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Abstract: Natural products have been a great source for drug leads, due to a vast majority possessing
unique chemical structures. Such an example is the protoilludane class of natural products which
contain an annulated 5/6/4-ring system and are almost exclusively produced by fungi. They have been
reported to possess a diverse range of bioactivities, including antimicrobial, antifungal and cytotoxic
properties. In this review, we discuss the isolation, structure elucidation and any reported bioactivities
of this compound class, including establishment of stereochemistry and any total syntheses of
these natural products. A total of 180 protoilludane natural products, isolated in the last 70 years,
from fungi, plant and marine sources are covered, highlighting their structural diversity and potential
in drug discovery.
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1. Introduction

Fungi remain an untapped source of bioactive natural products with an estimate of over 1.5 million
species of fungi worldwide, of which only approximately 7% have been chemically investigated [1-6].
Over 90% of the recorded species are higher fungi which are considered one of the largest biodiverse
resources on Earth. With the development of fungal natural product isolation techniques and a better
understanding of biosynthetic pathways, higher fungi have become an abundant source for drug
discovery. Ascomycota, the largest phylum of fungi, is one of the two divisions of higher fungi along
with Basidiomycota. Both divisions of higher fungi, having undergone evolution to survive harsh
and unfavourable environments, are well known producers of an array of structurally diverse natural
products that possess a variety of bioactivities. These natural products can be divided into several
groups by their chemical structures, one of which are the terpenoids. Representative terpenoid scaffolds
in higher fungi include sesquiterpenoids, diterpenoids and triterpenoids which are all derived from
common precursors [1-6].

Fungal terpenoid natural products are derived from isoprene units (Cs) and are classified by
the number of isoprene units in the structure [7-11]. Higher terpenoids such as monoterpenoids
(Cqp), sesquiterpenoids (Cy5) and diterpenoids (Cpp) are synthesised from two isoprene intermediates,
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), in the mevalonate
pathway. The mevalonate pathway begins with the phosphorylation of mevalonic acid, derived from
acetyl-CoA, by two molecules of adenosine triphosphate (ATP). Subsequent decarboxylation forms
IPP, the stereospecific isomerisation of which affords DMAPP (Scheme 1). Loss of diphosphate
from DMAPP forms an allylic cation which undergoes nucleophilic attack by IPP to afford geranyl
diphosphate. Reaction of geranyl diphosphate with another unit of IPP gives farnesyl diphosphate
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from which sesquiterpenoids (Cy5) are derived. Repetition of this process results in the formation
of terpenoid chains of different length. Linear terpenoids can undergo cyclisation by a number of
different terpene cyclases which can generate numerous terpenoid scaffolds [7-11].
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Scheme 1. Biosynthesis of sesquiterpenoids from isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) through the mevalonate pathway.

Cyclisation of farnesyl diphosphate can produce a wide range of natural products, many of
which are biosynthesised through a cyclisation pathway involving a humulyl cation [12-15].
The humulene pathway proceeds through 1,11-cyclisation of 2E,6E-farnesyl diphosphate to afford the
trans-humulyl cation which can then undergo rearrangement to produce a number of different classes
of sesquiterpenoid carbon skeletons including «-humulene and (E)-f3-caryophyllene. Of interest is
the 2,9 and 3,6-cyclisation product, protoilludyl cation, the precursor to various protoilludane natural
products [12-15].

Sesquiterpenoid protoilludane natural products contain a characteristic annulated 5/6/4-ring
system and have been reported to possess a diverse range of bioactivities. They have been predominantly
isolated from higher fungi (96%) with very few examples from marine (1%) and plant (3%) sources
(Figure 1). A total of 180 examples of this class have been isolated over a span of 70 years with almost
half of these natural products being isolated in the last 20 years (Figure 2).

The purpose of this review is to give an overview of sesquiterpenoid protoilludane natural
products bearing an annulated 5/6/4-ring system and does not cover the structurally related
illudins which are derived from protoilludane precursors. In this review, we will first discuss
the isolation, structure elucidation, establishment of stereochemistry and summarise the bioactivities
of sesquiterpenoid protoilludane natural products isolated to date from fungal origins beginning with
those isolated from Basidiomycota followed by Ascomycota. We will then briefly cover protoilludanes
isolated from other sources. We will acknowledge any known syntheses of these natural products but
will not elaborate on these, as a comprehensive overview of synthetic attempts towards this class of
natural products has been reported previously [14]. A short discussion on the biosynthetic studies
conducted on these natural products has also been included.
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Figure 1. Isolation sources of protoilludane natural products.
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Figure 2. Timeline of the discovery of protoilludane natural products from marine, plant and
fungal sources.

2. Basidiomycota

The Basidiomycota account for approximately 30% of the described species of higher fungi and
include the smuts, rusts, jelly fungi, bracket fungi, stinkhorns, fairy clubs, bird’s nest fungi, puffballs,
earthstars, toadstools and mushrooms [12-14]. This group of fungi are well-known producers of a
wide range of terpenoid natural products, including protoilludane sesquiterpenoids [12-14]. Indeed,
Basidiomycota account for over 82% of the protoilludanes produced by higher fungi (Figure 1).

2.1. Protoilludane Sesquiterpenes

The earliest reported protoilludane sesquiterpenoid, with the fused 5/6/4-ring system, was illudol
(1) (Figure 3) [16]. It was isolated from the mushroom Omphalotus olearius, formerly Clitocybe illudens,
in 1950 and reported as an unknown natural product at the time. Illudol (1) was tested for activity against
several bacterial species including Bacillus mycoides, Bacillus subtilis, Escherichia coli, Klebsiella pneumoniae,
Moycobacterium smegmatis, Mycobacterium tuberculosis, Pseudomonas aeruginosa and Staphylococcus aureus
but was found to be inactive [16]. The planar structure of illudol (1) was not reported until 1967,
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while the absolute stereochemistry was only established in 1971 based on X-ray crystallography and
was then successfully synthesised as a racemic mixture in the same year [17-19].

HO, H= /> .OH
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lludol (1) Neoilludol (2) 3-epi-lludol (3) R = OH

1-O-Acetyl-3-epi-illudol (4) R = OAc
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llludiolone (5) 5-O-Acetyl-7,14-dihydroxy-protoilludanol (6)
Figure 3. Structures of protoilludanes 1-6 isolated from the Clitocybe and Omphalotus genera of fungi.

Three other protoilludanes (Figure 3) have since been isolated from the Clitocybe genus
including neoilludol (2) from C. illudens and 3-epi-illudol (3) and 1-O-acetyl-3-epi-illudol (4) from
C. candicans [20,21]. Determination of the relative stereochemistry of neoilludol (2) was achieved
through nuclear Overhauser effect spectroscopy (NOESY) analysis and like illudol (1), the natural
product exhibited no antimicrobial activity against either S. aureus NBRC13276 or P. aeruginosa
ATCC15442 at a loading of 100 pg per disk [20,22]. The absolute stereochemistry of 3-epi-illudol (3)
was established using the partial resolution method of Horeau on an acetonide derivative and analysis
of the electronic circular dichroism (ECD) spectrum of 1-O-pivaloyl-3,6-dinitrobenzoyl derivative [21].
The relative stereochemistry of 1-O-acetyl-3-epi-illudol (4) was then established by consideration of
shared biogenetic origin with 3 [21]. The latter was reported to exhibit antimicrobial activity against
E. coli ATCC25922 with a minimum inhibitory concentration (MIC) of 32 ug/mL and a total synthesis
towards the racemic mixture of the natural product was reported in 1997 [23,24].

Another protoilludane, illudiolone (5) was isolated from a mushroom, Omphalotus illudens [25].
X-ray crystallographic analysis of 5 allowed assignment of the structure and absolute
configuration [25]. A related protoilludane, 5-O-acetyl-7,14-dihydroxy-protoilludanol (6), was isolated
from Conocybe siliginea, the structure and relative configuration of which were assigned using
rotating-frame nuclear Overhauser effect spectroscopy (ROESY) spectroscopic data [26]. The cytotoxicity
of 6 was investigated against several human cancer cell lines including SK-BR-3, SMMC-7721, HL-60,
PANC-1 and A-549 and was found to be non-cytotoxic [26].

Two examples of less oxygenated protoilludanes (Figure 4) were isolated from the mycelia of
Fomitopsis insularis, A®-protoilludene (7) and A”-protoilludene-6-ol (8), of which the former has also been
isolated from O. olearius [27,28]. In the isolation reports of A®-protoilludene, the sesquiterpenoid was
shown to undergo isomerisation upon reaction with palladium on carbon to afford A”-protoilludene
(9) [27]. Though A7-protoilludene (9) was only a semi-synthetic derivative at the time, it was the
first of the three protoilludanes to be synthesised, albeit racemically [29]. Soon after, the synthesis of
racemic Aé—protoilludene (7) was achieved which allowed the relative stereochemistry of the natural
product to be established [28]. Recent reports finally identified A”-protoilludene (9) as a natural
product, isolated from slime mold Dictyostelium discoideum [30]. The relative stereochemistry of 9
was established by NOESY spectroscopic analysis with absolute stereochemistry being established
by conversion of chirally pure deuterium labelled farnesyl diphosphate to A”-protoilludene (9) [30].
Another slime mold from the Dictyostelium genus, D. mucoroides afforded mucoroidiol (10), the relative
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configuration of which was assigned by analysis of NOESY data, while the absolute was suggested
by consideration of shared biogenetic origins with 9 [31]. Mucoroidiol (10) exhibited no cytotoxicity
(HeLa cells, ICs5q > 40 uM) or antibacterial activity (S. aureus and E. coli) [31].

H> H>
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A®-Protoilludene (7) A’-Protoilludene-6-ol (8) A”-Protoilludene (9) Mucoroidiol (10)

Figure 4. Structures of protoilludanes 7-10 isolated from the Fomitopsis and Dictyostelium genera.

Four protoilludanes were isolated from the mushroom Laurilia sulcate (Figure 5), namely sulcatine
A (11) and B (12), armillol (13) and 5-epi-armillol (14) [32,33]. The relative configurations of 11-14
were determined by analysis of NOESY NMR data. The absolute configuration of sulcatine A
(11) was confirmed through analysis of an ECD spectrum of a dibenzoate derivative, while that of
sulcatine B (12) and armillol (13) were established by biogenetic consideration [32,33]. Both sulcatine
A (11) and B (12) have been shown to exhibit moderate antimicrobial activity against E. coli
ATCC25922 (MIC 32 pg/mL) with 11 also exhibiting activity against Mannheimia haemolytica ATCC14003
(MIC 32 pg/mL) [34]. In addition, 12 and 14 have been reported to exhibit antifungal activity against
Cladiosporium cucumerinum and Candida albicans at a loading of 50 pg per disk [33].
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Figure 5. Structures of protoilludanes 11-14 isolated from Laurilia sulcate.

Another mushroom from the Laurilia genus, L. tsugicola, afforded tsugicolines A-E (15-19) [35,36].
The relative configurations of tsugicolines A-E (15-19) were established by NOESY spectroscopic
analysis [35]. The absolute configuration of tsugicoline A (15) was determined by the partial resolution
method of Horeau, while that of tsugicoline E (19) was determined by X-ray crystallographic analysis
[35,36]. Tsugicolines A (15), C (17) and E (19) have been shown to exhibit moderate antimicrobial
activity against E. coli ATCC25922 (MIC 32 pg/mL) with 15 and 17 also exhibiting activity against the
Gram-negative bacterium, M. haemolytica ATCC14003 (MIC 32 pug/mL) [34]. Tsugicoline A (15) has also
been shown to exhibit allelopathic activity against garden cress, Lepidium sativum [35].

Another closely related compound, tsugicoline M (20), was isolated from the edible mushroom
Clavicorona pyxidate, the relative configuration of which was assigned utilising NOESY NMR data [37].
Tsugicoline M (20) was investigated for antimicrobial activity against E. coli, B. subtilis, S. aureus and
Candida albicans, at a concentration of 50 pg/mL, and cytotoxicity against HeLa cells, at 20 ug/mL and
was found inactive in all assays [37]. The same mushroom also afforded two other novel protoilludanes
(Figure 6), pyxidatol A (21) and B (22), along with the previously reported tsugicoline E (19) [38].
The relative configurations of pyxidatol A (21) and B (22) were resolved by ROESY analysis with the
absolute configurations of 21 and 22 being assigned by consideration of shared biogenetic origins with
19 [37,38].
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Figure 6. Structures of tsugicolines 15-20 and pyxidatols A (21) and B (22) isolated from the Laurilia
and Clavicorona genera of fungi.

The injured fruiting bodies of the mushroom Russula delica afforded five protoilludanes (Figure 7),
plorantinone A-D (23-26) and epi-plorantinone B (27), while the intact fruiting bodies gave the
first examples of fatty acid ester protoilludanes, stearoyl plorantinone B (28) and stearoyl delicone
(29) [39—-41]. The relative configurations of plorantinone A-C (23-25), stearoyl plorantinone B (28) and
stearoyl delicone (29) were determined from NOESY data. The absolute configuration of plorantinone
B (24) was established by analysis of ECD spectra, conformational analysis and molecular mechanics
(MM3) calculations [39-41]. Subsequently, the absolute configurations of 23, 25, 28 and 29 were
determined by comparison of optical rotation with plorantinone B (24) [39—-41].

Plorantinone A (23) Plorantinone C (25) R = OH Plorantinone B (24)
Plorantinone D (26) R = H R, = OH, R, = H
epi-Plorantinone B (27)
R1 = H, R2 =OH
Stearoyl plorantinone B (28)
Stearoyl delicone (29) R =CO0,(CH3)16CH3, Ro = H

Russujaponol A (30) Russujaponol B (31) Russujaponol C (32) Russujaponol D (33)
Figure 7. Structures of protoilludanes 23-33 isolated from the Russula genus of fungi.

The fruiting bodies of another mushroom from the Russula genus, R. japonica, atforded russujaponols
A-D (30-33) (Figure 7) [42]. Assignment of the relative configuration of 30-33 was achieved through
analysis of ROESY and NOESY NMR data. The absolute configuration of russujaponol A (30) was
assigned by X-ray crystallographic analysis of a benzoate derivative which in turn allowed the
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absolute configuration of russujaponols B-D (31-33) to be ascertained by biogenetic consideration.
The cytotoxicity of 30, 31 and 33 was investigated and all three natural products were found to be
non-cytotoxic against 39 human tumour cell lines. Russujaponol A (30) was found to suppress the
invasion of human fibrosarcoma cells (HT1080) into Matrigel with 63% inhibition at 3.73 uM [42].

Investigation of the fruiting bodies of a mushroom, Lactarius atlanticus, led to the discovery of
atlanticones A-D (34-37) (Figure 8) [43]. As with the plorantinones, the intact fruiting bodies afforded
fatty acid sesquiterpenoids, atlanticones A (34) and B (35) which were isolated as a mixture of fatty acid
esters (ca. 90% oleic acid and ca. 10% linoleic acid), while atlanticones C (36) and D (37) were isolated
from injured fruiting bodies. Both atlanticones A (34) and B (35) were investigated for antimicrobial
activity against S. aureus and E. coli but were found to be inactive. The relative configurations of all four
natural products were assigned by NOESY, while the absolute configuration of atlanticone A (34) was
determined by a combination of PM3 calculations and ECD spectral comparison with plorantinone
B (24) [43]. Both a racemic synthesis and enantioselective total synthesis of atlanticone C (36) have
been reported [44,45].

-
-
2

HO
O OCOR O OCOR

Atlanticone A (34) Atlanticone B (35)
R = C47H33 (oleic, ca. 90%) and R = C47H34 (linoleic, ca. 10%)

H*,

.|IOH

O OH 060 oH

Atlanticone C (36) Atlanticone D (37) Repraesentin A (38)

Figure 8. Structures of protoilludanes 34-38 isolated from the Lactarius genus of fungi.

Repraesentin A (38) (Figure 8), a closely related natural product to A®-protoilludene (7), was isolated
from another mushroom from the Lactarius genus, L. repraesentaneus [46]. The relative configuration of
the natural product was assigned utilising NOESY spectroscopic data, while the absolute configuration
was assigned by consideration of common biosynthetic origins with 7. Repraesentin A (38) was shown
to promote radicle elongation of lettuce seedlings [46].

The mushroom Agrocybe aegerita afforded three «,3-unsaturated carboxylic acid containing
protoilludanes (Figure 9), pasteurestins A-C (39-41) [47,48]. Structure elucidation of all three natural
products was achieved by spectroscopic analysis [47,48]. The stereoselective syntheses of both 39 and
40 have been reported [49,50]. This allowed assignment of the relative configurations of 39 and 40 by
NOESY data and absolute configurations by comparison of optical rotations with the respective natural
products [49,50]. The relative configuration of 41 was assigned by analysis of ROESY data, while the
absolute configuration was suggested by biogenetic consideration [48]. The antimicrobial activities of
pasteurestins A (39) and B (40) have been investigated against Pasteurella multocida N791 BBP 0101
(MIC 0.89 and 0.78 ug/mL, respectively) and Mannheimia haemolytica N811 BBP 0102 (MIC 1.56 and
0.78 ng/mL, respectively) where 40 was found to be a more potent inhibitor than 39 [34].
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Figure 9. Structures of protoilludanes 39-47.

Another example of an «,3-unsaturated carboxylic acid containing protoilludane, epicoterpene A
(42), was isolated from a co-culture of the honey fungus Armillaria sp. and the endophytic fungus
Epicoccum sp. [51]. This co-culture also afforded three other protoilludanes, epicoterpene B (43), C (44)
and E (45) (Figure 9). The relative configurations of all four epicoterpenes were assigned by analysis
of ROESY data, while the absolute configurations were determined by comparison of experimental
ECD spectra with time-dependent density functional theory (TDDFT) calculated ECD spectra. None of
the four compounds exhibited cytotoxicity (IC5¢ > 40 uM) against HL-60, A-549, SMMC-7721, MCF?7,
SW480 cell lines or acetylcholinesterase inhibitory activity at a concentration of 50 pM [51].

The Lentinellus genus afforded two protoilludanes, lentinellic acid (46) and lentinellone (47) [52,53].
Lentinellic acid (46), isolated from Lentinellus ursinus and L. omphalodes, contains a lactone and an
o, 3-unsaturated carboxylic acid. Structure elucidation and assignment of the relative configuration of
46 was achieved by X-ray crystallography, while that of 47 was achieved by NOESY spectroscopic
analysis. The absolute configuration of 47 was tentatively assigned by consideration of shared biogenetic
origins. Both natural products were investigated for their antimicrobial activity against a variety
of strains including; Bacillus brevis, B. subtilis, Corynebacterium insidiosum, E. coli, Micrococcus luteus,
Mycobacterium phlei and Streptomyces sp., where lentinellone (47) was found to be inactive. Alternately,
lentinellic acid (46) exhibited potent antimicrobial activity (MIC 1-5 pg/mL) against Aerobacter aerogenes,
B. brevis, C. insidiosum and moderate activity against Acinetobacter aerogenes (MIC 20-50 pg/mL),
B. subtilis (MIC 20-50 ug/mL), M. luteus (MIC 10-20 pg/mL), Proteus vulgaris (MIC 20-50 pg/mL),
S. aureus (MIC 20-50 ng/mL) and Streptomyces sp. (MIC 10-20 pug/mL). In addition, 46 also exhibited
antifungal activity against Absidia glauca and Nematospora coryli at a loading of 100 ug per disk.
The cytotoxicity of 47 was investigated against various cancer cell lines where it exhibited moderate
cytotoxicity against HL-60 (ICsp 20 pg/mL) [52,53].

Three protoilludanes, radudiol (48), and radulone A (49) and B (50), were isolated from the
crust fungus, Radulomyces confluens (Figure 10) [54]. Radudiol (48) is another example of a saturated
protoilludane, while radulone A (49) has four rings, one of which contains an oxygen bridge.
The relative configurations of all three natural products were assigned by analysis of NOESY NMR
data. The cytotoxicity of 48-50 was investigated against HeLa S3, HL-60 and L-1210 cell lines
where 49 (ICs) 16, 2, and 1 uM, respectively) exhibited potent cytotoxicity against all three cell lines,
while radudiol (48) and radulone B (50) were non-cytotoxic. Radulone A (49) also exhibited weak
antimicrobial activity against Corynebacterium insiduodum, Micrococcus luteus, Nematospora coryli and
Ustilago nuda with an MIC of 20 uM as well as Streptomyces bikiniensis, Saccharomyces cerevisiae and Mucor
miehei with an MIC of 41 pM. In addition, 49 was found to be a potent inhibitor of human (IC5¢ 2 uM)
and bovine (ICsy 12 uM) platelet aggregation induced by adenosine diphosphate (conc 25 pM) [54].
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The stereoselective synthesis of the non-natural enantiomer of radudiol (48) has been reported allowing
assignment of the absolute configuration of the natural product by comparison of optical rotations [55].

O
Radudiol (48) Radulone A (49) Radulone B (50)

Figure 10. Structures of protoilludanes 48-50 isolated from Radulomyces confluens.

Two examples of oxygen-bridged protoilludanes (Figure 11), coprinolone (51) and A®-coprinolone
(52), were isolated from Coprinus psychromorbidus [56,57]. The structures of both natural products were
assigned by spectroscopic analysis and the relative stereochemistry of coprinolone (51) was determined
by analysis of NOESY data of the natural product and its derived isomers [56,57]. Further examples
of oxygen-bridged protoilludanes, including 2-hydroxycoprinolone (53), 2a-hydroxycoprinolone
(54), 3-hydroxycoprinolone (55) and coprinolone diol B (56) were isolated from the plant pathogen
Granulobasidium vellereum [58,59]. Structure elucidation and establishment of the absolute configurations
of 2-hydroxycoprinolone (53), 2a-hydroxycoprinolone (54) and 3-hydroxycoprinolone (55) were
achieved using a ROESY spectroscopic data and analysis of ECD spectra. The absolute configuration
of coprinolone diol B (56) was established by consideration of shared biogenetic origin with that of
coprinolone diol, a semi-synthetic derivative from coprinolone (51). The antimicrobial activities of
53-56 were investigated against several species including Penicillium canescens, Fusarium oxysporum
and Heterobasidion occidentale at concentrations up to 100 pg/mL and all four natural products were
found to be inactive [58,59].

OH

Coprinolone (51) A8-Coprinolone (52)  3-Hydroxycoprinolone (55) Coprinolone diol B (56)
R1 = R2 =H

2-Hydroxycoprinolone (53)

R1 = OH, Rg =H

2a-Hydroxycoprinolone (54)

R1 = H, R2 =0OH

Figure 11. Structures of coprinolones 51-56 isolated from the Coprinus and Granulobasidium genera
of fungi.

Other protoilludanes isolated from Granulobasidium vellereum include 8-deoxy-4a-hydroxytsugicoline
A (57) and B (58), 8-deoxydihydrotsugicoline (59), granulodienes A (60) and B (61), granulones A (62)
and B (63) and demethylgranulone (64) (Figure 12) [58,59]. Determination of the relative configurations
of 57-64 was achieved by ROESY spectroscopic analysis. The absolute configurations 59-61 was
established by ECD spectral analysis, while those of 57, 58, and 62-64 were assigned upon biosynthetic
consideration with other protoilludanes. The antifungal activities of 57-64 were investigated against
Penicillium canescens, Fusarium oxysporum and Heterobasidion occidentale at concentration up to 100 pg/mL
and none of the natural products exhibited activity [58,59]. The stereoselective synthesis of the
non-natural enantiomer of 8-deoxydihydrotsugicoline (59) has been reported [55].
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OH:

OH
8-Deoxy-4a-hydroxytsugicoline B 8-Deoxydihydrotsugicoline
(58) (59)
R4
/

HO ~,

(0]
Granulodiene A (60) R = CH3 Granulone A (62) R{=OH, R, =H Demethylgranulone
Granulodiene B (61) R = CH,OH Granulone B (63) R; = H, R, = OH (64)

Figure 12. Structures of protoilludanes 57-64 isolated from Granulobasidium vellereum.

The crust fungus, Echinodontium tsugicola, afforded four protoilludanes named echinocidins
A-D (65-68) (Figure 13) [60,61]. The relative configurations of 65-68 was assigned by NOESY
spectroscopic analysis where 65 and 67 were based on the natural products, while 66 and 68 were
on a diacetyl and acetonide derivative, respectively. The absolute configurations of these natural
products were ascertained by consideration of shared biogenetic origins with tsugicoline A (15) and B
(16). The antimicrobial activities of echinocidin A (65) and B (66) were investigated against C. albicans
ATCC2019, S. aureus NBRC13276 and P. aeruginosa ATCC15442 at a loading concentration of 100 pug per
disk and both natural products were found to be inactive [60,61]. All four natural products 65-68 were
investigated in a lettuce seedling bioassay at a concentration of 100 ppm where they were observed
to accelerate primary root growth to 117%, 180%, 190% and 179% of controls, respectively [60,61].
The total syntheses of racemic echinocidin B (66) and D (68) have been reported [62].

H

H |
OH OH OH
Echinocidin A (65) Echinocidin B (66) Echinocidin C (67) Echinocidin D (68)

Figure 13. Structures of echinocidins A-D (65-68) from Echinodontium tsugicola.
2.2. Protoilludane Sesquiterpene Aryl Esters

The genus Armillaria has been one of the most extensive producers of aryl ester containing
protoilludanes. These protoilludanes can be divided into three types of which the first two are classified
based on the position of the double bond in the protoilludane skeleton, i.e., A>*-protoilludene (e.g.,
A®-protoilludene) and A%3-protoilludene (e.g., A7-protoilludene) skeletons, while the third is classified
by the absence of double bonds in the 5/6/4-ring system.

Aryl sesquiterpenoids of the first type, of which only a few examples exist, include armillyl
orsellinate (69) [63], judeol (70) [64], armillyl everninate (71) [65], arnamiol (72) [65], armillaribin (73) [66],
armillaricin (74) [67], arnamial (75) [68], dehydroarmillyl orsellinate (76) [69] and 6’-dechloroarnamial
(77) [70], all isolated from the honey fungus Armillaria mellea (Figure 14). Structure elucidation
and determination of the absolute configurations of armillyl orsellinate (69) and armillaricin (74)
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were achieved utilising a combination of spectroscopic and X-ray crystallographic analysis [63,67,71].
Subsequently, the relative configurations of arnamial (75) and 6’-dechloroarnamial (77) were ascertained
by biosynthetic consideration [68,70]. Both armillyl orsellinate (69) and judeol (70) exhibited
antimicrobial activity against B. subtilis ATCC6633 (minimum loading of 5.6 and 8.7 pg per disk,
respectively) and S. aureus ATCC53156 (minimum loading of 5.6 and 8.7 ug per disk, respectively) with
69 also exhibiting activity against E. coli (MIC 1.0 ug) and C. albicans (MIC 1.0 ug) on bioautographic
assays [63,64,72]. Arnamial (75), dehydroarmillyl orsellinate (76) and 6’-dechloroarnamial (77) were
also investigated for their antimicrobial properties and were reported to moderately inhibit the growth
of Penicillium notatum, Aspergillus flavus and Aspergillus nidulans [70]. In addition, 75 also exhibited
potent activity against Tapinella panuoides, Pleurotus ostreatus, Omphalotus illudens, Fomitopsis pinicola,
P. oxalicum, A. flavus and Streptomyces scabies [73]. Four of these natural products (74-77) have been
shown to exhibit cytotoxicity against several human cell lines [68-70,74]. Armillaricin (74) was shown
to be potently cytotoxic towards H460, MCF7, HT-29 and CEM cell lines (ICsg 5.5, 4.8, 4.6, and 5.8 uM,
respectively). Meanwhile, 75-77 exhibited moderate to potent cytotoxicity towards HUVEC (Glsg 2.0,
5.3, 5.1 uM) MCF7 (G5 15.4, 8.0, 4.1 uM), K-562 (Gl5p 2.3, 5.0, 4.1 uM) and HeLa (CCsy HeLa 4.9,
15.2,12.3 uM) cell lines. Additionally, 75 was also found to be cytotoxic towards HCT-116, Jurkat and
CCRF-CEM (ICs 10.69, 3.9, and 8.91 uM, respectively) cell lines, while 76 exhibited cytotoxicity
towards Jurkat (ICsg 16.9 uM) cells [68-70,74].

R
0 OH /
o O
R
HO
Armillyl everninate (71) R=H
H i =
OH OH Arnamiol (72) R = CI
Armillyl orsellinate (69) R = H
Judeol (70) R = OH
R2
R
o) o )
5 © ho
H I
OH O
Arnamial (75) Ry = CH3, R, = Cl
Arm!llar?b'in (73)R=H Dehydroarmillylorsellinate (76) R = R, = H
Armillaricin (74) R = Cl 6'-Dechloroarnamial (77) Ry = CHa, R, = H

Figure 14. Structures of A>*-protoilludene-containing aryl sesquiterpenoids 69-77 isolated from
Armillaria mellea.

The second type of aryl ester sesquiterpenoids, containing the A?3-protoilludene skeleton,
constitute the largest portion of this protoilludane class. Melleolides A-N (78-91) [74-78], P (92) [79]
and T (93) (Figure 15) [79] were isolated from Armillaria mellea with the exception of melleolide I
(86) [80] which was first isolated from another mushroom A. novae-zelandiae along with melleolide
J (87) (also named armillarikin) [81]. Of these natural products, melleolide N (91) is the only example
with esterification at the C-1 hydroxyl group [74]. The structure and the absolute configuration
of the first melleolide (78) was solved by X-ray crystallographic analysis [75]. Assignment of the
relative configurations of melleolides B (79), C (80), E-K (82-88) and N (91) were achieved by
extensive NOESY spectroscopic analysis [74,76-78,80], while that of melleolide P (92), also known as
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6’-chloromelleolide F, was ascertained by consideration of common biogenetic origins with melleolide F
(83) [70,79]. The absolute stereochemistry of melleolide L (89) was established by X-ray crystallographic
analysis conducted on a 2,4-dinitrophenylhydrazone derivative [78]. On the other hand, the absolute
configurations of melleolide D (81) and M (90) were determined by semi-synthesis of the natural
products and subsequent comparison of optical rotations [78,82]. Finally, the absolute configuration
of melleolide T (93), also named 13-hydroxymelleolide K, was assigned by comparison of ECD
spectra with melleolide D (81) [79,83]. Melleolides A (78) (ICso HepG2 4.95 ug/mL, L02 16.05 pug/mL),
F (83) (IC5yp MCF7 8.3 uM, H460 5.1 uM), I also known as 5’-chloromelleolide (86) (IC5y) A-549
20.11 uM, MCF7 30.06 uM), J (87) (IC50 MCF7 4.4 uM, H460 5.7 uM, HL-60 14.11 pM, A-549 14.73 uM,
SMMC-7721 17.41 uM), N (91) (ICso HT-29 7.1 uM, H460 5.5 uM, CEM 5.4 uM) and P (92) (ICsy MCE7
4.8 uM, H460 4.5 uM, CEM 28.8 uM) have been reported to be cytotoxic against human cancer cell
lines [70,72,74,84,85]. The antimicrobial activity of some of the melleolides have also been investigated.
Melleolide A (78) was reported to exhibit antimicrobial activity against B. subtilis ATCC6633 (MIC 0.5 ug),
E. coli (MIC 1.0 ug), C. cucumerinum (MIC 1.0 ug) and C. albicans (MIC 1.0 pg) in bioautographic assays,
while melleolides B-D (79-81) were reported to exhibit antibacterial activity against B. subtilis ATCC6633,
B. cereus ATCC10702 and E. coli ATCC10536 at a minimum loading of 10 pg per disk [72,76]. In addition,
melleolides K-M (88-90) were investigated for antimicrobial activity against several species, where 89
and 90 were found to be inactive [78]. Melleolide K (88) exhibited moderate activity against Micrococcus
Iuteus IF03333 (MIC 12.5 pg/mL), B. subtilis PCI219 (MIC 6.25 pug/mL), Corynebacterium bovis 1810 (MIC
25 pg/mL), Saccharomyces cerevisiae (MIC 25 pg/mL), Trichophyton rubrum IFO9185 (MIC 25 ug/mL),
S. aureus (FDA209P (MIC 6.25 ug/mL), Smith (MIC 12.5 pg/mL), MS9610 (MIC 12.5 pg/mL)) and
MRSA (MS16526 (MIC 12.5 ng/mL), TY-04282 (MIC 12.5 png/mL)) [78]. The total syntheses of racemic
melleolide A (78) and F (83) were reported recently [62].

OH o) OR;

A(78)R1=R2=H
K (88)R;=H, Ry, =Cl
T (93)R; = OH, R, = Cl

R2 B(79) R1 =R3=H, R2=CH3
C (80) Ry = OH, Ry = CHg, Rz = H
0 OR1 D(81)R1 = OH, R2=CH3, R3=C|

E(82)R1=R2=R3=H
| (86) Ry = H, Ry = CHg, Ry = Cl

H(85)R1=CH3,R2=H M(90)R1=R2=H,R3=CI

J (87)Ry = CHj3, Ry = Cl
L (89)R;=H, R, = Cl

F (83)R; =Ry =Rz =H Melleolide N (91)
G (84) Ry = OH, R, = CH3, Rz =H
P (92) R1 =Ry =H, R3=Cl

OH

Figure 15. Structures of melleolides 78-93 from the Armillaria genus of fungi.
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Other melleolides isolated from A. mellea include 4-O-methylmelleolide (94) [64],
dihydromelleolide (95) [86], 13-hydroxydihydromelleolide (96) [87], 10ca-hydroxymelleolide
(97) [87], 10a-hydroxydihydromelleolide (98) [87],  13-hydroxy-4-methoxymelleolide
(99) [88], 4-dehydromelleolide (100) [86], 6’-chloro-10a-hydroxymelleolide (101) [72] and
6’-chloro-13-hydroxy-dihydromelleolide (102) [69]. Structure elucidation and confirmation of the
absolute stereochemistry of 4-O-methylmelleolide (94) was achieved utilising X-ray crystallography [64].
The relative configurations of 13-hydroxydihydromelleolide (96), 13-hydroxy-4-methoxymelleolide
(99) and 6’-chloro-10x-hydroxymelleolide (101) (Figure 16) were determined using NOESY
spectroscopic data [72,87,88]. Unlike the other melleolides, 10x-hydroxymelleolide (97) and
6’-chloro-13-hydroxy-dihydromelleolide (102) were found to be weakly cytotoxic and against
CCRF-CEM (IC5q 63.23 uM) and Jurkat (ICsg 46.6 uM) cells, respectively [68,69]. Upon investigation
of the antibacterial properties of some of these compounds, 94 exhibited activity against B. subtilis
ATCC6633 and S. aureus ATCC53156 at a minimum loading of 5.6 ug per disk, while 97 and 101
exhibited activity against B. subtilis ATCC6633 (MIC 0.5 pg) and E. coli (MIC 1.0 ng) on bioautographic
assays [64,72]. In addition, the latter two also exhibited antifungal activity against C. cucumerinum and
C. albicans with MICs of 1.0 ug on bioautographic assays [72].

0 OH o OH

4-O-Methylmelleolide (94) R = H Dihydromelleolide (95)
13-Hydroxy-4-methoxymelleolide (99) R = OH
Cl R
0 OH 0 OH

6'-Chloro-10a-hydroxymelleolide (101) 13-Hydroxydihydromelleolide (96) R = H
6'-Chloro-13-hydroxy-dihydromelleolide (102) R = ClI

OH
o OH 0]

100.-Hydroxymelleolide (97) R = CHO 4-Dehydromelleolide (100)
100a-Hydroxydihydromelleolide (98) R = CH,OH

Figure 16. Structures of melleolides 94-102 isolated from Armillaria mellea.
Of the melledonals (Figure 17), a group of o, f3-unsaturated aldehydes, melledonals A-C
(103-105) [82,89], 15-hydroxy-5"-O-methylmelledonal (106) [90] and 5’-O-methylmelledonal (107) [90]

were isolated from A. mellea, while melledonals D (108) and E (109) were isolated from
Clitocybe elegans [77]. The relative configurations of 105 and 108 were assigned by NOESY spectroscopic
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analysis of the natural products, while for 103 and 106, analysis was conducted on a diacetate derivative
and a dibenzoate derivative, respectively [77,82,89,90]. On the other hand, the relative configurations
of 104, 107 and 109 were assigned by biogenetic consideration [77,82,89,90]. The absolute configuration
of melledonal C (105) was established by X-ray crystallographic analysis [82]. Of the melledonals,
only 105 was found to exhibit cytotoxicity against human cancer cell lines, albeit weakly (CEM ICs
49.6 uM, HT-29 ICsg 85.6 uM) [74]. Melledonal (103) and melledonal C (105) were investigated for
antifungal activity; only 103 exhibited weak activity (MIC 50 pug/mL) against T. panuoides, O. illudens
and F. pinicola [73]. In addition, melledonals A-C (103-105) were found to exhibit antimicrobial
activity against B. cereus ATCC10702 and B. subtilis ATCC6633 at a loading of 100 pg per disk with
105 also exhibiting activity against E. coli (MIC 1.0 ug) and C. albicans (MIC 3.0 ug) in bioautographic
assays [72,82]. A dihydro derivative of melledonal, melledonol (110) was also isolated from A. mellea [89].
Structure elucidation was conducted by NMR spectroscopic analysis and the relative configuration
assigned by biosynthetic consideration [89].

R2 RZ

Melledonal A (103) Ry = CHO, R, = H
Melledonal B (104) Ry = CHO, R, = ClI
Melledonol (110) Ry = CH,OH, R, = H

Melledonal D (108) Ry = CH3, R, = Cl
Melledonal E (109) R{ =Ry =H

Melledonal C (105) R =H, R, = Cl
15-Hydroxy-5'-O-methylmelledonal (106) Ry = OH, R, = H
5'-O-Methylmelledonal (107) R4 =R, =H

Figure 17. Structures of melledonals 103-109 and melledonol (110) isolated from the Armillaria and
Clitocybe genera of fungi.

Other aryl ester sesquiterpenoids containing A>*-protoilludene skeletons isolated from A. mellea
include armillarin (111) [91], armillaridin (112) [91], armillarigin (113) [81], armillarilin (114) [92],
armillarinin (115) [92], armillaripin (116) [93], armillaritin (117) [94], armillarivin (118) [94],
armillasin (119) [95], armillatin (120) [95], armillaric acid (121) [96], 10a-hydroxyarmillarin (122) [97],
4-O-methylarmillaridin (123) [97], 5’-methoxy-armillasin (124) [84] and 5-hydroxyl-armillarivin
(125) [84]. Armillasin (119), armillatin (120) and 5’-methoxy-armillasin (124) are examples of
norsesquiterpenoids, while armillaric acid (121) is the first example of an o, 3-unsaturated carboxylic
acid-containing aryl sesquiterpenoid (Figure 18) [84,95,98]. Assignment of the absolute stereochemistry
of 111 was achieved by X-ray crystallographic analysis, while that of 112 was ascertained by
consideration of shared biogenetic origins [91]. The relative configurations of 119, 121, 124 and 125 were
established by NOESY spectroscopic analysis, while that of 120, 122 and 123 were assigned by biogenetic
consideration [84,95,97,98]. Several of these natural products have been reported to exhibit moderate
cytotoxicity towards human cancer cell lines [69,70,74,84,85]. Armillarin (111) and armillaridin (112)
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have been shown to be moderately cytotoxic towards HUVEC (G5 9.9, 7.8 uM), K-562 (Glsq 9.9,
8.9 uM), MCF7 (Gl5¢ 11.6, 7.8 pM) and HeLa (CCsg 16.7, 9.2 uM) cell lines with the latter also exhibiting
cytotoxicity towards H460, CEM, HepG2 and L02 (IC5¢ 4.5 uM, 5.1 uM, 13.37 pug/mL and 12.15 pg/mL)
cell lines. Meanwhile, armillarilin (112), armillaritin (117), armillasin (119) and 5-hydroxyl-armillarivin
(125) exhibited cytotoxicity towards HepG2 (ICs 13.25, 12.26, 15.63, 18.03 pg/mL) and L02 (ICsy 18.00,
31.95, 14.38, 22.70 pg/mL) cells. In addition, the cytotoxicity of armillarigin (113) (ICs59 HL-60 14.27 uM,
SMMC-7721 19.51 uM, A-546 10.01 uM, MCF7 10.67 pM, SW480 19.19 uM) and 4-O-methylarmillaridin
(123) (IC59 MCF7 6.7 uM, Jurkat 4.1 uM, HeLa 18.8 uM) have also been investigated [69,70,74,84,85].
On the other hand, armillaric acid (121) has been shown to exhibit antimicrobial activity against
S. aureus 209PJC (19.8 mm), M. lutaus ATCC9341 (8.8 mm) and C. albicans NHL4019 (10.1 mm) in zone
of inhibition assays at a loading of 250 ng/mL per disk [96,98].

/
0 © o OR,

Armillarin (111) Ry =Ry = R3 = H Armillarigin (113) R; = OH, R, = CH3
Armillarilin (114) Ry = R3 = H, Rp = OH Armillasin (119) Ry = R, = H
Armillaripin (116) Ry = H, R, = OH, R3 = CHj 5'-Methoxy-armillasin (124) Ry = H, R = CH3

10a-Hydroxyarmillarin (122) Ry = OH, R, =Rz =H

Cl 0 OH
g
0 © Ho
o
H O)\(CHZ%
14
Armillatin (120)

Armillaridin (112) Ry=R;=H
Armillarinin (115) Ry = OH, R, = H
4-O-Methylarmillaridin (123) Ry = H, Ry = CH, 0 OH

/
o 0

Armillaritin (117) Ry = OH, R, = H
Armillarivin (118) Ry =Ry =H
5-Hydroxyl-armillarivin (125) Ry = H, R, = OH

Armillaric acid (121)

Figure 18. Structures of A%3-protoilludene-containing aryl sesquiterpenoids 111125 isolated from
Armillaria mellea.

Armellides A (126) and B (127), isolated from Armillaria novae-zelandiae, were the first examples
of aryl ester protoilludanes esterified at the C-1 hydroxyl group (Figure 19) [80]. Two related
armellides, 13-deoxyarmellides A (128) and B (129) were later reported from A. mellea [70]. The relative
configurations of armellides A (126) and B (127) were determined by NOESY NMR data, while those
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of 13-deoxyarmellides A (128) and B (129) were assigned by consideration of shared biogenetic
origins [70,80]. The cytotoxicity of 127-129 have been investigated and only 129 was found to be
cytotoxic, albeit weakly against HUVEC (Gl5g 91.0 uM), K-562 (Glsg 91.8 uM), MCF7 (G50 90.8 uM)
and HeLa (CCs 89.5 uM) cell lines [69,70].

Cl
(ONQ O
O OH O OH
Armellide A (126) R = OH Armellide B (127) R = OH
13-Deoxyarmellide A (128) R=H 13-Deoxyarmellide B (129) R=H

Figure 19. Structures of armellides 126-129 isolated from the Armillaria genus of fungi.

Another mushroom from the Armillaria genus, A. tabescens, afforded four melleolides including
53,10«-dihydroxy-1-orsellinate-dihydromelleolide (130), 4-dehydro-14-hydroxydihydromelleolide
(131), 4-dehydrodihydromelleolide (132) and 14-hydroxydihydromelleolide (133) (Figure 20) [88].
Assignment of the relative configuration of all four natural products was achieved utilising NOESY
spectroscopic data [88].

o) OH
OH
O OH
5p,10a.-Dihydroxy-1-orsellinate-dihydromelleolide 4-Dehydro-14-hydroxydihydromelleolide
(130) (131)
0 OH 0 OH
HO
OH
4-Dehydrodihydromelleolide (132) 14-Hydroxydihydromelleolide (133)

Figure 20. Structures of melleolides 130-133 isolated from Armillaria tabescens.

More examples of A%3-protoilludene-type sesquiterpenoid aryl esters were isolated from several
undetermined Armillaria spp. (Figure 21). These included 10-hydroxydihydromelleolide (134) [86],
Ab2a (135) [99], A52b (136) [99], 1-O-formyl-10-dehydroxy-melleolide B (137) [85], 10-oxo-melleolide
B (138) [85], 10-dehydroxymelleolide D (139) [83] and armilliphatic A (140). Structure elucidation of
all seven natural products was achieved by NMR spectroscopic analysis [51,83,85,86,99]. The relative
configurations of A52b (136) (also named 10-dehydroxy-melleolide B) and armilliphatic A (140) were
determined by analysis of ROESY data, while those of 1-O-formyl-10-dehydroxy-melleolide B (137)
and 10-oxo-melleolide B (138) were assigned by biogenetic consideration [51,85,99]. The absolute
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configurations of 139 and 140 were established by comparison of experimental ECD spectra with
those of melleolide D (81) and TDDEFT calculated data, respectively [51,83]. A52a (135), A52b (136),
1-O-formyl-10-dehydroxy-melleolide B (137), 10-oxo-melleolide B (138) and armilliphatic A (140)
were investigated for cytotoxicity against several cell lines where 138 was found to be non-cytotoxic
(IC50 > 40 uM) [51,69,85]. Aryl esters 135-137 and 140 exhibited moderate cytotoxicity against HL-60
(ICs0 17.06, 17.79, 14.50, 15.80 uM), SMMC-7721 (ICsq 17.77, 20.90, 23.16, 19.42 uM), A-549 (IC5 15.89,
16.79, 18.41, 15.93 uM), MCF7 (ICsq 14.10, 16.49, 5.34, 19.22 uM) and SW480 (ICsy 15.70, 17.44, 10.77,
23.03 pM) cell lines [51,69,85]. In addition, 135 was also investigated for cytotoxicity against Jurkat
(IC50 10.4 uM), HeLa (ICg 40.0 uM) and K-562 (IC5q 38.9 uM) cell lines [69]. The antimicrobial activities
of 135 and 136 were investigated against Heterobasidion annosum, Gloeophyllum abietinum, E. coli and
S. aureus on disks. However, neither were found to be active [99]. Armilliphatic A (140) [51], which was
isolated from a co-culture with Epicoccum sp., was found to exhibit weak acetylcholinesterase inhibitory
activity (ICsp 23.85 + 0.20 uM) [51]. Another aryl ester, the 13,14-dihydroxylated derivative of A52a
(141), was isolated from A. mellea and was found to be non-cytotoxic against MCF7, Jurkat, HeLa and
K-562 cell lines (ICgy > 100 uM) [69].

o) Rz 0 O

10-Hydroxydihydromelleolide (134) Ry = R, = OH A52a (135) R1=H, R, =Cl
10-Oxo-melleolide B (138) Ry = O, Ry = OCHjs A52b (136) R1 =Rz =H
1-O-Formyl-10-dehydroxy-melleolide B (137)

cl R; = CHO, Ry = H

Cl
OH

10-Dehydroxymelleolide D (139) R=H
13,14-DihydroxyA52a (141) R = OH Armilliphatic A (140)

Figure 21. Structures of A%3-protoilludene-containing aryl sesquiterpenoids 134-141 isolated from the
Armillaria genus of fungi.

The last of the three types of aryl ester protoilludane structures can be identified by absence of
double bonds in the 5/6/4-ring system. The first example of this type of aryl ester sesquiterpenoid,
armillane (142) also known as armillarizin, was isolated from A. mellea (Figure 22) [97]. Other examples of
aryl esters with saturated protoilludane skeletons from A. mellea include 5'-methoxy-6"-chloroarmillane
(143) [62], 10-hydroxy-5"-methoxy-6’-chloroarmillane (144) [70] and melleolides Q-S (145-147) [74,79].
The relative configurations of 142, 145 and 146 were determined by NOESY spectroscopic analysis,
while those of 143 and 144 were assigned by consideration of common biogenetic origins [69,70,74].
Melleolide R (146) is another example of an aryl ester sesquiterpenoid with esterification at the hydroxyl
of C-1 [74]. Both 145 and 146 were shown to exhibit moderate cytotoxicity against several human
cancer cell lines including MCF7 (ICsp 1.5 and 3.7 uM, respectively) and CEM (ICsy 10.3 and 3.4 M,
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respectively) [74]. In addition, 143 and 144 were also found to be cytotoxic albeit weakly (IC59 > 20 uM
and >40 uM, respectively) against HUVEC, K-562 and MCF7 cell lines [69,70].

Cl
OH
o)
) O\
H OH OH
Armillane (142) 5'-methoxy-6'-chloroarmillane (143) R = H
10-hydroxy-5'-methoxy-6'-chloroarmillane (144) R = OH
Cl
0 OH
Cl
OH
OH ©
"'OH © HO
" O\ )
.OH
Melleolide Q (145 cl H |
O OH OH
Melleolide R (146) Melleolide S (147)

Figure 22. Structures of saturated protoilludane-containing aryl sesquiterpenoids 142-147 isolated
from Armillaria mellea.

3. Ascomycota

Ascomycota, which include cup and flask fungi, moulds and most yeasts, account for
approximately 60% of the described species of higher fungi and are well known for producing
polyketides, non-ribosomal peptides and indole-derived natural products [12]. Fewer sesquiterpenoids
have been reported from Ascomycota in comparison to Basidiomycota with only a few species of fungi
to date found to have produced protoilludanes bearing the annulated 5/6/4-ring system. The first
protoilludane to be isolated from an Ascomycete, Ceratocystis piceae, was A®-protoilludene (7) which is
a known natural product previously reported from two strains of Basidiomycota [100].

Isomeric allylic alcohols, punctaporonins A (148), D-F (149-151) (also known as punctatins),
were isolated from the dung fungus Poronia punctata (Figure 23) [101-103]. The structures and
absolute configurations of punctaporonins A, D and E (148-150) were solved by X-ray crystallographic
analyses of the natural products or in the case of 150, on an acetonide derivative. For punctaporonin
F (151), a combination of derivatisation and NMR spectroscopic data comparison with the other
punctaporonins was required to assign the structure, while the relative stereochemistry was assigned
by biogenetic consideration. Only punctaporonins D (149) and E (150) have been shown to exhibit any
bioactivity. In addition, 149 was shown to inhibit a mycelial form of Candida albicans at 1 ppm and 150
inhibited Trichomonas vaginalis at 100 ppm in vitro [101-103]. The enantiospecific syntheses of both
punctaporonins A (148) and D (149) have been reported [104].
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HO

HOH HO \H
OH OH OH
HO R
HO
148 R=H Punctaporonin D 150 R=H Punctaporonin F
152 R = OH (149) 153 R = OH (151)

Figure 23. Structures of punctaporonins 148-153 isolated from the Poronia and Pestalotiopsis genera
of fungi.

Two protoilludanes, 6-hydroxypunctaporonin A (152) and E (153) (Figure 23), were isolated from
the plant pathogen Pestalotiopsis disseminate [105]. The absolute configuration of 153 was resolved by
X-ray crystallographic analysis of a mono-bromobenzoate derivative, while that of 152 was assigned by
consideration of shared biogenetic origins. Both 152 and 153 were investigated for their antimicrobial
activities against B. subtilis ATCC6051, S. aureus ATCC29213, E. coli ATCC25922 and C. albicans
ATCC14053 and 153 was found to exhibit weak activity against the two Gram-positive bacterial strains
in disk diffusion assays at a loading of 100 ug per disk [105]. In addition, both compounds 152 and 153
were found to be non-cytotoxic against HeLa cells with ICsy >100 uM [106].

Punctaporonins L (154) and M (155) (Figure 24) were isolated from the sponge-derived fungus,
Hansfordia sinuosae [107]. The relative configurations of both natural products were determined by
analysis of NOESY spectroscopic data with the absolute stereochemistry of 154 assigned by comparison
of optical rotations with 153. The cytotoxicity and antibacterial activity of punctaporonins L (154) and
M (155) were investigated. Both 154 and 155 exhibited no antibacterial activity (MIC >125 uM) against
E. coli, S. aureus, Bacillus thuringensis or B. subtilis and were weakly cytotoxic (ICsg >10 uM) against
HCT-8, Bel7402, BGC823, A549, and A2780 cell lines [107].

R1
HO HO
HO_ ) - 3 HOH.
OH OH OH
OR, OR, OH
R1O O
154 R; =H, R, = Ac 155 R =H, Ry =Ac Punctaporonin N 159
160 Ry = OH, R, = H 157 R = CHj, Ry = H (156)
158 R1 = R2 =H

Figure 24. Structures of punctaporonins 154-160 isolated from the Hansfordia and Pestalotiopsis genera
of fungi.

Five protoilludanes, punctaporonins N (156) and O (157), 6-hydroxypunctaporonin D (158),
6,13-dihydroxypunctaporonin A (159) and 6,13-dihydroxypunctaporonin E (160) (Figure 24) were
isolated from another species in the Pestalotiopsis genus, Pestalotiopsis sp. [108]. NOESY spectroscopic
analysis led to assignment of relative configurations of all the natural products except for punctaporonin
N (156). The relative and absolute configurations of 156 were assigned based on biosynthetic
consideration upon successful conversion of 6-hydroxypunctaporonin A (152) to 156. The absolute
configurations of 158 and 159 were ascertained by consideration of shared biogenetic origins with 152.
Subsequently, the absolute configurations of 157 and 160 were assigned on biogenetic consideration
of 158 and 153, respectively. All five compounds 156-160 were investigated for antimicrobial activity
against A. flavus, Fusarium verticillioides, S. aureus, B. subtilis, E. coli and C. albicans at a loading of 100 pg
per disk. However, none of the compounds were found active [108].
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A further five protoilludanes, punctaporonins O-S (161-165), were isolated from the plant
pathogen, Cytospora sp. (Figure 25) [106]. Determination of the absolute configuration of punctaporonin
O (161) was achieved by comparison of optical rotations with 6-hydroxypunctaporonin A (152) which
led to assignment of the remaining natural products by consideration of shared biogenetic origins.
The cytotoxicity of puctaporonins O-5 (161-165) were investigated against HelLa cells, where 161,
164 and 165 exhibited moderate cytotoxicity (ICsy 16.6, 10.4 and 47.4 uM, respectively), while 162 and
163 were non-cytotoxic (ICsp >100 uM) [106].

AcO

o . YW AcO, Yt
OH OH
OH OH
161 R = OMe Punctaporonin Q Punctaporonin R Punctaporonin S
162 R = OAc (163) (164) (165)

Figure 25. Structures of punctaporonins O-S (161-165) isolated from Cytospora sp.

The plant-derived fungus, Phomopsis sp., afforded eight protoilludanes named phomophyllin
B-1 (166-173) (Figure 26) [109]. Assignment of the relative configurations of all phomophyllins
166-173 was achieved by NOESY spectroscopic analysis. X-ray crystallographic analysis of 166 and
173 allowed assignment of the absolute configurations of these two natural products. A modified
Mosher’s method was utilised to establish the absolute configurations of 170 and 171, while the
absolute configurations of the remaining phomophyllins (167-169, 172) were assigned by comparison
of experimental ECD spectra with TDDFT calculated ECD spectra. All the phomophyllins (166-173),
except for 172, were investigated for inhibition of 3-site amyloid precursor protein-cleaving enzyme
1 (BACE1) which is a target for Alzheimer’s disease. They exhibited inhibition rates ranging between
19-40% at a concentration of 40 uM, while exhibiting no hepatoxicity to L-02 liver cells at the same
concentration [109].

HO HO /’,"

o)
Phomophyliin B (166) Phomophyliin C (167) R = H Phomophyliin D (169)

Phomophyllin E (168) R = OH

OH HO, W™

(0] (0]

Phomophyllin F (170) Phomophyllin G (171) Phomophyllin H (172) Phomophyliin | (173)

Figure 26. Structures of phomophyllins B-I (166-173) isolated from Phomopsis sp.
4. Protoilludanes from Other Sources

A few examples of protoilludanes have been isolated from sources other than fungi (Figure 27).
Two marine natural products, paesslerins A (174) and B (175) were isolated from the soft coral
Alcyonium paessleri [110]. The relative configurations of 174 and 175 were assigned by NOESY
spectroscopic analysis [110]. Both natural products exhibited moderate cytotoxicity in preliminary
studies [110]. A stereoselective synthesis for the proposed structure of 174 was reported a few years
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after its isolation. However, the spectroscopic data was not in agreement resulting in the conclusion
that a structure correction was required [111]. More recently, another total synthesis of the suspected
structure of 174 was reported for which the spectroscopic data was in agreement with the natural
product resulting in revision of the natural product structure [112].

/OAC

F

AcO AcO OAc

paesslerin A paesslerin B 174 175
(proposed structure)  (proposed structure)

QAH™
o
_ .,, ~OH
HO =
OH OR OHOH HO
176 R = B-D-glucosyl Xanthocerapene 179 180
177R=H (178)

Figure 27. Structures of protoilludanes 174-180 isolated from marine and plant sources.

The first example of a protoilludane sesquiterpene glucoside, pteridanoside (176), was isolated
from the bracken fern Pteridium aquilinum var. caudatum along with its aglycon pteridanone (177) [113].
Determination of the relative configuration of 177 was achieved utilising NOESY spectroscopic data.
The absolute configuration of pteridanone was determined by a combination of ECD spectral analysis
and conformational calculations upon conversion of 177 to 176. Pteridanoside (176), unlike its aglycon
177, exhibited weak toxicity against brine shrimp, Artemia salina (LCsy = 250 and 62.5 pg/mL, 24 h and
48 h) [113].

Xanthocerapene (178) was isolated from the wood of Xanthoceras sorbifolia with assignment of the
relative stereochemistry of the natural product achieved utilising NOESY spectroscopic data [114].
Another protoilludane from a plant source, 2,2,4a,7a-tetramethyldecahydro-1H-cyclobuta[e]inden-5-ol
(179), was first detected by gas chromatography mass spectrometry (GC-MS) from 4-year-old Radix et
Rhizoma ginseng [115]. More recently, it has also been detected by GC-MS from other species of ginseng.
However, the relative stereochemistry of the natural product remains unknown [116-118]. Lastly,
(35/4aS,6R,8aS,8bR)-6-hydroxy-3,6,8a-trimethyloctahydro-3,8b-methanocyclobutal#]chromene-5,9(6 H)-
dione (180) was isolated from the roots of Lindera strychnifolia [119]. The relative stereochemistry of
180 was assigned by analysis of NOESY data, while the absolute configuration was assigned upon
comparison of experimental ECD data with calculated data. The natural product has been reported to
improve the cell viability of human umbilical vein endothelial cells injured by oxidised low-density
lipoprotein [119].

All 180 protoilludanes were analysed on Datawarrior [120] to calculate descriptors such as
lipophilicity (cLogP), aqueous solubility (cLogS) and druglikeness. A total of 173 compounds showed
cLogP values of less than 5, which is considered ideal for good absorption across cell membranes,
while 139 were considered to have good solubility with cLogS values greater than —4, which are
values that more than 80% of the current drugs on the market have (Figure 28). Lastly the compounds
were evaluated for their druglikeness which is a descriptor indicating the frequency of occurrence of
fragments found in commercial drugs where a positive value states higher amounts of these fragments
in the compound. Only 64 protoilludanes showed positive values for the druglikeness ranging from



Antibiotics 2020, 9, 928 22 of 29

0 to 2.8. Overall, 51 protoilludanes were found to have good lipophilicity, aqueous solubility and
druglikeness properties.

0 ) ‘ %
-20 '

40

Druglikeness

-60

80

-100

clogS

Figure 28. Comparison of calculated descriptors from Datawarrior for protoilludanes (red) with current
FDA-approved drugs (grey).

5. Biosynthetic Studies

The biosynthesis of two protoilludane natural products, coprinolone (51) and A®-coprinolone (52),
has been investigated using sodium [1,2-13C] acetate labelling experiments [56,57]. In both instances,
successful incorporation of [1,2-13C] acetate was confirmed by the presence of enriched carbon signals
in the 3C NMR spectrum. Subsequently, 1*C~!3C connectivities from a 13C-COSY experiment identified
the intact acetate units (Figure 29) which were in accordance with the labelling pattern expected for
compounds derived from farnesyl diphosphate (Scheme 1) [56,57]. A similar feeding experiment
was conducted on Armillaria mellea, to investigate the origin of the orsellinic acid moiety in arnamial
(75) using sodium [1,2-13C] acetate [68]. Successful incorporation of [1,2-13C] acetate was observed
for orsellinic acid (181), a common biosynthetic intermediate in Armillaria, with 1*C-COSY couplings
identifying intact acetate units. This experiment supported the hypothesis that orsellinic acid (181)
and in turn arnamial (75) were of polyketide origin [68].

Cl
o
(0]
N Cl
HO HO 0
HO 0 OH
2 2 HO

| HO
0 o OH O

51 52 75 181

Figure 29. Structures 13C labelled protoilludanes, illustrating the incorporation of intact acetate units
(bold).
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6. Conclusions

Fungi are a prolific source of sesquiterpenoid protoilludane natural products, which bear a
unique 5/6/4 fused-ring system, with 96% of described compounds isolated from higher fungi of
which Basidiomycota was the major producer. The total synthesis of only 16 protoilludanes has been
undertaken so far, where two were of the non-natural enantiomer, due to the structural complexity of
the tricyclic core. Overall, 78% of the isolated protoilludanes have been investigated for their bioactivity,
predominantly for antimicrobial and/or cytotoxic properties (89%). Of the 180 examples reported so
far (Table S1), 18% were identified as antimicrobials, of which 6% exhibited modest to potent activity,
against a range of bacterial and fungal pathogens, while 23% were identified as cytotoxic, with 16%
exhibiting modest to potent cytotoxicity, against human cancer cell lines (Figure 30). The diversity
of chemical structures in the protoilludane class of natural products combined with their interesting
bioactivities make this scaffold worthy of further exploration.

m Plant
m Marine
® Fungi
No activity
180 ik
natural 77% Vo
products Pt
No activity
Wk
Cytotoxic Mod
Antimicrobi@! m Pot

Isolation ofig"®

Figure 30. Summary of protoilludanes isolated to date with their bioactivity.
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