7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online
View Journal | View Issue

TUTORIAL REVIEW

(M) Cheokfor updates. Biocatalytic amide bond formation

Cite this: Green Chem., 2023, 25, Max Lubberink, = 1+ William Finnigan and Sabine L. Flitsch (= *

2958
Amide bonds occur in over half of target compounds in medicinal chemistry patents, making amide bond
formation the most commonly performed reaction in the pharmaceutical industry. The growing demand
for green and sustainable catalytic methods for amide bond synthesis has driven the interest in biocataly-
tic methods. We have compiled the literature on this topic in a publicly available database (RetroBioCat)

Received 8th February 2023,
Accepted 27th March 2023

DOI: 10.1039/d3gc00456b

and use this database to discuss the most commonly used strategies. These include the use of low water
systems for driving equilibria and kinetics in hydrolase-catalysed reactions towards amide bond formation.
Alternatively, in aqueous medium, ATP-dependent enzymes have been shown to be particularly promising
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Introduction

The amide bond plays a fundamental role in Nature and its
prevalence in medicinal chemistry is exemplified by the fact
that it occurs in over half of all compounds listed in medicinal
chemistry patents and has been the most commonly per-
formed reaction in the pharmaceutical industry for decades.">
Accordingly, there is a wide choice for chemical methods of
amide bond formations, which will not be reviewed here.?
However, many solvents and reagents commonly used for amide
synthesis lack green credentials, and the development of sustain-
able methodologies is still of great interest.*”” In 2018, a roundta-
ble of pharmaceutical industry experts (GCIPR) identified amide
bond formations as a top priority for the development of alterna-
tive more sustainable methods and biocatalysis was named as
one of the most promising research fields to fulfil this need.®
Biocatalysis encompasses the use of enzymes for organic
synthesis and has been used as a replacement for a wide
variety of chemical processes for decades. Over recent years,
enzymes have been increasingly utilized for the synthesis of
more complex molecules such as pharmaceutical drugs,
having advantages as catalysts with high chemo- and stereo-
selectivity.® Limitations in reactivity and selectivity can be over-
come by using large metagenomic databases as sources for
new enzymes and by protein engineering.'® In particular,
directed evolution, for which the 2018 Nobel Prize was
awarded to Frances Arnold has transformed the efficiency and
speed of development of industrial enzymes by orders of mag-
nitude."* Other great benefits of using biocatalysis are its econ-
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and can be coupled to ATP recycling systems.

omic and environmental advantages over traditional chemical
synthesis. Enzymes are biodegradable, non-toxic and produced
from cheap renewable resources. Enzymatic reactions are often
performed under aqueous conditions using mild reaction
temperatures and frequently circumvent protection/de-
protection strategies or functional group activation. Therefore,
biocatalytic methods generally lead to less waste, are more
cost-effective than conventional organic synthesis, and are
therefore seen as potentially more sustainable."?

In Nature, the amide bond is ubiquitous and therefore, bio-
synthesis provides a wide variety of amide bond-forming strat-
egies which can be harnessed for use in biocatalysis. This
article focuses on cell-free applications of amide bond-forming
enzymes for the synthesis of industrially relevant compounds.

To accompany this review, we have also curated data from
across the literature for enzymatic amide bond formation into
a database linked to the biocatalytic retrosynthesis tool
RetroBioCat," allowing this information to be interactively
explored and interrogated (available through retrobiocat.com).
The database is continuously updated and is a community-
based effort. As of February 2023, the database comprises 388
citations, 1831 enzymes, 4659 product molecules and 19 946
reactions, the detailed discussion of which is beyond this
review. We have used the data collected in this database to
analyse and discuss certain aspects of the amidation topic,
such as the use of different organic solvents in lipase-catalysed
amidation reactions and the range of amide bond-forming
enzymes available for organic synthesis (Fig. 1).

Aminolysis of esters
Lipases

Lipases are the most studied enzymes for amide bond for-
mation (Fig. 1). They are members of the family of serine

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The four main enzymatic amidation strategies discussed in this
review (top) and corresponding enzyme classes with their data avail-
ability in the RetroBioCat database (bottom).

hydrolases that naturally catalyse the hydrolysis of triglyceride
ester bonds at the oil-water interface and are therefore natu-
rally stable in hydrophobic conditions."* Zaks et al. reported
that lipases show increased thermostability and selectivity in
anhydrous conditions and that transacylation reactions are
favourable over hydrolysis under these conditions, thus pro-
moting the aminolysis of esters leading to amides."®'® This
work is often seen as a landmark discovery, showing enzymes
are more widely applicable in organic solvents than previously
thought possible."” The enzymes used in these early studies
were isolated from porcine pancreas (PPL)'” or Candida cylin-
dracea (CCL),'® but over time the microbial Candida antarctica
lipase B (CAL-B), in its free form or its many commercially
available immobilized forms, has grown to be the most com-
monly used lipase for amidation reactions.'®?° Indeed, among
the reactions listed in the RetroBioCat'® database of biocataly-
tic reactions, CAL-B is the most prevalent enzyme used for ami-
dation reactions. CAL-B is a member of the serine hydrolase
family with its three characteristic active site amino acids
(aspartic acid, histidine and serine) forming the catalytic
triad."®

Kinetic resolutions of amines

The enantiospecific properties of lipases have been extensively
exploited for the synthesis of chiral amines through kinetic
resolution. Lipase-catalysed kinetic resolution processes have
been used on an industrial scale, for example by BASF as
shown in Scheme 1: here, a lipase is used in organic solvent to

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Lipase catalysed kinetic resolution of amines: selective acy-
lation of (R,S)-1 using lipase in MTBE (methyl tert-butyl ether) yielding
(S)-1. Basic hydrolysis of amide 3 yields (R)-1.%

selectively acylate the R-enantiomer of racemic (R,S)-1 leaving
enantiopure (S)-1 unreacted. After the separation of the reac-
tion products, amide 3 can be hydrolysed under basic con-
ditions yielding (R)-1 in excellent enantiopurity.>"**> As lipases
are known for their exceptionally broad substrate scope, the
variety of amines that can be resolved using this method is
very diverse and can in some cases be done on multi-ton
scales.”” A large amount of academic research has gone into
the enantioselective acylation of amines following this prin-
ciple, exploring the substrate scope and reaction conditions.

As the kinetic resolution outlined in Scheme 1 inherently
yields maximum conversion rates of 50% per enantiomer,
there has been a significant interest in dynamic kinetic resolu-
tion (DKR) reactions. This method uses a racemisation agent,
usually in the form of a metal or an organometallic catalyst, to
convert the unreacted amine enantiomer back to the racemate,
generating a cycle that allows these kinetic resolution reactions
to reach full enantiopure amides
(Scheme 2).*2*

conversions to

Use of non-aqueous solvents

The versatility of lipases for amide bond formation and other
reactions has been reviewed extensively over the years.”®?*
However, the need for organic solvents in lipase catalysed ami-
dations raises the question if this is the most sustainable and
safe synthesis method. Solvent selection guides such as pub-
lished by CHEM21 have made efforts to rank commonly used

(o}
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Scheme 2 CAL-B/RANEY® nickel catalysed dynamic kinetic resolution
of 4 yielding enantiopure (R)-5. CAL-B selectively acylates (R)-4 while
the unreacted (S)-4 is converted back to the racemate by the RANEY®
nickel catalyst.?®
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solvents based on health, safety and environmental scores.’
The data that can be extracted from our RetroBioCat database
provides a systematic overview of what organic solvents are
most commonly used for lipase-catalysed amide bond for-
mations in the scientific literature, with over 100 papers con-
taining over 1200 entries of lipase-catalysed amide bond for-
mations included.

Fig. 2 lists the most commonly used solvents for lipase cata-
lysed amidation reactions in the database. The colours for
each solvent refer to their desirability in the CHEM21 solvent
selection guide, based on criteria involving safety, health and
environment.” The four most prevalent solvents in the data-
base are ranked “hazardous”, whereas diethyl ether and tetra-
chloromethane have a “highly hazardous” ranking, meaning
the use of these solvents should be avoided at all costs.

Overall, Fig. 2 illustrates that most solvents used in opti-
mized lipase amide-forming reactions are not suitable as
green solvents within the pharmaceutical industry and acade-
mia and pose substantial occupational health hazards. In this
respect, moving towards amidation reactions under aqueous
conditions is highly desirable, as water is ranked as the most
recommended solvent in this selection guide. In some cases,
lipases are able to catalyse amide bond formation in aqueous
environments. In addition, a number of other enzyme classes
have been shown to catalyse this reaction in water using a
variety of mechanisms. These aqueous amidation strategies
will be covered in the remaining part of this review.

Penicillin G acylases

A further group of hydrolase enzymes that have been exploited
for amide bond formation are the penicillin G acylases (PGAs).
PGAs natively catalyse the reversible hydrolysis of the amide
bond in penicillin antibiotics (Scheme 3A). This characteristic

MTBE
1,4-Dioxane

Hexane

None
Tetrachloromethane

THF

Ethyl Acetate 3 Aminolysis
Heptane 5] EA Amidation
L L] 1 1
0 50 100 150 200

No. of reactions

Fig. 2 The most used solvents for lipase catalysed amidation reactions
in the RetroBioCat database. The individual solvents are split up
between reaction types (aminolysis of esters and direct amidation of
carboxylic acids) and are colour coded by their ranking using the
CHEM21 solvent selection guide (dark red: highly hazardous, red: hazar-
dous, yellow: problematic, green: recommended).®
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Scheme 3 Applications of penicillin G acylase (PGA). (A) PGA catalyses
the hydrolysis of penicillin into 7 and 8. (B) PGA can reinstall alternative
acyl side chains such as 9 to synthesize analogous antibiotics like amoxi-
cillin 10.2° (C) Racemic p-aminoester 11 can be deracemized on an
industrial scale to obtain drug precursor (S)-11 in high ee's.>*

has been exploited for the synthesis of semi-synthetic penicil-
lins and cephalosporins by hydrolysing the amide bond of
penicillin-like structures and subsequent reinstallation of an
alternative acyl side chain to the beta-lactam core structure
(Scheme 3B).”°>® PGAs have been used on industrial scales for
processes like these for decades.”® Exploiting the substrate
promiscuity, this enzyme class has also been utilized in the
synthesis of dipeptides®®*' and the kinetic resolution of
amines.’>** For example, immobilized PGA was utilized for
the resolution of the p-aminoester 11 using 7 as an acyl donor,
resulting in an enantiopure precursor for the platelet aggrega-
tion inhibitor xemilofiban (S)}-11 on a 70 L scale
(Scheme 3C).>* Recently, PGA has been utilized by researchers
at Merck for larger biomolecules. They report the selective
installation of cleavable phenyl acetamide groups at either of
three available primary amine positions of human insulin.
Extensive directed evolution campaigns led to a toolbox of tai-
lored PGA variants for the acylation or hydrolysis (i.e. protec-
tion/deprotection) for each of the targetable amino moieties.
The selective modification of insulin led to homogeneous
samples of bioconjugates that are highly valuable as biological
probes or therapeutics.*”

N-Acyltransferases

In some cases, the formation of esters as more reactive inter-
mediates for biocatalytic amide bond formation is used in
natural metabolism. For example, in the biosynthesis of

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 N-Acyl transferases (A) the biosynthesis of antibiotic 14 proceeds through the O-methylation of carboxylic acid substrate 12, followed
by aminolysis with 13 catalysed by CapW.3¢ (B) C-acyl transferase PpAtaseCH has been shown to catalyse amide bond formations with aniline deriva-
tives such as 15.%° (C) wild-type MsAcT acetylates a range of primary amines. Mutating the active site serine to a cysteine improves activity and
allows acetylation of thiols including co-enzyme A and the acetylation of secondary amines. These reactions were not accessible using the wild-

type enzyme.***%

A-503083 B (14, Scheme 4A), a capuramycin-type antibiotic, the
carboxylic acid 12 is activated by an S-adenosylmethionine-
dependent carboxyl methyltransferase forming a methyl ester,
which subsequently undergoes N-acylation catalysed by
CapW.>® This N-acetyltransferase (NAT) has been used to
couple its native methyl ester substrate to a wide array of
amine donors under aqueous conditions and some of these
amide products showed antimicrobial activity.?”

In the search for more biocatalysts for amide bond for-
mation, the acyltransferase from Pseudomonas protegens
(PpATaseCH) which previously had been reported to catalyse
C-C bond formation,*® was shown to possess chemical promis-
cuity when 15 was introduced to the reaction (Scheme 4B).
Instead of the expected C-C bond formation, C-N bond for-
mation was observed, and a variety of anilines could be acetyl-
ated using a phenyl or an enol ester as acyl donors under
aqueous conditions, with no requirement of co-factors.*
Similarly, promiscuous acyltransferase activity has been
observed in the family VIII carboxylesterase EstCE1, with the
enzyme enabling synthesis of the drug moclobemide (for
structure see Scheme 8, 42) from ethyl 4-chlorobenzoate and 4-
(2-aminoethyl)morpholine with 20% conversion. Guided by
the enzyme crystal structure, the three amino acid motif
responsible for acyltransferase activity was introduced using
protein engineering to a hydrolase enzyme, transforming it
into an acyltransferase enzyme.*’

Furthermore, an acetyltransferase from Mycobacterium
smegmatis (MsAcT) had previously been shown to catalyse ester
formation under aqueous conditions.*' This enzyme too was
shown to possess reaction promiscuity towards amide for-
mation, as was initially shown by acetylating a variety of
primary amines that were in turn formed by a transaminase,
thus shifting the equilibrium towards amide bond for-
mation.”” In further studies, Contente et al. have shown that

This journal is © The Royal Society of Chemistry 2023

MsAcT catalyzes the acetylation of a wide range of aliphatic
and aromatic amines under aqueous conditions and that this
system is capable of producing melatonin on a multi-gram
scale using immobilized enzyme in flow.**** Notably, using
mechanistic insights into the enzymes’ catalytic triad mecha-
nism, the group has mutated the catalytic serine residue in the
active site to cysteine, thereby allowing the formation of an
enzyme-bound thioester intermediate, rather than an ester
intermediate. This new reactivity was exploited by introducing
thiol nucleophiles allowing the formation of a range of thioe-
sters. Interestingly, the biologically important acetyl-CoA (22)
could be formed in large amounts using 19 and 21 as sub-
strates (Scheme 4C). Further exploiting the S11C MsAcT
mutant, a range of secondary amines were acetylated forming
tertiary amides such as 24, in transformations that were pre-
viously inaccessible by this enzymatic system.*’

Amidation of carboxylic acids
Amidation of carboxylic acids by lipases

Carboxylic acid activation in the form of an ester is crucial for
the activity of most lipase and NAT-catalysed aminolysis reac-
tions.® However, to avoid this activation step, some research
has gone into the direct amidation of carboxylic acids using
lipases. For example, Baldessari et al. showed that when a car-
boxylic acid substrate is incubated with CAL-B in ethanol, the
ethanol will function as both a solvent and a nucleophile
forming the ethyl ester. Upon addition of an amine nucleo-
phile, the in situ formed ester will undergo aminolysis forming
the amide.””*® In a different strategy, CAL-B was able to
directly couple carboxylic acids with amines by shifting the
reaction equilibrium. Using either ionic liquids or a solvent-
free system under reduced pressure to remove by-product

Green Chem., 2023, 25, 2958-2970 | 2961
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water, chiral amides were obtained in high enantiomeric
ratios.”® Another strategy of low-water systems allowed direct
CAL-B catalysed amidation of carboxylic acids by using mole-
cular sieves, thus preventing hydrolysis.>® As a rare example,
Zeng et al. have described the intracellular lipase SpL, which is
able to catalyse amidation of both esters and carboxylic acids.
As this lipase acts intracellularly rather than extracellularly as
previously discovered lipases, SpL was used in whole E. coli
cells in hexane yielding a range of amides on preparative
scale.”® In another recent effort, reaction and enzyme engin-
eering of CAL-B allowed the direct amidation of unprotected
1-proline with ammonia.’> Amidation of unprotected amino
acids is an otherwise highly challenging reaction for lipases.

ATP-dependent amide bond-forming enzymes

Because of the high prevalence of amide bond formations in
the chemical and pharmaceutical industry, there is a signifi-
cant interest in more sustainable amidation methods. Moving
from organic solvents to aqueous reaction conditions is a
crucial step in achieving this sustainability.

Nature has evolved a wide array of enzymes able to perform
amide bond formation The majority of these
enzymes activate the carboxylic acid substrate using the co-
factor adenosine-triphosphate (ATP), forming highly reactive
acyl-phosphate intermediates such as acyl-adenylate inter-
mediate (25, Scheme 5).>*

Most amide bonds in living cells are formed within the
ribosome where mRNA is used as a template to incorporate
one of the 20 proteinogenic r-amino acids into a growing
peptide chain.” In the fungi and bacteria kingdoms, peptides
are also synthesized outside of the ribosome by large multi-
modular enzyme complexes known as non-ribosomal peptide
synthases (NRPSs). These enzymes act independently from
mRNA and each NRPS specifically synthesizes one type of
peptide product. Non-ribosomal peptides (NRPs) display a
large structural diversity and often have a macrocyclic structure
(26, Scheme 6). They are classified as secondary metabolites in
nature and some examples have become commercially avail-
able as antibiotics or anti-cancer drugs. NRPs often contain a
larger diversity of chemical groups compared to ribosomal
peptides including a wide variety of non-proteinogenic amino
acids.>*® NRPSs typically consist of multiple modules that are

in water.

Adenylating
enzyme

PP,

{

9 o 0
\/

P .Ad )J\ _R
\ ﬁ» R1 H 2

j 25 AMP

_NH,
2

Scheme 5 Carboxylic acid activation by adenylation via an acyl adenyl-
ate intermediate (25) and subsequent amidation (Ad = adenosine).
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Scheme 6 NRPS catalysed amino acid chain elongation: amino acid
substrates are activated by the A-domain, allowing subsequent capture
onto a T-domain in the form of a thioester. The C-domain catalyses
peptide bond formation between two thioester intermediates, adding
the next amino acid to the growing peptide chain.>® As an example, the
structure of the NRP tyrocidine A is shown (26).

responsible for incorporating a single amino acid into the
growing peptide chain. Many structurally diverse exceptions
aside, a typical NPRS module consists of three distinct
domains: the adenylation (A-) domain selectively binds an
amino acid and activates the acyl group using ATP forming an
aminoacyl-AMP intermediate. The thiolation (T) domain con-
tains a phosphopantetheine prosthetic group which intercepts
the aminoacyl-AMP intermediate in the form of a thioester
intermediate that is covalently bound to the enzyme. Finally,
this active thioester intermediate is coupled to the growing
peptide chain in the condensation (C) domain (Scheme 6).>°
Significant amounts of research have gone into the engineer-
ing of these NRPS assembly lines to produce novel NRP pro-
ducts. Whilst there have been some very impressive examples
of re-engineering NRPSs to broaden substrate scope, these
enzymes are highly complex and evolved to specific targets.
Using them as broad amidation catalysts has been very chal-
lenging because of the importance of the integrity of the linker
regions and the selectivity of the individual modules.>

Amidation of acyl adenylates

Some standalone NRPS A-domains are able to adenylate their
carboxylic acid substrate and this acid activation can be used
to perform amidation reactions when an amine nucleophile is
introduced. Examples include the NRPS A-domain DhbaA,
which was shown to couple 2,3-dihydroxybenzoic acid (DHB)
to 1-cysteine forming N-DHB--cysteine,”” and the A-domain of
tyrocidin synthase (TycA-A), coupling tryptophan to a range of

This journal is © The Royal Society of Chemistry 2023
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Scheme 7 Utilising adenylating enzymes for amide bond formation. (A)
The truncated A-domain from the NRPS TycA was able to adenylate
tryptophan to a range of amines.>® (B) PS from E. coli has a promiscuous
amine scope allowing the synthesis of a range of vitamin B5 antimetabo-
lites®® (C) Adenylation activity from a thermostable CoA ligase allowed
the preparative synthesis of 33 using a two-enzyme ATP recycling
system.®°

primary and secondary amines (Scheme 7A).>® Although these
A-domains are usually very specific for their carboxylic acid
substrate, Zhu et al. have recently shown the 3-isocyanobuta-
noic acid adenylating enzyme SfaB to be able to couple a rela-
tively broad range of aliphatic acids to a variety of primary and
secondary amines.®’ Adenylating enzymes involved in other
natural product synthesis pathways have also been used for
synthetic amide bond formation. For example, the standalone
adenylating enzyme TamA, involved in the biosynthesis of
tambjamine YP1, was used to couple a range of fatty acids to
some a-amino acids and primary amines.®” Furthermore, pan-
tothenate synthase (PS), which is involved in the biosynthesis
of coenzyme A (CoA) was found to accept a range of amine sub-
strates other than its native f-alanine substrate and has been
exploited for the preparative synthesis of a range of pharma-
ceutically relevant amides like 30 (Scheme 7B).>’ In a similar
fashion, the adenylating activity of CoA-ligases can also be
used for amide bond formation. In their native function, these
enzymes adenylate their carboxylic acid substrates for the sub-
sequent coupling with CoA forming a CoA-thioester. For
example, a thermostable CoA ligase isolated from Geobacillus
thermodenitrificans has been used for the preparative syn-
thesis of 33 using a two-enzyme ATP recycling system
(Scheme 7C).%°

A different protein engineering strategy starts with
Carboxylic acid reductases (CARs), which are multidomain pro-
teins whose architecture resembles a single NPRS module: the
A-domain activates a carboxylic acid substrate using ATP,
which subsequently becomes covalently attached to the
T-domain in the form of a thioester. In the final step of the

This journal is © The Royal Society of Chemistry 2023
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CAR-catalysed reaction, this thioester intermediate is then
transported to the reductase (R) domain where it is reduced to
the aldehyde using the cofactor NADPH.®®* CARs are known to
have a very broad carboxylic acid scope due to their relatively
large and hydrophobic active site pocket.®* In order to use this
system for amide bond formations, it was shown that by
addition of an amine nucleophile, the acyl adenylate could be
intercepted forming a variety of primary, secondary or tertiary
amides.®® Given that solely the adenylation activity of CAR was
shown to be required for amidation, the CAR gene was trun-
cated so that only the CAR A-domain would be expressed. It
was found that the truncated CAR enzyme from Mycobacterium
marinum (CARmm-A) had improved amidation activity com-
pared to the full-length enzyme. After further optimisation by
introducing a polyphosphate kinase from Cytophaga hutchinso-
nii (CHU) to regenerate ATP from AMP using cheap polypho-
sphate, this amidation method was used for the mono-acyla-
tion of symmetrical diamines. As solely the mono-acylated
product was obtained using CAR-A, this method circumvented
the protection/deprotection strategies used in traditional
chemical methods towards these motifs. The pharmaceutical
relevance was demonstrated by synthesising a range of drugs
and drug precursors, for example, the antiparkinsonian agent
lazabemide 36 was synthesized in a single biocatalytic step
(Scheme 8A).°°

In further studies, the promiscuity of the CAR-A system was
exploited for the amide coupling of amino alcohols to fatty
acids showing a very high selectivity of amide bond formation
over ester formation. This allowed the one-step synthesis of
commercially relevant glucamide surfactants like 39 with
advantages over lipase-catalysed syntheses where mixtures of
amide and ester products are obtained (Scheme 8B).®” It has
been hypothesised that the acyl adenylate intermediate in this
system might undergo nucleophilic attack independent from
the enzyme, so, the N over O-selectivity observed in this reac-
tion is likely due to the intrinsic reactivity of acyl phosphates
in water.®” This feature might also explain the exceptionally
large amine scope of the CAR-A system.

Indeed, it is not uncommon in Nature to use the adenyla-
tion strategy for direct amidation with an amine nucleophile.
ATP-dependent amide bond synthases (ABSs) have been identi-
fied to catalyse amide bond formation in secondary metabolite
pathways by accepting an amine directly into the active site of
the enzyme, not requiring the involvement of a thioester inter-
mediate. For example, the ABS isolated from Marinactinospora
thermotolerans (McbA) has been shown to couple its native
B-carboline-derived acid substrate with a range of primary
amines.”® Structural studies of McbA revealed that the enzyme
also displayed promiscuity for its carboxylic acid substrate and
that the enzyme catalyses both half-reactions of the adenyla-
tion-amidation sequence.”’ The enzyme was subsequently
exploited for the synthesis of the antidepressant drug 42 in a
preparative scale using a two-enzyme ATP recycling system
(Scheme 8C).°® Recently, another ABS, named coronafacic acid
ligase (CfaL), was discovered to possess great selectivity
towards aliphatic and aromatic acids. The enzyme was shown
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Scheme 8 Amidation of acyl adenylates. CAR-A has been used for the mono-acylation of diamines®® (A) and for the selective N-acylation of ami-
noalcohols®” (B). ABSs McbA and Cfal have been used for the synthesis of pharmaceutically relevant amide products like moclobemide®® (C) and a

SARS-CoV-2 drug precursor (D) respectively.®®

to possess excellent enantioselectivity and was able to couple
acid substrates to a wide range of natural and unnatural
a-amino acids. The enzyme structure was elucidated and
engineered to synthesise a variety of APIs on a preparative
scale (45, Scheme 8D).*® ABSs have shown tremendous poten-
tial for aqueous amide bond synthesis as they catalyse the
direct coupling of acid and amine substrates and are amenable
to enzyme engineering to increase their efficiencies and sub-
strate scopes.

Amidations involving coenzyme A

A second strategy toward amide bond formation prevalent in
biosynthetic pathways involves adenylation of carboxylic acid
substrates and subsequent conversion to a CoA-thioester by a
CoA ligase. The CoA-thioester is then coupled to an amine by a
further N-acyltransferase (NAT). Because this two-enzyme
system for amide bond formation uses two cofactors (ATP and
CoA), some research has gone into in vitro regeneration
systems to make this strategy a viable method for synthetic
amide bond formation. Mordhorst et al. designed a cascade
consisting of a CoA ligase and a NAT coupled to a two-enzyme
ATP recycling system. Using different combinations of ligases
and NATs moderate to good conversions were observed to
acetyl para-aminobenzoic acid and hippuric acid products.”
Even though some NATs display moderately broad substrate
scopes, CoA ligases are known to be very selective for their
native carboxylic acid substrate.”® This necessitates the selec-
tion of a two-enzyme combination with complementary sub-
strate profiles to obtain the desired amide product. Using
high-throughput screening of a library of CoA-ligases with a
range of carboxylic acid substrates, and a second screening of
a library of NATs with a combination of CoA-esters and
amines, scientists at GSK have demonstrated that this system

2964 | Green Chem., 2023, 25, 2958-2970

is suitable for the synthesis of a wide variety of amide
products, as long as the right combination of two comple-
mentary enzymes is being used. A precursor of the kinase
inhibitor 49 was obtained in high yields on a preparative scale
using a two-enzyme combination in a whole cell system
(Scheme 9A).”?

Recently, it was found that besides using an amine nucleo-
phile to intercept the adenylate intermediate in the CAR-A
reactions discussed previously, CAR-A was able to couple a
wide variety of carboxylic acids to thiols, in particular CoA-SH,
generating a range of CoA-thioesters and thus serving as a uni-
versal CoA ligase.”* This general acyl-S-CoA recycling system
can be used in situ with substoichiometric amounts of thiol
and is chemical ligation
strategies. Coupling the CAR-A mediated CoA-ester syn-
thesis to a complementary NAT enzyme, the system was
exploited to synthesize an exceptionally wide range of amide
products, including a set of amides derived from a variety of
anilines like 52, which are usually regarded as more challen-
ging substrates because of their low nucleophilicity and are
not accessible through the direct CAR-A amidation method
(Scheme 9B). Selected examples were performed on a prepara-
tive scale, demonstrating the value of this approach for syn-
thesis. Further exploiting CAR-A as a universal CoA-thioester
synthetase, the system was coupled to a lysine acetyltransferase
to achieve acylation of histone-derived peptide H4-20 includ-
ing non-natural bio-orthogonal groups amenable to further

‘click chemistry’.”*

an attractive alternative to
45,74

Amidation of acyl phosphates

Another method of carboxylic acid activation by ATP is seen in
a family of enzymes called ATP-grasp enzymes (Scheme 10).
This family gets its name from the common structural feature

This journal is © The Royal Society of Chemistry 2023
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Scheme 9 Amidations involving SCoA-esters. (A) CoA Ligase enzymes can adenylate and subsequently couple CoA to their carboxylic acid sub-
strate. By selecting complementary CoA Ligases and NATs based on their substrate specificities, amides can be formed via an acyl-CoA intermedi-

te.”® (B) CAR-A has been shown to accept CoA as a nucleophile and, because of its wide substrate scope, is able to serve as a universal CoA ligase.
Therefore, CAR-A can be utilized in a comparable strategy when coupled to a NAT, forming a variety of amides.”*

Leu

L- Ser Pi

Scheme 10 ATP grasp enzymes form amide bonds via an acyl phos-
phate intermediate (55). The ATP grasp enzyme isolated from

Pseudomonas syringae (TabS) has been shown to synthesise a variety of

dipeptides such as 56.7°

they share between them, responsible for “grasping” or
holding a molecule of ATP in the active site."® The acid sub-
strate 54 is reacted with ATP forming an acyl-phosphate inter-
mediate (55) which subsequently undergoes nucleophilic
attack by an amine leading to amide 56. A great variety of ATP-
grasp enzyme-catalysed amide bond-forming reactions have
been described, involved in either primary or secondary
metabolism.

Carboxylic acids accepted by the ATP-grasp family range
from small acids like formic acid to large proteins being
accepted as substrates, while for the amine component, a
range from ammonium ions to the amine of a biotin prosthe-
tic group of a carrier protein have been described as sub-
strates. Even though the property of this enzyme class has
been described as highly promising for use in synthetic chem-
istry,'® they have not been implemented as such, most likely
due to the high specificity for both the acid and the amine
substrates. To date, ATP-grasp enzymes have mainly been used
for the synthesis of di- or oligopeptides where some promis-
cuity has been observed.”

For example, ywfE from Bacillus subtilis was shown to
accept a handful of proteinogenic amino acids as the car-
boxylic acid donor, and accept up to 15 amino acids as the
amine donor.”” The r-amino acid ligase TabS from
Pseudomonas syringae has shown the broadest substrate
promiscuity thus far, being able to accept all 20 proteinogenic
L-amino acids and p-alanine as either an acid or an amine sub-
strate (Scheme 10).”°

This journal is © The Royal Society of Chemistry 2023

Nitrile hydration
Nitrile hydratases

Although amine acylation is the most common synthetic route
toward amides, primary amides can also be obtained by the
hydration of nitrile compounds. Chemical nitrile hydration
methods rely on harsh reaction conditions such as high temp-
eratures (200-300 °C) and high pressure usually obtaining low
yields without chemo- or regioselectivity. Therefore, the cobalt-
or iron-dependent enzyme class of nitrile hydratase (NHase)
has been used in several industrial-scale processes for decades
as a more eco-friendly alternative.”® In fact, NHase catalysed
industrial-scale synthesis of acrylamide (58) from acrylonitrile
57 is the first example of the use of biocatalysis for the
production of commodity chemicals and the first example of
the use of biotechnology in the petrochemical industry
(Scheme 11A).”° NHase has also been employed as an indus-
trial catalyst for the manufacturing of nicotinamide and 5-cya-
novaleramide.®® Much research has gone into the expression,®*

structure,®” mechanism,®® stability,®* selectivity®> and sub-
A (o]
N NHase
> L
+H,0 NH,
Acrylamide
57 ry58
B
(0]
/
+H20 \ |
in situ
60
CuBr, OMe
OMe Chiral ligand o
D-glucose o
N cl N OMe
+ /@\ aOtBu \ I H
! OMe Sodium channel inhibitor
61 62

Scheme 11 Nitrile Hydratase (NH) catalysed amide bond formation. (A)
NHase catalysed acrylamide synthesis. (B) Chemoenzymatic strategy for
the expansion of amide scopes using copper catalysis.87
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strate scope®® of NHases and has been extensively reviewed
elsewhere.”35°

In a notable recent example, NHases have been used in
combination with copper catalysis to extend the product scope
of this amidation method beyond primary amides. Using two
complementary NHase subtypes (from Rhodopseudomanas
palustris and Rhodococcus erythropolis respectively) in whole
E. coli cells to perform nitrile hydration, the obtained primary
amide was then coupled in situ to iodobenzene derivatives like
61 using CuBr, and a diamine ligand in water, obtaining a
broad range of aliphatic and aromatic amide products such as
62 on gram scales using substrate loadings in the molar range
(Scheme 11B).*”

Lactamisation

Cyclic amides (lactams) are found as motifs in many natural
products and APIs and are important precursors in the syn-
thesis of commercial polymers.®® A well-known example from
nature is the four-membered f-lactam ring present in the most
important class of currently approved antibiotics, first
observed in penicillin.®® The biosynthetic pathway of the well-
studied penicillin N (64) proceeds via a tripeptide precursor
produced by an NRPS. This peptide is cyclized by isopenicillin
N synthase (IPNS), a non-heme iron protein making use of a
ferrous ion and molecular oxygen, yielding the p-lactam ring
in 64 (Scheme 12A).°>°' An alternative pathway toward
f-lactams has been found in the biosynthesis of clavulanic
acid, an inhibitor of p-lactamases which is used to overcome
antibiotic resistance. Here, an ATP-dependent f-lactam synthe-
tase (B-LS) catalyses the intramolecular ring closure between a
terminal carboxylic acid and a secondary amine
(Scheme 12B).°° B-LS has been engineered using rational
design to accept methyl and ethyl substituted substrates yield-
ing clavulanic derivatives.”> Carbanepam synthase (CarA) also
utilizes an ATP-dependent mechanism to produce a lactam

Biosynthetic pathways

View Article Online

Green Chemistry

ring but is besides four-membered rings also able to form 5-
and 6-membered lactam rings.”* This enzyme has sub-
sequently been used in a two-enzyme cascade to prepare a
range of bicyclic p-lactams in excellent diastereomeric ratios.’*
(BAS) was exploited to form 5-membered lactam rings via an
intramolecular Dieckmann condensation. Coupling malonyl-
CoA with aminoacyl-CoA esters a range of unnatural tetramic
acid derivatives were obtained with one example showing anti-
leukemic activity.”

In a different lactamisation strategy, the wide substrate
promiscuity of the polyketide synthase benzalacetone
synthase.

Synthetically, lactams can be formed using an intra-
molecular cyclisation reaction of amino esters or amino acids
catalysed by lipases.*® PPL has been shown to catalyse the lac-
tamisation of a range of amino esters in tert-amyl alcohol,”®
whereas CAL-B has been used for the cyclisation of 4-, 5-, 6-,
and 8-aminooctanoic acid to their corresponding lactam pro-
ducts.”” In a scaled-up example, Willis et al. have utilized
CAL-B for the lactamisation of a fluorinated diester in aqueous
conditions on a 10 g scale.”®

An alternative biocatalytic method towards lactam for-
mation is via the reductive amination of keto- or aldehyde
esters, the products of which have been shown to spon-
taneously cyclise to the corresponding lactams. This was first
shown using the (R)-selective transaminase ATA-117 synthesis-
ing (R)-4-phenylpyrrolidin-2-one in excellent yields.”® Using
similar lactamisation strategies and thorough reaction optim-
isations, these reactions have been applied on multi-gram
scales showing excellent stereoselectivities.'°”'®" The versati-
lity of this lactamisation strategy has been shown by Mourelle-
Insua et al. forming a wide range of lactams from y- and §-keto
esters by using a set of commercially available transaminases
(Scheme 12C).%% Using a different reductive amination strategy,
an NADPH-dependent reductive aminase has been shown to
catalyse the coupling of a keto ester with propargylamine,
which then formed the (R)-lactam products in high yields and

Biocatalytic synthesis

A : c
H H H o
_N SH -~ '
R ) ! | r L0
IPNS R 1 2 spont.
N N— 5 H,0 h H
o 0, 2H0 O P : o) 2 0 69
COOH ea COOH 67 68 >99% conv.
63 isopenicillin N : >99% e.e.
B ; D Q
Hooe = ) N R 2 0 HNb\)\
HN_ _R S ; HoN 7N\ .
ATP  AMP COOH ' * OH ATP AMP rac-71
65 COOH 66 rac-70 81% conv.

Scheme 12 Lactam forming enzymes. Naturally occurring biosynthetic enzymes forming a beta-lactam ring (left). (A) The non-heme iron protein
IPNS catalyzes the cyclisation of 63 forming isopenicillin N (64) and (B) B-LS catalyzes the ring closure of 65 forming 66, an intermediate in the clavu-
lanic acid biosynthetic pathway.’® Enzymatic methods towards synthetic lactams (right). (C) Enantioselective TAs catalyse reductive amination of
ketoesters like 67 forming intermediate 68 which undergoes spontaneous cyclisation forming lactams like 69.88 (D) Using CAR catalysed amidation a

variety of amino acids have been converted into lactams.X%®
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Scheme 13 Alternative enzymatic methods towards amides. (A) The chemical promiscuity of MsAcT was exploited in the amidation of anhydrides
leading to aminooxo-acids like 74.1°° (B) Lipase mediated amidation of 1,3-diketones with anilines using in situ generation of a peracid.’°® Access to

enantioenriched amides can be achieved by heme-protein catalysed nitrene (C) or carbene (D) insertion.

ee.’® Recently, Qin et al. have exploited the previously dis-
cussed amidation activity and promiscuity of CAR for the ATP-
dependent cyclisation of a range of amino acids.

Using both wild-type and mutants of CAR from Segniliparus
rugosus various substituted lactams of different ring sizes were
synthesised with some examples showing stereoselectivity
(Scheme 12D).'*® This lactamisation activity of CAR has also
been applied in a one-pot biocatalytic cascade forming e-capro-

lactam from cyclohexanol.'**

Alternative enzymatic methods towards amides

Besides the main amidation methods described so far, there
are specific examples of routes toward amides that do not fall
into these categories. The NAT MsAcT which has been dis-
cussed previously has been described to catalyse the reaction
between anilines and various anhydrides to form aminooxo-
acids under aqueous conditions in molar substrate concen-
trations. Using this approach, a precursor to histone deacety-
lase inhibitor 74 was obtained on a multigram scale
(Scheme 13A).'%°

Amides have also been synthesised using novel biocatalytic
strategies that do not rely on direct N-acylation (Scheme 13B-
D). For example, a lipase was used to form amides from a
range of anilines and 1,3-diketones. Mechanistically, this was
achieved by the in situ generation of a peracid from ethyl
acetate by the lipase, which oxidises the enaminone intermedi-
ate formed by the same lipase. This species will then rearrange
to form the desired amide (Scheme 13B).'°

Access to enantioenriched amides can also be achieved by
nitrene or carbene transfer reactions catalysed by heme pro-
teins, which is a very recent field that has attracted much inter-
est.’® For example, the benzylic C-H bond positions of inert
starting materials like 77 can be functionalized by highly
evolved P411 enzymes (Scheme 13C). Hydroxamate precursors
such as 78 form a nitrene intermediate in the enzyme active
site that allows enantioselective C-H functionalisation of a
wide scope of feedstock aromatic compounds with some
examples performed on a preparative scale.'%”

Furthermore, using a carbene transfer reaction with ethyl
diazoacetate, this same class of enzymes was shown to be able

This journal is © The Royal Society of Chemistry 2023

107,108

to catalyse the cyclopropanation of a variety of acrylamide and
acrylate olefins'*® allowing the synthesis of a levomilnacipran
precursor''’ or amide-bearing alkenes in high diastereo- and
enantioselectivities."*> A similar intramolecular cyclopropana-
tion strategy was also shown to be catalysed by myoglobin

mutants leading to enantioenriched lactams (Scheme 13D).'%®

Conclusion

As traditional chemical methods for amide bond formation
most often rely on hazardous reagents and coupling agents,
scientists have been looking to develop more sustainable and
greener alternatives for this very common chemical reaction
for decades. Biocatalysis has played a big role in this regard. In
fact, the discovery of the ability of lipases to catalyse amide
bond formation has helped to kick-start the very field of bioca-
talysis, possessing excellent stability and substrate scopes.
However, with the increasing impact of climate change, the
desirability for moving away from fossil fuels and to more sus-
tainable chemistry is becoming more and more important. As
outlined in Fig. 2, lipase catalysed amidations often rely on
hazardous solvents. Aqueous amidation methods are therefore
highly sought after, and some highly promising enzymatic
technologies have been described in this review: NATs like
MsAcT and its mutants have proven very successful for the
acetylation of a range of amines and even thiols in water,
whereas ATP-dependent acyl adenylate forming enzymes like
McbA, CfaL and CAR-A have shown to be able to couple a very
diverse set of carboxylic acids and amines under aqueous con-
ditions, forming a wide range of molecules relevant to pharma-
ceutical and fine chemical industries. RetroBioCat seeks to
cover all papers in this area and researchers are encouraged to
help populate the database as new methodologies are pub-
lished. Publicly available data curation tools allow new reac-
tions, enzymes, or papers to be suggested by anyone.
Furthermore, a comprehensive data curation portal is available
for the addition of enzyme sequences and activity data, with
database additions to the database attributed to each user.
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