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Enantioselective Supercritical Fluid
Extraction from Racemic Mixtures

by Use of Chiral Selectors

Roberto Bauza,# Angel Rı́os,‡‡ and Miguel Valcárcel*

Department of Analytical Chemistry, Faculty of Sciences,

University of Córdoba, Córdoba, Spain

ABSTRACT

A method for the selective extraction of camphorsulfonic, phenylpro-

pionic, and mandelic acid enantiomers from racemic mixtures is

proposed. The method uses supercritical fluid extraction (SFE) and in situ

chiral precipitation by the addition of specific alkaloids. The SFE extracts

obtained were analyzed by high performance liquid chromatography

(HPLC) with indirect UV detection. Two different ways of introducing

the reagents into the extraction cell were compared. One way was the

conventional involving spiking onto diatomaceous earth; in the other,
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reagents were dissolved in the modified-CO2 fluid for pumping and

trapping in the extraction cell, using different programmed cycle times.

The latter procedure was found to provide much better precision than the

former. In some cases, one enantiomer was made more readily soluble in

CO2 and was extracted with it, while the other, insoluble enantiomer,

remained in the extraction cell. Racemic acid mixtures supported on

diatomaceous earth as inert support were selectively extracted with high

recoveries for the enantiomers of interest (viz. 98% and 2% for R- and

S-10-camphorsulfonic acid, respectively, with strychnine; 1% and 99%

for R- and S-phenylpropionic acid, respectively, with brucine; and 98%

and 2% for R- and S-mandelic acid, respectively, with quinine). The

proposed method enables enantioselective extraction by in situ SFE as a

preparation and analysis technique for the production of enantiomers in a

high optical purity.

Key Words: Supercritical fluid extraction; Racemic acids; Drug design;

Chiral selectors.

INTRODUCTION

Optical resolution via diastereomeric salt formation is very useful for the

production of optically active chiral compounds on both the laboratory scale

and the industrial scale.[1,2] The increasing importance assigned to chirality in

drug development is shifting the pharmaceutical industry from the “racemate”

vs. enantiomers debate to new prospects arising from fundamental insights

into molecular recognition and the exploitation of these new levels of

understanding in drug design.[3–5] One important use of chemical chiral

precipitation is the obtainment of chiral products with adequate enantiomeric

purity for use on the preparative scale.[1]

Molecular chiral recognition is used mainly to produce and isolate

enantiomers of the desired purity level[6,7] or to determine the enantiomeric

purity of samples. Chromatographic techniques are highly valuable with a view

to reaching these goals and have developed rapidly in this context over the last

few years, especially in response to the need for new biomedical applications.

The resolution of enantiomers as diastereomeric derivatives by HPLC[8–10] or

gas chromatography,[11,12] or with chiral stationary phases[13–15] is currently

quite common-place.

The advent of supercritical fluid chromatography (SFC) brought about a

powerful tool for chiral separations.[16]While the analytical chiral applications

of SFC have grown in recent years, its sister technique, supercritical fluid

extraction (SFE), has rarely proved capable of providing reliable chiral

discrimination during the extraction. Simándi et al. obtained better resolution
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of racemic acids in 25 different binary mixtures by using various resolving

agents with supercritical CO2 instead of conventional solvents.[17] They also

studied various solvents in the supercritical state with a view to assessing their

influence on molecular chiral recognition[18] and found that differences

between diastereomers in the supercritical fluid state were very large

compared to traditional solvents. Recently, Kordikoswki et al. studied the

variables with a direct influence on crystal formation in diastereomeric salts by

using SFE technology.[19] The results revealed a direct influence of pressure

and temperature on the formation of insoluble diastereomeric salts. In

previous work, we also showed that enantiomeric acids can be selectively

extracted by SFE from a neutral adsorbent support using an R-(þ)-chiral

base.[20] Coupling derivatization reactions with SFE incorporates the advan-

tages of this technique (e.g., a lower viscosity and higher diffusion rate relative

to liquid extraction, all of which, and results in the fluid-exhibiting gaslike,

transfer properties).[21–25] The fluid most commonly used in SFE is

supercritical CO2, which is fairly inexpensive, nontoxic, and nonflammable;

also, its supercritical state (318C, 73.4 bar) is easy to reach. Moreover, as

laboratories increasingly cut down on organic solvents, alternatives such as

sc-CO2 are gaining appeal.[26]

This article reports a selective method for the supercritical fluid extraction

of enantiomers from racemic mixtures using alkaloids as chiral selectors. In

situ reactions are used to form diastereomeric salts with differential

extractability in supercritical CO2, which allows the subsequent extraction

of the pure enantiomers. An interesting approach to the insertion of reagents

into the pressurized extraction cell by using the modifier-CO2 stream is also

reported. The proposed method allows toxic solvents to be replaced with green

analytical procedures involving CO2 technology, which is more environmen-

tally benign.[26]

EXPERIMENTAL

Apparatus

The SFE system is a Hewlett-Packard 7680-T (Wilmington, USA)

supercritical fluid extractor furnished with a 7-mL extraction cell. A Hewlett-

Packard quaternary HPLC pump (model 1050A, Woldbronn, Germany) was

used to insert the modifier and reagents into the CO2 line. Chromatographic

analysis of the extracts was performed on a Hewlett-Packard HPLC system

consisting of a quaternary HPLC pump (model 1050A), a diode array detector

(model 1756, Woldbronn, Germany), and a Rheodyne injection valve (model

7725i, sample loop 20mL, COTAH, CA).
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Reagents and Materials

R-(2)- and S-(þ)-mandelic acid, R-(2)- and S-(þ)-2-phenylpropionic

acid, 1R-(2)-10-camphorsulfonic acid, and 1S-(þ)-10-camphorsulfonic acid

were used for the enantiomeric extraction studies. On the other hand, quinine,

(2)-cinchonidine, quinidine, (þ)-cinchonine, brucine (dried at 1008C for 1 h

prior to use), and (2)-strychnine were tested as selective extraction reagents.

Diatomaceous earth (Sigma) was used as support. SFE/N38-grade CO2

supplied by Air Liquide in a cylinder with a dip-tube was used as the extraction

fluid. HPLC-grade acetonitrile and methanol (Panreac) were also used as

solvent. Preliminary HPLC analyses were conducted with a view to deter-

mining the enantiomeric purity of all the chiral compounds used in this work.

SFE Recovery Test of Alkaloids and Racemic Acid Mixtures

Each racemic acid compound (8mg) was dissolved separately in 2mL

acetone/methanol (1 : 1) at 258C. An identical amount of each chiral base was

also dissolved separately in (1 : 1) acetone/methanol. The extraction cell was

prepared as follows: 500mL of the previous solutions was spiked individually

onto 1.2 g of diatomaceous earth as inert support (which filled up the dead

volume of the cell). After drying, the reaction cell was kept open for 20min

and then sealed and extracted its contents with supercritical CO2 modified

with 0, 5, 15, 20, or 25% (v/v). Variable extraction temperature (40, 50, or

608C) pressures (and hence densities) and extraction times were used to

determine their effects on the formation and recoveries of diastereomeric salts.

Three solid traps consisting of C18, Porapak, and stainless steel beads were

tested as trapping material; the trap temperature was kept at 708C when

methanol was used as the modifier and at 458C when pure CO2 was used for

this purpose. The HPLC mobile phase, acetonitrile or methanol was used as

rinse solvent. Quantitative measurements of the analytes were obtained from

the peak areas provided by an HP 3396 series integrator. External calibrations

were done with higher purity standards of the enantiomers of each racemic

acid studied.

Formation of Diastereomeric Salts and

Simultaneous Extractions

The feasibility of obtaining the diastereomers within the extractor was

studied by examining two different manners of introducing the reactants into

the extraction cell, viz. by spiking and in the dynamic mode.
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Spiking Procedure

Volumes of 100 to 500mL of 4mgmL21 racemic mixture in 1 : 1

methanol/acetone were spiked onto 1.2 g of diatomaceous earth in the

extraction cell, followed by 200 to 600mL of 4mgmL21 chiral base in 1 : 1

methanol/acetone. The extraction cell was kept open for 45min to evaporate

the solvent. Then, the cell was sealed and the extraction run under different

SFE conditions (temperature, pressure, equilibration time, and extraction

time). The trapping conditions were the same as those described in the

previous section. An aliquot (20mL) of the SFE extract thus obtained was

acidified with 10mL of 0.1-M HCl and the resulting solution diluted with 1mL

of the HPLC mobile phase.

Dynamic Procedure

This procedure involved inserting the reagents (racemic acids and chiral

base) into the extraction cell by the quaternary pump in a series of dosing steps

programmed by the software of the pump. Chiral bases and enantiomers were

individually dissolved in methanol and premixed in the modifier pump head at

50 : 50 (v/v) before pumping into the CO2 stream. To ensure that the

compound was efficiently trapped on the support under these condition, the

flow rate of the modifier (10 to 300mLmin21) was also carefully adjusted.

Breakthrough measurements were made by pumping a dilute solution of the

racemic acids or chiral bases (concentration range 10 to 500mgmL21 for each

solution) through the extraction cell containing 1.2 g of diatomaceous earth

mixed with two cellulose strips and evaluating the response of the extracts as a

function of the concentration delivered by the pump. Once the reagents were

placed on the diatomaceous earth, different time steps in the static and

dynamic mode were tested. The SFE system was operated in such a way that

the modifier pump was started immediately after the extractor to establish the

extraction conditions. The products were collected in a solid trap after

depressurization. HPLC analyses were performed as just described and the

diastereomeric salts formed identified by comparison of their HPLC retention

times with those of a appropriate standards.

HPLC Determination

A previous HPLC method, in a slightly modified form, was used to asses

the reaction efficiently.[8,9] Modifications affected flow rate and concentration

values mainly. This method is based on indirect detection. A Lichrosorb Diol

5mm column (Merck) was used that was kept at room temperature
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(26 + 18C). The mobile phase used was a solution of quinidine acetate salt

(3 � 1024 M) in a 98 : 2 dichloromethane-pentanol mixture as mobile phase.

The injected volume was 20mL and the flow rate 1.0mLmin21.

RESULTS AND DISCUSSION

Figure 1 shows the chemical structures of the racemic acids and chiral

bases studied. These racemic acids and chiral bases were chosen as modes on

the grounds of their significance to the pharmaceutical industry, which uses

them as effective resolving agents in classic precipitation methods. Thus, 10-

camphorsulfonic acid has found large-scale industrial use in the manufactur-

ing of d-phenylglycine, and dextropropoxyphene (an industrial intermediate in

the manufacturing of ascorbic acid).[1] Mandelic acid is used as a resolving

agent for chiral cyanohydrins (potential sources of commercially interesting

optically pure compounds).[27] Finally, the alkaloids are also widely used as

Figure 1. Molecular structures of (A) racemic acid and (B) resolving agent studied in

this work.
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resolving agents and have the advantage that they are relatively inexpensive;

they are available as natural products in a high degree of chiral purity.

Figure 2 depicts the two basic steps involved in the process. In the first step, the

diastereomeric salts are formed and extracted entirely in the SF extractor. In

the second, they are determined by HPLC. To maximize extractability

in supercritical CO2 during the reaction, recovery test on the individual

racemic acids and chiral bases were preliminary conducted.

Recoveries of Alkaloids and Racemic Mixtures

The primary factors influencing solubility (viz. density and temperature)

were examined by spiking 500mL aliquots of the racemic and chiral base

solutions, respectively, onto 1.2 g of diatomaceous earth. The results were used

to construct a series of isotherms at three working temperatures (40, 50, and

608C) for both racemic acids and chiral bases. Figure 3 shows the results for the

racemic acids, which were nearly always quantitatively recovered with pure

CO2 (or at least after extraction with CO2/methanol). Figure 3(a) shows the

recoveries for 2-phenylpropionic acid over the range densities studied, at three

different temperature as can be seen, extraction of this acid was quantitative.

2-Phenylpropionic acid was rendered soluble after 35min of extraction at a

density of 0.65 gmL21 and a temperature of 608C, which facilitated its

extraction. No modifier or static time were required for this acid. A density of

0.65 gmL21 and an extraction temperature of 608C were thus adopted for

further tests with 2-phenylpropionic acid. Figure 3(b) shows the recovery

obtained for mandelic acid under the same conditions as for 2-phenylpropionic

acid except that methanol was added to the supercritical CO2 and a static time

of 20min was needed on account of its moderate polarity. The mandelic acid

recoveries shown in Fig. 3(b) were obtained with 15% (v/v) methanol in the

supercritical CO2, which was found to be the optimum content of the three

tested (viz. 10, 15, and 20%). Using higher modifier contents resulted in no

appreciable differences. A high supercritical density (0.8 gmL21) was

required to ensure quantitative extraction mandelic acid. Significant

differences were observed at the three temperature levels studied. Finally a

temperature of 608C was selected. Figure 3(c) shows the recovery for

10-camphorsulfonic acid. The extractability of this acid was similar to that of

mandelic acid. The addition of 15% (v/v) methanol to the supercritical CO2

and the inclusion of a static time of 15min at 608C were required to maximize

recovery. Figure 3(c) was obtained with that methanol content. A density

above 0.75 gmL21 and an extraction temperature of 608C were adopted for

further testing with this acid. Similar recovery tests were conducted on the

chiral bases. These bases are typically used as resolving agents via chiral
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Figure 3. Recoveries for: (a) 2-phenylpropionic acid (500mL of 4000mgL21 in

acetone, evaporated before SEE; 1mLmin21 pure CO2; extraction time 35min; C18

trap at 408C; rinse with acetonitrile); (b) mandelic acid (the same previous conditions,

except: static time 20min and 15% (v/v) methanol in CO2, Porapak trap); and

(c) 10-camphorsulfonic at the same conditions as (b). (O) 608C; (B) 508C; (†) 408C; n ¼ 6.
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precipitation.[2] Based on their molecular structures (Fig. 1), quinine

and quinidine bear a diastereomeric relationship, and so do cinchonidine and

cinchonine pair. It is interesting to note that the results for the bases exposed an

apparent relationship between structure and extractability. As can be seen from

Fig. 4, quinidine and quinine exhibited tended to be more efficiently extracted

in pure supercritical CO2 than did cinchonidine and cinchonine. Cinchonidine

and cinchonine can be quantitatively extracted above a density of 0.75 gmL21

at 608C. A similar recovery-density behavior of cinchonidine and cinchonine

was also observed for brucine and strychnine, which differ only in the

methoxyl group present in brucine. In general quantitative recovery for this

pair can also be accomplished above 0.75 gmL21 at 608C.

The good recoveries achieved for these substrates reflect their good

solubility and ensure a homogeneous medium for the precipitation reaction in

the extraction cell. The following section discusses the feasibility of the

reactions used to obtain the diastereomeric salts.

Reaction for Obtaining Diastereomeric Salts in

Supercritical CO2

Systematic in situ reaction tests were carried out with a view to exposing

the effect of (a) the reaction cell geometry; (b) the reagent and substrate

addition mode; and (c) the presence of modifiers. Finally, the in situ reaction

with simultaneous extraction of the products with CO2 was also examined.

Effect of the Spiking Procedure and Reaction Cell Geometry on the

In situ SFE Reaction

A stainless steel reaction cell of 10 cm � 10mm i.d. (7mL) was first

tested. Preliminary results confirmed the selective extraction of some

enantiomers, consistent with the HPLC analyses of the extracts. Based on

these results, the following conclusions can be drawn: (a) in general, the

extraction of R- and S-enantiomers was scarcely selective for the three

racemic acids; (b) no significant differences (paired t test, n ¼ 10, P ¼ .05)

between the data obtained with the cell open and sealed were observed; and (c)

the repeatability was always poor (23 to 35% RSD, n ¼ 10). The spike was

mixed in slurry form with the support, which, however, did not improve

repeatability. This prompted us to decrease the cell volume to reduce

dispersion of the sample and increase contact among the reagents. To confirm

this hypothesis, tests similar to that just described were performed, but using

two reaction cells of different dimensions (6.7 cm � 0.5 cm i.d. and

2 cm � 0.5 cm i.d.). The cells, made of stainless steel, were accommodated
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Figure 4. Effect of temperature and density of supercritical CO2 on the SFE recovery

of chiral bases from diatomaceous earth. (†) 608C; (O) 508C; (B) 408C; n ¼ 6.
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within the original 7-mL cell. A substantial improvement in repeatability (5.45

to 8.23% RSD, n ¼ 10) was thus obtained. However, the main goal (i.e.,

selective extraction of one enantiomer in each pair) was still inefficient and

recoveries were low (29%, n ¼ 10). These findings led us to optimize the

insertion of reagents and substrates with a view to improving mixing of the

reactants in the SFE system. To overcome the repeatability problem, dynamic

incorporation of the reagent into the CO2 stream was tested.

Effect of the Addition of Reagents and Substrates to the CO2

Inserting the reagents through a pump and using a modifier solvent in the

CO2 allows one to develop interesting processes in the flow stream for various

analytical purposes. In this particular case, reagents were trapped in the

support (similar to those used in SPE), which was accommodated in the

reactor cell and, simultaneously, polarity modifiers were introduced into the

reaction medium. For this purpose, various procedures were tested that

provided the results of Table 1. Note that each extraction mode had some

associated time steps. The first of two dynamic events allows the sequential

Table 1. Steps of modifier-pump to systematically introduce reagents into the

extraction cell through of the CO2 stream (dynamic procedure).a

Step

Extraction

mode

Percentage of

methanol in

CO2 stream

(v/v)

Flow-rate of

modifier

(mLmin21)b

Modifier

methanol

composition

Step

time

(min)

1 Dynamic 5 25c 50% (v/v) of
300mgmL21

racemic acid;

50% of

400mgmL21

chiral base

10

2 Dynamic 5 25c 100% 0.8

3 Equilibration 5 25c — 5–15

4 Dynamic 15 150d 100% 10–40

aExtraction cell was packed with 1.2 g diatomaceous earth mixed with two cellulose

trips (details in text).
bFlow-rate calculated by the software based on percentage of methanol and the flow-

rate of CO2 (d ¼ 0.5 gmL21, T ¼ 358C) taken as liquid in the head pump.
cBased on 5% of modifier and flow-rate CO2 of 0.5mLmin21.
dBased on 15% of modifier and flow-rate CO2 of 1.0mLmin21.
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insertion of the chiral base and racemic acid, both through the quaternary

HPLC pump as programmed by a table of events. To increase its trapping

efficiency in the extraction cell and avoid early breakthrough as a result, the

support was placed on two cellulose strips mixed with diatomaceous earth.

The cellulose support allowed a stronger retention of the analytes in

comparison to the direct use of diatomaceous earth as support. In this way,

higher efficiencies of the reactions taken place within the thimble were

achieved. But, on the other hand, 1.2 g of diatomaceous earth was used in each

experiment to reduce the dead volume in the thimble and, hence, better

precision was reached for the final recoveries. Therefore, two cellulose strips

previously spiked with the sample were inserted into the diatomaceous earth

located in the extraction thimble. A delay time of 0.5min with methanol was

used between steps to flush the line. Each step was carefully examined by

analyzing the extracts until the optimum breakthrough was reached (i.e., until

no signal detected). Equilibration and dynamic times were optimized for each

case (no more than 15min of static mode or 40min of dynamic mode were

required in any case).

Methanol solutions of the enantiomers (300mgmL21) and chiral bases

(400mgmL21) were mixed as individual pairs (enantiomer-chiral base) in a

50 : 50 (v/v) ratio at the modifier pump head. Using a flow rate of modifier

methanol of 25mLmin21 was found to be indispensable to avoid cell

breakthrough. The pump was programmed to deliver 5% of a methanol–CO2

mixture at 0.5mLmin21 to obtain the previous flow rate (25mLmin21).

Preliminary results of the dynamic procedure for the reagents revealed

substantially improved repeatability and reactivity. This can be ascribed to the

improved homogeneity in the mixing of the reagents involved in the reaction.

The density of the supercritical fluid was also found to have a strong effect on

the extraction selectivity, so further tests were conducted with a view to

examining its effect on the racemic resolution.

In Situ Reaction Between Chiral Bases and Racemic Acids

Figure 5 shows the influence of the supercritical CO2 density on the

resolution for each enantiomer recovered. The effect of the SFE conditions

was examined and an extraction temperature of 608C was found to allow all

compounds to be efficiently extracted and the optimum static/dynamic time

ratio (s/d) was found to be 15/30 for 10-camphorsulfonic acid, 20/40 for

mandelic acid, and 20/40 for 2-phenylpropionic acid. The extraction selectiv-
ity thus achieved was good with almost all chiral bases. The final results are

shown in Table 2. The best resolving agent for the selective extraction of

10-camphorsulfonic acid was strychnine, which provided a recovery of 98%

for the R enantiomer and 2% for the S enantiomer. On the other hand, brucine
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was the best resolving agent for racemic 2-phenylpropionic acid, with

recovery of 1% for the R enantiomer and 99% for the S enantiomers. Finally,

quinine was the best agent for racemic mandelic acid with an extraction

selectivity of 98% for the R enantiomer and 2% for the S enantiomer. The

underlying mechanism of the selective extraction remains somewhat unclear,

however, density is known to play a crucial role in the formation of crystals of

the salt and hence in its solubility. Kordikowski et al. found the resolution of

racemic ephedrine to increase with increasing density up to 0.95 gmL21 (ca.

383 bar)[19] and concluded that the large difference in enthalpy of fusion (DHf)

was the main source of resolution. These investigators found the melting point

(Tm) for diastereomeric salts to differ by more than 508C and DHf by

20 kJmol21. Fogassy et al. drew similar conclusions on the influence of the

supercritical CO2 density on the resolution of racemic acids mixtures in a CO2

medium.[18] More hydrophobic structures may form when the salt is obtained

within the extraction cell. It may, in principle, act as neutral molecules (ion

pairs). Further studies are required in this respect with a view to understanding

the mechanism through which the diastereomer forms in the supercritical

fluid.

Figure 5. Influence of supercritical CO2 density on the enantiomeric fraction

obtained for each racemic compound (T ¼ 4008C); 500mL of 2000mgL21 of each

enantiomeric mixture. Chiral bases used according to Table 2.
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Applications of the Proposed Approach to the Analysis of

Synthetic Racemic Mixtures

The previous procedures were validated by using samples containing

variable enantiomer proportions (from 80 to 20% of each enantiomer) and

analyzing them under the previously established optimum SFE conditions.

As can be seen from Table 3, SFE can be used to effectively increase or

decrease the proportion of one enantiomer in a racemic mixture. For example,

SFE combined with in situ reaction enriched a 80 : 20 R/S mixture of

10-camphorsulphonic acid to 95 : 5 R/S.
Analytically, it is interesting to establish the experimental conditions

under which one enantiomer can be determined in the presence of the other

with the proposed methodology. For this purpose, the variation of the error

in the determination of R-10-camphorsulfonic, S-2-phenylpropionic, and

R-mandelic acids was studied as a function of the enantiomer proportion in the

sample. Figure 6 shows the corresponding graph for each enantiomeric analyte.

The double scale on the x axis including both the R- and the S-enantiomer

Table 2. Results of optimization study carried out for the selective extraction for

racemic acids by in situ reaction-SFE with resolving agents.

Racemic acid

compounds Resolving agent

Total recovery of

racemic acid (%)

Enantiomeric

fraction (%) (R : S)

10-Camphorsulfonic Quinine 94 43 : 57

Cinchonidine 90 49 : 51

Quinidine 93 73 : 27

Cinchonine 91 70 : 30

Brucine 89 91 : 9

Strychnine 99 98 : 2

2-Phenylpropionic Quinine 98 41 : 59

Cinchonidine 100 44 : 56

Quinidine 97 50 : 50

Cinchonine 99 51 : 49

Brucine 100 1 : 99

Strychnine 97 53 : 47

Mandelic Quinine 100 98 : 2

Cinchonidine 83 43 : 57

Quinidine 81 50 : 50

Cinchonine 82 49 : 51

Brucine 85 60 : 40

Strychnine 85 49 : 51
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composition in the sample. As can be seen, all enantiomeric analytes

behave similarly. The errors obtained in the determination of the low

concentrations of the R-enantiomers (viz. 10-camphorsulfonic and mandelic

acid) were very high but decreased dramatically as the proportion of the

R-enantiomer increased. One can assume (as suggested by the experiments

with the pure enantiomers) that the errors will tend to zero as the proportion of

R-enantiomer tends to 100%. The dashed lines in Fig. 6 show assumed error

trends. The results of the determination of S-2-phenylpropionic acid was to that

of the R-enantiomers, but viewing the graph from right to left (i.e., from 0 to

100% of the S-enantiomer in this case).

Two representative error levels are shown in Fig. 6 corresponding to

5% and 10%. Even higher errors are admitted in some enantiomeric discrimin-

ations. By fixing the error level, one can identify the conditions under which

each procedure will be applicable. Such information is provided in Table 4 as

the analytical application range based on the R : S ratio in the sample, as well

Table 3. Analysis of synthetic samples of 10-camphorsulfonic, 2-phenylpropionic,

and mandelic acids with different enantiomeric proportion by the proposed method.

Racemic acid

compounds

Initial enantiomeric

composition added in

the sample (%) (R : S)

Final enantiomeric

composition after the

SFE extraction (%)

(R : S)

Enantiomer

mainly

extracted

10-Camphorsulfonica 80 : 20 95 : 5 R-

75 : 25 94 : 6

50 : 50 92 : 8

25 : 75 89 : 11

20 : 80 81 : 19

2-Phenylpropionicb 80 : 20 11 : 89 S-

75 : 25 7 : 93

50 : 50 1 : 99

25 : 75 4 : 96

20 : 80 4 : 96

Mandelicc 80 : 20 97 : 3 R-

75 : 25 96 : 4

50 : 50 98 : 2

25 : 75 89 : 11

20 : 80 83 : 17

aWith strychnine as chiral base.
bWith brucine as chiral base.
cWith quinine as chiral base.
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as the maximum tolerated enantiomeric ratio in the determination of one

enantiomer in the presence of the other at a preset error level. It is interesting

to note the excellent characteristics of the determination of S-2-phenyl-

propionic acid with the proposed method. Samples in S :R ratios up to 31 : 69

can be analyzed with a maximum error of 5%; this means tolerating an S :R

ratio of 2.23 at 5% error, which can be increased to 3.55 if a maximum error of

10% is accepted.

Based on the data of Table 4, R-10-camphorsulfonic and R-mandelic

acids can be determined in the presence of the corresponding S-enantiomers in

proportions up to 69% (w/w) at the 10% error level, but only up to 20% (w/w)
at the 5% error level. The maximum tolerated R : S enantiomeric ratio for the

Figure 6. Variations of the errors obtained for the determination of R-10-

camphorsulfonic acid (†), S-2-phenylpropionic acid (B), and R-mandelic acid (O)

according to the enantiomeric ratio in synthetic samples. Errors obtained from pure

enantiomers standards have been represented by open symbols.
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determination of R-mandelic acid is 1.78 (5% error) and 2.70 (10% error); and

that for 10-camphorsulfonic acid (0.25 at 5% and 0.45 at 10%).

CONCLUSION

In this work, additional evidence of the potential of analytical super-

critical extraction in enantioselective reactions was obtained. In fact, the

solubility of one enantiomer can be boosted through of the formation of two

diastereomeric salts, due to the fact that precipitation occurs upon addition of

the enantiomeric acids and the alkaloids, thus the solubility of the salts in CO2

determine extractability. In situ SFE with supercritical CO2 was found to be a

flexible method (with regard to the density of the SC fluid) for the resolution of

racemic acids with a view to producing material of a high enantiomeric purity.

Resolution was found to be a function of the density and temperature of

supercritical CO2.

Additional studies about the me chanism of the enantiospecific reaction in

the supercritical medium are needed for further development of selective

extraction methods. These results testify to the high selectivity provided by the

joint use of chiral selectors and SFE. Applications such as the obtainment of

optically active materials and the pretreatment of samples with chiral activity

are among the analytical goals that can be exploredwith the proposed approach.
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