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Applications of Friedel—-Crafts reactions in total
synthesis of natural products

Majid M. Heravi, ©* Vahideh Zadsirjan,* Pegah Saedi and Tayebeh Momeni

Over the years, Friedel-Crafts (FC) reactions have been acknowledged as the most useful and powerful
synthetic tools for the construction of a special kind of carbon—carbon bond involving an aromatic
moiety. Its stoichiometric and, more recently, its catalytic procedures have extensively been studied. This
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reaction in recent years has frequently been used as a key step (steps) in the total synthesis of natural

products and targeted complex bioactive molecules. In this review, we try to underscore the applications

DOI: 10.1039/c8ra07325b
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1. Introduction

Historically, the FC reactions are the well-established set of
reactions initially discovered by Charles Friedel and James
Crafts in 1877. In these reactions, certain substituents are
attached on to a suitable aromatic ring." Basically, Friedel-
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of intermolecular and intramolecular FC reactions in the total syntheses of natural products and complex
molecules, exhibiting diverse biological properties.

Crafts reactions imply two main sets of reactions. They are
alkylation and acylation reactions. In fact, both types of such
reaction proceed via the same mechanism, which is the typical
reaction of aromatic compounds, electrophilic aromatic

substitution.>”® FC alkylation comprises the alkylation of an
appropriate aromatic ring using an alkyl halide, conventionally
in the presence of a strong Lewis acid as the catalyst.®
Commonly, anhydrous ferric chloride is used as a catalyst, in
which the alkyl group initially attaches itself to the former site
ion.

7

of the chloride Although this reaction enjoys the
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advantages already known for electrophilic aromatic substitu-
tion, it also suffers from the fact that the final product is more
nucleophilic than the reactant, thus undesired over-alkylation
may take place, giving unwanted side products. In addition,
the reaction is limited to using tertiary carbon and secondary
alkylating agents, or else the emerging carbocation (R") may be
subjected to a known carbocation rearrangement.” Indeed,
alkylations via FC reaction are not limited to using just alkyl
halides. FC reactions can be successfully performed via the
generation of any other appropriate intermediate, such as those
carbocationic intermediates that are derived from alkenes in
the presence of a protic acid, Lewis acid, enones, and epoxides.
During the previous years of FC reactions, several other Lewis
acids, such as BF;, BeCl,, TiCl,, SbCl5 or SnCl,, have been
proven to act as effective catalysts. Besides, strong Brensted
acids such as H,SO, and HF, or super acids, such as HF-SbFs
and HSO; F-SbFs, have also been used successfully and proven
to accelerate the FC alkylation reaction. In spite of the great
significance of FC alkylation in organic transformation, some
major drawbacks and problems still exist, which must be cir-
cumvented. For example, the FC alkylation reaction requires
stoichiometric or super stoichiometric amounts of a Lewis acid
or Brensted acid. Furthermore, since it needs toxic alkyl halides
as a reagent, the formation of large quantities of salts as side
products is proven to be inevitable. Thus, development of more
eco-friendly strategies and economically feasible chemical
processes for such an important reaction is still in great
demand. The replacement of the alkyl chlorides by less harmful
alkylating agents, for instance alcohols, has undoubtedly been
a major development since in this case water is formed as a non-
toxic by-product. More importantly, the utilization of activated
double bonds and compounds such as styrenes have been
found even more advantageous and operative, since no by
products are generated at all.

The FC acylation reaction is actually the acylation of certain
aromatic compounds. For the FC acylation reaction, acyl chlo-
rides are used as common acylating agents. In this version of
the FC reaction, frequently Lewis acid catalysts such as AICl;
can be used along with acid anhydrides as a suitable reagent.
The reaction conditions for the FC acylation reaction are exactly
as same as those for FC alkylation. It is worthwhile to know that
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the FC acylation reaction shows several advantages over the
alkylation variant. Because of the electron-withdrawing nature
of the carbonyl motif, the product, which is actually a ketone, is
expectedly less reactive than the substrate, thus undesired
multiple acylations do not take place. In addition, since the
intermediate is not a carbocation, no rearrangement occurs as
the generated carbonium ion is stabilized via a resonance
structure in which the positive charge is located on the elec-
tronegative oxygen.

By definition, a natural product is a chemical compound or
substance that originates from nature and is produced by
a living organism.® In the more extensive sense, a naturally
occurring compound implies any substance produced by
a living organism.’ Significantly, the total synthesis of natural
products, including semi synthesis, is the state of art in
synthetic organic chemistry and nowadays plays a key role in
the development of organic chemistry as a whole by providing
stimulating and useful and especially biologically active natural
products as the target. Generally, the total synthesis of natural
products is a non-commercial research activity, aimed at deeper
understanding of the synthesis of a desired natural product
scaffold and, more importantly, the development of more
desirable new synthetic approaches. Natural products are also
limited to the purified organic compounds isolated from
natural sources that are originated by the pathways of primary
or secondary metabolism. Many secondary metabolites are
cytotoxic and have been chosen and modified through evolution
for use as “chemical warfare” agents toward prey, predators,
and competing organisms. The terminology of natural product
has also been stretched for profitable purposes and thus refers
to cosmetics, dietary supplements, and foods obtained from
natural sources with no artificial ingredients as additives.'***
Natural products frequently show therapeutic benefit and many
of them have been used as folk medicines for treating diseases
for centuries and thus have given some knowledge about lead
compounds for drug discovery.** Natural products can be cate-
gorized in accordance with their biological function, biosyn-
thetic pathway, or source.

The applications of FC reactions (alkylation and acylation) in
organic synthesis have been extensively studied and reviewed
previously.*** In continuation of our interest in applications
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Scheme 1 Total synthesis of africanol 1.

of name reactions**® in the total synthesis of natural products,

herein we try to underline the applications of both FC reactions
in the total synthesis of naturally occurring compounds,
showing diverse biological properties.

2. Applications of Friedel-Crafts in
total synthesis of natural products

2.1. Intramolecular alkylation

Dactylol, 8, an irregular isoprenoid alcohol, was isolated from
the Caribbean sea hare Aplysia dactylomela and its structure was
identified in 1978 by Schmitz and co-workers.***” The total
synthesis of the marine sesquiterpenes africanol 1 and dactylol
8 was achieved from bicyclo[5.1.0]octane precursors. In this
route, firstly, compound 2 gave carboxylic acid 3, which was

H
MeOmCOzMe
HO COH

(R)-(H)-11, H-2a.

BF; Et,0 (ca. 3 equ.) HO

CH2C12 s LE

Scheme 2 Total synthesis of (—)-a-conidendrin 10.
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Lemnalia af ricana

transformed into compound 7 via FC cyclization of its acid
chloride and acid-mediated dithioketalization (after several
steps). Compound 7 was converted into dactylol 8 after several
steps. The configuration of the side chain Me substituent is
detected to be proper in relation to dactylol 8 but reverse to that
existing in africanol 1. Subsequently, africanol 1 was provided
from compound 9 upon several steps (Scheme 1).

Most lactonic aryltetralin lignans, for example peltatins and
podophyllotoxin, contain a similar common structure. o-Con-
idendrin was extracted from both wood** and waste sulfite
liquor.*® Boissin and co-workers developed the total synthesis of
natural (—)-conidendrin 10. Conidendrin 10 was provided in
eight steps starting from the easily accessible and optically
active hemisuccinic ester (R)-(+)-11. The latter gave the mono-
benzoxy intermediate 12 after several steps, including treatment

OMe

OR?
12 R'"Bn R,=H

10: (-)-a-conidendrin
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Scheme 3 Total synthesis of natural products (—)-serratoline 13, (+)-aristotelone 14 and (—)-alloaristoteline 15.

OMe
HO,C — OMe
OHC |
N\
e N
HO MOMO
OH

MeO

Bu

21 22

O oH
Bu \\OH
L.
MeO N”>co,H
OH O

20: Phomazarin

Scheme 4 Total synthesis of phomazarin 20.

with BF;-Et,0 in dichloromethane at ambient temperature. The
benzoxy group of 12 was actually found to be an excellent
leaving group during intramolecular FC alkylation. As a result,
(—)-a-conidendrin 10 was provided as the desired natural
product from 12 in satisfactory yield (Scheme 2).**

The Aristotelia alkaloids (—)-serratoline 13, (+)-aristotelone
14 and (—)-alloaristoteline 15 were extracted from Aristotelia
chilensis. Serratoline was formerly extracted from Aristotelia
serrata, a species native to New Zealand. Heathcock and co-
workers reported the total synthesis of (—)-serratoline 13,
(+)-aristotelone 14 and (—)-alloaristoteline 15. This approach
starts from the reaction between (1S)-(—)-B-pinene 16 and 3-
indolylacetonitrile 17 to afford (+)-makomakine 18. Next, an
intramolecular FC reaction provided (+)-aristotelone 19, which
upon two steps afforded alkaloid 13. Subsequently, base-

40064 | RSC Adv., 2018, 8, 40061-40163
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Phoma terrestris

mediated skeletal rearrangement of 13 provided (+)-aristote-
lone 14. Finally, alkaloid 14 gave (—)-alloaristoteline 15 upon
several steps (Scheme 3).*2

Phomazarin 20 is the most abundant and extensively studied
aza anthraquinone that was extracted from cultures of Phoma
terrestris Hansen (Pyrenochaeta terrestris Hansen) in 1940.%
Boger and co-workers reported the total synthesis of phoma-
zarin 20. Initially 2,3-dihydroxybenzaldehyde 21 was converted
into 22 after several steps. Compound 22 in the presence of
TFAA cleanly led to FC closure of the B-ring and simultaneous
MOM deprotection, affording a variable and inconsequential
mixture of 23 and 24 with no detection of the intermediate
bisphenol. Conditions were planned such that only the single
mono-(trifluoroacetate) 23 (88%; TFAA) was obtained. Finally,

This journal is © The Royal Society of Chemistry 2018
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Scheme 5 The formation of the tricyclic product 30.

compound 23 afforded phomazarin 20 upon several steps
(Scheme 4).*

Alliacol A 25, a sesquiterpene, was extracted in Europe from
the culture broth of the fungus Marasmius alliaceus.”> This
molecule exhibits antimicrobial properties and prevents DNA
synthesis in the ascetic form of Ehrlich carcinoma.*®*” A tandem
anodic coupling-FC alkylation methodology was applied to
quickly complete the enantioselective synthesis of alliacol A. In
this route, firstly, the reaction between compounds 26 and 27
afforded compound 28 after several steps. Then, it was tried to
form the tricyclic unit of the desired naturally occurring
compound. For this purpose, the alcohol in 28 was transformed
into the relevant iodide, which was applied for either the FC
alkylation or radical cyclization method. The FC reaction
between iodide and AgNO; in MeOH gave a 71% yield of the
corresponding tricyclic product 30 (Scheme 5).*

Subsequently, it was attempted to provide substrate 31
containing the B-ring Me group of alliacol A in place.
Compounds 26 and 27 gave substrate 31 upon several steps.

OH
26
+
27

TBSO Me

—_—

TBSO o

TBSO O

31

MeO

This compound provided the bicyclic product 32 upon two
steps. Using the bicyclic product, the alcohol 32 was trans-
formed into an iodide and the FC cyclization was finished. A
92% extracted yield of the tricyclic product 33 was provided
from the FC reaction. Next, compound 33 was converted into
(—)-alliacol A 25 upon several steps (Scheme 6).%®

In 1990, Meng and co-workers for the first time reported the
isolation of pygmaeocin C 34,* a rearranged abietane diterpe-
noid, from the roots of Pygmaeopremna herbacea Moldenke. The
initial total synthesis of pygmaeocin C 34, in racemic form, was
accomplished in 2005 by Liu and co-workers. Total synthesis of
pygmaeocin C 34 was accomplished, starting from dimedone 35
in 14 steps with an overall yield of 4.6%. In this route, an
intramolecular FC reaction was considered as a key step.
Notably, keto aldehyde 37 was synthesized from dimedone 35
and also compound 38 was synthesized from veratrole 36 via
several steps. In the following, the reaction of aldehyde 37 and
bromide 38 gave the key intermediate 39, upon several steps. It
should be mentioned that compound 39 was subjected to

I,,PPh;, imidazole AgNO;, MeOH

CH,Cl,, PhCH, reflux  THF, 92%
90%

M arasmius alliaceus

33 25: (-)-Alliacol A

Scheme 6 Total synthesis of (—)-alliacol A 25.
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Scheme 8 Total synthesis of tricyclic myrmicarins 43a—c.

a simple intramolecular FC alkylation to give the tricyclic
system in the target product. Upon extensive study, it was found
that the required cyclization could be obtained from olefin 41
with an extraordinary degree of efficiency. Upon treatment with
trifluoroacetic acid (TFA), the latter was submitted to intra-
molecular FC reaction to afford an 88% yield of the corre-
sponding cyclized product 42 as a result of double bond
isomerization with subsequent ring closure. Finally, the tricy-
clic keto ester 42 was converted into pygmaeocin C 34 upon
several steps (Scheme 7).%°

The myrmicarins, a group of structurally intriguing alka-
loids, were initially extracted from the poison gland secretions
of the African ant species Myrmicaria opaciventris.**> The pyr-
roloindolizine unit of myrmicarins 43a, 43b, and 43c is

40066 | RSC Adv., 2018, 8, 40061-40163

a common structural scaffold found in various alkaloids. An
asymmetric synthesis of a key dihydroindolizine intermediate
47 for the construction of myrmicarin alkaloids was developed
in 2005 by Movassaghi and co-workers. Key conversions in this
method contain a stereospecific Pd-mediated N-vinylation,
a Cu-mediated asymmetric conjugate reduction, and a regiose-
lective FC reaction. The synthesis of optically potent and iso-
merically pure samples of (4aR)-myrmicarins 43a, 43b, and 43c
and also their respective C4a-epimers was achieved using the
above-mentioned protocol. Firstly, the lithium enolate 44 and
methyl 4-(dimethoxy)-butyrate 45 were reacted to afford
compound 46 in several steps. Next, the dihydroindolizine 47
was provided, which is a key intermediate for the construction
of the myrmicarin alkaloids. A regioselective FC reaction of the

This journal is © The Royal Society of Chemistry 2018
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Scheme 9 Total synthesis of salvadione 48.

pyrrole ring upon Brensted acid activation of the dimethox-
yacetal 46 and removal of MeOH was achieved to provide the
bicyclic vinyl pyrrole 47. The optimized conditions (acetone-
acetic acid-H,0, 2 : 1: 1, 40 °C) were recognized for the quan-
titative transformation of the B-pyrrolyl ester 46 to the bicyclic
vinyl pyrrole to give the corresponding C7a-cyclization product
47. Finally, compound 47 afforded isomerically pure tricyclic
myrmicarins 43a-c after several steps (Scheme 8).%

Ahmad and co-workers extracted and identified a remark-
able polycyclic triterpene from Salvia bucharica, salvadione A
48.>* The tricyclic 6-7-6 unit structure of the triterpene salva-
dione 48 was provided using an effective method starting from
the aryl bromide 50 (provided from cyclohexenone 51) and the
alkyl iodide 52 (provided from phenol 49) containing a methyl-
enecyclohexane group at the terminus. Notably, alkylation of 50
with the iodide 52 afforded the tethered system (allylic bromide)
53. An intramolecular FC alkylation reaction of allyl bromide 53
provided compound 54 via cyclization in the presence of zinc
chloride and copper() chloride in tetrahydrofuran. The
synthesis of tricyclic compound 54 demonstrates a formal total
synthesis of salvadione 48. Finally, the tricycle 54 afforded sal-
vadione 48 upon several steps (Scheme 9).*

Various aromatic diterpenes with a serrulatane or amphi-
lectane framework have been recognized as bioactive metabo-
lites from marine soft corals, particularly Pseudopterogorgia
elisabethae.”® Notable representatives of these compounds are
the anti-inflammatory pseudopterosins,®*** the cytotoxic and

View Article Online
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Salvia bucharica

antiviral helioporins,” and the pseudopteroxazoles.®>*
Schmalz et al. in 2007 developed an effective and extremely
enantioselective synthetic approach to calamenene 55, a trans-
1,4-difunctionalized tetralin derivative, in 6 linear steps and
57% overall yield initiating from 56.°> The reaction was initiated
from compound 56, which was converted into the correspond-
ing allylic acetate 57 in moderate overall yield. The 1,4-trans-
difunctionalized tetralin framework was selectively provided via
a FC-type cationic cyclization reaction using Me,AICl as
a “proton-scavenging” Lewis acid.®® The envisioned trans-dehy-
drocalamenene 55 was provided in almost quantitative yield
and with very moderate de (up to 10 : 1) (Scheme 10).%>

Erogorgiaene, extracted together with other diterpenes from
the West Indian sea whip Pseudopterogorgia elisabethae, exhibits
favorable anti-mycobacterial properties. A total synthesis of
erogorgiaene 58 was developed in 16 steps with an overall yield
of 8.2%. The synthesis was based on an extremely diaster-
eoselective intramolecular FC reaction of an oxetane obtained
through an enantioselective syn aldol coupling. In this route,
firstly, easily accessible acid 59 was converted into oxetane 60 in
high yield upon several steps. The essential intramolecular FC
reaction of oxetane 60 was performed.** As expected, the reac-
tion progressed easily, at room temperature, providing a single
diastereomer 61. Finally, alcohol 61 afforded erogorgiaene 58
upon several steps (Scheme 11).%

In 2005, Sattler and co-workers extracted and revealed
a group of naturally occurring aromatic B-C-glycoside

= Me Me,AlICl Me
OMe M M benzene Me OMe
e OMe 7 o, 30 min
CH,
OMe AcO OMe 0 OMe
98%
Me Me Me
56 57 55: trans-dehydrocalamenene Pseudoptergorgia
elisabethae

Scheme 10 Total synthesis of trans-dehydrocalamenene 55.

This journal is © The Royal Society of Chemistry 2018
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Scheme 11 Total synthesis of erogorgiaene 58.

compounds named bruguierols A-C from the stem of the Bru-
guiera gymmorrhiza mangrove tree.*® In 2007, Jennings and co-
workers demonstrated the initial total synthesis of bruguierol
C 62 in 7 linear steps from compound 63.°” The main step was
an intramolecular FC alkylation that eventually supplied the
final natural product. For the synthesis of bruguierol C 62,
compound 63 was converted into lactol 64 after several steps.
Lastly, an intramolecular trap of the incipient (emerging) oxo-
carbenium cation using a Marson-type FC alkylation®®
permitted the construction of the masked bruguierol C. The
two-step reaction sequence including oxocarbenium construc-
tion to provide 65 and also intramolecular FC alkylation affor-
ded the corresponding B-C-glycoside product 66. Finally,
compound 66 afforded the naturally occurring compound 62 in
85% yield (Scheme 12).¢

Murrayazoline 67, found as mahanimbidine and curryangin,
is a carbazole alkaloid extracted as a racemic or an optically
active compound from the genus Murraya. Murrayazoline and

OTBS OTBS

HO Me BF;OFt| “g—H
9 — = 0
— z
TBSO OMe

TBSO

63 64

TBAF
—_—
THF
85% | HO
66 62: Bruguierol C

Scheme 12 Total synthesis of bruguierol C 62.
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\ -78 °C tor.t. 3h 81%

CH,Cl,

-

Pseudoptergorgia elisabethae

its corresponding carbazole alkaloids were demonstrated to be
have antiplatelet aggregation activity.®® A structural explanation
investigation demonstrated that murrayazoline is a hexa-
heterocyclic alkaloid composed of N-functionalized carbazole,
cyclohexane and dihydropyran constituents.”””* The total
synthesis of (+)-murrayazoline 67 was developed in 2008 by
Chida and co-workers.”” The characteristic hexa-heterocyclic
structure of 67 was generated using a combination of the
intramolecular FC-type Michael addition reaction and
palladium-mediated carbon-oxygen coupling reactions. Firstly,
the two segments 69 and 71 were provided from 5-amino-2-
methylphenol 68 and 1,5-dithiaspiro-[5,5Jundecane-9-one 70,7
respectively, in several steps. Next they afforded the corre-
sponding N-functionalized carbazole 72. The reaction of 72 with
scandium(m)triflate in water and dichloroethane induced the
deprotection of the ethylene ketal substituent, the intra-
molecular FC-type Michael addition and the deprotection of the
O-MOM group, affording pentacyclic ketone 74 in 73% yield.”*”
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Scheme 14 Total synthesis of cacalol 75.

Finally, compound 74 afforded (+)-murrayazoline 67 after
several steps (Scheme 13).72

Cacalol 75, a sesquiterpene naturally occurring compound,
was extracted from the roots of the shrub Psacalium decom-
positum in northern Mexico,”*”” that has antihyperglycemic,”®
anti-inflammatory,” antimicrobial,” and antioxidant® proper-
ties. A facile synthesis of cacalol 75 was established from 4-
methylanisole 76 in seven steps and 21-25% overall yield. An
intramolecular FC alkylation, Baeyer-Villiger oxidation and
alkylation are the key reactions in this approach. The synthesis
of cacalol 75 was started with ortho-lithiation®*" of 4-methyl-
anisole 76 using n-butyllithium in tetrahydrofuran. This anion

. 1
84:a A 81
b A?

Scheme 15 Synthesis of 4a-methyltetrahydrofluorene 83 framework.
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was alkylated with 5-iodo-1-pentene®” to afford the alkene 77.
Subsequently, this molecule was cyclized via an intramolecular
FC alkylation using AlCl; in dichloromethane to afford the tet-
ralin 78. Finally, compound 78 afforded cacalol 75 upon several
steps (Scheme 14).%

Taiwaniaquinoids, a group of tricyclic diterpenoids con-
taining a 4a-methyltetra- (and hexa-)hydrofluorene framework
have been extracted from various East Asian conifers, for
example, Taiwania cryptomerioides,** Salvia dichroantha,*® and
Thyja standishii.*” They contain taiwaniaquinone H 80* and
dichroanone 79.%° A very significant pathway toward taiwania-
quinoids was reported in 2009 by Alvarez-Manzaneda and co-

—_— >
FC alkylation

83: 4a-Methyltetrahydrofluorene
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Scheme 16 Total synthesis of taiwaniaquinone H 80.

workers. Key steps are the intramolecular FC alkylation reaction
of an aryldiene and the degradative oxidation reaction of
a methylenedioxy substituent. Using this strategy, (+)-dichroa-
none 79 (in three steps, 77% overall yield) and (+)-taiwania-
quinone H 80 (in four steps, 70% overall yield) were provided
from o-84a or B-cyclocitral 84b. This group designed a probable
synthesis of taiwaniaquinoids. The key intermediate would be
the aryldiene 81, which resulted in the arylallyl cation 82 under
acidic conditions, which, through a quick intramolecular FC
alkylation, afforded the 4a-methyltetrahydrofluorene 83 frame-
work (Scheme 15).%®

B-Cyclocitral 84a and a-cyclocitral 84b afforded dichroanone
79 upon several steps. Then, the transformation of this quinone
into taiwaniaquinone H 80 was achieved (Scheme 16).®

Plicatic acid was identified as the causative agent of occu-
pational asthma.®*** Plicatic acid was extracted from western
red cedar (Thuja plicata) in 1959 by Maclean and co-workers.*>
The initial enantioselective total synthesis of (—)-plicatic acid

86:R=H, X=CH, 87

Scheme 17 Total synthesis of (—)-plicatic acid 85.
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was achieved from eugenol in 12 steps and 14% overall yield. In
this approach, a theoretically novel methodology containing an
enantioselective epoxidation-intramolecular epoxy-ring-
opening FC reaction sequence was performed for the asym-
metric formation of a structurally complex 2,7-cyclolignane
framework. The synthesis was initiated from eugenol 86, which
was converted into epoxide 87 upon several steps. The key
intermediate, a-hydroxy ketone 88, was provided through an
intramolecular FC reaction to open the epoxide ring in 86.
Noticeably, triflic acid (TfOH) efficiently improved the FC
reaction. Finally, compound 88 provided (—)-plicatic acid 85
after several steps (Scheme 17).%

Clavilactone D 89, a tyrosine kinase inhibitor,** was extracted
from cultures of the fungus Clitocybe clavipes.”> A method for
the synthesis of clavilactone D was reported in 2009 by Yoshi-
mitsu and co-workers.”® This pathway uses sequential cycliza-
tion and FC cyclization to provide a polycyclic lactone fused

MeO.

CT,
COOEt

OH —
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OBn

MeO
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Scheme 19 Total synthesis of hainanensine 95.

with an aromatic ring. Total synthesis of clavilactone D 89 was
initiated from aldehyde 90. In this route, substrate 92 was
synthesized via the aldol reaction of chiral lactone 91°” with
aldehyde 90.”® Next, iodo etherification followed via FC-type
cyclization of alkenyl alcohol 92 with iodine gave the fused
polycyclic compound 94. Finally compound 94 provided clav-
ilactone D 89 upon several steps (Scheme 18).°

Hainanensine 95, racemic, is a structurally distinctive minor
alkaloidal constituent identified by Liang and Sun in 1981 from
the antileukemia plants Cephalotaxus hainanensis and C. for-
tunei.”® Hainanensine 95 contains marginal antitumor proper-
ties,” and also Yin et al demonstrated that saturated
derivatives and other structural analogues of 95 have demon-
strated a series of remarkable biological properties.® A simple
total synthesis of hainanensine 95 through an efficient acid-
catalyzed rearrangement/FC annulation cascade, was devel-
oped. Relying on this method, initially, enone 97 was

This journal is © The Royal Society of Chemistry 2018
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synthesized from 3,4-dihydroisoquinoline 96 after several steps.
Upon refluxing enone 97 in formic acid, compound 98 was
provided. Seemingly, the construction of rearranged annulation
product 98 resulted from more FC-type cyclization-dehydration
of the initial ring-expansion intermediates I and II. Subse-
quently, compound 98 provided hainanensine 95 upon several
steps (Scheme 19).'*

A rearranged abietane including the cyclohepta[de]naph-
thalene nucleus, microstegiol 99,'>'°” was extracted from roots
of a wide range of plants of the genus Salvia. Microstegiol itself
was exhibited to contain antileukemic and modest antibacterial
properties.'*>'%'%” For the total synthesis of microstegiol 99,
firstly 2,7-dimethoxynaphthalene 100 was converted into
compound 101 upon several steps. Exposing tertiary alcohol 101
to sulfuric acid in dichloromethane induced its transformation
to 7,7-dimethyltetra-hydrocyclohepta[delnaphthalene 102 (70%
yield)."”® Next, compound 102 afforded compound 103 upon

RSC Adv., 2018, 8, 40061-40163 | 40071
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Scheme 21 Enantioselective total synthesis of (+)-aphanorphine 105.

several steps. Subsequently, 103 using polyphosphoric acid
(PPA) in dichloromethane under reflux conditions was trans-
formed to 104 with 80% yield. Afterwards, compound 104 led to
the construction of (+)-microstegiol 99 in 64% yield upon

several steps (Scheme 20).'%®

The tricyclic alkaloid aphanorphine was extracted from the
blue-green alga Aphanizomenon flos-aquae by Clardy and Shi-
mizu in 1988.' Aphanorphine shares common structural
features with other bioactive benzomorphan alkaloids, for
example eptazocine, pentazocine and morphine.”'**** A short
synthesis of (+)-aphanorphine 105 was
accomplished in 10 steps and 13% overall yield. A racemic y-
aminoalkene derivative was converted into a 1:1 mixture of
enantiomerically enriched diastereomers employing an enan-
tioselective palladium-mediated carboamination. Next, this

enantioselective

40072 | RSC Adv., 2018, 8, 40061-40163

mixture was transformed into an enantiomerically enriched
masked aphanorphine derivative via a FC reaction to make
a quaternary all-carbon stereocenter. The catalyst-controlled
enantioselective palladium-mediated carboamination reaction
of racemic substrate 106 was applied to set the C2 stereocenter
of pyrrolidines 107a,b, thus affording a mixture of enantio-
merically enriched diastereomers. Subsequently, this mixture of
diastereomers was transformed to 109 in a FC alkylation that
proceeded through intermediate carbocation 108, and formed
the all-carbon quaternary stereocenter in an enantio-convergent
carbon-carbon bond-forming stage. A two-step sequence of
reduction and demethylation was used to transform 109 to
aphanorphine (Scheme 21)."**

The coupling reaction of 106 and 4-bromoanisole was
explored for asymmetric alkene carboamination reactions.

This journal is © The Royal Society of Chemistry 2018
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Scheme 23 Total synthesis of elisapterosin B 112.

Based on the optimal conditions, this transformation gave
a 1 : 1 mixture of diastereomers 107a and 107b, which afforded
110a,b. The enantio-convergent intramolecular FC alkylation
reaction of the mixture of diastereomers 110a,b afforded 111 in
63% yield."™ Meanwhile, the transformation of 107a,b to 109
failed. The N-tosylated derivative 111 formerly acted as an
intermediate in Zhai's syntheses of aphanorphine."***¢ After-
wards, compound 111 was converted into (+)-aphanorphine 105
upon several steps (Scheme 22)."*

Elisapterosin B 112 was extracted from the gorgonian coral
Pseudopterogorgia elisabethae and exhibited antitubercular
properties, preventing the growth of Mycobacterium tuberculosis
H37Rv."” As part of a method toward the formation of the
antitubercular agent elisapterosin B, it was synthesized from
two chiral, non-racemic olefinic substrates and their diaster-
eoselective ring closure, achieved in the presence of Hg salts. In
this pathway, the synthesis was initiated from aldehyde 113,"**

This journal is © The Royal Society of Chemistry 2018

trans-115 cis-115

Pseudopterogorgia elisabethae

which was converted into 114 upon several steps. The asym-
metric construction of 115 was achieved through an intra-
molecular FC alkylation reaction of 114. Harmata and co-
workers synthesized elisapterosin B 112 by employing benzo-
thiazine chemistry along with Hg(OTf),-mediated diaster-
eoselective intramolecular FC alkylation (Scheme 23).**°
Erogorgiaene 116, together with other structurally relevant
diterpenes, has been extracted"® from the West Indian gorgo-
nian octocoral Pseudopterogorgia elisabethae. The formal total
synthesis of the antitubercular agent erogorgiaene has been
accomplished in 12 steps with an overall yield of 14.2%, initi-
ating from (S)-(—)-citronellal 117. This synthetic method
includes an enamine-catalyzed 1,4-addition, an aldol conden-
sation, dehydrogenation, a Wittig olefination reaction, intra-
molecular FC cyclization, TEMPO-BAIB-catalyzed oxidation,
and Evans auxiliary-induced diastereoselective methylation. In
this route, total synthesis of erogorgiaene 116 was started from

RSC Adv., 2018, 8, 40061-40163 | 40073
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Scheme 25 Total synthesis of hainanensine 95a and its dimethoxy analogue 95b.

(S)-(—)-citronellal 117, which was converted into allylic alcohol
118 upon several steps. Next, compound 118 was exposed to
intramolecular FC cyclization reaction®"** with BF;-OEt, in dry
CH,Cl, to provide bicyclic compound 119 in 79% yield with
moderate de (8 : 1). Afterwards, erogorgiaene 116 was provided
from compound 119 upon several steps (Scheme 24)."**

The Cephalotaxus genus is a member of the Cephalotaxaceae
group of conifers. They are a fruitful source of several naturally
occurring compounds, especially terpenoids (abietanes, tropo-
noids) and alkaloids (cephalotaxine esters), which often exhibit
medicinal activities, particularly in the anticancer area. An
uncommon rearrangement-annulation cascade has been
demonstrated by Li and co-workers for the total synthesis of
hainanensine 95a and its dimethoxy analogue 95b.'** Initially,
isoquinolines 96a/96b provided the intermediate I followed by
FC cyclization on the residual ketone II toward tetracyclic
intermediates 98a and b. Five more steps were necessary to
attain hainanensine 95a and its dimethoxy analogues 95b
(Scheme 25).**

Laetevirenol A 120, together with laetevirenol B-E, was
extracted from the stems and roots of Parthenocissus laetevirens
in 2008 by Pan and co-workers."** Laetevirenol A exhibits potent

40074 | RSC Adv., 2018, 8, 40061-40163

antioxidant properties, probably because of the existence of
a phenanthrene scaffold serving as a free radical scav-
enger."”*'* The one-pot dehydration/FC alkylation of 121 with
p-toluenesulfonic acid in toluene provided the corresponding
trans-cyclized product 125 as a single isomer. Finally, global
demethylation of 125 with boron tribromide in dichloro-
methane afforded laetevirenol A 120 in quantitative yield
(Scheme 26)."**

The Leucetta alkaloids, a class of 2-aminoimidazole alka-
loids,"** were extracted from sponges of the Clathrina and Leu-
cetta groups.’****® Structurally, these alkaloids include at least
one oxygenated benzyl group. Kealiinines A-C 126a-c'*°
extracted by the Proksch group in 2004, together with naami-
dine H and naamine G. It should be mentioned that no bio-
logical activity has been stated by Proksch for 126b and 126¢,"*°
but kealiinine A 126a was found to be potent in the brine
shrimp toxicity test."* Concise total syntheses of the Leucetta-
obtained alkaloids, kealiinines A-C, were achieved through an
intramolecular FC dehydration sequence of a bis benzylic diol.
For the synthesis of kealiinine C 126¢, the diol 128c was
synthesized from 1-methyl-4,5-diiodoimidazole 127 upon
several steps. Pleasantly, the reaction between unpurified 128c

were

This journal is © The Royal Society of Chemistry 2018
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Scheme 26 Total synthesis of laetevirenol A 120.

and hydrochloric acid led to an intramolecular FC cyclization-
dehydration sequence to give the naphthimidazole 129c.
Subsequently, compound 129¢ provided kealiinine C 126¢ upon
several steps. Next, it was tried to make the other two group
members, kealiinine A 126a and B 126b. Their syntheses follow
largely the similar methodology, simply substituting the suit-
able benzaldehyde for 126a and 126b, affording the target
products after seven steps with 11% overall yield and six steps
with 21% overall yield, respectively, starting from compound
127 (Scheme 27).1*°

The dibenzo[a,d]cycloheptene scaffold is a kind of polycyclic
framework that occurs broadly in various naturally occurring
compounds.*****> One of the most direct approaches for the
formation of this scaffold is the intramolecular FC acylation
reaction.”**'* Another common synthetic pathway is the
equivalent acid-mediated FC alkylation reaction of olefins.'*®
The natural diptoindonesin D 130 and pauciflorial F 131 have
been extracted from the acetone extract of the tree bark of Hopea
dryobalanoides**® and the stem barks of Vatica pauciflora
respectively. Yang and co-workers established an efficient
method for the construction of several dibenzo[a,d]| cyclo-
heptenes through FC alkylation reaction. Furthermore, utilizing
this approach as the main stage, this group demonstrated short
and valuable pathways to form diptoindonesin D 130 and

147

This journal is © The Royal Society of Chemistry 2018
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pauciflorial F 131. The formation of diptoindonesin D 130 and
pauciflorial F 131 was started with the construction of the biaryl
alcohol 134 from the lithiated form of the Me-masked resvera-
trol bromide 132 and 3,5-dimethoxy benzaldehyde 133.** With
this key intermediate as the substrate, directly, the poly-
functionalized indene 135 was obtained in the presence of tri-
fluoromethane sulfonic anhydride (Tf,0) as a catalyst via FC
alkylation reaction. Next, oxidation reaction of compound 135
followed via deprotection afforded paucifloral F. On the other
hand, compound 134 provided ketone 136 with 90% yield.**
Then, the carbocyclic unit structure of diptoindonesin D 130
was constructed through FC alkylation reaction, providing 137
in 76% yield. Upon oxidation and deprotection of 137, the target
natural diptoindonesin D 130 was provided (Scheme 28).'*°
Delle Monache et al. described the extraction of a dihy-
drophenanthrapyrane natural product from the root of Clusia
paralycola, paralycolin A, that shows cytotoxicity against P388
cells and KB.*' The structurally relevant natural product
cedrelin A 138 was extracted from the bark of Cedrelinga cate-
naeformis Duke by Kakisawa et al. in 1991.**> Paralycolin B has
been extracted merely as a methylated derivative 139 upon
reaction of a resultant mixture of paralycolin A and paralycolin
B with diazomethane. Furthermore, these naturally occurring
compounds usually contain an isopropenyl substituent at the

RSC Adv., 2018, 8, 40061-40163 | 40075


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07325b

Open Access Article. Published on 03 12 2018. Downloaded on 2025/10/13 18:42:42.

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

(cc)

View Article Online

RSC Advances Review
OMe
OMe OMe R,
N OMe
C O =0
N
. RZ Me/ OMC
N N OH  HC N OR,
</ — = </ CH.CL ot </ OO 126 b: Kealinine B R,=H
/N I /N OH RN OMe 126 c: Kealiinine C R,=OMe
Me Me Md e
MeO l R, O
127 128a-c OR; 129a-c
—
aR,=Bn R,=H o oR
b R;=Me R,=H H,N—(
¢ R;=Me R,-MeO i N Obe
e

Scheme 27 Total synthesis of kealiinines A-C 126a-c.

10-position of the 9,10-dihydrophenanthrene framework.
Hamada and co-workers in 2013 demonstrated the initial
asymmetric total syntheses of cedrelin A and methylated para-
lycolin B, employing mediated enantioselective intramolecular
FC allylic alkylation reaction of phenols as the main step.'®
Total synthesis of cedrelin A 138 was initiated from aldehyde
140,"* which was transformed into allyl carbonate derivative
141 upon several steps. Next, the mediated enantioselective
intramolecular FC allylic alkylation of 141 was examined. With
1.5 equiv. of potassium acetate, the reaction progressed easily to
give compound 142 in 98% yield (94% extracted yield) with 66%
enantioselectivity. Finally, intermediate 142 has been converted
into cedrelin A 138 in 74% yield (12 steps from 140 and 16.5%
overall yield) (Scheme 29).%*?

Subsequently, the asymmetric total synthesis of methylated
paralycolin B 139 was accomplished. First, compound 144 was
synthesized from 6-bromoveratraldehyde 143 upon several
steps. Enantioselective intramolecular FC allylic alkylation
reaction of 144 using Pd(dba), and (R,R)-chiral ligand in
dichloromethane/methanol mixed solvent afforded 145 in 98%
yield with 92% enantioselectivity. Finally, compound 145
provided methylated paralycolin B 139 in 92% yield (10 steps
from 143 and 35.2% overall yield) (Scheme 30).***

Members of the genera Ligularia, Euryops, Senecio, and Psa-
calium of the Asteraceae group are generally dispersed plants
rich in furanoeremophilane compounds.*>™” This group of
sesquiterpenes includes a linearly fused Cs—C¢-C4O tricyclic

40076 | RSC Adv., 2018, 8, 40061-40163

126 a: Kealiinine A

Clathrine

Leucetta

(Cy,) scaffold having three methyl groups linked to the 4, 5, and
11 positions. An asymmetric total synthesis of the furanoer-
emophilane sesquiterpene (+)-9-oxoeuryopsin 146 was reported
from 2-methyl-2-cyclohexen-1-one 147 in 7% overall yield. This
method was accomplished in seven facile synthetic reactions
involving conjugate addition-enolate trapping, imidazoylth-
iocarbonylation reaction, bisdethiocarbonylation, masked
cyanohydrin construction-hydrolysis, dehydration, alkaline
hydrolysis, and also FC cyclization. The total synthesis of 146
was initiated from 2-methyl-2-cyclohexen-1-one, which was
converted into acid 148 upon several steps. Next, the crude acid
148 was transformed into (+)-9-oxoeuyopsin 146 in 59% overall
yield via an intramolecular FC cyclization using tin(iv) chloride
as the Lewis acid of the spontaneously provided acid chloride
(PCl5 in benzene at room temperature) (Scheme 31).**®
Compound 149, an unnamed quinone methide diterpenoid,
was initially extracted from the root bark of Bobgunnia mada-
gascariensis."> A convergent pathway was established to form an
antifungal tricyclic o-hydroxy-p-quinone methide diterpenoid
149 and analogues. In 2013, Yang and co-workers finished the
total synthesis of the antifungal tricyclic o-hydroxy-p-quinone
methide diterpenoid 149. A Stille reaction was applied to
introduce the allyl substituent as a protected 2-hydroxyethyl
side chain. This group established a BBr;-catalyzed one-pot bis-
demethylation/intramolecular FC alkylation reaction to make
the tricyclic molecular framework and then completing the total
synthesis of 149.'° Compounds 149 and 155 exhibited active

This journal is © The Royal Society of Chemistry 2018
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cytotoxicity against several strains of pathogenic yeasts tested,
but etherification of the 2-hydroxyethyl group resulted in
significantly attenuated activity. This total synthesis began from
commercially available bromobenzene, which in four steps is
converted into 3,4-dimethyoxytoluene 150.'°* The latter after
several steps gave the primary alcohol 151. The application of
the BBr;-catalyzed one-pot reaction resulted in the completion
of the synthesis of 149. Therefore, reaction of 150 with BBr;
resulted in bis-demethylation and cyclization in a one-pot
manner to generate a tricyclic catechol that, upon oxidation
with Ag,0O, afforded 149. Selective monoetherification of 149
with dimethoxymethane afforded the analogue 152 (Scheme
32)'160

The same group synthesized analogue 155 from carboxylic
acid 153."° Compound 153 afforded enone 154 upon several

This journal is © The Royal Society of Chemistry 2018

steps. Compound 155 was provided via BBrs-catalyzed bis-
demethylation and intramolecular FC alkylation followed by
oxidation of the resulting catechol with Ag,O in one-pot
fashion. Compounds 149 and 155 were found to be particu-
larly effective against all yeast strains, including Candida krusei,
Candida glabrata, and Candida parapsilosis strains (Scheme
33)‘161

Dimeric epipolythiodiketopiperazine alkaloids are an
intriguing group of fungal metabolites notable for their
complex molecular scaffolds and biological properties.**>'*
(+)-Bionectins A 156 and C 157'** were extracted in 2006 by
Zheng and co-workers from fungi of the Bionectra byssicola
species. (+)-Bionectins A (+)-156 showed important bacterio-
static activity against methicillin-resistant and quinolone-
resistant Staphylococcus aureus Gram-positive eubacteria. The

RSC Adv., 2018, 8, 40061-40163 | 40077
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Scheme 32 Total synthesis of tricyclic o-hydroxy-p-quinone methide diterpenoid 149 and analogues.

short and effective total synthesis of (+)-bionectins A and C was
developed by Movassaghi and co-workers in 2013. This route
leading to the total synthesis of these naturally occurring
compounds features a new and scalable approach for the
synthesis of erythro-B-hydroxytryptophan amino acid. It
involves an intramolecular FC reaction of a silyl-tethered indole
and a new mercaptan reagent for epipolythiodiketopiperazine
(ETP) synthesis that can be unraveled under very mild condi-
tions. Based on this approach, firstly indole-3-carboxaldehyde
158 was converted into the corresponding silyl-tethered indole
adduct 159 in 74% yield in several steps. Gratifyingly, a silver-
catalyzed intramolecular FC reaction progressed easily in
nitroethane to give the C3-(3'-indolyl)-silacyclic product 160a in
68% yield. The structure of a diethyl silyl variant 160b, provided
during optimization studies, was confirmed via X-ray analysis.

This journal is © The Royal Society of Chemistry 2018

Compound 160a gave the target natural product (+)-bionectin A
156 in 81% yield after several steps. Reductive methylation of
(+)-bionectin A 156 with NaBH, and methyl iodide in pyridine
and MeOH gave (+)-bionectin C 157 in 97% yield (Scheme 34).'%

Ammosamides A-C are marine alkaloids that were initially
extracted from the marine Streptomyces strain CNR-698 by
Fenical and co-workers in 2009.'*® Except for ammosamide D,
these natural products have a characteristic pyrroloquinoline
unit framework, in which the tricyclic structure contains
a pyrrole scaffold bridging the C4 and C5 positions of a quino-
line ring system.'*”'** Ammosamides A and B exhibit important
cytotoxicity against human colon adenocarcinoma HCT-116
cells.*® A total synthesis of ammosamide B 161, a member of
the pyrroloquinoline alkaloid group extracted from marine
Streptomyces, was developed. The characteristic unit tricyclic

RSC Adv., 2018, 8, 40061-40163 | 40079
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Scheme 34 Total synthesis of (+)-bionectins A 156 and C 157.

structure of 161 was generated through a unique, tandem FC
reaction sequence to transform the symmetric tetra-amino
functionalized benzene derivative 162 into the tricyclic pyrro-
loquinoline product 163. The reaction was initiated with an
acid-promoted tandem FC reaction of the diamino and dinitro
functionalized benzene derivative 162 to form the tricyclic pyr-
roloquinoline 163. The required substrate 162 was easily
synthesized from m-dichlorobenzene in a two-step sequence.
Subsequently, a number of acids were applied to examine the
tandem FC reaction and the results demonstrated that the
reaction improved in the presence of trifluoroacetic acid (TFA)
but does not provide either of the anticipated FC products, only
an unidentified oligomeric material. Reactions using the Lewis

40080 | RSC Adv., 2018, 8, 40061-40163

acids aluminium chloride and titanium tetrachloride also
resulted in the construction of insoluble oligomers and no
reaction (162 was recovered quantitatively) happened once the
less reactive Lewis acids zinc chloride, tin tetrachloride and
Yb(OTf); were used. The remarkable observation that an indole
(side-product) was provided in 52% yield when BF;-Et,O in
dichloromethane was used provided the motivation for
a broader investigation of solvent effects on this method. When
CH;CN or THF was utilized in the presence of BF;-Et,O as the
solvent for the improvement of the reaction, insoluble oligo-
mers were provided. In contrast, tricyclic pyrroloquinoline 163,
via tandem FC product, produced the expected product in 35%
isolated yield once toluene was applied as the solvent. While

This journal is © The Royal Society of Chemistry 2018
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Scheme 36 Total synthesis of kealiiquinone A 164a and the 2-amino congener 164b.

this reaction was low yielding, it was performed efficiently and
no significant side products were detected by TLC analysis.
Hence, the poor yield of 163 is probably owing to its insolubility
during the work-up and purification processes. Consequently,
Nagasawa decided to apply the optimal reaction conditions
(BF5-Et,0 in toluene) performing the conversion of 162 to 163
in the synthetic pathway to form ammosamide B 161 and

This journal is © The Royal Society of Chemistry 2018

skipped the purification stage. A tandem FC reaction of 162
promoted by BF;-Et,O in toluene led to the formation of
compound 163. Next, ammosamide B 161 was provided after
several steps (Scheme 35).'°

Marine sponges provide a wide range of structurally unique
secondary metabolites with remarkable biological proper-
ties.””*""* Clardy and Scheuer initially extracted kealiiquinone

RSC Adv., 2018, 8, 40061-40163 | 40081
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164a from a Leucetta-obtained sponge containing a unique
imidazobenzoquinone scaffold."”> Compound 164a exhibited
cytotoxicity, with potentially a unique mechanism of action.'”
Schmitz reported the isolation of 2-deoxy-2-aminokealiiquinone
164b, but no bioactivity has been reported for this molecule.”* A
brief synthesis for kealiiquinone 164a and 2-deoxy-2-
aminokealiiquinone 164b was reported in 2013 by Lovely and
co-workers. Advanced intermediates including the full naph-
thimidazole scaffold are generated via FC reaction followed by
oxidation. Total synthesis of 164a and 164b was started from
diiodoimidazole 127, which was converted into 128 in several
steps the latter undergoes sequential FC reaction/dehydration
to give compound 129."° Subsequently, compound 129
provided kealiiquinone A 164a and the 2-amino congener 164b
(Scheme 36).'7

Natural products belonging to the pyrido[4,3-b]carbazole
group of alkaloids are well represented in the chemical litera-
ture."”***> Since the first extraction of ellipticine 166a and 9-
methoxyellipticine 166b in 1959 by Goodwin and co-workers,*””
several other compounds in this group have been extracted
from Apocynaceae plants.’”® The antineoplastic activity of ellip-
ticine has been developed largely because of the importance of

40082 | RSC Adv., 2018, 8, 40061-40163

DNA intercalation and inhibition of topoisomerase II.***
Nagarajan and co-workers in 2014 achieved an convenient
synthesis of ellipticine 166a and 9-methoxyellipticine 166b in 7
steps with 23% and 25% overall yields, respectively.®*® This
synthetic method uses a key phosphoric acid-catalyzed FC
cyclodehydration for the generation of the pyridine unit. Total
synthesis began from 1,4-dimethylcarbazoles (167a and 167b).
In this approach, phosphoric acid-catalyzed FC cyclo-
dehydration was employed as a key step for the construction of
pyrido[4,3-b]carbazole alkaloids. This synthesis was started
from 1,4-dimethylcarbazoles 167a and 167b and afforded the
corresponding amides 168a and 168b after several steps.
Amides 168a and 168b, were subjected to the critical FC cyclo-
dehydration with subsequent pyridine ring construction.
Compounds 168a and 168b in the presence of phosphoric acid
provided dihydropyridocarbazolones 169a and 169b in 73% and
71% yields, respectively. Finally, compounds 169a and 169b
were converted into ellipticines 166a and 166b after several
steps (Scheme 37).'%
In 2012, Xu
tetrahydrofuran-type lignans, gymnothelignans A-O, from
Gymnotheca chinensis Decne, a broadly applied perennial

and co-workers extracted various

This journal is © The Royal Society of Chemistry 2018
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Chinese  herb  of  Saururacese.®  Among  them,
gymnothelignan N attracted the interest of the authors owing to
its unique 10,11-benzospiro[5.6]dodec-13,15-dien-14-one scaf-
fold across a tetrahydrofuran ring, which is extraordinary in
lignans. Total synthesis of gymnothelignan N 170 was achieved
in 13 steps from 5-hydroxyvanilin 171 in 6.7% overall yield. In
this approach, a syn Evans aldol reaction, an intramolecular
hydrogenative dehydration reaction, and a phenol oxidative
dearomatization/FC reaction were considered as the key steps.
Total synthesis was started from 5-hydroxyvanilin 171, which
was converted into compound 172 via several steps. Using the
key intermediate 172, the step was performed to generate the

Gymnotheca chinensis

critical bioinspired oxidative FC reaction. However, there are
many cases of phenol oxidative dearomatization/FC reaction
used in natural product synthesis;'***** in this substrate, it is
considered to be challenging for two aspects. The first one is the
desired intramolecular FC reaction, which happens across the
tetrahydrofuran ring to generate the seven-membered ring with
an all-carbon quaternary center as linkage, while the presumed
cation intermediate 173 is constructed in situ. The second one is
the site selectivity of the FC reaction. The para and ortho posi-
tions of the methoxyl substituent are in competition in this
reaction.”*®"* Hence, the usual phenol oxidation hypervalent
iodine(m) reagents, for example iodobenzene diacetate (PIDA),
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Scheme 39 Total synthesis of mersicarpine 174.
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were considered and PIDA in hexafluoroisopropyl alcohol
(HFIP) resulted in the FC product in 70% yield. The selectivity of
th