Examples of SDE via Sublimation; Solid—Vapor Phase
Transition

The separation of racemate from the excess enantiomer by sublimation is generally
a complex phenomenon which can be used as a new enantiomeric purification
method for chiral organic compounds possessing different crystallographic
structures of racemic and enantiomeric pure crystals. The crystallographic lattice
energy and overall stability of crystals may play the most important role in
distribution of the enantiomers between the solid and vapor phases.

3.1 Carboxylic Acids

The systematic study dealing with sublimation of enantiomerically enriched
samples of carboxylic acids has shown that partial sublimation of bicyclo[3.1.0]
hex-2-ene-6-carboxylic acid (1R,55,65)-3 of 40% ee in sublimation apparatus under
vacuum gave the first sublimed fraction of markedly increased enantiomeric excess
(Scheme 3) [12]. Resubmission of this fraction to a sublimation procedure under the
same conditions allowed for a further increase of enantiomeric excess to 85%
ee. Additional experiments have demonstrated that neither rearrangement nor
new product formation has occurred during the sublimation procedure. The authors
also emphasized the lower melting point (72-73°C) of enantiomerically pure
crystals of acid 4 compared to that of the racemic form (89-90.5°C), suggesting
that “the modification with the lower melting point should exhibit the greater
volatility and should sublime preferentially.”

Attempts to extend this approach to other carboxylic acids also worked well.
Two sublimations starting with 1.2 g of camphoric acid (1R,35)-4 of 41% ee
afforded 9.4 mg of material of 67% ee (Scheme 4).

The partial sublimation of carboxylic acid (S)-5 with various enantiomeric
excess was performed at 35°C in vacuo of 0.1 mbar for 16 h, allowing about 1%
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Scheme 3 SDE of bicyclo[3.1.0]hex-2-ene-6-carboxylic acid (1R,5S,65)-3 via sublimation
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Scheme 4 SDE of d-camphoric acid 4 via sublimation
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Scheme 5 SDE of (S)-5 via sublimation

(5-10 mg) of the starting mixture to sublime (Scheme 5) [13]. As emphasized by
the authors, the sublimation method could be a very efficient and simple approach
to obtain on a preparative level samples of compound (S)-5 of about 85% ee starting
from mixtures of relatively low (10-30% ee) enantiomeric excess. The eutectic
composition for the solid 5 has been determined at 90% ee and observed results
have been explained by the preferential sublimation of a vapor eutectic.

3.2 «a-Hydroxy Acids and Their Derivatives

Enantiomeric purification via sublimation of mandelic acid (R)-6 demonstrated that
a sample of 60.2% ee resulted in fractions of 52.5% ee, 60.0% ee, 64.1% ee, and
74.3% ee. On the other hand, sublimation of a sample of 20.7% ee gave fractions of
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Scheme 6 SDE of mandelic OH
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37.2% ee, 31.5% ee, 25.2% ee, 16.0% ee, and 4.7% ee [12]. Thus, for the first time it
was observed that increase or decrease of the ee of the sublimate depended on the
enantiomeric excess of the starting mixture. In order to explain these unexpected
results the authors proposed that the sublimation is controlled by the eutectic ee of
the chiral compound. Another important demonstration the authors did in this work
was showing how efficient a sublimation method can be when there is a need to
obtain material of high enantiomeric excess starting from material of low enantio-
meric excess. Sublimation of acid (R)-6 of only 1.2% ee allowed for quick and
convenient preparation of a sample of 19.8% ee containing practically all of the
excess enantiomer initially present in the starting material (Scheme 6). Attempts to
use fractional crystallization were very inefficient in this case, thus highlighting the
advantage of sublimation over crystallization as an enantiomeric purification
method. Reinvestigation of the partial sublimation of mandelic acid (5)-6 with
various enantiomeric excesses allowed the authors to suggest that the ees of
sublimates were controlled by the formation of a gas phase with a eutectic compo-
sition independent of the enantiomeric excess of the starting mixture [13].

The first example of complete enantiomeric purification via sublimation was
demonstrated using o-(trifluoromethyl)lactic acid 7 [14]. Due to the high volatility
of compound 7, the sublimation took place at ambient temperature and atmospheric
pressure. It was shown in a series of experiments that racemic crystals of
a-(trifluoromethyl)lactic acid 7 sublimed about 1.5 times faster than the
enantiomerically pure crystals under the conditions of zero-order kinetics. This
unusual order of sublimation led to complete (>99.9% ee) purification of the
sample of a-(trifluoromethyl)lactic acid (S)-7 with enantiomeric excess of 80% ee
without any special condition apart from being exposed to the open atmosphere
(Scheme 7).

It is interesting to note that enantiomerically pure crystals of compound 7 have a
higher melting point than that of the racemic form (110°C and 88°C, respectively).
The difference in melting points may suggest that the racemic crystals are less
stable, although calculations of the crystallographic lattice energy gave inconclu-
sive results [15]. Since spectroscopic study of homo- and heterochiral dimers of
acid 7 in the gaseous phase confirmed noticeably higher volatility of the racemic
form [16], it is reasonable to suppose that the a-(trifluoromethyl)lactic acid sub-
limed as dimers. Finally, the molecular arrangement and packing in crystals of the
racemate and enantiomer might be a physico-chemical reason for the observed
differences in the sublimation rates as well as the melting points of the racemic and
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Scheme 7 SDE of OH
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optically pure compounds. While the crystal lattice of the racemate is composed of
heterochiral dimers with two hydrogen bonds between (R) and (S) enantiomers, the
molecules in the crystal of the (S) enantiomer form four hydrogen bonds with
another four adjacent molecules. Moreover, the F---F contact of the CF; groups in
the racemate is closer than that in the enantiomerically pure crystal, for which no
appreciable interactions are observed.

According to the previous example, amide derivatives of a-(trifluoromethyl)
lactic acid 8a—d possessed relatively high volatility, allowing one to study their
SDE via sublimation from room temperature to 80°C and atmospheric pressure
(Scheme 8). Compounds 8a—d are easily available in racemic and enantiomerically
enriched forms, highly crystalline, and chemically and configurationally stable.
Study of their SDE via sublimation is not complicated by any problems with
chemical decomposition, which is a very important factor in collecting reliable
and reproducible results. Similar to o-(trifluoromethyl)lactic acid 7, racemic
crystals of 8a—c sublimed faster than enantiomerically pure crystals of (S)-8a—c
and the difference in rates of sublimation markedly depended on the amide substit-
uent [17]. For example, racemic 8a and 8b sublime about 1.4 and 1.6 times faster
than the corresponding enantiomerically pure counterparts. These differences in the
rates of sublimation suggest that the sublimed material undergoes optical depletion
while the remainder is expected to be more enantiomerically enriched. Thus a
sample of p-(chloro)phenyl amide derivative (S)-8b of 76.9% ee was easily
transformed to the enantiomerically pure form after 23 h via sublimation conducted
at 80°C. The #-Bu amide derivative (S)-8d could sublime efficiently at room
temperature under normal pressure. The sublimation starting from a sample of
82.0% ee resulted in an increase of the enantiomeric excess of the remainder up
to >99% ee after 27 h.

In a similar manner, the racemic form of isopropyl (3,3,3-trifluoro)lactate 9
sublimed at a substantially higher rate compared to the optically pure form, at
temperature 23-25°C and normal atmospheric pressure [18]. Thus, regardless
of the starting enantiomeric excess of the enriched mixtures ranging from
20.8% ee to 79.4% ee, more racemic fractions sublimed faster, leaving behind an
enantiomerically pure remainder. In a typical experiment, sublimation of compound
(8)-9 of 79.4% ee allowed the preparation of an enantiomerically pure sample in
81.7% yield in 30 min (Scheme 9). Sublimation of the samples of lower ee was less
efficient in terms of the yield of enantiomerically pure compound (S)-9.

In contrast to the results reported for isopropyl 3,3,3-(trifluoro)lactate 9, the
opposite order of sublimation between racemic and enantiomerically pure crystals
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was observed for amide derivatives of 3,3,3-trifluorolactic acid 10a and 10b
(Scheme 10) [19]. Thus, racemic crystals of 10a sublimed substantially slower
than the enantiomerically pure crystals of (S)-10a; the ratio of rates was 1.6/1.
When a sample of (S)-10a of 67% ee was subjected to sublimation at 80°C and
atmospheric pressure, the enantiomeric excess of the remainder gradually
decreased to 18% ee after 15.5 h. Similarly, when a sample of benzyl amide (S)-
10b of 67% ee was subjected to sublimation at 50°C, the enantiomeric excess
optical purity of the remainder gradually decreased to 27% ee after 131 h. In these
cases the sublimed material was enantiomerically enriched, leaving behind eventu-
ally racemic remainder. Therefore enantiomeric purification in such cases would
require repeated collection of the sublimate.

3.3 a-Amino Acids

Enantiomeric purification of a-amino acids via sublimation is a very attractive and
inspiring subject. This process can take place in the universe (cosmos) provided
some heat from a nearby star, and this can be the most probable mechanism
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explaining the relatively high enantiomeric enrichment discovered in meteorites
[20]. The first example of SDE of a-amino acids via sublimation described the
purification of enantioenriched phenylalanine derivatives (R)-11 (Scheme 11)
[21]. It was observed that sublimation of (R)-11 of about 10% ee gave a completely
racemic remainder. Careful investigation of the sublimation procedure revealed
that the initial sublimed fraction was of noticeably higher (~25% ee) enantiomeric
excess. No other details were reported in this work, but it should be emphasized that
racemic crystals have a higher melting point than that of the optically pure form.

Another example in this area concerns SDE via sublimation of enantiomerically
enriched samples of serine [22]. Heating serine (S)-12 with starting enantiomeric
excess of 3-75% ee to temperature 175-230°C gave sublimed material highly
enriched in the major enantiomer. For example, when amino acid (S)-12 of 3% ee
was heated at 190°C in a flow of nitrogen for 2 h, the collected sublimed material
showed enantiomeric purity up to 98% ee (Scheme 12). The total amount of
collected sublimate ranged from 1 to 3 mg and was contaminated by substantial
amounts of thermolysis (decomposition) products which increased with tempera-
ture. It should be noted that the samples under study were prepared by mixing (S)-
12 and (R)-12 in required proportions, representing the case of conglomerates
sublimation. On the other hand, a noticeably different stereochemical outcome
was observed using the samples prepared by crystallization from water. For exam-
ple, the sample of (S)-12 of 3% ee at 205°C gave sublimed material of 61% ee while
(R)-12 of 3% ee yielded a sublimate of 47% ee. Interestingly, very insignificant
SDE via sublimation was observed for other amino acids, such as alanine (starting
8% ee; sublimed 4% ee) and threonine (starting 7% ee; sublimed 1.2% ee). It was
hypothesized that formation of serine specific homochiral clusters in the gas phase
[23, 24] was responsible for the enrichments of the ee of the sublimate.
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In a subsequent publication, studying SDE via sublimation of a wider range of
amino acids with a very low initial ee value afforded quite different results [25]. For
example, sublimation of leucine (S)-13 of 9-10% ee gave the sublimate of 72—-89%
ee depending on the temperature and pressure used (Scheme 13). These samples
were prepared by mixing the racemic compound with excess pure S-enantiomer.
Importantly, enantiomerically enriched alanine 14, phenylalanine 15, serine 12,
valine 16, and methionine 17 gave sublimed material of higher enantiomeric purity
than that of the starting mixtures when heating in sublimation apparatus under
vacuum. As in the previous study [23, 24], only a small fraction of the sample
underwent sublimation and the stereochemical outcome markedly depended on the
sublimation temperatures. The authors concluded that the enantioenrichment of
amino acids by sublimation is likely caused by intermolecular interactions.

The reproducibility of the experiments on SDE via sublimation of amino acids
was addressed in separate work [26]. In order to generate comparable results, the
authors defined standard conditions in terms of the amount of a sublimating mixture
(1 g), pressure (0.1 mbar), temperature (120°C), and time of sublimation (16 h).
These experimental conditions gave only very small amounts (5-10 mg) of subli-
mate (0.5-1%) for analysis. Amino acids leucine, alanine, and proline were chosen
for the study based on their stability under the standard conditions. The mixtures of
various ee percentages were prepared by mixing racemic crystals with the
corresponding enantiomerically pure form. The major conclusion of this work
was as follows: when the enantiomeric purity of the starting mixture is <50% ee,
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the sublimate obtained is also of less than 50% ee, although its ee value is greater
than that of the starting compound. When the enantiomeric purity of the starting
mixture is >50% ee, the percentage ee of the obtained sublimate is also higher than
50% ee, although its ee value is lower than that of the starting compound. For
example, sublimation of alanine (S)-14 of 10% ee gave sublimate of 40% ee, while
the sublimation of mixture of 80% ee gave the sublimed alanine (S)-14 of 65% ee
(Scheme 14). These experiments were reproduced several times with a deviation

from the average of about +5%.

Using other experimental conditions, and particularly starting from the mixtures
of (R)- and (S)-enantiomers, led to a strong decrease of the ee of the sublimate. For
example, independent of the starting ee (20-70%) of enantioenriched leucine 13,
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the first sublimate was obtained with 8—13% enantiomeric excess (Scheme 15). The
sublimation in these cases appears to be controlled only by the saturated vapor
pressures at the temperature of sublimation of the (R)- and (S)-leucine, which are
equal.

Very recently an unusual procedure for the conversion of valine 16 — which
crystallizes as a racemic compound — by sublimation into a racemic conglomerate
that, upon further sublimation, is enriched in the major enantiomer has been
described [27]. The experiments were carried out in tightly closed vessels. The
crystals of valine 16 at the bottom of the vessels were heated at 430°C. When
almost all solid material had sublimed and condensed on the walls of the vessel, the
initially formed sublimation ring moved to higher parts of the vessel. Initially it was
shown by powder X-ray diffraction spectra that the racemic crystals of valine are
transformed into a racemic conglomerate during the sublimation—condensation
process. After initial sublimation of valine 16 of 40% ee prepared by mixing the
racemic (S/R) compound with excess pure (S)-enantiomer, chiral HPLC analysis
did not reveal any enantioenrichment. However, when the subsequent sublimation
occurred to the higher parts of the vessel, the sublimate was found to be enriched up
to 56% ee. Furthermore, similar enrichment was observed from starting material
prepared by mixing the appropriate amounts of pure (S)- and pure (R)-enantiomers.
Examination of the enantioenrichment at different positions of the sublimate
revealed an even greater increase of the ee up to 80% at the bottom of the sublimate.
The total amount of recovered sublimated material was almost 100%, suggesting
overall enantioenrichment of the starting sample. Similar amplification with
slightly lower ees was observed when the experiment was repeated in an open
system. Thus the sublimation of enantioenriched valine involves recrystallization
from a racemic compound into a racemic conglomerate followed by substantial
enrichment in the enantiomeric excess under prolonged heating.



314 A.E. Sorochinsky and V.A. Soloshonok

Scheme 16 SDE of Sublimation .
a-ethylbenzylphenyl * —_— sublimate
S

(¢}
sulfide 18 36°C 12 h, 75% ee, yield 2.6%
24 h, 73% ee, yield 0.7%

(+)-18 36 h, 24% ee, yield 1.6%

Composition of
starting sample
6% ee

3.4 Sulfides

Observation of SDE via sublimation was also reported during work on isolation of
enantioenriched a-ethylbenzylphenyl sulfide 18 [28]. The authors noticed that
enantiomeric purity of the samples of compound 18 obtained depended on the
time for which the samples were subjected to routine drying in vacuum. Detailed
analysis of the sublimation procedure revealed that the fractions of sulfide 18
subliming faster had substantially higher enantiomeric excess compared to the
original sample, and enantiomeric purity of successive fractions of sublimed mate-
rial gradually decreased (Scheme 16). Starting from a sample of 12% ee, complete
optical depletion of the remainder was observed after 85 h of sublimation at 35°C.
In this case the faster subliming enantiomerically pure crystals of compound 14
have a lower melting point (32-35°C) compared to the racemate (39-42°C). An
important observation was made by conducting a sublimation experiment at 48°C.
At this temperature the sample subjected to sublimation was completely molten and
the sublimate as well as the remainder had the same enantiomeric purity as the
original sample. This experiment demonstrated the importance of maintaining the
crystalline state of a compound during sublimation. The authors also conducted a
series of experiments comparing sublimation and fractional crystallization for the
most efficient separation of the racemic form from the excess enantiomer. The
sublimation method was more efficient when taking into consideration the yield and
enantiomeric excess of material obtained.

3.5 Aromatics

During work on catalytic asymmetric hydroboration/oxidation of vinylarenes, low
reproducibility in ee percentage of (R)-2,3-dihydro-1H-inden-1-ol 19 was observed
(Scheme 17) [29]. Careful analysis of the experimental procedure has shown that
the original ee of 76% can be increased to 86% by partial sublimation of the volatile
secondary alcohol during the removal of the solvent in a rotary evaporator. Since
the dihydroindanol 19 crystallizes as a conglomerate the authors suggested that the
vapor phase should be racemic, thus allowing enantiomeric purification of the
remainder.

This and previous examples should provide significant warning to chemistry
practitioners that simple and quite routine procedures, such as drying a sample in
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vacuum, can result in altered enantiomeric purity. All chemists must be aware of the
vagaries of SDE via sublimation to avoid unfortunate errors in reporting the
stereochemical outcome of asymmetric catalytic reactions.

3.6 Rational Application of SDE via Sublimation: A Novel
Methodological Dimension for Enantiomeric
Purifications

SDE via sublimation as an enantiomeric purification procedure can be used only
for crystalline and relatively volatile compounds. In a recent study hexafluor-
opivalic acid 20 was proposed as sublimation-enabling tag which could impart
the required physicochemical properties to organic compounds [30]. Racemic and
enantiomerically pure amide derivative 22 showing high crystallinity and reason-
able volatility due to the presence of two trifluoromethyl groups was prepared from
acid 20 and liquid a-(phenyl)ethylamine (R/S)-21 or (R)-21 under the standard
conditions usually used for the formation of amide bonds. When compound (R)-22
of 70.4% ee was evenly spread over a Petri dish and left on a bench in open air for
47.5 h the remaining sample was collected in 42.4% yield and its enantiomeric
purity was found to be >99.5% ee (Scheme 18).

Attempts to interpret or predict the stereochemical outcome of sublimation of
enantiomerically enriched organic compounds can be summarized as follows: (1)
“the eutectic composition is predicted to sublime preferentially regardless of the
initial composition” [12, 31, 32]; (2) “the modification with the lowest melting
point should exhibit the greater volatility and should sublime preferentially” [12,
31, 32]; (3) the nature of the intermolecular interactions may be a reason for the
observed differences in the sublimation rates as well as the melting points of the
racemic and enantiomerically pure compounds [14, 25]; (4) in the sublimation of
“kinetic conglomerates” a mixture of enantiopure R and S crystals behaves rather as
a conglomerate before solid—solid equilibration is attained [33, 34]. However,
recent observations have shown that none of them can be taken as general rules
and interpretations largely depend on sample preparation. Undoubtedly SDE via
sublimation still holds a lot of exciting possibilities in terms of both fundamental
knowledge and practical applications.
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Scheme 18 Synthesis and sublimation of amide (R)-22

4 Examples of SDE via Achiral Chromatography

In general, the interactions, which may lead to molecular associations of different
properties in solution, are usually very weak, and therefore their detection and
evaluation is not an easy task. However, these associations are believed to be
responsible for several remarkable phenomena observed for nonracemic
compounds, such as nonlinear behavior of optical rotation [35-38] and UV absor-
bance [39], as well as nonlinear effects in asymmetric catalysis [40—43] and NMR
spectroscopy. The first physical observation of the macromolecular associations of
enantiomers was observed when studying 'H NMR spectra of non-racemic
dihydroquinines [44]. Two sets of peaks for some protons were detected with
peak areas proportional to the relative ratio of the enantiomers. Further "H NMR
examples of this type of association were reported for the nonracemic samples of
certain chiral compounds such as 1,2-diols [45], carboxamides [46, 47],
dicarboxamides [48], phosphinamides [49], and phosphinothioic acids [50], all of
which can easily form relatively strong intermolecular hydrogen bonds. Since then
many publications on the separation of an excess enantiomer from the racemate of
various structural types of organic compounds under HPLC, MPLC, flash and
regular chromatography have appeared. However, there is clearly unexplored
potential of SDE via achiral chromatography as a new enantiomeric purification
technique.

4.1 Amides

Theoretical considerations [51-55] clearly indicate that SDE under the conditions
of achiral chromatography should be expected for organic amides bearing
hydrogen-bond donor (NH) and acceptor (C=0) sites. Consequently, formation
of homo-/heterochiral associations, necessary for the manifestation of SDE, would
be facilitated by strong hydrogen bonding between N—H:--O atoms. Based on these
considerations, SDE of N-acetyl derivatives of chiral amines 23a—d under achiral
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NHAC NHAG NHA Mo A NHAC
(S)-23a (R)-23b (R)-23¢ (R)-23d

Fig. 1 Structures of amides 23a—d

less polar fraction

more polar fraction HAG

Me

(S)-23a(71% ee)

I I I
70 60 50

(retention time)

Fig. 2 SDE of (5)-23a (71% ee) via MPLC using achiral column (packed 10 pm of silica gel,
20 mm x 250 mm, eluent: n-hexane/AcOEt 5:4)

MPLC was systematically studied (Fig. 1) [56]. Amides 23 are very simple struc-
turally and can serve as very representative examples, suggesting that many other
amides might manifest SDE via achiral chromatography.

MPLC of non-racemic acetamide (S)-23a (71% ee) using an achiral silica gel
column and achiral eluent (n-hexane/AcOEt) gave a chromatogram showing two
distinct peaks as would be observed for a mixture of two chemically different
compounds (Fig. 2).

The eluted product was collected into two fractions at the boundary point.
Analysis of enantiomeric excess of these fractions revealed that the less polar
fraction contained enantiomerically pure (5)-23a (>99% ee) while the second
fraction was significantly enantiomerically depleted (28% ee) (Table 1). The initial
enantiomeric purity of the compound ($)-23a has little effect on the efficiency of
purification procedure and enantiomerically pure (S)-23a was prepared starting
from samples of 60% ee, 49% ee, and 30% ee. On the other hand, the choice of
eluent is important for the magnitude of SDE. When n-hexane and 2-propanol
instead of n-hexane and ethyl acetate were used as eluents in MPLC of (S)-23a, no
noticeable SDE was observed.

Even more impressive results were obtained for amides (R)-23b—d containing
Tol, PMB, as well as naphthyl groups. Thus, chromatography of amides 23b of 70%
ee, 23c of 71% ee and 23d of 67% ee under the same achiral conditions allowed
separation of first, less polar fractions containing enantiomerically pure (>99% ee)
(R)-23b—d (Table 2). The yields of the pure enantiomers in these cases were
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Table 1 MPLC of N-acetyl amide (S)-23a using achiral SiO, column and n-hexane/AcOEt 5:4 as

eluent

Entry

Amide (S)-23a

Less polar fraction

More polar fraction

1

2
3
4

51 mg, 71% ee
51 mg, 60% ee
50 mg, 49% ee
50 mg, 30% ee

24 mg, 99% ee
22 mg, 99% ee
16 mg, 99% ee
11 mg, 99% ee

21 mg, 28% ee
28 mg, 26% ee
32 mg, 26% ee
39 mg, 12.5% ee

Table 2 MPLC of N-acetyl amines (R)-23b—d using achiral SiO, column and n-hexane/AcOEt as
eluent

Entry Amides Less polar fraction More polar fraction
1 (R)-23b (53 mg, 70% ee) 29 mg, >99% ee 23 mg, 42% ee
2 (R)-23c (54 mg, 71% ee) 28 mg, >99% ee 24 mg, 35% ee
3 (R)-23c (50 mg, 67% ee) 24 mg, >99% ee 18 mg, 22% ee

Table 3 MPLC of phenethylamine derivatives (R)-24a—d using achiral SiO, column and
n-hexane/AcOEt as eluent

NHCOCsH11-c NHCOCF3 NHCOPh NHCOOMe
Me Me Me Me
(S)-24a (S)-24b (9-24c (S)-24d
Entry Amides 2a—e Less polar fraction More polar fraction
1 (S)-24a (57 mg, 72% ee) 6 mg, 93% ee 33 mg, 65% ee
2 (S)-24b (51 mg, 74% ee) 9 mg, 93% ee 36 mg, 70% ee
3 (S)-24c¢ (50 mg, 70% ee) 7 mg, >99% ee 41 mg, 65% ee
4 (S)-24d (50 mg, 70% ee) 11 mg, 97% ee 36 mg, 62% ee

48-55%, rendering SDE via achiral chromatography as the method of choice as
compared to fractional crystallization.

Subsequent study has shown that the magnitude of SDE strongly depends on the
substituent on the amino group. In MPLC of cyclohexane carboxamide (R)-24a,
trifluoroacetamide (R)-24b, benzamide (R)-24c, and methyl carbamate (R)-24d
separation of racemic and enantiomerically pure fraction peaks was not clear and
enantiomeric purity of less polar fractions significantly decreased in comparison
with those of 23a—d (Table 3). As suggested by the authors, racemic 23 and 24 form
syndiotactic and optically pure 23 and 24 isotactic infinite hydrogen bonded chains.
Syndiotactic arrangement is preferred in solution, explaining why less H-bonded
excess enantiomer is eluted first.

Analysis of the chromatographic behavior of amides (S)-25a—c containing a
trifluoromethyl group directly bonded to the stereogenic carbon atom with varied
starting % ee of the samples on an achiral stationary phase using achiral eluent
revealed a remarkable magnitude of SDE (Fig. 3) [57-59]. However, in these cases
fast-eluted enantiomerically depleted fractions were followed by fractions
containing enantiomerically pure compounds ($)-25a—c.
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Fig. 3 Amides (5)-25a—c FaCa~ FsC~_-Ph FaCai~

: ; Y COOEt T Y Ph
showing strong magnitude of H H H
SDE via achiral NHCOAr NHCOAr NHCOAr
chromatography (S)-25a (S)-25b (5)-25¢

Ar = 3,5'(N02)2 C6H3

Table 4 SDE of compound (S)-25a via gravity-driven achiral chromatography

Entry Starting ee (%) Eluent Minimum ee (%) Maximum ee (%)
1 95.0 n-Hexane/EtOAc 5:1 83.3 99.9
2 31.1 n-Hexane/EtOAc 5:1 20.9 41.8
3 61.1 n-Hexane/EtOAc 5:1 12.6 95.5
4 66.6 n-Hexane/EtOAc 5:1 8.1 99.9
5 66.6 n-Hexane/Et,O 1:1 54.8 99.9
6 66.6 CHCl; 65.5 68.2

For example, a derivative of f-amino acid (S)-25a of 66% ee on a regular silica
gel column (eluent: n-hexane/AcOEt 5:1) gave first fraction of (§)-25a of 8.1% ee
containing 3.3% of initial mass of the sample and last fractions of enantiomerically
pure (S)-25a of 99.9% ee (Table 4, entry 4). In order to obtain enantiomerically pure
samples the enantiomeric purity of the starting non-racemic mixture should be
higher than 61% ee (Table 4, entries 1-3). Use of a more polar solvent resulted in a
reduced magnitude of SDE (Table 4, entry 5) while use of chloroform as the eluent
virtually quenched SDE (Table 4, entry 6).

Under the same column chromatography conditions, 3,5-dinitrobenzamides of
1,1,1-trifluoro-3-phenylpropan-2-amine (S)-25b and 2,2,2-trifluoro-1-phenylethyamine
(8)-25¢ showed a less spectacular — as compared to the case of (5)-25a (Aee =
91.7%) — magnitude of SDE (Table 5). Nevertheless, enantiomerically pure samples
of compound (S)-25¢ were conveniently obtained by the achiral chromatography
method. In both cases more racemic samples were eluted first and more
enantiomerically enriched products collected in later fractions.

Similar enantiomeric enrichment of non-racemic mixtures during purification by
silica gel chromatography (eluent cyclohexane/ethyl acetate 8:2) has been observed
for 3-hydroxyindolin-2-ones 26 (Fig. 4) [60]. Opposite enantiomers (S)-26 of 87%
ee and (R)-26 of 84% ee were isolated starting from samples with 67% ee and 73%
ee, respectively. This phenomenon has been ascribed to stable diastereomeric
interactions between the enantiomers.

In contrast to amides 23-25 and 3-hydroxyindolin-2-one 26, enantiomeric
enriched atropisomeric lactams 27a—c having an N-C chiral axis due to the
rotational restriction around the N—Ar bond cannot form intermolecular hydrogen
bonds, and thus any intermolecular associations should be based on relatively
weaker amide dipole—dipole interactions (Table 6). Nevertheless, lactam 27a was
found to show quite a remarkable magnitude of SDE under the conditions of MPLC
on silica gel using n-hexane/AcOEt 10:1 as eluent [61]. When a sample of (5)-27a
of 73% ee was subjected to MPLC, two distinct peaks were observed. The first, less
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Table 5 SDE of compounds (S5)-25b and c¢ via gravity-driven achiral chromatography

Entry Amide Starting ee (%) Eluent Minimum ee (%) Maximum ee (%)
1 25b 95.0 n-Hexane/EtOAc, 5:1 91.0 99.6
2 25¢ 95.0 n-Hexane/EtOAc, 5:1 90.8 97.6
3 25b 31.1 n-Hexane/EtOAc, 5:1 28.9 39.1
4 25¢ 31.1 n-Hexane/EtOAc, 5:1 27.1 53.4
5 25b 61.1 n-Hexane/EtOAc, 5:1 55.1 70.3
6 25¢ 61.1 n-Hexane/EtOAc, 5:1 49.9 92.3
7 25b 66.6 n-Hexane/EtOAc, 5:1 59.9 78.8
8 25¢ 66.6 n-Hexane/EtOAc, 5:1 58.4 99.9
9 25b 66.6 n-Hexane/Et,0, 1:1 64.8 72.1
10 25¢ 66.6 n-Hexane/Et,0, 1:1 55.7 95.2
11 25b 66.6 CHCl; 66.6 66.6
12 25¢ 66.6 CHCl; 65.8 68.6

Fig. 4 Structure of
3-hydroxyindolin-2-ones 26

O

HO 4/<
CL

|
R)-26 1

polar fraction was found to be enantiomerically pure (S)-27a while the second was
enantiomerically depleted. It should be emphasized again that in this experiment
41% of the excess (S)-enantiomer (>99% ee) was easily separated from the starting
material of 73% ee, rendering this method of obvious preparative value. The
separation by MPLC was also observed for other lactam substrates 27b and 27¢
which, similar to 27a, were isolated in almost enantiomerically pure form (Table 6).
On the other hand separation depended strongly on the eluent and when the mixture
n-hexane/i-PrOH 50:1 was used as eluent the separation of an excess enantiomer
was not observed at all.

4.2 Alcohols and Phenols

An example of SDE on an achiral column dealing with enantiomerically enriched
samples of natural products was observed for cineole metabolites 28a and 28b
(Fig. 5). It was shown that preparative HPLC of mixture of alcohols 28a and 28b in
ratio 72:28 on silica gel using ethyl acetate/n-hexane 1:1 as eluent provided four
consecutive fractions having enantiomeric purity 84% ee, 74% ee, 26% ee, and
22% ee [62]. The authors suggested that enrichment and depletion of enantiomeric
excess in different fractions occurred due to the conversion of an initially achiral
column into a chiral stationary phase by the adhesion of chiral moving phase
because chromatography of a more dilute enriched mixture afforded less effective



Self-disproportionation of Enantiomers of Enantiomerically Enriched Compounds 321

Table 6 SDE of antropisomeric lactam derivatives 27a—c via MPLC using achiral silica gel
column, eluent n-hexane/AcOEt 10:1

otBU ~tBu oFBU
t-Bu OMe
27a 27b 27¢
Entry Lactam Less polar fraction More polar fraction
1 27a, 73% ee 99.5% ee, 41.0% 59.5% ee, 73.0%
2 27b, 73% ee 99.7% ee, 31.8% 62.9% ee, 67.0%
3 27c, 80% ee 99.4% ee, 56.2% 51.5% ee, 43.8%
Fig. 5 Structures of cineole HO OH
metabolites 28a and 28b a
showing SDE via achiral
HPLC
28a 28b

separation. As pointed out in this work, SDE can cause problems associated with
enantiomeric analysis of complex mixtures of natural products.

The chromatographic behavior in HPLC of 1-anthryl-2,2,2-trifluoroethanol 29
was studied on aminopropyl silica using n-hexane/dichloromethane as eluent
(Fig. 6) [63]. In this case, the stationary phase possesses good H-donor properties
and a long, flexible propyl chain to bind with associates without influence the existing
interactions. On the other hand, the eluent, selected for a polar non-racemic mixture,
is apolar enough to allow homochiral and heterochiral self-associations in solution.
The chromatography chart of 1-anthryl-2,2,2-trifluoroethanol 29 gave two distinct
peaks: the excess enantiomer (first) and the racemate (second). The importance of the
aminopropylsilica gel as stationary phase choice has also been proved. Application of
other stationary phases such as silica gel, diol phase, and RP18 for the HPLC of
1-anthryl-2,2,2-trifluoroethanol 29 did not produce clear separation of the excess
enantiomer and racemic peaks.

a-Trifluoromethyl-containing secondary alcohols (S)-30a—f also showed a sig-
nificant level of SDE via achiral chromatography on silica gel (Fig. 7).

Flash chromatography of amino alcohol (S)-30a of ~75% ee using cyclohexane,
benzene, and di-fert-butyl ether in a ratio of 1/1/0.1 as eluent, which could not
significantly interfere with H-bonded interactions between molecules of compound
30a, produced enantiomerically depleted first fractions and last fractions containing
pure (S)-30a enantiomer (Table 7) [64]. The magnitude of SDE under these
conditions was about 50% Aee and the overall amount of collected
enantiomerically pure (5)-30a was 55 mg out of 157.5 mg of the (S)-enantiomer
contained in the initial mixture, which corresponded to 35% chemical yield.
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Fig. 6 Structure
1-(anthracen-9-yl)-2,2,2-

trifluoroethanol 29 showing

strong magnitude of SDE via H—1—OH
achiral HPLC CF;
29

Fig. 7 q Strucgl;es ;’f ol PR R=NHBn (), NMes (b), NEt, (<),
Py T AEORO OH NH, (d), N(CHz)s (e), OFt (1)
(8)-30a—f (S)-30a-f
Table 7 SDE of compound  gpycqion Mass (mg) (S)/(R) (mg) ee (%)
(5)-30a via flash Starting sample 180 157.5/22.5 75
chromatography on achiral g samp ’ )
silica gel using cyclohexane/ 1 16 12.1/3.9 51
benzene/di-tert-butyl ether 2 23 17.8/5.2 55
1/1/0.1 as eluent 3 27 21.5/5.5 59

4 30 24.4/5.6 63

5 25 22.5/2.5 80

6 26 26/0 >99

7 17 17/0 >99

8 10 10/0 >99

9 2 2/0 >99

Compound 30b bearing N,N-dimethyl moiety showed a chromatographic profile
similar to that of 30a, allowing isolation of enantiomerically pure 30b in the last
eluted fractions. In this case, the magnitude of SDE was a bit greater (Aee = 68%)
and the isolated yield of enantiomerically pure (S)-30b was higher (Table 8).
Compound 30c¢, containing the diethylamino group, showed results very similar
to those obtained for the N,N-dimethyl-derivative 30b, suggesting that the presence
of the N-H moiety in 30a does not play any critical role in the mechanism of SDE in
this series. The enantiomerically pure (5)-30c¢ was collected with 41% chemical
yield. On the other hand, derivative 30d containing an unsubstituted amino group,
gave better results showing 71% Aee and allowing isolation of the enantiomerically
pure (5)-30d in 44% yield. Compound 30e bearing the piperidyl moiety gave lower
values of SDE (69% Aee) but still the enantiomerically pure (5)-30e was isolated in
quite reasonable 40% yield. Finally, the ethoxy-containing derivative 30f, structur-
ally different from the rest of compounds used in this study, gave the most notable
results. In this case the first fraction was noticeably enantiomerically depleted,
providing for the highest Aee in this study of 78% ee. The isolated yield of
enantiomerically pure (S)-30f was 53%.

It should be emphasized that several compounds in this study were liquids, in
particular 30f, and therefore the only available methods for preparation of their
enantiomerically pure samples is provided by chromatography on a chiral station-
ary phase. As shown in this work, SDE via achiral chromatography represents a
remarkable inexpensive alternative easily reproducible in any chemistry laboratory.
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Table 8 SDE of compounds ($)-30b—f (75% ee) via flash chromatography on achiral silica gel
using cyclohexane/benzene/di-tert-butyl ether 1:1:0.1 as eluent

Entry (§)-1  Highestee (%) Lowestee (%) Aee (%)  Yield of pure enantiomer (%)

1 30b 99 31 68 39
2 30c 99 33 66 41
3 30d 99 28 71 44
4 30e 99 30 69 40
5 30f 99 21 78 53

Recently the chromatographic behavior of enantiomerically enriched
compounds 31-33 having a tertiary trifluoromethyl alcohol center on an achiral
silica-gel stationary phase has been carefully investigated (Table 9) [65]. An
enantiomeric enrichment in the faster eluted fractions was observed for samples
of 31a with enantiomeric excess of 10-54% ee subjected to flash silica gel chroma-
tography and eluted with n-hexane/EtOAc 1:2 or ether (Table 9). The difference
between the maximum and minimum ee for the most enantiomerically enriched/
depleted fractions was found to be 66.9% ee when ether was used as the eluent
(Table 9, entry 3). The difference between enriched/depleted fractions was slightly
improved to 71.6% ee at medium-pressure chromatographic conditions (Table 9,
entry 4) and lowered with a decrease in the enantiomeric purity of the loading
samples (Table 9, entries 5 and 6). In these experiments enantiomerically pure 31a
with 99.9% ee was obtained from the starting sample of 40% ee. Interestingly, the
very structurally similar derivative 31b showed less pronounced ability for separa-
tion of excess enantiomer under the same conditions. Starting with compound 31b
of 37.5% ee, the earlier-eluted fraction gave 31b of 82.3% ee (Table 9, entry 7).
SDE was practically not observed for the other derivatives 32 and 33 independent
of their enantiomeric purity (Table 9, entries 8—11).

One of the classic examples of SDE via achiral chromatography is BINOL 34
(Fig. 8). Its chromatographic behavior was initially studied on aminopropyl silica
using n-hexane/2-PrOH 6:4 as eluent [63]. For example, HPLC of BINOL of 33%
ee gave first peak of excess enantiomer and second peak of racemate with a
difference in the retention times of 2.9 min. On loading a mixture with 86% ee
the difference in the retention times between excess enantiomer and racemate
increases to 10.7 min. The authors also showed that, at dilution, intermolecular
associations become unfeasible, leading to a complete quenching of SDE. Applica-
tion of other stationary phases such as silica gel, diol phase, and RP18 for the HPLC
experiments with BINOL was not effective for separation of the excess enantiomer
and racemic peaks.

Chromatographic behavior of enantiomerically enriched BINOL 34 has been
studied on LichroCART® (NH,) derived stationary phase [66]. Using CHCls,
CH,Cl, or mixtures of n-hexane/2-PrOH as eluent afforded a first peak of
enantiomerically pure form (>99% ee) and a second peak of racemic mixture
(0% ee). The theoretical treatment of the phenomenon assumed that enantiomers
of BINOL can associate in solution to form homochiral (RR and SS) and



A.E. Sorochinsky and V.A. Soloshonok

324

amssord wnipour 1opun pasn sem uumiod sus[AdordAjod ur 1a5-earyIs yseld,
amssaid ouoydsowe opun pasn sem UWN[Od SSB[S Ul [95-BOI[IS YSe],

£'¢6 £'16 1:6 OV OId/Suexay-u 076 qee ell
0°L6 096 1:1 ‘09d/sueXsH-U $'96 BEE w01
0vs L'eg Iy ‘O“1d/ouexoH-u §es qce 6
4% (a4 I ‘0“1d/oueXaH-U Lcs BLE 8
£C8 1'9¢ 094 S'LE qre qL
9y (44 094 66 BIE Q9
L6L 0Ll 094 £0¢ BlE qS
6'66 £'8¢ 094 0¢s BI¢ q7
6'66 0ee 094 |4y BIE €
696 76cC 094 Ly BIE vC
08 0T T'1 OV OIg/Suexay-u Ly BIE el
(9) 29 WNWIXeIN (9) 29 WNWIUIA juanyyg (%) 90 Sunieig Qensqng Anjug
ig=4d4q SNO=4H4q H=44q
SNO =Y egg H=dege SNO =4 elLe

H d

N

\ Y d N

13200 N O ; °
HO 0% HO 084

Aydei3ojewoIyo ysey [93-voI[Is [RIYOR U0 €€—T¢€ JO AAS 6 9.l



Self-disproportionation of Enantiomers of Enantiomerically Enriched Compounds 325

Fig. 8 1,I'-Bi-2-naphthol 34
(BINOL) possessing axial
chirality

Fig. 9 BINOL derivatives

COOR
oe
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(S)-35
R = Me (a), Et (b), Bn (c), +Bu (d)

heterochiral (RS) dimers both in the stationary phase and in the mobile phase. This
model was called a “hybrid” model as opposed to other models in which homo- and
heteroassociations occur on the stationary phase or in the mobile phase. Finally, the
chromatographic behavior of an enantiomerically enriched BINOL was
reinvestigated on LiChrospher®™ (100 NH,) stationary phase using CHCl; as eluent
and more accurate dual on-line detection (polarimetric and UV) [67, 68]. According
to previous study [63, 66], for a sample of BINOL (S5)-34 of 60% ee the first peak
was optically pure BINOL (S5)-34 and the second was racemate with a difference in
retention time of 3 min. The racemate peak is reproducibly retarded by slightly
more than 1 min with respect to the single enantiomer peak of the same overall
concentration. This is probably a very simple test estimating a magnitude of SDE
for a particular chiral compound and given set of chromatography conditions.
Several BINOL derivatives (§)-35a—c also showed a strong magnitude of SDE on
silica gel under the simple conditions of gravity driven chromatography (Fig. 9)
[69, 70].

4.3 Ketones

Despite a lack of hydrogen bonding, unsaturated diketone 36 demonstrates high
magnitude of SDE via achiral chromatography (Fig. 10). Chromatography of
unsaturated diketone (S)-36 of 65% ee on silica gel using n-hexane/EtOAc 4:1
afforded collected fractions with enantiomeric composition ranging from 84% ee to
51% ee [71]. In contrast, chromatography under the same conditions of the pure (S)-
enantiomer or racemic sample resulted in enantiomerically pure or racemic
fractions. The mechanistic rationale of SDE could assume strong dipole—dipole
interactions of the carbonyl groups in this case. While the preparation of
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Fig. 10 Structure of
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enantiomerically pure samples was not achieved in this study, the difference in ee
percentage between the most enantiomerically enriched/depleted fractions was
rather notable (33%), underscoring the generality of SDE for various types/classes
of non-H-bonding compounds.

4.4 Carboxylic Acids and Esters

The phenomenon of SDE by achiral phase chromatography has been observed in
the case of such carboxylic acids as 4-hydroxy-2-carboxymethyl-2-cyclopentenone
37 and its derivatives 38—41 (Fig. 11) [72]. All compounds showed enantiomeric
enrichment in the first part of the chromatographic peak and gradual depletion in
the following part of the peak under achiral HPLC on silica gel using a mixture of
n-hexane/EtOAc as eluent. In addition, samples obtained from divided chro-
matographic peaks by preparative HPLC of the corresponding cyclopentenone
derivatives were chromatographically and spectroscopically non-distinctive and
total optical activity of the fractionated samples were equal to those before chro-
matography. SDE remained after changing the HPLC column to the usual chroma-
tography column, although the magnitude of the separation was not so expressive.
Optical rotation data combined with purity control by analytical HPLC provided a
reasonable basis to consider that the results obtained reflected the change in
enantiomeric composition during chromatography of the investigated compounds.
Moreover, carboxylic acids 37-39 should be able to form more strong H-bonding
associates than in the cases of alcohol 40 and cyclopentenone 41. However,
substantial SDE was not observed among the compounds of this group.

Earlier in this chapter it was said that isopropyl 3,3,3-(trifluoro)lactate (S)-9
represents an extreme example of SDE via distillation and sublimation and crystal-
lographic analysis of enantiomerically pure crystals of (5)-9 has provided important
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Fig. 12 S]?E of (5)-9 via o) First fraction 99.9% ee
zlhzlf;;);i)ugsrl;);hy FaC\)J\OJ\ SEC Second fraction 98.5% ee
OH CHCl4 Third fraction 27.1% ee
(5)-9 Fourth froction 0.0% ee
75% ee

information about the nature of the corresponding homochiral interactions. Quite
unexpectedly, the crystallographic analysis of racemic isopropyl 3,3,3-(trifluoro)
lactate 9 has revealed that H-bonded heterochiral (R)/(S)-dimer is not present in the
unit cell [73]. Instead, it consists of two (R)- and two (S)-enantiomers not involved
in any H-bonding interactions between them. Moreover, the infinite homochiral
H-bonded chains of (S)- and (R)-molecules, observed in the racemic crystals, were
absolutely identical to the corresponding (S)-homochiral chains found in the
enantiomerically pure crystals of (5)-9. These data strongly suggested that 9 has
the ultimate preference for homochiral intermolecular interactions which can
explain unusual phase-transition behavior of compound 9. The determined prefer-
ence of 9 for homochiral oligomers formation was used to perform partial separa-
tion of racemic and enantiomerically pure forms of 9 using SDE via size-exclusion
chromatography (SEC). The SEC chart for a sample of (S)-9 of 75% ee presented
peaks of the racemate with the excess enantiomer having rather a clear boundary.
The first collected fraction contained enantiomerically pure ester (S)-9 (Fig. 12).
Consequently, the final fraction was fraction virtually racemic.

4.5 Sulfoxides

Kagan et al. observed remarkable SDE of enantiomerically enriched sulfoxides on
achiral stationary phases [74]. For example, flash chromatography of methyl p-tolyl
sulfoxide (R)-42 with 86% ee on silica gel using AcOEt as eluent gave (R)-42 of
99.5% ee in the first fraction and (R)-42 of 73.5% ee in the last fraction according to
determination of their enantiomeric excess by HPLC analysis on a chiral stationary
phase (Table 10, entry 1). Similar results were obtained with a sample of 20% ee
under the same conditions: highest enantiomeric excess at the beginning (37% ee)
and lowest value at the end (18% ee) (Table 10, entry 1). It should be emphasized
that increasing the amount of silica gel did not improve the efficiency of the
enantiomeric enrichment. Thus this simple laboratory purification procedure
allowed isolation of the sample with ee > 99% for methyl p-tolyl sulfoxide (R)-
42 prepared by asymmetric catalytic synthesis with only moderate enantios-
electivity 80-90% ee. Flash chromatography of methyl p-tolyl sulfoxide (R)-42
on reverse-phase silica and alumina also demonstrated enantiomeric enrichment in
the first fractions while depletion occurred in the last fractions (Table 10, entries
3 and 4). These experiments demonstrated the general character of SDE on achiral
phases. Kagan’s group also observed a similar increase in ee at the beginning of the
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(0] J<
N Chromatography on Kieselgur

Cr1Hag~NH H deactivated with 6% of water,
\n/ 40 g/g sample Less polar More polar
O Eluent: fraction fraction
(5)-46 hexane/AcOEt 46% ee 97% ee
Composition of from 95:5 to 92.5:7.5
starting sample
74% ee

Scheme 19 SDE of N-acyl valine fert-butylamide (S)-46 during achiral phase chromatography on
Kieselgur deactivated with 6% of water

elution on silica gel for methyl p-tolyl sulfoxide (S)-42 (Table 10, entry 5), benzyl
tert-butyl sulfoxide (S)-43 (Table 10, entry 6), and methyl ferrocenyl sulfoxide (R)-
44 (Table 10, entry 7). Unexpectedly, when a sample of phenyl ferrocenyl sulfoxide
(R)-45 of 65% ee was subjected to flash chromatography on silica gel, elution with
AcOEt/cyclohexane 1:1 provided in the first fraction minor enantiomer (S)-45 of
79% ee and in the last fraction sulfoxide (R)-45 of 94% ee (Table 10, entry 8). It was
supposed in this report that the physicochemical basis of SDE of chiral sulfoxides
was formation of macromolecular associations of enantiomers in the mobile phase,
giving rise to diastereomeric species of different chromatographic mobilities.

4.6 «a-Amino Acids and Dipeptides Derivatives

Amplification of optical activity of enantiomerically enriched a-amino acid and
dipeptide derivatives during achiral phase chromatography is one of the most
interesting examples of SDE. The first time this phenomenon was observed in
the case of valine derivatives. It was shown that chromatography of N-acyl valine
tert-butylamide (S5)-46 of 74% ee on Kieselgur deactivated with 6% of water using
n-hexane/AcOEt from 95:5 to 92.5:7.5 as eluent led to the first fraction containing
30% of sample with only of 46% ee while the latter fractions furnished N-
acylvaline tert-butylester (S)-46 with an average 90% ee running up to 97% ee
in the last fraction (Scheme 19) [75]. Later the similar chromatographic behavior of
a mixture of '*C-labeled racemic N-acetyl valine rert-butylester and the unlabeled
(S)-enantiomer on silica gel has been observed [76].

The MPLC of N-acetyl phenylalanine ethyl ester (R)-47 was subsequently
investigated on achiral silica gel column and the opposite order of elution between
more racemic and enantiomerically enriched samples was observed.
Enantiomerically enriched phenylalanine derivative (R)-47 of 69% ee was
separated using mixtures of n-hexane/AcOEt as eluents into less polar fractions
containing optically pure form and more polar fractions with lower ee of the
substrate (Scheme 20) [56]. Although the boundary for the separation was slightly
unclear, the enantiomerically pure N-acetyl phenylalanine ethyl ester (R)-47 was
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COOEt MPLC using
©/\I\EI/HAC achiral SiO, column Less polar More polar
- fraction fraction
(R)-47 eluent: hexane/AcOEt 1/2 599% e (17 mg)  52% ee (32 mg)

Composition of
starting sample
69% ee (50 mg)

Scheme 20 MPLC separation of enantiomerically enriched N-acetyl phenylalanine ethyl ester
(R)-47

Chromatography on kieselgur
o) Hsﬂz\‘)l\o,:{1 deactivated with 6% of water,
P NH 40 g/g sample Less polar Morepolar
FaC H Eluent: hexane/AcOEt fraction fraction
Composition of stgrting samples for (5)4890:10 (5)-886.5 oo (5)-4825 ee
for (S5,5)-49 95:5 (5,5)-4988% ee  (S,5)-4912.5% ee
(S)-48 R1 = i-Pr, Rz =H, Ry =Me
70.7% ee
(S,59)-49R1 = c-Hex, Rz = Rs =i-Pr
67% ee

Scheme 21 SDE of dipeptides (S)-48 and (S,5)-49 during achiral phase chromatography on
Kieselgur deactivated with 6% of water

obtained in relatively good chemical yield. HPLC separation of the excess enantio-
mer (first fraction) and racemate (second fraction) of N-benzoyl alanine methyl
ester on aminopropylsilica gel as achiral stationary phase using n-hexane/2-PrOH
mixture was also briefly described in the literature [63].

Enantiomeric enrichment in the first fractions and depletion in the last fractions
was also demonstrated during the chromatography of N-trifluoroacetyl dipeptides
(5)-48 and (S,5)-49 on water-deactivated Kieselgur (Scheme 21) stationary phase
[75]. When a sample of dipeptide (S)-48 of 70.7% ee was loaded on a silica gel
column using n-hexane/AcOEt 9:1 as eluent the highest 86.5% ee and the lowest
25% ee were observed during the chromatographic experiments. A similar result
was obtained with the dipeptide (S,5)-49 of 67% ee giving fractions of highest 88%
ee and lowest 12.5% ee optical purity. In both cases more enantiomerically
enriched samples were eluted first and more racemic product collected in latter
fractions. The authors assumed that high order association of the enantiomers
occurs efficiently only on the stationary phase, while in the mobile phase associa-
tion is insignificant due to hydrogen bonding of the solute with the polar
component.
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Fig. 13 Structure of natural (S)-nicotine
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A A
51 X = CI Chlorpheniramine 54 X = Cl, R = H Carbinoxamine
52 X = Br Brompheniramine 55 X = H, R = CHz Doxylamine

53 X = Cl Pheniramine

Fig. 14 Structure of antihistamines 51-55

4.7 Heterocycles

The first example of SDE via chromatography was reported in 1983 during a study
of the metabolism of '*C-labelled nicotine by HPLC on reversed phase columns
[77]. Cundy and Crooks observed splitting of the radioactivity into two distinct
peaks for racemic radiolabeled compounds co-injected with unlabeled (S)- or (R)-
nicotine 50 as standard — herewith the enantiomer in excess was eluted first
(Fig. 13). On the other hand, radiolabeled compound alone eluted as a single
radioactive peak and using unlabeled racemic nicotine as standard also showed
one "“C peak. They also were the first to show the advantage of SDE via chroma-
tography over other purification methods for preparation of enantiomerically pure
samples of 4C-labled (S)- or (R)-nicotine 50.

Several antihistamines 51-55 underwent enantiomeric enrichment and depletion
in different fractions under achiral chromatography on an aminopropyl silica gel
column with an n-hexane-2-propanol mobile phase (Fig. 14) [78]. For example,
racemic chlorpheniramine 51 and enantiomerically pure (§)-51 eluted as a single
peak, while enriched (S)-51 of 48% ee and 34% ee exhibited two overlapping
peaks. Other antihistamines 52—54 gave similar results. It was also demonstrated
that SDE of antihistamines 52-54 is concentration-dependent and diluted samples
were not separated. The composition of the mobile phase was also important in
achieving separation of racemic mixtures from pure enantiomers. Mobile phases
consisting of ethanol (1%), 2-propanol (1%, 5%, or 20%), or tert-butanol (20%)
with n-hexane, effected the separation, whereas higher concentrations of alcohol or
using chloroform and tetrahydrofuran as well as the presence of acid or base in
the mobile phase resulted in a loss of separation. These data supported the idea
that SDE was the result of homo-/heterochiral associations between the (R)- and
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Scheme 22 SDE of spirobrassinin (R)-56 and spirooxazoline (R)-57 during achiral HPLC using
i-PrOH/CHCI; as eluent

(S)-enantiomers. The benzylic hydrogen on the chiral carbon appears to play a
crucial role in SDE process because doxylamine 55, which has a methyl group in
place of the benzylic hydrogen, did not exhibit any enrichment/depletion of enan-
tiomeric purity. Additional experiments have shown that racemic chlorpheniramine
51 was retained longer on the aminopropyl silica column than the pure enantiomers.
Hence, the first fractions were enriched in the excess enantiomer.

A more significant change of enantiomeric excesses under conditions of
achiral HPLC chromatography was observed for natural (R)-spirobrassinin 56
(Scheme 22). Chromatographic purification of compound (R)-56 (47% ee)
using achiral eluent 1% i-PrOH/CHCI; gave less polar, earlier-eluted fractions
containing enantiomerically pure (R)-56 (>98% ee), while the later-eluted fraction
was significantly enantiomerically depleted (only 6% ee) [79, 80]. Interestingly,
under the same conditions related derivative spirooxazoline (R)-57 showed much
less pronounced separation of racemic fraction from the (R)-enantiomer. Starting
with compound (R)-57 of 48% ee, earlier-eluted fractions contained significantly
enantiomerically enriched (90% ee) but not pure (R)-57, while more polar
fractions were expectedly enantiomerically depleted (22% ee).

Another example of SDE via achiral chromatography was observed during the
isolation of C,-symmetric pyrrolidine and morpholine derivatives 58—61 of moder-
ate enantiomeric excess (53-88% ee) [81]. MPLC on silica gel using a mixture of
n-hexane/AcOEt as eluent gave enhancement of enantiomeric excess in the first
fractions while enantiomeric purity of following fractions were gradually decreased
(Table 11). In practice, this procedure allowed isolation of pyrrolidine derivatives
(2R,5R)-58, (25,55)-58, (2R,5R)-59, and (25,55)-59 in almost enantiomerically
pure form (>98% ee). The authors assumed that C,-symmetry azacycloalkanes
58-61 may be associated in the mobile phase, giving rise to homochiral or
heterochiral dimers/oligomers with different chromatographic mobilities.

The example of SDE of helical molecules on an achiral phase was demonstrated
during the work on enzymatic resolution of racemic helicenediol with lipases in
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Table 12 SDE of helicenediols (M)- and (P)-62 during achiral chromatography on silica gel with
n-hexane/ethyl acetate 3:1 as eluent

Entry Helicenediol % ee First fraction % ee Last fraction % ee
1 (M)-217, 82 69 89
2 (M)-217, 66 55 77
3 (P)-27,92 90 95
4 (P)-27, 67 64 72
5 (P)-27, 50 50 50
6 (P)-27, 42 42 42
7 (P)-27, 20 20 20

organic solvents. It was observed that isolation of both (M)- and (P)-enantiomers of
helicenediol 62 with 66-92% ee by column chromatography on silica gel with
n-hexane/AcOEt 3:1 as eluent gave depletion of enantiomeric excess in the first
fractions and enantiomeric enhancement in the last fractions (Table 12, entries 1-4)
[82]. The highest enantiomeric purity of 95% ee was obtained in the last fraction
starting from the (P)-enantiomer 62 with 92% ee (Table 12, entry 3). Further
analysis of the separation procedure revealed that no appreciable SDE was
observed during the chromatography of helicenediols (M)- and (P)-62 with <50%
ee (Table 12, entries 5-7). The authors suggested that heterochiral association
between two enantiomers (PM- and MP-dimers) by intermolecular hydrogen bond-
ing is more favorable than homochiral association (PP- and MM-dimers). As a
result, the more chromatographically mobile heterochiral dimers would elute faster
than the less mobile enantiomers with increase of ee being observed in the last
fractions. The hypothesis was confirmed by recrystallization of helicenediol (P)-62
of 69% ee from n-hexane/AcOEt 3:1 giving rise to racemic crystals of 62 while the
ee of the filtrate increased to 97%.

Examples of SDE of chloromezanone 63 [63], camazepam 64 [63], chloropyridin
derivative 65 [83], tetrahydropyridazine derivative 66 [84], and hydroxycoumarin
derivatives 67 [85] under the conditions of achiral chromatography have been
mentioned in the literature (Fig. 15).
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Fig. 15 Structures of heterocyclic compounds 63-67 showing SDE during achiral
chromatography

5 Conclusions and Outlook

After consulting this account, one may draw three general conclusions. First, the
phenomenon of SDE is indeed of very general nature as the reported literature cases
deal with compounds of wide structural and functional variety. Furthermore, if
under certain conditions the magnitude of SDE is not pronounced, the conditions
can be adjusted to achieve the desired separation of racemate from the excess
enantiomer. Second, SDE via phase transitions and achiral chromatography holds
true practical potential for the development of unconventional enantiomeric
purifications. Thus, on numerous examples, it has been demonstrated that sublima-
tion or achiral chromatography provided a similar or better yield of the recovered
excess enantiomer as compared to traditional crystallization. Third, the understand-
ing of physicochemical background and mechanistic rationale for various manifes-
tation of SDE is rather confusing and full or discrepancies. It would not be an
understatement to say that this area of research is in its infancy and still awaits
comprehensive systematic study.

References

1. Groh J (1912) Untersuchungen iiber die Existenz von Racemkoérpern in fliissigem Zustande.
Chem Ber 45:1441-4447

2. Mauser H (1957) Zur Thermodynamik optischer Antipoden, I. Chem Ber 90:299-306

3. McGinn CJ (1961) Diastereoazeotropes as a means of resolution. J Phys Chem 65:1896-1897

4. Nerdel F, Diepers W (1962) Zum Destillationsverhalten fliissiger Gemische optischer
Antipoden. Tetrahedron Lett 4:783-786



336 A.E. Sorochinsky and V.A. Soloshonok

5. Guetté JP, Boucherot D, Horeau A (1973) Interactions diastereoisomeres d’enantiomeres en
phase liquide — II” Peut-on separer les antipodes d‘un compose chiral distillation? Tetrahedron
Lett 15:465-468

6. Horeau A, Guetté JP (1974) Interactions diastereoisomeres d’antipodes en phase liquide.
Tetrahedron 30:1923-1931

7. Katagiri T, Yoda C, Furuhashi K, Ueki K, Kubota T (1996) Separation of an enantiomorph and
its racemate by distillation: strong chiral recognizing ability of trifluorolactates. Chem Lett
115-116

8. Katagiri T, Uneyama K (2001) Chiral recognition by multicenter single proton hydrogen
bonding of trifluorolactates. Chem Lett 1330-1331

9. Katagiri T, Duan M, Mukae M, Uneyama K (2003) A crystal engineering utilization of
hexafurcated hydrogen bonding to construction of subnano fluorinated tunnels. J Fluorine
Chem 120:165-172

10. Katagiri T, Takahashi S, Tsuboi A, Suzaki M, Uneyama K (2010) Discrimination of enantio-
meric excess of optically active trifluorolactate by distillation: evidence for a multi-center
hydrogen bonding network in the liquid state. J Fluorine Chem 131:517-520

11. Koppenhoefer B, Trettin U (1989) Is it possible to affect the enantiomeric composition by a
simple distillation process? Fresenius Z Anal Chem 333:750

12. Garin DL, Grieco DJC, Kelly L (1977) Enhancement of optical activity by fractional sublima-
tion. An alternative to fractional crystallization and a warning. J Org Chem 42:1249-1251

13. Bellec A, Guillemin JC (2010) Attempts to explain the self-disproportionation observed in the
partial sublimation of enantiomerically enriched carboxylic acids. J Fluorine Chem
131:545-548

14. Soloshonok VA, Ueki H, Yasumoto M, Mekala S, Hirschi JS, Singleton DA (2007) Phenome-
non of optical self-purification of chiral non-racemic compounds. J Am Chem Soc
129:12112-12113

15. Tsuzuki S, Orita H, Ueki H, Soloshonok VA (2010) First principle lattice energy calculations for
enantiopure and racemic crystals of a-(trifluoromethyl)lactic acid: is self-disproportionation of
enantiomers controlled by thermodynamic stability of crystals? J Fluorine Chem 131:461-466

16. Albrecht M, Soloshonok VA, Schrader L, Yasumoto M, Suhm MA (2010) Chirality-dependent
sublimation of a-(trifluoromethyl)-lactic acid: relative vapor pressures of racemic, eutectic,
and enantiomerically pure forms, and vibrational spectroscopy of isolated (S,S) and (S,R)
dimmers. J Fluorine Chem 131:495-504

17. Yasumoto M, Ueki H, Soloshonok VA (2010) Self-disproportionation of enantiomers of
a-trifluoromethyl lactic acid amides via sublimation. J Fluorine Chem 131:540-544

18. Yasumoto M, Ueki H, Ono T, Katagiri T, Soloshonok VA (2010) Self-disproportionation of
enantiomers via sublimation: isopropyl 3,3,3-(trifluoro)lactate. J Fluorine Chem 131:535-539

19. Yasumoto M, Ueki H, Soloshonok VA (2010) Self-disproportionation of enantiomers of 3,3,3-
trifluorolactic acid amides via sublimation. J Fluorine Chem 131:266-269

20. Cronin JR, Pizzarello S (1997) Enantiomeric excesses in meteoritic amino acids. Science
275:951-955

21. Pracejus G (1959) Optische Aktivierung von N-phthalyl-a-aminosédure-derivaten durch tert.-
Basen-Katalyse. Liebigs Ann Chem 622:10-22

22. Perry RH, Wu C, Nefliu M, Cooks G (2007) Serine sublimes with spontaneous chiral amplifi-
cation. Chem Commun 1071-1073

23. Nanita SC, Cooks RG (2006) Serine octamers: cluster formation, reactions, and implications
for biomolecule homochirality. Angew Chem Int Ed 45:554-569

24. Yang P, Xu R, Nanita SC, Cooks RG (2006) Thermal formation of homochiral serine clusters
and implications for the origin of homochirality. ] Am Chem Soc 128:17074—17086

25. Fletcher SP, Jagt RBC, Feringa BL (2007) An astrophysically-relevant mechanism for amino
acid enantiomer enrichment. Chem Commun 2587-2580



Self-disproportionation of Enantiomers of Enantiomerically Enriched Compounds 337

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

Bellec A, Guillemin JC (2010) A simple explanation of the enhancement or depletion of the
enantiomeric excess in the partial sublimation of enantiomerically enriched amino acids.
Chem Commun 46:1482—-1484

Viedma C, Noorduin WL, Ortiz JE, de Torres T, Cintas P (2011) Asymmetric amplification in
amino acid sublimation involving racemic compound to conglomerate conversion. Chem
Commun 47:671-673

Kwart H, Hoster DP (1967) Separation of an enantiomorph and its racemate by sublimation.
J Org Chem 32:1867-1870

Doucet H, Fernandez E, Layzell TP, Brown JM (1999) The scope of catalytic asymmetric
hydroboration/oxidation with rhodium complexes of 1,1’~(2-diarylphosphino-1-naphthyl)
isoquinolines. Chem Eur J 5:1320-1330

Ueki H, Yasumoto M, Soloshonok VA (2010) Rational application of selfdisproportionation of
enantiomers via sublimation a novel methodological dimension for optical purifications.
Tetrahedron Asymmetry 21:1396-1400

Jacques J, Collet A, Wilen S, Krieger H (1981) Enantiomers, racemates, and resolutions.
Wiley, New York

Cintas P (2008) Sublime arguments: rethinking the generation of homochirality under prebi-
otic conditions. Angew Chem Int Ed 47:2918-2920

Blackmond DG, Klussmann LM (2007) Spoilt for choice: assessing phase behavior models for
the evolution of homochirality. Chem Commun 3990-3996

Klussmann M, Mathew SP, Iwamura H, Wells DH Jr, Armstrong A, Blackmond DG (2006)
Kinetic rationalization of nonlinear effects in asymmetric catalysis based on phase behavior.
Angew Chem Int Ed 45:7989-7992

Horeau A (1969) Interections d’enantiomeres en solution; influence sur le pouvoir rotatoire:
purete optique et purete enantiomerique. Tetrahedron Lett 10:3121-3124

Schurig V (1996) Terms for the quantitation of a mixture of stereoisomers. Enantiomer
1:139-143

Baciocchi R, Zenoni G, Valentini M, Mazzotti M, Morbidelli M (2002) Measurement of the
dimerization equilibrium constants of enantiomers. J Phys Chem A 106:10461-10469
Baciocchi R, Juza M, Classen J, Mazzotti M, Morbidelli M (2004) Determination of the
dimerization equilibrium constants of Omeprazole and Pirkle’s alcohol through optical-
rotation measurements. Helv Chim Acta 87:1917-1926

Georges J (1995) Deviations from Beer’s law due to dimerization equilibria: theoretical
comparison of absorbance, fluorescence and thermal lens measurements. Spectrochim Acta
A 51:985-994

Girard C, Kagan HB (2000) On diastereomeric perturbations. Can J Chem 78:816-828
Kitamura M, Suga S, Oka H, Noyori R (1998) Quantitative analysis of the chiral amplification
in the amino alcohol-promoted asymmetric alkylation of aldehydes with dialkylzincs. J Am
Chem Soc 120:9800-9809

Shibata T, Yamamoto J, Matsumoto N, Yonekubo S, Osanai S, Soai KJ (1998) Amplification
of a slight enantiomeric imbalance in molecules based on asymmetric autocatalysis: the first
correlation between high enantiomeric enrichment in a chiral molecule and circularly
polarized light. ] Am Chem Soc 120:12157-12158

Soai K, Kawasaki T (2006) Discovery of asymmetric autocatalysis with amplification of
chirality and its implication in chiral homogeneity of biomolecules. Chirality 18:469—478
Williams T, Pitcher RG, Bommer P, Gutzwiller J, Uskokovic M (1969) Diastereomeric solute-
solute interactions of enantiomers in achiral solvents. Nonequivalence of the nuclear magnetic
resonance spectra of racemic and optically active dihydroquinine. J Am Chem Soc
91:1871-1872

Luchinat C, Roelens S (1986) Enantiomeric purity determination of 1,2-diols through NMR
spectroscopy without chiral auxiliaries. ] Am Chem Soc 108:4873—4878

Dobashi A, Saito N, Motoyama Y, Hara S (1986) Self-induced nonequivalence in the associa-
tion of p- and L-amino acid derivatives. ] Am Chem Soc 108:307-308



338 A.E. Sorochinsky and V.A. Soloshonok

47. Jursic BS, Goldberg SI (1992) Enantiomer discrimination arising from solute-solute
interactions in partially resolved chloroform solutions of chiral carboxamides. J Org Chem
57:7172-7174

48. Cung MT, Marraud M, Neel J, Aubry A (1978) Experimental study on aggregation of model
dipeptide molecules. V. Stereoselective association of leucine dipeptides. Biopolymers
17:1149-1173

49. Harger MJP (1977) Proton magnetic resonance non-equivalence of the enantiomers of
alkylphenylphosphinic amides. J] Chem Soc Perkin Trans 2 1882—-1887

50. Harger MJP (1978) Chemical shift non-equivalence of enantiomers in the proton magnetic
resonance spectra of partly resolved phosphinothioic acids. J Chem Soc Perkin Trans
2 326-331

51. Schurig V (2009) Elaborate treatment of retention in chemoselective chromatography — the
retention increment approach and non-linear effects. J Chromatogr A 1216:1723-1736

52. Trapp O, Schurig V (2010) Nonlinear effects in enantioselective chromatography: prediction
of unusual elution profiles of enantiomers in non-racemic mixtures on an achiral stationary
phase doped with small amounts of a chiral selector. Tetrahedron Asymmetry 21:1334—-1340

53. Jung M, Schurig V (1992) Computer simulation of three scenarios for the separation of
non-racemic mixtures by chromatography on achiral stationary phases. J Chromatogr A
605:161-166

54. Gil-Av E, Schurig V (1994) Resolution of non-racemic mixtures in achiral chromatographic
systems: a model for the enantioselective effects observed. J Chromatogr A 666:519-525

55. Kurganov A (1996) Effect of solute association on the apparent adsorption isotherm. A model
of the separation of non-racemic mixtures of enantiomers in achiral chromatographic systems.
Chromatographia 43:17-24

56. Nakamura T, Tateishi K, Tsukagoshi S, Hashimoto S, Watanabe S, Soloshonok VA, Aceia JL,
Kitagawa O (2012) Self-disproportionation of enantiomers of non-racemic chiral amine
derivatives through achiral chromatography. Tetrahedron 68:4013-4017

57. Soloshonok VA, Berbasov DO (2006) Self-disproportionation of enantiomers on achiral phase
chromatography. One more example of fluorine’s magic powers. Chim Oggi/Chem Today
24:44-47

58. Soloshonok VA (2006) Remarkable amplification of the self-disproportionation of
enantiomers on achiral-phase chromatography columns. Angew Chem Int Ed 45:766-769

59. Soloshonok VA, Berbasov DO (2006) Self-disproportionation of enantiomers of (R)-ethyl
3-(3,5-dinitrobenzamido)-4,4,4-trifluorobutanoate on achiral silica gel stationary phase.
J Fluorine Chem 127:597-603

60. Luppi G, Cozzi PG, Monari M, Kaptein B, Broxterman QB, Tomasini C (2005) Dipeptide-
catalyzed asymmetric aldol condensation of acetone with (N-alkylated) isatins. J Org Chem
70:7418-7421

61. Takahashi H, Tanabe T, Nakamura D, Kuribara T, Yamazaki O, Kitagawa O (2010)
Atropisomeric lactam chemistry: catalytic enantioselective synthesis, application to asymmet-
ric enolate chemistry and synthesis of key intermediates for NET inhibitors. Tetrahedron
66:288-296

62. Carman RM, Klika KD (1991) The optical fractionation of a partially racemic natural product
by chromatography over an achiral substrate. Aust J Chem 44:895-896

63. Matusch R, Coors C (1989) Chromatographic separation of the excess enantiomer under
achiral conditions. Angew Chem Int Ed 28:626-627

64. Sorochinsky AE, Katagiri T, Ono T, Wzorek A, Aceiia JL, Soloshonok VA (2013) Optical
purifications via self-disproportionation of enantiomers by achiral chromatography; case study
of a series of a-CF3-containing secondary alcohols. Chirality (accepted)

65. Ogawa S, Nishimine T, Tokunaga E, Nakamura S, Shibata N (2010) Self-disproportionation of
enantiomers of heterocyclic compounds having a tertiary trifluoromethyl alcohol center on
chromatography with a non-chiral system. J Fluorine Chem 131:521-524

66. Nicoud R-M, Jaubert J-N, Rupprecht I, Kinkel J (1996) Enantiomeric enrichment of
non-racemic mixtures of binaphthol with non-chiral packings. Chirality 8:234-243



Self-disproportionation of Enantiomers of Enantiomerically Enriched Compounds 339

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

Baciocchi R, Zenoni G, Mazzotti M, Morbidelli M (2002) Separation of binaphthol
enantiomers through achiral chromatography. J Chromatogr A 944:225-240

Baciocchi R, Mazzotti M, Morbidelli M (2004) General model for the achiral chromatography
of enantiomers forming dimers: application to binaphthol. J Chromatogr A 1024:15-20
Nakajima M, Kanayama K, Miyoshi I, Hashimoto S (1995) Catalytic asymmetric synthesis of
binaphthol derivatives by aerobic oxidative coupling of 3-hydroxy-2-naphthoates with chiral
diamine—copper complex. Tetrahedron Lett 36:9519-9520

Nakajima M, Miyoshi I, Kanayama K, Hashimoto S (1999) Enantioselective synthesis of
binaphthol derivatives by oxidative coupling of naphthol derivatives catalyzed by chiral
diamine-copper complexes. J Org Chem 64:2264-2271

Tsai W-L, Hermann K, Hug E, Rohde B, Dreiding AS (1985) Enantiomer-differentiation
induced by an enantiomeric excess during chromatography with achiral phases. Helv Chim
Acta 68:2238-2243

Loza E, Lola D, Kemme A, Freimanis J (1995) Enantiomeric enrichment of partially resolved
4-hydroxy-2-carboxymethylcyclopentanone derivatives by achiral phase chromatography.
J Chromatogr A 708:231-243

Acena JL, Sorochinsky AE, Katagiri T, Soloshonok VA (2013) Unconventional preparation of
racemic crystals of isopropyl 3,3,3-trifluoro-2-hydroxypropanoate and their unusual crystallo-
graphic structure: the ultimate preference for homochiral intermolecular interactions. Chem
Commun 49:373-375

Diter P, Taudien S, Samuel O, Kagan HB (1994) Enantiomeric enrichment of sulfoxides by
preparative flash chromatography on an achiral phase. J Org Chem 59:370-373

Charles R, Gil-Av E (1984) Self-amplification of optical activity by chromatography on an
achiral adsorbent. J Chromatogr A 298:516-520

Dobashi A, Motoyama Y, Kinoshita K, Hara S, Fukasaku N (1987) Self-induced chiral
recognition in the association of enantiomeric mixtures on silica gel chromatography. Anal
Chem 59:2209-2211

Cundy KC, Crooks PA (1983) Unexpected phenomenon in the highperformance liquid chro-
matographic analysis of racemic 13C-labeled nicotine: separation of enantiomers in a totally
achiral system. J Chromatogr 281:17-33

Stephani R, Cesare V (1998) Enantiomeric enrichment of non-racemic antihistamines by
achiral high-performance liquid chromatography. J Chromatogr A 813:79-84

Monde K, Harada N, Takasugi M, Kutschy P, Suchy M, Dzurilla M (2000) Enantiomeric
excess of a cruciferous phytoalexin, spirobrassinin, and its enantiomeric enrichment in an
achiral HPLC system. J Nat Prod 63:1312-1314

Suchy M, Kutschy P, Monde K, Goto H, Harada N, Takasugi M, Dzurilla M, Balentova E
(2001) Synthesis, absolute configuration, and enantiomeric enrichment of a cruciferous
oxindole phytoalexin, (S)-(—)-spirobrassinin, and its oxazoline analog. J Org Chem
66:3940-3947

Takahata H, Takahashi S, Kouno S, Momose T (1998) Symmetry-assisted synthesis of
c2-Symmetric trans-a, o -bis(hydroxymethyl)pyrrolidine and -piperidine derivatives via double
Sharpless asymmetric dihydroxylation of a, ®-terminal dienes. J Org Chem 63:2224-2231
Tanaka K, Osuga H, Suzuki, H, Shogase Y, Kitahara Y (1998) Synthesis, enzymic resolution
and enantiomeric enhancement of bis(hydroxymethyl)[7]thiaheterohelicenes. J Chem Soc
Perkin Trans 1 935-940

Kosugi H, Abe M, Hatsuda R, Uda H, Kato M (1997) A study of asymmetric protonation with
chiral B-hydroxy sulfoxides. Asymmetric synthesis of (—)-epibatidine. Chem Commun
1857-1858

Ernholt BV, Thomsen IB, Lohse A, Plesner IW, Jensen KB, Hazell RG, Liang X, Jacobsen A,
Bols M (2000) Enantiospecific synthesis of 1-azafagomine. Chem Eur J 6:278-287

Ray SK, Singh PK, Molleti N, Singh VK (2012) Enantioselective synthesis of Coumarin
derivatives by PYBOX-DIPH-Zn(Il) complex catalyzed Michael reaction. J Org Chem
77:8802-8808



Index

A
Absolute configuration, 1
(8)-O-Acetyl mandelic acid, 9
N-Acetyl phenylalanine ethyl esters, 329
Achiral chromatography, 301
Acrylamide (AM), 153
Activation parameters, 231, 252
N-Acyl valine fert-butylamide, 328
Adamantanones, 43
Adrenaline, 186
Alcohols, 15, 320
boronic esters formation, 193
cis-2-Alkyl-3-oxy-tetrahydropyran, 106
Allene dimethyl-2,3-pentadienedioate, 254
Amides, 78, 316
Amines, 16
Amino acid esters, 17
Amino acid methyl esters, 101
N-3,5-dinitrobenzoyl derivatives, 83
L-/D-Amino acid oxidase, 148
Amino acids, 30, 111, 162, 271, 281, 304, 309
extraterrestrial, 285
Amino alcohols, 12, 18, 20, 23, 29, 36, 78, 80,
101, 111, 195, 321
cis-4-Amino-1-benzyl-3-phenylpiperidine, 19
L-4-Amino-phenylalanine, 155
Aminophosphonates, 3
3-Aminopropyltriethoxysilane (APTES), 140
Anhydrides, 15
Anisotropy spectroscopy, 271, 275
2-(Anthracene-2,3-dicarboximido)
cyclohexane carboxylic acid, 13
2-(9-Anthryl)-2-tert-butoxyacetic acid, 10
1-(9-Anthryl)ethylamine, 16
a-(9-Anthryl)-a-methoxyacetic acid
(9-AMA), 5
1-Anthryl-2,2,2-trifluoroethanol, 321

Antihistamines, 331

a-Arabinopyranosides, 15

Aromatics, 314

a-Arylalkylamines, 79

N-Aryl-1,3,2-benzodithiazole-1-oxides, 258

3-Arylcarbonyl-2,2-dimethyloxazolidine-
4-carboxylic acids, 13

Arylnaphthalenes, 260

3-Aryl-2-oxo0-4-oxazolidinones, 43

Atropisomers, 40, 78, 89, 233

Azaphosphatrane-hemicryptophane cages, 82

B

Benzene-1,3-biscarboxamide, 85

Benzimidazole, 93

Benzo[de]isoquinoline 1,3-dione amino
acids, 79

Benzodiazepines, 262

syn-Benzotricamphor, 192

3-(Benzoyl)-(1R)-camphor, 39

trans-N-Benzylhydroxypiperidinemethanols, 12

(5)-1-Benzyl-6-methylpiperazine-2,5-dione, 79

1-N-Benzyloxycarbonylaminoalkanephosphonic
acid, 88

Bicyclodipeptide bearing calix[4]arenes, 158

Bicyclo[3.1.0]hex-2-ene-6-carboxylic acid, 305

Binaphthyl CSAs, 77

1,1’-Binaphthyl-2,2’-diol (BINOL), 77, 325

1,1'-Binapthalene-2,2'-dithiol (BNSH), 157

BINOL, 77, 323

BINPHAT, 81

Biopolymers, 271

N,N'-Bis(6-acylamino-2-pyridinyl)
isophthalamide, 101

Bis[(R)-1,1’-bi-2-naphtholato]borate, 82

341



342

9,10-Bis(2,3-dimethylphenyl)phenanthrenes,
252

Bis-imidazole N-oxides, 78

N,N'-Bis(mesitylmethyl)-1,2-diphenyl-
1,2-ethanediamine, 47

Bis-nor-seco-cucurbit[6]uril, 189

Bis[(S)-a-phenylethyl]cyclohexane-
1,2-diamine, 21

a,0-(Bis-trifluoromethyl)-9,10-
anthracenedimethanol, 84

Borate CSAs, 83

Boronate esters of (R)/(S)-2-(1-methoxyethyl)
phenylboronic acid, 23

Boron-containing reagents, 22

Boronic acids, 23

Bovine serum albumin (BSA), 156

Bulk acoustic wave (BAW) sensors, 149

2-Butanol, 15, 39, 158, 159

cis-But-2-ene-1,4-diols, 77

2-tert-Butoxy-2-(2-naphthyl)acetic acid, 10

2-tert-Butoxy-2-phenylacetic acid, 10

p-tert-Butylcalix[4]arene, 97

18-(tert-Butyldimethylsilyloxy)-
5-octadecayne-7-ol, 7

3-(tert-Butylhydroxymethylene)-(1R)-
camphor, 37

tert-Butyl-1-(2-methyl-1-naphthyl)phosphine
oxide, 258

2-Butylphenyl ethers, 42

Butylphenylphosphinothioic acid, 78

C

Cages, supramolecular, 177

Calixarenes, 182

calix[4]arenes, 97, 136, 183

Calix[4]crown carboxylic acid, 97

Calix[4]resorcinarenes, 3, 32, 98

Camazepam, 334

Camphor sulfonamide, 19

Camphor sulfonyl chloride, 19

Camphoric acid, 305

(18)-(+)-10-Camphorsulfonate, 111

Camphorsulfonic acid (CSA), 78, 141, 147

Capillary electrophoresis (CE), 133

(S)-Captopril, 138, 148

Carbamates, 20, 87, 98, 318

Carbinoxamine, 25

Carbocyclic[11]paracyclophanes, 253

Carbon black (CB)-chiral polymer
composites, 158

2-[4-(2-Carboxy-2-methylpropyl)phenyl]
propionic acid, 116

Index

1-[2-Carboxy-6-(trifluoromethyl)phenyl]
pyrrole-2-carboxylic acid, 77

Carboxylic acids, 4, 75, 305, 326

Carceplexes, 191

Carcerands, 191

Carvone, 159

Catechin, 89, 90

Chemiresistors, 158

Chemocapacitors, 161

Chiral cages, 177

Chiral derivatizing agents (CDA), 1, 70

Chiral discrimination, 69

Chiral ionic liquids (CILs), 110

Chiral lanthanide shift reagents (CLSRs), 70

Chiral ligand exchange potentiometry
(CLEP), 139

Chiral liquid crystals, 1

Chiral recognition, 177, 301

Chiral sensors, 133

Chiral shift reagent (CSR), 83

Chiral solvating agents (CSAs), 1, 69, 70

Chiral stationary phases (CSPs), 83, 236

Chirality, 231, 271

Chirasil-nickel(I) (polysiloxane-anchored
nickel(II)-bis
[3-(heptafluorobutanoyl)-(1R)-
camphorate]), 252

Chiroptical properties, 177

2-Chloro-(4R,5R)-bis[(1S,25,5R)-menth-
1-yloxycarbonyl)]-
1,3,2-dioxaphospholane, 21

1-Chloro-2,2-dimethylaziridine, 253, 255

Chloromezanone, 334

10-(3-Chlorophenyl)-6,8,9,10-tetrahydrobenzo
[b][1,8]naphthyridin-5(7H )-one
(Telenzepine), 258

2-Chloropropionic acid, 80, 102

Chloropyridin, 334

Chlorpheniramine, 26, 331

Chlorthalidone, 257, 262

Cholic acid, 207

Cineole, 321

Circular dichroism, 147, 167, 271, 274

Circularly polarized radiation, 271

Citronellol, 160

Colletotrichum acutatum, 7

Computer simulation, 231

Conductometric (or resistive) sensors, 158

COSAC, 271, 289

Crown ethers, 28, 108

Crown-6-tetracarboxylic acid, 108

Cryptophanes, 42, 109, 111, 195

Cryptophanol-A, 198



Index

Cucurbit([n]urils, 188

a-Cyano-a-fluoro-p-tolylacetic acid (CFTA), 5

Cyclic voltammetry (CV), 143
Cyclodextrins, 24, 90, 116, 136, 181, 292
hosts, 181
QCM, 150
Cyclohexane carboxamide, 318
trans-1,2-Cyclohexane dicarboxylic acid, 23
(R,R)-1,2-Cyclohexanediamine, 103
Cyclohexenols, endo/exo-monocyclic, 9
Cyclopentanones, 326
Cyclopeptides, 158
Cyclotribenzylene (CTB), 182, 195, 202
Cyclotriveratrylene, 182
Cycloveratrylenes, 42

D
cis-Decalin, 52
Deoxyribooligonucleotides, 145
Derivatizing agents, chiral, 4
1,6-Dialkylpiperazine-2,5-diones, 79
1,2-Diaminocyclohexane (DACH), 78, 87,
102, 193
4.,4’-Diamino-2,2'-diisopropylbiphenyl, 261
4,4'-Diammonio-2,2'-bis(trifluoromethyl)
biphenyl, 261
Dibenzoyltartaric acid, 77, 169
Dicampholylmethane, 37
(2,6-Dichloro-4-methoxyphenyl)
(2,4-dichlorophenyl)methanol, 20
N,N'-Diethyl-4-vinyl-benzamidine, 169
Differential pulse voltammetry (DPV), 143
Diffusion-ordered NMR spectroscopy
(DOSY-NMR), 109
(R)-Dihydroindenol, 314
Dihydroquinines, 316
2,2'-Dihydroxybenzophenone, 19
2,2'-Dihydroxy-1,1’-binaphthalene
(BINOL), 18
Di-(R,R)-1-[10-(1-hydroxy-2,2,2-
trifluoroethyl)-9-anthryl]-2,2,2-
trifluoroethyl phthalate, 85
Diketones, 325
Diketopiperazine, 14
Dimethindene, 91
2,6-Dimethylenebicyclo[3.1.0]-hexane, 252
Dimethylformamide dimethylacetal
(DMF-DMA), 292
N,N-Dimethyl-1-(1-naphthyl)ethylamine, 46
Dimethyl-1-phenylethylamine, 44, 46
3,5-Dinitrobenzamides, 319
3,5-Dinitrobenzoyl amino acids, 89

343

3,5-Dinitrobenzoyl-derived 1-naphthylethyl
amide, 84

Dioxa[11]cyclophanes, 253

Dioxolanoadamantanes, 43

Dipeptides, 329

2,2-Diphenyl-[1, 3]-dioxolane-4,5-
dicarboxylic acid, 14

2-(Diphenylmethanesulfinyl)acetamide
(modafinil, MDL), 115

Diporphyrin receptor, 102

Disaccharides, 167

Distillation, 301

Disuccinimidyl suberate (DSS), 141

3,4-Di-tert-butyl-1,3,4-oxadiazolidine, 256

Dithiolano adamantanes, 43

DNA aptamers, 167

Dopamine (DOPA), 162

Doxylamine, 25, 332

Drug formulations, chiral, 115

Drugs, 231

Dynamic capillary electrophoresis (DCE),
231, 261

Dynamic gas chromatography (DGC),
231, 244, 252

Dynamic high performance liquid
chromatography, 231, 256

Dynamic supercritical fluid chromatography,
231, 258

Dysprosium, 26

E

Eburnamonine, 54

Electrical sensors, 158

Electrochemical impedance spectroscopy
(EIS), 143

Electrochemical quartz crystal microbalance
(EQCM) sensor, 153

Electrochemical sensors, 136

Electropolymerization, 153

a-Eleostearic acid, 51

Enalapril, 262

Enantiomeric differentiation, 1, 133

Enantiomeric excess, 69, 271

Enantiomerization, 231, 235

Enantioselective chromatography, 231

Encapsulation, 96

Ephedrine, 111, 188

Epichlorohydrin, 109, 158

1,2-Epoxybutane, 109

Ethyl-2-(9-anthryl)-2-hydroxyacetate, 15

a-Ethylbenzylphenyl sulfide, 314

Ethyl lactate, 169



344

4-Ethyl-4-methyloctane (C*MeEtPrBu), 8
Europium, 38

F

Faradaic impedance spectroscopy (FIS), 146
Fatty acids, 50
a-Ferrocenylethylphosphine, 13

Field effect transistors (FET), 141
4-Fluoro-2-formylphenylboronic acid, 22
1-(o-Fluorophenyl)ethanol, 2
(S)-Flurbiprofen, 138
N-Fmoc-N'-Boc-L-tryptophan, 80
2-Formylphenylboronic acid, 22
Fullerenes, 114, 189

G
Gamma-globulin, 144
Gas chromatography (GC), 94, 133, 168, 289
Gibbs free activation energy, 252
GIOTTO, 288
Glassy carbon electrode (GCE), 144
Glucose, 15, 150, 168
sensors, 168

OECT, 161
Glucose oxidase, 149
Glutamic acid, 162, 167
Glycopeptides, 89
B-Glycopyranosides, 15
Glycosides, 15
Goat serum albumin (GSA), 157
Gravimetric/mass sensors, 149

H

Helicenediol, 332

Hemicarceplexes, 191

Hemicarcerands, 191

Hemicryptophanes, 202, 207

3-Heptafluorobutyryl-(1R)-camphor, 37

Heptafluoro-2,2-dimethyl-3,5-octanedione, 40

Heptakis(3-O-acetyl-2,6-di-
O-pentyl)-B-cyclodextrin
(Lipodex D), 94

Heptakis(6-deoxy-6-[12-(thiododecyl)
undecanamido])-B-cyclodextrin, 167

Heptakis(2,3-di-O-acetyl-6-O-tert-
butyldimethylsilyl)-p-cyclodextrin
(AcSiCD7), 95

Heterocycles, 331

Hexaazapyridinophanes, 107

Hexacarboxylic acid cryptophane-A, 109

Index

High performance liquid chromatography
(HPLC), 83, 133, 238
Homocalixarene hosts, 183
Homochirality, life, 285
Homocysteine, 142
Host-guest systems, 177
Human serum albumin (HSA), 141, 156
Hydroxyacids, 23, 304
4-Hydroxy-2-carboxymethyl-2-
cyclopentenone, 326
Hydroxycoumarin derivatives, 334
(+)-cis-4-Hydroxy-6-deoxyscytalone, 7
3-Hydroxyindolin-2-ones, 319
a-Hydroxyisovaleric acid, 80
3-Hydroxy-2-methylpropanoic acid, 44
o-Hydroxyphosphinates, 7
2-Hydroxy-3-trimethylaminopropyl-p-CD, 138

I

(S)-Ibuprofen, 54, 77, 114, 116

Imination, 191

Indium tin oxide (ITO) glass, 139

Indoles, 33

Interconversion, 231

Ionic liquids (IL), 109

Ton-selective electrodes (ISE), 137

Ton-sensitive field effect transistors (ISFET),
141

Isobenzofuran-1,3-dione, 36

N-Isobutyryl-cysteine (NIBC), 145

Isocyanates, 17

Isophthalate, 85

Isopropyl(trifluoro)lactate, 304, 308, 326

2,3-O-Isopropylidene-L-threitol, 191

(18,25)-N-[(2-Isothiocyanato)cyclohexyl]
trifluoromethanesulfonamide, 17

Isothiouronium, chiral, 41

K

Kemp’s acid diamide, 78
Ketones, 325

Kinetics, 231

L
Lactams, atropisomeric, 319

bicyclic, 43
Lanthanide complexes, chiral, 3
Lanthanide tris p-diketonates, chiral, 37
Lanthanides, paramagnetic, 38
Leucine, 111, 275, 276, 282, 286, 311-313



Index

Limonene, 159

Linoleate, epoxidation, 51

Liquid crystals, chiral, 3, 47

Liquid—vapor phase transition, 303

Lithium bis(trifluoromethane)sulfonimide, 111
Lithium diphenylphosphide (PPh,Li), 199
Lorazepam, 262

Ludartin, 53

Lupanine, 77

Lutetium, 38

M
Macrocycles, 24
synthetic, 96

Maltodextrins, 137

Mandelic acid, 22, 75, 140, 155

Mandelic acid-dimethylaminopyridine, 83

Memory effect, 154

Menthol, 154, 159

4-Mercapto-2-alkenones, 11

Metabolites, chiral, 115

Metal complexes, 36

Metal oxide semiconductor field effect
transistor (MOSFET), 141

Metal(II) bis[3-(heptafluorobutanoyl)-
(1R)-camphorate], 255

Metalloporphyrins, 87

Methionine, 45

L-Methotrexate, 143

a-Methoxy(1-naphthyl)acetic acid
(1-NMA), 10

2'-Methoxy-1,1’-binaphthalene-8-
carbaldehyde, 18

2-Methoxy-2-(1-naphthyl)propionic acid
(MaNP), 5

(8)-2-Methoxy-2-phenylpent-3-ynoic acid, 9

(R)-/(S)-(3-Methoxyphenyl)ethylamine
(MPEA), 152

a-Methoxyphenylacetic acid (MPA), 5, 115

a-Methoxy-a-trifluoromethylphenylacetic
acid (MTPA), 4, 111, 115

Methyl-N-benzoylleucinate, 79

(R)/(S)-Methyl benzyl amine, 100

Methyl carbamate, 318

Methyl 2-chloropropionate, 94, 158, 162

Methyl-p-cyclodextrin, 93

3-Methylcyclohex-2-en-1-ol, 39

(syn)-Methyl-2,3-dihydroxy-
3-phenylpropionate, 23

3-Methyl-1,3-dioxolan-2-one, 54

Methyl ferrocenyl sulfoxide, 328

(£)-4-Methylimidazolidin-2-one, 183

345

Methyl lactate, 102, 169

Methyl linoleate, 50

4-Methylsulfinylbutylglucosinolate, 40

Methyl p-tolyl sulfoxide, 327

Methyl vernoleate, 50

Molecular imprinted polymers (MIPs),
136, 139, 153

Molecular recognition, 133

Molecular tweezers, 84

Monosaccharides, 15, 167

Morpholine derivatives, 332

Mosher’s acid, 110, 111, 201, 223

Mosher’s salt, 111

Myrioneurinol, 9

N
Nanocubes, 196
Nanowires, 146
Naphthalenedicarboxyl-fert-leucinate, 45
Naphtho[2,3-c]furan-1,3-dione, 36
($)-(—)-1,1"-(2-Naphthol), 115
3-(2-Naphthoyl)-(1R)-camphor, 39
1-Naphthyl reagents, 6
1-(1-Naphthyl)ethylamine, 16, 84
(1-Naphthyl)(trifluoromethyl) O-carboxy
anhydride, 15
(S)-Naproxen, 77
Natural products, 87
Nicotine, 188, 331
L-Nitrilotriacetic acid (L-NTA), 200
N-(2-Nitrophenyl)proline, 13
1,4-Nitrophenylethylamines, 138
NMR, 69
dynamic (DNMR), 231, 233
shift reagents, 1
Nonadecanol, 6
Norephedrine, 111, 188

(0]

Octakis(3-O-butanoyl-2,6-di-n-O-
pentyl)-y-cyclodextrin, 162

OFETs, sensors, 133, 159

Omeprazole, 77, 91

One-dimensional exchange spectroscopy by
sideband alteration (ODESSA), 55

Optical circular dichroism (OCD), 146, 167

Optical sensors, 165

Organic electrochemical transistors (OECT)
glucose sensors, 161

Organic field effect transistors (OFETs),
133, 159



346

Organoleptic, 135

Oxazepam, 257, 262
Oxazolidinones, 78, 102
Oxazolones, 44

Oxetanes, 77

Oxiranes, 77
2-Oxo-3-indolylacetic acids, 19

P

Palladium complexes, 45

Pantoprazole, 91

Paracetamol, 146

Penicillamine, 143

Pentafluoro-2-(fluoromethoxy)-3-
methoxypropane) (halodiether B),
95, 169

10-(Pentafluorophenylcarbamoyloxy)-60-
methoxy-11-norcinchonan-9-ol, 88

9-O-(Pentafluorophenylcarbamoyl)quinine, 88

Pentahydroxyl cryptophane-A, 109

(S)-Pentorpril, 138

Peptide mimetics, 86

Peptidyl-proline dipeptides, 257, 262

Permethylated p-cyclodextrin, 96

Per-O-(S)-2-methyl butyrate, 15

(S,S)-Petrocortyne, 6

Phase transitions, physicochemical, 301

Pheniramine, 25

Phenols, 320

(R)-2-Phenoxypropionic acid, 114

(8)-3-Phenyl-2-(selenophenyl)propan-1-ol, 23

2-Phenyl-2-oxazolidinone, 19

Phenylalanine, 146

Phenylalanine ethyl ester bis(trifluoromethane)
sulfonimide, 111

Phenylalanine methyl ester hydrochloride, 35

Phenylazomethine cages, 192

(8)-2-(Phenylcarbamoyloxy)propionic acid, 84

trans-2-Phenylcyclopropanes, 40

o-Phenylenediamine (0-PD), 162

1-Phenylethylamine (PEA), 16, 71, 80

Phenylpropionic acid, 2, 35

(R)-2-Phenylselenopropanoic acid, 24

Phenylthiohydantoinphenylalanine, 257

Phosphazenes, 74

Phosphine oxides, 80

Phospholenes, 78

Phosphonamidates, 80

Phosphonates, 80

Phosphonocarboxylate (PC), 91

Index

Phosphorus-containing reagents, 20

Photochemical model, 271, 285

(S)-N-Phthaloyl-(S)-tert-leucine, 45

Phthalyl alanine (PA), 100

Pincer structure, 85

Pincer-like CSAs, 85

a-Pinene, 55, 158

L-Pipecolic acid (PA), 138, 148

L-Pipecolinic acid, 34

Piperazines, 31

Piperidines, 31

Plasticized polyvinyl chloride (PVC), 137

Platinum complexes, 46

Polyaniline, conducting de-doped, 141

Polychlorinated biphenyls (PCBs), 253

Polymethacrylic acid (PMAA), 139

Polypyrrole, overoxidized (oPPy), 153

Polysodium N-undecanoyl-L-leucylvanilate
(SULV), 138

Polysodium N-undecanoyl-L-vanilate
(SUV), 138

Poly-y-benzyl-D-glutamate (PBDG), 50

Poly-y-benzyl-L-glutamate (PBLG), 49

Poly-y-ethyl-L-glutamate (PELG), 49

Poly-e-carbobenzyloxy-L-lysine (PCBLL), 49

Poly[2-(N-carbazolyl)ethyl methacrylate-
co-methacrylic acid]s
(PCEMMAS), 139

Poly((R)-3-hydroxy-butyrate-co-(R)-
3-hydroxyvalerate), 158

Poly(phenylenethynylene) (PPE), 154

Potentiometric Sensors, 137

Praseodymium, 38

Prolines, 32-34, 79, 98, 138, 257, 282, 311

Prominal, 257

Propranolol, 25, 34

Propylene oxide, 109

Propylenediaminetetraacetic acid, 41

Pseudoephedrine, 188

Pseudoproline, 13

PVC membranes, 138

Pyridine-2,6-bis-carboxamide, 85

Pyrrolidines, 332

Pyrrolidinofullerene, 189

Q
Quartz-crystal microbalances (QCMs), 149

Quinidine, 89

Quinine, 7, 83, 87-89, 113
Quinoxaline, 99
Quinuclidine, 88



Index

R

Rabbit serum albumin (RbSA), 157

Rabeprazole, 91

Racemization, 235

Real-time monitoring, 133

Reflectometric interference spectroscopy-
based sensors, 168

Residual dipolar couplings (RDCs), 53

Resorcinarenes, 99, 135, 185

Resorcinol, 33, 185

Rhodium complexes, 42

ROSETTA, 271, 288

S

Saccharides, 167

Selenium-containing reagents, 23

(8)-2-(Selenophenyl)propan-1-ol, 24

Self-assembled monolayers (SAMs), 137

Self-disproportionation of enantiomers
(SDE), 302

Sense of nonequivalence, 70

Sensing receptors, 115

Sensors, amperometric, 148

Serine, 13

Sibutramine, 93

Silver complexes, 47

Size-exclusion chromatography (SEC), 327

Solid—vapor phase transition, 305

Spirobichromenes, 257

Spirobrassinin, 77, 332

Spirochromenes, 258

Spirooxazoline, 332

Stochastic model (SM), 242, 244

Stopped-flow multidimensional GC
(stMDGC), 237, 253

Stopped-flow techniques, 231

Streptavidin, 165

Strychnine, 53

Sublimation, 301, 315

Succinoglycan, 89

Sucro-neolambertellin, 54

Sulfides, 314

Sulfoxides, chiral, 76, 327

Supercritical fluid chromatography, 258

Supramolecular cages, 190

Supramolecular chemistry, 177

Surface plasmon resonance
(SPR) sensors, 165

Synchrotron radiation circular dichroism
(SRCD), 274

347

T
Teicoplanin, 138
Temazepam, 262
Terephthalate, 85
Tetraalkylammonium carboxylates, 101
Tetraamidic cyclic CSAs, 103
meso-Tetra(tert-butyl)porphine, 114
Tetrahydro-1,4-epoxynaphthalene-
1-carboxylic acid, 14
Tetrahydropyridazine derivatives, 334
Tetrakis(pyridylmethyl)propylene diamine, 41
Tetramethylammonium iodides, 101
Tetraphenylporphine, 114
Tetra(4-sulfophenyl)porphyrin (TSPP), 138
Thalidomide, 262
Theoretical plate model (TPM), 231, 239
Thiacalix[4]arene, 98
Thickness shear mode resonators
(TSMRs), 149
Thioureas, C,-symmetrical chiral, 81
CSAs, 81
Thyroxine, 167
1,3,5-Tri(boronic acid)benzene, 194
Tribenzotriquinacene (TBTQ), 196
Tridioxyethylenetriphenylene, 52
Trifluoroacetamide, 318
N-Trifluoroacetyl dipeptides, 330
N-Trifluoroacetyl valine methyl ester, 304
N-Trifluoroacetyl-alanine methyl ester
(N-TFA-Ala-OMe), 169
3-Trifluoroacetyl-(1R)-camphor (tfc), 37
Trifluoro-1-(9-anthryl)ethanol
(Pirkle’s alcohol), 15, 74
o-(Trifluoromethyl)lactic acid, 306
2,2,2-Trifluoro-1-phenylethanol, 71
Trifluoro-3-phenylpropan-2-amine, 319
Trifluoro-1-(1-pyrenyl)ethanol, 75
Triformylbenzene, 193
Trimethylcyclooctanol, 7
Trimethyl-propane trimethyl acrylate
(TRIM), 153
Triphenyl(1-phenylethyl)phosphonium
bromide, 83
Tris-4-(formylphenyl)amine, 193
syn-Tris(norborneno)benzene, 192
Tris(2,4,6-trichlorophenyl)methane, 257
TRISPHAT, 81, 207
Tryptophan, 106, 141, 154
Tyrosinamide, 145
Tyrosine, 166



348

U

Unified equation, 231
Uranyl—cavitand—salen CSA, 100
UV/VUV anisotropy spectroscopy, 283
UV/VUYV CD spectroscopy, 282

\'%

Vancomycin, 138

Vapor-diffused molecular assembly
(VDMA), 155

Vernoleate, epoxidation, 51

Voltammetric sensors, 143

Index

X
Xenon—cryptophane, 222

Y
Ytterbium, 26

Y/
Zn-tetra(4-sulfophenyl)porphyrin
(ZnTSPP), 138



	Preface
	References

	Contents
	Chiral Derivatizing Agents, Macrocycles, Metal Complexes, and Liquid Crystals for Enantiomer Differentiation in NMR Spectroscopy

	1 Introduction
	2 Chiral Derivatizing Agents
	2.1 Carboxylic Acids
	2.2 Anhydrides
	2.3 Alcohols
	2.4 Amines
	2.5 Miscellaneous Reagents
	2.6 Phosphorus-Containing Reagents
	2.7 Boron-Containing Reagents
	2.8 Selenium-Containing Reagents

	3 Macrocycles
	3.1 Cyclodextrins
	3.2 Crown Ethers
	3.3 Calix[4]Resorcinarenes

	4 Metal Complexes
	4.1 Lanthanide Complexes
	4.2 Rhodium Complexes
	4.3 Palladium Complexes
	4.4 Platinum Complexes
	4.5 Silver Complexes

	5 Liquid Crystals
	References

	Chiral NMR Solvating Additives for Differentiation of Enantiomers
	1 Introduction
	2 Small to Medium Sized CSAs
	3 Molecular Tweezers
	4 Natural Products
	5 Cyclodextrins
	6 Synthetic Macrocycles
	7 Ionic Liquids
	8 Special Applications
	8.1 Pattern Recognition Approach and 2D F1 Decoupled COSY Experiments
	8.2 Coupling of CSAs and Achiral Lanthanide Shift Reagents
	8.3 Chiral Sensing
	8.4 Chiral Metabolites and Drug Formulations

	9 Conclusions
	References

	Chiral Sensor Devices for Differentiation of Enantiomers
	1 Introduction
	2 Electrochemical Sensors
	2.1 Potentiometric Sensors
	2.1.1 Ion Selective Electrodes
	2.1.2 Ion Sensitive Field Effect Transistors

	2.2 Voltammetric Sensors
	2.2.1 Amperometric Sensors


	3 Gravimetric-Mass Sensors-Resonators
	3.1 QCM Devices Based on Cyclodextrins
	3.2 QCM Devices Based on Molecular Imprinted Polymers
	3.3 QCM Devices Based on Biological Recognition Elements
	3.4 Other Approaches Used for QCM Sensors Development

	4 Electrical Sensors
	4.1 Chemiresistors
	4.2 Organic Field Effect Transistors
	4.3 Chemocapacitors

	5 Optical Sensors
	5.1 Surface Plasmon Resonance (SPR) Sensors
	5.2 Reflectometric Interference Spectroscopy-Based Sensors

	6 Summary, Conclusions, and Outlook
	References

	Enantiopure Supramolecular Cages: Synthesis and Chiral Recognition Properties
	1 Introduction
	1.1 General
	1.2 Scope

	2 From Vase Like Cavitands to Close-Shell Molecular Containers
	2.1 Cyclodextrins
	2.2 Calixarenes
	2.3 Resorcin[4]arene-Based Host Molecules
	2.4 And Others

	3 Synthesis and Enantiomeric Separation of Supramolecular Cages
	3.1 Carcerands and Carceplexes
	3.2 Synthesis from C3-Symmetrical Aromatic Platforms
	3.2.1 Imination Reactions
	3.2.2 Boronic Esters Formation on Chiral Alcohols
	3.2.3 SN2 Substitution

	3.3 Synthesis from C3 Cyclotribenzylene Platforms: Cryptophanes and Congeners
	3.3.1 Chiral Cryptophanes and Nanocubes Obtained by Imination Reactions
	3.3.2 Chiral Cryptophanes from Enantiomerically Resolved CTB
	3.3.3 Diastereomeric Derivatization Preceding Separation
	3.3.4 Enantioseparation by Chiral HPLC

	3.4 Synthesis from C3 Cyclotribenzylene Platforms: Hemicryptophanes
	3.4.1 Combinatorial Strategies
	3.4.2 Hemicryptophanes from SN2 Reactions
	3.4.3 Enantioseparation by Chiral HPLC

	3.5 Cholic Acid-Based Scaffolds
	3.6 Assignment of the Absolute Configuration
	3.6.1 Hemicryptophanes
	3.6.2 ECD and VCD of Enantiopure Cryptophane Hosts in Organic Solution


	4 Chiral Recognition and Enantiomeric Differentiation
	4.1 Use of Chiroptical Techniques for the Monitoring of Complexation Phenomena: ECD and VCD of Enantiopure Water-Soluble Crypt...
	4.1.1 Water-Soluble Hydroxylated Cages
	4.1.2 Carboxylate Derivatives

	4.2 Recognition of Monovalent Cations by Enantiopure Water-Soluble Cryptophanes
	4.3 Complexation of Chiral Guests
	4.3.1 CHFClBr and Cryptophane-C: The First Example of Chiral Differentiation Using an Enantioenriched Cryptophane
	4.3.2 Complexation of Chiral Epoxides by Enantiopure Water-Soluble Cryptophanes
	4.3.3 Enantioselective Recognition of Carbohydrates by Enantiopure Hemicryptophanes
	4.3.4 Enantioselective Recognition of Chiral Ammonium by Enantiopure Supramolecular Cages

	4.4 Biosensing: Xenon-Cryptophane Complexes

	5 Conclusion
	References

	Interconversion of Stereochemically Labile Enantiomers (Enantiomerization)
	1 Introduction
	2 Experimental and Theoretical Aspects
	2.1 Definition of Enantiomerization and Racemization
	2.2 Experimental Setups
	2.2.1 Enantioselective Dynamic Chromatography
	2.2.2 Enantioselective Stopped-Flow Chromatography
	2.2.3 Enantioselective Multidimensional Gas Chromatography
	2.2.4 Stereodynamics and Kinetics in a Single Setup: Three-Column HPLC Technique

	2.3 Determination of Rate Constants of Enantiomerization by Enantioselective Dynamic Chromatography
	2.3.1  Theoretical Plate Model of Chromatography
	2.3.2 Stochastic Model
	2.3.3 Empirical Computer-Assisted Peak Deconvolution Methods
	2.3.4 Dynamic Model Based on Continuity Equations
	2.3.5 Direct Calculation Methods: Approximation Function and Unified Equation

	2.4 Determination of Activation Parameters by Temperature-Dependent Measurements

	3 Applications
	3.1 Dynamic GC
	3.2 Stopped-Flow Gas Chromatography
	3.3 Stopped-Flow MDGC
	3.4 Dynamic HPLC
	3.5 Dynamic SFC
	3.6 Electrophoretic Methods

	4 Outlook
	References

	Anisotropy Spectra for Enantiomeric Differentiation of Biomolecular Building Blocks
	1 Introduction to Photochemical Enantiomeric Differentiation of Biological Building Blocks
	1.1 CD Spectroscopy
	1.2 SRCD Spectroscopy
	1.3 Anisotropy Spectroscopy

	2 CD and Anisotropy Spectroscopy: Theory and Configuration
	2.1 UV/VUV SRCD Spectroscopy of Small Molecules: Theory
	2.2 Anisotropy Spectroscopy of Small Molecules: Theory
	2.3 Configuration and Measurement of SRCD and Anisotropy Spectra

	3 CD and Anisotropy Spectroscopy of Amino Acids: Applications
	3.1 UV/VUV CD Spectroscopy of Amino Acids
	3.2 UV/VUV Anisotropy Spectroscopy of Amino Acids
	3.3 Application of Anisotropy Spectra Towards Enantioselective Photochemistry

	4 The ROSETTA Mission and the COSAC Experiment
	4.1 The Cometary Mission ROSETTA
	4.2 The COSAC Experiment

	5 Future Outlook: Anisotropy Spectroscopy as a Means for Chiral Differentiation
	References

	Self-disproportionation of Enantiomers of Enantiomerically Enriched Compounds
	1 Introduction
	2 Examples of SDE via Distillation; Liquid-Vapor Phase Transition
	2.1 α-Hydroxy Acids
	2.2 α-Amino Acids

	3 Examples of SDE via Sublimation; Solid-Vapor Phase Transition
	3.1 Carboxylic Acids
	3.2 α-Hydroxy Acids and Their Derivatives
	3.3 α-Amino Acids
	3.4 Sulfides
	3.5 Aromatics
	3.6 Rational Application of SDE via Sublimation: A Novel Methodological Dimension for Enantiomeric Purifications

	4 Examples of SDE via Achiral Chromatography
	4.1 Amides
	4.2 Alcohols and Phenols
	4.3 Ketones
	4.4 Carboxylic Acids and Esters
	4.5 Sulfoxides
	4.6 α-Amino Acids and Dipeptides Derivatives
	4.7 Heterocycles

	5 Conclusions and Outlook
	References

	Index

