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Abstract

Synthetic chemistry has played a significant role in the development of natural
products chemistry, and the histories of the two fields are inextricably
intertwined. Biology, isolation, structure elucidation, and synthesis are central
to marine natural products chemistry and many advancements in the past
40 years have come in response to the challenges presented by compounds
from the oceans. In this chapter we present an overview of marine natural
products synthesis through a looking glass that focuses on some selected total
syntheses from the past 40 odd years. In this light we can only provide a snapshot
of where the field currently stands and the road that has led here. The vectors that
define the size of the field and the constraints of this forum unfortunately do not
cross, and as such it is not possible to be comprehensive. We direct the reader to
recent reviews that cover the field in greater detail.

11.1 Some Beginnings: Cypridina hilgendorfii Luciferin and
Tetrodotoxin

Synthetic chemistry has played a significant role in the development of natural
products chemistry, and the histories of the two fields are inextricably intertwined
[1]. Biology, isolation, structure elucidation, and synthesis are central to marine
natural products chemistry, and many advancements in the past 40 years have come
in response to the challenges presented by compounds from the oceans. This chapter
presents an overview of marine natural products synthesis through a looking glass
that focuses on some selected total syntheses from the past 40 odd years. In this light
we can only provide a snapshot of where the field currently stands and the road that
has led here. The vectors that define the size of the field and the constraints of this
forum unfortunately do not cross, and as such it is not possible to be comprehensive.
We direct the reader to recent reviews that cover the field in greater detail [2].

The papers that founded the science of marine natural products chemistry are
difficult to identify, although there is little doubt that contemporaneous efforts by
scientists in the United States and Japan in the period of 1955-1965 were respon-
sible for the birth of the field. Notable research in this light includes early work by
Paul Scheuer at the University of Hawaii into the causative agent of ciguatera
poisoning [3], which later led to the structure of palytoxin [4], and by Yoshimasa
Hirata at Nagoya University into the structure of the luciferin from the sea firefly
Cypridina hilgendorfii (now Vargula hilgendorfii). It is instructive to consider some
of the early work from Nagoya as it provides an illustration of the challenges in
structure elucidation at the time and historical significance of total synthesis
in structure confirmation.
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Heroic efforts to secure crystalline luciferin from Cypridina hilgendorfii by Osamu
Shinomura (Nobel Laureate in 2008 for the discovery of green fluorescent protein)
(see » Chap. 24) in the laboratory of Yoshimasa Hirata in the period of 1955-1960
produced material [5] that ultimately culminated in a structure proposal that was
published in 1966 as part of a series of three papers [6]. The structure elucidation,
which was predicated on careful degradative studies and comparisons to known
compounds, suggested luciferin to be 7 (Scheme 11.1). Oxidation would lead to
oxyluciferin, 8, which was known to be degraded to etioluciferin and o-keto-f3-
methylglutaric acid by acid hydrolysis. In an accompanying paper, Yoshito
Kishi confirmed the structure by total synthesis (Scheme 11.2) and ushered in
the beginnings of an important role for synthesis in marine natural products chemistry:
structure confirmation when limited amounts of natural material were available [6, 7].

The structure of tetrodotoxin was arrived at almost simultaneously by three
groups — Hirata-Goto, Tsuda, and Woodward — and involved an extensive process
of degradation and painstaking spectroscopic analysis [8, 9]. The absolute stereo-
chemistry was secured in 1972 by X-ray analysis, and was followed only 2 years
later by Kishi’s remarkable total synthesis. The Kishi synthesis commenced with
oxime-substituted p-benzoquinone 9, which could be subjected to a sequence of
SnCly-catalyzed Diels—Alder reaction with butadiene and Beckmann
rearrangement to give 11. Selective reduction of the C5 ketone with sodium
borohydride and epoxidation of the di-substituted olefin led to tricycle 12.
A sequence of 15 steps transformed enone 12 into tetraacetate 13. Baeyer—Villiger
oxidation broke open the decalin ring system and formed bridged tricycle 14.
A series of modifications installed the remaining oxidation functionalities to give
diol 15. Diol cleavage with periodic acid followed by treatment with base closed the
final two rings to give tetrodotoxin, 16.

Almost 30 years after Kishi’s synthesis of racemic tetrodotoxin [10], the first
asymmetric syntheses of this molecule were reported by the groups of Isobe [11]
and Du Bois [12]. The intervening three decades had provided a wealth of new
methods that could be brought to bear on the synthesis problems posed by tetrodo-
toxin and both syntheses leveraged these advances. However, in a similar vein to
the Kishi work, strategic aspects of the two syntheses were also focused on the
functionalization of the cyclohexane core of the molecule.

Key steps for the functionalization of the cyclohexane core of tetrodotoxin from
Isobe’s synthesis are shown in Scheme 11.3a. Silyl enol ether 17 (derived from
2-acetoxy-tri-O-acetyl-p-glucal in 23 steps) was subjected to an intramolecular
aldol reaction mediated by TBAF, and subsequent elimination with trichloroace-
tylchloride-pyridine provided enone 18 in >70% yield. Further manipulations
advanced 18 to 19, and upon treatment with potassium zert-butoxide in THF, the
primary carbamate underwent heteroconjugate addition to produce oxazolidinone
20 in 90% yield. The final key functionalization of the cyclohexane was achieved
by an interesting intramolecular O-alkylation of enolate 22 by the epoxide to
give 23. With 23 in hand, the first asymmetric synthesis of tetrodotoxin (16) was
completed by a 15-step sequence consisting of largely straightforward
transformations.
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In a distinctly different approach, Du Bois and Hinman relied on their
newly developed CH bond insertion reaction methodology [13] as the cornerstone
of their efforts to functionalize the central cyclohexane ring (Scheme 11.3b).
Treatment of diazoketone 24 (available in nine steps from D-isoascorbic acid)
with 1.5 mol% Rh,(HNCOCPh3), in CCl, results in a CH insertion reaction to
give a cyclohexanone that is subsequently reduced with NH5-BH; to give alcohol
25 in 75% yield over the two steps. Advancement of 25 to carbamate 26 was
achieved by a 14-step sequence, and set the stage for the second CH bond insertion.
Subjecting this carbamate to conditions related to earlier methods developed in the
Du Bois laboratories resulted in CH bond insertion of the carbamate to form
oxazolidinone 27 in 77% yield. Given the structural complexity of the substrate,
the yield for this reaction is truly remarkable, and nicely underscores the utility
of this reaction in a target-oriented setting. A sequence of seven steps led to
tetrodotoxin (16).

The challenges to synthesis presented by tetrodotoxin’s structure were met
by employing distinctly different strategies over the course of three decades. The
Kishi synthesis employed a classic Diels—Alder reaction with substrate-based
stereocontrol for reactions that further functionalized the core of the molecule.
Isobe’s synthesis relied on an intramolecular aldol reaction and conjugate
addition to form two key bonds on a highly functionalized intermediate and the
Du Bois synthesis showcases strategic avenues opened by advances in CH insertion
reactions on highly functionalized compounds (Fig. 11.1).

11.2 The Continuing Role of Synthesis in Structure Elucidation,
Confirmation, and Correction: Palmerolide A,
Diazonamide A, Azaspiracid-1, and Palau’amine

The rise of modern spectroscopic methods such as NMR that began in the 1960s
resulted in significant numbers of new structures being determined each year, and with
increasing ease. Indeed, a survey of the structures recorded in MarinLit by the decade
of their initial description shows that the 1960s produced 12 structures; the 1970s, 310
structures; the 1980s, 873; the 1990s, 1,459; and the period 2000-2009 produced
4,781 new structures [14]. In this section we consider a number of contemporary
examples where synthesis has played roles in structure elucidation, structure confir-
mation, or structure corrections. Synthesis remains particularly important in the
context of questions of stereochemistry, especially when the amounts of material
isolated are small enough to permit connectivity to be established.

<<
«

Scheme 11.3 (a) Key cyclohexane functionalization reactions from Isobe’s synthesis of (-)-
tetrodotoxin. Reagents and conditions: (1) TBAF, THF-H,O then Cl3CCOCI, DMAP, pyridine,
>70%; (2) t-BuOK, THF, 90%; (3) DBU, o-dichlorobenzene, 130°C, >68%. (b) Du Bois’s
synthesis of (-)-tetrodotoxin. Reagents and conditions: (1) (a) 1.5 mol% Rhy(HNCOCPh;),,
CCly, (b) NH3-BH3;, CH,Cl,-MeOH, 75% (two steps); (2) 10 mol% Rhy(HNCOCF;),, Phl
(OAc),, MgO, PhH, 65°C, 77%



* C5-C6 bond present in
quinone starting material

C] C-N bond formation by
Beckmann rearrangement

39 steps

V.L. Wilde et al.

* C5-C6 bond formation
by intramolecular aldol
condensation

@ C-N bond formation by
intramolecular conjugate addition
69 steps

Du Bois OH

*C5-C6 bond formation
by Rh-catalyzed CH insertion

® Rh-nitrene CH insertion

32 steps

Fig. 11.1 A comparison of key reactions in the Kishi, Isobe, and Du Bois tetrodotoxin syntheses

11.2.1 Palmerolide A

Palmerolide A (28) is a complex 20-membered macrolide isolated from an Antarc-
tic tunicate Synoicum adareanum [15]. The original structure was described in
2006, and underpinned by the reported potent and selective cytotoxicity toward
melanoma cells (UACC-62 LCsy = 18 nM), there was an immediate flurry of
activity that resulted in the first total syntheses by the De Brabander [16] and
Nicolaou [17] groups (Scheme 11.4). These two total syntheses are instructive
because they illustrate (1) the balance of new methods and well-used reactions in
the context of a complex macrolide synthesis, (2) the speed with which contempo-
rary total synthesis can provide structural information, and (3) the application of
retrosynthetic analysis in the context of macrolide synthesis.

A key step in the De Brabander synthesis was a Suzuki cross coupling of vinyl
iodide 31 with pinacolboronate 30, which proceeded smoothly in the presence of Pd
(PPh3), with TI,CO; as base to yield 35 (79%) (Scheme 11.5). Acylation of the
alcohol with 29 using Yamaguchi conditions (69%), followed by removal of the
TES ethers with PPTS in MeOH, led to 36 in 95% yield. The key Horner—
Wadsworth—-Emmons macrocyclization was achieved by a two-step protocol
consisting of selective primary alcohol oxidation with PhI(OAc),/TEMPO to yield
the aldehyde, and subsequent treatment with K,COj3 and 18-crown-6 in toluene at
room temperature to provide 37 in 70% yield over these two steps. Enone 37 was
then converted to acyl azide 38 in five steps (92%). Upon heating under reflux in
benzene, Curtius rearrangement occurred to give an intermediate isocyanate that
was intercepted with 2-methyl-1-propenylmagnesium bromide at —78°C to install
the N-acyl enamine and give 39 in 76% yield over these two steps. Removal of the
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Scheme 11.4 Palmerolide A; a comparison of strategies

TMS ether with HFepyr buffered with pyridine (95%) and introduction of the
carbamate with CI3CC(O)NCO gave 40 (95%) and all that was required at this
juncture to complete the synthesis was removal of the TBS and TIPS ethers. This

was achieved with TBAF in THF at 0°C to give palmerolide A (28) in 41% yield.
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MeO,C.__~

Me

ent-31

revised relative configuration
of palmerolide A

Scheme 11.6 Structure revision of palmerolide by synthesis

Unfortunately, the spectroscopic data for synthetic palmerolide A (28) was not
consistent with that reported for the natural product, and after careful analysis of
both the stereochemical assignments for the synthetic material and the natural
product, De Brabander and coworkers concluded that the C19 and C20 stereochem-
istry was likely enantiomeric to that originally proposed by Baker. Synthesis of the
proposed structure was achieved from ent-31 (Scheme 11.6), and this provided
material 41 that was identical to palmerolide A with the exception of the sign of
optical rotation. As such the structure of palmerolide A was reassigned by synthesis
to be the enantiomer of 41. Contemporaneous with the work, the Baker group also
published a reassignment based on degradative studies [18].

The Nicolaou synthesis of the originally proposed structure for palmerolide
A involved Stille cross-coupling of 33 and 34 to produce 42 in 67% yield. Acylation
with the mixed anhydride derived from 42 under Yamaguchi conditions followed by
a four-step sequence gave the ring-closing metathesis precursor 43 [19], which was
then treated with 20 mol% of the second generation Grubbs catalyst, and smooth
cyclization at room temperature occurred to give 44 in 76% yield. The synthesis was
completed by Pd-catalyzed amidation [20] of the vinyl iodide 44 with 45 to yield 28.
As was the case in the De Brabander studies, Nicolaou and co-workers concluded
that the correct structure was 41, and a synthesis of this compound was also
completed by the same strategy as delineated in Scheme 11.7. The Nicolaou group
has continued to study palmerolide A’s chemistry and biology, and palmerolide
A also continues to stimulate substantial synthesis activity from other groups [21].

11.2.2 Diazonamide A

The intricate architecture of diazonamide A 46, isolated from Diazona angulata,
was first described by Lindquist, Fenical, and Clardy in 1991 (Fig. 11.2) [22]. The
initial structure was secured by X-ray crystallography of the related diazonamide B,
and synthesis efforts, driven in part by interest in the impressive anti-mitotic
activity, quickly followed [23].
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Fig. 11.2 The originally
proposed diazonamide A
structure

originally proposed
diazonamide A structure 46

A landmark paper by the Harran group disclosed the synthesis of diazonamide
A in 2001 [24]. The synthesis, shown in Scheme 11.8, involved an initial
macrocyclization of iodide 47 by Heck reaction to produce 48. Protection of the
phenol and stoichiometric dihydroxylation using 49 gave diol 50, which underwent
pinacol rearrangement upon exposure to p-TsOH to produce aldehyde 51 as a single
diastereomer. A 12-step sequence led to 52, and the second macrocycle was formed
by a photochemical Witkop reaction to yield 53 as a single atropisomer. Chlorina-
tion of the indole and the proximal oxazole produced 54, and a further four steps led
to diazonamide A (46). At this juncture it became immediately apparent that the
synthesized structure was not the same as natural diazonamide A, especially by
comparison of "H NMR data. On the basis of synthetic work and reinterpretation of
the X-ray crystallographic data, Harran proposed that the structure of diazonamide
A be revised to 55.

The newly revised structure of diazonamide A, 55, was ratified by total synthesis in
the Nicolaou laboratories only 1 year later (Scheme 11.9) [25]. The synthesis com-
menced with a Friedel-Crafts alkylation of Cbz-tyrosine methyl ester with 56 to give
57 (after reintroduction of the Boc carbamate). A nine-step sequence led to
macrocycle 58, which was then exposed to Gabriel-Robinson cyclodehydration
conditions and radical cyclization to give macrocycle 59. Installation of the chlorines
followed by selective BOC deprotection and DIBAL-H- initiated ring closure led to
intermediate 60. Hydrogenolysis of the Cbz- protecting group and installation of the
peptide side chain completed the synthesis of diazonamide A, 55.

With the structure of diazonamide A secured by the combined efforts of Harran
in pursuit of the originally proposed connectivity and Nicolaou in providing the
confirmation of structure by synthesis, more recent efforts have focused on
diazonamide as a vehicle for methods development and investigations of the
underlying biology. Four further total, or formal, syntheses, have been completed.
Key elements of the Harran total synthesis of diazonamide A are shown in
Scheme 11.10 [26]. Oxidative cyclization produced 62 in a very direct fashion
from compound 61, which was transformed, via a seven-step sequence, to
macrocycle 63. The second macrocycle was then formed via Witkop reaction
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to give bis-macrocycle 64 which was then taken on to diazonamide A via
a seven-step sequence. MacMillan completed a total synthesis of diazonamide
A in 2011 via use of an organocatalytic conjugate addition of thioester 65 with
catalyst 66 to give enal 67 [27]. Enal 67 was then taken through a four-step
sequence to give macrocycle 68, which underwent a Kelly-type intramolecular
Suzuki coupling to give bis-macrocycle 69. The total synthesis was then com-
pleted via addition of the chlorine residues and deprotection to afford
diazonamide A.

Both Sammakia and Magnus have completed formal total syntheses that
employ interesting and elegant approaches to the C10 quaternary center
(Scheme 11.11) [28]. In the case of the Sammakia synthesis, an intramolecular
nucleophilic aromatic substitution reaction was used to form the quaternary center
at the same time as closing one of the macrocycles (70 — 71). In light of strategic
considerations that balance the importance of formation of the macrocycles
against the challenges inherent in the diastereoselective formation of the C10 center,
this is the most direct solution to date. The Magnus synthesis was highlighted
by the rearrangement of 72-73, a process that is formally a Friedel-Crafts reaction.

Ty

71

e

—
i CO,Me
[INER}

CbzHN
2
—
O-to C-aryl
rearrangement
HO O

72 73

Scheme 11.11 The Sammakia and Magnus syntheses of the quaternary center. Reagents and
conditions: (1) Na,CO5, DMF,65°C, 20 h, 56%; (2) CHCls, reflux, 70%
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dithiane acylation

HO.C iodoetherification —————

N— vinyl stannane-r-allyl Pd
coupling

revised structure of azaspiracid-1, 87

Fig. 11.3 Key carbon—carbon bond forming reactions in the Nicolaou azaspiracid-1 synthesis

11.2.3 Azaspiracid-1

A more complex example of the role of total synthesis in structure correction comes
from Nicolaou’s synthesis of azaspiracid-1, a complex alkaloidal polyether first
described in 1998 by Takeshi Yasumoto and coworkers [29]. In 2003, Nicolaou and
co-workers established by total synthesis [30, 31] that the initially proposed
structure for azaspiracid-1 was incorrect (74, Scheme 11.12). Subsequent degrada-
tive studies and synthesis were required to revise the structure of azaspiracid-1 [32].
In work described in 2003, upon realizing that there were structural questions
remaining to be resolved, the first path was to degrade natural azaspiracid-1 to
smaller fragments and then locate the positions of error by synthesis. This approach
was also expected to allow the determination of the relative stereochemistry
between the ABCDE and FGHI domains. To this end, an authentic sample of
azaspiracid was reacted with TMSCHN, and the methyl ester obtained was treated
with NalO4, which resulted in cleavage of the C20-C21 bond. This provided
lactone 75 and aldehyde 76, which were subjected to short sequences of common
transformations to yield alcohol 77 (the stereochemistry shown for this compound
corresponds to that originally proposed).

Synthetic materials for comparison with structures 76 — 77 were prepared by
coupling of 78 and 79 by a Pd(0)-mediated Stille coupling to give dihydropyran 80.
Removal of the TES ether with HF-pyridine, followed by treatment with
N-iodosuccinimide to induce iodoetherification, produced iodoether 81 in 38%

<<
«

Scheme 11.12 Chemical degradation and derivatization of azaspiracid-1 (originally proposed
structure) to CI1-C20 alcohol 77 and C21-C40 lactone 75. Reagents and conditions:
(1) TMSCHN,, MeOH, 25°C; (2) NalO4, MeOH/H,0O (4:1), 25°C, ~100% over two steps;
(3) NaBH,4, MeOH, 25°C, ~90%; (4) 78, 90 mol% [Pd,dbas], LiCl, AsPh;, DIPEA, syringe
pump addition of stannane; (5) HF-pyr, THF-pyr; (6) NIS, NaHCO3, THF, 38% (three steps);
(7) TBAF, THF, 88%



V.L. Wilde et al.

620

(PoNUNUOD) EL°LL SWAYIS

18 ‘L-pioelidseze

0%0H

L. o
O

buydnoo ajns

N

0zA|e)eo-
pezA Pd S310 oom._\.

////z

<<
sdajs 9

///z/

Sddglo

uopnonpal
pazAeyeo-pd



11 Marine Natural Products Synthesis 621

yield (for the three steps). Two further steps gave 82 and comparison of the spectral
data for this compound with compound 75 showed them to be the same. This
established that the structure of the compound obtained by degradation is in fact
diastereomeric in terms of the stereochemistry around the E ring to that which was
originally proposed. A synthesis of the compound in which the FGHI rings were
enantiomeric was also completed by this route, but it did not match the data for 83.
These, and related, synthetic studies established the absolute stereochemistry for
this domain. The availability of synthetic materials also allowed questions regard-
ing the connectivity and stereochemistry of the ABCD ring-containing domain to
be answered. Desilylation of previously synthesized compound 83 to give 84
allowed for a comparison with degradation product 77. The spectroscopic data
for these two samples differed substantially, particularly in the A ring. Progress
towards a corrected structure was assisted by comparison of NMR data with
arelated compound, lissoketal (85) [33]. Based on this comparison, a new structure
for 77 in which the A-ring double bond has been relocated was proposed; however,
final resolution of the problem did not come until the synthesis of several closely
related structures had been completed. Based on this work, the stereochemistry and
connectivity shown in compound 86 was secured as being correct.

Armed with the information gleaned from these studies, and the earlier synthe-
sis, plans could be laid to complete a total synthesis of the revised structure 87, by
employing the key couplings shown in Fig. 11.3.

Key steps of the synthesis are shown in Scheme 11.13. Malic acid-derived
tetrahydrofuran 88 was treated with TMSOTf in CH,Cl, at low temperature to
induce the desired deprotection—spirocyclization sequence to give 89 in 89% yield
as a single stereoisomer. A sequence of six steps led to allylic carbonate 90, and
deoxygenation of this compound to give 91 was achieved by employing
a modification of an earlier- described Pd-catalyzed method [34] which produced
the desired compound in 82% yield (with 7:1 selectivity for the A”® olefin). After
advancement to pentafluorophenyl ester 92, introduction of the C21-C27 domain
involved acylation of the dithiane anion derived from 93 to give 94 in 50% yield.
Six further steps provided compound 95 which served as the key precursor to the
A — E domain for the final steps of the synthesis. The crucial coupling of the
ABCD and FHI subunits occurred by Pd-mediated Stille-type reaction between
allylic acetate 95 and dihydropyranyl stannane 96 to give 97 in 55% yield. Removal
of the C34 TES ether (TBAF, 80%) and iodoetherification with N-iodosuccinimide
produced 98 in an impressive 62% yield given the complexity of the substrate. The
synthesis was then completed by a short sequence of six steps that consisted of
redox chemistry and protecting group manipulations. Material obtained by this
route matched all characterization data for the natural product.

<<
«

Scheme 11.13 Synthesis of the revised structure of azaspiracid-1 87. Reagents and conditions:
(1) 93, n-BuLi-n-Bu,Mg, THF, 0°C — 25°C; then —90°C; then 92, 50%; (2) 95, 30 mol% Pd,dba;
30 mol%AsPh;, LiCl, DIPEA; then 96, NMP, 40°C, 55%; (3) TBAF, THF, 0°C, 80%; (4) NIS,
NaHCOs3, THF, 0°C, 62%
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11.2.4 Palau’amine

The complex hexacyclic architecture of palau’amine (99) has long stood as one of
the major challenges of organic synthesis [35]. In 2007, the geometry of the
azabicyclo [3.3.0] octane core was determined to be trans 100, rather than the
proposed cis [36]. Using this information, Baran and coworkers were able to
successfully complete a total synthesis of palau’amine [37]. The synthetic strategy
was based on the premise that a “macro palau’amine” could be generated from 101
and an irreversible transannular cyclization would yield the desired target
(Scheme 11.14). To prepare 101, Baran converted the cyclopentane core 102
(available in 19 steps) to the hemiaminal 103 in 64% yield, using a selective
silver(Il)-oxidation protocol. Conversion to the 2-aminoimidazole was achieved
by reaction of 103 with cyanamide, and this compound was brominated (Br,, TFA,
TFAA) to afford the bromide 104 in 35% yield for the two steps. After initial efforts
to introduce an intact pyrrole failed, the key pyrrole 101 was prepared in 44% yield
by reacting bromide 104 with amino ester 105 (AcOH, THF), then heating in TFA.
Reduction of the azide groups was achieved by reaction with hydrogen gas and
palladium acetate, and this was then followed by reaction with EDC to form the
macrocycle. Without isolating the material, TFA was added and the solution heated
at 70°C to trigger the critical transannular cyclization and generate palau’amine 100
in 17% yield (from 101).

A comprehensive coverage of other examples of the role of synthesis in structure
reassignment is not possible here, but some further examples are highlighted in
Fig. 11.4. The reader is directed to an excellent review by Snyder and Nicolaou that
covers in detail this topic [38].

11.3 In Pursuit of Nature’s Perfection: Biosynthetic Principles
and the Synthesis of Hemibrevetoxin B, Methyl
Sarcophytoate, Longithorone, and 11,171'-
Dideoxyverticillin

11.3.1 Hemibrevetoxin B

Much has been made of the proposed biosynthesis of the ladder polyether class via
cascade epoxide cyclizations (for a review that also details the alternative Townsend
oxidative cyclization process see: [39]), as exemplified for brevetoxin B (113) below
in Scheme 11.15. Early work in the field of polyethers took guidance from these
ideas, and Nicolaou provided a solution to the problem of the preference for
so-called 5-exo vs. 6-endo cyclization manifolds for the cyclization of hydroxy
epoxides by incorporation of a proximal alkene (Scheme 11.16a, 114 — 115) [40].
This approach has seen broad application, however more recent results from
Jamison have demonstrated the possibility for direct cyclization of hydroxy-poly
epoxides 121 and 122 to tris-pyran 123 and tetra-pyran 124 (Scheme 11.16b). These
reactions are uniquely possible in H,O as solvent [41].
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original structure of palau‘amine, 99
Scheme 11.14 The final

stages of Baran’s palau’amine synthesis. Reagents and
conditions: (1) 50% TFA/H,O then 10% TFA, silver(Il)-picolinate, H,O, 64%; (2) (a) H,NCN,

brine; (b) TFAA/TFA; Bra, 35% (two steps); (3) 105,AcOH, THF; TFA/CH,Cl,, 44%; (4) Pd
(OAc),, Ha, TEA/H,O then EDCI, HOBt, DMF; TFA, 17%
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Fig. 11.4 Some initially misassigned structures where synthesis has played a key role in structure
reassignment and confirmation: lasonolide (106) [111], sclerophytin A (107) [112], trunkamide
(108) [113], bistramide(109) [114], batzelladine(110) [115], dictyostatin (111) [116], and
bryostatin (112) [117]
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Scheme 11.15 Nakanishi—Nicolaou hypothesis [110]
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Scheme 11.16 (a) Nicolaou’s original approach to pyran formation from epoxy alcohols and
(b) Jamison’s discovery of the importance of H,O as solvent

Holton’s synthesis of hemibrevetoxin B125 [42] is based partly on these princi-
ples and is shown in Scheme 11.17 [43]. The first key union of subunits involved
a Negishi coupling between organozinc 126 (Scheme 11.17, prepared from the
corresponding iodide, which was in turn prepared from benzyl [-p-
arabinopyranoside in 12 steps) and iodide 127 (prepared from tri-O-acetyl-p-glucal
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Cdedra CLCF
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cHO BnO ' 126 i H
Pd-catalyzed ¢ 1 127
Negishi coupling H
: 0__0

Scheme 11.17 Cascade epoxide cyclization—-based biosynthesis of polyethers such as
hemibrevetoxin B. Reagents and conditions: (1) 3 mol% PdCl,(dppf), THF, rt, 76%;
(2) (a) LiOH, THF-H,O, 0°C; (b) NIS, 2,6-lutidine, —10°C, 75%; (3) N-(phenylseleno)
phthalimide, (CF;),CHOH, 0°C, 83%; (4) 10 mol% Grubbs II catalyst, PhH, 80°C,
85%; (5) (a) NalO,, Et,0/fBuOH/H,0O; (b) (EtO),P(O)CH,C(O)N(Me)OMe, NaH, THF;
(¢) H,, 20% Pd(OH),/C, EtOAc; (d) TMSCI, EtzN, CH,Cl,; (e) DIBAL-H, THF, —78°C, 79%
(five steps)

via a 13-step sequence), which provided 128 in 75% yield. Lactone hydrolysis with
lithium hydroxide, followed by iodolactonization with N-iodosuccinimide, pro-
duced iodolactone 130(75%). A sequence of six steps converted 129 to epoxide
130, which upon treatment with N-(phenylseleno)phthalimide underwent cycliza-
tion to give polycycle 131 as a single diastereoisomer in 83% yield. This sequence
presumably is initiated by electrophilic selenation of the double bond, subsequent
epoxonium ion formation, and termination by trapping by the free alcohol. Routine
manipulations converted 131 to 132 via a sequence of four steps, and set the stage
for formation of the oxepane ring by ring-closing metathesis (Scheme 11.17).
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Upon exposure of 132 to Grubbs’ second-generation catalyst, in benzene at reflux,
ring-closure to yield 133 occurred in 85% yield. A sequence of 11 steps was used to
convert 133 to hemibrevetoxin B, 125.

11.3.2 Methyl Sarcophytoate and Longithorone A

Diels—Alder reactions have repeatedly proven their worth in the area of complex
molecule synthesis, and in the cases of some natural products, the application of
the Diels—Alder reaction after consideration of potential biosynthetic pathways
can lead to the rapid assembly of molecules. Two recent examples are considered
here. The synthesis of biscembranoid methyl sarcophytoate (135), which was
developed by Nakata and coworkers [44], employs a Diels—Alder reaction between
methyl sarcoate and another complex cembrane as the key step (Scheme 11.18).
When 136 was heated with 137 in PhMe at 100°C for 1.5 days, the desired
adduct 138 was obtained in 22% yield. Removal of the acetonide by treatment
with aqueous AcOH completed the synthesis (50% for the final step). Notwith-
standing the exact sequencing to reactions (and the use of protecting groups in the
case of the laboratory synthesis), it seems likely that this process mimics the likely
biogenesis.

138 >< methyl sarcophytoate, 135

Scheme 11.18 Synthesis of methyl sarcophytoate. Reagents and conditions: (1) PhMe, 100°C,
22%; (2) AcOH-H,0, 50°C, 50%
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Scheme 11.19 Shair’s total synthesis of (-)-longithorone A. Reagents and conditions:
(1) (a) 30-50 mol% Grubbs I, ethylene, 45°C, >20:1 atropisomer ratio; (b) TBAF, THF, 0°C,
31% (two steps); (2) (a) NaCNBH;, TFA, CH,Cl,, 69% (b) TBSOTf, iPr,NEt, 0°C, 75%;
(3) 0.5 eq Grubbs I, ethylene, 31%; (4) (a) TFA, Et3SiH, CH,Cl,, (b) PPTS, EtOH 45°C, 46%
(two steps), (¢) Dess-Martin periodinane, CH,Cl,, 99%; (5) Me,AlCl, CH,Cl,, —20°C, 70%;
(6) (a) TBAF, THF, 0°C, (b) PhI(O), MeCN-H,0, 0°C — 25°C, 90% (two steps)

The key elements of the Schmidt hypothesis for the biosynthesis of the
longithorones were borne out in Shair’s total synthesis of longithorone A (139)
[45]. The synthesis highlights the strategic power of “biomimetic” Diels—Alder
reactions and the utility of enyne metathesis reactions for the assembly of complex
dienes. The key steps of the synthesis are shown in Scheme 11.19.

Enyne 140 underwent enyne metathesis followed by TBS deprotection to
give cyclophane 141 with excellent selectivity for the desired atropisomer.
Deoxygenation and protection led to diene 142. Alkyne 143 was treated with
Grubbs’ catalyst to give diene 144. Ionic hydrogenation, followed by deprotection
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and oxidation, afforded aldehyde 145. An intermolecular Diels—Alder reaction
between diene 142 and enal 145 gave cyclohexene 146. Deprotection followed
by transannular Diels—Alder cycloaddition completed Shair’s total synthesis of
(-)-longithorone A, 139.

11.3.3 (+)-11,11'-Dideoxyverticillin A

The dimeric epidithiodiketopiperazine alkaloids, as represented by (+)-11,11’-
dideoxyverticillin A (147), are challenging synthetic targets that can be unraveled
quickly by consideration of biosynthetic principles. Such an analysis led
Movassaghi to a synthesis plan that was based on exploiting the dimerization of
radicals 148 (Schemes 11.20) [46].

The dimerization precursor 149 was readily prepared in 58% yield by first
reacting diketopiperazine 150 with bromine (MeCN, 0°C), then methylation with
methyl iodide and potassium carbonate (Scheme 11.21). Reductive dimerization
of 149 with tris(triphenylphosphine)cobalt (I) chloride in acetone gave the dimer
151 in 46% yield. After much experimentation, it was determined that the desired
tetraol 152 could be prepared by oxidation with 4.8 equivalents of bis(pyridine)
silver(I) permanganate in dichloromethane. This provided the tetraol 152 as a single
diastereomer in an impressive 63% yield. However, it was found that 152
was highly acid and base sensitive, and while it could be transformed into
the target molecule, it was a low-yielding process. It was discovered that these
difficulties could be overcome by conversion to the diol 153. This was prepared in
55% yield by selective protection using ¢-butyldimethylsilyl chloride and 5 mol%
of Fu’s PPY catalyst [47]. Reaction with potassium trithiocarbonate and
trifluoroacetic acid, followed by addition of ethanolamine gave a tetrathiol 154,
which could be readily converted to the target molecule by reaction with potassium
triiodide. This impressive sequence proceeded in 35% overall yield. Clearly,
the success of this strategy suggests that the proposed biosynthetic sequence
is plausible.

11.4 New Reactions and New Strategies: Azaspiracid-1,
Amphidinolide A1, Bryostatin 16, Ningalin B, and
Cyanthiwigins U and F

11.4.1 Azaspiracid-1

Complex natural products such as the azaspiracids have also served as excellent
vehicles for the development and application of new synthetic methods. Subsequent
to the Nicolaou synthesis, Evans reported a total synthesis of (+)-azaspiracid-1 (155
the enantiomer of the natural product) [48]. An overview of the synthesis plan is
shown in Scheme 11.22, and ultimately the key building blocks can be traced to
compounds 158, 159, and 160. This plan called for the preparation of these
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= sulfone anion addition
H/ OH sulfone anion addition

CO,H

(+)-azaspiracid-1 (155) Me

Scheme 11.22 An overview of Evans’ analysis of (+)-azaspiracid-1 and the building blocks
envisaged as being derived from asymmetric catalysis

compounds by Sn(II)- and Cu(Il)-catalyzed asymmetric reactions that are part of
a suite of powerful methods developed in the Evans group in the period 1990-2010,
and azaspiracid-1 was expected to provide a worthy testing ground for the utility of
these reactions in complex molecule synthesis.

Access to the ketone 161 was achieved in 13 linear steps, starting with an
asymmetric Mukaiyama aldol reaction of (silyloxy)furan 162 with N-phenyl
glyoxamide (163), in the presence of 10 mol% of chiral Sn** complex 164
(Scheme 11.23). This reaction afforded the lactone 165 in 67% yield and >99%
ee after recrystallization, and was followed by reduction of the double bond using
Crabtree’s catalyst [49] to give 166. Transformation of this material to the required
aldehyde 161 was achieved in a further 12 steps. Ketone 167 and aldehyde 168
could be accessed from the same intermediate, chiral tetrahydropyran 165. The
initial step of the sequence used to prepare 170 was the hetero Diels—Alder
cycloaddition between 171 and 172 in the presence of Cu”* complex 173 to give
174 in 84% yield and with excellent control of enantio- and diastereoselectivity.
Simple reduction over Pd/C with H, gave 170, and access to the E-ring fragment
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167 from 170 was achieved by firstly forming the lactol thioether 175, then
epimerization of the ester substituent with potassium z-butoxide. This epimerization
provides a tetrahydropyran with all four substituents equatorial. Reduction of the
ester group with DIBAL-H afforded the aldehyde 168. To access the third fragment
required for the synthesis of EFGHI sulfone, the chiral tetrahydropyran 170 was
transformed to the tosylate 169 via a four-step sequence as detailed in
Scheme 11.26. The tosylate was then converted to the desired HI-ring fragment
167 by Wacker oxidation and azide displacement.

With access to all the required fragments, attention was focused on fragment
assembly by a series of aldol couplings (Scheme 11.24). First, ketone 167 and
aldehyde 161 were coupled together using a chelate-controlled Mukaiyama aldol
addition of enolsilane 176 with the aldehyde 161 in the presence of freshly prepared
MgBr,.0Et, to give the desired compound 177 as a single diastereomer in 93%
yield. The second aldol coupling employed a boron-mediated aldol reaction
between 172 and aldehyde 168 to give aldol adduct 178 as an inconsequential
60:40 mixture of diastereomers. Removal of the TBS ethers by aqueous HF in
acetonitrile also resulted in cyclization to afford the FG bicyclic ketal as mixture of
diastereomers. This mixture was oxidized with Dess—Martin periodinane to afford
ketone 179. At this juncture removal of the PMB ether with DDQ and reduction of
the azide led to formation of the HI spiroaminal system 180 in 77% yield for the two
steps. This ketone 180 was transformed to the desired EFGHI sulfone 181 and was
methylenated using Tebbe’s reagent in the presence of pyridine. Oxidation of the
sulfide was carried out in the presence of pyridine to ensure that the sulfur group
was not lost. With the assembly of the EFGHI sulfone 181, the synthesis of
azaspiracid-1 was almost complete. Coupling of the two major fragments was
achieved by deprotonation of the sulfone 181 with n-BuLi, then addition of the
aldehyde 182. Quenching at —78°C with pHS5 buffer afforded a near 1:1 mixture of
lactol diastereomers, 183 and 184, in 50% overall yield. Fortunately, the diastereo-
mers are separable by chromatography and the undesired alcohol 183 could be
transformed to the desired material 184 by oxidation under Swern conditions and
diastereoselective reduction. Removal of the silyl protecting groups and a two-step
oxidation of the C1 terminus provided (+)-azaspiracid-1 (155). The convergent
approach allows the synthesis to proceed in just 26 linear steps, providing a nice
example of complex molecule synthesis underpinned by powerful new asymmetric
methods for the preparation of building blocks.

11.4.2 Amphidinolide A1

The amphidinolides have proven themselves a fertile environment for the devel-
opment of new methods and strategies and, at the same time, have provided many
instances of where synthesis has been able to assist in the structure assignment.
This has always been a challenging task for this class in large part due to
the minute amounts of material that are often initially isolated. The story of
(+)-amphidinolide A1 [50] is noteworthy in this context as an example of the
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value of synthesis to the structure elucidation of complex marine natural products
(Scheme 11.25). Kobayashi’s initially proposed structure 185 was synthesized in
2002 in independent efforts by the groups of Trost [51], Pattenden [52], and
Maleczka [53]. None of these efforts however produced material that matched the
reported data which suggested that there were questions regarding the stereo-
chemistry of the molecule remaining to be answered. This puzzle was solved in
2004 by Trost and Harrington when they described the structure elucidation of
(+)-amphidinolide Al (186) by a combination of total synthesis and NMR
analysis [54] (Scheme 11.25).

The synthesis highlights Trost’s new methodology for the construction of 1,4-
dienes by the Ru-catalyzed coupling of alkenes and alkynes (Scheme 11.25) [55].
The first subunit coupling was achieved by reaction of 188 with 189 in the presence
of Cp*Ru(MeCN);PF¢ as catalyst was employed. This catalyst provided the
branched product 190 in 23% yield (39% yield based on recovered starting mate-
rial). A straightforward sequence of three steps provided acid 191 which was
coupled to the potentially sensitive epoxy alcohol 192 under Kita’s conditions
[56] to give ester 193 in 51% yield. After removal of the triethylsilyl ethers with
TBAF-AcOH, [Cp*Ru(MeCN);3]PFs-catalyzed macrocyclization of 194 provided
amphidinolide A1, 186. Although the yield may seem modest (33% or 38% based
on recovered starting material), this is an impressive example of the remarkable
selectivity of the Ru-catalyzed alkene—alkyne addition. The spectral data for syn-
thetic material matched very well to the natural product with only two protons
deviating from that reported by greater than 0.01 ppm (the two deviations were by
0.03 ppm and by 0.02 ppm), the '*C NMR spectrum deviated by 0.1 ppm or less in
CDCls3, J values in three solvents were also in agreement, and the optical rotation
was also consistent with reported data (synthetic [oc]]D24 +56° (¢ 0.05, CHCl5) cf.
reported [o]]p>* +46° (¢ 1.0, CHCly)). Even with these excellent comparisons, in
the absence of authentic material for comparison, Trost and Harrington conclude
their paper with guarded comments:

In conclusion, we have employed a combination of synthesis and NMR spectros-
copy as tools to determine the correct structure of amphidinolide Al. Although
the lack of a sample of the natural product prevents a definitive comparison,
the excellent correlation [of our synthetic compound] strongly suggests it is
(+)-amphidinolide Al.

<<
«<

Scheme 11.24 Evans’ synthesis of the EFGHI sulfone fragment of (+)-azaspiracid-1 and
completion of the synthesis. Reagents and conditions: (1) LIHMDS, TMSCI, Et;N, THF, -78°C,
89%; (2) MgBr, OEt,, CH,Cl,, 0°C, 93%; (3) Cy,BCl, iPr,NEt, CH,Cl,, —=78°C, then 168, —78°C
— 0°C; (4) HF, H,O, CH3CN, 0°C, 92% (two steps); (5) Dess-Martin periodinane, pyr., CH,Cl,,
85%; (6) DDQ, pH 7 buffer, CH,Cl,, 0°C; (7) H,, Pd/C, THF, 77% (two steps); (8) 181, n-BuLi, —
78°C, then 182, NaOAc/AcOH buffer, -78°C — r1t, 27% of 183 and 23% of 184; (9) (COCl),,
DMSO, Et;N, CH,Cl,, —-78°C — -20°C, 60%; (10) LiBH4, CH,Cl,, -40°C, 56%
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11.4.3 Bryostatin 16

The bryostatin family of macrolides have attracted significant attention over the years
since the initial description of bryostatin 1 by Pettit and Clardy [57]. Synthetic
highlights include five total syntheses [58], the development of a detailed
pharmacophore model [59], and the preparation of much simplified functional analogs
[60]. Here we highlight the total synthesis of bryostatin 16 (195) by Trost and Dong
[39], which employs a number of new(er) transition metal—catalyzed reactions and
underscores the value of new reactions in the arena of target synthesis: the longest
linear sequence is only 26 steps. As detailed in Scheme 11.26, it was envisaged that the
macrocycle could be formed from 196 using a palladium-catalyzed alkyne—alkyne
coupling, followed by a metal-catalyzed 6-endo-dig cyclization. The key substrate
196 would be assembled from the fragments 197, 198, and 199.

A chemoselective ruthenium-catalyzed tandem alkene-alkyne coupling/Michael
addition (13 mol% CpRu(MeCN);PFs, DCM) was used to form the cis-
tetrahydropyran 200 in 34% yield (80% based on recovered starting material)
(Scheme 11.27). Although modest in its conversion, the strategic power of this
reaction for subunit assembly is impressive. The macrocycle 202 was generated in
56% yield by reaction of 201 with 12 mol% of palladium acetate and 15 mol% tris
(2,6-dimethoxyphenyl)phosphine in PhMe at room temperature. It was found that
the reaction had to be run at low concentration (0.002 M) and that the choice of
solvent and the ligand/palladium ratio were critical to the success of the reaction.
Treatment of the resulting alcohol 202 with a cationic gold catalyst (Au(PPh3)SbFg,
NaHCOs) initiated a 6-endo-dig cyclization and afforded the desired ring system in

metal-catalyzed — |

0\

6-endo-dig | \\ R
cyclization \\ esterification
"OH
Pd- catalyzed — =Z oTBS

alkyne-alkyne Cone 196

coupling
bryostatin 16, 195
PMB
OTBDPS j’
‘OTBS

M802C

197

198 O

OTBS

Scheme 11.26 An overview of the Trost synthesis plan for bryostatin 16
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73% yield. After pivalation of the secondary alcohol to give macrocycle 203, efforts
focused on the global deprotection to afford bryostatin 16. After some experimen-
tation, it was found that treatment of 203 with five equivalents of tetrabuty-
lammonium fluoride gave bryostatin 16, 195, in 52% yield.

11.4.4 Ningalin D

Complex alkaloids such as ningalin D (204) present substantial challenges for
synthesis, and although cross-coupling chemistry is a dominant strategy for
polyaromatic compounds, Boger has showcased the utility of alternative methods
to produce an essentially ideal synthesis. In this case he completed a nine-step
synthesis of ningalin D (204), which proceeds in 19% overall yield [61]
(Scheme 11.28). The tetrasubstituted pyrrole 205 was rapidly assembled by firstly
utilizing an inverse electron demand heterocyclic azadiene Diels—Alder reaction
between symmetrical alkyne 206 and readily available tetrazine 207 to give sym-
metrical 1,2-diazine 208 in 87% yield. Reaction with 30 equivalents of zinc in
trifluoroacetic acid at room temperature leads to cleavage of the diazine ring,
followed by in situ cyclization to generate the pyrrole 205 in 64% yield. After
alkylation of 205, the aryl C and D rings were formed by double Dieckmann
condensation by reaction with NaH in DMF at room temperature. The resulting
diphenol 209 was triflated, and the F and G aryl rings were attached via a double
Suzuki coupling with boronic acid 210. Efforts to convert 211 into ningalin D were
hampered by the steric congestion of the esters. However, hydrolysis of 211 with
anhydrous hydroxide, followed by a modified Curtius rearrangement, afforded
permethylated ningalin D 212 in a remarkable 70% yield. Clearly, the expected
diamine was oxidized in situ and the resulting imines were hydrolyzed upon
workup to generate the desired biphenylene quinone methide system. The ten
methyl ethers were removed by reaction of 212 with 15 equivalents of BBrj to
provide ningalin D, 204, in 96% yield.

11.4.5 Cyanthiwigins U and F

The cyanthiwigin family of diterpenoids have stimulated the development of
new methods and strategies (for a review see, [62]). For example, the Phillips—
Pfeiffer synthesis of cyanthiwigin U (213) employed an efficient tandem metathesis
reaction to convert bridged bicycle 214 into fused tricycle 215 in >43% yield
(Scheme 11.29) [63]. Reduction of the more electrophilic carbonyl group with
LAH gave 216, and addition of isopropyllithium to the other carbonyl group
gave bis-allylic alcohol 217. Pyridinium chlorochromate oxidation resulted in
formation of the cycloheptenone and, at the same time, gave Dauben oxidative
transpostition of the cyclopentenol to provide 218. Simple addition of methyllithium
completed the synthesis.
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215

O Cyanthiwigin U, 213

Scheme 11.29 Phillips and Pfeiffer’s synthesis of cyanthiwigin U. Reagents and conditions:
(1) 20 mol% Grubbs II, ethylene, PhMe, >43%; (2) LAH, THF, 92%; (3) i-PrLi, CeCl; THF;
(4) PCC, CH,Cl,, 90% (two steps); (5) MeLi, THF, quantitative (dr = 9:1)

In a similar vein, Stoltz and Enquist completed a total synthesis of cyanthiwigin
F (219) that was underpinned by reaction development (Scheme 11.30) [64]. Earlier
studies into the asymmetric Tsuji decarboxylative allylation reaction [65] had
provided a method for the conversion of 220 into 221 by treatment with catalytic
Pd(0) in the presence of phosphino-oxazoline 222. Subsequent enol-triflation and
cross-coupling with the organozinc derived from iodide 223 gave 224 and set the
stage for a ring-closing metathesis with Grubbs—Hoveyda catalyst (second gener-
ation) and simultaneous cross metathesis of the other olefin with vinylboronate 225.
An oxidative workup gave aldehyde 226 in 51% yield. Radical cyclization
proceeded smoothly to produce tricyclic compound 227, which could be advanced
to cyanthiwigin F (219) by conversion of the cyclopentanone ring to the enol triflate
and cross coupling with i-propylmagnesium chloride.

<
«

Scheme 11.28 The Boger synthesis of ningalin B, 204. Reagents and conditions: (1) toluene,
110°C, 87%; (2) Zn, TFA, rt, 64%; (3) 3,4-dimethoxyphenyl ethyl iodide, CsCO3;, DMF, 60°C,
92%; (4) NaH, DMF, 25°C, 81%; (5) Tf,0, pyridine-CH,Cl,, 0°C — 5°C, 92%; (6) (PPh3),Pd,
LiCl, 1 M aq. K,CO5-DME, 80°C, 88%; (7) t-BuOK, H,O, DMSO, 80°C, 84%; (8) DPPA,
iPr,NEt, CH,Cl,, 25°C; then H,O, THF, air, reflux, 70%; (9) BBr;, CH,Cl,, -78°C — 1t, 96%
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Scheme 11.30 Stoltz’s total synthesis of cyanthiwigin F. Reagents and conditions: (1) 222, Pd
(dmdba),, Et,0,78%; (2) (a) KHMDS, PhN(Tf),, THF; (b) 223, Zn, TMSCI, 1,2-dibromoethane,
THF; Pd(PPh3),, 57% (two steps); (3) Grubbs-Hoveyda II, 225, PhH; NaBO;, THF/H,0 51%;
(4) +-BuSH, AIBN, PhH, 57%; (5) (a) KHMDS, PhN(Tf),, THF; (b) i-PrMgCl, CuCN, THF, Pd
(dppf)Cl,, 38% (two steps)

11.5 At the Edges of the Known Universe of Molecular
Complexity

The marine environment produces some remarkably complex structures, and
these compounds have in turn stimulated tremendous efforts in total synthesis.
In this section we briefly highlight the synthesis of ladder polyethers, but in
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advance of doing so we present four molecules that represent substantial com-
plexity in Fig. 11.5. All of these molecules are accessible by synthesis:
ciguatoxin CTX3C (227) was made by Hirama and Inoue in 2001 [66]; palytoxin
(228) by Kishi and Suh in 1994 [67]; norhalichondrin B (229) by Kishi
(1992) [68] and Phillips (2009) [69]; and phorboxazole A (230) by Forsyth
(1999) [70], Smith (2001) [71], Williams (2003) [72], Pattenden (2003) [73],
and White (2006) [74].

The Nicolaou group was one of the first to engage in synthetic studies directed
toward the ladder polyethers, and among the many total syntheses from the group in
this area there has been a significant amount of reaction discovery and develop-
ment, which we briefly highlight here (Scheme 11.31). For example, the formation
of cyclic ethers by thiohemiacetal formation (231 — 233) and reductive removal of
the sulfur to give structures of type 234 has seen widespread use by many groups.
An especially creative solution to the formation of bis-oxepane rings is the reduc-
tive cyclization of dithionolactones (235 — 236) and their subsequent conversion to
238 by desulfurization and hydrogenation [75].

Elements of the methods described above were employed in Nicolaou’s first
total synthesis of brevetoxin B (113), the closing steps of which are shown in
Scheme 11.32 [76]. Subunit coupling by Wittig reaction between phosphonium salt
239 and aldehyde 240 gave 241 after removal of the TMS ether. Reductive
etherification by the two-step approach outlined above gave 242 in an impressive
85% yield, and the synthesis was completed in five further steps.

More recently, Sasaki and coworkers have completed a synthesis [77] of
gymnocin A (243), a polyether toxin from the red tide dinoflagellate Karenia
mikimotoi [78]. The total synthesis employed some daring applications of their
earlier-developed method for polyether synthesis based on a B-alkyl Suzuki—
Miyaura coupling followed by hydroboration and reductive etherification as the
key strategy for subunit couplings. The key steps involved in the assembly of the
complete A — N ring system are summarized in Scheme 11.33. Hydroboration of
complex enol ether 244 with 9-BBN to give borane 245 is followed by cross-
coupling with nonacyclic enol triflate 246 in the presence of Pd(PPh;), to give 247.
Given the very high complexity of the substrates, the yield for this reaction is
a remarkable 81%, and should serve to underscore the power of contemporary
cross-coupling reactions in complex settings. Conversion of 247 to the precursor
for acetal formation was achieved by a four-step sequence: (a) hydroboration-
oxidation, (b) protection as the triethylsilyl ether, (c) removal of the
p-methoxybenzyl ether, and (d) oxidation to produce ketone 248 (56% overall
yield for four steps). Treatment of 249 with ethanethiol in the presence of Zn
(OTY), provided the desired thioacetal 250 in 40% yield along with 38% of
thioacetal 251 in which one of the tert-butyldimethylsilyl ethers had been removed.
This compound was readily resilylated to produce 250. Reductive desulfurization
under radical conditions with AIBN and triphenylstannane converted the thioacetal
into the desired ether 252 in an impressive 98% yield. Compound 252, which
contains the complete A — N ring system, was converted to gymnocin A, 243,
by an eight-step sequence.
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237 238

Scheme 11.31 Early technologies from Nicolaou for complex ladder polyether synthesis. (a)
Reductive etherifications, and (b) formation of bis-oxepanes by reductive coupling of dithiono-
lactones. Reagents and conditions: (1) AgNOs, NCS, SiO,, 2,6-lutidine, CH3CN, 3 A MS, 92%;
(2) Ph3SnH, AIBN, PhCHj;, 110°C, 95%; (3) sodium naphthalenide, THF, —78°C; Mel, 80%;
(4) nBuzSnH, AIBN, PhCHj3, heat, 99%; (5) H,, Pd(OH),, EtOAc, 70%

11.6 Gram-Scale Synthesis: Moving Toward Realistic Supply of
Compounds for Preclinical Evaluation

One of the major challenges of marine natural products is the limited supplies
available from the natural source, which often stymies further investigation
into the biological properties. Many marine natural products cannot be evaluated
as clinical agents due to these limited supplies, and the development of
a practical synthetic route is absolutely critical to the further development of such
compounds.
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discodermolide, 253

Schreiber (1993)

4.3% overall yield, 24 steps LLS
Key fragments

CHO
l OPiv

OTBS
254 255 256

Fig. 11.6 The structure of discodermolide, and the main building blocks for Schreiber’s initial
total synthesis

One of the best examples of the value of total synthesis in providing realistic
supplies of a natural product is discodermolide, 253, which is a biologically active
polyketide isolated in just 0.002 wt.% from the marine sponge Discodermia
dissoluta [79]. The potent biological activity, coupled with the scarce supply
from its natural source, has triggered intense activity in the total synthesis commu-
nity [80]. Schreiber’s group reported the first total synthesis, which confirmed the
relative stereochemistry and established the absolute configuration [81]. As sum-
marized in Fig. 11.6, his retrosynthetic analysis gave three key fragments, 254, 255,
and 256, with a Nozaki—Kishi coupling and an enolate alkylation being the critical
bond-forming steps.

Since this work, a further 11 total syntheses have been reported from
the academic groups of Smith [82], Paterson [83], Myles [84], Marshall [85],
Panek [86], and Ardisson [87]. Of these syntheses, the groups of Smith and Paterson
having refined their initial efforts and have reported fourth and third generation
syntheses, respectively. As illustrated in Scheme 11.34, Smith’s group utilized
a Wittig reaction (C8—C9) and a Negishi cross-coupling (C14—C15) to assemble
his key fragments, which allowed the generation of discodermolide in 9%
overall yield and 17 steps for the longest linear sequence. While Paterson’s initial
syntheses had used boron aldol couplings, the difficulties of scale-up led his
group to develop a third-generation synthesis where a Still-Gennari olefination
was utilized. This resulted in an improved overall yield of 11.1%.
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The advances made by these academic syntheses, in particular the efforts by
the groups of Smith and Paterson, led Novartis to proceed with a total synthesis
that could be carried out on an industrial scale so that over 60 g of discodermolide
could be prepared [88]. This synthesis can be viewed as a hybrid of Smith and
Paterson’s routes, using the Paterson B-aldol disconnection at C6—C7 and the
Smith—Marshall cross-coupling at C14—C15 as the key assembly steps. The three
key fragments (257, 258, 259) are generated from the common precursor, 260,
originally reported by Smith. The synthesis proceeded in 25 steps (longest linear
sequence) and 1.1% overall yield (Scheme 11.35). The common precursor 260
was prepared in three steps from the readily available aldehyde 261 and
propionimide 262 and allowed the generation of 29 kg of material. As summa-
rized in Scheme 11.35, 263 can be transformed into each of the key fragments
(257, 258, 259), using routes related to Smith’s syntheses. While Smith had used
a Negishi cross-coupling to generate 264 from iodides 258 and 259, the Novartis
group chose to use a Suzuki cross-coupling, as originally reported by Marshall.
Thus, iodide 259 was converted to the borane and coupled with iodide 258 using
Pd(dppf),Cl, as the catalyst. This key reaction proceeded in 73% yield on
kilogram scale. To complete the synthesis, the Novartis group decided to utilize
the endgame developed by Paterson. Accordingly, 264 was transformed
into enal 265 in a nine-step sequence, with only two chromatographic separations
required. After extensive experimentation, a reagent-controlled boron aldol
coupling of aldehyde 265 and ketone 257, using (+)-Ipc,BCl, gave 67 g of the
aldol product 266 (50-55% yield). An Evans-Saksena reduction (Me;NBH
(OAc)s3, 73% yield) generated the C5-stereocenter stereoselectively and treat-
ment with 3 N HCI was used to achieve global deprotection and lactonization
and afforded discodermolide (253). This remarkable synthesis allowed the gen-
eration of 64 g of discodermolide, which allowed Novartis to initiate clinical
trials. Unfortunately, toxicity issues have meant that these trials were
discontinued [89].

Other complex marine natural products where “gram-scale” synthesis has pro-
vided materials for further evaluation include spongistatin (267) [90-96],
kapakahines(268),(269)[97, 98],and iejimalide B (270) [99] (Fig. 11.7).

11.7 Supply bg Synthesis: The Arrival of Halaven® and
Yondelis™ in the Clinic

In 2007, trabectedin (or ET-743, 271), under the brand name Yondelis®, was
approved in the European Union for the treatment of soft tissue sarcoma, becoming
the first marine natural product to be used in the treatment of cancer. It was
originally isolated from the colonial ascidian Ecteinascidia turbinata and biological
investigations revealed that it was a potent anti-cancer agent [100]. While aquacul-
ture was initially used by PharmaMar to generate quantities of the compound for
pre-clinical evaluation, the low yield, just 1 g being obtained from 1 t of ascidian,
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spongistatin 1, 267

Kapakahine F (R=H), 268
Kapakahine B (R=Ph) 269

NHCHO

OH

iejimalide B, 270

Fig. 11.7 Complex marine natural products available in appreciable amounts by synthesis

meant that this strategy would not be viable economically [101]. Thus, it was
realized that an efficient, practical synthesis was the only realistic way that
trabectedin could be supplied to the clinic.

The first total synthesis was developed by Corey and coworkers in 1996
and involved generation of the ten-membered lactone 272 via the trapping
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of a quinone methide intermediate as a key step (Scheme 11.36) [102]. Overall, the
synthesis proceeded in 36 steps with a yield of 0.72%. Further work by
Corey’s group led to an enhancement in the overall yield (2.04%) but no reduction
in the step count [103].

The synthesis provided an avenue for the generation of more material, but it was
recognized by PharmaMar that the scale-up of this synthesis would be difficult.
Using the key design principles of the Corey synthesis, they developed an efficient
semi-synthesis from cyanosafracin B (277), which is readily available from fermen-
tation from the bacteria Pseudomonas fluorescens [104]. As illustrated
in Scheme 11.37, they were able to transform cyanosafracin B (277) into the alcohol
279 in 12 steps and 6% overall yield. Alcohol 279 can then be transformed into the
quinone methide precursor 280 in three steps, using the protocols developed by
Corey. The end game of the semi-synthesis was based on Corey’s work, with some
key changes in the protecting groups used and the ordering of the steps. Conversion
to ten-membered lactone 282 was achieved in 58% yield, using the one-pot protocol
developed by Corey. In contrast to Corey, the MOM and Troc protecting groups were
removed first. The required a-keto lactone was generated in 57% yield using Corey’s
transamination protocol (4-methylpyridinium-4-carboxaldehyde iodide, DBU,
(CO,H),). To complete the synthesis, the final tetrahydroisoquinoline system was
introduced using a diastereoselective Pictet—Spengler condensation with 5-(2-
aminoethyl)-2-methoxyphenol (283) in the presence of silica gel in 90% yield, and
then, the nitrile group was substituted using silver nitrate in acetonitrile and water to
afford trabectedin (271) in 90% yield. Overall, the semisynthesis requires 21 steps and
proceeds in 0.96% overall yield. More importantly, it can be carried out on an
industrial scale and is being used to provide the clinical supply of Yondelis®™.

Other groups have been active in the area, with the groups of Fukuyama [105]
and Zhu [106] each reporting total syntheses. Danishefsky [107] and Williams
[108] have also reported formal syntheses, intersecting with key intermediates in
the Fukuyama synthesis.

In 1992, samples of synthetic halichondrin B (284) and several intermediates
were provided by the Kishi group to the Eisai Research Institute (Andover, MA)
with a goal of evaluating in vitro and in vivo activity. In a significant discovery, the
C1-C38 diol 285 was found to have a substantial fraction of the activity observed
for the parent halichondrin B (Scheme 11.38) [109]. Evolution of this compounds
ultimately produced E7389, eribulin mesylate (286), which was approved as a
treatment for refractory breast cancer in November 2010 by the United States FDA.

The Eisai synthesis of eribulin mesylate (286) employs much of the technology
laid down in Kishi’s studies on norhalichondrin B and halichondrin B (for a review
see [110]). We pick up the synthesis here at the point of subunit couplings: Nozaki—
Hiyama—Kishi coupling of aldehyde 287 with vinyl iodide 288 and subsequent
base-induced cyclization provided a 3:1 mixture of C27 diastereomers favoring the
desired product (Scheme 11.39). The PMB ether was then removed to yield 289, at
which point the diastereomers were separable. Alcohol 289 was converted to
sulfone 290 in four steps. Deprotonation of 290 with n-BuLi, followed by addition
to aldehyde 291 and oxidation gave 292. Removal of the sulfone group with
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samarium (II) iodide, Nozaki—Hiyama—Kishi macrocyclization, and allylic alcohol
oxidation gave enone 293. Exposure of 293 to TBAF buffered with imidazole
hydrochloride, followed by PPTS in CH,Cl,, installed the polycyclic ketal domain,
and the product 294 could be converted to eribulin mesylate by selective mesylation
of the terminal alcohol and then aminolysis with NH; in EtOH. While current
demand for clinical supply of Halaven is unknown, it is clear that Eisai’s route has
the capacity to provide multi-hundred-gram batches of API. Subsequent to regulatory
approval by the FDA, Halaven has been approved for use in Singapore, Japan, and the
European Union.

11.8 Conclusions and Future Perspectives

In this chapter, we have provided an overview of marine natural products synthesis
that highlights some of the long-held rationales for the endeavor as well as the
interplay between methods and strategy development in the context of challenging
structures. These agendas will remain central to the science of synthesis, but the
development of “gram-scale” syntheses and the arrival of Yondelis® and Halaven®
in the clinic have ushered in an era in which synthesis may well be able to provide
material that can address problems in human health.

11.9 Study Questions

1. In Scheme 11.2, Kishi uses a series of stereoselective processes to prepare
tetrodotoxin. Provide a stereochemical rationalization of the following reactions:
(a) The conversion of 9 to 10 and (b) The conversion of 11 to 12.

2. The Witkop reaction has been used by researchers to prepare the macrocycle of
the diazonamide structure. Provide a mechanism for this reaction.

3. In Baran’s synthesis of palau’amine, he generates the pyrrole 101 by reaction of
bromide 104 and amino ester 105. Provide a mechanism for this transformation.

4. Phillips’ synthesis of cyanthiwigin U involves the conversion of bicylic com-
pound 214 to tricyclic compound 215. Provide a mechanism.

5. Provide a mechanism for the intramolecular enyne metathesis that converts 140
to 141 in Shair’s synthesis of longithorone A.

6. Evans uses a chelate-controlled Mukiyama aldol reaction to generate 177. Pro-
vide a stereochemical rationale for the formation of 177 as a single diastereomer.

7. Boger’s synthesis of ningalin D generates a tetra-substituted pyrrole 208 in two
steps, from 206 to 207. Provide a mechanistic rationale for each synthetic step.
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