
 
Chiral Amines by 
Transaminase Biocatalysis 
in Organic Media 
Master thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

05/06/2014 
School of biotechnology 

KTH Royal Institute of technology 
 

  

Myriam Rincón Fontán 



2 
 

Abstract 

This thesis studies the synthesis of chiral amines by transaminase reactions as asymmetric 

synthesis and kinetic resolution mediated ω-transaminase from Chromobacterium violaceum 

developing the different experiments in organic media. A different number of substrates and 

amine donors were tested in the same reaction conditions using MTBE as organic solvent. In a 

scale of 1 mL, when methoxyacetone and (S)-α-methylbenzylamine were used as substrates, it 

was obtained the best result with a conversion to acetophenone of 58%. In general, the 

conversion was lower than other previous results obtained for reactions performed in water. 

The enzyme shows (S)-stereospecificity in all the experiments developed. In general lines, the 

experiments were performed with an excess of substrate or amino donor, but there were not 

used any other further methods to enhance conversion. In this way, there are still some 

improvements that can be applied to the process in order to obtain finally more successful 

results.  
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1. Introduction 

 

1.1. Biocatalysis 

Biocatalysis seems to be an essential tool in the pharmaceutical industry due to the 

development of a variety of synthetic routes that are of great interest in the industry 1. The 

most particular advantage of biocatalysis over chemical synthesis is that enable to synthesize 

difficult compounds due to regioselective and stereoselective properties 1-3. In biocatalysis the 

reactions can be carried out at atmospheric pressure and ambient temperature. In this way, it 

can be avoided the use of extreme conditions which could cause problems as isomerization, 

racemization, epimerization, and rearrangement 2. High purity can be obtained as well, even 

when the synthesis is mediated by non-natural compounds 3. 

In Biocatalysis is characteristic the use of whole cells or isolated enzymes that can develop 

difficult enzymatic synthesis. Both of them work under mild conditions, are not air or water-

sensitive and avoid the need of using flammable metal-organic reagents or heavy metal 

contamination 4,5. Using the tools of molecular biology including gene shuffling and directed 

evolution of biocatalysts it can lead to increased enzyme activity, selectivity and stability2. In 

addition, enzymes are biodegradable, what means that enzymes make biocatalysis more 

environmentally friendly5. In this way biocatalysis has shown in many cases to be a better 

pathway than conventional chemical synthesis, not only in the simplicity of accomplishing the 

reactions, but also from an economical and environmental point of view. For these reasons 

chemists have taken advantage in the experiments since it is possible to avoid group-

protecting procedures, saving time in the experiments as well as materials and energy costs5. 

As an example of biocatalysis success it was developed an improved process for sitagliptin 

manufacture by using a transaminase and various protein engineering technologies6. The 

resultant biocatalysts showed wide applicability toward the synthesis of chiral amines that 

previously were accessible only via enzymatic resolution processes4. 

For biocatalysis, the most powerful opportunities appear where a complex synthesis can be 

performed either by a single enzyme reaction or by several enzymes working together 

(cascade systems) 7. Whole cells contain a big variety of enzymes and can regenerate cofactors 

in situ, which are invariably required, in an efficient way 3,7. Enzymes may carry out reactions in 

a free or immobilized form5. The advantage of immobilization is that facilitates the removal 

and recovery of the enzyme, stabilizing and allowing their multiple recycling with a minimal 

loss of activity 5, 8. 

The biocatalysis reaction, as it was mentioned above, can be performed by an isolated enzyme 

or multiple enzymes. Sometimes, enzymes generally will not tolerate high concentrations of 

substrate or product (>1g/l), have limited the use of organic solvents and can generate 

unwanted side products 3. In the case of isolated enzymes, they are known to be less stable in 

a purified form than within the cell. Therefore, Biocatalysis still needs to overcome some 

limitations such as the enzyme costs of production and the relative narrow stability window of 

many enzymes under diverse reaction conditions, which restricts their applications onto 

broader industrial processes5. 
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Looking towards the future, the use of Biocatalysis is expected to grow due to environmental 

and economic benefits in industry5.  It seems that industrial biobased processes will 

increasingly become the alternative to build a sustainable economy. It is estimated that, by 

2030, the products of white biotechnology and bioenergy will account for 30% of industrial 

production 5. 

1.2. Importance of chirality in pharmaceutical drugs 

The pharmaceutical industry is the one that mostly uses biocatalytic processes for developing 

drug synthesis9. This development requires increasing the knowledge of the mechanism of 

drug interaction on a molecular level. After some researching it was found the importance of 

chirality as the key to the efficacy of many drug products. In many cases, only one 

stereoisomer of a drug substance is required for efficacy and the other stereoisomer either is 

inactive or exhibits considerably reduced activity9. Apart from it, it can happen than one of the 

stereoisomer could be toxic. As an example there is the case of Thalidomide. The (R)-(+)-

thalidomide seemed to act as a sedative whereas the (S)-(-)-thalidomide and its derivatives 

seemed to be teratogenic causing a big number of birth defects10. This example shows the 

importance of chirality in molecules. 

The importance of the biocatalytic synthesis of optically active amines has grown in the last 20 

years because chiral amines are used as intermediates and end products in the synthesis of a 

big variety of drugs (cardiovascular, antihypertensive and antiemetic between others), as well 

as display an important role in  the preparation of optically pure carboxylic acids11. Particularly, 

as an example,  the preparation of optically active chiral amines can take place by 

deracemization of racemic mixtures, employing simultaneously a highly selective oxidase 

biocatalyst and a chemical reducing agent or catalyst obtaining yields of 100%2. Nowadays, 

there are other enzymes that can obtain these optically chiral compounds in a relative easy 

way with great success as ω-Transaminases (ω-TA) that have a lot of advantages in 

synthesizing chiral compounds comparing to other enzymes 12-14. 

1.3. Transaminases 

 

1.3.1 Background of  ω-transaminases 

ω-Transaminases (EC 2.6.1.18) are interesting and useful enzymes that offer solutions to some 

difficult problems during the synthesis in the preparation of chiral amines and amino acids of 

high enantiomeric purity 12-14. Compared to other enzymatic and chemical methods for the 

production of amino acids and chiral amines, the transaminase reaction has some preferred 

characteristics as high stereoselectivity and no need for redox cofactor recycling15-17. Since is 

not required nicotinamide cofactors to reduce ketone carbonyls to chiral amines, the economy 

is a key advantage of transaminase-catalyzed reaction18.  

ω-Transaminases develop an important role in  the asymmetric synthesis of biocatalytic active 

compounds that posses a chiral amine moiety, starting from prochiral ketones or low-cost 

racemic amines. Furthermore, β-amino acids can be prepared with this class of enzymes19. This 

is important since the point of view that chiral β-amino acids derivatives are important pieces 
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for the synthesis of a big variety of active compounds, such as β-peptides, β-lactam antibiotics 

and other drugs20. 

The transaminase reaction, known as biocatalytic reductive amination, is well established for 

accesing α-amino acids from the corresponding α-keto carboxylic acids. However, the situation 

is different for primary amines that are not adjacent to a carbonyl moiety20. Despite of many 

attractive characteristics of transaminase catalyzed reactions, there are still a number of 

challenges that need to be overcome in order to make transaminase processes useful in the 

production of a big range of amines13. 

In order to understand with detail the reaction mechanisms of different types of 

transaminases, there have been used a lot of different techniques such as advanced 

computational structure modeling, multiple sequence analysis, and in vitro evolution. These 

techniques can be used as well to isolate and design novel enzymes for unnatural substrates. 

This suggests that developing new integrated procedures to study transaminases are possible, 

but at the same time poses difficult technical challenges15.  

About the stereoselectivity, transaminases show (S)-stereopreference19 or (R)-

stereopreference. The (S)-selective (or L-amino acid) transaminases belong to the most 

common transaminase fold-type I, whereas the (R)-selective (or D-amino acid) 

transaminases belong to fold-type IV14.   

In this way, it can be said that transaminases have useful applications in the chemical industry 

because of their capability of introducing amino group into ketones or keto acids as well as 

their high enantioselectivity and regioselectivity and broad substrate specificity16. 

 

1.3.2. Structure and cofactor importance in ω-transaminases 

The structure of ω-TA from Chromobacterium violaceum consists of a homodimer with a 

molecular mass of 100 kDa. Each monomer has an active site at the dimeric interface14. ω-TA 

requires the coenzyme pyridoxal-5-phosphate (PLP) 12, which is tightly bound and helps to 

maintain the stability of the enzyme17.  

The coenzyme PLP acts as a shuttle to transfer the amino group 4,13. It is coordinated in the 

active site as an internal aldimine formed by a covalent Schiff base linkage to the Ɛ-amino 

group of a catalytic lysine14. This cofactor is fully regenerated within the reaction, and for that 

reason the cofactor regeneration does not present problems that can come upon oxidation or 

reduction reactions 13. However, it was found that the coenzyme concentration is crucial for 

the function of the enzyme since high concentrations of PLP led to inactivation21.  

About the tridimensional structure of ω-TA the active site is composed of two binding pockets. 

One is large and the other is small. The amino group of the substrate is placed in the middle of 

the binding pockets toward the PLP16.  
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1.3.3. Function of ω-transaminases 

 

ω-Transaminases are defined as an enzyme that transfers an amino group from an amino 

donor, usually an amino acid, onto a carbonyl moiety of amino acceptor. In accordance with 

that, at least one of the two substances is not an α-amino acid or an α-keto acid19. In this 

reaction the enzyme can transfer an amino group from a non α-position amino acid or an 

amino compound with no carboxylic group, such as (S)-α-methylbenzylamine ((S)-MBA), to an 

amino acceptor17,yielding a chiral amine as well as a co-product ketone or alpha-keto acid 13.  

ω-Transaminases are assumed to follow a ping-pong bi bi reaction mechanism. This 

mechanism involves two half-reactions12. In transamination reaction, firstly, an amino donor 

reacts with the internal aldimine to form an external aldimine consisting of amino donor and 

PLP. The catalytic lysine is then free to perform proton abstraction14. Finally, PLP-Enz is 

converted into PMP-Enz and the corresponding keto-compound of the amino donor is released 

away from the active site22. The second half reaction involving amino acceptor produces the 

corresponding amino product and regenerates the PLP form16. This mechanism is shown in the 

following figure (Figure 2). 

Figure 1.ω-transaminase from Chromobacterium violaceum(PDB 4A6T).It 

can be seen that is formed by a homodimer. 
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Figure 2.Proposed reaction mechanism of ω-transaminase. In this case the amino donor is (S)-α-methylbenzylamine 
and the amino acceptor is pyruvate. The amino donor takes part in the first half reaction, releasing the first product, 

acetophenone in this example. The second half reaction involves the amino acceptor, pyruvate, and ends releasing 

the second product, L-alanine 
23

.  

 

1.3.4. Drawbacks of ω-transaminases 

ω-TA can represent an attractive option for synthesizing chiral amines where they transfer an 

amino group from an amine donor to a prochiral ketone24. However, there are just a few 

examples of large-scale reactions reported as a result of the limited application at industrial 

scale. This is due to their low conversion yields and low productivities with cheap amine 

donors22.Particularly, there are 2 important points to clarify about transaminase reactions. The 

first one is that the equilibrium constant for the reaction generally favours the starting 

ketone and the second one that transaminases suffer significant product inhibition by 

the ketone or keto acid by-product24. Other problem that could appear in transaminase 

reactions is the low solubility shown for different substrates.  

In the forward transaminase reaction, kinetic resolution reaction,substrate and product 

inhibition of transaminases arising as a consequence of the reaction mechanism4. It is 

necessary to take into account that substrate and product inhibition are intrinsic properties of 

biocatalysis itself, and both can slow down the reaction rate and therefore decrease the 

product yield. This problem could be solved just by rational design or directed evolution4. 
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In addition, the concentration of enzyme displays a higher sensitivity in both transaminase 

reactions. The demand of higher enzyme concentration rather than co-substrate, for the high 

reaction rate, appears to arise from severe enzyme inhibition26. 

 

1.4. Asymmetric synthesis and kinetic resolution 

 

1.4.1 Background of asymmetric synthesis and kinetic resolution 

As it was seen, transaminases have received much attention as suitable catalysts for producing 

chiral amines. This reaction can be performed either by direct asymmetric synthesis from pro-

chiral ketones or by kinetic resolution of racemic amines13. Both reactions correspond to the 

transamination reaction run in reverse and forward, respectively19. 

 Kinetic resolution is the alternative that is commonly used in industry today. Although it has 

50% theoretical yield, with this strategy high enantiomeric excess can be reached13,19. This 

reaction is useful when the racemic amine is cheap and easy to obtain12. The equilibrium is in 

the side of the products but the drawback is that the ketone that results from the converted 

amine can cause inhibition19. 

 

 

Figure 3.Kinetic resolution reaction. 

Nevertheless, asymmetric synthesis is more advantageous than kinetic resolution because it 

leads to 100% product17,19,25. The advantages of asymmetric synthesis over kinetic resolution 

are overall the lack for reductive amination to prepare racemic amines from ketone precursor 

and the ability to yield an enantiomerically pure (S)-form17 or (R)-form depending on the 

enzyme. 

 

 

Figure 4.Asymmetric synthesis reaction 

 

 

ω - Transaminases 

ω - Transaminases 
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1.4.2. Drawbacks for asymmetric synthesis and kinetic resolution reactions 

Although the great potential of ω-transaminases (especially in asymmetric synthesis) only 

more recently developed strategies have allowed their efficient use4. Asymmetric synthesis 

reactions are more difficult to carry out than kinetic resolution reactions due to unfavorable 

thermodynamic equilibrium and much more severe product inhibition4,17. The equilibrium is 

most often shifted towards the substrates since the starting ketone is usually much more 

stable than the corresponding amine, due to electron resonance effects21. As a consequence, 

the focus of research in transaminases was the kinetic resolution of racemic amines.  

 

1.4.3. Possible solutions to overcome inhibition and shift equilibrium 

In order to overcome the thermodynamic unfavorable equilibrium, there are a few methods to 

develop effective asymmetric synthesis. These can be divided mainly in the addition of an 

excess of the amine donor and the removal of co-product13, 19. 

Adding an excess of the amine donor is the simplest method for amination. However, the 

problem could be a possible inhibition originated by the excess of the starting amine21.  

Moreover, the use of this strategy is limited for those cases when the equilibrium is only 

slightly unfavorable13. As a consequence further techniques for amination are desired19.  

The removal of co-product is the second possibility to shift the equilibrium. There are diverse 

techniques such as work under reduced pressure (evaporation of the co-product) 19, applying 

chemical transformations or degradation by adding additional enzymes (cascade reactions) 4, 13, 

19, 21 and recycling of the amine donor12.  The best strategy for removing the co-product will 

depend on the properties of the product amine as well as the other components in the 

reaction mixture. For volatile amines, distillation could also be a possibility for product 

recovery13. Adding an immiscible solvent, creating a two-phase system, to separate the amine 

formed is other possibility to shift the equilibrium, but in some cases the enantioselectivity is 

reduced 12, 19, 26. 

Between all strategies mentioned above, cascade reactions are a really common pathway to 

shift the equilibrium. An example of applying cascade system could be the use of  yeast alcohol 

dehydrogenase (YADH) for removing acetone, coupled to the transaminase reaction, since this 

enzyme has not  broad substrate specificity so its activity will not interfere in the transaminase 

reaction 21. It will convert the co-product in non-reactive specie or back to the original 

substrate13. Other option is using a whole cell system where there are combined two enzymes 

such as ω-TA and acetolactate synthase (ALS). In this case it was increased the yield of the 

product by removal the amine product and the co-product17. The main drawback of this 

system is that when using the cofactor NADH it is need to be regenerated13. 

Frequently these suggested solutions or technologies, solve more than one problem, for 

instance the use of an auxiliary phase may solve issues related to substrate and product 

inhibition as well as low water solubility13. 
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These possibilities summarized above were referred to the equilibrium problem. The other 

problem that needs to be overcome is the inhibition suffered by the enzyme. 

 In order to understand the inhibition in transaminases, it was analyzed the half reactions of ω-

TA of Vibrius fluvialis using PLP-Enz and PMP-Enz22. It was shown that simple increase in 

substrate concentration and removal of product, based on Le Chatelier’s principle, would not 

solve the problem of low enzyme reaction rates and low conversion yields at high substrate 

concentrations22. After that, two possibilities were suggested to try to solve the inhibition 

problem. The first one consists of a mutation of the enzyme, which would imply no 

conformational changes or to have a high affinity to acetophenone whereas the second 

suggests choosing a right pair of substrates in order to prevent severe product inhibition and 

leading to increase in target product22.  

One way to overcome product inhibition by directed evolution, is redesigned the substrate 

specificity of an ω-transaminase for the kinetic resolution of aliphatic chiral amines. To obtain 

a biocatalyst with the desired properties it is important to screen under the preferred reaction 

process conditions and it is generally difficult to screen for all the desired properties 

simultaneously13. 

 

1.5. Working with organic solvent 

For increasing the solubility of substrates and products, in comparison with aqueous 

biocatalytic processes, a water-miscible co-solvent can be applied as it was seen in the 

possibilities for decreasing inhibition13. In this way, by changing the solubility of the ingoing 

compounds, the reaction equilibrium can be steered in the desired direction and thereby 

increased the volumetric productivity in the reaction12.  

At the beginning it was thought that enzymes may only work in aqueous medium, so it 

supposed an important approach when was discovered that many biocatalytic processes work 

with organic solvents as reaction media.  Organic solvents have been used to solve problems 

as substrate solubility and mass transfer27, and the problem of inhibition is supposed to be 

decreased in this experiment for small concentrations28. In some processes supposes that 

purification steps became shorter and easier because it is not necessary the presence of 

surfactants (case of aqueous media) and the use of low boiling point solvents easy to 

evaporate5. One common type of enzymes that have been used in organic solvents are lipases 

(EC 3.1.1.3). A few examples of these enzymes are Pseudomonas aeruginosa lipase and 

Candida antartica lipase B (Cal B). Both have been used for the kinetic resolution of 

amines29.There are known its applications at industrial scale as well for the large production of 

pure aliphatic amines 30. 

But not all are good features in working with organic solvents. There are some disadvantages 

since organic solvents could decrease the stability of the biocatalyst and could also cause 

downstream problems, since the solvent needs to be separated from the product13. Also, the 

environmental impact of using solvents should be considered since solvent emissions are one 

of the main contributors to the environmental impact in pharmaceutical processes13. 
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Working in organic solvents arises more difficulties when cell viability should be maintained 

(e.g. for cofactor recycling). In this case it may not be possible to use high concentrations of 

organic solvents because of the negative effect on cell viability, the need to limit solvent 

emissions from an aerated fermentor, and the need to address safety issues8. On the other 

hand, for situations not dependent on viable cells it may be possible to use high levels of 

organic solvents. An example of this is the biotransformation of cholesterol to cholest-4-ene-3-

one by Nocardia (containing high levels of cholesterol oxidase)7. Reaction rates were improved 

radically by using very high levels of solvents such as carbon tetrachloride7.  

Particularly, ω-transaminases were not generally stable in organic solvent, but a few percent of 

organic solvents can have positive effects on the reaction outcome. In bio-amination reactions 

the presence of organic solvents has a lot of advantages such as higher reaction rates, general 

acceptance of 2-propylamine as amine donor, simple work-up procedure (no basification and 

extraction required) easy recycling of the catalyst and lack of substrate inhibition28. Even more, 

the biocatalysts maintained their excellent stereoselectivity allowing the preparation of 

optically pure amines with almost 100% conversion28.  

1.6. Importance of the substrate  

 As it was said, one of  the major problems with amine synthesis by ω-transaminases are the 

substrate specificity of the enzymes, which limits the structures of accessible products, and the 

fact that the equilibrium is near unity ,which limits the yield of the desired amine product18.  

The enantiomeric excess of chiral amines obtained from Chromobacterium violaceum ω-

transaminase was substrate dependent19. Selecting such good substrate pair compounds is a 

necessary and sufficient condition for the asymmetric synthesis of chiral amine using ω-

TA22. The success for shifting the equilibrium depends on which amine is used for asymmetric 

synthesis as the equilibrium constant may vary for different susbtrates4. 

The enzyme, ω-transaminase from Chromobacterium violaceum, has a broad substrate 

spectrum, but prefers aromatic (S)-amino donors such as (S)-α-methylbenzylamine or (S)-1-

aminoindane 14, 19, and keto compounds such as glyoxylate or pyruvate14. Additionally this 

transaminase was used for the amination of α,α’ –dihydroxyketones that is not a usually 

substrate accepted by transaminases19. 

The amino donor should fulfill some requirements as being cheap and allow the reaction to go 

to the completion without inhibition. In amino chiral compounds only one stereoisomer is 

going to react and it needs to be added in a pure enantiomeric form12. However, despite of 

high reactivities than some chiral amines have as amine donor, the costs for using expensive 

amines in synthesizing other chiral amines25 are not economically viable. 

As an example, the use of isopropylamine as amine donor is from and industrial point of view 

more desirable, since this chemical is easily obtainable and cost efficient21. Isopropylamine is 

non-chiral and can be removed from the reaction by applying reduced pressure12. Moreover, 

when it was used isopropylamine instead of amino acid as amine donor, the equilibrium 

became more favorable but still remained strongly in favor of the reactants 12. But there are 



14 
 

other better amino donors, for instance (S)-α-methylbenzylamine which donor potential it was 

shown to be higher than for isopropylamine13. 

About keto compounds a lot of experiments have been developed with acetophenone. This 

compound has been found to be a less effective substrate for many transaminases due to 

substrate inhibition21,26. 

In conclusion, a key condition to be met for the success of asymmetric synthesis of chiral 

amine is that amino donor should have higher activity than target amine compound to prevent 

the backward transaminase reaction by target amine compound, and that keto-form of amino 

donor should have lower activity than substrate amino acceptor to derive the reaction to the 

product side. These conditions result in the faster synthesis reaction rate than that of 

backward reaction of target amine compound. The right selection of such substrates to 

maximize the reaction rate of target amine synthesis is demonstrated as the key factor in the 

success of chiral amine synthesis using ω-transaminases22. 

Project overview 

The aim of the project is studying the obtaining of chiral amines in organic solvent, performing 

reactions as asymmetric synthesis or kinetic resolution with ω-transaminases of 

Chromobacterium violaceum. 
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2. Experimental section 

2.1. Materials 

2.1.1. Chemicals and enzyme 

The chemicals used in the project were obtained from different sources. For the cultivation 

media were used tryptone (Duchefa Biochemie), yeast extract (Scharlau) and NaCl. The 

coenzyme added was PLP (Sigma Aldrich). The organic media used was MTBE (Lab-Scan).The 

substrates used were: methoxyacetone (Sigma Aldrich), 4-phenyl-2-butanone (Sigma Aldrich), 

(S)-α-methylbenzylamine (Fluka), Racemate methylbenzylamine (Fluka), isopropylamine 

(Sigma Aldrich) and acetophenone. For the analysis of samples decane (Sigma Aldrich) was 

used, and for the derivatization trifluoroacetic acid (TFA) was used, commercially available 

from Sigma Aldrich. 

2.1.2. Enzyme cultivation and purification 

The gene for the Chromobacterium violaceum transaminase (TA) was inserted into plasmid 

pET28a (+) and transformed into Escherichia coli BL21 (DE3) cells. After, cells are taken from 

glycerol stock and grown on agar plates with Kanamycin overnight at 37°C. For starting the 

cultivation, the Luria-Bertani (LB) medium was prepared. It is composed by 10 g/L of tryptone, 

5 g/L of NaCl and 5 g/L of yeast extract dissolved in 2 L of MilliQ water. To start the cultivation, 

the cells are cultivated overnight in six 50 mL falcon tubes, each with one colony from an agar 

plate, 20 mL of LB medium and 50 mg/L Kanamycin, in 37°C and 220 rpm. The next morning, all 

six falcon tubes are pooled in a 5 L shake flask together with 1080 mL LB medium and 50 mg/L 

Kanamycin .The cultivation is started in 37°C and 220 rpm. It is induced after 2 hours by 

addition of 0.4 mM IPTG and the temperature and shaking speed are changed to 25°C and 120 

rpm.  

After 24 hours of expression, the cultivation is centrifuged in 4000 rpm during 30 min. The 

supernatant is removed and each pellet is resuspended in 5 mL MilliQ water, and then 

transferred to small glass tubes. Cells are then lysed by sonication. Each tube is sonicated on 

ice for 3 minutes. 

After sonication, the lysate is centrifuged for 45 minutes at 10000 rpm. The supernatant 

containing the crude enzyme is incubated with 1 mM PLP for approximately 20 min in darkness 

and room temperature with gentle mixing. The solution is then lyophilized. 

2.1.3. Suitable substrates and amino donors for researching 

2.1.3.1. Substrates 

                                                                          

         Methoxyacetone                                  Acetophenone                           4-phenyl-2- butanone 
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2.1.3.2. Amine donors 

                                                                                              

            Isopropylamine                           (S)-α-methylbenzylamine              (R) -α-methylbenzylamine 

 

All reactions between substrates and amino donor were performed in MTBE saturated with 

water in a volume of 1 ml. The amount of wild type enzyme added was around 20 mg in each 

reaction. The time developing the reaction was different depending on the substrate used 

(from 1 day until 5 days).The reactions were developed at room temperature(21°C) and gentle 

mixing. 

2.2. Methods 

2.2.1. Analytical methods 

Analysis of the samples was performed with gas chromatography (GC). The GC used a Varian 

Chrompack capillary column CP Chirasil DEX-CB (25 m, 0.32 mm, 0.25 μm). The program starts 

on 60°C and goes until 220°C. In the first part the temperature is increase by 5°C/min until 

75°C; then with a rate of 10°C/min until 90°C, and finally goes at 20°C/min until 220°C. The 

total time for running a sample is 22 minutes. All samples were prepared in a volume of 500 μl 

for analysis, using a stock solution of decane (25 mM) as internal standard. 

 In one of the experiments (section 4.5) was applied derivatization using salt (Na2SO4) for 

drying the solvent, TFA in big excess (20 times) for obtaining the amide and purging after the 

sample with N2. For that, it was prepare a solution in an eppendorf tube of 450 μl of MTBE and 

50 μl of reaction solution, and it was dried with Na2SO4 leaving in the centrifuge during 1 min. 

After that the solvent is removed and 20 –fold excess of TFA is added. It is necessary to leave 5 

minutes to allow the formation of trifluoroacetamides. Following the sample is purged with N2 

in order to remove excess anhydride, residual trifluoroacetic anhydride and solvent, leaving 

the derivatized compounds (amide) that are dissolved in MTBE and analyzed in the GC. 

2.2.2. Experiments 

It has been studying both asymmetric synthesis and kinetic resolution reactions in function of 

the substrates and products of interest. The reactions performed are shown in the following 

table (table 1). 
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Table 1.Reactions performed in the experimental part. 

Reaction 
number 

Reaction compounds 

 
 

1 
 
 

 

             

2 

 

           
 

3.1 

 

           
 

3.2 

 

           
    

4 

 

            
 

5.1 

 

 

5.2 
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2.2.2.1. Asymmetric synthesis between methoxyacetone and isopropylamine  

First, in order to check how the enzyme is working in organic solvent, it was performed the 

reaction between methoxyacetone and isopropylamine(reaction 1), since isopropylamine was 

defined as one of the best amine donors 25. The concentration of the ketone was 50 mM and 

for the amine donor was 150 mM (3 equivalents). The reaction was performed during 24 hours 

at room temperature(21°C) and gentle mixing. 

2.2.2.2. Conversion to acetophenone from methoxyacetone and (S)-MBA. 

It was performed the reaction between methoxyacetone and (S)-MBA(reaction 2). The deal 

here is try to prove that the enzyme is totally stereoespecific, and it is possible to obtain a 

ketone (in this case acetophenone) starting from the (S)-enantiomer of the amine donor. In 

order to get that, it has been working with the (S)-enantiomer of methylbenzylamine.  

Table 2. Study of conversion to acetophenone for different concentrations of methoxyacetone maintaining the 

concentration of the amine donor (S)-MBA constant at 50 mM in all the experiments. The amount of enzyme used 

in all reactions is 20 mg of the wild type. 

[S-MBA](mM) [Methoxyacetone](mM) Number of equivalents 

50 50 1:1 

50 100 1:2 

50 150 1:3 

50 200 1:4 

50 250 1:5 

50 300 1:6 

 

At the beginning were just developed the reactions with 3, 4, 5 and 6 equivalents of 

methoxyacetone. These experiments were checked during 24 hours and 48 hours, measuring 

two samples of the reaction, in order to see the activity of the enzyme. After that, there were 

performed the reactions with 1 and 2 equivalents during 24 hours. 

Apart from this, it was optimized the amount of enzyme that is necessary to use in this 

reaction. All the experiments until now were developed with an amount of 20 mg of ω-

transaminase of Chromobacterium violaceum (wild type). To carry out this optimization there 

were developed reactions with 10, 15 and 20 mg of enzyme. The reactions were reproduced 

with 50 mM of (S)-MBA and 150 mM of methoxyacetone. 

All the results were obtained analyzing the different reaction samples in the Gas 

Chromatograph (GC). The experiments were developed using decane as internal standard 

taking into account the calibration curve of acetophenone in order to calculate the conversion 

of the reaction. In this way, measuring the area of the different peaks in the GC spectrum for 

acetophenone (since is the product) and decane (since is the internal standard) it can be 

extrapolated the concentration of acetophenone.  
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2.2.2.3. Kinetic resolution of racemic methylbenzylamine with methoxyacetone. 

After studying the (S)-enantiomer of methylbezylamine, (S)-MBA, there was an interest in 

performing the reaction starting from the racemate of methylbenzylamine in order to obtain 

acetophenone (reaction3.1).  

After that, it was decided to perform the reaction with the (R)-enantiomer, (R)-

methylbenzylamine ((R)-MBA) .The concentration of methoxyacetone was 150 mM and the 

concentration of (R)-MBA was 50 mM(reaction3.2). 

2.2.2.4. Asymmetric synthesis of (S)-α-methylbenzylamine from acetophenone and 

isopropylamine. 

The goal here is obtaining the (S)-enantiomer starting from acetophenone, or which is the 

same, obtaining the reverse of reaction 2, corresponding to reaction 4 from table 1. There 

were developed few reactions starting with acetophenone and isopropylamine in order to 

obtain (S)-MBA. 

There were developed two reactions; the first one with an excess of 15 equivalents of amine 

donor. In this case, the concentration of acetophenone was 10 mM, and the concentration of 

isopropylamine was 150 mM. The second one with an excess of 50 equivalents of amine donor 

where the concentration of acetophenone was 10 mM and the concentration of 

isopropylamine was 500 mM. The amount of enzyme used was 20 mg in both reactions. The 

reaction was performed during 24 hours. 

Table 3.Concentrations of substrates in the reaction; 20 mg of enzyme were used. 

[Acetophenone] (mM)                   [Isopropylamine] (mM) Number of equivalents 

10 150 1:15 

10 500 1:50 

 

2.2.2.5. Asymmetric synthesis with 4-phenyl-2 butanone 

The substrate chosen was 4-phenyl-2 butanone. There were developed two reactions starting 

from 4-phenyl-2-butanone and isopropylamine as amine dornor. Both reactions were 

performed during 24 hours.. 

Table 4.Concentrations of substrates in the reaction; 20 mg of enzyme were used. 

[4-phenyl-2-butanone] (mM)                   [Isopropylamine] (mM) Number of equivalents 

10 150 1:15 

10 500 1:50 

 

Due to some problems with this amine donor, isopropylamine, there were performed other 

reactions with (S)-MBA as amine donor, keeping the same substrate 4-phenyl-2-butanone. In 

this case each reaction was performed during 5 days. 
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Table 5.Concentrations of substrates in the reaction; 20 mg of enzyme were used. 

[4-phenyl-2-butanone](mM) [(S)-MBA](mM) Number of equivalents 

50 50 1:1 

10 30 1:3 

10 40 1:4 

10 50 1:5 

10 60 1:6 

 

As in the cases before, all of the results were obtained analyzing the different reaction samples 

in the Gas Chromatograph (GC). The experiments were developed using decane as internal 

standard taking into account the calibration curve of acetophenone in order to calculate the 

conversion of the reaction. This was necessary since the amine product could not be 

distinguished in the chromatogram. In this way, measuring the area of the different peaks in 

the GC chromatogram for acetophenone (since is the product) and decane (since is the 

internal standard) it can be extrapolated the concentration of acetophenone.  

In this last experiment, it was analyzed the reaction after with the derivatization technique in 

order to prove that the amine was formed (described in section 2.2.1). 
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3.  Results and discussion 

3.1. Asymmetric synthesis between methoxyacetone and isopropylamine 

In this reaction it was observed that after 24 hours the product was obtained. It was developed 

mainly in order to focus the project and seeing how the enzyme behaves in organic solvent 

even if the conversion was not too high.  

One of the possible problems that could have appeared in the reaction is the inhibition. It is 

necessary to take into account that the concentrations of the substrates should not be high, as 

for example when Höhne and Bornsheuer4 developed the reaction between methoxyacetone 

and isopropylamine, employing the wild type of ω-TA with a concentration of 1 M for 

methoxyacetone and 1.5 equivalents for isopropylamine. It was achieved only 12% conversion, 

showing the big problem that supposes the inhibition at high concentrations, what makes 

necessary to work at lower concentrations. 

On the other side, the second problem that could appear is the equilibrium on the reaction. 

One possible way to improve the results would be evaporating the co-product, acetone, in 

order to shift the equilibrium to the products side, but this is not possible to develop in organic 

solvent, since acetone has the same boiling point as MTBE.  It would be interesting that the 

enzyme was thermostable in order to develop the reaction at high temperature and improve 

the yield and conversion. 

Since the results were successful anyways, it was decided to perform the reaction with the 

same substrate, methoxyacetone, but changing to a better amine donor as (S)-MBA. 

3.2. Conversion to acetophenone from methoxyacetone and (S)-MBA. 

As it was described in the point 2.2.2.2, at the beginning the reaction was performed during 48 

hours for 3, 4, 5 and 6 equivalents of methoxyacetone, expecting to obtain the best results 

with a higher number of equivalents.  The results for the different reactions performed are 

shown in the following table. 

Table 6.Study of the conversion of acetophenone with 3, 4, 5 and 6 equivalents of methoxyacetone during 48 hours 

of reaction, maintaining the concentration of the amine donor (S)-MBA constant at 50 mM in all the experiments. 

The amount of enzyme used in all reactions is 20 mg of the wild type ω-TA. 

Concentration of methoxyacetone  
(mM)  

Conversion to 
acetophenone(%) 

(24 h) 

Conversion to  
acetophenone(%) 

(48 h) 

150 48 54 

200 44 45 

250 43 44 

300 44 58 

 

 In order to see the changes, it was represented graphically the time versus the conversion 

reached during the first and the second day of reaction. It is shown in the following figure. 
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Figure 5.Reactions developed with the concentrations of methoxyacetone of 150 mM (blue), 200 mM 

(violet), 250 mM (red) and 300 mM (green). It has been taken samples corresponding to 24 hours and 48 

hours of reaction. 

The highest conversion reached during this reaction was around 58 % for 6 equivalents of 

methoxyacetone in 48 hours. It seems that with 3 equivalents the conversion is higher as well 

(54 %).  For 4 and 5 equivalents the conversion is lower than in the case of 3 equivalents, what 

seems a bit strange since there is more ketone in the reaction media to shift the equilibrium to 

the production of acetophenone. It could be an error of measurement, but anyways, the data 

show that the difference is not so big. In general, it does not seem that the conversion 

obtained for the different equivalents differs a lot. 

On the other side, analyzing the changes in the conversion from 24 hours to 48 hours it seems 

that there is almost no difference in the conversion during the second day. This can be related 

with a decrease in the activity of the enzyme, due to problems of inhibition during the second 

day of reaction, which makes the reaction stop after 24 hours. Other possibility as well could 

be that the enzyme is unstable or inactive after 24 hours. 

 For this reason it was performed the reaction during the first 24 hours for 1, 2, 3, 4, 5 and 6 

equivalents of methoxyacetone. The results obtained for these reactions are summarized in 

the following table. 

Table 7.Study of conversion of acetophenone for 1, 2, 3, 4, 5 and 6 equivalents of methoxyacetone during 24 hours 

of reaction, maintaining the concentration of the amine donor (S-methylbenzylamine) constant at 50 mM in all the 

experiments. The amount of enzyme used in all reactions is 20 mg of the wild type ω-TA. 

Concentration of methoxyacetone 
(mM) 

Conversion to 
acetophenone(%) ,24 h 

50 32 

100 45 

150 48 

200 45 

250 43 

300 44 
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One of the points to take into account from this last experiment is that when the 

concentration of methoxyacetone is increased the conversion is increased as well during 24 

hours of reaction. Nevertheless, there is a visible difference in the reaction developed with 1 

equivalent of methoxyacetone comparing with the other reactions performed, since the 

conversion for this one is around 30% whereas the others reach more than 40% conversion all 

of them. 

On the other hand, it can be seen that in the results obtained for the reactions performed from 

2 to 6 equivalents of methoxyacetone, the conversion has not changed at all. In the case of 3 

equivalents of methoxyacetone it was obtained the best result (48%). Because of that it was 

represented the number of equivalents versus conversion. 

 

Figure 7.Number of equivalents of methoxyacetone versus conversion obtained for the reaction performed 

between methoxyacetone and (S)-MBA. 

After this analysis it can be concluded that in the reaction performed between 

methoxyacetone and (S)-MBA, the concentration of 150 mM of methoxyacetone is the 

optimum one. This corresponds with the results obtained in the experiments developed by 

Mutti and Kroutil28, where it was shown that for substrates that contain an oxygen atom close 

to the ketone moiety as methoxyacetone, were reactive in general, obtaining results with high 

conversion. This happens because this type of substrates enables the formation of an 

hydrogen bond in the product amine between the oxygen and the amino group. Moreover, 

this reaction obtains good results, confirming the success of (S)-MBA as amine donor. 

For showing the way in which the results were obtained, in the following figure it is shown the 

chromatograms of the reaction before adding the enzyme and after, when the concentration 

of methoxyacetone is 150 mM and the one for (S)-MBA is 50 mM. There are different peaks 

shown in the chromatogram. Each one corresponds to a different compound. The first 

chromatogram corresponds to the sample before adding the enzyme, so the peaks shown in 

the graphic correspond to MTBE, decane, (S)-MBA and methoxyacetone respectively. They 

appear in function of the boiling points (from lower to higher).The second chromatogram, 

corresponds to the reaction performed showing the product formed. The order of appearance 

is MTBE, decane and acetophenone. It seems that for this reaction practically all substrates 

were consumed. 
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Figure 8.GC view of the reaction performed between methoxyacetone and (S)-MBA. The first chromatogram,  

corresponds to the sample without enzyme (substrates). MTBE (r.t 2 min), decane (r.t 10 min), (S)-MBA (r.t. 15 min) 

and methoxyacetone (r.t. 16 min) are shown.The second chromatogram corresponds to the reaction products 

(acetophenone). MTBE (r.t 2 min), decane (r.t 10 min), and acetophenone (r.t. 13 min) are shown.  

Apart from this, it was optimized the amount of enzyme necessary to perform the reaction in 

the best conditions. All the experiments until now were developed with an amount of 20 mg of 

ω-transaminase of Chromobacterium violaceum (wild type). 

To carry out the optimization of enzyme, there were developed reactions with 10, 15 and 20 

mg of enzyme, in order to see if it was possible to obtain the same conversion with less 

amount of enzyme. The reactions were reproduced with 50 mM of (S)-MBA and 150 mM of 

methoxyacetone, because in the case of 20 mg it was obtained the best conversion with these 

concentrations. The results obtained are shown in the following table: 

Table 8.Optimization of the amount of enzyme using 150 mM of methoxyacetone (the optimal concentration) and 

50 mM of S-α-methylbenzylamine. The measurements were taken for 1 day and 2 days of reaction. 

Amount of enzyme (mg) Conversion (%) 
24 hours 

Conversion (%) 
48 hours 

10 23 27 

15 31 48 

20 48 54 

 

In order to see the changes, it was represented graphically the time versus the conversion 

reached during the first day and second day of reaction. The results are shown in figure 9. 
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Figure 9.Optimization of the amount of enzyme for 50 mM of S-MBA and 150 mM of methoxyacetone with 10, 15 

and 20 mg of wild type ω-transaminase of Chromobacterium violaceum. 

The concentration of enzyme is really important as it was seen in the point 1.3.4 where it was 

explained that the concentration of ω-transaminases shows higher sensitivity in transaminase 

reactions. As it can be seen it is obtained more conversion with high enzyme concentration.  

In this experiment, the best results were obtained for an amount of 20 mg.  What is an 

interesting point to comment is that the reactions at 10 mg and 20 mg seemed to follow the 

same pattern; they have similar distribution for both days of the reaction, whereas in the case 

of 15 mg the pattern is different since it seems that the enzyme is more active in the second 

day comparing to the other two.  Maybe there was an error of measurement for the reaction 

of 15 mg since it looks strange that performing the same reaction, with the same substrates 

concentrations, the results vary. One possibility to prove what could happen in the reaction 

would have been performing the reaction with more enzyme concentration to see how the 

new pattern looks like, and to see if more conversion could have been obtained as well. 

3.3. Kinetic resolution of racemic methylbenzylamine with methoxyacetone. 

In this experiment it was performed the reaction between the racemate of methylbenzylamine 

and methoxyacetone in order to obtain acetophenone (reaction 3.1 from table 1). It was 

supposed that the substrate (methoxyacetone) would react just with the (S)-stereoisomer of 

methylbenzylamine ((S)-MBA) as in the case of reaction 2, because the enzyme is (S)-

stereospecific. 

The problem was that the GC could not detect the different peaks from both enantiomers 

separately, so the only way to work with the racemate was using the HPLC. HPLC arises the 

problem that the separation of phases is evolved with water, so if it is been working with 

organic solvent, maybe the extraction would not be good. However, due to some problems 

with this instrument too it could not be possible to work with the racemate.  
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In order to check that the (R)-stereoisomer does not work with the enzyme, it was developed 

the reaction between methoxyacetone and (R)-methylbenzylamine. As it was expected it was 

observed that no reaction took place. 

With this it can be concluded that the enzyme is completely stereospecific, and in case of 

working with the racemate, the reaction will involve just the (S)-stereosimer leaving the (R)-

stereoisomer without reacting. 

3.4. Asymmetric synthesis of (S)-α-methylbenzylamine from acetophenone and 

isopropylamine. 

After being studying the conversion to acetophenone from methoxyacetone and (S)-MBA 

(reaction 2), it came out, based in the experiment developed by Mutti and Kroutil28, that the 

best amine donor was isopropylamine. In this way, it was used isopropylamine as amine 

donor. 

In the case of the asymmetric synthesis of (S)-MBA from acetophenone and isopropylamine 

there were developed two reactions; the first one with an excess of 15 equivalents of amine 

donor and the second one with an excess of 50 equivalents of amine donor. In both cases it 

was observed that no reaction took place. These results are expected since acetophenone 

shows always a lot of problems of substrate inhibition when working with transaminases 4, 13, 20-

25. In the experiment developed by Koszeleweski et al. 20, an ω-TA from Vibrio fluvialis used 

acetophenone as substrate, and as a result it was not detected any conversion for the desired 

amine (< 1%). This result is similar to experiment 4, where acetophenone was used as 

substrate and no reaction took place. 

The asymmetric synthesis reaction of (S)-α-methylbenzylamine from acetophenone and 

isopropylamine is very difficult to carry out due to the unfavorable equilibrium and much more 

severe product inhibition. For example, Shin et al. 25 performed a reaction between 

acetophenone and L-alanine (with an excess of 10 times of alanine) where was obtained a 

conversion of 9% ((S)-MBA). This is due to (S)-MBA is much more reactive substrate for the 

transamination reaction than acetophenone. 

Seo et al.22 summarized the asymmetric synthesis of (S)-MBA with ω-transaminases. For 

example, if L-alanine or some aliphatic amines are used for the reaction as amine donors, the 

asymmetric synthesis of (S)-MBA becomes a difficult problem owing to the low activity 

of acetophenone and the high activity of (S)-MBA. The authors gave different explanations for 

the low reactivity of ω-transaminases to acetophenone. They focused mainly in the 

mechanism of the quinonoid formation from pyridoxamine 5’-phosphate (PMP)-form of 

enzyme (PMP-Enz) suggesting that is slow , and therefore acetophenone is accumulated which 

can become one reason for inhibit the reaction. Other point to take into account is the relative 

activities and chemical structures of (S)-MBA and acetophenone since there is some possibility 

of structural changes in the active site of the ω-transaminases which may result in improper 

binding to the amino acceptor, leading to the low activity of acetophenone to ω-

transaminases. 
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To overcome such limitations in the asymmetric synthesis of (S)-MBA, two strategies can be 

used. One is mutation of ω-transaminases or screening of new enzymes to avoid possible 

conformational changes or to have high affinity to acetophenone. The other strategy seems to 

be choosing a right pair of substrates in order to prevent severe product inhibition and lead to 

increase the product yield. With these results, it was developed a new reaction with the same 

amine donor, but with a different substrate.  

3.5. Asymmetric synthesis with 4-phenyl-2-butanone 

As it was described before, there were performed some reactions using as substrate 4-phenyl-

2 -butanone (reaction 5.1 and 5.2. shown in table 1). Using this substrate the results should be 

better than in the case of starting with acetophenone (reaction 4), since 4-phenyl-2-butanone 

is more reactive. This was in order to avoid the problems of conjugation that could appear with 

acetophenone, since if there are more carbons between the phenyl group and the ketone that 

will provide less stability to 4-phenyl-2-butanone as substrate. 

For the first amino donor chosen, isopropylamine, it was difficult to distinguish the product 4-

phenyl-2-butylamine, using the GC. This is due to the substrate, 4-phenyl-2-butanone, and the 

product amine, 4-phenyl-2 butylamine, have a similar boiling point so both compounds could 

be absorbed in the same peak. It was tried to use the HPLC but due to technical problems it 

was not possible to use it neither. In this way the results were not reliable since in spite of 

some peaks appear it was not clear which compound was referred each one to, and the 

starting ketone still appeared in the GC after 5 days of conversion. Other problem was that the 

co-product, acetone, cannot be measured in the GC and used as a pattern for conversion since 

its boiling point is 56°C, the same as the solvent MTBE and the method used for analyzing the 

samples starts at 60°C (section 2.2.1.). 

Because of that, in the second part of this experiment, it was chosen as amino donor (S)-MBA, 

keeping the same substrate 4-phenyl-2-butanone. This reaction was followed during 5 days 

since the conversion was not too high during the first days.  

Some reactions were performed more than once since the results at the beginning were a bit 

different. This was the case of the reactions of 1:1, 1:3 and 1:4 (1, 3 and 4 equivalents of (S)-

MBA respectively). The reactions for 1:5 and 1:6 were not repeated since the results were 

coherent. 

The conversion of the amine in this reaction was measured taking into account the 

concentration of acetophenone, since the amine product was not distinguishable in the GC. As 

it was mentioned, this happened due to the similar boiling points of the ketone substrate and 

the amine product.  

For being sure that the amine product, 4-phenyl-2-butylamine was obtained it was applied the 

derivatization technique, converting the amine in amide in order to be able to detect the 

compound in the GC  since the amide has a higher boiling point than the amine.  

After applying derivatization, the results showed that the amide was present on the sample, 

and therefore that the hypothesis of the amine absorbed in the same peak with the ketone 

was probably the correct one. This is shown in figure 12. 
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The results obtained for the five reactions performed are shown in the following table, table 

11, where the conversion corresponds to the fifth day of reaction, since during the first days 

the conversion was quite low. 

Table 11.Conversion obtained for the different reactions performed. The conversion values correspond to 5th day of reaction. 

There are shown as well the concentrations of substrates in the reaction; 20 mg of enzyme were used. 

[4-phenyl-2-butanone](mM) [S-MBA](mM) Conversion(%) 

50 50 17  

10 30 18 

10 40 21 

10 50 30 

10 60 32 

  

It seems that the conversion obtained in these reactions is not too different for the first 3 

reactions performed: 1:1, 1:3 and 1:4 equivalents. But when 5 and 6 equivalents of (S)-MBA 

are added the conversion improves almost 50% of the obtained for the first cases. 

Nevertheless, there is no a big difference in the conversion between the reaction performed 

with 5 equivalents and the reaction performed with 6 equivalents of (S)-MBA. 

The representation of the conversion versus the number of equivalents of (S)-MBA is shown in 

the following figure, figure 10: 

 

Figure 10. Conversion versus equivalents. 

 

As it can be seen in figure 10, there is a hike from 4 to 5 equivalents of (S)-MBA. It seems that 

from these experiments, 5 equivalents is the best amount of amine donor for the asymmetric 

synthesis of 4-phenyl-2-butylamine.  

Other conclusion that can be taken from this experiment is that (S)-MBA is a better amine 

donor than isopropylamine since for the first one the results were not favorable, whereas 

here, even with a not high conversion it was clearer that the products were formed. 

0 

5 

10 

15 

20 

25 

30 

35 

0 1 2 3 4 5 6 7 

C
o

n
ve

rs
io

n
 (

%
) 

Number of equivalents  of the amine 

Conversion against equivalents 



29 
 

For showing the way in which the results were obtained, in the following figure it is shown the 

chromatogram of two reactions. The first chromatogram corresponds to the reaction 

performed with 1 equivalent of amine donor (concentrations of 50 mM 4-phenyl-2-butanone 

and 50 mM of (S)-MBA). The peaks shown in the graphic correspond to MTBE, decane, 

acetophenone, (S)-MBA and 4-phenyl-2-butanone respectively. The second chromatogram 

corresponds to the reaction performed with 3 equivalents of amine donor (concentrations of 

10 mM 4-phenyl-2-butanone and 30 mM of (S)-MBA).The order of appearance is the same as 

before. 

Figure 11. Chromatogram of reaction for 1:1 and 1:3 between 4-phenyl-2-butanone and of S-MBA. The first 

chromatogram corresponds to the reaction for 1:1. MTBE (r.t 2 min), decane (r.t 10 min), acetophenone (r.t.13 

min),(S)-MBA (r.t. 14.5 min) and 4-phenyl-2-butanone (r.t. 15.5 min) are shown. The second chromatogram 

corresponds to the reaction 1:3. MTBE (r.t 2 min), decane (r.t 10 min), and acetophenone (r.t. 13 min), (S)-MBA (r.t. 

14.5 min) and 4-phenyl-2-butanone (r.t. 15.5 min) are shown.   

 

In order to show how were the results after applying derivatization two samples were run in 

the GC, and are shown in the following figure (figure 12). The first chromatogram corresponds 

to the trifluoroacetamide compound dissolved in MTBE. The peaks shown in the graphic 

correspond to MTBE and the amide respectively. The second chromatogram corresponds to 

the reaction sample for 1:1 after applying derivatization. The order of appearance is MTBE, 

acetophenone, 4-phenyl-2-butanone and trifluoroacetamide. The last chromatogram shows 

that the amine product is formed since the amide peak appears. 
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Figure 12. Chromatogram of 2 samples in the derivatization experiment. The first chromatogram corresponds to the 

sample containing solvent and trifluoroacetamide. MTBE (r.t 2 min) and trifluoroacetamide (r.t. 17 min) are 

shown.The second chromatogram corresponds to the reaction derivatizated. MTBE (r.t 2 min), acetophenone (r.t. 

13 min), 4-phenyl-2-butanone (r.t.15.5 min) and trifluoroacetamide (r.t. 17 min) are shown. 

 

As an example of similar reactions performed, Seo et al.22 summarized as well some reactions 

developed with 4-phenyl-2-butylamine, but used as amino donor in order to synthesize (S)-

MBA (forward reaction compared to the one developed here). In that case 23.2% of 

conversion yield was achieved. The authors determined that the relative activity of 4-phenyl-2-

butylamine (61.4%) is lower than that of (S)-MBA (100%) explaining that the reaction that they 

developed was not the optimum one because the (S)-MBA is much more reactive than 4-

phenyl-2-butylamine. This means that for the reaction developed between 4-phenyl-2-

butanone and (S)-MBA the results should be better than ones obtained in the opposite 

direction. Nevertheless, it does not seem any improvement in the results obtained, since the 

highest conversion obtained was 32%. Maybe it could be possible to enhance the conversion 

adding more equivalents of amine donor. 

In the case of Mutti and Kroutil28, the authors performed the reaction first between 4-phenyl-

2-butanone and isopropylamine employing 3 equivalents of amine donor. The conversion 

obtained was around 50%. The reaction was developed in MTBE as well. After that, instead of 

employing just 3 equivalents of amine donor, the amount was increased until 20 equivalents. 

For this experiment the conversion was enhanced to 86%.  
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This last experiment developed by Mutti and Kroutil28 was developed with the same conditions 

that the one developed in this thesis (MTBE as organic solvent saturated with water, same 

volume of reaction, etc). However, the results obtained are completely different. Firstly, it has 

been seen that isopropylamine was a worse amine donor than (S)-MBA for the experiments 

developed here, on the contrary than in the case of Mutti and Kroutil28, since they concluded 

that isopropylamine is one of the best amine donors. They obtained with 3 equivalents of 

isopropylamine almost 50% of conversion whereas in this thesis the highest result was for 6 

equivalents of (S)-MBA with a conversion of 32%. In this way it can be thought that there is 

something more missed that they have done compared to this thesis experiment, as for 

example, control the temperature and the water concentration in the solution reaction. 

Other point to take into account that Seo et al.22 developed is that the relative activity of 4-

phenyl-2-butanone (3.7%) is similar to that of acetophenone (3.1%). As it was seen 

acetophenone is a problematic substrate so that would mean than 4-phenyl-2-butanone is a 

problematic substrate as well. But in this case, it has been shown much more reactivity in the 

case of 4-phenyl-2-butanone (reaction 5.2) than for acetophenone (reaction 4).  
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4. Conclusion 

As it was seen, different reactions as asymmetric synthesis and kinetic resolution were 

developed in organic media, using different substrates and amino donors. 

One of the most important points is this reaction is the choice of the amino donor. In different 

experiments it was used isopropylamine as amine donor. This achiral molecule it was supposed 

to be an ideal amine donor since an economic point of view since is not necessary to be added 

as enantiomer and is easily obtained21. Moreover, when using isopropylamine as amine donor, 

acetone is produced as co-product and can be easily separated by evaporation due to the 

lower boiling point. Unfortunately, the reaction rates with isopropylamine are, in general, 

rather slow and a significant excess is required, as it was seen in the different experiments. 

Other problem that isopropylamine has is that not all transaminases accept it as an amine 

donor. For example, when Höhne and Bornsheuer4 developed and experiment with the Vibrio 

fluvialis ω-TA that one converted small aliphatic amines inefficiently. The unique case in which 

isopropylamine was shown as a good amino donor was in the experiments developed by Mutti 

and Kroutil28 when is used in organic solvents, which is not the case in aqueous solution. 

On the other side, (S)-MBA was determined as the best amine donor. Comparing the results 

for reaction 1(point 4.1) with the results for reaction 2(point 4.2), in the case of the second 

ones, when (S)-MBA was used as amino donor, the results were much better than in the case 

of isopropylamine. The conversion reached in reaction 2 was the highest, showing the success 

of (S)-MBA as amine donor. For the reaction 5.1 and 5.2 something similar happened when 

isopropylamine and (S)-MBA were used as amine donors in the asymmetric synthesis of 4-

phenyl-2-butylamine, when 4-phenyl-2-butanone was employed as substrate. The different 

reasons to show why (S)-MBA is better amine donor where studied by Seo et al.22. The authors 

suggested the importance of the mechanism in the reaction emphasizing that its ability to 

generate PMP-Enz was very rapid and the amount of the produced PMP-Enz was continuously 

increased. The problem that this amine donor could have is that is more expensive than 

isopropylamine since it is necessary to add it in the reaction enantiomerically pure. 

There are other possible amino donors that have not been used in this thesis as amino acids. 

Using amino acids as amine donors is an interesting application in biotechnology. Many are 

available at low cost15,but when using an amino acid as amine donor exists the problem that 

they are not soluble in organic solvent and that the substrate is more favorable than the 

product(example, alanine)12. 

On the substrates side, the ones employed were methoxyacetone, acetophenone and 4-

phenyl-2-butanone. For methoxyacetone, the results were successful since it was shown that 

for substrates that contain an oxygen atom close to the ketone moiety are reactive in general. 

In case of acetophenone, as it was expected, the results were the worst one since it is known 

than acetophenone is less than effective substrate for many transaminases due to inhibition. 

As well, since is a stable substrate, the thermodynamic equilibrium would be steered to the 

production of acetophenone, what means, shifted towards the substrate side. In the case of 4-

phenyl-2-butanone, it was expected to be a better substrate since there are more carbons in 
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the chain between the phenyl group and the ketone, so a possible problem of conjugation 

could have been reduced in this last case.  

Related to the enzyme, there are some comments about its activity during some of the 

experiments. In the case of experiment 4.2 (reaction 2), as it was seen, there are some 

problems of decrease in the activity after the first day of reaction. One of the possibilities 

could be a problem of stabilization of the enzyme that could lead in inactivation. However, in 

the experiments corresponding to reaction 5.2 it was seen that the enzyme was working after 

5 days of reaction, so if both experiments were developed under the same conditions, this 

hypothesis would not be the right one. One difference between these two experiments 

developed is that in the case of reaction 2, the concentrations in the media were higher than 

50 mM for amine donor and substrate, reaching until 300 mM for methoxyacetone. In the case 

of reaction 5.2, the concentrations were lower than 60 mM of amino donor and substrate. This 

difference could explain why the enzyme works in one case more than one day, suggesting 

that maybe in reaction 2 could appear a problem of inhibition due to higher concentrations. 

After analyzing the different amino donors and substrates, is important to keep in mind the 

inhibition in the different reactions performed. As it was said, one of the most important 

problems in the transaminase reaction is the substrate and product inhibition. In case of 

product inhibition, this one is overall caused when the product forms a complex with free 

enzyme (Michaelis-Menten complex), for example, in asymmetric synthesis if the amine 

product binds to the PLP form of the transaminase (see mechanism, figure 2) 

For instance, in the transamination reaction where (S)-MBA and acetophenone participate, 

even acting as substrate or product, both are known to inhibit the enzyme activity severely 

already at milimolar concentrations12. In one experiment when acetophenone was used as 

substrate (as reaction 4) it was seen that even when the amount of enzyme was increased by 5 

times, there was almost no difference in the amount of (S)-MBA produced16. At least it was 

proved that (S)-MBA is a much more reactive substrate for the transamination reaction than 

acetophenone23 since the product inhibition constant for acetophenone is much higher than 

for (S)-MBA. This can be seen in the different experiments (reaction 2, reaction 4 and reaction 

5.2).  

The aim of the project was basically developed the different reactions of asymmetric synthesis 

and kinetic resolution in organic solvent. The purpose of that was based in the different 

advantages that this media has over aqueous solution, overall, increase the solubility of the 

different compounds involved in the reaction. The problem is that the conversions obtained in 

the different experiments in general are worse in organic solvent than in water, or at least, is 

not observed any improvement.  

The different reasons for these results lie not only over chemical equilibrium, also reactivity of 

the substrates and amino donors and the inhibition effects. In spite of the solubility of the 

different compounds is increased when using organic solvent, there are others factors that still 

need to be overcome, overall thinking about scaling up the processes what seems to be really 

difficult.  
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There are different factors that could have effect in the reactions. When it is been working 

with organic solvent, the polarity of the medium which surrounds the enzyme is reduced what 

means that the hydrophobic domain can disperse and therefore can unfold the protein 

structure31. With this it means that the stability of the enzyme in organic solvents is really 

important for the development of the different reactions reaction. 

Another important point to take into account is the amount of water present in the reaction 

media. In this case, the enzyme employed was in a solid state what means that the water 

present forms a tightly bound hydration shell around the enzyme which is necessary for its 

functioning.  It is important to emphasize that a suspension of solid enzyme can be successfully 

employed only if the solvents is hydrophobic (water immiscible). If miscible solvents are used 

there is a decrease in the activity since the solvents adsorb the water and strip the hydration 

shell from around the enzyme which is necessary for maintaining the catalytic activity.  So, it is 

clear that the water content in the reaction medium is critical and to optimize enzymatic 

activity it is good to examine the activity of the enzyme at different water contents. For water 

immiscible solvents, the concentration of water should be closer to the solubility limit since it 

seems to be most suitable32.In the different experiment performed in the thesis the organic 

solvent employed was saturated with water before starting the reaction. Maybe it would have 

been necessary to carefully measure the water activity in order to improve the results as in the 

case of the experiment developed by Mutti and Kroutil 28, when the highest reactivity was 

found below water saturation of the solvents, around a water activity of 0.6.  

There are some organic compounds that sometimes are unstable or insoluble in water or 

insoluble, so the only option to synthesize such compounds lies in the organic media. It seems 

that the reaction rates should be increased by solubilizing the substrates. The problem is that 

in the different experiments performed there were  not measured the kinetics parameters, 

since with organic solvent it cannot be measured in the spectrophotometer, and measuring 

the initial rates for the experiments developed by taking samples seemed to be really difficult 

since the reactions were slow in general. Without these data is difficult to determine if there 

was any improvement in terms of substrate inhibition compared with aqueous media. 

Some possibilities in order to improve the system could be using a cascade system, adding 

more enzymes to develop other reactions in order to shift the equilibrium to the products side. 

The problem that this could have is that maybe is necessary to stabilize the enzymes 

employed. Other point to take into account is the temperature in which the experiments were 

developed. For the experiments that Mutti and Kroutil28 performed, it was studied the 

optimum temperature at which the conversion was higher. In that case, the authors found that 

25°C was the best. It is a bit higher than the one employed in this thesis (21°C). Other 

conditions to think about are the amount of enzyme and the solvent employed for the media. 

About the amount of enzyme, as it was seen in the point 4.2 was optimized under 20 mg. 

Maybe increasing the amount of enzyme, the conversion that can be obtained would be higher 

since as it was seen in figure 9 the conversion is proportional to the enzyme concentration. In 

the solvent side, other possibility could be change the organic media. The experiments were 

developed with MTBE since it is an inert solvent and for the experiments developed by Mutti 

and Kroutil28 it was the one with the best results. But, maybe changing the solvent for other 

hydrophobic solvent, the conversion of the reactions would be improved as well. It is 
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important to take into account that the solvents should be hydrophobic to avoid any 

interference in the catalytic activity of the enzyme.  

With all this knowledge it can be concluded that different improvements can be obtained 

optimizing the amount of water in the reaction,  studying the kinetic parameters to know more 

about the inhibition, or doing some studies of the structure for the different substrates  for 

applying protein engineering, modeling and mutations of the enzyme. Nevertheless, it seems 

to be a really difficult process for scaling up in the industry since even working at milimolar 

concentrations there are a lot of problems for obtaining a high or worth conversion. 
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Appendix 

1. Calibration curves 

 

There have been measured the different areas obtained in the GC for the 

corresponding peaks of the compound (methoxyacetone, acetophenone, 4-

phenyl2-butanone and 4-phenyl-2-butylamine), using as internal standard decane 

(5 mM) and Mtbe as solvent. After that, it is representing the concentration of the 

compounds against the [area of the compound/area decane]. All the samples were 

prepare in a volume of 500 μL. 

 

1.1. Calibration curve for methoxyacetone 

 

Figure 13. Calibration curve for methoxyacetone 

 

1.2. Calibration curve for acetophenone 
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Figure 14. Calibration curve for acetophenone. 



37 
 

1.3. Calibration curve for 4-phenyl-2-butanone 

 

 

 
                             

                 Figure 15.Calibration curve for 4-phenyl-2-butanone. 

 

1.4. Calibration curve for 4-phenyl-2-butylamine 

 

 

 

 
                                   

                               Figure 16.Calibration curve for 4-phenyl-2-butylamine. 
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2. Calculation of conversion 

 

With the calibration curve, it has been measured the area of the compound and 

the area of decane, and with that it can extrapolated the concentration of the 

compounds in the reaction. 

For example, for the case of acetophenone, the calibration curve is: 

 

           

x is the concentration in the sample of methoxyacetone (mM) and y is the relation  

[area acetophenone/area decane]. With this, it can be extrapolated the concentration 

of acetophenone as: 

  
 

      
        

So now, z (mM ) is the concentration of acetophenone in the sample of 500 μL. But is 

not the final concentration since this sample was prepared taking 50 μL for the 

reaction. 

                  

   
        

     
           

CR is the concentration of acetophenone in the reaction and z the concentration of 

acetophenone measured in the GC, diluted 10 times. 

After knowing the real concentration of acetophenone in the reaction, since the 

reaction consumes 1 equivalent of substrate with 1 equivalent of amine donor, it is 

known that if the reaction has a 100% conversion, the concentration of the product 

(CR) will be equal to the initial concentration of the limited reactant (CT). Following this 

rule: 
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