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Biocatalytic routes to anti-viral agents and their
synthetic intermediates

Sjoerd Slagman (2 * and Wolf-Dieter Fessner (2 *

With recent outbreaks of COVID-19 and Ebola, health and healthcare have once more shown to be
heavily burdened by the lack of generally effective anti-viral therapies. Initial scientific ventures towards
finding anti-viral agents are soon to be followed by challenges regarding their mass production.
Biocatalysis offers mild, highly selective, and environmentally benign synthetic strategies for the
production of pharmaceuticals in a sustainable fashion. Here we summarise biocatalytic methods that
have been applied to the production of FDA-approved anti-viral drugs and their intermediates.
Exemplary are the enzymatic asymmetric synthesis of amino acid components, the fermentative
production of structurally complex intermediates of anti-influenza drugs and the fully enzymatic, large-
scale synthesis of a potential block-buster HIV drug. With many enzyme classes being uncharted with
regards to the synthesis of anti-viral agents, there is still a large unopened toolbox waiting to be
unlocked. Additionally, by discussing biocatalytic strategies towards potential anti-viral agents against
SARS-CoV-2, we hope to contribute to the development of novel synthetic routes to aid in the mass
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1. Introduction

Viral infections have a tremendous impact on society; recent
outbreaks of COVID-19 (SARS-CoV-2) and the Ebola virus have
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production of a future treatment of COVID-19.

resulted in nearly 1 million casualties worldwide, a number still
rising rapidly at the time of writing (September 2020)."> With
currently over 30 million confirmed COVID-19 cases and
numerous hospitalised, the capabilities of the healthcare sector
are being stretched beyond limits.** Let alone the burden on those
that have no adequate access to medical professionals.>® Apart
from the impact on our physical well-being, COVID-19-related
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lockdowns and quarantine-measures take their toll with regards to
mental fitness and welfare.”

Viral outbreaks are not restricted to the present as numerous
smallpox and cholera epidemics, the Spanish flu pandemic and
more recently the onset of AIDS/HIV have shaped human life
throughout history.*® With an estimated reservoir of 1.67 million
unknown viruses in mammals and birds alone, viral infections
are likely to be of continuous concern in the future too.'®** In
accordance to being struck by numerous pandemics, respective
countermeasures also go way back. The word ‘quarantine’, for
example, originates from the Venetian ‘quarantena’, which desig-
nated the 40 days required for ships to be in isolation prior to
allowing its passengers to go ashore during the plague epidemic.’
The history of anti-viral drugs, however, spans only about 60 years.
In 1963 the first anti-viral drug idoxuridine was FDA-approved for
the treatment of herpes. A better understanding of viruses, and
especially the emergence of retroviruses such as HIV, spurred the
development of the field in the 80’s. Up to date, approximately
100 anti-viral drugs have been approved by the FDA.

So far, no anti-viral drug has been proven to be effective for
treating patients infected with COVID-19. With the proverbial
clock ticking, research towards novel anti-viral agents and
repurposing of known pharmaceuticals has sky-rocketed."*"*
A similarly big challenge awaits when a treatment is found,
namely the large-scale production of the pharmaceutical agent.
For this matter, access to a large synthetic toolbox, full of efficient
and robust stereoselective technologies, is essential."> These
synthetic tools have to meet increasingly higher demands due
to a rise in complexity of marketed drugs.'®'” While many of the
initial anti-viral drugs were nucleoside analogues based on
(deoxy)sugar building blocks from the chiral pool or simply
non-chiral, novel anti-viral drugs are often more complex, multi-
cyclic or macrocyclic, and possess multiple chiral centres that are
difficult to install.'®° To access such chiral centres, organic
chemists commonly revert to transition metal catalysis which is,
however, often burdened with highly sensitive chemical species,
accumulation of toxic waste and non-optimal stereoselectivity.
Synthesising molecules through fermentation or by employing
(purified) enzymes on the other hand, usually proceeds with high
(stereo)selectivity and allows for benign reaction conditions to be
employed. The use of water as solvent, mild reaction conditions
with regards to temperature and pH, and generation of mostly
biodegradable waste make biotransformations particularly
attractive.”’™* As such, biocatalysis thus not only offers an
environmentally benign alternative to chemical synthesis, but
also often proves to be the most economically viable choice.

In line with an increasing awareness of its potential, biocatalytic
production of pharmaceuticals has become increasingly popular
over the last decades.”*™** Additionally, in times of crisis and scarcity
(of medicine) one requires tools to rapidly access the chemicals in
need, a recent 90 day pressure test revealed biocatalysis to be
excellently suited for achieving this.**

To aid in the continuous development of biocatalytic tools
for anti-viral agent synthesis and to hopefully also contribute to
the rapid production of a treatment for COVID-19, we hereby
present a comprehensive compilation of research on the
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biocatalytic synthesis of anti-viral agents. After a brief introduc-
tion to the pharmacological targets of anti-viral drugs, the full
breath of biocatalytic methods applied for accessing those
drugs will be covered extensively. This includes an evaluation
of the pertinent patent literature as well as industrial microbial
production of starting materials. Both small scale academic
ventures and industrial processes will be thoroughly discussed.
This review largely covers FDA-approved drugs as to ensure that
the highlighted biocatalytic pathways result in the effective
production of active pharmaceutical agents. All drugs will be
jointly discussed according to their structural similarity, which
to a large degree is in agreement with a similarity in the
addressed pharmacological target. Where possible, retrosynthetic
analysis is applied to be able to pick-and-mix the mentioned
biocatalytic syntheses of an intermediate with (chemical) routes
to other intermediates of the drug of interest. The analysis of
published literature on the topic is appended by an overview of
biocatalytic strategies amenable towards the synthesis of pro-
mising agents against COVID-19. We will finalise with an out-
look on the potential of novel biocatalytic methods that have
not, or only scarcely, been employed to the synthesis of anti-viral
agents. For the use of biocatalysis as drug discovery tool, the
reader is referred to other outstanding works as this is considered
to be outside the scope of this review.**>*

2. Mechanism of action of anti-viral
agents

A virus is an infectious particle that can only replicate inside
the cells of a host organism. After infection, the host cell is
forced to rapidly produce numerous copies of the virus to be
released from the exhausted cell for subsequent infection of
other cells. Anti-viral agents are designed to interrupt, or at
least disturb, the viral life cycle. Several approaches to tackling
viral infections have been adapted throughout the short history
of anti-viral drug development. Most drugs have been targeted
at the replication machinery of the viral genome. Exemplary are
drugs that are incorporated in the viral DNA upon phosphorylation
in vivo, preventing further DNA replication by DNA polymerase
(Fig. 1A)." Several (acyclic) nucleoside analogues such as brivudine,
act in this fashion. Other (acyclic) nucleoside analogues, like
didanosine and lamivudine, are phosphorylated in vivo to sub-
sequently compete with natural deoxynucleotides for incorpora-
tion into the (viral) DNA. Chain elongation through reverse
transcription can hereby be prevented. These drugs are referred
to as nucleoside reverse transcriptase inhibitors (NRTIs, Fig. 1B).
The hepatitis C virus (HCV) non-structural protein NS5B acts as
RNA polymerase that can be inhibited by incorporation of the
triphosphorylated form of a pro-drug such as sofosbuvir to
terminate RNA chain elongation (Fig. 1C). Similarly, ribavirin
inhibits RNA polymerisation of influenza viruses. NS5A, although
not shown to be inherently enzymatically active, among others,
modulates NS5B activity and is inhibited by drugs such as
ledipasvir. Peptidomimetic protease inhibitors inhibit proteolytic
cleavage of proteins that are essential to viral reproduction

Chem. Soc. Rev,, 2021, 50, 1968—2009 | 1969
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Fig. 1 The viral life cycle upon host cell infestation including depiction of
drug interaction sites: polymerase inhibitors (A), (nucleoside) reverse
transcriptase inhibitors ((N)RTIs, B), RNA polymerase inhibitors including
NS5A and NS5B inhibitors (C), protease inhibitors (D), integrase inhibitors
(E), entry inhibitors (F) and neuraminidase inhibitors (G). ER: endoplasmic
reticulum and HIV: human immunodeficiency virus. Adapted from De
Clercq and Li (reproduced with permission).t®

(Fig. 1D). HIV-1 protease inhibitors, for example, prevent cleavage
of the precursor protein gag p55.>° Integrase inhibitors prevent
insertion of viral DNA into chromosomal DNA of the host cell
(Fig. 1E). Entry inhibitors such as maraviroc block the virus
from entering the host cell (Fig. 1F). The anti-influenza agents,
oseltamivir, peramivir, zanamivir and laninamivir inhibit viral
neuraminidase to prevent budding (release) of the virus from
the host cell (Fig. 1G). Drugs interfering with viral uncoating or
viral maturation have to this date not been FDA-approved or
produced biocatalytically.

Anti-viral drug therapies are designed to reduce the virus replica-
tion rate and thus the total virus load in order to ameliorate
symptoms caused by infection. The drug itself cannot destroy the
virus to cure the disease, which requires involvement of the
humoral immune system.*® While there is an urgent need for
new effective anti-viral drugs against COVID-19, the SARS-CoV-2
virus is likely to persist as a constant threat to mankind, even once
vaccination will become possible.

3. FDA-approved anti-viral agents
3.1 Nucleoside analogues

3.1.1 2’-Deoxynucleosides. Most of the earliest anti-viral
agents that have been approved by the FDA were nucleoside
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Scheme 1 Schematic depiction of dual (A) or single (B) enzyme-catalysed
transglycosylation towards the synthesis of nucleoside analogues. Enzymes
have been coloured according to their enzyme commission number, e.g.
transferases are represented by purple colouration. Shading is varied for
subclasses; for example, phosphotransferases (EC 2.7) are shaded darker
than transketolases (EC 2.2).

analogues. Many of the biocatalytic strategies for obtaining
such nucleosides emerged already around 50 years ago. These
include the use of 2’-deoxyribosyltransferases or the combined
use of two phosphorylases, which in both cases results in
glycosyltransfer (Scheme 1).*”*® The use of such enzymes for
the synthesis of pharmaceutically relevant nucleosides is well
established and has been elaborately reviewed.**™> We will
thus only address some (novel) enzymes and recent microbial
technologies for obtaining anti-viral nucleosides.

Pivotal in the development of anti-viral drugs was the
approval of idoxuridine, an iodinated derivative of 2'-deoxyuridine
(1), in 1963."° Idoxuridine is used for treating retinal herpes simplex
virus (HSV) infections through its incorporation into viral DNA.
Its structural analogues 2'-trifluorothymidine (trifluridine) and
brivudine (Scheme 2) were approved for treating HSV infections
in 1980 and 2000, respectively. While idoxuridine was initially
prepared through iodination of 1,*® it can nowadays be obtained
efficiently by biocatalytic means. By depriving either pyrimidine
nucleoside phosphorylase (PyNP) or thymidine phosphorylase
(TP) from an additional phosphate source, only transient phos-
phorylation of the nucleoside sugar unit is possible, allowing for
transglycosylation with a suitable nucleobase.** By doing so, 1
could be converted to idoxuridine, trifluridine and brivudine
using either of the immobilised enzymes. Immobilisation on a
macro-sized matrix ensures facile isolation of the catalyst which
enables its straightforward recycling. Alternatively, trifluridine could
be obtained through the use of a 2’-deoxyribosyltransferase.*’

Ao Ao

HN R

N A
Ot e Oy

1 Idoxurldlne 4,R=1)

Trifluorothymidine (5, R = CF3)
Brivudine (6, R = CHCHBr)
Scheme 2 Synthesis of anti-viral 2’-deoxynucleosides with thymidine
phosphorylase (TP) or pyrimidine nucleoside phosphorylase (PyNP). For
brevity and clarity, equilibrium arrows and cleaved/replaced components
will usually only be displayed in reaction schemes when of importance for
the mechanistic understanding.
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3.1.2 Other simple furanose nucleosides. Vidarabine (9-p-
p-arabinofuranosyladenine), was the second anti-viral agent to
be approved for the treatment of herpes.*® Like its 2/-deoxy-
nucleoside counterparts, vidarabine has proven to be easily acces-
sible through biocatalytic transglycosylation. Early examples of its
biocatalytic synthesis include the use of various bacterial strains
for the conversion of 9-p-p-arabinofuranosyluridine (7) to vidar-
abine (Scheme 3).*” More recently, Ubiali and co-workers made
use of several immobilised phosphorylases to synthesise this
drug.*®*° These immobilised enzymes could also be applied for
the synthesis of vidarabine in continuous flow on gram scale.’®

Fernandez-Lucas and co-workers instead utilised immobilised
2'-deoxyribosyltransferases for the synthesis of vidarabine.”® This
work was recently extended through the use of a highly stable and
remarkably versatile purine nucleoside 2’-deoxyribosyltransferase
(PDT) from Trypanosoma brucei for the synthesis of this drug.*>
Mutagenesis through random or site-directed sequence variation
allows for small modifications of an enzyme, resulting in alterations
in its properties. Properties such as activity, selectivity and/or
thermostability can hereby be tuned. In the case of this PDT
enzyme, the valine in position 11 was replaced by alanine or
serine (V11A or V11S), resulting in variants that showed an
almost threefold increase in catalytic activity.

The second wave of FDA-approved anti-viral agents largely
consisted of nucleoside analogues active against the human
immunodeficiency virus (HIV). Didanosine (2’,3’-dideoxy-
inosine), for example, acts on viral reverse transcriptase and
competes with dATP to inhibit DNA synthesis.”® The versatility
of the PDT from Trypanosoma brucei was further highlighted by
the fact that it could also convert 2’,3’-dideoxyadenine to
didanosine.”® Alternatively, this anti-viral nucleoside could be
obtained by means of phosphorylase catalysis or the use of
whole cells expressing such enzymes.*®>*> Highly interesting
with regards to didanosine synthesis is the full bioretrosynthetic
pathway construction published by Birmingham and co-workers
(Scheme 4).°° Drawing inspiration from sugar and nucleoside
metabolism, the group engineered three enzymes involved
in converting 2’,3’-dideoxyribose (10) to didanosine, namely
ribokinase (RK), 1,5-phosphopentomutase (PPM) and purine
nucleoside phosphorylase (PNP). Inhibition by the co-factor-
related by-product ADP, however, limited the efficiency of the
overall cascade. Inhibition could be suppressed by allowing for
ATP recycling through addition of adenylate kinase (AK) and
pyruvate kinase (PK, Scheme 4A). An unexpected bypass was
found upon engineering RK, eliminating the need for PPM
(Scheme 4B). Use of the shortened cascade resulted in a fiftyfold
increase in didanosine production (milligram scale).

HN%NHZ /4\?0
o N/é\fo '\}\&N HN?fNH o N/=N NH,
YN 8\ i‘os o \(\(
© Biocatalyst o on NN
7 Vidarabine (9)

Scheme 3 Biocatalytic synthesis of vidarabine.
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Scheme 4 Multi-enzymatic bioretrosynthetic pathway construction
towards the synthesis of didanosine. Two routes have been engineered,
either including 1,5-phosphopentomutase (PPM, A) or bypassing this
enzyme (B). Arrows between ATP, ADP and AMP show likely routes of
degradation.®® RK: ribokinase, PNP: purine nucleoside phosphorylase, AK:
adenylate kinase and PK: pyruvate kinase.

Two other HIV drugs, zidovudine and stavudine, were synthe-
sised from the common nucleoside intermediate 5-methyluridine
(17).>”°® Like the previously mentioned nucleoside analogues, 17
has been obtained through the use of isolated phosphorylases or
whole cells overexpressing such enzymes (Scheme 5).>%%>

Arguably, hydrolases are the most commonly applied enzymes
in the industrial synthesis of small-molecules.®® This class com-
prises enzymes capable of cleaving bonds through attack of a water
molecule. Dependent on the enzyme and the reaction conditions,
the reverse reaction is also feasible. In this way, ester, organophos-
phate or amide bonds can either be broken or made. Many of
these hydrolases, such as lipases for example, are highly regio-,
chemo- and stereoselective. The latter allows for kinetic resolution
of a racemic mixture resulting in the production of a single
stereoisomer. As this feature comes with a very broad substrate
scope, application of hydrolase enzymes will be thoroughly
discussed throughout this work.

Regioselective de-acetylation with Candida rugosa lipase
(CRL) allowed for the synthesis of 3-hydroxy-5-acetyl-thymidine
(21) from the diacetate 20 in 90% yield (<1 g, Scheme 6).**

Ao
0.

HO/\Q’NW/NH

Stavudlne (18
HN7]/NH
=N 0 J
O (0]
N 16
o~ T o~ w
R NH PhosphoMase\ R
HO  ©OH \( HO on©
R 17 o
Guanosine (14, R = NH,)
Inosine (15, R = H) /\Q’ 7]/NH
N3

Zidovudine (19)

Scheme 5 Biocatalytic synthesis of the nucleoside intermediate 5-methyl-
uridine (17) as common intermediate towards the synthesis of stavudine and
zidovudine.

19

Ao A
CRL O __N 1) Mitsunobu
AcO NH

SNPAN!
oo~
AcO' 0

20 21 (95%)

2) De-acetylation

Scheme 6 Regioselective de-acetylation of an intermediate (20) of zido-
vudine (19) with Candida rugosa lipase (CRL).%*
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Scheme 7 Precipitation-driven purine nucleoside phosphorylase (PNP)-
catalysed synthesis of ribavirin.”®

This intermediate could be chemically converted to zidovudine via
a Mitsunobu double inversion protocol followed by deprotection.

Ribavirin is a nucleoside analogue composed of a ribose
sugar and 1,2,4-triazolecarboxamide (23) as alternative nucleo-
base (Scheme 7). It is FDA-approved for a number of viral
infections including those caused by the hepatitis C virus and
the respiratory syncytial virus (RSV).*® Its biocatalytic synthesis has
been pursued extensively, allowing for a large toolbox of enzymes
capable of converting a wide variety of nucleosides to ribavirin
through transglycosylation.®®”> Recent examples include the use
of immobilised bacteria for the synthesis of this drug.”>”*

An important feature of most enzymatic reactions is that
they are reversible, which often limits formation of the desired
product. Strategies for pushing the reaction equilibrium to the
product side are highly important and will thus be discussed
extensively using pertinent examples.

Ubiali and co-workers applied a two-pronged equilibrium
shifting strategy towards the synthesis of ribavirin by using
7-methylguanosine iodide (22) as starting material (Scheme 7).”>
PNP from Aeromonas hydrophila did catalyse the transfer of 23 to
22, but not the reverse reaction as the formed nucleobase,
7-methylguanine (25), was not accepted by the enzyme. Due to
its poor solubility, 7-methylguanine precipitated, further limiting
the backwards reaction. This allowed for good (67%) conversion
to the product ribavirin. Taribavirin, a pro-drug of ribavirin
currently undergoing phase III clinical trials,”® was likewise
prepared by biocatalytic glycosyltransfer between inosine and
3-cyano-1,2,4-triazole using Brevibacterium acetylicum ATCC
39311 followed by aminolysis at 20 g scale.”

3.1.3 Complex furanose nucleosides. With time, increasingly
complex anti-viral nucleosides have been developed and approved.
The presence of additional substituents on the furanose core
limits the ease by which such nucleosides can be synthesised
through biocatalytic glycosyltransfer reactions. Sofosbuvir, for
example, is a C6-phosphorylated furanose bearing a synthetically
challenging 3’-quaternary carbon atom carrying a methyl and
fluorine substituent. Sofosbuvir is a pro-drug, which, in its active
nucleoside triphosphate form, acts on the non-structural protein
NS5B and is used in combination with other drugs for treating
hepatitis C.”® The drug relies on the so-called Pro-Tide technology
in which a masked phosphorylated nucleoside is supplied, rather
than its parent nucleoside, allowing for rapid in vivo conversion to
the active triphosphate form.”

En route to sofosbuvir’s nucleoside moiety, Cleary and
co-workers employed highly versatile Candida antarctica lipase
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Scheme 8 Candida antarctica lipase B (CAL-B)-catalysed resolution of
the sofosbuvir aldol intermediate 28.8° LDA: lithium diisopropylamide and
DMAP: N,N-dimethyl-4-aminopyridine.

B (CAL-B) to resolve a mixture of aldol products. By doing so,
enantiomerically pure intermediate 28%° was obtained in the
desired configuration by starting from 33 g of aldol product
(Scheme 8).*' This intermediate was initially synthesised in
enantiomerically enriched form through lithium diisopropylamide
(LDA)-catalysed aldol addition of ethyl 2-fluoropropanoate (27) to
(R)-glyceraldehyde acetonide (26). The latter can be accessed
through oxidation of (S)-glycerol acetonide (32), which in turn,
can be obtained by resolution of glycerol acetonide esters (31)
using various free esterases or whole cells overexpressing such
enzymes (Scheme 9).5%>7%

Swiss-based HC-Pharma used CAL-B for a mild regioselective
deacetylation of the Cé6-hydroxy group of the bis-acetylated
nucleoside precursor of sofosbuvir. With the C4-acetate left
untouched, this mono-acetate intermediate could be coupled
to the phosphoramidate without competing reactivity.*®

The phosphoramidate moiety of sofosbuvir is chiral and
only the (S)-configurated enantiomer of the phosphoramidate
drug is FDA-approved. Raushel and co-workers used an engineered
Pseudomonas diminuta phosphotriesterase®” for the kinetic resolution
of 34 (Scheme 10). A G60A mutation allowed for almost 200-fold
selectivity towards hydrolysis of (R)-34.%® Coupling of (S)-34 and the
sugar derivative through nucleophilic substitution at the phosphorus
centre led to the desired stereoinversion.*

An illustrative example of the value of industrial biocatalytic
anti-viral production is the recently published synthesis of
islatravir by Merck (Scheme 11).%° Islatravir is a reverse transcriptase
translocation inhibitor currently in phase III clinical trials for the
treatment of HIV. The team developed a telescoped two-step,

e
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o
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= (o]
B A
wo /% ©
Sofosbuvir (33)

Scheme 9 Esterase-catalysed resolution of glycerol acetonide esters.
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Scheme 11 Fully enzymatic synthesis of islatravir as developed by Merck.°
GOase: galactose oxidase, HRP: horseradish peroxidase, PanK: pantothenate
kinase, AcK: acetate kinase, DERA: deoxyribose 5-phosphate aldolase, PPM:
1,5-phosphopentomutase, PNP: purine nucleoside phosphorylase and SP:
sucrose phosphorylase.

five-enzyme approach for the synthesis 38 from 2-ethynylpropane-
1,2,3-triol (35), which is followed by a one-pot cascade containing
four enzymes to achieve the synthesis of islatravir from 38.
Enzymes offer a clear advantage over ‘traditional’ catalysts
here as they all operate under similar conditions (solvent, pH,
and temperature) and show distinct non-competitive reactivities
which allows their use in a one-pot cascade. The first step of the
reaction sequence posed the biggest challenge as the selected
galactose oxidase (GOase) from Fusarium graminearum (engineered
F2 variant) had to undergo complete reversal of stereoselectivity
in order to oxidise 35 to the (R)-enantiomer of 36. This feat was
eventually achieved through 12 rounds of evolution and a
staggering 34 amino acid mutations, concomitantly providing
an 11-fold increase in enzyme activity. Directed evolution of
ATP-dependent pantothenate kinase (PanK) subsequently
allowed for the phosphorylation of 36. Employment of an
acetate kinase (AcK) ensured regeneration of the co-factor ATP.
The subsequent four-enzyme cascade started with deoxy-
ribose 5-phosphate aldolase (DERA)-catalysed formation of the
aldol product 40 from 38 and acetaldehyde (39). Two rounds of
directed evolution were sufficient for increasing the tolerance
of DERA from Shewanella halifaxensis to 400 mM acetaldehyde.
Aldol product 40 was converted to islatravir through the use of
E. coli PPM and PNP. Directed evolution of these latter two
enzymes resulted in a 70- and 350-fold increase in activity
towards 40 and the fluorinated nucleobase 42, respectively.

This journal is © The Royal Society of Chemistry 2021
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The equilibrium of the four-enzyme cascade was pushed to
the product side by implementation of sucrose phosphorylase
(SP) from Alloscardovia omnicolens, which consumed phosphate
through the formation of glucose 1-phosphate (47).

Employment of this series of heavily engineered enzymes in
just a two-staged process led to the isolation of islatravir in a
high overall yield of 51%. This approach eliminates purification
steps, recycles expensive co-factors, and couples favourable and
unfavourable reactions. Stereochemical purity was amplified
at every enzymatic step along the non-natural, nine-enzyme
reaction sequence, and the final synthesis was both atom
economical and cost effective.”

3.1.4 Non-furanose nucleosides. Like many of the drugs
mentioned previously, non-furanose nucleoside analogues are
acting as anti-metabolites. Some inhibit reverse transcriptase in
the treatment of HIV, whereas others are approved against the
hepatitis B virus (HBV). With the anti-viral agents, lamivudine
and emtricitabine (Scheme 12A),%” the furanose core is replaced
by a 1,3-oxathiolane ring. Because such nucleoside analogues
are commonly no substrates for enzymes performing glycosyl-
transfer reactions, different synthetic strategies are required for
their preparation.

In an early approach towards lamivudine, Rayner and co-workers
performed lipase-catalysed resolution (Pseudomonas fluorescens) on
the acylated O,S-acetal 50, allowing for spontaneous cyclisation
upon acid-mediated deprotection (Scheme 12B).”* Because the
heterocyclic product 52 was synthesised as a mixture of diastereo-
mers, their separation, upon coupling to the nucleobase, resulted in
a low yield of diastereomerically pure lamivudine. In an alternative
route, 5’-nucleotidase from snake venom was used to resolve
lamivudine-5’-phosphate, requiring additional (enzymatic)
dephosphorylation.® Final stage kinetic resolution of a racemic
mixture of lamivudine using cytidine deaminase eliminated the
need for its 5’-phosphate analogue.”® The structurally related
anti-viral agent, emtricitabine could be obtained in enantio-
pure form through pig liver esterase-catalysed resolution of its
5'-butanoate ester as shown by Schinazi and co-workers.®

Various other resolution approaches to the enantiomerically
pure protected 1,3-oxathiolane core have been reported since,
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dr=4.3:1)

Scheme 12 Lamivudine and emtricitabine (A). Lipase-catalysed (Pseudo-
monas fluorescens; PFL) resolution of an acyclic lamivudine/emtricitabine
intermediate (B).>*> Dynamic kinetic resolution to get to the protected
lamivudine/emtricitabine core (C).°° Base-catalysed interconversion of the
acyclic thioether enantiomers as depicted above serves as a tentative
mechanistic proposal by the authors of this work. STS: surfactant-treated
subtilisin Carlsberg.
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Scheme 13 Lactamase-catalysed resolution of Vince-lactam to obtain
the corresponding (1S,4R)-y-amino acid. This amino acid served as an
intermediate towards abacavir and peramivir (vide infra).

however, all intrinsically restricted to 50% yield.”””°® These
limitations could be lifted by employing the principle of
dynamic kinetic resolution (DKR). DKR relies on in situ race-
misation of the starting material and selective (enzymatic)
conversion of one of the isomers to the desired product.
Ramstrom and co-workers employed dynamic interconversion
of a hemi-thioacetal (53) using triethylamine and subsequent
stereoselective ring-closing using surfactant-treated subtilisin
Carlsberg (STS, a protease from Bacillus licheniformis) to afford
the protected 1,3-oxathiolane 54 in 89% yield (Scheme 12C).*°
Chemical Vorbriiggen coupling to the nucleobase and subsequent
deprotection furnished lamivudine. By coupling STS-catalysed ring-
closing to CAL-B-catalysed resolution, enantiopurity of the protected
1,3-oxathiolane intermediate could be further enhanced.'®

Abacavir is an anti-viral nucleoside analogue in which a
cyclopentene unit constitutes the furanose mimic (Scheme 13).'""
The drug is commonly being prepared from Vince-lactam (55) which
acts as a versatile building block for a variety of pharmaceuticals.'®>
Stereoselective ring-opening of the racemic Vince-lactam can be
achieved using either a (+)-lactamase followed by chemical hydrolysis
of the remaining material or a (—)-lactamase leading directly to the
desired (1S,4R)}-y-amino acid (1S,4R)-56. Over the past 30 years,
numerous lactamases have been isolated and applied in the
ring-opening of Vince-lactam.'®™'® Resolution could, alter-
natively, be achieved using a variety of other enzymes including
CAL-B and a non-haem chloroperoxidase from Streptomyces
viridochromogenes."*°~'*> CAL-B resolution efficiency could be
increased by making use of the activated N-hydroxymethyl
Vince-lactam. In this way, Filop and co-workers realised
enhanced reactivity and higher enantiomeric excess (ee) of the
remaining (+)-lactam in comparison to CAL-B-catalysed resolu-
tion of the non-activated Vince-lactam."** Spontaneous cleavage
of the activating group eliminated the need for chemical depro-
tection. The use of Savinase, a protease commonly employed in
laundry detergents, allowed for stereoselective ring opening
of N-protected Vince-lactams.'** Upon (enzymatic) synthesis
of protected (1S,4R)-56, Abacavir could be obtained through
several chemical steps.'*®

The versatility of CAL-B was further exemplified through the
resolution of a structural isomer of Vince-lactam, 6-azabicyclo-
[3.2.0]hept-3-en-7-one (58, Scheme 14). This allowed for palladium-
catalysed nucleobase (60) coupling after tosylation, leading up to the
synthesis of abacavir."*® Although much of the research described
above has been conducted at laboratory scale, protease-catalysed
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Scheme 14 Resolution of a B-lactam abacavir intermediate with Candida
antarctica lipase B (CAL-B).12®
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Scheme 15 Lipase-catalysed resolution of entecavir intermediates.

Vince-lactam ring-opening is nowadays performed on industrial
scale, too.

Entecavir is an anti-HBV drug characterised by an unusual
4-methylenecyclopent-1-ene core, thus bearing a exocyclic term-
inal double bond."*” Bristol Myers Squibb furnished entecavir
through desymmetrisation of either di-acetate 62 or its parent
diol 64 at multigram scale using a Pseudomonas sp. lipase
(Scheme 15)."*® The formed complementary mono-acetates
(1R,4S,5R)-63 and (1S,4R,55)-63 could both be converted to
Intermediate 65."*° Chemical synthesis subsequently provided
entecavir. Desymmetrisation of 62 could also be achieved using
electric eel acetylcholinesterase.*® Although the esterase was
slightly more selective towards the mono-acetate, use of bacterial
enzymes is preferred due to a lack of efficient expression systems
for animal-derived enzymes.

Alternative routes to entecavir as also explored by Bristol
Myers Squibb proceeded through the Corey lactone 70.'*° The
latter has proven to be accessible through resolution of racemic
bicyclo[3.2.0]hept-2-en-6-one (67) which could be selectively
reduced to (R)-alcohol 68 using baker’s yeast (Scheme 16).
Re-oxidation to the ketone and subsequent chemical steps
furnished 70."*'

Intermediate (3aS$,6aR)-69 could also be accessed directly
from (—)-67 through enzymatic Baeyer-Villiger oxidation using a
double mutant (F255A/F443V) of (2,2,3-trimethyl-5-oxocyclopent-3-
enyl)acetyl-CoA 1,5-monooxygenase (OTEMO) from Pseudomonas

o]
Baker's 1) Jones - (
SN=0 yeast reagent 0
S [— R
O @ 2 mcPen,
67 NaHCO3 (355 6aR)-69

_/( 1) (HCHO),,
H,S0,, HOAC

A@

Scheme 16 Synthesis of the Corey lactone 70 through stereoselective
reduction of bicyclo[3.2.0lhept-2-en-6-one with baker's yeast.***

Entecavir (66)  ~——
2) Base
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putida."** Although the non-desired (3aR,6aS)-69 has previously
been generated from racemic 67 using Baeyer-Villiger oxidases,
the OTEMO variant could not convert the racemic substrate with
sufficient stereoselectivity.

3.2 Acyclic nucleoside analogues

3.21 Purine-based. Acyclic nucleoside anti-viral agents largely
resemble their cyclic analogues as they can adopt a conformation
that functionally resembles the native ring structure. A key example
of such an acyclic nucleoside is anti-herpetic aciclovir (also called
acyclovir), which could be described chemically as methoxyethanol-
modified guanine and thereby mimics guanosine (Chart 1)."** Their
ability to mimic natural nucleosides also describes the pharmaco-
logical mode of action as these achiral nucleoside analogues get
triphosphorylated in vivo and subsequently compete with deoxy-
nucleoside triphosphates to inhibit viral DNA polymerases.

Valaciclovir is a pro-drug of aciclovir in which its hydroxy
moiety is esterified with r-valinate (Chart 2)."** This could be
achieved mildly using a Bacillus protease."*® Analogously,
valganciclovir (Chart 2) is the r-valinate ester pro-drug of
ganciclovir. Selective protease-catalysed mono-de-esterification
of the di-N-Cbz-valine ester of ganciclovir afforded the mono-
ester valganciclovir."*®

Although the active drugs themselves are non-chiral, enantio-
pure, isotopically labelled anti-herpetics famciclovir and penciclovir
have been prepared enzymatically.'*” Lipase from Candida cylindra-
cea was used to resolve racemic *C-labelled methyl 4-(benzyloxy)-2-
(hydroxymethyl)butanoate (rac-75) on small scale (Scheme 17). The
remaining (R)-75 and the formed (S)-76 could subsequently be
converted to either labelled (R)}-famciclovir and (R)-penciclovir, or
(S)-famciclovir and (S)-penciclovir, respectively. These isotopically
labelled drugs could be of use to determine whether stereo-
recognition plays a role during in vitro phosphorylation.

Tenofovir (85) is a hydrolytically stable phosphonate that
mimics mono-phosphorylated nucleosides, but suffers from
low bioavailability upon oral administration due to its ionic
charge."®® In order for tenofovir to be employed as a drug, one
requires masking of this ionic charge in the form of pro-drugs.
Tenofovir disoproxil and tenofovir alafenamide are such pro-

drugs which are used for treating HIV (Scheme 18)."%%14°

=N o TN
L e O
N NH S o N NH
e Y
NH, NH,

Aciclovir (71) Guanosine (72)

Chart1 Guanosine-mimicking anti-viral agent aciclovir.

Q
e /NfNH
7‘ S//O\/iR <N NANHZ

Valaciclovir (73, R = H)
Valganciclovir (74, R = CH,0OH)

Chart 2 Aciclovir pro-drugs valaciclovir and valganciclovir.
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Scheme 17 Lipase-catalysed resolution of C-labelled (s) methyl
4-(benzyloxy)-2-(hydroxymethyl)butanoate towards the synthesis of radio-
labelled penciclovir and famciclovir.**’
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Scheme 18 Candida antarctica lipase B (CAL-B)-catalysed resolution of
1-(trityloxy)propan-2-ol towards the synthesis of (R)-propylene carbonate,
which is an intermediate of tenofovir.43

Tenofovir disoproxil is a diester, whereas tenofovir alafenamide
makes use of the Pro-Tide technology discussed under sofos-
buvir (Section 3.1.3).”°

Both tenofovir derivatives are commonly obtained by first
synthesising tenofovir itself."*"'** Edlin and co-workers did so
by using the pivotal building block (R)-propylene carbonate (84)
to convey chirality.**" Using immobilised CAL-B (Novozym 435)
to resolve 1-(trityloxy)propan-2-ol (81), 84 could be produced in
gram scale in flow (Scheme 18)."**

As illustrated for famciclovir and penciclovir, radio-labelled
pharmaceuticals are indispensable tools for studying pharma-
cological properties."** Using a ketoreductase (KRED), Rivera
et al. synthesised perdeuterated and mono-tritium-labelled
(R)-9-(2-hydroxypropyl)adenine (87) as tenofovir intermediates
(85, Scheme 19A)."*> Deuterium-labelled [D]-87 was produced
through H/D exchange of its acidic protons. Additional labelling
was subsequently achieved by enzymatic ketone reduction using
the (R)-selective Codexis KRED P1B02 (>99% ee for non-labelled 87)
via substrate-coupled co-factor recycling with 2-deutero-isopropanol
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Scheme 19 Biocatalytic radiolabelling of tenofovir intermediates with deuter-
ium (A) or tritium (B).2*> KRED: ketoreductase, GDH: glucose dehydrogenase.

1-tritio-glucose (1-7-90)

(2-D-89) as the deuteride source (Scheme 19A). Loss of volatile
acetone during the course of the reaction additionally pushed the
reaction equilibrium to the product side.

Initially, the authors envisioned a similar approach for enzymatic
tritium labelling but substantial amounts of acetone in the tritium-
labelled isopropanol rendered this approach unsuccessful. Instead,
glucose dehydrogenase and 1-tritio-glucose (1-T-90) were employed
to generate the required NADPT (Scheme 19B). The released
gluconolactone (91) spontaneously hydrolysed to gluconic acid
(92), further driving the reaction.

This is just one example of a (multi-)enzymatic co-factor
recycling cascade. Unlike co-factors such as PLP or FAD, nicotin-
amide co-factors such as NAD(P)H are not tightly bound to the
enzyme. Stoichiometric use of co-factors such as NAD(P)H beyond
the multimilligram scale is not economically viable, thus requiring
co-factor recycling in situ. Commonly, when using isolated enzymes,
an artificial recycling cascade such as the one described above is
employed to regenerate NAD(P)H back from NAD(P)" using either
formate/formate dehydrogenase or glucose/glucose dehydrogenase.
When using whole cell biocatalysis, the living organism ensures
recycling of the co-factor. Several recycling strategies will be
discussed throughout this review.

3.2.2 Pyrimidine-based. While all acyclic nucleosides
mentioned so far consist of a purine nucleobase, cidofovir is
the only FDA-approved anti-viral acyclic nucleoside analogue
bearing a pyrimidine nucleobase (cytosine).’*® Cidofovir is
synthesised from (R)-glycidol ((R)-94), which could be produced
biocatalytically.'*” The majority of these biocatalytic approaches
involve resolution.

Minamiura and co-workers resolved 3-chloro-1,2-propanediol
(rac-93) using Pseudomonas sp., which selectively consumed the
(S)-enantiomer (Scheme 20A)."**'*° Treatment with base afforded
(R)-glycidol with excellent ee. Resolution of 3-chloro-1,2-pro-
panediol or acetylated analogues thereof could also be achieved
with a variety of other biocatalysts including glycerol kinases and
lipases, although the latter required sequential resolutions to
achieve satisfactory enantiopurity.'>*">*
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Scheme 20 Resolution of 3-chloro-1,2-propanediol upon consumption
of the (S)-enantiomer by Pseudomonas sp. followed by conversion to
(R)-glycidol as a precursor to cidofovir (A).2*€ Chloroperoxidase-catalysed
synthesis of either (R)-3-chloro-1,2-propanediol or (R)-glycidol, dependent
on the presence or absence of chloride ions (B).**’ IL: ionic liquid.

Duine et al. employed quinohaemoproteins from a variety of
sources for direct resolution of glycidol.'**'>* These enzymes
selectively oxidised (S)-glycidol to glycidic acid, however, only
with poor enantioselectivity. Resolution of the butyrate ester
of glycidol by lipase from Rhizopus oryzae proved to be
more effective, resulting in >99% ee for (R)-glycidol, although
highly dependent on the solvent and method of enzyme
immobilisation."** It is worth mentioning that some commercial
enzyme formulations consist of a mixture of enzymes. Fernandez-
Lafuente and co-workers used such a mixture, porcine pancreas
lipase (PPL), to resolve the butyrate ester of glycidol and managed
to prepare (R)-glycidol with 96% ee under optimal conditions.'*®
Interestingly, the use of a lipase-like enzyme named 25L, a specific
isolate from this mixture, resulted in a significant stereoselectivity
improvement (>99% ee)."*®

In a complementary approach, Zhai and co-workers
employed the chloroperoxidase from Caldariomyces fumago for
functionalisation of allyl alcohol (96) in ionic liquids."”” While the
enzyme selectively produced (R)-3-chloro-1,2-propanediol ((R)-93)
in the presence of a chlorine source, omission of the latter led to
the formation of (R)-glycidol ((R)-94), (Scheme 20B). Both products
could be obtained with excellent ee. This modular approach thus
allowed for the production of two highly functionalised enantio-
pure C3-building blocks from simple achiral starting material.

3.3 Peptide mimics

Since the FDA-approval of saquinavir (Chart 3) in 1995, around a
dozen peptidomimetic protease inhibitors have been authorised
as anti-viral agents.'>'®® These drugs structurally resemble
small peptides and thus require amino acids as key building
blocks. Because biocatalytic production of (non-)proteinogenic
amino acids is generally well established and has been thoroughly
reviewed, the subject will not be addressed here.'>® Where of
interest, biocatalytic production of synthetically challenging
unnatural amino acids will be discussed.

@ﬁYwL

Scon, ©

Ph o\/

3]

Chart 3 Protease inhibitor saquinavir; the first FDA-approved anti-viral
peptide mimic.

Saquinavir (97)
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3.3.1 Unnatural amino acids. A key unnatural amino acid
that has proven to be a privileged building block for a large
number of anti-viral pharmaceuticals is L-tert-leucine (100). HIV
protease inhibitors atazanavir,'®® boceprevir'®* and telaprevir'®*
contain this amino acid. Its synthesis, however, remained
cumbersome for several decades.'®

After various marginally successful attempts at resolution of
(protected) r-tert-leucine, Turner and co-workers developed an
interesting DKR approach in which racemic tertleucine was
resolved from its rapidly interconverting (R)- and (S)-enantiomeric
oxazolone derivatives (98, Scheme 21)."** Mucor miehei lipase (MML)
selectively catalysed ring-opening of the (S)-enantiomer in the
presence of butanol and triethylamine (NEt;). Subsequent two-
step chemoenzymatic deprotection afforded i-tert-leucine (100)
with >99% ee in 94% yield. More recently, kinetic resolution of
N-phenylacetyl- and N-acetyl-protected r-tert-leucine was achieved
using Kluyvera citrophila penicillin G acylase and Mycobacterium sp.
JX009, respectively.'>¢®

Although dynamic kinetic resolution is elegant, single step
asymmetric synthesis is a more attractive strategy. Wandrey
and co-workers at Degussa were successful in employing a
Bacillus cereus leucine dehydrogenase (LeuDH) in the synthesis
of 1-tert-leucine from trimethylpyruvate (101, Scheme 22)."®
Recycling of the polymer-bound co-factor was enabled through
the use of formate dehydrogenase. The use of a membrane
reactor allowed for retention of both high-molecular mass
co-factor and enzyme but permitted formed product to pass.
By doing so, space-time yields of 638 g (L d)~* could be achieved
from a continuously operated process for several months. Later,
the use of whole cells overexpressing both enzymes eliminated
the need for addition of external co-factor and proved to be
equally efficient in producing i-tert-leucine with >99% ee.'®®
Recent developments include the use of LeuDHs from other
organisms and replacement of formate dehydrogenase-catalysed
co-factor recycling by the more efficient glucose dehydrogenase
system.'®*"'”3 Directed evolution of the LeuDH from L. aphaericus
resulted in a two-fold increase in specific activity as compared to

NE L ~L
o NEta B, B MML UME o 1) Alcalase o H
5 Y\, BuOH Y\NH 2) HCl WI/\NH2
\<Ph Ph (?100

(R)-98 (S)- 98 99

(94%, >99% ee)
Scheme 21 Dynamic kinetic resolution through base-catalysed isomerisation
of L-tert-leucine-based oxazolone enantiomers and stereoselective ring-
opening with Mucor miehei lipase (MML).**%

LeuDH [NH,* :
HOW;\EO [NH4] Ho\ﬂ/\NH2
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+
101 NADH NAD
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Scheme 22 Enzymatic synthesis of L-tert-leucine with Leucine dehydro-
genase (LeuDH) and co-factor recycling with formate dehydrogenase (FDH).
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the wild-type enzyme, which was met with a concomitant increase
in space-time yield from 666 to 1170 g (L d)”*.'"*

Complementary to the use of LeuDH, several transaminases
were also found capable of converting trimethylpyruvate (101)
to t-tert-leucine (100). Transaminases (also called aminotransferases)
catalyse the transfer of an amine group from a donor to an amine
acceptor, which is a ketone or aldehyde. Most transaminases
will accept a-amino acids as substrate (o-transaminases), but
several can additionally convert primary amines not bearing
an o-carboxylic acid moiety (o-transaminases, sometimes also
called aminotransaminases).

Similar to most (enzymatic) reactions, transaminase-catalysed
reductive amination is reversible. This intrinsic equilibrium
situation requires the use of an external driving force in order
to favour product formation. Several approaches to shift the
equilibrium for the synthesis of i-tert-leucine have been proposed.
Fotheringham et al. employed an E. coli branched-chain amino
acid aminotransferase (BCAT) to convert trimethylpyruvate to
tertleucine using glutamic acid (102) as the amine donor
(Scheme 23).”® The formed side product, a-ketoglutarate (103),
could be converted back to glutamic acid using a Bacillus subtilis
ornithine aminotransferase. Ornithine aminotransferase requires
ornithine (104) as amine donor and converts it to glutamate-y-
semialdehyde (105). The latter is susceptible to spontaneous,
virtually irreversible, cyclisation, thereby resulting in 73% yield
as compared to 31% in the absence of the recycling cascade.

In a similar approach, Gefflaut and co-workers replaced
ornithine aminotransferase with Thermosinus carboxydivorans
Norl o-transaminase which was capable of employing glutamine
as amine donor."”® The resulting o-ketoacid spontaneously
cyclised, again shifting the reaction equilibrium to the product
side. In an alternative approach, the authors employed Mega-
sphaera elsdenii DSM20460 o-transaminase as this enzyme was
shown to accept both trimethylpyruvate and glutamine as sub-
strates. By doing so, the use of a single enzyme thus catalysed
the formation of product and it ensured a favourable shift of the
reaction equilibrium towards product formation. Alternative
equilibrium shifting approaches involved transaminase-catalysed
amine donor regeneration coupled to pyruvate decarboxylase
or the use of an amino acid dehydrogenase for amine donor
regeneration coupled to alcohol dehydrogenase-catalysed
co-factor recycling at the expense of isopropanol.’””"'”8

Using an enzymatic fuel cell, chemical energy can be converted
to electrical energy. In an intriguing proof-of-concept study involving

oM /\¢° j
HO. ° How/\NH2 Ho\ﬂ/\NH2 —_ HO\[(‘\N/
Go1 e oz os
\l/ COQH AN
Ho\[h’NHZ
103(73%) 103 104

Scheme 23 Synthesis of L-tert-leucine using a branched-chain amino
acid aminotransferase (BCAT) and amine donor recycling/equilibrium
shifting with ornithine aminotransferase (OAT).*>
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Scheme 24 Enzymatic fuel cell-based synthesis of L-tert-leucine.”® SHI:
soluble [NiFe] hydrogenase |, Nit: nitrogenase, DI: diaphorase and LeuDH:
leucine dehydrogenase.

integration of enzymatic electrocatalysis in the enzymatic fuel cell,
Minteer and co-workers were able to generate high added-value
chemicals such as i-tert-leucine (100) from largely elementary
starting materials (Scheme 24)."° In the anodic chamber,
Pyrococcus furiosus soluble [NiFe] hydrogenase I (SHI) reduced
methyl viologen (MV>*, 107**) to MV** (107**) via oxidation of
hydrogen gas to protons. The protons migrated over the semi-
permeable membrane to the cathodic chamber. Re-oxidation of
MV*" at the anode resulted in the production of electrons,
enabling reduction of MV>" at the cathode. Nitrogen gas was
subsequently converted to ammonia at the expense of MV*"
using a nitrogenase. The presence of ammonia finally allowed
LeuDH to convert trimethylpyruvate (101) to r-tert-leucine (100).
In situ NADH co-factor recycling was achieved by oxidation of
MV*" using a diaphorase from Geobacillus stearothermophilus.

Whereas most anti-viral peptidomimetic drugs are designed
to combat HIV, telaprevir and boceprevir are used against the
hepatitis C virus. From a biocatalytic perspective, telaprevir
provides for a particularly interesting synthetic target. When
retrosynthetically disassembled, one can envision its synthesis
from six building blocks, which include three unnatural amino
acids (Chart 4).>*'8%181 One is the amino acid i-tert-leucine
(100) discussed above and the other two are L-cyclohexylglycine
(110) and the bicyclic proline analogue 111.

Remarkably, Sorm and co-workers reported the resolution of
N-acetyl-L-cyclohexylglycine using hog renal acylase I as early as
1966."%* More recently, Holla and co-workers described the
resolution of racemic N-acetyl-L-cyclohexylglycine using a micro-
bial acylase (Aspergillus sp.)."* Various other N-protected r-cyclo-
hexylglycine derivatives could be resolved using, for example,
penicillin G acylase.'®* Although enzymatic resolution is most

”J\WW

[ j)L %NV& Te:prevww) ﬂ

o
N H2N\/§
N OH OH
| HoN
_
N (o)
09 11 100

Chart 4 Retrosynthetic analysis of telaprewr.
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commonly achieved using acylases or lipases, other biocatalysts
have been shown to be effective, too. Lin and Wang applied
Rhodococcus sp. AJ270 cells to resolve numerous a-amino nitriles
resulting in the formation of a wide variety of (unnatural) amino
acids including r-cyclohexylglycine.'®* An (S)-selective amidase
and a non-stereoselective nitrile hydratase were shown to cata-
lyse this microbial transformation. Again, kinetic resolution
being limited to 50% yield makes asymmetric synthesis of
the amino acid a more attractive approach. Such a synthesis
was achieved by a team from Asymchem through enzymatic
reductive amination of pro-chiral 2-cyclohexyl-2-oxoacetate
using a LeuDH from Bacillus sphaericus."'®

The third unnatural amino acid building block of telaprevir
is the bicyclic proline analogue 111. Turner and co-workers
employed desymmetrisation of commercially available 114
using a monoamine oxidase (MAO) variant to yield the corres-
ponding 'A-pyrroline (115, Scheme 25A)."® MAO catalyses the
oxidative deamination of amines to ketones and aldehydes. The
employed fungal MAO-N D5 from Aspergillus niger, however, is a
more versatile engineered variant that also catalyses reductive
amination and oxidation of cyclic amines, for example."®”
Hydrocyanation of 115, followed by nitrile hydrolysis subsequently
furnished 111. In collaboration with the group of Orru, an Ugi-type
3-component reaction was developed for the synthesis of various
prolyl peptides by starting from a carboxylic acid component, a
nitrile component and a cyclic imine."®® This approach was
ultimately employed for the synthesis of telaprevir through the
use of an elegant late stage 3-component coupling involving
116, 117 and 115, thereby eliminating the need to access amino
acid 111 separately (Scheme 25B)."*°

The MAO-N D5 variant used in the synthesis of 115 had been
employed in the millimolar range, which would not be viable
on industrial scale. A collaboration between Merck and Codexis
resulted in the engineering of a highly active MAO-N variant
capable of resisting temperatures up to 50 °C and allowing
substrate concentrations above 1 M."%°

Similar to telaprevir, boceprevir could be built up from an
unnatural bicyclic proline analogue (120, Scheme 26). Use of
the Merck/Codexis MAO-N variant resulted in oxidation of 118
with high yield and ee. In situ capture of the corresponding
"A-pyrroline 119 using sodium bisulfite and subsequent
chemical transformations led to an efficient synthesis of the
methyl ester of 120 (120-Me) in 56% overall yield and >99% ee.

%H MAO-N D5 H% ) TMSCN H H
2)HCI

N (77%, 94%ee) 115

114
\v 1) Base
[ j)j\ \)\\{ L Telaprevir (108)

(76%) 2)[0x]
Scheme 25 Oxidation of cis-3-aza-bicyclo[3.3.0]octane (114) by mono-
amine oxidase variant D5 (MAO-N D5) and subsequent chemical synthesis
to the corresponding amino acid 111 (A).**° Late stage Ugi-type
3-component reaction towards the synthesis of telaprevir (B).18°

117
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Scheme 26 Monoamine oxidase (MAO-N) variant-catalysed synthesis of
boceprevir intermediate. 1°°

v&

Boceprewr (121)

3.3.2 Tetra-substituted core with C3 backbone. As mentioned
previously, there is a high degree of similarity among peptidomi-
metic anti-viral agents. Saquinavir,'* darunavir,'”> amprenavir,'**
fosamprenavir'® and atazanavir, for example, all share the same
(35)-1,3-diamino-4-phenylbutan-2-ol (DAPB) core with either (R)- or
(S)-configuration at the 2-position (Chart 5). This core element
mimics the transition state formed upon amide attack by the HIV
protease, with the central hydroxyl group binding to the catalytic
aspartate residues for high inhibitor affinity."*®

A team at Roche approached the synthesis of saquinavir
from several directions.'®® Retrosynthetically, saquinavir was
disconnected as such that its building blocks could be assembled
largely through simple amide coupling (Scheme 27A). In one of these
approaches, the final disconnection involves nucleophilic attack of
the decahydroisoquinoline building block 125 on the protected
aminodiol 124 resulting in the formation of the DAPB core.

Sugiura and co-workers employed desymmetrisation of a bis-
acetylated tosyl aziridine (127) using Pseudomonas sp. lipase for the
synthesis of its mono-acetylated counterpart 128 (Scheme 27B)."*”
Several subsequent chemical steps led to the formation of pro-
tected 3-aminobutane-1,2,4-triol (ABT, 129), a key building block of
nelfinavir (vide infra)."*® 129 could subsequently be converted to
the desired protected aminodiol 130. As protection of 130 is
analogous to that of 124, this could serve as building block for
saquinavir too.

Due to concerns regarding the stability of the azido-protected
(25,3S)-3-amino-4-phenylbutane-1,2-diol derivative 124, Roche
abandoned this route.’®® Instead, replacing the sulphate pro-
tected diol by an epoxide was considered favourable to facilitate
the subsequent coupling step.

Chemoenzymatic synthesis of chiral epoxide 133 (PG = Boc)
was initially explored at multigram scale by Bristol Myers
Squibb (Scheme 28)."*° Microbial reduction of 131 by Streptomyces
nodosus SC 13149 resulted in the formation of chlorohydrin
(2R)-132 with excellent enantio- and diastereomeric purity, which,

Ph Saquinavir (2S)
Darunavir (2S)
Amprenavir (2S)
Fosamprenavir (2S)

~ Atazanavir (2R)

DAPB

Chart 5 (35)-1,3-diamino-4-phenylbutan-2-ol (DAPB) core of saquinavir,
darunavir, (Fos)amprenavir and atazanavir.
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Scheme 27 Retrosynthetic analysis of saquinavir (A). Lipase-catalysed
desymmetrisation of a tosylated aziridine intermediate towards protected

3-aminobutane-1,2,4-triol (ABT) and protected (25,35)-3-amino-4-
phenylbutane-1,2-diol (B).1%8
Ph
O - Lﬁ % Lﬁ
HN Cl — HN
PG O PG OH
131 DAPB

Scheme 28 Stereoselective biocatalytic reduction towards the construction
of the (35)-1,3-diamino-4-phenylbutan-2-ol (DAPB) core of saquinavir,
darunavir, (Fos)amprenavir and atazanavir. For readability and continuity,
atoms have been numbered as to match numbering for 1,3-diamino-4-
phenylbutan-2-ol (DAPB).

upon treatment with base, would afford (2R)-133. As a follow-up of
this work, Bristol Myers Squibb investigated several Rhodococcus
strains for the production of (2R)-132 and employed the building
block in the synthesis of atazanavir.>*® Subjecting 131 to reduction
by a ketoreductase from Ralstonia sp. led to the interesting
observation that the enzyme’s stereoselectivity could be reversed
by switching the N-protecting group.”®* Use of Boc-protected 131
resulted in the formation of (2R)-132, whereas the use of its
Cbz-protected counterpart resulted in the formation of (25)-132.
Recently, Shao et al. subjected a short-chain dehydrogenase from
Novosphingobium aromaticivorans to multiple rounds of muta-
genesis to obtain a variant (G141V/I195L) that was approximately
four times more active against 131 than the wild-type enzyme.”**

The central scaffold of nelfinavir differs from DAPB in that
the phenyl moiety is replaced by a thiophenol.>** As with DAPB,
the nelfinavir core could be accessed through the thiophenol
equivalent of 131,>°* which in turn allowed for KRED catalysis
to furnish the corresponding (2R)-chlorohydrin as reported by
Pace and co-workers.?® It was shown that, as for the synthesis
of 131 from r-phenylalanine, S-phenyl-i-cysteine could serve as
starting material for the corresponding a-chloroketone.?*%
Although several patented procedures are available for the bio-
catalytic synthesis of the non-proteinogenic amino acid S-phenyl-L-
cysteine, at the time productivity did not exceed laboratory scale.
Mitsui Toatsu Chemicals, however, developed a scalable procedure

Chem. Soc. Rev,, 2021, 50, 1968—2009 | 1979
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Scheme 29 Fermentation with wild-type and engineered E. coli for the
production of L-cysteine and S-phenyl-L-cysteine.2?” SAT: serine acetyl-
transferase and OASS: O-acetylserine sulfhydrylase.

using tryptophan synthase-producing E. coli to convert 1-serine and
thiophenol to S-phenyl-i-cysteine.””

By re-engineering the cysteine biosynthetic pathway in
Escherichia coli, Maier developed a strain capable of producing
a large variety of unnatural amino acids including S-phenyl-t-
cysteine (137, Scheme 29).>°” The wild-type microbial strain con-
verted glucose (90) to serine (134) and thereafter to O-acetylserine
(135) using serine acetyltransferase (SAT). With sulfide as the
nucleophile, the enzyme O-acetylserine sulfhydrylase subsequently
converted O-acetylserine to cysteine (136). O-Acetylserine sulfhy-
drylase was shown to also accept other nucleophiles instead of
sulfide to produce unnatural amino acids in low yield. The low
yield was attributed to inhibition of SAT by cysteine, which thereby
limited the overall concentration of O-acetylserine. Screening of
several SAT variants led to the discovery of an enzyme that was less
susceptible to inhibition by cysteine while retaining 50% activity
(SAT™"). Implementation of the gene encoding for SAT™ allowed
for effective microbial production of S-phenyl-i-cysteine (137)
using thiophenol as nucleophile (72% yield from O-acetylserine).

However, both the high costs of S-phenyl-L-cysteine and the
possibility to access the arylthioether through late-stage sub-
stitution make other synthetic strategies more attractive. Most
routes instead involve the use of protected 3-aminobutane-
1,2,4-triol (ABT, 138, Scheme 30).>°®>'° Suitably protected
equivalents of ABT could be obtained efficiently through bio-
catalytic resolution. Faure and co-workers employed either single-
step or two-step lipase-catalysed resolution of N-protected ABT to
obtain (25,3R)-144 from 143 (Scheme 31A). Improved enantiomeric
purity was observed for the two-step-resolution approach
(>99% vs. <98%).>"" Noto and co-workers analogously used

"
’H—' HZNL/ —ll

139 OH

o H
HoN * OH — -
2 T HNT Y Yo HO N N
OH 2 H H H
(3S)-ABT 140 O OH
((35)-138) oTs T H
(1 L
Nelfinavir (142)
H,N OTs
141 OH

Scheme 30 Synthesis of nelfinavir from suitably protected 3-aminobutane-
1,2,4-triol (ABT) as described by Uchida et al. (1),2°® Cho and co-workers (11)2°°
and Borer et al.?°
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Scheme 31 Resolution of protected ABT derivatives 143 (A)*** and 145/
146 (B).?'2 PPL: porcine pancreas lipase, PFL: Amano AK lipase (P. fluo-
rescens), BCL: Amano PS lipase (Burkholderia cepacia) and BCL-C II: BCL
immobilised on ceramic instead of diatomite.

immobilised Amano PS lipase (a Burkholderia cepacia (BCL)
preparation) to resolve dioxepanes 145 and 146 at laboratory
scale (Scheme 31B).>"*

Bare ABT 138 itself also provides for an attractive target for
biocatalytic production due to its high solubility and the
presence of two adjacent chiral centres in a small molecule.
Lye and co-workers developed a two-step enzymatic cascade for
the synthesis of ABT.”"* Transketolase catalyses the interconversion
of two phosphorylated C2-C5 ketoses/aldoses. Several transketolase
types, however, can also accept non-phosphorylated sugar deriva-
tives. E. coli transketolase was used to synthesise r-erythrulose (148)
from glycolaldehyde (147) and hydroxypyruvate (149) by carboliga-
tion (Scheme 32A). Decarboxylative coupling of an o-ketoacid such
as hydroxypyruvate results in the (irreversible) formation of CO,,
which provides a strong driving force for product formation. An
o-transaminase from Pseudomonas aeruginosa was used to transfer
the amine moiety from (S)-o-methylbenzylamine ((S)-150) to the
intermediate r-erythrulose. A laboratory scale two-step, one-pot
cascade reaction was enabled by overexpressing the endogenous
transketolase and the transaminase in E. coli.

Although constituting a very attractive cascade, no enantio-
meric and/or diastereomeric purity was reported, the transaminase

A E. coli [ TK OH OH

H\HA [Mg?'], ThDP Lﬁ TA PLP f\ﬂ
OH 7_? 07 Y 0H7—§> HNT Y YOH
o N OH OH

OH

147 O, 148 (2R,35)-138
J/: HN”Ph 07 P (21%)
0~ "COpH (S)-150 (S)-151
149
B E. coli TK OH OH
[Mg?*], ThDP J//\/\ TARS PLP (/\
H\H/\OH O Y 0H7—?> HoN™ Y OH
o co, OH OH
147 148 OH OH (2R,35)-138
[ JA/ (>9%, 95% ee)

H,N” COH 07 CO,H

134 149

HoN_ A~
RS - OH
TA®® PLP 152

Scheme 32 Two-step enzymatic synthesis of 3-aminobutane-1,2,4-triol
(A)*Y and inclusion of in situ hydroxypyruvate formation/amine donor
recycling (B).21® TK: transketolase, ThDP: thiamine diphosphate, TA: trans-
aminase and PLP = pyridoxal phosphate.
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reaction was in equilibrium, (S)-o-methylbenzylamine proved an
inconvenient amine donor and hydroxypyruvate is chemically
unstable.** By switching to a highly versatile o-transaminase from
Chromobacterium violaceum capable of employing isopropylamine as
simple donor, formation of volatile acetone pushed the reaction
equilibrium in favour of product formation and side reactions could
be suppressed. This optimised cascade resulted in the formation of
(2R,35)-138 as a single stereoisomer (>95% ee).”’® Addition of a
second o-transaminase enzyme from Deinococcus geothermalis
DSM11300 allowed for the in situ generation of hydroxypyruvate
from r-serine (134), which enabled continuous dosing of this labile
intermediate.*'

By using a single transaminase from Rhodobacter sphaeroides
ATCC17025 (TA®®) with specificity for both 1-erythrulose (148) and
L-serine, simultaneous generation of hydroxypyruvate (149) and
ABT led to a simplified semi closed-loop cascade (Scheme 32B).
Although the required initial formation of hydroxypyruvate was
ensured as TA®® also utilised glycolaldehyde as an amine acceptor,
significant amination of this substrate led to a limitation of the
overall ABT yield to a maximum of 9%. As the complex reaction
system requires careful adjustments, further process optimisation
is being pursued extensively.*'”>*°

3.3.3 Indinavir. Differing from the core structure of the
anti-viral protease inhibitors discussed above, indinavir is comprised
of an elongated Csrather than a Cybackbone (Scheme 33).>%°
Whereas biocatalytic access to this core element has not been heavily
pursued, biocatalytic access to its (15,2R)-1-amino-2-indanol capping
fragment ((15,2R)-155) has been investigated all the more. Access to
this chiral amino alcohol was achieved through hydrolytic enzymatic
resolution of a variety of precursors (Scheme 33).”>'?* Kim and
co-workers employed a Pseudomonas lipase from Amano to
resolve a-acetoxyindanone (153) and subsequently performed
chemical reductive amination to provide (2R)-1-amino-2-indanol
((2R)-155, Scheme 34).>** Resolution of the second stereocentre

H
OH
) OY N
N N / P
H OH N S
Ph
Indinavir (156) (v)
Rhizopus
@Qﬂ oryzae @_
OAc RN
p——
U]
o 0] NH
153 (R)-154 (41%, 93% ee) (1S,2R)-155
4
(:Q_OH BCL (Il) ) Ritter
Z0A :
OH o5 c 5H 2) hydrolysis ;
cis-157 158 (47%, 91% ee) H
@Q—oH __I0) @Q—om . Deprotcton_|
Z0Ac
NHCbz 82 NHCbz
159 160 (36%, 92% ee)

Scheme 33 Synthesis of (1S,2R)-1-amino-2-indanol via biocatalytic reso-
lution as described by Ozgul et al. (1),%%* Nohira et al. (I1)2?? and Afonso and
co-workers (lIl)2%* and the synthesis of indinavir from this intermediate as
described by Zhong and co-workers (IV).2%° BCL: Amano PS lipase (Burkholderia
cepacia), IL: ionic liquid and CAL-B: Candida antarctica lipase B.
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Scheme 34 Four-step route to (1S,2R)-amino-2-indanol including lipase
and transaminase (TA)-catalysed resolution.?2*
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Scheme 35 Oxidation of indene by P. putida towards the synthesis of
(1S,2R)-1-amino-2-indanol 22622

was achieved using an w-transaminase from Vibrio fluvialis JS17
(96% de). Addition of y-cyclodextrin was suggested to result in
selective binding of the desired (1S,2R)-1-amino-2-indanol
((2S,2R)-155) preventing its deamination as the absence of this
additive resulted in only 35% de at 45% conversion.

Earlier attempts at resolving intermediates of (1S,2R)-1-
amino-2-indanol involved the use of Pseudomonas putida to
achieve dihydroxylation of indene (161, Scheme 35).2***” As
the reaction initially yielded both enantiomers of cis-indane-
1,2-diol (157), dihydroxylation was suggested to be catalysed by
an insufficiently stereoselective toluene dioxygenase. With
extended reaction duration, enantiomeric excess increased to
>90% in favour of (15,2R)-157, however. Based on the concomitant
formation of o-hydroxyindanone (154), the authors suggested the
presence of a cisglycol dehydrogenase that exclusively oxidised
(1R,2S)-157. Alternatively, (1S,2R)-Indane-1,2-diol could be accessed
by reduction of indane-1,2-dione using Trichosporon cutanaeum
MY1506.”?® Synthesis of the target (1S,2R)-1-amino-2-indanol from
(1S,2R)-indane-1,2-diol could be achieved using a Ritter reaction.”*’

Indinavir’s piperazine fragment could also be accessed
biocatalytically. Hydrolysis of racemic piperazine-2-carboxamide
using an amidase from Kiebsiella terrigena DSM 9174 afforded
(S)piperazine-2-carboxylic acid in 99% ee, albeit in low yield (22%).*°

3.3.4 (Fos)amprenavir. In addition to sharing the DAPB
core, amprenavir and its phosphate ester pro-drug fosamprenavir
both possess a (S)-3-hydroxytetrahydrofuran fragment (Scheme 36A).
Although its structure is rather simple, stereoselective biocatalytic
synthesis of (S)-3-hydroxytetrahydrofuran ((S}-164) has only been
achieved recently. The very small size difference of the ring
fragments on opposing sides of the secondary alcohol requires
chiral differentiation of the ether versus the alkane moiety based
on polarity differences. This renders 164 particularly difficult to
resolve (Scheme 36B).
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Scheme 36 Structures of amprenavir and fosamprenavir (A). 3-Hydroxy-
tetrahydrofuran including plain of symmetry indicating the near absent
difference in size of the left- and right-hand ring fragments (B). Fumarase-
catalysed hydration of fumarate, subsequent protection, reduction to
the 2-protected (S)-1,2,4-butanetriol and acid-mediated deprotection/
cyclisation to yield (S)-3-hydroxytetrahydrofuran (C). PG: protecting group.

Whereas screening of over 100 hydrolytic enzymes by
Bornscheuer et al. resulted in the discovery of candidates capable
of resolving three other challenging substrates, resolution of
acetylated (S)-3-hydroxytetrahydrofuran remained elusive.>*"
Engineering of a Bacillus stearothermophilus esterase, however,
effected a more than two-fold increase in stereoselectivity
(E-factor 4.3 to 10.4).>** Although a significant improvement,
this remains insufficient for practical applications.

Reetz and co-workers instead focused on biocatalytic reduction of
pro-chiral oxolan-3-one. Initially, reduction with Thermoethanolicus
brockii alcohol dehydrogenase afforded (R)-3-hydroxytetrahydrofuran
with only 23% ee. Directed evolution of this highly stable enzyme
was pursued in order to reverse and improve its stereoselectivity.
The triple mutant I86V/W110L/L294Q proved most effective as it
was able to fully convert oxolan-3-one with 94% ee in favour of
the (S)-enantiomer.>**

The groups of Wynberg and Izawa showed that (S)-3-hydroxy-
tetrahydrofuran could be prepared from the hydroxy-protected
acyclic precursor r-malate dialkyl ester (168).>**>*> The latter
was synthesised from r-malic acid (166), which is commercially
produced by fermentation on industrial scale through fumarase-
catalysed hydration of fumarate (165, Scheme 36C).>*° 1-Malic acid
can also be prepared from the racemate through kinetic
resolution.”*’

The chemical synthesis of (S)-3-hydroxytetrahydrofuran
proceeded through protected (S)-1,2,4-butanetriol (169-PG). As
shown by Chung and co-workers, production of 1,2,4-butanetriol
could also be achieved from renewable resources through the use
of an engineered E. coli strain capable of fermenting xylose
(Scheme 37).>*® Introduction of heterologous genes encoding for
Caulobacter crescentus xylose dehydrogenase (XDH) allowed for the
oxidation of xylose (170) to xylonic acid (171). C3-dehydration by
E. coli’s native p-xylonic acid dehydratase (DHT) followed by
decarboxylation with benzoylformate decarboxylase (mdIC) from
Pseudomonas putida afforded 3,4-dihydroxybutanal (173). The latter
could be reduced to 1,2,4-butanetriol (169) using native KREDs.
Disruption of the genes encoding for 2-keto-3-deoxy-p-xylonate
aldolase (kdxA) and the enzymes responsible for xylose isomerisation
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Scheme 37 Production of (5)-1,2,4-butanetriol through fermentation of
xylose with engineered E. coli.?®® XDH: xylose dehydrogenase, DHT:
p-xylonic acid dehydratase, mdIC: benzoylformate decarboxylase, xylA/
xylB: xylose isomerisation enzymes, kdxA: 2-keto-3-deoxy-b-xylonate
aldolase and KRED: ketoreductase.

(xylA and xyIB) resulted in an additional improvement of the cascade
to yield 1,2,4-butanetriol in 0.88 g L™' (13% overall yield). In
comparison, a two-step, two-microbe system for the production of
(8)-169 as reported by Frost and co-workers (initial production of 171
with XDH from P. fragr), proved to be more efficient (1.6 g L™, 18%
overall yield and >99% ee).”*® Through re-engineering of the
malate pathway, glucose could also be used as carbon-source
for the production of 1,2,4-butanetriol, albeit in titres of only
55 mg L~ '.*** Alternatively, resolution of racemic 1,2,4-butanetriol
provided access to both enantiomers.'*

3.3.5 Darunavir. Similar to (Fos)amprenavir, darunavir
bears a tetrahydrofuran-derived fragment; (3R,3aS,6aR)-hexahydro-
furo[2,3-b]furan-3-ol or in short 3-hydroxy-bis-tetrahydrofuran
(3-OH-bis-THF; (3R,3aS,6aR)-176, Scheme 38). Resolution of an
enantiomeric mixture of acetylated 176 could be achieved using
various lipases (Scheme 38).>*'~>** The mixture of 176 enantiomers
could also be resolved through enzymatic acetylation.**"*****> BCL
was additionally proven to be capable of resolving a diastereomeric
mixture of 176.*

Several multi-step, one-pot procedures that include lipase
resolution have been published for the synthesis of 3-OH-bis-
THEF. Itoh and co-workers devised a strategy involving organocatalytic
cycloaddition of glycolaldehyde (147) and 1,2-dihydrofuran
(179) to obtain 3-OH-bis-THF as a mixture of diastereomers.>*”
The latter was subsequently resolved using BCL (Scheme 39A).
Around the same time, Opatz et al. reported a three-step, one-pot
telescoping approach to (3R,3aS,6aR)-176,>*® making use of a
stereoselective [2+2]photocycloaddition between furan (181) and
Cbz-protected glycolaldehyde (182) to afford the bicyclic oxetane

H O

i NH,
A\
H AcO O y )k 8!
0" N N 0
trans-176 H H I
H, O H O
o(§g"’OAc O‘§g"IOH —>, Darunavir (178)
H H

177 (3R 3aS,6aR)-176

(3aS, 6aR)-176

Lipase

1 ) Llpase

2) Hydrolysis

Scheme 38 Enzymatic resolution of (acetylated) 3-OH-bis-THF with lipase.
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Scheme 39 Two-step, one-pot organocatalytic cyclisation followed by
lipase-catalysed resolution (A)?*” and three-step, one-pot photocatalytic
cyclisation, followed by deprotection and lipase-catalysed resolution (B)>*®
for the synthesis of 3-OH-bis-THF. BCL: Amano PS lipase (Burkholderia
cepacia), STUC: Schreiner's thiourea catalyst and PPL: porcine pancreas
lipase.

183 (Scheme 39B). Hydrogenative deprotection resulted in the
spontaneous rearrangement of ring-strained 184 to yield trans-
176. The latter was subsequently resolved using porcine pancreas
lipase (PPL) and propionic anhydride as acylating agent. PPL
showed enhanced enantioselectivity as compared to Pseudomonas
fluorescens lipase and CAL-B, although preferentially for the unde-
sired acylated product. Interestingly, switching from acetic anhy-
dride to propionic anhydride resulted in an increase of ee from
93% to >99%. The use of propionic anhydride also shortened
reaction times by 24 h as compared to other donors.

3.4 Bis-cyclopropyl-based protease inhibitors

Among the anti-viral agents classified as peptide mimics, the
bis-cyclopropyl-based drugs form a defined sub-class of protease
inhibitors for combating the hepatitis C virus. Again, a large
degree of structural similarity is observed among these agents. All
share a cyclopropylsulfonamide linked to a (1R,2S)-1-amino-
cyclopropanecarboxylic acid (ACCA) moiety flanked by a hydro-
xyproline derivative or analogue thereof. An additional common
feature is that most are macrocyclic, except for asunaprevir and
vaniprevir (Chart 6).

3.4.1 1-Hydroxyproline. As with the other peptidomimetic
drugs discussed above, the bis-cyclopropyl-based protease inhibitors
can for a large part be constructed from amino acid components.
For most of the bis-cyclopropyl-based protease inhibitors, trans-4-
hydroxy-i-proline (i-hydroxyproline) constitutes the central core to
which all other fragments are connected. The non-canonical amino

/ /

o) o R o) o R
K H NEPA H L\
N/ 0% N/ 0=%
N o X o)

0 0

Grazoprevir
Asunaprevir

o o_ H o R o  H
g DA AN H N;SBQ
O\(N 0=3 N/ 0=%
N o N o
'0 T 0 CHF,

Vaniprevir

Simeprevir (X = CH)
Paritaprevir (X = N)

Glecaprevir (R' = H)
Voxilaprevir (R' = Et)

Chart 6 Common structure of biscyclopropyl-based protease inhibitors.
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Scheme 40 Hydroxylation of L-proline with proline 4-hydroxylase (P4H).

acid r-hydroxyproline accounts for 4% of all amino acids
incorporated in animal tissue, but unlike the canonical amino
acids it is synthesised through post-translational hydroxylation of
L-proline. Ozaki and co-workers have shown that microbial proline
4-hydroxylases (P4Hs) are excellent biocatalysts for synthesising
r-hydroxyproline ((25,4R)-186) ex vivo (Scheme 40).>*°2%' p4H
contains an enzyme-bound oxo-iron species that enables con-
version of r-proline to r-hydroxyproline at the expense of
a-ketoglutarate (103). The resulting Fe(in) species are inhibitory
but can be reduced back to Fe(u) in the presence of ascorbate.
The enzyme could also be used for synthesising the six-membered
ring analogue of 1-hydroxyproline, pipecolic acid.”** Introduction
of the P4H encoding gene from Dactylosporangium sp. into
a proline-producing, isoleucine-bradytroph Corynebacterium
glutamicum allowed for the efficient production of r-hydroxy-
proline.>®® Strict control over the r-isoleucine concentration
was essential as high concentrations of this amino acid mini-
mised r-proline production, while low concentrations resulted
in minimal growth of the organism. Use of a bradytroph, a
strain that grows slowly in the absence of a certain metabolite
(in this case r-isoleucine) due to a limiting defect in its meta-
bolic pathway, resulted in controlled r-isoleucine production.
By allowing cell-growth in minimal medium containing a care-
fully tuned ratio of glucose to r-isoleucine (46:1), 7.1 g L™ " of
t-hydroxyproline could be produced from glucose.

Clapés and co-workers recently developed a de novo chemo-
enzymatic approach towards hydroxyproline by starting from
simple building blocks.>®* Aldol addition of pyruvate (175) to
Cbz-protected 2-aminoacetaldehyde (188) catalysed by 2-keto-3-
deoxy-L-thamnonate aldolase (YfaU) was followed by treatment of
the condensation product with palladium on carbon. The latter
resulted in amine deprotection, spontaneous cyclisation and
subsequent reductive amination to yield hydroxyproline as a
mixture of stereoisomers (cis-186, 40% de, Scheme 41). YfaU-
catalysed carboligation did not occur stereoselectively, likely due
to the achiral nature of the protected 2-aminoacetaldehyde and
the equilibrium nature of the conversion favouring thermo-
dynamic over kinetic control.

In a similar approach, Franssen et al. used 2-keto-3-deoxy-
gluconate aldolase from Sulfolobus acidocaldarius to condense

Hi
omcozH o
Hy
[¢] .

0\\L
CO,H (YfaU
Wl

CO,H
NH NH
& & PdIC
bz 175 bz cis-186
188 189

(overall: 21%, 40% de)

Scheme 41 Condensation of N-Cbz-protected 2-aminoacetyaldehyde
and pyruvate catalysed by 2-keto-3-deoxy-L-rhamnonate aldolase (YfaU)
followed by deprotection/cyclisation to obtain racemic hydroxyproline.>>*
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2-azidoacetaldehyde and pyruvate in a stereoselective fashion.>*®
Zinc-catalysed deprotection and reduction resulted in the generation
of hydroxyproline as a mixture of diastereomers in which the
undesired (4S)-isomer prevailed. Hydroxylation of i-proline is thus
the preferred route to the desired (2S,4R)-hydroxyproline isomer.

3.4.2 1-tert-Leucine. The biscyclopropyl-based protease inhibi-
tors grazoprevir,”>® glecaprevir,”>” voxilaprevir,”*® asunaprevir’>® and
vaniprevir’® contain 1-tert-leucine as a synthetic building block. For
the biocatalytic synthesis of this unnatural amino acid, the reader is
referred to Section 3.3.1.

3.4.3 (1R,2S)-1-aminocyclopropanecarboxylic acid derivatives.
Vaniprevir contains a cyclopropane-based amino acid fragment
identical to the one also found in coronatine (Chart 6); an active
natural product formed by plant pathogenic microbes. Due to its
origin, the building block is named coronamic acid, but this
amino acid, as well as its unsaturated vinyl-analogue, are more
commonly referred to by their systematic names; (1R,2S)-1-amino-
2-ethylcyclopropanecarboxylic acid (ethyl-ACCA) and (1R,25)-1-
amino-2-vinylcyclopropanecarboxylic acid (vinyl-ACCA), respec-
tively. Grazoprevir and asunaprevir both contain vinyl-ACCA,
whereas simeprevir’®' and paritaprevir®®* require its incorporation
to allow for macrocyclisation through ring-closing metathesis.”*

The synthesis of vinyl-ACCA as outlined by Boehringer
Ingelheim in 2005 is regarded as the gold standard for the
production of this compound (Scheme 42A).>°* Their synthetic
strategy involved resolution of the N-Boc-protected vinyl-ACCA
methyl ester (cis-190) by Alcalase 2.4L (a Bacillus licheniformis
protease formulation). Although applicable on large scale, two
consecutive resolution steps were required in order to reach
99% ee for the desired remaining isomer (1R,25)-190, resulting
in a complex, time-consuming approach. In an independent
study, resolution of the N-Boc protected vinyl-ACCA ethyl ester
with Sphingomonas aquatilis whole cells afforded the remaining
(1R,25)-configured ester with 88% ee.”®® Strikingly, resolution
of unprotected racemic vinyl-ACCA was claimed to result in a
reversal of selectivity; the formed (1R,2S)-configured ester was
isolated in 99.6% ee.

Kroll and co-workers protected racemic vinyl-ACCA as its
trifluoromethyl-substituted azlactone (192, Scheme 42B).>%°
Interconversion of both enantiomers of 192, which was
proposed to be enabled through an unusual [3,3]-sigmatropic

A O, (0]

O,
OMe  (BLP (2x) OMe }S—OH
BocHN ——> BocHN + BocHN—
\_/. i
N\ \ \
cis-190 (1R,2S)-190 191
(49%, 99% ee)
B O o} O O
7 o}
H CF. OEt
CF3"<\ ; CFS’QN&\ BEE 3_§N
; " EtOH
\ \ \
(1R,3S)-192 (1S,3R)-192 (1R,2S)-193

(96%, 75% ee)

Scheme 42 Resolution of the N-Boc-protected amino-2-vinylcyclo-
propanecarboxylic acid (vinyl-ACCA) methyl ester with Alcalase 2.4L
(a Bacillus licheniformis protease (BLP) formulation) (A).2®4 Dynamic kinetic
resolution with Amano PS lipase (Burkholderia cepacia, BCL) to obtain
protected vinyl-ACCA (B).256
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oxadivinylcyclopropane rearrangement, allowed for dynamic
kinetic resolution through lipase-catalysed ethanolysis. Unfor-
tunately, using BCL for hydrolysis of the desired stereoisomer
resulted in only 75% ee and 96% yield after 18 days. Ethyl-
ACCA, a vaniprevir fragment, could be obtained through
reduction of vinyl-ACCA.>%”>%8

Glecaprevir and voxilaprevir both contain a difluoromethyl-
ACCA fragment. A team at Abbvie developed a synthetic route to
glecaprevir in which difluoromethyl-ACCA was derived from
vinyl-ACCA via multi-step chemical conversion.”*® As the yield
was moderate and the synthesis required a complicated work-up
procedure, this process proved not to be viable on large scale.
The authors disclosed that alternative synthetic procedures had
been developed.””® One of these included the preparation of
enantiomerically enriched difluoromethyl-ACCA through two
consecutive enzymatic resolution steps (Scheme 43).>”* Dipropyl
2-(difluoromethyl)cyclopropane-1,1-dicarboxylate (rac-194) would
first be subjected to resolution with Thermomyces lanuginosus
lipase (AH45) to isolate the desired (R)-enantiomer (R)-194
(Scheme 43). Subsequent desymmetrisation with an esterase
from either Bacillus subtilis (yvaK) or Bacillus stearothermophilus
(BsteE), followed by Curtius rearrangement and hydrolysis
afforded N-Boc-protected difluoromethyl-ACCA (196).

3.4.4 1-6-Heptenylglycine - paritaprevir. The final unnatural
amino acid to be discussed with regards to peptidomimetic anti-
viral agents is L-6-heptenylglycine ((S)-2-amino-8-nonenoic acid).
After peptide coupling of vinyl-ACCA (199), r-hydroxyproline
((25,4R)-186) and 1-6-heptenylglycine (198), ring-closing
metathesis of the two terminal olefins allowed for the synthesis
of paritaprevir (Scheme 44A).>** Resolution of the N-acetyl-
protected racemate with acylase I afforded r-6-heptenylglycine
with >99% ee on large scale.>”* Alternatively, the corresponding
N-Boc-protected precursor could be resolved by subjecting its ethyl
ester to protease-catalysed hydrolysis.>”

Dutch life-sciences company DSM developed a dynamic
kinetic resolution process comprising of three enzymes, which
required 1-6-heptenylglycine to be prepared as its hydantoin
derivative (200).””* An 1-selective hydantoinase from Arthrobacter
aurescens (HyuH) ensured enantioselective ring-opening and
the 1-carbamoylase from Bacillus stearothermophilus (HyuQ)
subsequently cleaved the resulting urea moiety (Scheme 44B).
Rapid interconversion of both hydantoin enantiomers was
enabled by a hydantoin racemase from Agrobacterium radio-
bacter (HyuA). In a complementary approach, Japanese Kaneka

applied a N-acylamino acid racemase (AaaR)-catalysed

o} AH45 o)
O, éiopl‘ (36%, 94% ee) é (63% 97% ee) O OPr
PrO CHFZ PrO CHF, or BsteE HO CHF,

rac-194 (R)-194 (97% 99% ee)  (1S,2R)-195
o }¥0Pr OH 1) Curtius
' BocHN
HO {CHF, CHF, 2) LiOH
(1R,25)-195 19

Scheme 43 Two-step enzymatic resolution of a difluoromethyl-ACCA
intermediate.?”* AH45: Thermomyces lanuginosus lipase, yvaK: Bacillus
subtilis esterase and BsteE: Bacillus stearothermophilus esterase.
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Scheme 44 Retrosynthetic analysis of paritaprevir (A). Enzymatic dynamic
kinetic resolution for the synthesis of L-6-heptenylglycine through its hydantoin
(B)¥" or its N-succinate (C).>”> HyuA: hydantoin racemase from Agrobacterium
radiobacter, HyuH: L-hydantoinase from Arthrobacter aurescens, HyuQ:
L-carbamoylase from Bacillus stearothermophilus, aaaR: N-acylamino acid
racemase and quant. conv.: quantitative conversion.

interconversion of racemic N-succinyl 6-heptenylglycine (202),
followed by kinetically controlled enantioselective amide clea-
vage by r-succinylase to furnish the desired enantiopure amino
acid (198, Scheme 44C).””®

Finally, a team at Merck developed an efficient four-step
asymmetric synthesis of r-6-heptenylglycine via 2-oxonon-8-
enoic acid (204) which in turn was obtained through Grignard
chemistry (Scheme 45).%”° Use of a leucine dehydrogenase from
Codexis converted the ketoacid 204 to -6-heptenylglycine (198)
with >99% ee. Subsequent Boc protection and isolation of 205
as its dicyclohexylamine salt allowed for an overall yield of 60%
starting from 7-bromoheptene (203), thereby clearly outcom-
peting non-dynamic resolution approaches as such strategies
would result in a maximum theoretical yield of 50%.

3.4.5 Simeprevir. While most bis-cyclopropyl-based protease
inhibitors are built around a r-hydroxyproline core, simeprevir is
constructed around its carbocyclic analogue. The presence of an
additional chiral centre at the site for macrocyclisation provides
for a considerable synthetic challenge. A team at Janssen
Pharmaceuticals explored various routes to obtain either (4S)-
or (4R)-209 (Scheme 46), which both would allow for stereo-
selective construction of the anti-viral agent simeprevir. The two
routes that were explored beyond analytical scale started by

Mg~ HO LeubH HO,
\/\J 2) DEO w CDX-012 o \
Br. —>0 7~ RHN"™
SyLieH NADPH NADP*

203 204 R =H (198)
R = Boc (205)
GDH (overall: 60%,

Glucono-  Glucose >99% ee)

lactone (91) (90)

Scheme 45 Concise synthesis of 2-oxonon-8-enoic acid and subsequent
reductive amination catalysed by a leucine dehydrogenase (LeuDH).2”®
GDH: glucose dehydrogenase and DEO: diethyl oxalate.
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Scheme 46 Chemoenzymatic synthesis of simeprevir precursors as
proposed by Janssen Pharmaceuticals.?’” CAL-B: Candida antarctica
lipase B, CDI: carbonyldiimidazole, KRED: ketoreductase, quant.: quanti-
tative yield, GDH: glucose dehydrogenase and EEDQ: N-ethoxycarbonyl-
2-ethoxy-1,2-dihydroquinoline.

lipase catalysed desymmetrisation of dimethyl ¢rans-4-oxocyclo-
pentane-1,2-dicarboxylate (206) using CAL-B to obtain 207 in
37% yield and 94% ee (Scheme 46).>”” Diverging from there,
route A involved chemical amide coupling with N-methylhex-5-
enylamine (212) followed by ketone reduction with a commercially
available KRED to obtain (4R)-209, whereas route B followed the
reverse order of events using another KRED enzyme in order to
obtain (45)-209. The (R)-selective KRED used in the first case
proved to be more stereoselective (98.5 vs. 94% de), likely due to
stereodiscrimination being facilitated by the presence of the bulky
aliphatic amide, and thus route A was selected for scale-up
to multikilogram scale. A Hoffmann-La Roche study had pre-
viously shown that stereoselective reduction of 207 using an
(R)-selective Codexis KRED, instead of the (S)-selective KRED
employed by Janssen Pharmaceuticals,
(94% yield, >93% ee).””®

3.4.6 Grazoprevir and glecaprevir. Both macrocyclic grazo-
previr and glecaprevir can be retrosynthetically disassembled in
such a way that three out of six of their building blocks are non-
canonical amino acids that could be conveniently obtained
through biocatalysis as discussed above. Additionally, both anti-
viral agents required incorporation of either (1R,2R)-2-(allyloxy)-
cyclopentanol (218) or the analogous (1R,2R)-2-(pent-4-ynyl)-
cyclopropanol (219, Chart 7),269279280

Controlled hydrolytic resolution of cyclopentane-1,2-diyl
diacetate (222) with BCL, O-alkylation with allyl bromide and
subsequent deprotection afforded 218 in 14% overall yield and
96% ee (Scheme 47A).>”° However, running regioselective lipase-
catalysed resolution up to complete mono-deacetylation is
challenging, thus often requiring termination of the reaction
at a the stage of sub-optimal conversion. The same Abbvie team
that optimised the synthesis of difluoromethyl-ACCA also managed
to improve the synthesis of (1R,2R)-2-(allyloxy)cyclopentanol.”®
Ring-opening of cyclopentene oxide (224) with allyl alcohol,

was equally viable
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AcO o
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HO 1N 0
@ OAc 3) AIIy[ bromide t OH CALB DOAc
3) LiOH
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Scheme 47 Two complementary chemoenzymatic routes for the synth-
esis of (1R,2R)-2-(allyloxy)cyclopentanol by enzymatic resolution, effected
either initially (A) or as the final step (B).?°® BCL: Amano PS lipase
(Burkholderia cepacia), CAL-B: Candida antarctica lipase B and DIPEA:
N,N-diisopropyl-N-ethylamine.

acetylation and subsequent resolution with CAL-B allowed for
isolation of the target molecule in 32% overall yield and
>99% ee at pilot scale (Scheme 47B).

Multikilogram scale resolution of 2-(pent-4-ynyl)cyclopropyl
acetate (226) with CAL-B as performed by Merck afforded the
grazoprevir intermediate (1R,2R)-2-(pent-4-ynyl)cyclopropanol
(219) with 92% ee (Scheme 48A).>®' As asymmetric synthesis
would, however, be the preferred synthetic strategy, Merck also
investigated biocatalytic cyclopropanation towards this fragment.”®>
The team envisioned recently discovered new-to-nature carbene
transfer onto activated alkenes catalysed by haemoproteins to
achieve cyclopropanation. Use of the non-activated 5-chloro-
pentene (228), however, proved to be challenging, but a mutant
of Hells’ Gate globin I (HGG) from Methylacidophilium infer-
norum was found to catalyse the desired reaction. Four rounds
of directed evolution were required to obtain the Q50V/L54A/
F43V/N45S mutant, which was sufficiently active and showed

4
219

Scheme 48 Synthesis of (1R,2R)-2-(pent-4-ynyl)cyclopropanol through enzy-
matic resolution (A)*®! or enzymatic asymmetric synthesis by carbene transfer
(B)*®2 followed by several chemical steps (I)28" CAL-B: Candida antarctica
lipase B, TFAA: trifluoracetic anhydride and HGG: Hells' Gate globin |.

1) TFAA, Cl

urea-H,0, 5 HGG
2) (1) (16%,
O 75% ee,
98% de)

229

CAL-B

(30%,
92% ee)

B
Cl
o
+Hk
|
N2

228 227
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reasonable stereoselectivity (Scheme 48B). Preparative scale
proof-of-concept cyclopropanation performed on 227 and 228
led to only 16% yield and 75% ee (99:1 trans-selectivity).
Several chemical steps are thereafter needed to complete the
synthesis of (1R,2R)-2-(pent-4-ynyl)cyclopropanol (219).”®' The
promising nature of biocatalytic carbene transfer will be further
discussed in chapter 5.

3.5 Fused multicyclic integrase inhibitors

In 2007, raltegravir was the first of several structurally related
integrase inhibitors to be approved for combating HIV.*®
Raltegravir is built up from three (hetero)cyclic fragments
connected by short flexible linkers. The latest additions to this
class of anti-viral agents are elvitegravir, dolutegravir and
bictegravir, which instead are rigid fused multicycles. Additionally,
all three of these integrase inhibitors contain an amino alcohol
fragment that could be synthesised biocatalytically (Chart 8).

The amino alcohol moiety of elvitegravir, r-valinol, was
produced on ton scale through reduction of -valine.?®* Several
exemplary biocatalytic strategies have been developed that
allowed for its synthesis from achiral starting material, how-
ever. Kroutil and co-workers discovered four transaminases
capable of converting hydroxy-3-methyl-2-butanone (233) to
1-valinol (234) using either isopropylamine or p-alanine as
amine donor (Scheme 49A).>®> More recently, a transaminase
from Mpycobacterium vanbaalenii was shown to catalyse this
transformation, however, requiring the less sustainable aro-
matic (R)-o-methylbenzylamine ((R)-150) as amine donor.>*®
An interesting small scale cascading approach was taken by
co-expressing the latter enzyme with an epoxide hydrolase and
two alcohol dehydrogenases (ADHs) to allow for the conversion
of epoxides to amino alcohols (Scheme 49B).”®” Complete
hydrolysis of racemic 2-isopropyloxirane (236) was achieved
with a Sphingomonas sp. HXN-200 epoxide hydrolase. Subse-
quent oxidation of the resulting (R)- and (S)-237 required the
use of two ADHs with complementary (R)- and (S)-selectivity,
namely 2,3-butanediol dehydrogenase from Bacillus subtilis and
polyol dehydrogenase from Gluconobacter oxydans, respectively.
The hydroxy-3-methyl-2-butanone product (233) was finally
converted to r-valinol (234) by enantioselective transamination,
which liberated acetophenone (151) as side-product. Its reduction

Hoﬁ”‘k |
N (0]
()
H
o O F
Elvitegravir (230)
O OH
H\N y oH F F
O/‘\/N = N
H
(0]

Dolutegravir (231)

H o OH

o F F
z
N H
)N/N/ N
Q=
H H 0 F

Bictegravir (232)

Chart 8 Structures of the fused multicyclic integrase inhibitors elvitegravir,
dolutegravir and bictegravir.
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Scheme 49 Transaminase (TA)-catalysed synthesis of L-valinol (A)?%> and

incorporation of a transaminase in a multi-enzymatic cascade for the
synthesis of L-valinol from 2-isopropyloxirane (B).?®” EH: epoxide hydro-
lase and ADH: alcohol dehydrogenase.? Conversion to product.

by the ADHs allowed for closed-loop recycling of co-factor NAD". In
the search for complementary reductive amination biocatalysts,
several Lysinibacillus fusiformis LeuDH variants”®® were shown
capable of also converting o-hydroxyketones to produce, among
others, rvalinol with up to 96% ee.?®

Also dolutegravir’s (R)-3-aminobutanol building block can
be accessed through reduction of the corresponding acid or
its ester. The latter has been prepared through hydrolytic resolution
with lipase or aminopeptidase, for example.>**>%

More interesting, however, is its asymmetric synthesis from
readily available ethyl 3-oxobutanoate (239). Kroutil et al. have
used an (R)-selective transaminase from Arthrobacter sp. (ATA-
117) to synthesise ethyl (R)-3-aminobutanoate ((R)-240-Et) with
98% yield and 98% ee from 239 (Scheme 50).>°* The use of
p-alanine (p-235) as amine donor allowed coupling to a lactate
dehydrogenase to convert the resulting pyruvate (175) to lactate
(242) to shift the equilibrium to the product side. The same
team also reported on several other transaminases capable of
catalysing this transformation, including ArRmut11.>*> The
latter is a mutant of ATA-117 jointly developed by Merck and
Codexis to perform late stage biocatalytic reductive amination
towards the synthesis of the anti-diabetic sitagliptin.>*® The
vast majority of transaminases are (S)-selective, tolerate only a
single large substituent on a ketone substrate and are specific
for amino acid-based amine donors. In contrast, ArRmut11 is
highly (R)-selective, accepts bulky substrates and can employ
isopropylamine as amine donor. Its extensive engineering by
directed evolution is considered to be one of the hallmarks of

biocatalytic drug production.
ﬁNHZ Reduction NH,

ﬁo ATA-117

O~ "OEt ; ; O~ "OEt OH

239 /L ,k (R)-240-Et 241

(quant. conv.,
HO,C” “NHp HO,C” SO 98% ee)
D-235 175 Glucono-
lactone 91)‘7# Glucose (90)
NADH NAD* :
N :

Hozc OH
242

LDH
Scheme 50 Transaminase (ATA-117)-catalysed synthesis of (R)-3-amino-

butanoate.>®* GDH: glucose dehydrogenase and LDH: lactate dehydro-
genase.
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(R)-240

Hj:\IO

O~ "OH

In silico modelling - Mutagenesis

Scheme 51 Mutation of a highly specific Aspartase to a Lyase capable of
converting crotonic acid to (R)-3-aminobutanoic acid.?°

By making use of a transaminase from Actinobacteria sp.,
4-hydroxy-2-butanone could be converted to (R)-3-aminobutanol
directly, eliminating the need for additional carboxyl reduction.””
In order to further optimise (R)-3-aminobutanol production, Wei
and co-workers mutated Aspergillus terreus transaminase to obtain
the H55A/G126F/S215P triple mutant, which showed a 10-fold
increase in k.,Ky ' and improved thermostability as compared
to the wild-type.**®

In an alternative approach to (R)-3-aminobutanoic acid (240),
Wu, Janssen and co-workers performed biocatalytic hydroamination
of crotonic acid (244).>*° Bacillus sp. YM55-1 aspartase was shown to
be solely capable of catalysing the deamination of aspartate (243) to
fumarate (165, Scheme 51). Screening of thousands of its mutants
for expanded substrate scope proved to only be marginally
successful.****%" Therefore, the team engaged in a in silico modelling
study to pin-point possible mutations that would likely support
conversion of the target substrates. For the production of (R)-3-
aminobutanoic acid, a small “smart library” of 34 enzyme variants
was constructed, which, upon expression, resulted in 14 active
enzymes. Use of the quadruple mutant B19 (T187C/M3211/K324L/
N326A) allowed for the synthesis of (R)-3-aminobutanoic acid from
crotonic acid with 92% yield and 99% ee on kilogram scale.

The third fused multicyclic integrase inhibitor to be discussed
is bictegravir, which contains a (1R,3S)-3-aminocyclopentanol frag-
ment that could be obtained through resolution. Resolution by
transesterification with pancreatin or Pseudomonas lipase afforded
the N-protected 4-aminocyclopent-2-en-1-yl acetate in the
desired configuration (248/249, Scheme 52).>°>% In a comple-
mentary fashion, 4-acetamidocyclopent-2-en-1-yl acetate (247)
could be resolved through chemoselective hydrolysis of its ester
functionality with electric eel acetylcholinesterase.’*> Olefin
reduction and deprotection would subsequently afford (1R,3S)-
3-aminocyclopentanol (250).

3.6 Anti-influenza amino sugar derivatives

The first drug to be approved for treating influenza was achiral
amantadine (adamantylamine).*** However, because most influenza
viruses became resistant against this agent, it is no longer recom-
mended for treatment of the common flu. The same holds for the
analogous rimantadine (1-(adamantanyl)ethanamine). With the
FDA-approval of the structurally more complex neuraminidase
inhibitors oseltamivir and zanamivir in 1999, the number of anti-
viral agents available for treating influenza has been doubled.>*
Most influenza A and B viruses are currently still susceptible to these
agents. Viral neuraminidase is involved in budding of the virus
from its host cell upon hydrolysis of N-acetylneuraminic acid
(Neu5Ac, 252), a process that proceeds through a boat-shaped
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Scheme 52 Enzymatic kinetic resolution catalysed by electric eel acetyl-
cholinesterase, Pseudomonas sp. lipase (PSL)3°? or pancreatin (PC)*°% in
the production of (1R,3S)-3-aminocyclopentanol, which serves as an
intermediate in the synthesis of bictegravir.

N-acetylneuraminic acid
(Neu5Ac, 252)

Sialosyl cation
intermediate (253)

B HO OH

HoN J—NH, J—NH,
HN HN
Oseltamivir (254) Zanamivir (255) Peramivir (256)

Chart 9 Neu5Ac and the intermediate structure of the sialosyl cation
upon dehydration by (viral) neuraminidase (A). Anti-influenza neuramini-
dase inhibitors indicating their functioning as transition state mimics (B).*°”

sialosyl cation intermediate (253, Chart 9).**® Modern-day neurami-
nidase inhibitors such as oseltamivir (254), zanamivir (255) and
peramivir (256), act as mimics of this sialosyl cation.>””

3.6.1 Oseltamivir. The anti-influenza drug oseltamivir con-
tains three contiguous chiral centres which renders its synthesis
challenging, but well-suited for applying biocatalytic methods.
Because oseltamivir shows a high degree of similarity to shikimic
acid, the first scalable route to oseltamivir started from this
natural product.’***%° The demand for shikimic acid rose sharply
upon oseltamivir approval, thus requiring additional sources
besides its isolation from star anis.*'®*'! Naturally, E. coli does
not accumulate shikimic acid, but rather uses it as an inter-
mediate towards the synthesis of aromatic amino acids. In a
pioneering multi-pronged metabolic re-engineering approach,
Frost and co-workers managed to develop an E. coli strain capable
of accumulating shikimic acid.**> Coupling of two products from
the glycolysis pathway, phosphoenol pyruvate (PEP, 257) and
erythrose 4-phosphate (E4P, 258) could be achieved with
3-deoxy-p-arabino-heptulosonic acid 7-phosphate synthase (aroF,
Scheme 53A). However, as wild-type aroF was susceptible to
inhibition by aromatic amino acids, it was replaced by a mutant
isozyme (aroF °X) that was less prone to inhibition. Insertion of
an additional aroB gene that encoded for 3-dehydroquinate
synthase (DHQS) ensured that the rate-limiting formation of
3-dehydroquinic acid (DHQ, 261) from 3-deoxy-p-arabino-heptulo-
sonic acid 7-phosphate (DAHP, 259) was of lesser influence on the
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rate of the entire cascade. DHQ was subsequently converted to
3-dehydroshikimic acid (DHS, 262) by 3-dehydroquinate dehydra-
tase (DHT) which was thereafter reduced to shikimic acid (263) by
overexpressed shikimate dehydrogenase (SDH). SDH could also
reduce DHQ, resulting in the undesired formation of quinic acid
(265). Its formation could, however, be suppressed by increasing
the influx of glucose (90) in the fed-batch fermenter. Additional
disruption of the E. coli aroK and aroL genes restricted 30-
phosphorylation of shikimic acid and led to 20.2 g L™" shikimic
acid. Quinic acid contamination was sufficiently low to allow for
purification of shikimic acid through crystallisation.

Active equilibration of the formed shikimic acid to quinic
acid limited purity of the non-isolated product. The yield of
shikimic acid could be optimised by, among others, carefully
controlling the amount of glucose in the medium.*"? Through
optimisation of the glycolysis pathway, PEP production could
be maximised, which thereby allowed for further optimisation
of shikimic acid production up to 87 g L™" and 36% yield from
glucose.** The by-product quinic acid could also serve as a
source of shikimic acid through strategic application of several
Gluconobacter oxydans enzymes.*’®> Metabolic engineering
aspects for further optimisation of microbial shikimic acid
production continue to arouse attention.>*®~*°

Oseltamivir (254) could, alternatively, be synthesised from
aminoshikimic acid (267, Scheme 53B),**° which in turn can be
produced through fermentation employing either a single

engineered microbe or two microbes in tandem.**"

DI

] ; 7 o
HO" CozH ~— Glucose (90) EACHNW |

: > OEt

HN
E4P (258) pep (257)

Oseltamivir (254)
@Coz

HOD HO,
DAHP (259-open)

CO,H
S 2 o _ aroK HO"‘
O L
S3P 264 arol HY
Shikimic acid (263)

NADP*
SDH
NADPH

Q COZH DHQS COZH
f HO'" CO,H
Hi

Q
o)
DAHP (259-closed) DHQ (261) DHS (262)

CO,H
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acid (265)
0‘2‘

A. mediterranei

¥

HO,
B. pumllus E. CO/I /
O O HO"-QCOZH

HyoN

Glucose (90) Aminoshikimic acid (267)

Scheme 53 Production of the oseltamivir (see insert) intermediate Shikimic
acid through fermentation with an engineered E. coli strain (A).*'? Production
of aminoshikimic acid through fermentation with either multiple strains or a
single bacterium (B).>2' PEP: phosphor-enol pyruvate, E4P: erythrose-4-
phosphate, aroF®™":  3-deoxy-p-arabino-heptulosonic acid 7-phosphate
synthase mutant, DAHP: 3-deoxy-p-arabino-heptulosonic acid 7-phosphate,
DHQS: 3-dehydroquinate synthase, DHQ: 3-dehydroquinic acid, SDH:
shikimate dehydrogenase, DHT: 3-dehydroquinate dehydratase, DHS:
3-dehydroshikimic acid, aroK/aroL: shikimate phosphorylation enzymes
and S3P: shikimic acid 3-phopshate.
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Scheme 54 Oxidative fermentation of bromobenzene and ethyl benzo-
ate catalysed by microbes expressing toluene dioxygenases (TDOs).

Oxidation of bromobenzene (268) or ethyl benzoate (269)
catalysed by organisms expressing toluene dioxygenases (TDOs) led
to the formation of the corresponding cis-diols (Scheme 54).3*>732°
Either of both diols has been employed as starting material for the
synthesis of oseltamivir.*>**

As for many of the molecules discussed throughout this
work, enzymatic resolution/desymmetrisation has proven to be an
effective tool for generating optically active oseltamivir intermediates
t00.>**3° The most intriguing example of which has been reported
by Wirz and co-workers as it involves stereoselective hydrolysis of a
densely functionalised intermediate (Scheme 55).°*® The synthesis
started from 2,6-dimethoxyphenol (272) which was chemically
converted to 273. Ruthenium-catalysed all-cis-hydrogenation of
273 followed by demethylation afforded 275. Subsequent
pig liver esterase (PLE)-catalysed desymmetrisation resulted in
the mono-acid 276 in 98% yield and excellent enantiopurity
(>96% ee). Subsequent chemical steps furnished oseltamivir as
its phosphate salt.

3.6.2 Zanamivir and laninamivir octanoate. As with oselta-
mivir, zanamivir has initially been synthesised by starting from
a natural product, that is, the sialic acid N-acetylneuraminic
acid (Neu5Ac or NANA).>*" A modified version of this route has
since been employed on industrial scale.*** Neu5Ac can be
isolated from edible bird’s nests and has been produced through
fermentation of cheap carbon sources such as glucose and
glycerol.****3* Industrially relevant titres of 39 g L ™" have pre-
viously been reported for this transformation. More common,
however, is the formation of Neu5Ac (280) by enzymatic aldol
addition of pyruvate (175) to N-acetylmannosamine (ManNAc,
279) using neuraminic acid (Neu5Ac) aldolase (also referred to as
Neu5Ac lyase; Scheme 56).>*¢73*° Epimerisation of the economic-
ally more desirable N-acetylglucosamine (GlcNAc, 278) with base
or an epimerase enzyme allowed for the in situ production of
ManNAc.**'**® pyruvate could also be generated in situ from
lactate using lactic acid oxidase (LOX).**°

\ \
HO © o O 0O OR
3 steps o) H, — o
O@ O ROI-»O».IK/<
/ / OEtRU/AI,0; \ OEt
272 o o=
OEt OEt
273 R = Me (274)
™sIL R =H (275)
o OH
Oseltamivir 4 steps / PLE
Phosphate O "<
OEt
o=
OH

276 (98%, >96% ee)

Scheme 55 Chemoenzymatic route towards oseltamivir as developed by
Wirz and co-workers. TMSI: iodof(trimethyl)silane and PLE: pig liver esterase *%®
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Scheme 56 (Chemo)enzymatic synthesis of N-acetylneuraminic acid
(Neu5Ac). GleNAc: N-acetylglucosamine and ManNAc: N-acetylmannosamine.

The pro-drug laninamivir octanoate (277) is an analogue of
zanamivir that has been approved for the treatment of influ-
enza in Japan.*® It differs from zanamivir in that the hydroxy
group in the 7-position is methylated and its 9-hydroxy group is
esterified to the corresponding octanoate ester. Analogous to
the synthesis of zanamivir, a Neu5Ac aldolase-catalysed addi-
tion of pyruvate to 4-OMe-ManNAc afforded the 7-OMe-Neu5Ac
intermediate required for the synthesis of laninamivir.***

3.6.3 Peramivir. The densely functionalised cyclopentane-based
influenza drug peramivir (256, Chart 9) has been synthesised
chemically from (15,4R)-4-aminocyclopent-2-enecarboxylic acid.***
The latter could in turn be obtained through lactamase-catalysed
resolution of Vince-lactam as described for abacavir (Section 3.1.4).

3.7 Miscellaneous compounds

3.7.1 Ledipasvir. Ledipasvir belongs to a group of non-
structural protein 5 inhibitors (NS5A) employed against the hepatitis
C virus,*? all of which bear a central rigid, largely aromatic, scaffold
flanked on two sides by methyl carbamate-capped dipeptide
mimics. The peptidic parts of ledipasvir (281) contain a spirocylic
proline analogue on one side and a bridged bicyclic proline
analogue on the other (Scheme 57). Indeed, both unnatural amino
acids have been employed in the synthesis of ledipasvir by Gilead
Sciences.*® Alkyl esters of both the N-Boc-protected spirocyclic
(282) and bridged bicyclic (284) proline derivatives could be
resolved with CAL-B and PPL, respectively (Scheme 57).%>*3>>

O\
>—NH
f*‘/ atan®
Ledipasvir (281)
B
BocN N

&N N
CO,Et co,H  MeOC Boc HOC'  Boc
282 283 284 285
(>99% ee) (>99% de)

CAL-B ( g PPL

BocN

Scheme 57 Structure of ledipasvir (A). Enzymatic resolution of N-Boc-
protected esters of the ledipasvir proline derivatives (B).>>*3>> CAL-B:
Candida antarctica lipase B and PPL: porcine pancreas lipase.
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3.7.2 Maraviroc. The HIV drug maraviroc blocks the inter-
action between the chemokine receptor type 5 and envelope glyco-
protein GP120.**® A Pfizer team described the synthesis of maraviroc
from B-phenylalanine via the correspondingly reduced aldehyde and
alcohol derivatives.>*” The amino acid B-phenylalanine constitutes a
particularly interesting target for biocatalytic production.

Resolution of the corresponding ester or amide has been
achieved using various enzymes.*****> Many lipases are known
to show enhanced activity on the interface of water and an
immiscible co-solvent. Groger et al. exploited this feature by
employing BCL to resolve the B-phenylalanine butyl ester in
“mini-emulsions” generated through ultrasonication.*®® This
technique allowed for substrate concentrations to exceed 3 M,
while still maintaining excellent ee (>99%) and high conversion.
Concomitant in situ racemisation, as developed by Béckvall and
co-workers, allowed for DKR of the B-phenylalanine ethyl ester
(286) with CAL-A with 89% or 96% ee using a ruthenium or
palladium catalyst, respectively (Scheme 58A).****%° Although
amides are usually not substrates for lipases, Fiilop and
co-workers achieved highly stereoselective resolution of strained
4-phenylazetidin-2-one (289) at elevated temperatures to furnish
the pure (S)-B-lactam (S)-289 as a precursor to the desired
1-B-phenylalanine (1-290, Scheme 58B).>*°

Janssen and co-workers developed a mutated phenylalanine
aminomutase (PAM) capable of enantioselectively converting
p-B-phenylalanine to r-phenylalanine (292), which could thus
be employed to resolve racemic PB-phenylalanine.’®” Quasi-
irreversible conversion of r-phenylalanine to cinnamic acid
(293) by phenylalanine ammonia lyase (PAL) provided for the
driving force and allowed for facile isolation of the t-f-phenyl-
alanine product (1-290, Scheme 58C). The large structural
similarity between PAM and PAL drove the research team to
engineer another PAM mutant (R92S) that showed additional

A o NH, N R F
NS
(R)-286
--------------------------- 07 "NH
| M = Pd (97%,[% 96% ee) ! H
M=Ru@S% ooy, 9% ee) NM©
0 NH, O HN” “Pr

EtO
o
287
P

(S)-286 CcFy o

. Pr 288 J

Ox—NH Ox—NH O NH,
CAL-B E HCI A
" HO
A

rac-289 (S)-289 (46%, 99% ee) L-290

C O NH, o (o}
PAM PAL
HO HO™ ™ HO™ ™~
pArhRasiobage
rac-290 L-290 292 293

(48%, 99% ee)

Scheme 58 Enzymatic resolution of B-phenylalanine (derivatives).
Dynamic kinetic resolution of the B-phenylalanine ethyl ester with Candida
antarctica lipase A (CAL-A, A),*43%5 resolution of 4-phenylazetidin-2-one
with Candida antarctica lipase B (CAL-B, B),**® and bienzymatic resolution
of B-phenylalanine with a phenylalanine aminomutase (PAM) mutant and
phenylalanine ammonia lyase (PAL, C).*®” Conversion to product.
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368 which allowed for the resolution of racemic

PAL activity,
B-phenylalanine by direct deamination of p-B-phenylalanine
(48% yield, >97% ee).

The aspartase that had been mutated to a lyase capable of
producing (R)-3-aminobutanoic acid (Section 3.5, Scheme 51)
could also be mutated as such that it would catalyse the
hydroamination of cinnamic acid to form 1-f-phenylalanine
(>99% ee).?*® However, conversion did not exceed 50% due to
the unfavourable reaction equilibrium.

L-B-Phenylalanine could also be produced directly by transa-
mination of 3-oxo-3-phenylpropanoic acid (295), which did prove
to be a rather chemically unstable substrate. Such limitations
could, however, be partially offset through lipase-catalysed in situ
saponification of ethyl 3-oxo-phenylpropanoate (294, Scheme 59).*%°
In the presence of an (S)-transaminase from E. aerosaccus the
B-oxoacid was subsequently converted to 1-290 at the expense of
3-aminobutyric acid (240) as the amine donor (82% conversion
to product, >99% ee). (S)-transaminases from Sphaerobacter
thermophilus,®”*?"* Polaromonas sp.*’*> and a B-amino acid
dehydrogenase from Candidatus cloacamonas acidaminovorans
have also been proven capable of catalysing said transformation.*”®
Replacing lipases with nitrilases in the cascade conversion allowed
for the use of 3-oxo-3-phenylpropanenitrile as alternative starting
material.>’**”>%”* In those cases where isolated yields have been
reported for the lipase- or nitrilase-transaminase cascade, however,
the amount of isolated material from these small scale experiments
remains low.

In order to circumvent the use of the unstable B-oxoacid,
Rudat and co-workers employed a mutated transaminase
to convert the corresponding ethyl ester, but the enantiopure
1-B-phenylalanine ethyl ester could only be isolated in 9% yield.*”*

(8)-3-Amino-3-phenylpropanol can also be converted to mara-
viroc upon conversion of the alcohol to a good leaving group.*>”
Resolution of various protected 3-amino-3-phenylpropanol
derivatives could be achieved using either lipase or penicillin G
acylase.>”>37¢

3.7.3 Podophyllotoxin. Podophyllotoxin (podofilox) is a
plant natural product that is used for the treatment of warts
caused by infection with the human papilloma virus (HPV).>””
Among the several synthetic routes towards this drug, Maeng
and co-workers applied PPL-catalysed desymmetrisation of the
bridged tricyclic diacetate 297 to achieve the desired stereo-
configuration (Scheme 60A).>”® Most of the reported chemical
routes, however, are rather lengthy, limiting their utility.

Elucidation of the biosynthetic route to podophyllotoxin
in 2015 revealed a 2-oxoglutarate-dependent dioxygenase
(2-ODD) that catalysed the crucial cyclisation of yatein to deoxy-

o o 0 NH,

o
: R = Et (294 L-290
Lipase [ (294) HOZC\)I\ (82% 4 >99% ce)
296

R =H (295)
Scheme 59 In situ de-esterification with lipase and subsequent trans-
aminase (TA)-catalysed synthesis of L-B-phenylalanine.*®° 2Conversion to
product.

NH,

Ho,c A
2
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Scheme 60 Desymmetrisation of a podophyllotoxin intermediate with
porcine pancreas lipase (PPL, A).>”® Two concurrent routes to podophyl-
lotoxin based on (hydroxy)-yatein cyclisation with the 2-oxoglutarate-
dependent dioxygenase from Podofyllum hexandrum (2-ODD-PH, B and
(C).389381 aBased on recovered starting material.

podophyllotoxin.®” Recently, both Fuchs et al. and Renata et al.
have independently employed the dioxygenase from Podofyilum
hexandrum (2-ODD-PH) to achieve the synthesis of podophyllotoxin
itself.**>*%" Multigram scale resolution of racemic hydroxy-yatein
(300) through selective conversion of (—)-hydroxy-yatein to epi-
podophyllotoxin (epi-299) using 2-ODD-PH had been shown by
Fuchs and co-workers (Scheme 60B). Subsequent chemical steps
furnished podophyllotoxin (299) in 32% overall yield. The
synthesis by Renata and co-workers involved chemical synthesis
of (—)-yatein (301), its 2-ODD-PH-catalysed conversion to deoxy-
podophyllotoxin (302), subsequent chemical oxidation and
stereoselective reduction to podophyllotoxin (28% overall yield,
Scheme 60C). These chemoenzymatic routes could thereby
compete with the most efficient chemical syntheses.*®

3.7.4 Tipranavir. The anti-HIV drug tipranavir is a protease
inhibitor that was approved by the FDA in 2005.%%® Its chiral
building block (S)-1-(3-nitrophenyl)propanol ((S)-303) could be
obtained through resolution by transesterification with BCL
(Scheme 61).3%*

3.7.5 Efavirenz. Efavirenz is a non-nucleoside reverse transcrip-
tase inhibitor used for the treatment of HIV.**” Its synthesis involves

foym

rac-303

OAc S)-303

o :/

H o
N
//S// N\
7 CF,
Tipranavir (305)

Scheme 61 Kinetic resolution of the tipranavir intermediate 1-(3-nitrophenyl)-
propanol with Burkholderia cepacia Amano PS lipase (BCL).%%*
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Scheme 62 Synthesis of (1R,2S)-phenyl-2-(pyrrolidinyl)propanol through
reduction with a ketoreductase (KRED) and its implementation as chirality
inducer in the synthesis of an efavirenz intermediate.*84*8” GDH: glucose
dehydrogenase and PMB: p-methoxybenzyl.

Efavirenz (311)

acetylide (309) addition to a ketone precursor (308) to result in
the formation of a chiral quaternary centre (Scheme 62).>%¢
Enantioselectivity is induced through addition of lithium (1R,25)-
phenyl-2-(pyrrolidinyl)propanolate (307-Li). A recent patent dis-
closed the pilot scale synthesis of 307-H through stereoselective
KRED-catalysed reduction of the corresponding ketone (306).*%
Co-factor recycling was enabled through the use of isopropanol
as sacrificial co-substrate or by addition of glucose/glucose
dehydrogenase.

3.7.6 Nevirapine. Like efavirenz, nevirapine is a non-nucleoside
reverse transcriptase inhibitor used as anti-HIV drug. Nevirapine is
achiral and synthesised from 2-chloronicotinic acid (314).3%® Pre-
paration of the latter has been achieved by whole cell-catalysed
conversion of 2-chloronicotinonitrile (312) based on nitrile hydra-
tase activity, or by separate amidase-catalysed hydrolysis of the
intermediate 2-chloronicotinamide (313, Scheme 63).>*7% Both
processes, however, are of limited utility as the costs of both 312
and 313 are higher than that of the product 314.

3.7.7 Docosanol. The fatty alcohol docosanol (323, Scheme 64)
has been approved as an over-the-counter drug for topical treatment
of HSV in 2000.**" David and co-workers enabled docosanol
production in S. cerevisiae (yeast) through engineering of its
fatty acid metabolism.>**> Overexpression of a mutated acetyl
coenzyme A (acetyl-CoA) carboxylase (Acc1)*?® and introduction
of an additional (mycobacterial) fatty acid synthase (FAS) system,
the FAS I system from M. vaccae, were the key engineered
elements (Scheme 64). FAS is a multimeric enzyme that catalyses
the formation of long-chain fatty acids from acetyl-CoA (316) and
malonyl-CoA (317). Heterologous expression of M. vaccae FAS I
in S. cerevisiae merely led to C,s, rather than C,, fatty acid

NC
)
Cl N
312 Amidase
R. erythropolis l

H,N(O)C. HOZC

R. erythropolis
1y I)
_ _ Newraplne (315)
Cl N Cl N
313 314

Scheme 63 Biocatalytic synthesis of the nevirapine intermediate 2-chloro-
nicotinic acid 339390
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Scheme 64 Docosanol production through fermentation with heavily
engineered microbes.>®? Accl: acetyl-CoA carboxylase, FAS: fatty acid
synthase, Elol1-3: elongase 1-3 and FAR: fatty acid reductase.

accumulation, however. Disruption of native elongase Elo3
(B-ketoacyl-CoA synthase) and overexpression of Elo1l and Elo2
was required to realise selective formation of C,, fatty acids.
Docosanol (323) was subsequently synthesised through reduction
of the C,, fatty acid by implementation of an Arabidopsis thaliana
fatty acid reductase. Fatty acid reductase overexpression, however,
led to inhibited cell-growth. The latter could be compensated
through dynamic control of gene expression, which resulted in a
docosanol production of 84 mg L™,

4. Biocatalytic production of potential
SARS-CoV-2 anti-viral agents

The immense impact and current lack of an effective cure for
COVID-19 has led to numerous global ventures aimed at
repurposing (anti-viral) small-molecule drugs for the treatment
of this SARS-CoV-2-induced disease.?**?> The sheer size of the
COVID-19 pandemic with the need for treatment of millions of
patients requires significant scale-up of the potential anti-viral
agents of interest. Economical scale-up of such drug candidates
has only been the topic of a limited number of studies.***

Emergence of new forms of influenza such as the highly
pathogenic and life-threatening avian influenza virus H5N1 has
already identified critical supply issues for the only orally
effective drug oseltamivir.>*® Bottlenecks in its synthesis were
caused by the limited availability of the required natural feed-
stock chemicals (quinic acid or shikimic acid; see Section 3.6.1,
Scheme 53), potentially hazardous intermediates, and demand-
ing purification steps. Scarcity of the drug thereby spurred the
development of several novel synthetic routes with improved
scalability.>*”*?® Notwithstanding the need for bulk supply of
starting materials, biocatalysis might offer a sustainable solution to
the scalable mass production of pharmaceuticals, as emphasised
throughout this manuscript. Crucial factors regarding the
effectiveness of biocatalysis include the high selectivity of
enzymes and the self-replicating nature of biological systems
used for their production.

Here we would like to highlight some biocatalytic opportunities
and strategies towards the synthesis of anti-viral agents against
SARS-CoV-2 that underwent, or are currently undergoing, phase III
clinical trials. As no definitive conclusion can yet be drawn
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regarding the effect of any such agents, we have chosen a
diversity-oriented approach, focussing on various targets that
would highlight the potential of biocatalysis. Inclusion in this
panel should not be regarded as proof of treatment effectiveness.

4.1 Remdesivir

Gilead’s remdesivir had been shown active against the RNA
virus Ebola and is currently considered to be one of the most
promising drugs for treating patients infected with SARS-CoV-2,
which too is an RNA virus.**® Remdesivir is an investigational
drug that has not been FDA-approved but it is the first medicine
against COVID-19 to be recommended for authorisation in the
EU as of late June 2020.*°° It is also authorised in the United
States under an Emergency Use Authorization (EUA) for the
treatment of patients with severe COVID-19.*"' Resembling
AMP, it is a nucleotide pro-drug that has the major benefit of
being resistant to proofreading exonucleases occurring in corona-
viruses, thus evading the repair mechanism for preservation of its
anti-viral activity.**

Apart from the heteroaromatic moiety mimicking the nucleo-
base, remdesivir (327) is made up from a sugar and chiral
phosphoramidate building block. Remdesivir has been synthe-
sised by starting from perbenzylated ribonolactone (p-ribono-
1,4-lactone (326), Scheme 65).*°® Ribonolactone can be obtained
through enzymatic oxidation of ribose with Agaricus meleagris
pyranose dehydrogenase.*® Yarrowia lipolytica short-chain dehydro-
genase also proved capable of oxidising 5-O-trityl-p-ribose.*?>

Remdesivir bears a Pro-Tide ligand allowing for improved
bioavailability. It was shown that the related Pro-Tide ligand of
sofosbuvir could be enzymatically resolved to obtain the desired
(S)-enantiomer.®® Appreciating that the remdesivir phosphorami-
date only differs from its sofosbuvir counterpart through the
presence of a slightly elongated ester fragment (2-ethylbutyl vs.
isopropyl alanine ester), makes it highly likely that this fragment
could be obtained through enzymatic resolution as well.

A critical step in the synthesis of remdesivir is the installation
of the cyanide group at the pseudo-anomeric centre. Currently,
adequate biocatalytic methods for installing the chiral quaternary
centre are lacking. Novel C-C bond forming enzymes are required
to catalyse the desired transformation, since neither the enzymes
involved in the biosynthesis of C-nucleosides,**® nor known
oxynitrilases match the requirements.*””

4.2 (Hydroxy)chloroquine

The anti-malarials chloroquine (328) and hydroxychloroquine
(329) (Scheme 66A) had been speculated to be potential anti-
viral agents against SARS-CoV-2 soon after the outbreak of

o
o) (o]
0 \8\\ /\C NH
—_— 2
Bno/\g N AN, o \\(
o o b Po N N
Bn Bn ~/ 0 /N N~/

326 HO  onN

Remdesivir (327)

Scheme 65 Gilead developed the synthesis of remdesivir from Ribono-
lactone 399403
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Scheme 66 Structures of chloroquine and hydroxychloroquine (A). Resolution
of N:N!-diethylpentane-1,4-diamine catalysed by Candida antarctica lipase B
(CAL-B) and dodecanoic acid as acyl donor (B).*2 Kinetic resolution (KR) and
dynamic kinetic resolution (DKR) of N*N*-diethylpentane-1,4-diamine to
produce the corresponding (R)-amide (C).**

the virus.*®® However, their efficiency and potential have not
remained undisputed.*®®

Because both anti-malarial agents are used as racemates,
they have as such also been tested in racemic form during
COVID-19 trials. However, it is unknown whether both enantiomers
can act as active pharmaceutical ingredient. It has been proposed to
repurpose these drugs via a chiral switch strategy, thus either as
enantiopure (R)- or (S)- (hydroxy)chloroquine.*'%*"

Gil and co-workers have shown that the diamine fragment of
chloroquine, N',N'-diethylpentane-1,4-diamine (330), could
rapidly be resolved with immobilised CAL-B (Novozym 435,
Scheme 66B) and dodecanoic acid (318) as acyl donor.*'* Both
the remaining (S)-amine (S)-330 and the formed (R)-amide 331
were isolated with >99% ee at small scale. The unique stability
features of CAL-B were highlighted once more as resolution was
best performed at 80 °C. The same group also managed to
perform dynamic kinetic resolution through thiyl radical-
mediated racemisation to produce the (R)-amide 333 (resolution
with CAL-B, Scheme 66C).*"**'* As thiyl radical formation was
performed photocatalytically, DKR reaction times could easily
be tuned by turning irradiation on and off. By employing a
three-step, one-pot procedure, starting with initial (non-
dynamic) kinetic resolution, the (R)-amide could be isolated in
62% yield and 90% ee. Although this DKR procedure was shown
to be efficient for the formation of other (R)-amides, DKR of
N',N'-diethylpentane-1,4-diamine (330) proved to be less efficient as
compared to conventional CAL-B-catalysed resolution. Biocatalytic
reductive amination catalysed by transaminases or recently
discovered reductive aminases (vide infra) would allow for the
use of a non-chiral ketone as starting material and might result
in enhanced stereoselectivity, even at room temperature.

4.3 Azithromycin

Azithromycin is an FDA-approved anti-bacterial macrolide that,
commonly in combination with hydroxychloroquine, has gone
through various clinical trials in order to establish its

This journal is © The Royal Society of Chemistry 2021
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(335)

Chart 10 Bioretrosynthetic analysis of azithromycin.

effectiveness in combating COVID-19.*°%4%%41% This semisyn-
thetic drug (335) is obtained from erythromycin A (336) through
chemical oxime formation, Beckmann rearrangement and
N-methylation (Chart 10).*'® Erythromycin A, also used as
antibiotic, is in turn commonly produced through
fermentation.*’”*!® Strains that have proven capable of naturally
accumulating erythromycin A, such as Streptomyces coelicolor and
Streptomyces lividans do so in small amounts only. Transfer of gene
clusters from these strains to optimised overexpressing strains
(S. erythraea) led to an approximate 50-fold increase in titres for
erythromycin analogues.*"®

The azithromycin precursor erythromycin is commonly iso-
lated as a mixture of the congeners A-C. Because erythromycin
A purity is essential for effective azithromycin production,
minimising the production of the congeners B and C is crucial.
Accumulation of erythromycin B and C could be almost completely
abolished through regulation of the EryK and EryG genes, coding
for a P450 hydroxylase and an (S)-adenosylmethionine-dependent
O-methyltransferase, respectively.**°

A crucial intermediate towards the biosynthesis of erythro-
mycin A is the polyketide 6-deoxyerythronolide B (337, Chart 10).
This non-glycosylated precursor could either be obtained through
the use of metabolically engineered microorganisms or isolated
enzymes.**"**> While 6-deoxyerythronolide B could be produced
efficiently (>1 g L™') in an E. coli host,**>*** erythromycin
production using this bacterium has proven to be much less
effective (<0.1 g L™ 1).*?>2¢

4.4 Dexamethasone

Very recently (mid 2020), the corticosteroid dexamethasone
received considerable attention. In preliminary studies the
use of the drug resulted in a reduction of the COVID-19
mortality rate for patients on mechanical ventilation by about
one third.**” This result is not based on anti-viral activity but on
the potent anti-inflammatory effects of the steroid. Patients
with severe COVID-19 can develop a systemic inflammatory
response that can lead to lung injury and multisystem organ
dysfunction, and it has been proposed that dexamethasone
might prevent or mitigate these deleterious effects.
Production of this drug starts from other steroid precursors
and commonly involves biocatalysis, as is typical for the steroid
field, which often requires regio- and stereospecific functionali-
sation at unreactive aliphatic positions.****** Although detailed
procedures are scarce, early stage microbial dehydrogenation of

Chem. Soc. Rev,, 2021, 50, 1968—2009 | 1993
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Scheme 67 Chemoenzymatic synthesis of dexamethasone from steroid
precursors.

341 and subsequent chemical steps have allowed for the produc-
tion of Dexamethasone (340, Scheme 67).**° Late stage microbial
dehydrogenation at the A'-position and deacetylation of 338
afforded 339,""' which, upon HF-mediated epoxide ring-opening**>
also led to dexamethasone. Deacetylation of dexamethasone acetate
has been achieved with Penicillium decumbens ATCC 10436, albeit in
only 5% yield.**?

4.5 Darunavir and TMC-310911

The peptidomimetic anti-viral agent darunavir has already been
discussed above related to its FDA-approval for the treatment
of HIV infections (Sections 3.3.2 and 3.3.5). TMC-310911
(also called ASC-09) is an analogue of darunavir developed by
Johnson & Johnson, which was intended for the treatment of
HIV. The latter is now also being trialled for treating SARS-CoV-
2-infected patients (Chart 11).*** Thus, all biocatalytic strategies
towards the chiral building blocks of darunavir also apply to TMC-
310911. Both the biocatalytic synthesis of its (25,35)-1,3-diamino-4-
phenylbutan-2-ol (DAPB) core as well as resolution approaches
towards 3-OH-bis-THF have been extensively researched.

4.6 Danoprevir

Danoprevir is a bis-cyclopropyl-based protease inhibitor that is
currently being considered for treating SARS-CoV-2 infections
(Chart 12).** As discussed previously for its structural analogue
paritaprevir, all amino acid components from which danoprevir's
macrocyclic fragment is built-up, could be obtained through bio-
catalysis (see Section 3.4). This includes, for example, proline
4-hydroxylase-catalysed hydroxylation of to obtain r-hydroxyproline
and the synthesis of L-6-heptenylglycine with leucine dehydrogenase.
Several approaches towards the enzymatic resolution of (1R,2S)-

W o o Pho
o M R
"0 H N Q
H OH
N

O

Darunavir (178) TMC-310911 (343)

Chart 11 Darunavir and TMC-310911 with the (2S,35)-1,3-diamino-4-
phenylbutan-2-ol (DAPB) core and the 3-OH-bis-THF capping ligand
highlighted in blue.
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Danoprevir (344)

Chart 12 Danoprevir with its unnatural amino acid fragments highlighted;
L-6-heptenylglycine and (1R,2S)-amino-2-vinylcyclopropanecarboxylic
acid (vinyl-ACCA) in blue and L-hydroxyproline in red.

amino-2-vinylcyclopropanecarboxylic acid (vinyl-ACCA) have
additionally been developed.

4.7 Ruxolitinib

Faster clinical improvement was observed in COVID-19 patients
treated with ruxolitinib (349), although quantitative evidence
for the effect of this drug is yet lacking.*****” The (S)-3-cyclo-
pentyl-3-hydroxypropanenitrile precursor (346) could be obtained
biocatalytically. Enzymatic reduction of 3-cyclopentyl-3-oxopro-
panenitrile (345) with a yeast short-chain dehydrogenase (YMR226C)
resulted in the formation of the hydroxylated fragment in 89% yield
and >99% ee (Scheme 68). Subsequent coupling with 4-bromo-1H-
pyrazole (347) under Mitsunobu conditions allowed for the desired
reversal of stereochemistry.**®

5. Emerging enzyme classes — challenges
and opportunities in the synthesis of
anti-viral agents

As shown through the examples discussed above, biocatalysis
has evidently matured into an essential tool for modern, cost
effective manufacturing of (chiral) anti-viral agents and their
intermediates. There is, however, still a huge untapped potential
as numerous enzymes, and their corresponding activities, have yet
to be explored to match the available reaction scope of chemical
conversions. Additionally, the synthesis of only a limited number of
industrially relevant molecules have been pursued by means of
enzyme catalysis, leaving the vast majority of demanding molecular
architectures still to be investigated.

The renewable nature of enzyme catalysts not only brings
significant benefits from an environmental perspective but also
stabilises catalyst costs.”*® Although biocatalysis thus provides

o) OH
% YMR226C O\L
=N —

35 — =N Y
o 999
NADPH  NADP*  46(89%,>09% ee) ’Ll/ P
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Scheme 68 Chemoenzymatic synthesis of a ruxolitinib intermediate with
a yeast short-chain dehydrogenase.**®
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considerable merits as a complementary technology to ‘traditional’
synthesis/catalysis, it is subject to certain limitations and
challenges, too. While numerous vendors nowadays provide
various off-the-shelf chemical catalysts, the number of catalogued
enzymes of a certain type can be rather narrow or absent. A few
enzyme classes such as lipases or KREDs are well established.
There are, however, still gaps in the biocatalytic toolbox, although
many recently discovered enzyme classes are being rapidly devel-
oped in both academia and industry.**

Of particular significance are nucleoside analogues and
peptidomimetics as these types of anti-viral agents directly inter-
fere with unique stages of the viral replication cycle (Fig. 1). By
discussing specific requirements of these drug structures as well
as the technologies for making and coupling suitable synthetic
intermediates, this chapter serves as an outlook into the future
needs of biocatalytic anti-viral drug development, highlighting
the potential of novel or engineered enzymes.

The importance of nucleoside analogues in treating viral
infections lies in their versatility. These drugs typically target
viral replication at stages A to C (Fig. 1), where they mimic the
natural substrates by variation of both the nucleobase and the
sugar core components.

While enzymatic approaches towards several nucleoside
sugar moieties have been developed throughout recent years,
biocatalytic nucleobase synthesis has only been marginally
explored. Currently, synthesis of nucleobase analogues mostly
relies on conventional cyclocondensation reactions using various
simple building blocks.***™*** Recent studies showed that bio-
catalytic synthesis of simple unsaturated/aromatic N-heterocycles
can be achieved using transaminases and imine reductases.****** In
the future, such enzymatic conversions might also become applic-
able for the synthesis of analogues of purines and pyrimidines.

Functionalisation of the nucleobase is often required in
order for the nucleoside analogue to show improved affinity/
selectivity (i.e. islatravir and abacavir). Biocatalytic alternatives
to metal-catalysed functionalisation strategies might be of
value here, too. Currently, several enzymes have already been
shown to be capable of functionalising N-heterocycles such as
tryptophan and indole, for example.**>™**” The importance of other
enzymatic (late-stage) C-H functionalisation will be elaborated on in
more detail towards the end of this chapter.

Similarly, decoration of the nucleoside’s sugar core is often
required in order for the drug to selectively inhibit viral protein
targets. Examples of nucleoside analogues bearing such
additional functional groups are sofosbuvir, remdesivir and
islatravir, which contain fluoro, cyano or alkynyl branching,
respectively. Biocatalytic access to such non-natural structural
elements requires novel enzymes with innovative reactivity and
tolerance for unusual substrates.

The synthesis of Sofosbuvir’s fluorinated sugar core through
chemical aldol addition, as discussed previously, provides an
excellent example for highlighting the potential of enzyme
catalysis upon prospective protein engineering. Sofosbuvir’s
sugar fragment has been prepared through a lithium diisopropyl-
amide (LDA)-promoted aldol addition of ethyl 2-fluoropropanoate
(27) to (R)-glyceraldehyde acetonide (26).*° However, this reaction
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Scheme 69 Lithium diisopropylamide (LDA)-catalysed aldol addition
towards the sofosbuvir intermediate (2R,3R)-28 as developed by HC-
Pharma (A).2° Enzymatic aldol reaction of (R)-glyceraldehyde and fluoro-
pyruvic acid as developed by Chang et al.**® SwHpcH1: Sphingomonas
wittichii aldolase and EcHpcH: E. coli aldolase.

resulted in a mixture of stereoisomers that required additional
resolution and down-stream purification in order to isolate
(2R,3R)-28 in pure form (Scheme 69A). This type of transformation
would thus likely profit from the use of a biocatalyst as these often
provide excellent stereoselectivity. Chang and co-workers have
recently reported on the aldolase-catalysed addition of fluoro-
pyruvic acid (352) to unprotected (R)-glyceraldehyde (351). Treatment
of the resulting aldol product with hydrogen peroxide resulted in the
formation of carboxylic acid 353, which is structurally similar to 28
(Scheme 69B).*** Use of either an aldolase from Sphingomonas
wittichii (SWHpcH1) or E. coli (EcHpcH) resulted in quantitative
conversion of starting material with a strong preference towards
the anti-product. By mutating the leucine in position 212 to
phenylalanine, EcHpcH was made to favour formation of the
desired (3R)-product, albeit at the expense of enzyme activity.

Clearly, significant further development is needed to arrive
at the sugar core of sofosbuvir, including enzyme engineering
to adapt for fluorinated oxobutanoate as nucleophile. None-
theless, the use of an enzyme-catalysed reaction to furnish
sofosbuvir’s sugar core would be a more sustainable alternative
to harsh wasteful chemical aldol addition. Indeed, aldolases are
of particular synthetic value as they allow for the stereoselective
construction of complex molecular architectures through C-C
bond formation as exemplified by the stereospecific construction
of islatravir's and zanamivir’s central frameworks from simple
building blocks.

In order to attain the correct oxidation state of the aldose
moiety in sofosbuvir, the resultant fluorocarboxylic acid inter-
mediate (analogous to 353) would need to be reduced to a
fluoroaldehyde. Aldehyde functionalities are sensitive and read-
ily oxidise to carboxylic acids, which is why selective oxidation
or reduction to an aldehyde species can be challenging to
control. The ability of enzymes to perform orthogonal reactions
in water allows for in situ generation of (labile) intermediates to
enable cascade reactions.**® Carboxylic acid reductases are a
class of enzymes that only recently emerged as biocatalytic tools
that can catalyse the selective reduction of a wide variety of
carboxylic acids to aldehydes.**°
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Not only the biocatalytic synthesis of the heavily decorated
sugar fragments themselves has been proven to be challenging,
their enzymatic coupling to the nucleobase is often highly
demanding, too. The ethynyl group on islatravir’s core, for
example, hampered biocatalytic coupling efficiency considerably.
The latter only could be effected upon significant engineering of the
involved enzymes.”® As discussed above, potential biocatalytic synth-
esis of remdesivir would likely pose even bigger challenges due to
the presence of an additional cyano substituent that renders the
nucleobase linkage non-glycosidic. Natural glycosyltransferases and
phosphorylases are incapable of coupling such non-natural compo-
nents, which would require significant engineering of existing
biocatalysts or the discovery of novel enzymes for this purpose.

Peptidomimetic drugs are the second largest class of anti-viral
agents. These drugs act as protease and integrase inhibitors and
thereby suppress viral replication (Fig. 1D/E). Their main building
blocks are amino acids of which several are non-canonical. Notable
examples are bulky amino acids such as 1-tert-leucine, 1-6-heptenyl-
glycine and 1-cyclohexylglycine. The latter are accessible in enantio-
merically pure form through various well established biocatalytic
resolution or deracemisation approaches. In addition, the bio-
catalytic asymmetric synthesis of amino acids from pro-chiral
ketones is becoming more and more routine (vide supra) using,
e.g., leucine dehydrogenases or transaminases.

Over the past five years reductive aminases have been
developed as another class of enzymes capable of performing
cofactor-driven reductive aminations between an amine and a
carbonyl component.*>' Reductive aminases are a sub-class of
imine reductases that catalyse both sequential steps of imine
formation and reduction. Even though these enzymes are only a
very recent addition to the biocatalysis toolbox, first processes
are already employed on industrial scale.*>**>3

Despite the multitude of available methods applied to the
biocatalytic synthesis of non-canonical amino acids the pre-
paration of (S)-2-amino-4-morpholinobutanoic acid, which is a
cobicistat building block, is lacking. Cobicistat (354, Chart 13A)
is part of several multi-drug formulations, but not an anti-viral
agent itself. It acts as an inhibitor of liver enzymes that are
responsible for eliminating the active drug by metabolising it
for clearance. The net result of cobicistat combinations is an
increase in the effective drug concentration, which thus allows
for lower dosaging.*>® The morpholine containing unit is
commonly prepared through oxidation of r-homoserine (or a
peptidomimetic fragment containing this amino acid) to the
corresponding aldehyde and subsequent reductive amination

A O B

N OH
! Phy HoN
N : R

[0}
N P SN N
NTON ; NTO07N  R=Et, CHF,, CHCH
>\</Sf| H o = H /Y\N 2 2

B - 355
~ph S
Cobicistat (354)

Chart 13  Structures of cobicistat with its morpholine-based amino acid
highlighted in blue (A) and (1R,2S)-1-aminocyclopropanecarboxylic acid
(ACCA) derivatives (B).
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with morpholine.**® The use of any of the described biocatalytic
transamination/reductive amination strategies for the synthesis
of, for example, (S)-2-amino-4-morpholinobutanoic acid and
ruxolitinib (Scheme 68) would be of considerable interest.

Other amino acids, for example those bearing an a-quaternary
centre, cannot be accessed through reductive amination or
transamination. Their direct biocatalytic synthesis would thus
require different enzymes. Exemplary is the bis-cyclopropyl-based
protease inhibitors’ distinctive ACCA-moiety (Chart 13B) which is
currently obtained through wasteful enzymatic kinetic resolution.
Enzymatic cyclopropanation has briefly been touched upon
regarding a marginally successful synthesis of the grazoprevir
intermediate (1R,2R)-2-(pent-4-ynyl)cyclopropanol (Section 3.4.6). The
scope of cytochrome P411-mediated (carbene transfer) reactions,
however, is far bigger than mere cyclopropanation of such scarcely
functionalised substrates.*****® Synthesis of ACCA by cytochrome-
catalysed cyclopropanation would potentially allow for its single step
synthesis from achiral starting material. The promising nature of
these enzymes will be highlighted once more towards the end of this
chapter.

The (25,35,55)-2,5-diamino-1,6-diphenylhexan-3-ol building
block (361) is the central core of ritonavir and lopinavir
(Kaletra), an anti-HIV combination drug that is currently also
trialled against SARS-CoV-2 (Scheme 70).*****® Rudolph and
co-workers have developed one of the shortest chemical routes
towards 361 by combining asymmetric aldol addition to a-amino
aldehyde 359 and reductive amination.*®* Whereas the degree of
chiral induction had not been reported, reductive amination of
similar test substrates resulted in 86% de, at best. With the possible
integration of in situ aldehyde generation, stereoselective aldol
addition and transamination, the potential enzymatic synthesis of
361 might provide for an excellent showcase of biocatalysis.
Although yet a pipe dream, recent protein engineering initiatives
have already shown that enzymatic transamination of similarly
bulky substrates is possible.??¢4¢*

Coupling of biocatalytically generated amino acid (analogues)
through enzymatic amide bond formation would mean yet
another advancement in the sustainable nature of biocatalytic
anti-viral drug production. Currently, coupling is generally

A 0 ~Phg
N NJJ\N H\/Y?\N)J\O S,
/j/\‘ ) : ) /\E />
s ph N
Ritonavir (356)
Ph
IDE PN
N : o
HN” N NNJ\/
O 3 OH
Ph
Lopinavir (357)
B ~Ph " Chiral ~Ph o 1yTioiPn,, Ph
O. H cat. o B PMPNH, HN B
T * [ NHBoc——> \]\\/Y\NHBOC 2 NHBoc
Ph O oN prOH ¢ S ppOH
358 359 /Aldol: 360 ¢ Reductive amination : 361

Scheme 70 Ritonavir and lopinavir, the active pharmaceutical ingredients
of Kaletra (A). Chemical synthesis of (25,35,55)-2,5-diamino-1,6-diphenyl-
hexan-3-ol as developed by Rudolph and co-workers (B).%6* PMP: para-
methoxyphenyl and CAN: cerium ammonium nitrate.
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achieved using (harsh) chemical methods.****** This not only
holds for amide bonds between amino acid fragments but also
for those present in integrase inhibitors such as dolutegravir and
bictegravir. Hydrolases are a well-established class of enzymes
capable of catalysing kinetically controlled amide forming
reactions.*®™*® More recently, the use of ATP-dependent
enzymes for the formation of amide bonds has harnessed con-
siderable attention, too. Exemplary is the use of amide bond
synthetase McbA for the synthesis of the monoamine oxidase A
inhibitor moclobemide.*®® The amidation could even be per-
formed at near stoichiometric amounts of amine. The potential,
but also the challenges, of biocatalytic amide bond formation
have recently been reviewed by Petchey and Grogan.**® For
examples of biocatalytic amidation reactions on industrial scale
the reader is referred to a recent review by Dorr and Fuerst.””°
Although not discussed previously, a common chemical
route to the synthesis of darunavir’s capping fragment 3-OH-
bis-THF ((3R,3aS,6aR)-176) involves the (in situ) formation of
3,4-dihydroxy-2-(2-hydroxyethyl)butanal (364) or suitable derivatives
thereof (Scheme 71). Application of acidic conditions trigger
spontaneous double cyclisation to furnish 3-OH-bis-THF. Non-
stereoselective synthesis of protected analogues of 364 required
additional (enzymatic) resolution or down-stream purification
of 3-OH-bis-THF.*”* Complementary to a complex stereoselective
chemical synthesis of the desired (25,3R)-364,">*"* an enzymatic
aldol addition would pose an interesting short synthetic strategy.
With various examples discussed throughout this manuscript,
biocatalytic carboligation has clearly been shown to be a powerful
tool capable of rapidly accessing the complex architectures present
in both anti-viral nucleoside analogues and peptidomimetics.
The value of biocatalytic C-H functionalisation at a late stage in
the synthesis route deserves specific attention as it allows the use
of simple (non-activated) non-functionalised starting materials.
Exemplary are flavin-dependent halogenases which catalyse site-
selective C-H halogenation of aromatic compounds. They offer
potential synthetic utility through preparative-scale halogenation
of building blocks, sequential halogenation/cross-coupling or late-
stage product functionalisation.””®> Throughout the last years
numerous enzymes have been discovered/developed to achieve
oxyfunctionalisation, such as novel peroxygenases.*’®*’” Cyto-
chrome P450 enzymes, which possess the unique ability of
activating inert sp>-hybridised C-H bonds, offer an attractive
synthetic tool for both regioselective oxyfunctionalisation as
well as late-stage scaffold diversification.*”®*”® Although P450-
catalysed processes have often been deemed unsuited for
industrial scale-up, recent developments by Innosyn/DSM have
led to the production of 4-hydroxy-a-isophorone on kilogram

OR H, /—
Ox HO,, X
1 + ( ——
\
OH \=0 OH
362 363 364 (3R,3a8S,6aR)-176
R=H, PG

Scheme 71  Formal synthesis of (2S,3R)-3,4-dihydroxy-2-(2-hydroxyethyl)-
butanal, followed by cyclisation towards the darunavir intermediate 3-OH-
bis-THF.
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scale.*8°

Catalytic anti-Markovnikov oxidation of alkene feed-
stocks by engineered cytochrome P450 enzymes could simplify
synthetic routes to many important molecules and solve a
long-standing challenge in chemistry.*®* Beyond the use of
a-ketoglutarate-dependent non-haem iron oxygenases/hydroxylases
such as those employed in the synthesis of r-hydroxyproline and
podophyllotoxin, the use of related halogenases for C-H function-
alisation has been rapidly developed over the last years.*®

Apart from challenges regarding the specific chemistries dis-
cussed above, other limitations towards the wide-spread implemen-
tation of biocatalysis involve process-related parameters. One of the
key advantages of biocatalysts is their activity in water. The use of
aqueous solvent systems does, however, impede the use of hydro-
phobic substrates, a limitation that can partially be relieved by the
use of co-solvents or emulsions.*® However, in conjunction with
extreme pH and elevated temperatures, the use of co-solvents is
likely to result in a loss of enzyme activity. A viable remedy is to
employ naturally (thermo)stable enzymes from extremophilic
organisms that live in harsh environments. Such enzymes are
commonly also stable against organic co-solvents.*®* 8¢

Despite the challenges, the adoption of biocatalysis in the
pharmaceutical industry continues to expand as a result of an
increased ability of engineering such enzymes to meet the
demands of ideal industrial process conditions. In order to
become compatible with the time pressure related to pharma-
ceutical process development, dramatic increases in the speed
of protein engineering are needed to reduce the lead times for
biocatalytic process optimisation.*®” Conventional experiments
for generating proteins with improved properties by directed
evolution are iterative, lengthy and costly. Novel ultrahigh-
throughput microfluidic screening technologies*®® can dramatically
accelerate the discovery of superior biocatalysts against the desired
criteria from a single round of genetic randomisation.*®’

Further acceleration is likely to be gained by applying
machine learning technologies and artificial intelligence.*3%*%°
Indeed, the augmented ability of tailoring enzyme function by
in vitro evolution (enhancing specific activity, substrate scope,
stereoselectivity, tolerance to high co-solvent/substrate/reagent/
product loading, long-term kinetic and thermal stability) or even
inventing entirely new-to-nature activities that match chemical
precedence has enormous potential for future pharmaceutical
process development.**!

6. Conclusions

The outbreak of COVID-19 has once more emphasised the
impact of viral infections on human health and healthcare.
Research towards the development and repurposing of anti-
viral agents has sky-rocketed concomitantly. Upon finding an
effective drug, mass production of this agent will prove to be
the next challenge. This comprehensive overview reveals that
biocatalytic synthesis of anti-viral agents is much more wide-
spread than apparent from earlier surveys on the topic; altogether
over 60% of all FDA-approved anti-viral agents (or intermediates
thereof) are accessible through biocatalysis. As such, this key
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enabling technology has a bright prospect of being a crucial
sustainability factor in the synthesis of future COVID-19 drugs.

The structural diversity among anti-viral drug molecules is
evidently matched well by a broad range of biocatalytic strate-
gies that have been applied to make them. While enzymatic
kinetic resolution is still used frequently, ingenious strategies for
direct asymmetric synthesis clearly dominate recent developments
to obtain enantiomerically pure anti-viral agents. Microbial
engineering furthermore enabled numerous effective fermentative
procedures. More and more of these synthetic strategies have
been scaled up from academic ventures to industrial processes.*?
Generally, the field made a transition from single step hydrolytic
transformations to the development of efficient complex reaction
cascades in vitro.**> The recent development of an entirely non-
natural enzymatic reaction sequence for the synthesis of islatravir
is, in our opinion, an absolute masterwork that heralds a para-
digm shift in the synthesis of complex chiral small molecule
drugs by exploiting the potential of synthetic biology.”>°" This
seems to suggest that there is (almost) no limit to what can be
achieved through dedicated biocatalysis.

Although the number of biocatalytically accessible mole-
cules is rising due a continuous enlargement of the enzymatic
toolbox, the process of achieving this remains challenging.
There are still a large number of enzyme classes and their
corresponding transformations that are underrepresented in
the class of anti-viral pharmaceuticals, or that have not yet been
applied at all. Reasons might stem from a limited early development
stage of novel enzyme types or a lack of enzyme activity matching
the desired substrate structures. Protein engineering, and especially
rapid screening for improved protein variants, is currently one of the
largest bottlenecks towards the routine application of novel
enzymes. Lifting such limitations is a crucial step in the further
development of the field of biocatalysis. Because of our limited
understanding of the protein folding problem and related
structure-activity—function relationships, research at the forefront
of the science is involving artificial intelligence by machine-learning
approaches jointly with ultra-high-throughput screening platforms
to accelerate enzyme discovery and engineering.***

Perhaps the largest limitation towards a more profound
implementation of biotechnological processes is not a practical
one, but rather the result of a lack of incorporation of biocatalytic
methods into the synthetic chemistry curriculum. To be able to
realise the benefits of biocatalysis, students need to be familiarised
with the synthetic potential of biocatalytic methods, and they
should be taught early on how these can be interfaced with
chemical routes. Biocatalysis and ‘traditional’ synthetic chemistry
are not two separate philosophies,*® and more and more scientists
from both fields are actively involved in research efforts to
integrate the two in view of the enormous opportunities for novel
creative solutions and IP generation.

Given the demand from a continuously rising number of
chiral (anti-viral) drugs, the impact of biocatalysis on industrial
pharmaceutical synthesis will likely experience a similar growth.
As the market is currently going through a transition imposed by
the COVID-19 pandemic, scientists around the globe are urged to
seize the momentum by implementing these novel biocatalytic
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technologies in order to sustainably revolutionise pharmaceutical
production. We strongly believe that a crisis such as the one
caused by COVID-19 will also open up golden opportunities for
those considering biocatalytic synthesis in the search for the
proverbial silver bullet against this, and future, viral diseases.
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