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Nitro compounds are key synthetic intermediates used as enabling tools in synthesis and found in a large range of
essential compounds, including pharmaceuticals, pesticides, and various organic dyes. Despite recent methodological developments,
the industrial preparation of nitro compounds still suffers from harsh reaction conditions, along with poor selectivity and a
problematic environmental footprint. Although biological enzymatic methods exist, mild approaches for bionitration are still
underexplored. Enzymes, with their exquisite selectivity and compatibility with mild reaction conditions, have the potential to
revolutionize the way nitro compounds are prepared. In this perspective, we systematically analyze currently available biological/
enzymatic methods, including the oxidation of an amine precursor or methods consisting of direct oxidative nitration and non-
oxidative nitration. By examining both the scope and mechanism of these reactions, we aim to present an update on the state-of-the-
art while highlighting current challenges in this emerging field. The goal of this perspective is to inspire innovation in enzymatic
nitration for sustainable organic synthesis, providing chemists with a valuable guide.
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Nitro compounds are not only important synthetic inter-
mediates that can easily be transformed into amines and
ketones"” but are also widely used in pharmaceuticals,
pesticides, explosives, and various organic dyes.”* For example,
nitroimidazoles are used as antibiotic and antiprotozoal agents,
such as metronidazole, which is on the WHO model’s list of
essential medicines and shows, among others, antitubercular
properties.” Dinitrophenol is a highly potent chemical
component historically found in all categories of pesticides
(ovicides, insecticides, herbicides, fungicides)6 and is now used
for the manufacturing of dyes. Trinitrotoluene (TNT) is a
major constituent of many composite explosives, while
nitroglycerin, made famous by Alfred Nobel, is the major
component of dynamite.” Besides the profusion of synthetic
nitro compounds, an estimated 200 nitro-containing natural
products only have been isolated from plants, fungi, bacteria,
and mammals.® Chloramphenicol, for instance, is an antibiotic
isolated from Streptomyces venezuelae and widely used in
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molecular biology, while several bacterial strains can produce
pyrrolomycin antibiotics, such as pyrrolomycin B (Figure 1).

One of the most established methods used industrially for
the preparation of nitro compounds, especially nitro aromatics,
relies on the “mixed acid” method, in which sulfuric acid is
used to protonate nitric acid, thereby releasing the active
electrophilic nitronium species NO,". Large amounts of waste
acid and wastewater are generated during the reaction
process.” The need for harsh conditions leads to poor
regioselectivity and overnitration, limiting the presence of
other sensitive functional groups. Nitration reactions have
undergone a rather lengthy and challenging process of
improvement in industry, for example, by using nitrate and
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Figure 1. Structures of synthetic and natural nitro compounds.

Scheme 1. Overview of Biocatalytic Nitration Strategies Relying on (A) FAD-Dependent Enzymes for Oxidation of Aliphatic
Amines; (B) Heme and Nonheme Diiron-Dependent Enzymes for Oxidation of Aliphatic and Arylamines; (C) Heme-Iron-
Dependent Enzymes with NO/O, or NO, /H,0, as Oxidative Nitrating Agents of Aromatics; and (D) Cofactor-Independent
Halohydrin Dehalogenases via Nucleophilic Substitution on Epoxides with NO,™
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other diazo salts instead of acid or using lanthanide(III) or
group IV metal triflates as catalysts."” Although these methods
show a reduced environmental footprint to some extent, they
are still plagued by inadequate cost, controllability, and
conversion eﬂiciency.]1

With the rapid development of free radical chemistry, free
radical reactions involving nitro groups have also been studied.
Salts such as AgNO,, NaNO,, and Fe(NO,);9H,0 or
tBuONO have been used as sources of nitro radicals to
achieve the nitration of aromatic compounds under mild
conditions.””™" In recent years, new strategies have been
developed to enable compatibility with sensitive functional
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. aliphatic and aromatic substituents

groups. For example, the ipso-nitration of boronic acids and
carboxylic acids has emerged as an attractive method for the
direct nitration of aromatic compounds.'® In addition,
aromatic C—H bond activation/nitration catalyzed by
transition metals such as palladium, rhodium, ruthenium, or
copper has undergone rapid development due to its favorable
atom-economy and is mostly applicable to ortho-nitration.'” A
mild metal-free photocatalytic nitration method applicable to
protected anilines was recently reported,'® while electro-
chemical nitration methods are attracting renewed interest.' "

The field of biocatalytic nitration is, in contrast, underex-
plored, despite the attractive features of enzymes connected to
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Scheme 2. Aspartate-Nitrosuccinate (ANS) Pathway Exemplified with the Pair CreE/CreD from Streptomyces cremeus and
Range of Natural Products Involving the In Situ Release of HNO, by the ANS Pathway™’
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Scheme 3. Oxidation of L-Lysine to 6-Nitronorleucine and Subsequent Formation of 3-(trans-2-Nitrocyclopropyl)-alanine, a
Precursor to Belactosin A and Hormaomycins®>~>*
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their selectivity and the mild reaction conditions. Enzymatic most reported approaches relying on oxidative strategies. The
nitration has predominantly been applied to aromatics, with diversity of these methods is reflected by the involvement of a
30 https://doi.org/10.1021/jacsau.4c00994
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Scheme 4. (A) AurF-Catalyzed Conversion of Ar-NH, to Ar-NO,;** (B) Diiron Form of AurF (PDB 3CHT);** (C)
Conversion of the Amino Precursor of Chloramphenicol to Chloramphenicol Catalyzed by CmlI;***® (D) Diiron Form of
CmlI (PDB 5HYH);*® and (E) Oxidative Nitration of Aminopyrrolnitrin to Pyrrolnitrin Catalyzed by PrnD>*
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variety of cofactor (usually iron)-dependent enzymes, the use
of O, or H,0, as an oxidant, and the use of NO,™ or NO as a
nitro source. This perspective provides an overview of
currently available nitration methods, classified according to
their chemistry: (i) six-electron oxidation of an amine
precursor, (ii) direct oxidative nitration, and (iii) non-oxidative
methods by nucleophilic substitution (Scheme 1). By focusing
on the scope and mechanism of these reactions, we aim to
provide an update on the state-of-the-art and highlight the
current challenges in this emerging field.

The oxidation of L-aspartate to nitrosuccinate via three
successive two-electron oxidative steps was first discovered as
part of the biosynthetic pathway of cremeomycin, a diazo
compound with cytotoxicity and antibiotic properties
produced by the bacteria Streptomyces cremeus.”’ The reaction
is catalyzed by the FAD-dependent monooxygenase CreE at
the expense of NADPH. Nitrosuccinate then undergoes
dehydronitration by the action of the nitrosuccinate lyase
CreD to liberate nitrous acid,”* which is required for the
formation of the diazo functionality of cremeomycin. This
pathway, called the aspartate-nitrosuccinate (ANS) pathway,””
liberates nitrous acid initiated by the oxidation of aspartate to
generally promote the formation of N—N bonds in a variety of
biosyntheses (Scheme 2). The majority of the ANS pathways
are involved in the formation of diazo compounds, and
homologues of CreE include AzpE, which participates in the
formation of the diazo compound alazopeptin,”* and SpiE and
AvaE, which are involved in the synthe51s of a diazo precursor
of spinamicyn®® and avenalumic acid,”® respectively. In the
case of FzmM, involved in the biosynthesis of fosfazinomycin
A"’ nitrous acid has been proposed to participate in the
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formation of hydrazinosuccinate via a hypothetical aliphatic
diazo precursor; however, the exact pathway remains unclear.
As an exception, the enzymatic formation of HNO, is a crucial
step for the formation of the N-hydroxytriazene moiety in
triacsin A in Streptomyces aLu'eofaciens.28

The mechanism involved in the oxidation of aspartate to 2-
nitrosuccinate has been investigated with the monooxygenase
from Streptomyces sp. V2 and revealed the well-known oxygen
activation mechanism by FAD-dependent class B monoox-
ygenases at the expense of NADPH to form the C4a-
hydroperoxyflavin,*
by the amino group of aspartate.’’

which is the electrophilic species attacked
This initiates the first
oxidation step to the hydroxylamine intermediate, followed by
a second oxidation to the dihydroxylamine, which dehydrates
to the nitroso/oxime tautomers. Finally, the last oxidation step
yields nitrosuccinate. The enzyme can prevent leakage of
oxidation intermediates owing to the presence of an “entry
chamber”,”” thereby ensuring full oxidation to nitrosuccinate.
Since this compound is unstable, it undergoes decarboxylation
to 3.—nitropropanoate.31 However, in nature, this process is
usually coupled to a nitrosuccinate lyase so that dehydronitra-
tion prevails and the f-elimination of nitrous acid results in the
formation of fumarate.”

The enzymatic oxidation of the £-amino group of L-lysine to
form 6-nitronorleucine was shown to precede the formation of
3-(trans-2-nitrocyclopropyl)-alanine, a compound found in the
biosynthetic pathway of hormaomycin and belactosin A. The
first step of amine oxidation is catalyzed by HrmlI and BelK,
respectively, which are heme-oxygenase-like dinuclear iron-
dependent enzymes identified as members of the family of
heme-oxygenase-like diiron oxygenases (HDO).*”*® The
consecutive cyclopropanation of 6-nitronorleucine is catalyzed
by Hrm] and BelL, respectively, two nonheme iron- and a-
ketoglutarate-dependent oxygenases (Scheme 3).***
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Scheme S. (A) L-Tryptophan Nitration Catalyzed by TxtE;** (B) 1-Tyrosine Nitration Catalyzed by RufO;*”*° (C) Olefin
Nitration Catalyzed by Laj2;°' and (D) Active Sites in the Crystal Structures of L-Tryptophan-Bound TxtE (PDB 4TPO)®* and

Substrate-Free RufO (PDB SSPC)72,73

A) P450 (TxtE)-catalyzed nitration reaction in the biosynthesis of thaxtomin A
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N-oxygenases that catalyze nitration by oxidation of an
aromatic amine precursor are rare in nature and include p-
aminobenzoate N-oxygenase (AurF) from Streptomyces thio-
luteus,™ a-N-dichloroacetyl-p-aminophenylserinol N-oxygen-
ase (Cmll) from Streptomyces venezuelae,”’ aminopyrrolnitrin
oxygenase (PrnD) from Pseudomonas fluorescens Pfs,*® and
RohS from Kitasatospora azatica.”” AurF and Cmll are both
nonheme diiron monooxygenases that share only 34% amino

32

acid identity and catalyze the six-electron oxidation of
arylamines,40 while PrnD represents a unique case of a Rieske
oxygenase that transforms arylamines into nitro compounds by
a proposed sequence of two two-electron oxidation steps and
one dehydrogenation step.

AurF catalyzes the sequential oxidation of aromatic amines
to nitroarenes via the hydroxylamine intermediate. In
Streptomyces thioluteus, AurF catalyzes the oxidation of p-
aminobenzoate to p-nitrobenzoate in the biosynthesis of
aureothin. Zhao and co-workers first reported the crystal

https://doi.org/10.1021/jacsau.4c00994
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structure of AurF with the product p-nitrobenzoate.*' In this
structure, the active site consists of two ferric ions bridged by
an oxo group and Glul36. Fel is ligated to Glul01, His139,
and His223, while Fe2 is coordinated to Glul96, Glu227, and
His230. The reaction mechanism for the oxidation of the
amino group by AurF has been heavily debated. While the
oxidative conversion of the amino group into a nitro group was
suggested in two different proposals to proceed through the
hydroxylamine and nitroso intermediate in three consecutive
two-electron processes involving each the consumption of one
equivalent of molecular oxygen,"”*’ Bollinger et al. demon-
strated that the oxidation of p-hydroxylaminobenzoate to p-
nitrobenzoate is a four-electron oxidation that involves one
dioxygen molecule only (Scheme 4A,B).** This mechanism
was later investigated by density functional calculations, which
supported the Bollinger mechanism and the involvement of a
diferric peroxo species as an oxygenating intermediate.”

Cmll is a N-oxygenase involved in the biosynthesis of
chloramphenicol.>”** Tt catalyzes the ultimate step of the
pathway, which is a six-electron oxidation of the arylamine
precursor D-threo-1-(4-aminophenyl)-2-dichloroacetylamino-
1,3-propanediol (Scheme 4C,D). Upon exposure of the
diferrous cluster to O, Cmll forms a long-lived peroxo
intermediate, which reacts with the arylamine precursor to
form chloramphenicol.**®

The catalytic mechanism of CmllI remains controversial. For
example, some studies suggest that the reactive species of Cmll
is a peroxo species rather than a high-valent iron-oxo species
proposed for most other nonheme diiron oxygenases.”” The X-
ray crystal structure of Cmll was solved after truncation of the
33 N-terminal residues.*® The overall structure of CmlIA33 is
similar to that reported for Fe-AurF, but the detailed structure
of the active site diiron cluster has distinct differences, which
may account for the respective substrate preference of the two
enzymes.

Aminopyrrolnitrin oxygenase (PrnD) is involved in the last
step of the biosynthesis of the broad-spectrum antifungal agent
pyrrolnitrin and catalyzes the oxidation of aminopyrrolnitrin to
pyrrolnitrin (Scheme 4E).*® PrnD, which contains a [2Fe—2S]
cluster and nonheme Fe(Il), also showed activity on 4-
aminobenzylamine. The catalytic mechanism includes two
monooxygenation steps and one proposed dehydrogenation
step as well as the formation of the hydroxylamine and nitroso
compounds as intermediates.””*°

Finally, the iron-dependent N-oxygenase RohS was demon-
strated to catalyze the oxidation of 2-aminoimidazole to the
nitroimidazole azomycin in vitro in the presence of phenazine
methosulfate,” NADH, and FeSO,. It has been classified as a
member of the emer%ing family of heme-oxygenase-like diiron
oxygenases (HDO).3 33

Cytochrome P450 monooxygenases are well recognized as
multifunctional biological oxidation catalysts distributed
ubiquitously in nature,”' ° but so far, only a few natural
P450 enzymes have been reported to catalyze the direct
nitration of aromatics and olefins using nitric oxide (NO) and
0,.” For instance, P450 TxtE involved in the biosynthesis of
thaxtomin A in Streptomyces scabies, catalyzes the direct
nitration of the indole group of L-tryptophan to 4-nitro-L-

33

Scheme 6. (A) Nitration of L-2-Aminobutyrate Catalyzed by
Halogenase SyrB2 and (B) Crystal Structure of the Iron-
and a-Ketoglutarate (a-KG)-Dependent Halogenase SyrB2
(PDB 2FCT)”’

A) Q SyrB2 ON Q
/\HJ\OH 2 \/\HJ\OH
NH2 N02- NH2

tryptophan in the presence of NO, O,, and NADPH (Scheme
5A).*® Similarly, P450 RufO, found in the biosynthesis of
rufomycins/ilamycins in Streptomyces atratus, catalyzes the
regioselective 3-nitration of tyrosine with NO, O,, and NADH
(Scheme SB).*”®° Very recently, an olefin nitrating P450
enzyme (Laj2) has been mined from the biosynthetic gene
cluster of lajollamycin B’s isomers from strain Streptomyces
ginglanensis CGMCC 4.6825, which also uses NO, O,, and
NADPH to drive the nitration reaction (Scheme 5C).°"
Given the application potential of the nitrating P450 enzyme
for designing novel routes to aromatic nitro compounds, the
Arnold group pioneered the investigations on the structure—
function relationship and protein engineering of P450
TxtE.*®> They first determined the high-resolution crystal
structures of the substrate-free and L-tryptophan-bound forms
of TxtE, which show almost the same canonical fold as that of
the already reported inhibitor imidazole-bound form (Scheme
5D).°* The analysis of crystal structures and molecular docking
revealed that the substrate L-tryptophan was recognized and
bound by TxtE through polar contacts with as many as five
amino acid residues, including ArgS9, Tyr89, Asn293, Thr296,
and Glu394. Subsequent spectroscopic and functional
characterization indicated the narrow substrate scope of
TxtE, which includes compounds structurally similar to L-
tryptophan. With the structural information in hand, Arnold
and co-workers performed molecular dynamic simulation-
guided protein engineering of TxtE, shifting the regioselectivity
from 4-nitro-L-tryptophan to S-nitro-L-tryptophan.®®
Additionally, the Ding group was able to improve the
catalytic efficiency of TxtE and broaden its substrate
scope.”> "% An artificial self-sufficient nitrating P450 enzyme
was constructed by fusing TxtE with the reductase domain of
P45S0BM3 (BM3R), largely improving the nitration perform-
ance of fluorinated tryptophan analogues over the wild-type
TxtE.® By tuning the linker length between TxtE and BM3R,
the couplinﬁg efficiency and total turnover number were further
improved.® In addition, the substrate scope was also expanded
to 4-Me-L-Trp to yield 4-Me-5-NO,-L-Trp and 4-Me-7-NO,-L-
Trp. A whole-cell nitration system was then constructed in
Escherichia coli based on the best chimeric TxtE-BM3R variant
(P450 TB14), resulting in 4-nitro-L-tryptophan titers of 192

https://doi.org/10.1021/jacsau.4c00994
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Scheme 7. Horseradish Peroxidase-Catalyzed Nitration Reaction
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mg/L within 20 h.%” Interestingly, an E. coli-based cell-free
protein synthesis system was later reported to produce around
360 uM 4-NO,-L-Trp within 16 h, through the combination of
TxtE with the nitric oxide synthase TxtD for the in situ
production of NO from L-arginine.”” Recently, Challis and co-
workers applied the TxtE-reductase fusion approach to an
RS9C mutant of TxtE, successfully expanding the substrate
scope to a range of try_/ptamine analogues, a substrate not
accepted by native TxtE.””

To improve the electron transfer efficiency, Qian et al.”*
constructed the electrochemistry-driven ferredoxin-TxtE sys-
tem with methyl viologen as the electron mediator, which
directly avoids the use of the expensive nicotinamide cofactor
NADPH. Interestingly, it was found that the electric field not
only improves catalytic performance and product yield but also
regulates the regioselectivity of the nitration reactions. The
product distributions of 4-nitro-L-Trp and S-nitro-L-Trp varied
depending on the external electrode constant potential. In
addition, the polarity of the electron mediators directly
influenced the product distribution.

In comparison with TxtE, the protein engineering of RufO
and the olefin nitrating P450 enzyme has not yet been
reported. However, Davis and Wang independently reported
the substrate-free crystal structure of RufO in high resolutions
of 1.87 and 1.89 A, respectively (Scheme 5D).”*”* According
to spectroscopic characterization and biochemical and
theoretical simulation analysis, both studies suggested that a
peptide tethered with tyrosine was the actual substrate of
RufO, not free tyrosine. In the case of TxtE, it is generally
accepted that the binding of tryptophan is the first key step in
initiating the catalytic cycle. Although a ferric-peroxynitrite

NaNOy) H,0,
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active species has been proposed to be responsible for the
nitration of tryptophan, the exact mechanism of TxtE still
remains unclear.”*”’® The discovery of further nitrating P450
enzymes nevertheless provides a promising platform for
aromatic nitration.

While the oxyfunctionalization of C(sp*)—H bonds is already a
demanding task for synthetic chemists, the direct nitration of
unactivated aliphatic carbon atoms, whether by chemical or
biological catalysis, poses an even greater challenge due to its
extreme difficulty. Inspired by the nonheme iron- and a-
ketoglutarate-dependent halogenase-catalyzed mechanism of
chlorination/bromination, Matthews and co-workers reported
the direct nitration of the terminal sp® carbon atom of 1-2-
aminobutyrate by halogenase SyrB2 in the presence of nitrite
(Scheme 6).”” Although this approach is limited by the
requirement for a carrier protein, it sheds light on new
strategies for the enzymatic nitration of aliphatic hydrocarbons.
Recently, the freestanding nonheme iron aliphatic halogenase
WelOS5* was reported to incorporate nitrite into the macrolide
soraphen A.”®

Peroxidases are heme-iron-dependent oxidoreductases’” that
are widely present in animals, plants, fungi, and bacteria and
include, for instance, myeloperoxidase in animals®’ or the well-
known horseradish peroxidase (HRP) in plants.”’ Peroxidase
activity is also found in microperoxidases, which are heme
peptides obtained from the digestion of cytochrome c¢.*”~*°
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Scheme 8. Soybean Peroxidase (SBP)- and Lignin Peroxidase-Catalyzed Oxidative Nitration of Aromatics
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Peroxidases generally oxidize a variety of exogenous substances
in the presence of hydrogen peroxide. Eosinophil peroxidase
and myeloperoxidase were first proposed to be involved in the
nitration of protein tyrosyl residues during post-translational
modifications.”® The potential of peroxidases for the nitration
of aromatic compounds using nitrite and hydrogen peroxide as
the nitrating pair was then uncovered.

The heme-containing octapeptide (amino acid residues 14—
21) microperoxidase 8 (MP8) is the most widely studied
micropeptidase®” and catalyzes the nitration of phenolic
compounds to produce o-nitrophenol and p-nitrophenol.*”

Horseradish peroxidase (HRP) has been used widely for
enzymatic nitration (Scheme 7). Dai and co-workers reported
the HRP-catalyzed nitration of phenol and m-cresol in the
presence of hydrogen peroxide and sodium nitrite.*” In both
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ortho and para positions relative to the hydroxy group. In
addition to simple phenol derivatives, more complex substrates
have also been investigated. For example, Pezzella and co-
workers”™ achieved the enzymatic nitration of 17f-estradiol by
HRP and obtained 2-nitroestradiol, 4-nitroestradiol, and 2,4-
dinitroestradiol when excess nitrite was used. Palumbo and co-
workers”" studied the enzyme-catalyzed oxidation of dopamine
in the presence of nitrite and observed the formation of 6-
hydroxydopamine and 6-nitrodopamine using HRP. Increasing
the concentration of NO,” led to increased nitration and
decreased formation of 6-hydroxydopamine. Dai and co-
workers also reported the formation of 2-nitroaniline and 4-
nitroaniline through the nitration of aniline by HRP, which
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Figure 2. Crystal structures of (A) HRP (PDB 1ATJ),” (B) SBP (PDB 1FHF),”® and (C) lignin peroxidase (PDB 1LGA).”” Panel (A) is
reproduced from ref 9S. Copyright 1997 Nature. Panel (B) is reproduced with permission from ref 96. Copyright 2008 John Wiley & Sons, Inc.

Panel (C) is reproduced from ref 97. Copyright 1993 Elsevier.

indicates that both hydroxy and amino groups allow sufficient
activation of the ring for nitration.””

In addition to MP8 and HRP, several other peroxidases are
also capable of nitration (Scheme 8). Budde et al. reported the
direct nitration of 4-hydroxy-3-methylacetophenone catalyzed
by soybean peroxidase (SBP) in the presence of hydrogen
peroxide and nitrite to 4-hydroxy-3-methyl-5-nitroacetophe-
none.”> An interesting case of ipso-substitution was also
monitored, leading, in addition, to the formation of 2-methyl-
4-nitrophenol. Other phenolic compounds were accepted,
including 4-hydroxy-1-indanone, 7-hydroxycoumarin, and 2-
hydroxy-S-methylbenzaldehyde. Finally, lignin peroxidase was
reported to catalyze the nitration of veratryl alcohol, 1,4-
dimethoxybenzene, and tyrosine. Here, in place of nitrite,
tetranitromethane was used in combination with hydrogen
peroxide.”

Notably, the regioselectivity of these peroxidases is usually
poor, regardless of the substrates. This may be due to the fact
that their active centers are mostly exposed or located close to
the surface of the protein (Figure 2), leading to unspecific
orientation of the substrates. In addition, the free radical cross-
coupling mechanism used by peroxidases further increases the
difficulty of controlling the regioselectivity. A main reaction
pathway of peroxidases has been proposed, according to which
peroxidases react with H,O, to form an iron(IV)-oxo
porphyrin z-cation radical (compound I).”® Compound I
could then be reduced to the iron(IV)-oxo porphyrin
compound II by phenol, leading to the formation of phenoxy
radicals, or by NO,~, leading to NO,* radicals. Compound II
of peroxidases could also be reduced by nitrite or phenol to the
resting iron(III) porphyrin, together with the formation of
NO,® and phenoxy radicals. The coupling reaction of NO,*
radicals with phenoxy radicals then gives the nitration
products. Due to the resonance equilibrium of phenoxy
radicals, the coupling reactions typically yield two or more
mixed products. Therefore, one of the biggest challenges in
using peroxidases in organic synthesis is controlling the
regioselectivity of their reactions. Another key challenge is
expanding the typically narrow substrate spectrum.

In 2018, the Cong group developed a dual-functional small
molecule (DFSM) strategy to enable the peroxygenase activity
of P4SOBM3 monooxygenase (Scheme 9A). The DFSM
molecule is composed of an acyl amino acid as an anchoring
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group, an imidazolyl as a catalytic group, and a carbon chain as
a length-adjustable linker group. By binding with P450BM3,
the imidazolyl group of DFSM plays a general acid—base
catalyst role assisting in the activation of H,0,.°>""'%
Subsequently, the same group found that the DFSM-facilitated
P450 peroxygenase can be well switched to a peroxidase mode
by a redox-sensitive residue engineering approach, resulting in
efficient one-electron oxidations toward phenolic and aryl-
amine substrates.'”"'*” Given multiple pieces of evidence that
heme peroxidases can catalyze aromatic nitration with NO,™/
H,0, (see section 3.3), the above results open up the
possibility for nitration reactions by P450 enzymes.

Cong and co-workers reported the first example of
unsaturated hydrocarbon nitration by the DFSM-facilitated
P450BM3 peroxidase with styrenes and nitrite in the presence
of N-(w-imidazol-1-ylhexanoyl)-L-phenylalanine (Im-C6-Phe,
so-called DFSM) and H,0, (Scheme 9B).'” Like other heme
peroxidases, the engineered P450 peroxidase system also
widely accepted phenolic compounds and aromatic amines as
substrates (up to 19 examples) to give ortho- and para-
nitration products with moderate to high total turnover
numbers. Despite a deeper substrate binding pocket compared
to other peroxidases and the participation of DFSM in
substrate recognition and fixation (Scheme 9C), the
regioselectivity of the P450 could not be controlled, and the
distribution of ortho- and para-nitration products was similar to
that of HRP. Combined with the example of olefin nitration by
the P450 monooxygenase Laj2 reported shortly after,”' these
studies indicate the large potential of P450 enzymes for
developing practical nitrating biocatalysts.

An unusual non-oxidative direct enzymatic nitration was
reported with halohydrin dehalogenases (HHDHs), which
catalyzed the ring-openin§ of epoxides by nucleophilic
substitution using nitrite.'*"'%% Unexpectedly, nitrite could
act as an ambident nucleophile that can attack through its
nitrogen or oxygen. Attack via the O atom formed f-hydroxy
alkylnitrites, which hydrolyzed to vicinal diols, while attack via
the N atom produced chiral S-nitroalcohols (Scheme 10A). In
2022, Wang et al.'"”® reported the discovery of an unusual
halohydrin dehalogenase, HHDHamb, which exhibited high
chemoselectivity through N-attack, a-regioselectivity, and (S)-
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Scheme 9. (A) Illustration of the DFSM-Facilitated P450 Peroxygenase System;” (B) Nitration of Anilines, Phenols, and
Styrene Compounds Catalyzed by Engineered Cytochrome P450 with Assistance from DFSM; and (C) Crystal Structure of
P450BM3 F87L Mutant in Complex with Phenol and DESM (PDB 7WDG)"'*?
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enantioselectivity in the bionitration of styrene oxides,
affording various aryl-substituted chiral f-nitroalcohols in up
to 41% isolated yield and >99% enantiomeric excess (ee)
(Scheme 10B). The differences in chemoselectivity in nitrite-
mediated epoxide ring-opening reactions were investigated by
comparing the monomer structures of HheC (with a high O-
attack selectivity), HheG (with a moderate N-attack
selectivity), and HHDHamb (with a high N-attack selectivity).
Due to a narrow active site, HHDHamb displayed higher
enantioselectivity in the kinetic resolution of styrene oxides
than HheG with a larger active site. Additionally, differences in
the electrostatic potentials in the halide binding site regions of
the three HHDHs allowed the nucleophile nitrite to adopt
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different binding conformations and contributed to the
different chemoselectivity patterns.

Despite the scarcity of nitro compounds in nature, enzymatic
approaches to access a variety of nitrated molecules exist,
predominantly for nitro aromatics. These strategies offer
attractive alternatives to current chemical methods, which are
still plagued by poor selectivity and environmental footprint.
The variety of enzymatic machinery combined with various
nitro sources allows for the nitration of diverse functional
groups, either by oxidation of amine precursors or by direct
nitration reactions. Biocatalytic nitration reactions are,
however, still limited to a few substrates, and the
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Scheme 10. Ring-Opening Reactions of Epoxides with Nitrite Catalyzed by Halohydrin Dehalogenases HHDHs (A) and
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regioselectivity problem and low yields remain major hurdles
to their establishment in synthetic applications. In response to
these limitations, efforts in developing biological nitration
methods are mainly directed toward improving the catalytic
efficiency and regioselectivity of current nitrating enzymes and
extending their substrate scope. Additionally, approaches that
use gene mining to discover new nitrating enzymes or create
isoenzymes with a nitration function will become key to
advance the field. Further progress may lead to the
development of sustainable and complementary routes to
nitro compounds as precursors of pharmaceuticals, organic
dyes, and other relevant molecules.
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