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ABSTRACT: Ene-reductases (EREDs) catalyse the reduction of electron-deficient C=C bonds. Herein, we report the first example of ERED-catalysed net reduction of C=C bonds of enimines (α,β-unsaturated imines). Preliminary studies suggest their hydrolysed ring-open ω-amino enones are the likely substrates for this step. When combined with imine reductase (IRED)-mediated C=N reduction, the result is an efficient telescoped sequence for the preparation of diastereomerically enriched 2-substituted saturated amine heterocycles. 
Stereochemically enriched amines, and particularly their heterocyclic derivatives, are commonly found in a variety of alkaloid natural products and key motifs of APIs.1 Biocatalysis has emerged as a proficient technology for the preparation of these species due to the intrinsic regio-, chemo-, and stereoselectivity as well as the green credentials exhibited by enzymes.2 Pictet-Spenglerases,3 amine oxidases,4 transaminases5 and more recently imine reductases (IREDs)6–8 have all been utilised for the preparation of enantioenriched amine heterocycles containing a single stereocentre. However, valuable compounds often have multiple stereocenters and their stereoselective preparation has proved more challenging, as few enzymes are able to set two stereogenic centres simultaneously and remote selectivity is often substrate-restricted. In order to address this challenge, multi-enzyme cascades and telescopic reactions have been developed which allow for the stereocontrolled formation of multiple asymmetric centres in a single pot.9–11
Chemoselective biocatalytic reduction of the C=N bond of cyclic enimines (α,β-unsaturated imines) in the presence of a conjugated C=C bond (Scheme 1), has been reported using IREDs, allowing for the preparation of pharmaceutically important bioactive piperidines12 and morphinans.13 The complementary process, namely selective reduction of the C=C bonds of an enimine without concomitant C=N bond reduction has not been reported, although it has been postulated as the activity of the reductase genes (ArpDHs) involved in the  metabolic pathway that converts nigrifactin to the argimycins (Scheme 1).14 Such a chemoselective activity would allow the conversion of cyclic enimines to chiral cyclic imines which might be followed by IRED-mediated C=N 
Scheme 1. Biocatalytic reduction of enimines and examples of target molecules.



reduction to yield the corresponding diastereomeric saturated amine heterocycles. These are important moieties commonly found in natural products, bioactive molecules and their intermediates and analogues (Scheme 1).15–17
To explore this possibility, we focussed on the use of ene-reductases (EREDs) to reduce enimines. These biocatalysts are well established for the reduction of electronically deficient C=C bonds asymmetrically.18–21 EREDs catalyse the reduction of α,β-unsaturated aldehydes, ketones and nitro compounds, as well as C=C bonds activated by less electron-withdrawing functional groups (nitriles, amides, esters, carboxylic acids).22–24 

Scheme 2. Synthesis of cyclic enimine substrates 4-6a-d and of analytical cyclic imine and amine reference standards 13-18a-d.

_______________________________________________________________________________________________________________


To identify and characterise EREDs able to catalyse the reduction of cyclic enimines, a panel of 12 substrates was prepared by adaptation of a previously reported method (Scheme 2).25 Substituted vinyl Grignard nucleophiles were used to ring open N-Boc lactams before subsequent TFA-mediated amine deprotection and spontaneous cyclisation affording the corresponding enimines 4-6a-d. Cyclic enimines 4-6a-d proved to be less stable than their saturated imine counterparts 13-15a-d, often dimerising. However when isolated as the corresponding TFA salts they could be stored for several weeks. To monitor the biocatalytic reduction of the enimine substrates, analytical standards of the expected products were prepared from N-Boc ω-amino enones 1-3a-d (Scheme 2) via hydrogenation and deprotection affording the corresponding cyclic imines 13-15a-d. Finally, NaBH4 reduction yielded the 2-substituted cyclic amines 16-18a-d. The panel of 5-, 6-, and 7-membered enimines 4-6a-d was then tested against a 

Table 1. Screening of ERED-catalysed C=C reduction of cyclic enimines 4-6a-d.
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Conversion was determined by GC analysis after 24 h. n.t. = not tested. Reaction conditions: 5 mM enimine, [a] 2 mg·mL–1 purified ERED or [b] 5 mg·mL–1 ERED CFE, 0.1 mg·mL–1 GDH, 0.1 mM NADP+, 50 mM glucose, 5% v/v DMSO, 100 mM potassium phosphate buffer pH 7.0. [c] Product determined by analogy based on the GC-MS spectrum. [d] α,β-epoxy imine observed, reported conversion in brackets refer to the addition of 0.1 mg·mL–1 catalase.

broad selection of EREDs, either produced in-house as His-tagged purified enzymes or obtained from commercial sources (see Supporting Information). 
Biotransformations were performed using glucose dehydrogenase (GDH) and glucose to recycle the NADPH. Control reactions omitting the ERED were run in parallel to ensure that activity was due to the biocatalyst and that substrate degradation was minimal during the reaction. A selection of ERED biotransformation results is presented in Table 1 (see the Supporting Information Table S1 for the full data set). All of the EREDs were shown to catalyse the reduction of the C=C bond of at least two of the substrates, the highest conversions being observed for cyclic enimines that contained terminally unsubstituted alkenes (4-6a). As expected, the enzymes were completely chemoselective for C=C reduction, with no C=N reduction detected. Traditional ERED biocatalysts belonging to the Old Yellow Enzyme (OYE) subfamily, such as TOYE and PETNR, only afforded high conversions with sterically unhindered and 7-membered enimines (4a, 5a, 6a-c). Certain OYE homologues (PRO-ERED08 and JM-ENE101) were able to catalyse the reduction of specific substituted substrates (5b and 5c) with excellent conversion. However, the best results overall were obtained with the flavin-independent dehydrogenase NtDBR, which was able to reduce the entire panel of enimine substrates.
Interestingly, for some substrates (4b, 6b, 4-6c), the formation of the α,β-epoxy imine (19b, 21b, 19-21c respectively) was indicated (see Supporting Information). The synthesis of this by-product could be tentatively ascribed to the ERED-catalysed reduction of O2 to H2O2 and subsequent chemo-epoxidation, in a similar fashion to other activated alkenes.26 The addition of catalase to the reaction, designed to reduce the latent H2O2 concentration, mitigated the formation of the by-product and supported its identification as the α,β-epoxy imine (Table 1, brackets). 

Figure 1. Potential mechanisms and relative rates of ERED-catalysed enimine reduction.
[image: ] 
Table 2. Screening of IRED-catalysed C=N reduction of rac-14b.
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Reaction conditions: 5 mM rac-14b, 4 mg·mL–1 IRED CFE, 0.1 mg·mL–1 GDH, 0.1 mM NADP+, 10 mM glucose, 5% v/v DMSO, 100 mM potassium phosphate buffer pH 7.0. [a] Selectivity toward 6-phenyl-2,3,4,5-tetrahydropyridine as provided by the supplier, unless stated. [b] Conversion and dr were determined after 24 h by GC-MS. [c] Enantioselectivity estimated by GC, H = high (>90% ee), M = medium (75-90% ee), L = low (<75% ee), – = opposite enantiomer, n.d. = not determined.

From the outset we were mindful that two possible pathways might be operating during the reduction process. Firstly, the enimine substrate could undergo direct reduction of the C=C bond (Figure 1A, path 1). Alternatively, the substrate might undergo hydrolysis in situ to generate the enone 22-24a-d which would then be reduced by the ERED, followed by ring closure to give the product (Figure 1A, path 2). Recently we have shown that for simple cyclic imines the equilibrium position between the open and closed form in the biotransformation medium is highly dependent upon ring size.27 Similarly, the 7-membered cyclic enimine 6a was found to exist predominantly in the ring-open form 24a whilst the 6-membered 5c was observed only slightly as the ring-open form 23c by 1H NMR. To gain insight into the nature of the ERED-catalysed enimine reduction we carried out a time course study of three different ring sized substrates (Figure 1B). The conversion of N-Boc-protected amino enone 2c (43:57 E/Z) was also monitored for comparison, to mimic the ring-open 6-membered cyclic enimines. 
The rate of NtDBR-catalysed reduction for both ring-open 2c and 6a was far higher compared to the predominantly ring-closed enimines 5b and 5c. This experiment confirms that the ERED can accept the ring-open enone 2c and that its reduction is fast compared with the analogous ring-closed form 5c. To further investigate the reduction mechanism, computational calculations were performed to assess the relative electrophilicity of the β-carbon of each unsaturated system (see Supporting Information). The calculated ranking parallels the order of the experimental rates of enimine reduction (Figure 1B), in particular when calculated based on the ring open major form of 6a. Both these pieces of evidence suggest that C=C reduction progresses via the enone. However, these data do not rule out the possibility of the reduction progressing at least partially via path 1. It is feasible that the lower alkene activation of the imine group relative to the ketone, or the steric hindrance or stereoelectronic properties of the cyclic imine functionality hamper substrate binding or reduce turnover.
To demonstrate the synthetic utility of the ERED-catalysed reduction of enimines, an ERED-IRED cascade was envisaged to prepare cyclic amine diastereomers. For this purpose, it was important to identify IREDs with complementary stereoselectivity toward α-chiral imines. A selection of 29 IREDs either produced in-house or obtained from commercial sources was screened against the racemic α-chiral imine 14b (Table 2 and Supporting Information Table S2). The majority of IREDs favoured formation of the (RR)-enantiomer but differences in both enantio- and diastereoselectivity were observed within the panel, including excellent conversion to differently enriched mixtures of three out of the four possible stereoisomers of 17b. Interestingly, pIR120 and pIR202 exhibited simultaneously high diastereoselectivity and high conversion toward the imine rac-14b. Dynamic kinetic resolution-mediated reduction of the chiral imine was ruled out through a 1H NMR study which showed that, whilst racemisation occurred, it was at an insufficient rate to allow interconversion of the two enantiomers during the reaction (see Supporting Information). This suggests that both these biocatalysts deliver the hydride from opposite directions depending on the pre-existing stereochemistry of the imine substrate. These two observations demonstrate the propensity for substrate-controlled diastereoselectivity exhibited by IREDs.11
Initial attempts to combine ERED and IRED steps in a one-pot cascade double reduction of enimines were unsuccessful. The rate of IRED-catalysed reduction of the C=N bond was much faster than the ERED-catalysed C=C bond reduction and ultimately led to the formation of considerable quantities of the corresponding allylic amines 7-9a-d (data not shown), which are not substrates for EREDs due to the lack of C=C activation. To overcome this limitation, a two-step telescopic procedure was employed, in which a stereocomplementary IRED was charged after ERED-catalysed C=C reduction of the enimine. Cyclic stereoenriched amines could be prepared with good to complete conversion and moderate to excellent stereoselectivity. Whilst NtDBR displayed good activity towards all the substrates, it appeared to reduce all tested enimines unselectively and so diastereomers prepared using this biocatalyst were stereoenriched by the IRED only (see Supporting Information, Scheme S2). 
As an initial example, chiral piperidine 17a was formed with excellent conversion and enantioselectivity after 4 h (Scheme 3). Remarkably, by selecting suitably complementary ERED-IRED pairs and using structurally convergent substrates 5b and 5c (which are both reduced to the same imine intermediate 14b=14c), 3 of the 4 possible stereoisomers of amine 17b=17c could be formed with excellent conversion and moderate to excellent dr, ee and analytical yield, demonstrating the utility of this methodology.
Scheme 3. Representative examples of ERED-IRED telescopic synthesis of saturated N-heterocycles.


Reaction conditions: 20 mM enimine, 16 mg·mL–1 ERED and IRED CFE, 0.1 mg·mL–1 catalase, 1 mg·mL–1 GDH, 0.1 mM NADP+, 100 mM glucose, 5% v/v DMSO, 100 mM potassium phosphate buffer pH 7.0. Conversion was determined by GC-MS analysis. Analytical yields were determined via comparison to external calibration. Stereoselectivity was determined by chiral GC following derivatisation (absolute configuration of 18b was assigned by analogy with 17b22).

The discrepancy between analytical yields (determined via an external calibration curve) and conversion could be ascribed to substrate degradation and/or product loss during the workup procedure. To the best of our knowledge, this telescoped biocatalytic procedure is superior in terms of yield and diastereoselectivity to known methods for synthesising 17b,15 and importantly also allows access to a greater range of diastereomers. Enzyme engineering and/or optimisation of the reaction and isolation conditions could potentially reduce catalyst loadings and enhance yields or selectivity of the process even further.
The same telescopic system applied to 5-membered substrates 4b and 4c gave the same diastereoisomer of 16b in moderate selectivity, but produced significant amounts of the allylic amines 7b and 7c. In contrast, 7-membered substrates 6b and 6c afforded complementary diastereoisomers of 18b in much higher selectivities, albeit in moderate conversions due to a less efficient IRED-mediated reduction. Additional examples of successful telescopic reactions are provided in the Supporting Information. Overall, the best compromise between selectivity and yield was obtained with the 6-membered compounds. Therefore, in order to demonstrate the preparative utility of the telescopic ERED-IRED enimine reduction protocol, preparative syntheses of the chiral amines (S)-17a and (RS)-17b were performed, yielding the hydrochloride salts with excellent enantioselectivity (>99% ee) and in 40% and 57% isolated yield respectively, comparing well with the corresponding analytical yield. 
In summary, a new class of activated alkenes has been shown to undergo ERED-mediated C=C bond reduction. The mechanism by which these substrates are converted has been probed via a time course study and computational electrophilicity calculations in order to gain evidence for the presence of ring-open linear enones as intermediaries. Finally, synthetic applicability has been demonstrated through the development of a new ERED-IRED cascade enabling the preparative scale synthesis of a range of diastereomerically enriched amine heterocycles, which are known to be difficult to access via traditional chemical synthesis, despite their value as intermediates for APIs and bioactive natural product analogues with multiple stereocentres.
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