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Total syntheses of strained polycyclic terpenesy
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Terpenoids constitute a broad class of natural compounds with tremendous variability in structure and
bioactivity, which resulted in a strong interest of the chemical community to this class of natural
products over the last 150 years. The presence of strained small rings renders the terpenoid targets
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interesting for chemical synthesis, due to limited number of available methods and stability issues. In this
feature article, a number of recent examples of total syntheses of terpenoids with complex carbon
frameworks featuring small rings are discussed. Specific emphasis is given to the new developments in

strategical and tactical approaches to construction of such systems.
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Introduction

Terpenes have fuelled discovery in society and science for
decades. Terpene-derived vitamins, fragrances, drugs, pig-
ments, and materials cured, cared, and coloured our society
and our lives. Progress in science was driven by the complex
molecular architecture of terpenes, their potent bioactivity, and
their economic potential over the last century up to this decade.
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Synthetic chemistry greatly was inspired and challenged by
the often intricate and elaborate carbon framework of terpenes
and total synthesis as a research approach, the development
of synthetic and analytical methods, correlation through
chemical degradation, and tactics and strategies were con-
stantly improved.

Over the last decade, many novel tactics and strategies in
terpene synthesis were developed and powerful new methods
were put to the acid test on complex terpenoid structures; and
the progress was reviewed in many excellent articles.” It is the
goal of this feature article to discuss and to highlight recent
examples in the total synthesis of polycyclic terpenoids featur-
ing small rings. These cyclopropane and cyclobutane deriva-
tives often pose rather different constraints on both methods
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and on tactics and strategies, due to ring strain, the associated
higher energy, and undesired side-reactions such as cyclopro-
pane opening or rearrangements.

Additionally, we provide problem-sets associated with these
syntheses in the ESLf These questions could be used by
interested readers or in group meetings to learn and to discuss
chemical challenges and their solutions. We hope the readers
will find these useful and that these examples also benefit
the educational aspects of this feature article. It is a part of our
larger efforts to contributing to the education of the commu-
nity by providing materials on complex molecular assembly
problems.

Terpenoids with small rings
Overview of different targets

Total synthesis of terpenoids is a highly dynamic field with
dozens of targets both classical and newly isolated being
synthesised every year. In order to put the small ring containing
terpenoids in a broader context, Chart 1 summarises a number
of polycyclic terpenes®>® prepared over the last 5 years, high-
lighting key reactions, utilised to form the corresponding ring
systems. This chart is intended to give a reader an overview of
modern approaches to construction of polycyclic carbon archi-
tectures in modern synthetic chemistry. While it is beyond the
scope of this article to discuss these synthetic endeavours, the
reader is encouraged to read the original literature, if a natural
product and its associated complex structure catches the inter-
est. In the following sections, a portfolio of strained polycyclic
terpenes syntheses will be discussed as case studies.

ent-Shagenes

Shagenes A (2) and B (46) are marine tricyclic terpenoids,
discovered in 2014 by Baker and co-workers,’” featuring a
unique 3/6/5-membered ring system. These interesting targets
were synthesised by Tsukano, Takemoto, and co-workers in
2021 (Scheme 1).> One particular challenge in this polycyclic
terpenoid involving the cyclopropane unit was the presence of a
vinyl substituent, which potentially could lead to instability
during chemical transformations. Three all-carbon rings were
forged in only two chemical steps, showcasing fast and con-
trolled construction of molecular complexity.

The synthesis starts with enantiopure lactone 36 (prepared
via Helmchen’s approach®®), which was opened by addition of
lithiated benzyl ether of 2-ethyl-3-butyn-2-ol. The obtained
ketoalcohol 37 was selectively closed back to lactone by hydro-
acylation with Noyori’s transfer hydrogenation catalyst (dr
18:1).*° The propargyl ether side chain was converted to the
corresponding allene by a Au-catalyzed 1,5-hydride shift/frag-
mentation sequence’® to give 38. Subsequent addition of the
acetonitrile conjugate base to the lactone 38, followed by
hydroxy group protection with TBDPSCI], cleavage of the inter-
mediate Si enol ether with base, and Regitz diazo transfer by
4-acetamidobenzenesulfonyl azide (p-ABSA) furnished formation
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of the compound 40, the substrate for the key cyclisation step of
the synthesis.

The intramolecular cyclopropanation was found to be the
most efficient under Rh,(esp), catalysis (5 mol%) providing the
bicyclic intermediate 41 with the tetrasubstituted cyclopropane
in 77% yield and high diastereoselectivity (dr 13:1). The
presence of the TBDPS protecting group on the hydroxy group
in 40 was crucial for high selectivity, as the selectivity dropped
to 3.4:1 with the TBS protected substrate. Successful and
stereocontrolled formation of the bicyclic core allowed further
modifications in order to set the stage for the ring closing
metathesis (RCM) based construction of the 5-membered cycle.
The product 41 was treated with allyl magnesium bromide
solution, followed by protection group exchange (to TBS). Then,
the nitrile group in 42 was converted to an acetenamide by
methyllithium addition and subsequent acylation, affording
triene 43, which in turn was submitted to RCM catalysed
by second generation Hoveyda-Grubbs catalyst, forging the
shagenes’ complex tricyclic core (44) in 86% yield after
hydrolysis.

With the shagenes’ carbon framework successfully con-
structed, further functional group manipulations gave first
intermediate 45, namely by dehydration with Burgess reagent
to install the enone on the 5-membered ring, followed by
isolated double bond isomerisation to iso-propenyl group on
the cyclopropane ring with Crabtree’s catalyst.*' Subsequent
methyllithium 1,2-addition, followed by Dauben oxidative
allylic rearrangement, and TBS group exchange to acetyl pro-
vided access to shagene B (46), while enone 1,2-reduction with
DIBAL-H followed by methylation with Mel/NaH before the
hydroxy-group protection exchange provided shagene A. Inter-
estingly, optical rotation data provided evidence that the enan-
tiomers of the shagenes were obtained in synthetic form. This
synthesis serves as a highly interesting example for the con-
struction of small rings based on the reaction of diazoketones
with allenes.

Peyssonnosol

Peyssonosol (21) provides another unique carbocyclic system
with a cyclopropane ring in the heart of the structure. This
aglucone of peyssonnosides A and B was isolated by Kubanek
and co-workers in 2019"*> as marine sulfated ditepenoid gluco-
sides. This natural product features a 5/6/3/6-membered tetra-
cyclic skeleton with an unusual pentasubstituted cyclopropane.
Recently, Chesnokov and Gademann®” reported the successful
total synthesis of this polycyclic terpenoid target (Scheme 2).
The challenge of the cyclopropane was its liability to ionic or
radical conditions during the course of the synthesis, which
required careful orchestration of the sequential ring construc-
tion starting from a 5-membered cyclic precursor.

The literature known®® cyclic silyl enol ether 48 was reacted
with enone 47 in Mukaiyama-Michael reaction under BF;-Et,O
catalysis. Subsequent base-mediated condensation and cyclisa-
tion gave compound 50, finishing the Robinson annulation
sequence. Diastereoselective Luche reduction set the stage for
the key cyclopropane installation. Furukawa modification** of

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc00926a

Open Access Article. Published on 30 March 2022. Downloaded on 12/4/2025 9:22:08 PM.

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

(cc)

ChemComm

OMe

bﬁw

5 OH pij |
NHC-catalyzed H 108 ipling
Michael addition "'® cycloproponatlan
with diazo Mé

Echinocidin B (1)
(Scheidt, 2017)

Fries/
Friedel-Crafts",

%fmmm

s~ electrocyclization

Atlanticone C (6)
(Bach, 2019)

M
e ,FgCM H Pauson-Khand

N Me
Sml-induced
radical cyclization

Astellatol (11)
(Xu, 2018)

Diels-Alder

Me ./:O ’H\

Curcusones I-J (16)
(Dai, 2017)

Robinson Me\/Me
annulation~ Me =

Me" S
LH
Simmons
RCM-~ /g -Smith

HO Me

Peyssonnosol (21)
(Gademann, 2021)

Robinson
annulation
M%@
OHMe a/dol
Periconianone A (26)
(Gademann, 2017)

Pauson-} Khand

Cephinoid H (31)
(Hu, 2021)

(+)-Shagene A (2)
(Takemoto/Tsukano, 2021)

OMe

Me Me radlcal
polycyclization

(+)-Cyclobutastellettolide B (7)
(Yang/Huang, 2021)

Cross- electrophl/e

—AMuka/yama
Claisen /' \’Q

rearrangementy R, Me

Curcusones A-B (12)
(Dai/Adibekian, 2021 / Stolz, 2019)

Ider-ene

Rl

Caribenol A (17)
(Trauner, 2017)

alky-Li C-H insertion
acylation \ Me_ Me
WBr

Aplydactone (22)
(Burns, 2016
Trauner, 2016
Zhang, 2017)

Me __ enyne

Hydroxykempenone (27)
(Metz, 2017)

Robinson
annulation
(e

e

Me 2= H
Pd-catalyzed
cascade
Cephanolide B (32)
(Zhao, 2018)

‘nx O

H Mer..
1~ Michael Q

*OAc

H
OAc | \Smlz-mduced
aldol radical cyclization

(+)-Plumisclerin A (3)

radical_ - Me
cycllzaho’(}I T H

(+)-Pepluanol A (4)

(Yao, 2018) (Gaich, 2021/ Ding, 2017)
oDanhelser
i
Me O ‘Me Pauson-Khand
_- Simmons-Smith aldol \/,

"~Heck
"H

View Article Online

Feature Article

Me

S’"’2"’7‘1“"9‘10aldol condensation
radical cyclization

Steenkrotin A (5)
(Ding, 2015)
H Me

Me reductive, S
~~ Smly-induced Heck H- HAT-cyclization
3 Hradical cyclization Me Me ; o \
H Me radical cycllzat/,\o/ln 5 alkeny/ -Li
o) \\\ addition
Conidiogenone B (9)
Naupliolide (8) (Tu, 2016 (+)-Euphonkanm A (10)
(Ito, 2016) Snyder, 2019 (Carreira, 2021)
Zhai, 2020)
[2+2)/
fragmentation (o] . He OH Me
OH; © | o _-Diels-Alder z
Me: \ Me Me:. Me
7 Pauson-Khandll
L we3e Lo
. ] -RCM b
cf)/els Aldel’ /’/ condensaﬁono HO OH 4Ho OH

Crotophorbolone (14)

Scabrolide A (13
13 (Inoue, 2021 / Liu, 2020)

(Stolz 2020)

pinacol OH
M, radical [3+2] coupling~~ -
i f HY, AcOn Y
RCM ’Me 2+ ZJTS
Me T
P Me~ /eI
oH . ’\ Me Ve i
wolff ), o 2
d e Diels-Alder-~ OH
Pavidolide B (18) Canataxpropellane (19)

(Gaich, 2020)

(Yang/Gong, 2017
Ding/Lin, 2019)

sriolts Me Dlels-/\?/der
alkylation H sy 2 Me
I OH
TV
HOHI‘. wdol Diels-Alder f Disls;Alder
radical-anion Me/ . o
cyclization eU2b Me O
Dendrowardol C (23) (-)-Mitrephorone A (24)
(Carreira, 2017) (Carreira, 2018/2020
Magauer, 2019)
Diels-Alde 0
H . OH, OH RCM\%‘{/
SH S BN
Ly o
%" _Me 5
Me ] )\f
—Me
\_/’\f e e | )
Me H RCM
Vinigrol (28) Mannolide C (29)
(Luo, 2019 (Zhai/Chen, 2021)
Li, 2019)

Friedel- Crafts S”Z“k’

; : O
F ‘Dlels -Alder

Me
Rh- catalyzed
cyclization
Cephanolide A (33)
(Sarpong, 2021
Gao, 2020)

M e\[r |
O 1
Pauson-Khand
Crinipellin (34)
(Yang/Gong, 2018
Xie/Ding, 2022)

Pauson-Khand

(+)-Phorbol (15)
(Baran, 2016)

Pd-catalyzed
aldo{ Mecyclotsomenzatlon

] f“aldo/
»Me
2 "0H
A H

S

Cagne *
cycloisomerization
Harziane (20)
(Carreira, 2019)

Fries/
Friedel-Craftsie Me

<sz;§~photo -[2+2]

& 1~ electrocyclization
di-z-methane
rearrangement

Agarozizanol B (25)
(Bach, 2021)

ODI-[5+2)/
selpipinacol

photo-Nazarov
\

Rhodomollanol A (30)
(Ding, 2020)

TMM diyl/ olefin Pa“ﬁ’” -Khand

cycl/zat/orM P<>:
N

N Coma-ene or
© radical cyclization
Waihoensene (35)
(Gaich, 2020
Snyder, 2020
Yang/Huang, 2020
Lee, 2017)

Conia- -eng)

Chart 1 Selection of polycyclic terpenoids synthesised over the last 5 years with carbon core and key cycle closing reactions highlighted.

the Simmons-Smith reaction performed with iodoform pro-
vided exclusively one product (51) in 72% yield with the desired
configuration, furnishing construction of the third cycle of
the peyssonnosol skeleton. We could rationalize these findings
by the directing effect of the hydroxy group and the con-
formational properties of the substrate. Noteworthy, three
stereocentres, two of which are quaternary, were installed in

one chemical step.

This journal is © The Royal Society of Chemistry 2022

Corey-House reaction®’ (5

installed via Grieco dehydration protocol,

The last 6-membered cycle was envisioned to be closed via
RCM, which needed some further functional group manipula-
tions in order to get the corresponding substrate. Thus, the
iodine atom in 51 was substituted by a methallyl group via the
2), after preliminary TMS protection
of the free hydroxy-group. The second olefin moiety was

1, employed on

3-hydroxypropyl side chain of 52. Ring-closing methatesis on
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Scheme 2 Total synthesis of peyssonnosol by Chesnokov and Gademann.

the compound 52 provided the 5/6/3/6-teracyclic core of peys-
sonnosides in quantitative yield. The synthesis was finished by
installation of the methyl group in place of secondary alcohol
moiety via Ley-Griffith oxidation, Wittig methenylation, and
hydrogenation over Rh/Al, O3, and tertiary alcohol by selective
anaerobic Mukaiyama hydration.*” The peyssonnoside A synth-
esis is concise and highly efficient, providing peyssonnosol (21)
in 21% yield after 13 steps.

Mitrephorone A

The diterpenoid mitrephorone A (24) from Bornean shrub
Mitrephora glabra, isolated in 2015 by Oberlies and co-workers,*®
contains a pentacyclic core decorated with oxetane ring. Moreover,
the tricyclo[3.2.1.0>"Joctane scaffold as part of the carbon skeleton

4944 | Chem. Commun., 2022, 58, 4941-4953

of mitrophorone renders extra molecular complexity to the sys-
tem. Further accentuating the chemical challenges, the presence
of an oxetane, a cyclopropane, and the diketone render
this target daunting. The first enantioselective total synthesis
of (-)-mitrephorone A (24) was reported by Carreira and
co-workers in 2018 (Scheme 3)*** and also by Magauer and
co-workers (Chart 1).>>

The Carreira synthesis starts with the construction of the
cage-like cyclopropane-containing tricyclooctane core 59. TADDOL-
catalysed Diels-Alder reaction®® between Rawal’s diene (55) and
methacrolein followed by Wittig methenylation afforded cyclo-
hexenone 57 in 70% and 88% ee. Further acylation of the ketone
enolate with Mander’s reagent and TBS protection of the product
provided triene 58. Heating of the triene 58 in toluene at 190 °C

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Total synthesis of (-)-mitrephorone A by Carreira and co-workers.

gave 59 (after reduction and hydrolysis) as a single product, with
the use of propylene oxide as a scavenger. This approach exem-
plifies a unique case of a cyclopropane synthesis via Diels-Alder
reaction in complex molecule assembly.

The primary OH moiety in 59 was converted to the cyanide,
followed by addition of penta-2,4-dien-2-yllithium to the carbonyl
group of 60 in presence of Knochel’s LaCl;-2LiCl reagent.”® The
limited selectivity (dr 1.2:1) was rationalised by the poor induc-
tion mediated by the remote Me group breaking the mirror
symmetry of the carbon framework in 60. Next, the resulting
tertiary alcohol 61 was Si-protected and the nitrile group was
reduced to the aldehyde 62 by DIBAL-H. Subsequent aldehyde
alkynylation with lithium p-tolylsulfoxyacetylenide afforded the
Diels-Alder substrate 63. Dess-Martin oxidation initiated the
intramolecular Diels-Alder reaction, furnishing full construction
of the carbon skeleton of mitrephorone A (24). It is noteworthy that
the p-tolylsulfoxy-group and the resulting low-lying LUMO of the
alkyne were crucial to the success of the Diels-Alder reaction, as the
corresponding propyne substrate resulted only in poor yields.

The p-tolylsulfoxy group was then substituted by methyl with
Me,CulLi to give 64. Hydrogenation of the isolated double bond
in 64 over the Adams’ catalyst and subsequent Nagata 1,4-
hydrocyanation of the o,B-enone moiety afforded ketonitrile 65.
For the hydrolysis of the tertiary nitrile, the Ghaffar-Parkins
catalyst™ was used with subsequent base hydrolysis of the form-
ing amide. The resulting carboxylic acid group was methylated
with TMSCHN,, followed by SeO,-mediated ketone a-oxidation to
the a-diketone 66. During the last step of the synthesis the oxetane
ring was oxidatively formed by treatment with Koser’s reagent
(PhI(OH)OTs). Overall, the synthesis features a series of highly
sophisticated approaches based on deep mechanistic insight and
state of the art methods and tactics.

Cyclobutastellettolide B

Another unusual polycyclic carbon framework can be found in
cyclobutastellettolide B (7), marine derived terpenoid, isolated

This journal is © The Royal Society of Chemistry 2022

by Stonik and co-workers in 2019,°* and featuring 6/6/4-fused
tricarbocyclic core with 5-membered lactone fused to the
cyclobutane ring. The challenge associated with this small ring
terpenoid relies in the sterically congested cyclobutane carbinol
and its construction, with difficulties such as steric repulsion
and poor orbital overlap. The total synthesis of this unusual
and unique structure was recently reported by Huang, Yang and
co-workers (Scheme 4).®

The synthesis starts from epoxide 67 available from geranyl
acetate in 5 steps by literature known procedure.’® Cationic
polyene cyclisation mediated by TiCl, in dibromomethane*
successfully furnished the trans-decalin system of compound
68 in 86% yield on decagram scale. The obtained vinyl bromide
68 was converted to the corresponding allylic alcohol (69) by
formylation of the preformed with ¢BulLi vinyllithium species
with DMF, followed by NaBH, reduction. The allylic alcohol 69
was then treated with triethyl orthoacetate under heating and
in presence of acid in order to perform Johnson-Claisen
rearrangement’” to install carbethoxymethyl group. The rear-
rangement led to the axial product 70 in 84% yield. The
exocyclic double bond was first epoxidised with m-CPBA, fol-
lowed by Lewis acid catalysed rearrangement of the formed
epoxide to the corresponding aldehyde, which in turn was
converted to its Si-enol ether 71. The Si-protected enol ether
71 was then cyclopropanated from the o-face under Simmons-
Smith conditions and the ring was opened with conc. aq. HCI
solution to provide compound 72 with a correctly installed
quaternary centre and an axial aldehyde moiety. It is worth
noting that direct methylation of the aldehyde corresponding
to 71 was not successful, giving predominantly O-alkylation
byproducts, due to hindered equatorial attack trajectory for
C-alkylation. On contrary, significantly different geometry of
the Simmons-Smith cyclopropanation TS allowed for a clean
and selective reaction via an equatorial approach.

The aldehyde moiety in 72 was then converted to the
corresponding o-diketone (73) in 3 steps: (1) Wittig reaction

Chem. Commun., 2022, 58, 4941-4953 | 4945
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EtO,C_
8) EtsZn, CHal,, Mel TS

TFA, DCM, 0 °C

95% 12) (COCI),,

(+)-Cyclobutastellettolide B (7)

with ethyl triphenylphosphonium bromide, (2) Os-catalysed
dihydroxylation and (3) Swern oxidation. This set the stage for the
last and key step of the synthesis - the Norrish-Yang photo-
cyclisation®® between C(9) and C(14). Thus, irradiation of 73 in
chloroform resulted in clean conversion to (+)-cyclobutastellettolide
B (7) in 95% yield with successful installation of cyclobutane ring
and subsequent formation of the 5-membered lactone ring. As a
testament to this synthesis, the Norrish-Yang photocyclisation
afforded clean formation of the bicyclic C-D motif in one step.
The success of the transformation can be attributed to the rigid
trans-decalin core and clever and controlled installation of the
stereocentres previously in the sequence.

Canataxpropellane

Taxane diterpenoids are a medicinally important family of
natural products exhibiting potent anticancer activity. To date

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Scheme 5 Total synthesis of canataxpropellane by Gaich and co-workers.
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Scheme 4 Total synthesis of (+)-cyclobutastellettolide B by Huang, Yang and co-workers.

more than 500 different taxanes have been isolated. In 2007
Kiyota and co-workers isolated canataxpropellane (19), one of
the most complex natural products from taxane family.>”
It comprises a hexacyclic 5/5/4/6/6/6 carbon framework with
two propellane substructures in it. A fully substituted cyclo-
butane ring in the centre of the cage-like molecule significantly
adds to the synthetic challenge. The synthesis of this complex
natural product was reported by Gaich and co-workers in 2020
(Scheme 5).2° The synthetic strategy notes the central position
of the cyclobutane ring, putting its formation in the very first
steps, with subsequent decoration of the complex carbon
framework.

The synthesis starts with Diels-Alder reaction between com-
pound 75 and TBS protected compound 74. The endo-product
76 was isolated in 73% yield. In the next step the Diels-Alder
adduct (76) was subjected to UV irradiation and underwent

3) TBAF, THF, 0 °C

4) Ca(BH,4),, DCM, RT

—  » Me

5) MOMCI, DIPEA,
DCM, RT

70%

6) LiAlH4, THF, RT
7) (COCl),, DMSO, Et;N, DCM | 539
8) t-BuOK, THF/t-BuOH, RT

9) Oy, hv, Rose Bengal B TBSO~M€C.

10) BHT, KOAc, THF, RT

11) IBX, DMSO, RT ’ OMOM

12) Me,NBH(OAG)s, THF, RT
36%

AcO
24) K,CO3, MeOH, 0°C
25) Ac,0, DMAP, Py, DCM, RT  Me
Me

26) Hy, Pd/C, MeOH, RT

29%
Canataxpropellane (19)
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dearomative [2+2] cycloaddition in 73% yield to give 77. With
this step, 5 out of 6 cycles of the target structure have been
installed, including the octasubstituted cyclobutane ring.
In order to install the last cycle, considerable modification of
the former aromatic ring was needed. This sequence started
with breaking the ether between C(2) and C(20) via retro-aldol
reaction, translactonisation, and protection of the released
hydroxy group at C(2) with a MOM-group to give 78. This
compound was reduced and reoxidised to ketoaldehyde form
and treated with BuOK in THF to restore the bond broken
during the retro-aldol step. After this six step elaboration, the
compound 79 was treated with singlet oxygen, and thus formed
endo-peroxide was opened to result in the y-hydroxyenone in
the attached 6-membered ring. In order to invert the C(5)
stereocentre, the hydroxy group was oxidised with IBX/DMSO
and then the resulting carbonyl group was diastereoselectively
reduced with tetramethylammonium triacetoxyborohydride to
give 80. Subsequent protection of diol at C(5) and C(20) as
benzaldehyde acetal set the stage for the formation of the last
ring of canataxpropellane (19). This sequence started with 1,4-
reduction of the enone by 1-selectride, followed by triflation,
and Pd-catalysed carbonylation to form the a,B-unsaturated
methyl ester moiety (81). This in turn was reduced to the
saturated methyl ester by Mg in MeOH. a-Methylation of the
ester and conversion to aldehyde was achieved via two step
sequence of LiAlH, reduction and Swern oxidation.

The dialdehyde compound 82 was treated with low valent Ti
to furnish pinacol coupling between the aldehyde groups, thus
forming the last ring of the canataxpropellane skeleton. The
pinacol coupling gave the desired anti-configuration of the diol
system at C(9) and C(10). The following 5 steps served to
selectively decorate the hydroxy groups at C(10) and C(2) with
acetyl groups.

View Article Online
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With this the synthesis of the most complex taxane, cana-
taxpropellane (19), was successfully achieved. It is interesting to
note that there are only 5 C-C bond forming steps in this
synthesis with the majority of steps being reduction/oxidation
or protection/deprotection, which can be attributed to high
level of functionalisation of the natural product. This route
truly constitutes a remarkable and spectacular achievement in
terpenoid synthesis.

Harziane

In 2014, unusual diterpenoids were isolated from a Trichoderma
symbiont of Taxus baccata by Ouazzani and co-workers.”® The
tetracyclic diterpenoid harziane (20) stood out, featuring a
6/5/7/4-fused carbon skeleton. The structure also harbors six
contiguous stereocenters, two of which are quaternary, which
render the target challenging. The total synthesis of this natural
product was reported in 2019 by HOnig and Carreira
(Scheme 6).>' The synthesis features an unusual Au-catalysed
cycloisomerisation as a key step.

The synthesis starts from literature known compound 84,
which was first converted to cyclopentane 85 by ester a-alky-
lation and subsequent Pd-catalysed cycloisomerisation®® to give
85 in 77% overall yield. The ester group was methylated with
methyl magnesium bromide via a Weinreb amide to give the
corresponding methyl ketone which was further protected as
1,3-dioxolane (86). The diene system in 86 was first doubly
hydroxylated through hydroboration; the primary alcohol was
protected as a pivalate, and the secondary OH group was
oxidised to the methyl ketone 87. This ketone was then sub-
mitted to Tebbe olefination with the corresponding Petasis
reagent® to install cyclopropylene moiety. The protected primary
alcohol side chain was then deprotected and after Ley-Griffith
oxidation converted to ethynyl group with the Bestmann-Ohira
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Scheme 6 Total synthesis of harziane by Honig and Carreira.
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regent to give enyne 88, ready for the key cycloisomerisation step.
The key step was based on a Gagné report of an interesting
tethered enyne cycloisomerisation leading to a 6/4-fused bicyclic
diene.®* Thus, treatment with a triphenylphosphine gold catalyst
afforded a clean diastereoselective (dr >11:1) conversion to the
tricyclic 5/6/4 system of the compound 89 in 87% yield.

The intermediate 89 was then selectively hydroborated with
ThxBH,, followed by Ley-Griffith oxidation to give enone,
which was then treated with the Nagata’s reagent (Et,AICN) to
selectively obtain ketonitrile 90. After triflation and Negishi
coupling with dimethylzinc, the ketone was converted to the
corresponding methylated olefin, followed by deprotection of
1,3-dioxolane and conversion of the formed methylketone to
the corresponding TBS-protected enol ether 91. The nitrile in 91
was reduced with DIBAL-H to the corresponding aldimine,
which could be isolated after aqueous workup and chromato-
graphy. Exposure to silica led to the intramolecular aldol
reaction. The formed enone was then 1,4-methylated under
Yamamoto’s conditions®® to give 92. Next, several steps were
carried out to enlarge the central six membered ring by one C
atom. Oxidative cleavage under Ru-catalysis with subsequent
LiHMDS-induced intramolecular aldol cyclisation afforded 93
after Wittig methenylation. In the finishing phase of the
synthesis, both O atoms were synthetically deleted (reduction,
then Barton-McCombie sequence). Synthesis of both tertiary
alcohols and evaluation of NMR data led to a structural revision
of this stereogenic center, and the correct configuration was
selectively obtained via Mukaiyama hydration conditions
affording harziane (20). The elegant use of modern Au-mediated
ring formation reactions constitutes a spectacular example of the
power of these transformations.

Atlanticone C

Atlanicone C (6) is a member of the protoilludane family
sesquiterpenoids featuring 5/6/4-fused tricyclic scaffold.®®
A very elegant approach to this target was recently reported
by Bach and co-workers (Scheme 7), utilising a photochemical
reaction cascade.”

The synthesis starts with the indanone 96, easily available by
alkylation sequence from indanone 95, which in turn can
be prepared by tandem Fries rearrangement and Friedel-Crafts
cyclisation in one-pot fashion.®* The indanone 96 upon

o
o
o7 B
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Scheme 7 Total synthesis of atlanticone C by Bach and co-workers.
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irradiation with near UV light undergoes a sequence of [2+2]
reaction, electrocyclic ring opening, and 4n-electrocyclisation to
result in the drastically transformed compound 97 in 60% yield
with carbon skeleton of atlanticone C (6) constructed.

Further functional decoration sequence includes hydroge-
nation of the isolated double bond, conversion of the enone to
the corresponding tosylhydrazone 98, which was reduced under
Kabalka’s conditions®® with double bond transposition, allow-
ing for the stereoselective installation of the fused methine C-H
group. A clever cleavage of the methylene protection via lithia-
tion and quenching with BF(OMe),, followed by oxidative
removal led to the diol system (99).°° The synthesis end stage
included Swern oxidation of the primary OH group to the
aldehyde, dehydration of tertiary alcohol and reduction of the
CHO group back to the primary alcohol (100). Further installa-
tion of the carbonyl group by chromium trioxide oxidation with
temporary protection of the primary alcohol as acetate resulted
in atlanticone C (6). This synthesis is noteworthy for its rapid
and highly elegant construction of the complex carbocyclic
framework via photochemical conditions.

Plumisclerin A

In 2010, Reyes and co-workers isolated a new member of the
xenicane diterpenoid family from the soft coral Plumigorgia
terminosclera.®” The natural product named plumisclerin A (3)
features a 5/4/6-fused tricyclic ring system with another fused
dihydropyran ring. The presence of a central cyclobutane ring
further accentuates the complexity of this target. The synthesis
of this structurally interesting natural product was first
reported 2018 by Yao and co-workers (Scheme 8).*

The enantioselective 1,4-addition of homoallylated dibenzyl
malonate (102) to cyclopentenone under Shibasaki’s conditions
opened the synthesis.®® Then, the vinyl part of homoallyl side-
chain was cleaved by ozonolysis, releasing an aldehyde, which
upon acidic treatment underwent aldol condensation in 63%
yield to give bicyclic compound 104. Two ester groups were
then reduced with LiAlH, and protected as a 1,3-dioxane,
followed by oxidation and hydrogenation of the resulting enone
double bond affording ketone 105. This ketone was alkylated
with methyl bromoacetate (> 106), subsequently triflated to
the vinyl triflate, which in turn was further carbonylated under

Q
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Scheme 8 Total synthesis of (+)-plumesclerin A by Yao and co-workers.

Pd catalysis in MeOH to provide installation of carbmethoxy
group in 107.

The diol protection was removed under acidic conditions.
One of the OH groups was selectively protected with TBSCl/Im-
H, and the other one was converted to the corresponding
aldehyde with PCC, affording the substrate (108) for the key
step. Then the cyclobutane ring was formed via SmI,-mediated
ring closure through Giese reaction of the ketyl radical of the
aldehyde to the unsaturated ester counterpart,®® followed by TBS
protection of newly formed alcohol 109 (selectivity 3.3:1 dr).

Further, the compound 109 was carbmethoxylated o to the
less sterically hindered ester. The newly formed malonate
moiety was reduced with DIBAL-H to the corresponding diol,
which upon treatment with camphorsulfonic acid underwent
cyclisation to 6-membered lactone, affording 110 after TES
protection. Then, the lactone was converted to the corres-
ponding lactol with DIBAL-H and protected with acetate. The
primary alcohol in a sidechain was then oxidised by Swern
conditions to the corresponding aldehyde 111. a-Selenylation of
the newly formed aldehyde, catalysed by r-prolinamide,”® suc-
cessfully installed the double bond, conjugated to the aldehyde
(112). The finishing steps included addition of the iso-amyl
Grignard reagent to the aldehyde with subsequent oxidation to
ketone, TBS deprotection, and conversion of all the hydroxy
groups to acetates. Thus, the total synthesis of (+)-plumisclerin
A (3) was successfully accomplished. The fascinating use of an
intramolecular Giese addition furnishing the cyclobutane ring
is a true masterpiece of modern radical chemistry in terpene
total synthesis.

Dendrowardol C

Dendrowardol C (23) was isolated in 2013 from an orchid
Dendrobium wardianum, endemic to southern China and South-
east Asia.”’ This natural product features an interesting and

This journal is © The Royal Society of Chemistry 2022
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unique 6/5/5/4-fused tetracyclic ring system, decorated with
several hydroxy-groups. Wolleb and Carreira reported the first
total synthesis of this target in 2017 (Scheme 9).>* In their
synthesis, late stage instalment of the cyclobutane ring was key
to a successful preparation of the natural product.

The synthesis starts with alkylation of (R)-carvone with ethyl
bromoacetate to give 114. This compound was further sequen-
tially reduced by r-selectride and LiAlH,, and then oxidised
back to the dicarbonyl stage with the Swern method to give
compound 115. This compound when treated with methanolic
sodium methoxide solution cyclised to the bridged bicyclic
ketol 116. This compound was then oxidised with Dess-Martin
periodinane, and the more available bridgehead carbonyl
group was then homologated by Wittig olefination with
MOMPPh;CI to give 117 after hydrolysis. Selective addition of
vinyllithium to the aldehyde (118) followed by a diastereoslec-
tive directed epoxidation of the newly formed allylic alcohol
under Sharpless conditions with VO(acac),/t-BuOOH system
afforded compound 119 after subsequent TMS protection.

The compound 119 upon treatment with LDA underwent
proximity-induced epoxide opening via the Li enolate forming
the five membered ring in 53% yield (120). Triflation of the
primary alcohol in the sidechain gave 121 in 65% yield. The key
cyclobutane cycle formation was performed with Li naphtale-
nide in 2-MeTHF/benzene mixture at 10 °C, affording the
product 122 in 46% yield.”> Interestingly, the course of this
reaction is not fully understood and the authors provided both
putative anionic and radical-anionic pathways in order to
explain the outcome. The synthesis of (+)-dendrowardol C
(23) was finished by asymmetric Co-catalysed hydroboration
with HBpin,”? followed by oxidation to the corresponding
primary alcohol. This approach is noteworthy for its brevity
in establishing molecular complexity, and the notion that
sometimes interesting reactions, such as the cyclobutane
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Scheme 9 Total synthesis of dendrowardol C by Wolleb and Carreira.

synthesis (121 — 122), can be rationalised by a multitude of
different mechanistic pathways.

Aplydactone

Aplydactone (22) was isolated by Stonik and co-workers from
the sea hare Aplysia dactylomela and features a unique 6/6/4/
4-ring architecture with two fused cyclobutane rings.”* This
natural product also contains secondary Br substituent on the
6-membered ring, which renders this target extremely challen-
ging to organic synthesis. To date, there are three successful
total syntheses reported: by Burns and co-workers in 2016,** by
Meier and Trauner in 2016,2*” and by Zhang and co-workers in
2017**° (Scheme 10). We will review all of them to compare
different approaches to such a unique carbon framework.

The synthesis by Burns and co-workers starts with terminal
SeO, allylic oxidation of geranyl acetate (123), followed by
enantioselective bromochlorination, developed previously
in the same group, to give 124 in 66% yield and 94% ee.
This compound was partially reduced to remove the free
hydroxy-group by a sequence of triflation and treatment with
L-selectride, followed by acetylation to restore the original
acetate group (125). Then, the compound 125 was treated with
K,COj; in HFIP. Highly polar media induced ionisation of the
tertiary chloride facilitated the desired cyclisation with the
olefin moiety to give bromocyclohexanol 126 in 54% yield in
an enantiospecific manner. Then, the tertiary alcohol was
removed by chlorination with SOCl, and elimination with
Et;N, followed by oxidative RuCl;-mediated cleavage of the
intermediate exo-methylene group, giving compound 127. This
compound was in situ converted to the corresponding enone
and reacted with isoprene under Me,AICI catalysis to give the
Diels-Alder product 128 in 52% yield along with 12% of its
regioisomer. The carbonyl group in 128 was then methenylated
under Lombardo type conditions with Mg/TiCl,/DCM system.”>

4950 | Chem. Commun., 2022, 58, 4941-4953

Then, SeO, allylic oxidation with subsequent IBX oxidation
afforded the natural product (+)-dactylone (129). Near UV light
irradiation of (+)-dactylone afforded (+)-aplydactone (22) in
98% yield through photoinduced [2+2] cycloaddition, demon-
strating that dactylone could be a biosynthetic precursor of
aplydactone.

The other two syntheses employ very different, but similar to
each other retrosynthetic logic. The synthesis by Meier and
Trauner starts with the compound 130, which was converted
into 133 after a series of 11 steps. The compound 133 was in
turn irradiated by UV light to induce photo-[2+2] cycloaddition
between olefin and enone counterparts to give tricyclic ketone
134 in 55% yield. Then, this 6/4/5 tricyclic compound (134) was
subjected to Wolff rearrangement-based ring contraction in
order to generate the fused 6/4/4 system. The ring contraction
worked in 47% yield over two steps via diazo compound
formation (135). In the following 6 steps, the ester 135 was
a-methylated (136) and later converted to the Weinreb amide,
the protected primary alcohol was converted into iodide, and
the secondary alcohol was reprotected with TIPS group (137).
The final 5-membered cycle was formed by treatment of 137
with ¢-BuLi, inducing Li/I exchange with subsequent intra-
molecular trapping by the Weinreb amide, affording the full
aplydactone carbon skeleton in 42% yield (138), subsequent
radical substitution of the secondary alcohol to the secondary
bromide afforded the target aplydactone (22).

Zhang and co-workers’ synthesis of aplydactone (22)
employs the same ring forming strategy as Trauner’s route,
but does it in half the number of steps. The synthesis starts
with addition of 1,3-dioxolan-2-ylethyl Grignard reagent to the
139, followed by Stork-Danheiser transposition and dioxolane
deprotection upon acidification to give keto aldehyde which was
then prenylated at the aldehyde centre under Barbier conditions,
affording 140 in 34% overall yield. UV light irradiation of 140

This journal is © The Royal Society of Chemistry 2022
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Scheme 10 Total syntheses of aplydactone: (a) by Burns and co-workers; (b) by Meier and Trauner; (c) by Zhang and co-workers.

induced photo{2+2] cycloaddition to give 6/4/5-fused tricyclic 141,
similar to 134. This compound was also subjected to ring con-
traction by Wolff rearrangement, followed by a-methylation of the
forming ester to give 142. The secondary OH group in 142 was
then converted to vinyl bromide by Dess-Martin oxidation, for-
mation of the corresponding tosylhydrazone and subsequent
bromination with NBS”® in overall 50% yield (143). The last cycle
was closed via Rh-catalysed carbene insertion into C-H bond: The
ester was hydrolysed with LiOH, followed by generation of the
terminal diazoketone via the corresponding acyl chloride. This
diazo compound underwent unselective carbenoid insertion (com-
peting insertions into C(6)-H and closer in space C(12)-H bonds)
under Rhy(tfa), catalysis to give 144 in 34% yield over two steps

This journal is © The Royal Society of Chemistry 2022

along with its isomer, which was the major product of insertion.
Aplydactone (22) was then synthesised by an interesting HAT-based
reduction of the bromoolefin moiety in 144 with Mn(dpm); and
Ph(i-PrO)SiH,/-BuOOH.”” In summary, the different and comple-
mentary approaches nicely illustrate the power of photochemical
transformations in complex molecule assembly and even might
lend to hypotheses concerning the biogenesis of such compounds.

Conclusions

In summary, we have discussed recent highlights in the field of
small ring containing polycyclic terpenoids. All these examples

Chem. Commun., 2022, 58, 4941-4953 | 4951
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highlight ingenious strategies combined with state-of-the-art
methods. Each of the natural products discussed poses unique
challenges that were met by sophisticated approaches carefully
orchestrating the sequence of reactions and culminating in
truly remarkable masterpieces of molecular art in the form of
terpene natural products.
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