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Abstract

The preparation of single enantiomers (ee ~100%) is one of the most important demands 
both for industrial practice and research. Actually, the resolution of the racemic com-
pounds still remains the most common method for producing pure enantiomers on a 
large scale. To obtain the pure enantiomers, it is necessary to find the appropriate condi-
tions and resolving agents. During the separation of diastereomeric mixtures, similar 
trends can be observed as in course of the distribution of enantiomeric mixtures between 
phases, because just the presence of one-third chiral compound (namely the resolving 
agent) is the difference. This chapter presents new observations and establishments about 
the new opportunities to optimize the separation of chiral mixtures, especially the dia-
stereomeric mixtures.

Keywords: diastereomeric mixtures, pH, solvent, crystallization time, temperature, 
ultrasound irradiation

1. Introduction

In many cases, living organisms contain only one of the two enantiomers of chiral molecules, 

but often racemic compounds (1:1 mixture of the two enantiomers) are obtained in the chemi-

cal syntheses. The biological activity of enantiomers may be different or even opposite, so 
the enantiomeric separations are necessary and inevitable. Many methods described in the 

literature for the separation of enantiomers involve the formation of diastereomers followed 

by decomposition. These enantiomeric separation methods are discussed and systematized 

in several articles [1–10].
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Figure 1. pH-dependent resolution of racemic cis-permethric acid with (S)-N-benzyl-2-aminobutanol.

In most cases, the mixtures of diastereomers received by adequate resolving agents, or the 

mixtures of enantiomers isolated thereof, have to be separated. It is common in the separation 

methods, that the distribution of the mixtures between two phases is necessary, and the phase 

separation have to be applied [11–13].

Besides the effect of the applied solvents, the phase distribution of the mixtures is also deter-

mined by kinetic or thermodynamic control [14]. The phase distribution is also determined by 

the eutectic composition of the chiral molecules in the mixtures [15, 16].

Besides, the distribution between the phases is pH-dependent [17]. It seems that the effect of 
the kinetic control between two phases can be stabilized with the application of ultrasound 

[18]. The formation of solvates can also determine the distribution and the crystallization-

based separation of diastereomers [19, 20]. By the incorporation of compounds of similar 

structure to the solvate-forming molecules, the fractionated crystallization can be success-

ful in other solvents as well [21]. In the case of the crystallization of diastereomers, better 
separation can be reached, if the resolving agent is partially replaced by an achiral reagent of 

similar structure compared to the cases without replacement [22]. In the following, the most 

characteristic examples of the above-mentioned methods will be discussed.

2. pH dependence of the separation of diastereomeric mixtures

2.1. pH dependence in course of resolution of racemic acid with chiral base

A thermodynamic model has been elaborated [23] for the salt-salt resolution of racemic cis-

permethric acid (CPA) with half-equivalent (S)-N-benzyl-2-aminobutanol ((S)-BAB) [24]. 

The amount of the base was systematically changed to investigate the pH dependence of the 

resolution. The calculated and measured ee and T curves are plotted in Figure 1. After the 

separation of the diastereomeric salt, by neutralizing the mother liquor with hydrochloric 

acid, the (R,R)-CPA∙(S)-BAB diastereomer was precipitated.
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2.2. pH dependence during the resolution of racemic mandelic acid with 

(S)-phenylalanine

In the case of (S)-Phe, experiments were carried out both with equivalent and half-equivalent 

amount of resolving agent relative to racemic mandelic acid (MA). The adjusting of the pH 

was accomplished with NaOH and cc. HCl (Scheme 1) [17].

In the case of the application of 1.0 equivalent resolving agent, the enantiomeric purity (44–

51%) and yield of the crystalline salt are almost the same between pH 1.3 and 2.3. This pH 

range matches well the pK
a
 value of the carboxyl group of Phe (1.83). The time of crystalliza-

tion was 15 min in all cases (Figures 2 and 3).

The pH dependence of the diastereomeric salt was also investigated after 2 weeks, when the 

thermodynamic equilibrium was reached (Figure 4).

Scheme 1. pH dependence during the resolution of mandelic acid with (S)-Phe.

Figure 2. pH dependence in course of the resolution of mandelic acid with 1.0 equivalent (S)-Phe.
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The purity of the enantiomeric mixtures separated from the crystalline phase became highly 

pH-dependent. At pH 1.2, the enantiomeric purity received during fast crystallization (ee: 

52%) decreased to 36%, while at pH 2.3 from 49 to 11%. The optimum of the pH dependence 

can be reached in the case of kinetic control.

2.3. pH dependence in course of the resolution of racemic mandelic acid with 

(R)-pregabalin

The pH dependence of the resolution of racemic mandelic acid with (R)-pregabalin ((R)-PG) 

was carried out by kinetic control (crystallization time: 15 min) (Scheme 2).

The (R)-MA enantiomer mixtures can be received with almost identical enantiomeric purities 

(43–50%) and yields in the range of pH 3.0–4.4. The maximal value of the efficiency of the 

Figure 4. pH dependence in course of the resolution of mandelic acid with 1.0 equivalent (S)-Phe after 2 weeks of 

crystallization (the denotation thermo is applied for the results of the resolutions after 2 weeks of crystallization).

Figure 3. pH dependence in course of the resolution of mandelic acid with 0.5 equivalent (S)-Phe.
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resolution was reached in a pH range similar to the pK
a
 value of the carboxyl group of the 

resolving agent (Figure 5).

3. Role of eutectic compositions, crystallization time and solvent in 

case of diastereomer separation

3.1. Role of the solvent

The right choice of the solvent is crucial in course of the fractionated crystallization of diastereo-

mers. The composition of the crystalline phase received during resolution is often changed in case 

of solvate or hydrate formation. The dominant configuration can also change, depending on the 
applied solvent. For example, by changing the solvent in case of resolution of racemic 6-fluoro-
2-methyl-1,2,3,4-tetrahydroquinoline (FTHQ) with half-equivalent (R,R)-di-p-toluoyl-tartaric 

Scheme 2. pH dependence of the resolution of mandelic acid with (R)-PG.

Figure 5. pH dependence in course of the resolution of mandelic acid with 0.5 equivalent (R)-PG.
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Figure 6. The first dielectric constant-dependent resolution was carried out by Sakai.

acid [(R,R)-DTTA)] resolving agent, the crystalline phase is enriched in different enantiomer, 
even without solvate formation [25]. When applying ethyl acetate as solvent, (R)-FTHQ with 

48% enantiomeric excess, while with the application of methanol (S)-FTHQ with 59% enantio-

meric excess can be separated from the filtrated diastereomer salt (Scheme 3).

Correlation was found between the composition of the diastereomeric salt and the dielectric con-

stant of the solvent/mixture of solvents in course of the resolution of α-3-amino-ε-caprolactame 
(ACL) with N-tosyl-(S)-phenylalanine (N-Tos-(S)-Phe) [26]. In the ranges of 5–27 and 62–78 of the 

dielectric constant, the (R)-ACL∙N-Tos-(S)-Phe diastereomer was in excess in the crystalline phase, 

while between the two ranges the (S)-ACL∙N-Tos-(S)-Phe diastereomer was enriched (Figure 6).

According to the single-crystal studies, the dielectric constant of the solvent [27] also influ-

ences the hydrogen bonding system thus forming the chiral recognition process. This phe-

nomenon was demonstrated via several other resolution experiments [28–32].

3.2. Role of the crystallization time

The effect of different crystallization times on the enantiomeric mixtures separated from 
the crystalline phase was investigated in course of the resolution of the racemic 6-fluoro-
2-methyl-1,2,3,4-tetrahydroquinoline (FTHQ) with half-equivalent (R,R)-di-p-toluoyl-tartaric 

acid ((R,R)-DTTA)) [25]. When the mixture was filtrated after 5 min of crystallization, the 
solid phase composed mainly of the (R)-FTHQ∙(R,R)-DTTA diastereomer, while after 3 weeks 

of crystallization, the (S)-FTHQ∙(R,R)-DTTA diastereomer became the main component 

(Scheme 4). The kinetic control resulted in (R)-FTHQ∙(R,R)-DTTA diastereomer, while the 

thermodynamic control gave (S)-FTHQ∙(R,R)-DTTA diastereomer in the solid phase.

Scheme 3. Resolution of flumequine intermediate.
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By reacting the tamsulosin (TAM) intermediate with equivalent (R,R)-dibenzoyl-tartaric 

acid ((R,R)-DBTA), racemic enantiomer mixture could be separated from the crystalline 

phase; however, after 2 days of crystallization, the solid phase enriched in the required (R)-

enantiomer (Figure 7) [33]. The thermodynamically preferred composition resulted in the 

best separation.

3.3. Effect of the eutectic composition of the enantiomeric mixtures of either the 
racemic compound or the resolving agent

In course of the fractionated crystallization of the mixtures of diastereomeric salts, the 

effects of the applied solvent and the crystallization time, and thus the enantiomeric ratio 
of the crystalline diastereomer, are determined by the eutectic compositions of the racemic 

compound or the resolving agent [11, 13]. At the same time, in the case of the organoca-

talysis, the eutectic composition of the catalyst determines the enantiomer purity of the 

product [34].

Consequently, in processes with the participation of chiral compounds, the enantiomer purity 

of the formed new chiral molecule is determined by the eutectic composition of the enantio-

meric mixtures of the starting chiral compounds [12–14].

3.3.1. Effect of the eutectic composition of the resolving agent (eeEUres) in course of kinetic 
control

At the resolutions of racemic mandelic acid (MA) and 2-chloro-mandelic acid (CMA) with 

(R)-pregabalin, the purity of the recoverable enantiomeric mixture (ee
DIA

) is determined by 

the eutectic composition of the resolving agent (ee
EUres

) in course of kinetic control 13.

Scheme 4. Time dependence of the resolution of flumequine intermediate.

Figure 7. Time dependence of the resolution of tamsulosin intermediate.
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By plotting the ee
DIA

 enantiomeric purity values of the enantiomeric mixtures of mandelic acid 

(MA) and 2-chloro-mandelic acid (CMA), recovered from the crystallized diastereomeric salt 

after the resolution with pregabalin (PG) (Schemes 5 and 6, respectively), in the function of 

time, it can be clearly seen that in the case of both MA and CMA, by increasing the time of the 

crystallization, the enantiomeric purity decreases (Figure 8). The highest enantiomer purity 

was reached by immediate filtration after crystallization. Regarding the eutectic compositions 
of MA, CMA and PG (ee

EUrac
 and ee

EUres
), it seems that in course of kinetic control, the eutectic 

composition of the resolving agent (PG) affects the enantiomer purity of the recoverable enan-

tiomeric mixtures of MA and CMA.

3.3.2. Effect of the eutectic composition of eutectic composition of the resolving agent (eeEUres) in 
course of thermodynamic control

The resolution of 2-chloro-mandelic acid (CMA) was carried out using (S)-phenylalanine ((S)-

Phe) as resolving agent (Schemes 7 and 8) [13] was observed the effect of thermodynamic 
control. In this case the eutectic composition of the resolving agent (ee

EUres
) had a great influ-

ence on the purity of the obtained enantiomeric mixture (ee
DIA

).

Scheme 6. Time-dependent resolution of racemic 2-chloro-mandelic acid with (R)-pregabalin.

Scheme 5. Time-dependent resolution of racemic mandelic acid with (R)-pregabalin.
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Figure 8. Effect of the crystallization time on the enantiomeric purity (ee
DIA

) of the enantiomeric mixtures of MA (A) and 

CMA (B), recovered from the diastereomeric salt. The resolving agent was PG.

Scheme 7. Resolution of racemic 2-chloro-mandelic acid with half-equivalent (S)-phenylalanine.

Scheme 8. Resolution of racemic 2-chloro-mandelic acid with equivalent (S)-phenylalanine.
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By plotting the time dependence of the resolutions, increasing enantiomeric purities can be 
seen with increasing crystallization times (Figure 9).

As the eutectic compositions are known (ee
EUrac

: 10% and ee
EUres

: 85%), it can be stated that 

in course of thermodynamic control, the enantiomer purity of the recoverable (S)-CMA 

enantiomeric mixture is determined by the eutectic composition of the resolving agent 

(ee
EUres

) [14].

The resolving agent was the determinant for thermodynamic control when the enantiomers 

of racemic O-acetylmandelic acid (AMA) were separated by (S)-phenylalanine ((S)-Phe). 

(Scheme 9) [14].

By increasing the time of the crystallization, the (R)-AMA content of the crystalline phase 

increases. The thermodynamic equilibrium is determined by the eutectic composition of the 

resolving agent (Figure 10) [14].

Figure 9. Effect of crystallization time on the enantiomer purity (ee
DIA

) of CMA enantiomeric mixtures separated from the 

diastereomer salt after resolution with (S)-Phe, applying the methods of Pope-Peachey (a) and Pasteur (b).

Scheme 9. Time-dependent resolution of the racemic O-acetyl-mandelic acid with 1.0 equivalent (S)-phenylalanine.
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3.3.3. Effect of the eutectic composition of the racemic component (eeEUrac) in course of 
thermodynamic control

The resolution of the racemic mandelic acid (MA) was carried out with (S)-phenylalanine [(S)-

Phe] as resolving agent (Scheme 10). In this case, the purity of the recoverable enantiomeric 

mixture (ee
DIA

) is determined by the eutectic composition of the racemic component (ee
EUrac

) in 

course of thermodynamic control.

By plotting the enantiomer purity (ee
DIA

) in the function of the crystallization time (Figure 11), it 

seems that in course of thermodynamic control, the enantiomer purity of the MA separated from 

the diastereomer salt decreases until the eutectic composition of the racemic mixture (ee
EUrac

: 38%).

Figure 10. Effect of crystallization time on the enantiomer purity (ee
DIA

) of enantiomeric mixtures of AMA separated 

from the diastereomer salt.

Scheme 10. Resolution of racemic mandelic acid (MA) with 1.0 equivalent (S)-phenylalanine [(S)-Phe].
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Figure 11. Effect of crystallization time on the enantiomer purity (ee
DIA

) of the enantiomer mixtures of MA separated 

from the diastereomer salt.

Scheme 11. Resolution of mandelic acid with pregabalin enantiomer at different temperatures.

4. Crystallization of diastereomers at different temperatures

The results of the resolutions based on salt formation can be influenced by changing the 
parameters. In order to reach higher purities, the temperature of the crystallization can be 

altered. The racemic mandelic acid has been resolved with (R)-pregabalin in water. The crys-

talline segregate was stirred for 168 hours at 26 and at 40°C. After filtration, the diastereomer 
salt was broken down, resulting in the enantiomeric mixtures of (R)-MA (Scheme 11).

The enantiomer purity of (R)-MA mixture was 81% at 26°C, while 93% enantiomeric excess 

was received at 40°C. The temperature-dependent solubility tests of the diastereomers have 

shown that by increasing the temperature, the difference in the solubility of the diastereomers 
may increase (Figure 12) [33, 35, 36].
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5. Effect of ultrasound on the composition of the diastereomeric salt

The resolution of the racemic etodolac (ETO) was carried out using cinchonidine (CIN) as 

resolving agent, with the application of seed and ultrasound. During the experiment, the 

ethanol solution was heated until complete dissolution of the components, followed by a 

crystallization of 4 hours at 0°C. During cooling, the reaction mixture was seeded with (R)-

ETO.CIN diastereomer, which was then sonicated for 5 min, resulting in (R)-ETO enantiomer 

mixture of 99% enantiomer purity (Scheme 12). In the case of room temperature stirring, the 

product was received with low yield and low optical purity (~ee: 40%), which indicates the 

almost simultaneous crystallization of the two diastereomers [37].

Figure 12. Temperature-dependent solubility of (S)-MA∙(R)-PG and (R)-MA∙(R)-PG diastereomers.

Scheme 12. Resolution of etodolac with the application of ultrasound.
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Scheme 13. Resolution of silodosin intermediate.

The resolution of the intermediate of silodosin (SIL) was carried out with (S)-mandelic acid 

(MA) during sonication (for 30 min) by Sun et al. They found a threefold increase in the yield. 

The ultrasound intensified the separation of the more stable diastereomer, ensuring fast crys-

tallization in case of resolution based on salt formation (Scheme 13) [38].

The resolution of the racemic 2,3,5,6-tetrahydro-6-phenylimidazo[2,1-b]thiazole (TET) was 

carried out with (R,R)-dibenzoyl-tartaric acid ((R,R)-DBTA) in water/dichloromethane non-

miscible solvent mixture [36].

Comparative experiments were executed to determine the effect of the ultrasound treat-
ment compared with conventional stirring. The racemic tetramisol was dissolved in the 

mixture of dichloromethane and water at 40°C. The resolving agent, 0.3 mol equivalent 

(R,R)-DBTA, was dissolved in dichloromethane at 40°C, and then the solutions were uni-

fied and cooled to 5°C. The speed of the magnetic stirrer was 500 rpm. The ultrasound 
treatment was carried out for 1, 5, 10, 15, 10 and 30 min, using a Bandelin Sonopuls HD 

2200 apparatus, with 4.3, 6.5 and 11.0 W powers. After the appearance of the first crystal, 
the diastereomeric salt was allowed to crystallize for different times, that is for 1, 10, 20 
and 30 min, followed by filtration. The diastereomeric salt was analyzed with chiral HPLC 
(Figure 13).

By filtrating the formed diastereomeric salt after 1 min of crystallization, (S)-tetramisol ((S)-

TET) of 48% enantiomer purity could be separated with a yield of 91% (Figure 14).

By increasing the time of the crystallization, the enantiomer purity of the recoverable enan-

tiomeric mixture decreases, while the yield increases. When the time of the crystallization 

was 30 min, the enantiomer purity decreased to 12%. The efficiency of resolution (F) values 
shows a significant decrease with increasing crystallization time (from 0.44 to 0.12). This is the 
beneficial effect of the kinetic control.

Immediate crystal precipitation was observed in the course of the application of ultrasound. 

When applying ultrasound of 4.3 W power, after 1 min an enantiomer purity of 39% and a 

yield of 84% were reached. By increasing the time of the sonication, the enantiomeric mixture 

of tetramisol could be separated from the diastereomeric salt with an ee between 54 and 64% 

and the yield was between 78 and 93%. The efficiency of resolution increased from 0.43 to 
0.55 in course of sonication for 5–30 min (Figure 15). The use of ultrasound of 6.5 and 11.0 W 

power, respectively, resulted in almost the same ee, Y and F values after 30 min of sonication. 

Practically, the enantiomer purity was constant during the sonication.
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6. Conclusion

One of the possibilities for the separation of mixtures of chiral compounds (for both enantio-

mers and diastereomers) is their non-linear distribution between two phases.

It is noteworthy that the result of the crystalline segregation can be essentially changed by 

the set of appropriate pH value. The recent recognition of the effect of the kinetic control 

Figure 13. Schematic illustration of the experiments carried out with the application of ultrasound.

Figure 14. Enantiomer purity (A), yield (B) and efficiency of resolution value (C) of the enantiomeric mixture of tetramisol 
separated from the diastereomeric salt, in the function of the crystallization time, without the application of ultrasound 

(average values of three parallel experiments).

Figure 15. Enantiomer purity (A), yield (B) and efficiency of resolution value (C) of the enantiomeric mixture of tetramisol 
separated from the diastereomeric salt, in the function of the crystallization time, with the application of ultrasound of 

4.3 W (average values of three parallel experiments).
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combined with ultrasound treatment, leading to a time-independent stabilization and ame-

lioration of the result of the separation, is also remarkable.

The equilibriums can also be significantly affected by the formation of solvate molecules or 
with the built-in of non-solvent molecules of similar molecular architecture to the crystalline 

structure during the formation of the solid phase.
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