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Abstract

:

Chiral molecules possess enantiomers that have non-superimposable chemical structures but exhibit identical nuclear magnetic resonance (NMR) spectra. This feature prevents the use of NMR spectroscopic methods for the determination of enantiomeric excesses (ee) of chiral molecules, using simple mixtures of their enantiomers. Recently, however, it was reported that the addition of a symmetrical prochiral molecule (a reporter or host) into a solution of chiral analyte can lead to estimation of ee through interactions involving rapid exchange of the chiral analyte (guest) in the formed host–guest complex. This is due to the ee-dependent splitting of NMR resonances of the prochiral host molecule based on averaging the chemical shift non-equivalency caused by the presence of a chiral guest. The mechanism is not dependent on diastereomer formation, and 1:1 host–guest complexes can also show ee-dependent NMR peak splitting. Prochiral molecules capable of ee sensing using the NMR technique are now referred to as so-called prochiral solvating agents (pro-CSAs). pro-CSAs represent a family of reagents distinct from the commonly used NMR chiral derivatizing reagents (where chiral auxiliaries are used to derivatize enantiomers to diastereomers) or chiral solvating agents (where chiral auxiliaries interact in an asymmetric manner with analyte enantiomers). pro-CSA methods are unique since neither pro-CSA nor NMR contains chiral factors, making the technique neutral with respect to chirality. Here, we review our recent work on this matter involving several different nominally achiral receptor molecules whose unique guest binding properties and solution characteristics (especially with regard to NMR spectroscopy) allow for the estimation of ee in the corresponding chiral guests.
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1. Introduction


Chirality not only plays a critical role in biochemical reactions, but also is an important consideration in the development of novel medicines [1], asymmetric syntheses [2], including catalysis [3,4], and molecular self-assembling systems [5,6,7,8,9,10]. For these reasons, the detection and analysis of molecular chiral activity, including the relative purities of chiral substances and their interactions, is a burgeoning research area of increasing importance due to the overarching role of asymmetry and stereochemistry [11,12]. Several analytical techniques for the determination of chiral characteristics are known and are widely applied, including gas chromatography (GC) [13], high performance liquid chromatography (HPLC) [14,15,16,17] and nuclear magnetic resonance (NMR) spectroscopy [18,19,20]. Notable methods of chiral analysis involving spectroscopic and similar methods include several techniques, involving circular dichroism (CD) [21,22,23], electronic spectroscopy (e.g., ultraviolet-visible (UV-vis) [24,25,26], fluorescence (Fl) [27,28,29,30]) and cyclic voltammetry (CV) [31], usually with a chiral host molecule for detection. Achiral hosts, where diastereomer complexes are observed [32] or where helicity is induced in chromophore dimer molecules by complexation with chiral guests, have also been studied [33,34,35,36]. As a result of the presence of isomers, chiral compounds exhibit enantiomeric excess (ee), a measure of their purity with respect to chiral isomer content. This important parameter can determine the effectiveness of a chiral therapeutic agent [37], or it can be used as an index to assess the success of reactions involving chiral products, especially those involving asymmetric catalysts [38]. While the aforementioned GC [13] and HPLC [14,15,16,17] methods are very useful for the evaluation of ee, NMR spectroscopy can also be used for this purpose by using three common protocols: (a) analyte derivatization with a chiral modifier [39,40,41], (b) lanthanide-containing shift reagents [40], and (c) the addition of a chiral solvating agent (CSA) [40,41]. The latter involves the formation of diastereomeric complexes with the different enantiomers of analytes. In the case of NMR spectroscopy, until relatively recently, it was not possible to use it to analyze ee without using an intrinsically chiral analytical probe substance because NMR is essentially insensitive to the enantiomer identity.



Our work on this subject, which is the topic of this review, was initially based on non-chiral CSA, where information about ee is extracted based on the enantiotopicity of host proton NMR resonances in rapidly exchanging guests in guest–host complexes [42,43,44]. The mechanism of the ee detection was also confirmed by applying computational methods, including molecular dynamics simulations [43,44]. Subsequently, we have also considered other corresponding small molecule systems [45] as well as receptors from the now well-established porphyrin dimer family [46] and coordination complexes [47]. The latter are highly promising as analytical reagents because of the large available range of ligand–metal cation combinations, which can be adapted for analyses under many different conditions. Here, we present an overview of our recent work on ee estimation. It is given in largely chronological order to illustrate how our philosophy has progressed during consideration of this subject. Initial observations in the oxoporphyrinogen (OxP) system were developed, eventually yielding an achiral host, while similar activity was found in meso-tetraphenylporphyrin (TPP) dications. Sensing activity was also found in selected small molecule systems and coordination complexes of zinc (II). Finally, we considered the sensing activities of a chiral porphyrin dimer using several different spectroscopic techniques to emphasize the utility of those molecules. Chemical structures of the ee-sensing probes described here are shown in Figure 1. The ee sensing activity of these probes provides insights into interactions between chiral species and both the achiral and chiral host systems shown. Furthermore, the host–guest systems are complementary to existing techniques for chiral analysis, such as GC/HPLC and the other well-established NMR methods.




2. Oxoporphyrinogens and Porphyrin Dications


Oxoporphyrinogens (OxP, 5,10,15,20-tetrakis(3,5-di-t-butyl-4-oxocyclohexa-2,5-dien ylidene)porphyrinogen [48,49]) derived from the 2-electron oxidation of 5,10,15,20-tetrakis(3,5-di-t-butyl-4-hydroxyphenyl)porphyrin [50] are a class of tetrapyrroles related to, but apart from, the calix[4]pyrroles [51]. They have been studied for their interactions with anions [52], anion–cation pairs [53], water [54], and other analytes [55,56,57] as components of multichromophore systems as an electron acceptor [58,59,60,61,62], and also as H-bonding catalysts [63]. Their saddle-like structures allow for hydrogen bonding interactions with a wide variety of potential analytes, which can also lead to changes in the electronic absorption spectra of the chromophore incorporated in the macrocyclic framework. We first observed a response to chiral analytes in the simplest of OxP-type probe molecules ‘OxP’, although the macrocycle dynamics and tautomeric processes of that compound obscured the intrinsic chiral characteristics of this molecule. These matters could be eliminated synthetically, yielding a truly achiral molecule subsequently used for enantiomeric excess determinations.



The porphyrins [64], a family of tetrapyrrole macrocycles and their metal complexes, have significant photochemical and catalytic properties as illustrated, respectively, by the chlorophylls [65] and heme [66]. Additionally, certain synthetic porphyrins are adapted as chiral sensing molecules because their usually strong electronic absorption in UV and visible regions allows observations of the local environments, using CD spectrophotometry. This field has been established due to work from Nakanishi [67], Berova [35,68], Inoue [69], and Borovkov [32], amongst others; these studies have made it clear that a site for supramolecular interaction is critical for the activity of any prospective chiral sensing molecules. For us, the molecule OxP [48,49] presented such an opportunity, due to the presence of hydrogen bonding guest binding site(s), and it is also highly colored (and can provide colorimetric/optical or electrochemical responses [62,70]). While there exists a large body of reports about chiral analysis using porphyrins in conjunction with CD spectroscopy and other methods [71], there are only a few accounts regarding the same purpose involving NMR spectroscopy.



The structure of OxP [50] reveals a saddle-shape conformation of the pyrrole groups in the molecule. OxP interacts with guests through H-bonding at its pyrrole NHs, and this was initially investigated for OxP interacting with chiral mandelic acid, MA (Figure 2) [42]. It was observed by NMR spectroscopy that the presence of excess (9 eq.) racemic mandelic acid (MA) together in solution with OxP causes resonances, due to t-butyl protons, quinonoid alkene protons, and pyrrolic β-proton to shift downfield, while those due to pyrrolic NH are no longer visible (Figure 2b (i,ii)). This is due to the formation of an acid–base complex, OxP·2MA. On the other hand, if pure (R)-enantiomer MA is present, both the pyrrolic β proton and quinonoid resonances of the OxP host are not only shifted downfield, but also split to two peaks (Figure 2b (iii)). The degree of splitting does not vary (even in the presence of excess MA). Therefore, these two peaks originate from the acid–base complex of OxP with MA. OxP behaves similarly in the presence of the (S)-enantiomer. Thus, the splitting of peaks is due to the chirality of the guest. Different non-racemic mixtures of MA were then applied, leading to the finding that the degree of peak splitting is dependent on the ee (Figure 2c). The chemical shift difference (Δδ) of the peak splitting was plotted against the respective ee values of the analyte (mandelic acid), leading to a linear correlation of these parameters (Figure 2d), indicating that the splitting of NMR peaks of the host is based on a transfer of guest chirality information to the host. As we understood it at the time, this was the initial demonstration of an achiral host as a probe of ee operated by considering the Δδ of splitting of its NMR peaks. In the case of chiral hosts, ee is estimated by measuring the ratio of guest (i.e., chiral analyte) peak areas, which are distinguishable due to the host–guest diastereomer complex formation [41].



Highly colored OxP can also be analyzed for physical changes by using other techniques, such as UV-vis or CD spectrophotometry. Purple-to-red color changes are observed in OxP solutions when large quantities of either (R)- or (rac)-MA are added (Figure 3a), with resulting solutions having identical UV-vis spectra (Figure 3a) and strong induced CD signals dependent on the chirality of the guest (Figure 3b). The gradual addition of (R)-MA leads to the emergence and intensification of a new band around 790 nm with a concurrent weakening and splitting of the OxP absorption maximum band around 500 nm.



A 1:2 stoichiometry (Figure 3c,d) was found for the interaction between OxP and MA with 1st and 2nd binding constants of K1 = 1.3 × 103 M−1 and K2 = 5.3 × 103 M−1, respectively, suggesting positive cooperativity (α) of the binding based on α = 4K2/K1 = 16.3 >> 1. Note that the formation of OxP·2MA involves a different mechanism of binding than H-bonded OxP-anion complexes [42,44,46], due to the acidity of the guest (OxP has a similar spectrum in the presence of methanesulfonic acid, indicating that it is due to protonation). The acid-induced splitting of the 500 nm band in OxP complexes indicates a symmetry-breaking process (D2d to D2), which was assigned to the prototropic tautomerization of OxP to its 5,15-porphodimethene form with phenolic and hemiquinonoid substituents (Figure 3e,f). This suggests that the OxP·2MA complex involves partly electrostatic interactions between diprotonated (cationic tautomer) OxP and anions of MA as was previously observed for complexes of organic anions with TPP dications [62].



For the protonated OxP–guest complexes, there are related complicating factors for their analyses [44]. These are macrocyclic inversion (also referred to as ‘ring-flip’) and prototropic tautomerism, which obstruct rationalization of the ee-sensing mechanism involving OxP [42]. Protonation of OxP changes its structure so that oxocyclohexadienylidene groups at meso-positions reversibly interconvert to phenols. OxP adopts D2-symmetry (from D2d) upon protonation with 2 eq. mandelic acid MA, leading to the emergence of chirality since saddle-shaped OxPH22+ can exist as (+)-OxPH22+ and (–)-OxPH22+, which are dynamically interconverting enantiomers (Figure 4). The interconversion between these enantiomers occurs by ring-flip and tautomerism mechanisms resembling a known molecular chiral memory [72]. It is interesting to note the use of a chiral guest as a probe of the OxP dynamic processes (tautomerism and inversion). Ultimately, in this case, guest chirality allowed us to detect and observe the enantiomers of OxP by the formation of diastereomers. However, it was concluded that these complicating factors make it difficult to establish unequivocally the mechanism of ee sensing, and we returned to the synthesis drawing board.



Our work on the initial OxP system, although challenging, has led to the development of the prochiral solvating agents (pro-CSA) for possible practical application. For OxP, hydrogen bonding sites, i.e., pyrrolic NHs, are indispensable, while tautomeric processes are not advantageous, due to possible variations in the host’s structure. Tautomeric processes occur because of electronegative atoms at the periphery of OxP, so our investigations were continued by checking the possibilities of using simple tetraalkyl- and tetraphenylporphyrin dications, which cannot undergo complicated tautomeric processes (although inversion remains). Tetrakis (t-butyl) porphyrin (TtBuP) and tetraphenylporphyrin (TPP) were then applied for use as probes of ee [73].



At 25 °C, TPP does not interact with chiral carboxylic acids in CDCl3. On cooling to −32.5 °C, there are distinct changes in 1H-NMR spectra (Figure 5a) caused by the protonation of TPP. This is confirmed by its UV-vis spectrum (Figure 5b). Solutions of TPP containing 2-phenoxypropionic acid (PA) exhibit a very weak mono-signated CD spectrum (also only on cooling; Figure 5c), suggesting that chiral guest binding causes an insignificant macrocyclic distortion. In 1H-NMR spectra of solutions containing (R)-PA measured at −32.5 °C, ortho-phenyl-H and pyrrole-H resonances of TPP are each symmetrically split to two sets of signals (Figure 5d). The degree of splitting (Δδ) is dependent on ee of the chiral carboxylic acid used. Plots of Δδ against ee indicate a linear relationship; Δδ = Δδmax × ee. Δδmax is the characteristic maximum splitting of each chiral acid. Similar to OxP [42], ion-pair formation of a 1:2 host–guest complex leads to a linear relationship between ∆δ and ee at −32.5 °C (Figure 5e). Guest counteranions exchange rapidly at the two available binding sites; the host remains effectively doubly protonated on the NMR timescale.



By making the tetrapyrrole host molecule less complex (by replacing hemiquinonoids of OxP with phenyls but keeping the saddle shape of macrocycle–porphyrin dication, it is coincidentally similar to the TPPH42+ system [74]), a model mechanism for host–guest interactions in this system could be developed. This model accounts for the linear relationship between Δδ and ee [73]. At this point, we noted that OxP and porphyrin dications are applicable for analysis only of chiral carboxylic acids. To make the concept more general, a class of compounds whose structures could overcome the disadvantages of the OxP and TPP systems was sought. The following criteria were applied for the development of the new host and are given in order of increasing importance: (a) room temperature operability (for measurement convenience); (b) should not require protonation or other modification incidental or otherwise to operate as a host (i.e., can interact with a range of different compound classes); (c) tautomerism should be absent (for simplest possible NMR spectra); (d) 1:1 stoichiometry (i.e., avoids diastereomers); and, most importantly, (e) proton NMR spectra have split resonances where Δδ is proportional to guest ee. To fulfil these multifarious conditions, we returned to the OxP system since it is unique amongst calix[4]pyrrole-type compounds in its regioselective alkylation at pyrrolic nitrogen atoms [75]. N-alkylation at N21 and N23 leads to one isomer of the di-N-substituted product and does not cause changes to the molecular form, i.e., OxPBz2, N21,N23-dibenzyl-5,10,15,20-tetrakis (3,5-di-t-butyl-4-oxocyclohexa-2,5-dienylidene)porphyrinogen, maintains a saddle-shaped conformation suitable for host–guest interactions. This molecule also fulfils many of our design requirements: there is a single binding site for a hydrogen-bonded guest with N-alkylation restricting/preventing tautomerism. OxPBz2 is also difficult to protonate, and splitting of the relevant peaks for enantiomeric excess reporting is present, even at ambient temperatures. Importantly, the interactions of this host are based purely on hydrogen bonding, making it useful for ee estimation over a much wider range of analytes, including alcohols, amines, amino acid derivatives, and ketones.



Compounds of the type OxPBz2 are excellent examples of what we have come to refer to as prochiral solvating agents (pro-CSAs, see Figure 6a) [43,76]. If a single enantiomer guest (Figure 6b) is added to OxPBz2 in solution, there occurs a symmetrical splitting of the relevant reporter resonances of OxPBz2 (Figure 6c). Chiral guests interact with OxPBz2 by H-bonding at pyrrolic NH groups, leading to a downfield shift of the NH peak (Figure 6c). Considering the conformation of the host and macrocycle rigidity, the distance between the guest binding site and the CH reporter groups is critical. CH groups responsible for sensing activity have different sensitivities (i.e., magnitude of Δδ) depending on the guest (Figure 6c). OxPBz2 contains four groups with potential for sensing activity at different spatial positions and distances from the binding site so that the splitting of peaks due the CH reporter groups is highly likely to result where a chiral guest binds to OxPBz2.



If a chiral guest binds to OxPBz2, the resulting non-equivalence of protons A and B (Figure 7a,b) is broken as indicated since certain orientations of guest are preferred (Figure 7c,d). When molecular mirror symmetry is broken (due to the presence of a chiral guest), protons A and B, which are initially enantiotopic, become diastereotopic, yielding non-identical and anisochronous chemical shifts (Figure 7b). Diastereomers are not formed, due to the relative positions of protons A and B in the molecule, which is also the reason why the intensities of the peaks observed at any arbitrary ee are identical. The appearance of two second-order doublets is a consequence of the proximity of protons A and B, which then undergo a vicinal scalar 3J-coupling.



In practical usage, pro-CSA OxPBz2 has some interesting features. Repetitive estimations of the ee of an analyte (e.g., where pharmaceutical development requires it) can be undertaken after construction of a suitable calibration curve. The pro-CSA reagents can also be applied for continuous estimation of ee in racemization or enantioenrichment reactions (e.g., the Soai reaction [77]). Additionally, conventional CSA methods require a particular CSA reagent for each type of analyte (e.g., carboxylic acids suggest chiral amines). OxPBz2 is an extremely versatile pro-CSA since a wide variety of different analytes lead to useful chemical shift non-equivalence, due to H-bonding interactions of the analyte with the probe molecule [43]. As a result of chiral information transfer from analyte to OxPBz2, and subsequent readout of the ee information from the host’s NMR resonances, OxPBz2 might be modified for the retrieval of chiral information from, for instance, 19F NMR spectra, where the analyte and solvent resonances would not interfere. Finally, it should be noted that ee sensing involving OxPBz2 does not depend on diastereomer formation [43]. This counterintuitive feature is a symptom of what might be termed “dynamic diastereotopic mirroring” based on the symmetry of the host and its sensing reporter groups together with a fast guest exchange [43].




3. Extension to Small Molecules—The Case of Benzylamine


The mechanism of action of the OxP, OxPBz2 and TPP systems relies on the diastereotopicity of proton resonances in rapidly exchanging guest–host systems. In principle, similar situations might exist in many host–guest pairs, and we sought these, eventually discovering such activity in the case of selected benzylamine/2-phenylpropionic acid combinations [45]. Certain small prochiral (non-macrocyclic) molecules exhibit the splitting of 1H-NMR resonances in isotropic media, which is dependent on the ee of a chiral analyte. Notably, this occurs when compounds contain a phenoxy group at the α-position to the carboxyl group in either a chiral acid (as the analyte) or a prochiral acid (as the probe). Some prochiral amines, such as benzylamine (BA), 1-aminopropane or piperidine, exhibit clear splitting of certain 1H-NMR resonances dependent on the ee of 2-phenoxypropionic acid (PA) even at room temperature. Similarly, 1H-NMR resonances prochiral phenoxyacetic acid (PAA) are split in the presence of chiral 1-phenylethylamine (PEA), reflecting its ee [45]. If the phenoxy group is not present at the appropriate position, the NMR response is either weak or undetectable, even at low temperatures where intermolecular interactions ought to be enhanced. BA/PA complexation characteristics were investigated comprehensively by measuring NMR titrations, Fourier transform infrared (FTIR) and vibrational circular dichroism (VCD) spectra, X-ray crystallography and DFT calculations to establish the host–guest interaction mechanism.



The X-ray structure of the complex (Figure 8) reveals multiple points of interaction (ionic, H-bonds, CH-π) that affect the form of the BA/PA complex. These points promote the intra-complex transfer of magnetic anisotropy, leading to NMR peak splitting in spectra obtained from the solution state. Thus, while the BA/PA complex is a particular example of the prochiral phenomenon, it is possible that the development of design rules for prochiral solvating agents (pro-CSAs) will lead to a general method for the estimation of ee by NMR. The general principle behind the BA/PA NMR spectra splitting effect, its X-ray structure, line-drawing illustration and typical NMR spectra are shown in Figure 8.




4. Coordination Complexes


Having observed the simplest cases for ee estimation using small molecule probes, we then considered other mechanisms for guest or ‘ligand’ exchange. The term ‘ligand’ introduces a broad field of coordination complexes with transition (and other) metal cations. The coordinated groups containing electronegative atoms (i.e., ligands) are capable of exchanging with other entities present in solution. This provides a source of instability for the relevant coordination complexes that might be exploited in host–guest exchange type processes applicable for the present subject of enantiomer excess estimation.



The complex L·2Zn·3C (where Zn = zinc (II), L = prochiral ligand, C = an exchangeable co-ligand, in this case, acetate-type ligands) undergoes splitting of the proton NMR resonances of L, which is symmetrical and proportional to ee of the chiral co-ligand guest (here again, we have used 2-phenoxypropionic acid (PA) as a model guest) [47]. In contrast to the previous BA/PA case, the chiral guest complex is highly stable, even at low concentrations so that the relevant NMR resonances remain split, even when the sample is diluted. This is because coordinate bonds are usually much stronger than hydrogen bonds [78] (standard chiral-solvating agents are often coordination complexes containing chiral ligands [40,79,80,81]). Thus, the pro-CSA concept might be broadened by considering the same activity of coordination complexes. However, the averaging of chemical shift non-equivalency (required for operation of pro-CSA agents) occurs only under a fast exchange regime of the chiral guests at a pro-CSA binding site [82,83]. Thus, at the outset of this work, it was not clear that the incorporation of coordination bonds into a pro-CSA sensing system would lead to useful activity because strong guest binding of ligands usually allows only slow exchange [84].



Ultimately, we were able to report the primary example of a pro-CSA reagent involving the coordination-bond-based guest exchange [47]. Ligand, L, a Salen [85], incorporates a benzylic CH2, which is prochiral, appended to a Zn (II) coordination complex containing exchangeable co-ligands, C, (initially acetate (AcO) to be replaced with chiral ligands of PA). While Salen ligands generally have C2 symmetry, in this case, because only certain space groups (Cs, C2v, D2d, S4) can result in the splitting of NMR signals by a prochiral mechanism, one of the Salen salicylic substituents was replaced by benzyl, leading to a breaking of its symmetry to Cs (Figure 9a). The benzylic CH2 of L is prochiral, and thus, its NMR resonance is capable of acting as an ee reporter group for chiral guests bound to the Zn (II) cation in L∙2Zn∙3C following the exchange of co-ligands C. (Figure 9a). The X-ray structure of L·2Zn·3C contains two chiral enantiomers (Figure 9b), which is the static solid-state structure. In solution, on the other hand, the concurrent rapid interconversion of chirality (by inversion of the amine functionality) and fast exchange of co-ligands (Cs) leads to the coordination complex L·2Zn·3C being established as a pro-CSA. The 1H-NMR peak, due to benzylic CH2 in a three-way mixture containing ligand L, Zn (AcO)2 and PA, undergoes splitting according to ee of the chiral guest (Figure 9c) with linear dependence of Δδ (of benzylic CH2 of L) on ee of PA (Figure 9d). No splitting of NMR signals was found for solutions containing only L and PA, indicating the indispensable role of Zn (II) in this system. In this case, the ee-dependence of NMR peak splitting in the coordination complex remains, even in dilute solutions since chiral guests remain associated, i.e., the complex is stable with the chiral guest being more strongly bound than acetate. The host–guest complex stability is, thus, in contrast to the previously reported hydrogen-bonded or acid-base host–guest systems described here. This report provided the first evidence that the fast ligand exchange in the coordination complex can be used for pro-CSA activity. The findings provide new insight into metal–ligand complex chirality transfer events, and also establish an important new area of investigation for coordination complexes in the context of chirality involving dynamic coordination bonds.



Finally, we will mention coordination complexes of a chiral porphyrin dimer based on the binaphthyl system. This completes the circle of study on this subject for us since our initial interest of the molecular chiral sensing concept was stimulated by considering the initial reports from Borovkov, Inoue, Berova and Nakanishi, amongst others [32,35,67,68,69]. Our receptor includes meso-alkyl-substituted porphyrins because of recent synthetic projects in our laboratories and the perception that these are more suitable than tetraphenylporphyrins (TPPs) for guest binding studies, where the proximity of chromophores in a dimer might be critical to the response of the dimeric receptors.



We designed a chiral porphyrin dimer probe (TAPZn)2Binaph (Figure 10) [46] based on the following: (a) it should contain a chiral entity (for the differentiation of stereoisomers); in this case, we have used the 1,1′-binaphthyl group, (b) host–guest interactions based on porphyrin units (i.e., by metal cation coordination or imine group protonation), (c) improved guest binding, due to the use of meso-tetraalkylporphyrins, and (d) be based on diporphyrin tweezers, similar to those developed by Borokov, Berova and others [32,35,67,68,69]. Perceived difficulties in the synthesis of meso-n-tetraalkylporphyrins [86] have disfavored their use in these systems, although effective methods for their preparation in good yields are now available [87].



Porphyrin dimers are well established as probes for chiral analyses. Therefore, in this case, we had the additional benefit of a comparison of our new results with a very similar and recently reported meso-tetraphenylporphyrin (TPP) analogue of our system [88], which was also used for chiral analysis. Lu et al. [88] observed easy discrimination of the enantiomers of cyclohexane-1,2-diamine (CHDA), using their porphyrin-substituted 1,1′-binaphthyl dimer host, and was mirrored in our report using NMR spectroscopy and other methods. Our report includes additional analytical possibilities for ee determination by using electronic spectrophotometry including UV-vis, CD and fluorescence emission methods. To make UV-vis observations more effective, meso-alkylporphyrins were preferred over TPP, due to the advantage of shifting the electronic absorption maximum of the (TAPZn)2Binaph dimer host to higher energy relative to that of the diamine complex, making it easier for the construction of calibration diagrams for ee analyses. This work also illustrated that fluorescence emission can be applied for ee determination, using porphyrin dimers, although photo-induced demetallation of the metalloporphyrin dimer host complicated this procedure [46]. Based on these results, we predict that in the near future, other more suitable tetrapyrroles or dimers thereof will be eventually found to establish effective fluorescent ee sensors.




5. Conclusions


This review chronologically summarizes our synthetic and methodological advancements in detecting enantiomeric excess (ee) of various chiral analytes based on rapid analyte exchange in host–guest systems. We have shown that achiral porphyrin-based macrocyclic hosts, such as OxP, TPP, OxPBz2 or (TAPZn)2Binaph, can be utilized as potent ee sensors for various guests in two modes of operation, i.e., forming host–guest complexes by acid–base or hydrogen-bonding interactions. From these results, we have deduced general requirements for the symmetry groups that any potential pro-CSA host must have and the limits for the exchange rate of chiral guests at the host’s binding site. With this in mind, we have extended our study to non-macrocyclic molecules, including very simple prochiral molecules, such as benzylamine (BA), and also more complicated zinc (II) coordination complexes (L․2Zn.3AcO). These systems exhibit unique activity based on the structures of the probe molecules, such as concentration independence and a broad range of temperatures allowed for ee analyses. During the development of pro-CSA sensing methods, we have improved the synthetic design of host molecules and investigated various interactions and modes of operation in a broad range of temperatures in order to clarify the fundamental aspects of the ee-sensing mechanisms. Some interesting advantages are presented by the pro-CSA approach, such as rapid estimation of ee, using a simple NMR method without necessity for derivatization, excellent scope of analytes (esters, alcohols, amides, acids, etc.) and the use of an achiral probe, whose presence, while monitoring an asymmetric reaction, does not bias the chiral outcome. Disadvantages of the method include a necessity to construct calibration curves and poor precision in the ee values, especially in mixtures close to the racemic condition. This ongoing research provides a new point of view on ee sensing using the NMR technique since it is not based on the formation of diastereomers. We believe that the utility and versatility of our pro-CSA approach will find its niche industrial, pharmaceutical or research applications.
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Figure 1. Chemical structures of the probe molecules: 5,10,15,20-tetrakis(3,5-di-t-butyl-4-oxocyclohexa-2,5-dienylidene)porphyrinogen (OxP); 5,10,15,20-tetraphenylporphyrin dication (TPPH42+); N21N23-bis(4-bromobenzyl)-5,10,15,20-tetrakis(3,5-di-t-butyl-4-oxocyclohexa-2,5-dienylidene)porphyrinogen (OxPBz2); benzylammonium (BA); salen-Zn2 acetate bridged dimer (L∙2Zn∙3AcO); 1,1′-binaphthyl trialkylporphyrinatozinx (II) cofacial dimer ((TAPZn)2Binaph). 
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Figure 2. (a) Structure of the achiral OxP host and chiral mandelic acid MA with analytically important protons labelled a–c. (b) 1H-NMR spectra of (i) OxP, (ii) OxP in the presence of 9.3 equivalents of (rac)-MA, and (iii) OxP in the presence of 8.8 equivalents of (R)-MA. (c) OxP quinonoid proton resonance (labelled b) in solution with MA at different enantiomeric excesses. (d) Correlation between ee and Δδ for spectra shown in (c). Adapted with permission from ref. [42]. Copyright 2009 American Chemical Society. 
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Figure 3. (a) Variation in UV-vis spectrum during titration of OxP (10−5 M, CH2Cl2) with (R)-MA. (b) CD spectra of OxP (10−5 M, CH2Cl2) in the presence of respective excesses of (R)-, (S)- or (rac)-MA. (c) Change of absorbance at 789 nm with (R)-MA concentration. (d) Job’s plot of interaction of OxP with (R)-MA. (e) Chemical structure of diprotonated tautomer of OxP. (f) Illustration of the concept of transfer of chiral information from MA to the NMR output of the achiral OxPH22+ host. Adapted with permission from Ref. [42]. Copyright 2009 American Chemical Society. 
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Figure 4. Macrocyclic inversion dynamics (ring-flip) and prototropic tautomers. The (–)-OxPH22+ structures at the right are identical (related by a 90° rotation around axes perpendicular to the OxPH22+ mean plane). Adapted with permission from Ref. [44]. Copyright 2014 American Chemical Society. 
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Figure 5. (a) 1H-NMR spectra of TPP in CDCl3 with 8 equivalents (R)-2-phenoxypropionic acid ((R)-PA) collected while cooling to –32.5 °C (lowest trace shows TPP only). A spectrum of TPPH42+ (at –32.5 °C: TPP + (R)-PA) differs significantly from free TPP at –32.5 °C. (b) UV-vis spectra of TPP/TPPH42+ with excess (500 eq.) (S)-PA on cooling to −40 °C. Absorption at 445 nm due to porphine dication increases on cooling. (c) Circular dichroism (CD) spectra of TPPH42+ with excess (500 eq.) (S)-PA during cooling (top 3 traces) and with (500 eq.) (S)-PA, (rac)-PA, and (R)-PA at −40 °C (bottom 3 traces). (d) Partial 1H-NMR spectra of the TPPH42+ aromatic region (–32.5 °C) in the presence of various ee of (R)-PA used to estimate Δδ. (e) Dependency of Δδ on ee for the porphine β-H resonances of TPP in the presence of PA (red) or Ibuprofen (blue) showing a linear relationship. Adapted with permission from Ref. [73]. Copyright 2011 John Wiley and Sons. 
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Figure 6. (a) Structure of the achiral host OxPBz2. Colored shapes denote the proton resonances in (c). (b) Selected chiral guests. Ibuprofen (1a), 2-phenoxypropionic acid methyl ester (2a), (−)-menthol ((−)-3), (−)-camphor ((−)-4). (c) 1H NMR spectra of OxPBz2 (CDCl3, 0.7 mm) with ca. 400 eq. of the chiral guests indicated. Adapted with permission from ref. [43]. Copyright 2013 Labuta et al. Published by Springer Nature under a Creative Commons Attribution 3.0 International License http://creativecommons.org/licenses/by/3.0/ (access date: 6 September 2021). 
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Figure 7. (a) Symmetry scheme of uncomplexed OxPBz2 host molecule and the corresponding shape of NMR spectra of pyrrolic reporting protons A and B. (b) Symmetry scheme of OxPBz2 host complexed with (R)-1a with resulting nonequivalent A and B protons due to the symmetry breaking upon the complexation. The dissymmetrizing “chiral field” (light red shading) induced by (R)-1a was calculated by molecular dynamics (MD) in (c,d). Corresponding NMR spectral pattern of A and B protons is also shown. (c) The reference system (ϕ and θ) of OxPBz2 and 1a used for MD calculation. (d) Plots of probability density functions (ϕ components) as obtained from MD for OxPBz2∙(R)-1a (red line) and OxPBz2∙(S)-1a (blue line) complexes. Adapted with permission from Ref. [43]. Copyright 2013 Labuta et al. Published by Springer Nature under a Creative Commons Attribution 3.0 International License http://creativecommons.org/licenses/by/3.0/ (access date: 6 September 2021). 
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Figure 8. (a) Salt complex of benzylammonium (BA) with 2-phenoxypropionic acid ((R)-PA) and its X-ray crystal structure. (b) Benzylic CH2 region of the 1H-NMR spectra of BA (10 mM) in the presence of (R)-PA (200 mM) at various ee at room temperature in CDCl3 solution. (c) Dependencies of benzylic CH2 splitting Δδ of BA on the ee of PA (obtained at two different relative concentrations of PA/BA noted) illustrating the linear relationship of ee and Δδ. Adapted with permission from Ref. [45]. Copyright 2018 American Chemical Society. 
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Figure 9. (a) Mechanism of chirality transfer in a mixture containing the species L, Zn (AcO)2 and PA. (b) Benzylic CH2 resonance in the 1H-NMR spectra (in CDCl3, 25 °C) of L∙2Zn∙3C in the presence of PA at different ee. (c) The magnitude of splitting (Δδ; from (b)) depends linearly on ee of PA. (d) X-ray crystal structure of L∙2Zn∙3AcO showing possible sources of signal averaging in NMR spectra, including chiral inversion (at amine atom) and ligand exchange. Adapted with permission from Ref. [47]. Copyright 2020 American Chemical Society. 
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Figure 10. Structure of the 1,1′-binaphthyl porphyrin dimer receptor (TAPZn)2Binaph [46] used for multichannel spectroscopic estimation of ee. The lower panel shows an energy minimized structure of the corresponding free base porphyrin with meso-n-propyl groups (instead of meso-n-dodecyl) for clarity. 






Figure 10. Structure of the 1,1′-binaphthyl porphyrin dimer receptor (TAPZn)2Binaph [46] used for multichannel spectroscopic estimation of ee. The lower panel shows an energy minimized structure of the corresponding free base porphyrin with meso-n-propyl groups (instead of meso-n-dodecyl) for clarity.



[image: Chemosensors 09 00259 g010]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
B g PO S04 51)
o

(SHa 120"






media/file4.png
| |
85 80 75 70
o / ppm

- A8
(©) N, 012} R2=0.996
100% ee

76% 00 ——\—\— %2 0,08}

. .
50 % ee
33%ee ——— , ~V——— 0.04}
0% ee _d/L——— . i _ .
§loem T8 T4 0 50 100

% ee





media/file18.png
@ O aanso §)

=N, N—H
—N HN H H
H 1) Zn(AcQ), & 0 H Chirality
OH i »—CH transfer
2) PA ‘ 3
o \ 5
d N

Salen-like ligand

0T _
HsC Coligand o Chlrag 'guest

(b) exchange %~ “oy

Chiral Inversion

Ligand
Exchange ©

enzylic CH,
© A% (),

I\ A (5)-0%ee I o
SN (5)-25%ee 0.16 1 Q/"
A (5)50%ee o 0.12 -
VaaY, - (8)-75%ee = 0.08 - g’
———N I (S5)-100%e¢ 0.04 - ’/d'y = 0.00196x - 0.000328
/\Aéf - (R)-100%ee 5 G/’ ' , R2 ='0.999?
vvvvvvvvv 0 25 50 75 100
42 38 3.4 ces (%)





media/file3.jpg
(ii) J ;( ‘
(iii) ‘ I A
MandeliZAcid HO;_O 90 85 80 75 70
MA  HoC &/ ppm
(d)
) 012} R2=0.996
100 % ee

Boksa I
ssmee——/ . 004
O%BB_L

S/ppm 76 = 74 0 50 100

% ee





media/file19.jpg





media/file7.jpg
~r Hemiquinonoid
5> Phenol (‘*O‘P"z
2+

Mandelic  Macrocycie M
5‘ acid inversion
AN
(rowphp & 8}-
—f* % 1-
\

! identical

s 1

gj‘ \( )-OXPH;’ _g

E 7 ke
Prototroplc m

tautomerism _|
1-





media/file10.png
+ t--75

T
(&)
o

25

Ae/M'em™

=25

400 450 500
Wavelength / nm

ce g :

(d)

0% S\ /,\
(R)-20 % /I |\ /. |\ ;
®-40% _JNN\__INVI\_
®Rr60% SNSN\_I\N\_
w0\

wr1005M\__NN__\/
@-100%M S\ as \/

-

TG L T
88 86 84 82
o/ ppm

(e)

AS ! ppm

0.20 -

0.15 -

0.10

0.05 -

0.00

R’ =0.9996

R = 0.9991

| | | 1 I
0 20 40 60 80100
eel %





media/file14.png
OxPBz,: 'H NMR spectrum (C)
Enantiotopic:

. (equivalent) ‘
@ Group A

Group B

Isochronous: ‘

—~~
Q.
v

Phenyl centroid (PhC)

90° OxPBz,/(R)-1a: 'H NMR spectrum .S 5 90°
1 (S)y1a 120° —F—.. 60°
: "\ Diastere_otopic: Qé 0.006~_ \ \ /
__.(nonequwalent) ‘ % 0.004 - 150?.; \r"r | { ‘ 30°
| P GropA 2 00024 /[ e
180°r = I LA~ ] T ‘g 0.000; 180° - » & %0°
& Group B _J_ $ o0002{ %L
270° . é e 240° o 300°
; Anisochronous: o 270°





media/file11.jpg
| +(SH1a

U rm






media/file6.png
Absorbance

mdeg

+(S)-MA

300 500 700 900
Wavelength (nm)

1100

[ {(C
Eos (C) e
o 7
o] 04t .
N~
= .. R2=0.999
g 0.2 '.,‘
2 o

0 1 2 3

[(R)-MA]x10 (M)

12(d)

Aabs at 789 nm

i 05 10
[(R)-MAJ/([OxP]+[(R)-MA])

(f) Translation
of chirality
// ;

Signaling





media/file15.jpg
(sr100m A\
.

36 35 34 33
5 (opm)





nav.xhtml


  chemosensors-09-00259


  
    		
      chemosensors-09-00259
    


  




  





media/file16.png
—expt. (C) ;
0, = 4
(rac)-0% ee }\ fit 0.12. [':QA]I[BA] =20
]\ ' = 0.999
(R20% 0.10:
(R)-40% , )U\ . 0081
E )
(R)-60% A/U\ A g
X
(R)-80%
(R)-100% A)\ )\ A
(S)-100% A)\ A A
n—

R2 = 0.996
- ad 00o 25 50 75 100
36 35 34 33 .

5 (ppm) eer (%)

[PAJ/[BA] =3






media/file2.png
O>\CH3 N CqzHzs

L-2Zn-3AcO 12H25





media/file20.png





media/file5.jpg
éu @ ‘Oxpi-:‘rl

o
Y o
a +(RF-MA i [(R)-MA]x10° (M)
: £ (d)
g +rac-MA Y
-E ° rac gn' \3\
H 3
- +(S)-MA £ o4 1
- 2 %
>

00 500 700 900

Wavelength (nm)

o

1100

o 0.5 1.0
(R MAJ(ORP}+{(R)-MA)

Translation
of chirality

o d





media/file1.jpg





media/file12.png
T
| i
MJ{LJULJ\

I

OxPBz,

sl

+(S)1a

e Saamen SR

+ (R)-2a

+ ()3

Saaaat L S

+ ()4

7.5

ol ppm

=





media/file9.jpg





media/file0.png





media/file8.png
1-
~r Hemiquinonoid

e Phenol (-)-OxPH,2!

. Macrocycle
Mandelic p ;
g. acid inversion

1- \
K.
<+>-0xPH22*_€g /'}
A 2+ \ 1

3

i

s

identical

el A f 1

. /, 5
/" (-)-OxPH2*

T iy

2+
/7 Maut |
o /

Prototropic
tautomerism






media/file17.jpg
(a) Laznac
RO
M 1) Zn(AcO),. Chlv-ll'y
Cho ¥ e v&}\a)
Saenke lgang \

®) e

Ligand
Exchange

Averaging

© A% d)e.

(5-0%se

(5)25%ee. (30 /
(5)-50%ee 3 012
(9 75%ee 008 Pl

(5-100%ee 04
v (R-100%ee.

3
e 0 2 % 75 10
427385 e0s (%)

& (ppm)

¥ =0.00196x-0.000328
R?= 09997





