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Abstract 

Functional-group translocation constitutes a powerful strategy in organic synthesis, allowing 

precise modification of molecular architectures and functional group positions. Nevertheless, 

methodologies capable of delivering precise stereocontrol during such migrations remain 

exceedingly scarce. Herein, we present a photoenzymatic strategy for cyano translocation that 

achieves precise stereocontrol. The use of stereo-complementary enzymes grants access to both 

enantiomers, while mechanistic studies and molecular dynamics simulations delineate the origin 

of stereoselectivity. This work expands the paradigm of transformations that can be rendered 

asymmetric by photoenzymatic catalysis and provides a new strategy to tackle persistent 

challenges in organic synthesis. 
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Introduction  

Functional groups (FGs) govern the properties and functions of organic molecules, making their 

introduction, removal, or rearrangement fundamental in organic chemistry.1-2 Functional-group 

translocation enables precise modulation of molecular architecture and FG positioning, with 

profound effects on biological activity and physicochemical properties, thereby expanding the 

chemical space for drug discovery and materials design.3 In recent years, significant progress has 

been made in the development of radical-mediated migratory processes for key functional groups 

(FGs), such as aryl, alkynyl, acyloxy, hydroxyl, and cyano groups (CN), in which chemoselectivity 

and regioselectivity are generally well controlled.4-11 Nevertheless, stereocontrol in these reactions 

has typically relied on chiral substrates, and the direct achievement of precise stereochemical 

control remains an unresolved challenge (Fig. 1a).12 

Biocatalysis has garnered significant attention in synthesis for its mild, environmentally friendly 

conditions and inherent stereocontrol.13-22 Recently, the incorporation of classical reactive 

intermediates into enzyme active sites has enabled the development of new-to-nature reactions, 

particularly those involving highly reactive intermediates such as carbenes and radicals 23-28, 

thereby broadening the synthetic potential of enzymatic catalysis. Flavin-dependent enzymes 

represent one of the most prevalent classes of enzymes in nature, orchestrating a broad spectrum 

of biological redox transformations.29 These enzymes facilitate processes including substrate 

dehydrogenation, monooxygenation, cyclization, and intricate radical-mediated reactions, thereby 

playing central roles in energy metabolism, signal transduction, and the biosynthesis of diverse 

natural products.30 Flavins exhibit exceptional versatility due to their ability to adopt multiple 

redox states, including oxidized, single-electron reduced, and two-electron reduced forms.31-37 

Recent developments have harnessed photoexcitation to enhance their redox capabilities, enabling 

radical-mediated coupling reactions with precise stereochemical control.38-47 Flavin-dependent 

photoenzymatic catalysis typically proceeds through radical addition  
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Fig. 1. A Photoenzymatic strategy for functional-group translocation reaction. a, Functional-

group translocation reaction. b, Previously reported flavin-dependent photoenzymatic reactions. 

c, Photoenzymatic stereoselective cyano translocation reaction. 
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to alkenes. 38-39 More recently, the reaction paradigm has been extended to radical additions to 

nitro compounds41 and oximes48, as well as radical-mediated 1,5-hydrogen atom transfer (1,5-HAT) 

reactions (Fig. 1b)49. Nevertheless, alternative pathways within this enzymatic class remain largely 

unexplored. 

We aimed to exploit flavin-dependent enzymes to catalyze stereoselective functional group 

translocation reactions. Alkyl nitriles are highly valuable synthetic intermediates, as they can be 

readily transformed into carboxylic acids, amines, and numerous other functional molecules. 50-52 

Consequently, the development of enantioenriched alkyl nitriles is of considerable significance in 

both academia and industry.  

In this work, we selected CN translocation as a representative transformation. Inspired by 

chemical precedents, our design involves the generation of a neutral alkyl radical within the 

enzyme active site, which enables addition to the C≡N bond followed by β-fragmentation of the 

resulting iminyl radical to effect CN migration7-9. The ensuing radical is subsequently quenched 

via enzyme-catalyzed stereoselective hydrogen atom transfer (HAT), thereby providing access to 

chiral alkyl nitriles with high stereocontrol (Fig. 1c). 

 

Results 

The excited state of flavin hydroquinone (FMNhq*) possesses a reduction potential of 

approximately -2.26 V vs SCE,53 which enables the reduction of alkyl iodides (Ered ≈ -2.19 V vs 

SCE).54 This redox compatibility prompted us to select 5-iodo-2-methyl-2-phenylpentanenitrile 1a 

as a model substrate to evaluate the feasibility of the CN translocation reaction. Initially, we 

screened a panel of flavin-dependent enzymes and found that several displayed measurable 

catalytic activities (Table 1). Among them, old yellow enzyme 1 from Saccharomyces cerevisiae 

(OYE1) catalyzed the formation of the product in 30% yield with 43:57 (S:R) stereoselectivity, 

whereas old yellow enzyme 3 from Saccharomyces cerevisiae (OYE3) afforded a 27% yield with 

45:55 e.r.. The optimal result was achieved with Caulobacter segnis arene reductase from 

Caulobacter segnis (CsER), providing the S-configured product in 69% yield and 98:2 e.r.. In 
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contrast, enoate reductase from Gluconobacter oxydans (GluER) afforded the opposite 

stereoisomer in 57% yield with 1:99 e.r.. Control experiments were then performed, as shown in 

Table 1, entry 5-8. No product was detected in the absence of the enzyme, GDH, or light, indicating 

that the transformation relies on the excited FMNhq. When the enzymes were replaced with FMN 

alone, only trace amounts of product were formed without stereoselectivity, highlighting the 

indispensable role of enzyme scaffold in orchestrating both reactivity and stereocontrol. While our 

manuscript was under revision, Yang reported a similar cyano migration reaction catalyzed by an 

NADPH-dependent imine reductase.55 

Table 1. Optimization for the photoenzymatic enantioselective CN translocation reaction 

 

Entry Enzyme Change from standard conditions Yield (%) e.r. (S:R) 

1 OYE1 none 30 43:57 

2 OYE3 none 27 45:55 

3 CsER none 69 98:2 

4 GluER none 57 1:99 

5 CsER no enzyme 0 - 

6 CsER no GDH <5 - 

7 CsER No Blue LEDs 0 - 

8 CsER FMN instead of enzyme trace - 

Reaction conditions: 1a (3 mM), Flavin-dependent enzyme (1 mol%), NADP+ (0.1 μmol), GDH (0.1 mg, about 

3 U), glucose (100 μmol), solvent (960 μL, 50 mM tris buffer, pH 8.0 and 40 μL DMSO), at room temperature 

with the irradiation Blue LEDs reaction for 12 h under N2 atmosphere; Yield and enantiomeric ratio (e.r.) were 

determined by GC. 

With the optimal reaction conditions in hand, we explored the substrate scope for this 

photoenzymatic CN translocation reaction. As shown in Fig. 2, substrates bearing either electron-

rich (S)-2b-2e or electron-deficient substituents (S)-2f-2g on the phenyl ring were tolerated, 

delivering products with good reactivity and stereoselectivity. The disubstituted aromatic substrate 

1e was also efficiently converted into (S)-2e in 53% yield with 90:10 e.r.. In addition to the benzyl-
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position methyl group, the ethyl-substituted substrate 1h was evaluated, which afforded the 

corresponding product (S)-2h in 65% yield with 97:3 e.r. Furthermore, substrates bearing larger 

alkyl groups at benzyl position (R = i-Pr (1i) and Cy (1j)) were not well tolerated. Sterically 

demanding naphthyl substrate 1k was accommodated in the reaction, affording product (S)-2k in 

24% yield with 98:2 e.r.. Compounds bearing heterocyclic substituents were well tolerated, 

affording the pyridine-substituted product (S)-2l in 65% yield with 99:1 e.r. and the thiophene-

substituted product (S)-2m in 63% yield with 97:3 e.r.. Benzyl-substituted substrates were further 

examined to expand the substrate scope. The dicyano-substituted benzyl derivative (1n) reacted 

with moderate yield and decreased stereoselectivity (Table S5). We further employed 1n as a 

substrate to screen and evolve flavin-dependent enzymes, and identified OYE3-Y196F as the 

improved mutant, affording (R)-2n in 70% yield and 85:15 e.r. (Table S6). We hypothesize that 

the reduced stereoselectivity of these substrates may result from accelerated radical quenching 

facilitated by electron-withdrawing cyano groups. Consistent with this hypothesis, introducing 

electron-donating groups on the phenyl ring enhanced stereoselectivity((R)-2o, (R)-2p and (R)-2q), 

whereas electron-withdrawing groups further diminished it ((R)-2t: 85% yield, 70:30 e.r.), 

underscoring the critical role of electronic effects in governing stereocontrol. Benzyl ester-

substituted substrate 1u also underwent the reaction, providing the desired products (R)-2u in good 

yields with moderate stereoselectivity. Finally, we examined the reversed-selectivity reactions 

catalyzed by GluER, identified in the initial screening, and found that its substrate scope was 

highly limited ((R)-2a: 57% yield, 1:99 e.r.; (R)-2f: 35% yield, 14:86 e.r.). Finally, the scaled-up 

reaction (0.1 mmol of 1d) was implemented, affording the corresponding product in 50% yield 

and 99:1 e.r.. 
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Fig. 2. Substrate scope of the photoenzymatic enantioselective CN translocation reaction. 

Reaction conditions: a, 1a-1m (3 mM), CsER (1 mol%), NADP+ (0.1 μmol), GDH (0.1 mg, about 3 U), glucose 

(100 μmol), solvent (960 μL, 50 mM tris buffer, pH 8.0 and 40 μL DMSO), at room temperature with the 

irradiation Blue LEDs reaction for 12 h under N2 atmosphere; b, 1a or 1f (3 mM), GluER (1 mol%), NADP+ 

(0.1 μmol), GDH (0.1 mg, about 3 U), glucose (100 μmol), solvent (960 μL, 50 mM tris buffer, pH 8.0 and 40 

μL DMSO), at room temperature with the irradiation Blue LEDs reaction for 12 h under N2 atmosphere; c, 1n-

1u (3 mM), OYE3-Y196F (1 mol%), NADP+ (0.1 μmol), GDH (0.1 mg, about 3 U), glucose (100 μmol), solvent 

(960 μL, 50 mM KPi buffer, pH 8.0 and 40 μL CH3CN), at room temperature with the irradiation Blue LEDs 

reaction for 12 h under N2 atmosphere; d, Isolated yield based on a 0.1-mmol reaction. Yield were determined 

by HPLC and enantiomeric ratio (e.r.) were determined by GC or HPLC. 

To gain insight into the mechanism of this transformation, we carried out a series of control 

experiments. Radical trapping experiments employing TEMPO significantly suppressed the 
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product yield (Fig. 3a) and enabled the detection of the corresponding TEMPO-substrate adduct 

(Sec. 5.2 in SI). This result suggests that the reaction proceeds via a radical pathway. Furthermore, 

the reaction maintained a yield of 32% even in the presence of TEMPO. This result likely stems 

from the generation of the alkyl radical intermediate within the confined enzyme pocket, where 

intramolecular CN trapping is more readily achieved than intermolecular quenching by TEMPO. 

UV–visible spectroscopy revealed that FMNhq alone exhibits no absorption in the visible region, 

whereas the addition of the substrate induces the formation of a distinct Electron Donor-Acceptor 

(EDA) complex, enhancing the system’s absorption under visible light (Fig. 3b). Experiments were 

conducted of alkene substrates (1w and 1v) with different carbon-chain lengths. As shown in Fig. 

3c, deiodinated products from direct hydrogen atom transfer (HAT) were detected, whereas no 

cyano migration products were observed (Section 5.5 in SI). To further probe the mechanistic basis 

of this observation, density functional theory (DFT) calculations were performed on cluster models 

composed of FMNsq and the corresponding deiodinated radical intermediates (Fig. S15-S17). The 

results reveal that the 1,4-cyano translocation pathway of 1a, proceeding via a five-membered 

cyclic radical intermediate, is energetically favored, in good agreement with the experimental 

observations. Isotopic labeling experiments were carried out to probe the reaction quenching 

pathway. No deuterium incorporation was observed in the product using a deuterated buffer. By 

contrast, in situ generation of deuterated flavin semiquinone (FMNsq) from deuterated glucose led 

to 56% deuterium incorporation (Fig. 3d), supporting that quenching occurs via FMNsq. 

To elucidate the origin of stereoselectivity in this new-to-nature enzymatic reaction at the 

molecular level, molecular dynamics (MD) simulations were conducted. As the final HAT process 

determined the stereoselectivity of products, we focused on the stage that the β-fragmentation of 

the iminyl radical has achieved, with the cofactor under the FMNsq state (Fig. 3e). The RMSD 

profiles of all binding components and the key distance between the HAT involved atoms, i.e. H5 

of FMNsq and C7 of 2a•, became converged within 200 ns. However, the dihedral formed by the 

coplanar C3, C8, and C7 of 2a• and the H5 of FMNsq (∠C3-C8-C7-H5), an indicator of the 

hydrogen atom incorporation via a re or si face, showed a highly biased distribution (Fig. S4 and 
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S5), which agrees well with the experimentally determined e.r values. The representative binding 

conformations demonstrated consistent binding features. The cyano group of 2a• anchored to a 

polar environment built mainly by the H173/H172 and N176/N175 sidechains in CsER/GluER in 

almost all cases. Relative to the pro-(R) binding form, the benzyl group of pro-(S) 2a• formed 

additional parallel π-π stacking interactions with Y66 (Fig. S8), providing extra binding stability. 

In binding with GluER, two π-π stacking interactions were observed for both the pro-(R) (with 

W66 and W342) and pro-(S) (with W66 and F269) 2a•. However, the distances of the pro-(S) 2a• 

involved π-π stacking are relatively longer than that of the pro-(R) 2a• (Fig. 3e and Fig. S10), 

indicating a decreased binding strength. For the dicyano-substituted inetermediate 2n•, a distinct 

binding feature was discovered in its binding with OYE3 (Y196F), i.e. the H5 atom is almost 

always coplanar with the radical plane of 2n• (defined by atoms C3, C7, and C8, Fig. S7), leading 

to a concentrated distribution of dihedral angles around 180 °  and –180 °  and a decreased 

conformational preference (Fig. S6). In comparison with the pro-(S) 2n•, the pro-(R) binding form 

is more favorable by forming a sandwich framework with Y82 and Y375 through π-π stacking 

interactions, resulting in a dihedral distribution which is in accordance with the stereoselectivity 

of OYE3 (Y196F) (Fig. S6 and S7). Notably, with the cyano group of 2a•/2n• stably anchored to 

the polar residues His and/or Asn through hydrogen bond interactions in all binding systems, the 

prochiral conversion can be primarily attributed to the rotation of the C7‒C8 bond. Together, MD 

simulations shed light on the mechanism of stereoselective cyano translocation. 
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Fig. 3. Mechanistic studies. a, Radical capture experiment. b, UV-visible spectroscopic analysis. 

c, 1,5-functional group migration. d, Deuterium incorporation experiments. e, Molecular dynamics 

(MD) simulations: Representative binding conformations of CsER/GluER and the intermediate 
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radical 2a• chosen based on k-means clustering analysis of the MD trajectories. The atoms defining 

the dihedral angle ∠C3-C8-C7-H5 were labeled. Key distances were indicated with cyan dotted 

lines. The π-π stacking interactions were indicated as pink dotted lines.  
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Discussion 

In summary, we report a flavin-dependent, photoenzymatic method for the stereoselective 

translocation of cyano groups. Previous studies have rarely addressed the stereocontrol of 

functional group translocation reactions. Here, we exploit the stereoselective HAT of FMNsq 

within the active site of flavin-dependent enzymes to achieve precise control over reaction 

selectivity. Moreover, computational studies provide insight into the origin of the observed 

stereoselectivity. This study not only establishes a new paradigm for photoenzymatic catalysis but 

also offers a solution to a remaining challenge in organic synthesis. 

Methods 

Flavin-dependent enzyme catalyzed cyano translocation reaction 

960 μL Enzyme solution (0.025- 0.03 μmol pure enzyme, 1 mol%, tris buffer, pH = 8.0) contain 

NADP+ (7 μL, 0.1 μmol, 15 mM stock in buffer, 3 mol%), GDH (100 μL, about 3 U, 30 U/mL 

stock in buffer), glucose (100 μmol, 33.3 equiv) was added to a 10 mL Schlenk tube containing a 

magnetic stir bar. 1 (3 μmol, 1.0 equiv) in DMSO (40 μL) was following added into the system. 

The mixture was then degassed by freeze-pump-thaw for three times under N2 atmosphere. The 

reaction was stirred for 12 h at room temperature. Then the reaction was extracted by ethyl acetate 

for three times (1 mL × 3). The enantioselectivity was determined by GC or HPLC. 

Data Availability 

Data relating to the materials and methods, experimental procedures, mechanistic studies and 

computational calculations, gas chromatography, high-performance liquid chromatography 

spectra and NMR spectra are available in the Supplementary Information and from the 

corresponding authors upon request.  
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Editor Summary: 

Functional-group translocation allows modification of molecular architectures and functional group 

positions, but methodologies capable of achieving precise stereocontrol during such migrations are limited. 

Here, the authors present a photoenzymatic strategy for cyano translocation that achieves precise 

stereocontrol. 
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