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Abstract

:

The NMR phenomenon of self-induced diastereomeric anisochronism (SIDA) was observed with an alcohol and an ester. The alcohol exhibited large concentration-dependent chemical shifts (δ’s), which initially led us to erroneously consider whether two enantiomers were in fact atropisomers. This highlights a potential complication for the analysis of chiral compounds due to SIDA, namely the misidentification of enantiomers. A heterochiral association preference for the alcohol in CDCl3 was determined by the intermolecular nuclear Overhauser effect (NOE) and diffusion measurements, the same preference as found in the solid state. The ester revealed more subtle effects, but concentration-dependent δ’s, observation of intermolecular NOE’s, as well as distinct signals for the two enantiomers in a scalemic sample all indicated the formation of associates. Intermolecular NOE and diffusion measurements indicated that homochiral association is slightly preferred over heterochiral association in CDCl3, thus masking association for enantiopure and racemic samples of equal concentration. As observed with the alcohol, heterochiral association was preferred for the ester in the solid state. The potential problems that SIDA can cause are highlighted and constitute a warning: Due care should be taken with respect to conditions, particularly the concentration, when measuring NMR spectra of chiral compounds. Scalemic samples of both the alcohol and the ester were found to exhibit the self-disproportionation of enantiomers (SDE) phenomenon by preparative TLC, the first report of SDE by preparative TLC.
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1. Introduction


The NMR phenomenon of self-induced diastereomeric anisochronism (SIDA) occurs when chiral molecules that associate in solution in a dynamic equilibrium that is fast on the NMR timescale have significant condition-dependent NMR chemical shifts (δ’s). In such systems, molecules can be present either as single molecules (SM), homochiral associates (HOM), or heterochiral associates (HET) in solution (Figure 1). Since the formation constant for the association of homochiral molecules (Khom), i.e., R with R or S with S, is likely to be different to the formation constant for the association of heterochiral molecules (Khet), the positions of the two equilibria will likely be different. The observed chemical shift (δobs) of a nucleus is therefore the population-weighted average of the δ’s of the nucleus in the three states SM, HOM, and HET [1,2]. Furthermore, as the equilibrium shifts with a change in conditions (e.g., concentration), the contributions of the δ’s from the SM, HOM, and HET states to the population-weighted average δ alter accordingly. Due to these dynamic effects, enantiopure and racemic solutions can exhibit distinct spectra, and even distinct signals for the two enantiomers can result in the case of scalemates [1,3]. The SIDA phenomenon has recently been well reviewed [1] and a deeper explanation of SIDA is provided in Appendix A.



In one of our drug discovery projects, we recently encountered the SIDA phenomenon, which caused us to ponder the identity of a pair of synthesized enantiomers and their resulting derivatives. This process and the enigmatic results presented by the compounds were examined in detail and the results are reported herein. In particular, we were interested in determining the solution-state association preference, i.e., whether HOM or HET are favored. There are a number of means to do this by NMR, including evaluation of T1s, T2s, and δ’s—though careful interpretation is generally required for these parameters—as well as by more direct methods, including diffusion measurements, enantiomeric titration [2,4], serial dilution, and nuclear Overhauser effect (NOE) measurements. Knowledge of the solution-state association preference can have valuable practical application: For example, which portion—the racemic portion or the enantiomeric excess portion—is likely to elute first under chromatographic conditions that will lead to the self-disproportionation of enantiomers (SDE), a related phenomenon [5,6,7,8,9] also based on the association of chiral molecules. Such knowledge is particularly applicable for size-exclusion chromatography [10]. An explanation of the SDE phenomenon is also provided in Appendix A.




2. Materials and Methods


2.1. Spectroscopy


NMR spectra were acquired at 25 °C using Bruker 14.1 T Avance and 9.4 T Avance III NMR spectrometers operating at 600 and 400 MHz, respectively, for 1H nuclei, 150 and 100 MHz, respectively, for 13C nuclei, and 376 MHz (9.4 T) for 19F nuclei. The chemical shifts of 1H and 13C nuclei are reported relative to TMS (δ = 0 ppm for both) using the solvent signals as secondary standards (δH = 7.26 ppm; δC = 77.16 ppm) while 19F nuclei were referenced externally to TFA (δ = −78.5 ppm). Diffusion measurements were made without sample spinning using the bipolar pulse pair longitudinal eddy current delay (BPPLED) sequence [11] employing half-sinusoidal gradient pulses. The gradient strength was incremented linearly in 16 steps from 0.65 to 61.75 or 64.35 G/cm; the diffusion delay big delta, Δ, was set to 50 ms; little delta, δ, to 2 ms; the gradient pulses to 1 ms; the eddy current delay, Te, to 5 ms; the Aq and post-acquisition delay (PAD) times together totaled 9.4 s; and the number of scans per gradient increment was 8 or 24. Numerical values for D were calculated based on the area using curve-fitting procedures available in the standard Bruker Software Package TopSpin 3.6. For selective 1-D NOESY spectra, 180° Gaussian-shaped pulses of 50- or 100-ms duration were used for the double pulse spin echo with an optimal mixing time, τm, of 300 ms for short-range contacts. The 13C NMR spectrum of (scl)-3 was acquired with a flip angle of 90°, an Aq time of 7 s, and a PAD of 0.1 s to avoid the prominent sinc wiggles when a more typical Aq time is used followed by Fourier transformation without any applied line broadening, necessary here to observe closely resonating signals. To exclude temperature effects on the position of the equilibria, samples introduced into the magnet were allowed to equilibrate for more than 5 min prior to the start of acquisition, a protocol considered sufficient for temperature equilibration when the temperatures of the probe and the room are effectively the same and when samples have been equilibrated to the temperature of the room for more than 20 min. Longer times, more than 20 min, were used for temperature equilibration within the magnet for probe temperatures different to the room temperature. In addition, proton spectra were routinely checked after other spectra had been run, e.g., after a set of 2-D spectra or after a carbon spectrum, and when re-inserting the sample at a later time. In all cases, changes in the proton spectra were not observed. Samples were prepared as solutions of 20 mg in 700 μL in various solvents; for (rac)-2 and (scl)-2, as saturated solutions (~3 mg mL−1) due to the insolubility of the racemate; or as otherwise indicated.



IR spectra were recorded using a Bruker LUMOS instrument equipped with a germanium crystal for ATR measurements. IR spectra were acquired at least twice for each sample using different aliquots to check for consistency.




2.2. Preparative TLC


For preparative TLC, scalemic samples of the alcohols 2 {37.0 mg, ~70% enantiomeric excess (ee)} and the esters 3 (20.2 mg, ~80% ee) were dissolved in chloroform and loaded onto preparative TLC plates (PLC Silica gel 60 F254, 2 mm thickness, 20 × 4 cm, Merck). After development (alcohols 2: Rf, 0.86; distance traversed, 12 cm; esters 3: Rf, 0.66; distance traversed, 9 cm) using ethyl acetate–n-hexane (8:1) as eluent, each of the resulting bands were divided into three fractions and the silica gel for each fraction scratched off and collected. The compounds were desorbed from the silica gel using methanol and, after filtration, the methanol removed under reduced pressure. The residual material was further dried under high vacuum for 1 h, yielding recovered weights of 7.2, 23.4, and 2.4 mg for fractions 1–3, respectively, for alcohols 2; and 3.5, 11.9, and 4.0 mg for fractions 1–3, respectively, for esters 3. The recovery process unexpectedly resulted in esters 3 undergoing methanolysis to provide the alcohols 2 as isolates (together with the methyl ester of the indole moiety). The ee’s of the fractions of both 2 and 3 were thus analyzed similarly. The ee’s of the fractions were evaluated by 19F NMR spectroscopy using (R)-1,1′-bi-2-naphthol as a chiral solvating agent (CSA) in CDCl3 at a concentration of 21 mg/mL. 19F{1H} NMR spectra with inverse-gated decoupling were acquired with a flip angle of 30°, an Aq time of 4 s, and a PAD of 3.0 s to ensure reliable quantitation of the ee. The 19F NMR FIDs were first processed with a double Gaussian window function prior to Fourier transformation and the signals of the enantiomers deconvoluted using Bruker NMR software (TopSpin 2.1). For the alcohols 2, ee’s of 71.4%, 67.4%, and 64.5% were found for fractions 1–3 (Δee, 6.9%), respectively; while for the esters 3, ee’s of 76.0%, 78.2%, and 86.8% were found for fractions 1–3 (Δee, −10.8%), respectively.





3. Results and Discussion


Starting from commercially available enantiopure acids (S)-1 and (R)-1, we synthesized the chiral alcohols (S)-2 and (R)-2 and then esters (S)-3 and (R)-3 (Figure 2) in parallel fashion as potential inhibitors of kallikrein-related peptidase 6 (KLK6) [12].



3.1. Analysis of Alcohols 2


Unexpectedly, the initially measured 1H NMR spectra of (S)-2 and (R)-2 in CDCl3 showed distinct δ differences for all three methyl resonances H-12, H-11, and H-4 (Δδ’s of 0.02, 0.03, and 0.07 ppm, respectively) (Figure 3). This led us to speculate that samples of (S)-2 and (R)-2 were not enantiomers but perhaps atropisomers that had been unwittingly isolated during purification. After considering that the NMR samples from which the spectra were recorded had been prepared with no attention directed toward the solution concentrations, we prepared new samples of (S)-2 and (R)-2 at the same concentration. The resulting 1H NMR spectra were essentially identical (Figure 3), suggesting that what we were observing was a relatively strong case of SIDA, i.e., the deviations in the original spectra were a result of differing degrees of molecular association as a consequence of only a 2-fold difference in concentration. Of note, while the Δδ’s were substantial for the methyl Hs, with the signals all more shielded at the increased concentration, only slight shielding was observed for the proton signals of the phenyl ring (Figures S1 and S2). Sizeable deshielding for both the amide and hydroxyl proton signals was seen at the increased concentration, indicative of strong hydrogen bonding and concomitant molecular association (Figures S1 and S2).



These observations are unsurprising as the –CF3 group, due to its high electron withdrawing capability, strongly enhances the hydrogen bonding capability of the hydroxyl group. Indeed, substances containing a –CF3 group [9,13,14], and trifluoromethyl lactic acid derivatives in particular [10,15,16,17,18,19,20,21,22,23,24], often highly express the SDE by chromatography, sublimation, and even distillation. What is unusual in the case of (S)-2 and (R)-2 is that a difference in spectra is observed between two enantiomers; usually, the differences in the spectra of two enantiomers are not stark. More often, it is the comparison of the enantiomer to the racemate where differences are discernible. There may be several reasons for this. First, the monomer vs. dimer/oligomer equilibrium probably lies well to the left in most cases, so a small difference in the concentrations of two solutions only leads to a small difference in the position of the equilibrium. This results in only a small change in the proportion of the associates and thus a minimal difference in the spectra. Second, HET may be more favored in general (Wallach’s rule [25]). This is not unlikely as >95% of compounds [26] that crystallize from a racemic solution form a racemic crystallographic unit, i.e., they are racemic compounds (see Appendix A for the definition of a racemic compound), though whether the solid-state preference is generally maintained in the solution state is unknown.



In the case of (S)-2 and (R)-2, the large differences in the initial spectra for what seemed to be inconsequential differences in concentration could be due to an intermediate value of Khom (hence small changes in concentration provide significant changes in the proportion of the associates) and/or due to large δ differences for the associate. This is possibly a result of the bulky substituents on both sides of the amide leading to sizeable steric compression effects and/or the aromatic groups providing significant aromatic ring current-induced shielding for proximally positioned nuclei. For the latter case, even small shifts in the equilibria are able to provide sizeable differences in the spectra. Large observable Δδ’s can thus arise either due to sizeable K’s, high concentrations, or the large differences between the δ’s of nuclei in the various states (SM, HOM, and HET).



After having convinced ourselves that (S)-2 and (R)-2 were indeed enantiomers, we decided to examine their unusual SIDA effects in more depth and to determine the association preference in solution. We first prepared a sample of (rac)-2 in CDCl3 at the same concentration as the enantiopure samples by mixing equal volumes of the (S)-2 and (R)-2 solutions. To our surprise, ~90% of the material promptly precipitated out of this solution. This result indicates that (rac)-2 is a racemic compound, at least when crystallizing from CDCl3 solution, and the association preference in the solid state is, therefore, heterochiral. Because of the low solubility of (rac)-2, only dilute CDCl3 solutions (~3 mg mL−1) of (S)-2, (rac)-2, and (scl)-2 (ee ~33%) could be compared, which limited the level of association to such an extent that Δδ’s between the solutions of (S)-2 and (rac)-2 were practically imperceptible. Furthermore, peak splitting (i.e., distinct signals for the two enantiomers) could not be observed for (scl)-2, see Supplementary Materials Figures S3–S5. Other solvents were found to be unsuitable as (rac)-2 showed a similarly low solubility in CD2Cl2 and (S)-2 was insoluble in CCl4 and d8-toluene. In d6-acetone, d8-THF, and d3-acetonitrile, Δδ’s between the spectra of (S)-2 and (rac)-2 samples at the same concentration were not observed, implying a lack of association in these solvents. In the case of d8-THF, this was further supported by a sample of (scl)-2 at −11.8 °C, wherein peak splitting was not observed for any 1H, 19F, or 13C nuclei.



That the association in CDCl3 is primarily hydrogen bond-based, as opposed to π–π stacking for example, was supported by the suppression of the SIDA process in d6-acetone, d8-THF, and d3-acetonitrile, and a possible hydrogen bond-based dimeric structure accounting for this is depicted in Figure 4. Dimeric associates are likely in the case of 2, and such a constrained structure could be expected to result in distinct K’s, as was found to be the case by NOE and D measurements (vide infra).



In order to directly detect association, we performed selective 1-D NOESY measurements on samples of (S)-2 and (rac)-2 in CDCl3 at the same concentration. Irradiating either of the imidazolyl methyls revealed that enhancement of the alkyl methyl signal (H-4) was greater for the racemic solution, regardless of which imidazolyl methyl was irradiated, in comparison to the enantiopure solution (Figure 5). The observed differences in the NOE’s must be due to association and the NOE’s are clearly intermolecular due to the internuclear distances involved, more so given that the τm of 300 ms used is optimal for short range contacts. The larger NOE enhancements for the racemic solution indicate that HET is favored over HOM.



To confirm HET preference in CDCl3, we measured diffusion coefficients (D), calculating a value of 1.11 × 10−9 m2s−1 for a sample of (rac)-2 and 1.44 × 10−9 m2s−1 for a sample of (S)-2 at the same concentration. The faster diffusion of the molecules in the sample of (S)-2 indicates that the equilibrium is positioned more toward single molecules, supporting the preference for HET found by NOE measurements. Further explanation of the associate preference is provided in Appendix A.



The IR spectra of crystals of (S)-2 and crystals formed from a solution of (rac)-2 revealed differences in the fingerprint region (Figures S19–S22), thus confirming the nature of the compound; crystal formation containing both enantiomers in the unit cell is favored over the formation of enantiopure crystals, i.e., it is a racemic compound. This is consistent with the solubility observation and also is in concert with the solution-state association preference. Most notable is the strong sharp band for the OH stretch at 3327 cm−1 in the IR spectrum of crystals of (rac)-2, indicative of the presence of strong hydrogen bonds, presumably intermolecular, and which was effectively absent in the IR spectrum of crystals of (S)-2.



Since there is a strong molecular association occurring between the alcohols (S)-2 and (R)-2 in solution, we wondered if this could result in manifestation of the SDE phenomenon and, moreover, if this could be discerned by TLC. Despite trying a number of eluents, including 50% and 60% ethyl acetate in n-hexane, 10% ethyl acetate in CHCl3, 10% methanol in CH2Cl2, and 40% methyl tert-butyl ether in CH2Cl2 as well as the NMR solvent CHCl3 itself, we could not discern any indication for the occurrence of the SDE (e.g., an enlargement of the spot for the scalemate relative to the spots for the enantiomer and the racemate or to see a difference in Rf between the enantiomer and the racemate). Though normally highly polar eluent mixtures are not recommended to observe the SDE in cases where the intermolecular interactions are based on either hydrogen bonding or dipole–dipole interactions due to suppression of the intermolecular interactions, highly polar eluent mixtures were required in this instance to force the compounds to migrate up the TLC plate. Even using low polarity eluents, e.g., 5% and 10% methyl tert-butyl ether in CHCl3, and recycling (i.e., developing the slide, drying the slide, and then re-developing the slide again) several times to effect migration with the type of “weak” eluent that is often most successfully used for SDE via column chromatography [13,27,28], was unsuccessful.



A sample of (scl)-2 was also subjected to preparative TLC using silica gel as the stationary phase and ethyl acetate–n-hexane (8:1) as the eluent. For a sample of ~70% ee loaded onto the plate, a Δee (see Appendix A) of 6.9% was found across the three factions extracted from the resulting band. The first eluting fraction was found to be more enantiopure than the ensuing fractions, which were progressively more racemic. To the best of our knowledge, this is the first reported occurrence of the SDE via preparative TLC. The fact that we could not observe any SDE effects by TLC was presumably due to the low Δee, and higher resolution systems might be required for the SDE to become apparent [29].




3.2. Analysis of Esters 3


We did not expect analogous intermolecular interactions, and therefore SIDA, for esters 3 as the hydroxyl group, which we thought to be important for forming the intermolecular hydrogen bonds in alcohols 2, is not available. Indeed, samples of (S)-3, (R)-3, and (rac)-3 at identical concentrations in CDCl3 all provided closely matched 1H (Figure 6, Figures S6 and S7), 19F (Figure S8), and 13C (Figures S9–S13) NMR spectra. While this pointed to the anticipated lack of association, we realized another scenario, although unlikely, was still possible: If 3 has similar values of Khom and Khet, together with very similar δ’s for HOM and HET, the spectra would appear nearly identical despite association being operative. Upon careful examination, association did appear to be taking place in CDCl3 as evidenced by concentration-dependent Δδ’s, albeit to a lesser extent than was observed with alcohols (S)-2 and (R)-2, and peak splitting of (scl)-3. For example, a 3.4-fold increase in the concentration for ester (S)-3 only led to slight shielding of the imidazolyl and alkyl methyl H’s (0.01, 0.01, and <0.00 ppm) (Figure S16) in comparison to the analogous Δδ’s for a 2-fold increase in the concentration for alcohols (S)-2 and (R)-2 (0.02, 0.03, and 0.07 ppm) (Figure 3). By contrast, the signals of the indolyl methyl Hs of ester (S)-3 were shielded by 0.05 ppm with a 3.4-fold increase in concentration (Figure S16). With increased concentration, the signals of the aromatic indolyl protons H-22 and H-23 were shielded significantly (by 0.06 and 0.03 ppm, respectively), while the signals of the phenyl H’s, like for alcohols (S)-2 and (R)-2, and the signals of the methylene H’s were only slightly shielded (Figures S17 and S18). As observed with alcohols 2, both the amide and indolyl NH signals of ester (S)-3 were deshielded with increasing concentration (Figure S17), thus in contrast to all other carbon-bound signals, which were shielded. The deshieldings of the amide and indolyl NH signals were smaller for 3 compared to 2, thereby indicating weaker hydrogen bonding in the molecular associates. Of note though, the indolyl NH signal shifted much more than the amide NH signal: 0.29 vs. 0.04 ppm. Furthermore, peak splitting (Figure 7 and Figure 8) in the spectrum for a sample of (scl)-3 in CDCl3 (50% ee) was only of very small magnitude and was only evident on two proton signals (H-11 and H-21), not evident at all on the fluorine signal, and only observed on five carbon signals (C-7, C-13, C-19, C-20, and C-23), none of which were methyls.



Small SIDA effects are consistent with smaller values for Khom and Khet or similar values for Khom and Khet. The intermolecular interactions are still based on hydrogen bonds, but now involve the indolyl NH rather than the hydroxyl, evident by the deshielding of the indolyl NH signal at the increased concentration and its splitting in the scalemic sample. π–π stacking may possibly also be involved in forming associates, and the amide NH too as its signal was also deshielded with increasing concentration, though it was not split in the scalemic sample.



If the ester forms a very flexible dimeric macrocycle involving the indolyl NH and the amide carbonyl, or an oligomeric chain, then it is unsurprising that there is little difference in the K’s. Additionally, there are no longer the large Δδ’s from steric compression and/or aromatic ring current-induced shielding that are present in the alcohols (S)-2 and (R)-2 for the imidazolyl and alkyl methyls. Hence, the spectra of the enantiopure and racemic samples are very similar and there is not a strong concentration dependency. If Khom = Khet, distinct spectra can still result for scalemates as long as δhom ≠ δhet. Although the mole fraction of each enantiomer present in the associates (i.e., HOM and HET together) would be the same for both enantiomers in such a case, the distribution between HOM and HET would not be the same. However, with similar contents of associates in both samples irrespective of their identity, and presumably similar δ’s between HOM and HET, little discernible difference results in the spectra.



Selective 1-D NOESY measurements in CDCl3 for samples of (S)-3 and (rac)-3 with irradiation of the imidazolyl methyl H’s revealed enhancements of the signals of the alkyl methyl (H-4), indolyl methyl (H-26), and the aromatic indolyl H’s in both cases. Since NOE’s from the imidazolyl methyls to the indole moiety can only be intermolecular, these NOE’s confirm the association. However, more pertinently, the enhancements of the signals of the alkyl methyl (H-4), the indolyl methyl (H-26), and the aromatic indolyl H’s could not be differentiated between samples of (S)-3 and (rac)-3 at the same concentration (Figures S14 and S15), thereby indicating that HET and HOM are virtually equally favorable, i.e., Khom ≈ Khet.



Measurement of D yielded a value of 9.05 × 10−10 m2s−1 for a sample of (rac)-3 and 8.43 × 10−10 m2s−1 for a sample of (S)-3 at the same concentration in CDCl3. The slightly faster diffusion of the molecules in the racemic sample implies that the equilibrium is positioned more toward the single molecules, i.e., HOM is preferred, though the small difference in diffusion rates clearly implies that the values of Khom and Khet are very similar, in concert with the NOE measurements.



Differences were also observed in the IR spectra of crystals of (R)-3 and crystals formed from a solution of (rac)-3 in the fingerprint region (Figures S23–S26), though the differences were less obvious in comparison to the differences observed between the spectra of (S)-2 and (rac)-2. With the hydroxyl group no longer available for strong hydrogen bonding, the intermolecular interactions for the ester are likely to be weaker in the solid state, or at least the differences are not accentuated between homo- and heterochiral interactions, thus resulting in only small differences between the enantiopure and racemic crystals. Again though, crystal formation containing both enantiomers (S)-3 and (R)-3 in the unit cell is favored over the formation of enantiopure crystals from a racemic solution, i.e., (rac)-3 is also a racemic compound.



Thus, the solution-state preference for esters (S)-3 and (R)-3 is different to their solid-state preference as determined by diffusion measurements where HOM was found to be favored over HET, albeit slightly, or at least HOM and HET are close in energy. Similar values for Khom and Khet were also consistent with NOE measurements. The concentration dependencies of the δ’s for the esters (S)-3 and (R)-3 are more typical for enantiomers in that the Δδ’s with changes in concentration are relatively small and, thus, less apparent. Similar values for Khom and Khet, along with likely similar δ’s for HOM and HET, explain why the spectra of the enantiomers and the racemate are nearly identical, and also why there was only minimal splitting of the peaks for a scalemic sample.



The same TLC analyses of a sample of (scl)-3 also failed to provide measurable detection of the SDE phenomenon, but nevertheless, (scl)-3 was also subjected to preparative TLC, again using silica gel as the stationary phase and ethyl acetate–n-hexane (8:1) as the eluent. For a sample of ~80% ee loaded onto the plate, a Δee of −10.8% was found across the three factions extracted from the resulting band. The negative sign for Δee indicates that the first eluting fraction was more racemic than the ensuing fractions, which were progressively more enantiopure, and, thus, the elution order is opposite to that of alcohols (S)-2 and (R)-2. Given that the elution order is unpredictable and varies among compounds [28,30], the reverse order for esters (S)-3 and (R)-3 relative to alcohols (S)-2 and (R)-2 is unsurprising, especially since there is a substantial change in the intermolecular interactions with esterification of the hydroxyl group. In line with this change, a shift in the solution-state association preference was also observed.





4. Conclusions and Final Comments


In addition to the well-known complications arising from SIDA in the comparison of enantiopure and racemic samples and peak splitting in the spectra of scalemic samples, sometimes the comparison of enantiopure samples can present problems. We suggest that the sizeable Δδ’s more often seen between enantiopure and racemic samples is because HET is much more preferred (Khet >> Khom), in accordance with Wallach’s rule [25] for crystal structures. For alcohol 2, particular structural features provided the large Δδ’s for enantiopure samples of varying concentrations even though HET was shown to be preferred over HOM. For 2 and 3, the solution-state association preference was demonstrated by intermolecular NOE’s and/or diffusion measurements. For 2, the heterochiral solution-state preference is the same as the solid-state preference while for 3, the homochiral solution-state preference is different to the solid-state preference, although the preference is slight. Similar values for Khom and Khet, along with likely similar δ’s for HOM and HET, explain why the spectra of (S)-3 and (R)-3 in comparison to (rac)-3 are nearly identical, and also why there was only very slight splitting observed for a few signals of (scl)-3.



There are a number of potential problems due to SIDA in addition to the aforementioned enantiopure vs. enantiopure sample comparison, such as the much more common problem of enantiopure vs. racemic sample comparison and the comparison of spectra to literature or databank spectra, where the concentration or composition (enantiopure or racemate) is unknown. In the latter case, spectra may look similar but are not exactly the same, yet researchers may have proven the structure of their compound, leading them to think that perhaps it is the racemate they possess and the literature or databank presents a spectrum of an enantiopure sample or vice versa. For scalemic samples, there is the additional problem that distinct peaks arising from the minor enantiomer can be misconstrued as impurities. We hope that this study presents a warning to practitioners to be on the lookout for the occurrence of SIDA in their own research and the problems it can cause, namely confusion, misidentification, and incorrect evaluation of purity, and thus caution is advised and care should be duly exercised when analyzing chiral compounds that are likely to form associates in solution with respect to the prevailing conditions, particularly the concentrations of the analytes. However, SIDA also represents an opportunity to be taken advantage of, e.g., the determination of the ee becomes simple when conditions are right [1,3]. Furthermore, with the occurrence of SIDA, one may consider if unconventional enantiopurification methods, such as SDE via chromatography, could be applicable as the two phenomena often occur together.



Finally, scalemic samples of both the alcohols 2 and the esters 3 were found to exhibit the phenomenon of SDE via preparative TLC; to the best of our knowledge, this is the first report of SDE by that form of chromatography. Interestingly, opposite orders of elution were observed for the two compounds. An interesting question is: Should the SDE be expected to be more or less prevalent for preparative TLC in comparison to column chromatography? Theory predicts that scaling down a system should result in enhancement of the SDE [29]; on the other hand, in practice, workers are likely to use lower loadings in preparative TLC in comparison to column chromatography and also to use stronger eluting solvents, conditions that are both expected to suppress the SDE [13,27,28].
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Appendix A. Background to SIDA and SDE


Appendix A.1. SIDA


Appendix A.1.1. The Origin of SIDA


The SIDA phenomenon results from dynamic equilibria where chiral molecules can be present either as single molecules (SM), homochiral associates (HOM), or heterochiral associates (HET) in solution (Figure 1). Since the formation constant for the association of homochiral molecules (Khom), i.e., R with R or S with S, is likely to be different to the formation constant for the association of heterochiral molecules (Khet), then the positions of the two equilibria will differ at the same analyte concentration. The resulting observed chemical shift (δobs) of a nucleus for a dynamic equilibrium that is fast on the NMR timescale is therefore the population-weighted (based on mole fraction, χ) average of the δ’s of these three states (Equation (A1)) [1,2]:


δobs = χsm · δsm + χhom · δhom + χhet · δhet.



(A1)







A possible consequence is that enantiopure and racemic solutions of a chiral compound may not have identical spectra, even at the same concentration. As a consequence of the position of the equilibrium shifting, the δ’s can be very temperature, concentration, and solvent dependent [1]. Moreover, it is possible for a scalemic sample to exhibit distinct NMR signals for the two enantiomers present for some of the nuclei since the mole fractions of each enantiomer within each state will not necessarily be the same. When distinct signals are present, integration or deconvolution of the signals provides the ee of the sample directly without any external chirality in favorable cases [1,3], i.e., a sample’s ee can be evaluated by simple achiral NMR without recourse to such methods as chiral shift reagents, chiral derivatizing agents, CSAs, or HPLC using chiral stationary phases. The phenomenon is illustrated schematically for a hypothetical scalemic sample in Figure A1.
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Figure A1. Illustrative example for an NMR signal in a scalemic sample (2.5:1, ee = 43%), where the final summed result has distinct peaks representing the two enantiomers. Signal intensities have been set with respect to the χ of each species for each enantiomer present within that species and the relative concentrations of the enantiomers with respect to each other. In the net result, peak integration yields the sample ee directly. 






Figure A1. Illustrative example for an NMR signal in a scalemic sample (2.5:1, ee = 43%), where the final summed result has distinct peaks representing the two enantiomers. Signal intensities have been set with respect to the χ of each species for each enantiomer present within that species and the relative concentrations of the enantiomers with respect to each other. In the net result, peak integration yields the sample ee directly.



[image: Symmetry 12 01106 g0a1]






Appendix A.1.2. Potential Sources of Error in the Quantitation of Ee by SIDA


It has been erroneously assumed [1] that the T1s and T2s for corresponding pairs of nuclei in the two enantiomers participating in a dynamic equilibrium in a scalemate are identical and thus equally affected by partial saturation and signal truncation arising from T1 and T2 abuse, respectively. Consequently, the possibility of misrepresentation of relative signal intensities for distinct SIDA signals due to these effects is disregarded for quantitation purposes if this is believed. These assumptions, however, are not valid.



Analogous to Equation (A1) for δobs, the T1 observed (T1,obs) for a particular nucleus is the population-weighted average of the T1s of the SM, HOM, and HET states (Equation (A2)):


T1,obs = χSM · T1,SM + χHOM · T1,HOM + χHET · T1, HET.



(A2)







Since the distribution between the three states is not the same for the two enantiomers in a scalemate, the T1s of corresponding nuclei may potentially differ significantly for the two enantiomers in a particular system. If partial saturation occurs for the signals used for quantitation due to T1 abuse, i.e., poor choice of the time allowed for relaxation and/or flip angle, then erroneous evaluation of the ee may result. This is a consideration that should be borne in mind when quantifying signals under such conditions and, if need be, measurement of the T1s should be undertaken.



For nuclei with T2s that are long relative to the Aq times typically used, e.g., 13C nuclei, truncation of the FID can similarly potentially lead to erroneous quantitation of the ee. Analogous to Equations (A1) and (A2), the T2 observed (T2,obs) for a particular nucleus is similarly the population-weighted average of the T2s of the SM, HOM, and HET states (Equation (A3)):


T2,obs = χSM · T2,SM + χHOM · T2,HOM + χHET · T2, HET.



(A3)







Since the distribution between the three states is not the same for the two enantiomers in a scalemate, the T2s of corresponding nuclei may potentially also differ significantly for the two enantiomers in a particular system. If truncation occurs for the signals used for quantitation due to T2 abuse, i.e., the Aq time is too short, then erroneous evaluation of the ee may result. This is also a consideration that should be borne in mind when quantifying signals under such conditions and, if need be, measurement of the T2s should be undertaken if it is not apparent otherwise that the FID is being truncated. To a degree, issues with T2 can be rectified by linear prediction processing.



Additionally, for nuclei that are routinely acquired with NOE enhancement, e.g., 13C nuclei, there is also the possibility of erroneous measurement of the ee due to the NOE since the NOE effects on the corresponding pairs of nuclei in the two enantiomers are again not necessarily equal. Differences can potentially arise from intermolecular NOE’s in the associates, intramolecular NOE’s altered by conformational changes due to association, and changes in the NOE enhancement due to changes in the molecular correlation time as a result of association. Again, any differences between corresponding nuclei pairs in the two enantiomers is a consequence of the unequal distribution among the SM, HOM, and HET states and the NOE observed (ηobs) for the signal of a particular nucleus is the population-weighted average of the η‘s of the SM, HOM, and HET states (Equation (A4)):


ηobs = χsm · ηsm + χhom · ηhom + χhet · ηhet.



(A4)







In practice, errors in the measurement of ee due to the NOE are likely to be negligible in all but exceptional cases. Nevertheless, if pulse sequences that utilize decoupling and thus give rise to an NOE can be avoided (such is the case for 19F and 31P nuclei) or the NOE is suppressed by use of a relaxation agent, then it may be safer to do so since determination of the effect of NOE in these circumstances is difficult.



Of note, these concerns regarding quantitation apply equally well when using a CSA for the measurement of ee.




Appendix A.1.3. Identification of Associate Preference by Diffusion


As per δ, T1, T2, and η, the diffusion rate can also be described in terms of a population-weighted average of the SM, HOM, and HET states (Equation (A5)):


Dobs = χsm · Dsm + χhom · Dhom + χhet · Dhet.



(A5)







For a comparison of racemic and enantiopure samples to ascertain the associate preference, the diffusion rates of HOM and HET are considered to be of equal value and to be greater than the diffusion rate of SM, i.e., Dhom ≈ Dhet > Dsm. If a racemic sample of equal total molecular concentration to an enantiopure sample is found to have a slower diffusion rate than an enantiopure sample, then the formation of associates in the racemic sample must be greater, which can only be accounted for by the formation of HET, since in an enantiopure sample, only HOM are possible. Thus, the formation of HET is concluded to be favored over HOM in such a scenario. The converse applies if the racemate has a faster diffusion rate than an enantiopure sample since in a racemic sample, the concentrations of each of the enantiomers are only half that of an enantiopure sample at the same total molecular concentration. Thus, a faster diffusion rate for a racemic sample infers that there is less overall association and HET is concluded to be less favored than HOM in such a scenario.





Appendix A.2. SDE


Analogous to the SIDA explanation, an alternative way to perceive SDE via chromatography (SDEvC) is to consider it in terms of contributing species to a population-weighted averaged velocity (νobs) along the chromatographic column for each enantiomer according to the χ spent in each state (Equation (A6)):


νobs = χsm · νsm + χhom · νhom + χhet · νhet.



(A6)







A crucial difference to SIDA is that for SDEvC, the conditions change with the progress of the chromatography due to dilution and the separation of the enantiomeric excess and racemic portions. In other words, the concentrations and relative proportions of the enantiomers alter spatially with chromatographic development (i.e., along the peak profile—the SDE effect), thus it is a dynamic system and the situation at any time point is only transitory while SIDA is very much a static system at the macroscopic level. Therefore, it is important to note that the above equation does not describe the chromatographic outcome in reality, and it is only an illustrative guide for pedagogical purposes for comprehending the SDE phenomenon. The pertinent point of the equation is that there can be various contributions to the separation of the enantiomeric excess and racemic portions due to the SDE phenomenon: Single molecules vs. dimers, homochiral vs. heterochiral associates, oligomers vs. monomers/dimers, and so on. Thus, with different proportions spent in each state for each enantiomer, νobs is likely to be different for the two enantiomers. The proportions that each possible differentiating contrast contributes to the separation of the enantiomeric excess and racemic portions is dependent on the particular system: Compound, ee, stationary phase, and eluent. If the νobs’s for the two enantiomers happen to be the same for a particular system with a particular ee, no separation of the enantiomeric excess and racemic portions will be observed, i.e., no SDE will occur, at least until dilution due to chromatographic development takes effect. It is worth noting that, unlike SIDA, the appearance of partially separated peaks will not represent the two enantiomers; instead, they represent the burgeoning separation of the enantiomeric excess and racemic portions of the sample.




Appendix A.3. Some Notes on Terminology


A compound whose racemic solution preferentially deposits racemic crystals, i.e. the unit cell contains equal numbers of R and S configured molecules, is termed a racemic compound [26].



A number of parameters have been defined to quantify the SDE [8], but by far the most important is the magnitude of the SDE (Δee), defined [27] as (Equation (A7)):


Δee = eefraction with the highest ee − eefraction with the lowest ee.



(A7)







It is worth noting that Δee is not necessarily the difference between the first and last fractions obtained, for example, from chromatography as these may not necessarily be the fractions with the highest and lowest ee’s.
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Figure 1. The dynamic equilibria of a chiral compound that forms homo- (HOM) and heterochiral (HET) associates will yield different distributions of the enantiomers between the various associates depending on their concentrations and the values of Khom and Khet. The transitory associates formed in solution may consist of dimeric or higher-order oligomeric associates of variable size, but are depicted here only as dimers for clarity. Due to dissimilar δ’s for SM, HOM, and HET, enantiopure and racemic solutions can thus present distinct spectra, and even distinct signals for the two enantiomers can result in the case of scalemates [1,3]. 
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Figure 2. The alcohols 2 and esters 3 studied in this work and the commercial acids 1 from which they were prepared. 
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Figure 3. 1H NMR spectra of (S)-2 (red spectra) and (R)-2 (blue spectra) in CDCl3. The original spectra (top two traces) showed considerable differences for the methyl signals H-4, H-11, and H-12 due to unequal concentrations (2-fold), while samples prepared at the same concentration (bottom two traces) are considered identical. Regions for the OH, NH, and aromatic signals are presented in the Supplementary Materials (Figures S1 and S2). 
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Figure 4. Possible structure of a hydrogen bond-based heterochiral dimeric associate of (S)-2 and (R)-2. Such a structure has Ci symmetry and is therefore achiral while a homochiral dimeric associate would have C2 symmetry and be chiral. The sizeable deshielding of the amide proton signal is also indicative of it participating in hydrogen bonding concomitant with molecular association and analogous dimeric associates involving it instead of the hydroxyl proton can be envisaged. 
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Figure 5. 1-D NOESY spectra of (rac)-2 (top two traces) and (S)-2 (bottom two traces) in CDCl3 at the same concentration showing the region for the alkyl methyl Hs (H-4) whereby the imidazolyl methyls H-11 and H-12 were successively selectively irradiated. The H-4 signal is more enhanced in both cases for the sample of (rac)-2 indicative of greater association. 
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Figure 6. 1H NMR spectra of (R)-3 (bottom trace), (S)-3 (middle trace), and (rac)-3 (top trace) in CDCl3 at the same concentration for the region encompassing the methyl signals H-4, H-11, H-12, and H-26 revealed little difference between the spectra. Spectra showing the NH, methylene, and aromatic signals are presented in the Supplementary Materials (Figures S6–S13). 
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Figure 7. 1H NMR spectra in CDCl3 of (scl)-3 for the indolyl NH (H-21, top trace) and one of the imidazolyl methyls (H-11, bottom trace). These were the only two proton signals to show distinct peaks for the two enantiomers. The time domain signal of the bottom trace was treated with a double exponential function (Gaussian broadening = 0.3 Hz and line broadening = −0.7 Hz) prior to Fourier transformation; no window function was applied to the top trace. 
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Figure 8. 13C NMR spectra in CDCl3 of (scl)-3 for C-19 (top trace) and for C-20 (bottom trace) of the indole moiety. These were the most divergent of the five carbon signals to show splitting. Misrepresentation of the relative signal intensities due to unequal partial saturation from disparate T1s or due to unequal truncation from disparate T2s for corresponding nuclei was not of concern as the data was not used for quantitation. A description of the problems for quantitation due to disparate T1s or T2s is presented in Appendix A. 
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