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1. Introduction

Chiral separation and its analysis in pharmaceutical industry gain significant importance due to 

differences in biological activities of the enantiomers such as pharmacology, toxicology, 

pharmacokinetics, metabolism etc. Supercritical carbon dioxide is an environmentally friendly solvent 

for the precipitation of diastereomeric salts.  

The chemical industry market for enantiopure chemicals are in great demand and increasing day by day. 

The greenhouse gas carbon dioxide is non-toxic, non-flammable and coexist in wide range of chemical, 

enzymatic transformations.The resolution of diastereomeric salt formation using sc-CO2 shows that the 

resolution carried out by extraction with supercritical carbon dioxide can provide substantially higher 

selectivity than the crystallization from organic solvent. 

Supercritical carbon dioxide (sc-CO2) might be used as the solvent in chiral resolutions as well as 

antisolvent in precipitation processes. Gas antisolvent (GAS) based precipitation is fast and less solvent 

intensive than traditional crystallizations. Using carbon dioxide as solvent or antisolvent has some 

benefits especially due to its nonflammable, non-explosive nature while being readily available and 

nontoxic in trace amounts. Supercritical fluid extraction (SFE) with carbon dioxide (CO2) has been 

successfully used in resolutions of various compounds.In some cases, chiral diastereomeric salt 

formation using modified Pope-Peachy method showed high dependence on change in pressure, 

temperature thus affecting the enantiomeric excess (ee) of the products.

Researcher around the globe has already used gas anti-solvent method for the resolution of more than 

16 different compounds, gaining comprehensive experience on feasibility.  

2. Literature Review

Chirality is a general phenomenon where the carbon atom of any organic molecule attached to four 

different functional groups or substituents. The chiral center is also referred to as a stereogenic center, 

asymmetric center. Homochirality i.e. the spatial configuration of molecules are predominant among 

all biological system and thereby specific in biological activities for individual form. French 

mineralogist René-Just Haüy observed the hemihedral behavior of quartz crystal in 1801. He also 

reported that the facets of the crystals are mirror images of each other [i]. In 1815, Jean-Baptiste Biot 

introduced the phenomena of clockwise or counterclockwise rotation on exposure of polarized light. In 

1844, Eilhard Mitscherlich, a German scientist, examined the sodium ammonium salts of both 

enantiomerically pure and racemic tartaric acid [ii] 1:1 mixtures of opposite enantiomers are called 

‘racemates’ [iii,iv]. With his later experiments, the classical resolution laid the foundations for resolution 

by diastereomeric salt formation, a widely use industrial process for purification and crystallisation till 

date. Meyer introduced the term of “stereoisomerism” in 1988 to indicate the geometrical isomerism of 

molecules. 

2.1 Optical resolution in supercritical fluid  

The gas anti-solvent technique processes the particle formation is based on the anti-solvent effect. 



3 

In this technique, solids are first dissolved in a liquid and a sub- and the near critical fluid used as anti-

solvent that cause the precipitation of solids in the fluid. The rapid addition of fluid results in a sudden 

reduction of the liquid density and a volumetric expansion, thus the formation of small and uniform 

particles takes place.   

In the GAS process, the volumetric liquid expansion profile is a function of the pressure, temperature, 

anti-solvent gas, type of solvent and stirring power [v]. 

The particle size can be easily controlled by the addition rate of anti-solvent and by temperature.   

The major disadvantage of the batch GAS process is the use of an organic solvent and its removal from 

products [vi,vii]. In any crystallisation or precipitation process, the first thing to consider is the solubility 

of the recrystallizing material and the solvent. To overcome the limitations of a batch GAS process, the 

continuous GAS process was developed. In these processes alike GAS techniques, such as aerosol 

solvent extraction systems (ASES), supercritical anti-solvent (SAS) processing and the liquid and 

supercritical phases are fed continuously into a precipitator. Both the solution and supercritical anti-

solvent flow continuously and in downward concurrent mode through the crystallizer. The solution and 

the supercritical fluid injected simultaneously into the crystallizer or precipitator using a co-axial nozzle 

arrangement causing rapid dispersion, mixing, and extraction of the solution [viii]. For a batch process, 

complete solvent removal was challenging and can be achieved by complete product drying. 

The solvent-free particles produced through the expansion of the organic solvent by an anti-solvent. In 

the continuous, anti-solvent (GAS) operation is highly depends upon reaction parameters such as 

temperature, pressure, concentration, nature of liquid solvents, and choice of the supercritical fluid. 

The continuous GAS process further modified into solution-enhanced dispersion by supercritical fluids 

(SEDS). SEDS was originally named by Hanna and York. The further development includes a smaller 

droplet size to intensify mixing to increase mass transfer rates. The parameters such as temperature, 

pressure, flow rates of the solution and supercritical fluid control the particle size of the product. The 

different solvents gives variations in the particle morphology [ix,x]. 

The several applications of continuous supercritical anti-solvent techniques are known and successful 

on the laboratory scale [xi,xii]. The several modifications of GAS process such as ASES and SAS 

successfully exploited the production of pharmaceuticals such as the precipitation of 

biodegradable polymers a range of compounds including pigments [xiii] microspheres, fibers 

and balloons, the  precipitation of  the polymer-pharmaceutical composites [xiv], and a range of 

proteins including insulin [xv,xvi] 

This thesis focuses on the diastereomeric salt formation of racemic alpha-2-methoxyphenylacetic acid 

(MPAA) and 4-Cl-mandelic acid using gas anti-solvent approach in supercritical carbon dioxide (sc-

CO2). Up to date, several diastereomeric salts has been formed using different techniques.  
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3. Experimental  Method 

The GAS precipitation experiments were carried out in a high-pressure autoclave shown in 

Figure 11. The reactants (100 ± 0.5 mg (0.60 ± 0.003 mmol) racemic MPAA and 38 ± 0.5 mg 

(0.30 ± 0.03 mmol) (R)-(-) ChEA) were dissolved separately in 1.5 ± 0.006 ml solvent. After 

complete dissolution, the solutions were charged into the tempered autoclave. The autoclave 

was sealed and filled with CO2 to the desired pressure followed by 1 hour long stirring for 

complete precipitation. Before depressurization, the reactor was washed with three-fold 

volume (90 ml) of sc-CO2 at the pressure and temperature of the reactor in order to extract the 

CO2-soluble components. An extract was trapped in methanol. The solid, crystalline sample 

recovered from the reactor after depressurisation is referred to as raffinate. The main 

component of the extract was unreacted MPAA whereas raffinate consists of diastereomeric 

salts.  The formed reaction products i.e. raffinate and extract were analysed for enantiomeric 

excess using capillary electrophoresis. 

4.  Results and discussion  

4.1 Resolution of 2-methoxy phenyl acetic acid with cyclohexylethyamine 

The chemical industry market for enantiopure chemical is in a great demand and increasing 

day by day. The preparation technique plays a key role in its economics. While several chiral 

catalytic processes are already industrialised, the conventional manufacturing technique 

mainly includes diastereomeric salt formation followed by fractionated crystallisation 

[xvi,xvi,xvi]. The diastereomeric salt formation based resolution methods are widely used in the 

industry and are still intensively researched. These techniques require careful crystallisation 

often precisely set temperature programs, inoculation etc.  

Supercritical carbon dioxide (sc-CO2) might be used as a solvent in chiral resolutions [xvi,xvi] 

as well as anti-solvent in precipitation processes [xvi]. The GAS based precipitation is fast and 

less solvent intensive than traditional crystallisations. Using carbon dioxide as the solvent or 

anti-solvent has some benefits especially due to its non-flammable, non-explosive nature 

while being readily available and nontoxic in trace amounts. Supercritical fluid extraction 

(SFE) with carbon dioxide (CO2) has been successfully used in resolutions of various 

compounds [xvi,xvi,xvi].  
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In some cases, chiral diastereomeric salt formation using modified Pope-Peachy method 

showed high dependence on the change in pressure, temperature thus affecting the 

enantiomeric excess (ee) of the products [ xvi]. 

The MPAA is widely used as a resolving agent and building block in various organic 

syntheses. The phenylacetic acids and their derivatives are very versatile platform molecules. 

Several derivatives show a broad range of biological activity, i.e., antibacterial, herbicide, 

plant growth regulator, etc. Edward et al. briefly summarized the synthesis of MPAA and its 

derivative [xvi]. 

For the first time in this study, the diastereomeric salt formation of racemic α- MPAA using 

ChEA as an enantiopure resolving agent is presented (Figure 1.) via the GAS method. 

Figure 1.  Scheme of resolution of racemic α-methoxyphenylacetic acid (MPAA) using 

(R)-(−)-1-cyclohexylethylamine (ChEA).  

4.1.1 Solubility determination 

For the development of a novel anti-solvent based resolution system, it is necessary to have 

preliminary information on the solubility of the components involved. Since there is no 

literature data available on the high-pressure CO2 solubility of components MPAA, ChEA, or 

their diastereomeric salts, the necessary data were measured by cloud point determination. 

Used solvents are listed in (Table 1). The higher solubility in polar solvents is attributed to the 

presence of carboxylic and amine functional groups in their chemical structure.  

Table 1: Solubility of MPAA, ChEA in organic solvents at ambient temperatures and 

pressures (solvents are listed in decreasing polarity).  

Solvent solubility of rac-MPAA 

(g/ml) at 26oC 

solubility of ChEA 

(g/ml) at 26oC 

Acetonitrile 2.29 2.70 

Methanol 2.97 3.86 

Ethanol 2.94 3.95 

2-Propanol 2.80 3.83 
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EtOH : 2-PrOH (1:1) 2.85 3.83 

Ethyl acetate 0.05 Insoluble 

Ethanol : Ethyl acetate 1.30 0.70 

Toluene 1.80 1.20 

Toluene : Acetonitrile 

(1:1) 

1.30 1.87 

Methyl isobutyl ketone 0.80 Insoluble 

Ether 2.10 0.35 

Ether: acetonitrile (1:1) 2.50 1.35 

Hexane 0.20 Insoluble 

As R-ChEA is a primary amine, and it readily reacts with carbon dioxide. Their product is 

white, solid and crystalline. The product formed by the carbon dioxide with primary amine 

and in vicinity of sc-CO2 with primary amine is non other than the carbamate. Obviously, in 

sc-CO2 the formation is much faster. If stirring is not applied, the formed solid save the 

remaining liquid R-ChEA from being consumed by CO2. Neither the R-CHEA nor its 

carbamate has any reasonable solubility in pure carbon dioxide.  

The solubility of rac-MPAA in CO2 increase with increasing pressure at a given temperature, 

e.g. at 37 °C and 8.7 MPa the solubility is 6.3 mg/g  while at 11.2 MPa 10 mg/g can be 

dissolved. The cloud point pressures of the same solution increases with temperature, e.g. the 

6.3mg/g mass fraction solution are homogenous above 8.7, 11.2 and 12.7 MPa at 37.1, 44.8 

and 51.0 °C, respectively.   

While fair solubility of the rac-MPAA in sc-CO2 is required for an efficient extraction of the 

unreacted enantiomers, an organic solvent is also required to dissolve all components 

including the diastereomeric salts. Components rac-MPAA and R-ChEA are highly soluble 

in polar solvents and showed comparable solubility in non-polar solvents (Table 1). The higher 

solubility in polar solvents is attributed to the presence of carboxylic and amine functional 

groups in their chemical structure.  

4.1.2 Characterisation of diastereomeric salts results 

4.1.2.1 Powder XRD 

The resolving agent reacts with both enantiomers of MPAA and forms the corresponding R, 

R- and S, R- salts. Since S-MPAA is commercially available, while R-MPAA is not, S, S-

diastereomeric salt patterns were used as a reference of the R, R-salt, while S, R-salt as the R, 

S-salt’s reference, according to the Marckwald principle. The XRD patterns of the formed 
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solid product were compared against the reference diastereomeric salts (Figure 2). XRD 

patterns of S, S-salt, and S, R-salt are different which proves that the two salts are crystallised 

in different crystalline structures. Comparing the XRD patterns of the same salts prepared with 

GAS or atmospheric crystallisation methods, one thing may be concluded that the crystal 

structures are similar, but the GAS method results in an increased crystallinity.  

 

 

Figure 2.  XRD patterns of diastereomeric salts a) S, R-salt, atmospheric, b) S, R-salt GAS, 

c) S, S-salt, atmospheric, d) S, R-salt, GAS, e) rac-MPAA-(R) - ChEA salt (2:1 molar ratio) 

 

 4.1.2.2 Scanning electron microscopy (SEM) confirmed the formation of fibrous, elongated 

needle like crystals under GAS condition. Higher crystallinity was observed under sc-CO2 

condition than under atmospheric conditions via 4-6 hours crystallisation time. Crystallisation 

at atmospheric conditions using Tol-ACN mixed solvent shows different crystal habits (Figure 

2) however the crystal structure was similar for salts prepared with atmospheric and gas anti-

solvent technique.   
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Figure 3. SEM Pattern : (1&2) S-S and S-R-salt, atmospheric condition (40 °C, 1 hr, without 

CO2 pressure, (3 & 4) S-S and S-R-salt, GAS condition (40 °C, 1hr at 12 MPa CO2 pressure, 

8.8 gm CO2 /gm solvent)  

 4.1.2.3 Effect of molar ratio 

After successful screening experiments, detailed optimization of the process was performed 

regarding the molar ratio of resolving agent to racemic acid, pressure, and temperature of GAS 

precipitation. 

Regarding the molar ratio of reactants, the best selectivity was achieved 2:1 ratio of racemate: 

resolving agent (Table 2). The half-equivalent method or commonly known as the modified 

Pope-Peachy method is the best suitable for the resolution, as typical in the supercritical 

resolution techniques [xvi]. The 1:1 molar ratio, i.e. Pasteur's method, gives a diastereomeric 

salt with worse optical purity and selectivity. However, it is worthwhile to mention that the 

resolution produces solid, crystalline diastereomeric salt with 1:1 molar ratio as well. 

Furthermore, since yield is the mass of recovered crystalline salt versus the theoretical mass 

of the salt, from the same amount of racemic acid, approximately two times as much salt was 

prepared at molar ratio = 1 than at molar ratio = 0.5. Total recoveries of material at each molar 

ratios were above 80%.  
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Table 2: Effect of molar ratio on the diastereomeric salt formation. Reaction condition: 40 °C 

at 12 MPa pressure, 21gm CO2 /gm solvent, 1 hr.  

       Molar ratio 

       Base to acid 

eeR 

(%) 

YR 

(%) 

SR (%) 

1 28 77 0.22 

0.5 55 80 0.44 

0.25 47 65 0.31 

* Base = R-ChEA, Acid = rac-MPAA

4.1.2.4 Effect of temperature 

Temperature effect at 12 MPa and 0.5 molar ratio are shown in Figure 4. There is a clear 

optimum of the selectivity at appr. 40 °C, which is mainly due to the variation of the 

enantiomeric excess (ee) values.   

Figure 4. Effect of temperature on the diastereomeric salt formation. Reaction condition: 

0.5 molar ratio at 12MPa for 1 hr.  

4.1.2.5 Effect of pressure 

The effect of pressure on the resolution system was studied at 40 °C, CO2 pressure range 

between 9 to 21 MPa (Figure 4). Below 10 MPa pressure, a wet raffinate was recovered with 
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poor enantiomeric excess and slightly lower yield. The raffinates with the highest 

enantiomeric excess (50-55%) were prepared at 12 MPa. Above 16 MPa further increase in 

pressure causes a significant decrease in yield. Dependence of selectivity on pressure is plotted 

in Figure 8. The increase in CO2 pressure increases the CO2 density. However, as the 

concentration of the organic solvent was kept constant, the increase of pressure means also an 

increase of the CO2 to solvent ratio. As at constant temperature by increasing pressure, the 

density of CO2 increases. Solubility’s of the compounds involved increase by increasing 

pressure but decrease with increasing CO2 to solvent ratio. The observation that there is an 

optimum density (dissolving power) is in accordance with our previous results. 

*eeR = Enantiomeric excess of raffinate, YR = Yield of raffinate.

Figure 5: Effect of pressure on the diastereomeric salt formation. Reaction condition: 0.5 

molar ratio at 40°C for 1 hr. Empty symbols indicate wet raffinates. The lines are to guide the 

eye.   

Please note that in the referred previous work the diastereomeric salts of cis-permetric acid 

and phenylethyl amine were crystallized from CO2 only. In total four repetition of experiment 

was conducted at 40°C and 12MPa CO2 pressure for 1 hr to verify the repeatability of the 

results.  
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Figure 6. Effect of pressure on the selectivity of diastereomeric salt formation. Reaction 

condition: 0.5 molar ratio at 40°C for 1hour. Empty symbols indicate wet raffinates. The line 

is to guide the eye.   

4.2   Resolution of 4-chloro mandelic acid (4-ClMA) with (R)-1-cyclohexylethyamine 

(ChEA) and (R)-1-phenylethanamine (PhEA) 

The 4-chloromandelic acid (4-ClMA) is widely used as a platform molecule and chiral 

intermediate in pharmaceuticals [xvi]. The selection of resolving agent is often based on the 

structural similarity i.e. similar molecular shape and size. The PhEA and ChEA are popular 

synthetic resolving agents, often used for chiral separations of acid enantiomers [xvi].   

The enantiopure (R)-p-chloromandelic acid has been also used as an efficient resolving agent 

for chiral discrimination [xvi,xvi]. Several synthetic and enzymatic methods have been reported 

in the literature for the manufacturing of enantiopure and racemic 4-CIMA [xvi]. Past studies 

reported successful resolution of 4-ClMA using enantiopure amines as resolving agents with 

different solvents [xvi]. Some of the reported methods have drawbacks such as low yield and 

a high cost of the resolving agent. (R)-PhEA and (R)-ChEA are commercially available and 

inexpensive [xvi,xvi]. 

The detailed study of the diastereomeric salt formation of 4-ClMA with enantiopure (R)-(+)-

α-PhEA and (R)-1-ChEA using GAS approach with supercritical carbon dioxide are 
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presented. Quan et al. reported the similar study for PhEA without the use of supercritical 

carbon dioxide [xvi,xvi].  

Scheme 1. Scheme of resolutions of 4-ClMA with enantiopure (R)-(+)-α-PhEA and (R)-

1-ChEA 

4.2.1 Screening of resolving agent 

GAS experiments were conducted using ChEA and PhEA as a resolving agent. ChEA showed 

very poor % ee (less than 50%). However, PhEA showed the best performance. Hence, a 

further parametric study was only conducted for 4-ClMA – PhEA diastereomeric salt 

formation.  

4.2.2 Cloud point measurement: For 4-ClMA 

The availability of solubility data is an essential step for anti-solvent based resolution. The 

cloud point measurement was conducted to generate the new solubility data of 4-ClMA in 

high-pressure CO2.



14 

 

                                                                                                                                                                     

 

Figure 7. Effect of temperature and pressure on cloud point in CO2 and methanol 

mixture.  

The cloud point measurement was conducted at CO2 pressure range from 80-160 bar and a 

temperature range from 35 °C - 58°C. The orange and blue points represent the carbon dioxide 

to methanol mass ratios (Figure 7). The measurement results are quite consistent up to the line 

of a certain composition of acid and CO2 to methanol mass ratios. Change in composition 

alters the system from homogeneous to heterogenous making the extraction step difficult. 

Another expectable trend observed was that more methanol in the system showed better 

solubility results. Only half of the acid needs to be dissolved in the fluid phase (considering a 

molar ratio of 0.5, the other half precipitates in the diastereomeric salt), twice of this amount 

(mass fraction of the acid) can be used in the laboratory autoclave in the actual resolution 

experiments. 

4.2.3 Effect of temperature and pressure   

 

Figure 8. Effect of temperature on the diastereomeric salt formation. Reaction condition: 

2:1 molar ratio at 160 bar for 1 hr.  
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The temperature effect studied from 35°C to 50°C with an interval of 5°C (Figure 8). No 

significant change observed; hence, the reaction temperature was set at 40°C. 

Figure 9.  Effect of pressure on diastereomeric salt formation. Reaction condition: 2:1 

molar ratio at 40°C for 1 hr.  

The effect of pressure on the resolution system was studied at 40°C, CO2 pressure range 

between 120 to 200 bar (Figure 9) using 3 ml of methanol. No significant effect of the pressure 

observed on the yields or the enantiomeric excess of the products. By increasing the pressure, 

the yield of the extract increases slightly with a decrease in the raffinate yield. The main reason 

is the increase in the solubility of the components at higher pressures. Not only the free acid 

but also the diastereomeric salt can be dissolved and washed out of the reactor. The increase 

in CO2 pressure increases the CO2 density and CO2 to solvent ratio. At higher pressure, the 

increase in the extract yield could be attributed to two important findings.  

The first might be the use of more methanol in the system that can dissolve more 

diastereomeric salt and thus it could be washed out with CO2 during the extraction step. The 

second reason could be the dissociation of diastereomeric salt, which certainly inhibited by 

the presence of the acid in the system. However, as the acid is washed out, the dissociation 

can happen, which causes the higher extract yield.  

Under 120-bar pressure, a wet raffinate recovered with poor enantiomeric excess and slightly 

lower yield. The raffinate with the highest ee (72%) were prepared at 160 bar. 
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4.2.4  Effect of solvent ratio: 

Figure 10. Effect of solvent ratio on diastereomeric salt formation. Reaction condition: 

2:1 molar ratio at 40 °C and 160 bar for 1 hr. 

The solvent ratio studied from 5-30g/g with the interval of 5g/g (Figure 10). It was known 

from a past study that the solvent ratio optimized with respect to the yields. Increasing the 

CO2 to solvent ratio increases the raffinate yield.  

In this study, the mass ratio between carbon dioxide and methanol has the strongest effect on 

both the ee values and the yields. The experiments were carried out at 40 °C and 160 bar. A 

higher solvent ratio means a greater amount of carbon dioxide in the system that obviously 

results in a lower solvent power. The tendencies observable in (Figure 10) perfectly correlate 

with this assumption.  

Figure 11. Effect of solvent ratio on the selectivity of diastereomeric salt formation. 

Reaction condition: 2:1 molar ratio at 40 °C and 160 bar for 1 hr. 
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The selectivity vs solvent ratio was studied from 5-25g/g with the interval of 5g/g. The 

selectivity is plotted against the solvent ratio (Figure 11); an interesting observation can be 

seen. The selectivity seems approximately constant, that reflect the constant effectiveness of 

the resolution. Forming more raffinate approx. 60-61% at 7.5-10.5 g/g, leads to lower ee, or 

to form a bit lower amount, but with higher purity. (Of course, the extract will follow this 

trend in a mirror-like way). Thus, reaction parameters were optimised to get the highest 

raffinate ee at (160 bar; 40 °C and 7.5 solvent ratio with half-molar equivalent PhEA). 

4.2.5 Characterisation of the diastereomeric salt  

4.2.5.1 Powder XRD 

The resolving agent (R)-1-PhEA (or R-ChEA) and racemate 4-ClMA is able to react to form 

a mixture of diastereomeric salts, samples of corresponding R,R- and S,R- salts, in various 

ratios. Both enantiomer of the racemate and resolving agents are commercially available and 

their pure reference salts can be prepared and used for confirmation and compositional 

evaluation/analysis.  

 

Figure 12. Calculated powder XRD patterns of A:  ((R)-1-Phenylethanaminium (S)-4-

chloromandelate), B: ((R)-1-Phenylethylaminium (R)-4-chloromandelate) [171, 172], 

generated from single crystal atomic coordinates, retrieved from Cambridge Structural 

Database (CSD) by Mercury program. C:  Experimental XRD profile of 4-ClMA-PhEA 

diastereomeric salt sample (0.5 molar base).  

The single crystal atomic coordinates of both diastereomeric salts are known [171,172], and 

available in Cambridge Structural Database (CSD), Powder XRD patterns of the have 
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calculated by Mercury [Figure 12 A & B]. In Figure 12, A and B are compared against the 

obtained diastereomeric salt sample (Figure 12, C).  

Comparing the XRD patterns of the raffinate formed, with reference patterns of racemic acid 

and the self-ammonium-self-carbamate type salt of PhEA, It can be seen, that the minor traces 

of starting material can be present in the raffinate samples. Anyhow, the XRD profile of the 

sample and the R-R salt reference look like very similar, what indicates the formation of the 

less soluble (more stable) diastereomeric R-R salt in a crystalline form. It is observed that the 

GAS method increased the crystallinity of diastereomeric salt compared to a salt prepared at 

atmospheric condition.  

4.2.5.2 Differential scanning calorimetry (DSC) 

Sr.no Diastereomeric salt samples Initial 

acid: base  

molar 

ratio 

Melting 

Point / 

°C 

% ee

raffinate 

1 rac-4-ClMA  with PhEA (First cycle) 0.5 194.6 64 

2 rac-4-ClMA  with PhEA (Second cycle) 0.5 196.3 72 

3 rac-4-ClMA  with PhEA (Third cycle) 0.5 200 91 

4 R-4-ClMA  with R-ChEA 1 122 - 

5 R-4-ClMA  with S-ChEA 1 161 - 

6 rac-4-ClMA  with R- ChEA 1 140-141 49 

7 rac-4-ClMA  with S-ChEA 1 101 48 

Table 3:  Effect of solvent and temperature on melting point. Diastereomeric salt 1-3 

prepared at 160bar CO2, 40°C and methanol as a solvent while salt 4-7 prepared at 25°C and 

acetonitrile-toluene (1:1) as a solvent.  

According to DSC measurements of the diastereomeric salt samples, 4-ClMA with PhEA (3) 

and 4-ClMA with ChEA (5) melts at 195 and 140 °C respectively. These observations indicate 

a crystalline formation of only one of the corresponding diastereomeric salt pairs. The 

diastereomeric excess (% de) increases via repeated resolution (dissolution of the 

diastereomeric sample formed in the previous cycle with a fresh amount of (half molar) 
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resolving agent and re-precipitation). The change in the degree of purification, as DSC melting 

point data up to three cycles of diastereomeric salt samples, are presented in Table 3. 

Diastereomeric excess is enhanced from 64% to 91% with an increase in melting points. A 

similar observation was also noted by Quan et al. [xvi], for the EtOH based recrystallisations 

enhancements of (R)-PEA - (R)-p-ClMA salt. 

4.2.5.3  Scanning electron microscopy (SEM) 

The SEM study confirmed the formation of fibrous, elongated needle-like crystals for MPAA-

ChEA diastereomeric salt. This salt was prepared at 40 °C, 1 hr, and 160 bar CO2 pressure 

(Figure 13). Under the GAS condition, higher crystallinity was observed.  

 

Figure 13.  SEM pattern: Diastereomeric salt (40 °C, 1 hr, and 160 bar CO2 pressure) 

4.3  Single crystal growth study  

As a part of our ongoing studies on the application of a GAS method of supercritical CO2 

extraction in resolution systems of various acid-base systems, we collect suitable analytical 

references to follow the resolution of racemic ChEA by (S)-MPAA. The racemic and (S)-

MPAA. The diastereomeric salts formed with the ChEA have been studied (Scheme 1) by 

DSC, FTIR spectroscopy, and powder XRD in order to explore the various binary and ternary 

phase relations in the (R) & (S)-MPAA - (R)-ChEA - system, and its various subsystems. In 

addition, crystal and molecular structure of the (S)-ChEA - (S)- α-MPAA diastereomeric salt 

[Scheme 2], formed by (S)-ChEA and (S)-MPAA in order of cation then anion, along with the 

parent chiral acid, (S)-MPAA have been solved by single crystal X-ray diffraction. The 

secondary interactions, especially strong H-bonds have been evaluated based on FTIR spectra 

of the corresponding crystalline R-S and S-S salts, as well as on those of chiral and racemic 

acids, in order to explain the possible driving forces for a successful resolution. Based on DSC 
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data related eutectic calculations, an overall schematic ternary phase diagram has also been 

constructed, assembled from partial ones of the various ternary and binary sub-systems, in 

order to calculate the estimated maximum value of resolubility. 

1, (S)-MPAA

2, rac-MPAA

(R)-MPAA

(S)-CHEA

4, (R)-MPAA-(S)-CHEA3, (S)-MPAA-(S)-CHEA

in order of cation then anion (S)-ChEA-(α)-MPAA 

Scheme 2.  Scheme of resolution process of racemic α-methoxy-phenylacetic acid with help 

of chiral (S)-1-cyclohexylethylamine as a resolving agent. 

The transparent single crystals of the diastereomeric salt of (S)- α-MPAA and (S)-1-ChEA in 

order of cation then anion (S)-ChEA-(S)-MPAA were grown by slow evaporation of the 

solvent mixture from an equimolar solution of toluene-acetonitrile (1 : 1 ratio) at room 

temperature. 

Table 4. Summary of crystallographic data, data collection, structure determination and 

refinement for (S) - α -MPAA (1) and (S)-ChEA - (S) - α -MPAA diastereomeric salt (3).  

(S)- α -MPAA (1) (S)-ChEA - (S)- α-MPAA salt 

(3) 

Empirical formula C9H10O3 C17H27NO3 

Formula weight 166.17 293.39 

Temperature 103(2) K 103(2) K 

Radiation and wavelength Mo-Kα, λ =0.71073Å Mo-Kα, λ =0.71073Å 

Crystal system Orthorhombic Monoclinic 

Space group P212121 P21 

Unit cell dimensions a =6.8795(3)Å a =9.5290(12)Å 

b =7.0124(3)Å b =6.5909(10)Å 

c =17.4578(8)Å c =13.869(2)Å 
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β=103.13(3)° 

α=β=γ=90° α=γ=90° 

Volume 842.20(6)Å3 848.3(2)Å3

Z, Z` 4, 1 2, 1 

Density (calculated) 1.311 mg/m3 1.149 mg/m3

Absorption coefficient, µ 0.098 mm-1 0.078 mm-1 

F(000) 352 320 

Crystal colour Colourless Colourless 

Crystal description Prism Prism 

Crystal size 0.37 × 0.25 × 0.25 mm 0.55 × 0.15 × 0.10 mm 

Absorption correction Multi-scan Multi-scan 

Max. and min. transmission 0.8952  1.0000 0.4180  1.0000 

ϴ range for data collection 3.131≤ ϴ ≤ 27.430° 3.016 ≤ ϴ ≤ 27.483° 

Index ranges -8 ≤ h ≤ 8;-9 ≤ k ≤ 9;-22 

≤ l ≤ 22 

-12 ≤  h ≤  12;-8≤  k ≤ 8;-18 ≤  l 

≤  17 

Reflections collected 28773 32487 

Completeness to 2ϴ 0.999 0.998 

Absolute structure parameter -0.2(3) 1.1(6) * 

Friedel coverage 0.681 0.839 

Friedel fraction max., full 1.000, 1.000 0.998, 1.000 

Independent reflections 1911 [R(int) =0.0513] 3883 [R(int) =0.0863] 

Reflections I>2σ(I) 1776 3504 

Refinement method full-matrix least-squares 

on F2 

full-matrix least-squares on F2 

Data / restraints / parameters 1911 /0 /114 3883 /1 /193 

Goodness-of-fit on F2 1.109 1.072 

Final R indices [I>2σ(I)] R1 =0.0373, wR2 

=0.0785 

R1 =0.0477, wR2 =0.1053 

R indices (all data) R1 =0.0407, wR2 

=0.0838 

R1 =0.0548, wR2 =0.1105 

Max. and mean shift/esd 0.000;0.000 0.000;0.000 

Largest diff. peak and hole 0.175;-0.174 e.Å-3 0.172;-0.196 e.Å-3
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*As measured with Mo-Kα radiation and in the lack of heavy atoms showing great anomalous

dispersion effect the reliability of the absolute structure parameter is low. Experimental 

evidence give the SS conformation. 

Thesis Statements  

The focus of this thesis is the improvements of resolutions of racemates by Gas Anti-

solvent (GAS) system; using supercritical carbon dioxide with this objective,  

1. Resolution of α-methoxyphenylacetic acid with (R) -cyclohexylethyl amine is possible

using gas antisolvent precipitation with carbon dioxide. Half-equivalent amount of 

resolving agent is optimal for maximizing selectivity while keeping the amount of 

resolving agent as low as possible (1). 

a) Both the temperature and pressure influence the resolution significantly, and the

optimal setting was found to be 40°C and 12 MPa. The obtained diastereomeric salts show 

similar diastereomeric excess values as optimized atmospheric resolutions, but show 

higher crystallinity and yields while requiring significantly lower processing time.  

b) The results obtained by this method show a good perspective for development of a

semi-continuous process. 

2. Successfully grown the two single crystals in the laboratory, (S) - α - methoxy phenyl

acetic acid and (S) - cyclohexylethyamine - (S) - α-methoxy phenyl acetic acid salt. Single 

crystal X-ray structure of two compounds of this system has been determined and reported 

(2).  

3. Detailed analytical features using X-ray powder diffraction (XRD), Fourier-transform

infrared spectroscopy (FTIR), and Differential scanning calorimetry (DSC)) of all pure 

substances are compared (2, 3).  

a) Structural implications are drawn for salts without known structures based on analytical

features.   

b) Binary and ternary eutectic phase diagrams in the resolution system are constructed for

pure, racemic and salt form of 2-methoxy phenyl acetic acid, cyclohexylethyamine. 

4. Gas anti-solvent precipitation was presented as the separation method in the chiral

resolution of racemic 4-chloromandelic acid using the half-molar equivalent of (R) -

1phenylethanamine as the resolving agent (4). 

a) Detailed investigations on the effect of pressure, temperature and solvent ratio (the

mass ratio of the organic solvent and carbon dioxide) were conducted in the ranges of 12-

20 MPa, 35-45 °C and carbon dioxide to methanol mass ratio of 7.5-25 respectively. 
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Although the solvent mass ratio had an effect on yield an enantiomeric excess, selectivity 

remained unaffected by this parameter as well.  

b) 72% enantiomeric excess (ee) was achieved in the raffinate at 16 MPa, 40 °C and 7.5

solvent ratio, while a 65% ee acid was purified to over 90% by another resolution step 

with half molar equivalent of the amine. 

c) The repetition of resolution (dissolution of salty samples with a fresh amount of

resolving agent base and re-precipitation) resulted in a substantial increase in 

diastereomeric excess. 
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Appendix               

Symbols  

A  [-]  area 

ee  [–]   enantiomeric excess 

mr  [–]   molar ratio 

n  [mol]  molar quantity 
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S  [–] selectivity 

Y  [–] yield 

Subscripts 

rac racemic material 

res resolving agent 

ext extract 

raff raffinate 

Abbreviations 

scCO2 Supercritical carbon dioxide 

GAS Gas antisolvent 

SEM Scanning electron microscopy 

XRD              X-ray powder diffraction 

CE Capillary Electrophoresis 

MPAA α-methoxyphenylacetic acid 

CHEA / ChEA  1-cyclohexylethyalamine 

 4-ClMA          4-chloromandelic acid 

PhEA Phenylethylamine 

molar ratio  (MR) 

mass of Raffinate  mR 

Mass of Extract  mE 

Molar mass of acid  (m acid) 

Molar mass of base (m base) 

Yield of raffinate  (YR) 

Yield of extract     (YE) 




