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1. Introduction

The frequent natural occurrence of cyclohexane
epoxides, coupled with the wide range of interesting
biological activities that they display, has made these
compounds of considerable interest to biologists,
pharmacologists, and synthetic chemists. Exploration
of these compounds has been aided by the remark-
able advances in the field of asymmetric synthesis
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Figure 1. Cyclohexane monoepoxides.

of bioactive natural products with many stereogenic
centers that have occurred over the past 30 years.
Prior to these advances, syntheses of this type were
quite challenging.

The first review of naturally occurring cyclohexene
epoxides was published in 19862 and mostly focused
on the chemistry and biology of crotepoxide, senep-
oxide, and pipoxide, which are three, now well-
known, members of this group of molecules. In 1990,
soon after this initial report appeared, a review
dedicated to conduritols and related compounds was
published that contained a brief reference to the
cyclohexane epoxides.’® Finally, a review of cyclo-
phellitol chemistry by one of us appeared in 2001.2

Since these pioneering reports, the number of new
molecules has considerably increased, their biological
activities have been better documented, and signifi-
cant efforts have been devoted to the synthesis of
these molecules in racemic or enantiomerically pure
form. Due to these advances, an updated review
covering the new developments in this area since
1990 is warranted. This review will emphasize the
isolation, biological activities, and syntheses of natu-
rally occurring cyclohexane epoxides, particularly
those isolated from fungal sources.

This review has been divided into sections accord-
ing to the type and number of both epoxides and
other significant functional groups found on the
cyclohexane ring of the cyclohexane epoxides dis-
cussed, as follows: (1) Cyclohexane monoepoxides
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Figure 3. Cyclohexene monoepoxides.
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[anticapsin (1), eutypoxides A—D (2—5), paniculides
A—C (6—8)] (Figure 1); (2) Cyclohexane bisepoxides
[crotepoxide (9), boesenoxide (10), aranorosin (11),
aranorosinol A (12), aranorosinol B (13)] (Figure 2);
(3) Cyclohexene monoepoxides [senepoxide (16),
p-senepoxide (17), pipoxide (18), tingtanoxide (19),
pandoxide (20)] (Figure 3); (4) Quinone monoepoxides
[eupenoxide (188), theobroxide (189), asperpentyn
(190), epoformin (191), epiepoformin (192), epoxydon
(193), epiepoxydon (194), harveynone (195), tri-
cholomenyn A (196), phyllostine (197), panepoxydon
(247), isopanepoxydon (248), cycloepoxydon (249)]
(Figure 4), [parasitenone (261), terreic acid (262),
terremutin (263), bromoxone (264), acetylbromoxone
(265), shikimic acid derivative (272), chaloxone (273),
epoxydeliquinone (281), lachnumon (282), lachnumol
A (283), A80915 (284), UCF76 B (285)] (Figure 5),
[epoxyquinol (286), ambuic acid (287), flagranones
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A—C (288—290), jesterone (291), torreyanic acid
(299)] (Figure 6), [epoxysorbicillinol (304), scypho-
statin (314), yanuthone A (331), oligosporons (332a—
c), macrophorin A (333)] (Figure 7); and (5) 2-Amino-
epoxyquinones [manumycin A (334), MM14201 (335),
LL-C10037a.(336), MT 35214 (337), G-7063—2 (338),
2061-B (339), KT 8110 (340), epoxyquinomycins A—D
(341—-344)] (Figure 8).

The manumycin class of epoxides has been well
covered in the literature and therefore is not included
in this review. Specifically, the manumycin group of
metabolites has been the subject of a review covering
the literature up to 1997,% a feature article by
Taylor,®® and accounts within reviews of polyene
natural products published in 2000 by Najera and
Yus®* and in 2002 by Thirsk and Whiting.3

Epoxycyclohexane containing natural products
isolated from higher plants (for instance, epoxyroyl-
eanone*? and the 17-hydroxywithanolides*) comprise
a large group of diverse molecules which is also
beyond the scope of this review and will not be
discussed here. In addition, some marine cyano-
bacteria have been found to produce epoxycyclo-
hexanes such as those of the malyngamide family
(malyngamide C, see Figure 9). These have been the
subject of a recent review and will not be discussed
here.5

Finally, the interested reader is directed to an
excellent recent review by Krohn® on the epoxy-
cyclohexene natural products derived from naph-
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thalenoid precursors (specifically, palmarumycin C,
diepoxin o, preussomerin A, cladospirone, and spirox-
in A) (Figure 9).

2. Cyclohexane Monoepoxides

2.1. Anticapsin

Anticapsin (1) (Figure 1) is an amino acid antibiotic
that was isolated in 1970 from Streptomyces griseo-
planus™ and Bacillus subtilis™ and that inhibits
hyaluronic acid capsule formation in Streptococcus
pyogenes.’ Anticapsin is an active-site-directed ir-
reversible inhibitor of glucosamine 6-phosphate syn-
thetase from Escherichia coli.” It also occurs as the
C-terminal amino acid in bacilysin, a substance that
is formed by certain bacteria and causes lysis in
growing Staphylococci.” The structure and absolute
configuration of anticapsin was assigned by CD/ORD
measurements and 'H NMR analysis.”®¢ Later re-
search showed that the proposed structure was
incorrect and that the actual arrangement of the
protons at C-3 and C-4 is cis.”d¢

2.2. Eutypoxide B

The fungus Eutypa lata is one of the pathogenic
agents responsible for the vineyard dieback observed
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during the late 1970s in Switzerland and France.®

Biological studies have shown that the disease is
linked to a toxic secondary fungal metabolite which
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is transferred by the sap from its point of origin to
new branches, causing them to wither and ultimately
leading to the death of the plant. This process is
known as ‘eutypiosis’, and there are no known means
of controlling it. In a search for the pathogenically
active secondary metabolites in the culture medium
of Eutypa lata, four epoxycyclohexanes have been
isolated: eutypoxide A [5-(methylbuta-1,3-dienylidene)-
2,3-epoxycyclohexane-1,4-diol] (2), (—)-eutypoxide B
[1-[3,4-epoxy-2,5-dihydroxycyclohexyl]-3-methyl-2-
buten-one] (3), eutypoxide C [6-hydroxy-2,2-dimethyl-
5,6,7,8-tetrahydro-7,8-epoxychroman-4-one] (4), and
eutypoxide D [8-hydroxy-2,2-dimethyl-5,6,7,8-tetra-
hydro-6,7-epoxychroman-4-one] (5) (Figure 1). The
structures of these molecules were established by a
combination of X-ray analysis, spectroscopy, and
chemical techniques.®

2.3. Paniculides A-C

Callus cultures, which were derived from hypocotyl
and stem tissues of Andrographis paniculata Nees
(Acanthaceae) and grown in liquid-shake culture,
produced paniculide A (6), paniculide B (7), and
paniculide C (8). These compounds were isolated and
characterized by Overton and co-workers in 1968
(Figure 1).°2 The structures of these highly oxygen-
ated lactones were established by spectroscopic
methods,® and an X-ray analysis of paniculide B bis-
p-bromobenzoate confirmed its structure.® All of
these compounds are members of the bisabolane class
of sesquiterpenes, since they are structurally related
to y-bisabolene.

3. Cyclohexane Bisepoxides

3.1. Crotepoxide

(+)-Crotepoxide (9) (Figure 2) was isolated in the
late 1960s from Croton macrostachys by Kupchan
and co-workers.?® Almost simultaneously a similar
product was found in Piper futokadzura by Taka-
hashi and was named “futoxide”.!* The structure
of crotepoxide was firmly established by chemical
transformations®? and X-ray analysis.'3 Since then,
crotepoxide has also been isolated from Piper brachy-
stachyum,*# Piper clarkii,'** Kaempferia rotunda,'*
and Kaempferia angustifolia.'*d

Crotepoxide showed significant inhibitory activity
against Lewis lung carcinoma in mice (LL) and
Walker intramuscular carcinosarcoma in rats (WM).122
It also inhibited the binding of [*H]platelet-activating
factor to human platelets and leukocytes.'? However,
it did not affect platelet aggregation induced by
collagen and ADP.%®

3.2. Boesenoxide

(+)-Boesenoxide (10) (Figure 2) and four novel
oxygenated cyclohexane epoxide derivatives were
isolated from the stem bark of Monanthotaxis
buchananii.'® The new compounds were identified
as (+)-pipoxide-2-Me ether, monanthadiepoxide Me
ether, epimonanthadiepoxide, and lo-benzoyloxy-
methyl-3a-benzoyloxycyclohex-5-en-14,2f,4-triol.

Marco-Contelles et al.

Boesenoxide was also found in a new Boesenbergia
species (Zingiberaceae).16"

3.3. Aranorosin

Aranorosin (11) (Figure 2), which is an antifungal
antibiotic, was isolated from the culture filtrate and
mycelium of the Pseudoarachniotus roseus strain.'’
Aranorosin contains a 1-oxaspiro[4,5]decane ring
system. The structure of aranorosin was established
by chemical and spectroscopic (mainly NMR) meth-
ods,'’2b and an X-ray analysis of aranorosin was
published by Taylor et al. in 1994.%7¢ Two new sec-
ondary metabolites, aranorosinol A (12) and arano-
rosinol B (13) (Figure 2), were also isolated from a
strain of Pseudoarachniotus roseus. Their structures
were elucidated on the basis of their spectral proper-
ties and chemical transformations and were found
to be similar to that of aranorosin isolated from the
same strain.’’© Two additional cyclohexane mono-
epoxide metabolites related to aranorosin (11), namely,
aranochlor A (14) and aranochlor B (15) (Chart 1),
were isolated from Pseudoarachniotus roseus. These
compounds inhibit a variety of bacterial and fungal
strains.’®

Chart 1

Cl
0)

(0]

Me(CHy)s w

Aranochlor A (14)

O
Cl
(0}
Me(CHZ)S\/\M

Aranochlor B (15)

O

4. Cyclohexene Monoepoxides

4.1. Senepoxide and f-Senepoxide

(—)-Senepoxide (16) (Figure 3) was isolated from
Uvaria catocarpa.'® Its structure and absolute con-
figuration were deduced by correlating its spectro-
scopic and chemical properties with compounds of
known stereostructures and were confirmed by X-ray
analysis.’® (+)-5-Senepoxide (17) (Figure 3) was
isolated from Uvaria ferruginea (Annonaceae).?°

4.2. Pipoxide

The cyclohexane epoxide (+)-pipoxide (18) (Figure
3) was first isolated from Piper hookeri.?* The struc-
ture proposed for this compound by Atal and co-
workers in 1970%' was revised following detailed
spectroscopic analysis by Joshi?? and Ganem.?® The
absolute configuration of (+)-pipoxide was later as-
signed by Ganem based on CD spectral studies.?* The
genus Uvaria (Annonaceae) has been extensively
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studied and continues to yield cyclohexane epoxides,
including some which have been previously undis-
covered. (—)-Pipoxide has been isolated from the
whole plant of Uvaria pandensis,?> from the chloro-
form extract of the root bark of Uvaria dependens,?>®
and from the rhizomes of Kaempferia angustifolia.?>¢

4.3. Tingtanoxide

(—)-Tingtanoxide (19) (Figure 3), 5-senepoxide, and
their diene precursors were isolated from Uvaria
ferruginea (Annonaceae).?° Their structures and ab-
solute configurations were determined by spectro-
scopic and chemical correlations with compounds of
known stereostructures.

4.4, Pandoxide

The new cyclohexene-type epoxide (+)-pandoxide
(20) (Figure 3) was isolated from Uvaria pandensis,
together with the previously mentioned (+)-3-
senepoxide and (—)-pipoxide.?* Their structures and
stereochemical configurations were determined by
spectroscopic methods.

5. Syntheses of Cyclohexane Monoepoxides,
Cyclohexane Bisepoxides, and Cyclohexene
Monoepoxides

5.1. Synthesis of Anticapsin

Syntheses of anticapsin (1) (Figure 1) have been
reported by Rickards,?® Ganem,?” Souchet,? Crossley,”
Baldwin,?® and Wild.2°® However, the first three
syntheses?6~28 did not actually make the natural
product, since its stereostructure had been mis-
assigned, and they instead made the incorrectly
reported sterecisomer. The correct stereochemistry
for anticapsin was clarified by Crossley,’® who sug-
gested that the epoxide was cis to the pendant side
chain. That same year Baldwin and co-workers?&2°
arrived at an identical conclusion after achieving the
enantioselective synthesis of anticapsin. Finally,
Wild,® in an independent account, reported the total
synthesis of anticapsin, bacilysin, and other related
analogues.

5.1.1. Ganem’s Approach

Previous investigators were concerned that enan-
tiomerically pure tyrosine would not be useful as a
starting material for the synthesis of anticapsin,
since it could form an intermediate enone and
undergo 1,4-addition rather than following the de-
sired reaction pathway. However, Ganem?’ circum-
vented this potential problem by first protecting the
tyrosine as the N,N-diallyl derivative 21 (Scheme 1)
and then submitting it to Birch reaction conditions
followed by acid hydrolysis. This method gave prod-
uct 22 in 83% vyield, while forced acid hydrolysis
afforded an equilibrium mixture of ketones 22 and
23, from which 23 was isolated in 32% yield. Carrying
out the epoxidation under basic conditions gave a
mixture of cis and trans epoxides in a 5:2 ratio. The
trans isomer 24 (isolated in 23% yield) was submitted
to amine deprotection and ester hydrolysis under
basic conditions to give (+)-1 (Scheme 1). No NMR
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Scheme 1. Ganem’s Approach for the Synthesis of
(+)-Anticapsin (1)2

OCHjg o
a L’
CO,Me CO;Me
N(CH,CH=CHp),  N(CH2CH=CH);
21 22
o]

COzMe

N(CH,CH=CHy),  N(CH;CH=CH,);  NH,
23 24 (+)1
a2 Reagents: (a) (i) Li, NH3 (83%), (ii) 1% HCI (99%); (b) HCI,

DMSO (32%); (c) H202, MeONa, CH30H (23%); (d) (i) (PhsP)sRhCl,
(if) NaOH (yield not given).

data for this synthetic pseudo-anticapsin were
reported, and the optical rotation of this sample
{[0]?®*p + 4 (c 0.2, H,0O} was quite different from the
value reported for natural anticapsin {[a]**> + 125
(c 1, H,0O} as well as the value measured from an
authentic sample {[a]?*>s + 21 (c 0.2, H,O}.?” How-
ever, the authors were confident that they had
synthesized natural (+)-anticapsin and suggested
that some epimerization could have occurred during
the process.?’

5.1.2. Rickards’ Approach

Rickards?® synthesis of anticapsin started from
enone 25 (Scheme 2), which he reacted with methyl
nitroacetate to produce ketone 26 in 95% yield.
Equilibration of this ketone under mild acid condi-
tions gave a mixture of 26 and the a,8-unsaturated
ketone 27 (1:1 ratio). Ketone 27 (as a 1:1 mixture of
isomers) was transformed into an epoxide, which
after hydrogenation and acetylation afforded com-
pound 28 as a mixture of separable cis and trans
isomers (4:1 ratio) in 35% yield. The cis isomers (1:1

Scheme 2. Rickards’ Approach for the Synthesis
of (+)-Anticapsin (1)2

o (0] (0]
¢ - = °
N02 N02
25 COyMe COoMe
26 27

NH,

CO,H
(-1

(trans isomer: J3 4= 0 Hz)

a8 Reagents: (a) methyl nitroacetate (95%); (b) 1%HCI, DMSO;
() (i) H202, NaOH, CH3OH (79%), (ii) Hz2, Ac20 (35%); (d) (from
pure trans isomer) (i) NaOH, (ii) porcine kidney acylase (9%).
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ratio) showed coupling constants of 2.0 Hz between
H-3 and H-4, while the trans isomers showed virtu-
ally no coupling between these hydrogens. Since the
natural product had been incorrectly reported to also
show no coupling between these hydrogens, the
authors were led to select the wrong isomer and
synthesize a final product that was not anticapsin.
After ester hydrolysis of trans-28 in basic medium,
followed by enzyme-mediated N-deacetylation, a
product mixture containing 87% of (—)-1 was ob-
tained. (No optical rotation was given for this prod-
uct.) Even if this synthetic scheme had not been
plagued by an incorrect structural assignment, it
would still be of limited use because it exhibited poor
stereocontrol and some racemization occurred in the
final step.

5.1.3. Souchet’s Approach

Souchet’s approach?® to synthesizing anticapsin
(Scheme 3) relied on the preparation of compound 29,
which was obtained from 1,3-cyclohexadiene accord-
ing to Backvall's method,?! followed by DIBALH
reduction of 29 and Strecker synthesis to give race-
mic 30 with the S/R configuration in the a-amino acid
side chain. Hydroxyl-directed epoxidation from the
a-face of pure racemic compound S-31, followed by
oxidation, yielded compound (+)-1, which was iso-
lated using the final steps described by Rickards.?¢

Scheme 3. Souchet’s Approach for the Synthesis
of (+)-Anticapsin (1)

()1

a Reagents: (a) (i) DIBALH, (ii) TMSCN (75%), (iii) HCI, EtOH,
(iv) Ac 0 (55%); (b) MCPBA (73%); (c) (i) Collins reagent (70%),
(i) 0.1 N NaOH, (iii) porcine kidney acylase (30%).

5.1.4. Crossley’s Approach

Crossley’s’ approach to synthesizing anticapsin is
shown in Scheme 4. The Diels—Alder reaction of
N-benzyloxycarbonyldehydroalanine benzyl ester and
1-trimethylsilyloxycyclohexa-1,3-diene gave a 2:1
mixture of isomers 32 in 80% yield, which, when
epoxidized without prior separation, stereoselectively
produced the endo-epoxides 33. Quantitative desilyl-
ation followed by a base-promoted retro-aldol reaction
afforded a mixture of 34 and its a-amino acid side
chain epimer in a 1:1 ratio. After crystallization,
compound 34 was obtained in pure form and its trans
arrangement at carbons C-3 and C-4 was confirmed
by X-ray analysis. Finally, mild basic hydrolysis and
hydrogenolysis of 34 afforded a compound that

Marco-Contelles et al.

Scheme 4. Crossley’s Approach for the Synthesis
of (+)-Anticapsin (1)2

ZHNyv CO2BN ZHN v CO2BN
OSiMe; OSiMes
a - b
E—— 0 —

32 33

— . o
CO,H
NHZ NHz -y 4= 2 Hz
34 1

aReagents: (a) (i) MCPBA (86%); (b) t-BUOK (94%); (c) (i) 0.2
M NaOH (99%), (ii) 2.0 M HCO,H, Pd/C (99%).

showed a J; 4 coupling constant equal to 2.0 Hz. This
is different from the value observed for the natural
product anticapsin (Js4 = 0 Hz), which led the
authors to suggest that anticapsin has a cis arrange-
ment between the side chain and the epoxide, as
shown in compound 1. Surprisingly, previous re-
searchers who had attempted to synthesize this
molecule?6=28 claimed to have prepared the trans
product but assigned it a vicinal coupling constant
that was not only incorrect, but it did not even
correspond to the value found for the natural product.
In his full paper,’® Crossley claimed that synthesis
of compound 1 that would confirm the revised struc-
ture, “is well advanced and will be reported shortly”;’d
however, this report has not yet become available.

5.1.5. Baldwin's Approach

The same year that Crossley’'s paper appeared,
Baldwin communicated the first total, enantioselec-
tive synthesis of (+)-anticapsin (1). His work con-
firmed that the previously assigned structure was

Scheme 5. Baldwin’s Synthesis of (+)-Anticapsin

(1)2
@.‘\cone
“1COH

35
al
OTBDPS
MeO,C" : :
SOTBDMS
36 37
QH (0]
c
O = e
: i3
1_CO,Me :\rcozH
NHAc NH2 J3,4< 1 Hz
38 (+)-Anticapsin (1)

a Reagents: (a) ref 32; (b) (i) ref 33 (68%), (ii) HCI then Ac,O
(82%), (iii) NH4F (88%); (c) (i) MCPBA (88%), (ii) TPAP cat., NMO
(89%), (iii) pronase E, then acylase | (80%).
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incorrect and should be revised.?® Baldwin’s synthesis
began with the chiral, commercially available com-
pound 35 (Scheme 5), from which ester 362 was
prepared following the method described by Ohno.
The transformation of 36 into derivative 37 then took
place in six steps with a 38% yield. Compound 37
was then transformed into the acetamide 38 hy
subjecting it to an a-amino acid synthesis according
to Schollkopf's methodology,®® followed by acid hy-
drolysis, acetylation, and reaction with tetrabutyl-
ammonium fluoride. The epoxidation of 38 occurred
from the a-face as expected. From there, oxidation
and enzyme-catalyzed hydrolysis gave natural anti-
capsin (1) in an elegant synthetic sequence.

5.1.6. Wild's Approach

Wild® independently reported the synthesis of
anticapsin (Scheme 6), and his conclusions regarding
the absolute and relative configuration of this mol-
ecule were in good agreement with those reported by
Baldwin.?® (Wild also described the synthesis of the
related metabolites chlorotetaine and bacilysin.®°)
The critical intermediate in Wild's path to anticapsin
was a mixture of allylic alcohols 39 [which were
prepared from the same ketone 25 (Scheme 2) as that
used by Rickards?® in his attempted synthesis of
anticapsin]. The epoxidation and oxidation of this
material gave a separable mixture of ketoepoxides
40 and 41, whose relative configurations at carbons
C-3 and C-4 were easily assigned from the usual
spectroscopic data. The cis isomer 40 was trans-
formed into natural anticapsin (1) after standard
manipulations.

Scheme 6. Wild’s Synthesis of (+)-Anticapsin (1)2
OH
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a Reagents: (a) (i) MCPBA, (ii) CrOs; (b) (i) Pd(PPhs)s, (ii) NaOH
(58%).
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5.2. Synthesis of Eutypoxide B

The synthesis of eutypoxide B (3) (Figure 1) has
been reported four times. The first synthesis of
racemic eutypoxide B was reported by Tabacchi.®
Takano then described the asymmetric synthesis of
both enantiomers,3*2 while Maycock described the
asymmetric synthesis of (+)-eutypoxide B.%® Finally,
Okamura again reported the asymmetric synthesis
of both enantiomers.3¢

5.2.1. Tabacchi’'s Approach

Tabacchi and co-workers described the first syn-
thesis of eutypoxide B (3) (Figure 1) in racemic form
in 1992.8° As shown in Scheme 7, the synthetic
sequence started with the Diels—Alder reaction of
(E,E)-1,4-bis{[(tert-butyl)dimethylsilyl]Joxy} buta-1,3-
diene (42) and acrolein to give the product 43 as a
mixture of epimers in a 10:1 ratio in 76% yield. All
efforts to epoxidize this mixture were fruitless, so the
aldehyde was reduced, acetylated, and then sub-
mitted to epoxidation. Next, the mixture was de-
acetylated and reoxidized to afford the readily sepa-
rable compounds 44 and 45 in a 10:1 ratio. In both
of these compounds the epoxide was trans to the
silyloxy group, so that they differed only in their
configuration at C-1, as demonstrated by careful
NMR analysis. The synthesis was continued using
the minor isomer 45, which had the correct relative
stereochemistry at C-1 and C-2. Reaction of this
isomer with 1-lithio-2-methylprop-1-ene, followed by
oxidation and then treatment with tetrabutylammo-
nium fluoride, gave eutypoxide B (3). Although the
chemical yields in this sequence were good, the
process seems tedious and had a low overall efficiency
due to only the minor intermediate leading to the
desired racemic eutypoxide B product.

Scheme 7. Tabacchi’s Synthesis of (+)-Eutypoxide
B (3)2
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QTBDMS QTBDMS
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- T ho©
5TBDMS 5TBDMS
44 (+)- EutypOX|deB (3)

a8 Reagents: (a) 50 °C (76%), (b) (i) NaBH4 (90%), (ii)Ac20 (89%),
(iii) MCPBA (82%), (iv) LiOH (67%), (v) CrOs (75%); (c) (from 45)
(i) 1-lithio-2-methyl-propene (84%) (ii) Dess—Martin periodinane
(72%), (iii) BusNF (no yield reported).

5.2.2. Takano’'s Approach

In 1993 Takano published a preliminary report342
of the synthesis of enantiomerically pure eutypoxide
B (3). The general strategy used in his synthesis is
similar to that used by Ogasawara for the synthesis
of pipoxide (see below, Scheme 35).58 In this strategy,
one of the double bonds of a 1,4-cyclohexadiene was
“protected” in the form of a Diels—Alder adduct,
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Scheme 8. Takano’s Synthesis of (—)-Eutypoxide B
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(-)-Eutypoxide B (3)

a Reagents: (a) PCC (91%); (b) (i) CH,=CHMgBr (81%), (ii)
NaBH, then K2COs3 (92%), (iii) diphenyl ether (73%), (iv) TBDMSCI
(94%); (c) (i) MCPBA (74%), (ii) prop-2-enylmagnesium bromide
then PCC (89%); (d) (i) DBU (91%), (ii) BusNF (63%).

leaving the other double bond free to incorporate the
necessary functionality for the synthesis of the target
molecule. Steric hindrance from the Diels—Alder
adduct promoted stereoselective exo-induced reac-
tions at the other double bond in the cyclohexane
system. After functionalization of the free double
bond, a retro-Diels—Alder reaction restored the “la-
tent” double bond, which was then conveniently
manipulated to finish the synthesis of the target
molecule. In addition, the starting material 46 was
obtained in enantiomerically pure form by lipase-
mediated asymmetrization.3* The synthetic sequence
for the formation of eutypoxide B from 46 is shown
in Scheme 8. Natural eutypoxide B (3) was obtained
in 11 steps from compound 46, via intermediates 47—
49, with a 14% overall yield.

5.2.3. Maycock’s Approach

Maycock described the asymmetric synthesis of
nonnatural (+)-eutypoxide B (3) starting from (—)-
quinic acid (50) (Scheme 9).35 As will be seen later,
Shing® also successfully used compound 50 as a
convenient and readily available starting material in
his approach to synthesizing mono- and bisepoxy-
cyclohexanes. In addition, Maycock has written a
series of papers describing the asymmetric synthesis
of other quinone epoxyclohexanes (see below) from
(—)-quinic acid (50).

(—)-Quinic acid is well suited as a starting material
because it not only has the hydroxyl group at C-4
with the correct configuration, but also incorporates
a cyclohexane ring with additional functional groups
that can be further manipulated. In Maycock’s syn-
thesis, compound 51 underwent vinyl addition and
formation of the double bond at C-2/C-3 to yield 52.
Compound 52 then underwent epoxidation from the
less hindered, -face followed by reduction of the keto
group to give a mixture of allylic alcohols 53 and 54
in a 1:1 ratio. After separation, compound 53 was
protected and submitted to side-chain elongation,
followed by a series of simple, high-yielding steps, to
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Scheme 9. Maycock’s Synthesis of (+)-Eutypoxide
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(+)-Eutypoxide B (3)
(x- TBDMS)

a2 Reagents: (a) (i) acetone, HCI (89%), (ii) Ac2O, Py (92%), (iii)
LiAlH4, then NalOs (91%), (iv) Ac2O, i-ProNEt (99%); (b) (i)
(CH2=CH),CuCNLiy, (ii) NaOH, (iii) TBDMSCI (60% total yield);
(c) (i) t-BUOOH (94%), (ii) NaBH., CeCls (98%); (d, from 53) (i)
TBDMSCI (99%), (ii) Oz, then PhzP (92%), (iii) prop-2-enylmag-
nesium bromide (96%), (iv) Dess—Martin periodinane (99%); (e)
(i) DBN (99%), (ii) BusNF (93%).

give intermediate 55. After further manipulation of
55, (+)-eutypoxide B (3) was obtained in the efficient
and elegant approach shown in Scheme 9.

5.2.4. Okamura’s Approach

Okamura’s approach® to the synthesis of eutyp-
oxide B was based on the asymmetric Diels—Alder
reaction between 3-hydroxy-2-pyrone (56) and the
optically active acrylate (—)-57 (Scheme 10). Com-
pound 58 was isolated from this reaction in almost
diastereomerically pure form (de 95%) in 74% vyield.
After simultaneous lactone opening and ester hy-
drolysis to liberate the chiral auxiliary, the homo-
chiral intermediate 59 was obtained. In the next set
of steps reduction of two carbomethoxy groups and
oxidative cleavage of the resulting 1,2-diol afforded
the unsaturated ketone 60 in good yield. After
reduction, protection, and epoxidation, the free pri-
mary alcohol was obtained. Swern oxidation of this
alcohol afforded an aldehyde, which underwent the
typical side-chain elongation to give product 61.
Finally, oxidation of the secondary alcohol and cleav-
age of the silyl ether provided natural (—)-eutypoxide
B (3). Remarkable stereochemical control was ob-
served during the formation of the stereocenters in
each step of the synthesis. The authors also described
the preparation of (+)-eutypoxide B (3) via the same
synthetic sequence but by employing enantiomeri-
cally pure (+)-57 as the chiral inductor.®

5.3. Syntheses of Paniculides A-C

The paniculides A (6), B (7), and C (8) (Figure 1)
have been the subject of continuous interest by
several different laboratories over the last 20 years.
In chronological order, these efforts have resulted in
the synthesis of racemic paniculides A (6), B (7), and
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Scheme 10. Okamura’s Synthesis of
(—)-Eutypoxide B (3)2

(o]
(0] (0]
) Hk a
+ X — —
NS |l \
OH HO C
56 57

0X
58
HO,
A\\coéngeMe 9 on
2Ve E‘)) c
OTBDMS 5TBDMS
OTBDMS
: OH
Pz d
o) -
_ HO'
OTBDMS
61 (-)-Eutypoxide B (3)
X
X= —N" O
A
Ph"

a Reagents: (a) (i) MeONa, then TBDMSCI (74%); (b) (i) LiAIH4,
then NalO4 (71%); (c) (i) NaBH(OAC)3 (95%), (ii) TBDMSCI, then
MCPBA (77%), (iii) Swern oxidation (66%), (iv) 2-methylpro-
penylmagnesium bromide (96%); (d) (i) PDC (50%), (ii) BusNF
(94%).

C (8) (A. B. Smith),®” the synthesis of racemic
paniculide A (A. Yoshikoshi),?® the formal total
synthesis of racemic paniculides B and C (R. Baker),3°
the formal total synthesis of racemic paniculide A (P.
A. Jacobi),*® a formal total synthesis of enantiomeric
paniculide B from p-glucose (K. Tadano),*! the total
synthesis of (+)-paniculide A via a catalytic asym-
metric Diels—Alder reaction (K. Narasaka),*? and the
formal total synthesis of (+)-paniculide A from bp-
glucose (N. Chida).*®

5.3.1. Smith’s Method

In a piece of pioneering work, A. B. Smith reported
a common strategy for the preparation of each of the
paniculides.®” Smith's general retrosynthetic analysis
is shown in Scheme 11 and can be summarized as
follows: the target molecules could be obtained after
selenoxide elimination from bicyclic a-phenylseleno,

Scheme 11. Retrosynthetic Analysis for
Paniculides A—C (Smith)33
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butyrolactones | preceded by a-alkylation of bicyclic
o-phenylseleno,butyrolactones 1. Compound 11 could
be prepared by Baeyer—Villiger reaction of a bicyclic
cyclobutanone, which could in turn be obtained after
acid hydrolysis of ketal 11l. Compound 111 could
result from a [2+2] cycloaddition of a disubstituted
ethylene and an a,f-unsaturated ketone IV. In
Smith’s synthesis of paniculide A the necessary
ketone (1) was compound 62, while for paniculides
B and C it was compound 63 (Scheme 11). For
simplicity, only the synthetic sequence for paniculide
A (6) will be commented on here (Scheme 12).

Scheme 12. Smith’s Synthesis of (+)-Paniculide A
(6)2

o y "
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CO,Me © H
62 64

65 [+ p-epoxide (3:1)] 6

a Reagents: (a) (i) hv, 1,1-diethoxyethylene (84%), (ii) NaOH,
then Pb(OAc)s (42%), (iii) NaBH4, (iv) AcOH/H,0 (98%); (b) (i)
MCPBA (84%), (ii) (from a-epoxide) TESCI; (c) (i) LDA, 2-methyl-
5-iodo-2-pentene (71%), (ii) LITMP, PhSeCl (49%), (iii) NalOg4
(72%).

The [2+42] cycloaddition of ketone 62 and 1,1-
diethoxyethylene gave an adduct which, after stand-
ard manipulation, yielded allylic alcohol 64. There-
after, the reaction of 64 with MCPBA simultaneously
produced the y-lactone and epoxidized the double
bond. This gave a mixture of readily separable
epimers (in a 3:1 ratio), wherein the major epimer
was the a-epoxide 65, after protection of the second-
ary alcohol, as expected. In the following steps, the
secondary alcohol was protected and the side chain
and phenylselenide group were incorporated by se-
qguential a,o’'-dialkylation. Final treatment of the
resulting intermediate with sodium periodate not
only resulted in formation of the butenolide, but also
deprotected the hydroxyl group. Thus, racemic pani-
culide A was obtained in 10 steps with a 4.2% total
yield from ketone 64. This synthesis has become a
key reference for authors working on the synthesis
of these molecules. These later authors prepared
some of the intermediates described in Smith’s
pioneering report, in either racemic or enantiomeri-
cally pure form, therefore achieving formal total
synthesis of the indicated natural products.

5.3.2. Yoshikoshi's Method

Yoshikoshi’s approach to paniculide A (6) is shown
in Scheme 13.38 He began with bicyclic lactone 66,
which contains suitable functionality to allow ad-
ditional groups to be incorporated. This adduct
was the result of a new vinylfuranone annelation3&
that combined methyl a-formylpropionate and 2,5-
dihydro-3-phenylthio-4-vinylfuran-2-one. Allylic oxi-
dation of 66 with MCPBA followed by treatment with
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Scheme 13. Yoshikoshi’s Synthesis of
(£)-Paniculide A (6)2
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a2 Reagents: (a) MCPBA, then Py/H,O (62%); (b) (i) (from
o-epimer) TBDMSCI, then Hz (57%); (c) (i) LDA, 2-methyl-5-iodo-
2-pentene (81%), (ii) BusNF, then LDA, PhSeCl (62%); (d) KOH,
then H20; (69%); (e) (i) Ac0, then Pb(OAC)s (12%), (ii) K2COs; (f)
t-BuO2H (30%).

base gave product 67 as a mixture of a- and -epimers
in a 56:44 ratio. Although this step is at the begin-
ning of the synthesis where high yields are par-
ticularly desirable, it is the first weak point in
Yoshikoshi’s synthesis of paniculide A. The synthesis
was continued using the o-epimer 67, from which
lactone 68 was isolated after O-silylation and stereo-
selective hydrogenation. Compound 68 then under-
went sequential a-alkylation with 1-iodo-4-methylpent-
3-ene, reaction with tetrabutylammonium fluoride,
and a-alkylation with phenylselenenyl chloride to
afford alcohol 69 in good yield. Molecule 69 is well
set up for base hydrolysis of the ester followed by
selenoxide formation and elimination to give the
olefin 70. After achieving this transformation, com-
pound 70 was acetylated and submitted to oxidative
decarboxylation with lead tetraacetate. This is the
second weak point in the synthesis, as the yield of
compound 71 was only 12%. After deacetylation and
hydroxy-directed epoxidation, compound (+)-6
was finally obtained in 15 steps and 0.2% overall
yield, which compares unfavorably with Smith'’s
approach.®”

5.3.3. Baker's Method

In 1984 Baker and co-workers published, first in
preliminary form and later in a full paper,® the
stereoselective synthesis of lactone 77 (Scheme 14).
This lactone was prepared some years earlier by
Smith and Richmond, although by a different route,
in their total synthesis of paniculides B (7) and C
(8).%37® As a consequence, Baker's synthesis of lactone
77 constituted a formal total synthesis of these
natural products. In Scheme 14 we show the most
significant intermediates along this simple, stereo-
controlled route to product 77. Alcohol 73, obtained
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Scheme 14. Baker’s Synthesis of Compound 772
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a8 Reagents: (a) (i) TMSCI, (ii) MCPBA, (iii) NH4Cl (90%); (b)
(i) LICH2CO,Li (93%), (ii) PCC (81%); (c) (i) PhSeCl, then H,0,
(85%), (ii) LiEtsBH (92%); (d) (i) HBr (72%), (ii) TBDMSCI (70%),
(iii) MCPBA (81%).

in good yield from 3,4,5-trimethoxybenzoic acid (72),
was protected with a bulky group (SiMes) in order to
direct the epoxidation from the opposite face, so that
after acid hydrolysis only epoxide 74 was obtained.
The epoxide was opened using dilithioacetate to give
the expected lactone, which after oxidation afforded
ketone 75. The reduction of 75 proceeded from the
o-face to give an allylic alcohol whose hydroxy-
directed epoxidation cleanly provided almost pure
epoxide 77 in good yield.

5.3.4. Jacobi's Method

Jacobi’s approach to the synthesis of paniculide A
(6) involved the construction of its skeleton by a new
methodology.*® This was accomplished in a very
elegant manner, as shown in Scheme 15. 3-Methyl-
glutaric anhydride (78) underwent cycloaddition via
intermediate 79 to produce compound 80, which was
isolated in 61% from 78. Compound 80 was then
transformed into product 81 (Scheme 13) by a-alkyl-
ation with phenylselenenyl chloride, followed by
kinetic deprotonation—protonation, DIBALH reduc-

Scheme 15. Jacobi’s Synthesis of (£)-Paniculide A
(6)*
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a2 Reagents: (a) (i) LDA, PhSeCl, then LDA, AcOH (94%), (ii)
DIBALH, pH 5 (71%), (iii) NalOg4, then Na,CO3 (82%); (b) (i) CrOs/
Py, (ii) NaBH, (90%).
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tion, acid hydrolysis, selenoxide formation, and fi-
nally elimination. The configuration of 81 at the
secondary alcohol was inverted by an additional
oxidation and reduction, after which the final trans-
formation of the resulting intermediate 71 was
performed as previously described®® to give com-
pound 6.

5.3.5. Tadano's Method

Following the work of Baker and co-workers,* who
prepared 77 by a different route, Tadano prepared
intermediate 77 in enantiomerically pure form*! in
a process that can be considered to be the first chiral
approach to this molecule. Tadano's synthesis there-
fore constitutes a formal chiral, total synthesis of
paniculide B (7), since, as mentioned above, Smith
and Richmond already described the transformation
of 77 into paniculide B (Chart 2).3” Tadano’s approach

Chart 2
0
OH H 0\ 34
H/o ",
How la M2.on _Ref41b 9y
5 13
OH
HO o
82 83
OTBDMS
l How 4<5../
2
— Ref. 37
(+)-Paniculide B |=--------
0
0
77

started from p-glucose (82) and proceeded via inter-
mediate 83 (Chart 2). Interestingly, none of the
stereogenic centers in p-glucose were conserved in
product 77; all of them, except for the configuration
at C-5, which was inverted, were destroyed and
subsequently restored as the necessary function-
ality was incorporated. Furthermore, only carbons
C-2 to C-5 in p-glucose were preserved in compound
77.

As shown in Scheme 16, the ketone in product 83
was reduced to form an intermediate allylic alcohol,
which underwent palladium-mediated lactol forma-
tion with ethyl vinyl ether followed by hydroboration
from the less hindered j-face, to give a mixture of
compounds 84. Subsequent protection and oxidation
of 84 gave lactone 85. With this compound in hand,
the authors manipulated the 1,2-O-isopropylidene
group to give alcohol 86 in 59% yield after four steps.
The next steps in the synthesis were dedicated to
adjusting the protecting groups so that 87 could be
obtained. Oxidation of the secondary allylic alcohol
in 87 gave ketone 88. The reduction of the keto group
then gave an inseparable mixture of products 89 and
90 in a 1.2:1 ratio. The authors could not find a way
to prevent the undesirable side reaction that led to
90 from occurring, and consequently, this step caused
a considerable drop in the efficiency of the synthetic
scheme. The efficiency was also negatively affected
by the number of steps required for protection and
deprotection of the hydroxyl groups, as is often a
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Scheme 16. Tadano’s Synthesis of Compound
(+)-772
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a2 Reagents: (a) (i) NaBHy, (ii) ethyl vinyl ether, Pd(OACc); (62%),
(iii) B2aHe, H202 (74%); (b) TBDPSCI (68%), (ii) Jones reagent (73%);
(c) (i) AcOH, (ii) NalOg, (iii) DBU, (iv) NaBH4 (59%); (d) (i) BusNF,
(if) TBDMSCI (76%); (e) (i) PCC; (f) NaBH4 (79%); (g) (from 89)
MCPBA (93%).

problem when dealing with sugar-derived intermedi-
ates. After separation, compound 89 was epoxidized
to give product 77, which showed identical spectro-
scopic data to those described by Smith.3” In sum-
mary, this is an interesting example of the chiral pool
of natural products, specifically b-glucose (82), being
utilized for the synthesis of an advanced intermediate
on the path to paniculide B (7).

5.3.6. Narasaka's Method

Narasaka's approach to paniculide A (6)*?2 was
part of a program directed at applying the chiral,
densely functionalized cyclohexane derivative 92
(Scheme 17) to organic synthesis. Compound 92
was obtained from the catalytic Diels—Alder reaction
of 3-(3-borylpropenoyl)-1,3-oxazolidin-2-one (91) and
1-acetoxy-3-methyl-1,3-butadiene in the presence of
a titanium complex prepared from dichlorodiisopro-
poxytitanium and TADOL.*?* As shown, compound
92 was readily transformed to incorporate diverse
functional groups, culminating in the installation of
the lactone and the epoxide, through a series of high-
yielding reactions that proceeded via intermediates
93 and 94 (Scheme 17). Finally, enantiomerically
pure epoxide 65 was obtained and shown to be
identical to the product prepared by Smith and
Richmond during their synthesis of paniculide A.3"
Having made compound 65, the authors completed
the first formal total synthesis of paniculide A;
however, they repeated the process,® with slight
modification, to actually obtain synthetic (+)-pani-
culide A (6). The complete synthesis, beginning from
starting material 91, took 19 steps and gave a 7%
overall yield of (+)-paniculide A.
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Scheme 17. Narasaka’s Synthesis of Compound
(—)-65°
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94 Ref. 3;7/

(+)-Paniculide A (6)

a Reagents: (a) 1-acetoxy-3-methyl-1,3-butadiene, TADOL,
TiCly(0i-Pry) (82%); (b) (i) MCPBA, Li,CO3 (98%), (ii) TBDMSCI
(91%), (iii) CH3(CH2)7SLi (90%), (iv) LiAIH4 (71%); (c) (i) TsClI
(89%), (ii) p-methoxybenzyl chloride (98%), (iii) NaCN (89%), (iv)
BusNF (99%), (v) KOH (97%); (d) (i) DEAD, PhszP (99%), (ii) DDQ
(87%), (iii) NaBH,, CeCls (98%), (iv) MCPBA (52%).

5.3.7. Chida’s Method

Chida and co-workers also reported a chiral formal
total synthesis of (—)-paniculide A (6) by performing
the synthesis of compound (—)-65 (Scheme 18).%3 Like
Tadano,*! they used p-glucose (82) as their starting
material. They also used the Ferrier reaction* to
prepare the chiral cyclohexane ring system via
intermediate 96, which was in turn prepared from
the known lactone 95 as described by Corey and co-
workers.*® The resulting o,S-unsaturated ketone was
subjected to the typical protocol for the synthesis of
p-methyl a,p-unsaturated ketone 97 as described by
Saegusa.*® Further reduction and epoxidation of the
secondary allylic alcohol gave product 65, which was
identical to the product reported by Smith® and

Scheme 18. Chida’s Synthesis of Compound
(-)-65°

oM “OMe
95 96
o y O
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ol .. om\o
o Me H Me
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Ref.30_~ 65

(+)-Paniculide A (6)
a Reagents: (a) (i) 12 (85%), (ii) DBU (82%); (b) (i) Hg(OCOCF3),
(10—60%), (ii) MsCI, Py (76%), (iii) MeMgBr, TMSCI, Pd(OAc).
(58%); (c) (i) NaBHa, CeCls, (ii) MCPBA (38%).
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Scheme 19. Chida’s Total Synthesis of
(+)-Paniculide A (6)2
Ph., O

0. 0

102 Ref. 317/ 103

(+)-Paniculide A (6)
a2 Reagents: (a) (i) Hg(OCOCFs3),, MsClI, EtsN (67%), (ii))DBU
(62%); (b) (i) NaBH4, CeCls (86%), (ii) CH3(OCHz3).CNMey, A (89%);
(c) (i) 12, BusSnH (94%), (ii) LHMDS, 5-iodo-2-methyl-2-pentene
(71%)), (iii) AcCl, MeOH (93%), (iv) MsCl, (v) DDQ (63%), (vi) PCC
(99%)), (vii) MeoCuLi, TMSCI, Pd(OAc), (67%), (viii) NaBH4, CeCls
(70%); (d) (i) t-BUOOH (72%), (ii) TESOTf (95%).

Tadano.** However, the authors found that with
compound 96 the Ferrier reaction was capricious,
giving variable yields. They therefore questioned the
efficacy of this synthesis and considered an alterna-
tive strategy in which the lactone moiety was elabo-
rated using a Claisen rearrangement on a preformed
cyclohexene ring.*” This ring was also obtained via a
Ferrier reaction,** only on a conveniently function-
alized sugar derivative 99 (Scheme 19) that was
prepared from methyl 4,6-O-benzylidene-3-deoxy-a.-
p-arabinopyranoside (98).8 The Ferrier reaction on
99, followed by epimerization at C-2, gave ketone
100. Reduction of 100 then gave an allylic alcohol
that underwent Claisen—Eschenmoser rearrange-
ment to incorporate the two-carbon side chain 101
needed for the lactone formation. After several steps
the a-alkylated lactone 102 was obtained from pre-
cursor 101 in good yield and without problems. A
final stereoselective epoxidation and hydroxyl group
protection afforded the known intermediate 103" in
12 steps with a 3.9% overall yield. Having thus
synthesized intermediate 103, the authors achieved
a chiral formal synthesis of paniculide A (6). Never-
theless, they repeated the described procedure to
actually prepare natural compound paniculide A (6).

5.4. Syntheses of Crotepoxide, Boesenoxide,
P-Senepoxide, Pipoxide, and Tingtanoxide

The syntheses of the cyclohexane bisepoxides crotep-
oxide (9) and boesenoxide (10) and the cyclohexene
monoepoxides senepoxide (16), (-senepoxide (17),
pipoxide (18), and tingtanoxide (19) (Figure 3) are
usually reported using similar synthetic strategies
and common intermediates and, in some cases, by
hemisynthesis from natural compounds. In this sec-
tion we will present an integrated view of the
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different synthetic approaches and the key interme-
diates that have been used for the preparation of
these molecules.

(+£)-Crotepoxide (9) was first prepared by Ichihara
in 1975% and subsequently prepared by White® and
Matsumoto.>! Schlessinger®? described a formal total
synthesis of the racemic mixture, while Ogawa®3
prepared (+)-crotepoxide (9) for the first time in
enantiomerically pure form from g-senepoxide (17).
In 1996 Shing described the first enantiospecific
synthesis of crotepoxide (9) and iso-crotepoxide from
(—)-quinic acid (50).5*

(£)-Senepoxide (16) was also prepared for the first
time by Ichihara in 19745 and subsequently pre-
pared by Ganem®® and Schlessinger.5?

Ogawa®’ and Shing>* were the first to synthesize
(+)-B-senepoxide and (—)-S-senepoxide (17), respec-
tively.

The first total synthesis of (+)-pipoxide (18) was
achieved by Ganem in 1979.2% In 1981 a formal total
synthesis of (£)-pipoxide was described by Schlessing-
er.52 However, only Ogawa®” and Ogasawara®® re-
ported the synthesis of enantiomerically pure (+)-
pipoxide. Shing, meanwhile, described the synthesis
of (+)-pipoxide acetate.>

Last, (—)-boesenoxide (10) and (—)-tingtanoxide
(19) have also been prepared by Shing from (—)-
quinic acid (50) (Scheme 9).5* However, no synthesis
of pandoxide (20) (Figure 3) has yet been reported.

The nonnatural epimers of this series, iso-crotep-
oxide and ent-senepoxide, have also been prepared.
Specifically, White reported the racemic preparation
of epi-crotepoxide and iso-crotepoxide,® Shing re-
ported preparing (—)-iso-crotepoxide,® and Mduller
described the synthesis of enantiomerically pure iso-
crotepoxide and ent-senepoxide.5°

We will describe here, in chronological order, the
diverse strategies employed for the preparation of
these targets.

5.4.1. Ichihara’s Method

Ichihara described, in preliminary form*%a® and
later in a full paper,** a common strategy for the
syntheses of the closely related compounds racemic
crotepoxide (9) and senepoxide (16) using 2-hydroxy-
methyl-1,4-benzoquinone (104) as the common start-
ing material. Ichihara was the first to synthesize the
epoxide rings by epoxidizing a “protected quinone”
followed by base-promoted intramolecular nucleo-
philic displacement in a conveniently functionalized
1-hydroxy-2-mesylate derivative. The key reaction in
his strategy was the Diels—Alder reaction of com-
pound 104 with dimethylfulvene to “protect” the less
substituted double bond, so that the endo product
would be exclusively obtained. exo-Mediated hydro-
gen peroxide oxidation was used to incorporate one
of the final epoxides into the molecule, after which
regioselective hydroxyl-directed reduction of one of
the carbonyl groups afforded intermediate 105. In-
termediate 105 was then used for the synthesis of
crotepoxide (9) and senepoxide (16) (Scheme 20).

For the synthesis of senepoxide (16), the primary
and secondary hydroxyl groups were selectively
protected as a benzoate and an acetate, respectively,
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Scheme 20. Ichihara’s Approach for the Synthesis
of (+)-Senepoxide (16) and (+)-Crotepoxide (9)

O OH H OH
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(+)-Senepoxide (16)
OAc —OBz

. Ps2.0nc
—- 5 «,3
HO‘“4 ‘OAc

o4

(o2}

108 (+)-Crotepoxide (9)

after which a retro-Diels—Alder*®® reaction gave key
intermediate 106. Epoxidation of 106 occurred as
desired from the less sterically hindered p-face.
Hydrazine-mediated reaction of the o-ketoepoxide
moiety then afforded the allylic alcohol with the
correct stereochemistry at C-3, which after acetyl-
ation led to senepoxide (16). This is a simple yet very
efficient synthesis (10 steps) providing remarkable
control of the relative configurations at the newly
formed stereocenters. Unfortunately, it is impossible
to know what the overall yield of this synthesis was,
since yields were not reported for some of the steps.

The synthetic scheme is longer for crotepoxide (9)
since the relative configuration of the epoxide at C-1/
C-6 is opposite to that of senepoxide (16) and an
additional contiguous epoxide ring has to be formed.
In this case, the secondary hydroxyl group in inter-
mediate 105 (Scheme 20) was benzoylated; then after
a retro-Diels—Alder reaction, stereoselective reduc-
tion of the keto group and subsequent acetolysis, the
intermediate 107 was obtained. The next steps in the
synthesis protected the secondary hydroxyl group and
osmylated the double bond to give product 108. The
osmylation occurred with complete stereoselection
from the less hindered a-face. The acetylation also
occurred selectively at C-3, possibly because the
hydroxyl group at this carbon was in an equatorial
orientation, which allowed it to react in preference
to the hydroxyl group at C-4. The final steps in the
synthesis required adjustment of the functional
groups so that they ended up with the correct
placement to afford (+)-crotepoxide (9). The synthetic
sequence required 13 steps, but it was again impos-
sible to determine the overall chemical yield from the
report as the yields were not documented for some
of the steps.

5.4.2. White's Method

White's®® and Matsumoto’s®? (see below) proposals
for the synthesis of cyclohexane epoxides have been
successfully applied to different substrates by Shing>*
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Scheme 21. White’s Synthesis of (+)-Crotepoxide

)
OBn MCPBA, —OBn OBn
one CHeCle 58 Joac 94 _onc
25°C +
“OAC “OAc “0Ac

109 110 (1:1) 111
MCPBA, CICH,CH,Cl,

90 °C, 2,6-di-t-butyl-
p-cresol

~OBn —OBn 1. Hy
OAc OAc 2. BzCl
9
OAc 70%
(from 113)

12  (8:1) 113

Scheme 22. White’s Alternative Synthesis of
Compound 1132
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a Reagents: (a) Oz, hv (52%); (b) (i) Ac20, NaxCOs, (ii) C2H4Cly,
2,6-di-tert-butyl-p-cresol, reflux (24% from 114).

and Ganem.® Briefly, their approach utilized singlet
oxygen photooxygenation of 1,4-cyclohexadienes®® to
give bicyclic endoperoxides, whose controlled trans-
formation is known to selectively afford differently
substituted cyclic mono-%* or bisepoxides.6?

In White's strategy,® (£)-crotepoxide (9) [and also
some nonnatural epimers, such as (4)-epicrotepoxide
and (4)-iso-crotepoxide] was prepared from a 1-sub-
stituted-1,3-cyclohexadiene by using either epoxida-
tion or photooxygenation to incorporate the epoxides
into the ring. Although these protocols resulted in
low chemical yields of the desired products, White
nevertheless was the first to propose that 1,3-cyclo-
hexadienes would be ideal intermediates for the
synthesis of molecules of this type. More recently,
Shing® also photooxygenated cyclohexadiene sub-
strates to more efficiently synthesize cyclohexane
epoxides.

White's pioneering studies also provided useful
information about the epoxidation of allylic alcohols
in unsaturated cyclohexanes. For instance, diacetate
109 (obtained in 32% yield from benzoic acid) yielded
the monoepoxides 110 and 111 in a 1:1 ratio (Scheme
21). Under forcing conditions, the bisepoxides 112
and 113 were obtained in moderate yield. The stereo-
selectivity of this reaction was better than that
obtained for the monoepoxides, but unfortunately the
undesired epimer was favored (Scheme 21). As a
result, (+)-crotepoxide (9) was obtained in 4% yield
from compound 109. A better overall yield of 9 (17%)
was obtained from diol 114 using the photooxygen-
ation method (Scheme 22). Interestingly, diacetate
109 was unreactive under these conditions, but diol
114 gave a mixture of the unstable endoperoxides
115 and 116 in a very unselective process. After
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acetylation and thermal isomerization, 115 and 116
afforded only compound 113 (Scheme 21), which was
transformed as described above into (+)-crotepoxide
(9). The authors suggested that the epimeric a-
endoperoxide may have produced a secondary aro-
matic side product during the thermal isomerization
due to the favored stereochemical arrangement of
substituents in the endoperoxide. Unfortunately no
full paper is available, and this proposal was not
further elucidated.

5.4.3. Matsumoto’s Method

In 1977 Matsumoto’s group described the synthesis
of (£)-crotepoxide (9) in a preliminary communica-
tion.> The steps and experimental conditions of this
attractive method are shown in Scheme 23. Matsu-

Scheme 23. Matsumoto’s Approach for the
Synthesis of (+)-Crotepoxide (9)2

OH OBz
&OH a é/Y b
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—0Bz
‘/\'/\ m D,OAC

(+)- Crotepoxme 9)
a2 Reagents: (a) (i) BzCl, EtsN (63%), (ii) MnO, (82%), (iii)
(CH3)2,C=PPhj3 (80%); (b) Oy, hv (13%); (c) A (56%); (d) (i) O3, (ii)
NaBHa, (iii) H2 (39%); (iv) AcCl, Py (99%).

moto’s approach used a styrene building block as the
substrate for a double peroxide formation, which
occurred both inside and outside the aromatic ring
and afforded an intermediate with suitable function-
ality to enable it to be used for the synthesis of the
target molecule. The singlet oxygen photooxygenation
of 5,5-dimethylstyrene 118, which was obtained from
phthalyl alcohol (117) in three steps (42% total yield),
gave the desired product 119 (13% vyield). This
product was easily separated from its allylic-position
epimer, which was also obtained from the reaction
and isolated in 21% yield. Thermal isomerization of
119 occurred with retention of configuration to give
the bisepoxide 120 in 56% yield. The final steps of
the sequence were trivial and afforded (+)-crotep-
oxide (9) after only eight steps, but with a low (2%)
overall chemical yield.

5.4.4. Ganem's Method

Ganem’s approach to (+)-senepoxide (16) was
published in 1978 in preliminary form®2 and later
as a full paper.>%® Ganem'’s strategy follows a bio-
genetic hypothesis which suggests that arene oxides
could be utilized as possible intermediates.>¢ Accord-
ingly, Ganem and co-workers designed the synthesis
of key intermediate 123 [prepared from 1,4-dihydro-
benzoic acid (121) in four steps; intermediate 122 was
obtained in 63% yield and cleanly afforded 123 by
dehydrobromination (Scheme 24)].5 It is noteworthy
that this intermediate is related to the 1,3-cyclohexa-
diene 109 (Scheme 21) used in White’s synthesis of
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Scheme 24. Ganem’s Approach for the Synthesis
of (+)-Senepoxide (16)a
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a Reagents. (a) (i) LDA, CH20 (85%), (ii) Brz (90%), (iii) BzCl,
Py(98%); (iv) CF3COsH (63%); (b) (i) DBU, (ii) A (total yield for

two steps = 90%); (c) Oz, hv (80%); (d) P(OMe)s, benzene (88%);
(e) THF/10% AcOH (30%); (f) Ac20, Py (94%).

Scheme 25. Ganem’s Approach for the Synthesis
of (+)-Pipoxide (18)2
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a2 Reagents: (a) HBr (95%); (b) Zn, AcOH, EtOH (10%); (c)
MCPBA (74%); (d) BzCl, Py (yield not reported).

(£)-crotepoxide (9)°° but with the 1,2-diol moiety
replaced by an epoxide ring. Singlet oxygen photo-
oxygenation gave the endoperoxide 124, which after
treatment with trimethylphosphite afforded bisep-
oxide 125. The acid hydrolysis of this intermediate
is the weak point in this scheme, since even under
the best conditions the desired diol 126 was obtained
in only 30% vyield. Following standard acetylation,
(£)-senepoxide (16) was finally obtained in 10 steps
from intermediate 121 with a 9% overall chemical
yield.

In a 1979 preliminary communication, Ganem not
only revised the structure of pipoxide, but described
the first synthesis of racemic pipoxide (18).22 The
synthesis was performed as shown in Scheme 25
using diol 126 as the starting material. This diol had
been previously synthesized by the same group in
their approach to (+)-senepoxide (see above). By
opening the epoxide with hydrobromic acid, bromo-
hydrin 127 was formed, after which its treatment
with zinc led to the 1,3-cyclohexadiene 128, although
in very low yield (10%). The most substituted double
bond of this 1,3-cyclohexadiene was epoxidized from
the o-face to give product 129 in a regio- and
stereoselective manner. Finally, after standard ben-
zoylation, a synthetic sample of pipoxide (18) was
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isolated. The spectroscopic data for this synthetic
sample proved to be identical to that of the naturally
occurring sample.

5.4.5. Schlessinger's Method

In Schlessinger’s strategy®? for the synthesis of (+)-
senepoxide (16), 1,3-cyclohexadiene 133 (Scheme 26),
which is related to compounds 11450 and 123% that
were reported by White and Ganem, respectively, was
crucial for the success of the synthesis. However,
instead of being prepared from benzoic acid deriva-
tives as White’'s and Ganem’s compounds were,50-56
this compound was prepared from dihydrobenzene
derivative 130, which was synthesized from ethyl
propiolate and 1-(triethylsilyloxy)buta-1,3-diene. Com-
pound 133 was obtained in three steps with a 67%
total yield by epoxidation of 130 from the a face. This
gave the major epoxide 131, which yielded alcohol
132 after reduction with DIBALH. Alcohol 132 was
reacted with sodium phenylselenide, followed by
selenoxide formation and in situ elimination, to
provide diene 133 (Scheme 26). The low overall yield
described by White®® for the photooxygenation plus
thermal isomerization of analogous intermediate 114
(Scheme 22) prompted these authors to test the
epoxidation of compound 133 using MCPBA at —40
°C. Only epoxide 134 resulted, and total control of
the regio- and stereoselectivity occurred. The final
steps of the synthesis consisted of benzoylation, acid
hydrolysis of benzoate 135, and acetylation to give
()-senepoxide (16) in 37% overall yield. This is an
elegant and short (seven steps from ethyl propiolate)
synthetic sequence with a very good total chemical
yield; however, no full paper has been published to
date.

The same authors, in the same publication, also
used intermediate 131 for the formal total synthesis

Scheme 26. Schlessinger’s Approach for the
Synthesis of (£)-Senepoxide (16)2
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2 Reagents: (a) (i) MCPBA, (ii) DIBALH (85%); (b) NaSePh(82%);
(c) MCPBA (from 132 to 133 = 95%; from 133 to 134 = 77%); (d)
BzCl, EtsN (85%); (e) (i) HCI, MeOH, (ii) Ac,O, DMAP (83% from
135).
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Scheme 27. Schlessinger’s Approach for the
Formal Total Synthesis of (+)-Crotepoxide (9)2
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a Reagents: (a) n-BuLi, BnBr, HMPA, —78 °C (67%); (b) NaSePh
(80%); (c) MCPBA (87%); (d) HCI, MeOH (99%); (e) ref 50 (see
Schemes 21 and 22).

Scheme 28. Schlessinger’s Approach for the
Formal Total Synthesis of (+)-Pipoxide (18)2
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a Reagents: (a) BzCl, EtzN (95%); (b) MCPBA; (c) HCI, MeOH
(78%); (d) ref 23 (see Scheme 25).

of (£)-crotepoxide (9) (Scheme 27). This was achieved
after preparation of diene 114 (Scheme 22), which
was previously synthesized by White® in his ap-
proach to (4)-crotepoxide. Diene 114 was prepared
by benzylation of the primary hydroxyl group of
compound 131 to afford epoxide 136, which was then
opened with sodium phenylselenide to give 137.
Further oxidation of 137 to give the selenoxide
followed by its elimination furnished 138. Finally,
after desilylation the authors accomplished the syn-
thesis of diene 114.

Similarly, a formal total synthesis of (+)-pipoxide
(18), as shown in Scheme 28, was achieved after
the synthesis of product 128 from intermediate
132.5%2 Compound 128 has been previously trans-
formed into (£)-pipoxide by Ganem and co-workers.??
The protocol that was used for the formation of
128 was just simple benzoylation, selenoxide for-
mation, elimination to form the 1,3-diene, and de-
silylation.
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5.4.6. Ogawa’s Method

Ogawa'’s group has the distinction of being the first
to prepare any natural cyclohexane epoxide in enan-
tiomerically pure form. In 1985 Ogawa reported the
asymmetric synthesis of (+)-pipoxide (18) and (+)-
B-senepoxide (17)%72 from optically pure bromolactone
141 (Scheme 29). Compound 141 was submitted to a
series of transformations, which were previously
developed in Ogawa’s laboratory,>”*~9 to give di-
acetate 142. Subsequent epoxidation of this 1,3-
cyclohexadiene proceeded from the less hindered
p-face to give (+)-5-senepoxide (17) (Scheme 29),
along with two other monoepoxides (143 and 144),
which resulted from epoxidation of the less substi-
tuted double bond. The epoxidation of product 142
gave (+)--senepoxide (17) in poor yield (19%).572

For the synthesis of (+)-pipoxide (18), diacetate 142
was deacetylated to give diol (—)-128 and mono-
acetate 145 in 19% yield (Scheme 30). It should be
noted that racemic 128 had been previously prepared
by Ganem (Scheme 25)23 for the synthesis of (+)-
pipoxide (18). However, Ogawa changed the order of
the reactions in the first steps of the synthesis,
benzoylating the less hindered secondary allylic
alcohol first to give dibenzoate 146 in moderate yield

Scheme 29. Ogawa’s Approach for the Synthesis of
(+)-p-Senepoxide (17)2
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a2 Reagents: (a) refs 57b—d; (b) MCPBA (19%).

Scheme 30. Ogawa’s Approach for the Synthesis of
(+)-Pipoxide (18) and (—)-Tingtanoxide (19)2
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a2 Reagents: (a) p-TsOH, (b) BzCl, Py (from 128 to 146 = 46%;
from 145 to 147 = 95%); (c) MCPBA (87%).
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Scheme 31. Ogawa’s Approach for the Synthesis of
(+)-Crotepoxide (9) from (+)-f-Senepoxide (17)
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while carrying out the epoxidation later. This rever-
sal of the sequence caused the epoxidation to take
place from the f-face, due to the directing effect of
the allylic hydroxyl group, to give natural (+)-
pipoxide (18) in good yield (Scheme 30). Finally, the
benzoylation of alcohol 145 afforded product 147,
diene previously used in the synthesis of (—)-ting-
tanoxide (19),%° thus constituting a formal total
synthesis of compound 19.

Ogawa was also the first to report the synthesis of
(+)-crotepoxide (9) in enantiomerically pure form
from synthetic (+)-3-senepoxide (17),> which was
prepared as described above. Scheme 31 shows the
three steps of this synthetic sequence. The reaction
of (+)-B-senepoxide (17) with aqueous NBS gave a
mixture of bromoformates 148 and 149 in moderate
yield and in an almost equimolar ratio. Minor isomer
148, after treatment with potassium carbonate and
acetylation, produced (+)-crotepoxide (9). The overall
yield of 9 was 5% from compound 17.

5.4.7. Shing’s Method

Shing and co-workers described a new asymmetric
synthesis for (+)-crotepoxide (9). They also reported
for the first time the synthesis of (+)-boesenoxide
(10), (—)-senepoxide (16), and (—)-tingtanoxide (19)
in enantiomerically pure form from commercially
available (—)-quinic acid (50).5* Shing’s choice for the
best intermediate and the most convenient strategy
for synthesizing these compounds benefited from the
enormous amount of information previously reported
and summarized here (see above). In 1996 it seemed
clear that the best possible intermediate for the
synthesis of this type of molecule was a 1,3-cyclo-
hexadiene and that the best synthetic strategy by far
involved singlet oxygen photooxygenation. Conse-
quently, the only task remaining was to select and
design the correct O-protecting groups. With this in
mind, Shing prepared compound 150, which has a
tert-butyldimethylsilyl as the O-protecting group, as
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Scheme 32. Synthesis of Compounds 150 and 145
from (—)-Quinic Acid (50) (Ref 54)

HO, COOH
11steps
Hd & 18% “OX 80%

)-150 )145

(-)-Quinic acid (50) (X= TBDMS)

Scheme 33. Shing’s Approach for the Synthesis of
(+)-Crotepoxide (9) and (+)-Boesenoxide (10)2

OBz _0OBz

{ ‘OAC ‘/OAC
(-)-150 151 (78.5%) 152 (1.5%)
(X= TBDMS)

—0Bz

—0Bz
N OAc

OAc

"'OAc

(+)-Boesenoxide (10) 153 (+)-Crotepoxide (9)

a2 Reagents: (a) Oy, hv; (b) (from pure 151) CoTPP (99%); (c) (i)
HF, Py (85%), (ii) Ac2O, Py (99%); (d) (i) HF, Py (85%), (ii) BzCl,
Py (99%).

the key intermediate. The synthesis began with (—)-
quinic acid (50), required 11 steps to complete, and
proceeded with an 18% overall yield (Scheme 32). For
details of this synthesis, the reader is directed to the
original paper.>* Herein we will only address the
subsequent transformation of this molecule into the
naturally occurring cyclohexane epoxides.

Photooxygenation of diene 150 afforded compounds
151 and 152, the major endoperoxide 151 in good
yield (Scheme 33) as the result of an attack from the
less hindered S-face. After reaction with cobalt—meso-
tetraphenylporphyrin (CoTPP), 151 gave the re-
arranged bisepoxide 153 in quantitative yield. The
acylation of this intermediate provided (+)-cro-
tepoxide (9) (15 steps, 9% overall yield) or (+)-
boesenoxide (10) (15 steps, 9% overall yield) (Scheme
33), depending on the reagents used.

To synthesize the natural a-epoxides, such as
senepoxide (16) or tingtanoxide (19), Shing had to
change the functionalization of the 1,3-cyclohexadi-
ene such that the key intermediate was now 145
rather than 150. Benzoate 145 had previously been
prepared in poor yield by Ogawa®@ from the corre-
sponding diacetate precursor (Scheme 30). Shing
obtained this molecule in better yield from 150 by
desilylation (Scheme 32). As expected, the photo-
oxygenation of 145 was less stereoselective and
yielded both of the endoperoxides 5-154 and a-155
in practical chemical yields. These intermediates
were then transformed by the usual methodology into
isomers 156 and 157, which after acetylation gave
(+)-p-senepoxide (17) (15 steps, 6% overall yield from
50) or (—)-senepoxide (16) (15 steps, 4% overall yield)
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Scheme 34. Shing’s Approach for the Synthesis of
(+)-p-Senepoxide (17), (—)-Senepoxide (16), and
(—)-Tingtanoxide (19)2

OBz

<5,0AC
“'OH

()145

OAc &OAC

154 (48% 155 (32%)

| /N

——OBz

o) OBz 0Bz
°A° onc f LOAC
OAc

(+)-B-Senepoxide T|ngtan0X|de
(17) -)-Senepoxide (19)

(16)
a Reagents: (a) Oz, hv; (b) P(OMe); (85%); (c) AczO, Py (99%);
(d) COTPP (84%); (e) BzCl, Py (99%).

and (—)-tingtanoxide (19) (15 steps, 3% overall yield
from quinic acid), respectively (Scheme 34).

5.4.8. Ogasawara’s Method

Ogasawara’s group also made interesting contribu-
tions to the synthesis of pipoxide and related com-
pounds. In this section we will comment on the
preliminary results published for the synthesis of
(+)-pipoxide (18).582 The reported strategy rests on
the use of the well-known, chiral, synthetic inter-
mediate 158%b¢ (Scheme 35), which was developed
in Ogasawara’s laboratory and largely employed
by his group in the synthesis of other natural
products.

Sequential a-methoxycarbonylation and o'-hydroxyl-
ation of ketone 158 afforded only compound 159,
which has the free hydroxyl group in a S-orientation
as a result of the exo hydroxylation being preferred.
However, the orientation of this hydroxyl group is
trivial because this stereocenter is destroyed in the
following steps in order to install a double bond.
Ketone reduction and protection of the secondary
alcohol by intramolecular ether formation gave prod-
uct 160, which was dehydrated to afford alkene 161.
Thereafter, reduction, desilylation, and benzoylation
of 161 gave dibenzoate 162 in good yield. Compound
162 then underwent osmylation from the less hin-
dered j-face and Zn-mediated liberation of the sec-
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Scheme 35. Ogasawara’s Approach for the
Synthesis of (+)-Pipoxide (18)2

o} o
H OH
D =~ S

H S1eDMS

OTBDMS
(+)-158 159
0,

COzMe S _CO,Me
»:CO d
5TBDMS 5TBDMS
160 161

o
OH
Bz
162 163
OH ‘———OBz
@./osz @/
H ‘OBz
OBz
164 (+)-Pipoxide (18)

2 Reagents: (a) (i) NaH, (Me0O),CO (89%), (ii) Oz, KF (82%); (b)
(i) NaBHy,, (ii) NBS (96%); (c) POCI; (84%); (d) (i) DIBALH, (ii)
BusNF, (iii) BzCl, Py (97%); (e) (i) OsOa, (ii) Zn (96%); (f) (i)
TMSCN, (ii) diphenyl ether, (iii) HF (83%); (g) DEAD, PPhs, THF
(62%)).

ondary alcohol to produce triol 163. At this point, a
retro-Diels—Alder reaction*®® performed on a 163
derivative rendered cyclohexene 164, which was
ready for the final Mitsunobu reaction. In this
manner, (+)-pipoxide (18) was obtained in 14 steps
and with a remarkable 28% overall yield from
compound 158. It is noteworthy that this meth-
odology is reminiscent of Ichihara’s approach, in the
sense that a Diels—Alder-type adduct is used to
“protect” one of the double bonds of an intermediate
qguinone.

5.4.9. Miller's Method

Muller very recently described the syntheses
of enantiomerically pure iso-crotepoxide and ent-
senepoxide.>® Although both are nonnatural products,
we will describe these interesting syntheses as they
complement the efforts of other authors in this area.
Muller's methodology starts from trans-cyclohexa-
dienediol 165, which was isolated in enantiomerically
pure form from E. coli and produced in multigram
guantities in a metabolic engineered microbial proc-
ess. As shown in Scheme 36, when compound 168,
which was prepared in three steps from 165 via
compounds 166 and 167, was submitted to epoxida-
tion under mild or forcing conditions, it yielded
monoepoxide 169 or bisepoxide 170 in good yields.
These were the only isomers formed at the new
stereocenters. Intermediates 169 and 170 were the
precursors for ent-senepoxide (171) and iso-crotep-
oxide (172), obtained in seven steps with overall
yields of 26% and 24%, respectively.
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Scheme 36. Muller’'s Approach for the Synthesis of
iso-Crotepoxide (172) and ent-Senepoxide (171)2

CO,H COzMe
WOH a3 OX
OH OX
165 166 X=H
 (_
167 X= TBS

/ /7
o0l (ONE
Qoms b.\uoms
OTBS > Totss
169 170
I |
BzO, _0Bz
: o0l
OS5 one QOAc
i “OAc &> TOhe

ent-Senepoxide (171) iso-Crotepoxide (172)

a Reagents: (a) TMSCHN (81%); (b) TBSTfO (95%); (c) DIBALH
(88%); (d) MCPBA, room temperature (91%); () MCPBA, 50 °C
(79%); (f) (i) BzCl, Py, (ii) TBAF, (iii) Ac20O, Py (from 169 to 171 =
41%; from 170 to 172 = 44%).

5.5. Synthesis of Aranorosin

In 1993 Wipf® and McKillop-Taylor®* described the
total synthesis of natural aranorosin (11) (Figure 2)
in enantiomerically pure form. Previously, in 1991,
Rama Rao and co-workers published a synthetic
study directed at aranorosin,® but no full paper ever
appeared. Completing the total synthesis of arano-
rosin enabled Wipf® to assign its absolute configu-
ration at C-6' as R, which no one previously had been
able to establish.

The retrosynthetic analyses put forth by Wipf,
McKillop-Taylor, and Rama Rao were all based on
the amide disconnection, a protocol that implies
condensation between acid 173 (Figure 10) and a

(0]

Me(CHZ)‘\WOH = RCOOH

173
Figure 10.

convenient carbocyclic intermediate. The synthesis
of (6R)-173 and its enantiomer will not be presented
here, and we will only comment on the synthesis of
the cyclohexane bisepoxide moiety of aranorosin. All
of the synthetic endeavors referenced above shared
the same method for the synthesis of the 1-oxaspiro-
[4,5]decane ring, specifically, the oxidative cyclization
of tyrosine derivatives. The differences in the syn-
thetic schemes lie in which tyrosine derivative was
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Scheme 37. Synthesis of Aranorosin (11)
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utilized, how acid 173 was incorporated, and whether
the ketone in the cyclohexane ring was preserved in
the synthetic sequence. These points are highlighted
in Scheme 37.

In Rama Rao’s approach® (Scheme 37) the reaction
of compound 174a with iodobenzene bis(trifluoro-
acetate) (PIFA) gave product 175a in good yield and
as the only observed diasterecisomer. After a series
of steps for protection, followed by amidation with
acid 173 (Figure 10), substrate 176 was isolated and
submitted to epoxidation with H,O; to give compound
177. Compound 177 was obtained in poor yield but
with complete stereocontrol over the formation of the
new stereocenters.

To circumvent the problems leading to the low yield
of 177, Wipf® (Scheme 37) devised a strategy in
which ketone 178 was transformed into a compound
with a-hydroxy and a'-benzyloxymethyl functional
groups capable of hydrogen bonding, which served
inter alia to control the attack of MCPBA from the
p-face to give intermediate 179. The presence of the
carbobenzyloxy (Cbz) protecting group instead of the
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Boc group at the nitrogen in intermediates 174b and
175b also seemed to play a crucial role in the success
of these reactions, and the introduction of a second
N-Cbz protecting group proved to be necessary, since
the addition of organolithium reagents to 175b led
to significant lactone opening. Finally, once the side
chain was incorporated, the keto group at C-8 was
reinstalled to provide natural product 11 via com-
pound 180. This strategy provided an elegant solu-
tion to the problems that originated from the pres-
ence of the keto group in the synthetic sequence,
although at the cost of increasing the number of steps
required.

In this sense, McKillop-Taylor's®* approach is by
far the shortest (four steps!) (Scheme 37). In their
analysis the tyrosine-protected aldehyde 182 was
used to directly give lactol 183 after oxidative cy-
clization. This is a remarkable strategy; unfortu-
nately, the epoxidation of the double bonds, as before,
gave a poor yield that lowered the total overall yield
to 4% for the synthesis of aranorosin (11). However,
this expeditious procedure was applied by the au-
thors to the preparation of several aranorosin ana-
logues.

6. Quinone Monoepoxides

6.1. Eupenoxide

Eupenoxide (188) (Figure 4) is an antifungal agent
produced by a fungus assigned to the genus Eupeni-
cillium.58

The only synthesis of racemic eupenoxide to date
has been reported by Duke and Rickards (Scheme
38).56 The Diels—Alder reaction of aldehyde 4-acet-
oxybut-2-ynal (184) and 1,4-[bis(tert-butyldimethyl-
silyloxy)]buta-1,3-diene (185) gave adduct 186 in 68%
yield. The epoxidation of this compound was totally
stereoselective and afforded the o-epoxide, although
in low yield due, most likely, to decomposition. The
o-epoxide was submitted to a Wittig reaction, which
exclusively gave the Z (187) isomer. Subsequent
photochemical isomerization gave a mixture of Z and
E isomers in a 1:3 ratio, which after recrystallization
provided pure E (187) in 50% yield. The final steps
were trivial but allowed the authors to generate

Scheme 38. Rickards’ Total Synthesis of
(£)-Eupenoxide (188)2

OTBDMS
CH,0Ac OTBDé"HS oA
= o 2OAC
| | + 68% a
CHO 3 CHO
OTBDMS OTBDMS
184 185 186
OTBDMS
CH0Ac
o) | —
H
oTBDMs o CoHir
187 (+)-Eupenoxide (188)

aReagents: (a) (i) p-Nitroperoxybenzoic acid (26%), (ii) CsH1.CH=
PPhsz (70%), (iii) 12, hv (50%); (b) (i) NHs, MeOH (98%), (ii) BusNF
(87%).
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racemic eupenoxide (188) in six steps with a 5% total
yield.

6.2. Theobroxide

(—)-Theobroxide (189) (Figure 4) is an epoxy cyclo-
hexene (or a reduced-quinone epoxide) that is isolated
from the culture filtrate of the fungus Lasiodiplodia
theobromae and induces potato microtuber formation
in vitro.6”2 Theobroxide spray treatment also pro-
duced flower buds in morning glory plants kept under
non-inducing conditions (i.e., long days). Further-
more, under inducing conditions (i.e., short days), the
number of flowers produced by seedlings sprayed
with theobroxide was about 1.5 times that produced
by unsprayed controls.5” The structure of theobrox-
ide was assigned mostly on the basis of spectroscopic
analysis.t7

6.3. Asperpentyn

(—)-Asperpentyn (190) (Figure 4) has been isolated
from the antimicrobial extracts of Aspergillus duri-
caulis.58

6.4. Epoformin (“Deoxyepoxydon”)

Epoformin (191) (Figure 4) is an antibiotic and
cytotoxic substance isolated from the culture broth
of Penicillium claviforme.®® Only weak antimicrobial
activity was exhibited by epoformin. Although its
cytotoxic activity was strong against PS cells, epo-
formin showed less activity against L-1210 than
epoxydon. Phoma sorghina is a newly described leaf
spot pathogen on pokeweed, which produced phyto-
toxins in liquid culture. These phytotoxins were
isolated and structurally identified as epoformin,
epoxydon, phyllostine, and epoxydon 6-methyl-
salicylate ester. The cell-free culture filtrate, as well
as each of the toxins, caused necrosis when spotted
on pokeweed leaves and eight other weed species;
thus, these toxins were nonspecific phytotoxins. Ep-
oxydon and epoformin showed strong antimicrobial
properties against all the bacteria and fungi tested.
In addition, epoxydon, deoxyepoxydon, and phyllos-
tine were isolated from Ophiosphaerella herpotricha,
which is a cause of spring dead spot (SDS) on
Bermuda grass. All of these isolated metabolites
caused necrosis when spotted onto leaves of Bermuda
grass and other plant species. Bermuda grass culti-
vars varied in their sensitivity to epoxydon, which
was the major metabolite isolated. However, there
was no correlation between the amount of leaf
necrosis caused by epoxydon and the resistance of the
cultivars to SDS in the field.5® The structures of
these new metabolites were assigned by analyses of
their MS and NMR spectra.

6.5. Epiepoformin

(+)-Epiepoformin (192) (Figure 4) was separated
from a culture of an unidentified fungus on diseased
crape myrtle (Lagerstroemia indica) leaves. Neutral
fractions of the media containing this compound
markedly inhibited the germination of lettuce seeds.”
(+)-Epiepoformin proved to be very active, providing
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complete control of redroot pigweed and 88% control
of white mustard when applied at 4.4 kg/ha.

6.6. Epoxydon (“Epoxydone”, “Phyllosinol”)

Epoxydon (193) (Figure 4) (and phyllostine, see
below) is a phytotoxic metabolite isolated from a
culture filtrate of Phyllosticta sp S 1019, which is a
pathogenic fungus of red clover. Epoxydon (193) is
the principal toxic compound that causes wilting and
simultaneous dark discoloration of leafy stem cut-
tings from the host plant.”’® Epoxydon was also
isolated from Phoma sp. as a cytotoxic compound.”®

6.7. Epiepoxydon

Epiepoxydon (194) (Figure 4) was initially obtained
as a synthetic artifact,’? together with epoxydon, and
later characterized as a phytotoxin. Epiepoxydon,
obtained from an unidentified fungus that was
separated from diseased crape myrtle (Lagerstroemia
indica L.) leaves’® and then identified as an inter-
mediate in the patulin pathway in Penicillium urti-
cae, was likewise characterized as a phytotoxin.”

6.8. Harveynone (“PT-Toxin")

(+)-Harveynone (195) (Figure 4) has been isolated
from the tea gray blight fungus Pestalotiopsis theae
and shown to be a phytotoxin.” Its relative structure
was based on a comparison of its 'H and *C NMR
data with those of (+)-epiepoxydon (194) (Figure 4).
Its enantiomer, (—)-harveynone (195), was isolated
from Curvularia harvey and found to possess anti-
tumor activity.”3®

6.9. Tricholomenyn A

Tricholomenyn A (196) (Figure 4) was isolated from
the fruiting bodies of the mushroom Tricholoma
acerbum and is a mitotic inhibitor.”* Its relative
structure, which has an enyne side chain on the
polyoxygenated cyclohexene framework, was as-
signed mostly by NMR spectroscopy, while its abso-
lute configuration was tentatively assigned by cor-
relating its CD spectrum with those of simpler
natural products possessing the same epoxyclohexane
chromophore.

6.10. Phyllostine

Phyllostine (197) (Figure 4) is a phytotoxic me-
tabolite isolated from Phyllosticta sp.”®® This ep-
oxyquinone possessed antibiotic activity against
Bacillus subtilis and was approximately 80% as
active as patulin.”™®

6.11. Syntheses of Theobroxide, Asperpentyn,
Epoformin, Epiepoformin, Epoxydon,
Epiepoxydon, Harveynone, Tricholomenyn A, and
Phyllostine

In this section we will discuss the synthesis of
quinone monoepoxides 189—197. These compounds
have been synthesized using common strategies and
intermediates, although the syntheses were per-
formed by different laboratories. Natural (—)-theo-
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broxide (189) was synthesized by Ogasawara’® and
Maycock,’” while unnatural (+)-theobroxide (189) has
been prepared by Ogasawara.”® (—)-Asperpentyn
(190) has been prepared only once and in enantio-
merically pure form from (—)-quinic acid (50) by
Maycock.”” (£)-Epoformin (191) was one of the first
compounds in this group to be synthesized, first by
Ichihara™ and later by Maycock.”® Epiepoformin
(192) has been produced by Ichihara,”® Ogasawara,’®
Maycock,”” and recently Okamura.® Related epoxy-
don (193), epiepoxydon (194), and phyllostine (197)
are usually prepared together and have been de-
scribed by Ichihara,8 Ogasawara,® and Taylor.83
Harveynone (195) has been synthesized by Taylor in
racemic form8® and by both Ogasawara®® and May-
cock in enantiomerically pure form.”” The synthesis
of tricholomenyn A (196) has been reported by
Ogasawara®® and Taylor,®” while Johnson® and
Negishi® described the syntheses of compounds 195
and 196. In the following sections we will present
details of the different synthetic sequences leading
to these compounds.

6.11.1. Ichihara’'s Approach

Ichihara described three approaches to synthesiz-
ing (£)-phyllostine (197) (Scheme 39). The first
synthesis was nonselective and used as the starting
material 2-hydroxymethyl-1,4-benzoquinone (104),
which was obtained by oxidation of the expensive
substrate gentisyl alcohol with lead tetraacetate.
After several unsuccessful trials, the epoxidation of
104 with sodium perborate gave an inseparable
mixture of phyllostine (197) and compound 198 (eq
1, Scheme 39)8® which was treated with cyclopenta-
diene. As a result, compound 198 afforded a Diels—
Alder adduct, which was easily separated from
phyllostine (197), obtained in 22% vyield. Better
results were obtained when the primary alcohol in
product 104 was first pyranylated by treatment with
dihydropyran to increase the steric hindrance on the
trisubstituted double bond. As a result of this hin-
drance, the epoxidation was cleanly directed to the
correct place giving product 199, which released
phyllostine after acid hydrolysis of the directing
group, in 31% total yield (eq 2, Scheme 39).81ab The
third approach used the same strategy as had been
reported by Ichihara for the synthesis of crotepoxide
(Scheme 20). Starting from 1,4-benzoquinone (200),
the Diels—Alder reaction with dimethylfulvene fol-
lowed by epoxidation gave the epoxides 201 and 202
(eq 3, Scheme 39). These molecules underwent aldol
reactions with formaldehyde to afford intermediates
203 and 204, after which the retro-Diels—Alder
reactions of these intermediates gave phyllostine
(197)_81c,d

Ichihara developed two approaches to the synthesis
of epoxydon (193). In the first synthesis®a? (eq 1,
Scheme 40), compound 199 was reduced and per-
acetylated to give diacetate 205. A short (1 h) mild
acid hydrolysis of this compound afforded alcohol 206,
which on treatment with potassium carbonate un-
derwent regioselective hydrolysis of the proximal
acetate leading to diol 207. After tritylation, oxida-
tion, and full deprotection, 207 and 208 provided
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Scheme 39. Ichihara’s Synthesis of (£)-Phyllostine
(197)
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epoxydon (193) in 8% total yield from compound 205.
It is interesting to note that the reduction of quinone
199 afforded a mixture of diastereomers, but no
separation was attempted. Apparently, in the syn-
thetic sequence, epimerization took place to give
diastereomerically pure epoxydon. Incidentally, the
authors found that if the acid hydrolysis of product
205 was prolonged (12 h), acetyl migration took place
giving diacetate 209 (eq 2, Scheme 40), whose oxida-
tion and hydroxyl deprotection gave epoxydon in a
shorter sequence and in better total yield from 199
(16%).

The second of Ichihara’s approaches to epoxydon
(193) is shown in Scheme 41. This approach was so
flexible that it allowed the authors to also prepare
epiepoxydon (194).81¢ As in his other synthesis,
Ichihara successfully employed the Diels—Alder and
retro-Diels—Alder reactions on conveniently func-
tionalized quinone derivatives to yield both 193 and
194. Reduction of the “protected” quinone epoxides
201 (eq 1, Scheme 41) and 2028'¢ (eq 2, Scheme 41)
gave the corresponding pairs of epoxyalcohols (210/
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Scheme 40. Ichihara’s Synthesis of (+)-Epoxydon
(193)2
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2 Reagents: (a) (i) NaBH4 (63%), (ii) Ac20, Py (99%); (b)MeOH,
p-TsOH, 1 h (70%); (c) KHCOs, 48 h; (d) (i) CIC(CeHs)z (60%), (ii)
MnO; (88%); (e) MeOH, p-TsOH; (f) EtOH, p-TsOH, 12 h; (9) (i)
MnOg, (ii) MeOH, p-TsOH.

211 and 212/213), which were treated with formal-
dehyde to give compounds 214/215 and 216/217.
After thermal treatment, these compounds provided
epoxydon and epiepoxydon. When this synthetic
scheme was applied to benzoquinone, epoxydon was
obtained in 10% yield, which is a notable improve-
ment over a previous synthesis reported by this group
where the starting material was gentisyl alcohol (1%,
Scheme 39).

Ichihara also described the synthesis of epoformin
(191) and epiepoformin (192),”® as shown in Scheme
42. In this approach the ketones of the known
intermediates 212 and 213 (see Scheme 41) were
alkylated with methyl iodide instead of formalde-
hyde. Molecular models showed that only cis stereo-
isomers should be observed at the fused ring in
products 218 and 219. The trans isomers were
determined to be unlikely due to their highly strained
structure.

6.11.2. Ogasawara’s Approach

As in his syntheses of (+)-pipoxide (18) (Scheme
35) and (—)-eutypoxide B (3), performed by Takano
(Scheme 8), Ogasawara'’s strategy for the synthe-
ses of (+)-epiepoxydon, (—)-phyllostine, (—)-tri-
cholomenyn A, and (+)/(—)-harveynone relied on
Ichihara’s concept of using Diels—Alder adducts to
“protect” one of the double bonds of the 1,4-benzo-
quinone product, then developing the necessary
functionality at the other available double bond, and
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Scheme 41. Ichihara’s Synthesis of (+)-Epoxydon
(193) and (+)-Epiepoxydon (194)2
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finally performing a retro-Diels—Alder reaction to
restore the masked alkene. Ogasawara’s group is
credited with the preparation of enantiomerically
pure (+)- and (—)-463% for achieving these goals.

(+)-Epiepoxydon (194)%? was synthesized from com-
pound (—)-46 as shown in Scheme 43. After a series
of standard steps for protection, deprotection, and
oxidation, the important ketone 220 was prepared.
Next, the p-face was epoxidized, which, when fol-
lowed by an aldol reaction with formaldehyde and
thermal treatment, afforded epoxyketone 222 in good
yield. Desilylation gave (+)-epiepoxydon (194), and
the selective oxidation of (+)-epiepoxydon (194) with
PDC in DMF provided (—)-phyllostine (197) in 37%
yield (Scheme 43).82

The synthesis of natural (—)-theobroxide (189) has
been performed from intermediate (—)-221 (Scheme
43) using concepts and methods analogous to those
previously employed for the syntheses of (+)-epi-
epoxydon and (—)-phyllostine.” In this case, however,
the a-alkylation had to be carried out using methyl
iodide (Scheme 44). The reduction of epoxyketone 223
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Scheme 42. Ichihara’s Synthesis of (£)-Epoformin
(191) and (+)-Epiepoformin (192)2

H 1 H e
H oH H o

212 213
a a J
3C 0 SC Q
O
OH
218 219

b

2 _oH O; ~OH
OJA/;’ fo)

(+)-Epiepoformin (192) (+)-Epoformin (191)

2 Reagents: (a) (i) Ac20, Py, (ii) Mel, t-BuOK, (iii) KOH; (b) A
(50% overall yield from 213).

Scheme 43. Ogasawara’s Synthesis of
(+)-Epiepoxydon (194) and (—)-Phyllostine (197)2

OTBDMS
( ) 4634b
H OTBDMS OTBDMS
: . - )
o — o0 —
H
(0] OH O
(-)-221 222

A ST

(+)-Epiepoxydon (194) (-)-Phyllostine (197)
2 Reagents: (a) (i) TBDMSCI; (ii) K.CO3, MeOH, then PDC; (b)
H20; [80% from (—)-46]; (c) (i) CH,O, DBU (98%), (ii) diphenyl
ether, A (87%); (d) HF—MeCN (86%); (¢) PDC, DMF (37%).

afforded a mixture of separable allylic alcohols, of
which the major epimer gave (—)-theobroxide (189)
(80%) after desilylation. Direct desilylation of com-
pound 223, as opposed to reduction, gave (+)-epi-
epoformin (192).

Finally, Ogasawara described the syntheses of na-
tural (—)-harveynone (195)8° and (—)-tricholomenyn
A (196).% Starting from intermediate (—)-221 (Scheme
45), the common intermediate a-iodoenone (—)-225
was prepared via epoxyketone (—)-224 in good yield
and enantiomerically pure form. From this compound
the authors prepared (—)-harveynone (195)%° and (—)-
tricholomenyn A (196)% in moderate to good yields
by utilizing a one-step Stille®® reaction with stan-
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Scheme 44. Ogasawara’s Synthesis of
(—)-Theobroxide (189) and (+)-Epiepoformin (192)2

,y OTBDMS QTBDMS
. . .
o — (o)
Me
Ho o)
(-)-221 (+)-223

b
‘|
9 _OH Q. _oH
BOSNNe
Me Me

(-)-Theobroxide (189) (+)-Epiepoformin (192)

a Reagents: (a) (i) KH, Mel (87%), (ii) diphenyl ether, A (94%);
(b) NaBHa4, CeCls, then HF—MeCN (80% from 223); (c) HF—MeCN
(93%).

Scheme 45. Ogasawara’s Synthesis of
(+)-Harveynone (195) and (—)-Tricholomenyn A

(196)2

A 6TBDMS oTBDMS
(+)-221
X < (--224 X=H
(225 X=1

(-)-Harveynone (195)  (-)-Tricholomenyn A (196)

a Reagents: (a) diphenyl ether (93%); (b) 12 (89%); (c) (i) 226a,
PdCIy(PPhg)z, Cul, N-methylpyrrolidone (82%), (ii) HF—MeCN
(87%); (d) (i) 227a, PdCI,(PPhgz),, Cul, N-methylpyrrolidone (39%),
(if) HF—MeCN (86%); (iii) Ac20, Py (59%).

nanes 226a and 227a (Figure 11). Surprisingly,
Sonogashira reaction®! between acetylenes 226b and
227b (Figure 11) and iodoenone (—)-225 failed to give
the cross-coupling product. This problem was solved
by using the alcohol obtained by reduction of iodo-
enone (—)-225, instead of 225 itself, which under the
Sonogashira reaction conditions gave the desired
intermediates but at the cost of lengthening the
synthetic sequence.®®> Ogasawara also described the
synthesis of enantiomeric (+)-224, which, following
the same protocol, afforded (+)-harveynone (195).85

NS
)\ AN

X X
226a X=SnBus 227a X= SnBug
226b X=H 227b X=H

227¢ X= SiMe;

Figure 11.
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6.11.3. Maycock’s Approach

Maycock and co-workers synthesized a number of
natural products of this quinone monoepoxide family
in enantiomerically pure form by starting from (—)-
quinic acid (50). Their work continues the research
in this area that started with the synthesis of
eutypoxide B (3) (Scheme 9).

(+)-Epoformin (191) was prepared for the first time
in optically pure form, as shown in Scheme 46.7° o, f3-
Unsaturated ketone 228, prepared in several steps
from quinic acid (50), was silylated at the secondary
alcohol, and the epoxidation then occurred from the
plane of the molecule occupied by the silyloxy group.
This unexpected result may be due to the directing
effect of the tertiary alcohol and was fortuitous, as
product 229 contained all the appropriate functional
groups with the correct stereochemistry needed to
synthesize (+)-epoformin (191). Reduction of ketone
229 gave the alcohol that resulted from hydride
attack on the g-face; then, finally, after acetylation,
desilylation, oxidation, and deacetylation, (+)-epo-
formin (191) was efficiently obtained.

Scheme 46. Maycock’s Synthesis of (+)-Epoformin
(191)2

HO cooH 9
. ref. 79
—_— e,
HO Y~ TOH T oH
OH OH
(-)-Quinic acid (50) 228
OTBDMS
229 (+)-Epoformin (191)

2 Reagents: (a) (i) TBDMSCI (79%), (ii) H202 (92%), (iii)
Tf,0(57%); (b) (i) L-selectride, then Ac,O, diisopropylethylamine
(73% two steps), (ii) BusNF (98%), (iii) Dess—Martin periodinane
(99%)), (iv) KOH (95%).

In their next communication on this subject, May-
cock and co-workers described the preparation of (—)-
asperpentyn, (+)-harveynone, (+)-epiepoformin, and
(—)-theobroxide.”” The most interesting aspect of this
new report was that the methyl or unsaturated side
chain in the a-iodoenone intermediate (+)-225 (which
is the same intermediate prepared two years earlier
by Ogasawara;® see Scheme 45) was incorporated via
a Stille coupling,®® based on (—)-quinic acid (50). The
result was that compound (+)-225 was synthesized
from hydroxyketone 230% (Scheme 47). Stille cou-
pling®® of stannane 226a (Figure 11) with o-iodo-
enone (+)-225 gave intermediate 231, which after
desilylation furnished (+)-harveynone (195).

The reduction of compound 231 with sodium boro-
hydride in the presence of cerium trichloride afforded
a mixture of allylic alcohols in a 2.7:1 ratio. The major
alcohol, after separation and desilylation, gave (—)-
asperpentyn (190) (Scheme 48).

Stille coupling® of tetramethylstannane with o-
iodoenone (+)-225 gave intermediate 232, which after
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Scheme 47. Maycock’s Synthesis of
(+)-Harveynone (195)2

iioﬁoér -

OTBDMS
230 (+)-225

J/j\:rOTBDMS
(+)-Harveynone (195)

a Reagents: (a) (|) TBDMSCI (98%), (ii) NaOH (41%), (iii) H202
(89%), (iv) Ac20, diisopropylethylamine (44%), (v) 12 (93%); (b)
226a, Cul, AsPhs, Pd(PPh3),Cl; (98%); (c) HF (92%).

Scheme 48. Maycock’s Synthesis of
(—)-Asperpentyn (190)2

TOTBDMS
(-)-Asperpentyn (190)

a Reagents: (a) (i) NaBH4, CeCl3 (99%), (ii) HF (99%).

Scheme 49. Maycock’s Synthesis of

(+)-Epiepoformin (192)2
o) o]
|
o o _b
6TBDMS

OTBDMS

(+)-225 232
0.,

S OH
(o] %

(+)-Epiepoformin (192)
a Reagents: (a) MesSn, AsPhs, Pda(dba)s, CHCI3, Cul (91%); (b)
HF (99%).

Scheme 50. Maycock’s Synthesis of
(—)-Theobroxide (189)2

O
a 9 “OH
o —
H HO™
OTBDMS
232 (-)-Theobroxide (189)

a Reagents: (a) (i) NaBH4, CeCls (92%), (ii) HF (99%).

desilylation produced (+)-epiepoformin (192) in ex-
cellent yield (Scheme 49).

Finally, the reduction of intermediate 232 with
sodium borohydride in the presence of cerium tri-
chloride afforded an inseparable mixture of allylic
alcohols, which after desilylation and chromatogra-
phy afforded (—)-theobroxide (189) (Scheme 50) in
84% vyield.
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6.11.4. Okamura’s Approach

Okamura described the asymmetric synthesis of
(+)-epiepoformin (192), beginning with compound 60
and proceeding via intermediate 233 (Scheme 51).8°
Compound 60 (Scheme 10) was crucial in Okamura’s
synthesis of eutypoxide B (3), and this new report
also marked its successful use for the preparation of
epoxide (+)-223, which was previously reported by
Ogasawara in his approach to (+)-epiepoformin
(192).78

Scheme 51. Okamura’s Synthesis of
(+)-Epiepoformin (192)2

?  OH o
a ﬂ)\/Vr b
— O —_—

6TBDMS C:)TBDMS

60 233
S en

OTBDMS
(+)-223 (+)-Epiepoformin (192)

2 Reagents: (a) (i) H202 (92%), (ii) TsCl, EtsN (94%); (b) Pd/C
(70%); (c) HF (99%).

6.11.5. Taylor's Approach

Very recently, Taylor described the synthesis of
epiepoxydon (194)% based on the Baylis—Hillman
reaction® of formaldehyde with racemic epoxy-a,/-
unsaturated ketones 224 (Scheme 45) and 238, both
of which were prepared from alcohol 237, as shown
in Scheme 52. The known cycloaddition of 1,4-
benzoquinone (200) and cyclopentadiene® exclusively

Scheme 52. Taylor’s Synthesis of (+)-Epiepoxydon

e i
@i> @i>

237 X=H
d
238 X=TES
e

224 X= TBDMS
2 Reagents: (a) (i) Cyclopentadiene, MeOH (74%), (ii) t-BuOOH
(85%); (b) n-BusNBH4 (64%); (c) (from 236) diphenyl ether (94%);
(d) EtsSiCl (86%); (€) TBDMSOTT (43%); (f) (from 238) (i) CH>0,

EtsAl, n-BusP (44%), (ii) HE—Py (70%).

(+)-Epiepoxydon (194)
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Scheme 53. Taylor’s Synthesis of (+£)-Harveynone
(195)2

OMe MeO_ OMe
©/B’ Ref. 84a,b X\ﬁ‘j\
— o
OMe (o]
239 240a X= Br (Ref. 84b)
a 240b X=| (Ref. 84a)

°|

o ~OH [e)
|
O <c_ \@o
I
241

(+)-Harveynone (195)

a Reagents: (a) (from 240a) (i) 226b, PdCI,(PPh3),, Cul, diiso-
propylamine (41%); (from 240b) (i) 226b, Pd(OAc), (68%), (ii)
DIBALH, then montmorillonite K10 (43%); (b) (from 240b) (i)
DIBALH, then montmorillonite K10 (74%); (c) 226a, PdCIx(PPhs)a,
Cul, (74%).

afforded the endo-adduct, whose epoxidation then
gave epoxide 234 with total exo-selectivity.®* Under
the best conditions, the reduction of this ketone
produced a mixture of separable epoxyalcohols 235
and 236 in a 1:6.4 ratio. The major isomer, 236, was
then submitted to a retro-Diels—Alder reaction*® to
produce alcohol 237, which was routinely trans-
formed into the precursors 238 and 224 that were
required for the Baylis—Hillman reaction. This trans-
formation of 238 and 224 into 194 proved to be very
sensitive to the reaction conditions and, even after
optimization, gave the a-alkylated products in only
moderate yield. The overall yields were higher when
238 was used as starting material, instead of 224.
The first steps in Taylor’s synthesis of intermediate
237 are similar to those developed by Ichihara in his
synthesis of epoxydon and epiepoxydon (Scheme 41),
although Taylor’s differs in that he uses cyclopenta-
diene as the diene partner. Interestingly, Ichihara
commented®® that he rejected using cyclopentadiene
for this task because it is well-known that strong
conditions are required for the retro-Diels—Alder
reactions of adducts of this type.®®

Lubineau® also recently described a synthetic
sequence identical to that depicted in Scheme 52, but
he was unable to separate alcohols 235 and 236.
Fortunately, thermolysis of this mixture afforded
compound 237, along with unreacted adduct 235.

Compound 237 has also been prepared from an-
thracene-like adducts by Australian researchers us-
ing the same strategy.®’

Finally, on this subject, Ogasawara also reported
the synthesis of compound 224 in both enantiomeric
forms (Scheme 45) by using related cyclopentadiene
adducts as chiral intermediates.?586

Taylor and co-workers reported routes to racemic
harveynone (195)%4 and tricholomenyn A (196)8 in
1996 and 1997, respectively. As shown in Scheme 53,
the selected methodology consisted of Sonogashira®t
or Stille®® couplings between compounds 240—241
and acetylenic or stannane intermediates, respec-
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Scheme 54. Taylor’s Synthesis of
(£)-Tricholomenyn A (196)2

0 MeO_ OMe

s

242 (-)-Tricholomenyn A (196)

a2 Reagents: (a) 227a, PdCIx(PPhs),, Cul (20%); (b) (i) 227c,
BusNF, SiO;, Pd(OAc),, Cul (86%), (ii) LiEtsBH, then Ac,0, Py,
and montmorillonite K10 (57%).

tively. As occurred previously, Ogasawara described
similar, independent methodologies almost simulta-
neously.®8 The required a-halogenated enone pre-
cursors, compounds 240a,8% 240b,8% and 241,84
were prepared from commercially available 1-bromo-
2,5-dimethoxybenzene 239 (Scheme 53). Sonogashira
coupling between 2-methyl-1-buten-3-yne (226b) (Fig-
ure 11) and precursor 240a produced the correspond-
ing adduct in low yield (41%), and the yield of this
coupling reached 68% when the crystalline and stable
iodide 240b was used as starting material in the
Sonogashira reaction. After reduction of this adduct
with DIBALH, followed by acetal hydrolysis with
montmorillonite K10, harveynone (195) was obtained
along with some epimeric alcohol. A better result
(74%) was obtained by coupling precursor 241 with
stannane 226a (Figure 11).

Conversely, for the preparation of tricholomenyn
A (196),%7 the Stille coupling between 241 and stan-
nane 227a (Figure 11) gave compound 242 in very
poor yield (20%) (Scheme 54), while the reaction
between acetylene 227c (Figure 11) and the a-iodo-
enone 240b provided the desired adduct in good yield
(86%). Complete stereoselective reduction and hy-
drolysis of this adduct furnished racemic tricholo-
menyn A (196) in good overall yield.

6.11.6. Johnson/Negishi's Approaches

Johnson®®a¢ and Negishi's®® approaches to harvey-
none (195) and tricholomenyn A (196) used similar
precursors but different methodologies. Because of
their similarities, we will discuss them here together.
Johnson’s intermediate was the enantiomerically
pure compound (+)-225 obtained by enzymatic reso-
lution of compound 2438 and subsequent manipula-
tion of conveniently functionalized derivatives (Scheme
55). It is remarkable that Ogasawara also prepared
product 225 in both enantiomeric forms from meso-
tricyclic ene-1,4-diol (244) by reacting it with vinyl
acetate in tetrahydrofuran containing triethylamine
in the presence of immobilized lipase. The reaction
proceeded via intermediate (+)-46 (Chart 3).58 Con-
trary to previous reports from Ogasawara®>% and
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Scheme 55. Johnson’s Synthesis of
(—)-Harveynone (195) and (—)-Tricholomenyn A
(196)2

(o) OAc OH
. Br -
a Br b
Br" Br
o} OAc OH
200 243 (+)-245 (47%)
c
(0]
I OH
(o) d Br. -
OTBDMS Br
OTBDMS
(+)-225
f (+)-246
e /
(-)-Harveynone (-)-Tricholomenyn A

a Reagents: (a) (i) Bry, (ii) NaBH4 (62%), (iii) Ac2O, EtzN (72%);
(b) Amano PS-30; (c) TBDMSOTT (45%); (d) (i) CFsCOzH (84%)
(ii) Zn (81%), (iii) PCC (82%), (iv) I> (77%); (e) (i) 226b, PdCI(PPhs),,
Cul, diisopropylamine (52%), (ii) H2SiFs (81%); (f) (i) 227b,
PdCI;(PPhs),, Cul, diisopropylamine (54%), (ii) H2SiFg (79%), (iii)
DCC, AcOH (92%).

Chart 3

Ref. 58¢c
)J\o/\ ,EtsN

LIPASE

(o} H OAc (e}

'ﬁ,, Ref. 85 m Ref. 86 'ﬁ
1[0 ~— —_— (o}
OTBDMS H &n OTBDMS
(+)-225 (+)-46 (-)-225

Taylor,?* which speculated that Sonogashira coupling
was not viable in substrate 225, possibly because of
aromatization side reactions, Johnson® was able to
demonstrate that this reaction was possible and
afforded enantiomerically pure (—)-harveynone (195)
and (—)-tricholomenyn A (196) in 52% and 54%
yields, respectively. The Sonogashira coupling reac-
tions proceeded faster with diisopropylamine than
with triethylamine, and the workup conditions proved
critical, being necessary to carefully remove all traces
of amine promoters.

Recently, Negishi® significantly improved these
yields by utilizing the Pd-catalyzed cross-coupling of
racemic 225 with suitable alkynylzinc reagents
[73% vyield for harveynone (195) and 80% yield for
tricholomenyn A (196)].

6.12. Panepoxydon/Isopanepoxydon/
Cycloepoxydon

Panepoxydon (247) (Figure 4; for other related
natural metabolites, such as panepoxydione, neo-

Chemical Reviews, 2004, Vol. 104, No. 6 2885

OH
1) | OH
|
Neopanepoxydon
9 OH
HO™ ™y OH HO

! |
Neopanepoxydol

Figure 12. 92

7-Deoxypanepoxydol

panepoxydon, neopanepoxydol, and 7-deoxypan-
epoxydol,®® see Figure 12) and isopanepoxydon (248)
(Figure 4) were the major metabolites obtained from
Panus rudis and Panus conchatus.?® Panepoxydon
has been isolated from fermentations of the basidio-
mycete Lentinus crinitus and inhibits the NF-«B-
activated expression of SEAP (secreted alkaline
phosphatase) with an 1Cso of 1.5—2 ug/mL (7.15—9.52
uM). No inhibition of AP-1-mediated expression of the
reporter gene could be observed at a concentration
up to 5 ug/mL of panepoxydon (247). Panepoxydon
(247) strongly reduced the TPA-, TNF-a-, and oka-
daic acid-mediated binding of NF-«B to the high-
affinity consensus sequence in COS-7 and HelLa S3
cells as confirmed by EMSA's. Panepoxydon inhibits
1«B phosphorylation and, therefore, sequesters the
NF-«B complex in an inactive form.%® In a screening
for new inhibitors of NF-«B- and AP-1l-mediated
signal transduction pathways in COS-7 cells using
SEAP as a reporter gene, cycloepoxydon (249)%
(Figure 4) was isolated from fermentations of the
deuteriomyecete strain 45—93. Cycloepoxydon inhibits
the TPA-induced NF-«B- and AP-1-mediated SEAP
expression with an 1Cso of 1—2 ug/mL (4.2—8.4 uM)
and 3—5 ug/mL (12.6—21 uM), respectively. In COS-7
and HelLa S3 cells electrophoretic mobility shift
assays showed that cycloepoxydon strongly re-
duced the TPA- and TNF-o-mediated binding of
NF-«B to a high-affinity consensus sequence. This
effect was due to the inhibition of phosphorylation
within the protein 1«B.%2 The structure of cyclo-
epoxydon (249) was determined by spectroscopic
techniques.%®

The first and only known total syntheses of racemic
panepoxydon (247) and isopanepoxydon (248) have
been described by Wood and co-workers as outlined
in Schemes 56 and 57.1%° The reduction of a-bromo
enone 250 (Scheme 56) gave two allylic alcohols, 251
and 252, in a 1:1 ratio, which after chromatographic
separations were used to produce isopanepoxydon
(248) and panepoxydon (247). As shown in Scheme
56, the acetylated derivative of compound 251 un-
derwent Heck reaction to afford intermediate 253,
which was transformed into isopanepoxydon (248)
after standard treatment.

For the synthesis of racemic panepoxydon (247)
(Scheme 57), compound 252 was silylated to give
product 254, which after lithiation and reaction with
crotonaldehyde afforded alcohols 255 and 256 in a
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Scheme 56. Crews/Wood’s Synthesis of
(£)-1sopanepoxydon (248)2

o OH OH
. Br Br ~_-Br
o, Ao + o:ijQ/
Ox OX OX

250 )b/ 251 (1:1) 252

Q. o
IO ¢ T _OH
Z =
X0 o Oj/i;(/\{o .
253

(+)-Isopanepoxydon (248)
(X= TBDMS)
a Reagents: (a) NaBH4, CeCl3 (91%); (b) (i) Ac2O, DMAP (93%),
(ii) (from 251) 2-methyl-3-buten-2-ol, Pd(OAc), (89%); (c) (i) BusNF,
then Dess—Martin periodinane (93%), (ii) NH3z, MeOH (69%).

Scheme 57. Crews/Wood’s Synthesis of
(£)-Panepoxydon (247)2

OH ox
B NE b
o — o —
oX Ox
252 254

(X= TBDMS)

(+)-Panepoxydon (247)

a Reagents: (a) TBDMSCI; (b) t-BulL.i, crotonaldehyde (80%); (c)
(i) NaH, (ii) Dess—Martin periodinane, (iii) HF (52%).

1:1.4 ratio. Pure 255 was processed under standard
conditions to eventually lead to the target molecule.
In summary, isopanepoxydon was synthesized in six
steps (24% overall yield from 250) and panepoxydon
in 11% yield from 250, also in six steps. The synthetic
process served to assign the correct stereochemistry
of both natural products.

Porco et al. accomplished the first stereoselective
total synthesis of cycloepoxydon (249), an inhibitor
of NF-«B.1°* To do so they employed a tartrate-
mediated, asymmetric nucleophilic epoxidation of a
guinone monoacetal. Their synthetic strategy started
with protected hydroquinone 257 (Scheme 58), which
they transformed into ketone 258 by hypervalent
iodine oxidation and further acetalization. Asym-
metric nucleophilic epoxidation and Stille coupling
of 258 then gave epoxy ketone 259, which after
reduction and deprotection yielded epoxyquinol 260.
Finally, the desired (—)-cycloepoxydon (249) was
obtained, after eight steps and in 21% overall yield,
by sequential epoxidation, tandem deprotection, and
cyclization of epoxyquinol 260.

Marco-Contelles et al.

Scheme 58. Porco’s Synthesis of
(—)-Cycloepoxydon (249)2
Et Et

OMe Pﬁ
TBDPSO a OO0
—— TBDPSO LA
Br
OH Br
0
257 258
Et_Et Et _Et
TBDPSO oL 50
o _° . TBDPSO | o
~ X
259

Cycloepoxydon (249)

a Reagents: (a) (i) PhI1(OAc), (84%), (ii)2,2-diethyl-1,3-propane-
diol, PPTS (89%); (b) (i) NaHMDS, L-DIPT, PhsCO2H (97%, 96%
ee), (ii) (E)-tributyl-1-pentenyl-stannane, Pd ,dbaz-CHCI3, CICH,-
CHCI (81%); (c) (i) DIBALH (88%), (ii) HF-MeCN (92%); (d) (i)
MCPBA (85%), (ii) HF—MeCN (53%).

6.13. Parasitenone

Parasitenone (261) (Figure 5) was isolated as a
fairly unstable epoxycyclohexanone from the marine
algicolous fungus Aspergillus parasiticus.10?

6.14. Terreic Acid

Terreic acid (262) (Figure 5) is a quinone mono-
epoxide!®? that was obtained from the submerged
culture fermentation broth of Aspergillus terreus.0%
It was found to be active against HelLa cells in tissue
and Ehrlich carcinoma cells in vitro.1°¢ The biosyn-
thesis of terreic acid has also been studied.%3¢

6.15. Terremutin

Terremutin is a metabolite isolated from Aspergil-
lus terreus that was first structurally characterized
by Miller.1%4a Miller’s original structure was revised
and assigned as 263 (Figure 5) by Read and Ruiz
based on its unequivocal synthesis via sodium boro-
hydride reduction of terreic acid (262), followed by a
comparison of the synthetic compound with the
natural product.194°

6.16. Bromoxone

Bromoxone (264) and its acetate (265) (Figure 5)
were isolated from marine acorn worms (Phyllum
hemichordata) by Higa and co-workers in 1987.1%
The structure of bromoxone was confirmed by an
X-ray analysis of its acetate. Compound 265 showed
antitumor activity in P388 cells (ICso 10 ng/mL).

Bromoxone (264) has been prepared in racemic
form by Taylor and co-wokers®*® and in enantiomeri-
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Scheme 59. Taylor’s Synthesis of (+)-Bromoxone
(264)2

MeO_ OMe MeO_ OMe
Br Br
o a o _b
(o] OH
240a 266
o]
Br.
e}
OH

(+)-Bromoxone (264)
a Reagents: (a) DIBALH; (b) Montmorillonite K10 (53% overall
yield).

Scheme 60. Johnson’s Synthesis of (+)-Bromoxone
(264)2

OH OH
Br. . Br -
a, [ o b
Br Br
OTBDMS OTBDMS
(+)-246 (+)-267
% o
Br. 3 . Br
"o = o)
OTBDMS OH
(+)-268 (+)-Bromoxone (264)

a Reagents: (a) CF3CO3H (84%); (b) CrO3-Py (89%); (c)H2SiFs
(74%).

cally pure form in both Johnson’'s®® and Altenbach’s
laboratories.10¢

Taylor's approach to synthesizing bromoxone is
shown in Scheme 59. The reduction of intermediate
240a (Scheme 53) gave a mixture of alcohol 266 and
its epimer in a 9:1 ratio (Scheme 59). This mixture
was deprotected and easily separated by chromatog-
raphy. The major isomer 266 gave (+)-bromoxone
(264) in five steps (15% overall yield) from com-
mercial 1-bromo-2,5-dimethoxybenzene 239.

In 1995 Johnson reported the synthesis of both
enantiomeric forms of bromoxone (264). We will only
describe the synthesis of (+)-bromoxone (264).58°
Compound (+)-246 was again the key intermediate
in this synthesis, just as it had been in Johnson’s
synthesis of tricholomenyn A (196) and harveynone
(195) (Scheme 55). As outlined in Scheme 60, epoxi-
dation of the double bond from the a-face afforded
exclusively epoxide 267. The oxidation conditions
that compound 267 was subjected to not only intro-
duced the ketone, but also promoted the elimination
of hydrobromic acid to give, after desilylation, the
desired (+)-bromoxone (264).

In 2000 Altenbach reported!®? details concerning
the asymmetric synthesis of (+)-bromoxone (264)
from compound (+)-245. Product (+)-245 was pre-
pared by a similar route to that shown in Scheme 55
from racemic 243 by enzymatic resolution with PPL,
thus using the same methodology that Johnson, who
had used lipase Amano PS-30, had implemented for
the preparation of these molecules. However, Alten-
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Scheme 61. Altenbach’s Synthesis of
(+)-Bromoxone (264)

QH OH
Br. ~ 5
a Br b
Br"
OH (0)
(+)-245 (-)-269
QH o
Br - c Br.
T =" |-
o o}
(-)-270 271
(@]
Br
o
OH

(+)-Bromoxone (264)

a2 Reagents: (a) LiOH (90%); (b) MCPBA (67%); (c) Dess—Martin
periodinane (52%).

bach actually originated these concepts, which he had
developed and exemplified in previous reports.106b.¢
Altenbach’s synthesis of (+)-bromoxone is shown in
Scheme 61. It is very efficient and shorter than other
routes. The reaction of lithium hydroxide with com-
pound (+)-245 gave exclusively epoxide 269, which
after further epoxidation with MCPBA furnished
bisepoxide 270. As in Johnson’s method, Dess—
Martin oxidation of 270 directly gave (+)-bromoxone
(264) in 31% overall yield from 245. The intermediate
diepoxyketone 271 could be detected by NMR but
during the workup rearranged to 264.

6.17. Chaloxone

Epoxide 272 (no common name given), which is a
derivative of shikimic acid, and chaloxone (273)
(Figure 5) are fungal metabolites that were isolated
in 1981 from Chalara microspora. These compounds
were readily characterized by their spectroscopic
datal®” and by independent synthesis.1072.108

Epoxide 272 has been prepared by Fex as shown
in Scheme 62. Starting from methyl 1,4-cyclohexa-
dien-1-carboxylate (274) and following literature
procedures,t0’®¢ precursor 275 was obtained and

Scheme 62. Fex’s Synthesis of Epoxide (+)-2722

OCHO
OHCO__~
a b
COzMe COzMe
274 275
OH
HOW__~_ .Br HO
Cc
COzMe COzMe
276 (+)-272

a2 Reagents: (a) ref 107; (b) NBS, then MeOH (16%); (c) Na,COs,
acetone (81%).
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Scheme 63. Fex’s Synthesis of (£)-Chaloxone
(273)2

OH OH
Br - Br. -
_a, 0 L.
Br" B )
OH OH
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245

OH
E o.,
Br. WOH @:OH d
Br OMe o OMe
OH
278 279
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0,

% (0] OMe
— 0

Ol ; :OMe Y

OH
(+)- Chaloxone (273)

a Reagents: (a) MCPBA (ref 106d); (b) MeOH, BF3-Et,0(90%);
(c) t-BuOK, t-BUOH (89%); (d) CrO3-Py (40%).

280

submitted to allylic bromination to give bromodiol
276. After base treatment, compound 276 yielded the
target molecule.1072

Fex also described the synthesis of racemic cha-
loxone (273) as outlined in Scheme 63.1%¢ Starting
with racemic diol 245 (Scheme 61), compound 277
was obtained according to the method reported by
Altenbach.%d The reaction of 277 with methanol in
the presence of a Lewis acid catalyst opened the
epoxide trans diaxially to give ether 278. Base-
mediated bisepoxide formation gave product 279,
which was oxidized to form the intermediate ketone
280. Ketone 280 underwent in situ opening of the
epoxide to finally yield racemic chaloxone (273).

6.18. Epoxydeliquinone

2,9-Epoxydeliquinone (281) (Figure 5) has been
isolated from intact injured fruit bodies of Russula
delica (Russulaceae). Its relative configuration could
not be established from spectroscopic data.'%®

6.19. Lachnumon/Lachnumol A

Lachnumon (282) and lachnumol A (283) (Figure
5), isolated from Lachnum papyraceum, were found
to be new fungal metabolites with cytotoxic, nemati-
cidal, and antimicrobial activities.}!® The struc-
tures of these biologically active, chlorinated metabo-
lites have been assigned by NMR and mass spec-
troscopy.t0®

6.20. A80915

A80915 factor G (284) (Figure 5) has been iso-
lated from the fermented broth of Streptomyces
aculeolatus.t!

6.21. UCF76-B

UCF76-B (285) (Figure 5) was isolated while
searching for farnesyltransferase inhibitors in Strep-
tomyces species. It is structurally related to the
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pyranonaphthoquinone antibiotics nanaomycin, fre-
nolicin, and kalafungin. Farnesyltransferase inhibi-
tion by UCF76-B was weak, with ICsq values of 25
UM 112

6.22. Epoxyquinol A

Epoxyquinol A (286) (Figure 6) was produced by
an unidentified fungus isolated from a soil sample.
It was obtained during the course of a research
program directed at identifying angiogenesis inhibi-
tors of microbial origin. Its structure was established
by extensive analysis of its spectroscopic data and
by X-ray analysis.!*® Epoxyquinol possesses an unique
carbocyclic ring structure, essentially formed by two
2H-pyran monomers. The biological activities of this
compound seem very promising because epoxyquinol
A (286) inhibited VEGF (vascular endothelial growth
factor) induced cell migration.

6.23. Ambuic Acid

Ambuic acid (287) (Figure 6), which is a highly
functionalized cyclohexenone, was isolated from
Pestalotiopsis and Monochaetia species and charac-
terized.'* These two species are biologically related
endophytic fungi that are associated with many
tropical plant species. Ambuic acid (287) was found
in representative isolates of these fungal species that
were obtained from rainforest plants located on
several continents.

6.24. Flagranones A-C

Flagranones A (288), B (289), and C (290) (Figure
6) are metabolites isolated from the nematode-
trapping fungus Duddingtonia flagrans.''®> These
antibiotics are structurally related to the farnesylated
cyclohexenoxides of the oligosporon group, which
were recently isolated from the nematode-trapping
fungus Arthrobotrys oligospora, and they show simi-
lar antimicrobial activity.

6.25. Jesterone

(—)-Jesterone (291) (Figure 6) and hydroxy—jest-
erone are novel, highly functionalized cyclohexenone
epoxides isolated from the newly described endo-
phytic fungal species Pestalotiopsis jesteri.l’® They
were purified from cultures of the fungus by bioassay-
guided fractionation using Pythium ultimum as the
indicator organism. Jesterone (291) is particularly
noted for displaying selective antimycotic activity
against the oomycetous fungi, which are some of the
most plant pathogenic fungi known.

Porco and co-workers recently reported the asym-
metric synthesis of natural (—)-jesterone (291) (Scheme
64).117 Commercially available 2,5-dihydroxybenz-
aldehyde (292) was transformed into intermediate
293 in six steps (53% overall yield). The first step of
the synthesis was a prenylation reaction that was
effected by O/C alkylation at the phenol moiety in
compound 293. This process yielded the C-alkylated
compound 294 in 49% yield, along with the O-
alkylated derivative (not shown). The O-alkylated
derivative was isomerized to 294 by treatment with
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Scheme 64. Porco’s Synthesis of (—)-Jesterone
(291)2

OH OMe

CHO

a OX b
Br
OH OH
292 293
(X= TBDPS)
OMe MeO_ OMe
XO _c . X0 L.

Br N Br X

OH o)

298 (-)-Jesterone (291)

a Reagents: (a) (i) Brz2 (94%), (ii) TBDMSCI (94%), (iii)Mel, NaH
(72%), (iv) NaBH4 (99%), (v) TBDPSCI (93%), (vi) BusNF (93%);
(b) NaH, prenyl bromide (60%); (c) Phl(OAc). (83%); (d) (2S,4S)-
(+)-pentanediol (80%); (e) PhzCOOH (80%); (f) (i) (E)-tributyl-1-
propenylstannane, Pd(PPhs)s (88%), (ii) HF (82%); (g) DIBALH
(84%).

montmorillonite, raising the total yield for compound
294 to 60%. Next, the monoprotected hydroquinone
functionality of 294 was converted into the 1,4-keto
dimethyl acetal of compound 295 after hypervalent
iodine oxidation. The acetal generated in this step is
conveniently located such that the transacetalation
reaction with chiral 2S,4S-(+)-pentanediol gives prod-
uct 296, which is ready for substrate-directed asym-
metric epoxidation. This process was totally stereo-
controlled, as only enantiomerically pure epoxide 297
was isolated. This product was subjected to a second
prenyl incorporation via a Stille reaction.®® Finally,
desilylation and DIBALH-chelate-directed reduction
of the ketone 298 afforded (—)-jesterone (291) in a
very elegant and efficient synthetic sequence. In
biological assays, not only jesterone (291), but its
epimer and precursor 298, displayed potent anti-
fungal activity.

6.26. Torreyanic Acid

In 1996 Clardy and co-workers described the isola-
tion and characterization of the quinone epoxide
dimer torreyanic acid (299) (Figure 6) from the
fungus Pestalotiopsis microspora.'® This compound
was cytotoxic to tumor cells and 5—10 times more
potent in cell lines that were sensitive to protein
kinase C agonists.

Racemic torreyanic acid (299) has been synthesized
by Porco and co-workers (Scheme 65).11° Starting
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Scheme 65. Porco’s Synthesis of (£)-Torreyanic
Acid (299)2

(\o OMe &
0__0 a

o > X0
—_
Br X
OMe fo)
300 301
(X= TBDPS)
M 0
o.__0O b
X0 -2 ., HO 0
o CO,'B
Br CsHqi™ ™ N 2=
[e) — (] Me
302 303

S
(+)-Torreyanic acid (299)
a2 Reagents: (a) PhsCOOH (81%); (b) (i) OsOs4, NMO,then
Pb(OAC)s (96%), (ii) PhsP=C(CH3)CO,tBu (64%), (iii) (E)-tributyl-
1-heptenyl stannane, Pd(PPhs)s (97%), (iv) BusNF (72%), (v) HF
(93%); (c) (i) Dess—Martin periodinane (39%), (ii) CF3CO2H (99%).

with the 1,3-dioxane derivative 300 and following a
synthetic protocol similar to that previously described
for the synthesis of jesterone (291) (see above),
compound 301 was readily obtained. Epoxidation and
Stille reaction® of this compound afforded the key
monomer 302, which was conveniently manipulated
to afford intermediate 303. This intermediate was
dimerized after Dess—Martin oxidation, which af-
forded two dimeric products in a 1:1 ratio. A final
hydrolysis of the mixture provided torreyanic acid
(299) and its stereoisomer (iso-torreyanic acid).

6.27. Epoxysorbicillinol

Recent interest in the saltwater culture of a
sponge-derived Trichoderma longibrachiatum has led
to the isolation of (+)-epoxysorbicillinol (304) (Figure
7).12° This compound represents the first isolated
vertinoid polyketide possessing an epoxide functional
group. Two synthesis for racemic epoxysorbicillinol
(304) have been reported.1?1.122

The reported synthesis of racemic epoxysorbicillinol
(304) by Pettus and co-workers (Scheme 66) is
extremely simple and elegant.’® It is noteworthy that
the hypervalent iodine oxidation of intermediate 307
(obtained by Mitsunobu reaction of sorbicillin 305
with amide 306) in one step afforded compound 308,
which has all of the necessary functional groups for
the target molecule located in the correct place and
with the appropriate configuration. Vinyl ether 308
proved quite resistant to hydrolysis conditions, and
therefore, the lactone was submitted to a Weinreb
procedure to yield the amide, which, after acid
cleavage, finally yielded racemic epoxysorbicillinol
(304).

In the same year that Pettus’s report appeared,
Wood and co-workers also disclosed the total synthe-
sis of epoxysorbicillinol (304) in 13 steps from diethyl
methyl malonate (309) (Scheme 67).122 Knowing the
propensity of the sorbyl side chain to undergo poly-
merization led the authors to delay the incorporation
of this functionality until the last steps of the
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Scheme 66. Pettus’ Synthesis of
(£)-Epoxysorbicillinol (304)2

| o
| CN 0 HO
0 -
OH

HO 306 a Me Me

OH
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HO ('Me

(+)-Epoxysorbicillinol (304) 308

a Reagents: (a) DEAD, PPhs (90%); (b) PhI(OCOCF3), (40%);
(c) (i) dimethylaluminum amide (90%), (ii) SnCls (80%).

Scheme 67. Wood’s Synthesis of
(£)-Epoxysorbicillinol (304)2
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(+)-Epoxysorbicillinol (304) 313

a Reagents: (a) (i) g-trimethylsilylethanol, (ii) NaH, pyruvoyl
chloride, (iii) tosylhydrazine, (iv) Al,O3 (71% from 304); (b) allyl
propiolate, Rhz(OAc)s (73%); (c) (i) Pd(PPhs)s, CsHi1iN, (ii)
HNMe(OMe), (iii) 3-pentenyllithium (41%); (d) (i) CF3CO2H, (ii)
t-BUOOH (62%); (e) (i) CF3CO2H (81%), (ii) DDQ (30—40%).

sequence. After a series of trials, the best route to
the target molecule was determined to proceed by the
novel and very efficient 1,3-dipolar cycloaddition of
a-diazoketone 310 and allyl propiolate to form the
bicyclic acetal 311, where compound 311 represents
the carbocyclic core of epoxysorbicillinol (304). The
unsaturated side chain was incorporated by applying
Weinberg's methodology to yield ketone 312. Com-
pound 312 was submitted to acid hydrolysis and
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epoxidation to provide precursor 313, which on acid
hydrolysis and DDQ treatment to effect the desired
dehydrogenation afforded the target product 304. The
last step proceeded in a modest 30—40% yield, which
confirmed the sensitivity of the side chain in the
reaction conditions.

6.28. Scyphostatin

Scyphostatin (314) (Figure 7) was first isolated in
1997 by Ogita and co-workers from a mycelial extract
of the microorganism Trichopeziza mollissima SANK
13892.1%3 This discomycete had been previously named
as Dasyscyphus mollissimus.1?32 Scyphostatin was
found to exhibit selective inhibitory activity against
the enzyme neutral sphingomyelinase (N-SMase) and
thus far remains the most potent (1Cso 1.0 M) of the
few known inhibitors of this enzyme. It is believed
that inhibition of N-SMase may lead to treatment for
inflammatory and autoimmune disorders. Its struc-
ture and absolute configuration were determined by
extensive spectroscopic analysis,'2320 degradation,
and correlation with known compounds®?* and finally
by unequivocal synthesis of the C(1")—C(20') trienoyl
fragment.12

The total synthesis of scyphostatin (314) still
remains elusive, and only a few reports concerning
the synthesis of its analogues'?®~128 or structural
fragments'?-131 have been published.

Gurjar and Hotha'® reported the synthesis of
compound 315 (Scheme 68) from bp-glucose using a
Ferrier reaction* to prepare the cyclohexenone ring.
Note that this fragment has all of the necessary
functional groups in the correct position and with the
appropriate configuration for the final synthesis of
scyphostatin in enantiomerically pure form. Begin-
ning with the known intermediate 316, the major
branched C-sugar 317 was readily obtained along
with its epimer at the newly formed stereocenter in
a 4:1 ratio. After separation and routine transforma-

Scheme 68. Synthesis of Product 3152
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a8 Reagents: (a) (i) Swern oxidation (89%), (ii) allylmagnesium-
bromide (68%), (iii) NaH, BnBr (97%); (b) (i) LiAIH4, AICI3 (90%),
(ii) 12 (95%); (c) (i) AD-mix-a, t-BuOH (89%), (ii) DMP (98%), (iii)
DBU (48%); (d) (i) Hg(OACc), (80%), (ii) MsCI, EtsN (85%); (e) (i)
H»>0; (65%), (ii) NaBH4 (93%), (iii) ImC(S)Im (98%), (iv) BuzSnH
(30%), (v) MnO; (87%).
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Scheme 69. Synthesis of Product 3242
HO, cooH
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; ? o) Ref 130a : ;
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a Reagents: (a) (i) LHMDS, (R)-N-(p-toluenesulfonyl)-N,O-iso-
propylidene serinal (95%), (i) NHMDS, CS;, Mel(88%), (iii)
BusSnH (95%), (iv) HCI, then CIsCOCOCI (67%), (v) TMSI (74%),
(vi) Zn, MeOH (95%); (b) (i) diphenyl ether (59%), (ii) MsClI, Py
(83%), (iii) CF3CO2H (99%), (iv) NaOH (75%).

tions, the iodo derivative 318 was submitted to a
Sharpless dihydroxylation reaction,'*? which afforded
a mixture of epimers in a 4:1 ratio. The major epimer,
whose absolute configuration at the newly formed
stereocenter was predicted based on the Sharp-
less hypothesis, afforded intermediate 319 following
standard manipulation. Ferrier rearrangement of
319 and further dehydration cleanly gave product
320. This enone underwent epoxidation followed by
reduction, yielding an epoxyalcohol which was
subjected to Barton’s o-epoxy radical opening reac-
tion,*3% in order to translocate the a,5-unsaturated
system.

lzuhara and Katoh reported the synthesis of ep-
oxycyclohexenone 321 (Scheme 69), which is a model
compound for the total synthesis of scyphostatin.3%2
This compound was prepared from (—)-quinic acid
(50) via intermediate 323, which was obtained from
cyclohexenone 322. In a recent paper these authors
also reported the synthesis of the scyphostatin frag-
ment 32413% from intermediate 323 by following a
similar strategy to that described for the preparation
of the model product 321.13%2 Compound 324 is the
most advanced intermediate prepared to date for the
synthesis of scyphostatin (314). As shown, it has both
the complete functionality and the absolute stereo-
chemistry that are present in the natural product and
is ready for the side-chain polyene to be incorporated.
The synthesis of 324 started with the reaction of
ketone 323 with a serinal derivative to give an aldol
product, which was then deoxygenated under Barton
conditions via the corresponding xanthate. After a
series of steps in which one of the isopropylidene
groups was removed and an oxazolidinone put in its
place, the free hydroxy group was “unblocked” using
Zn. Compound 325 was then isolated and submitted
to the retro-Diels—Alder reaction that liberated the
“masked” cyclohexenone. In the final steps of the
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Scheme 70. Kita's Synthesis of Compound 3302
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a2 Reagents: (a) (i) NBS (63%), (ii) BusSnH (89%); (b) (i) SeO,,
Py (42%), (ii) MeOH, PPTS (91%); (c) (i) VO(acac),, t-BuOOH
(82%), (ii) Ca, liquid NH3, —78 °C (70%); (d) (i) TPAP, NMO (80%),
(i) LDA, N-tert-butylphenylsulfinimidoyl chloride (55%).

synthesis, the free hydroxyl group was mesylated to
prepare it for the epoxide formation reaction and the
1,2-diol protecting group hydrolyzed to give the
precursor to compound 324.

Very recently, Fujioka and Kita®®' published a
short asymmetric synthesis of compound 330, which
is the cyclohexenone core of scyphostatin (Scheme
70). Instead of using “chirons” such as glucose or
quinic acid, they prepared a chiral acetal 326, which
was obtained from cyclohexa-2,5-dienylethanal di-
ethylacetal and (R,R)-hydrobenzoin. After intra-
molecular bromoetherification in the presence of
methanol, acetal 326 afforded a bromo acetal, which
was then reduced by radical methodology to furnish
acetal 327. SeO, oxidation of acetal 327 and further
deprotection led to intermediate 328, which under-
went a Sharpless epoxidation followed by Birch
reduction to give epoxy alcohol 329. Finally, oxidation
of secondary alcohol 329 with TPAP and subsequent
LDA treatment with N-tert-butylphenylsulfinimidoyl
chloride produced enone 330. The stereochemistry at
every step of the synthesis was ascertained by nOe
experiments or X-ray analysis. The main feature of
this method is that the acetal works not only as a
chiral auxiliary for the discrimination of two olefins
and to protect the alcohols, but also as a template
for the stereoselective selenium dioxide oxidation.
Furthermore, every reaction proceeds in a stereo-
selective manner. The overall yield of 330 from this
synthesis was 6.6%, and fewer steps were required
than in Katoh's procedure.'*® However, compound
330 lacks the additional amino functionality that is
present in natural scyphostatin (314).

6.29. Yanuthone A

Yanuthone A (331) (Figure 7) is a typical example
of a series of metabolites (there are others, specifi-
cally yanuthones B—E) recently isolated from As-
pergillus niger.’3 These epoxy cyclohexenones are
closely related to oligosporons and macrophorins.

6.30. Oligosporons

The oligosporons [oligosporon (332a), oligosporol
(332b), and oligosporol B (332c)] (Figure 7) are a
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group of metabolites isolated from Arthrobotrys oli-
gospora,3® whose structures are related to those of
the yanuthones (331). These compounds exhibit weak
antibacterial, antiyeast, cytotoxic, and haemolytic
effects.

6.31. Macrophorins

Macrophorins A—D are drimane-type sesquiter-
penyl metabolites isolated from Macrophoma or
Eupenicillium sp.*3® Macrophorin A (333)'3% (Figure
7) is active against strains of Staphylococcus aureus
(MIC 25 uM) and Trichophyton spp. (MIC 6.2—25
uM), and its cytotoxicity for mouse tumor cells (L-
5178Y) is very high (ICso 0.3 uM).

7. 2-Amino-epoxyquinones

The manumycin group of 2-amino-epoxyquinones,
including such compounds as manumycin A (334)
(Figure 8), is a large family of natural products
isolated from Streptomyces species. Most of the
manumycins exhibit a range of biological effects
including antibiotic, antifungal, cytotoxic, and elastase
inhibitory activities. In addition, manumycins have
recently been identified as potent and selective
inhibitors of Ras farnesyltransferase.'3” Structurally,
they are characterized by a central aminoepoxyclo-
hexenone core with “southern” and “eastern” poly-
unsaturated side chains linked to C-4 and to the
amine substituent, respectively. In addition to the
manumycins, a series of smaller meta-substituted
aniline (mC;N) antibiotics also have been recently
identified. Some representative examples are shown
in Figure 8 [MM 14201 (335), LL-C10037a (336), MT
35214 (337), G-7063-2 (338), 2061-B (339), KT 8110
(340), and epoxyquinomycins A—D (341—344)] and
will be presented and discussed here. The methodolo-
gies applied to the syntheses of these small com-
pounds are those typically used in the preparation
of the central carbocyclic motif in the manumycin-
type molecules.

7.1. MM 14201

MM 14201 (335) is an antibiotic that has been
detected in a culture of Streptomyces species NCIB
11813. MM 14201 has broad-spectrum antibacterial
activity and is most effective against Serratia and
Pseudomonas species.3®

7.2. LL-C100370.

LL-C10037a (336) is an antitumor antibiotic iso-
lated from the fermentation filtrate of a Streptomyces
species by adsorption, partition, and reverse-phase
column chromatography. Its chemical structure was
established from *H NMR, ¥C NMR, UV, IR, and
mass spectral data.'3% The structure of antibiotic LL-
C10037a was eventually revised on the basis of a
single-crystal X-ray diffraction analysis.*3*® Gould
and co-workers also established that the biosynthesis
of this antibiotic occurs from 3-hydroxyanthranilic
acid via the shikimic acid pathway.3% The synthesis
of LL-C10037a has been reported several times in

Marco-Contelles et al.

Scheme 71. Wipf's Synthesis of (£)-LL-C10037a
(336)2
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347 (+)-LL-C10037¢ (336)

a2 Reagents: (a) AllocCl, then PhI(OAc), (59%); (b) (i) H202, then
NaBH, (60%), (ii) TBDPSCI (91%), (iii) p-TSOH (81%); (c) (i) AczO,
DMAP (64%), (ii) PdClx(PPhs),, BusSnH (81%); (d) HF—MeCN
(58%)).

either racemic or enantiomerically pure form by
Wipf,14° Taylor,**! Johnson,'*? and Altenbach.%62

7.2.1. Wipf's Approach

The first synthesis of racemic LL-C10037a (336)
was described by Wipf in 1994.14% Taylor subse-
qguently applied Wipf's strategy to the synthesis of
336 and related products (see below). As shown in
Scheme 71, the synthesis began with commercially
available 2,5-dimethoxyaniline, which underwent
N-protection and iodine hypervalent oxidation, to
yield quinone acetal 345. Epoxidation and sodium
borohydride reduction of 345 (under the best condi-
tions, the alcohols were obtained in a 5.3:1 ratio),
followed by silylation, gave two alcohols which were
separated by chromatography. Hydrolysis of the
acetal group in the major epimer led to 346, and then
N-acetylation furnished intermediate 347. The N-
Alloc group was removed from 347 using palladium
catalysis. A final acid hydrolysis provided LL-
C10037a (336) in nine steps with an 8% overall yield.

Wipf also designed a chiral synthesis of (—)-LL-
C10037a. (336)1% (Scheme 72). This synthesis fol-
lowed a strategy similar to that used in his earlier
nonchiral synthesis but incorporated a chiral auxil-
iary in the quinone acetal 349. Quinone 349 was
formed during the iodine hypervalent oxidation of
compound 348 in the presence of enantiomerically
pure pentane-2,4-diol and further acid treatment. Its
asymmetric epoxidation gave a mixture of epoxides
in a 4.5:1 ratio, where the major product had the
required configurations at the newly formed stereo-
centers. In this step, the chiral acetal restricted the
access from the sterically more hindered g-face, and
thus, a-epoxidation was preferred. This intermediate
350 was reduced, then the resulting mixture of
alcohols (obtained in a 3.1:1 ratio) was silylated, and
the products were separated. After acid hydrolysis,
the major product, compound 351, gave known
compound 346 in optically pure form. Compound 346
was subsequently manipulated, as shown in Scheme
71 for the synthesis of the racemic compound, to
finally afford (—)-LL-C10037c. (336).
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Scheme 72. Wipf's Synthesis of (—)-LL-C10037a
(336)2
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a Reagents: (a) NaBHyg; (b) (i) PhI(OAc)2, (2R,4R)-pentane-2,4-
diol, then PPTS, (ii) H20, (21% from 348); (c) (i) NaBH,, (ii)
TBDPSCI (56% from 350); (d) PPTS (78%); (e) see Scheme 71.

Scheme 73. Taylor’s Synthesis of LL-C10037a
(336)2

MeO_ OMe

NHBoc
—> O
MeO_ OMe Q
NH, NHAc
(@) a (@)
OH
353 (+)-LL-C10037c (336)

a Reagents: (a) (i) AcCl, t-BuOLi (65%), (ii) NaBH,4, then
p-TSOH, PPTS (49%).

7.2.2. Taylor's Approach

Taylor also described a protocol for the preparation
of racemic LL-C10037a (336)'#! based on Wipf's
strategy#®® and his own work on bromoxone (Scheme
59).840 He was able to improve on Wipf's synthesis
by reducing the number of steps in the sequence to
seven and increasing the overall, unoptimized, yield
to 10%. However, no experimental details are cur-
rently available. Taylor prepared intermediate 352,
which is analogous to product 345 (Scheme 71) but
has a Boc as the nitrogen-protecting group, and
submitted it to acid hydrolysis to give the free amino
derivative 353. This amine is the key intermediate
in the present synthesis and was used by the authors
for the incorporation of other acyl substituents as
well. As shown in Scheme 73, the acetylation of 353,
followed by ketone reduction and acid hydrolysis,
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rendered a separable mixture of LL-C10037a (336)
and its epimer in a 3:1 ratio.

7.2.3. Johnson’s Approach

In a continuation of his previous work on the
preparation of enantiomerically pure cyclohexane
epoxides by enzymatic resolution,®® Johnson de-
scribed the synthesis of LL-C10037c (336) from
benzoquinone. The synthesis proceeded via interme-
diate (£)-245 (Scheme 55),1*? which was prepared
according to the literature protocol,%¢ and interme-
diate (£)-269. On treatment with Candida rugosa
lipase, the racemic monoepoxide (269) gave acet-
ylated (—)-269 (Scheme 61) in high yield and enan-
tiomerically pure form (Scheme 74) along with un-
reacted (+)-269. After reaction of the (+)-269 enan-
tiomer with sodium azide, hydroxyl-directed epoxida-
tion with MCPBA, and treatment with potassium
hydroxide, bisepoxide 354 was obtained. In the
remaining steps of the synthesis the azide was
reduced, the amine was acetylated, and the alcohol
was oxidized to give a ketone which was transformed
in situ into LL-C10037a (336).2*2 This method was
extremely efficient comprising 10 steps and 20%
overall yield from benzoquinone, including the enzy-
matic resolution step.

Scheme 74. Johnson’s Synthesis of (—)-LL-C10037a
(336)2
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2 Reagents: (a) KOH, 0 °C (92%); (b) (i) Candida rugosa lipase
(47%), (ii) NaN3 (95%), (iii) MCPBA (94%), (iv) KOH (86%);
(c) (i) Hz, then Ac,0, EtsN (84%), (ii) Dess—Martin periodinane
(87%)).

7.2.4. Altenbach’s Approach

Altenbach and co-workers developed a synthesis of
(—)-LL-C10037a. (336) (Scheme 75)1%2 using an ap-
proach similar to Johnson'’s, which proceeded via the
known intermediates (+)-243 and (+)-269. These
intermediates had been previously used in the prepa-
ration of (+)-bromoxone2 (see Schemes 55 and 61).
The reaction of epoxide (+)-269 with sodium azide
occurred at the allylic position to give product 355,
which after epoxidation, base-promoted epoxide for-
mation, and hydrogenation afforded amino alcohol
356. After regioselective acetylation of 356 at the
nitrogen, oxidation produced the ketone and caused
in situ opening of the epoxide to furnish the target
molecule, just as it had in other similar cases
described by Fex!% and Johnson.#?
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Scheme 75. Altenbach’s Synthesis of
(-)-LL-C10037a (336)2
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a Reagents: (a) LiOH (90%); (b) NaN3 (78%); (c) (i) CF3CO3H
(82%), (ii) KOH (84%), (iii) H2 (79%); (d) (i) Ac2O, MeOH (81%),
(ii) Dess—Martin periodinane (52%).

7.3. MT 35214

MT 35214 (337) (Figure 8) is the enantiomer of (—)-
LL-C10037a (336). The only reported synthesis of
this compound (Scheme 76) has been described by
Taylor.**® His asymmetric synthesis of this target
molecule relies on the enantioselective chiral phase-
transfer epoxidation* of quinone acetal 357 (Scheme
73) using tert-butyl hydroperoxide in the presence of
commercially available N-benzylcinchonidinium chlo-
ride. Under these conditions compound (—)-352 was
isolated in 71% yield and 89% ee. This compound was
then transformed into (+)-MT 35214 (337) as de-
scribed above for the synthesis of its enantiomer
(Scheme 73). Note, however, that in this case the
ketone reduction of acetamide 358 was performed
using LiEt;BH and afforded only the syn isomer
(Scheme 76). Overall, the synthesis of (+)-MT 35214
(337) took place in seven steps (10% overall yield)
which compared favorably to Wipf's synthesis of (—)-
LL-C10037a (336) (12 steps, 1.3% overall yield).140

Scheme 76. Taylor’s Synthesis of (+)-MT 35214
(337)2
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a Reagents: (a) t-BuOOH, NaOH, N-benzylcinchonidinium chlo-
ride (71%, 89% ee); (b) (i) CFsCO2H (95%), (ii) AcCl, t-BuOL.i (65%);
(c) (i) LiEtsBH (89%), (ii) Montmorillonite K10 (90%).

7.4. G-7063-2 and G-2061-B

G-7063-2 (338) and G-2061-B (339) (Figure 8) are
two antibacterial antibiotics belonging to the epoxy-
don group that were isolated from the Streptomyces
species designated No. 2061 FCE. These compounds
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showed moderate to weak activity against Gram-
positive and Gram-negative bacteria in vitro experi-
ments.**5

7.5. KT 8110

(+)-KT 8110 (340) (Figure 8) showed inhibitory
potency to interleukine-converting enzyme (ICE).146
Altenbach and co-workers reported the synthesis of
(+)-KT 8110 (340)'% via acylation and oxidation of
intermediate (—)-356 (Scheme 75).

7.6. Epoxyquinomycins A-D

Epoxyquinomycins A (341), B (342), C (343), and
D (344) (Figure 8) have been isolated from the culture
broth of Amycolatopsis sp.1#’2 The structures of these
molecules have been assigned by spectroscopic and
X-ray analysis.'*"® All of these antibiotics exhibited
antiinflammatory activities and low toxicity. Com-
pounds 341 and 342 showed weak antimicrobial
activity against Gram-positive bacteria, while prod-
ucts 343 and 344 showed almost no antimicrobial
activity.1472

Only the synthesis of epoxyquinomycin B (342) in
racemic form has been reported.1#814% Epoxyquino-
mycin B (342) was found to exhibit a potent inhibi-
tory effect on type Il collagen-induced arthritis in
vivo,18 so it could be used in the treatment of
rheumatic diseases.

The synthesis of epoxyquinomycin B (342), which
was reported by Matsumoto,'#8 is outlined in Scheme
77. Commercially available 3-hydroxy-4-nitrobenz-
aldehyde 359 was reduced at the aldehyde moiety,
then acetylated, regioselectively hydrolyzed at the
phenolic acetate, and finally acylated with acetyl-
salicyloyl chloride to give nitrobenzene derivative
360. During the catalytic hydrogenation of 360, the
salicyloyl group migrated to the amino function to
give an amide, which was hydrolyzed to compound
361. Final oxidation to generate the quinone moiety
and epoxidation yielded epoxyquinomycin B (342)
in eight steps with a 22% overall yield from start-
ing material 359. This procedure has been applied
by the authors to the synthesis of simpler deriva-
tives.1480

Scheme 77. Matsumoto’s Synthesis of
(£)-Epoxyquinomycin B (342)2
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a2 Reagents: (a) (i) NaBH4, (ii) Ac2O, Py, (iii) KHCOg;, (iv)
acetylsalicyloyl chloride (50% from 359); (b) (i) Ha, (ii) NaOH (64%
two steps); (c) (i) Fremy’s salt (82%), (ii) H2O> (85%).
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Scheme 78. Nicolaou’s Synthesis of
(£)-Epoxyquinomycin B (342)2
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a Reagents: (a) acetylsalicyloyl chloride, EtsN (99%); (b)
Dess—Martin periodinane (43%); (c) (i) H202 (95%), (ii) HF—Py
(95%).

More recently, Nicolaou and co-workers described
the shortest route to this type of compound thus far
reported.’*® The synthetic sequence that they em-
ployed is shown in Scheme 78. After only four steps,
epoxyquinomycin B (342) was obtained in 38% over-
all yield from aniline 362. Nicolaou applied his new
method for generating o-imidoquinones by oxidation
of anilides with Dess—Martin periodinane (DMP) and
water to this latest synthesis. Thus, aniline 362 was
acylated to afford anilide 363, which upon treatment
with DMP rendered 364. Final epoxidation and
deprotection of 364 led to the target epoxyquinomycin
B (342).

8. Conclusions

In this account we have given an updated perspec-
tive on naturally occurring epoxycyclohexane deriva-
tives isolated from various organisms such as fungi,
bacteria, worms, and mushrooms. Most of these
compounds display interesting pharmacological and
biological properties, such as antibiotic, antibacterial,
and antitumor activities.

Particular emphasis has been placed on the strate-
gies developed for the synthesis of these molecules.
In the past few years new methodologies have been
successfully applied to the asymmetric synthesis of
these products, including drawing starting materials
from the chiral pool of readily available natural
products (i.e., quinic acid or p-glucose) and utilizing
enzymatic resolution of racemic mixtures. The ap-
plication of iodine hypervalent mediated oxidation of
aromatic derivatives for the synthesis of quinone-like
advanced intermediates has been particularly rel-
evant and useful in this area.

It is evident from the present review that cyclo-
hexane epoxides represent an important class of
compounds on which can be implemented elegant
strategies for the introduction of relevant function-
alities in regio- and stereoselective manners. It is
expected that the results collected here will be useful
in spurring on new improvements and developments
in this active and attractive area of the organic
synthesis of natural products.
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9. Addendum

After the writing of this review, some major ad-
vances, especially in the area of quinone epoxides,
have been reported.

Thus, it has been found that the inductive effect
of theobroxide (189) (Figure 4) on potato tuber
formation is probably achieved by stimulating jas-
monic acid and tuberonic acid synthesis, enhancing
lipoxygenase activity.>°

Kitahara published the enantioselective total syn-
thesis of (+)-epiepoformin (192) (Figure 4), (+)-
epiepoxydon (194) (Figure 4), and (+)-bromoxone
(264) (Figure 5) using the same chiral building block,
ethyl (1R, 2S)-5,5-ethylenedioxy-2-hydroxycyclo-
hexanecarboxylate. These synthetic routes also pro-
vided useful intermediates to achieve a formal total
synthesis of (—)-theobroxide (189), (—)-phyllostine
(197) (Figure 4), (+)-harveynone (195) (Figure 4), and
(—)-asperpentyn (190) (Figure 4).151

Okamura published the full report of his synthesis
of (+)-epiepoformin (192)%%? (Figure 4), featuring the
use of a common intermediate 233% (Scheme 51), also
amenable to the synthesis of (—)-phyllostine (197)
(Figure 4).

Maycock and co-workers also reported the synthe-
sis of (+)-bromoxone (264) (Figure 5) using an aziri-
dine to direct the epoxidation of a double bond. The
synthetic sequence is extremely efficient with an
overall yield of 24% from an enone derived from
quinic acid (50) (Scheme 9), being the only asym-
metric synthesis of bromoxone that does not rely on
an enzymatic resolution.'>3

Crews and Wood'** applied the chemistry devel-
oped in the synthesis of isopanepoxydone (248)
(Figure 4) and panepoxydone (247) (Figure 4) in the
preparation of a number of NF-«B-signaling inhibi-
tors,*® finding that a biotinylated isopanepoxydone
affinity reagent can be useful in the labeling of a
cellular protein.

The synthesis and isolation of epoxyquinols has
received considerable attention because of their
potent antiangiogenic activity,'>® and so, the metabo-
lite epoxyquinol B (Figure 13) has been isolated from
a cultured fungal strain and its structure elucidated
by spectroscopic methods.'®” Interestingly, epoxyquinol
B has the same molecular formula as epoxyquinol A
(286) (Figure 6) but opposite configurations at C-17,
C-18, and C-19, and these differences of stereochem-
istry play an important role in the biological activity,
since epoxyquinol B is 10 times more potent (ICs 0.4
uM) than 286 in the VEGF (vascular endothelial
growth factor) cell migration assay. The structure
and stereochemistry of these compounds was con-
firmed by total synthesis using a biomimetic oxida-
tive dimerization,**® which had been postulated as
the biosynthetic pathway for the formation of these
products. Thus, a quinone monoepoxide monomer
unit, with similar framework to those of epoxydon
(193) (Figure 4) and parasitenone (261) (Figure 5),
was subjected to intermolecular Diels—Alder reaction
followed by oxidation with MnQ,.1% The same au-
thors later published a practical total synthesis of
both enantiomers of epoxyquinols A and B using a
lipase-mediated kinetic resolution of a cyclohexenol
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derivative.'® In addition to the intensive synthetic
efforts reported by Kakeya and Hayashi's groups,
they recently published a critical analysis of the
different reaction modes of the oxidative dimerization
cascade, concluding the crucial role played by hydro-
gen bonds and solvent effects in the stereochemical
outcome of these reactions.'®® Porco also published
an elegant synthesis of epoxyquinol A (286) (Figure
6) relying on his previous efforts in the area, namely,
in the synthesis of torreyanic acid (299) (Figure 6),
jesterone (291) (Figure 6), and cycloepoxydon (249)
(Figure 4). He used a derivative of 258 (Scheme 58)
which after several transformations underwent the
electrocyclization-Diels—Alder dimerization to give
epoxyquinol A (286) (Figure 6), although the last step
took place in 26% vyield.'6 Mehtal®? recently pub-
lished an efficient synthesis of racemic epoxyquinols
employing a different route for the preparation of the
key chiral monoepoxide utilized by Porco in his
synthesis.

Porco’'s group also reported a full paper on the
asymmetric total synthesis of (+)-torreyanic acid
(299)12 (Figure 6), describing in the same paper the
first total synthesis of (+)-ambuic acid (287) (Figure
6), which confirmed the stereochemistry previ-
ously assigned to the natural product.*!* (+)-Ambuic
acid (287) (Figure 6) has been established as the
monomer unit which by oxidation affords torreyanic
acid in the biosynthetic pathway of these compounds.
In addition, recent stereochemical analysis of ambuic
acid by solid-state NMR has confirmed its relative
stereochemistry.164

In his reported synthesis of (—)-jesterone (291)*7
(Figure 6), Porco also described the preparation of a
compound obtained by oxidative Diels—Alder dimer-
ization, jesterone dimer, which has been the subject
of exhaustive biological investigations!®® finding that
the synthetic dimer is a potent inhibitor of the
activation of the transcription factor NF-«B whereas
its parent compound 292 does not block activation.
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Culminating his massive efforts in the synthesis
of epoxyquinoids, Porco recently disclosed the total
synthesis of natural (+)-panepophenanthrin (Figure
13), utilizing again a highly stereoselective Diels—
Alder dimerization.%¢ Panepophenanthrin had been
isolated in 2002 from the mushroom strain Panus
rudis Fr. IFO8994,%67 its structure being character-
ized by spectroscopic methods. This is the first known
inhibitor of the ubiquitin-activating enzyme, which
is indispensable for the ubiquitin—proteasome path-
way. The synthesis of racemic panepophenanthrin
had been previously achieved by Baldwin®® in an
extremely efficient biomimetic-type synthesis pro-
ceeding in only three steps from racemic bromoxone
(264)106ab (Figure 5) and with a 60% overall yield,
featuring again a dimerization reaction under reflux
of toluene. However, a related dimerization approach
attempted by Couladouros'® in his route to epoxy-
sorbicillinol (304) (Figure 7) failed.

Another area of intensive research in this short
period has been the biological and synthetic in-
vestigations on scyphostatin (314) (Figure 7), the
most potent inhibitor of neutral sphingomyelinase.1”°
Scyphostatin has been claimed as an inhibitor of
nerve growth factor in hippocampal neurons!’* and
also inhibited sphyngomyelin/lysocholinephospho-
lipids—phospholipase C (SM/LCPL-PLC), and thus,
it could be useful in the treatment of malaria.l’?
Ohkata and co-workers reported the preparation of
a hydrophilic analogue of scyphostatin lacking the
hydrophobic side chain,’”® and O’Brien-Taylor,"*
using an enone previously prepared by Maycock!”®
from quinic acid (50) (Scheme 9), performed a se-
guence of eight steps to afford the core of scyphostatin
in enantiomerically pure form.

A derivative of yanuthone A (331) (Figure 7),
7-deacetoxyyanuthone (Figure 13), has been recently
isolated by Son and co-workers'’® from a marine-
derived fungus of the genus Penicillium showing
moderate in vitro cytotoxicity in a panel of five
human tumor cell lines and also mild in vitro
antibacterial activity. Its structure was ascertained
by spectroscopic methods.

In the area of 2-aminoepoxyquinones, Whiteley'””
published a study on the inhibitors of the enzymes
involved in the biosynthesis of the antitumor anti-
biotic LL-C10037 (336) (Figure 8), but the most im-
portant advances have been disclosed by Umezawa'’s
group in the case of epoxyquinomycins, because of
their NF-«B effect with potential against inflamma-
tory diseases such as rheumatoid arthritis and neo-
plastic ailments. Specifically, dehydroxymethylepoxy-
quinomycin (DHMEQ), a synthetic derivative of
epoxyquinomycin C (343) (Figure 8), has been found
as a potent and specific inhibitor of NF-«B and has
been tested in unilateral urethral obstruction, being
effective in the prevention of inflammatory kid-
ney diseases.'”® The same group also disclosed the
synthesis and structure—activity relationships of
DHMEQ analogues, concluding that the hydroxyl
group at the 2-position of the benzamide moiety was
essential for the inhibitory activity.1&

Finally, two new metabolites, cetoniacytones A and
B (Figure 13), structurally related to epoxyquino-
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mycins, have been produced by culture broths of
Actinomyces sp. (strain Lu 9419), which was isolated
from the intestines of a rose chafer (Cetonia aureata),
and cetoniacytone A showed a significant growth
inhibition against HEP G2 (hepatocellular carcinoma,
Glsp 3.2 uM) and MCF 7 (breast adenocarcinoma, Glsg
4.4 uM).18
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