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Abstract This Short Review covers the total synthesis of tetraketide-

based meroterpenoids, i.e. geranyl-resorcinols, isolated from the mush-

rooms of genus Hericium. Some of these compounds are believed to be

involved in the unique health-promoting effects of Hericium erinaceus.

Herein, more than seventy natural products identified so far have been

classified into seven-types based on both assumed biosynthetic path-

ways and chemical structures, and the successful total syntheses are

summarized according to the structural type.

1 Introduction

2 Pioneering Synthetic Study

3 Total Synthesis of Geranyl-Resorcinol with a Geranyl Side Chain
(Types 1, 3, and 6)

4 Total Synthesis of Geranyl-Resorcinol with an Oxidized Geranyl-
Derived Side Chain (Types 2, 4, and 7)

5 Conclusion
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resorcinol, total synthesis, biosynthetic pathway lated from natural sources, and most were discovered from

the fruiting bodies of Hericium erinaceus, an edible mush-

1 Introduction room showing a range of health-promoting effects when
used as a nutritional supplement (Figure 1).8-17 Biological

Fungi produce thousands of structurally unique small testing of the isolated geranyl-resorcinols revealed some
molecules of biological interest.'-> These small molecules significant biological activities including induction of neu-
are considered to give characteristic properties to the fungi, rotrophic factor expression,'®-23> neuroprotection against
especially the function of mushrooms. Meroterpenoid is endoplasmic reticulum stress-dependent cell death,?42> in-
one of the major metabolites found in fungi, of which the hibition of collagen-induced platelet aggregation,?® cytotox-
geranyl-resorcinols, tetraketide-terpenoid hybrids bearing icity against cancer cells,?’-3! antioxidant and anti-osteopo-

aresorcinol and a geranyl unit, are representative metabo-  rotic activities,3? a-glucosidase inhibition,**-3 protein tyro-
lites characteristic of the fungi of the genus Hericium.58 To  sine phosphatase-1B inhibition,?> inhibition of nuclear
date, more than seventy geranyl-resorcinols have been iso- factor kappa B transcriptional activity,® PPARy activation,3®
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Figure 1 Hericium erinaceus: (A) raw, (B) dried, and (C) powdered

as well as plant growth regulation such as inhibition of pol-
len germination and growth.*°

From a biosynthetic viewpoint, a variety of geranyl-re-
sorcinols are thought to be generated from malonyl CoA
and acetyl CoA via the hybrid polyketide/mevalonate path-
ways,303441 although detailed gene/enzyme-based biosyn-
thetic studies*> have not been reported for these specific
molecules (Scheme 1). Orsellinic acid (A) and its advanced
intermediates C are proposed as precursors to acid anhy-
dride D, phthalides E and F, phthalimides G, and isoindoli-
nones H.3%34 o-Orsellinaldehyde (B) is also suggested as pre-
cursors of F, G, and H.# Given the general biosynthesis and
observed structures of natural products, it is considered
that geranyl pyrophosphate (GPP) produced from isopente-
nyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) is the origin of the geranyl segment, and a nitro-
gen substituent in the structures G and H is derived from an
amine or amino acid (R"NH,). For instance, erinacerin F
(38) and erinacerin K (28) include an isoleucine (R = R®) and
a phenylalanine (R = R®) moiety, respectively (shown as
Type 4 in Figure 2). Although biogenetic routes for fatty

(0] 0]

AAAA
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ester-containing molecules I have not yet been proposed, it
can be assumed that they arise from either o-orsellinalde-
hyde (B) via O-methylation, benzylic oxidation, geranyla-
tion with GPP, and condensation with fatty acids (R'CO,H),
or phthalide E, via reductive ring opening followed by con-
densation with fatty acids. Moreover, a variety of oxidation
products on the geranyl side chain are probably produced
by oxidative metabolism of D-1.

Historically, the first isolation report was made by
Kawagishi and co-workers in 1990 on the hericenones A
and B.?” After their breakthrough discovery, a number of
structurally analogous molecules were discovered and indi-
vidually named as hericenone,'819212427-2943  herijcer-
in,293340 erinacerin,3!343>444> hericene,’64647 hericenol,*8
erinaceolactam,®® hericerinol,?®> erinacenol,?” corallocin,??
and caputmedusin*' (Figure 2). Except for the hericenols,
isolated from submerged cultures of a Stereum species,*® all
compounds were isolated from genus Hericium, which indi-
cates that some of them are contributing to the unique me-
dicinal properties of H. erinaceus such as improvement of
cognitive impairment!%144950 and depression in hu-
mans.'16

To organize a broad range of geranyl-resorcinols discov-
ered so far, they were classified into seven types, from Type
1 to Type 7, based on both the assumed biosynthetic path-
ways and chemical structures rather than the compound
names (Scheme 1 and Figure 2). The main classification
points are: (1) the oxidation level of a geranyl side chain, (2)
the structure of the tetraketide nucleus, and (3) the inclu-
sion of the fatty acid chain. For instance, the Type 3 com-
pounds possess an isoindolinone nucleus with a geranyl
side chain, while Type 4 compounds have the same nucleus
but with an oxidized geranyl-derived side chain. Although

J\/\)\/\OPP

DMAPP GPP

(o} (o}
)1\ + 3x )J\/U\ 3x )]\
SCoA HO' SCoA SCoA
acetyl CoA malonyl CoA acetyl CoA
polyketide
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OH OH
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HO HO
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Scheme 1 Overview of proposed biosynthetic pathways for geranyl-resorcinols
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Figure 2 Structures and classification of geranyl-resorcinols isolated from the genera Hericium and Stereum; compounds for which total synthesis has
been achieved are represented in blue
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the grouping of a few compounds such as 3 and 4 is unclear,
this classification gives a clear-cut overview of metabolites
belonging to the geranyl-resorcinol family. It should be not-
ed that Figure 2 covers most of the isolated compounds, but
omits some molecules including dimeric isoindolinones
such as caputmedusins A and B*' that can be classified as
Type 4, and unnamed congeners or unpublished com-
pounds.

With this classification in mind, this short review sum-
marizes the total synthesis of fungi-derived geranyl-resorc-
inols published up to December 2021. Some of these syn-
theses led to corrections of the structures of several natural
products and demonstrate proposed biosynthetic path-
ways. A related review on the tetraketide-terpenoid hybrid,
mycophenolic acid and its mycophenolate mofetil immuno-
suppressive prodrug, has been reported by Churchill and
co-workers regarding biogenesis, biological activities, and
total syntheses.’! Some of the synthetic methods described
herein are closely related to those for mycophenolic acid,
and therefore this review complements the previous re-
view, but chiefly focuses on the geranyl-resorcinols derived
from mushrooms of genus Hericium, which do not have a
methyl substituent in the aromatic moiety.

2 Pioneering Synthetic Study

A pioneering synthetic study on the geranyl-resorcinol
family isolated from H. erinaceus was reported by Rama Rao
and Reddy in 1992,>2 two years after the initial discovery of
hericenone A. Hericenone A is classified as Type 2 and was
originally reported to contain a phthalide nucleus with a
carbonyl group at the benzylic position located ortho to the
phenolic hydroxyl group (i.e., 81 in Scheme 2).2” The syn-
thesis commenced with methyl enol ether 72 that was pre-
pared from 2-allylcyclohexane-1,3-dione. The first crucial
step was a Diels-Alder cycloaddition between silyloxydiene
73 and dimethyl acetylenedicarboxylate. This reaction in-
volved elimination of ethylene after cycloaddition, yielding
the aromatic product 74, similar to a typical Alder-Rickert
reaction.>® O-Methylation of 74 and ester hydrolysis provid-
ed phthalic anhydride 76. The second key step, the regiose-
lective carbonyl reduction to phthalide 77, was achieved
with zinc/HCl in acetic acid or sodium borohydride in
methanol/DMF. Although yields are not mentioned, it is
mentioned that 70:30 regioselectivity was obtained under
the latter conditions. The following four-step conversion,
including ozonolysis of 77, E-selective Wittig reaction, re-
duction, and bromination, afforded allylic bromide 79. The
final stage was to elongate the carbon chain, which was re-
alized by an umpolung strategy by protecting the C5'-ke-
tone as its 1,3-dithiane. Thus, the addition of lithiated dith-
ioacetal to 79 followed by dethioketalization with mercuric

Short Review

OMe OMe
xn LDA xn MeO,C—=—CO,Me
TMSCI
THF,-78 °C 160 °C, 12 h
(0] TMSO
72 73
OMe OMe
SO2(0OMe) CO,Me 1.NaOH, EtOH
N COMe 0 C0s 7 2 1, 96%
acetone 2. Sublimation
HO COzMe  reflux MeO COzMe 180 °C/ 1mm
o o
74 68% (3 steps) 75 94%
OMe OMe
S Zn/HCI, AcOH 1. Oz, MeS, DCM
e 100 °C or X -78 °C to rt, 68%
O "NaBH,, O 5
MeO MeOH/DMF MeO /&
0 o0°C OHC” SPPh,
76 PhH, reflux, 84%
1. NaBH, MeOH
0 °C, 92%
O 2.CBr, PPhy
DCM, rt, 94%

X
S
n-BuLi, THF, =20 °C to rt, 64%

2. HgO, HgCl,
85% aq. MeOH, 80%

H ~———36.64

80: R = Me
81: R = H (hericenone A, original structure)

Scheme 2 Rama Rao’s approach for the original structure of herice-
none A

reagents afforded the methyl ether of the reported herice-
none A (80). However, in the '"H NMR spectrum, an aromat-
ic proton of 80 was observed at § 6.64, which is about 0.3
ppm upfield as compared to the signal of the natural prod-
uct (66.97). In view of the large chemical shift differences
and IR stretching data (1760 cm™") indicating the absence of
hydrogen bonding between the carbonyl oxygen and the
phenolic hydrogen for the natural product, a revised struc-
ture was proposed in which the carbonyl group was located
syn to the aromatic hydrogen (i.e., 11 in Scheme 3).

The synthesis of the new target 11 again started with
diester 75. Ozonolysis and regioselective deprotection with
boron trichloride afforded phenol 82, which was reacted
with the Wittig reagent to yield aldehyde 83. Treatment of
83 with sodium borohydride in methanol effected both re-
duction of aldehyde and a selective reduction of the methyl
ester located ortho to phenol followed by concomitant lac-
tonization, giving phthalide 84 after dehydroxybromina-
tion. It is noteworthy that the hydrogen-bonded methyl es-
ter reacted selectively with the reductant>* Similar to
Scheme 2, the terminal enone moiety was constructed by
the dithiane strategy. The 'H NMR and IR data of the syn-
thetic compound 11 fully matched those of the natural
product, which accomplished the first total synthesis and
structure revision of hericenone A.

Synthesis 2023, 55, 417-432
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MeOH
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2. CBry, PPhy
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X S MJ\/
n-BuLi, THF, —20 °C to rt
Type 2

2. HgO, HgCl,
11: hericenone A (revised)

MeO

85% aq. MeOH
86.97 — H

Scheme 3 Rama Rao’s first total synthesis of hericenone A and its
structure revision

3 Total Synthesis of Geranyl-Resorcinol with
a Geranyl Side Chain (Types 1, 3, and 6)

About twenty years after Rama Rao’s first total synthe-
sis of hericenone A, the Kobayashi group achieved divergent
total syntheses of a series of geranyl-resorcinols of Types 1,
2, 3, 4, and 6 through a geranyl-phthalide 93 as the com-
mon intermediate.?>5>->7 Scheme 4 consolidates synthetic
routes to Type 1, Type 3, and Type 6 natural products.?>>56
Commercially available (E)-4-ethoxy-4-oxobut-2-enoic acid
(85) was chosen as a starting material and was converted
into its MOM-protected o,p-unsaturated ester 86 by che-
moselective reduction and protection. The first key step
was successive Michael addition and Dieckmann cyclization
to yield cyclic diketone 89. This conversion was achieved by
treating the Michael acceptor 86 and ethyl acetoacetate (87)
in the presence of sodium ethoxide at room temperature
followed by refluxing the mixture under dilute conditions.
The second key step was a tailored one-pot phthalide syn-
thesis mediated by copper(Il) bromide and methanol. This
reaction involved regioselective bromination and methanol
insertion, aromatization, deprotection, and lactonization
yielding the fully functionalized phthalide nucleus 91. After
protection of the phenolic hydroxyl group as a MOM group,
the geranyl side chain was installed under optimized Stille
coupling conditions®® using (Ph;P),PdCl, and cesium fluo-
ride>? to yield the product 93 exclusively as its E-isomer in
87% yield. Regarding the coupling process, addition of an
arylcopper reagent preprepared from 91 to geranyl bro-
mide resulted in a lower yield.

With key intermediate 93, hericenone | (1), a represen-
tative member classified as Type 1, was synthesized first by
removal of the MOM group with 10-camphorsulfonic acid
(CSA) in methanol in 99% yield.> In addition to total syn-
thesis, the Kobayashi group evaluated the neuroprotective
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effects of a variety of geranyl-resorcinols including synthet-
ic derivatives. Although not aiming to synthesize hericenol
A (3), the TBS protection and reduction of 1 provided heri-
cenol A (3) as a minor product, along with the intended diol
94 and the TBS-migrated product 95 as major products.?
The important observation here is that the phenolic TBS
group can migrate to the neighboring hydroxyl group under
hydride reduction conditions. In their divergent total syn-
theses, therefore, a relatively stable small protective group,
such as the MOM group, was selected.

The Kobayashi group next targeted Type 6 geranyl-re-
sorcinols, namely the hericenes A-C (55-57). Reduction of
lactone 93 with LiAlH, followed by esterification under
strictly controlled conditions afforded the mono-esters 96-
98 in preference to their structural isomers. The remaining
alcohol was then oxidized by virtue of nitroxy radical catal-
ysis,®® and the MOM group was removed carefully by di-
methylboron bromide or titanium chloride to furnish the
hericenes A-C (55-57).2°°% Parallel experiments revealed
that deprotection was facilitated by the presence of the or-
tho formyl group. They showed that hericenes B (56) and C
(57), and their structural isomers in which the positions of
fatty ester and aldehyde were inverted, exhibited neuropro-
tective effect against endoplasmic reticulum stress-depen-
dent cell death.?

Hericerin of Type 3 was originally reported to possess an
isoindolinone framework in which the carbonyl group ori-
entates in the same direction as the phenolic hydroxyl
group (i.e., 103 in Scheme 4).%° To synthesize the reported
hericerin structure directly, the common intermediate 93
was treated with 2-phenylethylamine (100) in the presence
of n-BusN at high temperature.>® Lactamization and depro-
tection occurred simultaneously, providing the expected
isoindolinone 103 in low yield. However, the NMR data of
synthetic and natural products did not match, and the re-
ported structure needed reassigned. In light of a selection of
structure-chemical shift correlations for some isoindoli-
none molecules, the carbonyl group was predicted to be at
the opposite side, same as the revised structure of herice-
none A (11) (cf. Scheme 3). Migration of the carbonyl group
was achieved by reduction of lactone 93 followed by oxida-
tion of the resultant diol with silver carbonate on Celite.
The separated major isomer 99 was reacted with 100 in the
presence of trimethylaluminum to afford hydroxyamide
101. The ring closure was achieved in a stepwise fashion via
alcohol-chlorination and intramolecular N-alkylation. Fi-
nally, the MOM group was removed to give hericerin (19)
whose spectral data were identical to those of the natural
product. The same year as Kobayashi’s synthesis, Miyazawa
and co-workers reported the isolation of the same com-
pound as the revised hericerin (19) from H. erinaceus and
named it isohericerin.?? Although the naming is a bit con-
fusing, both ‘hericerin’ and ‘isohericerin’ should be accept-
ed for the structure 19 according to the process of discov-
ery.%!

Synthesis 2023, 55, 417-432
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In 2012, Barrett and co-workers reported the total syn-
theses of hericenone | (1) and hericenol A (3), both of which
are classified as Type 1, by employing a migratory geranyla-
tion-aromatization sequence as one of the key steps.5? They
started with the condensation of Meldrum'’s acid (104) with
geraniol (105) under heating conditions (Scheme 5). The re-
sulting malonic acid monoester 106 was converted into its
acid chloride and reacted with lithiated dioxinone 107 to
afford the keto ester 108. In the formation of the acyl chlo-
ride, addition of excess amylene as an acid scavenger was
crucial. Otherwise, hydrogen chloride adducts formed at
the olefin near the geranyl terminus. The acetoxyacetyl unit
was installed on 108 by a Claisen condensation with acyl
chloride 109 in the presence of magnesium chloride and

O (87)

)]\/coza

1. BHg-SMe,, THF

E1020 Ao __-10°C.67% __ Et0,C._~_ OMOM _ NAOEL(T equiv)
27 2 MOMCI, i-ProNEt EtOH (0.4 M), rt
DCE, 91%
85 8
o] ] OH ¢
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pyridine, providing diketo ester 110 that was ready for the
key geranyl migration-aromatization reaction. Decarboxyl-
ative geranyl migration was achieved with a catalytic
amount of Pd(PPh;), at room temperature. The intermedi-
ate 111 was subsequently treated with silica gel, inducing
aromatization to 112 in one-pot. There are two points
worth noting. One is that E-configuration of olefin in the
geranyl chain survived at the migration step, although pal-
ladium-catalyzed geranylation reactions are known to give
E/Z mixtures of products. The second point is that the effi-
ciency of migration depends on the migratory group. Mi-
gration of the prenyl group completed within a few minutes
at 0 °C in the presence of cesium carbonate and Pd(PPhs),,
while application of the same conditions to 110 resulted in

o] NaOEt o]

MeO

A X

90 - 91
DMF, 80 °C, 87%

Br B 1. MOMCI, i-ProNEt
Br COEt DCE, 92%
o]
OMOM | 70% MeO 2. (92) (2 equiv)

SnBujg
CsF, (Ph3P),PdCl, (10 mol%) ‘

COEt &;SOSi equiv) COEt CuBr; (4.3 equiv)
EtO,C OMOM | EtOH (0.04 M) OMOM  CHCIy/MeOH (2:1)
reflux, 40% O reflux
88 89
MOMO o
N NS
o)

MeO
93 (common intermediate)

1. LiAlH4, THF, 0 °C

2. AgoCO3 on Celite
PhMe, reflux, 72%
(recov. of 93: 21%)

CSA, MeOH, 99%

1. LiAlH4, THF, 0 °C
2. RCOCI, pyridine, LiCl, THF
below -30 ~ 0 °C

MOMO OH o MOMO
OH
MeO’ MeO MeO' \n/
99 o 1: hericenone J o]
1. TBSOT, 2,6-lutidine, DCM, rt 96: 11 = CusHar (38%)
: , 2,6-lutidine, : 97: R = Cy7Hgs (45%
e 40°C.87% | HeN a 2. LiAlHg, THF, 0°C o rt 98: R = CryHag 247%;
' (100) 21% (from 1)
For 96 and 98 For 97
MOMO  OH OH 1. TEMPO, Phi(OAc), | 1. AZADO, Phi(OAC),
~ S N N DCM, rt DCM, rt
u OH 2. Me,BBr, amylene | 2. TiCl;, DTBMP
e~ OH DCM, -78 °C DCM, ~78 to =30 °C
MeO Ph MeO
Type 1
101 o 3: hericenol A oH
X x CHO
oTBS OH
MsCI (5 equiv), EtsN 0. R
DCM, 0 °C, 60% . OH , 0oTBS MeO h
OH OH o
MOMO  Cl MeO MeO 55: R = Cy5Hay (58% from 96): hericene A
o 5 57: R = C17Hgs (62% from 97): hericene C
94 (35% from 1 95 (44% from 1 17Has
X X (85% from 1) (44% from 1) 56: R = C17Hg3 (58% from 98): hericene B
H
N
MeO ~"ppy
102 O

1. NaH, DMF, 0 °C, 83%

2. CSA, MeOH, rt, 85%

(00)
OH H2N/\/
n-BugN, 170 °C
x x Ph —_—
e 12-23%
oo D)
Type 3
56.96— H o -
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OH o

Ph
v

A

MeO
H §6.40

103: hericerin (original structure)

Scheme 4 Kobayashi’s total syntheses of hericenone ], hericenol A, hericenes A-C, and revised hericerin (isohericerin)
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(105) N AcO\)I\CI
>< x x )\/\)\/\ - (COCI),, DMF, amylene o~ Mo
o~ o OH DCM, 0 °Cto 1t )\/\/K/\ o MgCly, pyridine

OMO toluene, 100 °C M >< LHMDS, THF 0 O bem,occ
—78°C o 0

104 106

i. Pd(PPhg),
(2.5 mol%)

THF, 11, 15 h

OH ¢
NS s
o]

Scheme 5 Barrett’s total syntheses of hericenone | and hericenol A

decomposition of the substrate. From a strategic point of
view, it is remarkable that the entire geranyl-resorcinol
framework was able to be constructed in short steps start-
ing from non-aromatic substrates. From the product 112,
both hericenone ] (1) and hericenol A (3) were synthesized
via O-methylation followed by either deprotective lacton-
ization or reduction.

In 2020, Tang and co-workers reported the first total
synthesis of isohericenone J (2), a Type 1 geranyl-resorcinol,
with Stille coupling as a key reaction (Scheme 6).5% 3,5-Di-
hydroxybenzoic acid (113) was chosen as starting material
and converted into iodo-resorcinol 114 by esterification
and regioselective iodination. After mono-methylation of
114, lactonization was accomplished through a sequential
hydroxymethylation and cyclization using paraformalde-
hyde and hydrobromic acid in acetic acid.®* After MOM pro-
tection of phenol, aryl iodide 117 was converted into aryl-
stannane 118 to examine its coupling with geranyl acetate
(119). By optimizing reaction conditions with (E,E)-farnesyl
acetate as a model coupling substrate, Pd,(dba); and DMF
were selected as catalyst and solvent, respectively.5> Al-
though three equivalents of arylstannane 118 relative to
119 were required, the expected isohericenone ] (2) was
obtained in 29% yield after deprotection by CSA in metha-
nol. It should be noted that both (E)- and (Z)-isomers
formed even if an isomerically pure (E)- or (Z)-119 was sub-
mitted to the coupling reaction.

In 2013, Gémez-Prado and Miranda reported a concise
total synthesis of isohericerin (19), classified as Type 3,
with a [1,3]-sigmatropic rearrangement (O—C rearrange-
ment) and a carbonylative ring closure as key reactions
(Scheme 7).56 They commenced with O-geranylation of 2-
hydroxy-4-methoxybenzaldehyde (120). The resulting ger-
anyl ether 122 was treated with montmorillonite KSF in

52% (from 105)

N
(107)

O [©]
ii. silica gel . .
THF, rt o
51% (from 108) HO OAc

112

Mel, Cs,CO3, THF, 98%

EtOH, K;CO3
91%

LiAIH, THF
0°C, 82%

OH
X N OH
OH
Type 1 MeO

3: hericenol A

|

1: hericenone J

benzene, according to Dauben’s conditions,’” to afford the
geranyl migration product 123 in 55% yield along with phe-
nol 120 (40% recovery). After protection of phenol by the
MOM group, a 2-phenylethylamino group was inserted by
the reductive amination method, yielding the secondary
amine 124 in 82% yield over two steps. By following Orito’s
method,% the carbonylative ring closure with palladium ac-
etate and copper(ll) acetate in an atmosphere of carbon
monoxide containing air gave the desired isoindolinone in
84% yield. Intriguingly, a significant decrease in yield was
observed under high carbon monoxide pressures. Final re-

OH
1. CSA, MeOH |
reflux 95% Mel, K,CO3
2.NIS,MeOH DMF, 1t, 51%
COH “"goCior, 91% HO CO,Me
114
OH OH
| (HCHO), | MOMBr
33% HBr in AcOH o ProNEt
AcOH, 0 °C to rt DCM, rt, 92%
MeO COMe  78% MeO
115 116 O
OMOM OMOM
MegSnz PA(tBUP) Me;Sn
0
o
PhMe, 100 c Na, 66% MeO
118 (3 equiv) ©

w

OH

(119)(1 equiv)
Pd,(dba)g, LiCl, DMF, 50 °C e
O
2. CSA, MeOH, rt
Type 1 MeO
o
2: isohericenone J (2)-isomer
From (E)-119 29% 27%
From (2-119 20% 30%

Scheme 6 Tang’s total synthesis of isohericenone |
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moval of the MOM group in acidic methanol provided iso-
hericerin (19), the structure of which was unambiguously
confirmed by X-ray crystallographic analysis.

)W\/\B )\/\/K/\O

nBuNI (121) /©/CHO
MeO’

122

OH

CHO r

toluene/30% KOH aq. (1:1)

MeO reflux, 95%

1. MOMCI, i-ProNEt
montmorillonite KSF )\/\ DCM 0t020°C
PhH, 20 °C, 55% h/\/NHz (100)
(120: 40%)

MeOH, MS4A, 20 °C
then NaBH,, 0 to 20 °C
82% (2 steps)

OMOM 1. Pd(OAC); (5 mol%)
M\/ Cu(OAc); (0.5 equiv)
X X NP CO,air, 1 atm, PhMe, reflux, 84%
N
2. HCI, MeOH, 20 °C, 95%
MeO
124
OH
x x Ve
N
MeO
,

19: isohericerin (= revised hericerin)

Scheme 7 Miranda’s total synthesis of isohericerin

In 2017, Lee and co-workers reported total syntheses of
three isoindolinone natural products classified as Types 3
and 4 by employing a sequential Mannich reaction and lact-
amization approach, and a Suzuki-Miyaura coupling reac-
tion as key steps.5® Scheme 8 summarizes the synthetic
route to isohericerin (19). The synthesis began with the
properly functionalized tetrasubstituted benzene 125,
which was subjected to a Mannich reaction with 2-phenyl-
ethylamine and formalin.”® The N,0-acetal bond formation
occurred concurrently with ortho-aminomethylation of
phenol, providing oxazine 126 in 77% yield. The product
126 was then treated with aqueous potassium phosphate at
100 °C, resulting in the formation of lactam 127 in 95%

OH NH, S Ph
e (100) N
Br 38%HCHO ag. gy, K3PO, aq.
MeOH, reflux MeCN, 100 °C
77% 95%
MeO' CO.Me o MeO COMe /o
125 126
OMOM
Ph MOMCI NaH Br Ph
w— —
DMF, 22 C 98%
eO
o
128
1.
. A .
B(pin) OH
(129) (1.5 equiv)
Pd(dppf)Cl, (0.07 equiv), Cs,CO3 A . Ph
DMF, MW 110 °C, 63% w/
2. HCI, MeOH, 22 °C, 97% MeO'

0,z

19: isohericerin (= revised hericerin)

Scheme 8 Lee’s total synthesis of isohericerin

Short Review

yield. It is notable that cleavage of the N,0-acetal bond and
the formation of lactam occurred in one-pot under the
same basic conditions. After protection of phenol, the re-
sulting aryl bromide 128 was coupled with geranyl boro-
nate 129 under microwave irradiation conditions in the
presence of Pd(dppf)Cl, and cesium carbonate. These opti-
mized conditions produced the coupling product in 63%
yield, which is noteworthy due to the challenge of using all-
ylboron compounds in Suzuki-Miyaura reactions. Finally,
the MOM group was removed by hydrogen chloride in
methanol to yield isohericerin (19).

In 2020, Liu and co-workers developed a shorter route
to isohericerin (19) by taking advantage of the Lee’s isoin-
dolinone synthesis and Miranda’s O—C rearrangement
strategy (Scheme 9).3° Starting from methyl 3-hydroxy-5-
methoxybenzoate (130), isoindolinone 132 was construct-
ed by a Mannich reaction and lactamization sequence, sim-
ilar to Scheme 8.5° The phenolic hydroxyl group of 132 was
geranylated to give phenyl ether 133, which was subjected
to the O—C geranyl rearrangement similar to Scheme 7.56
Although known activators such as montmorillonite and
DIBAL-H were found ineffective, probably due to the pres-
ence of the electrophilic amide group in 133, the use of yt-
terbium(III) triflate in acetonitrile promoted the rearrange-
ment to give isohericerin (19). Although the yield was mod-
erate, this seems the first example of using ytterbium(III)
triflate as a promoter of the [1,3]-sigmatropic rearrange-
ment. In addition to total synthesis, they undertook a tran-
scriptome analysis and showed that 19 was an agonist of
the proliferator-activated receptor y (PPARY).

OH NH»> PN Ph

Ph ooy O TN
38% HCHO aq. K3POy4 aq.
toluene, 85 °C MeCN, 100 °C
81% 98%

MeO CO,Me o MeO COMe o

130
OH
geranyl bromide
Ph
Jontas = .
MeCN
MeO 01065 °C —/_
¢) 97%
132
OH
Yb(OTf)s X X _/—F’h
s A N
MeCN °
eCN, 85 °C MeO

72 h, 38%

o

19: isohericerin (= revised hericerin)

Scheme 9 Liu’s total syntheses of isohericerin

4 Total Synthesis of Geranyl-Resorcinol with
an Oxidized Geranyl-Derived Side Chain
(Types 2, 4, and 7)

The presence of oxygen functional groups in the gera-
nyl-derived side chain for natural products of Types 2, 4,
and 7 needed new synthetic tactics to install them. In 2014,
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the Kobayashi group succeeded in the divergent total syn-
theses of Type 2 and Type 4 geranyl-resorcinols having the
oxygen functional groups at C5’ or C7'.5’ Scheme 10 shows a
summary of the synthetic routes of eight geranyl-resorci-
nols. Initially, they sought to install the oxygen functional
group of C5’ by following the dithiane-based method adopt-
ed in the synthesis of hericenone A by Rama Rao and Reddy
(cf. Schemes 2 and 3)°? and use Stille coupling reaction as
previously shown by Scheme 4.°> However, the initial plan

1. TMSCN, Et3N, DCM, rt
2.1 M HCI, THF, rt
3. ethyl vinyl ether

PPTS, DCM, rt

quant (3 steps)

= CN

Short Review

was abandoned because of the failure of the coupling reac-
tion with the dithiane substrate. Therefore, cyanohydrin
chemistry was adopted.”" The protected cyanohydrin 135
(EE = 1-ethoxyethyl) and allyl bromide 137 were prepared
from 3-methylbut-2-enal (134) and isoprene (136) in three
and two steps, respectively. The two segments were con-
nected by alkylation with lithium hexamethyldisilazide,
and the product 138 was converted into the C5'-silyloxy al-
cohol 139 via formation of ketone, 1,2-reduction, protec-

1. p-TsOH-H,0, MeOH, rt

134 135 OEE then EtgN, 0 °C then
LiHMDS )\’\‘w\/\ NaBH,, CeCls-7H,0, 0 °C QTBS

1. Bry, T-chlorobutane THF, 78 °C X X~"0B; 2. TBSCI, imidazole Ny "o

—40°C o
DMF, 40 °C
2. NaOBz, DMF )\/ 138 3. DIBALH, DCM, 78 °C 139
% 01040°C B X" 0p2 55% (4 steps)

47% (2 steps) .

136 137 n-BuLi, THF, 78 °C
then MsCl, =78 °C
then n-BugSnLi
—78t0 —40 °C, 90%

OR OH OH
N
N X oMe Z OMe oTBS
OH oH ~ .
MeO OH MeO SnBug
140 (2 equi
143: R=Me 15: hericenol C (22%) (@ equiv)
144:R=H +16 (17%) + 143 (10%) + 144 (8%) MOMO o
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MeO'
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OH OH OH 1. TiCly, EtzN, amylene OTBS MOMO o
. silica gel, MeOH DCM, 78 °C, 65% W
) OMe 23h OH 2. LiAH, THF, it e X
Me D —— D ——
OH  then PPTS,48h OH  3.TBAF, THF, 40 °C O

MeO

Type 2
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+143 (27%)
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MeO
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OH OH PhMe, reflux
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1, DCM X5 X
(%)-10: erinacerin B (racemate) o —————— 7 5 o
| — 3. Me,BBr, amylene
MeO DCM, -78 °C MeO
o 4. EtsN, DCM, 0 °C 145 o)
11: hericenone A (revised) 60% (4 steps)
CSA
DCE, 70 °C HN" " (100)
o
74% B(OH)3, H,O
rt, 95%

12: hericenone | 0
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Scheme 10 Kobayashi’s total syntheses of hericenols B-D, hericenones A, B,
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tion of alcohol, and reductive cleavage of benzoate. One-pot
stannylation of alcohol 139 gave allylstannane 140, which
was subjected to Pd coupling with phthalide 141. Although
the yield of the coupling product 142 was lower than that in
the case of the C5'-deoxy substrate (cf. Scheme 4), the sta-
ble common intermediate 142 for several divergent total
syntheses was provided reliably.

With the common intermediate 142, the syntheses of
hericenols B-D were undertaken, despite being metabolites
of a Stereum species,*® not Hericium species. Since the allylic
ether moiety (C5'-C7') in 142 was labile under acidic condi-
tions, O-MOM deprotection was carefully performed with
titanium chloride and triethylamine in the presence of am-
ylene as an acid scavenger. Next, the lactone was reduced
with lithium aluminum hydride and the TBS group was re-
moved by tetrabutylammonium fluoride to provide herice-
nol B (14) as a racemate. The Kobayashi group proposed
that hericenols C (15) and D (16) could be obtained from
hericenol B (14) based on their experimental findings.
Hence, treatment of 14 with silica gel and subsequently a
weak acid (PPTS: pyridinium p-toluenesulfonate) in metha-
nol or methanol/water, gave rise to hericenol D (16) in 65%
yield from a methanol solution, and hericenol C (15) in 22%
yield from a methanol/water solution, along with byprod-
ucts such as 143 and 144. It is likely that nucleophilic allylic
substitution occurred at mainly C7' and methanol also add-
ed to a benzylic position via an ortho-quinone methide in-
termediate produced by elimination of water. These experi-
mental results suggest that hericenols C (15) and D (16) are
artifacts resulting from degradation of hericenol B (14)
during isolation, since methanol/water is used in the purifi-
cation process of natural products by HPLC.*

C
%
N

cicu—(

(151) N

1.

0

Br\/ (149)

Cy/ (0.03 equiv) QTBS /?
S EE—— X X

Short Review

Back to intermediate 142, the lactone carbonyl group
was inverted as before (cf. Scheme 4) and a four-step con-
version (including desilylation, oxidation, removal of MOM,
and B-elimination of C7’-bromide that was partially formed
in the third step) afforded the revised structure of herice-
none A (11). 1,2-Reduction of 11 with a combination of so-
dium borohydride and cerium(III) chloride gave racemic er-
inacerin B (10), which was unstable in CDCl; because of the
high reactivity of the allylic alcohol moiety in the side
chain. Moreover, acid-catalyzed cyclization of 11 yielded
hericenone I (12). The mechanism from 11 to 12 involves
olefin isomerization and intramolecular oxy-Michael addi-
tion, not a direct 6-endo cyclization (the mechanism will be
discussed in Scheme 13).

The isoindolinone natural products, hericenone B (24)
and erinacerin A (46), were also synthesized from interme-
diate 145. Although direct lactamization or amidation with
trimethylaluminum on 145 failed, application of milder
amidation conditions with boronic acid’? afforded the am-
ide-alcohol 146 in 95% yield. Ring closure was achieved in a
stepwise fashion,® and the resulting isoindolinone 147 was
converted into hericenone B (24) using the same procedure
as described from 145 to 11. It is important that the struc-
ture of hericenone B (24) was revised as the carbonyl regio-
isomer of the original structure,?’ as was the case for heri-
cenone A (11) and hericerin (19). Prior to Kobayashi’s total
synthesis, the Lee group isolated compound 24 from H. eri-
naceus and named it isohericenone.** Again the naming is-
sue is a bit inconsistent, but both ‘hericenone B’ and ‘iso-
hericenone’ should be accepted for structure 24. If the car-
bonyl regioisomer of 24 is discovered in the future, it is
advisable to allocate a different name other than herice-

Zn, I, THF, 0 °C, 97% oTBS = (]) CICH,I, n-BuLi
, , » 970 , n-BuLi
2. TBSCI, EtzN, DMAP 5 Mel, (Bpin),, KOt-Bu o Et,0, 22 °C, 88% o
134 DCM, 22 °C, 83% 150 THF, 22 °C, 84% 152 153
(1.5 equiv)
OMOM
Br Ph
NI
(128) (0] OMOM
MeO ( equiv) 1. n-BuyNF, THF “ «
0 Ph 40 °C, 73% Ph
; NI 2. AZADO, Phi(OAc) NI
Pd(dppf)Cl, (0.07 equiv), CsoCO3 . L 2
DMF, MW 110 °C DCM, 22 °C, 62% MeO'
68% (based on 128) O 148 e}

PPTS, MeOH
60 °C, 50%

24: isohericenone (= revised hericenone B)

Scheme 11 Lee’s total syntheses of isohericenone and erinacerin A
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46: erinacerin A
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none B. Finally, hericenone B (24) was converted into eri-
nacerin A (46) quantitatively by acidic cyclization. Overall,
Kobayashi’s systematic total syntheses clarified the struc-
tural and biosynthetic correlations of geranyl-resorcinols.
In addition to the total synthesis of isohericerin (cf.
Scheme 8), Lee and co-workers reported the total synthesis
of isohericenone (24) (i.e., revised hericenone B) and eri-
nacerin A (46) utilizing a Suzuki-Miyaura coupling strategy
in 2017 (Scheme 11).5° The oxygen-containing geranyl seg-
ment 153 was prepared from aldehyde 134 and propargyl
bromide (149) in four steps. Addition of the propargylzinc
reagent to 134 followed by protection of the resultant hy-
droxyl group by TBS afforded alkyne 150. The conversion of
150 into allylic boronate 153 needed extensive optimiza-
tion of the reaction conditions. The initial attempt was car-
boalumination of 150 followed by trapping of the alkenylal-
uminum intermediate by formaldehyde to give an allylic al-
cohol. However, less than 2% yield of the allylic alcohol was
obtained due to decomposition of substrates under the
harsh reaction conditions. Therefore, alternative mild con-
ditions were investigated to efficiently synthesize the boro-
nate 153 from 150. Eventually, the copper-catalyzed meth-
ylboronation with methyl iodide and bis(pinacolato)dibo-
ron as developed by Tortosa was applied.” Although the
original conditions using catalytic amounts of copper(I)
chloride and Xantphos ligand gave 152 in 33% yield, appli-
cation of N-heterocyclic carbene based copper catalysts, in
particular the use of BenzICyCuCl 151 (3 mol%) in the pres-

n-BuLi, CISiMe,H SiMeH

P H/

155

H
Ph/\/N\///

154

THF, -78 °C, 88%

Short Review

ence potassium tert-butoxide, gave rise to 152 in 84% yield
with high stereo- and regioselectivities. It is noteworthy
that a variety of methylated E-alkenylboronates were syn-
thesized from the corresponding terminal alkynes in good
yields by this modified methylboronation conditions.

The resulting alkenylboronate 152 was converted into
allylic boronate 153 by a Matteson homologation reaction’*
with chloroiodomethane and n-butyllithium. The Suzuki-
Miyaura coupling reaction of 153 with the functionalized
isoindolinone 128 proceeded in 68% yield, which was com-
parable with the coupling of the unoxidized geranyl boro-
nate (cf. Scheme 8). Removal of the TBS group followed by
alcohol-oxidation afforded ketone 148. Although deprotec-
tion in the final step was slightly problematic due to com-
peting cyclization to erinacerin A (46) under acidic condi-
tions, the use of pyridinium p-toluenesulfonate (PPTS) as a
mild acid at 60 °C provided isohericenone (24) in 50% yield.
Alternative treatment with 6 M hydrochloric acid at 50 °C
afforded erinacerin A (46) in 92% yield.

In 2021, Hoye and co-workers reported a unique ap-
proach to the isoindolinone framework of Type 3 and Type
4 geranyl-resorcinols from an acyclic amide-triyne inter-
mediate utilizing a hexadehydro-Diels-Alder reaction
(Scheme 12).7> Their synthesis began with introduction of
the alkyne part to geranyl bromide (121) by a Grignard re-
action. The resulting dienyne 157 was subjected to a Cadi-
ot-Chodkiewicz cross-coupling reaction with 3-bromo-
prop-2-yn-1-ol (158) to provide the conjugated diyne 159.

OH

Br; (158)

CuCl (0.2 equiv) )\/\ 1. DMP, NaHCO,
)\/\)\/\ —MQB" (159 W NHEOR 1P S \ \\ DOM. 1, 90%
“THF, 60 °C, 95% ¥ n-BuNH,/DCM (1:1) X 2. NaClO,, NaH,PO,
1t, 85% OH  £BUOH/H,0 (1:1)
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Nz SitezH HMe,Si SiMe,H
VN
g N “« Ph (155) R MeOH X~ | 3
X . - N
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160 s 197 161 7
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Scheme 12 Hoye’s total syntheses of isohericerin and erinacerin A
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The terminal alcohol of 159 was oxidized to carboxylic acid
160 in a stepwise fashion and condensed with the second-
ary amine 155, which was prepared from amino alkyne 154
in a single step, to provide the key amide-triyne intermedi-
ate 161. Heating a solution of 161 in methanol at 100 °C for
4 h provided the expected isoindolinone 163 in 84% yield.
The regioselectivity for methanol addition is rationalized by
the electrophilic nature of C6 in the o-benzyne 162, based
on density functional theory calculations by which the dis-
tortion angle reflecting the electrophilicity is larger in C6
than in C7. The next step, conversion of arylsilane into phe-
nol by a Fleming-Tamao-Kumada oxidation, required the
careful tuning of silyl substituents. Eventually, a two-step
method was adopted, involving conversion of silane 163
into silanol 164 with a ruthenium catalyst in methanol/wa-
ter’® followed by oxidation to phenol 19 with hydrogen per-

Short Review

oxide and tetrabutylammonium fluoride, by reference to
Anderson’s studies.”” This two-step conversion afforded
isohericerin (19), a Type 3 geranyl-resorcinol, in 71% overall
yield from 163.

Next, Hoye and co-workers set out to convert iso-
hericerin (19) into erinacerin A (46). Treatment of 19 with
p-toluenesulfonic acid monohydrate under the reflux con-
ditions gave the cyclization product 165 in 65% yield, along
with two diastereomeric tetracyclic byproducts where two
double bonds in the geranyl chain reacted. Oxidation of the
side chain was achieved via a singlet oxygen based ene re-
action. The generated hydroperoxide was reduced with
triphenylphosphine, yielding allylic alcohol 166 in 50%
yield. Finally, oxidation of 166 with pyridinium dichromate
(PDC) afforded erinacerin A (46), a Type 4 geranyl-resorci-
nol. It is noteworthy that the oxygen functional group in

OMe
OEE
NS X NS s
OH OBz 2. EtgN, MsCl, THF then 5 Br
MeO iBr — o o,
167 LiBr, =78 to 0 °C, 98% 168
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Scheme 13 Kobayashi’s total syntheses of hericenones C-H and Z
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the side chain was introduced at a late stage of the synthe-
sis, enabling conversion from Type 3 into Type 4 natural
products.

In 2021, the Kobayashi group reported divergent total
syntheses of the fatty ester-containing geranyl-resorcinols
classified as Type 7 for the first time (Scheme 13).78 Since it
was found impractical to make Type 7 molecules by previ-
ous strategies (cf. Schemes 4 and 10), due to moderate cou-
pling yields, poor regioselectivity in esterifications, and
functional group incompatibilities, an alternative strategy
relying on the O—C geranyl rearrangement with substrates
preinstalled with fatty ester components was developed.
3,5-Dimethoxybenzyl alcohol (169) was chosen as a start-
ing material and first condensed with four kinds of acyl
chlorides. The resulting esters were converted into the
formylated phenols 170a-170d by a regioselective Vilsmei-
er-Haack formylation and demethylation with boron
tribromide. Before addressing the synthesis of Type 7 com-
pounds, the rearrangement of a C5'-deoxo derivative 171
corresponding to Type 6 was investigated. After extensive
trials of solid additives, the addition of powdered molecular
sieves 13X (MS13X) was found to promote the O—C rear-
rangement, giving rise to hericene D (58) in 34% isolated
yield. Remarkably, the Type 6 geranyl-resorcinol was pre-
pared in only five steps from commercially available sub-
strate 169, which is a significant improvement over the
first-generation synthesis (cf. Scheme 4). Based on this suc-
cess, rearrangement of the C5'-oxo geranyl ethers 172a-
172d, prepared by the O-geranylation of 170a-170d with
allylic bromide 168, was surveyed. Although hericenone C
(59) formed under the optimized conditions with MS13X,
cyclization to hericenone F (63) was partially accompanied

1. MOMCI, i-ProNEt, DMAP
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by rearrangement, necessitating re-optimization of the re-
action conditions. After various attempts, the combined use
of montmorillonite K10 and powered molecular sieves 4A
(MS4A) in dichloroethane (DCE) at 50 °C produced heri-
cenones C-E (59, 61, and 62) and the oleoyl analogue 173 in
approximately 30% isolated yields. Although yields were
modest due to side reactions involving [1,5]-geranyl rear-
rangement and elimination giving phenols 170a-170d, it is
noteworthy that more functionalized Type 7 geranyl-resor-
cinols were synthesized with the minimal use of protective
groups in a straightforward manner.

Next, the Kobayashi group surveyed the cyclization pro-
pensities of hericenones C-E to generate other family
members. Specifically, hericenones F-H and 3-hydroxy-
hericenone F (later revised as hericenone Z) are proposed to
be biosynthetically generated from hericenones C-E. In
practice, under acidic conditions with (+)-10-camphorsul-
fonic acid (CSA) (conditions A), cyclization progressed grad-
ually at 70 °C to give hericenones F-H (63, 64, and 65) and
the oleoyl analogue 175 in 68-83% yields. When the reac-
tion was carried out under basic conditions with 1,8-diaz-
abicyclo[5.4.0]Jundec-7-ene (DBU) (conditions B), cycliza-
tion occurred at room temperature, even at 0 °C, yielding
hericenone G (64) quantitatively. Detailed NMR spectro-
scopic analyses revealed that cyclization does not proceed
through a concerted 6-endo fashion but through olefin
isomerization and intramolecular oxy-Michael addition via
intermediate 174. Promotion of cyclization by a C5'-ketone
accounts for the occurrence of keto-containing cyclic natu-
ral products in Types 2, 4, and 7 (cf. Figure 2). In contrast,
the ketone-free cyclic geranyl-resorcinols classified as
Types 1, 3 and 6 have not yet been found in nature.

/K/\/K/\ DCM, 0 °C to rt, 99% “ HIO, Io) )\/\
OH 2. m-CPBA, DCM, —20 °C s OMOM  THE/H,0, 0 °C, quant Y\ OMOM
o
105 o1% 179 H 180
1. /& (181)
Et0,C” “PPhg (Bpin), W
DCM, reflux, 92% )\/\)\/\ Pd(BF4)2(MeCN)4 (10 mol%) E0,C A X B/O
2. TsOH-H,0, EtOH E10:C OH ~buMsomMeoH (1:1) b
1t 86% 182 50 °C, 93% 183
OMe OMe OH OH 1. NaBHy,
MeOH/DCM, 0 °C
CHO CHO g
POCI; DMF AICl; NIS, AICly ! CHO then HCl aq. rt, 88%
80 °C, 93% DCM, 0 °C to rt DCM, —20 °C to rt 2. MOMCI, i-Pr,NEt
MeO CO,Me MeO CO,Me g79, MeO COMe 919, MeO’ CO,Me DMF, 0 °C to rt
184 185 186 187 quant.
OMOM ) ) OMOM OH
| 183 (1.5 equiv), CsF (1.4 equiv) )\/\ﬂ\ KOH EIOH. 60 °C “ “
o PdCly(dppf)-CH2Cly (20 mol%) Et0,C " aq HOLC
DMF, 50 °C o then 3 M HCl aq., t, 76% 0
MeO
MeO’ MeO
Type 2 o)
188 (1 equiv) (E)-189: 74% 13: corallocin A
(2)-189: 19%

Scheme 14 Sugita’s total synthesis of corallocin A
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Finally, a biomimetic conversion from hericenone C (59)
into 3-hydroxyhericenone F (177) was investigated. The ra-
cemic C2'-C3' epoxide 176 was prepared by treating 59
with m-chloroperbenzoic acid (m-CPBA) in 66% yield. Since
Sy1-like cyclization (formal 6-endo cyclization) giving 3-hy-
droxyhericenone F is expected under acidic conditions via
intermediate i, stronger organic acids such as TsOH-H,0 and
CSA were tested first. The expected 6-endo-type cyclization
product 177 formed in 34-36% yield, together with the fu-
ran derivative 178 (54-64% yield). However, the NMR data
of 177 did not match those of the natural product. To iden-
tify the actual structure of natural product, other cycliza-
tion conditions were therefore explored. When weak acid
(benzoic acid) or base (DBU) was used, the 5-exo-cycliza-
tion product 67 was generated preferentially, presumably
via conformation ii. The spectral data of 67 were all identi-
cal to those of the isolated compound,>* which unambigu-
ously determined the structure of the natural product. The
Kobayashi group named the revised structure 67 as ‘herice-
none Z'. Kawagishi and co-workers reported that the natu-
ral product, revised as 67, was isolated in racemic form, as
based on CD spectrum data,?* although this finding could
be argued due to enzymatic epoxidation in nature usually
giving chiral epoxides. Overall, Kobayashi’s synthesis fol-
lowed putative biosynthetic pathways and clarified struc-
tural correlation and reactivities of Type 7 geranyl-resorci-
nols.

In 2021, Sugita and co-workers reported the first total
synthesis of corallocin A (13), a Type 2 geranyl-resorcinol
with an oxygen functional group at the geranyl terminus,
by use of Suzuki-Miyaura coupling as the key reaction
(Scheme 14).7° The geranyl segment 183 was prepared from
geraniol (105) in six steps. After protection of 105, regiose-
lective epoxidation and oxidative cleavage of epoxide af-
forded the aldehyde 180. E-Selective Wittig reaction with
phosphorus ylide 181 and deprotection afforded alcohol
182. The conversion of 182 into boronate 183 was realized
in 93% yield by the treatment with bis(pinacolato)diboron
in the presence of catalytic Pd(BF,),(MeCN),.2° Meanwhile,
the phthalide core 188 was prepared from methyl 3,5-di-
methoxybenzoate (184) in 5 steps. Vilsmeier-Haack formy-
lation and cleavage of methyl ether afforded the formylated
phenol 186 regioselectively. lodination of 186 with N-iodo-
succinimide and aluminum chloride proceeded selectively
at the ortho position of the phenol?! yielding aryl iodide
187 in 91% yield. Sequential treatment of 187 with sodium
borohydride and hydrochloric acid promoted reduction and
lactonization in one-pot, providing the requisite phthalide
core 188 after MOM protection. The key coupling reaction
between 188 and 183 was significantly affected by the
choice of palladium catalyst, base, and temperature. Under
optimized conditions with PdCl,(dppf)-CH,Cl, and cesium
fluoride at 50 °C, the desired coupling product (E)-189 was
produced in 74% yield without formation of the reduction

Short Review

product. Olefin isomerization at C2'-C3’ occurred partially
under the coupling conditions and (Z)-189 was generated in
19% yield. After separation of isomers by preparative HPLC,
the ethyl ester of (E)-189 was hydrolyzed with potassium
hydroxide and the MOM group was removed with hydro-
chloric acid to complete corallocin A (13).

5 Conclusion

This short review summarizes the total syntheses of
tetraketide-based meroterpenoids, namely geranyl-resorci-
nols, isolated mainly from H. erinaceus known as an edible
medicinal mushroom. These molecules are believed to con-
tribute to a variety of medicinal functions of mushrooms,
and even now, new members of the geranyl-resorcinol fam-
ily are being discovered and their biological activities evalu-
ated. By organization of published papers, approximately
seventy geranyl-resorcinols found in mushrooms have been
grouped into seven types based on assumed biosynthetic
pathways and structural correlations. Some of the total syn-
theses have led to confirmation of the biosynthetic path-
ways and revision of misassigned structures of natural
products. Since the isolation of specific ingredients in large
quantities from random mushroom components or collec-
tions is not easy, chemical synthesis offers an important
means to provide and advance materials for various studies.
Besides total synthesis, analogue synthesis opens the possi-
bility of using mushroom ingredients as bioactive sources
for drug discovery and health supplement research. For in-
stance, the synthetic analogue of hericene D (190) with a
linoleate ester at the ortho position of the phenol showed
stronger neuroprotective effect than other natural heri-
cenes and hericenones (Figure 3),”® which suggests that ra-
tional molecular design based on the structure-activity re-
lationships may lead to improved biological properties.
Since the structures of geranyl-resorcinols are relatively less
complex than other natural terpenoids or polyketides of
fungi-origin, more practical synthetic routes able to provide
various structural types are anticipated in the future??. In
the short term, new synthetic and bioactivity studies of
yet-to-be-synthesized natural products, such as the amino
acid hybrids of Type 4, like the erinacerins and caputme-
dusins, are anticipated to provide interesting insights into
the geranyl-resorcinol family of natural products.

OH o
X X )L&m/)/
J\/\)\/ﬁ\o g g
MeO CHO

190
neuroprotective effect at 3 uM
against endoplasmic reticulum-stress dependent cell death

Figure 3 A synthetic analogue showing stronger biological activity
than the parent natural product.
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