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Enzyme-catalyzed C(sp>)—H aminations for the
highly enantioselective construction of chiral 2-

Hanzi Gao, © Miao Li and Guojun Zheng@*

As a rapidly growing field, C(sp®)—H functionalization is being used to access a wide range of important
molecular targets. The enzymatic activity of C(sp®)—H is a powerful synthetic tool to develop valuable
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building blocks. In this study, engineered myoglobin variants were found to be capable of C(sp®)—H

activation under mild conditions via mediated nitrene transfer. Using this approach, 2-oxazolidinones

DOI: 10.1039/d5ra01905b

rsc.li/rsc-advances

Introduction

One of the most prevalent chemical bonds in organic chemistry
and biochemistry is the carbon-nitrogen bond. Nitrogen-
containing heterocycles, which are important structural
units,"* are frequently found in natural products and medica-
tions such as antibiotics,® antiepileptic drugs,® analgesics,” and
antimicrobials® (Scheme 1a). However, how to directly convert
C-H bonds into C-N bonds is still a challenging research topic.
In previous studies, transition metal-catalyzed amino transfer
has shown advantages of high regioselectivity and
stereoselectivity.”™ In 1983, Breslow carried out pioneering
work using a (tetraphenylporphyrin)Fe™ catalyst (5 mol%) and
cytochrome P450 to achieve nitrene transfer to obtain cyclo-
sulfonamides.”*® Recently, using dioxazolones as nitrene
precursors, Chang's group reported the formation of lactams
via an Ir complex-catalyzed C-H amidation reaction."***> These
transformations are mediated by reactive metal-nitrenoid
species generated via the reaction of transition metal catalysts
with nitrene precursor reagents (Scheme 1b). Using this
strategy, various cyclic amines, including oxazolidinones, sul-
famates, and pyrrolidines, can be obtained. The development of
more cost-effective and environmentally friendly catalysts for
efficient C-N bond formation is a goal of ongoing research.
Heme-containing enzymes, such as cytochrome P450, can
naturally accomplish regio- and enantioselective C-H func-
tionalization, such as hydroxylation and epoxidation.*™® In
recent years, it has been found that hemoproteins can also
catalyze reactions that differ from their widely known catalytic
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and vy-lactams with high enantioselectivity were obtained through intramolecular cyclization using
readily available and stable N-acetoxyamides as substrates.

reactions, known as enzyme promiscuity.’ In 2013, Arnold's
group and Fasan's group achieved cytochrome P450 variant-
mediated nitrene transfer,”®*" which is one of the major
breakthroughs in the area of C-H functionalization. Over the
subsequent decade, combined with directed evolution,* heme-
containing enzyme-mediated nitrene transfer was extended to
many types of reactions, realizing the great potential of C-H
functionalization on a wide range of substrates®*?’ while
maintaining high reaction rates and enantioselectivity, as
demonstrated.
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Scheme 1 Enzyme-mediated nitrene transfer generates N-hetero-
cyclic compounds. (a) Bioactive molecules containing N-heterocy-
clics. (b) General catalytic mechanism for C—N bond formation via
nitrene transfer. (c) P450-catalyzed conversion of carbonazidate
substrates into oxazolidinones. (d) This work: catalytic generation of
cyclic amine compounds using myoglobin variants.
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In 2015, P450-catalyzed conversion of carbonazidate
substrates into oxazolidinones was achieved*® by Fasan's group
(Scheme 1c). However, the poor safety of azide substrates, a low
total turnover number (TTN) and the absence of enantiose-
lectivity in this method limited its further development. In
2023, a strategy for the asymmetric synthesis of B-, y- and &-
lactams via hemoprotein-catalyzed intramolecular C-H amida-
tion of dioxazolones was reported.” This approach enables
precise control over regioselectivity and stereoselectivity.
Mechanistic and computational studies were conducted to
elucidate the nature of C-H amidation and enantio-
determining steps and provide insights into the protein-
mediated control of regioselectivity and stereoselectivity.

In this study, we report an intramolecular C-H amidation
reaction catalyzed by a hemoprotein to yield 2-oxazolidinones
and vy-lactams (Scheme 1d). Engineered myoglobin variants
containing heme were used to catalyze the C(sp*)-H amination
reaction using easily accessible N-acyloxyamides as nitrene
precursors to obtain the target products through directed
evolution and optimization of a series of conditions. This
method enables the enzyme-catalyzed synthesis of optically
active 2-oxazolidinone products and can also be applied to the
generation of y-lactams.

Note added

During the revision of this manuscript, a related study on highly
enantioselective enzymatic C(sp®)-H amination for construct-
ing chiral oxazolidinone rings was published (https://doi.org/
10.1021/acscatal.4c06066). It should be noted that while some
conclusions may overlap, the two studies were carried out
independently, and no conflicts of interest exist between them.

Results and discussion

Inspired by the work of the Meggers group,”®*° we envisioned
the possibility of using N-acyloxyamides for the enzyme-
catalyzed y-C-H amidation reaction via nitrene transfer. First,
N-benzoyloxycarbamate (1-1) was used as the initial substrate.
In order to identify the initial biocatalyst for this reaction,
a number of various heme-containing and iron-containing non-
heme enzymes were screened, including the myoglobin variant
Mb-H64V/V68A (Mb1),2¢?72%3" and variants of cytochrome P450
(ref. 32-35) and Az1.** Among all the enzymes, only myoglobin
showed the desired activity, and the target product 4-phenyl-2-
oxazolidinone (2a) was detected with excellent enantiose-
lectivity (96% e.e.) (Scheme 2). Meanwhile, a 78% yield of the
carbamate byproduct (3) was also obtained, presumably
resulting from the reduction of the nitrenoid intermediate. This
result provides a starting point to validate our study.

Subsequently, several substrates with different acyl groups
were tested. It was found that the pivaloyl substrate (1-2)
exhibited a better yield (30%) and similar enantioselectivity
(98% e.e.) compared with the benzoyl substrate (1-1). Therefore,
it was decided to use phenethyl N-pivaloyloxycarbamate (1-2) as
a model substrate and the myoglobin variant Mb1 as the initial
catalyst for subsequent studies.
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Scheme 2 |Initial experiments and structural optimization. Reaction

conditions: 5 mM substances with 5% DMSO, ODgqq = 40, in potas-
sium phosphate buffer (50 mM, pH = 9), 24 h, 30 °C, anaerobic
conditions. The yields were determined by HPLC using calibration
curves of the isolated product.

Stronger ligand-enzyme interactions will lead to an increase
in enzyme activity and simultaneously can inhibit the produc-
tion of byproducts. In order to further improve the reaction
yield, attempts were made to obtain enzyme mutants with
higher catalytic activity through directed evolution. Based on
the interaction model between myoglobin and ligands,*” a total
of 16 amino acid sites, including H93, which is on the heme
axial ligand, H97, S92, and R45, which can interact with heme,
as well as others around the substrate pocket and adjacent
flexible loops, were selected for mutagenesis. In each round of
site saturation mutagenesis, the mutants were assayed by HPLC
to determine the transformation yields.

Finally, three mutants, L104F, L104H, and L104Y, which can
lead to a pronounced increase in yields, were obtained. Among
them, the mutant L104F can achieve transformation with a 42%
yield and 98% e.e., which may result from the introduction of
larger phenylalanine compared to the original hydrophobic
leucine (see ESI Fig. S21). This mutation can maintain the
hydrophobic environment of the active pocket while intensi-
fying protein stacking,**® resulting in a more rigid protein
structure and a strict conformational landscape and retaining
the high enantioselectivity of the product.

The saturation mutation screening for the other 15 sites
yielded no beneficial mutations (see ESI Table S31). A few
mutants, such as L32M, L89V, and R45K, were comparable to
the wild type in terms of yield. Before and after these mutations,
the amino acids were similar in size and characteristics, and the
original activity was maintained without disrupting the hydro-
phobic environment of the active pocket. To explore how the
enzyme regulates product selectivity, we constructed a mutant
Mb1-L104F protein structure using homology modeling and
simulated the protein-ligand interaction by molecular docking.
The molecular docking results (see ESI Fig. S3}) corroborate the
findings of previous studies.>® Analysis of amino acid residues
within the active pocket revealed that Ile107, Val64, and Ala68
are located on either side of the substrate, and the aromatic ring
of the substrate extends into the protein core between Ile107
and Ala68, facilitating the immobilization of the substrate-
binding site. Due to the high resistance of the left side, the
substrate adopts a conformation that favors loop closure from
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the right side, resulting in the R-conformation of the 2-oxazo-
lidinone product. Thus, mutation of all three positions resulted
in a significant decrease in yield.

Based on previous studies on the mechanism of C-H ami-
nation by metal-mediated nitrene transfer, it was hypothesized
that an alkaline environment might be beneficial for the C-H
amination reaction; hence, a series of optimizations were per-
formed on the type of buffer and pH for the reaction. Potassium
phosphate buffer with pH = 11 yielded the best result. However,
a high pH would lead to a decrease in enzyme activity.
According to the previous report,* an organic co-solvent could
favor the desired C-H amidation reaction and correspondingly
inhibit the formation of the amide byproduct 3. Screening of
various organic co-solvents was conducted, which revealed that
7.5% (v/v) acetonitrile was beneficial in increasing the yield of
the main product while reducing the formation of compound 3.
The optimized reaction conditions were determined, and
finally, 2a was obtained with a yield of 55%, TTN of 223 and
enantioselectivity of 98% e.e. (Fig. 1).

Under optimized reaction conditions, the adaptation of the
mutant Mb1-L104F to different N-pivaloyloxycarbamate
substrates was tested. The results are shown in Scheme 3, which
reveal that the enzyme is well-tolerant to aryl ring para-substi-
tution and generates 2-oxazolidinone products with excellent
enantioselectivity (97-99% e.e.). However, the yields are signif-
icantly affected by the size of the substituent groups, with larger
substituents leading to a significant decrease in yield (2h-j).
Both electron-withdrawing and electron-donating substituents
have no effect on the reaction yields (2b, ¢, k). Para-fluorine
substitution produced the corresponding 2d with high yield
(76%) and high enantiopurity (>99% e.e.), which may be
attributed to the hydrogen bonding interaction between
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Fig. 1 Chemoselectivity and enantioselectivity (for 2a) of engineered
Mb variants in the reaction with 1b. Reaction conditions: 5 mM
substances with 5% DMSO, ODggo = 40, in potassium phosphate
buffer (50 mM, pH = 9), 24 h, 30 °C, anaerobic conditions. The yields
were determined by HPLC using calibration curves of the isolated
product. @ With 7.5% acetonitrile as co-solvent, and in potassium
phosphate buffer (50 mM, pH = 11).
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fluorine and the enzyme. Furthermore, the enzymatic synthesis
of 21 with >99% e.e. and 74% yield also demonstrated the
tolerance of the enzyme towards aromatic heterocycles. The
yields of the ortho- and meta-substituted compounds decreased
slightly compared to the para-substituted compound but still
maintained a high enantioselectivity (2e-g). Collectively, these
results reveal the remarkable universality of enzyme catalysts
for the stereoselective synthesis of 2-oxazolidinones of different
sizes and substitutions. The wide scope of the substrate indi-
cates the practicality of this biocatalytic system.

To further extend the adaptability of this mutant, different N-
acyloxyamides were tested in this catalytic process. Encourag-
ingly, several substrates were found to be capable of intra-
molecular C-H amination. Optimization of these reaction
conditions allowed the catalytic conversion of (1-oxo-4-
phenylbutyl)azanyl ester (4-1) to 5-phenyl-y-lactam (5a) with
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Scheme 4 Expansion to y-lactam construction. (a) Initial substrate
determination. Reaction condition: 5 mM substances with 10% DMSO,
ODgoo = 35, in potassium phosphate buffer (50 mM, pH = 10), 24 h,
30 °C, anaerobic conditions. The yields were determined via HPLC
using the calibration curves of the isolated product or calculated by
PTLC separation. N.d., not detected. (b) Substrate scope of y-lactams
compounds. (c) Enzyme-catalyzed production of B-lactams.
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the Mb1-L104Y mutant, with an enhanced yield of 48% and
excellent S-configured enantioselectivity (>99% e.e.) (Scheme
4a). In previous studies, it has been found that the key acyl
nitrenoid intermediates generated in the reaction are prone to
Curtius rearrangements, which can hamper the desired nitrene
insertion and lead to the formation of isocyanate byprod-
ucts.*** Under the conditions we optimized, only the y-lactam
product and the byproduct 4-phenylbutyramide (6) were detec-
ted in the reaction solution. To assess the substrate scope of the
method, Mb1-L104F was tested against a range of para-
substituted substrates (5b-e) (Scheme 4b). The enzyme toler-
ated both electron-withdrawing and electron-donating
substituted substrates well; however, the enantiomeric excess
of the electron-donating substituent products was reduced (5d,
5e), probably due to the larger para-substituents that prevent
the substrate from approaching the enzyme. Attempts to cata-
lyze (1-oxo-3-phenylpropyl)azanyl ester (7) with the Mb1-L104Y
mutant were successful in obtaining a highly enantioselective -
lactam product (8) (Scheme 4c). This approach further expands
the scope of enzyme-catalyzed reactions, demonstrating the
strong ability of the enzyme to control stereoselectivity and
regioselectivity.

Conclusions

In summary, we have developed a potential biocatalytic strategy
for the asymmetric synthesis of N-heterocyclic compounds
through nitrene transfer, starting from readily available and
stable N-acyloxycarbamate compounds. During this process,
engineered myoglobin variants were utilized as a biocatalyst to
produce a variety of 2-oxazolidinones and y-lactams with high
enantioselectivity. Saturation mutagenesis indicated that
several amino acid residues, such as 1104, V64, and A68, were
crucial for enzyme activity. This enzymatic approach demon-
strates its potential application in asymmetric synthesis. This
paves the way for the development of other asymmetric enzyme-
catalyzed nitrene transfer reactions using carbamates as nitrene
precursors.
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