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1 Introduction and literature review 

The separation of enantiomers with different biological effects and – if 
possible – using only the useful enantiomer in products is extremely im-
portant for the pharmaceutical and food industry. Most often these separa-
tion methods are performed in an organic solvent, thus the solvent regener-
ation or destruction and removal of residual solvent from the product is al-
ways a problem. 

In recent years, environmentally friend technologies have become more 
important in industrial production; instead of the old methods using con-
ventional solvents, procedures using new solvents with less environmental 
impact are now preferred. Ionic liquids and supercritical fluids, especially 
supercritical water and supercritical carbon dioxide (scCO2) could have 
significant use. scCO2, due to its low critical parameters, may be suitable 
for reactions of biologically active substrates and catalysts (enzymes), for 
example enyzme-catalysed kinetic resolution of drug intermediates. In lit-
erature it is well known that enzymes, especially several lipases, can retain 
their activity and enantioselectivity scCO2 

[1, 2, 3]. Using this technology of-
fers the possibility of the completely environmentally friendly production 
of active pharmaceutical ingredients. ScCO2 can be used not only as a sol-
vent, but also as a separating medium in downstream steps. Since the den-
sity of scCO2 can be controlled by the pressure and temperature, the sepa-
ration of each component is possible. 

In my Ph. D. work I examined different types of enzyme-catalysed reac-
tions of four different substrates; the ring-cleavage reaction of a β-lactame 
derivative (4-phenyl-2-azetidinone (LAK)), the acylation of trans-2-
hydroxy-cyclohexanecarbolnitrile (CCH), the two-step consecutive acyla-
tion reaction of trans-1,2-cyclohexanediol (CHD) and the dynamic kinetic 
resolution of 1-phenylethanol (PE). 
  

                                                      

[1] Knez, Ž.: Enzymatic reactions in dense gases. J. Supercrit. Fluids 2009, 47, 357-
372. 

[2] Randolph, T. W., Blanch, H. W., Prausnitz, J. M., Wilke, C. R.: Enzymatic 
catalysis in a supercritical fluid. Biotechnol. Lett. 1985, 7, 325-328. 

[3] Hammond, D. A., Karel, M., Klibanov, A. M., Krukonis, V. J.: Enzymatic-
reactions in supercritical gases. Appl. Biochem. Biotechnol. 1985, 11, 393-400. 
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2 Experimental methods 

My experiments were carried in high pressure batch and continuous-
flow reactors developed by the Department of Chemical and Environmen-
tal Process Engineering. I used scCO2 as the solvent, immobilised Candida 
antarctica lipase B (CAL-B) as the biocatalyst, and for the dynamic kinetic 
resolution of PE another two immobilised lipases from Pseudomonas ce-
pacia (PS-IM, PS-CI). The reactors are shown on Fig. 2-1. and 2-2., in 
some experiments the setup was modified slightly. 

After placing the substrate, the reagent and the enzyme into the preheat-
ed reactor, the reactor was filled with CO2 to the desired pressure and the 
mixture was stirred with magnetic stirrer (12). Sampling was carried out 
through the sampling valve (9) with constant CO2 flow to the bottom of the 
reactor to maintain a constant pressure. The selective extraction of product 
was also performed with this technique. 

 

 
Fig. 2-1.: Scheme of the high pressure batch reactor  

1. CO2 buffer reservoir, 2. high pressure pump, 3. CO2 inlet valve, 4. magnetic stir bar, 
5. manometer, 6. rupture disc, 7. thermometer, 8. filter, 9. outlet valve, 10. sample, 

11. thermostat, 12. magnetic stirrer 
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The kinetic resolution in continuous mode (extraction–reaction) and the 
dynamic kinetic reaction were carried out in the continuous-flow reactor, 
shown on Fig. 2-2. In the case of the extraction-reaction operation, the sub-
strate was dissolved from the extractor column (7) with scCO2 at the reac-
tion temperature and pressure, it was mixed by a static mixer (18) in the T-
junction with the reagent arriving through the HPLC pump (17) after 
which the mixture passed through the enzyme-filled reactor column (9). 
The samples were collected for a determined amount of time after depres-
surisation at the outlet valve (12). In the case of the dynamic kinetic resolu-
tion of PE the substrate was also in liquid phase, thus it was pumped with 
the reagent after mixing. 

 

 

Fig. 2-2.: Scheme of the continuous-flow reactor 

1. CO2 buffer reservoir, 2. Jasco PU-2080-CO2 pump, 3. CO2 inlet valve, 4. check 
valve, 5. filter, 6. preheater coil, 7. substrate extractor column, 8. T junction equipped 

with static mixer, 9. enzymatic reactor column, 10. thermometer, 11. manometer, 
12. outlet valve, 13. sample, 14. check valve, 15. inlet valve, 16. manometer, 

17. HPLC pump, 18. substrate, 19. thermostated bath 

 

In my experiments the effects of the reaction parameters (pressure, tem-
perature, water concentration, reagent ratio) and their interactions were 
studied. Whenever I had the opportunity, I used the design of experiments 
approach. 

The samples were analysed by chiral GC, GC-MS, NMR and optical ro-
tation measurements, the substances in the sample were identified and their 
enantiomeric excess (ee) were determined.   
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3 Results and discussion 

The results of my work, in which the resolution of four different sub-
strates was studied at different experimental parameters with different 
methods, are shown in the following chapters.  

 

3.1 Kinetic resolution of 4-phenyl-2-azetidinone 

The enantioselective ring opening reaction (water addition) of a β-
lactame derivative catalysed by CAL-B was examined with a 32 Box–
Behnken type design of experiments, the factors being the pressure 
(9-21 MPa) and the temperature (50-70 °C). The remaining β-lactame and 
the amino acid product phenylalanine (Phe) were obtained as products. In 
the experiments, the CAL-B enzyme and LAK was used in 1:1 mass ratio. 
The effects of the examined factors on the reaction rate (conversion (X)) 
and enantioselectivity were studied. Statistical evaluation of the experi-
mental data revealed that in the examined range only the linear and quad-
ratic terms in P and the linear term in T were significant (at p = 0.05); the 
interaction parameters could be neglected. The best conversion result was 
obtained (after 22 h X = 38 %, eePhe > 98 %) at 15 MPa and 70 °C; the pa-
rameters had no effect on the enantiomeric excess of the amino acid 
(eePhe > 98 % in every case). It is well known that the enzymes have an op-
timal temperature but it was not found in the examined range, thus a more 
detailed study was performed at higher (80 °C) and lower (40 °C) tempera-
ture. The obtained results show that in scCO2 CAL-B has an optimum tem-
perature at 70 °C at every pressure and an optimum pressure at 14 MPa.  

The reaction was carried out until the theoretical maximal conversion 
(X > 49.9 %). Since the difference between the solubilities of the produced 
enantiopure amino acid (eePhe > 98 %) and the remaining enantiopure sub-
strate (eeLAK  > 99.9 %) was more than one order of magnitude, (S)-LAK 
could be selectively extracted with scCO2. The remaining amino acid was 
washed and filtered from the immobilised enzyme with hot distilled water. 
This technique represents a completely environmental friendly resolution 
combined with product separation, where the enantiopure products (β-
lactame and Phe) could be useful and important substrates and intermedi-
ates for drug synthesis. 
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3.2 Kinetic resolution of trans-2-hydroxy-cyclohexanecarbonitrile 

The CAL-B catalysed kinetic resolution of a cyclohexanecarbonitrile de-
rivative was examined and the optimal acylation agent (vinyl acetate (VA)) 
ratio (0.5–10 molar ratio) was determined at 10 MPa and 45 °C. In the ex-
periments the enzyme:substrate mass ratio was constant. The VA ratio had 
significant effect on the reaction rate and the equilibrium conversion. In-
creasing the VA ratio increased the reaction rate, but above 5 molar ratio it 
had no significant effect. To achieve 50 % conversion the minimal VA ra-
tio required was 2 molar ratio. The enantiomeric excess of the product was 
higher than 98 % in every case. 

The enzyme kinetic parameters (rmax, KM) and the apparent turnover 
number (TON) (0.24 mmol converted substrate · g enzyme-1 · min-1) for the 
well-soluble substrate were determined. 

Water content could have a significant effect on the behaviour of the en-
zymes and the optimal water concentration could change as a function of 
pressure and temperature. To study these effects an enzyme with known 
water content and dried CO2 was used and the experiments were carried 
out based on a 23 design of experiments (water concentration: 
0.007-0.983 mg/mL, 10-20 MPa, 40-70 °C, with three repetitions in the 
central point). The water concentration had an effect on the enantioselec-
tivity and the enzyme activity, the examined operation parameters jointly 
influence the reaction. The best results were obtained without added water, 
with the water content of the enzyme. However, in these experiments the 
maximal 50 % conversion was not obtained in any case, which indicates 
that for the normal functioning of the enzyme a small amount of water is 
necessary. On the other hand, excessive amounts of water could cause not 
only a quantitative change in the reaction, but a qualitative change in the 
enantioselectivity of the enzyme. In the experiments without added water, 
increasing the pressure slightly decreased the enzyme activity, while in the 
examined range increasing the temperature increased the enzyme activity. 
In the central point, low conversion values were obtained (after 240 min X 
~ 5%) which could be caused by the opposing effects of the presence of 
water and the increasing temperature. From a technological aspect, the wa-
ter content of once distilled CO2 and the natural water content of the en-
zyme preparation ensure a highly reproducible, stable water concentration 
in the system, which falls in the optimum operating range of the enzyme.  
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3.3 Kinetic resolution of trans-1,2-cyclohexanediol 

The consecutive acylation of trans-1,2-cyclohexanediol was examined in 
scCO2, the aim of the study was to design a continuous-flow system based 
on the results in batch operation. There are two acylation steps in the reac-
tion, the second step is quasi-enantioselective. In the batch reactor the ef-
fect of the acylation ratio (2-30 molar ratio) was observed at 10 MPa and 
40 °C. The limited-solubility substrate (CHD):enzyme ratio was constant. 
To achieve full conversion (X ≥ 99.9 %) and enantiopure products 
(ee > 99.9%) the minimal necessary VA ratio was 10 molar ratio, over this 
amount no significant effect was found on the reaction rate. The concentra-
tion of the CHD enantiomers, the monoacetate intermediates (CHDAc) and 
the (1R,2R)-CHDAc2 was tracked over time and the reaction rate coeffi-
cients (k) of each step were determined with a system of differential equa-
tions. The results show that the first acylation step is also moderately enan-
tioselective, as the enzyme converts (1R,2R)-CHD more than 1.5 times 
faster than (1S,2S)-CHD.  

The enzyme kinetic parameters and the apparent TON (0.125 mmol con-
verted substrate · g enzyme-1 · min-1) for the soluble substrate were deter-
mined in the case of trans-1,2-cyclohexanediol as well. The TON value 
was about half of that in the case of CCH. The explanation could be that 
these materials were used in different amounts (concentrations) near the 
limit of their respective solubilities. 

Based on the obtained values of TON, a continuous-flow system was de-
signed and the minimal average residence time was estimated. The contin-
uous experiments were performed at the operational parameters used earli-
er, at 10 MPa and 45 °C, the rate of VA was adjusted in the range of 10–30 
molar ratio. The average residence time was varied in the range of 3 and 12 
with adjustment of the CO2 flow rate, and its effect on productivity and en-
antiomeric excess of the intermediate was studied. The CO2 was always 
saturated with CHD, decreasing the average residence time increased the 
total amount of dissolved CHD, thus the enzyme bed had to convert more 
CHD to monoacetate and then diacetate in a given time. Since the enzyme 
bed was not able to convert the entire amount of produced CHDAc to diac-
etate (CHDAc2) at shorter residence times (< 6 s), the enantiomeric excess 
of the monoacetate reduced. Maximal productivity was obtained at an av-
erage residence time of ~ 4.5 s, because with the decreasing residence time 
(increasing CO2 flow rate) the amount of dissolved and transformed CHD 
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increased, in turn increasing productivity, but only as long as the enzyme 
can convert a significant part of CHDAc to CHDAc2. Considering both pa-
rameters, the optimal average residence time is ~ 5 s, at which high 
productivity (~ 50 µmol product · g enzyme-1 · min-1) and product enanti-
omeric excesses ((eeCHDAc > 97 % and eeCHDAc2 > 99.9 %)) can be obtained. 

The turnover frequency (TOF) (0.097 mmol converted substrate · g en-
zyme-1 · min-1) was determined for the continuous-flow system, which is 
consistent with the TON value (0.125 mmol converted substrate · g en-
zyme-1 · min-1) obtained in the batch reactor. In the continuous-flow system 
the productivity was ~ 6 times higher than in batch operation.  

 

3.4 Dynamic kinetic resolution of 1-phenylethanol 

The aim of the study was investigating the dynamic kinetic resolution of 
1-phenylethanol in scCO2. To choose the suitable catalyst for the racemisa-
tion step ((S)-1-phenylethanol racemisation), preliminary experiments were 
carried out with different catalysts from the literature in batch reactor at 
10 MPa at the respective optimal (but enzyme-suitable) temperatures of the 
used catalysts (40-90 °C). Few works in literature mention the possibility 
of by-product formation, but in reality it is a very important problem. In 
the racemisation experiments three parameters were observed: the conver-
sion, the enantiomeric excess of PE and the by-product ratio. From the ten 
tested acidic and metallic catalysts only two (Nafion NR-50, zeolite) were 
suitable for further studies. The chosen catalysts were combined with three 
different types of enzyme (CAL-B, PS-IM and PS-CI) and tested in dy-
namic kinetic resolution. The experiments were carried out in a continu-
ous-flow reactor. The homogenous solution of VA and rac-1-PE mixed 
with scCO2 was passed through (flow rate: 1 mL/min) the enzyme–
catalyst–enzyme filled column at 10 MPa at 45 °C in the case of Nafion 
NR-50 catalyst, and at 80 °C in the case of zeolite. The enzyme and the 
chemical catalyst were physically separated, because contact between them 
could cause a loss of enzyme activity [7, 8]. The Nafion NR-50 – PS-CI cata-
lyst–enzyme pair was not efficient according to any of the studied parame-
ters. The best result was obtained with the zeolite – CAL-B catalyst–
enzyme pair, the enantiomeric excess of the product (1-phenylethyl)-

                                                      

[7] Westerbeek A., Szymański W., Feringa B. L., Janssen D. B.: Dynamic kinetic resolution process employing 
haloalkane dehalogenase. ACS Catal. 2011, 1, 1654-1660. 

[8] Xin J.-Y., Li S.-B., Xu Y., Chui J.-R., Xia C.-G.: Dynamic enzymatic resolution of Naproxen methyl ester in a 
membrane bioreactor. J. Chem. Technol. Biotechnol. 2001, 76, 579-585. 
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acetate (PEAc) was higher than 85 %, the yield was higher than 75 %, 
while the phenyl ethyl ether dimer (PE2) by-product ratio was lower than 
20 %. Using the zeolite-PS-IM combination, nearly enantiopure PEAc 
product (> 95 %) was achieved, although with poor yield (< 20 %) and a 
by-product ratio of ~ 35 %.  

 

4 Theses 

1. A technique was developed in which the ring opening kinetic resolution 
of 4-phenylazetidin-2-one (LAK) and the separation of the produced 
pharmaceutically important enantiopure products (LAK, Phe) is carried 
out with an environmentally friendly method; using only enzyme (CAL-
B), scCO2 and water [4, 7, 13]. 

1.1. The operational parameters (pressure, temperature) of the ki-
netic resolution of LAK in a batch reactor were optimised for en-
zyme activity and enantioselectivity. In the examined range Phe was 
formed with higher than 98 % enantiomeric excess independent of 
the temperature and the pressure, the highest enzyme activity was 
obtained at 14 MPa and 70 °C. 

1.2. After full conversion (X > 49.9 %), due to its significantly dif-
ferent solubility, LAK (eeLAK  > 99.9 %) can be selectively extracted 
with constant CO2 flow rate in a continuous stirred tank operation, 
the remaining Phe (eePhe > 98 %) can be separated from the enzyme 
with hot water.  

2. The CAL-B catalysed kinetic resolution of 2-hidroxy-
cyclohexanecarbonitrile (CCH) was performed in scCO2 in batch mode 

2. using the minimal amount of acylation agent (vinyl acetate (VA)) nec-
essary. The optimal operational parameters (temperature, pressure, wa-
ter concentration) were determined. 

2.1. It was proved that, in order to achieve full conversion (50 %) 
1:1 CCH:VA (referred to the racemic substrate) molar ratio is not 
enough, the minimal required molar ratio is 1:2 molar ratio. The 
products obtained are enantiopure (eeCCH > 99.8 %, eeCCHAc > 98%) 
[3]. 
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2.2. It was found that from a technological point of view, in order 
to achieve the maximal enzyme activity and enantioselectivity, the 
optimal water concentration was given by the water content of the 
enzyme and once-distilled CO2, which could consistently be kept at 
a constant level (~ 0.04-0.05 mg/mL) and is in the optimal operating 
range of the enzyme [10, 11]. 

2.3. Enzyme activity decreased when the pressure was increased 
from 10 MPa to 20 MPa decreased, and was clearly increased when 
the temperature was increased in the range of 40-70 °C [10, 11]. 

3. Based on the results of batch experiments, a continuous-flow connected 
extraction-reaction method was developed for the CAL-B catalysed res-
olution of trans-1,2-cyclohexanediol (CHD) in scCO2.  

3.1. In batch mode it was proved that the first acylation step of 
CHD is moderately enantioselective, the produced monoacetate is 
not a racemic mixture [1]. 

3.2. Based on the turnover number calculated from the batch exper-
iments, the necessary average residence time of the continuous-flow 
system was estimated with a new calculation method, which is well 
suited to this special (consecutive) case and simpler cases as well. 
The average residence time was optimised for productivity and en-
antioselectivity. At the optimal value (~ 5 s) enantiopure products 
were formed with nearly maximal productivity and full conversion 
[2, 6, 12]. 

4. The dynamic kinetic resolution of 1-phenylethanol (PE) was examined 
in scCO2 and it was found that [8, 14]: 

4.1. Similarly to organic solvents (Poppe et al.), in scCO2 the most 
important problem is the formation of phenyl ethyl ether dimer by-
products during the racemisation; these were produced only from the 
starting substrate and not from the acylated product. It was proved 
that these by-products were formed at lower substrate concentrations 
than that specified in literature.  

4.2. Among the many acidic and metallic racemisation catalyst 
studied in batch reactor, the best conversion result and the least by-
products were achieved with Nafion NR-50 and zeolite. 
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4.3. Among the examined enzymes the dynamic kinetic resolution 
was performed with high yield and good enantioselectivity 
(ee > 85 %) by CAL-B combined with zeolite. PS-IM showed excel-
lent enantioselectivity (ee > 96 %), however, the acetate yield was 
poor. 

 

5 Applications 

A process using scCO2 may be a promising technology for the pharma-
ceutical industry, if it has clear benefits for the given compound and if it is 
more economical than traditional production methods. In many cases ac-
tive pharmaceutical ingredients are insoluble in water or the regeneration 
of the organic solvent used for their syntheses is quite expensive; scCO2 
technologies can eliminate these problems. 

For production of pure enantiomers scCO2 is proven to be not only a re-
action medium, but also the solvent for the separation of products, allow-
ing implementation of fully environmentally friendly methods. The use of 
organic solvents in the process steps from the racemic substrate to the en-
antiopure products could be avoided altogether. Since the solvent power of 
scCO2 can be controlled by changing the pressure and temperature, it is 
suitable for the separation of different compounds. The use of immobilised 
enzymes is also preferable in industrial operations, as they can be easily 
separated from products and reused after cleaning. 

Of course, it is always important to find the optimal operation parame-
ters for the studied compounds. The determined optimal temperature, pres-
sure, acylating agent ratio and water concentration for each substrate may 
provide useful information for designing the scaled-up technology. 

Based on the enzyme kinetic parameters, especially the turnover num-
ber calculated for a batch system, the optimal average residence time could 
be estimated with good approximation for the continuous-flow system. 
These are all operational parameters which are essential for potential in-
dustrial implementations. Dynamic kinetic resolution offers efficient pro-
duction of the desired products with constant enzyme activity for long 
time. 
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