
Communication
How to cite: Angew. Chem. Int. Ed. 2025, e202423403

doi.org/10.1002/anie.202423403Radical Biocatalysis

Biocatalytic Olefin Difunctionalization for Synthesis of Chiral
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Abstract: Alkene difunctionalization represents an
important category of reactions in organic synthesis,
with a diverse array of transformations developed over
the past decades for various synthetic applications.
Nevertheless, the scope and diversity of biocatalytic
alkene difunctionalization have been limited,
constraining its synthetic utility. In this study, we
repurposed nonheme iron enzymes to generate iron
nitrene intermediates for alkene difunctionalization.
4-hydroxymandelate synthase from Amycolatopsis
orientalis (AoHMS) was successfully engineered for
direct alkene aminoazidation to produce chiral 2-
azidoamines. Directed evolution was performed on
AoHMS to provide evolved variants that could utilize
O-pivaloylhydroxylamine triflic acid as the nitrene
precursor and produced various primary aminoazidation
products with up to 44% yield, 44 total turnover
number (TTN), and 98.5:1.5 enantiomeric ratio (e.r.).
Mechanistic studies indicated that this new biocatalytic
transformation proceeds through a stepwise radical
addition and azide recombination pathway. This work
expands the catalytic toolbox of metalloenzymes
and opens up new opportunities for biosynthesis
by introducing nonnatural olefin difunctionalization
reactions into biocatalysis.

A lkene difunctionalization represents an important class of
transformations in contemporary organic synthesis. These
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reactions involve the addition of two functionalities to
carbon–carbon double bonds, offering a direct and adaptable
approach to creating molecular complexity using readily
available alkene starting materials. Over the past decades,
there has been significant development of synthetic methods
across various domains of chemical catalysis to facilitate these
transformations.[1–9] These advances not only impact chemical
synthesis from the laboratory to industrial scale but also give
rise to new concepts for molecular functionalization and push
the frontiers of organic synthesis.

In sharp contrast to the rapid progress and large diversity
of alkene difunctionalization methods in synthetic chemistry,
there are far fewer biological approaches to achieve this
reaction.[10] Most biological approaches for olefin difunc-
tionalization rely on a multienzymatic strategy, wherein
alkenes are initially transformed into intermediate prod-
ucts, such as epoxides, and subsequently elaborated with
additional enzymatic steps to yield difunctionalized products
(Figure 1a).[10,11] There are few biocatalytic transformations
that can directly convert alkenes to their difunctional-
ized products, such as alkene dihydroxylation catalyzed
by Rieske dioxygenases,[12] halohydroxylation catalyzed
by vanadium-dependent haloperoxidases (VHPOs),[13] and
halocyclization catalyzed by VHPOs and flavin-dependent
halogenases (FDHs) (Figure 1a).[13,14] Recently, the devel-
opment of enzymes for nonnatural transformations has
introduced novel biocatalytic pathways for olefin difunc-
tionalization. These innovations include alkene carboazida-
tion catalyzed by a dirhodium-containing streptavidin-based
artificial metalloenzyme,[15] alkene amino hydroxylation cat-
alyzed by heme proteins,[16] alkene trifluoromethyl azidation
catalyzed by nonheme iron enzymes,[17,18] photocatalytic
alkene carbo-oxygenation catalyzed by ene-reductases,[19,20]

atom transfer radical cyclization catalyzed by engineered
cytochrome P450s,[21] and photocatalytic alkene difunction-
alization to afford enantioenriched ketones via thiamine-
dependent enzymes.[22] Despite this progress, in comparison
to synthetic alkene difunctionalization reactions, biocatalysis
still lags in terms of reaction diversity, with many synthetically
important olefin difunctionalization reactions inaccessible to
biocatalysis.

We envision that nonheme iron enzymes hold immense
potential for establishing versatile catalytic platforms for
alkene difunctionalization. Among all metalloproteins, non-
heme iron enzymes are particularly well-suited for incorpo-
rating new synthetic reaction pathways into biocatalysis for
two main reasons: First, they exhibit broad structural and
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Figure 1. Conceptualization of nonnatural olefin difunctionalization catalyzed by nonheme iron enzymes. a) Representative examples of natural
multienzymatic strategies[19,20] and single-enzyme strategies[22–25,27] for olefin difunctionalization. VHPO stands for vanadium-dependent
haloperoxidase. FDH stands for flavin-dependent halogenase. b) Comparison of natural activities of heme-dependent enzymes and nonheme iron
enzymes. The multiple open coordination sites of nonheme iron enzymes allows for more reaction modes other than C–H hydroxylation such as
C–H halogenation and azidation. c) Leveraging nonheme iron enzymes for new-to-nature olefin difunctionalization reactions.

functional diversity with greater operational simplicity com-
pared to many other metalloenzymes involved in molecular
functionalization.[23,24] Secondly, in contrast to heme-protein-
based biocatalysts, nonheme iron enzymes possess diverse
metal binding configurations and high coordination flexibility
of the metal center.[25–27] These attributes enable nonheme
iron enzymes catalyze reactions that are inherently inacces-
sible to single-site heme-protein catalysts, such as redirecting
the oxygen rebound mechanism of iron-oxo complexes for
carbon–heteroatom bond formation (Figure 1b).[28,29] These
features also enable the incorporation of a broad range of
nonnative reaction modes into biocatalysis, including radical-
relay C–H functionalization,[30–32] Lewis acid catalysis,[33–36]

metallophotoredox decarboxylative functionalization,[37,38]

metal-hydride-mediated reduction and hydration,[39,40] iron–
nitrene catalysis,[41–44] and redox activation of iodine(III)
reagents for radical transformations.[17,18]

In this study, we aim to harness the remarkable tun-
ability of nonheme iron enzymes to introduce new alkene
difunctionalization reactions into biocatalysis. Specifically, our

objective is to reprogram natural nonheme iron enzymes
to generate iron–nitrene intermediates for alkene aminoazi-
dation (Figure 1c). This transformation holds significant
importance in organic synthesis as it offers an efficient way to
access a diverse range of molecules featuring vicinal diamino
functionalities, which are crucial structural motifs in numer-
ous bioactive compounds.[45,46] Our design for this reaction
draws inspiration from three recent developments in both
chemocatalysis and biocatalysis. First, prior works in synthetic
catalysis have illustrated that iron-based synthetic catalysts
can produce nitrene intermediates for alkene difunctionaliza-
tion through a stepwise radical addition and recombination
pathway.[47–50] Secondly, nonheme iron enzymes have recently
been shown to form iron–nitrene intermediates within their
active sites.[41–44] These studies, coupled with the established
capacity of nonheme iron enzymes for radical group transfer
reactions,[17,30–32,37,38,51–53] provide support for the feasibility of
this new-to-nature enzymatic transformation. If successfully
developed, this reaction would not only expand the scope
of biocatalytic nitrene transfer reactions but also offer a
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Figure 2. Optimization of AoHMS via directed evolution. a) Active site residues selected for site-saturation mutagenesis (SSM) and screening. The
figure was generated using PyMOL based on the crystal structure of wild-type AoHMS (PDB: 2R5V). Residues with beneficial mutations identified are
depicted as green spheres in the upper figure and further illustrated as green sticks in the lower figure. Residues subjected to SSM but without
identified beneficial mutations are represented as cyan spheres in the upper figure. For further details, refer to Table S3. b) Representative variants
identified during the directed evolution of AoHMS. Experimental details see Table S4. The determination of the product absolute configuration is
detailed in the section VII of the Supporting Information.

genetically tunable and sustainable alternative to chemical
methods for alkene difunctionalization.

With this mechanistic analysis in hand, we initiated
our investigation by evaluating a range of nonheme iron
enzymes for their performance in a model aminoazidation
reaction with p-methoxystyrene as the substrate and O-
pivaloylhydroxylamine triflic acid (PONT) as the nitrene
precursor (Figure 2 and Table S1). Our initial screening
was conducted using cell lysates, and enzymes displaying
promising initial activity were subsequently subjected to
further assessment in purified protein form. Through these
experiments, we found that the 4-hydroxymandelate synthase
from Amycolatopsis orientalis (AoHMS) could yield the
desired aminoazidation product with 1.8% yield and 62:38
enantiomeric ratio (e.r.). To validate this initial activity,
we conducted a series of control experiments (Table S2).
Removing the enzyme catalyst from the reaction decreased
the product yield to 0.5%. Furthermore, mutating the two
iron-binding histidines to alanines reduced the yield to
0.7% and the enantioselectivity to 48:52 e.r. These findings
collectively indicate that the observed enantioselective trans-
formation is mediated by the iron center in the active site of
AoHMS.

We next aimed to enhance the catalytic performance of
AoHMS in this nonnatural transformation through directed
evolution (Figure 2). HMS naturally catalyzes the C–H
hydroxylation of 4-hydroxyphenylpyruvate (HPP) to produce
4-hydroxymandalate (HMA) during the biosynthesis of non-
proteinogenic macrocyclic peptide antibiotics.[54] The native
substrate, HPP, binds to the iron center of HMS via bidentate
coordination. This binding arrangement is stabilized by an
intricate hydrogen-bonding network involving residues Q305,
S201, T214, G331, and an active-site water molecule (see the

mechanistic section for detailed discussion). Additionally, a
hydrophobic pocket formed by residues F330, Y339, I335,
F188, and I216 accommodates the phenol moiety of HPP.[55]

We hypothesized that these active site components that
promote the native reaction of AoHMS would need to be
reconfigured to enhance the aminoazidation. In this regard,
we conducted sequential site-saturation mutagenesis (SSM)
and screening on these nine residues as well as additional
residues located nearby (Table S3). The first beneficial
mutation identified was Q305H, which increased the yield
from 5% to 20% and improved the enantioselectivity from
67:33 e.r. to 75.5:24.5 e.r. Incorporation of the T214L mutation
further enhanced the e.r. to 84:16, albeit with a decrease in
yield to 6%. In subsequent rounds, the addition of F330T
and L303A doubled the yield to 11%, and the V203C
mutation led to another twofold increase, reaching a yield
of 26%. During this stage, enantioselectivity improved only
marginally, from 84:16 to 87:13 e.r. A major improvement was
achieved with the I335W mutation, which enhanced both the
yield (to 49%) and the enantioselectivity (to 94:6 e.r.). Finally,
introducing the G331W mutation yielded the final variant
AoHMS T214L/V203C/L303A/Q305H/F330T/G331W/I335W
(referred to as AoHMSAmAz), which delivered the model
aminoazidation product in 44% yield, 44 total turnover
number (TTN) and 95.5:4.5 e.r. (Figure 2b and Tables
S3–S5). Notably, the reaction proceeded very rapidly, with
the time-course data showing that product formation reached
saturation within the first minute (Table S6).

With AoHMSAmAz in hand, we proceeded to explore the
substrate scope of this enzymatic transformation (Figure 3a).
The reaction exhibited versatility with respect to a range of
aromatic substitution patterns of styrene, and it tolerated
common functional groups such as halogens, nitro, and
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a)

b)

Figure 3. Substrate scope and preparative synthesis. a) Substrate scope test. Experiments were performed with purified AoHMSAmAz with procedures
detailed in section (H) of the Supporting Information. The concentrations of each reaction component are 50 µM enzyme, 125 µM Fe2+, 5 mM
substrate, 50 mM NaN3, 10 mM ascorbic acid, and 5 mM PONT. Reactions were carried out at room temperature for 1.5 h. aReaction was performed
with 100 µM enzyme (2 mol% catalyst loading). b) Preparative synthesis. Detailed conditions see section VIII of the Supporting Information.

methoxy groups. High enantioselectivity was achieved for
substrates bearing diverse para- and meta-substituents, with
all enantioselectivities exceeding 95:5 e.r. Substrates with
ortho-substituents displayed slightly lower enantioselectivity,
ranging from 88.5:11.5 e.r. to 92.5:7.5 e.r. The method was
also suitable for 1,1-disubstituted alkene substrates, albeit
with reduced enantioselectivity. These results indicate that the
reaction is sensitive to the steric environment surrounding
the alkene reaction center. It is also worth noting that
unactivated olefins and α,β-unsaturated esters are not active
substrates in this biocatalytic transformation (Figure S1). We
next evaluated the utility of our reaction for preparative-

scale synthesis. To achieve this, we further optimized the
reaction in cell lysate (Tables S7) to bypass the laborious
steps of protein purification and enhanced the operational
simplicity of this transformation. With the optimized protocol,
we successfully obtained a Boc-protected aminoazidation
product on a 75 mg scale with 96:4 e.r. and 51% yield
over two steps (Figure 3b). Leveraging both the azide
and amine groups as reaction handles, we converted this
product into various difunctionalized chiral compounds using
well-established methods, including copper-catalyzed azide–
alkyne cycloaddition and azide reduction (section VIII of the
Supporting Information and Figure 3b). This demonstration
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Figure 4.Mechanistic studies. a) TEMPO trapping experiment. b) Radical clock studies. c) Reaction energy barriers obtained from DFT calculations
employing a truncated active-site model. d) Key active-site residues of wild-type AoHMS and cavity analysis. The analysis was performed with the
crystal structure of wild-type AoHMS (PDB: 2R5V). e) Active-site analysis of AoHMSAmAz with p-methoxystryrene bound, based on a representative
snapshot from MD simulations. f) Most favorable binding mode of p-methoxystyrene in the active site of AoHMSAmAz characterized from MD
simulations, which corresponds to a pro-S near-attack conformation. (energies in kcal mol-1, distances in Å, and angles in degrees, see section XI of
the Supporting Information for details of computational studies).

underscored the potential of our biocatalytic platform to
generate molecular complexity from simple starting materials.

We conducted a series of experiments to gain a deeper
understanding of the mechanistic aspects of this enzymatic
reaction. The addition of TEMPO to the reaction led to
a two-fold decrease in the reaction yield. This observation
aligns with prior reports on aminoazidation reactions cat-
alyzed by iron triflate and suggests a radical mechanism
(Figure 4a).[50] To further investigate the radical nature of the
transformation, we utilized two radical clock substrates with
differing rates of ring-opening rearrangement (Figure 4b).
Our findings revealed that the radical clock with a slow ring-
opening rate exclusively produced the unrearranged product,
while the ultrafast radical clock solely generated the ring-
opening product. These results provide additional evidence
for a stepwise mechanism and rule out the formation of an

aziridine intermediate. However, we could not discount the
involvement of a cationic intermediate formed via a further
oxidation of the carbon-centered radical generated after the
initial nitrene addition to the alkene substrate.

We subsequently conducted density functional theory
(DFT) calculations to investigate the mechanism of this
reaction (Figure 4c). We used a truncated model where
iron was coordinated with two imidazoles and an acetate to
examine the intrinsic reaction barriers within a 2-histidine-1-
carboxylate iron coordination environment, excluding effects
from other protein residues. This model revealed that the
lowest-energy spin state for the iron–nitrene intermediate is
a quintet, aligning with prior experimental and computational
studies of iron–nitrene intermediates.[56–59] We next explored
the radical addition of nitrene to alkene substrate 1 using
the quintet iron–nitrene complex. Our findings revealed that
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the alkene can approach the iron–nitrene intermediate in two
major conformations (Figure S2), which primarily differ in
the relative position of the alkene to the iron-bound azide. In
the proximal conformation (TS1-proximal, Figures 4c and S2),
the alkene addition positions the generated carbon-centered
radical close to the iron-bound azide, facilitating azide
transfer. In contrast, the distal conformation places the alkene
further from the iron-bound azide (TS1-distal, Figure S2),
causing the generated carbon-centered radical to recombine
with the nitrene nitrogen, yielding the aziridination product.
Intriguingly, the distal conformation has a lower intrinsic
barrier for alkene nitrene addition (3.9 kcal mol−1, TS1-distal,
Figure S2) compared to the proximal addition (7.9 kcal mol−1,
TS1-proximal, Figures 4c and S2). These results suggest the
critical role of the enzyme active site in properly orienting
the substrate and the covalently linked radical intermediate
to favor the azide transfer pathway (Figure 4c and S2) over
the lower-energy radical cyclization pathway (Figure S2). We
next studied the radical azide transfer step and obtained an
energy barrier of 8.4 kcal mol−1. Due to steric constraints
imposed by the covalent linkage between the substrate radical
and the iron center, the radical recombines with the iron-
bound nitrogen of the azide rather than the terminal nitrogen,
contrasting with the radical-relay C–H azidation previously
reported by our group.[37] Additionally, we analyzed the
energy profile for this reaction using a protonated iron–
nitrene intermediate and obtained similar energy barriers
for all steps (Figure S3). While determining the protonation
state of the iron–nitrene intermediate when formed in the
enzymatic framework remains challenging, our calculations
support a comparable stepwise radical reaction mechanism in
both scenarios.

To further investigate how the introduced mutations
impact the reaction, we performed molecular dynamics (MD)
simulations. Figure 4d highlights key active-site residues of
wild-type AoHMS based on its crystal structure. V203, T214,
I335, and F330 form the substrate-binding pocket. T214 also
forms a hydrogen bond with the hydroxyl group of the
product, 4-hydroxymandelate, suggesting its potential role
in facilitating the native hydroxylation reaction. Q305 is
involved in a hydrogen-bonding network that includes the
iron-coordinating residue E320, the substrate HPP/product
4-hydroxymandelate, N334 in the C-terminal α-helix, and a
key active-site water molecule. This water plays a critical role
in the native HMS reaction by forming multiple hydrogen
bonds, particularly with G331, a conserved residue among
HMS homologs that regulates the dynamics of the C-terminal
α-helix and influences HMS catalysis.[55,60] In contrast, these
native active-site features are largely disrupted in the evolved
variant AoHMSAmAz for aminoazidation (Figures 4e and
Figure S4S). The mutations V203C, T214L, I335W, and F330T
reshape the binding pocket into a new hydrophobic cavity,
accompanied by notable conformational changes in the loop
region connecting to the C-terminal α-helix. Additionally, the
Q305H and L303A mutations disrupt the original hydrogen-
bonding network involving the active-site water, with Q305H
now oriented outward from the active site. The G331W
mutation at the hinge region further alters the active-site
environment. Together, these changes generate an enlarged

active-site pocket (∼215 Å3), which accommodates the
styrene substrate in a conformation favorable for interaction
with the iron–nitrene intermediate in a pro-S near-attack
conformation, leading to the formation of the (S)-enantiomer
of the product (Figure 4f).

In summary, we have established a versatile biocatalytic
platform utilizing nonheme iron enzymes for alkene difunc-
tionalization through iron–nitrene reaction pathway. The
successful adaptation of nonheme iron enzymes for this
transformation highlights the versatility and broad appli-
cability of this biocatalytic platform. We anticipate that
this study will catalyze further advancements in enzymatic
methods for olefin difunctionalization and expand the scope
of metalloenzymatic catalysis to encompass valuable synthetic
transformations previously unknown in biocatalysis.
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