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ABSTRACT: Tertiary nitroalkanes and the corresponding α-tertiary amines represent important motifs in bioactive molecules and natural 
products. The C-alkylation of secondary nitroalkanes with electrophiles is a straightforward strategy for constructing tertiary nitroalkanes, 
however, controlling the stereoselectivity of this type of reaction remains challenging. Here we report a highly chemo- and stereoselective 
C-alkylation of nitroalkanes with alkyl halides catalyzed by an engineered flavin-dependent ‘ene’-reductase (ERED). Directed evolution of 
the old yellow enzyme from Geobacillus kaustophilus provided a triple mutant, GkOYE-G7, capable of synthesizing tertiary nitroalkanes 
with high yield and enantioselectivity. Mechanistic studies indicate that the excitation of an enzyme-templated charge-transfer complex 
formed between the substrates and cofactor is responsible for radical initiation. Moreover, a single-enzyme two-mechanism cascade reaction 
was developed to prepare tertiary nitroalkanes from simple nitroalkenes, highlighting the potential to use one enzyme for two mechanistically 
distinct reactions.  
 

α-Tertiary amines are an important motif in pharmaceuticals 
and natural products (Figure 1A).1 While there are countless 
methods for preparing this motif as a racemate, there are rela-
tively few catalytic asymmetric strategies.2 Tertiary nitroal-
kanes can be easily converted to the corresponding amines 
through nitro group reduction. Consequently, methods for pre-
paring tertiary nitroalkanes stereoselectively are highly attrac-
tive, but underdeveloped, typically involving transition metal-
catalyzed allylic alkylation or organocatalytic Michael addi-
tions and Aza-Henry reactions.3  

One potential strategy to construct fully substituted nitroal-
kanes is the C-alkylation of secondary nitronates with alkyl hal-
ides, however, these reactions are complicated by competing O-
alkylation to form carbonyl side products.4 Single-electron 
transfer (SET) mechanism with specific electron-deficient elec-
trophiles has been explored to favor C-alkylation.5 Watson and 
co-workers demonstrated a series of general and convenient 
transition metal-catalyzed (Cu or Ni) C-alkylation of nitronates 
with simple alkyl halide electrophiles via a radical mechanism.6 
Later, the Nickel-catalyzed C-alkylation of primary nitronates 
was rendered asymmetric by the same group, providing enanti-
oenriched secondary nitroalkanes.7 However, the catalytic 
asymmetric construction of tertiary nitroalkanes via C-alkyla-
tion of nitronates with alkyl halides has not yet been reported.  

We question whether an enzyme could catalyze asymmetric 
C-alkylation of nitronates to form tertiary nitroalkanes. The 
high selectivity and evolvability associated with enzyme catal-
ysis make them attractive platforms for this challenge.8 While 
various biocatalytic methods use nitronates as nucleophiles in 
conjugate addition or Henry reaction, none can build chiral ter-
tiary nitroalkanes.9 Notably, natural enzymes do not catalyze 
the C-alkylation of nitroalkanes with alkyl halides, we envi-
sioned a non-natural catalytic mechanism is required to address 
this challenge. Recently, we reported that flavin-dependent 
‘ene’-reductases (EREDs) can catalyze asymmetric cross-elec-
trophile coupling (XEC) between alkyl halides and nitroal-
kanes.10 This reaction involved the formation of an alkyl radical 
reacting with the nitronate to form a nitro radical anion. En-
zyme-mediated mesolytic cleavage forms a tertiary radical that 
could be stereoselectively quenched via hydrogen atom transfer 

(HAT).10 We envisioned the identification and evolution of an 
enzyme that could favor oxidation of the nitro radical anion to 
synthesize tertiary nitroalkanes (Figure 1B). Photoinduced re-
duction of the alkyl halide 1 gives an alkyl radical 4 that can 
add to an in situ-generated nitronate 5 to forge a new C–C bond 
and a nitro radical anion 6, which can be terminated through 
single-electron oxidation to afford the C-alkylated nitroalkane 
3 (Figure 1B). The stereodetermining step of this reaction 
would be C–C bond formation. In our previous studies explor-
ing the coupling of alkenes with alkyl halides, stereocenters 
formed during C–C bond formation were challenging to con-
trol, possibly due to the need for precise substrate orientation 
prior to radical formation.11 We hypothesized that the nitronate 
could hydrogen bond to the protein scaffold to help favor one 
binding orientation (Figure 1B). 

We initiated our investigation by exploring the coupling of 
2-nitropropylbenzene 2a with α-chloroamide 1a catalyzed by a 
series of EREDs under cyan LEDs irradiation (λmax = 497 nm) 
(Figure 1C and SI Table 1). To our delight, many EREDs can 
catalyze the designed reaction and provide the desired tertiary 
nitroalkane product 3a, with no denitration product observed 
(SI Table 1). While most of the tested EREDs afforded racemic 
product, the thermostable old yellow enzyme from Geobacillus 
kaustophilus (GkOYE) afforded product as a 78:22 enantio-
meric ratio (er) favoring the (R)-enantiomer in 56% yield under 
the optimized reaction conditions (Figure 1C and SI Table 2).12 
Control experiments confirmed that ERED and cyan light are 
crucial for the desired reactivity (Figure 1C).  
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Figure. 1. Photoenzymatic asymmetric C-alkylation of nitroal-
kanes. a Standard condition: 1a (10 μmol, 1 equiv), 2a (20 μmol, 2 
equiv), GkOYE (1 mol%) in Tricine buffer (100 mM, pH 9.0), 10% 
DMSO, cyan LED, rt, 24 h. b Yield determined via LCMS relative 
to an internal standard 1,3,5-tribromobenzene. c er (R:S) determined 
by HPLC on a chiral stationary phase. d not determined. 
 

Next, wild-type GkOYE was subjected to iterative satura-
tion mutagenesis (ISM), targeting residues that line the active 
site of GkOYE (SI Figure 1).12,13 For each round of ISM, en-
zyme libraries were expressed using Escherichia coli cells and 
screened in 96-well plates in the form of cell-free extracts (SI 
Figure 2-4). After three rounds of protein engineering, a triple 
mutant (D73C/A104H/Y264W, namely GkOYE-G7) was 
found that delivered product with excellent yield and enantiose-
lectivity (96% yield, 96:4 er) with 0.5 mol% of biocatalyst load-
ing (Figure 2). Notably, this reaction can be run on a preparative 
1.0 mmol scale and provide 3a in 78% isolated yield (196 mg) 
with no decrease in stereoselectivity. 

 

 
Figure 2. Protein engineering. The crystal structure of wild-type 
GkOYE (PDB: 3GR8) with three beneficial mutations is shown. 

With the engineered GkOYE-G7 in hand, we explored the 
scope and limitations of the reaction. A variety of α-benzyl ni-
troalkanes are well accepted as C-alkylation acceptors with α-
chloroamide 1a. α-Benzyl nitroalkanes possessing electron-do-
nating or electron-withdrawing substituents at the ortho, meta, 
and para positions were efficiently converted to the desired en-
antioenriched β-stereogenic tetrasubstituted nitroamides (7–16) 
in yields of 56–98% with high levels of enantioselectivity 
(>93:7 er, Figure 3). Furthermore, GkOYE-G7 also accommo-
dates the larger α-naphthalenylmethyl substituted nitroalkane, 
providing the corresponding product 17 (60% yield, 93:7 er,). 
However, this engineered enzyme was limited to small alkyl 
substituents at the α-position, with larger ethyl and propyl 
groups affording product affording product in low yield (19, 
19% yield, 92:8 er) (Figure 3 and SI Figure 7). Importantly, 
GkOYE-G7 could accept a variety of heterocycles, including 
the electron-deficient pyridine, pyrazine, and electron-rich thi-
ophene, affording the respective heterocycle-substituted ni-
troamides (20–26) in high yields and enantioselectivities (91–
98% yield, up to 95:5 er). Moreover, both linear and cyclic ali-
phatic nitroalkanes can be tolerated by the engineered enzyme, 
giving the fully substituted nitroamide products (27–31) in 
yields of 22–96% with modest enantioselectivities (up to 88:12 
er). Note that most of these enzymatic reactions can be run at 
0.1 mmol preparative scale, highlighting the synthetic utility of 
this method. 

Tertiary amides, including Weinreb amide, α,α-difluoroam-
ide, and pyrrolidine amide are accepted by GkOYE-G7 in the 
reaction, providing the corresponding products (32–34) in mod-
erate yields and enantioselectivities (33–54% yields, up to 91:9 
er). However, secondary amides or larger tertiary amides af-
forded products with lower yield and enantioselectivity (SI Fig-
ure 7). Beyond amide substrates, α-halo ketones can also be ac-
cepted to form a racemic β-nitroketone product 35 (70% yield), 
but α-halo esters or sulfones were poorly reactive with GkOYE-
G7 (Figure 3 and SI Figure 7). Pleasingly, we found an alterna-
tive ERED from Caulobacter segnis (CsER) which accommo-
dates an α-bromoester and α-bromosulfone as alkylating agents, 
giving β-nitroester 36 and β-nitro sulfone 37, respectively (Fig-
ure 3 and SI Figure 7). Although wild-type CsER cannot control 
the enantioselectivity of this reaction, protein engineering could 
be applied to improve the stereoselectivity. 
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Figure. 3. Substrate scope. a Analytical yields of 10 μmol-scale reaction. b Isolated yields of 0.10 mmol-scale reaction. c CsER (0.75 mol%) 
and α-bromo ester or sulfone were used.  
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Figure 4. Enzyme-controlled reactivity. Reaction conditions: nitroalkane (10 μmol, 1 equiv), 1a (20 μmol, 2 equiv), GDH-105 (0.6 mg), 
NADP+ (0.1 μmol, 1 mol%), glucose (50 μmol) and ‘ene’-reductases (0.1 μmol, 1 mol%) in Tricine buffer (100 mM, pH 9.0), 10% DMSO, 
cyan LED, rt, 24 h. 
 

One of the most appealing features of biocatalysts is their 
excellent specificity, especially for those highly evolved biocat-
alysts.14 We recently demonstrated that CsER can efficiently 
catalyze the reductive XEC between 1a and α-aryl nitroalkanes 
38 to provide β-stereogenic amides 39b-43b as the major prod-
ucts in high yields and enantioselectivities (82–93% yield, up to 
99:1 er), only a minimal amount of C-alkylated products 39a-
43a were observed (b/a > 27:1, Figure 4).10 Remarkably, when 
the engineered GkOYE-G7 was used under identical reaction 
conditions, the product selectivity is reversed, forming the C-
alkylated nitroalkanes 39a-43a as the major products (65–92%, 
up to 99:1 er) and negligible formation of the XEC products 
39b-43b (a/b > 25:1, Figure 4). Note that the NADPH turnover 
system (NADP+/GDH/glucose) is not required for the GkOYE-
G7-catalyzed redox-neutral C-alkylation of nitroalkanes (SI 
page 49–53), nevertheless, it was supplied to enable direct com-
parison. As such, two highly specific EREDs with controllable 
reactivities were developed. While CsER is efficient for cata-
lyzing XEC, GkOYE-G7 is superior for catalyzing C-alkylation 
of nitroalkanes, demonstrating the unparallel chemoselectivity 
of biocatalysts that could be difficult to achieve using small 
molecule catalysts.  

EREDs are known to be capable of reducing nitroalkenes to 
nitroalkanes.15 We envisioned a single engineered ERED with 
natural catalytic activity via hydride-transfer mechanism and 
non-natural catalytic activity via photoredox radical mechanism 
that could streamline the biocatalytic synthesis of tertiary ni-
troalkanes (Figure 5A). When nitroalkenes 44, 1a, and an 
NADPH turnover system were subjected to the reaction using 
GkOYE-G7 as the biocatalyst, we observed full conversion of 
nitroalkenes 44 and the desired tertiary nitroalkane products 
with high levels of yield and stereoselectivity (86–96% yield, 
up to 96:4 er, Figure 5A). Notably, broad substrate scope was 
observed for this single-enzyme two-mechanism cascade reac-
tion, demonstrating the catalytic promiscuity and synthetic ca-
pability of EREDs. Finally, the enantioenriched tertiary nitroal-
kane 3a can be readily reduced to the corresponding α-tertiary 
amine 45 in 65% yield without any erosion of stereoselectivity 
(96:4 er, Figure 5B). 
 

 
Figure 5. Enzymatic cascade reaction and product derivatization. a 

Same condition as in Figure 4 with 0.5 mol% of GkOYE-G7. 

Mechanistic experiments were conducted to elucidate the 
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FMNhq and FMNsq monitored by ultraviolet-visible (UV-Vis) 
spectroscopy (Figure 6A). When the photoreduced GkOYE-G7 
protein was subjected to the model substrates 1a and 2a in the 
absence of light, no product 3a was observed, indicating neither 
the ground-state FMNsq nor ground-state FMNhq was responsi-
ble for radical initiation (Figure 6A and SI Figure 8-9). Addi-
tionally, reactions with 200-fold excess of reductant (NADPH 
or sodium dithionite with respect to enzyme) under dark condi-
tions were performed, and neither reaction provided any prod-
uct 3a, confirming ground-state FMNhq is not responsible for 

GkOYE-G7 (1 mol%)

NADP+/GDH/glucose

Cyan LED

CsER (1 mol%)

NADP+/GDH/glucose

Cyan LED

NO2Me

Me2N

O

X

39a-43a 39b-43b

Me2N

O

X

Me

39a     X = H

65% yield, 96:4 er

a:b > 50:1

40a    X = 3-Me

92% yield, 96:4 er

a:b > 50:1

39b     X = H

92% yield, 95:5 er

b:a = 48:1

40b    X = 3-Me

84% yield, 97:3 er

b:a > 50:1

GkOYE-G7

CsER

41a     X = 3-OMe

69% yield, 98:2 er

a:b = 26:1

42a     X = 4-Me

80% yield, 99:1 er

a:b > 50:1

43a     X = 4-Br

90% yield, 99:1 er

a:b = 25:1

41b     X = 3-OMe

82% yield, 99:1 er

b:a = 45:1

42b     X = 4-Me

90% yield, 97:3 er

b:a = 27:1

43b     X = 4-Br

93% yield, 97:3 er

b:a > 50:1

O

Me2N
Cl

Me

O2N+
X

1a 38a-e

C-alkylation of Nitroalkanes

Cross-Electrophile Coupling

NO2Me

Me2N

O NH2Me

Me2N

OIn powder/HCl (1 M)

EtOH/H2O, rt, 16 h
3a

96:4 er

45
65% yield, 96:4 er

B   Product Derivatization

A   Enzymatic Cascade Reactiona

Me

O2N
R

GkOYE-G7 + 1a
Cyan LED

Me

O2N
+

GkOYE-G7 (0.5 mol%)
NADP+/GDH/Glucose

Tricine (100 mM, pH 9.0)
10% DMSO, rt, 24 h

Cyan LED

NO2Me

Me2N

O
R R

Me2N

O

Cl

1a44 3a, 9, 14, 20, 22, 23

GkOYE-G7

Turnover system

Non-natural reactivityNatural reactivity

X = 3-OMe 86% yield, 94:6 er

X = 4-Cl 95% yield, 95:5 er

9

14

X

X = H 96% yield, 96:4 er3a

R =

N

R =

X = OMe 87% yield, 94:6 er

X = Br 96% yield, 95:5 er

22

23

X = H 86% yield, 92:8 er20

X



 

 

5 

reduction (SI Table 4).17 Moreover, when a 455 nm longpass 
filter (blocking light with wavelengths less than 455 nm) was 
added to the model reaction excited by cyan light, comparable 
yield and enantioselectivity were observed to those of the stand-
ard conditions, suggesting that direct excitation of the cofactor 
FMNhq is not responsible for reduction (SI Table 4).18  

Having ruled out ground-state FMNsq, ground-state, or ex-
cited-state FMNhq as a reductant, we hypothesized that an en-
zyme-templated charge-transfer (CT) complex was responsible 
for reducing α-chloroamide 1a over the thermodynamically fa-
vored nitroalkane 2a.10,11,19 To probe this possibility, when fla-
vin mononucleotide (FMN) in GkOYE-G7 was fully reduced to 
FMNhq with sodium dithionite, a diagnostic FMNhq spectrum 
with minimal absorption longer than 460 nm was observed 
(Figure 6B). Upon the addition of chloroamide 1a, a new broad 
absorption band (450–470 nm) was observed, suggesting the 
formation of a CT complex between the FMNhq and 1a (Figure 
6B). Interestingly, when nitrone 46, a mimic of nitronate 5, was 
added to the mixture, a further enhanced broadband was ob-
served, indicating a possible quaternary CT complex (Figure 
6B). We suggest that the formation of a high-order CT complex 
in the active site not only facilitates the photoinduced initial 
electron transfer from FMNhq to 1a, but also the following ad-
dition of the resulting radical 4 to nitronate 5 to give the nitro 
radical anion 6, which FMNsq can oxidize to provide the desired 
tertiary nitroalkane product 3a and regenerating FMNhq (Figure 
1B).  

 
Figure 6. Mechanistic experiments.  

In summary, we have established an unprecedented photo-
enzymatic asymmetric C-alkylation of nitroalkanes to access 
difficult tertiary nitroalkanes. This reaction is enabled by an en-
gineered ERED (GkOYE-G7), featuring an enantioconvergent 
Csp3–Csp3 bond-forming step to construct tetrasubstituted ste-
reogenic centers. While the evolved GkOYE-G7 showed high 
specification for catalyzing C-alkylation of nitroalkanes rather 
than XEC, it retains the natural reductive reactivity, enabling a 
unique one-enzyme two-mechanism cascade to synthesize chi-
ral tertiary nitroalkanes from readily available nitroalkenes. By 

harnessing the power of directed evolution to optimize the cat-
alytic promiscuity of EREDs, our work addresses long-standing 
challenges in transition metal-catalyzed asymmetric C-alkyla-
tion of nitroalkanes, thus expanding the boundary of biocataly-
sis. 
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