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Preface to ”Enantioselective Synthesis, Enantiomeric

Separations and Chiral Recognition”

The importance of producing chiral compounds in enantiomerically pure form is well

recognized by academics and industries. Currently, the demand for efficient methodologies to

produce chiral compounds with a high degree of enantiomeric purity requires continuous advances

in enantioselective synthesis, chiral analyses, preparative enantioseparation, as well as chiral

recognition studies.

This book includes both fundamental studies and applications in a multidisciplinary

research field that considered commercial chiral compounds with industrial applications, bioactive

compounds and pharmaceuticals, and new compounds with promising biological activities.

Nineteen papers published in the Special Issue entitled ”Enantioselective Synthesis,

Enantiomeric Separations and Chiral Recognition” in Molecules are gathered in this edition.

The recent developments and innovative approaches in enantiomeric separation, both on the

analytical and preparative scale, and in enantioselective synthesis are presented. Many different

aspects of chiral recognition, including chiral sensors, recognition in biological systems, and in

analytical methods are described..

The editors acknowledge all authors that contributed the papers included in this book.
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Chirality is a geometric property associated with the asymmetry of tridimensional features that
accompanies our daily life at macroscopic as well as microscopic molecular levels. Chirality is a
hallmark of many natural small molecules, and it is intrinsically associated with chiral building blocks as
D-sugars and L-amino acids, intervening in chemical procedures of living cells, for example, as enzymes
and receptors constituent proteins. Interestingly, free D-amino acids, which are naturally occurring,
are important biomarkers with diagnostic value that demonstrate the importance of chiral analyses [1].
Nevertheless, the importance of chirality is recognized across many related areas as witnessed in
wide-ranging fields such as chemistry, physics, biochemistry, material science, pharmacology, and
many others (Figure 1).

 

Figure 1. Results analysis for Scopus query “chiral” in titles, keywords, or the abstract section of articles
between 2009 and 2019.

Though chirality has a major position in chemistry, compared with other fields, due to the
importance of chiral compounds in their pure enantiomeric form, there is a need for the development of
analytic methods capable of controlling the enantiomeric ratio, and to understand the behavior of chiral
compounds in biological systems and in other matrices in which chirality is also present. Currently,

Molecules 2020, 25, 1713; doi:10.3390/molecules25071713 www.mdpi.com/journal/molecules1
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there is a very high demand for efficient methodologies to obtain chiral bioactive compounds with a
high degree of enantiomeric purity, which boosts the continuous advances in enantioselective synthesis,
chiral analyses, preparative enantioseparation, as well as in chiral recognition studies. The number of
publications with chirality as a subject has increased in the last decade and disclosed considerable
growth in the last year, demonstrating the importance of the research in this field (Figure 2).

Figure 2. Results analysis for Scopus query “chiral” in titles, keywords, or abstract sections of articles
between 2009 and 2019 (Limited to Chemistry).

These demands are related to drug discovery and development, safety in medication, food and
environmental quality, materials for fine chemical industry such as chiral building blocks, among others.
To meet these needs, it is essential that the international scientific community must work intensively to
ensure effective production and quality of analyses of chiral compounds for a diversity of applications.
For this reason, Molecules recognized the need to propose the Special Issue “Enantioselective Synthesis,
Enantiomeric Separations, and Chiral Recognition”. This Special Issue is aimed at offering an
opportunity to all the contributors to make their results and techniques more visible, and to present
the most recent findings. This Special Issue has received remarkably positive feedback, with many
contributions submitted by numerous geographically diverse scientists, resulting in a collection of 19
publications, including six exhaustive review articles [2–7], and thirteen original articles [8–20]. Among
the contributing authors, we can find countries of origin such as Algeria, Australia, Brazil, Canada,
China, Croatia, Czech Republic, Egypt, India, Italy, Japan, Portugal, Romania, Russia, and Taiwan.

The published articles include findings related to the analytical chiral stationary phases (CSPs) for
liquid chromatography (LC), currently the better choice for chiral quality control and determination of
enantiomeric ratios. Faster, more efficient, and sensitive methods are urgently needed for chiral analysis,
and can be achieved within small particle sizes (sub-2 μm) of the chromatographic support. The ability
of the recently commercialized sub-2μm CSP with different substituents for the fast enantioseparation of
a set of drugs was demonstrated in an original article [8]. New selectors for CSPs are always required to
show the response in the continuous progress of chiral analyses, and there is a need for better and low cost
CSPs. In this context a new brush-Type CSP for LC was reported for enantioseparation of several drugs
including nonsteroidal anti-inflammatory drugs and 3-hydroxybenzodiazepine [10]; and a new colistin
sulfate CSP for nano-LC reported enantioseparation forα- andβ-blockers, anti-inflammatory, antifungal,
norepinephrine-dopamine reuptake inhibitors, catecholamines, sedative-hypnotic, antihistaminic,
anticancer, and antiarrhythmic drugs [9]. Additionally, an exhaustive review concerning recent
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developments in CSPs for LC includes many different types of selectors, showing that it continues to
be a field of research with great importance [2].

Methodologies regarding innovation in the preparative scale were also comprised in this
Special Issue. For example, one article presents the purification of R-phenylglycinol from the
phenylglycinol enantiomers by stripping crystallization, a new separation technology, which combines
melt crystallization and vaporization to produce a crystalline product due to the three-phase
transformation [11]. The classical preparative scale approach through diastereomeric salts formation,
widely used in the pharmaceutical industry, is also presented with the resolution of 4-chloromandelic
acid using the (R)-(+)-benzyl-1-phenylethylamine; with diastereomeric salts exhibiting significant
differences in solubility and in thermodynamic properties. These differences originate from the distinct
supramolecular interactions in the crystal lattice of the pair of diastereomeric salts. In addition to
well-recognized hydrogen-bonding, CH/π interactions and aromatic group packing, halogen involved
interactions, such as Cl . . . Cl and Cl/π were observed as significant contributions to the chiral
discrimination [13].

The approach to achieve bioactive enantiomers by enantioselective synthesis is reported in
two original publications and two reviews. One article reports the syntheses of a small library of
proteomimetic quinazolinone-derived compounds and investigates their action on neurodegenerative
disorders as well as the search of their potential as tumor cell growth inhibitors, giving evidence for
the influence of stereochemistry on the bioactivity of diverse derivatives. Here, the enantiomeric
ratio was determined by a chiral LC [17]. In another original article, the hemi-synthesis of
chiral imine, benzimidazole, and benzodiazepine structures is reported by the condensation of
(S)-(−)-perillaldehyde, the major phytochemical of the Ammodaucus leucotrichus subsp. leucotrichus
essential oil, with different amine derivatives of 2,3-diaminomaleonitrile, o-phenylenediamine, and
3-[(2-aminoaryl)amino]dimedone. The chiral analyses confirm the formation of unique enantiomers
and diastereomeric mixtures [16]. Small ring heterocycles, such as epoxides and aziridines, present in
several natural products, are frequently involved as highly versatile building blocks in the synthesis
of numerous bioactive products and pharmaceuticals. Multicomponent reactions (MCRs) have been
explored in the synthesis and ring opening of these heterocyclic units. An exhaustive review about
the recent advances in MCRs discuss the synthesis and applications of epoxides and aziridines to
prepare other heterocycles, emphasizing the stereoselectivity of the reactions [7]. Synthesis of chiral
derivatives of xanthones, an important class of bioactive compounds, as well the enantioselectivity in
their biological activities, was also exhaustively revised [3].

Industrial production by biocatalyse using the cis-epoxysuccinic acid hydrolases (CESHs) was
summarized, as well the perspective on the future research and applications of CESH in enantiomeric
tartaric acid production [6].

Additional work concerning chiral recognition are also included in this Special Issue, such as
stereochemistry assignment and chiral recognition mechanisms of sulfoxide-containing drugs [14],
the structural determination of the crystal structures of three complexes between the Tiiii cavitand
as host and positively charged amino acids (Arg, Lys, and His) as guests [15]; a revision concerning
enantioselective drug recognition by transporters [4], and another article about enantiomeric recognition
and separation by chiral nanoparticles [5]. Molecular imprinting technology is a well-established tool
for the synthesis of highly selective biomimetic molecular recognition platforms. One article reports
the improvement in chiral selectivity of the important β-blocker atenolol by the addition of a metal
pivot versus the traditional molecular imprinted polymer formulation [12].

Finally, original works related to special materials as chiral liquid crystals and components for
chiral sensing are presented. For the proper function of liquid crystals-based devices, not only chemical
but also optical purity of materials is strongly desirable, since any impurity could be detrimental to the
self-assembly of the molecules. One article demonstrated that LC with UV detection and supercritical
fluid chromatography with UV and mass spectrometry detection enables full control over the chemical
and enantioselectivity of the synthesis of a novel type of lactic acid-based chiral liquid crystals and
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the corresponding chiral building blocks [18]. Regarding chiral sensing, one article reports a path to
enhanced near-field optical chirality, by means of symmetric Si nanowires arrays, which support leaky
waveguide modes that enhance the near-field optical chirality of circularly polarized excitation in the
shorter wavelength part of the visible spectrum, which is of interest for many chiral molecules [19].
Another article reports an enantioselective potentiometric sensor composed of a polyvinyl chloride
membrane electrode modified with CC3-R porous organic cages material, used for the recognition of
enantiomers of 2-amino-1-butanol [20].

This Special Issue is accessible thought the following link: https://www.mdpi.com/journal/
molecules/special_issues/Chiral_separation_recognition.

As Guest Editors for this Special Issue, we would like to thank all the authors and co-authors
for their contributions and all the reviewers for their effort in the careful and rapid evaluation of the
manuscripts. Last but not least, we would like to appreciate the hard work done by the editorial office
of the Molecules journal, as well as their kind assistance in preparing this Special Issue.
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10. Knežević, A.; Novak, J.; Vinković, V. New Brush-Type Chiral Stationary Phases for Enantioseparation of
Pharmaceutical Drugs. Molecules 2019, 24, 823. [CrossRef] [PubMed]

11. Shiau, L.-D. Chiral Separation of the Phenylglycinol Enantiomers by Stripping Crystallization. Molecules
2018, 23, 2901. [CrossRef] [PubMed]

12. Bodoki, A.E.; Iacob, B.-C.; Gliga, L.E.; Oprean, S.L.; Spivak, D.A.; Gariano, N.A.; Bodoki, E. Improved
Enantioselectivity for Atenolol Employing Pivot Based Molecular Imprinting. Molecules 2018, 23, 1875.
[CrossRef] [PubMed]

13. Peng, Y.; Feng, C.; Rohani, S.; He, Q.S. Improved Resolution of 4-Chloromandelic Acid and the Effect of
Chlorine Interactions Using (R)-(+)-Benzyl-1-Phenylethylamine as a Resolving Agent. Molecules 2018, 23,
3354. [CrossRef] [PubMed]

4



Molecules 2020, 25, 1713

14. Xiong, F.; Yang, B.-B.; Zhang, J.; Li, L. Enantioseparation, Stereochemical Assignment and Chiral Recognition
Mechanism of Sulfoxide-Containing Drugs. Molecules 2018, 23, 2680. [CrossRef] [PubMed]

15. Brancatelli, G.; Dalcanale, E.; Pinalli, R.; Geremia, S. Probing the Structural Determinants of Amino Acid
Recognition: X-Ray Studies of Crystalline Ditopic Host-Guest Complexes of the Positively Charged Amino
Acids, Arg, Lys, and His with a Cavitand Molecule. Molecules 2018, 23, 3368. [CrossRef] [PubMed]

16. Chebrouk, F.; Madani, K.; Cherfaoui, B.; Boukenna, L.; Valega, M.; Mendes, R.F.; Paz, F.A.A.; Bachari, K.;
Talhi, O.; Silva, A.M.S. Hemi-Synthesis of Chiral Imine, Benzimidazole and Benzodiazepines from Essential
Oil of Ammodaucus leucotrichus subsp. leucotrichus. Molecules 2019, 24, 975. [CrossRef] [PubMed]

17. Long, S.; Resende, D.I.S.P.; Kijjoa, A.; Silva, A.M.S.; Fernandes, R.; Xavier, C.P.R.; Vasconcelos, M.H.;
Sousa, M.E.; Pinto, M. Synthesis of New Proteomimetic Quinazolinone Alkaloids and Evaluation of Their
Neuroprotective and Antitumor Effects. Molecules 2019, 24, 534. [CrossRef] [PubMed]
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Abstract: Silica with a particle size of 3–5 μm has been widely used as selector backbone material in
10–25 cm HPLC chiral columns. Yet, with the availability of 1.6 μm particles, shorter, high-efficiency
columns practical for minute chiral separations are possible to fabricate. Herein, we investigate the
use of two recently commercialized sub-2 μm columns with different substituents. Thus, Chiralpak®

IG-U and ID-U were used in HPLC for the fast enantioseparation of a set of drugs. Chiralpak®

IG-U [amylose tris (3-chloro-5-methylphenylcarbamate)] has two substituents on the phenyl ring,
namely, a withdrawing chlorine group in the third position and a donating group in the fifth position.
Chiralpak® ID-U [amylose tris (3-chlorophenylcarbamate)] has only one substituent on the phenyl
ring, namely a withdrawing chlorine group. Their applications in three liquid chromatography modes,
namely, normal phase, polar organic mode, and reversed phase, were demonstrated. Both columns
have similar column parameters (50 mm length, 3 mm internal diameter, and 1.6 μm particle size)
with the chiral stationary phase as the only variable. Improved chromatographic enantioresolution
was obtained with Chiralpak® ID-U. Amino acids partially separated were reported for the first time
under an amylose-based sub-2-micron column.

Keywords: Chiralpak® ID-U; Chiralpak® IG-U; mobile phase modifiers; polar organic and reversed
phase modes; sub-2 μm particles

1. Introduction

In nature and chemical systems, enantiomeric distinction and chiral recognition are fundamental
occurrences [1]. This phenomenon has had a profound impact on a plethora of scientific fields,
though the pharmaceutical industry significantly drives developments in chirotechnologies to cater
to the demands of drug discovery [2,3]. There is no option when it comes to chiral considerations;
all enantiomers must be tested in isolation of each other before being introduced to the market [3].
As a result, high performance liquid chromatography (HPLC) has emerged as the workhorse for
racemate resolution [4]. HPLC enantiomer separation using chiral stationary phases (CSPs) is known
to be one of the most convenient and versatile methods for the separation of chiral drugs [4].

In the last few decades, numerous CSPs have been developed and become commercially
available [5,6]. CSPs filled in conventional columns of 4.0–4.6 mm internal diameter (i.d.) are the
most widely used for analytical scale enantioseparation for industrial applications [5,6]. Nonetheless,
conventional chiral columns are expensive; they consume large volumes of hazardous solvents and
have long analysis times, and due to the dimensions of these large columns they are of limited
throughput [6]. One of the possible solutions to enhance the speed of the analysis is to use columns
filled with a CSP of smaller particles (sub-2 μm) and hence a smaller theoretical plates height [7].
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Sub-2 μm totally porous particles can be used to speed up analysis without loss in efficiency,
as the optimal flow rate is inversely proportional to particle diameter [8]. The main limitation of
using totally porous particles is the induction of high back pressure across the column induced by
the friction of the mobile phase percolating through the particles generating heat, which hinders their
usage within conventional HPLC systems [9]. Studies suggest that small i.d. columns can be used
to minimize the frictional heating effect since heat dissipation is faster within such a narrow-bore
column compared to conventional 4.6 mm i.d. columns [10]. Narrow-bore columns have a lower
internal volume (2.1 mm i.d.) than the standard HPLC columns and thus achieve fast analysis [10,11].
They operate at lower flow rates (0.1–0.5 mL/min) with much reduced peak volumes, resulting in
reduced mobile phase consumption and increased sensitivity [11,12].

Mobile phases can be modified to achieve higher enantioselective separation of racemates via
improvement of complementary interactions between functional groups on the chiral selector and the
analyte structure [13]. Pirkle and Welch have studied modifier effects on chiral selectivity and found
that the influence of the mobile phase modifier was dependent upon the analyte structure [13–15].
Tambute and co-workers have also examined the use of modifiers and concluded that selectivity in
their system depends on the steric hindrance of the alcohol modifier [14–16]. Researchers believe that
the mobile-phase modifiers not only compete for chiral bonding sites with chiral solutes but can also
alter the steric environment of the chiral grooves on the CSP by binding to the achiral sites at or close
to the groove [13,17]. Enantioselective resolution is mainly due to the overall combination of all types
of bonding [18]. Thus, not only the steric but also the substitutes of a certain chiral compound and the
CSP should be taken into consideration to elucidate chiral recognition mechanisms [19].

Here we evaluate and compare the enantiorecognition abilities of two amylose-based sub-2
μm CSPs towards 28 compounds, as they differ in the substituents on the phenyl ring. Recently
commercialized Chiralpak® IG-U [amylose tris (3-chloro-5-methylphenylcarbamate)] possesses an
extra donating methyl group in the fifth position compared to the prototype Chiralpak® ID-U [amylose
tris (3-chlorophenylcarbamate)]. This investigation was performed using an operational instrument at
an HPLC system pressure of 500 bar at which frictional heating is not very significant. Hence, thermal
gradients inside the column were not expected to affect the efficiency.

2. Experimental

2.1. Instrumentation

The mobile phase for the HPLC was filtered through a Millipore membrane filter (0.2 μm) and
degassed before use. The HPLC system consisted of a Waters binary pump, Model 1525, (Milford, MA,
USA), equipped with a dual wavelength absorbance detector, Model 2487, an autosampler, Model
717 plus, and an optical rotation detector (JM Science Inc., Grand Island, NY, USA) operating at room
temperature. The UV-detector was set at 254 nm. Chiralpak® IG-U and ID-U (50 mm column length,
3.0 mm i.d, and 1.6 μm silica gel) were supplied by Daicel (Tokyo, Japan).

2.2. Chemicals and Reagents

All compounds and solvents (HPLC grade) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The choice of compounds was arbitrary and guided by preliminary investigations.
The compounds were, namely: beta-blockers (propranolol and atenolol), alpha-blockers (naftopidil),
anti-inflammatory compounds (carprofen, naproxen, flurbiprofen, ketoprofen, and indoprofen),
anticancers (ifosfamide), sedative hypnotics (aminoglutethimide), antiarrhythmic drugs (tocainide),
norepinephrine-dopamine reuptake inhibitors (nomifensine), catecholamines (normetanephrine and
epinephrine), antihistamines (chlorpheniramine), flavonoids (flavanone and 6-hydroxyflavanone),
miscellaneous (1-acenaphthenol, 1-indanol, 4-hydroxy-3-methoxymandelic acid, propafenone
HCL, cizolirtine, and 1-phenyl-2,2,2-trifluoroethanol), amino acids (glutamic acid, tyrosine, and
phenylalanine) and antifungals (miconazole and sulconazole).
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2.3. Procedures

Mobile phases were filtered through a membrane Sartorius Minisart RC 15 0.2 μm pore size
filter (Goettingen, Germany), further used for analysis without dilution, and degassed before use.
The chromatographic measurements were performed at a flow rate of 0.5 mL/min at a temperature of
25 ◦C. All measurements were performed in triplicate with an injection volume of 1 μL. Stock solutions
of samples were prepared at a concentration of 1 mg/mL using HPLC-grade 2-propanol as a solvent.

3. Results and Discussion

The potential of the sub-2 μm CSPs to separate the racemic compounds listed above under
normal-phase, reversed-phase, and polar organic solvents have been investigated. The influence
of the mobile phase composition on the separation (α), resolution (Rs), and retention time (RT) of
enantiomers has been examined using (1) non-polar solvents (n-alkanes) containing a polar alcohol
modifier, namely, ethanol (EtOH), 2-propanol (2-PrOH), and n-butanol (n-BuOH), and (2) polar
solvents, namely, methyl tert-butyl ether (MtBE), acetonitrile (ACN), 1,4-dioxane, and dichloromethane
(DCM). The CSP structural differences under different mobile phase conditions are reflected in some
selected chromatograms shown in Figures 1–7.

3.1. Enantioselectivity under Non-Polar Solvents Containing an Alcohol Polar Modifier

The initial mobile phase composition of n-hexane/alcohol modifier (90/10, v/v) was prepared. Out
of the three alcohol modifiers tested, n-BuOH showed the lowest enantioselectivity in both tested CSPs,
namely, Chiralpak® IG-U and ID-U. This might be due to the difference in the steric bulkiness around
the hydroxyl moiety contained in the mobile phase modifier [15–18]. Conversely, EtOH afforded better
enantioselectivity for both CSPs. Upon replacement of EtOH with bulkier n-BuOH, the competition
for hydrogen-bonding sites on these CSPs becomes weaker. This might be due to the fact that lower
alcohols such as EtOH are unlike bulkier alcohols and could diffuse more easily into well-defined
grooves of the CSP. Thus, more stable diastereomeric complexes with the enantiomers could be formed,
consequently resulting in higher Rs and α value [15,17–21]. Of particular interest is that ifosfamide
and glutamic acid were only separated under n-hexane/EtOH on Chiralpak® ID-U.

In a few cases, such as with 4-hydroxy-3-methoxymandelic acid, 1-acenaphthenol, 1-indanol,
and propafenone HCL, the use of 2-PrOH as an alcohol modifier afforded superior Rs and α on
Chiralpak® ID-U. By contrast, these compounds expressed the best Rs and α using EtOH on Chiralpak®

IG-U. For example, 4-hydroxy-3-methoxymandelic acid expressed a superior Rs of 2.71 and α of
2.12 on Chiralpak® ID-U (Figure 1A) under n-hexane/2-PrOH (90/10, v/v) compared to Rs 1.63
and α 1.77 under n-hexane/EtOH. Chiralpak® IG-U expressed the best Rs 8.74 and α 3.86 under
n-hexane/EtOH compared to Rs 0.75 and α 1.08 under n-hexane/2-PrOH (Figure 1B). In particular,
1-phenyl-2,2,2-trifluoroethanol with Rs 2.38 and α 3.90, cizolirtine with Rs 5.27 and α 3.39, and
naftopidil with Rs 1.75 and α 1.95 were only successfully separated under n-hexane/EtOH (90/10, v/v)
using Chiralpak® IG-U.

The results indicate that the different structural features of the CSP, combined with the
incorporation of the alcoholic modifiers of different sizes/shapes, ultimately results in a different
stereo environment of the chiral cavities in the CSP, yielding different chiral selectivities [21–25].
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Figure 1. The effect of different alcohol modifiers: 2-propanol (2-PrOH), ethanol (EtOH), and n-butanol
(n-BuOH) on enantioselectivity under two sub-2-micron chiral stationary phases. (A) The effect of
different alcohol modifiers on 4-hydroxy-3-methoxymandelic acid using Chiralpak® ID-U. (B) The
effect of different alcohol modifiers on 6-hydroxyflavanone using Chiralpak® IG-U.

Previous studies have showed improvements in selectivity with n-heptane over n-hexane [26,27].
Therefore, in the current study, n-hexane was replaced with n-heptane. For example, flavonoids
(6-hydroxyflavanone and flavanone) using Chiralpak® ID-U showed an enhanced Rs and α under
n-heptane. As shown in Figure 2, flavanone showed an enhanced Rs 2.14 and α 1.99 under
n-heptane/n-BuOH (90/10, v/v) compared to Rs 1.17 and α 1.74 under n-hexane/n-BuOH (90/10, v/v).
The effect of different alcohol modifiers used on Chiralpak® IG-U expressed a range of results in the
transition between n-hexane to n-heptane. For example, chlorpheniramine showed an enhanced Rs
which increased from 1.74 to 2.33 and an α which increased from 1.55 to 1.97 using n-heptane.
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Figure 2. Effect of n-hexane versus n-heptane on resolution (Rs) and separation factor (α) using
Chiralpak® IG-U and ID-U.

3.2. The Effect of Alcohol Modifier Percentage on Enantioselectivity

The composition of the alcohol modifier in the mobile phase was evaluated at 10%–40% v.
Increasing the composition of the alcohol modifier increases the strength of the mobile phase (the ability
of compounds to elute quicker from the column) and hence the RT will consequently be reduced
(at the expense of Rs and α, however) [22–25]. For example, 6-hydroxyflavanone achieved baseline
separation in 4 min with Rs 3.85 and α 2.89 under 20% EtOH compared to 8 min with Rs 8.74 and
α 3.86 with 10% EtOH on Chiralpak® IG-U (Figure 3). These results indicate that alcohol molecules
compete with the analytes for achiral and chiral adsorption sites on the CSP. Thus, RT, α and Rs are
altered by changes in the concentration of alcohol [22–24].

Figure 3. The effect of decreasing the alcohol percentage on chiral selectivity and time taken for the
baseline separation of 6-hydroxyflavanone.

3.3. Effect of the Structure of Analytes on Enantiomeric Separation

It is known that the alcohol modifiers used in the normal-phase mode have a profound influence
on the chiral selectivity of CSPs. Therefore, gaining structural information regarding the CSPs in
contact with mobile phases containing different alcohol modifiers would be of interest. Polar and π-π
interactions between the CSP phenyl groups and the functional group of the solute may also play
a role in chiral recognition [21,22,28]. It has been hypothesized that with an increase in the mobile
phase polarity, the strength of the hydrogen bonds between the analytes and the CSP decreases and
the solubility of the analytes in the mobile phase increases [26–29]. Moreover, it is possible that some
alcohol molecules are associated with the CSP and cause swelling of the column, which leads to
opening of the chiral cavities. Thus, the inclusion interactions of the enantiomers are diminished and
RT is decreased [26–29].
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3.3.1. β-Blockers

β-blockers are hydroxylamines with functional groups bearing secondary amines or N-isopropyl
amines. These drugs also contain aromatic rings with different substituent moieties. The OH and NH
groups and an oxygen atom in the model examples of β-blockers studied (propranolol and atenolol)
are functional groups which are available to take part in hydrogen bonding with the C=O and NH
groups of the CSPs [14,27]. As shown in Figure 4, under 20% 2-PrOH, atenolol has the lowest Rs of 0.75
and α of 1.17. By contrast, propranolol has the largest Rs of 1.00 and α of 1.24. A possible explanation
for these results could be that the naphthalene ring of propranolol can form stronger interactions with
the CSP [14]. On the other hand, the amide group of atenolol could compete with the groups on the
CSP for bonding sites, causing low stereoselective interactions. Furthermore, the CSP-substituted
phenyl ring interaction might also be important where the pronounced steric effect could be close to
the analyte chiral center, resulting in poor chiral discrimination of atenolol [19]. Both groups adjacent
to the chiral centres and the substituent groups on the phenyl rings could contribute to an enhanced
separation result [28–32].

Figure 4. The effect of 20% 2-propanol (2-PrOH) on the stereoselective interactions of β-blockers.

3.3.2. Anti-Inflammatory

Out of the four profens used in this study (flurbiprofen, ibuprofen, naproxen, and ketoprofen),
ibuprofen and naproxen achieved the lowest Rs and α values under normal phase conditions
(an alkane/alcohol modifier). However, they expressed much higher enantio-separation under
reversed phase conditions (100% ACN, v), (ACN/H20, 60/40, v/v). On the other hand, flurbiprofen
and ketoprofen expressed a higher Rs under normal phase conditions. In particular, Chiralpak® ID-U
showed significantly higher enantio-selectivity values for the tested profens. This column was able to
partially separate all tested profens while Chiralpak® IG-U was less effective in the chiral separation
of ibuprofen and ketoprofen. Contrary to the literature, as shown in Figure 5, the order of increasing
enantioselectivity is 2-PrOH < EtOH < n-BuOH. It is hypothesized that hydrogen-bonding might be a
predominant factor between the solutes and the CSPs [20,33,34].

Figure 5. Effect of different alcohol modifiers with n-hexane on resolution (Rs) and separation factor
(α) of ketoprofen. Ketoprofen expressed an increasingly enhanced Rs and α in the order of 2-propanol
(2-PrOH) to ethanol (EtOH) to n-butanol (n-BuOH).
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3.3.3. Amino Acids

Amino acids (H2NCHRCOOH) have three main groups: the carboxyl group, the amino group
and a variable (R) group [35,36]. Three model examples have been selected, namely, glutamic acid,
tyrosine, and phenylalanine. The analytes used herein form a double hydrogen-bonded complex with
the CSP carbamate group. The protonated amino group of the analytes and the carbonyl group of the
CSP form hydrogen bonds with the CSP carbonyl and amide groups.

Glutamic acid expressed Rs of 1.71 and α of 1.65 under standard mobile phase composition
on Chiralpak® ID-U (Figure 6). This is opposed to the weaker stereoselective results obtained
with Chiralpak® IG-U under different standard mobile phase compositions. Glutamic acid is an
acidic compound with a hydrogen acceptor atom in its side chain which is negatively charged. It is
very polar and can easily engage in ionic bonds through electrostatic attractions [23]. Similarly,
tyrosine has both a hydrogen donor and acceptor atoms in its side chain [35–40]. Its hydroxyl
group is considered uncharged and can engage in hydrogen bonds [41]. The polarity of glutamic
acid and tyrosine could explain the reasons for the unsuccessful separation using [amylose
tris (3-chloro-5-methylphenylcarbamate)] or Chiralpak® IG-U, since it exhibits a hydrophobic
methyl group.

Conversely, phenylalanine has no hydrogen donor or acceptor atoms in its side chain [38–41],
whereas Chiralpak® IG-U has both a methyl and chloro group. This could explain the poor
stereoselectivity of Chiralpak® ID-U compared to Chiralpak® IG-U under different mobile phase
conditions with the best Rs of 1.83 and α of 1.63 under n-hexane/EtOH (80/20, v/v) and the lowest Rs
of 0.92 and α of 1.40 under MtBE/EtOH (98/2, v/v) (Figure 6).

 
Figure 6. Enantioselectivity of three amino acids under different mobile phase compositions.

3.4. Effect of Polar Solvents on Enantioselectivity

Apart from the standard mobile phase compositions used (alkane/alcohol modifier), the
literature reveals that ACN and MtBE, together with the standard solvents, are those with the
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highest potential in terms of enantioselectivity [42]. Starting with non-standard organic solvents
in the mobile phase composition, neat ACN and MtBE (100%, v) were investigated as eluents for
enantioselective separation.

3.4.1. Acetonitrile

ACN has unique characteristics such as its ability to dissolve a wide range of solutes, low acidity,
minimal chemical reactivity, low UV cut-off, and low viscosity. The unique properties of ACN render
it the solvent of choice in the separation of pharmaceuticals. However, since ACN is a poor hydrogen
bonding solvent, chiral compounds analyzed with large amounts of ACN can form hydrogen bonds
with the CSP [23,24,43]. Contrary to our expectations, a large percentage of compounds were separated
under neat ACN (100, v), though RT was decreased. Of particular interest is that antifungals used
in this study were only separated under ACN (100, v) using Chiralpak® IG-U, with sulconazole
expressing Rs of 1.49 and α of 1.57 and miconazole expressing Rs of 2.00 and α of 1.92.

The addition of water to ACN enhanced Rs at the expense of a longer RT for all tested analytes
herein. These results were consistent with a reversed phase mechanism, where the addition of
water weakened the mobile phase strength, and RT increased [42]. For example, 6-hydroxyflavanone
enhanced Rs from 1.30 to 1.87 and α from 1.24 to 2.57 on Chiralpak® IG-U. On the other hand,
the addition of water to ACN decreased Rs from 1.68 to 1.53 and α from 3.70 to 3.02 on Chiralpak®

ID-U. Additionally, the use of neat ACN (100, v) improved the peak shape on Chiralpak® ID-U
(Figure 7).

Figure 7. Enantioseparation under organic-aqueous conditions and the effect of water in acetonitrile
(ACN) mobile phase on resolution (Rs) and separation factor (α) of 6-hydroxyflavanone.

3.4.2. Methyl tert Butyl Ether (MtBE)

Apart from the alkanes, MtBE has the weakest eluting strength among the solvents investigated in
this study. Therefore, it is possible to use it in its pure form. Neat MtBE (100, v) showed an enhanced Rs
and α under Chiralpak® IG-U for compounds such as nomifensine, normetanephrine, and epinephrine.
For example, nomifensine showed Rs of 4.08 and α of 3.86 under MtBE (100, v) compared to Rs of 1.78
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and α of 2.41 under n-hexane/EtOH (80/20, v/v). However, it has been proven that neat MtBE (100, v)
may sometimes not be strong enough for compounds eluted within a reasonable time length and the
peak shape is poor: broad peaks with large tailing have been previously observed [42].

Several solvents with higher eluting strength, such as EtOH, ACN, and 1,4-dioxane, can be
efficiently used as modifiers in MtBE to improve separations [42]. It should be noted that the modifier
providing the best separation results depend on the compound to be resolved [43]. Although the
percentage of a modifier is generally low (mostly 2–10% in MtBE), its nature can greatly affect the
enantioselectivity of a given compound. For example, the addition of 5% EtOH can reduce RT by half
and the peak shape is significantly improved without deteriorating the selectivity [42].

For example, in Chiralpak® IG-U, 6-hydroxyflavanone under MtBE/EtOH, (95/5, v/v) resulted
in Rs of 0.46 and α of 1.22. The substitution of EtOH with 5% ACN enhanced Rs up to 2.69 and α to
3.69 and resulted in better peak shape. The best Rs and α values were eventually achieved with 10%
1,4-dioxane as a modifier. On the other hand, for the same compound under Chiralpak® ID-U, the
lowest Rs and α values were achieved under 10% 1,4-dioxane in MtBE. Five percent EtOH resulted
in Rs of 12.12 and α of 4.04. This was further enhanced to Rs of 15.47 and α of 5.90 when ACN
was substituted with EtOH. Of particular interest was that compounds such as tocainide, ifosfamide,
and amino glutethimide were only separated under MtBE with an organic modifier (2–10%) using
Chiralpak® ID-U.

4. Conclusions

In this work, the influence of mobile phase composition on the stereoselectivity of enantiomers
was studied on two sub-2 μm columns. Regarding the two non-polar solvents (alkanes) containing
a polar alcohol modifier (EtOH, 2-PrOH, and n-BuOH), EtOH expressed the best enantioselectivity
on the two CSPs. In particular cases, 2-PrOH fit better on Chiralpak® ID-U. For the non-standard
solvents (MtBE with organic modifiers), Chiralpak® IG-U expressed the best enantioselectivity using
10% 1,4-dioxane, while 10% 1,4-dioxane was not sufficient on Chiralpak® ID-U. The use of aqueous
solutions such as ACN in water enhanced enantioselectivity of all racemates compared to similar
separations using neat ACN.

Twenty-seven compounds were baseline/partially separated on Chiralpak® IG-U compared to
22 compounds separated on Chiralpak® ID-U. Chiralpak® IG-U separated compounds that were not
separated under any mobile phase composition on Chiralpak® ID-U, namely, cizolirtine, naftopidil,
sulconazole, miconazole, 1-phenyl-2,2,2-trifluoroethanol, and phenylalanine. In conclusion, mobile
phase composition, the structure of the analytes, and their interaction with the CSP all play a role
in enantioselectivity.
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Abstract: A new functionalized polymer monolithic capillary with a macrocyclic antibiotic, namely
colistin sulfate, as chiral selector was prepared via the copolymerization of binary monomer
mixtures consisting of glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA) in
porogenic solvents namely 1-propanol and 1,4-butanediol, in the presence of azobisiso-butyronitrile
(AIBN) as initiator and colistin sulfate. The prepared capillaries were investigated for the
enantioselective nano-LC separation of a group of racemic pharmaceuticals, namely, α- and
β-blockers, anti-inflammatory drugs, antifungal drugs, norepinephrine-dopamine reuptake inhibitors,
catecholamines, sedative hypnotics, antihistaminics, anticancer drugs, and antiarrhythmic drugs.
Acceptable separation was achieved for many drugs using reversed phase chromatographic
conditions with no separation achieved under normal phase conditions. Colistin sulfate appears to be
useful addition to the available macrocyclic antibiotic chiral phases used in liquid chromatography.

Keywords: colistin sulfate; enantioselective; encapsulation; capillary chromatography; monolith;
organic polymer

1. Introduction

Most of the drugs currently in use are worldwide marketed as racemates. Enantiomers can exhibit
different activities in biological systems, in particular, their pharmacology, toxicology, pharmacokinetics
and metabolism. Therefore, it is important to separate single enantiomers to limit side effects that may
arise from unwanted enantiomers [1–3]. To access enantiomerically pure compounds, enantioselective
chromatographic techniques have been considered as the most feasible method compared to other
more expensive and time-consuming approaches [4–10]. Among these techniques, High Performance
Liquid Chromatography (HPLC) is the most widely used technique in enantiomer separation [11–13].
In HPLC, a chiral selector is required to form a Chiral Stationary Phase (CSP), the main driver for
the chiral separation. The CSP is normally bound, immobilized adsorbed or otherwise attached to an
appropriate support. The enantiomers are then resolved by the formation of temporary diastereomeric
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complexes between the analyte and the CSP. The stationary phase support plays a very important role
in any research investigation in this field [14–16].

Because of their advantages, the use of monoliths as stationary phases for HPLC represents
a promising alternative to particle packed columns for CEC, conventional HPLC columns and
nano-HPLC capillaries [17–21]. The preparation of organic polymer monolithic stationary phases
via surface modification with a suitable precursor followed by the polymerization process results
in increased stability of the monolith and affords greater adherence to the confining wall [22–28].
Many CSPs have been previously reported attached to monolithic support for chiral separation,
especially in enantioselective capillary chromatography [29–31]. However, only a few were macrocyclic
antibiotics [32].

Natural macrocyclic antibiotic materials play a very important role in chiral separation as useful
CSPs. In general, the macrocyclic antibiotics most widely used as chiral selectors are vancomycin,
vancomycin aglycon, norvancomycin, teicoplanin, and teicoplanin aglycon, ristocetin A, thiostrepton,
rifamycin, kanamycin, streptomycin, fradiomycin, eremomycin and avoparcin [33]. The unique
features of these chiral selectors include different chiral centers, inclusion cavities, phenyl rings, several
hydrogen donor and acceptor sites, sugar moieties, and other groups which are the main drivers for
their good chiral recognition abilities in different chromatographic modes. The chiral recognition
mechanism in most of these antibiotics chiral selectors relies heavily on complexation, hydrogen
bonding, inclusion complex formation, dipole interactions, steric interactions, and anionic and cationic
binding. These chiral selectors have been employed for the enantiomeric resolution of a variety of
racemates in HPLC, CEC, and CE [34–37]. Furthermore, a few were previously used in preparation of
chiral monolithic columns for the enantioselective separation of racemic pharmaceuticals [38]. Colistin
sulfate represents a new addition to the macrocyclic antibiotic family enabling its multi-chirality
sites and functional groups to provide chromatographic interactions with racemic analytes [38].
Furthermore, the encapsulation of a macrocyclic antibiotic in an organic polymer monolith in capillary
HPLC hasn’t been previously reported. The ease of in situ preparation in capillaries or narrow channels
of microfluidic devices render these ideal stationary phases for microscale separation formats [39].

Here we introduce a new chiral macrocyclic antibiotic, namely colistin sulfate, encapsulated in
organic polymer monolithic capillary for the enantioselective nano-liquid chromatographic separation
of a set of racemic pharmaceuticals.

2. Results

2.1. Preparation and Characterization of Polymer Monoliths

The use of macrocyclic antibiotics in chiral separation was previously reported in both
conventional HPLC and CEC. In particular, macrocyclic antibiotic-based silica monolithic columns
were previously studied [32,38,40]. However, the macrocyclic antibiotics were immobilized on the
activated monoliths by a tedious reductive amination process [32]. No work was previously reported
on the polymer monolithic antibiotic-based CSP in capillary liquid chromatography. Here we report
the first use of colistin sulfate as a macrocyclic antibiotic chiral selector entrapped in organic polymer
monolith for enantioselective capillary LC (Figure 1). The miscibility and solubility of colistin sulfate
was tested in porogenic solvents used in monolith preparation, namely 1,4-butanediol, ethanol and
n-propanol. When 1,4-butanediol was used in the polymerization mixture, a highly homogeneous
solution occurred, however, better solubility was achieved when used in combination with 1-propanol
as porogenic solvent.

Colistin sulfate-based polymer monolithic column (C1) was prepared via in situ copolymerization
of colistin sulfate with monomers (40%) (GMA (20%) as a functional monomer and EGDMA (20%)
as a cross linker) in the presence of a ternary porogenic system composed of 1-propanol (48%),
1,4-butanediol (6%) and chiral selector (6%). The ratio of the monomers to the porogens was fixed at
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40:60 w/w, respectively; this was selected to provide columns with a good balance of permeability,
surface area and mechanical stability.
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Figure 1. Chemical structure of colistin sulfate (A) and teicoplanin (B).

Scanning Electron Microscopy (SEM) and Surface Properties of the Monoliths

Scanning electron microscopy (SEM) photos were taken to study the morphology of the prepared
monolith. Column C1 showed a porous structure with interconnecting channels allowing the flow
of mobile phase with reduced column back-pressure (Figure 2). The textural surface properties of
the monolithic columns, including the specific surface area and the pore structure, were previously
calculated by our group. The pore size distribution was determined from the adsorption isotherms
using the Barrett–Joyner–Halenda (BJH) method. Specific surface area (SBET) was calculated
using multi-point adsorption data from a linear segment of the N2 adsorption isotherms using the
Brunauer–Emmett–Teller (BET) theory [41]. The monolithic column previously prepared using similar
procedure and demonstrated good enantioseparation exhibited surface area of 28.67 m2/g, pore size
of 169.2 nm and total pore volume of 0.12 cm3/g.

 

Figure 2. SEM of column C1 at 1200× and 25,000× (left and right, respectively) shows small
micro-globules with rough surface.

Elemental analysis was used to determine the nitrogen (1.9 and 2.68 % w/w) and sulfur (0 and
0.4% w/w) content in the C1 column and blank column (G column), respectively. The blank column
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(G column) was prepared using the same polymerization mixture with addition of water instead of
colistin sulfate. The measured the nitrogen contents were 1.9 and 2.68 % w/w and the measured sulfur
contents were 0 and 0.4% w/w in the C1 column and blank column (G column), respectively. Elemental
analysis was conducted to ensure the relevance of the presence of colistin sulfate in the prepared C1
column. These results confirm the presence of the chiral selector in the prepared C1 column.

2.2. Enantioseparation of Different Classes of Pharmaceutical Racemates

The colistin sulfate-based polymer monolithic capillary column was prepared as described
above and investigated for the nano-LC enantioseparation of a set of different classes of racemic
pharmaceuticals, namely: β-blockers, α-blockers, anti-inflammatory drugs, antifungal drugs,
norepinephrine-dopamine reuptake inhibitors, catecholamines, sedative hypnotics, antihistamines,
antibacterial drugs, anticancer drugs and antiarrhythmic drugs. Although reversed phase
enantio-selective LC examples are limited, macrocyclic antibiotics were previously used in
enantioseparation chromatography under reversed phase chromatographic mode [34,36–38,42–45].
The initial mobile phase selected for the enantioseparation separation of racemates 1–37 (Figure 3) was
a binary mixture of methanol/water screened from 95:5 to 5:95 v/v at 1 mL/min flow rate at fixed UV
detection 219 nm with eleven compounds separated (Rs ≥ 1) (Table 1). For examples, in MeOH/H2O
80:20 v/v, only ibuprofen (7) was separated, while in MeOH/H2O 40:60, indoprofen (10), hexaconazole
(15) and miconazole (16) were separated. In MeOH/H2O 10:90 v/v, aminoglutethimide (22), tyrosine
(29) and O-methoxymandelic acid (34) were also separated. The addition of an additive, namely
triethylamine (TEA) 1% v/v in 10:90, resulted in the separation of acebutolol (4) normetanephrine
(21), propafenone (26), tyrosine (29) and 4-hydroxy-3-methoxymandelic acid (35) (Figure 4), while
non-acceptable separations were achieved by addition of the acidic additive namely trifluoroacetic
acid (TFA). In an attempt to use normal phase namely n-hexane/2-propanol mixture ranging from
10–90% (v/v) resulted in resolution less than 1. All chromatographic data are summarized in Table 1.

Table 1. Chromatographic data, separation and resolution factors for the significantly resolved
compounds, using reversed mobile phases, flow rate: 1 μL/min.

Column C1 (Colistin Sulfate)

Phase Mobile Phase Drug Rt1 (min) Rt2 (min)
Separation
Factor (α)

Resolution
(Rs)

Reversed
Phase

Methanol:water
80:20 Ibuprofen (7) 23.3 38.9 1.7 1.02

Methanol:water
40:60

Indoprofen (10) 24.3 40.1 1.72 1.6

Hexaconazole (15) 23.8 37.6 1.9 1.2

Miconazole (16) 17.5 23.6 1.4 1.6

Methanol:water
30:70

Indoprofen (10) 23.6 63.4 2.8 1.63

Miconazole (16) 17.6 23.6 1.41 1.6

Methanol:water
10:90

Aminoglutethimide (22) 22.4 33.6 1.5 1

Tyrosine (29) 23.4 35 1.5 1.64

O-Methoxymandelic acid (34) 26.1 40.2 1.52 1.1

Methanol:water
10:90, 1%TEA

Acebutolol (4) 22.8 28.7 1.3 1.14

Normetanephrine (21) 22.3 28.4 1.3 1.3

Propafenone (26) 21.4 30.5 1.3 1.2

Tyrosine (29) 18.1 24.2 1.3 1.7

4-Hydroxy-3-methoxymandelic
acid (35) 24.1 31.5 1.3 1.03
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Figure 3. Chemical structures of the investigated racemates.
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Figure 4. Enantioselective nano-LC separation of; (a) racemic 4-hydroxy-3-methoxymandelic acid
(35); (b) phenylalanine (30) (mobile phase: methanol/water 40:60 v/v,); (c) tyrosine (29) and (d)
O-methoxymandelic acid (34) on a C1 capillary column (150 μm ID, 25 cm length). UV: 219 nm, flow
rate: 1 μL/min.

Because of the novelty associated with using colistin sulfate as a chiral selector, confirmatory tests
were done by injecting the separated enantiomeric drugs using capillary monolithic column without
chiral selector (blank column, cf. Figure 1). The injected drugs included tyrosine (29), phenylalanine
(30), O-methoxymandelic acid (34) and 4-hydroxy-3-methoxymandelic acid (35). Only single peaks
were obtained under chromatographic conditions similar to those previously used when using capillary
columns with colistin sulfate as CSP (C1 column). Furthermore, the single S-enantiomer of acebutolol
(S-acebutolol) was injected on the C1 column (Figure 2). Only a single peak was obtained when
used alone and mixed with its racemic mixture, which resulted in a peak with higher intensity, but
unfortunately with low resolution. Also it was observed that S-acebutolol eluted first in the same
retention time as the eluted single peak of single isomer S-acebutolol. The results achieved from the
injection of the enantiomers on both the blank and C1 column, confirm the presence of the chiral selector
in situ the capillary and that it was not washed out or dissolved in the mobile phase. The investigated
repeatability of the used C1 column is considered as a proof of stability of the chiral selector contained
in the capillary. It was also observed that the chiral separation was mostly achieved at high water
content in the mobile phase; although, the chiral selector itself can be dissolved in water. This does not
contradict what has been previously reported in literature where similar solvent used for dissolving
the chiral selector can be used as mobile phase in the same column [32].

The combination of thin-hair capillary format in capillary HPLC is also beneficial as swapping
from existing conventional liquid chromatography LC (mL flow, more solvent) to micro/nano flow LC
(less solvent) is beneficial. The expected outcome will be environmentally responsible, cost effective
and efficient analytical sample preparation and separation technologies for analytical laboratories
throughout the world. Some featured benefits include but not limited to: (1) up to 4× increase in
sensitivity; (2) improved turn-around-time with up to 5× faster separations; (3) up to a 95% reduction
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in mobile phase consumption and (4) improved robustness–less sample introduced into the MS when
used in LC/MS and, ultimately, less instrument downtime.

For example, the chiral analysis for one run in conventional HPLC consumes at least 20–30 mL of
environmentally unfriendly solvents for 30 min separation. On the other hand, in nano-HPLC, running
a similar analysis under reversed phase conditions consumes less than 100 μL of water-based mobile
phase. The capillary monolithic column is 10,000 less in internal diameter and operates with one million
times less solvent volume than a conventional column. Consequently, this approach is economically
efficient where only a single sorbent, namely colistin antibiotic, was used as CSP in capillary HPLC
reducing materials/solvents consumption. Taking ibuprofen as an example, it was efficiently separated
on the prepared monolithic column (Rs = 1.02) while it was recently enantio-separated (Rs = 1.05)
on a mixed sorbents containing eremomycin and bovine serum albumin BSA-based CSP under
reversed phase conditions using mobile phase: MeOH:KH2PO4 (0.1 M, pH 4.5); 50:50 (v/v); flow
rate: 0.5 mL/min; and fixed UV 220 nm [34]. Another example is the recent use of mixed chiral
sorbents based on silica with immobilized macrocyclic antibiotics eremomycin and vancomycin for the
enantioselective of β-blockers such as atenolol and amino acids like phenylalanine by conventional
HPLC using a mobile phase of MeOH:ACN–TEAA (0.1%, pH 4.5) (95:5, v/v), and a flow rate of
1 mL/min [37]. Nano-HPLC chromatograms for some of the separated compounds under different
ratios of methanol and water are given in Figure 4.

2.3. Column Repeatability

The repeatability is the ability to prepare equally performing capillaries at different time (run
to run) and locations (batch to batch). To determine the repeatability of the prepared capillaries,
two capillaries were prepared on the same day using the same polymerization mixture to test
column-to-column repeatability. Moreover, batch-to-batch repeatability was tested by preparing three
different batches at different days using the same polymer mixtures. 4-Hydroxy-3-methoxymandelic
acid (35) was selected to test the capillaries’ performance in terms of repeatability as it was
nearly baseline resolved on both columns. Reproducibility of the retention times of both
4-hydroxy-3-methoxymandelic acid (35) peaks was satisfactory. In the run-to-run repeatability using
one column, the average retention times for the two peaks were 23.5 min (RSD = 1.7%) and 30.6 min
(RSD = 1.27%); respectively. In column-to-column repeatability, the average retention times for the two
peaks are 23.5 min (RSD = 2.2%) and 30.6 min (RSD = 1.9%); respectively. In batch-to-batch repeatability,
the average retention times for peak one and peak two are 22.5 min (RSD = 3.9%) and 31.4 min
(RSD = 5.3%); respectively. The retention times and relative standard deviations (RSD) of the retention
times ranged between 1.2% and 5.3%. These results suggest that the monolithic capillary columns can
be used for reproducible routine analysis. It is worth mentioning that the acceptable %RSD values for
intra-batch and inter-batch are 2.5% and 15%; respectively. Furthermore, the column loadability was
tested by injecting more than 300 runs on the same column; 4-hydroxy-3-methoxymandelic acid (35)
was injected in different orders started at run number 160 and ended by run number 307. The same
separation was achieved (Figure 5).
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Figure 5. The loadability of the monolithic columns of 4-hydroxy-3-methoxymandelic acid (35) started
at run no. 160 up to run no. 307, on C1 capillary column (150 μm ID, 25 cm length). mobile phase:
methanol/water 40:60 v/v, UV: 219 nm, flow rate: 1 μL/min.

2.4. Effect of the Concentration of Chiral Selector

The optimum concentration of the colistin sulfate in the polymerization mixture was selected
after the preparation of three different capillaries with different concentrations of colistin sulfate (10,
20 and 30 mg/mL). The results revealed that 10 mg/mL afforded better separation and resolution
while increasing the concentration to 30 mg/mL or more resulted in poor separation and resolution.

3. Discussion

Various macrocyclic antibiotics have been previously synthesized and applied on silica or polymer
surfaces as a stationary phase either by immobilization, coating or by covalent bonding [24,28,32–36].
Whilst coating or physical adsorption is considered an suitable method to prepare CSPs, covalent
bonding increases the chances for using diverse mobile phases and creates a more robust CSP [46].
It is worth pointing out that most of the CSPs have been prepared via immobilization to bond the
chiral selectors to the solid supports. This has resulted in robust and more stable CSP, however, time
consuming process offering less coverage of the CS compared to the one pot technique [47]. The way
the CSP has been prepared (coating vs. bonding) may affect the chiral recognition mechanism. Thus,
bonded-type phase showed a lower chiral recognition power than the coated-type phase.

Schmid et al. have been reporting since 2006 the development of dynamically-coated chiral
stationary phases [48] using a macrocyclic antibiotic, namely vancomycin. Few macrocyclic antibiotics
were previously used in preparation of chiral monolithic columns for the enantioselective separation of
racemic pharmaceuticals [38]. Of interest, in 2010 Schmid et al. [32] published an article describing the
preparation of a new chiral stationary phase by dynamic coating of a reversed-phase HPLC monolithic
column with vancomycin-derivatives as chiral selector. They then investigated the separation of
amino acids using reversed phase chromatographic conditions, namely triethyl-ammonium acetate
(TEAA) buffer and methanol. As the underivatized vancomycin is hydrophilic, it could not be
adsorbed on the commercial hydrophobic chromolith monolith. Consequently, vancomycin was
derivatized to N-(2-hydroxydodecyl)-derivative before immobilization on the chromolith. Vancomycin
is reversibly adsorbed via a hydrophobic side chain to the reversed-phase material. Similarly, Haroun
et al. [49] dynamically coated the macrocyclic antibiotic teicoplanin on RP18 and RP8 columns.
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Teicoplanin has a hydrophobic C10 side chain which is attached to the glucopyranosyl group (Figure 1).
This side chain was used to immobilize the chiral selector on the hydrophobic reversed phase material.
This dynamically coated phase was used for the separation of aromatic amino acids. Similary, in this
manuscript, colistine possesses a C9 hydrophobic side chain that can be used for the immobilization
on the hydrophobic monolith prepared in this manuscript. It is worth to note that (1) continuous
polymers formed from hydrophobic monomers can be used as stationary phase in reversed phase
chromatography (RPC) and (2). Solvents used for dissolving the chiral sector can be used as mobile
phase (not in excess) on the same column [32].

The chiral recognition of macrocyclic antibiotics used as chiral selectors for the enantio-separation
of different compounds is due to the presentation of ionisable acidic or basic functional groups
contributing to stereoselectivity, the presence of multiple stereogenic centers, and the presence of
both hydrophobic and hydrophilic groups. Therefore, the transient non-covalent diastereomeric
complexes with macrocyclic antibiotic are based on both electrostatic interactions and secondary
interactions such as hydrophobic, hydrogen bonds, dipole-dipole, π–π interactions, and steric
repulsion. Macrocyclic antibiotics have been successfully applied to HPLC and also to CEC for
chiral separation of pharmaceutical drugs using stationary phases in the reversed-phase and the
normal-phase modes [50–55].

Colistin sulfate has never been used as chiral selector although it possesses many points of
interaction which significantly increase its enantiorecognition ability. It is well established that
under reversed phase conditions, the formation of inclusion complexes within the cavity is the
most predominant mechanism of retention and enantioselectivity. Moreover, the presence of
different functional groups creates more points of interaction between the enantiomers and the
CSP via π–π bonding, hydrogen bonding, dipole–dipole stacking, etc. which can increase the
selectivity towards some analytes. For example, in miconazole (16), hydrophobic interactions are
the prevailing CSP-analyte interactions, whereas hydrogen bonding seems to be more important
in the enantiointeractions between the other analytes and CSPs [32]. Initial testing with mixture
of methanol-based mobile phase, enantioselective separation was observed for many analytes
with polar groups including acebutolol (4), indoprofen (10), hexaconazole (15), normetanephrine
(21), aminoglutethimide (22), propafenone (26), tyrosine (29), O-methoxymandelic acid (34) and
4-hydroxy-3-methoxymandelic acid (35). This confirms the importance of solvent polarity in the chiral
separation mechanism in terms of the inclusion complex stability. The large retention times observed
is due to the very low flow rate used. Higher flow rate may result in high backpressure. Peak tailing
of the more retained isomers was overcome by the use of mobile phase additives such as triethanol-
amine (TEA), which resulted in improved resolution, although, their negative effect on the lifetime of
the capillary columns as well as its potential problems with nano-LC systems (e.g. precipitation in
the pumps and valves) [56] can be dominant. No remarkably peak tailing of acebutolol (4), atenolol
(5) and tyrosine (29) racemates was observed, ascribed to the existence of the amino groups on the
surface of the monolithic matrices. It was also observed that the chiral separation was mostly obtained
at high water content of the mobile phase; this indicates that water facilitates the interaction between
the CSP and the racemates. We postulate that chiral separation in this study was mainly achieved
via the formation of inclusion complexes as discussed previously. The use of normal organic phase
resulted in high back pressure and very short life time of the prepared column. Nevertheless, the use
of n-hexane/2-propanol mobile phase mixture ranging from 10–90% (v/v) resulted in resolution less
than 1.

4. Experimental

4.1. Reagents and Materials

Colistin sulfate (99%), ethylene glycol dimethacrylate (EGDMA, 98%), glycidyl methacrylate
(GMA, 98%), 1-propanol (99%), 1,4-butanediol (99%), trifluoroacetic acid (TFA, ≥99.5%), sodium
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hydroxide and hydrochloric acid were purchased from Sigma Aldrich (Milwaukee, WI, USA). Acetone
(AR grade) and ethanol (HPLC grade) were purchased from BDH (Kilsyth, Vic., Australia). Methanol
(HPLC) grade was purchased from Scharlau (Sentmenat, Spain). All other reagents were of the highest
available grade and used as received. The fused-silica capillaries (150 μm internal diameter) were
purchased from Polymicro Technologies (Phoenix, AZ, USA). 2,2-Azobis(isobutyronitrile) (AIBN)
was obtained from Wako (Osaka, Japan). Water used for dilutions and experiments was purified by
a Nano-pure Infinity water system (NJ, USA). The racemic analytes were mostly purchased from
Sigma Aldrich.

4.2. Preparation and Characterization of the Monolithic Columns

4.2.1. Activation of the Fused Silica Capillaries

Briefly, the fused silica capillaries were rinsed using a Harvard syringe pump (Harvard Apparatus,
Holliston, MA, USA) and a 250 μL gas-tight syringe (Hamilton Company, Reno, NE, USA) with acetone
and water 2–3 times each, activated with 0.2 mol/L sodium hydroxide (NaOH) for 6 h confirming
the absence of any air bubbles, washed with water 3–4 times till neutral (pH 7), then washed with
0.2 mol/L hydrochloride (HCl) for 12 h, rinsed with water and ethanol 2–3 times each. A 20% (w/w)
solution of 3-(trimethoxysilyl)propyl methacrylate in 95% ethanol adjusted to pH 5 using acetic acid
was pumped through the capillaries at a flow rate of 0.25 μL/min for 6 h. The capillary was then
washed with acetone one time and dried with a stream of nitrogen for 2 min. then left at room
temperature for 24 h.

4.2.2. Preparation of Colistin Sulfate Functionalized Monomer

The short (∼25 cm in length) surface modified capillary was filled by Harvard syringe pump
with the degassed polymerization mixture at 0.25 μL/min using the syringe pump. Colistin sulfate
polymer-based monolithic capillary column was prepared via in situ copolymerization of binary
monomer mixtures consisted of GMA (20%) as a monomer and EGDMA (20%) as across linker along
with different porogens namely; 1-propanol (48%), 1,4-butanediol (6%), in the presence of 1 wt% AIBN
(with respect to monomers) and colistin sulfate (6%) as chiral selector. The blank column (G column)
was prepared using the same procedure by addition of water (6%) instead of water. The filled capillaries
were then sealed with a septum, placed in 70 ◦C water bath for 18 h for the polymerization reaction
to take place. The unreacted monomers were removed from the monolithic columns by pumping
methanol at a flow rate of 100 μL/h for 24 h before being investigated under light microscope to
ensure its consistency and homogeneity of the polymerization mixture inside the capillary. The filled
capillaries were conditioned with mobile phase for 1–3 days at μL/min (Figure 6). The ratios of the
monomers to the porogens were kept 40% and 60%, respectively. The ratios of the porogens were fixed
as 48% 1-propanol, 6% 1,4-butanediol and 6% chiral selector, all percentages are w/w.
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Figure 6. Steps showing the preparation of polymer monolithic capillary columns.

4.2.3. SEM of the Prepared Monoliths

SEM was performed to study the morphology of the prepared capillaries. The capillaries were
cut into ~1 cm sections and put perpendicularly on 12.7 mm pin-type aluminum stub using double
face epoxy resin tape. SEM was carried out and high resolution images were collected by sputter
coating the capillary sections with gold Using ZEISS SIGMA FE-SEMs for High Quality Imaging and
Advanced Analytical Microscopy (ZEISS Sigma, Jena, Germany).

4.3. Instrumentation

A nano-liquid chromatographic system consisting of an LC-10AD VP pump (Shimadzu, Kyoto,
Japan), injector model 7725i-049 (Rheodyne, Park Court, CA, USA), a UV-Vis detector model MU 701
UV-VIS (GL Science, Tokyo, Japan) and a Shimadzu CDM-20A communications bus module was used.
The system flow was split after direct injection. The data was processed by the Shimadzu Lab-Solutions
software version 5.54 SP2 (Shimadzu, Kyoto, Japan).

4.4. Standard Solutions and Sample Preparation

Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLC grade
methanol were prepared. Prior to injection, the stock solutions were further diluted 10× by mobile
phase and filtered through Minisart RC 15 0.2 μm pore size filters (Sartorius, Goettingen, Germany).
Tested compounds: β-blockers: alprenolol (1), metoprolol (2), propranolol (3), acebutolol (4), atenolol
(5); α-blockers: naftopidil (6); anti-inflammatory drugs: ibuprofen (7), naproxen (8), flurbiprofen (9),
indoprofen (10), cizolirtine (11), cizolirtine citrate (12), carprofen (13), glafenine (14); antifungal drugs:
hexaconazole (15), miconazole (16), diniconazole (17) sulconazole (18); norepinephrine-dopamine
reuptake inhibitor: nomifensine (19); catecholamines: arterenol (20), normetanephrine (21); sedative
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hypnotics: aminoglutethimide (22); anti-histamines: chlorpheneramine (23); anticancer drugs:
ifosfamide (24); antiarrhythmic drugs: tocainide (25), propafenone (26); flavonoids: flavanone (27);
amino acids: glutamic acid monohydrate (28), tyrosine (29), phenylalanine (30); anti-platelet agents:
clopidogrel (31); immunomodulatory drugs: thalidomide (32); miscellaneous: 1-acenaphthenol (33),
O-methoxymandelic acid (34) 4-hydroxy-3-methoxymandelic acid (35), 1-indanol (36) and ampicillin
(37). The chemical structures of the investigated racemates are shown in Figure 3.

4.5. HPLC Conditions

The mobile phase consisted of water/methanol (v/v) for the reversed phase HPLC and
n-hexane/2-propanol for normal phase HPLC. For all samples, the injected volume was 0.2 μL at room
temperature with flow rate 1 μL/min on C1 capillary column (150 μm ID, 25 cm length). Preliminary
UV analyses were performed at a wavelength of 219 nm.

5. Conclusions

The macrocyclic antibiotic colistin sulphate has been used for the first time as a chiral selector
entrapped in a polymer monolith for enantioselective capillary chromatography. The new capillary
column was investigated for the enantioselective separation of a set of racemic drugs. Acceptable
separation was achieved for many drugs, including acebutolol (4), ibuprofen (7), indoprofen (10),
hexaconazole (15), miconazole (16), normetanephrine (21), aminoglutethimide (22), propafenone
(26), tyrosine (29), O-methoxymandelic acid (34) and 4-hydroxy-3-methoxymandelic acid (35) under
reversed phase chromatographic conditions, while normal phase conditions did not achieve any
acceptable separations. The method provides more economical analysis under environmentally benign
reversed phase conditions.
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Abstract: The importance of chirality in drug development is unquestionable, with chiral liquid
chromatography (LC) being the most adequate technique for its analysis. Among the various types
of chiral stationary phases (CSPs) for LC, brush-type CSPs provide the base for interaction analysis
of CSPs and enantiomers, which provide valuable results that can be applied to interaction studies
of other CSP types. In order to analyze the influence of aromatic interactions in chiral recognition,
we designed a set of ten new brush-type CSPs based on (S)-N-(1-aryl-propyl)-3,5-dinitrobenzamides
which differ in the aromatic unit directly linked to the chiral center. Thirty diverse racemates,
including several nonsteroidal anti-inflammatory drugs and 3-hydroxybenzodiazepine drugs, were
used to evaluate the prepared CSPs. Chromatographic analysis showed that the three new CSPs
separate enantiomers of a wide range of compounds and their chromatographic behavior is
comparable to the most versatile brush-type CSP—Whelk-O1. The critical role of the nonbonding
interactions in positioning of the analyte (naproxen) in the cleft of CSP-6, as well as the analysis of
interactions that make enantioseparation possible, were elucidated using computational methods.
Furthermore, the influence of acetic acid as a mobile phase additive, on this enantiorecognition
process was corroborated by calculations.

Keywords: chiral chromatography; chiral recognition; intermolecular interactions; chiral drugs;
Whelk-O1 column; mobile phase additives

1. Introduction

Chirality is an essential property in the development of pharmaceutical drugs, as well as in
agrochemistry, food science, etc. It was put into the foreground in 1992 when the FDA issued
its policy statement concerning the development of stereoisomeric drugs [1]. Even though the
development of enantiopure compounds was not mandatory, it became the de facto standard in
the pharmaceutical industry, also enabling the new possibilities in drug development, i.e., the chiral
switch concept [2]. Accordingly, the need for fast, simple and reliable methods for separation of
enantiomers, determination of enantiomeric excess (ee) and absolute configuration (AC) has increased.
Although chiral liquid chromatography (chiral LC) has a great influence on the determination of
absolute configuration [3], its main role is being the most powerful method for the separation of
enantiomers [4] and for measuring the enantiopurity of organic compounds. Since the 1990s, when
the availability of chiral stationary phases (CSPs) became widespread, chiral LC using CSPs has been
the most widely used technique for chiral separations [5]. Besides being simple, versatile and reliable
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method, chiral LC has also became an ultrafast technique with enantioseparations in the sub-minute
time frame [6–12].

Over time, various types of CSPs have been developed, including more than a hundred which
have been commercialized. Their properties and mechanism of enantioseparation depend on the
nature of the chiral selector [5,13]. Polysaccharide-based CSPs are the most broadly applied for chiral
LC separations [14]. However, there are also several Pirkle-type (or brush-type) CSPs, e.g., Whelk-O1
and ULMO, whose versatility has enabled their wide application [13,15]. These CSPs, which consist
of small organic molecules covalently bound to the support, are also the most widely investigated
CSPs regarding the chiral recognition mechanism [13,16]. The understanding of chiral separation
mechanism is essential for estimating elution order, predicting the types of analytes which can be
separated on a certain CSP, and improving the design of new selectors. Clearly, the enantioseparation
process is easier to elucidate by analyzing interactions of the analyte and a small selector compared to
polysaccharide CSPs, whether using experimental or computational methods [5]. Chiral recognition of
brush-type CSPs is based on well-documented interactions between the selector and enantiomers of
the analyte—hydrogen bonds, dipole-dipole interactions, van der Waals interactions and, in particular,
aromatic interactions [16].

The goal of this research was threefold. First, ten new brush-type CSPs were prepared, with
a molecular design based on previous studies of chiral recognition in CSP [13,17–19]. The objective
was to obtain a CSP with a versatility as similar as possible to the Whelk-O1 column, the brush-type
CSP with the broadest application in industry and academia. We opted for a structure with one amide
bond, analogous to the Whelk-O1 column, and two aromatic groups—a 3,5-DNB aromatic unit and
a substituted aromatic moiety (Figure 1). We tested the prepared CSPs using thirty diverse racemates
and determined the CSPs with the best performance. Second, the variability of the aromatic moiety
enabled us to elucidate the influence of aromatic substituent on the enantiorecognition process. Keeping
that in mind, we investigated the role of nonbonding interactions relevant for chiral recognition on
CSPs using computational methods, with special attention to hydrogen bond networks and aromatic
interactions. Third, we explored the influence of acetic acid as an additive in the mobile phase using
extensive ab initio methods. To the best of our knowledge, this is the first study that examines
the possibility of positioning a minor additive within the chiral binding site and its influence on
enantiospecific interactions.

 
Figure 1. Structures of new brush-type CSPs and Whelk-O1.
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2. Results and Discussion

2.1. Preparation of New Brush-Type Chiral Stationary Phases (CSPs)

We previously described the synthesis and determination of an absolute configuration of
(S)-N-(1-aryl-allyl)-3,5-dinitrobenzamides (DNB-1–DNB-10) [20]. These compounds are excellent
candidates for the preparation of a new Pirkle-type CSPs for HPLC since they possess all properties of
a good selector—they are rigid and contain a strong π-acceptor acid (DNB) as well as a π-donor base
aromatic group. Furthermore, allyl group in the structure of DNBs enables their binding to silica gel
using a simple and straightforward procedure.

For the binding of the chiral DNB selectors onto silica gel we chose a method that does not
introduce additional polar moieties into the CSP structure (Scheme 1) [21]. Hydrosilylation of DNBs
was conducted using chlorodimethylsilane and Speier’s catalyst, followed by the replacement of
a chloride with an ethoxy group using trimethylamine and ethanol. Obtained compounds were passed
through short silica column and attached to 5 μm silica gel in boiling toluene. Before the end-capping
procedure, we analyzed prepared CSPs using elemental analysis and infrared spectroscopy in order to
determine the amount of selector attached onto the silica gel. We performed end-capping in the last
step to protect free silanol groups with hexamethyldisilazane [22]. Ten new CSPs were thus prepared
from the corresponding DNBs (Figure 1) with the optimal 0.2 mmol selector per 1 g of CSP loading [21].
The as-prepared CSPs were finally packed in steel columns using the slurry packing technique.

 
Scheme 1. Preparation of new brush-type chiral stationary phases (CSPs) from corresponding
(S)-N-(1-aryl-allyl)-3,5-dinitrobenzamides (DNBs).

2.2. Evaluation of Prepared CSPs

In order to test the performance of the prepared CSPs we used a diverse set of analytes (Figure 2)
which is usually used by our group to evaluate new CSPs [18,19]. The evaluation of prepared CSPs was
performed in normal phase chromatography mode using the mixtures of hexane and 2-propanol as
the mobile phase at room temperature and with UV detection at 254 nm. Compounds 1–7 and 9 were
analyzed in the mobile phase containing 10% of 2-propanol in hexane, while the mobile phase for the
analysis of compounds 8 and 10–21 contained 20% of 2-propanol due to their longer retention times.
Our goal was to evaluate CSPs with respect to their difference in molecular structure and consequently
to neglect the influence of quality of the column packing, column dimensions, etc. Therefore the
relevant value for consideration is the separation factor (selectivity, α), which depends the most on the
structure of the CSP and has the greatest influence on overall resolution.

Tested set of compounds can be subdivided into four subsets. Compounds 1–4 are small molecules
with one or none carbonyl groups which could be the acceptor but not the donor of hydrogen bonds.
Because of these characteristics, the satisfactory enantioseparation of compounds 1–4 is usually
hard to achieve on brush-type CSPs. The second subset consists of compounds 5–9 which possess
bigger aromatic groups and hydroxyl or amino groups capable of hydrogen bond formation. These
compounds are usually well separated on brush-type CSPs. Finally, there are two subsets consisting of
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aromatic amides, 10–21, with the last subset (15–21) also bearing an ester group. These compounds
can form strong hydrogen bonds and aromatic interactions which makes them easier to separate using
brush-type CSPs.

 

α

Figure 2. Structures of the racemic analytes used for the evaluation of prepared CSPs.

The results indicate that CSPs which contain substituted phenyl aromatic groups, in most cases
do not resolve compounds 1–4 (Figure 3). Enantioseparation of these compounds is better using the
naphthyl series of CSPs, although the separation of compounds 3 and 4 is achieved on just a few
CSPs. In general, enantioseparation results obtained for compounds 5–9 are better. Overall, the lowest
separation factor is observed with CSPs like CSP-3, CSP-4 and CSP-5, which have more than one
methyl substituent or methyl at the ortho position of the phenyl core.
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Figure 3. Separation factors of compounds 1–9 on prepared CSP-1–CSP-10, mobile phase
hexane-2-propanol = 90:10. For compound 8, the mobile phase ratio was 80:20.
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Compounds 10–14 are resolved well using all CSPs, with the only exceptions being CSP-3 and
CSP-5 (Figure 4a). These CSPs demonstrate the lowest separation factors due to their phenyl aromatic
group in the combination with two or three methyl substituents near the chiral carbon atom, which
disturb the enantiorecognition process due to steric hindrance. Also, the retention times of these
compounds are shorter for the phenyl series of CSPs than the naphthyl series (Table S2). This means
that interactions are weaker, as expected for smaller aromatic systems.
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Figure 4. Separation factors of compounds 10–14 (a) and 15–21 (b) on prepared CSP-1–CSP-10, mobile
phase hexane-2-propanol = 80:20.

The initial assumption was that 3,5-dinitrobenzoyl derivatives of amino acids with an isopropyl
protecting group 15–21 would be resolved well on the prepared CSPs since they possess aromatic,
ester and amide groups potentially capable of forming interactions with CSPs which may result in
chiral recognition. However, the difference between the phenyl series of CSPs and larger aromatic
substituents is even more pronounced in these examples (Figure 4b). Here, it is demonstrated that only
CSPs with larger aromatic groups (naphthyl and phenantryl) show very good enantio-separations of
these compounds. The lowest results in the naphthyl series were obtained for CSP-8 which possesses
a methyl group at position 2 of the naphthyl ring.

It is interesting to point out that the enantioseparation of racemate 19 on the prepared CSPs is
quite unexpected (Figure 5). On the CSPs which show the overall lowest enantioseparation capabilities,
its separation factor is the highest in the 15–21 subset. On the contrary, on the CSPs that demonstrate
the best performance, this separation factor is the lowest of the subset. This result exemplifies how
chiral recognition is difficult to predict and often depends on subtle details.

The above presented results demonstrate that both size and substitution of aromatic group play an
important role in the enantioseparation capabilities of prepared CSP. Larger aromatic groups (naphthyl
and phenanthryl) overall display higher separation factors for the tested set of racemates. This is
expected since intermolecular aromatic interactions, which positively influence the chiral recognition,
are stronger for larger aromatic groups. Substitution of more than one methyl group on the phenyl
ring decreases the separation factor for all the tested racemates. On the other hand, the influence of
the monosubstitution of the aromatic group shows two opposite trends. When the substitution is at
the 4-position, there is no noticeable difference compared to the aromatic group without substituents
(CSP-1 compared to CSP-2 and CSP-6 to CSP-7). Contrarily, substitution at the 2-position greatly
influences the enantioseparation capabilities of the prepared CSPs (CSP-2 compared to CSP-4 and
CSP-7 to CSP-8). The methyl substituent in this case is near the chiral center and can influence the chiral
recognition in two ways—it sterically hinders the chiral center which decreases enantiorecognition and
it increases the rigidity of the CSPs by reducing the rotational freedom around C*-CAr bond (Figure 6).
The influence of the rigidity of CSP on enantioseparation capability is substantial. CSP-9 compared
to CSP-6 demonstrates higher flexibility and somewhat lower enantioseparation characteristics (see
Figures 3 and 4). On the other hand, CSP-8 compared to CSP-6 has higher rigidity and considerably

39



Molecules 2019, 24, 823

decreased enantioseparation results (which are partially due to steric hindrance of the chiral center).
This indicates that a good CSP should be sufficiently rigid to strongly interact with one sterically
compatible enantiomer, but also flexible enough to accommodate the analyte and achieve a maximum
number of interactions for a wide range of compounds.

(a) (b) 

α α

Figure 5. Chromatogram of the separation of racemate 19 on CSP-10 (a) and CSP-8 (b); mobile phase
hexane-2-propanol = 80:20, flow 1mL/min, UV detection at 254 nm.

Figure 6. Relaxed potential energy surface scan around C*-Cα bond of DNB-6 (red), DNB-8 (yellow)
and DNB-9 (blue). Dihedral angle Φ is defined by atoms Cβ-Cα-C*-N. Calculations were performed
on M06-2X/aug-cc-pVDZ level of theory.

2.3. Enantioseparation of Pharmaceutical Drugs on Prepared CSPs

Since CSPs bearing naphthyl and phenanthryl aromatic groups were demonstrated as more
versatile than phenyl CSPs, CSP-6–CSP-10 were chosen for testing the enantioseparation of
several pharmaceutical drugs including non-steroidal anti-inflammatory drugs (NSAIDs) and
3-hydroxy-benzodiazepine drugs (Figure 7).
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α
α

Figure 7. Structures of the tested non-steroidal anti-inflammatory drugs (NSAIDs) and 3-hydroxy-
benzodiazepine drugs.

Given that NSAIDs are organic acids, acetic acid (0.1%) was selected as the mobile phase additive.
Acidic additives are frequently used in the mobile phases for the analysis of acidic analytes because of
their positive influence on the peak shape and retention time [23]. Results of the enantioseparation of
NSAIDs on the prepared CSP-6–CSP-10 (Figure 8a) showed that only naproxen is resolved well on
prepared CSPs, while some of the drugs from our test set are only partially resolved on CSP-7.
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Figure 8. (a) Separation factor of NSAIDs on prepared CSP-6–CSP-10 using a mobile phase
hexane-2-propanol-CH3COOH = 90:10:0.1 (hollow symbols) and hexane-2-propanol = 80:20 + 1 g dm−3

NH4OAc (filled symbols); (b) Separation factor of compounds 8, 9 and 3-hydroxy-benzodiazepine
drugs on prepared CSP-6–CSP-10 using a mobile phase hexane-2-propanol = 80:20 + 1 g dm−3

NH4OAc.

It was demonstrated that in some cases neutral salts, such as ammonium acetate or ammonium
formate, have a positive influence on the enantioseparation of racemates [23]. For example, NSAIDs
showed excellent enantioseparation results on Whelk-O1 columns using a mobile phase with
ammonium acetate as an additive [24]. Therefore, we investigated the enantioseparation performance
of the newly prepared CSP-6–CSP-10 on NSAIDs also using ammonium acetate as a mobile phase
additive (Figure 8a). Although CSP-8 and CSP-9 still only separate the enantiomers of naproxen, the
performance of the remaining CSPs was substantially improved. This is especially evident in the case
of CSP-10 (Figure 9) which can separate all of the tested NSAIDs using the abovementioned conditions.

Compounds 8 and 9, which are structural analogs of 3-hydroxybenzodiazepines with an ester
group at the 3-position, were resolved well using the prepared CSPs. Therefore, we decided to test
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the naphthyl series of CSPs for the enantioseparation of 3-hydroxybenzodiazepine drugs (Figure 8b).
Since these compounds possess acidic and basic groups, ammonium acetate was also used as a mobile
phase additive. 3-Hydroxybenzodiazepine drugs show very good enantioseparation results on the
prepared CSPs, with the best results obtained on CSP-6, CSP-7 and CSP-10.

 
(a) (b) 

Figure 9. Chromatograms of the separation of flurbiprofen on CSP-10 using mobile phase:
hexane-2-propanol-CH3COOH = 90:10:0.1 (a) and hexane-2-propanol = 80:20 + 1 g dm−3 NH4OAc (b).

Overall, the best separation factors for the enantioseparation of the tested drugs were obtained on
CSP-6, CSP-7 and CSP-10. Given the importance of these compounds in the pharmaceutical industry,
their enantioseparation was previously analyzed on several commercial brush-type CSP, including
Whelk-O1 [24]. In order to compare the results obtained on our CSP with the results obtained for
Whelk-O1, we analyzed these pharmaceutical drugs using the same hexane—2-propanol = 80:20 + 1 g
dm−3 NH4OAc mobile phase (Table 1).

Table 1. Comparison of the separation factors (α) of tested pharmaceutical drugs obtained on CSP-6,
CSP-7, CSP-10 and Whelk-O1 1.

Compound Whelk-O1 CSP-6 CSP-7 CSP-10

Ibuprofen 1.71 1.00 1.50 1.19
Ketoprofen 1.30 1.10 1.20 1.12
Naproxen 1.48 1.82 2.39 2.14

Flurbiprofen 1.68 1.14 1.53 1.27
Suprofen 1.27 1.11 1.16 1.11

Fenoprofen 1.60 1.26 1.55 1.24
Lorazepam 2.29 1.93 2.54 2.48
Oxazepam 1.97 1.39 1.59 1.59

Temazepam 1.38 1.31 1.39 1.45
1 For the analyses (S,S)-Whelk-O1 column (5 μm particle size, 250 × 4.6 mm I.D.) was used.

From the obtained results it is evident that these three new CSPs have promising enatioseparation
capabilities which are comparable to those of Whelk-O1. Furthermore, it must be emphasized that
the column Whelk-O1, being a commercial one, is technologically optimized regarding the choice of
silica gel used as the support, the binding procedure, as well as the packing procedure. It is known
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that all of these conditions influence the enantioseparation capabilities of CSPs [25,26]. The prepared
CSPs haven’t been optimized at this point, leaving plenty of room for improvement of these CSPs.
These columns have one more advantage over Whelk-O1. In order to prepare Whelk-O1 enantiopure
selector, preparative chiral chromatography must be used which has low productivity due to the low
solubility of the compound [27,28]. On the other hand, the enantiopure selectors of our CSPs (DNB-6,
DNB-7 and DNB-10) can be obtained by enzyme resolution using a cheap commercial lipase—Candida
antarctica lipase B (CAL-B) [20,29].

2.4. Analysis of Interactions Responsible for Chiral Recognition between Naproxen and CSP-6

To explore the nature of chiral binding site, a set of molecular dynamics simulations in vacuum of
CSP-6 with naproxen was performed. Since we are interested in distinguishing the details that enable
enantiomeric separation, simulations were run separately for (S)- and (R)-enantiomers of naproxen.
According to a 1H-NMR study of chiral recognition of (S)- and (R)-naproxen in the presence of
Whelk-O1 selector analog [30] and to the molecular dynamics simulations of the interface of modified
Whelk-O1 selector and naproxen in n-hexane [31], both enantiomers of naproxen dock inside the cleft,
most probably by an M1 mechanism [32,33]. The main feature of the M1 mechanism is a hydrogen
bond between the drug and the amide hydrogen, while aromatic interactions with the dinitrophenyl
moiety introduce additional stability to the complex. For simplicity in our computational models
we have neglected the non-polar solvent and a linker, the interface to silica gel, substituting it with
a hydrogen atom.

The complex of CSP-6 and (S)-naproxen ((S)-A) has lower energy (by 1.8 kcal mol−1) than the
lowest energy complex of CSP-6 and (R)-naproxen ((R)-A) (Figure 10). This result is in accordance
with the experimental results which demonstrate that (R)-naproxen is the first eluting enantiomer
on CSP-6 (Figure S1). Ten additional complexes within 2.9 kcal mol−1 were examined (Figure S2).
In (S)-A complex the naphthyl and DNB subunits are almost perpendicular to each other. Naproxen
is hydrogen bonded to the amide hydrogen (2.00 Å), with the carbonyl oxygen being a H-bond
acceptor and in the vicinity of the β-hydrogen of DNB, being only 2.44 Å apart. The second most
important H-bridge is between an oxygen of the DNB nitro group and the hydrogen from the naproxen
carboxyl group. The weakest interaction of this type is responsible for anchoring the opposite side of
naproxen, the methoxy moiety, to the second nitro group of the DNB subunit. The parallel face-centered
stacking arrangement between the two aromatic rings with the distance between the centroids of
the naproxen and DNB rings of 4.11 Å, represents a good example of aromatic interaction between
strongly electron-deficient (DNB) and neutral aromatic rings (Figure 10b). The next intriguing space
oriented interaction is the H-aromatic interaction [34], where three hydrogens of naproxen, including
the hydrogen on the chiral carbon atom, are oriented toward the naphthyl ring, forming a recognizable
T-shaped motif whose rings’ planes form an angle of 75◦. Alternative modes of complexation are
also found, like the one where naproxen is outside the cleft ((S)-A-4) or a complex where naproxen
is hydrogen bonded to the carbonyl oxygen of CSP-6 ((S)-A-5). Those complexes are 2.5 kcal mol−1

higher in energy than (S)-A, and will not be discussed further.
Just by reversing groups at the chiral carbon on naproxen in the (S)-A complex and running

optimization, a new complex is identified, (R)-A-2, 2.8 kcal mol−1 higher in energy (see Supplementary
Materials). The O-H···O bond is shorter by 0.10 Å, while O···H-N is 0.03 Å longer than the analogous
bonds in (S)-A, but the orientation of the methyl group toward the naphthyl part of CSP-6 perturbs the
parallel face-centered stacking arrangement almost perfectly possible in the (S)-enantiomeric complex.
The H-aromatic interaction network is also perturbed, which can be seen from the fact that only
hydrogens from the α ring are pointing toward naphthyl moiety.

The (R)-A complex, more stable than (R)-A-2 by 0.9 kcal mol−1, is characterized by even stronger
hydrogen bonds between the naproxen carboxyl group and DNB (1.86 Å) and the amide hydrogen
(1.99 Å). The anchoring interaction between the methoxy hydrogen and the nitro group is missing,
which is reflected in the increased distance between the centroids of an aromatic ring of naproxen and
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the DNB subunit to 5.29 Å. By comparing the (R)-A and (R)-A-2 structures it is possible to conclude that
the main contribution to the stabilization of the complexes comes from hydrogen bonding with aromatic
and H-aromatic interactions playing a minor, but significant role in the enantiorecognition process.

Our findings are in agreement with similar theoretical studies on the chiral recognition of
Whelk-O1. For a series of complexes of naproxen with Whelk-O1 and modified CSPs, the M1
mechanism is identified as the most probable docking mechanism [31]. Furthermore, the formation of
the hydrogen bond was found to be critical for the successful separation of enantiomers [35].

   
(a) (b) (c) 

Figure 10. The lowest energy structures of (S)-A (a), (S)-A, top view (b) and (R)-A (c). Selected bond
lengths are indicated in Å. B3LYP/def2-TZVPP//M06-2X/def2-TZVPP (COSMO, ε = 2.78).

2.5. Influence of Acetic Acid as the Mobile Phase Additive on The Enantioseparation of Naproxen on CSP-6

Although it is empirically known that minor additives (organic acids, bases or neutral salts)
may have positive effect on the shape of peaks, retention times and selectivity [23], experimental
studies on the mechanism of how additives influence enantioseparation are scarce. Several
systematic experimental studies were performed, mostly on polysaccharide CSPs under normal phase
conditions [36–38], as well as using polar organic mobile phases [38–40]. Generally, the consensus is
that additives in the mobile phase improve the solubility of acidic analytes in nonpolar solvents and
suppress non-chiral interactions of analyte with the CSP surface (masking effect), and therefore reduce
tailing and can increase selectivity. However, an explanation for the way in which additives could
affect the chiral recognition process between the analyte and CSP remains elusive. Some studies [36,39]
hypothesize that additives have an ability to displace the analyte or to influence the selector-analyte
complex by interfering with the interactions that stabilize the complex, however, these speculative
explanations of experimental results have not been substantiated so far.

Our goal was to investigate the possibility of influence of additives on intermolecular interactions
between analyte and CSP during enantiorecognition. We opted for acetic acid, a simple acidic additive,
and a system we had already investigated—naproxen and CSP-6. Acetic acid is known to form dimers
in the gas phase and in nonpolar solvents characterized by a strong double hydrogen bond [41,42].
Since naproxen primarily interacts via its carboxylic group with CSPs, we explored the possibility of
an interplay of naproxen, acetic acid and CSP-6.

The most stabile complex of naproxen, acetic acid and CSP-6 is (S)-B, which is 3.9 kcal mol−1

lower in energy than (R)-B (Figure 11). A common motif of both structures is an 8-membered ring
formed by a double hydrogen bridge connecting acetic acid and the carboxylic acid group of naproxen.
In the (S)-B complex, the N-H···O bond length is 2.90 Å, while naproxen’s carbonyl oxygen serves as
a double H-bond acceptor, associating with acetic acid as well. The analogous bridge to (R)-naproxen
in (R)-B is longer (3.14 Å) and of a different nature – the H-acceptor is a carboxylic acid oxygen, which
is simultaneously an H-donor to acetic acid. Although acetic acid is not connected to naproxen via
enantioselective interactions, it modifies H-bond network compared to a complex without the acid
((S)-A and (R)-A). Firstly, the interaction between the carboxylate hydrogen and the nitro group is

44



Molecules 2019, 24, 823

missing. Secondly, the methyl group of acetic acid is a weak H-donor to the nitro subunit. For (R)-B,
the presence of additive makes the contact between naproxen and CSP-6 along the carboxyl oxygen
more favorable.

 
(a) (b) 

Figure 11. The lowest energy structures of (S)-B (a) and (R)-B (b). Selected bond lengths are indicated
in Å. B3LYP/def2-TZVPP//M06-2X/def2-TZVPP (COSMO, ε = 2.78).

Competitive interaction patterns are also found (Figure S3, Supplementary Materials). Only one
structure is missing an 8-membered double H-bond ring ((R)-B-2) where a more complex H-bond
network can be seen. An amide is connected to acetic acid, which is a H-donor to naproxen, whose
carboxylic acid group is an H-donor to the carbonyl oxygen of CSP-6. Again, naproxen is positioned
above the DNB subunit but outside the cleft.

Computational insights into the influence of acetic acid on the enantioseparation of NSAIDs,
like naproxen, reveal that additives can interact with both CSP and carboxylic acid analytes. Even
non-enantiospecific interactions with the carboxylate moiety of the drug change the interaction
arrangements. In the system we studied, the entire binding scheme is shuffled, which is reflected in
the increase of N-H···O distance and weakening of both the hydrogen bond and aromatic interactions.
The acetic acid also influences the energetics of complexes, increasing the energy difference between
the most stable (S)- and (R)-complex, enabling better separation. Our theoretical consideration of
complexes of naproxen and CSPs, with and without acetic acid, indicate that higher selectivity is
possible due to interactions of acetic additive with the analyte and CSP.

3. Materials and Methods

3.1. General Information

All the solvents were puriss. p.a. or HPLC grade and were used directly as supplied by
Sigma-Aldrich Chemie GmbH (Munich, Germany), Alfa Aesar (Karlsruhe, Germany) or Acros (part of
Thermo Fisher Scientific, Geel, Belgium). For the preparation of chiral stationary phases HPLC silica
gel Separon SGX particle size 5 μm and pore size 80 Å from Tessek Ltd. (Prague, Czech Republic)
was used. IR spectra were recorded on an MB102 instrument (ABB Bomem, Zurich, Switzerland).
Elemental analyses were done on a 2400 CHNS Elemental Analyzer (Perkin-Elmer, Waltham, MA,
USA). Chiral HPLC analysis were performed using a Prominence System (Pump LC-20AT, DGU-20A5
Degasser, UV detector SPD-20A, Shimadzu, Kyoto, Japan) or a Knauer system (Pump Knauer 64,
4-Port Knauer Degasser, UV detector Knauer Variable Wavelength Monitor, Interface Knauer, Knauer,
Berlin, Germany, and a CD-2095 detector, Jasco, Easton, MD, USA). The packing of prepared CSP into
stainless steel columns (150 × 4.6 mm I.D.) was achieved using Knauer Pneumatic HPLC Pump. The
(S,S)-Whelk-O1 column, Regis Technologies, Inc. (Morton Grove, IL, USA), was 5 μm particle size and
had dimensions of 250 × 4.6 mm I.D.

Racemates 8–21 used for the evaluation of prepared columns were previously synthesized in
the Laboratory for Stereoselective Catalysis and Biocatalysis at the Ruđer Bošković Institute [18,19].
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All other compounds were purchased from commercial sources and used without further purification.
Unless otherwise noted, the analyses of abovementioned racemates were performed at room
temperature using the flow of 1 mL/min and UV detection of the compounds at 254 nm.

3.2. General Procedure for the Preparation of CSP-OHs

The corresponding DNB amide (0.75 mmol) was suspended in dry DCM (10 mL) under an inert
atmosphere. A solution of hexachloroplatinic(IV) acid hydrate (20 mg) in isopropanol (0.5 mL) was
added to the reaction mixture, followed by chlorodimethylsilane (10 mL). The mixture was refluxed
for 5 h, cooled to room temperature and concentrated under reduced pressure. Dark residue was
once again dissolved in DCM (5 mL), concentrated under reduced pressure and used without further
purification. To the solution of the crude product in dry DCM (8 mL) under inert atmosphere, the 1:1
mixture of triethylamine and absolute ethanol (10 mL) was added dropwise and stirred at room
temperature for half an hour. The solvent was evaporated to give a dark residue which was filtered
through a short column of silica gel (eluent DCM-MeOH = 100:1). The resulting yellow residue was
dissolved in dry toluene (5 mL) and added to a suspension of 5 μm HPLC silica gel (1.50 g) in dry
toluene (50 mL). The silica gel was dried prior use for 24 h in Dean-Stark apparatus. The suspension
was refluxed for 24 h, then filtered using a G4 sinter and washed with toluene (30 mL) and methanol
(2 × 30 mL). Prepared CSP-OHs were dried for 4 h at 60 ◦C and elemental analysis results and IR
spectra were recorded.

CSP-1-OH CHN analysis: C 5.05; H 0.63; N 1.11 (0.23 mmol/1 g); IR (ν/cm−1): 3442 (SiO2), 1642,
1540, 1343, 1220–1031 (SiO2), 807 (SiO2), 465 (SiO2).

CSP-2-OH CHN analysis: C 4.20; H 0.85; N 0.62 (0.18 mmol/1 g); IR (ν/cm−1): 3450 (SiO2), 1641,
1544, 1346, 1219–1034 (SiO2), 807 (SiO2), 731, 466 (SiO2).

CSP-3-OH CHN analysis: C 4.91; H 0.93; N 0.75 (0.20 mmol/1 g); IR (ν/cm−1): 3434 (SiO2), 1640,
1539, 1219–1034 (SiO2), 808 (SiO2), 464 (SiO2).

CSP-4-OH CHN analysis: C 5.39; H 0.82; N 0.51 (0.24 mmol/1 g); IR (ν/cm−1): 3439 (SiO2), 1640,
1542, 1349, 1227–1030 (SiO2), 808 (SiO2), 731, 465 (SiO2).

CSP-5-OH CHN analysis: C 5.43; H 0.80; N 0.70 (0.22 mmol/1 g); IR (ν/cm−1): 3445 (SiO2), 1638,
1540, 1214–1029 (SiO2), 806 (SiO2), 467 (SiO2).

CSP-6-OH CHN analysis: C 5.45; H 0.55; N 0.77 (0.21 mmol/1 g); IR (ν/cm−1): 3448 (SiO2), 1645,
1543, 1347, 1217–1034 (SiO2), 805 (SiO2), 729, 465 (SiO2).

CSP-7-OH CHN analysis: C 6.13; H 1.15; N 1.10 (0.22 mmol/1 g); IR (ν/cm−1): 3452 (SiO2), 1643,
1545, 1346, 1235–1023 (SiO2), 805 (SiO2), 731, 460 (SiO2).

CSP-8-OH CHN analysis: C 6.73; H 1.17; N 0.41 (0.24 mmol/1 g); IR (ν/cm−1): 3469 (SiO2), 1638,
1545, 1348, 1230–1034 (SiO2), 807 (SiO2), 731, 463 (SiO2).

CSP-9-OH CHN analysis: C 5.36; H 0.63; N 0.96 (0.20 mmol/1 g); IR (ν/cm−1): 3451 (SiO2), 1636,
1544, 1350, 1228–1036 (SiO2), 807 (SiO2), 730, 468 (SiO2).

CSP-10-OH CHN analysis: C 6.41; H 1.07; N 1.06 (0.21 mmol/1 g); IR (ν/cm−1): 3439 (SiO2), 1630,
1542, 1347, 1223–1029 (SiO2), 806 (SiO2), 728, 464 (SiO2).

3.3. End-Capping and Packing Procedure

To a yellow suspension of prepared CSP-OHs in dry toluene (20 mL) in an inert atmosphere,
hexamethyldisilazane (2 mL) was added and resulting mixture was refluxed for 20 h. The suspension
was cooled, filtered using a G4 sinter and washed with toluene (30 mL) and methanol (2 × 30 mL).
After drying of prepared CSP overnight at 60 ◦C, they were packed into stainless steel columns
(150 × 4.6 mm I.D.) using the slurry packing technique (1.5 g of CSP was suspended in 25 mL of
solvent hexane-2-propanol = 2:8).
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3.4. Computational Methods

Minimum energy structures of DNB-6, DNB-8 and DNB-9 are taken from our previous
publication [20]. Relaxed potential energy surface scan was performed in Gaussian 16 [43] with
Minnesota global hybrid functional M06-2X [44] with 54% of the exact exchange and aug-cc-pVDZ
functional. The ethenyl moiety of (S)-DNB-6 from our previous work [20] was replaced by hydrogen.
Ground state force field parameters of CSP-6, naproxen and acetic acid were evaluated using the
antechamber module of the Amber 16 package and the generalized Amber force field (GAFF) [45]. After
geometry optimization of the complex of (S)-DNB-6 and naproxen (A) and (S)-DNB-6, naproxen and
acetic acid (B), molecular dynamics simulations at 300 K in vacuum were run, with a time step of
1 fs and a time simulation of 10 ns, for both the (S)- and (R)-enantiomers of naproxen. Geometries
were saved every 5 ps. The 20 lowest energy structures from the trajectories were optimized at
the B3LYP/def-SVP level of theory. The 10 most stable complexes were then re-optimized using
the same functional and larger basis set (def2-TZVPP), while final energies were evaluated on
M06-2X/def2-TZVPP level with solvation effects incorporated via COSMO model [46] and dielectric
constant that equals to 2.78. Geometry optimizations and single point energy calculations were run in
Turbomole [47].

4. Conclusions

In conclusion, we prepared ten new Pirkle-type chiral stationary phases based on
(S)-N-(1-aryl-propyl)-3,5-dinitrobenzamide selectors. We evaluated the prepared CSPs using thirty
diverse racemates, including several nonsteroidal anti-inflammatory and 3-hydroxybenzodiazepine
drugs. Our aim was to design CSPs with similar versatility to Whelk-O1 and three of our CSPs (CSP-6,
CSP-7 and CSP-10) indeed displayed chromatographic behavior comparable to this widely used CSP.
The prepared CSPs differ in the aromatic unit directly linked to the chiral center, which enabled us to
elucidate the influence of the size and substitution of aromatic moiety on the enantiorecognition
process. In order to substantiate experimental results, we investigated the role of nonbonding
interactions relevant for chiral recognition on CSPs using computational methods. The model system
was enantioseparation of naproxen on CSP-6 where we elucidated the influence of hydrogen bond
network and aromatic interactions on enantiorecognition process. Furthermore, the stability of the
complexes is in accordance with the experimentally determined elution order. Finally, we investigated
the influence of acetic acid as an additive in the mobile phase in the abovementioned system. To the
best of our knowledge, this study is the first one to investigate the possibility of positioning a minor
additive within the chiral binding site. We showed that non-enantiospecific interactions with the
carboxylic moiety of the analyte can change the interaction arrangements and influence the energetics
of the complexes responsible for chiral recognition.

Supplementary Materials: The Supplementary Materials are available online. Table S1: Enantioseparation
results of racemates 1–7 and 9 on CSP-1–CSP-10, Table S2: Enantioseparation results of racemates 8
and 10–14 on CSP-1–CSP-10, Table S3: Enantioseparation results of racemates 15–21 on CSP-1–CSP-10,
Table S4: Enantioseparation results of NSAIDs on CSP-6–CSP-10, Table S5: Enantioseparation results of
3-hydroxy-benzodiazepine drugs on CSP-6–CSP-10, Figure S1: Enantioseparation of naproxen on CSP-6, Figure
S2: Higher energy structures of (S)-A and (R)-A, Figure S3: Higher energy structures of (S)-B and (R)-B.
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Abstract: Stripping crystallization (SC) is introduced in this work for chiral purification of
R-phenylglycinol from the enantiomer mixture with an initial concentration ranging from 0.90 to 0.97.
As opposed to the solid–liquid transformation in melt crystallization, the three-phase transformation
occurs in SC at low pressures during the cooling process. SC combines melt crystallization and
vaporization to produce a crystalline product and mixture vapor from a mixture melt due to the
three-phase transformation. Thermodynamic calculations were applied to determine the operating
pressure for the three-phase transformation during the cooling process in the SC experiments.
To consider the possible deviations between the calculated and the actual three-phase transformation
conditions, the product purity and the recovery ratio of R-phenylglycinol were investigated within a
range of operating pressures during the cooling process.

Keywords: crystallization; vaporization; purification; phenylglycinol

1. Introduction

Pure enantiomer is often needed for the desired therapeutic effect due to different pharmacological
and pharmacokinetic processes for the enantiomers of drugs. However, separation of the
enantiomers has long been a challenging task as the enantiomers have nearly identical physical
and chemical properties [1]. Various enantioselective separation techniques, including enantioselective
synthesis, chromatographic separation, and preferential crystallization, have been developed for
chemical and pharmaceutical industries [2]. Preferential crystallization generally has been used
as an attractive means to separate the conglomerate-forming enantiomers from racemate [3–6].
Although chromatographic separation has been investigated extensively [7–10], the synthesis of
efficient chiral stationary phases in chromatographic methods is usually deemed a robust technology.
Recently, Didaskalou et al. [11] reported the membrane-grafted asymmetric organocatalyst used as an
integrated synthesis–enantioseparation platform. Rukhlenko et al. [12] explored the capabilities of the
related enantioseparation method by analytically solving the problem of the force-induced diffusion of
chiral nanoparticles in a confined region.

Phenylglycinol, also called 2-Amino-2-phenylethanol, is an important example of a chiral
compound. Only R-phenylglycinol can be used as an important precursor of HIV-1 protease
inhibitor [13]. Enantioseparation, using extractant impregnated resins [14] or liquid–liquid
extraction [15,16] has been proposed to separate R-Phenylglycinol from the racemic mixture.
Fundamentally, an enantioselective solvent is chosen and used as extractant for the enantioseparation
of phenylglycinol.

Stripping crystallization (SC) is a new separation technology, which combines melt crystallization
and vaporization to produce a crystalline product due to the three-phase transformation. SC has been
successfully developed to separate the mixtures with close boiling temperatures, including mixed
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xylenes [17–19], the styrene/ethylbenzene mixture [20], and the S-ibuprofen/R-ibuprofen mixture [21].
As opposed to extractant impregnated resins or liquid–liquid extraction, no solvent is added in SC.
Thus, no removal of solvent is required at the end of SC.

The objective of this research is to study the feasibility of SC in purification of R-phenylglycinol
from a phenylglycinol mixture. The thermodynamic calculations are adopted to determine the
three-phase transformation conditions for the SC experiments. The effects of various operating
conditions on the enantiomeric purity and recovery ratio of R-phenylglycinol crystalline product
are investigated

2. SC Model

As opposed to the solid–liquid transformation in melt crystallization operated at normal pressure
during the cooling process [22–27], the three-phase transformation occurs in SC at low pressures during
the cooling process. Thus, SC combines melt crystallization and vaporization to produce a crystalline
product and mixture vapor from a mixture liquid or melt [17–21]. The SC process is simulated in a series
of N stage operations shown in Figure 1, where each stage is operated at a three-phase transformation
state. The SC process starts with a mixture liquid or melt. The vapor formed in each stage is removed,
while the crystalline product and the remaining liquid or melt in each stage enter the next stage. Thus,
only the crystalline product remains at the end of SC when the liquid or melt is nearly eliminated.

Figure 1. Schematic diagram of the stripping crystallization (SC) operation where each stage is operated
at a three-phase transformation state.

When SC is applied to purify R-phenylglycinol (B-component) from the mixture of
S-phenylglycinol (A-component) and R-phenylglycinol, the SC process starts with a mixture melt of
phenylglycinol. The corresponding three-phase transformation condition in each stage is determined
based on the following assumptions: (a) The ideal gas law is assumed for the vapor due to low
pressures; (b) The ideal solution for the melt is assumed due to the structure similarity between
S-phenylglycinol and R-phenylglycinol; (c) The Clausius–Clapeyron equation [28,29] is adopted to
describe the temperature dependence of the saturated pressure for each component in the melt; (d) The
sublimation based on the solid–vapor equilibrium is not considered here as the mixture melt is used in
the beginning of the experiments. Some physical properties of S-phenylglycinol and R-phenylglycinol
are listed in Table 1. For simplicity, ΔHV = 2ΔHm is assumed in the thermodynamic calculations.

As SC is applied to produce R-phenylglycinol crystalline product from a mixture melt
due to the three-phase transformation, both the solid–liquid equilibrium and the vapor–liquid
equilibrium need to be simultaneously satisfied. The solid–liquid equilibrium is described by the
Schroder–Van Laar equation [1,28,29], while the vapor–liquid equilibrium is described by Raoult’s
law [28,29]. Consequently, as similar to a previous work reported by Shiau [21], the three-phase
equilibrium equations can be derived in each stage. If Tn is specified in each stage, these equations can
be simultaneously solved for Pn, (XA)n, (XB)n, (YA)n and (YB)n for n = 1, 2, . . . , N.
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Table 1. Some physical properties for phenylglycinol.

Property Phenylglycinol

molecular structure

NH2

OH

molecular weight 137.2
melting point a, ◦C 77
boiling point a, ◦C 261

triple-point pressure b, Pa (N/m2) 198
heat of melting c, J/mol 2.57 × 104

a: The Merck Index [30]; b: Estimated by Clausius–Clapeyron equation [28,29]; c: Measured by Differential scanning
calorimetry in this work.

Figure 2 displays the thermodynamic calculations of P(T), XB(T), and YB(T) during the cooling
process. Thus, the corresponding pressure, P(T), and the corresponding melt composition of
R-phenylglycinol, XB(T), decreases during the cooling process for SC. In other words, Figure 2 reveals
that, as XB(T) in a melt decreases, the corresponding temperature and pressure for the three-phase
transformation conditions decreases.
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Figure 2. P(T), XB(T) and YB(T) based on the thermodynamic calculations for the three-
phase transformation.

As shown in Figure 1, the three-phase transformation occurs in the melt in each stage, leading
to the formation of R-phenylglycinol crystalline product and mixture vapor. Sn and Ln represent the
amount of R-phenylglycinol crystalline product and the melt, respectively, remaining in stage n, while
Vn represents the amount of the mixture vapor formed and removed in stage n. The entire material
balance in stage n can be described by

Sn−1 + Ln−1 = Sn + Ln + Vn (1)

where Sn−1 + Ln−1 is the total amount of crystalline product and melt entering stage n. As Vn−1

represents the amount of vapor formed in stage n − 1 that is subsequently removed, it is not part of
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the equation for stage n. Thus, the amount of melt decreases and the amount of crystalline product
increases during the stage operation.

Although both the melt and the vapor consist of S-phenylglycinol and R-phenylglycinol, only
R-phenylglycinol crystalline product is formed in each stage based on the solid–liquid equilibrium
described by the Schroder–Van Laar equation [1,28,29]. It is assumed that no impurity trapping occurs
in the formation of R-phenylglycinol crystalline product based on the thermodynamic calculations.
The material balance of R-phenylglycinol in stage n can be described by

Sn−1 + Ln−1(XB)n−1 = Sn + Ln(XB)n + Vn(YB)n (2)

It is observed during the experiments that the three-phase transformation occurs in the melt very
quickly in each stage, leading to the formation of R-phenylglycinol crystalline product and the mixture
vapor. Therefore, it is assumed in each stage that the heat released in forming R-phenylglycinol
crystalline product is quickly removed by vaporizing some portion of the melt. Thus, the energy
balance in stage n can be described by

(Sn − Sn−1)ΔHm,B = VnΔHV,B (3)

where Sn – Sn−1 represents the amount of crystalline product formed in stage n while Vn represents
the amount of melt vaporized in stage n. Note that the heat of vaporization is assumed as ΔHV,B for a
mixture melt due to ΔHV,A = ΔHV,B.

As only the mixture melt L0 with a known (XB)0 is injected into the sample container, one obtains
S0 = 0. Equations (1) to (3) can be solved simultaneously for three unknown variables- Sn, Ln and Vn.
Note that SN and LN represents the crystalline product and the melt, respectively, remaining at the end
while the total amount vapor formed and removed at the end is given by ∑N

n = 1 Vn.

3. Experimental Section

The experimental assembly consisted of a 5-mL sample container in a 1.5-L chamber as shown in
Figure 3. The stainless chamber was immersed in a constant temperature bath. A mechanical vacuum
pump was used to lower the pressure in the chamber. A temperature probe was positioned in the
center of the mixture melt and a pressure gauge was connected to the big chamber. Thus, the operating
temperature and pressure could be adjusted mid-experiment. Crystallization and vaporization of
the mixture melt during the three-phase transformation could be observed in the chamber via a
transparent cover.

R-phenylglycinol (purity >98%) and S-phenylglycinol (purity >98%) were purchased from ACROS.
In the beginning of the experiment, 1 g mixture melt with a known concentration was injected into the
sample container stirred by a magnetic bar at 70 rpm. Then, the temperature was lowered gradually
from the melting point (77 ◦C). The cooling rate generally started at 0.5 ◦C/min in the beginning
and then increased gradually to 1 ◦C/min in the later stage. As the temperature decreased, pressure
was adjusted downward based on Figure 2. Thus, a series of three-phase transformations occurred
in the melt, leading to the formation of R-phenylglycinol crystalline product and mixture vapor.
The experiments were generally ended at around 55 ◦C and 58 Pa within 25 min when vaporization
was no longer observed in the chamber. Figure 4 illustrates the schematic diagram of the batch
experiments, in which the melt was simultaneously vaporized and crystallized due to the three-phase
transformation. Upon completion, the final product, including the crystals and melt, in the sample
container were weighed.
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Figure 3. Schematic diagram of the experimental apparatus for the SC operation with the features:
(1) Mechanical pump, (2) constant temperature bath, (3) thermocouple, (4) pressure gauge, (5) magnetic
stirrer operated at 70 rpm, (6) 5-mL sample container in a 1.5-L chamber.

Figure 4. Schematic diagram of a batch SC experiment, where each stage corresponds to a three-phase
transformation state at a given time: At t = 0, a mixture melt in the sample container; at 0 < t < tf,
formation of R-phenylglycinol crystalline product and mixture vapor from a mixture melt due to the
three-phase transformation; at tf, only R-phenylglycinol crystalline product and the remaining melt left
in the sample container. Note that the vapor was condensed and collected outside the sample container
in the chamber.

The enantiomeric purity of the final product was analyzed by Polarimeter (Horiba, model:
SEPA-300). The polarimetry was measured by dissolving 0.1 g final product in 20 mL 1 M HCl solution.
First, a plot of the measured specific optical rotation versus the known enantiomeric purity within the
range XB,0 = 0.9 to 1.0 was fitted with a linear regression line. Then, by measuring the specific optical
rotation of the final sample the enantiomeric purity could be determined. Note that [α]20

D = −29.9◦ for
R-phenylglycinol and [α]20

D = 29.9◦ for S-phenylglycinol. It should be noted that, as only crystallization
and vaporization occurred during SC, polarimetry could be used to determine the enantiomeric purity
of the final product.
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From a practical point of view, some solvent might remain in the mixture melt before SC.
To elucidate the effects of residual solvent on the final product purity and recovery ratio of
R-phenylglycinol, 0.1 g ethanol was added into 1 g mixture melt in the beginning of the SC experiments.
It was found that the final product purity and recovery ratio for 1 g mixture melt with 0.1 g ethanol
were nearly the same as those for 1 g mixture melt without ethanol. Thus, all ethanol was vaporized
when SC was operated at low pressures during the cooling process. Solvent inclusion in the formation
of R-phenylglycinol crystalline product was nearly negligible.

4. Results and Discussion

SC was applied to purify R-phenylglycinol for various 1 g feeds: Feed 1 with (XB)0 = 0.90, feed 2
with (XB)0 = 0.95, and feed 3 with (XB)0 = 0.97. Table 2 lists the thermodynamic calculations for
1 g feed 1, where T0 = 72.7 ◦C is the initial three-phase transformation temperature for the mixture
melt. As vaporization was no longer observed in the experiments at around 55 ◦C, TN = 54.6 ◦C
was chosen for N = 15 with ΔT = 1.2 ◦C. Thus, Tn was specified in each stage for n = 1, 2, . . . , N
using Tn−1 − Tn = ΔT. Pn, (XA)n, (XB)n, (YA)n, and (YB)n were determined in each stage by solving
the thermodynamic equations while Sn, Ln, and Vn were determined in each stage by solving
Equations (1) to (3) for L0 = 1 g and S0 = 0. Note that Pn, (XB)n and (YB)n in Table 2 were consistent
with the results shown in Figure 2. Table 2 also indicates that, as n increased during the cooling process,
Sn increased and Ln decreased. As SC was operated from 73 ◦C and 160 Pa (n = 1) to 55 ◦C and 58 Pa,
(n = 15), only R-phenylglycinol crystalline product remain in the last stage (SN = 0.606 g) while the
melt was nearly eliminated in the last stage LN = 0.098 g. Similar calculated results were obtained for
feed 2 and feed 3.

Table 2. The thermodynamic calculations for 1 g feed with XB,0 = 0.90 (ΔT = 1.2 ◦C).

n T (◦C) P (Pa) L (g) S (g) V (g) XB

0 72.7 159.4 1 0 0 0.90
1 71.5 149.5 0.672 0.219 0.109 0.872
2 70.3 140.1 0.496 0.336 0.059 0.845
3 69.1 131.3 0.389 0.407 0.036 0.819
4 67.9 122.9 0.316 0.456 0.024 0.793
5 66.7 115.1 0.265 0.490 0.017 0.768
6 65.5 107.6 0.226 0.516 0.013 0.743
7 64.3 100.7 0.197 0.535 0.010 0.719
8 63.1 94.1 0.175 0.550 0.007 0.696
9 61.9 87.9 0.156 0.562 0.006 0.673
10 60.6 82.1 0.142 0.572 0.005 0.651
11 59.4 76.6 0.129 0.581 0.004 0.629
12 58.2 71.5 0.119 0.588 0.003 0.608
13 57.0 66.6 0.110 0.593 0.003 0.588
14 55.8 62.1 0.102 0.598 0.003 0.568
15 54.6 57.8 0.096 0.603 0.002 0.549

The calculated purity of R-phenylglycinol in the final product, including the final crystalline
product and the remaining melt, is defined as

XB,C =
SN + LN(XB)N

SN + LN
(4)

where SN, LN and (XB)N are determined in the last stage based on the thermodynamic calculations.
The calculated recovery ratio of R-phenylglycinol is defined as

RC =
SN + LN(XB)N

L0XB,0
(5)
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where L0 is the initial weight of the mixture melt and XB,0 denotes the initial purity of R-phenylglycinol
in the mixture melt. For example, as shown in Table 2, feed 1 yields SN = 0.606 g and LN = 0.098 g with
(XB)N = 0.549 in the last stage (N = 15), leading to XB,C = 0.937 and RC = 73% using Equations (4) to (5).

The experimental recovery ratio of R-phenylglycinol is defined as

Rf =
WfXB,f

L0XB,0
(6)

where Wf refers to the final weight of the product including the crystalline product and the
remaining melt obtained at the end of the experiment, and XB,f represents the experimental purity of
R-phenylglycinol in the final product.

Figure 5 shows XB,f of the final product plotted against XB,0 of the initial feed for various feeds.
The Solid circles represent the calculated XB,C and the number in parenthesis represents the calculated
RC. Thus, the thermodynamic calculations predict that feed 1 can be purified from XB,0 = 0.90 to
XB,C = 0.937 with RC = 73%, feed 2 can be purified from XB,0 = 0.95 to XB,C = 0.979 with RC = 70%,
and feed 3 can be purified from XB,0 = 0.97 to XB,C = 0.995 with RC = 69%.
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Figure 5. XB,f of the final product plotted against XB,0 of the initial feed for various 1 g feeds.
The solid line represents XB,f = XB,0 indicating no further purification for the initial feed during
SC. Solid circle represents the calculated XB,C and the number in parenthesis represents the calculated
RC. Other symbols, including open circle, open triangle, cross sign, and open square, represent the
average of the experimental XB,f for four repetitive experiments operated at the specified pressure
and the error bar represents the 95% confidence interval for the experimental XB,f. The number in
parenthesis represents the average of the experimental Rf with the 95% confidence interval for the
experimental Rf. Note that no error bar is added for solid circle of the calculated XB,C.
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Other symbols in Figure 5, including open circle, open triangle, cross sign, and open square,
represent the average of the experimental XB,f for four repetitive experiments operated at the specified
pressure and the error bar represents the 95% confidence interval for the experimental XB,f. The number
in parenthesis represents the average of the experimental Rf with the 95% confidence interval for the
experimental Rf. For example, cross sign represents the average XB,f when the operating pressures
was controlled at P(T) during the cooling process. As a lower XB,f with a higher Rf was observed
for each feed compared to the calculated XB,C and RC, it was speculated that the calculated pressure
P(T) in Figure 3 might be higher than the actual three-phase transformation pressure, leading to less
impurity (S-phenylglycinol) vaporized and more crystalline product formed from the melt during the
cooling process.

To consider the possible deviations between the calculated and the actual three-phase
transformation pressure, various operating pressures are compared during the cooling process.
The open circle in Figure 5 represents the average XB,f when the operating pressures were controlled at
0.1 × P(T) during the cooling process. Similarly, the open triangle represents the average XB,f when the
operating pressures were controlled at 0.5 × P(T). The open square represents the average XB,f when
the operating pressures were controlled at 10 × P(T).

Figure 5 shows for each feed that XB,f increased with decreasing pressure while Rf decreased with
decreasing pressure. For example, when SC was applied for XB,0 = 0.90, XB,f increased from 0.914
to 0.935 and Rf decreased from 86% to 46% as the operating pressure was decreased from P(T) to
0.1 × P(T). As shown in the figure, when 0.1 × P(T) was adopted for each XB,0, XB,f was close to XB,C

with Rf (46% to 55%) < RC (69% to 73%). Consequently, compared to the calculated P(T) in Figure 3,
0.1 × P(T) should be closer to the actual the three-phase transformation pressure. On the other hand,
when 10 × P(T) was adopted for each XB,0, XB,f was close to XB,0 with Rf = 93% to 99%, indicating that
the feed was not further purified in the SC experiments.

Discrepancies between the thermodynamic calculations and the experimental results are attributed
to (a) the assumption that each stage was operated at the three-phase transformation. However,
experimentally, these might not always be achieved; (b) although pure S-phenylglycinol crystal should
be formed based on the thermodynamic equilibrium, impurity trapping can occur under actual kinetic
conditions. The scope of this work was to investigate the feasibility of SC in the purification of
R-phenylglycinol from a phenylglycinol mixture. In future kinetic studies, the effects of process
conditions (e.g., cooling rate) on the crystal growth kinetics and impurity inclusion will be explored
based on the impurity trapping correlation proposed by Myerson and Kirwan [31,32].

5. Conclusions

SC was successfully applied for chiral purification of R-phenylglycinol from the phenylglycinol
enantiomers. A lower pressure during the cooling process generally led to a higher experimental
product purity with a lower experimental recovery ratio. When SC was operated under the
optimal pressure, which was one-tenth of the pressure based on the thermodynamic calculations,
the experimental product purity was close to the calculated product purity while the experimental
recovery ratio was slightly lower than the calculated recovery ratio. In other words, when temperature
and pressure was lowered from 72.7 ◦C and 15 Pa to 55 ◦C and 6 Pa during SC, the purity of
R-phenylglycinol increased from 0.90 to 0.937, from 0.94 to 0.985, and from 0.97 to 0.995 respectively
with the recovery ratio ranging between 46% to 55%.

As no solvent is added into the melt, SC is a clean separation technology. Compared to melt
crystallization, neither solid/liquid separation nor crystal washing is required because no mother
liquor adheres to the crystal surfaces upon completion. Although a portion of the phenylglycinol
enantiomers is lost through the vapor stream of each stage, the vaporized mixture can be recycled for
continuous operation or mixed with the feed in the next batch for batch operation. The major difficulty
in application of SC lies in the required low pressures during the cooling process. Furthermore,
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the crystal growth kinetics and impurity trapping during SC need to be elucidated in order to design
an apparatus for industrial application.
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Notation

ΔHm,i heat of melting for component-i (>0), J/mol
ΔHV,i heat of vaporization for component-i (>0), J/mol
Ln mass of the liquid phase out of stage, n, g
N an integer number (>2), dimensionless
P pressure, Pa
RC calculated recovery ratio, dimensionless
Rf experimental recovery ratio, dimensionless
Sn mass of the solid phase out of stage, n, g
T boiling temperature of component-i, K
Tb.i boiling temperature of component-i, K
Tm.i melting temperature of component-i, K
Ttri.i triple-point temperature of component-i, K
Vn mass of the vapor phase out of stage, n, g
Xi mole fraction of component-i in melt, dimensionless
Yi mole fraction of component-i in vapor phase, dimensionless

Subscript

0 in the initial feed
n in stage, n
N in the last stage
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Abstract: In the last few decades, molecular imprinting technology went through a spectacular evolution
becoming a well-established tool for the synthesis of highly selective biomimetic molecular recognition
platforms. Nevertheless, there is still room for advancement in the molecular imprinting of highly
polar chiral compounds. The aim of the present work was to investigate the favorable kosmotropic
effect of a ternary complex involving a polar chiral template (eutomer of atenolol) and a functional
monomer, bridged by a central metal ion through well-defined, spatially directional coordinate bonds.
The efficiency of the chiral molecular recognition was systematically assessed on polymers obtained
both by non-covalent and metal-mediated molecular imprinting. The influence on the chromatographic
retention and enantioselectivity of different experimental variables (functional monomers, cross-linkers,
chaotropic agents, metal ions, porogenic systems, etc.) were studied on both slurry packed and
monolithic HPLC columns. Deliberate changes in the imprinting and rebinding (chromatographic)
processes, along with additional thermodynamic studies shed light on the particularities of the
molecular recognition mechanism. The best performing polymer in terms of enantioselectivity
(α = 1.60) was achieved using 4-vinyl pyridine as functional monomer and secondary ligand for the
Co(II)-mediated imprinting of S-atenolol in the presence of EDMA as cross-linker in a porogenic mixture
of [BMIM][BF4]:DMF:DMSO = 10:1:5, v/v/v.

Keywords: metal-mediated molecular imprinting; hydrophilic template; atenolol; chiral separation;
β-blockers; molecularly imprinted polymers; molecular recognition

1. Introduction

Biological or synthetic receptors selectively recognize their target chemicals based on a
combination of weak, short-ranged intermolecular interactions, such as hydrogen bonding, π-π
interactions and van der Waals forces; and their selectivity being further refined by additional repulsive
steric confinements. Molecularly imprinted polymers (MIPs) able to mimic natural receptors, offer
tailored selectivity towards target molecules and better chemical and thermal stability in a simple
and cost-effective manner [1]. MIPs have been widely employed for the concentration, separation
and analysis of various bioactives, either as stationary phases in chromatography and capillary
electrophoresis [2–6], or as recognition elements in chemo- and biosensing [7–9]. Within the extensive
body of literature, a considerable part focuses on the use of these polymers for chiral analysis [2,7,10–13]
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in various pharmaceutical, biomedical or environmental applications. Differentiation between the
chiral forms of a molecule (chiral discrimination) is considered the supreme form of molecular
recognition. Most often, the needed stereospecific features of MIPs are acquired through the process
of non-covalent molecular imprinting using a variety of functional monomers, cross-linkers and
porogenic solvents. Even though over the last few decades MIPs have become a well-established
analytical tool for the selective recognition and analysis of small molecules, there is still some room
for advancement in the molecular imprinting of highly polar compounds and biomacromolecules.
Recent attempts at imprinting polar compounds such as polyphenols, e.g., oleuropein [14], polar
organic micropollutants, e.g., benzotriazole [15] have been described, especially for sample enrichment
applications (SPE adsorbents). The addition of certain additives (hydrophilic functional polymers-
oligo- and polyethylene glycol methacrylate [16]; molecular crowding agents—polyethylene glycol;
room temperature ionic liquids [17,18]) in the pre-polymerization mixture could improve the overall
imprinting efficiency, hydrophilicity, flexibility, morphology and porosity of the resulting polymer.
Furthermore, alternative imprinting protocols, such as metal ion-mediated molecular imprinting may
further correct some of the observed shortcomings in the molecular imprinting and recognition of
polar templates [16].

In the pivot-based or metal ion-mediated molecular imprinting (MMMI) process the metal ions
act as a bridge between the functional monomer and the template. The monomers are thus regularly
positioned around the template via coordinate bonds restraining the free motion of the species.
Consequently, the number of non-specific binding sites decreases, and improved imprinting factors
are achieved [19]. Since chiral molecular recognition by MIPs relies on very small energetic differences
between the forming transient selector/select and complexes at the polymer’s interaction sites, any
improvement in the degree of order throughout the polymerization step is beneficial in conveying the
template’s (i.e., target enantiomer) molecular information to the emerging MIP recognition sites with
the highest possible fidelity.

Metal pivot-based imprinted polymers designed for water soluble templates were previously
reported by the enhancement of column permeability and affinity towards the polar template [16,18,20,21].
However, the number of metal-mediated imprinted polymers intended for chiral separation is rather
scarce [16,17,22]. Various representatives of β-blockers, most often propranolol [23–26], have been
employed as model compounds in demonstrating the enantioselectivity of various chiral selectors.
Nevertheless, for atenolol (ATNL), as one of the most polar representatives of this class of drugs, usually
the poorest enantioselectivity has been reported under optimized binding conditions [26–28].

The aim of the present work was to investigate the favorable kosmotropic effect of a ternary
complex involving both the polar chiral template (eutomer of ATNL) and the functional monomer,
bridged by the central metal ions through well-defined, spatially directional coordinate bonds.
Various aspects of the formation of the ternary metal complex monitored by UV-Vis spectroscopy, as
well as particularities regarding the molecular imprinting process (composition of pre-polymerization
mixture, initiation of free-radical polymerization, etc.) are also discussed.

2. Results

2.1. Ternary Metal Complexes of ATNL

In order to engage a more rational approach in selecting the appropriate metal ion, functional
monomer, molar ratio and porogenic solvent to be tested for subsequent molecular imprinting, UV-Vis
spectroscopy provided a simple, fast, cost-effective and relatively straightforward instrumental method
which is adjustable to small sample volumes for assessing the formation of the ternary complex.
The electronic spectra (350–1100 nm) of binary and ternary complexes of several transition metal
ions (Co(II), Cu(II) and Ni(II)) with the ATNL as primary ligand, and various functional monomers
(4-vinyl pyridine (4-VPy), 1-vinyl imidazole (VIM), methacrylic acid (MAA), acrylamide (AM),
N,N′-methylenebis(acrylamide) (BAM), N,O-bismethacryloyl ethanolamine (NOBE), vinyl ferrocene
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(VFC), 4-vinyl phenylboronic acid (4-VPBA), trans-2-chloromethylvinylboronic acid (CVPBA) and
poly(ethylene glycol) methyl ether methacylate (Mn = 300 g mol−1, PEGMA) prepared in a mixture of
DMF/DMSO 1:5 (v/v) were recorded.

Bathochromic and hypsochromic shifts or hyperchromic and hypochromic effects occurring in
the electronic spectra of ternary metal-template-monomer species with respect to the spectra of binary
metal-template analogues were interpreted as evidence of ternary complex formation. Co(II) ions were
selected as the pivot for the MIPs using 4-Vpy as a monomer (Figure 1a,b), while Cu(II) ions were
preferred for the imprinting process using an acidic monomer, MAA (Figure 1c).

(a) (b) 

 
(c) 

Figure 1. Electronic spectra of Co(II) complexes in DMF/DMSO 1:5 (v/v) with (a) binary and ternary
Co(II) complexes with ATNL (1:1 molar ratio) and 4-VPy (1:5 molar ratio); (b) binary and ternary
Co(II) complexes with ATNL (1:1 molar ratio) and MAA (1:5 molar ratio); (c) binary and ternary Cu(II)
complexes with ATNL (1:1 molar ratio) and MAA (1:5 molar ratio).

2.2. Preparation of MIPs

2.2.1. Non-Covalent Molecular Imprinting

Based on the ability of ATNL to interact in a concerted manner with hydrogen-bonding monomers,
choices of host functional monomers ranged from the most commonly used donor-acceptor type
monomers, such as MAA, AM or VIM to the ones bearing a single hydrogen donor or acceptor motif,
such as 4-VPy (Tables 1–3). Choices among the conventionally employed aprotic porogenic solvents
for non-covalent imprinting (i.e., toluene, ACN) were often limited by the poor solubility of the highly
polar template. Thus, the influence of different aprotic (ACN, DMF, DMSO) and protic (methanol
(MeOH), butanol) porogenic solvents on the overall features of the resulting imprinted polymer were
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also studied. Concomitantly, the influence of different additives (i.e., cross-linkers, ionic liquids) meant
to balance the polymeric framework’s flexibility and porosity, as well as the selectivity of the imprinted
binding sites, were investigated. Both bulk (S4) and monolithic (M6, M16-20) MIPs were obtained
using this imprinting approach. Modest to no enantioselectivity (α = 1.0–1.32) was recorded, amongst
which the monolithic polymer with 4-VPy as functional monomer (M6, α = 1.30), reticulated with
EDMA in the presence of an ionic liquid ([BMIM]BF4) in DMF/DMSO 1:5 (v/v) as porogenic media
was considered the most promising candidate for further investigations by the MMMI approach.
Comparable results were obtained employing MAA as a functional monomer in ACN as a porogenic
solvent (M18, α = 1.32). The presence of a protic solvent such as MeOH or water, even in trace amounts,
added to the solvation of the template in ACN compromised chiral recognition (M20, α = 1.00).

2.2.2. One-Monomer Molecularly Imprinted Polymer (OMNiMIP)

In an effort of reducing to a minimum the number of variables involved in the traditional
non-covalent molecular imprinting, the OMNiMIP approach introduced by Sibrian-Vasquez and
Spivak [29] was also tested by using a single crosslinking monomer, NOBE, in addition to the chiral
template, solvent (DMF) and initiator (Table 1). Under these conditions, the obtained enantioselectivity
was somewhat below expectations (S1, α = 1.05). However, when using ACN as porogen, in which
case the presence of a small amount of MAA for the solubilization of ATNL was necessary, a certain
improvement in enantioselectivity of the slurry packed column (S4, α = 1.17) was observed.

2.2.3. Metal Ion Mediated Molecular Imprinting

The protocols of molecular imprinting were adapted in compliance with the requirements of the
metal ion-mediated approach. Three transition metal ions (Co(II), Cu(II) and Ni(II)) were employed
as coordination centers (Tables 1–3). Initially, the use of metal ions alongside or together with the
single crosslinking monomer (NOBE) did not provide high enough enantioselectivities (S2, α = 1.05;
S3, α = 1.01). Furthermore, the use of different molar ratios of 4-VPy as secondary ligand alongside the
cross-linker TRIM and porogenic mixture (DMF/DMSO 1:1, v/v) provided low chiral discrimination
of the slurry-based columns (S6–10, α = 1.03–1.07). However, changing the crosslinker to EDMA, and
adjusting the polymerization media by adding an ionic liquid ([BMIM]BF4 in DMF/DMSO 1:5, v/v)
resulted in a considerable enhancement in chiral selectivity (S11, α = 1.32). Eventually, switching from
slurry-based to monolithic columns (with expected gain in column efficiency), alongside the concerted
benefits of using MMMI and ionic liquid, led to the fabrication of the best performing MIP monolith
(M2, α = 1.60). The optimal composition of the pre-polymerization mixture (Table 2, M2) turned out
to be S-ATNL:Co(II):4-VPy (1:1:6 molar ratio), EDMA as cross-linker (C:M ratio = 1:4), [BMIM]BF4 as
ionic liquid in DMF/DMSO 1:5 (v/v) as porogenic system.

2.2.4. Bulk Imprinting vs. MIP Monolith

Initially, bulk imprinting with photochemical initialization at lower temperatures was considered
(S1–S11, Table 1). After the removal of excess reagents and template (Figure 2a,b), the polymers
were ground and sieved, followed by the slurry packing into HPLC columns. Studies continued on
monoliths polymerized in situ in the chromatographic column (M1–24, Tables 2 and 3), but with thermal
radical initiation. To further improve the molecular imprinting efficiency and future chromatographic
performances of the monoliths, a hydrophilic ionic liquid was also added to the polymerization
mixture [18]. Significant differences in the morphology and porosity of the monolith obtained in the
presence and absence of the ionic liquid were observed (Figure 2a–d).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Scanning electronmicrographs of monolithic imprinted polymers of M2 (a) before and
(b) after MeOH:AcOH 9:1(v/v) washing, (c) M8 and (d) M5 before MeOH:AcOH 9:1(v/v) washing.
Elemental mapping spectrum of M2 (e) before and (f) after template removal indicating the washout of
the metal pivot ion (Co(II)).

2.3. Chromatographic Evaluation of the MIPs

The enantioselectivity of MIPs investigated as HPLC stationary phases usually exhibits good
interassay reproducibility and adequate efficiency with a high sensitivity of detection. Therefore, the
present study used standard HPLC columns (100 × 2.1 mm), either slurry packed with the imprinted
polymer samples or as a monolith, to study their distinctive chromatographic behavior and recognition
mechanism. The assessment and comparison of imprinting factors (IF = k’MIP/k’NIP) was avoided
because the observed binding differences are not exclusively due to the existence of specific imprinted
cavities, but also due to the significant differences in the morphology (shape, texture, rigidity, porosity,
surface area) of the imprinted (MIP) and non-imprinted polymer (NIP). Thus, the efficacy of molecular
recognition was assessed based on the highest enantioselectivity achieved for ATNL’s enantiomers
under different chromatographic conditions (mobile phase composition). The results are synthetically
presented in Tables 1–3, along with some of the most representative chromatograms (Figure 3).
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Figure 3. Changes in chromatographic selectivity of metal ion-mediated imprinted (M2), non-covalent
imprinted (M6) and non-imprinted (M8) monolithic polymer columns. R(+)—R enantiomer of ATNL,
S(−)—S enantiomer of ATNL. For chromatographic conditions see footnote of Table 2.

To gain better insight into the prevalent chromatographic retention mechanism, the influence of
the imprinting approach and polymerization mixture constituents, in addition to the mobile phase
composition (organic solvent; ratio, nature and pH of the aqueous buffer) on the polymers’ retention
properties were investigated. The nature of the metal ion used in the pivot-based molecular imprinting
approach had an important effect on the monolith enantioselectivity (Figure 4a). In 4-VPy-based
polymers selectivity is mainly controlled by hydrogen bonding interactions, which are disrupted even
by minute amounts of protic solvent (i.e., MeOH, isopropanol, water) added to the mobile phase.
In MAA-based polymers, the partition equilibrium is controlled both by ion-exchange and hydrogen
bonding interactions, their contribution being dependent on the ratio and pH of the aqueous buffer.
Thermodynamic retention studies (Figure 4b) performed on Co(II)-mediated 4-VPy-based imprinted
(M2) and non-imprinted (M8) polymers indicate that the binding of ATNL enantiomers involves an
important component of the enthalpic (e.g., hydrogen bonding) term.

  
(a) (b) 

Figure 4. (a) Enantioselectivity (α) and chromatographic retention (k’S/k’R) of metal ion-mediated
imprinted monoliths (M2—Co(II), M3—Ni(II), M4—Cu(II)). (b) Thermodynamic retention study of
ATNL’s enantiomers on metal ion-mediated molecularly imprinted (M2, —S-ATNL, �—R-ATNL)
and non-imprinted (M8, �—S-ATNL, �—R-ATNL) polymers.
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3. Discussion

3.1. Ternary Metal Complexes of ATNL

ATNL, (R,S)2-(4-[2-Hydroxy-3-(isopropylamino)propoxy]phenyl)acetamide (Figure 5), is a
beta-adrenergic antagonist, a cardioselective drug with a prolonged effect. Its S(-) stereoisomer exhibits
a significantly higher affinity for the β1-adrenergic receptors [30]. ATNL is a good chelating agent
that may act as a bidentate ligand through the secondary alcohol and amine as electron pair donor
moieties and allows the formation of five membered rings that include the central metal ion [31–33].
It is also noteworthy that one of the functional groups typically involved in metal ion coordination,
the secondary alcohol moiety, is bound to the ATNL’s chiral center. Mononuclear or binuclear binary
complexes where the metal to ligand (ATNL) ratio is 1:1, 1:2 or 1:4 have been reported for several
first-row transition metal ions (Me = Co(II), Ni(II), Cu(II), Zn(II)) [31,32].

Figure 5. Potential interaction sites (coordinate and/or hydrogen bonding) of ATNL during non-covalent
and MMMI.

Mononuclear tetrahedral complexes of [Me(ATNL)2]2+ type with ATNL acting as bidentate,
mononuclear octahedral complexes of [Me(ATNL)4]2+ type [31,34] where two ATNL molecules act as
bidentate and the ATNL molecules in the axial position act as monodentate, or an O-bridged binuclear
complex, [Cu2(ATNL)2Cl2], where ATNL acts as (O, NH) bridging ligand [33], have been reported for
first row transition metal ions (Me = Co(II), Ni(II), Cu(II), Zn(II)).

Ternary complexes of ATNL and ligands with N and O atom donor sites from amine and
carboxylic moieties have also been reported for first-row transition metal ions [31,35]. The stability
of mixed ligand complexes depends on the characteristics of the approaching secondary ligand
(e.g., chelating properties, size and spatial configuration of chelate ring etc.), but also on the possible
interactions outside the coordination sphere (hydrogen bonding between coordinated ligands, charge
neutralization, chelate effect, and electrostatic interaction between non-coordinated charged moieties
of ligands). Ternary complexes of metal ion—primary ligand—secondary ligand in the ratio of
1:1:1, 1:1:2 and 1:2:1, where ATNL was either the primary ligand or the secondary ligand, were
obtained. Results indicated the preferential formation of ternary complexes in the 1:1:2 ratio over
binary complexes for Co(II) as coordination center [31,35].

Thus, one of the hypotheses of the present study relied on the potential engagement of the
hydroxyl group linked to ATNL’s chiroptic center (most likely in its non-deprotonated form [31,33]) in
a specific, spatially well-oriented interaction with an appropriate functional monomer mediated by a
central metal ion through coordinate bonds. Such a metal ion-mediated molecular self-assembly of
the template-monomer in the polymerization mixture should promote beneficial effects in the chiral
molecular imprinting process of this hydrophilic enantiomer.

A favorable outcome using MMMI for the synthesis of enantioselective polymers can only
occur if in the pre-polymerization step a stable, well-defined and soluble ternary metal complex
exists. If in noncovalent imprinting a nonpolar, aprotic porogen, such as toluene or chloroform,
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is the ideal choice for promoting template-functional monomer associations [19], then in MMMI
polar solvents (i.e., DMF, DMSO, MeOH) are required. Polar media may concomitantly offer the
prerequisites of a favorable preorganized state (soluble ternary coordination complex): (i) Solvation
of the metal ion and polar template and (ii)deprotonation of ligands (both the chiral template and
monomer [36]) essential for metal coordination and (iii)dissolution of the resulting ternary metal
complex. The stronger and more-defined interactions within the ternary complex are anticipated to
lead to more specific recognition sites upon molecular imprinting. Contingent on the nature of the
metal ion, its affinity towards the template and the selected monomer and molar ratio of ligands,
different ternary metal complexes may also arise. Therefore, the success or failure of MMMI depends
on the state of equilibrium established between these coordination complexes.

In the electronic spectra of transition metal complexes d-d transitions, charge transfer transitions,
internal ligand transitions, combination and overtone vibrations of the ligands, and intervalence
charge transfer transitions, materialize as bands in the region that spans the near infrared, visible
and UV region (4000–30,000 cm−1). Bathochromic and hypsochromic shifts or hyperchromic and
hypochromic effects occurring in the electronic spectra of ternary metal-template-monomer species
with respect to the spectra of binary metal-template analogues is an indication of a change in the ligand
field environment around the coordination center [37–39] for the co-existing species in equilibrium.
Based on the data provided by the electronic spectra, Co(II) ions (λmax = 555 nm) were selected as
pivot for the MIPs using 4-VPy as a monomer (Figure 1a), while Cu(II) ions were preferred for the
imprinting process using an acidic monomer, MAA (Figure 1c).

The electronic spectra of the binary mixtures of ATNL and Co(II), Ni(II) and Cu(II), respectively,
recorded in a DMF:DMSO (1:5, v/v) exhibited relatively weak, low-energy bands in the 13,330–19,230 cm−1

(750–520 nm) range which could be assigned to the d-d electronic transitions in a distorted octahedral
or tetrahedral coordination environment. The electronic spectra also exhibited higher intensity bands at
higher energy regions of the spectra that may be assigned to internal ligand transitions or d–π*, L→M or
M→L charge transfer bands. The collected data are in agreement with the bands observed in the electronic
spectra of previously reported Co(II), Ni(II) or Co(II) complexes of ATNL [31–33].

The d-d electronic transitions translate into two low intensity bands in the electronic spectrum of
the binary Co(II)–ATNL mixture, one centered at 17,605 cm−1 (568 nm) with a shoulder at 18,868 cm−1

(530 nm) and the other at a lower energy region 9090 cm−1 (around 1100 nm) (Figure 1a). Upon addition
of 4-VPy to the binary mixture, the local coordination environment around the Co(II) ion changes,
and this translates into a broader multiple structured band centered at 18,348 cm−1 (545 nm) that
appears in the spectra of the ternary mixture. The hypsochromic shift of the bands is associated to a
hyperchromic effect for the shoulder initially at 18,868 cm−1 (530 nm) and to a hypochromic effect for
the band initially at 17,605 cm−1 (568 nm) (Figure 1a).

Nevertheless, the spectra of binary mixtures of Cu(II)–ATNL and Ni(II)–ATNL changes to a much
lesser extent upon the addition of 4-VPy (data not shown). In these cases, it appears that the primary
ligand, ATNL, gives rise to a more stable binary complex and that the local environment around Cu(II)
and Ni(II), respectively, is significantly less influenced by the presence of the secondary ligand (data
not shown).

Acidic monomers such as MAA interact with the Brönsted-basic template ATNL, and the
protonation of the amine moiety may alter the beta-blocker’s chelating properties. Such a phenomenon
was observed in case of the binary Co(II)-ATNL mixture. The local environment around the Co(II) ion
changes significantly upon addition of MAA. As shown by the electronic spectra, ATNL is apparently
displaced from the coordination sphere of Co(II) (Figure 1b). In contrast, the electronic spectra indicates
no alteration of the local environment around Cu(II) when the acidic monomer is added to the binary
Cu(II)–ATNL binary mixture (data not shown).
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3.2. Preparation of MIPs

3.2.1. Non-Covalent Molecular Imprinting

ATNL has several hydrogen donor and acceptor atoms (Figure 5) which during the non-covalent
molecular imprinting could interact in a concerted manner with hydrogen-bonding monomers.
Choices of host functional monomers ranged from the most commonly used donor-acceptor type
monomers, such as MAA, AM or VIM to the ones bearing a single hydrogen donor or acceptor motif,
such as 4-VPy. Furthermore, being a Brönsted-basic template, during the ATNL interaction with
MAA a partial or full proton transfer is expected to occur. Based on the nature of the employed
porogen, contact hydrogen bonded assemblies may be formed in aprotic solvents such as ACN.
Nevertheless, polar protic solvents tend to disrupt such electrostatic interactions having a negative
impact on the imprinting factors, but also on the rebinding mechanism of the resulting imprinted
material [40]. Different additives (i.e., cross-linkers, ionic liquids [36]) meant to balance the polymeric
framework’s flexibility and porosity, as well as the selectivity of the imprinted binding sites, were used
in the pre-polymerization mixture (Tables 1–3). Modest to no enantioselectivity (α = 1.0–1.32) was
recorded, both for the slurry-packed and monolithic columns. Monoliths with different functional
monomers (i.e., 4-VPy, MAA) and significantly different porogenic media (DMF/DMSO, ACN) were
able to provide similar enantioselectivities (M6, α = 1.30; M18, α = 1.32), as long as the cross-linker
and ionic liquid were identical in the polymerization mixture. The ratio of monomer to cross-linker
seems to be of less importance in this imprinting approach; however, the presence of a protic solvent
such as MeOH or water, even in trace amounts, can compromise the polymer’s enantioselectivity
for the hydrophilic template. The non-covalent imprinting of ATNL’s enantiomer by the OMNiMIP
approach, at least under the tested experimental conditions, failed to provide noteworthy results in
chiral chromatographic selectivity. One of the possible reasons for the low enantioselectivity recorded
in the case of the NOBE-based columns may be the significant swelling effect observed during the
sieving of the crushed polymer that may affect the structural integrity of the imprinted cavities.

3.2.2. Metal Ion-Mediated Molecular Imprinting

Particular requirements are to be met for MMMI in terms of components of the pre-polymerization
mixtures: polar porogenic solvent (DMF, DMSO, DMF/DMSO) that must provide the solubilization
of the metal ion’s salt (anhydrous acetates) while keeping the ternary complex in solution, and
metal ions that should not compromise the efficiency of the employed free radical initiator
(AIBN). Another concern when imprinting polar templates is the chemical and mechanical
structure of the polymeric network. A good balance between the polymer’s hydrophilicity and
its flexibility determined by the nature of the functional monomer and cross-linker must be optimized.
Various additives (i.e., cross-linkers, co-monomer, ionic liquids, chaotropic agents) affecting the
prototropic forms or the basicity of participating ligands (ATNL enantiomer and functional monomer)
may also be decisive in the formation of the ternary metal complex; therefore, any change in the
pre-polymerization mixture had to be carefully considered (Tables 1–3).

Metal Ion and Functional Monomer (Secondary Ligand)

Following the effect of the nature of metal ion on the efficiency of pivot-based imprinting
using 4-VPy as a secondary ligand; results show a decrease in the enantioselectivity of the resulting
monoliths in the order Co(II) � Ni(II) ≥ Cu(II) (α = 1.60, 1.38 and 1.30, respectively for M2, M3 and
M4 respectively). These findings are correlated with the electronic spectra of the metal complexes
recorded in the screening step (Section 2.1) that suggest a higher stability of the Co(II) ternary complex
(Figure 1a). Since most of the metal ions from the polymeric framework are eliminated during the
template removal process (Figure 2e,f), they are no longer involved in the molecular recognition during
rebinding. Nevertheless, the chromatographic retention (k’) is inversely correlated with the recorded
enantioselectivities (Figure 4a); this is most probably due to the higher number of non-specific binding
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sites emerging when Ni(II) and Cu(II) are employed as mediators. Obviously, changing the nature of the
secondary ligand is also critical for the chromatographic performance of the resulting chiral stationary
phases (CSP). Keeping Co(II) as a pivot and using 1-VIM as a basic secondary ligand bearing the same
electron donor moiety as 4-VPy; selectivity decreases to 1.43 (M14). Evidently, in principle, other metal
ion–secondary ligand combinations could equal and possibly surpass the selectivity recorded for the
S-ATNL:Co(II):4-VPy (1:1:1)-based monolith. Selecting the “right” metal ion-ligand pair is a matter of
a rational choice where the number of potential combinations can be significantly narrowed down
by a preliminary spectroscopic screening. Therefore, other potentially promising combinations of
metal-secondary ligands (Cu(II)–MAA, Cu(II)–1-VIM, Ni(II)–1-VIM) using various polymerization
mixture constituents (cross-linkers, porogenic solvent, with and without ionic liquid) were also tested
for the imprinting of S-ATNL, but in all cases suboptimal enantioselectivities were recorded (M10, M15,
M21–24, α = 1.00–1.14) as compared to the best performing M2 column (α = 1.60). Unfortunately, even
if UV-Vis spectroscopy is able to indicate some promising metal-secondary ligand combinations as
starting points, assessing the optimal MMMI conditions is far from being a straightforward process.
In addition to the formation of the best stable and soluble ternary metal ion-mediated complex, all the
other constituents of the polymerization mixture will collectively play a critical part in the final
chromatographic outcome, namely enantioselectivity.

It must be stressed that in the absence of the metal ion (i.e., Co(II)), molecular imprinting is
achieved by the conventional non-covalent approach, with a poorer performance in terms of molecular
recognition (M6, α = 1.30).

Functional Co-Monomers

Other co-monomers (i.e., AM, BAM, 4-PBA, CVPBA) added alongside the secondary ligand
(4-VPy) had a negative effect on enantioselectivity (S9–10 and M11–13, α = 1.00–1.29). The interaction
between co-monomers may reduce to a large extent the binding interactions with the template [41] and
may also increase the heterogeneity of the resulting binding sites. Adding hydrophilic macromonomers
to the polymerization mixture was reported as another convenient strategy to enhance the imprinting
factor of polymers in case of water soluble templates [16]. In our case, instead of further boosting
the hydrophilicity of the polymeric network, the addition of poly(ethyleneglycol) methyl ether
methacrylate (PEGMA) fully compromised enantioselectivity (M7, α = 1.00).

Cross-Linker

Using EDMA instead of TRIM as a cross-linker turned out to be decisive for a more favorable
polymer morphology and improved chiral selectivity, regardless of the type of column used
(slurry packed–S10, α = 1.07 and S11, α = 1.32; monolith, M1, α = 1.00 and M2, α = 1.60). The beneficial
effect of the ionic liquid on the imprinting efficiency was also unequivocally demonstrated by the
selectivity value of column M2, α = 1.60 vs. column M5, α = 1.08. Moreover, chromatographic retention
is inversely correlated with the recorded selectivity factors in the presence (M2, k’S = 3.7) and absence
M5, k’S = 6.3) of [BMIM]BF4 most probably due to the increased stability of the ternary complex.

Ionic Liquid

The presence of the ionic liquid translates into a spectacular change in the morphology of the
imprinted material. A highly porous, globular polymeric framework (Figure 2b, M2) is obtained in the
presence of the ionic liquid, while a much denser structure is observed in its absence (Figure 2d, M5).
Before template removal, a film-like structure of excess reagents covered the outer surface of the
polymer (Figure 2a, M2); while upon washing with MeOH:AcOH 9:1 (v/v) a highly indented surface
was revealed (Figure 2b, M2).
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3.2.3. Bulk Imprinting vs. MIP Monolith

MIPs are frequently prepared by bulk polymerization, in which case the obtained polymer block
is ground and sieved before use. Bulk imprinting is more suitable for photochemical initiation at lower
temperatures, which in theory should provide more homogenous and better defined imprinted sites.
However, obtaining CSPs using this approach is cumbersome, wastes large amounts of material, and is
often accompanied by the physical damage of some of the binding cavities. Furthermore, the resulting
highly irregular MIP particles with polydisperse granulometry dramatically reduce the efficiency of
the HPLC columns packed with such materials [42]. Imprinted monoliths polymerized directly in the
chromatographic column offer a much simpler and long known alternative [43], at the cost of being only
compatible with thermal radical initiation and only amenable to a few porogens. Nevertheless, such
a continuous, but highly porous polymeric bed should in principle provide lower backpressure and
greatly reduced mass transfer resistance, and thus higher chromatographic efficiency in comparison
with the packed MIP-based columns. Room temperature ionic liquids (RTILs), demonstrating excellent
solvation features, represent a more environment-friendly alternative as solvents for the preparation of
MIPs [44]. As a result of their particular structure, they tend to promote self-assembly and improve
specific template–monomer interactions, thus limiting non-specific binding [44,45]. In addition to
offering higher imprinting factors and faster polymerization rates, they seem to reduce polymer
swelling and boost the permeability of imprinted polymers, including monoliths [46]. Thus, in the
search for the optimal experimental conditions that provide the highest enantioselectivity for ATNL’s
enantiomers, in our study both imprinting approaches were tested, in the presence or absence of RTIL.

Initially anticipating better molecular imprinting results, bulk imprinting with photochemical
initialization at lower temperatures was investigated. Upon polymer grinding and sieving (particle size
25–38 μm) it was expected that all slurry-packed particulate columns demonstrate similar properties in
terms of flow, back-pressure and sample load. Given the simplicity and earlier success of the OMNiMIP
approach in chiral separation [47], N,O-bismethacryloyl ethanolamine (NOBE) was tested as a single
cross-linking monomer for the imprinting of ATNL’s enantiomers. At first (S1-3, Table 1), pure DMF
was selected as porogenic solvent which enabled the solvation of the template enantiomer (S-ATNL).
Unfortunately, neither the non-covalent (only NOBE), nor the metal ion-mediated (NOBE/Cu(II);
NOBE/Co(II) imprinting approach gave notable enantioselectivity (α < 1.04) in any of the tested
mobile phases. Nevertheless, adding a small amount of MAA to the NOBE-based polymerization
mixture (S4, Table 1) enabled the solubilization of the template in acetonitrile (porogen), and endowed
a certain degree of enantioselectivity (α < 1.17) of the resulting MIP using acetonitrile/formate buffer,
pH 3.0 (85:15, v/v) as mobile phase. Seeking for improvements in the chiral recognition of the
synthesized polymers, other functional monomers able to form ternary metal complexes with ATNL’s
enantiomer were screened by UV-Vis spectroscopy. One promising monomer candidate, forming
soluble ternary metal (Cu(II), Co(II), Ni(II)) complexes with the target enantiomer, is 4-VPy (Figure 1).
Therefore, different polymerization mixtures (S6–10, Table 1) combining various molar ratios of the
template (T), monomer (M), metal ion (Me) and TRIM as cross-linker (C) were screened by metal
ion-mediated bulk imprinting using photochemical initiation in a mixture of DMF:DMSO (1:1, v/v)
as porogenic solvent. Unfortunately, none of the slurry-packed columns filled with S6-10 imprinted
polymers exhibited noteworthy chiral discrimination (α = 1.00–1.04).

Seeking higher chromatographic efficiencies potentially able to distinguish between the
enantiomers of ATNL, studies continued on monoliths polymerized in the chromatographic column
using the same molecular imprinting approaches (M1–24, Tables 2 and 3), but with thermal radical
initiation. The polymerization mixture was further adapted, exploiting the favorable influence of
RTILs on the imprinting process and on the future chromatographic performances of the resulting
continuous polymeric bed. Therefore, a hydrophilic ionic liquid, namely 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF4]), was added to the porogenic solvent system. A higher ratio of
IL/porogenic solvent system seem to favor the imprinting efficiency; thus finally a mixture of
[BMIM][BF4]:DMF:DMSO = 10:1:5, v/v/v was selected [16,17]. Moreover, TRIM was replaced by
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a more polar cross-linker bearing numerous hydrogen bond acceptor motifs, namely ethylene glycol
dimethacrylate (EDMA). Eventually, derived from the tested bulk imprinting polymerization mixtures,
keeping a molar ratio of S-ATNL:Co(II):4Vp = 1:1:5 and EDMA as cross-linker (molar ratio M:C = 1:4)
resulted a MIP monolithic column (M2) offering the best recorded selectivity factor (α = 1.60) in
pure acetonitrile as mobile phase. Interestingly, in the absence of [BMIM][BF4] the resulting MIP
monolith, (M5) is fully deprived of enantioselectivity (α = 1.00). Yet again, without the Co(II) ion
mediating the interaction between the template and monomer during the radical polymerization,
the enantioselectivity of the imprinted monolith (M6) drops to 1.30. Nevertheless, since a certain
degree of chiral selectivity is still preserved by the M6 monolith, this suggests that in the current
experimental conditions a mixed mechanism of imprinting (both non-chiral and metal ion mediated)
is most likely to occur in case of M2 monolith. Keeping the same molar ratio of T:Me:M = 1:1:5 as for
M2, the enantioselectivity of the resulting MIP monoliths for Ni(II) and Cu(II) (M3 and M4) were also
investigated. Although in these cases a certain degree of selectivity for the template enantiomer has
been observed (α = 1.38 for M3 and α = 1.30 for M4), it only matched the selectivity factor registered for
the monolith obtained in the absence of the metal pivot (M6). The recorded changes in the electronic
spectra of the binary and ternary mixtures of S-ATNL-Me(II)-4-VPy display a tendency in the formation
of a stable ternary complex in the order Co(II) > Ni(II) > Cu(II) (data not shown). The latter trend
correlates well also with the recorded efficiency of chiral recognition for monoliths M2–4. For the
control experiments, the reference, non-imprinted monolith (M8) prepared in the absence of the
template, but in the presence of Co(II), did not demonstrate any noticeable enantioselectivity (α = 1.04).
Evidently, no enantioselectivity is observed for the non-imprinted monolith in the absence of the metal
mediator (M9, α = 1.00).

3.3. Chromatographic Retention Mechanism

The influence of the mobile phase composition on the polymers’ retention properties, regardless of
the employed functional monomer (MAA, 4-VPy) or imprinting approach, indicated a severe decrease
of the column capacity factor for both enantiomers of ATNL upon the addition of protic solvents, such
as MeOH, acetic acid, or aqueous buffers (data not shown). This would suggest that hydrogen bonding
plays a major role in molecular recognition of ATNL’s enantiomers on the tested MIPs.

When using monomers with ionizable functional groups, such as MAA (M17–18), a relatively good
efficiency with modest selectivity (α = 1.15–1.32) may be achieved in mixed aqueous(pH ≤ 5)-organic
mobile phases (i.e., ACN: 50mM formate buffer (pH 3.0) = 85:15, v/v) where the partition
equilibrium is most probably controlled by ion-exchange interactions (both specific and non-specific)
between the amine of the template and the carboxylic groups of the imprinted polymeric structure.
Nevertheless, using pure ACN (aprotic, weak solvent with intermediate polarity) as mobile phase,
ATNL is totally retained by the polymer due to the synergistic effect of both the electrostatic and the
additionally emerging hydrogen bonding interactions.

In the case of the 4-VPy-based MIPs (S6–11; M1–13, Tables 1–3), the ion-exchange mechanism
is absent, thus retention and selectivity are mainly controlled by hydrogen bonding interactions.
As already mentioned, using 4-VPy as functional monomer, enantioselectivity (where applicable) is
only recorded in pure ACN. Chromatographic retention of ATNL drops dramatically (k’~1.05) and
is accompanied by a complete loss of selectivity upon the addition in the mobile phase of minute
amounts (0.1%, v/v) of protic solvents able to compete with hydrogen bonding.

Unfortunately, upon addition of the porogenic system to the mobile phase, the “memory effect”
of the tested polymers could not be improved in the current experimental setup. Due to its strong
molar absorptivity, even 1% (v/v) of DMF:DMSO 1:5 mixture added to ACN hindered the UV signal
of the eluting enantiomers (data not shown).

Furthermore, the thermodynamics of the molecular recognition were assessed on the best
performing 4-VPy-based monolithic polymer (M2). The retention and sorption selectivities were
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studied in the temperature range 20–50 ◦C at a flow rate of 0.2 mL min−1 ACN. The influence of
temperature on the retention (k’) of enantiomers is shown in Figure 4.

As expected, the experimental van’t Hoff plots recorded for the MMMI polymer (M2) for
both enantiomers of ATNL are linear (r2 > 0.91), showing decreasing retention with the increase
of temperature. The average value of the thermodynamic terms (−ΔHi/RT and ΔSi/R + lnϕ) [48] for
the two enantiomers were also calculated for the studied temperature range (Figure 4 inset). For the
imprinted polymer, the percent contribution of the entropic term (ΔSi/R + lnϕ) for both enantiomers
lays around 40%. The binding of ATNL enantiomers implies more selective energetic interactions
with the M2 monolith, rather than the entropically controlled steric interactions with the imprinted
memory sites [49,50]. The average percent contribution of the steric term (ΔSi/R + lnϕ) for the binding
of the template is slightly higher (40.6%) in comparison with the binding of its antipode (R-ATNL,
~39.5%). In case of the non-imprinted polymer (M8), identical van’t Hoff plots (r2 > 0.86) were obtained
for both enantiomers. For this polymer, the average steric term contribution for the template and its
antipode are somewhat smaller, 34.6% and 35%, respectively. These results indicate that energetic
interactions (hydrogen bonding) are mainly responsible for recording the chromatographic retention,
but the steric complementary (shape and size) of the emerging imprinted cavities also brings their
contribution to the selective binding of the ATNL enantiomers in comparison with the reference, the
non-imprinted polymer.

4. Materials and Methods

4.1. Reagents

Analytical grade standard S(-)-ATNL 98% was purchased from Toronto Research Chemicals
(Toronto, Canada). R(+)-ATNL 99% was provided from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). 2-(trifluoromethyl)acrylic acid 98% (TFMAA) and vinylferrocene 97% (VFC) were purchased
from Tokyo Chemical Industry (Tokyo, Japan). Methacrylic acid (MAA) 99%, pentaerythritol
triacrylate (PETRA), pentaerythritol tetraacrylate (PETEA), trimethylolpropane trimethacrylate
(TRIM), 2,2′-azobis(2-methylpropionitrile) 98% (AIBN), 4,4′-azobis(4-cyanovaleric acid) 98% (ACVA),
4-vinylpyridine 95% (4-Vpy) and 1-vinylimidazole 99% (1-VIM) were purchased from Aldrich
(Steinheim, Germany). Tetrabutylammonium hexafluorophosphate 98% (4BA6FPh) was provided
from Fluka (Steinheim, Germany). Ortho-phosphoric acid 85% (w/w), glacial acetic acid
100%, hydrochloric acid 37% (w/w), dimethylformamide 99% (DMF) and ammonium hydroxide
25% (w/w) pro analysi were purchased from Merck (Darmstadt, Germany). Formic acid 95%
(w/w), 1-butyl-3-methylimidazolium tetrafluoroborate 98% ([BMIM][BF4]), acrylamide 99% (AM),
N,N′-Methylenebis(acrylamide) 99% (BAM) and boric acid were obtained from Sigma-Aldrich
(Steinheim, Germany) and sodium hydroxide 99.3% from Lach-Ner (Neratovice, Czech Republic).
HPLC grade solvents (acetonitrile (ACN), methanol (MeOH), butanol (BuOH), were obtained from
Sigma-Aldrich (Steinheim, Germany) and used without further purification. Anhydrous Co(II) acetate
98%, Cu(II) acetate 98% and Ni(II) acetate 99% were purchased from Alfa Aesar (Kandel, Germany)
and dimethyl sulfoxide 99.5% (DMSO) was from Carl Roth (Karlsruhe, Germany).

NOBE was synthesized by a previously published method [29].
All other chemicals were analytical reagent grade and were used as received.
Ultrapure water (18.2 MΩ, Barnstead EASYPure ROdi) was used for the preparation of all samples,

buffers and related aqueous solutions. Phosphate buffer at various pHs was prepared by dissolving
phosphoric acid in ultrapure water and adjusted accordingly with NaOH (1 M).

Stock solutions of 2 mg mL−1 ATNL enantiomer were prepared in 2 mL volumetric flasks using
ACN as solvent and were stored in the refrigerator at +4–6 ◦C.

77



Molecules 2018, 23, 1875

4.2. Apparatus

Chromatographic experiments were performed with an Agilent 1200 HPLC system (Agilent
Technologies, Waldbronn, Germany), equipped with a degassing unit, quaternary pump, autosampler,
column oven and a diode-array detector. Signal acquisition and data processing were performed in
the Chemstation B03.01 (Agilent Technologies, Waldbronn, Germany) software. The detection was
performed at 200 nm and the flow-rate was 0.2 mL min−1. All the mobile phases were filtered through
a 0.22 μm membrane filter from Millipore before use. Standard samples of atenolol enantiomers
(30 μg mL−1) dissolved in HPLC grade ACN were injected in a volume of 10 μL.

The UV-Vis spectra were recorded in conventional (1 cm optical path) quartz cuvettes by a
double-beam SPECORD® 250 PLUS (Analytik Jena, Jena, Germany) spectrophotometer in the range of
350–1100 nm. The electronic spectra of each ligand and the colored metal complexes were measured in
the same solvent as the one used for the MIP preparation.

4.3. MIP Preparation

The molecularly imprinted and the non-imprinted polymers were synthesized under the
conditions illustrated in Tables 1–3. The pre-polymerization mixtures intended for non-covalent
imprinting were prepared by weighing the solid components, followed by the addition of liquid
monomers and the adequate solvent(s). In the case of metal ion-mediated imprinting, the anhydrous
metal ion salts (acetates) were dissolved in the adequate dry solvent or solvent mixture and ATNL
was added to the solution. Subsequently, functional monomers, cross-linkers, ionic liquid and the
free radical initiator were admixed. In a typical radical polymerization, 15 mg of AIBN has been
employed, whereas in the OMNiMIP approach 24 mg of the same radical initiator has been added.
The pre-polymerization mixture was sonicated for 15 min and further degassed by purging a gentle
flow of nitrogen for 5 min. Depending on the desired form of the polymer (bulk or monolith), the
vials or stainless-steel HPLC columns filled with the pre-polymerization mixtures were sealed and
caped. In the case of bulk polymers, photopolymerization was performed both at room temperature
(22 ± 2 ◦C) under a UV lamp for 24 h, in 5 mL sealed glass vials, whereas thermal polymerization
was carried out in the BMT Ecocell convection oven at 60 ◦C for 24 h in 5 mL vials or stainless-steel
HPLC columns. Removal of the template was achieved by Soxhlet extraction with MeOH/acetic
acid (9:1, v/v), for 24 h. The polymers were then ground using a laboratory mortar and pestle
and then sieved using standard testing sieves (ϕ = 200 mm, CISA sieves, aperture 38 and 25 μm,
respectively), and the fraction between 25 and 38 μm was collected. The particles were slurry packed
into stainless-steel columns (length 100 mm, internal diameter 2.1 mm) using an LC-10AT VP pump
(Shimadzu, Japan) to full volume for HPLC analysis.

The imprinted monoliths were prepared by in situ thermopolymerization, in stainless-steel HPLC
columns (length 100 mm, internal diameter 2.1 mm) sealed with Teflon tape and screwable caps, and
kept at 60 ◦C for 24 h in a BMT Ecocell oven. The removal of the template was achieved by washing
with MeOH/acetic acid (9:1, v/v). Control polymers were synthesized under the same conditions in
the absence of the template.

4.4. Microscopic Characterization of MIPs

For scanning electron microscopy (SEM) characterization, the polymers (MIP and NIP) were
metalized with gold in a Polaron E–5100 plasma-magnetron sputter coater (Polaron Equipment Ltd.,
Watford, UK) in the presence of argon (45 s at 2 kV and 20 mA). Ultrastructural images were obtained
in a FEI Quanta 3D FEG scanning electron microscope (FEI, Hillsboro, ON, USA)) at 30kV and different
magnification powers.
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4.5. Chromatographic Evaluation of The Imprinted Polymers

4.5.1. Bulk MIP

The template was removed from the imprinted polymers by Soxhlet extraction with MeOH:acetic
acid (90:10, v/v) for 24 h. After grinding and sieving (25 and 38 μm), the polymer particles were slurry
packed using a Shimadzu LC-10AT HPLC pump into steel columns (100 × 2.1 mm) to full volume for
chromatographic experiments. As mobile phase various solvent systems were tested isocratically at 20 ◦C,
at a flow rate of 0.2 mL min−1, starting with pure ACN and gradually switching to mixtures of ACN with
increasing ratio of aqueous buffers (50 mM formate buffer (pH 3.0); 50 mM acetate buffer (pH 5.0) and
100 mM borate buffer (pH 9.3)).

4.5.2. MIP Monolith

The template and excess reagents were removed from the imprinted polymer monolith by pumping
through the column MeOH:acetic acid (90:10, v/v) at a flow rate of 0.2 mL min−1 for 24 h. The columns
were equilibrated with the corresponding mobile phase for 12 h at a flow rate of 0.20 mL min−1 to remove
any remaining template. If not otherwise stated, HPLC analyses were performed isocratically at 20 ◦C, at a
flow rate of 0.2 mL min−1 using pure ACN or a mixture of ACN/aqueous buffer in variable proportions
as the mobile phase, monitoring the eluted analytes at a wavelength of 200 nm.

For all imprinted polymers the separation factor, α, was measured as a ratio of capacity factors
k’S enantiomer/k’R enantiomer, with k’ determined by the following relation: k’ = (tr − t0)/t0, where tr is the
retention time of the analyte and t0 is the retention time of the void volume measured using acetone
as marker.

5. Conclusions

Improved chiral selectivity of the important β-blocker atenolol was achieved by the addition of a
metal pivot which gave an imprinting factor of 1.60 versus the traditional molecular imprinted polymer
formulation without the pivot which gave an imprinting factor of 1.32. Atenolol is a hydrophilic drug,
and molecular imprinting in polar and/or aqueous phases is difficult for traditional molecular imprinting
methods based on non-covalent hydrogen bonding or electrostatic complexes between monomers and
template, due to disruption of the complex by the polar/aqueous porogenic solvent. The use of a metal
to overcome this complex disruption in polar solvents and to coordinate the template and functional
monomer led to approximately 23% improvement in chiral selectivity when using Co(II), and a 16%
improvement when using Ni(II). This has an important impact due to the large demand for imprinting
templates that are only soluble in highly polar and/or aqueous-based solvents. Furthermore, a 25%
enhancement in enantioselectivity was found when using monolithic materials versus ground and sieved
bulk imprinted polymers. Investigation of binding parameters showed that better selectivity was not a
result of increased binding affinity (i.e., larger k’ values) versus non-metal systems but was due to increase
in differential enthalpic contributions of binding between the imprinted polymer and each enantiomer of
atenolol. Thus, it can be concluded that the underlying mechanism of improvement of enantioselectivity
of the imprinted polymer is due to the metal pivot approach maintaining fidelity of the imprinted site
during polymerization. The choice of functional monomer was shown to be important based on the
affinity of the functional monomer for the metal-pivot; in particular, 4-vinylpyridine or vinylimidazole did
not disrupt important template-metal interactions whereas methacrylic acid displaced at least one of the
template-to-metal interactions. This may be general for metal-pivot systems that require close proximity of
the template to the metal for creating a selective binding site. In addition, the choice of crosslinker was
important for optimum performance, for example, entry M2 shows that an EDMA crosslinked molecularly
imprinted material provided 60% enhancement in enantioselectivity versus a nearly identical formulation
using TRIM. Other molecularly imprinted materials using the crosslinkers PETRA and PETEA also showed
little to no enantioselective performance, supporting the conclusion that the difunctional crosslinker EDMA
is required for these systems versus any trifunctional crosslinkers.
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Abstract: The planning and development of new chiral stationary phases (CSPs) for liquid
chromatography (LC) are considered as continuous and evolutionary issues since the introduction
of the first CSP in 1938. The main objectives of the development strategies were to attempt the
improvement of the chromatographic enantioresolution performance of the CSPs as well as enlarge
their versatility and range of applications. Additionally, the transition to ultra-high-performance
LC were underscored. The most recent strategies have comprised the introduction of new chiral
selectors, the use of new materials as chromatographic supports or the reduction of its particle size,
and the application of different synthetic approaches for preparation of CSPs. This review gathered
the most recent developments associated to the different types of CSPs providing an overview of the
relevant advances that are arising on LC.

Keywords: liquid chromatography; enantioseparation; chiral stationary phase; chiral selector;
chromatographic support

1. Introduction

Now more than ever, analytical and preparative enantiomeric separations play a crucial role
in industry and academic research [1]. There are a wide variety of methods to achieve and analyze
enantiomerically pure compounds, including liquid chromatography (LC) [2,3], supercritical fluid
chromatography [4–6], diastereomeric crystallization [7,8], membranes [9,10], asymmetric catalysis [11],
simulated moving bed [12,13], dynamic and enzyme-mediated kinetic resolution [14,15], among others.

LC using chiral stationary phases (CSPs) proved to be an essential tool with a wide range of
applications, including preparative separation of enantiomers of diverse analytes [16,17], determination
of enantiomeric composition [18,19], monitorization of asymmetric reactions [20,21], analysis
of the stereochemistry of natural compounds [22,23], pharmacokinetic [24,25], forensic [26–28],
environmental [29–31], and enantioselective studies [32,33], among others.

The development of CSPs for LC combined with the improvement of chromatography
instrumentation revolutionized the enantioseparation approaches. LC using CSPs has demonstrated to
be extremely useful, accurate, versatile, and it has been a widely used technique in diverse fields and
applications, emphasizing, for example, the enantioseparation of underivatized amino acids [34,35],
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diverse classes of pharmaceuticals [36–40], atropisomers [41], as well as the study of intermolecular
interactions between biomolecules and drugs [42], among others.

Over the last decades, several types of CSPs have been developed [43–46] and, among them,
more than a hundred are currently commercially available [39]. These comprise Pirkle-type,
ligand-exchange-type, molecularly-imprinted, and based on macrocyclic antibiotics, proteins,
polysaccharides, cyclodextrins, crown ethers, cyclofructans, synthetic polymers, among others [43–46].
Nevertheless, although many different types of CSPs are described, the development of new CSPs
continues to be a field of research with great importance.

2. Chiral Stationary Phases: Recent Developments

Since the first description of a CSP, in 1938, by Henderson and Rule [47], and to follow the
constant challenges on different areas as well as the advances in chromatographic instrumentation, the
development of new CSPs for LC has been a continuous and evolutionary subject.

In this review, for each type of CSPs, the most recent CSPs were presented describing the strategies
used for their development (Figure 1).

Figure 1. Summary of recent strategies for development of new chiral stationary phases (CSPs) for
liquid chromatography (LC).

Herein, only the CSPs that were not reported in previous fundamental reviews will be presented,
highlighting the main advantages of the strategy used for their preparation, the best chromatographic
results and the objectives to be achieved.
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2.1. Polysaccharide-Based CSPs

The first application of a polysaccharide as a chromatographic chiral selector was described by
Hessen and Hagel, in 1976 [48]. Since then, different polysaccharides were extensively used as CSPs
due to their high enantioselectivity properties after derivatization [49]. Nevertheless, amylose and
cellulose are the main polysaccharides used to obtain CSPs [50], followed by chitosan and chitin [51].
The chiral recognition ability of polysaccharide derivatives is dependent on diverse structural features,
including sugar units, stereogenic centres of the glucopyranose units, type of the linkage and its
position, as well as the adjacent polymer chains [49]. The helical twist of the polymer backbone is also
essential for enantioselectivity [43].

Polysaccharide derivatives as efficient chiral selectors can include phenyl, alkyl or
benzylcarbamates, esters, benzoate, or aryl or cycloalkyl groups [52]. Benzoate or phenylcarbamate
moieties may comprise methyl, methoxy, among other groups, and/or chlorine substituents in the
aromatic ring [52], affording different solubility and chiral recognition ability [52]. Moreover, the
position of the substituents in the aromatic ring influences the enantioseparation performance of the
chiral selector [49].

Polysaccharide derivatives can be coated onto a chromatographic support, as silica or derivatives,
by an adsorption process [53,54] allowing a larger surface area [55] and high efficiency [43]. CSPs
comprising coated polysaccharide derivatives can operate in normal phase, polar organic and
reversed-phase elution mode; however, they have restrictions due to the non-compatibility with
“non-standard” solvents, such as dichloromethane, chloroform, toluene, or acetone [43]. The
use of those solvents in the mobile phase may cause the dissolution of the adsorbed polymer
and, consequently, removal of the selector from the chromatographic column [43]. Immobilized
polysaccharides emerged as a reliable alternative allowing the use of a broader selection of solvents as
mobile phases [56–60]. Different procedures can be used for covalently bonded the polysaccharide
derivatives to the chromatographic support, such as a polymerization reaction and photoinduced and
enzymatic polymerization [56]. Nevertheless, despite the solvent versatility, in general, the potential
of chiral recognition of immobilized polysaccharide-based CSPs is lower than the coated due to
modification of stereospecific conformation that can occur during the immobilization process [56,57].

This type of CSPs is recognized as being the most successful and widely applied for both
analytical [61–69] and preparative enantioseparations [17,70–76], being responsible for about
99% of reported chiral separations [50]. Among the developed polysaccharide-based CSPs,
the 3,5-dimethylphenyl tris-phenylcarbamates of amylose and cellulose proved to have the best
enantiorecognition performance [77–80]. In our group, this type of CSPs has proved to be effective for
analytical as well as preparative applications [26,81–84].

The chiral recognition mechanisms concerning these CSPs are not yet completely understood.
In an attempt to improve the knowledge related with structural features associated with the chiral
recognition mechanisms and their chromatographic behavior at a molecular level, several studies
concerning to docking, spectroscopy, molecular modelling, and quantum chemical calculations were
recently performed and compiled by Scriba et al. [45].

Several reviews have assembled the advances on preparation and evaluation of this type of CSPs
over the years [43,45,49–52,57–59,80,85–93]. Nevertheless, this research field is always evolving being
the most recent polysaccharide-based CSPs presented on Table S1 (supplementary material).

Recent developments on polysaccharide-based CSPs comprise different approaches, with the
general objective being the improvement of the enantioseparation performance. The strategies include
the introduction of new polysaccharide derivatives (mainly new chitin and chitosan derivatives but also
cellulose derivatives), hybrid selectors, and different chromatographic supports (monoliths, core-shell,
microspheres), as well as the application of different methodologies for coating or immobilization
procedures. Generally, for the new derivatives, the effect of different substituents on chiral recognition
has been discussed [94–97]. Additionally, the effect of mobile phase composition on enantioseparation
was also explored [94–96,98,99].
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Recently, Han et al. [94] developed two CSPs, using a derivative of cellulose tris
(3,5-dimethylphenylcarbamate) (CSP1) and the same derivative functionalized with carboxylic acid
(CSP2) (Figure 2). They concluded that a large variety of substituents could avoid the chiral recognition
properties of the cellulose derivatives, reducing the performance of the CSP. The best chromatographic
results were obtained for trans-stilbene oxide, with α and Rs values of 1.84 and 9.59, respectively.

 

Figure 2. Chemical structures of polysaccharide-based CSP1–56 and CSP61.
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Shen et al. [100] synthetized cellulose derivatives with different combination of carbamate
substituents and prepared 25 new CSPs (CSP3–27) (Figure 2). The effect of the carbamate substituents
at 2,3-positions and 6-position of the glucose moiety were the main focus of the study. It was
found that the chiral recognition properties of the CSPs comprising derivatives with two different
phenylcarbamates were higher than if CSPs only had one substituent. The resolution was improved by
the presence of different carbamate substituents, suggesting that the chiral recognition was dependent
on the electronic properties, position and number of substituents of the glucose unit [100]. The highest
separation factor obtained by using these recent CSPs was 2.87, for Pirkle alcohol.

Chitin and chitosan-based CSPs have received particular attention in the last few years [51].
Through continuous efforts to develop effective CSPs, other recent reports describing the use of
chitin [101,102] and chitosan [95–97] derivatives are rising, with the carbamates as one of the most
studied [49]. The growing interest in these polysaccharides comes from the fact that they have low
solubility, which allows the use of a wide variety of mobile phases [52]. The influence of substituents
on chitin and chitosan derivatives was also investigated. For some analytes, these CSPs possessed
an enhanced chiral recognition when compared to cellulose and amylose derivatives, which may be
attributed to the variety of solvents that can be used [103].

Tang et al. [97] developed eight CSPs (CSP28–35) comprising chitosan 3,6-bis(arylcarbamate)-2
-(p-methylbenzylurea) with diverse substituents in the aromatic rings of the carbamates as well as
in the amide group (Figure 2). Selectors with electron-donating substituents demonstrated a higher
ability of enantioseparation. Previous reports emphasized that an electron-donating substituent at
the 4-position of the aromatic ring was beneficial for the chiral separation [44]. Despite the selectors
with 4-methyl substituent and 3-chloro-4-methyl portion presented a superior enantioseparation,
the highest resolution (Rs = 18.1) and separation factor (α = 6.72) were obtained by the CSP with
3,5-dimethyl substituent [97].

In another study, Zhang et al. [95] prepared seven CSPs (CSP36–42) comprising derivatives of
chitosan bis(phenylcarbamate)-(N-cyclobutylformamide) (Figure 2). The same substituent on different
positions resulted on modifications on the suprastructure of the selector leading to different size of
cavities, for example, due to different electronic effects. The obtained CSPs proved to have considerable
stability on different solvents and a good enantiorecognition, allowing the researchers to obtain a
separation factor of 8.64 for voriconazole [95].

Other new chitosan-based CSPs were developed, in this case, comprised of derivatives of chitosan
(bis(methylphenylcarbamate)-(isobutyrylamide)) (CSP43–48) (Figure 2) [96]. The introduction of some
substituents on specific positions of the aromatic ring linked to the carbamate were favorable for
enantioseparation, such as methyl substituents. Additionally, the low solubility of chitosan was proved
to be an advantage for the solvent tolerance and good enantioresolution performance achieved. As an
example of its performance, high enantioselectivity and resolution were obtained for voricomazole,
with α and Rs values 4.32 and 11.9, respectively [96].

Zhang et al. [102] synthetized derivatives of chitin using three different phenyl isocyanates
(4-trifluoromethoxy, 3-chloro-4-methyl, 4-chloro-3-trifluoromethylphenylcarbamate) to develop three
CSPs (CSP49–51) (Figure 2). All CSPs were applied for enantioseparation of tadalafil and its
intermediate, demonstrating great enantiorecognition potential, with resolution and separation factor
values of 4.72 and of 2.15, respectively [102].

Mei et al. [101] derivatized natural and regenerated chitins with 3,5-dimethyphenyl isocyanate,
to prepare CSP52 and CSP53–55, respectively (Figure 2), with the difference between them only
related to the raw material. The regenerated chitins were obtained from natural chitins, after a
treatment with acetic anhydride, showing a more promising performance. They pointed out that CSP
prepared from selectors with lower molecular weight provided an improved resolution [101]. The best
chromatographic results were obtained for voricomazole, with Rs = 11.7 and α = 3.06.

Another strategy was the development of hybrid selectors [98]. Hybrid selectors or biselectors
comprise two different polysaccharide derivatives coated on a chromatographic support [104]. Zhang
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et al. prepared the CSP56, which comprised a biselector based on derivatives of amylose and chitin
(Figure 2), combining the low solubility of chitin derivatives with the excellent chiral recognition
properties of amylose derivatives [98]. The obtained CSP presented an improved resistance against
organic solvents with high enantioselectivity, with a Rs value of 8.49 for mephobarbital, and an α value
of 4.32 for 2-(5-chloro-2-((4-methoxybenzyl)-amido)phenyl)-4-cyclopropyl-1,1,1-trifluorobut-3-yn-2-ol.

Regarding the use and preparation of chromatographic supports, a new technique of
encapsulation in organic polymer monolith was reported, by Fouad et al. [103], as an alternative
preparation of the chromatographic support. They functionalized an organic polymer monolith with
carbamylated amylose as selector to obtain the CSP57. The synthesis of the amylose derivative was
described previously [105]. The encapsulation of amylose was described as an economic methodology
and it allowed the conjugation of amylose with reversed-phase elution mode for several analytes [103].
This promising technique allowed good results with a maximum resolution of 2.80 and a separation
factor of 3.90 for the testes analytes.

Another different approach for preparation of chromatographic support was reported by Li
et al. [99], who functionalized core-shell silver particles with cellulose derivatives through coating
and intermolecular polycondensation and developed CSP58. A synergetic effect between silver and
cellulose was observed considering the high values of resolution (Rs = 2.61) and enantioseparation
(α = 8.42). This CSP demonstrated a particular selectivity toward analytes having the functional group
ketone [99].

In another study, Bezhitashvili et al. [106] reported the covalent immobilization of a cellulose
derivative (cellulose-(3,5-dichlorophenylcarbamate)) onto the surface of core-shell particles to obtain
CSP59. The synthesis of the cellulose derivative was described previously [77]. The click chemistry
was the synthetic methodology applied for the immobilization of the cellulose derivative to the
chromatographic support [107]. The authors emphasized the short time of analysis achieved with
baseline separations [106]. The highest separation factor obtained was 15.3 with a resolution of 11.0 for
2-(4-methylbenzylsulfinyl)-benzamide.

Huang et al. [108] developed a new methodology for coating cellulose tris(3,5-dimethylphenyl
carbamate) derivative on silica microspheres, without any surface pre-treatment since no aggregation
occurred, and prepared CSP60 (range of pore size 10–150 nm). The synthesis of the cellulose derivative
was previously described [109]. The silica microspheres with reduced size have functionalized
polymeric beads being highly crosslinked [108]. This technique allowed a high-loading of the chiral
selector and the obtained CSP provided a good performance, being the best separation factor of 2.41
for 2,2,2-trifluoro-1-(9-anthryl) ethanol.

The CSP61 (Figure 2) was reported by Vieira et al. [110] using a technique of thermal
immobilization of cellulose dodecanoate on silica particles without the use of chemical reagents.
Despite of the absence of a chemical reagent during the procedure of immobilization, the selector was
strongly linked to the chromatographic support allowing an exceptional selectivity. Some advantages
of the immobilization technique were highlighted, including its low cost and eco-friendly feature [110].
The separation factor obtained was 3.10.

Besides the recent developments on polysaccharide-based CSPs, it is important to emphasize
that this type of CSPs also cover a wide range of recent applications [111–113]. For example, Padró
et al. [89] recently reviewed applications of polysaccharide-based CSPs in different fields. Studies
comparing the enantioresolution performance of coated and covalently immobilized CSPs based on
polysaccharides were also found [114].

Additionally, the influence of mobile phase is a common focus in several studies [81,115].

2.2. Protein-Based CSPs

The intrinsic ability of chiral recognition by enzymes, plasma proteins and receptors inspired the
application of proteins in enantioseparation techniques [43]. Proteins are complex structures with a
large surface area comprising a variety of stereogenic centers and different binding sites, which allow
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multiple possibilities of intermolecular interactions with small molecules [55]. The first application
of a protein as CSP was reported in 1973, describing the separation of tryptophan enantiomers using
a bovin serum albumin (BSA)-sepharose CSP [116]. After this first report, many CSPs based on
proteins have been developed, with the most used proteins the human serum albumin (HSA), α1-acid
glycoprotein (AGP), crude ovomucoid (OVM), and cellobiohydrolase I (CBH I) [86]. All these proteins
as chiral selectors have been well documented for chromatographic enantioseparation for a wide range
of chiral compounds and for binding affinity studies [117].

Proteins as CSPs are applied on affinity and pharmacokinetic studies since they can mimic the
in vivo systems [118], being this feature very important in drug discovery [43]. The possibility of using
aqueous or aqueous-organic as mobile phases was pointed out as other advantage of protein-based
CSPs considering its compatibility with mass spectrometric detection. The disadvantages of this type
of CSPs are the low capacity and efficiency. Moreover, the possibility of denaturation of protein limit
the ranges of pH, ionic strength, temperature, and organic modifier composition of mobile phase [88],
which is a result of its reduced chemical and biochemical stabilities.

HSA is the most applied protein-based CSP, and it is used predominantly on studies of
drug-protein binding [43]. In separation techniques, it is applied for weakly acidic and neutral
compounds [119] as well as zwitterionic molecules [120]. For preparation of this type of CSPs, the
protein can be physically adsorbed onto the packing material or it can be covalently bound [121].

A number of reviews on CSPs based on proteins have appeared over the years, focusing on their
developments and applications [43,45,50,85,87,88,118,120–122]. Recently, Bocian et al. [117] briefly
reported several studies related to protein-based CSPs, including the most common (HSA and AGP)
as well as the more unusual, namely, avidin and fatty acid binding proteins. The developed strategies
presented on that review were mainly related with the chromatographic support as the introduction
of monoliths. The introduction of new selectors was also described [117]. Bertucci and Tedesco [42]
recently reviewed the advances concerning the HSA as chiral selector highlighting the application of
competitors for a particular binding site of HSA as the greatest advance. Scriba et al. [45] compiled
some studies, focusing on the understanding of the binding sites and the main interactions between
protein-based CSPs with diverse analytes, by molecular modeling.

The most recent protein-based CSPs was not reported in those reviews; their chromatographic
performance are presented on Table S2 (supplementary material). It was found that different proteins as
new selectors were not introduced. Nevertheless, diverse techniques of preparation of chromatographic
support, namely new techniques of immobilization [42,117,123], entrapment [124], or the application
of monoliths [125] have been reported attempting to overcome the stability problems of the proteins.

Proteins are usually immobilized on silica and its pore size can be defined in order to optimize
the separation. Matsunaga and Haginaka [126] immobilized AGP on silica particles with different
sizes, 5, 3 and 2.1 μm (CSP62–64). The use of this protein as chiral selector was reported, in 1985, by
Hellerstein et al. [127]. In another study, Bi et al. [124] entrapped the same protein on a silica support
with 100 Å and 300 Å (CSP65–66). Relatively to the first study mentioned, the resolution and efficiency
of CSPs with lower particle size were superior. As an example, an excellent resolution was obtained
for benzoin (Rs = 14.2) [126]. In the latter study, the described methodology using CSP65–66 proved to
be an alternative to high-throughput screening and analysis of biological interactions due to the good
affinity results, a maximum of 2.10 × 106 M−1 [124].

Matsunaga and Haginaka [128] also studied the effect of particle size, on the efficiency of the
column, with cellulase as chiral selector (CSP67). The first application of cellulase as chiral selector was
reported by Vandenbosch et al. in 1992 [129]. As in the previous studies, the column with the lowest
particle size provided the greatest efficiency and enantioselectivity [128], with a resolution value of
10.7 for propranolol, for example.

Zheng et al. combined a covalent immobilization process with a cross-linking/modification
methodology, using HSA as chiral selector, to achieve CSP68. The aim of this new immobilization
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strategy was to enhance the protein retention [130]. The CSP obtained presented a high binding affinity
for warfarin, with a maximum affinity constant of 2.60 × 105 M−1.

A polyclonal antibody CSP (CSP69) was developed by Bi et al. [131] through an alternative
methodology, which consisted of the isolation and immobilization of the selector presented on a
serum sample (on-line immunoextraction). This methodology was previously described by Matsuda
et al. [132]. Once again, it was found that it could be an alternative to the traditional immobilization
methodologies since it is not necessary extra steps of protein purification and immobilization [131].
The stability and the robustness of the CSP were also highlighted [131]. This methodology allowed the
preparation of a CSP with considerable affinity. For example, a binding affinity value of 90.0 × 106 M−1

was obtained for disopyramide.
A new protein-based CSP was reported by Fedorova et al. [133] using a different adsorption

methodology, which consisted of BSA adsorbed on eremomycin and grafted on silica (CSP70). An
improved resolution, with a good resolution (Rs = 2.14) was provided, in comparison with a CSP
comprising only eremomycin.

One of the most recent developments concerning this type of CSPs was the functionalization
of monoliths with proteins. Monoliths are based on silica and present the advantage of optimizing
the proportion of monomers and cross-linkers. This optimization enables the control of the average
size of the throughput channels and the porous [134]. Monoliths can be prepared with different
materials and techniques; the advantages comprise a superior flow as well as an enhanced mass
transfer resulting on a more efficient separation [121]. Pfaunmiller et al. [125] immobilized HSA
on monoliths to obtain CSP71–72. The main objective was to optimize the amount of protein that
could be immobilized. As a consequence, the prepared monoliths allowed an improvement on all
chromatographic parameters [125].

The recent applications described for this type of CSPs are more diversified than the developments
and some of them are related with the optimization of the chromatographic conditions [133–135].
Nevertheless, the number of publications describing the use of protein-based CSPs has been decreasing
over the years [117,136]. Binding affinity studies between drugs and proteins and drug-protein
interactions were also found [137–139].

2.3. Cyclodextrin-Based CSPs

The first application of cyclodextrins as CSPs was described by Armstrong and DeMond
in 1984 [140]. Since then, several cyclodextrin-based CSPs have been reported [137,140–142].
Cyclodextrins consist on cyclic oligosaccharides [88]; this type of macrocycles can be divided into
three classes, α, β, and γ [43]. The structure of a cyclodextrin consists on a truncated cone [43] with
an interior non-polar cavity and free hydroxyl groups located on larger and tiny edges [143]. The
hydroxyl groups can be derivatized with diverse polar or apolar substituents [55], which can influence
the conformational flexibility of a given cyclodextrin, modifying the size of its cavity and creating
additional binding sites [43].

The chiral recognition mechanism is typically based on the formation of an inclusion complex
between the analytes and the internal cavity of the cyclodextrin [43]. Additionally, the analytes can
establish different types of interactions with the exterior side, including dipole-dipole, hydrogen-bond,
ionic, π-π, or London interactions [120]. Cyclodextrins present a considerable number of stereogenic
centres, which also contributes to enantiorecognition [55].

Cyclodextrin derivatives can be prepared through physical coating or covalently bonding to a
chromatographic support [144]. Covalent bonding of cyclodextrin derivatives is the most applied
methodology, since it provides a powerful and resistant linkage to the chromatographic support. The
most common linkers are ether, amino, and urea. Recently, a triazole linker was also described [144].

The high stability of this type of CSPs allows the use of an extensive variety of solvents as
components of mobile phases, with a wide range of polarities, affording an efficient enantioseparation
for different analytes [55]. This type of CSPs can be applied in multimodal elution conditions [142].
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Several reviews have been devoted to the developments and applications of cyclodextrin-based
CSPs [43,45,85,87,88,140,142,144]. Additionally, Guo et al. [145] reviewed the most recent developments
concerning on cyclodextrin functionalized monolithic columns.

Studies related to chiral recognition mechanisms of this type of CSPs using diverse methodologies,
such as nuclear magnetic resonance, docking, or molecular modeling, were also addressed to
understand the molecular interactions as well as the effect of some chromatographic conditions,
such as pH, temperature, or organic modifier, in the enantioseparation [146,147].

The recent cyclodextrin-based CSPs and the evaluation of their chromatographic performance are
described on Table S3 (supplementary material). The most recent developments are comprised mainly
of the introduction of new derivatives and application of different methodologies of immobilization to
the chromatographic support. The preparation of hybrid CSPs to enhance the interactions between
the analyte and the stationary phase was also emphasized. It was found that the majority of the
new cyclodextrin-based CSPs were prepared based on the most widely used cyclodextrin as CSP,
i.e., the β-cyclodextrin [148–151]. Moreover, the immobilization strategy of the chiral selector on the
chromatographic support was, mainly, by click chemistry [149–152]. The main advantages of this
approach are the mild reaction conditions and the enhanced tolerance of the CSPs to solvents and the
range of pH values [153]. The introduction of new methodologies to prepare the chromatographic
support was also focused, including the preparation of hybrid supports [154,155], the introduction of
monoliths [156] and new chromatographic supports [157], or using a different technique to prepare
the support [158].

Zhou et al. [152] reported the linkage of a C6-disubstituted cationic β-cyclodextrin onto an
alkynylated β-cyclodextrin bonded to a silica support to afford the CSP73 (Figure 3). The obtained
bilayer cationic β-cyclodextrin presented a remarkable enantioselectivity for the tested analytes. As an
example of its excellent enantioseparation and resolution, α and Rs values of 2.39 and 4.40, respectively,
were obtained for 4-(chlorophenyl) propyl ester [152].

Tang et al. [151] resorted to thiol-ene click chemistry to prepare a sulfoether-bridged cationic
per(3,5-dimethyl) phenylcarbamoylated-β-cyclodextrin-based CSP (CSP74) (Figure 3) being able
to establish π-π interactions and hydrogen bonding interactions with the tested analytes. Its
enantiorecognition ability was demonstrated by a separation factor of 1.70 and resolution of 6.03
for 3-(chlorophenyl) propyl ester.

Zhou et al. prepared a perphenylcarbamate β-cyclodextrin chloride linked by click chemistry
to an alkynyl silica support to obtain the CSP75 (Figure 3) [159]. After evaluation of its
enantioseparation performance using diverse analytes, they concluded that the introduction of the
3-methoxypropylammonium substituent promoted favorable intermolecular interactions with the
analytes. In addition, it was suggested that the mobile phase could cause steric hindrance which
prevented the establishment of interactions that were crucial for enantiorecognition [159]. The
performance of the CSP was promising with a maximum resolution value of 9.84 and a separation
factor of 2.76 for 7-methoxyflavanone and 6-methoxyflavanone, respectively.

A new N-benzyl-phenethylamino-β-cyclodextrin was synthetized and bonded to mesoporous
nanoparticles of silica obtaining the CSP76 (Figure 3) [149]. The new CSP demonstrated to have
a superior flexibility and stability, in comparison with the native β-cyclodextrin-based CSP, being
obtained through a more economic process [149]. Relatively to its performance, the higher separation
factor and resolution values were 1.30 and 1.97, respectively, for carvedilol.

Four new cyclodextrin-based CSPs (CSP77–80) (Figure 3) were developed by chemical
bonding of carboxymethyl-β-cyclodextrin derivatives to silica gel by an amidation reaction
on aqueous solution [160]. The carboxymethyl moiety provided additional interactions with
the tested analytes, in comparison with the native β-cyclodextrin demonstrating a superior
enantioselectivity and resolution [160]. For example, an excellent separation factor value (α = 6.08) was
achieved for methyl 2-amino-3-(3-(methylsulfonyl)phenyl)-propanoate hydrochloride. Moreover, for
1-((benzyloxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid, the resolution value was 9.56 [160].
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Figure 3. Chemical structure of cyclodextrin-based CSP73–100.

92



Molecules 2019, 24, 865

The effect of different substituents on CSPs has also been investigated. Chen et al. [148] synthetized
β-cyclodextrin derivatives with a phenylcarbamate moiety with different patterns of substituents,
which were subsequently immobilized onto the silica gel through intermolecular polycondensation of
the triethoxysilyl groups (CSP81–85) (Figure 3). They reported that the presence of an aromatic ring
with electron-withdrawing groups on the β-cyclodextrin improved the chiral recognition for analytes
with electron-donor groups since the number of possible π-π interactions was superior [148]. The
hydrogen-bond interactions between the carbonyl group or nitrogen of the analytes and the amino
group of phenylcarbamate of cyclodextrin-based CSP were also improved [148]. Relatively to the
performance of the CSPs, the highest separation factor value achieved was 2.87 for Pirkle alcohol.

Li et al. [150] arrived at similar conclusions after preparing oxazolinyl-functionalized
β-cyclodextrins covalently bonded to silica support (CSP86–88) (Figure 3). They described that
analytes with electron-donating or hydrogen-bonding groups were easily enantioseparated due to
a higher number of π-π and hydrogen-bonding interactions [150]. CSP88 was more suitable for
enantioseparation of polar compounds since it promoted electrostatic interactions due to the presence
of an ionic group [150]. Additional factors that could influence the enantioseparation performance
of the CSPs, such as the spacer length, selector concentration, and rim functionalities, were also
investigated [150]. A reduced surface concentration and a superior flexibility of the spacer decreased
the enantioselectivity, since it weakened the interactions between the selector and the analyte [150].
Additionally, a superior selector concentration could be beneficial for enantioseparation of some
racemates. The performance of the CSP was promising with an excellent resolution for ketoprofen
(Rs = 22.0) and a separation factor value of 15.5 for loxoprofen.

The same group developed four thioether bridged cationic cyclodextrin-based CSPs (CSP89–92)
(Figure 3) and the influence of the spacer length, selector concentration, and rim functionalities on
the performance of the CSP were studied [161]. In this case, it was found that CSPs comprising a
spacer with a superior length could compromise their ability of enantiorecognition; however, a higher
concentration of the selector was positive [161]. The higher resolution value achieved was 12.7 for
4-nitrophenyl propyl oxide, and the separation factor value was 3.30 for styrene oxide.

Regarding the development of hybrid CSPs, a spherical β-cyclodextrin-silica hybrid CSP (CSP93)
(Figure 3) was reported by Wang et al. [154] highlighted by the presence of multiple functional groups,
which expanded the spectrum of possible interactions with analytes. The β-cyclodextrin derivative
was introduced into the pore channels and pore wall framework, and the linker was attached just
into the pore channels [154]. Both the interior and exterior of the CSP participate in the process of
the enantiorecognition. For example, separation factor and resolution values of 1.63 and 4.65 were
obtained for diclofop and mandelonitrile, respectively.

Regarding the use of new materials as chromatographic supports, a modification of the most
common chromatographic support was performed by Zhao et al. [155] to obtain new CSPs. The
modified silica gel was named hydride silica, and its surface was covered by silica-hydrogen bond
instead of silica-hydroxyl. The hydride silica presents a superior resistance to water, a reduced
polarity, and an improved separation rate and stability and it can be used with a wide variety of
solvents [155,162]. Zhao et al. [155] prepared polar group derivatives of β-cyclodextrin bonded to
hydride silica to obtain CSP94–97 (Figure 3). The higher resolution value achieved was 9.31 for methyl
(2R,3R,4S,5R)-5-(4-fluorophenyl)-4-nitro-3-phenyl-3-(trifluoromethyl)-pyrrolidine-2-carboxylate; the
best separation factor value was 3.65 for methyl (2R,3S,4S,5R)-5-(4-fluorophenyl)-4-nitro-3-(p-tolyl)-
pyrrolidine-2-carboxylate.

Ghanem et al. [156] used a different strategy to prepared new cyclodextrin-based CSPs. They
encapsulated the trimethylated-β-cyclodextrin to a polymeric monolithic, to obtain a superior
surface area, reduced pore size, and enhanced total pore volume, and developed the CSP98. They
also studied the physical characteristics of the CSP to established relationships with the potential
of enantiorecognition and concluded that a superior concentration of the selector improved the
enantioseparation [156]. The CSP98 demonstrated a suitable mechanical and thermal stability as well
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as reproducibility [156] with a maximum resolution value of 2.51 for flavanone, and a separation factor
of 1.42 for carprofen.

A different chromatographic support was also proposed by Qiang et al. [157], who described a
β-cyclodextrin CSP based on graphene oxide (CSP99) (Figure 3), which was covalently linked to amino
silica gel by an amide bond. The graphene oxide and cyclodextrin presented a synergetic effect for
enantiorecognition being the hydrogen bonding and π-π interactions the main interactions between the
CSP and analyte. The CSP99 was also applied for hydrophilic interaction chromatography. Regarding
the chromatographic results, a separation factor of 38.8 was achieved for equol, and a resolution value
of 2.17 for 1-phenylethanol [157].

A light-assisted preparation of carboxyl methyl β-cyclodextrin-based CSP (CSP100) (Figure 3)
was described by Tang et al. [158] who used ultra-violet light to link the chiral selector to silica,
which promoted the modification of ionic bonds into covalent bonds. This technique proved to
be eco-friendly and efficient [158]. The morphology and chemical composition of CSP100 was
characterized. Moreover, it was concluded that its enantiorecognition ability was dependent of
hydrogen bonding and dipole-dipole interactions [158]. The maximum resolution value achieved was
8.04 for chlortrimetron.

2.4. Macrocyclic Antibiotic-Based CSPs

Macrocyclic antibiotics are the second most versatile group of CSPs, after polysaccharides; their
planning was inspired by cyclodextrins. The first report of macrocyclic antibiotics as CSP was in 1994,
describing the application of vancomycin, thiostrepton, and rifamycin B as CSPs [163].

Macrocyclic antibiotics are divided into four groups: ansamycins, polypeptides, glycopeptides,
and aminoglycosides [164]. Ansamycins comprise an aromatic unit linked to an aliphatic chain,
and their classification is based on the aromatic moiety. If the aromatic unit is a naphthalene or
naphthoquinone, it is denominated naphthalenic ansamycin, while if it is a benzene or benzoquinone,
it is a benzenic ansamycin [164]. The most common ansamycins used as CSPs are rifamycins B and SV;
the first one is enantioselective for cationic compounds and the second for neutral and anionic [165].
Polypeptides have few aromatic ring units while aminoglycosides do not have this type of structural
feature [165]. Only one polypeptide is used as CSP, thiostrepton, whereas aminoglycoside class
comprises more CSPs, such as fradiomycin, kanamycin, and streptomycin [166].

Glycopeptides are the most promising class of macrocyclic antibiotic-based CSPs, including
avoparcin, ristocetin A, teicoplanin, vancomycin, and derivatized analogues from vancomycin, among
others [165]. The chemical structure of glycopeptides consists on a glycosylated cyclic or polycyclic
peptide. The central framework is a heptapeptide, in which five of the seven amino acid residues
are common to all glycopeptides [164]. Glycopeptides have some flexibility due to the possibility of
rotation of sugar groups [165].

The structure of macrocyclic antibiotics allows a variety of interactions with the analytes,
such as hydrophobic, π-π, dipole-dipole, hydrogen-bond, electrostatic, ionic, and Van der Waals
interactions [166], being either attractive or repulsive. It is possible for the formation of inclusion
complexes to occur [167]. The high number of stereogenic centers in their structures also contributes
for its high capacity of chiral recognition [55]. Nevertheless, the chiral recognition mechanism of this
type of CSPs it is not currently quite understood [43].

The chromatographic support of this type of CSPs is, predominantly, silica gel [164]. Macrocyclic
antibiotic-based CSPs are able to operate in all chromatographic elution modes [88]. Besides that, the
macrocyclic antibiotic-based CSPs provide a complementary enantioselective profile [167].

Over the years, the developments carried out to obtain diverse macrocyclic antibiotic-based CSPs
as well as their applications have been compiled [43,45,85,87,88,164,165,167,168]. Additionally, some
authors focused their studies on the mechanism of chiral recognition [169,170].

The most recent reports related to new macrocyclic antibiotic-based CSPs as well as their
chromatographic parameters are presented in Table S4 (supplementary material). The developments
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did not comprise the introduction of new antibiotics as chiral selectors but rather the use of new
chromatographic supports, specifically the use of silica particles with sub-2-μm size. In fact, they are
mainly based on the preparation of new teicoplanin and vancomycin-based CSPs by reducing the size
of the packaging material [171–173]. The main objective was the improvement on chromatographic
performance by reduction on analysis time and enhance of resolution and enantioselectivity.

Min et al. [171] described the preparation of a teicoplanin-based CSP bonded to sub-2 μm
superficially porous particles (CSP101). The main focus was to avoid aggregation and to uniformize
the size distribution, enhancing the surface area. The high resolution and enantioselectivity obtained
in a short time of analysis were highlighted. The maximum resolution value was 5.60 for methionine,
and the separation factor was 9.40 for norvaline.

Ismail et al. [172] developed a teicoplanin-based CSP with a sub-2 μm chromatographic support;
however, in this case, they used totally porous silica particles (CSP102). They pointed out the flexibility
of the CSP to operate on different elution modes. The selectivity, efficiency, and the short analysis
time on ultra-high-performance liquid chromatographic (UHPLC) were also emphasized [172]. Its
performance was promising achieving a resolution value of 10.7 for alanine, and a separation factor of
3.45 for mandelic acid.

Vancomycin was bonded to sub 2-μm diol hydride-based silica particles by Rocchi et al. [173].
Four new CSPs were developed (CSP103–106) with the same main objective: reduction of analysis
time. It was inferred that this technique could be applied to other chiral selectors due to the promising
results [173]. The maximum resolution value was 3.36 and the separation factor was 2.69 for haloxyfop.

Despite the reduction of particle size of the support, new materials were introduced as
chromatographic support. Recently, Xu et al. [174] described the preparation of a vancomycin-based
CSP through the combination of monoliths and polymeric cross-linking (CSP107). The new CSP
possessed a good mechanical stability, permeability, and enantioselectivity [174]. The influence of some
chromatographic conditions was also investigated. The performance of the CSP was satisfactory, with
a resolution value of 1.47 for salbutamol, and a separation factor of 1.23 for carteolol. Hellinghausen
et al. [175] prepared the CSP108 through the prior synthesis of vancomycin, by Edman degradation,
and further binding it to superficially porous particles through a primary amine group of vancomycin,
which resulted from the removal of an N-terminus leucine residue. The CSP108 presented promising
results with a good resolution and separation factor values for 2-amino-2-phenylbutyric acid (Rs = 2.70
and α = 1.57).

A vancomycin-based CSP was recently prepared (CSP109) by a photochemistry-based
method [176]. Additionally, the influence of flow rate, elution mode, buffer, and the mass of analyte
were also investigated. The addition of 2-propanol, buffer and an increase on analyte mass improved
its enantioresolution performance, since π-π interactions were superior. The chromatographic
performance was good, with a maximum resolution of 3.08 and a separation factor of 4.23.

It is also important to highlight that the complementary behavior of the different macrocyclic
antibiotic-based CSPs continues to be a subject of great relevance. In fact, several recent studies can
be found in literature [166,167,177]. Most of them compared the enantioresolution performance of
teicoplanin and teicoplanin aglycone CSPs [166,167] or of vancomycin and teicoplanin CSPs [177].

2.5. Brush-Type or Pirkle-Type CSPs

Brush-type or Pirkle-type CSPs were introduced in 1979, when Pirkle and House described the
development and application of a chiral fluoro alcoholic CSP able to enantioseparate diverse classes of
analytes [178].

Neutral synthetic chiral low-molecular mass molecules are the base of this type of CSPs [43]. These
molecules should promote donor-acceptor interactions as a hydrogen-bond, π-π, or dipole-dipole, in
addition to attractive and/or repulsive Van der Waals interactions [45]. As they comprise small
molecules as chiral selectors, the mechanism of chiral recognition is, frequently, based on the
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“three-points” model, which refers that the establishment of at least three interactions between one of
the enantiomers to be resolved and the CSP are essential for chiral recognition [179].

The chiral selectors are usually covalently linked to a silica support, which can have
monosubstituted or trisubstituted silane groups, through a spacer [55]. Over several years, Pirkle’s
group has developed successive generations of CSPs [180], based on the principle of reciprocity [181]
and on chromatographic [182,183] and spectroscopic [184,185] methods to understand the chiral
recognition mechanisms. Among them, Whelk-O1 CSP, created by a rational approach, is the most
applied and versatile CSP in both academic and industrial fields [186].

Initially, the preferred elution mode was the normal phase since it provides a favorable
environment for the interactions needed to enantioseparate the analytes [88]. Nevertheless, this
type of CSPs can also be used in polar organic and reversed-phase elution modes [187–189].

The advantages inherent to this type of CSPs are the compatibility with a wide range of solvents
used as mobile phase, the stability to temperature and pressure, the considerable loading capacity and
the possibility to be easily scaled up to preparative chromatography [190]. Another key advantage is
the possibility of switching the configuration of the chiral selector and to use the inverted configuration
column approach [43]. Its kinetic performance is reasonable and the fact that the structure of the chiral
selector is relatively “simple” allows an easier knowledge of the chiral recognition mechanisms as well
as a consecutive optimization of the selector [191]. Pirkle-type CSPs are characterized by their diversity
and versatility since it is possible to use a variety of different small molecules as chiral selectors as well
as introduce different substituents that can improve enantioselectivity. In addition, they can be highly
specific for certain types of chiral compounds [120].

Pirkle-type CSPs have evolved over the years. Certain types of CSPs have more reported
progresses, mainly due to the possibility of use of a wide variety of small molecules as chiral selectors.
Several Pirkle-type CSPs can be found in literature comprising chiral selectors closely related to the
original Pirkle’s group CSPs and others structurally different [43,45,85,87,88,180,186,190,191]. Recently,
a literature survey made by our group covering the report on Pirkle-type CSPs developed during the
last 17 years was published [190]. We described 226 new CSPs, including a wide diversity of small
molecules as chiral selectors, including amine, amino alcohol and amino acids derivatives, peptides,
drugs, selectors based on natural products, and xanthone derivatives, among others [190].

The recent developments of this type of CSPs also include the use of new chromatographic
supports, such as monolith supports, core-shell particles, or particles with a reduced size (sub 2-μm).
The reduction of particle size enables the adaptation of Pirkle-type CSPs to UHPLC, the first ones to be
converted, which are associated with the inherent advantages such as the reduction of analysis time
and quantity of the solvent, improved efficiency, and enantioresolution [192,193]. Regarding the use of
core-shell particles, it was found that the packaging with this type of material or, alternatively, with
fully porous particles led to differences on chromatographic performance. The diffusion on core-shell
particles is lower than in fully porous particles, which is especially beneficial for large analytes, since it
prevents a decrease on efficiency due to an inefficient mass transfer. The distribution of particle size
of core-shell particles is nearly unimodal, which increases efficiency on enantioseparation of small
analytes [194,195].

Different synthetic methodologies to obtain the chiral selectors as well as for its immobilization
on the chromatographic support were also introduced. The synthesis of biselectors was another
approach [190]. The most recent Pirkle-type CSPs and the chromatographic parameters obtained after
evaluation of their enantioresolution performance are presented on Table S5 (supplementary material).

Qiao et al. [196] developed a CSP based on N-ferrocenyl benzoyl-(1S,2R)-1,2-diphenyl ethanol
as a chiral selector (CSP110) (Figure 4). The conjugation of a cyclopentadienyl carbon ring with
an aromatic ring demonstrated to improve enantioselectivity. The chiral recognition mechanisms
were also explored, revealing that hydrophobic, hydrogen-bond, π-π, and dipole-dipole interactions
between the chiral ferrocene CSP and acidic and basic groups of the analytes were crucial. The
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performance of the CSP was promising achieving a maximum resolution value of 4.13 and a separation
factor of 2.43 for 3-nitrophenol.

 
Figure 4. Chemical structures of Pirkle-type CSP110–120.

Çakmak et al. [197] synthetized an aromatic amine derivative of (R)-2-amino-1-butanol for the
application as chiral selector of a new CSP (CSP111) (Figure 4). In the same study, they used docking,
molecular dynamics simulation, and quantum mechanical computation methods to characterize the
mechanisms of chiral recognition. The performance of the new CSP was good with a high resolution
value of 3.85 for 2-phenylpropionic acid, and a separation factor of 2.75 for mandelic acid.

Four new pseudopeptide-based CSPs were developed (CSP112–115) (Figure 4) inspired by
the possibility of enantiorecognition ability of an organocatalyst [198]. It was found that the
enantioselectivity of the CSPs was dependent of the degree of derivatization of diproline portion and
of the length of polymeric chain. The chromatographic results were promising, achieving, for example,
separation factor and resolution values of 9.80 and 2.89, respectively, for 1-phenylethan-1-amine and
N-(1-(naphthalen-2-yl) ethyl)-3,5-dinitrobenzamide.
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Additionally, in another recent work, derivatives of amino acids and amino alcohols as CSPs were
prepared by Yu et al. [199], based on C3-symmetric CSPs (CSP116–119) (Figure 4). It was found that a
phenyl group linked to amide was crucial for chiral recognition and, despite the chiral selectors did
not possess a π-acidic or π-basic group, their performance was promising. For example, a separation
factor value of 2.58 was achieved for 2-phenyl-2-pentanol.

Wang et al. [200] synthetized the (R)-6-acrylic-binaphtol as chiral selector through addition of the
acrylic group to the (R)-binaphtol and developed the CSP120 (Figure 4). The mechanisms of chiral
recognition, the effect of the temperature and mobile phase composition were also discussed. It was
found that the flexibility of the CSP and the π-π stacking event allowed the retention of the analytes
without compromise the enantioseparation [200]. Regarding the chromatographic results, a separation
factor value of 1.12 was achieved for 3,5-dinitro-N-(1-phenylethyl) benzamide.

Along with the continuous developments of this type of CSPs, it is important to emphasize that a
broad range of recent applications have also been reported [201–205].

2.6. Ion-Exchange-Type CSPs

Ion-exchange-type CSPs were introduced by Salvadori et al. in 1985, who described the application
of cinchona alkaloids as CSPs [206]. Nevertheless, Lindner group developed the majority of this type
of CSPs [207]. Ion-exchanger selectors can be subdivided into three groups: anionic, cationic, or
zwitterionic [208].

The most common anion-exchangers as chiral selectors are cinchona alkaloids [45] and
terguride [43]. Anion-exchanger selectors are appropriate for enantioseparation of acidic compounds;
their enantioselectivity are attributed to the five stereogenic centers of the basic nucleus common
to quinine and quinidine [209]. Cation-exchanger selectors are useful for enantioseparation of basic
analytes, which are structurally based on chiral sulfonic or carboxylic acid compounds as selectors [45].
Zwitterionic selectors were introduced, more recently, by Lindner et al. [210] by merging key cation-
and anion-exchange moieties in one single chiral selector [45]. Those CSPs can been applied for the
enantioresolution of acid, basic, and amphoteric compounds [209]. Zwitterionic CSPs have overcome
the main disadvantage of anion and cation-exchanger CSPs, since these two groups only separate
enantiomers with opposite charge [210].

The chiral mechanism of recognition is mainly based on ionic interactions between the charged
analytes and the opposite charged groups of the CSPs [208]. Hydrogen bonds as well as π-π interactions
are also important for complex formation [45]. The ion-pairing of solvent controls the adsorption and
retention of the analytes [43]. Polar-organic and reversed-phase elution modes are the preferential
elution modes for this type of CSPs [43]. The retention and enantioselectivity are affected by the pH
and the nature and concentration of acid or base added to the mobile phase [43].

The progresses resorting to this type of CSPs have been reviewed over the years [43,45,85,88,207,
209,211–213]. Recently, Ilisz et al. [213] compiled the most recent developments concerning to anionic
and zwitterionic-exchange-based CSPs, which are related to the application of different techniques of
preparation of chromatographic support to attempt the optimization of chromatographic parameters.
The most recent ion-exchanger-type CSPs and their chromatographic parameters are presented on
Table S6 (supplementary material). The majority of the recent developments focused on quinine
and quinidine derivatives as chiral selectors [214–217], the key structural moiety representative of
anion-exchanger selectors.

Todoroki et al. [214] developed a new technique to prepare new ion-exchange CSPs, specifically
cinchona alkaloid-based quinine and quinidine-type fluorous-tagged-CSPs (CSP121–125) (Figure 5).
The main objective was to improve the enantioseparation properties enabling a sensitive, selective,
robust, and reproducible analysis methodology. The versatility of the new CSPs was another advantage,
as it was capable to enantioseparate bulky, aromatic compounds, in addition to amino acids, such as
threonine with a resolution value of 11.8, and asparaginine, with a separation factor of 4.56.
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Figure 5. Chemical structures of Ion-exchange-type CSP132–140.

The complementarity profile between anion-exchange-type CSPs was the focus of a recent study
reported by Lämmerhofer et al. [218], who prepared several cinchona carbamate selectors with distinct
carbamate residues to obtain CSP126–131 (Figure 5). Different structural moieties were introduced
to enhance the possibility of complementary; for example, the introduction of bulky groups to create
steric hindrance or aromatic rings to provide π-π interactions. The complementary accomplished with
the new CSPs allowed the expansion of the enantioselectivity range. The performance of the CSPs was
promising, achieving, for example, a separation factor of 17.0 for leucine.

De Martino et al. [216] reported the synthesis of an anion exchange hybrid selector, the
3,5-dinitrobenzoyl-9-amino-9-deoxy-9-epiquinine, to develop CSP132 (Figure 5). The strategy
applied was the association of typical moieties of Pirkle-type selectors with key moieties of
anionic-exchange-based selectors, enlarging the possibility of multiple interactions with the analytes.
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The performance of this hybrid CSP was promising, with separation factor and resolution values of
2.06 and 11.0, respectively, for diazepam N-oxide.

A new immobilization technique based on click chemistry, was described by Lämmerhofer
et al. [219], who prepared a cross-linked tert-butylcarbamoyl quinine-based CSP (CSP133). The
technique allowed achieving a CSP with reduced resistance to mass transfer and retention times, as
well as an improved stability. During the optimization of the procedure, some features were discussed,
such as the amount of polysiloxane, chiral selector, radical initiator, and reaction solvent, as well as
reaction time and size of the chromatographic support particles [219]. The performance of the CSP
was promising; for example, with separation factor and resolution values of 1.54 and 5.20, respectively,
for N-[(9H-fluoren-9-ylmethoxy) carbonyl]-phenylalanine.

The same group also resorted to click chemistry to prepare other CSPs based on
tert-butylcarbamoyl quinine (CSP134–137) (Figure 5) [215]. The optimization of the selector’s structure
allowed the avoidance of non-specific interactions that could reduce chiral recognition [215]. The
introduction of a sulfonic group afforded a reduction on the retention times and an improvement, in
some cases, of separation factors since its negative charge provided electrostatic interactions, promoting
an effect similar to the counterion effect [215]. The performance of the CSP was satisfactory achieving a
maximum resolution value of 6.20 for N-(9-fluorenylmethoxycarbonyl)-phenylalanine and a separation
factor of 1.66 for N-acetyl-phenylalanine.

The application of core-shell particles was another strategy. A new CSP based on
tert-butylcarbamoylquinine selector (CSP138) (Figure 5) was described by the same group, to promote
the enantioseparation of several proteinogenic amino acids [217]. Core-shell particles were introduced
in order to improve the analysis time, which was a promising methodology for the bioanalytical area,
since it could be combined with sensitive fluorescence detection or highly sensitive and selective mass
spectrometric detection. The column presented a reasonable performance with good enantioselectivity
and resolution. For example, α and Rs values of 1.55 and 4.08, respectively, were achieved for
threonine [217].

Armstrong et al. [220] also resorted to core-shell particles to develop two new quinine-based
CSPs (CSP139–140) (Figure 5) for ultrafast liquid and supercritical fluid chromatography. The new
CSPs allowed fast analysis with high enantioselectivity and efficiency for the tested analytes. The
performance of the new CSPs was promising, affording, for example, a maximum resolution of 25.5
and a separation factor of 14.5 for N-(3,5-dinitrobenzoyl)-leucine.

It is important to highlight that recent applications of this type of CSPs were diversified, with the
focus, mainly, on the application of anion and zwitterionic-type CSPs with amino acids [221–225].

2.7. Crown-Ether-Based CSPs

Crown-ethers as CSPs were firstly described by Sousa et al. [226] for the enantioseparation of
primary amine salts. Crown-ethers consist on macrocyclic polyethers, with a cavity of a specific size,
being able to form complexes with analytes [227]. CSPs based on crown-ethers can be divided into
two major groups: the crown- ethers comprising a 1,1′-binaphthyl group and those containing two
tartaric acid groups [228]. The enantiomers of α-amino acids and primary amines may be separated by
the first type of crown-ethers CSPs [229]; the second group can be applied for enantioseparation of
primary and secondary amino compounds and non-amino compounds [229].

The mechanisms of chiral recognition are typically driven by triple hydrogen bonds established by
an ionized ammonium group of the analytes and three oxygen of the CSP, leading to the formation of an
inclusion complex [43]. The electron-donor oxygen particles are distributed on inside of the cavity of the
crown-ether [88]. Steric hindrance from the substituents of the analyte ions and the functional groups
of the crown-ethers can influence the enantioseparation [43]. Additional interactions are essential
to complement the formation of the complex, including π-π, hydrogen-bond, and dipole-dipole
interactions [230]. Mobile phases should be strong acidic aqueous solutions to achieve the total
protonation of the amino group of the analytes [43]. Crown-ether-based CSPs can be obtained by a
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coating process or by immobilization [231]. To avoid the leaching of the CSP from the column and to
allow the analysis of hydrophobic compounds the use of covalently bonded CSPs it can be preferable
than the coated [232].

The developments of crown-ether-based CSPs have been revised over the years [43,45,85,87,88,228,
229]. Hyun et al. [228] reviewed the most recent developments, related to both classes of crown-ethers as
CSPs, highlighting techniques for the preparation of the chromatographic support or the protection of
unreacted residues.

Crown-ether-based CSPs have some restrictions related to the target analytes; however, their
preparation and the chromatographic conditions can be modifier to improve the chromatographic
results. The majority of the recent developments encompassed the use of different strategies
for immobilization of the chiral selectors to the chromatographic support (click chemistry) and
the introduction of different functional groups on previous described selectors. The most recent
crown-ether-based CSPs as well as their chromatographic performance presented on Table S7
(supplementary material). Some of the recent CSPs are based on calix[4]arene derivatives as chiral
selectors [233–235]. The new derivatives are mainly prepared using click chemistry [234,235].

Accordingly, the CSP141 (Figure 6) comprising the aza-15-crown-5-capped methylcalix[4]
resorcinarene derivative was developed by Ma et al. [233]. Structurally, the CSP possesses two
key recognition sites, enhancing the possibility of interactions and, consequently, enantioseparation of
analytes. The robustness of the CSP was highlighted since it could operate on different elution modes
with a short analysis time (for example, k1 = 0.08 for m-nitrophenol).

Yaghoubnejad et al. [234] prepared a calix[4]arene functionalized with two L-alanine units to
develop CSP142 (Figure 6), through covalent binding between the allyl groups at the lower rim of
the chiral selector and the chromatographic support, using click chemistry. The CSP142 was able to
enantioseparate both π-acidic and π-basic analytes. It was suggested that the used technique could
easily be adapted to other derivatives to obtain improved CSPs. The maximum resolution value
achieved was 1.43 and the separation factor was 2.00 for mandelic acid.

Click chemistry has also been explored, by Li et al. [235], for the preparation of a
click-dibenzo-18-crown-6-ether-based CSP (CSP143) (Figure 6). The effect of pH and concentration of
salt in the mobile phase on chromatographic parameters was evaluated [235]. It was found that the
retention of strong acids decreased with the increment on salt concentration. Regarding the pH values,
the retention of both acidic and basic analytes decreased with its reduction. The retention factors were
good with a minimum of 0.10 for uracil.

CSPs comprising carboxyl derivatives of crown ethers as chiral selectors were also prepared.
Németh et al. [236] synthetized derivatives of acridino-crown ethers containing a carboxyl group to
obtain eleven CSPs (CSP144–154) (Figure 6). The CSPs were developed taking into account some
structural features that could favor the interactions crucial for chiral recognition mechanisms. Due
to the rigidity of the tricyclic ring system, the enantioselectivity was improved [236]. The obtained
performance was reasonable with a maximum resolution value of 1.20 for 1-(1-naphthyl)-ethylamine,
and a separation factor of 2.05 for 1-(4-nitrophenyl)-ethylamine hydrogen chloride.

The development of hybrid crown-ether-based CSPs was also reported. Deoxycholic-calix[4]arene
hybrid-type selectors were synthetized, by Yaghoubnejad et al. [237], aiming to enhance the interactions
of the obtained CSPs (CSP155–156) (Figure 6). The calix[4]arene unit was fundamental for the
mechanisms of chiral recognition being responsible for the establishment of hydrophobic and π-π
interactions, important for inclusion complexes formation. The presence of an acidic or basic modifier
in mobile phase was beneficial for enantioresolution of acidic or basic analytes [237]. Relatively to its
performance, a maximum resolution value of 3.93 and a separation factor of 4.30 were obtained for
mandelic acid.
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Figure 6. Chemical structures of crown-ether-based CSP141–156.
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2.8. Cyclofructan-Based CSPs

Cyclofructans are the most recent type of CSPs being introduced, in 2009, by Armstrong
et al. [238]. Moreover, they demonstrated that suitable derivatized of cyclofructans presented a
superior enantioselectivity in comparison with native cyclofructans [238].

Cyclofructans are cyclic oligosaccharides formed by units of D-fructofuranose β(2→1) linked
together [45]. They are also described as a crown-ether nucleus rounded by fructofuranose units,
with its number between 6 and 8 [239]. Each unit has four stereogenic centres [88]. In opposition to
cyclodextrins, the interior of the nucleus is hydrophilic [45]. The mechanism of chiral recognition is
based on the formation of a complex, which is driven by polar interactions, including dipole-dipole
and hydrogen-bond interactions [45]. Therefore, the analytes to enantioseparated should not be
hydrophobic and may have hydrogen-acceptor and polarizable groups next to stereogenic center [240].
The acidic hydrogen-bond play an important role on chiral recognition, thus, the presence of a
polarizable group that causes steric hindrance to the basic portion of the cyclofructan is favorable [240].
The main advantages of this type of CSPs are their high loadability and versatility, as it is able to
enantioseparate basic, acidic, and neutral analytes [239]. Moreover, they can be used in different
elution modes [239]. Although cyclofructan-based CSPs are recent, some reviews can be found related
to its developments and applications [45,55,85,87,88,90]. The elucidation of their chiral recognition
mechanisms has been the focus of some studies to clarify the interactions between the CSP and
the analytes [45]. The most recent cyclofructan-based CSPs and its chromatographic behavior are
presented in Table S8 (supplementary material). The latest developments include the synthesis of new
derivatives of cyclofructan as chiral selectors, the preparation of new chromatographic supports, and
the application of different immobilization strategies.

In order to evaluate the effect of electron-donating and electron-withdrawing groups on
enantioselectivity, Khan et al. [239] synthetized chlorinated aromatic derivatives of cyclofructan
6 and developed CSP157–166 (Figure 7). The presence of a chlorine proved to be beneficial for
enantioselectivity, in opposition to nitro group, especially in the ortho position of the aromatic ring,
which negatively affected the chiral recognition [239]. A maximum resolution value of 6.90 for
2-2′-binaphthol, and a separation factor of 2.05 for Tröger’s base were obtained.

The influence of the degree of substitution, as well as the size of the substituents, was researched
by Padivitage et al. [241] by preparing CSP167–171 (Figure 7), with basic derivatives cyclofructan 6
as a selector. It was concluded that bulky groups caused steric hindrance and that a high degree of
substitution (up to six substituents) negatively affected the enantioselectivity. Moreover, it was found
that charged cyclofructans did not possess a superior ability of enantiorecognition [241]. Relatively to
the performance of the CSPs, as an example, separation factor and resolution values of 1.43 and 3.10
were obtained for warfarin.

An alternative technique for preparation of a CSP was presented by Qiu et al. [242] (CSP172)
(Figure 7), using click chemistry to immobilize the chiral selector, cyclofructan 6, to a resin. The
resin was chosen as chromatographic support due the advantages inherent to this material, such
as high adsorption capacity, high mechanical strength, lower cost, and reduced sensitivity to
pH. Although the chromatographic results were only reasonable, with a resolution of 1.40 for
trans-1-amino-2-indanol, and a separation factor of 1.41 for N-p-tosyl-1,2-diphenylethylenediamine,
the stability and reproducibility of the CSP were emphasized [242].

Similarly to other types of CSPs, the applications of cyclofructan-based CSPs are becoming more
prominent [243,244].
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Figure 7. Chemical structures of cyclofructan-based CSP157–172.

2.9. Molecularly-Imprinted CSPs

A different approach to chiral separation has been applied by using molecularly-imprinted
CSPs. The synthesis of artificial selectors that are specific for a selected target (template) [245] is the
principle of this type of CSPs. Each molecular imprinted CSP can only be applied for a specific type of
analytes, as they are frequently applied on preparative enantioseparation and extraction of the desired
compounds [246].

Several reviews have been devoted to molecularly-imprinted CSPs, mainly focusing on their
developments and the different fields of application [45,88,246–253]. Although the developments
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concerning this type of CSPs are becoming more usual, their enantioresolution performance is currently
not competitive in comparison to the existing CSPs. The most recent developments comprised the
adaptation of this type of CSP to monoliths, nanoparticles, and predominantly to polymers. The
introduction of different supports such as alginate microspheres [254] or polymer functionalized with
quantum dots [255] were also reported as well as the description of different functional monomers and
crosslinking agents [256–259].

Recently, Gutierrez-Climente et al. [245] prepared a new CSP by molecularly-imprinted
nanoparticles on silica beads to reduce the tailing effect, commonly observed with this type of CSPs,
through the reduction of particle size. The influence of some factors, such as the buffer percentage and
concentration, pH, temperature, and column length, on chromatographic performance was evaluated.
Regarding the chromatographic results, a maximum resolution value of 1.44 and a separation factor of
1.45 were obtained for citalopram.

In another study, Yang et al. [260] prepared a molecularly-imprinted polymer on porous silica
gel microspheres to improve the chromatographic performance of a previous developed CSP and to
reduce the analysis time. The new CSP demonstrated a higher affinity than the nonimprinted polymer
with the silica gel, and selectivity for the target analyte, oseltamivir, with a retention factor of 13.5.

The optimization of the capacity of enantioseparation of a molecularly-imprinted monolith using a
molecular crowding agent was recently reported by Wang et al. [261]. The main aim was to enhance the
interactions between the CSP and the target analyte (S)-amlodipine. The composition of mobile phase,
ionic strength, pH, and content of organic modifier were also taken into account when attempting to
improve chromatographic performance [261].

2.10. Other CSPs

Despite the CSPs already mentioned, there are other types of CSPs, such as ligand-exchange,
based on synthetic polymers, among others. The ligand-exchange CSPs do not present significant
recent developments. Regarding polymers, several synthetic polymers can be used as selectors of
CSPs [262]. Nevertheless, despite the interest in this type of material, synthetic polymer-based CSPs
are not yet commercialized.

Regarding synthetic polymers, their classification can be based on the type of polymerization, as
addition or condensation polymers and cross-linked gels, which are prepared resorting to molecular
imprinted technique [263]. A synthetic and optically active polymer can be used for preparation
of CSPs if it possesses a helical conformation, which contributes to the wide range of applications
and effective separations [264]. The chiral recognition mechanism is based on hydrogen-bond, π-π
interactions, and steric factors [45].

As for the other types of CSPs, the CSPs comprising synthetic polymers were the focus of
several reviews [45,55,262–267]. The most recent developments are related with the introduction of
monoliths [267], specifically of nanoparticles and hybrid monoliths. Ding et al. [264] also reported the
use of smart polymers.

Recently, Maeda et al. [268] synthetized derivatives of optically active poly(diphenylacetylene)
with chiral and achiral substituents. The helical structure of the polymer demonstrated to influence the
enantioselectivity. The performance of the CSP was promising, affording excellent enantioselectivity
and resolution, with α = 19.3 and Rs = 15.7 for ruthenium (III) acetylacetonate.

In another recent study, optically active π-conjugated polymers formed by alternated units of
thieno[3–b]cthiophene and glucose-linked biphenyl were prepared, with its backbone conformation
important for the enantioseparation of the obtained CSP [269]. Its performance was satisfactory with a
maximum separation factor of 1.56 for cobalt (II) acetylacetonate.

A stable, porous, and crystalline organic polymer was introduced by Zhang et al. [270]
highlighting its enhanced stability and resolution. The enantioresolution performance of the obtained
CSP was reasonable with a separation factor value of 1.21 for trans-metoconazole, and a resolution of
2.56 value for p-nitrochlorobenzene.
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Additionally, it is important to highlight the introduction of chip-based columns, motivated by the
same factors than the transition for UHPLC, i.e., reduction of analysis time and improve the efficiency;
the adaptation of LC remains challenging due to technical aspects [271–273]. An advantage focused for
this type of columns was the simplicity of the process of its production as referred in the first report by
Manz et al. [274]. More recently, they have been applied to extraction methodologies [275,276]. Despite
the incorporation of micro and nanoparticles, this remains a challenging issue [273]; the introduction
of monolith chip-based columns has already been reported [277].

3. Conclusions

The development of new CSPs for LC is a continuous and challenger issue covering various types
of CSPs. This review gathered the most recent developments associated to different types of CSPs
providing an overview of the advances that are occurring on this research area.

The most recent strategies, summarized in Figure 1, comprised the introduction of new chiral
selectors or new chromatographic supports, and the application of different immobilization or coating
methodologies for preparation of the CSPs. Regarding the chiral selectors, novel structures or analogues
related to previously reported selectors were described as well as the use of hybrid selectors. The focus
in chromatographic supports with lower particle size, the innovation related to the application of new
materials such as monoliths and core-shell particles, as well as the use of hybrid supports, were also
reported. In addition, several non-conventional approaches for immobilization or coating the chiral
selectors to the chromatographic support were included, with particular emphasis to click chemistry as
well as new encapsulation techniques or thermal immobilization without the use of chemical reagents,
among others. Regardless of the type of CSPs, the main objectives of the development strategies were
similar, concerning the improvement of the enantioresolution performance of the CSPs, as well as
the increase of versatility and range of applications. Additionally, the transition to UHPLC and the
possibility of the new CSPs to be used in all elution modes or using mobile phases compatible with
mass spectrometric detection has also been underscored.

Even though several innovative strategies have been applied and several new CSPs were recently
developed, they do not yet go beyond the exploratory stage. Nevertheless, the various strategies
presented constitute an important trigger aiming to achieve new CSPs, as commercially viable products
with high versatility and broad range of analytical and preparative applications or, on the contrary, as
exceptionally efficient for the enantioresolution of specific target analytes.

In our opinion, the development of efficient chromatographic tools for LC enantioresolution is
a subject that should continue to receive special attention, since it has constructive repercussions in
several other research areas, such as biomedical, toxicology and forensic sciences, environment, food
and fragrances, industry, among others. Moreover, the goal of developing a universal CSP remains a
dream to be reached by those working in this research area.
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Abstract: In order to avoid the disadvantage of commonly used resolving agent 1-phenylethylamine
(hereafter: PEA), which is soluble in water, (R)-(+)-benzyl-1-phenylethylamine ((R)-(+)-BPA) was
used to resolve 4-chloromandelic acid (4-ClMA) in this study. The optimal resolution conditions
were determined: absolute ethanol as a solvent, the molar ratio of 4-ClMA to (R)-(+)-BPA as
1:1, the filtration temperature as 15 ◦C, and the amount of solvent as 1.6 mL/1 mmol 4-ClMA.
Thermophysical properties, such as melting point, heat of fusion, and solubility, exhibited significant
differences between the less and more soluble salts. The single crystals for the pair of diastereomeric
salts were cultivated and their crystal structures were examined thoroughly. In addition to commonly
observed interactions like hydrogen bonding and CH/π interactions. The chlorine . . . chlorine
interaction was observed in the less soluble salt presenting as Cl . . . Cl between adjacent hydrogen
network columns, while the Cl/π interaction was observed in the more soluble salt. It was found
that halogen interactions played an important role in chiral recognition of 4-ClMA by (R)-(+)-BPA.

Keywords: chlorine interactions; 4-chloromandelic acid; benzyl-1-phenylethylamine; chiral
discrimination; resolution

1. Introduction

In response to the new guidelines on drugs with chiral centers launched by the U.S. Food and Drug
Administration (FDA) in 1992 [1], significant efforts have been made to develop new methods and/or
improve separation efficiency for obtaining enantiopure pharmaceutical intermediates. These methods
include catalytic asymmetric synthesis, chromatographic resolution, extraction resolution, membrane
resolution, diastereomeric salt resolution, and enzymatic resolution [2–8] (pp. 9–50). Among these
established technologies, optical resolution of racemic substrates through diastereomeric salt formation
is still one of the most practical and economical approaches for an industrial scale production, and it
has been widely used in the pharmaceutical industry. This route holds a number of advantages,
such as the simplicity of crystallization, low cost of operation, recyclability of resolving agents,
and availability of both enantiomers. Although extensive experience has been garnered with more than
10,000 successful reported resolutions, the underlying chiral recognition mechanism in the resolution
is not well understood. There is no concrete principle to guide the selection and design of resolving
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agents. For a given racemate, screening the most suitable resolving agent involves tedious trial and
error procedures, which is time-consuming and laboratory-intensive [7,8] (pp. 9–50).

Investigation was conducted on the crystal structures of a pair of diastereomeric salts formed
between the racemic substrate. The resolving agent is a promising way to study the difference in
stability between two salts and gain insights into the chiral discrimination mechanism. The rationale
has hinged on an expectation of extracting the common and characteristic crystal structure
characteristics of diastereomeric salts in successful resolutions, thus guiding resolving agent selection
for a given racemate. Most research efforts have focused on experimentally obtaining crystal structures
of diastereomeric salts, followed by qualitative analysis of the difference in molecule packing and
intermolecular interactions in the crystal lattices. A number of characteristic features were of great
interest, including the structural similarity [9], relative molecular length [10–12], hydrogen bonding
network [13,14], the CH/π interaction and packing mode of aromatic groups [15,16], and the role of
incorporated solvent molecules in diastereomeric salts [17,18]. Recently, two case studies reported the
role of halogen bonding interactions in diastereomeric resolution [19,20].

Enantiopure mandelic acid and its derivatives are important chiral building blocks. For example,
pure enantiomers of 2-chloromandelic acid (2-ClMA) is used for the production of clopidogrel,
a widely administered anticoagulant [21,22]. Enantiopure 4-chloromandelic acid (4-ClMA) is a
precursor in the preparation of 2-aryloxy-2-arylalkanoic acids for diabetes and lipid disorders
drugs [23]. Phenylethylamine (PEA) is well-recognized as an efficient resolving agent for racemic acidic
substrates [24,25]. In ongoing research on the optical resolution of mandelic acid derivatives [26–29],
we had interesting observations: Using PEA as the most commonly used base resolving agent, 4-ClMA
was resolved efficiently [26] and 3-ClMA was resolved with a moderate efficiency. However, we failed
to resolve 2-ClMA. This indicates that the different position of chlorine in substituted benzene ring led
to a significant difference in chiral discrimination. Although PEA is widely used, its solubility in water
is relatively high (4% at 20 ◦C) in the context of optical resolution [30]. This results in a low recovery of
PEA in downstream processing. Therefore, an additional extraction step is required [31]. To overcome
this challenge, PEA can be modified through the introduction of a benzyl group to its amino group,
creating a new resolving agent, N-benzyl-1-phenylethylamine (BPA). BPA is proven to be an excellent
resolving agent with much lower solubility in water compared to PEA [28]. Since the solubility of BPA
in water at 20 ◦C is only 0.014% [32], BPA can be readily separated from water once the resolution is
completed. A high recovery rate of BPA improves the overall economic variability of optical resolution.
This encouraged us to further explore a resolution of 4-ClMA using optically active (R)-(+)-BPA via
diastereomeric salts formation.

To understand the mechanism of chiral discrimination in this new attempt (resolution of
4-ClMA by optical active BPA), the single crystals of both less and more soluble diastereomeric
salt, (R)-(−)-4-ClMA·(R)-(+)-BPA and (S)-(+)-4-ClMA·(R)-(+)-BPA, were cultivated. From crystal
structural examination, it was found that hydrogen bonds, CH/π interaction, van der Waals interaction,
supramolecular packing mode, and unique interactions related to the chlorine atom were present
in both less soluble and more soluble salts. However, these interactions presented differently.
Such interactions of chlorine were not found in the diastereomeric salts from either the resolution of
4-ClMA with PEA [26] or the resolution of 2-chloremandelic acid with BPA [28].

The chemical structures of 4-ClMA and the resolving agent (R)-(+)-BPA are presented in Figure 1.

 
Figure 1. Chemical structure of 4-chloromandelic acid (4-ClMA) and (R)-(+)-N-benzyl-1-phenylethylamine (BPA).
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2. Results and Discussion

2.1. Solvent Screening and Resolution Condition Determination

As shown in Table 1, racemic 4-ClMA can be resolved by (R)-(+)-BPA in most solvents described
in 3.7. It is difficult to evaluate the efficiency of a resolution process, as the diastereomeric excess
comprises with the yield. The product of diastereomeric excess and yield, termed as optical efficiency
(E), is sometimes adopted to determine the suitable resolution conditions. The resolution efficiency
using 50% ethanol, 2-proponal, acetonitrile, and ethyl acetate is in the range of 87.5–93.2%. This is
considered somewhat high. However, considering the low %d.e. of diastereomeric salts (52.1% to
55.2%), multiple recrystallizations must be performed to obtain enantiomers with 99 %e.e. Therefore,
ethanol with a relatively high %d.e. is chosen as a solvent for the following investigation. Additional
benefit of using ethanol is its low price compared to other solvents.

Table 1. Solvent screening on the resolution of (R,S)-4-ClMA by (R)-(+)-BPA.

4-ClMA/mol BPA/mol Solvent a %d.e. Yield b/% E c/%

0.005 0.005 Methanol 94.5 55.9 52.8
0.005 0.005 Ethanol 94.8 83.1 78.8
0.005 0.005 95% ethanol 96.3 76.3 73.5
0.005 0.005 50% ethanol 55.2 158.5 87.5
0.005 0.005 2-propanol 56.3 156.9 88.4
0.005 0.005 Acetonitrile 52.1 172.0 89.6
0.005 0.005 Ethyl acetate 52.8 176.4 93.2
0.005 0.005 chloroform No salts

a The volume of all solvents used here was 8 mL. b The yield was equal to and resulted at the temperature of filter
of 20 ◦C. c Resolution efficiency E is the product of yield and diastereomeric purity.

Once a suitable solvent was identified, other factors affecting the resolution process were
investigated, including the mole ratio of 4-ClMA to (R)-(+)-BPA, the amount of ethanol solvent,
and the filtration temperature. In order to reduce experiment runs, a three-factor and three-level
orthogonal experiment design, 33, was used. Table S1 summarized the experimental results. Based on
the orthogonal design analysis, the optimal resolution conditions were determined to be the molar
ratio of 4-ClMA to (R)-(+)-BPA of 1:1, the amount of absolute ethanol of 1.6 mL/1 mmol 4-ClMA,
and the filtration temperature of 15 ◦C. The optimal conditions derived from orthogonal design were
verified by experiments. The resolution efficiency E reached 84.3% under such conditions, which is
significantly higher than the resolution efficiency E of 71.4% in the resolution of (R,S)-4-ClMA by
(R)-(+)-PEA, as reported in the literature [26].

2.2. Thermodynamic Properties of Diastereomeric Salts

To explore the chiral recognition ability of (R)-(+)-BPA, the corresponding less and more soluble
salts, (R)-(−)-4-ClMA·(R)-(+)-BPA and (R)-(−)-4-ClMA·(S)-(−)-BPA, were synthesized as described
in Sections 3.3 and 3.4. It is generally common that an efficient separation can be expected when the
difference in melting point of a pair of diastereomeric salt is larger than 20 ◦C. The trends of solubility
difference between diastereomeric salts parallels include differences in melting points and heat of
fusion [33,34]. The thermal properties of the resulting salts were determined and listed in Table 2.
The melting point and solubility differences were significant. The melting point of the less soluble
salt exceeded that of the corresponding more soluble salt by 34.3 ◦C. The difference in heat of fusion
between the less and more soluble salt was 4.83 kJ·mol−1. Table 3 also showed that the solubility ratio
of the more soluble salt (R)-(−)-4-ClMA·(S)-(−)-BPA to less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA
in absolute ethanol at 20 ◦C is 3.3:1.
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Table 2. Thermal properties of diastereomeric salts of (R,S)-4-ClMA and (R)-(+)-BPA.

Solubility a/g
Melting
Point/◦C

Heat of fusion/kJ·mol−1

Less soluble salt 1.47 166.3 57.41
More soluble salt 4.81 132.0 52.58

a Weight (g) of the solute dissolved in 100 g absolute ethanol solvent at 20 ◦C.

The comparison of the aforementioned thermal properties strongly suggests that the less soluble
salt is significantly more stable than the more soluble salt, and the high-resolution efficiency achieved
in the Section 2.1 resulted from such difference in stability.

A binary melting point phase diagram of diastereomeric salts was also established. In general,
diastereomeric salt mixtures are classified into three types: A eutectic conglomerate, a 1:1 addition
compound, and a solid solution [33–36]. The type of diastereomeric salt mixture can be identified
on the basis of a binary melting point phase diagram. The formation of eutectic conglomerate is the
primary condition for resolution. Figure 2 shows the binary melting point phase diagram for a mixture
of (R)-(−)-4-ClMA·(R)-(+)-BPA and (R)-(−)-4-ClMA·(S)-(−)-BPA. This mixture was constructed by
a detailed DSC analysis of mixtures with different compositions of XR, which was the fraction of
more soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA. The system was a eutectic mixture, and the eutectic
composition, Xe, was 0.25 from experimental results, which is in agreement with the Xe of 0.25,
calculated theoretically from thermodynamic Schroder-van-Laar equation [37]. The fact that the
system is a eutectic mixture indicates that the resolution efficiency primarily depends on the difference
in stability between the less and more soluble salts.

To further the understanding of the stability difference between the pair of diastereomeric salts
of BPA and 4-ClMA, the single crystals of the corresponding diastereomeric salts were grown and
examined by X-ray diffraction.
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Figure 2. Binary melting point phase diagram of diastereomeric salts. The circle and square represent
the temperatures at the beginning and the end of fusion, respectively.

2.3. Crystal Structure of Diastereomeric Salts

High-quality single crystals of the less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA were
readily produced in the solvent of 2-propanol. The single crystal of the more soluble salt
(S)-(+)-4-ClMA·(R)-(+)-BPA was obtained in a co-solvent solution of acetonitrile and methanol. Crystals
of (R)-(−)-4-ClMA·(R)-(+)-BPA were colorless rods crystallized in a monoclinic C2 space group
(Appendix A, ccdc 1030316). Each unit cell contained four (R)-(−)-4-ClMA anions and (R)-(+)-BPA
cations. Crystals of (S)-(+)-4-ClMA·(R)-(+)-BPA were colorless plates crystallized in an orthorhombic
P212121 space group (Appendix A, ccdc 1885316). Each unit cell contained four (S)-(+)-4-ClMA anions
and (R)-(+)-BPA cations, as shown in Figure 3. Figure S1 graphically displayed the atomic numbering
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schemes. Detailed crystal data of (R)-(−)-4-ClMA·(R)-(+)-BPA and (S)-(+)-4-ClMA·(R)-(+)-BPA were
summarized in Table S2.

 
Figure 3. Molecules packing in the unit cells of (R)-(−)-4-ClMA·(R)-(+)-BPA (a) and (S)-(+)-4-ClMA·
(R)-(+)-BPA (b).

The arrangement and stacking modes of the organic molecules in the crystal structure mainly
depends on a number of weak intra and/or intermolecular interactions [38–41]. In the context of an
optical resolution through diastereomeric salt formation, a basic compound and an acidic compound
can form various kinds of crystals depending on their molecular structures and functional groups,
respectively. In the process of crystallization, it is well-recognized that these molecules arrange as
compactly as possible through interactions like hydrogen bonding, CH/π, and van der Waals force
to realize the minimization of energy [9–18]. The hydrogen bond was conventionally considered to
be the most important factor in accounting for chiral discrimination because it is stronger than other
interactions in determining the crystal structure. CH/π interaction, which involves a weak hydrogen
bond, has been considered a secondary interaction in comparison with hydrogen bonds. However,
accumulated evidence indicates that CH/π interaction in diastereomeric salt crystal structures may
contribute to chiral discrimination to a considerable extent. Recently, other intermolecular interactions,
like halogen bonds, were found to contribute to chiral discrimination [19,20]. The difference in the
stabilities of diastereomeric salts come from such super-molecular interactions. Therefore, they were
examined in detail as follows.

2.3.1. Hydrogen-Bonding Network

Tables 3 and 4 show the hydrogen-bonding geometry of (R)-(−)-4-ClMA·(R)-(+)-BPA and
(S)-(+)-4-ClMA·(R)-(+)-BPA, respectively.

Table 3. Hydrogen-bonding geometry of (R)-(−)-4-ClMA·(R)-(+)-BPA [Å and ◦].

D-H . . . A d(D-H) d(H . . . A) d(D . . . A) <(DHA)

O3A-H3A . . . O1A a 0.87(2) 1.84(2) 2.6878(15) 164.9(17)
O3A-H3A . . . O2A a 0.87(2) 2.52 (2) 3.1629(14) 130.6(16)
N1B-H1BA . . . O2A a 0.85(2) 1.90(2) 2.7457(16) 176.1(16)
N1B-H1BB . . . O1A 0.98(2) 1.78(2) 2.7337(15) 163.7(18)
N1B-H1BB . . . O3A 0.98(2) 2.42(2) 3.0019(14) 117.4(15)

Symmetry codes: (a) −x + 3/2, y − 1/2, −z + 1.

Table 4. Hydrogen-bonding geometry of (S)-(+)-4-ClMA·(R)-(+)-BPA [Å and ◦].

D-H . . . A d(D-H) d(H . . . A) d(D . . . A) <(DHA)

O(3)-H(3)...O(1) a 0.90(3) 1.81(3) 2.707(3) 170(3)
N(1)-H(1A)...O(1) b 1.04(3) 1.84(3) 2.867(3) 169(2)
N(1)-H(1B)...O(2) c 0.93(3) 1.80(3) 2.690(3) 158(3)

Symmetry codes: (a) x − 1/2, −y + 1/2, −z + 1; (b) x,y + 1,z; (c) x − 1/2, −y + 3/2, −z + 1.
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In the single crystal of the less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA, two intramolecular
hydrogen bonds were found: N1B-H1BB . . . O1A and N1B-H1BB . . . O3A. There also were three
intermolecular hydrogen bonds: N1B-H1BA . . . O2A1, O3A-H3A . . . O2A1, and O3A-H3A . . .
O1A1. The two intramolecular hydrogen bonds were fundamental for the formation of less soluble
salts. Three intermolecular hydrogen bonds, one from the ammonium hydrogen of (R)-(+)-BPA and
neighboring carboxylic oxygen of (R)-(−)-4-ClMA and the other two from the carboxylic hydrogens
of (R)-(−)-4-ClMA and the adjacent carboxylic oxygens, formed the hydrogen network along the
C-axis. As shown in Figure S2, such intermolecular hydrogen bonds formed the one-dimensional
(1D) double-helix chains in the H-bonding network. These results are similar to those reported in the
resolution of 2-ClMA with BPA [28], and different from those formed between primary amines and
carboxylic acids [13,26,27].

There are three types of hydrogen bonds present in crystal structure of the more soluble salt of
(S)-(+)-4-ClMA·(R)-(+)-BPA. Two were ammonium hydrogens of (R)-(+)-BPA with carboxylate oxygens
from adjacent (S)-(+)-4-ClMA molecules: N1-H1A . . . O1 and N1-H1B . . . O2. One was O3-H3 . . .
O1, which was from the hydroxygen hydrogen of (S)-(+)-4-ClMA and carboxylate oxygen from the
neighboring (S)-(+)-4-ClMA. The H-bonding network also presented a pattern of 1D double-helix
chains. There was no significant difference observed in the H-bonding networks between the less
and more soluble salts, implying that chiral recognition did not primarily originate from hydrogen
bond motifs.

2.3.2. CH/π and π/π Interaction

CH/π interaction is considered a weak hydrogen bond and plays an important role in areas
such as crystal packing and molecular recognition. The contribution of the CH/π interaction to chiral
discrimination was recently recognized [15,16,27,42,43]. In this study, we found CH/π interactions
not only within the hydrogen bonding columns, but in adjacent hydrophobic layers in the crystal
structure of the less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA. Specifically, as shown in Figure S3,
CH/π interactions were present between the benzene ring of C3-C4 . . . C8 of (R)-(−)-4-ClMA and
the CH groups C2B-H2B and C5B-H5B at neighboring benzene rings of (R)-(+)-BPA within the
hydrogen-bonding network columns. The CH/π distances were 2.624 Å and 2.740 Å, respectively.
In Figure S4, the CH group at benzyl group of (R)-(+)-BPA in one hydrophobic layer interacted with the
benzene ring of benzyl group of (R)-(+)-BPA from an adjacent layer. The CH/π distance was 2.847 Å.
Additionally, π/π interactions were observed. Interactions formed between the two benzene rings of
(R)-(+)-BPA from the two hydrophobic layers with a distance of 3.365 Å.

However, in the crystal structure of the more soluble salt (S)-(+)-4-ClMA·(R)-(+)-BPA, no such
CH/π interactions were discovered, indicating that the CH/π interactions played a dominant role
in realizing the close packing among hydrophobic layers. This conclusion is consistent with the
observations reported in other studies [15,16,27,28].

2.3.3. Chlorine . . . Chlorine/π Interactions

Excluding hydrogen bonds and CH/π interactions, there are other weak interactions in crystal
structure of salts, such as halogen bonds. Halogen-bonding is a type of weak interaction, and its
strength is comparable to that of hydrogen bonding. The halogen bond has an important role in
molecular assembly in many areas, such as crystal engineering, material science, molecular recognition,
medical design, and organic reaction [40,41]. Although halogen-bonding has attracted much attention
in supramolecular chemistry, there is limited research regarding the role of halogen bonds in the
chiral discrimination of optical resolutions. In 1999, Farina resolved 1,2-dibromohexfluoropropane
with sparteine in the solvent of chloroform, and halogen bonds were first observed to contribute
to the success of this resolution [20]. Kobayashi et al. purposely designed racemic substrates and
resolving agents with halogen atoms and found that halogen-bonding interactions could effectively
stabilize diastereomeric salt crystals [19]. In addition, there are Cl-Cl or Cl/π interactions that cannot
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be considered halogen bonds [40,41,44]. However, they play similar roles in the assembly of molecules.
In this study, chlorine interactions similar to halogen bonds were observed. They presented differently
in less soluble and more soluble salts. This chlorine-involved interaction in the less soluble salt was
the Cl . . . Cl type with a distance of 3.193 Å, as shown in Figure S5. This distance was smaller than
the addition of van der Waal radii of two chlorine atoms (2 × 1.75 Å). Both angles of the C-Cl1 . . .
Cl2 and the Cl1 . . . Cl2-C were 165.27◦, forming a type I Cl . . . Cl interaction, but only type II are
defined as halogen bonds [40]. This Cl . . . Cl interaction connected the hydrogen-bonding network
columns A and C, or B and D, which helped realize a compact packing of these columns. This was due
to the chlorine of the A or B columns, located exactly opposite the neighboring chlorine of the C or D
columns. Therefore, a type I Cl . . . Cl interaction was found to contribute to chiral recognition.

In the more soluble salt (S)-(+)-4-ClMA·(R)-(+)-BPA, there was another weak interaction, Cl/π,
with a distance of 3.328 Å, as shown in Figure S6. This interaction was formed between the chlorine of
(S)-(+)-4-ClMA and the benzene group of (R)-(+)-BPA from the adjacent column, and connected the
hydrogen-bonding network columns A and B, or C and D. C-X . . . π halogen bonds have been reported
in the literature, in which halogen was connected to aliphatic hydrocarbon [45,46], forming C-X/π
angle of 180 ◦C. However, in the more soluble salt, Cl was connected to the benzene ring, as shown in
Figure S6. The angle of C21-Cl1 . . . C13 was 159.52◦, while the angle of C-Cl . . . π was smaller than
159.52◦, both of which were far from 180◦.

Generally, the length (3.193 Å) of the Cl . . . Cl interaction in the less soluble salt was shorter than
that (3.328 Å) in the more soluble salt, and significantly shorter than those of halogen bonds (3.3 Å
to 3.46 Å) reported in the literature [19,20]. This favored a compact packing of the less soluble salt in
addition to the contribution from CH/π or π/π interactions, discussed in Section 2.3.2. The combined
effects of halogen interactions, CH/π and/or π/π interactions significantly increased the stability of
the less soluble salts, and eventually facilitated an efficient chiral discrimination in the resolution of
4-ClMA with (R)-(+)-BPA.

2.3.4. Stacking Mode

In the hydrophobic region, the packing of aromatic groups of less soluble salt
(R)-(−)-4-ClMA·(R)-(+)-BPA and more soluble salt (S)-(+)-4-ClMA·(R)-(+)-BPA was different, as shown
in Figures S7 and S8, respectively.

In the less soluble salt, the benzene rings of (R)-(−)-4-ClMA were arranged in T-shapes relative
to the neighboring benzene ring of (R)-(+)-BPA with an interplanar angle of 93.63◦. This type of
T-shaped packing of aromatic groups has been well-recognized as energetically favorable to crystal
stability [39]. It resulted in a closer packing of columns and benefited the CH/π hydrogen-bonding
interaction between columns in the less soluble salts. The benzene rings from (R)-(−)-4-ClMA were
parallel to one another with a distance of 9.699 Å. This distance is not short enough to account for π/π
interactions. Neither were the benzene rings of (R)-(+)-BPA. Between hydrophobic layers, a “key and
lock” pattern was observed, as shown in Figure S7b. Generally, a planar boundary surface between
hydrophobic layers is favorable, since it is able to tightly stack these layers and stabilize the crystal
structure [9,11,13]. Unfortunately, in this study, the molecular length of BPA was significantly longer
than that of 4-ClMA. Thus, a corrugated boundary surface was formed. The molecules were arranged
in a “key and lock” mode, minimizing steric hindrance. This observation is similar to the packing
mode in the resolution of 2-ClMA and (R)-(+)-BPA [28].

In the more soluble salts, no T-shaped arrangements of aromatic groups were found. The benzene
rings of (R)-(−)-4-ClMA inclined to the neighboring benzene ring of (R)-(+)-BPA. The benzene rings
from (R)-(−)-4-ClMA were parallel to one another with a distance of 9.179 Å, as shown in Figure S8.
A “key and lock” mode was also formed, and the boundary surface was corrugated. Clearly, the “key
and lock” packing in the more soluble salt was less compact compared to that in the less soluble salt.
A relatively larger space and more voids were seen.
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3. Materials and Methods

3.1. Materials

(RS)-4-ClMA with a purity of 99% was purchased from Alfa Aesar Johnson Matthey Company
(WardHill, MA, USA). ®-(+)-BPA and (S)-(−)-BPA, with an optical purity of 99%, were purchased from
Aldrich-Sigma Canada (Oakville, ON, Canada). All solvents were analytically pure, as purchased from
Aldrich-Sigma Canada or Tiechem (Shanghai, China). The methanol/acetonitrile used for HPLC was
HPLC grade and was purchased from Tiechem. Hydroxypropyl-β-cyclopram was purchased from
Shandong Binzhou Zhiyuan Biotechnology Company Ltd. (Binzhou, China).

3.2. Analytical Methods

The melting points and heat of fusion of diastereomeric salts were determined by Mettler Toledo
DSC 822 (Grei-fensee, Switzeland). The samples (3–6 mg) were prepared in a covered aluminum
crucible with a pierced lid to allow the escape of volatiles. The sensors and samples were under nitrogen
purge during the experiments. A heating rate of 5 ◦C/min was employed. The optical purity for the
less soluble salt of (R)-(−)-4-ClMA·(R)-(+)-BPA and more soluble salt of (R)-(−)-4-ClMA·(S)-(+)-BPA
or (S)-(−)-4-ClMA·(R)-(+)-BPA were determined t 25 ◦C by a reverse-phase HPLC equipped
with a cyanopropyl column (UF-CN: 220 × 4.6 mm × 5 μm, Zhongpu Sci. Dalian, China),
with hydroxypropyl-β-cyclodextrin as a chiral mobile phase additive. The HPLC system (Hegong
Instrument, Shanghai, China) consisted of a Vertex STI 5000 pump, a STI UV detector (wavelength
range of 190–700 nm), a 10 μL sample loop (Rheodyne), and a 7725i sampler. The mobile phase was a
mixture of an aqueous buffer (pH of 2.8, 8 mmol/L sodium dihydrogen phosphate and 5 mmol/L
hydroxypropyl-β-cyclodextrin) and methanol with a volumetric ratio of 95:5. The flow rate was
1.0 mL/min and the detector wavelength was set at 220 nm.

Crystal structures of the diastereomeric salts were determined by Single Crystal X-ray Diffraction.
X-ray crystallography for the less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA was carried out at the
Western University in London, Ontario, Canada. Data collection: APEX2 (Bruker, Karlsruhe,
Germany, 2009). Cell refinement: SAINT (Bruker, 2009); Data reduction (SAINT); Programs used to
solve structure: SHELXT (Sheldrick, Göttingen, Germany, 2008); Programs used to refine structure:
SHELXL2014 (Sheldrick, 2008); Molecular graphics: PLATON (Spek, Utrecht, The Netherlands, 2009).
X-ray crystallography for the more soluble salt (S)-(−)-4-ClMA·(R)-(+)-BPA was carried out at Fudan
University in Shanghai, China. Data collection: Bruker SMART; Cell refinement: Bruker SMART;
Data reduction: Bruker SHELXTL; Programs used to solve structure: Bruker SHELXTL; Programs
used to refine structure: SHELXL-2014/7 (Sheldrick, 2014); Molecular graphics: Bruker SHELXTL.

3.3. Preparation of the Less Soluble Salt (R)-(−)-4-ClMA·(R)-(+)-BPA

The less soluble salt was synthesized by enantiopure (R)-(−)-4-ClMA and (R)-(+)-BPA. (R)-(+)-BPA
(1.2 mL, 5.9 mmol) was added dropwise to a solution of (R)-(−)-4-ClMA (1.1 g, 5.9 mmol) in 20 mL
2-propanol, forming white crystals. The slurry was heated to reflux and was kept at the temperature
for 15 min. Subsequently, the mixture was cooled to room temperature. Then, 5 mL hexane was added
to the mixture to suspend the solid, and the crystals were collected by filtration and washed with
2-propanol (1.5 mL × 2) twice to give 2.0 g enantiopure (R)-(−)-4-ClMA·(R)-(+)-BPA with a yield of 85%.
The melting point of the salt was 166 ◦C, specific rotation [α]22

D = −32.0◦ (c = 1, methanol). 1HNMR
(400 MHz, DMSO) δ: 1.37–1.39 (d, 3H, CH3), 2.50 (s, 2H, CH2), 3.91–3.96 (m, 1H, CH), 4.85 (s, 1H, CH),
7.27–7.44 (m, 14H, C6H4 + C6H5 + C6H5). Elemental analysis: Calculated for C23H24ClNO3 (FW397.88)
C: 69.43, H: 6.04, N: 3.52; Found C: 69.26, H: 6.24; N: 3.42.

3.4. Preparation of the More Soluble Salt (R)-(−)-4-ClMA·(S)-(−)-BPA

The more soluble salt (R)-(−)-4-ClMA·(S)-(−)-BPA was synthesized by optical purity
(R)-(−)-4-ClMA and (S)-(−)-BPA. (R)-(+)-BPA (1.1 g, 5.0 mmol) was added dropwise to a solution of
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(R)-(−)-4-ClMA (0.935 g, 5.0 mmol) in 6 mL 2-propanol, and the white crystals appeared. The slurry
was heated to 65 ◦C, the solid was dissolved completely. The solution was kept at 65 ◦C for 0.5 h,
then cooled slowly to 20 ◦C. The crystals were collected by filtration and washed with 2-propanol
(0.75 mL × 2) twice to give 1.72 g enantiopure (R)-(−)-4-ClMA·(S)-(−)-BPA with a yield of 86.3%.
Its melting point was 138.1 ◦C; specific rotation [α]22

D = −51.1◦ (c = 1, methanol), 1HNMR (400 MHz,
DMSO) δ: 1.36–1.38 (d, 3H, CH3), 2.50 (s, 2H, CH2), 3.92–3.94 (m, 1H, CH), 4.84 (s, 1H, CH), 7.21–7.43 (m,
14H, C6H4 + C6H5 + C6H5). Elemental analysis: Calculated for C23H24ClNO3 (FW397.88) C: 69.43,
H: 6.04, N: 3.52; Found C: 69.39, H: 6.25; N: 3.42. The more soluble salt (S)-(+)-4-ClMA·(R)-(+)-BPA,
the enantiomer of (R)-(−)-4-ClMA·(S)-(−)-BPA, was prepared in a similar way, its melting point was
131.2 ◦C, and specific rotation [α]22

D = +51.4◦ (c = 1, methanol).

3.5. Solubility Determination

The solubilities of less and more soluble salts were measured by a synthetic method [47].
The diastereomeric salts were weighed and added in the barrel-type test tube with a thermometer,
then the tube was set in a jacket glass flask with a temperature control. A certain amount of
absolute ethanol solvent was added dropwise into the tube, and the mixture was stirred at a constant
temperature of 20 ◦C for at least 15 min. Ethanol was continuously added until the diastereomeric
salts were completely dissolved. The quantity of added absolute ethanol were weighed accurately to
determine the solubilities of two diastereomeric salts. The measurement was performed in duplicate
and the average value was reported in this paper. The accuracy of balance was ±1 mg.

3.6. Determination of Binary Phase Diagram of Diastereomeric Salts

A weighed amount of pure less soluble salt (R)-(−)-4-ClMA·(R)-(+)-BPA and more soluble salt
(R)-(−)-4-ClMA·(S)-(−)-BPA were mixed in a mortar and dissolved in a small amount of absolute
methanol. The solid appeared in the mortar and the slurry was crushed until the methanol evaporated
completely to give a uniform mixture with a different diastereomeric composition. The resolution of
the electronic balance was 0.01 mg. The binary melting point phase diagram was established by using
Mettler Toledo DSC 822e differential scanning calorimeter (Greifense, Switzerland) by measuring the
temperature at the beginning and the end of fusion of diastereomeric salt mixtures.

3.7. Resolution Procedure

A typical resolution process is described as follows: 4-ClMA (0.935 g, 0.005 mol) and 8 mL absolute
ethanol were mixed in a 20 mL bottle under magnetic stirring at room temperature to form a complete
dissolution of 4-ClMA. (R)-(+)-BPA (1.05 g, 0.005 mol) was added dropwise into the solution and white
crystals, namely diastereomeric salts, soon appeared. The mixture was heated by a water bath to 72 ◦C
and stayed at the temperature for 15 min, and the solid was completely dissolved. The solution was
then cooled slowly to 20 ◦C and stayed for 15 min, the precipitated crystalline salts were collected
by filtration and washed with cold absolute ethanol (1 mL × 2) twice. The obtained diastereomeric
salt was 0.82 g with a yield of 81.8% (on the basis of (R)-(−)-4-ClMA·(R)-(+)-BPA in the mixture).
Its melting point was 164.6 ◦C, specific rotation [α]22

D = −27.7◦ (c = 1, methanol), the optical purity
was 94.8 %d.e. based on the following formula.

Diastereomeric excess : %d.e. =
[α]22

D − 51.1◦

−32.0◦ − 51.1◦ (1)

Here, [α]22
D represents the specific rotation of the precipitated salts from a resolution process,

the specific rotation of (R)-(−)-4-ClMA·(R)-(+)-BPA (less soluble salt) was −32.0◦, and that of
(R)-(−)-4-ClMA·(S)-(−)-BPA (more soluble salt) was −51.1◦. The optical purity calculated by the
formula above was in a good agreement with the optical purity determined on a chiral column using
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HPLC. Therefore, diastereomeric purity of the salts determined by the specific rotation was used in
this study due to the convenience in its measurement compared to the measurement using HPLC.

4. Conclusions

In the resolution of 4-Chloromandelic acid with (R)-(+)-benzyl-1-phenylethylamine, the resulting
less soluble and more soluble diastereomeric salts exhibited significant differences in their
thermodynamic properties, including melting points of 166.3 ◦C and 132.0 ◦C, enthalpy of fusion of
57.41 KJ/mol and 52.58 KJ/mol, and solubility of 1.47 g/100 g ethanol and 4.82 g/100 g ethanol,
respectively. These differences originated from the distinct supramolecular interactions in the
crystal lattice of the pair of diastereomeric salts. In addition to well-recognized hydrogen-bonding,
CH/π interactions and aromatic groups packing, halogen involved interactions, such as Cl . . . Cl
and Cl/π. These interactions were observed, and they demonstrated significant contributions to
chiral discrimination.

Supplementary Materials: The following are available online, Table S1: The Orthogonal Experiment Result for
the Resolution of (R,S)-4-ClMA by (R)-(+)-BPA; Table S2: Crystal Structure Data of (R)-(−)-4-ClMA·(R)-(+)-BPA
and (S)-(+)-4-ClMA·(R)-(+)-BPA; Figure S1: Atomic-numbering Schemes of (R)-(−)-4-ClMA·(R)-(+)-BPA (a) and
(S)-(+)-4-ClMA·(R)-(+)-BPA (b); Figure S2: The H-bonding network in the less soluble salt (a and b) and more
soluble salt (c and d). The red parts represent carboxylate anions of 4-ClMA and the blue parts represent
ammonium cations of BPA; Figure S3: The CH/π interactions within hydrogen column of less soluble salt;
Figure S4: The CH/π interactions between adjacent hydrophobic layers of less soluble salt. Viewed from b-axis.;
Figure S5: The Cl . . . Cl interactions between adjacent hydrogen bonding net work columns and the view of
adjacent four columns from b-axis in the less soluble salt (a) viewed from a-axis; (b) viewed from b-axis; Figure S6:
The Cl/πhalogen bonds interactions between columns and the view of adjacent four columns from a-axis in the
more soluble salt (a) viewed from b-axis; (b) viewed from a-axis.; Figure S7: Packing mode of the less soluble salt
in hydrophobic region, (a) The distance of benzene rings, (b) the packing mode of hydrophobic layers (viewed
from b-axis); Figure S8: Packing mode of the more soluble salt in hydrophobic region, a. The distance between
benzene rings, b. the packing mode of hydrophobic layers (viewed from b-axis).
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Appendix A

The crystal data of (R)-(−)-4-ClMA·(R)-(+)-BPA and (S)-(+)-4-ClMA·(R)-(+)-BPA is available for
reference at CCDC 1030316 and 1885316.
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Abstract: The distinct pharmacodynamic and pharmacokinetic properties of enantiopure sulfoxide
drugs have stimulated us to systematically investigate their chiral separation, stereochemical
assignment, and chiral recognition mechanism. Herein, four clinically widely-used sulfoxide drugs
were chosen and optically resolved on various chiral stationary phases (CSPs). Theoretical simulations
including electronic circular dichroism (ECD) calculation and molecular docking were adopted to
assign the stereochemistry and reveal the underlying chiral recognition mechanism. Our results
showed that the sequence of calculated mean binding energies between each pair of enantiomers
and CSP matched exactly with experimentally observed enantiomeric elution order (EEO). It was
also found that the length of hydrogen bond might contribute dominantly the interaction between
two enantiomers and CSP. We hope our study could provide a fresh perspective to explore the
stereochemistry and chiral recognition mechanism of chiral drugs.

Keywords: chiral sulfoxide drugs; enantiomer elution order; electronic circular dichroism; quantum
chemical calculation; molecular docking

1. Introduction

Chirality has a profound impact on the chemical processes of biology. Sulfur is an important
bio-element, whose certain compounds can exhibit chirality such as sulfoxides, or sulfoximines.
Although chiral sulfur compounds have received much less attention than chiral carbon compounds,
chiral sulfoxides possessing a pyramidal structure comprise a unique class of drugs containing a
chiral heteroatom [1]. The high enantioselectivity of biological events has prompted researchers to
develop enantiopure sulfoxide drugs due to their distinct pharmacodynamic and pharmacokinetic
properties [2,3]. In addition to its application in medicinal chemistry, sulfoxide is also significant
functional group for its use as a ligand and chiral auxiliary in asymmetric synthesis [4,5].

Compounds 1–4 (Figure 1) are clinically widely-used sulfoxide-containing drugs, and represent
two typical structures of sulfoxides, i.e., aromatic alkyl sulfoxides (1, 2, 4) and alkyl sulfoxide (3).
Both 1 and 2 earned enough attention because of marvelous market success, and 3 is a wake-promoting
drug used in the war [6–8]. Recently, the non-steroidal anti-inflammatory drug 4 and its derivatives
aroused the interest of researchers for its potent anticancer effect [9,10].

In the last two decades, hundreds of papers reported the chiral separation methods of sulfoxides
including capillary electrophoresis [11,12], chemical resolution [13,14], HPLC [15–18], and supercritical
fluid chromatography [19,20]. Amongst all, we focused on chiral HPLC, which might be a favorable
and effective way for both analytical and preparative separations of chiral compounds [21]. There are
several HPLC methods using different types of CSPs for 1, 2, and 3 [7,16,22–30]. Relatively few studies
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have been reported on the synthesis and chiral enantioseparation of 4 [31–36]. Although the piecemeal
chiral separation of these compounds was previously reported, a systematic and comprehensive study
is beneficial to seek for general clues to the separation of chiral sulfoxide drugs.

 
Figure 1. Chemical structures of chiral sulfoxides.

Absolute configuration (AC) assignment is crucial for the stereochemical characterization of
chiral compounds. For these four drugs, this was previously fulfilled by single-crystal X-ray
diffraction, chemical synthesis, or comparison of circular dichroism spectra with their strongly
correlatives [7,24,29,34,37–39]. However, it might be interesting and useful to establish directly
their stereochemistry without reference samples and spectra. Presently, ECD spectra together
with quantum chemical calculations using time-dependent density functional theory (TDDFT) have
provided a feasible and reliable way to facilitate the AC assignments of chiral drugs and natural
products [15,18,40–44]. Hence, TDDFT calculations will be adopted to simulate ECD spectra of
sulfoxides in this study.

Recently, rapid development of binding energy computation software has revolutionized the
study and elucidation of chiral separation mechanism, and binding energy computation could be
applied to reproduce the elution orders of enantiomers [44,45]. In this work, we selected these four
sulfoxide drugs to take a systematic experimental and theoretical investigation, for the aim of disclosing
some potential regulation during the process of chiral separation and characterization of sulfoxides.
Specially, chiral resolution of 1–4 will be tested on commercially available and cost-effective Chiralpak
AD-H, AS-H, Chiralcel OD-H, and OJ-H chiral columns, followed by AC assignment and chiral
separation mechanism analysis.

2. Results and Discussion

2.1. Chiral Resolution of 1–4

2.1.1. Factors Affecting Optical Resolution

The influence of the flow rate, mobile phase composition, column temperature, and acidic
modifier on resolution was taken into consideration. With the increasing proportion of n-hexane
(n-Hex) in the mobile phase, Rs increased in a non-linear manner (Figure S1A). It was manifested that
Rs changed slightly with increasing temperature (Figure S1B) and steadily decreased when the flow
rate increased from 0.5 to 1.0 mL/min (Figure S1C). Additionally, the column temperature can also
affect the protonation of analytes and the CSP, which can then alter the chiral interactions between the
solute and the stationary phase.
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The great concern about the tailing phenomenon of acid compound 4 can be overcome using
an acidic additive like formic acid (FA). Preliminary study showed that resolution of racemic 4

could only be attained on the Chiralpak AD-H column herein, and FA was then added to make a
flagrant contrast. Fortunately, FA could achieve better separation of 4 through decreasing tailing,
sharpening the peaks, and improving the selectivity (Table S1 and Figure S2). FA in the mobile
phase might protonate both 4 and residual -NH- groups on CSP arising from the weak protonation
capability of FA. Hence, non-enantioselective association between 4 and the CSP was partly inhibited.
Subsequently, it improved the mass transfer, which greatly enhanced the chiral recognition ability of
the stationary phase.

2.1.2. The Optimal Resolution and Enantiomeric Elution Order

The separation conditions for compounds 1–4 on four chiral columns are listed in Table 1, and the
optimal UV and ECD chromatograms are shown in Figure 2 and Figures S3–S6. The more satisfactory
results of optimal resolution of racemic 1 on the Chiralpak AD-H column, 2 on the Chiralcel OD-H
column, 3 on the Chiralpak AS-H column, and 4 on the Chiralpak AD-H column were 6.63, 3.48, 7.46,
and 8.39, respectively. Most of the separations were obtained by using n-Hex/EtOH as the mobile
phase. The different elution abilities between EtOH and IPA may be due to the polarity and capability
to form hydrogen bonds with CSPs.

Table 1. Comparison of sulfoxide drugs on chiral columns.

CSP Compound Mobile Phase (v/v)
tR1

(min)
tR2

(min)
k1 k2 α Rs Sign e

AD-H

1 n-Hex:EtOH (60:40) a,c 12.97 20.26 3.32 5.80 1.75 6.63 (S)-(−)

2
n-Hex:IPA
(80:20) a,d 18.89 21.04 5.30 6.01 1.13 2.02 (S)-(−)

3 n-Hex:EtOH (80:20) a,c 19.88 26.00 2.98 4.20 1.45 5.85 (R)-(−)

4
n-Hex:FA:EtOH

(80:0.1:20) a,c 14.96 22.87 1.99 3.57 1.79 8.39 (S)-(−)

AS-H
1 n-Hex:EtOH (60:40) b,c 8.11 12.45 1.70 3.15 1.85 5.54 (R)-(+)

3
n-Hex:EtOH

(60:40) b,d 13.64 21.83 1.73 3.37 1.95 7.46 (S)-(+)

OD-H
1 n-Hex:EtOH (90:10) a,d 18.16 22.40 5.05 6.47 1.28 2.54 (S)-(−)

2
n-Hex:IPA
(80:20) a,c 18.48 27.43 5.16 8.14 1.58 3.48 (R)-(+)

OJ-H
2

n-Hex:EtOH
(95:5) a,d 33.95 36.68 10.31 11.22 1.09 1.67 (R)-(+)

3
n-Hex:EtOH

(55:45) b,d 16.06 21.01 2.21 3.20 1.46 5.43 (S)-(+)

Retention factor k = (t1 − t0)/t0, Resolution factor Rs = 2(t2 − t1)/(w1 + w2). t1, t2 is retention time of enantiomer.
t0 is dead time. w1, w2 is peak width of enantiomer. Selectivity factor α = k2/k1 = (t2 − t0)/(t1 − t0)].
Detection wavelengths of 1–4 are 275, 275, 240, and 285 nm, respectively. a Flow rate: 1 mL/min. b Flow
rate: 0.8 mL/min. c Column temperature: 30 ◦C. d Column temperature: 25 ◦C. e Sign of the absolute configuration
of the first eluted enantiomer.
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Figure 2. The UV (a) and ECD chromatograms (b) of racemic 1–4 on various columns. 1 on the
ChiralPak AD-H column, 2 on the Chiralcel OD-H column, 3 on the ChiralPak AS-H column, and 4 on
the ChiralPak AD-H column. Detection wavelengths of 1–4 are 275, 275, 240, and 285 nm, respectively.

It is an important issue to determine the EEO in chiral HPLC separations [46]. As demonstrated
in Table 1 and Figure S7, the EEO on polysaccharide-based CSP was reversed (the details shown in
Section 2.2) when the type of chiral columns or mobile phase composition were changed, which was
consistent with the literature [24,47]. For compound 1, the EEO changed when EtOH was replaced
with IPA as the polar modifier on Chiralpak AD-H column (Figure S7). Similar situation was reported
earlier for several chiral sulfoxides, showing that the change in the structure of chiral selector and
composition of mobile phase might cause an opposite affinity pattern of enantiomers [16,23,24,39].

2.2. AC Assignments of 1–4

2.2.1. Experimental UV and ECD Spectra

It is significant to directly assign the AC of each peak in the HPLC chromatograms.
Without available ECD spectra of enantiopure standard samples, it is essential to establish their
AC using a reliable method. In this work, we fell back on ECD spectroscopy together with
quantum chemical calculations, which has been widely applied in the AC assignments of chiral
organic molecules.

Experimental ECD and UV spectra of all enantiomers of 1–4 in MeOH were obtained (Figure 3).
The experimental UV spectra of aromatic alkyl sulfoxides (1, 2) seem to be similar. The UV spectrum
of 1 manifests two absorption bands at 205 nm and 300 nm, and that of 2 is slightly blue shifted with
an absorption peak at 285 nm, but a shoulder peak at 222 nm. Only one shoulder peak at 225 nm
appeared in the UV spectrum of alkyl sulfoxide 3. For aromatic methyl sulfoxide 4, there are two
absorption bands at 290 nm and 330 nm in its UV spectrum.

It is well known that a pair of enantiomers would share the same UV spectra and have mirrored
ECD spectra. Though aromatic alkyl sulfoxides (1, 2, 4) show the broad peak in the ECD spectra, all
these ECD spectra possess an obvious couplet-like feature, which is common in sulfoxide-containing
compounds [48]. In the ECD spectra of enantiomeric 1, peak 1a presented two negative Cotton effects
(CEs) at 300 nm and 268 nm, followed by an intense positive CE at 232 nm, which could be regarded
as two branches of a negative, non-degenerate couplet-like feature. Peak 2a shows a strong positive
CE at 270 nm and a negative CE at 222 nm in the ECD spectrum. The ECD spectrum of peak 3a shows
a positive couplet-like feature consisting of two bands, with the first positive CE being at 238 nm and
the second negative peak at 216 nm. Nevertheless, peak 4a gives a wide negative CE signal over a
broad range of 235–375 nm, followed by an obvious positive CE peak at 217 nm.
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Figure 3. Comparison of experimental and calculated ECD (top) and UV (bottom) spectra of the
stereoisomers (a–d). Solid: experimental in methanol, Dashed: theoretical values, and UV-corrected,
bandwidth of 1–4 is 0.20 eV, 0.30 eV, 0.30 eV, and 0.40 eV, respectively. The enantiopure isomers of 1–4

were prepared under the optimal separation condition of our study, on ChiralPak AD-H, Chiralcel
OD-H, ChiralPak AS-H and AD-H columns, respectively. Calculated spectra are Boltzmann averages
from calculated spectra of each single conformer.

2.2.2. TDDFT Calculation of UV/ECD Spectra

To simulate UV and ECD spectra of 1–4, it is vital to choose suitable combinations of hybrid
functional and basis sets [49]. These calculation parameters might greatly affect TDDFT calculated
spectra, thus leading to ambiguous AC judgment. Hence, four different hybrid functional/basis set
combinations were adopted to verify the consistency of AC assignments. Geometry optimizations and
frequency calculations were run at the B3LYP/6-31G(d) and B3LYP/6-31+G(d,p) levels. ECD spectra
were predicted employing various combinations of B3LYP and Cam-B3LYP hybrid functionals and
6-31G(d) and 6-311+G(d,p) basis sets. Fortunately, the calculation did give an unambiguous answer to
the AC assignment after UV correction if necessary (Figure S8).

Typically, both UV corrections and intensity scaling are applied when the calculated spectra
is compared with an experimentally collected one. The best performing calculation method
of sulfoxides 1–3 was the B3LYP/6-31G(d)//B3LYP/6-31G(d) basis set level, and that of 4 was
B3LYP/6-311+G(d,p)//CAM- B3LYP/6-311+G(d,p).

The optimal match with the experimental spectra is shown in Figure 3. The first eluted enantiomer
of 1 on AD-H, 3 on AS-H and 4 on AD-H were thus assigned as S, and 2 on OD-H was assigned
as R. The agreement between the calculated and experimental ECD spectra of compounds 1–3 is
almost perfect. The maximum absorption peak of the calculated UV spectra of 4 is at 370 nm, and the
experimental UV spectra of 4 shows two absorption bands at 290 nm and 330 nm. In the ECD spectra
of enantiomer of 4, two separate CEs over the range of 240–350 nm are merged into one broad CE.
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Moreover, the AC of each peak of 1–4 on different chiral columns was also assigned (). The AC
judgments of 1, 2, and 4 obtained by the TDDFT calculation are consistent with the previously reported
results [24,34].

2.2.3. Electron Transitions

Chemical structures of both alkyl sulfoxides 1 and 2 include a substituted pyridyl ring, a
benzimidazole ring, and a methyl sulfoxide group. In their ECD spectra, the CEs at 270 nm are
associated with two electronic transitions from the sulfoxide chiral center to the benzimidazole ring
and the pyridine ring itself. The CE at 230 nm is assignable to π→π* transitions from π-type S=O
orbital to the benzene ring and the charge transfer transition in the pyridine ring itself. Compared with
1, the ECD spectrum of 2 was slightly blue-shifted, which was due to the electron-withdrawing effect
of CF3 group.

The first CE of alkyl sulfoxide 3 at 238 nm resulted from benzene 1La transition, and the second
band at 216 nm might be attributed to the sulfinyl group n-π* transition. The oxygen lone pair and
π*-type S=O orbitals are heavily mixed with σ and σ*-type S-C orbitals, respectively [50]. The large
conjugated aromatic ring leads to a UV spectrum of aromatic methyl sulfoxide 4, which is distinct
from the obtained spectra of the other sulfoxide drugs. The wide absorption band may be assigned to
the phenyl 1La and 1Lb transitions. The experimental ECD spectra of 4 appeared a broad peak in the
range of 235–375 nm. The second CE of 4 at 220 nm may correspond to the sulfoxide-centered (O=S<)
n→π* transition.

2.3. Chiral Separation Mechanism and Molecular Docking

The chiral recognition mechanism of polymer-based CSPs is much more complex, because their
chiral recognition usually depends on their higher-order structure and the steric fit of the analyte
inside the chiral cavity [51,52]. The sulfinyl (>S=O) group, the carbonyl (C=O) group, -OH and -NH
groups, the phenyl moiety, benzimidazole, and the pyridyl group in the structure of chiral sulfoxide
drugs may form a hydrogen bond, a dipole–dipole bond, π-π interactions and hydrophobic interaction
with C=O, -NH- group and the aromatic ring of CSPs. The π-electron density, steric hindrance,
various conformations and spatial structures of the polysaccharide glucose unit on CSPs will affect
the interaction between the CSPs and chiral molecules [53]. The different types and intensity of
the interactions between the sulfoxide compounds and CSPs bring about different chiral separation
phenomena. However, recent studies and real understanding of the recognition mechanisms of
polysaccharide-based CSPs are far behind their practical applications.

2.3.1. Common Structural Features

During the molecular docking process of 1–4, 100 conformers of each enantiomer were generated
and divided into different clusters (Figure S9). The common features of the most populated
conformational cluster of 1–4 (Figure 4) were created to describe the structural characteristics and
better explain the chiral separation mechanisms. There are three types of groups in 1 and 2 which
may interact with the CSP, namely, hydrogen bond acceptors (HBA) O=S<, hydrogen bond donors
(HBD) -NH-, and hydrophobic moieties (HY) -phenyl/-CF3. The features of 3 include HBA O=S<,
HBD NH2 and aromatic ring (AR) phenyl. The features of 4 are HBA (O=S<), HY (-CH3), AR (phenyl)
and negative ionizable (NI, -COOH). The apparent difference between the R and S enantiomer of 1–4

is the distance of pharmacophores shown in Figure 4. The differences of distance may influence the
stability of the complexes during separation, resulting in different elution of enantiomers.
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Figure 4. Pharmacophores of 1–4 conformers over the most populated cluster. HBA: green, HBD:
purple, HY: light blue, AR: orange, NI: mazarine.

2.3.2. Molecular Interactions between Analytes and CSPs

The interactions between the enantiomers of 1–4 and CSP of the Chiralpak AD-H column are
shown in Figure S10. The ligand is depicted as sticks, surrounded by a molecular surface, which is
colored according to the interaction with the CSP. Meanwhile, hydrogen bonds are shown as a string
of small green spheres. Both enantiomers of 1–4 can form one hydrogen bond with the CSP of the
Chiralpak AD-H column.

For the enantiomers of 1, the methoxy group forms a hydrogen bond with an -NH- group of CSP.
As for the enantiomers of 2, one hydrogen bond exists between the O=S< and the amino group of
CSP. The carbonyl of 3 interacts with amino moiety of the CSP through a hydrogen bond. There is
a hydrogen bond existing between -COOH of 4 and -NH- of the CSP. For 1, 2, and 4, the length of
the hydrogen bond of the (R)-stereoisomer is shorter than that of the (S)-stereoisomer and this is in
accordance with the elution sequence on the Chiralpak AD-H column. On the contrary, the length of
the hydrogen bond of (R)-3 (2.195 Å) is longer than that of (S)-3 (2.09 Å), and the elution time of (S)-3
is longer on the Chiralpak AD-H column. These results suggest that a shorter hydrogen bond may
ensure the stability of the enantiomer in the stationary phase.

2.3.3. Mean Binding Energy

As we know, the enantiomer with lower binding energy could bind more closely to the CSPs
and will subsequently be eluted after the other enantiomer. Mean binding energy between the two
enantiomers of 1–4 and the CSP of the Chiralpak AD-H column are listed in Table 2. The results are
concurrent with the elution orders observed in the experiment.

It is obvious that the enantiomer with a shorter hydrogen bond is more stable than the other
enantiomer during the process of elution. Consequently, hydrogen bonding plays a highly important
role in the chromatographic separation of sulfoxides on Chiralpak AD-H column. Our result is
consistent with high-resolution magic angle spinning nuclear magnetic resonance spectroscopy
experiments that the molecular bases for the chiral recognition were the proton interactions between
1 and amylose-based CSP [54]. This also suggests that docking simulations could be adopted to
reproduce the elution orders of the enantiomers by the mean binding energy calculations and explain
the chiral separation mechanisms visually through the image. Since the mechanisms involved in chiral
recognition are complex, a perfect molecular docking method is still a challenging task. We believe
our results will aid the development of molecular docking in the application of chiral sulfoxide drugs
separation on polysaccharide-based columns.

139



Molecules 2018, 23, 2680

Table 2. The calculated average binding energies for compounds 1–4 on the ChiralPak AD-H column.

Entry
Mean Binding Energy

(kcal/mol)
The Length of Hydrogen

Bond (Å)
Elution Time

(min)
Rs

(R)-1 −5.87 1.932 20.26
6.63(S)-1 −5.43 2.003 12.97

(R)-2 −6.71 2.054 21.04
2.02(S)-2 −6.01 2.232 18.89

(R)-3 −7.19 2.195 19.88
5.85(S)-3 −7.82 2.090 26.00

(R)-4 −7.92 1.762 22.87
8.39(S)-4 −6.52 2.016 14.96

3. Materials and Methods

3.1. Materials and Reagents

Sulfoxides 1–4 were purchased from National Institutes for Food and Drug Control of China
(Beijing, China). All solvents including n-hexane (n-Hex), iso-propyl alcohol (IPA), methanol (MeOH),
and ethanol (EtOH) were of HPLC grade. Formic acid (FA) is used as an acidic additive.

3.2. Chromatographic Conditions

Compounds 1–4 were separated on a Jasco HPLC system consisting of a PU-2089 pump,
an AS-2055 sampler, a CO-2060 column thermostat, a MD-2010 detector and a CD-2095 detector.
All the chiral columns including Chiralpak AD-H, AS-H, Chiralcel OD-H, and OJ-H (Daicel Chemical
Industries, Tokyo, Japan) were 250 × 4.6 mm i.d. with a 5 μm particle size. The detection wavelength
of 1–4 was set at 275, 275, 240, and 285 nm, respectively. The chromatographic parameters for the
enantioselectivity evaluation of the CSPs including retention factor (k), separation factor (α), and
resolution factor (Rs) for the enantiomers were calculated.

The samples dissolved in EtOH: n-Hex (80:20, v/v) were formulated as the solution of 2 mg/mL
for analysis and 5 mg/mL for preparation. The enantiopure isomers of 1–4 were prepared under the
optimal separation condition of our study, on Chiralpak AD-H, Chiralcel OD-H, Chiralpak AS-H and
AD-H columns, respectively. Also, the high enantiomeric purities (enantiomeric excesses >99%) of the
isolated sulfoxide enantiomers were verified by the enantioselective HPLC system.

3.3. ECD Experiments

ECD analysis of the sulfoxide enantiomers was carried out in MeOH on a Jasco J-815 spectrometer.
A quartz cuvette with a 1 mm path length was used. The detection wavelength was at 200–400 nm.
The spectra were baseline-corrected against MeOH.

3.4. Computational Methods

3.4.1. TDDFT Computations

All calculations have been performed on S configuration of 1–4. Preliminary conformational
analysis was carried out with the use of the MMFF94 molecular mechanics force field via the MOE
software package (Chemical Computing Group, Montreal, QC, Canada) [55]. Geometry optimization
and frequency calculation of the MMFF94 conformers were then performed at the B3LYP/6-31G(d) and
B3LYP/6-311+G(d,p) levels by using Gaussian 09 (Gaussian, Wallingford, CT, USA) [56]. ECD spectra
were predicted employing various combinations of B3LYP or Cam-B3LYP hybrid functionals and
6-31G(d), 6-311+G(d,p) basis sets. All calculations were conducted with the PCM solvation model
for MeOH. Calculated UV and ECD spectra of each conformer were simulated at the bandwidth
of 0.20–0.40 eV, and the overall spectra were obtained according to the Boltzmann weighting of all
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conformers. Theoretical ECD and UV spectra were blue-shifted to facilitate the comparison with
experimental data if necessary.

3.4.2. Molecular Docking

The 3D-polymer structure of Chiralpak AD-H amylose derivative CSP (AD-12mer.pdb) was
downloaded from http://pubs.acs.org [57]. The structure of chiral selector is composed of two
AD-12mer.pdb molecules to form “tube-mode” [44]. The structure of AD-H was minimized by means
of R2 Dreiding force field using Discovery Studio 2017 software. The structures of the enantiomers of
1–4 were minimized in CHARMM force field. AutoDock 4.2.6 (Scripps Research Institute, La Jolla, CA,
USA) [58] was adopted to simulate molecular docking. During the docking process, the grid box was
set to 30 × 30 × 30 (Å) with 0.375 Å spacing for 1, 3, and 4, 40 × 40 × 40 (Å) with 0.375 Å spacing for 2.

In consideration of the solvent effect of the mobile phase, the dielectric constant of 1–4 was
respectively set as 10.668, 5.248, 6.124, and 6.124 based on the weighted average of the mixed
mobile phase on the AD-H chiral column. Lamarckian genetic algorithm was used to generate
100 conformations.

4. Conclusions

Herein, a systematic study including chromatographic resolution, stereochemical assignment and
chiral recognition mechanism of four chiral sulfoxide drugs (1–4) is conducted. All four compounds
have been completely separated on a Chiralpak AD-H column (Figure S11). Among the tested
conditions, n-Hex/EtOH as mobile phase is shown to be favorable for the separation of sulfoxides.
EEO inversions were observed when the types of chiral columns or mobile phase composition changed.
In this work, comparison of the ECD spectra with the TDDFT calculated data provided a robust way
to assign the AC of their stereoisomers. Moreover, the observed EEOs were found to be in accord with
mean binding energy calculations. The docking simulation could also explain visually the underlying
chiral separation mechanisms. This work has the potential to build up an experimental and theoretical
methodology to facilitate the stereochemistry and chiral recognition mechanism of chiral drugs.
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S8. Conformational distribution of enantiomers 1–4 during the docking process. (10) Figure S9. Comparison
of TDDFT-calculated ECD and UV spectra. (11) Figure S10. Interactions between two enantiomers of 1–4 and
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chiral columns.
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Abstract: Drug transporters mediate the absorption, tissue distribution, and excretion of drugs.
The cDNAs of P-glycoprotein, multidrug resistance proteins (MRPs/ABCC), breast cancer resistance
protein (BCRP/ABCG2), peptide transporters (PEPTs/SLC15), proton-coupled folate transporters
(PCFT/SLC46A1), organic anion transporting polypeptides (OATPs/SLCO), organic anion transporters
(OATs/SLC22), organic cation transporters (OCTs/SLC22), and multidrug and toxin extrusions
(MATEs/SLC47) have been isolated, and their functions have been elucidated. Enantioselectivity
has been demonstrated in the pharmacokinetics and efficacy of drugs, and is important for elucidating
the relationship with recognition of drugs by drug transporters from a chiral aspect. Enantioselectivity
in the transport of drugs by drug transporters and the inhibitory effects of drugs on drug transporters
has been summarized in this review.

Keywords: drug transporter; enantioselectivity; transport; inhibition; pharmacokinetics

1. Introduction

Many drugs are chiral, and each enantiomer may exhibit specific therapeutic efficacy. For example,
several nonsteroidal antiinflammatory drugs (NSAIDs) have an asymmetric carbon in their chemical
structures, and the (S)-enantiomers exhibit stronger inhibitory potencies against cyclooxygenases [1].
The (S)-enantiomer of naproxen is commercially available. We examined the enantioselective effects of
flurbiprofen on the disposition of lithium in rats, and demonstrated that the (S)-enantiomer, but not
the (R)-enantiomer, decreased the renal clearance of lithium with the impairment of renal function [2].
The anticoagulant drug warfarin is also chiral. Warfarin is orally administered as the racemate and
exhibits enantioselectivity not only in its pharmacological effects, but also in its pharmacokinetics.
(S)-Warfarin has greater anticoagulant potency than the (R)-enantiomer [3]. (S)-Warfarin is metabolized
by cytochrome P450 (CYP) 2C9, and the metabolism of the (R)-enantiomer is mediated by CYP1A2
and CYP3A4 [4]. The development of drugs with enantioselective pharmacokinetic properties, such as
esomeprazole, has recently been accomplished. This proton pump inhibitor is the (S)-enantiomer of
omeprazole, which is the racemate. Both enantiomers exert identical effects on H+, K+-ATPase [5],
but exhibit different pharmacokinetic characteristics. The clearance of esomeprazole is lower than that
of the (R)-enantiomer [6]. Furthermore, the metabolism of the (R)-enantiomer is mainly mediated by
CYP2C19, which exhibits a genetic polymorphism, and the contribution of CYP2C19 to the metabolism
of esomeprazole is negligible [6].

In 1988, CYP2D6 was the first cytochrome P450 enzyme whose cDNA was identified [7]. The cDNAs
of organic ion transporters have been identified since the 1990s. These findings promoted research
on the function and expression of drug transporters. Drug transporters are expressed in the plasma
membranes of a number of cells including enterocytes, hepatocytes, brain microvascular endothelial
cells, and renal epithelial cells, and facilitate the transport of drugs across the plasma membrane.

Molecules 2018, 23, 3062; doi:10.3390/molecules23123062 www.mdpi.com/journal/molecules145
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Drug transporters are now known to play important roles in the absorption, tissue distribution,
and excretion of drugs. Previous studies reported enantioselective drug transport by drug transporters.
Furthermore, the enantioselective inhibitory effects of drugs on drug transporters has been demonstrated.

Representative drug transporters functioning in the intestinal absorption, biliary excretion,
and renal tubular secretion of drugs have been summarized in this review. The interactions between
chiral drugs and drug transporters have also been discussed. Figure 1 shows the chemical structures
of the chiral drugs described herein.

Figure 1. Chemical structures of chiral drugs described in this review.
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2. Role of Drug Transporters in the Intestinal Absorption, Biliary Excretion, and Renal Tubular
Secretion of Drugs

2.1. Intestinal Drug Absorption by Drug Transporters

Drugs are absorbed by the small intestine after their oral administration. Figure 2 shows drug
transporters that are involved in the intestinal absorption of drugs. Peptide transporter PEPT1
(SLC15A1) is one of the most extensively studied drug transporters in the small intestine. It is
expressed in the brush-border membrane of intestinal epithelial cells and is responsible for the
uptake of dipeptides and tripeptides from the lumen using an inward H+-electrochemical gradient [8].
PEPT1 recognizes peptide-like β-lactam antibiotics that are orally administered [8]. PEPT1 is used as
a target molecule for improving the absorption of poorly absorbed drugs. Valganciclovir, the valine
ester prodrug of ganciclovir, was developed to enhance the low bioavailability of ganciclovir, and the
mechanism responsible for improved absorption was identified as drug recognition by PEPT1 [9].

The proton-coupled folate transporter PCFT (SLC46A1) is localized to the brush-border membrane
of enterocytes, and mediates the absorption of folate [10]. PCFT recognizes the antifolates,
methotrexate and aminopterin, as its substrates [11,12]. Aminopterin has not yet been approved
as a medicine, and methotrexate is used in the treatment of neoplasia and rheumatoid arthritis. PCFT is
considered to play a role in the intestinal absorption of orally administered methotrexate [13].

The organic anion transporting polypeptide OATP2B1 (SLCO2B1), which is expressed in the
brush-border membrane of intestinal epithelial cells, is crucially involved in the uptake of fexofenadine,
celiprolol, and montelukast from the lumen [14,15].

P-glycoprotein (P-gp; ABCB1) and the breast cancer resistance protein BCRP (ABCG2) are
ATP-binding cassette (ABC) transporter proteins that are expressed in the brush-border membrane of
enterocytes. These transporters are efflux pumps. P-gp transports various types of drugs, including
anticancer agents, antihypertensive agents, antiarrhythmics, antidepressants, antimicrobial agents,
anti-human immunodeficiency virus agents, anticonvulsants, antiemetics, immunosuppressants,
neuroleptics, and opioids, and there is a broad range of overlapping substrate specificities for CYP3A4
and P-gp [16]. BCRP has also been shown to transport anticancer agents [17]. The tyrosine kinase
inhibitors, imatinib, gefitinib, and nilotinib, have also been identified as substrates of BCRP [18–20].
P-gp and BCRP prevent drug absorption in the intestine.

Figure 2. Drug transporters in the small intestine.

In the basolateral membrane, the organic cation transporter OCT1 (SLC22A1) and the multidrug
resistance protein MRP3 (ABCC3) mediate drug transport [21]. In OCT1 knockout mice, the intestinal
excretion of the typical substrate, tetraethylammonium, was reduced [22]. The serosal efflux of the
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glucuronide conjugates of 7-ethyl-10-hydroxycamptothecin (SN-38: the active metabolite of irinotecan)
and acetaminophen in the jejunal everted sacs was decreased in Mrp3 knockout mice [23].

2.2. Hepatic Transport of Drugs by Drug Transporters

Drug transporters in the plasma membrane of hepatocytes are shown in Figure 3. The OATP family
members OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3) mediate the hepatic uptake of various drugs,
such as HMG-CoA reductase inhibitors, angiotensin II receptor antagonists, nateglinide, asunaprevir,
pemafibrate, and bosentan, from the circulation [14,24]. OCT1 functions in the sinusoidal uptake of
organic cations, including metformin, tropisetron, sumatriptan and fenoterol, from the circulation [25–28].
P-gp, MRP2 (ABCC2), BCRP, and multidrug and toxin extrusion MATE1 (SLC47A1), which are expressed
in the canalicular membrane, mediate the efflux of drugs into bile [24]. MRP2, a member of the
ABC family of transporters, excretes monoglucuronosyl bilirubin and monoglucuronosyl bilirubin into
bile, and genetic mutations in MRP2 cause Dubin-Johnson syndrome, an autosomal recessive disease
characterized by conjugated hyperbilirubinemia [29]. MRP3 is localized to the sinusoidal membrane of
hepatocytes [30]. Kitamura et al. reported decreased plasma levels and increased clearance for the biliary
excretion of methotrexate in MRP3 knockout mice, suggesting that MRP3 transports methotrexate from
hepatocytes into plasma [31].

Figure 3. Drug transporters in the liver.

2.3. Renal Tubular Secretion of Drugs

The renal tubular secretion of drugs is mediated by drug transporters, as shown in Figure 4.
Organic anion and cation transport systems are present in renal proximal epithelial cells. The organic
anion transporter system is involved in the tubular secretion of anionic drugs, including anticancer
agents, β-lactam antibiotics, antivirals, and diuretics [24,32]. The organic anion transporters
OAT1 (SLC22A6) and OAT3 (SLC22A8) are responsible for the basolateral uptake of anionic
drugs from the circulation via an exchange with intracellular α-ketoglutarate, an intermediate in
the Krebs cycle. Information on the drug transporters responsible for mediating the efflux of
drugs via the brush-border membrane of proximal epithelial cells is more limited than that on
basolateral transporters. Studies using rat renal brush-border membrane vesicles indicated that
a potential-sensitive organic anion transporter and an anion/organic anion exchange transporter
function [33–35]. However, their genes have not yet been identified. Previous studies reported
reductions in the urinary excretion of adefovir, tenofovir, hydrochlorothiazide, furosemide, ceftizoxime,
and cefazolin in MRP4 knockout mice [36–38]. Based on these findings, MRP4 has been suggested to
play an important role in drug transport in the brush-border membrane. MRP2 and OAT4 are known
to be expressed in the brush-border membrane of proximal epithelial cells [39,40]. Although their
interactions with drugs have been investigated in in vitro experiments, the roles of MRP2 and OAT4 in
the tubular transport of drugs currently remain unclear.

The organic cation transport system consists of the uptake type of OCT2 (SLC22A2) and the
efflux modes of MATE1 and MATE2-K (SLC47A2) [24,32,41]. Drug transport by OCT2 is electrogenic,
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and is driven by an internal negative membrane potential. The efflux of drugs by MATE1 and
MATE2-K is dominated by a H+/organic cation antiport, which involves electroneutral transport [41].
Cationic drugs, including cimetidine, metformin, procainamide, memantine, and amantadine,
are secreted into urine by the organic cation transport system [32].

P-gp functions in the renal tubular secretion of the cardiac glycoside, digoxin [42]. Although a
wide variety of drugs are transported by P-gp [16], most are not recovered into urine. The substrate
drugs of P-gp may be reabsorbed by the distal tubules via simple diffusion after tubular secretion.

Figure 4. Drug transporters mediating renal tubular secretion drugs.

3. Enantioselective Drug Transport by Drug Transporters

3.1. Enantioselective Transport of Antifolates by PCFT

Previous studies reported enantioselectivity in drug transport by drug transporters, with PCFT as
a representative. The antifolates methotrexate and aminopterin have an asymmetric carbon in their
structures (Figure 1), and their enantioselective transport was examined. Narawa et al. constructed
stably transfected human embryonic kidney cells 293 (HEK293 cells) expressing PCFT, and conducted
a methotrexate uptake experiment using these cells [43]. Menter et al. examined aminopterin transport
using Chinese hamster ovary (CHO) cells expressing PCFT [12]. The transport of both antifolates
showed enantioselectivity, and kinetic parameters were summarized in Table 1. The (S)-enantiomers
were found to have greater affinity to PCFT than each (R)-enantiomer. Menter et al. performed a
pharmacokinetic study on aminopterin in dogs and patients with psoriasis, and the findings obtained
revealed a correlation with enantioselective absorption and in vitro findings [12].

Table 1. Kinetic parameters of the PCFT-mediated transport of methotrexate and aminopterin.

Drug
Km or Kt

(R)-enantiomer
Km or Kt

(S)-enantiomer
Km or Kt

(R)/(S)
Vmax

(R)-enantiomer
Vmax

(S)-enantiomer
Vmax

(R)/(S)
Ref.

Methotrexate 211 μM 4.98 μM 42.4 909 pmol/mg/min 891 pmol/mg/min 1.02 [43]
Aminopterin 15.0 μM 0.69 μM 21.7 42.9 pmol/mg/2 min 68.8 pmol/mg/2 min 0.624 [12]

3.2. Enantioselectivity in the Pharmacokinetics of Fexofenadine and Its Transport by OATP2B1

Fexofenadine, a histamine H1-receptor antagonist, has non-sedative properties that have been
attributed to the restriction of its brain penetration by P-gp [44]. Enantioselectivity has been reported
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in its pharmacokinetics. Miura et al. demonstrated that the maximum plasma concentration and
area under the plasma concentration-time curve of (R)-fexofenadine were higher than those of the
(S)-enantiomer after the single oral administration of racemic fexofenadine to healthy volunteers [45].
Sakugawa et al. examined effect of verapamil, an inhibitor of P-gp, on the disposition of each
enantiomer of fexofenadine in healthy volunteers, and suggested that the other mechanisms in
addition to P-gp contribute to the stereoselective pharmacokinetics of fexofenadine [46]. To my
knowledge, there is no reports representative of enantioselective transport of fexofenadine by P-gp
from in vitro experiments. Most of the dosage of fexofenadine administered is excreted into urine
in its unmetabolized form, and various drug transporters have been shown to contribute to its
pharmacokinetics. The OATP family members, OATP1A2, OATP1B1, OATP1B3, and OATP2B1,
were proposed to be responsible for the intestinal uptake of fexofenadine or its distribution into the
liver [47–52]. MRP2 and the bile salt export pump BSEP (ABCB11) mediate the efflux of fexofenadine
from hepatocytes into bile, while MRP3 transports it into plasma [52,53]. OAT3 plays a role in the renal
tubular uptake of fexofenadine, and MATE1 contributes to its efflux into urine [54,55]. At least one of
the drug transporters described above may be responsible for the enantioselective pharmacokinetics
of fexofenadine. The enantioselective transport of fexofenadine has only been reported to occur by
OATP2B1. Akamine et al. found greater uptake amounts of (R)-fexofenadine in Xenopus oocytes
injected with OATP2B1 cRNA than that of the (S)-enantiomer [56]. They also demonstrated that apple
juice decreased the absorption of fexofenadine orally administered to healthy volunteers, and that
the juice inhibited its transport by OATP2B1 [56]. Accordingly, OATP2B1 appears to mediate the
enantioselective absorption of fexofenadine by the small intestine. Akamine et al. did not describe the
kinetic parameters of the transport of enantiomers by OATP2B1. The renal clearance of (S)-fexofenadine
was higher than that of the (R)-enantiomer [45,56], whereas Kusuhara et al. reported no enantioselective
transport of fexofenadine by OAT3 and MATE1 [57]. In addition, they showed the similar transport
of both enantiomers by OATP1B3 [57]. Unidentified drug transporter(s) may be responsible for the
enantioselective disposition of fexofenadine.

3.3. Enantioselective Secretion of Pantoprazole into Milk by BCRP

Enantioselective drug transport was demonstrated with the combination of pantoprazole and BCRP.
BCRP affects the absorption, distribution, and excretion of drugs, and BCRP actively secretes xenobiotics,
including drugs and carcinogens, and riboflavin into milk [58–60]. Wang et al. showed the greater
accumulation of (−)-pantoprazole in the milk of lactating rats infused with racemic pantoprazole than
that of (+)-pantoprazole [61], and the higher affinity of the (−)-enantiomer with BCRP [62].

4. Enantioselective Inhibitory Effects of Drugs on Drug Transporters

4.1. Enantioselectivity in Inhibitory Effects of Drugs on OCT1, and Binding Affinities

Enantioselectivity was shown in the inhibitory effect of disopyramide and propranolol on OCT1.
The (R)-disopyramide inhibited the uptake of tetraethylammonium by HeLa cells expressing OCT1 more
strongly than the (S)-enantiomer [63], and also for propanol the inhibitory effect of (S)-enantiomer is
stronger than for the (R)-enantiomer [64]. The IC50 values of each enantiomer were described in Table 2.

Table 2. IC50 values of each enantiomer of disopyramide and propranolol for OCT1.

Drug
IC50 Value (μM)
(R)-enantiomer

IC50 Value (μM)
(S)-enantiomer

(R)/(S) Ref.

Disopyramide 15.4 29.9 0.515 [63]
Propranolol 41.7 15.1 2.76 [64]

Moaddel et al. studied the binding of drugs to OCT1 with a liquid chromatography stationary
phase containing immobilized membranes obtained from a cell line that expresses OCT1, and estimated
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their binding affinities using frontal displacement chromatography with [3H]1-methyl 4-phenyl
pyridinium as the marker ligand. The significant enantioselectivity on the binding to OCT1
was recognized in verapamil, atenolol, and propranolol [64,65]. (R)-Verapamil, (S)-atenolol,
and (S)-propranolol showed the higher affinities than each enantiomer. In Table 3, their Kd values
are summarized.

Table 3. Kd values of each enantiomer of verapamil, atenolol, and propranolol for OCT1.

Drug
Kd Value (μM)
(R)-enantiomer

Kd Value (μM)
(S)-enantiomer

(R)/(S) Ref.

Verapamil 0.05 3.46 0.0145 [65]
Atenolol 0.98 0.46 2.13 [64]
Propranolol 2.85 0.95 3.00 [64]

4.2. Enantioselective Inhibitory Effects of NSAIDs and Lansoprazole on OAT1 and OAT3

The inhibition of renal organic anion transporters leads to the delayed elimination of their
substrates from the circulation. NSAIDs interfere with the renal excretion of methotrexate, and this
combination is a representative among drug interactions via OAT1 and OAT3. The interaction is fatal
when high-dose methotrexate therapy is given to a patient [66,67]. Previous studies demonstrated the
inhibitory effects of NSAIDs, including cyclooxygenase-2 inhibitors, on methotrexate uptake by OAT1
and OAT3 [68–72]. Some NSAIDs are chiral (Figure 1). We conducted a drug transport experiment
using the Xenopus oocyte expression system in order to examine enantioselectivity in the inhibition of
OAT1 and OAT3 by NSAIDs [73]. The findings obtained showed the stronger inhibitory effects of the
(S)-enantiomers of flurbiprofen, ibuprofen, and naproxen on the transport of p-aminohippurate and
methotrexate by OAT1 than that of each (R)-enantiomer. The inhibitory mechanisms of flurbiprofen
were investigated, and both enantiomers were found to competitively inhibit OAT1. Enantioselective
differences were not observed in the inhibition of OAT3.

Proton pump inhibitors also interact with methotrexate [74,75]; OAT1 and OAT3 were found
to be inhibited by omeprazole, lansoprazole, pantoprazole, rabeprazole, and esomeprazole [76,77].
Chirality exists in the structures of proton pump inhibitors (Figure 1), and enantioselectivity was
examined in the inhibition of OAT1 and OAT3 by lansoprazole [78]. The inhibitory effects of
(S)-lansoprazole on the transport of estrone sulfate, methotrexate, and pemetrexed by OAT3 were
stronger than those of the (R)-enantiomer. Furthermore, enantioselectivity was not recognized against
OAT1. Enantioselectivity has been demonstrated in the pharmacokinetics of lansoprazole. The slower
elimination of the (R)-enantiomer from plasma has been reported in healthy subjects [79]. The faster
metabolism of (S)-lansoprazole by human liver microsomes was also shown [80]. This information is
useful when considering drug interactions between lansoprazole and the substrate drugs of OAT3.

4.3. Enantioselective Inhibitory Effects of NSAIDs on MRP2 and MRP4

The enantioselective inhibitory effects of NSAIDs on MRP2 and MRP4 have been examined.
Kawase et al. performed uptake experiments on methotrexate using MRP2- and MRP4-expressing
inside-out vesicles, and showed the stronger inhibition of MRP2 by the (S)-enantiomers of flurbiprofen,
ibuprofen, and naproxen than by each (R)-enantiomer [81]. In the case of MRP4, the (R)-enantiomers
exerted strong inhibitory effects.

Table 4 summarizes the IC50 values of each enantiomer of flurbiprofen, ibuprofen, naproxen,
and lansoprazole described above. The most prominent enantioselective difference was noted in the
inhibition of MRP2 by naproxen.
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Table 4. IC50 values of each enantiomer of NSAIDs and lansoprazole for OAT1, OAT3, MRP2, and MRP4.

Drug Transporter Substrate
IC50 Value (μM)
(R)-Enantiomer

IC50 Value (μM)
(S)-Enantiomer

(R)/(S) Ref.

Flurbiprofen OAT1 p-aminohippurate 2.35 0.615 3.82 [73]
OAT3 estrone sulfate 2.13 1.80 1.18 [73]
MRP2 methotrexate 133 58.4 2.28 [81]
MRP4 methotrexate 10.6 37.2 0.285 [81]

Ibuprofen OAT1 p-aminohippurate 6.14 2.84 2.16 [73]
OAT3 estrone sulfate 2.04 1.20 1.70 [73]
MRP2 methotrexate 303 139 2.18 [81]
MRP4 methotrexate 129 267 0.483 [81]

Naproxen OAT1 p-aminohippurate 5.26 1.93 2.73 [73]
OAT3 estrone sulfate 8.09 6.79 1.19 [73]
MRP2 methotrexate 510 7.11 71.7 [81]
MRP4 methotrexate 8.06 49.8 0.162 [81]

Lansoprazole OAT1 p-aminohippurate 43.8 33.6 1.30 [78]
OAT3 estrone sulfate 1.75 0.61 2.87 [78]

5. Conclusions

Enantioselectivity has been demonstrated in the transport of methotrexate and aminopterin by
PCFT, pantoprazole by BCRP, and fexofenadine by OATP2B1. Enantioselective differences were reported
in the inhibitory effects of flurbiprofen, ibuprofen, and naproxen on OAT1, MRP2, and MRP4, and of
lansoprazole on OAT3. The number of studies on enantioselective drug recognition by drug transporters
is markedly smaller than those on drug metabolism enzymes. In research on enantioselectivity,
data on drug metabolism accumulate, and Niwa et al. performed meta-analysis based on the reported
values regarding the Michaelis-Menten constant, maximal velocity, intrinsic clearance, and inhibition
constants [82]. They considered that there is a limited number of reports regarding stereoselective
inhibition and induction in vitro [82]. Because drug transporters are also involved in drug interactions,
it is desired to pay attention to in enantioselectivity in inhibition as well as in substrate recognition of
drug transporters.

Computational methods such as quantitative structure-activity relationship (QSAR) and
pharmacophore approaches have become more widely applied to assess interactions between drugs
and drug transporters and predictions for substrates and inhibitors for several transporters were
described [83]. Because ignoring stereoselectivity reduces the accuracy of the QSAR and modelling
analysis, stereoselectivity should become a key aspect of the modelling of interactions between drugs
and drug transporters [84].

In the future, research on drug transporters from the chiral aspect of drugs will provide important
insights into pharmacokinetics, pharmacodynamics, and drug toxicity.
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Abstract: Chiral molecules are stereoselective with regard to specific biological functions.
Enantiomers differ considerably in their physiological reactions with the human body.
Safeguarding the quality and safety of drugs requires an efficient analytical platform by
which to selectively probe chiral compounds to ensure the extraction of single enantiomers.
Asymmetric synthesis is a mature approach to the production of single enantiomers; however, it is
poorly suited to mass production and allows for only specific enantioselective reactions. Furthermore,
it is too expensive and time-consuming for the evaluation of therapeutic drugs in the early stages of
development. These limitations have prompted the development of surface-modified nanoparticles
using amino acids, chiral organic ligands, or functional groups as chiral selectors applicable to a
racemic mixture of chiral molecules. The fact that these combinations can be optimized in terms
of sensitivity, specificity, and enantioselectivity makes them ideal for enantiomeric recognition
and separation. In chiral resolution, molecules bond selectively to particle surfaces according to
homochiral interactions, whereupon an enantiopure compound is extracted from the solution through
a simple filtration process. In this review article, we discuss the fabrication of chiral nanoparticles and
look at the ways their distinctive surface properties have been adopted in enantiomeric recognition
and separation.

Keywords: chirality; racemic mixture; enantiomer; enantiomeric recognition; enantiomeric separation;
surface-modified nanoparticle; chiral ligand

1. Introduction

Chirality is one of those fundamental properties of molecular systems which are ubiquitous in
nature [1,2]. Notably, a number of important biological compounds including proteins, amino acids,
nucleosides, sugars, and a number of hormones, which are the basic building blocks of life, are chiral
and thus the chemistry of many fundamental biological (metabolic and regulatory) processes are
directly controlled by such molecular systems [3,4]. Interestingly, enantiomers are mirror images
of a chiral compound, e.g., chiral drugs, pesticides, herbicides, etc., which often exhibit profoundly
different metabolic, pharmacological, therapeutic and/or toxicological properties [5]. Consequently,
the two enantiomers of a chiral compound will react differently with the complementary receptor or
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enzyme molecule in a biological environment which is highly stereoselective or enantioselective [6].
This issue is particularly important for the pharmaceutical industry where many drugs currently
in use are known to be chiral (about 56%) [4] out of which only about 25% are pure enantiomers.
Besides, chirality is also important for other industries like agrochemical, food, petroleum, etc. [7–9].
For example, approximately 30–40% of the currently registered pesticides, insecticides and herbicides
are chiral [6,8,10]. Most of these currently used chiral compounds are racemates or mixtures [11].
Importantly, while one enantiomer of a chiral drug or agrochemical product has desired effect
(eutomer), the other may be inactive and/or cause adverse side effects in many cases (distomer) [3,6].

Given the tremendous importance of chirality in many biochemical processes, recent years
witnessed enormous efforts among the researchers and manufacturing industries to prepare
enantiopure compounds so that an administered chiral compound (drug or other chemical
compounds) fits properly to the target binding site or receptor molecule. In this regard, the ideal
solution would be the enantioselective synthesis of just one of the enantiomers (synthetic or chiral
approach [9,12,13]) by using methods like isolation of natural compounds [14,15], fermentation [16],
asymmetric synthesis [17], etc. Notably, the Nobel Prize in Chemistry for 2001 was awarded for the
development of catalytic asymmetric synthesis with one half jointly to Knowles and Noyori “for their
work on chirally catalyzed hydrogenation reactions” and the other half to Sharpless “for his work on
chirally catalyzed oxidation reactions” [18]. Unfortunately very few enantiopure compounds can be
obtained from natural sources. On the other hand, the use of asymmetric synthesis is limited due to
the high catalyst cost and time-consuming synthesis procedure, albeit it is one of the most powerful
methods to produce 100% enantiopure compounds [12,19,20].

As compared to chiral approach, the racemic approach involves recognition of racemates or
mixtures and subsequent separation of the enantiomers, which is relatively cost-effective and presents
lower level of difficulty [20]. This approach is based on a three-point interaction between the analyte
and a chiral selector [12,21–23]. Briefly, a matched pair undergoes a three-point interaction whereas only
one or two point interaction takes place in case of a mismatched pair, as shown in Figure 1. A number
of chiral selectors, including proteins, cyclodextrin (CD), crown ethers, oligo- and polysaccharides, etc.,
have been developed till date. Unfortunately there is no universal chiral selector that can be efficiently
applied for the recognition and/or separation of all types of chiral compounds [24].

Figure 1. Three-point interaction model for describing the homochiral (true) and heterochiral
(false) interactions.

A number of techniques have been developed during the recent past for recognition and/or
separation of enantiomers obtained by using the racemic approach [11,25]. Most commonly used
methods include chromatographic methods such as high-performance liquid chromatography (HPLC),
liquid chromatography (LC), gas chromatography (GC), capillary electrochromatography (CEC),
thin-layer chromatography (TLC), micellar chromatography (MC), supercritical fluid chromatography
(SFC), and high-speed countercurrent chromatography (HSCCC) [26–36]. Other methods are
capillary electrophoresis (CE) [29,30,37], crystallization resolution [38,39], liquid-liquid extraction
(LLE) [12,40], membrane separation [41–43], kinetic resolution [13], etc. On the other hand,
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self-disproportionation of enantiomers (SDE) introduced by Soloshonok is another process which
efficiently transforms an enantiomerically enriched compound (scalemic mixture, i.e., a mixture of
enantiomers at a ratio other than 50:50 or 100:0) into completely racemic (enantio-depleted) and
enantiomerically pure (enantioenriched) fractions [44–47]. Importantly, SDE occurs spontaneously
whenever nonracemic compounds are subjected to any physiochemical processes, such as, precipitation,
centrifugation, recrystallization, sublimation, force field, achiral chromatography, etc., under totally
achiral conditions [48].

Each of these methods has their unique abilities for enantiomeric recognition, separation and
quantification. Nevertheless, despite the availability of such advanced chiral resolution methods, it is
still very difficult to separate the enantiomers with high efficiency because of the intrinsic difficulties
associated with these methods, mainly due to the exactly same physiochemical properties of the
enantiomer pairs [24,49,50]. In addition, most of them require using chiral columns in place of
stationary phase and such processes are often expensive and cumbersome, and do not allow real time
analysis. The advantages and limitations of the aforementioned methods that are widely used for
chiral resolution are tabulated in Table 1.

Table 1. Comparison of currently existing chiral resolution methods. The table and the caption have
been adapted with permission from [50], Copyright © 2008 The Royal Society of Chemistry. Note that
the original Table is slightly modified and the method “Self-disproportionation of enantiomers”
has been added.

Methods Advantages Disadvantages Possible Scale

(a) Crystallization resolution

(a1) Direct or preferential
crystallization Simplicity, low cost Batch operation,

resolving conglomerate
Small- and
large-scale

(a2) Diastereomeric
crystallization Simplicity, wide applicability

Expensive, difficulty in
finding appropriate

resolving agents

Large-scale,
industrial scale

(b) Kinetic resolution

(b1) Chemical-mediated High stability Low efficiency Preparative scale,
large-scale

(b2) Enzyme-mediated High resolving efficiency
Decreasing enzyme

activity, narrow
application range

Preparative scale,
large-scale

(c) Chromatographic
separation

(c1) Supercritical fluid
chromatography

Lower costs, a high efficiency,
resolving most racemates Low capacity, Large-scale

(c2) Simulated moving bed
chromatography

Continuous operation, a high
efficiency, resolving most racemates Low capacity, Large-scale

(c3) Other chromatography High efficiency, resolving most
racemates

Low capacity, expensive,
batch operation, slow
and labor intensive

Analytical scale,
preparative scale

(d) Membrane-based
separation

Low cost, energy saving, high
capacity, continuous operation and

easy scale-up

Low number of transfer
units per apparatus

Large-scale,
industrial scale

(e) Self-disproportionation of
enantiomers

Ubiquitous and spontaneous, simple,
cost effective, and fully predictable

(SDE via centrifugation), can be used
for both liquid and crystalline

Compounds (SDE via
chromatography), all forms of liquid
chromatography have the potential to

give rise to SDE [44,48]

Does not occur with
racemic

compounds—instead it
occurs only in case of
partly enriched chiral

compounds [51]

Analytical scale,
preparative scale

[44]

a Note: Advantages of (c1) and (c2) were obtained by comparing with high performance liquid chromatography.
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Nanoparticles (NPs) represent an entirely new approach to chiral resolution. At present,
this generally involves surface modification using chiral ligands; however, recent advances are making
the recognition and separation of enantiomers far simpler. One particular achievement in enantiomeric
recognition is colorimetric detection, which uses surface-modified NPs to convert recognition events
into color changes observable to the naked eye or a UV-Vis spectrometer [52–62]. This makes it
ideal for on-site chiral analysis and provides results instantaneously. The working principle is
that interactions with specific enantiomers occur on the surface of metal NPs, which means that
interactions can be monitored according to changes in surface plasmon resonance (SPR). Furthermore,
chiral ligand-capped quantum dots (QDs) have also received considerable attention in this field,
due to the size-dependent optical properties, bright chemiluminescence, and excellent chemical
stability [63–65]. Beside the applications of magnetic nanoparticles (MNPs) such as catalysts,
targeted administration and magnetic resonance imaging (MRI) [66,67], researchers have even capped
the surfaces of MNPs with chiral ligands to promote specific interactions with the target enantiomers.
It may find potential use in the design of new magneto-chiroptical devices [68]. A wide variety
of chiral NPs have been developed for enantiomeric recognition, many of which are examined in
Section 2. In enantiomeric separation, surface-modified NPs, as chiral selectors, are exposed to a
racemic mixture of chiral molecules to perform the selective adsorption of one enantiomer, leaving an
excess of the other enantiomer in solution to be removed through multiple rounds of centrifugation.
Following centrifugation, the target enantiomers co-precipitate with the chiral NPs, whereas their
enantiomeric counterparts remain in the supernatant [52,53,69]. Note that the chiral ligands chosen for
enantiomeric separation are susceptible to denaturation and renaturation manipulated by external
perturbations such as temperature and magnetic field, making them switchable and reusable. The used
nanomaterials and chiral ligands are discussed in Section 3.

2. Enantiomeric Recognition by Chiral Nanoparticles

The ability to recognize the molecular chirality of enantiomers is significantly important
owing to their critical role in drug development and biochemistry. Current discrimination of
enantiomers has remained a challenge due to lack of efficient methods. NP-based enantiomeric
recognition and separation have been widely discussed and studied in the past decade.
Studies reported chiral -modified nanomaterials for catalysis [70,71], chiral drug separation [71]
and sensing [54–60,63,68,72–74]. In this section, we will focus on the enantiomeric recognition and the
fabrication of most commonly used gold and silver materials for chiral NPs.

2.1. Gold-Based Nanomaterials

Gold-based nanomaterials are the most widely used material for chiral NPs due to its
unique optical properties with different shape and size, easy for surface medication and highly
biocompatibility [75–77]. In addition, gold nanomaterials can be finely tuned by varying the
morphological and reaction characteristic to yield desired size and shape of gold nanoparticles
(AuNPs) including nanosphere, nanorod, nanocage and nanoflower. The majority of fabrication
of gold materials is through gold-sulphur (Au-S) interaction formed between gold surface and
either thiol or dithiol group. The surface-assembly monolayer (SAM) of gold-sulphur bond
composes a strong and stable linkage for gold materials and the surface-modified moieties such
as proteins, antibodies or polymers. Thiol-gold bond fabrication strategy for AuNP was used
in several studies [54,58,70,71,73]. Kang et al. [54] developed an electrochemical sensor for
enantioselective recognition of 3,4-dihydroxyphenylalanine (DOPA) based on penicillamine-modified
AuNPs (Pen-AuNPs). Chiroptical activity was observed in small AuNPs (~2 nm) which are protected
by thiolated Pen. This study was based on the chiral interaction between electroactive DOPA as a
target molecule and Pen-AuNPs as chiral NPs. Keshvari’s group applied L-cysteine (Cys)-capped
AuNPs as a colorimetric sensor for enantioselective detection of naproxen racemic mixtures [73].
The enantioselective and rapid aggregation of L-Cys-modified AuNPs in the presence of R-naproxen
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makes this design capable of visual chiral sensing. The aggregation/agglomeration morphology of
AuNPs were successfully demonstrated though transmission electron microscope (TEM), UV-visible
spectroscopy, zeta potential, and Fourier-transform infrared spectroscopy (FTIR) measurements.

AuNP bound with chiral molecules on their surface have been used in many studies for
enantiomeric recognition. While most commonly employed surface molecules are L-Cys and its
derivatives, owing to the ability of the sulfur group easily to bind with NP surface. Other chiral
moieties like ionic liquids are now being investigated [78,79]. Ionic liquids are non-molecular ionic
solvents where the ions are loosely coordinated, hence their low melting point. They are also
called molten or fused salts, with distinct properties such as low vapour pressure, good thermal
and chemical stability and fast diffusion and migration of ions. Ionic liquids have been employed
successfully in asymmetric synthesis, LC, CE and GC studies. Huang et al. [60] synthesized AuNPs
adsorbed with 1-ethyl-3-methylimidazole L-tartrate (EMIML-Tar) and 1-ethyl-3-methylimidazole
Lactate (EMIML-Lac) as chiral molecules. EMIML-Tar-AuNPs recognized chiral samples more potently
between L-tyrosine (Tyr) and D-Tyr samples, and were considered for the rest of the study. An exclusive
red-to-purple color change was observed when L-Tyr was added to the EMIML-Tar-AuNP solution,
unlike the D enantiomer. The absorption peaks had also broadened, and spectral differences were
quantified using a plot of the extinction ratio (A650/A520) against logarithmic concentration of the Tyr
sample solution, as shown in Figure 2. Extinction coefficient values were significantly higher for L-Tyr
exposed samples, demonstrating the chiral potency of the EMIML-Tar-AuNP solution. CE analysis
was used to characterize the chiral interactions with different amino acids, where it was observed that
EMIML-Tar-AuNPs interacted with L-Tyr, tryptophan (Trp) and phenylalanine (Phe) in decreasing
order of strength. Visual color changes and absorption spectra changes were confirmed by TEM
analysis which showed exclusive aggregation of EMIM-Tar-AuNPs caused by L-Tyr. The proposed
mechanism of selective binding was based on shorter distance of the amino group of L-Tyr to carboxyl
group of EMIM-Tar-AuNP when comparing the enantiomers of Tyr, and hydroxyl group of Tyr
allowing for three-point contact with the NPs when comparing Tyr with Trp and Phe.

 
Figure 2. Photographs and UV-vis spectra of EMIML-Tar-AuNPs in the presence of D-Tyr or L-Tyr.
Experimental conditions: 1.5 mL EMIML-Tar-AuNPs added with 0.5 mL 1.25 mmol/L D-Tyr or L-Tyr.
The figure and the caption have been adapted with permission from [60], Copyright © 2016 OSA.

When AuNPs are used to discriminate between enantiomer they mostly require surface
modification with chiral ligands that enable chiral recognition. Unlike nanospheres, gold nanorods
(AuNRs) can take part in enantiomeric recognition independent of surface modifications as they exhibit
chirality of their own. They differ from conventional NPs by being slightly elongated in structure and
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possessing two SPR bands, one for transverse and the other for longitudinal direction of NR. They are
also more sensitive to their micro-environment. Therefore, another simple, sensitive, cheap, and easy to
operate enantiorecognition method was developed by Wang’s group [58]. Naked AuNR was employed
as colorimetric probes for visual recognition of glutamine (Gln) enantiomers. The inherent chirality
of AuNRs only aggregated in the presence of D-Gln, thereby resulting in appreciable blue-gray color
changes of AuNR solution. On the other hand, no color changes of AuNR solution in the presence
of L-Gln. D-Gln also caused a significant decrease in absorbance at 620 nm (longitudinal SPR band).
The experiment was also modified and tried to detect enantiomeric excess and was successful in doing
so. The experiment was also performed to test the enantiomeric recognition of other amino acids.
The results did show some difference for the different enantiomers of these α-amino acids. However,
this may be improved by changing the experimental conditions that cater to the specific amino acid
being used. Cysteine however showed aggregation of the AuNRs when either of the enantiomers was
present. The aggregations could be observed by visualizing the solution using a TEM.

Amino acids play a key role in cellular metabolism and protein composition. All amino acids
except glycine exhibit chirality. Contemporary techniques of chirality-dependent separation of these
amino acids, such as HPLC, CE and GC are expensive and require complicated upstream treatments.
For this purpose, Song et al. [56] devised an inexpensive and easy colorimetric probe for visual
enantiomeric recognition of right-handed and left-handed amino acid. The synthesis strategy for
AuNP was NaBH4 reduction method. L-Tartaric acid (TA) was found to be structure-similar to citric
acid, which was the commonly used as both a reducing and capping agent for AuNP synthesis.
Instead of three carboxyl group (-COOH) as citric acid, L-TA consists of two carboxyl groups, and is
adsorbed onto the gold surface through the carboxyl group and provides steric barriers for repulsion.
L-TA was also regarded as a chiral selector to separate various enantiomers, including many amino
acids. The principle of the proposed technique (Figure 3) is that the change of dispersed AuNP
solution to an aggregated state, caused by selective binding of enantiomers, is demonstrated by a
red to blue shift. Enantiomer induced calorimetric changes for all 19 α-amino acids at 0.1 mM were
observed, whose both L and D forms induced AuNP aggregation. Unlike the other 19 α-amino acids,
Cys is the only molecule with a thiol-group, the sulfur atom of which can bind to the surface of
AuNP causing the blue shift. On assessing optical rotation of L-TA-capped AuNPs and the amino
acids, it was found that all caused a positive rotation, in accordance to the general observation of
stronger homochiral bindings relative to heterochiral interactions. Hence, left-handed amino acids,
which do not cause aggregation, can be discriminated from right-handed forms. For this, histidine (His)
was analyzed further as a sample to prove this model. Solutions of L-His and D-His were analyzed
against blank L-TA-capped AuNP solution. A visual change in the color of the solution was observed
exclusively in L-His sample, measured as a reduction in the UV-Vis absorption spectra at 520 nm
and emergence of a new 700 nm peak. TEM and dynamic light scattering (DLS) measurements
established that the aggregation was exclusive to the L-His sample and the D-His sample did not
affect the dispersity of L-TA-capped AuNPs in solution. The ratio of absorbance at 700 nm and
520 nm (A700/A520) was studied against different concentrations and enantiomer compositions to
enable quantitative analysis. Using this technique for L-His, the limit of detection was 0.015 mM,
the binding constant of His enantiomers with L-TA-capped AuNPs being 40.82 and 0.23 of L and D

types, respectively. Mechanism of interaction between the right-handed amino acids and L-TA-capped
AuNPs was proposed to be through carboxylic, hydroxyl and amino groups by hydrogen bonds.
This was supported with FTIR spectral data. Owing to high stability of the synthesized NPs for a
considerable amount of time and in a pH range of 3.0–9.0, along with the ability to discriminate
enantiomers of 18 amino acids with cheap spectrophotometers as the chief measurement device,
this technique can potentially be used for high-throughput applications.
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Figure 3. Schematic illustration of visual chiral recognition of right-handed and left-handed amino
acid using L-tartaric acid-capped AuNPs as colorimetric probes. The figure and the caption have been
adapted with permission from [56], Copyright © 2016 The Royal Society of Chemistry.

Additionally, Zhou et al. [57] established a carbon dots-gold nanoparticle (C-dots@AuNP) complex
for chiral discrimination of glucose enantiomers according to colorimetric and fluorescence dual-mode
signals. Cysteine was selected as a precursor to generate sulfhydryl decorated-C-dots, which is
responsible for the formation of the C-dots@AuNP complex based on the strong tendency of the
sulphur element to conjugate onto the surface of AuNPs. H2O2 is produced as a result of the enzymatic
action of glucose oxidase (Gox) and this by-product helps formation of AuNPs by facilitating the
reduction chloroauric acid. As shown in Figure 4, in the presence of carbon dots decorated with
sulfhydryl groups (derived from Cys), the AuNPs form a complex—C-dots@AuNP. The carbon
dots used show an absorption peak at around 350 nm and at an excitation wavelength of 340 nm,
they fluoresce with maximum emission at 424 nm. The intensity of this emission is quenched due to
the AuNPs when the C-dots@AuNPs complexes are formed. Thus fluorescence spectra in this case can
be used to tell D- and L-glucose apart. Such a method is much simpler and faster when compared to
using chiral ligands to modify the surface of NPs. The difference can also be seen visually since in the
presence of D-glucose the solution turns reddish while it remains colorless when L-glucose is used.
TEM images of glucose oxidase catalytic reaction solution show that C-dots cluster around AuNPs
when D-glucose is used whereas no AuNPs are formed in the first place when L-glucose is used and
C-dots are seen in a monodisperse state.

Figure 4. Schematic representation for the generation of C-dots@AuNP complex trigged by the
stereoselective enzymatic reaction for the discrimination of glucose enantiomers. The figure and the
caption have been adapted with permission from [57], Copyright © 2018 The Royal Society of Chemistry.

2.2. Silver-Based Nanomaterials

Silver-based nanomaterials are other widely used materials for enantiomeric recognition,
separation and sensing. Silver nanomaterials possess unique chemical and physical properties like
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higher extinction coefficient, excellent biocompatibility and strong SPR absorption. This phenomenon
depends on the size, shape and inter-particle distances of metal NPs and the surrounding environment.
In addition, similar to AuNPs, AgNPs were found to have the inherent chirality. Those properties make
AgNPs suitable for the fabrication of chiral sensors. Sun’s group designed a sulfonated-substituted
zinc tetraphenylporphyrin (ZnTPPS)-modified AgNP as colorimetric sensor for chiral detection of
L-arginine (Arg) and His [55]. ZnTPPS was selected to fabricate the AgNPs for not only providing
stability of NPs but also introducing enantiomeric recognition for L-Arg and L-His via Zn binding.
ZnTPPS-AgNPs were found to be coordinately bound to N-H of L-Arg leading to formation of AgNP
clusters (L-Arg-ZnTPPS-AgNPs) which were then characterized by TEM and UV-vis spectroscopy.
In the presence of L-Arg, a color change from light yellow to yellow can be observed accompanied
by a decrease in absorbance at 400 nm that arises from the SPR absorption of dispersed AgNPs.
L-Arg induces aggregation of the ZnTPPS-AgNPs to form AgNP clusters, L-Arg-ZnTPPS-AgNPs.
This was confirmed by TEM. Methionine (Met), His, Phe, Tyr and glutamic acid were tested using
these modified AgNPs but only Met and His showed an obvious color change and His was chosen
for further investigation. It was found that only L-His induced a color change from yellow brown
to red accompanied by a significant decrease in the absorbance at 400 nm (Figure 5). A new band at
550 nm was observed and the absorbance ratio (R) at the two wavelengths were determined and was
found to be enhanced only in the presence of L-His. D-His on the other hand had none of these effects,
thereby proving the good chiral selectivity of these AgNPs. L-His induced further aggregation of the
modified AgNPs and caused them to form larger agglomerates and this was clearly seen using TEM.
In circular dichroism spectra, these NPs showed a slight chiral signal in the presence of D-His whereas
L-His had a much stronger one. To satisfy the three-point contact model for enantiomeric recognition,
they proposed a possible interaction mode between L-His and the AgNPs clusters via the carboxylic,
amino and imidazole groups through electrostatic and hydrogen bond interactions. In a quantitative
analysis study, they found that at very low concentrations of His, the NPs showed low chiral selectivity.
Hence it showed in the end that this method was effective for enantiomeric recognition of His and Met.

 
Figure 5. Schematic representation The UV-vis spectra (a), photographic images (b) and the value of R
(A550/A400) (c) of silver nanoparticle cluster solution in the presence of D- or L-His. It is operated as
follows: 0.5 mL of 1 mM solution of D- or L-His was added to 1.5 mL L-Arg-ZnTPPS-AgNPs solution
and mixed for 10 min before measuring, respectively. The figure and the caption have been adapted
with permission from [55], Copyright © 2012 The Royal Society of Chemistry.

Marzieh et al. [61] used chitosan-capped silver nanoparticles (CS-AgNPs) for enantiomeric
recognition of the essential amino acid, Trp. They scanned optical cells containing the NPs and
D- or L-Trp and the color values of each optical cell were then analyzed. The NPs were characterized
using FTIR spectra, TEM, X-ray diffractometer (XRD) and UV-vis spectroscopy after their synthesis.
When given concentrations of the Trp enantiomers were added separately to a solution of CS-AgNPs,
UV-vis spectra were recorded after 30 min. A control without Trp was also tested in the same
manner. While scanning for the color of the solution at selected areas of the scanned image for RGB
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analysis, the values were averaged. MATLAB software was used for assessing different types of
colors and obtaining the CMYK values. Differences between CMYK values of the blank control were
compared to those of solutions containing either of the Trp enantiomers. The maximum absorbance
of the AgNPs was observed at 404 nm and represented the characteristic SPR band of the AgNPs.
TEM images of the CS-AgNPs showed that they were uniformly distributed in aqueous solution
with an average diameter of about 15 nm and their concentration was calculated using Beer’s law.
In the presence of L-Trp at sufficiently detectable concentrations, a color change from a yellowish to
brown was observed and the CS-AgNPs were found to be aggregated when observed using TEM.
No such observations were detected when D-Trp was used. Experiments were also performed by
varying various experimental conditions to find the optimal settings of the experiment. They also
found that enantiomeric composition of Trp could be determined from corresponding scanometry
and spectrophotometric linear calibration curves. The possible interaction mechanism between the
CS-AgNPs and L-Trp was proposed to be the hydrogen bond formation between -OH groups of surface
of CS-AgNPs and the amine and carboxyl groups of L-Trp.

AgNPs exhibit a distance-relevant color and higher extinction coefficient than that of AuNPs of
the same size, thereby making them more reliable as color reporting agents for colorimetric sensor
design. Zhang et al. [52] used uridine 5′-trisphosphate (UTP)-capped AgNPs for chiral detection of
Cys enantiomers. It was found that in the presence of D-Cys an appreciable color change from yellow
to red took place but L-Cys showed no such change, as shown in Figure 6. Moreover, when these
UTP-capped AgNPs were added to a racemic solution of Cys, they interacted specifically with one
enantiomer leaving an excess of the other after centrifugation thus enabling enantiomeric separation.
When UV-vis spectroscopy was performed, the peak at 400 nm was seen to undergo a red shift to
520 nm in the presence of D-Cys due to the SPR of AgNPs. Aggregation of the NPs also took place
resulting in the decrease of the SPR band at 400 nm. This band was consequently broadened around
450-600 nm. No such effects were reported when L-Cys was used. The absorbance ratio at 520 nm
and 400 nm relates to the quantities of dispersed and aggregated AgNPs and thus this was chosen to
evaluate the performance of the AgNPs.

Figure 6. Colorimetric Discrimination of L- and D-Cys Using UTP-Capped AgNPs. The figure and the
caption have been adapted with permission from [52], Copyright © 2011 American Chemical Society.
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This ratio resulted in significant differences when D- and L-Cys were used. The ratio was found
to increase with increasing concentration of D-Cys from 0.1 to 100 micromolars. No such event took
place in case of L-Cys except when its concentration was above 100 micromolars where it may cause
the AgNPs to lose stability and aggregate, but data suggested that aggregation caused by D-Cys was
much more sensitive by at least two times that of L-Cys. UTP analogs were also tested in their role
as stabilizing agents on the surface of the AgNPs. When adenosine 5′-triphosphate (ATP) was used,
there was negligible discrimination between the two enantiomeric forms of Cys but gradual decrease
in the 400 nm and increase in the 520 nm was observed along with the same color change as before.
This proved that ATP coated AgNPs could be used to quantitatively detect Cys but not discriminate
between the enantiomeric forms. Furthermore, Tashkhourian et al. [62] established AgNP-based
colorimetric sensor to discriminate R-citalopram (Cit). Citalopram is a selective serotonin reuptake
inhibitor used as an antidepressant drug. S-Cit was found 150 more potent than racemic Cit or R-Cit.
Therefore, a simple and reliable detection system for chiral Cit is ponderable in pharmaceutical field.

Gold and silver nanoparticle-based enantiomeric recognition have been widely discussed
and studied in the past decade. However, Bruckner et al. [80] demonstrated the use of
polysaccharide-ester based amino acid enantiomers using gas chromatography-mass spectrometry
(GCMS) in analysis of 24 h urine and blood sera. The experimental procedure involved GC of
N(O)-pentafluoropropionyl (PFP)-amino acid-(2)-propyl esters on N-propionyl-L-valine-tert-butylamide
polysiloxane, and subsequent filtration by selected ion monitoring mass spectrometry (SIM-MS).
The PFP-(2)-propyl esters were synthesized using a mixture of 14 D,L-amino acids and γ-aminobutyric
acid (Gaba). The highest amounts of chiral amino acids were determined as D-Serine and D-Alanine,
both in urine samples and blood sera, with blood sera in relatively much lower amounts. Samples from
fasting patients revealed decreased levels of D-amino acids, while time dependent analysis showed a
continuous excretion in the urine.

3. Enantiomeric Separation by Chiral Nanoparticles

Applications of NPs in enantiomeric separation have shown promising results by enhancing the
resolution, processing time and efficiency of the conventional separation methods [81]. The use of
NPs in enantiomeric separation dates back to 1989 when Wallingford and Ewing reported the first
application of polymer NPs (mentioned as monomolecular particles) in CE [82–84]. Since then a
varieties of NPs have been used for efficient separation of enantiomers. Table 2 summarizes some of
the recent applications of nanostructures in enantioseparation science.

168



Molecules 2019, 24, 1007

T
a

b
le

2
.

So
m

e
re

pr
es

en
ta

ti
ve

ex
am

pl
es

in
w

hi
ch

na
no

m
at

er
ia

ls
ha

ve
be

en
us

ed
fo

r
th

e
se

pa
ra

ti
on

of
ch

ir
al

co
m

po
un

ds
[2

4,
85

,8
6]

.

T
y

p
e

o
f

N
a

n
o

st
ru

ct
u

re
d

M
a

te
ri

a
l

M
e

th
o

d
o

f
S

e
p

a
ra

ti
o

n
/C

h
a

ra
ct

e
ri

z
a

ti
o

n
C

h
ir

a
l

S
e

le
ct

o
r/

T
e

m
p

la
te

N
a

n
o

st
ru

ct
u

re
D

im
e

n
si

o
n

s
A

n
a

ly
te

s/
A

n
a

ly
se

d
C

o
m

p
o

u
n

d
s

R
e

f.

M
et

al
lic

na
no

pa
rt

ic
le

s

A
gN

P
C

E
β

-C
D

A
gN

Ps
w

er
e

of
th

e
si

ze
of

ca
.2

1
nm

1-
ph

en
yl

-1
-p

ro
pa

no
l,

1-
ph

en
yl

-2
-p

ro
pa

no
l,

an
d

2-
ph

en
yl

-1
-p

ro
pa

no
l

[8
7]

C
ol

or
im

et
ry

N
uc

le
ot

id
e-

ca
pp

ed
A

gN
Ps

-
D

,L
-C

ys
[5

2]

A
uN

P

O
pt

ic
al

po
la

ri
m

et
ry

D
,L

-C
ys

-A
uN

Ps
A

ve
ra

ge
di

am
et

er
of

A
uN

Ps
:~

5
nm

Pr
op

yl
en

e
ox

id
e

[8
8]

C
ol

or
im

et
ry

N
-a

ce
ty

l-
L

-C
ys

-c
ap

pe
d

A
uN

Ps
as

ch
ir

al
ca

nd
id

at
e

Si
ze

ra
ng

e
fr

om
6

to
8

nm
D

,L
-T

yr
[5

3]

O
pt

ic
al

po
la

ri
m

et
ry

Te
tr

ah
ex

ah
ed

ra
l(

TH
H

,2
4-

si
de

d)
A

uN
Ps

m
od

ifi
ed

w
it

h
D

-o
r

L
-C

ys
w

as
us

ed
as

ch
ir

al
se

pa
ra

to
r

Sh
ap

e:
ro

d-
lik

e;
di

am
et

er
:~

40
nm

;l
en

gt
h:

~1
00

nm
Pr

op
ra

no
lo

l
[8

9]

C
E

St
re

pt
om

yc
in

-m
od

ifi
ed

go
ld

na
no

pa
rt

ic
le

s
(S

T-
A

uN
Ps

)

Pa
rt

ic
le

si
ze

of
A

uN
Ps

an
d

ST
-A

uN
Ps

w
as

53
.1

nm
an

d
79

.2
nm

,r
es

pe
ct

iv
el

y

A
dr

en
er

gi
c

co
m

po
un

ds
:

ad
re

na
lin

e,
no

ra
dr

en
al

in
e

an
d

is
op

re
na

lin
e

[8
6]

C
en

tr
if

ug
at

io
n

Fu
nc

ti
on

al
nu

cl
ei

c
ac

id
s-

m
od

ifi
ed

A
uN

Ps
D

ia
m

et
er

of
A

uN
Ps

(f
or

be
st

se
pa

ra
ti

on
ef

fic
ie

nc
y)

:5
5n

m
D

,L
-T

rp
[6

9]

Ps
eu

do
st

at
io

na
ry

ph
as

e-
C

EC
Th

io
la

te
d
β

-C
D

-m
od

ifi
ed

A
uN

Ps
A

ve
ra

ge
di

am
et

er
:9

.5
±

2.
5

nm

Fo
ur

am
in

o
ac

id
en

an
ti

om
er

s
( D

,L
-V

al
,L

eu
,G

lu
an

d
A

sp
)a

nd
th

re
e

dr
ug

en
an

ti
om

er
s

(R
,S

-c
hl

or
ph

en
ir

am
in

e,
zo

pi
cl

on
e

an
d

ca
rv

ed
ilo

l)

[9
0]

M
et

al
O

xi
de

na
no

pa
rt

ic
le

s

Ir
on

O
xi

de
(F

e 3
O

4)

D
ir

ec
ts

ep
ar

at
io

n
us

in
g

a
m

ag
ne

t

(R
)-

an
d

(S
)-

N
-(

2,
2-

di
m

et
hy

l-
4-

pe
nt

an
oy

l)
-p

ro
lin

e-
3,

5-
di

m
et

hy
la

ni
lid

e

Th
e

av
er

ag
e

pa
rt

ic
le

si
ze

of
m

ag
ne

ti
c

si
lic

a
na

no
pa

rt
ic

le
s

(M
SN

Ps
):

30
0

nm

N
-(

3,
5-

di
ni

tr
ob

en
zo

yl
)-
α

-a
m

in
o

ac
id

N
-p

ro
py

la
m

id
es

[9
1]

H
PL

C
Bo

vi
ne

se
ru

m
al

bu
m

in
(B

SA
)

M
ea

n
di

am
et

er
of

Fe
3O

4:
40

0
nm

;
th

ic
kn

es
s

of
si

lic
a

la
ye

r
in

Fe
3O

4@
Si

O
2:

60
nm

Tr
p,

Ph
e

an
d

H
is

[6
6]

H
PL

C
C

ar
bo

xy
m

et
hy

l-
β

-C
D

-
D

,L
-T

rp
,P

he
an

d
Ty

r
[9

2]

H
PL

C
BS

A
A

ve
ra

ge
si

ze
:1

3.
3

nm
Ib

up
ro

fe
n

an
d

ofl
ox

ac
in

[9
3]

Ti
ta

ni
um

di
ox

id
e

(T
iO

2)

H
PL

C
C

el
lu

lo
se

tr
is

-(
3,

5-
di

m
et

hy
l-

ph
en

yl
ca

rb
am

at
e)

-c
oa

te
d

Ti
O

2/
Si

O
2

ch
ir

al
st

at
io

na
ry

ph
as

e
(C

SP
)

Si
ze

of
Ti

O
2/

Si
O

2
sp

he
re

s:
~6

nm
;p

or
e

di
am

et
er

:~
7

nm
Ei

gh
tb

as
ic

in
do

le
ri

ng
de

ri
va

ti
ve

en
an

ti
om

er
s

[9
4]

C
E

Tr
is

-H
3P

O
4

so
lu

ti
on

co
nt

ai
ni

ng
Ti

O
2

N
Ps

as
ba

ck
gr

ou
nd

el
ec

tr
ol

yt
es

(B
G

Es
)

-

β
-a

dr
en

er
gi

c
dr

ug
s

(a
te

no
lo

l,
el

ip
ro

lo
l,

cl
or

pr
en

al
in

e,
fe

no
te

ro
l,

m
et

op
ro

lo
l,

pr
op

ra
no

lo
l,

an
d

te
rb

ut
al

in
e)

an
d

cl
en

bu
te

ro
l

[9
5]

169



Molecules 2019, 24, 1007

T
a

b
le

2
.

C
on

t.

Z
ir

co
ni

un
di

ox
id

e
(Z

rO
2)

Se
pa

ra
ti

on
us

in
g

a
m

ag
ne

t
C

el
lu

lo
se

tr
is

-(
3,

5-
di

m
et

hy
lp

he
ny

lc
ar

ba
m

at
e)

A
ve

ra
ge

si
ze

:3
40

nm
Ba

si
c
β

-b
lo

ck
er

(β
-a

nt
ag

on
is

ts
)

ch
ir

al
dr

ug
s

[9
6]

C
ar

bo
n

na
no

st
ru

ct
ur

es

Si
ng

le
-w

al
le

d
na

no
tu

be
s

(S
W

C
N

Ts
),

m
ul

ti
-w

al
le

d
na

no
tu

be
s

(M
W

C
N

Ts
)

El
ec

tr
ok

in
et

ic
ch

ro
m

at
og

ra
ph

y
(E

K
C

)
SW

C
N

Ts
an

d
M

W
C

N
Ts

SW
C

N
T:

di
am

et
er

s
be

tw
ee

n
0.

7
an

d
1.

2
nm

an
d

le
ng

th
s

2–
20

m
m

;
M

W
C

N
T:

di
am

et
er

s
be

tw
ee

n
6

an
d

20
nm

an
d

1–
5

m
m

le
ng

th

( ±
)-

ep
he

dr
in

e,
(±

)-
no

re
ph

ed
ri

ne
an

d
( ±

)-
N

-m
et

hy
le

ph
ed

ri
ne

[9
7]

SW
C

N
Ts

M
ic

ro
ch

ip
el

ec
tr

op
ho

re
si

s
BS

A
co

nj
ug

at
ed

w
ith

th
e

sh
or

te
ne

d
ca

rb
ox

yl
ic

SW
C

N
Ts

-
Tr

p
[9

8]

H
PL

C
C

N
T

m
on

ol
it

hi
c

co
lu

m
n

co
at

ed
w

it
h

a
py

re
ny

ld
er

iv
at

iv
e

A
ve

ra
ge

di
am

et
er

:1
nm

;
le

ng
th

:<
10

nm
A

se
ri

es
of

10
am

in
o

ac
id

s
[9

9]

H
PL

C
SW

C
N

Ts
in

m
on

ol
it

hi
c

ba
ck

bo
ne

s
A

ve
ra

ge
di

am
et

er
:~

1
nm

;l
en

gt
h

1–
10

μ
m

α
-a

nd
β

-b
lo

ck
er

s,
an

tii
nfl

am
m

at
or

y
dr

ug
s,

an
tif

un
ga

l
dr

ug
s,

do
pa

m
in

e
an

ta
go

ni
st

s,
no

re
pi

ne
ph

ri
ne

-d
op

am
in

e
re

up
ta

ke
in

hi
bi

to
rs

,
ca

te
ch

ol
am

in
es

,s
ed

at
iv

e
hy

pn
ot

ic
s,

di
ur

et
ic

s,
an

ti
hi

st
am

in
ic

s,
an

ti
ca

nc
er

dr
ug

s,
an

d
an

ti
ar

rh
yt

hm
ic

dr
ug

s

[1
00

]

M
W

C
N

Ts
C

E
β

-C
D

In
te

rl
ay

er
sp

ac
in

g
of

3.
4

Å
;

ty
pi

ca
ld

ia
m

et
er

of
10

–2
0

nm
C

le
nb

ut
er

ol
[1

01
]

TL
C

H
yd

ro
xy

pr
op

yl
-β

-C
D

D
ia

m
et

er
:1

0–
20

nm
;l

en
gt

h:
2–

20
μ

m
C

le
nb

ut
er

ol
[1

02
]

Io
ni

c
liq

ui
d

di
sp

er
se

d
M

W
C

N
Ts

EC
C

ho
nd

ro
it

in
su

lf
at

e
E

M
W

C
N

T
(o

d:
10

–2
0

nm
,l

en
gt

h
5–

30
nm

)

R
ac

em
ic

dr
ug

s
(a

m
lo

do
pi

ne
,

la
ud

an
os

in
e,

ne
fo

pa
m

,c
it

al
op

ra
m

,
an

d
pr

op
ra

no
lo

l)
[1

03
]

C
ar

bo
xy

la
te

d
SW

C
N

Ts
an

d
M

W
C

N
Ts

EK
C

β
-C

D
C

ar
bo

xy
la

te
d

SW
C

N
Ts

:o
d

1~
2

nm
;C

ar
bo

xy
la

te
d

M
W

C
N

Ts
:o

d
10

~2
0

nm

Su
lc

on
az

ol
e,

ke
to

co
na

zo
le

,
ci

ta
lo

pr
am

hy
dr

ob
ro

m
id

e,
an

d
ne

fo
pa

m
hy

dr
oc

hl
or

id
e

[1
04

]

G
ra

ph
en

e
H

PL
C

G
ra

ph
en

e
na

no
sh

ee
ts

w
it

h
te

tr
ac

ya
no

et
hy

le
ox

id
e

(T
C

N
EO

)a
nd

(S
)-

(+
)-

2-
py

rr
ol

id
in

em
et

ha
no

l
-

Ib
up

ro
fe

n
an

d
th

al
id

om
id

e
ra

ce
m

ic
m

ix
tu

re
s

[1
05

]

TL
C

D
-T

A
-g

ra
ph

en
e

Th
ic

kn
es

s
of

gr
ap

he
ne

na
no

sh
ee

t:
2–

3
nm

R
ac

em
ic

dr
ug

s
(p

ro
pr

an
ol

ol
an

d
ofl

ox
ac

in
)

[1
06

]

170



Molecules 2019, 24, 1007

T
a

b
le

2
.

C
on

t.

G
ra

ph
en

e
ox

id
e

(G
O

)

C
EC

M
et

hy
l-
β

-C
D

-
A

ni
on

ic
ra

ce
m

ic
dr

ug
s

(n
ap

ro
xe

n,
w

ar
fa

ri
n

an
d

pr
an

op
ro

fe
n)

[1
07

]

C
EC

β
-C

D
co

nj
ug

at
ed

G
O

-m
ag

ne
ti

c
na

no
co

m
po

si
te

s
(G

O
/F

e 3
O

4
N

C
s)

A
ve

ra
ge

si
ze

of
ab

ou
t8

nm
D

,L
-T

rp
[1

08
]

O
pe

n-
tu

bu
la

r
ca

pi
lla

ry
el

ec
tr

oc
hr

om
at

og
ra

ph
y

(O
TC

EC
)

Bo
vi

ne
se

ru
m

al
bu

m
in

-c
on

ju
ga

te
d

gr
ap

he
ne

ox
id

e–
m

ag
ne

ti
c

na
no

co
m

po
si

te
s

G
O

/F
e 3

O
4/

BS
A

-
Tr

p,
th

re
on

in
e

(T
hr

),
an

d
pr

op
ra

no
lo

le
na

nt
io

m
er

s
[1

09
]

H
PL

C
R

ed
uc

ed
gr

ap
he

ne
ox

id
e/

si
lic

a
ge

l
(r

G
O

/S
iO

2)
Si

lic
a

ge
l(

pa
rt

ic
le

si
ze

of
5
μ

m
,

po
re

si
ze

of
12

0
Å

)

Be
nz

en
e

en
ri

ch
ed

en
an

ti
om

er
s,

ib
up

ro
fe

n,
tr

an
s-

st
ilb

en
e

ox
id

e,
2-

ph
en

yl
cy

cl
oh

ex
an

on
e,

pr
az

iq
ua

nt
el

,p
ro

pr
an

ol
ol

,
R

,S
-e

qu
ol

,k
et

oc
on

az
ol

e,
be

nz
oi

n,
an

d
qu

in
id

in
e

[1
10

]

H
PL

C
G

ra
ph

en
e

ox
id

e/
po

ly
(N

-is
op

ro
py

l-a
cr

yl
am

id
e-

co
-g

ly
ci

dy
l

m
et

ha
cr

yl
at

e)
(M

G
O

/P
N

G
-C

D
)

D
ia

m
et

er
:~

80
nm

;t
hi

ck
ne

ss
:

8n
m

D
,L

-T
rp

[1
11

]

O
th

er
na

no
pa

rt
ic

le
s

Po
ly

st
yr

en
e

na
no

pa
rt

ic
le

s

C
E

H
yd

ro
xy

pr
op

yl
(H

P)
-β

-C
D

A
ve

ra
ge

di
am

et
er

:1
5
±

5
nm

Pr
op

ra
no

lo
l

[1
12

]

C
hr

om
at

og
ra

ph
ic

te
ch

ni
qu

e
Su

lf
at

ed
β

-C
D

A
ve

ra
ge

si
ze

of
et

hy
le

ne
di

m
et

ha
cr

yl
at

e-
N

-m
et

ha
cr

yl
oy

l-
L

-H
is

m
et

hy
le

st
er

N
P:

~1
11

.5
nm

O
flo

xa
ci

n
[1

13
]

M
es

op
or

ou
s

si
lic

a
na

no
pa

rt
ic

le
s

D
ir

ec
tc

hi
ra

l
se

pa
ra

ti
on

,C
E

Te
ic

op
la

ni
n-

co
nj

ug
at

ed
m

es
op

or
ou

s
si

lic
a

M
N

Ps
A

ve
ra

ge
di

am
et

er
:~

60
0

nm
;

m
ea

n
po

re
si

ze
:~

3.
9

nm

D
,L

-T
rp

,P
he

,D
,L

-M
an

de
lic

ac
id

,
(±

)-
1-

Ph
en

yl
-1

,2
-e

th
an

ed
io

l,
an

d
N

-B
en

zo
yl

- D
,L

-a
la

ni
ne

[6
7]

C
EC

C
el

lu
lo

se
tr

is
-(

3,
5-

di
m

et
hy

lp
he

ny
l-

ca
rb

am
at

e)
Pa

rt
ic

le
si

ze
of

ca
.6

00
nm

an
d

a
po

re
si

ze
of

ca
.3

nm
Te

tr
ah

yd
ro

pa
lm

at
in

e
an

d
pi

nd
ol

ol
[1

14
]

C
EC

Pe
ps

in
(±

)-
ne

fo
pa

m
[1

15
]

C
E

C
ar

bo
xy

m
et

hy
l-
β

-C
D

A
pp

ro
xi

m
at

el
y

12
0

nm
Ep

he
dr

in
e

an
d

ch
lo

rp
he

ni
ra

m
in

e
[1

16
]

C
E

BS
A

A
pp

ro
xi

m
at

el
y

15
0

nm
Pr

op
ra

no
lo

la
nd

Tr
p

[1
17

]

M
et

al
-o

rg
an

ic
fr

am
ew

or
k

H
PL

C
C

hi
ra

lb
ri

dg
in

g
lig

an
d

-
2-

bu
ta

no
la

nd
2-

m
et

hy
l-

1-
bu

ta
no

l
H

PL
C

[1
18

]

G
C

C
hi

ra
lb

ri
dg

in
g

lig
an

d
-

A
m

in
o

ac
id

de
ri

va
ti

ve
[1

19
]

171



Molecules 2019, 24, 1007

Notably, NPs represent a state of matter in the transition region between solids and molecular
structures in the size range of 1~100 nm [103], where charge carriers are confined in one, two or all
of the three dimensions resulting in quantum well structures (nanosheets), quantum wire structures
(nanowires) or quantum dot structures (nanoparticles), respectively. Due to quantum confinement and
large surface-to-volume ratio (s/v > 1), such structures exhibit unique size-dependent optical, electronic,
magnetic, and catalytic properties [120]. In addition, nanostructures possess better chemical stability,
low cytotoxicity, significant mechanical strength, and are easily modifiable in terms of their size,
shape and surface properties [91,103]. Importantly, NPs enhance the performance of enantioseparation
process due to their extremely large s/v ratio (e.g., nanospheres of 10 nm diameter can have a surface
area as large as 600 m2/cm3 [121]) that maximizes the amount of binding sites [69,81]. In the following
sections we summarize some of the recent applications of different types of nanostructures for the
separation of enantiomers.

3.1. Metal Nanoparticles

Recent years have witnessed tremendous applications of metal NPs in diverse fields of
research including material science, biotechnology, biomedical engineering, targeted drug delivery,
environmental, etc. [122–124]. In addition, the potential of metal NPs in separation science has been
already well recognized due to their easy synthesis procedure, large s/v ratio, controllable particle
size, narrow size distribution, extraordinary biocompatibility, molecular detection properties,
etc. [24,89,125].

In a pioneering work in 2005, Choi et al. [87] employed sulfonated β-CD as a chiral selector and
Ag colloids as an additive in CE for the enantiomeric separation of arylalcohols (1-phenyl-1-propanol,
1-phenyl-2-propanol, and 2-phenyl-1-propanol). The group observed that the addition of Ag colloid to
the running buffer improves the resolution significantly. Another simple, reliable and highly efficient
colorimetric platform for enantiomeric separation and detection was proposed by Zhang et al. [52] by
using UTP nucleotide-capped AgNPs. The enantioselective aggregation of AgNPs allowed the group
achieving rapid colorimetric separation of D- and L-Cys.

AuNPs have also been applied extensively for enantiomeric separation. In 2005, Shao et al. [126]
synthesized human serum albumin (HSA) immobilized gold nanotube membranes for the separation
of warfarin enantiomers. Li et al. [127] used bovine serum albumin-gold nanoparticles (BSA-AuNPs)
conjugate as chiral stationary phases (CSPs) in open-tubular capillary electrochromatography (OTCEC)
for the enantiomeric separation of ephedrine and norephedrine isomers. Good resolutions of
1.18 and 2.15 were obtained for norephedrine and ephedrine isomers, respectively, within 250 s
at an effective separation channel length of 36 mm. In another work, Yang et al. [90] employed
thiolated β-CD-modified AuNPs as chiral selector in pseudostationary phase-CEC to separate four
pairs of dinitrophenyl-labeled amino acid enantiomers and three pairs of drug enantiomers with
enantioseparation resolution up to 4.7. The repeatability of this method has been improvised
in a later work by immobilizing the thiolated β-CD-modified AuNPs onto the inner wall of a
capillary to serve as stationary phase for enantioselective OTCEC separation [128]. Interestingly,
Shukla et al. [88] reported a unique strategy for enantioselective adsorption of propylene oxide
(PO) by using either D- or L-Cys-modified AuNPs. In particular, the group demonstrated the
ability L-Cys (D-Cys)-modified AuNPs to selectively adsorb the (R)-propylene oxide ((S)-propylene
oxide). Notably, this work was extended by using D- or L-Cys to functionalize tetrahexahedral (THH,
24-sided) AuNPs to separate a real chiral pharmaceutical-propranolol [89]. Recently, nucleic acid
aptamer-functionalized AuNPs were used as chiral selector for the separation of racemic D,L-Trp.
The method used centrifugation to separate the precipitate formed by the aptamer-specific enantiomer
(L-Trp) bounded AuNPs (Figure 7) [69]. In another work, Su et al. [53] demonstrated the potential
of laboratory synthesized chiral N-acetyl-L-Cys-capped AuNPs for high throughput enantiomeric
separation of amino acid enantiomers via centrifugation. Recently, monolayer and multilayer AuNPs
film capillary columns were fabricated through layer-by-layer self-assembly of AuNPs and their
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subsequent functionalization through self-assembly of thiolated β-CD in OTCEC [129]. It was observed
that, as compared to monolayer AuNPs film capillary column, the three layer AuNPs film capillary
column possess superior enantioseparation performance. Further, in 2018, Liu et al. [86] successfully
added streptomycin-modified AuNPs in background electrolyte (BGE) solution in CE for the first time
to separate a number of drug racemates, such as, adrenaline hydrochloride, noradrenaline bitartrate,
and isoprenaline hydrochloride.

Figure 7. The schematic of the enantioseparation of D,L-Trp based on functional nucleic acids modified
Au nanoparticles. The figure and the caption have been adapted with permission from [69], Copyright ©
2013 Wiley.

3.2. Metal Oxide Nanoparticles

In recent years, metal oxide nanoparticles such as magnetite (Fe3O4), titania (TiO2),
Zirconia (ZrO2), etc., have become crucial in enantiomeric separations, catalysis, sensing devices,
cell labeling, drug delivery, and biomedical applications [101,130–132]. Notably, nanoscale Fe3O4

is one of the important phases of iron oxide and has been extensively used in the field of
enantiomeric separation due to the possibility of their easy manipulation even at a lower magnetic
field [85,133]. In a seminal work, Choi et al. [91] prepared magnetic silica nanoparticles,
MSNPs (spherical SiO2 NPs containing Fe3O4) of average size 300 nm in order to separate
enantiomers of N-(3,5-dinitrobenzoyl)-α-amino acid N-propylamides. Interestingly, the group
named the enantioseparation process as “enantioselective fishing” since the MSNPs tagged with
an appropriate chiral selector readily formed complexes with one of the enantiomers which was
subsequently separated simply by using a magnet. Enantiomeric separation of amino acids were also
performed by employing water-soluble β-CD-modified Fe3O4 NPs fabricated by using a simple
and convenient chemical route [134]. The group cleverly utilized a strategy to chirally select
amino acids by β-CD and subsequently use Fe3O4 NPs as magnetic separators. In another work,
enantiomeric separation of aromatic amino acids (D,L-Trp, Phe and Tyr) has also been achieved
by using carboxymethyl-β-cyclodextrin (CM-β-CD)-functionalized MSNPs [92]. In the meantime,
Arslan et al. [132] developed a novel enantioselective sorption approach based on Fe3O4 NPs
functionalized with three different β-CDs. The group established that the novel CD-grafted Fe3O4

NPs significantly enhance their enantioseparation capabilities towards a set of chiral carboxylic acid
molecules. Notably, Sayin et al. [135] grafted p-tert-butylcalix[8]arene derivative (C[8]-C4-COOH)
onto Fe3O4 NPs and used both C[8]-C4-COOH and Fe3O4 NPs for the encapsulation of lipase in
order to achieve enhanced catalysis and enantioselective resolution of racemic naproxen methyl ester.
Chiral MNPs based on BSA and Fe3O4 NPs have been used recently to separate chiral drugs (ibuprofen
and ofloxacin) [93] and amino acids (Figure 8) [66]. Most recently, chiral core/shell structured
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MNPs were fabricated by using poly(N-isopropylacrylamide-co-glycidyl methacrylate)-β-cyclodextrin
(PNG-CD) to form smart polymer brushes (shell) onto polydopamine coated Fe3O4 MNPs (core) [136].
The smart NPs (Fe3O4@PDA@PNG-CD), fabricated in this work, showed excellent magnetic
separability where the β-CD units acted efficiently as the chiral selector to selectively recognize
and bind the desired enantiomer forming host–guest inclusion complexes.

 

Figure 8. Preparation of BSA–PMNPs and the direct separation of the racemates. The figure and the
caption have been adapted with permission from [66], Copyright © 2013 The Royal Society of Chemistry.

On the other hand, TiO2 and ZrO2, have also been well recognized as a stationary phase due to
their favorable physiochemical properties [137–140]. The applicability of TiO2 NPs in enantiomeric
separation has been demonstrated by first coating it onto the micron sized silica spheres [94].
The TiO2/SiO2 particles were further coated with cellulose tris-(3,5-dimethylphenylcarbamate)
(CDMPC) to prepare the CSP for the separation of eight indole ring derivative enantiomers. Notably,
the use of TiO2 NPs as additive in CE for the simultaneous separation of eight β-adrenergic
drugs has also been reported [96]. In another work, a ZrO2 based HPLC packing material
ZrO2/SiO2 was prepared by multilayer coating of ZrO2 NPs on the surfaces of silica spheres using
layer-by-layer self-assembly technique [141]. The group analyzed the potential of ZrO2/SiO2 material
for enantioseparation applications. Moreover, in another work, Kumar et al. [96] reported the
fabrication of Fe3O4@ZrO2 microspheres (Fe3O4 magnetic core covered by a ZrO2 shell) of average
size 340 nm, functionalized with CDMPC, for the separation of racemic chiral drugs. Interestingly,
the excellent recyclability of the synthesized chiral ZrO2 magnetic microspheres is quite promising for
their use in the multiple enantiomeric separations.

3.3. Carbon-Based Nanomaterials

Importantly, among different varieties nano-engineered materials used for enantiomeric
separation, carbon nanostructures have also attracted much attention due to their high mechanical
strength, good chemical stability, high elasticity, and high thermal conductivity [142,143]. So far,
a number of allotropic carbonaceous nanomaterials, such as, carbon nanotubes (CNTs), graphene and
graphene oxides (GO) have been successfully applied in this area.

3.3.1. Carbon Nanotubes

Notably, CNTs can be considered as graphite sheets (sp2 hybridised carbon atoms) wrapped up
in the form of a cylinder that are usually capped by a fullerene-like structure with diameters ranging
from few Å [144–146] to tens of a nanometer [102,147] and length up to a few micrometer (may extend
to centimetres in certain occasions) [103,148,149]. CNTs were first discovered by Iijima [150] and have
been one of the most researched materials of 21st century [151]. CNTs can be broadly classified into
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two types: multi-walled carbon nanotubes (MWCNTs) comprised of more than one coaxially rolled up
graphite sheets and single-walled carbon nanotubes (SWCNTs). Due to their unique physicochemical
properties and large chemically active surface area, which have been thoroughly discussed in several
review articles [152–155], both MWCNTS and SWCNTs are emerging as one of the most promising
candidates for numerous potential applications [156–158]. In the context of enantiomeric separation,
CNTs are capable of improving the speed, selectivity, stability, and efficiency in chiral chromatographic
separation [24,159]. In an exciting work, Ahmed et al. [100] demonstrated the creation of a CSP with
good enantioselectivity by encapsulating small amount of SWCNTs into polymer monolithic backbones.
Using enantioselective nano-HPLC separation, the group successfully separated twelve classes of
pharmaceutical racemates. Under optimum concentration conditions, the group achieved satisfactory
repeatability and observed that (6,5) SWCNTs displayed higher enantioselectivity as compared to the
(7,6) SWCNTs. Notwithstanding the enormous potentials of CNTs to be used as sorptive material for
enantiomeric separation, there are very few reports where such non-functionalized CNTs have been
used for the separation of chiral compounds through affinity chromatography. This might be due to
the reason that CNTs, especially chiral CNTs, alone may not be an effective adsorbent for enantiomeric
separation [160,161].

Nevertheless under strong and specific chemical conditions the surfaces CNTs can be
modified/functionalized to enhance their solubility and other intrinsic properties which render
them CSPs or pseudostationary phases [24,97]. There are a number of efforts in the recent past
where enantiomeric separation was successfully performed by the modification of CNTs with chiral
selectors such as β-CD. For example, Na et al. [101] demonstrated a new strategy for enantiomeric
separation of clenbuterol by CE using modified CNT as chiral selector in 2004. The group reported
the formation of a large surface area platform by the NPs modified with β-CD that served as a
pseudostationary chiral phase for the enhanced separation of enantiomers. In a similar work to
separate the same kind of enantiomers, Yu et al. [102] reported a method to functionalize MWCNTs
with hydroxypropyl-β-cyclodextrin (HP-β-CD) in order to use as a stationary phase additive in
TLC, as shown in Figure 9. Recently, carbogenic NPs, carboxylated SWCNTs and carboxylated
MWCNTs were used to modify enantioseparation systems to form pseudostationary phases with
dextrin as chiral selectors in electrokinetic chromatography (EKC) [104]. Particularly the group
established that the introduction of NPs into the buffer significantly could enhance the resolution of
several drug enantiomers namely sulconazole, ketoconazole, citalopram hydrobromide, and nefopam
hydrochloride. Under optimized dextrin concentration, buffer pH and buffer concentration resolution
time of 15 min with resolution values in the range 1.41–4.52 were achieved in this work. In another
work, a novel chiral selector was developed by conjugating BSA which is a type of protein with
carboxylic SWCNTs [98]. The efficient enantioseparation ability of the BSA-SWCNT conjugate was
illustrated by the successful separation of Trp enantiomers within 70 s with a resolution factor of
1.35 and separation length of 32 mm obtained by using poly(methyl methacrylate) based microchip
electrophoresis. The potential of concentrated surfactant-coated MWCNTs as an alternative to other
chiral selectors like CDs were also successfully demonstrated by using partial filling of the capillary
in EKC at different experimental conditions such as pH, addition of organic modifiers, potential and
injection time [97].

Recently, Zhao et al. [162] allowed SWCNTs to bind with the inner wall of a capillary column
in GC in order to enhance the enantiomeric separation by achieving larger surface for the chiral
ionic liquid stationary phase, which in turn increased the interaction between the stationary phases
and the analytes. They prepared two capillary columns for the chromatography process: column
A containing only the chiral ionic liquid and column B containing a mixture of the chiral ionic
liquid and SWCNTs. Interestingly out of 12 model racemates, column B successfully separated eight
chiral compounds as compared to the column A which separated only four of such compounds.
In another work, Guillaume et al. [99] successfully developed a simple approach by using HPLC for
the enantiomeric separation of amino acids by functionalizing SWCNTs with pyrenyl derivative of
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a chiral aminoglycoside called neomycin A (PNA). Magnetization of CNTs also showed promising
results in the separation of enantiomers. Tarigh et al. [163] used the chiral selector L-threonine (Thr),
anchored to the surface of magnetic MWCNTs, to successfully separate D,L-mandelic acid within a
time period of 10 min.

Figure 9. Schematic presentation of preparation of HP-β-CD modified MWCNTs. The figure and the
caption have been adapted with permission from [102], Copyright © 2011 Wiley.

3.3.2. Graphene and Graphene Oxide Nanomaterials

Graphene is, on the other hand, a two-dimensional (2D) sheet of sp2 hybridized carbon atoms
with single atom thickness. In principle, graphene can be regarded as the basic building block of
fullerenes (0D structure), carbon nanotubes (1D structure) and graphite (3D structure) [164,165]. It is
the thinnest yet the strongest known material which exhibit exceptional optical, electronic, thermal,
and adsorptive properties [166,167]. The profound impact of graphene in the field of material science
has been well recognized by the Nobel Prize in Physics for 2010 awarded jointly to Geim and Novoselov
of The University of Manchester, UK for their groundbreaking experiments related to graphene [168].
On the other hand, oxidization of graphite leads to the formation of graphene oxide (GO) decorated
with various oxygen containing functionalities such as epoxide, carbonyl, carboxyl, and hydroxyl
groups [169]. GO is attracting enormous attention due to its easy synthesis procedure, high yield and
satisfactory dispersibility in organic solvents [170].

Notably, graphene and GO exhibit considerable potential in separation science [165] and has been
used by several research groups for the enantiomeric separation of chiral molecules. For instance,
Tu et al. [106] reported the graphene assisted resolution of two racemic drugs propranolol and ofloxacin
using pure D-(–)-TA as the chiral selector in TLC. Interestingly, computational simulations using density
functional theory also showed the applicability of nanoporous graphene, when functionalized by a
chiral bouncer molecule [171]. In another exciting work, Candelaria et al. [105] demonstrated the
fabrication of new type of chemically stable, versatile and cost-effective graphene-based CSPs for
enantiomeric separation using LC. The group employed functionalized mesoporous 3D graphene
nanosheets for the enantiomeric separation of pharmaceutical grade racemic mixtures of model
ibuprofen and thalidomide.

In case of GO, Liang and his coworkers, in a series of publications, employed OTCEC for the
separation of different types of enantiomers by using β-CD conjugated GO-magnetic nanocomposites
(GO/Fe3O4 NCs) [108], BSA-conjugated GO-magnetic nanocomposites (GO/Fe3O4) [172] and BSA
conjugated polydopamine-GO nanocomposites (PDA/GO/BSA) [109] as the stationary phases.
Exploiting the large surface area, excellent biocompatibility of graphene and rough surface morphology
of GO, the group used the OTCEC microdevices to successfully separate Trp, Thr and propranolol
enantiomers with reasonably good resolution factors. Notably, as compared to other similar techniques,
the group reported better resolution factor for the enantiomeric separation of D,L-Trp by using the
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novel PDA/GO/BSA stationary phase. Li et al. [170] reported a facile and efficient strategy to chirally
functionalize GO with optically active helical polyacetylene chains. The group successfully used the GO
hybrid as a chiral inducer for the enantioselective crystallization of alanine enantiomers where L-alanine
was induced to crystallize in the form of rodlike crystals. There are also examples where GO coated
fused silica capillaries were applied for the enantiomeric separation of the ephedrine–pseudoephedrine
(E-PE) and -methylphenethylamine (-Me-PEA) isomers by using CE method [173]. On the other
hand, GO-polymer coated fused-silica capillary columns were used to improve the enantiomeric
separation of three anionic racemic drugs (naproxen, warfarin and pranoprofen) by using CEC with
methyl-β-cyclodextrin (Me-β-CD) as chiral selector [107]. Using molecular modeling with AutoDock,
the group studied the mechanism of GO-modification effect on the enantioseparation efficiency of
the CEC system. In another work, Hong et al. [174] reported for the first time the development of
GO-based affinity capillary silica monolith with HSA or pepsin as chiral selector for enantiomeric
separation and proteolysis by using CEC. It was observed that as compared to affinity monoliths
without GO, HSA-modified affinity capillary silica monoliths (HSA-GO-EDA@CSM) possess better
enantiorecognition ability. Recently, Li et al. [110] reported better HPLC enantiomeric separation
of benzene-enriched enantiomers by using a novel CSP based on GO. In this method, GO was
first covalently coupled to silica gel microspheres which was subsequently reduced with hydrazine
to form reduced graphene oxide@silica gel (rGO@SiO2). Finally, the surfaces of rGO@SiO2 were
physically coated with cellulose tris-(3,5-dimethylphenylcarbamate) to prepare the CSP. Most recently,
a smart multifunctional graphene oxide nanocomposite was prepared which showed exceptionally
good selectivity, thermosensitivity and magnetic separability for the identification and enantiomeric
separation of Trp enantiomers [111]. The synthesized nanocomposite was composed of GO nanosheets,
immobilized superparamagnetic Fe3O4 nanoparticles, poly(N-isopropylacrylamide-co-glycidyl
methacrylate) (PNG) chains and β-CD which was fabricated through a combination of surface-initiated
atom transfer radical polymerization (SI-ATRP) and a ring-opening reaction, as shown in Figure 10.

Figure 10. Schematic illustration of the thermosensitive chiral recognition and enantioseparation of
AAs enantiomers by MGO@PNG-CD. (A) As the temperature is below the LCST of PNIPAM chains (T1),
the β-CD units in PNG-CD can selectively recognize and accommodate L-enantiomers to form stable
host-guest inclusion complexes, while as the temperature is above the LCST of PNIPAM chains (T2),
the loaded L-enantiomers can desorb from the β-CD cavities automatically because of the reduction in
the inclusion constants of β-CD/L-enantiomers complexes; (B) The MGO@PNG-CD is added in the AAs
enantiomeric solution at T1 and the PNIPAM chains are swollen, and then L-enantiomers are recognized
by β-CD; (C) Through an external magnetic field L-enantiomers are loaded on the MGO@PNG-CD,
and D-enantiomers are remained in the enantiomeric solution for subsequent separation; (D) while the
operating temperature is above the LCST of PNIPAM (T2), the PNIPAM chains occur to collapse, and the
loaded L-enantiomers are released, and the MGO@PNG-CD is recycled; (E and F) the regenerated
MGO@PNG-CD is recovered using a magnet and reused. The figure and the caption have been adapted
with permission from [111], Copyright © 2018 American Chemical Society.
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4. Conclusions

Enantiomeric recognition and separation is one of the most challenging tasks, particularly in the
fields of contemporary pharmaceutical science, agrochemical science, material science, and many other
rapidly expanding areas of research. Notably, the advent of modern high-throughput experimentation
(HTE) technology has enabled the research and industrial laboratories to produce a large number
of samples within a very short period of time. In comparison, the analytical methods (e.g., HPLC,
GC, CE, etc.) which are generally employed for screening the reaction yield, enantiomeric purity,
stability to racemization, enantiomeric excess (ee), and concentration of chiral compounds are
relatively expensive, time consuming, laborious and produces solvent waste [175–177]. In this context,
chiral sensing methods, capable of performing real time analysis of mixtures of enantiomers by utilizing
inexpensive instrumentation with almost zero waste of expensive reagents, have significant scientific
and industrial relevance and, therefore, are gaining increasing attention [177]. To date, a number of
methods including electrochemical sensors, gravimetric-mass sensors-resonators, electrical sensors
and chiroptical/spectroscopic sensors have been developed for fast and accurate differentiation of
enantiomer [178]. Table 3 summarizes some of the recently used chiral sensing methods. Importantly,
there are also examples where NPs have been used for the purpose of chiral sensing. For example,
Tsourkas et al. [179] reported a enantioselective immunosensor by utilizing dextran-coated MNPs
as magnetic relaxation switch that decreased the T2 relaxation time of water by 100 ms. The group
successfully detected 0.1 μM of D-Phe in the presence of 10 mM of L-Phe (99.998% ee) by using NMR
measurement of the T2 parameter. In another work, Wang et al. [58] reported a visual sensing platform
based on AuNPs for visual recognition of Gln enantiomers. Silver nanoparticles (~400 nm) have been
used to enhance the circular dichroism by two orders of magnitude [180]. Moreover, enantioselective
sensors based on microcantilevers (MCs) with nanostructured (roughened) gold surfaces on one
side showed promising results for the label-free stereoselective detection of α-amino acids [181].
Further, use of molecular imprinted polymer (MIP) nanowires/nanofibers showed immense potential
to enhance the sensitivity of chiral sensors by allowing more binding sites (or cavities) due to the high
surface area of such nanostructures [182,183]. Thus, integration of nanoscience and nanotechnology
has a lot of potential to enhance the molecular sensing and signal transduction, which are the basic
processes of chiral sensing [184]. A more detailed analysis of the chiral sensing methods can be found
in several recent reviews [177,184,185] and are not discussed here.

In this review, we mainly focus on the application of nanostructured materials to amplify
chiral recognition and separation. Notably, a wide array of nanostructures get benefited from the
rapid development of nanotechnology are synthesized for the characterization and purification
of racemates. The surfaces of NPs coated with chiral ligands (chiral NPs) have proved the
potentialities for enantiomeric recognition based on the specific interactions between analytes and
target enantiomers. Chiral NPs have paved a new route for enantiomeric recognition and surpassed
the current cumbersome methods in this field, offering a relatively simple examination platform as
discussed in Section 2. Notably, chiral NPs accommodate various nanocomposites to manipulate the
molecular adsorption and aggregation, colloidal assembly, and to characterize chemical dynamics
at particle surfaces as a useful modality for the understanding of enantioselective mechanism and
future pharmaceutical applications. These surface effects also raise questions concerning the means
by which biologically active compounds interact with chiral molecules, particularly with regard to
enantioselective mechanisms at the nanoscale.
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Table 3. Representative list of chiral sensing methods. The table derives from Manoli et al. [177].

Sensors Sub-Categories/Types Advantages Disadvantages
Related

References

(a) Electrochemical
Sensors

Potentiometric sensors,
voltammetric sensors

High sensitivity,
simple operation,

rapid detection, low
cost, miniature size,

low power
requirements [186]

Poor durability, need for a
reference electrode [177] [187–190]

(b) Gravimetric-Mass
Sensors

Quartz crystal
microbalance (QCM)

devices based on: CDs,
molecular imprinted
polymers, biological
recognition elements,

etc.

Capability to measure
sub-nanogram level

changes, possibility of
real-time condensed
phase measurements,

long time stability

Resolution degradation
due to multi resonance
modes of the cantilever,

limited performance due
to degraded quality factor

and resolution in liquid
medium [191],

electrochemical QCM can
only be used for studying
electroplated, evaporated,

or sputtered materials
[185]

[192–194]

(c) Electrical
Sensors

Chemiresistors,
organic field effect

transistors,
chemocapacitors

Ease of fabrication and
simplicity in

instrumentation, cost
effective, large

selection of materials
and flexible

Low Thermal stability and
low chemical stability

(oxidation)
[195–198]

(d) Optical sensors

SPR sensors,
fluorescence

spectroscopy, circular
dichroism/optical

rotation probes

Speed of detection,
simplicity in the

measurement
procedure

Low sensitivity and poor
tolerance to impurities

[58,199]

[176,180,200–
203]

On the other hand, separation of racemic compounds is accomplished by selecting the desired
enantiomer by introducing chiral selectors of compatible size and structure to the separation system as
a part of the CSP or as chiral additive in the mobile phases (CAMP) [9,204]. Notably, there still remain
three major issues on the use of chiral selectors for the detection and/or separation of enantiomers.
These are: (a) the broad spectrum of applications, (b) the cost of the selector and (c) the productivity of
the separation (gram of pure enantiomers/kg of CSP/day). In this regard, it is noteworthy to mention
that α-, β- and γ-CDs (oligosaccharides) and their derivatives seem to represent a kind of universal
chiral selector not only due to their broad-spectrum of chiral selectivity and relatively low cost but also
their applicability in most of the separation techniques, such as, TLC, CEC, HPLC, CE, crystallization,
etc. In addition, modified polysaccharides, proline derivatives, Pirkle type chiral selectors are also
finding widespread applications in both analytical and preparative scale separations [9,205,206].
Recently, the most important and widely used CSPs for enantio-recognition/separation mechanisms
were discussed in several reviews [9,21,207–211]. Importantly, economics of the separation process
including the selection of the CSP/CAMP and the separation technique depends mainly on the
stage of production. For example, in early stage small scale laboratory productions, finding an
optimum separation method which is capable of producing large amount of desired enantiomers
within a suitable time period becomes more important than the cost of the process. For preparative
scale productions, however, both cost of the process as well as its productivity plays an important
role [212,213]. Importantly, during the transition from analytical to preparative scale productions,
conventional separation techniques (e.g., batch chromatography) are often replaced by high throughput
large scale production techniques like stimulated moving bed (SMB) technology [214]. Further,
in preparative scale separations the cost of production may significantly vary depending on the type of
CSP/CAMP used and the technique in which the separation process is conducted. Thus the primary
challenge is to find an optimum (cost effective and most productive) separation process, especially by
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using all possible combinations of more efficient CSPs/CAMPs [213,215]. In this regard, the use
of nanoparticles and nanocomposites in separation processes has the potential to circumvent such
challenges. In Section 3, we described the state of the art in the application of nanostructured materials
in the field of enantiomeric separation. Arguably the nanostructured materials will continue to play a
vital role in the separation of chiral molecules, especially due to their extraordinary capacity to enhance
the enantioseparation ability of conventional techniques.

To summarize, we note that enantioseparation science has completed a phenomenal journey of
around 170 years since its first demonstration in 1848 by Louis Pasteur [216]. At the present time,
combination of conventional enantioseparation techniques with the recent advances in nanoscience
and nanotechnology is proving to be quite synergetic by producing exciting results. Despite all these
developments, the major challenge that still remains is the development of a more flexible, efficient and
cost-effective chiral resolution technique and/or chiral selector to efficiently separate the numerous
newer and newer chiral compounds, especially chiral drugs that are continuously being introduced.
Nevertheless, without forgetting the enormous research efforts being devoted in this area during the
last few years, we anticipate that the near future shall witness smarter techniques with more universal
abilities for enantiomeric sensing, recognition, and separation.
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Abstract: Crystallization of tetraphosphonate cavitand Tiiii[H, CH3, CH3] in the presence of positively
charged amino acids, namely arginine, lysine, or histidine, afforded host-guest complex structures.
The X-ray structure determination revealed that in all three structures, the fully protonated form of
the amino acid is ditopically complexed by two tetraphosphonate cavitand molecules. Guanidinium,
ammonium, and imidazolium cationic groups of the amino acid side chain are hosted in the cavity of
a phosphonate receptor, and are held in place by specific hydrogen bonding interactions with the
P=O groups of the cavitand molecule. In all three structures, the positively charged α-ammonium
groups form H-bonds with the P=O groups, and with a water molecule hosted in the cavity of
a second tetraphosphonate molecule. Furthermore, water-assisted dimerization was observed for the
cavitand/histidine ditopic complex. In this 4:2 supramolecular complex, a bridged water molecule
is held by two carboxylic acid groups of the dimerized amino acid. The structural information
obtained on the geometrical constrains necessary for the possible encapsulation of the amino acids
are important for the rational design of devices for analytical and medical applications.

Keywords: amino acid; phosphonate cavitand; molecular recognition; X-ray structure; host-guest
chemistry; lysine; arginine; histidine

1. Introduction

L-Arginine (Arg), L-lysine (Lys), and L-histidine (His) belong to the class of 20 proteinogenic
amino acids. Arg is classified as a conditionally essential amino acid for adults [1], and it serves
as a precursor for methylguanidoacetic acid (creatine), which plays an essential role in the energy
metabolism of muscle, nerve, and testis, and accounts for Arg catabolism of (4-aminobutyl)guanidine
(agmatine) by decarboxylation. Arg is involved as a substrate in the urea cycle, and in nitric oxide
production, the removal of ammonia from the body, cell division, and functioning of the immune
system [2]. Lysine is an essential amino acid that plays an important role in the solvation, structure, and
activity of proteins [3]. Arg and Lys are mostly exposed to the globular protein surface, and they are
involved in the electrostatic interactions in protein-protein and protein-DNA complexes. Furthermore,
through salt bridge formation with the complementary Glu and Asp residues, they contribute to the
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protein stability [4,5]. Arg and Lys side chain methylations are fundamental in post-translational
modifications of histones, essential in epigenetic regulation. Methylations occur primarily at Lys
and Arg residues on the histone backbone [6], affecting transcriptional regulation [7], assembly of
heterochromatin, and cell cycle progression [8].

His is a conditionally essential amino acid, and plays an important role in the growth and repair
of tissues, in the control of the metal elements transmission in biological bases [9], and in protein
interactions [10]. Histidine is present in the naturally occurring histidine-rich protein II (HRP2),
a common target for rapid diagnostic tests for malaria [11]

The unique structures of the three proteinogenic basic amino acids, Arg, Lys, and His, having long
and positively charged side chains, make them interesting targets among the twenty amino acids for
the molecular recognition of a specific side chain in a peptide [10,12].

In the literature, there are many examples reporting the use of synthetic macrocycles for Arg and
Lys amino acid recognition [12–15], while the use of molecular receptors for histidine recognition is
less explored [16].

Cavitands are a class of abiotic macromolecular receptors based on a resorcinarene scaffold
having enforced cavities of molecular dimensions [17,18]. In the design of cavitands, the choice
of the bridging groups connecting the phenolic hydroxyls of the resorcinarene scaffold determines
shape, rigidity, dimensions, and complexation properties of the resulting cavity [19]. The selection can
be made based on the particular class of analytes to be detected. Besides shape complementary,
the selective recognition of a guest by a cavitand host requires the presence of specific weak
interactions such as hydrogen bonding [20], π-π stacking [21], CH-π [22], and cation-π interactions [23].
The degree of sophistication achieved in controlling weak host–guest interactions in cavitands
is such that it allows the rational design of synthetic receptors according to the analyte to be
detected. The different functionalization of the cavity upper rim leads to the synthesis of cavitands
presenting remarkable molecular recognition properties towards different guests, like aromatic and
halogenated hydrocarbons [24–28], short chain alcohols [29,30], and N-methylammonium salts [31].
The ability of the cavitands to selectively recognize analytes can be exploited in solution [31], and
at the gas-solid [25,26] and solid-liquid interface [28,30]. In particular, tetraphosphonate cavitands,
named Tiiii [32], were successfully employed in the molecular recognition of biological relevant
N-methyl ammonium salts, like sarcosine in urine [33,34]. The origin of Tiiii selectivity toward
these species can be attributed to the presence of three different interaction modes: (i) N+···O=P
cation-dipole interactions; (ii) cation-π interactions of the +N–CH3 group with the π basic cavity;
and (iii) two simultaneous hydrogen bonds between two adjacent P=O bridges and the two nitrogen
protons. Recently, the ability of Tiiii in selectively complex different amino acids, both in solution
and in the solid state, was demonstrated [35]. The work focused on the interaction of Tiiii with
the ammonium/N-methyl ammonium group of 13 amino acids, neglecting the complexation of
amino acids with biologically relevant substituents like guanidinium (Arg) and imidazole (His).
These side chains are relevant targets for protein camouflage, since molecular receptors that recognize
protein surfaces are important tools for recognition and activity modulation of proteins [36–40].
Sulfonatocalix[4]arene and cucurbiturils turned out to be the preferred synthetic receptors for protein
surface recognition [41–43].

A recent work of Paton and co-workers describes the cation-π interactions of neutral aromatic
ligands, using benzene as an archetype, with the cationic amino acid residues Arg and Lys via ab
initio calculations, symmetry-adapted perturbation theory (SAPT), and a systematic meta-analysis of
all available Protein Data Bank (PDB) X-ray structures [44]. The Lys-arene interaction is predicted to
be weakened by polar surroundings to the point that it has a negligible effect on an aromatic ligand
binding mode. By contrast, the cation-π interaction made by Arg residues with aromatic ligands is
more robust to changes in the surrounding environment.

Here, we report the crystal structures of three complexes between the Tiiii cavitand as host and
Arg, Lys, and His as guests. The purpose of the study is to determine which are the interactions
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responsible for amino acid recognition in the three cases, and to identify the role of the amino acids
side chain in the complexation event.

2. Results and Discussion

Within a systematic crystallization program to assess the complexation properties of
tetraphosphonate cavitands towards amino acids in the solid state [36], we obtained crystals of
the fully protonated form of proteinogenic positively charged amino acids, such as Arg, Lys, and His.
Crystallization trials were performed using the vapor diffusion method with sitting drops technique
in Linbro multi-well plates containing trifluoroethanol (TFE) as solvent and PEG300 as precipitant
(see Material and Methods). Within the class of tetraphosphonate cavitand, Tiiii[H, CH3, CH3],
a compact synthetic receptor without substituents at its lower rim (Scheme 1), was chosen for its
great tendency to crystallize. Then, accurate crystal structures of the Arg, Lys, and His amino acids
complexed with the tetraphosphonate cavitand were determined by single crystal X-ray diffraction
using synchrotron radiation as X-ray source, with crystals quenched at cryogenic temperatures
(see Material and Methods).

Scheme 1. Molecular sketch of the (a) side and (b) top view of cavitand Tiiii[H, CH3, CH3].

The analysis of the diffraction patterns revealed that the single crystals obtained by
co-crystallization of the cavitand in the presence of the fully protonated amino acids were monoclinic
(P21 space group) for the Arg and His complexes, while the Tiiii/Lys complex crystallized in the
orthorhombic P21212 space group. The asymmetric unit of the 2 Tiiii[H, CH3, CH3]•Arg·2HCl and
2 Tiiii[H, CH3, CH3]•Lys·2HCl crystal structures is composed of two host and one guest molecule,
forming a 2:1 host-guest ditopic complex (Figure 1a,b), while, in the 2 Tiiii[H, CH3, CH3]•His·2HCl
crystal structure, four crystallographically independent cavitands and two amino acids molecules
form a sort of dimeric 2:1 host-guest ditopic complex (Figure 1c).

In all three structures, a chloride ion was modeled at the lower rim of the cavitand, forming weak
C–H···Cl− interactions with the aromatic CH fragments (green spheres in Figure 1).

The relevant geometric parameters describing the host-guest interactions are reported in Table 1.
The X-ray structure determination revealed two binding geometries for the side chain fragments of
arginine, lysine, and histidine. Guanidinium, ammonium, and imidazolium cationic groups of the side
chain are hosted in the cavity of the phosphonate receptor, and are held in place by specific hydrogen
bonding interactions with the P=O groups of a cavitand molecule (Figures 2 and 3).

The guanidinium group of Arg was found to be statistically disordered over two equally
populated positions (conformation I and II). In conformation I, the side chain of Arg interacts with
all four P=O groups of Tiiii (Table 1 and Figure 2a,b), and its terminal atoms are inserted below the
main plane, defined by the oxygen atoms of the P=O groups. The planar guanidinium group forms a
dihedral angle of 40◦ with the mean plane of the four oxygen atoms of the P=O groups of Tiiii host.
In conformation II, the planar guanidinium group is more perpendicular with respect to the oxygen
atoms’ plane (dihedral angle of 63◦), and forms only two strong H-bonds with two opposite P=O
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groups (Table 1 and Figure 2c,d). In this case, a NH2 group is located in the center of the cavity of the
tetraphosphonate host, and it is slightly more deeply inserted in the cavity with respect to the other
conformation (Table 1 and Figure 2b,d).

The ammonium group of Lys, located above the P=O plane, interacts and forms strong H-bonds
with two adjacent P=O groups of Tiiii (Table 1 and Figure 3a,b) and with a water molecule inserted in
the Tiiii cavity. This internal water molecule forms two H-bonds with the remaining oxygen atoms of
the P=O groups (Table 1 and Figure 3a,b).

Table 1. Relevant geometric parameters (Å) describing the host-guest interactions. Tiiii(1) and Tiiii(2)
cavitands form H-bonds with the α-ammonium group and with the side chain of the amino acid,
respectively. The out of plane (oop) of the more inserted non-H atoms of the amino acid (or water
molecule) is calculated with respect to the mean plane, defined by the four oxygen atoms of the cavitand
P=O groups. A negative sign is used for atoms below the plane and inserted in the cavity of Tiiii. His(1)
and His(2) correspond to the two crystallographic independent molecules of the dimeric 2 Tiiii[H, CH3,
CH3]•His·2HCl complex. Values in brackets correspond to the II conformation of Arg.

Tiiii(1) H-Bonds Arg Lys His(1) His(2)

N–O2 2.71. 2.71. 2.81. 2.71.
N–O3 2.80 2.83 2.77 2.78
N–OW 2.74 2.72 2.64 2.66
OW–O1 2.90 2.87 2.76 2.81
OW–O4 2.83 2.90 2.73 2.87
oop N 0.70 0.55 0.89 0.89

oop Ow −0.65 −0.86 0.36 0.13

Tiiii(2) H-Bonds Arg Lys His(1) His(2)

O1 Nη2 2.93 (2.70) Nζ 2.84 Nδ1 2.70 Nδ1 2.69
O2 Nη1 2.92 (3.47) Nζ 2.76
O3 Nε 2.76 Ow 2.68 Nε2 2.71 Nδ1 2.67
O4 Nη2 2.73 (3.45) Ow 2.71
Ow Nζ 2.72
oop Nη1 −0.54 (−0.64) Nζ 0.72 Cε1 −0.47 Cε1 −0.38
oop Ow 0.29

 

(a) 

 

(b) (c) 

Figure 1. Ball and stick models of the crystallographic host-guest complexes. CPK colors with the
amino acid guests evidenced by yellow carbon atoms. Hydrogen atoms have been omitted for clarity.
The H-bonds are represented by cyan dashed lines. The chloride anions (green spheres) form weak
C–H···Cl− interactions (green dashed lines) with the lower rim of the cavitand (a) 2 Tiiii[H, CH3,
CH3]•Arg·2HCl 2:1 ditopic complex (b) 2 Tiiii[H, CH3, CH3]•Lys·2HCl 2:1 ditopic complex (c) dimeric
2 Tiiii[H, CH3, CH3]•His·2HCl 2:1 ditopic complex.
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(a) 

 

(b) 

(c) 

(d) 

Figure 2. Orthogonal views of the H-bond interactions (cyan dashed lines) between the side chain of
Arg amino acid (yellow carbons) and tetraphosphonate cavitand Tiiii (grey carbons) (a,b) conformation
I; (c,d) conformation II. Other atoms color code: P, orange; N, blue; O, red. Hydrogen atoms have been
omitted for clarity.

 

(a) 

 

(b) 

(c) 

(d) 

Figure 3. Orthogonal views of the H-bond interactions (cyan dashed lines) between the amino acid
side chain (yellow carbons) and tetraphosphonate cavitand (black carbons) (a,b) 2 Tiiii[H, CH3, CH3]•
Lys 2HCl complex; (c,d) 2 Tiiii[H, CH3, CH3]• His 2HCl complex. Hydrogen atoms have been omitted
for clarity.
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In the His crystal, both crystallographically independent 2:1 host-guest complexes have a very
similar side chain interaction with the cavitand (Figure 1c). The imidazolium cationic group of the
His amino acid is inserted with its Cε1 atom into the center of the cavity, and it forms two strong
H-bonds with two opposite P=O groups (Table 1 and Figure 3c,d). The dihedral angle between the
imidazolium group and the oxygen atoms plane of Tiiii is 57◦ and 67◦, in the two crystallographically
independent complexes, respectively. It is interesting to note that, while the interaction of the Lys side
chain is assisted by a buried water molecule, no extra water molecules are presented in the cavity of
Tiiii hosting the Arg or His side chains. This is probably due to the fact that the guanidinium and
imidazolium groups are able to form H-bonds with two opposite P=O groups (see Figures 2c and
3c). In such arrangements, a water molecule does not have enough space inside the cavity and any
possibility to form double H-bonds with two vicinal P=O groups, as in the case of the complexes
with the ammonium group (Figures 3a and 4a). On the other hand, Lys side chain has a higher
charge density compared with the Arg and His side chains, in which the conjugation between double
bond and nitrogen lone pairs delocalizes the positive charge. Consequently, desolvation of the planar
guanidinium and imidazolium groups should be more favorable with respect to the ammonium group
of Lys amino acid.

 

(a) (b) 

Figure 4. Orthogonal views of the H-bond interactions (cyan dashed lines) between the α-ammonium
group of Lys amino acid (yellow carbons) and Tiiii (gray carbons) mediated by a water molecule
(red sphere). Hydrogen atoms have been omitted for clarity. (a) top view (b) side view.

In all three structures, the fully protonated form of the amino acid is ditopically complexed
(Figure 1). The positively charged α-ammonium groups form H-bonds with the P=O groups, and with
a water molecule hosted in the cavity of a second tetraphosphonate molecule. The nitrogen atom is
above the O mean plane, defined by the oxygen atoms of the P=O units, while the water molecule is
located below this plane (Figure 4). More specifically, in the Lys complex, this water molecule is much
more inserted in the cavity with respect to the analogous water molecule on the opposing cavitand
that hosts the ζ-ammonium group (1.15 Å, see Table 1). This different behavior can be associated
with the presence, in the α ammonium group complexation, of a methylene β carbon that covers the
cavity (Figure 4a). On the other hand, the complexation of the linear side chain of Lys leaves the water
molecule free to adopt a different position in the hydrophobic cavity (Figure 3a).

This amino acid/cavitand interaction mediated by a water molecule has been observed in all
three complexes, namely with Arg, Lys, and His, and it involves the constant part of the α-amino acid.
This “nonspecific” amino acid H-bond interaction was already reported in previously determined
host-guest complexes involving the hydrophobic amino acids: Ala, Val, Leu, and Ile [35].

A particular H-bond interaction between the carboxylic acid group of Arg and a P=O group of
cavitand mediated by a water molecule has been observed (Figure 5a). This interaction, noted only
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in 2 Tiiii[H, CH3, CH3]•Arg 2HCl complex, links the two cavitands of the 2:1 complex by an H-bond
network that involves the α-ammonium and α-carboxylic acid groups of the guest.

 

(a) 

 

(b) 

Figure 5. H-bond interactions between the amino acid (yellow carbons) and tetraphosphonate cavitand
(gray carbons) (a) H-bond interaction between the carboxylic acid group of Arg amino acid and Tiiii
mediated by a water molecule (red sphere); (b) dimerization of the 2 Tiiii[H, CH3, CH3]•His 2HCl
complex mediated by a water molecule (red sphere). Hydrogen atoms have been omitted for clarity.

An interesting difference within the positively charge proteinogenic amino acids is the formation,
in the solid state, of water-assisted dimerization of the cavitand/histidine 2:1 complex. In this structure,
a bridged water molecule is held by two carboxylic acid groups of the dimerized amino acid (Figure 5b).
From the topological point of view, this dimer shows that the couple of 2:1 complexes are mutually
oriented in such a way that the side chain of the guest amino acid has the same direction and orientation
(Figure 1c).

The cavitand units of the 2:1 complexes are in a typical cone conformation with the amino
acid guest, connecting the two bowls, oriented slantwise to allow for optimal host-guest interaction.
Despite the formation of 2:1 complexes with similar α-ammonium/Tiiii interaction and analogue side
chain complexation, the crystal structures of the three amino acid/cavitand complexes show a quite
different spatial arrangement of the two cavitands.

The overall shape of the 2 Tiiii[H, CH3, CH3]•Arg 2HCl complex is quasi-capsular, with the
Arg amino acid captured between the two almost-aligned cavitands. In particular, the two bowls,
facing each other, hold the Arg amino acid in a clamp-like arrangement. The dihedral angle between
the mean planes of the four oxygen atoms of the P=O groups of two cavitands, representing the
opening angle of the clamp, is 36◦ (Figure 6a).

(a) (b) (c) 

Figure 6. Ball and stick models of the Tiiii/amino acid 2:1 complexes view parallel to the mean planes
of the four oxygen atoms of the P=O groups of Tiiii hosts (a) 2 Tiiii[H, CH3, CH3]•Arg 2HCl 2:1 ditopic
complex (b) 2 Tiiii[H, CH3, CH3]•Lys 2HCl 2:1 ditopic complex (c) 2 Tiiii[H, CH3, CH3]•His 2HCl 2:1
ditopic complex. Hydrogen atoms have been omitted for clarity.
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In the 2 Tiiii[H, CH3, CH3]•Lys 2HCl complex, the two cavitand bowls are almost perfectly
anti-parallel, while they are offset by about a half cavitand (Figure 6b). This misalignment significantly
opens the clamp formed by the two host molecules.

In the 2 Tiiii[H, CH3, CH3]•His 2HCl complex, the two cavitand bowls are both shifted laterally,
by more than half cavitand, and rotated by about 48◦ (dihedral angle between the P=O planes),
resulting in a more open clamp with respect to the other two cases (Figure 6c).

With respect to the ditopic behavior of positively charge amino acids, an unexpected result
obtained in this crystal structure analysis is the trend observed in the opening of the clamp of the
2:1 complex. The trend observed, His > Lys > Arg, is in reverse order with respect to the length of amino
acid side chain Arg > Lys > His. This reverse trend can be attributed to dimer formation, in the case of
the 2 Tiiii[H, CH3, CH3]•His 2HCl complex (Figure 1c), and to the different behavior between Arg and
Lys residues in the insertion of the side chain into the cavitand (Table 1 and Figures 2b and 3b).

3. Materials and Methods

3.1. Co-Crystallization Experiments

For the co-crystallization experiments, the phosphonate cavitand Tiiii[H, CH3, CH3],
with the P=O groups pointing inward the cavity, was synthesized as previously described [45],
and 2,2,2-trifluoroethanol (TFE) and amino acids (L-arginine, L-lysine, and L-histidine) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and used as supplied.

Crystals of host-guest complexes containing amino acids were obtained by co-crystallization
microscale experiments with the sitting drop vapor diffusion technique. The co-crystallization solution
was prepared by adding, to a TFE solution (30 mM) of cavitand Tiiii[H, CH3, CH3], a solution containing
the desired amino acid. The solutions of amino acids were prepared in 1 M HCl (see Table S1 for
experimental details). As a general procedure, 4 μL of the solution containing the cavitand and the
amino acid were set on a microbridge, and then 4 μL of the reservoir solution were added to the drop.
The drop was left to equilibrate against 1 mL of reservoir solution, containing the organic polymer
polyethylene glycol (PEG) 300 in the range between 5 and 50% (v/v) as precipitant agent. Crystals
were left to grow at the temperatures of 4 ◦C. After 1 month, good quality crystals suitable for X-ray
diffraction analysis were obtained.

3.2. Crystal Structure Determination

Data collections were carried out at the Macromolecular crystallography XRD1 beamline of the
Elettra synchrotron (Trieste, Italy), by employing the rotating crystal method and the cryo-cooling
technique. Routinely, the crystal was mounted in a loop and flash frozen at 100 K with liquid nitrogen
without adding further cryoprotectant, thanks to the presence of PEG 300 in the mother liquor.
Diffraction data of Arg, Lys, and His/cavitand complexes were indexed and integrated using the XDS
package [46]. Scaling was carried out with AIMLESS, for the dataset collected from crystals of Arg,
Lys, and His/cavitand supramolecular complexes.

All structures were solved by direct methods using SIR2011 [47]. Non-hydrogen atoms at full
occupancy, or with population higher than 0.5, were anisotropically refined (H atoms at the calculated
positions) by full-matrix least-squares methods on F2 using SHELXL-13. Restraints on the geometrical
and thermal parameters of the disordered solvent molecules (DFIX, DELU, ISOR) were introduced
during the last refinement cycles. Several TFE co-crystallized solvent molecules were found in the
asymmetric units for all the structures. In all the structures, electronic density that could be attributed
to highly disordered solvent molecules was detected. The contribute of the disordered solvent to the
overall scattering was removed through the SQUEEZE function of PLATON software [48]. A detailed
discussion of the refinement for each structure is provided below.
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3.2.1. Structure Refinement of 2 Tiiii[H, CH3, CH3]•Arg 2HCl Complex

In the asymmetric unit of the complex of Tiiii[H, CH3, CH3] with doubly protonated Arg, a dimeric
supramolecular host-guest complex was found together with 2.9 TFE solvent molecules and 3.7 water
molecules. The guanidinium fragment of arginine was found disordered over two positions refined
with equal occupancy. The residual electron density of 155 electrons/cell, found in the voids of
the crystal (corresponding to 9% of the cell volume), was attributed to about 1.5 highly disordered
CF3CH2OH molecules in asymmetric units. A refinement using reflections modified by the SQUEEZE
procedure [48] behaved well, and the R-factor was reduced from 9.1% to 7.5%.

3.2.2. Structure Refinement of 2 Tiiii[H, CH3, CH3]•Lys 2HCl Complex

In the asymmetric unit of the crystal of the complex of Tiiii[H, CH3, CH3] with doubly protonated
Lys, a dimeric host-guest complex was detected together with 0.8 TFE solvent molecules and 2.8 water
molecules. The residual electron density of 1097 electrons/cell, found in the voids of the crystal
(corresponding to 28% of the cell volume), was attributed to a disordered chlorine ion and about 5.3
CF3CH2OH molecules in asymmetric units. A refinement using reflections modified by the SQUEEZE
procedure [48] behaved well, and the R-factor was reduced from 14.3% to 6.8%.

3.2.3. Structure Refinement of 2 Tiiii[H, CH3, CH3]•His 2HCl Complex

In the asymmetric unit of the crystal of the complex 2 Tiiii[H, CH3, CH3] with doubly protonated
His, two crystallographically independent dimeric host-guest complexes were detected together
with 7.82 TFE solvent molecules and four water molecules. The residual electron density of
191.7 electrons/cell, found in the voids of the crystal (corresponding to 7% of the cell volume),
was attributed to about 2.1 CF3CH2OH molecules in asymmetric units. A refinement using reflections
modified by the SQUEEZE procedure behaved well, and the R-factor was reduced from 7.4% to 6.8%.

Crystal data and refinement details are reported in Table S2. CCDC 1869186 (Tiiii/His),
1869187 (Tiiii/Arg), and 1876524 (Tiiii/Lys) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; E-mail:
deposit@ccdc.cam.ac.uk)

4. Conclusions

Molecular recognition of amino acids is a topic of particular interest because it involves several
important applicative aspects, such as advanced therapeutic approaches towards target proteins,
as well as sensor applications for biochemical analysis and immobilization techniques for protein
purification and/or characterization [38,49]. Within a systematic crystallization program, to assess the
complexation properties of a cavitand molecule towards amino acids [35], we obtained crystals of the
fully protonated form of the three proteinogenic positively charged amino acids, Arg, Lys, and His
complexed with the tetraphosphonate cavitand Tiiii[H, CH3, CH3] in cone conformation. The X-ray
structure revealed that, in all three complexes, the fully protonated form of these amino acids has a
ditopic behavior. Each amino acid is complexed by two tetraphosphonate cavitand molecules. The side
chain of the amino acid is hosted by a cavitand molecule from one side, while the α-ammonium
group interacts with a second cavitand molecule on the opposite side. Then, an overall 2:1 host-guest
complex is assembled. In particular, the guanidinium, ammonium, and imidazolium cationic groups
of the side chain of the amino acids, Arg, Lys, and His, are respectively hosted in the cavity of
a phosphonate receptor, and they are held in place by specific hydrogen bonding interactions with
the P=O groups of the cavitand molecule. The positively charged α-ammonium group of the three
amino acids forms H-bonds with two P=O groups, and with a water molecule hosted in the cavity of a
second tetraphosphonate molecule. The chloride counter ion has a crucial role in the stabilization of
this complex because it has been detected at the bottom of the lower rim of both cavitands, just on
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the opposite site of the cavity. The chloride ions form weak C–H···Cl− interactions with the aromatic
CH fragments of both Tiiii units, balancing the two positive charges of the guest. It is interesting to
note that, in the solid state, the cavitand/histidine 2:1 complex forms a dimer through the carboxylic
acid group of the amino acid. This dimerization, with formation of a supramolecular 4:2 host-guest
complex, is assisted by a crucial bridged water molecule. This phenomenon has been observed only
for this specific amino acid complex. The analysis of the relative disposition of the cavitands in the
2:1 host-guest complexes has evidenced an unexpected ditopic behavior of the proteinogenic positively
charged amino acids. In particular, the trend observed in the opening of the clamp formed by the two
cavitands, His > Lys > Arg, is inverted with respect to the trend of the length of amino acid side chain
Arg > Lys > His. The bulkiest guest, Arg, is almost completely encapsulated by two phosphonate
cavitands, while the shorter Lys and the even shorter His gradually show a more open structure of the
complex. The overall architecture observed in these complexes provide support for the rational design
of ditopic cavitands as molecular clamps for encapsulation of proteinogenic positively charged amino
acids. [50,51].

Supplementary Materials: The following are available online. Table S1: Experimental details for the
co-crystallization experiments of the host-guest complexes of cavitand Tiiii[H, CH3, CH3] with the selected
amino acids., Table S2: Crystal data and structure refinement details for the host-guest complexes.
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Abstract: Small ring heterocycles, such as epoxides and aziridines, are present in several natural
products and are also highly versatile building blocks, frequently involved in the synthesis
of numerous bioactive products and pharmaceuticals. Because of the potential for increased
efficiency and selectivity, along with the advantages of environmentally benign synthetic procedures,
multicomponent reactions (MCRs) have been explored in the synthesis and ring opening of these
heterocyclic units. In this review, the recent advances in MCRs involving the synthesis and
applications of epoxides and aziridines to the preparation of other heterocycles are discussed
emphasizing the stereoselectivity of the reactions.

Keywords: multicomponent reactions; epoxides; aziridine; asymmetric synthesis; green synthesis

1. Introduction

Heterocyclic compounds are very important due to their biological and/or pharmacological
properties. In particular, the small ring heterocycles, such as epoxides and aziridines, are present in
several bioactive natural products [1]. Among the epoxides, the following examples of enzymatic
inhibitors deserve mention: scyphostatin, which was isolated from a mycelial extract of Trichopeziza
mollissima by Nara et al. in 1999, is a neutral sphingomyelinase inhibitor [2]; and E-64, a promiscuous
irreversible cysteine protease inhibitor that is broadly reactive toward the papain family, was isolated
from Aspergillus japonicus in 1978 by Hanada et al. [3]. Moreover, 3,4-epoxy-6,9-heneicosadiene was
identified as a sex pheromone component of the eucalyptus brown-looper Thyrinteina arnobia, which is
considered an important pest in Brazilian native plants [4].

Concerning the aziridine rings, we should emphasize the antitumor antibiotics mitomycin C,
isolated from cultures of Streptomyces caespitosus, that has been used in combination chemotherapy for
a variety of tumors and as an antifibrotic agent for several surgical procedures [5]; and azinomycin B,
a remarkable natural product containing both epoxide and aziridine rings in its structure, originally
isolated from Streptomyces sahachiroi (Figure 1) [6].

Molecules 2019, 24, 630; doi:10.3390/molecules24030630 www.mdpi.com/journal/molecules203
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Figure 1. Examples of natural products possessing epoxide and aziridine rings.

The three-membered rings are also highly versatile building blocks, frequently involved in the
synthesis of natural compounds and incorporated into the molecular scaffold of numerous bioactive
products and pharmaceuticals [7,8].

Several methodologies have been already reported for the stereoselective synthesis of epoxides
and aziridines from alkenes catalyzed by transition metals, such as the seminal work by Professor
Sharpless using Ti(OiPr)4 and diethyl tartrate [9], the Jacobsen–Katsuki epoxidation employing
Mn(III)–salen complexes [10,11], and also Rh(II)-aziridination [12,13]. The asymmetric synthesis
of epoxides, cyclopropanes, and aziridines using organocatalysis was reviewed by Meninno and
Lattanzi [14]. Moreover, a recent review covered the synthesis of natural and/or biologically
relevant three-membered heterocycles and derivatives based on asymmetric epoxidation, aziridination,
azirination, and thiirination reactions [15]. The use of three-membered rings as intermediates to the
synthesis of biologically active compounds has also been extensively explored [16–18].

The development of efficient, stereoselective, and environmentally benign synthetic protocols
has become extremely important in the last several decades. An effective approach to achieve these
goals is to carry out a multistep reaction or synthesis in a one-pot procedure, since several synthetic
transformations and bond-forming steps can be carried out in a single pot, while circumventing several
purification procedures at the same time. This strategy, named “pot economy” by Professor Hayashi,
minimizes chemical waste generation, saves time, and simplifies practical aspects [19].

An outstanding example by Smith III and Kim described the use of silyl 1,3-dithianes and
epoxides in a solvent-controlled Brook rearrangement to access differentially protected monosilyl
1,5-diol moieties with precise stereocontrols [20]. This chemistry was further explored with the use
of N-Ts aziridines, as the second electrophile to access protected 1,5-amino alcohols, which could
be exploited as advanced intermediates for the construction of 3,5-disubstituted indolizidine rings.
According to the authors, this transformation probably occurs via an intramolecular alkylation of the
1,5-amino alcohols, where the nitrogen would act as a nucleophile, attacking electrophilic carbons
bearing activated oxygen substituents.

This strategy was applied in the total synthesis of (−)-indolizidine 223AB having epoxide
(+)-2 and aziridine (−)-4 as building blocks (Scheme 1). The key step for the synthesis of chiral
epoxide (+)-2 involved a Jacobsen’s hydrolytic kinetic resolution (HKR) employing the (R,R)-Salen
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Co(III) catalyst [21]. Aziridine (−)-4 was prepared from D-norvaline in three steps [22]. Then,
lithiation of dithiane, followed by addition of epoxide (+)-2, warming to −25 ◦C over a period
of 1 h, stirring for an additional 4 h at −25 ◦C, and then addition of aziridine (−)-4 in Et2O
containing hexamethylphosphoramide (HMPA, 0.65 equivalents) to promote the solvent-controlled
Brook rearrangement furnished (−)-5 in 56% isolated yield. Removal of the t-butylsilyl groups (TBS)
using tetrabutylammonium fluoride (TBAF, 95% yield), bismesylation followed by treatment with
potassium carbonate in MeOH for 3 h, and then addition of excess sodium amalgam (5%) directly to
the reaction mixture furnished the desired product in excellent yield (95%). Finally, reductive removal
of the dithiane with Raney Ni (69% yield) completed the synthesis of (−)-indolizidine 223AB.

Scheme 1. Total synthesis of (−)-indolizidine 223AB.

The multicomponent and domino reactions have demonstrated a remarkable impact on the
synthesis of complex products, with biologically or pharmacological active products among these [23].
The multicomponent reactions (MCRs) involve three or more reactants that are introduced concurrently
and form a single product which contains the essential parts of the starting materials [24]. Such
reactions allow the straightforward synthesis of intricate molecules in a one-pot fashion without
the isolation and purification of intermediates, therefore leading to lower costs, time, and energy
consumption. Additionally, MCRs are modular and convergent in nature and also an important source
of molecular diversity [25]. Because of the potential for increased efficiency and selectivity, along with
the advantages of environmentally benign synthetic procedures and catalyst reusability, association of
heterogeneous catalysis and MCRs have been explored [26,27]. Recently, three-component reactions of
amines, epoxides, and carbon dioxide have emerged as a powerful strategy for the synthesis of organic
carbamates [28].

Despite the intensive research in the field of asymmetric synthesis in the last several decades,
the asymmetric MCRs are still a challenge, especially those based on isocyanides (IMCRs) [29].
In this context, several groups have investigated asymmetric approaches to IMCRs, and recently
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very elegant solutions were found for the catalytic enantioselective version of some Passerini- or
Ugi-type reactions [30,31]. Thus, in this review, the recent advances in MCRs involving the synthesis
and applications of epoxides and aziridines is discussed with emphasis on the stereoselectivity of
the reactions.

2. Epoxides

The epoxides are considered versatile starting materials in organic synthesis. The inherent
polarity coupled with ring strain makes epoxides susceptible to various reactions with different
reagents (nucleophiles, electrophiles, acids, and bases) to produce new useful functional groups.

2.1. Epoxide Synthesis

Amino epoxides are important building blocks in the synthesis of many natural products
and analogues. Roy and coworkers demonstrated a transition-metal-free methodology for the
synthesis of multisubstituted α-amino epoxides via a three-component reaction (3-CR), in which
2-(trimethylsilyl)aryl triflate (6) was employed to generate the aryne species in situ that reacted with
N-substituted aziridines (7) and aldehydes (8) (Scheme 2). The authors proposed that the addition
of aryne to the aziridine substituted with an electron withdrawing group (EWG) generated the
zwitterionic species A; then, the intramolecular proton transfer provided a strained aziridine ylide B

which added to the carbonyl component, and the resulting alkoxide C promoted the aziridine ring
opening and further epoxide closure. This elegant approach furnished the desired epoxides in good
yields and diastereoselectivity with good tolerance to different functional groups [32].

Scheme 2. Three-component coupling involving aziridine, aryne, and aldehyde.

Ashokkumar and Siva described a C3-symmetric proline-based organocatalyst (Cat I) for the
synthesis of α,β-epoxy ketones (12) (Scheme 3) via a directly oxidative coupling involving styrenes
(10) and aldehydes (11) in the presence of tert-butyl hydroperoxide (TBHP) as oxidant. The authors
proposed that the reaction mechanism might follow a radical pathway in which the catalyst plays a
crucial role to provide good enantioselectivity to the product. In general, the reaction presented a good
tolerance for different substituents, including a less active aliphatic aldehyde [33].
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Scheme 3. Proline-based chiral C3-symmetric organocatalyst for the synthesis of epoxide derivatives
through a domino reaction.

The use of asymmetric 3-substituted 2,3-epoxy-aldehydes in multicomponent reactions might be a
challenge since those species can easily undergo epimerization under either acidic or basic conditions.
To overcome this issue, our group designed the one-pot synthesis of epoxy-α-acyloxycarboxamides
(14) from asymmetric organocatalyzed epoxidation of α,β-unsaturated aldehydes 13 followed by the
Passerini 3-CR (Scheme 4). For the asymmetric epoxidation a new diarylprolinol silyl ether catalyst (Cat
II) was developed, which enabled the use of green solvents such as ethanol/water mixture providing
the desired epoxy-aldehydes with good yields and enantioselectivity. Then, the other components of
Passerini-3CR (carboxylic acid and isocyanide) were added and after 24 h, highly functionalized epoxy
α-acyloxycarboxamides 14 were obtained in good yields and stereoselectivity [34]. Those adducts
were submitted to inhibition assays against cathepsins K, V, and L, in which the LSPN423 was the
most potent and selective against cathepsins L. Further investigations demonstrated that LSPN423 is a
tight binding uncompetitive inhibitor with an inhibition constant (Ki) of 1.33 μM [35].

Scheme 4. Tandem asymmetric organocatalytic epoxidation/Passerini reaction.

2.2. Epoxide Ring Opening

Vignatti and Luis-Barrera recently described the synthesis of chiral 1,2,2′-aminodialcohols 18 via
a three-component approach in which occurred the ring opening of two distinct epoxides 16 and 17

by a single aniline component (15) under solvent-free conditions. This was catalyzed by squaramide
moieties present in a metal–organic framework (Sq_IRMOF-16) consisting of a zinc metal cluster
(Zn4O) bridged by dicarboxylate linkers, forming a three-dimensional mesopore system (Scheme 5).
The construction of the catalyst was planned so that the catalytic sites were available in all three
dimensions, and also so that the pores were large enough to host the intermediates generated during
the reaction. The authors demonstrated that MOF pores decorated with squaramide moieties were
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more effective than only the squaramide as catalyst in the proposed conditions. Enantiomerically pure
epoxides were employed and the asymmetry was retained in the products. From the three-component
reaction, they could obtain either homo-disubstituted (R2 = R3) or hetero-disubstituted amino diols
(R2 
= R3) by controlling the addition of substrates. The polarity and size of the epoxide substituents
directly affected the yield: bulky hydrophobic chains, such as –C11H23 and –C10H21, required longer
reaction times (3–4 days) and provided the products in moderate yields (43 and 56%, respectively).
On the other hand, an increase in substituent polarity lead to an increase of both rate and yield, even
when bulky groups, such as –CH2OTBDMS, were used [36].

Scheme 5. Epoxide ring-opening multicomponent reaction catalyzed by Sq_IRMOF-16.

The synthesis of multisubstituted asymmetric 1,3-oxazolidines 22 was reported by Hong et al. in a
three-component reaction between anilines (19), mono-substituted epoxides (21), and ethyl glyoxalate
(20) (Scheme 6). To obtain the enantiomerically enriched product, they used a Ti(IV) complex with the
chiral ligand (S)-BINOL in a 1:2 ratio as catalyst, with a small amount of trifluoroacetic acid (TFA). Since
only satisfactory yields were observed—around 50%—the authors further investigated the possibility
that a kinetic resolution might be occurring.

Scheme 6. Asymmetric 3-CR and kinetic resolution of 1,3-oxazolidine derivatives.

Moreover, from the analysis of unreacted epoxide, they could detect that the substrate was no
longer a racemate. Additional experiments have shown that only S-epoxide was consumed, confirming
the kinetic resolution hypothesis. They also could observe the regiospecificity of the reaction, since
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from all the experiments—even at 10 mmol scale—only the C-4 isomer was detected; consequently,
no C-5 isomer was found, which corroborates the proposed mechanism where the complex of Ti(IV)
with (S)-BINOL promoted the epoxide ring opening (only S-isomer) that immediately reacts with the
imine from aniline and ethyl glyoxalate, giving the desired product [37].

Murray and coworkers described an anion relay strategy to the three-component linchpin coupling
involving a tandem epoxide opening/Cu-catalyzed allylation, where two C–C bonds and one new
stereogenic center were formed (Scheme 7). By using enantiopure epoxides 23 the authors observed
excellent diastereoselectivity to the anti-isomer (up to 20:1). The [B(pin)]2–C(H)Li was employed
as a bifunctional linchpin [38] so it could react with two electrophiles: first, promoting the epoxide
opening with poor diastereoselectivity (intermediate A), and second, the subsequent deborylative
transmetalation that generated the organocopper B, which reacted with the allyl bromide C, affording
the desired products. According to mechanistic studies the step of formation of the organocopper
species determines the anti-selectivity of the product. The 1,3-hydroxy-homoallylboronates 26 obtained
were proven to be very useful for further functionalization, such as the stereoselective synthesis of a
key intermediate of the alkaloid (+)-allo-sedamine; this methodology was also successfully extended
to a sequential four-step process to obtain 1,3-polyol motifs [39].

Scheme 7. Copper-catalyzed three-component linchpin coupling.

In 2010, Yeung and coworkers first described a new catalyst-free electrophilic MCR involving
olefins, cyclic ethers, primary amines, and N-bromo-succinimide (NBS) as a bromide source
(Scheme 8) [40]. The initial studies used diverse cyclic ethers 28. According to experimental
observations, the authors proposed the MCR pathways in which NBS promoted the bromination of
the olefin (27), then the cationic intermediate underwent ring opening by nucleophilic addition of the
cyclic ether; in addition, the intermediate 30 was captured by the sulphonamide (NsNH2), furnishing
the desired product 31. The use of ethylene oxide as the cyclic ether component enabled subsequent
reactions to provide biologically active morpholine derivatives, such as the (±)-phenmetrazine and
(±)-phendimetrazine, two norepinephrine–dopamine releasing agents.

209



Molecules 2019, 24, 630

Scheme 8. One-pot electrophilic aminoalkoxylation reaction.

In further investigations concerning electrophilic MCR employing epoxides, Zhou et al. observed
that monosubstituted epoxides could be opened via Markovnikov or anti-Markovnikov pathways
giving products with low regioselectivity (Scheme 9) [41]. Then, studies concerning the electronic
effect of the epoxide substituents over the ring opening selectivity demonstrated a preference for the
anti-Markovnikov product when epichlorohydrin was used. As previously described, the treatment
of the multicomponent product 34 with K2CO3 in MeCN afforded the corresponding morpholines
35 in good yields. The attempt to perform both steps in one pot was successful, as well as the use
of enantiopure (R)-epichlorohydrin in order to provide the asymmetric morpholine 37; in this case,
not only was the configuration of epoxide maintained, but the racemic olefin 36 was desymmetrized,
affording a single stereoisomer with excellent enantiomeric excess.

Scheme 9. Synthesis of trisubstituted morpholines through an electrophilic multicomponent reaction
using epichlorohydrin, olefin, nosyl amide, and N-bromosuccinimide.

In order to demonstrate the availability of the electrophilic MCR using epichlorohydrin
in the synthesis of bioactive morpholines, Zhou and Yeung reported the formal synthesis of
reboxetine, a norepinephrine reuptake inhibitor, and also the enantioselective synthesis of a carnitine
acetyltransferase inhibitor (Scheme 10). The main strategy for the synthesis of both products built
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upon the previous methodology described by Yeung and employed tert-butyldimethylsilyl ethers
(OTBS) or hydrogen as substituent to 38 aim to obtain the morpholine skeleton [41], followed by the
substitution of chloride to introduce a suitable functionality, as well as removal of the nosyl group [42].

Scheme 10. Formal synthesis of Carnitine acetyltransferase and Reboxetine.

Coates et al. proposed a 3-CR with epoxides, carbon monoxide, and isocyanates based on
previous mechanistic studies regarding the carbonylation of epoxides to form β-lactones catalyzed
by the [(salph)Al(THF)2]+[Co(CO)4]− complex, in which the intermediate 42 could be trapped by an
electrophile such as isocyanates (Scheme 11). This 3-CR gave 1,3-oxazinane-2,4-diones (OD), a versatile
intermediate in the synthesis of α,β-unsaturated carbonyl systems, β-ketoesters, and β-hydroxy-acid,
among other functionalities. The substrate scope revealed that the electrophilicity of the isocyanate
was crucial to the efficiency of the MCR, aryl isocyanates with electron-withdrawing substituents
afforded the products with excellent yields and chemoselectivity; on the other hand, in the reaction
with aryl isocyanates bearing electron-donating substituents, the products were obtained in lower
yields and chemoselectivity, since β-lactones side products were observed. Therefore, the addition
of intermediate 42 to isocyanate might be the rate-determining step. Further mechanistic studies
gave additional information concerning reaction pathways: (1) β-lactone cannot be converted to OD;
thus, β-lactone is not an intermediate in the OD synthesis; (2) NMR experiments with labeled OD
prepared from 13CO confirmed the proposed mechanism, in which the CO was incorporated adjacent
to the β-carbon; and (3) 1,2-disubstituted epoxides afforded OD with inversion of configuration in
the β position to the ring oxygen and retention in the α position, e.g., cis-epoxide gave trans-OD and
trans-epoxide gave cis-OD [43].
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Scheme 11. Three-component synthesis of 1,3-oxazinane-2,4-diones catalyzed by the
[(salph)Al(THF)2]+[Co(CO)4]− complex.

In 2014, Zhang et al. and Liu and Sun reported simultaneously a cobalt-catalyzed multicomponent
reaction involving epoxides (46), imines (47), and carbon monoxide (Scheme 12) [44,45]. Interestingly,
both groups aimed at the copolymerization of imines with CO, using the epoxide to generate acylcobalt
species as a catalyst; however, the major product obtained was 1,3-oxazinan-4-ones (48), rather than
the desired polypeptide. Since it was the first one-pot methodology described for the synthesis of this
class of compounds, the authors further investigated this 3-CR. In general, alkyl-substituted epoxides
provided the 2,6-disubstituted product due to the selective ring-opening at the less hindered carbon.

On the other hand, Liu and Sun observed the opposite regioselectivity for styrene oxide
(2,5-disubstituted product), which was attributed to higher stability of the benzylic carbocation. The
chairlike conformation of the six-membered cyclic transition state model can be used to rationalize the
diastereoselectivity observed when monosubstituted epoxides were employed. They performed in situ
IR experiments in order to obtain information concerning the reaction mechanism. The first account
was that [Ph3SiCo(CO)4] pre-catalyst was converted to [HCo(CO)4]—the catalytic species—from
β-hydrogen elimination of oxirane. To prove this hypothesis, they employed the [HCo(CO)4] generated
in situ from the alcoholysis of [Ph3SiCo(CO)4] in methanol and the reaction proceeded at a higher rate.
The IR experiments also indicated that imine addiction to the acylcobalt species is the rate-determining
step of the reaction [40].
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Scheme 12. Cobalt-catalyzed 3-CR for the synthesis of 1,3-oxazinan-4-ones.

In the context of multicomponent reactions involving the transition metals, undoubtedly, the
Catellani reaction is one of the most known. This reaction concerns an ipso functionalization of an
aryl iodide and, concomitantly, a C–H activation in the ortho position catalyzed by palladium and
promoted synergistically by 2-nobornene species. Recently, Zhang’s group developed an elegant
method of C–H activation in a Catellani reaction employing epoxides, and, posteriorly, aziridine, as
the alkylating agent for this transformation [46]. The salient features of the strategy include its broad
substrate scope and its high atom economy, since an epoxide (or aziridine) can be incorporated into
the product in its entirely, without the need for any sacrificial group.

The developed protocol begins with the mixture of an aryl iodide 49, an alkylating reagent
(epoxide) 50, and electron-deficient olefin as terminating reagent using Pd(OAc)2 as catalyst,
XPhos as the ligand, the potassium salt of 5-norbornene-2-carboxylic acid as mediator, and
N-methyl-2-pyrrolidone (NMP) as solvent at 60 ◦C (Scheme 13). After 12 h, the product was obtained
in moderate to excellent yields (25–95%), and a total of 45 examples were prepared. Among these
examples were the aryl iodide, the electron withdraw olefin, and a large range of epoxides including
natural product derivatives and macrocyles. Chiral epoxides were also tested and a regioselective
ring opening was observed for all products with no decrease of ee. Moreover, the products of the
reaction are poised to undergo oxa-Michael reactions, thus allowing expedient access to isochroman
scaffolds 52.
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Scheme 13. Palladium-catalyzed Catellani reaction using epoxides.

3. Aziridines

Aziridines are a powerful synthetic building block widely used in the synthesis of different
nitrogen-containing derivatives [47]. Due to their feasibility as synthetic precursors and building
blocks, in this section we describe recent strategies for the aziridination and transformation of this
heterocycle in multicomponent protocols.

3.1. Synthesis of Aziridines

There are many methods for the synthesis of aziridines and, currently, most of them involve
diastereo- or enantioselective strategies to achieve this three-membered ring. However, few papers
have reported the synthesis of this ring using three or more components.

In 2016, Xu and coworkers described a three-component reaction for the preparation of
α-phosphonyloxy-β-amino ester derivatives through an [1,2]-phospha-Brook rearrangement followed
by addition of an imine substrate as an electrophile (Mannich coupling) (Scheme 14) [48]. In this
MCR, using N-tosyl or N-4-methoxyphenylsulphonyl as a protecting group, 18 examples of
α-phosphonyloxy-β-amino esters 55 were obtained in high yields and at >20:1 dr for most entries.
Using diphenylphosphinyl as a protecting group, a different behavior was observed. This new
protecting group increases the nucleophilicity of nitrogen, therefore facilitating the intramolecular
elimination of the diethoxyphosphate group. This modification affords the aziridines 56 in good to
excellent yields (52%–99%) and diastereoselectivity (>20:1 dr).
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Scheme 14. Three-component coupling of diethyl phosphite, α-ketoesters, and N-protected imines.

Concerning enantioselective protocols, aziridination from an MCR perspective has been scarcely
described [49,50]. The first examples for this transformation were described in 1999 and consisted of
stoichiometric reactions, whereas in 2009, organocatalyzed multicomponent aziridination reactions
appeared in the literature [51,52]. Following Akiyama’s strategy [53], Bew and coworkers reported
a multicomponent asymmetric Brønsted-acid-catalyzed aza-Darzens reaction for the synthesis of
N-aryl-cis-aziridine carboxylate esters [54]. Alkyl diazo acetates and aromatic or hetero aromatic
aldehydes were employed to afford 10 examples in good yields (61%–98%) and with mostly >90%
ee; however, this score was dependent on the use of ortho-tert-butoxy aniline at −60◦C to ensure the
performance of this transformation.

Regardless of Bew’s reports, Wulff and coworkers had been contributing to the development of a
multicomponent catalytic asymmetric aziridination reaction. The reported procedure starts with the
addition of diazo ester compounds to N-protected aldimine catalyzed by a chiral Brønsted acid [55]
(Scheme 15). This transformation usually affords cis-aziridine-2-carboxylate 59 in good yields and
enantiomeric excess. This transformation begins with a facile method for in situ preparation of BOROX
catalyst derivative from (S)-VAPOL or (S)-VANOL and three equivalents of B(OPh3). When the BOROX
catalyst and protonated imine are close enough, an ion pair is formed and the diazo ester compound
attacks, delivering the cis-aziridine.
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Scheme 15. Multicomponent aziridination by BOROX catalysis.

Later, Wulff and coworkers evaluated the catalytic asymmetric cis-aziridination reaction from
chiral aldehydes and the transition states using (R)- or (S)-BOROX. The reaction uses NH2MEDAM
and α- or β-substituted chiral aldehydes at −10 ◦C and 5–10 mol % BOROX catalyst using (R)-
or (S)-VAPOL, VANOL, and tBu2VANOL as ligands. A variety of different substrates reveal a
strong dependence on the match between the substrate and the catalyst to achieve good yields
and enantioselectivity.

Nevertheless, previous reports suggest that aziridination reactions using diazo acetamides instead
of diazo esters afford trans-aziridine 62 [56–58]—the change in the stereochemical outcome could be
rationalized by the reversal in the ordering of both the substrates 60 and 61 H-bonding to the BOROX
catalyst, which causes a flip in the face selectivity of bond formation to the imine carbon [59]. Based
on this information, Wulff and coworkers optimized the multicomponent trans-aziridination reaction
for aryl and alkyl aldehydes 60 exploring the BUDAM protecting group on nitrogen (Scheme 16) [60].
With reaction conditions very similar to those employed before, the authors achieved excellent results
for aromatic aldehydes, whereas alkyl aldehydes were highly dependent of the substrate, catalyst, and
the time required for imine bond formation.

Scheme 16. Enantioselective multicomponent trans-aziridination of imines with diazo acetamides.

3.2. Aziridine Ring Opening

Over recent years, the aziridine moiety has been used in several methods involving ring opening
strategies allowing access to domino chemical transformations in a one-pot procedure or without the
purification/isolation of intermediates.

Based on the susceptibility of C–N bond cleavage in aziridine, Majee and coworkers reported the
synthesis of 1,3-oxazolidines under neat conditions [61]. Based on previous work [62], the authors
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described a practical and simple multicomponent method to achieve this heterocycle. The protocol
consists of a mixture of aziridine, formaldehyde, and formic acid in 1:1:1 ratio at 100 ◦C under neat
conditions, and 1,3-oxazolidines were obtained in good yields (Scheme 17). The proposed mechanism
begins with nucleophilic attack of nitrogen from the aziridine ring to the protonated formaldehyde.
The oxygen atom adds to the benzylic position, opening the aziridine ring and closing the final
five-membered oxazolidine.

Scheme 17. Protocol for the synthesis of 1,3-oxazolidines described by Majee and coworkers.

Larionov and coworkers developed a 3-CR employing aziridine, aryne, and acetonitrile as the
nucleophile [63]. Different research groups have since extended this concept to other nucleophiles such
as fluoride [64], phenols, carboxylic acids [65], water [66], and aldehyde as the electrophile (Scheme 18)
as shown before in Section 2.1.

Scheme 18. Aryne multicomponent coupling and use of aziridines as nucleophilic triggers.

Wani et al. developed a domino ring-opening cyclization (DROC) of activated aziridines
and epoxides with nitrones via dual catalysis using LiClO4/Bu4NBF4 “on water” furnishing
the corresponding 1,2,4-oxadiazinanes and 1,4,2-dioxazinanes, respectively. The authors also
explored a model reaction in a multicomponent stepwise fashion, with benzaldehyde, N-methyl
hydroxyl-amine hydrochloride, and 2-phenyl-N-tosylaziridine as substrates, obtaining the desired
product 1,2,4-oxadiazinane 69 in good yield (78%) as a single diastereoisomer (Scheme 19) [67].
According to the proposed mechanism, the catalysts promoted the regioselective aziridine ring opening
by nitrone followed by cyclization affording the cis-disubstituted product.
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Scheme 19. Multicomponent approach for the synthesis of 1,2,4-oxadiazinane.

Another example of DROC of activated aziridines was published by Zhou and Yeung, who
developed an electrophilic halogen-induced domino reaction for the synthesis of pyrrolidine,
piperidine, or azepanes. The experimental protocol starts with an enantiopure olefinic aziridine,
and N-bromosuccinimide (NBS) and NsNH2 as the halogenation agent and nucleophilic partner,
respectively. For all cases, the aziridine 70 furnished good yields and stereoselectivity for the
enantiopure substituted azepane, and no piperidine was detected [68].

From further investigations concerning electrophilic DROC employing ethenylaziridine
(n = 1) [69], the same authors observed that an aziridinium ion intermediate formed in a shorter
carbon chain could be opened by NH2Ns at either a terminal or internal position from aziridine to give
pyrrolidine or piperidine, respectively (Scheme 20). The preference for the formation of pyrrolidine
was attributed to the substitution having taken place at the less hindered terminal carbon position.

Scheme 20. NBS-induced aminocyclization–aziridine ring expansion cascade of 70.

Another example of aziridine opening reaction was described by Zhou and coworkers [70].
Inspired by the discovery that the epoxides could act as alkylating reagents for the Catellani
reaction, the authors explored the same behavior for aziridine aiming for the synthesis of
tetrahydroisoquinolines (Scheme 21). Using Pd/tri-2-furanylphosphine (Pd/TFP) as a catalyst,
a norbornene mediator, K2CO3 in MeCN as solvent at 70 ◦C, the authors evaluated the aryl iodine,
the N-protected aziridine, and electron-deficient olefin. Using this methodology, 42 examples were
prepared in a mild, chemo- and regioselective ring opening, including an enantiopure aziridine. This
protocol provided a versatile way to access tetrahydroisoquinolines.
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Scheme 21. Palladium-catalyzed Catellani reaction for synthesis of tetrahydroisoquinolines.

Beyond the last report, few papers are available on the one-pot multicomponent synthesis of
tetrahydroisoquinolines. Based on the ready access and good reactivity of N-sulfonylaziridine,
Xing and coworkers reported a stereoselective three-component synthesis of 1,4-disubstituted
tetrahydroisoquinolines that provided a good choice for convergent synthesis of this core skeleton [71].
The 3-CR of aziridines, arenes, and aldehydes was performed with BF3OEt2 and anhydrous MgSO4

as an additive under dichloroethane (DCE) at 60 ◦C (Scheme 22). In most cases, cis-products were
obtained in moderate yields with good regio- and diastereoselectivities. In the proposed mechanism,
the Lewis acid promoted the ring opening of N-tosyl aziridine via a Fridel–Crafts substitution. Next,
the imine sulfonyl compound further underwent Lewis-acid-catalyzed Pictet–Spengler condensation
in a cascade fashion, leading to cis-1,4-disubstituted tetrahydroisoquinolines.

Scheme 22. Tandem three-component reactions between aziridines, arenes, and aldehydes.

Yudin’s group expounded aziridine synthesis or functionalization, exploring the aziridine
aldehyde dimer transformation in different ways, including diverse protocols involving MCRs.
Enantiomeric enriched aziridine aldehyde dimers can be obtained from natural α-amino acids in five
steps [72]. Recently, our research group described an alternative synthetic route to these dimers starting
from α,β-unsaturated aldehydes through an asymmetric organocatalytic aziridination followed by
Boc deprotection, under mild conditions and in two steps [73].

The aziridine aldehyde dimer has been employed as a building block to access, for example, a
wide range of functionalized diamine compounds from a Petasis borono–Mannich process (Scheme 23).
Using excess of morpholine, boronic acid, and aziridine aldehyde dimer under hexafluoroisopropanol
(HFIP), the diamine 84 was obtained with high syn diastereoselectivity [74]. Another example was
reported in 2017, in which the 1,2-aziridinyl propargylic amines (86) were obtained with good yield
and stereoselectivity through a zinc-catalyzed multicomponent reaction under trifluoroethanol (TFE)
at room temperature [75].
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Scheme 23. Example of aziridine aldehyde dimer as an inducing group for building blocks synthesis.

Furthermore, in 2010, Yudin’s group reported a trans-diastereoselective cyclization of amino acids
and peptides using a disrupted Ugi reaction (as it was called by the authors) [76]. This protocol has as its
main aspect the reversibly autoprotected aziridine aldehyde dimer 87 when applied in an Ugi reaction.
This characteristic is related to iminium ion formation prior to the selectivity-determining isocyanide
addition; then, the exocyclic aziridine intercepts the carbonyl group of the mixed anhydride, which
undergoes solvolysis. The disrupted Ugi protocol afforded piperazinone 90 from three components;
however, as showed in 2014 [77], there is a substantial difference in reactivity between secondary and
primary amino acids in this kind of Ugi reaction (Scheme 24). The authors showed that the relative
stereochemistry is controlled by both the amino acid and the aziridine aldehyde dimer under TFE.
In the case of the chiral primary amino acid, this transformation was selective for the trans-substituted
products 90 while the chiral secondary or protected amino acids afforded cis-products. Besides this,
a diverse range of functionalized isocyanides were screened in the disrupted Ugi reaction to obtain
chiral piperazinones in high stereoselectivities [78].

Scheme 24. Disrupted Ugi reaction with aziridine aldehyde dimers, isocyanides, and amino acids
(or peptides).

A computational study concerning the mechanism pathway, including the factors contributing
to stereochemistry induction, was also reported by Yudin [79]. The same protocol was also extended
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subsequently to evaluate the multicomponent reactivity of linear peptides 91 towards peptide
macrocycles 92 from disrupted Ugi reactions [80,81].

4. Conclusions

In conclusion, we have shown in this review that stereoselective MCRs can be efficiently employed
in the synthesis of epoxides and aziridines, as well as in their transformation via ring opening on more
functionalized compounds including other heterocycles, with potential pharmacological properties.

However, considering the green context of the MCRs, in several reports that were discussed in this
work, quite toxic solvents were still employed, such as, for example, HMPA, DCE and THF. Although
there is a long path to be travelled, alternative solvents that have low toxicity, are easy to recycle, and
are inert should be considered. Furthermore, it is expected that investigations focusing on asymmetric
catalysis will continue to grow in the near future, on the road to more sustainable chemistry.
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Abstract: The hemi-synthesis of chiral imine, benzimidazole and benzodiazepine structures is
reported by the condensation of (S)-(−)-perillaldehyde, the major phytochemical of Ammodaucus
leucotrichus subsp. leucotrichus essential oil, with different amine derivatives of 2,3-diaminomaleonitrile,
o-phenylenediamine and 3-[(2-aminoaryl)amino]dimedone. The reaction proceeds in situ at ambient
temperature without prior isolation of the natural (S)-(−)-perillaldehyde. Final products precipitate
in the ethanolic reaction medium. 2D NMR and single-crystal X-ray diffraction studies were used to
unequivocally characterize the structures in solution and in the solid state, respectively. Chiral HPLC
analysis confirms the formation of unique enantiomers and diastereomeric mixtures.

Keywords: (S)-(−)-perillaldehyde; Ammodaucus leucotrichus; amines; hemi-synthesis; essential oil;
2D NMR; single-crystal X-ray diffraction; chiral-HPLC

1. Introduction

Over the past decades, there has been a growing transition in drugs from natural materials,
natural products, or their simple derivatives to more potent natural-mimicking synthetic prototypes [1].
Essential oils’ components still play a major role in this combinatorial chemistry and are considered
promising sources of stereospecific structures. They can indeed serve as substrates in hemi-synthesis,
leading to new active molecules. For instance, (+)-carotol, the major constituent of carrot seed essential
oil, was used as a starting material in the hemi-synthesis of ten cytotoxic hydroindene-derived chiral
synthons [2]. A novel series of essential oils oriented chiral esters with high insecticidal activity
have been synthesized based on the scaffold of the natural pyrethrin [3]. Cymbopogon schoenanthus
essential oil is mainly composed of piperitone (68.2%), which was used for in situ preparation of three
anti-parasitic carbasones [4].
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Ammodaucus leucotrichus Cosson & Durieu subsp. leucotrichus belongs to the Apiaceae (Umbelliferae)
plant family. It is an endemic species growing in the Saharan and sub-Saharan countries of North
Africa, extending up to Egypt and tropical Africa [5]. Generally, it grows in wadis with granite
boulders (temporary water streams) [6]. This plant plays an important role in traditional medicine
in North African countries. It is used as a remedy for cardiac diseases [7], rheumatism, asthma and
stomach diseases [8,9]. The major components in the essential oil of A. leucotrichus from Morocco
were reported to be perillaldehyde (63.6%) and limonene (26.8%) [5]. A similar phytochemical profile
is reported for the essential oil of A. leucotrichus growing wild at different areas in the Southern
Algerian Sahara, characterized by perillaldehyde (37.5–84.4%) and limonene (7.0%–29.2%) [10–12].
(S)-(−)-Perillaldehyde laevorotatory form is found most abundantly in essential oils of other plants
such as the woody shrub Conyza newii [13]. This aldehyde is extensively used as a food additive
for flavouring and especially as an ingredient in perfumes [14], but it also exhibits antioxidant,
antidepressant and other biological activities [15].

In general, aldehydes are most commonly used in the synthesis of a large range of interesting
molecules, such as imines and benzodiazepines. Many preparations of various imines by
the condensation of different aldehydes with aliphatic or aromatic amines are reported in the
literature [16,17]. This kind of molecule is known to possess significant biological properties,
such as antitumor, insecticidal, antibacterial, anti-tuberculosis, antimicrobial and anticonvulsant
activities [18]. Benzodiazepines represent a well-known class of therapeutics displaying anticonvulsant,
anti-inflammatory, analgesic and anti-depressive effects [19]. A literature survey reveals that a fair
amount of work has been published in the stereospecific synthesis of benzodiazepine derivatives by the
condensation of aldehydes and several heterocyclic compounds [20,21]. In particular, a simple and fast
method has recently been described by us for the elaboration of novel benzodiazepine structures [22].

Following this last method, we propose herein the hemi-synthesis of novel chiral imine,
benzimidazole and benzodiazepine structures from the essential oil of A. leucotrichus by condensation
of its major constituent (S)-(−)-perillaldehyde (81.0%) with different amine substrates, such as
2,3-diaminomaleonitrile, o-phenylenediamine and 3-[(2-aminoaryl)amino]dimedone. The GC-MS
analysis of our A. leucotrichus essential oil allowed the identification of perillaldehyde (81.0%) and
limonene (12.4%) as major constituents (see Supplementary Materials). The combination of amines with
the enantiopure perillaldehyde may lead to functional synergy and render the final chiral molecules
with improved biological properties, since it is well-known that the biological effect is intrinsically
related to one of the enantiomers. In addition, the toxicological, pharmacokinetic behaviour and
metabolism of the enantiomers may also be different [23].

2. Results and Discussion

2.1. Chemistry and Mechanism

Perillaldehyde, the major constituent of the A. leucotrichus essential oil, reacts in situ with the
aforementioned amines without the need for prior purification or isolation from the oil matrix.
The condensation reaction proceeds under similar operating conditions as previously published [22],
by employing ethanol as a solvent at ambient temperature and under catalyst-free conditions over a
period of 12 h. The reaction is easily worked up by filtration of the formed solid showing a high purity
of products 1–4, isolated in moderate-to-good yields (47%–82%) after washing with ethanol, ultimately
avoiding any further chromatographic purifications (Scheme 1).

The final products 1–4 are chiral because the condensation reactions are carried out over the aldehyde
group, ultimately maintaining the configuration of the asymmetric centre of (S)-perillaldehyde. This has
direct implications in the performed crystallographic studies as detailed below. The reaction mechanisms
follow the classical imine condensation to afford compound 1, 2-amino-3-{[(E)-[(S)-4-(prop-1-en-2-yl)
cyclohex-1-en-1-yl)methylene]amino}maleonitrile, obtained from the reaction of the main constituent
of the A. leucotrichus essential oil with 2,3-diaminomaleonitrile (Scheme 2). In a similar way,
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o-phenylenediamine condenses on perillaldehyde to afford the corresponding imine as an intermediate.
The latter undergoes a second amine attack, giving rise to an imidazole ring closure after spontaneous
dehydrogenation at ambient temperature, therefore generating (S)-2-[4-(prop-1-en-2-yl)cyclohex-1-en-
1-yl]-1H-benzo[d]imidazole 2 via a tandem process (Scheme 2). In common reaction cases, the imidazole
ring closure occurs at higher temperatures (heating at reflux) [24]. However, our experimental protocols
were strategically oriented to perform hemi-synthetic transformations at room temperature, which
allows a rapid precipitation/crystallization of the final chiral product upon formation. Under these
relatively low temperature conditions, compound 1 could not cyclize to imidazole, while the
benzimidazole ring closure in compound 2 was possible due to chemical stabilization of the mentioned
heterocyclic system. The last experiment was performed using 3-[(2-aminoaryl)amino]dimedone
which, according to our previous study [22], originates 3,3-dimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-
1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]diazepin-1-ones 3 and 4 via imine condensation
and diazepine ring closure that creates a new asymmetric centre over the diazepine ring (Scheme 2).

 
Scheme 1. In situ hemi-synthesis of imine 1, benzimidazole 2 and benzodiazepines 3–4 from the main
constituent of the Ammodaucus leucotrichus essential oil.

 
Scheme 2. Mechanistic pathway for the hemi-synthesis of imine 1, benzimidazole 2 and benzodiazepine
3–4 structures form essential oil of A. leucotrichus in situ.

229



Molecules 2019, 24, 975

2.2. Chiral HPLC and Stereochemistry

(S)-(−)-Perillaldehyde is found in essential oils in an optically active laevorotatory form due
to the presence of an asymmetric carbon [13]. This carbon was chemically resistant to our amine
nucleophilic attacks on perillaldehyde where chemical alterations were mainly brought to the
aldehyde function to produce compounds 1–4 (including imine, imidazole and 1,4-diazepines)
and maintaining the asymmetric carbon unchanged. This fact was further studied, however, by
chiral-HPLC analysis performed on imine 1, imidazole 2 and 1,4-benzodiazepine 3, where the presence
of a sole chromatographic peak indicated the existence of one enantiomer as noted in the case of
compounds 1 and 2 (Figure 1, see Supplementary Materials). Structurally, 1,4-benzodiazepines 3 and 4

are composed of the asymmetric perillaldehyde moiety attached to the new connecting asymmetric
carbon which belongs to the diazepine ring. Stereochemical and mechanistic considerations suggest
the presence of a 1:1 ratio of two diastereomers (11-R, 4′-S- and 11-S, 4′-S-isomers) (Scheme 2).
This was proved with the help of chiral-HPLC, showing the presence of two chromatographic
peaks with 1:1 integrating areas, ultimately supporting the formation of a diastereomeric mixture of
1,4-benzodiazepine 3 (see Supplementary Materials). According to chiral chromatographic profiles of
1–3, our hemi-synthetic process was efficient without any side products being formed, showing high
purity of the unique enantiomeric forms of compounds 1 and 2, along with diastereomeric mixtures of
1,4-benzodiazepines 3 and 4.

Figure 1. Chiral-HPLC separation of compound 1 (pure enantiomer—left) and compound 3 (diasteromeric
mixture—right).

2.3. Nuclear Magnetic Resonance Spectroscopy

The structures of 1–4 were characterized by 1D and 2D NMR spectroscopy (see Supplementary
Materials). The 1H-NMR spectrum of compounds 1–4 suggested the presence of the asymmetric
perillalkyl unit, which is mainly characterized by aliphatic protons of methylene groups appearing
as multiplets between δH 1.0 and 3.0 ppm with their positions confirmed based on DEPT-135,
HSQC and HMBC experiments (Figure 2). Vinylic protons of the perillalkyl moiety were attributed
around 4.40–5.00 ppm (for the extra-cyclic protons) and 5.00–6.70 ppm (for the intra-cyclic ones).
Using DEPT-135 and HSQC experiment, all the protonated carbons were assigned, especially
those from δC 20 to 40 ppm due to aliphatic methyl and methylene groups of perillalkyl radical
(see Supplementary Materials).

The structures of 1–4 were further confirmed based on the HMBC experiments. The main HMBC
connectivities observed over the perillalkyl unit are depicted in Figure 2. Aromatic and vinylic
quaternary carbons were localized via HMBC correlations with their neighbouring protons, especially
in the case of 1,4-benzodiazepines 3 and 4, where the proton H-11 was shown to establish four different
connectivities with the surrounding quaternary carbons, along with the carbonyl C-1 (Figure 2). A deep
examination of both 1H and 13C-NMR spectra of 1,4-benzodiazepines 3 and 4 revealed the presence
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of duplicated signals with a 1:1 ratio according to proton integration, which is clear evidence of the
presence of diastereomeric mixtures (see Supplementary Materials).

 
Figure 2. HMBC correlations of compound 1–3.

2.4. Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction studies were further used to determine the spatial arrangement of
the new compounds 1–4 (Figures 3 and 4). Crystals of compounds 1–4 were directly obtained from
the reaction batches after filtration and washing with ethanol. This is noteworthy because use of
the natural (S)-(−)-perillaldehyde as a starting chiral reagent means that all the resulting structures
crystallized in chiral and non-centrosymmetric space groups. The absence of strongly diffracting
elements in all structures means that the absolute configurations of asymmetric carbons could not
be determined from the X-ray studies, but they were nevertheless unveiled from the chiral HPLC
studies performed.

Compounds 1 and 2 only have a single asymmetric carbon centre belonging to the parent
perillalkyl unit, exhibiting the (S)-configuration (Figure 3). While 1 crystallized in a non-centrosymmetric
monoclinic space group P21 with the asymmetric unit having only one molecule, 2 crystallized in
the non-centrosymmetric orthorhombic space group P212121, with two molecules composing the
asymmetric unit. These two molecules had the same configuration for the asymmetric carbon centre
with the inequivalence arising from simple rotations of the various molecular units composing the
molecule. The presence of donor and acceptor units capable of engaging in strong hydrogen bonds was
well evidenced in the crystal packing of both 1 and 2. In 1, the two nitrile groups and the amine moiety
were engaged in strong intermolecular N–H···N hydrogen bonds, forming a R3

3(14) graph set (dN···N
= 3.012(3)–3.028(3) Å and <(NHN) = 147–168◦), ultimately dictating the way the molecules closely pack
in the solid state. In 2, there was a single N–H···N interaction connecting the two crystallographically
independent molecular units, leading to the formation of a C2

2(8) graph set motif (dN···N = 2.853(4)
–2.854(4) Å and <(NHN) = 163◦) [25].

Compounds 3 and 4 both crystallized in the non-centrosymmetric monoclinic I2 space group,
with the asymmetric units being composed of a pair of (S,S)- and (R,S)-diastereomers (in Figure 4
only the (S,S)-diastereomers are depicted for the two compounds). According to our previous
mechanistic descriptions, the diazepine cyclisation leads to the formation of an extra asymmetric
carbon (C-11), with the one from perillaldehyde (C-4′) always maintaining its original (S)-configuration.
We further note that chiral HPLC clearly showed the presence of a mixture of two diastereomers,
which agrees with the crystallographic studies performed. The configuration of all the stereocentres
was determined to be (11-R,4′-S) and (11-S,4′-S). These results are also in agreement with the
aforementioned 2D-NMR investigations.
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Figure 3. Schematic representation of molecular units present in the crystal structures of compounds 1

and 2 (note: the second identical molecule present in the asymmetric unit of 2 was omitted for clarity).
Asymmetric carbon centres are depicted by an asterisk and the bonds in light yellow. Non-hydrogen
atoms are represented as thermal ellipsoids drawn at the 50% probability level and hydrogen atoms as
small spheres with arbitrary radii.

Figure 4. Schematic representation of the (S,S)-diastereomers molecular units present in the crystal
structures of compounds 3 and 4 (note: the (S,R)-diastereomer molecules present in the asymmetric
units were omitted for clarity). Asymmetric carbon centres are depicted by an asterisk and the bonds
are in light yellow. Non-hydrogen atoms are represented as thermal ellipsoids drawn at the 50%
probability level and hydrogen atoms as small spheres with arbitrary radii.

232



Molecules 2019, 24, 975

3. Materials and Methods

3.1. General Remarks

Melting points were measured with a Büchi Melting Point B-540 apparatus (BÜCHI Labortechnik
AG, Flawil, Switzerland). NMR spectra were recorded on a Bruker AVANCE 500 spectrometer
(Bruker, Wissembourg, France, 400 MHz for 1H and 100 MHz for 13C), in DMSO-d6 as solvent.
Chemical shifts (δ) were reported in ppm and coupling constants (J) in Hz and the internal standard
was TMS. Unequivocal 13C assignments were made with the aid of 2D gHSQC and gHMBC
experiments (delays for one-bond and long-range JC/H couplings were optimized for 145 and 7 Hz,
respectively). High-resolution mass spectra (ESI+-HRMS) were measured with a micrOTOF-Q 98
spectrometer (Bruker Daltonics, Hamburg, Germany). GC-MS analysis of A. leucotrichus subsp.
leucotrichus essential oil was performed on a Hewlett-Packard computerized system comprising
a 6890 gas chromatograph coupled with a 5973A mass spectrometer (Agilent Technologies, Santa
Clara, CA, United States). All chemicals and solvents were purchased from commercial sources
and were used as received. Chiral-HPLC separation of compounds 1–3 was performed on chiral
stationary phase at 25 ◦C using a CHIRALPAK® IA (Chiral Technologies Europe, Illkirch, France,
amylose-tris(3,5-dimethylphenylcarbamate) immobilized on 5 μm silica-gel, 250 mm × 4.6 mm ID).
The mobile phase used was hexane/acetone (isocratic mode, 50:50 (v/v)) at a flow rate of 1.0 mL/min.
The UV detector was set at 220 nm (Figure S21 in the Supplementary Information). An injection of
20 μL of 1.0 g/L concentrated samples of dissolved compounds 1–3 was used in the mobile phase.

3.2. Plant Material and Extraction Procedure

The aerial parts of A. leucotrichus were collected from Ghardaia (Septentrional Algerian Sahara) in
April 2017. They were identified by the botanists of the National Agronomic Institute in El-Harrach
Algeria. Air-dried fruits of A. leucotrichus were submitted to water distillation with a Clevenger-type
apparatus (Merck KGaA, Darmstadt, Germany) for 3 h. The final product yielded 2.23% of deep-blue
liquid oil. The obtained essential oil was dried over anhydrous sodium sulphate and, after filtration,
it was stored at +4 ◦C.

3.3. General Procedure for the Hemi-Synthesis of Compounds 1–4

Amine derivatives (1.2 mmol, 2,3-diaminomaleonitrile 129.6 mg; o-phenylenediamine 129.6 mg;
3-[(2-aminoaryl)amino]dimedone 276 mg; CH3-3-[(2-aminoaryl)amino]dimedone 292.8 mg) were
added to an ethanolic solution (15 mL) of A. leucotrichus essential oil (1 mmol of perillaldehyde,
calculated on the basis of 81% of mass, approximately 0.2 mL or 185 mg of the crude oil), under
constant agitation at ambient temperature, and the reaction was left for 12 h. Crystals of compounds
1–4 were gradually formed in the reaction medium. Precipitates of 1–4 were filtered off and washed
with ethanol after the required time (as monitored by TLC).

(S)-2-Amino-3-{[(E)-(4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)methylene]amino}maleonitrile (1). C14H16N4.
Brown crystals; yield: 197 mg (82%); m.p. 184–186 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.30–1.50
(m, 1H, H-5′′), 1.73 (s, 3H, 1′′′-CH3), 1.77–1.89 (m, 1H, H-5′′), 2.07–2.27 (m, 3H, H-4′′, H-3′′, H-6′′),
2.39 (dd, J 14.9, 4.0, Hz, 1H, H-3′′), 2.56–2.70 (m, 1H, H-6′′), 4.66–4.79 (m, 2H, H-2′′′), 6.56 (d, J 4.7 Hz,
1H, H-2′′), 7.48 (s, 2H, 2-NH2), 7.85 (s, 1H, H-1′) ppm. 13C-NMR (100 MHz, DMSO-d6): δ 21.0 (1′′′-CH3),
23.7 (C-6′′), 26.8 (C-5′′), 31.8 (C-3′′), 40.7 (C-4′′), 103.8 (C-3), 109.7 (C-2′′′), 114.2 (C-4), 114.9 (C-1), 126.2
(C-2), 137.9 (C-1′′), 142.6 (C-2′′), 149.1 (C-1′′′), 158.4 (C-1′) ppm HRMS-ESI+: m/z calcd. for [C14H16N4

+ H]+: 241.1453; found: 241.1441.

(S)-2-[4-(Prop-1-en-2-yl)cyclohex-1-en-1-yl]-1H-benzo[d]imidazole (2). C16H18N2. White crystals; yield:
155 mg (65%); m.p. 220–222 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.47–1.65 (m, 1H, H-5′), 1.77 (s, 3H,
1′′-CH3), 1.89–1.99 (m, 1H, H-5′), 2.07–2.49 (m, 4H, H-4′, 2 × H-3′, H-6′), 2.75–2.86 (m, 1H, H-6′),
4.55–5.00 (m, 2H, H-2′′), 6.79 (d, J 4.0 Hz, 1H, H-2′), 7.07–7.20 (m, 2H, H-7, H-5), 7.42 (d, J 7.6 Hz, 1H,
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H-4), 7.56 (d, J 7.6 Hz, 1H, H-6), 12.31 (s, 1H, 1-NH) ppm. 13C-NMR (100 MHz, DMSO-d6): δ 21.1
(1′′-CH3), 25.8 (C-6′), 27.3 (C-5′), 30.9 (C-3′), 40.5 (C-4′′), 109.6 (C-2”), 111.2 (C-4), 118.8 (C-6), 121.4
(C-7), 122.3 (C-5), 128.8 (C-1′), 129.2 (C-2′), 135.0 (C-7a), 143.9 (C-3a), 149.2 (C-1”), 158.4 (C-2) ppm.
HRMS-ESI+: m/z calcd. for [C16H18N2 + H]+: 239.1548; found: 239.1537.

3,3-Dimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]
diazepin-1-one (3, mixture of two diastereomers). C24H30N2O. Yellowish crystals; yield: 170 mg (47%);
m.p. 194–196 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.02, 1.03, 1.05 and 1.06 (4s, 6H, 3-CH3, 2× diast.),
1.56 and 1.58 (2s, 3H, 1′′-CH3, 2 × diast.), 1.06–2.25 (m, 7H, H-3′, H-4′, H-5′, H-6′, 2× diast.), 2.02–2.19
(m, 2H, H-2, 2 × diast.), 2.49–2.53 (m, 2H, H-4, 2× diast.), 4.40–4.43 and 4.50–4.53 and 4.54–4.57
and 4.58–4.62 (4m, 2H, H-2′′, 2× diast.), 4,81–4.89 (m, 1H, H-11), 5.07 and 5.09 (d, J 6.9 Hz 1H, H-2′,
2× diast.), 5.77 and 5.82 (2d, J 6.0 Hz, 1H 10-NH, 2× diast.), 6.61–6.77 (m, 3H, H-7, H-8, H-9), 6.90–6.92
and 6.92–6.93 (2m, 1H, H-6, 2× diast.), 8.530 and 8.533 (s, 1H, 5-NH) ppm. 13C-NMR (100 MHz,
DMSO-d6): δ 20.9 and 21.2 (1′′-CH3, 2× diast.) 27.9 and 28.0 and 29.0 and 29.1 (3-CH3, 2× diast.), 26.8
and 27.5 (C-6′, 2× diast.), 27.8 and 28.1 (C-5′,2× diast.), 30.3 and 30.5 (C-3′), 32.2 (C-3), 40.4 and 41.1
(C-4′, 2× diast.), 44.5 (C-4), 50.1 (C-2), 57.0 and 57.8 (C-11, 2× diast.), 109.1 and 109.2 (C-2′′, 2× diast.),
110.2 and 110.4 (C-11a, 2× diast.), 119.84 and 119.86 (C-6), 120.17, 120.22, 120.26, 120.39, 120.51 and
120.73 (C-2′, C-7, C-9, 2× diast.), 122.7 and 122.8 (C-8, 2× diast.), 131.9 and 131.8 (C-5a, 2× diast.)),
138.3 and 138.7 (C-9a, 2× diast.)), 139.1 and 139.3 (C-1′, 2× diast.), 149.2 and 149.7 (C-1′′, 2× diast.),
154.85 and 154.87 (C-4a, 2× diast.), 192.2 and 192.3 (C-1, C=O, 2× diast.) ppm. HRMS-ESI+: m/z calcd.
for [C24H30N2O + H]+: 363.2436; found: 363.2419.

3,3,8-Trimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]
diazepin-1-one (4, mixture of two diastereomers). C25H32N2O. Yellowish crystals; yield: 267 mg (71%); m.p.
201–202 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.01, 1.02, 1.04 and 1.06 (4s, 6H, 3-CH3, 2× diast.), 1.56
and 1.59 (2s, 3H, 1′′-CH3, 2× diast.), 1.06–2.16 (m, 7H, H-3′, H-4′, H-5′, H-6′, 2× diast.), 2.11 and 2.13
(2s, 3H, 8-CH3, 2× diast.), 2.02–2.19 (m, 2H, H-2, 2× diast.), 2.49–2.51 (m, 2H, H-4, 2× diast.), 4.36–4.40
and 4.48–4.53 and 4.55–4.58 and 4.58–4.62 (4m, 2H, H-2′′, 2× diast.), 4.78–4.87 (m, 1H, H-11), 5.06 and
5.09 (d, J 6.9 Hz 1H, H-2′, 2× diast.), 5.71 and 5.74 (2d, J 6.0 Hz, 1H 10-NH, 2× diast.), 6.41–6.59 (m, 2H,
H-6, H-9), 6.81 (dd, J 2.8 and 8.4 Hz, 1H, H-7), 8.50 and 8.51 (2s, 1H, 5-NH, 2× diast.) ppm. 13C-NMR
(100 MHz, DMSO-d6): δ 20.77 and 20.79 (8-CH3, 2× diast.), 20.9 and 21.3 (1′′-CH3, 2× diast.), 27.8 and
28.0 and 29.1 and 29.2 (3-CH3, 2× diast.), 26.7 and 27.3 (C-6′, 2× diast.), 27.8 and 28.1 (C-5′,2× diast.),
30.2 and 30.5 (C-3′), 32.1 (C-3), 40.4 and 41.1 (C-4′, 2× diast.), 44.5 (C-4), 50.1 (C-2), 57.0 and 57.7 (C-11,
2× diast.), 109.1 and 109.2 (C-2′′, 2× diast.), 109.9 and 110.0 (C-11a, 2× diast.), 120.1 (C-2′), 120.22 and
120.24 (C-7, 2× diast.), 120.50 and 120.52 (C-6, 2× diast.), 120.8 and 120.9 (C-9, 2× diast.), 129.3 and
129.4 (C-8, 2× diast.), 131.5 and 131.6 (C-5a, 2× diast.)), 138.5 and 138.9 (C-9a, 2× diast.)), 139.0 and
139.1 (C-1′, 2× diast.), 149.1 and 149.7 (C-1′′, 2× diast.), 154.79 and 154.82 (C-4a, 2× diast.), 191.9 and
192.0 (C-1, C=O, 2× diast.) ppm. HRMS-ESI+: m/z calcd. for [C25H32N2O + H]+: 377.2548; found:
377.2577.

4. Conclusions

In summary, we used the natural (S)-(−)-perillaldehyde of A. leucotrichus subsp. leucotrichus
essential oil as a chiral reagent to stereospecifically prepare imine, imidazole and dibenzo[b,e][1,4]
diazepin-1-ones, which is an efficient, simple and economic hemi-synthetic protocol towards pure
chiral compounds. We proved that natural compounds, when present in high amount in essential oil
or extracts, can be used as excellent starting materials to prepare new structures in hemi-synthetic
processes without their prior isolation and purification. The reported method is advantageously
applicable to generate chiral compounds, avoiding the use of expensive chiral catalysts and isolated
natural compounds. An arsenal of analytical tools, including 2D NMR, single-crystal X-ray diffraction
and chiral HPLC were helpful to identify pure enantiomers and some diastereomeric mixtures. Further
hemi-synthetic studies are being conducted on the same and other essential oils’ major compounds
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to extend the scope and determine the limits of the reported method. Biological screening and
comparative studies are also foreseen.

Supplementary Materials: The Supplementary Materials are available online. Supplementary Information (ESI)
available: [NMR spectroscopic data for all the reported compounds 1–4; Chiral-HPLC analysis of compounds 1–3;
Specific rotation analysis for pure enantiomers of compounds 1 and 2; Single-crystal X-ray diffraction data (CIF
files and check CIF reports) and additional crystallographic details for compounds 1–4.
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Abstract: New quinazolinone derivatives of the marine-derived alkaloids fiscalin B (3) and
fumiquinazoline G (1), with neuroprotective and antitumor effects, were synthesized. Eleven
quinazolinone-containing indole alkaloids were synthesized, proceeding the anti analogs via a one-pot
method, and the syn analogs by the Mazurkiewicz-Ganesan approach. The neuroprotection capacity
of these compounds on the rotenone-damage human neuroblastoma cell SH-SY5y was evaluated
using the MTT assay. Compounds 1, 3, 5, and 7 showed more than 25% protection. The antitumor
activity was investigated using the sulforhodamine B assay and some compounds were tested on the
non-malignant MCF-12A cells. Fumiquinazoline G (1) was the most potent compound, with GI50

values lower than 20 μM. Compounds 5, 7, and 11 were more active in all tumor cell lines when
compared to their enantiomers. Compounds 5, 7, 10, and 11 had very little effect in the viability of the
non-malignant cells. Differences between enantiomeric pairs were also noted as being essential for
these activities the S-configuration at C-4. These results reinforce the previously described activities
of the fiscalin B (3) as substance P inhibitor and fumiquinazoline G (1) as antitumor agent showing
potential as lead compounds for the development of drugs for treatment of neurodegenerative
disorders and cancer, respectively.

Keywords: antitumor; neuroprotection; quinazolinones; fiscalin B; fumiquinazoline; enantioselectivity

1. Introduction

The pathophysiology of neurodegenerative diseases is poorly understood, and there are few
therapeutic options, making neuroprotective drug discovery appealing for medicinal chemists.
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Although cancer and neurodegeneration have very distinct pathological disorders, over recent years
growing evidence indicates that they share common molecular pathways [1]. Furthermore, it is
recognized that several drugs used in the treatment of neurodegenerative diseases display antitumor
effects while some antitumor drugs are neuroprotective [2].

 

Figure 1. (A) Structure of natural quinazolinone-containing piperazine linked to an indole moiety
such as substance P receptor antagonists and antitumor agents. (B) Proposed conformation constraint
peptidomimetics synthetic quinazolinone alkaloids with different substituents at C-1.2.

Marine-derived indolylmethylpyrazinoquinazoline alkaloids, with a pyrazino[2,1-b]quinazoline-
3,6-dione linked to an indole moiety (Figure 1), have attracted our attention due to their promising
antitumor activities [3], with epi-fiscalin A [4], fumiquinazoline A [5–9], fumiquinazoline G [7], and
versiquinazolines [10] as the most active analogs. Moreover, the response of fiscalins A-C [11]
and (−)-spiroquinazoline [12] (Figure 1A) as substance P inhibitors was also reported as a novel
neuroprotective therapy in the intrastriatal 6-hydroxydopamine model of early stage of Parkinson’s
disease (PD) [13]. It is well known that among compounds implicated in neurodegeneration,
non-proteinogenic amino acids may cause significant collateral neurodegenerative damage [14].
Rodgers et al. [15] reported that proteomimetic L-tyrosine of L-DOPA is cytotoxic in vitro and capable
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of generating protein aggregation, whereas non-protein amino acid β-methylamino-L-alanine (BMAA)
has been linked to neurological diseases such as amyotrophic lateral sclerosis (ALS) and PD since
BMAA was detected in brain protein of LAS and PD patients. In the previous work, we have
described syntheses of a series of fiscalin B derivatives, which showed weak to moderate antitumor
activity against non-small cell lung cancer (NCI-H460) and colorectal adenocarcinoma (HCT-15) cell
lines [16]. These findings led us to develop a small library of proteomimetic quinazolinone-derived
compounds (Figure 1B) with different configurations at C-1 and C-4 to investigate their action on
neurodegenerative disorders as well as to further explore their potential as tumor cell growth inhibitors,
putting in evidence the influence of the stereochemistry of the derivatives.

2. Results

2.1. Chemistry

Two synthetic approaches were used to prepare the syn and anti enantiomers of quinazolinone
alkaloids. The syn enantiomers 1 (fumiquinazoline G) and 2 were synthesized by the
Mazurkiewicz-Ganesan procedure [17] (Scheme 1A) by coupling anthranilic acid (i) with D-tryptophan
methyl ester (ii) for 1 or with L-tryptophan methyl ester (vi) for 2, using 1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) in alkaline condition to obtain the dipeptide iii or vii. Then, the coupling
of iii or vii with N-protected α-amino acid chloride in a two-phase Schotten-Baumann condition
yielded a tripeptide (dehydrate β-keto amides) v or ix. The oxazole intermediates were obtained by
adding the dehydrating agent, triphenylphosphine (Ph3P), and I2 to dehydrate β-keto amide v or ix,
and N-deprotection by 20% piperidine afforded 1 and 2. On the other hand, a highly effective and
environmentally friendly approach using a microwave-assisted multicomponent polycondensation of
amino acids was used to prepare a series of the anti enantiomers of pyrazinoquinazoline alkaloids [18],
as described in our previous work [16]. This methodology was used to synthesize new derivatives of
fiscalin B (3) and fumiquinazoline G (1), 4, 5, 6, 7, and 8 (Scheme 1B). The syn isomer 9 was obtained
along with 8, and both were isolated by preparative thin layer chromatography (TLC). Diastereoisomers
of 10 and 11 were obtained after deprotection of O-benzyl group from 8 and 9, respectively, using
boron trichloride, according to Okaya et al. [19] with a slight modification. Compound 12 was also
synthesized using microwave irradiation from 3,5-dichloroanthranilic acid (xiii). The purity of the
compounds was determined by a reversed-phase liquid chromatography (LC, C18, MeOH:H2O;
60:40 or CH3CN:H2O; 50:50) and was found to be higher than 90%. The enantiomeric ratio (er) was
determined by a chiral LC equipped with amylose tris-3,5-dimethylphenylcarbamate column, using
hexane:EtOH (80:20) or (70:30) as a mobile phase.

The reaction carried out using microwave with high temperature resulted not only in low yields of
the products in the range of 2.2 to 21.7%, but also with a high degree of epimerization (Scheme 1). Contrary
to what has been found in our previous study [16] that the reaction under a microwave irradiation was
regioselective and yielded only anti isomers, the synthesis of 8, by a microwave irradiation, produced
also its syn epimer, 9 [4-(benzyloxy)-1-methylbenzyl at C-1], with a 22% yield. This study suggested that
microwave irradiation is beneficial for the synthesis of quinazolinone alkaloids with bulky substituents
at C-1 which was previously reported as unsuccessful by Mazurkiewicz-Ganesan method [17]. However,
this methodology failed for the synthesis of syn enantiomers as described in the experimental section for
4 and 6. The syn enantiomers of 1 and 2 were synthesized by Mazurkiewicz-Ganesan approach [17] and
gave moderate yields (37 and 26%, respectively). Compounds 10 and 11 were obtained by deprotection
in good yields (30 and 69%, respectively).

Moreover, the methodology involving microwave irradiation was characterized by producing
partial epimerizations. Surprisingly, 4 and 5, with three stereogenic centers, gave a higher enantiomeric
ratio (er) of 99%. Similar to the previous report for fiscalin B analogs [16], the multi-step approach gave
a better yield and, in most cases, higher enantiomeric ratios due to milder conditions; nonetheless, the
one-pot reaction is a faster alternative to provide anti enantiomers with diversity of substituents at C-1.
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Scheme 1. (A) Mazurkiewicz-Ganesan approach for 1 and 2. Reagents and conditions (a) CH3CN,
TBTU, Et3N, rt, 5 h; (b) CH2Cl2/aq.Na2CO3, rt, 3 h; (c) dried CH2Cl2, Ph3P, I2, EtN(i-Pr)2, rt,
overnight; (d) piperidine in CH2CH2, rt, 12 min, then CH3CN, DMAP, reflux 19 h. Fmoc =
fluorenylmethyloxycarbonyl; DMAP = 4-(dimethylamino)pyridine, TBTU = 1,1,3,3-tetramethylaminium
tetrafluoroborate. (B) One-pot synthesis of pyrazinoquinazolinone alkaloids 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12.
Reagents and conditions: (a) dried pyridine, (PhO)3P, 55 ◦C, 16–24 h; (b) dried pyridine, (PhO)3P, 220 ◦C,
1.5 min; (c) BCl3, CH2Cl2, −78 ◦C for 10 min then 25 ◦C for 6 h; Boc = tert-butyloxycarbonyl, R’= H when
no mentioned; er = enantiomeric ratio calculated from the peak area from chiral LC experiments (by using
equation X × 100/Xn in which X is the peak area of each peak and Xn is the total peak area. * referred to
previous work [16].

2.2. Structure Elucidation

A series of 1D and 2D NMR experiments and HRMS were used to confirm the structures of all the
new compounds (Supplementary information, Figures S1–S57). The amide proton (H-2) appeared as a
broad singlet (brs) in the anti isomers, i.e., 4, 5, 6, 7, 8, 10, and 12, but as a doublet (d) in the syn isomers,
i.e., 1, 2, 9, and 11 (Supplementary information, Figures S1–S21). Each stereoisomer exhibited different
chemical shift values for H-2, H-4, and H-1. For example, for isomers 2, 4, and 5, with the isobutyl
group at C-1, the syn and the anti isomers were distinguished by the chemical shift values of H-1 and
H-1’; which were ca. δH 4.03 and 0.93, respectively for the syn isomer (2), and at ca. δH 2.80 and 2.3,
respectively, for the anti isomers (4 and 5), due to the absence of the shielding effect by the aromatic
ring of the indole moiety [20].
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This assignment was also confirmed by HMBC correlations which distinguished between the
isomers of 2, 4, and 5 by the presence or absence of correlations from H-2 to C-3, C-4, and C-14. In 2,

H-2 showed no correlation to C-3, C-4, and C-14 whereas in 4 and 5, H-2 showed correlations to
those three carbons. H-4 also showed correlations to different carbons among isomers. H-4 showed
correlations to C-3 and C-4’ in 2, but to C-3, C-14, C-4’, and C-5’ in 4, while there were no such
correlations observed in 5. H-1 of the syn isomer of 2 showed correlation only to C-14 while in the anti
isomer of 4 and 5, it displayed correlations to C-14, C-1’ and C-3” (Figure 2). In contrast, in 1, H-2 and
H-4 showed no correlations to carbons that are two or three bonds away (2J or 3J), and H-1 showed
cross peaks to C-3 and C-14. Furthermore, H-8 and H-10 of 12 (with Cl at C-9 and C-11) appeared
as two doublets (δH 8.26, J = 2.4 Hz and δH 7.85, J = 2.4 Hz, respectively) while in other compounds
H-8 appeared as a double doublet and H-10 as double-double doublet. The NOESY spectrum for
compound 6 with an anti configuration (1R, 4S) showed correlations from H-1 to H-1’ and H-3’ (methyl
group attached to S atom) and H-2, while H-4 showed cross peak to H-4’ (Supplementary information,
Figure S56). The NOESY spectrum for the syn configuration compound 2 (1S, 4S) exhibited correlations
between H-1 and H-1’, H-2’, H-3”, and H-2 as well as from H-4 to H-4’. Also, correlations between
H-4’ and H-1’ in the syn configuration compound 2 could be noted while these was absent in the anti
configuration compound 6 (Supplementary information, Figure S57). These observations were similar
to the previously described for fiscalin B isomers [16].

 

Figure 2. Key HMBC correlations for 2, 4, 5, and 12.

2.3. Neuroprotection Activity

The neuroprotection assay was performed on human neuroblastoma cell SH-SY5y treated with
rotenone, a toxin that acts by interfering with the electron transport chain in mitochondria, inhibiting
the transfer of electron from iron-sulfur centers in complex I to ubiquinone. This in turn interferes
with NADH, therefore creating reactive oxygen species (ROS), which can damage DNA and other
components, leading to cell death [21,22]. In animal experimentation, rotenone reproduces features of PD,
including selective nigrostriatal dopaminergic degeneration and alpha-synuclein-positive cytoplasmic
inclusions [23]. Furthermore, rotenone triggers mitochondrial impairment, oxidative damage, and cell
death in neuronal culture, phenomena that are common in neurodegenerative diseases [24].

In this assay, the SH-SY5y cells were treated with 2 μM of rotenone for 24 h. The MTT assay, which
assesses cell metabolic activity through the activity of NAD(P)H-dependent cellular oxidoreductase
enzyme that reflect the number of viable cells [24], was used for quantifying the cell death. The cellular
protection of 1, 2, 4, 5, 6, 7, 8, 9, 10, 11, and 12 against the toxin was determined by MTT assay and
expressed as percentage referred to the cell treated with rotenone at 10 different concentrations to
produce the dose-dependent curve. Synthetic fiscalin B (3), previously obtained by some of us [16] and
was reported as a substance P antagonist [12], was also tested in this assay for comparison. Compounds
considered as neuroprotective must have (i) more than 25% of protection, (ii) statistically significant
difference, and (iii) protection is more than one dose [23,24].

Most of the compounds, at the highest concentration tested (100 μM), were found to increase
toxicity, which ensures that the compounds were assayed at their maximal tolerated dose (MTD).
Compounds 1, 2, 3, 4, 5, 10, 11, and 12 showed high toxicity at 100 μM and some of them also at
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50 μM. The compounds which showed neuroprotective activity in rotenone-treated in vitro model
were 1, 3, 5, and 7. Additionally, some neuroprotective effect was also observed for 11 while 2, 4, 6, 8,
9, 10, and 12 did not display any neuroprotection (Figure 3). Compound 1, 3, 5, and 7 showed more
than 25% of protection of the cell death at least in one concentration. Compound 7 exhibited the best
neuroprotective activity, with rotenone inhibitory of 47, 40, 42, 39, and 31% at the concentrations of
1.56, 3.13, 6.25, 12.5, and 25 μM, respectively.

 

Figure 3. Neuroprotective effect of 1–12 against rotenone-induced neuron cell death. Neuroblastoma
cells were treated with 2 μM rotenone to induce cell injury. Compounds were assayed at several
concentrations (0.1 to 100 μM) for 24 h. Cell death was determined using MTT test. The data
represent the percentage of rotenone-induced cell death (means and errors), performed in triplicate.
Statistically significance of differences from rotenone-treated cells was examined with the Student’s
t-test (* p < 0.05).
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2.4. Tumor Cell Growth Inhibitory Activity

Compounds 1–2, 4–8, 10 and 11 were tested for tumor cell growth inhibitory activity on
three human tumor cell lines: NCI-H460 (non-small cell lung cancer), BxPC3 (human pancreatic
adenocarcinoma), and PANC1 (human pancreatic adenocarcinoma) using the sulforhodamine B (SRB)
colorimetric assay [16,25]. Cells were exposed to five concentrations of each compound (at a maximum
concentration of 25, 150 or 200 μM, depending on the compound) for 48 h. Doxorubicin was used
as a positive control for NCI-H460 cell line, and gemcitabine was used as a positive control for
the BxPC3 and PANC1 cell lines. The antitumor activity was reported as GI50 concentration (drug
concentration that inhibits the growth of cancer cells by 50%).

Compounds 2, 4–8, 10, and 11 showed weak to moderate growth inhibitory, with GI50 ranking
from 27.93 ± 0.8 to 151.07 ± 2.9 μM (Table 1). In general, compounds with the indolylmethyl
substituent on C-4 whose configuration of C-4 is R showed better antitumor activity in all cell lines
when compared to those with 4S configuration. This was evidenced by stronger antitumor activities
of 1, 5, and 7 than those of 2, 4, and 6. Only fumiquinazoline G (1) with R-configuration for both
C-1 and C-4 showed strong growth inhibitory effect in all cancer cell lines tested (GI50 ranging from
7.62 ± 0.7 to 17.34 ± 1.7 μM). In addition, these results agree with those reported in our previous
publication in which enantiomers with R-configuration at C-1 and C-4 showed better antitumor activity
than enantiomers with S-configuration [16]. Unfortunately, 9 and 12 tested in this study could not be
evaluated regarding their tumor cell growth inhibitory activity due to contamination of the compounds
(data not shown).

Table 1. Growth inhibition (GI50) concentration of 1–2, 4–8, 10, and 11 against NCI-H460, BxPC3, and
PANC1 human tumor cell lines.

Compounds
GI50 (μM)

NCI-H460 BxPC3 PANC1

1 7.62 ± 0.7 17.34 ± 1.7 10.06 ± 0.8
2 65.38 ± 4.0 104.77 ± 10.9 86.30 ± 11.1
4 69.26 ± 2.9 88.81 ± 9.6 78.17 ± 8.4
5 40.11 ± 5.0 57.44 ± 4.7 60.68 ± 4.8
6 151.07 ± 2.9 126.06 ± 21.5 112.44 ± 12.7
7 61.37 ± 2.3 99.10 ±5.8 76.65 ± 4.8
8 72.68 ± 6.2 115.42 ± 12.1 74.90 ± 7.2
10 38.00 ± 1.5 50.59 ± 2.3 34.13 ± 1.8
11 46.25 ± 5.8 29.87 ± 3.7 27.93 ± 0.8

Gemcitabine - 0.20 ± 0.08 0.73 ± 0.22
Doxorubicin 0.0124 ± 0.0018 - -

The GI50 concentrations (μM) were determined by the SRB assay and results are the mean of ± SEM of three
independent experiments. Gemcitabine was use as a positive control for the BxPC3 and PANC1 cell lines, and
doxorubicin as a positive control for the NCI-H460 cell line. (-) indicates not-determined.

2.5. Activity in Non-Tumor Cells

Compounds presenting the best neuroprotection and/or antitumor effects, namely 5, 7, 10, and
11, were also evaluated against the non-malignant MCF-12A human breast epithelial cells. For that,
one concentration of each compound (corresponding to approximately the highest GI50 value obtained
in the cell growth inhibitory activity assay) was tested and the percentage of cell growth inhibition
was determined by the SRB assay. In this assay, the duration of the SRB assay had to be longer since
non-malignant cells have a much slower growth rate than tumor cells. This longer duration of the
assay also allowed to evaluate possible delayed effects of the compounds in these non-malignant
cells. Therefore, the assay in the MCF-12A cells was performed following 7 days of treatment with
compounds (48 h with compound incubation plus 5 days without the compounds). As shown in
Table 2, all the tested compounds caused a small effect in the growth of these non-malignant cells,
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meaning that the cell growth inhibition detected in MCF-12A cells after 7 days of treatment was
much lower than that detected in the tumor cell lines after 2 days of treatment (when tested at the
same concentration).

Table 2. The percentage of cell growth inhibition (relative to the control) of 5, 7, 10, and 11 in the
non-malignant MCF-12A human breast epithelial cells.

Compounds Concentration (μM) *
% Cell Growth Inhibition
(Relative to the Control)

5 65 71.69 ± 7.9
7 100 89.56 ± 3.7

10 50 75.63 ± 4.7
11 50 71.15 ± 2.0

* These concentrations correspond to approximately the highest GI50 concentrations determined in the tumor cell
lines tested (from Table 1). The values were determined by the SRB assay and results are the mean of ± SEM of
three independent experiments.

3. Structural-Activity Relationship (SAR)

Structure-activity relationship analysis showed that the obtained results were consistent with data
previously reported for the natural product fumiquinazoline G [26] and fiscalin B [11,27–29] and their
derivatives [16] (Figure 4). Moreover, it was found that the configurations of C-1 and C-4 have strong
influence on antitumor activity since fumiquinazoline G (1), with R-configurations at C-1 and C-4,
showed the strongest antitumor effect against NCI-H460, BxPC3, and PANC1 cell lines. Comparing
the enantiomeric pairs 4 and 5, compound 5 with also R-configuration at C-4 and S at C-1 showed
stronger antitumor effect. In contrast, their isomer, compound 2, with S-configurations both at C-1 and
C-4 were S exhibited the weakest inhibitory effect on all cell lines. In addition, the substituent at
C-1 also affected the antitumor activity. Alkyl residues (isoleucine residues) in 2, 4, and 5 showed better
antitumor activity than that found in compounds with a sulfur atom (methionine residues) such as 6

and 7. Aromatic groups such as the tyrosine residue present in 10 and 11 produced good antitumor
activity, with GI50 values ranging from 27.93 ± 0.8 to 50.59 ± 2.3 μM, but the substitution by benzyl
groups as in the case of 8 caused a 2-fold decrease in the antitumor activity. Regarding neuroprotection
capacity, SAR suggests that the R-configuration at C-4 is also important (when comparing compounds
6 and 7, Figure 3); however, increasing the molecular weight of C-1 substituent has a negative effect in
neuroprotection. In addition, this study confirmed that quinazolinone alkaloids which act as substance
P inhibitors (i.e., fiscalin B, 3), showed a potential as neuroprotective agents. Therefore, the studied
fumiquinazoline-derived alkaloids showed promising antitumor and neuroprotection effects and
deserves to be further explored.

 
Figure 4. Structure-activity relationship studies of quinazolinone alkaloids 1–12 with antitumor and
neuroprotective activities.
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4. Materials and Methods

4.1. General Procedure

All reagents were from analytical grade. Dried pyridine and triphenylphosphite were purchased
from Sigma (Sigma-Aldrich Co. Ltd., Gillingham, UK). Anthranilic acid (i) and Protected amino acids
(ii and vii) were purchased from TCI (Tokyo Chemical Industry Co. Ltd., Chuo-ku, Tokyo, Japan).
Column chromatography purifications were performed using flash silica Merck 60, 230–400 mesh
(EMD Millipore corporation, Billerica, MA, USA) and preparative TLC was carried out on precoated
plates Merck Kieselgel 60 F254 (EMD Millipore corporation, Billerica, MA, USA), spots were visualized
with UV light (Vilber Lourmat, Marne-la-Vallée, France). Melting points were measured in a Köfler
microscope and are uncorrected. Infrared spectra were recorded in a KBr microplate in a FTIR
spectrometer Nicolet iS10 from Thermo Scientific (Waltham, MA, USA) with Smart OMNI-Transmission
accessory (Software 188 OMNIC 8.3, Thermo Fisher Scientific Inc., Austin, TX, USA). 1H and 13C
NMR spectra were recorded in CDCl3 or DMSO-d6 (Deutero GmbH, Kastellaun, Germany) at room
temperature unless otherwise mentioned on Bruker AMC instrument (Bruker Biosciences Corporation,
Billerica, MA, USA), operating at 300 MHz for 1H and 75 MHz for 13C). Carbons were assigned
according to HSQC and or HMBC experiments. Optical rotation was measured at 25 ◦C using
the ADP 410 polarimeter (Bellingham + Stanley Ltd., Royal Tunbridge Wells, Kent, UK), using the
emission wavelength of sodium lamp, concentrations are given in g/100 mL. Qualitative GC-MS
analyses were performed on a Trace GC 2000 Series ThermoQuest gas chromatography (Thermo
Fisher Scientific Inc., Austin, TX, USA) equipped with ion-trap GCQ Plus ThermoQuest Finnigan mass
detector (Thermo Fisher Scientific Inc.). Chromatographic separation was achieved using a capillary
column (30 m × 0.25 mm × 0.25 μm, cross-linked 5% diphenyl and 95% dimethyl polysiloxane) from
Thermo ScientificTM (Thermo Fisher Scientific Inc.) and high-purity helium C-60 as carrier gas. High
resolution mass spectra (HRMS) were measured on a Bruker FTMS APEX III mass spectrometer (Bruker
Corporation, Billerica, MA, USA) recorded as ESI (Electrospray) made in Centro de Apoio Cientifico e
Tecnolóxico á Investigation (CACTI, University of Vigo, Pontevendra, Spain). The purity of synthesized
compounds was determined by reversed-phase LC with diode array detector (DAD) using C18 column
(Kimetex®, 2.6 EV0 C18 100 Å, 150 × 4.6 mm), and the mobile phase was methanol:water (60:40) or
acetonitrile:water (50:50). Enantiomeric ratio was determined by chiral LC (LCMS-2010EV, Shimadzu,
Lisbon, Portugal), employing a system equipped with a chiral column (Lux® 5 μm Amylose-1,
250 × 4.6 mm) and UV-detection at 254 nm, mobile phase was hexane:ethanol (80:20) and the flow
rate was 0.5 mL/min. Compound 3 was obtained according to previous described method [17].
Neuroprotection studies were performed in Fundación Centro de Excelencia en Investigación de
Medicamentos Innovadores en Andalucía, MEDINA (Granada, Spain).

4.2. General Conditions for the Synthesis of Compound (1R,4R)-4-((1H-indol-3-yl)methyl)-1-((R)-methyl)-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (1)

To a mixture of anthranilic acid (i, 287 mg, 2.39 mmol) and TBTU (920 mg, 2.86 mmol, 1.2 equiv)
in acetonitrile (20 mL) was added Et3N (833 μL, 4.78 mmol, 2 equiv) and D-tryptophan methyl
ester (ii, 521 mg, 2.39 mmol) at room temperature. After stirring for 5 h, the reaction mixture was
concentrated under reduced pressure. The residue was dissolved in CH2Cl2 and washed with 1 M
HCl, extracted with CH2Cl2 (3 × 100 mL), dried with Na2SO4, filtered, and concentrated. The residue
was purified by flash chromatography (eluent 1% MeOH in CH2Cl2) to yield iii as a white solid. 1H
NMR and 13C NMR referred to the previous work [16]. To a solution of iii (140 mg, 0.416 mmol) in
dried CH2Cl2 (10 mL) N-Fmoc-D-alanine-Cl [30] (iv,182 mg, 0.5 mmol) was added. The mixture was
stirred for 30 min, followed by the addition of aqueous Na2CO3 (1 M, 8 mL, 8 mmol). After continuous
stirring for 3 h, the mixture was extracted with CH2Cl2 (4 × 100 mL), dried with Na2SO4, filtered,
and concentrated. The residue was purified by flash chromatography (eluent: 5% MeOH in CH2Cl2)
to give v (220.4 mg, 84.2%) as a white solid. 1H NMR (300 MHz, CDCl3) δ 11.48 (s, 1H), 8.58 (d, 1H,
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J = 8.4 Hz), 8.13 (s, 1H), 7.76 (d, 2H, J = 7.5 Hz), 7.66 (d, 1H, J = 7.1 Hz), 7.59 (t, 1H, J = 7.4 Hz), 7.49-7.26
(m, 8H), 7.17 (t, 1H, J = 7.2 Hz), 7.06 (t, 1H, J = 7.6 Hz), 7.00 ( t, 1H, J = 7.7 Hz), 6.97 (s, 1H), 6.71 (d,
1H, J = 7.6 Hz), 5.55 (d, 1H, J = 6.8), 5.03 (dt, 1H, J = 7.6, 5.3 Hz), 4.44 (m, 2H), 4.36 (1m, 1H), 4.26 (t,
1H, J = 7.0 Hz), 3.73 (s, 3H), 3.40 (dd, 1H, J = 15.3, 5.8 Hz), 3.34 (dd, 1H, J = 15.3, 5.3 Hz), 1.53 (d, 3H,
J = 7.0 Hz) and 13C NMR (75 MHz, CDCl3) 172.7, 172.2, 168.8, 156.6, 144.2, 143.8, 141.4, 138.6, 136.4,
132.8, 127.8, 127.4, 127.2, 125.3, 123.4, 123.3, 122.1, 121.6, 120.9, 120.0, 119.5, 118.3, 111.7, 109.2, 67.3, 53.6,
52.7, 52.2, 47.3, 27.3, 18.4 (See in [31]). To a solution of v (183.2 mg, 0.278 mmol) in dried CH2Cl2 (20 mL)
Ph3P (365 mg, 1.39 mmol, 5 equiv), I2 (345 mg, 1.36 mmol. 4.9 equiv), and N,N-diisopropylethylamine
(489 μL, 2.81 mmol, 10 equiv) were added. The reaction mixture was stirred at room temperature for
5 h, quenched with aqueous Na2CO3, and extracted with CH2Cl2 (3 × 100 mL), dried with Na2SO4,
filtered, and concentrated. Hexane was added to remove an excess of Ph3P, the precipitate was
filtered and was treated with CH2Cl2 (10 mL) and piperidine (2.5 mL, 20%) at room temperature
for 20 min, followed by solvent evaporation to provide the solid which was triturated with hexane
(1 × 200 mL), CH2Cl2/PhMe (1 × 200 mL), and hexane (1 × 200 mL). The vacuum-dried crude residue
was dissolved in CH3CN (10 mL) in the presence of DMAP (64 mg, 0.53 mmol) and refluxed for 19 h.
The reaction mixture was purified by preparative TLC (EtOAc:MeOH:CH2Cl2, 50:2.5:47.5) to afford 1.
Yield: 22.4 mg, 21.11%; er = 7:93; mp: 105.9–106.5 ◦C; [α]30

D = −117.64 (c 0.034; CHCl3); vmax (KBr) 3406,
2924, 2852, 1678, 1473, 1329, and 1261 cm-1; 1H NMR (300 MHz, CDCl3): δ 8. 38 (dd, 1H, J = 8.0 and
1.1 Hz, CH), 8.18 (br, 1H, NH-Trp), 7.78 (ddd, 1H, J = 8.5, 7.1, and 1.6 Hz, CH), 7.57 (d, 1H, J 7.4 Hz,
CH), 7.54 (dd, 1H, J = 8.0 and 1.0 Hz, CH), 7.29 (d, 1H, J = 3.1 Hz, CH-Trp), 7.27 (d, 1H, J = 2.0 Hz,
CH-Trp), 7.08 (ddd, 1H, J = 9.5, 7.0 and 0.9 Hz, CH-Trp), 6.83 (ddd, 1H, J = 8.7, 7.1 and 1.0 Hz, CH-Trp),
6.73 (d, 1H, J = 2.3 Hz, CH-Trp), 6.70 (d, 1H, J = 2.0 Hz, NH-amide), 5.54 (dd, 1H J = 5.2 and 3.6 Hz,
CH*-Trp), 4.46 (qd, 1H, J = 6.9 and 2.8 Hz, CH*-ala), 3.78 (dd, 1H, J = 14.9 and 5.3 Hz, CH2-Trp), 3.70
(dd, 1H, J = 14.9 and 3.4 Hz, CH2-Trp), 0.58 (d, 3H, J = 7.0 Hz, CH3-ala); 13C NMR (75 MHz, CDCl3): δ

167.3 (C=O), 161.0 (C=O), 151.2 (C=N), 147.2 (C), 135.7 (C-Trp), 134.9 (CH), 127.9 (C-Trp), 126.9 (CH),
126.8 (CH), 126.7 (CH), 123.7 (CH-Trp), 122.3 (CH-Trp), 120.1 (C), 119.9 (CH-Trp), 118.7 (CH-Trp), 111.1
(CH-Trp), 109.4 (C-Trp), 56.9 (CH*-Trp), 51.9 (CH*-ala), 27.1 (CH2-Trp), 22.8 (CH3-ala. (+)-HRMS-ESI
m/z 359.1505 (M + H)+, (calculated for C21H18N4O2, 358.1430).

4.3. General Conditions for the Synthesis of Compound (1S,4S)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)
-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (2)

To a mixture of anthranilic acid (i, 287 mg, 2.39 mmol) and TBTU (920 mg, 2.86 mmol, 1.2 equiv)
in acetonitrile (20 mL), Et3N (833 μL, 4.78 mmol, 2 equiv) and L-tryptophan methyl ester (vi, 521 mg,
2.39 mmol) were added at room temperature. After stirring for 5 h, the reaction mixture was
concentrated under reduced pressure. The residue was dissolved in CH2Cl2 and washed with 1 M
HCl, extracted with CH2Cl2 (3 × 100 mL), dried with Na2SO4, filtered, and concentrated. The residue
was purified by flash chromatography (eluent 1% MeOH in CH2Cl2) to yield vii as a white solid. 1H
NMR and 13C NMR referred to the previous work [16]. To a solution of vii (304 mg, 0.901 mmol)
in dried CH2Cl2 (30 mL), N-Fmoc-L-isoleucine-Cl [30] (viii, 395 mg, 1.08 mmol) was added. The
mixture was stirred for 30 min, followed by addition of aqueous Na2CO3 (1 M, 16 mL, 16 mmol). After
continuous stirring for 3 h, the mixture was extracted with CH2Cl2 (4 × 100 mL), dried with Na2SO4,
filtered, and concentrated. The residue was purified by flash chromatography (eluent: 5% MeOH in
CH2Cl2 to give ix (475.8 mg, 86.2%) as a white solid. 1H NMR (300 MHz, CDCl3): δ 11.43 (s, 1H),
8.59 (d, 1H, J = 8.3 Hz), 8.19 (s, 1H), 7.76 (d, 2H J = 7.4 Hz), 7.69-7.56 (m, 2H), 7.53-7.28 (m, 7H), 7.17
(t, 1H, J = 7.3 Hz), 7.06 (t, 1H, J = 7.4 Hz), 7.01 (d, 1H, J = 7.6 Hz), 6.96 (d, 1H, J = 3.5 Hz), 6.72 (d,
1H, J = 7.6 Hz), 5.55 (d, 1H, J = 8.4 Hz), 5.06 (dd, 1H, J = 12.6 and 5.2 Hz), 4.39 (dd, 2H, J = 16.4 and
9.1 Hz), 3.73 (s, 3H), 3.37 (m, 2H), 2.11-2.00 (m, 1H), 1.68-1.48 (m, 2H), 1.03 (d, 3H, J = 6.8 Hz), 0.96 (t,
3H, J = 7.3 Hz) and 13C NMR (75 MHz, CDCl3) 172.1, 170.2, 168.6, 144.1, 143.8, 141.3, 139.0, 136.1, 132.9,
127.7, 127.5, 127.1, 127.1, 126.9, 125.3, 125.2, 123.2, 122.8, 122.4, 121.4, 120.2, 120.0, 119.8, 118.5, 111.4,
109.7, 67.2, 61.3, 53.3, 52.6, 47.3, 37.9, 31.4, 27.3, 15.8, 11.7. To a solution of ix (291.5 mg, 0.432 mmol)
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in dried CH2Cl2 (20 mL) Ph3P (565 mg, 2.16 mmol, 5 equiv), I2 (448 mg, 2.12 mmol. 4.9 equiv), and
N,N-diisopropylethylamine (753 μL, 4.32 mmol, 10 equiv) were added. The reaction mixture was
stirred at room temperature for 5 h, quenched with aqueous Na2CO3, and extracted with CH2Cl2
(3 × 100 mL), dried with Na2SO4, filtered, and concentrated. Hexane was added to remove an excess
of Ph3P, the precipitate was filtered and was treated with CH2Cl2 (10 mL) and piperidine (2.5 mL,
20%) at room temperature for 20 min, followed by solvent evaporation to provide the solid which
was triturated with hexane (1 × 200 mL), CH2Cl2/PhMe (1 × 200 mL), and hexane (1 × 200 mL). The
vacuum-dried crude residue was dissolved in CH3CN (10 mL) in the presence of DMAP (158 mg,
1.39 mmol) and refluxed for 19 h. The reaction mixture was purified by preparative TLC (EtOAc:
MeOH: CH2Cl2, 50:2.5:47.5) to afford 2. Yield: 36 mg, 36.2%; enantiomeric ratio (er) = 73:27; m.p:
181–183 ◦C; [α]30

D = +346.40 (c 0.051; CHCl3); vmax (KBr) 3375, 3187, 2880, 1684, 1662, 1472, 1434, and
1261 1 cm−1; 1H NMR (300 MHz, CDCl3): δ 8.38 (dd, 1H, J = 8.0 and 1.1 Hz, CH), 8.07 (br, 1H, NH-Trp),
7.79 (ddd, 1H, J = 8.5, 7.1, and 1.6 Hz, CH), 7.62 (dd, J = 8.2 and 0.5 Hz, CH), 7.54 (ddd, 1H, J = 8.2,
7.2, and 1.2 Hz, CH), 7.48 (d, 1H, J 7.9 Hz, CH-Trp), 7.28 (d, 1H, J = 8.5 Hz, CH-Trp), 7.12 (ddd, 1H,
J = 8.1, 7.1 and 1.1 Hz, CH-Trp), 6.94 (ddd, 1H, J = 8.0, 7.1 and 1.0 Hz, CH-Trp), 6.87 (d, 1H, J = 2.3 Hz,
CH-Trp), 6.55 (d, 1H, J = 3.1 Hz, NH-amide), 5.52 (dd, 1H, J = 6.4 and 3.6 Hz, CH*-Trp), 4.03 (dd, 1H,
J = 8.0 and 3.5 Hz, CH-Ile), 3.83 (dd, 1H, J = 14.9 and 6.4 Hz, CH2-Trp), 3.73 (dd, 1H, J = 14.8 and 3.5 Hz,
CH2-Trp), 0.99–0.85 (m, 1H, CH*-Ile), 0.85–0.69 (m, 2H, CH2-Ile), 0.66 (d, 3H, J = 6.5 Hz, CH3-Ile), 0.58
(t, 3H J = 7.1 Hz, CH3-Ile); 13C NMR (75 MHz, CDCl3): δ 167.8 (C=O), 161.4 (C=O), 149.4 (C=N), 146.8
(C), 135.9 (C-Trp), 134.7 (CH), 127.9 (C-Trp), 127.1 (CH), 127.1 (CH), 126.8 (CH), 123.5 (CH-Trp), 122.3
(CH-Trp), 120.3 (C), 120.0 (CH-Trp), 119.0 (CH-Trp), 111.0 (CH-Trp), 110.2 (C-Trp), 60.8 (CH*-Ile), 57.6
(CH*-Trp), 40.8 (CH*-Ile), 27.1 (CH2-Trp), 24.3 (CH2-Ile), 15.3 (CH3-Ile), 10.4 (CH3-Ile); (+)-HREM-ESI
m/z 401.1967 (M + H)+, 423.1787 ( M + Na)+ (calculated for C24H25N4O2, 400.1899).

4.4. General Conditions for the Synthesis of Quinazolinone-3,6-(4H)-Diones Compound 4, 5, 6, 7, 8, and 9

In a closed vial anthranilic acid (i, 28 mg, 200 μmol), N-Boc-L-isoleucine (x, 44 mg, 200 μmol) for 4

and 5, or N-Boc-L-methionine (xi, 46 mg, 200 μmol) for 6 and 7, or N-Boc-o-Bn-Tyrosine (xii, 74 mg,
200 μmol) for 8 and 9, and triphenylphosphite (63 μL, 220 μmol) were added along with 1 mL of dried
pyridine. The vial was heated in heating block with stirring at 55 ◦C for 16–24 h. After cooling the
mixture to room temperature, D-tryptophan methyl ester hydrochloride (ii) for 5, and 7, L-tryptophan
methyl ester hydrochloride (vi) for 4, 6, 8 and 9 (51 mg, 200 μmol) was added, and the mixture was
irradiated in the microwave at the constant temperature at 220 ◦C for 1.5 min. Reaction mixtures were
prepared in the same conditions and treated in parallel. After removing the solvent with toluene,
the crude product was purified by flash column chromatography using hexane:EtOAc (60:40) as a
mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO (95:5) as mobile phase. The
major compound appeared as a black spot with no fluorescence under the UV light (366 nm). The
desirable compounds 4, 5, 6, 7, 8, and 9 were collected as yellow solids. Before analysis, compounds
were recrystallized from methanol.

(1R,4S)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)- dione
(4). Yield: 29.2 mg, 7.1%; er = 3:97; m.p: 220–221 ◦C; [α]30

D = + 484.7 (c 0.037; CHCl3); vmax (KBr) 3373,
3059, 2880, 1684, 1662, 1472, 1434, and 1261 cm−1; 1H NMR (300 MHz, CDCl3): δ 8. 38 (dd, 1H,
J = 7.9 and 1.2 Hz, CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, J = 8.4, 7.1, and 1.6 Hz, CH), 7.57 (d,
J = 8.0 Hz, CH), 7.52 (d, 1H, J = 6.0 Hz, CH), 7.47 (d, 1H, J = 8.0 Hz, CH-Trp), 7.28 (d, 1H, J = 8.2 Hz,
CH-Trp), 7.12 (t, 1H, J = 7.1 Hz, CH-Trp), 6.96 (t, 1H, J = 7.5 Hz, CH-Trp), 6.57 (d, 1H, J = 2.4 Hz,
CH-Trp), 5.68 (dd, 1H, J = 5.2 and 2.7 Hz, CH*-Trp), 5.64 (s, 1H, NH-amide), 3.76 (dd, 1H, J = 14.8 and
2.7 Hz, CH2-Trp), 3.63 (dd, 1H, J = 14.9 and 5.3 Hz, CH2-Trp), 2.80 (d, 1H, J = 2.4 Hz, CH*-Ile), 2.36
(dt, 1H, J 14.9 and 7.5 Hz, CH*-Ile), 0.98 (m, 2H, CH2-Ile), 0.88 (d, 3H, J = 6.5 Hz, CH3-Ile), 0.64 (t,
3H J = 6.4 Hz, CH3-Ile); 13C NMR (75 MHz, CDCl3): δ 169.5 (C=O), 160.9 (C=O), 150.7 (C=N), 147.1
(C), 136.1 (C-Trp), 134.7 (CH), 127.2 (CH), 127.1 (CH), 127.0 (C-Trp), 126.9 (CH), 123.6 (CH-Trp), 122.8
(CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.8 (CH-Trp), 111.1 (CH-Trp), 109.4 (C-Trp), 56.8 (CH*-Trp), 55.1
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(CH*-Ile), 35.8 (CH*-Ile), 27.4 (CH2-Trp), 25.8 (CH2-Ile), 13.2 (CH3-Ile), 11.0 (CH3-Ile; (+)-HRMS-ESI
m/z 401.1964 (M + H)+ (calculated for C24H25N4O2, 400.1899).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione
(5). Yield: 27.2 mg, 6.6%; er = 3:97; m.p: 218–220 ◦C; [α]30

D = −372.6 (c 0.034; CHCl3); vmax (KBr) 3373,
3059, 2880, 1684, 1662, 1472, 1434, 1261 cm−1; 1H NMR (300 MHz, CDCl3): δ 8. 37 (dd, 1H, J = 7.9 and
1.2 Hz, CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, J = 8.4, 7.1, and 1.6 Hz, CH), 7.57 (d, J = 8.0 Hz,
CH), 7.52 (d, 1H, J = 6.0 Hz, CH), 7.47 (d, 1H, J = 8.0 Hz, CH-Trp), 7.28 (d, 1H, J = 8.2 Hz, CH-Trp),
7.12 (t, 1H, J = 7.1 Hz, CH-Trp), 6.96 (t, 1H, J = 7.5 Hz, CH-Trp), 6.57 (d, 1H, J = 2.4 Hz, CH-indole),
5.68 (dd, 1H, J = 5.2 and 2.7 Hz, CH*-Trp), 5.52 (s, 1H, NH-amide), 3.76 (dd, 1H, J = 14.8 and 2.7 Hz,
CH2-Trp), 3.63 (dd, 1H, J = 14.9 and 5.3 Hz, CH2-Trp), 2.80 (d, 1H, J = 2.4 Hz, CH*-Ile), 2.37 (dt, 1H,
J = 14.9 and 7.5 Hz, CH*-Ile), 0.88 (m, 2H, J = 6.7 Hz, CH2-Ile), 0.62 (d, 3H, J = 6.5 Hz, CH3-Ile), 0.46 (t,
3H J = 6.4 Hz, CH3-Ile); 13C NMR (75 MHz, CDCl3): δ 169.4 (C=O), 160.9 (C=O), 150.1 (C=N), 147.1 (C),
136.1 (C-Trp), 134.7 (CH), 127.2 (CH), 127.2 (CH), 127.0 (CH-Trp), 126.9 (CH), 123.6 (CH-Trp), 122.7
(CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.8 (CH-Trp), 111.1 (CH-Trp), 109.4 (C-indol), 56.8 (CH*-Trp), 55.5
(CH*-Ile), 35.6 (CH*-Ile), 27.4 (CH2-Trp), 25.9 (CH2-Ile), 13.2 (CH3-Ile), 11.0 (CH3-Ile; (+)-HRMS-ESI
m/z 401.1973 (M + H)+ (calculated for C24H25N4O2, 400.1899).

(1R,4S)-4-((1H-indol-3-yl)methyl)-1-(2-(methylthio)ethyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline- 3,6(4H)-
diones (6). Yield: 27 mg, 6.1%; m.p: 198–200.7 ◦C; [α]30

D = +74.1 (c 0.045; CHCl3); vmax (KBr) 3295, 3067,
2915, 1682, 1600, 1470, 770, and 697 cm−1; 1H NMR (300 MHz, CDCl3): δ 8. 37 (dd, 1H, J = 8.0 and 1.2 Hz,
CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, J = 8.4, 7.0, and 1.5 Hz, CH), 7.57 (d, 1H, J = 2.5 Hz, CH),
7.53 (dd, 1H, J = 8.2 and 1.1 Hz, CH), 7.41 (d, 1H, J = 8.0 Hz, CH-Trp), 7.30 (d, 1H, J = 8.3 Hz, CH-Trp),
7.13 (t, 1H, J = 7.7 Hz, CH-Trp), 6.93 (t, 1H, J = 7.0 Hz, CH-Trp), 6.71 (d, 1H, J = 2.4 Hz, CH-Trp), 6.37 (s,
1H, NH-amide), 5.67 (dd, 1H, J = 5.2 and 3.0 Hz, CH*-Trp), 3.74 (dd, 1H, J = 15.0 and 3.0 Hz, CH2-Trp),
3.65 (dd, 1H, J = 14.9 and 5.3 Hz, CH2-Trp), 2.99 (dd, 1H, J = 6.6 and 3.6 Hz, CH*-Met), 2.49-2.13 (m, 4H,
CH2-Met), 1.96 (s, 3H, CH3-Met); 13C NMR (75 MHz, CDCl3): δ 169.3 (C=O), 161.1 (C=O), 150.3 (C=N),
147.1 (C), 136.0 (C-Trp), 134.7 (CH), 127.2 (CH), 127.2 (C-Trp), 126.9 (CH), 123.5 (CH-Trp), 122.7 (CH-Trp),
120.2 (C), 120.2 (C-Trp), 118.7 (CH-Trp), 111.1 (CH-Trp), 109.5 (C-Trp), 57.2 (CH*Trp), 52.8 (CH*-Met),
30.7 (CH2-S-Met), 29.7 (CH2-Met), 27.2 (CH2-Trp), 15.3 (CH3-Met); HRMS-ESI m/z 419.1544 (M + H)+

(calculate for C23H23N4O2S, 418.1463).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-(2-(methylthio)ethyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-
diones (7). Yield: 34.8 mg, 7.9%; er = 49: 51; m.p.: 197–200 ◦C; [α]30

D = −56.9 (c 0.041; CHCl3); vmax

(KBr) 3290, 3058, 2918, 2854, 1684, 1670, 1602, 773, and 695 cm−1; 1H NMR (300 MHz, CDCl3): δ 8.
37 (dd, 1H, J = 8.0 and 1.1 Hz, CH), 8.12 (br, 1H, NH-Trp), 7.78 (ddd, 1H, J = 8.4, 7.2, and 1.5 Hz,
CH), 7.57 (d, J = 8.3 Hz, CH), 7.54 (d, 1H, J = 7.0 Hz, CH), 7.40 (d, 1H, J = 8.0 Hz, CH-Trp), 7.30 (d,
1H, J = 8.2 Hz, CH-Trp), 7.12 (t, 1H, J = 7.1 Hz, CH-Trp), 6.92(t, 1H, J = 7.0 Hz, CH-Trp), 6.71 (d, 1H,
J = 2.4 Hz, CH-Trp), 5.67 (dd, 1H, J = 5.4 and 3.1 Hz, CH*-Trp), 6.54 (s, 1H, NH-amide), 3.73 (dd, 1H,
J = 15.0 and 2.9 Hz, CH2-Trp), 3.65 (dd, 1H, J = 15.1 and 5.5 Hz, CH2-Trp), 3.01 (dd, 1H, J = 6.6 and
3.6 Hz, CH*-Met), 2.48-2.20 (m, 4H, CH2-Met), 1.96 (s, 3H, CH3-Met); 13C NMR (75 MHz, CDCl3): δ

169.5 (C=O), 161.0 (C=O), 150.6 (C=N), 146.9 (C), 136.1 (C-Trp), 134.7 (CH), 127.2 (C-Trp), 127.2 (CH),
126.9 (CH), 123.5 (CH-Trp), 122.6 (CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.7 (CH-Trp), 111.2 (CH-Trp),
109.5 (C-Trp), 57.2 (CH*-Trp), 52.8 (CH*-Met), 30.7 (CH2-S-Met), 29.7 (CH2-Met), 27.2 (CH2-Trp), 15.3
(CH3-Met); (+)-HRMS-ESI m/z 419.1526 (M + H)+, (calculated for C23H23N4O2S, 418.1463).

(1R,4S)-4-((1H-indol-3-yl)methyl)-1-(4-(benzyloxy)benzyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-
diones (8). Yield: 81.9 mg, 14.8%; er = 63:37; m.p.: 226.9–227.9 ◦C; [α]30

D = +46.7 (c 0.05; CHCl3); vmax

(KBr) 3393, 3268, 2954, 1671, 1611, 1511, 1465, 1240, 772, and 697 cm−1; 1H NMR (300 MHz, CDCl3):
δ 8. 39 (dd, 1H, J = 8.0 and 1.2 Hz, CH), 8.05 (br, 1H, NH-Trp), 7.80 (ddd, 1H, J = 8.5, 7.2 and 1.5 Hz,
CH), 7.62 (d, J = 8.0 Hz, CH), 7.56 (dt, 1H, J = 7.3, 7.7, and 1.1 Hz, CH), 7.45-7.39 (m, 5H, CH-Bz),
7.32 (d, 2H, J = 8.0 Hz, CH-Trp), 7.17 (t, 1H, J = 7.5 Hz, CH-Trp), 6.88 (t, 1H, J = 7.5 Hz, CH-Trp),
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6.76 (d, 2H, J = 9.0 Hz, CH-Tyr), 6.61 (d, 1H, J = 3.0 Hz, CH-Trp), 6.39 (d, 2H, J = 8.5 Hz, CH-Tyr),
5.64 (dd, 1H, J = 5.2 and 2.7, CH*-Trp), 5.35 (s, 1H, NH-amide), 5.05 (s, 2H, CH2-Bz), 3.76 (dd, 1H,
J = 14.9 and 2.6 Hz, CH2-Trp), 3.67 (dd, 1H, J = 15.0 and 5.3 Hz, CH2-Trp), 3.52 (dd, 1H, J = 14.7 and
3.6 Hz, CH2-Tyr), 2.89 (dd, J = 11.1 and 3.6 Hz, CH*-Tyr), 2.46 (dd, 1H, J = 14.7 and 11.2 Hz, CH2-Tyr);
13C NMR (75 MHz, CDCl3): δ 169.2 (C=O), 160.7 (C=O), 157.9 (C-Tyr), 151.0 (C=N), 147.0 (C), 137.0
(C-Trp), 136.1(C-Bz), 134.8 (CH), 128.7 (CH-Tyr (2)), 128.6 (CH-Bz (2)), 128.0 (C-Tyr), 127.4 (CH-Bz),
127.3 (CH-Trp), 127.2 (CH), 127.1 (CH-Bz (2)), 127.0 (CH), 126.9 (CH), 123.8 (CH-Trp), 122.8 (CH-Trp),
120.6 (C), 120.4 (CH-Trp), 119.0 (CH-Trp), 115.5 (CH-Tyr (2H)), 111.1 (CH-Trp), 109.7 (C-Trp), 70.1
(CH2-Bz), 57.4 (CH*-Trp), 52.9 (CH*-Tyr), 37.1 (CH2-Tyr), 29.7 (CH2-Trp); (+)-HRMS-ESI m/z 541.2232
(M + H)+, (calculated for C34H29N4O3, 540.2161).

(1S,4S)-4-((1H-indol-3-yl)methyl)-1-(4-(benzyloxy)benzyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-
diones (9). Yield: 119.9 mg, 21.7%; er = 29:71; m.p.: 165.9–166.6 ◦C; [α]30

D = +205.8 (c 0.076; CHCl3); νmax

(KBr) 3489, 3364, 2923, 1674, 1612, 1512, 1467, 1249, 774, and 695 cm−1; 1H NMR (300 MHz, CDCl3): δ

8. 42 (dd, 1H, J = 8.0 and 1.1 Hz, CH), 8.08 (br, 1H, NH-Trp), 7.83 (ddd, 1H, J 8.5, 7.1, and 1.5 Hz, CH),
7.66 (d, J 7.7 Hz, CH), 7.62-7.52 (m, 2H, CH), 7.39 (t, 4H, J = 2.6 Hz, CH-Bz), 7.35 (ddd, J = 6.2, 3.4, and
1.5 Hz, 1H, CH-Bz), 7.30 (d, 1H, J = 8.1 Hz, CH-Trp), 7.20 (td, 1H, J = 7.6 and 1.1 Hz, CH-Trp), 6.10 (td, 1H,
J = 7.5 and 1.0 Hz, CH-Trp), 6.74 (d, 2H, J = 8.7 Hz, CH-Tyr), 6.60 (d, 1H, J = 2.3 Hz, CH-Trp), 6.23 (d,
2H, J = 8.6 Hz, CH-Tyr), 5.56 (t, 1H, J = 4.2 Hz, CH*-Trp), 5.55 (s, 1H, NH-amide), 4.99 (s, 2H, CH2-Bz),
4.33 (dt, 1H, J = 11.7 and 2.8 Hz, CH*-Tyr), 3.86 (dd, 1H, J =14.9 and 3.0 Hz, CH2-Trp), 3.80 (dd, 1H,
J = 14.9 and 4.4 Hz, CH2-Trp), 2.95 (dd, 1H, J = 13.3 and 3.1 Hz, CH2-Tyr), 0.53 (dd, J = 13.1 and 11.9 Hz,
CH2-Tyr); 13C NMR (75 MHz, CDCl3): δ 166.5 (C=O), 160.9 (C=O), 158.0 (C-Tyr), 150.2 (C=N), 147.2
(C), 136.9 (C-Trp), 135.8 (C-Bn), 134.9 (CH), 130.28 (CH-Tyr (2)), 128.6 (CH-Bz (2)), 128.1 (C-Tyr), 128.0
(CH-Bz), 127.7 (C-Trp), 127.4 (CH), 127.0 (CH-Bz (2)), 126.9 (CH), 123.5 (CH-Trp), 122.8 (CH-Trp), 120.5
(C), 120.2 (C-Trp), 119.5 (CH-Trp), 115.2 (CH-Tyr (2)), 111.4 (CH-Trp), 109.7 (C-Trp), 70.0 (CH2-Bz), 57.9
(CH*-Tyr), 56.8 (CH*-Trp), 42.0 (CH2-Tyr), 26.6 (CH2-Trp(+)-HRMS-ESI m/z 541.2221 (M + H)+, (calculated
for C34H29N4O3, 540.2161).

4.5. General Conditions for the Synthesis of (1S)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-1,2-dihydro
-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (10 and 11)

In an oven-dried round-bottomed flash equipped with Teflon-coated magnetic stir bar, a rubber
septum, a glass stopper, and nitrogen gas inlet compound 8 or 9 (50 mg, 0.092 mmol) dissolved with
anhydrous CH2Cl2 (5 mL) was added. After cooled the mixture to −78 ◦C, 1M boron trichloride in
CH2Cl2 (190 μL, 0.19 mmol, 2eq) was added dropwise over 5 min at −78 ◦C. After stirring for 45 min
at -78 ◦C, the mixture was quenched by syringe addition of CHCl3/MeOH (10/1, 10 mL) at -78 ◦C and
was warmed to ambient temperature. The solvent was evaporated, and the content was purified by
flash column chromatography using hexane: EtOAc (6:4) as mobile phase. Compounds 10 or 11 were
obtained as pale yellow solids. Before analysis, compounds were recrystallized from methanol.

(1R,4S)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-
dione (10). Yield: 12.5 mg, 30%; er = 36:65; m.p.: 134–136 ◦C; [α]30

D = +39.5 (c 0.034; CH3OH); vmax (KBr)
3427, 1677, 1603, 1515, 1468, 1159, 1025, 998, and 765 cm−1; 1H NMR (300 MHz, DMSO-d6): δ 10.48
(s, 1H, NH-Trp), 8.89 (d, 1H, J = 4.9 Hz, OH-Tyr), 8.32 (dd, 1H, J = 8.0 and 1.2 Hz, CH), 7.81 (dd, 1H,
J = 7.7 and 1.6 Hz, CH), 7.61 (d, J = 7.9 Hz, CH), 7.56 (dd, 1H, J = 12.7 and 7.2 Hz, CH), 7.39 (dd, 1H,
J = 8.0 and 5.4 Hz, CH-Trp), 7.34 (dt, 1H, J = 8.1 Hz, CH), 7.13 (dd, 1H, J = 13.4 and 6.7 Hz, CH-Trp),
6.84 (dd, 1H, J = 13.4 and 6.7 Hz, CH-Trp), 6.60 (d, 1H, J = 3.4 Hz, CH-Trp), 6.58(dd, 2H, J = 8.5 and
6.0 Hz, CH-Tyr), 6.53 (d, 1H, J = 4.4 Hz, NH-amide), 6.46 (dd, 2H, J = 7.9 and 5.7 Hz, CH-Tyr), 5.44 (dd,
1H, J = 5.0 and 2.8 Hz, CH*-Trp), 3.64 (dd, 1H, J = 14.8 and 2.7 Hz, CH2-Trp), 3.56 (dd, 1H, J = 14.9 and
5.3 Hz), 3.26 (dt, J = 13.4 and 3.6 Hz, CH2-Tyr), 3.03 (dt, 1H, J = 8.9 and 4.7 Hz, CH*-Tyr), 2.67 (dt, 1H,
J = 13.3 and 10.5 Hz); 13C NMR (75 MHz, CDCl3): δ 168.1 (C=O), 160.0 (C=O), 150.5 (C-Tyr), 146.3
(C), 135.8 (C-Trp), 134.1 (CH), 129.4 (CH-Tyr (2)), 126.7 (C-Trp), 126.6 (CH), 126.4 (CH), 126.1 (CH),
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124.9 (C-Tyr), 123.7 (CH-Trp), 121.2 (CH-Trp), 119.6 (CH-Trp), 118.9 (CH-Trp), 115.0 (C-Tyr), 111.2
(CH-Trp), 108.0 (C-Trp), 56.6 (CH*-Trp), 52.8 (CH*-Tyr), 36.3 (CH2-Tyr), 26.5 (CH2-Trp); (+)-HRMS-ESI
m/z 451.1766 (M + H)+, 473.1576 (M + Na)+ (calculated for C27H23N4O3, 450.1692).

(1S,4S)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-
dione (11). Yield: 25.7 mg, 68.7%; er = 61:39; m.p.: 102–103 ◦C; [α]30

D = +75.9 (c 0.079; CH3OH); vmax

(KBr) 3428, 2927, 1667, 1610, 1592, 1474, 1337, 1232, 772, and 699 cm–1; 1H NMR (300 MHz, DMSO-d6):
δ 10.54 (s, 1H, NH-Trp), 8.86 (s, 1H, OH-Tyr), 8.34 (dd, 1H, J = 8.0 and 1.2 Hz, CH), 7.83 (dd, 1H,
J = 7.7, and 1.6Hz, CH), 7.62 (d, J = 7.9 Hz, CH), 7.56 (dt, 1H, J = 7.6, 7.6, and 0.6 Hz, CH), 7.49 (d,
1H, J = 7.9 Hz, CH-Trp), 7.30 (d, 1H, J = 8.1 Hz, CH), 7.20 (d, 1H, J = 3.3 Hz, NH-amide), 7.09 (dt, 1H,
J = 7.6 and 0.6 Hz, CH-Trp), 6.94 (dt, 1H, J = 7.5 and 0.5 Hz, CH-Trp), 6.66 (d, 1H, J = 2.3 Hz, CH-Trp)
6.57(d, 2H, J = 5.6 Hz, CH-Tyr), 6.45 (d, 2H, J = 8.4 Hz, CH-Tyr), 5.37 (dd, 1H, J = 5.2 and 3.3 Hz,
CH*-Trp), 4.36 (dt, 1H, J = 10.5 and 3.4 Hz, CH*-Tyr), 3.63 (dd, 1H, J = 14.8 and 3.1 Hz, CH2-Trp), 3.55
(dd, 1H, J = 14.9 and 5.4 Hz, CH2-Trp), 2.69 (dd, J = 13.4 and 3.6 Hz CH2-Tyr), 0.86 (dd, 1H, J = 13.3 and
10.5 Hz, CH2-Tyr); 13C NMR (75 MHz, CDCl3): δ 165.8 (C=O), 160.2 (C=O), 155.8 (C-Tyr), 150.4 (C=N),
146.7 (C), 135.6 (C-Trp), 134.2 (CH), 129.9 (CH-Tyr (2)), 127.4 (CH-Trp), 126.3 (CH), 126.2 (CH), 126.1
(CH-Trp), 125.9 (C-Tyr), 123.7 (CH-Trp), 121.1 (CH-Trp), 119.5 (CH-Trp), 118.7 (CH-Trp), 114.9 (CH-Tyr
(2)), 111.2 (CH-Trp), 108.0 (C-Trp), 57.2 (CH*-Trp), 56.3 (CH*-Tyr), 41.8 (CH2-Tyr), 26.1 (CH2-Trp);
(+)-HRMS-ESI m/z 451.1771 (M + H)+, 473.1564 (M + Na)+ (calculated for C27H23N4O3, 450.1692).

4.6. General Conditions for the Synthesis of (1S,4R)-4-((1H-indol-3-yl)methyl)-1-(4-(benzyloxy)benzyl)-8,10
-dichloro-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (12)

In a closed vial 3,5-dichloro anthranilic acid (xiii, 41 mg, 200 μmol), N-Boc-o-Bn-Tyrosine (xii,
74 mg, 200 μmol), and triphenylphosphite (63 μL, 220 μmol) were added along with 1 mL of dried
pyridine. The vial was heated in heating block with stirring at 55 ◦C for 16–24 h. After cooling the
mixture to room temperature, D-tryptophan methyl ester hydrochloride (ii, 51 mg, 200 μmol) was
added, and the mixture was irradiated in the microwave at the constant temperature at 220 ◦C for
1.5 min. Reaction mixtures were prepared in the same conditions and treated in parallel. After removing
the solvent with toluene, the crude product was purified by flash column chromatography using
hexane: EtOAc (60:40) as a mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO
(95:5) as mobile phase. The major compound appeared as a black spot with no fluorescence under
the UV light (366 nm). Compound 12 was collected as orange solids. Before analysis, compound was
recrystallized from methanol. Yield: 26.2 mg, 2.2%; er 67:33; m.p.: 233–235 ◦C; [α]30

D = +244.44 (c 0.045;
CH3OH); νmax (KBr) 3424, 3334, 2921, 1681, 1593, 1511, 1455, 1247,1012, 695, and 420 cm−1; 1H NMR
(300 MHz, CDCl3): δ 8.26 (d, 1H, J = 2.4 Hz, CH), 8.09 (br, 1H, NH-Trp), 7.85 (d, 1H, J = 2.4 Hz, CH),
7.44 (dd, 5H, J = 6.4 and 2.0 Hz, CH-Bz), 7.39 (d, 2H, J = 8.2 Hz, CH-Trp), 7.19 (t, 1H, J = 7.7 Hz, CH-Trp),
6.96 (t, 1H, J = 7.5 Hz, CH-Trp), 6.75 (d, 2H, J = 8.7 Hz, CH-Tyr), 6.62 (d, 1H, J = 2.3 Hz, CH-Trp), 6.40
(d, 2H, J = 8.5 Hz, CH-Tyr), 5.56 (dd, 1H, J = 5.2 and 2.6, CH*-Trp), 5.41 (s, 1H, NH-amide), 5.06 (s, 2H,
CH2-Bz), 3.77 (dd, 1H, J = 15.0 and 2.6 Hz, CH2-Trp), 3.62 (dd, 1H, J = 15.6 and 4.1 Hz, CH2-Trp), 3.50
(dd, 1H, J = 17.5 and 4.4 Hz, CH2-Tyr), 2.95 (dd, J = 10.8 and 3.6 Hz, CH*-Tyr), 2.51 (dd, 1H, J = 14.8 and
10.9 Hz, CH2-Tyr); 13C NMR (75 MHz, CDCl3): δ 168.7 (C=O), 159.2 (C=O), 158.0 (C-Tyr), 152.0 (C=N),
142.4 (C), 136.9 (C-Bz), 136.1(C-Trp), 135.1 (CH), 133.2 (C-Cl), 132.6 (C-Cl), 129.6 (CH-Tyr (2)), 128.7
(CH-Bz (2)), 128.1 (CH-Bz), 127.4 (CH-Bz(2)), 126.9 (C-Trp), 126.6 (C-Tyr), 125.2 (CH), 123.7 (CH-Trp),
122.9 (CH-Trp), 122.4 (C), 118.9 (CH-Trp), 115.5 (CH-Tyr (2H)), 111.2 (CH-Trp), 109.4 (C-Trp), 70.1
(CH2-Bz), 57.6 (CH*-Trp), 53.1 (CH*-Tyr), 36.9 (CH2-Tyr), 27.1 (CH2-Trp). (+)-HRMS-ESI m/z 609.1427
(M + H)+, (calculated for C34H27N4O3Cl2, 608.1382).

4.7. Neuroprotection Assay

Compounds 1, 2, 4, 5, 6, 7, 8, 9, 10, 11, and 12c together with fiscalin B (3) were assayed in co-treatment
with rotenone at eight concentrations per triplicate. The SH-SY5y cells (ATCC Ref.: CRL-2266) were
seeded at a density of 40,000/well in a 96-well plate and were incubated in a humidified atmosphere
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at 37 ◦C with 5% CO2 for overnight. The compounds were dissolved in DMSO at the concentration of
10 mM and the higher concentration assayed was 100 μM. The negative control was 1% DMSO. After
24 h of co-treatment, plates were treated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) at 5 μg/mL in Minimum Essential Medium Eagle (MEM) for 3 h at the standard culture
condition. Then, DMSO was added to the plates to solubilizing the formazan crystal formed in viable
cells and plates were put in the stirring for 5 min to homogenize the solution. Absorbance at 570 nm was
measured by VICTOR Multilabel Plate Reader (PerkinElmer).

4.8. Screening Test for Antitumor Activity

Compounds 1, 2, 4, 5, 6, 7, 8, 10, and 11 were reconstituted in sterile DMSO to the final
concentration of 60 mM, and several aliquots were made and stored at −20 ◦C to avoid repeated
freeze-thaw cycles. For experiments, the compounds were freshly diluted in medium to the desired
concentration. Screening for tumor cell growth inhibitory activity was carried out in three human
tumor cell lines (NCI-H460, BxPC3 and PANC1), with the sulforhodamine B (SRB) assay, as previously
described [32]. Briefly, tumor cells were plated in 96-well plates, incubated at 37 ◦C for 24 h, and then
treated for 48 h with 5 serial dilutions (1:2) of each compound (ranging from 25 μM to 1.5625 μM,
150 μM to 9.375 μM or 200 μM to 12.5 μM, depending on the compound and for reasons related
with solubility). The effect of the vehicle solvent (DMSO) was also analyzed as a control. Cells were
fixed with 10% ice-cold trichloroacetic acid, washed with water, and stained with SRB. Finally, the
plates were washed with 1% acetic acid and the bound SRB was solubilized with 10 mM Tris Base.
Absorbance was measured in a microplate reader (Synergy Mx, Biotek Instruments Inc., Winooski, VT,
USA) at 510 nm. For each compound, the corresponding GI50 (concentration which inhibited 50% of
net cell growth) was determined, as previously described [33].

4.9. Testing Effect of Compounds on Non-malignant Breast Cells

Compounds 5, 7, 10 and 11 (which presented simultaneously the best neuroprotection and
antitumor effects) were tested against the non-malignant MCF-12A human breast epithelial cells.
For that, cells were incubated with specific concentrations of each compound (corresponding to
approximately the highest GI50 concentration obtained in the antitumor activity screening) for 48 h,
followed by removal of the compound, addition of new medium to the cells and then 5 more days
in culture. At the end of the 7 days in total, the sulforhodamine B (SRB) assay was performed, as
previously described [32].

5. Conclusions

New quinazolinone alkaloid derivatives with anti and syn stereochemistry were synthetized
by combining both a one-pot microwave-assisted reaction and a multi-step approach. Interestingly,
fumiquinazoline G (1) presented a better antitumor activity in all the tumor cell lines tested, with
GI50 values lower than 20 μM. The antitumor activity of the remaining compounds was not relevant,
with GI50 values higher than 20 μM in the tested cell lines. The effect of the synthesized compounds
in the growth of the tested non-malignant cells was smaller than the effect on the studied tumor
cells. It is worth noting that among the compounds tested, only 1, 3, 5, and 7 showed potential for
neuroprotection in a PD in vitro model. This finding highlights new insights into marine natural
products belonging to the proteomimetic quinazolinone alkaloids.

Supplementary Materials: The following are available online Figures S1–S57.
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Abstract: Tartaric acid is an important chiral chemical building block with broad industrial and
scientific applications. The enantioselective synthesis of L(+)- and D(−)-tartaric acids has been
successfully achieved using bacteria presenting cis-epoxysuccinate hydrolase (CESH) activity, while
the catalytic mechanisms of CESHs were not elucidated clearly until very recently. As biocatalysts,
CESHs are unique epoxide hydrolases because their substrate is a small, mirror-symmetric, highly
hydrophilic molecule, and their products show very high enantiomeric purity with nearly 100%
enantiomeric excess. In this paper, we review over forty years of the history, process and mechanism
studies of CESHs as well as our perspective on the future research and applications of CESH in
enantiomeric tartaric acid production.

Keywords: cis-epoxysuccinate hydrolase; tartaric acid; enantioselectivity; stereoselectivity;
regioselectivity; epoxide hydrolase; immobilization; whole cell catalyst; enzyme stability; biocatalyst

1. Introduction

Tartaric acid (TA) is a well-known organic acid that naturally occurs in many kinds of fruit, most
notably in grapes. The chemical chirality of TA was first discovered by Jean-Baptiste Biot in 1832 [1].
The naturally-occurring form of the acid is L(+)-TA, while D(−)-TA rarely exists in natural sources [2,3].
L(+)-TA is widely used in the food, wine, pharmaceutical, chemical, and polyester industries. D(−)-TA
is also important in pharmaceutical manufacturing [4–6]. Both are well-known chiral chemical building
blocks with broad industrial and scientific applications [7,8]. In enantioselective chemical synthesis,
TA serves not only as a resolving agent or chiral auxiliary in the synthesis of bioactive molecules, but
also a source of new asymmetric organocatalysts [7–9]. Traditionally, L(+)-TA is obtained as a solid
by-product during wine fermentation, and this kind of production method is strongly influenced by
the growth of grapes and the climatic conditions. Chemical synthesis of L(+)-TA with maleic acid
is also possible but this gives a much less soluble racemic product (DL-form) which is not suitable
for inclusion in foods because D(−)-TA in the product is considered to be harmful to human health.
Commercial application of the chemical method is limited by both the product form and the high
production cost [10]. Currently, microbial methods are considered to be much simpler and more
economical for the production of L(+)-TA and D(−)-TA.

Epoxide hydrolases (EHs, EC 3.3.2.3) are biocatalysts that are ubiquitous in Nature. They can
hydrolyze racemic epoxides to their corresponding optically active epoxides and pure vicinal diols,
which are versatile intermediates for chiral pharmaceutical synthesis. In general, this enzymatic
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process occurs under mild conditions without the need for any cofactors, prosthetic groups, or metal
ions [11]. The high transformation rate and enantioselectivity of epoxide hydrolases have gained them
increasing attention in recent years, and they have found more and more applications in the organic
chemical industry [11]. Epoxide hydrolases are found in a variety of sources, such as plants, insects,
mammals, and microbes [12–14]. Mammalian epoxide hydrolases have been the subject of many
studies because of their key role in xenobiotic detoxification in the liver, but their use as biocatalysts
has been hindered by their limited availability [15]. Lately, bacterial epoxide hydrolases have been
increasingly recognized as highly versatile biocatalysts owing to their abundance, high efficiency, and
environmental friendliness [16].

cis-Epoxysuccinic acid hydrolases (CESHs) are epoxide hydrolase members that catalyze the
asymmetric hydrolysis of cis-epoxysuccinate (CES) to form an enantiomeric tartrate [17–19]. Bacteria
presenting CESH activity were discovered in the 1970s, and the synthesis of L(+)-TA was the first
application of an epoxide hydrolase [20]. Since then, a large number of bacteria with CESH activity
have been discovered and successfully applied for industrial TA production. The sequences and
mechanism of CESHs have been partly elucidated since 2000, when it was revealed that CESH[L] and
CESH[D], which produce L(+)-TA and D(−)-TA, respectively, are completely different proteins in terms
of both sequence and structure. Therefore, CESHs are interesting EHs not only for TA production,
but also for enantiomer biosynthesis in general. In this review, we summarize the body of literature
on CESHs including both process optimization for industrial application and mechanism studies to
understand how their regio- and stereoselectivity makes them efficient biocatalysts. We also provide
our perspective on the use of CESHs in future research and applications.

2. The History of CESH Studies

Several patents involving bacteria with CESH activity were filed by Japanese companies in the
1970s [21–26]. However, these bacteria and their associated CEHSs did not receive much attention
in the following ten years. In fact, unlike mammalian EHs, which have been subject to extensive
enzymatic and biochemical study, microbial EHs were not well studied until the 1990s. Several
studies reported in the 1990s showed that bacterial CESHs are promising biocatalysts for industrial
synthesis, and EHs were proposed as new tools for the synthesis of fine organic chemicals [16,20].
In the 1990s, several groups from China, Belgium, Japan, and Slovakia continued to report on new
bacteria containing CESH activity, and some process optimization methods, such as immobilization,
were performed for industrial application [3,10,27–31]. The microbial production of L(+)-tartaric acid
was successfully commercialized in the late 1990s [32]. Subsequently, new bacterial species were
isolated for TA production in the 21st century [18,33–39], which demonstrates that CESHs exist broadly
in bacteria.

In 2000, the first CESH encoding gene was reported from Alcaligenes sp. MCI3611 for the
production of D(−)-TA [40]. Genes from several other CESHs, including CESH[D] from Bordetella sp.
BK-52 and CESH[L]s from Rhodococcus opacus, Nocardia tartaricans, and Klebsiella sp. BK-58, have also
been sequenced and cloned [17,19,41–43]. The genes and the derived amino acid sequences of CESHs
provided the basis for later studies of the recombinant expression, structure, and mechanisms as well
as the protein engineering of CESHs. Analyses of the amino acid sequences of CESHs indicated that
CESH[D]s and CESH[L]s are completely different proteins [19]. Subsequent structural analysis and
mechanism studies revealed that they have different structures and catalysis mechanisms [41,43–45].
In a recent study [46], we determined a high-resolution structure and elucidated detailed catalytic
mechanisms for CESH[D], but these characteristics have not yet been reported for CESH[L].

With the knowledge of CESH sequences, structures, and mechanisms, scientists began to
conduct extensive protein engineering research to improve enzyme stability and activity. As a
result, many mutants with good properties have been obtained for potential industrial use [42,47,48].
However, these studies were accomplished without knowledge of the high-resolution structures
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of CESHs; therefore, there is potential to further improve the use of CESHs as biocatalysts in
industrial applications.

3. Bacteria that Produce CESHs

CESHs catalyze the enzymatic hydrolysis of cis-epoxysuccinate to form L(+)-TA or D(−)-TA with
high product enantioselectivity. TA products obtained by the hydrolysis of CES using purified CESHs
generally have enantiomeric excess (EE) values of near 100% [19,36,38,39,44,45]. Therefore, bacteria
that produce CESH[D] or CESH[L] have been separately reported. More than twenty species have been
isolated by researchers and are distributed among more than ten genera (Table 1). Isolated species with
CESH[L] activity include both Gram-positive and Gram-negative bacteria, while to date, all species
with CESH[D] activity are Gram-negative. Only the genus Pseudomonas has both type of species.

Table 1. Strains producing cis-epoxysuccinic acid hydrolases (CESHs).

CESH Genus Species Gene Reference

CESH[L] Acetobacter Acetobacter curtus [26]
Acinetobacter Acinetobacter tartarogenes [23]
Agrobacterium Agrobacterium aureum [22]

Agrobacterium viscosum [22]
Corynebacterium Corynebacterium S-13 [26]

Corynebacterium sp. JZ-1 [28]
Klebsiella Klebsiella sp. BK-58 KF977193 [38,43]
Labrys Labrys sp. BK-8 [39]
Nocardia Nocardia tartaricans [24]

Nocardia tartaricans SW13-57 [29]
Nocardia tartaricans CAS-52 JQ267565 [37]

Pseudomonas Pseudomonas sp. KB-86 [22]
Rhizobium Rhizobium validum [22,27]
Rhodococcus Rhodococcus opacus DQ471957 [17]

Rhodococcus ruber M1 [34]
Rhodococcus rhodochrous [3]

CESH[D] Achromobacter Achromobacter tartarogenes [21]
Achromobacter epoxylyticus [21]
Achromobacter acinus [21]
Achromobacter sericatus [21]

Alcaligenes Alcaligenes epoxylyticus [21]
Alcaligenes margaritae [21]
Alcaligenes sp. MCI3611 1 [33,40]

Bordetella Bordetella sp. strain 1–3 [35]
Bordetella sp. BK-52 EU053208 [19,36]

Pseudomonas Pseudomonas putida [31]
1 The gene and protein sequence were reported in a patent [40].

More than ten species with CESH[L] activity have been reported since the 1970s. Miura et al.
discovered that microorganisms of the genus Nocardia can produce CESH[L]; specifically Nocardia
tartaricans nov. sp. was identified as a preferred natural species [24]. Kamatani et al. also isolated
microorganisms capable of hydrolyzing cis-epoxysuccinate to L(+)-TA belonging to the genera
Pseudomonas, Agrobacterium, and Rhizobium [22]. Two strains of Rhizopus validum and Corynebacterium
JZ-1 that were discovered in soil can produce L(+)-TA, and the latter has a molar conversion rate
of cis-epoxysuccinate as high as 96% [27,28]. Screening of 65 Nocardia strains identified Nocardia sp.
SW 13-57 as a high-yield strain with the ability to produce CESH[L]. Its molar conversion rate is
over 90% and the CESH[L] formation is effectively induced by sodium cis-epoxysuccinate during
fermentation [29]. In addition, Rhodococcus ruber M1 isolated from soil was the first strain in Rhodococcus
reported to produce CESH[L] [34]. Further, a strain of Klebsiella sp. BK-58 can produce a novel CESH[L]
with good thermal and pH stability, which is a promising biocatalyst for the industrial production of
L(+)-TA [38].

Ten species in four genera have been reported to have CESH CESH[D] activity. Sato et al. first
isolated four novel species of Achromobacter and two novel species of Alcaligenes with CESH[D]
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activity [21]. A strain belonging to the genus Pseudomonas and the microbial cells of Alcaligenes
sp. MCI3611 also has the capability to hydrolyze cis-epoxysuccinate to D(−)-TA [31,33]. The DNA
fragment encoding the enzyme to produce D(−)-TA was successfully obtained from the chromosomal
DNA library of Alcaligenes sp. MCI3611 [40]. Two strains from the genus Bordetella (Bordetella
sp. strain 1-3 and Bordetella sp. BK-52), isolated from vegetable fields in Hangzhou, were able
to transform cis-epoxysuccinate to D(−)-TA [35,36]. Unlike traditional Bordetella species that are
exclusively associated with humans and warm-blooded animals, both of these strains are from the
natural environment. Unlike previously reported CESH[D] producing bacteria, Bordetella sp. strain 1-3
has also been reported to have the ability to degrade D(−)-TA as its carbon source, so some measures
should be adopted to stop this degradation process to accumulate D(−)-TA. Furthermore, the molecular
weight of CESH[D] from Bordetella sp. strain 1-3 is the same as the beta subunit of the previously
reported CESH[D] from Alcaligenes sp. The eight amino acid sequence of the N-terminal region of
CESH[D] from Bordetella sp. strain 1-3 has also been shown to have the same sequence as the beta
subunit from Alcaligenes sp. [19].

The gene sequences of several CESH-producing bacteria have been reported, including CESH[L]
genes from Rhodococcus opacus, Nocardia tartaricans CAS-52, and Klebsiella sp. BK-58, and CESH[D]
genes from Alcaligenes sp. MCI3611 and Bordetella sp. BK-52 [17,19,37,40,43]. Some of these genes have
been successfully expressed in Escherichia coli [17,19,37,43]. The amino acid sequences of CESH[L] from
Rhodococcus opacus and Nocardia tartaricans CAS-52 are identical, but they only share 36% sequence
identity with the CESH[L] from Klebsiella sp. BK-58. The two CESH[D]s from Alcaligenes sp. MCI3611
and Bordetella sp. BK-52 have identical amino acid sequences. The amino acid sequences of CESHs
from most bacteria in Table 1 are still unknown.

4. Stability of CESHs

Although CESHs have excellent product enantioselectivity and high activity, pure CESHs are
unstable and heat-sensitive and are thus unsuitable for industrial applications [3,17,49]. A continuous
bioconversion study using Rhodococcus rhodochrous showed that the effect of the large increase in
stability at a lower temperature was much more important than the decrease in activity [3]. To
improve the stability of CESHs at the optimal pH and temperature, whole-cell immobilization was
adopted for the industrial bioconversion process. Carriers including gelatin beads, pectate gel beads,
and κ-carrageenan were screened, and the process of immobilization was optimized for different
species [30,49–54]. Whole-cell immobilization was shown to not only increase the stability of the
biocatalysts, but also improve the activity and conversion ratio.

CESH[L] and CESH[D] show different stabilities. CESH[D] from Bordetella sp. BK-52 has high
stability and activity in a broad range of temperatures (37–45 ◦C) and pH values (4.6–9.0) with optimal
conditions being 40 ◦C and pH 6.5 [19]. A comparison study indicated that CESH[D] has greater
thermal and pH stability than CESH[L] [41]. However, the recently discovered novel CESH[L]s from
Klebsiella sp. and Labrys sp. BK-8 have good thermal and pH stability. The former is stable up to 50 ◦C
and at pH 5 to 11, while the latter is stable over a broad range of temperatures and pH values with
the greatest activity occurring at 50 ◦C and 8.5 [38,39]. Therefore, they could be used as alternative
biocatalysts for the production of L(+)-TA.

In addition, the stability and activity of CESHs can also be improved by protein engineering
methods such as fusing a binding module to CESH or changing the protein primary structure. For
example, the wild-type CESH[L] gene from Rhodococcus opacus has been fused with a carbohydrate
binding module (CBM30), and the resulting fusion enzyme (CBM30-CESH) exhibited improved
temperature and pH adaptability than free native CESH[L] [55]. The CESH[L] mutant 5X-1 from
Rhodococcus opacus was successfully constructed by combining directed evolution with various
semi-rational redesign methods. The optimal reaction temperature using mutant 5X-1 occurred
at 55 ◦C, which is much higher than the optimal temperature at 35 ◦C using the wild-type enzyme.
The pH range for the effective working of mutant 5X-1 extended from 8.0–9.0 to 5.0–10.0 [47]. Random
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mutation by error-prone PCR and high throughput screening revealed that single point mutations
on the Phe10 residue of CESH[L] from Klebsiella sp. BK-58 resulted in different levels of enzyme
thermostability and catalytic activity. The mutant F10Q had 230% higher activity but lower stability
than the wild-type enzyme [48].

5. Process Optimization for TA Production Using CESHs

Since the discovery of CESH activity in the 1970s, CESH-producing bacteria and CESHs have
been utilized to produce TA with high enantiopurity. The cell lysate or crude enzyme solution is not
suitable for TA production because the cellular protease degrades CESH rapidly. Therefore, significant
effort has been made to optimize TA production using CESHs or CESH-producing bacteria. TA
production was established in the 1970s including the surfactant addition and recovery of TA from the
media [23,25]. Subsequent studies have found that these enzymes have low stability [3], so studies on
process optimization have mainly focused on the methods of immobilization and recombination.

Bacterial cells can be immobilized by different carriers and show different levels of efficiency and
stability. Different microorganisms have different optimal immobilization methods, for example,
the best cell immobilization carriers for Nocardia tartaricans, Corynebacterium, and Rhizobium are
gelatin, κ-carrageenan, and sodium alginate, respectively [30,52,56]. The immobilization of Labrys and
recombinant E. coli cells with carrageenan is also an excellent process for TA production with high
efficiency and stability [39,54]. Aside from the carriers, the subsequent processes of immobilization
also have important effects on both the activity and stability. Rosenberg et al. found that although
κ-carrageenan is an excellent carrier for the immobilization of Nocardia tartaricans cells, the use of
cross-linked calcium pectate gel (CPG) is advantageous for the preparation of spherical particles with
high activity and stability [50,51]. Sodium alginate–cellulose sulfate-poly(methylene-co-guanidine)
(SA-CS/PMCG) capsules have been shown immobilize Nocardia tartaricans with a better performance
than CPG [49]. Additionally, various surfactants can greatly enhance the activity of the immobilized
cells, mainly through a change in the permeability of the cell membrane [50,52,57]. Dong et al. reported
that ultrasound treatment could be used to change the cell permeability and improve the bioconversion
efficiency of immobilized E. coli cells containing expressed recombinant CESH[D] [58].

The genes of CESH[L] and CESH[D] have been cloned and expressed in E. coli
successfully [17,19,40,41,43]. Therefore, recombinant CESHs also have good potential to be used
in industrial TA production. Some studies have reported that the stability of enzymes can be improved
by immobilization. For example, we significantly improved the stability of CESH[L] by fusing it with
CBM [55], and then purified and immobilized it on cellulose in one step. Wang et al. immobilized
CESH[L] on agarose Ni-IDA to enhance its stability [59]. The preparation of recombinant CESH[L]
was also improved by the utilization of the heat-induced promoter to avoid the chemical induction of
protein expression [60]. Still, more effort is needed to optimize the stability of recombinant CESH and
the process of TA production using the recombinant enzyme.

6. Structure and Catalytic Mechanism of CESH[L]

Until now, there have been no reports on the structure of CESH[L]. Only two CESH[L] sequences
have been reported and they share a 36% sequence identity [17,37,43]. Both have about a 30% sequence
identity with L-2-haloacid dehalogenase, of which the structure is known. Therefore, homology
modeling has been performed to elucidate the catalytic mechanism of CESH[L] [41,42,44]. L-2-haloacid
dehalogenase has an α/β hydrolase fold that is adopted by most EHs [61]. Therefore, it is likely
that CESH[L] also adopts the α/β hydrolase fold, and the catalytic mechanism of CESH[L] has been
proposed to be similar to most EHs, i.e., a two-step mechanism including an ester intermediate [61].
The two-step mechanism was confirmed by 18O experiments for both CESH[L]s [43,44].

As CESH[L] and L-2-haloacid dehalogenase only have about a 30% sequence identity and different
substrates, the catalytic residues cannot be deduced from homology modeling. Two mutagenesis
analyses revealed that D18, H190, and D193 are essential for the activity; therefore, they were proposed
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to be a catalytic triad, with D18 activating the attacking water molecule [42,44]. However, as the
CES substrate is a polar hydrophilic molecule, the active site of CESH[L] contains many charged and
hydrophilic residues, making it difficult to elucidate the role of each residue without a high-resolution
crystal structure of the CESH[L]-substrate complex. The proton donor that may facilitate the ring
opening is still not clear, and how the CES is fixed in the active site to ensure the stereoselectivity also
remains unknown.

7. Structure and Catalytic Mechanism of CESH[D]

Although CESH[D] and its gene sequence were reported earlier than CESH[L], knowledge of
CESH[D] catalysis was not obtained until very recently. The protein sequences of CESH[D]s from
Bordetella sp. BK-52 and Alcaligenes sp. MCI3611 have about 30% sequence identity to the Kce enzyme,
whose function is totally different [19,40,41]. Homology modeling using Kce as a template indicated
that CESH[D] has a TIM barrel fold with a metal ion which is crucial for its activity [41,45]. The metal
ion was identified to be a divalent ion, either zinc, calcium, or magnesium [41,45], which is coordinated
by three residues in Kce; however, only two of these are conserved in CESH[D] [41,45]. The third
coordinative residue could not be identified before the CESH[D] structure was determined. An 18O
labeling experiment indicated that CESH[D] hydrolyzes CES through a one-step mechanism [45]
instead of the two-step mechanism of CESH[L]. As CESH[D] and Kce have different substrates,
their active sites are very different and their catalytic residues cannot be deduced by homology
modeling. Mutagenesis studies have identified a large number of essential residues, so it is difficult to
identify the key catalytic residue and stereoselective catalytic mechanism from these studies without a
high-resolution CESH[D] structure.

The catalytic mechanism of CESH[D] was not elucidated in detail until our recent report on
high-resolution CESH[D] structures [46]. The structure of substrate-free CESH[D] revealed not
only the third metal coordinative residue (Glu14), but also three coordinative water molecules that
formed an equilateral triangle. Trials using an inactive mutant and CES co-crystallization obtained
an unexpected CESH[D] structure in complex with its reaction product, D(−)-TA. In the complex
structure, three oxygen atoms of TA occupy the positions of the three coordinative water molecules
in the substrate-free CESH[D] structure. The identification of the structure of the product–enzyme
complex provided the details of substrate binding and positioning, from which the key catalytic
residues and substrate recognition residues were elucidated. Instead of the previously proposed
catalytic residue D251 [45], the catalytic residues were identified as D115 and E190, while R11 provided
the proton and facilitated the ring opening. D251 played a crucial role in fixing the position of R11,
which supports the importance of this residue, as identified in the previous mutagenesis analysis.
This structure and catalytic mechanism explained the stereoselectivity, regioselectivity, and substrate
selectivity of CESH[D] [46].

The structure of CESH[D] has some distinct features in comparison with known EHs. In contrast
with the α/β hydrolase fold or LEH fold adopted by most EHs, except for LA4H, ChEH, and FosX,
CESH[D] adopts a TIM-barrel fold [61]. Also, CESH[D] has a one-step mechanism, while α/β
hydrolase fold EHs have a two-step mechanism. LEH adopts a one-step mechanism, but the substrate
specificity is determined by the hydrophobic interaction (molecular shapes), and no metal ion is
needed for LEH [62]. The EH with the most similar mechanism is FosX, which also contains a metal
ion for substrate binding and adopts a one-step mechanism (Figure 1) [63]. However, FosX has a
dimeric VOC family fold with paired βαβββ where the active sites are located at the dimer interface,
and the substrate of FosX only occupies two coordination sites of the metal ion with square pyramidal
coordination geometry [63]. Although CESH[D] is also a dimeric protein, its active sites are located
at the center of each dimer’s subunit, and its metal elements have octahedral coordination geometry
where three of the coordination sites are occupied by the substrates [46]. Therefore, CESH[D] is a
unique EH in terms of both its protein fold and catalytic mechanism.
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Figure 1. Comparison of CESH[D] and FosX: (a) structure of CESH[D]; (b) structure of FosX; (c) the
active site of CESH[D]; (d) the active site of FosX. Both proteins are dimeric and colored in green and
cyan for each monomer. The metal ions are shown as yellow balls. The products are shown as magenta
and red ball and sticks for CESH[D] and FosX, respectively. In (c,d), the three coordinative residues of
the metal ion are shown as blue sticks.

8. Perspective for CESH Research and Application

CESHs are unique among the known EHs because the CES substrate is highly hydrophilic and
mirror-symmetric. The structural features of CES suggest that CESHs have specific substrates; in
other words, the CES molecule is fixed in CESH with an exact position, which leads to the high
stereoselectivity and regioselectivity of CESHs. This feature is of great interest for enantioselective
synthesis. Although CESHs and their host bacteria have been successfully applied in industry for TA
production, there are still many questions to be addressed, and there is a lot of room for growth in the
production of TA using CESHs.

Currently, the structure and the catalytic mechanism of CESH[L] are still not fully understood.
Determination of the high-resolution structure of CESH[L], particularly of complexes with a substrate
or product, is necessary to elucidate its catalytic mechanism. With this structure, rational engineering
to enhance the stability will be possible. Furthermore, CESHs could also potentially be engineered as
biocatalysts to catalyze different substrates, but this potential has not been explored in past studies.

Although many microorganisms have been reported to have CESH activity, only very few of them
have been sequenced. Therefore, much work is still needed to isolate the CESHs and analyze their
protein/gene sequences. The new sequences of CESHs may provide other new features that will help
us to understand these enzymes and promote their applications.

Currently, the production of TA using whole cell catalysts is performed by wild strains.
No metabolic engineering of these microorganisms has previously been reported. Therefore,
understanding the features of these microorganisms and the development of genetic engineering
are important topics for future studies. CESHs are intracellular enzymes that are present in certain
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microorganisms, which cause the activity of whole cell catalysts to depend on the cell permeability.
If the CESHs could be engineered as a secretive protein, or immobilized on the cell surface, their
activity would be greatly enhanced. This engineering could be done in either the original species or the
recombinant E. coli cells, and it will improve the production of enantiomerically pure TA using CESHs.
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Abstract: Many naturally occurring xanthones are chiral and present a wide range of biological
and pharmacological activities. Some of them have been exhaustively studied and subsequently,
obtained by synthesis. In order to obtain libraries of compounds for structure activity relationship
(SAR) studies as well as to improve the biological activity, new bioactive analogues and derivatives
inspired in natural prototypes were synthetized. Bioactive natural xanthones compromise a large
structural multiplicity of compounds, including a diversity of chiral derivatives. Thus, recently an
exponential interest in synthetic chiral derivatives of xanthones (CDXs) has been witnessed. The
synthetic methodologies can afford structures that otherwise could not be reached within the natural
products for biological activity and SAR studies. Another reason that justifies this trend is that both
enantiomers can be obtained by using appropriate synthetic pathways, allowing the possibility to
perform enantioselectivity studies. In this work, a literature review of synthetic CDXs is presented.
The structures, the approaches used for their synthesis and the biological activities are described,
emphasizing the enantioselectivity studies.

Keywords: synthetic xanthones; chiral derivatives of xanthones; bioactivities; enantioselectivity;
enantiomeric purity

1. Introduction

In the last few years, the relationship between chirality and biological activity has been of
increasing importance in Medicinal Chemistry [1]. Chirality can now be considered as one of the
majors’ topics in the design, discovery, development and marketing of new drugs [2–4]. Enantiomers
of drugs often present different behaviours within pharmacodynamics and/or pharmacokinetics
events [5–7] as well as different levels of toxicity [8–10]. These differences makes in the majority of
cases therapeutics with single enantiomers of unquestionable advantages [11].

The importance of enantioselective studies and the increase of chiral drugs in the pharmaceutical
market upsurges each year due to the advantages in potency, efficacy, selectivity and safety associated
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with the use of single enantiomers. The advances in enantioselective synthesis [12–15] as well
as enantioresolution methodologies [16–19] aligned to the stricter requirements from regulatory
authorities to patent new chiral drug [20–22] boosted the research in this field.

The development of methods to obtain and analyse both pure enantiomers has acquired crucial
importance in the early stage of drug development, as biological and pharmacological activity
evaluation of both enantiomers are required. Thus, despite the diversity of structures with different
groups and positions at the base scaffolds, the library of compounds for structure-activity relationship
(SAR) studies should also include stereoisomers for enantioselectivity evaluation. To perform that
type of studies, it is necessary to obtain both enantiomers with very high enantiomeric purity. The
improvement of chromatographic instrumentation and the development of efficient chiral stationary
phases (CSPs) [23–26] have made liquid chromatography (LC) the first choice for determination of
enantiomeric purity.

Chemically, xanthones (9H-xanthen-9-ones) are compounds with an oxygen-containing
dibenzo-γ-pyrone heterocyclic scaffold [27], being considered as a privileged structure [28,29].
Within this class of compounds a broad range of biological and pharmacological activities has been
reported [30–34]. Additionally, other applications have been described for xanthone derivatives, such
as preparation of fluorescent probes [35,36] or stationary phases for LC [23,24,37].

Many naturally occurring xanthones, isolated from terrestrial as well as marine sources, are
chiral, and present interesting biological activities [38–40]. The biosynthetic pathway of xanthones
only allows the presence of specific groups in particular positions of the xanthone scaffold, which is a
limiting factor for structural diversity. For this reason, in order to enlarge chemical space in this field,
total synthesis needs to be considered [41,42] allowing the access to structures that otherwise could not
be reached only with natural product as a basis for molecular modification. Moreover, higher number
of compounds can be obtained for SAR studies.

2. Synthetic Chiral Derivatives of Xanthones

Recently, there has been an increase interest in new bioactive xanthones obtained by synthesis,
particularly in chiral derivatives of xanthones (CDXs). Some reasons that can justify this trend
were the importance of this class of compounds in Medicinal Chemistry align with the fact that
nature usually gives only one enantiomer and the synthetic procedures allow the preparation of both
enantiomers to explore the enantioselectivity in biological screening assays. The promising biological
and pharmacological activities of some chiral members of this family, the clinical advantages of a single
enantiomer than a racemate, the scarce examples of synthetic CDXs described, and the possibility to
perform enantioselectivity studies strengthens the obtaining of new synthetic CDXs. This review aims
to gather the research findings on synthetic CDXs, reporting their biological and pharmacological
activities. The structures and the bioactivity differences associated to the stereochemistry of the CDXs
(enantioselectivity) as well as their enantiomeric purity are highlighted.

2.1. Synthetic CDXs Inspired in Naturally Occurring Xanthones

Natural compounds have always been a source of inspiration for the discovery of new therapeutic
agents [43]. Historically, the first proposed synthesis of a xanthone was achieved by Michael, in
1883, and later by Kostanecki and Nessler, in 1891, through the distillation of O-hydroxy-benzoic
acid, acetic anhydride and a phenol [44,45], while the first total synthesis of a naturally occurring
xanthone was a euxanthone, described by Ullmann and Panchaud, in 1906 [46]. Several synthetic
CDXs analogues of natural xanthones are described. The biological and pharmacological activities
evaluated are summarized in Table 1.

2.1.1. Synthetic Xanthonolignoids

Xanthonolignoids are a natural class of compounds isolated from plants of the Clusiaceae family
(Guttiferae) [47]. They possess a phenylpropane core linked to a xanthone scaffold by a dioxane ring,
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formed by radical oxidative coupling [48,49]. Natural xanthonolignoids include kielcorins, cadensins,
subalatin, calophyllumins and gemixanthone [49]. The first xanthonolignoid described was based in
2,3,4-trioxygenated xanthone being isolated, in 1969, from Kielmeyera species [50].

Considering that xanthonolignoids are bioactive molecules and very interesting templates for
molecular modifications, several xanthonolignoids were isolated and synthesized [49]. Initially the
main goal of their synthesis was to help in the structure elucidation of this class of compounds
but subsequently, also to improve their biological and physicochemical properties. Both classic
synthesis and biomimetic approaches have been used to obtain xanthonolignoids, mainly kielcorin
derivatives [49]. The total synthesis of kielcorin derivatives requires several steps and drastic reaction
conditions while the biomimetic way is based on natural building blocks and is achieved by an
oxidative coupling of a suitable dihydroxyxanthone and a cinnamyl alcohol derivative, in the presence
of an oxidizing agent at room temperature [49].

Pinto et al. [51], in 1987, reported the first biomimetic synthesis of xanthonolignoids of the kielcorin
group, specifically kielcorin (1) and its stereoisomer, cis-kielcorin (2) (Figure 1). Both kielcorins 1 and
2 were also obtained by a classical method [52,53]. In 1999, by using a biomimetic approach, the
synthesis of trans-kielcorin B (3) and trans-isokielcorin B (4) (Figure 1) was described [54].

Figure 1. Structures of kielcorin (1) and synthetic derivatives 2–9.

To obtain related bioactive compounds with a kielcorin framework, other constitutional isomers
were synthesized by our group, namely trans-kielcorin C (5), trans-kielcorin D (6), trans-isokielcorin
D (7), cis-kielcorin C (8), and trans-kielcorin E (9) [55] (Figure 1). Once again, the synthetic approach,
involving an oxidative coupling of coniferyl alcohol with an appropriate xanthone, was modelled on a
biomimetic pathway. Different oxidizing agents were used (e.g., Ag2O, Ag2CO3, and K3[Fe(CN)6]) to
investigate the oxidative coupling reactions. The synthesis of trans-kielcorin C (5) (also designated as
demethoxykielcorin) using a classic approach was previously reported by Vishwakarma et al. [53].

Kielcorins 5–9 were evaluated for their in vitro effect on the growth of three human tumor
cell lines, MCF-7 (breast), TK-10 (renal), UACC-62 (melanoma), and on the proliferation of human
lymphocytes [56]. The growth inhibitory effect was moderate but dose-dependent and influenced
by the isomerism of the tested compounds. The trans-kielcorins C (5) and D (6) were the most
active. The inhibition of human lymphocyte proliferation induced by phytohemagglutinin (PHA) was
detected [56]. The high potency and selectivity observed for these compounds suggested that kielcorins
may be an important model for developing potent and isoform-selective protein kinase C (PKC)
inhibitors [31]. Accordingly, kielcorins 5-9 revealed an effect compatible with PKC inhibition similar to
that exhibited by the well-established PKC inhibitor chelerythrine [57]. The trans-kielcorins C (5) and
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E (9) were evaluated and demonstrated protectives effects against tert-butylhydroperoxide-induced
toxicity in freshly isolated rat hepatocytes [58].

In order to study if the growth inhibitory effects of the kielcorins 5–9 depended on the
stereochemistry, analytical LC methods using four carbamates of polysaccharide derivative CSPs
and multimodal elution conditions were developed for their enantioresolution [59]. An amylose
tris-3,5-dimethylphenylcarbamate CSP was chosen for a preparative resolution scale-up considering
not only the highest enantioselectivity obtained for these chiral compounds, but also due to its low
retention factors [59]. Consequently, the enantiomers of the kielcolins 5–7 and 9 were efficiently
separated by chiral LC on a multimilligram scale. A solid-phase injection system was developed
and combined with a closed loop recycling system to increase the productivity and recovery of the
preparative process [60]. The enantiomeric purity was also measured being higher than 99% for each
enantiomer, except for compound 5 [60].

The inhibitory activity of the racemates 5–7 and 9 as well as of the corresponding enantiomers on
in vitro growth of the human breast adenocarcinoma cell line MCF-7 was evaluated and compared.
The most evident enantioselectivity was noticed between the racemate of trans-kielcorin D (6) (inactive)
and the active enantiomers (+)-6 and (−)-6 [60].

2.1.2. Derivatives of Psorospermin

Psorospermin (10) was isolated from the bark and roots of the African plant Psorospermum
febrifugum, in 1980 [61,62]. It is a natural fused tetracyclic xanthone containing two stereogenic
centers with (2R,3’R)-stereochemistry and a reactive epoxide (Figure 2). The importance of the
configuration and the functionality of the epoxydihydrofuran group for the in vivo activity have been
evaluated [31,50]. The total synthesis of psorospermin (10) was reported for the first time in 2005,
by obtaining the xanthone skeleton by the method of Grover et al. [62], including thirteen steps and
with an overall yield of 1.7%. Psorospermin (10) revealed interesting biological activities showing
antileukaemic, and antitumor activity in several human cell lines [31,62].

Figure 2. Structures of psorospermin (10) and synthetic derivatives 11–15.

Additionally, the (R,R)-stereochemistry of psorospermin (10) gave optimum DNA alkylation
and antitumor activity, although all four possible stereoisomers show topoisomerase II-dependent
alkylation [63].

Two ring-constrained derivatives of psorospermin were also synthesized, namely, stereoisomer
12, a ring-constrained (2R,3R)-form, and 13, a ring-constrained (2R,3S)-compound (Figure 2) [63]. The
chlorohydrin 14 retains psorospermin-like DNA alkylation characteristics despite its rigid structure
and high affinity for DNA. The chlorohydrin 14 and epoxide 13 showed increased cytotoxicity against
a range number of human tumor cell lines, compared to isohydroxypsorofebrin (11) [63].

Another study described the synthesis of two diastereisomeric pairs of O-5-methyl psorospermin
and evaluation of in vitro activity against a range of solid and hematopoietic tumors. The
diastereisomeric pair having the naturally occurring enantiomer (2R,3R) (15) (Figure 2) was the
most active across all the cell lines tested. In subsequent studies using the four isomers of O-5-methyl
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psorospermin, the order of biological potency was (2R,3R) > (2R,3S) = (2S,3R) > (2S,3S) [64]. The
compound (2R,3R) psorospermin (15) showed to be as effective as gemcitabine (chemotherapeutic
drug) in slowing tumor growth in vivo in pancreatic cancer model [64].

2.1.3. Derivatives of Muchimangins

In many tribes and folk medicine use, plants and other organisms are commonly used to treat
several conditions. For example, in Africa, the roots of Securidaca longepedunculata are used to treat
sneezing, syphilis, gonorrhea, rheumatic pain, headache, feverish pain, malaria, sleeping sickness,
among other conditions [65]. Muchimangins are a minor constituent of this specie and their biological
activities have not been fully explored [66]. Dibwe et al. [67] reported the promising antiausteric
activity of one natural occurring muchimangin against human pancreatic cancer PANC-1 cell line.
Besides the anticancer promising activity, Kodama et al. [66] explored the antimicrobial activity of
these structures and performed SAR studies. Accordingly, they synthesized several muchimangins
derivatives 16–20 (Figure 3), and analyzed their antimicrobial activity.

Figure 3. Structures of muchimangin derivatives 16–20.

To synthesize the muchimangins derivatives 16–20, they etherified commercially available
1,2,4-trihydroxybenzene with dimethyl sulfate, producing 1,2,4-trimethoxybenzene. Then, by
acylation 2,4,5-trimethoxybenzophenone was obtained. This compound was further reduced to afford
2,4,5-trimethoxydiphenylmethanol, part of the muchimangin skeleton. Afterwards, the corresponding
xanthone moiety was obtained using Eaton’s reagent. To finalize, both structural moieties were coupled
by a Bronsted acid-catalyzed nucleophilic substitution, to produce the corresponding racemates [66].
In order to clarify the effect of chirality, Kodama et al. [66] separated the most promising derivatives
using a CSP and to identify their optical rotation via polarimetry.

The preliminary SAR studies suggested that the presence of a hydroxyl group at C-6 was important
for the antibacterial activity. Moreover, enantioselectivity occurred for compound 18, with the dextro
(+) enantiomer being more active against S. aureus than the levo (-) enantiomer and the racemate [66].

2.1.4. Derivatives of Mangiferin

Mangiferin (21, Figure 4) is a natural occurring chiral xanthone with a large spectrum of
biological activities, which have been explored for many years [68–71]. Several authors have compiled
information about the biological properties of mangiferin and derivatives [72,73].

As previously reported by Araújo et al. [74], mangiferin derivatives present a large spectrum of
antimicrobial activities. Singh et al. [75,76] developed new mangiferin derivatives 22–27 (Figure 4)
and screened their antipyretic and antimicrobial activities. The synthetic strategy used equivalent
molar proportions of mangiferin and an appropriate base (R-aromatic amine) at reflux to give the
corresponding derivative.
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Figure 4. Structures of mangiferin (21) and some synthetic derivatives 22–27 with antipyretic and
antimicrobial activities.

According to the results, it was suggested that the antipyretic activity may be attributed to the
anti-inflammatory and antioxidant potential of mangiferin and its derivatives [76]. However, further
investigations are required to understand the mechanism of action to prove its antipyretic activity.
Regarding to the antimicrobial activity, the same compounds showed powerful inhibition of the growth
of S. virchow and significant antibacterial activity against B. pumilus and B. cereus. On the other hand,
all tested compounds revealed poor growth inhibition of P. aeruginosa and low antifungal activity [75].

In other studies, the analgesic, antioxidant and anti-inflammatory activities of other mangiferin
derivatives 28–34 (Figure 5) were explored [77,78]. Dar et al. [77] analyzed the analgesic and antioxidant
activities of acetylated (28), methylated (29), and cinnamoylated (30) mangiferin, where compound
12 was acetylated to afford 14. Mahendran et al. [78] observed the analgesic and anti-inflammatory
activities of mangiferin with benzoyl (31), benzyl (32), and acetyl (33) groups.

Figure 5. Structures of mangiferin derivatives 28–34 with antioxidant, anti-inflammatory and
analgesic activities.

The results demonstrated that mangiferin derivatives substituted with benzoyl (compound 32)
and acetyl (compound 34) groups displayed better antioxidant activity than mangiferin (21) in lipid
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peroxidation, p-NDA, deoxyribose and alkaline DMSO assays, while neither compound had analgesic
nor anti-inflammatory activities. In all of these methods, standard drugs showed better activity than
mangiferin and its derivatives 28–34 [78].

Mangiferin (21) is also known to possess antidiabetic activity [79,80]. This biological activity was
further investigated for other mangiferin derivatives 35–42 and 46–53, by Hu et al. [81,82] and 43–45

by Li et al. [83] (Figure 6). These works evaluated the properties of mangiferin derivatives as protein
tyrosine phosphatase 1B (PTP1B) inhibitors in order to demonstrate their hypoglycaemic activity. The
PTP1B has an important role in type 2 diabetes and obesity [84], which is primarily responsible for the
dephosphorylation of the activated insulin receptor and thus downregulates insulin signalling [85].
For this reason, PTP1B inhibitors are a good strategy for diabetes mellitus treatment.

Figure 6. Structures of mangiferin derivatives 35–53 with antidiabetic activity.

273



Molecules 2019, 24, 791

According to Hu et al. [81,82], mangiferin (21) is a weak PTP1B inhibitor, whereas some derivatives
such as 36, 38 and 39 showed good inhibition of this protein. The SAR studies suggested that the
substitution of free hydroxyl at C-3, C-6, C-7 of mangiferin (21) remarkably enhanced the inhibition,
and the mono- or dichloro benzylated derivatives displayed better inhibitory activity than other
groups [81,82]. However, further modification and biological studies are still in progress [81].

Li et al. [83] also demonstrated that the esterified-derivatives of mangiferin 43–45 (Figure 6) could
repair damaged islet cells, and had higher lipid-solubility, and more potent hypoglycaemic activity
than the mangiferin (21). The SAR studies indicated that the larger the esterification moieties or
the higher lipid-solubility, the more potent hypoglycaemic activity was displayed by the derivative.
Thus, esterification proved to be an effective way to improve the activity of mangiferin as a potential
antidiabetic drug [83].

Correia-da-Silva et al. [86] developed new sulfated xanthones 54–57, inspired by the mangiferin
scaffold, to study their anticoagulant and antiplatelet properties (Figure 7). The synthetic
approach included the sulfation of commercially available mangiferin affording mangiferin-2′,3′,4′,6′-
tetrasulfate. It was found that an increase of the quantities of sulfating agent furnished the 2′,3,
3′,4′,6,6′,7-heptasulfated derivative. The precursor of the other derivatives could be a suitable
xanthone scaffold, where 3,6-(O-β-glucopyranosyl)xanthone was obtained after deprotection of the
glycosylated xanthone 3,6-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)xanthone. The sulfation of
3,6-dihydroxyxanthone allowed preparation of persulfated 3,6-(O-β-glucopyranosyl)xanthone. Two
polysulfated xanthonosides proved to be inhibitors of thrombosis, combining anticoagulant and
antiplatelet effects in a single molecule [86].

Figure 7. Structures of mangiferin derivatives 54–57 with anticoagulant and antiplatelet activities.

2.1.5. Derivatives of α-Mangostin

One of the most studied xanthones found in Nature is α-mangostin, isolated from tropical fruits of
Garcinia mangostana which have been used for centuries in folk medicine to treat many conditions [87,88].
Several studies have reported its anticancer and antimicrobial activities, among others, which have
prompted researchers all over the world to synthesize diverse derivatives [74,87–94].

One strategy concerned cationic antimicrobial peptides (CAMPs),amphipathic structures whose
hydrophobic moiety penetrates the membrane core, while the cationic residues disrupt bacterial
membranes [95–98]. Due to the manufacturing costs and poor stability of peptides, Koh et al. [95,99]
developed small-molecules 58–70 with CAMP characteristics by combining the α-mangostin core with
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basic amino acids moieties (Figure 8). The purpose of the work was to confirm if lipophilic chains
enhance the membrane permeability and to examine the role of the cationic moieties conjugating
the xanthone scaffold with basic amino acids [99]. This strategy was also used to develop new
anti-mycobacterial derivatives 65–70 [95], and by Lin et al. [97] for studies seeking new antimicrobial
and hemolytic compounds.

Figure 8. Structures of derivatives of α-mangostin 58–70.

According to the results, the amphiphilic xanthone derivatives 65–70 (Figure 8) possessed
promising mycobacterial activity without resistance mechanisms, which may contribute to the
development of an entirely new class of therapeutics for tuberculosis [95]. Besides the interesting
activity of these compounds, the cationic and hydrophobic moieties enhanced the water-solubility,
and also lead to high membrane selectivity and excellent antibacterial activity against Gram-positive
bacterial strains, including methicillin-resistant Staphylococcus aureaus and vancomycin-resistant
Enterococcus. It is important to point out that the membrane selectivity of these compounds was
higher than several membrane-active antimicrobial agents in clinical trials [97,99].

2.1.6. Derivatives of Caged Xanthones

The Garcinia genus contains caged xanthones which mainly occur in a few species like
G. morella, G. hanburyi, G. bracteata, G. gaudichaudii, and G. scortechinii, widely distributed in Southeast
Asia [100–103]. The caged core is responsible for the vast range of bioactivities of this class of
compounds, such as anti-viral, and antibacterial effects, among others [104–107]. Many reports have
described the potential antitumor activity of gambogic and morrelic acids [100,101,104,105,107,108].
According to this, many caged xanthones 71–155 have been synthesized and studied through the last
years, with a diversity of purposes (Figures 9–14).
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Figure 9. Structures of caged xanthones 71–82 with antimicrobial activity.

Figure 10. Structures of caged xanthone 83–96, with antimalarial and antitumor activities.
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Figure 11. Structures of caged xanthones 97–123, with antitumor activity.
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Figure 12. Structures of caged xanthones 124–138, with antitumor activity.

Figure 13. Structures of caged xanthones 139–148, with antitumor activity.

Figure 14. Structures of gambogic acid derivatives 149–155, with antitumoral activity.
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Chaiyakunvat et al. [105] inspired by the biological properties of caged xanthones, synthesized a
few morrelic acid derivatives and evaluated their antimicrobial activity. They started with the synthesis
of methylated morrellic acid and, afterwards, they synthesized derivatives 71–82 with amino acid
moieties via solid-phase synthesis (Figure 9).

The morellic acid derivatives showing more inhibition of bacterial growth were the ones with
an amino acid-containing hydrophobic side chain like 71, 72, 76, 78 and 79 (Figure 9) [105]. This is in
agreement with previous reports where the antimicrobial activity was higher in the structures with
hydrophobic and/or aromatic amino acids [99,105].

Theodorakis et al. [106,109–111] synthesized new caged xanthones and studied their properties.
They developed a Claisen/Diels–Alder reaction cascade that, in combination with a Pd(0)-catalyzed
reverse prenylation, provided a rapid and efficient access to the caged xanthone pharmacophore.
Afterwards, various A-ring oxygenated derivatives of cluvenone (83) were further synthesized and
analyzed (Figure 10) [106,109–111].

The SAR studies showed that their activity could be substantially improved by attaching a
triphenylphosphonium group at the A ring of the caged xanthone. Derivatives 93 and 94 (Figure 10)
were found to be highly effective as antimalarials against Plasmodium falciparum [106]. The conjugation
of these compounds with a phosphonium salt improved their efficacy, resulting in lead compounds
with a promising therapeutic window [106]. It was suggested that, further modification of the caged
xanthone could increase the selective cytotoxicity and lead to a promising lead candidate [106].

Cluvenone (83) was also reported to induce cell death via apoptosis, presenting similar cytotoxicity
in multidrug-resistant and sensitive leukemia cells [109,110]. The caged xanthone derivatives proved
to be active with cytotoxicity at low to sub-micromolar concentrations in solid and non-solid tumor
cell lines, respectively. Additionally, they induced apoptosis in HUVE cells. Remarkably, similar IC50

values were obtained for the compounds tested in the HL-60 and HL-60/ADR cell lines, suggesting
that these compounds were not subject to a drug resistance mechanism. Therefore, it was suggested
that members of this family of compounds may have therapeutic potential in relapsed cancers typically
resistant to standard chemotherapeutic agents. In addition, the cytotoxicity observed in HUVE cells
suggested that these compounds may be interesting leads for the development of new angiogenesis
inhibitors [111]. Elbel et al. [112] synthesized selected A-ring hydroxylated analogues and evaluated
their effect on cell growth, mitochondrial fragmentation, mitochondriotoxicity and Hsp90 client protein
degradation. They found out that both the C6 and C18 hydroxylated cluvenones inhibited the growth
of CEM cells at low micromolar concentrations and induced cell death via the mitochondrial pathway.
In addition, cluvenone (83) and the hydroxylated cluvenones induced Hsp90-dependent protein client
degradation at low micromolar concentrations [112].

Table 1. Summary of the biological activities of synthetic CDXs inspired in natural xanthones.

CDXs Biological Activities Ref.

Kielcorin derivatives 2–9
Antitumor and protein kinase C

inhibition [56,58,59,61]

Psorospermin derivatives 11–15 Antitumor [64]

Muchimangin derivatives 16–20 Antimicrobial [66]

Mangiferin derivatives 21–57

Antipyretic, antimicrobial,
analgesic, antioxidant,

anti-inflammatory, antidiabetic,
anticoagulant and antiplatelet

[68,72,73,75–78,81–83,86]

α-Mangostin derivatives 58–70
Antimicrobial, hemolytic and

antimycobacterial [91,95–99,118]

Caged xanthones 71–155
Antimalarial, antitumor,

anti-proliferation and
anti-angiogenesis

[106,108,109,111,113–117,119,120]
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Zhang et al. [113–116] synthesized a series of caged xanthone derivatives to improve the
physicochemical properties and in vivo cytotoxic potency. For that, they relied on MAD28 synthesis
and characterization of the derivatives. The structural modifications revealed that the presence of a
carbamate moiety was useful for obtaining comparable cytotoxicity and improved aqueous solubility
and permeability (Figure 11).

It is important to highlight that compound 137 (named DDO-6306, Figure 12) displays growth
inhibition in Heps transplanted mice, and is now undergoing further evaluation as a candidate for
cancer chemotherapy [115]. In a more recent study, compound 105 (Figure 11), considered as the lead
compound and called MAD28, successfully led to the discovery of a novel series of natural-product-like
triazole-bearing caged xanthones with improved drug-like properties as orally-active antitumor agents
in vivo [115].

Regarding the caged xanthone derivatives containing carbamate scaffolds 109–123 (Figure 11),
the results showed a potent antiproliferative activity and good physicochemical properties, which
contributed to improving their in vivo activities. The compound 122 (DDO-6337) showed moderate
inhibitory activity toward Hsp90 ATPase and resulted in the degradation of Hsp90 client proteins,
such as HIF-1, which ultimately contributed to its antitumor and anti-angiogenesis activities [116].

Compounds 140–143 (Figure 13) exhibited micromolar inhibition against several cancer cell lines.
Some interesting SAR considerations have been highlighted, such as the importance of the periphery
gem-dimethyl groups in maintaining the anti-tumor activity, the effect of the substituent at C-1 position
of B-ring on activity, since hydroxyl group at C-1 position enhanced the potency while prenyl group
reduces it, and, that the change of hydroxyl or prenyl groups in carbons C-2, C-3 and C-4 had no
significant effect on the anti-tumor activity. These events indicated that referred sites can be used to
improve drug-like properties [114].

In another study, Miao et al. [117] developed small molecule entities inspired by the structure of
gambogic acid. They focused on modifications of the prenyl moiety of the caged xanthones which led
to synthesize seven derivatives 149–155 (Figure 14), which were tested for anti-tumor activity [117].

The SAR studies suggested that compounds 151, 153, and 154 showed similar cytotoxicity to
gambogic acid against A549 cells, whereas compounds 149–151 and 152 were less active than gambogic
acid. Although these experiments were preliminary, the results suggested that promising agents with
anti-tumor activities could be obtained by modification at C-2 position of the B ring and at C-21/22
or C-23 position of the prenyl group in the caged scaffold. The formation of dihydroxy and epoxy
groups of the double bond at C-21/22 and the introduction of an electron-withdrawing group at C-23
evidently affected the anti-proliferation activity [117]. In Table 1 a summary of the synthetic CDXs
inspired in natural xanthones and their described biological activities are presented, as well as the
associated references.

2.2. Synthetic CDXs Obtained by Binding/Coupling Chiral Moieties to the Xanthone Scaffold

Another approach to acquire synthetic CDXs is by binding chiral moieties to the xanthone scaffold
using different strategies. The biological and pharmacological activities evaluated of the various CDXs
obtained by this strategy are included in Table 2.

2.2.1. XAA and DMXAA Analogues

DMXAA (5,6-dimethylxanthone-4-acetic acid, vadimezan, ASA404, 157, Figure 15) is a simple
carboxylated xanthone discovered by SAR studies involving a series of xanthone-4-acetic acids (XAA,
156, Figure 15) related to the parent compound flavone acetic acid [121]. DMXAA is one of the most
studied xanthones considering not only its remarkable pharmacological profile [122–131], but also
its physicochemical and pharmacokinetic properties [130,132,133]. It is a tumor vascular-disrupting
agent leading to a fast, vascular collapse and tumor necrosis by immunomodulation and cytokines
induction. DMXAA (157) also demonstrated antiviral [134], antiplatelet and antithrombotic [135]
activities. This synthetic xanthone is not chiral but, it is evident that structurally and from a biological
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activity perspective, it may be an attractive scaffold for the development of other bioactive analogues
and derivatives.

Figure 15. Structures of XAA (156), DMXAA (157) and chiral analogues 158–164.

Rewcastle et al. [136], in 1991, synthetized the DMXAA chiral analogues 2-(5-methyl-9-oxo-9H-
xanthen-4-yl)propanoic acid (158) and 2-(9-oxo-9H-xanthen-4-yl)propanoic acid (159) as racemates
(Figure 15). CDX 159 was synthetized via bromination of 4-ethylxanthenone followed by conversion
of the resulting 4-(1-bromoethyl)xanthenone to compound 159 via the nitrile. CDX 158 was obtained
by reaction of 2′-hydroxyacetophenone with benzyl chloride under phase-transfer conditions, giving
2′-benzyloxyacetophenone, which was converted successively to an alcohol, using NaBH4, and a
chloride, with anhydrous CaCl2 and HCl. After three reaction steps, 2-(2-hydroxyphenyl)propanoic
acid was obtained and then reacted with 2-iodo-3-methylbenzoic acid via a copper/TDA-catalysed
condensation. Finally, the resulting diacid was ring-closed using H2SO4 to give the racemic
compound 158. For this CDX both enantiomers were separated by indirect method employing
(R)-(−)-pantolactone as chiral resolving agent. The obtained mixture of diastereomers was separated
by chromatography on silica gel. Further, hydrolysis of the esters under non-enolizing conditions
afforded both enantiomers, (S)-(+)-158 and (R)-(−)-158 (Figure 15) [136].

The racemic compounds 158 and 159, as well as enantiomers (S)-(+)-158 and (R)-(-)-158 were tested
in in vitro and in vivo tumor assays [136]. It was found that all the compounds were active. Moreover,
enantioselectivity was observed, being the S-(+)-enantiomer much more dose-dependent than the
R-(-)-enantiomer. It was suggested that the enantiomers have different intrinsic activities, rather
than differing in their metabolism [136]. CDX 159 had been tested previously as anti-inflammatory
agent [137].

Marona et al. reported the synthesis [138] of three new chiral analogues of XAA 160–162 (Figure 15)
and the evaluation of their cytotoxicity against J7774A.1 cells [139]. Compounds 160 and 161 were
obtained by condensation of 2-hydroxyxanthone and 2-methyl-6-hydroxyxanthone, respectively, with
α-bromopropionic acid and compound 162 by esterification of compound 161 [138]. Regarding the
biological activity tested, it was found that all CDXs showed weak cytotoxicity [139].

Recently, Zelaszczyk et al. [140] synthesized two new chiral XAA derivatives 163 and 164

(Figure 15) by the reaction of 3-hydroxyxanthone with ethyl 2-bromopropanoate, followed by
ester hydrolysis [140]. These compounds were found to have anti-inflammatory and analgesic
activities [34,140].

2.2.2. Synthetic Aminoalkanolic CDXs

Our group has a vast experience in synthesis and biological/pharmacological activity evaluation
of xanthone derivatives [86,141–147] and, recently, reported the synthesis of a library of CDXs 165-179
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in an enantiomerically pure form (Figures 16 and 17) [148,149]. Among the synthesized CDXs, the
compounds 166-171 and 174–179 are aminoalkanolic, while CDXs 165, 172 and 173 comprise of simple
amines with a p-tolyl moiety (compounds 165 and 173) or an aminoester (compound 172) [148,149].

Figure 16. Structures of aminoalkanolic CDXs 166–171 and analogues 165 and 172.

Figure 17. Structures of aminoalkanolic CDXs 174–179 and analogue 173.

Considering that carboxyxanthone derivatives are suitable molecular entities to perform molecular
modifications to obtain new bioactive derivatives [34], the synthesis of all CDXs 165-179 were achieved
by using two carboxyxanthone derivatives as substrates, namely 6-methoxy-9-oxo-9H-xanthene-2-
carboxylic acid and 2-((9-oxo-9H-xanthen-3-yl)oxy)acetic acid. The synthetic strategy used was the
coupling of the carboxyxanthone derivatives with both enantiomers of eight commercially available
chiral building blocks, using O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate
(TBTU) as coupling reagent [148,149]. TBTU has been widely used as efficient reagent for the synthesis
of diverse classes of compounds, including peptides [150], esters [151,152], phenylhydrazides [153],
acid azides [154], among others. However, this was the first report of the use of TBTU to synthesize
CDXs [149]. All used commercial chiral blocks included both enantiomers of enantiomerically pure
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building blocks with no tendency towards racemization or enantiomeric interconversion and having
a primary amine as reactive group for amide formation. Amino alcohols, amines, and amino esters
were selected. The coupling reactions were performed at room temperature, showing short reactions
times and excellent yields (ranging from 94% to 99%) [148,149]. The synthetic methodology used to
obtain the referred CDXs provided to be very efficient, broad-scope applicability, and operationally
simplest. Moreover, it was found that the synthesis of the CDXs was easily scaled-up for both
enantiomers in order to obtain available quantities for biological and pharmacological assays as well
as other applications.

LC using different types of CSPs, namely polysaccharide-based [149], macrocyclic
antibiotics [155,156], and Pirkle-type [157,158] was used for enantioresolution studies and
determination of the enantiomeric purity of the synthesized CDXs. The enantioselective LC method
using polysaccharide-based CSPs under multimodal elution conditions afforded very high resolutions
with short chromatographic runs. The best performances were achieved on amylose tris-3,5-
dimethylphenylcarbamate stationary phase under polar organic elution conditions. The resolution
achieved allowed the determination of the enantiomeric purity for all CDXs, affording values higher
than 99% [149].

Considering the macrocyclic antibiotic-based CSPs, four commercially available columns were
used, namely Chirobiotic TTM, Chirobiotic RTM, Chirobiotic VTM and Chirobiotic TAGTM, under
multimodal elution conditions. The optimized chiral LC conditions were successfully employed for the
accurate determination of the enantiomeric purity, always higher than 99%. The studies also explored
the influence of different mobile phase compositions and pH on the chromatographic parameters
as well as of the structural features of the CDXs on their chiral discrimination by the macrocyclic
antibiotic-based CSPs [155,156].

Regarding the Pirkle-type CSPs, the (S,S)-Whelk-O1® CSP showed the best performance for the
resolution of the CDXs evaluated, presenting very high enantioselectivity for CDXs with aromatic
group linked to the chiral moiety. Polar organic elution mode presented the best chromatographic
parameters allowing good resolutions and lower run time [157,158].

The overall results proved that, for the same enantiomeric pair of CDXs, the polysaccharide-based
CSPs were the most efficient to separate the enantiomers of this group of compounds, since all the
CDXs were enantioseparated with excellent enantioselectivity and resolution [159].

For each enantiomeric pair of the synthesized CDXs 165–179 the in vitro growth inhibitory activity
in three human tumor cell lines, A375-C5 (melanoma), MCF-7 (breast adenocarcinoma), and NCI-H460
(non-small cell lung cancer), were evaluated [149]. The results obtained demonstrate that some
CDXs exhibited interesting growth inhibitory effects on the tumor cell lines. The most active CDX
in all human tumor cell lines was compound (1R,2S)-179. Furthermore, it is important to highlight
that the effects on the growth of the human tumor cell lines were attributed not only to the nature
and positions of substituents on the xanthonic scaffold, but also, in some cases, were associated
with the stereochemistry of the CDXs concerning enantioselectivity results. Interesting examples of
enantioselectivity were observed between the enantiomeric pairs of CDXs 165, 167, and 171 [149].

Recently, other enantioselectivity studies associated with biological activity were conducted,
specifically the in vitro and in silico inhibition of cyclooxygenases (COX-1 and COX-2) for the
enantiomeric pairs of CDXs 166, 168 and 169 [160]. All CDXs exhibited COX-1 and COX-2 inhibition
being, in general, the inhibitory effects similar for both COXs. The only exception was the enantiomeric
pair of compound 166, being the (R)-(+)-enantiomer more active at inhibiting COX-2 than COX-1.
Interestingly, all pairs demonstrated enantioselectivity for COX-1. Concerning COX-2, the % of
inhibition was also dependent of the stereochemistry being (S)-(-)-166 and (S)-(+)-169 more active [160].

Additionally, for the same enantiomeric pairs of CDXs 166, 168 and 169, human serum albumin
(HSA) binding affinity was evaluated by spectrofluorimetry and in silico studies, by a docking
approach [160]. All CDXs demonstrated to bind with high affinity to HSA and enantioselectivity was
observed for compound 168.
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Taking into account that these CDXs have molecular moieties structurally very similar to local
anaesthetics, the ability to block compound action potentials (CAP) at the isolated rat sciatic nerve was
also investigated [161]. The CDXs (S)-165, (S)-166 and (S)-167 were chosen for biological evaluation
and the results suggested that the nerve conduction blockade might result predominantly from an
action on Na+ ionic currents. It was also investigated if the CDXs could prevent hypotonic haemolysis
on rat erythrocytes. However, data suggested that all tested CDXs caused no significant protection
against hypotonic when applied in concentrations high enough to block the sciatic nerve conduction
in the rat [161].

Besides the potential as new drugs, CDXs present structural features with interest as chiral
selectors for LC [23]. In this context, some of these small molecules ((S)-167, (R)-168, (S)-168, (R)-176,
(1R,2S)-179 and (1S,2R)-179) were selected and bound to a chromatographic support for a new
application as CSPs in LC [24]. The new xanthonic CSPs afforded promising enantioresolution
results, high stability and reproducibility. Accordingly, CDXs have important applications in the field
of Medicinal Chemistry, not only as candidates for potential new drugs but also as analytical tools for
enantioseparation in LC [37].

Recently, our group also performed enantioselectivity studies with chiral thioxanthones,
S-analogues of xanthones, as modulators of P-glycoprotein (P-gp) [162]. It was found that one of the
enantiomers modulated P-gp expression differently from its pair.

Marona et col. [163–169] also described the synthesis and biological activity evaluation of a series
of aminoalkanolic CDXs 180–205, 217–220, 238 (Figures 18–20). More recently, they synthesized
the aminoalkanolic CDXs 206–243 (Figures 18–20), being tested for anticonvulsant, antimicrobial
and cardiovascular activities [170–174]. CDXs 180–194, 198–202 were synthesized by condensation
of an appropriate 2-bromomethylxanthone or 2-bromomethyl-7-chloroxanthone with the adequate
aminoalkanol in toluene, in the presence of anhydrous potassium carbonate [163,164,175]. The
exchange of secondary amino group of compound 189 for a tertiary amino group (compound 193) was
generated by reductive N-methylation [163]. Compound 210, however, was synthesized through the
chlorination of compound 186 with thionyl chloride in toluene [170].

Compounds 195–197, 221–223, 228–232 and 241–243 were synthesized by the aminolysis of 3- or
4-((oxiran-2-yl)methoxy)xanthone in n-propanol, or by the amination of 2-methyl-6-hydroxy-xanthone
using propylene epichlorohydrin, in the presence of sodium hydroxide and water [167,172–174].

The synthesis of compounds 203–204, 206–209, 213–216, 224–227 and 240 involved a multi-step
process. At first, a substituted benzoic acid reacted with 2- or 4-methylphenol in two steps involving an
Ullmann condensation and electrophilic addition. The intermediate methyl derivatives of substituted
xanthone were used in the reaction with N-bromosuccinimide giving appropriate bromide derivatives.
The last step comprised an aminolysis by means of appropriate aminoalkanol carried out in toluene in
the presence of anhydrous K2CO3 [171,176].

Most of the synthesized CDXs 180–209, 211–220, 224–227, 233–238, 240 were evaluated for
anticonvulsant activity [163–167,169,171,175,177–179]. The studies involved three kind of tests:
maximal electroshock-induced seizures (MES), subcutaneous pentetrazole seizure threshold (scMet),
and neurological toxicity (TOX).

In one of the first MES assays in mice, 2-amino-1-propanol-, 1-amino-2-propanol and
1-amino-2-butanol derivatives of 6-methoxy- or 6-chloroxanthone were the most interesting
compounds. In fact, the results indicated that compound 184 was the most active [163]. Further
study compared the anticonvulsant activity of CDX 184 (racemate) with the single enantiomers
((R)-184, (S)-184). All the compounds showed excellent results, and no significant differences were
observed in the anticonvulsant activity of the single enantiomers compared with the racemate [166].

Additionally, the enantiomeric purity of (R)-184 and (S)-184 was determined by a liquid
chromatography–mass spectrometry method with an electrospray ionization interface (ESI-LC/MS).
The separation of the two enantiomers ((R)-184 and (S)-184) was carried out on the commercially
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available cellulose tris-(3,5-dimethylphenyl carbamate) CSP, Chiralcel® OD-RH, giving enantiomeric
purity values higher than 99.9% [166].

Interesting anticonvulsant results were also observed with alkanolic chiral derivatives 189 and
193 of 7-chloroxanthone, which displayed anti-MES activity corresponding with that for phenytoin,
carbamazepine and valproate [164]. Moreover, it is important to highlight that in this study some
cases of enantioselectivity were observed. For example, although enantiomers (R)-189 and (S)-189

showed anticonvulsant activity, the (S)-enantiomer was more neurotoxic. Furthermore, considering
the compound 193 (racemate), the (R)-enantiomer ((R)-193) in comparison to (S)-enantiomer ((S)-193)
showed higher anticonvulsant activity [164,177]. Recently, several aminoalkanolic chiral derivatives
substituted in positions 2, 3, or 4 evaluated for their anticonvulsant activities with 2-xanthonoxy
derivatives 206, 207 and 209, being the most active and exhibiting neurotoxicity after 30 min after
administration at the dose of 100 mg/kg [171]. A further study including chiral aminoalkanol
derivatives substituted in position 2 of the xanthonic scaffold (structures not shown) also emphasized
the importance to examine biologically enantiomers other than racemates [178].

Figure 18. Structures of 2-aminoalkanolic CDXs 180–210.
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Figure 19. Structures of 4-aminoalkanolic CDXs 211–232.

Figure 20. Structures of 3-aminoalkanolic CDXs 233–243.

Additionally, a structure-anticonvulsant activity relationship study was described including
series of aminoalkanol derivatives 204, 213–216 of 6-methoxy- or 7-chloro-2-methylxanthone as well
as 6-methoxy-4-methylxanthone [176]. All the compounds showed activity in the MES screening
which is recognized as one of the two most widely used seizures models for early identification
of candidates as anticonvulsants. The tested compounds were evaluated in the form of racemic
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mixture and some additionally in the form of single enantiomers to determine stereochemistry-activity
relationship. In fact, as demonstrated before [176], stereochemistry is one of the factors that can
potentially influenced anticonvulsant activity of the CDXs. However, considering anti-MES activity
it was not possible to establish relationship between stereochemistry and anticonvulsant properties
because all sets of compounds gave different results. Racemate and enantiomers showed either similar
results or diverged in duration of activity or lower effective doses. However, the anticonvulsant
activity was associated with both aminoalkanol type and respective configuration as well as the
location of substitution in the xanthone scaffold [176]. The overall results from several studies of
Marona et col. [163–167,171,175–179] are quite encouraging and suggested that in the group of xanthone
derivatives new potential anticonvulsants might be found.

Some of alkanolic CDXs were also evaluated for cardiovascular activity [167,173–175,179,180],
including antiarrhythmic, hypotensive, α1- and β1-adrenergic blocking activities, effect on the
normal electrocardiogram and influence on the central nervous system (CNS) [169]. Among the
investigated compounds, some of them exhibited significant antiarrhythmic and/or hypotensive
activity. For example, compounds 218 and 219 revealed the strongest anti-arrhythmic activity in the
adrenaline-induced model of arrhythmia. Additionally, compound 219 was also the most potent
concerning hypotensive activity [169]. Recently, compounds 231 and 232 were also evaluated for their
cardiovascular activity, through both α1- and β1-adrenergic blocking. These compounds, classified
as beta-blockers with vasodilating properties, exhibited also hypotensive vasorelaxant activities
comparable to those of carvedilol [173].

The effects on platelet aggregation of racemic CDXs 180–182, 195 and 196, and the enantiomeric
pure CDX (R)-193 were evaluated and showed motivating results. The most active and promising
compound was (R)-193 which nearly completely inhibited the thrombin aggregation concentration
(TAC) [181]. The results indicated that the presence of the 2-N-methylamino-1-butanol at position 2
and the chloride atom at the 7-position of the xanthone scaffold promoted antiplatelets activity.

Alkanolic CDXs 180, 183, 184 and 194 were used to assess mutagenic and antimutagenic activities
in assays using the Vibrio harveyi test [182]. According to the obtained results, the most beneficial
mutagenic and antimutagenic profiles were observed for compound 194. This compound was shown to
have strong antimutagenic activity towards the BB7 V. harveyi strain while failing to induce mutagenic
responses in the tested strains. The modification of the chemical structure of compound 194 through
chlorination of the hydroxyl group, improved considerably the antimutagenic activity maintaining
the inability to induce mutagenic responses in the strains. Thus, antimutagenic potency reached a
maximum with the presence of tertiary amine and one chloride atom in the side chain. Minimal activity
was showed to compound 184 and no antimutagenic activity was observed for compound 180 [182].

In recent years, several aminoalkanolic CDXs 210, 228–230, 241–242 have been evaluated for
their antibacterial and antifungal activities [170,172]. Compound 210 was evaluated against several
dermatophytes, moulds and yeasts, exhibiting good activity results against ten strains of the Aspergillus
fumigatus, niger and flavus moulds, being among the tested compounds the most active [170]. This
CDX also exhibited moderate to good activity against some strains of the Trichophyton mentagrophytes
and rubum dermatophytes, while being inactive against the Candida albicans yeast [170].

The antimicrobial activity of CDXs 228–230, 241–242 against 12 strains of the bacteria Helicobacter
pylori was evaluated through the Kirby-Bauer method, by measuring the diameters of inhibition zones,
showing that compounds 228, 230, 241–242 exhibited strong activity against the strains ATCC 43504,
700684 and 43504. Actually, those CDXs were considered the best of the tested compounds, while
compound 229, demonstrated weak antibacterial activity [172].

In a recent study on the influence of reactive oxygen species (ROS) in the anticancer activity
of aminoalkanolic derivatives, it was reported that in the case of CDXs 219 and 223, ROS were
of great importance to their proapoptotic activity [183]. These encouraging results suggested that
aminoalkanolic CDXs might be interesting structures for potential use in anticancer therapy [183].
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2.2.3. CDXs Conjuged with Amines, Amino Esters and Amino Acids

Inspired by natural xanthones properties, Rakesh et al. [184] synthesize xanthone derivatives
with conjugated L-amino acids (244–263, Figure 21), to determine the corresponding antimicrobial
and anti-inflammatory activities. The same research group recently reported the evaluation of in vitro
anticancer activity of those compounds, against three different cancer cell lines, MCF-7, MDA-MB-435
and A549, validated by DNA binding and molecular docking approaches [185].

Figure 21. Structures of CDXs 244–263, with antimicrobial and anti-inflammatory activities.

The synthetic strategy used to obtain the compounds was accomplished using 2-chlorobenzoic
acid and resorcinol in anhydrous zinc chloride to give 2-chlorophenyl-(2,4-dihydroxyphenyl)
methanone and cyclized with DMSO and NaOH to give 3-hydroxyxanthone. This chemical substrate
was, afterwards, conjugated with different protected amino acids [184,185].

The compounds with the best antimicrobial and anti-inflammatory activities were those
conjugated with L-phenylalanine, L-tyrosine and L-tryptophan, followed by compounds conjugated
with L-cysteine, L-methionine and L-proline [184]. Additionally, the compounds with amino acids
with high aromaticity and hydrophobicity, presented more stable amphiphilic structures.

The antimicrobial effect comes from the penetration of the amino acid hydrophobic chains in
the bacterial membranes where the cationic moiety of the amino acids interacts with the membrane
phospholipids disturbing bacterial membrane. This strategy proved to be effective to develop new
antimicrobial agents [184], as the microorganism die without developing mutations or resulting in loss
of recognition by the antibiotics [96]. Other studies accomplished the same conclusions [168,172,186].
Regarding the antitumor activity, the compounds (S)-248, (S)-249 and (S)-250 exhibited potent
inhibition against the tested tumor cell lines as well as DNA binding. The SAR studies showed
that the aromatic and hydrophobic amino acids, such as phenylalanine, tyrosine, and tryptophan,
favored the DNA binding studies and antitumor activities; whereas, aliphatic amino acids showed
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lower activity. The derivatives with glycine, alanine, valine, leucine, and isoleucine showed less or
moderate anticancer properties [185].

2.2.4. CDXs Containing Piperazine Moieties and Analogues

Several CDXs containing piperazine moieties (267–270, 272–294) and analogues (264, 265, 271)
were synthesized (Figures 22–24) and their biological activity evaluated by Marona’s group [165,167,
168,172,173,181,187–192].

2-Hydroxyxanthone was the building block used to synthesize compounds 267–273 and 277

using epichorhydrin in the presence of pyridine [165]. Compounds 274–276, 278, 280–282 were
synthesized by amination of 2-(2-bromoethoxy)-9H-xanthen-9-one and derivatives in n-propanol
or toluene in the presence of K2CO3 [187]. The compounds 283–284, 292–293 were obtained
by aminolysis of 4-[(2,3-epoxy)propoxy]xanthone with appropriate 1-piperazine derivatives in
n-propanol, while 279 was synthesized using the same methodology through the aminolysis of
3-[(2,3-epoxy)propoxy]xanthone [172,173,188].

Chiral compounds 287–291 were obtained by amination of respective parent compounds [189]
with appropriate amines in n-propanol. In addition, compound 287 was obtained from compound
286 by acetylation. In order to optimize synthetic methodologies, CDX 286 was obtained
using an alternative method including (R,S)-4-(3-chloro-2-hydroxypropoxy)-9H-xanthen-9-one as
intermediate [189].

Figure 22. Structures of 2-piperazine derivatives 264–276.

Figure 23. Structures of 3-piperazine derivatives 277–279.
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Figure 24. Structures of 4-piperazine derivatives 280–294.

CDXs 267–273 and 277 were evaluated for anticonvulsant activity in the MES- and subcutaneous
pentylenetrazole-induzed seizures in mice and rats [165]. Among them, the most promising compound
was CDX 268 which was active in both the anticonvulsant tests.

Moreover, the influence on the platelet aggregation of CDXs 264, 265, 269 and 271 was evaluated
by using adenosine-5′-diphosphate (ADP), sodium arachidonate (AA) or thrombin as the aggregating
agents [181]. CDXs 265 and 271 were active, inducing 80-90% inhibition of thrombin-stimulated
platelet aggregation.

Considering that the xanthone itself proved to possess vasorelaxing properties in thoracic aorta
isolated from rats [193] and the strongest hypotensive effects were observed for compounds containing
piperazine moiety [189], several compounds that combine the xanthone nucleus and piperazine
rings (274–276, 278–291) were evaluated for anti-arrhythmic and/or antihypertensive activities. It is
important to emphasize that CDXs 274 and 280 demonstrated to possess significant anti-arrhythmic
activity in the adrenaline-induced model of arrhythmia [187]. The strongest hypotensive activity which
persisted for 60 min was also associated to compound 89.

Additionally, in another study related to the same biological activities, compound 96 was the
most promising considering its effect on circulatory system. Moreover, this CDX diminished arterial
blood pressure by about 40% during one hour [188].

A recent cardiovascular activity study of several CDXs 286–291 was described, including the
following pharmacological experiments: the binding affinity for adrenoceptors, the influence on the
normal electrocardiogram, the effect on the arterial blood pressure and prophylactic antiarrhythmic
activity in adrenaline induced model of arrhythmia (rats, iv) [189]. The CDXs 286 and 287

revealed to act as potential antiarrhythmics in adrenaline induced model of arrhythmia in rats after
intravenous injection. In another study, CDX 279 was reported as a promising hypotensive with
its activity attributed to the blockage of α1-adrenoreceptors [173]. The results obtained were quite
encouraging and suggested that in the group of xanthone derivatives new potential antiarrhythmics
and hypotensives might be found.
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Table 2. Summary of the biological activities of synthetic CDXs obtained by binding/coupling chiral
moieties to the xanthone scaffold.

CDXs Biological Activities Ref.

XAA, DMXAA and analogues 156–164

Antitumor, [122–133,136]
antiviral, [134]

antiplatelet, antithrombotic, [135]
anti-inflammatory [137]

and analgesic [140]

Aminoalkanolic CDXs 165–243

Cyclooxygenases inhibition, [160]
antitumor, [148]

anticonvulsant, [139–163,167,171,175–179]
cardiovascular, [167,169,173–175,179,180]

antiplatelet aggregation, [181]
antimutagenic, [182]

antifungal, [170]
antibacterial and [172]

anticancer [183]

CDXs conjugated with amines, amino
esters and amino acids 244–263

Anti-inflammatory [168,172,186]

CDXs containing piperazine moieties
and analogues 264–294

Anticonvulsant, [165]
antiplatelet aggregation, [181]

cardiovascular, [173,187–190]
antifungal and [188]

antibacterial [172]

CDXs containing other moieties
295–310

No activities reported [194]

A series of some chiral derivatives of 2-xanthones 267–273, 277 with a piperazine moiety was
evaluated for their activity against M. tuberculosis. The highest level of activity against M. tuberculosis
was observed for compound 270, which exhibited 94% growth inhibition. This compound was also
examined for its anti-M. avium activity as well as cytotoxicity, showing insignificant anti M. avium
activity and cytotoxic effects [188].

Recently, CDXs 284–285, 290, 292, 293 were evaluated for their antibacterial activity against
12 strains of the bacteria Helicobacter pylori [172]. CDX 285 showed strong activity against
H. pylori strain ATCC 43504 and 700684, being the only compound to show higher activity against
clarithromycin-resistant H. Pylori strains, than to the one resistant to metronidazole [172].

2.2.5. CDXs Containing Other Moieties

Recently, Cherkadu et al. [194] reported the synthesis of some CDXs 295–310 (Figure 25) containing
moieties other than piperazine and aminoalcohols [194]. The synthesis of these CDXs, a series of
2-(aminobenzothiazol)methylxanthones, was performed through the reaction of 3-hydroxy-xanthone,
aromatic aldehydes and 2-aminobenzothiazoles in DMF at 120◦C with FeCl3 as catalyst [194]. To the
best of our knowledge, no biological activities were reported for those CDXs.

A summary of the synthetic CDXs obtained by binding/coupling chiral moieties to the xanthone
scaffold, their biological activities as well as the associated references are presented in Table 2.
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Figure 25. Structures of CDXs 295–310.

3. Conclusions

The synthetic CDXs, inspired in natural sources, and obtained by coupling chiral moieties to the
xanthone scaffold, demonstrated potential to perform a large variety of biological activities, including
antitumor, antimicrobial, anticonvulsant, antimalarial, anti-inflammatory, antiplatelet, anti- thrombotic,
antipyretic, analgesic, antioxidant, antidiabetic, anticoagulant, among others. Nevertheless, for this
family of compounds the main biological activities reported were antitumor and antimicrobial.

The more studied chiral moieties were amines, amino alcohols and amino acids. The cationic
moieties of the amino acids have been indicated as a good approach to develop new antimicrobial
agents both for CDXs inspired in natural xanthones and obtained by coupling chiral moieties to the
xanthone scaffold. Regarding enantioselectivity, some studies reported the importance in SAR studies,
but the majority neglected the influence of stereochemistry in the biological activity.
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Abstract: Liquid crystals (LCs) are among the most prominent materials of the current information
age, mainly due to their well-known application in liquid crystal displays (LCDs). Their unique
electro-optical properties stem from their ability to form organised structures (mesophases) on the
transition from solid state to isotropic liquid. Molecules of LCs in a mesophase still maintain the
anisotropy of solid crystals, while simultaneously exhibiting the fluidity of liquids, which gives the
system the ability to react immediately to external stimuli such as electric or magnetic fields, light,
mechanical stress, pressure and, of course, temperature. For the proper function of LC-based devices,
not only chemical, but also optical purity of materials is strongly desirable, since any impurity
could be detrimental to the self-assembly of the molecules. Therefore, in this study we aimed to
verify synthetic methods published in the literature, which are used nowadays to prepare chiral
building blocks based on lactic acid, for their enantioselectivity. Moreover, we have focused on the
development of an analytical chiral separation method for target liquid crystalline materials. Using a
chiral polysaccharide-based column operated in liquid chromatography mode, we show that not all
published methods of LC synthesis are enantioselective, which could lead to significant differences in
the properties of the resulting materials. We show that high-performance liquid chromatography
with UV detection and supercritical fluid chromatography with UV and mass spectrometry detection
enable full control over the chemical and optical purity of the target LCs and the corresponding
chiral building blocks. For the first time, we utilise supercritical fluid chromatography with mass
detection for the direct chiral analysis of liquid crystalline materials and impurities formed during
the synthesis.

Keywords: chiral liquid crystals; optical purity; chiral separation; supercritical fluid chromatography;
enantioseparation of liquid crystals; mass spectrometry detection; mesomorphic properties
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1. Introduction

Liquid crystals (LCs) represent one of the most prominent classes of materials of today’s
information age. The molecules of LCs can self-assemble into organised supramolecular structures
(mesophases) that combine the fluidity of liquids with the long-range order of solids [1,2]. Molecules
in a mesophase readily respond to external stimuli such as electric and magnetic field, light and
mechanical stress. Thanks to these properties, LCs have found many applications, for example,
in liquid crystal displays (LCDs), optical shutters, light beam steering and shaping [3,4].

Among LCs, chiral liquid crystals (CLCs) represent an important class of materials that can
self-assemble into chiral mesophases [5]. Macroscopic chirality of the mesophases results in special
properties, such as (anti)ferroelectricity, selective reflection of light, and heat sensitivity, which render
CLCs ideal candidates for the fabrication of high-speed high-contrast LCDs, photonic devices,
and contact thermography devices, respectively [1,6,7]. Since the self-assembly of LCs is very sensitive
to any impurities present in the bulk material, control of chemical and optical purity during the
synthesis of target CLCs is essential. Any impurity may result in the alteration of the mesophase
structure or even complete loss of mesomorphic behaviour.

The optical purity of CLCs was in the past mainly controlled by optical rotation measurement and
transformation of precursors to diastereoisomers [8]. However, such transformation does not usually
provide information on trace amounts of other stereoisomers, which can be present in the final material.
Even a trace of the opposite enantiomer may consequently lead to variations in the mesomorphic
behaviour expected for the enantiomerically pure material. The source of such optical impurity
may be the starting material, which frequently contains a trace amount of the opposite enantiomer,
or it may occur during synthesis due to partial racemisation of an intermediate upon its synthetic
modification. Although the optical purity of CLCs is a very important issue in the development and
utilisation of novel chiral materials, only scarce information on chiral separation of CLCs can be found
in the literature [9,10]. Most of the work thus far has been devoted to chiral liquid chromatography
separation of photosensitive CLCs and the effect of light-induced E-to-Z-isomerisation on chiral
recognition [11–13]. It has been found that the structure of CLCs plays an important role in the chiral
resolution. It has also been documented that even materials bearing very small substituents at the
chiral centre can be efficiently separated on polysaccharide-based chiral columns [9,10]. However,
to the best of our knowledge, there is no systematic study dealing with the control of enantioselectivity
of the synthetic protocol leading to CLCs using contemporary analytical chemistry instrumentation.

Therefore, we have focused on controlling enantioselectivity of the synthesis of a novel type
of lactic acid-based CLCs. We used three different synthetic procedures reported in the literature,
which have frequently been used for the preparation of the chiral intermediates required for the
synthesis of target lactic acid-based CLCs. We developed a method for the chiral resolution of
both enantiomers of the chiral precursors using the synthesised enantiomers and verified the
enantioselectivity of the synthetic pathways. Moreover, we elaborated a method for the analytical
enantioseparation of the target liquid crystalline materials, not only in HPLC, but also in supercritical
fluid chromatography (SFC) with mass spectrometry (MS) detection. We document that the small
percentage of the opposite enantiomer present in commercially available chiral starting materials
increases during the synthesis, thereby affording materials that are not optically pure. The described
chiral separation procedure enables very precise control of the chemical and optical purity of the target
CLCs, which is required for practical applications.

2. Results and Discussion

2.1. Synthesis of Chiral Building Blocks

The studied chiral intermediates (Figure 1) were prepared using previously described synthetic
procedures and characterised by nuclear magnetic resonance techniques to comply with the data
published in the literature [8,14–18]. To clarify the differences among the three methods used here,
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the experimental procedures are described below in brief. The method (B) is a modified version of a
synthetic procedure already described in the literature [17].

Figure 1. Synthesis and designation of the chiral precursors prepared by three different methods;
(A) four step method using oxidation of an aldehyde as an intermediate step, (B) and (C) direct
acylation of 4-hydroxybenzoic acid with the chiral acid under different conditions.

The first two steps [8,15,16] of the synthesis are common to all three procedures, and they were
accomplished as follows: A suspension of silver(I) oxide, alkyl iodide and ethyl (S)-lactate (or methyl
(R)-lactate) in diethyl ether was stirred for 90 h in the absence of UV light. Then, the reaction mixture
was filtered, solvent was evaporated and the product (colourless liquid) was purified via distillation
under reduced pressure (p = 0.6 Torr, t = 54–55 ◦C for S-C6; p = 2.4 Torr, t = 143–146 ◦C for S-C12).
Subsequently, an aqueous solution of lithium hydroxide (1.3 M) was added dropwise to a stirred
solution of ethyl O-alkyllactate in methanol (with THF in the case of dodecyl derivative) at 0 ◦C.
The reaction mixture was stirred for 3 days at room temperature, then it was acidified (pH = 2)
with 17% aq. hydrochloric acid and extracted with dichloromethane (3 × 20 mL). The combined
organic solution was dried with anhydrous magnesium sulphate. Solvent was removed under reduced
pressure and the corresponding O-alkyllactic acid was isolated as a colourless liquid. For analytical
data of the derivatives, see ESI.

2.1.1. Method (A)

To the solution of 1a in dry DCM, p-hydroxybenzaldehyde, N,N’-dicyclohexylcarbodiimide (DCC)
and 4-N,N-dimethylaminopyridine (DMAP) were added, and the reaction mixture was stirred in
an inert argon atmosphere overnight, and then it was decomposed with 17% aq. hydrochloric
acid [14,18]. Layers were separated, and the aqueous layer was extracted with ethyl acetate
(2 × 20 mL). The combined organic solution was washed with brine (10 mL) and dried with anhydrous
magnesium sulphate. The solvent was removed, and the crude white product was purified by column
chromatography (eluent toluene/tert-butyl methyl ether, 30/1, v/v). To a cold (0 ◦C) solution of
aldehyde in acetone, Jones reagent was added dropwise under stirring. The reaction mixture was left
to heat up to room temperature and stirred overnight. Then, the reaction mixture was poured onto
crushed ice (400 mL). After all the ice had melted, the formed precipitate was filtered, washed with
cold water and dried in air. The crude product was purified via crystallisation from hexane.

2.1.2. Method (B)

A mixture of acid 1a with a catalytic amount of N,N-dimethylformamide (DMF) (0.05 mL) in
oxalyl chloride (10–20 mL) was stirred at room temperature overnight. The unreacted oxalyl chloride
was distilled off, and the residue was boiled for 1 min in hexane with a spatula-tip of active carbon.
The suspension was filtered while hot and the solvent was evaporated. The crude acid chloride was
dissolved in dry DCM (3 mL) and added dropwise to a cold (0 ◦C) solution of 4-hydroxybenzoic acid
and DMAP in dry dichloromethane. The mixture was stirred at 0 ◦C in the argon atmosphere for 10 h.
The reaction was then decomposed with 17% aq. hydrochloric acid. Layers were separated, and the
aqueous layer was extracted with chloroform (2 × 20 mL). The combined organic solution was washed
with brine (10 mL) and dried with anhydrous magnesium sulphate. The solvent was removed, and the
crude white product was purified by column chromatography.
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2.1.3. Method (C)

A mixture of acid 1a with a catalytic amount of DMF (0.05 mL) in oxalyl chloride (10–20 mL) was
stirred under reflux for 2 h [17]. Unreacted oxalyl chloride was distilled off, and the crude product was
boiled for 1 min in hexane with a spatula-tip of active carbon. The suspension was filtered while hot
and the solvent was evaporated. The crude acid chloride was dissolved in dry dichloromethane (3 mL)
and added dropwise to a solution of 4-hydroxybenzoic acid and DMAP in dry DCM. The mixture was
stirred and heated under reflux in the argon atmosphere for 5 h. Then, it was cooled to the ambient
temperature and decomposed with 17% aq. hydrochloric acid. Layers were separated, and the aqueous
layer was extracted with chloroform (2 × 20 mL). The combined organic solution was washed with
brine (10 mL) and dried with anhydrous magnesium sulphate. The solvent was removed, and the
crude white product was purified by column chromatography.

2.2. Synthesis of the Target Liquid Crystal

The synthesis of the target liquid crystalline material (Figure 2) started from chiral acids 2a and 2c

prepared according to methods (A) and (B), respectively, which provided the best results. The acids
were first transformed to appropriate acid chlorides, which were subsequently used for the acylation
of hydroxy ester 3, prepared according to a method described in the literature [19], in the presence of
DMAP as a base.

 

Figure 2. Synthesis of target LCs.

2.3. Chiral HPLC Separation of Chiral Building Blocks

The chiral separation method was based on a previously optimised methodology available in
our laboratory for the enantioseparation of chiral photosensitive LCs [11–13]. Optimal separation
conditions for precursors 2a–d were heptane/propan-2-ol (9/1, v/v). Pure (R)- and (S)-enantiomers
were screened individually, and the position of the enantiomeric impurity in the main substance was
determined by comparing the retention times (Figure 3).

Figure 3. Enantioseparation of chiral acids 2a and 2c prepared according to experimental methods A–C
in HPLC mode using ECOM HPLC system.
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Under the given conditions, baseline resolution of the enantiomers was feasible. In addition to
that, it was possible to study the effect of the particular synthetic strategy on enantiomeric purity of
the chiral building blocks. The results (Table 1) show that synthetic method A provided the chiral
building block 2a with ee = 93.7%. The chemical purity of the substance was high. Synthetic method
B, which was first used for the preparation of 2c, gave rise to a product with higher optical purity
(ee = 96.8%) than method A. However, several other chemical impurities were detected. An attempt to
improve the reaction rate by heating up the reaction mixture (method C [17]) provided the target acid
2a containing a broad range of chemical impurities, as well as the opposite enantiomer 2c, resulting
in ee = 81.6%. Similar results were obtained for acids 2b and 2d, possessing the C12 terminal alkyl
chain (see Figure S1). Therefore, it is clear that method C should not be used for the synthesis of chiral
building blocks 2a–d or compounds possessing a similar structure with lactic acid as the chiral unit.

Table 1. Relative peak areas of chiral building blocks 2a and 2c obtained from chiral HPLC analysis
and corresponding enantiomeric excess values of the respective enantiomers.

Peak Area (%) Method A Method B Method C

2a 96.85 1.60 90.80
2c 3.15 98.40 9.20

% ee 93.70 96.80 81.60

Since the optical purity of starting esters, as stated by the manufacturer, is ee = 98% for (S)-ethyl
lactate and ee = 99% for (R)-methyl lactate, partial racemisation also occurred when using the synthetic
methods A and B. First, we decided to modify method A, because it is well known that DCC (and other
carbodiimides) may induce partial or full racemisation of a chiral acid during its activation [20,21].
Therefore, O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TCTU),
a more selective coupling reagent, was employed for the synthesis of 2a using a method described
for analogous reagents [22]. However, an almost identical enantiomeric composition of 2a as for
DCC-mediated reaction was achieved (see Figure S2).

The results indicate that the partial racemisation observed for building blocks prepared according
to methods A and B most probably takes place during the first two steps of the synthesis, although the
methodology was previously described as racemisation-free [8,23]. Therefore, it is reasonable to assume
that with the development of new analytical approaches, the precision of impurity determination has
been significantly improved. The current technology of chiral CSPs obviously beats the former methods
based on optical rotation measurements and determination of enantiomeric excess by transformation
of the respective chiral building blocks to an amide [8].

2.4. Chiral HPLC Separation of Full-Length Liquid-Crystalline Materials

The developed separation method for the precursors was further successfully applied for the
chiral separation of full-length liquid crystals (RS = 2.5). Due to the shift in the absorption maximum
of the target compound, the detection wavelength was set to 308 nm. To determine contamination of
target CLCs with an opposite enantiomer, we prepared corresponding (S)- and (R)-enantiomers (I and
II, respectively), and analysed them independently (Figure 4).

Analogously to the chiral precursors, (R)-enantiomer II eluted first. This documents that the
enantiorecognition of the enantiomers is strictly governed by the substituents near the chiral centre,
while the rest of the molecule only contributes to retention. Interestingly, the analysis of (S)-enantiomer
I revealed ee = 98.8% and for target material II ((R)-enantiomer) ee = 98.4% was found. This finding
contradicts the results obtained for the chiral precursors, which showed higher optical purity of
the (R)-enantiomer. We can speculate that the target CLCs could be enantiomerically enriched via
crystallisation, leading, in consequence, to target materials with higher optical purity than the starting
compounds. However, intensive purification will be used, because the initial application of column
chromatography and three consecutive crystallisation still provided a rather impure material (Figure 4).
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Figure 4. Chiral separation of target chiral liquid crystals. Overlaid chromatograms of I (red trace)
and II (blue trace) acquired with Chiralpak AD-3 using Acquity UPC2 operated in HPLC mode;
mobile phase heptane/IPA (9/1, v/v), flow rate 1 mL/min, temperature 25 ◦C, sample concentration
0.5 mg/mL, injection volume 5 μL.

2.5. Chiral SFC and SFC-MS Separation of Full-Length Liquid-Crystalline Materials

Recently, it has been shown that SFC offers striking selectivity in the enantioseparation of chiral
liquid crystals [9,10]. Therefore, we prepared a spiked sample, which enabled us to determine
the elution order of enantiomers and match the chiral impurities (observed in HPLC mode) to the
corresponding materials. Indeed, the SFC analysis provided better resolution (RS = 3.1), not only for
the target materials, but also for chiral impurities present in the materials (Figure 5). The elution order
of I and II remained unchanged; material II eluted in the first peak.

 
Figure 5. Mixture of I and II analysed in SFC mode on Chiralpak AD-3 to directly compare
the performance of the column in HPLC and SFC mode. Mobile phase scCO2/IPA (70/30),
sample concentration 0.5 mg/mL, injection volume 5 μL, temperature 30 ◦C, backpressure 2000 psi
and the flow rate of 1 mL/min were used.

It should be noted that the SFC separation was, in fact, performed outside the supercritical
region of the fluid [24,25]. Yet, the term SFC is generally also accepted for the subcritical fluid region
(also subFC), because the main advantages of lower viscosity and higher diffusivity of the mobile
phase are fully preserved [26]. Unlike normal phase HPLC, direct coupling to a mass spectrometer
(detector) is easily accessible in SFC. Therefore, we took this advantage to control the optical purity
of the materials and also to shed light on their impurity profile. Due to specific SFC conditions,
a dedicated SFC column (ChiralArt Amylose-C 250 × 4.6 mm, i.d., 5 μm) was used in all following
SFC measurements. It should be noted that a dedicated SFC column should be used for each
chromatographic mode, because a frequent change of chromatographic modes could reduce column
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lifetime. Although it is natural to use short columns with small particles in SFC (due to low viscosity
and higher diffusivity of the fluid), in some cases it is economic to use older type of columns for
SFC method development, in particular, when unusual conditions (e.g., outside supercritical region,
highly acidic mobile phase) are expected to be used.

Analysis of the target material I (Figure 6) clearly demonstrates that the additional purification
with gradient elution column chromatography and subsequent multiple crystallisations provide
the chemically and enantiomerically pure material. No signals of impurities have been detected,
vide infra. Furthermore, only a negligibly increased baseline was observed in the area where the peak
of (R)-enantiomer (material II) should be present. Since the limit of quantification for SFC-MS is below
1 μg/mL (for details see ESI), the enantiomeric purity of the target material I analysed under the given
conditions (Figure 6) is ee > 99.6%.

Figure 6. Analysis of purified target material I performed in SFC-MS mode. Upper part shows the
UV trace, lower part shows reconstructed chromatograms (XIC) with the mass of the target material
539.4 [M + H]+, 561.5 [M + Na]+, fragments 263.1 [M + H]+, 383.0 [M + H]+, and the main impurity
419.0 [M + H]+ and mass spectrum of the product. Conditions: ChiralArt Amylose-C (250 × 4.6 mm,
i.d., 5 μm) column, mobile phase scCO2/IPA (70/30), flow rate of 1 mL/min, sample concentration 0.5
mg/mL, injection volume 5 μL, temperature 30 ◦C, backpressure 2000 psi, ESI+.

For the analysis of impurities, impurity fractions of material I obtained from the column
chromatography and mother liquor after re-crystallisation were collected and used. Since the mobile
phase composed of scCO2 and IPA (low molar mass alcohols in general) is acidic [27,28], ESI+ was the
preferred mode also for the impurities analysis. Apart from the target material I and the enantiomeric
impurity (material II), several other substances were identified (Figure 7). The SFC-MS analysis
shows that molecular masses of impurities correspond to fragments observed for ionised target
materials. This documents that all impurities present in the target material originate from the starting
compounds and side reactions among them—mainly migration of O-alkyllactic acid from the target
materials to phenol 3 (for more detailed analysis and structures of the impurities see ESI in the
Supplementary Materials).
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Figure 7. SFC-MS analysis of major impurities (IM) of the target compound I. Upper part shows the
UV trace, lower part reconstructed chromatograms with masses of the target materials and impurities
originating from the synthesis. Conditions: ChiralArt Amylose-C (250 × 4.6 mm, i.d., 5 μm) column,
mobile phase scCO2/IPA (70/30), flow rate of 1 mL/min, sample concentration 1.0 mg/mL, injection
volume 10 μL, temperature 30 ◦C, backpressure 2000 psi, ESI+.

3. Materials and Methods

3.1. Chemicals

Heptane, dichloromethane (DCM), methanol (MeOH), and propan-2-ol (IPA) were purchased
from LachNer s.r.o. (Neratovice, Czech Republic); all solvents were of HPLC grade. Carbon dioxide
(SFC grade) was obtained from Linde Industrial Gasses (Prague, Czech Republic). Chemicals used for
the synthesis of the chiral precursors and target LCs were commercial products from Sigma-Aldrich
(Prague, Czech Republic), Fischer Scientific (Pardubice, Czech Republic) and they were used without
further purification. Silica gel (Kieselgel 60) for the purification of the intermediates and target LCs
was purchased from Merck (Darmstadt, Germany).

3.2. Instrumentation and Methods

The optical purity of chiral precursors was determined by HPLC using Chiralpak® AD-3
(150 × 4.6 mm ID, 3 μm) from Chiral Technologies Europe (Illkirch, France) column in a heptane/IPA
(9/1) mixture, the flow rate was set to 1 mL/min, temperature 25 ◦C. Sample concentration was
0.2 mg/mL, injection volume 20 μL and detection wavelength was set to 235 nm. Optical purity of
final liquid crystalline materials was verified under the same conditions, except for the detection
wavelength, which was set to 305 nm. The ECOM HPLC system consisted of Alpha pump (ECOM,
Prague, Czech Republic), CT050 controller (AZ Chrom, Bratislava, Slovakia) and ECDA2000 (ECOM,
Prague, Czech Republic) detector. A part of HPLC measurements on Chiralpak AD-3 was carried out
on an SFC system (operated in the HPLC mode), as specified below.

SFC measurements were performed on a SFC-dedicated column, namely ChiralArt Amylose-C
(250 × 4.6 mm ID, 5 μm) from YMC Europe GmbH (Dinslaken, Germany) using an Acquity
Ultra-Performance Convergence Chromatography (UPC2) system equipped with a binary solvent
manager, sample manager, convergence manager, column manager 30S for eight 250 mm columns and
PDA detector and single quadrupole mass detector (QDa) from Waters (Milford, CT, USA). The mobile
phase consisted of supercritical carbon dioxide (scCO2) with 30% of IPA. The flow rate was set to
1 mL/min, injection volume to 5 μL. For all measurements, the backpressure was set to 2000 psi
(138 bar) and the column temperature to 30 ◦C. The sample concentration was 0.5 mg/mL in a mixture
of heptane/IPA (9/1, v/v). The void volume (t0) was determined from the first negative peak observed
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after the injection. An equilibration window of 15 min was applied prior the first sample injection for
each column. The PDA acquisition range was 210–400 nm and the detection wavelength was 308 nm.
The mass detection was performed in positive ion mode (ESI+) with a mass range 200.00–600.00 Da,
cone voltage 10 V. The ESI spray voltage was set to 0.8 kV. Empower 3 software was used for system
control and data acquisition.

Nuclear magnetic resonance (NMR) spectra were acquired using an Agilent 400-MR DDR2
spectrometer (Santa Clara, CA, USA) operating at 400.13 MHz for 1H and 100.62 MHz for 13C cores.
Elemental analysis was performed on a Perkin-Elmer 2400 Instrument (Waltham, MA, USA).

3.3. Experimental

(S)-Propyl 5-{4-(4-(2-hexyloxypropanoyloxy)benzoyloxy)phenyl}thiophene-2-carboxylate (I)

A mixture of acid 2a (500 mg, 1.71 mmol) with a catalytic amount of DMF (0.05 mL) in oxalyl
chloride (20 mL) was stirred at reflux for 2 h. The excess of the oxalyl chloride was distilled off and the
residue was heated under reflux in hexane with a spatula-tip of active carbon for 1 min. The suspension
was filtered, and the solvent evaporated; the crude acid chloride was dissolved in dry dichloromethane
and added dropwise to a solution of hydroxyl ester 3 (374 mg, 1.43 mmol) with DMAP (174 mg,
1.43 mmol) in dry dichloromethane (25 mL). The reaction mixture was stirred in argon atmosphere at
room temperature for 2 h. Then, the reaction mixture was decomposed with 17% aq. hydrochloric
acid, layers were separated, and the aqueous layer was extracted with toluene. The combined organic
solution was washed with brine and dried with anhydrous magnesium sulphate. The solvent was
removed, and the crude product was purified by column chromatography (toluene/tert-butyl methyl
ether 20:1, v/v) and multiple crystallisations from an ethyl acetate/ethanol mixture to obtain 430 mg
(56%) of a white solid.

It should be noted that the purification procedure given above was found to be insufficient
(vide infra), and therefore both target materials I and II were further purified. This additional
purification step consisted of column chromatography using gradient elution with CHCl3 – 0.8% MeOH
in CHCl3 and subsequent crystallisation from ethanol. The gradient elution column chromatography
afforded a chemically pure substance while the subsequent crystallisation served as a tool for removal
of the trace amount of the opposite enantiomer, which was confirmed by SFC-MS measurements.

1H-NMR (400 MHz, CDCl3): 0.89 (t, 3H, CH3), 1.02 (t, 3H, CH3), 1.23–1.45 (m, 8H, CH2), 1.60 (d, 3H,
CH3), 1.79 (m, 2H, CH2), 3.52 (m, 1H, OCH2), 3.69 (m, 1H, OCH2), 4.22 (q, 1H, OCH), 4.28 (t, 2H,
OCH2), 7.26–7.30 (m, 5H, Har), 7.70 (d, 2H, J = 8.7 Hz, Har), 7.77 (d, 1H, J = 3.9 Hz, H 21), 8.26 (d, 2H,
J = 8.8 Hz, Har). 13C-NMR (100 MHz, CDCl3): 10.46 (CH3), 14.04 (CH3), 18.67 (CH3), 22.13 (CH2),
22.59 (CH2), 25.72 (CH2), 29.73 (CH2), 31.62 (CH2), 66.75 (OCH2), 70.85 (OCH2), 74.97 (OCH), 121.74
(CHar), 122.40 (CHar), 123.84 (CHar), 126.93 (C), 127.40 (CHar), 131.45 (C), 131.90 (CHar), 132.79 (C),
134.22 (CHar), 149.81 (C), 151.12 (C), 154.78 (C), 162.27 (C), 164.15 (C), 171.46 (C). Elemental analysis
for C30H34O7S (538.67), calculated C 66.89, H 6.36, S 5.95%, found C 67.02, H 6.44, S 5.86%.

In the similar way, starting from acid 2c, (R)-propyl 5-{4-(4-( 2-hexyloxypropanoyloxy)benzoyloxy)
phenyl}thiophene-2-carboxylate (II) was prepared, 300 mg (45%). 1H-NMR: (400 MHz, CDCl3):
0.89 (t, 3H, CH3), 1.03 (t, 3H, CH3), 1.24–1.45 (m, 8H, CH2), 1.59 (d, 3H, CH3), 1.79 (m, 2H, CH2), 3.52
(m, 1H, OCH2), 3.69 (m, 1H, OCH2), 4.22 (q, 1H, OCH), 4.27 (t, 2H, OCH2), 7.26–7.30 (m, 5H, Har), 7.69
(d, 2H, J = 8.7 Hz, Har), 7.77 (d, 1H, J = 3.9 Hz, H 21), 8.26 (d, 2H, J = 8.8 Hz, Har). 13C-NMR (100 MHz,
CDCl3): 10.46 (CH3), 14.04 (CH3), 18.67 (CH3), 22.13 (CH2), 22.59 (CH2), 25.72 (CH2), 29.73 (CH2),
31.62 (CH2), 66.75 (OCH2), 70.85 (OCH2), 74.97 (OCH), 121.74 (CHar), 122.40 (CHar), 123.84 (CHar),
126.93 (C), 127.40 (CHar), 131.45 (C), 131.90 (CHar), 132.79 (C), 134.22 (CHar), 149.81 (C), 151.12 (C),
154.78 (C), 162.27 (C), 164.15 (C), 171.46 (C). Elemental analysis for C30H34O7S (538.67), calculated C
66.89, H 6.36, S 5.95%, found C 66.54, H 6.37, S 5.92%.

311



Molecules 2019, 24, 1099

4. Conclusions

In this study, we focused on the evaluation of optical purity of lactic acid-based building blocks
used for the synthesis of a broad range of CLCs (including the target LCs). We have shown that
frequently utilised synthetic procedures do not afford enantiomerically pure building blocks. The use
of such compounds does not inevitably result in impure target materials; however, very precise
control of chemical and optical purity must be employed. Partial racemisation occurring during the
synthesis of CLCs could result in modification of mesomorphic properties of the target materials.
This may have caused the discrepancies in the mesomorphic behaviour of the same CLCs reported
by different research groups. Most importantly, slight modification of enantiomeric composition
of the chiral material could potentially lead to malfunctioning of a CLC-based device. Therefore,
precise contemporary analytical methods with low limits of detection should be used to secure
required quality of CLCs used in research, development and applications.
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13. Jurkovičová-Vojtylová, T.; Cigl, M.; Tomášková, P.; Hamplová, V.; Sýkora, D. Influence of photoinduced
isomerization on the chiral separation of novel liquid crystalline materials with a diazene moiety. J. Sep. Sci.
2018, 41, 3034–3041. [CrossRef] [PubMed]

14. Bajzíková, K.; Kohout, M.; Tarábek, J.; Svoboda, J.; Novotná, V.; Vejpravová, J.; Pociecha, D.; Gorecka, E.
All-organic liquid crystalline radicals with a spin unit in the outer position of a bent-core system. J. Mater.
Chem. C 2016, 4, 11540–11547. [CrossRef]

312



Molecules 2019, 24, 1099

15. Barberá, J.; Iglesias, R.; Serrano, J.L.; Sierra, T.; de la Fuente, M.R.; Palacios, B.; Pérez-Jubindo, M.A.;
Vázquez, J.T. Switchable columnar metallomesogens. New helical self-assembling systems. J. Am. Chem. Soc.
1998, 120, 2908–2918. [CrossRef]

16. Chin, E.; Goodby, J.W.; Patel, J.S. The liquid-crystalline properties of some chiral derivatives of the
4-n-alkanoyloxbiphenyl-4’-carboxylic acids. Mol. Cryst. Liq. Cryst. Inc. Nonlinear Opt. 1988, 157, 163–191.
[CrossRef]

17. Kobayashi, S.; Ishibashi, S. Ferroelectric liquid crystals with chiral groups on each side of the core. Mol. Cryst.
Liq. Cryst. Sci. Technol. Sect. A 1992, 220, 1–17. [CrossRef]

18. Kohout, M.; Bubnov, A.; Šturala, J.; Novotná, V.; Svoboda, J. Effect of alkyl chain length in the terminal
ester group on mesomorphic properties of new chiral lactic acid derivatives. Liq. Cryst. 2016, 43, 1472–1485.
[CrossRef]
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Abstract: Nanomaterials can be specially designed to enhance optical chirality and their interaction
with chiral molecules can lead to enhanced enantioselectivity. Here we propose periodic arrays of
Si nanowires for the generation of enhanced near-field chirality. Such structures confine the incident
electromagnetic field into specific resonant modes, which leads to an increase in local optical chirality.
We investigate and optimize near-field chirality with respect to the geometric parameters and excitation
scheme. Specially, we propose a simple experiment for the enhanced enantioselectivity, and optimize
the average chirality depending on the possible position of the chiral molecule. We believe that such a
simple achiral nanowire approach can be functionalized to give enhanced chirality in the spectral range
of interest and thus lead to better discrimination of enantiomers.

Keywords: semiconductor nanowires; chirality; enantioselectivity; near-field optical chirality

1. Introduction

Chirality, a lack of mirror symmetry [1], is an important property of our world governing the
behavior of many molecules, enzymes, DNA, and sugars. Optical isomers of the opposite handedness
that are non-superimposable images of each other are called enantiomers. Specifically, two enantiomers
of the same chiral drug have the same chemical structure and physical properties, but different
spatial arrangement and optical activity [2], which leads to differences in biological activities such
as toxicity [3,4] and enantioselective reactions [5]. Two enantiomers can therefore have extremely
different effects on the human body where one can lead to serious side effects [6–8]. Conventionally,
polarimetry and circular dichroism (CD) measurements are used to distinguish enantiomers since they
differently interact with the circularly polarized (CP) light of the opposite handedness [9]. However,
such experiments require high concentrations of enantiomers and long integration times as the intrinsic
CD of the molecules is usually extremely low. Therefore, finding novel approaches to detect and
recognize low concentrations of enantiomers, thus increasing the sensitivity and reducing the material
waste, is of great interest for today’s pharmaceutical industry.

In the past decade, the nanoscale photonics community has been dealing with chirality as well:
artificial plasmonic nanostructures with broken symmetry were shown to provide a chiral response and
CD [10–16]. We recently showed that semiconductor-based nanomaterials, asymmetrically covered by
thin metallic layers, can also produce strong CD [17–19]. Merging of the chiral plasmonics with the
field of chiral biomolecule enantioselectivity [20] has already given promising results in chiral sensing.
For example, in [21], the authors reported on the several orders of magnitude enhancement of the
enantiomer detection by means of twisted plasmonic unit cells periodically arranged to form a chiral
metamaterial. Furthermore, investigation of the near-field effects has opened ways to enhance the interaction
between the nanostructure and the chiral molecule via so called superchiral fields [22,23]. Namely, for a
monochromatic electromagnetic field at frequency ω the optical chirality factor C is defined as:
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C = −0.5ε0ωIm{
→
E∗(→r )·→B(

→
r )}, (1)

where
→
E and (

→
B) are electric (magnetic) complex field amplitudes. For a plane wave, C is zero for linear

polarization, maximum for right circular polarization (RCP), and minimum for left circular polarization
(LCP), switching the sign between RCP and LCP. In the near-field of nanostructured materials at the
resonance, the electric and magnetic fields can be parallel and out of phase, while their enhancement
leads to a C greater than the one of CP, hence the term superchirality. The C factor directly influences the
excitation rate of chiral molecules [24] as well as the absorption dissymmetry [25], and its switching of
the sign between RCP and LCP is directly connected with the enantioselectivity. Namely, the difference
in the absorption rate of two enantiomers can be significantly enhanced if the medium where the mixture
exists has an enhanced C. If the medium is excited with CP so that it generates enhanced C of one
sign, this will enhance the absorption rate of one enantiomer. Changing the handedness of CP will
enhance the absorption rate of another enantiomer, leading to the enhanced difference between the two
enantiomers. Finally, in this way the sensitivity of distinction for low enantiomer concentrations can
be improved. In general, the medium should produce enhanced C in the volume of the enantiomers,
and it must be of the same sign over the volume in order to contribute to the absorption rate of only one
enantiomer. Plasmonic nanostructures can be designed to tailor C in the wavelength region of interest for
a particular chiral molecule. We recently numerically investigated C enhancement in GaAs nanowires
(NWs) asymmetrically covered by Au [26], while in [25,27,28], symmetric nanostructures were shown
to give an enhanced near-field C as well. Moreover, in [25] the authors underlined the importance of
having only near-field, local chiral effects, without the background chirality of the supporting medium
itself. In this way, all the chiral enhancement and corresponding effects arise from the coupling of the
chiral molecule with the electromagnetic field in the vicinity of the achiral structure.

In this work, we investigate intrinsically achiral 2D periodic arrays of Si NWs on a Si substrate,
a device which is completely symmetric and easy to fabricate. Geometric parameters can be chosen so
that these NWs support leaky waveguide modes [29–31] in the visible part of the spectrum. These
modes are weakly guided along the NW borders and have a strong field leakage to the surrounding
medium, where the evanescent field components can produce a near-field chirality. In [26] we
investigated GaAs NW modes at ~800 nm, where we showed that for linearly polarized excitation,
the near-field chirality cancels out and the additional symmetry breaking (e.g., the asymmetric layer
of Au) must be introduced in order to have a C of prevalently one sign. In [32], NW dimers are used
to induce the optical chirality and the hotspots of high C enhancement. Here, we show that under
circularly polarized (CP) excitation, achiral NW structure can generate the enhanced chirality in the
NW border vicinity, without the additional symmetry breaking which would complicate the processing
of a perspective device. For Si NWs, we investigate the influence of geometric parameters on the mode
wavelength, which in turn tailors the C distribution; we show that it is possible to spectrally place the
enhanced C in the high frequency range of the visible spectrum, technologically relevant for chiral
molecules. Further, we investigate the optimization of the average C so that it is distributed in the big
part of the volume of the unit cell. For the opposite handedness of the CP excitation, average C changes
sign, thus we propose these metasurfaces for enantioselectivity applications, with parameters that can
be fixed in the wavelength range of interest. As these materials are easy to fabricate and implement in
the existing technology, we believe that this approach can lead to efficient background-free tunable
chiral recognition, with decreased waste of materials and increased efficiency.

2. Results

Structures under investigation are hexagonal Si NWs, that can be patterned on Si substrate,
e.g., by means of conventional electron beam lithography [32,33]. In what follows, we use a
commercial-grade simulator based on the 3D Finite Difference Time Domain (FDTD) method by
Lumerical [34] to simulate complex electromagnetic fields in the Si NW array, and later extract C factor;
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more details are given in Section 4. The scheme of the simulated device is given in Figure 1a: vertical
hexagonal NWs of radius r and length L are periodically arranged with periodicity p in x and y direction.
Such structures have been previously proposed for absorption enhancement, lasing and solar cells, as they
can efficiently absorb the visible spectrum wavelengths. The structure is excited by a circularly polarized
plane-wave under normal incidence. In Figure 1b we show the absorption spectra dependence on the NW
radius, for L = 1000 nm, and p = 400 nm. As expected from theory [35], as well as experiments in [30,31],
there is always a fundamental HE11 mode excited for these thin NWs, which leads to the resonant
absorption; moreover, with the radius increase, the resonant wavelength of the mode red-shifts. For this
periodicity, the mode closely resembles the leaky waveguide mode of the single Si NW. In Figure 1c,
the electric field vector in xz cross-section of the unit cell is shown for the NW array with parameters
r = 50 nm, L = 1000 nm, p = 400 nm, excited at its resonance λ = 525 nm with CP light. Clearly, the electric
field keeps circularly polarized behavior, while it experiences enhancement, especially in two regions
of the volume corresponding to the antinodes of the Fabry–Perot resonances (due to the boundary
conditions at the top and the bottom of the NW). In Figure 1d, we show the electric field intensity
enhancement at z = 800 nm xy cross-section of the unit cell; there is an obvious leakage of the mode to the
surrounding medium, along with a 35-fold increase. In Figure 1e, for the same cross-section, the magnetic
field enhancement is even higher, but it remains confined in the NW core. According to Equation (1),
the enhanced C can be expected at the points where these field enhancements spatially overlap, while
→
E and

→
H have parallel components out of phase. In the close vicinity of the NW, molecules present in

the surrounding medium will experience both electric and magnetic field enhancement, while for the
near-field chirality calculations, their phase difference must be considered as well. Thus, in the following,
we investigate C distribution dependence on the NW parameters at the resonant wavelengths; we report
on the normalized C* = C/C0, where C0 is extracted for the RCP excitation of the simulation domain
without the Si NWs. For better visualization, we show only the points with |C*| > 1.2.

Figure 1. (a) Schematics of the nanowire NW array with quadratic unit cell of periodicity p x and y
directions, and a single NW with diameter D and length L. (b) Absorption of the NW arrays with
p = 400 nm, and L = 1000 nm, for D = 45–60 nm, for left circular polarization (LCP) excitation. (c–e) LCP
excitation for r = 50 nm at the resonant wavelength λ~525 nm: (c) xz cross-section of the distribution
of the electric field vector; xy cross-section of the unit cell at z = 800 nm; (d) electric field intensity
enhancement; (e) magnetic field intensity enhancement.
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2.1. Influence of the NW Core Radius

Firstly, C distribution in the unit cell is investigated for p = 400 nm and L = 1000 nm, for the
radii investigated previously. In Figure 2, in all the cases, |C*| is higher than 5 at the NW borders
and remains enhanced in the NW proximity, where the chiral molecules can be deposited for the
experiment. More importantly, for RCP (LCP) excitation, C* keeps the positive (negative) sign of the
excitation (normalization by RCP), while having increased values. As the whole domain is achiral,
the resonant wavelengths for RCP and LCP are the same. The NW array with r = 45 nm has a
resonant wavelength of λ = 493 nm, where Si has higher losses; therefore, the field is efficiently
absorbed in the upper part of the NW, and leads to lower electromagnetic field enhancement on
the borders closer to the bottom of the NW. For r = 50 nm, we can note that the z positions of the
maximum C* correspond to the antinode enhancements in Figure 1c. With the radius increase leading
to the resonance red-shift, the losses of the mode become lower, and C* spreads more in the unit
cell volume; moreover, the second antinodal enhancement of C* (close to the substrate) also becomes
more prominent. Therefore, tuning of the radius can effectively tailor the enhanced C* in terms
of wavelength and 3D distribution. As an example, if the enhanced enantioselectivity experiment
involved enantiomers with absorption dissymmetry around 590 nm, the last NW with r = 60 nm
should be chosen from these four configurations (the enhanced |C*| has the highest spread in the unit
cell volume).

Figure 2. C* distribution in the unit cell for p = 400 nm, L = 1000 nm, and r = 45–60 nm, at the
corresponding NW resonant wavelength for RCP (upper, positive) and LCP (bottom, negative)
excitation. The insets show the xy top view of each C* distribution.

2.2. Influence of the NW Array Periodicity

As the coupling between the neighboring NWs influences the electromagnetic fields, we further
investigated the absorption and C* dependence on the periodicity (Figure 3a) for r = 50 nm and
L = 1000 nm. 2D periodic NW arrays are photonic crystals, where, for larger periods, the single NW
modes are not considerably influenced by the array coupling [29,35]. However, for denser Si NW
arrays, we note a blue-shift of the resonance with the decreasing period; this arises from the destructive
coupling between the neighboring NWs due to enhanced near-field evanescent wave interaction.
Unfortunately, in Figure 3b, for p = 200 nm, this leads to C* confinement inside the NW, which is
detrimental for the applications where the enantiomers surround the NW in the unit cell. The situation
can be optimized by increasing the periodicity, which confines C* also around the NW (e.g., p = 300 nm
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in the middle of Figure 3b, or p = 400 nm in the second graph in Figure 2). Finally, sparse arrays of
p = 600 nm have stronger C* enhancement over the high part of the volume, as it will be shown later.
This is due to the strong electromagnetic field enhancement in the near-field medium close to the NW,
for the fundamental leaky waveguide modes of the single NW.

Figure 3. (a) Absorption dependence on the NW array periodicity for r = 50 nm and L = 1000 nm.
(b) Upper part: C* distribution in the unit cell for p = 200 nm, p = 300 nm, and p = 600 nm at the
corresponding NW resonant wavelengths for RCP excitation; bottom: xy top-view of the corresponding
distribution from the upper part. Black hexagonal line shows the geometric position of the NW xy
cross-section. Only RCP excitation is shown as LCP leads to the sign inversion.

2.3. Influence of the NW Length

For the enhanced enantioselectivity, as previously discussed, the nanostructures can be optimized in
order to interact with the enantiomers in the most efficient way, which depends also on the enantiomer
position. Therefore, we investigated the NW length influence on C* distribution, for r = 50 nm and
p = 400 nm. In Figure 4a, the modes do not shift with increasing length, but the unitary absorption is
reached only for longer lengths. This is rather expected for vertical high refractive index nanowires,
where the absorption peak arises due to the mode, which is mainly defined by the radial boundary
conditions of the nanowire core (as in dielectric waveguides). Therefore, the radius plays a major role in
the spectral position of the absorption peak, while other geometric parameters have a minor influence,
as we experimentally demonstrated in [17,18,30,31]. As expected, the shortest NW (L = 500 nm) has
an enhanced C* only due to the first antinode of the resonant mode, while for L = 800 nm another
antinode appears. Finally, for L = 1500 nm, three enhanced volume parts are distinguishable; however,
the bottom one would not contribute to the enantioselectivity as its C* is more confined inside the
NW. If we consider e.g., the enantiomers with absorption dissymmetry around 525 nm, the best Si NW
substrate (with r = 50 nm and p = 400 nm) would be the one with L = 500 nm, and the matrix with chiral
molecules should be deposited between z = 0 nm and z = 500 nm. Otherwise, if the NW length is fixed
to L = 1500 nm, in order to use zones with the highest C*, one should deposit another non-absorbing
and achiral medium (buffer layer) in the range 0 nm < z < 1000 nm, and then the chiral substance in the
range 1000 nm < z < 1500 nm, which complicates the simple approach proposed here.
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Figure 4. (a) Absorption dependence on the NW length for r = 50 nm and p = 400 nm. (b) C* distribution
in the unit cell for L = 500 nm, L = 800 nm, and L = 1500 nm at the resonant wavelength of 525 nm.
Only RCP excitation is shown as LCP leads to the sign inversion.

3. Discussion

The overall enantioselectivity enhancement will depend on the percentage of the chiral molecules
that are positioned exactly in the part of the volume with enhanced C*, i.e., in the NW near-field.
This is usually not the case for the periodicities that support leaky waveguide modes, so it is important
to estimate the average chirality in the unit cell volume, with subtracted NW volume. In order to gain
insight into the spectral behavior of the investigated chirality enhancement, we calculate the average
normalized optical chirality as:

C̃(λ) =
1

CRCP(λ)

�
C(x, y, z, λ)dV�

dV
, (2)

where we integrate C across the unit cell as follows: in the xy plane, only the parts of the unit-cell
outside of the NW core are considered, while in the z direction, we investigate two possibilities.
First, we integrate in the 0 < z < L range (upper sketch of Figure 5), i.e., total integration. Then, we
take into account only the top C* antinode, integrating in the L/2 < z < L range (bottom sketch of
Figure 5), i.e., half-integration, which corresponds to the case when the enantiomers are specially
positioned on a buffer layer in order to experience higher C. We approximate that the buffer layer has
negligible influence on the C* distribution, which is valid for low concentrations of chiral molecules,
deposited in a solvent which subsequently evaporates. However, generally the buffer layer does
change the modal confinement, and the NW array must be reoptimized in terms of r, L and p in order
to give enhanced C* once the optical properties of the buffer layer are known. In Figure 5a, the total
integration of L = 1000 nm and r = 50 nm, for the periodicities from 200 nm to 400 nm gives almost no
enhancement at the resonant wavelengths, and it is vaguely present only for p = 500 nm (the lowest
NW coupling,

∣∣∣C̃
∣∣∣∼ 1.2 ). However, the half-integration in Figure 5b improves this difference; here,

especially for p = 500 nm,
∣∣∣C̃

∣∣∣ reaches almost 2, which is a considerable average enhancement for a

0.5 × 0.5 μm2 surface. For shorter NWs, L = 500 nm and r = 50 nm, the total integration in Figure 5c
gives C̃ improvement with respect to Figure 5a, due to inclusion of the part of the space where one
antinode generates enhanced C* (Figure 4b-left). However, this case does not get improved with the
half-integration, Figure 4d.
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Figure 5. Normalized averaged C spectra for r = 50 nm, p = 200–425 nm, and RCP (full lines) and LCP
(dashed lines) excitation. Upper and bottom sketches correspond to the integration from z = 0 nm
to z = L, and z = L/2 to z = L, respectively. (a) L = 1000 nm, total integration; (b) L = 500 nm, total
integration; (c) L = 1000 nm, half-integration; (d) L = 500 nm, half-integration.

It is worth noting that for all investigated cases in Figure 5, Si NW arrays give a rather modest
average optical chirality. However, we underline the advantage of the use of Si in such nanostructures.
Apart from the highly developed technology and perfectly known optical and electrical properties,
Si NWs have already been proposed for bio and chemical sensing as the NW surface allows for
the immobilization of the investigated substance in the NW near-field, thus affecting the sensor
performance and enabling high sensitivity and selectivity [36,37]. For the enhanced enantioselectivity,
one should position the chiral molecules in a very thin layer close to the surface which enhances
the near-field chirality (a few tens of nm, according to [24]). Many approaches have been found to
functionalize the Si nanoparticle surface with molecules [38]. Therefore, the ultimate optimization
of the presented approach is the attaching of the chiral species to the NW surface, in the small part
of the volume as in the sketch of Figure 6. When the solvent evaporates, a small concentration of
chiral molecules which remain attached to the Si surface introduces a negligible change in the NW
environment, so that the molecules experience the near-field chirality of the resonant modes presented
above. Next, we focus on the best case from Figure 5b, i.e., r = 50 nm, L = 1000 nm, and p = 500 nm,
which gave the

∣∣∣C̃
∣∣∣ peak at 542 nm. In Figure 6 we show the xy cross-section of the C* distribution

at the resonance and at the z position of the C* antinode, for RCP and LCP excitation (we omit C*
inside the NW as it is not important for the interaction with the enantiomers). There is a 36-fold C
enhancement at the NW borders, and the chiral molecules in the dashed circles experience the average
C at least on the order of 20, which will finally lead to significantly higher enhancement with respect
to the approach in Figure 5c. Therefore, one can smartly functionalize Si NW sidewalls so that the
enantiomers are positioned at points with maximum C*.

321



Molecules 2019, 24, 853

Figure 6. Left: sketch of the Si NW functionalization with bonded chiral substance for the improvement
of enantioselectivity. Right: xy cross-section of C* distribution at the antinode of the NW with r = 50 nm,
L = 1000 nm, and p = 500 nm (resonant wavelength at 542 nm) for RCP and LCP excitation. Dashed
circles represent the volume of the enantiomers attached to the NW surface.

4. Materials and Methods

FDTD simulations solve the Maxwell’s equations over discrete spatial and temporal grid, and
give as a result complex electromagnetic fields in the unit cell consisting of one Si NW in the middle.
Si NW lie on a Si substrate, which is considered semi-infinite for z < 0; for z > 0, the medium is air.
Optical properties of Si were taken from the Lumerical database. In the z direction, perfectly matched
layers (PML) were placed at least half the maximum wavelength from the top and bottom of the NW
to ensure the numerical stability. For the normal incidence excitation, a plane-wave source was used
from the top side (negative z direction in Figure 1a), and periodic boundary conditions were applied
in the xy plane. Circular polarization was simulated as a combination of two orthogonal sources with
a phase difference of ±90◦. Total absorption of the NW was simulated by integrating the absorption
per unit volume σabs over the NW volume; σabs was calculated from σabs = −0.5ω2|E|2Im{ε}, from
the electric field and complex refractive index monitors across the NW domain. Electric and magnetic
field confinements were monitored by a cross-section field profile monitor in the xz and xy planes.
C factor was extracted from a 3D field profile monitor encompassing the whole unit cell in the xy plane,
and having a z span from 0 nm to the NW length. The calculated near-field chiral properties arise from
electromagnetic field confinement of the NW modes, and are not an intrinsic property of molecules.
Moreover, approximation of air as a medium surrounding the NWs is valid for low concentrations of
chiral molecules deposited in the solution which evaporates, leaving the molecules in the NW vicinity.
In future work, the experimental proof of principle will be done for chiral molecules that have intrinsic
circular dichroism at the modal resonances of a chosen Si nanowire array.

5. Conclusions

In this work, we have proposed a path to enhanced near-field optical chirality by means of
symmetric Si NW arrays, which support leaky waveguide modes that enhance the near-field optical
chirality of CP excitation in the shorter wavelength part of the visible spectrum, which is of interest
for many chiral molecules. The C enhancement can be optimized by choosing the wavelength range
where enantiomers show CD, setting the radius, length and period of the NW array so that it gives
resonances in that range, and optimizing the molecules position. Such an achiral approach does not
suffer from the background chiral behavior present in intrinsically or extrinsically chiral plasmonic
nanomaterials, and the absorption dissymmetry arises only for the near-field effects. Moreover, the use
of conventional Si technology enables the functionalization of the NW surface which greatly enhances
the overall chirality. We believe that this simple approach can lead to Si nanostructures-governed
applications in enhanced enantioselectivity.
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Abstract: Porous organic cages (POCs) have attracted extensive attention due to their unique
structures and tremendous application potential in numerous areas. In this study, an enantioselective
potentiometric sensor composed of a polyvinyl chloride (PVC) membrane electrode modified
with CC3-R POC material was used for the recognition of enantiomers of 2-amino-1-butanol.
After optimisation, the developed sensor exhibited enantioselectivity toward S-2-amino-1-butanol
(log KPot

S,R = −0.98) with acceptable sensitivity, and a near-Nernstian response of 25.8 ± 0.3 mV/decade
within a pH range of 6.0–9.0.

Keywords: enantioselective potentiometric sensor; 2-amino-1-butanol; chiral porous organic cage;
CC3-R; PVC membrane electrode

1. Introduction

Chirality is a general phenomenon and an important characteristic in naturally occurring
molecules. For instance, most amino acids are levorotatory and sugars are dextrorotatory in biological
systems. Consequently, chiral discrimination has attracted tremendous attention on account of its
significance in pharmaceutical, biomedicine and chemical fields. Currently, chiral discrimination can
be precisely achieved in many ways including gas chromatography (GC), high-performance liquid
chromatography (HPLC) and high-performance capillary electrophoresis (HPCE). Although these
methods have different advantages in terms of sensitivity or applicability, they suffer similar drawbacks
including complicated operation and the need for expensive equipment. By contrast, ion-selective
electrodes are simple, rapid and affordable, and have been widely applied to the enantioselective
recognition and detection of chiral compounds in recent years [1–9].

As versatile functional material platforms, porous organic cages (POCs) have attracted much
attention [10–13], and have been widely applied in various areas such as gas-selective adsorption and
separation [14–17], molecular recognition [18–27], catalysis [28], water treatment [29] and sensing [30].
As shown in Figure 1, the R-type chiral POC CC3-R has an interlinked chiral pore channel structure with
adjacent tetrahedral cages packed together [31,32]. The chiral pore channel structures and cyclohexyl,
imino and phenyl groups of cage molecules constitute a chiral microenvironment comprising a variety
of enantioselective factors including dispersion forces, dipolar interactions and hydrogen bonds [33].
These properties combine to make CC3-R an excellent chiral selector for use in chiral recognition
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methods. Recently, a CC3-R-modified GC stationary phase was developed for the separation of
racemates, and exhibited excellent enantioselectivity [34].

Figure 1. Schematic diagram of the structure of CC3-R.

2-Amino-1-butanol (Figure 2) is generally used as an intermediate in the synthesis of
pharmaceuticals such as the bacteriostatic antituberculosis agent (S,S)-ethambutol [35–38]. In the
present work, CC3-R was applied as a chiral selector in PVC membrane electrodes, resulting in
impressive enantioselectivity for S-2-amino-1-butanol. Factors influencing the enantioselectivity of the
CC3-R-based membrane electrode, such as the content of CC3-R, the category of plasticiser and the pH
value of analyte solutions, were systematically investigated.

Figure 2. Molecular structure of 2-amino-1-butanol.

2. Results and Discussion

2.1. Characterisation of the Synthesised CC3-R

The synthesised CC3-R crystals were characterised by Nuclear Magnetic Resonance (NMR),
Powder X-ray diffraction (PXRD) and elemental analysis. As can be seen in Figure 3, the PXRD pattern
of synthesised CC3-R crystals was consistent with the Singlecrystal simulation. Furthermore, CC3-R
retained the same crystallinity and structure whether recrystallised from tetrahydrofuran or rinsed
with water for 48 h, demonstrating excellent stability as chiral selector in the membrane electrode.

Elemental analysis was performed on CC3-R (C72H85N12); calculated = C 77.31, H 7.66, N 15.03;
detected = C 77.08, H 7.76, N 14.88. 1H-NMR (CDCl3) δ = 8.18 (s, 12H, -CH=N-), 7.92 (s, 12H, -Ar-H),
3.36 (m, 12H, -CHN-), 1.86–1.54 (m, 48H, -CH2-) ppm. 13C-NMR (CDCl3) δ = 159.15, 136.64, 129.53,
74.65, 33.02, 24.39 ppm. All characterisation data confirmed that CC3-R was successfully synthesised.

Figure 3. PXRD patterns of CC3-R: (a) Singlecrystal simulation, (b) synthesised, (c) rinsed with water
for 48 h, (d) recrystallised from tetrahydrofuran.
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2.2. Optimisation of Membrane Components

The nature and amount of chiral selector and plasticiser contained in the membrane can strongly
influence the selectivity and sensitivity of the membrane electrode. Consequently, the potential
response characteristics of multiple electrodes with different quantities of CC3-R and three types of
plasticiser (o-NPOE, DOS and DBP) were evaluated.

Figure 4 shows the potential response characteristics of membrane electrodes with different CC3-R
mass percentages. The performance of the membrane electrode improved with increasing CC3-R
content, and the best enantioselectivity toward S-2-amino-1-butanol was achieved with 3% CC3-R
(by weight). However, the enantioselectivity and sensitivity decreased slightly when the amount of
CC3-R reached 4%. It is possible that the PVC membrane becomes saturated, hence the number of
recognition sites does not increase proportionately with the chiral selector. Moreover, excess CC3-R
could affect the ion-exchange capacity of the membrane electrode.

Figure 4. Potential response characteristics of membrane electrodes with different CC3-R contents.

The influence of the type of plasticiser is shown in Figure 5. DOS and DBP were clearly inferior to
o-NPOE in terms of detection limit and enantioselectivity coefficient for S-2-amino-1-butanol.

Figure 5. Potential response characteristics of membrane electrodes with different types of plasticiser.

2.3. Effect of pH on the Electrode

In order to investigate the effect of pH on the response performance of the optimised membrane
electrode, the potential response value of the 2-amino-1-butanol solution (1.0 × 10−3 mol·L−1) was
measured at different pH values (pH 2.0–12.0). As shown in Figure 6, the potential response value
was stable within a pH range of 5.0–9.0. Furthermore, a large difference between the two enantiomers
was observed at pH 9.0. Therefore, pH 9.0 was adopted for measurements using the optimised
membrane electrode.
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Figure 6. The influence of pH on the response performance of the membrane electrode to
S/R-2-amino-1-butanol.

2.4. Enantioselectivity Coefficient of the Electrode

Figure 4 shows log KPot
S,R values for membrane electrodes of varying composition. The optimised

membrane electrode containing 3 wt% CC3-R displayed impressive enantioselectivity toward
S-2-amino-1-butanol over R-2-amino-1-butanol (log KPot

S,R = −0.98). By comparison, the CC3-S
(3 wt%) modified membrane electrode showed similar enantioselectivity toward R-2-amino-1-butanol
(log KPot

S,R = −0.94).
Furthermore, the log KPot

S,int value was used to evaluate the enantioselectivity of the optimised
electrode in the presence of interfering ions with a similar configuration to 2-amino-1-butanol [39].
Specifically, the potential values of R/S-2-amino-3-phenyl-1-propanol, R/S-2-amino-3-methyl-1-butanol
and R/S-3-amino-1,2-propanediol (0.1 mol·L−1) were measured, and log KPot

S,int values are shown in Table 1.

Table 1. LogKPot
S,int values of ions potentially interfering with S-2-amino-1-butanol.

Interference Ion LogKPot
S,int

R-2-Amino-1-butanol −0.98
S-2-Amino-3-phenyl-1-propanol −0.59
R-2-Amino-3-phenyl-1-propanol −0.59
S-2-Amino-3-methyl-1-butanol 0.31
R-2-Amino-3-methyl-1-butanol 0.26

S-3-Amino-1,2-propanediol −0.41
R-3-Amino-1,2-propanediol −0.41

As shown in Table 1, the membrane electrode exhibited comparable responses to other alkamines
with similar configurations to 2-amino-1-butanol. Steric hindrance caused by additional organic groups
of other alkamines could impair the recognition performance during ion exchange. The electrode
displayed slight enantioselective recognition of enantiomers of 2-amino-3-methyl-1-butanol, which
have the most similar configuration. However, 2-amino-3-methyl-1-butanol yielded similar potential
response values, and caused significant interference.

2.5. Recognition of Mixing Samples

To further explore the enantioselectivity of the developed membrane electrode, a mixing sample
test was conducted using different molar ratios of S- and R-enantiomers of 2-amino-1-butanol (Figure 7).
The results showed that the potential response values of the mixing solution increased with increasing
proportion of S-2-amino-1-butanol, revealing a clear positive linear correlation between the proportion
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of S-2-amino-1-butanol and potential response values of mixing solutions (0.1 mol·L−1). These results
demonstrate the selective recognition of S-2-amino-1-butanol in the presence of R-2-amino-1-butanol.

a b 
Figure 7. (a) Potential responses of S- and R-enantiomers of 2-amino-1-butanol mixing solutions.
(b) Positive linear correlation between the proportion of S-2-amino-1-butanol and potential response
values of mixing solutions (0.1 mol·L−1).

3. Materials and Methods

3.1. Materials

Enantiomers of 2-amino-1-butanol, 2-amino-3-phenyl-1-propanol, 2-amino-3-methyl-1-butanol, and
3-amino-1,2-propanediol were obtained from Aladdin (Shanghai, China). (R,R)-1,2-Diaminocyclohexane
and 1,3,5-triformylbenzene were purchased from Acros (Geel, Belgium). o-Nitrophenyl Octyl Ether
(o-NPOE), dioctyl sebacate (DOS) and dibutyl phthalate (DBP) were obtained from TCI (Tokyo, Japan).
Polyvinyl chloride (PVC) powder and trifluoroacetic acid were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents were of analytical grade. Deionised water was used to prepare and dilute all
buffer and analyte solutions.

3.2. Synthesis of CC3-R

CC3-R was synthesised using a previously reported method [29]. Briefly, 20 mL dichloromethane
was added dropwise onto 1.0 g 1,3,5-triformylbenzene in a two-necked flask without stirring at
room temperature, and 20 μL trifluoroacetic acid was added as a catalyst. Within minutes, 20 mL
dichloromethane containing 1.0 g (R,R)-1,2-diaminocyclohexane was dripped slowly into the mixture.
After reaction for 72 h at room temperature, white crystals were present on the wall of the flask, which
were filtered and rinsed with ethanol/dichloromethane (95:5 v/v).

3.3. Preparation of Enantioselective Membrane Electrodes

To prepare the PVC membranes, PVC powder, plasticiser (o-NPOE), and CC3-R were added to
3 mL tetrahydrofuran and stirred to form a transparent solution [40]. This was poured onto a glass
sheet and volatilised for 24 h to form a semitransparent film ~0.5 mm thick. The obtained film was
incised into an appropriately sized disc and assembled using a PVC tube, which was subsequently
filled with 0.1 mol·L−1 KCl as an internal reference solution. A silver chloride electrode was applied as
an internal reference electrode, and a saturated calomel electrode was utilised as a reference electrode.
For comparison, a CC3-S-modified membrane electrode was prepared in the same way. The overall
strategy for enantioselective potentiometric sensor fabrication is depicted in Scheme 1.
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Scheme 1. Schematic illustration of enantioselective potentiometric sensor fabrication.

3.4. Potentiometric Measurement

The direct potentiometric method was applied to measure the potential value of each
S/R-2-amino-1-butanol solution at different molar concentrations (1.0 × 10−6 to 1.0 × 10−1 mol·L−1)
and mixing solution with different molar ratios (S/R = 1:0, 2:1, 1:1, 1:2, and 0:1). A Model
PHS-3C pH meter (Leici, Shanghai, China) was used for potentiometric and pH measurements,
and all potentiometric measurements were performed during stirring at room temperature. Before
measurement, membrane electrodes were soaked in S-2-amino-1-butanol solution (1.0 × 10−3 mol·L−1)
for 24 h.

A revised separate solution method was used to calculate the enantioselectivity coefficient
(log KPot

S,R) with the following formula:

log KPot
S,R =

ER − ES
D

where ER and ES are the potentials of 0.1 mol·L−1 R- and S-2-amino-1-butanol solutions, respectively,
and D is the slope of the response curve of S-2-amino-1-butanol.

4. Conclusions

The chiral porous organic cage CC3-R proved to be a useful chiral selector for the
modification of PVC membrane electrodes to generate enantioselective potentiometric sensors.
The optimised membrane electrode containing 3 wt% CC3-R exhibited enantiomeric recognition
toward S-2-amino-1-butanol over R-2-amino-1-butanol (log KPot

S,R = −0.98) with acceptable sensitivity,
and a near-Nernst response of 25.8 ± 0.3 mV/decade toward S-2-amino-1-butanol at pH 9.0.
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