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1 INTRODUCTION AND OBJECTIVES
The importance of the production of enantiopure compounds is attributed to the
different behavior of the enantiomers in a chiral environment. Separation of the
enantiomers of a racemate formed during an achiral reaction is among the most
frequently used enantiomeric separation methods. The pharmaceutical industry
claims a continuously growing need for new resolving agents and promising
enantioseparation techniques of small expense. Nowadays besides low costs,
application of environmentally benign routes are critical aspects of the modern
chemical industry. In the case of the methods using conventional organic solvents
regeneration of the remained solvent often makes concern, solvent residues usually
contaminate the final product.
Regarding green chemistry issues, supercritical fluids can be promising alternatives
of conventional organic solvents. Supercritical fluids are attractive solvents for green
chemistry applications as their physicochemical properties are tunable by pressure
and temperature control. Due to its low critical parameters (31.1 °C and 7.38 MPa),
supercritical carbon dioxide (scCO2) is especially suitable as solvent. Its low
viscosity and high diffusivity improve diffusion-limited processes. ScCO2 offers
mild conditions for heat-sensitive materials. By pressure reduction, supercritical
carbon dioxide becomes gaseous precipitating the dissolved compounds without any
solvent residues.
Supercritical carbon dioxide is already employed in several processes e.g. as an
extraction medium to obtain valuable compounds from plant materials and in aerogel
drying. It is also used as a reaction medium for chemical and biochemical syntheses,
as a solvent or an antisolvent in particle formation. Supercritical cleaning and highpressure polymer processing are among the recently studied field of applications1.
The aim of this thesis was to demonstrate the possibility of using carbon dioxide for
the production of optically active compounds. My research work covers two fields
of application. On the one hand, scCO2 was used as an extraction solvent during the
resolution of a racemate. On the other hand, the applicability of scCO2 as a reaction
medium in enantioselective enzyme-catalyzed processes was also studied.
The successful combination of the modified version of the Pope-Peachey resolution
method and supercritical carbon dioxide extraction was first reported in 1994 by
Fogassy et al2. The resolution process involves the addition of half-equivalent
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quantities of resolving agent to the racemate in an appropriate organic solvent and
solvent evaporation under vacuum. Separation of the unreacted enantiomeric mixture
from the diastereomeric salts is executed by extraction with supercritical carbon
dioxide. This technique was successfully applied to several chiral acids3,4. My
objective was to extend the applicability of this resolution process for racemic bases.
The design of a resolution process combined with supercritical fluid extraction
requires the thorough understanding of the influencing factors, therefore the effect
of resolving agent molar ratio, extraction pressure and temperature were studied. The
possibility of the elimination of the organic solvent during the partial diastereomeric
salt formation was also examined. The model compound was racemic N-methylamphetamine (MA).
Regarding enantioselective enzyme-catalyzed reactions lipase-catalyzed
enantioselective esterification of 3-benzyloxypropane-1,2-diol (BPD, a chiral
glycerol derivative) with vinyl acetate as an acyl donor was investigated. Six
different lipases were applied as a catalyst for the acylation reaction. In addition to
commercial lipases (porcine pancreas lipase (PPL), Lipase AK and Lipase PS),
lipases from thermophilic filamentous fungi (Trichoderma reesei RUT-C30,
Thermoascus thermophilus NRRL 5208, Talaromyces emersonii NRRL 3221) were
also tested.
Since 2014 I resumed my research work dealing with enantioseparation possibilities
with supercritical carbon dioxide. My objective was to examine the possible
contribution of supercritical carbon dioxide to performing environmentally benign
kinetic resolution processes with glycerol derivatives or natural oils. Enzymecatalyzed kinetic resolution of racemic 1-phenylethanol (PE) was investigated as a
model reaction.
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2 EXPERIMENTAL METHODS
2.1 Resolution by diastereomeric salt formation and subsequent supercritical
fluid extraction
Separation of enantiomers was based on partial diastereomeric salt formation. The
racemate was reacted with less than one equivalent amount of resolving agent in an
appropriate solvent or melt phase. Then achiral support (Perfil 100TM) was added to
the sample, and the solvent was evaporated under vacuum. The unreacted
enantiomers were extracted with scCO2 (extract), the diastereomeric salts remained
as raffinate. Supercritical fluid extraction was performed in a laboratory-scale
extraction unit schematically depicted in Figure 1.

Figure 1.
Schematic flowsheet of the laboratory-scale extraction unit
1. carbon dioxide buffer vessel, 2. cooler, 3. Lewa ELM-1V diaphragm pump, 4. heater,
5. extractor, 6. separator, 7. atmospheric separator, 8. gas meter

Liquid CO2 (99.5% pure) was compressed to the desired extraction pressure
(21 MPa > p > 7.38 MPa) using a diaphragm pump (3) and heated up to a
temperature higher than the critical temperature (T > 31,1 °C). Supercritical carbon
dioxide passed through the extraction bed filled in the extractor (5) and dissolved the
soluble compounds which were collected in the separator unit (6) after pressure
reduction. The raffinate remained in the extractor unit contained the mixture of the
diastereomeric salts and the achiral support. The enantiomeric mixtures of the
raffinate were recovered by liquid-liquid extraction after the alkaline decomposition
of the diastereomeric salts.
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Enantiomeric composition of the samples was characterized by the optical purity
(OP5).Yield (Y) was used for the quantitative description of the resolution which
describes the ratio of the free base recovered from the extract and the raffinate to the
racemic base, respectively. The efficiency of the resolution was examined by the F
parameter (F = OPextr·Yextr + OPraff·Yraff, where extr and raff subscripts symbolize the
extract and the raffinate, respectively).
2.2 Enantioselective enzyme catalyzed reactions in supercritical carbon dioxide
Enzyme-catalyzed acylation of the BPD substrate was carried out in a laboratoryscale tube reactor, schematically depicted in Figure 2.

Figure 2.
Schematic flowsheet of the laboratory scale tube reactor
1. liquid carbon dioxide buffer vessel, 2. cooler, 3. Lewa ELM-1V diaphragm pump,
4. Carlo-Erba SFC-300 piston pump, 5. non-return valve, 6. thermostated tube reactor,
7. circulating pump, 8. outlet valve, 9. cooled, organic solvent trap,
10. 2 positions sampling valve, 11. sample trap, 12. syringe, 13. sample loop

The racemic BPD substrate was adsorbed onto a zeolite type adsorbent, and then it
was filled into the tube reactor. Over this layer enzyme and vinyl acetate were added.
5
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After filling the system with CO2 by Carlo-Erba SFC-300 piston pump (4), the scCO2
was circulated through the reactor to provide continuous contact among the
substrates dissolved in scCO2 and the enzyme. To follow the time course of the
reaction, samples were taken through the sampling loop with a volume of 100 µl.
After 4.5 hours reaction time removal of the reaction mixture was carried out by
releasing the CO2 into a dry ice-cooled trap. Samples were analyzed by GC. The
biocatalytic activity of the studied enzymes was described by the conversion (X) and
product yields (Y) obtained at 4.5 hours reaction time. Enantiomeric excess of the
products was determined by GC equipped with chiral stationary phase.
Figure 3. shows the scheme of the laboratory-scale high-pressure batch reactor
applied in the case of the kinetic resolution of racemic PE.

Figure 3.
Scheme of the laboratory-scale high-pressure batch reactor
1: ISCO 260D piston pump, 2. inlet valve, 3. carbon dioxide inlet tube, 4. manometer and
pressure transducer, 5. thermometer and temperature transducer, 6. magnetic stir bar,
7. magnetic stirrer, 8.a and 8.b thermosetting liquid, 9. filter,
10. outlet valve, 11. sample trap

After placing the substrate, the reagent and the enzyme into the preheated reactor, it
was filled with carbon dioxide to the desired pressure. The reaction mixture was
stirred with a magnetic stirrer. Sampling was carried out through the outlet valve
(10). To maintain the constant pressure of the reactor, CO2 with a steady flow was
introduced into the reactor through the inlet valve (2). At the end of the reaction, the
reactor was depressurized through the outlet valve (10). The CO2 stream passed
through n-hexane to trap the dissolved compounds. Samples were analyzed by GC
using a chiral stationary phase. The time-course of the reactions was followed by the
5

conversion (X), the product yields (Y) and the enantiomeric excess (ee) values of the
product and the substrate.

3 RESULTS AND DISCUSSION
3.1 Resolution by diastereomeric salt formation and subsequent supercritical
fluid extraction
Two sample preparation methods were applied during the resolution of racemic MA
by diastereomeric salt formation and subsequent scCO2 extraction. On the one hand,
before the extraction, the diastereomeric salt formation was performed in methanol,
and the solvent was evaporated under vacuum. On the other hand, based on the liquid
state of the racemic MA at room temperature, diastereomeric salt formation was
accomplished in melt phase. Solubility measurements proved that MA is well soluble
in scCO2 in the studied pressure and temperature range (10 ‒ 20 MPa and 33 ‒
63 °C). The Chrastil equation can describe the solubility as follows:
−199.5
s = ρ1.54 ∙ exp (
− 8.26), where s is the solubility of the solute (g/dm3), ρ is the fluid
T
density (g/dm3) and T is the temperature (K) of the system. It is laid down neither
the resolving agents ((2R,3R)-tartaric acid (TA), (2R,3R)-(‒)-O,O′dibenzoyl-tartaric
acid monohidrate (DBTA), (2R,3R)-(‒)-O,O′-di-p-toluoyl-tartaric acid (DPTTA))
nor the diastereomeric salts are soluble in scCO2, which makes the resolution
combined with supercritical fluid extraction possible.
In the case of the in vacuo method TA was unsuitable for chiral differentiation,
contrarily DBTA and DPTTA were proved to be efficient resolving agents for
racemic MA. Resolving agent molar ratio (mr6) influences the resolution efficiency,
the most effective resolution was obtained when half of the racemic MA remained
unreacted. In the case of dicarboxylic acids, it corresponds to resolving agent molar
ratio of mr = 0.25 (Figure 4.).
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Figure 4.
Influence of the resolving agent molar ratio on the resolution efficiency (F parameter)

A 22 full factorial experimental design with three repetitions at the center point were
carried out on both resolving agents to study the effects of the extraction pressure
(10 ‒ 20 MPa) and extraction temperature (33 ‒ 63 °C) on the resolution efficiency.
Statistical evaluation of the results showed in case of both tartaric acid derivatives
that neither the pressure nor the temperature had a significant effect on the F
parameter. Yields and optical purity values of the extracts and raffinates are also
independent of the extraction conditions. The good solubility of MA in supercritical
carbon dioxide and the great stabilities of the diastereomeric salts under supercritical
conditions could imply that the equilibria among the diastereomeric salts and the free
enantiomers formed during the sample preparation do not change under the
extraction process. Regarding technological considerations the optimal extraction
pressure and temperature might be selected according to the extraction time, carbon
dioxide and energy consumption.
A single resolution process provided both MA enantiomers with high optical purity,
using DBTA as a resolving agent optical purity values were above 80%, while in the
case of DPTTA the OP of 70% could be exceeded. Yields were close to the
theoretical value of 50% for both MA enantiomers. The partially resolved mixture of
MA enantiomers can be further purified by repeated resolution with DBTA resolving
agent or by partial salt formation with an achiral agent equally. Both methods can be
efficiently combined with supercritical fluid extraction. Since MA enantiomers form
conglomerates, DBTA or hydrochloric acid achiral reagent were used in equivalent
amounts with the pure enantiomeric part of the enantiomeric mixture. In a single
purification step, both methods provided a mixture of MA enantiomers with optical
purity higher than 90% in the raffinate.
Efficient enantiomeric separation can be obtained by partial diastereomeric salt
7

formation with DBTA and DPTTA resolving agents in the melt phase of racemic
MA, respectively. This method eliminates the application of any organic solvent
during the sample preparation. Compared with the two other TA derivatives, TA is
unsuitable for chiral differentiation in the neat sample preparation process. Applying
the resolving agent (DBTA or DPTTA) in half equivalent molar ratio, the obtained
F parameter values did not differ significantly from the values resulted by the in
vacuo diastereomeric salt formation method. Diastereomeric salts formed during 30
min neat diastereomeric salt formation process were stable under the condition of the
supercritical fluid extraction. It was observed, that at mr = 0.25 resolving agent molar
ratio the neutral tartarate salt formed leaving half of the MA unreacted, while at
mr = 0.5 1 : 1 mixture of neutral tartarate and hydrogen tartarate was crystallized.
3.2 Enantioselective enzyme catalyzed reactions in supercritical carbon dioxide
Vinyl acetate was applied as an esterification agent during the consecutive two-step
acylation of racemic BPD substrate. The irreversibility of the acylation steps shown
in Figure 5 was provided by the tautomerization reaction of vinyl alcohol to
acetaldehyde formed from vinyl acetate during the acylation.

Figure 5.
Lipase-catalyzed acylation of (R,S)-BPD in scCO2

By comparing the obtained conversion values referred to the racemic substrate it can
be concluded, that lipases from thermophilic filamentous fungi exhibited significant
biocatalytic activity in scCO2 despite their low hydrolytic activity. After 4.5 hours,
conversion values referred to enzyme hydrolytic activity were three orders of
magnitude higher than those that were obtained by commercial lipases (Table 1.).
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Table 1.
Conversion and yields of acetates during the lipase-catalyzed acylation of racemic BPD
(p = 12 MPa, T = 38 °C, 4,5 hours)
Y, %

X, %/U

Enzyme

BPDAc-1

BPDAc-2

BPDdiAc

PPL

0.040

39.1

4.1

2.2

Lipase PS

0.133

39.6

5.0

5.8

Lipase AK

0.677

51.5

2.8

13.9

Trichoderma reesei

169

32.1

4.7

29.0

Thermoascus thermophilus

105

18.3

2.4

19.1

Talaromyces emersonii

147

33.7

4,5

16.1

Also cis- and trans-4[(benzyloxy)methyl]-2-metyl-1,2-dioxalane isomers (cis- and
trans-acetal isomers) were formed in a side reaction of the BPD substrate with
acetaldehyde liberating from vinyl acetate.
Stereoselectivity of the studied lipases was described by the enantiomeric excess data
of the diacetate product. The diacetate compound formed in low enantiomeric purity
(ee(R)-BPDdiAc ≤ 25%) using fungal lipases, commercial lipases proved to be more
selective and produced the diacetate in higher enantiomeric purity
(ee(R)-BPDdiAc ≥ 45%). Each lipase catalyzed the formation of the (R)-isomer of the
diacetate compound.
Kinetic resolution of 1-phenylethanol was performed in the presence of glycerol
triacetate (GTA) and glycerol tributyrate (GTB) as esterification agents.

Figure 6.
Kinetic resolution of (R,S)-PE using glycerol triacetate as an acyl donor
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Figure 7.
Kinetic resolution of (R,S)-PE using glycerol tributyrate as an acyl donor

Results of the reactions carried out in scCO2 were compared with atmospheric
reference experiments. Reactions at ambient pressure were executed in n-hexane and
neat. In the latter case liquid state of the esterification agents allowed to omit the
application of organic solvent.
Candida antarctica lipase B enzyme catalyzed the conversion of the (R)-isomer of
the racemic PE substrate selectively both in scCO2 and at ambient pressure in
n-hexane and neat. The enantiomeric excess of the ester products ((R)-PEAc or (R)α-MBB) were > 99%. The theoretical 50% conversion referred to the racemic PE
substrate arise from the stereoselectivity of the enzyme was reached after 5 hours of
reaction time in case of both glycerol derivatives.
The studied lipase-catalyzed kinetic resolution follows the ping-pong bi-bi kinetics.
A large excess of the esterification agent provides the negligible concentration
change of the esterification agent in the reaction phase. Therefore kinetics of the
enantioselective esterification reaction can be described by the Michaelis-Menten
kinetics. In the case of the reactions at ambient pressure and 40 °C maximal reaction
rate was 2.4 times higher in the reactions of GTB as ester donor than of GTA. The
enzyme showed a higher affinity towards the ester donor with longer alkyl chain.
This statement is verified by the higher maximal reaction rate and the lower
dissociation constant in the case of GTB compared to the values obtained by GTA.
At the same initial PE concentration, the initial reaction rate is 2.4 times higher in
neat GTA acylating agent than in scCO2 (10 MPa, 40 °C), as it can be seen in Figure
8. By comparing the reaction rate values obtained in n-hexane at ambient pressure
and in scCO2 it can be concluded that the reason for the lower reaction rate in scCO2
is not the loss of enzyme activity, it derives from the lower concentration of the
substrate (Figure 9.).
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Figure 8.
Comparison of the initial reaction rate of the kinetic resolutions performed in neat glycerol
triacetate at ambient pressure and in scCO2 (p = 10 MPa, T = 40 °C)
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Figure 9.
Comparison of the initial reaction rate of the kinetic resolutions performed in n-hexane at
ambient pressure and in scCO2 (p = 10 MPa, T = 40 °C)

At high-pressure condition, increasing of the alkyl chain length of the ester donor
leads to the increasing of the number of phases of the reaction mixture. Using GTB
as an acylation agent the reaction mixture is completely dissolved in scCO2 at 60 °C
and 20 MPa, but at 10 MPa the reaction is biphasic. The kinetic resolution is faster
at 10 MPa, namely in a biphasic system, after 5 hours the conversion of (R)-PE
proved to be complete. The effect of phase behavior on the initial reaction rate could
be explained by GTB substrate concentration around the enzyme. In the two-phase
liquid – scCO2 system higher GTB substrate concentration could be formed around
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the enzyme in the lower liquid phase than in the reaction mixture completely
dissolved in scCO2. PE however appears in both phases, therefore its concentration
around the enzyme is practically the same both in a homogeneous and in a
heterogeneous system.
Supercritical carbon dioxide can contribute to performing environmentally benign
kinetic resolution processes with natural oils according to the following ways.
 In the case of ester donors with a longer alkyl chain, high pressure
(p > 25 MPa) is necessary to execute the reaction in homogeneous phase. By
applying lower pressure the reaction turns into biphasic. Viscosity decreasing
property of carbon dioxide dissolved in the lower oil phase can be favorable.
A further advantage of the two fluid phase reaction is that the substrate
concentration around the enzyme is higher than in homogeneous phase.
 Based on the solubility data environmentally benign extraction of the product
and the remained substrate from the high-pressure reaction mixture could be
performed with supercritical carbon dioxide. By increasing the molecular
weight of the esterification agent the solubility difference between the formed
ester product and the substrate might enhance. Proper selection of pressure
and temperature conditions make the substrate product separation possible by
fractional pressure drop. Alkyl chain length of esterification agent should be
optimized regarding the downstream process.
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4 THESIS STATEMENTS
1. A novel resolution process was reported for racemic N-methylamphetamine
based on diastereomeric salt formation combined with supercritical carbon
dioxide extraction. One of the basic requirement of the efficiency of the
demonstrated resolution process is that the diastereomeric salt crystallized from
organic solvent in vacuum is insoluble in scCO2 and stable enough in the
supercritical medium during the extraction, and the mixture of the unreacted
enantiomers should be soluble enough in scCO2 to be extracted from the
diastereomeric salt selectively. In this case extraction with supercritical carbon
dioxide is a suitable method for the easy and efficient separation of enantiomeric
mixtures. The studied resolution system behaved identically with the supercritical
carbon dioxide extraction combined resolution of racemic 6-fluoro-2-methyl1,2,3,4-tetrahydroquinoline. [1], [2]
Justification
Solubility measurements proved that MA is well soluble in scCO2 in the studied
pressure and temperature range (10 ‒ 20 MPa and 33 ‒63 °C). Comparing the
measured technical solubility of 0.52 m/m% of MA at 20 MPa and 33 °C with the
solubility of other racemates investigated previously in our research group at the
same condition, it can be concluded that only two racemates, trans-2-chlorocyclohexanol and 6-fluoro-2-methyl-1,2,3,4-tetrahydroqunoline possess higher
solubility than MA. It was also observed that neither the resolving agents nor the
diastereomeric salts are soluble in scCO2, which makes the resolution combined with
supercritical fluid extraction possible. Latter could be explained by the presence of
polar groups of the studied molecules and the existence of ionic bonds, which are
unfavorable regarding solubility in scCO2.
2. Enantiomeric enrichment of partially resolved mixtures of enantiomers can be
carried out by both repeated resolution and using achiral reagents combined with
supercritical carbon dioxide extraction equally. [2]
Justification
Since MA enantiomers form conglomerates, the resolving agent or the achiral
reagent were used in equivalent amounts with the pure enantiomeric part of the
enantiomeric mixture. In a single enantiomeric enrichment step, both methods
provided a mixture of MA enantiomers with optical purity higher than 90% in the
raffinate.
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3. I proved that during the diastereomeric salt crystallization of N-methylamphetamine performed in melt phase of the racemate, the formed
diastereomeric salt is stable under the condition of the supercritical carbon
dioxide extraction. In case of scCO2 extraction combined resolution process if
the diastereomeric salt crystallization performs in melt phase of the racemate
application of organic solvent can be eliminated during the sample preparation
step. [4]
Justification
Efficient enantioseparation can be obtained by partial diastereomeric salt formation
with DBTA and DPTTA resolving agents in the melt phase of racemic MA.
Diastereomeric salts formed during 30 min neat diastereomeric salt formation
process were stable under the conditions of the supercritical fluid extraction. By
adding the optimal half-equivalent quantity of the resolving agent (DBTA or
DPTTA) the obtained F parameter values did not differ significantly from the values
resulted by the in vacuo diastereomeric salt formation method.
4. A novel kinetic resolution process was developed for racemic diol based on
consecutive esterification in supercritical carbon dioxide. [3]
Justification
Beside the commercial lipases, lipases from thermophilic filamentous fungi showed
considerable biocatalytic activity in supercritical carbon dioxide during the
consecutive two-step acylation of racemic 3-benzyloxypropane-1,2-diol substrate
with vinyl acetate. Regarding the regioselectivity of the lipases altered
regioselectivity was observed compared to the behavior of commercial lipases to
lipases from thermophilic filamentous fungi at the same operational conditions
(12 MPa, 38 °C). Considering the configuration of the diacetate product, each lipase
catalyzed the formation of the (R)-isomer of the diacetate compound.
5. In case of lipase-catalyzed esterification of 1-phenylethanol I demonstrated that
kinetic modeling of this type kinetic resolution processes can be carried out
appropriately according to the technological requirements by the assumption of
pseudo first order reaction and applying Michaelis-Menten kinetic model. [5]
Justification
Enantioselective lipase-catalyzed esterification of racemic 1-phenylethanol is
basically an enzyme-catalyzed reaction with two substrates following ping-pong bibi mechanism. The applied Candida antarctica lipase B enzyme catalyzed the
conversion of the (R)-isomer of the racemic substrate selectively without the
14

formation of any by-products. By adding the ester donor in large excess time course
of the formation of the (R)-ester product can be described by pseudo first order
kinetics. Simplified Michaelis-Menten model is suitable for the determination of the
kinetic parameters.

5 POTENTIAL APPLICATIONS
Several industrial-scale processes have already existed employing supercritical
carbon dioxide as a solvent. Its application complies with both environmental and
safety requirements. By pressure reducing it becomes gaseous precipitating the
dissolved compound without any solvent residues.
The aim of this thesis was to demonstrate the possibility of using carbon dioxide for
the production of optically active compounds.
In a technological point of view combination of supercritical carbon dioxide
extraction with a resolution process based on the modified version of the PopePeachey method might be exceptionally advantageous, if dense carbon dioxide has
no influence on the equilibria among the diastereomeric salts and the free
enantiomers formed during the sample preparation. Pressure and temperature
stability of the resolution system provides the design of a well-reproducible
resolution that can be an efficient alternative to the conventional organic solventbased diastereomer crystallization process. In this case, the optimal extraction
conditions (pressure and temperature) are determined by the extraction time, energyand CO2 consumption necessary to the complete extraction of the unreacted
enantiomers.
Besides considering the possible industrial applications, my scientific results
contributed to the plan of resolution processes in which scCO2 is used as a solvent
(in situ diastereomeric salt formation) or a selective antisolvent.
In the case of the enzyme-catalyzed kinetic resolution methods employing of dense
carbon dioxide as a solvent can greatly simplify downstream processing and its
environmentally benign execution. Increasing the molecular weight of the
esterification agent significantly promotes the separation of the product from the
remained substrate by sequential pressure drop.
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