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Introduction  

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

to differences in the 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.  

Today, the increasing demands for product purity, environmental regulations and guidelines 

will pose serious problems for industry professionals, thus continuous upgrade is needed for 

an industrial ecosystem. Most of the organic solvent used today in large quantities are 

flammable, toxic, and environmentally harmful. It is often difficult to separate them from 

products and separation operations are extremely energy-intensive (e.g. distillation). In some 

cases, the use of supercritical (sc) fluids as solvents is an alternative to the use of organic 

solvents. The greenhouse gas carbon dioxide is non-toxic, non-flammable and coexist in a 

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 crystallisation from 

organic solvent.  

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

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

catalytic processes are already industrialized, the conventional manufacturing technique 

mainly includes diastereomeric salt formation followed by fractionated crystallisation. The 

diastereomeric salt formation based resolution methods are widely used in the industry and 

are still intensively researched. These techniques require careful crystallisation to often 

precisely set temperature programs, inoculation etc.  

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 crystallisations. 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. 
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An effective separation of the diastereomeric salt and unreacted enantiomer is great challenge 

and can be overcome using CO2 - GAS technique. The researchers already used the gas anti-

solvent method for the resolution of more than 16 different compounds, gaining 

comprehensive experience on feasibility. In addition, pure carbon dioxide has been used as a 

solvent in crystallisations carried out with in situ salt formation.  
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    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 antisolvent 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. 

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. Although the 

solvent mass ratio had an effect on yield an enantiomeric excess, selectivity remained 

unaffected by this parameter as well.  
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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 (4). 

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 (4). 
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LITERATURE REVIEW  

1.1 Chirality and resolutions 

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 [1]. 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 [2] 1:1 mixtures of opposite enantiomers are called ‘racemates’ [3,4]. 

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. 

 

1.1.1 Enantiomers 

In general, chiral materials are non-superimposable mirror image structure with no plane of 

reflectional symmetry (Figure 1). The most common chiral compounds are enantiomers. 

Enantiomers are one of the subsets of stereoisomers and denoted by (+, -) or (D /L) or (R (for 

rectus) and S (for sinister) symbols. 

          

Figure 1. Mirror images.  

Importance of enantiopure chemicals 

The desirable reasons for producing enantiopure pure chemicals include the following 

advantages.  

1. Particular biological activity is often associated with only one enantiomer with specific 

inducing effect. 
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2. Enantiomers may differ in their activity, both of which may be beneficial or one may be 

beneficial and the other harmful; production of single enantiomers and separation minimizes 

the effects. 

3. The unwanted isomer is at best ‘isomeric ballast’ gratuitously discharged to the 

environment. 

4. The enantiopure compound may be more active than the racemate because of antagonism. 

5. In most of the countries production of the racemic drug is being banned hence need a 

sophisticated alternative. 

6. The unwanted enantiomer considered as an impurity. 

7. It improved the life expectancy and minimizes the side effect. 

 

 

Figure 2. Pair of enantiomers for Methoxyphenylacetic acid. 

The enantiomers have identical physical properties like melting point, solubility, 

chromatographic retention time (in an achiral column), infrared spectra (IR), nuclear magnetic 

resonance (NMR) etc. In some racemic pharmaceutical drugs, only one enantiomer gives the 

suitable response to the appropriate physiological effect while the other one is inactive in that 

specific function or it might show different significance in its effect on the body which might 

lead to side effects. Both enantiomers of Methoxyphenylacetic acid are used as a chiral shift 

agent (Figure 2). 

 

1.1.1.1 Racemates 

An equal proportion of (R and S) enantiomers are known as racemates. In general, it can be 

shown as (+/-), (D/L) or (R/S). Racemates are of three types:  

(1) Conglomerate 

(2) Racemic-compound  

(3) Solid solutions  
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1.1.1.2 Conglomerates 

Mechanical mixtures of enantiomers are called conglomerates. It has a strong affinity for the 

opposite enantiomer and constitutes 5-10% of all racemates. It shows a greater affinity for the 

opposite enantiomer [5]. It can be distinguished easily from other types via melting point and 

solubility phase diagrams.  

 

1.1.1.3 Chiral pool 

In chiral pool synthesis, amino acid, terpenes, and monosaccharaides are used as the starting 

material. Typically, it involves a multi-step synthesis process with complex formation. [6]. It 

is helpful to preserve the reaction sequence and act as a source of enantioselective catalyst and 

chiral auxiliaries [6]. Generally, the enantiomers are optically pure and exist in their derivative 

form [7]. The choice of suitable starting material plays a vital role in the chiral pool synthesis.  

 

1.1.2 Conventional enantio-separation methods 

1.1.2.1 Asymmetric synthesis   

The world is chiral. Most of the molecules in it are synthesized via asymmetric synthesis. 

Asymmetric syntheses are of two types a) Chemical asymmetric synthesis b) Biological 

asymmetric synthesis. 

  

Figure 3. Enantiomer, Source: Wikipedia.   

1.1.2.2 Chemical asymmetric synthesis  

This type involves the use of a chiral catalyst and achiral starting material. The catalyst 

constitutes the transition metal and ligand [8]. During the reaction, sequence trigonal carbon 

attached to a functional group selectively converts to tetragonal chiral center (Figure 3). This 

can be achieved by using different methods like (a) substrate controlled methods, (b) 

auxiliary-controlled Methods, (c) reagent controlled methods and (d) catalyst-controlled 

methods [9]. 
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1.1.2.3 Asymmetric hydrogenation, cycloaddition, asymmetric phase transfer reactions were 

done using the asymmetric catalytic approach.   

 

1.1.2.4 Biological asymmetric synthesis 

Enantioselective synthesis is a key process in modern chemistry and is particularly important 

in the field of pharmaceuticals, as the different enantiomers or diastereomers of a molecule 

often have different biological activity. In this type, microorganism or isolated enzyme can be 

used to synthesize single enantiomer. Genetically modified microbes, mutant enzymes shows 

much better output with wider applications [10, 11]. 

 

1.1.2.5 Racemates resolution 

Formation of racemates attributed to the selection of non-chiral substrate during chiral 

resolution. It is the economical way for the production of chiral compounds than the direct 

enantiomer [12]. Due to different biological activity, direct use of racemates at industrial scale 

is being avoided. Several approaches for racemates resolutions are as follows.  

 

1.1.2.6 Diastereomeric salt formation  

This is a widely used separation technique for racemate resolution [13]. In this technique, the 

racemic mixture has allowed to reacting with an enantiopure resolving agent to form 

diastereomeric salts. Depending on the nature of resolved materials, acid-base regeneration 

treatment is used to recover the desired product.  This is the common practice in most of the 

pharmaceutical industry. Production of diastereomeric salt is majorly operated in batch and 

semi-batch scale [14]. It also suffers from a few key disadvantages such as storage (mother 

liquor must be stagnated in the industry), recovery of spent resolving agent and thereby 

environmental safety. An integrated approach of diastereomeric salt formation uses the 

environmentally benign solvents and thereby reduces the hazard risk.  

 

1.1.2.7 Kinetic resolution 

In a kinetic resolution, the two enantiomers in a racemate have different reactivity and 

conversion rates to form a product. When racemic mixture reacts with a chemical reagent 

along with catalyst. Influence of kinetics allows only one of the enantiomers to form product 

earlier than another. The enantiomeric excess (ee) is calculated based on the abundance of one 

of the enantiomer among two after resolution using a suitable resolving agent. The efficiency 

of kinetic resolution can be calculated based on obtained ee value. The reaction process is 
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carried out by using a chemical catalyst or engineered enzyme. Most of the enzymatic 

resolutions give higher enantiomeric excess than the chemical catalysis [15-16].  

 

1.1.2.8 Chromatographic techniques for chiral separation  

There are different types of chromatographic technique e.g. Liquid chromatography (HPLC), 

Supercritical fluid chromatography and Gas chromatography [17].  

The separations of two enantiomers are achieved using suitable chiral material as a stationary 

phase (chromatographic column) and mobile phase. The extent of enantiomers separation 

depends on the binding of enantiomer via temporary bonding with a chiral selector of the 

stationary phase. The chiral selector’s interaction and the bonding lead to the difference in the 

retention time of enantiomers in the column. A similar type of separation can be done with a 

non-chiral stationary phase with a chiral mobile phase [18-19].  

This technique suffers some drawbacks such as costly stationary phase, the stability of the 

stationary phase, expensive solvents, expensive operating conditions, and extra unit 

operations for solvent recovery. 

Recently simulated moving bed (SMB) techniques attracted the attention due to continuous, 

recyclable and higher scale chromatographic separations [20].  

 

1.1.2.9 Crystallisation techniques  

Crystallisation is a commonly used technique at industrial scale due to its low cost and 

handiness. 90% of racemate comes under conglomerates are separated by this method [21]. 

Preferential crystallisation is used for the separation of the solution of a three-phase region 

racemic mixture [22]. Industrial production of L-glutamic acid has been done using this 

technique. A seeding technique is used for the two-phase regions, in this technique, the 

enantiopure crystal of one of the enantiomers is being introduced and pure enantiomer 

crystallisation can be achieved.  

An addition of additives also facilitates the crystallisation. The stability of enantiomers also 

depends on the difference in their thermodynamic or kinetic properties with chiral solvents 

and ionic liquids due to special chiral interactions [23,24]. Combination of crystallisation 

based separation technique with modern hybrid separation process gives the higher yields and 

purities with minimal costs [25]. 
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1.1.3.0 Enantioselective membrane separations 

A feasibility and affordability of membrane separations attracted the attention of researchers. 

In this technique, dense polymers or the liquid membranes provide a selective barrier and 

allow passing one of the enantiomers through it selectively [26]. In the liquid membrane, the 

solubility of a chiral selector is a key issue. It also suffers from some of the disadvantages 

such as trial error based approach with poor enantio-selectivity [15]. 

 

1.1.3.1 Other Techniques  

For efficient enantiomer separation, some more possibilities are also available like Liquid-

liquid extraction, Solvent free synthesis, distillation, sublimation, foam flotation, and capillary 

electrophoresis are also available. Formation of diastereomeric specious via ionic, covalent 

and Vander wall forces were reported [27,28,29,30,31,32,33,34].  

 

1.2 Crystallisation  

The process of crystallisation includes nucleation, crystal growth, nucleation inhibition, and 

polymorphism stages. 

Best representation of resolution-by-crystallisation techniques is explained by means of 

ternary phase diagrams. The choice of a suitable crystallisation process can save time and 

money. 

 

1.2.1 Crystal growth  

Nucleation initiates the process of crystallisation in solution. Nucleation’s are of two types, 

primary and secondary. Primary nucleation is the process in which crystals form 

spontaneously from a supersaturated solution. Whereas secondary nucleation starts when a 

supersaturated medium is exposed to an appropriate surface, on which the supersaturated 

compound can crystallize e.g.  Seeding, twinning and grinding of existing crystals of the 

supersaturated compound [35]. Crystallisation takes place during the solidification of 

materials. A structurally disordered phase of a gas or liquid transforms into a structurally 

ordered crystalline phase. The growing solid phase can develop defined beautiful patterns 

during crystal growth. 

It is not easy to observe, the actual nucleation process since the nuclei are too small to observe 

with any instrument. A few molecules, form in the supersaturated solution aggregates and 

starts to grow in the solution or dissolve again. When the aggregates/nuclei attain a critical 

size, they can grow into actual crystals.  
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The term ∆GV and ∆GS used to determine the critical size of the crystal [38]. 

Following are the steps involved in crystal growth  

1. Formation of growth units  

2. Moving  of growth units to the growth surface  

3. Adsorption on the growth surface 

4. Nucleation 

5. Growth of crystal 

6. Removal of unwanted reaction products from the growth surface 

 

1.2.2 Methods for crystal growth 

1.2.2.1 Solution method  

The solution method is the most convenient and widely used method. Most of the molecular 

compound that are grown using this method. The use of solvents allows the crystals to grow 

separately from each other.  

Enough amount of solvent is essential to avoid dry out. The dry out of solution might result 

in encrusted crystals and intended crystals may not remain single. An appropriate solvent can 

be chosen based on solubility, polarity, and functional groups, etc. 

Mixing of two solvents with different composition allows manipulation of solubility. Solution 

method can be extremely flexible and more reliable.  It is essential to make sure that any vessel 

used for crystal growth should be free from contaminations. The presence of impurities and 

uneven thermal gradients favor the formation of twinned crystals. In other words, a too smooth 

surface can inhibit crystallisation. This could be avoided by gently scratching the surface with 

a metal spatula for a few minutes [36]. 

 

1.2.2.2 Sublimation 

Sublimation is the direct transformation of a solid material to its gaseous state. This method 

produces solvent-free crystals, but it is applicable to any solid material with a significant 

vapour pressure at a temperature below its decomposition or melting point. In this process 

usually evacuated vessel in which the solid is heated and a cold surface on which crystals 

grow. In general, lower sublimation temperatures often lead to better crystals [35, 36]. The 

crystal forms by the condensation of the vapour, the reverse process of sublimation. 
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1.2.2.3 Fluid phase growth  

This method includes both high-temperature growths from melts and low-temperature growth 

from compounds that melt below ambient temperature. In situ techniques can be used to grow 

crystals directly from liquids or gases. High-temperature methods such as zone refining, etc., 

used widely in the purification and growth of photovoltaics, semiconductors, and other 

electronic materials. 

The key factor involved in successful crystal growth is the establishment and manipulation of 

a stable interface between a liquid and solid phase [36]. 

 

1.2.2.4 Polymorphism 

Polymorphism has significant importance in the crystallography and pharmaceuticals / active 

pharma ingredients (API). The food and drug administration (FDA) approves crystalline and 

polymorphic drugs instantly for direct medical implications. Many drugs receive regulatory 

approval for a single crystal form or polymorph. In solid-state chemistry, chemical and 

physical properties are dependent on polymorphs [37]. Polymorphic compounds exist in 

different crystalline arrangements. 

 

Types of Polymorphs  

1. Conformational polymorphism or packing polymorphism 

In this type, molecules form different conformations within different crystal packing.  

2. Non-conformational polymorphism shows the constituent ions or molecules have the same 

molecular conformations.  

Formation of different crystalline forms with solvent molecules as an integral part of the 

structure. In other words, a solvent is one of the molecular components of the network. 

Generally, such type of formation is known as pseudo polymorphism. Thus pseudo 

polymorphism as a type of co-crystal formation, whereas polymorphism is a type of 

supramolecular isomerism [38]. The polymorphic substance may exist in several different 

amorphous modifications [39]. 

In terms of thermodynamics, there are two types of polymorphism  

1. Monotropic system: one form of polymorph is metastable whereas the other sensitive to 

change in temperatures and pressures. The polymorphs are not interconvertible, except via 

recrystallisation.  

2. Enantiotropic system: the polymorphic form is dependent upon the temperature and 

pressure of the system. The relative thermodynamic stability of the polymorphs changes at a 
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transition point that is reversible. The transition point is always below melting point for any 

of the solid phases [40]. 

1.2.2.5 Effect of additives  

The desired polymorphic form can be obtain using additives. An additive bind specifically to 

the surfaces of particular polymorphs. These processes inhibit to achieve the critical size of 

nucleation, allowing a desired phase to grow without competition [41]. 

1.2.3 Diastereomeric salts (solid phase)   

So far, very few diastereomeric salt pairs were studied systematically for their binary, ternary 

melting point and solubility phase behavior.  

If there are no polymorph formation, solvate formation, and no partial solid-solid solubility, 

then the three types of binary or ternary behavior observed [42,43]. 

1) Simple eutectic 

2) Double salts  

3) Mixed crystals  

The diastereomeric salts formed after the reaction with a resolving agent is taken as p-salt 

(less soluble salt) and n-salt (more soluble salt). Until now, only 20% of the total 

diastereomeric salts investigated shows simple eutectic behavior [44]. Such type of salts is 

easy for separation process via crystallisation, because a separation is accessible directly from 

the racemic mixture without any preferential crystallisation or diastereomeric enrichment.  

 

1.2.3.1 Double salts 

This salt can be considered as a racemic compound forming salts. The double salts contain 

more than one intermediate compound [45]. This type of behavior also gives a separation for 

the less soluble salt but results in poor yield and purity drastically by crystallising counter 

diastereomer. Hence, the double salt behavior of diastereomeric salts is not favorable for the 

separation via crystallisation. 

 

1.2.3.2. Mixed crystals 

The molecules of both salts are present in the crystal lattice in an uneven manner. This type 

of salt shows the total melting temperature. Hence, no eutectic point at all.  

This type of behavior of diastereomeric salts considered to be quite often as the number of 

examples is increasing. For example, α- methylbenzylaminemandelate salts in water shows 
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mixed crystals trend [45]. In-depth, investigation of binary and ternary phase diagrams for 

mixed crystals has become a very interesting topic of research [46,47].   

 

1.3    Supercritical fluid (SCF)  

1.3.1 Supercritical medium  

Supercritical fluid (SCF) is defined as a substance above its critical temperature and critical 

pressure. The critical point represents the highest temperature and pressure at which the 

substance exists as a vapour and liquid in equilibrium. A supercritical fluid is a state where 

matter is compressible and it has the typical density of a liquid with characteristics dissolving 

power. Hence, supercritical fluids cannot be defined as a liquid or as a gas.  

 

 

 

Figure 4. Shows the phase boundary and supercritical region.  

Cagniard de la Tour in 1822 first experienced the critical phenomenon of sound. Hannay and 

Hogarth solubilised some inorganic salts in pressurised hot ethanol. During this investigation, 

they observed the change in pressure affected the dissolution of the compounds [48]. 

At a specific pressure (P) and temperature (T), compressed matter attained to a specific value 

(PC, TC), the phase boundary of the liquid and gas states disappears and a homogeneous, 

supercritical phase is formed (Figure 4 and Figure 5).  

The supercritical “state” is an intermediate state between the liquid and gas states and governs 

the physical properties of a compound (density, viscosity, diffusivity, etc.). The density of any 
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supercritical fluid plays a crucial rule in any type of chemical transformation. The density of 

a supercritical fluid can be tuned on changing temperature and pressure [49]. Tunable density, 

wider the scope of the supercritical fluid as a versatile solvent for several reactions.  

High extraction capacity, facile penetration, gas-like transport properties and negligible 

surface tension made the process feasible at industrial scale [50,51,52,53,54,]. Steady-state 

formation and phase equilibrium constitute the basis of supercritical technique.  

All phases including, binary, ternary system, equilibrium are complex and tedious for 

identification [55]. Since last two decades, application of supercritical technique on a 

commercial scale is constantly expanding. It is used for catalytic homogeneous and 

heterogeneous reactions, biomass transformation, bio-catalytic, chromatographic separations, 

or extraction and crystallisation processes. Following mention points reveal the importance of 

supercritical fluid (SCF) techniques. 

 

Key features of supercritical fluid  

1. Alternative to organic solvent free synthesis.  

2. High solvation capacity.  

3. Safe, sensitive and eco-friendly.   

4. Sensitive to small changes in operating conditions.  

5. Operating condition at low pressure and temperature makes super-critical fluid technology 

(SFT) more feasible.  

 

 

[Source: http://www.nasa.gov/vision/earth/technologies/harvestingmars.html ] 

Figure 5. Key features of supercritical carbon dioxide fluid  

1. Low critical temperature (31.3OC) 

2. Moderate critical pressure 73 bar  

3. Non-flammable  

http://www.nasa.gov/vision/earth/technologies/harvestingmars.html
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4. Non-toxic  

5. Miscibility with a variety of solvents  

6. Recyclable  

7. Faster diffusion rate  

8. Approved by food and drug authority of several nations to use in food and pharmaceuticals 

9. Cost-effective  

10. Eco-friendly  

Supercritical carbon dioxide attracts attention due to the above-mentioned key points. Low 

temperature and pressure condition make the process inexpensive and popular at industrial 

scale in comparison with supercritical ammonia and water. Purification, removal of impurity 

using supercritical carbon dioxide is a novel approach and less explored. In most of the 

enantioselective synthesis, carbon dioxide plays a vital role in the separation.  

 

1.3.1.1 Transformation in a supercritical medium  

The influence of supercritical fluid on chemical transformation was known from the last three 

decades. The critical points and physical properties of commonly used gases and liquids are 

summarised in Table-1 & 2 [55]. 

Change in the density or tunable density affects the reactivity of chemicals. This collective 

effect turns in to higher selectivity and best possible yield compared to conventional approach 

[56].  

Control over changing density and thereby dielectric constant can be used to moderate the 

performance of chemical transformation. The multi-stage intermediate reactions can be tuned 

at a particular stage using this approach.  

Several chemical transformations such as alkylation’s, carbon-carbon coupling, 

etherification’s, esterification’s, hydrogenations (homogeneous and heterogeneous), 

hydroformylations; photochemical and radical reactions; Diels–alder cycloadditions; 

oxidation reactions; biotransformation’s; polymerization reactions; miscellaneous, catalytic 

synthesizes were successfully carried out using supercritical media [57,58,59]. 

Several chemicals, the hydrothermal transformation was achieved using supercritical 

condition.  

Conversion of biomass into platform chemicals is essential for sustainable development of the 

chemical industry. With this aim, single step hydrothermal conversion of cellulose to 

industrially important levulinic acid using zirconium dioxide as a catalyst has been 
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investigated. A remarkably high yield (53.9 mol %) of levulinic acid with excellent 

accountability and total conversion [59]. 

Among all supercritical carbon dioxide fluids (sc-CO2) is the most preferred reaction media 

due to its cost-effective nature, safe and apolar peculiarity.  Supercritical carbon dioxide easily 

forms the carbamate with primary and secondary amine hence avoided [60]. 

In this thesis, use of supercritical carbon dioxide medium for enzymatic reactions have not 

discussed.  

Table-1: Critical Points of commonly use gases and liquids. 

Compounds Critical 

temperature 

oC 

Critical 

pressure  

Bar 

Critical 

density 

g/ml 

Carbon 

dioxide  

31.3 72.9 0.448 

Ammonia 132.4 112.5 0.235 

Water  374.15 218.3 0.315 

Nitrous oxide 36.5 71.5 0.45 

Methanol 240.5 78.9 0.272 

Pentane  196.6 33.3 0.232 

Propane  96.67 41.9 0.217 

Ethylene 9.21 49.7 0.218 

Ethane  32.28 48.1 0.203 

Methane -82.1 45.8 0.2 

      *Data source: Reference [55]. 

 

Table 2: Variation of density, viscosity and diffusivity in different phases.   

Physical state  Density 

(g/ml) 

Viscosity 

(g/cmx s) 

Diffusivity  

(cm2/s) 

Gas 10-3 10-4 10-1 

Liquid  1 10-2 10-6 

Supercritical 

Fluid  

0.2-0.9 10-4 10-3 

      *Data source: Reference [55]. 
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1.3.2 Applications of supercritical carbon dioxide  

1.3.2.1 Supercritical fluid extraction (SFE) 

SFE is a widely used technique in industries such as chemical, petroleum, and polymer to 

produce high-quality extracts from natural plant materials for the food industry. In the 

pharmaceutical industry, this plays a vital role in drying and precipitation applications. The 

extraction of coffee, grape seeds are done in production scale to recover nutritional 

components for use in cosmetics, pharmaceutical and food industry [61]. 

 

1.3.2.2 Non-crystallisation application of supercritical fluid (SF) 

Several chemical transformations and conversion carried out using SF. Chemical reactions of 

alkylation, hydroformylation, and oxygenation have been studied in supercritical fluids [57]. 

Since last decade advancement in enzymatic reactions using the supercritical fluid as reaction 

medium showed versatile applications. Even most of sensitive enzymes retained their activity 

when exposed to supercritical fluids [62,63,64]. Martín and M.J. Cocero studied the separation 

of enantiomers by diastereomeric salt formation and precipitation in supercritical carbon 

dioxide used for mandelic acid using (R)-methylbenzylamine as a resolving agent. The best 

result was achieved with this method (ee = 63% and yield = 92% at P = 8 MPa and T = 328 

K) [65]. 

In 1998 Simándi et al. achieved the separation of enantiomeric acid mixtures, (±)-cis-and (±)-

trans-permetric acids. With 80% ee and above 90% yield using resolving agent under 

supercritical carbon dioxide condition. This study also reports the supercritical carbon dioxide 

extraction as a separation technique for isolating the several grams of optical isomer [66]. 

Kordikowski performed the solution enhanced dispersion by supercritical fluids (SEDS) 

technique for the resolution of racemic ephedrine with (R) - mandelic acid. Up to 92% ee 

achieved at 35 oC, and pressures ranged from 100 to 300 bar [67]. 

In 2002, Székely et al. reported the influence of achiral support on the resolution of tetramisole 

by supercritical fluid extraction with carbon dioxide. This study also highlights the use of 

suitable molar ratios and an increase in F parameter value on an addition of achiral additive 

[68].  

Kmecz et al. done the chiral separation of N-methylamphetamine enantiomers [ee- 82% Y= 

45%] using tartaric acid with a quarter of an equivalent resolution agent. This study also 

reports the novel approach of use of supercritical carbon dioxide for the unreacted enantiomer 

and diastereomeric salt [69].  
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In 2008, Molnár et al. successfully performed the diastereomeric complex formation of 

racemic trans-1, 2 cyclohexanediol. Chiral discrimination was achieved with tartaric acid (ee- 

63 and 93% for two enantiomers) [70].  

Banshagi et al. reported the optical resolution of ibuprofen with (R)-1-phenylethylamine, 

using modified Pope–Peachy method; they also reported the longer reaction times for higher 

yield of enantiomers at 40 oC. An increase in pressure and temperature in the enantiomeric 

separation study showed a favorable impact [71]. 

 

1.3.2.3 Polymer, biocatalyst and biopolymer industry  

The supercritical fluid is a very effective reaction medium for polymerisation and 

depolymerisation reactions. The solubility parameter of supercritical fluids can be tuned by 

varying pressure and temperature [72]. Depolymerisation of biomass is achieved using 

supercritical water as a reaction medium as well as a catalyst.  

 

1.3.2.4 Precipitation and particle encapsulation 

In therapeutics, drug delivery is an important phenomenon. Encapsulation or coating of such 

drug molecule using biodegradable polymers are necessary for patient compliance [73]. The 

chemical industry, pharmaceuticals, and biotech industries uses organic solvents for chemical 

conversion. Which may enhance high residual content of solvent and cause the drug 

inactivation. Therefore, drug encapsulation using supercritical fluid provides a very effective 

solvent-free reaction medium [74]. The precipitation methods such as PGSS, RESS, GAS, 

SAS, SEDS, ASES and high-pressure fluidized bed techniques have been developed for 

particle encapsulations. In some studies, the precipitation method was successfully used to 

create a polymer coating/encapsulation of nanoparticles [75]. 

 

1.3.2.5 Supercritical fluid chromatography (SFC) 

Use of SFC in chemical purification attained significant importance. SFC became the widely 

used analytical technique for the separation, qualitative and quantitative analysis of active 

pharma ingredients (API) [76]. Several commercial acids, the enantiomers are analysed using 

SFC and supercritical fluid fractionation (SFF) techniques [77,78]. In certain studies, the 

purity of phospholipids and sterol esters were achieved using SFE coupled with SFC [79]. 
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1.3.3 Crystallisation from supercritical fluids 

1.3.3.1 Recrystallisation using supercritical fluid  

The conventional crystallisation was carried out using sublimation and from the solvent or 

solution. The recrystallisation from solvent can be done at appropriate solubility and the 

temperature. The anti-solvent methods can be used to enhance or decrease the solubility of a 

solid.  

In a spray drying technique, a solution sprayed into a vessel using a stream of hot gases to 

achieve a large interfacial area for a high rate of evaporation. 

The application of critical or supercritical solvents for recrystallisation has been shown to be 

useful in improving particle characteristics.  

The significant improvements have been observed by using SCF in particle size, size 

distribution, crystal form, and morphology. So far, three main methods have been used to 

carry out recrystallisation in supercritical fluids. First, particles are formed because of the 

rapid expansion of a supercritical fluid (RESS). In the second, the supercritical fluid is used 

to form particles from gas-saturated solutions (PGSS). In the third, the supercritical fluid is 

used as an anti-solvent that causes particle precipitation from a liquid solution (example GAS, 

SAS, SEDS, and SAS).  

The main disadvantage of the conventional method is product contamination by solvent and 

other solutes, low yield due to multiple crystallisation steps. Size reduction with equilibrium 

controlled techniques, difficulty to obtain monodisperse particles. The compound’s solubility 

depends on temperature and mixture composition, high-energy requirement and generation of 

large volumes of waste.  

1.3.3.2 Rapid expansion of supercritical fluids (RESS) 

Matson et al. first proposed this technique [80,81]. The RESS technique includes the 

dissolution of a solute in a supercritical fluid and the resulting solution is expanded through a 

restriction (silica tubing inner diameter 30-70 m and length/diameter 100-1000) or an orifice 

(inner diameter 25-30 m and length 10*diameter).  

In the rapid expansion process, a sudden drop in pressure results in the decrease in solvent 

power (density) of the supercritical solvent.  

The steady-state reaction conditions and vast super-saturation is a distinguishing feature of 

the RESS technique. The morphology and size distribution of the precipitated material is 

governed by reaction parameters such as operating pressure and temperature, nature of the 

supercritical fluid, solute and the addition of co-solvent. 
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The technique of supercritical fluid nucleation (SFN) shows the close similarity with RESS 

[73]. 

The merits of the RESS technique include the formation of the solvent-free product, fine 

particles (<1m) with desired particle size distribution, no trigger for nucleation and moderate 

temperature.  

The RESS technique is widely used in organics and pharmaceuticals (lovastatin, 

phenanthrene, carotene, estradiol, navy blue dye), ceramics (SiO2, Al2O3), and polymer 

materials (polystyrene, cellulose acetate, and poly-caprolactone, polyvinyl chloride/KI and 

SiO2/NaCl) [82]. The low solubility of polar compounds in carbon dioxide causing high ratios 

of gas/substance is the main drawbacks of the RESS process. However, limitations can be 

ruled out by using more polar co-solvents in the supercritical fluid. 

1.3.3.3 Particles from gas-saturated solution (PGSS)  

The particles from gas-saturated solution (PGSS) incur the expansion of compressed gas-

saturated solution through a nozzle or other expansion device that allow setting free the 

compressed medium. 

The compressed gas in the liquid at an appropriate temperature – pressure condition shows 

remarkably high solubility. Due to such high solubility, affect approximately 5 - 50 % by 

weight can be dissolved in the solute (liquid). The PGSS technique lowers the viscosity, 

surface tension between the gas and liquid phase.  

The quality of particle size, crystallinity and particle size distribution can be influenced by the 

process parameters such as temperature, an addition of supercritical fluids and nozzle 

dimensions [83]. The supercritical fluid of propane is commonly used for PGSS [84].  

The main benefits of the PGSS process are lower consumption of gas due to the lower ratios 

of gas/liquid and lower pressure compared to that of RESS. Formation of minimal or no waste, 

recycling of solvent is another advantage of this technique.  

 

1.3.4 Optical resolution in supercritical fluid  

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

effect. 

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.   
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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 [85]. 

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 [86,87]. 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 [88]. 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 [88]. 

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 

[88]. 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 [89,90]. 

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

successful on the laboratory scale [91,92].  

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 [93] microspheres, fibers and balloons, the  precipitation of  

the polymer-pharmaceutical composites [94], and a range of proteins including insulin [95,96]
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1.4  Studied racemates and resolving agents 

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.  

 

1.4.1 2-Methoxyphenylacetic acid (MPAA) 

The 2-methoxy-2-phenylacetic acid (IUPAC name) also known as methylmandelic acid, 2-

methoxyphenylacetic acid, α-methoxybenzeneacetic acid (MPAA). The chemical formula is 

C9H10O3 and the structure is presented in Figure 6. Due to its chiral character, the enantiomers 

have to be separated on a chiral column when a chromatography method is used. Physical 

properties of MPAA listed in Table 3. 

 

Figure 6. α-methoxyphenylacetic acid.  

Table 3: Physical properties of MPAA 

Molecular weight 166,17 g/mol 

Melting Point 64-66°C 

Boiling Point 160 °C 

Water solubility Soluble in water 

Number of hydrogen bond acceptors 3 

Number of hydrogen bond donors 1 

 

2-Methoxyphenylacetic acid can be used for the quantitative determination of sodium [97,98]. 

The procedure is based on the fact that 2-methoxyphenylacetic acid forms sodium acid salt. 

Since MPAA is very selective for sodium, the test can be carried out in the presence of large 

amounts of potassium, ammonium, and magnesium salts, and in the presence of such anions 

as chloride, nitrate, phosphate, and sulfate.  
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In 1953, it was reported that MPAA has plant-growth-modifying properties [99]. It was found 

that this compound can be readily translocated by beans and other plants. When 2-

methoxyphenylacetic acid is added to the leaves of the plant, it is absorbed and translocated 

both upwards and downwards within the plant. At the roots of the plant, The MPAA is 

excreted and absorbed to the roots of a nearby-untreated plant to move upwards. The new 

plant again to partially develop leaves. It was discovered that MPAA causes malformation 

and inhibition of new growth. The translocatability of MPAA is discussed in further detail 

[139]. It is founded that MPAA is absorbed, translocated and exuded out of the roots to be 

absorbed by the roots of untreated plants. The amount of MPAA exuded by the roots is 

proportional to the amount applied to the leaves. Two well-known pathways to synthesize 

MPAA from phenyl (trichloromethy1) carbinol with sodium methoxide in methanol are 

presented in Figure 7. [100].   

 

 

Figure 7: Two pathways to form racemic MPAA 

In pathway 1 the conversion of a carbinol to a dichloro epoxyde occurs, followed by an sN2 

attack of the methoxide nucleophile to form α-methoxyphenylacetic acid. In this pathway, one 

stereo chemical inversion is involved. The second pathway involves initially the formation of 

the dichloro epoxide followed by an intramolecular rearrangement to form a α-

chlorophenylacetate anion and a subsequent attack of the methoxide nucleophile on this anion. 

In the second pathway, almost complete racemization is achieved. Experiments show that a 

large amount of racemization is due to the ease with which the 2-methoxyphenylacetic anion 

racemases in the reaction medium. 
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1.4.2 4-Chloromandelic acid (4-Cl-MA) 

  

Figure 8. 4-Chloromandelic acid 

The chemical formula is C8H7ClO3 and the structure is shown in Figure 8. The physical 

properties of 4-Cl-MPAA listed in Table 4. 

Table 4. Physical properties of 4-Cl-MPAA 

Molecular weight 186.59g/mol 

Melting Point 114-118°C 

Water solubility Soluble in water 

Number of hydrogen bond acceptors 3 

Number of hydrogen bond donors 2 

 

Commercially sold as off-white, powdery crystals. Its synthesis carried out using the 

corresponding derivative of benzaldehyde, reaction with hydrogen cyanide [101]. The 

enantiopure 4-chloromandelic acid is manufactured using optically active alanine. The 

enantiomeric discrimination of diastereomeric complex precipitation is allowed [102].  

The enantiopure 4-chloromandelic acid can be produced biochemical route from a racemic 

hydroxy derivative with Pseudomonas aeruginosa. The microbe can generate keto acid, but 

selectively to (S) - 4-chloromandelic acid (98%) [103]. Known biological oxidation, which is 

4-chlorophenyl-1, 2-ethanediol produce enantiomeric product above 99% [104]. The one-pot 

biological oxidation-reduction reaction showed very interesting route for the preparation of 

the racemic 4-chloromandelic acid [105].  

 

Resolving agents: 

The success of resolution reactions majorly depends on the selection of an appropriate 

resolving agent. Chemical selectivity is variable for different racemates hence it is purely trial- 

error based technique. Few basic qualities of a suitable resolving agent for diastereomeric 

resolution is summarized in [106,107]. Following qualities mention for resolving agent can 

be used as a guideline for selection or for designing new synthetic resolving agent.  



 

30 

 

• To enhance the salt formation ability. A strongly acidic or basic resolving agent should be 

chosen over weak acid or base (e.g. chiral sulphonic or phosphoric acids). 

• The chiral center of the resolving agent should be as near as possible to the functional group 

under reaction during the salt formation. 

• Multifunctional chemical specious could be selected as a resolving agent this would increase 

selectivity and rigidity of the diastereomeric complex. 

• Both enantiomers of a resolving agent should be cost effective and must be chemically and 

optically stable. 

• The resolving agent should be eco-friendly and non-toxic. 

Based on the above-mentioned points one can design or select the typical enantiopure 

chemical species as a resolving agent. 

 

1.4.3 1-Phenylethylamine: (PhEA) 

 

 

Figure 8/A. 1-Phenylethylamine 

The chemical formula is C6H5CH(CH3)NH2  and the structure is presented in Figure 8/A. 

Colorless, unpleasant odor. 1-Phenylethanamine is commercially available in R and S form.  

Optically active 1-Phenylethanamine is commonly used as a resolving agent in the salt-based 

resolutions of acidic racemates. To work with 1-Phenylethanamine needs special attention 

because of carbon dioxide in contact with the open-air forms a carbamate [106].  

Formation of carbamate takes place in a shorter time than with the acid formed the desired 

diastereomeric salt. The formation of carbamate phenomenon is reported by our group in 

previous works of the resolution of ibuprofen [107,108]. The phenylethylamine is still a 

popular synthetic resolving agent, which is often used for chiral separation of enantiomers of 

acids [27,109]. It is widely used for the resolution of acids to form the diastereomeric salt. 

The supercritical anti-solvent crystallisation technique can produce 63% enantiomeric excess 

in one-step. Such type of chiral compounds can be used as an aid in NMR measurements 

[110].It also apply to the resolution of essential amino acids, such as tryptophan [111], valine 
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and phenylalanine [112]. Other major application of 1-Phenylethanamine includes the chiral 

building blocks for various molecules. (S)- (+)-1-phenylethanamine has been used to produce 

artificial sweeteners based on amides of L-aspartyl-D-amino acid.  (R)- (+)-1-phenylethanamine has 

been used in the construction of chiral ionic liquids [113]. It is also used as a key intermediate in the 

synthesis of the β-lactam antibiotic (+)-thienamycin [114]. Industrial preparation of racemic 1-

Phenylethanamine involves the reductive amination of acetophenone in the presence of ammonia, 

using several catalytic approaches.  

A methanolic solution containing ammonia with the Raney nickel catalyst [115,116] or an 

ethanoic solution saturated with ammonia [117]. Other catalysts include platinum oxide in a 

methanol solution saturated with ammonia, containing an excess of ammonium chloride [118], 

and cobalt carbonyl with tributylphosphine in an ethanoic solution. The enantiomers of 1-

Phenylethanamine can be obtained by various asymmetric syntheses. (S) - (−) -1-

phenylethanamine is produced in the Lossen rearrangement of (+) -N-hydroxy-2-

phenylpropanamide as well as the Schmidt rearrangement of (+)-2- phenylpropanoic acid [119], 

or the Hofmann reaction of (+) -2-phenylpropanamide [120]. (R) - (+)-1- phenylethanamine 

can be produced by the spiroborate-catalyzed reduction of (Z) -1-phenylethanone oxime [121]. 

Either enantiomer of 1-Phenylethanamine can be produced in enantiopure form or 

approximately 60% yield by the enzymatic transformation of acetophenone using ω-transaminase 

[122]. Several other enzymatic routes were reported in literature [123,124,125,126]. 

1.4.4  Cyclohexylethylamine (ChEA) 

 

 

Figure 9. Structure of Cyclohexylethylamine (ChEA)  

The chemical formula of cyclohexylethylamine is C6H11CH(CH3)NH2  and the structure is 

presented in Figure 9. 

In pharmaceuticals, the enantiopure forms of cyclohexylethylamine is used as an important 

chiral intermediate. Its particular enantiomeric form acts as an efficient resolving agent for 

separation of chiral acids. The cyclohexylethylamine is widely used as a stationary phase in 

chiral chromatography.  
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The cyclohexylethylamine is prepared using several chemical routes; however, the most 

common is direct hydrogenation of 1-Phenylethylamine and resolution of camphoric acid 

[127].  

In the last three decades, almost half of the enantiopure drugs are produced by a diastereomeric 

salt formation method using enantiopure-resolving agents [128]. Phenylacetic acids and their 

derivatives are versatile molecules. Several derivatives show a broad range of biological 

activity, i.e., antibacterial, analgesic, virucidal, plant growth regulator, etc. They are used as 

important intermediates in the syntheses of their benzamido, phenylacetamido, phenyl 

benzoxazole derivatives and amino acid esters [129,130,131].  

Chiral forms of 2-methoxy-2-phenylacetic acid (O-methyl mandelic acid) are applied as 

resolving agents to resolve several racemic amines though diastereomer salt formation 

[132,133]. Even resolution of racemic 1-cyclohexylethylamine (1-ChEA) was carried out by 

(R)-2-methoxy-2-phenylacetic acid from water and 2-propanol by Sakai et al. [129,134], were 

also able to crystallize both diastereomeric salts of cyclohexylethylamine with (S)-mandelic 

acid, its crystal structure was determined by single crystal X-ray diffraction (CSD) [135].  

Some derivatives prepared from cyclohexylethylamine and cyclodextrins have good 

separation and binding capacity, which are efficient for chiral acids [1–3], therefore they are 

widely used as stationary phase for chiral HPLC columns. The enantiopure 1-

cyclohexylethylamines are also used as resolving agents in the formation of diastereomeric 

ester derivatives of various acids. An abundant need for chiral 1-cyclohexylethylamines can 

be demonstrated with their capability to form chiral salts with certain achiral acids, as well 

[136,137,138,139]. The achiral acid anthracene-2-carboxylic acid is found to induce 

spontaneous resolution of racemic 1-cylcohexylethylamine through the formation of salt 

conglomerate [140]. 

2 MATERIALS AND METHOD 

2.1 Materials 

The racemic DL-α-methoxyphenylacetic acid (purity > 98%, HPLC) was purchased from TCI 

Ltd. Belgium. The enantiopure (R and S) α-methoxyphenylacetic acid (purity ≥99%, HPLC) 

and 1-cyclohexylethylamine (CHEA, purity > 98%, GC-MS) were purchased from Sigma–

Aldrich Hungary Ltd. (Budapest, Hungary). Racemic 4-chloro mandelic acid (purity > 98%, 

HPLC) was purchased from TCI Ltd. Belgium, enantiopure (R and S) 4-chloromandelic acid 

(purity ≥99%, HPLC) from Sigma–Aldrich Hungary Ltd. (Budapest, Hungary). The (S)-α-

methoxyphenylacetic acid (purity ≥99%, HPLC), R-(-) and S-(+)-1-cyclohexylethylamine 
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(purity > 98%, GC-MS), purchased from Sigma–Aldrich. CO2 (99.5 %) was purchased from 

Linde Gas Hungary Co. (Budapest, Hungary). Methanol, acetonitrile, toluene, 2-propanol and 

ethanol (> 99 %, GC) were purchased from Merck Ltd. (Darmstadt, Germany). 

 

2.2 View cell measurement methods 

2.2.1 Equipment 

 

Figure 10. Variable volume high-pressure view cell: 1. ISCO 260D syringe pump; 2. 

Regulating valve; 3. Temperature regulator and heating rods; 4; Magnetically coupled stirrer; 

5. Cell; 6. Thermocouple and temperature transducer; 7. Pressure transducer; 8. Analog-digital 

converter; 9. Data logger PC; 10. Connection and depressurizing valve for sampling the upper 

phase; 11. Lower phase sampling port and depressurizing valve;  

 

The variable-volume view cell used is schematically depicted in Figure 10. It is equipped with 

a transparent zirconium oxide window and a stainless steel piston. The maximum volume of 

the cell used in this study was 70 ml. The maximum limit for pressure, the temperature is 

75 MPa and 150 °C, respectively. A known amount of solid sample was placed inside the 

view cell followed by its sealing and pressurization with CO2 by an ISCO 260D-syringe pump 

(1). The entered mass of CO2 was calculated from the volume change, pressure and 

temperature measured at (1) obtaining the density of CO2 from the NIST Chemistry [49].  A 

known amount of co-solvent was also added. The pressure was increased by decreasing the 

cell volume at constant temperature until a homogeneous solution was observed. After min. 
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20 minutes of equilibration, the pressure was slowly decreased by increasing the volume of 

the cell at constant temperature and molar composition. Cloud point was observed visually. 

2.2.2 Solubility measurement methods 

For the development of a novel anti-solvent based resolution, 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.  

2.3 Gas anti-solvent experiments 

2.3.1 Apparatus: 

 

Figure 11. Schematic representation of the high-pressure autoclave (not proportional): 1. 

ISCO 260D syringe pump; 2. inlet valve; 3. CO2 inlet pipe; 4. pressure transducer; 5. 

thermocouple; 6. stir bar; 7. magnetic stirrer; 8a and b. tempered water; 9. 0.5 µm filter; 10. 

Outlet valve; 11. Liquid trap.  

2.3.2 Measurement procedure 

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 
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recovered from the reactor after depressurisation is referred to as raffinate (Figure 12). 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. 

Figure 12. Shows the dry raffinate obtained after reaction. 

2.2.6 Atmospheric reference experiments 

The starting reactants were dissolved separately in a minimal amount of solvent. After 

complete dissolution at 40 °C, both stocks were mixed with an excess solvent and kept under 

magnetic stirring for 1 hour at 50 °C in a water bath followed by 1 hour of natural cooling. 

The solid crystals were filtered by using G-4 Glass filter and were air-dried.  

 

2.4 Analytical methods 

2.4.1 Capillary electrophoresis (CE) 

The enantiomeric excess of the sample was determined on an Agilent 7100 3DCE system 

(Agilent, Waldbronn, Germany) equipped with a diode array UV detector. Uncoated fused-

silica capillaries of 58.5cm effective and 50.0cm total length (Agilent) were applied 

throughout the study. Samples and capillaries were tempered at 25°C; the analytes were 

detected at 200 nm. The capillary was flushed with 1.0 N NaOH, 0.1 M NaOH, and purified 

water for 30 sec each subsequently and finally with the running buffer for 60 sec before every 

analysis.  Samples were injected using 50 mbar pressure for 5 sec, the applied voltage was 

+20 kV. The peaks were evaluated using Chemstation software.  

Britton-Robinson buffer (BRB, containing 50 mM boric, acetic and phosphoric acid) was used 

as the background electrolyte. The desired pH was set to 9.0 by adjusting with 0.1 M NaOH. 
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The final running buffers were filtered through 0.22 m Millex-GV syringe filters (Millipore, 

Bedford, USA). Diastereomeric salt mixture samples were dissolved in methanol to obtain 1 

mg/ml stock solutions (related to dry material) and diluted further with ethanol:water 50% v/v 

100-fold to achieve optimal peak areas. As a chiral selector, 10 mM of 6-monodeoxy-6-

monoamino-β-cyclodextrin (Cyclolab, Hungary) was applied in all experiments. 

2.4.2 X-ray powder diffraction (XRPD) methods 

 X-ray powder diffraction (XRPD) analysis also known as fingerprint technique [141]. It is 

consistently used in the chemical, biophysical, biotech, and pharmaceutical industry for a wide 

range of applications, ranging from diffraction patterns of polymorph screening. The XRPD 

are extensively employed for the identification of solid phases. XRPD study performed at 

room temperature or variable temperature depending on a purpose. Each chemical compound 

has a unique powder pattern permitting polymorphs, racemates, and enantiomers to be 

identified decisively. Powder patterns can be correlated with the calculated patterns from 

single crystal data [142].  

The XRPD measurements were carried out on a PANalytical X’Pert Pro MPD powder X-ray 

diffractometer (PANalytical, Almelo, The Netherlands), equipped with an X’celerator 

detector, (theta-theta) arrangement  to the beam source, at the Cu Kα wavelength (1.5408 Å), 

with Ni filter, applying 40 kV (DC) tension and 30 mA current, Diffractograms were recorded 

in the  4o – 42o ranges.  

2.4.3 Differential scanning calorimetry (DSC)  

Differential scanning calorimetry (DSC) is a thermoanalytical technique, which is used to 

measure thermal transitions in chemical substances. 

The properties of a material such as phase changes, solvate formation, glass transitions, 

product stability etc. can be analyzed with this technique [143,144]. This instrument includes 

two heating plates one for to keep the sample and another for reference crucibles. Crucibles 

are made of high thermal conductivity material like aluminium. During measurement, both 

sample and reference are heated with same heating rate uniformly under the presence of inert 

gas helium. 

The constant rate of temperature increase for sample and reference facilitating the phase 

transitions in the sample leads to heat flow fluctuations accordingly and no changes in heat 

flow to reference.  
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Heat loss is directly proportional to the endothermic or exothermic nature of the phase 

transition process. If the sample is melting, more heat flow is necessary due to endothermic 

melting process. The exothermic phase transition required less heat flow to maintain the same 

rate of temperature increase.  

The DSC detects the heat flow fluctuations between the sample and the reference. It also 

calculates the amount of heat absorbed or released during phase changes with respect to the 

rate of temperature change. 

For this study, the DSC measurements were performed using a Modulated DSC 2920 device 

(TA Instruments, DE, USA). The samples (1-4 mg) were measured in sealed Al-pans at a 

heating rate of 10 K/min. For temperature and enthalpy, calibration of the DSC instrument 

pure in metal standard was applied.  

2.4.4 Single crystal X-ray diffraction 

A crystal is mounted on a loop. Cell parameters were determined by least squares using 21630 

(3.13    27.43Osec) using 18600 (3.02    27.47O) reflections. Intensity data were 

collected on a Rigaku RAxis Rapid II diffractometer equipped with graphite monochromator 

[145]. Completeness values are  = 0.999. Multi-scan absorption corrections were applied to 

the data. The structures were solved by direct method [146]. on F2 for all non-hydrogen atoms 

was performed. The weighting scheme applied was w = 

1/[2(Fo
2)+(0.02790.3479P)2+0.3479P] for S-MPAA crystal. Hydrogen atomic positions 

were located in difference maps. Hydrogen atoms were included in structure factor 

calculations but they were not refined. The isotropic displacement parameters of the hydrogen 

atoms were approximated from the U(eq) value of the bonded atom.  

 

2.4.5  Scanning electron microscopy (SEM)  

The SEM images were recorded by a JEOL JSM 5500-LV scanning electron microscope using 

20 kV voltage and a secondary electron detector. For SEM studies, the samples were covered 

with a 5–10 nm Au layer to make them conductive. 

 

2.4.6  Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of all the solids were measured by Excalibur Series FTS 3000 (Biorad).  FTIR 

spectrophotometer in KBr between 400 and 4000 cm-1.  
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2.5 Calculation methods 

The appropriate molar ratio (mr) plays a key role in any resolution system. Molar ratio was 

calculated as mr=nres/nrac , where n denotes the molar quantity and the indices res and rac 

refer to the resolving agent and racemic compound, respectively. The enantiomeric excess 

(ee) values (Equation 1) was calculated from the peak areas obtained by capillary 

electrophoresis [147]. 

SR

SR

AA

AA
ee




  (1) 

In the above equation AR and AS refer to the areas of respective MPAA enantiomer obtained 

from the capillary electropherogram.  

The yields for extracts and raffinates are the ratio of the recovered mass and theoretical mass 

of the certain fraction estimating full conversion and complete separation. The selectivity (S) 

of a given fraction was calculated by multiplying the enantiomeric excess and the yield. 

Indices ext and raff denote extract and raffinate, respectively. The letter 𝑚 denotes the mass.  

The solvent ratio is calculated as follows:  

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑚𝐶𝑂2

𝑚𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 

In these experiments, yield was calculated using following equations: 

𝑌𝑟𝑎𝑓𝑓 =
𝑚𝑟𝑎𝑓𝑓

𝑀𝑅 ⋅ 𝑚𝑎𝑐𝑖𝑑 + 𝑚𝑏𝑎𝑠𝑒
 

𝑌𝑒𝑥𝑡 =
𝑚𝑒𝑥𝑡

(1 − 𝑀𝑅) ⋅ 𝑚𝑎𝑐𝑖𝑑
 

Where MR is the molar ratio between the base and the acid. The selectivity is (as usual) 

calculated as: 

𝑆𝑖 = 𝑌𝑖 ⋅ 𝑒𝑒𝑖 

3 Results and discussion  

3.1 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 
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mainly includes diastereomeric salt formation followed by fractionated crystallisation 

[148,149,150]. 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 

[151,152] as well as anti-solvent in precipitation processes [153]. 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 [154,155,156].  

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 [66, 67, 157]. 

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 [158]. 

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 13.) via the GAS method. 

 

 

Figure 13.  Scheme of resolution of racemic α-Methoxyphenylacetic acid (MPAA) using 

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

3.1.1 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 
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their diastereomeric salts, the necessary data were measured by cloud point determination. 

Used solvents are listed in (Table 5). The higher solubility in polar solvents is attributed to the 

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

Table 5: 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 

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 [108]. 

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.   
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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 5). The 

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

functional groups in their chemical structure.  

3.1.2 Effect of solvents 

The solvents, which have good dissolving power for all components involved (Table 5), were 

also tested for their applicability in gas anti-solvent precipitation. These preliminary results 

are summarised in Table 6.   

Table 6: Effect of solvent on the salt formation at 12 MPa, 40 °C, 8.8 g CO2 / gm solvent 

and 0.026 g/ml MPAA and 0.013g/ml ChEA in the reactor and at atmospheric 

conditions.  

Solvent Atmospheric 

reference, observation, 

results 

GAS precipitation 

precipitatio

n observed 

eeR 

(%) 

YR 

(%) 

Methanol No Yes 56 23 

Ethanol No Yes 70 21 

Toluene No Yes 50 52 

Acetonitrile No Yes 34 60 

Toluene : Acetonitrile  (1:1) Yes, ee=42%, Y=78% Yes 55 80 

Ethanol : 2-Propanol (1:1) No Yes 56 71 

 

Although alcohols seemed to be promising in solvent screening (Table 5 and 6), at resolution 

experiments ester by-product formation was observed. Experiments with a mixture of ether 

and acetonitrile (1:1) also showed good results but were excluded due to safety concerns. An 

equivalent mixture of toluene–acetonitrile showed the best results for solubility of rac-MPAA, 

R-ChEA and precipitation of its diastereomeric salt during screening, thus this solvent mixture 

was selected for optimisation of process conditions.  
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3.1.3 Characterisation of diastereomeric salts results  

3.1.3.1 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 [12]. The XRD patterns of the formed 

solid product were compared against the reference diastereomeric salts (Figure 14). 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 14.  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) 

 3.1.3.2 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 

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

solvent technique.   
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Figure 15. 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)  

 3.1.4 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 7). 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 [159]. 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 
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prepared at molar ratio = 1 than at molar ratio = 0.5. Total recoveries of material at each molar 

ratios were above 80%.  

Table 7: 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 

3.1.5 Effect of temperature 

Temperature effect at 12 MPa and 0.5 molar ratio are shown in Figure 16. 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 16. Effect of temperature on the diastereomeric salt formation. Reaction 

condition: 0.5 molar ratio at 12MPa for 1 hr.  
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3.1.6 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 17 and 18). Below 10 MPa pressure, a wet raffinate was 

recovered with 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 [156].   

 

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

Figure 17: 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.   
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Please note that in the referred previous work the diastereomeric salts of cis-permetric acid 

and phenylethyl amine were crystallized from CO2 only [157]. 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.  

 

Figure 18. 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.   

3.2   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 [160]. 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 [161].   

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

for chiral discrimination [162,163]. Several synthetic and enzymatic methods have been 

reported in the literature for the manufacturing of enantiopure and racemic 4-CIMA [164]. 

Past studies reported successful resolution of 4-ClMA using enantiopure amines as resolving 

agents with different solvents [165]. Some of the reported methods have drawbacks such as 
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low yield and a high cost of the resolving agent. (R)-PhEA and (R)-ChEA are commercially 

available and inexpensive [166,167]. 

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 

presented. Quan et al. reported the similar study for PhEA without the use of supercritical 

carbon dioxide [168,169].  

 

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

1-ChEA 

3.2.1 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.  

3.2.2 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. 
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Figure 19. 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 19). 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. 
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3.2.3 Effect of temperature and pressure   

 

Figure 20. Effect of temperature on the diastereomeric salt formation. Reaction 

condition: 2:1 molar ratio at 160 bar for 1 hr.  

The temperature effect studied from 35°C to 50°C with an interval of 5°C (Figure 20). No 

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

 

Figure 21.  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 21) 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 
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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. 

3.2.4  Effect of solvent ratio:  

 

Figure 22. 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 22). 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 [75,157,166].  

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 
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results in a lower solvent power. The tendencies observable in (Figure 22) perfectly correlate 

with this assumption.  

 

Figure 23. 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. 

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 23); 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). 

3.2.4 Characterisation of the diastereomeric salt  

3.2.4.1 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.  
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Figure 24. 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 

calculated by Mercury [Figure 24 A & B]. In Figure 24, A and B are compared against the 

obtained diastereomeric salt sample (Figure 24, 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 [108], 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.  
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3.2.4.2 Differential scanning calorimetry (DSC) 

Table 8:  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) 

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 8. 

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

similar observation was also noted by Quan et al. [170], for the EtOH based recrystallisations 

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

3.2.4.3 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 25). Under the GAS condition, higher crystallinity was observed.  

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 
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Figure 25.  SEM pattern: Diastereomeric salt (40 °C, 1 hr, and 160 bar CO2 pressure) 

3.3 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 

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. 
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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 9. 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 

  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 
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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 

*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. 

Crystallographic data for the crystal structures of (S) - α -MPAA and (S)-ChEA - (S) - α-

MPAA diastereomeric salt (Scheme 2) have been deposited with the Cambridge 
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Crystallographic Data Centre as supplementary publication number CCDC 1483459 and 

CCDC 1483460, respectively. Additional crystallographic details, data collection, structure 

determination and refinement for (S) - α -MPAA and (S)-ChEA - (S) - α -MPAA 

diastereomeric salt enlisted in Table 9.  

3.3.1 Crystal structure of (S)- α - MPAA in comparison with the racemic crystal    

Single crystal X-ray structure determination of (S) - (+) - (S)-α-MPAA (Scheme 2) has 

revealed that it crystallises in the orthorhombic crystal system, space group P212121. There is 

one molecule in the asymmetric unit (Figure. 26a). The angle of the planes of the phenyl and 

carboxyl groups in (S)-α-MPAA is 77.07. The absolute configuration of atom C7 is S, the 

Flack x=-0.2(3) [171. There is a helical arrangement of the molecules in the crystal lattice along 

the ‘a’ crystallographic axis held by the intermolecular hydrogen bond O2-H1…O3 (Table 

10, Figure 26b), graph set description is C1
1(5) [172]. There are weak C2-H2...Intermolecular 

interactions among the helical columns (Table 10). Polar and apolar layers are formed in the 

‘ab’ crystallographic sheet; they are alternating along the ‘c’ crystallographic axis. 

a) 

 

b) 

Figure 26. 26a) Molecular structure [173] of (S)-α-MPAA. The displacement ellipsoids are 

drawn at 50% probability level. 26b) The helical arrangement of molecules along the ‘a’ 

crystallographic axis in the crystal lattice of (S)-α-MPAA held by OH..O type strong 

secondary interactions [174]. 
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Table 10. Intermolecular interactions in chiral and racemic crystal form  

(S)-MPAA and rac-MPAA. 

α -MPAA D-H…A D-H [Å] H…A 

[Å] 

D…A 

[Å] 

D-

H…A 

[o] 

symm. op. Ref. 

(S)-MPAA O2-H1...O3 0.93(4) 1.84(4) 2.749(2) 165(4) x,-1+y,z [145] 

(S)-MPAA C2-H2…л л 0.95(4) 2.76(4) 3.649(2) 155(4) 1-x, 

-1/2+y,1/2-z 

[145] 

rac-MPAA O2-H1...O3 0.90 1.85 2.724 162  [175] 

rac-MPAA C4-H4… л л 0.99 2.92 3.786 146 1/2-x, 

1/2+y,1/2-z 

[175] 

 

The crystal structure of the racemic MPAA (CSD code: UNOJOW) was reported in 2004 

[175]. The racemic MPAA crystallizes in the monoclinic crystal system, space group P21/n. 

The angle of the planes of the phenyl and carboxyl groups in rac-α-MPAA is 80.80o. The 

comparison of the molecular conformation of (S)-α-MPAA and rac-α-MPAA are shown in 

Figure 26. The rms of distance differences of the heavy atom positions is 0.6209, the 

maximum distance difference of atoms is 1.0981 Å. The chiral columns in rac-α-MPAA 

assisted by the same kind of OH..O secondary interactions like in(S)-α-MPAA are placed in 

antiparallel arrangement  A phenyl hydrogen forms C-H…л intermolecular interactions 

among the helical columns in 2 (Table 10). The phenyl rings do not get close; there is no л - 

л interaction in the crystal lattice neither of (S)-α-MPAA nor in rac-α-MPAA. There are no 

residual solvent accessible voids in (S) - α -MPAA and rac-α-MPAA. The packing coefficient 

[173] is 69.4% in (S) - α -MPAA, what indicates only a slightly less efficient packing 

arrangement compared to the racemic crystal of rac-α-MPAA with 69.7%.  
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Figure 27. Comparison of the molecular conformation of α- MPAA from their crystals:  

(orange) from the (S)-(+) - α - chiral, while (blue) from the racemic crystal. 

3.3.2 The crystal structure of the diastereomeric salt of (S)-α-MPAA and (S)-1-ChEA,  

The (S)-ChEA - (S) - α-MPAA (Scheme 2) crystallises in the monoclinic crystal system, space 

group P21. There is one organic salt molecule in the asymmetric unit (Figure 28). The angle 

of the planes of the phenyl and carboxyl groups in (S)-α-MPAA is 77.02o. The absolute 

configuration of both chiral centers C7 and C16 is S. The enantiomer has been assigned by 

reference to a chiral center, which is known from the synthetic procedure. An absolute 

configuration has not been established by anomalous-dispersion effects in the diffraction 

measurement on the crystal (S)-ChEA - (S) - α-MPAA in the lack of atoms with a high atomic 

number having strong anomalous dispersion.  

 

a) 
 

b) 

Figure 28. a) Molecular structure of (S)-ChEA - (S) - α-MPAA [173]. The displacement 

ellipsoids are drawn at 50% probability level. b) The ladder type arrangement of the molecules 

along the ‘b’ crystallographic axis in the crystal lattice of (S)-ChEA - (S) - α-MPAA held by 

NH…O type strong secondary interactions [174].  

 

 



 

60 

 

Table 11. Intermolecular interactions in (S)-1-ChEA-(S) - α -MPAA salt. 

D-H…A D-H [Å] H…A [Å] D…A [Å] D-H…A [o] symm. op. 

N10-

H10A...O1 

0.91 1.92 2.782(3) 158 Intra 

N10-

H10B...O1 

0.91 1.95 2.826(3) 162 2-x,-1/2+y,1-z 

N10-

H10C...O2 

0.91 1.89 2.786(3) 170 2-x,1/2+y,1-z 

C9-H9B...O2 0.98 2.44 3.283(3) 143 x,1+y,z 

C11-

H11A...O2 

0.99 2.55 3.537(3) 175 Intra 

 

The molecular overlay of the (S)-α-MPAA and (S)-MPAA-(S)-ChEA are shown in Figure 29. 

The placement of the methoxy substituent is different in (S)-α-MPAA and (S)-MPAA-(S)-

ChEA, their distance is 1.3964 Å. This alteration of the terminal methyl group makes possible 

a C9-H9B...O2 interaction in (S)-ChEA - (S) - α-MPAA salt (Table 11) which strengthens the 

columnar arrangement of the salt along the b crystallographic axis. The strong N-H…O 

interactions form a ring repeated by the twofold axis described by the graph set descriptor 

[172] as R3
4. The columns are hydrophilic inward and hydrophobic outward. There are neither 

C-H…л nor л…л intermolecular interactions in the crystal of (S)-MPAA-(S)-ChEA. Potential 

residual solvent accessible volume is 14.4 Å3 in (S)-ChEA - (S) - α-MPAA salt; it is 1.7% of 

the unit cell. For comparison, a hydrogen-bonded water molecule has the expected volume of 

40 Å3. The packing coefficient [173] is 66.3% in (S)-ChEA - (S) - α-MPAA, the lowest 

compared with (S)-α-MPAA and rac-α-MPAA. 
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Figure 29. Comparison of the molecular conformation of (S)-α-MPAA acid in (orange) and 

from (S)-1-ChEA-(S)-alpha-MPAA salt (green). 

3.3.3 Characterisation results: FTIR, DSC, ternary phase diagram  

3.3.3.1. Characterisation of racemic and enantiomeric  α-MPAA, diastereomeric 

salts of α -MPAA and 1-ChEA by FTIR and  DSC  

Results of additional analytical characterization of the four crystalline compounds in the 

resolution system, i.e. the chiral and rac-α-MPAA and (S)-α-MPAA), diastereomeric salt pair 

with 1-cyclohexylamine. The (S)-1-ChEA-(S)- α - MPAA and (R)-1-ChEA-(S)- α-MPAA 

salts, are presented comparing their FTIR-spectra (Figure 30), DSC (Figure 31), and powder 

XRD patterns (Figure 32).   

The overall image of FTIR spectra of the enantiomeric (S) and racemic α - MPAA acids 

(Figure 30) are strikingly similar. Their characteristic ѵC=O) carbonyl stretching vibration 

band is peaked closely at 1755 and 1753 cm-1, the ѵ(CH) stretching of hydrogen bound to the 

chiral carbon atom is at 2834  and 2829 cm-1, while free ѵOH) stretching vibration 

representing a small portion of OH groups is occurring at 3463 and 3456 cm-1, respectively, 

what show some individual differences, as well.  There is a broad absorption band of hydrogen 

bond system of both forms of acids, starting at lower end of ca. 2500 cm-1. There is a difference 

in its higher limit of wavenumber region (ca. 3600 and 3500 cm-1 for (S)-α-MPAA and rac-α-

MPAA, respectively). The melting points (69.3 and 70.6°C for (S)-α-MPAA and rac-α-MPAA 

respectively) of acids measured by DSC (Figure 31, a and b) are also very close to each other, 

the difference between them is almost within the range of experimental errors. These 

observations have two consequences. Firstly, the two forms of the crystalline acid are hardly 

distinguishable at least at the first glances, according to their FTIR and melting points. To be 

sure, it is better to take their distinct powder XRD patterns (Figure 32, a and b) to differentiate 

between them. Secondly, the comparative single crystal structure analysis of the α-MPAA has 

pointed out the rather similar conformation of the acid molecules adopted in their crystals of 
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(S)-α-MPAA and rac-α-MPAA (Figure 27), along with their highly similar system of 

secondary interactions (Table 10). The structural analyses explain the high similarity observed 

between the vibrations, FTIR spectra [175], and almost the same extent of lattice stability of 

the chiral and racemic crystals of α-MPAAs shown by the melting points measured by DSC. 

 

 

Figure 30. FTIR spectra of a) enantiomeric (S) and b) the racemic alpha-MPAA and the 

diastereomeric salt pair formed with chiral 1-ChEA as c) (S)-ChEA-(S)-MPAA salt and d) the 

corresponding (R)-ChEA-(S)-MPAA salt , in comparison. 

The FTIR spectra of the corresponding two-diastereomeric salts. The (S)-ChEA-(S)-MPAA 

salt and (R)-ChEA-(S)-MPAA salt) of  (S)-α-MPAA with chiral (S) and (R)-ChEA resemble 

also each other (Figure 30, c and d), and show that they both are closely related ammonium 

salts of a primary amine, as they exhibit a broad medium absorption band in the 2000-2300 

cm-1 wavenumber region, which represent the strongest part of a hydrogen bond system 

characteristic for primary ammonium groups, now peaked at ѵ(-NH3
+) = 2138 and 2155 cm-1 

for (S)-ChEA-(S)-MPAA and (R)-ChEA-(S)-MPAA salt, respectively. In case of the (S)-
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ChEA-(S)-MPAA the single crystal structure analysis proves that the primary ammonium 

group (-NH3
+) of the (S)-1-cyclohexylammonium cation is involved in three N-H…O type 

hydrogen bonds with oxygen atoms of carboxylate groups of three neighboring (S)-O-

methylmandelate anions (Figure 30b). All the three hydrogen bonds have almost the same 

short distance between the corresponding donor and acceptor atoms (Table 11). Similarly 

strong triple hydrogen bonding system can be assumed to exist in the crystal lattice of the 

other diastereomeric (S)-ChEA-(R)-MPAA, based on similarity of the corresponding IR-

absorption band system.  

 

Figure 31. DSC melting curves of a) (S)-

α-MPAA and b) rac- α-MPAA, and those 

of two diastereomeric salts, formed from 

c) (S) and d) (R)-1-ChEA with (S)-α-

MPAA, in comparison. 

 

 

Figure 32. Powder XRD patterns of a) (S)-α-

MPAA and b) rac-α-MPAA, and those of two 

diastereomeric salts formed from c) (S) and d) 

(R)-1-ChEA with (S)-α-MPAA, in comparison. 

 

The orientational arrangement of the three (S)-O-methylmandelate anions around the (R)-1-

cyclohexylethyl ammonium cation in salt (R)-MPAA-(S)-ChEA should be different from 

which occurred in salt (S)-MPAA-(S)-CHEA, as can be seen from the different intensity and 

band positions of the symmetric ѵ(COO-) vibration bands of carboxylate anions in the 

absorption region of 1500-1700 cm-1. There is a kind of IR-reference for salt (R)-MPAA-(S)-
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ChEA, as a list of absorption peaks for the mirror salt (S)-1-ChEA-(R)-α-MPAA were 

published [127]. The given peak positions are usually with 2-3 cm-1 less than those measured 

now for salt (R)-MPAA-(S)-ChEA, anyhow they are still within the range allowed by the 

applied resolution (4 cm-1). Nevertheless, there are some bothering exceptions, e.g. the readout 

of ѵ(-NH3
+) =  2148 cm-1 for,  which is out of the error range and in between the values for 

salts (S)-MPAA-(S)-ChEA and (R)-MPAA-(S)-ChEA (Figure 5c). 

DSC analysis of the two diastereomeric salts, (S)-1-ChEA-(S)- α -MPAA and (R)-1-ChEA-

(S)- α -MPAA, show melting points as 163 and 187°C, respectively (Figure 31, c and d).  As 

reference data, the melting point of salt (S)-1-ChEA-(R)- α -MPAA, i.e. mirror salt of (R)- α 

–MPAA - (S)-1-ChEA) is available only [127], but that mp. Is ranging from 178.5 till 180°C, 

which is actually about 7-8°C lower than that of salt (R)- α –MPAA - (S)-1-ChEA)  measured 

by us. Actually no Powder XRD pattern is available for compound (S)-1-CHEA-(R)- α -

MPAA, so we cannot decide if salt samples (R)- α –MPAA - (S)-1-ChEA)  (in our hand) [127], 

are in polymorphic relation or we could obtain a purer salt in form of sample (R)- α –MPAA 

- (S)-1-ChEA)  (Figure. 32, d). All the caloric data on a fusion of solid pure samples of are 

listed in Table 12. 
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Table 12.  Melting point and enthalpy of fusion data of the pure chemicals, as applied in this 

study.  

Initial chemicals* Tfus observed 

by DSC  

K, (°C) 

ΔHfus 

measured by 

DSC 

(kJ/mol) 

Reference Tfus 

(°C) 

(S)- α -MPAA, applied also for 

(R)-alpha-MPAA 

342.4 (69.3) 

 

18.88  

rac- α –MPAA 343.7 (70.6) 50.22  

(for S&R 

formula) 

 

(S)-1-ChEA-(S)- α -MPAA, 

applied also for its mirror 

image compound 

(R)-1-ChEA-(R)- α -MPAA, 

436.0 (162.9)  30.57 - 

(R)-1-ChEA-(S)- α –MPAA 

and its mirror image 

compound:  

(S)-1-ChEA-(R)- α –MPAA 

460.5 (187.4) 45.59  

 

178.5-180 

 

* Chemicals listed in the experimental part is used without further purification, and their 

experimentally measured parameters were involved in the calculations. 

3.3.3.2 Eutectic compositions and melting points of the various binary and ternary 

mixtures in the ternary system of resolution.  

Attempts have been made to study in details the phase relations of the three main basic 

components, (S) - α -MPAA, (R) - α-MPAA, and (R)-1-ChEA, in order to support the 

resolution of racemic α-MPAA with chiral 1-ChEA. Actually, we decided to establish all of 

the melting phase diagrams of the binary and ternary eutectic subsystems observed including 

solids (S)-α-MPAA, rac-α-MPAA, (R)-1-ChEA-(S)- α –MPAA and (S)-1-ChEA-(S)- α –

MPAA. (The latter compound was prepared and applied instead of its mirror image compound 
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(R)-1-ChEA-(R)-α-MPAA, because of the lack of initial pure sample of (R)-α-MPAA 

available). Based on experimentally measured melting point and enthalpy of fusion of solid 

compounds are measured and summarized in Table 12.  

First, estimation of each eutectic molar fraction, eutectic temperature, and liquids’ curves of 

binary eutectic phase diagrams have been calculated numerically [176,177] based on the 

temperature and enthalpy of fusion of pure crystalline phases (listed in Table 13) assuming 

the validity of simplified Schröder-van Laar equation, and in case of racemate also of 

Prigogine-Defay-Mauser equation [12]. The solid-liquid melting phase diagram for mixtures 

of (S)-α-MPAA and (R)-α-MPAA was formerly investigated by Raznikiewicz [178], where 

this binary system resembled also a type of melting phase diagram including a racemic 

compound, which showed higher melting point than the enantiomers. 

Table 13. Calculated eutectic compositions and eutectic temperatures of binary and ternary 

mixtures (based on experimental DSC data of used and prepared chemicals and assumption 

of validity of Schöder-van Laar equation).  
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Components Calculated eutectic 

molar fractions, xeu 

Calculated eutectic 

temperature 

Teu (K, °C) 

(S)-α-MPAA 

(or (R)-α-MPAA) / 

 rac-α-MPAA  

x(S-1) = 0.658 

x(rac-2) = 0.342 

333, 60  

Prigogine-Defay equation also 

applied 

(S)-α-MPAA /  

(R)-1-ChEA-(S)-α-MPAA  

x(S-1) = 0.984  

x(RS-4) = 0.016 

341.5, 68.5 

rac-α-MPAA /  

(R)-1-ChEA-(S)-α-MPAA  

x(rac-2) = 0.983 

x(RS-4) = 0.017 

343, 70 

(S)-α-MPAA /  

rac-α-MPAA /  

(R)-1-ChEA-(S)-α-MPAA  

x(S-1) = 0.671 

x(rac-2) = 0.323 

x(RS-4) = 0.006 

323, 50 

(R)-α-MPAA /  

(R)-1-ChEA-(R)-α-MPAA  

Substituted by as its mirror 

image: 

(S)-α-MPAA / 

(S)-1-ChEA-(S)-α-MPAA 

x(R) = 0.914 

x(RR) = 0.086 

considered as 

same as 

x(S-1) = 0.914 

x(SS-3) = 0.086 

338, 65 

rac-α-MPAA /  

(R)-1-ChEA-(R)-α-MPAA or 

(S)-1-ChEA-(S)-α-MPAA  

x(rac-2) = 0.906 

x(RR) = 0.094 

 

342, 69 
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(R)-α-MPAA /  

rac-α-MPAA /  

(R)-1-ChEA-(R)-α-MPAA 

Substituted by as its mirror 

image: 

(S)-α-MPAA / 

rac-α-MPAA / 

(S)-1-ChEA-(S)-α-MPAA 

x(R) = 0.651 

x(rac-2) = 0.299 

x(RR) = 0.050 

considered as 

same as 

x(S-1) = 0.651 

x(rac-2) = 0.299 

x(SS-3) = 0.050 

321.5, 48.5 

(R)-1-ChEA-(S)-α-MPAA / 

(R)-1-ChEA-(R)-α-MPAA or 

(S)-1-ChEA-(S)-α-MPAA 

x(RS-4) = 0.300 

x(RR) = 0.700 

 

418, 145 

rac-α-MPAA /  

(R)-1-ChEA-(S)-α-MPAA / 

(R)-1-ChEA-(R)-α-MPAA or 

(S)-1-ChEA-(S)-α-MPAA  

x(rac-2) = 0.888 

x(RS-4) = 0.015 

x(RR) = 0.097 

 

341.5, 68.5 

 

Beyond the results on various binary subsystems, the calculated eutectic parameters for 

ternary eutectic subsystems, according to the Schröder-van Laar equation [179,180,181], are 

also calculated and reported in  

Table 13. 

Phase diagrams are specific for each substance and mixture. A phase diagram shows the 

limiting conditions for the state of matters.  Different variables such as a change in pressure 

and temperature affect the melting behavior [182]. The melting phase diagram and binary 

trends for the conglomerate, racemic compound, and a solid solution is presented in Figure 

33.   
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Figure 33. The melting phase diagram and binary system for the conglomerate, racemic 

compound, and solid solution. 

The data summarized in Table 5 used to construct schematic T–x diagrams (Figure 34) for 

several pairs of components including that of the pair of diastereomeric salts and pure 

components. The large differences between the melting points of the acidic forms (that of 

either racemate or chiral one) and the diastereomeric salts (those of either homochiral (S)-(S)- 

or (R)-(R) or heterochiral (R)-(S) or (S)-(R)- ones), which are greater than 95°C, indicates that 

one of the diastereomeric salt forms. Which will precipitate first from any mixed solution of 

racemic - α -MPAA acid with chiral 1- ChEA amine (Figure 34). 

The difference between the solubility of the homo chiral and hetero chiral salts seems to be 

not too large, as can be judged from their melting point difference of ca. 21°C. A predicted 

maximal efficiency of resolution, the so-called resolvability (S, or Fogassy parameter ) can be 

calculated according to the following equation: S=(1-2xeu)/(1-xeu), where xeu is the molar 

fraction of diastereomeric salt with the higher melting point in the binary system of pair of the 

diastereomeric salts, which are in eutectic solid phase relation (forming conglomerates of the 

two salt crystals). In our case, the diastereomeric salts’ eutectic molar composition is 

calculated as xR-S, eu = 0.342 (Table 5), and resolvability parameter is determined by a value of 

S = 0.48 for the maximum efficiency of resolution available in the ternary system of acids and 

the given resolving chiral amine.  
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Figure 34. Schematic three-component T–x phase diagram for α-methoxyphenylacetic acids 

and (R)-1-cyclohexylethylamine (melting point data used from table 13).  

 

4. CONCLUSION 

One of the major drawbacks of diastereomeric salt precipitation based enantioseparation is the 

time and solvent requirement of crystallisation. At GAS, approach supercritical carbon 

dioxide is applied as an anti-solvent, and the precipitation takes place in a couple of minutes. 

By setting the process parameters, diastereomeric excess, yields and, selectivity can be 

controlled. Applicability of the process is demonstrated on the resolution of racemic 2-

methoxyphenylacetic acid with enantiopure (R)-(-)-1- cyclohexylethylamine. Diastereomeric 

excess values over 55% along with 80% yields were achieved at optimal conditions in a single 

step.  
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The half-equivalent amount of resolving agent is optimal for maximizing selectivity while 

keeping the amount of resolving agent as low as possible. Both the temperature and pressure 

influence the resolution significantly, and the optimal settings were 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 require 

significantly lower processing time and a good perspective for development of a 

semicontinous process.  

Resolution of 4-ClMA with (R)-phenylethylamine is possible from methanol using gas 

antisolvent precipitation with supercritical carbon dioxide. Starting from acid.base=2:1 molar 

ratio, (R)-phenylethylamine was found to be an efficient resolving agent for obtaining the less 

soluble (most stable, highest mp.) R-R-diastereomeric salt (yield and diastereomeric excess 

80% and 64% respectively). 

However poor % de was observed for (R)-1-cyclohexylethylamine as a resolving agent (yield 

and diastereomeric excess (ee) 80% and 49% respectively)  

The reaction condition was optimised to 40 °C and 160 bar for investigating the influence of 

other parameters. Further purification was carried out via repeated dissolution of a salt sample 

with the fresh half equivalent amount of resolving agent ((R)-phenylethylamine) and 

subsequent precipitation. In this way, % de was improved from 64% to 92% in two repetitions.  

Formed diastereomeric samples were characterized using scanning electron microscopy 

(SEM) and X-ray powder diffraction (XRD) Study confirmed the formation of crystalline 

diastereomeric salt species of R-R form. DSC study shows an improved melting behaviour in 

comparison with literature data. Further study needed to scale up to semi-continuous and 

continuous resolution.  

The system of intermolecular interactions is very similar in the solid state of the chiral and 

racemic α-MPAA indicated by both FTIR-spectroscopy, DSC and proved by single crystal 

structure determination. It makes the resolution of such a racemate challenging even by 

supercritical fluid extraction. The chiral (S)-α-methoxyphenylacetic acid  crystallizes in 

orthorhombic crystal system (space group P212121, a = 6.8795(3) Å, b = 7.0124(3) Å, c = 

17.4578(8) Å, Z = 4, R = 0.037), while its 1:1 salt formed with (S)-1-cyclohexylethyl amine  

is found to be monoclinic (s.g. P21, a = 9.5290(12) Å, b = 6.5909(10) Å, c = 13.869(2) Å, Z 

= 2, R = 0.048). The packing arrangement in the (S)-(S) ammonium carboxylate type salt is 

columnar. The columns are hydrophylic inward and hydrophobic outward, that results in 
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fibrous growth of the salt crystals melting at 163°C. The crystal habit of the higher melting 

diastereomeric (S)-(R) salt (mp. 187°C) is also fibrous, its structure is closely related to the 

(S)-(S)-salt by the similarities observed in their FTIR spectra. The DSC and powder XRD 

studies on the chiral and racemic acids, and on the pair of diastereomeric salts helped us to 

construct and calculate the binary and ternary phase diagrams of the system components, 

including their eutectic temperatures and compositions, as well.  

Close melting points and high similarity in FTIR spectra of racemic and enantiopure (R)-α-

methoxyphenylacetic acids indicated that several other physical properties and the internal 

structural forces may be rather similar in the two solid forms. It has been proven by 

comparison the molecular conformations and hydrogen bonding systems of the acid molecules 

in crystalline racemate, determined by single crystal X-ray diffraction and those of chiral acid 

rac - MPAA, already known from the literature.  

The FTIR spectra of diastereomeric salts have also been found rather similar, indicating 

similarity in systems of secondary interactions in their solid structures. Single crystals could 

be grown from (S)-α-MPAA-(S)-1-ChEA only, therefore merely implications are drawn on 

the hydrogen bonding system of the salt (R)-α-MPAA-(S)-1-ChEA of the higher melting point 

(187°C). In all three hydrogen, atoms of the primary ammonium anion take place in three 

stronger hydrogen bonds, as it has been proven in case of salt (S)-α-MPAA-(S)-1-ChEA. This 

implication is also an important one, as salt (R)-α-MPAA-(S)-1-ChEA   has been always found 

as firstly precipitated solid component in various resolution trials, like the one, carried out in 

supercritical fluid (CO2) resolution in presence of excess acids. 

The various binary phase relations in the ternary resolution system of main components have 

been studied by differential scanning calorimetry (DSC) and powder X-ray diffraction (XRD). 

Based on related eutectic calculations, a schematic ternary phase diagram has been 

constructed, as well as the maximum of the available resolution efficiency has been estimated 

with a Fogassy’s parameter value of S = 0.48. 
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7    Appendix               

Symbols  

A  [-]  area 

ee  [–]   enantiomeric excess 

mr  [–]   molar ratio 

n  [mol]  molar quantity 

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 
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Mass of Extract  mE 

Molar mass of acid  (m acid)  

Molar mass of base  (m base) 

Yield of raffinate  (YR) 

Yield of extract      (YE) 
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