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Abstract: A green chromatographic method was developed for the indirect enantio-separation of 

racemic amino alcohols by introducing a micellar mobile phase for the HPLC. Here, cyanuric chloride-

based activated chiral reagents were prepared, characterized, and used to derivatize racemic amino 

alcohols into diastereomeric derivatives. The chromatographic separation of the prepared 

diastereomeric derivatives was achieved on the C18 column of the RP-HPLC using a surfactant-based 

(Brij-35 + SDS) aqueous mobile phase (as an alternative to organic solvents). The impact of the varying 

concentration of surfactants in the mobile phase and pH of buffer on the chromatographic separation 

was optimized. Additionally, the DFT calculations were performed, and the absolute configurations and 

elution orders of the diastereomeric derivatives were investigated. Developed method’s robustness and 

selectivity was optimized by performing validation studies (LOD = 0.286 ng/mL; LOQ = 0.858 ng/mL). 

Also, the green assessment score was calculated for the developed method (84 scores; an excellent green 

method). 

Keywords: activated chiral reagents; amino alcohols; diastereomeric derivatives; green RP-HPLC; 

molecular configuration. 
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1. Introduction 

Green chemistry in the synthesis and development of new methods is considered very 

important due to less hazardous and eco-friendly chemicals [1-7]. Among the twelve rules of 

green chemistry, Welch et al. described three “Rs” principles (reduce, replace, and recycle) to 

develop new analytical methods [2]. Chromatography is essential for separating compounds 

obtained from organic synthesis, inorganic synthesis, biological sample analysis, and 

pharmaceutical industries [8-12]. Many green developments have been made to make 

chromatography green, such as using less toxic organic eluents, micellar-based eluents, and 

carbonic acid-water-based eluting phase [1,13-17]. Among them, the aqueous micellar-based 

eluting phase is the most used. 
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The micellar mobile phase for HPLC has introduced two decades ago and termed 

micellar liquid chromatography (MLC). Then to now, it has been widely explored in the 

separation of different compounds using HPLC [18-22]. The micellar mobile phase is a good 

alternative for hazardous and toxic organic solvents (methanol, acetonitrile, ethyl acetate, 

diethyl ether, dichloromethane, acetic acid, trifluoroacetic acids, tetrahydrofuran, chloroform, 

etc.), and it is an excellent way to introduce green chemistry in liquid chromatography [15,18]. 

Mixed or single surfactant-based aqueous systems are commonly used micellar mobile phases 

for separation. The micellar mobile phase combined with organic solvents is termed a hybrid 

micellar solvent system [23]. The aqueous surfactant-based mobile phases are inexpensive, 

non-toxic, non-volatile, and eco-friendly, thus favoring green development in chromatography  

[24,25]. Previously micellar mobile phases have been used to separate various organic and 

biological samples [18,25-29]. 

The separation using MLC has a complex mechanism of adsorption and formation of 

micelles; thus, the investigation of the mobile phase is only limited to the separation of a 

mixture of two or multiple components/ chemicals [3,18]. The separation of the pair of 

enantiomers is comparatively tricky due to having a similar chemical formula and chemical 

structure and having the only difference in spatial arrangement. The enantio-separation is 

initiated by different ‘three points of interactions’ of pair of enantiomers due to different spatial 

arrangements [30, 31]. Up to now, very few reports are available for enantio-separation of 

racemic beta-blockers, mexiletine, and amino acids, where mixed surfactant-based (SDS and 

Brij-35 surfactants) green micellar mobile phase was successfully used for separation [3,4,20].  

In most racemic drugs, only one enantiomer is responsible for desirable action, and 

other enantiomers either produce adverse or low desirable effects [15,32-36]. Thus, the use of 

single enantiomers-based drugs is preferred, and because of that, the methods for the separation 

of enantiomers have gained great attention. Keeping in mind the limitation of previous methods 

and environmental impact, we are describing a green micellar chromatographic method for 

enantio-separation of the chosen β-amino alcohols (-AAs). -AAs (β-blockers and β-agonists; 

Figure 1) drugs are extensively used to treat cardiovascular and respiratory diseases [32]. -

AAs drugs are commonly sold and administrated as racemic mixtures. According to the 

reported literature, commonly, the (S)-enantiomer of -AAs possess all the desired effects, 

while the (R)-enantiomer either show adverse effects such as depression, muscle aching, 

paresthesia, tiredness, asthmatic irritation, dizziness and gastrointestinal irritation or desirable 

effect but to a small extent [25,31-33].  

Here, in this report, we are describing a covalent derivatization approach for enantio-

separation of chosen -AAs [Atenolol (Atl), Metoprolol (Mel), Carvedilol (Cal), Salbutamol 

(Sal), Betaxolol (Bel), Bisoprolol (Bil), Propafenone (Pre), and Acebutolol (Acl)]. For this 

purpose, four cyanuric chloride-based activated chiral reagents (ACRs) were prepared by 

introducing derivatives of L-proline in its basic structure (nucleophilic substitution) and used 

to derivatize -amino alcohols into their respective diastereomeric derivatives (DDs). Cyanuric 

chloride is a labile molecule, and its derivatives have been used vastly in various applications, 

including chiral separation [36-40]. Microwave irradiation conditions were applied for fast and 

controlled derivatization of DDs. A green, inexpensive, non-hazardous, and eco-friendly water-

surfactant-based mobile phase was prepared by dissolving Brij-35 and SDS in distilled water 

and used on RP-HPLC for enantio-separation of synthesized DDs of (-AAs (organic modifiers 

are completely replaced from mobile phase). The lowest energy-optimized structures of the 

prepared DDs were developed using Gaussian 09 Rev. A.02 program (basis set B3LYP with 
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6-31G*) to investigate the elution order and absolute configuration. According to ICH 

guidelines, the current method was validated (limit of detection and quantitation, linearity, and 

accuracy). The green aspect and the efficiency/score of the method were examined by 

comparing the method with the Analytical Eco-Scale method and the Green Analytical 

Procedure Index method (GAPI). 

 
Figure 1. Structure of the racemic -Amino Alcohols. 

 
Figure 2. Synthesis of CC-based activated chiral reagents. 

2. Materials and Methods 

2.1. Chemical and reagents.  

Cyanuric chloride, assay 99%, L-proline, Boc-L-proline, phenol, aniline, SDS, Brij-35, 

and racemic -amino alcohols were obtained from Sigma–Aldrich (St Louis, MO, USA). 

Chloroform (CHCl3), dichloromethane (DCM), NaHCO3, ethyl acetate, ethanol (EtOH), 

tetrahydrofuran (THF), phosphoric acid and triethylamine (TEA) of analytical reagent grade, 

acetonitrile (MeCN) and methanol (MeOH) of HPLC grade were obtained from E. Merck 

(Mumbai, India).  

2.2. Chromatographic system and equipment. 

HPLC system (LC-20AD, Shimadzu, Kyoto, Japan) consisted of a DGU-20A5 online 

degasser unit, low-pressure gradient unit, low-pressure mixing type gradient, parallel double 

plunger pump, manual injector with 20 µL volume loop size, high-pressure mixer, SPD-M20A 
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diode array detector, SPD-20A/20AV (UV-VIS Detector), CTO-20AC column oven and LC 

solution and DAO (data access objects) 3.5 operating software. LiChrospher C18 column (L x 

I.D. 25cm × 4.6 mm, 5 μm particle size) was from Merck (Darmstadt, Germany).  

Other equipment/instruments used in present investigations were, Microwave-

Multiwave 3000 (800 W, Perkin-Elmer, Shelton, CT, USA), pH meter Cyberscan 510 

(Singapore),  Milli-Q system of Millipore (Bedford, MA, USA) to obtain purified water (18.2 

MΩ.cm3) from double distilled water, FT-IR Spectrometer (Nicolet-6700, Thermo Scientific, 

USA), and elemental analyzer (Vario EL III, Hanau, Germany), and NMR spectrometer 400 

MHz (JEOL Inc., Peabody, USA). UV spectra were recorded in MeOH (using Shimadzu, UV-

2450 Spectrophotometer). 

2.3. Preparation of stock solutions. 

The following stock solutions were prepared: (i) 0.1M NaHCO3: 4.20 g of NaHCO3 

was dissolved in 500 mL of purified water; (ii) Amino alcohols (1 mM): dissolving calculated 

amount of respective amino alcohols in MeCN; (iii) ACRs (1mM): dissolving calculated 

amount of each ACR in MeCN; (iv) Triethylammonium phosphate Buffer (10 mM): diluting 

1.7 mL triethylamine with water to 238 mL, the pH was adjusted with 84% phosphoric acid to 

5.0 and finally diluted to 250 mL with purified water; (v) Preparation of water-micelles based 

mobile phase (WMP): 0.72 g SDS (5 mM) and 0.89 g Brij-35 (1.5 mM) was dissolved in 500 

mL of double distilled water to prepare water micellar mobile phased. The resulting solution 

was sonicated for half an hour to obtain a clear and homogeneous solution. The solution was 

filtered using a 0.45 µm filter. The filtered mobile phase was degassed by passing dry nitrogen 

gas and sonicating again for half an hour. The water-surfactant solution was then directly used 

as a mobile phase in HPLC.   

2.4. Synthesis of derivatives of L-proline. 

2.4.1. Phenyl ester of L-proline (Ph-O-L-proline). 

Under the nitrogen atmosphere, 0.88 g (4 mmol) boc-L-proline and 0.40 g (4 mmol) 

phenol were dissolved in 15 ml dry DCM, and then the solution of EDC (0.72 g; 4.2 mmol) in 

15 ml dry DCM was added dropwise. The reaction was stirred for 3 hrs. After the reaction, the 

mixture was washed with 1N HCl solution and extracted with DCM. The organic solvent was 

removed under reduced pressure [41,42]. The dried product was treated with 1N HCl solution 

(Boc deprotection) and washed with DCM [43,44]. The organic layer was dried under reduced 

pressure.  

Similarly, methyl ester of L-proline (CH3-O-L-Proline) and Phenyl amide of (Ph-N-L-

Proline) were prepared by using methanol and aniline, respectively, instead of phenol (Figure 

S1). 
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Figure 3. Synthesis of DDs of (RS)-Sal with ACR-2. 

CH3-O-L-Proline: yield: 98%, color: white,  25

D = − 80o (c =0.5, MeOH), UV (nm, in 

MeCN): 222 (λmax), IR (KBr): 2980, 2892, 2850, 1740, 1470, 1330, 1180 amd 857 cm−1. 1H-

NMR (CDCl3):  1.72 (m, 2H), 1.85 (m, 1H), 1.94 (m, 1H), 3.2 (m, 2H), 3.56-3.64 (m, 2H) 

and 3.71 (s, 3H). HRMS: Calcd for C6H11NO2: 130.0823 (M++H), found 130.1012; Anal. Calcd 

for C6H11NO2: C, 55.80%; H, 8.58%; N, 10.84% and found: C, 55.68%; H, 8.26%; N, 10.92%. 

Ph-O-L-Proline: yield: 92%, color: white,  25

D = − 72o (c =0.5, MeOH), UV (nm, in 

MeCN): 230 (λmax), IR (KBr): 3040, 2985, 2830, 1748, 1608, 1485, 1465, 1320, 1180, 1020, 

986 and 864 cm−1. 1H-NMR (CDCl3):  1.70-1.90 (m, 3H), 2.01-2.06 (m, 1H), 2.95-3.10 (m, 

2H), 3.80 (m, 2H), 7.12 (dd, 2H), 7.45 (t, 2H) and 7.65 (t, 1H). HRMS: Calcd for C11H13NO2: 

192.0980 (M++H), found 192.1124; Anal. Calcd for C11H13NO2: C, 69.09%; H, 6.85%; N, 

7.32% and found: C, 68.85%; H, 6.34%; N, 7.12%. 

Ph-N-L-Proline: yield: 94%, color: white,  25

D = − 76o (c =0.5, MeOH), UV (nm, in 

MeCN): 233 (λmax), IR (KBr): 3391, 3060, 2950, 2868, 2820, 1689, 1620, 1540, 1440, 1350, 

1240, 1160, 1070, 878 and 736 cm−1. 1H-NMR (CDCl3):  1.71-1.94 (m, 3H), 2.04-2.08 (m, 

1H), 2.85-3.04 (m, 2H), 3.64-3.68 (m, 1H), 3.78-3.81 (m, 1H), 7.14-7.18 (m, 1H), 7.46 (m, 4H) 

and 8.8 (s, 1H). HRMS: Calcd for C11H14NO2: 191.1140 (M++H), found 191.1020; Anal. Calcd 

for C11H14NO2: C, 69.45%; H, 7.42%; N, 14.73% and found: C, 69.07%; H, 7.72%; N, 14.52%. 

2.5. Synthesis of CC-based ACRs. 

A solution of CH3-O-L-Proline (260 mg, 2 mmol) and Na2CO3 (0.5 g) was prepared in 

20 mL of acetone. Then under stirring, the solution of CC (368 mg, 2 mmol) in 10 mL acetone 

was added. The reaction mixture was then stirred for one hour at 20 °C. The reaction was 

quenched by adding 15 mL of water. The crystallized product was obtained by removing the 

acetone, and the product was filtered and washed with ice-cold water [36]. The filtrate was 

extracted using dichloromethane and concentrated under reduced pressure to obtain ACR-2. 

Similarly, ACRs of CC with L-Proline, Ph-O-L-Proline, and Ph-N-L-Proline were prepared 

(Figure 2). 
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ACR-1: yield: 94%, color: white,  25

D = − 68o (c =0.5, MeOH), UV (nm, in MeCN): 

232 (λmax), IR (KBr): 3300, 3000, 2936, 2872, 2812, 1710, 1660, 1480, 1460, 1410, 1340, 1260, 

1070, 905 and 730 cm−1. 1H-NMR (CDCl3):  2.0-2.15 (m, 3H, -CH2-), 2.25-2.33 (m, 1H, -

CH-), 3.75-3.95 (m, 2H, -CH2-) and 4.30-4.35 (m, 1H, -N-CH1-). HRMS: Calcd for 

C8H8Cl2N4O2: 263.9995 (M++H), found 263.9205; Anal. Calcd for C8H8Cl2N4O2: C, 36.52%; 

H, 3.07%; N, 21.30% and found: C, 36.82%; H, 3.11%; N, 21.25%. 

ACR-2: yield: 96%, color: white,  25

D = − 59o (c =0.5, MeOH), UV (nm, in MeCN): 

234 (λmax), IR (KBr): 3290, 2970, 2910, 2880, 2830, 1770, 1480, 1460, 1370, 1320, 1180, 980, 

and 745 cm−1. 1H-NMR (CDCl3):  2.0-2.15 (m, 3H, -CH2-), 2.27-2.34 (m, 1H, -CH-), 3.72 (s, 

3H, -O-CH3), 3.75-3.95 (m, 2H, -CH2-) and 4.32-4.36 (m, 1H, -N-CH1-). HRMS: Calcd for 

C9H10Cl2N4O2: 278.0181 (M++H), found 278.1168; Anal. Calcd for C9H10Cl2N4O2: C, 39.01%; 

H, 3.64%; N, 20.22% and found: C, 38.89%; H, 3.54%; N, 20.55%. 

ACR-3: yield 92%, color: white,  25

D = − 62o (c =0.5, MeOH), UV (nm, in MeCN): 233 

(λmax), IR (KBr): 3050, 2970, 2900, 2850, 1760, 1610, 1585, 1490, 1465, 1320, 1240, 1210, 

1089, 989, 857 and 750 cm−1. 1H-NMR (CDCl3):  1.96-2.21 (m, 3H, -CH2-), 2.32-2.38 (m, 

1H, -CH-), 3.70-3.92 (m, 2H, -CH2-) and 4.29-4.38 (m, 1H, -N-CH1-), 7.1 (dd, 2H, Ar), 7.4 (t, 

2H, Ar), 7.65 (t, 1H, Ar). HRMS: Calcd for C14H12Cl2N4O2: 339.0337 (M++H), found 

339.0854; Anal. Calcd for C14H12Cl2N4O2: C, 49.58%; H, 3.57%; N, 16.52% and found: C, 

48.98%; H, 3.71%; N, 16.85%. 

ACR-4: yield 94%, color: pale white,  25

D = − 56o (c =0.5, MeOH),UV (nm, in MeCN): 

232 (λmax), IR (KBr): 3385, 3300, 2940, 2810, 1730, 1610, 1580, 1530, 1440, 1356, 1240, 1110, 

980, 885 and 735 cm−1. 1H-NMR (CDCl3):  2.08-2.19 (m, 3H, -CH2-), 2.31-2.39 (m, 1H, -

CH-), 3.69-3.87 (m, 2H, -CH2-). 4.62-4.65 (m, 1H, -CH-) and 4.29-4.38 (m, 1H, -N-CH1-), 

7.15 (m, 1H, Ar), 7.42-7.47 (m, 4H, Ar) and 8.89 (s, 1H, -NH-CO-). HRMS: Calcd for 

C14H13Cl2N5O: 338.1920 (M++H), found 338.2011; Anal. Calcd for C14H13Cl2N5O: C, 49.72%; 

H, 3.87%; N, 20.71% and found: C, 49.22%; H, 3.76%; N, 20.98%. 

2.6. Synthesis of diastereomeric derivatives of -Amino alcohols. 

The DDs of (RS)-Sal were synthesized under MW irradiation (Figure 3). The reaction 

mixture of (RS)-Sal (80 µL, 1 mM), ACR-2 (115 µL, 1 mM) and TEA (15 µL) was microwaved 

for 60 s at 80% power (800 W) [15,25].  

The following variables were used to optimize the experimental conditions for DDs 

synthesis: microwave irradiation (MWI) period (30 s to 100 s) at 80% power (800 W); pH 8-

11; and (RS)-Sal:ACRs ratio (1:1 to 1:3). The reaction progress and completion time were 

observed by the peak area of the developed chromatograms of DDs (Figure 4) under optimized 

RP-HPLC separation conditions (as discussed below). A similar approach was applied for the 

synthesis of the remaining DDs of (RS)-Mel, (RS)-Atl, (RS)-Cal, (RS)-Sal, (RS)-Bel, (RS)-Bil, 

(RS)-Pre and (RS)-Acl with ACRs. (Figure S2-S9). 
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Figure 4. Chromatogram showing DDs (D3 and D4) separation using Micellar mobile phase. 

3. Results and Discussion 

3.1. Activated chiral reagents (ACR) and derivatization of -amino alcohols. 

In the presence of coupling reagent EDC, L-proline derivatives (i-iv; Figure S1) were 

prepared (Figure 2). EDC, a dehydrating reagent, facilitated the synthesis of esters and amides 

by removing –H from the amino/alcoholic group and –OH from the carboxylic group [4]. In 

this work, four new cyanuric chloride-based ACRs (1-4; Figure 2) were synthesized by 

introducing optically pure derivatives of L-proline. The chlorine atoms in the CC are very 

reactive toward the nucleophile substitution and thus provide an easy synthesis of ACRs [36]. 

The amino group of the synthesized derivatives of L-Proline (i-iv) acts as very good 

nucleophiles and substitutes one chlorine atom from cyanuric chloride (CC) and prepares the 

chiral derivatives of the cyanuric chloride (ACR-1 to 4). The prepared ACRs have two chlorine 

atoms in their structure, so these are also known as DCT (dichloro-s-triazine) [45]. DCTs have 

been used for enantio-separation applications due to their high molar absorbance and ease of 

derivatization [36,45-49].   

After replacing/substituting one chlorine atom from CC, the reactivity of ACRs toward 

the nucleophilic substitution decreases; thus, the second substitution of chlorine needs a high 

temp or energy compared to the first substitution. Similarly, the third substitution needs high 

energy compared to the second substitution [36, 47]. Prepared ACRs have two chlorine in their 

structure. Both atoms show completion for nucleophilic substitution; thus, only one chlorine 

atom substitutes from ACR during the synthesis of DDs, so no side product from during the 

reaction [45]. The 60s of MWI time at 80% (800W) of power was found sufficient for the 

derivatization of DDs of -AAs. Further heating leads to side products/impurities in the 

reaction. In the presence of a High pH, the reaction proceeded smoothly and finished quickly 

compared to low pH conditions. During the derivatization, the stereo center did not participate 

in the reaction; thus, racemization was not observed. Two peaks of similar intensity and area in 

the obtained chromatogram indicate no racemization occurred during the derivatization (Figure 

4). The storage conditions and the stability of prepared ACRs were optimized by varying 

different parameters, such as storage conditions (temp < 5 °C and RT) and storage time (15 

days-6 months). ACRs were stable for more than six months, but basic conditions (pH 7-11) 

show poor stability and readily react and deactivate. Also, the derivatization reaction was 
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optimized by varying the reaction time, and it was observed that the 60s time was sufficient to 

complete the reaction. 

The structures of the DDs (D3-D4) of (RS)-Sal prepared with ACR-2, as a 

representative, are given in Figure 3, and the structures of the remaining DDs of other -AAs 

prepared with ACRs (1-4) are shown in Figure S2-S9. DDs of -AAs prepared with ACRs (1-

4) are designated as A1-H8 (Table 1). 

Table 1. Abbreviations of synthesized DDs. 

ACRs Atenolol Metoprolol   Carvedilol Salbutamol 

(S) (R) (S) (R) (S) (R) (S) (R) 

ACR-1 A1 A2 B1 B2 C1 C2 D1 D2 

ACR-2 A3 A4 B3 B4 C3 C4 D3 D4 

ACR-3 A5 A6 B5 B6 C5 C6 D5 D6 

ACR-4 A7 A8 B7 B8 C7 C8 D7 D8 

 Betaxolol Bisoprolol  Propafenone Acebutolol 

 (S) (R) (S) (R) (S) (R) (S) (R) 

ACR-1 E1 E2 F1 F2 G1 G2 H1 H2 

ACR-2 E3 E4 F3 F4 G3 G4 H3 H4 

ACR-3 E5 E6 F5 F6 G5 G6 H5 H6 

ACR-4 E7 E8 F7 F8 G7 G8 H7 H8 

 

 
Figure 5. Figure showing the effect on the resolution and the retention time of prepared DDs of (RS)-Sal by 

varying the concentration of surfactant (i) SDS and (ii) Brij-35. 

3.2. MLC and RP-HPLC separation of prepared DDs. 

Armstrong used an aqueous surfactant solution to separate a mixture of organic 

compounds and introduced a green mobile phase as an alternative to the organic mobile phase 

(Armstrong, & Henry, 1980). The commonly used organic solvents for RP-HPLC analysis are 

methanol and acetonitrile, and these solvents are highly volatile (flammable), toxic, and 

negatively affect the environment. On the other hand, the surfactant-water mobile phase is non-

flammable, inexpensive, low toxicity, and does not produce hazardous waste because of the 

biodegradable character of the surfactant used [3,19]. SDS (anionic surfactant) and Brij-35 

(non-ionic surfactant) are commonly used surfactants in MLC. Their individual or mixed 

aqueous solutions in amalgamation with organic solvents (hydride system) have been used to 

analyze biological and non-biological samples as an eluent [50-53]. In RP-HPLC analysis, the 

water micellar mobile phase (WMP) system shows an advantage over old reported methods by 

replacing the need for organic solvents. Also, the surfactant used in WMP system has 

comparatively very low molar absorbance to DDs, thus didn’t affect UV/visible detection 

during RP-HPLC analysis [54]. 

This report used a mixed surfactant’s aqueous solution system (SDS + Brij-35) as a 

mobile phase to separate DDs of -AAs. The mixed surfactant system shows advantages over 
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a single surfactant system; mixed surfactant is often inexpensive and shows high potential 

compared to a single surfactant system [55,56]. Also, it allows the controlling properties like 

solubility, emulsion, aggregation, detergency, and dispersion of surfactants [55]. The mixed 

surfactant system also allows manipulating the CMC (critical micellar concentration) easily by 

varying the concentration/amount of the surfactants in the system because such a system has a 

mean value of CMCs of the used surfactants. But such manipulations are not possible in a single 

surfactant system [3,4].   

According to previous reports, the CMC values of Brij-35 and SDS are 0.09 mM and 

8.4 mM, respectively; thus, the calculated mean value of CMC for the current WMP system is 

3.5-4.0 mM. In the WMP system, due to the surfactant’s hydrophilic and hydrophobic nature 

(Brij-35 and SDS), it starts to form micelles with prepared DDs. At the same time, surfactant 

increases the polarity of the C18 column material by adsorbing its surface. WMP system shows 

partition behavior and equilibrium among micelles, solute, and stationary phase, described by 

Arunyanart and cline-Love [55].  

During the chromatographic separation, these equilibria explain the interactions and 

binding of an analyte (DDs) with the column material and monomer of surfactant in the eluting 

phase. These interactions between analyte, micelles, and column surface are considered a 

possible reason for the excellent separation of DDs. In the WMP, Surfactants began to assemble 

around the DDs and form their micelles, and these micelles show an equilibrium of formation 

and deformation. The micelle’s formation and deformation provide an intermediate interaction 

between hydrophobic column surfaces and micelles of DDs and lead to chromatographic 

separation. These interactions can be manipulated by varying the surfactant concentration in 

the mobile phase; thus can achieve desired resolution and separation time.   

Here in this report, the micellar mobile phase (WMP) was used in combination with 

TEAP buffer (pH 5.0) in an isocratic mode (80:20), as an eluting solvent, for the separation of 

prepared DDs of the -AAs. The 0.7 mL min−1 flow rate of eluent for 30 min was found 

sufficient to separate all prepared DDs cleanly (in terms of selectivity and reproducibility). 

The chromatographic separation data values (resolution, retention time, and separation 

factor) were calculated under optimized conditions (Table 2). Figure 4, as a representative, 

shows the enantio-separation of D3-D4 [DDs of (RS)-Sal prepared with ACR-2] on RP-HPLC. 

The UV/visible spectrum of the synthesized DDs was captured using a PDA detector, and the 

elution duration of all synthesized pairs of DDs was between 7 and 25 minutes (short elution 

time). In this report, the role of surfactant concentration in the eluting phase on the resolution 

behavior and retention time of DDs of (RS)-Sal was investigated as representative (Figure 5).  

 
Figure 6. Structures of DDs, D3 and D4, optimized for minimized energy, developed using the program 

Gaussian 09 Rev. A.02 and hybrid density function B3LYP with 6-31G*. 
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As reported in the literature [3,54], raising the concentration of the surfactants (Brij-35 

from 0.15 to 1.5 mM and SDS from 0.5 to 5 mM; Figure 5)  leads to a rise in the resolution of 

the DDs, but the further increment in concentration lead to low resolution. The rise in the 

surfactant concentration (Brij-35 from 0.15 to 1.5 mM and SDS from 0.5 to 5 mM; Figure 5) 

leads to a low retention time but a limit; after that, it becomes constant. According to current 

observations and previously reported literature [1,3], a standard eluting phase consisting of 1.5 

mM Brij-35 and 5mM SDS in distilled water was prepared and used to separate prepared DDs. 

3.3. Elution order and lowest energy-optimized structures. 

The separation mechanism and sequence of elution were investigated by preparing the 

lowest energy 3D structures of the DDs using DFT calculations. Gaussian 09 rev. A.02 and 

hybrid density functional B3LYP with 6-31G* basis set program was used to create the lowest 

energy minimized 3D structures of the DDs (as representative D3 and D4; Figure 6). In the 

generated 3D structures of D3 and D4, it is visible that the optically pure L-proline molecule 

is the main reason for having different molecular structures. In the D3, the aromatic rings of 

(S)-Sal and the aliphatic ring of the derivative of L-proline are arranged at a maximum distance 

(terminal C-C distance is 15.30 Ao). While in the D4 molecule, aromatic rings, aliphatic rings, 

and the side chain of L-proline are arranged nearby and form a compact structure (terminal C-

C distance is 13.30 Ao) compared to D3. The presumption here is that the bigger DD (D3) has 

more surface to expose to the micellar mobile phase, and resultant, it shows more solubility 

than the smaller DD (D4) [4]. The smaller DD (D4) has less surface to expose, and due to its 

smaller size, it shows more hydrophobic properties, interacts higher with the Column’s C18 

material, and elutes in the last. A similar approach was applied to other DDs and determined 

their elution orders.  

Table 2. Chromatographic separation data of DDs prepared with ACRs (1-4). 

ACRs Separation data of DDs of (RS)-Atl Separation data of DDs of (RS)-Bel 
t1 (min) t2 (min) k1 k2 α Rs t1 (min) t2 (min) k1 k2 α Rs 

ACR-1 7.9 9.8 4.32 5.54 1.28 7.68 8.4 10.9 6.63 8.90 1.34 11.11 

ACR-2 8.3 9.9 4.50 5.61 1.25 6.61 9.2 11.4 6.67 8.50 1.27 9.77 

ACR-3 8.9 10.3 4.93 5.83 1.18 7.02 11.2 12.8 8.34 9.67 1.16 9.14 

ACR-4 9.1 10.2 5.06 5.80 1.14 7.34 11.8 13.6 8.83 10.33 1.17 9.47 

 Separation data of DDs of (RS)-Mtl Separation data of DDs of (RS)-Bil 

ACR-1 8.7 10.1 4.80 5.74 1.20 7.89 7.8 9.5 5.50 6.91 1.25 8.94 

ACR-2 9.1 10.4 5.06 5.93 1.17 7.43 9.0 11.25 6.50 8.37 1.28 9.98 

ACR-3 9.9 11.5 5.60 6.67 1.19 8.12 11.1 12.6 8.25 9.50 1.15 8.57 

ACR-4 9.7 11.9 5.46 6.94 1.27 8.89 11.2 12.9 8.33 9.75 1.17 7.55 

 Separation data of DDs of (RS)-Cal Separation data of DDs of (RS)-Pre 

ACR-1 12.6 13.8 7.40 8.20 1.11 6.12 8.9 11.4 6.41 8.50 1.32 11.12 

ACR-2 12.8 14.7 7.53 8.81 1.17 9.52 9.6 11.7 6.91 8.75 1.26 11.05 

ACR-3 13.6 15.3 8.07 9.24 1.14 8.54 12.1 13.9 9.08 10.58 1.16 9.47 

ACR-4 13.9 15.9 8.26 9.62 1.16 10.04 11.4 12.8 8.51 9.67 1.13 8.02 

 Separation data of DDs of (RS)-Sal Separation data of DDs of (RS)-Acl 

ACR-1 8.3 10.1 4.53 5.74 1.27 8.98 7.4 9.2 5.16 6.67 1.29 9.47 

ACR-2 9.1 11.6 5.06 6.73 1.33 12.51 7.9 9.6 5.58 7.02 1.25 8.94 

ACR-3 10.8 12.4 6.18 7.27 1.18 9.14 10.8 12.5 8.00 9.41 1.18 8.09 

ACR-4 10.6 12.6 6.06 7.42 1.22 10.52 10.4 12.3 7.67 9.25 1.20 10.01 

Among all prepared DDs, the lowest elution time was observed for H1 and H2 

(respectively, 7.41 and 9.22). While the highest elution time was observed for C7 and C8 

(respectively, 13.94 and 15.91). Increasing the carbon ratio in the DDs leads to an increase in 

elution time. Polar atoms/functional groups with low carbon atoms ratio decrease the 
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hydrophobic interactions, thus eluting first. The elution time of the separated DDs is given in 

Table 2. 

Table 3. DFT optimized structures of DDs and their elution orders. 

-amino alcohols ACRs Size of the DFT optimized DDs of racemic -amino alcohols (terminal C-C distance in Ao) First 

eluted DD 
(S, L-DD) (R, L-DD) 

Atenolol (Atl)     

 ACR-1 15.20  (A1) 12.20  (A2) A1 

 ACR-2 15.32  (A3) 14.53  (A4) A3 

 ACR-3 13.11  (A5) 11.84  (A6) A5 

 ACR-4 15.85  (A7) 12.15  (A8) A7 

Metoprolol (Mel)     

 ACR-1 16.50  (B1) 13.75  (B2) B1 

 ACR-2 17.93  (B3) 16.63  (B4) B3 

 ACR-3 16.84  (B5) 14.48  (B6) B5 

 ACR-4 17.12  (B7) 13.52  (B8) B7 

Carvedilol (Cal)     

 ACR-1 12.30  (C1) 12.98  (C2) C2 

 ACR-2 12.64  (C3) 13.26  (C4) C4 

 ACR-3 12.02  (C5) 13.11  (C6) C6 

 ACR-4 13.11  (C7) 14.85  (C8) C8 

Salbutamol (Sal)     

 ACR-1 14.83  (D1) 11.16  (D2) D1 

 ACR-2 15.30  (D3) 13.30  (D4) D3 

 ACR-3 14.48  (D5) 12.66  (D6) D5 

 ACR-4 16.93  (D7) 11.12  (D8) D7 

Betaxolol (Bel)     

 ACR-1 18.54 (E1) 21.13 (E2) E2 

 ACR-2 19.90 (E3) 21.21 (E4) E4 

 ACR-3 19.85 (E5)  21.04 (E6) E6 

 ACR-4 18.03 (E7) 20.66 (E8) E8 

Bisoprolol (Bil)     

 ACR-1 20.68 (F1) 17.18 (F2) F1 

 ACR-2 21.03 (F3) 18.64 (F4) F3 

 ACR-3 18.69 (F5) 17.61 (F6) F5 

 ACR-4 21.18 (F7) 14.49 (F8) F7 

Propafenone (Pre)     

 ACR-1 18.45 (G1) 17.14 (G2) G1 

 ACR-2 20.44 (G3) 16.55 (G4) G3 

 ACR-3 20.81 (G5) 17.95 (G6) G5 

 ACR-4 20.42 (G7) 13.17 (G8) G7 

Acebutolol (Acl)     

 ACR-1 14.23 (H1) 15.31 (H2) H2 

 ACR-2 15.16 (H3) 15.79 (H4) H4 

 ACR-3 14.52 (H5) 14.78 (H6) H6 

 ACR-4 12.24 (H7) 15.03H8) H8 

 

3.4. Validation. 

Validation studies were conducted per ICH guidelines [57] to determine linearity, 

accuracy, and precision. Relative standard deviation (RSD), the limit of detection (LOD), and 

the limit of quantification (LOQ) were established for RP-HPLC separation of DDs D3 and D4, 

as a representative, in a concentration range between 200-2000 ng mL−1. The quantitation and 

analysis of stabilities and recoveries were done or calculated using the peak areas (as given by 

the device software). The validation results are described in Table S1. The calculated recovery 

values for the first and second eluting DDs in intra-day assays are 99.10 and 99.18 %, 

respectively, and 98.05 and 99.66 % in inter-day assays. The LOD and LOQ, respectively, were 

found to be 0.286 ng mL-1 and 0.858 ng mL-1. 

The replicate study of five different concentrations (100, 250, 500, 750, and 1000 ng 

mL-1) of the DDs (D3 and D4) on three consecutive days was used to determine intra-day 
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precision. Replicate analysis of five concentrations over three days was used to assess inter-day 

precision. The proposed method’s accuracy is demonstrated by high percentage recoveries 

(>99%) and low RSD values (1.14–1.38%). Changing the operating conditions, such as flow 

rate, temperature, and detection wavelength, were used to investigate the method’s robustness. 

The validation results do not display significant changes when modified above parameters. 

3.5. Limitations. 

The developed approach can determine trace quantities and regulate the enantiomeric 

purity of molecules having a single amino group. However, it is limited to compounds with 

more than one amino group in their chemical structure. 

3.6. Green assessment of the method.  

The developed method was examined for its sustainability by comparing the method 

with the Green Analytical Procedure Index method (GAPI) and Analytical Eco-Scale (AES) 

optimization [20,58]. Figure S10, prepared according to the GAPI assessment, clearly shows 

that the developed method is green. Additionally, the developed method's penalty points (PPs) 

were calculated (Table S2). The method scored a green assessment value of 84 points and is 

considered an excellent green analytical method; according to AES, a green assessment score 

value >75 is considered an excellent green analysis [20,58,59]. 

 

3.7. Comparison with literature. 

This report shows the very good separation of the prepared DDs of the amino alcohols 

under study in terms of resolution (6.12-12.51), separation factor (1.13-1.34), and retention 

times (7.41-15.92 min). Also, the calculated values of separation factor (α), resolution (Rs), 

and retention time were found to be better than previously used chiral derivatizing reagents 

(CDRs), e.g., isothiocyanate [60-62], DFDNB [62], cyanuric chloride [63], and (S)-naproxen 

[64, 65], ortho-Phthalaldehyde and chiral Thiols [66] based reagents; and also the results were 

found better than direct methods in which β-cyclodextrin [67] and carbamoylated quinidine 

functionalized monolithic [68] based chiral stationary phase were used. The current method 

provided very low values of LOD (0.286 ng mL-1) and LOQ (0.858 ng mL-1) as compared to 

the literature [62-68].  

4. Conclusions 

The developed method describes a simple, robust, precise, reliable, and green micellar 

liquid chromatographic method for the enantio-separation of racemic amino alcohols. In this 

method, the toxic organic eluents are completely swapped with inexpensive, non-toxic, non-

volatile, biodegradable water-surfactant-based eluents, thus favoring waste reduction and 

process economy. The ACRs efficiently synthesize DDs (C-N bond formation; Under MWI 

conditions). ACRs moieties in DDs provide sensitive detection during the chromatographic 

separation and help to determine elution order (DFT calculations). The prepared/optimized 

mobile phase provided fast elution of DDs with good resolution. This method can determine 

the trace quantity of amino-group-containing substances and regulate their enantiomeric purity. 

Also, the current method allows developers to customize and modify chiral liquid 
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chromatography in a green way to enhance the efficiency of the method and reduce the cost of 

analysis and the negative impact on the environment. 
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Supplementary materials 

 
Figure S1. Derivatives of the L-Proline. 

 
Figure S2. DDs of (RS)-Atl with ACR-1, ACR-2, ACR-3 and ACR-4. 
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Figure S3. DDs of (RS)-Mel with ACR-1, ACR-2, ACR-3 and ACR-4. 
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Figure S4. DDs of (RS)-Cal with ACR-1, ACR-2, ACR-3 and ACR-4. 
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Figure S5. DDs of (RS)-Sal with ACR-1, ACR-3 and ACR-4. 

 
Figure S6. DDs of (RS)-Bel with ACR-1, ACR-2, ACR-3 and ACR-4. 
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Figure S7. DDs of (RS)-Bil with ACR-1, ACR-2, ACR-3 and ACR-4. 

 
Figure S8. DDs of (RS)-Pre with ACR-1, ACR-2, ACR-3 and ACR-4. 
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Figure S9. DDs of (RS)-Acl with ACR-1, ACR-2, ACR-3 and ACR-4. 

 
Figure S10. Green Analytical Procedure Index assessment of the green profile of the developed method. 
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Table S1. Method validation for RP-HPLC separation of DDs of (RS)-Sal prepared with ACR-2. 
Linearity First eluting DD 

(D3) 

Second eluting DD 

(D4) 

Range (ng mL-1) 100-1000 100-1000 

Slope 3.432 3.711 

Intercept 8.92 8.54 

Correlation 

Coefficient (R2) 

0.999 0.999 

Accuracy and precision 

 

Conc. of each DDs 

(ng mL−1)  

First eluting DD 

(D3) 

Second eluting DD 

(D4) 

Found conc. 

Mean+ SD 

(ng mL-1) 

Recovery 

(%) 

RSD 

(%) 

Found conc. 

Mean+ SD 

(ng mL-1) 

Recovery 

(%) 

RSD 

(%) 

Intra-day precision 

100 99.17 + 0.28 99.17 0.51 98.58 + 0.21 98.58 0.61 

250 248.2 + 0.37 99.28 1.11 247.9 + 0.39 99.16 1.22 

500 494.3 + 2.78 98.86 1.09 496.2 + 2.12 99.24 1.31 

750 741.8 + 6.24 98.90 1.32 742.9 + 6.87 99.05 1.78 

1000 992.6 + 10.56 99.26 1.68 998.6 + 9.46 99.86 1.62 

 Mean 99.10 1.14  99.18 1.31 

Inter-day precision 

100 

 

98.21 + 0.19 98.21 0.28 99.98 + 0.24 99.98 0.54 

250 241.8 + 0.27 96.72 0.87 247.8 + 0.66 99.12 1.28 

500 495.1 + 1.14 99.02 1.21 498.2 + 1.14 99.64 1.44 

750 729.6 + 4.86 97.28 1.48 748.4 + 3.71 99.72 1.92 

1000 990.2 + 7.82 99.02 1.87 997.8 + 8.24 99.78 1.71 

 Mean 98.05 1.15  99.66 1.38 

Sensitivity 

LOD (ng mL-1)                0.286 

LOQ (ng mL-1)                0.858 

[n (=5)  is the number of replicates, SD = standard deviation, RSD = relative standard deviation]  

Table S2. The penalty points (PPs) for the developed analytical method [58,59]. 
Procedure:  

Reagents PPs 

Dichloromethane 1 

EDC 4 

HCl (1N) 4 

Acetone 3 

Brij-35 solution 0 

Sodium dodecyl sulphate solution  0 

Acetonitrile  2 

Phosphate buffer (10 mM) 0 

Water 0 

Sodium carbonate solution (aq.) 0 

 ∑14 

Instrument:  PPs 

HPLC 

(Sample were analyse in less than 15 min; 

<0.1 kWh per sample) 

0 

Microwave oven 1 

Ultra-sonicator 0 

Waste  1 

 ∑2 

Total PPs: 16  

Score: 84  
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