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Natural product synthesis remains a field in which new synthetic methods and reagents are continually
being evaluated. Due to the demanding structures and complex functionality of many natural products,
only powerful and selective methods and reagents will be highlighted in this proceeding. Since its

introduction by Henri Kagan, samarium(i) iodide (Sml,, Kagan's reagent) has found increasing use in
Received 7th November 2021 hemical thesis. O th . h b blished th licati £ Smls i
Accepted 12th March 2022 chemical synthesis. Over the years, many reviews have been published on the application of Sml, in
numerous reductive coupling procedures as well as in natural product total synthesis. This review

DOI 10.1039/d1ra08163b highlights recent advances in Sml,-mediated synthetic strategies, as applied in the total synthesis of

Open Access Article. Published on 30 March 2022. Downloaded on 7/4/2024 10:22:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances natural products since 2004.

1. Introduction

Natural product total synthesis remains a challenging field,
especially if the structures of natural products are uncertain,
and even more so if the target molecules or the late-stage
synthetic precursors are highly unstable. As a result, this area
of research allows for testing various synthetic methodologies
and strategies, together with new chemical reagents according
to their versatility, reactivity, reliable selectivities, and compat-
ibility with functional groups, to develop a new route for a total
synthesis or to find an achievable pathway for the first time.

Samarium diiodide (SmI,) also known as Kagan's reagent,
was reported by Kagan in 1980.

It has been considered among the most valuable reagents
and utilized in the development of a broad variety of reactions,
e.g., reduction of different functional groups comprising
sulfones and sulfoxides, alkyl and aryl halides, epoxides,
phosphine oxides, carbonyls, and conjugated double bonds, in
addition to C-C bond-construction, and cascade or sequential
reactions.

Over the years, several reviews have been published on the
application of Kagan's reagent and also its application in the
natural product total synthesis.>® In this review, we try to
emphasize the crucial role of samarium diiodide in the total
synthesis of natural products from 2004 to date.> An introduc-
tion to the reagent and different classes of SmI,-mediated
transformations is also included; however, previous reviews
must be considered for a detailed discussion of this field.
Samarium diiodide (SmI,) was first introduced by Matignon in
1906.* Over seventy years later, in 1977 Kagan et al. used this
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reagent in organic chemistry," and since then this mild and
selective single-electron reducing agent has been used in the
development of numerous reactions and has evolved into
a prominent reagent for the modification of natural products
and the natural products total syntheses. Due to the high
versatility of samarium diiodide, the SmI,-mediated reactions
are broadly utilized as key steps in total syntheses, delivering
extraordinary outcomes that cannot be attributed to other
reagents and the large reduction potential of SmI, (up to
—2.05 V in the presence of HMPA)® enables access to a large
number of reactive intermediates, e.g. Accordingly, SmlI,
demonstrates a broad application from the total synthesis of
natural and bioactive products to fields of materials and poly-
mer science.*

Due to the high oxophilicity of samarium and the ability to
coordinate at several Lewis basic centers simultaneously, SmI,-
mediated reactions often proceed through well-defined transi-
tion states and produce products with excellent stereo-
selectivity. SmI, acts as a one-electron transfer reagent, and
therefore, radical or anionic reaction mechanisms can come
into play (Scheme 1). The Sml,-mediated reduction of alkyl
halides occurs through a single-electron transfer to produce
a radical species or via two successive single-electron transfers
to generate organosamarium reactive intermediates (Scheme 1).

Comparably, a Sml,-mediated reduction of carbonyl
compounds results in either ketyl radicals or reactive

| radicalic reaction

W

anionic reaction

Scheme 1 Possible pathways for Sml,-mediated reactions.

Sml,

RSml,

© 2022 The Author(s). Published by the Royal Society of Chemistry


CrossMark:http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra08163b&domain=pdf&date_stamp=2022-03-29
http://orcid.org/0000-0002-9259-0591
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08163b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012016

Open Access Article. Published on 30 March 2022. Downloaded on 7/4/2024 10:22:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
. Sonication
Concellén  Sm + oxidants —
(CHal, CHalg, 1) \\\\\
Imamoto Sm + Iy
- R i//

Ishii Sm +  TMSCI/ Nal

Scheme 2 Preparation of samarium iodide.

carbanions. The resulting radical or organosamarium anionic
intermediate can trigger various reductions including many
variations of C-C bond-forming processes and cascade or
sequential reactions under mild conditions. Generally, SmI, is
prepared as a 0.1 M solution in THF via the addition of
molecular iodine or 1,2-diiodoethane to samarium powder.
Kagan used diiodoethane as a source of iodine.! Imamoto
introduced a more atom-efficient method using elemental
iodine.** Further procedures utilized alternative sources of
iodine such as diiodomethane® or a combination of TMSCI] and
Nal.* There are also methods for faster preparation such as
microwave irradiation or ultrasound, and several other
methods” (Scheme 2).

The strong reactivity of SmI, can be determined very
specifically by carefully optimizing the reaction conditions. The
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high versatility of samarium diiodide makes a variety of radical
and/or ionic reactions selectively accessible. The effective
combination of useful reactivity and tunable selectivity of SmI,
makes it one of the most important one-electron reducing
agents in synthetic chemistry. One of the extraordinary aspects
of Sml,-induced reactions is the power to manipulate the
outcome of reactions and to control the rate of reductions using
selective cosolvents or additives.> The difference in additives
can stimulate the chemo- or stereoselectivity of the SmlI,-
mediated transformations, can change the reactivity, and even
affect the selectivity of one functional group among others,
which makes this user-friendly reagent the most intelligent
electron transfer (ET) reagent available to the synthetic chemist.
The real reduction potential of SmI, and the chemo- or stereo-
selectivity of the reactions mediated by SmI, can differ based on
the temperature of the reaction, the solvent, or any additives,
used in the reaction.®

Additives, which are generally used to fine-tune the reactivity
of samarium diiodide can be categorized into three major
groups: (a) Lewis bases, such as hexamethylphosphoramide
(HMPA), ethers, and other electron donor ligands, (b) proton
sources mainly including alcohols and water, and (c) inorganic
additives, such as metal ion salts or complexes such as LiCl,
FeCls, Nil,, and LiBr. The solvent atmosphere can also alter the
coordination sphere of the samarium metal, and consequently,

R, R4
Ri  R3
R SR,

XR,

X=0, N; Ry = H, alkyl,
aryl; R4= alkyl, aryl
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X
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Scheme 3 Selective Sml>-mediated functional group transformations.
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Scheme 4 Selective Sml,-mediated reactions.

changing the reactivity of the Sm(u) reducing agent. HMPA is
still a prominent additive that significantly increases the
potency of SmI, as an electron-transfer reagent via coordination
to Sm(u) and stabilizing the Sm(m) oxidation state.>®®*
SmlI,-mediated reactions can be classified into two major
classes: (1) functional group reduction and (2) reductive C-C
bond formation. SmI, is an extremely chemoselective reagent
and its chemoselectivity and reactivity can be determined by the
presence or absence of additives and different reaction condi-
tions. This reagent reduces various functional groups such as
alkyl and aryl halides, carbonyls, oxides, epoxides, sulfoxides,
sulfones, and phosphine, as well as conjugated double bonds.¥
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Scheme 5 Sml,-mediated ketyl—allene cyclizations.

(Scheme 3). Recent advances demonstrate the power and
extraordinary potential of Kagan's reagent for the mild and
selective electron-transfer reduction of functional groups such
as carboxylic acids, esters, amides, and nitriles which have
limitations and require violent conditions to be transformed.?

The various applications of SmI,-mediated reactions to
construct carbon-carbon bonds have been utilized for the
development of synthetic strategies in natural product total
synthesis due to the remarkable combination of the high
reducing ability of this reagent with an extraordinary control of
stereochemistry (Scheme 4).

Samarium diiodide (Sml,) catalyzed intramolecular reduc-
tive coupling reactions of ketyl radicals with unsaturated
compounds like alkenes, alkynes, and nitriles develop func-
tionalized carbocycles comprising tertiary alcohols. Intra-
molecular ketyl-olefin coupling reactions produce carbocycles
in great yield and favorable diastereoselectivity. The ketyl-
allene coupling reaction catalyzed by SmlI, delivers stereo-
controlled, highly functionalized carbocycles and heterocycles.
The reaction conditions play an important role in the regiose-
lectivity of free-radical additions to allenes ranging from
complete terminal attack to restricted central carbon addi-
tion.>™* Molander** reported also Sml,-mediated-ketyl cycliza-
tions with allenes to synthesize highly functionalized
carbocycles or heterocycles in acceptable to excellent yield and
great stereochemical control (Scheme 5).

Molander introduced a pathway that provided increased
selectivity for addition to the proximal sp” center, preventing
regio- and stereoisomeric product mixtures, and the prospect of
leading to sequential reactions (Scheme 6, pathway a). By using
HMPA as an additive, the reactions improve sufficiently and
when the toxicity of HMPA is a problem, DMPU can be used
instead albeit requiring longer reaction times.

The reactions underwent a chair-like transition state regu-
lated by the samarium alkoxide in the pseudoequatorial
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Scheme 6 Reaction pathways
cyclizations.

of Sml,-mediated ketyl-allene
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Scheme 7 Sml,-catalyzed intermolecular coupling of cyclopropyl
ketones and alkynes.

position to obtain high diastereoselectivity. The reaction
generated two neighboring stereocenters, and the resulting
hydroxyl group and alkene moiety can be utilized for additional
development. The ketyl-allene coupling can be extended to
SmlI,-mediated cascade reactions. In the absence of a hydrogen
donor, vinyl radicals are relatively rigid, making them favorable
for sequential reactions. The developed Sml,-catalyzed reac-
tions often desired superstoichiometric amounts of a metal co-
reductant to restore the Sm(u) catalyst. Procter™® recently
developed a Sml,-catalyzed intermolecular radical coupling of
aryl cyclopropyl ketones and alkynes to give cyclopentenes
using 15-25 mol% of SmI, in THF at 45 °C in good to excellent
yields without requiring a superstoichiometric co-reductant to
regenerate Sml,. The reactions underwent a reversible single-
electron transfer from SmI, to the ketone, opening the cyclo-
propyl ring, intermolecular coupling with the alkan closing of
the cyclopentene ring resulting in a ketyl radical. The ketyl
radical regenerated the Sm(u) catalyst by transferring an elec-
tron back to Sm(m) (Scheme 7).

SmlI,-mediated cascade reactions are remarkable synthetic
tools in the total synthesis of natural products and other
complex molecules affording ring formation and/or construct-
ing multiple stereocenters. Due to extraordinary properties of
samarium(n) iodide such as the excellent functional group

87%
C11-C17 segment 5

View Article Online

RSC Advances

tolerance, high Lewis acidity, fine-tuning the reactivity, the
thermodynamic control of single-electron processes, mild
reaction conditions, and particularly the ability of this reagent
to combine radical and ionic transformations to promote the
challenging transformations in any combination or order, it has
given rise to this reagent as a crucial tool to achieve the poly-
cyclic complex structures bearing multiple stereocenters from
simple, linear synthetic precursors via one-pot, multistep
sequences. Over the past decade in the synthesis of complex
natural products, various Sml,-catalyzed radical cyclizations to
develop different radical/anionic sequential strategies have
been utilized for the selective synthesis of complex carbocycles
bearing quaternary stereocenters. The ability of SmI, to mediate
both individual reactions in a remarkably particular way and
tandem reactions in an equally productive manner has
permitted different tandem reactions such as sequential radical
reactions, transformations initiated by radical sequences fol-
lowed by anionic reactions, anionic processes followed by
radical reactions and tandem anionic processes to be possible.
Several SmI, asymmetric reactions in presence of a chiral
auxiliary to develop the enantioenriched compounds have also
been reported, and are also expected to be a common method
for high selectivity. Several C-C bond formations using
samarium diiodide as electron-donor in the presence of chiral
auxiliary also exist.*? In Sml,-mediated asymmetric reactions,
samarium enolates can generate in situ which then undergo
asymmetric protonation.

The Reformatsky-aldol and the pinacol coupling can be
suitable methods to develop asymmetric synthesis considering
reasonable synthetic manipulation. Due to the strong oxophi-
licity of the samarium ion, high stereoselectivities will be ach-
ieved using samarium(u) complexes. The intelligent choice of
a chiral ligand is important. The suitable ligand should possess

Sml, EtCHO 3
THF, 78 °C
85%, dr=8.7:1

17/: (0]

Mycinolide IV (6)

Scheme 8 Enantioselective synthesis of 5 (C11-C17 segment of mycinolide v (6)).
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many oxygen or nitrogen atoms to coordinate with the
samarium and should not be reducible. The super-
stoichiometric amounts of SmI, and the ligand also has to be
considered. The ease of preparation and recyclability of the
ligand should also be evaluated in the case of green chemistry
and the development of asymmetric catalysis.®* Samarium
diiodide can be a useful reducing agent in asymmetric synthesis
for the mild cleavage of the chiral auxiliaries or certain pro-
tecting groups.

In continuation of our interest in total synthesis of natural
products,** in this reviews we try to underscore the applications
of SmI, in the total synthesis of natural products covering the
literature from 2004 to date.

OMs @)
. Et)J\KCHO
Me” X Me
H Me
7 8
OTBDPS

Sml,

THF, -78 °C
90%

Scheme 9 Total synthesis of (+)-acutiphycin 12.
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2. Applications of Sml,-mediated
reactions in natural products total
synthesis

2.1. Sml,-mediated functional groups transformations

Mycinolide v (6),” the aglycon of mycinamicin w, is a 16-
membered macrolide antibiotic and was isolated from Micro-
monospora griseorubida sp. nov.”® In 2005, Mukaiyama and
colleagues'® reported the enantioselective synthesis of the C11-
C17 fragment of mycinolide v using an asymmetric samar-
ium(n) iodide-mediated aldol reaction by installing a chiral
oxazolidinone on the unsaturated epoxide. The key steps
contain the preparation of samarium enolates by epoxide-

OTBDPS

OSiEt,
CHO

10

(+)-acutiphycin 12

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fragmentation of, y.3-oxiranyl-o,B-unsaturated esters with two
moles of SmI, and a stereoselective synthesis of d,'-dihydroxy-
B,y-unsaturated esters by aldol reaction of aldehydes with the
samarium enolates. This type of aldol reaction was effectively
utilized in the enantioselective synthesis of the C11-C17
segment of mycinolide v containing two chiral centers and
a trans double bond, and in the stereochemical assignment of
this compound.

The enantioselective synthesis of 5 (C11-C17 segment of
mycinolide v (6)) started with the reaction of 2,4-pentadienoic
acid ethyl ester 1 to produce y.3-oxiranyl-a,B-unsaturated ester 2
in 2 steps in 52%. Next, an asymmetric SmI,-mediated aldol
reaction of 2 and propanal 3 with 2 equiv. of SmI, at 78 °C
provided the aldol adduct 4 in 85% yield and high diaster-
eoselectivity (dr = 8.7 : 1). Compound 4 was then converted to
compound 5 in 2 steps and 87% yield (Scheme 8).

The complex macrolide (+)-acutiphycin 12 was originally
isolated from the blue-green alga Oscillatoria acutissima;
however, this alga no longer produces this metabolite. (+)-Acu-
tiphycin 12 shows an antineoplastic effect against murine
cancer cells and also exhibits cytotoxicity in contact with KB and
NIH/3T3 cell lines."”

In 2006, Jamison and colleagues*® reported a highly convergent
synthesis of (+)-acutiphycin 12 in 18 steps and an overall yield of
4.0% from commercial starting materials. Both the relative and
absolute stereochemistry of the synthetic (+)-acutiphycin 12 were
in good agreement with those reported for the natural product.
They used an alkynyl ether for the first time as a macrolactone
precursor in total synthesis. They also used an intermolecular,
Sml,-mediated Reformatsky reaction as a fragment coupling
procedure for the first time. The authors claimed that the devel-
oped synthetic route is a standard and compatible synthetic
pathway that facilitated the immediate and organized analysis of
the structure-activity relationships of (+)-acutiphycin 12.

The total synthesis of (+)-acutiphycin 12 began with the
coupling of alkyne 7 and aldehyde 8 to provide the required o-
bromoketone 9 in 5 steps and quantitative yield. While activated

(0]
©E_I(\\NH2 « Cl\/\H)J\COZt-BU
N o)
PMB

13 14
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zinc failed to generate the desired enolate, a SmI,-mediated
Reformatsky reaction of a-bromoketone 9 and aldehyde 10
afforded the B-hydroxy ketone 11 as a mixture of diastereomers
in 90% yield. (+)-Acutiphycin 12 was then synthesized from 11
in 10 steps (Scheme 9).

(£)-Subincanadine F 17, isolated from the barks of the Bra-
zilian medicinal plant Aspidosperma subincanum Mart.,” is
a bioactive indole alkaloid with cytotoxic activity in vitro toward
murine lymphoma L1210 cells and human epidermoid carci-
noma KB cells. Due to remarkable structural characteristics and
extraordinary pharmacological activities of the subincanadine
family of alkaloids, they have drawn much interest from
synthetic chemists.

In 2006, Zhai and coworkers® developed the first total
synthesis of (+)-subincanadine F 17, possessing a 1-azabicyclo
[4.3.1]-decane core. The six-step total synthesis of indole alka-
loid (+)-subincanadine F 17 began with 1-(para methoxybenzyl)
tryptamine 13, prepared from commercially available trypt-
amine in one step. Key steps contain a Sml,-mediated ring
opening and an acid-mediated Mannich reaction to construct
the bridge-containing tetracyclic scaffold of subincanadine F
17. They also developed the key intermediate tetracyclic
ketoester 15 in one step from a,B-diketoester 14. According to
the researchers, the developed strategy to (+)-subincanadine F
17 as well as the synthesized key intermediate tetracyclic
ketoester 15 can be potentially useful to synthesize various
indole alkaloids with related structures.

A reaction of 13 with «,B-diketoester 14 in acetonitrile at
room temperature for 8 h afforded the tetracyclic ketoester 15 in
a 75% yield. The tetracyclic core of subincanadine F 17 was
easily constructed via a samarium diiodide mediated ring-
opening of 15 in THF, at r.t. for 3 h and the 6/5/9 tricycle 16
was obtained in 86% yield. Finally (+)-subincanadine F 17 was
synthesized from 16 in 3 steps and 28% yield (Scheme 10).

Lactone-containing natural products (6R)-6-[(1E,4R,6R)-4,6-
dihydroxy-10-phenyldec-1-en-1-yl]-5,6-dihydro-2 H-pyran-2-one
23, (6S5)-5,6-dihydro-6-[(2R)-2-hydroxy-6-phenylhexyl]-2H-pyran-

CH3CN
rt, 8h, 75%

(¥)-subincanadine F 17

16
Scheme 10 Total synthesis of (+)-subincanadine F 17.
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2-one 24, isolated from Ravensara crassifolia,” belong to the biological activities such as antibacterial, anticancer, anti-
group of 5,6-dihydro-a-pyrone-containing natural products with ~ fungal, antifeedant, HIV protease inhibition, and antitumor
a substituted arylalkyl side chain at C6. These compounds activities. Compounds 23 and 24 show antifungal activities
continue to be of great interest because the B-unsaturated o- against the  phytopathogenic  fungus  Cladosporium
pyrones can function as Michael-acceptors for the amino acid  cucumarinum.”

residues of receptors. a,B-Unsaturated o-pyrones exhibit various

20 + 22

MOMO O

N Sml, , MeOH/THF
rt., 12 h, 76%

9

1
O
O NH,

21 22

18

(6R)-6-[(1E,4R, 6R)-4,6-dihydroxy-10-
phenyldec-1-en-1-yl]-5,6 dihydro-2H-
pyran-2-one 23

(6S)-5,6-dihydro-6-[(2R)-2-
hydroxy-6-phenylhexyl]-2H-
pyran-2-one 24

Scheme 11 Total synthesis of (6R)-6-[(1E, 4R, 6R)-4,6-dihydroxy-10-phenyldec-1-en-1-yl]-5,6 dihydro-2H-pyran-2-one 23 and (6S)-5,6-
dihydro-6-[(2R)-2-hydroxy-6-phenylhexyl]-2H-pyran-2 one 24.
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In 2014, Venkateswarlu and colleagues® reported an efficient
stereoselective total synthesis of the 6-alkylated pyranones (6R)-
6-[(1E, 4R, 6R)-4,6-dihydroxy-10-phenyldec-1-en-1-yl]-5,6 dihy-
dro-2H-pyran-2-one 23 and (6S)-5,6-dihydro-6-[(2R)-2-hydroxy-6-
phenylhexyl]-2H-pyran-2 one 24 from commercially available 5-
phenylpentan-1-ol 18 and l-aspartic acid 21. The key steps
include a SmI,-mediated reduction of alkoxy ketone, a Crim-
mins aldol reaction, and a Grubbs-II-catalyzed olefin cross-
metathesis. The spectral data and optical rotation of the
synthetic compounds 23 and 24 were in good agreement with
those of the natural product. The synthesis of 23 started from 5-
phenylpentan-1-ol 18 to provide the ketone 19 in 5 steps and
90% yield. Treatment of 19 with SmI, in THF and MeOH for 12 h
resulted in a stereoselective reduction of the oxo group to the

View Article Online
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yield. Compound 20 was then reacted with 5,6-dihydro-6-vinyl-
a-pyrone 22, which was prepared from l-aspartic acid 21 in 6
steps and 80% yield, to afford 23 in 2 steps and 78% yield. The
natural product 24 was also prepared in 7 steps starting from 5-
phenylpentan-1-ol 18 and resulted in a separable mixture of the
natural product 24 and bicyclic lactone 25 (7 : 3) in 78% yield
(Scheme 11).
Hydroxy(methyl)tetrahydronaphthalene
y(methyl)tetrahydronaphthalene are known classes of natural
products with various biological activities.>* The (+)-aristelegone
A 34, (—)-aristelegone B 28, and (—)-aristelegone D 30, isolated
from Aristolochia elegans; (+)-methylaristelegone A 33 (anti-
spasmodic), isolated from Aristolochia constructa;®®; (+)-her-
itonin 31 and (+)-heritol 32, isolated from Heritiera littoralis; (+)

and methox-

desired anti-1,3-diastereoisomer 20 as the major productin 76% mutisianthol 35 (antitumor), isolated from Mutisia
0] O (0]
8 OH WOAc
+ O —
MeO *
v MeO MeO
o E
26 27 (-)-Aristelegone B 28 (+)-29
(54%, 94% ee) (46%, 96% ee)
OH
OH
2
MeO
(-)-Aristelegone D 30
PPh;
O
S
O o ¢
s Cu /
MeO o) _AICly
MeO Molecular sieves 4 A, OXONE® MeO 80%
toluene, 60°C, 12 h, 74%, 93% ee

(-)-Aristelegone B 28

Smlzv ACZO

THF,0°C
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homoeantha;®® and (—)-7-methoxy-1,2-dihydrocadalene 36 and
(—)-7-methoxycalamenene 37, isolated from a Heteroscyphus
planus culture®” belong to the hydroxy(methyl)tetrahydronaph-
thalene class of natural products.

In 2015, Argade and coworkers*® developed the chemo-
enzymatic total synthesis of nine bioactive tetrahydronaphthalene-
based natural products using antipode (—)/(+)-aristelegone B 28 as
a single common precursor. Both (+)/(—)-isomers as potential
building blocks were prepared through the late-stage efficient
enzymatic resolution. It was planned to employ (£)/(+)/(—)-28/29 as

KzCO3, MeOH
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key building blocks bearing well-positioned substituents and
necessary functional groups to achieve the stereoselective collec-
tive synthesis of target compounds. The key steps were Sml,-
mediated deoxygenations, the syn-selective installation of hydroxyl
groups at the a-position of the ketone component, a sequence of
acylation-Wittig reactions, regioselective benzylic oxidations,
enantiomerically pure enzymatic resolutions, and stereoselective
reductions. The analytical and spectral data, obtained for the
synthetic product, were in good agreement with those reported for
the natural product (—)-28.

PhsR. S
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Scheme 13 Total synthesis of tetrahydronaphthalene-based natural products 28—-37.

9952 | RSC Adv, 2022, 12, 9944-9994

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08163b

Open Access Article. Published on 30 March 2022. Downloaded on 7/4/2024 10:22:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

The total synthesis of all assigned target compounds began
with the reaction of 2-methylanisole 26 and succinic anhydride
27 to obtain (—)-aristelegone B 28 (54% yield, 94% ee) and
(+)-acylaristelegone B 29 (46% yield, 96% ee) in 8 steps. The
natural product (—)-aristelegone D 30 was obtained from
(—)-aristelegone B 28 within two steps in 84% yield; therefore,
the first chemoenzymatic synthesis of (—)-aristelegone D 30 was
achieved in ten steps with an 8% overall yield. Tandem
acylation-Wittig reaction of (—)-aristelegone B 28 provided
(—)-heritonin 31 in a 74% yield (93% ee) and 8% overall yield in
nine steps without any racemization. Treatment of (—)-her-
itonin 31 with AICl; provided (—)-heritol 32 in 80% yield.
Cleavage of the hydroxyl group of (—)-aristelegone B 28 with
samarium iodide provided (+)-methylaristelegone A 33 in a 65%
yield. Further treatment of (+)-methylaristelegone A 33 with
BBr; gave (+)-aristelegone A 34 in a 74% yield, from which
(+)-mutisianthol 35 was then synthesized by a known procedure
in 5 additional steps. To synthesize (—)-7-methoxy-1,2-
dihydrocadalene 36, (—)-7 methoxycalamenene 37 and (+)-her-
itonin 31, the second enantiomerically pure building block
(+)-acylaristelegone B 29 was selected, which was achieved via
enzymatic resolution. Cleavage of the acetoxy group of (+)-acy-
laristelegone B 29 by samarium iodide furnished (—)-methyl-
aristelegone A 33 in an 84% yield. The reaction of
isopropylmagnesium bromide with (—)-methylaristelegone A 33
followed by acid-catalyzed in situ dehydration of the formed
intermediate tertiary alcohol yielded another natural product,
(—)-7-methoxy-1,2-dihydrocadalene 36, in a 92% yield; there-
fore, the first chemoenzymatic synthesis of (—)-7-methoxy-1,2-
dihydrocadalene 36 was accomplished in ten steps with an
8% overall yield. An enantioselective reduction of the naturally-
isolated natural product (—)-36 gave (—)-7-methoxycalamenene
37 wvia known procedure. Base-induced deacylation of
compound (+)-29 to establish (+)-aristelegone B 28, followed by
a similarly performed tandem acylation-Wittig reaction
provided the natural product (+)-heritonin 31 in a 71% yield.
The diastereoselective synthesis of the common precursor
(£)-aristelegone B 28 and its efficient enzymatic resolution
allowed for the syntheses shown below in Schemes 12 and 13.

(—)-Securinine 43 and (—)-14,15-dihydrosecurinine 44*° were
isolated from the roots of Securinega suffructicosa,*® and belong
to the Securinega alkaloids®' with a wide range of pharmaco-
logical activities. They have received considerable attention
from the synthetic community. Most securinine-type alkaloids
are characterized by possessing a unique tricyclic skeleton with
an o,B-unsaturated-y-lactone ring that exists only in the
Euphorbiaceae in species Phyllantus and Securinega.®
(—=)-Securinine 43 is the major component of the alkaloid frac-
tion in S. suffruticosa and is a potential central nervous system
(CNS) stimulant that shows antimalarial, antibacterial, and
cytotoxic activities.®® (—)-14,15-Dihydrosecurinine 44 is also
a potent CNS stimulant and an acute poison,*® and has potent
inhibition activities against [3H|GABA** and AChE.*

In 2015, Zheng and coworkers®® developed the total synthesis
of (—)-14,15-dihydrosecurinine 44 in 12 steps in an overall yield
of 14.4%. They also reported the total synthesis of (—)-secur-
inine 43 in 10 steps in an overall yield of 20.2% from the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intermediate 42. The key steps contain a six-step procedure to
construct the piperidine ring A, a Sml,-induced reductive
coupling reaction for the diastereoselective construction of a-
hydroxy-6-azabicyclo[3.2.1]Joctanone and an intramolecular
olefination reaction to form the butenolide ring D. The spectral
data of 43 and 44 were in good agreement with those previously
reported and the enantiopurity of the synthetic 14,15-dihy-
drosecurinine 44 was greater than 99% ee.

The total synthesis of (—)-14,15-dihydrosecurinine 44 and
(—)-securinine 43 started from optically pure maleimide 38 to
obtain imides 39a and 39b in 4 steps and 92% yield.

Reduction of 39a/39b with DIBAL-H, followed by Sml,-
induced reductive radical coupling with acrylonitrile provided
the desired stereoisomer 40 as the major product in a diaste-
reomeric mixture of 40a/40b (d.r. = 75 : 25 for 40a, d.r. = 88 : 12
for 40b). Of note, Sml,-mediated debromination of 39a
occurred if the reaction occurred at a temperature above
—40 °C. Compound 40a was then converted into ketonitrile 41
in 2 steps. Treatment of compound 41 with excess SmI, in
methanol afforded the cyclized product 42 as a single diaste-
reoisomer in 75% yield, from which (—)-securinine 43 and
14,15-dihydrosecurinine 44 were synthesized in 4 and 3 steps,
respectively (Scheme 14).

The vicinal amino alcohol motif occurs in various biologi-
cally active natural products, and several bioactive long-chain
vicinal amino alcohols such as obscuraminol A 48 have been
isolated from marine sources. The sphingolipid class of natural
products obtained from long-chain vicinal amino alcohols with
the 1-deoxygenated sphingosine core occurs in marine inverte-
brates, particularly in marine ascidian.’” Obscuraminol A 48 is
a vicinal anti-amino alcohol that belongs to the class of sphin-
goids possessing a polyunsaturated Z-skipped side chain in
their structure. Obscuraminol A 48 retains the same (25,3R)-
configuration as spisulosine and was isolated from the chloro-
form extracts of the marine ascidian Pseudodistoma obscurum.’®
This class of substances exhibits several bioactivities such as
cytotoxicity, antimicrobial, and antifungal effects.*

In 2016, Hansen and colleagues® reported the first stereo-
selective synthesis of the polyunsaturated amino alcohol
natural product obscuraminol A 48 in 6% overall yield over 11
steps from the ethyl ester of eicosapentaenoic acid 45. The key
steps were an anti- and enantioselective organocatalyzed Henry
reaction and a challenging chemoselective SmI,-mediated
reduction of a nitro-group in the Henry product. The configu-
ration of the four Z-skipped double bonds of synthesized
obscuraminol A 48 was maintained by the starting material, i.e.,
the ethyl ester of (all-Z)-eicosa-5,8,11,14,17-pentaenoic acid. The
synthesized obscuraminol A 48 was in complete agreement with
the natural product.

The stereoselective synthesis of obscuraminol A 48 started
with the ethyl ester of (all-Z)-eicosa-5,8,11,14,17-pentaenoic acid
45 to obtain the (2S,3R)-nitroaldol 46 in 94% yield and good
diastereoselectivity (anti/syn 11.5 : 1) in 8 steps. Reduction of
vicinal nitroaldols 46 into related amino alcohols with common
methods was not successful; therefore, they tried the previously
reported Sml,-mediated reduction method on the nitroaldol
product 46. Treatment of 46 with SmI, in MeOH/THF/H,0 gave
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Scheme 14 Total synthesis of (—)-securinine 43 and (—)-14,15-dihydrosecurinine 44.

the desired amino-alcohol 48 in 60% yield together with the
hydroxylamine 47 as a by-product. Increasing the reaction time
and molar equivalents of SmI, to 10 equivalents did not affect
the full conversion to the target molecule 48. The synthesized
obscuraminol A 48 validated the assigned structure of the
natural product 48. With lower diastereoselectivity than antici-
pated from the starting material defined to be 5.2 : 1 in favor of

9954 | RSC Adv, 2022, 12, 9944-9994

the desired anti-isomer and the absolute configuration of the
stereogenic centers in 48 to be 25,3R as initially allocated, this
provided evidence for the initial assignment of the relative
configuration of 46 also as anti. Hence, the absolute configu-
ration of the stereogenic centers in 48 is indeed 2S,3R as orig-
inally assigned (Scheme 15).
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Araiosamines A-D were isolated from the methanol extract
of a marine sponge, Clathria (Thalysias) araiosa.** They relate to
a small family of unusual marine alkaloids with extraordinary
structures with two guanidine units, three bromoindole
heterocycles and six contiguous stereocenters.

In 2016, Baran and coworkers* reported the total synthesis
of araiosamine A 52 and araiosamines C-D 54-55 in 11 steps.
Key steps featured the installation of guanidine through a new
chemoselective reagent, a Sml,-mediated stereoselective
reduction, chemo- and stereoselective C-H functionalization,
and a simple final step to synthesize the biosynthetic interme-
diate. The absolute configuration of these natural araiosamines
was not assigned; therefore, they synthesized (+)-araiosamine C
54, which was found to be the natural enantiomer, in reference
to the optical rotation. They show that the synthetic araios-
amines A,C, and D, 52, 54, and 55, respectively, exhibit signifi-
cant antibacterial activities against both Gram-positive and
-negative bacteria.

The total synthesis of araiosamines A, C, and D (52, 54, 55)
began with the commercially available 6-bromotryptophol 49 to
obtain oxime 50 in 8 steps. The reduction of the oxime in 50 was
a challenging step due to the sterically placed oxime moiety and
the existence of other functional groups being prone to be
reduced. Using lithium aluminum hydride and sodium or
different combinations of sodium borohydride and metal salts

© 2022 The Author(s). Published by the Royal Society of Chemistry

Obscuraminol A 48

caused debromination. Alone, the combination of SmI, and
H,0 reduced oxime 50 to primary amine 51 stereoselectively,
from which araiosamine A 52 and 1-epi-araiosamine A 53 were
then obtained in several steps. Heating the mixture of 52 and 53
resulted in araiosamines C 54 and D 55 (Scheme 16).

Honokiol 59, isolated from the bark of Magnolia officinalis, is
a neolignan, which exhibits a significant range of promising
biological activities such as antitumor* and anti-angiogenic**
activities. Honokiol 59 was isolated together with its isomeric
compound magnolol*® with similar physical properties, but
with different bioactivities.

In 2016, O'Neil and colleagues*® reported the total synthesis
of the honokiol 59 in 4 steps and 42% overall yield. The key
steps were a Suzuki coupling to construct the biphenyl core and
a samarium-mediated bis-benzoyl ester reduction to install
both allyl groups at the same time at the last stage to avoid
problems related to allylic deprotonation or isomerization.

This total synthesis demonstrates the capability of this
samarium diiodide for organic synthesis, establishing sensitive
olefins without any unwanted isomerization. It was anticipated
that the procedure could be scaled up for more biological
investigations.

The total synthesis of honokiol 59 began with the commer-
cially available aldehyde 56 which was utilized to obtain inter-
mediate diol 57 in 3 steps. Acylation of 57 with benzoyl chloride

RSC Adv, 2022, 12, 9944-9994 | 9955
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Scheme 16 Total synthesis of araiosamine A 52, araiosamine C 54, and araiosamine D 55.

and reduction of both benzoyl esters with SmI,/MeOH provided The sorbicillins belong to the class of polypeptide metabo-
dimethylhonokiol 58 in 98% yield and >10: 1 selectivity for lites derived from fungi.*” They exhibit considerable structural
both nonconjugated allyls substituents (Scheme 17). variety and biological activities.”® Rezishanone C 66 relates to
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a hybrid sub-type®®* of sorbicillins, which is generated via
a Diels-Alder reaction between sorbicillinol and several non-
sorbicillinoid-derived compounds with a dienophilic residue.
In the case of rezishanone C 66, it has been proposed that an
ethyl vinyl ether group is the dienophile included.

In 2017, Banwell and colleagues* reported the total
synthesis of target compound ent-66, the enantiomer of the true
structure of the sorbicillinoid rezishanone C 66 (sorbivinetone),
from a homochiral cis-1,2-dihydrocatechol 60. All the spectral
data of compound ent-66 were in complete agreement with the
assigned structure and the specific rotation was also compa-
rable but opposite sign to the reported data for rezishanone C
66. Therefore, they reported the total synthesis of ent-rezisha-
none C (ent-66) and instead of the originally illustrated struc-
ture, compound 66 was demonstrated as the correct structure
for rezishanone C 66. They performed dispersion-corrected DFT
calculations to approximate the transition state energies that
correlate with the different possible modes of Diels-Alder
cycloaddition occurring between sorbicillinol and ethyl vinyl
ether. These calculations proposed that the most energetically
favorable reaction path was directly to compound 66 instead of
the already proposed structures.

The total synthesis of rezishanone C 66 commenced from
homochiral cis-1,2-dihydrocatechol 60 to convert into the
desired ethyl ether 61 in 13 steps, which included several key
structural components of the scaffold of ent-rezishanone C 66.

Compound 61 was then subjected to dihydroxylation to
obtain a mixture of diols 62 (22%) and 63 (68%), which were
separated by chromatography. Diol 63 was then converted into
the desired ketone 64 in 7 steps (79%) from which the target ent-
66 was synthesized in 3 steps and 52% yield. Diol 62 was also
converted into ketone 64 by first converting to ketone 65 in 89%
yield over 2 steps. Then treatment of ketone 65 with samarium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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98%

diiodide in THF provided ketone 64 in 93% yield. An additional
four steps led to ent-rezishanone C 66 (Scheme 18).

Pyrrole-containing natural products, isolated from terrestrial
and marine origins,* show a various range of applications and
diverse interesting biological activities such as antimalarial,
antifungal, antibacterial, anticancer, antiprotozoal, etc.*
Chlorizidine A 72, a new pyrrole-containing natural product,
was isolated from Streptomyces sp. strain CNH-287 and exhibits
significant cytotoxicity against HCT-116 adenocarcinoma cell
line.*# Chlorizidine A 72 retains the 5H-pyrrolo[2,1-a]isoindol-5-
one scaffold, which was found for the first time in the field of
natural products and is perhaps responsible for the cytotoxicity.

In 2017, Mhaske and coworkers® developed the first total
synthesis of the methyl-protected (+) chlorizidine A 72 in 10
steps. The key steps were a Pd-catalyzed decarboxylative
coupling Mitsunobu reaction and a samarium iodide-mediated
Reformatsky reaction to synthesize the unique 5H-pyrrolo[2,1-a]
isoindol-5-one ring and 2,3-dihydropyrrolizine scaffold. Chlor-
izidine A 72 is highly prone to degradation; hence, the methyl
group of (+)-chlorizidine A 72 was protected. The spectral and
analytical data of the synthesized methyl-protected chlorizidine
A 72 were in complete agreement with the reported data, which
confirms the structure of the isolated natural product chlor-
izidine A 72. The designed synthetic route is suitable to
synthesize other potential analogues for structure-activity
relationship analyses.

The total synthesis of the methyl-protected (+)-chlorizidine
A 72 began with the reaction of dichloro ester 67 and alcohol 68,
which were coupled and transformed to the desired aldehyde 69
within 6 steps. With aldehyde 69 in hand, they installed the 2,3-
dihydropyrrolizine ring system through the effective use of
a samarium iodide-mediated Reformatsky reaction with bro-
moketone 70 in THF under reflux to synthesize the B-hydroxy

RSC Adv, 2022, 12, 9944-9994 | 9957
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ketone 71 in 70% yield. The methyl-protected (+)-chlorizidine A
72 was then synthesized in 3 steps (Scheme 19).

Kedarcidin 77, isolated from Streptoalloteichus sp. ATCC
53650 (not Saccharothrix),”* is a nine-membered cyclic ene-
diyne, in which an alkene directly is attached to two alkynyl
appendages. The kedarcidin chromophore is a highly unstable
natural product. It consists of an ansa-bridged enediyne chro-
mophore and an apoprotein that stabilizes the toxin in the
Actinomycete.*> Kedarcidin 77 is a chromoprotein antitumor
antibiotic and shows selective in vivo antitumor activity against
P388 leukemia and B16 melanoma cells.*

In 2019, Lear and coworkers® reported the total synthesis of
Myers' structure of the kedarcidin chromophore 77 in 17 steps
from gram-scale intermediates. Key steps contain

9958 | RSC Adv, 2022, 12, 9944-9994

rezishanone C 66

a stereoselective epoxyalkyne formation, an a-selective glyco-
sylation, a Mitsunobu aryl etherification to establish a steric 1,2-
cis-configuration, a Sonogashira-Shiina cyclization sequence,
a Ohfune-mediated amidation, a Ce(m)-mediated nine-
membered enediyne cyclization, and a SmlI,-mediated reduc-
tive olefination. HRMS data of the synthetic natural product 77
was achieved for the first time.

The total synthesis of kedarcidin 77 began with the iodocy-
clopentenone 73 as its C10-OSET silyl ether to establish the
nine-membered enediyne cyclisation and to prepare C4-O-
trifluorobenzoate (TFBz) ester 74 or 75 in 15 steps. Deoxygen-
ation of 74 or 75 by SmlI, in THF at —20 °C for 5-10 min gave
olefin 76. Finally, deprotection of 76 under buffered hydrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fluoride conditions resulted in kedarcidin chromophore 77
(Scheme 20).

Rumphellclovanes E 82, a rare marine natural product and
family member of clovane-type sesquiterpenoids, was isolated
from the gorgonian coral Rumphella antipathies.>* Clovane-type
sesquiterpenoids comprise a tricyclo[6.3.1.01,5]dodecane ring
system including three to five stereocenters, of which at least
two of them are quaternary centers.

Clovane-type sesquiterpenoids exhibit several biological
properties such as inhibition of superoxide anion and elastane,
produced by human neutrophils,® and inhibition of embryonic
hippocampal and cortical neurons enlargement.>

In 2021, Liu and coworkers®® reported the first asymmetric
total synthesis of rumphellclovane E 82, in eight steps from
commercially available (R)-carvone 78 via a B-AB-ABC
sequence. Key steps included a SmI,-mediated chemo- and
diastereoselective reduction of the cyclopentanone to install the
desired stereocenter at C2, an iron-catalyzed intramolecular
reductive aldol reaction to construct ring C, and a Rh-catalyzed
cyclopropanation to construct ring A. The structure of rum-
phellclovane E was confirmed by X-ray crystallographic analysis.
'H and "*C NMR data of synthetic rumphellclovane E 82 were in
good agreement with those of the natural product. However, the
optical rotation of the synthetic 82 was different from that of
natural product probably because of the insufficient quantity
attained from nature. According to the authors, the developed
total synthesis will be a general strategy to synthesize the
clovane-type sesquiterpenoids.

The total synthesis of rumphellclovane E 82 began with the
reaction of (R)-carvone 78 and the diazo compound 79 to afford

© 2022 The Author(s). Published by the Royal Society of Chemistry

ketone 80 in 7 steps and 86% yield. Treatment of 80 with SmI, in
THF/H,O0 (10 : 1) at 0 °C provided the reduction product 81 in
76% yield. The slow addition of diluted SmI, solution
(0.1 mol L ™" in THF) in this step was especially important for
sufficient yield. Finally, TBS deprotection of the hydroxyl at C9
in 81 using HF-Et;N (10 : 1, v/v) in THF at room temperature
delivered rumphellclovane E 82 in 86% yield. Rumphellclovane
E 82 was also synthesized in 100 mg-scale in one pot from 80 in
67% yield (Scheme 21).

2.2. Sml,-mediated cyclization reactions

Miharamycins A 87 and B 88, isolated from Streptomyces
miharaensis SF-489, are novel 2-aminopurinyl peptidyl nucleo-
side antibiotics (PNAs) with complex nine-carbon core saccha-
rides and N5-hydroxyarginine. They show significant inhibition
effects for the rice blast disease caused by Pyricularia oryzae.>”
In 2008, Blériot and colleagues®™ reported the relative
configuration at C-6' of miharamycin A 87 and the structure of
miharamycin A 87 was confirmed. They also attempted to
develop the first total synthesis of miharamycin B 88. They
synthesized the remarkable core structure of miharamycin B 88,
though efforts to deprotect the core structure 86 failed to
provide the miharamycin B 88. The key steps contained a SmlI,-
mediated keto-alkyne coupling to construct the bicyclic sugar
moiety and the regio- and stereoselective N-glycosylation to
form the nucleosidic part of miharamycin B 88. According to the
researchers, the reported synthetic route could be applied to
synthesize structurally similar nucleoside natural products, like
amipurimycin. First, the relative configuration at C-6' of
miharamycin A 87 was determined. Since both antibiotics have
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been isolated from the same microorganism and most of the
peptidyl nucleoside family of antibiotics retain S-configured
natural amino acids, they proposed the S- configuration at C-6'
of both miharamycins A 87 and B 88.

The total synthesis of miharamycins B 88 began with the
SmlI,-mediated 5-exo-dig ketyl-alkyne cyclization of o-prop-
argyloxy ketone 83 in the presence of hexamethylphosphor-
amide (HMPA) and (BuOH at room temperature to give the
desired exoalkene 84 in 94% yield. The desired C-6 (S)-azido
ester 85 was then synthesized from 84 in 6 steps and 82% yield.

9960 | RSC Adv, 2022, 12, 9944-9994
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HO
HO 2 Kedarcidine 77

Compound 85 was then converted into N-benzyloxycarbonyl-
protected miharamycin B core 86 in 4 steps and 70% yield
(Scheme 22).

(—)-GB 13 96* and (+)-GB 16 97,* isolated from the bark of
Galbulimima belgraveana, belong to the gabulimima alkaloid
natural products. GB alkaloids have held the attention of the
organic synthesis community due to the extraordinary struc-
tures of these alkaloids, but also in the pharmaceutical
industry, particularly because the Galbulimima belgraveana bark
has been used as a medicine and some of the members of these

© 2022 The Author(s). Published by the Royal Society of Chemistry
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alkaloids show potent muscarinic or thrombin receptor antag-
onist activities.®* Vorapaxar (SCH 530348), based on the natural
product himbacine, is a thrombin receptor antagonist, and is
used for preventing heart attacks in patients with acute coro-
nary syndrome.

In 2010, Ma and coworkers® developed a convergent strategy
for the asymmetric total synthesis of the alkaloid (—)-GB 13 96
in 19 linear steps and an overall yield of 6.1% from the
commercially available starting material. The key steps contain
a Mukaiyama-Michael addition for connecting two bicyclic
fractions and a SmlI,-mediated carbonyl-alkene reaction to
construct the C ring. They also developed the first total
synthesis of (+)-GB 16 97 using an advanced intermediate from
the (—)-GB 13 96 total synthesis as a starting material. The
analytical data of synthetic 96 and 97 were in good agreement
with those reported for the natural products. X-ray crystal
structure analysis of (+)-GB 16 97 was also reported.

Total synthesis of the alkaloid (—)-GB 13 96 began with the
preparation of the two needed bicyclic fractions 90 and 92 for
the Mukaiyama-Michael addition. The desired enone 90 was
prepared using (S)-3-aminobutan-1-ol 89 in 5 steps and 79%
yield. In a parallel procedure, the lactone 92 was prepared from
olefin 91 in 4 steps and 89% yield. The addition of lactone 92
onto the enone 90 provided ketone 93 in 80% yield. Further

© 2022 The Author(s). Published by the Royal Society of Chemistry

reaction of 93 generated the desired enone 94 in 5 steps and
74% yield. SmI,-mediated ketyl-alkene reductive coupling of
enone 94 by slowly adding the enone 94 to a solution of SmI, in
THF at reflux without any additives, followed by the oxidation
with Dess-Martin periodinane constructed C ring and resulted
in the desired reductive coupling product 95 in 75% yield.
Finally, (—)-GB 13 96, was synthesized from 95 in 2 steps and
71% yield. (+)-GB 16 97 was synthesized from lactone 93 in 8
steps and 87% yield (Scheme 23).

Sieboldine A 105, isolated from club moss Lycopodium sie-
boldii, and alopecuridine, isolated from L. alopecuroides (foxtail
club moss), are two members of the fawcettimine-type Lycopo-
dium alkaloids with unusual polycyclic structures and a broad
range of biological activities.®® The Lycopodium alkaloids are
a growing family of structurally various and complex natural
products. To date, more than 250 Lycopodium alkaloids have
been isolated and characterized. Due to their exciting molecular
structures and significant biological activities, the Lycopodium
alkaloids are challenging targets for their total synthesis and
have attracted broad attention from biogenetic and biological
points of view.

Sieboldine A 105 is a significant acetylcholinesterase (AChE)
inhibitor and shows significant cytotoxic activity against murine
lymphoma L1210 cells.®*** Both alkaloids comprise a unique

RSC Adv, 2022, 12, 9944-9994 | 9961
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tetracyclic skeleton and two contiguous quaternary stereo-
centers, additionally, sieboldine A 105 possesses an N-hydrox-
yazacyclononane ring bridged to a tetrahydrofuran ring.

In 2011, Tu and coworkers® reported the first total synthesis
of (+)-alopecuridine-TFA 104 and a biomimetic synthesis of
(£)-sieboldine A 105 through the known iodide 98 in 13 and 15
steps, respectively. Key steps contain a semipinacol rearrange-
ment of a medium-sized ring and a Sml,-mediated intra-
molecular pinacol coupling. The spectroscopic data for
synthetic alopecuridine-TFA 104 and sieboldine A 105 were
identical to those reported for the natural product.

The total synthesis of (+)-alopecuridine-TFA 104 and its
biomimetic conversion into (+)-sieboldine A 105 began with the
preparation of two coupling fragments 99 and 101. Iodoalkene
99 was prepared from known iodide 98 in 3 steps and 75% yield.
Ketone 101 was prepared from commercially available azepine
100 in 2 steps and 75% yield. The two fragments, 99 and 101,
were then coupled to give aldehyde 102 in 3 steps and 86%
overall yield. The key tricyclic core and two contiguous quater-
nary carbon atoms of alopecuridine-TFA 104 were constructed

9962 | RSC Adv, 2022, 12, 9944-9994

through the Sml,-mediated stereoselective intramolecular
pinacol coupling of aldehyde 102 in THF at 0 °C and resulted in
cis-diol 103. Finally, alopecuridinium trifluoroacetate 104 was
synthesized from diol 103 in 4 steps and 96% yield. The
biomimetic transformation of (+)-alopecuridine-TFA 104 to
sieboldine A 105 occurred over two steps in 60% yield
(Scheme 24).

In 2012, Wang and coworkers®® developed an efficient
strategy for the asymmetric total synthesis of (+)-alopecuridine
108, (+)-sieboldine A 109, and (—)-lycojapodine A 110, in 15,
16, and 16 steps, respectively, starting from chiral enone 106. All
three alkaloids are structurally similar fawcettimine-type alka-
loids and possess a unique tetracyclic skeleton and two
contiguous quaternary stereocenters. (—)-Lycojapodine A 110,
isolated from the club moss Lycopodium japonicum, retains anti-
HIV-1 activity. Both (—)-lycojapodine A 110 and (+)-sieboldine A
109, are also acetylcholinesterase (AChE) inhibitors.

The key steps for the total synthesis of (+)-alopecuridine-TFA
108 contain the construction of the spiro 6,9-azacarbocycles
with an all-carbon quaternary center via a semipinacol

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rearrangement of a hydroxyl epoxide, and the construction of
the 5-membered ring through a late-stage Sml,-induced intra-
molecular pinacol coupling reaction. The biogenetic relation-
ship of these three alkaloids was also confirmed through the
biomimetic synthesis of (+)-sieboldine A 109 and (—)-lycojapo-
dine A 110. An N-oxidation/nitrone formation reaction of
(+)-alopecuridine-TFA 108 resulted in the synthesis of (+)-sie-
boldine A 109. The biogenetic synthesis of (—)-lycojapodine A
110 from (+)-alopecuridine-TFA 108 through diol formation/
diol cleavage strategy was developed for the first time. The
spectral data of the synthetic products were in good agreement
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with the reported values and their rotations were identical to
those of the natural products and confirmed the absolute
configurations.

The asymmetric total synthesis of (+)-alopecuridine - TFA 108
and sieboldine A 109 began with the known enone 106 to
provide chiral bromoalkene 107 in 6 steps, from which aldehyde
102 was prepared in 5 steps and 86% yield. Sml,-induced
intramolecular pinacol coupling of aldehyde 102 provided
tricyclic compound 103. Finally, (+)-alopecuridine - TFA 108 was
obtained from 103 in 3 steps and 96% yield. The one-pot
synthesis of (+)-sieboldine A 109 occurred through the

Boc
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Scheme 23 Total synthesis of (—)-GB 13 (96) and (+)-GB 16 (97).
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biomimetic oxidation of (+)-alopecuridine-TFA 108 using m-
CPBA in CH,Cl, followed by addition of HgO in MeOH to
generate 109 in 60% yield. Lacojapodine A 110 was synthesized
in 82% yield through the biomimetic oxidation of (+)-alope-
curidine-TFA 108 using MnO, in CH,Cl, at room temperature
(Scheme 25).

The fawcettimine-type Lycopodium alkaloids, containing
alopecuridine 108,** sieboldine A 109,°* and lycojapodine A
110,°¢ (+)-fawcettidine 119 and (+)-fawcettimine 120 have
continued to be of great interest to synthetic chemists. The

9964 | RSC Adv, 2022, 12, 9944-9994

serratinine-type Lycopodium alkaloids, such as (—)-8-deoxy-
serratinine 121,°’¢ exemplify another important class of Lyco-
podium alkaloids possessing a 6/5/6/5 tetracyclic framework
with two contiguous quaternary stereogenic centers. They are
structurally comparable to the fawcettimine-type alkaloids. The
fawcettimine-type alkaloids are different from other classes of
Lycopodium alkaloids because of the extensive ring-chain
tautomerism, which is important to their biogenesis.

In 2013, Lei and colleagues® reported the total synthesis of
both fawcettimine- and serratinine-type Lycopodium alkaloids

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(+)-alopecuridine 108, (—)-lycojapodine A 110, (+)-fawcettidine
119, (+)-fawcettimine 120 and (—)-8-deoxyserratinine 121, from
a known precursor 111 in either 12 or 13 steps employing a very
compact pathway stimulated by the suggested biosynthesis of
the fawcettimine- and serratinine-type alkaloids. The key steps
contain an intramolecular C-alkylation to install the spiro
quaternary carbon center and the aza-cyclononane ring, SmlI,-
mediated pinacol couplings to synthesize the tricyclic skeleton
and also to confirm the relative stereochemistry of the oxa-
quaternary center, and a sequential transannular N-alkylation
to achieve the desired tetracyclic core. The total synthesis of
(—)-lycojapodine A 110 was achieved either via a late-stage IBX/
TFA-mediated tandem oxidation reaction or through a one-pot
biogenetic pathway from (+)-alopecurdine 108. The spectro-
scopic data of the synthetic 119, 120, and 121 were in good
agreement with those already reported.

The total synthesis of 108, 110 and 119-121 started from the
common intermediate 111, to obtain aldehydes 112 and 113.
Pinacol coupling of 112 using SmI, in THF at room temperature
resulted in diol 114 as the sole product in 86% yield. A pinacol
coupling reaction of aldehyde 113 using SmlI, in THF in the
presence of HMPA at —78 °C to room temperature resulted in
the 4,5-trans diol 115 as the sole product in 67% yield.
(—)-Lycojapodine A 110 was synthesized via a late-stage IBX/
TFA-mediated tandem oxidation reaction of tautomer-locked
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diol 116, which was synthesized from diol 114 in 3 steps and
54% yield. (—)-Lycojapodine A 110 was also synthesized via
a one-pot process using a-ketol 117, which was obtained from
diol 114 in 2 steps and 50% yield. Removal of the Boc group
from a-ketol 117 with TFA and neutralization with NaHCO;
afforded (+)-alopecuridine-TFA 108 in 94% yield. Additionally,
the successive biomimetic transformation of (+)-alopecur-
idine-TFA 108 also resulted in (—)-lycojapodine A 110. The
absolute configuration of 108 was also confirmed (Scheme 26).

The total syntheses of (+)-fawcettimine 119, (+)-fawcettidine
120, and (—)-8-deoxyserratinine 121 were achieved using 8-
deoxy-13-dehydroserratinine 118, which retained the key aza-
quaternary carbon center at C4 and was prepared from diol
115. Treatment of 118 with NaBH, at 0 °C afforded (—)-8-deox-
yserratinine 121 in 98% yield. The reductive reaction of 118 with
Zn/AcOH at 140 °C resulted in (+)-fawcettidine 119 in 95%.
Finally, (+)-fawcettimine 120 was attained by treatment of 118
with SmI, in THF/H,O at 0 °C in 51% yield (Scheme 27).

(—)-Actinophyllic acid 129, isolated from the leaves of the
tree Alstonia actinophylla,” is a biologically active indole alka-
loid with five contiguous stereocenters and a potent inhibitor of
the zinc-dependent carboxypeptidase U (CPU). Inhibitors of
CPU promote fibrinolysis and inhibit blood clot formation
which is a cause of several cardiovascular disorders.”®”*
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s ©\/\/ MOMOL O smiy, HMPA N
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N

Scheme 25 The total synthesis of (+)-alopecuridine-TFA 108, (+)-sieboldine A 109 and lacojapodine A 110.
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In 2016, Kwon and coworkers’ reported the first enantio-
selective total synthesis of (—)-actinophyllic acid 129 in 13 steps
from a known aldehyde in 12.4% yield. They used the same

9966 | RSC Adv, 2022, 12, 9944-9994

were

starting materials for the synthesis of (—)-actinophyllic acid 129
as the racemic synthesis of actinophyllic acid. The key steps

a chiral phosphine-catalyzed [3 + 2] annulation of an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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allenoate and an indole imine to prepare a proline interme-
diate, a Cul-catalyzed coupling to form the tetrahydroazocine
ring, an intramolecular alkylative lactonization, a SmI,-medi-
ated intramolecular pinacol coupling between a ketone and
a lactone to construct the caged framework of (—)-actinophyllic
acid 129, and a remarkable regioselective dehydroxylation. The
spectral data of the synthesized structures were in complete
agreement with those reported in the literature.

The asymmetric total synthesis of (—)-actinophyllic acid 129
began with the [3 + 2] annulation between N-nosylimine 122 and
benzyl allenoate 123 using phosphine B 124 and 20 mol% s-
BINOL 125 and as the additive gave the desired (S)-enantiomer
126 with the enantioselectivity of 94% ee in 99% yield. With the
desired (S)-enantiomer 126 in hand, the lactone 127 was
synthesized in 35—48% yield in 5 steps. To synthesize the
desired coupling product 128 from the lactone 127 via a pinacol
reaction, Kwon and colleagues evaluated several single-electron-
transfer reagents, comprising Ti;*, Li, Na, and Sm>*. Only the
reaction of lactone 127 with SmI, and 10 equiv. of -BuOH in
THF furnished the desired hemiketal 128 in quantitative yield,
from which (—)-actinophyllic acid hydrochloride 129 was
synthesized over 2 steps in 90% yield (Scheme 28).

© 2022 The Author(s). Published by the Royal Society of Chemistry

(+)-Mintlactone 134 and (—)-isomintlactone 135, isolated
from Bursera graveolens, are bicyclic monoterpene natural
products with two stereocenters.” These compounds typically
have a sweet aroma and are used as food additives, tobacco
additives, and intermediates for the synthesis of dihydrogen
mint and menthofuran.”

In 2017, Wang and coworkers™ introduced the divergent
procedure for the total synthesis of (+)-mintlactone 134 and
(—)-isomintlactone 135 through a Sml,-mediated intra-
molecular radical cyclization to construct two rings and a ster-
eocenter in one step.

The stereochemistry of the final natural products was
controlled by the stereocenter of (—)-citronellol 130 and facili-
tated by the coordination of the oxygen atoms of the aldehyde
and ester with the samarium atom in the transition state. This
strategy would be used as a general route for the synthesis of
complex natural products with a butenolide moiety. The total
synthesis of (+)-mintlactone 134 and (—)-isomintlactone 135
began with (—)-citronellol 130 to obtain aldehyde 131 in 3 steps,
from which a,B-unsaturated ester 132 was prepared in 3 steps.
Sml,-induced radical cyclization of the key substrate 132 with
SmlI, in anhydrous THF and ¢-BuOH at —20 °C under an argon
atmosphere provided bicyclic product 133 in 68% yield, from

RSC Adv, 2022, 12, 9