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Abstract:



In view of the chiral nature of many bio-molecules (and all bio-macromolecules), most of therapeutically active compounds which target these molecules need to be chiral and “good handed” to be effective. In addition to asymmetric synthetic and separation methodologies, enantioselective chemical sensors, able to distinguish between two enantiomers of the same molecule, are of relevance. In order to design these sensing tools, two major classes of enantioselective layers have been developed. The first is based on molecularly imprinted polymers which are produced (polymerized) in the presence of their target, thus the polymeric material keep in “memory” the size and the shape of this molecule and the system could be used for sensing (not reviewed here). The second approach makes use of sensitive layers containing chiral macrocyclic receptors able of stereoselective molecular recognition; these receptors are mainly based on cyclodextrins. In this contribution, are reviewed achievements in the use of native or chemically modified cyclodextrins for chiral sensing purposes (at interfaces). Potentialities of other chiral macrocycles based on calixarenes, calix-resorcinarenes or crown-ethers as supramolecular receptors for enantioselective sensing are discussed.






Keywords:


Stereoselective Sensor; Macrocycle; Cyclodextrin; Calixarene; Crown-ether; Supramolecular Chemistry








1. Introduction


1.1. General Considerations


Living organisms are, in one view, compartmented systems where all the components are cooperating with one another through a complex network based on weak force interactions. These forces guarantee the structural and functional integrity of biological systems. They are, for instance, warrants of protein and DNA structures, cell membrane cohesion, cytoskeletal elements activity, etc. These non-covalent bonds include van der Walls forces [1], ionic interactions [2], hydrogen bonds [3-8] and metal-ligand interactions [9, 10].



“La symétrie c'est l'ennui”*, Victor Hugo said; but nature is not boring…



In fact, many biomolecules and all bio-macromolecules (nucleic acids, proteins, peptides and carbohydrates) are chiral. The term “chirality” was introduced by Lord Kelvin in 1904 for describing molecules which are non superimposable on their mirror images, but the first report concerning asymmetry in chemistry could be attributed to Biot. In the early 19th century, he observed the effect of optically active substances on polarized light (1815). Nevertheless the concept of molecular asymmetry raised with Louis Pasteur who demonstrated in 1848 that sodium ammonium tartrate crystallizes on wine casks during fermentation in two different forms, easily distinguishable under the light microscope and which rotate polarized light with the same magnitude but in opposite directions [11]. More than two decades later (1874), Van't Hoff and Le Bel, working independently on this topic, explained this phenomenon with the theory of the tetrahedral structure of carbon bonds. Coming back to biomolecules, their widespread asymmetry implies that most of molecular interactions in biological systems take place in an asymmetric fashion. Therefore, when scientists aim to design molecules which would interact with biomolecules, they have to consider the asymmetrical structure of the targeted entity [12]. Indeed, in many cases, while one of the enantiomer of a molecule exhibits the desired biological activity (eutomer), the other could show no activity, even toxicity or antagonist effect [13]. For this reason, a US. Food and Drug Agency (FDA) policy statement published in 1992 make the study of pharmacological properties of each enantiomer of a chiral substance mandatory, even if the final commercial product is composed of both enantiomers. Therefore, it seems of a major interest to develop techniques which yield enantiomerically pure compounds. Despite the clear involvement of the pharmaceutical industry in the improvement of asymmetric synthetic methodologies, the straightforward production of optically pure compounds is still laborious and limited. It is consequently of a great interest to develop separation and analytical approaches which could allow the quantification and the separation of chiral compounds. Over the last two decades, a substantial amount of work has been done to develop enantioselective separation tools and the most successful approaches are so far based on high performance liquid chromatography (HPLC) [14-17], capillary electrophoresis (CE) [18-24] and gas chromatography (GC) [25-27]. Even if these techniques are fairly efficient, they are usually time consuming and rather expensive. It seems thus of relevance to develop durable and reliable chiral sensors which allow the quick and inexpensive estimation of the composition of a mixture of enantiomers. The success of these approaches relies on the use of highly efficient chiral selectors, i.e. molecules which have differential affinities for different enantiomers of the same molecule. In the range of molecular receptors used for this application, many examples are based on macrocyclic receptors, capable of chiral molecular recognition.




1.2. Chiral recognition principle


Chiral recognition is based on the ability of a molecular receptor to form a complex preferentially with one of the enantiomers of a chiral molecule. The higher the difference of affinity of the receptor for these different enantiomers is; the better the chiral discrimination efficiency is. However in contrast to chiral separation experiments, where analytes are subjected to thousands of cumulative adsorption-desorption events, called theoretical plates; chiral sensing is based on a single theoretical plate. Thus chiral sensing needs much more efficient chiral selectors; and all chiral selectors used in enantioselective separation could not be used for chiral sensing. Except approaches based on molecularly imprinted polymers [28-30], most of receptors used for chiral recognition are based on macrocyclic structures. In a review dealing with enantiomeric recognition of chiral amines [31], Zhang et al. proposed five general rules for effective chiral recognition using macrocyclic receptors, as follows:

	▪

	
“An essential requirement is that the chiral macrocycles form reasonably stable complexes with the guest enantiomers so that the repulsive interactions can effectively lessen the stability of the complex of one enantiomer.




	▪

	
Large chiral barrier(s) result in a high degree of enantiomeric recognition.




	▪

	
Low conformational flexibility of diastereomeric complexes plays an important role in good enantiomeric recognition. Two factors, rigid macrocycles and multipoint interactions, ensure a fixed conformation of the complexes.




	▪

	
The structural complementarity between chiral macrocycles and enantiomers ensures that the chiral barriers of macrocycles make full use of steric repulsion for enantiomeric recognition.




	▪

	
Macrocyclic receptors possessing C2, C3, and D2 symmetry usually show higher enantioselectivity than those of C1 and D3 symmetry”









These rules, even if established studying supramolecular systems in solution, could also be applied to the design of macrocyclic chiral receptors for interfacial sensing.




1.3. Scope of the review


This contribution focuses on the use of cyclodextrins and their derivatives in chiral sensing experiments at solid- liquid and solid-gas interfaces. It emphasizes progress made in this area over the past 20 years, but does not relate chiral recognition and sensing in solution. In a first part, general considerations about cyclodextrins structure and chemistry are given; even if not exhaustive it could help the reader who is novice in the field to understand the use of these macrocycles in chiral recognition. In the second part, a comprehensive inventory of successful sensing experiments at both solid-liquid and solid-gas interfaces is given; information about the cyclodextrin-based chiral selector used and the target analyte are emphasized. In the last part, some examples concerning potential macrocyclic chiral selector based on different macrocyclic skeletons such as calixarenes, calix-resorcinarenes and crown-ethers are discussed.





2. Cyclodextrins for Chiral Sensing


2.1. Generalities


Cyclodextrins are cyclic oligomers composed of 6, 7 or 8 d-glucopyranosidic units, for α, β and γ cyclodextrins, respectively [32-34]. They are bound via α-(1,4) glycosydic linkage and are produced by the enzymatic degradation of starch by cyclodextrin glycosyltransferase; a α-amylase found in several micro-organisms (Bacillus circulans, Bacillus macerans, Bacillus stearothermophilus, etc.)



The cyclodextrins have been first described by Villiers in 1891[35]. Performing a biodegradation experiment of starch, he isolated 3g of a crystalline white substance (from 1 kg of starch) with a composition he determined to be (C6H5O10)•3H20. Villiers found out that this substance resembles to cellulose with regard to its resistance to acidic hydrolysis, but lacking reducing properties of this polysaccharide. These considerations led him to name this substance: “cellulosine”. In the early 20th century, Schärdinger isolated two different dextrins (Villiers' cellulosine) which showed different behaviors with regard to their reaction with iodine, these substances are undoubtedly α and β-cyclodextrins. The cyclic structure of these dextrins was postulated later (1936) by Freudenberg [36].



The cyclodextrins present a truncated cone shape (toroidal) structure where primary alcohols are exposed and readily accessible at the primary rim (narrow) and secondary alcohols at the secondary rim (wide) (cf. Figure 1). The three dimensional structures of the cyclodextrins make them attractive because of the differential reactivity of their alcohol functions; which allow regioselective chemical modification either at the primary or at the secondary rim. A systematic analysis of different strategies for regioselective chemical modification of cyclodextrins had been reviewed comprehensively by D'Souza [37]. Important physical properties of cyclodextrins are summarized in Table 1. The cavity delimited by the cone is highly hydrophobic and present volumes of 174, 262 and 427 Å3; for α, β and γ cyclodextrins respectively. It should be noted that while the internal cavity diameter is increasing with the number of glucosidic units, the height of torus remains constant, equal to 7.9 Å. Their water solubility also varies regarding the size of the macrocycle and is explained by differential intramolecular hydrogen-bonding between the hydroxyl groups.


Figure 1. molecular formulae of α, β and γ cyclodextrins (top view) and schematic representation of the truncated cone shape of cyclodextrins (side view).
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Table 1. important physical properties of cyclodextrins (from ref 32).







	

	
Alpha

	
Beta

	
Gamma






	
Glucose monomers

	
6

	
7

	
8




	
Molecular weight

	
972

	
1135

	
1297




	
Height of torus, Å

	
7.9

	
7.9

	
7.9




	
Internal cavity volume, Å3

	
174

	
262

	
427




	
Internal cavity diameter, Å

	
4.7-5.3

	
6.0-6.5

	
8




	
[α]D 25°C

	
150

	
162

	
177




	
Water solubility (g/100mL: 25° C)

	
14.2

	
1.85

	
23.2




	
Water molecules in cavity

	
6

	
11

	
17










The cyclodextrins have been widely used in supramolecular chemistry because of their shape and reactivity. The propensity of native cyclodextrins to form inclusion complexes with organic molecules [38, 39] have been extensively studied and explored, not only for academic purposes but also for commercial applications [40]. A broad range of chemical or enzymatic modifications are now well established and broaden significantly the number of application fields of cyclodextrins.




2.2. Chiral recognition properties of cyclodextrins


Cyclodextrins are chiral by essence; they are able to form diastereoisomeric complexes with chiral guests. When this complex is of a higher stability for one enantiomer of the guest molecule, it could be considered that enantioselective recognition occurs. The difference of stability between the complex formed with one enantiomer with regard to the other will define the efficiency of this chiral discrimination process. The first example of chiral recognition using cyclodextrins was reported by Cramer and Dietsche; in their original paper the authors described the partial optical resolution of mandelic acid using cyclodextrin derivatives [41]. Since then, the use of cyclodextrins for chiral molecular recognition in separation sciences has undergone high growth. Mechanisms of chiral recognition by cyclodextrins have been elucidated and thoroughly reviewed elsewhere [42-44], they could be mainly explained by “three points binding” [45] and “lock and key” rules [46].




2.3. Cyclodextrins in chiral sensing layer


Cyclodextrins are chiral host molecules able of chiral discrimination even if they are not chemically modified. Nevertheless, chemical modifications are often needed to improve their physico-chemical properties (i.e. solubility) and also to graft on the macrocyle chemical functions which could allow their covalent anchoring at surfaces. It is important to note that all these chemical modifications have to be done in a way that the chemical functions added do not inhibit the chiral inclusion properties of the macrocyle.



2.3.1. Chiral sensing at the solid-liquid interface


Cyclodextrins have been used as coating materials of solid surfaces to act as chiral receptors using different sensing methodologies essentially based on potentiometric electrodes but also using surface plamson resonance, cyclic voltametry, resonance Raman (RR) and surface-enhanced resonance Raman spectroscopy (SERRS). In Table 2 are summarized stereoselective sensing experiments where cyclodextrins have been used for their ability of enantiospecific molecular recognition in the liquid phase. It could be seen that for chiral sensing at the “solid-liquid interface”, the chiral discrimination properties of the cyclodextrins have been mainly studied by means of potentiometric methods. Parker and coworkers have demonstrated that highly lipophilic α−cyclodextrins, per-octylated at both rims, are suitable receptors for chiral sensing of ephedrine, pseudoephedrine and norephedrine in the liquid phase, using potentiometric electrodes (cf. Figure 2) [47, 48]. In these experiments cyclodextrins derivatives have been incorporated into PVC membranes using o-nitrophenyl octyl ether (oNPOE) and bis(butylpenty1) adipate (BBPA) as plasticizers. Compared to many other systems which are very sensitive to ions, it has been demonstrated that this sensor could work in liquids possessing serum salt concentrations of cations (Na+, K+, Ca2+); which is a major advantage for potential applications of this system. In a further paper, the authors demonstrated that C-methyl substituent of ephedrine derivatives, β to the aryl ring, act as a stereo-differentiating group, and residual hydroxyl groups on the cyclodextrins are needed for enantiospecificity [49]. These results have also been confirmed by NMR studies. Parker successfully extended his studies to stereoselective sensing of amphetamine derivatives and propanalol; and studied sensing properties of these systems vs. other bio-relevant molecules such as dopamine, acetylcholine, procaine, prilocaine and lignocaine[50].


Figure 2. Example of Behaviour of electrodes in solutions of varying enantiomeric composition. Electroactive membrane: α-CD-BBPA; inner filling solution: 1.0 mmol dm-3 NH4Cl; conditioned in 10 mM (+)- or (-)-ephedrine, (-)-ephedrine-BBPA; and 2, (+)-ephedrine-HCl-BBPA. [BPPA: Bis(1-butylpentyl) adipate] [reproduced with permission from Analyst 1992, 117, 1313. Copyright 1992, the Royal Society of Chemistry]
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Table 2. stereoselective sensing experiments using native or chemically modified α−, β− or γ−cyclodextrins for chiral sensing at the solid-liquid interface using varying sensing methods; R1, R2 and R3 are indicated according to the general cyclodextrin formula presented below. [SPR: surface plasmon resonance, CV: cyclic voltammetry]
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Ref

	
n

	
R1

	
R2

	
R3

	
Guest

	
Sensing method






	
[47]

	
6

	
octyl

	
Octyl, H

	
O-octyl

	
ephedrine

	
Potentiometric




	
[48]

	
6

	
octyl

	
octyl

	
O-octyl

	
ehedrine

	
Potentiometric




	
[49]

	
6

	
H, Me, Ac or Octyl

	
Octyl

	
O-octyl

	
Ephedrinium ion

	
Potentiometric




	
[50]

	

	
Octyl

	
octyl or dodecyl

	
O-octyl or O-dodecyl

	
amphetamine propanalol

	
Potentiometric




	
[51]

	
7

	
trimethylammoniopropyl

	
H

	
OH

	
ramipril

	
Potentiometric




	
[52]

	
7

	
trimethylammoniopropyl

	
H

	
OH

	
cilazapril pentopril trandolapril

	
Potentiometric




	
[53]

	
6, 7 or 8

	
H

	
H

	
OH

	
perindopril

	
Potentiometric




	
[54]

	
7

	
trimethylammoniopropyl

	
H

	
OH

	
perindopril

	
Potentiometric




	
[55]

	
7

	
trimethylammoniopropyl

	
H

	
OH

	
proline

	
Potentiometric




	
[56]

	
7

	
H

	
H

	
NH-CO-(CH2)nS(CH2)-nCH3

	
thyroxine

	
SPR




	
[57]

	
6

	
H

	
H

	
NH(CH2)2SH

	
Phenyl-ethylamine

	
CV




	
[58]

	
6

	
H

	
H

	
NH(CH2)2SH

	
DOPA-derivatives

	
CV










Potentiometric electrodes have also been used by Stefan and co-workers to design enantioselective sensors for S-ramipril which is an angiotensin converting enzyme (ACE) inhibitor used in high blood pressure treatments. They used membrane electrodes based on graphite paste (graphite powder and paraffin oil) impregnated with 2-hydroxy-3-trimethyl-ammoniopropyl-β-cyclodextrin (as a chloride salt) [51]. This sensor could be used for enantiopurity tests using S-ramipril as raw material or in its pharmaceutical formulations, in the concentration range from 1.80 × 10-5 to 2.3 × 10-1 M, with a detection limit of 10-5 M. These electrodes have also been shown to be efficient for enantiopurity studies of S-captopril [59], proline[55], cilazapril, pentopril, trandolapril[52] and perindopril [53, 54]. Molecular formulas of these therapeutically active molecules are given in Figure 3. Stefan and coworkers have also demonstrated that in the case of proline, the α-cyclodextrin showed an improved time stability and enantioselectivity with regard to the β− and γ− derivatives [60]. At this point, it could be noted that all the molecules cited above possess at least one hydrophobic cyclic part, which could presumably be included in the hydrophobic cavity of the cyclodextrin receptor, polar functions of the guest molecule are then in close contact with eventual polar functions of the receptor and then could interact to improve the stability and the enantioselectivity of the complex.


Figure 3. molecular formulas of chiral drugs studied using membrane electrodes based on graphite paste impregnated with 2-hydroxy-3-trimethyl-ammoniopropyl-β-cyclodextrin.
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In addition to potentiometic approaches, enantioselective sensing experiments have also been carried out using surface plasmon resonance and cyclic voltametry. Even if surface plasmon resonance is known as a powerful tool for monitoring biomolecular interactions at the sold-liquid interface, it is much less used for sensing small molecules because of the low sensitivity of commercial systems for low molecular weight molecules (typically < 500). In his extensive work on cyclodextrins, Reinhoudt demonstrated that β-cyclodextrins, modified on the primary rim with thioether containing hydrocarbon chains, are able to self assemble as monomolecular densely packed layers; these systems have been fully characterized [61]. To our opinion, the most elegant application of these systems is their use for building nanoscale molecular printboards [62]. We used these self-assembled monolayers (SAMs) to build a SPR-based sensor, able to discriminate between enantiomers of thyroxine[56]. In Figure 4 are presented binding sensograms obtained for d- and l-enantiomers of thyroxine, molecular formula and apparent affinity constants for varying proportions of each enantiomer. From these results, it could clearly be seen that cyclodextrin-based SAMs present a better affinity for the d-enantiomer of thyroxine; apparent affinity constants increase linearly with increasing the proportion of the d-enantiomer. This system could therefore be considered as a suitable tool for determining enantiomeric compositions of mixtures of d- and l- thyroxine.


Figure 4. SPR binding sensograms of d- and l-Thyroxine to cyclodextrin based SAM (top), molecular formula of thyroxine (squared) and apparent affinity constant values in function of proportion of D-thyroxine in a mixture of enantiomers. [reproduced with permission from J. Incl. Phenom. Macrocyclic Chem. 2005, 53, 35. Copyright 2005, Springer].
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SAMs of cyclodextrin derivatives have also been used as sensitive stereoselective layers in cyclic voltametry experiments. Kitano and co-workers produced cyclodextrins bearing four thiol-containing chains at the primary rim and unmodified on secondary alcohols. These molecules form SAMs on gold surfaces and have been studied by mean of competitive cyclic voltametry, for their ability to interact with 3,4-dihydroxyphenylalanine (DOPA) and its derivatives. In this report, the authors checked SAMs formation and compared cyclic voltamograms of treated surfaces with bare gold. They showed that even if they found some stereospecific recognition effect, it is not high enough to build stereoselective sensor and postulated on the need to rationally modify the secondary rim of cyclodextrins to improve these results[58]. They came to the same conclusion studying specific binding of four stereoisomers of azo compounds, o- or p-methyl red and (R)-(+)- or (S)-(-)-1-phenylethylamine conjugates[57]. They have also investigated this system on silver surfaces using resonance Raman (RR) and surface-enhanced resonance Raman spectroscopy (SERRS)[63]. An illustration of the approach used in these experiments is given in Figure 5.


Figure 5. Oxydo-reduction reaction of DOPA (left) and schematic representation of an inclusion complex of DOPA and cyclodextrin attached to a gold surface; included DOPA is submitted to a redox reaction. [reproduced with permission from Langmuir 1999, 15, 1887. Copyright 1999, the American Chemical Society]
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2.3.2. In the gas phase


As mentioned above, the interactions between organic (chiral) guests and cyclodextrins are mainly driven by hydrophobic interactions of the guest entity within the cavity of the macrocycle. In the gas phase, while hydrogen bonding is usually strengthen, hydrophobic effects are drastically weakened [64]. Thus, the use of cyclodextrins is much less adapted for sensing at solid-gas interfaces. Nevertheless, several reports concerning the use of cyclodextrins for chiral sensing of gaseous species have been published, they are summarized in Table 3. It could be seen that quartz crystal microbalance is the most employed tool for monitoring stereospecific interactions at the solid-gas interface. In a few words, quartz crystal microbalance measures mass loading on the sensor chip by measuring the change in the resonant frequency of a piezoelectric quartz crystal and could be used in gaseous or liquid environment. In 1994, Ide et al. reported on the use of per-alkylated α β and γ cyclodextrins for sensing aroma components in the gas phase[65]. They showed that for both citronellal and rose oxide, the best affinity is observed for the d-enantiomer with a higher sensor response using per-alkylated α-cyclodextrin and per-alkylated β-cyclodextrin, for rose oxide and citronellal respectively. In this study, it is also shown that chiral discrimination does not only depend on the size of the cyclodextrin derivative used but also on its substituent groups.



Table 3. stereoselective sensing experiments using modified α−, β− or γ−cyclodextrins for chiral sensing at the solid-gas interface using various sensing methods; R1, R2 and R3 are indicated according to the general cyclodextrin formula presented below. [QCM: quartz crystal microblalance, SPR : surface plasmon resonance, TSMR : thickness shear mode resonator, SAW : surface acoustic wave sensor]
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n

	
R1

	
R2

	
R3

	
Guest

	
Sensing method






	
6,7,8

	
Me

	
Me, pentyl

	
O-Me

	
citronellal rose oxide

	
QCM




	
7

	
Ethyl, methyl, acetyl

	
Ethyl, methyl, acetyl

	
TBDMS

	
limonene

	
QCM




	
7, 8

	
pentyl

	
pentyl

	
O-Me

	
Pinene pinane

	
QCM




	
7

	
Me, Pentyl, φCHO

	
Me, Pentyl, φCHO

	
mono-ONHCONH(CH2)nSH

	
methyl-lactate

	
QCM




	
7

	

	

	
(OMe)6 ONHCONH(CH2)nSH n= 2, 6 or 11

	
2-butanol 2-octanol methyl-lactate ethyl-lactate carvone

	
QCM




	
7

	
pentyl

	
Butanoyl

	
O-pentyl

	
Methyl lactate Methyl chloropropionate

	
SAW




	
8

	
pentyl

	
butanoyl

	
O-pentyl

	
Sevoflurane degradation product

	
TSMR, SAW, SPR




	
8

	
butanoyl

	
pentyl

	
O-pentyl

	
methyl-lactate methyl-chloropropionate flurane derivatives

	
SMR










A study reporting on chiral sensing of limonene using a cyclodextrin-based QCM sensor had been published by Fietzek et al. In this paper, it is described that sylilated β-cyclodextrins introduced in a polysiloxane layer, spayed on a QCM chip, could act as enantioselective sensors which exhibit a better affinity for R-limonene (cf. Figure 6) [66].


Figure 6. A series of sensor signals for limonene of different enantiomeric composition on a cyclodextrin coated sensor (Et-β-CD) and an achiral polyetherurethane (PEUT) sensor. The cyclodextrin coated sensor shows a difference of 100 Hz between R- and S-limonene while there is no differences for the achiral PEUT sensor. [reproduced with permission from Fresenius J. Anal. Chem. 2001, 371, 68. Copyright 2001, Springer Verlag]
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Other terpenes such as pinene and pinane have been studied using enantioselecive QCM sensors and compared with gas chromatographic retention data [67]. It is demonstrated that enantiomeric separation was carried out using capillary columns coated with heptakis(6-O-methyl-2,3-di-O-pentyl)-β-CD, octakis(6-Omethyl-2,3-di-O-pentyl)-γ−CD, and heptakis(2,3,6-tri-Omethyl)-β-cyclodextrin. Significant separation factors, same elution order than capillary GC with the exception of trans-pinane with octakis(6-O-methyl-2,3-di-O-pentyl)-γ-CD and α-pinene with 2,3,6-tri-O-methyl-β-CD, are observed. Surface Accoustic wave devices (SAW) and Fourrier transform infrared external reflectance (FT-IR-ERS) spectra were also used to probe chiral recognition in the gas phase. Hierlemann et al. have demonstrated than SAW surfaces, coated with cyclodextrins, present high sensor response when specific molecular recognition occurs, with regard to sensograms obtained when the analyte is ordinary physisorbed on the surface [70]. FT-IR measurements also show drastic changes in the IR spectra. These systems have been shown to react enantioselectively with methyl-chloropropionate and methyl-lactate and support the results obtained using thickness shear mode resonator [72]. Kieser et al. have studied stereoselective interactions of the chiral halodieter 1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-methoxypropane (halodieter B) using Lipodex E® [71]. Lipodex E is a commercially available polymer made of polysiloxane containing octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-γ-cyclodextrin; it is widely used for chiral separation purposes. In this paper, the authors showed, using thickness shear mode resonators (TSMR), surface acoustic wave sensors, surface plasmon resonance (SPR), and reflectometric interference spectroscopy, that this polymer layer could also be used for stereospecific sensing of sevoflurane degradation products.



In the above cited experiments, cyclodextrins were sprayed on the sensor chip but it has also been demonstrated that they can be used as self assembled monolayers when bearing sulphur containing moieties[68, 69]. Monothiolated cyclodextrins (cf. Figure 8) had been produced via a “phosphine imide reaction” [73] and used to form SAMs on gold surfaces. It is demonstrated that these systems are efficient for gas phase chiral sensing of methyl- and ethyl-lactate, 2-butanol, 2-octanol and carvone (cf. Figure 8).


Figure 8. Example of a thiol-bearing cyclodextrin used for enantioselective SAM layer.
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3. Other chiral macrocycles, potential candidates for chiral sensing


3.1. Calixarenes and Calix-resorcinarenes


Calixarenes are macrocyclic molecules produces by the base catalyzed reaction of para-tert-butyl-phenol and formaldehyde [74-76]. Most common calix-arenes are composed of 4, 6 or 8 phenolic units, linked by methylene bridges. They have been widely used in supramolecular chemistry for their self-assembling properties and their ability to form supramolecular complexes with organic molecules and ions. Native calixarenes are achiral in essence but many examples of chemically modified chiral calix-arenes have been reported[77, 78]. Enantioselective recognition properties of these molecules have been demonstrated in solution. Nevertheless, only a few examples of chiral (surface) sensor based on calixarenes are reported. Guo et al. have described the synthesis of a dicyclopeptide bearing calixarenes [79]. These receptors have been synthesized by reacting 1,3-di(chlorocarbonylmethoxy)-p-tert-butyl-calix[4]arene with serine containing cycloclopeptides (cf. Figure 10). They have been used to modify QCM sensor chips and their enantioselective binding properties evaluated with isomers of methyl-lactate. This calixarene based receptor possesses a higher affinity for the R enantiomer, and the autors conclude their paper pointing out the promising properties of this kind of stereoselective sensor. Surprisingly, to our knowledge, this is the only example of a calixarene-based stereoselective sensor.


Figure 10. molecular formulae of cyclopeptides bearing calix[4]arenes.
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Nevertheless, some examples of chiral recognition at interfaces using calix-arene based receptors have been reported. Liu et al. have designed amphiphilic calix-arene molecules bearing bi-cyclic guanidinium moieties. These molecules have been shown to self-assembe at the air-water interface to form stable Langmuir monolayers and are able to discriminate between d and l enantiomers of phenylalanine [80]. Nevertheless, these receptors have never been used to build durable chiral sensors. Some other examples of chiral recognition at interfaces have been reported for chiral calix-resorcinarenes.



Calix-resorcinarenes are macrocyclic cone-shaped molecules, very similar in size and in shape to calix-arenes. They are produced via the acid catalyzed reaction of resorcinol and an aldehyde. Like calix-arenes, they have been widely studied by supramolecular chemists for their self-assembling and molecular recognition properties. Bilewicz and co-workers have designed several amphiphilic calix-resorcinarenes, bearing chiral recognition moieties and have shown their stereoselective interactions with amino-acids at the air-water interface by mean of the Langmuir balance technique [81-83]. We have also developed an amphiphilic prolyl-bearing calix-resorcinarene and have shown that this receptor is able to discriminate between d and l-phenylalanine via the formation of a ternary complex with copper ions [84], a representation of the proposed interaction mechanism is presented in Figure 11.


Figure 11. molecular formula and proposed mechanism for enantioselective recognition of phenylalanine using a chiral calix-resorcinarene at the air-water interface [reproduced with permission from Langmuir 2005, 21, 6503. Copyright 2005, the American Chemical Society].
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3.2. Crown-ethers


Unlike calixarenes, some more examples of crown-ethers, used for enantioselective sensing have been published. Crown Ethers[85, 86] are cyclic polyethers discovered by Pedersen in early seventies[87]. Their widespread use in supramolecular chemistry could be attributed to their almost unlimited capabilities for forming host-guest complexes with ionic species. Many examples of chiral crown ethers are published but only a few reports on the use of these molecular receptors as sensitive sensor layer are available.



To our knowleddge, the first report on the use of chiral crown-ethers for enantioselective sensing was published in 1980 [88]. In their pioneering work, Yasaka et al. demonstrated the enantioselectivity of four crown-ethers derivatives in plasticized PVC membranes with phenylalanine methyl ester and phenylethylamine.



Polymeric membrane electrodes based on the chiral crown ether, 2,3:4,5-bis-[1,2-(3-phenylnaphtho)]-1,6,9,12,15,18-hexaoxacycloeicosa-2,4-diene were shown to be stereoselective for different amino acid methyl-esters, with the best value observed for phenylglycine methyl ester [89]. More recently, a crown-ether containing PVC plasticized membrane had been shown to have stereoselective complexation properties of 1-phenylethylammonium ions when incorporated into a plasticized PVC based electrode membrane, thus providing enantioselectivity. In addition to these sensing experiments, some crown-ether derivatives were studied for their enantioselective complexation properties at the air-water interface [90]. Badis et al. studied, at Langmuir monolayer surfaces, stereoselective interactions of four chiral amphiphilic crown ethers (cf. Figure 12) differing by the hydrophobic tail groups with amino-acids (alanine, valine, phenylglycine and tryptophane) [91]. Steroidal crown ether have also been studied at the air-water interface for their chiral recognition properties of methyl-ester amino-acids (alanine, valine, phenylalanine, tryptophan) [92].


Figure 12. molecular formulas of four chiral crown-ethers, able of stereoselective molecular recognition at the air-water interface [reproduced with permission from Langmuir2004, 20, 6259. Copyright 2005, the American Chemical Society].
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4. Concluding remarks


In addition to their applications in chiral separation, cyclodextrins have been shown to be efficient receptors molecules for chiral sensing at interfaces. In this contribution we attempted to present an exhaustive list of achievements of cyclodextrin-based chiral sensors. Nevertheless, when comparing these results with the huge amount of papers published about chiral recognition in solution, we came to the conclusion that they are still not fully exploited for chiral sensing. In addition, it should be noted that even if a considerable body of work devoted to the design of calix-arene or crown-ether based chiral receptors was developed concurrently, their use in chiral sensing at interfaces is even more underexploited. In view of the scientific and industrial relevance of chiral sensors, we could expect that these research fields will receive increasing attention in the near future.
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Figure 7. Comparison between SAW (a) signals and SPR (b) signals with Lipodex E as sensor coating on exposure to the single enantiomers of halodiether B. [reproduced with permission from Anal. Chem. 2002, 74, 3005. Copyright 2002, the American Chemical Society]. 
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Figure 9. molecular formulae of chiral analytes studied in gas phase cyclodextrin-based chiral sensors. 
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