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Research on natural products containing benzofuran has remarkably increased during the past few decades.
Newly isolated natural products with complex structures are being studied, characterized and screened for
possible biological activities. Several of such compounds have exhibited various biological activities, thus their
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1 Introduction

Benzofuran and its derivatives are widely present as scaffolds in
the complex molecules of natural products. These kinds of
naturally occurring compounds have attracted much attention
from synthetic organic chemists, due to their interesting
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which this key heterocycle is installed during the total synthesis of a natural product as the desired target.

biological and pharmacological activities."® Several natural
products bearing benzofuran and its derivatives as a moiety,**®
exhibit diverse biological activities such as being potent anti-
bacterial,” antimicrobial,® antitumor,” anticonvulsant anti-
inflammatory," antidiabetic* and antineophobic agents.'?
Furthermore, certain derivatives of benzofuran present in
natural products show high cytotoxicity.”® The exceptional
structural features of benzofuran and its wide assortment of
biological as well as pharmacological activities make it
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a privileged structure in the field of drug discovery. Nowadays,
several benzofurans are being prescribed for treatment of Alz-
heimer's disease.** They have also been screened and found
being acting as protein tyrosine phosphatase inhibitors (PTP-
1B).* Indeed benzofuran is a versatile scaffold for its synthetic
pathways and functionalization; moreover, it exhibits a medic-
inal chemistry interest due to its presence in several natural
products.'® Various benzofuran derivatives have been isolated
from plants kingdom and marine sources."” Furthermore, they
were also provided from bacterial or fungal metabolites.*
Benzofurans occur in numerous natural products, as part of
small molecule i.e. benzofury,' as well as more complex drug
such as notorious morphine (as street drug) and macromole-
cule like rifamycin.”® They also can be assembled in more
complex architectures in a wide range of natural products such
as fungi, bacteria, etc.

Naltrindole (NTI) and its benzofuran derivative (NTB) were
proved being antagonist of different opioid receptor agonists in
the tail-flick antinociceptive evaluation in mice.** Amiodarone,
(2-{4-[(2-butyl-1-benzofuran-3-yl)carbonyl]-2,diiodophenoxy}
ethyl)diethylamine, 1 is an antiarrhythmic agent which nowa-
days prescribed for treatment of different types of cardiac
dysrhythmias, both ventricular and atrial.?> Dronedarone, N-(2-
butyl-3-(p-(3-(dibutylamino)propoxy)benzoyl)-5-benzofuranyl)
methane sulfonamide, 2 is an efficient drug which stop atrial
fibrillation and atrial flutter relapses, which is prescribe for low-
risk patient (Fig. 1).>

Psoralen (also called psoralene) (7H-furo[3,2-glchromen-7-
one) 3 is the parent in a family of naturally occurring
compounds known as furocoumarins. It is structurally related
to coumarin and can be regarded as an umbelliferone derivative
(Fig. 2).>*

Machicendiol 4, a benzofuran isolated from the extracts of
Machilus glaucescens,” has been long used as traditional
medicine in the treatment of asthma, rheumatism, and ulcers
for a long period of time.*® It has been found that 2,5-disub-
stituted benzofurans are particularly active in enhancement of
insulin sensitivity.”” The benzofuran-fused benzocarbazol has
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1: Amiodarone 2: Dronedarone

Fig. 1 The structure of amiodarone 1 and dronedarone 2.

been found to inhibit the growth of malignant cells and they
also showed antibiotic properties (Fig. 3).2%2°

Ailanthoidol 5 (ref. 30) and XH-14 6 were isolated from the
chloroform-soluble fraction of stem woods of Zanthoxylum
ailanthoidos.®* Studies on the constituents of plants of Zan-
thoxylum ailanthoidos, they are used in Chinese traditional
herbal medicine. These compounds exhibit different inter-
esting pharmacological activities.**** Ailanthoidol 5, a neo-
lignan derivative, demonstrated antiviral, antioxidant and
antifungal potencies (Fig. 4).>**°

Significantly, the benzofuran derivatives containing the
reported to be analgesic,
inflammatory, antipyretic, antiarrhythmic, muscle relaxant,

pyrazole nucleus were anti-
psychoanaleptic, anticonvulsant and hypotensive.**** Remark-
ably, a large number of synthetic approaches have been
attempted and accomplished for the synthesis of fused benzo-
furans. The synthesis frequently starting from differently
appropriate substituted benzene rings. Most synthetic
approaches towards benzofurans are based on the generation of
the O-C2 or the C2-C3 bonds, in the vital ring closing step.
Nevertheless, those approaches manipulating C3-C3 bond
generation, via intramolecular cyclization of an already appro-
priately functionalized precursor. These approaches are partic-
ularly striking and much anticipated. They include: (a) acid-
catalyzed cyclization of compounds continuing carbonyl
group by dehydration,”*** (b) palladium®*®” or platinum?®-
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Fig. 2 The structure of psoralen 3.
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Fig. 3 The structure of machicendiol 4.
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Fig. 4 The structure of ailanthoidol 5 and XH-14 6.

catalyzed™ ring closure by an intramolecular Wittig reaction®**

or o-(acyloxy)benzyl anions,” (c) condensation of activated
methylene following Dieckmann reaction condtiions®* or
ketene intermediate involved cyclization,* (d) acid-catalyzed
ring construction of a-aryloxycarbonyls® or (e) intramolecular
Friedel-Crafts reaction,®® (f) photolytic cyclization of a-phenyl-
ketones,* and (g) gold(m)-catalyzed tandem reaction of O-aryl-
hydroxylamines with 1,3-dicarbonyl substrates.”” Moreover,
a one-pot reaction for the transformation of allyl aryl ethers to 2-
methylbenzofurans via sequential reaction involving Claisen
rearrangement/oxidative cyclization has been reported.” 3-Acyl-
2-aminobenzofurans give 2-(cycanomethyl) phenyl esters using
catalytic quantity of Pd(OAc),, PCys;, and Zn.”

Recently, the role of benzofuran and its derivatives present
in natural products as emerging framework for antimicrobial
agents,”® antibreast cancer agents’™ and in other natural lead
molecules with diverse pharmacological properties have been
comprehensively, revealed.”>”® We are especially interested in
heterocyclic chemistry’””®® and heterocyclic compounds
showing high biological activity.®* In recent years, we have
highlighted the applications of several name reactions in the
total synthesis of biologically active natural products and
applications of asymmetric synthesis in total synthesis of
natural products.®***

In this line very recently, we focused on chemistry of
benzofurans and published a chapter in Advances in Hetero-
cyclic Chemistry entitled the recent advances in the synthesis of
benzo[b]furans.” Due to the massive number of pertinent
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references, coverage of the chemistry of this key heterocycle
from different aspects, features and issues were surpassed by
the limits in length and pages imposed by the editorial board of
this book series. Thus, we had to divide the rest of this vast
subject into three reviews. In our two recent reviews, we dis-
closed the full perspective of reactivity of benzofurans® and
advances in the synthesis of biologically potent compounds
bearing at least one benzo[b]furan moiety in their structures,
respectively.”” In the present review, we collated the published
reports on the total synthesis of natural products containing at
least one benzofuran moiety in their complex structures.
Noticeably, in spite of brief introduction of the natural prod-
ucts, their sources and the methods used for their character-
ization, we focused on the key step of construction of
benzofuran moiety during the total synthesis of such natural
products.

2 Construction of benzofuran as
a scaffold in the structures of natural
products during their total synthesis

Lignans and neolignans are interesting goals for organic
synthetic chemists. The members of this family containing
benzofuran showing broad spectrum of biologically activity.
Among these compounds, the total synthesis of benzofuran
neolignans®** have been considered following the biomimetic
routes. In this approach, initially an appropriate 4-furyl-3-
alkoxy-3-butenoic acid 10 was synthesized. As illustrated in
Scheme 1, the aldehyde 7 (ref. 7) was reacted with the lithium
salt of protected propynol 8 to afford the corresponding
carbinol, which was then transformed into the 3-bromofuran 9
involving sequential reactions including oxidation of prop-
argylic carbinol/selective deprotection of tetrahydropyranyl
ether/acid-catalyzed cyclization to afford 3-bromofuran 9 in
moderate overall yield. 3-Bromofuran 9 was then converted into
the benzofuran 11 via the formation of 4-furyl-3-alkoxy-3-
butenoic acid 10. The desired benzofuran 11 converted to 5 in
several steps, eventually, ailanthoidol 5 obtained in moderate
overall yield.**

XH-14 6 was initially isolated from the plant so called Salvia
miltiorrhiza. Latter on it was found being a potent antagonist
against the adenosine receptors.'® Ailanthoidol 5 is also
a structurally related compound to 6. Although, there is no
report on biological activity of this compound on the adenosine
receptor, the extracts of the leaves and bark of this tree had been
used as traditional medicine for long period. It has been re-
ported several methods for the synthesis of XH-14 6.'°"'%
Another method towards the synthesis of XH-14 involved an
oxidative dimerization of methyl ferulate (methyl-3-methoxy-4-
hydroxycinnamate) to form the benzofuran skeleton has also
been reported.’® This strategy gave only low overall yield (34%)
and showed no flexibility for the synthesis of other analogs. An
improved and efficient strategy for the total synthesis of ailan-
thoidol 5 has been reported by Liitjens and co-workers in 1998.
This approach for the total synthesis found being attractive and
practical. In this protocol, the total synthesis of ailanthoidol

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Total synthesis of ailanthoidol 5.

commenced with the building up of the benzofuran nucleus via
coupling of the ortho-halophenol 12 and the alkyne 13 with
simultaneous cyclization. The coupling of 12 and 13 was con-
ducted under Sonogashira conditions.'** It affords a better yield
and also found being re-producible (Table 1). It was also found
that PdC1,(PPhs), is more efficient catalyst than Pd(PPh;), and
also iodophenol 12b was proved to react better than bromo-
phenol 12a. The resultant benzofuran 14 was then converted
into ailanthoidol in two steps. The first step was involving the
removal of the protecting group using TiCl, and the second step
involved the reduction of the ester group using DIBAL to give
the desired target 5 in 77% overall yield after crystallization
from MeOH (Scheme 2).'%

Notably, the synthesis of XH-14 6 was accomplished using
a similar protocol, employing the Sonogashira coupling reac-
tion conditions. Nevertheless, in the case of the generation of
the intermediate ortho-hydroxytolan, it was isolated preceding
to cyclization and then subjected into Pd-catalyzed carbon-
ylative cyclization reaction was to construct the benzofuran ring
system with simultaneous acylation at the 3-position. Ethyl-3-
methoxy-4-hydroxy-5-iodocinnamate 12b was protected as
MOM ether and then coupled with the various substituted
alkyne to provide the corresponding MOM protected ortho-
hydroxytolan in high yield (92%). For the removal of the MOM
protecting group oxalic acid in aqueous methanol was used to
afford virtually quantitative yield of the ortho-hydroxytolan 16.
Using a catalytic amount of PdCl, to solution of 16 and NaOAc/
MeOH under atmosphere of CO imposed cyclization to a vinyl-

Table 1 Reaction conditions for the synthesis of benzofuran 14

Entry Substrate Conditions Yield (%)
1 12a Cu-acetylide of 13, Py, reflux 65
2 12a Cu,0, Py, reflux 62
3 12a PdCl,(PPh,),, Cul, NEt;, MeCN 69
4 12a Pd(PPh;),, Cul, NEt;, MeCN 52
5 12b Pd(PPh;),, Cul, NEt;, MeCN 88

This journal is © The Royal Society of Chemistry 2017
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palladium(u) species in which after insertion of CO and reaction
with methanol afforded the substituted benzofuran 17 in
a satisfactory isolated yield. The resulting Pd(0) species were re-
oxidized by copper(u)chloride permitting the utilization of
a sub-stoichiometric amount of Pd. It was proved that the
choice of base is crucial as 16, since a noticeable inclination
being subjected to un-catalyzed auto-cyclization under basic
conditions were observed. Therefore, the un-functionalized
benzofuran 18 was constructed solely when K,CO; was
employed instead of Na,COj;. Conversion of 17 into the desired
product 6 was then achieved via straightforward strategy in
which after three steps, XH-14 6 was provided. This strategy
provides a new gateway for the efficient synthesis of XH-14 6 in
which affords the formulated isomer, only. This synthesis is
also high yielding and flexible to give a wide variety of differ-
ently 2-substituted analogs (Scheme 3).'°

In another attempt, the total synthesis of ailanthoidol was
also accomplished in 12 steps manipulating different func-
tional transformations in a 17% overall yield starting from
vanillin 19. A convenient method for the synthesis of ailan-
thoidol from vanillin is established, using trimethylsilyl diazo-
methane lithium salt to generate diphenyl acetylene which
followed by oxymercuration cyclization of the resulting alkyne
using mercury acetate in acetic acid as key steps. The mercurial
intermediate 21 is found to be a very useful intermediate for the
syntheses of analogs by the direct replacement of the mercurial
moiety with a variety of functional groups. The desired inter-
mediate 20 upon treatment with mercury acetate in acetic acid
and then quenching with saturated sodium chloride solution
afforded 2-(p-benzyloxy-m-methoxyphenyl)-3-chloromercurio-5-
(5',5'-dimethyl-1’,3’-dioxan-2'-yl)-7-methoxybenzofuran 21. The
chloromercurial intermediate 21 without further purification
was isolated and reduced with NaBH, in THF to afford benzo-
furan 22 in high yields. After several steps the latter was con-
verted into the desired natural product ailanthoidol 5
(Scheme 4).%°¢

RSC Adv., 2017, 7, 24470-24521 | 24473
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Scheme 2 Total synthesis of ailanthoidol 5.
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Scheme 3 Total synthesis of XH-14 6.

Furthermore, ailanthoidol 5, was also synthesized via a route
which is the longest linear sequence is only six steps in 48%
overall yield. This pathway started from commercially available
5-bromo-2-hydroxy-3-methoxybenzaldehyde 23. The key trans-
formation in the synthesis is the Stille coupling reaction of
benzofuranyl bromide with stannanyl compounds. This
synthetic strategy can be modified to give access to a variety of
different ailanthoidol analogues. With the aim of developing
a successful route to ailanthoidol 5, an alternative method of
construction was examined. Accordingly, the removal of the
benzyl protecting group with TiCl, followed by DIBAL or LiAlH,
reduction of the ester to give 5 in the highest 95% yield (over two
steps) (Scheme 5).*°

24474 | RSC Adv., 2017, 7, 24470-24521
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In addition, some other natural products bearing 2-aryl-
benzofurans moiety in their structures such as, egonol 31a,
homoegonol 31b, and demethoxyegonol 31c were also isolated
from Styrax japonicum, Styrax officinalis L., and Styrax obas-
sia.**”* They were found exhibiting cytostatic activity towards
human leukemic HL-60 cells.*® The brief total synthesis of all
three naturally occurring 31a, 31b, and 31c was achieved only in
five steps in overall yields of 40, 40, and 34%, respectively. The
bromobenzofuran 28 present in these natural products were all
also provided in two steps via selective cross MacMurry
coupling in good yields. The introduction of 3-hydroxypropy
moiety on the benzofuran rings was accomplished via Sonoga-
shira cross coupling reaction with subsequent hydrogenation

This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Total synthesis of ailanthoidol 5.

followed by hydrolysis. The total synthesis started from readily
available 23 and 26 which are coupled by means of selective
MacMurry cross coupling reaction'*® to afford intermediate 27,
which followed by oxidative cyclization to form compound 28.
The bromobenzofuran was coupled with propargyl acetate by
a palladium-catalyzed Sonogashira reaction to generate 30 as
a key intermediate to produce ailanthoidol 5, XH-14 6 and the
other three natural products 31a—c (Scheme 6).***

Yang and co-workers have carried out the total synthesis,
which could also substantiate unambiguously the structure of
XH-14 6. A key feature of this synthetic program was the
conventional coupling reaction'? between the copper acetylide
32 (ref. 113) and the aryl bromide 33,"** generating as antici-
pated the benzofuran 34 with the desired skeleton. Finally, after
several steps, hydrolysis of 35 provided the target molecule 6,
which was identical in all aspects to the natural XH-14 6
(Scheme 7).

A brief, high yielding practical and highly efficient total
synthesis of natural product XH-14 containing benzofuran
moiety is achieved in nine steps by Jun and co-workers. In this
approach, the key features are Sonogashira coupling, iodine-
promoted cyclization, Wittig reaction, and formylation. The
total synthesis started from another natural product vanillin 19,
which was transformed into diarylyne 36 in three steps. Then, it
was subjected into iodine-induced cyclization to afford 3-iodo-
benzofuranaldehyde 37 containing the benzofuran core. The

This journal is © The Royal Society of Chemistry 2017
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latter in turn is converted into 2-(4-benzyloxy-3-methoxyphenyl)-
3-iodo-5-(3-benzyloxypropyl)-7-methoxybenzofuran 38 in several
steps. Upon formylation using n-BuLi/N-formylpiperidine the
latter is transformed into 2-(4-benzyloxy-3-methoxyphenyl)-5-(3-
benzyloxypropyl)-7-methoxybenzofuran-3-carbaldehyde 39 in
70% yield. Nevertheless, when BCl; is used for debenzylation of
39 the desired natural product XH-14 6 is obtained in very high
yield (90%) (Scheme 8).**

Vibsanol 42, a benzofuran-type lignan isolated from the
wood of Viburnum awabuki (Caprifoliaceae), was synthesized by
the tandem cyclization of o-tert-butyldimethylsiloxy diaryl
alkyne with tetrabutylammonium fluoride and excess para-
formaldehyde as the key step. The leaves of Viburnum awabuki
(Caprifoliaceae) are known to have been used as a fish poison for
the purpose of catching fish around the Okinawa Islands. Vib-
sanine A, an unprecedented humulene-type diterpene, was
isolated from these leaves as a piscicidal compound.'”
Recently, vibsanol 42, a natural occurring benzofuran-type
lignan showed moderate inhibitory activity toward lipid perox-
idation in rat brain homogenates."*® The structure of vibsanol
42 was mainly established on the basis of spectroscopic
methods and composed of 2-aryl and 3-hydroxymethyl substit-
uents. It is well known that 2-substituted benzofurans are
readily prepared from the o-hydroxyarylalkynes under basic
conditions.”™ Total synthesis of vibsanol 42 was started from
vanillin that after several steps provided the benzofuran

RSC Adv., 2017, 7, 24470-24521 | 24475
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precursor 40. The tandem cyclization of 40 gave the desired
benzofuran 41 in 67% yields. Finally, the deprotection of 41
smoothly occurred using a catalytic amount of PPTS in MeOH to
give vibsanol 42 in 99% yield (Scheme 9)."*°

The first total synthesis of a norneolignan isolated from
Ratanhia, 5-(3-hydroxypropyl)-2-(2’-methoxy-4'-hydroxyphenyl)
benzofuran 46, is described in 2002. The key steps contain the
one-pot reaction for a 2-arylbenzofuran from methyl 3-(4-
hydroxyphenyl)propionate 43 with 2-chloro-2-methylthio-(2'-
methoxy-4’-acetoxy)acetophenone 44 in the presence of ZnCl,,
and reductive desulfurization of the resulting product 45.
Significantly, the total synthesis of a norneolignan 46 was
accomplished by a one-pot reaction of methyl 3-(4-

24476 | RSC Adv., 2017, 7, 24470-24521

hydroxyphenyl)propionate and chloride 44 under Friedel-Crafts
reaction conditions and reductive desulfurization of the resul-
tant benzofuran 45, as the key steps (Scheme 10).**

Among the natural products bearing benzofuran as scaffold,
the eupomatenoids form an expanded class of neolignans,**
are worthy being considered. These compounds initially were
isolated from two plant species, which were placed in the
archaic angiosperm family eupomatiaceae. Structurally, the
eupomatenoids 50 are identified by a 2,3,5-substitution pattern.
In this pattern an aryl group is placed as a substituent at the 2-
position, a methyl group positioned at 3 and a C3-substituent R
stands at position 5. Different eupomatenoids 50a-c, 50f-h were
synthesized starting from 2,3,5-tribromobenzofuran 48 via

This journal is © The Royal Society of Chemistry 2017
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a short and high-yielding synthetic strategy. The total synthesis
commenced from tribromobenzofuran 48 and commercially
purchasable bromide 47a. The overall yields diverge between 29
and 60% over four to six steps. Remarkably the important and
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7
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19 40
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Scheme 9 Total synthesis of vibsanol 42.
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key step of this strategy is to achieve the high regioselectivity
from three Pd(0)- and Ni(0)-catalyzed cross-coupling reactions
which are performed, sequentially. The order of substitution at
the benzofuran nucleus is C-2, C-5 and C-3. In this way, the
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introduction of the third substituent onto the benzofuran
nucleus was possible. Upon double bond equilibration via
treatment with iodine,'* (E)-configured eupomatenoid-15 was
obtained 50a in 46% overall yield. In a similar manner,
eupomatenoids-3 50b and -4 50c were synthesized from the
respective aryl bromides 47b™* and 47c. In this way a concise
and effective synthesis of 2,3,5-trisubstituted benzofurans via
three successive cross-coupling reactions were accomplished.
The applicability of this strategy was successfully attempted for
the synthesis of a variety of naturally occurring compounds
continuing benzofuran moiety such as eupomatenoids but it is
also anticipated to be also functional for the synthesis of some
other benzofurans (Scheme 11)."*°

1. t-BuLi (THF) Br

Br. X 2.ZnCl, (THF) Br | S

y 32 [PdCL(PPhy)] Z~0

THE, r.t.
47 Br 49
Br N\ a:x=H, Y =0Me
Br b: X =Y = OCH,0
o

¢: X =Y =0Me

48

Eupomatenoids, neolignans isolated from Eupomatia laurina
and Eupomatia bennettii**® represent naturally occurring 2,3,5-
trisubstituted benzofurans 50a and 50b which are interesting
targets for total synthesis. Initially, the required precursor 51
was synthesized by a direct bromination of benzofuran in the
presence of a base (e.g. KOAc)."?” Compound 52 is the product of
regioselective cross-coupling reaction between 2,3,5-tri-
bromobenzofuran 48 and the corresponding arylzinc, under
optimized conditions. Compound 52 was converted via selective
bromine-lithium exchange/methylation to the 2,3-disubsti-
tuted 5-bromobenzofurans 53. Ni-catalyzed reaction of
compound 53 with alyl magnesium bromide 54 led to the
synthesis of desired natural product, eupomatenoids 50 in
overall yields of up to 60% (Scheme 12)."**
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Scheme 11 Total synthesis of eupomatenoids 50.
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Scheme 12 Total synthesis of eupomatenoids 50.
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Egonol 31a is a natural benzofuran glycoside occurring
widely in Styrax officinalis.**® Primarily, nor-neolignan egonol
was isolated by Okada from the seed-oil of Styrax japonicum.**° It
has attracted enormous attention due to its versatile biological
activities.'®* The synthesis of nor-neolignan egonol 59 has been
achieved in five steps starting from easily accessible staring
materials."**> The total synthesis of nor-neolignan natural
product egonol has been anticipated. The benzofuran derivative
59 is actually a known egonol precursor,' that is itself a natural
product. Noticeably, compound 59 was initially isolated from
the wood of Anaxagorea clavata.'*

The suggested synthetic pathway has three main problems:
(a) highly conjugated enol ether derivative 55 is not stable, (b)
the Dotz reaction™*'** is competitive due to the formation of
naphthol 58 (Scheme 13) with the desired benzofuran-forma-
tion*** and finally (c) the enol ether can be subjected to cycli-
zation at the ketene carbon present in intermediate 57 leading
to the formation of compound 60. This phenomenon has
previously been observed in related enamine intermediates.**®
Nevertheless, in some related systems the completion of Dotz

(CO
),
= °Cr OMe
TN —_—
AN
(0]
OMe o0
55 56

OMe

59

Scheme 13 Proposed pathway for the synthesis of compound 59.

(0C)sCrs__OMe
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=
X . —_— Ar
X ™S o 0 OMe
OMe o OMe
61 56 62

Scheme 14 Total synthesis of egonol 31a.
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reaction has not been reported. Thus, the selective cyclization is
considered being done due to the strong complexation followed
by annulation at the non-oxygenated vinylketene ligand. For the
total synthesis of 59, both dienyne 55 and an enediyne 56 can be
used as starting materials.'?”**

The use of silylated methoxydienyne 61 produces egonol
precursor 59 in 47% yields along with compound 63 in 15%
yields, which is considered as the result of carbene oxidation.
After several steps, intermediate 59 is converted into the desired
natural product egonol 31a. Noticeably, higher temperatures or/
and longer reaction times resulted in the formation of the
conjugated alkene moiety. Worthy to mention that the hydro-
boration of 63 has been reported to give egonol 31a
(Scheme 14).13>138

Salvia miltiorrhiza bunge (dan-shen) was extensively utilized
as a Chinese customary medicine for the cure of atheroscle-
rosis.”*® Hydrosoluble salvianolic acids, which have initially
been isolated from water-soluble part of dan-shen are found
being the showed several biological activities. They showed anti-
tumor, antithrombotic, anti-oxidative, anticoagulant and anti-

x Cr(CO);

i o ]

O o |

e . .
. o) : OMe?:
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31a: Egonol
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HIV activities.** Salvianolic acid C 70, is actually one of the
salvianolic acids, which are present in the structure of 2-phenyl-
benzofuran neolignan tournefolic acid A 68."** The total
synthesis of the naturally occurring compounds salvianolic acid
C 70, tournefolal 69 and tournefolic acid A 68 have been ach-
ieved and reported in 2012. Noticeably, the key benzofuran
framework were synthesized via selective iodination to obtain
64 followed by Sonogashira coupling*** in which 3-hydroxy-2-
iodobenzaldehyde 64 was coupled to the ethynylbenzene
analogues 65 in a catalyzed-Pd(Ph;P),Cl, and co-catalyzed-Cul
reaction to give benzofuran aldehyde 66 in satisfactory yield.
The latter can be converted to (E)-3-(7-(benzyloxy)-2-(3,4-bis
(benzyloxy)phenyl)benzo[b]furan-4-yl) acrylic acid 67 by Knoe-
venagel condensation, and then the benzofuran aldehyde 66,
which can be transformed into the desired natural product 70 in
several steps in overall yields of 40%. On the other hand, upon
the debenzylation of 67 and 66, are converted into tournefolic
acid A 68 and tournefolal 69 respectively (Scheme 15)."*?

A novel and efficient synthetic approach for the synthesis of
biologically potent natural benzofurans is reported in 2007 by
Naito and co-workers."** The important step of this protocol is
the well-known [3,3]-sigmatropic rearrangement. TFAA has
been established as the best reagent to promote [3,3]-
sigmatropic rearrangement for the preparation of cyclic or
acyclic dihydrobenzofurans. Alternatively, the TFAT-DMAP

View Article Online

Review

system was proved as the most efficient system for the
synthesis of different benzofurans. This method is particularly
practical since the protection of the phenolic hydroxy groups in
the synthesis of hydroxylated 2-arylbenzofurans is non-
required.

In accordance with Naito and co-workers protocol** the
synthesis of naturally occurring compounds containing benzo-
furan moiety such as stemofuran A 75 (ref. 145) eupomatenoid 6
50g,*° and coumestan 83 were achieved.'*” These compounds
showed various biological activities. For the synthesis of
compounds 75, 50g and 83 with no hydroxy group, this
synthetic approach was especially remarkable since they can be
accomplished without any protection of the phenolic hydroxy
groups (Scheme 16). Initially, the synthesis of stemofuran A 75,
which had been isolated from Stemona collinsae,'*> was
attempted. The synthesis of stemofuran A was achieved through
condensation of ketones with aryloxyamine followed by reaction
with TFAT-DMAP in sequential reactions involving four steps
giving the desired products in 72% yield. This reported
synthesis of stemofuran A by Pasturel and co-workers™®
involved several steps including the required protection/
deprotection of the hydroxy group. In the new synthetic route,
O-phenylhydroxylamine 72, easily synthesized from phenyl-
boronic acid 71, which was subsequently condensed with
dihydroxyacetophenone to furnish the oxime ether 74 in good
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Scheme 15 Total synthesis of tournefolic acid A 68, tournefolal 69 and salvianolic acid C 70.
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yield. The oxime ether 74 upon treatment with TFAT mediated
by DMAP at ambient temperature gave the desired benzofuran
75 in excellent yield. It was found being identical with stemo-
furan A 75 by comparison of their spectroscopic and physical
data with those of the natural product reported in the literature,
previously.**®

In a similar way, eupomatenoid 6 50g were also synthesized
via the treatment of oxime ether with TFAT-DMAP. Condensa-
tion of O-phenylhydroxylamine 77 bearing the p-bromo group
with p-hydroxypropiophenone afforded the oxime ether 79,
which upon reaction with TFAT-DMAP in dicloromethane at
room temperature gave the 5-bromobenzofuran 80 in 95%
yields. Finally, the latter underwent Suzuki coupling reaction
with (E)-propenyl boronic acid to furnish eupomatenoid 6 50g
in excellent yield. Thus, the total synthesis of eupomatenoid 6
50g in 52% overall yield from (4-bromophenyl)boronic acid 76
in five steps was accomplished and found to be identical with
natural eupomatenoid 6 by comparison of its spectroscopic
data reported in the literature for the naturally occurring
compound (Scheme 17).%4

The third desired target was coumestan 83.**” That is a basic
pharmacophore having coumestanes such as coumestrol,**
which exhibits estrogenic potency. Due to its unique and
remarkable structure, coumestan 83 has attracted the attention
of several organic chemists who were attempting independently
different approaches.*”*** One of successful reported synthetic

RSC Advances
OH
73: 3,5-dihydroxyacetophenone
. HCI Me
concd. aqueous HC @ | OH
EtOH, r.t., 3 h, 92% oY
74

strategies involved the synthesis of the benzofuran moiety in
the second step. Initial condensation of readily available O-
phenylhydroxylamine 72 with 4-chromanone via sequential
acylation/rearrangement of the resulting oxime ether 81 gave
the desired tricyclic benzofuran 82 in 73% yield in only two
steps. Finally, the carbonyl group was introduced upon the
treatment of tricyclic benzofuran 82 with PCC to furnish cou-
mestan 83 in good yield (Scheme 18).'**

(—)-Machaeriols A, B, C, and D bearing the cannabinoid
structure were recently isolated from the bark of the Machae-
rium multiflorum spruce located in Loreto and Peru."*> They have
been reported to have potential in vitro antimicrobial activity
against Staphylococcus aureus and methicillin-resistant
S. aureus.*® They showed potent in vitro antimalarial activity
against Plasmodium falciparum D6 and W2 clones."”® These
important biological activities have led to the development of
a variety of synthetic approaches to these natural products. An
efficient and concise synthesis of the biologically interesting
(+)-machaeriol B 89 and its enantiomer 90 was accomplished
from O-phenylhydroxylamine 72 in four steps. The key strate-
gies in the synthesis of 89 and 90 involved benzofuran forma-
tion through a [3,3]-sigmatropic rearrangement and trans-
hexahydrodibenzopyran formation by a domino aldol-type/
hetero-Diels-Alder reaction.

Scheme 19 shows a concise synthetic approach to natural
(—)-machaeriol B 89 and its unnatural enantiomer 90. The

OH
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Scheme 17 Total synthesis of eupomatenoid 6 50g.
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precursor 87 for the total synthesis of 89 and 90 was obtained by
a known method."”® Thus, the condensation of O-phenyl-
hydroxylamine 73 with 3,5-bis(dibenzoyloxy)acetophenone 84
in the presence of conc. HCl in EtOH gave the oxime ether 85 in
93% yield. The latter was treated with trifluoroacetyl triflate and
N,N-dimethylpyridin-4-amine (DMAP) in CH,Cl, at room
temperature to afford the desired cycloadduct 86 in 95% yield as
the sole product via a [3,3]-sigmatropic rearrangement which is
the well-known oxa-variant of Fischer's indole synthesis.
Removal of the two benzoyl groups from 5-(benzofuran-2-yl)
benzene-1,3-diol 1,3-dibenzoate 86 with LiAlH, in ether at
room temperature afforded stemofuran 87 in 90% yield.'*®
Treatment of benzofuranylbenzenediol 87 with (—)-(S)-citro-
nellal 88a in the presence of EDDA/Et;N in refluxing xylene gave
(—)-machaeriol B 89 in 65% yield. The spectroscopic data of the
synthetic 89 are in good agreement with the reported data.

24482 | RSC Adv., 2017, 7, 24470-24521

Conversely, the corresponding treatment of 87 with (—)-(R)-
citronellal 88b gave (—)-machaeriol B 90 in 63% yield.***

Also, stemofuran A 75 exhibited a wide range of biological
potencies.”*>*¢ A highly effective and facile strategy for the
construction of 2-arylbenzo[b]furans has been reported by Ruan
and co-workers in 2014."” As depicted in Scheme 20, stemo-
furan A 75 was synthesized by a method starting from
2-methoxychalcone epoxide 91 which upon treatment with
BF;-Et,0 (2 mol%) with subsequent deformylation gave the
intermediate 93 in 76% overall yield. Compound 93 underwent
demethylation and cyclodehydration reactions in the presence
of 48% HBr in acetic acid to give stemofuran A 75 in excellent
yield (94%).**

The total synthesis of the naturally occurring demethoxy-
egonol 31c [5-(3-hydroxypropyl)-2-(3’,4’-methylenedioxyphenyl)
benzofuran], a congener of which is used in the treatment of

This journal is © The Royal Society of Chemistry 2017
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Scheme 20 Total synthesis of stemofuran A 75.

asthma and rheumatism. The key steps involve the construction
of a 2-arylbenzofuran skeleton 99 from methyl 3-(4-hydrox-
yphenyl)propionate with 2-chloro-2-methylthio-(3’,4’-methyl-
enedioxy)acetophenone 97 in the presence of ZnCl, and
successive desulfurization of the resulting product 99
(Scheme 21).%®

Benzo[b]furan natural product 31a was initially isolated from
the Styracaceae family such as Styrax japonicum,"® S. for-
mosanus,"*® S. obassia,'*® S. macranthus** and S. officinalis,”’
which showed a variety of biological activities including insec-
ticidal, fungicidal, antimicrobial, antiproliferative, cytotoxic
and antioxidant properties."* Egonol, 5-(3-hydroxypropyl)-7-
methoxy-2-(3,4-methylenedioxyphenyl) benzofuran was first
isolated in 1915 from the seed oil of Styrax japonicum™® and first
total synthesized by Kawai'®* condensing an o-hydroxy-
benzaldehyde with an a-chlorophenylacetic acid, which known

to be an effective pyrethrum synergist.’®® It was reported the
most effective total synthesis of egonol 31a in 5 steps with 74%
overall yield from vanillin by using Sonogashira coupling reac-
tion. Vanillin 19 reacted with I,/Ag,SO, in EtOH at room
temperature to give iodovanillin 100 in 80% yields. Sonogashira
coupling of 100 with 3,4-methylenedioxyphenylacetylene 101
which was easily prepared from piperonal via Colvin rear-
rangement,'** by using Pd(PPh;),/Cul/Et;N in DMF yielded
benzofuran 102 in 95% yield through successive coupling and
cyclization in one-step. Noticeably the latter was very sensitive
to the haloaryl substituents as shown in Scheme 22.

The highly efficient total synthesis of homoegonol 31b was
achieved and reported in 2005.'® For the construction of
benzofuran moiety present in 31b a facile two-step synthesis of
2-arylbenzofurans was implemented, proceeding via a selective
cross-pinacol sort coupling between a salicylaldehyde and an
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> \
MeSCH,COCI  + o CIH,CCO o, \/\©\
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Scheme 21 Total synthesis of demethoxy-egonol 31c.
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Scheme 22 Total synthesis of egonol 31a.
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aromatic aldehyde, with subsequent acid-induced cyclization.
Therefore, bromobenzofuran 104 was synthesized from salicy-
laldehyde 23 and aromatic aldehyde 19 in two steps overall yield
61%. Subsequently, bromobenzofuran 104 was subjected into
Sonogashira coupling with propargyl acetate to yield alkyne 105,
which was subsequently hydrogenated and hydrolyzed to
generate homoegonol 31b in satisfactory overall yield (38%)
(Scheme 23)."¢

Recently, Fukuyama and co-workers disclosed'® the results
of their study on biological activity related to Phellinus ribis
(Schmach) a fungus grown in East Asia which has been used as
folk medicines for keeping immunity and for the treatment of
gastrointestinal cancer.’®® Ribisins A-D were recognized to
increase neurite outgrowth in nerve growth factor (NGF). Total
synthesis of the desired products 110, 113 and 118, which were
found being the biologically potent part of naturally occurring
compounds, ribisins A, B and D, have been accomplished. The
total synthesis started from optically active pure cis-1,2-dihy-
drocatechol 107. The key features involve Suzuki-Miyaura cross-
coupling reaction, intramolecular Mitsunobu and tandem
epoxidation/rearrangement reactions. For the synthesis of
ribisins A 110, initially, cis-1,2-dihydrocatechol 107 is trans-
formed into the expected product 108 in several steps. Upon
treatment of the latter with diethyl azodicarboxylate (DEAD)
mediated by triphenylphosphine, an intramolecular Mitsunobu

View Article Online

Review

reaction occurs with the phenolic OH group acting as the
internal nucleophile. In this way, the corresponding benzofuran
109 is 