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Alkaloids are a group of natural products with interesting pharmacological properties and a long history of
medicinal application. Their complex molecular structures have fascinated chemists for decades, and their
total synthesis still poses a considerable challenge. In a previous review, we have illustrated how biocatalysis
can make valuable contributions to the asymmetric synthesis of alkaloids. The chemo-enzymatic strategies

discussed therein have been further explored and improved in recent years, and advances in amine
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Accepted 30th July 2021 biocatalysis have vastly expanded the opportunities for incorporating enzymes into synthetic routes
towards these important natural products. The present review summarises modern developments in

DOI: 10.1039/d1ra04181a chemo-enzymatic alkaloid synthesis since 2013, in which the biocatalytic transformations continue to
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1 Introduction

The alkaloids are a large and structurally diverse group of
nitrogen-containing secondary metabolites that are produced
by a variety of organisms and that often possess potent bio-
logical activities." Although no universally accepted definition
of the term ‘alkaloid’ has yet emerged,” modern conceptions
tend to be broad and include not only nitrogen compounds of
basic character - the property from which the name was
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originally derived - but also amides, nitro, and nitroso
compounds, while excluding primary metabolites such as
amino acids, proteins, and porphyrins.**? Between 25 000 and
more than 40 000 known structures can be classified as alka-
loids according to this broad definition, and examples of these
natural products are found in almost all kingdoms of life.***
The largest number of representatives, including those that are
most widely known, originate from higher plants.

Humanity's interest in alkaloids is spurred mainly by the
strong pharmacological effects that many of these compounds
exhibit, and their use as medicinal and recreational drugs
predates their identification by several thousand years.'"&
Although most modern pharmaceuticals are synthetic,

Bettina Eggbauer obtained her
bachelor's degree in chemistry
and biochemistry from the
University of Graz in 2017. After
completing her master's thesis
dealing with imine reductases in
cyanobacterial  biotransforma-
tions in 2019 at the Technical
University of Graz and an Eras-
mus internship at the University
of Turku focussing on immobili-
zation of cyanobacteria, she
joined Prof. Wolfgang Kroutil's
group for her PhD thesis. With the main aim of reconstituting the
early steps of the ergot alkaloid biosynthesis pathway to establish
an in vitro production platform, she focuses on organic synthesis
but also biocatalytic approaches towards essential intermediates.

RSC Adv, 2021, 11, 28223-28270 | 28223


CrossMark:http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04181a&domain=pdf&date_stamp=2021-08-20
http://orcid.org/0000-0002-3916-2424
http://orcid.org/0000-0002-6408-7817
http://orcid.org/0000-0002-5780-3221
http://orcid.org/0000-0002-2151-6394
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra04181a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011045

Open Access Article. Published on 20 august 2021. Downloaded on 19.04.2026 08.11.32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

alkaloids continue to play an important role in present-day
healthcare, and some have also found application in other
fields, for instance, as flavour compounds or as chiral reagents
in synthetic chemistry.'*“'*# Consequently, many alkaloids
have significant commercial value (for examples, see Table 1)
and are produced at volumes of several hundred to several
thousand tonnes per year.

Among the employed production methods, isolation from
a natural source is still the most common, but examples of
alkaloids exist that are prepared on industrial scale by total
synthesis, semi-synthesis or plant cell fermentation. Each of
these approaches has its benefits and limitations: Isolation and
semi-synthesis, for instance, predominantly rely on plants as
a raw material and are hence bound to seasonal availability of
crops, climate and weather conditions, and natural variations in
alkaloid content. Moreover, isolation yields are often low, and
the commercial exploitation of endangered species can severely
interfere with conservational efforts, as has been well docu-
mented for the cases of galantamine and paclitaxel."*** These
factors, combined with cultivation of source plants in politically
unstable regions of the earth, can lead to unpredictable supply
situations. One recent example that has disconcerted the
chemistry community is the one of (—)-sparteine, a quinolizi-
dine alkaloid used as chiral ligand, which became entirely
unavailable for some time in the early 2010s and remains scarce
for reasons that are still unclear.” Total synthesis, on the other
hand, typically starts from petrol-based raw materials, which at
present are still abundantly available. However, the intricate
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molecular architectures of many alkaloids present considerable
synthetic challenges and often require lengthy routes to
assemble, resulting in low overall yields and significant gener-
ation of waste. Besides, modern synthetic methods frequently
employ catalysts based on precious metals that are in high
demand also by other industries and are subject to substantial
price fluctuations.” Because of these limitations, only few total
syntheses of alkaloids have been successfully translated to
production scale.

Methods of biotechnology could help to establish novel
production routes for alkaloids and thereby alleviate existing
supply limitations.”* Indeed, some biotechnological approaches
have already had a major impact: Random mutagenesis of
opium poppy has been used to create a variant with altered
alkaloid profile, which is now cultivated on large scale for the
production of thebaine, a precursor to prescription opioids.*
Plant cell fermentation*® has enabled the commercial manu-
facture of paclitaxel by a process whose environmental advan-
tages over semi-synthetic routes have been recognised with the
US Environmental Protection Agency's 2004 Greener Synthetic
Pathways Award.*>** Other biotechnological methods of alkaloid
production have not yet been applied on industrial scale, but
have delivered promising results in laboratory experiments:
Metabolic pathway engineering, for instance, makes use of the
biosynthetic machinery that nature has evolved for the
construction of secondary metabolites, but transposes it into
production hosts that are more easily cultivated and optimised
than the natural source organism.”>*® Recently, this approach
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Table 1 Examples of commercially important alkaloids
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Alkaloid Applications Major production methods Annual production volume
N Treatment of
- i;:\\ OH organophosphate

poisoning and bradycardia,

© as mydriatic and Isolation from Atropa

5 cycloplegic in belladonna, Duboisia and 3.9 tonnes (2017)*
ophthalmology, as Hyoscyamus species'®
atropine?

ephedrine?

MeO

HO

HO™"

morphine?

paclitaxel (Taxol®)?

7
OMe

“"OH
N

quinine?

preoperative medication
(decrease of saliva
production)'$?

Pain treatment, cough
suppression'$?

Prevention of hypotension
during spinal anaesthesia,’
chiral auxiliary in
asymmetric synthesis®

Treatment of Alzheimer's
disease®

Pain treatment'”

Cancer treatment®*>

Treatment of malaria and
babesiosis,>'® as flavour
compound, chiral catalyst
in asymmetric synthesis'®

© 2021 The Author(s). Published by the Royal Society of Chemistry

Isolation from opium
poppy, semisynthesis from
morphine’®

(Chemo-enzymatic) total
synthesis, isolation from
Ephedra plants’

Total synthesis, isolation
from daffodil bulbs®"’

Isolation from opium
poppy'#

Semisynthesis (from 10-
deacetylbaccatin-III), plant
cell fermentation'?

Isolation from cinchona
bark”

308 tonnes (2018)°

1500-2000 tonnes®

3-4 tonnes (2014)"

388 tonnes (2018)°

2.6 tonnes (2017)"*

300-500 tonnes'’
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Table 1 (Contd.)
Alkaloid Applications Major production methods Annual production volume

Chiral ligand in

(-)-sparteine

asymmetric synthesis'®

Isolation from Cytisus
scoparius™®

¢ Part of the World Health Organization's Model List of Essential Medicines (21st edn, 2019).?

has been used to create transgenic yeast strains that assemble
opioids,* tetrahydroisoquinolines,*® or tropanes* from simple
sugar and amino acid building blocks, in some cases with
impressive product titres [e.g., 4.6 g L~ for (S)-reticuline].

Biocatalysis, i.e., the use of enzymes or microbial cells in
preparative transformations,® has been established as a valu-
able synthetic tool in the pharmaceutical industry,** and its
potential for the synthesis of complex natural products,
including alkaloids, has also been recognised.** Biocatalytic
reactions typically offer high chemo-, regio-, and stereo-
selectivity, but also a substrate scope that is usually broad
enough to allow not only the preparation of one particular
product but a series of structurally related derivatives. Inte-
grating in vitro biotransformations into the total synthesis or
semi-synthesis of alkaloids can hence lead to shorter routes and
areduced need for protective groups, while avoiding limitations
of productivity and flexibility that are often associated with
fermentation approaches.

In a previous review, published in 2013, we have identified
three main strategies for the integration of biocatalysis into
alkaloid synthesis: (1) the biocatalytic preparation of chiral
building blocks that are chemically transformed into the target
compounds, (2) the biocatalytic kinetic resolution, desym-
metrisation, or deracemisation of alkaloids that have been
synthesised by chemical methods, and (3) the construction of
alkaloids using biocatalytic C-N and/or C-C bond formation in
the asymmetric key step.*® In the roughly eight years that have
passed since then, exciting new developments have been made
in all three of these areas, and the overarching trend towards
a more central role of biocatalysis in chemo-enzymatic alkaloid
syntheses, which we have identified in our earlier review, has
continued. Moreover, the identification of imine-reducing
enzymes with broad substrate scope and high stereoselectivity
has enabled biocatalytic C=N reduction as a fourth approach to
the chemo-enzymatic asymmetric synthesis of alkaloids. In this
update to our previous review, we therefore intend to show how
the discovery of novel enzymes, the engineering of biocatalysts,
but also the creative application of well-known biotransforma-
tions have led to many new, elegant routes towards a broad
range of alkaloids, and thereby have continued to re-shape the
role of biocatalysis in the asymmetric synthesis of these fasci-
nating natural products.

28226 | RSC Adv, 2021, 11, 28223-28270

2 Biocatalytic asymmetric synthesis
of chiral building blocks

The use of enantiomerically pure building blocks for con-
structing complex target molecules with substrate-based ster-
eocontrol is a classical approach to asymmetric total synthesis.
The traditional source for these building blocks - the ‘chiral
pool’ of naturally occurring amino acids, sugars, and terpenes —
has recently enjoyed a renewed interest from organic chemists
as they strive to incorporate renewable feedstocks into their
synthesis routes.*® Alternatively, biocatalytic transformations
can be used to prepare a wide range of chiral building blocks,
which can often be tailored more closely to the desired target
structure than the compounds available in nature.*® This
strategy is frequently employed in alkaloid synthesis, and
lipases and esterases as well as toluene dioxygenase remain the
most important enzymes in this context.

2.1 Lipases and esterases

The enantioselective hydrolysis and formation of ester bonds
catalysed by lipases and esterases has been an early focus of
biocatalysis research and has found broad application in
asymmetric synthesis.*® As discussed in our previous review,*
chiral building blocks prepared using lipases and esterases
have also been employed frequently in chemo-enzymatic
syntheses of alkaloids. While early examples have focused on
a few selected classes of building blocks, in particular cyclic
alcohols and piperidine derivatives, recent contributions have
made use of a much more diverse range of structures. Moreover,
besides kinetic resolution and desymmetrisation, dynamic
kinetic resolution has recently been explored as an additional
option for the lipase-catalysed synthesis of chiral building
blocks in alkaloid chemistry.

2.1.1 Kinetic resolution of alcohols. Despite its intrinsic
limitation to 50% yield for either enantiomer, kinetic resolution
is still the most widely used approach in the lipase- or esterase-
catalysed synthesis of chiral building blocks. The kinetic reso-
lution of secondary alcohols by enzymatic O-acylation is
particularly common, because it usually proceeds with reliably
high enantioselectivity. In an impressive recent example, the
TIPS-protected propargylic alcohol 1 (Scheme 1) was resolved
using lipase AK* on a 104 gram scale, affording (S)-1 in 44%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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: K,COs '
/\ /
TIPS (R)-2 MeOH, H,O TIPS (R)1
46%, 95% ee 96%
lipase AK
rac-1 +
vinyl acetate, oH
h )
MS 4R (1) PPhs, DEAD,
P> PhCO,H, THF
72
TIPS (S)1 (2) NaOH, MeCH,
44%, 94% ee H,0, THF
90% (2 steps)
“—OH

dihydroperaksine (3): R = CH,0OH
dihydroperaksine-17-al (4): R = CHO

peraksine (5)

Scheme 1 Synthesis of building block (R)-1 by lipase-catalysed kinetic
resolution, and structures of indole alkaloids prepared from this
building block.*

yield and 94% ee along with the (R)-acetate 2 in 46% yield and
95% ee (E = 139).*® As only the (R)-enantiomer was required for
the downstream synthetic sequence, the authors implemented
a stereoconvergent strategy to maximise its yield: Saponification
of (R)-2 gave (R)-1 directly, while (S)-1 was subjected to Mitsu-
nobu inversion via benzoylation followed by hydrolysis, which
also led to (R)-1 in 90% yield and with no erosion of optical
purity. The (R)-alcohol was then converted into the indole
alkaloids dihydroperaksine (3), dihydroperaksine-17-al (4), and
peraksine (5) in 11-13 additional steps, which include coupling
with a p-tryptophan-derived tetracyclic lactam, iodoboration of
the alkyne group, and a palladium(0)-catalysed intramolecular
a-vinylation of a ketone moiety.

The lipase-catalysed kinetic resolution of two small, olefinic
sec-alcohols, 6 and 13 (Scheme 2a), was employed in the prep-
aration of polyhydroxylated pyrrolizidines and an indolizidine
that are close structural analogues of hyacinthamines and ste-
viamine, respectively.*® Acylation of the alcohols using Chir-
azyme L-2 (ref. 37) and vinyl acetate in diethyl ether at room
temperature proceeded with only moderate enantioselectivity
(6: E = 34, 13: E = 5), but the resulting limitations in optical
purity of the reaction products could be tolerated, since their
subsequent coupling with the enantiomerically pure nitrone 8
produced separable mixtures of diastereomers. Limited enan-
tioselectivity was also observed in the kinetic resolution of
alcohol 16 by lipase B from Candida antarctica (Scheme 2b, E =
29), carried out as part of a chemo-enzymatic synthesis of both
enantiomers of the quinazoline alkaloid febrifugine (19) and its
non-natural derivative halofuginone (20).** The (R)-enantiomer
of 16 was isolated from the lipase biotransformation in 46%
yield and 88% ee and used as such in further steps. The corre-
sponding (S)-acetate (17), obtained in 47% yield and 82% ee,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was hydrolysed back to the alcohol and its optical purity
upgraded to 98% ee by a second round of kinetic resolution.
Alkene cross-metathesis, a diastereoselective aza-Michael
addition, and a-functionalisation of methyl ketone 18
completed the syntheses of febrifugine and halofuginone.

A recent synthesis of the hexacyclic Daphniphyllum alkaloid
longeracinphyllin A (also known as daphniynnine C;** 23,
Scheme 3) uses hydroxyketone (S)-21, prepared in 45% yield and
99% ee by a 74 gram-scale kinetic resolution of the racemate
with immobilised CAL-B, as starting point and precursor to the
central cyclohexanone ring of the target structure.*® From there,
the complex alkaloid scaffold was constructed with remarkable
efficiency, arriving at a tricyclic intermediate (22) in only three
operations (six steps) that include a Toste-type silyl enol ether
cyclisation** and a Michael addition/aldol condensation
cascade. The synthesis was completed in 14 more steps, with
the remaining three ring closures being achieved by intra-
molecular conjugate addition, a (3 + 2) enone-allene cycload-
dition, and a Horner-Wadsworth-Emmons reaction.

The kinetic resolution of racemic primary alcohols is more
challenging than that of sec-alcohols because the stereogenic
centre of the substrate is further away from the reacting
hydroxyl group, which often results in lower enantioselectivity.
Nevertheless, the lipase-catalysed kinetic resolution of B-chiral
primary alcohols was successfully used in two recent syntheses
of Nuphar alkaloids. In the first of these studies, the allenic
benzoate ester 24 (Scheme 4a) was enantioselectively hydrolysed
by lipase PS*” to obtain alcohol (S)-25 in 38% yield and 80% ee (E
= 15).* Transformation of the hydroxyl group into a Boc-
protected hydroxylamine set the stage for a silver(i)-catalysed
cyclisation that gave isoxazolidine 27 with excellent diaster-
eoselectivity (22 :1 dr). From this intermediate, (—)-deoxy-
nupharidine (30) was prepared in nine steps, whereby the third
chirality centre was formed with complete diastereocontrol in
an intramolecular reductive amination reaction. In unrelated
work, (—)-nupharamine (32), a piperidine Nuphar alkaloid, was
synthesised from alcohol (S)-31, which was prepared by acyla-
tive kinetic resolution of the racemate, again using lipase PS
(Scheme 4b).** The enantioselectivity of the biotransformation
was excellent in this case (E =50), resulting in 45% yield and
99% ee of (S)-31, while the corresponding (R)-acetate was not
isolated. The optically pure alcohol was elaborated into the
target alkaloid in nine steps with an overall yield of 12%.

Two recent studies demonstrate that fairly complex chiral
building blocks can be prepared by the kinetic resolution of
primary alcohols. Attaining a sufficient enantioselectivity
proved difficult also in these examples, making two consecutive
rounds of kinetic resolution necessary to obtain both enantio-
mers in satisfactory optical purity. As part of their recent
synthesis of two pumiliotoxins, Okada, Toyooka, and co-
workers carried out the kinetic resolution of alcohol 33 using
lipase PL*” and vinyl acetate in MTBE at room temperature
(Scheme 5).* While the unreacted alcohol (5R,6R)-33 was
recovered in 36% yield and >98% ee, the corresponding acetate
(2S,3S)-34 was isolated in 55% yield but only 58% ee, indicating
moderate enantioselectivity (E = 16). After ester hydrolysis,
enantioenriched (55,65)-33 was subjected to a second round of

RSC Adv, 2021, 11, 28223-28270 | 28227
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(56 120°C Ch SN \ 38% yield &
OH 50%, 82% ee 51% yield c 9 OBn 10 —OH
/\/g\ Chirazyme L-2
_ e p
= vinyl acetate, H ©Bn H [OH
rac-6 Et,O OAc HO,
2 = nitrone 8 = [\ g '/’ i\
/\/\ _— »0Bn —» | S.ioH
toluene, / o-N~—( 3 steps Nw /
(R)-7 120 °C (R) Z’OA 50% yield R:
47%, 86% ee 74% yield e 11  —OBn 2 42 OH
— nitrone 8 2
HoPH 0Bn
OH OH OAc 1 ! ;
Chirazyme L-2 = -\ /
X ——— RNy * A\/’\ HOw ‘ )'1OH - / 10Bn
vinyl acetate, 5 steps © N—/ &o-N N~(
rac-13 Et,0 (5)-13 (R)-14 22% yield \ \ ~0Bn
43%, 42% ee 39%, 52% ee 15 —OH L
(b)
OH OH OAc
~ A NATRATS * S
Cbz  yinyl acetate, Cbz Cbz
rac-16 i-Pr,0, MS 3A (R)-16 (S)17
46%, 88% ee 47%, 82% ee (1) K205, MeOH
(2) CAL-B, vinyl acetate,
i-Pr,0, MS 3A
NW \/ﬁ (3) K,CO3, MeOH
N\)J\ I — )k (S)-16 54% yield over 3 steps
4 steps 2 steps 98% ee
38-60% yield bZ 71% yield

(+)-febrifugine (19): R,R'=H
(+)-halofuginone (20): R=Br,R'=ClI

Scheme 2 Olefinic secondary alcohols as building blocks in alkaloid synthesis: (a) Kinetic resolution of alcohols 6 and 13 and their conversion
into polyhydroxylated pyrrolizidines and an indolizidine. (b) Chemo-enzymatic synthesis of (+)-febrifugine (19) and (+)-halofuginone (20) based

on the kinetic resolution of alcohol 16.

Candida antarctica
lipase (immob.)

N

—_
vinyl acetate, MTBE 6 steps % 14 steps
49% yield J 10% yield
OH OH O <
rac-21 (S)-21 22 OTBDMS longeracinphyllin A (23)

45%, 99% ee

Scheme 3 Chemo-enzymatic asymmetric synthesis of longeracinphyllin A (23).

kinetic resolution under identical conditions, which raised the
enantiomeric excess of (25,35)-34 to 98% (at 47% yield). The
optically pure building blocks thus obtained were converted
into both enantiomers of 8-deoxypumiliotoxin 193H (35) and 9-
deoxyhomopumiliotoxin 2070 (36) in seven and eight chemical
steps, respectively.

Yamamoto and co-workers, in their synthesis of (—)-thallu-
sin (39), took a slightly more elaborate approach for upgrading
the optical purity of the desired enantiomer of building block 38
(Scheme 6).® After hydrolytic kinetic resolution of acetate rac-37
under literature-known conditions (lipase PS,*” phosphate
buffer/dichloromethane = 6:1, Tween 80, 30 °C)* had
provided the unreacted ester in 52% yield and 48% ee, along
with the corresponding alcohol in 36% yield and >98% ee (E =

28228 | RSC Adv,, 2021, 1, 28223-28270

160), the authors screened five alternative lipases for a second
round of kinetic resolution of enantioenriched 37. Lipase M
turned out to preferentially hydrolyse the major enantiomer
(i.e., it showed opposite enantioselectivity to lipase PS), giving
(1S,2S,4aR,8aR)-38 in 92% ee and 29% yield. With all stereo-
genic centres of the target molecule thus in place, the synthesis
of (—)-thallusin was completed in a 10-step sequence.

2.1.2 Dynamic kinetic resolution of alcohols. In 2013, Shuji
Akai and co-workers have reported an oxovanadium catalyst
immobilised on mesoporous silica that effects the racemisation
of allylic alcohols via 1,3-transposition of the hydroxyl group
(Scheme 7a) and can be combined with lipases to achieve
dynamic kinetic resolution (DKR).** More recently, the same
research group has applied this methodology to the asymmetric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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rac-24 O MeCN (5)-25 59% yield 26 Boc MS 4A ¢ 27
38%, 80% ee 22:1 dr
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43% yield ‘
(1) TFA, = s
CH,Cl, - o)
e Meo.C” N =%
3 steps (2) NaBH,, 2 T
(~)-deoxy- 21% yield MeOH 28  NHBoc o]
nupharidine (30)
(b)
S\}\/OH LipsRpS SJVOH —_—
vinyl acetate, 9 steps
rac-31 CHCI3, 0°C (S)-31 12% yield

45%, 99% ee

(=)-nupharamine (32)

Scheme 4 Lipase-catalysed kinetic resolution of B-chiral primary alcohols in the asymmetric synthesis of Nuphar alkaloids: (a) chemo-enzy-
matic synthesis of (—)-deoxynupharidine (30), (b) chemo-enzymatic synthesis of (—)-nupharamine (32).

Lipase PL

3.0
Zj\/OAc
+ 0 N~ 2

T
o N5 M
-

rac-33
vinyl acetate, K/
MTBE =
(5R,6R)-33 (2S,35)-34
36%, >98% ee 55%, 58% ee
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(—)-8-deoxy- (=)-9-deoxyhomo-

pumiliotoxin 193H (35) pumiliotoxin 2070 (36)

Scheme 5 Lipase-catalysed kinetic resolution of building block 33,
and structures of alkaloids prepared from this building block.

synthesis of the alkaloids (—)-crinane (43) and (—)-himbacine
(50, non-natural enantiomer). In the first case, the DKR was
performed on the tertiary alcohol 40, resulting in its trans-
formation into the allylic acetate (R)-41 with 88% yield and 98%
ee (Scheme 7b).** An Ireland-Claisen rearrangement was then
used for a 1,3-transfer of chirality that set up the quaternary
stereocentre of the target compound and proceeded with full
conservation of enantiomeric purity. The total synthesis of
(—=)-crinane was completed in four more steps with an overall
yield of 66% (41% from 40). In the second case, DKR using
Novozym 435 and the oxovanadium catalyst transformed the
open-chain allylic alcohol 44 into the ester (R)-46, which upon
heating to reflux underwent an intramolecular Diels-Alder
cycloaddition that afforded the lactone 47 in 98% ee and as
a 4 : 1 mixture of diastereomers (Scheme 7c¢).** Treatment with
DBU in dichloromethane at room temperature quantitatively
converted this isomeric mixture into diene 48, and this inter-
mediate was further elaborated into (—)-himbacine in 16 steps.

© 2021 The Author(s). Published by the Royal Society of Chemistry

2.1.3 Desymmetrisation of alcohols and anhydrides. In
contrast to kinetic resolution, lipase-catalysed desymmetrisa-
tion offers the advantage of providing access to a single enan-
tiomer in 100% maximum theoretical yield. In turn, it requires
a prochiral or meso-compound as substrate, while a kinetic
resolution can in principle be performed on any racemic
molecule.”® Consequently, hydrolase-catalysed desymmetrisa-
tion reactions are generally less common than kinetic resolu-
tions. Nevertheless, the earliest example of the use of a chiral
building block in alkaloid synthesis - published in 1987 by
Renata Riva and co-workers,* and discussed in our previous
review - features the desymmetrisation of meso-diacetate 51
(Scheme 8) as an asymmetric key step in the preparation of the

Lipase PS
rac-371 ————>
buffer/CH,Cl,
(6:1), Tween 80
37 ent-38
52%, 48% ee 36%, >98% ee
Lipase M
buffer/CH,Cl,
(6:1), Tween 80 COH
38
29%, 92% ee CO,H
CO,H
10 steps
28% vyield

H (O)-thallusin (39)

Scheme 6 Preparation of building block 38 by double kinetic reso-
lution, and its use in the chemo-enzymatic asymmetric synthesis of
(—)-thallusin (39).
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Scheme 7 Dynamic kinetic resolution (DKR) of allylic alcohols in the asymmetric synthesis of alkaloids: (a) general racemisation mechanism of
oxovanadium catalyst immobilised on mesoporous silica (V-MPS), (b) DKR of 40 followed by Ireland—Claisen rearrangement in the synthesis of
(=)-crinane (43), (c) DKR of 44 followed by Diels—Alder cycloaddition in the synthesis of (—)-himbacine (50).

yohimbe bark constituent (—)-alloyohimbane (54). Interest-
ingly, a very similar approach was recently used by Ghoch &
Sarkar in their synthesis of the same alkaloid and its C20
epimer, (—)-yohimbane (58).* While in the 1987 report the
selective monohydrolysis of 51 was achieved by pig liver esterase
(PLE), resulting in formation of monoacetate (1S,6R)-52
(Scheme 8a), the authors of the recent study relied on porcine
pancreatic lipase, which afforded the opposite enantiomer,
(1R,65)-52, in 84% yield and >95% ee (Scheme 8b). They then
elaborated this chiral building block into the amino alcohol 55
via the corresponding azide and converted 55 into the lactam
53, a compound that was also a late intermediate in Riva's
synthetic sequence. Bischler-Napieralski cyclisation followed
by NaBH, reduction and hydrogenation of the olefinic double
bond completed the synthesis of (—)-alloyohimbane (54). For
the synthesis of its epimer, Ghosh & Sarkar oxidised (1R,65)-52
to aldehyde 56, which upon reductive amination with trypt-
amine afforded the trans-configured coupling product 57 in
9 : 1 excess over the cis-isomer, most likely via epimerisation by
imine-enamine tautomerism. Conversion of 57 into
(—)yohimbane (58) was achieved by the same sequence of steps
used for 54.

28230 | RSC Adv, 2021, N, 28223-28270

Desymmetrisation of the tricyclic meso-compound 60
(Scheme 9) is the asymmetric key step in Fukuyama's recent
synthesis of the neurotoxic puffer fish alkaloid (—)-tetrodo-
toxin.”® The diol 60, prepared by a Diels-Alder reaction of para-
benzoquinone (59) with 5-TMS-cyclopentadiene followed by
Luche reduction, was stereoselectively acetylated by lipase PS-
IM?*” under previously reported conditions® to give monoacetate
61 in 89% yield and >99% ee. From there, the target compound
was assembled in a 29-step sequence that exploits facial selec-
tivity in the tricyclic intermediate 61 for controlling three ster-
eogenic centres of the central cyclohexane ring, while the
remaining three were installed by a [3,3]-sigmatropic rear-
rangement of an allylic cyanate and an intramolecular 1,3-
dipolar cycloaddition of a nitrile oxide.

In the 1990s, disubstituted piperidine derivatives were used
extensively as substrates for lipase-catalysed desymmetrisation
and as building blocks for alkaloid synthesis.*® One of the
reactions studied during this time is the enantiotoposelective
acetylation of meso-diol 67 by Candida antarctica lipase, which
affords the monoacetate (25,6R)-68 in 80% yield and 95% ee
(Scheme 10).*° In a more recent study, this building block was
employed in the synthesis of (+)-methyl dihydropalustramate
(71), a degradation product of the alkaloid (+)-palustrine.® Key

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Preparation of building block 52 by hydrolase-catalysed desymmetrisation and its use in the synthesis of yohimbe alkaloids: (a)
synthesis of (—)-alloyohimbane (54) from (1S,6R)-52, (b) synthesis of (—)-alloyohimbane (54) and (—)-yohimbane (58) from (1R,6S)-52.
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Scheme 9 Fukuyama's chemo-enzymatic total synthesis of (—)-tetrodotoxin (66).

transformations of the 8-step synthetic sequence are a Wittig
reaction, a Seyferth-Gilbert homologation, and the ruth-
enium(n)-catalysed anti-Markovnikov hydration of a terminal
alkyne. The acetylative desymmetrisation of a structurally
related diol, 69 (Scheme 10), employing a commercial lipase
from Pseudomonas fluorescens, was used to access the tricyclic
enaminone (—)-72, a known intermediate® in the synthesis of
the poison frog alkaloid (—)-gephyrotoxin.®* The biotransfor-
mation furnished the (2R,5S)-enantiomer of monoacetate 70 in
48% yield and 88% ee, indicating that compared to 67 the
increased distance of the reactive atom from the meso “core” of
the molecule did not only lead to lower selectivity but also to

© 2021 The Author(s). Published by the Royal Society of Chemistry

a switch in the recognised enantiotopic group. From (2R,5S5)-70,
the target enaminone was obtained in a straightforward
sequence comprised of Swern oxidation of the free alcohol,
a proline-catalysed, reductive Knoevenagel condensation, and
two deprotection steps.

Open-chain meso-1,3-diols are challenging substrates for
desymmetrisation because racemisation of the resulting mon-
oacetates by acyl group migration can occur, leading to reduced
enantiomeric purity.® In their chemo-enzymatic synthesis of
the marine sponge alkaloid (—)-petrosin (79, Scheme 11),
Hidetoshi Tokuyama and co-workers managed to prevent this
side reaction by immediate silyl-protection of the free hydroxyl

RSC Adv, 2021, 11, 28223-28270 | 28231
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Scheme 10 Biocatalytic preparation of piperidine building block 68
and pyrrolidine building block 70, and structures of target molecules
prepared from these building blocks.

group.®* Hence, they reacted diol 73 with vinyl acetate under
lipase PS* catalysis, and - after filtration and evaporation of
excess acyl donor - treated the crude monoacetate with TBDMS
chloride to give compound (S)-74 in 84% yield (two steps) and
99% ee. This building block was elaborated into the piperidine
derivative 75, which in turn served as precursor to vinylic iodide
76 and borane 77. Suzuki-Miyaura coupling of the two latter
compounds gave olefin 78, from which the bisquinolizidine

alkaloid 79 was prepared in 12 additional steps.

The lipase-catalysed desymmetrisation of cyclic anhydrides
is much less common than the desymmetrisation of diols or

(cc)

View Article Online
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(o] (0]
(e} lipase PS o "
o  N-PrOH, iPr,0 COzH
80 (R)-81
98%, 93% ee
(0]
\/\/Cl >7\1\l
(0]
82 83 (—)-himeradine A (84)

Scheme 12 Lipase-catalysed desymmetrisation of cyclic anhydride
80, and the structures of (S)-epichlorohydrin (82), (R)-pulegone (83),
and (—)-himeradine A (84).

diesters, perhaps due to the intrinsically high reactivity of
anhydrides that can give rise to undesired non-enzymatic
background reactivity.®* Nevertheless, the alcoholysis of 3-
methylglutaric anhydride (80, Scheme 12) by lipase PS*” is
known to provide monoester 81 in excellent yield (95-98%) and
high optical purity (92-93%).°® Matthew Shair and co-workers,
of Harvard University, recently used this biotransformation in
constructing the quinolizidine subunit of the proposed struc-
ture of (—)-himeradine A (84), a Lycopodium alkaloid.*®® The
pentacyclic core of the target molecule, on the other hand, was
assembled from ‘chiral pool’ building blocks (S)-epichlorohy-
drin (82) and (R)-pulegone (83) in a multi-step sequence that the
authors adapted for the synthesis of other Lycopodium alkaloids
sharing the same scaffold.

2.1.4 Kinetic resolution of esters and lactones. Lipases are
frequently employed for the hydrolytic kinetic resolution of
esters, whereby the stereogenic centre is usually located in the
alcohol part of the molecule. Examples of the opposite case,

OBn

OH OTBDMS TBDMSO
(1) lipase PS, Z x
OH vinyl acetate OAc
(2) TBDMSCI, w 9 steps COMe 5 steps €O;Me
imidazole, DMF ' 25% yield 62% yield
CN CN Boc
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84%, 99% ee
(9-BBN),,
THF
Boc . B B
MeO,C 2
2
76, B
PACly(dppf) (5 mol%)
= Bno ~——————— | TBDMSO._
12 steps aq. NaOH (3 M) *
24% yield TBDMSO\ 89% yield ‘
o z from 76 CO,Me
CO,Me B Boc |
oy Boc 77
(=)-petrosin (79) 78

Scheme 11 Lipase-catalysed desymmetrisation of 1,3-diol 73 in the total synthesis of the bisquinolizidine alkaloid (—)-petrosin (79).
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Scheme 14 Hydrolytic kinetic resolution of lactone 91 by horse liver
esterase (HLE) used in the chemo-enzymatic synthesis of (R)-har-
monine (94).

where the ester of a chiral carboxylic acid is resolved, are rare,
but one recent study used this type of biotransformation to
great effect in the asymmetric total synthesis of (—)-sparteine.®”
O'Brien and co-workers recognised that the two lateral piper-
idinyl rings of the target alkaloid can be retrosynthetically
traced back to the two enantiomers of ester 85 (Scheme 13), the
kinetic resolution of which is a literature-known reaction.*®
Slight modifications of the literature procedure enabled the
enantioselective hydrolysis of 85 by Burkholderia cepacia lipase
to be carried out at 10 g scale, yielding 49% of the (S)-acid 86 in
96% ee and 46% of (R)-85 in >98% ee (E >200). The latter was
converted from the N-Boc to the N-benzyl derivative, which after
deprotonation by LDA underwent conjugate addition to the a,f3-
unsaturated ester 88, obtained in four steps from (S)-86. N-
Deprotection by catalytic hydrogenation triggered ring closure
to a bislactam, which was converted into (—)-sparteine (isolated
as the bissulfate, 90) by reduction with lithium aluminium
hydride. In the same study, (—)-sparteine surrogate, a non-
natural derivative developed by O'Brien's group,*
prepared in 8 steps from (R)-85.

Another rather unusual type of hydrolase reaction, the
kinetic resolution of a lactone, was used in a recent synthesis of
(R)-harmonine (94, Scheme 14), the toxic principle of the Asian
lady beetle.” The nine-membered chiral lactone 91 was

was

© 2021 The Author(s). Published by the Royal Society of Chemistry

hydrolysed by horse liver esterase with excellent selectivity for
the (R)-enantiomer (E >200), affording the (R)-hydroxy acid 92 in
39% yield along with 43% of the unreacted (S)-lactone, both in
optically pure form (ee >99%). The latter compound was
reduced to the hydroxy aldehyde and directly subjected to
a Wittig reaction to give a hydroxy ester (93) that already con-
tained the complete carbon skeleton of the target compound.
Reduction to the diol and conversion of both hydroxyl groups to
amines via the bis-azide completed the synthesis of (R)-
harmonine.

2.2 Toluene dioxygenase

Toluene dioxygenase (TDO) from Pseudomonas putida, an iron—
sulfur protein first reported and characterised in the late
1960s,”* oxidises toluene and other mono- and disubstituted
arenes to the corresponding cis-dihydrodiols, usually with
excellent stereoselectivity (Scheme 15a). The versatile reactivity
of these compounds has enabled their exploitation in the
asymmetric synthesis of a broad range of complex target
molecules, and consequently TDO has become the most widely
used dioxygenase in organic synthesis.”” Due to the success of

R R
OH o
0, NAD(P)"
NAD(P)H, H*

toluene
dloxygenase

(b)
CN
Br CN
OH OH o
Scheme 15 Arene cis-dihydroxylation by toluene dioxygenase (TDO):
(a) general reaction scheme for the dihydroxylation of a mono-
substituted arene by TDO and for the conversion of the resulting diol

into an acetonide. (b) Examples of commercially available arene cis-
dihydrodiols or the corresponding acetonides (as of January 2021).

OH

OH
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Fig. 1 Examples of alkaloid classes targeted by TDO-based chemo-
enzymatic syntheses.

arene cis-dihydrodiols as chiral building blocks, several of these
compounds are now commercially available (for examples, see
Scheme 15b), making them accessible also to researchers that
lack the necessary equipment or expertise for carrying out TDO
biotransformations.

In the context of alkaloid synthesis, TDO-derived building
blocks have been most intensively used by the groups of Tomas
Hudlicky, who has developed several TDO-based chemo-
enzymatic approaches to morphinan and isocarbostyril alka-
loids over the course of the last 30 years, and of Martin Banwell,
who has focused on Amaryllidaceae alkaloids of the montanine
and lycorenine classes (Fig. 1).”> Both groups have continued
these efforts in recent years, with a shift of focus to the prepa-
ration of non-natural alkaloid derivatives following synthetic
strategies developed in earlier work. This trend is exemplified
by the preparation of 7-aza-nornarciclasine (114) and 10-aza-
narciclasine (119), two isocarbostyril analogues featuring
a nitrogen atom in the A-ring (Scheme 16a).”* Both syntheses
commenced with the transformation of TDO-derived cis-diol 95
into the conduramine derivative 109 via an acyl-nitroso-diene
[4 + 2] cycloaddition (nitroso-Diels-Alder reaction) followed by
reduction with aluminium amalgam and protective-group
manipulations. Compound 109, which contains the four
contiguous stereogenic centres of the target alkaloids in the
correct configuration, was then coupled with the lithium

28234 | RSC Adv, 2021, 11, 28223-28270
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carboxylates 110 and 115 to give the amides 111 and 116,
respectively. Closure of ring B by a Heck reaction proceeded in
moderate yield in both cases (31% for 113 and 58% for 118), and
deprotection furnished the target compounds. Biological eval-
uation showed the 7-aza-derivative 114 to be inactive against
human cancer cell lines,”** while 10-aza-narciclasine (119) did
show significant cytotoxic activity.”” A related synthetic
approach was used to prepare 2-epi-narciclasine (126, Scheme
16b), a trace constituent of snowdrop (Galanthus) bulb
extracts.” In this work, TDO-catalysed oxidation of meta-
dibromobenzene afforded the diol 120, which was protected as
the usual acetonide and transformed into ketone 122 via
a nitroso-Diels-Alder reaction, Suzuki coupling, and Mo(CO)s
reduction. Luche reduction then established the desired (R)-
configuration at C7 (123; C2 in isocarbostyril numbering). After
protection of the three vicinal hydroxyl groups as acetates,
a modified Bischler-Napieralski cyclisation was used to
construct ring B, and deprotection gave the target alkaloid. The
allylic alcohol 123 that is a central intermediate in this sequence
also proved useful in a formal total synthesis of (+)-pan-
cratistatin (101) that uses 1,3-chirality transfer by Myers'
reductive transposition as a key step (Scheme 16b).” While this
transposition could be accomplished in satisfactory yield (68-
79%), trans-dihydroxylation of the resulting olefin 127 by
literature-known methods was unsuccessful. The authors,
therefore, chose to establish the required (1R,2S)-stereochem-
istry (isocarbostyril numbering) through cis-dihydroxylation
followed by preparation and ring-opening of a cyclic sulfate.
Closure of ring B was again accomplished by a modified Bis-
chler-Napieralski cyclisation, and although both of the latter
two reactions produced regioisomeric mixtures, the desired
isomers were favoured in both cases.

As part of their ongoing efforts to develop practical syntheses
of morphinan alkaloids,”” Hudlicky and co-workers have
recently presented a novel chemo-enzymatic approach to both
enantiomers of hydromorphone (100) starting from the TDO-
derived building block 129 (Scheme 17a).”® The cornerstone of
their synthetic strategy is the construction of ring B of the
morphinan skeleton by a Diels-Alder reaction of intermediate
135, produced in situ by oxidative dearomatisation of the
styrene derivative 134. This is followed by closure of ring D
through radical cyclisation of tosylamide 137. The feasibility of
this sequence was first demonstrated for the non-natural
enantiomer, ent-100, using lead(iv) acetate as oxidant in the
dearomatisation step and affording the target alkaloid in 2%
overall yield over 12 steps from 129.%* A follow-up study
explored alternative oxidation methods, including the use of
electrochemistry and of hypervalent iodine reagents, and found
that Pb(OAc), can be replaced with the less environmentally
problematic (diacetoxyiodo)benzene (DAIB), albeit at the cost of
a reduced yield (20-30% for the cycloaddition product,
compared to 50%).”” In the same publication, the authors
formally extended their synthetic strategy to the natural enan-
tiomer, as they could demonstrate the conversion of diol 130
into ent-133 via a five-step sequence (Scheme 17b).

A more common, alternative strategy for morphinan
synthesis is the construction of ring E by a sequence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Recent application of TDO-derived chiral building blocks in the synthesis of isocarbostyril alkaloids: (a) transformation of building
block 95 into 7-aza-nornarciclasine (114) and 10-aza-narciclasine (119), (b) transformation of building block 120 into 2-epi-narciclasine (126) and

a late synthetic intermediate 128 of (+)-pancratistatin (101).

Mitsunobu coupling and Heck cyclisation (¢f. Schemes 6 and
18d of our previous review, ref. 33), followed by the successive
closure of the remaining two rings. In recent years, the Hudlicky
group has extensively explored this approach in synthetic
studies that are based on building block 142 (Scheme 18a),
a compound obtained in product titres of up to 5 g L™ " by the
TDO-catalysed oxidation of phenethyl acetate.” Partial reduc-
tion and silyl protection converted 142 into 144, which under-
went Mitsunobu coupling with phenol 145 and subsequent

© 2021 The Author(s). Published by the Royal Society of Chemistry

Heck cyclisation to give the key intermediate 146, from which
various routes to the complete morphinan scaffold were devel-
oped.® In one study,* conversion of 146 into the nitrone 148
triggered a (3 + 2)-cycloaddition that was intended to close ring
B and establish the C9 amine stereocentre in a single operation.
Unfortunately, the reaction produced isoxazolidine 149 with an
incorrect C9,C14-stereoconfiguration, and an alternative cycli-
sation of a nitrile oxide followed by reduction gave the same
result. Consequently, the authors decided to cleave the C9-N
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Scheme 17 Synthesis of both enantiomers of hydromorphone (100) from TDO-derived building block 129: (a) transformation of 129 into the
non-natural enantiomer, (+)-hydromorphone (ent-100), via Mitsunobu coupling, Diels—Alder cycloaddition, and N-centred radical cyclisation as
key steps, (b) formal synthesis of the natural enantiomer, (—)-hydromorphone (100), using formation and ring-opening of epoxide 140 for
stereoinversion.
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Scheme 18 Examples for the use of TDO-derived building block 142 in alkaloid synthesis: (a) formal synthesis of ent-codeine and ent-codeinone
via Mitsunobu coupling, Heck cyclisation, and nitrone—alkene (3 + 2) cycloaddition as key steps, (b) total synthesis of (+)-narwedine (153) and
(+)-galantamine (154; non-natural enantiomers in both cases).
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61% yield

(+)-narseronine (ent-104)

Scheme 19 Synthesis of the non-natural enantiomer of narseronine (ent-104) from TDO-derived diol 95.

bond by a Hofmann elimination to enable installation of the
correct stereochemistry at a later point in the synthesis. Within
five more steps, they arrived at compound 150, which can be
transformed into the non-natural enantiomers of codeine and
codeinone by literature-known methods. Later studies estab-
lished several options for converting intermediate 146 and
related compounds into the non-natural (+)-forms of the semi-
synthetic opioid analgesics oxycodone and 10-keto-oxy-
codone.®* Moreover, a structurally similar tricyclic intermediate,
151, served as precursor to the non-natural antipodes of the
snowdrop alkaloids narwedine (153) and galantamine (154;
Scheme 18b).** The authors investigated two alternative Mitsu-
nobu-Heck sequences, which both afforded 151 in good yield
(61% over three steps, 68% over two steps) from diol 143.
Elimination of the hydroxyl group, followed by iodoacetox-
ylation (Prévost reaction), reductive deiodination, and closure
of the seven-membered D ring gave a 2 : 1 mixture of galant-
amine epimers (152), which was oxidised to (+)-narwedine (153)
using pyridinium chlorochromate. Reduction of 153 with L-
selectride at low temperature stereoselectively afforded (+)-gal-
antamine (154).

In an interesting example of stereodivergent synthesis,
Banwell and co-workers prepared (+)-narseronine (ent-104) from
the commercially available diol 95, after having previously
used the same building block to obtain the (—)-enantiomer of
this Amaryllidaceae alkaloid.** The sequence followed to arrive
at ent-104, however, resembles more closely the one developed
in another synthetic endeavour of Banwell's group, the prepa-
ration of (+)-clividine:* Diol 95 was converted into the vinylic
bromide 155 via a five-step sequence before being coupled with
boronate 156 in a Suzuki reaction (Scheme 19). Protective-group
manipulations and hydrogenation of the nitrile moiety led to
primary amine 158, which underwent radical cyclisation to give
the C5a-C12b-unsaturated compound 159. This outcome is in
contrast to the clividine synthesis, where a similar reaction
resulted in formation of the saturated product. The synthesis of
(+)-narseronine was completed by inversion of the C5-
stereocentre through an oxidation-reduction sequence and

© 2021 The Author(s). Published by the Royal Society of Chemistry

N,0-bismethylation. Other complex target molecules recently
prepared by the Banwell group from building block 95 include
non-natural analogues of the alkaloids galantamine and
vindoline.*

2.3 Baker's yeast

Despite the advances in molecular biology that have made
recombinant enzymes broadly accessible,*” wild-type microor-
ganisms remain relevant as biocatalysts. This is particularly
true for baker's yeast, as it is cheap, easily available, and simple
to use. In two recent studies, baker's yeast was employed for
generating chiral building blocks that constituted the starting
points for multi-step syntheses of highly complex alkaloids
(Scheme 20).%® In both cases, the yeast reduced an a-substituted
B-dicarbonyl compound, thereby controlling two vicinal
chirality centres, one of which is quaternary. Hanessian and co-
workers, in their synthesis of isodaphlongamine H (167), made
use of the literature-known®® reductive kinetic resolution of B-
ketoester 160 to prepare hydroxyester (15,25)-161 (50% yield,
single isomer), which they elaborated into the enone 162 in
a 12-step sequence (Scheme 20a). From 162, they constructed
the hexacyclic framework of the target compound in 9 more
steps, which include a copper(1)-mediated conjugate addition of
vinyllithium reagent 163 and an intramolecular aldol addi-
tion.** The baker's yeast catalysed reductive desymmetrisation
of diketone 168, inspired by similar reactions reported in
literature,” was used by Sharpe and Johnson in their total
synthesis of paspaline (173), an indole diterpenoid from ergot
fungi (Scheme 20b).**** Reduction product 169, obtained in
66% yield, 10:1 dr, and >98% ee, served as basis for con-
structing the elongated, hexacyclic target compound with
substrate-based stereocontrol of five additional chirality
centres. Key transformations of the 27-step reaction sequence
include an epoxidation-etherification cascade, an Ireland-
Claisen rearrangement, a palladium(n)-catalysed, diaster-
eoselective C-H acetoxylation of intermediate 171, and a Gass-
mann indole synthesis.

RSC Adv, 2021, 11, 28223-28270 | 28237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra04181a

Open Access Article. Published on 20 august 2021. Downloaded on 19.04.2026 08.11.32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
a L
(a) ‘ NN
H = R ] )
{ TBDMSO™ W T
163
X
baker's yeast = N CuBr-Me,S, BF;-Et,0
_— [ —— \ _—
Et0,C i H,0, CuO E0,C on 12 steps L\ THF, 78 °C to rt
50% yield 4% yield 92% yield .
rac-160 (18,25)-161 162 TBDMSO”
>99% ee 164
2 steps \
59% yield
H 3
@ _— N m AQI\
/B H o M
5 steps o H\\\b - \ THF
23% yield L // 90% yield
HOY v o
isodaphlongamine H (167) 166 165
(b)
(e} o
[e] TsHN—N
X baker's yeast \\/Y i - ,\ ° t\k/ — QTBOMS
DR = —\ ~OH —— 0
H,0, DMSO 3 B 3 steps
[¢] 66% yield OH H 58% yield H H
168 (2R,3S)-169 170
>98% ee, 10:1 dr
10 steps
14% yield
H
Pd(OAc),,
OH Phl(OAc),
£ AN - Xr
N T ¥// \ 12 steps l{ AcOH, Ac,0 %’
H H H H 11% yield 79% vyield

paspaline (173)

172 (R = TBDMS; >20:1 dr)

171 (R = TBDMS)

Scheme 20 Recent application of baker's yeast in the total synthesis of alkaloids: (a) reductive kinetic resolution of B-ketoester rac-160 in the
synthesis of isodaphlongamine H (167), (b) synthesis of paspaline (173) featuring reductive desymmetrisation of B-diketone 168 by baker's yeast
and local desymmetrisation of 171 by Pd?*-catalysed diastereoselective C—H acetoxylation.

3 Biocatalytic kinetic resolution,
dynamic kinetic resolution, and
deracemisation of alkaloids

The examples in the previous section have shown how a chiral
building block prepared by an enzymatic transformation early
in a synthetic sequence can be used to construct complex
alkaloids with multiple chirality centres through substrate-
based stereocontrol. For simpler target structures, in partic-
ular those that contain only a single stereogenic centre, it can
often be more efficient to incorporate the asymmetric key step
at a later point in the route. Biocatalysis has hence been used for
the kinetic resolution, dynamic kinetic resolution, and dera-
cemisation of alkaloids or advanced synthetic intermediates,
with the majority of examples relying on lipases and amine
oxidases.

3.1 Lipase-catalysed kinetic resolution and dynamic kinetic
resolution

Some simple alkaloids containing a chiral secondary amine
moiety are amenable to kinetic resolution by lipase-catalysed N-
acylation. Excellent results in this context were achieved for
salsolidine (174) and eleagnine (175; Fig. 2) using lipase B from

28238 | RSC Adv, 2021, 1, 28223-28270

Candida antarctica (CAL-B) as biocatalyst and allyl phenyl
carbonate as acyl donor.”* A strong dependence of enantiose-
lectivity on reaction temperature and solvent was observed, but
in methyl tert-butyl ether (MTBE) at 50 °C the kinetic resolution
of rac-174 proceeded fast (50% conv. in 2.5 h) and with high
selectivity (E >200), affording the acylated (R)-enantiomer in
97% ee along with unreacted (S)-174 in 99% ee. Interestingly,
under identical conditions the acylation of rac-175 was
prohibitively slow (47% conv. after one week), but sub-
stoichiometric addition of triethylamine (ca. 29 mol%) led to an
increased reaction rate (50% conv. in 48 h) while maintaining
an excellent enantioselectivity (E >200). In a follow-up study, the
kinetic resolution of tetrahydro-B-carbolines with different C1
substituents (ethyl, n-propyl, isopropyl) was investigated, and
excellent enantioselectivities were found in all cases.”

MeO

NH NH
NH A\ A\

MeO N N R
H H

(S)-salsolidine (174) (S)-eleagnine (175) R = Et, n-Pr, i-Pr

Fig. 2 Structures of alkaloids obtained by kinetic resolution using
lipase B from Candida antarctica (CAL-B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 21 Chemo-enzymatic dynamic kinetic resolution of salsoli-
dine (rac-174) and conversion of the resulting carbamate (R)-176 into
(+)-bernumidine (177).

Recent progress in the mild racemisation of chiral secondary
amines has also rendered the dynamic kinetic resolution (DKR)
of simple alkaloids possible. In a recent example, the literature-
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known®* DKR of rac-174 using lipase from Candida rugosa in
combination with an iridium(m)-based racemisation catalyst
was used to obtain the carbamate (R)-176 in 68% yield and 99%
ee (Scheme 21).°* Hydrolysis of 176 gave (R)-salsolidine, which
was further transformed into (+)-bernumidine (177), an alkaloid
of Berberis nummularia.

In cases where the (dynamic) kinetic resolution of alkaloids
by lipase-catalysed N-acylation is not possible, it may be ach-
ieved through the acylation of side-chain OH groups. Fiilop and
co-workers have previously followed this strategy in their
synthesis of crispine A, which used the kinetic resolution of the
primary alcohol 180 as a key step (see Section 3.1 of our earlier
review, ref. 33).% More recently, the same authors have extended
this method to tetrahydroisoquinolines with shorter C1
substituents - the natural product calycotomine (178, R = H)
and its non-natural homologue 179.°° Kinetic resolution reac-
tions were carried out using CAL-B as biocatalyst, vinyl acetate
as acyl donor, and toluene as solvent in both batch and flow
systems. Under flow conditions, (R)-178 (R = Boc) and its acyl-
ated (S)-enantiomer could be obtained in 99% ee at 50%

Table 2 Kinetic resolution of primary alcohols using immobilised CAL-B

Substrate Conditions Products ee [%] E* Ref.
MeO Toluene, 12 mM 178, 2 eq. vinyl acetate (R)-178 99 >200 96a
R Flow (80 bar, 0.1 mL min '), 60 °C (S)-acetate 99
MeO
rac-178 (R = Boc) \OH
MeO Toluene, 12 mM 179, 4 eq. vinyl acetate (R)-179 30 88 96b
Batch, Et;N, Na,SO,, 3 °C (S)-acetate 97
NBoc
MeO
OH
rac-179
MeO Toluene, 12 mM 180, 2 eq. vinyl acetate (R)-180 rac 1 96a
Flow (80 bar, 0.1 mL min~"), 60 °C (S)-acetate rac
NBoc
MeO
rac-180 OH
Toluene, 12.5 mM 181, 2 eq. Ac,0 (R)-181 98 >200 97
NBoc Batch, 60 °C (S)-acetate 98
A\
N OH
H
rac-181
Toluene, 12.5 mM 182, 8 eq. Ac,O (R)-182 98 >200 97
MeO NBoc Batch, 60 °C (S)-acetate 98
A\
N OH
H
rac-182
Toluene, 12.5 mM 183, 6 eq. Ac,O (R)-183 96 >200 97
F. NBoc Batch, 60 °C (S)-acetate 98
A\
N OH
rac-183

“ Enantioselectivity, calculated from ee of substrate and product.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(R)-184 (36% yield, >98% ee)

(+)-acetylaspidoalbidine (188) (+)-haplocidine (189): R = Me

(+)-haplocine (190): R = Et

Scheme 22 Kinetic resolution of lactam 184, and structures of alka-
loids prepared from its (R)-enantiomer.

conversion (E >200), while the kinetic resolution of 179 required
the addition of triethylamine and sodium sulfate under batch
conditions to reach a practically useful enantioselectivity (E =
88; Table 2). Three hydroxymethyl-substituted tetrahydro-f-
carbolines (181-183) were subjected to CAL-B-catalysed kinetic
resolution under similar reaction conditions, with excellent
results in all cases (Table 2).”

A particularly impressive example of a lipase-catalysed
kinetic resolution of a primary alcohol constitutes the asym-
metric key step in a recent synthesis of five Aspidosperma alka-
loids:*® Lactam 184 (Scheme 22), containing a quaternary
stereogenic centre in y-position of the reactive hydroxyl group,
was kinetically resolved using lipase PS* and vinyl acetate.
Although the enantioselectivity of this biotransformation was
moderate (E = 22), the desired enantiomer (R)-(—)-184 could be
obtained in 36% yield and >98% ee at 64% conversion. This
advanced chiral intermediate was transformed into the alka-
loids (+)-limaspermidine (186) and (+)-fendleridine (187) via
electrophilic activation of the lactam moiety for cyclisation,
followed by reduction and intramolecular hemiaminal forma-
tion, respectively. Acetylation of the secondary nitrogen atom
led to (+)-acetylaspidoalbidine (188), while a palladium(u)-cat-
alysed, amide-directed ortho-oxidation provided access to the
C17-hydroxylated natural products (+)-haplocidine (189) and
(+)-haplocine (190).

28240 | RSC Adv, 2021, 11, 28223-28270
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The lipase-catalysed acylation of secondary alcohols was
used in two recent studies for the kinetic resolution of alkaloids
and for elucidating the absolute configuration of natural
products derived from them. The methyl ester of dichotomine A
(191, Scheme 23a), a stitchwort alkaloid, was enantioselectively
acetylated by lipase QLM? to afford the (R)-acetate in 50% yield
and 96% ee along with the (S)-alcohol in 45% yield and 96% ee
(E = 194).*° Saponification of the methyl ester in (S)-191 gave
(—)-dichotomine A (193), while aminolysis and a copper(i)-cat-
alysed C-N-coupling - among other steps - were used to obtain
(+)-dichotomide II (194) from (R)-192. The spectral characteris-
tics and optical rotation of both target compounds matched
those reported for material isolated from the natural source,'

(a) CO,Me
lipase T\
QLM N\ /
rac-191
vinyl N D N
acetate, H o H AcO
MTBE
(S)y-191 (R)-192
45%, 96% ee 50%, 96% ee
ag. NaOH, 5 steps
dioxane 55% yield
84% yield
NH COZMe

(—)-dichotomine A (193)

(+)-dichotomide 11 (194)

(b)
HO (o] HO o AcO o
lipase PS /
| NH — | NH o+
vinyl acetate,
THF
o (0]
rac-195 (+)-(R)-maleimycin (195) (-)-(S)-196
47%, >98% ee 38%, >98% ee
lipase PS,
aq. buffer
92% yield
/—QOH (-)(S)-195
o]
(+)-nitrosporeusine A (197) HO a
— SH

H,0, 65% yield
(197:198 = 1:3)

(—)-nitrosporeusine B (198)

Scheme 23 Lipase-catalysed kinetic resolution of sec-alcohol moie-
ties in alkaloids: (a) kinetic resolution of rac-191 and its conversion into
(—=)-dichotomine A (193) and (+)-dichotomide Il (194), (b) kinetic
resolution of maleimycin (195) and its conversion into nitrosporeusines
A and B (197, 198).
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Scheme 24 General reaction scheme for the ‘cyclic deracemisation’
of amines, and examples of tetrahydro-B-carbolines that have been
deracemised using engineered variants of MAO-N.

confirming that the two natural products 193 and 194 have
opposite absolute configuration. The kinetic resolution of
maleimycin (195, Scheme 23b), an antibiotic metabolite of
Streptomyces showdoensis, was accomplished using lipase PS*”
and vinyl acetate in THF, giving (+)-195 in 47% yield and the
corresponding (—)-acetate 196 in 38% yield, both in optically
pure form (ee >98%, E >200). Hydrolysis of (—)-196 by lipase PS
was used to access (—)-195. Both out of a synthetic interest and
to elucidate the absolute configuration of (+)- and (—)-195, the
authors then converted the two enantiomers into nitro-
sporeusines A and B (197 and 198), two alkaloids first isolated
from an Arctic actinomycete.'” Interestingly, the non-natural
enantiomer of maleimycin, (—)-(5)-195, was the one that led to
the naturally occurring isomers of the nitrosporeusines.

3.2 Amine oxidases in chemo-enzymatic deracemisation
systems

Monoamine oxidases (MAOs) constitute a large class of fla-
voenzymes that oxidise amines to the corresponding imine or
iminium species. Combining this transformation with a non-
stereoselective reducing agent that converts the imine back to
the racemic amine establishes a ‘cyclic deracemisation’, in
which the less reactive amine enantiomer accumulates
(Scheme 24).'> As discussed in our previous review,* this
deracemisation concept has been applied to a broad range of
amines, including several alkaloids. In particular, Nicholas
Turner's group at the University of Manchester has used
directed evolution to develop several highly enantioselective
variants of MAO from Aspergillus niger (MAO-N), which were
shown to be applicable to the asymmetric synthesis of tetrahy-
droisoquinoline and tetrahydro-B-carboline alkaloids.'®® Vari-
ants from this protein engineering campaign were recently
tested with a broader set of substrates of these structural
classes, with interesting stereochemical outcome.

Screening MAO-N variants D9 and D11 against eleagnine
(175) and 10 non-natural tetrahydro-B-carbolines revealed
a substrate-dependent switch in enantioselectivity for both

© 2021 The Author(s). Published by the Royal Society of Chemistry
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variants (Scheme 24).'** While deracemisation of eleagnine and
its ethyl analogue (199) afforded the (R)-enantiomers (in =99%
and =36% ee, respectively), derivatives with longer-chain,
branched, or cyclic Cl-substituents led to the (S)-configured
products. This observation was rationalised based on docking
simulations, which indicated two different binding modes of
the substrate enantiomers in the active site. (S)-Tetrahydro-p-
carbolines with sterically demanding groups at C1 failed to dock
in a productive conformation, explaining the switch in selec-
tivity with increasing substituent size. The synthetic value of the
method was demonstrated by preparative-scale (0.4 mmol)
deracemisation of the propyl (200), butyl, isobutyl and phenyl
derivatives, leading to the (S)-enantiomers in 90-99% ee and
>85% yield.

In another study, MAO-N variants D5, D9 and D11 were
screened against 15 benzylisoquinolines with diverse substitu-
tion patterns, and variant D11 showed activity on eight of these
compounds (Scheme 25)." Cyclic deracemisation led to the (S)-
enantiomers in all cases, consistent with the earlier example of
1-phenyl-1,2,3,4-tetrahydroisoquinoline,’® but the enantiose-
lectivity (E-value) of the MAO-N oxidation varied between 5 and
>200 depending on the substrate structure. Docking simula-
tions were again invoked to rationalise the experimental
observations, revealing substituents on the substrates’ iso-
quinoline ring to govern the enantioselectivity through steric
interactions with active-site residues. After optimisation of
biocatalyst production and reaction conditions, three dera-
cemisations were run on a preparative scale (0.5 mmol),
affording the natural product (S)-reticuline (202) and two non-
natural analogues in 77-85% isolated yield and excellent
optical purity (>97% ee).

While these recent findings demonstrate a certain stereo-
chemical flexibility of engineered MAO-N variants, most dera-
cemisation reactions using this enzyme afford (R)-configured
products. A general access to (S)-amines via ‘cyclic deracem-
isation’ requires alternative amine oxidases with an

MAO-N D11,0,, R
NH;-BH3 (6-8 eq.)

buffer (pH 7.7)

rac-201

R, R'=H, OH, OMe
(incl. multiple substitutions)

(S)-201

8 examples
E =5 to >200

(S)-reticuline (202)
80% yield, >97% ee

(8)-203: R = OH, 77% yield, >97% ee
(S)-204: R = H, 85% yield, >97% ee

Scheme 25 Deracemisation of benzylisoquinoline alkaloids 201
employing MAO-N variant D11 in combination with ammonia—bo