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Abstract

:

As efforts in rational drug design are driving the pharmaceutical industry towards more complex molecules, the synthesis and production of these new drugs can benefit from new reaction routes. In addition to the introduction of new centers of asymmetry, complexity can be also increased by ring saturation, which also provides improved developability measures. Therefore, in this report, our aim was to develop transaminase (TA)-catalyzed asymmetric synthesis of a new group of potential chiral drug scaffolds comprising a saturated amine heterocycle backbone and an asymmetric primary amine sidechain (55a–g). We screened the Codex® Amine Transaminase Kit of 24 transaminases with the morpholine containing ketone 57a, resulting in one (R)-selective TA and three (S)-selective TAs operating at 100 mM substrate concentration and 25 v/v% isopropylamine (IPA) content. The optimized reaction conditions were than applied for asymmetric transamination of further six ketones (57b–g) containing various amine heterocycles, in which a strong effect of the substitution pattern of the γ-position relative to the substituted N-atom could be observed. Mediated by the most enantiotope selective (S)-TAs in scaled-up process, the (S)-amines [(S)-55a–g] were isolated with moderate-to-excellent yields (47–94%) in enantiopure form (>99% ee).
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1. Introduction


With the rise of rational drug design, Lipinski’s rule of five (RO5) quickly became standard practice to determine bioavailability for oral drug candidates based on physicochemical properties [1]. However, new active pharmaceutical ingredients (APIs) are more and more complex; therefore, the RO5 needs to be complemented by further structural feature analysis [2]. According to the analysis of Ritchie et al. on the effect of aromatic ring count on drug developability, the increasing number of widely used aromatic rings leads to decreased druglikeness [3]. Consequently, a diversity-oriented synthesis approach is necessary to widen the pool of biologically interesting small molecules [4]. Aldeghi and coworkers defined rings without sp3 hybridized carbon atoms as 2D rings that were planar or flat scaffolds, but 3D rings must contain at least one sp3 hybridized carbon atom, rendering the ring nonplanar [5]. Looking at the most frequently used 2D and 3D fragments in marketed APIs, although the phenyl ring (1) is in the number one position, three saturated heterocycles (morpholine (2), piperidine (3) and piperazine (4)) take the following top positions (Figure 1). These 3D fragments—by escaping from Flatland—allow the preparation of more complex and less rigid molecules by introducing asymmetric centers without significantly increasing molecular weight [6]. Furthermore, increasing ring saturation count has proven to be beneficial regarding developability measures such as solubility, lipophilicity, protein binding, P450 inhibition and hERG (the human ether-à-go-go-related gene) binding [7].



In 2014, 59% of the small-molecule drugs approved by the U.S. Food and Drug Administration (FDA) were reported to contain a nitrogen heterocycle [8]. The piperidine scaffold has been incorporated into a great array of drugs with varying biological effects, including analgesics, antipsychotics and antihistamines [9]. Piperazine, the six-membered, two-nitrogen-containing heterocycle, can be used as a flexible linker scaffold that provides two heteroatoms for further functionalization. Therefore, this building block can be found in various known drugs with antidepressant, anticancer, anthelmintic, antibacterial, antifungal, antimycobacterial, antimalarial, anticonvulsant, etc. effects [10]. Furthermore, a large number of APIs have also been reported with morpholine scaffolds with different contributions to molecular activity such as enhanced binding affinity, potency or selectivity, metabolic and pharmacokinetic benefits or good druglike properties [11].



As in vitro drug discovery efforts are driving the field towards the preparation of more complex molecules, enantioselective synthesis is gaining more and more importance. Thus, biocatalysis employing highly (stereo)selective enzymes is becoming more sought after [12]. Since the development of the industrial-scale chemoenzymatic synthesis of sitagliptin, which employed an engineered TA [13], TAs have been intensely studied [14]. These enzymes catalyze the enantiotope selective synthesis of chiral amines from prochiral ketones [15]; therefore, it is no surprise that efforts have been made to use TAs to access chiral heterocycles. Many API syntheses have indicated that chemoenzymatic solutions can provide shorter and more efficient synthesis as compared to “traditional” chemical syntheses when developing a new manufacturing route (Figure 2).



Researchers at AstraZeneca realized, as an efficient way for the manufacture of the chiral amine building block in the Janus kinase (JAK) inhibitor 5, asymmetric synthesis starting from the corresponding prochiral ketone using a TA from Vibrio fluvialis and (S)-methylbenzylamine (S-MBA) as amine donor [16,17]. To improve the synthesis of CRTH2 (chemoattractant receptor homologue expressed on Th2 cells) antagonist 6, Merck’s chemists switched from using the chiral pool to construct the asymmetric center to a process applying a commercially available TA and isopropylamine (IPA) as the amine donor, leading to significant enhancement in overall yield and productivity [18]. For the synthesis of smoothened receptor (Smo) inhibitor 7, Pfizer’s researchers implemented a transamination occurring parallel with a dynamic kinetic resolution (DKR) of the starting racemic ketone, establishing two stereogenic centers in a single step [19]. Thus, employing a commercially available TA with IPA as the amine donor resulted in a >10:1 diastereomeric ratio (dr) and >99% enantiomeric excess (ee). Developing the enantioselective synthesis of dual orexin inhibitor suvorexant (8) at Merck, a tandem transamination/ring annulation strategy was envisioned to synthesize the chiral seven-membered ring [20]. For the enzymatic step, the sitagliptin TA [13] was used in combination with IPA as the donor. A combination of the previous two strategies could be applied for the synthesis of poly(ADP-ribose)polymerase inhibitor niraparib (9). One enantiomer of the racemic open-chain aldehyde, upon transamination, would form a lactam while the unreacted aldehyde underwent racemization; therefore, in the DKR process, only the desired enantiomer would form [21]. A commercially available TA with IPA readily catalyzed this transformation. The synthesis of the chiral intermediate in Merck’s dual orexin receptor antagonist 10 also relied on lactamization to piperidone [22]; furthermore, the researchers explored the application of both alanine [22] and IPA [23,24] as amine donors with the commercially available TA.



In addition to the researchers involved in the development of these manufacturing process examples, numerous research groups have been working on TA-catalyzed synthesis of pharmacologically relevant scaffolds. As discussed previously, 2D heterocycles containing only sp2 hybridized carbons cannot provide asymmetric centers; therefore, asymmetry can be introduced only in their substituents via carbonyl groups that are convertible by TAs into the respective chiral amine derivatives (Figure 3).



The most frequent example is the transamination of the acetyl group: 2-acetylfuran (11) [25], 2-acetylthiazole (12) [26], substituted 1-, 2- or 3-acetylpyridines (13, 14) [26,27,28,29,30,31,32,33] and 2-acetyl-pyrimidine (15) [16,17] have been reported to undergo transamination with a great variety of TAs. In addition, more specific drug-precursor molecules have been also reported, e.g., oxypropanone-substituted 16 [34] and 3-acetone-substituted 17 [35]. In contrast, if the acetyl group is connected to a 3D ring through an sp3 hybridized carbon atom, the starting molecule is already chiral. Thus, the transamination of the enantiopure (S)-ketone forming by ene-reductase from the corresponding α,β-unsaturated ketone leads to either enantiopure diastereomer of amine 18 depending on the stereopreference of the applied TAs [36].



Cyclic ketones enable the option of desymmetrization of a carbon atom that is part of the ring (Figure 4).



Five-membered heterocycles, substrates of TAs (19, n = 1), can contain in β-position to the carbonyl group oxygen, sulfur, or protected nitrogen as heteroatoms [34,35]. Further examples can be found for six- [37,38] and seven-membered [39] N-heterocycles (19, n = 2–3) as well. However, to avoid additional protection and deprotection steps, it is important to introduce the asymmetric amine function at the later stages of the API synthesis; therefore, extended ring systems are critical targets for TA-catalyzed reactions. For example, from a bicyclic substrate with two carbonyl groups—obtained by oxidation of the two hydroxyl groups of isosorbide—four stereoisomers of 20 can be synthesized with the appropriate TAs [40]. Furthermore, protein engineering of a TA involving rational design and directed evolution elements enabled the creation of an enzyme capable of transamination of increasingly complex molecules such as the sterically hindered 21 containing a bridged bicyclic ring [41]. Finally, hybrid heterocyclic ring systems containing 2D and 3D elements, such as 3- (22) and 4-chromanone (23), could also serve as substrates to multiple TAs [42].



Truppo and coworkers recognized that product inhibition of transamination can be eliminated if the forming amine product undergoes a spontaneous and irreversible reaction to form a secondary product (Figure 5).



For example, in the process starting from 24a, the amino ester 25a spontaneously cyclizes to the optically pure 26a lactam [43]. The cyclization displacing the reaction equilibrium allowed up to 50 g/L substrate concentration in this process. This process was exploited for the synthesis of 25b as an intermediate to MK-6096 (10). First, in this case, alanine was used as the amine donor to further displace the equilibrium by removal of the forming pyruvate by a lactate dehydrogenase (LDH)/glucose dehydrogenase (GDH) system (first generation synthesis by three enzymes) [22]. The industrial applicability of the first-generation synthesis was successfully demonstrated on a kilogram scale starting from 4.5 kg of 24b. Later, alanine was replaced with isopropylamine as amine donor, reducing this process to a one-enzyme system (second generation synthesis) [23]. While with the three-enzyme system alkaline workup was necessary for lactamization, the transamination of 24a at elevated pH led to spontaneous lactamization of 25a. Finally, third-generation synthesis combining the previous two solutions and employing the one-enzyme system at elevated pH enabled the transamination of 24c to achieve 26c [24].



Another spontaneous cyclization following transamination is the intramolecular aza-Michael reaction (IMAMR) for the preparation of 2,6-disubsituted piperidines [44] and cyclic β-enaminones (Figure 6), both key building blocks for the synthesis of valuable alkaloids [45].



Starting from 27, the first center of asymmetry is created in 28 selectively based on the preference of the TA; however, the second step is less selective, leading to 29 as a mixture of diastereomers. Luckily, the reversibility of the IMAMR enables epimerization, providing the product 29 with >99% diastereomeric excess (de). If starting from 30, only one center of asymmetry is formed, since the other substituent in 32 is attached to the ring with a double bond. Thus, the forming enantiopure 32 can be employed in carboannulation reactions for the synthesis of various chiral alkaloids.



Exploiting the ability of amines to form Shiff’s base in the presence of carbonyl groups, the intramolecular reaction represents a method for cyclization to gain access to 3D N-heterocycles. Simon and coworkers thoroughly investigated the synthesis of 2,6-disubstituted piperidine derivatives starting from diketones (Figure 7) [46,47,48].



A regio- and enantiotope selective monoamination on the less bulky end of 33 leads to the formation of 34, which than undergoes spontaneous dehydrative cyclization to form enantiopure 35. Employing a diastereotope selective reduction (H2, Pd/C), the second center of asymmetry can be established, and 36 can be synthesized with perfect diastereotope selectivity. With this method applying catalysts of different selectivities, all four stereoisomers of the alkaloid dihydropinidine (36, R = n-Pr) could be synthesized in three steps, while chemical methods suffered from long reaction sequences [47]. Furthermore, choosing appropriate cosolvents, the alkaloid isosolenopsin (36, R = n-C9H19) could also be synthesized [48]. Alternatively, an enzyme cascade employing TA with imine reductase (IRED) also led to the desired dihydropinidine (36) [49]; however, this method was considerably more expensive and tedious than using chemical reduction.



Similarly to the previous example, 2,5-disubstituted pyrrolidine derivatives with multiple centers of asymmetry can be prepared starting from the appropriate ketone (37) (Figure 8) [50]. However, since in this case the reduction with H2, Pd/C was not sufficiently diastereotope selective, the authors opted for a nonselective reduction of 38 to achieve 39. Then, the employed regio- and diastereotope selective monoamine oxidase (MAO-N) converted the undesired diastereomer (S,S)-39 back to 38, closing the DKR loop, while (S,R)-39 accumulated. The TA–IRED cascade has also been reported; however, the same limitation applies for this reaction as well [49].



A more general method for the synthesis of 2-substituted and 2,2-, 2,3- and 2,4-disubstituted piperidines and 2-substituted pyrrolidines was described starting from keto acids (40) (Figure 9) [49].



The first enzyme of the one-pot, three-enzyme cascade is the carboxylic acid reductase (CAR), which promotes the formation of aldehyde 41, which in turn undergoes a similar transamination and dehydrative cyclization as that shown in Figure 8 to access 42. Finally, an IRED is employed to synthesize 43. Starting from enantiopure 40, a single isomer could be produced with good ee and de. Since the TA-catalyzed step required an additional LDH/GDH alanine recycling system, a whole-cell de novo enzyme cascade was developed in which all the necessary enzymes and cofactors could be found inside the whole cell [51]. Furthermore, employing the in vivo system made it possible to screen for more complex molecules, such as bicyclic 44 and thiomorpholine derivative 45.



Because of the widespread application of in vitro high-throughput screenings (HTSs) and the increasing complexity of drug candidates, chiral scaffolds containing 3D heterocycles have received more and more attention. Examples illustrating the importance of chiral, 3D heterocycle-containing scaffolds are the druglike, potent and selective P2X purinoceptor 3 (P2X3) receptor antagonist RO-85 (46) [52] and the lysophosphatidic acid receptor 2 (LPA2/EDG4) antagonist 47 with potential anticancer activity (Figure 10). In addition, other 3D heterocycles allowing derivatization at one nitrogen, such as morpholine and piperidine, appeared in reported HTS hits such as the Cancer Osaka thyroid kinase inhibitor (48) [53], the mineralocorticoid receptor antagonist (49) [54] or antimalarial agents against drug-resistant strains (50a–b) [55].



Even though these small heterocycle-bearing chiral scaffolds have appeared in multiple drug candidates, all current “traditional” chemical methods for their synthesis exploit the chiral pool (Figure 11).



Chiral alanine (51) [55,56,57,58], or its amino alcohol (53) [59] or amino aldehyde (54) derivatives [52], can serve as chiral building blocks for the synthesis of the target compound (55). The most reported method is the preparation of 55 starting from 51, 53 or 54 in 2–6 steps, depending on the availability of the starting material, while further substitution of the amine functional group follows. However, to eliminate protection and deprotection, the derivatization of the amine moiety (56) followed by carboxylic acid group manipulations results directly in 57 [57].



In this study, our aim was to widen the synthetic toolbox for chiral 3D amine heterocycles by developing the TA-mediated asymmetric synthesis of 55a–g starting from their respective prochiral ketones 57a–g (Figure 12), without the need for chiral pool.




2. Results and Discussion


2.1. Screening the Activity of TAs with Morpholine Derivative 57a


For initial screening, the morpholine derivative 57a was tried with the complete Codex® Amine Transaminase Kit involving (S)-selective TAs (Table 1) and (R)-selective TAs (Table 2). Reaction conditions were based on the proposed conditions provided by Codexis (10 mM substrate concentration with 100 equiv. IPA); however, TA load was reduced fivefold to better distinguish between TA performances. These screens allowed discarding TAs with poor enantioselectivity (Entries 8 and 9, in Table 2) or insufficient activity (e.g., Entries 4 and 6 in Table 1 or Entries 1 and 8 in Table 2). For further study, TAs were chosen that exhibited higher than 80% conversion after 24 h in the initial screen.



In several instances, the possibility of reducing the amine donor equivalent from 100- fold to 10-fold was explored. Unfortunately, the 10-fold reduction in the IPA amount resulted in a considerable drop in conversion in most cases (e.g., Entries 8 and 25 in Table 1 or Entries 4 and 14 in Table 2). The 10-fold reduction in IPA excess resulted in a minor drop in conversion only in a few instances, e.g., for TA-133 (Entry 2 in Table 1). Thus, the higher amine donor content was necessary to push the equilibrium of transamination towards full conversion. Alternatively, the substrate concentration was increased while using 100 equiv. of IPA. Interestingly, at 25 mM substrate concentration, the high conversions observed with the initial screening conditions were either maintained with several TAs (Entries 9, 14, 18, 22 and 26 in Table 1 or Entry 5 in Table 2) or diminished almost completely with other TAs (Entry 3 in Table 1 or Entries 15 and 18 in Table 2). Only one (R)-selective TA (TA-025) operated under these conditions, while four (S)-TAs (TA-251, TA-254, TA-256 and TA-260) gave almost full conversions. Further increase in the substrate concentration to 50 mM (and therefore further increase in the amine donor content) allowed the selection of three (S)-selective TAs that could operate under these conditions and still produce the desired (S)-55a with full conversion (Entries 19, 23 and 27 in Table 1); however, no (R)-selective TA could catalyze the formation of (R)-55a under these conditions.



Noteworthy, increasing substrate concentration led to increased organic content in the reaction mixtures (Table S2), which in case of 50 mM substrate concentration with 100 equiv. of IPA exceeded 40 v/v%. According to the TA Kit information sheet provided by Codexis, ~50% of the TAs lose activity above 20 v/v% dimethyl sulfoxide (DMSO). Therefore, rather than changing IPA content with the substrate concentration, the IPA content was fixed at 25 v/v% (3 M). In this way, the substrate concentration could be increased up to 100 mM at this fixed IPA content. Therefore, besides the best three (S)-TAs (TA-254, TA-256 and TA-260), the (R)-selective TA-025 was also included for further optimization, as this TA maintained some activity at 21 v/v% IPA (Entry 6 in Table 2).




2.2. Screening the Effect of Substrate Concentration with the 1-Morpholinopropan-2-one (57a)


The four Tas chosen for further studies were screened for the transamination of 57a at five different substrate concentrations ranging between 10–100 mM in reactions with fixed IPA content (25 v/v%) (Figure 13).



Reactions with the (R)-selective TA-025 (Figure 13a) reached high conversions al-ready after 4 h and >85% conversion after 24 h in all cases. Comparing the 92% conversion achieved at 50 mM with fixed IPA content (25 v/v%, 61 equiv.) to the only 4% conversion with 100 equiv. IPA (41 v/v%: Entry 6 in Table 2) indicated that organic content of the reaction played a quite significant effect on the outcome of the transamination. Interestingly, with the (R)-selective TA-025 full conversion was not observed (Figure 13a), while all three (S)-selective Tas (Figure 13b–d) resulted in >98% conversion up to 50 mM substrate concentration indicating a difference in reaction equilibria. Furthermore, in case of TA-254 (Figure 13b) and TA-256 (Figure 13c) the reaction at 100 mM substrate concentration exceeded 90% conversion. This concentration representing 10-fold increase compared to the initial screening corresponds to 17.8 mg/mL of 57a. Even though TA-254 (Figure 13b) and TA-256 (Figure 13c) did not show differences in conversions when looking after 24 h, it is apparent that at lower substrate concentrations (10 and 25 mM) TA-256 should be favored, while TA-254 resulted in higher conversions at increased substrate concentrations.




2.3. Screening the Best Transaminases with Further Heterocycle-Containing Ketones (57b–g)


Screening of the further heterocyclic ketones 57b–g was performed in a similar manner (Figures S1–S6). In Table 3, the best results achieved with each heterocyclic ketone substrates 57b–g are summarized with the (S)-selective TAs. Because of the favorable solubility properties of saturated heterocycle derivatives in aqueous media, even 57f and 57g could be dissolved without the need of cosolvent.



Comparing the thiomorpholine derivative 57b (Figure S1) to the morpholine derivative 57a (Figure 13), a decrease in activity was observed with the (R)-selective TA-025 (a) and two (S)-selective TAs (TA-254: b and TA-256: c), while the (S)-selective TA-260 (d) showed almost identical conversion values with the two substrates. The 24 h reactions reached full conversion only below 50 mM substrate concentration, with the largest decrease observed using TA-256, producing (S)-55b only with 40% conversion. The best performing TA with the thiomorpholine derivative 57b was TA-254, enabling 90% conversion at 75 mM (Table 3, Entry 4). The transamination of the piperidine ketone 57c (Figure S2) happened with somewhat lower degree of conversion at lower substrate concentrations compared to 57a; however, similarly high conversions were reached after 24 h. The best performing TA was TA-256, reaching 91% conversion at 75 mM (Table 3, Entry 9). Unlike the patterns of conversion over time observed with 57a–c, the pattern of conversion for the piperazine derivative 57d showed an almost linear correlation between conversion and time within 24 h (Figure S3), albeit reaching >90% conversion with TA-254 (b) and TA-256 (c) with up to 50 mM (Table 3, Entry 13). Replacing the relatively small methyl substituent with the much bulkier tert-butoxycarbonyl protecting group in ketone 57e resulted in much higher conversions than with 57d with all four TAs (Figure S4). Although full conversion could not be reached from 57d, TA-254 (b) and TA-256 (c) could provide >90% conversion even at 100 mM substrate concentration (Table 2, Entry 20), similarly to 57a. The phenyl-substituted piperazine ketone 57f—extended with a 2D aromatic ring of no flexibility—underwent transamination with similar progress as the model compound 57a (Figure S5). However, the (R)-selective TA-025 allowed high conversions only up to 50 mM substrate concentration (Figure S5, a), while the best-performing TA-256 (Table 3, Entries 21–25) enabled >90% conversion at substrate concentrations up to 100 mM. Finally, the benzyl-protected piperazine derivative 57g—with a more flexible 2D aromatic ring-containing group—was also screened (Figure S6). Interestingly, the activities observed were partially reflective of the results achieved with methyl-substituted 57c and phenyl-substituted 57f. TA-025 (a) and TA-260 (d) followed close to linear conversion in time, while TA-254 (b) exceeded 90% conversion in all cases (Table 3, Entries 26–30), being the best TA for this substrate. Although optimization reactions with 57a using TA-025 revealed practically exclusive enantiotope selectivity under all conditions, in the cases of substrates 57c and 57f, the degree of enantiotope selectivity decreased, lowering the enantiomeric excess to 94% in the worst case for (S)-55c.



The results of the transamination of 57a–g indicated that the properties of the atom and its substituent(s) in γ-position from N-atom bearing the asymmetric amine side chain in the saturated heterocycle significantly affected the outcome of the asymmetric reactions. While in case of TA-254, the change of an oxygen atom (in 57a) to sulfur (57b) or a methyl-substituted carbon (57c) affected the activity only slightly, with excellent enantiotope selectivity, a methyl or benzyl substitution of the piperazine ring (57d and 57g, respectively) resulted in substantially decreased activity in most cases. Interestingly, with other bulky substituents, such as t-butoxycarbonyl or phenyl (57e and 57f, respectively), the initial activities were considerably higher, although at elevated substrate concentrations, limited conversions could be reached in all cases. It was also indicated that TA-254 and TA-256 could transform substrates bearing larger substituents such as the phenyl-substituted 57f and the benzyl-substituted 57g even at high substrate concentrations.



Our results with Codexis TAs using 100 mM substrate concentration with 2 mg/mL enzyme loading proved to be superior to those obtained in previous studies, which applied in all cases cosolvents in aqueous media and lower substrate concentration [26,60], higher weight percent TA [61] or coupled equilibrium-shifting methods [62].



Since the (R)-selective TA-025 did not provide in all cases the enantiopure (R)-amine, the preparative scale reactions and isolation of the forming (R)-amines ((R)-55a–g) were not performed with any (R)-selective TA in this study. Expectedly, however, the same sequence of preparative scale transamination followed by isolation could be applied with a proper (R)-TA as for preparative scale biotransformations with the (S)-selective TAs, yielding the corresponding (S)-amines (S)-55a–g reported in Table 4.



The challenge in the isolation of amines (S)-55a–g was the high solubility of the produced amines with 3D heterocycle units, especially when a heteroatom or a small substituent was present in γ-position from the N-atom bearing the asymmetric amine side chain, such as in the cases of 55a-d (Entries 1–4 in Table 4). Moreover, the starting ketones 57a–g could not be separated from the products ((S)-55a–g) by simple acidic extraction, since both the substrate and the product contained amine functions. However, with extensive extraction, the products ((S)-55a–g) could be transferred to the organic phase in good-to-excellent yield and in high purity. Importantly, the use of (S)-selective TA-254 or TA-256 allowed the preparation of all the target (S)-amines with 3D heterocycle units [(S)-55a–g] in enantiopure form (Table 4).




2.4. Structural Stabilization of the Tertiary Amine Bearing the Asymmetric Amine Side Chain


The 1H and 13C nuclear magnetic resonance (NMR) spectra of the isolated (S)-1-(4-methylpiperidin-1-yl)propan-2-amine (S)-55c revealed surprising complexity as compared to the other amines (Figure S7a). Usually, the low energy barrier of the nitrogen inversion prevents the tertiary nitrogen from existing as a stable stereogenic element (e.g., a center of asymmetry or pseudoasymmetry). However, this type of inversion can be diminished if the lone electron pair of the tertiary nitrogen is fixed by a hydrogen bond. Our modelling using Avogadro [63] indicated that the propan-2-amine side chain allows a distance between the primary amine hydrogens and the tertiary nitrogen of the 3D heterocycle and thereby stabilization of the N-center via a H-bond in each product. This stabilization, however, results in no apparent consequences in the heterocyclic amine products—with exception of the methyl-substituted piperidine 55c—because of the substitution pattern (in 55a,b) or the presence of another nonfixed tertiary N-atom (in 55d–g) disallowing the existence of any stable stereogenic unit. As the 2.53 Å distance between the H atom of the propan-2-amine side-chain’s amine and the tertiary nitrogen in the major trans-isomer trans-55c corresponds to a strong H-bond (Figure 14), this stabilization became apparent in the case of the NMR spectra of methyl-substituted piperidine 55c, allowing the detection of cis-55c and trans-55c because their lifetimes well exceeded the timescale of the NMR measurements.



Since the increase in the proton-exchange rate decreases the lifetime of the stable stereoisomeric forms in acidic environments due to the rapid proton-exchange rate at the amine functions, the consequences of H-bond stabilization could be suppressed. Accordingly, gradual addition of acid to the sample of 55c simplified the 1H NMR spectrum (Figure S6c).





3. Materials and Methods


3.1. Materials and Biocatalysts


If not stated otherwise, all chemicals and starting materials were purchased from Sigma-Aldrich (St. Louis, MO, USA), Fluka (Milwaukee, WI, USA) or Alfa Aesar Europe (Karlsruhe, Germany). The Codex® Amine Transaminase (ATA) Screening Kit containing 24 TAs was purchased from Codexis Inc.




3.2. Analytical and Separation Methods


NMR spectra were recorded in the indicated deuterated solvents on a Bruker DRX-500 spectrometer operating at 500 or 300 MHz for 1H and 126 or 75 MHz for 13C. NMR signals were given in ppm on the δ scale. Infrared (IR) spectra were recorded on a Bruker ALPHA FT-IR spectrometer (in ATR mode), and wavenumbers (ν) of bands were listed in cm−1. Optical rotations were measured on a Perkin-Elmer 241 polarimeter at the D-line of sodium. The polarimeter was calibrated with measurements of both enantiomers of menthol. Thin layer chromatography (TLC) was carried out on precoated TLC ALUGRAM® Xtra SIL G/UV254 sheets (Macherey–Nagel); spots were visualized under UV light (254 nm) and with ninhydrin staining. Column chromatography was carried out with Gerduran® Si 60 (Merck) silica gel. Gas chromatographic (GC) analyses were performed with an Agilent 4890 gas chromatograph equipped with FID detector using H2 carrier gas (injector: 250 °C, detector: 250 °C, head pressure: 12 psi, split ratio: 50:1) using Hydrodex β-6TBDM column (25 m × 0.25 mm × 0.25 µm film of heptakis-(2,3-di-O-methyl-6-O-t-butyldimethylsilyl)- β-cyclodextrin; Macherey and Nagel).



As experiments in triplicates with the model compound 57a indicated a variation within 2%, the further optimization and conversion-time course experiments were performed as single series.




3.3. Synthesis of the Heterocyclic Ketones (57a–g)


The substrates (57a–d,f) and 4-(2-oxopropyl)piperazin-1-ium hydrochloride were synthesized according to the previously published method [64].



tert-Butyl 4-(2-oxopropyl)piperazine-1-carboxylate (57e). To a suspension of 4-(2-oxopropyl)piperazin-1-ium hydrochloride (2.5 mmol) in tetrahydrofuran (10 mL), triethylamine (2.5 mmol, 1.0 equiv.) was added. After 5 min of stirring, di-tert-butyl dicarbonate (3 mmol, 1.2 equiv.) was added, and the reaction was stirred at room temperature. This was followed by conversion via TLC, and upon completion (30 min), the solid residues were filtered off from the reaction, and the solvent was evaporated from the filtrate. To the crude residue, water (10 mL) was added, and the mixture was extracted with ethyl acetate (3×10 mL). The combined organic phases were washed with brine, dried on sodium sulfate and concentrated under vacuum. The residual orange oil was purified by column chromatography (DCM:MeOH:35%NH4OH 10:1:0.1) to yield the desired product as a yellow oil. Yield: 74%; TLC (Rf) 0.64 (DCM:MeOH:35%NH4OH 10:1:0.1); 1H NMR (500 MHz, CDCl3) δ 3.48 (t, J = 5.1 Hz, 4H), 3.24 (s, 2H), 2.47 (t, J = 5.1 Hz, 4H), 2.14 (s, 3H), 1.44 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 205.8, 154.8, 79.9, 67.9, 53.1, 28.52, 27.9; IR (cm−1): 2975, 2932, 1686, 1417, 1364, 1241, 1164, 1123, 1005.



1-(4-Benzylpiperazin-1-yl)propan-2-one (57g). To a solution of 4-(2-oxopropyl)piperazin-1-ium hydrochloride (2.5 mmol) in ethanol (10 mL), triethylamine (5.0 mmol, 2.0 equiv.) was added. After addition of benzyl chloride (4.5 mmol, 1.8 equiv.), the reaction was stirred at room temperature. The progress of the reaction was followed by TLC, and upon completion (2 h), the solvent was evaporated. To the crude residue, water (10 mL) was added, and the mixture was extracted with ethyl acetate (3 × 10 mL). The combined organic phases were washed with brine, dried on sodium sulfate and concentrated under vacuum. The residual orange oil was purified by column chromatography (DCM:MeOH:35%NH4OH 10:1:0.1) to yield the desired product as a yellow oil. Yield: 52%; TLC (Rf) 0.68 (DCM:MeOH:35%NH4OH 10:1:0.1); 1H NMR (500 MHz, CDCl3) δ 7.35–7.28 (m, 4H), 7.31–7.21 (m, 1H), 3.54 (s, 2H), 3.18 (s, 2H), 2.54 (bs, 8H), 2.13 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 206.6, 129.4, 128.4, 127.3, 77.4, 77.2, 76.9, 68.3, 63.0, 53.4, 52.8, 27.9; IR (cm−1): 2937, 2809, 2768, 1712, 1670, 1453, 1352, 1154, 1134, 1010, 739, 696.




3.4. Screening the Asymmetric Transamination of the Ketone 57a with Codexis® TAs


All screening reactions were performed at 30 °C for 24 h in a 4 mL screw-cap vial with 1 mL reaction volume. To TA (2 mg), 100 µL of the starting material stock solution (100 mM 57a.HCl and 1 equiv. NaOH) and 900 µL of amine donor stock solution (1.11 M IPA and 1.11 mM PLP in potassium phosphate buffer (100 mM, pH 7.5)) were added, resulting in the following final concentrations: 57a.HCl (10 mM), IPA (1 M), PLP (1 mM). After 24 h, a sample (50 µL) of the reaction mixture was added to aqueous NaOH solution (50 µL, 5 N) and ethyl acetate (1 mL). This was followed by the complete drying of the aqueous phase with sodium sulfate. The separated organic phase was derivatized with acetic anhydride (10 µL), and conversion and enantiomeric excess were quantified by GC.




3.5. Screening the Effect of Substrate Concentration on the Optimal TAs with Ketones 57a–g


All screening reactions were performed at 30 °C for 24 h in a 4 mL screw-cap vial. To the vial, 100 µL of starting material stock solution (0.1–1 M 57a–c.HCl and 1 equiv. NaOH or 0.1–1 M 57d,f.2HCl and 2 equiv. NaOH or 0.1–1 M 57e,g) and 800 µL of amine donor stock solution (31.25 v/v% IPA and 1.25 mM PLP in potassium phosphate buffer (100 mM, pH 7.5)) were added, resulting in the following final concentrations: 57a (10–100 mM), IPA (25 v/v%), PLP (1 mM). The reaction was started by addition of TA stock solution (100 µL, 20 mg/mL TA-025, -254, -256 or -260 in potassium phosphate buffer). After 2, 4 and 24 h, samples (50 µL) were taken and added to aqueous NaOH solution (50 µL, 5 N) and ethyl acetate (1 mL). This was followed by the complete drying of the aqueous phase with sodium sulfate. The separated organic phase was derivatized with acetic anhydride (10 µL), and conversion and enantiomeric excess were quantified via GC.




3.6. Scaling-Up the Transamination of 57c


To an 8 mL screw-cap vial TA (10 mg), 500 µL of starting material stock solution (0.5 M 57c.HCl and 1 equiv. NaOH) and 4500 µL of amine donor stock solution (27.78 v/v% IPA and 1.11 mM PLP in potassium phosphate buffer (100 mM, pH 7.5)) were added, resulting in the following final concentrations: 57c (50 mM), IPA (25 v/v%), PLP (1 mM). The reaction was checked by sampling and GC (as given is section in 3.4) until the conversion exceeded 95% (see Figure S2). Then, the corresponding enantiomer of 55c was isolated.




3.7. Isolation of the Enantiopure Amines (S)-55a–g


When applicable, (S)-amines were isolated from the substrate concentration screening by unifying samples with conversion >95% (see Figure 13 and Figures S1–S6). Otherwise, a 5-time scale-up was performed (see Section 3.6). The pH of the aqueous phase was set to 13 by addition of 37% HCl solution, and the excess IPA was removed by vacuum rotary evaporator while the water was also partially evaporated. The aqueous phase was extracted with dichloromethane until the majority of product resided in the organic phase (usually 5 × 10 mL). The combined organic phases were dried on sodium sulfate and concentrated under vacuum to give the desired product (S)-55a–g.



(S)-1-Morpholinopropan-2-amine ((S)-55a). Yield: 47%; TLC (Rf) 0.31 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +31.2 (c 1.12, MeOH); 1H NMR (300 MHz, CDCl3) δ 4.2 (s, 2H), 3.71 (t, J = 4.4 Hz, 4H), 3.20 (ddd, J = 12.2, 9.3, 6.0 Hz, 1H), 2.63–2.30 (m, 4H), 2.30 (d, J = 4.6 Hz, 2H), 1.20 (d, J = 6.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 67.1, 65.2, 54.0, 44.1, 19.3; IR (cm−1): 3349, 2956, 2926, 2908, 2804, 1577, 1458, 1417, 1290, 1120, 1093, 962.



(S)-1-Thiomorpholinopropan-2-amine ((S)-55b). Yield: 74%; TLC (Rf) 0.30 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +44.0 (c 0.64, MeOH); 1H NMR (500 MHz, CDCl3) δ 3.07–2.98 (m, 1H), 2.83–2.77 (m, 2H), 2.68 (dt, J = 12.8, 3.4 Hz, 2H), 2.66–2.60 (m, 4H), 2.27 (dd, J = 12.6, 3.7 Hz, 1H), 2.06 (dd, J = 12.6, 9.9 Hz, 1H), 2.01 (s, 2H), 1.01 (d, J = 6.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 67.8, 55.7, 43.4, 28.3, 21.2; IR (cm−1): 3338, 2923, 2903, 2801, 1617, 1567, 1485, 1345, 1277, 1110, 961.



(S)-1-(4-Methylpiperidin-1-yl)propan-2-amine ((S)-55c). Yield: 83%; TLC (Rf) 0.25 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +34.2 (c 1.20, MeOH); 1H NMR (500 MHz, CDCl3) δ 3.81–3.43 (m, 4H), 3.11–3.00 (m, 1H), 2.97–2.68 (m, 2H), 1.88–1.74 (m, 2H), 1.71–1.58 (m, 3H), 1.50–1.45 (m, 2H), 1.31–1.18 (m, 2H), 1.03–0.95 (m, 3H), 0.87–0.78 (m, 1H); IR (cm−1): 3351, 2949, 2920, 2870, 2802, 2774, 1577, 1454, 1376, 1123, 1083, 980, 817.



(S)-1-(4-Methylpiperazin-1-yl)propan-2-amine ((S)-55d). Yield: 65%; TLC (Rf) 0.18 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +36.6 (c 1.20, MeOH); 1H NMR (500 MHz, CDCl3) δ 3.05–2.94 (m, 1H), 2.59–2.29 (m, 8H), 2.23 (s, 3H), 2.14 (dd, J = 12.2, 3.9 Hz, 1H), 2.08 (dd, J = 12.3, 9.7 Hz, 1H), 1.92 (s, 2H), 0.97 (d, J = 6.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 67.2, 55.4, 46.1, 43.3, 21.4; IR (cm−1): 3357, 2935, 2792, 1585, 1456, 1373, 1294, 1282, 1165, 1013, 816.



tert-Butyl (S)-4-(2-aminopropyl)piperazine-1-carboxylate ((S)-55e). Yield: 59%; TLC (Rf) 0.25 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +29.4 (c 1.20, MeOH); 1H NMR (500 MHz, CDCl3) δ 3.44–3.27 (m, 4H), 3.07–2.97 (m, 1H), 2.44 (dt, J = 10.7, 5.0 Hz, 2H), 2.28–2.20 (m, 2H), 2.15 (dd, J = 12.3, 4.1 Hz, 1H), 2.10 (dd, J = 12.3, 9.5 Hz, 1H), 1.98 (s, 2H), 1.41 (s, 9H), 0.99 (d, J = 6.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 154.8, 79.6, 67.0, 43.4, 28.5, 21.2; IR (cm−1): 3368, 2970, 2931, 2864, 2810, 1692, 1457, 1420, 1365, 1247, 1170, 1124, 1006.



(S)-1-(4-Phenylpiperazin-1-yl)propan-2-amine ((S)-55f). Yield: 81%; TLC (Rf) 0.28 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +36.0 (c 1.20, MeOH); 1H NMR (500 MHz, CDCl3) δ 7.30–7.22 (m, 2H), 6.96–6.88 (m, 2H), 6.85 (t, J = 7.3 Hz, 1H), 3.27–3.13 (m, 4H), 3.16–3.05 (m, 1H), 2.71 (ddd, J = 10.6, 6.7, 3.5 Hz, 2H), 2.51 (ddd, J = 10.8, 6.5, 3.5 Hz, 2H), 2.30–2.14 (m, 2H), 1.90 (s, 2H), 1.06 (dd, J = 6.3, 1.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 151.5, 129.2, 119.7, 116.1, 67.2, 53.7, 49.4, 43.5, 21.4; IR (cm−1): 3339, 2951, 2821, 1599, 1502, 1453, 1443, 1305, 1234, 1145, 1011,917, 752.



(S)-1-(4-Benzylpiperazin-1-yl)propan-2-amine ((S)-55g). Yield: 94%; TLC (Rf) 0.22 (DCM:MeOH: 35%NH4OH 10:1:0.1); [α]D20 = +26.9 (c 1.20, MeOH); 1H NMR (500 MHz, CDCl3) δ 7.35–7.21 (m, 5H), 3.50 (s, 2H), 3.07 (dtd, J = 13.1, 6.7, 3.6 Hz, 1H), 2.67–2.31 (m, 12H), 2.26–2.12 (m, 2H), 1.06 (d, J = 4.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 138.8, 129.3, 128.3, 127.2, 70.7, 63.2, 53.3, 43.7, 20.9; IR (cm−1): 3360, 2936, 1807, 1671, 1585, 1453, 1297, 1155, 1138, 1010, 827, 737, 697.





4. Conclusions


The transaminase-catalyzed asymmetric transamination of ketones comprising heterocyclic 3D rings (57a–g) under mild conditions proved to be an excellent alternative to “traditional” chemical methods for synthesis of chiral amines 55a–g representing a new class of potential drug scaffolds. Using morpholine-containing ketone 57a as model compound, high-performing TAs were selected from the Codex® Amine Transaminase Screening Kit. Screening substrate concentration and amine donor equivalent enabled raising the substrate concentration up to 17.8 mg/mL of 57a. The optimized conditions for the transamination were applicable to convert further heterocyclic substrates 57b–g to enantiopure amines (R)-55a–g or (S)-55a–g. The asymmetric transamination leading to the (S)-enantiomers (S)-55a–g at larger scale enabled characterization of these products.



The reported route allowed the preparation of the desired enantiopure amines in two (55a–d,f), or three (55e,g) steps starting from the corresponding commercially available saturated amine heterocycles (56a-g). These new enantiopure amines (R)-55a–g or (S)-55a–g can serve as building blocks for the preparation of chiral APIs containing the 3D heterocyclic scaffolds as chiral sidechains with substitution (S1) on the primary amine moiety or even as chiral backbones with double functionalization (S1 and S2) on two ends (Figure 15).
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Figure 1. The most abundant 2D and 3D rings in APIs. 
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Figure 2. APIs produced by chemoenzymatic manufacturing processes. The portion of the API’s skeleton colored in blue was involved in the biocatalytic step. * The asterisk in structures indicates center of asymmetry here and in any further figures. 
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Figure 3. Heterocycles bearing asymmetric side chains with amine function by TA-catalysis. 
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Figure 4. Amines from biocatalytic transamination of the corresponding cyclic ketones. 
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Figure 5. Transaminase-mediated synthesis of piperidone derivatives from keto esters. 
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Figure 6. Tandem TA/intramolecular aza-Michael reaction for 2,6-disubstituted piperidines. 
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Figure 7. Transaminase-mediated synthesis of piperidine derivatives from diketones. 






Figure 7. Transaminase-mediated synthesis of piperidine derivatives from diketones.



[image: Catalysts 11 01501 g007]







[image: Catalysts 11 01501 g008 550] 





Figure 8. TA-mediated synthesis of pyrrolidine derivatives from diketones. 
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Figure 9. Three-enzyme cascade for the synthesis of saturated N-heterocycles. 
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Figure 10. Chiral drug candidates and HTS hits containing 3D-amine heterocycles with substituents bearing asymmetric amine functionality. 
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Figure 11. “Traditional” chemical synthesis of chiral 3D heterocycle-containing scaffolds. 
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Figure 12. General reaction scheme for the synthesis of the target chiral 3D amine heterocycles. 
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Figure 13. Effect of substrate concentration in transamination of the ketone 57a catalyzed by (a) (R)-TA-025, (b) (S)-TA-254, (c) (S)-TA-256 and (d) (S)-TA-260. Reaction conditions: Total volume: 1 mL, 57a.HCl (10–100 mM), IPA (25 v/v%), TA (2 mg), PLP (1 mM), KPi buffer (100 mM, pH 7.5), at 30 °C for 24 h. 
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Figure 14. Stabilization of trans-55c by H-bond formation. 
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Figure 15. Applicability of potential drug scaffold chiral amines [(S)- or (R)-55a–g] with 3D heterocyclic units (HC) as building blocks for the preparation of enantiopure APIs. 
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Table 1. Activity screening with the (S)-selective TAs of the Codex® Amine Transaminase Screening Kit in transamination of 1-morpholinopropan-2-one (57a).
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	Entry
	TA
	Substrate Conc.

(mM)
	IPA Equiv.

(—)
	c

(%)
	ee

(%)





	1
	113
	10
	100
	93
	>99



	2
	
	10
	10
	92
	>99



	3
	
	25
	100
	0
	>99



	4
	200
	10
	100
	24
	>99



	5
	217
	10
	100
	76
	>99



	6
	234
	10
	100
	24
	>99



	7
	237
	10
	100
	98
	>99



	8
	
	10
	10
	48
	>99



	9
	
	25
	100
	94
	>99



	10
	
	50
	100
	0
	>99



	11
	238
	10
	100
	41
	>99



	12
	251
	10
	100
	99
	>99



	13
	
	10
	10
	92
	>99



	14
	
	25
	100
	99
	>99



	15
	
	50
	100
	23
	>99



	16
	254
	10
	100
	99
	>99



	17
	
	10
	10
	86
	>99



	18
	
	25
	100
	99
	>99



	19
	
	50
	100
	99
	>99



	20
	256
	10
	100
	99
	>99



	21
	
	10
	10
	85
	>99



	22
	
	25
	100
	99
	>99



	23
	
	50
	100
	99
	>99



	24
	260
	10
	100
	99
	>99



	25
	
	10
	10
	34
	>99



	26
	
	25
	100
	99
	>99



	27
	
	50
	100
	99
	>99



	28
	P1-B04
	10
	100
	17
	>99



	29
	P1-F03
	10
	100
	53
	>99



	30
	P1-G05
	10
	100
	4
	>99







Reaction conditions: Total volume: 1 mL, 57a.HCl (10–50 mM), IPA (10–100 equiv.), TA (2 mg), pyridoxal phosphate (PLP) (1 mM), potassium phosphate (KPi) buffer (100 mM, pH 7.5), at 30 °C for 24 h.
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Table 2. Activity screening with the (R)-selective TAs of the Codex® Amine Transaminase Screening Kit in transamination of 1-morpholinopropan-2-one (57a).
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	Entry
	TA
	Substrate Conc.

(mM)
	IPA Equiv.

(—)
	c

(%)
	ee

(%)





	1
	007
	10
	100
	2
	>99



	2
	013
	10
	100
	46
	>99



	3
	025
	10
	100
	93
	>99



	4
	
	10
	10
	48
	>99



	5
	
	25
	100
	93
	>99



	6
	
	50
	100
	4
	>99



	7
	117
	10
	100
	13
	>99



	8
	301
	10
	100
	6
	74



	9
	303
	10
	100
	11
	90



	10
	412
	10
	100
	41
	>99



	11
	415
	10
	100
	54
	>99



	12
	P2-A01
	10
	100
	40
	>99



	13
	P2-A07
	10
	100
	82
	>99



	14
	
	10
	10
	42
	>99



	15
	
	25
	100
	10
	>99



	16
	P2-B01
	10
	100
	85
	99



	17
	
	10
	10
	71
	>99



	18
	
	25
	100
	4
	>99







Reaction conditions: Total volume: 1 mL, 57a.HCl (10–50 mM), IPA (10–100 equiv.), TA (2 mg), PLP (1 mM), KPi buffer (100 mM, pH 7.5), at 30 °C for 24 h.
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Table 3. Asymmetric transamination of the heterocyclic ketones 57b–g with the best performing (S)-selective TAs.
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Entry

	
Substrate

	
TA

	
Substrate

Concentration

(mM)

	
c

(%)

	
ee

(%)






	
1

	
 [image: Catalysts 11 01501 i004]

	
TA-254

	
10

	
98

	
>99




	
2

	
25

	
98

	
>99




	
3

	
50

	
97

	
>99




	
4

	
75

	
90

	
>99




	
5

	
100

	
77

	
>99




	
6
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TA-256

	
10

	
96

	
>99




	
7

	
25

	
95

	
>99




	
8

	
50

	
95

	
>99




	
9

	
75

	
91

	
>99




	
10

	
100

	
83

	
>99




	
11
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TA-256

	
10

	
97

	
>99




	
12

	
25

	
95

	
>99




	
13

	
50

	
95

	
>99




	
14

	
75

	
89

	
>99




	
15

	
100

	
88

	
>99




	
16
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TA-256

	
10

	
94

	
>99




	
17

	
25

	
94

	
>99




	
18

	
50

	
94

	
>99




	
19

	
75

	
94

	
>99




	
20

	
100

	
93

	
>99




	
21
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TA-256

	
10

	
96

	
>99




	
22

	
25

	
95

	
>99




	
23

	
50

	
95

	
>99




	
24

	
75

	
93

	
>99




	
25

	
100

	
93

	
>99




	
26
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TA-254

	
10

	
93

	
>99




	
27

	
25

	
92

	
>99




	
28

	
50

	
92

	
>99




	
29

	
75

	
92

	
>99




	
30

	
100

	
91

	
>99








Reaction conditions: Total volume: 1 mL, 57b–g(.HCl) (10–100 mM as indicated), IPA (25 v/v%), TA (2 mg), PLP (1 mM), KPi buffer (100 mM, pH 7.5), at 30 °C for 24 h.
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Table 4. Production of enantiopure (S)-amines [(S)-55a–g] at preparative scale with the best performing (S)-selective TAs.
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	Entry
	Substrate a
	TA
	Yield a

(%)
	ee b

(%)
	[α] (c) c





	1
	57a
	TA-254
	47
	>99
	+31.2 (1.12)



	2
	57b
	TA-254
	74
	>99
	+44.0 (0.64)



	3
	57c
	TA-256
	83
	>99
	+34.2 (1.20)



	4
	57d
	TA-256
	65
	>99
	+36.6 (1.20)



	5
	57e
	TA-256
	59
	>99
	+29.4 (1.20)



	6
	57f
	TA-256
	81
	>99
	+36.0 (1.20)



	7
	57g
	TA-254
	94
	>99
	+26.9 (1.20)







aReaction conditions: Total volume: 5 mL, 57a–g (50 mM), IPA (25 v/v%), TA (10 mg), PLP (1 mM), KPi buffer (100 mM, pH 7.5), at 30 °C for 24 h. b Determined by GC using chiral column. c At sodium D-line, 20 °C, solvent: methanol.
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