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Despite the growing impact of enzyme catalysis in industrial chemistry, the full potential of this tech-
nology is yet to be unlocked. Accessing new chemistries and expanding the scope of existing reactions is
necessary in order to make biocatalysis a pivotal technology in the manufacturing of chemicals across the
whole industrial spectrum. This review highlights how the biocatalytic toolbox for synthetic chemistry
has recently been expanded by extending the scope of industrially relevant reactions, and the addition of
new reactions via enzyme discovery or protein engineering.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Enzymes are Nature’s catalysts and have evolved to accelerate
chemical reactions by several orders of magnitude displaying
exquisite selectivity under mild reaction conditions. The imple-
mentation of enzymes in industrial processes covers many sectors
of the chemical industry, although the main focus has usually been
on the synthesis of chiral intermediates for pharmaceutical appli-
cations [1,2]. Associated with this are the high costs and time of
enzyme engineering campaigns that are often needed to meet
economical and process requirements. However, over the coming
decade, a profound redesign in manufacturing processes will be
necessary to enable the transition into a greener and more sus-
tainable society. In this context, biocatalysis should be a pivotal
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technology for this change despite being traditionally hampered by
the narrow range of chemical transformations compared to the
outstanding versatility of organocatalytic reactions and transition
metal (TM) chemistry. Recent remarkable advances have overcome
this limitation by constructing artificial metalloenzymes which
combine the optimal catalytic component [3], the incorporation of
unnatural amino acids to escape inherent chemical limitations of
canonical amino acids [4], manipulating cofactors to trigger new
reactivities [5] or the de novo design of enzymes [6]. Some of these
emerging strategies have been recently reviewed by Hyster et al.
[7]. andwill not be extensively considered in this survey. Herein, we
review recent research, with particular emphasis on articles pub-
lished in the past 5 years, focused on expanding the biocatalytic
toolbox towards both new chemistries and broader substrate
scopes by either enzyme discovery or natural metalloenzyme en-
gineering. An emphasis has been placed on reactions with a high
impact in the wider industrial chemistry community, which are
emerging or have been incorporated into the field of biocatalysis,
including halogenation, amide bond formation, or different stra-
tegies in CeH activation.
r, Expanding the synthetic scope of biocatalysis by enzyme discovery
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2. New reactions through enzyme discovery

2.1. Carbon-halogen bond formation. Flavin-dependent halogenases

The incorporation of a halogen on to an aromatic ring is one of
the most important transformations in organic chemistry as the
products are starting materials for key reactions such as the
Buchwald-Hartwig amination or the Suzuki-Miyaura or Heck cou-
plings [8], as well as having an effect on the bioactivity or metabolic
stability of a given molecule [9]. Conventional chemical methods
often rely on hazardous chemicals and harsh conditions, therefore
halogenases have emerged as promising alternatives to the pro-
duction of halogenated compounds. Through a more sustainable
manner as they operate under mild reaction conditions often in
high selectivity and using simple and harmless halide salts as the
halogen source [10,11]. Halogenases can be classified by the
mechanism they proceed through and, in recent years, flavin-
dependent halogenases (FDHs) have been demonstrated to have a
larger potential for their use in organic synthesis.
2.1.1. Chlorination and bromination
The enzyme-mediated incorporation of chlorine and bromine

into organic molecules has been the focus of extensive research in
the last decade and nowadays biocatalysis offers a range of en-
zymes to perform these reactions in a highly selective and effective
manner (Fig. 1a). In 2013, Payne et al. explored the synthetic utility
of the tryptophan 7-halogenase from Lechevaliera aerocolonigenes
(RebH) [12] by screening a panel of different indole derivatives and
naphthalenes [13]. The regioselective chlorination and bromination
was achieved in high yields up to a 100 mg scale. The combination
of a tryptophan synthase with RebHwas employed by Frese et al. to
access a set of 22 halogenated tryptophan derivatives from indoles
[14]. The same group applied this enzyme on a gram scale for the
production of 7-bromo tryptophan demonstrating its potential for
large scale synthesis [15]. In 2015, the Lewis group evolved a variant
of RebH previously obtained with increased stability [16] to expand
the substrate scope via random mutagenesis [17]. After three
rounds of evolution, three variants showed increased substrate
Fig. 1. Novel halogenases for the insertion of different halogens into organic compound
halogenase from the cyanophage Syn10 displaying iodination activity, and c) the fluorinase
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scope towards bulkier substrates showing up to a 67-fold increase
in activity over wild-type RebH. Beyond RebH, regiocomple-
mentary halogenases PyrH from Streptomyces rugosporus and PrnA
from Pseudomonas fluorescens BL915 have also been the focus of
recent studies. In 2015, the group of Micklefield altered both the
activity and regioselectivity of PyrH and PrnA through structure-
guided engineering [18]. Crystal structures permitted the targeted
mutagenesis of various active site residues. Multiple variants were
obtained with increased activity towards aromatic compounds.
Remarkably, some variants showed altered regioselectivity as well,
demonstrating that regiocomplementary variants can be accessed
from the same wild-type template.

2.1.2. Iodination
Recently, the Goss group reported the discovery of a new flavin-

dependent halogenase from a marine cyanophage that shows an
activity previously not described [19]. Following a bioinformatics
approach, they searched for different motifs known to be present in
flavin-dependent halogenases as well as a newmotif that had been
previously overlooked. They identified a putative enzyme from the
cyanophage Syn10 (VirX1) which shares low sequence similarity to
other halogenases such as PrnA and RebH. They initially assessed
the scope of this new enzyme by screening a panel of 400 sub-
strates using halide salts (Fig. 1b). Generally, the enzyme showed
poor chlorination activity whilst good bromination and, remark-
ably, iodination activity was detected. A total of 32 substrates could
be iodinated in conversions that ranged from poor to excellent
(5e95%). Kinetic studies indicated a preference for iodide over
bromide and a crystal structure provided insight into the distinct
features that enable the enzyme to bind and use bulkier halides.

2.1.3. Fluorination
The fluorinase from Streptomyces cattleya (Fig. 1c) [20] has also

been the focus of recent studies [21] although the substrate scope is
very narrow, hence its application in general synthetic chemistry is
still very limited. Nevertheless, we envisage that new technologies
in enzyme discovery such as metagenomics platforms or targeted
bioinformatics could be powerful tools to find and deliver new
s: a) different Tryptophan halogenases for the regioselective insertion of Cl and Br, b)
from Streptomyces cattleya.
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fluorinases for general use in industrial biotechnology in the
coming years.

2.2. Carbonecarbon bond formation

The generation of new carbon-carbon bonds is arguably the
most valuable transformation in organic chemistry although un-
fortunately it still constitutes one of the main challenges in bio-
catalysis. Other catalytic approaches excel in this area and they
clearly outperform enzymatic catalysis to date. Lyases such as al-
dolases [22] and cyclases [23], as well as certain transferases have
been traditionally used. In recent years promising studies on new
enzyme families and strategies for the formation of carbon-carbon
bonds have been reported and represent an area of research with
huge potential in the coming decade.

2.2.1. Biocatalytic Friedel-Crafts and fries reactions
The Friedel-Crafts acylation is an aromatic electrophilic substi-

tution reaction developed by Charles Friedel and James Crafts in
1877, in which the electrophile is an acyl halide activated by a
strong Lewis acid such as AlCl3, which is usually employed in
stoichiometric amounts and under harsh reaction conditions. In
2017, Schmidt et al. reported a biocatalytic version of the Friedel-
Crafts acylation using a multi-component acyl transferase (ATase)
from Pseudomonas protegens [24]. In this manner, a series of
resorcinol derivatives could be prepared in yields up to 99% using
2,4-diacetylphloroglucinol (DAPG) as acyl donor (Fig. 2a).
Remarkably, for o-acyl derivatives, a rearrangement leading to the
c-acylated product was observed in the presence of the ATase,
which represents a formal Fries reaction and the first biocatalytic
example. The influence of different additives [25] and acyl donors
[26] was also studied and will inspire future research in this area
that will enable the development of greener alternatives to this
relevant reaction.

2.2.2. Trifluromethylation
As mentioned above, the introduction of halogen atoms into

organic molecules can impact different pharmacokinetic proper-
ties. This is particularly interesting for fluorine introduction [27]
and given the current limited synthetic scope of fluorinases, the
insertion of the trifluoromethyl (CF3) moiety can be an alternative
and useful strategy for this purpose. In 2016, Simon et al. exploited
the ability of laccases to generate phenol-derived radicals and
combined it with the CF3 radical generated in situ using conven-
tional oxidants (Fig. 2b) [28]. Trifluoromethylation was tested
against a series of substituted phenols which were successfully
transformed in excellent conversions and isolated in moderate to
good yields (32e62%), displaying a preference for the meta-
substituted isomers in most cases. Additionally, and due to themild
reaction conditions, this method proved to be tolerant to different
functional groups such as aldehydes, esters, ketones and nitriles.
We envisage that this process can be coupled with further enzy-
matic steps to build artificial cascades, which can be applied in the
preparation of synthetically relevant compounds.

2.2.3. (De)carboxylases
CO2 fixation is key in different biosynthetic pathways although

the enzymes involved, carboxylases, present a high substrate
specificity and, therefore, their synthetic potential is quite limited
[29]. Conversely, enzymatic decarboxylation is amongst one of the
most common transformations in Nature and the enzymes
responsible for this reaction can be found in many different
degradation pathways. It is therefore in these biosynthetic routes
where enzymes displaying a broader substrate scope are likely to
be found [30]. There are different types of decarboxylases
3

depending on the cofactor employed to overcome the inherent
thermodynamic limitations of this reaction. This process is
reversible, and under the appropriate reaction conditions, it can be
performed in the synthetic direction to generate new carbon-
carbon bonds using CO2 as the carbon source. The group of Faber
have done extensive research onmetal dependent (Zn2þ andMn2þ)
decarboxylases in the past decade, especially on the synthetic ap-
plications of benzoic acid decarboxylases. For instance, in 2014,
they studied three decarboxylases from Aspergillus oryzae (2,3-
DHBD_Ao), Trichosporon moniliiforme (SAD_Tm) and Rhizobium sp.
(2,6-DHBD_Rs) to develop a biocatalytic version of the Kolbe-
Schmidt reaction [31]. A series of structurally diverse phenols
were converted into the corresponding benzoic acids in moderate
to good conversions, finding exquisite regioselectivity towards the
ortho substitution with respect to the phenolic moiety. This study
was further extended to other phenols with industrial interest such
as resveratrol or phloretin [32]. Zhang et al. carried out a compre-
hensive biochemical characterisation and substrate profiling of the
2, 3-dihydroxybenzoic acid decarboxylase from Fusarium oxy-
sporum (2,3-DHBD_Fo) looking at several parameters such as sub-
strate loading, organic solvent tolerance or the effect of different
additives [33]. The same group has recently reported the crystal
structure of this enzyme which can provide insight into future
engineering to expand its synthetic applications [34]. The potential
of cofactor independent decarboxylases has also been explored.
Phenolic acid decarboxylases (PADs) for instance have been used
for the carboxylation of styrene derivatives [35], although the low
conversions were obtained as well as the need of a para-substituted
hydroxy group limiting the synthetic utility of this enzyme.

Enzymes from the UbiD family have recently shown to possess a
huge potential for the carboxylation of organicmolecules due to the
broad substrate scope they display. These enzymes use a prenylated
flavin cofactor (prFMN) which is synthesised by a flavin transferase
(UbiX) [36]. In 2017, the synthetic utility of the decarboxylase from
Enterobacter cloacae (EcAroY) was explored towards different cat-
echols employing either 3M potassium bicarbonate or pressurised
CO2 (30 bar) displaying modest activities and a higher preference
for para substitution [37]. In 2018, Aleku et al. demonstrated that
ferulic acid decarboxylases (FDCs) possessed a remarkably broad
substrate scope for the decarboxylation of a,b-unsaturated car-
boxylic acids [38]. Despite the low conversions observed in the
carboxylation reaction, the same authors have very recently shown
that the ferulic acid decarboxylase from Aspergillus niger (AnFDC)
can be used to functionalise non-activated alkenes or aromatic
systems. This was undertaken using CO2 at near stoichiometric
concentrations by coupling the carboxylation reaction with a series
of enzymes to access primary alcohols, amines or amides (Fig. 2c)
[39]. This report reveals that, despite the thermodynamic limita-
tions, decarboxylases can be a valuable tool to generate synthetic
complexity using CO2 as a C1 synthon under mild reaction
conditions.

2.3. Amide bond formation. ATP-dependent enzymes

The synthesis of an amide bond is one of the most important
reactions in organic chemistry as this moiety is present in many
chemicals in the pharmaceutical, polymer, and agrochemical in-
dustries. Classical methodologies consist of the use of coupling
reagents to activate the carboxylic acid that is normally employed
in stoichiometric amounts leading to processes with poor atom
economy [40]. Different catalytic strategies have been recently
developed although they often rely on the use of organic solvents
and harsh reaction conditions therefore amide bond formation still
represents a challenge in sustainable chemistry [41,42]. In this
context, biocatalysis nowadays offers a good portfolio of enzymes



Fig. 2. New enzymatic strategies for CeC bond formation. a) Biocatalytic Friedel-Crafts and Fries reactions catalysed by a multi-component acyl transferase (ATase) from
Pseudomonas protegens, b) Laccase-mediated trifluroromethylation of phenols and c) cascades involving the ferulic acid decarboxylase from Aspergillus niger (AnFDC) for the
functionalisation of non-activated alkenes and aromatics.
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available for this task [43], with ATP-dependent enzymes emerging
as promising catalysts to access these molecules in recent years. In
the sameway as conventional chemical approaches, they use ATP to
activate the carboxylic acid via two different pathways, i.e. phos-
phorylation and adenylation. CoA ligases (CLs) for instance have
been the focus of recent studies. These enzymes catalyse the for-
mation of thioesters in two steps. Firstly, the acid is activated with
ATP to form an acid-AMP intermediate that is then transformed
into the corresponding thioester upon CoA addition. In 2018, Phil-
pott et al. developed a whole-cell two-enzyme cascade system for
the synthesis of amides by combining ATP-dependent CLs and N-
acyltransferases (NATs) [44]. They initially screened a panel of 9 CLs
towards a series of synthetically relevant carboxylic acids finding
substrate complementary enzymes to take into the next step. A
panel of 31 NATs was then screened towards a series of amines and
different thioesters to assess the product scope of their collection,
finding several NATs with good substrate promiscuity and allowing
a diverse range of amide products to be accessed in high conver-
sions. The synthetic potential of this in vivo systemwas assessed by
synthesising an intermediate of the API (active pharmaceutical
ingredient) lismapimod. E. coli cells expressing the 4-
chlorobenzoate CL from Alcaligenes sp. and a serotonin hydrox-
ycinnamoyl transferase from Capsicum annuum catalysed the
4

coupling of 6-chloronicotinic acid and neopentylamine in 83%
conversion and 74% isolated yield (Fig. 3a). A different strategy to
access amides using CLs has been recently reported by Zaparucha
and coworkers. In this case, the authors envisaged that in the
absence of CoA and by working at higher temperatures, the acid-
AMP intermediate can be transformed into the corresponding
amide via non-catalysed amine addition over the activated acid
intermediate [45]. In this manner, they designed a CoA-free system
to synthesise N-methylbutyrylamide from butyric acid and
methylamine (10 eq.) in excellent conversion (95%) and good yield
(77%) using a thermophilic CL from Metallosphaera sedula in com-
bination with a two-enzyme ATP regeneration system. Following a
similar mechanism, carboxylic acid reductases (CARs) catalyse the
reduction of carboxylic acids to the corresponding aldehydes
[46,47] via adenylation to form an acyl adenylate intermediate that
is subsequently thiolated to be finally reduced by a nicotinamide
cofactor and yield the corresponding aldehyde. In 2017, Wood et al.
envisaged that, in the absence of NADPH, the substrate can still be
activated but not reduced, and it could then potentially react with
different nucleophiles [48]. In this manner, promising conversions
up to 25% to the corresponding primary amide with ammonia as
the nucleophile were obtained using the CARs fromMycobacterium
marinum (CARmm) towards a series of benzoic and cinnamic acid



Fig. 3. New biocatalytic strategies for the synthesis of amides employing ATP-dependent enzymes with selected examples carried out at a preparative scale: a) cascade
process by combining ATP-dependent CoA ligases and N-acyltransferases, b) use of truncated carboxylic acid reductases followed by amine addition, and c) use of amide-bond
synthetases.
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derivatives. Other amine-coupling partners were also attempted
finding that CARmm can also accept primary and secondary amines
such as methylamine or piperidine respectively. To demonstrate
the synthetic potential, the anticonvulsant API ilepcimide was
synthesised in 96% conversion 71% isolated yield (Fig. 3b). Very
recently, Lubberink et al. demonstrated the versatility of CAR
truncated constructs for amide bond synthesis by accessing a
remarkable set of pharmaceutically relevant amides from diamines
[49]. Another system that has recently shown potential in organic
synthesis is amide bond synthetases. Amongst them, the amide-
bond synthetase from Marinactinospora thermotolerans (McbA)
has been the focus of recent studies. It was firstly described by Chen
et al. in 2013 [50] and employed to prepare some products bearing
the ß-carboline scaffold. More recently, the Grogan group reported
5

the use of McbA for the synthesis of pharmaceutically relevant
amides (Fig. 3c) [51]. Several ß-carboline derived carboxylic acids as
well as other aromatic acids were screened along with several ar-
omatic amines. This enzyme exhibited a broad substrate scopewith
respect to the acid and 2-phenylethylamine which was found to be
the best amine-coupling partner. Employing this particular amine,
several preparative-scale reactions were carried out to synthesise a
series of pharmaceutically relevant amides in good to excellent
isolated yields (50e85%). The use of this enzyme for the prepara-
tion of amide-derived APIs has been further exemplified by the
same authors [52]. Using a new ATP regeneration system involving
two polyphosphate kinases (AjPPK2-II, SmPPK2-I) and poly-
phosphate, the synthesis of the antidepressant moclobemide from
4-chlorobenzoic acid and 4-(2-aminoethyl)morpholine was
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achieved in 64% isolated yield. Another adenylating enzyme that
has recently shown potential for its use in industrial biotechnology
is TamA. This enzyme is key in the biosynthesis of the natural
product Tambjamine YP1 which was found to have antimicrobial,
antimalarial, and cytotoxic activities. Recently, Marchetti et al.
successfully obtained its adenylating domain and its ability for the
synthesis of long-chain amides was assessed by coupling a range of
fatty acids with different amines and amino acids [53]. Although
the conversions obtained were modest, these promising results
demonstrate the potential of this system for the preparation of
pharmaceutically relevant amides.

2.4. Carboneoxygen bond formation

The biocatalytic toolbox to create new CeO bonds is quite
extensive, with a broad range of oxygenases and peroxygenases
available for this task. A recent and comprehensive revision by
Hollmann and coworkers reviews the use of these enzymes, which
involves different redox processes, from a synthetic perspective so
they will not be the focus of this survey [54]. Hydratases on the
other hand, catalyse the redox neutral reversible addition of H2O to
non-activated CeC double bonds, opening a new route to the for-
mation of CeO bonds under mild reaction conditions.

2.4.1. Hydratases
Hydration of double bonds to access alcohols is often carried out

under harsh conditions which also result in a lack of selectivity. As a
promising alternative, hydratases or hydro-lyases catalyse the
reversible addition of water to both activated and non-activated
CeC double bonds in high regio-, stereo- and enantioselectivity
(Fig. 4a). Several cofactor-dependent enzymes have been already
described [55] although in recent years there has been some
growing interest towards cofactor independent hydratases due to
their potential industrial applications [56]. Most hydratases are
limited by their high substrate specificity, however in the past 4
years, interesting developments have been made with fatty acid
hydratases. Initial investigations on the substrate scope of the
oleate hydratase from Elizabethkingia meningoseptica (EmOAH)
revealed that the scope is not only restricted to fatty acids but,
remarkably, alkenes can also be hydrated to yield chiral secondary
alcohols [57]. Recently, the same group identified a residue in po-
sition 248 as responsible for substrate recognition. An Ala248Leu
variant was found to be an efficient catalyst for the preparation of a
series of chiral secondary alcohols starting from non-activated al-
kenes (Fig. 4b) [58]. Very recently, an oleate hydratase from Para-
coccus aminophilus DSM 8538 was combined in a cascade process
with an alcohol dehydrogenase to synthesise 10-oxostearic acid
Fig. 4. New hydratases for the synthesis of chiral alcohols from non-activated alkenes:
scope displayed by the oleate hydratase from Elizabethkingia meningoseptica (EmOAH) wild
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from oleic acid [59]. The process was scaled up to 1L obtaining the
target product in 96% conversion and a space-time yield up to
552 g L�1 d�1, demonstrating the great potential of these enzymes
for large scale use.

3. New reactions through enzyme engineering

3.1. New to nature chemistry in heme-dependent proteins

The re-purposing and tuning of enzymes towards abiological
chemistries has been completely underpinned by the power of
directed evolution [60]. Iterative rounds of mutagenesis through
PCR-based methods gives rise to genetic variation which is com-
plemented with (commonly chromatographic-based) screening
towards a desired function selecting the most appropriate candi-
date. Desired functions include optimisation of stereoselectivity, or
enhanced performance and stability under diverse sets of reaction
conditions. However, drawing from small-molecule catalysis (che-
momimetic biocatalysis), directed evolution has been pivotal in
unlocking a whole repertoire of biocatalysts where such reactions
cannot be found in Nature, often starting from minimal promis-
cuous activity. At the forefront of such research are heme-
dependent proteins, including P450 monooxygenases and
myoglobin proteins. P450s are a truly versatile class of enzymes,
which through a natural iron-oxene intermediate species carry out
a range of oxygenation reactions including CeH hydroxylations,
dealkylations, sulfoxidations, and epoxidations [60]. Transition
metal-based metalloporphyrin complexes developed by synthetic
chemists sought to mimic P450 oxene transferase activity through
carbene and nitrene transfers to access non-natural trans-
formations, however, these complexes failed to match stereo-
selectivity offered by biocatalysts [60]. Utilising this knowledge,
heme-dependent proteins have been, over the last decade,
evolved to perform carbene and nitrene transfers installing valu-
able chemistries in proteins with no biological counterparts.

3.2. Carbene transferases furnishing carbocycles

Carbenes are highly reactive species that enable the formation
of new carbon-carbon or carbon-heteroatom bonds and its transfer
reaction has proven to be a useful transformation in synthetic
chemistry [61]. Enzymatic carbene transfers proceed through a
high-valent iron-carbenoid intermediate species (Fig. 5) [60], and
in recent years, enormous efforts by the groups of Arnold, Fasan,
and Hartwig have been undertaken for the formation of carbocyclic
rings, namely cyclopropanes, using engineered heme proteins
typically through whole-cell based biotransformations (Fig. 5a). A
a) General scheme for the hydration of alkenes catalysed by hydratases. b) Substrate
-type and A248 variants.



Fig. 5. A recent snapshot of new-to nature carbene transfer chemistries in engineered heme-dependent proteins. Boxes a-g represent the recent scope of carbene transfers
where upon addition of the diazoester reagent this forms carbenoid intermediate species with metal (co-ordinated in the porphyrin ring) where N2 is released (not shown). This
carbene is then transferred from the metallo-intermediate to the corresponding reagent. Box a where various cyclopropanation reactions are shown, atypical diazoester substrates
are highlighted in red. P411: serine ligated P450. Box d shows the products of carbene NeH insertions. P411: Engineered serine ligated P450s. Box e gives the general schematic for
sp3 CeH insertion with specific products given below. P411: Engineered serine ligated P450s. Mb: myoglobin variants. Ir(Me)-PIX: iridium containing P450s. RmaNOD: Rhodo-
thermus marinus nitric oxide dioxygenase. Rma Cyt C: Cytochrome c from Rhodothermus marinus.
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key histidine to serine mutation for heme ligation in P450BM3 from
Bacillus megaterium gave rise to powerful cytochrome P411s for
carbene transfers yielding cyclopropane products starting from
inexpensive styrene [62]. Following the evolutionary trajectories of
P411s, challenging and precise synthesis of highly strained cyclo-
propenes and bicyclobutanes have recently been enabled from
terminal alkynes (Fig. 5b and c respectively) in excellent yields,
offering further substrate diversification to these enzymes [63].
This was further extended to include internal alkynes [64], where
no previous systems existed for the cyclopropenenation.

To extend the olefin cyclopropanation scope, engineering cam-
paigns on P411s, wild-type Rhodothermus marinus nitric oxide
dioxygenase (RmaNOD), and a protoglobin allowed for the accep-
tance of unactivated and electron-deficient alkenes, which are
attractive feedstocks to such reactions [65]. Further engineering on
P411swas recently conducted by the Arnold group to access hetero-
atom-substituted cyclopropanes, which are present in several
relevant chemicals with N-, S- and O- containing moieties such as
the anti-viral drug Grazoprevir (Fig. 5a) [66]. Advancing the
incorporation and stereospecificity of biocatalysis towards early
drug development, the Arnold lab applied RmaNOD towards the
synthesis of pinacolboronate (Bpin) substituted cyclopropane
diastereo-divergent products on multi-gram scale (Fig. 5a).
Suzuki�Miyaura coupling was further employed to generate
7

aromatic cyclopropane products in up to 92% yield with >99% ee
[67].

To expand the toolbox of non-natural transformations with
heme-dependent proteins, Fasan and co-workers engineered a
myoglobin protein towards carbene transfers [60]. Myoglobins,
with their natural function being an oxygen reservoir, are smaller
compared to P450s, with a mass of approximately 17 kDa, offering
reduced complexity for evolution. Engineered myoglobin carbene
transferases have been sought to synthesise a wide range of
cyclopropane scaffolds to encompass tricyclic [68], nitrile-
substituted [69], difluoro- and trifluoromethyl-substituted (Fig. 5a)
[70,71]. Nitrile and trifluoromethylated cyclopropane products

serve as important functional handles for further derivatisation.
Reduction with lithium aluminium hydride followed by N-ben-
zyolation produced a methylamino derivative from a nitrile-
substituted cyclopropane substrate, where this methylamino scaf-
fold can be found in the antidepressant Levomilnacipran [72].

For the neat synthesis of cyclopropane fused g-lactones (Fig. 5a),
site saturation mutagenesis was carried out on myoglobin variants
towards intra-molecular stereocomplementary cyclopropanation
with allylic diazoacetate derivatives through cyclisation, with a
wide range of substituents tolerated on the phenyl group [73].
Gram scale synthesis of dimethyl cyclopropane 3-oxabicyclohexan-
2-one was carried out in 83% yield enabling the total synthesis of
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pyrethroid natural products. Following this, Ren and co-workers
employed allylic diazoacetamides to access cyclopropane fused g-
lactams [74]. Excellent selectivity was observed across all 13 sub-
strates; although turnover numbers were relatively low (200 TON).
In a similar system, over multiple rounds of directed evolution the
sperm-whale myoglobin biocatalyst was able to furnish cyclopro-
pane fused d-lactones (Fig. 5a) [75], forming the scaffold of the
antidepressant Dinardokanshone B. The fused d-Lactones were
synthesised in up to 99% yield highlighting the efficiency of such a
system, where few poorly selective transition-metal based ap-
proaches have been previously described.

Both P450s and myoglobin catalysts have also been applied to
carbene NeH insertions in forming CeN bonds, a highly prevalent
(chiral) bond in many new chemical entities. P450BM3 was first
reported by the Arnold lab to undertake carbenoid NeH insertions
[76], where this had previously been reported with metallo-
porphyrins in organic solvents, however suffered from poor che-
moselectivity. Aniline combined with ethyl diazoacetate (EDA) as
the precursor was chosen as the model substrate (Fig. 5d), which
was then expanded to a variety of substituted anilines. Recently, the
Fasan lab expanded this scope usingmyoglobin variants to a variety
of aromatic amines with benzylayted 2-diazopropanoate esters and
various derivatives for asymmetric carbene NeH insertions
(Fig. 5d) [77]. It was observed that a combination of protein engi-
neering combined with engineering of para-, meta- and ortho-
substituents of the aromatic 2-diazopropanoate esters heavily
influenced the stereoinduction of the carbene transfer. The prod-
ucts of these carbene transfers offer a sustainable route and over-
come challenges associated chemocataytic methods in the
synthesis a-amino acid derivatives.

Replacing iron for iridium (an abiological noble metal) in the
porphyrin ring of heme-proteins such as P450s, garners different
activities whilst still maintaining protein structure. Hartwig and co-
workers applied Ir(Me)-PIX enzymes for the cylcopropanation
across a broad set of substrates to include natural terpenes and
derivatives, as well as aliphatic alkenes, with several acyclic sub-
strates achieving excellent selectivity with numerous diazo ester
precursors [78].
Fig. 6. A recent snapshot of new-to nature nitrene transfer chemistries in engineered
Nitrene transfer proceeds in a similar mechanism to that of the carbene transfers. Hydroxylam
serine ligated P450s. Mb: myoglobin variants. Rma Cyt C: Cytochrome c from Rhodothermu
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3.3. Carbene transferases enabling XeH formation and
functionalisation

Nature’s toolbox for sp3 CeH functionalisation consists of
mainly alkyltransferases, but in recent years carbene transfer re-
actions enabled by engineered heme proteins proved to be partic-
ularly powerful (Fig. 5e). For instance, engineered Ir(Me)-PIX
CYP119 variants were generated for the selective meta- and para-
functionalisation of phthalan derivatives, overcoming the poor
chemoselectivity of small molecule catalysis where multiple CeH
insertions is often observed [79]. Such derivatives were chosen as
they contain two sp3 centres with similar steric and electronic
environments where multiple functionalisations may occur.
Moreover, iron containing P411s have been shown to perform sp3

CeH functionalisation across a range of benzylic, allylic, propargylic
and alkyl amines substrates [80]. To show that P411s are not limited
to EDA, fluoroalkylation was also achieved with 2,2,2-trifluoro-1-
diazoethane and derivatives as the carbene precursor (Fig. 5e)
[81]. As highlighted previously, fluoroalkylated compounds are
prevalent in the field of medicinal chemistry where such carbene
transfers are also unachievable with small molecule catalysis.
Recently, the use of P411s was also expanded to lactone-carbene
precursors to generate g-lactone derivatives (Fig. 5e) [82]. In
addition, upon screening thousands of variants over 17 rounds of
directed evolution [83], P411eHF (heterocycle functionalisation),
and variants derived from the P411eCIS [62] were able to selec-
tively functionalise sterically demanding heterocycles (indoles and
pyrroles) with high catalytic efficiencies (Fig. 5e). Similarly, but
displaying lower catalytic efficiencies than P411 variants,
myoglobin carbene transferases were able to selectively function-
alise unprotected indoles, and their synthetic potential was shown
by developing a chemoenzymatic synthesis of the anti-
inflammatory indomethacin [84].

Installing the abiological element silicon through carbene
transfers highlights the proficiency of engineering heme-
dependent biocatalysts. In 2016, Kan and co-workers engineered
the Cytochrome c from Rhodothermus marinus (Rma cyt c) to
introduce a range of carbon-silicon bonds generating 20 silicated
heme-dependent proteins. Boxes a-c represent the recent scope of nitrene transfers.
ine precursors (b and c) over azide substrates are highlighted in red. P411: Engineered

s marinus.



Fig. 7. A recent snapshot of new-to nature chemistries in non-heme dependent proteins. a, Represents the work of the Hyster lab through photoexcitation of ene-reductases to
carry out varied chemistries (radical dehalogenation and cyclisation, deacetoxylation). b, radical intermolecular hydroalkylation to access g-chiral carbonyl compounds. c and d,
nitrene transfers in non-heme dependent iron containing proteins. PsEFE: ethylene forming enzyme from Pseudomonas savastanoi.
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products using primarily ethyl 2-diazopropanoate (Me-EDA) as the
carbene precursor (Fig. 5f) [85]. This was achieved with up to
exceptional TTNs (47e8210 TTNs), particularly when compared to
small-molecule catalysts (<100 TTNs).

As a biocatalytic first, Rma cyt c was further engineered for
carbon-boron bond formation through carbene transfers (Fig. 5g)
[86], this borylation platform recently expanded the range of car-
bene precursors, with 5-, 6-, and 7-membered lactone carbenes
being accepted with up to 24,000 TTN in a similar substrate tra-
jectory to that of P411 CeH functionalisation. Structurally diverse
and bulky trifluorodiazo precursors were also accommodated by
Rma cyt c BOR-CF3 [87], and molecular dynamic simulations
demonstrated that the beneficial mutations (M103D and Y44I) in
the active site facilitated the stabilisation of the diazo and carbene
intermediates. It was found that the large diazo substituents were
exposed towards the solvent and the trifluoro group towards the
heme pocket. Such constrained conformation therefore allowed for
the highly selective carbene transfer.
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3.4. Nitrene transferase chemistry

Proceeding through a similar FeIII/FeII nitrenenoid intermediate,
nitrene transfers offer a further expansion of hemeproteins’ abili-
ties to perform abiological chemistries (Fig. 6). The Arnold lab first
engineered P450BM3 towards the intramolecular CeH aminations of
azide substrates through nitrene transfers [60], then in 2017
expanded towards the synthesis of intermolecular amination
across a range of aryl substrates [88]. Again demonstrating that
engineered hemeproteins can outcompete small molecule cata-
lysts, an engineered platform of P411 variants were applied to the
synthesis of a huge architecture of enantioenriched cyclic sulfa-
mides (Fig. 6a) [89], which were further processed to give the
diamine through primary, secondary and previously unattainable
tertiary sp3 CeH amination. Rivalling the scope of other chiral
amine biocatalysts (transaminases, amine dehydrogenases, imine
reductases), P411B/APA - referring to benzylic and allylic primary
aminase-yielded a range of aliphatic primary unprotected amines
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in high yields (up to 93%) from hydroxylamine precursors without
necessitating the pre-oxidised substrate (Fig. 6b) [90]. However,
regioselectivity could be a challenge across further substrate
diversification.

A hindrance in nitrene transfers is often observed in the
reduction of the azide substrate to the corresponding sulfonamide.
By reducing the rate of electron transfer with a W1046P mutation,
Brandenburg and co-workers managed to tightly control such
selectivity in the amination of indoles. This reduced the sulfon-
amide side product yield by 10% and increased the amidation yield
by 10%, generating C2-aminated indoles with up to 91% yield and
8000 TTN (Fig. 6b) [91]. In an effort to push the activity of nitrene
transferases to comparable levels observed in P450 native mon-
oxygenase activity, the Fasan group following a structure guided
approach to engineer three P450s (XplA and BezE, and FL#62 a
variant of BM3) coupled with deep mechanistic studies through ki-
netic isotopic effect experiments achieving up to 14,000 TTNs for
intramolecular CeH amination (Fig. 6a) [92]. By targeting struc-
turally conserved elements, it was determined that, with sulfonyl
azides, activation is the rate limiting step in the formation of the
niterenoid and disruption of the electron relay aids CeH aminase
activity, consistent with other studies.

Recently, following site saturation mutagenesis, Rma cyt c was
used as template to generate a 7-point variant TQL which was
applied to the synthesis of olefin derived chiral 1,2-amino alcohols
(Fig. 6c) [93]. Such reactions were performed on a 2.0 mmol scale
achieving up to 61% yield. Fluctuations in selectivities were
observed across the scope, however this offers a new route to
aminoalcohols bypassing multi-enzyme cascades in a single step
[94].

3.5. Abiological chemistries in non-heme dependent proteins

Although not covered in this review comprehensively (see Chen
and Arnold for a detailed survey) [60] it is worth mentioning that
non-heme dependent proteins have also incorporated awide range
of further non-natural chemistries into their scopes. Recently, the
Hyster lab through photoexcitation of the nicotinamide cofactor
(NADPH) to generate a single electron reductant has allowed the
introduction of (new) radical chemistries into proteins. These
include radical dehalogenation and cyclisations [95], ketone re-
ductions, and deacetoxylations all in the well-established family of
ene-reductases (EREDs) (Fig. 7a) [7]. In 2020, Huang and co-
workers pushed the radical photoreactivity scope of EREDs to
allow for the intermolecular hydroalkylation furnishing chiral g-
carbonyl compoundswith perfect enantioselectivities (Fig. 7b) [96].
Chiral g-carbonyl moieties are found in a number of bioactive
compounds such (R)-1-hydroxyboivinianin belonging to the family
of Sesquiterpenes.

Nitrene transfers have also been explored in non-heme depen-
dent mononuclear proteins. The class mononuclear proteins are
representative of many families of enzymes, including Rieske
oxygenases and a-ketoglutarate dependent dioxygenases [97], and
are capable of performing a range of natural oxidation reactions
implemented in degradation pathways of xenobiotics. These
mononuclear proteins also possess a nitrenoid intermediate anal-
ogous to that observed in engineered P450s and other heme-
dependent proteins. The Arnold group first demonstrated nitrene
transfers in engineered non-heme dependent enzymes through
directed evolution of an ethylene forming enzyme from Pseudo-
monas savastanoi (PseEFE) for olefin aziridination (Fig. 7c) [98]. In
the same study this protein was further mutated to incorporate
nitrene transfers for intramolecular CeH insertions with aromatic
sulfonyl azide substrates. Also capable of such transfers over several
rounds of active site engineering of a naphthalene diooxygenases
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(NDO), this enzyme was capable of performing gram-scale intra-
molecular CeH amination on aromatic sulfonyl azide (Fig. 7d) [99].
With both engineered enzymes lacking the coordinating heme
complex it was noticed that in the case of PseEFE the selectivity and
activity could easily be modified with simple additives, such as
acetate or N-oxalylglycine instead of aKG. These non-heme
dependent iron containing enzymes offer promising routes
coupled with further engineering towards previously unattainable
nitrene or carbene transfers. Also in a recent study, mononuclear
nonheme-dependent hydroxylases were repurposed for nitrile
formation with the assistance of an azido group expanding this
families reaction scope [100].

4. Conclusions and outlook

Over the last decade, by either enzyme discovery or protein
engineering, the portfolio of reactions that can be accessed via
biocatalytic strategies has greatly expanded. In this report, we have
reviewed recent and selected examples of new biocatalytic re-
actions based on their potential impact on synthetic chemistry.
However, other important transformations not surveyed in this
article have recently been added to the biocatalytic toolbox such as
nitrations [101e104], cyclisations [105e107], Diels-Alder reaction
[108e110], and SAM-dependent alkylations [111e113], which we
envision they will also be the focus of extensive research in the
coming years and highlights the broad scope currently offered
through enzyme catalysis. We also envisage that new and diverse
enzyme discovery platforms such as metagenomics combined with
efficient screening strategies or retrosynthetic tools will enable the
discovery or application of new reactions that can be useful in in-
dustrial chemistry. Moreover, advances in computational tools, de
novo design of enzymes, novel artificial metalloenzymes, incorpo-
ration of non-canonical amino acids, and the combination of these
areas will lead to new chemistries and hence a greater uptake of
industrial biocatalysis.
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