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Abstract

:

The enantioseparation of syn- and anti-3,5-disubstituted hydantoins 5a–i was investigated on three immobilized polysaccharide-based columns (CHIRAL ART Amylose-SA, CHIRAL ART Cellulose-SB, CHIRAL ART Cellulose-SC) by high performance liquid chromatography (HPLC) using n-hexane/2-PrOH (90/10, v/v) or 100% dimethyl carbonate (DMC) as mobile phases, respectively, and by supercritical fluid chromatography (SFC) using CO2/alcohol (MeOH, EtOH, 2-PrOH; 80/20, v/v) as a mobile phase. The chromatographic parameters, such as separation and resolution factors, have indicated that Amylose-SA is more suitable for enantioseparation of the most analyzed syn- and anti-3,5-disubstituted hydantoins than Celullose-SB and Cellulose-SC in both HPLC and SFC modalities. All three tested columns showed better enantiorecognition ability toward anti-hydantoins compared to syn-hydantoins, both in HPLC and SFC modes. We have demonstrated that environmentally friendly solvent DMC can be efficiently used as the mobile phase in HPLC mode for enantioseparation of hydantoins on the immobilized polysaccharide-based chiral stationary phases.
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1. Introduction


Imidazolidine-2,4-dione, also well known as hydantoin, is a simple hydantoin five-membered nitrogen heterocyclic compound, with four versatile points of functionalities in its framework. Hydantoins have two nitrogens in position 1 and 3, as well as two carbonyl groups in positions 2 and 4, one of which is between the two nitrogens (Figure 1) [1,2,3].



The hydantoin moiety is an important structural scaffold present in a number of drugs or drug candidates [3,4,5]. Phenytoin, ethotoine and norantoine are marketed as anticonvulsant drugs; nilutamide is a nonsteroidal androgen receptor antagonist for the treatment of metastatic prostate cancer [6,7], and BMS-564929 is an orally active and nonsteroidal tissue selective androgen receptor modulator [8]. In addition, hydantoins demonstrate numerous other interesting pharmacological activities, such as antibacterial [9], antiviral [10,11,12,13], antifungal [14], antiarrhythmic [15,16,17], antidiabetic [18,19], antitumor [20,21,22,23], antithrombotic, anti-inflammatory and antitussive [24], as well as inhibitory activity against some enzymes (human aldose reductase and leucocyte elastase) [25,26]. Finally, some herbicides [27,28,29,30], fungicides and insecticides also have a hydantoin ring in their structure [29,30].



The hydantoin ring also constitutes the core structure of various natural products, mostly isolated from different marine organisms, but also from bacteria [31]. For example, hemimycallins A and B were isolated from marine sponge Hemimycale arabica [26], mukanadine B was isolated from marine sponge Agelas nakamurai [32], midpacamide from Fidijan sponge Agelas mauritiana [33], and parazoanthines A-J from the Mediterranean Sea anemone Parazoanthus axinellae [34,35].



The enantiomers of eighteen chiral 3,5-disubstituted hydantoins were separated by Kartozia et al. using HPLC under normal phase mode on three polysaccharide columns Chiralpak AD-H, Chiralcel OD-H and Chiralcel OJ-H. In this study, a separation of seventeen out of eighteen chiral hydantoins achieved partial or baseline separation on Chiralpak AD-H. For most hydantoins, better separations were obtained on Chiralcel OD-H than on Chiralcel OJ-H [5]. More recently, the enantioseparation of eleven 3,5-disubstituted hydantoins was investigated by Yang et al. using HPLC under the normal phase mode on Chiralpak IA. In the study, the effect of polar alcoholic modifier, ethanol (EtOH), 1-propanol, 2-propanol (2-PrOH), 1-butanol and tert-butanol; and column temperature on retention and enantioseparation was evaluated. Additionally, two kinds of enantiomer elution order (EEO) reversals, which include solvent-induced EEO reversal for one tested chiral hydantoin and temperature-induced EEO reversals for the two hydantoins were found [3].



The chiral stationary phases (CSPs) most commonly used are based on silica coated with chiral polysaccharide derivatives, tris(carbamates) or tris(esters) of amylose or cellulose [36]. These coated CSPs are able to resolve a large variety of structurally different compounds [37,38] and are widely used in HPLC and SFC [39]. These CSPs can only be used with a limited range of solvents as mobile phases such as hydrocarbons, alcohols, acetonitrile (ACN), or hydrocarbon/alcohol and ACN/alcohols mixtures [40]. The immobilized CSPs were prepared by covalently bonding polysaccharide derivates to silica surface [36]. The immobilization allows the use of solvents that cannot be applied on the coated CSPs, such as ethers, esters, ketones and chlorinated hydrocarbons [40]. The enantiorecognition ability of polysaccharide-based CSPs depends on the interactions between the analyte enantiomers and polar carbamate moiety of the polysaccharide-based selector. Each enantiomer forms short-lived, transient diastereomeric complexes with the chiral selector through interactive forces. The complexes are formed as a result of hydrogen bonding, dipole–dipole interactions, π-π bonding, electrostatic interactions (Van der Waals forces), inclusion complexation and steric effects. The strength of these interactions depends on the structure of the analyte and the chiral selector, and on mobile phase composition [41,42,43].



Here, we present the use of green solvent dimethyl carbonate (DMC (CH3O(C=O)OCH3) as a mobile phase in HPLC mode for enantioseparation of chiral 3,5-disubstituted hydantoins 5a–i. DMC is a nonpolar aprotic solvent, slightly soluble in water (139 g L−1) [44] and miscible with alcohols, esters, ethers, and ketones [45]. It is an environmentally benign [46,47], biodegradable [48], non-corrosive [49] and non-toxic solvent [48]. It can be a potential replacement for methyl ethyl ketone, ethyl acetate, methyl isobutyl ketone, and most of other ketones [50]. Lajin and Goessler introduced DMC as a new organic solvent in HPLC-ICPMS for separation of eleven model compounds, such as theobromine, caffeine, aspirin, acetophenone, dithiodibenzoic acid, toluensulfomide, etc. [51]. They compared the elution behavior of DMC with that of other commonly used organic solvents, such as methanol (MeOH), 2-PrOH and acetonitrile. Their results showed that DMC offered stronger elution strength than MeOH and ACN for all tested compounds and stronger elution strength than 2-PrOH for most tested compounds.



In the present work, we have studied the enantioseparation of eighteen chiral 3,5-disubstituted hydantoins 5a–i (Figure 2) by HPLC under normal standard and non-standard mobile phases. We have also studied the enantioseparation of these hydantoins by SFC using a mobile phase consisting of supercritical carbon dioxide and alcohol (80/20, v/v). Three CSPs in their immobilized form (CHIRAL ART Amylose-SA, CHIRAL ART Cellulose-SB, CHIRAL ART Cellulose-SC) were employed to explore their enantioselectivity. Each analyzed hydantoin possessed two centers of chirality, one in the hydantoin ring and the other in the side chain (Figure 3).




2. Materials and Methods


All used chemicals were purchased from commercial suppliers Sigma Aldrich (Steinheim, Germany), Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland). Dichloromethane (DCM), EtOH and ACN were dried prior to use according to standard methods [52]. EtOH, MeOH, 2-PrOH and n-hexane of HPLC grade were purchased from Honeywell (Seelze, Germany). DMC was purchased from Acros Organics (Geel, Belgium). Liquid CO2 (grade 4.5) was from Messer (Zagreb, Croatia). The immobilized polysaccharide-based CSPs: CHIRAL ART Amylose-SA S-10 μm, CHIRAL ART Cellulose-SB S-10 μm and CHIRAL ART Cellulose-SC S-10 μm were purchased as bulk material from YMC (Kyoto, Japan). The empty stainless-steel HPLC columns, dimensions 250 mm × 4.6 mm ID, were purchased from Knauer GmbH (Berlin, Germany), and packed with the above mentioned CSPs.



The hydantoins used in this study were synthesized based on a procedure previously described in the literature, Scheme 1. β-Lactam ureas were prepared in four steps via Staudinger reaction [53]. Briefly, the first step included preparation of imine 1 by a condensation reaction of 4-methoxybenzaldehyde and 4-fluoroaniline in dry DCM. In a second reaction, imine 1 was treated with N-phthaloylglycine in the presence of triethylamine and 2-chloro-1-methylpyridinium iodide to afford a cis/trans-(±)-3-phthalimodo-β-lactam 2. The cis:trans ratio was 1:5. In the subsequent step, deprotection of the bulky phthalimide group in the compound trans-2 with ethylenediamine in dry EtOH afforded a free amine, (±)-trans-3-amino-β-lactam 3 [54]. The treatment of (±)-trans-3-amino-β-lactam 3 with various aliphatic and aromatic isocyanates in dry ACN at room temperature resulted in the isolation of (±)-trans-β-lactam ureas 4a–i [55]. Diastereomeric mixtures (syn- and anti-) of racemic 3,5-disubstituted hydantoins 5a–i were synthesized via base-promoted intramolecular amidolysis of (±)-trans-β-lactam ureas 4a–i [56]. The mixtures of diastereomeric hydantoins were then separated by preparative RP-HPLC using preparative column Zorbax Extend-C18 PrepHT (250 × 9.4 mm I.D., 5-μm particle size, 300 Å pore size) from Agilent Technologies (Waldbronn, Germany) with a linear gradient AB at a flow rate of 17 mL min−1, where mobile phase A was water and mobile phase B was ACN. The structures of all syn- and anti-hydantoins 5a–i are shown in Figure 2. All compounds were characterized by NMR, IR and mass spectroscopy.



Two chromatographic systems were applied in this study. The first one was an Agilent 1200 Series HPLC System (Agilent Technologies, Waldbronn, Germany), equipped with a vacuum degasser, a quaternary pump, a thermostated column compartment, an autosampler and a variable wavelength detector. The mobile phase was n-hexane/2-PrOH (90/10, v/v) or 100% DMC. All experiments in normal-phase mode and non-standard mode were carried out under isocratic conditions at a flow rate of 1.0 mL min−1 and at a column temperature of 30 °C. The injection volume was 20 μL. Data analysis and processing were carried out by EZChrom Elite software version 3.1.7. (Agilent Technologies, Waldbronn, Germany).



The second chromatographic system, an Agilent 1260 Infinity II Hybrid SFC/UHPLC (Agilent Technologies, Waldbronn, Germany) system, was applied for SFC studies. It consisted of an Infinity SFC binary pump, an Aurora A5 Fusion module, a degasser, an autosampler, a thermostated column compartment, a diode array detector and a backpressure regulator. The system was controlled by Open LAB CDS ChemStation Edition Rev. C01.08 software (Agilent Technologies, Waldbronn, Germany). In every case, SFC was performed in isocratic mode at a flow rate of 4.0 mL min−1 and a column temperature of 35 °C. The injection volume was 20 μL and the outlet pressure was set at 15 MPa. The mobile phases applied in SFC consisted of CO2 and MeOH, EtOH or 2-PrOH, each in the ratio 80/20, v/v. Detection was performed at a wavelength of 254 nm using a diode-array detector.



Sample solutions of the analytes were prepared by dissolving hydantoin compounds in n-hexane/2-PrOH (90/10, v/v), DMC or MeOH in 0.5 mg mL−1 concentration and filtered through RC-45/25 Chromafil® Xtra 0.45 μm syringe filter (Macherey-Nagel GmbH & Co. KG, Düren, Germany). The HPLC columns were packed by using the typical slurry method, where n-hexane/2-PrOH (90:10, v/v) was used as slurring solvent to prepare n-hexane/2-PrOH-YMC bulk materials (CHIRAL ART Amylose-SA, CHIRAL ART Cellulose-SB and CHIRAL ART Cellulose-SC) suspensions with sonication, respectively. The suspensions were packed into stainless-steel columns (250 × 4.6 mm I.D.) by the conventional high pressure downward slurry technique using a Knauer pneumatic HPLC pump (Knauer Gmbh, Berlin, Germany). In the following text, these columns are marked as Amylose-SA, Cellulose-SB and Cellulose-SC. The chiral selectors in Amylose-SA, Cellulose-SB and Cellulose-SC are amylose tris-(3,5-dimethylphenylcarbamate), cellulose tris-(3,5-dimethylphenylcarbamate) and cellulose tris-(3,5-dichlorophenylcarbamate), respectively; all three are shown in Figure 4.



The retention factor of the first and the second eluted enantiomer (k1 and k2), the separation factor (α), and the resolution (Rs) are calculated according to the usual formulae:


k1 = (tr1 − t0)/t0



(1)






k2 = (tr2 − t0)/t0



(2)






α = k2/k1



(3)






Rs = 2 × (tr2 − tr1)/(w1 + w2)



(4)




where t0 is the dead time, tr1 and tr2 are the retention times of the first and second eluted enantiomers, respectively, and w1 and w2 are the corresponding base peak widths. In HPLC mode, the dead time, which is the retention time of a nonadsorbing component, was determined by injection of 1,3,5-tri-tert-butylbenzene, while in SFC mode the first negative signal by injecting MeOH was used.




3. Results and Discussion


The use of DMC in our enantioseparation studies also requested the use of immobilized CSPs. DMC and the other organic solvents of medium polarity (non-standard HPLC solvents), such as acetone, dichloromethane, chloroform, ethyl acetate, methyl tert-butyl ether and tetrahydrofuran can be used on immobilized chiral selectors. Contrary, these solvents cannot be used with coated polysaccharide-based chiral selectors, because they can dissolve or swell the polysaccharide derivative [57,58,59]. In this study, our intention was to demonstrate an efficient replacement of hydrocarbon-based mobile phase with DMC and/or supercritical CO2.



3.1. Enantioseparation on Amylose-SA


The results of the HPLC and SFC enantioseparation using Amylose-SA column are summarized in Table 1. The Amylose-SA allowed the enantioseparation of all eighteen analyzed 3,5-disubstituted hydantoins under the n-hexane/2-PrOH (90/10, v/v) mobile phase system. Among them, for seventeen pairs of enantiomers the baseline separation was achieved, while partial separation was observed only for the enantiomers of the compound syn-5i. In the normal phase mode, the retention factors (k1) of the first eluting enantiomers of the syn- and anti-compounds 5h and 5i were higher than that of other hydantoins, which implied that the interactions between these analytes and CSP were the strongest. The possible reason may be the presence of two methyl groups at either ortho- or meta-position of the N3 phenyl ring in 5h and 5i, respectively. On the contrary, the lower retention of compounds syn-5b, anti-5b, syn-5c and anti-5c was the result of their weaker interaction with CSP. The possible reason may be the presence of alkyl or cycloalkyl substituent at the N3 position of the hydantoin ring, which, unlike other tested hydantoins, cannot provide additional π-π interactions with the CSP. It is obvious that the longer retained compounds did not always accomplish higher separation factors and resolution. Moreover, this column exhibited better chiral recognition toward anti-hydantoins 5a–i compared to syn-hydantoins 5a–i. When DMC was used as the mobile phase, among eighteen hydantoins, a baseline separation was achieved for eight hydantoins while six hydantoins were partially separated. The enantiomers of the hydantoins syn-5a, syn-5d, anti-5c, and anti-5f did not separate on this column under the same condition. As seen from Table 1, better enantioselectivity of compounds syn-5b, syn-5f, syn-5g, syn-5i was achieved with DMC as the mobile phase, while the resolution was always higher with n-hexane/2-PrOH (90/10, v/v) as the mobile phase. Moreover, under DMC conditions, anti-hydantoins 5a, 5b, 5d, 5e, 5h and 5i showed higher α and Rs values compared to α and Rs of their syn-isomers. syn-Hydantoins 5c and 5f showed better results (in terms of α and Rs) than anti-5c and anti-5f; the syn-isomers were partially separated, while anti-isomers were not resolved under DMC. Furthermore, the enantiomers of compound anti-5g achieved greater resolution and lower value of separation factor compared to the enantiomers of compound syn-5g under non-standard mobile phase. DMC as the hydrogen bond acceptor is capable of interacting with the polarized hydrogen atom of the carbamate N-H group (hydrogen bond donor) of amylose-based selector, competing with hydantoin compounds for hydrogen bonding sites, therefore accelerating the elution rate. As shown in Figure 5, syn-allyl hydantoin 5a expressed a superior Rs of 3.23 and α of 1.61 on Amylose-SA under n-hexane/2-PrOH (90/10, v/v) compared to Rs 0 and α of 1.44 under 100% DMC. anti-Allyl hydantoin 5a showed Rs of 6.36 and α of 2.48 under n-hexane/2-PrOH (90/10, v/v) compared to Rs of 1.57 and α of 2.25 under 100% DMC. In particular, Amylose-SA showed a significantly higher resolution and enantioselectivity values for the anti-allyl hydantoin 5a under the normal and non-standard HPLC conditions.



Under SFC conditions, we investigated the effect of three modifiers (MeOH, EtOH, 2-PrOH) on enantioseparation of hydantoin derivatives 5a–i. It is interesting to note that 2-PrOH yields more baseline enantioseparations than MeOH and EtOH, Table 1. By comparing the data obtained with the modifiers MeOH, EtOH or 2-PrOH the retention factors of the first eluted enantiomers of compounds syn-5c, syn-5i, anti-5a, anti-5d and anti-5i were the highest with 2-PrOH as the modifier. The retention factors of syn-5c, syn-5i and anti-5i hydantoins increased as the mobile phase modifier changed from MeOH to EtOH and then to 2-PrOH, which should be due to the decrease in solvent polarity and the increase in bulkiness of alcoholic modifiers (due to the chain length and branching). The compounds syn-5a, syn-5b, syn-5d, syn-5e, syn-5f, syn-5g, syn-5g, anti-5f, anti-5g and anti-5i followed the opposite trend; the retention factor of the compounds increasing in the order 2-PrOH > EtOH > MeOH. MeOH, EtOH and 2-PrOH are all protic solvents, and they are capable of interacting with amylose tris-(3,5-dimethylphenylcarbamate) through hydrogen bonding, and thus compete with the hydantoin compounds for the hydrogen bonding site, thus accelerating the elution rate. When applying a branched-chain alcohol 2-PrOH, it forms weaker hydrogen bonds with CSP than MeOH and EtOH, so the retention factor is expected to be longer. However, it was observed that 2-PrOH gave shorter retention times than straight-chain alcohols (MeOH and EtOH) for ten analyzed compounds syn-5a, syn-5b, syn-5d, syn-5e, syn-5f, syn-5g, syn-5h, anti-5c, anti-5f and anti-5f. The molecular structure type and the steric effects of the modifiers influence the enantioselectivity and retention of the analyte. The chiral recognition mechanisms of the analytes with Amylose-SA are very complex, and largely depend on the structure of hydantoin derivatives, i.e., the nature of the functional group at the N3 position of the hydantoin ring.



The Amylose-SA column under SFC mode exhibits better chiral recognition ability toward anti-hydantoins compared to syn-hydantoins. As shown in Figure 6, under the mobile phase of CO2/EtOH (80/20, v/v), both syn- and anti-allyl hydantoins 5a have the lowest Rs and α and the largest values for MeOH as the modifier.




3.2. Enantioseparation on Cellulose-SB


This CSP contains the same 3,5-dimethylphenylcarbamate substituent as Amylose-SA; however, they differ only in the nature of polysaccharide backbone, i.e., cellulose and amylose. When operating in the normal phase HPLC mode, the Cellulose-SB column provided a better separation for enantiomers of anti-hydantoins 5a–i compared to syn-isomers. It is obvious that the enantiomers of all analyzed anti-hydantoins were well separated (Rs > 2.14) on Cellulose-SB along with good enantioselectivity. In contrast to anti-hydantoins, seven syn-hydantoins were baseline separated on this column while two hydantoins syn-5a and syn-5c showed only partial enantioseparation. In general, lower retention and higher α and Rs values were obtained for anti-hydantoins 5a–i. In the normal phase mode, the retention factor of the first eluting enantiomers of the syn- and anti-compounds 5a and 5d–i were always higher than that of other two hydantoins 5b and 5c. A possible reason may be the presence of a allyl group (compound 5a), a furan ring (compound 5d) or a phenyl ring (compounds 5e–i) at the N3 position of these hydantoins, which could provide additional π-π interactions between these analytes (donor) and CSP (acceptor). On the other hand, compounds 5b and 5c showed the lowest retention under the normal phase mode. This indicates that the interaction between compounds 5b and 5c with the stationary phase is weak, possibly due to a hexyl or cycloalkyl substituent at the N3 position of the hydantoin ring, which cannot provide additional interactions with the CSP like other analyzed hydantoins.



When DMC was used as the mobile phase, compounds anti-5a, anti-5c, anti-5e and anti-5i achieved baseline separation. Among them, compound anti-5i containing the 2,6-dimethylphenyl group on N3 showed the best separation (Rs = 2.21 and α = 1.90), followed by anti-5c containing the cyclopentyl moiety on N3 with a Rs value of 2.15 and α of 2.46. Other anti-hydantoins 5b, 5d, 5f, 5g and 5h were partially separated. In addition, all nine syn-hydantoins 5a–i were not enantioseparated on this column under the same conditions. It is possible that DMC altered the supramolecular structure of the cellulose chiral selector by modifying the size of the interaction cavity between the polysaccharide chains and made them more suitable for interactions with the anti-hydantoins 5a–i. As seen from Table 2, all analyzed hydantoins were always longer retained in the normal phase than in non-standard phase mode, which indicates that the lower retention of hydantoins was the result of their weaker interaction with CSP. Typical chromatograms of the resolution of the enantiomers of allyl hydantoins syn-5a and anti-5a under n-hexane/2-PrOH and dimethyl carbamate are shown in Figure 7. It can be seen that the higher retention, and higher separation factor and resolution was obtained for anti-5a compared to syn-5a under both HPLC modes.



The effects of supercritical carbon dioxide and alcohol modifiers (MeOH, EtOH and 2-PrOH) on the enantioseparation of syn- and anti-hydantoins are listed in Table 2. From the obtained results, we can notice that compounds syn-5f, syn-5h, syn-5i, anti-5a, anti-5d, anti-5e, anti-5f, anti-5g, anti-5h and anti-5i were completely separated using all three alcohol modifiers, along with a good resolution. Baseline separation of syn-5e with benzyl substituent at the N3 position of the hydantoin ring and syn-5g with 3-chloro-4-methylphenyl substituent at the same position was achieved when MeOH or EtOH were selected as the alcohol modifier; among them, a better separation was obtained with MeOH. Baseline separation of anti-5b was achieved with MeOH and 2-PrOH, while the baseline separation of anti-5c was achieved using MeOH, and EtOH compounds syn-5a and syn-5d were partially separated using MeOH and EtOH as the polar modifiers. The enantiomers of compound syn-5b were partially separated on the Cellulose-SB with mobile phase CO2/2-PrOH (80/20, v/v), while the enantiomers of syn-5a and syn-5d were not resolved with the same mobile phase. No chiral resolution of hydantoin syn-5c was observed on this column with either MeOH, EtOH or 2-PrOH as modifiers. As seen from Table 2, compounds syn- and anti-5g with 3-chloro-4-methylphenyl substituent at the N3 position of the hydantoin ring were always longer retained than other analytes, which implied that the interactions between these two analytes and CSP were the strongest. On the contrary, lower retention of compounds syn- and anti-5a, syn- and anti-5b, and syn- and anti-5c was the result of their weaker interaction with CSP. As can be seen by comparing the results in Table 2, the retention factors of all syn-hydantoins were higher than anti-hydantoins with all three modifiers. Obviously, when branched alcohol, 2-PrOH, was used as the alcohol modifier, the retention time of most compounds was longer than that of using linear alcohols, which indicated that the steric effect of the modifier likely contributed to the decreased strengths of the interactions between the mobile phase and the CSP, resulting in the reduced elution ability of the mobile phase. The Cellulose-SB column in SFC mode exhibited better enantioseparation toward anti-hydantoins compared to syn-hydantoins. As shown in Figure 8, higher separation and resolution of the compound anti-5a with allyl substituent at the N3 position of the hydantoin ring was achieved using the mobile phase CO2/alcohol (80/20, v/v).




3.3. Enantioseparation on Cellulose-SC


The results of the enantioseparations using the Cellulose-SC column in the normal and non-standard phase HPLC mode and SFC mode are summarized in Table 3.



When n-hexane/2-PrOH (90/10, v/v) was used as the mobile phase, the retention factors of the first-eluting enantiomers of compounds syn- and anti-5g and 5h were higher than of other hydantoins. This implies that the interactions between these analytes and CSP were the strongest. A possible reason may be the presence of two groups at the meta-position of the phenyl ring attached to the N3 position of these hydantoins. On the contrary, the lower retention of compounds anti-5b, syn-5c and anti-5c was the result of their weaker interaction with CSP, possibly due to an alkyl or cycloalkyl substituent at the N3 position of the hydantoin ring. The longer retention was not evidently always accompanied with better enantioseparation. Among all eighteen analytes, baseline separations of nine pairs of enantiomers were achieved using this mobile phase system. It is interesting to notice that the Cellulose-SC column did not show chiral recognition ability toward any of the syn- and anti-hydantoin racemates with DMC as the mobile phase. An explanation for this possible supramolecular effect could be the same as for the Cellulose-SB column. The HPLC mobile phase composition was found to influence the retention time and resolution of the analyzed hydantoin enantiomers. The effects of n-hexane/2-PrOH (90/10, v/v) versus DMC on enantioselectivity of allyl hydantoins syn-5a and anti-5a using the Cellulose-SC column are shown in Figure 9. The enantiomers of anti-5a were well separated (Rs = 4.44), while the enantiomers of its diastereoisomer syn-5a were only partially separated (Rs = 0.47) under the normal phase HPLC mode. No chiral recognition was observed for both allyl hydantoins syn-5a and anti-5a under DMC mobile phase.



The Cellulose-SC column did not exhibit an enantiorecognition ability for most of the tested racemates using CO2/MeOH (80/20, v/v). For compounds syn-5c, anti-5c, anti-5g and syn-5i, only a partial enantioseparation was achieved. However, baseline separation was achieved for only one hydantoin, syn-5h, with 3,5-dimethylphenyl group at the N3 position of the hydantoin ring when MeOH was selected as a modifier. When 2-PrOH was used as the alcoholic modifier, eleven hydantoin racemates were baseline separated. The compounds syn-5a-d and anti-5c attained partial separation, while enantiomers of compounds syn-5e and anti-5i were not separated. When EtOH was used, six compounds attained partial separation and only compound syn-5h was separated to baseline. Moreover, when using 2-PrOH α, values were larger than those obtained with EtOH as the modifier.




3.4. Recognition Complementarities of Three Tested Immobilized CSPs


As described in Section 3.1, Section 3.2 and Section 3.3, a number of baseline-separated hydantoins using three different immobilized CSPs is seventeen, sixteen, and nine for columns Amylose-SA, Cellulose-SB and Cellulose-SC, respectively, when using the n-hexane/2-PrOH (90/10, v/v) mobile phase system. Under non-standard HPLC conditions (DMC), the enantiomers of eight hydantoins were separated at baseline on the Amylose-SA column, while baseline separation of only four hydantoins was achieved on the column Cellulose-SB. No chiral resolution was observed on the Cellulose-SC with DMC as the mobile phase. Among eighteen hydantoins, baseline separations of fourteen pairs of enantiomers were achieved on the immobilized Cellulose-SB column by SFC, using the mobile phase CO2/MeOH (80/20, v/v) followed by the Amylose-SA column (thirteen enantiomers of eighteen tested compounds) and the Cellulose-SC (one enantioseparation of eighteen). Operating in SFC mode, the Cellulose-SC column provided poor enantioseparations for these kinds of compounds when MeOH and EtOH were used as polar modifiers. However, when switched to 2-PrOH as the modifier, baseline separation of the eleven hydantoins was obtained on this column. Baseline separation of a great number of 3,5-disubstituted hydantoin enantiomers was achieved on the Amylose-SA and Cellulose-SB columns with CO2/alcohol (MeOH, EtOH, 2-PrOH) as the mobile phase.



The rate of baseline separation (r.b.s.) is defined as the ratio of baseline-separated analytes to the total samples [60]. The r.b.s. values for the immobilized column Amylose-SA, Cellulose-SB and Cellulos-SC under normal phase and non-standard HPLC conditions and under SFC conditions were always higher for anti-hydantoins 5a–i than for syn-hydantoins 5a–i. The Cellulose-SC column exhibits quite poor performances for the series of hydantoins under investigation. Neither syn-hydantoins 5a–i nor anti-hydantoins 5a–i were separated on Cellulose-SC under the mobile phase DMC. Furthermore, the anti-hydantoins 5a–i were not separated on this column using the mobile phase of supercritical CO2 and the alcoholic modifiers (MeOH and EtOH). With regard to the number of baseline separations, the enantioseparation ability of the three columns decreased in the order Amylose-SA > Cellulose-SB > Cellulose-SC. Amylose-SA provided greater enantioresolution toward the majority of the tested analytes. The amylose-based CSP is considered to be more helical in nature than cellulose-derived CSP [52]. Consequently, the difference in helical structures between amylose and cellulose resulted in different enantiorecognition behaviors [61,62]. It is obvious from Table 4 that the Amylose-SA column has better chiral recognition capacities than Cellulose-SB. Furthermore, it can be seen that the Cellulose-SB column is more efficient than the Cellulose-SC column due to the presence of chlorine atoms in later chiral selector. The electronegative nature of chlorine atoms makes phenyl ring electrons deficient, and this consequently leads to poor π-π interactions and low chiral recognition capabilities.





4. Conclusions


In this comprehensive study, the chiral separation of eighteen 3,5-disubstituted hydantoins 5a–i were conducted on three immobilized polysaccharide-based CSPs (Amylose-SA, Cellulose-SB and Cellulose-SC) by HPLC under normal and non-standard mobile phase and by SFC, using carbon dioxide and different alcohol modifiers (MeOH, EtOH and 2-PrOH). The column Amylose-SA turned out to be the best in both HPLC and SFC modalities. All three CSPs showed better chiral recognition toward anti-3,5-disubstituted hydantoins compared to syn-isomers, both in HPLC and SFC modes. In the HPLC, the results were better when n-hexane/2-PrOH (90/10, v/v) was used, in terms of higher separation and resolution, but with longer analysis times. We have shown that DMC can be efficiently used as a mobile phase in chiral separation of 3,5-disubstituted hydantoins on the immobilized polysaccharide-based CSPs, especially on the Amylose-SA column. Using DMC, no chiral recognition of any syn-hydantoins was observed on Cellulose-SB, and all of syn- and anti-hydantoins on Cellulose-SC. The columns Amylose-SA and Cellulose-SB provided fine or excellent separations for these types of compounds.
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Figure 1. Chemical structure of hydantoins. 
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Figure 2. Chemical structures of (±)-syn- and (±)-anti-3,5-disubstituted hydantoins 5a–i. 
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Figure 3. All four possible stereoisomers of allylhydantoin 5a. 
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Scheme 1. Synthesis of (±)-syn- and (±)-anti-3,5-disubstituted hydantoins 5. 
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Figure 4. Chemical structures of chiral selectors. 
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Figure 5. HPLC overlay chromatograms of (±)-syn-5a and (±)-anti-5a on Amylose-SA column with: (A) n-hexane/2-PrOH (90/10, v/v) and (B) 100% DMC as mobile phases. 
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Figure 6. SFC overlay chromatograms of (±)-syn-5a and (±)-anti-5a on Amylose-SA column with: (A) CO2/MeOH (80/20, v/v), (B) CO2/EtOH (80/20, v/v) and (C) CO2/2-PrOH(80/20, v/v) as mobile phases. 
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Figure 7. HPLC overlay chromatograms of (±)-syn-5a and (±)-anti-5a on Cellulose-SB column with: (A) n-hexane/2-PrOH (90/10, v/v) and (B) 100% DMC as mobile phases. 
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Figure 8. SFC overlay chromatograms of (±)-syn-5a and (±)-anti-5a on Cellulose-SB column with: (A) CO2/MeOH (80/20, v/v), (B) CO2/EtOH (80/20, v/v) and (C) CO2/2-PrOH(80/20, v/v) as mobile phases. 
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Figure 9. HPLC overlay chromatograms of (±)-syn-5a and (±)-anti-5a on Cellulose-SC column with: (A) n-hexane/2-PrOH (90/10, v/v) and (B) 100% DMC as mobile phases. 
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Table 1. Chromatographic parameters for the enantioselective separations of racemic syn-and anti-3,5-disubstituted hydantoins on Amylose-SA.
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Compound

	
Condition *

	
k1

	
k2

	
α

	
Rs

	
Compound

	
Condition *

	
k1

	
k2

	
α

	
Rs






	
syn-5a

	
A

	
6.57

	
10.58

	
1.61

	
3.23

	
anti-5a

	
A

	
5.33

	
13.30

	
2.48

	
6.36




	
B

	
0.09

	
0.09

	
1.00

	
-

	
B

	
0.16

	
0.36

	
2.25

	
1.57




	
C

	
1.45

	
1.85

	
1.28

	
0.80

	
C

	
1.23

	
2.32

	
1.89

	
2.32




	
D

	
1.40

	
1.78

	
1.27

	
0.76

	
D

	
1.20

	
2.15

	
1.80

	
2.07




	
E

	
1.34

	
1.90

	
1.42

	
1.21

	
E

	
1.34

	
2.43

	
1.81

	
2.23




	
syn-5b

	
A

	
2.47

	
4.51

	
1.83

	
3.74

	
anti-5b

	
A

	
2.04

	
5.74

	
2.81

	
6.27




	
B

	
0.10

	
0.22

	
2.20

	
0.41

	
B

	
0.22

	
0.50

	
2.27

	
1.81




	
C

	
1.54

	
2.19

	
1.42

	
1.36

	
C

	
1.56

	
2.76

	
1.76

	
2.29




	
D

	
1.39

	
1.96

	
1.41

	
1.21

	
D

	
1.32

	
2.42

	
1.83

	
2.28




	
E

	
1.31

	
2.01

	
1.53

	
1.49

	
E

	
1.36

	
2.70

	
1.99

	
2.55




	
syn-5c

	
A

	
2.85

	
5.30

	
1.86

	
3.98

	
anti-5c

	
A

	
2.85

	
8.03

	
2.82

	
6.43




	
B

	
0.18

	
0.28

	
1.56

	
0.87

	
B

	
0.60

	
0.60

	
1.00

	
-




	
C

	
1.34

	
3.19

	
2.38

	
2.90

	
C

	
1.70

	
4.45

	
2.62

	
4.60




	
D

	
1.47

	
2.63

	
1.79

	
2.33

	
D

	
1.61

	
3.76

	
2.34

	
4.52




	
E

	
1.59

	
2.63

	
1.65

	
1.99

	
E

	
1.59

	
3.93

	
2.47

	
3.58




	
syn-5d

	
A

	
6.05

	
11.63

	
1.92

	
4.42

	
anti-5d

	
A

	
4.95

	
17.52

	
3.54

	
8.63




	
B

	
0.19

	
0.19

	
1.00

	
-

	
B

	
0.14

	
0.30

	
2.14

	
1.11




	
C

	
2.08

	
2.75

	
1.32

	
1.12

	
C

	
1.78

	
3.37

	
1.89

	
2.72




	
D

	
1.84

	
2.52

	
1.37

	
1.30

	
D

	
1.64

	
3.07

	
1.87

	
2.68




	
E

	
1.78

	
2.82

	
1.58

	
1.88

	
E

	
1.84

	
3.99

	
2.17

	
3.58




	
syn-5e

	
A

	
7.97

	
16.34

	
2.05

	
4.12

	
anti-5e

	
A

	
4.49

	
16.01

	
3.57

	
8.31




	
B

	
0.17

	
0.24

	
1.41

	
0.54

	
B

	
0.28

	
0.47

	
1.68

	
1.38




	
C

	
2.87

	
3.77

	
1.31

	
1.27

	
C

	
2.68

	
4.88

	
1.82

	
2.77




	
D

	
2.44

	
3.57

	
1.46

	
1.86

	
D

	
2.51

	
4.33

	
1.73

	
3.05




	
E

	
2.39

	
4.16

	
1.74

	
2.63

	
E

	
2.64

	
5.76

	
2.18

	
3.99




	
syn-5f

	
A

	
4.76

	
8.54

	
1.79

	
3.17

	
anti-5f

	
A

	
3.70

	
10.04

	
2.71

	
4.59




	
B

	
0.14

	
0.45

	
3.21

	
1.97

	
B

	
0.32

	
0.32

	
1.00

	
-




	
C

	
3.08

	
8.34

	
2.71

	
4.20

	
C

	
3.04

	
15.51

	
5.10

	
7.65




	
D

	
2.91

	
7.39

	
2.54

	
4.03

	
D

	
2.82

	
12.39

	
4.39

	
6.56




	
E

	
2.66

	
6.01

	
2.26

	
3.65

	
E

	
2.59

	
9.15

	
3.53

	
5.64




	
syn-5g

	
A

	
6.85

	
14.14

	
2.06

	
4.30

	
anti-5g

	
A

	
3.92

	
10.39

	
2.65

	
4.94




	
B

	
0.17

	
0.61

	
10.11

	
3.02

	
B

	
0.37

	
1.72

	
4.65

	
5.23




	
C

	
4.63

	
11.91

	
2.57

	
4.46

	
C

	
4.25

	
17.62

	
4.14

	
6.20




	
D

	
4.35

	
10.87

	
2.50

	
4.70

	
D

	
4.00

	
15.40

	
3.85

	
6.57




	
E

	
3.93

	
9.39

	
2.39

	
4.25

	
E

	
3.78

	
13.00

	
3.44

	
5.91




	
syn-5h

	
A

	
10.43

	
21.05

	
2.02

	
4.30

	
anti-5h

	
A

	
6.17

	
15.89

	
2.58

	
4.94




	
B

	
0.15

	
0.45

	
3.00

	
2.19

	
B

	
0.25

	
0.96

	
3.84

	
4.55




	
C

	
2.67

	
5.95

	
2.23

	
3.55

	
C

	
2.40

	
7.22

	
3.01

	
4.65




	
D

	
2.62

	
5.90

	
2.25

	
3.68

	
D

	
2.31

	
6.86

	
2.97

	
4.93




	
E

	
1.91

	
6.05

	
3.17

	
3.02

	
E

	
2.39

	
6.57

	
2.75

	
4.57




	
syn-5i

	
A

	
14.34

	
16.13

	
1.12

	
0.75

	
anti-5i

	
A

	
16.81

	
22.33

	
1.33

	
1.77




	
B

	
0.10

	
0.17

	
1.70

	
0.42

	
B

	
0.26

	
0.50

	
1.92

	
1.54




	
C

	
2.43

	
3.30

	
1.33

	
1.23

	
C

	
2.77

	
4.25

	
1.53

	
1.76




	
D

	
2.81

	
3.74

	
1.33

	
1.34

	
D

	
3.41

	
5.10

	
1.50

	
1.83




	
E

	
3.52

	
5.11

	
1.45

	
1.88

	
E

	
4.74

	
8.26

	
1.74

	
2.90








* Chromatographic conditions: mobile phase, A, n-hexane/2-PrOH (90/10, v/v), flow rate 1 mL min−1; B, 100% DMC, flow rate 1 mL min−1; C, CO2/MeOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa; D, CO2/EtOH (80/20, v/v), 4 mL min−1, backpressure 15 MPa; E, CO2/2-PrOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa. Detection wavelength for each condition was 254 nm. Column temperature of conditions A and B is 30 °C, of C, D and E is 35 °C. The chromatographic parameters k1, k2, α and Rs are defined in Section 2.
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Table 2. Chromatographic parameters for the enantioselective separations of racemic syn-and anti-3,5-disubstituted hydantoins on Cellulose-SB.
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Compound

	
Condition *

	
k1

	
k2

	
A

	
Rs

	
Compound

	
Condition *

	
k1

	
k2

	
α

	
Rs






	
syn-5a

	
A

	
13.95

	
14.93

	
1.07

	
0.84

	
anti-5a

	
A

	
7.15

	
10.38

	
1.45

	
4.58




	
B

	
0.12

	
0.12

	
1.00

	
-

	
B

	
0.17

	
0.30

	
1.76

	
1.68




	
C

	
2.91

	
3.25

	
1.12

	
0.71

	
C

	
2.08

	
3.20

	
1.54

	
2.83




	
D

	
2.77

	
3.05

	
1.10

	
0.46

	
D

	
1.91

	
2.62

	
1.37

	
1.75




	
E

	
3.71

	
3.71

	
1.00

	
-

	
E

	
2.42

	
3.37

	
1.39

	
2.13




	
syn-5b

	
A

	
8.04

	
10.33

	
1.28

	
3.09

	
anti-5b

	
A

	
4.64

	
6.36

	
1.37

	
3.63




	
B

	
0.12

	
0.12

	
1.00

	
-

	
B

	
0.20

	
0.27

	
1.35

	
0.89




	
C

	
3.07

	
3.07

	
1.00

	
-

	
C

	
2.18

	
3.20

	
1.47

	
2.45




	
D

	
2.82

	
2.82

	
1.00

	
-

	
D

	
1.94

	
2.53

	
1.30

	
1.45




	
E

	
3.40

	
3.80

	
1.12

	
0.78

	
E

	
2.46

	
3.18

	
1.29

	
1.60




	
syn-5c

	
A

	
7.69

	
8.63

	
1.12

	
1.42

	
anti-5c

	
A

	
3.47

	
4.19

	
1.21

	
2.14




	
B

	
0.14

	
0.14

	
1.00

	
-

	
B

	
0.13

	
0.32

	
2.46

	
2.15




	
C

	
3.46

	
3.46

	
1.00

	
-

	
C

	
2.26

	
2.99

	
1.32

	
1.73




	
D

	
3.06

	
3.06

	
1.00

	
-

	
D

	
1.93

	
2.29

	
1.19

	
0.98




	
E

	
3.74

	
3.74

	
1.00

	
-

	
E

	
2.22

	
2.66

	
1.20

	
1.09




	
syn-5d

	
A

	
19.82

	
23.62

	
1.19

	
2.28

	
anti-5d

	
A

	
11.63

	
18.08

	
1.55

	
5.49




	
B

	
0.09

	
0.09

	
1.00

	
-

	
B

	
0.18

	
0.26

	
1.44

	
1.01




	
C

	
4.10

	
4.60

	
1.12

	
0.99

	
C

	
3.16

	
4.77

	
1.51

	
3.27




	
D

	
3.90

	
4.30

	
1.10

	
0.73

	
D

	
2.86

	
3.93

	
1.37

	
2.33




	
E

	
5.24

	
5.24

	
1.00

	
-

	
E

	
3.63

	
5.22

	
1.44

	
2.87




	
syn-5e

	
A

	
17.03

	
22.08

	
1.30

	
3.34

	
anti-5e

	
A

	
11.37

	
17.44

	
1.53

	
5.05




	
B

	
0.11

	
0.11

	
1.00

	
-

	
B

	
0.19

	
0.32

	
1.68

	
1.57




	
C

	
5.83

	
7.02

	
1.20

	
1.90

	
C

	
5.09

	
7.94

	
1.56

	
4.45




	
D

	
5.27

	
6.27

	
1.19

	
1.65

	
D

	
4.32

	
6.09

	
1.41

	
2.98




	
E

	
7.06

	
7.06

	
1.00

	
-

	
E

	
5.40

	
7.67

	
1.42

	
3.39




	
syn-5f

	
A

	
19.70

	
34.70

	
1.76

	
6.63

	
anti-5f

	
A

	
10.32

	
27.59

	
2.67

	
10.44




	
B

	
0.11

	
0.11

	
1.00

	
-

	
B

	
0.14

	
0.23

	
1.64

	
0.85




	
C

	
5.85

	
8.78

	
1.50

	
3.95

	
C

	
4.66

	
11.98

	
2.57

	
5.74




	
D

	
5.43

	
7.72

	
1.42

	
3.37

	
D

	
4.43

	
7.00

	
1.58

	
4.23




	
E

	
7.74

	
9.96

	
1.29

	
2.48

	
E

	
5.86

	
9.57

	
1.63

	
4.45




	
syn-5g

	
A

	
25.61

	
32.02

	
1.25

	
2.97

	
anti-5g

	
A

	
11.70

	
23.86

	
2.04

	
8.12




	
B

	
0.15

	
0.15

	
1.00

	
-

	
B

	
0.22

	
0.30

	
1.36

	
1.08




	
C

	
8.39

	
10.84

	
1.29

	
2.81

	
C

	
6.03

	
10.75

	
1.78

	
6.02




	
D

	
7.58

	
9.39

	
1.24

	
2.22

	
D

	
5.42

	
8.12

	
1.50

	
3.90




	
E

	
10.73

	
11.66

	
1.11

	
1.09

	
E

	
6.98

	
10.70

	
1.53

	
4.34




	
syn-5h

	
A

	
21.82

	
30.92

	
1.42

	
4.16

	
anti-5h

	
A

	
13.66

	
27.91

	
2.04

	
8.32




	
B

	
0.15

	
0.15

	
1.00

	
-

	
B

	
0.23

	
0.33

	
1.43

	
0.88




	
C

	
5.96

	
8.85

	
1.48

	
4.01

	
C

	
4.17

	
7.29

	
1.75

	
5.15




	
D

	
3.86

	
5.71

	
1.48

	
3.29

	
D

	
3.86

	
5.71

	
1.48

	
3.29




	
E

	
7.95

	
10.00

	
1.26

	
2.34

	
E

	
4.93

	
7.99

	
1.62

	
4.24




	
syn-5i

	
A

	
22.09

	
31.27

	
1.42

	
4.16

	
anti-5i

	
A

	
8.39

	
36.14

	
4.31

	
13.06




	
B

	
0.13

	
0.13

	
1.00

	
-

	
B

	
0.20

	
0.38

	
1.90

	
2.21




	
C

	
6.25

	
8.43

	
1.35

	
3.05

	
C

	
4.82

	
8.51

	
1.77

	
5.48




	
D

	
5.87

	
8.20

	
1.40

	
3.26

	
D

	
3.91

	
7.13

	
1.82

	
5.35




	
E

	
7.89

	
11.91

	
1.51

	
4.21

	
E

	
4.52

	
10.55

	
2.33

	
7.86








* Chromatographic conditions: mobile phase, A, n-hexane/2-PrOH (90/10, v/v), flow rate 1 mL min−1; B, 100% DMC, flow rate 1 mL min−1; C, CO2/MeOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa; D, CO2/EtOH (80/20, v/v), 4 mL min−1, backpressure 15 MPa; E, CO2/2-PrOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa. Detection wavelength for each condition was 254 nm. Column temperature of condition A and B is 30 °C, of C, D and E is 35 °C. The chromatographic parameters k1, k2, α and Rs are defined in Section 2.
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Table 3. Chromatographic parameters for the enantioselective separations of racemic syn-and anti-3,5-disubstituted hydantoins on Cellulose-SC.






Table 3. Chromatographic parameters for the enantioselective separations of racemic syn-and anti-3,5-disubstituted hydantoins on Cellulose-SC.





	
Compound

	
Condition *

	
k1

	
k2

	
α

	
Rs

	
Compound

	
Condition *

	
k1

	
k2

	
α

	
Rs






	
syn-5a

	
A

	
5.22

	
5.76

	
1.10

	
0.47

	
anti-5a

	
A

	
3.07

	
6.97

	
2.27

	
4.44




	
B

	
0.06

	
0.06

	
1.00

	
-

	
B

	
0.11

	
0.11

	
1.00

	
-




	
C

	
0.96

	
0.96

	
1.00

	
-

	
C

	
0.79

	
0.79

	
1.00

	
-




	
D

	
0.76

	
0.76

	
1.00

	
-

	
D

	
0.68

	
0.68

	
1.00

	
-




	
E

	
1.13

	
1.37

	
1.21

	
0.27

	
E

	
0.87

	
2.05

	
2.36

	
2.26




	
syn-5b

	
A

	
3.39

	
3.96

	
1.17

	
0.80

	
anti-5b

	
A

	
2.03

	
4.70

	
2.32

	
4.38




	
B

	
0.07

	
0.07

	
1.00

	
-

	
B

	
0.12

	
0.12

	
1.00

	
-




	
C

	
1.03

	
1.03

	
1.00

	
-

	
C

	
0.83

	
0.83

	
1.0

	
-




	
D

	
0.80

	
0.80

	
1.00

	
-

	
D

	
0.70

	
0.70

	
1.00

	
-




	
E

	
1.20

	
1.61

	
1.34

	
0.80

	
E

	
0.97

	
2.37

	
2.44

	
2.47




	
syn-5c

	
A

	
2.54

	
3.79

	
1.49

	
2.10

	
anti-5c

	
A

	
1.53

	
2.24

	
1.46

	
-




	
B

	
0.07

	
0.07

	
1.00

	
-

	
B

	
0.14

	
0.14

	
1.00

	
-




	
C

	
1.02

	
1.49

	
1.46

	
1.14

	
C

	
0.80

	
1.03

	
1.29

	
0.52




	
D

	
0.77

	
1.07

	
1.39

	
0.66

	
D

	
0.62

	
0.79

	
1.27

	
0.52




	
E

	
1.24

	
1.53

	
1.23

	
0.48

	
E

	
0.85

	
1.22

	
1.44

	
0.77




	
syn-5d

	
A

	
8.51

	
9.61

	
1.13

	
0.68

	
anti-5d

	
A

	
5.09

	
13.57

	
2.67

	
5.27




	
B

	
0.05

	
0.05

	
1.00

	
-

	
B

	
0.10

	
0.10

	
1.00

	
-




	
C

	
1.38

	
1.38

	
1.00

	
-

	
C

	
1.20

	
1.20

	
1.00

	
-




	
D

	
1.06

	
1.06

	
1.00

	
-

	
D

	
0.93

	
1.08

	
1.16

	
-




	
E

	
1.62

	
2.02

	
1.25

	
0.70

	
E

	
1.35

	
3.51

	
2.60

	
3.41




	
syn-5e

	
A

	
6.19

	
6.19

	
1.00

	
-

	
anti-5e

	
A

	
3.80

	
6.22

	
1.64

	
2.61




	
B

	
0.06

	
0.06

	
1.00

	
-

	
B

	
0.11

	
0.11

	
1.00

	
-




	
C

	
1.79

	
1.79

	
1.00

	
-

	
C

	
1.50

	
1.50

	
1.00

	
-




	
D

	
1.28

	
1.28

	
1.00

	
-

	
D

	
1.11

	
1.11

	
1.00

	
-




	
E

	
2.03

	
2.03

	
1.00

	
-

	
E

	
1.63

	
2.73

	
1.67

	
1.92




	
syn-5f

	
A

	
8.91

	
8.91

	
1.00

	
-

	
anti-5f

	
A

	
6.52

	
13.81

	
2.12

	
3.29




	
B

	
0.05

	
0.05

	
1.00

	
-

	
B

	
0.09

	
0.09

	
1.00

	
-




	
C

	
2.14

	
2.14

	
1.00

	
-

	
C

	
1.74

	
1.74

	
1.00

	
-




	
D

	
1.77

	
2.37

	
1.34

	
1.14

	
D

	
1.55

	
1.55

	
1.00

	
-




	
E

	
3.13

	
9.66

	
3.08

	
5.38

	
E

	
3.00

	
6.65

	
2.22

	
3.55




	
syn-5g

	
A

	
13.49

	
33.60

	
2.49

	
5.00

	
anti-5g

	
A

	
11.02

	
23.05

	
2.09

	
3.99




	
B

	
0.07

	
0.07

	
1.00

	
-

	
B

	
0.13

	
0.13

	
1.00

	
-




	
C

	
2.91

	
2.91

	
1.00

	
-

	
C

	
2.01

	
2.54

	
1.26

	
0.98




	
D

	
2.41

	
3.15

	
1.31

	
1.22

	
D

	
2.15

	
2.15

	
1.00

	
-




	
E

	
4.77

	
12.01

	
2.52

	
4.86

	
E

	
5.01

	
9.30

	
1.86

	
3.32




	
syn-5h

	
A

	
12.55

	
12.55

	
1.00

	
-

	
anti-5h

	
A

	
13.80

	
13.80

	
1.00

	
-




	
B

	
0.09

	
0.09

	
1.00

	
-

	
B

	
0.13

	
0.16

	
1.23

	
-




	
C

	
2.30

	
3.40

	
1.48

	
1.87

	
C

	
2.22

	
2.22

	
1.00

	
-




	
D

	
1.98

	
4.66

	
2.35

	
3.96

	
D

	
2.03

	
2.86

	
1.41

	
1.24




	
E

	
4.77

	
12.01

	
2.52

	
4.86

	
E

	
5.18

	
17.36

	
3.35

	
6.58




	
syn-5i

	
A

	
4.66

	
7.23

	
1.55

	
2.17

	
anti-5i

	
A

	
3.88

	
3.88

	
1.00

	
-




	
B

	
0.04

	
0.04

	
1.00

	
-

	
B

	
0.09

	
0.09

	
1.00

	
-




	
C

	
1.34

	
1.92

	
1.43

	
1.27

	
C

	
1.26

	
1.26

	
1.00

	
-




	
D

	
0.94

	
1.48

	
1.57

	
1.27

	
D

	
0.89

	
0.89

	
1.00

	
-




	
E

	
1.53

	
2.34

	
1.53

	
1.53

	
E

	
1.44

	
1.44

	
1.00

	
-








* Chromatographic conditions: mobile phase, A, n-hexane/2-PrOH (90/10, v/v), flow rate 1 mL min−1; B, 100% DMC, flow rate 1 mL min−1; C, CO2/MeOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa; D, CO2/EtOH (80/20, v/v), 4 mL min−1, backpressure 15 MPa; E, CO2/2-PrOH (80/20, v/v), flow rate 4 mL min−1, backpressure 15 MPa. Detection wavelength in each condition was 254 nm. Column temperature of condition A and B is 30 °C, of C, D and E is 35 °C. The chromatographic parameters k1, k2, α and Rs are defined in Section 2.
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Table 4. Enantioseparation efficiencies of the three tested immobilized CSPs.
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Column/CPS

	
Mobile Phase Condition (v/v)

	
r.b.s. *




	
syn

	
anti

	
Syn + anti






	
Amylose-SA

	
Hex/2-PrOH = 90/10

	
0.89

	
1.00

	
0.94




	
DMC

	
0.33

	
0.56

	
0.44




	
CO2/MeOH = 80/20

	
0.44

	
1.00

	
0.72




	
CO2/EtOH = 80/20

	
0.56

	
1.00

	
0.78




	
CO2/2-PrOH = 80/20

	
0.78

	
1.00

	
0.89




	
Cellulose-SB

	
Hex/2-PrOH = 90/10

	
0.78

	
1.00

	
0.89




	
DMC

	
0

	
0.44

	
0.22




	
CO2/MeOH = 80/20

	
0.56

	
1.00

	
0.78




	
CO2/EtOH = 80/20

	
0.56

	
0.78

	
0.67




	
CO2/2-PrOH = 80/20

	
0.33

	
0.89

	
0.61




	
Cellulose SC

	
Hex/2-PrOH = 90/10

	
0.33

	
0.67

	
0.50




	
DMC

	
0

	
0

	
0




	
CO2/MeOH = 80/20

	
0.11

	
0

	
0.06




	
CO2/EtOH = 80/20

	
0.11

	
0

	
0.06




	
CO2/2-PrOH = 80/20

	
0.44

	
0.78

	
0.61








* r.b.s was defined as the rate of baseline separation.
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