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Abstract —  Compounds  bearing the  7-oxabicyclo[2.2.1]heptane
(7-oxanorbornane) subunits have been used extensively in the synthesis of a large
array of complex organic structures. The ease of synthesis of compounds having
this substructure in enantiomerically pure form, using Diels-Alder chemistry, is
today an almost routinely experimental work. Moreover, the reactivity of these
compounds, easily controllable and almost always associated to its ring-strain,
makes them particularly valuable chiral building blocks. However, the presence of
compounds showing this bicyclic skeleton in Nature has attracted less attention
despite its relatively broad distribution. Many of these compounds have been
shown to possess important biological activities presenting, in cases,
unprecedented biogenetic origin. In addition, some of them have been considered
as convenient synthetic targets enabling the development of new synthetic
methodologies. In this article we have reviewed different families of terpenoids
having in its structure this bicyclic subunit, paying particular attention to their

natural sources, biosynthesis, biological activity and chemical synthesis.
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1. INTRODUCTION. SCOPE OF THE REVIEW
Compounds derived from the 7-oxabicyclo[2.2.1]heptane (7-oxanorbornanes) 1 (Figure 1) are useful
intermediates or starting material for the synthesis of more complex molecules including natural products

and analogues also being valuable building blocks for polymers and material science.
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Figure 1. The 7-oxanorbornane ring system
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The usefulness of this bicyclic system is consequence, at least, of two facts: first, because their syntheses
—even in enantiomerically pure form- is relatively easy using, among other methods, Diels—Alder
chemistry. Second, because the chiral information stored in the rigid skeleton may be transferred to their
transformation products.

To the best of our knowledge, the more complete review on the chemistry of 7-oxanorbornane derivatives
was published in 1999." Since then and to date a number of excellent reviews have been published,
covering various specific aspects on the synthesis and synthetic applications of these compounds. An
account of those, in our opinion more significant, is summarized in the following paragraphs:

1. Synthesis of cyclohexyl systems including hydroxycyclohexyl-B-amino acids and other cyclohexyl
subunits, constitutive of a wide array of organic compounds. The synthetic methodology here described
lies on the base- and acid-mediated fragmentation and transition-metal catalyzed ring-opening reactions
of the oxygen-bridge of the oxanorbornene ring system.”

2. Synthesis of complex natural products starting from 7-oxanorbornene derivatives as well as the
synthetic way to these building blocks.” The utility of these transformations was highlighted in the
enantioselective route to the central core 2 of banyaside and suomilide natural products (Scheme 1).
Banyasides and suomilide are novel natural products belonging to the Aeruginosin family of serine

protease inhibitors.*

Scheme 1. Retrosynthetic analysis of the central core of banyaside and suomilide, 2 from simple

7-oxanorbornene derivative 4

3. Use of optically pure 7-oxanorbornene derivatives in the efficient synthesis of rare sugars,’
glycomimetics, polypropionates,™® anthracyclinone’ and aza-disaccharides.®

4. Synthetic applications of Ring-Rearrangement Metathesis (RRM) in 7-oxanorbornene derivatives and
the related aza-analogues.” Ring-rearrangement metathesis (RRM) refers to the combination of several
metathetical transformations into a domino process, in which an endocyclic double bond of a cycloolefin
reacts with an exocyclic alkene.

5. Synthesis of [6]n cyclacenes,"’ the simplest subunits of carbon nanotubes. Cyclacenes has been

defined as “Hoop-shaped systems composed of conjugated rings”. The necessary curved shape of the belt
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was achieved using the 7-oxanorbornene precursors 5 and 6 (Figure 2).

DO

5 6

Figure 2. Oxanorbornene starting materials for the synthesis of [6]n-cyclacenes derivatives

6. Synthesis of new functional polymers such as liquid crystals polyoxanorbornenes 8 from
enantiomerically pure 7-oxanorbornenes 7 via Ring-Opening Metathesis Polymerization (ROMP)

(Scheme 2)."!

Scheme 2. ROMP of 7-oxanorbornene monomer 7

In addition, several 7-oxanorbornane derivatives are also found in Nature showing, in several cases,
interesting biological activities. Only in reference 1 (see p. 13529-13546) this topic has been briefly
mentioned and, on the best of our knowledge, no other review on this point can be found in the literature.
In this account we intend to fill this gap considering this aspect under the points of views of the natural
sources, biosynthesis, and biological activity of these compounds. In addition, the more recent chemical
synthesis of some of them will be conveniently detailed.

We should indicate that our attention has focused on compounds bearing terpenic structure. Other related
family of natural products such as carotene derivatives and some other natural products featuring the

7-oxanorbornene skeleton will not be considered here. The literature has covered until March 2014.

2. CANTHARIDIN AND ANALOGUES
Cantharidin 9 (2,6-dimethyl-4,10-dioxatricyclo[5.2.1.02,6]decane-3,5-dione, CTD, Figure 3)¢’12 was first

“Some cantharidin derivatives have been named as pseudocantharidins. Also norcantharidin 10 (Figure 3)
has been designed as isocantharidin. This type of “nomenclature” will not be considered in this report.
See reference 12.
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isolated in 1810 by Pierre Robiquet,”"® from Lytta vesicatoria (Spanish fly) sometimes incorrectly

called Cantharis vesicatoria.
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Figure 3. Structure of cantharidin and analogous

This compound is the principle responsible for the aggressively vesicant properties of the coating of the
eggs of the insect. Cantharidin shows potent antitumor activity and it seems to be the result of that CTD is
a strong inhibitor of protein phosphatase type 1 (PP1) and type 2A (PP2A). Protein phosphatase PP2A, is
an enzyme with broad substrate specificity and diverse cellular functions. Among the targets of PP2A are
some proteins responsible of oncogenic signalling cascades. Protein phosphatase 1 (PP1) belongs to a
certain class of phosphatases known as protein serine-threonine phosphatases. The PP1 has been found to
be important, among others, in the control of cell division, apoptosis and protein synthesis.'* However,
and due to its toxicity,” the clinical application of this compound is limited.'® Diluted solutions of CTD
can also be used as atopical medication in dermatology'’ and their insecticidal activity'® and
aphrodisiac properties' have also been documented.

Norcantharidin 10 (NCTD, exo-7-oxabicylo-[2.2.1]heptane-2,3-dicarboxylic anhydride, Figure 3), the
demethylated analog of CTD, causes fewer side effects than CTD and, like CTD, has been demonstrated

1 .
toxic to

as a potential agent against certain cancers.”” The NCTD is preferentially, but not always,
cancer cells rather than normal cells, making this small molecule promising in cancer treatment.
Sodium salt of 7-oxabicyclo[2.2.1]heptane-2,3-dicarboxylic acid, 11 (Figure 3) also inhibit
serine/threonine phsphatases.”> In particular is inhibitor of PP2B (calcineurin), a proteinphosphatase
which is involved in a large variety of biological processes. The compound 11, designed in reference 12
as “desmethylcantharate” is a well-known synthetic herbicide named “endothall”. It should be pointed out
that the compound “endothall” has been incorrectly formulated in reference 12 and in the reference la, p

13530.5%

*Pierre-Jean Robiquet (1780-1840) is the author of important contributions in the field of natural products.
For a summary of the contributions of Robiquet, see: J. Wisniak, Educacion Quimica, 2013, 24, 139.
"The names assigned to endothall constitute an authentic puzzle. Trade names for the acid form of
endothall include Aquathol, Hydrothal-47 and Hydrothal-191. Trade names for the disodium salt of
endothall include Accelerate, Des-I-Cate, and Niagrathol among others. See: “The Agrochemicals
Handbook”, Third Edition. Royal Society of Chemistry Information Systems, Surrey, England, 1994.
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Calcineurin is also known as protein phosphatase 3, and calcium-dependent serine-threonine phosphatase.
Inhibition of calcineurin is associated with inmunosuppresion, and, in fact, calcineurin is inhibited by
drugs such as cyclosporine.*

Organometallic complexes of 11 with Mn(II),”> Pt(IV)*® and La(III)*’ have been reported that possesses
important anticancer activity. On the other hand, metal complexes containing the subunit 11 and
heterocyclic compounds showed interesting biological properties. That is the case of complex of
[Ni(II)-2-aminomethylbenzimidazole],?® [rare earth-phenanthroline],” [Co(Il) and Zn (II)-2-amino-
1,2,3-thiadiazole],” [Co(I) and Ni(II)-2-aminothiazole],”' [Co(II)-imidazole],** [Mn(II), Ni(Il) and
Cu(II)-2-aminopyridine, 33 [Cd(IT)-2,2-bipyridine and phenanthroline], 3 [transition metals-2-amino-
benzothiazole],*> and [Mn(II), Ni(II) and Zn(11)-2,2’-bipyridine].*®

Although cantharidin never seems to have been isolated from plant sources, the demethyl derivative
palasonin 12 (3-methyl-7-oxabicyclo[2.2.1]heptane-2,3-dicarboxyxlic anhydride), which lacks one of the
angular methyl groups of cantharidin, (Figure 3), was initially isolated from the seeds of the Indian tree,
Butea frondosa (Leguminoseae).”’ The anthelmintic properties of 12 are well documented.*®
Cantharimides are compounds in which the anhydride oxygen atom of cantharidine has been replaced by
a N-substituted derivative. From the Chinese beetle Mylabris phalerata PALLAS,® cantharimides 13-15
have been isolated.”® In these compounds the N-substituents are L-lysine, L-ornithine and L-arginine
moieties respectively. Later and from the same insect five cantharimide-derivatives 16-20 were also
isolated.** Three of them were cantharimide dimers (compounds 18-20) which consists of two units of
cantharimide combined with a tri-, tetra- and penta-methylene group. Other simple cantharimides have
been previously isolated from natural sources. It is the case of the N-phenyl and N-hydroxyimides 21 and
22. Compound 21 was isolated from Butea monosperma*' whereas compound 22 is an ingredient of
Mylabris phalerata® (Figure 4).

Before the isolation of compounds 13-20 several cantharimide derivatives were rationally designed,®
synthesized and evaluated as inhibitors of PP1 and PP12A.* More recently® thirty-two cantharimides
containing aryl, pyridyl, azolyl, thiadiazolyl, diaminophenyl, aminosulfanyl, sulfamethoxazolyl, or
sulfadiazine moieties were synthesized by heating cantharidine at 200 °C in toluene and Et;N along with
the corresponding amines. All compounds were tested for their capability to suppress growth of several
human carcinoma cell lines, concluding that the cytotoxic effects were produced by many different
structural features of the cantharidinimide derivatives. For instance, the in vitro results suggested that

decreasing electron negativity on the substituent-donating group might increase their cytotoxicity.

‘This insect has been used in traditional Chinese medicine for the treatment of cancer. See: “The
Dictionary of Chinese Drugs”. Shanghai Science and Technological Publishers, Tokyo, 1985, Vol. 111, pp.
2196-2198.



HETEROCYCLES, Vol. 90, No. 2, 2015 747

N—(CHy),-N

16, R = Me 18,n=3
17, R = CH,OH 19,n=4
20,n=5

21,R"=Me, R2=H, R®=Ph
22, R" = R2 = Me, R® = OH

Figure 4. Natural cantharimides

Eighteen biologically active cantharidinimines with general structures 23-25 (Scheme 3) were prepared
by heating cantharidin with the appropriate azolamines, sulfanils, and pyridinamines in ethanol.*® The
cytotoxic effects of these cantharidinimines seemed to be better than others cantharimides previously

synthesised.

~X 1
Z \> R'=H, Me, Ph

— 1~
BR=RL/ xY.z=N,Cors

24,R = @ R' = amide, pyrimidyl
SO,NHR'!

25, R = amino-, bromo-, methyl-, hydroxy-, pyridyl
Scheme 3. Synthesis of cantharidinimines 23-25

The mechanism of the biosynthesis of cantharidin is not exactly known although appears to be clear that
it implicates some unprecedented transformations of farnesol.*’

From 1953, different synthetic approaches to cantharidin have been carried out using Diels-Alder
chemistry. Among them, the synthesis of Stork,* Schenk™ and, more recently, Dauben (using
high-pressure conditions)”' and Grieco (LiClO,-promoted Diels-Alder cycloaddition)™ should be
emphasized. These synthetic efforts as well as the chemical transformations of cantharidin in others

related, biologically active compounds, have been recently summarized in the appropriate reviews.”
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Nevertheless, some recent, significant aspects of this chemistry applied to the synthesis of cantharidin
analogs are highlighted as follows.

The 7-S analogues of cantharidin derivatives 26-28 were synthesized in acceptable yields (ca 60%) using
high-pressure Diels-Alder reaction of tiophen with dimethyl maleate, maleic anhydride and maleimide

respectively” (Scheme 4).>*

0 0
S i) OMe
| OMe W ” oM
OMe e
0 o}
26
0 o}
S i)
| X . E/) ! . X
o} o}
27,X=0
28, X = NH

Scheme 4. High-pressure synthesis of sulphur analogues of cantharidin derivatives. Reaction conditions:

thiophene (2 equiv.), CH,Cl,, 40 °C, 17 kbar, 71 h

High-pressure synthesis of compounds 26 and 27 has been previously reported in ca 40% isolated
yields.”® Also compound 26 was synthesized in LiC104-Et,O mixtures albeit in lower yield.”*

Optically pure norcantharidin derivatives 29-32 were synthesized®® by reaction of (R)-and (S)-2-
benzyloxyethyl)furan 33 and 34 respectively and maleic anhydride followed by hydrogenation (Scheme
5).

Compounds 33 and 34 were prepared by reaction of (R)- and (S)-1-(2 furyl)-ethanol, respectively, with
benzoyl chloride (Ets;N, DMAP, CH,Cl,). Interestingly it was observed that (1R)-isomers 30 and 32
inhibit PP1 and PP2A whereas the (15)-isomers 29 and 31 have negligible inhibitory activity for PP1 and
PP2A.

Racemic palasonin 12 was synthesized”’ from furan and methoxycarbonyl maleic anhydride 35 using the

lineal, nine-step sequence (6% overall yield) depicted in Scheme 6.

” Interestingly compound 28 was found to be >30-fold selective than 27 vs. PP2A. See reference 54.
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Scheme 5. Synthesis of optically pure norcantharidin derivatives 29-32. Reagents and reaction

conditions: 1) neat, rt; i1) Hy, 10% Pd-C, THF; iii) Fractional crystallization
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Scheme 6. Meinwald’s synthesis of racemic palasonin 12. Reagents and reaction conditions: 1) furan, Hy,
Pd-C, 69%; ii) a: aniline, CH,Cl,; b: TFAA, 0 °C; c: NaBHy4, EtOH, 25 °C; 49% for 37; 10% for 38; iii)
CeS04-2H,0, KBrOs;, MeCN:H,0 (7:3), 80 °C; 48%; iv) a: EtsN, MsCl, CH,Cl,, 0 °C; b: acetone, Nal,
reflux; 69%; v) [MesSi]3SiH, AIBN, C¢Hs, 80 °C, 96%; vi) Ac,O, HNOs, 10-15 °C, 80%; vii) a: NaOH,
EtOH, H;0, 80 °C; b: TFAA, CH,Cl,, reflux, 69%

Two comments appear to be opportune regarding this synthetic approach: firstly, the concomitant
reduction of the resulting adduct of the Diels-Alder reaction of 35 and furan to give anhydride 36 under
the reaction conditions 1). However, the reaction of citraconic anhydride (3-methylmaleic anhydride) 44

(see Scheme 7) with an excess of furan under hydrogenation conditions afforded only methylsuccinic
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anhydride.® On the other hand, direct transformation of 41 into 12 appears to be an appealing possibility.
Nevertheless, all attempts to achieve this transformation were unsuccessful mainly due to the vigorous
conditions necessary to hydrolyze the N-phenylimide ring. In contrast, the nitrophenylimides 42 and 43
were easily hydrolyzed to give 12. The purification of 12 was achieved by preparative GC.

In the same paper, Dauben et al.>® reported a two-step synthesis of racemic 12 (92% overall yield) by
high-pressure Diels-Alder reaction of furan and citraconic anhydride 44 followed by catalytic

hydrogenation (Scheme 7).

§o
Ve S
l;

|
O

44 45 12

Scheme 7. Dauben’s synthesis of racemic palasonin 12. Reagents and reaction conditions: 1) 8 kbar, 138

h, 97%; ii) H,, 10% Pd-C, THF, 99%

It should be pointed out that, under pseudo-first order conditions (furan as solvent), adduct 45 was
obtained in 1.7% yield (at 20 °C) and 1.5% yield (at 40 °C). The values of the equilibrium constant at both
temperatures were determined as K= 1.1x10°M™" (20 °C) and K= 8x10™* M™! (40 °C). Other kinetic
parameters are: k;= 1.1x10° M"'s™ (20 °C) and k= 4.7x10*M's ! (40 °C); kig= 3.7x10° s (ty, = 52 h,
20 °C); kiy = 5.9x107 s (ti2 = 3.3 h, 40 °C).

On the other hand, and under catalysis by 5.0M LiClO4-Et,0O (Grieco’s conditions), the reaction of 44 and
furan gave less than 10% yield of 45 with K= 1.0x10”M™" at rt.”®

Racemic palasonin was resolved by reaction with (S)-2-methylbenzylamine followed by separation of the
diastereomeric amides, saponification to the diacids and further reaction of the individual diacids with

#,59

thionyl chloride. The combination of a pyrazole ring™”" fused to the norcantharidin framework in one

single structure such as 46 (Scheme 8) constitutes an appealing possibility in order to improve the
antiproliferative activities of norcantharidin derivatives. Also the introduction of a phosphate group

should improve the aqueous solubility of these compounds. with in situ-generated diarylnitrilimines.>®

”Although pyrazoles are rarely found in nature probably due to difficulty in the formation of N-N bond by
living organisms, they exhibit numerous biological activities. For recent reviews, see reference 59.
“Catalytic oxidation of aldehyde hydrazones 50 with chloramine T leads to the formation of nitrilimines

51. See reference 60.
chloramine T

. -
Ar—=N-NH-Ar" Ar—=N-N—Ar"
50 51
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c)Ar=

Scheme 8. Synthesis of norcantharidin derivatives 46. Reagents and reaction conditions: 1)
p-aminophenol, Et;N, Ac,O, Mn(OAc),. Yields not specified; i1) ArCH=N-NHPh, EtOH, chloramine T.
Yields: 49a 85.2%; 49b 85.2%; 49¢ 91.7%; iii) POCIl;, Et;N, NaOH. Yields: 46a, 57.0%; 46b, 46.0%;
46¢, 43.0%

Cell-growth inhibition assay shows that compounds 46b and 46c where even more potent than

cantharidin with aqueous solubility greatly improved.

3. MONOTERPENOIDS. THE 1,4-CINEOLE AND ANALOGUES

The cyclic monoterpene 1,4-cineole (1-isopropyl-4-methyl-7-oxabicyclo[2.2.1]heptane 52 (Figure 5), first
described in 1907,°' is widely distributed in nature. Their use as fragrance and flavoring agent is well
documented. For instance, compound 52 is a major component of lime (Citrus aurantifolia) and
eucalyptus (Eucalyptus polybractea) being also present in apricot (Prunus armoniaca), orange juice
(Citrus sinensis L. Osbeck), grapefruit juice (Blettaria cardamomum Matum), laurel (Laurus nobilis L.)

and rosemary (Rosmarinus officinalis L.).%

o)

52, 1,4-cineole 60, 1,8-cineole

Figure 5. Structures of 1,4-cineole (52) and 1,8-cineole (eucalyptol) 60 (see text)
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The biosynthesis of 1,4-cineole 52 (Scheme 9) has been determined by feeding to plants with
radioactively labeled acetate and subsequent determination of the labeling pattern in the terpene (Scheme
9).% Thus, transformation of geranyl diphosphate 53 into o-terpineol 59, via a-terpinyl cation 58,**
followed by a sequence hydration-dehydration of the intermediates 1,8-terpin 61, y-terpineol 62, and
1,4-terpin 63, afforded finally 52. It should be indicated that the isomerization of a-terpineol 59 to 1,8-

cineole 60 and 1,4-cineole 52, catalyzed by H;PW 2049 in homogeneous and heterogeneous systems, has

ivisy

55 (transoid) 56 (cisoid)

HZO
H,O/M*
—H20

Scheme 9. Biosynthesis of 1,4-cineole 52

been reported.®

52

On the other hand, the a-terpinyl cation 58 can undergo a range of cyclizations, rearrangements, and
hydride shifts which conforms the biogenetic way for most of the cyclic monoterpenes such as camphene
64, o— and B-pinene (65 and 66) fenchol 67, terpinolene 68, limonene 69, car-3-ene 70, B-phellandrene
71, y-terpinene 72 and sabinene 73 besides the already mentioned a-terpineol 59. Moreover, the geranyl
54 and linalyl 57 cations also are precursors of the acyclic monoterpenes geraniol 74, linalool 75,

myrcene 76 and (E)-B-ocymene 77 (Figure 6).%

HOOUY O
2 QYIS

Figure 6. Monoterpenes derived from o-terpinyl cation 58
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The a-terpineol 59 is also the biogenetic precursor of 1,8-cineole
(1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane, eucalyptol) 60, an isomer of 1,4-cineole (Figure 5). The use
of 1,8-cineole as flavoring, fragrance and cosmetic,” insecticide®’ and repellent®® is well known. In
contrast, eucalyptol is attractive to males of various species of orchid bees.” Compound 60 was also

found to control airway mocus hypersecretion and asthma’® and inhibit cytokine™’!

production in
cultured human limphocytes and monocytes.”” This compound was found effective in the treatment for
non-purulent rhinosinusitis with minimal side effects.”” Reduction of inflammation and pain when
applied topically’* and activity against leukemia cells in some cultured leukemia human cells has also
been reported.”

As a consequence of their applications as flavoring agent in alimentation and cosmetic, the metabolism of
52 has been considered.”® Although there are not in vivo studies in humans, after oral applications to
rabbits, rats and human liver microsomes, the following metabolites have been identified (Scheme 10):
3,8-dihydroxy-1,4-cineole 78, 8,9-dihydroxy-1,4-cineole 79, 1,4-cineole-8-en-9-ol 80, 9-hydroxy-1,4-
cineole 81, 1,4-cineole-9-carboxylic acid 82 and 2-exo-hydroxy-1,4-cineole 83. Probably,
3-hydroxy-1,4-cineole 84 is the metabolic precursor of 78 and 79.

T

OH
78

=)
Ny

OH

83
Scheme 10. Metabolism of 1,4-cineole 52: 1) metabolism in rabbit in vivo; ii) metabolism in rat in vivo

and in human liver microsomes

“Cytokines constitute a category of small proteins that are important in cell signalling, being produced by
broad range of cells, including immune cells as well as endothelial cells, fibroblasts, and various stromal
cells. They are important in connection with some diseases and, specifically, in host responses to
infection, immune responses, inflammation, trauma, sepsis, cancer, and reproduction. See reference 73.
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The 1,4-cineole 52 possesses important herbicidal activity.”” In this context the 2-hydroxy derivative
(exo-2-hydroxy-1,4-cineole) 83, a constituent of the essential oil of Ferula jaeschikeana™ is of interest
as starting material for the synthesis of the 2’-methylbenzyl ether derivative 85, a commercial
herbicide known as cinmethylin (see Figure 7, see below).”

The microbial oxidation of 1,4-cineole 52 was considered using different microorganism (Scheme 11).
For instance, Streptomyces griseus yielded 8-hydroxy-1,4-cineole 81 as the major hydroxylation product
together 83 and 86.” Bacillus cereus and Penicillium frequentatis yield changing ratios of 83 and 86.
In the case of P. frequentatis, both enantiomers of ketone 87 were also produced. Using Aspergillus niger,
compound 86 was established as the major product.®' In addition, different oxidases present in plant
cultured cells of Catharantus roseus produced mixtures of secondary and tertiary alcohols.*

The chemo- and stereoselectivity of this microbial oxidation has been studied in deep using Bacillus
cereus and Streptomyces griseus as biocatalysts. The hydroxylation with B. cereus displays high face
stereoselectivity  yielding only 2(R)-exo-hydroxy-1,4-cineole 83 whereas S. griseus gives

8-hydroxy-1,4-cineole 81 as major product together enantiomeric mixtures of 83 and 86 (Scheme 11).%

OH \OH

52 \_S. griseus

Scheme 11. Microbial oxidation of 1,4-cineol 52

O
B. cereus
/ 87
microbiol. oxdn.

86

It was hypothesized® that the mode of action of 1,4-cineole derivatives as herbicides consists in blocking

the conversion of tyrosine to 4-hydroxyphenylpyruvate (4-HPP). This transformation is catalyzed by

g, 85

tyrosine aminotransferase. In the prenylquinone pathway, tyrosine aminotransferase provides

“Cinmethylin 85 is apparently a proherbicide that requires metabolic bioactivation via cleavage of the
benzylether side chain.
“For detailed studies on the role of tyrosine aminotransferase in plants see reference 85.
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plastoquinone” * a cofactor of phytoene desaturase, an oxidoreductase involved in carotenoid
biosynthesis.*’

On the other hand, 1,4-cineole and the metabolic conversion product of the synthetic herbicide
cinmethylin, are potent inhibitors® of asparagine synthetase, the key enzyme in asparagine biosynthesis.”
Asparagine synthetase plays an important role in nitrogen mobilization.*” The biological activities of
1,4-cineole as anxiolytic,”® antimicrobial’’ and permeation agent for percutaneous absorption of drugs’
have also been reported.

Related with 1,4-cineole is the eight-carbon system rengyoxide 89 (Figure 7), originally isolated from
Forsythia suspensa fruits” and more recently from the wastewaters of ‘Megaritiki'’* an olive cultivar
widely used in Greece for the production of low polyphenol olive oil and table olives.

Finally it should be indicated that, in reference 1 p. 13531, the structure 90 was attributed to mullilam diol,
isolated from Zanthoxylum rhetsa, a plant which show antibiotic activity and prescribed in dyspepsia and
diarrhoea. This structure has been revised and conclusively verified to possess a structure, (+)-p-menthan-

lo,2B,4p-triol 91 (Figure 7).

R

cinmethylin 85 rengyoside 89

Figure 7. Structures of cinmethylin, rengyoside, putative mullilam diol, 90 and true mullilam diol, 91

4. OXANORBORNYL-COUMARINS
Farnesiferol C 92 (Figure 8) has been isolated from species of the genus Ferula such as F. assafoetida,”
F. szowitsiana’ and F. sinkiagensis.”® Compound 92 show antiviral, *’ antiangiogenesis '™ and

anticancer activity.

"Compounds with structure of 2,3-dimethyl-1,4-benzoquinone showing isoprenyl side chains of different
length in position 5 (compounds with structure 88) are designated as plastoquinone-n (PQ-n) where n
varying from 6 to 9.

88

”Asparagine synthetase catalyzes the synthesis of asparagine from glutamine and aspartate through an
amidotransferase reaction
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[0) 0._0O
T
92

Figure 8. Structure of (-)-farnesiferol C, 92

Several biogenetic-type syntheses of 92 by acid-catalyzed cyclizations of epoxy polyenes™'®' have been
reported. For instance, acid-catalyzed cyclizations'® of trans, trans umbelliprepin oxide 93, easily

prepared from the natural coumarin umbelliprepin,™'?® 94, afforded 92 albeit in low yield (Scheme 12).

o 0._0 © 0._0 o o o
O
94 93 92
Scheme 12. Biogenetic-type synthesis of farnesiferol 92

Other convenient biogenetic-type synthesis of 92 was carried out from 10,11-epoxyfarnesyl acetate 95'**

105

using a key step a zeolite'~ NaY-catalyzed cyclizations to give 96. Further standard transformations of

96 into bromide 97 and final coupling of 97 with umbelliferone 98 yielded 92 (Scheme 13).'%

Attempts to perform the direct transformation of 93 into 92 using zeolite NaY were unsuccessful.

X N-"Soac ) i)
N"Soac ) Npy
o)
95 96 97

92

HO o0._0O
o
98
Scheme 13. Synthesis of farnesiferol 92 from 10,11-epoxyfarnesyl acetate 95. Reagents and reaction

conditions: 1) NaY, 20 °C, 15 min, 30%; ii) K,CO3, MeOH, 99%; iii) PBr3, Et,0, 94%; iv) 98, K,COs,
acetone, 20 °C, 12 h, 87%

“The acid-catalyzed cyclization of epoxi polyenes has attracted much attention due to the discovery that
analogous enzyme-catalyzed reaction are involved in the biosynthesis of a large array of terpenoids. See
reference 101

"Compound 94 was isolated from Ammi majus L. fruits. See reference 103.
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A non biogenetic-type synthesis of racemic 92 together the Z-isomer 104 has also been reported (Scheme
14)."7 The key step was the Baeyer-Villiger oxidation of decalone 99” to give lactone 100 which
rearranges to the 7-oxanorbornane derivative 101. Standard Barbier-Wieland degradation of this
compound to 102 followed by ketone formation and vinylmagnesium bromide addition gave 103. Further

sequence of bromination and coupling with 98 afforded a mixture of 92 and 104 in ratio 3:1.

o] o0
i) i) i)
HO : HO 2 cOf COH
H H
99 100 101 102
. 0 o__0O
. s 109
X = Z
OH
103 104

Scheme 14. Synthesis of farnesiferol 92 and the Z-isomer 104 from ketone 99. Reagents and reaction
conditions: i) CF3CO3H/CF3CO,H; ii) H'; iii) a. CH,N,; b. PhMgBr; c¢. H30'; d. KMnO4/NalOy; iv) a.
MelLi; b. vinylmagnesium bromide; v) a. PBrs/Py; b. AcOH/K,CO3/98

The optical antipode of the natural product, (+)-farnesiferol C 105 was synthesized from the magnesium

salt of the phenylglycinol derivative 106 by means of an intramolecular furan Diels-Alder (IMDAF)

108

reaction. (Scheme 15). ™ In this way, a mixture of compounds 107 and 108 (ratio 107:108 = 78:12) was

obtained. From 107, a 15 step sequence afforded 109 which, by formation of the bromide and reaction

with the potassium salt of 98, gave 105.

109

Creticacoumarin 111, an oxidized form of 92 (Figure 9) ~ was isolated from Anthemis cretica. On the

other hand, the natural coumarin (-)-3’, 6’-epoxyauraptene was first isolated''® from various Aster

species (genus of flowering plants of the family of Asteraceae) and its structure determined as 112

111

(Figure 9) both chemically''' and by X-ray analysis.''?

The biomimetic synthesis of 112 has been carried out starting from the 7-geranyloxycoumarin 113

(auraptene) which, in turn, was synthesized from geraniol 74 via geranyl bromide 115 and further

reaction with the sodium salt of umbelliferone 98 (Scheme 16).'"

In the last decade auraptene was seen to exert important biological activivities such as anticancer,

anti-bacterial, anti-protozoal, anti-fungal, anti-inflammatory and anti-oxidant.'"*

“Compound 99 was synthesized by Robinson annelation of 2-methyl-cyclohexanedione with ethylvinyl
ketone and further elaboration of the resulting product. See: D. L. Snitman, M. Y. Tsai, and D. S. Watt,
J. Org. Chem., 1979, 44, 2838.
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The transformation of 113 into 112 was carried out by way of the terminal epoxide 114, also isolated

from the same natural source.''?

107 15 steps from 110
«,//\’/\/X \
O o” ~0
CBry, PPhy /~ 109, X=0OH %
MeCN
110, X =Br

Scheme 15. Synthesis of (+)-farnesiferol C 105

TP G

111, R=OMe

Figure 9. Structure of creticacoumarin, 111 and 3’,6’-epoxiauraptene, 112

= = X 98, NaH Y\/YV
DMF
74, X = OH

115, X =Br

Scheme 16. Synthesis of geranyloxycoumarin 113 (auraptene) from geraniol 74

Epoxide 114 has been synthesized in racemic form via a sequence hydroxylation-hypobromination'® or
in optically pure form using Sharpless asymmetric epoxidation''® or microbial dihydroxylation.'"’

Treatment of 114 with Lewis acid, in particular SnCly, afforded 112 (Scheme 17). The best yield reported

was 60%.'13



HETEROCYCLES, Vol. 90, No. 2, 2015 759

0]

(@) o__0O (@) o__0O

W epoxidation M Lewis acid 112

% =
113 114

Scheme 17. Synthesis of (-)-3’,6’-epoxyauraptene 112 from 7-geranyloxycoumarin 113

The racemic 2-epimer of 112, compound 116, has been synthesized from ketone 1177''%!!

easily
accessible by Diels-Alder cycloaddition of 2-methylfuran 118 and 2-chloroacrylonitrile 119 (Scheme
18)." Double methylation of 117 at C-3 followed by Wittig olefination gave 120 which, by oxidative

hydroboration followed by mesylation and reaction with the potassium salt of 98, gave 116.

98
(potassium salt)

v,

OMs

6 ooy - L -1
© ¢ CN i'i'i)) o v)
117 120

118 119 121

Scheme 18. Synthesis of compound 116 from 2-methylfuran 118. Reagents and reaction conditions: 1)
Znl,, 0 °C, 14 d; i1) Hy/Pd-C; ii1) KOH, #-BuOH; iv) Mel, +-BuOK; v) PhsPCH,;; vi) a. BH3;-THF; b.
H,0,/'OH; c. MsCl/Py

5. SESQUITERPENOIDS

5.1. Epoxy-2,5-megastigma-6,8-dienes and related compounds.

These compounds, as 6(F),8(E)-, 122 and 6(E)-8(Z)-, 123 diatereoisomers (Figure 10) were first
isolated'?! from Osmanthus absolute and their structures determined by synthesis from ethyl o-safranate
(see below). Both compounds have been also detected as aroma component of Malphigia glabra.'** The
6(E),8(E) diastereoisomer 122 was detected'” in the essential oils of Centaurea sericeae and Centaurea

124

ensiformis and in the volatile flavor of Malpighia emarginata. The basic structure, but with

“The use of ketone 117 in the synthesis of natural products containing the
1,3,3-trimethyl-7-oxabiyclo[2.2.1]heptane moiety has been reviewed. See reference 118. On the other
hand, compound 117 serves as versatile template for the synthesis of other subunits of natural products
and analogues. See reference 119.
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undetermined stereochemistry, has been also detected as volatile component of honey bush (Cyclopia
subternata).'*

The first synthesis of compounds 122 and 123 was achieved starting from ethyl a-safranate 124 (Scheme
19) 121,Y

122 123

Figure 10. Structures of epoxy-2,5-megastigma-6,8-dienes 122 and 123

This compound was transformed into 2-hydroxy-a-cyclocitral 125 through a five-steps sequence,
including sensitized photooxidation, catalytic hydrogenation, dehydration, reduction with litium
aluminium hydride and re-oxidation with pridinium chlorochromate. The base-catalyzed condensation of
125 with acetone afforded a mixture of compounds 126, 127 and 128, this later probably arising from
intramolecular Michael addition of 126. After purification, the hydroxyketones 126 and 127 were
transformed into diol 129. Acid treatment of 129 gave a mixture of 122 and 123 in ratio 85:15 and 50%

overall yield in this last step.

oL,

H
126 + 127 —lil > ﬁ(L Mo 422 4 123, Ratio 122:123 = 85:15

Scheme 19. Synthesis of epoxy-2,5-megastigma-6,8-dienes 122 and 123 from ethyl oa-safranate 124.
Reagents and reaction conditions: 1) a. Oy, hv, Rose Bengal, EtOH; b. H,/PtO,; c. TsOH, toluene; d.
LiAlHy4, THF; e. pyridinium chlorochromate, CH,Cly; ii) Acetone, KOH; iii) isopropenyl acetate, LiAlH4;
iv) TsOH

"Interestingly, this synthetic sequence, reproduced by Mori et al., confirms that the natural, minor
compound 123 (see reference 121) was isolated in only 11% e.e. See: K. Mori and H. Tamura,
Tetrahedron, 1986, 42, 2643.
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A convenient synthesis of 122 has been carried out'*® from ketone 117. This compound was transformed
into ketone 130 which, after reaction with the Grignard reagent derived from (£)-1-bromo-2-butene and
dehydration of the resulting product 131 via phenyluretane 132, afforded 122 (Scheme 20).

Alcohol 133 (Figure 11) has been found as trace component in Osmanthus absolute and can be also
obtained (10%) in the acidic treatment of compound 129."*! On the other hand, alcohol 134 (Figure 11)

8

was found as component of essential oil of Lank'?’ and Japanese Saifis tobacco'>® and has been also

isolated from Saussurea cordifolia.'” This compound constitutes the aglycon (C-9-O-B-D)-of the

30

glucosyde Crotanoloside C, from Crotalaria zanzibarica.'

117 130 131

Scheme 20. Synthesis of epoxy-2,5-megastigma-6,8-diene 122 from ketone 117. Reagents and reaction
conditions: 1) Mel, t-BuOK; ii) C4H;MgBr, Et,0; iii) CsHsNCO, Py; iv) 225 °C

OH
133 134

Figure 11. Structure of alcohols 133 and 134.

The synthesis and structure confirmation by X-ray analysis of compound 134 has been accomplished'’’
starting from dehydroionone derivative 135'** (Scheme 21).
5.2. Chamigrene derivatives.

133
Two others

Compounds 143 (oxachamigrene) and 144 were isolated from Laurentia obtuse.
halogenated sesquiterpenoids, compounds 145 and 146, were also isolated from L. obtuse'™* and L.

pannosa'> respectively (Figure 12).”

“For an exhaustive review on the halogenated organic molecules of Rhodomelaceae origin, see: B. G.
Wang, J. B. Gloer, N. J. Ji, and J. C. Zhao, Chem. Rev., 2013, 113, 3632. The Rhodomelaceae is the
largest marine red algal family. A total of 1058 naturally occurring compounds were isolated and
characterized from Rhodomelaceae (1960-early 2012). Of these, 76% were halogenated molecules.
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(0] (0]
= =
0 .
i) i)
—_— —_—
135 136
137,Z = o-H; B-OH

ii C 138, Z = a—OH; p-H
139, 7=0

iv) vii)
138 ——>

—= 134

142
140, R=H
V) C
141, R=Ts
Scheme 21. Synthesis of alcohol 134 from dehydroionone derivative 135. Reagents and reaction

conditions: 1) Reference 132; ii) H,O, dioxane; iii) CrOs, H,SO4, H,0; iv) mCPBA, CH,Cly; v) TsOH,
py; vi) NaH, THF; vii) LiAlH4, THF

Br
143, R=H 145 146
144, R=0OAc

Figure 12. Structures of compounds 143-146

Compounds 143 and 144 show the chamigrene (spiro [5,5]undecane) skeleton 147, formally originate
from linking the bonds C1-C6 and C6-C11 of farnesane 148 (Scheme 22a) whereas compound 145
representing a new class of cyclohexylcyclohexane-containing carbon skeleton 149 that may be
rationalized as arising from C11—C14 cyclization of the bisabolane framework 150 (Scheme 22b). Finally,
compound 146 (pannosane) possessing a new carbon skeleton 151 appears to result from a methyl
migration from C11 to C10 of chamigrene framework 147 (Scheme 22¢)."*® For compounds 143, 144
and 146 two biogenetic pathways have been proposed starting from y-bisabolene 152. Both sequences are

outlined in Schemes 23 and 24.
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15

150 149

Scheme 22. Biogenetic origin of compounds 143-146

146 ~

157

Scheme 23. Proposed biogenetic pathway for compounds 143 and 146 (I) (see references 133 and 135)

5.3. Laurenditerpenol and derivatives.

7 was shown to

(-)-Laurenditerpenol 166 (Figure 13), isolated from the red alga Laurencia intrincata,"
inhibit activation of hypoxia inducible factor 1 (HIF-1). The HIF-1 plays an important role in cellular and

systemic responses to hypoxia (condition in which the body or a region of the body is deprived of
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adequate oxygen supply). This inhibitory activity constitutes a valuable alternative for the late-stage

cancer therapy.'®

< - | - l
o) o -
152 161 162 g, C!
— 143
HO
cl
165 B

Scheme 24. Proposed biogenetic pathway for compounds 143 and 144 (II) (see reference 133)

OH

166

Figure 13. Structure of (-)-laurenditerpenol, 166

Considering that brominated terpenes are among the most common natural products produced by
Laurencia spp. seems logical to assume that the compound 166 may be biogenetically formed from
farnesyl pyrophosphate 167 through a sequence bromine assisted-cyclization-debromination of a
diterpene precursor 171 as indicate in Scheme 25."’

A synthesis of racemic 166 and its diastercomer 175 was achieved'®” in a convergent fashion (Scheme
26) by coupling fragments 176 and 177 via Julia olefination procedure followed by reduction and
deprotection of the dehydro derivatives 180 and 181. Aldehyde 176 was synthesized from enone 178"
in a nine-steps sequence whereas sulfone 177 was prepared from the DA adduct of 2,5-dimethylfuran
and maleic anhydride'"' 179 in eight steps. Coupling of 176 and 177 yielded a mixture of cis-and trans-
products 180-183 from which the desired E-products could be separated by flash chromatography and

submitted to diimide reduction to give a 1:1 mixture of 184 and 185.
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I H
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H,O OH OH
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>
Br
170 171 172
H,0 OH OH -BF, -H+ OH OH

174

Scheme 25. Proposed biosynthesis of (-)-laurenditerpenol 166

Treatment of this mixture with TBAF afforded 166 and 175 which were partially separated by
chromatography. In the context of the synthetic sequence depicted in Scheme 26, two comments are
pertinent: a) Unfortunately the Julia-Kocienski olefination between lactol 203, prepared from 188 by
reduction with DIBAL, and sulfone 177 failed probably because the lactol exits mainly in the cyclic form
(Figure 14); b) Compound 188 is known as wine lactone. Wine lactone was found in white wines. There
are 8 possible isomers of wine lactone being the (35, 3a S, 7aR) isomer the only one that has been found

in wine. The odour threshold of the wine lactone is 0.00001-0.00004 ng/1 in air."**

OH
@)

203

Figure 14. Structure of compound 203
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CO;Me Cone ‘CO,Me : |
:  OH
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—. ®/—. EB/ @[ >=S Ar = 2-benzothiazole
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Xi)
176 + 177 ——>
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xu) \\\\\ A
180 + 181 Xiii) 166
175

Scheme 26. Synthesis of racemic Laurenditerpenol 166 and isomer 175. Reagents and reaction
conditions: 1) NaBHy, CeCl;, MeOH, 88%; ii) a. KOH, EtOH; b. DCC, DMAP, 38% (two steps); iii)
LDA, Mel, -78 °C, 85%; iv) DIBAL, -78 °C, 84%; v) a. LiAlHy, 0 °C; b. PivCl, py; c¢. TBSCI, Im-H; d.
DIBAL, -78 °C; e. TPAP, NMO; 51% (five steps); vi) a. Hy, Pd/C, AcOEt; b. MeOH, heat; 79% (two
steps); vii) MeONa, MeOH, 95%; viii) a. BH3;-THF; b. TsCl, py, CH,Cl,; 79% (two steps); ix) DIAD,
PPh;, CH,Cl,, 25 °C, Ar-SH, 96%; x) mCPBA 0 °C, 95%; xi) LIHMDS, -78 °C, SiO,, 88%, Z:E=1:1 xii)
KCO,;N=NCO:K, py, AcOH, MeOH, SiO,, 33%; xiii) TBAF, 72%

Compounds 187 and 192 have been synthesized'*'** in 99%ee and 87%ee respectively according with

the following protocols (Scheme 27): starting from the DA adduct of 1,3-cyclohexadiene and methyl
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acrylate 195,” the nitrosobenzene-mediated transformation into ketone 196 followed by Baeyer-Villiger
oxidation, ring-opening reaction and MeMgBr addition, cleany afforded 187 without any loss of optical
purity (Scheme 27a). On the other hand, the synthesis of 192 was achieved by Diels-Alder reaction of
2,5-dimethylfuran and allenic ester 198 in the presence of catalyst (§)-201, followed by reduction and
catalytic hydrogenation in the presence of Willkinson’s catalyst (Scheme 27b). Thus, this procedure

constitutes a convenient enantioselective approach to (-)-166.

CO,CF;
b) H/ |v)
198
199 200
H Ph I:I Ph
O%ph Ph

N. O \

H B TN BraAl
(S)-201 (S)-202

Scheme 27. Enantioselective synthesis of compounds 187 and 192 Reagents and reaction conditions: 1) a.
LDA, PhNO, THF, -78 °C. b. LiOH, dioxane-H,O, 35 °C; 68%; ii) mCPBA, NaHCO;, CH,Cl,, 0 °C,
85%; iii) a. LiOH, THF-H,O, rt; b. DMP, THF-CH,Cl,, 0 °C-rt; ¢. MeMgBr, THF-Et,0, 0 °C; d. 4M
H,S04, 0 °C-rt; 59% iv) Catalyst (S)-201 (5 mol%), toluene, -63 °C, 95%, ratio endo:exo = 87:13, 87% ee;
v) LiAlH4, Et,0, 0 °C-rt 99%; vi) Hz, 5 mol% [Rh(PPh3)]Cl, CH,Cl, rt, 88% (dr 83:17)

A related approach to (-)-166 has been accomplished'” through the addition of the organolithium
compound derived from 204 to aldehyde 176 (see Scheme 26). The oxanorbornane derivative 204 was
prepared from 192 which was in turn synthesized in seven steps from 205 (Scheme 28a). This compound
had been previously prepared by catalytic enantioselective Diels-Alder reaction of diethyl fumarate and

2,5-dimethylfuran'*® followed by hydrogenation of the resulting cycloadduct.

“Compound 195 has been previously synthesized by DA reaction of 1,3-cyclohexadiene and methyl
acrylate (90% yield, 99%ee) using the chiral oxazaboralidinone triflate 201 as catalyst. See Scheme 27
and reference 143. On the other hand, the catalytic DA reaction of 198 has also been carried out in the
presence of catalyst (S)-202 using cyclopentadiene and furan as diene components and several acrylic
esters as dienophilic counterparts. In most cases, (S)-202 was found to be superior to catalyst (S)-201. See
reference 144.
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2
CO,Et CO,R OH CO,Et CO,Et
EtO,C.,, iy R'OC, i) l, ii) >
- B —— - —— TBSO -
205 206 a) R'=H, R%= Et
1_) 2_ 207 208
b) R'=Et, R2=H
HO SPh
iV /, V) ’, i 7/ .
Y . g0 —— = T1BSO” /g;( ~ Y, tBso” v,
209 210 211
HO/:Q'Z( viii) /;@(
192 204

Scheme 28a. Reagents and reaction conditions: 1) LiOH, EtOH-H,0, 0 °C; ii) BHs.THF, THF, 74%; iii)
TBSCI, imidazole, DMF, rt; iv) DIBAL, THF, -78 °C, 90% two steps; v) PhSSPh, nBusP, toluene, rt,
95%; vi) Raney Ni, MeOH, rt; vii) AcOH, THF, H,O, rt, 89% two steps; viii) I, PPhs, imidazole, CH,Cl,,
0°C-40 °C, 92%

On the other hand, aldehyde 176 was synthesized in this approach from compound 213 (eight steps,
Scheme 28b).

/(j/K i) /O)\COZMe i) oij)\COZMe i)
212 213 214

Scheme 28b. Reagents and reaction conditions 1) Reference 147; ii) mCPBA, Na,HPO4, CH,Cl,, 0 °C,
86%; iii) a. PhSeBr, NaBH4, MeOH, rt to 65 °C; b. 30% H,0,, THF, 0 °C to 65 °C; 44%; iv) a. LiAlH4,
THF, 0 °C; b. PivCl, DMAP, Py, 0 °C; c. TBSCI, imidazole, DMF, rt; d. DIBAL, CH,Cl,, -78 °C, 67%:; v)
NMO, TPAP, MS 4A, CH,Cl,, rt, 85%

Compound 213 was obtained in three steps as a 1:1 mixture of diastereomers from S-limonene 212."*

Lithiation of 204 followed by slow addition of a solution of 176 in diethyl ether led to the formation of
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alcohols 217 in 30% vyield as a 3:1 mixture of C(8) epimers. After a further three-steps sequence,
compound (-)-166 was obtained in 31% yield over the last four steps (Scheme 28c).

|||)
DJYQ%Q)YQ
MeS
TBS. TB
Q o . 0
ST 5@
184 219

Scheme 28c. Reagents and reaction conditions 1) tBuli, pentane-Et,O, 30 min. Then, addition of 176,
-100 °C, 30%, epimeric mixture 3:1, 45% recovered 176; i1) NaHDMS, THF, CS,, Mel, -78 °C to rt; iii)
nBu;SnH, Et;B, toluene, rt, 80%:; ratio 184:219=2:1; iv) TBAF, CH,Cl,, 40 °C, 77%

It should be pointed out that the mixture of epimeric lactones 188 and 215 arises from the non isolated

compound 221 (Figure 15), via allylic rearrangement and lactonization.
O._OMe

HO

221

Figure 15. Structure of the non-isolated compound 221

The absolute stereochemistry of 166 was determined through an asymmetric total synthesis as well as
their distereomers 222-226."" The synthetic scheme was based on the coupling of the optically pure
sulfone (-)-227 and the halide 228 which were in turn prepared from 2,5-dimethyl-3(2H)-furanone 229
and R-(+)-pulegone 230 respectively. The preparation of compounds 227and 228 are outlined in Scheme

£,149

29. Reaction of 229 with methyl crotonate 231 produced racemic 232 which, after thioketalization

and hydrolysis afforded racemic 233. Resolution of this compound via N-acyloxazolidinones (-) and

“The formation of 232 may be due to either an “anion-assisted” DA cycloaddition through intermediate
254 or a sequential Michael additions. See reference 149.
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(+)-234 followed by standard transformations gave pure sulfones (-)-227 and (+)-227 (Scheme 29a). The
synthesis of both sulfones (-)-227 and (+)-227 were carried out starting from (-)-234 and (+)-234
respectively, through the same reaction sequence. Only the stereostructure of the “natural” moiety [from
(-)-234] is showed. The crystal structure of (-)-234 established the absolute configuration of the

oxanorbornene ring system of 166, previously proposed on the basis of NMR experiments.

229 -»-234
?
(+) -234 (-)-227
230

Scheme 29. Synthesis of intermediates 227 and 228. Reagents and reaction conditions: 1) LDA, Et,0,
cyclohexane, -78 °C, then 221, 69%j; ii) a. ethanedithiol, p-TsOH, benzene, reflux, b. LiOH, aq. MeOH,
92% two steps; iii) TEA, trimethylacetyl chloride, LiCl, (S)-4-benzyl-2-oxazolidinone, CH,Cl,, rt,
separation of distereomers (SiO, chromatography): (-)-234, 40%; (+)-234, 42%; iv) a. Raney Ni, EtOH,
reflux, 98%, b. LiBH4, THF, 0 °C, (-)-192, 93%; (+)-192, 94%, v) Ph3P, I,, imidazole, CH,Cl,, rt, (-)-204,
94%; (+)-204, 92%; vi) PhSOs;Na, DMF, 60 °C, (-)-227, 90%; (+)-227, 91%; viii) (CH,OH),, CSA,
benzene, reflux, 24 h., 73%, dr = 92:8; viii) NBS, Yb(OTf);, TMSCI, CH,Cl,, 0 °C, 15 min, 48%

The coupling of (-)-227 and bromide 228 afforded the sulfone 236 which was transformed into alcohol
237 in a stereo-and regioselective fashion via a sequence hydroboration-oxidation. The stereochemistry of
this reaction may be explained in terms of electrophilic borane addition according with the
Felkin-Anh-Houk hypothesis.® Further transformation of 237 into ketone 238 was accomplished
through a six-step sequence. Regioselective reduction of 238 gave a chromatographically separable C1
epimers 222 and 223 (Scheme 30a).

The remaining stereoisomers 166 and 224-226 were synthesized from sulfone 236 following the
previously developed synthetic strategy but altering the reaction sequence (Scheme 30b). Thus,
considering that the observed stereoinduction in the hydroboration reaction of 236 was consequence of

the presence of the phenylsulfone functionality, compound 236 was first desulfonylated. After reduction
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and further sulfinylation, a chromatographically separable mixture of diastereomers 241 was obtained.

, — o
- (e) ~\\o ? B

236 237

vii)

243

Q= OH : OH -
2 — > . + ‘.
244 224 225

c)

Ph
OH OH
166 226

241b
7 =S0,Ph

Scheme 30. Synthesis of compounds 224, 225 and 166, 226. Reagents and reaction conditions: 1) nBuLi,
HMPA, THF, -40 °C, then 228, 98% (dr 95:5); ii) a. BH3-S(CHs),, THF, 10 h; b. H,O,, NaOH, 0 °C, 87%,
two steps; iii) a. (PhS),, (nBu);P, toluene, rt, 94%; b. Raney Ni, EtOH, reflux, 90%; c. PdCl,(MeCN),,
acetone, 1t, 92%; d. Na-Hg (10%), MeOH, rt, 68%; e. LDA, PhSeCl, THF, -78 °C; f. Py, H,O,, CH,Cl,,
H,0, 0 °C, 78%; 1v) CeCls, NaBH4, MeOH, 0 °C, 72%; v) Na-Hg, MeOH, rt, 6 h, 78%; vi) a. BH3-DMS,
THF, then H,O,, NaOH, 0 °C, 86%; vii) (PhS),, (nBu);P, toluene, rt, 90%. Ratio 241a:241b=3:1; viii) a.
Chromatographic separation; b. Raney Ni, EtOH, reflux, 94% for 233a, 90% for 242b; ix) KOH, MeOH,
rt, 12 h, 30% epimerization for 242a; 35% epimerization for 242b; x) a. LDA, -78 °C; HMPA, THF, 1 h.
Then PhSeCl, 2 h; b. H;O,, THF, 30 min, 72% 244a; 68% 244b, two steps; xi) CeCls;, NaBH4, MeOH, 0
°C, 84% (ratio 224:225= 2:3), 80% (ratio 166:226= 2:3)
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Separation of both C7 epimers, reductive elimination of phenyl sulfide in 241 and deketalization yielded
ketone 242 which, after epimerization to 243, dehydrogenation to enone 244 and regioselective reduction,
produced stereoisomers 224 and 225 in ratio 224:225 = 2:3.

Following the same synthetic sequence, stereoisomers 166 and 226 were also synthesized from 241b
(Scheme 30c). Synthetic 166 shows 'H- and *C-NMR spectra, rotation value and TLC behaviour
identical to a sample of the natural product.

Compounds 223 and 224 were evaluated for their ability to inhibit hypoxia-induced HFI activation,
showing that the inversion of configuration at C7 (compound 224) was associated with a 76% drop in
potency relative to synthetic 166 whereas inversion of configuration at C1, C6 and C7 (compound 223)
results in total loss of biological activity.

A notable improvement of this synthetic sequence applied to the total synthesis of both enantiomers of
laurenditerpenol has been achieved'' by modification of the following original features:

* Bromide 228 was substituted by bromide (+)-245. This compound was synthesized in four steps from
(S)-citronellal 246 via ZnCl,-catalyzed intramolecular Prins cyclizations'> to give (+)-isopulegol 247
following by silyl protection and regioselective allylic bromination (Scheme 31). In the synthesis of
(+)-247 from 246, minor amounts (11%) of (-)-neo-isopulegol 255 were also obtained. The mixture of

(+)-247 and (-)-255 was easily purified by SiO, column chromatography.

T

(+)-247 (+)-245
P=TBS
Scheme 31. Synthesis of bromide 245. Reagents and reaction conditions: 1) ZnCl,, Et,0-CH,Cl,, -78 °C
to rt, 14 h, 70%; ii) a. TBSOTT, imidazole, 0 °C to rt, 5 h, 98%; b. NBS, Yb(OTf);, DCM-THF, 0 °C to rt,
92%

* Coupling of (+)-245 with sulfone (-)-227'** (Scheme 32) gave (+)-248 which, after TBS deprotection,

#1335 of this compound using Crabtree’s catalyst'™* yielded

afforded 249. Hydroxy-directed hydrogenation
(-)-250 which was desulfonylated to (-)-251. The transformation of (-)-251 into (-)-166 was achieved via

the ketone (-)-252 and enone (-)-253 using the same synthetic protocols depicted in Scheme 30. The

“The stereochemistry of this directed-hydrogenation reaction appears to be a consequence of
simultaneous coordination of Ir to the hydroxyl group at C1 and the alkene between C7-C19, forming a
rigid, chair-like intermediate. In this context, see reference 153.



HETEROCYCLES, Vol. 90, No. 2, 2015 773

unnatural (+)-166 was synthesized following the same synthetic sequence starting from sulfone (+)-227'*

and bromide (-)-245 prepared from commercially available (-)-isopulegol.

2y OH |z,
i) M
-)-227 "

(+)-245 (+)-248 v (-)-249
o*é@r U“@r o~y
(-)-250 -)-251 -)-252

VI) vu) P=TBS
Z=SOQPh
-)-253 -)-166

Scheme 32. Synthesis of laurenditerpenol 166. Reagents and reaction conditions: 1) nBuLi, HMPA, THF,
-40 °C, 5 h, dr 85:12; ii) TFA, CH,Cl,, 0 °C, 2 h, 90%; iii) Crabtree’s catalyst, CH,Cly, rt, 3 h, 90%; iv)
Na-Hg, MeOH, rt, 30 min, 85%; v) DMP, CH,Cl, 0 °C, rt, 3 h, 92%; vi) a. LDA, PhSeCl, THF, -78 °C, 5
h; b. Py, H,O,, CH,Cl,, 0 °C, 2 h, 85% two steps; vii) CeCl;, NaBH4, MeOH, 0 °C, 82%

6. C -15 ACETOGENINS. MANOENENE AND ISOMANOENENE GROUP

The C-15 acetogenins™'> belong to a large family of halogenated& compounds commonly found in
species of the family Rhodomelaceae. The manoene group features a skeleton of
hexahydro-2,6-methanofuro[3,2-b]furan 256 whereas the biscarbocyclic skeleton of isomaneonenes

consist in a system of octahydro-1,3-dioxa-2,4-mathanocyclopenta[cd]pentalene 257 (Figure 16).

o)

4? %
o) o
256 257

Figure 16. The basic skeleton of manoenenes 256 and isomanoenenes 257

"The difference between C-15 acetogenins and sesquiterpenes consists in their different biogenetic
pathway. The sesquiterpenes, like all terpenoids, are formed by condensation of isopentenyl
pyrophosphate (see reference 64) whereas C-15 acetogenins arise biogenetically from a common C-15
precursor which derives from a C 16 fatty acid. See reference 155.

“In these halogenated compounds as well as in halogenated sesquiterpenes the role of marine
haloperoxidases appears to be well documented: A. Butler and J. N. Carter-Franklyn, Nat. Prod. Rep.,
2004, 21, 180.
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All manoenene derivatives isolated up the date are quoted in Table 1. All of them have been isolated from
Laurentia species and, as common characteristic, each manoenene derivative features terminal ethyl and
cis- or trans enyne units. In addition, all maneonene are bromochlorinated with chlorine at C5 and

bromine at C13.

Table 1. The maneonene group

R', R?2=Et, Br
------------------ Stereochemistry

Comp.n°(a) | C3,4 |C5|C6 | C7|C9 |CI0|Cl11 | Cl12,13 | Source(c) | Reference
258 VA R |S |[R |[R |R S E L.n. 156
157
259 VA R |S |[R |R |R S Z L.n. 156
157
260 E R |S |[R |R |R S Z L.n. 156
157
261 VA R |[R |R |R |R S E L.n. 157
158
262 E R |S |[R |R |R S Z L.p. 159
263 E R |R |R |R |R S E L. p; 159
L.o. 160
264 (b) VA R |R |R |R |R S Z L.o. 160
265 (b) Z S* |R* | R* |R* |R* | S§* |Z L.sp 161
266 VA S* |R* | R* | R* | R* |S* |E L. m. 162

(a). Names assigned: 258, cis-maneonene A; 259, cis-maneonene B; 260, trans-maneonene B; 261,
cis-maneonene C; 262, 12-Z-trans-maneonene B; 263, 12-E-cis-maneonene E; 264,
12-Z-trans-maneonene C; 265, Lembyne A; 266, 12-E-lembyne A. (b) Relative stereochemistry. (¢) L. n.:
Laurecia nidifica; L. P.: Laurencia papillosa; L. o.: Laurencia obtusa; L. sp.: unidentified Laurencia
species, L. m.: Laurencia mariennensis

The biological activity of some of these compounds has been evaluated. Thus, compound 263 induces

apoptosis and may be involved in regulation of programmed death in the initiation and propagation of
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inflammatory responses.'® Also this compound showed high potential as a natural insecticide against the
beetle larvae Tribolium confusus and against the larvae of mosquito Culex pipiens.'” On the other hand,
compounds 265 and 268 show antibacterial activity against some marine bacteria.'®’

Regarding the isomaneonenes, also isolated from Laurencia species, these compounds are all
dibrominated at C-12 and C-13 showing, as the manoenene derivatives, the terminal ethyl and cis- or

trans-enyne units (Figure 17).

R' R?=Et, Br
267, isomaneonene A,15 7,158 58, 13R; 268, lambyne B,161 SR* 13R*; 269, isomaneonene B,15 8 58, 138.

Figure 17. Structures of isomaneonenes 267-269

To the best of our knowledge only the synthesis of cis-maneonenes A 258 and B 259 and trans-
manoenene B 260 have been described in racemic form.

In both synthetic approaches (Scheme 33, a and b) the starting material was the readily available lactone
270.' For the synthesis of 258 and 259 (Scheme 33a)'®* lactone 270 was transformed into hemiacetal
271. Bromination of this masked carbonyl group afforded the bromoacetal ester 272 as a mixture of
stereoisomers. This compound was converted into aldehyde 273 which reacts with
4-lithio-1-trimethylsilyl-butadiyne ' yielding a mixture of diastereoisomers 274 and 275. Partial

catalytic hydrogenation'®

of 274 gave 276 which, under pyrolytic conditions, gave a mixture of
bromoenol ethers 277 and 278 in 20% and 30% yield respectively. After separation by column
chromatography, independent reaction of 277 and 278 with
(1-chloro-2-methyl-propenyl)-dimethylamine'®’ produced alcohols 279 and 280 which were desilylated
to 258 and 259 respectively. For the synthesis of trams-maneonene B, the reduction of 275 was

accomplished with LiAIH4 to give 281 which after the same reaction sequence furnished 260. (Scheme

33b).'%8

7. OTHER SESQUITERPENOIDS

Oxanorbornane derivatives 285-288 as well as the rearranged sesquiterpenoid 289 (Figure 18) have been

isolated from different natural sources.'®’
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On the other hand the eudesmanolide 290%!”° has been isolated from Artemisia caerulescens and is

probably generated by acid-catalyzed cyclization of shonachalin A 291 (Scheme 34).""!

Q CO,H i Q CO.H i) Q CO,Me i) Q CHO
{. z . - . —
0 o 0 OH 0 OMe o) OMe
270 Br Br Br
271 272 273

259
Scheme 33a. Reagents and reaction conditions: 1) PhMgBr, Me,NCH,CH,;NMe,, THF, -78 °C, 76%:; i1)
Br,, MeOH, rt, 70%; iii) a. LiBH4, THF, reflux, 4 h; b. pyridinium chlorochromate, CH,Cl,, rt, 4 h, 67%;
iv) MgBr,, LiC4SiMes, Et,O, -78 °C to rt, 1 h; b. flash chromatography; v) H,, 5% Lindlar catalyst,
hexane-MeOHI-EtOAc, 30-40% yield, 50% 274 recovered; vi) 200 °C, 0.1 mm. Hg, 30 min, 20% 277,
30% 278; vii) Me,NC(Cl)=CMe,, CH,Cl,, 0 °C, 0.5 h, 59% for 279, 59% for 280; viii) BusNF, THF, rt,
30 min, 40% for 258; 40% for 259

“In reference 1, p. 13538 compound 290 was named as shonacholin B. However the correct structure of

shonacholin B is 292 (stereochemistry not determined). See reference 170.
o

292



HETEROCYCLES, Vol. 90, No. 2, 2015 777

The oxanorbornane derivative 293 (1,4-epoxycadinane) was isolated from the brown alga Dilophus

fasciola."™ The total synthesis of this compound (Scheme 35)'"

constitutes a nice example of the
application of the intramolecular furan Diels-Alder reaction (IMDAF) to the synthesis of epoxydecalin

174
systems.'’

SiM93

282 283

282 L

284 260
Scheme 33b. Reagents and reaction conditions: 1) LiAlH4, THF, reflux, 90 min, 65%; ii) N,N-dimethyl-
acetamide, reflux, 30 min, 65%; iii) Me;NC(Cl)=CMe,, CH,Cl,, propylene oxide, 0 °C to rt, 45 min,
55%; iv) BusNF, THF-H,0 (99:1), 0 °C, 30 min, 35%

286, R= CO-p-(OMe)-CgH, 288
285 287, R=Ac

289

Figure 18. Structure of sesquiterpenoids 285-289

OH

~OH acid-catalyzed

. cyclization

0]

291 290

Scheme 34. Acid-catalyzed cyclization of shonachalin A 291

The Friedel-Crafts alkylation of 2-methylfuran with (2E)-but-2-enal provided aldehyde 294 which was

converted into iodide 295 in a three-steps sequence: reduction with NaBH,, conversion of the resulting



778 HETEROCYCLES, Vol. 90, No. 2, 2015

alcohol into tosylate and reaction with Nal in acetone. Treatment of 295 with 2.2 equivalents of
t-butyllithium followed by reaction with acroleyn provided allylic alcohol 296 as a mixture of
diastereomers which were oxidized with DMSO, (COCI),, Et;N (Swern) to furnished enone 297.
Reaction of 297 with 1.1 equivalents of methylaluminium dichloride gave a mixture of cycloadducts 298

and 299 in ratio 298:299= 90:10.

o .
/@+A\)LHL»/\ Ho— e IL,

294

205 -
OH _ o :
/N - W N v, +
0o 0
296 297 o) o]
208 299
o | CHO :
300 s01  OMe 302 PN
303
X) Xi)
/—\ /E\

Scheme 35. Synthesis of racemic 1.4-epoxycadinene 293. Reagents and reaction conditions: 1)
hydroquinone, 1 drop H2SO4, 53%; ii) a. NaBH4, EtOH, b. TsCl, DMAP, CH,Cl,, c. Nal, acetone, reflux.
overall yield not specified in reference 173; iii) a. 2.2 equiv. rBuLi, Et,0, -78 °C; b. CH,=CH-CHO, 70%;
iv) Swern oxidation, 90%; v) a. MeAICl,, 1.1 equiv., -78 °C, 15 min; b. flash chromatography, 88% yield
for 298; vi) Hy, 1 atm, 10% Pd-C, AcOEt, 95%; vii) PhsPCH,OMeCl, LDA, THF, 82%; viii) 10%
HCI:THF (1:1), 63%; ix) a. 20 equiv. MeLi, THF, -78 °C, b. Swern oxidation. Overall yield 87%; x)
Ph;PCH;Br, nBuLi, THF, 76%; xi) Hy, 1 atm, PtO,, AcOEt, 93%

After column chromatography, compound 298 was isolated in 88% yield. The hydrogenation of 298
followed by Wittig reaction of the resulting ketone 300 with the ylid of (methoxymethyl)triphenyl-
phosphonium chloride afforded compound 301 as a mixture of E- and Z-diastereomers. This mixture was
treated with dilute HCI in THF giving aldehyde 302. This compound was converted into methyl ketone
303 in two steps. Reaction of 303 with the ylid of methylentriphenyl phosphorane gave vinyl derivative
304 which was finally hydrogenated to 293.
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Note that, in the major isomer 298, the methyl group at position 2 (axial) is syn oriented regarding the
oxygen bridge (Figure 19).

It should be pointed out that, from ketone 300, a shorter-three steps route to 293 was tried. However,
treatment of compound 305, generated by reaction of 300 with isopropyllithium in the presence of Cul,

did not provide 293 under a variety of conditions (Scheme 36).

Figure 19. Preferred conformation of compound 298

i-PrLi, Cul, g@
R ke N > 293
300 Et,0, -78 °C

/-\
305

Scheme 36. Attemps to synthesis of compound 293 from ketone 300

8. DITERPENOIDS

8.1 The dactylomelane group.

Diterpenes bearing the 35,65,7S,10R,11S-oxanorbornane 306 constitutes the so-called dactylomelane
group.'” Up the date eight members of this group have been isolated from different natural sources
(Table 2).

Regarding the biogenesis of the basic skeleton of dactylomelane it can be envisaged as resulting of a
brominium ion-assisted C6-C11 cyclization of geranylgeraniol pyrophosphate 316 (via 317) to give
intermediate 318. Further Sny2-like reaction on bromine at C-10 give puctatene 308 which could diverges
to the formation of dactylomlelol 307 or produce compounds 310-314 by the action of peroxidases

(Scheme 37).'”
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Table 2. The dactylomelane group

Comp.n°(a) | Source R, R’ Reference
307 Aplysia R=(CH,),-C'*H(Br)-C(Me),Cl 176
dactylomella Conf. C14-S; R'=H.
(mollusc)
308 Laurencia sp. R=(CH,),-CH=C(Me), ;R'=H 175
309 Aplysia punctata R=(CH,),-CH=C(Me), ; R'=Ac 177
(sea hare)
310 Laurencia sp. R=CH,-CH=CH-C(Me),-OOH; R'=H. Conf. C13=C14 | 175
E
311 Laurencia sp. R=CH,-CH=CH-C(Me¢),-OOH ; R'=H 175
Conf. C13=C14 Z
312 Laurencia sp. R=(CH,),-C'"H(OOH)-C(Me)=CH, 175
Conf. C14-S; R'=H
313 Laurencia sp. R=(CH,),-C'*H(OH)-C(Me)=CH, 175
Conf. C14-S; R'=H
314 Laurencia sp. R=(CH,),-CO-C(Me),-OOH; R'=H 175

(a). Names assigned: 307, dactylomelol; 308, puctatene; 309, puctatene acetate; 310,
E-dactylohydroperoxide A; 311, Z-dactylohydroperoxide A; 312, dactylohydroperoxide B; 313,
dactylo-3,14-diol; 314, dactylohydroperoxide C

Related with these compounds, metabolite 315 -dactylopyranoid (Figure 20)- has also been isolated from

178
I
@:@Br
315

Figure 20. Structure of dactylopyranoid 315

Aplysia dactylomella.
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11 6
16~ 1 _ _~_OPP
1 =
20 19 18 17
316
16~ ~ 17 16
10_\11 6 | = 1 6 17
— 20 Bf L\ N opP —m> Brio OH ||
\ 1 20 | oPpP
19 19 1
18 18
317 318

Scheme 37. Proposed biosynthesis of compounds of the dactylomelane group. Reagents: i) Br'Cl, see
Scheme 23; ii) Peroxidases.

A related pathway has been proposed for the biosynthesis of 315'7® (Scheme 38). In this case the first
bromine ion-assisted cyclization of 319 occurs between C10-C15 to give intermediate 320. On 320 takes
place the formation of the pyrane ring of 315 through a second bromine ion-assisted cyclizations between
the oxygen at C-3 and C-7 (321). Bromine ionization and 1,2-methyl shift form 322 in equilibrium
(1,2-hydrogen-shift) with 323. Final intramolecular collapsing of 323 by cyclizations between oxygen at

C-11 and C-14 generates the oxanorbornane subunit of 315.

-Br
Me-shift

— 315

Scheme 38. Proposed biosynthesis of dactylopyranoid 315

Compound 307 has been proposed as a potentially useful defensive substance.'”
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8.2. Diterpenoids with ent-clerodane (neo-clerodane) and dolastane skeleton.

The basic structure of ent-clerodane (neo-clerodane) diterpenoids family, 324 (Figure 20) is named as
decahydro-1,2-4a,5-tetramethyl-1-(3-methyl-pentyl)naphtalene.'” On the other hand the dolastane basic
skeleton, 325 (Figure 21) is named as tetradecahydro-3a,5,8a-trimethyl-1-(1-methylethyl)

benz[flazulene."™®

Figure 21. Basic skeleton of ent-clerodane (neo-clerodane), 324, and dolastane, 325, diterpenoids

Teupestalin 326 (Figure 22) is a C-10 oxygenated neo-clerodane diterpenoid isolated from Teucrium
pestalozzae."®" On the other hand the 1,4-epoxy-13-dolastene 327 has been isolated from a brown alga
Dictyota sp."™ A second dolastane diterpene (1,4-epoxy-17-dolastene) 328 has been isolated from the

brown alga Dilophus spiralis."*

Figure 22. Structure of neo-clerodane and dolastane derivatives, 326-328

9. TRITERPENOIDS

9.1. Cycloartane triterpenes.

Cycloartane triterpenoids'®* feature the basic skeleton of 17-(1,5-Dimethyl-hexyl)-4,4,13,14-tetramethyl-
tetradecahydro-cyclopropa[9,10]cyclopenta[a]phenanthrene 329 (Figure 23).

These compounds exist widely in nature'® and possess various bioactivities."*® Cimicifuga (currently
Actaea in Europe and USA) species have been used for many years as medicinal herb worldwide.
Previous chemical and biological studies on Cimicifuga species led to isolation of various bioactive

1
compounds.'®’
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Figure 23. The basic skeleton of cycloartane triterpenoids, 329

In fact, the roots of some of these species such as C. foetida, C. dahurica, and C. heracleifolia are
important elements of Traditional Chinese Medicine (TCM) and have been officially listed in the Chinese
Pharmacopoeia.'™ Several modified cycloartane triterpenoids isolated from these natural sources as well
as semi- synthetic analogues showing a 7-oxanorbornane framework (230-244) are quoted in Tables 3-6

and Figure 24.

Table 3. Acerinol derivatives 230-233

Compound Structure Reference
Acerinol, 230 248, R'=R’=H 189
Epi-acerinol, 231 24R, R'=R*=H 190, 191

25-OMe-acerinol, 232 | 24S, R'=H, R*=Me | 190
15-Acetylacerinol, 233 | 24S, R'=Ac, R*=H | 190

Table 4. Acerionol derivatives 234, 235
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Compound Structure | Reference
Acerionol 234 R=H 192
24-Acetylacerionol 235 | R=Ac 192

Table 5. Cimicifugenin derivatives 236-239

Compound Structure Reference
Cimicifugenin C 236 R'=R*=H 193
Cimicifugenin A 237 R'=H, R=Ac | 193

26-OMe-cimicifugenin A 238 | R'=Me, R=Ac | 193
26-OEt-cimicifugenin A 239 | R'=Et, R"=Ac | 193

Table 6. Cimiacerol derivatives 240, 241

Compound Structure | Reference
Cimiacerol 240 R=H 194
OMe-cimiacerol 241 | R=Me 195

OAc

242 243
196
3

196
4

Figure 24. Structures of heracleifolinol 242,'* cimicilactone 24 and cimifugenin D 24
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On the point of view of the biological activity of these compounds, it is known that active ingredients
derived from traditional Chinese medicinal herbs have been reported to reverse multidrug resistance
mediated by ATP-binding cassette sub-family B member 1 (ABCBI1).% In this context, acerinol (234) was
tested for its potential to modulate the ABCBI transporter. The results indicate that this compound could
be developing as a new multidrug resistance reversal agent.'”’

Compounds 230-233, 235 and its epimer at C-24 and 241 have been evaluated as potential antitumor
promoters by inhibition of Epstein-Bar virus" early antigen concluding that these compounds might be
valuable anti-tumor promoters.'”®

Finally, the antilipenic'” and antimalarial®®® activities, among others®®' have also been considered.

8.2. Baccharane triterpenes.

The baccharane-type triterpenes features the basic skeleton 245 (Figure 25)2% derived from

octadecahydro chrysene.

245

Figure 25. The baccharane skeleton

Baccharis oxide 246 (Figure 26) is a triterpene oxide first isolated”” from Baccharis halimifolia being
also common in many Baccharis species™ This compound together campanulin (dendropanoxide, see
below) are the only natural triterpenes showing a 3,10-oxide bridge in the A ring,”* within the family of

the baccharane-type triterpenes.**®

“The ABCBI is an important glycoprotein (170 kDa) of the cell membrane that pumps many foreign
substances out of cells. In 2009, the first structure of a mammalian ABCB1 protein was solved. See: S.
Aller, J. Yu, A. Ward, Y. Weng, S. Chittaboina, R. Zhug, P. M. Harrell, Y. T. Trinh, Q. Zhang, 1. L.
Urbatsch, and G. Chang, Science, 2009, 323, 1718.

"The Epstein—Barr virus (EBV) is one of the most common viruses in human. It is associated with several
particular forms of cancer. See: E. Maeda, M. Akahane, S. Kirgu, N. Kato, T. Yoshikawa, N. Hayashi, S.
Aoki, M. Minami, H. Llozaki, M. Fukuyama, and K. Ohtomo, Jpn. J. Radiol., 2009, 27, 4. As
consequence, many compounds that inhibit EBV-EA induction by tumor promoters have been shown to
act as inhibitors of tumor promotion in vivo. See: J. Ishida, M. Kozuka, H. K. Wang, T. Konoshima, H.
Tokuda, M. Okuda, X. Y. Mou, H. Nishino, N. Sakurai, K. H. Lee, and M. Nagai, Cancer Lett., 2000,
159, 135.
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"'//\)\

246

Figure 26. Structure of baccharis oxide, 246

Biogenetically compound 246 arises from squalene oxide 247 via baccharenyl cation 248 which was in
turn generated through a sequence involving intermediates 249 and 250. Successive 1,2-shifts and
conformational changes afford cation 251. Final intramolecular attack of 3p-hydroxyl group yields 246.

(Scheme 39).2"

Scheme 39. Biosynthesis of 246 from squalene oxide 247

The ketone shinone 252°°® appears to be derived from the same cation 251.>”” Compound 252 was
transformed into dehydrobaccharis oxide 253** via formation of 3pB,4B-epoxyshionane 254 followed by

reaction with BF3-OEt; at -30 °C  (Scheme 40).
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251 252

254 253

Scheme 40. Biosynthesis of 252 and transformation of 252 into 253. Reagents and reaction conditions: 1)

See reference 210; i1) BF5;-OEt,, Et,0, -30°C, 1 h, 17%

In this reaction the following baccharane derivatives 255-258 (Figure 27) were also generated.

Figure 27. Baccharane-type triterpenoids 255-258

1 2

Recent studies have revealed the macrophag,®'' trypanocidal,”’* and antimicrobial®"’ activities of

compound 246.
Dendropanoxide (campanulin) 259 (Figure 28) was first isolated from the leaves of Rhododendron

214 . 215
grande” " as well as from others Rododendron species.
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Figure 28. Structure of dendropanoxide (campanulin) 259

On the biosynthetic point of view dandropanoxide arises from baccharenyl cation 248 via lupanyl cation
260. After a sequence of 1,2-shifts catalyzed by oxidosqualene cyclases (OSCs),”*'® 260 is transformed
into 261. Quenching of 261with the hydroxyl group at C-3 finally produced 259 (Scheme 41).%"’

Scheme 41. Biosynthesis of dendropanoxide 259 from baccharenyl cation 248

A synthesis of 259 starting from friedelin 263 has been carried out’’ as indicate in Scheme 42. Friedelin

12" Epoxidation

was transformed into friedel-3-ene 264 following previously reported synthetic protoco
of 264 with mCPBA gave the epoxides 265 and 266 in ratio 265:266 = 2:1. After separation, 266 was

treated with BF5-OEt; to give 259 in 22% yield.

“The first committed step in triterpenoid biosynthesis is the cyclization of epoxysqualene into various
triterpene alcohol isomers, a reaction catalyzed by oxidosqualene cyclases (OSCs). The different OSCs
have characteristic product specificities, which are mainly due to differences in the numbers of
high-energy intermediates the enzymes can stabilize. See reference 216.
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3,400 265
3B,4p 266

Scheme 42. Synthesis of 259 from friedelin 263. Reagents and reaction conditions: 1) Reference 218; ii)

mCPBA, CHClIs; 1i1) Chromatographic separation; iv) BF5;-OEt,, Et,0, -10 °C, 22%

In addition of 259, products 267-269 (Figure 29) were also identified in the last reaction depicted in
Scheme 42.

Figure 29. Structure of compounds 267-269

Dendropanoxide 259 has been used as starting material for the preparation of other triterpenoids. Thus,
acid treatment’”’ of 259 afforded a mixture of 270 and 271. After separation, 270 was converted into

daturadiol 272**° or isomultiflorenol 273 (Scheme 43).7*'*
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Scheme 43. Synthesis of daturadiol 272 and isomultiflorenol 273 from dendropanoxide 259

223
1

The antiplasmodial®*® and antidiabetic*** activity of 259 have been evaluated. On the other hand, this

225

compound inhibits cell-proliferation and induces apoptosis in MG-63 human osteosarcoma cells.” In

this way, 259 constitutes a promising strategy for human osteosarcoma control.”**®

9.3. The glycinoeclepins.

The glycinoeclepins A (274), B (275) and C (276) (Figure 30) are nortriterpenoids isolated from the

227

soybean cyst nematode Heteropdena glycines (274)"°" and from the dried root of the kidney bean

Phasedus vulgaris (274-276).** These compounds, especially 274, are potent hatching stimulus for the
soybean cyst nematodes.>*** The biosynthetic precursor of 274 appears to be the plant sterol cycloartenol
277 and this was the basis for a biomimetic synthesis of 12-deoxyglycinoeclepin 278

abietospiran 27972 (Figure 30).

starting from

“Dendropanoxide induces autophagy through ERK1/2 activation in MG-63 human osteosarcoma cells and
autophagy inhibition enhances dendropanoxide-induced apoptosis. See reference 226.

‘t’Cyst nematodos (more than 40 species) are devastating pests for many crops. The infection causes
various symptoms that may include chlorosis of the leaves and stems, root necrosis, loss in seed yield and
suppression of root and shoot growth. By this reason the ecological eradication of the nematode
constitutes a target of primary importance. See reference 229.
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CO,H

277

MeO

279 278

Figure 30. Structures of glycinoeclepins A-C (274-276), cycloartenol 277, abietospiran 279 and
12-deoxyglycinoeclepin 278

Until 1991 three total syntheses of 274 have been reported.”>> These synthetic approaches were described

4

in detail in several reviews™" and they will not be discussed here. A total synthesis of 274 based on the

coupling of the fragments 280 and 281, Scheme 44, has been reported.””

280: carbanion specie
X: leaving group
P: protecting group

Scheme 44. Proposed synthetic approach to 274
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The synthesis of fragment 281 (compound 296) was achieved as summarized in Scheme 45.

viii)

Xi)

OTf OTf
295 296

Scheme 45. Synthesis of fragment 281 (compound 296). Reagents and reaction conditions: 1) From nitrile
283, KHDMS, THF, -78 °C, then 282, -78 °C, then Ac,0, -78 °C to -50 °C; ii) AcOH-H,O (3:1), 100 °C;
62% from 282 iii) a. NaBHy4, CeCl;-7H,0, MeOH, -78 °C to rt; b. TIPSOTT, 2,6-lutidine, CH,Cl,, 0 °C;
85% two steps; iv) a. MeLi, Et,0, rt, then AcOH-H,O-THF (1:1:2); b. Ph;PCH;Br, BuOK,
toluene-rBuOH (1:1), 80 °C; 89% two steps; v) 9-BBN, THF, 0 °C-rt, then Pd(PPh;3)4, BrCH=CH,, NaOH
aq., rt; 97%, dr=94:6 vi) a. TBAF, DMF, 80 °C; b.TIPSOTT, 2,6-lutidine, CH,Cl,, 0 °C; 97% two steps;
vii) TPAP, NMO, MS 4A, CH,Cl,, rt; 90%; viii) LiEt;BH, toluene, -78 °C to -15 °C, 88%; ix) a. Ac;0,
DMAP, pyridine, rt; b. TBAF, THF, rt; c. Swern oxidation, 88% three steps; x) ‘BuOCH(NMe,),,
benzene, 50 °C; xi) Tf,0, 2,6-di-tert-butylpyridine, CH,Cl,, -78 °C then aq. NaHCOs, rt, 89% from 293;
xii) a. NaBH4, CeCls-7H,0, MeOH, 0 °C to rt; b. p-TsCl, Et;N, Me;N-HCI, toluene, 0 °C, 93% two steps
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Optically pure y-silyloxyenone 282 reacted with the anion generated from nitrile 283" to give 285 with
high diastereoselectivity. Transformation of 285 into ketone 290 was achieved using standard procedures.
Compound 290 have the S-configuration at the C-12 position, opposite that 274. Attempts to invert
alcohol 290 using Mitsunobu protocols failed and, by this reason, alcohol 290 was converted into ketone
291. Stereoselective reduction of 291 to alcohol 292 was carried out with excellent distereoselectivity
(92:8, 88% yield) using LiEt;BH as bulky reducing agent. Compound 292 was finally converted into allyl
tosylate 296 in seven steps and 73% overall yield.

Anionic specie 280 was generated from hydrazone 297 prepared in turn from diketone 298”*° as depicted

i) i)
o) 0 o) OTIPS HO OTIPS
298 2

99 300

ol
i) V) v)
HO 0 0 Sy NMe;
301 302 297

Scheme 46. Synthesis of hydrazone 297. Reagents and reaction conditions: i) KHDMS, TIPSOTTY, -78 °C
to 0 °C, 90%; ii) (-)-DIPCI, 59%, 99% ee; iii) NIS, CH,Cl,, -40 °C, to rt, dr 91:9; iv) AgOTT, 2,6-lutidine,
CH,Cl,, 40 °C; v) Me,NNH,, AcOH, EtOH, 70 °C. 60% from 300

in Scheme 46.

Final coupling of 296 and 297 afforded 303 which was transformed into 304 by Pd-catalyzed
carbonylation reaction.>” Conversion of 304 into 274 was carried out in three steps and 77% yield from

304 (Scheme 47).

"Nitrile 283 was prepared from glycerol monobenzyl ether 284 in four steps and 56% overall yield.

OBn
HO 4 steps CN OBn
_—
5z
HO

284 283
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Scheme 47. Synthesis of glycinoeclepin A, 274. Reagents and reaction conditions : 1) a. Compound 297,
nBuLi, THF, 0 °C then CuBr-SMe,, -40 °C, then 296, -40 °C; b. AcOH-H,O (1:1), 130 °C, 65% two
steps; i1) CO (1 atm), Pd(OAc),, 1,1°bis(diphenylphosphino)ferrocene, nBusN, DMF-MeOH (2:1), 80 °C,
87%; 1il) OsO4, NMO, BuOH-H,O (3:1), 0 °C, 81%; iv) a. NaClO,, NaH,PO,, 2-methyl-2-butene,
BuOH-H,0O (3:1), 0 °C; b. Lil, 2,4,6-collidine, 120 °C, then LiOH, THF-H,O (1:1), 60 °C, then dil.
H,S04 95% two steps

It should be pointed out that as consequence of the important biological activity of 274, different simpler

analogues of this compound have been designed and synthesized. In the Figure 31 those which keep the

238

7-oxanorbornane moiety (307-310)>* were indicated together the benzenoid analogue 311.°*%

\\\\\/COZH

o} CO,H
307, R'=Ac, R?=R3=CO,Me 311

308, R'=Ac, R?>=CO,Me, R3= CO,H

309, R'=H, R?>=CO,Me, R®= CO,H

310, R'=Ac, R?=H, R3=CO,Me

Figure 31. Some synthetic analogues of glycinoeclepin A 274
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10. OTHERS TERPENOID DERIVATIVES

Subellinone 312 is a polyisoprenylated phloroglucinol derivative isolated from Garnicia subelliptica.**'

This compound represents a novel type of phloroglucinol featuring a 10-oxatricyclo[3.3.1.1°*

]decane
skeleton. On the other hand compound 313, an inhibitor of farnesyl protein transferase known as SCH

58450 isolated from Streptomyces sp.,*** was initially formulated as 314. This initial proposed structure
243

Kk
HO

was later corrected. (Figure 32).

)j

312 313 314

Figure 32. Structure of compounds 312-314

11. CONCLUDING REMARKS

As discussed above, several organic molecules incorporating an 7-oxanorbornene skeleton not only have
interesting molecular structures but also possess, in some cases, a variety of biological activities including
cytotoxic, antimicrobial, enzyme-inhibitory, as well as potential ecological relevant functions, such as
insecticidal activity. However, biological evaluations of these molecules have been limited. Therefore,
much more extensive testing of these molecules seems warranted. Further investigation of the
structure-activity relationships, as well as mode-of-action studies, could result in the discovery of
promising analogues with potential clinical application.

Additional studies in this area could contribute to a better understanding of their mechanisms of action
which would be beneficial in the ongoing development and structure optimization of this class of
compounds, and could lead to the discovery of novel pharmacophores and heretofore news mechanisms
of drug action. On the other hand, development of new strategies and efficient methods for the synthesis
of these molecules are also necessary in light of the interesting structures and biological properties
displayed by such compounds as well as, in some cases, the difficulties in obtaining large quantities of

them from the natural sources.
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