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Abstract

:

The subject of this study was to compare the enantioseparation of fourteen racemic esters that are liquid crystals. This study aimed to determine the difference in the enantioseparation of mixtures with protonated and fluorinated aliphatic chains and those with different orders of occurrence of benzene rings (benzoates and biphenylates). This research was carried out on two chiral polysaccharide columns: amylose tris(3-chloro-5-methylphenylcarbamate) (ReproSil Chiral MIG) and cellulose tris(3,5-dichlorophenylcarbamate) (ReproSil Chiral MIC). The columns were evaluated in HPLC separation. The analyses were performed in the normal- and reversed-phase systems. The mobile phase consisted of different solvent systems (acetonitrile/water and n-hexane/2-propanol) in different volume ratios to select optimal separation conditions. The main parameter evaluated in separating racemic mixtures was the resolution—Rs. All measurements were performed at 25 °C. The elution order was also determined. The highest value of resolution (over 11) and selectivity (over 3) was obtained for the ReproSil Chiral MIG column and the volume ratio of ACN:H2O (95:5 v/v).
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1. Introduction


Enantioselective organic synthesis is a key element in developing modern chemistry, industry, and technology, providing an opportunity to create highly specific and effective chemical products with precisely controlled properties [1,2,3]. Enantiomerically pure chemical compounds, such as pharmaceuticals, are receiving significant attention for their applications [4,5].



A racemic mixture (racemate) is an equimolar mixture of two optically active enantiomers. Right-handed enantiomers rotate the plane of polarized light by a specific angle to the right. In contrast, left-handed enantiomers rotate the plane of polarized light by a specific angle to the left. Enantiomers are mirror images of each other, which cannot be superimposed [6,7]. Due to the symmetry of enantiomers, a racemic mixture does not exhibit optical activity. This is due to enantiomers with opposite rotations in an equimolar ratio. In a racemic mixture, equal amounts of two enantiomers cancel each other’s optical activity [8]. Enantiomers have the same chemical and physical properties, but the different interactions of enantiomers with polarized light create different applications.



Current developments in chemical synthesis and knowledge of the properties of individual enantiomers have led to the use of selected enantiomers [9,10]. Various methods have been developed for separating racemic mixtures, ranging from traditional chromatographic techniques to more advanced separation methods. Racemic mixtures can be separated by two main methods, i.e., indirect and direct [11,12]. An indirect method for separating enantiomers involves forming a diastereoisomer pair using chiral reagents. Diastereoisomers, in turn, can be separated by classical methods, i.e., crystallization, countercurrent extraction, distillation, or chromatography on non-chiral columns. The direct method of separating enantiomers uses chiral stationary phases or chiral mobile phase additives. The separation by both methods involves the formation of transient diastereomeric complexes of varying persistence between the enantiomer and the chiral selector [13,14].



Chiral stationary phases are usually made of chiral compounds chemically coated on the surface of the chromatographic carrier (silica or polymer beads) or immobilized, i.e., permanently bound to the carrier [15]. Chiral stationary phases coated on silica support restrict the use of the mobile phase. Polar solvents, i.e., dichloromethane, tetrahydrofuran, ethyl acetate, and acetone, are impossible to use because they swell or dissolve polysaccharide derivatives, removing the column fill [16]. Consequently, eluents based on mixtures of alkanes and alcohols or solvents containing acetonitrile or alcohols have been used for coated chiral stationary phases [17]. Considering the disadvantages of coated chiral stationary phases, the advantages of immobilized stationary phases are worth noting. More solvents can be used once the chiral stationary phase is immobilized on the chromatographic substrate [18].



Depending on the choice of chiral stationary phase used, a different selectivity, resolution, and number of theoretical plates can be obtained during the separation of the racemic mixtures. Polysaccharides (cellulose and amylose derivatives) [19,20,21,22,23,24] have gained the most significant recognition as stationary phases due to their optical activity for separating liquid crystalline racemates. Chiral columns based on chiral polysaccharides were selected for their generally remarkable recognition capabilities, enabling efficient chiral resolutions of many different classes of compounds covering a wide range of structures. They have already been used for liquid crystalline three-ring esters with a perfluoroalkoxyalkoxy terminal chain [25,26,27,28,29,30] or diazenes [31,32]. Since the analyzed materials have a similar structure to previously tested mixtures and differ only in the terminal chain and the order of occurrence of benzene rings, polysaccharide columns were selected. Previous research has also proven that immobilized columns in which the modified polysaccharide is covalently bonded to silica allow a better separation of liquid crystalline racemates than coated columns [27,30].



The chiral recognition of racemic solutes on polysaccharide CSPs is achieved through various types of bonding within the chiral helical grooves of the chiral selector, in particular through H-bonding, dipole–dipole, and π–π interactions, as well as through steric effects. Differences in the structure of analytes, the type of polysaccharide selector, and mobile phase composition significantly influence chirality recognition through the interactions indicated above.



This work aimed to achieve the enantiomeric separation of fourteen liquid crystalline racemates. The studied racemates were characterized by varying protonated or fluorinated chain lengths and inverted benzene ring orders (benzoates and biphenylates). For this purpose, two different immobilized chiral columns (ReproSil Chiral MIG and ReproSil Chiral MIC) and two solvent systems were evaluated. The effect of different chromatographic conditions was examined to obtain the best enantioseparation in the shortest analysis time. In this work, we demonstrate that the reversed-phase system can be effectively used for the enantioseparation of liquid crystalline racemates on the chiral stationary phase derived from amylose.




2. Materials and Methods


2.1. Racemic Mixtures


This research was conducted on 14 previously synthesized racemic mixtures. Each racemate differed in the length of the protonated or fluorinated chain (n = 1, 2, 4, 5, 7). This study included racemates with identical protonated or fluorinated chains, differing in the inverted order of the benzene rings, with the biphenyls first, followed by the phenyl (Figure 1a) and the reverse order (Figure 1b).



The methods of synthesis of the studied esters and their properties are described in detail in Refs. [33,34,35,36]. Depending on the protonated or fluorinated chain length, each racemic mixture was assigned an appropriate acronym, as presented in Table 1. The chemical purity and compatibility with the molecular structure of the analyzed racemates before starting the enantioseparation were checked by the high-performance liquid chromatography HPLC-PDA-MS (APCI-ESI dual source) Shimadzu LCMS 2010 EV (Kyoto, Japan), which is equipped with a polychromatic UV–VIS detector (Kyoto, Japan). The purity, calculated based on the % of the area and the % of the height, was over 99% (appropriate chromatograms and purity curves for the protonated racemates with the PhBi structure are presented in the Supplementary Materials in Figures S1–S8). As a result of the ionization process of the analyzed mixtures, the strong molecular ion with a captured sodium atom [M + Na]+ or without a proton [M − H]− was observed for the studied racemates, as shown in Table 1. In the Supplementary Materials, the MS spectra for the protonated racemates with the PhBi structure are presented in Figures S9–S12. If we ionize the mixture CH3BiPh (R,S) with a mass of 588, as a result of the loss of a proton, we obtain m/z = (588 − 1)/1, i.e., 587, as shown in Table 1.




2.2. Chiral HPLC Separation


The ReproSil Chiral MIC column with cellulose tris(3,5-dichlorophenylcarbamate), immobilized on a silica gel, and the ReproSil Chiral MIG column with amylose tris(3-chloro-5-methylphenylcarbamate), immobilized on a silica gel, were used, as shown in Table 2.



The columns used had dimensions of 250 mm × 4.6 mm, a particle size of 5 µm, a pore size of 1000 Å, and a surface area of 30 m2/g (Dr. Maisch GmbH, Ammerbuch, Germany).



The mobile phase consisted of acetonitrile and water (hereafter referred to as ACN:H2O) and n-hexane and 2-propanol (hereafter referred to as HEX:IPA) in different volume ratios (Table 3). The analyses were performed in an isocratic elution with a constant mobile phase composition throughout the analysis. The sample concentrations were 0.5–0.6 mg/mL. The samples were dissolved in ACN or IPA. All solvents were used as purchased (ACN—POCH S.A., Poland; IPA—HONEYWELL, Poland; HEX—CHEMPUR, Poland). In addition, ultrapure water was used. The results obtained were analyzed at a wavelength of 254 nm.



The studies were performed at 25 °C. The Shimadzu LC-20AP HPLC system (Kyoto, Japan), consisting of a binary solvent delivery pump, an autosampler (SIL-10AP), a communications bus module (CBM-20A), a diode array detector (SPD-M20A) and a fraction collector (FRC-10A), was used for the separation and detection of analytes. Data acquisition was performed by the Shimadzu software (Labsolutions, 2010–2017 Shimadzu Corporation).





3. Results


3.1. ReproSil Chiral MIG Column, ACN:H2O Solvent System


In the ACN:H2O solvent system, a volume ratio of 99:1 was initially used. A total of 11 of the 14 liquid crystalline racemic mixtures were separated in the system considered. The mixtures C2H5BiPh(R,S), C7F15BiPh(R,S), and C7F15PhBi (R,S) were not separated. The resolution parameter (Rs), which determines the baseline separation of the enantiomers above a value of 1.5, was analyzed.



Nine mixtures were baseline separated, while the remaining two were partially separated. When changing the volume ratio of the solvents used, increasing the amount of water in the mobile phase improved the resolution (Rs) in all the mixtures analyzed. In addition, using the ACN:H2O solvent system in a 95:5 volume ratio separated the C2H5BiPh(R,S) mixture, which did not separate under the previously discussed conditions.



Further increases in the water content of the mobile phase composition resulted in a successively higher resolution of the mixtures, increasing the analysis time significantly. Due to the long analysis time, studies for the volume ratio ACN:H2O (90:10 v/v) were not continued for mixtures with a protonated aliphatic chain. In the case of mixtures with the fluorinated chain, the analyses lasted more than twice as long and did not increase as significantly with an increasing chain length (the analysis time for the 90:10 ACN:H2O volume ratio increased by a maximum of two times for the 99:1 ACN:H2O separation conditions). The collected retention times for the analyzed racemic mixtures are summarized in Table 4. The designations used in this table and subsequent tables in the article are explained below Table 4.



Table 5 summarizes the results for the resolution parameter (Rs) values for the studied racemic mixtures. However, because not all racemic mixtures were separated, a detailed illustration of the resolution parameter for the separated racemic mixtures is shown in Figure 2. It can be seen that the highest value of this parameter was obtained for the mixture C7H15BiPh (R,S). Furthermore, the resolution parameter increased with the elongation of the protonated chain. The resolution parameter was much lower for the mixtures with the fluorinated chain, and its value decreased with an increasing fluorinated chain length.



Furthermore, by comparing the resolution parameter with retention time, it can be observed that as the retention time increases, the resolution also increases. The resolution is described by Formula (1), where tr1 and tr2 are retention times of the first and the second peaks, and Wb1 and Wb2 are baseline widths [37].


Rs = tr2 − tr1/0.5(Wb1 + Wb2)



(1)







Analyzing racemic mixtures in non-equimolar ratios enabled the determination of the elution order of individual enantiomers. For the presented mixture, in Figure 3, the chromatogram of the racemic mixture is depicted, while in Figure 4, the chromatogram of the non-equimolar mixture is shown. The chromatographic analysis indicates that the enantiomer (S) elutes first, followed by the enantiomer (R). This same trend was observed for all analyzed mixtures on this column.



A selectivity parameter is shown for all studied mixtures. The selectivity values are in the range of 1.000 to 3.526. The value of this parameter for the mixtures that have not separated is 1.000.



An enantiomer forming a less stable complex with the chiral selector, i.e., with a lower value of the retention factor k1, will elute faster than an enantiomer with a higher retention factor k2, i.e., that is more stable. Formula (2) shows the relationship between the enantiomers’ k2 and k1 retention factors, which defines selectivity [37].


α = k2/k1



(2)







The number of theoretical plates also influences the effective separation of the racemic mixtures. This number defines the quantity of sites where separated substances temporarily halt during the separation process. An increase in the number of theoretical plates often leads to a better column resolution. Moreover, the number of theoretical plates affects the width and shape of chromatographic peaks; for higher values, the peaks are narrower, while for lower values, they are blurred.



Table 6 summarizes the selectivity parameter values and the number of theoretical plates for each enantiomer (if the mixture was separated). The highest selectivity value was obtained for the mixture C2F5BiPh (R,S) in a 95:5 volume ratio of ACN:H2O. The highest ability to produce narrow peaks was demonstrated by the mixture C7H15BiPh (R,S). The number of theoretical plates is described by Formula (3), where tr is the retention time and Wt is the peak width at the base [37].


N = 16(tr/Wt)2



(3)








3.2. ReproSil Chiral MIC Column, ACN:H2O Solvent System


The separation of the racemic mixtures was also conducted on the second chiral column, ReproSil Chiral MIC. The racemic mixtures prepared earlier were separated under the same chromatographic conditions using isocratic elution for comparison purposes. All chromatographic parameters and results were obtained under the same conditions as for the ReproSil Chiral MIG column, as presented in Table 3. Only when determining the elution order of enantiomers in non-equimolar mixtures in this solvent system was the flow rate reduced to 0.3 mL/min. Initially, the ACN:H2O solvent system was used with a volume ratio of 99:1. In this system, only six mixtures were separated, of which only four were baseline separated.



The separation performed under these mobile phase conditions resulted in changes in the resolution parameter. It was observed that increasing the proportion of water in the eluent volume ratio to 95:5 (v/v) for short-chain protonated mixtures causes a decrease in resolution, but as the aliphatic chain lengthens, this parameter improves, achieving better results than with a lower proportion of water in the eluent. A further modification of the mobile phase composition to 90:10 ACN:H2O (v/v) resulted in a significant decrease in the resolution parameter. Under these conditions, the mixture CH3PhBi (R,S) does not baseline separate (Rs < 1.5). The mobile phase composition partially separated the other two racemic mixtures with fluorinated chains. Table 7 summarizes the results of the resolution parameter (Rs), the selectivity factor values, and the theoretical plate number values for the separated racemic mixtures on this column. Only nine mixtures were separated on the ReproSil Chiral MIC column; therefore, the results are illustrated as a graph in Figure 5. The highest selectivity values were obtained when the mobile phase consisted of 99:1 ACN:H2O (v/v). This parameter successively decreases as the proportion of water in the mobile phase increases. The values were sometimes higher than the results obtained on the ReproSil Chiral MIG column.



Increasing the amount of water in the mobile phase for the mixtures with the PhBi structure causes the number of theoretical plates to increase almost 4 times.



In the case of the ReproSil Chiral MIC column, the retention times of the analyzed racemic mixtures were significantly shorter (below 25 min). The influence of the retention time on the resolution parameter can be observed. The longer the retention times, the better the resolution of the racemic mixture. Table 8 compares the retention times of the analyzed mixtures on the ReproSil Chiral MIC column.



The analysis of the racemic mixtures in non-equimolar ratios enabled the determination of the elution order of individual enantiomers. The separations were performed using isocratic elution with a mobile phase composition of acetonitrile–water in a volume ratio of 99:1 and at a flow rate of 0.3 mL/min. For the presented mixture CH3BiPh (R,S), the chromatogram of the racemic mixture is shown in Figure 6. In contrast, the chromatogram of the non-equimolar mixture CH3BiPh (R,S) + (S) is depicted in Figure 7. The chromatographic analysis indicates that enantiomer (R) elutes first, followed by enantiomer (S). The same trend is observed for all mixtures.




3.3. Both Columns, HEX:IPA Solvent System


In the case of the ReproSil Chiral MIG column and the n-hexane-2-propanol solvent system, partial separation was achieved only for four mixtures with a 15-volume ratio of 2-propanol (see Figure 8). The increase in the 2-propanol volume ratio resulted in a deterioration of the separation of the mixtures; the resolution parameter decreased two or three times for the best-separated mixture (CH3BiPh (R,S)), as shown in Figure 9, and, therefore, further analyses in this condition were not conducted. The elution order of enantiomers was the same as that of the ACN:H2O solvent system.



In the case of the ReproSil Chiral MIC column, baseline separation was achieved for four mixtures and the mobile phase composition of HEX:IPA (85:15 v/v), as shown in Figure 10. Increasing the 2-propanol volume ratio, similar to the ReproSil Chiral MIG column, resulted in a resolution deterioration (see Figure 11). The elution order of enantiomers was the same as that of the ACN:H2O solvent system.



After analyzing the results, it can be concluded that only protonated mixtures were separated in this solvent system. This indicates that the interactions between the fluorinated mixtures and the stationary phases are weak in this solvent system due to the fluorinated chain, which cannot provide additional π–π interactions with CSPs. The ReproSil Chiral MIC column separates mixtures in which phenyl occurs first, and then biphenyl occurs. In the ReproSil Chiral MIG column, the situation is reversed. Interestingly, higher resolutions were obtained for the ReproSil Chiral MIC column. Table 9 lists the chromatographic parameters for the best-separated mixture for each column.



The retention times of the separated racemic mixtures were short (below 15 min). The longest retention times were observed for the solvent system’s highest volume ratio of n-hexane. Table 10 compares the retention times of the best-separated mixtures on both columns. The highest ability to produce narrow peaks was demonstrated by the mixture CH3PhBi (R,S). The highest selectivity value is also observed for this mixture.





4. Conclusions


This study proved that the chemical structure of a racemic mixture strongly influences the separation of liquid crystalline racemic mixtures on both columns. On the ReproSil Chiral MIC column, only mixtures in which phenyl was present first, followed by biphenyl, had separated. This implies that the interactions between these analytes and CSPs were the strongest. The reverse molecular structure inhibited the separation. The highest resolution was obtained on this column for the mixture with the shortest protonated chain in the n-hexane–2-propanol solvent system (85:15 v/v).



Only four protonated mixtures in the HEX:IPA solvent system were separated on the ReproSil Chiral MIG column but without a baseline separation. On this column in the ACN:H2O solvent system, both protonated and fluorinated mixtures were separated, which means that the mobile phase significantly impacted the resolution of the studied materials. It is possible that this solvent system altered the supramolecular structure of the amylose chiral selector by modifying the size of the interaction cavity between the polysaccharide chains and making them more suitable for interactions with the liquid crystalline racemates. The length of the protonated or fluorinated chain also strongly influences the separation process. The elongation of the protonated chain increases the resolution of the analyzed racemic mixtures, which is related to increased retention times. Replacing the protonated chain with the fluorinated chain significantly reduced retention times on this column.



The order of elution of the enantiomer depends on the filling of the column. In the case of an amylose-based column, the enantiomer (S) elutes first, followed by the enantiomer (R). In contrast, when using a cellulose-based column, the elution order of the enantiomers is reversed, eluting the enantiomer (R) first and then the enantiomer (S). The composition of the mobile phase does not affect the elution order.



The studies showed that the chiral stationary phase based on amylose tris(3-chloro-5-methylphenylcarbamate) possesses a higher ability for the chiral recognition of stereoisomers of the studied analytes, and research will be continued using other amylose derivatives [38,39] and other solvent systems. An amylose-based CSP is considered to be more helical than cellulose-based CSPs. Consequently, the difference in helical structures between amylose and cellulose resulted in different enantiorecognition behaviors [40]. The electronegative nature of chlorine atoms causes a deficiency of electrons in the phenyl ring, consequently leading to weak π–π interactions and low chiral recognition capabilities, as was the case on the MIC column.



In summary, the separation process of liquid crystalline racemic mixtures is influenced by many factors, starting with the structure of the separated mixtures, the stationary phases used, the composition of the eluent, and the flow rate. Optimization of the separation parameters of mixtures belonging to the same homologous series provides an opportunity to find a trend in the separation process, which can be used in preparative chiral chromatography [41,42].
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Figure 1. (a,b) The general formulas of the racemic mixtures used in the studies. 
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Figure 2. Resolution summary of the racemic mixtures, ACN:H2O (99:1 v/v, 95:5 v/v, and 90:10 v/v). 
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Figure 3. The chromatogram of the racemic mixture CH3BiPh (R,S), ACN:H2O (99:1 v/v), with a flow rate of 1 mL/min. 
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Figure 4. The chromatogram of the non-equimolar mixture CH3BiPh (R,S) + (S), ACN:H2O (99:1 v/v), with a flow rate of 1 mL/min. 
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Figure 5. Resolution summary for the studied racemic mixtures, ACN:H2O (99:1 v/v, 95:5 v/v, and 90:10 v/v). 
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Figure 6. The chromatogram of the racemic mixture CH3BiPh (R,S), ACN:H2O (99:1 v/v), with a flow rate of 0.3 mL/min. 






Figure 6. The chromatogram of the racemic mixture CH3BiPh (R,S), ACN:H2O (99:1 v/v), with a flow rate of 0.3 mL/min.



[image: Separations 11 00214 g006]







[image: Separations 11 00214 g007] 





Figure 7. The chromatogram of the non-equimolar mixture CH3BiPh (R,S) + (S), ACN:H2O (99:1 v/v), with a flow rate of 0.3 mL/min. 
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Figure 8. Resolution summary on the ReproSil Chiral MIG column for four racemic mixtures, HEX:IPA (85:15 v/v). 
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Figure 9. Resolution and selectivity factor values obtained on the ReproSil Chiral MIG column for the mixture CH3BiPh (R,S), HEX:IPA (85:15 v/v, 80:20 v/v, and 70:30 v/v). 






Figure 9. Resolution and selectivity factor values obtained on the ReproSil Chiral MIG column for the mixture CH3BiPh (R,S), HEX:IPA (85:15 v/v, 80:20 v/v, and 70:30 v/v).



[image: Separations 11 00214 g009]







[image: Separations 11 00214 g010] 





Figure 10. Resolution summary on the ReproSil Chiral MIC column for four racemic mixtures, HEX:IPA (85:15 v/v). 
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Figure 11. Resolution and selectivity factor values obtained on the ReproSil Chiral MIC column for the mixture CH3PhBi (R,S), HEX:IPA (85:15 v/v, 80:20 v/v, and 70:30 v/v). 
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Table 1. The acronyms and quasimolecular ions for the studied racemic mixtures (Ph means phenyl and Bi means biphenyl).
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	Acronym
	[M − H]−
	Acronym
	[M + Na]+





	CH3BiPh (R,S)
	587
	CH3PhBi (R,S)
	611



	C2H5BiPh (R,S)
	601
	C2H5PhBi (R,S)
	625



	C4H9BiPh (R,S)
	630
	C4H9PhBi (R,S)
	653



	C7H15BiPh (R,S)
	671
	C7H15PhBi (R,S)
	696



	C2F5BiPh (R,S)
	691
	C4F9PhBi (R,S)
	816



	C4F9BiPh (R,S)
	791
	C5F11PhBi (R,S)
	866



	C7F15BiPh (R,S)
	942
	C7F15PhBi (R,S)
	965










 





Table 2. Chemical structure of chiral selectors employed in chromatographic columns.
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	ReproSil Chiral MIC
	ReproSil Chiral MIG










 





Table 3. Separation parameters used in the analysis.
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No.

	
Mobile Phase [v/v]

	
Injection Volume

[µL]

	
Flow Rate

[mL/min]




	
ACN

	
H2O






	
1

	
99

	
1

	
15–20

	
1




	
2

	
95

	
5




	
3

	
90

	
10




	

	
HEX

	
IPA

	
10–20

	
1




	
4

	
85

	
15




	
5

	
80

	
20




	
6

	
70

	
30











 





Table 4. Retention times of the studied racemic mixtures on the ReproSil Chiral MIG column.
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ReproSil Chiral MIG (ACN:H2O)




	

	
99:1

	
95:5

	
90:10




	

	
tr1 [min]

	
tr2 [min]

	
tr1 [min]

	
tr2 [min]

	
tr1 [min]

	
tr2 [min]






	
CH3BiPh (R,S)

	
16.249

	
24.047

	
19.213

	
29.732

	
38.991

	
x




	
C2H5BiPh (R,S)

	
17.982

	
-

	
19.794

	
32.490

	
43.927

	
x




	
C4H9BiPh (R,S)

	
21.064

	
34.482

	
24.200

	
41.358

	
65.211

	
x




	
C7H15BiPh (R,S)

	
32.190

	
56.321

	
36.788

	
67.402

	
*

	
*




	
C2F5BiPh (R,S)

	
6.575

	
8.010

	
7.004

	
8.360

	
15.802

	
25.353




	
C4F9BiPh (R,S)

	
5.796

	
6.864

	
7.339

	
9.237

	
14.071

	
22.650




	
C7F15BiPh (R,S)

	
6.228

	
-

	
5.896

	
-

	
16.045

	
-




	
CH3PhBi (R,S)

	
13.870

	
24.105

	
16.030

	
30.678

	
*

	
*




	
C2H5PhBi (R,S)

	
15.677

	
27.814

	
17.023

	
34.187

	
*

	
*




	
C4H9PhBi (R,S)

	
18.922

	
35.141

	
27.073

	
69.253

	
-

	
-




	
C7H15PhBi (R,S)

	
28.673

	
56.839

	
47.877

	
145.814

	
-

	
-




	
C4F9PhBi (R,S)

	
5.446

	
6.449

	
6.653

	
9.741

	
12.486

	
22.448




	
C5F11PhBi (R,S)

	
5.336

	
6.120

	
6.297

	
8.604

	
12.424

	
22.328




	
C7F15PhBi (R,S)

	
5.635

	
-

	
7.343

	
-

	
15.815

	
-








- Indicates a non-separated racemic mixture; * indicates that further analysis was not conducted due to a significantly prolonged analysis time or an improper appearance of the chromatogram; x indicates the failure to obtain a second peak due to an overlong analysis time or the separation process under the given conditions did not continue due to a worsening of the separation parameters.













 





Table 5. Resolution values for the studied racemic mixtures, ACN:H2O (99:1 v/v, 95:5 v/v, and 90:10 v/v).
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	99:1
	95:5
	90:10





	CH3BiPh (R,S)
	4.896
	7.013
	x



	C2H5BiPh (R,S)
	-
	4.702
	x



	C4H9BiPh (R,S)
	5.964
	8.418
	x



	C7H15BiPh (R,S)
	6.252
	11.235
	*



	C2F5BiPh (R,S)
	2.362
	2.723
	6.030



	C4F9BiPh (R,S)
	1.871
	3.163
	5.362



	C7F15BiPh (R,S)
	-
	-
	-



	CH3PhBi (R,S)
	4.874
	8.138
	*



	C2H5PhBi (R,S)
	5.057
	7.628
	*



	C4H9PhBi (R,S)
	5.662
	*
	*



	C7H15PhBi (R,S)
	5.852
	*
	*



	C4F9PhBi (R,S)
	1.488
	3.219
	4.151



	C5F11PhBi (R,S)
	1.155
	2.148
	4.502



	C7F15PhBi (R,S)
	-
	-
	-







- Indicates a non-separated racemic mixture; * indicates that further analysis was not conducted due to a significantly prolonged analysis time or an improper appearance of the chromatogram; x indicates the failure to obtain a second peak due to an overlong analysis time or the separation process under the given conditions did not continue due to a worsening of the separation parameters.













 





Table 6. Selectivity factor values and the number of theoretical plates for successive enantiomers of the separated racemic mixtures, ACN:H2O (99:1, 95:5, and 90:10 [v/v]).
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99:1

	
95:5

	
90:10




	

	
α

	
NS

	
NR

	
α

	
NS

	
NR

	
α

	
NS

	
NR






	
CH3BiPh (R,S)

	
1.647

	
2981

	
2324

	
1.670

	
5367

	
4481

	
1.000

	
-

	
-




	
C2H5BiPh (R,S)

	
1.000

	
-

	
-

	
1.784

	
1638

	
1088

	
x

	
-

	
-




	
C4H9BiPh (R,S)

	
1.778

	
2929

	
1979

	
1.840

	
4210

	
4096

	
x

	
-

	
-




	
C7H15BiPh (R,S)

	
1.848

	
2633

	
1870

	
1.926

	
3845

	
7680

	
*

	
-

	
-




	
C2F5BiPh (R,S)

	
1.522

	
2643

	
2073

	
3.526

	
4231

	
3499

	
1.753

	
4025

	
2181




	
C4F9BiPh (R,S)

	
1.871

	
2745

	
1544

	
1.467

	
2557

	
3472

	
1.782

	
3577

	
1608




	
C7F15BiPh (R,S)

	
1.000

	
-

	
-

	
1.000

	
-

	
-

	
1.000

	
-

	
-




	
CH3PhBi (R,S)

	
2.052

	
3207

	
993

	
2.630

	
2448

	
2394

	
*

	
-

	
-




	
C2H5PhBi (R,S)

	
2.079

	
3516

	
1118

	
2.678

	
4268

	
1129

	
*

	
-

	
-




	
C4H9PhBi (R,S)

	
2.115

	
3257

	
1019

	
1.000

	
-

	
-

	
*

	
-

	
-




	
C7H15PhBi (R,S)

	
2.106

	
3033

	
962

	
1.000

	
-

	
-

	
*

	
-

	
-




	
C4F9PhBi (R,S)

	
1.558

	
2607

	
784

	
1.571

	
2818

	
756

	
2.063

	
3477

	
1022




	
C5F11PhBi (R,S)

	
1.075

	
2019

	
620

	
1.397

	
2021

	
470

	
2.083

	
2210

	
688




	
C7F15PhBi (R,S)

	
1.000

	
-

	
-

	
1.000

	
-

	
-

	
1.000

	
-

	
-








- Indicates a non-separated racemic mixture; * indicates that further analysis was not conducted due to a significantly prolonged analysis time or an improper appearance of the chromatogram; x indicates the failure to obtain a second peak due to an overlong analysis time or the separation process under the given conditions did not continue due to a worsening of the separation parameters.













 





Table 7. Chromatographic parameters obtained for the studied racemic mixtures, ACN:H2O (99:1 v/v, 95:5 v/v, and 90:10 v/v).
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99:1

	
95:5

	
90:10




	

	
Rs

	
α

	
NR

	
NS

	
Rs

	
α

	
NR

	
NS

	
Rs

	
α

	
NR

	
NS






	
CH3BiPh (R,S)

	
0.284

	
1.062

	
1396

	
1256

	
0.140

	
1.048

	
344

	
907

	
-

	
-

	
-

	
-




	
C2H5BiPh (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C4H9BiPh (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C7H15BiPh (R,S)

	
-

	
-

	
-

	
-

	
0.064

	
1.187

	
309

	
361

	
-

	
-

	
-

	
-




	
C2F5BiPh (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C4F9BiPh (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C7F15BiPh (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
CH3PhBi (R,S)

	
1.855

	
1.274

	
2962

	
2823

	
1.615

	
1.133

	
7168

	
8689

	
1.480

	
1.091

	
7690

	
7925




	
C2H5PhBi (R,S)

	
1.731

	
1.281

	
2341

	
2307

	
1.776

	
1.136

	
9521

	
8080

	
1.557

	
1.093

	
7813

	
7967




	
C4H9PhBi (R,S)

	
1.775

	
1.271

	
2516

	
2458

	
2.417

	
1.199

	
8351

	
7716

	
1.583

	
1.091

	
7903

	
7993




	
C7H15PhBi (R,S)

	
1.957

	
1.249

	
2500

	
2414

	
2.342

	
1.182

	
3612

	
4376

	
1.723

	
1.099

	
7275

	
7097




	
C4F9PhBi (R,S)

	
0.267

	
1.260

	
1075

	
971

	
0.285

	
1.238

	
1459

	
1472

	
0.331

	
1.053

	
2576

	
2733




	
C5F11PhBi (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.336

	
1.040

	
1943

	
2149




	
C7F15PhBi (R,S)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.120

	
1.045

	
229

	
1809











 





Table 8. Retention times of the studied racemic mixtures on the ReproSil Chiral MIC column.
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ReproSil Chiral MIC (ACN:H2O)




	

	
99:1

	
95:5

	
90:10




	

	
tr1 [min]

	
tr2 [min]

	
tr1 [min]

	
tr2 [min]

	
tr1 [min]

	
tr2 [min]






	
CH3BiPh (R,S)

	
7.077

	
7.302

	
7.545

	
7.731

	
12.108

	
-




	
C2H5BiPh (R,S)

	
7.560

	
-

	
7.650

	
-

	
13.201

	
-




	
C4H9BiPh (R,S)

	
7.698

	
-

	
8.946

	
-

	
15.070

	
-




	
C7H15BiPh (R,S)

	
9.004

	
-

	
10.624

	
10.773

	
18.365

	
-




	
C2F5BiPh (R,S)

	
4.372

	
-

	
4.510

	
-

	
6.690

	
-




	
C4F9BiPh (R,S)

	
4.167

	
-

	
4.145

	
-

	
4.007

	
-




	
C7F15BiPh (R,S)

	
4.007

	
-

	
4.438

	
-

	
5.989

	
-




	
CH3PhBi (R,S)

	
8.144

	
9.351

	
8.525

	
9.167

	
13.662

	
14.609




	
C2H5PhBi (R,S)

	
8.306

	
9.592

	
8.940

	
9.647

	
14.940

	
16.025




	
C4H9PhBi (R,S)

	
8.625

	
9.947

	
8.993

	
10.020

	
17.028

	
18.282




	
C7H15PhBi (R,S)

	
10.203

	
11.954

	
10.679

	
12.389

	
22.796

	
24.728




	
C4F9PhBi (R,S)

	
4.310

	
4.457

	
4.316

	
4.446

	
6.662

	
6.835




	
C5F11PhBi (R,S)

	
4.352

	
-

	
4.784

	
-

	
6.610

	
6.810




	
C7F15PhBi (R,S)

	
4.136

	
-

	
4.187

	
-

	
6.429

	
6.568











 





Table 9. Chromatographic parameters obtained for the protonated racemic mixtures on both columns, HEX:IPA (70:30 v/v, 80:20 v/v, and 85:15 v/v).
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ReproSil Chiral MIG

	
ReproSil Chiral MIC




	
CH3BiPh (R,S)

	
CH3PhBi (R,S)




	
Rs

	
α

	
NS

	
NR

	
Rs

	
α

	
NR

	
NS






	
70% HEX,

30% IPA

	
0.608

	
1.047

	
8110

	
1886

	
1.334

	
1.082

	
5942

	
5867




	
80% HEX,

20% IPA

	
0.458

	
1.037

	
2640

	
3796

	
1.942

	
1.110

	
7023

	
6980




	
85% HEX,

15% IPA

	
1.289

	
1.092

	
4129

	
3403

	
2.484

	
1.123

	
7502

	
7930











 





Table 10. Retention times of the protonated racemic mixtures on both columns.
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ReproSil Chiral MIG

	
ReproSil Chiral MIC




	

	
CH3BiPh (R,S)

	
CH3PhBi (R,S)




	

	
tr1 [min]

	
tr2 [min]

	
tr1 [min]

	
tr2 [min]






	
70% HEX, 30% IPA

	
6.712

	
6.999

	
7.216

	
7.736




	
80% HEX, 20% IPA

	
7.648

	
7.902

	
9.312

	
10.219




	
85% HEX, 15% IPA

	
10.347

	
11.260

	
12.247

	
13.714
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