Enzymatic synthesis is a method for obtaining optically active compounds.
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−Abstract – Enzymatic synthesis is one of the most fascinating topics in asymmetric catalysis. This method is one of the most efficient, widely applied, and, in many cases, universal for the resolution of racemic mixtures. It allows for producing various organic compounds in enantiomerically pure form relatively easily under mild conditions and with quantitative yields.
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Introduction
Symmetry is an inherent property of living organisms. Asymmetric carbon atoms create chirality in molecules—the ability to exist in two mirror-image forms. Almost all chiral molecules in living organisms exist in only one form: sugars are exclusively dextrorotatory, amino acids are levorotatory, and DNA forms right-handed helices. The presence of carbon atoms with four chemically distinct substituents leads to the formation of chiral molecules with fixed mirror-image forms, known as stereoisomers. Symmetry is a fundamental aspect of nature, and many important scientific problems depend on understanding the reasons for the presence or absence of symmetry and asymmetry.
In recent years, the demand for chiral pharmaceutical agents has significantly increased. Guidelines on this issue were published by the U.S. Food and Drug Administration (FDA) as early as 1992 in a document titled "Development of New Stereoisomeric Drugs" [1, 2]. According to these guidelines, if a new pharmaceutical drug contains one or more chiral centers in its structure, all possible stereoisomers of the substance must be obtained in pure form, described, and tested. As a result, the demand for enantiomerically pure drugs is growing annually by 13–15% [3, 4]. Therefore, the search for and development of new methods that enable the production of all possible isomers of new compounds in optically pure form is a relevant and important task in modern bioorganic and pharmaceutical chemistry.
Enzymatic deracemization has attracted particular interest as a simple and efficient approach for synthesizing enantiomerically pure pharmaceutical agents. This methodology offers numerous advantages, including high enantioselectivity, versatility, mild reaction conditions, high chemical, regio-, and stereospecificity, environmental friendliness, quantitative product yields, methodological simplicity, and scalability [5]. Thus, enzymatic deracemization is an excellent method for obtaining optically pure precursors for the synthesis of novel pharmaceuticals and for achieving a "chiral switch"—a pharmaceutical chemistry strategy that involves transitioning from a racemic drug to its enantiomerically pure form [6].
Results and discussion
Enzymatic synthesis is a method for obtaining enantiomerically pure organic compounds using enzymes as biocatalysts. This approach leverages the high stereoselectivity of enzymes to selectively convert one enantiomer in a racemic mixture, ensuring an environmentally friendly process with mild reaction conditions and high efficiency. Various types of biocatalysts are employed for these transformations, including native lipases, immobilized lipases, and even whole-cell cultures of microorganisms (fungi, bacteria).
The most convenient enzymes for stereoselective organic synthesis are immobilized enzymes on various carriers such as silica gel, ceramics, and Celite. Immobilized enzymes offer numerous advantages, including enhanced enzyme stability, reusability, improved selectivity and activity, ease of handling and product purification, controlled reaction conditions, higher process efficiency, and environmental sustainability.
Enzymes commonly used for enzymatic kinetic resolution of racemic mixtures include lipases, hydrolases, amidases, and esterases. These enzymes enable the resolution of a wide range of chiral organic compounds, including primary, secondary, and tertiary alcohols; amines; α- and β-amino acids and their esters; hydroxycarboxylic and alkylcarboxylic acids and their esters; aryl- and heteryl-cycloalkyl alcohols and amines; as well as halogen-containing, organophosphorus, and fluorogenic compounds.
In the vast majority of cases, the resolution of these compounds follows Kazlauskas’ rule. Kazlauskas’ rule is an empirical guideline that helps predict which enantiomer of a racemic substrate will undergo hydrolysis or transformation by a lipase or another enzyme during kinetic or dynamic kinetic resolution. It is based on the priorities of substituents according to the Cahn–Ingold–Prelog (CIP) nomenclature and states that acylation (esterification) reactions predominantly occur with the pro-R enantiomer, while ester hydrolysis reactions primarily take place with the pro-S enantiomer (Scheme 1).
Thus, Kazlauskas’ rule is widely used for the resolution of racemic secondary alcohols in pharmaceutical chemistry and, in most cases, accurately predicts the absolute configuration of enzymatic resolution products, which is crucial for obtaining enantiomerically pure drugs [7].
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Scheme 1. Kazlauskas' rule.
In our laboratory, we are working on developing new methods and approaches for the enzymatic resolution of various chiral organic compounds and obtaining these compounds in optically pure form. Due to the fact that the biocatalytic synthesis method for enantiomerically pure substances is quite versatile on the one hand and simple and highly stereospecific on the other, we work with a wide range of different classes of organic compounds in our research.
Vicinal halogeno-cycloalkanol derivatives are common building blocks for a number of chiral natural and synthetic products. These compounds are important reagents for organic synthesis and are widely used for the preparation of various biologically active compounds, in particular, prostaglandins and leukotriene precursors. Using this methodology, all possible stereoisomers of halogenated cyclopentanol and halogenated cyclohexanol derivatives were obtained. First, racemic cis- and trans-halogenated cycloalkanols (Scheme 2) were synthesized, which were then subjected to enzymatic resolution with vinyl acetate as the acylating agent, in the presence of Burkholderia cepacia lipase (BCL), immobilized on diatomite. Optical purity was determined by Mosher's acid derivatization method followed by NMR spectrum analysis. As a result, all possible enantiomers of halogenated cycloalkanols with a high degree of optical purity were obtained (Scheme 3). The absolute configuration of the obtained compounds was determined using the Kazlauskas rule and also by chemical correlation methods, converting the reaction products into known substances from the literature and comparing their optical rotation values. In all cases, it was shown that the resolution occurred according to the Kazlauskas rule [8].


Scheme 2. Synthesis of the racemic starting compounds


Scheme 3. Enzymatic resolution of cis- and trans-2-halogencycloalkanols.
Following a similar approach, a number of cyclic and aryl-cyclic compounds were synthesized. For instance, by opening the cyclopentenoxide ring and subsequently protecting the amine group with Boc anhydride, enzymatic resolution of trans-racemates 1,2-N-Boc-amino-cyclopentanol 14 was performed. Both stereoisomers were isolated in optically and chemically pure form (Scheme 4). The obtained enantiomers of trans-amino-cyclopentanol were then converted into the corresponding optically active cis-1,2-N-Boc-diamino-cyclopentanes 17 through the formation of an azide at a key stage, accompanied by the inversion of the absolute configuration of the carbon at the reaction center. Both enantiomers were isolated in optically and chemically pure form, with no racemization (Scheme 5) [9].


Scheme 4. Synthesis and biocatalytic resolution of trans-1,2-N-Boc-amino-cyclopentanols.


Scheme 5. Synthesis of stereochemically pure cis-1,2-N-Boc-diaminocyclopentanes.
A convenient protocol for the enzymatic resolution of chroman-4-ol and its analogs (six- and seven-membered cycles with O, S, SO2) was developed. These compounds were resolved into enantiomers from the corresponding racemic alcohols and, in most cases, were obtained with high optical purity – 91-99% ee. However, the resolution of certain substrates, specifically thiogomochromanols and dioxothiogomochromanols, showed lower selectivity, with the optical purity of the products being moderate – 82-85%. In such cases, a method of double enzymatic purification was applied. The obtained enantiomerically enriched stereo-isomers of thiogomochromanols and dioxothiogomochromanols were subjected to a second cycle of enzymatic purification after column separation, resulting in products with a high degree of optical purity (Scheme 6). It should be noted that for the enzymatic transesterification reaction, Burkholderia cepacia lipase was found to be the most effective, while for the enzymatic hydrolysis of acetates, Candida antarctica lipase B was used [10].


Scheme 6. Enzymatic resolution of enantiomeric chroman-4-ol and its analogs with BCL
Using the same protocol, the resolution of halogen-2-indanol derivatives was carried out. These compounds serve as synthetic building blocks for the development of pharmaceutical agents, insecticides, peptide nucleic acids, and bioregulators, such as Indinavir – a drug used for the treatment of human immunodeficiency virus infections, and Ladostigil – a pharmaceutical agent for the treatment of Alzheimer’s disease. Consequently, all samples of fluoro-, chloro-, and bromo-dihydroindanol derivatives were resolved into (S)- and (R)-enantiomers 20, isolated, and characterized by physicochemical methods [11].


Scheme 7. Resolution of racemic halo-2,3-dihydro-1H-indenols Rac-20 via enzymatic esterification
Heteroaromatic secondary alcohols are found as structural fragments in various natural compounds and pharmaceuticals. The enzymatic resolution methodology is particularly well-suited for obtaining stereochemically pure heterocyclic secondary alcohols. For instance, racemic 2-heteroaryl-ethanol derivatives, which were synthesized by reducing the corresponding ketones or through a Grignard reaction with heterocyclic aldehydes, were subjected to biocatalytic transesterification (Scheme 8). Two immobilized lipases, BCL and CAL-B, were employed for this process. It was found that BCL was the most effective for transesterification. The hydrolysis of the obtained esters was performed using conventional alkaline hydrolysis in methanolic potassium hydroxide and enzymatic hydrolysis in the presence of lipases. The results showed that enzymatic hydrolysis yielded products with higher optical purity, with CAL-B being the most effective lipase for this reaction [12].


Scheme 8. Lipase catalyzed acetylation of racemic 1-heteroarylethanols. 
1-Substituted 2,2,2-trifluoroethanols attract attention due to their potential use as building blocks for incorporating chiral CF₃ fragments into biologically active compounds, as promising functional materials, and as carboxyl group mimetics. Therefore, we focused our efforts on developing methods for obtaining these compounds in optically pure form. Racemic alcohols were synthesized by reducing the corresponding ketones using NaBH₄ or from the respective aldehyde and Rupert-Prakash reagent. The resolution was carried out following the protocol described above (Scheme 9). As with 2-heteroarylethanols, for 2,2,2-trifluoro-1-(heteroaryl)ethanols, the best lipase for enzymatic transesterification was BCL, and for hydrolysis, it was CAL-B. It should be noted that in the case of 2,2,2-trifluoro-1-(heteroaryl)ethanols, the reaction conditions were harsher compared to 1-heteroarylethanols: the separation reaction temperature was 45-50°C, and the reaction time reached up to 96 hours. This can be attributed to the steric effects caused by the CF₃ group and the electronegativity of the CF₃ group [13].



Scheme 9. Enzymatic resolution of 2,2,2-trifluoro-1-(heteroaryl)ethanols.
Enantiomerically pure 3-arylalkanoic acids are used as chiral synthon in the asymmetric synthesis of antibacterial agents, and biologically important substances, as well as in amino acid synthesis. We carried out the deracemization of 3-aryl-2-methylpropanoates and ethyl 3-arylbutanoates in the presence of BCL. Racemic arylcarboxylic acids were obtained according to a two-step procedure, through the Horner-Wittig reaction of the corresponding carbonyl compounds followed by hydrogenation in methanol in the presence of a palladium catalyst (Scheme 10).


Scheme 10. Synthesis of racemic ethyl 3-aryl-2-methylpropanoates 27a–e and ethyl 3-arylbutanoates 29a–f.
The enzymatic hydrolysis of racemic esters of arylcarboxylic acids was carried out in a phosphate buffer at pH 7.0 using Amano PS lipase. As a result, arylcarboxylic acids 30a-e or 31a-f were obtained with yields of 52-60% and enantiomeric purity ranging from 77% to 99% (Scheme 11). To increase the enantiomeric purity of the arylcarboxylic acids, a double enzymatic deracemization was performed [14].



Scheme 11. Enzymatic resolution of enantiomeric racemic arylcarboxylic acids esters 27a–e and 29a-f.
Conclusion
The enzymatic resolution has proven to be a highly efficient and selective method for obtaining enantiomerically pure compounds, which are important for the pharmaceutical and agrochemical industries. Mild reaction conditions, such as moderate temperature and neutral pH, minimize side reactions and ensure the preservation of sensitive substrates. Furthermore, the environmental safety of biocatalysis, which often eliminates the need for harsh reagents or metallic catalysts, makes it a sustainable alternative to traditional separation methods. The wide range of substrates applicable to the enzymatic process, including alcohols, amines, and carboxylic acids, highlights its versatility in asymmetric synthesis. With high enantioselectivity (ee >99%) and scalability, enzymatic resolution remains a valuable tool both in laboratory research and industrial production.
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