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Weii over a hundred years ago, Professor Julius Bredt embarked
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on a career pursuing and critiquing bridged bicyclic systems that

contained ring strain induced by the presence of a bridgehead
olefin. These endeavors founded what we now know as Bredt’s
rule (Bredtsche regel). Physical, theoretical and synthetic organic
chemists have intensely studied this premise, pushing the
boundaries of such systems to arrive at a better-understood
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physical phenomenon. Mother nature has also seen fit to construct

molecules containing bridgehead double bonds that encompass
Bredt’s rule and for the first time this topic is reviewed in a

natural product context.

1. Introduction

Bredt’s rule (Bredtsche regel),l'! as derived by Professor
Julius Bredt (Technische Hochschule Aachen, Figure 1 Bottom)
in the early part of last century,” simply states that the terminus
of a double bond cannot exist at the bridgehead position
(branching positions) of a bridged bicyclic system {i.e.
bicyclo[m.n.o] 1; Figure 1 top}. The premise of the rule is based
solely on the overall strain imparted on the bridgehead double
bond (p-orbitals) due to the distortion constraints imposed by the
size of the bridging rings.”’) The term “anti-Bredt” system was
later coined as examples that violated Bredt’s rule started to
emerge,*] that is, bridged bicyclic systems that contained, or
were proposed to contain, a double bond at a bridgehead
position.””)
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Figure 1. Top: Generalized structure of a bridged bicyclo[m.n.o]
system showing a bridgehead double bond (anti-Bredt system);
Bottom: Prof. Julius Bredt, Technische Hochschule Aachen.

Fawcett proposed an empirical aspect to the rule to better
predict violations of Bredt’s rule,’"! which culminated in the S
value. The S value is the sum of atoms contained in all bridges of
the bridged bicyclic system, for example, a bicyclo[3.2.1]octane
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7. Summary and Outlook

has an § value of 6. Thus, according to Fawecett’s
generalization, bridged bicyclic systems with bridgehead double
bonds with an S value > 9 have the potential to be isolated,
although a tentative upper limit value of 8 was conceivable.
Systems with an S value of 7 could be observed but not isolated,
whereas those with an § value 6 could be entertained as fleeting
intermediates. Prelog,! © ! concurrently proposed that only
bicyclo[5.3.1] systems or larger (S > 9) could contain a stable
bridgehead double bond. Wiseman subsequently developed a
more rigid hypothesis (excuse the pun) by comparing the stability
of cis- and trans-cycloalkenes and translating that to bicyclic
bridgehead double bond systems.”'®] Wiseman concluded that
when the larger of the two rings containing the double bond (i.e.
m and o in 1; Figure 1 top) contained at least eight atoms (and in
certain cases, seven), the bridged bicyclic system would be stable.
The efforts of Fawcett, Prelog, and Wiseman were summarized
by Kobrich as rules A, B and C in an attempt to better predict
relative distortion energies.”™

Rule A. For homologs with different S values, the ring strain
varies inversely with S value.

Rule B. For a given S value, the ring strain varies inversely with
the size of the larger of the two rings with respect to which the
bridgehead double bond is endocyclic.
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Rule C. For a given bicyclic ring skeleton, the ring strain varies
inversely with the size of the bridge containing the bridgehead
double bond.”!

The predictive rules were ultimately refined by Schleyer
using MMI empirical force field calculations,”! which provided
the “olefin strain (OS)” energy (which is directly related to the
heat of hydrogenation), as the predictive tool. It should be noted,
that Burkert and Ermer had calculated this phenomena earlier,
UMY byt in a limited capacity. Schleyer’s empirical rules, based
on direct comparision of OS calculations to that of literature
experimental data, facilitated classification of individual
bridgehead olefins into three groups. 1) Isolable bridgehead
olefins (OS < 17 kcal/mol; e.g. bicyclo[3.3.3]Jundec-l-ene), 2)
observable bridgehead olefins (17 kcal/mol < OS < 21 kcal/mol;
e.g. bicyclo[4.2.1lnon-1(9)-ene), and 3) unstable bridgehead
olefins (OS > 21 kcal/mol; e.g. bicyclo[2.2.2]oct-] -ene) (Figure
2). Further clarification of these catergories were provided by
Schleyer, being roughly defined as: 1) “Isolable” olefins are
kinetically stable at room temperature; 2) “Observable” olefins
are not isolable at room temperature but may be detected at lower
temperatures spectroscopically; and “Unstable” olefins are not
spectroscopically observable at low temperatures, except perhaps
in matrix isolation.”’

With these predictive rules established, chemists continued to
pursue anti-Bredt systems; 1) to further interrogate the proposed
rules, 2) to use as versatile synthetic intermediates,!'>'*] but to a
much lesser extent, 3) evaluate them in the context of natural
product structure.''*! It was this latter point that overlapped
with our fascination of constructing natural products that
contained bridged bicyclic moieties {i.e. bicyclo[m.n.o]}.L"*!
Furthermore, and perhaps more importantly however, we had
recently isolated a novel natural product that contained a
bridgehead double bond, and therefore wanted to better
understand the application of Bredt’s law to natural product
systems.[m] In consideration of the above, and that it was Bredt’s
century old work on the camphene and pinane natural product
series that resulted in the formulation of the rule, it seemed fitting
to review this special class of natural products for the first time.

In order to provide a comprehensive survey of the field, the
selection criteria for candidate inclusion within this article
broadly include (with some exceptions) all natural products
which contain a bridgehead olefin. Since Bredt’s rule was first
conceived, it quickly evolved through the work of Fawcett,
Prelog, Wiseman, and Kobrich, finally culminating in Schleyer’s
system of bridgehead olefin stability (OS). Therefore, as
understood within the context of this refined paradigm, Bredt’s
rule is applicable to stable (isolable), unstable (observable
fleeting intermediates), and non-existent (Schelyer unstable)
bridged bicyclic systems. Although stable and isolable
bridgehead olefinic systems can now be quantitatively
rationalized with this refined model, nonetheless, the term ‘anti-
Bredt’ infers that a compound is unstable, and in the context of
natural products, too unstable to be isolated. Therefore, by
definition, it could be argued that most, if not all, isolated bridged
bicyclic natural products containing a bridgehead olefin cannot
be labeled anti-Bredt. That, is any natural product that appears in
the literature must contain a degree of stability to exist in the
natural environment, and to survive the manipulation process by
the isolation chemist. Of course, Bredt himself was already aware

towards the end of his career that examples containing larger
rings would lead to violations of his rule.[¥ On this premise many
candidates are probably better viewed as containing bridgehead
olefins rather than anti-Bredt systems. We have refrained at this
point from presenting further views on whether the term anti-
Bredt should even be entertained in the context of natural
products. This will be further explained in section 6, giving the
reader the opportunity to digest the material presented, before
considering the subsequent analysis.

Lastly, the review does not include natural products
containing the bicyclo[n.n.0] system (e.g. pteridanoside 2),l'”]
only select examples of the cyclophane type (e.g. longithorone B
3)["®1 as this has been recently reviewed,!'”) and not the rigid
fused ring type (e.g. TG-2 4) (Figure 2).[20] Furthermore, it is
beyond the scope of this review to comprehensively cover
synthetic studies towards this group of natural products. However,
brief reference is made to conquered total syntheses, much of
which has already been reviewed elsewhere, and synthetic
studies where pertinent.

a) Isolable Unstable

SQ Observable
OS <17 kcal/mol r OS 2 21 kcal/mol

Bicyclo[3.3.3]undec-1-ene Bicyclo[2.2.2]oct-1-ene
17 kcal/mol < OS < 21 kcal/mol

Bicyclo[4.2.1]non-1(9)-ene
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Figure 2. a) Examples that illustrate the 3 stability groups
proposed by Schleyer. b) Examples of bridgehead olefin
containing natural product systems not covered in this review i.e.
bicyclo[n.n.0], cyclophane, and rigid fused ring type.
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2. Structural reassignments based on
Bredt’s rule

Following his initial publications, Bredt spent a considerable
amount of his time correcting articles publishing clear violations
of his rule, mostly however, on products proposed from the
chemical treatment of many terpenes.”) To the best of our
knowledge, only on one occasion were natural product structures
contested by Bredt,">2!1 and that was the case of an early
proposal by Bartelt for two anti-Bredt fenchene isomers (5 and 6)
(Figure 3).%%! Today there are 6 known fenchene isomers, o-(7),
B-(8), y-(9), 5-(10), e-(11) and £-(12) (Figure 3), of which 5 and 6

do not feature.
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Figure 3. Top: Proposed anti-Bredt fenchene isomers by Bartelt
and the 6 known fenchene isomers to-date (presented in the
racemic form); Bottom: Wallach’s proposal for a-pinene (13) and
corrected a-pinene (14) shown as a racemate.

Wallach et al in 1907 suggested 13 as the chemical structure
of a-pinene 14, however, this was identified by Richter and
Anschiitz as incorrect based on the Bredt premise (Figure 4).[24] It
was almost 70 years later, however, that a natural product
skeleton was questioned due to the presence of a double bond
placed at a bridgehead position. In 2008, Fraga and co-
workers,!*1 argued convincingly that the chemical structure
claimed by Chanudhuri et al as licamichauxiioic acid B (15),[26]
which had considerable anti-cancer activity,m] was incorrect.
Although Fraga did not suggest a revised structure, the key to
unmasking this error was the 'H and *C NMR chemical shift
comparison to licamichauxiioic acid A (16) (also proven to be
incorrect) and known related systems (i.e. 17). For example, the
reported carbon chemical shifts of 35.7 ppm for C-9 and 33.9
ppm for C-11 were not consistent (i.e. significant downfield and
upficld differences), and the '"H NMR chemical shifts for 15 and
16 at positions H-9 and H-14 had disconcertingly similar values
(i.e. 5.45 ppm and 5.44 ppm respectively) (Figure 4).2¢

COH
15 16 17

Figure 4. Licamichauxiioic acids A (16) and B (15) including the
parent structure 17.
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Williams and Savchenko recently identified neoveratrenone
18,[ 281 isolated from the roots and rhizomes of Veratrum
dahuricum (Turcz)) Loes. f.[?°1 as a suspiciously anti-Bredt
candidate. Re-analysis of the spectroscopic data present by Cong
2% suggested, even in the absence of some 2D NMR spectra
(e.g. COSY), that the proposed anti-Bredt structure was incorrect
as initially indicated by missing expected correlations in the
NOESY spectra. A further clue en route to the likely structure
was the fact that Cong er al. also reported the isolation of
verapatuline (19), which on additional literature searching
revealed the structurally related synthetic compound, 20.
Comparison of the 'H and "*C NMR very compellingly pointed
to the reassigned structure 21 (Figure 5).

etal.




Figure 5. Neoveratrenone (18) and compounds 19 and 20 that led
to the structural revision 21.

Two further natural products, which fall into the same
suspiciously anti-Bredt category have been reported. The first is
hugonianene A 22,0°°7 isolated from the cytotoxic root bark
extract of Hugonia busseana (a shrub found in the southern parts
of Tanzania), which has received attention for its high activity
against Anopheles gambiae mosquito larvae causing complete
larval mortality. In the second case Paridhavi et al reported the
isolation of rosacedrenoic acid 23 from the flowers of Rosa
damascene an Indian flowering plant.!*'! No 2D NMR was
undertaken in the elucidation process of 23 (Figure 6).
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Figure 6. Proposed chemical structures for isolates from Hugonia
busseana and Rosa damascene, respectively.

Williams et al utilised the ACDlabs NMR Structure
Elucidator platform to aid in resolving the controversial
proposals for hexacyclinol,*?! which agreed with the Rychnovsky
proposal.[33] Although neither of the two structures qualifies for
this review, in the course of formulating rules to limit impossible
structure generation (as possible Structure Elucidator solutions to
the analysis of inputted 2D NMR data), Bredt’s rule was applied
to the algorithm. Having had many successful outcomes with
ACDLabs Structure Elucidator ourselves, when solving complex
natural product structures,** we would caution against outright
exclusion of potential solutions using Bredt’s rule. Subsequent
sections highlight the need for such caution.

3. All carbon containing bicyclic bridgehead
olefinic systems

Note: for ease of bicyclic system classification within the all
carbon, oxygen and nitrogen sections the smallest ring in each
bridge has been selected.

3.1 Bicyclo[4.3.1] systems

The isolation of 24 by Munro and co-workers in 1988
represents the first reported example of a naturally-occurring
bicyclo[4.3.1]decene system bearing the bridgehead double
bond.[**) The cytotoxic sesquiterpene 24 was isolated from a
methanol/toluene extract of a New Zealand Eurypon sp. sponge
through bioassay-guided separation, and the structure was
established with standard NMR spectroscopic techniques.
Cambie and co-workers subsequently isolated the related
compound 25 from the same species in 1990 (Figure 7).%) The
relative instability of 25 alludes to the reactivity of the
bridgehead double bond in this instance, which is in agreement
with the stability rules proposed by Prelog for the

bicyclo[4.3.1]decene system.” Note that Schleyer predicted the
bicyclo[4.3.1] to be completely stable.

Figure 7. The New Zealand Eurypon sp. sponge isolates 24 and
25 (flat and three dimensional view) reported by Munro and
Cambie.

In 2013, Tantillo and Nguyen published density functional
theory (DFT) calculations probing the mechanism of formation
of caryolene (30), a putative biosynthetic precursor to 24P of
the two proposed mechanisms, a base-catalysed sequence (via 26
to 29) with a tertiary carbocation minimum was predicted to have
a relatively low barrier for the formation of 30 (Scheme 1).
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Scheme 1. The postulated mechanism of formation for caryolene
(30) supported by DFT calculations.

The groups of Iwagawa and Duh have reported the isolation
of structurally-related anti-Bredt bicyclo[4.3.1]decene xenia
diterpenoids from soft corals belonging to the genus Xenia.
Compound 31 was isolated from Xenia florida,!*®) whereas
umbellacins C (32) and E (33) were isolated from Xenia
umbellatta Lamarck (Figure 8).°%7 Strong correlation of NMR
spectroscopic data for compounds 31-33 with that of related
natural products with a saturated bicyclo[4.3.1]decene skeleton
aided in the processes of structure elucidation. The configuration
of the A*'? alkene in 31 was assigned as cis on this basis.*®
However, for 33, NOESY correlations from H-3 to H-12, and H-
4a to H-13 established the geometry of the A*'? alkene as trans.
Umbellacin E (33) (Figure 8) was found to exhibit cytotoxicity
against murine P-388 lymphocytic leukemia with an EDs;, value
of 3.8 ug/mL.>”



Figure 8. The umbellacins (31-33) isolated from the genus Xenia.

In a screening campaign aimed at the discovery of inhibitors
of squalene synthase and protein farnesyl transferase, Kaneko
and co-workers identified the novel bicyclo[4.3.1]deca-1,6-diene
natural products phomoidride A (34) and B (35) (Figure 9).14”
Compounds 34 and 35 were isolated from the fermentation broth
of an unidentified fungus, collected from a juniper twig in Texas.
The C-7 epimeric compounds, phomoidride C (36) and D (37),
were subsequently isolated by Danishefsky and Sulikowski
(Figure 9).[*'142] While the bridgehead alkene skeleton of the
phomoidrides is stable at room temperature, Kaneko and co-
workers demonstrated that 34 is converted into 35 upon treatment
with a catalytic amount of methanesulfonic acid, forming an
internal acetal. Sulikowski and co-workers subsequently
suggested that 35 is the biosynthetic precursor to the remaining
three phomoidrides, where 36 and 37 are thermodynamic
products.? Structure determination of the phomoidrides was
achieved using NMR spectroscopy, and has since been confirmed
through total synthesis of phomoidrides A (34) and B (35)
[Nicolaou,"***! Fukuyama,”*?¥ Shair,***! Danishefsky!?]. The
biosynthesis, biological activity, total syntheses, and efforts
towards the total synthesis of the phomoidrides have been
reviewed previously by Wood et all*® In this article an
overview was put forward regarding which systems can be
absolutely defined as anti-Bredt. The conclusion was that the
phomoidrides could not be classed as anti-Bredt, as Kaneko
stated, because the bicyclo[4.3.1]decene system is predicted to be
stable according to Wiseman’s assessment criteria (as well as
Schleyer).

Figure 9. Phomoidrides A-D (34-37) (top and side view) originated
from an unidentified Texan juniper twig fungus.

3.2 Bicyclo[4.4.1] systems

In 1983, Naya and co-workers presented the first example of
a natural product containing a bicyclo[4.4.1Jundec-1-ene
skeleton.”!! Five novel sesterterpenoids, cerorubenic acid-1 (38),
cerorubenic acid-1I (39), cerorubenic acid-III (40), cerorubenol-I
(41), and cerorubenol-II (42) were isolated from the secretion of
the scale insect Ceroplastes rubens Maskell (Figure 10). The
structures of these compounds were determined by NMR
spectroscopy. The bridgehead double bond of 38 was susceptible
to slow oxidation in the air, reflecting the inherent strain of the
system. In 1998 Paquette achieved the total synthesis of
cerorubenic acid-I1I (40) in the form of its methyl ester.™*”’

38R = CO,H
41R = CH,OH

39R = CO,H
42R = CH,0H

Figure 10. Cerorubenic acids and alcohols (38-42) from secretions
of the scale insect.

From the culture broth of a marine isolate of Penicillium
citrinum, Crews and co-workers isolated two novel steroids,
isocyclocitrinol A (43) and 22-acetylisocyclocitrinol A (44).1*%)
An initial comparison of the spectroscopic data of 43 with that of
the previously known compound cyclocitrinol (45 — original
structure) suggested that 43 was likely a new cyclocitrinol
analogue.™”! However, upon extensive spectroscopic analysis, it
was found that 43 and 44 did not resemble 45, and in fact
contained an entirely novel four-ring system including a
bridgehead double bond. The structural assignment for 44 was
confirmed by an X-ray crystal structure, and as a result, the
structure of 45 was revised to that of 46. “***] Compounds 43 and
44 were found to have weak antibacterial activity against

Staphylococcus epidermidis and Enterococcus durans (Figure
11).49

OHOR

43R =H
44R = Ac

H O

45 original structure 46 revised structure



Figure 11. Top: Isocyclocitrinol A (43) and 22-acetylisocyclocitrinol
A (44) (flat and three dimensional view); Bottom: Original and
revised structure of cyclocitrinol 46 isolated from Penicillium
citrinum.

In 2005, Rodrigues-Filho and co-workers reported the
isolation of neocyclocitrinol, an epimeric mixture of novel
bicyclo[4.4.1]undec-7,10-diene C25 steroids, akin to that
reported by Crews, from the plant-derived fungus Penicillium
Jjanthinellum!*1 1t was found that the isolated compounds
showed strong spectroscopic similarities to 46, differing only in
the C-17 side-chain, which aided in the structure elucidation of
neocyclocitrinol. Unfortunately, the configuration of the AZ*?
alkene was not established, nor were the absolute configurations
determined for C-23 and C-24 (Figure 11).

e}

47 23R, 24R, R=H 53R'=R2=R3=R*=H,R5=0H
48 23S, 24S,R=H 54 R'=R2=R4=H, R3 = Me, R = OH
49 23R, 24S,R =

H 1=R2=R5= 3= 4=
50 235, 24R R =H 55R1=R2=R5=H, R3=Me, R4 = OH

51 23, 24-erythro, R = Me
52 23, 24-threo, R = Me

56 R'=R2=R3=H,R*R5= 0
57R'=R2=R5=H, R?=R*= OH

Figure 12. Additional cyclocitrinol family members isolated from
Penicillium citrinum and janthinellum.

Zhu and co-workers subsequently re-isolated the
neocyclocitrinols,  isocyclocitrinol A (43) and  22-
acetylisocyclocitrinol A (44), and a series of bicyclo[4.4.1]undec-
7,10-diene analogues (47-59) from cultures of the volcanic ash-
derived fungus Penicillium citrinum HGY 1-5.1% Extensive NMR
analysis and X-ray crystallography allowed for the unambiguous
assignment of structure and absolute configuration of these
compounds. Comparison to the spectroscopic data reported by
Rodrigues-Filho revealed that the reported epimeric mixture was
composed of 47 and 49. The authors furthermore demonstrated
that 43, 46, 53, and 58 are produced on exposure of 59 to acidic
conditions, and that compounds 47-52, 54 and 55 are artifacts of
the acid hydrolysis of 46 and 53 (Figure 12).

Ergosterol (60), which was also found to be produced by both
fungi,***® is the proposed biosynthetic precursor to these
unusual steroids. The proposed mechanism relies on the
enzymatic activation of C-19 to generate an electrophilic center
(61), which can react with the A>® alkene with concomitant
oxidation of C-6 to produce cyclopropane intermediate 62

Subsequent fragmentation of the electron-deficient cyclopropane
generates the bicyclo[4.4.1]undec-7,10-diene skeleton of the
cyclocitrinols (63) (Scheme 2). The C-17 side-chain of the
cyclocitrinols could be accessed through oxidation of the
ergosterol side-chain (64 to 65), followed by elimination of
acetone to produce intermediate 66, which could undergo
subsequent oxidations and rearrangements to produce the variety
of observed functionality. Based on the proposed biosynthesis,
the Zhu group undertook feeding studies of P. citrinum with [1,2-
BC,l-acetate and [2-"°Cl-acetate.®™ The resulting labeling
patterns were consistent with Rodrigues-Filho’s hypothesis (see
Scheme 2).

OH

Oy o)
R 64 R %65 A\nh R 66

Scheme 2. Top: The proposed biosynthetic pathway to the
cyclocitrinols (63) starting from ergosterol (60); Bottom: Postulated
oxidative transformation of the C-17 side-chain of the cyclocitrinols
(63).

3.3 Bicyclo[5.3.1] systems

The taxanes [e.g. taxol (67), Figure 13] are perhaps the best-
known class of natural products, which contain a bridgehead
alkene, with in excess of 200 taxoids bearing this structural
moiety isolated to date. The reader is referred to the existing
reviews and articles, which discuss in depth the isolation,
occurrence, synthesis, and biological activity of the
taxanes.P01%152]



Figure 13. Taxol 67 (flat and three dimensional view), the best
known taxane, used for the clinical treatment of various cancers.

Isolated from an extract of Disynaphia halimifolia,
disyhamifolide (68), was reported by Bohlmann and co-workers
in 1981.0°3 The authors proposed that 68 results from a
transannular aldol reaction of the medium-sized ring 69, which
could be derived from [3,3]-sigmatropic rearrangement and
reduction of disnyaphiolide (70), which was also isolated from
the same species (Scheme 3).

Scheme 3. Proposed transannular aldol reaction giving
disyhamifolide (68).

Appendino found that chloroform extracts of fanacetum
vulgare var. crispum and T. vulgare chemotypes tested positive
for the presence of peroxides.”! From these extracts was isolated
crispolide (71), a hydroperoxysesquiterpene lactone bearing a
bridgehead double bond. The structure of crispolide 71 was
initially solved utilising NMR spectroscopy, and was
subsequently confirmed by X-ray crystallography of the diacetate
of the natural product!*! The authors proposed a possible
biogenetic route to crispolide (71), invoking an early introduction
of the peroxyl moiety, followed by an acid catalyzed transannular
cyclisation of known natural product peroxyparthenolide (73)
(Scheme 4).

HOO

73

Scheme 4. Crispolide (71) (flat and three dimensional view);
postulated to arise from an acid catalyzed transannular cyclisation
originating from 73.

A related structure, 1B,58-dihydroxyeriocephaloide (74) was
subsequently isolated by Zdero and co-workers from the aerial
parts of Eriocephalus kingesii Merxm. Et Eberle (Figure 14),
which was proposed to be biogenetically produced by an
equivalent mechanism (see Scheme 4).%
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Figure 14. 13,53-Dihydroxyericocephaloide (74) isolated from the
aerial parts of Eriocephalus kingesii.

3.4 Bicyclo[7.2.1] systems

Shikoccidin  (75) (Figure 15), determined by X-ray
crystallography in 1979, was isolated as the minor diterpenoid
from the aerial parts of Rabdosia shikokiana (Makino) Hara var.
occidentalis (Murata) Hara by Eiichi Fujita et al.l®’1 Upon
treatment of shikoccidin (75) with acetic anhydride under basic
conditions, a 8,9-secokaurane was produced which was found to
be identical to the mono-acetate of the major diterpenoid isolated
from the plant. Comparison of spectroscopic data led to the
assignment of this structure as the bridgehead alkene containing
shikoccin (76). The structure of shikoccin 76 was later confirmed
by X-ray analysis of the mono-acetate derivative.l**) Although
76 was a potential Grob-type fragmentation product of 7507
(Figure 15), they subsequently confirmed that 76 was most likely
not an artifact of the isolation. This conclusion was drawn based
on the fact that conversion to 76 was not observed upon
treatment of 75 with oxalic acid in methanol.®” Eiichi Fujita and
co-workers have also described the isolation and structure
elucidation of O-methylshikoccin (77), which succumbed to total
synthesis in 1996 by Paquette et al. (Figure 15).°"%°! Paquette
went on to write that, “Although Bredt’s rule is not at all violated
in 77 [presumably as S > 9], sufficient ring strain evidently
resides in its bridgehead double bond to endow this site with
heightened reactivity.”(*”
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76 R=H
77 R =Me

Figure 15. Shikoccidin (75), shown as a potential Grob-type
fragmentation precursor of Shikoccin (76), and O-methylshikoccin
(77) (flat and three dimensional view) isolated from Rabdosia
shikokiana var. occidentalis.

Since the 1979 publication of Eiichi Fujita et al., the
structures of a variety of compounds related to shikoccin (76)
have been determined. Though the isolation of shikodomedin
(78) was described in 1979 (Figure 16),[°'1 the structure
determination of the major diterpenoid component of Rabdosia
shikokiana (Makino) Hara var. intermedia (Kudo) Hara was not
reported until some years later. In 1982 Tetsuro Fujita and co-
workers documented the X-ray analysis of the structure arising
from the mono-bromoacetate shikodomedin.!! Shikodomedin

(78) was found to have cytotoxic activity against the cultured rat
mammary cancer FM 3A/B cell line.l The group also examined
the diterpenoid chemistry of Rabdosia umbros var. latifolia, and

isolated the new compound rabdolatifolin (79) (Figure 16), along
[63]

with a number of known compounds.

Figure 16. Shikodomedin (78) isolated from Rabdosia shikokiana
var. intermedia and rabdolatifolin (79) Rabdosia umbros var.
latifolia.

Takeda and co-workers isolated rabdoshikoccin A (80) and B
(81) from Rabdosia shikokiana var. occidentalis (Murata) Hara
(Figure 17).1°Y) Treatment of 81 with acetic anhydride in pyridine
yielded the triacetate, which was found to be spectroscopically
identical to peracetylated 78, confirming the assigned structure.
The Takeda research group also reported the isolation of
rabdoumbrosanin (82) from Rabdosia umbrosa (Maxim.) Hara
(Figure 17).1%%

Figure 17. Rabdoshikoccin A (80) and B (81) isolated from
Rabdosia shikokiana var. occidentalis and rabdoumbrosanin (82)
from Rabdosia umbrosa.

From the liverwort Lepidolaena taylorii, Perry and co-
workers re-isolated rabdoumbrosanin (82) along with 83-87 as
minor components (Figure 18).1%:%7] The compounds were
assessed for cytotoxic activity against mouse P388 leukemia cells,
and compounds 82 and 87 were found to be the most potent.
Croton kongensis has also proven to be a source of these 8,9-
secokauranes, with the groups of Kittakoop and Li isolating new
structures 88-90 from this plant (Figure 18).1*7%! Diterpenes 86
and 88 were found to have both antimycobacterial and
antimalarial activity.'®)

84R=Ac,R'"=R%2=H
85R = Ac,R' =OH,R%2=H
86 R =H,R'=0Ac,R?=H
87R=H,R'"=0H,R2=H
88 R = Ac,R' = OAc, R?=H

89R=H
90R =Ac

Figure 18. 8,9-Secokauranes extended family members 83-91.

Kubo and co-workers presented an unusual member of this
class of compounds with rabdohakusin (91) in which the
bridgehead alkene is exocyclic to the five-membered ring (Figure
18). The structure of rabdohakusin (91) was initially established
with the aid of NMR spectroscopy. Oxidation of the allylic
alcohol with manganese dioxide produced a conjugated enone
whose NMR spectra differed significantly from that of previously
reported 76, supporting the presence of the exocyclic alkene.l’")

3.5 Bicyclo[7.3.1] systems

Four families of structurally related natural products
belonging to this category include the esperamicins (Figure
19),17?! calicheamicins (Figure 20),)7*! namenamicin,!’*! and
shishijimicins (Figure 21).L7°® In addition to possessing a
bridgehead double bond, all of these compounds (except
esperamicin X (95)7%) possess a enediyne unit, which constitutes
six of the seven carbons in the bicyclo[7.3.1] system, and a
highly unusual allylic trisulfide unit. The main structural
difference between the families is found in the sugars that
decorate the bicyclic core. The two former families were derived
from microbial fermentation; the esperamicins were produced by
cultures of Actinomadura verrucosospora, collected from Pto
Esperanza, Argentina, and the calicheamicins were isolated from
Micromonospora echinospora ssp. calichensis. Namenamicin
and the shishijimicins were isolated from the tunicates
Polysyncraton lithostrotum on Namenalala Island and Didemnum
proliferum in southern Japan respectively.
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Figure 19. The esperamicins A, Az, Ay, and X (92-95) isolated
from Actinomadura verrucosospora, collected from Pto Esperanza,
Argentina. The absolute configurations have not been determined,
but are depicted as shown for the purpose of clarity and
consistency.

Standard spectroscopic and spectrometric analysis of various
chemical degradation products, in addition to the intact natural
products, allowed for the structure determination of the
esperamicins and the calicheamicins. The formation of
dihydrothiophene 97 through reduction of pseudoaglycon 96 with
excess triphenylphosphine was key to establishing the structure
of the bicyclic core (Scheme 5).! Likewise, the discovery of
esperamicin X (95) greatly aided the structure determination
efforts of the esperamicins,’? and also added further evidence

for the proposed biological mechanism of action (more below).
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Scheme 5. Triphenylphosphine mediated reduction of aglycon 96
to give dihydrothiophene 97 (top and side views by 90° rotation)
was instrumental in the elucidation of the calicheamicins’ core.

The reactive bridgehead alkene of these natural products, in
concert with the allylic trisulfide and enediyne unit, is key to
their antitumour antibiotic properties (Scheme 6). Reduction of
the allylic trisulfide 98 causes the corresponding sulfide (99) to
undergo a 1,4-addition onto the bridgehead enamide. This allows
the ends of the enedyne (100) (which were kept apart previously
by the bridgehead double bond) to approach and undergo
reductive aromatization (Bergman cyclisation) via a 1,4-diyl
species (101).7°" This biradical species is capable of hydrogen
abstraction from the DNA backbone, leading to strand scission.

MeS3 \ HS.- \
OH
/== ACS
N\

101
1,4-diyl biradical species

Scheme 6. Postulated chemical process that facilitates the mode
of action of the enediyne-type anti-tumor antibiotics. Reduction of
trisulfide 98 leads to conjugate addition of the resultant sulfide (99)
to the bridgehead enamide, which allows a Bergman-type
cyclisation on enediyne 100 to take place, leading to the formation
of the active 1,4-diyl species 101.

R'O OMe OH

102 R =NHCO,Me, X=Br,R"' = Y,R2= A,R3=iPr
103 R = NHCO,Me, X=Br,R' = Y,R2= A R3=FEt
104 R =NHCO,Me, X=1,R' =H,R2= A R3=FEt
105 R =NHCO,Me, X=1,R"=Y,R2=H

106 R = NHCO,Me, X=1,R" = Y,R2= A R3=iPr
107 R =NHCO,Me, X=1,R"=Y,R2= A R3=Et
108 R =NHCO,Me, X=1,R" = Y,R2= A R3=Me

Y= A=
HO o 3H o
MeO R* MeO
OH

Figure 20. Calicheamicins B:%, v+, a2, as', B+, v1', 31 (102-108)
isolated from Micromonospora echinospora ssp. Calichensis.

Of the four families encompassing the esperamicins (Figure
19), calicheamicins (Figure 20), namenamicin and shishijimicins
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(Figure 21), only calicheamicin v,' (107) has succumb to total
synthesis [Nicolaou 1992;7% Danishefsky 199567],

110 R' =SMe, R2= /Pr
111 R'=H, R2=/Pr
112 R! = SMe, R2=Et

Figure 21. Namenamicin 109 and shishijimicins A-C (110-112)
isolated from Polysyncraton lithostrotum on Namenalala Island and
Didemnum proliferum form southern Japan respectively.

3.6 Bicyclo[9.2.1] systems

The only representative within this class is the diterpene
erythrolide K (115) (Scheme 7), isolated from a sample of the
Caribbean gorgonian octocoral Erythropodium caribaeorum
collected in Tobago, as disclosed by Mootoo in 1997.171 Note
that both bridgehead positions contain a double bond. The
compound was characterized by NMR spectroscopy, with the
unusual structure further secured by X-ray crystal structure
analysis.

Based on the isolation of structurally related family
members [e.g. erythrolide A (113)], it was postulated that
erythrolide K (115) is biosynthetically derived from 113 via a
[1,5]-sigmatropic hydrogen shift of the H-10 to C-3 with
concomitant rupture of the cyclopropane unit (across the C-1 —
C-14 bond). This transformation has been achieved in a synthetic
setting (Scheme 7).

PhMe,
reflux

[1,5] H shift

silica gel
MeOH, reflux

15 5

Scheme 7. Erythrolide K (115) isolated from Erythropodium
caribaeorum, and its postulated biosynthesis from erythrolide A
(113).

3.7 Bicyclo[9.3.1] systems

117 118 119

120 121 122 123

124 125 126 127

Figure 22. The phomactin and Sch bicyclo[9.3.1]pentadec-1-ene
series, comprising of Sch 47918 (116) (flat and three dimensional
view), Sch 49026 (117), Sch 49027 (118) and phomactins B (119),
B1(120), B2 (121), C (122), E (123), F (124), | (125; 13-epi, 126)
and J (127).
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), jsolated from the marine

The phomactins (Figure 22
fungus Phoma sp., were found to be platelet activating factor
antagonists, which are of potential benefit for the treatment of
inflammatory disease states and ischemic disorders.®®! Not too
surprisingly, the pharmaceutical companies Sankyo (Japan) and
Schering-Plough (USA) showed considerable interests in these
natural products, as did synthetic chemists.®'*?! The Goldring,™®"
Hsung,™! and Wulff’®! groups are amongst those who have been
successful in the total synthesis of these compounds. The
structures of Sch 47918 (116),7* E (123),* I (125),7%¢ and J
(127)"% were all solved by X-ray crystallography (Figure 22).

Sch 49027 (118),* is unique amongst this collection in
that the double bond at the bridgehead could theoretically
tautomerize to give the corresponding ketone. However, the
oxygen bearing carbon of the enol had a chemical shift of 148.1
ppm, clearly indicating an olefinic carbon despite any perceived
strain (Figure 22). The sp’ hybridization at this bridgehead
position, rather than inducing strain, is clearly energetically
favourable for this system.

Duh, who contributed to the bicyclo[4.3.1]decene class in
section 3.1 above, discovered the cespitularin family of
diterpenes (Figure 23), isolated from the Formosan soft coral
Cespitularia  hypotentaculatal % > ¥ 1 The structures were
determined solely by NMR spectroscopy. Many of these
compounds exhibited cytotoxicity against the cancer cell lines
A549 (human lung adenocarcinoma), HT-29 (human colon
adenocarcinoma) and P-388 (mouse lymphocytic leukemia).[*®)
However, cespitularin C (128) was particularly potent, exhibiting
EDsy values of 0.12, 8.86 and 0.01 pg/mL against the
aforementioned cell lines respectively.

H
HO., S o OH 4 OH
0 =
H H H
128 129 130

Figure 23. Cespitularins C (128), D (129) and E (130) isolated
from the Formosan soft coral Cespitularia hypotentaculata.

Shen uncovered two further cespitularin-type natural
products, cespihypotins C (131) and D (132), from Cespitularia
hypotentaculata Roxas (Xeniidae) in Taiwan in 2006 (Figure
24).399% Their structures were deduced by NMR spectroscopic
methods. HMBC correlations between the gem-dimethyl protons
and the bridgehead sp’ carbon were important in identifying the
bridgehead olefin of cespihypotins C (131) and D (132).

0
o OH o o
=
H H H
131 132 133
—=\__OH
HO
7
H
133b

Figure 24. Cespihypotins C (131) and D (132) isolated from
Cespitularia hypotentaculata Roxas (Xeniidae). The putative
structure verticillene (133) is believed to be the biogenetic
precursor of the cespitularins and cespihypotins, supported by
133b.

Like the phomactins, the cespitularin-type structures have
shared lineage with taxane natural products. Indeed, Shen and
coworkers postulated that the cespitularins and cespihypotins all
arise from verticillene (133) (Figure 24),%%°%! a putative structure
that is proposed to be the biogenetic precursor of the taxane
natural products. The recently reported compound 1 (133b), from
Trichoderma atroviridae (UB-LMA), an endophytic fungus
isolated from Taxus baccata trees, further supports this
biosynthetic hypothesis (Figure 24).°%

3.8 Bicyclo[10.2.1] systems

The solitary entry in this section was discovered only very
recently by Reddell, Parsons and Williams from the stems of
Croton insularis (Baill) in a campaign aimed at discovering new
anti-cancer agents from the Australian rainforest, in collaboration
with EcoBiotics Ltd."® The bicyclo[10.2.1]pentadec-2,6,13-
triene ring system of EBC-219 (136) was determined by NMR
spectroscopy, specifically through the observation of key HMBC
correlations. DFT calculations determined that four low-energy
conformations could be adopted by the macrocyclic ring system.
These featured either in-plane or perpendicular alignments of the
alkene groups, with the perpendicular conformers giving 3D
structures that are the most consistent with the NOESY NMR
spectral data (Scheme 8, top). Calculations were also utilized to
determine the absolute configuration of EBC-219 (136) by
comparison of experimental and calculated CD spectra and found
to be 18, 5R, 8S, 9R (Scheme 8, middle).

The structurally related 1,2-dicarbonyl bearing EBC181
(134), which was also isolated from the same species, was
proposed to be the biogenetic precursor of EBC-219 (136). It can
be envisaged that the bridgehead double bond could arise from a
S5-exo-trig cyclization of a y-enol (of type 135) of EBC181 (134)
onto its C-5 ketone (Scheme 8, bottom).

1
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Scheme 8. EBC-219 (136) isolated from Croton insularis (Baill).
Top: Low-energy conformation with key NOEs. Bottom: Postulated
biosynthetic conversion from EBC181 (134) via 135, and key
HMBC correlations assigning the bridgehead alkene shown on
EBC-219 (136).

3.9. Bicyclo[13.3.1] systems

[18,91] [92]

The longithorones, and longithorols, are exquisite
natural products, owing to their curious polycyclic structure, the
possibility of multiple atropisomers, and, significant to this
review, multiple bridgehead alkenes [see also erythrolide K (115)
(Scheme 7)] (Figure 25).L°*! For instance, the archetypal
compound in this family, longithorone A (137), possesses in the
same molecule two bridgehead olefins within bicyclo[7.3.1] and
[12.2.2] systems, and a greater bicyclo[13.3.1] system that
contains three bridgehead alkenes. That is, five of the seven
bridgehead positions contain a double bond!

The longithorones are farnesylated quinones isolated from
the tunicate Aplidium longithorax. The structures of
longithorones A (137) (the most complex member of the
family),”"! B (3, Figure 2), and E (138) were all secured by X-ray
crystallography,'® while the others were determined through
NMR spectroscopy. Longithorols A (141) and B (143) were
unstable, presumably as the hydroquinone moieties were easily
oxidized to the corresponding quinones; hence, the structures of

the corresponding peracetylated derivatives 142 and 144 were
elucidated instead.

Schmitz proposed that the key step in the biogenesis of these
compounds was a [4+2] cycloaddition of farnesyl-quinone units
147 and 148 giving rise to the bicyclo[13.3.1] system.”) In
Shair's enantioselective total synthesis of (-)-longithorone A
(137),1°*1 this [4+2] cycloaddition was successfully modeled
using appropriately protected synthetic equivalents of 147 and
148 to furnish the bicyclic core, giving credence to the proposed
biosynthetic pathway (Scheme 9).

141 s R=H
142 o, R = Ac
143 p3;R=H
144 3; R = Ac

Figure 25. The longithorones A (137), E (138), F (139), G (140), H
(145), 1 (146), and longithorols A (141; pentaacetate, 142)® and B
(143; pentaacetate, 144) isolated from the tunicate Aplidium
longithorax.
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Scheme 9. The proposed key step in the biosynthesis of
longithorone A (137) involving a [4+2] cycloaddition of quinone
units 147 and 148 to furnish the polycyclic core.

4. Oxygen containing bicyclic bridgehead
olefinic systems

4.1. 10-Oxabicyclo[4.3.1] systems

The oxygenated series are dominated by mono-oxygenated
bicyclic ring systems and a good starting example is FR182877
(149) (Figure 26). In 1996 the Fujisawa Pharmaceutical
Company patented a novel antimitotic agent isolated from a
strain of Streptomyces sp. N0.9885,°% characterized by 2D NMR
techniques and X-ray crystallography of a derivative as (+)-
FR182877 (149) (Figure 26).[°7! Synthetic chemists,'*®! most
notably Sorensen®”’ and Evans,"%! were immediately attracted to
this molecule, not only to the elegant structural architecture, but
also to the striking anti-tumor activity. For example, FR182877
(149) displayed potent activity against both murine ascitic tumor
P388 and Colon 38 solid tumors prolonging the life span of the
tumor xenograph bearing mice, in addition, to other common cell

Figure 26. (—)-FR182877 (149) isolated from a strain of
Streptomyces sp. N0.9885. The work of Sorensen determined that
the originally proposed (+)-enantiopode was incorrectly

assigned .’

The pinnacle attraction to this audience, however, was the
fact that FR182877 (149) was found to be quite unstable due to
the reactivity of the bridgehead double bond. It was found to
react with molecular oxygen to form an epoxide,”’® and with
various nucleophiles in a Michael addition fashion.”” These

observations are unsurprising because the bridgehead double
bond contained within FR182877 (149), whether considered as a
10-oxabicyclo[4.3.1]decene or a 2,7-dioxabicyclo[4.3.1]decene
system, has Fawcett S = 8 and Wiseman frans-8 atom status,
meaning it lies on the boundary of being classed as an anti-Bredt
system.

4.2. 11-Oxabicyclo[4.4.1] systems

In 1991 Jereisterol A (150) (Figure 27) was isolated by
Minale and co-workers from the pacific sponge Jereicopsis
graphidiophora Lévi & Lévi in the north of New Caledonia at a
depth of 225 m.["®"! The structure of this rare 3-methoxy-8,9-
secosteroid was deduced by comparing *C NMR data to that of
known seco-steroids and those partially synthesized by the
authors. Subsequent to the original discovery of this structural
motif a number of reports later emerged in this area. The first
from a second group in Napoli led by Costantino and co-workers
who isolated compounds 4 (152) and 5 (151) from the Senegalese
sponge Microscleroderma spirophora (Figure 27).l'%! Tylopiol
A (153) (solved by X-ray crystallography), and tylopiol B (154),
reported by Wu et al.!'®*! were the only compounds of this class
to be isolated from a terrestrial source. The source, namely
Tylopilus plumbeoviolaceus (Snell. et Dick.) Sing., is an edible
bitter fungus [family Strobilomycetaceae (Boletales)] widely
distributed in the central area of Yunnan Province, China (Figure
27).

MeO

Figure 27. Jereisterol A (150), compounds 4 (152) and 5 (151),
and tylopiol A (153) (flat and three dimensional view) and B (154).

A number of related structures bearing polysaccharide
residues have also been isolated. Ebel and co-workers evaluated a
sample of Erylus lendenfeldi (Geodiidae) collected off the Jordan
coast in the gulf of Aqaba (Red Sea), discovering the steroidal
saponin eryloside L (155) (Figure 28).[104] The same group later
reported sarasinoside M (156) (Figure 28), isolated from the
Indonesian sponge Melophlus sarassinorum. "1 Some 6
years later sarasinoside M (156) was isolated again, by a group
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led by Oh and Shin, from the tropical sponge Lipastrotethya sp.
collected from Chuuk, Micronesia, along with sarasinoside Q
(157) (Figure 28).[107] Oh and Shin,""” also demonstrated that
sarasinoside M (156) and Q (157) display cytotoxicity against
A549 and K562 cell lines, in addition to weak inhibitory activity
against Na+ /K+ -ATPase.

Figure 28. Eryloside L (155), and Sarasinosides M (156) and Q
(157) isolated from Erylus lendenfeldi, Melophlus sarassinorum
and Lipastrotethya sp., respectively.

4.3. 11-Oxabicyclo[5.3.1] systems

AcQ  OCcOPr AcQ  OCOPr

CO,Me
158 R = PrCO
159 R=H
160 R = Ac (o}

T,

Figure 29. Briareolate esters A-C (158-160) and H (161) isolated
from Briareum asbestinum. Flat and three dimensional view for
158 shown at bottom.

Extracts of Gorgonian octocorals (Briareum asbestinum),
collected off the coast of Tobago, were investigated in a
collaborative effort between the groups of Mootoo, McLean and
Tinto. Using a combination of 2D NMR spectroscopy and X-ray
crystal structure analysis, the structure of methyl briareolate
(158) was elucidated (Figure 29).1'%! A subsequent full paper

disclosed two further family members (159-160),1'! and a later
re-isolation paper reported 161.1''°) They were later renamed
briareolate esters A (158), B (159), C (160) and H (161) (Figure
29).1"% No biological studies were reported.

4.4. 8-Oxabicyclo[5.4.1] systems

Francisco et al. disclosed that cystoseirol A (162) (Figure 30)
was obtained from a brown alga (Cystoseira mediterranea)
occurring along the Mediterranean coastline. It could also be
isolated from C. stricta and C. tamariscifolia"'") A subsidiary
publication by this group announced cystoseirols B (163), C
(164), D (165) and E (166) (Figure 30), also found in various
sources of Cystoseiraceae, i.e. C. mediterranea (Banyuls sur
Mer), C. tamariscifolia (Atlantic coasts), and C. stricta (Nice),
around France.''? The Francisco papers specifically commented
that they had identified a natural product that “contains a bridge-
head, anti-Bredt, double bond” “(in a large enough system to be
accommodated)”, but interestingly no citation to Bredt was
provided.

SN

HO
162 163 C3p
164 C3a

HO

OH

165 (E)
166 (2)

Figure 30. Cystoseirols A-E (162-166) isolated from Cystoseira
mediterranea, C. stricta and C. tamariscifolia.

4.5. 11-Oxabicyclo[6.2.1] systems

de Vivar et al investigated the sesquiterpenoid constituents of
members of the Compositae family isolating a new
germacranolide, zexbrevin (167), from the aereal part of the
schrub Zexmenia breujfolia (Figure 31).1'"*1 Hydrogenation
(Pd/C/H,) of zexbrevin (167) afforded tetrahydrozexbrevin (168)
(Figure 31), which surprisingly left the bridgehead double bond
untouched. Some 15 years later a correction to the source of
isolation was reported, where it was discovered that the actual
natural source of zexbrevin (167) was Viguiera greggi (subgenus
Calanticaria)!''*! X-ray crystallographic confirmation of the
elucidated structure was also reported, but well after the original
elucidation."'* Budlein-A (169), was also isolated by de Vivar
from Viguieru buddleiaeformis (Figure 31).1''°7 Its epimer,
lychnophorolide A (170), as confirmed by X-ray crystallography,
was isolated from Lychnophora affinis by Le Quesne and
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Raffauf,! "7 ! as was lychnophorolide B (171) (Figure 31).
Lychnophorolide A (170) showed significant cytotoxicity
activity; a factor of ten greater than that of related eremantholide
A (172) (Figure 31).[“7’“8] Total syntheses of eremantholide A
(172) have been completed, notably by Hale,!'"! Boeckman,!'?”

and Tadano.'?!! Given that 171 was close in structure to that of
122
)

atripliciolide tiglate (173), reported by Bohlmann (Figure 31
and that of many other family members in this series,'*’) led Le
Quesne and Raffauf to suggest that a close relationship must exist

between the genera Eremanthus, Lychnophora, Piptolepis, and
[117]

Vanillosmopsis in the family Vemoniae.

Figure 31. 11-Oxabicyclo[6.2.1] sesquiterpenoids (167-173)
isolated form the genera Eremanthus, Lychnophora, Piptolepis,
and Vanillosmopsis in the family Vemoniae. Zexbrevin (167); flat
and three dimensional view.

4.6. 9-Oxabicyclo[6.2.2] systems

Two natural product groups fall into this ring size class,
namely, the macquarimicins [A (174) and B (175)] and the
cochleamycins [A (176) and A2 (177)] (Figure 32), which are
closely related to FR182877 (149) discussed in section 4.1 {10-
Oxabicyclo[4.3.1], Figure 26}. In 1984 Jackson et al., working
for Abbott Laboratories, reported the macquarimicins [A (174)
solved by NMR and B (175) by X-ray crystallography] as low
potency anti-anaerobic microbial metabolites from two soil
fermentation broths (Micromonospora chalcea)."* Around the
same time, the cochleamycins [A (176) and A2 (177)] were
reported by Shindo and Kawai from the Kirin Brewery
Company,['?*'2*'27] having been isolated from a Japanese soil
Streptomyces sp. (DTI36), and found to show antitumor
antibiotic activity. Biosynthesis studies were undertaken using
C and H labeled precursors, which assisted in proposing a
plausible biosynthetic route involving an intramolecular Diels-
Alder (IMDA) reaction.l 1 It was this IMDA biosynthetic
proposal that lured synthetic chemists to approach the synthesis
of these captivating targets. Total syntheses were reported from
the groups of Tadano [2004, Macquarimicins A and B (174-
176)1,1%") Tatsuta [2003, (+)-Cochleamycin A (176)],"*” Roush

[2004, (+)-Cochleamycin A (176)],0"*'! and Lee [2009, (-)-
Cochleamycin A (176) formal].l'*%]

174 175 176 R = Me
177 R = iPr

Figure 32. Macquarimicins [A (174) and B (176)] and the
cochleamycins [A (176) and A2 (177)] isolated from soil bacteria.

4.7. 11-Oxabicyclo[8.2.1] systems

Jatrophones, are well known for their prevalent cancer
biology,[m] and thus will not be extensively reviewed herein.
Jatrophone (178) (Figure 33), was isolated from extracts of
Jatropha gossypiifolia L. (Euphorbiaceae), in a search for tumor
inhibitors by Kupchan and Bryan.!'*¥] The structure of 178 was
elucidated by X-ray crystallography. Notable total syntheses
include Smith [1981, racemic Jatrophone],!'*¥ Stille and Hegedus
[1990, racemic Jatrophone],! '** 1 and Wiemer [1992, (+)-
Jatrophone]!"*®).

178

Figure 33. Jatrophone (178) isolated from Jatropha gossypiifolia L.

Other members of this class include the abyssomicins (Figure
34), which have attracted substantial attention from isolation and
synthetic chemists alike. The initial isolation of abyssomicins B-
D (179, 184, 180) was disclosed through a collaborative effort
led by Fiedler and Siissmuth in 2004.1*7 The attraction, beyond
the structural beauty, to this suite of natural products was the
potent antibiotic activity (inhibition of the pABA biosynthetic
pathway),!"*"! which in combination with the isolation from the
“deep” [Japanese Sea, depth 289m, Verrucosispora sp. (AB-18-
032)] gave inspiration for the name. In 2007 a subsequent
collaborative report investigating the same species, spanning
knowledge learned through synthesis, unveiled abyssomicins G
(187) and H (186), and atrop-abyssomicin C (185). %]
Interestingly, within this time frame, it was discovered that this
chemotype from the deep was not restricted to the marine
environment. The first terrestrial isolations originated from
Senegal and Mexico in the form of abyssomicin E (Sattler et
al['**1 181) and abyssomicin 1 (Igarashi et al,/'*"! 188), which
were isolated from soil Streptomyces sp. This was followed by
the isolation of ent-homoabyssomicin B (189) from a German
soil sample, as reported by Laatsch and co-workers.'*'] More
recently, groups lead by Liu, Capon, and Zhang, driven by an
anti-tuberculosis screening program, reported abyssomicins J
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(190), K (182), and L (183), isolated from a sediment-derived
actinomycete, Verrucosispora sp in the South China Sea (depth
2733m).["*") Total syntheses of this class have been prevalent,
with syntheses completed by Sorensen [2005,!'**! abyssomicin C
(184)], Nicolaou [2006,['**] abyssomicin C (184) and atrop-C
(185); 2007,"**! abyssomicin D (180)], and Bihelovic and Saicic
[2012,19 4trop-abyssomicin C (185)].

R
o) 74 0
: | 97%
OH

OH

179 180R=R =H 184 7p/A8
181 R = OMe; R' = OH 89
182 R = OH; R' = H 185;“/A
183 R = OMe; R' = H 86 7p

HON

OH
187

Figure 34. The abyssomicin antibiotics (179-190).

4.8. 12-Oxabicyclo[9.2.1] systems

The oxabicyclo[9.2.1] series are dominated by the pterolides
[furancembranolides, e.g. kallolide A (191a)], which maintain a
reasonable portion of diterpene families isolated from gorgonian,
and other related corals {see also 4.3. 1l-oxabicyclo[5.3.1]
systems}. This area has been extensively reviewed,!'*”) and thus
the two structures presented here (Figure 35) are given with the
sole purpose of presenting a class exemplar. Many of the
furancembranolides, can be considered heterocyclophanes (see
cyclophane review!”),l"*®) which are outside the scope of this
review, but are believed to be direct oxidative precursors to the
furan opened members e.g. Kallolide C (191b). Kallolide C
(191b) (Figure 35) was isolated in the Bahamas from
Pseudopterogorgia kallos, a marine octocoral within the
abundant genus of sea whips.!'*")

Kallolide C (191b)

Figure 35. Kallolide A (191a) and Kallolide C (191b) isolated from
Pseudopterogorgia kallos, and polymaxenolide (192) discovered in
the hybrid soft coral species, Sinularia maxima - Sinularia
polydactyla.

4.9. 14-Oxabicyclo[11.2.1] systems

Polymaxenolide (192), elucidated by X-ray crystallography,
was isolated from a hybrid soft coral (Sinularia maxima -
Sinularia polydactyla) (Figure 35). This natural product (192) is
interesting from an evolutionary perspective. Not only is 192
obtained from a hybrid marine species, but the organism utilizes
a hybrid biosynthetic pathway, producing a hybrid structure
comprising cembrane-type diterpene and africanane-type
sesquiterpene frameworks.['>")

4.10. 4,23-Dioxabicyclo[18.2.1] systems

The last representative in the oxygenated series is tuscolid A
(193) (Figure 36), isolated from culture extracts of
myxobacterium (Sorangium cellulosum, strains So cel401 and
So ce1383) as reported by Hofle. NMR spectroscopy was used to
deduced the flat structure assisted by biosynthetic *C-labelled
feeding studies.!""

MeO

193

Figure 36. Tuscolid A (193) isolated from Sorangium cellulosum.

5. Nitrogen containing bicyclic bridgehead
olefinic systems

Only a small number of alkaloids containing a bridgehead
olefin were identified. These include the haliclamines A-F (200-
205), halicyclamines A-B (206-208), saraines 1-3 (194-196) and
isosaraines 1-3 (197-199), which, unsurprisingly, are all
biogenically linked.!'*
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194 R = -CH=CH-

197 R = -CH=CH-
198 R = -CH,-
199 R = -CH,CH=CH-

195 R = -CH,-
196 R = -CH,CH=CH-

Figure 37. Saraines 1-3 (194-196) and Isosaraines 1-3 (197-199)
isolated from Reniera sarai.

The saraines 1-3 (194-196) (Figure 37) ,"'**! which bear a 3-
azabicyclo[10.3.1]Thexadec-1-ene core, were isolated from the
Mediterranean sponge Reniera sarai, (order Haplosclerida)
collected in the bay of Naples, Italy. Reduction of the carbonyl to
the corresponding alcohols facilitated structure determination by
subsequent conversion to Mosher esters, in conjunction with
extensive 2D NMR spectroscopy. Approximately three years
later diastereomers of the saraines, namely the isosaraines 1-2
(197-198), were isolated from the same marine sponge,!">* with
saraine 3 and isosaraine 3 (199) discovered over a decade
later. 133

Around the time the isosaraines (197-199) (Figure 37) were
discovered, haliclamines A and B (200-201) (Figure 38) were
isolated from a sponge of the genus Haliclona collected off the
Japanese Island of Hiburi-jima in the Uwa Sea.l'**] Both
haliclamine A and B inhibited sea urchin (Hemicentrotus
pulcherrimus) fertilized egg cell division, and more importantly
inhibited the growth of leukemia cell lines L1210 (ICsy 0.9
ug/mL) and P388 (0.39 ug/mL).'"**) More recently, haliclamines
C (202), D (203), E (204) and F (205) were isolated by Kock et
al. from the Arctic sponge Haliclona viscosa.l'>**'*"1 The
haliclamides are possibly the most intriguing examples in this
class in that there are two bridgehead double bond systems
contained within the same molecule, and furthermore, the
nitrogen atom makes up one of the bridge junctions in each
system (Figure 38). Of the haliclamines only A has succumb to
total synthesis [1997, Morimc»to].[15 8

200 202x=4,y=6
14,15 203 x=5,y=6

201 (A ) 204 x=4,y=5
205x=6,y=6

Figure 38. Haliclamines A-F (200-205) isolated from Haliclona
viscosa.

The last in this series are the halicyclamines A (206), B (207)
and 22-hydroxyhalicyclamine A (208). Crews and co-workers
reported the isolation of halicyclamine A (206) from Haliclona
sp.; a massive, soft textured, olive green colored, tubular sponge,
collected from Biak, Indonesia.l">” It showed good inhibition of
inosine monophosphate dehydrogenase (IMPDH) (1 pg/mL),
which is a potential cancer chemotherapy target. Much more
recently, however, halicyclamine A (206) was found to be a lead

anti-tuberculosis agent,/'®"! and an anti-dormant mycobacterial

substance with the mechanism of action correlating to the DedA
protein.'®" 22-Hydroxyhalicyclamine A (208) was later reported
by Fusetani,l'*” isolated from the marine sponge Amphimedon sp.
To complete the set, halicyclamine B (207), elucidated by X-ray
crystallography, was later reported by Crews and Clardy, isolated
from the marine sponge Xestospongia sp. obtained from Sangihe
Islands, Indonesia.l'®! Structurally, halicyclamines A (206), B
(207) and the hydroxyl derivative (208) are the only examples
which contain two nitrogen atoms within the bicyclic core, giving
rise to a 3,16-diazabicyclo[14.3.1]icos-1-ene system in the case
of A (206) and  hydroxy  (208), and  3,9-
diazabicyclo[12.3.1]heptdec-1-ene system in the case of B (207)
(Figure 39).

206 R=H
208 R=0OH

207

Figure 39. Halicyclamines A [206), B 207 flat and three
dimensional view)] and 22-hydroxyhalicyclamine A (208).

6. Anti-Bredt or Bridgehead olefin?

Although it is somewhat ironic that Bredt’s rule was
developed through the study of simple terpenoid natural products,
its application in this context remains uncertain. Should (or can)
the term ‘anti-Bredt’ be applied to natural products containing a
bridgehead olefin? In addition to the philosophical argument that
a natural product is inherently stable for the purposes of isolation,
the crux of the problem is that Bredt’s rule (including the
refinements of the last century) is based on investigations of
fundamental and functionally unadorned parent bicyclic ring
systems, unlike the plethora of functionalities and substitutions
that are commonplace in natural products. The stability of
bridgehead olefins can vary substantially depending on the
presence or placement of these functional groups and additional
architectural features.”!

These reasons compel us to propose that the anti-Bredt
terminology is not directly applicable to natural products. Instead
we feel that it is more instructive to evaluate the strain of
naturally occurring bridgehead olefins quantitatively rather than
qualitatively. Far from the natural product community
abandoning Bredt’s rule, it is this approach that strikes at the
heart of the bridgehead olefin strain phenomenon first discovered
by Bredt.
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To this end, Schleyer’s model of olefin strain (OS) energy is
well poised to act as an important indicator, via computed OS
values, of bridgehead olefin instability, rather than to attempt a
classification as anti-Bredt or not. However, OS calculations of a
suitable range of bridgehead olefins would lead to a prohibitively
sizeable in silico study considering the number of natural
products identified in this review.

Therefore, we herein suggest, and illustrate, two alternative
methods based on in vitro data that allow the bridgehead olefin
strain of natural products to be measured, or perhaps more
importantly, better appreciated

Analysis 1:  As elegantly described by Shea,!'* in analogy
to a trans-cycloalkene a bridgehead olefin is subject to torsional
distortion. This distortion creates a twisting effect, bending the ©
bond out of co-planarity, sequentially diminishing p orbital
overlap with decreasing ring size. Subsequently, the sp” centers
rehybridize by incorporating s character into the p orbitals of the
7 bond, resulting in pyramidalization of both sp2 centers. The
degree of distortion and pyramidalization can be quantified by
the angles t and y respectively (Figure 40). Although X-Ray
crystallographic data cannot be used to determine t, nor 7y,
directly, these angles can be determined by measuring either of
the torsional angles YCi1C2W (1) or ZCi1C2X (®2) (Figure 40).
Due to the rehybridization, and ensuing pyramidalization
however, @, and @, are now non-equivalent, and therefore, the

torsional distortion t is defined as an average [i.e. T = (¢; + ¢,)/2].

Figure 40. The projected view along a torsionally distorted double
bond; distortional parameters y and t. Adapted from reference
[12a].

Utilizing this mode of analysis, specifically concentrating on the
degree of distortion (t), select X-ray crystal structures of the all-
carbon containing series (i.e. 44, 71, 76 and 116, Figure 41) were
examined, covering the bicyclo[4.4.1], [5.3.1], [7.2.1] and [9.3.1]
systems.

Bicyclo[4.4.1] system oHQAC
w,y_JoH

HO. OAc

H O 22-Acetylisocyclocitrinol A (44)

Bicyclo[5.3.1] system

HQ
£ 0

oL P
@\  hod on |

Crispolide (71)

HOO

Bicyclo[7.2.1] system

Bicyclo[9.3.1] system

SR
— 9 = JoHo
o \) O — =

)

Sch 47918 (116

Figure 41. All carbon candidates 44, 71, 76 and 116, solved by X-
ray crystal structure analysis, used to evaluate bridgehead bond
lengths and torsional values. Crispolide 71 solved as the diacetate,
and Shikoccin 76 solved as the mono acetate.

Unfortunately, no examples of smaller ring systems have
been solved by X-ray crystal structure analysis. However, in this
instance, X-ray crystal structures of advanced synthetic
intermediates towards the phomoidrides {bicyclo[4.3.1] system}
were available from the work of Nicolaou,** Wood'*Y and
Clive!'*" et al. Thus, compounds 209 and 210 (Figure 42) were
evaluated together with the above chosen natural products (i.c. 44,
71, 76 and 116) (Figure 41 and Table 1).

Bicyclo[4.3.1] system

COLH
210

Figure 42. Shea'’s bridgehead olefin (210) and Nicolaou’s
intermediate (209).
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Table 1. Bridgehead bond lengths and torsional (t) values for
compounds 44, 67, 71, 76, 116, 209 and 210.

Entry Bridgehead Bridgehead Bicyclo[m.n.o]
R Olefin Olefin system
[Ref] length (A)® | distortion

(T)[a][b][d
209“% 1.312 8.2° [4.31]
210" - 6.8°
166]
7159 1.328 3.4° [5.3.1]
67167 1.351 3.6°
449 1.331 2.6° [4.4.1
76°% 1.334 2.6° [7.21]
116%4 1.326 0.4° [9.3.1]

[a] See cited literature for standard deviations. [b] The value of ©
was extracted from reported X-ray crystallographic data using the
program Mercury."® [c] Variation in determining t values can exist
due to the accuracy of the calculated hydrogen positions, or the
level of refinement obtained in the process of solving the X-ray
crystal structure. For example, a structure measured at low
temperature might be expected to have a lower refinement value
providing a greater degree of hydrogen atom certainty or
probability.

A clear trend is evident from the t values listed in table 1
above, in that, on increasing ring size {i.e. [4.3.1] to [9.3.1]} the
degree of bridgehead olefin twisting decreases. The most strained
system is the phomoidride intermediate 209 within the
bicyclo[4.3.1] series. The distortion angle of 8.2° is quite high
compared to the value of 6.8° in 210, which is more
representative of an archetypal bicycle[4.3.1] system. This is
most likely due to other skeletal strain features present in 209,
but nevertheless compares well with the parent system
210.1'%1%) The vales of 3.4° and 3.6° for crispolide (71) and
taxol (67), respectively, compare well for the [5.3.1] series, with
decreasing values through to 0.4° for the [9.3.1] system [i.e. Sch
47918 (116)].

In the case of the oxygen containing bicyclic bridgehead
olefinic systems, T values were determined for tylopiol A (153),
methyl briareolate (158) and tetrahydrozebrevin (168) (Figure 43,
Table 2).

Oxobicyclo[4.4.1] system

HO )
Tylopiol A(153)

Oxobicyclo[5.3.1] system
(e}

RUES

PrcOo™"

o O
°© 0
COyMe

Methy! briareolate (158)

Oxobicyclo[6.2.1] system

O
H
= O 40
H
N\ H
(6]

Tetrahydrozexbrevin (168)

Figure 43. Oxygen bridged candidates (i.e. 153, 158 and 168)
solved by X-ray crystal structure analysis, used to evaluate
bridgehead bond lengths and torsional values.

Table 2. Bridgehead bond lengths and torsional (t) values for
compounds 153, 158, and 168.

Entry Bridgehead Bridgehead Bicyclo[m.n.o]
Olefin Olefin system
[Ref] length (A)® | distortion
(T)[a][b][CI
158!'%®! 1.348 0.5° [5.3.1]
1531'%% 1.218 7.6° [4.4.1
1.389 4.3°
168" 1.355 8.7° [6.2.1]

[a] See cited literature for standard deviations. [b] The value of ©
was extracted from reported X-ray crystallographic data using the
program Mercury."® [c] Variation in determining t values can exist
due to the accuracy of the calculated hydrogen positions, or the
level of refinement obtained in the process of solving the X-ray
crystal structure. For example, a structure measured at low
temperature might be expected to have a lower refinement value
providing a greater degree of hydrogen atom certainty or
probability.

The oxygen-bridged series are more difficult to analyze as the
suggested trend is opposite to the all carbon series, in that, larger
rings systems contain more strained bridgehead olefins. On
closer inspection of these natural product candidates, however, it
is apparent that skeletal structure is most likely a substantial
contributor to the observed bridgehead olefin twisting. For
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example, tylopiol A (153) (t = 7.6° and 4.3°) contains two
bridgehead olefins with significant differences between the two
bridgehead bond lengths (A = 0.171A). Meanwhile, with methyl
briareolate (158) (t = 0.5°) the bridgehead olefin is conjugated to
a second alkene, which can potentially provide stability to the out
of plane p orbital on the bridgehead olefin exo carbon through
adjacent p orbital overlap. In the case of tetrahydrozebrevin (168)
the torsional distortion value (t = 8.7°) is unexpectedly high,
matching more closely the value of the all-carbon bicyclo[4.3.1]
systems. Contrary to this argument, however, is that the
bridgehead olefin is conjugated to a carbonyl, and it has resisted
hydrogenation. A similar observation is made in the nitrogen-
bridged example, halicyclamine B (207). It might be expected
that for such a large ring system {i.e. bicyclo[12.3.1]/[10.3.1]
system} a very low or even negative t value be found, but instead
T is relatively large (i.e. 3.7°) most likely due to the olefin
residing in the smallest bridge (Figure 44).

1.307A

t=3.7

Halicyclamine B (207)

Figure 44. Halicyclamine B (207) bridgehead bond lengths and
torsional values obtained from the reported X-ray crystal structure
analysis.

Analysis 2: Another assessment criteria useful in the context
of anti-Bredt natural product evaluation, is the chemical
reactivity of the bridgehead olefin (which has been highlighted
throughout, but not fully considered). In both the bicyclo[4.4.1]
and the oxobicyclo[4.3.1] systems, cerorubenic acid-I (38)[44] and
FR182877 (149)®" were observed to undergo slow aerial
oxidation to give sp’ bridgeheads in epoxides 211 and 212
(Scheme 10).['%1 Sesquiterpene 25 was also reported to be
unstable and the two co-isolates (213 and 214) were deemed to
be artifacts of isolation arising from reaction at the bridgehead
double bond. These observations suggest that 25, 38 and 149 are
members of Schleyer’s “observable fleeting intermediates” class
(i.e. unstable), but perhaps towards the more stable (long-lived)
end of the spectrum. Indeed, although we urge discouragement of
the ‘anti-Bredt’ terminology in relation to natural products, the
observably unstable bridgehead olefins are very close to being
naturally occurring violations of the classical Bredt’s rule. By
extension, natural products that have certain bridgehead
functionality (e.g. epoxide or alcohol, i.e. 213, Scheme 10) could
potentially be extrapolated from a naturally occurring classical
anti-Bredt reactive intermediate.

Air
E—

O 1) Extraction
2) Chromatography

25
213 (R = H)
214 (R = Me)

Scheme 10. Cerorubenic acid-l (38) and FR182877 (149) aerial
oxidation to epoxides 211 and 212, respectively. Sesquiterpene 25
artifacts of isolation 213 and 214.

7. Summary and Outlook

It is of no wonder that the stability and classification of
natural products containing bridgehead olefins was unclear. In
the course of preparing this review we noticed that a significant
proportion of canvassed articles did not refer to Bredt’s rule,
which strongly suggests anti-Bredt classification uncertainty. We
hope this review brought clarification and indeed, introduced a
helpful framework of evaluating bridgehead olefin containing
natural products.

Lastly, we feel that Julius Bredt himself probably would
never have imagined his legacy would continue into modernity,
especially as he was already aware that violations of the rule
were on the horizon. Nevertheless, the occurrence in nature of
architecturally beautiful and biologically active candidates,
unearthed by the isolation chemist, suggest that the field will
continue to develop attracting the attention of biologists and
chemists alike.

We thank the University of Queensland and Griffith University
for financial support. CMW gratefully acknowledges an
Australian Research Council Future Fellowship award. We
gratefully acknowledge Story Bridge Adventure Climb for their
photo contribution to the cover illustration. The reviewers of this
manuscript are gratefully acknowledged for their insightful
suggestions and comments. Prof. Gahan, Dr. Clegg and Dr.
Moore (University of Queensland) for discussions and assistance
with X-ray crystallography.

21



Received: ((will be filled in by the editorial staff))
Published online on ((will be filled in by the editorial staff))

m a) First reported, J. Bredt, J. Houben, P. Levy, Chem. Ber. 1902, 35,
1286-1292 and J. Bredt, Liebigs Ann. Chem. 1913, 395, 26—63; b)
Reviewed and condensed, J. Bredt, Liebigs Ann. Chem. 1924, 437,
1-13.

(2 For historical information on Prof. Julius Bredt see: G.B. Kauffman, J.
Chem. Educ. 1983, 60, 341-342.

B1 ) J. F. Liebman, A. Greenberg, Chem. Rev. 1976, 76, 311-365; b) C. J.
M. Stirling, Tetrahedron, 1985, 41, 1613—-1666; c) K. B. Wiberg,
Angew. Chem. Int. Ed. 1986, 25, 312-322; Angew. Chem. 1986, 98,
312-322; d) W. Luef, R. Keese, Topics in Stereochemistry 1991,
20, 231-318; ¢) M. R. Wilson, R. E. Taylor Angew. Chem. Int. Ed.
2013, 52, 4078-4087.

) Since his 1924 report'® Prof. Bredt was already aware that the rule
would probably not hold with larger ring systems, see J. Bredt,
Ann. Acad. Scient. Fennicae 1927, 294, 3-22.

51 a) F. S. Fawcett, Chem. Rev. 1950, 47, 219-274; b) G. Kébrich, Angew.
Chem. Int. Ed. 1973, 12, 464-473; ¢) G. L. Buchanan, Chem. Soc.
Rev. 1974, 3, 41-63; d) R. Keese, Angew. Chem. Int. Ed. 1975, 14,
528-538; Angew. Chem. 1975, 87, 568-578; ¢) P. M. Warner,
Chem. Rev. 1989, 89, 1067-1093; f) G. Szeimies, in Reactive
Intermediates, ed. R. A. Abramovitch, Plenum Press, New York,
1983, vol. 3, p. 299.

(6l a) V. Prelog, L. Ruzicka, P. Barman, L. Frenkiel, Helv. Chim. Acta
1948, 31, 92-97; b) V. Prelog, P. Barman, M. Zimmermann, Helv.
Chim. Acta 1949, 32, 1284-1296; ¢) V. Prelog, J. Chem. Soc. 1950,
420-428.

). R. Wiseman, J. Am. Chem. Soc. 1967, 89, 5966—5968.
(813, R. Wiseman, W. A. Pletcher J. Am. Chem. Soc. 1970, 92, 956-962.

el a) D. J. Martella, M. Jones, Jr., P. v. R. Schleyer, W. F. Maier, J. Am.
Chem. Soc. 1979, 101, 7634-7637; b) W. F. Maier, P. v. R.
Schleyer, J. Am. Chem. Soc. 1981, 103, 1891-1900; c) Turner et al.
were the first to suggest that the strain energy of a bridgehead
double bond constitutes strain associated with the olefin and the
strain associated with the remaining carbon skeleton, see P. M.
Lesko, R. B. Turner, J. Am. Chem. Soc. 1968, 90, 6888-6889; d)
Interestingly, Schleyer commented at the time®™"! that the only
qualitative rule still valid was that of Wiseman’s, and went on to
elaborate that the three additional rules proposed by Kobrich were
essentially not functional, because two of these rules had since
been violated by experimental results and the third seemed not to
be general.

U1y, Burkert, Chem. Ber. 1977, 110, 773-777.
U0, Ermer, Z. Naturforsch. 1977, 32B, 837-839.

(2] 3) B. R. Bear, S. M. Sparks, K. J. Shea Angew. Chem. Int. Ed. 2001,
40, 820-849; b) K. J. Shea, Tetrahedron 1980, 36, 1683-1715.

(81 G. A. Kraus, Y. Hon, P. J. Thomas, S. Laramay, S. Liras, J. Hanson,
Chem. Rev. 1989, 89, 1591-1598.

U4L, A. Paquette, Chem. Soc. Rev. 1995, 24, 9—17.

151 2) J. Y. W. Mak, C. M. Williams, Chem. Commun. 2012, 48, 287—
289;b) J. Y. W. Mak, C. M. Williams, Eur. J. Org. Chem. 2012,
2001-2012; ¢) J. M. Faber, W. A. Eger, C. M. Williams, J. Org.
Chem. 2012, 77, 8913-8921; d) S. Chow, C. Kref3, N. Albak, C.
Jessen, C. M. Williams, Org. Lett. 2011, 13, 5286-5289; ¢) B. D.
Schwartz, J. R. Denton, H. M. L. Davies, C. M. Williams Aust. J.
Chem. 2009, 62, 980-982; f) B. D. Schwartz, J. R. Denton, P. V.
Bernhardt, H. M. L. Davies, C. M. Williams, Synthesis 2009,
2840-2846; g) B. D. Schwartz, J. R. Denton, Y. Lian, H. M. L.
Davies, C. M. Williams J. Am. Chem. Soc. 2009, 131, 8329-8332;

h) B. D. Schwartz, C. M. Williams, P. V. Bernhardt, Beilstein J.
Org. Chem. 2008, 4 (Oct.); i) M. J. Gallen, C. M. Williams, Eur. J.
Org. Chem. 2008, 4697-4705; j) M. J. Gallen, C. M. Williams,
Org. Lett. 2008, 10, 713-715; k) B. D. Schwartz, D. P. Tilly, R.
Heim, S. Wiedemann, C. M. Williams, P. V. Bernhardt, Eur. J.
Org. Chem. 2006, 3181-3192; 1) D. P. Tilly, C. M. Williams, P. V.
Bernhardt, Org. Lett. 2005, 7, 5155-5157; m) R. Heim, S.
Wiedemann, C. M. Williams, P. V. Bernhardt, Org. Lett. 2005, 7,
1327-1329; n) C. M. Williams, L. N. Mander, P. V. Bernhardt, A.
C. Willis, Tetrahedron 2005, 61, 3759-3769; 0) C. M. Williams, L.
N. Mander, Org. Lett. 2003, 5, 3499-3502.

ey A. Maslovskaya, A. I. Savchenko, E. H. Krenske, C. J. Pierce, V. A.
Gordon, P. W. Reddell, P. G. Parsons, C. M. Williams, Angew.
Chem. Int. Ed. 10.1002/anie.201310923.

IU. F. Castillo, Y. Sakagami, M. Alonso-Amelot, M. Ojika,
Tetrahedron 1999, 55, 12295-12300.

(81 X Fu, M. B. Hossain, F. J. Schmitz, D. van der Helm J. Org. Chem.
1997, 62, 3810-3819.

91T, Gulder and P. S. Baran, Nat. Prod. Rep. 2012, 29, 899-934.

2 2) G. D. Prestwich, S. P. Tanis, J. P. Springer, J. Clardy J. Am. Chem.
Soc. 1976, 98, 6061; b) G. D. Prestwich, S. P. Tanis, F. G.
Pilkiewicz, I. Miura, K. Nakanishi J. Am. Chem. Soc. 1976, 98,
6062-6064.

Tt is increasingly common that natural products have their chemical
structures later revised, however, usually as a result of natural
product total synthesis campaigns; see reviews a) K. C. Nicolaou,
S. A. Snyder, Angew. Chem. Int. Ed. 2005, 44, 1012—1044; b) M.
E. Maier, Nat. Prod. Rep., 2009, 26, 1105-1124; (c) L. Takashi, T.
L. Suyama, W. H. Gerwick, K. L. McPhail, Bioorg. Med. Chem.
2011, /9, 6675-6701.

21K, Bartelt in Die Terpene und Campherarten, Heidelberg, C. Winter's
Universitétsbuchhandlung, 1908, p 91.

31 0. Wallach, A. Blumann, Chem. Zentr. 1907, II, 983.

24T, W. J. Taylor, A. F. Millidge, Richter-Anschiitz, The Chemistry of
the Carbon Compounds, 3rd English edition, Vol. 2, Nordeman
Publishing Company, Inc., New York, 1939, p. 251.

1B, M. Fraga, 1. Cabrera, J. M. Amaro-Luis, J. Nat. Prod. 2008, 71,
1953-1955.

(2¢) S, K. Chanudhuri, R. B. Badisa, E. Pilarinou, E. H. Walker, Nat. Prod.
Lett. 2002, 16, 39-45.

7 a) R. B. Badisa, S. K. Chanudhuri, E. Pilarinou, N. J. Rutkoski, J.
Hare, C. W. Levenson, Cancer Lett. 2000, 149, 61-68; b) R. B.
Badisa, L. T. Ayuk-Takem, C. O. Ikidiobii, E. H. Walker, Pharm.
Biol. 2006, 44, 141-145.

(81 A 1. Savchenko, C.M. Williams, Eur. J. Org. Chem. 2013, 7263-7265.
21y Cong, J.-G. Guo, J. Liu, Helv. Chim. Acta 2013, 96, 345-349.

(91, D. Baraza, C. C. Joseph, M. H. H. Nkunya, Nat. Prod. Res. 2007,
21,1027-1031.

BUM. Paridhavi, S. S. Agrawal, Asian J. Chem. 2007, 19, 2751-2756.

(321 A, J. Williams, M. E. Elyashberg, K. A. Blinov, D. C. Lankin, G. E.
Martin, W. F. Reynolds, J. A. Porco, Jr., C. A. Singleton, S. Su, J.
Nat. Prod. 2008, 71, 581-588.

1S, D. Rychnovsky, Org. Lett. 2006, 8, 2895-2898.

(34 a) L. Dong, V. A. Gordon, R. L. Grange, J. Johns, P. G. Parsons, A.
Porzelle, P. Reddell, H. Schill, C. M. Williams, J. Am. Chem. Soc.
2008, /30, 15262-15263; b) L. Dong, H. Schill, R. L. Grange, A.
Porzelle, J. P. Johns, P. G. Parsons, V. A. Gordon, P. W. Reddell,
C. M. Williams, Chem. Eur. J. 2009, 15, 11307-11318; ¢) L. A.
Maslovskaya, A. I. Savchenko, V. A. Gordon, P. W. Reddell, C. J.

ole]



Pierce, P. G. Parsons, C. M. Williams, Org. Lett. 2011, 13, 1032—
1035.

31 C, J. Barrow, J. W. Blunt, M. H. G. Munro, Aust. J. Chem. 1988, 41,
1755-1761.

M. R. Kernan, R. C. Cambie, J. Nat. Prod. 1990, 53, 1353-1356.

B Q. N. N. Nguyen, D. Tantillo, Beilstein J. Org. Chem. 2013, 9, 323—
331.

BT, Iwagawa, J.-I. Kawasaki, T. Hase, J. L. C. Wright, Tetrahedron
1997, 53, 6809-6816.

1 A. A. H. El-Gamal, S.-K. Wang, C.-Y. Duh, J. Nat. Prod. 2006, 69,
338-341.

01T, T. Dabrah, T. Kaneko, W. Massefski Jr, E. B. Whipple, J. Am.
Chem. Soc. 1997, 119, 1594-1598.

“ip F. Meng, Q. Tan, S. J. Danishefsky, Angew. Chem. Int. Ed. 1999,
38,3197-3201.

1p._ Spencer, F. Agnelli, G. A. Sulikowski, Org. Lett. 2001, 3, 1443—
1445,

31 a) K. C. Nicolaou, P. S. Baran, Y. L. Zhong, H. S. Choi, W. H. Yoon,
Y. He, K. C. Fong, Angew. Chem., Int. Ed. 1999, 38, 1669-1675;

b) K. C. Nicolaou, P. S. Baran, Y. L. Zhong, K. C. Fong, Y. He, W.

H. Yoon, H. S. Choi, Angew. Chem., Int. Ed. 1999, 38, 1676-1678;
¢) K. C. Nicolaou, J. K. Jung, W. H. Yoon, Y. He, Y. L. Zhong, P.
S. Baran, Angew. Chem., Int. Ed. 2000, 39, 1829-1832; d) N.
Waizumi, T. Itoh, T. Fukuyama, J. Am. Chem. Soc. 2000, 122,
7825-7826; ¢) C. Chen, M. E. Layton, S. M. Sheehan, M. D. Shair,
J. Am. Chem. Soc. 2000, 122, 7424-7425; f) Q. Tan, S. J.
Danishefsky, Angew. Chem., Int. Ed. 2000, 39, 4509-4511 and
references therein; g) D. A. Spiegel, J. T. Njardarson, I. M.
McDonald, J. L. Wood, Chem. Rev. 2003, 103,2691-2727.

BIM. S. Tempesta, T. Iwashita, F. Miyamoto, K. Yoshihara, Y. Naya, J.
Chem. Soc. Chem. Commun. 1983, 1182—-1183.

1L, A. Paquette, B. P. Dyck, J. Am. Chem. Soc. 1998, 120, 5953-5960.

e, Amagata, A. Amagata, K. Tenney, F. A. Valeriote, E. Lobkovskky,
J. Clardy, P. Crews, Org. Lett. 2003, 5, 4393-4396.

B AL G. Kozlovsky, V. P. Zhelifonova, S. M. Ozerskaya, N. G.
Vinokurova, V. M. Adanin, U. Grife, Pharmazie 2000, 55, 470-
471.

81 a) L. Du, T. Zhu, Y. Fang, Q. Gu, W. Zhu, J. Nat. Prod. 2008, 71,
1343-1351; b) Recently Zhan reported similar re-isolation findings
from a different Penicillium species, see Y.-M. Ying, Z.-Z. Zheng,
L.-W. Zhang, W.-G. Shan, J.-W. Wang, Z.-J. Zhan Helv. Chim.
Acta 2014, 97, 95-101.

41 A. M. R. Marinho, E. Rodrigues-Filho, A. G. Ferreira, L. S. Santos, J.
Braz. Chem. Soc. 2005, 16, 1342—-1346; A. M. R. Marinho, P. S. B.
Marinho, E. R. Filho, Quim. Nova, 2009, 32, 1710-1712.

% Tsolation and occurrence: a) E. Baloglu, D. G. I. Kingston, J. Nat.
Prod. 1999, 62, 1448-1472; b) G. Appendino, Nat. Prod. Rep.
1995, 349-360; c¢) Y.-F. Wang, Q.-W. Shi, M. Dong, H. Kiyota,
Y.-C. Gu, B. Cong, Chem. Rev. 2011, 111, 7652-7709; d) See also
reference [52].

B Biological activity: a) M. T. Huizing, V. H. Misser, R. C. Pieters, W.
W. ten Bokkel Huinink, C. H. N. Veenhof, J. B. Vermorken, H. M.
Pinedo, J. H. Beijnen, Cancer Invest. 1995, 13, 381-404; b) See
also reference [50,52].

(2] Synthesis: a) D. G. I. Kingston, Chem. Commun. 2001, 867-880; b) K.

C. Nicolaou, W. M. Dai, R. K. Guy, Angew. Chem. 1994, 106, 38,
Angew. Chem. Int. Ed. Engl. 1994, 33, 15; ¢) Very recently (—)-
Taxuyunnanine D was synthesized, see N. C. Wilde, M. Isomura,

A. Mendoza, P. S. Baran, J. Am. Chem. Soc. 2014, 136,
4909-4912; d) See also reference [50].

(31 £, Bohlmann, A. K. Dhar, J. Jakupovic, R. M. King, H. Robinson,
Phytochemistry, 1981, 20, 1077-1080. Note: Disyhamifolide is
pictured in the publication with a C-8 methacryloyl side-chain,
which, based on related structures in the same article and the NMR
data, we believe to be a drawing error.

54 G, Appendino, P. Gariboldi, G. M. Nano, Phytochemistry, 1982, 5,
1099-1102.

(] G. Chiari, G. Appendino, G. M. Nano, J. Chem. Soc. Perkin Trans. II.
1986, 263-266.

B C. Zdero, F. Bohlmann, M. Miiller, Phytochemistry, 1987, 26, 2763—
2775.

BTE, Fujita, N. Ito, I. Uchida, K. Fuji, J. Chem. Soc. Chem. Commun.
1979, 806-807.

81T, Taga, K. Osaki, N. Tto, E. Fujita, Acta Cryst. 1982, B38, 2941-2944.

%1 2) M. Node, N. Tto, K. Fuji, E. Fujita, Chem. Pharm. Bull. 1982, 30,
2639-2640; b) M. Node, N. Ito, I. Uchida, E. Fujita, K. Fuji, Chem.
Pharm. Bull. 1985, 33, 1029-1033.

oI A Paquette, D. Backhaus, R. Braun, J. Am. Chem. Soc. 1996, 118,
11990-11991.

(61 Fujita, T.; Takeda, Y.; Shingu, T. Bitter diterpenoids from Isodon
shikokianus var. intermedius. Phytochemistry, 1979, 18, 299-301.

w2, Fujita, Y. Takeda, T. Shingu, M. Kido, Z. Taira, J. Chem. Soc.,
Chem. Commun. 1982, 162.

(1Y, Takeda, T. Fujita, A. Ueno, Phytochemistry, 1983, 22, 2531-2533.

(%Y. Takeda, Y. Futatsuishi, T. Matsumoto, H. Terada, H. Otsuka,
Phytochemistry. 1994, 35, 1289-1291.

(1Y, Takeda, T. Ichihara, T. Fujita, A. Ueno, Chem. Pharm. Bull. 1989,
37,1213-1215.

I N. B. Perry, E. J. Burgess, R. S. Tangney, Tetrahedron Lett. 1996, 37,
9387-9390.

I N. B. Perry, E. J. Burgess, S.-H. Baek, R. T. Weavers, W. Geis, A. B.
Mauger, Phytochemistry. 1999, 50, 423—433.

(%81 J. Thongtan, P. Kittakoop, N. Ruangrungsi, J. Saenboonrueng, Y.
Thebtaranonth, J. Nat. Prod. 2003, 66, 868-870..

¥I'W. Chen, X.-D. Yang, J.-F. Zhao, J.-H. Yang, H.-B. Zhang, Z.-Y. Li,
L. Li, Helv. Chim. Acta. 2006, 89, 537-541

W, Chen, X.-D. Yang, J.-F. Zhao, H.-B. Zhang, L. Li, Helv. Chim.
Acta. 2007, 90, 1554—1558.

"1, Kubo, T. Matsumoto, Y. Asaka, T. Kubota, H. Naoki, P.
Fludzinkski, A. S. Kende, Chem. Lett. 1984, 1613-1616.

(72 a) M. Konishi, H. Ohkuma, K. Saitoh, H. Kawaguchi, J. Antibiot.
1985, 38, 1605-1609; b) J. Golik, J. Clardy, G. Dubay, G.
Groenewold, H. Kawaguchi, M. Konishi, B. Krishnan, H. Ohkuma,
K. Saitoh, T. W. Doyle, J. Am. Chem. Soc. 1987, 109, 3461-3462;
¢) J. Golik, G. Dubay, G. Groenewold, H. Kawaguchi, M. Konishi,
B. Krishnan, H. Ohkuma, K. Saitoh, T. W. Doyle, J. Am. Chem.
Soc. 1987, 109, 3462-3464.

(73 a) M. D. Lee, T. S. Dunne, M. M. Siegel, C. C. Chang, G. O. Morton,
D. B. Borders, J. Am. Chem. Soc. 1987, 109, 3464-3466; b) M. D.
Lee, T. S. Dunne, C. C. Chang, G. A. Ellestad, M. M. Siegel, G. O.
Morton, W. J. McGahren, D. B. Borders, J. Am. Chem. Soc. 1987,
109, 3466-3468; c) M. D. Lee, T. S. Dunne, C. C. Chang, M. M.
Siegel, G. O. Morton, G. A. Ellestad, W. J. McGahren, D. B.
Borders, J. Am. Chem. Soc. 1992, 114, 985-997.

j0de]



411, A. McDonald, T. L. Capson, G. Krishnamurthy, W.-D. Ding, G. A.
Ellestad, V. S. Bernan, W. M. Maiese, P. Lassota, C. Discafani, R.
A. Kramer, C. M. Ireland, J. Am. Chem. Soc. 1996, 118, 10898—
10899.

73] a) N. Oku, S. Matsunaga, N. Fusetani, J. Am. Chem. Soc. 2003, 125,
2044-2045; b) R. R. Jones, R. G. Bergman, J. Am. Chem. Soc.
1972, 94, 660-661.

7l 2) K. C. Nicolaou, R. D. Groneberg, T. Miyazaki, N. A. Stylianides,
T. J. Schulze, W. Stahl, J. Am. Chem. Soc. 1990, 112, 8193-8195;
b) K. C. Nicolaou, C. W. Hummel, E. N. Pitsinos, M. Nakada, A.
L. Smith, K. Shibayama, H. Saimoto, J. Am. Chem. Soc. 1992, 114,
10082-10084; c) R. D. Groneberg, T. Miyazaki, N. A. Stylianides,
T. J. Schulze, W. Stahl, E. P. Schreiner, T. Suzuki, Y. Iwabuchi, A.
L. Smith, K. C. Nicolaou, J. Am. Chem. Soc. 1993, 115, 7593-
7611; d) A. L. Smith, E. N. Pitsinos, C.-K. Hwang, Y. Mizuno, H.
Saimoto, G. R. Scarlato, T. Suzuki, K. C. Nicolaou, J. Am. Chem.
Soc. 1993, 115, 7612-7624; e) K. C. Nicolaou, C. W. Hummel, M.
Nakada, K. Shibayama, E. N. Pitsinos, H. Saimoto, Y. Mizuno, K.-
U. Baldenius, A. L. Smith, J. Am. Chem. Soc. 1993, 115, 7625-
7635; 1) S. A. Hitchcock, M. Y. Chu-Moyer, S. H. Boyer, S. H.
Olson, S. J. Danishefsky, J. Am. Chem. Soc. 1995, 117, 5150-5756.

(77l a) D. Banjoo, A. R. Maxwell, B. S. Mootoo, A. J. Lough, S. McLean,
W. E. Reynolds, Tetrahedron Lett. 1998, 39, 1469—1472; b) D.
Banjoo, B. S. Mootoo, R. S. Ramsewak, R. Sharma, A. J. Lough, S.
McLean, W. F. Reynolds, J. Nat. Prod. 2002, 65, 314-318.

78] a) M. Sugano, A. Sato, Y. Iijima, T. Oshima, K. Furuya, H. Kuwano,

T. Hata, H. Hanzawa, J. Am. Chem. Soc. 1991, 113, 5463-5464; b)
M. Chu, M. G. Patel, V. P. Gullo, I. Truumees, M. S. Puar, J. Org.
Chem. 1992, 57, 5817-5818; ¢c) M. Chu, L. Truumees, I.
Gunnarsson, W. R. Bishop, W. Kreutner, A. C. Horan, M. G. Patel,
V. P. Gullo, M. S. Puar, J. Antibiot. 1993, 46, 554-563; d) M.
Sugano, A. Sato, Y. Iijima, K. Furuya, H. Haruyama, K. Yoda, T.
Hata, J. Org. Chem. 1994, 59, 564-569; ¢) M. Sugano, A. Sato, Y.
Iijima, K. Furuya, H. Kuwano, T. Hata, J. Antibiot. 1995, 48,
1188-1190; f) K. Koyama, M. Ishino, K. Takatori, T. Sugita, K.
Kinoshita, K. Takahashi, Tetrahedron Lett. 2004, 45, 6947-6948;
g) M. Ishino, N. Kiyomichi, K. Takatori, T. Sugita, M. Shiro, K.
Kinoshita, K. Takahashi, K. Koyama, Tetrahedron, 2010, 66,
2594-2597.

(I Tt is important to point out that phomactin A, widely regarded as the
structurally most complex member of the phomactins, was
excluded as it is a fused-ring type system. A number of other
fused-ring type bridgehead alkene Sch compounds and phomactins
were excluded; interested readers are encouraged to consult
reference 78.

(8 Koltai, M.; Braquet, P. G. Clin. Rev. Allergy 1995, 12, 361-380.

81 For a review on the synthetic studies of the phomactins (also with
discussions on its biogenetic origins) see Goldring, W. P. D.;
Pattenden, G. Acc. Chem. Res. 2006, 39 354-361.

(82 For synthetic studies towards phomactin A, see Cole, K. P., Hsung, R.
P. Chemtracts 2003, 16 811-818.

(831 a) Goldring, W. P. D; Pattenden, G. Org. Biomol. Chem. 2004, 2,
466-473, b) Diaper, C. M.; Goldring, W. P. D; Pattenden, G. Org.
Biomol. Chem. 2003, 1, 3949-3956.

(84 Bychanan, G. S.; Cole, K. P.; Tang, Y.; Hsung, R. P. J. Org. Chem.
2011, 76, 7027-7039.

83 7 Huang, C. Wu, W. D. Wulff, J. 4m. Chem. Soc. 2007, 129, 13366
13367.

8 C.-Y. Duh, A. A. H. El-Gamal, S.-K. Wang, C.-F. Dai, J. Nat. Prod.
2002, 65, 1429-1433.

87 Although cespitularin D is a fused-ring type system, it was included as
it is clearly intimately related to cespitularin C.

(%] Interested readers are encouraged to consult reference 86 to see the
many other structurally related fused-ring cespitularins that were
excluded from this review.

%] The structurally related cespitulactams were also isolated by Shen but
were excluded as they were of the fused-ring type. See Y.-C. Shen,
Y.-S. Lin, Y.-H. Kuo, Y.-B. Cheng, Tetrahedron Lett. 2005, 46,
7893-7897.

% 2) Y.-C. Shen, J.-J. Lin, Y.-R. Wu, J.-Y. Chang, C.-Y. Duh, K.-L. Lo,
Tetrahedron Lett. 2006, 47, 6651-6655; b) E. Adelin, C. Servy,
M.-T. Martin, G. Arcile, B. I. Iorga, P. Retailleau, M. Bonfill, J.
Ouazzani, Phytochemistry 2014, 97, 55-61.

e a) X. Fu, M. B. Hossain, D. van der Helm, F. J. Schmitz, J. Am. Chem.
Soc. 1994, 116, 12125-12126.

21 X Fu, M. L. G. Ferreira, F. J. Schmitz, J. Nat. Prod. 1999, 62, 1306—
1310.

%] Note that longithorone B"® is a cyclophane type anti-Bredt system
that was excluded.

o4 a) M. E. Layton, C. A. Morales, M. D. Shair, J. Am. Chem. Soc. 2002,
124,773-775; b) C. A. Morales, M. E. Layton, M. D. Shair, Proc.
Natl. Acad. Sci. U.S.A 2004, 101, 12036-12041.

31 Shown here is the preferentially assigned structure of longithorol A.
For the alternatively proposed structure, see reference 92.

I B, Sato, H. Nakajima, M. Miyauchi, H. Muramatsu, K. Ito, S. Takase,
H. Terano (Fujisawa), W096-32402, 1996.

7 a) B. Sato, H. Muramatsu, M. Miyauchi, Y. Hori, S. Takese, M. Mino,
S. Hashimoto, H. Terano J. Antibiot. 2000, 53, 123—130; b) B. Sato,
H. Makajima, Y. Hori, M. Hino, S. Hashimoto, H. Terano J.
Antibiot. 2000, 53, 204-206; ¢) S. Yoshimura, B. Sato, T.
Kinoshita, S. Takese, H. Terano J. Antibiot. 2000, 53, 615-622; d)
S. Yoshimura, B. Sato, T. Kinoshita, S. Takese, H. Terano J.
Antibiot. 2002, 55, C-1.

81 See early contributions by, a) A. Armstrong, F. W. Goldberg, D. A.
Sandham, Tetrahedron Lett. 2001, 42, 4585-4587; b) P. A. Clarke,
R. L. Davie, S. Peace, Tetrahedron Lett. 2002, 43, 2753-2756; c)
T. Suzuki, M. Nakada, Tetrahedron Lett. 2002, 43, 3263-3267.

%91 a) D. A. Vosburg, C. D. Vanderwal, E. J. Sorensen, J. Am. Chem. Soc.
2002, /24,4552-4553; b) C. D. Vanderwal, D. A. Vosburg, S.
Weiler, E. J. Sorensen J. Am. Chem. Soc. 2003, 125, 5393-5407
and references therein.

%1 2) D. A. Evans, J. T. Starr, Angew. Chem. 2002, 114, 1865-1868;
Angew. Chem. Int. Ed. 2002, 41, 1787-1790; b) D. A. Evans, J. T.
Starr, J. Am. Chem. Soc. 2003, 125, 13531-13540.

0 M.V. D’ Auria, L. Gomez-Paloma, L. Minale, R. Ricclo, C. Debitus
Tetrahedron Lett. 1991, 32, 2149-2152.

121y Costantino, E. Fattorusso, A. Mangoni, M. Aknin, E. M. Gaydou
Steroids 1994, 59, 181-184.

(151§ _H. Wu, X.-D. Luo, Y.-B. Ma, J.-K. Liu, D.-G. Wu, B. Zhao, Y. Lu,
Q.-T. Zheng J. Nat. Prod. 2000, 63, 534-536.

(19 M. Fouad, K. Al-Trabeen, M. Badran, V. Wray, R. Edrada, P.
Proksch, R. Ebel ARKIVOC 2004 (xiii) 17-27.

(151 i -F. Dai, R. Edrada, R. Ebel, M. Nimtz, V. Wray, P. Proksch J. Nat.
Prod. 2005, 68, 1231-1237.

(11 £ A. Santalova, V.A. Denisenko, P.S. Dmitrenok, D.V. Berdyshev,
V.A. Stonik Nat. Prod. Commun. 2006, 1,265-271.

197 _H. Lee, J.-E. Jeon, Y.-J. Lee, H.-S. Lee, C. J. Sim, K.-B. Oh, J.
Shin J. Nat. Prod. 2012, 75, 1365-1372.

1



181y, Mabharaja, B. S. Mootoo, A. J. Lough, S. McLean, W. F. Reynolds,
W. F. Tinto, Tetrahedron Lett. 1992, 33, 7761-7764.

(11 R Dookran, D. Mabharaja, B. S. Mootoo, R. Ramsewak, S. McLean,
W. F. Reynolds, W. F. Tinto, Tetrahedron 1994, 50, 1983-1992.

("% B'S. Mootoo, R. Ramsewak, R. Sharma, W. F. Tinto, A. J. Lough, S.
McLean, W. F. Reynolds, J.-P. Yang, M. Yu, Tetrahedron 1996,
52,9953-9962.

"1 ¢ Francisco, B Banaigs, L. Codomier, A. Cave, Tetrahedron Lett.
1985, 26, 4919-4922.

("2 ¢ Francisco, B. Banaigs, M. Rakba, J. Teste, A. Cave, J. Org. Chem.
1986, 51,2707-2711.

(sl a) A. Romo de Vivar, C. Guerrero, E. Diaz, A. Ortega, Tetrahedron

1970, 26, 1657-1664; b) See review article, A. Romo de Vivar, G.
Delgado Bol. Soc. Chil. Quim. 1985, 30, 79-100.

4 G, Delgado, L. Alvarez, R. Mata, R. Pereda-Miranda, A. Romo de
Vivar, J. L. Villasefior J. Nat. Prod. 1986, 49, 1165-1166.

(151 M. Soriano-Garcia, R. A. Toscano, Acta Crystallogr. 1984, C40,
1425-1427.

(11 A Romo de Viva, C. Guenero, E. Diaz, E. A. Bratoeff, L. Jiménez,
Phytochemistry 1976, 15, 525-527.

M1 p W. Le Quesne, M. D. Menachery, M. P. Pastore, C. J. Kelley, T. F.
Brennan, K. D. Onan, R. F. Raffauf, C. M. Weeks, J. Org. Chem.
1982, 47, 1519-1521.

M81p W, Le Quesne, S. B. Levery, M. D. Menachery, T. F. Brennan, R.
F. Raffauf, J. Chem. Soc., Perkin Trans. 1 1978, 1572—1580.

U9y Li, K. J. Hale, Org. Lett. 2007, 9, 1267—1270.

(120 R K. Boeckman, Jr., S. K. Yoon, D. K. Heckendorn, J. Am. Chem.
Soc. 1991, 113, 9682.

211 K Takao, H. Ochiai, K. Yoshida, T. Hashizuka, H. Koshimura, K.
Tadano, S. Ogawa, J. Org. Chem. 1995, 60, 8179.

22 Bohlmann, P. K. Manhanta, A. A. Natu, R. M. King, H. Robinson,
Phytochemistry 1978, 17, 471-474.

123 See for example, a) F. Bohlmann, C. Zdero, H. Robinson, R. M. King,
Phytochemistry 1980, 19, 2381-2385; b) C. Zdero, F. Bohlmann,
H. Robinson, R. M. King, Phytochemistry 1981, 20, 739-741; c¢) D.
C. Sass, V. C. G. Heleno, J. L. C. Lopes, M. G. Constantino,
Tetrahedron Lett. 2008, 49 3877-3880, and references therein; d)
T. T. Haug, S. F. Kirsch, Targets in Heterocyclic Systems:
Chemistry and Properties, 2009, 13, 57-91.

(24] a) M. Jackson, J. P. Karwowski, R. J. Theriault, R. R. Rasmussen, D.
M. Hensey, P. E. Humphrey, S. J. Swanson, G. J. Barlow, U.
Premachandran, J. B. McAlpine, J. Antibiot. 1995, 48, 462—466; b)
J. E. Hochlowski, M. M. Mullally, R. Henry, D. M. Whittern, J. B.
McAlpine J. Antibiot. 1995, 48, 467470, and references therein.

U231 K Shindo, H. Kawai, J. Antibiot. 1992, 45, 292-295.
(1261 ¥ - Shindo, M. Matsuoka, H. Kawai, J. Antibiot. 1996, 49, 241-243.
2T K, Shindo, H. Tijima, H. Kawai, J. Antibiot. 1996, 49, 244-248.

(281 ¥ - Shindo, M. Sakakibara, H. Kawai, H. Seto, J. Antibiot. 1996, 49,
249-252.

[l R Munakata, H. Katakai, T. Ueki, J. Kurosaka, K.-I. Takao, K.-I.
Tadano, J. Am. Chem. Soc. 2004, 126, 11254—11267.

(30 K Tatsuta, F. Narazaki, N. Kashiki, J. Yamamoto, S. Nakano, J.
Antibiot. 2003, 56, 584-590.

(BT, A. Dineen, W. R. Roush, Org. Lett. 2004, 6, 2043-2046.

(1321 S Mukherjee, D. Lee, Org. Lett. 2009, 11,2916-2919.

1315 M. Kupchan, C. W. Sigel, M. J. Matz, C. J. Gilmore, R. F. Bryan,
J. Am. Chem. Soc. 1976, 98, 2295-2300.

(%4 A, B. Smith, III, M. A. Guaciaro, S. R. Schow, P. M. Wovkulich, B.
H. Toder, T. W. Hall, J. Am. Chem. Soc. 1981, 103, 219-22;
addition and correction J. Am. Chem. Soc. 1981, 103, 4652.

351 A, C. Gyorkos, J. K. Stille, L. S. Hegedus, J. Am. Chem. Soc. 1990,
112, 8465-8472.

(361 3. Han, D. F. Wiemer J. Am. Chem. Soc. 1992, 114, 7692-7691.

(37 a) B. Bister, D. Bischoff, M. Strobele, J. Riedlinger, A. Reicke, F.
Wolter, A. T. Bull, H. Zihner, H.-P. Fiedler, R. D. Stissmuth,
Angew. Chem. Int. Ed. 2004, 43, 2574-2576; b) J. Riedlinger, A.
Reicke, H. Zdhner, B. Krismer, A. T. Bull, L. A. Maldonado, A. C.
Ward, M. Goodfellow, B. Bister, D. Bischoff, R. D. Siissmuth, H.-
P. Fiedler, J. Antibiot. 2004, 57, 271-279.

(138] a) S. Keller, G. Nicholson, C. Drahl, E. Sorensen, H.-P. Fiedler, R. D.
Stissmuth, J. Antibiot. 2007, 60, 391-394; b) S. Keller, H. S.
Schadt, I. Ortel, R. D. Siissmuth, Angew. Chem. Int. Ed. 2007, 46,
8284-8286.

(139 X -M. Niu, S.-H. Li, H. Gorls, D. Schollmeyer, M. Hilliger, S.
Grabley, 1. Sattler, Org. Lett. 2007, 9, 2437-2440.

M40y, Igarashi, L. Yu, S. Miyanaga, T. Fukuda, N. Saitoh, H. Sakurai, I.
Saiki, P. Alonso-Vega, M. E. Trujillo, J. Nat. Prod. 2010, 73,
1943-1946.

(411 M. A. Abdalla, P. P. Yadav, B. Dittrich, A. Schiiffler, H. Laatsch,
Org. Lett. 2011, 13, 2156-2159; see also correction Org. Lett.
2011, /3, 5409-5409.

42, Wang, F. Song, X. Xiao, P. Huang, L. Li, A. Monte, W. M.
Abdel-Mageed, J. Wang, H. Guo, W. He, F. Xie, H. Dai, M. Liu, C.
Chen, H. Xu, M. Liu, A. M. Piggott, X. Liu, R. J. Capon, L. Zhang,
Angew. Chem. Int. Ed. 2013, 52, 1231-1234.

61 c w. Zapf, B. A. Harrison, C. Drahl, E. J. Sorensen, Angew. Chem.
Int. Ed. 2005, 44, 6533-6537.

(441 K C. Nicolaou, S. T. Harrison, Angew. Chem. Int. Ed. 2006, 45,
3256-3260.

451 K C. Nicolaou, S. T. Harrison, J. Am. Chem. Soc. 2007, 129, 429—
440.

481 F_Bihelovic, R. N. Saicic, Angew. Chem. Int. Ed. 2012, 51, 5687—
5691.

(147 2) F. Berrue, R. G. Kerr, Nat. Prod. Rep. 2009, 26, 681-710; b) A. D.
Rodriguez, Tetrahedron 1995, 51, 4571-4618; ¢) W. Fenical, J.
Nat. Prod. 1987, 50, 1001-1008.

(4817 J. Donohoe, A. Tronmonger, N. M. Kershaw, Angew. Chem. Int.
Ed. 2008, 47, 73147316, and references therein.

415 A. Look, M.R. Burch, W. Fenical, Q.T. Zheng, J. Clardy, J. Org.
Chem. 1985, 50, 5741-5746.

(5% 1. N. Kamel, F. R. Fronczek, N. H. Fischer, M. Slattery, Tetrahedron
Lett. 2004, 45 1995-1997.

sty Niggemann, M. Herrmann, K. Gerth, H. Irschik, H. Reichenbach,
G. Hofle, Eur. J. Org. Chem. 2004, 492-492.

(1321 2) N. Matzanke, R. J. Gregg, S. M. Weinreb, Org. Prep. Proced. Int.
1998, 30, 1-51; b) M. Kock, J. Muifioz, C. Cychon, C. Timm, G.
Schmidt, Phytochem. Rev. 2013, 12, 391-406; c) B. Harrison, S.
Talapatrat, E. Lobkovsky, J. Clardy, P. Crews, Tetrahedron Lett.
1996, 37,9151-9154.

(s3] a) G. Cimino, S. De Rosa, S. De Stefano, G. Sodano, Pure Appl.
Chem. 1986, 58, 375-386; b) G. Cimino, S. De Stefano, G.
Scognamiglio, G. Sodano, E. Trivellone, Bull. Soc. Chim. Fr. 1986,

02N



95, 783-800; ¢) Y. Guo, A. Madaio, E. Trivellone, G.
Scognamiglio, G. Cimino, Tetrahedron 1996, 52, 14961-14974.

(54 a) G. Cimino, A. Spinella, E. Trivellone, Tetrahedron Lett. 1989, 30,
133-136; b) Y. Guo, E. Trivellone, G. Scognamiglio, G. Cimino,
Tetrahedron Lett. 1998, 39, 463—-466.

(1551 N, Fusetani, K. Yasumuro, S. Matsunaga, H. Hirota, Tetrahedron Lett.

1989, 30, 6891-6894.

361 C. A. Volk, H. Lippert, E. Lichte, M. Kock, Eur. J. Org. Chem. 2004,
3154-3158.

57 G. Schmidt, C. Timm, M. Kock, Org. Biomol. Chem. 2009, 7, 3061
3064.

81y Morimoto, C. Yokoe, Tetrahedron Lett. 1997, 38, 8981-8984.

199\, Jaspars, V. Pasupathy, P. Crews, J. Org. Chem. 1994, 59, 3253—
3255.

(1 M. Arai, M. Sobou, C. Vilchéze, A. Baughn, H. Hashizume, P.
Pruksakorn, S. Ishida, M. Matsumoto, W. R. Jacobs Jr., M.
Kobayashi, Bioorg. Med. Chem. 2008, 16, 6732—-6736.

(611 M. Arai, L. Liu, T. Fujimoto, A. Setiawan, M. Kobayashi, Mar.
Drugs 2011, 9, 984-993.

teg, Matsunaga, Y. Miyata, R. W. M. van Soest, N. Fusetani, J. Nat.
Prod. 2004, 67, 1758-1760.

(1] B Harrison, S. Talapatrat, E. Lobkovsky, J. Clardy, P. Crews,
Tetrahedron Lett. 1996, 37, 9151-9154.

4G, K. Murphy, N. Hama, A. Bedermann, P. Dong, C. M. Schneider, T.

C. McMabhon, R. N. Tao, B. M. Twenter, D. A. Spiegel, J. L.
Wood, Org. Lett. 2012, 14, 4544-4547.

(151 F Malihi, D. L. J. Clive, C.-C. Chang, Minaruzzaman, J. Org. Chem.
2013, 78, 996—1013.

U1 T, G. Lease, K. J. Shea in Advances in Theoretically Interesting

Molecules, Vol. 2 (Ed.: R. P. Thummel), JAI, Greenwich, 1992, pp.

79 - 112.

p. A, Benigni, J. Z. Gougoutas, J. D. DiMarco, U.S. Patent
2005/6858644 B2.

18] Mercury v3.3 X-ray crystallographic software can be obtained from

the Cambridge Crystallographic Data Centre (CCDC)
http://www.ccdc.cam.ac.uk.

(1] Bartlett and Banavali observed that strained alkenes react with

ground-state triplet oxygen at room temperature to yield epoxides,

see P. D. Bartlett, R. Banavali, J. Org. Chem. 1991, 56, 6043-6050.

NA



