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Abstract Here we report the first biocatalytic asymmetric synthesis of alkyl fluorides via reduction of α-fluo-

roenones and α-fluoroenoates using ene reductase enzymes. The reduction of a wide range of (Z) or (E)-α-

fluoroenones was shown to proceed in high yield and selectivity using ene reductases, with the different 

alkene geometries leading to opposite enantiomers of the chiral fluoroalkane. The reaction could also be 

successfully extended to α-fluoroenoates to access enantioenriched α-fluoroesters with only the E-alkene 

isomers under-going reduction, enabling mixtures of alkene geometries to be employed. The selectivity and 

substrate scope were rationalized using in silico substrate-enzyme molecular docking studies.  

 

Fluorinated molecules make up ~20% of marketed drugs and an ever increasing number of pharma-

ceutical candidates;1 an even larger proportion of agrochemicals in development contain fluorine.2 

This reflects the significant utility of fluorine in biologically active molecules, and there is consid-

erable interest in novel methods for the synthesis of fluorinated organic compounds. Importantly, 

the fluorine atom provides a largely inert functional group that can increase metabolic stability and 

compound permeability. Moreover, it can perturb lipophilicities and pKas – impacting on binding 

affinities, and C(sp3)-F centers can provide control over the molecular shape through conformational 

interactions of the polar C-F bond.1c,3 Compounds bearing a fluorine atom at a chiral center have 

been underexplored due to the synthetic challenges of preparing these compounds in high enanti-

opurity in a scalable fashion. However, examples describing the stereoselective replacement of an 

sp3 C-H with C-F and the resulting impact on biological activities highlight the importance of such 

compounds.3a,4  

Approaches reported for the synthesis of chiral centers containing a C-F bond proceeding with high 

levels of enantioselectivity include electrophilic fluorination of carbonyl compounds5 or addition of 

amines to fluorovinylpyiridines6 using organocatalysis, the use of hydrogen-bonding phase transfer 
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catalysts for catalytic asymmetric SN2 reactions of fluoride,7 the use of a chiral fluorinating reagent,8 

and the asymmetric hydrogenation of fluoroalkenes using homogeneous catalysts containing rare 

transition metals (Rh, Ir).9 Direct fluorination of enantioenriched alcohols with reagents such as 

DAST is perhaps the most accessible approach, but it is potentially hazardous to scale-up and pro-

motes competing elimination processes often resulting in low product yields.10 The development of 

readily scalable and accessible methods for the enantioselective preparation of alkyl fluorides re-

mains a challenge. 

The use of biocatalysts is continuing to grow and play an important role in the fine chemical and 

pharmaceutical industries, providing a sustainable and green synthetic strategy for the preparation 

of high-value chemicals. They have significant potential compared to traditional organic chemistry 

strategies, avoiding the use of expensive chiral ligands, toxic or rare transition metals, toxic solvents 

or extreme temperatures and pressures. Biocatalysts are also typically employed under mild reac-

tion conditions in aqueous media, giving excellent chemo- and stereoselectivities. To date, the use 

of enzymes to generate sp3 fluorine centers from non-chiral starting materials is limited, with early 

examples using aldolases to produce fluoroalcohols.11 A more recent approach used a cyclohexa-

none monooxygenase (CHMO) under anerobic conditions and light activation, to achieve a photoin-

duced reductive dehalogenation via an electron transfer mechanism (Scheme 1a). While cyclic sub-

strates gave products in high enantiopurity (enantiomeric ratio, er) poor enantiocontrol was ob-

served with an acyclic substrate.12 A non-haem iron enzyme has also been reported for enantiose-

lective C(sp3)–F bond formation via radical fluorine transfer. However, fluorination was limited to 

the benzylic positions of ortho-arylamides.13  

Ene reductases (EREDs) are flavin-containing enzymes that reduce alkenes activated with an elec-

tron-withdrawing group, via a trans-hydrogenation.14 The predominant family of EREDs is the old 

yellow enzyme (OYE) nicotinamide NAD(P)H dependent oxidoreductases which catalyze the reduc-

tion of α,β-unsaturated compounds including ketones, aldehydes, and nitro compounds; esters and 

acids are less readily accepted.14 In recent years many EREDs have been described, including some 

that can accept sterically challenging enones which were recently discovered in our laboratory via a 

sequence-based functional metagenomics strategy.14,15 EREDs have been applied in the synthesis of 

industrially useful compounds such as pregabalin precursors, flavor precursor molecules and other 

high value chiral building blocks on an industrially relevant scale.16 Interestingly, Hyster et al. have 

recently reported a single example of a fluoroalkene photoenzymatic radical cyclisation using an 
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ERED (Scheme 1b)17 and a single example of the ERED photocatalyzed coupling of an α,α-chloro-

fluoroamide with styrene (Scheme 1c).18 However, no routes have been described to single isomer 

C(sp3)-F centers using bioreduction strategies of fluoroenones/enoates.19 EREDs have been shown 

to reduce α-chloro/bromoenoates and α-chloro/bromoenones, with generally high selectivity but 

modest yields, particularly for aromatic-α,β-unsaturated compounds.20 Here, a highly flexible novel 

biocatalytic approach to enantioenriched sp3 fluorides, via the reduction of α-fluoroenones and α-

fluoroenoates, is described to provide access to a diverse array of functionalized chiral fluorinated 

compounds in good to excellent yields and stereoselectivities (Scheme 1d).  

 

Scheme 1 Biocatalytic routes to stereogenic sp3 fluorine centers (a) A photoinduced reductive dehalogenation via an 
electron transfer mechanism.12 (b) A fluoroalkene photoenzymatic radical cyclisation using an ERED.17 (c) A photoen-
zymatic hydroalkylation of styrene using an ERED.18 (d) Our approach via a bioreductive ERED reaction. 

 

Initially we focused our attention on the reduction of α-fluoroenones, which could be readily pre-

pared via the Horner-Wadsworth-Emmons olefination of aldehydes using a fluorinated phospho-

nate under aqueous conditions.21 Authentic samples of the racemic products were synthesized via 

the Pd-catalyzed decarboxylation of fluorinated β-ketoesters.22 Several EREDs, heterologously ex-

pressed in E. coli BL21 (DE3) were selected, including NCR from the bacterium Zymomonas mobilis 
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which has been used successfully with a range of linear substrates, and our previously reported 

EREDs pQR1445 and pQR1907 from a drain metagenome which exhibited good organic solvent tol-

erance.15 The EREDs were co-expressed with glucose-6-phosphate dehydrogenase (G6PDH) to recy-

cle the NADH co-factor in situ, utilizing D-glucose-6-phosphate sodium salt (D-G6PNa) as co-sub-

strate. Enzyme lysates were employed in all reactions as these are typically used in industry, negat-

ing the need for costly enzyme purification.  

Initial screens explored the reduction of (Z)-3-fluoro-4-phenyl-3-buten-2-one (1a) and reactions 

were monitored by HPLC analysis. The highest activity was seen with NCR, which gave the complete 

conversion of 1a to the desired fluoroalkane ((S)-2a) with excellent stereocontrol (>95:5 er, chiral 

HPLC analysis, Figure 1a). A range of substrates were then screened against NCR, pQR1445 and 

pQR1907. The highest activity was seen with NCR in all but one case. The NCR ERED was found to 

accept a wide range of α-fluoroenones and reductions occurred with excellent yields and stereose-

lectivities with both (Z) and (E)-α-fluoroenones being accepted by the enzyme (Figure 1a, 1b). Inter-

estingly the opposite stereochemistry was observed starting from the (Z)-alkene compared to when 

the (E)-alkene was used. Substrates with a range of β-substituents were accepted, yielding fluorides 

containing electron poor (2b, 2d) and electron rich (2c) aryl groups, a range of aryl substitution pat-

terns (2e, 2f), a heteroaromatic group (2g) and alkyl groups (2h, 2i). While most products were ob-

tained in high yield and selectivity, the substrates for obtaining the (R)-o-tolyl product ((R)-2e) and 

pyridyl products (2g) were less well accepted. For the preparation of (R)-2e a higher enzyme con-

centration was needed but the reaction could not be pushed to completion and low stereoselec-

tivity was observed. Low conversions were seen for both (Z)- and (E)- pyridyl substrates (1g) using 

NCR (<50% at 80% v/v enzyme lysate concentration). Changing the enzyme to pQR1445 (20% en-

zyme lysate concentration) gave excellent yields and moderate to good selectivities (94%, (S)-2g: 

9:91 er; (R)-2g: 7:1 er). When the ethyl ketone (1j) was subjected to the reaction conditions the (E)-

fluoroenone gave the corresponding fluoroalkane (R)-2j in 98% yield and 99:1 er, however, the (Z)-

fluoroenone was poorly accepted and we saw <5% conversion to (S)-2j. A phenyl ketone was well 

accepted, however, giving fluoride (S)-2k in excellent yield and enantiopurity from the Z-enone, 

though the corresponding E-enone could not be purified effectively. 
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(a) Z-Fluoroenones  

 

 

 

 

(b) E-Fluoroenones 

 

 

 

 

(c) E-Fluoroenoates 

 

 

 

Figure 1. (a,b) Substrate Scope of Fluoroenones. Substrate (10 mM), ERED and G6PDH lysates (10% (v/v), co-expression, 

total protein in the lysates 1 mg mL-1), NAD+ (1 mM), G6PNa (50 mM), in Tris–HCl (100 mM) and DMSO (20%) at pH 7.5, 

30 °C, 16 h, 700 rpm. Reactions were performed in triplicate. Yields and enantiomeric ratios were determined by HPLC 
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or GC analysis. aIsolated yield from preparative scale reaction.  bpQR1445 used, 20% (v/v) enzyme lysate concentration. 

cConversion; no starting material remaining by GC but both product and starting material are volatile. d80% (v/v) enzyme 

lysate concentration. (c) Substrate Scope of Fluoroenoates - 40% (v/v) enzyme lystate concentration; efrom 8:1 (E:Z); 

ffrom 5:1 (E:Z); gfrom 13:1 (E:Z); where the SM was a mixture of isomers, yield is based upon the conversion of the E 

isomer to the product. 

Less activated alkenes such as enoates are considered as borderline substrates for ene reductases. 

We reasoned that the electronegative fluorine atom may activate these substrates sufficiently to 

enable reduction to occur. A range of (E)- and (Z)-fluoroenoates were synthesized via a Horner- 

Wadsworth-Emmons reaction-(E) or TiCl4 mediated aldol condensation-(Z) and subjected to the re-

action (Figure 1c).23 Authentic samples of reaction products were synthesized via a one-pot substi-

tution/Krapcho decarboxylation.24 Whilst aryl (E)-enoates were accepted by the enzyme, the con-

version was lower than with (E)-enones. The enzymes were most active towards electron poor en-

oates (4b, 98% yield) compared to electron rich enoates (4c, 55% yield). Both methyl (4a-c) and ethyl 

(4d) esters were accepted. In all cases the stereocontrol was excellent. However, (E)-alkylenoate 

(3e) and all tested (Z)-fluoroenoates showed no conversions.25 This was in line with the ketone re-

sults above, where a more sterically demanding ketone substituent (Et), comparable in size to 

OMe/OEt, led to low reactivity of the (Z)-isomer. This enzyme selectivity is especially useful when 

preparing the (E)-enoates via a Horner-Wadsworth-Emmons reaction. The resultant mixture of (E)- 

and (Z)- enoates can be used in the ERED reaction without the need for prior separation with no 

decrease in the enantiopurity of the product. The reaction was amenable to biocatalytic preparative 

scale reactions (20-130 mg) giving an isolated yield of 89% of (S)-2a from (Z)-1a; 86% of (R)-2a from 

(E)-1a and 92% of (R)-2j from (E)-1j. Authentic reference standards of (R)-4a and (R)-2j were synthe-

sized in order to accurately assign the absolute stereochemistry of the products (correlated by chiral 

HPLC) from the biocatalytic reactions. Experimental procedures and discussion of the assignments 

can be found in the Supporting Information. 

Docking studies were conducted to rationalize the high reactivities and excellent stereoselectivities 

observed with NCR. Using the reported X-ray crystallographic data for NCR (PBD database (4A3U)26 

and substrates (E)-1a and (E)-3a and also (Z)-1a and (Z)-3a as ligands, in silico molecular docking was 

carried out using AutoDock Vina (v.1.2.0).27 As indicated (Figure 2) the ligands were orientated in 

the catalytic pocket of NCR with the carbonyl group complexed to His172 (3.69-4.41 Å, Van der Waal 

interaction) and Asn175 (2.91-3.17 Å, H-bond). Hydride transfer occurs from the reduced flavin to 

the β-C of the ligands while the α-C is reported to be protonated by Tyr177. The EREDs readily ac-
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cepted (E)-1a, (E)-3a, and (Z)-1a as substrates, while (Z)-3a was not accepted at all. This can be at-

tributed to the different orientations of the substrates in the catalytic pocket (Figure 2). Substrates 

(E/Z)-1a and (E)-3a can adopt productive conformations with hydride addition and then protonation 

in a trans-fashion to the alkene (Figure 2a-c). However, for substrate (Z)-3a, docked conformations 

are not productive as they would require hydride delivery and subsequent protonation to occur 

from the same face of the alkene (Figure 2d).  

 

Figure 2. Docking studies of substrates (E/Z)-1a and 3a with NCR. (a) (E)-1a with NCR, giving product (R)-2a. (b) (Z)-1a 

with NCR, giving product (S)-2a. (c) (E)-3a with NCR, giving product (R)-4a. (d) (Z)-3a with NCR. No product was generated 

with this substrate as the hydride delivery and the protonation from Tyr177 cannot take place from opposite faces. 

In conclusion, a novel approach to enantioenriched sp3 fluorides has been developed, via the biore-

duction of α-fluoroenones and α-fluoroenoates. Notably, this provides access to a diverse array of 

functionalized chiral fluorinated compounds in good to excellent yields and stereoselectivities.  
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