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  Abstract  

 

ABSTRACT 

 

 The present work was focused on chiral resolutions of selected racemates, whereas the 

enantioseparations were performed by supercritical fluid extraction (SFE). The combination of 

these two methods resulted in quick and satisfactory separations of the enantiomers. 

 The resolutions were realized via partial diastereomeric salt or complex (co-crystal) 

formations between the racemates and the chiral selectors. Since the optically active reactants 

and products possess significantly different solubility in the supercritical solvent, the separations 

of enriched enantiomeric mixtures and diastereomeric compounds were carried out by a 

subsequent extraction of the unreacted enantiomers with supercritical carbon dioxide. The 

conclusions of this dissertation are based on two different resolution systems. 

 The already known resolution of the racemic ibuprofen was performed with  

(R)-phenylethylamine, adding the resolving agent in less than equimolar ratio to the chiral acid. 

The variation of influencing parameters during the formation of the diastereomers, called sample 

preparation step, were studied and evaluated on the supercritical fluid extraction steps and 

resolvability values. A new approach has also been tested and found to be effective on this model 

resolution, using the mixture of structurally related chiral and achiral amines. Single crystal X-

ray structures of the related compounds are presented; furthermore different assumptions are also 

introduced for modelling the observed phenomenon.  

A novel resolution method of the racemic trans-1,2-cyclohexanediol via diastereomeric 

complex (co-crystal) formation with (2R,3R)-tartaric acid was accomplished by supercritical 

fluid extraction. The development of this resolution via solubility measurements, resolving agent 

selection, single crystal X-ray study of the diastereomeric compounds and the optimization of the 

extraction conditions are described as well. 

 The environmentally friendly nature of the supercritical fluid extraction is an additional 

advantage in these enantioseparation processes. 

 

 



  Nomenclature  

 

NOMENCLATURE 
 
a, b, c  crystallographic axes  
A, B  constants in Brunner’s equation, Eq.(12). 
A*  maximum achievable yield of unreacted trans-1,2-cyclohexanediol enantiomers, 

% 
AC acetone 
ASAS aerosol solvent  extraction systems 
Bp. boiling point, °C 
C dissolution rate of ibprofen salts, mg salt/g CO2, Eq.(13).  
CO2

rel  relative amount of carbon dioxide to the amount of racemic ibuprofen, g/g, 
Eq.(11). 

CO2
rel,50% relative amount of carbon dioxide to reach 50 % extraction yield, g/g 

d,e constants in the Hyperbolic equation, Eq.(33). 
DCM dichloromethane 
DKR Dinamic kinetic resolution 
DR  Dutch Resolution 
ee  enantiomeric excess, %, Eq.(1)., Eq.(2). 
EF  electrostatic factor, 10-30C m, Eq.(17). 
ES  enantioselectivity, ratio of the fast- and slow-reacting products, (S/R) or (R/S) 
EtAC ethylacetate 
EtOH ethanol 
f,g constants in the Parabolic diffusion model, Eq.(34). 
F  resolution efficiency, resolvability, (F-parameter) Eq.(10). 
F structure factor 
FID flame ionization detector 
Fp. flash point, °C 
FTIR Fouier transform infrared spectroscopy 
GAS gas anti-solvent process 
GC gas chromatography 
h,i constants in the Power law model, Eq.(35). 
HBC hydrogen bonding capability 
IL ionic liquid 
I*  ionization potential 
k  reaction rate constant 
LC  liquid chromatography 
Liq.  liquid 
LFP  liquid fractional polarity, Eq.(18). 
K  reaction equilibrium constant, Eq.(30). - Eq.(32). 
m  mass, g 
M  molecular weight, g/mol 
MEK  methyl-ethyl-ketone 
MeOH  methanol 
Mp.  melting point, °C 
mr  molar ratio, Eq.(5).- Eq.(9). 
mrel  relative amount of the racemate to the support surface, g/m2 

P  pressure, MPa 
PCA  precipitation with compressed fluid ant-solvent 
PGSS  particles from gas saturated solutions 



  Nomenclature  

 

r  reaction rate, Eq.(27).-Eq.(29). 
rac  racemic 
R2  goodness of a fit 
RESS  rapid expansion of supercritical solutions 
r.t.  room temperature 
SAS  supercritical anti-solvent fractionation 
Sa,BET

  specific surface area of the Perfil 100TM, m2/g 
scCO2  supercritical carbon dioxide 
SCF  supercritical fluid 
SEDS  solution-enhanced dispersion of solids 
SFC  supercritical fluid chromatography 
SFC-MS supercritical fluid chromatography – mass spectrometry 
SFC-NMR supercritical fluid chromatography – nuclear magnetic resonance 
SFE  supercritical fluid extraction 
SMB  simulated moving bed chromatography 
ss  specific dissolution rate, m/m%, Eq.(15)., Eq.(16). 
SR stoichiometric ratio of the racemate to the resolving agent (or to the achiral 

additive) in the formed salt or complex, Eq.(22)., Eq.(23)., Eq.(38). 
T  temperature 
TCM  tetrachloromethane 
UV-VIS ultraviolet – visible spectroscopy 
x  mole fraction 
Y  yield regarding the amount of the racemate, %, Eq.(3)., Eq.(4). 
 
Greek letters 
αp  polarizability 
δ  Hildebrand polarity factor, MPa 1/2 
ε  dielectric constant 
µ  dipole moment, 10-30C m 
ρ  density, g/ml 
θ  Bragg angle 
 
Subscripts 
BA  benzylamine 
Base  phenylethylamine + benzylamine 
C  critical 
CHD  trans-1,2-cyclohexanediol 
Extr  extract 
IBU  ibuprofen, (2-(4-isobutylphenyl)-propionic acid) 
PhEA  phenylethylamine 
Rac  racemic 
Raff  raffinate 
Support Perfil 100TM 

TA  tartaric acid 
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LIST OF COMPOUNDS 

1 ibuprofen, (2-(4-isobutylphenyl)-propionic acid) 

2 (R)-phenylethylamine 

3 benzylamine 

4 (R)-(1-phenylethyl)ammonium-[(R)-2-(4-isobutylphenyl)propanoate] 

5 (R)-(1-phenylethyl)ammonium-[(S)-2-(4-isobutylphenyl)propanoate] 

6 benzylammonium-[rac-2-(4-isobutylphenyl)propanoate][rac-2-(4-

isobutylphenyl)propionic acid] co-crystal 

7 trans-1,2-cyclohexanediol 

8 (2R,3R)-tartaric acid 

9 O,O’-dibenzoyl-(2R,3R)-tartaric acid monohydrate 

10 O,O’-di-p-toluyl-(2R,3R)-tartaric acid 

11 trans-2-chlorocyclohexane-1-ol 

12 trans-2-bromocyclohexane-1-ol 

13 trans-2-iodocyclohexane-1-ol 

14 trans-2-propoxycyclohexane-1-ol 

15 trans-2-ethoxycyclohexane-1-ol 

16 trans-2-isopropoxycyclohexane-1-ol 

17 [(2R,3R)-tartaric acid (1R,2R)-trans-cyclohexanediol] co-crystal 
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1. RESEARCH OBJECTIVES 

The aims of my doctoral work were to verify and widen the applicability of the 

supercritical fluid extraction (SFE) technology in optical resolutions. Several parameters are 

know as influencing factors for traditional resoltions, however, the affects of these parameters on 

the resolvability via SFE are not known. In my research, I aimed to study some of the 

influencing factors on the supercritical extraction step and the resolution efficiency, which were 

already proven to be relevant to the outcome of classical resolutions. In addition, I seeked new 

approaches by SFE to separate the enantiomers of a racemate, not resolved previously. My 

theses contain three main experimental sections: 

• Resolution of racemic ibuprofen with (R)-phenylethylamine by SFE. The purpose of this 

section is to outline the importance of selected parameters of the sample preparation step, 

in which a mixture of diastereomers and unreacted enantiomers are produced. I aimed to 

study the influence of these parameters on the extraction step and the resolvability as well. 

• Resolution of ibuprofen with (R)-phenyethylamine – benzylamine mixture via SFE. The 

structural similarity between the interacting chiral molecules play important role in 

resolutions, although the contribution of achiral compounds with structural resemblances to 

the chiral molecules should also be considered during enantioseparations. My aim was to 

investigate the possible influences of a structurally related achiral amine to the resolving 

agent. As it was not studied previously, I intended to explore the effects of the achiral 

additive in the widest possible concentration.  

• Resolution of racemic trans-1,2-cyclohexanediol with (2R,3R)-tartaric acid by SFE. For the 

extension of the group of succesfully resolved racemates, I aimed to develop a novel 

resolution via SFE too. The enantiomerseparation of the racemic diol was performed in a 

remarkably effective manner.  
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2. CHIRALITY AND RESOLUTION 
 

The first observations in the changes of plane polarized light (the light oscillates in only 

one plane) when crossing through on certain crystalline materials were made by French 

physicists (Arago, Biot) in the early 1800’s.1-3 Mitscherlich, a German chemist, investigated the 

salts of tartaric acid few decades later.4 He found that some of the salts rotated the plane of 

polarized light while others were optically inactive, however all of the studied molecules had the 

same chemical composition. After crystallization experiments, Louis Pasteur revealed that the 

sodium ammonium tartrates are crystallized in different crystal structures. Below 28 °C, 

asymmetric crystals are formed which are enantiomorphously related to each other (enantios – 

opposite, morphe – shape). These crystals are mirror images of each other (see Figure 2.1 a.) and 

b.)), and could be manually separated due to their visual appearance. Their aqueous solution 

rotated the plane of polarized light in equal but opposite directions (+ and -). If crystallization 

occurred at a higher temperature, optically inactive crystal form was obtained (see Figure 

2.1.c.)). Pasteur discovered that the inactive form was a mixture of equal proportions of the 

active salts, called racemate (racemic composition).5,6 

 

Figure 2.1. a.) Hemihedral crystal of (+)-sodium ammonimum tartrate. b.) Hemihedral crystal of 

(-)-sodium ammonimum tartrate. c.) Holohedral crystal of racemic sodium ammonium tartrate. 

 

 

 

 

 

 

 

Pasteur’s conclusions were confirmed independently by van’t Hoff and le Bell in the 1870s.7-8 

They described the idea of Chirality as a feature of molecules with different geometrical spatial 

arrangements of atoms linked to a central carbon atom (chiral centre).  

 The term of “chiral” is originated from the similarity of the right and left hands to the 

mirror image shaped molecules, called enantiomers (cheir means hand), as depicted in Figure 

2.2. Later (in 1888), Meyer introduced the term of “stereoisomerism” to indicate the geometrical 

isomerism of molecules. 

 

 

 

 

a.) b.) c.) 
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Figure 2.2. Demonstration of mirror image shaped 

molecules. R1 – R4 represent different atoms or groups. 

 

Today, the importance of chiral molecules is 

indisputable. Among the biggest achievements of 

biochemistry in the last century, scientists discovered that 

the building stones of life are mainly chiral compounds. 

For instance, the proteins are built exclusively from the 

“left-handed” amino acids, nucleic acids and carbohydrates consist of the “right-handed” 

structures only. The unique construction of the asymmetric systems (like living organisms) is the 

reason, why they are influenced by the opposite enantiomers (sometimes radically) differently. 

Some examples for the dissimilar properties of optically active molecules are collected in Table 

2.1. 

 

 The world’s attention was inevitably drawn to the pharmacological differences existing 

between the opposite enantiomers of a chiral drug, sometimes via catastrophic influence of a 

medicine on humans (e.g. (R)-thalidomide vs. (S)-talidomide). Policy statements concerning the 

development of a new stereoisomeric drug were only published in 1992 by the Food and Drug 

Administration (FDA) in the USA9 and in 1993 in Europe10. At present, the pharmacological 

properties of both the pure enantiomers and racemic mixture must be investigated and reported if 

a new chiral substance enters to the market, although the drug sponsors are not forced by 

absolute requirements of the major regulatory authorities in the decision whether a product of a 

single enantiomer or racemic mixture is being developed. 

  

 A new trend in the pharmaceutical industry is called “chiral switch”, that is a development 

and re-evaluation of a single enantiomer, which was previously marketed and used in a medicine 

as a racemate.11 The chiral switch offers the advantages of an improved therapeutic profile if 

single enantiomers are used. Several compounds, which undergo the chiral switch, are collected 

in the literature.12,13 

 

 A detailed overview indicated that the single enantiomers gained significant priority 

against racemates among the new chemical entities worldwide. The percentage distribution of 

enantiomerically pure compounds within the group of chiral compounds has risen from 20 % up 

to 70 % between 1983 and 2001.14,15 The achiral compounds gave the ratio of approx.  

30-40% of the new chemicals.  
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 Athough the pharmaceutical industry is one of the most important manufacturer of the 

single enantiomers, a number of other chemical sectors require optically pure isomers too. 

 

Table 2.1. Examples for dissimilar properties of enantiomers. The (S), (R) and D, L represents 

the Cahn-Ingold-Prelog configurations (CIP system, absolute configuration) and the Fisher 

projections (relative configuration), respectively. 

Opposite enantiomers Effect or feature 

(R)-2-aminosuccinic acid 4-amide sweet 

(S)-2-aminosuccinic acid 4-amide tasteless 

(S)-carvon, (S)-1-methyl-4-isopropenyl-6-cyclohexen-2-on caraway odour 

(R)-carvon, (R)-1-methyl-4-isopropenyl-6-cyclohexen-2-on spearmint odour 

(S)-limonene, (S)-1-methyl-4-prop-1-en-2-yl-cyclohexene lemon odour 

(R)-limonene, (R)-1-methyl-4-prop-1-en-2-yl-cyclohexene orange odour 

(2S)-2-amino-3-methyl-3-sulfanyl-butanoic acid, D-penicillamine 
anti-

inflammatory 
(2R)-2-amino-3-methyl-3-sulfanyl-butanoic acid, L-penicillamine toxic 

(S)-2-(2-bromo-phenoxy)-propionic acid growth hormone 

(R)-2-(2-bromo-phenoxy)-propionic acid growht inhibitor 
(R)-thalidomide, (R)-2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-

1,3(2H)-dione 
former substance 

in a medicine 
(S)-thalidomide, (S)-2-(2,6-dioxo-3-piperidinyl)-1H-isoindole-

1,3(2H)-dione 
theratogenic 

(1R,2R)-2-dichloroacetamido-1-4-nitrophenyl-1,3-propanediol, D-
chloramphenicol 

antibiotic 

(1S,2S)-2-dichloroacetamido-1-4-nitrophenyl-1,3-propanediol,  
L-chloramphenicol 

needless 

(R)-3-methoxy-17-methyl-(9α,13α,14α)-morphinan, 
dextromethorphan 

cough medicine 

(L)-3-methoxy-17-methyl-(9α,13α,14α)-morphinan, levomethorphan narcotic 

    

2.1 GENERAL PREPARATIONS OF STEREOISOMERS  

Besides the enantiomers (compounds, which cannot be superimposed on its mirror images), 

the diastereomers, (stereoisomers, which possess opposite configurations at one or more 

stereogenic centre although they are not mirror images of each other) are also optically active 

molecules. These compounds may be obtained via numerous methods, depending on the starting 

material, as listed in Figure 2.3. 

Enantiomerically pure stereoisomers were first achieved from nautral products (e.g. tartaric 

acid from grapes in the 8th century b.c. 16). Chemical transformations/conversions on these chiral 

molecules (carbohydrates, carbon acids, terpenes) result derivatives of the starting material, 

however, racemisation might also happen.  
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New chiral molecules are often prepared by asymmetric reactions from achiral (or chiral) 

molecules, in which the new stereogenic centres are selectively formed. The asymmetric 

synthesis cannot be accomplished without chiral influence. Since the asymmetric synthesis is 

performed via diastrereomeric transition states, the stereoselectivity of the reactions basically 

depend on the activation energy difference of the transition states. The stereoselectivity may also 

be controlled by substrate, reagent or the catalyst. 

 
Figure 2.3. Preparation routes of stereoisomers. 

In the so-called “resolution”, the racemic (or initial enantiomeric) composition of a chiral 

compound is disrupted by a physical, chemical or biochemical method and enantomeric mixtures 

or pure enantiomers are prepared. The process consists of two essential steps: discrimination of 

the mirror image shaped molecules caused by a chiral impact, and separation of the 

stereoisomers according to the differentiated scalar (physical-chemical) properties. 

 

2.2 RESOLUTION METHODS 

Since the time of Pasteur, countless resolution techniques have been discovered and were 

successfully applied by the pharmaceutical, agricultural, etc. industry. The relevance of 

enantiopure chemicals is under uninterrupted growth, therefore the development and re-

evaluation of the novel and already known resolution methods is in progress day by day.  

As a general classification, the variety of phase diagrams (melting point vs. mole fraction 

of enantiomers) of the enantiomer associates is depicted in Figure 2.4. While most of the racemic 

mixtures form racemic compounds, the conglomerates cover only a small portion of the 

racemates.  

The most widespread techniques to achieve separation of enantiomers are among the 

chemical and biochemical resolution methods, the examples of producing enantiomers by 

physical enantioseparation methods17 are rare. If a racemate forms a conglomerate  

(10 % of the racemates18), the opposite enantiomers can crystallize in mirror image shaped 

crystal structures, thus they may be sorted manually, just like Pasteur’s tartrate salts.19  

Starting material 

Chiral molecule 

Achiral or prochiral molecule 

- Optically pure 

- Racemate or 
enantiomeric mixture 

Applied method 

Asymmetric synthesis  

Chemical transformations 

Resolution 

Stereoisomers 
 - enantiomers  
 - diastereomers 
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Figure 2.4. Phase diagrams of enantiomeric associates, a.) conglomerate; b.) solid solution, c.) 

and d.) racemic compounds. The mole fraction of one of the enantiomer is indicated by x. 

 

 

 
 

The preferential crystallization by alternating inoculation with pure enantiomers is a useful 

tool to separate conglomerate forming racemates.20 The method is also viable in a quasi-

continuous mode providing a cyclic process.21 It is also possible to extend the preferential 

crystallization to the group of racemic compounds. The technique is a hybrid approach that 

involves a preliminary enantiomeric enrichment step followed by preferential crystallization of 

one of the stereoisomer. The applicability of this method on the example of mandelic acid was 

also reported by Lorenz et al.22  

 The chemical resolution processes are based on enantioselective physico-chemical 

interactions between the racemate and one (or more) of the added chiral reagent(s). In general, 

the chiral selector is called resolving agent, which is favourably an enantiopure compound. The 

chiral recognition ability of a certain resolving selector depends on the strength and the number 

of formed interactions. As a result, new molecules or molecule associations are formed, called 

diastereomeric compounds (salts, complexes or covalently bound molecules). Once the 

enantiomers are partially or completely transfered into diastereomers, they can be separated by 

achiral methods and the desired enantiomers of the racemic mixture are recovered from the 

diastereomers. The basic idea of resolutions by diastereomeric compound formation is shown in 

Figure 2.5.  

  

Figure 2.5. Resolution by diastereomeric 

compound formation. (S), (R) and C* 

represents the enantiomers of the racemate 

and the resolving agent, respectively. 

 

 The chemical resolution methods are 

basicly classified according to the type of 

interactions holding the diastereomers together.  A summary of these interactions is given in 

Table 2.2. 

T ˚C T ˚C T ˚C T ˚C 

a.) b.) c.) d.) 

x 1 0 x 1 0 x 1 0 x 1 0 



  Chirality and Resolution 

 7

Table 2.2. Resolutions via diastereomeric compound formation, general overview. 

Interaction 
Diastereomeric 

compounds  
Description Ref. 

Ionic interaction Salts (S)(R) + 2C*→(S).C* + (R).C* 23-25 

Hydrogen bond and  
van der Waals force 

Molecular complexes 
or co-crystals (S)(R) + 2C*→(S)···C* + (R) ···C* 26,27 

Covalent bond Covalent molecules (S)(R) + 2C*→(S)-C* + (R)-C* 28-30 

 

 A number of methods (and their variations) are available for the separation of 

diastereomeric compounds, exploiting the significantly different physical properties, such as: 

• separation of diastereomers via fractional crystallization31,32; 

• separation of diastereomers via distillation33,34; 

• separation of diastereomers via sublimation35,36; 

• separation of diastereomers via chromatographic methods37,38. 

 

 Other enantioselective methods, such as precipitation or extraction of stereoisomers, can 

also be applied to induce enantiomeric enrichment. Diastereomers may be precipitated from a 

mixture of immiscible liquids, where one of the solvent keeps the unreacted portion of the 

racemate in solution.39 The resolution is also feasible by achieving distributions of the 

stereoisomers between two solvents without any crystallization.40  

 

In thermodynamically controlled resolution processes, the diastereomers are formed whose 

formations are energetically the most favoured, though this is not always the case. If kinetic 

effects are predominant in a resolution, the products are formed with significantly different 

specific reaction rates from a racemate. In these processes, the reactions are stopped before 

reaching the 100 % conversion of the starting material to gain enantiomerically enriched 

compounds. It is worthy to note that thermodynamic and kinetic control also happen 

simultaneously, and the enantiomeric excess of the precipitated diastereomers changes 

significantly as the function of time.41 Chemical kinetic resolutions are generally performed in 

homogeneous medium via partial transformation of the racemic mixture. Since the first 

demonstration42, numerous examples and aspects of the kinetic resolutions have been 

discovered.43,44 

 It is well known that a racemic composition can be disrupted by biocatalysts (micro 

organisms, enzymes, proteins), usually through the transformation of a substrate (enantiomers of 

a racemate) into a product during enantioselective processes. Since the reaction rates of the 

opposite enantiomers are generally different, the biochemical resolution methods are also 
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regarded as kinetic resolutions. Biochemical resolutions are often resulted in enantiomerically 

pure products and by now, they are widely applied chiral discrimination tools with substantial 

importance.45,46  

 

 If a rapid equilibrium between the starting enantiomers (or diastereomers) is predominant, 

in situ racemization may occur. When this process is coupled with an enantioselective kinetic 

resolution, the starting substrate enantiomers can be quantitatively converted into only one 

stereoisomer as product, generally in high purity. The kinetic process is mostly performed 

through enzyme catalysis.47 The rate determining step is usually the inversion of the antipodes. 

Besides the spontaneous racemization or epimerization (transformation of diastereomers into 

each other), the fast equilibrium of the initial enantiomers can also be promoted by achiral 

compounds (acid or base), bio48- or metal catalysts49. The so-called dynamic kinetic resolution 

(DKR) basically depends on differences in the reaction rates of the starting enantiomers with a 

chiral catalyst, and therefore must not be classified together with second order asymmetric 

transformations. The latter (that is mainly performed via diastereomeric salt formation) rather 

depends on the solubility of the formed diastereomers. 

 Involving DKR in asymmetric synthesis processes is another efficient way of producing 

single enantiomers via creating a new chiral centre. The overall process can be controlled also by 

the reagent or the catalyst. In these cases, the equilibration of the starting enantiomers is 

followed by a reaction with a reagent (non-enzymatic way of DKR) or a stereoselective 

hydrogenation by a metal catalyst or microorganism. A comprehensive overview of the 

aforementioned resolutions is given by Ward.50   

 

 Since the outcome of a chemical resolution basically depends on the selected resolving 

agent, searching for the most applicable and efficient chiral reagents is in the scientists’ focus 

permanently. Because of the considerable diversity of the chiral compounds, there is no “jolly 

joker” found among the resolving agents, and the success of a resolution is still based on trial 

and error in a certain extent. Commonly applied chiral selectors are collected and described in 

numerous and extended works.23,51-53 A comprehensive study by Faigl et al. describes several 

selection methods of the optimal resolving agent in resolutions.54 Some of the most important 

viewpoints are collected in Table 2.3. 
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Table 2.3. Selection strategies of a resolving agent. 

Selection techniques of an appropriate resolving agent to a racemate by  Ref. 

structural resemblances of the racemate to a previously resolved compound, 55 
structural resemblance of a new resolving agent to an effective resolving agent, 56 

extrapolation of results from the resolutions of racemic analogues with a given chiral selector, 57 
correlations between the resolvability values and racemate-resolving agent interactions of 
known resolutions, 58 

analysis of binary phase diagrams of the stereoisomers, 59,60 

derivatization of the racemate, 61 
searching for stable hydrogen bond system between the chiral selector and one of the 
enantiomer, 62 

crystal structure prediction using computational chemistry, 63 

possible 2nd-order asymmetric transformation of the racemate induced by the resolving agent. 64 

 

2.3 ROLE OF STRUCTURAL SIMILARITY IN RESOLUTIONS 

 

2.3.1 Influence of chiral molecules 

 Structural resemblances of the reacting chiral molecules often resulted in efficient 

resolutions. Among the first examples, the application of an enantiomerically pure derivative of a 

starting racemic mixture, as a resolving agent, is a well known technique.65,66 Some of the 

methods to select appropriate resolving agents are also based on seeking of structural similarities 

between the racemates (even if the similarities are valid only to the chiral centre67), as described 

in the aforementioned section. 

  

 A decade ago, Dutch scientists discovered the particularly favourable influence of 

structurally related chiral selectors, if they were simultaneously added to a racemate.68 The 

Dutch Resolution (DR) technique clearly indicated the beneficial effects of using mixtures of 

enantiomerically pure compounds of the same family instead of the single resolving agents. 

Today it is a broadly adopted technique. The Dutch Resolutions were performed by 

diastereomeric salt formations and resulted excellent rate of success. The experiments of the 

Dutch Resoultion approach are classified into three main groups, as described below. 

 

First generation Dutch Resolution 

 As it firstly was observed, a certain mixture of closely related resolving agents, which 

indicated poor or no resolvability alone, resulted in remarkable enantiomeric/diastereomeric 

enrichments starting from the racemic composition. In general, these mixtures consist of 

equimolar amounts of the similar chiral selectors. Although all of the chiral additives were 

present in the first precipitated salts, their initial ratios were not stoichiometric. Some of the 
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resolving agent families, which were already proven to be effective, are collected in Table 2.4. 

Examples of resolution with various mixtures are given by Kellog et al.69 Effective Dutch 

Resolution was also performed in a distillation process by Markovits et al.70 

 

Table 2.4. Family of structurally related resolving agents. 

Structure X Y Mixture name 

Y

SO3H

X

O

 
H, Me, Cl H, Me, Cl 

Chalcone sulphonic acids 
(J-mix) 

X

O

O COOH

O

OCHOO

X

 
 

H, Me, OMe - 
Dibenzoyl tartaric acids 

(T-mix) 

X O

H

O
P

O OH

 
 

H, OMe, Cl - 
Cyclic phosphoric acids 

(P-mix) 

X

OH

OH

O  
 

H, Br, Me, Ph - 
Mandelic acids 

(M-mix) 

X

NH2

 

H, Br, Me - 
Phenylethylamines 

(PE-mix) 

 

Second generation Dutch Resolution 

Although, the possibility of solid solution formation by similar molecules was found not to 

be “the core” of the Dutch Resolution, a useful modelling approach was described by Gervais et 

al.71 In certain cases, it was discovered that some of the family members of the chiral selectors 

were not present in the precipitated salts. On the other hand, the lack of these materials in the salt 

caused a decrease in the resolvability of the system.72 The positive effect was ascribed to the less 

or none incorporated compound (additive) via nucleation inhibition of the more soluble 

diastereomeric salt.73 Since the structurally related additive possessed a certain fit into the crystal 

lattice, it was adsorbed on a crystallizing layer. The crystallizations of other layers on this 

surface, however, were hampered by the additive. Stronger the interaction between the additive 

and the crystallizing site, longer the effect of nucleation inhibition compared to regular 

impurities. The overall outcome of this phenomenon was the widening of the metastable zone 

width of the more soluble diastereomeric compound; i.e. the inhibited stereoisomer remained in 

the solution for a longer time, whilst the other one was precipitated with high diastereomeric 

excess.  
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The procedure requires precise temperature control. The relationship between the structure 

and ability for a compound to possess preferential inhibition is not defined. The difference 

between the temperature of dissolution and temperature of crystallization (metastable zone 

width, ºC) can be determined by turbidity measurements. According to extensive investigations, 

Jan Dalmolen reported that the resolution of racemic mandelic acid with (R)-phenylethylamine 

(parent resolving agent) was remarkably enhanced using 1-phenylbutylamine as additive in  

6 mol % optimal concentration. (The mole fraction of the additive was related to its 

concentration in the solid salts). It was also found that the inhibition ability of the racemic form 

(or even the opposite enantiomer) is almost as effective as the selected optically pure 

compound.74 

 

Reverse Dutch Resolution 

The idea of exploiting the possible advantages of structural resemblances between chiral 

molecules in a simultaneous manner can also be applied to the mixture of racemates, which 

could be resolved by a single optically pure compound. An example was given by Kaptein et 

al.75 The enantioseparation of racemic alaninol was increased in a great extent if portions of the 

racemic amino alcohol was substituted either by racemic or enantiopure 2-amino-1-butanol, 

using mandelic acid resolving agent. 

 

Apart from applying families of resolving agents, an other interesting example emphasized 

the importance of a chiral additive (di(2-ethylhexyl)phosphoric acid) that does not possess close 

structural similarity either with the primary resolving agent (O,O’-dibenzoyl-(2R,3R)-tartaric 

acid) nor the racemate (tryptophan). None of the tested single chiral agents were found to be 

effective in the enantioselective extraction of tryptophan; however, they formed a complex 

extractant with sufficient performance to achieve distribution of enantiomers in an organic-

aqueous two phase system. The best enantioseparation was obtained at almost equimolar ratio of 

the extractants, at the pI point of the aminoacid.76 

 

2.3.2 Achirality in resolutions 

 As discovered on the example of amorphous SiO2 as they form optically active 

enantiomorphic quartz crystals, several other achiral organic and inorganic molecules can 

undergo chiral crystallization, in which left and right handed crystal shapes are formed, 

providing a reasonable explanation of the generation of chirality.77 

 Nonracemic mixtures can undergo enantiomer self-disproportionation on achiral 

chromatographic columns.78 In this process, a portion of enantiomeric mixture reaches higer 

enantiomeric excess compared to the initial value, whilst the remaining portion becomes more 
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racemic. The following modes of associates must be considered in the case of nonracemic 

mixtures:  

• heterochiral formation of species: Sa + Rb ↔ b SR or (SR)b + Sa-b where a>b; 

• homochiral formation of species: Sa + Sa ↔ a SS or S2a 

       Rb + Rb ↔b RR or R2b where a>b. 

Such associates are also thought to be responsible for the nonlinearity phenomena of 

enantiomeric mixtures. Examples are also given in the previous article or by Stephani et al.79 

 

 Achiral compounds (without any structural resemblances to the chiral molecules) were first 

used by Pope and Peachy to aid the separation of diastereomeric salts via retaining the more 

soluble diastereomeric compound in solution.80 Enrichment of enantiomeric mixtures of 

phenylethylamine were successfully accomplished by partial salt formation of achiral 

dicarboxylic acids and subsequent distillation of the unreacted enantiomers.81 

 Enantioseparation of racemic 2,2’-dihydroxy-1,1’-binaphthyl via complexation with an 

achiral ammonium salt (N,N,N-tetramethyl-N-(2-hydroxyethyl)ammonium chloride) was 

reported by Yoshizawa et al.82 The resolution of the studied racemic alcohol was economically 

and efficiently accomplished by seeding the racemic alcohol – achiral complex alternately with 

structurally similar complex crystals, consisting one of the alcohol enantiomer and the achiral 

compound. 

 Among several potential nucleation inhibitors, Dalmolen et al. tested achiral compounds 

also with structural similarity to the parent resolving agent.73 In these resolutions, the 

resolvability results of blank experiments (6 % of resolving agent substituted by solvent) and 

mixtures containing the achiral additive (6 mol%) were identical. 

 Other studies highlighted that achiral additives may contribute to achieve better resolutions. 

The resolution of racemic phenylethylamine with its glutaric acid derivative was remarkably 

influenced in the presence of urea additives.83 The crystallization of one of the diastereomeric 

salts was initiated on the peak of the needle like urea crystals. Since stereoisomeric associates are 

already formed in solution, it was assumed that the achiral compounds differentiated the 

diastereomers, which resulted selective crystallization inhibition on the more soluble 

diasteromeric salt. The additives were applied in the racemate : resolving agent : additive =  

1 : 0.5 : 0.5 ratio. 

 The influence of a structurally similar achiral molecule, benzylamine, to the resolving 

agent, phenylethylamine, was investigated during the resolution of racemic N-acetyl-

phenylalanine.84 When the half of the resolving agent was replaced by the achiral compound, 

small increases in the enantiomeric excesses were obtained (∆ee=18%). Increase in the ee values 

was also achieved by the replacement of a portion of the racemate with phenoxyacetic acid, 

similarly to idea of the Reverse Dutch Resolution technique.  
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 The benzylamine as achiral, structurally related additive to (S)-N-benzylaminobutanol and 

(R)-phenylethylamine parent resolving agents, was also tested during the resolution of racemic 

N-formylphenylalanine, reported by the same research group.85 They found that displacing half 

molar amount of the benzylaminobutanol by the additive gives poor resolution. In addition, they 

obtained similar resolvability when the benzylamine was present in the initial mixture in  

1 : 0.5 : 0.5  racemate : resolving agent : additive ratio with enantiopure  phenylethylamine, 

compared to benzylamine free experiments. It was concluded that the slight differences in the 

structures of the benzylamine and phenylethylamine caused no influence on the resolution, while 

the achiral compound reduced the resolvability with the benzylaminobutanol agent because of a 

more expressed structural differences. 

 

 As it is outlined by the aforementioned resolutions, achiral additives/agents may indeed 

affect the enantiomeric separation processes, although the exact relationship between the 

structures of the components and the extent and direction of the influence is unknown. What is 

also common in most of the cases that only certain ratios/concentrations of the additives were 

investigated. According to my personal opinion, a systematic variation of the achiral additive 

concentration in the whole possible range should be performed in every resolution, since the 

positive or negative influences may exclusively occure in small ranges of additive 

concentrations. 
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3. SUPERCRITICAL PROCESSES, RESOLUTION IN SUPERCRITICAL 
FLUIDS 
 

3.1 THE SUPERCRITICAL MEDIA 

 The so-called critical phenomenon was first experienced by Cagniard de la Tour who 

studied the changes of sound by heating a liquid in a rifled cannon in 1822. Hannay and Hogarth 

experimentally studied the solubility of some inorganic salts in pressurized hot ethanol. They 

found that changing the pressure by a plunger resulted in dissolution or precipitation of the 

compounds.86  

 As the pressure (P) and temperature (T) of a material is increased to a specific value (PC, 

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

phase is formed, shown in Figure 3.1.87 The supercritical “state” is a transition state between the 

liquid and gas states, concerning the physical properties of a compound (density, viscosity, 

diffusivity, etc.).  

 

Figure 3.1. Illustration of the supercritical fluid phase. a.) Liquid and gas states of the carbon 

dioxide, separated by a sharp phase boundary; b.) carbon dioxide close to the critical point, the 

phase boundary becomes less identifiable; c.) homogenous, clear supercritical fluid phase.87  

 a.)    b.)    c.) 

 

 

 

 

 

 

 

 Among these parameters, the density plays the most important role in processes using 

supercritical materials. As depicted in Figure 3.2, the density of the supercritical media varies in 

a wide range, depending on the actual pressure and temperature.88 This phenomenon makes 

possible to utilize the supercritical compound as a great solvent or a media for reactions, 

furthermore, it allows a fine tuning of the solvent power by changing P and T. The other 

advantages of the supercritical fluids (SCFs), such as the gaslike transport properties and the 

ability of facile penetration into microporous materials by zero surface tension, gave rise to 

supercritical processes both in laboratory and industrial scale, especially in the last decades. The 

remarkable advantages and beneficial applicability of the supercritical processes is clearly 

indicated by a number of books and publications in this field.89-94 
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 For a better understanding of the processes in supercritical fluids, the knowledge of phase 

equilibria is a key point; however, they can be rather complicated even in the case of binary 

systems.95 Besides; solid-SCF, polymer-SCF and ternary system equilibrium containing a 

supercritical compound should also be distinguished. The purpose of this section is not to discuss 

the thermodynamic and kinetic background of the supercritical processes but to give a brief 

overview of supercritical processing. 

 

Figure 3.2. The density (ρ) of the pure carbon 

dioxide in the function of its pressure. CP 

indicates the critical point, PC=73.8 bar TC=31.0 

ºC, ρC=0.468 g/ml. The isotherm lines are 

dashed in the two phase region.   

 

 

 

 

 

 

General importance, green processes 

 Nowadays, the various applications of supercritical fluid technologies are constantly 

expanding, especially since the 1980’s. The large amount of studies and already existing 

methods in the fields of homogeneous and heterogeneous reactions, biocatalytic and 

chromatographic separations, or extraction and crystallization processes as well, reveal the 

importance of SCF techniques as versatile tools in the chemical and chemical engineering 

sciences. Apart from the previously mentioned advantages, the carbon dioxide as a supercritical 

media is of primary importance among the supercritical solvents, according to its 

environmentally benign nature and the suitability to replace toxic organic solvents. Additionally, 

the scCO2 is attractive as reaction media or solvent because of the following properties: 

• favourably low critical values permits the treatment of thermal sensitive compounds; 

• “Generally Recognized As Safe” (GRAS) and non-toxic; 

• widely available thus inexpensive; 

• non-flammable; 

• non-reactive with most of the solutes, even under radical and oxidising conditions; 

• product isolation without any organic solvent contaminations. 
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 Furthermore, the technologies using supercritical carbon dioxide could effectively reuse the 

amounts of exhausted CO2 gases, e.g. coming from fermentations or ammonia synthesis.  

 

 It is worthy to note here that the exploitation of water as a supercritical media is currently 

rediscovered and gains importance among the SCF processes besides the enormous applications 

of supercritical carbon dioxide. 

 Brief introductions of the most important applications of supercritical fluid technologies 

are discussed in the following paragraphs, with the aim to underline the diversity of these 

methods, which are generally regarded as “green processes”. 

 

 The possibility of tuning the solvent power of a supercritical fluid by its pressure and 

temperature is the basis of chiral separations or enantioselective reactions in supercritical media 

too. The techniques and examples of producing enantiomers in a supercritical process are 

derived from the most frequently used methods, which are described in this section. These 

techniques, as competitive or even more efficient methods compared to conventional resolution 

techniques, are summarized below with respect to the preparative scale production of the 

enantiomers. 

 

3.2 REACTIONS IN SUPERCRITICAL FLUIDS 

 The benefits of the supercritical fluids (SCFs) in reactions were first recognised by the 

polymer chemistry, and the importance of these reactions grows continuously since the early 

1990’s. The advantages of a supercritical media in chemical reactions arise from the well 

adjustable density of the SCF. Since the density of the reaction media can be affected by 

changing the amount of the supercritical fluid in a constant volume reactor, the chemical 

potential and the mole fraction of a solute at a constant molar concentration can be tuned as well. 

Thus the yield and the reaction selectivity are controlled easily.96 Other factors, like the dielectric 

constant, are also directly depend on the density and have effects on the outcome of a reaction. 

The tunable solvent power of the SCF provides an easy recovery of the catalysts in homogeneous 

conditions; moreover, the removal of cokes and side products from the catalyst surface by the 

supercritical media often preserves the activity and extends the lifetime of the heterogeneous 

catalysts. The increased reaction rate in these processes allows to considerably decrease the 

reactor volumes too.97 Since supercritical fluids possess no surface tension, the entire volume of 

the reactor is occupied by the SCF via quick diffusion. It is especially favourable when a 

compound is introduced to the reaction system in gas state, because of the eliminated transport 

limitations.   

The most frequently studied reaction types are the following: carbon-carbon coupling 

reactions; hydrogenations (homogeneous and heterogeneous); alkylations; etherifications and 
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esterifications; hydroformylations; photochemical and radical reactions; diels–alder 

cycloadditions; oxidation reactions; biotransformations; polymerisation reactions; miscellaneous 

catalytic synthesises.87,92,94,97  

Among the supercritical fluids, the scCO2 is the most widespread reaction media. In 

addition, modifiers or co-solvents are used to compensate the relatively apolar character of the 

scCO2 and to widen its application range. However, scCO2 is not recommended supercritical 

media if primary/secondary amines are present in the reaction because of carbamic acid 

formations.98  

 The water as another “green” solvent should also be emphasized during the discussions of 

reactions under supercritical conditions. The homogeneous mixtures of scCO2/water proved 

useful reaction media to successfully conduct both organic and inorganic reactions.99,100 The 

water in its supercritical state provides powerful oxidative conditions, however, it is a highly 

corrosive media (PC=22 MPa, TC=374 ºC). If organic compounds and oxygen are present in the 

scH2O, rapid oxidation occurs resulting mainly CO2, N2 and H2O molecules. Heteroatoms are 

transformed into simple inorganic molecules (acids, salts, oxides). One of the most important 

applications of the scH2O is the oxidation of various hazardous wastes such as dying 

wastewater101 even in industrial scale102.  

  

 Although the benefits of various enzymes in enantioselective processes are of distinct 

importance for a long time, the first experiments on enzyme catalysed reactions in scCO2 were 

only reported in 1985.103-105 The advantages of a supercritical media in enzyme catalysed 

reactions - such as increased reaction rates, easy tuning of the catalyst selectivity or simple 

product isolation - have been proven via numerous experiments. In these examples the carbon 

dioxide is decisively the most widely used supercritical solvent due to its benign properties.106 

Besides, the applicability of supercritical fluoroform was also demonstrated.107,108 The influence 

of the pressure and temperature of the scCO2 on the enantioselectivity (ES) is outlined in Figure 

3.3, during the acetylation of racemic 1-(p-chlorophenyl)-2,2,2-trifluoroethanol by Novozym.109  

 

The reactions can be performed as batchwise or semi-continuous operations, as shown in 

Figure 3.4. The introduction of the racemates to the supercritical media may also differ. The 

racemic 3-benzyloxypropane-1,2-diol was layered onto a zeolite adsorbent, to which the enzyme 

and the acylating agent was added 110; the racemic o-fluoroacetophenone was injected into the 

system through a valve 111. 
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Figure 3.3. Pressure dependence of 

enantioselectivity (ES) at different 

temperatures of scCO2 in the 

acetylation of racemic 1-(p-

chlorophenyl)-2,2,2-trifluoroethanol 

with vinyl acetate by Novozym. 

 

 

 

 

 

 

 

 

 

Figure 3.4. Equipments for lipase catalyzed reactions in supercritical fluid carbon dioxide. a.) 

Batch acylation of racemic 3-benzyloxypropane-1,2-diol with vinyl acetate by different 

lipases.110 b.) Semi-continuous reduction of racemic o-fluoroacetophenone with 2-propanol by 

Geotrichum candidum.111 1. CO2 vessel, 2. heat exchanger, 3. pump, 4. reactor packed with the 

immobilized catalysts, 5. circulating pump, 6. sample loop, 7. ice-cooled trap for product 

collection, 8. relief valve. 

 

 

 

 

It is also worth to note that carbamates may formed from the CO2 molecules and the free 

amine groups of the enzymes112, or the carbon dioxide might be incorporated in the substrate 
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binding spot of the biocatalyst113. These interactions can change the conformation of the enzyme 

and affects the enantioselectivity.  

 Although giving a comprehensive overview to demonstrate all the aspects of enzyme 

catalyzed kinetic resolution in scCO2 is not the purpose of this section, the various experiments 

mentioned above, or other examples such as enantioselective reduction114, hydrolysis115 or 

estherification116 prominently highlight both the diversity and applicability of this method. 

 

Enantioselective reactions are also efficiently catalysed by chiral metal complexes or 

phosphorous compounds, either in homogenous or heterogeneous processes.97 The most 

frequently cited examples are the enantioselective hydrogenation117-120 and  

hydroformilation119-121 reactions. Interestingly, supercritical carbon dioxide can be the media for 

asymmetric carbon-carbon coupling reactions too, as described by Wegner et al.122 

Heterogeneous diastereoselective oxidation of sulphur compounds was carried out under 

supercritical carbon dioxide conditions.123 Outstandingly, the studied oxidation was completely 

non-selective in conventional organic solvents, in contrast with the scCO2-method, where 

diastereomeric excess over 95% was achieved. Apart from carbon dioxide, Wandeler et al. 

investigated the relation between the phase behaviour and catalytic performance during the 

enantioselective conversion of ethyl pyruvate to ethyl lactate in supercritical ethane with 

cinchonidine-modified Pt/Al2O3 catalyst.124 It should be noted that carbon dioxide caused 

deactivation of the same catalyst during enantioselective hydrogenation of ethyl pyruvate, 

reported by Minder et al.125 

 The challenging tasks to create an entirely green resolution process such as maximizing the 

recyclability of the reaction media or optimizing the catalyst efficacy, have efficiently been 

solved by performing enantioselective reactions in the mixed system of ionic liquid (IL) – 

supercritical fluid carbon dioxide. The advantages of ILs are basically given by their high 

thermal stability, low vapour pressure, tunable physical properties by anion/cation selection and 

outstanding ability to stabilize immobilized catalysts; however, the recovery of organic reaction 

products from ILs is circumstantial. This drawback is surmounted by the fact that scCO2 

indicates high solubility in the IL, however scCO2 does not dissolve the ionic liquid.126 As a 

result, homogeneous reaction conditions can be provided by accurate P and T set; leading to low 

viscosity of the reaction media and high diffusivity of the dissolved compounds. Thus, increased 

reaction rates can be achieved. The products are obtained from the supercritical solvent (as a 

light phase) after the re-formation of the heterogeneous system, consisting of the supercritical 

fluid and IL phases.127 An excellent example of the so-called phenomenon “miscibility 

windows” was reported by Damen et al. for the production of levodopa via asymmetric 

hydrogenation.128 
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Enzyme catalysed kinetic resolutions of ionic liquid coated substrates in scCO2 were 

reported by several groups.129-131 In kinetic resolutions, however, the maximum chemical yield of 

a product is 50 %. The dynamic kinetic resolution, as an effective method to minimize the 

production of unwanted enantiomers by simultaneous racemization, can also be accomplished in 

the biphasic system of ionic liquid – scCO2. Lozano et al. resolved racemic  

1-phenylethanol by enantioselective acylation, using immobilized Candida antarctica lypase as 

biocatalyst and benzenosulfonic acid as racemization catalyst, both coated in butyltrimethyl 

ammonium(bis(trifluoromethane)sulfonyl imine). Supercritical carbon dioxide (P=10 MPa,  

T=50 ºC) was used in continuous flow to transport the substrates and products through a packed 

reactor, containing the catalysts on a glass wool support. The experimental setup is depicted in 

Figure 3.5. As a best result, Lozano et al. obtained the (R)-1-phenlyethyl propionate product in 

78 % yield and 92 % enantiomeric excess (F=0.72, Fmax=0.75 in this setup).132 

 

Figure 3.5. Experimental device for the dynamic kinetic resolution of racemic 1-phenylethanol in 

ionic liquid – scCO2 biphasic system. 1. liquid CO2 tank, 2. syringe pump, 3. HPLC pump, 4. 

substrates feed, 5. packed reactor, 6. heated restrictor, 7. product collector, 8. pressure, 

temperature and flow control.132  

 

3.3 CRYSTALLIZATION FROM SUPERCRITICAL FLUIDS 

 The particle size and size distribution of a crystalline phase play determining role in the 

pharmaceutical industry by affecting the solubility and therefore therapeutic effects of a product. 

Though traditional particle formation methods such as crushing, grinding, milling, freeze or 

spray drying, sublimation or recrystallization from organic solvent are well known techniques, 

the following disadvantages are also associated with many of them, withdrawing their 

applicability: 

• high temperatures can lead to thermal degradation of sensitive components and size 

reduction can occur; 

Catalyst for enantioselective 
acylation 

Catalyst for racemization 
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• intense mechanical milling and grinding cause denaturation of the products and  

requires high energy inputs; 

• electrostatically charged particles may formed; 

• product contamination by solvents and solutes, generating large amounts of wastes; 

• difficult to prepare monodisperse solid mixture. 

  

 Crystallization with the use of supercritical fluids (mostly with scCO2) offers evident 

solutions to create oversaturated solutions of the solute(s) and produce fine powders, by 

exploiting the different solubility of a component in the SCF. The size and the morphology of the 

precipitates are influenced by the tuning of supersaturation and nucleation rates via the process 

parameters. The most important techniques of crystallizations from supercritical media are 

summarized in the following. 

 

Rapid expansion of supercritical solutions (SEDS) 

 During the process, the material to be powdered is dissolved by the supercritical solvent 

(scCO2) and is subsequently expanded in a crystallization chamber through a nozzle. As the 

solvent power of the scCO2 drops due to the depressurization, rapid oversaturation, thus 

precipitation is achieved. The applicability of the RESS method, however, is limited by the 

solubility of the component; furthermore high ratio of the supercritical solvent/dissolved 

substance is required. A schematic drawing of the RESS equipment is shown in Figure 3.6. A 

comprehensive review on the RESS process was given by Tom and Debenedetti.133 The 

supercritical ethylene, water, ethanol or trifluoromethane can also be applied to precipitate 

inorganic materials (Al2O3), pharmaceutical (β-carotene, lovastatin) or polymer compounds 

(poly-methyl methacrylate, poly-glycolic acid).  

 

Figure 3.6. The set up of the 

RESS process. 1. CO2 tank, 

2. cooler, 3. pump, 4. heater, 

5. extraction unit, 6. 

precipitation unit. 

 

 

Particles from gas saturated solutions (PGSS) 

 In this process, a compressed gas is dissolved in the component, whilst both the melting 

point and the viscosity of the mixture are lowered. The gas-saturated solution then expanded 

through a nozzle in a spray tower. The largest precipitates are collected there, while the crystals 

with smaller particle sizes are recovered by a cyclone or by an electrofilter, respectively. During 

1 

2 3 4 

5 6 
gas 

particles 
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the expansion, the temperature of the dense substance-gas mixture is decreased below the 

solidification point, according to the Joule-Thomson effect (in the case of positive Joule-

Thomson coefficient). This method generally gives high supersaturations and fine powders. 

Besides the scCO2, supercritical propane, butane, nitrogen or ethanol are also used to create fine 

powders from polymers, waxes, natural products or fat derivatives. A general set up of the PGSS 

process is depicted in Figure 3.7. 

 

Figure 3.7. Application for particle 

formation by the PGSS method. 1. 

Autoclave containing the gas-saturated 

solution, 2. pump, 3. spray tower, 4. 

cyclone,  5. electrofilter. 

 

 

 

 

 

Gas anti-solvent processes (GAS) 

 In the case of negligible solubility of a compound in the supercritical fluid, the controlled 

crystallization is performed by taking advantage of the anti-solvent effect of the SCF. The 

material to be micronized is first dissolved in an appropriate solvent and subsequently contacted 

by the anti-solvent (supercritical fluid). The process is viable in continuous and batch operation 

modes too, as shown in Figure 3.8. a.) and b.) respectively. As the anti-solvent and the solution 

mix, the solvent power of the classical solvent reduces significantly and precipitations of the 

oversaturated components occur. As an important criterion, the liquid solvent must possess a 

good solubility in the SCF. There are several types of continuous GAS processes, such as 

Supercritical Anti-Solvent fractionation (SAS), Precipitation with a Compressed fluid Anti-

solvent (PCA), Solution-Enhanced Dispersion of Solids (SEDS) or Aerosol Solvent Extraction 

Systems (ASAS). Organic molecules, explosives or proteins are generally micronized by the 

GAS method. A comparative characterization of the above discussed precipitation methods are 

given in Table 4.1. 

 

 The separation of stereoisomers (enantiomers and/or diastereomers) is also feasible via 

selective precipitation methods from supercritical solvents (such as GAS or SEDS techniques) 

via diastereomeric compound formation, although utilization of these processes for chiral 

resolutions is rare. 
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Figure 3.8. Experimental equipments for a.) continuous and b.) batch GAS process. 1. CO2 tank, 

2. solution of component to be powdered, 3. cooler, 4. pump, 5. heater, 6. precipitation unit,   

7. depressurization vessel. 

a.) continuous GAS process        b.) batch GAS process 

  
 

Table 4.1. Comparison of RESS, PGSS and GAS methods. 

Characterization \ Method RESS PGSS GAS 

Particle size, µm 0.1-10 0.5-50 0.5-500 

Pressure range, MPa 10-60 4-12 4-10 

CO2 demand high low medium 
Volume of pressurized 

equipment 
large small medium-large 

Organic solvent unnecessary unnecessary necessary 

Operation mode batch continuous 
batch or 

continuous 
Separation of gas/solid difficult circumstantial circumstantial 

Separation of gas/solvent not required not required difficult 

Examples steroids 134 polyethylene glycols 135 proteins 136 

   

 Martin and Cocero et al. reported the resolution of racemic mandelic acid with  

(R)-phenylethylamine chiral reagent via the GAS method.137 The separation of the stereoisomers 

were achieved by pumping the organic solution of the racemate and resolving agent into a 

crystallizer vessel that was previously loaded with scCO2. According to the differences in the 

solubility of the enantiomers/diastereomeric salts, precipitation occurred. The crystalline product 

was filtered, while the rest of the dissolved materials were obtained by the decompression of the 

supercritical fluid phase. Total and partial diastereomeric salt formations were also studied; 

furthermore, in situ diastereomeric salt formations under supercritical conditions were performed 

solvent 
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by separate injection of the solutions of the racemic acid and the chiral selector into the 

pressurized precipitator. The application used by Cocero et al. is depicted in Figure 3.9. 

Figure 3.9. Application for chiral resolution by gas anti-solvent process. 1. CO2 tank, 2. cooler, 

3. pump, 4. coriolis flow meter, 5. heater, 6. crystallizer (with 1.2 litre volume), 7. solution 

pump, 8. cartridge filter, 9. electrical resistance, 10. separation flask.137 

 

 The influence of the crystallization pressure (8 MPa<P<15 MPa) and temperature  

(35 ºC<T<55 ºC) were investigated in all of the three series of experiments. The best results were 

obtained by both the partial and total diastereomeric salt formations prior the injection of 

solutions (ee≈35 %, Y≈40% (R)-mandelic acid). 

 Kordikowski et al. demonstrated the suitability of the SEDS process by performing an 

efficient resolution of racemic ephedrine with enantiomerically pure (R)-mandelic acid via 

precipitation of the corresponding diastereomeric salts.138 The crystallization application used by 

Kordikowski et al. is depicted in Figure 3.10. In the course of experiments, the methanol solution 

of (R)-mandelic acid and racemic ephedrine (1 : 2 ratio, respectively) was combined with scCO2 

in certain flow rates and was injected into a thermostated crystallization vessel, whereas the 

alcohol was dissolved in the supercritical solvent and the diastereomeric salts precipitated. The 

crystals were collected by a filter at the bottom of the crystallizer; the methanol solution of the 

unreacted enantiomers was retrieved after a decompression of the fluid phase.  

 

Figure 3.10. Equipment for chiral 

resolution by the SEDS method. 1. 

CO2 tank, 2. cooler, 3., 7., 10. pumps, 

4. pulse dampener, 5. crystallization 

vessel, 6. solute solution, 8. oven, 9. 

additional solvent, 11. back pressure 

regulator, 12. solvent collector.138 
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It was found that the resolution basically depends on the density of the supercritical 

solvent. The pressure and temperature ranges of 10-35 MPa and 35-75 ºC were tested, 

respectively. The obtained effects were explained by the difference of fusion enthalpy values 

between the enantiomers. As results, the diasereomeric excesses of the prepared (1R,2S)-

ephedrinium-(R)-mandelate salts were approx. 90 % with 40-45 % yield.  

   

 As indicated, these ways of exploitations of the supercritical phase led to relatively good 

resolutions with the possibility of easy scaling-up. It was proven that applying a solvent above its 

critical point gives an additional parameter to increase the enantioseparation efficiency; however, 

the organic solutions of the stereoisomers must be handled in all cases.  

 

3.4 SUPERCRITICAL FLUID CHROMATOGRAPHY 

In many cases the supercritical fluid chromatography (SFC) is a competitive or even more 

advantageous analytical (or preparative) method compared to chiral gas– or liquid 

chromatography (GC, LC), as it is given by the fact that an eluent above its critical values can 

behave as a substance carrier, like mobile phases in GC, or it can be a solvent of the substances, 

similarly to the LC methods. Although the discovery of SFC was reported in 1962139, sudden 

development of these technique was started only in the 1980s.140 Despite the fact that numerous 

analysises were developed, the unsatisfactory instrument robustness of these methods caused a 

drawback for SFC techniques in the beginning of 1990s. The eliminations of these difficulities 

and the significantly shortened analysis time provided a breakthrough for the supercritical fluid 

chromatography that is now a prospering area again.  

 Numerous advantages are ascribed to SFC methods both in analytical and preparative 

scales, which postulates the wide applicability of the SFC separations: 

• easily tunable solvent power of the eluent by accurate set of the eluent density (P and T 

dependent); 

• no disadvantageous peak tailing effects are observed as no ionic interactions are formed 

between the dissolved compounds and stationary phases; 

• easy and fast method developments are realized; 

• highly reproducible separations are preformed; 

• the column lifetime is significantly longer in SFC applications; 

• quick and more efficient separations are performed compared to LC methods, caused 

by the low viscosity and high diffusivity properties of the supercritical eluent; 

• simple collection of the concentrated fractions is possible without any additional steps 

for organic solvent removal; 
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• SFC capillary columns have significantly smaller inner diameters and the stationary 

phases are more highly cross-linked, compared to conventional GC methods; 

• SFC has greater sample base compared to GC methods, since a portion of the thermal 

energy (that is necessary for solute mobilization) is covered by the solvation energy. 

The supercritical fluid carbon dioxide is undoubtedly the most important moving phase 

according to its easily variable eluent strength power, simple collection of concentrated fractions 

by depressurization and wide polarity range if modifiers are added.  

 The current trends in SFC development are well summarized by Taylor141, indicating the 

importance of separations with packed and open tubular columns (inner diameters between 50-

100 µm), on the following fields:  

• preparative separations; 

• simulated moving bed chromatography; 

• natural product applications; 

• SFC coupled with mass spectrometry; 

• analytical chiral separations; 

• analytical achiral separations. 

 

Since exhaustive introduction of supercritical fluid chromatographic methods is out of the 

scope of this work, herein I only refer to some other important reviews in this topic.142-144 

 

Since the first introduction of sub- and supercritical fluid chromatography in 1985145, a 

number of highly selective enantiomer separations by chromatographic methods have been 

developed using an eluent above its critical values. By now, enantioselective SFC methods are of 

importance both in analytical and preparative scales.146 A list of numerous analytes and the 

corresponding chiral stationary phases are also collected in the aforementioned paper. Besides 

the already discussed benefits of SFCs, its application in chiral resolutions is attractive because 

of the following reasons: 

• lower operation temperature decreases the possibility of racemization compared to 

conventional GC methods;147 

• in contrast with liquid chromatography (LC), the higher diffusivity of the solutes and 

lower viscosity of the eluent is beneficial to increase the resolution efficiency and to 

reduce the analysis time;148 

• rapid equilibrations in the columns enables quick evaluation and simple parameter 

optimization; 

• enhanced column efficiency improves peak resolution and reduces the probability of  

interferences between the components of the sample as well. 
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 A nice example, which indicates the more favourable performance of the SFC over chiral 

HPLC separation was reported by Toribio et al.149 In general, chiral separations are performed 

with packed column and open tubular columns, however, the sample capacity of the latter one is 

quite low. The packed column systems are widely applied mostly because numerous LC chiral 

stationary phases are easily applicable in SFCs too.150 In these methods, the influence of 

modifiers, pressure, temperature and flow rate on the enantiomer separations are well 

demonstrated by Williams et al.151 

 Among the chromatographic techniques, the simulated moving bed (SMB) approach is one 

of the most productive methods, based on a continuous counter-current movement of the 

stationary and mobile phases. The coupling of the SFC and SMB technologies is a promising 

way for producing enantiomers in a preparative scale, as reported by Johannsen et al.152 

Apart from the above cited publications, several other reports also emphasize the efficiency 

of the chiral SFC systems.153,154  

 

3.5 SUPERCRITICAL FLUID EXTRACTION 

 Component separation by supercritical fluid extraction (SFE) is based on the different 

solubility of the compounds in the supercritical solvent. Due to the easy tuning of the solvent 

power and easy recovery of the dissolved compounds coupled with frequently a high separation 

efficiency, the SFE is of primary importance among the separation processes and it is the most 

widely applied supercritical technique. The first patent dealing with supercritical fluid extraction 

was given by Messmore in 1943155, although the first industrial application was attained only in 

1978.156 

 Both the yield of a solute and the separation selectivity highly depend on solubility 

properties. In general, a component with high vapour pressure possesses good dissolution in a 

supercritical medium or its solubility is better if the bulk density of the SCF is increased. In SFE 

processes, using scCO2 as solvent, the component solubility is deteriorated as the polarity or the 

molecular weights of the solutes are increased. Among hydrocarbons, those of the molecules, 

which contain more double bonds or have a more branched structure, indicate higher solubility in 

the apolar supercritical solvent.  

 There are useful techniques to enhance the solubility of a given component. Attaching 

perfluoro or polysiloxane groups to a molecule is an efficient tool to increase solubility, even for 

high molecular weight polymers157 or metal ions158. Solubility of amino acids via 

N-derivatization by carbobenzoxy groups was remarkably increased too.159 At these techniques 

the solubility is enhanced through one or by the combination of these ways: the polar region of 

the target molecule is blocked or covered by the apolar modifiers, moreover CO2-philic segments 

strengthen the solvent-solute (van der Waals) interactions. According to another outstanding 

approach, the solubility problems of polar substances in scCO2 were overcome by utilizing 
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fluorinated surfactants, which create stable microemulsions of water-nano droplets/scCO2.
160  

Addition of co-solvents (entrainers) such as methanol, ethanol, acetonitrile or dichloromethane in 

certain concentrations also can boost the component solubility via solute-co-solvent 

interactions.161 A mathematical modelling approach to solubility issues if an entrainer is present 

in the system was reported by Ruckenstein et al.162 A comprehensive study on solubility 

enhancement of a solute in SCFs was given by Lu et al.163  

 The exploitation of the so-called “crossover” may also lead to perform selective 

separations.164 A demonstration of this phenomenon for a binary solid-fluid system is depicted in 

Figure 3.11.  

 

Figure 3.11. Solubility of a solute in supercritical solvent at 

different temperatures. PL and PU represent the lower and 

upper cross over pressures, respectively.  

 

 As the pressure of a solute in a SCF is increased 

under isotherm conditions, a decrease in the solubility takes 

place and reaches a minimum. Further increase in the 

pressure leads to an exponential increase of the solubility 

close to the critical point. The two pressure values, to 

which the isotherms converge, are known as lower and 

upper cross over pressures. Within that region, the solute 

solubility is decreased if the temperature is increased at a constant pressure. 

  

A schematic of a typical supercritical fluid extraction equipment using scCO2 as solvent is 

shown in Figure 3.12. 

 

Figure 3.12. Equipment for supercritical 

fluid extraction. 1. CO2 tank, 2. cooler, 

3. pump, 4. heater, 5. extractor vessel, 6. 

and 7. separators, 8. condenser. 

P5>P6>P7. 

  

 The carbon dioxide is fed from a 

tank while its pressure and temperature 

are set to the desired supercritical values 

by a pump and a heater. The extractor 

vessel is loaded by the extractable materials, from where the dissoluble components are 
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transported into the thermostated separator(s). The recovery (precipitation) of the dissolved 

components occurs due to their decreased solubility in the subcritical solvent at the lowered 

pressure and/or temperature. The series of separators in the flow line provide great advantages 

for the fractionation of the solubilized compounds by setting different pressures (and 

temperatures) in the vessels. At the end of the process, the carbon dioxide can be recycled.   

 For industrial applications of supercritical fluid extraction, the operational costs can highly 

depend on the the ways of presenting the supercritical conditions. On Figure 3.12, a liquid pump 

is indicated, which generally requires a cooler in the incoming pipe, and the CO2 is heated above 

its critical temperature by another heat exchanger before entering the extractor. If a gas 

compressor is used, the pressurization may require stepwise process owing to the overheating of 

the CO2 by compression. To set the operation temperature, isobaric cooling of the supercritical 

solvent could also be necessary, although, the decompressed gas coming from the separators can 

be fed directly into the compressor for another recycle step. The compressor or pump options are 

chosen after energy-cost calculations. In general, liquid pumps are used if high extraction 

pressures (>15 MPa) and moderate temperatures (<80 ºC) are desired; while compression is 

advantageous if one step pressurization is sufficient during the separation (lower pressure, higher 

temperature).  

 Both liquid and solid phases can be subjected to supercritical fluid extraction; however the 

latter one is more common. The easy realization of cross-flow or counter current continuous 

processes, the simple process design and handling without dead times are the obvious advantages 

related to the SFE of liquids. In the case of solid extraction, only a quasi-continuous flow of the 

material can be achieved by creating a cascade connection of the extractors.  

 Supercritical fluid extraction is generally applied separation technique in the food and 

flavouring, cosmetic, petrol or pharmaceutical industries to prepare high value drugs or to 

remove undesired substances from a raw material. Specific applications, such as 

decontamination of soils165, extraction of trichloroanisol from cork stoppers of wine bottles166 or 

cleaning of silicone wafers from microprocessors167 are also known. 

 The most important parameters to control and optimize the separations by SFE are the 

following: pressure, temperature, (density), flow rate, polarity and linear velocity of the 

supercritical solvent, feed concentration, operation mode, quantity and quality of the selected 

entrainers. 

  

The idea to produce enantiomeric mixtures with the aid of supercritical carbon dioxide 

(scCO2) as solvent was first introduced by our research group.168 The method is based on chiral 

differentiation of a racemate by a resolving agent and subsequent separation of the scCO2-

soluble unreacted enantiomers from the partially formed diastereomeric salts via SFE, as shown 

in Figure 3.13.  

38 
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 These enantioseparation processes are generally faster than the traditional crystallization; 

significantly less organic solvent is necessary, the extracted enantiomers are recovered without 

any solvent traces, moreover, the tuning of the extraction pressure and temperature can 

significantly contribute to maximize the resolvability. The enantioseparations of racemic cis-

chrysanthemic acid169, tetramisole170 or cis- and trans-permetric acids171 via diastereomeric salt 

formations are well known examples for the efficient application of resolutions with subsequent 

supercritical fluid extraction.  

 Further investigations proved that chiral resolutions combined with SFE are also realizable 

via diastereomeric complex (molecular complex or co-crystal) formation. In these cases, H-

bonds and van der Waals interactions stabilize the diastereomeric compounds, which were found 

to be stable enough to achieve enantiomer separation under the SFE conditions used. The 

formation of molecular complexes bears an additional advantage compared to the resolutions via 

diastereomeric salt formation, namely that directed decomposition of the diastereomeric 

associates is possible by a careful set of the extraction pressure and temperature.172 Thus the 

opposite enantiomers can be obtained in fractionated supercritical fluid extractions without any 

circumstantial decomposition procedures. If the mixture of diastereomers and unreacted 

enantiomers are formed in a melt phase, the organic solvents are fully eliminated from the 

system. 

 

Figure 3.13. Resolution via supercritical fluid extraction. 

 

  Several parameters play important role in the outcome of a resolution by SFE. The 

outstanding influences of the resolving agent : racemate molar ratio (mr) or the extraction 
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pressure and temperature are demonstrated on the example of the resolution of racemic ibuprofen 

with (R)-phenylethylamine in the followings. This research can be partly regarded as antecedents 

to my experimental work, conducted by Keszei.173 

 The maximum amount of the chiral selector is limited by stoichiometrics; since no 

enantiomeric mixtures are extracted at a complete diastereomeric compound formation (no 

scCO2 soluble material is present in the sample). Small molar ratios of the resolving agent lead to 

relatively high enantiomeric excesses in the raffinate, although its yield is low. The increase of 

the molar ratio results in low extract yields, however, with enhanced purity. As the resolution 

efficiency (F, see Eq.(10)., section 5.) is calculated from the yields and enantiomeric excess 

values, it displays a maximum curve in the function of the molar ratio, shown in Figure 3.14.  

 

Figure 3.14. Effect of the resolving 

agent molar ratio (mrPhEA) in the 

resolution of racemic ibuprofen 

with (R)-phenylethylamine via 

supercritical fluid extraction. 

 

  This phenomenon is in a 

good agreement with the results of 

Pope and Peachey80, emphasizing 

that the best resolvability is 

achieved when approximately half equivalent of the resolving agent is used. It must be noted that 

the optimal molar ratio is often a fraction value in the case of diastereomeric complexes (co-

crystals). The evaluation of the effects of extraction pressure and temperature on the resolution 

of ibuprofen was performed by a full factorial experimental design, as described by the 

methodology in the Appendix in section A-4.1. As it is depicted in the Pareto chart in Figure 

3.15, only the linear term of the pressure possessed significant influence in the resolvability at 95 

% significance level.  

 

Figure 3.15. Pareto chart of the 32 full 

factorial experimental design, influence 

of the extraction pressure and 

temperature on the resolution efficiency, 

resolution of ibuprofen with (R)-

phenylethylamine via SFE. Dashed line 

represents 95% significance level.  
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 The results are also depicted in the surface diagram in Figure 3.16, which indicates the 

obtained F-parameter values within the studied pressure and temperature ranges. The best results 

were achieved at P=15 MPa and T=33 ºC, mrPhEA=0.5. 

  

 According to the comparison of resolutions via SFE in the aspects of searching for 

significant influences of extraction parameters on the resolvability, it was found that several 

terms of the pressure and temperature were found to be significant if the diastereomeric 

compounds were dissoluble in the supercritical media in a certain extent. This is probably caused 

by the dissociation of the diastereomers that leads to a quicker equilibration of the stereoisomers, 

compared to resolutions where the equilibria is hampered by the solid-supercritical fluid phase 

transition.174 It was also concluded that the extent of an influence increases if the solubility of the 

racemate decrease, in the case of poor diastereomeric dissolutions. 

 

Figure 3.16. Surface diagram of the 

32 full factorial experimental design, 

resolution of ibuprofen with (R)-

phenylethylamine via SFE.  

F = 0.0548+0.00247×P. 

 

 Beside the type and quantity of 

the resolving agents or the settings of 

the operational parameters (P, T), 

other factors should also be taken 

into account affecting the outcome of 

the resolutions by SFE. The 

importance of the used inert support 

such as activated carbon or Perfil 100TM (added to the samples with the purpose of increasing the 

penetrability of the extraction bed for scCO2) was well demonstrated during the resolution of 

tetramisole with O,O’-dibenzoyl-(2R,3R)-tartaric acid monohydrate.175 

 The applicability of using mixtures of resolving agents was proved to be useful via few 

examples in SFE resolutions too. Better resolutions of racemic N-methylamphetamine with 

different mixtures of O,O’-dbenzoyl-(2R,3R)-tartaric acid monohydrate, O,O’-di-p-toluoyl-

(2R,3R)-tartaric acid and (2R,3R)-tartaric acid were achieved at some resolving agent 

concentrations, when the sum molar ratio of the selected resolving agent mixtures were set to 

0.5, compared to the resolvabilities achieved by the individual resolving agents. On the other 

hand, the change of the mole fractions of the chiral selectors at the constant sum molar ratio of 

0.25 caused no remarkable differences in the resolution efficiencies.176 
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 Another interesting approach is the in situ derivatization of the racemate with a chiral 

selector under supercritical conditions. Bauza et al. reported the feasibility of this method for 

analytical purposes on the resolution of chiral carboxylic acids.177,178  

 Valentine described a logical study of designing, synthesizing and applying scCO2 soluble 

resolving agents for the resolution of racemic ibuprofen.179 Since both the racemate and the 

resolving agents were dissolved in the supercritical media (homogenous reaction environment), 

the chiral separation was expected to occur due to the different dissolubility of the apolar 

stereoisomers; in contrast with the aforementioned cases where the resolution is based on the 

separation of apolar racemates from the partially formated polar diastereomers. For this reason, 

various fluorinated derivatives of the L-lysine and quinine have been designed and prepared. An 

example of the determined solubility differences of the salts of racemic ibuprofen and fluoro-

alkylated L-lysine is depicted in Figure 3.17. 

 

Figure 3.17. Phase behaviour diagram of 

fluoroalkyl L-lysine, racemic ibuprofen and 

their salts at 35 ºC.    

 

 The fractionated separation of the 

dissolved compounds was, however, rather 

complicated because of the relatively small 

differences in the observed cloud point 

pressures, especially in the case of the salts, 

thus accurate pressure tuning is a key to the 

establishment of the process. Though the 

precipitated salts were recovered with poor 

yield and with low enantiomeric excesses in most of the cases (<50 %), Valentine’s experiments 

outlined a new approach for direct derivatization and separation of the opposite enantiomers by 

SFE, if remarkable phase behaviour differences are realized. 
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4. INTRODUCTION OF THE STUDIED RACEMATES 
 

4.1 IBUPROFEN 

 The ibuprofen (1), (2-(4-isobutylphenyl)propionic acid) is a non-steroidal anti-

inflammatory drug that is generally used in a number of medicines as active ingredient against 

arthritis, menstrual symptoms, fever and pain. Despite that primarily the (S)-1 antipode is 

responsible for the biological activity, the ibuprofen is still marketed in racemic form.180 Thus, 

the racemic ibuprofen is an important candidate to the so-called “chiral switch”.12 

 

 

 

 

 

Besides the chemical properties, the reactivity and health information of the ibuprofen are well 

known. The ibuprofen is of considerable importance as a model compound in chemical research 

and is the topic of numerous publications. Table 5.1 gives a brief overview of the diversity of 

these studies. 

 

Table 4.1. A summary of various publications on ibuprofen as a model compound. 

Topic Ref. 

Asymmetric synthesis 181,182 

Enzyme catalyzed  resolutions 183,184 

Enzyme reactions coupled with ionic liquids  185,186 

Enzymatic membrane reactor study 187 

Kinetic resolution coupled with pervaporation 188 

Resolution by protein stationary phase 189 

Dynamic kinetic resolution 190 

Chemical resolution 191 

Racemization study 192 
Enantioseparation by supercritical fluid simulated moving bed 

chromatography 
193 

Chemical resolution by SFE 169,179 

Solubility enhancement 194,195 

Crystallization (RESS) and morphology studies 196-198 

 

 

 

COOH
*

1 
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4.2 trans-1,2-CYCLOHEXANEDIOL 

 The trans-1,2-cyclohexanediol (7) is used as a favourable chiral auxiliary199,200 or building 

block201,202 in various reactions. Several publications are described in the literature to prepare the 

enantiomerically enriched mixtures of trans-1,2-cyclohexanediol derivatives via enzyme 

catalysis203-205 or by chemical derivatization agents206-208. Asymmetric hydrogenation was also 

effectively used to prepare 7 enantiomers.209 The melting point phase diagram of the (1R,2R)-7 

and (1S,2S)-7 enantiomers was determined by Leităo et al.210  

 

           

 

 

 

 

 The aforementioned enantiomer separation techniques are based on enantioselective 

covalent bond formations. Although the enzymatic processes give products with usually high 

enantiomeric excess, a number of steps and organic solvents are required. In contrast, 

Kawashima et al. reported a resolution technique for racemic 7 using optically pure  

(1R,2R)-cyclohexanediamine as resolving agent.211 The enantiomeric differentiation was 

supposed to accomplish via hydrogen bonds being formed between the opposite enantiomers and 

the resolving agent. After few recrystallizations and silica-gel column purification of the 

precipitated crystals, the (1R,2R)-7 product was recovered in 67 % enantiomeric excess.  

A co-crystal formation between the racemic 7 and (2R,3R)-diaminobutane was also reported by 

Hanessian et al.212 
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5. GENERAL DEFINITIONS AND EQUATIONS 

 

Enantiomeric excess 

 100×
+
−=

RS

RS
eeExtr  % in the extract,            Eq.(1). 

 100×
+
−=

RS

SR
eeRaff  % in the raffinate,           Eq.(2). 

where S and R are the mass of S and R enantiomers, respectively.  

 

Yield of extract and raffinate enantiomeric mixtures  

racematem

senantiomerextractedm
YExtr = × 100 %,           Eq.(3). 

racematem

senantiomerraffinatem
YRaff = × 100 %,           Eq.(4). 

where “m” is the mass of the materials; subscripts “Extr”  and “Raff” indicate the data 

corresponding to the extract or raffinate, respectively. 

 

Definitions of the molar ratios: 

 

 

 

 

molar ratio of (R)-phenylethylamine: 

IBUrac

PhEA
PhEA n

n
mr

−

= ,              Eq.(6). 

molar ratio of benzylamine: 

IBUrac

BA
BA n

n
mr

−

= ,              Eq.(7). 

sum molar ratio of the amines: 

BAPhEA
IBUrac

BA

IBUrac

PhEA
Base mrmr

n

n

n

n
mr +=+=

−−

,           Eq.(8). 

molar ratio of (2R,3R)-tartaric acid: 

CHDrac

TA
TA n

n
mr

−

= ,               Eq.(9). 

where n is the molar amount of the compounds. 

mrresolving agent= 

molar amount of resolving agent 

molar amount of racemate 

Eq.(5). 
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Resolution efficiency, resolvability, enantiomer separation efficiency    

For the characterization of the efficacy of a resolution, the product of enantiomeric excess and 

yield values of an enantiomeric mixture is generally used and accepted as an efficiency parameter 

(known as the Fogassy-parameter).57 In my experiments, both the separation efficiencies of the 

extracts and raffinates are aimed to increase. For this reason, a generalized resolution efficiency 

parameter was used to evaluate the outcome of the resolutions, as defined by the following 

equation: 

F = eeExrt ×YExtr + eeRaff ×YRaff = FExtr + FRaff                    Eq.(10). 

 

Relative amount of carbon dioxide used in the extractions 

racematem

COm
COrel

2
2=   Eq.(11). 

Brunner’s equation 213 

  

YExtr = A × [1-exp(-B × CO2
rel)],                       Eq.(12). 

 

where A and B are constants. The modified Brunner’s equation is: 

  

YExtr = A × [1-exp(-B × CO2
rel)] + CPhEA × CO2

rel,                    Eq.(13). 

 

where CPhEA (or CBA) describes the dissolution rate of the phenylethylamine – ibuprofen  (or 

benzylamine – ibuprofen) salts, respectively. 

 

Material loss 

Material loss = 100 – (YExtr + YRaff) % Eq.(14)
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6. RESOLUTION OF IBUPROFEN WITH (R)-PHENYLETHYLAMINE BY 

SUPERCRITICAL FLUID EXTRACTION 

 

In the beginning of my Ph.D. work, several resolution experiments were run to screen the 

possible influencing factors of the resolution via SFE, and to study the effects of the chosen 

parameters at the sample preparation step. As a model, the resolution of the racemic ibuprofen 

(1) was chosen according to the considerations described in section 4.1.  

 Though, the success of a resolution is basically determined by the formation of 

diastereomers via appropriate interactions, the tuning of the influencing parameters and 

operational conditions affect not even the resolvability but the feasibility of the applied methods. 

The formation of the diastereomeric associates before the extraction step, called as “sample 

preparation step”, can be influenced by several parameters: the time and temperature of the 

crystallization, the amount and type of the used materials or solvents. Generally in my 

experiments, the extractions were stopped when the yield of the extracted ibuprofen reached the 

approx. 50 % value, regarding the amount of the racemate. 

 

6.1 THE INFLUENCE OF THE RESOLVING AGENT MOLAR RATIO 

One of the most important influencing factors regarding the outcome of a resolution is the 

molar ratio (mr) of the chiral selector to the racemate (Eq.(5).). The F-parameter exhibits the 

generally observed correlations during the resolution of ibuprofen (1) with  

(R)-phenylethylamine (2). Although a preliminary study of the molar ratio dependence of F 

during the resolution of 1 by 2 was already performed by Keszei173, I found important to repeat 

and supplement those data (see Figure 3.14.), in order to have a more accurate molar ratio 

dependence as control results for further resolution experiments. I used the same extraction 

parameters in all of my further experiments, P=15 MPa, T=33 ºC. 

Perfil 100TM, an inert support was added to the samples before the evaporation. The 

diastereomers and unreacted enantiomers were precipitated during the evaporation of ethanol. 

The molar ratio dependence of F is shown in Figure 6.1. The resolution data are collected in the 

Appendix, Table A-2.1. To demonstrate the reproducibility of my experiments, the resolution 

efficiency of F=0.388±0.005 was obtained at mrPhEA=0.53±0.01. 
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Figure 6.1. Resolution efficiency 

as a function of the molar ratio, 

resolution of racemic ibuprofen 

with (R)-phenylethylamine by 

SFE.  

 

As conclusion, the best F 

value was achieved at 

mrPhEA=0.55. Although the “half 

equivalent of resolving agent is 

the best” principle by the Pope-

Peachey method80 was well 

proven by the obtained results, I have also found that the resolvability data are in good 

agreement with the generally experienced fact, namely: the highest resolvability is achieved 

when a bit higher ratios of the molar ratio is used (approx. 10-20 %), compared to the 

hypothetical 1 : 2 = resolving agent : racemate ratio. 

 

6.2 THE INFLUENCE OF TYPE OF THE ORGANIC SOLVENT 

It is well known that the type of a solvent can significantly influence the efficiency of the 

enantioseparations, thus, various solvents and solvent mixtures are generally tested in 

resolutions, especially at the beginning of a research. Besides solvate formation (that is 

occasionally a beneficial influence on resolutions 54), the interactions between the solvent and 

solute molecules determine the stability difference and solubility of the less and more stable 

diastereomers, and affect the resolvability. Depending on the polarity of the solvents, the 

crystallizations of the diastereomeric salts also can be controlled by kinetics or thermodynamics; 

that might lead to the opposite enantiomers in excess in the obtained precipitates.23 The applied 

organic solvent also plays substantial role in the process applicability point of view regarding the 

toxicity, flammability or the price of the used organic media.  

In contrast with the conventional resolutions, where the crystallization of the diastereomers 

often take long time (days or more), the resolution by SFE includes notably shorter sample 

preparation time. During my experiments, the mixture of unreacted enantiomers and 

diastereomeric salts were precipitated during the rotoevaporation of the organic solvents at   

T≈40 ºC, in approx. 100 mbar vacuum, (within 30 minutes). 

In this chapter, I describe a series of experiments, where the racemic ibuprofen and the 

chiral amine were dissolved in some frequently used organic solvents separately. The possible 

influences of the various solvents have been investigated both on the supercritical extraction 
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parameters and on the resolution efficiency, using the same sample preparation method. The 

general properties of the used organic solvents are collected in Table 6.1. 

 

A receipt of the resolution procedure, including the supercritical fluid extraction and the 

decomposition steps, is given in the Materials and Methods section. 

 

Study of the extraction curves 

In the practical point of view, the examination of the extraction curves (extraction yield as 

a function of the time or relative amount of scCO2) supplies several important information, 

regarding: 

• the achievable yields of the extracts, 

• the extraction kinetics, 

• the possible decomposition processes or additional reactions taking place during the 

extraction, 

• the stoichiometry of the diastereomeric compound formation via mass balance 

calculations from the parameters of the fitted extraction curves, 

• CO2 consumption of the separation.  

 

To characterize the extractions, the yield data of the extracts (YExtr), raffinates (YRaff) and 

the relative amount of scCO2 (CO2
rel) have been calculated according to the equations Eq.(3)., 

Eq.(4). and Eq.(11)., respectively. A generally applicable equation, introduced by Brunner213, has 

been used to describe the extraction kinetics during the resolution of ibuprofen by SFE. The 

exponential equation is defined by Eq.(12).  

Besides the ability of the chiral selector to differentiate between the opposite ibuprofen 

enantiomers, the achievable resolution efficiency in the SFE process also depends on the 

unreacted acids - diastereomeric salts separation efficacy. In ideal case, the formed diastereomers 

are not soluble in the supercritical solvent at all. In other words, the lower the solubility of the 

diastereomers, the better the separation can be realized. During the extractions, however, I have 

experienced a slight and constant increase in the yield values after the estimated 50 % of the 

racemic mass was extracted (by the same amounts of CO2). This phenomenon could be caused 

by two facts: 

I. a portion of the salts were dissociated under supercritical conditions and the released 

ibuprofen and resolving agent molecules has been dissolved by the scCO2;  

II.  a slight dissolution of the diastereomeric salts in the fluid phase took place. 
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Table 6.1. Chemical properties of the selected organic solvents: acetone (AC), dichloromethane 

(DCM), ethyl acetate (EtAC), ethyl alcohol (EtOH), methyl alcohol (MeOH), methyl ethyl 

ketone (MEK), tetrachloromethane (TCM). 

 

Solvent AC DCM EtAC EtOH MeOH MEK TCM 

M, g/mol 58.08 84.93 88.11 46.07 32.04 72.11 153.82 

Bp., °C 56.0 ~40.0 ~77.0 78.0 64.7 80.0 77 

Fp., °C -17 - -3 14 11 -3 - 

ρ, g/ml 213 0.791 1.325 0.902 0.789 0.791 0.805 1.594 

δ, MPa ½ 213 19.6 20.2 18.2 26.0 29.7 19.4 17.6 

ε, at 20-25 °C 213 20.7 9.08 6.02 24.3 32.63 18.4 2.24 

µ×1030 C m 213 9.61 5.17 6.04 5.61 5.54 9.00 0.00 

HBC 213 Moderate Poor Moderate Strong Strong Moderate Poor 

 

If the dissociation of the salts might occurred, the phenylethylamine could be dissolved by 

scCO2 as it was also experienced in a previous169 work. Notwithstanding, I found no such 

carbamate precipitates in the valve or pipe of the extraction unit, those were observed during the 

extraction trial of free amines. On the other hand, the scCO2-phobic polar groups of the acids and 

salts are more or less covered from the supercritical solvent by the apolar sections of the 

molecules (see also single crystal X-ray structures in section 7.4.). Therefore the diastereomeric 

salts can undergo dissolution in a certain extent. I suppose that the second possibility should be 

taken into account and the Brunner’s equation must be completed by an additional term, which 

describes a gentle solubility of the diastereomeric salts. The Brunner’s equation has been 

modified as the follows: 

YExtr = A × [1-exp(-B × CO2
rel)] + CPhEA × CO2

rel                  Eq.(13). 

Factor A indicates the maximum achievable yield of the unreacted acid enantiomers, factor B is 

the exponential parameter, and factor CPhEA represents the experienced slight diastereomeric 

solubility of the salts. As expected, the value of CPhEA was found to be constant at given pressure, 

temperature and CO2 mass flow values, CPhEA=0.18±0.02 mg salt/g CO2 (at P=15 MPa and  

T=33 °C). A typical curve for the extraction of the unreacted ibuprofen enantiomers at  

P=15 MPa and T=33 °C is shown in Figure 6.2. The monotonous increase of the extraction yield 

(over YExtr=50 %) was caused by the postulated extraction of the salts.  
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Figure 6.2. Dissolution of a 

mixture of ibuprofen enantiomers 

at P=15 MPa and T=33 °C, 

mrPhEA=0.50. Sample precipitated 

from ethyl acetate. 

 

 

 

 

 

 

 

 

The modified kinetic equation (Eq.(13).) has been fitted to the extraction data of all 

samples, prepared from the selected solvents. The extraction curves are depicted in  

Figure 6.3. 

 

Figure 6.3. Extraction curves of 

unreacted ibuprofen 

enantiomers, prepared from 

various organic solvents. P=15 

MPa and T=33 °C, 

mrPhEA=0.50. Dashed lines 

represent the continuation of 

the fitted equation. 

 

Dissimilar characteristics 

of the fitted curves have been 

obtained, depending on the 

solvent type. The influences of the organic solvents on the extractions of ibuprofen samples are 

outlined by the different slopes of the initial section of the fitted curves and by the different 

CO2
rel demand to reach the YExtr=50 % value (CO2

rel,50%). 

The solubility of a solute under given operating conditions is obviously constant if the 

saturation concentration is achieved in a certain solvent. Although, this criterion is not fulfilled 

during the extraction of the unreacted 1 enantiomers, the specific dissolution rate (ss) - calculated 

from the slope of a line fitted on the initial section of an extraction curve – provides comparable 

solubility data at different organic solvents. The specific dissolution rate can be calculated by the 
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derivatization of the modified Brunner’s equation and is given as m/m % concentration in the 

following sections: 

ss = YExtr’(0) =  A × B + CPhEA               Eq.(15). 

Since factor CPhEA is constant and negligibly small, the calculation of the ss parameter was 

simplified to: 

ss = A × B                     Eq.(16). 

The values of A, B and CPhEA parameters are known for a certain extraction, thus the 

relative amount of carbon dioxide to reach the 50 % of extraction yield (CO2
rel,50%) can also be 

calculated from Eq.(13). In the practical point of view, ss and CO2
rel,50% are suitable parameters 

to describe potential extraction barrier effects during the SFE step. Higher the ss values, the 

quicker the dissolution of unreacted enantiomers is achieved and less amounts of CO2 are 

necessary to extract the unreacted enantiomers. For a better comparison of the dissolution 

properties, the equilibrium solubility of ibuprofen was determined according to Hirunsit et al., 

that is 1.96 m/m % at P=15 MPa and T=33 °C.196 

The calculated values of ss, obtained with different organic solvents and the relative 

amount of carbon dioxide to reach YExtr=50 % (CO2
rel,50%) as well; are collected in Table 6.2. 

 

Table 6.2. Extraction and resolution data using various organic solvents in the sample 

preparation step during the resolution of racemic ibuprofen. 

Solvent ss m/m % CO2
rel,50% g/g eeExtr% eeRaff % YExtr% YRaff % F 

DCM 1.46 114 39.7 41.2 54.5 47.8 0.41 

TCM 1.22 280 37.7 43.6 52.7 39.1 0.37 

AC 0.88 400 46.9 38.3 51.7 48.3 0.43 

MeOH 0.83 306 35.9 40.4 53.4 40.0 0.35 

EtAC 0.87 570 35.1 37.7 53.5 38.5 0.33 

MEK 0.67 520 36.0 34.8 49.4 40.2 0.32 

EtOH 0.44 780 33.3 38.0 49.9 36.5 0.31 

 

Among the tested solvents, the acetone was distinguished by the significantly higher 

enantiomeric excess in the extract. Relatively high eeExtr and eeRaff values were achieved using 

the halogenated solvents as the two most apolar media for the preipitation of the samples.  

It can be concluded that the type of the organic solvents had considerable effects on the 

resolution of racemic ibuprofen with (R)-phenylethylamine in the sample preparation step, even 

if the mixture of the unreacted acid enantiomers and diastereomeric salts were formed during a 

quick evaporation of the solvent. The specific dissolution rates and the relative CO2 demands to 
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reach the 50 % yield in the extracts had significantly different values, depending on the used 

organic solvent. The changes of these parameters can be resulted by - at least - two phenomena: 

• different particle sizes of the prepared samples, 

• different precipitation sequence of the unreacted enantiomers and salts. 

The particle size of the precipitated crystals – formed during the rotoevaporation – is 

probably different; thereby the altering values of the specific surface in the extraction bed can 

promote or deteriorate the mass transfer of the extractable materials into the supercritical solvent.    

The precipitation sequence of the solutes also can be affected by the solvent type through 

solubility properties. The apolar media (DCM, TCM) is favourable for the association of ions 

(phenylethylamine cations, ibuprofen anions) and the diastereomeric salts precipitate before the 

precipitation of the unreacted enantiomers takes place. It is likely that the prepared sample 

contained particles in which the diastereomeric salt cores were covered by the well scCO2 

soluble ibuprofen molecules and therefore the mass transfer of the unreacted acid enantiomers 

into the supercritical solvent was quick and resulted high ss values and low CO2
rel demands to 

reach the YExtr=50 % yield.  

The preparations of the samples from organic solvents (MEK, AC, EtAC, MeOH, EtOH) 

with higher hydrogen bonding capability (HBC) may result other arrangements of the unreacted 

acid enantiomers and diastereomeric salts in the sample particles. The significantly slower 

dissolution rate of the diastereomeric salts, as a major barrier effect for the extraction of 

unreacted acid enantiomers, leads to a decreased mass transfer of the ibuprofen molecules into 

the carbon dioxide phase. Therefore, the ss values had lower values in the polar solvents than 

obtained in the apolar solvents and more carbon dioxide was necessary to extract the half amount 

of soluble materials. A schematic illustration of the arrangements in the sample particles and the 

ss as a function of hydrogen bonding capability is shown in Figure 6.4 and Figure 6.5, 

respectively. 

Figure 6.4. Illustration of possible molecule arrangements after evaporation of the organic 

solvents in the samples, prepared for supercritical fluid extraction. 

 

 

 

 

 

 

 

 

 

Solid sample 
1. Dissolution of (R)-2 in organic solvent 
2. Dissolution of rac-1 in organic solvent 
3. Combination of the solutions 
4. Evaporation of the solvent 

Sample particles crystallized 
from polar solvents 

Sample particles crystallized 
from apolar solvents 

Represents the unreacted 
ibuprofen enantiomers 

Represents the diastereomeric 
salts formed from rac-1 and (R)-2 
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Figure 6.5. The obtained specific 

dissolution rates in the function of 

hydrogen bonding parameter214 of 

the organic solvents.  

 

The resolution efficiency 

values (F) have also been 

influenced by the organic solvents. 

The plot of F against the ss 

parameters provides an array of 

points with an ascending tendency, 

shown in Figure 6.6. It is likely 

that the observed effects of the different solvents are the contributions of several effects, 

however, none of these effects was found as a dominant influence. The possible influences are 

the following: 

• solute-solvent interactions influenced by polarity properties of the solvents, 

• preferential crystallization controlled by kinetic processes, 

• deteriorating effects of the diastereomeric salt dissolution into the extract. 

The enantiomeric excess values of the extracts and raffinates, as functions of the specific 

dissolution rate, are depicted in Figure A-2.1. and Figure A-2.2., respectively in the Appendix. 

 

Figure 6.6. The resolution 

efficiency as a function of 

specific dissolution rate achieved 

by the different organic solvents. 

 

The polarity of the solvent 

can have profound effect on the 

outcome of a resolution. It is 

known that the solvent molecules 

can be incorporated into the 

crystal lattice as solvate and can 

stabilize it. Kozma et al. 

described that resolvability has a linear dependence on the solvent polarity.23 There are several 

factors which are capable to characterise and classify the polarity and electrostatic properties of a 

solvent, such as:  

• Hildebrand parameter, 
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• dielectric constant, 

• dipole moment, 

• liquid fractional polarity, 

• log P value. 

 

The electrostatic factor (EF) and liquid fractional polarity (LFP) are generally used parameters to 

characterize the polarity of a liquid, defined by the following equations: 

 

EF = ε × µ,                      Eq.(17). 

LFP = f (µ, αp, I*) ,                    Eq.(18). 

where ε is the dielectric constant, µ is the dipole moment, αp is the polarizability and I*  is the 

ionization potential. For a better overview of the polarity properties of the solvents in relation to 

the resolution efficiency; the dielectric constants, the electrostatic factors and liquid fractional 

polarities are collected in Table 6.3. Despite the comparison of the polarity factors, none of them 

indicated explicit correlation with the F values.   

 

Table 6.3. Polarity factors of the tested 

organic solvents. 

 

Although experiments to check the 

possible kinetic influences were not 

performed, the time of the total 

precipitation of the samples was very short, 

thus thermodynamic equilibrium might not 

be established. The precipitations of the 

diastereomeric salts and unreacted enantiomers, although, were observed at different stages of 

the sample preparations. Particles were precipitated almost immediately from acetone and ethyl 

acetate, quick precipitations were found from dichloromethane and methyl ethyl ketone. The 

evaporations from tetrachloromethane and the alcohol solvents gave the slowest precipitations of 

the samples during the solvent removal in vacuum. Regardless the type of the organic solvent, 

the configurations of the diastereomeric salts were (R)-2 : (R)-1 in all cases. The best resolution 

was achieved with acetone.  

Apart from beneficial solvate formation, another possible explanation of this result should 

be considered, as it was introduced by Pálovics et al.85 They observed that the resolution of  

N-formylphenylalanine by (S)-benzylaminobutanol was remarkably enhanced if the resolution 

was performed in acetone, compared to resolutions in water. The F-parameter of the 

enantiomeric mixture in the precipitated salt ((R)-acid – (S)-aminobutanol)) has been increased 

Solvent F ε EF, 10-30C m LFP 

AC 0.43 20.7 199 0.695 

DCM 0.41 9.1 47 0.120 

TCM 0.37 2.2 0 0.000 

MeOH 0.35 32.6 181 0.388 

EtAC 0.33 6.0 36 0.167 

MEK 0.32 18.4 166 0.510 

EtOH 0.31 24.3 136 0.268 
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from F=0.09 (in water, 12 days crystallization) to F=0.36 (in acetone, 15 h crystallization). It 

was emphasized that acetone formed a second chiral selector with the benzylaminobutanol via a 

hemiaminal reaction. The in situ formed component acted as an effective, structurally related 

additive to the parent resolving agent of a Dutch Resolution system and positively influenced the 

resolution. The authors, however, found no resolution enhancement if enantiopure 

phenylethylamine was used as primary resolving agent for the racemic N-formylphenylalanine. 

Since the outcome of a resolution always depends on the sum interaction of all of the 

molecules present in the system, the quality (type) of the racemic acid may have influence on the 

formation of an additive. Notwithstanding, the F-parameters of the extract: FExtr=0.24 and 

raffinate: FRaff=0.19 in acetone are significantly higher than in ethanol: FExtr=0.17, FRaff=0.14, 

respectively. 

 

The slight dissolution of the diastereomeric salts can decrease the achievable resolution 

efficiency by contaminating the unreacted enantiomeric mixture during the SFE. The amount of 

the dissolved salts at YExtr= 50 % can easily be calculated from the following data: 

• initial amount of racemic ibuprofen, 

• CPhEA=0.18 mg salt/g CO2 diastereomeric solubility, 

• corresponding CO2
rel data. 

The results are collected in Table 6.4. I have found that both the amount of extracted 

diastereomeric salts and its ibuprofen content are negligible, although the enantiomeric excesses 

might be affected by even small amounts of “impurities”. For this reason, certain extracted 

fractions were subjected to a decomposition step by liquid-liquid extraction and the ee of the 

samples were determined before and after the decomposition, respectively. The comparisons of 

these results, however, indicated insignificant differences within the standard deviation of 

ee=±3%. 

 

Table 6.4. Calculated amounts of diastereomeric salts in the extracts. 

Solvent CO2
rel,50%, g/g Extracted salt, g 

Ibuprofen in the dissolved salt, 
g              %§ 

DCM 114 0.03 0.01          0.7 

TCM 280 0.07 0.02          1.6 

MeOH 306 0.08 0.02          1.7 

AC 400 0.10 0.03           2.2 

MEK 520 0.13 0.04           2.9 

EtAC 570 0.14 0.04           3.1 

EtOH 780 0.19 0.06           4.3 
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§ Data are related to the amount of racemic ibuprofen. 

Concerning the studied resolutions of ibuprofen, it was demonstrated that the solvent of the 

sample preparation step influenced the final outcome of the resolution via affecting the 

supercritical extraction step too. Besides the experienced influence of the type of the solvent on 

the ee values of the diastereomeric salts, the precipitation sequence of the stereoisomers were 

probably affected by the solvent too. This phenomenon led to different values of extraction 

characterising parameters (ss, CO2
rel,50%). 

Although the ethanol gave the lowest resolution efficiency, this solvent is the only one 

among the investigated solvents that can be regarded as a “green solvent”. Thus, the further 

experiments were carried out in ethanol. 

 

6.3 THE INFLUENCE OF THE INERT SUPPORT  

If an extraction aid is added to a material, faster extractions will be achieved than without 

it. The increased specific surface area of the extractable materials leads to enhanced mass 

transfer of the solutes into the solvent phase. Correspondingly, decreased amount of the solvent 

is necessary in the process and higher loading of the solvent may be achieved. In general, both 

the time demands and the costs of an extraction can definitely be reduced this way. One of the 

most important requirements of selecting an extraction support: it must be completely inactive 

with any of the materials it may contact.  

Despite the chemical neutrality of the extraction support, researchers of our group found 

that the resolution of tetramisole with dibenzoyl tartaric acid was positively affected by the 

proper set of the support amounts using Perfil 100TM, or active carbon. The observed 

phenomenon was explained by a form of kinetic resolution, in which the 

precipitation/crystallization of unreacted enantiomers and diastereomeric salts is preferably 

influenced by the certain amount of supports.174,175 

 

Herein, I report a series of experiments in order to examine the influence of the achiral 

Perfil 100TM as an inert support on the aforementioned extraction parameters (ss, CO2
rel) and on 

the resolvability (F). The procedure of the sample preparation differs only in one aspect 

compared to the previous resolutions; namely that Perfil 100TM was added to the homogeneous, 

combined solutions of the ibuprofen and (R)-phenylethylamine before the ethanol was 

evaporated to obtain solid sample. A receipt of resolution applying the inert support is described 

in section 10.2.3.  

 

Applying inert support in the resolution of ibuprofen with (R)-phenylethylamine is 

favourable to increase the extraction rate of the unreacted enantiomers on an enlarged surface 

that is available for the scCO2. Thus, the time demand of the extraction process is decreased. 
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Thus, the extraction rate ratio of the unreacted enantiomers and diastereomeric salts can be 

maximized. 

In these experiments, the Perfil support was added in different amounts to the 

homogeneous ethanol solutions of the racemic ibuprofen and (R)-phenylethylamine 

(mrPhEA=0.55). The concentration of the support in the solid sample is expressed by mrel-IBU, 

according to the following definition: 

mrel-IBU = mRac-IBU / ( mSupport × Sa,BET
 ),               Eq.(19). 

where mSupport is the mass of the support added to the solution, Sa,BET is the specific surface area 

of the Perfil 100TM (Sa,BET=2.89 m2/g) and was determined from low temperature  

N2-adsorption isotherms (AUTOSORB, QUANTHACHROME, USA)174. 

The range of 0.3 g/m2 <mrel-IBU <20 g/m2 has been examined in these experiments  

(~1.3 g perfil/g rac-1 – 0.002 g perfil / g rac-1). When no support was added (mSupport=0 g), the 

value of mrel-IBU is considered to be infinite. 

As expected, the specific dissolution rate (ss) and the relative amount of carbon dioxide to 

reach the 50 % yield in the extract (CO2
rel,50%) were significantly dependent on the various  

mrel-IBU values. Lower the mrel-IBU values, the higher the ss and faster the extractions were 

realized. Considerable differences were found in the shape of extraction curves in the  

2.1<mrel-IBU<4.6 range. The results are collected in Table 6.5. The extraction curves of the 

various mrel-IBU values are plotted in Figure 6.7. 

 

 

 Table 6.5. Extractions of unreacted 

enantiomers with different amounts of inert 

support. § Calculated from the slopes of the 

dashed lines 

 

 

 

 

 

 

 

 

 

 

Run mrel-IBU, g/m2 ss, m/m% CO2
rel,50%, g/g 

1. 0.26   1.46 § <50 

2. 0.34   0.81 § 75 

3. 2.10   0.52 § 100 
4. 4.60 0.43 676 
5. → ∞ 0.44 780 
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Figure 6.7. Extraction data of 

unreacted ibuprofen enantiomers 

at different mrel-IBU, dashed lines 

represent approximations to 

determine the ss value.  

 

In the case when mrel-IBU<2, 

the unreacted enantiomers were 

dissolved by the smallest portion 

of carbon dioxide and no 

extraction data is available at the 

exponential part of the curves. In 

these cases, the ss were estimated due to the slopes of linears (indicated by dashed line on Figure 

6.7) linking the origin and the first extraction points. The slowest extraction was observed at mrel-

IBU → ∞ (no support added). 

 

If the used support preferably affects the resolution efficiency, it is likely that the 

favourable effects are observed at low added Perfil 100TM amounts175. The mrel-IBU values and the 

corresponding ee and F parameters are collected in Table 6.6.  

 

Table 6.6. Resolution of ibuprofen at various inert support concentrations.  

Run mrel-IBU, g/m2
 eeExtr % eeRaff % YExtr % YRaff % F Material loss % 

1. 0.26 38.7 41.1 53.4 46.0 0.40 0.6 

2. 0.34 34.5 45.7 55.1 45.1 0.40 0.2 

3. 2.09 38.2 40.8 51.9 46.8 0.39 1.3 

4. 4.60 42.1 36.4 44.4 48.3 0.36 7.3 

5. 10.40 40.2 33.5 53.0 43.9 0.36 3.1 

6. 19.47 40.9 34.8 45.0 48.2 0.35 6.8 

7. ∞ 33.3 38.0 49.9 36.5 0.30 13.7 

 

It can be concluded that no considerable resolution enhancing or deteriorating influences of 

the inert support played important role in these resolutions. The resolvability of ibuprofen 

decreased in a small extent if the relative amount of the racemic acid to the support surface was 

increased. No remarkably better ee was found at the same yield value either. The obtained results 

are explained by the fact that increased amount of CO2 is necessary at high mrel-IBU values, which 
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dissolves more diastereomeric salts; furthermore it causes higher material loss during the course 

of the experiments. 

 

6.4 ORGANIC SOLVENT FREE RESOLUTION OF IBUPROFEN 

Resolution without organic solvents should always be considered if - at least - one of the 

resolving agent or the racemate possess a relatively low melting point. In this case, any of the 

used compounds in its melted phase can act as a solvent for the resolution. Moreover, the 

substitution of hazardous organic materials offers additional advantages for a technology against 

conventional methods.  

Since the (R)-phenylethylamine (2) is in liquid state at room temperature  

(ρPhEA=0.955 g/ml at 4 °C) and the melting point of the racemic ibuprofen (1) is relatively low 

(Mp=78-80 °C), preliminary experiments were performed to separate ibuprofen enantiomers in 

the absence of organic solvents and inert support. The extraction characterizing factors, such as 

ss, CO2
rel, and the F-parameter were studied after incubating the mixtures of the racemic 

compound and the resolving agent at different temperatures during the sample preparation. The 

applied conditions and the results of experiments are collected in Table 6.7. An example of 

organic solvent free resolution is given in the section 10.2.4. 

 

Table 6.7. Organic solvent free resolution of ibuprofen. 

Run 

state of matter in the 
sample preparation 

 
rac-1     (R)-2 

T time* ss, m/m % CO2
rel g/g F 

1.   powder     liquid r.t. 1 day 0.52 800 0.32 

2.     melt        liquid r.t. 1 day 0.38 750 0.28 

3.     melt        liquid 55 °C 1 day 0.85 440 0.30 

4.     melt        liquid r.t. 1 month 1.28 90 0.35 

* contacting time of the compounds before SFE 

 

The preliminary results demonstrated that the resolvability was smaller compared to the 

previous resolutions. In the organic solvent free resolutions, the diastereomeric salts were formed 

almost immediately forming hard and cohesive particles. This phenomenon contributed to 

achieve lower resolvability values. No further optimizations of the solvent free resolutions were 

performed.  
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6.5 CONCLUSIONS 

I’ve found that the conditions of the sample preparation step directly affect the supercritical 

fluid extraction step as well. Thus, the overall performance of a resolution was definitely 

determined by the combination of the two steps. The following factors have been studied:  

• the molar ratio of resolving agent, 

• the type of the solvent used in the sample preparation step, 

• the amount of added inert support, 

• the time and temperature of the diastereomeric salt formation in organic solvent free 

resolutions. 

 

The resolvability was primarily influenced by the concentration and chiral recognition 

ability of the resolving agent.  

The apolar solvents gave relatively good resolutions for ibuprofen. The solid sample 

particles formed from DCM and TCM were different from the particles prepared from the more 

polar solvents. It was postulated that most of the unreacted enantiomers are located on the 

surface of the sample particles, therefore they are more available for the scCO2. This 

phenomenon was also resulted in quick extractions with less amounts of dissolved salts. 

Similarly to this approach, sample preparations from the more polar solvens gave particles with 

cores consisted of unreacted ibuprofen enantiomers. It is likely that the diastereomeric salts were 

precipitated on this surface, creating a layer with extraction retarding effect, which led to lower 

specific dissolution rates at the beginning of the extraction step. The amounts of dissolved 

diastereomeric salts were higher in these cases.  

The acetone was distinguished among the tested solvents performing the best resolvability. 

Possible explanations are given to this phenomenon by adduct formation between the acetone 

and resolving agent or by preferential solvation effects, although these cases were not 

investigated.  

The concentration of the inert support in the solid sample had significant influence on the 

extraction step. The addition of certain amounts of support facilitated the extraction of the 

unreacted enantiomers, however, no preferential crystallization was observed at low  

Perfil 100TM ratios. 

The resolution of ibuprofen can also be accomplished without organic solvent. Further 

optimization of the solvent free resolutions will probably result higher F-parameters. 
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7. THE INFLUENCE OF AN ACHIRAL ADDITIVE ON THE RESOLUTION OF 

IBUPROFEN 

 

The remarkable enhancement in enantioseparations - achieved by the simultaneous 

application of related resolving agents (Dutch Resolution) - verified the importance of structural 

similarity between chiral molecules; however, only a few studies reported the influence of 

structurally related achiral additives.84,85 Furthermore, the effects of these achiral components 

were investigated only at certain additive concentrations. 

In this section, the resolution experiments of ibuprofen with mixtures of the  

chiral (R)-phenylethylamine (2) and the achiral benzylamine (3) are demonstrated. The 

properties of the amines 2 and 3 are collected in the Appendix in  

Table A-1.1. A resolution example using the benzylamine-phenylethylamine mixture is 

described in the section 10.2.5. 

 

7.1 RESOLUTION AT DIFFERENT ACHIRAL AMINE MOLAR RATIOS 

In general, hitting the possibly effective concentrations of a reacting system - that is more 

efficient compared to a previous method - is based on trial and error. Wider the tested molar ratio 

of the achiral amine in the experiments, the more likely that effective concentration settings of 

the additive will be found. There are different approaches how to perform resolutions to 

investigate the possible influences of the different achiral amine ratios: 

a. mrPhEA is constant, mrBA is variable; 

b. mrPhEA is variable, mrBA is constant; 

c. mrPhEA and mrBA are variable, the sum of mrPhEA and mrBA is constant. 

 

In the preliminary experiments, option c. was chosen. Since the best resolution efficiencies 

were achieved at mrPhEA≈0.55 without benzylamine (see section 6.1), the sum of mrPhEA and mrBA 

was kept at a constant value (mrPhEA+mrBA=mrBase=0.55±0.02) while both amine concentrations 

were varied simultaneously. 

 

The results, obtained from the resolution of ibuprofen with the mixture of the chiral and 

achiral amines, were evaluated by the comparison of enantiomeric excess, yield values and  

F-parameters as a function of the phenylethylamine molar ratio (mrPhEA). The preliminary results 

of the resolutions at different achiral amine ratios are depicted in Figure 7.1.  
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Figure 7.1. Resoluton of ibuprofen 

with the mixture of benzylamine –  

(R)-phenylethylamine. The results 

obtained in the absence of the 

achiral component „conventional 

SFE” method are plotted by empty 

dots (ο, dashed line). Black dots 

(●, continuous line) represent the 

results achieved at different 

benzylamine molar ratios 

(resolution by the amine mixture 

method). 

 

The comparison of the “conventional SFE method” and “amine mixture” methods outlined 

a remarkable phenomenon. In a certain mrPhEA range (0.47<mrPhEA<0.52), higher resolution 

efficiency values were achieved with the amine mixture method than with the conventional 

method. On the other hand, significantly lower F-parameters were achieved below mrPhEA=0.47, 

compared to the achiral amine free experiments. Thus, the studied resolving agent molar ratio 

range can be divided into two sections, representing negative and positive influences of the 

achiral additive on the resolvability as well. The tendency of the change between the two 

sections is continuous. A maximum was found at mrPhEA=0.51, mrBA=0.04, that is approximately 

7 mol% of benzylamine concentration. It should be noted, that the effective concentrations of 

nucleation inhibitors with structural resemblances to the resolving agent was also found to be at 

3-6 mol %, reported by Dalmolen et al.73  

Significant differences between the two methods were found in the corresponding 

enantiomeric excess values, especially in the tendency of the eeRaff values. The enantiomeric 

excess of extracts and raffinates are depicted in Figure 7.2 and Figure 7.3, respectively. 

The benzylamine additive resulted both positive and negative influences on the 

enantiomeric excesses, although, not in the same concentration range. The ee of the extracts by 

the amine mixture method notably exceeded ee values of the extracts obtained by the 

conventional SFE method in the ranges of 0.1<mrPhEA<0.38, 0.20<mrBA<0.45. The eeExtr values 

were almost the same at higher chiral amine molar ratios. The opposite slopes of eeRaff of the two 

methods had an intersection at mrPhEA=0.48. The decreased enantiomeric excesses of the amine 

mixture method at small mrPhEA values were caused by the high amounts of bound ibuprofen 

with almost racemic composition in the benzylamine – ibuprofen salt. Above mrPhEA=0.48, the 

enantiomeric excesses of experiments with achiral amine content slightly exceeded the ee values 

of the conventional SFE method.  
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Figure 7.2. Influence of the 

benzylamine additive on eeExtr at 

different mrBA concentrations. ο 

(dashed line) represents the 

benzylamine free resolutions; ● 

(continuous line) indicates the 

data obtained with the amine 

mixture. 

 

 

 

 

 

Figure 7.3. Influence of the 

benzylamine additive on eeRaff at 

different mrBA concentrations. ο 

(dashed line) represents the 

benzylamine free resolutions; ● 

(continuous line) indicates the 

data obtained with the amine 

mixture. 

 

 

 

 

7.2 RESOLUTIONS AT CONSTANT BENZYLAMINE MOLAR RATIO 

The screening of variant benzylamine molar ratios at constant total amine concentrations 

emphasized the favourable influence of the achiral additive in certain amounts. In a course of 

experiments, the previously determined optimal molar ratio of the benzylamine (mrBA=0.04) was 

set and several resolutions were performed at different (R)-phenylethylamine molar ratios in the 

0<mrPhEA<1 range. The results (ee, Y, F) were compared with the experiments containing no 

benzylamine. The material losses were negligible (<5%) in all resolutions. The detailed results 

are collected in the Appendix in Table A-3.1. 

A good agreement in the yield values of the extracts and raffinates (at the corresponding 

mrPhEA concentrations) provides the possibility to make an appropriate comparison of the ee 
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values. The addition of the achiral amine was found to be prosperous in the following mrPhEA 

ranges (see Table 7.1.): 

• higher ee-s were obtained in the extracts in the 0.1<mrPhEA<0.5 range, 

• higher ee-s were obtained in the raffinates in the 0.1<mrPhEA<0.8 range. 

In contrast with the smooth equalization of the ee values in the raffinates above mrPhEA=0.8, a 

notable decrease in the enantiomeric excesses of the extracts was observed above mrPhEA=0.5; 

exceeding even the eeExtr=20 % difference at mrPhEA=0.9.  

 

Table 7.1. Comparison of SFE resolutions with and without benzylamine additive. Detailed 

experimental data is given in the Appendix, in Table A-3.1.  

mrBA=0 mrBA=0.040±0.001 

mrPhEA eeExtr % eeRaff % mrPhEA eeExtr % eeRaff % 

0.05 1.28 62.0 0.12 9.0 66.9 
0.14 8.3 61.0 0.22 15.8 63.1 

0.27 13.7 59.0 0.29 20.6 64.7 

0.40 25.1 50.7 0.40 27.6 57.3 

0.53±0.01 35.7±1.4 44.6±1.0 0.53±0.01 36.5±1.0 47.4±0.9 

0.65 45.7 30.2 0.64 40.7 37.5 

0.70 44.1 28.5 0.71 37.8 31.2 

0.79 39.3 19.7 0.79 31.5 21.6 

0.91 33.1 9.5 0.90 11.3 7.7 

 

Despite the slight improvements in the ee values; the resolvability - as a comprehensive 

parameter of the resolutions - was affected preferably in the 0.1<mrPhEA<0.7 range, as shown in 

Figure 7.4. The significant difference of the two series of experiments (with and without 

benzylamine) was confirmed by a t-test, performed on the means of repeated resolutions. The 

observed effects of the achiral amine also indicated that smaller amount of the resolving agent 

was enough to achieve the same (or even higher) separation efficiency with an appropriate 

amount of the additive. 

In few experiments, slow crystallization of the samples (20 days) was also performed 

instead of fast rotoevaporation of the ethanol, during the sample preparation step. The resolutions 

of these samples, however, gave consistent results with the aforementioned experiments and the 

resolvability was not higher applying longer time for the crystallizations of the samples  

(F= 0.39 at mrPhEA=0.54, mrBA=0; and F=0.41 at mrPhEA=0.53, mrBA=0.04). 
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Figure 7.4. Comparison of the F 

parameters at constant mrBA 

ratios. ο (dashed line) represents 

the benzylamine free resolutions; 

● (continuous line) indicates the 

data obtained with the amine 

mixture. 

 

 

 

 

 

7.3 CALCULATION OF THE STOICHIOMETRIC RATIOS  

If a diastereomeric compound is stable enough under the supercritical conditions of carbon 

dioxide - besides the considerable solubility difference of the unreacted enantiomers and 

diastereomers - the stoichiometry of the reacting partners can easily be determined by mass 

balance calculations. Although, there are much more accurate analytical methods to determine 

this ratio (e.g. X-ray diffraction), the calculations from mass balance equations provides fast and 

comparable data too, if the material loss can be neglected. In the case of diastereomeric 

complexes, which frequently react with the resolving agent in a fractional ratio, the quick 

determination of the stoichiometric ratio (SR) has even higher importance. The determination 

and comparison of the stoichiometric ratios of (R)-phenylethylamine – ibuprofen (SRPhEA) and 

benzylamine – ibuprofen (SRBA) salts are described in the following. 

The point of interest to this section is given by a not expected and remarkable difference 

between SRPhEA and SRBA. The attention to this phenomenon was drawn from experiments 

aiming the determination of solubility of benzylamine – ibuprofen salts in scCO2. In these 

(blank) reactions only benzylamine was added to the chiral acid. Interestingly, the yield of the 

extracted racemic ibuprofen was significantly lower than expected. The extraction data of two 

extractions at mrBA=0.25 (●) and mrBA=0.54 (■) ratios are plotted in Figure 7.5.  
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Figure 7.5. Extraction of 

benzylamine – ibuprofen samples 

at P=15 MPa, T=33 °C,  

mrel-IBU=0.35. Dashed line 

represents an estimation of the 

dissolution of unreacted 

enantiomers. 

 

When half molar equivalent 

of the benzylamine was reacted 

with the racemic acid, no 

unreacted ibuprofen enantiomers 

were extracted at all. The 

extracted yield was approx. 50 % at mrBA=0.25 instead of 75%. This phenomenon is evidently 

caused by a different bonding stoichiometry in the salt of 3 and rac-1, compared to the 

diastereomeric salt of 2 with rac-1. 

In conformity with the (R)-2 – rac-1 salts, the increase of the YExtr is ascribed to a slight 

dissolution of the benzylamine salt. After calculations, using the modified Brunner’s equation 

(Eq.(13).), the dissolution was determined as CBA=0.22±0.03 mg extract/g CO2 at 15 MPa and  

33 °C. The solubility difference between the phenylethylamine or benzylamine salts of ibuprofen 

is insignificant.  

 

The SR values were calculated from experiments, in which the overall material losses were 

smaller than 5 %. The course of the calculations were the following: 

mExtr-IBU = (A / 100) × mRac-IBU,                  Eq.(20). 

mRaff-IBU = mRac-IBU – mExtr-IBU,                  Eq.(21). 

 
PhEAPhEA

IBUIBURaff
PhEA Mm

Mm

/

/
SR −= ,                  Eq.(22). 

 
BABA

IBUIBURaff
BA Mm

Mm

/

/
SR −= ,                    Eq.(23). 

where mExtr-IBU is the mass of the ibuprofen in the extract, mRaff-IBU is the mass of ibuprofen bound 

by one of the amines, respectively. Parameter A represents the maximum achievable yields of the 

unreacted ibuprofen enantiomers, A values were determined from the Brunner’s equation. The 

initial mass of the racemic acid is indicated by mRac-IBU and M is the corresponding data for the 

molecular weights. During the calculations, a considerable dependency of parameter A on the 
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concentration of the inert support in the solid sample was found. The corresponding mrel-IBU, A 

and SRPhEA data are collected in Table 7.2. 

Table 7.2. The obtained maximum achievable 

yield of the unreacted ibuprofen enantiomers (A) 

at various amounts of support.  

 

When appropriate amounts of inert support 

were used, the ratio of SRPhEA was determined 

with relatively small errors. The concentration of 

the support in the solid sample must be smaller 

than approx. mrel-IBU=2.0, that is in good 

agreement with the experiments described in 

section 6.3. 

Inspired by the aforementioned cause, the 

value of SRBA was determined from experiments 

in which the amount of the Perfil 100TM was set to mrel-IBU=0.35 in all cases. The results are 

collected in Table 7.3. 

 

Table 7.3.  Calculated stoichiometric ratios of 

ibuprofen : benzylamine in their salt (no 

resolving agent was added to the samples). 

 

The value of SRBA≈2 was also confirmed 

from experiments wherein both the chiral and 

achiral amine was added to the chiral acid. In 

these resolutions, the raffinate ibuprofen enantiomers were bound by the two amines. For this 

reason, the amount of ibuprofen bound by the chiral amine was subtracted first from the total 

amounts of bound acid enantiomers, knowing that SRPhEA=1.0. The results are collected in the 

Appendix in Table A-3.2. 

As a result of the mass balance calculations, I have found that the benzylamine has double 

capacity to bond ibuprofen molecules compared to the (R)-phenylethylamine, despite the 

structural similarity, within the experimental error of 5 % (SRBA=2.0±0.1).  

 

 

7.4 SINGLE CRYSTAL STUDY OF IBUPROFEN SALTS 

For the better understanding of the phenomena, which control the chiral separations of 

ibuprofen enantiomers, in addition, to prove the difference in the acid bonding capacity of the 

Run mrel-IBU, g/m2
 A % SRPhEA 

1. ∞ 36.0 0.83 

2. 19.47 34.1 0.80 

3. 4.60 37.9 0.86 

4. 2.09 50.9 1.07 

5. 0.52 49.5 1.07 

6. 0.35 50.2 1.07 

7. 0.35 48.2 1.01 

8. 0.34 48.9 1.05 

9. 0.34 48.7 1.03 

10. 0.26 52.9 1.12 

Run mrPhEA mrBA A % SRBA 

1. 0 0.10 80.6 1.9 

2§. 0 0.25 51.3 2.0 

3. 0 0.54 0.0 1.9 
§ average of three repeated experiments at 

mrBA=0.25 
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two amines, single crystal structure analysis were performed. Initially, rough crystals of several 

samples were produced consisting of ibuprofen salts with (R)-phenylethylamine or benzylamine. 

The starting materials were dissolved separately in ethanol, the solutions were combined and 

were left to crystallize slowly (approx. 2 weeks) in Petri dishes on room temperature. No inert 

support was added to the samples. The appearances of the crystalline phases were definitely 

dissimilar. The images are shown in Figure 7.6.  

The most apparent difference was observed in the consistency of the crystals. The samples, 

prepared from benzylamine and ibuprofen solutions, contain thin needle shaped crystals, which 

are more compact compared to the salts of (R)-phenylethylamine - ibuprofen at 50 % of the 

unreacted chiral acid content (Figure 7.6 a.) and b.)) and also when the total amount of the 

ibuprofen was bound in the salt (Figure 7.6 c.) and d.)). On the other hand, the sample prepared 

from the mixture of phenylethylamine and benzylamine at the concentration (mrPhEA=0.53, 

mrBA=0.04), which gave the best resolution efficiency among all the experiments, displayed a 

more dispersed crystal arrangements (Figure 7.6 e.)). The macroscopic differences in the crystal 

appearances are clearly seen on the photos taken at 80 fold enlargement (Figure 7.6 f.) and g.)). 

 

Figure 7.6. Crystals of ibuprofen with different amounts of (R)-phenylathylamine and 

benzylamine. Light microscopic photos with 80 fold enlargement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.) mrPhEA=0, mrBA=0.25 b.) mrPhEA=0.50, mrBA=0 

d.) mrPhEA=0.99, mrBA=0 c.) mrPhEA=0, mrBA=0.50 
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 To determine the molecular and crystal structures of the salts, crystals were grown in 

ampoules from ethanol and were subjected to single crystal analysis. The studied salts are listed 

in Table 7.4. The evaluation of the X-ray diffraction experiment is described in the Appendix, in 

section A-3.1. The crystallographic data, parameters of data collection, the structure solution and 

refinement data are collected in Table A-3.3.; the intermolecular interactions in the crystal 

structure of the salts 4, 5 and 6 are collected in Table A-3.4., respectively. 

 

Table 7.4. Salts of ibuprofen analysed by single crystal X-ray diffraction measurements. 

Compound Salt name 

4 (R)-(1-phenylethyl)ammonium-[(R)-2-(4-isobutylphenyl)propanoate] 

5 (R)-(1-phenylethyl)ammonium-[(S)-2-(4-isobutylphenyl)propanoate] 

6 benzylammonium-[rac-2-(4-isobutylphenyl)propanoate][rac-2-(4-
isobutylphenyl)propionic acid] co-crystal 

 

 The compounds 4, 5 and 6 crystallized as colourless columns; however, the quality of the 

crystals was poor despite the slow and careful crystallizations. Especially compound 6 showed 

bad crystal quality that made the structure refinement not possible to a low R value in the lack of 

reflections in the high θ  region.  

e.) mrPhEA=0.53, mrBA=0.04 

f.) mrPhEA=0.53, mrBA=0.04 g.) mrPhEA=0.50, mrBA=0 

1 mm 1 mm 
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7.4.1 Single crystal analysis of (R)-phenylethylamine salts 

To prepare the salts of (R)-phenylethylamine, rac-1 and enantiomerically pure  

(S)-1 were used. Since there are no strong anomalous scattering centres, the determination of the 

absolute configuration by X-ray diffraction measurement is hardly reliable. Notwithstanding, the 

chiral amine, reacted with the racemic ibuprofen, was enantiomerically pure, thus it can be 

concluded that both of the chiral centres (C2 and C21) of the components in the salt 4 possess 

the configuration of (R) as shown in Figure 7.7.a.). When the enantiomerically pure (S)-1 was 

crystallized with the chiral amine, the chiral centre of C21 was fixed ((R)-phenylethylamine); 

while the centre of C2 had the configuration of (S) in the ibuprofen, as depicted in Figure 7.7.b). 

 

Figure 7.7. ORTEP diagrams215 of the salts 4 and 5.  

 

a.) Salt of (R)-

phenylethylamine with (R)-

ibuprofen (4). ORTEP 

diagram is represented at 

50 % probability level, 

heteroatoms are shaded.  

 

 

 

b.) Salt of (R)-phenylethylamine with (S)-

ibuprofen (5). ORTEP diagram is represented 

at 50 % probability level, heteroatoms are 

shaded. 

 

 

 

  

 

Both crystals of the (R)-2 cation with ibuprofen anions crystallized in orthorhombic crystal 

system in the chiral space group P212121 (space group No. 19.). Even if the cell volumes 

(1997.2(9) and 2005.2(8)Å3) and the calculated crystal densities (1.089 and 1.085 g/ml) of the 

salts of 4 and 5 are rather similar, the unit cell dimensions are significantly different (see Table 

A-3.3.). The crystal containing the (R,R)-salt proved to have a slightly closer packing.    
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The infinite hydrogen bond network is one dimensional that runs along the a 

crystallographic axis as shown in Figure 7.8. The periodic units are formed by two cations and 

two anions, as shown in Figure 7.8.a.) and b.). 

 

Figure 7.8. Packing diagrams 216 of the salts 4 and 5.  

 

 

a.) (R,R) salt (4). View 

from the a crystallographic 

axis. The columns are 

perpendicular to the sheet. 

 

 

 

 

 

 

 

 

b.) (R,S) salt (5). 

View from the a 

crystallographic axis. 

 

 

 

 

 

 

 

 

 

 

 

A network of strong hydrogen bonds plays important role in the construction of columns of 

the molecules; moreover, there is an apolar coat around the hydrogen-bound ladder type chains, 

constructed by aromatic groups (see Table A-3.4.). In the case of the crystal 4 ((R,R)-salt), the 

forces, which keep the column together are also determined by a weak C-H…O contact besides 
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the three strong N-H…O type interactions. There is, however, no weak bond in the (R,S)-salt (5). 

The N-H…O hydrogen bond system is the same in both of the salts of (R)-phenylethylamine 

with (R,R)-1 or (R,S)-1. The hydrogen bond loop is described by graph set analysis217 as 3
4R (10), 

depicted in Figure 7.9.  

 

Figure 7.9. The one dimensional infinite hydrogen bound chain running along the a 

crystallographic axis. The carbon atoms of the phenyl rings as well as the alkyl substituent of 1 

are omitted for clarity. H atoms are not shown.  

a.) Compound 4.     b.) Compound 5. 

 

 

 

 

Superimposing the (R)-2 fragment from both structures enhances the differences in the 

placement and conformation of the anions at different configurations, shown in Figure 7.10. 

 

Figure 7.10. Structural overlay of the 

salts of (R)-phenylethylamine with 

(R)-1 and (S)-1. Yellow colour is 4, 

blue colour is 5. 

 

 

 

83 64 
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7.4.2 Single crystal analysis of the benzylamine salt 

The determination of the crystal structure formed from the racemic ibuprofen and 

benzylamine proved the unexpected bonding behaviour of the achiral amine and confirmed the 

results of the mass balance calculations. There are two ibuprofen molecules crystallized together 

with one benzylamine molecule in the asymmetric unit. One of the ibuprofen is ionic and 

provides the counter ion for the ammonium cation, the other ibuprofen is bound as a neutral acid 

molecule and forms a co-crystal. The constituents of salt 6 also possess a one dimensional 

infinite hydrogen bound network running along the a crystallographic axis, where the turn of the 

column is formed by six molecules: 

• two benzylamine cations; 

• two ibuprofen anions; 

• two neutral acid molecules; 

with opposite configurations each. The packing diagrams of the benzylammonium salt co-crystal 

(7) are depicted in Figure 7.11. The crystal system of co-crystal 6 is triclinic, the space group is 

P-1. The neutral ibuprofen enantiomers, the ibuprofen anions ((R)-1, (S)-1) and the benzylamine 

cations as well are arranged around inversion centres in the unit cell. 

 

Figure 7.11. Packing diagram of the 

benzylammonium salt co-crystal (6) with neutral 

ibuprofen. View from the a crystallographic axis. 

The columns are perpendicular to the sheet. 

 

 

 

 

 

 

 

 

 

 

 

 

Ionic and apolar layers were found alternately along the c crystallographic axis. Two 

different alternating hydrogen bound loops of N-H…O interactions were built by the ionic 

components. Their descriptions by graph set analysis217 are 2
4R (8) and 4

4R (12), respectively as 

shown in Figure 7.12. The neutral acid molecules – like side end groups - are linked to the 
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column by O…H-O intermolecular interactions and have increased freedom of motion as shown 

in Figure 7.13. The superposition of the ionic and neutral ibuprofens for conformational 

comparison is shown in Figure 7.14. 

 

Figure 7.12. One 

dimensional hydrogen 

bound chain of compound 

6. The carbon atoms of the 

phenyl rings as well as the 

alkyl substituent of 1 are 

omitted for clarity.  

 

 

 

 

 

 

 

 

 

Figure 7.13. ORTEP diagrams of the 

compound 6 at 30 % probability level, 

heteroatoms are shaded. 
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Figure 7.14. Structural overlay 

of the ionic and neutral 

ibuprofen in compound 6. 

Yellow colour is ionic 

ibuprofen, blue colour is 

neutral ibuprofen. 

 

 

 

 

 

The ability of the benzylamine to bond an additional ibuprofen molecule by secondary 

interaction in contrast with the (R)-phenylethylamine is caused by the structural difference of the 

two amines. The absence of the methyl group in 6 provides a sterically favourable closer packing 

and therefore higher crystal density of the salts containing benzylamine. In these crystals, there is 

enough space close to the ladder-like hydrogen bond columns to bond neutral ibuprofen 

molecules as end groups in the low acidity medium. 

 

7.5 MODELLING OF THE ACHIRAL INFLUENCE 

The resolution of ibuprofen with the mixture of structurally related  

(R)-phenylethylamine and benzylamine gave enhanced resolution efficiency, compared to the 

resolutions only with the chiral amine. When the amine mixture was used at mrBase=0.55, 

different molar amounts of the resolving agent were present in the achiral amine free 

comparative resolutions. Resolution efficiency may be influenced by the different pH of the 

samples during the precipitations. To clarify this possibility, pH measurements of several 

samples with and without benzylamine were performed and compared. In benzylamine presence 

(the total amount of base is 0.55 eq.), the pH values of the samples were pH=5.5±0.3, each. In 

the case of benzylamine absence, the pH changed in the range of 4.3±0.3<pH<5.6±0.3 from 

mrPhEA=0.1 up to mrPhEA=0.55. The pH values of the samples in the phenylethylamine molar ratio 

range of 0.4<mrPhEA<0.55 were almost the same with and without the achiral amine, 

pH=5.5±0.3. When the molar ratio of the phenylethylamine was lower than mrPhEA<0.4, there 

was a possibly important difference of pH values in the samples with and without achiral 

content. Since the observed favourable influence of the benzylamine is in the 0.4<mrPhEA<0.55 

molar ratio range, no significant influence of the pH was supposed on the resolution efficiency in 

this range.  
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To clarify whether the difference in the F values at the optimum resolving agent molar 

ratios of the two methods was provided by only additional and predictable effects of the added 

benzylamine to the ibuprofen – (R)-2 mixtures, several calculations have been done according to 

different assumptions. During the sample preparation, the following reactions should be 

considered: 

 

I.) 

(R)-2 + (S)-1  (R)-2 . (S)-1,             Eq.(24). 

 

II.) 

(R)-2 + (R)-1  (R)-2 . (R)-1,            Eq.(25). 

 

III.) 

3 + a (S)-1 + (2-a) (R)-1  3.( ((S)-1)a . ((R)-1)(2-a) ),     Eq.(26). 

 

where k represents the reaction rate constants. It must be noted here that Eq.(26). is valid only in 

the calculation point of view, the structures of the salts of benzylamine with different 

enantiomeric mixtures of ibuprofen were not determined. A few extractions of samples, prepared 

from benzylamine and enantiomeric mixtures of ibuprofen, however, confirmed the  

1 : 2 = amine : acid ratio in the salts. This observation allowed proposing, one molecule of the 

achiral amine interacts with two molecule of ibuprofens irrespectively to the configuration of the 

enantiomers.  

The reaction rates (r) are defined by the following terms: 

rI = kI [(R)-2] [(S)-1] – k-I [(R)-2.(S)-1]       Eq.(27). 

rII = kII [(R)-2] [(R)-1] – k-II  [(R)-2.(R)-1]                 Eq.(28). 

rIII = kIII [3] [(S)-1]a [(R)-1]2-a – k-III  [3.( ((S)-1)a . ((R)-1)(2-a) )]              Eq.(29). 

 

The equilibrium constants (K) are defined below: 
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                   Eq.(30). 
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Four models were calculated (based on different assumptions), starting from the 

corresponding ee - mrPhEA resolution data (Figure 6.1.) of the SFE resolution procedure with no 

benzylamine. Thus, these calculations are independent from the results obtained with the 

benzylamine - phenylethylamine system. The assumptions are differed due to the reaction sequence 

and reaction rate of the amines with the racemic acid.  

The enantiomeric excesses, yields and F-parameters were calculated according to the 

models and were compared to the experimental data in the 0<mrPhEA<0.55 molar ratio range. The 

ratio of benzylamine : ibuprofen=1 : 2 was used during the calculations in all cases as it was 

determined by the X-ray analysis and mass balance calculations. The created models, which 

were applied to describe the influence of the achiral amine, are listed below:  

Model A.: The chiral amine reacts first with rac-1 and generates a certain enantiomeric 

excess. Subsequently, the benzylamine reacts with the enantiomerically enriched 

ibuprofen, but bonds the ibuprofen enantiomers in racemic composition in the salt. 

This phenomenon may happen during resolutions, e.g. hydrochloric acid bonds 

the same amounts of both tetramisole enantiomers from an enantiomeric mixture 

in the resolution of tetramisole with dibenzoyl tartaric acid.170 

Model B.: Phenylethylamine reacts first with the racemic acid then the achiral amine bonds 

an enantiomeric mixture of ibuprofen with the available enantiomeric purity. 

Model C.: Benzylamine reacts first with rac-1, the phenylethylamine reacts secondly. Since 

the amount of racemic ibuprofen decreases during salt formation with the achiral 

amine, the resolving agent can react with the ibuprofen at a higher mrPhEA. 

Model D.: In this model, the salt formations of the ibuprofen with the amines were not 

separated as in the above models. It was assumed that small amounts of the achiral 

and chiral amines alternately react with the acid (supposing no differences of the 

reaction rates between the ibuprofen and the two amines). In every step, less and 

less amines are free to bond the ibuprofen enantiomers; however, the amount of 

unreacted ibuprofen decreases as well. Thus the molar ratio of the resolving agent 

decreases to zero at the end and the enantiomeric excess values of the extracts and 

raffinates change continuously. The phenylethylamine resolves the unreacted 

ibuprofen due to the current mrPhEA, the benzylamine bonds the acid enantiomers 

with the enantiomeric excess of the unreacted enantiomeric mixture. 

The models are also summarized in Table 7.5. The courses of detailed calculations are described 

in the Appendix, in section A-3.2. 

In the phenylethylamine free experiments, (S)-ibuprofen rich enantiomeric mixtures were 

also reacted with benzylamine at different mrBA ratios. In these cases, the raffinates contained 
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enantiomeric mixtures of the chiral acid instead of a racemic mixture (data are collected in Table 

7.6). Thus, model A. can be left out of further consideration.  

Table 7.5. Comparisation of the tested models.  

 Model A. Model B. Model C. Model D. 

Reaction sequence of 
the amines with rac-1 

I. (R)-2 
II. 3 

I. (R)-2 
II. 3 

I. 3 
II. (R)-2 

3 and (R)-2 reacts 
alternately 

Reaction rates r1,r2>>r3 r1,r2>>r3 r3>>r1,r2 r3≈r1,r2 ; 

(R)-2 reacts with rac-1 rac-1 rac-1 (S)-1 rich mixture 

3 bonds 
rac-1 
(a=1) 

(S)-1 rich 
mixture 

rac-1 
current (S)-1 rich 

mixture 

Table 7.6. Reaction of (S)-iburofen rich mixtures with benzylamine. 

run 
initial ee % 
(S)-1 rich 

mrBA 
eeExtr %  

(S)-1 rich 
eeRaff % 

(S)-1 rich 
material loss % 

1. 35.0 0.25 37.4 27.5 7.4 

2. 25.0 0.10 24.5 29.2 5.4 

3. 25.0 0.25 25.6 16.7 12.5 

Having the eeExtr, eeRaff, YExtr and YRaff value, the ratio of and 
])[(K

])[(K

I

II

2
2

−
−

R

R
 can easily be 

calculated from experimental data at mrBA=0, giving useful information on the resolutions. It was 

obtained that the ratio of 
])[(K

])[(K

I

II

2
2

−
−

R

R
>1 in all cases and depends on mrPhEA, as shown in Figure 

7.15.  

 

Figure 7.15. Ratio of 
])[(K

])[(K

I

II

2
2

−
−

R

R
 

as a function of mrPhEA, fitted by a 

cubic order polynomial, mrBA=0. 

 

 

The resolution of ibuprofen 

thus can be regarded as a kinetic 

resolution, to which Model D. 

provides a numerical solution. The 
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feasibility of Model D. was checked by running calculations at mrBA=0. The comparisons of the 

calculated and experimentally obtained ee and F values without benzylamine are shown in the in 

Figure 7.16. The calculated data according to Model D. gave satisfactory approximation of the 

experimental values at mrBA=0, 

although, the breakdown of 

eeExtr - representing an eutectic 

composition - was not 

described. 

 

Figure 7.16. Modelling of 

benzylamine free resolutions 

by Model D., the calculated 

and experimental data are 

represented by ○ and ● 

respectively.  

a.) eeExtr, b.) eeRaff, c.) F. 
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The comparison of the model and experimental ee values in the extract and raffinate are 

shown in Figure 7.17.  

 

Figure 7.17. Comparisons of the 

modelled and experimentally 

determined ee values. The 

continuous and discontinuous 

lines represent the calculated 

eeExtr and eeRaff, respectively; the 

experimentally determined eeExtr 

and eeRaff are indicated by (+) 

and (■), respectively. a.) Model 

B., b.) Model C., c.) Model D. 
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The calculated and experimental resolution efficiency parameters are compared in Figure 7.18. 

Figure 7.18. Comparison of the 

calculated and experimentally 

obtained resolution efficiency 

parameters. The calculated F 

values are represented by a 

continuous line, experimental F 

values are plotted by black dots 

(●). a.) Model B., b.) Model C., 

c.) Model D. 
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 As summary, none of the presented models were able to describe the exact trends of the 

results obtained with the mixture of benzylamine - (R)-phenylethylamine in the resolution of 

racemic ibuprofen. As remarks, the followings issues can be concluded. 

• The calculated and experimentally achieved eeRaff values demonstrated relatively 

good correlations at low mrPhEA ratios in Model B. and C. In these cases, the reaction 

of the benzylamine was dominant. 

• There was a good fit of calculated eeExtr values on the experimental data when 

mrPhEA>0.38 in Model B. 

• Model D. indicated the most satisfactory correlations to the experimental data. Both 

the calculated eeExtr and eeRaff fitted well to the experimental values at low mrPhEA 

ratios (when mrPhEA<0.2). The calculated eeRaff values showed similar tendency to the 

experimental data. 

• The best fit of the calculated F parameters to the experimental data were found in 

Model C. and Model D.  

The power of prediction of the models may be increased by performing further resolutions, 

in which enantiomerically enriched mixtures of ibuprofen are reacted with the resolving agent 

and the benzylamine separately at different mrPhEA and mrBA molar ratios. As a further 

investigation of this phenomenon, reaction kinetics is suggested to be examined as well.   

 

7.6 CONCLUSIONS  

 Significantly higher F-parameters were achieved with the mixture of  

(R)-phenylethylamine – benzylamine during the resolution of ibuprofen than without the achiral 

additive. The effective molar ratio of the benzylamine was mrBA=0.04 at mrPhEA=0.53. Mass 

balance calculations as well as the single crystal X-ray analysis proved the dissimilar bonding 

capacity of the structurally related amines. While one resolving agent molecule formed a 

diastereomeric salt with one molecule of ibuprofen, one benzylamine molecule interacted with 

an ionic and a neutral ibuprofen too. Additional conclusions to the resolvability from 

conformational comparisons of the determined structures could not be drawn from the single 

crystal analysis.   

 Although the pH can be a determining factor in optical resolutions, it was postulated that 

there was no significant influence of the H+ ion activity on the resolution of ibuprofen with the 

amine mixture. 

 To find the reason of the increments in the resolution efficiencies obtained with the achiral 

amine, simple models have been set to calculate ee, Y and the F-parameters. The calculated data 

of the different models gave no decisive match with the experimentally achieved results. 

Probably, a more predictive model could be set after determining the resolution ability of the 

phenylethylamine at different molar ratios on various (S)-1 rich mixtures. 
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 Another possible explanation for the observed phenomenon of the achiral amine is the 

nucleation inhibition effect, as described by the Dutch researchers. The metastable zone of 

supersaturation of the more soluble diastereomeric salt is widened by the inhibitor, and the less 

soluble salt is obtained with increased diastereomeric excess. The selective preparation of the 

less soluble salt, however, requires correct temperature control, and the inhibitor is not included 

in this salt. In my experiments, less than molar equivalent of the amines were applied in order to 

have a certain amount of extractable acid enantiomers; moreover, all of the salts and unreacted 

enantiomers were precipitated together during a quick evaporation of the organic solvent.  

 Although the increased resolution efficiencies were mainly caused by the higher ee in the 

raffinate mixtures (in which the (R)-1 enantiomer was in excess that formed the more stable and 

thus the less soluble diastereomeric salt), other synergistic interactions of the two amines can not 

be excluded among the possible reasons of the favourable achiral influence.  
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8. RESOLUTION OF RACEMIC TRANS-1,2-CYCLOHEXANEDIOL WITH  

(2R,3R)-TARTARIC ACID VIA DIASTEREOMERIC COMPLEX FORMATION 

 

 The resolution of racemates via diastereomeric salt or complex formation using 

supercritical fluid extraction is one of the most investigated areas of our research group. In 

previous works, a few racemic alcohols containing a cyclohexane ring (menthol,  

trans-1,2-halogen-cyclohexanediols) have already been efficiently resolved. The racemate and 

the resolving agent were transferred to a mixture of molecular complexes and unreacted 

enantiomers in each case. The enantiomeric separations were accomplished via subsequent SFE 

of the unreacted enantiomers. In these resolutions, a derivative of the tartaric acid,  

O,O’-dibenzoyl-(2R,3R)-tartaric acid, has been used effectively as complex forming resolving 

agent.  

 As it is summarized in the section 4.2, the enantiomers of the racemic  

trans-1,2-cyclohexanediol (7) are important chiral auxiliaries or building blocks, although, they 

are produced mainly via enzymatic routes. The chemical resolution examples for this diol are 

rare, and resulted in moderate resolvabilities in most of the cases.  

 

8.1 DISSOLUTION OF THE RACEMIC TRANS-1,2-CYCLOHEXANEDIOL IN 

SUPERCRITICAL CARBON DIOXIDE 

In order to achieve enrichment of enantiomers/diastereomers by SFE, the racemate must 

possess certain solubility in scCO2, or at least should have a significantly higher dissolution than 

the diastereomers have (besides the essential condition of selective and stable chiral interactions 

between the racemate and resolving agent). Theoretically, a resolution can also be realized if not 

the racemate but both an apolar chiral selector and the formed diastereomers would be soluble in 

the supercritical solvent.  

 

The two hydroxyl groups on the neighbouring carbon atoms of the cyclohexane ring 

provide a relatively polar character to the cyclohexanediol, that may inhibit or decrease its 

solubility in scCO2 in a great extent. Therefore, experiments have been performed to decide 

about the feasibility of extracting potential enantiomeric mixtures of the diol, and determine the 

specific dissolution rate. The results of an extraction of the racemic cyclohexanediol in 

supercritical carbon dioxide at P=15 MPa, T= 48 °C is shown in Figure 8.1. 
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Figure 8.1. Extraction of racemic 

trans-1,2-cyclohexanediol with 

supercritical carbon dioxide at 

P=15 MPa and T=48 °C.  

 

The extraction experiments 

indicated moderate dissolutions of 

rac-7 in scCO2 compared to all the 

previously studied racemates173,174. 

Although, there can be a 

significant solubility difference 

between the racemic form and the 

enantiomeric mixtures of a chiral 

compound, latter extractions of the enantiomeric mixtures of trans-1,2-cyclohexanediol 

confirmed that 7 is a potential candidate to undergo successful resolution by SFE after partial 

diastereomeric complex formation, if an appropriate resolving agent is found. The extractions 

were performed in the 10 MPa<P<20 MPa and 33 °C<T<63 °C ranges. The specific dissolution 

rates (ss) were found to be between 0.05 m/m % (10 MPa, 63 °C) and approx..0.30 m/m %  

(15-20 MPa, 48-63 °C) at mrel-CHD≈0.25 g/m2. The determinations of ss values are described in 

section 8.5. 

 

8.2 SELECTION OF THE SUITABLE RESOLVING AGENT 

 Among the first trials to resolve the racemic trans-1,2-cyclohexanol, three complex 

forming resolving agents have been tested: (2R,3R)-tartaric acid (8), O,O’-dibenzoyl-(2R,3R)-

tartaric acid monohydrate (9), O,O’-di-p-toluyl-(2R,3R)-tartaric acid (10). In all cases, half molar 

equivalent of the resolving agents to the racemic diol has been added. The solid samples were 

prepared by the combination of ethanol solutions of the diol and one of the resolving agents prior 

to the evaporation of the organic solvent. After the supercritical fluid extractions of the samples 

(using approx. 770 g CO2 / g rac-7), the remaining materials were removed from the extractor. 

The raffinate diol enantiomers were recovered from the remaining mixture in subsequent steps: 

dissolution of the co-crystals in methanol, filtration from the support, decomposition by aqueous 

Na2CO3 solution, evaporation of water, dissolution of the liberated diol enantiomers in CHCl3; 

filtration of the solid tartrate salt,  evaporation of the halogenated solvent. The results of the 

preliminary resolutions are collected in Table 8.1. 
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Table 8.1 Resolution of racemic trans-1,2-cyclohexanediol (7) with tartaric acid (8),  

O,O’-dibenzoyl-(2R,3R)-tartaric acid monohydrate (9) and O,O’-di-p-toluyl-(2R,3R)-tartaric acid 

(10). 

 Resolving agent (2R,3R)-8 (2S,3S)-8 9 10 

eeExtr % 54.2 42.4 <1 <1 
Configuration in 

the extract 
(1S,2S)-7 (1R,2R)-7 (1S,2S)-7 (1S,2S)-7 

eeRaff  %  70.4 66.1 <5 <5 

F 0.54 0.44 0.03 0.05 

 

 It was found that both the benzoylic and toluylic derivatives of the tartaric acid gave poor 

enantiomer separations of rac-7. On the other hand, both enantiomers of the tartaric acid proved 

to be suitable resolving agents and successful resolutions of the rac-7 were achieved. It is worth 

to emphasize that the experimental error of data collected in Table 8.1 are not comparable to 

those, which were obtained during the resolution of ibuprofen. The latter one is a more settled 

and repeated procedure, in contrast with the resolution of rac-7 with (2R,3R)-8. 

 

 Since the outcome of a resolution is primarily influenced by the strength and number of 

secondary bonds between the racemate and chiral agent, the derivatives of a resolving agent, 

which contain more functional groups with the ability to create additional interactions (e.g. the 

compounds 9 or 10 in the family of tartaric acids) are more favourably used resolving agents. 

The diastereomers of 9 or 10 can be stabilized by hydrogen bonds (resulted by proton donation 

and acceptor properties) and hydrophobic interactions (resulted by the benzoyl groups) too. In 

contrast, the complexes of (2R,3R)-tartaric acid with trans-1,2-cyclohexanediol can be created 

only via hydrogen bonds. The failure of the compound(s) 9 (and 10) was not expected since 

these chiral agents were found to be promising diastereomer complex forming resolving agents 

for many similar racemic alcohols to rac-7, reported by Kassai et al.218, meanwhile, tartaric acid 

resulted no or poor enantiomer separations in those cases. 

 Similarly to the already realized resolutions of chiral alcohols via diastereomeric complex 

formation, the trans-1,2-cyclohexanediol and the tartaric acid have stereogenic centres at the two 

neighbouring carbon atoms. The related structures of the racemic alcohols and resolving agents 

are depicted according to the Fisher projection in Figure 8.2. The previously studied racemic 

alcohol – resolving agent pairs and the configurations of the more stable complexes by both the 

Fisher and Cahn-Ingold-Prelog projections are collected in Table 8.2. 

 It is well demonstrated that some of the more stable diastereomers are quasi racemates 

since the stereogenic centres are mirror images of each other (D-alcohol : L-acid); and some of 

them are not (L-alcohol : L-acid). This means that even in the case of structural resemblance in 
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the stereogenic centres, the configurations of the more stable diastereomers can not be exactly 

predicted. 

 

Figure 8.2. Structures of the chiral alcohols and resolving agents according to the Fisher 

Projection. The stereogenic centres are surrounded by a dashed line. The vertical line represents 

the plane of the mirror. a.) No mirror image shaped stereogenic centres. b.) The stereogenic 

centres are mirror images of each other. 

a.)         b.) 

 

 

 

 

 

 

 

Table 8.2. Configurations of the more stable diastereomeric complexes of various  

2-substituted-cyclohexanol derivatives. X and R groups are indicated in Figure 8.2. 

Racemate  X R 
Cahn-Ingold-Prelog 

configuration 
Fisher projection 

12 Cl 
O  

(1S,2S)-11 : (2R,3R)-9 L-11 : L-9 

13 Br 
O  

(1S,2S)-12 : (2R,3R)-9 L-12 : L-9 

14 I 
O  

(1S,2S)-13 : (2R,3R)-9 L-13 : L-9 

15 
O

 O  
(1S,2S)-14 : (2R,3R)-9 L-14 : L-9 

16 
O

 O  
(1R,2R)-15 : (2R,3R)-9 D-15 : L-9 

17 
O

 
O  

(1R,2R)-16 : (2R,3R)-9 D-16 : L-9 

8 OH H (1R,2R)-7 : (2R,3R)-8 D-7 : L-8 
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8.3 RESOLUTION OF CYCLOHEXANEDIOL WITH TARTARIC ACID 

A novel method for the chemical resolution of racemic trans-1,2-cyclohexanediol  

with (2R,3R)-tartaric acid by supercritical fluid extraction has been developed, based on the 

aforementioned results. Because of the lack of acidic or basic function groups on the studied 

racemate, the chiral recognition of the diol enantiomers is performed by diastereomeric complex 

formation or co-crystallization with the tartaric acid.  

 The resolution process contains the same steps to all the previous methods that verify the 

applicability of SFE for enantiomer separation: the chiral discrimination is performed by 

introducing the resolving agent to the racemate in less than stoichiometric ratio in the sample 

preparation step; the unreacted enantiomers of the solid samples are separated from the 

diastereomeric compounds by scCO2 in the extraction step; and finally, the raffinate enantiomers 

are recovered in a subsequent decomposition step. The resolution process is depicted in Figure 

8.3. An example for the resolution of trans-1,2-cyclohexanediol with (2R,3R)-tartaric acid by 

SFE is described in the section 10.2.6.  

 

Figure 8.3. Resolution of racemic trans-1,2-cyclohexanediol with (2R,3R)-tartaric acid by SFE. 
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8.4 INFLUENCE OF THE EXTRACTION PRESSURE AND TEMPERATURE 

 The experimental design methods (both fractional and full factorial) are versatile 

evaluation techniques to gather information from active (statistically designed) experiments or to 

determine the optimum of the independent variables on selected target parameters (pragmatical 

approach).  

 The performance of a given resolution can basically be influenced by the conditions of the 

supercritical extraction step. To determine the optimal operational parameters, a full factorial 32 

type experimental design was completed. Nine different sets of P and T were applied to study 

their influence on the enantiomeric excess, yield and resolution efficiency parameters. Four 

repeated extractions were performed in the centre point. The effects of the extraction parameters 

were quantified with 0.05 significance level. This type of experimental design is able to study 

and evaluate the main effects (P, P2, T, T2) and interaction effects (P×T, P2×T, P×T2, P2×T2) of 

the extraction parameters. The methodology of evaluation by the 32 experimental design is 

described in Appendix, in section A-4.1. The levels of the extraction factors are collected in 

Table 8.3. The results of the resolutions obtained within the pressure and temperature range of 

the experimental design are collected in the Appendix in Table A-4.1. 

 

Table 8.3. Factors and levels of the experimental design. 

Factor Lowest level Centre level Highest level 

Pressure MPa 10 15 20 

Temperature °C 33 48 63 

 

 As the result of the experimental design, calculated response surfaces of enantiomeric 

excesses (ee) and yields (Y) were fitted on the extract (subscript Extr) and raffinate (subscript 

Raff) values as well. It was demonstrated that only the linear effects of the pressure and 

temperature played major influence for eeRaff, YRaff, eeExtr and YExtr; in addition, the linear 

interactions of P and T were also significant for eeExtr and YExtr. The other studied effects were 

found to be statistically insignificant, thus their contribution to determine to functions of pressure 

and temperature were negligible. The surface diagrams with the statistically significant effects 

and fitted constants for eeExtr, eeRaff, YExtr, YRaff and F are shown in Figure 8.4. a.), b.), c.), d.) and 

e.), respectively. 

The enantiomeric excess and yield values of the extracts and raffinates as the functions of P 

and T showed reverse tendencies, in accordance with the mass balances. The extraction at the 

highest levels of the pressure and temperature was beneficial to obtain (1R,2R)-7 rich mixture 

with high ee in the raffinates (eeRaff=93.1 %), while these conditions resulted the worst ee values 

achieved in the extracts (eeExtr=38.7%). The maximum and minimum values of the YExtr and YRaff 
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were also achieved at P=20 MPa and T=63 °C, respectively. It is likely that to a certain extent 

the decomposition of the diastereomeric complex took place during the SFE step. This is in good 

agreement with the results of previous resolutions of racemic alcohols (menthol, trans-2-

halogencyclohexane-1-ols) via complex formation. If the diastereomeric compounds undergo 

complex decomposition during the extraction of the unreacted enantiomers, the purity of the 

extracted mixture decreases versus the purity of the remaining enantiomers in the raffinate. 

Higher the P and T during the extraction step, the more probable that secondary bonds, which 

stabilize the complexes, will fall apart. For this reason, the optimizations of SFE conditions for 

the resolution of diastereomeric complexes bear additional importance.  

 The fitted surface on the resolution efficiency (F) as a target function combining the ee and 

Y values of the extracts and raffinates is saddle shaped, caused by the aforementioned influences.  

 

Figure 8.4. The surface diagrams of the experimental design. a.) eeExtr, b.) eeRaff, c.) YExtr,  

d.) YRaff and e.) F. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

a.) b.) 

c.) 
d.) 
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Continuation of Figure 8.4. 

 

 

 

 Although the density (ρ) of 

the supercritical carbon dioxide is 

determined by its pressure and 

temperature, no significant 

influence of the density on F was 

found. The resolution efficiency 

changed in a relatively wide range 

(0.44<F<0.61), depending on P and T. The best resolutions were obtained at 10 MPa, 63 °C 

(F=0.61, ρ=0.275 g/ml) and 20 MPa, 33 °C (F=0.59, ρ=0.876 g/ml), respectively.  

 

8.5 MODELLING OF EXTRACTION CURVES 

 To describe the extraction kinetics, well known empirical models have been fitted to the 

supercritical extraction data of trans-1,2-cyclohexanediol. The empirical equations and the R2 

values of the fittings on the extraction data of rac-7 are collected in Table 8.4.  Interestingly, no 

reliable fit of the tested models were found. Despite the relatively high values of the R2, the fitted 

models did not represent the tendencies of the extractions.  

 Since the solubility of the solute 7 is low in the supercritical solvent, it can be assumed that 

the carbon dioxide is saturated (or has a constant saturation at constant flow rate of scCO2) by 

the diol. In this case, a straight line fitted on the initial section of the extraction data gives a good 

approximation of the solute solubility in scCO2. The specific dissolution rates (ss) of the 

compound 7 at some P and T were determined by calculating the slopes of the fitted linear lines  

(ss = YExtr / CO2
rel). The fitted lines on the extraction data at three different conditions are shown 

in Figure 8.5. 

 

Table 8.4. The fitted empirical models on the extraction curves of cyclohexanediol.  

Model Equation R2 Eq. 

Brunner YExtr = A × (1-exp(-B × CO2
rel)) 0.980 Eq.(12). 

Hyperbolic YExtr = d × CO2
rel / (1+e × CO2

rel) 0.968 Eq.(33). 

Parabolic diffusion YExtr = f + g × (CO2
rel)1/2 0.926 Eq.(34). 

Power law YExtr = h × (CO2
rel) i 0.923 Eq.(35). 

e.) 



  Resolution of Racemic trans-1,2-Cyclohexanediol with (2R,3R)-Tartaric Acid 

 84

Figure 8.5. Fitted straight lines 

on the initial sections of the 

extractions of unreacted 7 

enantiomers.  

(▲) P=15 MPa and T=48 °C, 

ss=0.28 m/m %,  

mrel-CHD=0.35 g/m2;  

(○) P=10 MPa, T=33 °C, 

 ss=0.14 m/m %,  

mrel-CHD=0.23 g/m2;  

(■) P=10 MPa, T=63 °C,  

ss=0.04 m/m %,  

mrel-CHD=0.23 g/m2. 

 

 In order to calculate the stoichiometric ratio of trans-1,2-cyclohexanediol and  

(2R,3R)-tartaric acid (SRTA) in the complex,  the maximum achievable yield of the unreacted diol 

enantiomers, A*, must be determined. Since no sufficient model was found to describe the 

extraction kinetics, A* (the value of YExtr at CO2
rel = ∞) was determined from repeated 

extractions, which were performed under the mildest levels of the experimental design  

(P=10 MPa and T=33 °C). These samples were extracted until total exhaustion of the samples 

with the following criteria: ∆YExtr<2% after extraction with approx. 450 g CO2/g rac-7. At these 

endpoints of the extractions, no diastereomeric decomposition was assumed. The extraction data 

of the repeated extractions are depicted in Figure 8.6. 

 

Figure 8.6. Extraction of 

unreacted trans-1,2-

cyclohexanediol by supercritical 

carbon dioxide at P=10 MPa and 

T=33 °C, mrTA=0.50. The 

extraction data of the repeated 

experiments are represented by 

(●), (○) and (+), respectively. 
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The stoichiometric ratio in the complexes (SRTA) was calculated as follows: 

 

mExtr-CHD= (A* / 100) × mRac-CHD,               Eq.(36). 

mRaff-CHD = mRac-CHD – mExtr-CHD,               Eq.(37). 

      

       ,                Eq.(38). 

 

where mExtr-CHD is the mass of the cyclohexanediol in the extract, mRaff-CHD is the mass of diol 

complexed by the resolving agent, respectively. The initial mass of the racemic acid is indicated 

by mRac-CHD. It was found that the trans-1,2-cyclohexanediol and tartaric acid reacts in  

1 : 1 stoichiometric  ratio, SRTA=0.96±0.003. This result has also been confirmed by single 

crystal X-ray diffraction analysis, performed on a crystal of (2R,3R)-tartaric acid and  

(1R,2R)-trans-cyclohexanediol. Further information regarding the single crystal analysis of the 

diol samples is described in the Appendix, in the section A-4.2. 

 

8.6 PRELIMINARY STUDY OF DIFFERENT RESOLVING AGENT MOLAR RATIOS   

 In the course of the development of a resolution method by SFE, the resolving agent molar 

ratio (mr) is principal parameter to affect the separation efficiency, which basically determines 

the purity of the produced enantiomeric mixtures. As a rule of thumb, the value of mr=0.5 gives 

the best F, since the ee and Y of the obtained mixtures are also objected to maximize, 

simultaneously. The testing of other than half molar equivalent molar ratios, however, may be 

resulted in significantly increased enantiomeric excesses. 

 In this section, I describe some experiments with unexpected results, achieved by other mr 

values than 0.5. The complexes were decomposed by saturated Na2CO3 solution. The results are 

collected in the Appendix in Table A-4.5. The extraction data of the resolutions at few mrTA 

values are depicted in Figure 8.7. 

 

Figure 8.7. Resolution of racemic 

trans-1,2-cyclohexanediol with 

(2R,3R)-tartaric acid at different 

mrTA ratios. 
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to have a certain amount of extractable material. Additionally, the resolutions at relatively small 

or high molar ratios provide the best enantiomeric excess values of the separated enantiomeric 

mixtures. 

 For this reason, resolutions at mrTA=0.1 and mrTA=0.9 were carried out as well. In both 

cases, five fractions were collected during the extraction of unreacted enantiomers. The 

following observations have been made:  

• surprisingly, none of collected fractions contained enantiomeric mixtures with higher ee 

values than 5% in the experiment at mrTA=0.1; 

• the maximum achieved yield of the extracted enantiomers was close to 50 % instead of  

10 % in the experiment at mrTA=0.9. 

 The most likely explanation of the obtained phenomenon is that the tartaric acid form 

diastereomeric complexes with the diol, which have a predetermined enantiomeric purity. This 

can happen if there is a big difference between the activation energies of the two diastereomeric 

complexes. As a result, a certain amount of cyclohexanediol enantiomers remained uncomplexed 

by the chiral acid even if there were unreacted resolving agent molecules. Theoretically, only the 

(1R,2R)-7 enantiomers are complexed mainly by (2R,3R)-8. This expectation was confirmed by 

the experiment with mrTA=1.5, whereas the YExtr
Max
≈50 % too; however, no diol enantiomer 

should be extracted at all. 

 Although more experiments must be performed, it can be summarized that the resolution of 

7 by 8 is the first example where the resolving agent was in excess related to the amount of 

racemate, during SFE. This phenomenon shows that the applicable range of resolving agent 

molar ratio can be further widened than in all the previous methods; moreover it provides the 

advantages of increasing the resolution efficiency by inducing the alcohol enantiomers to 

compete for the resolving agent molecules. 

 

8.7 CONCLUSIONS 

A novel resolution example of the racemic trans-1,2-cyclohexanediol with  

(2R,3R)-tartaric acid has been developed via supercritical fluid extraction; including: 

• investigation of racemic diol dissolution in scCO2, 

• selection of a suitable resolving agent, 

• performing resolutions and optimizing the extraction conditions, 

• opening new possibilities to enhance the final resolution efficiency.  

The racemates, which create the group of “SFE resolved” molecules, were come up from 

the pool of already realized classical resolution examples. The enantioseparation of  

rac-7 by enantiopure tartaric acid via SFE is not only the extension of the aforementioned group 

of the racemates but an absolutely new chemical way to produce diol enantiomers.  
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Although no enantiomerically pure products were obtained in one process stage, excellent 

enantiomer separations were achieved within significantly shorter process time (less then 6 h), 

compared to chemical derivatization processes 206,207. Since the chiral discrimination was 

performed via diastereomeric complex (co-crystal) formation, no covalent bond interaction was 

required to establish between the reacting compounds, providing an additional benefit. Applying 

the SFE method, the probably circumstantial treatments of the interacting molecules (addition of 

donors for functional group intake, purification or clarification steps, re-establishment of the 

desired molecule structures) can be avoided, compared to enzymatic resolutions too 203,205. 

It was demonstrated that the resolution can greatly be tuned by varying the conditions of 

the supercritical extraction. The optimization of the operational parameters highlighted that the 

best resolutions could be achieved at P=10 MPa, T=63 ºC, eeExtr=61.4 %, eeRaff= 91.9 % and at 

P=20 MPa, T=33 ºC, eeExtr= 62.1 %, eeRaff= 81.9 %; respectively; within the studied range of P 

and T. The latter condition is more advantageous because of a higher extraction rate, thus less 

amount of CO2
rel is necessary. 

As supplementary information to the resolution, the single crystal structure of the 

diasteromeric co-crystal has been determined. Equivalent stoichiometric ratio of the 

cyclohexanediol : tartaric acid  was found that confirms the results of mass balance calculations. 

In the environmental point of view, the described resolution method is beneficial because 

of its low hazardous solvent demand. The resolving agent is a non-toxic and cheap chiral 

compound that requires no additional chemical modifications before use.  

The overall performance of the presented resolution method provides a competitive or even 

more beneficial way to produce cyclohexanediol enantiomers, compared to the already existing 

techniques via complexation211. Nevertheless, further investigations and optimizations of the 

presented method are already in progress, e.g. addition of the resolving agent to the racemic diol 

in higher than equivalent ratio combined with fractionated extraction that opens new and 

promising directions.  
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9. SUMMARY 

 

 In my research I aimed to investigate chiral resolutions with supercritical fluid extraction as 

a continuation of the previous studies of our research group at the Budapest University of 

Technology and Economics. The supercritical carbon dioxide is an advantageous medium to 

separate apolar, enantiomerically enriched mixtures from polar stereoisomers. The simple tuning 

of extraction parameters facilitates to enhance the resolution efficiency as well. My experiments 

have been grouped around three main research directions: 

a.) influence of selected parameters of the sample preparations on the efficiency of 

resolution and extraction; 

b.) influence of an achiral additive with structural resemblance to the chiral selector on the 

resolution by SFE; 

c.) establishment and development of a resolution via supercritical fluid extraction for a new 

racemate. 

 

a.) It is already known that the sample preparation step of the resolution, in which the 

enantiomer discrimination is accomplished by the formation of diastereomeric compounds, is of 

primary importance for the outcome of the experiment; however, the characterizing factors of the 

supercritical extraction step are also influenced by the initial conditions of the process. Both the 

sample preparation and SFE steps contribute to the final result of the enantioseparation. 

The resolution of racemic ibuprofen, as a frequently used racemic compound to model new 

resolutions, was chosen to demonstrate this phenomenon. The influencing factors, such as the 

molar ratio of the resolving agent, the type of the used organic solvents, and the amount of added 

inert support have been evaluated in the aspects of increasing the F parameter. 

 To achieve the best resolvability, the molar ratio of 0.5<mrPhEA<0.6 of the resolving agent 

((R)-phenylethylamine) should be used, in accordance with previous resolutions. 

 It was demonstrated that an organic solvent, in which the racemic acid and the chiral 

selector are introduced, may have significant influence on the supercritical fluid extraction step. 

It is proposed that the observed effects of the tested solvents were originated from the altering 

building up of the solid particles, consisting of unreacted enantiomers and diastereomeric salts. 

When sample particles were precipitated from apolar solvents, probably the salts were formed 

first creating particle cores and then they were covered by layers of unreacted ibuprofen 

molecules. Since the well soluble ibuprofen molecules were easily available for the scCO2, these 

samples indicated the highest specific dissolution rates (1.2 m/m%<ss<1.5 m/m%) in contrast 

with samples, precipitated from the more polar solvents (ss<0.8 m/m%). The plot of F-parameter 

against the ss values indicated that the best resolutions were achieved with the halogenated 
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solvents. Ethanol gave the lowest resolvability. At low ss values, increased amount of CO2 was 

necessary for quantitative extraction of the unreacted enantiomers that was disadvantageous 

since the diastereomeric salts possessed certain solubility in scCO2 too. 

 To eliminate this drawback, inert support was added to the samples before solvent 

evaporation. No remarkable resolution efficiency boosting effects of the different amounts of 

Perfil 100TM were observed; although specific dissolution rates highly depended on the added 

mass of the support. It was demonstrated that appropriate amounts of the support  

(mrel-IBU ≈ 0.3 g/m2) resulted in a threefold increase in the specific dissolution rates of the 

similarly prepared sample; moreover, the required amount of scCO2 to achieve 50 % yield of 

extraction was decreased from CO2
rel,50% =780 g/g to the value of approx. 50 g/g. 

 The resolution of ibuprofen was also performed in organic solvent free experiments by 

reacting the melted or solid racemic compound and the liquid resolving agent. As result, 

somewhat lower enantiomer separations have been achieved in these experiments; however, the 

possibility of eliminating the need for organic solvents makes the SFE resolution technique a 

promising competitor against other methods in the environmentally benign point of view. 

 

b.) The importance of structural similarity of the interacting chiral components has already 

been proven via numerous examples, although the contribution of an achiral component to a 

resolution, bearing structural resemblances with one (or both) of the racemate or chiral selector, 

is still not well described issue.  

 I have studied the resolution of ibuprofen with the mixture of achiral benzylamine and  

(R)-phenylethylamine at various molar ratios of the amines. Since the optimum of the resolving 

agent molar ratio was determined as mrPhEA=0.55 in previous experiments, the sum molar ratio of 

the amine mixture was set to this value as well, and the ratio of benzylamine and (R)-

phenylethylamine was systemically altered. It was demonstrated that testing the possible 

concentration range of the additive is of primary significance, since both of resolution 

deteriorating and enhancing effects have been observed. Positive effects of the benzylamine were 

obtained at relatively small concentrations (mrBA=0.04) that confirms the significance of 

performing resolutions at extended additive concentration ranges. The enantiomeric excess 

values of the extracts and raffinates were also favourably influenced by the benzylamine, 

however, at different molar ratios: eeExtr increment is approx. 10% with benzylamine at 

mrBA=0.18, mrPhEA=0.37; eeRaff  increment is approx. 5% at mrBA=0.04, mrPhEA=0.51 (see Figures 

7.2. and 7.3.). Despite the low increase in the resolution efficiency parameters, the differences in 

the F-parameters obtained with or without the benzylamine were statistically significant and the 

resolvability was increased in the 0.1<mrPhEA<0.7 range at a constant mrBA=0.04 (7 mol %) 

setting. 
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 Surprisingly, the benzylamine bound the ibuprofen with double capacity compared to the 

phenylethylamine. The structures of salts of (S)-1, (R)-1 and racemic 1 with the chiral selector 

and the achiral amine, respectively, were determined by single crystal X-ray diffraction 

measurements, which confirmed the results of mass balance calculations. 

 Different assumptions were applied to describe the tendencies of enantiomeric excess and 

yield values during the resolutions at various amine concentrations. As results, only approximate 

fits were obtained, whose prediction power could be improved by detailed kinetic investigations. 

The different stoichiometry between the ibuprofen and benzylamine must play important role in 

the outcome of the resolutions, leading to a beneficial nucleation inhibition. On the other hand, 

other synergistic interactions can not be excluded from the possible explanations either. Further 

investigations of resolutions with structurally similar chiral and achiral components probably 

will give a better understanding and exploitation of this phenomenon. 

 

c.) Besides the investigations of already introduced phenomena of optical resolutions by 

supercritical fluid extraction, I also intended to widen the applicability of the SFE method by 

performing successful resolution for a racemic candidate, not investigated previously. The 

enantioseparation of the racemic trans-1,2-cyclohexanediol with optically pure tartaric acid is a 

novel resolution that was effectively accomplished by scCO2 extraction. 

 Although the resolution was realized by diastereomeric complex (co-crystal) formation, 

interestingly I found that the derivatives of the tartaric acid gave only slight resolvability to the 

studied racemic diol. This is in contrast of what was observed during previous resolutions of 

structurally similar racemic alcohols. 

 One of the most advantageous properties of the SFE in resolutions is the easiness of the 

tuning of the resolution efficiency by altering the extraction pressure and temperature. This 

possibility was effectively confirmed by performing a 32 full factorial experimental design. The 

F parameters of the experiments changed in the 0.4 – 0.6 range, showing excellent 

enantioseparations. The best results were achieved at P=10 MPa, T=63 ºC, and P=20 MPa,  

T=33 ºC within the studied intervals. 

 None of the applied kinetic models gave reliable fit on the extraction data of the unreacted 

diol enantiomers. The best assumption to the extraction characteristics was proven by two linear 

lines. This was caused by the considerably low dissolution of the racemic alcohol in the 

supercritical solvent, creating a “quasi-saturated” CO2 flow for the majority of the extraction 

process.  

As a result of the single crystal X-ray diffraction study of the prepared cyclohexanediol – tartaric 

acid crystals, 1 : 1 stoichiometric ratio between the racemate and resolving agent was found. 

 The obvious benefits of the novel resolution of trans-1,2-cyclohexanediol with tartaric acid 

via SFE are the following: 
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• high enantiomeric purity were obtained in one process step; 

• since the resolution is achieved via diastereomeric complex formation, there is no need 

for circumstantial creation and decomposition of covalent bonds; 

• quick resolutions can be realized gaining both of the enantiomerically enriched products 

within six hours from the racemate; 

• the resolvability was effectively tuned by the extraction parameters. 

 

 The next stages of the development of this enantioseparation process will be directed to 

perform repeated resolutions of enantiomeric mixtures of the diol and investigate the resolutions 

at various molar ratios of the tartaric acid. The latter one is especially interesting in the case if 

the mrTA>1.  
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10. MATERIALS AND METHODS 

 

10.1 MATERIALS 

The used chemicals and the suppliers are listed in Table 10.1. 

Chemical Producer 

Ibuprofen (1) Sigma-Aldrich Corp., Hungary 

(R)-Phenylethylamine (2) Merck Corp., Germany 
Benzylamine (3) Sigma-Aldrich Corp., Hungary 
Carbon dioxide Linde Ltd., Hungary 

AC, DCM, EtAC, EtOH, MEK, MeOH, TCM Reanal Ltd., Hungary 

Perfil 100TM Baumit Co., Hungary 

trans-1,2-Cyclohexanediol (7) Sigma-Aldrich Corp., Hungary 

(2R,3R)-tartaric acid, (2S,3S)-tartaric acid (8) Sigma-Aldrich Corp., Hungary 

 

10.2 METHODS 

During my research work, the racemates were resolved via partial diastereomeric salt or complex 

(co-crystal) formation, and subsequent supercritical fluid extraction. The resolution process is 

depicted in Figure 3.13. The definitions and equations used in this Dissertation are collected in 

section 5. 

 

10.2.1 The supercritical fluid extraction equipment 

The extractions were accomplished with a laboratory scale supercritical extraction unit, 

depicted in Figure 10.1. The carbon dioxide (99.5% pure) was directly supplemented from a 

buffer vessel. The CO2 was pressurized by a diaphragm pump and was heated above its critical 

temperature by a heater. Both the extractor and separator are thermostated vessels, with the inner 

volume of 25 ml, each. During the non-extracting periods of the operation, (assembling, weight 

measurement of the extractor), the liquid carbon dioxide was circulated through a bypass tubing 

continuously. The desired pressures in the extractor (between 10-25 MPa) and separator (4 MPa) 

were set precisely by manual valves. A glass separator operating at atmospheric pressure was 

also utilized between the separator and gas meter in order to collect the subsequent 

precipitations.  
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Figure 10.1. Laboratory 

scale supercritical 

extraction equipment. 1. 

CO2 vessel, 2. buffer 

vessel, 3. cooler, 4. pump, 

5. heater, 6. extractor, 7. 

separator, 8. atmospheric 

separator, 9. gas meter. 

 

 

10.2.2 Sample preparation from an organic solvent, resolution of ibuprofen with  

(R)-phenylethylamine by supercritical fluid extraction 

Weighted amounts of the racemic ibuprofen (1) (7.27 mmol) and (R)-phenylethylamine (2) 

(4.00 mmol, mrPhEA=0.55) were separately dissolved in 15 ml volumes of acetone, each. The 

clear solutions were combined and the acetone was evaporated in vacuum (40 ºC, 100 mbar 

vacuum). The sample, containing the precipitated diastereomeric salts and unreacted acid 

enantiomers, was dried at room temperature overnight. The supercritical fluid extraction (SFE) 

was performed on the following day at 15 MPa and 33 ºC, using 415 g CO2/g rac-1. Average 

CO2 mass flow rate was 0.6-0.8 g/s. The extracts containing (S)-1 in excess were collected in the 

separator (4 MPa, 40 °C). The (R)-1 rich enantiomeric mixtures were retrieved by liquid-liquid 

extraction after the decomposition of diastereomeric salts. The residual materials were displaced 

from the extractor, then 20 ml of DCM and 20 ml of 10% HCl solutions were added to it. The 

suspension was stirred for 10 minutes and the aqueous and organic liquid phases were separated 

in a glass flask. The aqueous phase was washed three times with 20 ml of DCM. The unified 

organic phases were washed three times with 20 ml of distillated water and then appropriate 

amount of anhydrous Na2SO4 was added (until the appearance of a clear liquid phase). Prior the 

solvent evaporation of the organic phase (40 ºC, 100 mbar vacuum), the Na2SO4 was filtered out 

from the solution. The following results were obtained: eeExtr=46.9 %, eeRaff=38.3 %, YExtr=51.7 

%, YRaff =48.3 %, F=0.43. 

 

10.2.3 Resolution of ibuprofen with (R)-phenylethylamine by supercritical fluid extraction using 

Perfil 100TM 

The racemic ibuprofen (1) (7.24 mmol) and (R)-phenylethylamine (2) (3.87 mmol, 

mrPhEA=0.53) were separately dissolved in 15 ml of ethanol, each. The solutions then were 

combined. Prior the evaporation of the ethanol (40 ºC, 100 mbar vacuum), 1.52 g Perfil 100TM 

(mrel-IBU=0.34 g/m2) was added and mixed in the solution. The remainder of the resolution 

process was carried out as it is described in section 10.2.2. with the exception of a filtration step, 

1 2 

4 3 

5 

6 7 

8 

9 
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applied before the liquid-liquid extraction for inert support removal. The amount of CO2 for 

extraction of the unreacted enantiomers was approx. 370 g CO2/g rac-1. The following results 

were obtained: eeExtr=34.5 %, eeRaff=45.7 %, YExtr=55.1 %, YRaff =45.1 %, F=0.40. 

 

10.2.4 Organic solvent free resolution of ibuprofen with (R)-phenylethylamine by supercritical 

fluid extraction 

The racemic ibuprofen was scaled (7.27 mmol) in a melting pot and was put into a 100 ºC 

incubator. After thawing, previously weighted amount of (R)-phenylethylamine (3.76 mmol, 

mrPhEA=0.52) was gently added to it, whilst quick precipitations of white particles were observed. 

After the resolving agent was roughly homogenized in the racemic acid, the prepared sample was 

incubated at 55 ºC for 1 day. No inert support was added to the sample. The amount of scCO2 for 

the extraction was approx. 440 g CO2/g rac-1. The supercritical extraction and diastereomeric 

salt decomposition steps were performed as it is described in section 10.2.2. The following 

results were obtained: eeExtr=34.4 %, eeRaff=33.5 %, YExtr=50.3 %, YRaff =36.7 %, F=0.30. 

 

10.2.5 Resolution of ibuprofen with the mixture of benzylamine - (R)-phenylethylamine by 

supercritical fluid extraction 

Calculated amounts of racemic ibuprofen 1 (7.27 mmol), (R)-phenylethylamine 2  

(3.71 mmol, mrPhEA=0.51) and benzylamine 3 (0.291 mmol, mrBA=0.040) were dissolved 

separately in 10 ml of ethanol, each. These solutions were combined and 1.50 g of Perfil 100TM 

was added to it. The ethanol was evaporated at 40°C in 100 mbar vacuum. The solid sample then 

was left at room temperature in a Petri dish for overnight. The next day, the sample was loaded 

into the extractor of the supercritical extraction unit. Approximately 500 g CO2/g rac-1 was used 

for the extraction of unreacted enantiomers at 15 MPa and 33 °C. The remainder of the 

resolution process was performed as it is described in section 10.2.2., except that a filtration step 

was applied before the liquid-liquid extraction for inert support removal. The following results 

were obtained: eeExtr=37.4 %, eeRaff=47.1 %, YExtr=54.1 %, YRaff =45.9 %, F=0.42. 

 

10.2.6 Resolution of racemic trans-1,2-cyclohexanediol with (2R,3R)-tartaric acid by 

supercritical fluid extraction 

Racemic trans-1,2-cyclohexanediol (7) (8.609 mmol) and (2R,3R)-tartaric acid (8)  

(4.306 mmol, mrTA=0.50) were dissolved separately in 15 ml of ethanol and were combined. 

Inert support, Perfil P100TM was added (1.50 g) to the solution. The ethanol then was evaporated 

at 40-50 °C in (final vacuum is 30 mbar). The solid sample was left to dry overnight at room 

temperature. The sample was extracted the next day at P=20 MPa, T=33 °C, with approx. 660 g 

CO2/ g rac-7. The (1S,2S)-7 rich mixture was collected in the separator at 4 MPa and 40 °C. The 

raffinate was removed from the extractor and 40 ml of methanol was added to it to dissolve the 
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remaining diastereomeric complex. After 1 hour stirring, the inert support was filtered and the 

methanol was evaporated at 40-50 °C in 30 mbar vacuum. The complexes were decomposed by 

saturated aqueous solution of Na2CO3 (6 ml) while stirred for 15 minutes. The water then was 

evaporated from the residue at 70-80 °C in 30 mbar vacuum. The solid particles were crushed 

and 20 ml of trichloromethane was added to it. After 30 minutes of stirring, the sodium-tartrate 

salt was filtered out and the organic phase was evaporated. The obtained product contains the 

(1R,2R)-7 in excess. The following results were obtained: eeExtr=62.1%, eeRaff=81.9%, YExtr=50.6 

%, YRaff =33.7 %, F=0.59. 

 

10.2.7 Determination of the enantiomeric excess values 

Ibuprofen samples 

The enantiomeric excess values of the ibuprofen samples, obtained either in the extracts 

or raffinates, were determined based on prior calibration of optical rotation data, measured by a 

Perkin-Elmer 241 polarimeter, ([20
RDα ]=60°, c=1 MeOH). 

 

trans-1,2-Cyclohexanediol samples 

 The enantiomeric excesses of the diol products were determined by GC analysis with an 

Agilent 4890D chromatograph on a Hydrodex-β-6-TBDPM (25 m x 0.25 mm x 0.25 µm film 

with permethylated β-cyclodextrin, Macherey & Nagel, No.: 21519/11) column. The analysis 

was performed at 130 °C with hydrogen carrier gas. The head pressure was 82740 Pa, the split 

ratio was 1:50. FID detector was applied at 250 °C, the temperature of the injector was 250°C. 
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APPENDIX 

 

A-1. CHEMICAL PROPERTIES OF THE STUDIED RACEMATES AND RESOLVING 

AGENTS 

 

Table A-1.1. Resolution of ibuprofen with (R)-phenylethylamine 

properties Ibuprofen (1) (R)-phenylethylamine (2) benzylamine (3) 

Structure 
COOH

*

 NH2

H

 NH2 
M, g/mol 206.28 121.2 107.16 

Mp. ºC 78-80 -65 -30 

Bp. ºC 157 at 533 Pa 187-189 183 

Fp. ºC - 70 72 

ρ at 25 ºC, g/ml - 0.952 0.981 

 

Table A-1.2. Resolution of trans-1,2-cyclohexanediol with (2R,3R)-tartaric acid 

properties trans-1,2-cyclohexanediol (8) (2R,3R)-tartaric acid (8) 

Structure 

OH

OH
* *

 

OH

OHO

HO

O

OH

 
M, g/mol 116.16 150.09 

Mp. ºC 100-103 170-172 
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A-2. RESOLUTION OF IBUPROFEN WITH (R)-PHENYLETHYLAMINE BY  

SUPERCRITICAL FLUID EXTRACTION 

Table A-2.1. Resolution of racemic ibuprofen with (R)-phenylethylamine at different mrPhEA. 

mrPhEA eeExtr % eeRaff % YExtr % YRaff % F 

0.05 1.3 62.0 91.3 8.4 0.06 

0.14 8.3 61.0 87.8 11.2 0.14 

0.27 13.7 59.0 77.6 21.3 0.23 

0.40 25.1 50.7 67.8 31.4 0.32 

0.47 29.5 54.2 60.4 34.8 0.37 

0.52 35.4 44.3 55.0 43.5 0.39 

0.53 37.2 43.8 55.7 43.1 0.40 

0.53 34.5 45.7 55.1 45.1 0.40 

0.65 45.7 30.2 44.7 53.8 0.37 

0.70 44.1 28.5 34.5 64.2 0.34 

0.79 39.3 19.7 29.0 65.5 0.24 

0.91 33.1 9.5 15.1 78.7 0.13 

 

Figure A-2.1. The dependence of eeExtr as a function of the specific dissolution rates obtained by 

different organic solvents. 
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Figure A-2.2. The dependence of eeRaff as a function of the specific dissolution rates obtained by 

different organic solvents. 
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A-3. THE INFLUENCE OF AN ACHIRAL ADDITIVE ON THE RESOLUTION OF IBUPROFEN 

 

Table A-3.1. Resolution of ibuprofen at optimal benzylamine molar ratio. The resolutions at mrPhEA=0.53 were performed three times. 

 

mrBA=0 mrBA=0.040±0.001 

Run mrPhEA eeExtr % eeRaff % YExtr % YRaff % F Run mrPhEA eeExtr % eeRaff % YExtr % YRaff % F 

1. 0.05 1.28 62.0 91.3 8.4 0.06 12. 0.12 9.0 66.9 86.6 12.4 0.16 

2. 0.14 8.3 61.0 87.8 11.2 0.14 13. 0.22 15.8 63.1 83.9 15.3 0.23 

3. 0.27 13.7 59.0 77.6 21.3 0.23 14. 0.29 20.6 64.7 76.8 22.3 0.30 

4. 0.40 25.1 50.7 67.8 31.4 0.33 15. 0.40 27.6 57.3 71.2 27.9 0.36 

5., 6.,7. 0.53±0.01 35.7±1.4 44.6±1.0 55.3±0.4 43.9±1.1 0.393±0.005 16.,17.,18. 0.53±0.01 36.5±1.0 47.4±0.9 53.4±1.1 45.7±1.0 0.412±0.006 

8. 0.65 45.7 30.2 44.7 53.8 0.37 19. 0.64 40.7 37.5 44.2 54.7 0.39 

9. 0.70 44.1 28.5 34.5 64.2 0.34 20. 0.71 37.8 31.2 31.7 66.7 0.33 

10. 0.79 39.3 19.7 29.0 65.5 0.24 21. 0.79 31.5 21.6 30.8 67.6 0.24 

11. 0.91 33.1 9.5 15.1 78.7 0.12 22. 0.90 11.3 7.7 16.6 81.1 0.08 
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Table A-3.2. Calculated stoichiometric ratios of ibuprofen : benzylamine in their salt. 

Run mrPhEA mrBA A % SRBA 

1. 0.06 0.48 1.9 1.9 

2. 0.11 0.42 6.8 1.9 

3. 0.13 0.40 7.0 2.0 

4. 0.16 0.37 6.5 2.1 

5. 0.27 0.25 24.2 1.9 

6. 0.37 0.15 34.7 1.9 

7. 0.12 0.12 62.3 2.1 

8. 0.49 0.05 40.8 2.0 

9. 0.71 0.04 21.2 2.0 

10. 0.52 0.04 40.4 1.8 

11. 0.23 0.04 70.2 1.9 

A-3.1. Single crystal X-ray diffraction study of ibuprofen salts: structure solution, refinement and 

analysis 

The crystals 4, 5 and 6 were mounted on a MiTeGen loop with parathon oil. Cell 

parameters were determined by least-squares of all reflections in the whole measured θ range. 

Intensity data were collected on a RIGAKU RAXIS-RAPID diffractometer (graphite 

monochromator; Mo-Kα radiation, λ=0.71073Å) in the Institute of Structural Chemistry, 

Hungarian Academy of Sciences. Empirical absorption corrections were applied to the data. The 

structures were solved by direct methods [1]. Anisotropic full-matrix least-squares refinements 

[2,3] on the structure factors for all non-hydrogen atoms were performed. Neutral atomic 

scattering factors were taken from the International Tables for X-ray Crystallography [4]. The 

isotropic displacement parameters of the hydrogen atoms were approximated from the U(eq) 

value of the atom they were bound. Crystallographic data (excluding structure factors) for the 

above crystal structures have been deposited with the Cambridge Crystallographic Data Centre 

as supplementary publication numbers: CCDC 680215, CCDC 680216 and CCDC 680217. The 

determination of absolute configuration [5] of the studied diastereomeric salts 4 and 5 was not 

                                                 
1  Sheldrick, G.M. SHELXS-97 Program for Crystal Structures Solution. University of 

Göttingen, Göttingen, 1997. 
2 Sheldrick, G.M. SHELXL-97 Program for the Refinement of Crystal Structures. University of 

Göttingen, Göttingen, 1997. 
3 Barbour, L.J. J. Supramol. Chem. 2001, 1, 189. 
4 Maslen, E.N.; Fox, A.G.; O'Keefe, M.A. X-ray scattering. Ed.: Wilson, A.J.C. International 

Tables for X-ray Crystallography. Dordrecht, Kluwer Academic Publishers, 1992, C, 476. 
5 Flack, H.D. Acta. Cryst. A. 1983, 39, 876. 
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reliable because of the lack of strong anomalous scattering centres (Flack x is 0.3(17)) in 4 and 

0.5(23) in 5). On the other hand, the (R)-phenylethylamine added to the ibuprofen was 

enantiomerically pure in both cases, moreover, enantiomerically pure ibuprofen was reacted with 

the resolving agent when compound 5 was crystallized. Thus the absolute configurations of the 

diastereomers are known. Despite the poor crystal qualities the positions of the hydrogen atoms 

could be located in the difference maps. Although the positions of hydrogen atoms were not 

refined, they were included in the structure factor calculations. 

Table A-3.3. Parameter, solution and refinement data of single crystal analysis of ibuprofen salts. 

Compound 4 (R,R)-salt 5 (R,S)-salt 6 

Formula C13H17O2,C8H12N1 C13H17O2, C8H12N1 C13H18O2, C13H17O2, C7H10N1 

M, g/mol 327.45 327.45 519.70 
Crystal System Orthorhombic Orthorhombic Triclinic 

Space group P212121 P212121 P-1 
a, b, c [Å] 
α, β, γ [o] 

5.887(1) 
15.257(4) 
22.235(6) 

 

6.884(1) 
12.400(3) 
23.491(5) 

6.048(1) 
13.193(1) 
19.243(1) 
90.98(1) 
98.85(1) 
98.22(1) 

V [Å 3] 1997.2(9) 2005.2(8) 1500.29(15) 
Z 4 4 2 

D(calc) [g/ml] 1.089 1.085 1.150 

µ (MoKα) [mm-1] 0.069 0.069 0.074 

Number of 
electrons F(000) 

712 712 564 

Crystal Size [mm] 0.25, 0.25, 0.50 0.25, 0.25, 0.75 0.12, 0.12, 0.50 

Temperature (K) 115 111 113 

Radiation [Å] MoKα, 0.71073 MoKα, 0.71073 MoKα, 0.71073 

θ Min-Max [o] 3.1, 27.5 3.1,  27.5 2.1,  19.4 

Dataset -7:7, -19:19, -28:28 -8:8, -16:16, -30:30 -5:5, -12:12, -17:17 
Tot., Uniq. Data, 

R(int) 
57854, 4572, 0.062 75017, 4572, 0.108 23691, 2561, 0.060 

Observed data 
[I > 2.0 σ(I)] 

2111 3068 2517 

Nref, Npar 4572, 226 4572, 223 2561, 354 

R, wR2, GooF 0.0464, 0.1073, 1.28 0.0743, 0.1931, 1.05 0.1328, 0.3673, 1.12 

Max. and Av. 
Shift/Error 

0.03, 0.00 0.00, 0.00 0.00, 0.00 

Min. and Max. 
Resd. Dens. [e Å-3] 

-0.65, 0.66 -0.20, 0.27 -0.35, 0.61 
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Table A-3.4. Intermolecular interactions in the crystal structure of the salts 4, 5 and 6. 

D-H...A D-H, [Å] H...A, [Å] D...A, [Å] D-H...A, [°]  Symmetry operation 

(R)-(1-phenylethyl)ammonium-[(R)-2-(4-isobutylphenyl)propanoate] (4) 

N1-H1N…O1 0.910 1.830 2.730 (3) 168 - 

N1-H2N…O1 0.910 1.880 2.787 (3) 176 -1/2+x,1/2-y,1-z 

N1-H3N…O2 0.910 1.800 2.707 (3) 171 -1+x,y,z 

C5-H5…O2 0.950 2.480 3.379 (3) 158 -1+x,y,z 

(R)-(1-phenylethyl)ammonium-[(S)-2-(4-isobutylphenyl)propanoate] (5) 

N1-H1N...O1 0.910 1.810 2.696 (3) 164 -1/2+x,1/2-y,-z 

N1-H2N...O1 0.910 1.930 2.762 (3) 152 - 

N1-H3N...O2 0.910 1.900 2.809 (3) 176 -1+x,y,z 

benzylammonium-[rac-2-(4-isobutylphenyl)propanoate][rac-2-(4-
isobutylphenyl)propionic acid] co-crystal (6) 

N1-H1A...O1 0.910 1.900 2.794 (11) 169 - 

N1-H1B...O1 0.910 1.930 2.819 (10) 164 1-x,-y,-z 

N1-H1C...O2 0.910 1.840 2.749 (11) 176 1+x,y,z 

O31-H31...O2 0.840 1.850 2.665 (11) 162 -x,1-y,-z 

C24-H24...O1 0.950 2.590 3.440 (13) 149 1+x,y,z 

 
A-3.2. Modelling of the achiral influence, calculations 

A polynomial was fitted to the enantiomeric excess and yield data of the resolutions 

performed without benzylamine with various phenylethylamine molar ratios. The equations of 

the fitted curves were determined to have the eeExtr, eeRaff, YExtr and YRaff dependency on mrPhEA in 

all cases. The mass of ibuprofen enantiomers were calculated starting from the definitions of ee 

and Y, due to their supposed reaction sequence with the amines. The ee, Y and F parameters were 

calculated from mrPhEA=0 to mrPhEA=0.55 (mrBA=0.55 to mrBA=0) with mrPhEA=mrBA=0.025 

increments. Detailed descriptions of the calculation processes are listed below: 

Model A: 

• Calculation the mass of (R)-1 rich ibuprofen mixture bound by the resolving agent, 

• calculation the mass of unreacted ibuprofen enantiomers ((S)-1 rich mixture), 



  Appendix 

 8

• calculation the mass of ibuprofen enantiomers bound by the benzylamine in racemic 

composition from the unreacted enantiomeric mixture, 

• calculation of the sum of bound ibuprofen enantiomers by the resolving agent and the 

benzylamine, 

• recalculation of the remaining (unreacted) mass of ibuprofen enantiomers, 

• calculation of ee, Y and F data. 

 

Model B: 

• Calculation the mass of ibuprofen enantiomers bound by the resolving agent, 

• calculation the mass of unreacted acid enantiomers, 

• calculation the mass of ibuprofen bound by the benzylamine with the same enantiomeric 

excess to the unreacted acid enantiomers, 

• calculation of the total amounts of ibuprofen enantiomers bound by the chiral and achiral 

amines, 

• recalculation of the remaining (unreacted) mass of ibuprofen enantiomers, 

• calculation of ee, Y and F data. 

 

Model C: 

• Calculation the mass of ibuprofen enantiomers in racemic composition, bound by the 

achiral benzylamine, 

• calculation of the remaining mass of acid enantiomers, 

• calculation of the changed molar ratios from the amounts of unreacted ibuprofen 

enantiomers and the phenylethylamine, 

• recalculation of the enantiomeric excess and yield values in the extract and raffinate 

according to the new molar ratios, 

• calculation the mass of ibuprofen enantiomers bound by the phenylethylamine, 

• calculation the sum amounts of acid enantiomers bound by the two amines, 

• recalculation the mass of remaining (unreacted) ibuprofen enantiomers, 

• calculation of ee, Y and F data. 

 

Model D: 

• Assuming a constant, small amounts of amines, 

• calculation the amounts of ibuprofen enantiomers bound by the small portions of the two 

amines alternately, 

• calculation the mass of unreacted ibuprofen enantiomers, 

• calculation the mass of reacted amines, 
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• calculation the mass of unreacted chiral and achiral amines, 

• calculation of the current molar ratio of the resolving agent (mrPhEA), 

• calculation the enantiomeric excess of the bound ibuprofen enantiomers. This 

enantiomeric excess was determined by the actual mrPhEA if the resolving agent forms a 

portion of salt, or determined by the enantiomeric excess of the current unreacted acid 

enantiomers if the benzylamine forms a small amount of salts. 

• The aforementioned calculations were run from step to step until one of the chiral or 

achiral amines were used up, 

• calculation the excess amounts of chiral or achiral amines (depending on whether 

mrPhEA>mrBA or mrBA>mrPhEA). 

• If mrPhEA>mrBA, a part of the remaining ibuprofen enantiomers were bound by the 

resolving agent. The ee of this enantiomeric mixture were calculated according to the 

resolution data of experiments without benzylamine. 

• If mrBA>mrPhEA, a part of the remaining ibuprofen enantiomers were bound by the 

benzylamine. The ee of this enantiomeric mixture was determined by the enantiomeric 

excess of the unreacted enantiomers calculated in the last step. 

• Calculation the sum mass of (S)-1 and (R)-1 enantiomers bound by 2 or 3, 

• calculation the mass of remaining unreacted acid enantiomers ((S)-1 and  

(R)-1), 

• calculation the ee, Y and F parameters. 

The number of steps during the calculations was determined by the assumed, small portions 

of the reacting amines and the amine molar ratios. 

 

A-4. RESOLUTION OF RACEMIC TRANS-1,2-CYCLOHEXANEDIOL VIA 

DIASTEROMERIC COMPLEX FORMATION 

 

A-4.1. Evaluation of results by 32 experimental design 

All experiments were carried out at mr=0.50 ratio. With this setup, the linear and quadratic 

effects of the pressure and temperature as well as the effects of their interactions could be 

statistically analysed. The evaluation of the experimental data was performed by STATISTICA 

software (StatSoft, Inc., version 7.1). In the course of the evaluation, the following hypothetical 

regression equation was used: 

 y= β0 + β1 x1+ β2 x2 + β3 x1
2 + β4 x2

2 + β5 x1x2 + β6 x1
2x2 + β7 x1x2

2              Eq.(39). 

The fitted linear equation to the experimental data is: 

∧
F= b0 + b1P + b2T + b3P

2 + b4T
2 + b5PT + b6P

2T + b7T
2P               Eq.(40). 
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Where y is the target function (resolvability), βj and bj are constants, x1, x2 are independent 

variables (P pressure, T temperature). A t test was performed to check whether the estimated 

parameters of bj are significantly different from zero or not. 

The t test is the following: 

j j

bj

b

d

− β
=t ,                   Eq.(41). 

2
2 f
bj

d
d =

N
,                  Eq.(42). 

where N is the number of the experimental sets, N=9. The empirical square of the standard 

deviation is represented by df
2. The value of df

2 can be determined from the repeated experiments 

in the centre level of the experiments, where N=4, and the number of freedom ν=N-1=3. 

1N

)ff(
d

2
i2

f −
−

= ∑
−

,                  Eq.(43). 

where f is the experimental result. The zero hypothesis of the statistical test is the following: 

H0: βj =0                    Eq.(44). 

If H0 is relevant, the ratio of bj/sbj has a t (Student) distribution, thus: 

p(-tα/2 < bj / dbj < tα/2) = 1 - α,                 Eq.(45). 

where p is the probability and α is the chosen significance level. The zero hypothesis is declined 

if bj> dbj/tα/2. When α=0.05 is chosen, tα/2=2.35 at ν=3. Therefore a coefficient (bj) is 

significant (significantly higher than zero), if bj×2.35>dbj. After the model is described by the 

significant coefficients, and the number of the parameters is lower than the number of 

experimental settings, it can be decided whether the model is adequate or not. The residual 

deviation square is defined as: 

^

ii2 i
r

(f F )
d

N-1

Σ −
= ,                    Eq.(46). 

where 
^

iF  is the estimated value of the experimentally determined fi. In the case of the Fischer 

distribution of the ratio of 
2
r
2
f

d

d
(supposing that 2 2

r fd d>  and their ratio does not exceed a critical 

value), it can be concluded that the experimental data is not contrary to the zero hypothesis and 

the mathematical shape of the hypothetical and the fitted equations are similar, thus the model is 

adequate. 
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Table A-4.1. Resolution results of the experimental design. 

P MPa T °C eeExtr % eeRaff % YExtr % YRaff % F 

10 33 53.7 62.6 49.1 37.0 0.50 

10 48 46.4 58.7 50.3 35.6 0.44 

10 63 61.4 91.9 55.2 29.5 0.61 

15 33 56.6 68.6 47.8 36.9 0.52 

15 48 58.5 80.2 55.1 30.6 0.57 

15 48 57.0 78.4 54.7 28.9 0.54 

15 48 52.2 76.7 53.9 29.9 0.51 

15 48 54.2 70.4 52.2 36.5 0.54 

15 63 50.8 87.7 57.5 30.8 0.56 

20 33 62.1 81.9 50.6 33.7 0.59 

20 48 52.0 88.5 56.7 27.1 0.53 

20 63 38.7 93.1 68.0 18.9 0.44 

 

A-4.2. Single crystal study the of tartaric acid-cyclohexanediol co-crystal: structure solution, 

refinement and analysis 

 Single crystals of (2R,3R)-tartaric acid (8) and trans-1,2-cyclohexanediol (7) were grown 

from a 2 : 1 hexane : acetone solvent mixture, starting from an 1 : 1 molar  ratio of the 

compounds. The transparent crystals were well developed. The selected crystal for analysis had 

the size of 0.55 × 0.55 × 0.34 mm. The data collection was performed with MoKα radiation on a 

RIGAKU RAXIS-RAPID diffractometer (graphite monochromator; Mo-Kα radiation,  

λ = 0.71073Å) at room temperature (295 K), in the Institute of Structural Chemistry, Hungarian 

Academy of Sciences. The studied crystal was mounted on a loop with parathon oil. Cell 

parameters were determined by least-squares of all reflections in the whole measured θ range. 

Empirical absorption corrections were applied to the data. The structure was solved by direct 

methods [1]. Anisotropic full-matrix least-squares refinements [2,3] on the structure factors for 

all non-hydrogen atoms were performed. Neutral atomic scattering factors are taken from the 

International Tables for X-ray Crystallography [4]. 

 The structure of the selected crystal proved the co-crystal formation of  

(2R,3R)-tartaric acid with (1R,2R)-trans-cyclohexanediol. In the orthorhombic crystal system of 

the [(2R,3R)-tartaric acid (1R,2R)-trans-cyclohexanediol] co-crystal 17, the space group is 

P212121 (No 19). The asymmetric unit consists of one tartaric acid and one diol enantiomers 

(Z=4, Z’=1), as shown in Figure A-4.1. Both of the alcoholic oxygen atoms of the diol are in 

equatorial positions.  
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Figure A-4.1. ORTEP diagram [217] of the 17 co-crystal, represented at 50 % probability level, 

heteroatoms are shaded. The chiral centres are C2 (R), C3 (R), C21 (R) and C26 (R), 

respectively. 

 

The crystallographic data, data collections, details of the structure determination and 

refinement are collected in Table A-4.2. Since there are no strong anomalous scattering centres 

among the constituents, the Flack x parameter [5] is not reliable, however, the configuration of 

the diol must be (1R,2R) because (2R,3R)-tartaric acid was used as starting material. The 

hydrogen atomic positions of the alcoholic and acidic hydroxilic groups were located in the 

difference maps. Hydrogen atoms were included in structure factor calculations, although they 

were not refined. The isotropic displacement parameters of the hydrogen atoms were 

approximated from the U(eq) value of the atom they were bound. 
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Table A-4.2. Summary of crystallographic data, data collections, structure determination and 

refinement for the co-crystal 17. 

Compound 17 

Formula C6H12O2,C4H6O6 
M, g/mol 266.24 

Crystal System Orthorhombic 
Space group P212121   (No. 19) 

a, b, c [Å] 
α, β, γ [o] 

6.7033(13) 
7.2643(16) 
24.863(5) 

V [Å 3] 1210.7(4) 
Z 4 

D(calc) [g/ml] 1.461 
µ (MoKα) [mm-1] 0.128 

Number of electrons F(000) 568 
Crystal Size [mm] 0.20 ×  0.20 ×  0.20 
Temperature (K) 295 

Radiation [Å] MoKα, 0.71073 
θ Min-Max [o] 3.2, 26.4 

Dataset -8: 8, -9: 9, -31:31 
Tot., Uniq. Data, R(int) 25226, 2468, 0.121 

Observed data 
[I > 2.0 σ(I)] 

2216 

Nref, Npar 2468, 170 
R, wR2, GooF 0.0640, 0.1369, 1.05 
Max. and Av. 

Shift/Error 
0.00, 0.00 

Flack x -0.5(18) 
Min. and Max. 

Resd. Dens. [e Å-3] 
-0.26, 0.28 

 

The two moieties of the co-crystal contain six donors and eight acceptors to create 

hydrogen bonds resulting a rather complex hydrogen bonding pattern in the crystal structure. The 

intermolecular interactions in the structure of the co-crystal 17 is described in Table A-4.3., the 

hydrogen bonding pattern is depicted in Figure A-4.2, respectively.  
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Table A-4.3. Intermolecular interactions in the co-crystal 17. 

D-H...A D-H, [Å] H...A, [Å] D...A, [Å] D-H...A, [°]  Symmetry operation 

O2 -H2O ...O12 0.820 2.300 2.615 (3) 104 intra 

O3 -H3O ...O41 0.820 2.380 2.707 (3) 105 intra 

O12-H12O...O21 0.820 1.770 2.593 (3) 176 
within the 

asymmetric unit 

O26-H26O...O11 0.820 2.130 2.923 (3) 162 
within the 

asymmetric unit 

O2 -H2O ...O26 0.820 2.100 2.873 (3) 157 x,-1+y,z 

O3 -H3O ...O41 0.820 2.020 2.740 (4) 146 1/2+x,-1/2-y,-z 

O21-H21O...O3 0.820 1.970 2.786 (3) 171 1/2+x,1/2-y,-z 

O26-H26O...O41 0.820 2.500 2.882 (3) 109 1/2+x,1/2-y,-z 

O42-H42O...O26 0.820 1.990 2.773 (3) 160 -1+x,-1+y,z 

C2 -H2  ...O21 0.980 2.390 3.280 (4) 150 -1+x,y,z 

 

Figure A-4.2. The two dimensional infinite hydrogen bound plane [218] of the co-crystal 17. a.) 

side view from the a crystallographic axis; b.) perpendicular view to the sheet from the c 

crystallographic axis. The tartaric acid is coloured red, cyclohexanediol is blue. Hydrogen atoms 

are omitted for clarity. 

a.)       b.)  

 

 

 

 

 

 

 

 

 

 

 

 

A two dimensional hydrogen bond sheet is formed in the a - b crystallographic plane with 

the width of c/2, what consists of four layers. The bottom and upper parts are created from 
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cyclohexanediol molecules and thus have a hydrophobic character. The inner part consists of a 

double layer of tartaric acid molecules and has a hydrophilic character, shown in Figure A-4.3. 

Figure A-4.3. The inner tartaric 

acid layer of the sheet [216], 

presenting its hydrogen bond 

system. View from the c 

crystallographic axis. 

Hydrogen atoms are omitted 

for clarity. 

 
The conformation of the 

tartaric acid molecule is 

strengthened by two 

intramolecular hydrogen bonds. 

The tartaric acid molecules are 

strongly connected to each other and also to diol molecules by O-H…O type intermolecular 

interactions, although, there is no H bond formed between the cyclohexanediol molecules. A 

tartaric acid molecule is connected to three other acid molecules directly and to a fourth one via a 

cyclohexanediol molecule. A tartaric acid molecule interacts with four cyclohexanediol 

molecules through six hydrogen bonds. The summary of the hydrogen bond networks including 

the interacting atoms are collected in Table A-4.4.  

Table A-4.4. List of hydrogen bond networks in the co-crystal 17.  

Interacting atoms Description [217] 
…O12-C1-C2-O2-H2O… loop S(5) 
…O41-C4-C3-O3-H3O… loop S(5) 

…O11=C1-O12-H12O…O21-C21-C26-O26-
H26… homodromic, R22(9) 

…H21O-O21-C21-C26-O26-H26O…O41=C4-
C3-O3… heterodromic, R22(10) 

…H3O-O3-C3-C2-O2-H2O…O26-H26…O41… R2
3(9) 

…O41-C4-C3-O3-H3O…O41=C4-O42-
H42…O26-H26… R3

3(11) 

 

 It must be noted here that attempts were also made to crystallize enantiopure 

cyclohexanediols ((1R,2R)-7, (1S,2S)-7) with tartaric acid. Interestingly, no co-crystal of the 

(2R,3R)-tartaric acid with (1S,2S)-trans-cyclohexanediol have been found. The acid and diol 

enantiomers crystallized separetly in the ampoule, as confirmed ba powder X-ray analysis. 
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Table A-4.5. Resolution of racemic trans-1,2-cycloehxanediol with (2R,3R)-tartaric acid at different mrTA ratios. 
 

run mrTA SFE conditions Parameters 1st fraction 2nd fraction 3rd fraction 4th fraction 5th extraction Raffinate Overall F 

1. 0.1 
P=10 MPa 
T=33 °C 

Yextr % 5 11 31 25 14 5 

0.01 eeExtr % 4 2 <1 <1 <1 8 

CO2
rel g/g 46 91 275 225 241 - 

2. 0.9 
P=10 MPa 
T=33 °C 

Yextr % 6 12 12 14 6 40 

0.66 eeExtr % 79 80 80 75 12 76 

CO2
rel g/g 47 93 162 187 339 - 

3. 1.5 
P=20 MPa 
T=33 °C 

Yextr % 20 20 5 2 - 38 

0.65 eeExtr % 87 71 - 32 - - 

CO2
rel g/g 46 46 46 46 - - 
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In my doctoral work, resolutions by both the diastereomeric salt and complex formations 

have been studied via supercritical carbon dioxide extraction. The resolving agents were added 

to the racemic compound without any structural modifications. The applied resolution methods 

include three process steps: sample preparation of the racemic and resolving agents, separation 

of unreacted enantiomers and diastereomers by SFE and decomposition of their salts or 

complexes. The effects of influencing parameters were studied on the resolution efficiency (F). I 

have broadened and proved the applicability of the supercritical fluid extraction as a great tool 

for optical resolution by performing enantioseparations in a precise, reproducible and effective 

manner. Several advantages can be contributed to the SFE technique, such as: significantly 

reduced organic solvent consumption, shorter process time compared to classical resolutions, 

ease in the enhancement of the resolvability via fine tuning of the extraction pressure and 

temperature. Through SFE experiments, it is possible to precisely determine the stoichiometric 

ratios of the interacting molecules by mass balance calculations. The calculated data regarding 

all of the studied resolutions in this dissertation were also verified by presenting single crystal X-

ray structures. 

 

Based on the observations and results of my research work, the following conclusions are 

intended to state: 

 

Influence of organic solvents in the sample preparation step, resolution of 

Ibuprofen with (R)-(+)-phenylethylamine by supercritical fluid extraction1 

 

1. I have found that the precipitation sequence of diastereomeric salts and unreacted 

enantiomers, determined by the polarity of the used organic solvents in the sample 

preparation, basically influences the supercritical fluid extraction (SFE) step and thus 

affects the resolvability. 

a.) I have proposed that the particle precipitations from organic solvents with different 

polarity resulted in different constructions of the unreacted enantiomers and 

diastereomeric salts. High specific dissolution rate and low CO2 demand can be 

achieved during the supercritical fluid extraction, if particle cores of diastereomeric 

salts are precipitated, which are subsequently covered with an outer layer of unreacted 

enantiomers. 
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b.) I have demonstrated that the specific dissolution rate can be remarkably increased, 

thus quick extractions can be achieved if appropriate amount of inert support is added 

to the samples.  

  

The influence of an achiral additive on the resolution of ibuprofen2 

 

2. During the enantioseparation of a racemate using an achiral additive with structural 

resemblances to the resolving agent, I have found that positive and negative effects on the 

resolvability can also be found. The magnitude and direction of the effect is highly depends 

on the molar ratio of the additive. 

 
3. Despite structural resemblances of the chiral selector and the achiral additive, I have found 

that considerably different stoichiometric ratios of the interacting molecules can be 

obtained within the formed salts. Unexpectedly, one molecule of benzylamine is capable to 

bond two ibuprofen enantiomers in contrast with the structurally related  

(R)-phenylethylamine, which involves only a single acid ion. 

 

Resolution of racemic trans-1,2-cyclohexanediol with (2R,3R)-(+)-tartaric acid via 

diastereomeric complex formation3 

 

4. I have established a novel and efficient chemical resolution technique for the 

enantioseparation of racemic trans-1,2-cyclohexanediol with tartaric acid via 

diastereomeric complex formation. 

a.) Apart from the numerous salt formation examples, I have confirmed that the 

enantiomerically pure tartaric acid should also be considered as an efficient 

diastereomeric complex (co-crystal) forming agent to perform optical resolutions. 

b.) I have proven that the influence of operational parameters on the resolution efficiency 

can be complex, even when the enantiomeric excess and yield values depend only on 

the linear terms of the extraction pressure and temperature. 
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