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Abstract

The ultimate goal in the chemotherapeutic treatment of cancer is the development of
drugs that are highly effective against tumor cells and have little or no effect on héalthy cells.
Key to this pursuit is the identification of differences that exist between the life cycle of normal
and cancerous cells. Thus, the discovery of new small molec.:'ul.e inhibitors of enzymes that
regulate cellular growth and division should provide a better understanding of these biql.ogiéal
processes and pe.rhaps lead to more.selectiVe cancer treatments.

Mitosis, or cell diviéion, is disrupted by antimitotic agents, which correépondingly have
become the most promising chemdtherapeutics in cancer treatment. Recently, the Caribbean soft
coral Erythropodium caribaeorum was shown to be a good source of eleutherobin, a potent
antimitotic agent. Having procured eleutherobin from this’ source, synthetic manipulations of the
natural material provided a series of eleuthoside congeners, which were assayed for antimitotic
activity. A remarkéble relationship between the A***" olefin and eleuthoside biological activity
was highlighted by these studies.

The G2 checkpoint is one of a séries of checkpoints that temporarily halt cell cycle

‘progression in order to allow for repair of damaged DNA. It has been demonstrated in vitro that
the inhibition of this checkpoint, in combination with a DNA damaging agent, selectively»
potentiates the killing of cancer cells. Extraéts of the Bfazilian ascidian Didemnum granulﬁtum
demonstrated G2 checkpoint inhibition activity. Fractionation of these extracts resulted in the
isolétion of isogranulatimide. In order to unambiguously confirm the structural assignment of
this substance, generate sufficient material for biological testing and investigate the effect of

structure on its biological activity; an efficient synthesis of isogranulatimide and several

congeners was developed.
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COncLlrrently, two ﬁew analogues of okadaic acid, a potent protein phosphatase inhibitor,
have been isolated from the sponge Merriamum oxeafo, collected in Jervis Inl.et, British
Columbié. These substances displayed pronounced G2 checkpoint inhibition activity and
represent the first examples of diarrhetic shellfish poisons (DSP) in the Northeastern ?acific
" Ocean.

A total synthesis of 13-methoxy-15-oxozoapatlin, a G2 checkpoint inhibitor and
‘antimitotic agent, has aléo'been completed. Employing a linear sequence of 22 synthetic
transformations, a renewable sourcé of this structurally complex pentacyclic diterpene has been

realized. The completion of this synthesis relied on the development of new synthetic méthods

useful in the construction of bicyclo[3.2.1]octanes.

okadaic acid
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1. Cancer and Chemdtherapy

| 1.1 Introduction

Tragically, one in three Canadians and three oﬁt of four households in Canada will be
affected by cancer.' In the yéar 2001 aloﬁe, the Canadian Cancer Society reported 134,‘100 new
incidents of cancer and 65,300 deaths related to this disease.! Ominously, since bancer primarily
affects the eiderly, the aging of our population is projected to result in a 70% incréase in the
incidence of cancer by 2015." Therefore, it is not surprising that the treatmeni of this dreaded
disease is at the forefront of current scientific research.

Cancer is a general term that encompasses over 100 different diseases involving the
uncontro]led growth of abnormal cellbs.2 Thus, while normal cells propégate in an organized
inanner, regulated by the necessity to maintain healthy bodily function or repair damaged tissue,
cancerous cells r¢produce without provocation, creatihg a mass of cells known as é tumor. The
movement 'or.metastasis of cancer cells from a primary tumor to healthy tissues and organs
throughout the body occurs readily through the blood stream or lymph system.' In this manﬁer
cancer spreads, leaving a trail of destruction in its wake. Curréntly, prostate cancer is thé most
frequehtly diagnosed primary tumor in men and breast céncer acCounfs for almost one third of
cancerous tumors reported in women. In fact, one out of nine Canadian women will be diagnosed
with breast cancer in their lifetime.'

Cancer remains the leading cause of premature death among Canadians.' Hdwever,
owing largely to the devélopment of more specific and efficacious treatments for this disease, thé
sufvival'rate for cancer patients has risen from 20% in the ear]y.20th cenfury_to a current level of

approximately 50%."* This dramatic increase has coincided with improvements in surgical

techniques, X-ray equipment, blood transfusions and antibiotics.’> Moreover, while traditional
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treatment of cancer.by surgery or radiotherapy often eradicated the primary tumor but ultimately
failed to treat metastatic cancer cells, a combination of tnese treatments and chembtherapy has
emerged ns a viable alternative. In this manner the former therapies focus on the removal of the
primary tumor and are cotnplimented by the chemotherapeutic treatment of metastatic .cancer
cells.

Since cancerotls cells divicie and. multiply in an uncontrolled manner, these cells aré
typically more metabolically active Vthan normai cells. Thus, while healthy cells spend a
considerable amount of time. restin‘g, waiting for cellular cues to begin division, cancerous cells
may grow without restraint. This disparity between cancer and healthy cells has. ft)rmed the basis
for most current cancer chemotherapeutic strategies, which target metabolically active cells.
Unfortunately, an often treattnent-]imiting side effect of such therapies involves the unfortunate
destruction of otheri rapidly dividing cells, including those .of b.one‘ marrowv and the
gastrointestinal tract.” Moreover, once solid tumors (i.e. colon, rectum, lung and breast tumors)

attain a certain size, their metabolic activity abates, resulting in a low proportion of dividing cells
and a. consequent indifference to chemotherapeutic ‘treatment.2

The first documented treatment of cancer by chemicai means was reported in 1865, when
potassium arsenite was noted to elicit a positive response when adrninistered to a patient with
leukemia. However, modern cancer chemotherapy owes its roots to pioneering work carried out
during World War II at Yale University, where nitrogen mustards, deriVatives of highly toxic
mustard gas, displayed clinical effectiveness in treating a patient with terminal lymphcv)sarcoma.4
Itis of some consternation, however, that after more than 50 ,y.e_ars, Qf__drl_i_g QEy_glopment, the side
effects of bone marrow.toxicity and drug resistance reported for this first rccipient of cancer
chemotherapy are still observed in patients today.

The present trend in cancer chemotherapy, which involves the development of new drugs

that exploit the subtle disparities between normal and cancerous cells, has relied on our evolving
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recognition of differences between the life cycle for healthy and cancerous cells. The two
primary events in cell proliferation are DNA replication and cell division. To ensure the fidelity
ofv these events, the cell cycle is divided into four sequential phases and a quiescent state known
as GO.® Owing to deprivation of certain growth factors, cells may exit their normal cycle of DNA
replication and cell division and enter GO in which fundaméntal_ cellular metabolism 1is
depressed. Alternatively, the stimulation of these grthh factors can signal a cell to re-enter this

active cycle.

GO depression of
fundamental
metabolism

celi division

protein synthesis,
cell readies for
mitosis initiation of
biosynthetic
activites

DNA synthesis

and replication of
chromosomes

Figure 1.1. The cell cycle.

As outlined in Figure 1.1, the first phase of the cell cycle is the G1 phase. At this stage
the cell must assess the viability of committing to another full round of division. Once G1 phase
is initiated, genes for cell-cycle proteins are transcribed and translated in preparation for DNA

 synthesis. It is not surprising then that cancer cells have a number of mutated proteins typically

involved in regulating the cellular progression through G1 phase.” Thus, the inability of these
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proteins to inhibit the progress of cancerdu_s cells facilitates.the unabated growth of tumors.
Entering S phase, cells begin the process of duplicating tﬁeir entire genorrie, a task that must be
'completed before initiating a period of active protein Synthesis, kno'wn_as G2 phase. The final
stage of the cell (;ycle, M phase or mitosis, involves breakdown of the nuclear enveloiae and
~ separation of chromosomes into two id‘_entical units, which contain all the genetic information
required for cell vitality. Subsequent migfat_ion of these daughter chromosomes to opposite ends
of the cell is vfollov_ved by their enclosure within new nuclear envelopes and, 'eventually, cell
division.‘

Since cancerous cells propagate more rapidly than normal cells, and coﬁsequently spend
more time in the cell cycle, drugs that interact with and ultimately kill dividing cells have
demonstrated clinical effecti?eness in the treatment of cancer.’ In particular, antimitotic agents or
compounds that disrupt cell division, have been effective in this régard..6 Moreover, ihe recent
discovery of new, more selective antimitotic agents and the elucidation of their unique modes of

action has fueled interest in this method of chemotherapy.
1.2 Cancer chemotherapeutics and mitosis

'Although a number of proteins are crucial to mitosis, a key to the potency of most
antimitotic agents lies in their interaction with o and B tubulin, essential components of
vmicrotubulesf During mitosis, ‘microtubules or spindle .fibers emanate from microtubule
_organizational. centers. (MTOC’ é) at the spindle poles of the .cell. The growth of microtubules
relies on the dynamic éssembly and disassembly of o and f tubulin, monomeric proteins'
comprised of roughly 450 amino acid units (Figure 1.2)) It.is noteWbrthy that the rate of
depolymerization of tubulin is much greater than the rate polymerization. Thus, the growth and

contraction of microtubules continues until the propagating end is stabilized or. ‘capped’ by a
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cellular component.” In particular, a complex of DNA and proteins known as a kinetochore,
which functions to hold two sister chromatids together, stabilizes the growing microtubule. Once
attached to fhe kinetochore, microtubules undergo cootraction, during which the sistor
chromatids are pulled apart ond delivered to vtl.le MTOC’s at opposite ends of the cell. Thus,‘
microtubules play a pivotal‘role in transportiog the daughter chromosomes to the spindle poles, a
necessary event in prelude to cell division. It is not s‘urpn'sing then, that the interaction of small °
molecules with the dynamic assembly and disassembly of microtubules results in abrogation of
cell division and oventua]ly cell death.” While certainly these antimitotic agents would also prove
toxic to healthy dividing cells, the larger population of dividing cancer cells imparts selectivi'ty to

this mode of cancer treatment.

microtubule
organizational microtubule
center /
(MTOC) ,
¢ growing @ : 8 @ 9 o D
polymer .
© O ‘% o 9 ©
. O
‘ : O
shrinking @ % '
polymer @ ) O‘
free tubulin "~ aandPtubulin
dimers monomers

Figure 1.2. Dynamic assembly and disassembly of microtubules.
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Figure 1.3. Antimitotic agents.

.The first antimitotic agent to be charactefized as such was colchicine (1) (Figure 1.3),
which had traditionally found usev in the treatment of inflammatory diseases.® vIt was
‘demonstrated that colchicine (1) disrupts mitosis by binding tightly to tubulin and inhibiting the
assembly of microtubules.’ Thu.s, colchicine (1) is regarded as an inhibitor of micrqtubule

—a;ssembly;nd s ';;;proé'enitor ‘6f a féfﬁil; of cAo.mp;)unds} with sirriiiéf Biological activities that
bind to tubulin at the “colchicine site”. A second family of compounds' that inhibit microtubule

assembly through their interactions with tubulin are the vinca alkaloids. Through their reversible

- binding to the “vinca domain” on tubulin, compounds such as vincristine (2) and vinblastine'(3)




7

inhibit the formation of microtubules and consequently compromise cell vitality.” Three decades
of successful treatment of cancer patients with these antimitotic vinca alkaloids has validated this
form of chemotherapy.’

More recently, a family of antimitotic. agents that bind to tubulin and stabilize the
formation of microtubules has been discoveréd. Taxol (4) (Figure 1.3), isolated from the Pacific
yew tree Taxus brevifolia,' was the fifst microtubulé stabilizing agent to be identified and has
become an invaluable chemotherapeutic in the treatment of cancer. It is noteworthy that the
interaction of antim.itotic agents with the “taxol binding site” on tubulin results in dfématic'
polymerization of tubulin monomers and consequently the formation of spectaculaf arrays of
microtubules, not necessarily originating at MTOC’s.” While a number of drugs that inhibit -
mitosis by the same mechanism as taxol (4) have been reported, numerous side effects detract
from the cliﬁical utility of these potent cytotoxins.!" Furthermore, a variety of cancers have
demonstrated resistahce to thesé arugs or become resistant through over-expression of P-
glycoprotein, a cellular pump that mediates drug ¢ff1ux.” Additionally, the development of taxol
resistance through increased expression of tubulin isotypes and mutational modification of o and
 tubulin structure ﬁas resulted in a decrease in the potency of these drugs after prolonged
‘exposure.'' Therefore, investigations geared towards the discovery of new antimitotic agents
with improved biological activity towards faxol resistant cancers is wéll warranted and may

indeed lead to improvements in cancer chembtherapy.
1.3 Cancer chemotherapeutics and the G2 checkpoint

The ultimate goal in the chemotherapeutic treatment of cancer is to develop drugs that are

highly effective against tumor cells and have little or no effect on healthy cells. Recent

discoveries of clear genetic differences between healthy and cancerous cells have presented a
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number of unique opportunities to selectively target cancer cells by taking advantage of their
~ genetic abnormalities. In the last decade, it has been discovered that roughly one half of human
cancers involve a mutated or disrupted p53 tumor suppressér gene.'?> While not essential to thé
growth of normai cells, p53 is required for the detection of DNA damage and the initiation of
cell cycle arrest to permit the repair of DNA.. Thus, the development of chemotherapeutics that
target cells lacking proper p53 function ishould provjdé selectivity in the treatment of cancer.”‘
Normal cells respond to DNA damage by activating checkpoints that temporarily halt
growth and division to allow time for the repair of DNA.'"*" The G1 checkpoint fécilitateé DNA
repair before DNA replication in S phase and the G2 checkpoint permits DNA repair before the
daughter chromosomes are segregated in mitosis. In this manner, the propagation of genetic
abnormalities is prevented. Cells with mutated p53 tumor suppressor genes (mp53),
approximateiy 50% of all solid tumor cancer cells; are unable to activate the G1 checkpoint in
response to DNA damage.'® However, their G2 checkpoint, although weaker than that in normal
cells,"” still provides an opportunity to repair damaged DNA and to successfully proceed into
mitosis. Thus, inhibitors of the G2 checkpoint, when us'ed alone, should have no effect on normal
or cancerous cells. When used in combination with a DNA damaging agent, these inhibitors
should have little effect on the ability of normal cells to survive, however, they should
dramatically increase the killing of mp53 canéer cells. The expectétion of this result derives from
the fact that normal cells are still cva‘pable of activating' their G1 Chéckpoint to repair daméged
DNA and their G2 checkpoint is typically strong, and would therefore require a higher dose of
-;G-?.-;ehe,ekpgi;_n_&inh;ibi{or—toAbeueffective].y,;blocked._Alternatively, cance;ous cells with a mutated
p53 tumor suppressor gene (mp53), lack a G1 checkpoint and have a weak G2 checkpoint and

'should consequently be forced into a premature and lethal mitosis.

While very few G2 checkpoint inhibitors are known, two classes of compounds have

serendipitously been discovered to elicit this effect, namely the purine analogues (e.g. caffeine
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(5)"*" and pentoxyfylline (6)*) and the bis-indole maleimide alkaloids (e.g. staurosporine (7)
and UCN-01 (8)*) (Figure 1.4). In a variety of paired.cell.lines differing only in their p53 status,
G2 checkpoint inhibitors induced greater sensitivity to DNA damage in cells with a mutated p53
tumor suppressor gene (mp53) than in th.ose with a healthy tumor suppres.sor gene (wtp53).7%
For example, treatment of mp53 MCF-7 breast cancer cells with pentoxyfylline (6) in
combination with the DNA damaging agent cisplatin resulted in a 30-fold increase.in cell death
when compared to-treatment of these cells with ci_splatin alone.” Unfortunately, the known G2
checkpoint inhibitors are of limited clinical use because they interact with a broad range of other
cellular processes.' Staurosporine (7) and UCN-01 (8) are nonselective kinase inhibitors and the
purine alkaloids (e.g. 5 and 6) have multiple pharmacological activities. Consequently, none of
the substances belonging to these families of compounds are sufficiently selective G2 checkpoint
inhibitors to evaluate the principle of this combination therapy iri vivo. However, the
demonstration that even imperfect G2 checkpoint inhibitors can potentiate the cytotoxicity. of
DNA-damaging.agents in a inanner specific for mp53 cancer cells suggests that a rational search
for novel G2 checkpoint inhibitors could yield agents with greater specificity and potency than

those presently known.
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Figure 1.4. Inhibitors of the G2 checkpoint.
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" In this regard, the first high-throughput bioassay designed for rapid identification of G2

checkpoint inhibitors has recently been developed in the Department of Biocherhistry and -
Molecular Biology at UBC.* Roberge and coworkers have reported that subjection of MCF—7
breast cancer cells ]écking p53 function (mp53) to DNA-damaging y-irradiation resulted in
prolonged cellular arrest in G2, while DNA :repair ensued. However, when treated with the G2
checkpoint inhibitors caffeine (5) or UCN-01 (8), approximately 60% of thé G2 arrested célls
progressed directly onto mitosis.? In this manner, the reversibility of DNA-damage induced G2
arrest was clearly demonstrated. |

From these results, an assay for small molecule inhibitors of the G2 checkpoint has
evolved.”® As depicted in Fiigure 1.5, DNA damage is induced in a population of mp53 MCF-7
breast cancer cells through the action of y-irradiation emitted by a ®Co source. While individual
cells certainiy subsist in distinct phases of their life cycle when treated with Y-irfadiaﬁon, after a
sufficient amount of time has elapsed, synchronous arrest in G2 phase occurs. Thus, after a
period of 16 hours, Both the antimitotic agent nocodazole and a compound to be assayed for G2
checkpoint inhibition activity are added to the cells. If the added substance exﬁibits G2
checkpoint inhibition activity, the cells will be released from G2 and blocked in mitosis by th.é
agency of nocodazole. Alternatively, if the added substance does not affect the G2 checkpoint,
the cells will remain arrested in G2. To distinguish between cel.ls arrested in G2 or mitosis, an
¢nzyme-linked immuno sorbant assay (ELISA) was developed that recognizes a phosphory'latedv

form of nucleolin present only during mitosis. In this manner, mitotic cells become significantly

. ~stai-néd and-can-thus be visually-differentiated from cells arrested in G2.
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DNA damage addition of a potential G2

' -checkpoint inhibitor  active G2
\1'1\ and the antimitotic checkpoint ——
agent nocodazole inhibitor | cells arrest in mitosis
16 —— | and are detected by
MCF-7 breast cancer hours K ELISA assay
cells with mutated p53 |———»  Cells aest

tumor supressor gene . in G2 phase cells remain arrested in
L —» G2 phase (not detected
inactive G2 in ELISA assay)
checkpoint o
inhibitor

Figure 1.5. A novel, high-throughput assay for the detection of G2 checkpoint inhibitors.**
1.4 Current proposal

In the pursuit of new; more efficacious cancer chemotherapeutics, scientists have
traditionally turned to nature for leads. Recently, however, owing to the ébility_of corﬁbinatorial
chemistry and genomic-based technologies to rapidly construct new libraries of small molecules,
there is an emerging_percebtion that the significance of natural prbducts in drug'discovery is
diminishing.z_i28 However, this notion remains to be substantiated, as there is currently no
counterpart tb the inherent structural diversity and biological activity of natura] products in the
available libraries of synthetic compounds.” In fact, of the 520 new dfugs reported between 1983
and 1994, 40% of these were natural products or derivatives thereof.?® Thus, while certainly new
venues for drug discovery will aid the progression of disease control, the future role of natural
products in drug discovery is secure. |

- The isolation of natural pfoducts has also contributed significantly to the burgeoning
development of synthetic chemistry witnessed in the latter half of the 20" century. In this regard,
natural produ‘ct.s provide challenging target structures, the synfhesis of which tests the rigor of

synthetic methods and ingenuity in strategic planning.'Moreover, the necessity to overcome

obstacles accessory to such pursuits continues to fuel the development of new synthetic
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methodologies. The synthesis of natural products»also provides a venue for the construction of
congeneric libraries of these substances, such that the role of structure in their biologiéal activity
may be accurately assessed. |

The research described in this document .details the isolation, structure defermination,
synthetic transformations and total synthesés of> natural products that béar potential as novel
cancer chemotherapeutics. In particuiar, studies »dir'ected towards the isolaﬁon and structure
elucidation of natural product inhibitors of the G2 checkpoint and mitosis have been combined
with the development of new synthetic methods for the construction of their carbocyclic and
heterocyclic frameworks. The results gathered from this pursuit have identified potential leads

for the chemotherapeutic treatment of cancer and generated renewable sources and structural

congeners of these materials, facilitating their further exploitation in preclinical trials.
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7. Total Synthesis of the G2-Checkpoint Inhibitor and Antimitotic

Diterpenoid (1)-13-Methoxy-15-0xozoapatlin

2.1 Terrestrial diterpenoids

Diterpenoids are perhaps the preeminent fémily of terrestrial nétural products. Members
of this family, whose biosynthesis involve the intermediaby of gerahylgeranyl pyrophosphate
(GGPP) (1), include some of the most important chemotherapeﬁtics in use to date. Moreover, the
complexity and diversity of diterpenoid structures is unparalleled within the realm of natural
products.' Thus, the pharmaceutical potential attributed to these unique carbocycles has fﬁeled a
longstanding interest in their isolation and structure determination. Due,bin large pa_ﬁ, to the
association between structural complexity and biological activity, the synthesis of terrestrial
diterpenes has also attracted much attention and continues to provide a rigorous testing ground
for synthetic planning and methodologies.'

Although a number of pharmaceutically significant terrestrial diterpenes have been
reported, none have received the attention afforded to taxol (2) (Figure 2.1). Origiha]ly isolated
from the bark of t>he pacific yew tree Taxus brevifolia in 197.1,2 taxol (2) exhibited in vitro
activity as an anti-tumor agent in studies carried out at the US National Cancer Institute. It was’
later shown tha; taxol (2) affects cell mitosis by microtubule polymerization, at the time, a
unique mode of action for anti;tumor compounds.’ This biological property, reported in 1979,
attracted the interest of both natural product and synthetic chemists alike, and since this time
over 100 structurally related analogues of taxol (2) have been reported from various species of

Taxus.* Additionally, synthetic efforts towards this diterpene have culminated in 6 total

syntheses.’
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Diterpenes have also been implicated as the active ingredients in a number of ttaditional
folk medicines. Extracts of the ornamental tree Ginkgo biloba, a member of the world’s oldest
Species ot tree, have been used since antiquity to delay the de_generétion of faculties normally
experienced in old age. The active constituents of these extracts have been characterized as a
mixture of terpenoids and flavonoids. In particular, the ginkgolide diterpenes (e.g. ginkgolide A
(3)),° have demonstrated significant anta‘gonistic activity towards the platlet-activating factbi
(PAF), a key component of numerous physiological processes.” The combinatiori of a ring
cleavage and several structural rearrangements highlight the bios'ynthe.sis of these remarkable
heterocycles from GGPP (1), providing a structural complexity that has proveci an intimidating

challenge for chemical synthesis.®
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One of the most thoroughly studied families of terrestrial diterpenoids, howevér, has
displayed little pharmaceutical potential. The tetracyclic diterpenes commonly referred to as the
ent-kaurenoids and their biosynthetic progeny, the gibberellins, have received much attentioﬁ
due to their agronomical potential. The gibberellins (e.g. 4, Scheme 2.3) were on'ginélly'isolated
from the fungus Gibberella fujikuroi and showﬁ to be the causative agent of the “baka-nae”
(literally: stupidly ovefgroWn seedling) rice disease typified by exceésive stem and l‘eaf
elongation.” They have since been found in plants, where not suprisingly, they act as growth
hormones. The biosynthesis of gibberellins from ent-kaurene (5) has been the subjéct of
numerous reports and will be discussed, along with that of other ent-kaurene derived diterpénc_:s,

in the following section.

2.1.1 Biosynthetic pathway for ent-kaurenoids and related compounds

The biogenesis of ent-kaurene (5) and related compqunds are outlined in Schemes 2.1 té
24. As detéiled, the biosyntheti>c events that lead to 5 are initiated by the protonation of GGPP
(1), which results in a transannular cyclization, produéing either copalyl pyrophosphate (6) or
labdadienyl pyrophoshate (7). As thev most common stereochemistry observed among cyclic

diterpenoids is that of 7, the kaurenoids derived from 6 are considered enantiomeric. As such, the

prefix ent is used to denote the absolute stereochemistry of this family of compounds.* In
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proceeding from cbpalyl_ pyrophosphate (6) to ent-kaurene (5), a loss of diphosphate is followed

by a second cyclization event, which generates the tn'cyclé 8 (Scheme 2.2)'. Reaction between the
'terminalno]efin function and the tertiary cation present in 8, produces the tetracycle 9, which
possesses a bridging 5-membered ring with a stereochemical configuration opposite to that of
‘ent-'kaurene (5). A 1,2-alkyl shift, or Wagner—Meerwein rearrangement, then generates a tertiary
_cation and in so doing expands fhe SQmembered carbocyclic ring in 9 and, conséquently,
contracts the original 6-membered ring. This process effectively provides the ent-kaurenoid
stereoch}emistry and is followed by the loss of a proton to afford e_nt-kaurene (5). Incredibly, the
biosynthetic sequence of events that proceed from copalyl pyrophosphate (6) t‘c')‘5 are catalyzed

by a single enzyme.*

H@
{_ n H
OPP
\ w— T\
\ \ - _opp —» o =
| 4\ |
H v
GGPP (1) copalyl pyrophosphate (6)

OPP OPP

GGPP (1) ‘ " labdadienyi pyrophosphate (7)

Scheme 2.1. Biosynthesis of copalyl pyrophosphate (6) and
labdadienyl pyrophosphate (7) from GGPP (1).




Scheme 2.2. Biogenesis of ent-kaurene (5) from copalyl pyrophosphate (6). '

While ent-kaurene (§) serves as an intermediate in the production of many natura_l
diterpenes; the afore'méntioned agronornical potential of the gibberellins (e.g. 4) has motivated a
thorough study of the biosynthesis of this important family of plant growth hormones.'® Thus,
oxidation at both C-7 and C-18 of ent-kaurene (5) provides ent-7-hydroxykaurenoic acid (11)

(Scheme 2.3). Enzyme assisted genefation of the secondary cation 12 is followed by a ring

contraction, affording gibberellic acid—12‘(13).ll The tetracyclic acid 13 is one of the simplest

members of the gibberellin family, all of which share a common

11,12

tetracyclo[10.2.1.0*'2.0>*Jtetradecane, or gibbane, skeleton. Further action of oxidative

enzymes results in transformations that eventually provide the tetracyclic lactone gibberellic acid

(4), the first gibberellin to be structurally characterized.*"
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Scheme 2.3. Biosynthesis of gjbberellic acid (4) from ent-kaurene (5).

The diterpenoid ent-kaurene (5) also plays a key role in the biogenesis of ‘a. series of
tetracyclic lactones, similar in structure to the gibberellins, known as rearranged ent-kaurenes or
zoapatlins. Although less is known about  this : procéss, the isolation and Synthetic
interconversions of membérs of this family have helped piece together the biosynthetic events
detailed in Scheme 2.4. It is believed that an enzymétic oxidation at both C-9 and C-18 of ent-
kaurene (5) affords stenlobin (14), which has been isolated from the stem and leaves of Viguiera
s?enloba.” Generation of the tertiary cation 15 is followed by a C-10 ——> C-9 methyl migration
and concomitant lactonization, yielding the tetracyclic lactone zoapatlin (17). This proposed
biogenesis has been supported by the biomimetic transfofmation of 14 into zoapatlin (17)."
Delgado and co-workers have demonstrated that fhe treatment of 14 with tWo equivalents. of |

BF,-OFEt,, to promote the formation of the cationic intermediate 15, results in a structural

‘rearrangement and the subsequent production of zoapatlin (17) in moderate yield."”
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21R=0H
22 R =0CH,

Scheme 2.4. Biosynthesis of _zoapatlih an and related natural products from ent-kaurene (5).

Originally isolated in 1970 from the Mexican shrub Montanoa tomentosa by Caballero
and co-workers,'* the erroneous Chemicél Abstracts reference to zoapatlin (17) as é _
sesquiterpene lactone, has led to confusion in the vnomenclature of these compounds.'® This _
original report was repeatedly overlooked and a compound identical in structure to zoapatlin (17)
was later isolated from the stem and leaves of Tetrachyron orizabqensis and hence termed

tetrachyrin.'® Additionally, a report by Herz and co-workers regarding the isolation and structure

determination of eupatalbin (19) and eupatoralbin (20), from Eupatorium album, incorrectly
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stated these compbunds were of a ne'wv skeletal type.'” More recently, however, the term
zoapatlin has been recognized for this class of compoundé, which now includes 15-ox0zoapatlin
(18) isoléted from Viguiera maculata."® The structural assignment of 18 and its biosynthetic
relationship to zoapatlin (17) was confirmed through an allylic oxidation of the latter substance
" (SeO,, then CrO,-pyridine), which yielded a product with physical and spectroscopic properties
identical to those of 1.8.vMo're recently, 13-hydroxy-15-0xozoapatlin (21) and 13—méthbxy-15;
oxozoapatlin (22), both. is'olated from the root bark of the South African tree Parinari
curatellszoliav, have been added to the family of zoapatlin diterpenes.'”” Owing to a unique
biological activity profile expressed by the 15-oxozoapatlins (e.g. 18, 21 and 22)‘, their isolation

and structure determination has spawned new interest in these diterpenes.

2.1.2 G2 checkpoint inhibition and antimitotic properties of 15-oxozoapatlins

| Originally isolated in 1996, 13-methoxy-15-oxozoaptlin (22) demonstrated brOad-
spectrum acti.vity against a panel of cultured human cancer cell lines.”® The biological activity of
22 was reportedly related to its interference with the cell cy.cle transition from G2 phése to
mitosis and mediated by a covalent reaction between a cellular component (such as a sulfhydryl-
containing protein) and the o,B-unsaturated ketone moiety in 22. More recently, Roberge and co-
.workers have demonstrated that 1‘3-hydroky-l5-oxozoapat]in (21)isin fact both a G2 checkpoint
inhibitor and an antimitotic agenf.Z' At low micromolar conceﬁtrations (IC4, = 10 uM), 21 causes
breast cancer cells arrested at the G2 checkpoint by ionizing radiation to be released into mitosis.
Additionally, it was discovered that those cells that were able .to overcdfne the G2 checkpoint

(approximately 22% of cells) became blocked in mitosis. The req’ﬁirement of an o, B-unsaturated

ketone functionality for G2 checkpoint inhibition activity was also investigated through the
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synthesis and biological testing of the B-mercaptoethanol adduct (23) (eq. 1). It is noteworthy

that when cells arrested at the G2 checkpoint were treated with 23, no increase in the number of
mitotic cells was observed. However, this compound retaine.d fhe cytotoxicity expressed by the
parent diterpene 21. This data suggests that the regions of 21 respoﬁsible for checkpoint
“inhibition activity and cytotoxicity may indeeci be separable. Taken together, through the
synthesis of a series of compounds similar in str’uc‘:tu.re to 21 and 22, a windéw of opportunity
exists whereby the G2 checkpoint inhibition activity of the 15-oxo-zoapatlins may be enhanced,
while their inherent cytotoxicity is reduced. As part of our studies directed at the isolati-o.n- and
synthesis of G2 checkpoint inhibitors and antimitotic agents, we chose to develop a synthesis of
l3-methoxy—15-0xozoapat].in (22) that would be amenable to the construction of v_arious '
analogues. The successful completion of this goal would set the stage for investigations into the

effect of structure on the biological activity of these:compounds.

(1)
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2.2 Proposal for the synthesis of (+)-13-methoxy-15-oxozoapatlin (22)

Although there is an abundance of literature reports regardmg the syntheses of kaurene
and related diterpenoids, the zoapatlins have been thus far neglected in this regard. ThlS is,
perhnps, due to a lack of biologieal activity demonstrated by the zoapatlins in the earlier
disclosures on their isolation. HoWever, as a result of the recent disc‘overy that 13-hydrexy—15—
oxozoapatlin (21) acts as both an in vitro G2 checkpoint inhibitor and antimitotie agent, a study
difected towards the synthesis of these unique compounds is well warranted. Furthermdre, while
thedzoapatlin skeieton is indeed similar to that of ent-kaurene (5), the structural differences
between these frameworks (vide infra) are sufficient to justify targeting the zoapatlins as a
testing ground for new synthenc methods and p]annmg Thus, through the successful synthesis of
(+)-13-methoxy-15-oxozoapatlin (22), a greater scope of knowledge in dlterpenmd synthes1s and

a renewable supply of these biologically significant compounds would be realized.
2.2.1 Construction of bicyclo[3.2.1]0ctane ring systems
A fundamental difference between the kaurenes (e.g. ) and the zoapatlinsi(e.g. 22) is the

trans B-C ring fusion present in the latter family of compounds (Figure 2.2). This stereochemical

feature necessitates that the B ring (as described in Figure 2.2) adopt a chair conformation in the

“Kalureries and a boat Conformation i the zoapatlins.”Not ‘suprisingly, analysis of molecular

models of (+)-13-methoxy-15-oxozoapatlin (22) indicated that the ring‘strain resulting from this

trans'ring fusion would lead to considerable challenges in the assembly of the

_bicyclo[3.2.1]octane or C-D .ring system of this molecule.
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CH;  CHs,
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and numbering system
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Figure 2.2. Representative 3D structures of ent-kaurene (5)
and 13-methoxy-15-oxozoapatlin (22).

From a number of reviews on the syntheses of ent-kaurene (5) and related natural
products,”* it was apparent that the key obstacle encountered in such an endeavor is in fact the
construction of the bicyclo[3.2.1]octane, or C-D ring system. Therefore, a great amount of effort
has focused on the development of synthetic me’thédology useful in this regard. Since the
construction of bicyclo[3.2.1]oétanes has recently been reviewed,* only a brief description of
synthetic methods potentially.applicable to the syrithesis of (%)-13-methoxy-15-oxozoapatlin
(22) will be presented here.

The first preparation of a bicyclo[3.2.1]Joctane éke]eton dates back to 1903.” Howéver,
the development of practical methods for the construction of this carbon framework were

‘delayed until the 1960s, when the isolation of numerous diterpenes bearing. this structural motif
attracted synthetic interest. In one of the original syntheses of kaurene (24), Ireland and co-

workers employed an aldol reaction to effect the formation of the C-D rings (Scheme 2.5).%

Thus, hydroboration and oxidation of the tricyclic olefin 25, afforded the ketone 26, along with
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the regioisomer 27. Deprotection of the latent aldehyde functionality in 26 under acidic

conditions, was accompanied by an aldol reaction, produci'ng the desired tetracyclic kaurene
skeleton | as a mixture of the diastereomeric alcohols 28. Subsequent functional gfoup
manipulations afforded the ketone 29, which was subjected to Wittig olefination conditions to
- provide kaurene (24). While useful in the synthesis of kaurene (24), this methodology suffers
somewhat in general practicality a}s‘ it is both lengthy and uneconomical, providing 24 in only
11% yield over the sequen.ce of reactions that initiated with the tricyclic olefin 25.

1.BHa, THF

2. H202, NaOH
3.[0]

Scheme 2.5. Synthesis of the bicyclo[3.2.1]octane motif in kaurene (24).

In the synthesis of steviol (30), Mori and co—Workefs have reported an exteﬁsion of the
above m_gthodology that bears practical ixpp‘lic_ati(én_swfq_r_%A_gyr']_thgg,i%(;)’-13_m¢_§}_1_0?5y-1 5-
oxozoapatlin (22) (Scheme 2.6)..27 It was reported that treatment of the ketpn¢ 31 with acid
effected both removal of the acetal protecting group and a subsequent ald'o'l reaction, affqrding a
mixture of diastereomeric alcohols that were directly oxidized to the diketone 32. Subjection of

the diketone 32 to reductive ketone coupling conditions, or a pinacolic cyclization, provided the
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isomeric (x—hydroxy ketones 34 and 35. Presumably, the -production of 34 and 35 from the

diketone 32 proceeds via alternative modes of fragmentation of the pinacol diol 33. Wittig
olefination of the a-hydroxy ketone 35, followed by hydrolysis'of_the ester functionality
provided steviol (30). Although numerous methods .exist for the construétion of
bicyclo[3.2.1]octane fragments, this work represents one of the few examples whereby the final
product includes an éngulaf hydroxyl group at the C-D ring fusion, a prerequis'ite.for thé

synthesis of the oxygenated zoapatlins 21 and 22.

OHoH |

Scheme 2.6. Synthesis of steviol (30) by Mori and co-workers.

Corey and co-workers have also employed a pinacolic cyclization in the prbduction of the
bicyclo[3:2.1]octane fragmeni 6f 36, analogously functionalized by a bridgehead hydroxyl

moiety (Scheme 2.7).% Thus, it could be shown that gradual addition of the keto aldehyde 37 to a

mixture of magnesium turnings and dimethyldichlorosilane in THF produced both the cis- and
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trans-diols 38. Oxidation of the mixture of diastereomeric alcohols provided the a-hydroxy

ketone 36 in excellent overall yield.

i H | Ho
Mg, Me,SiCl, O] _
C‘IE’;\HLO > C@""OH - HOH |
o OH o)

37 38 36

Scheme 2.7. Pinacolic cyclization of the keto-aldehyde 37.

More recently, reductive free radical cyclization reactions have been employed to effect
the construction of the bicyclo[3.2.1]octane framework. In the context of this structural motif,
the intramolecular addition of a vinyl radical to an activated double bond was first applied
successfully in the 'synthesis of bicyclic ketone 39 (eq. 2).*° Ramanathan and co-workers
demonstrated that upon generation of a vinyl radical from the vinyl iodide 40, a regioéelective
cyclization, involving the formed radical and the carbon at the B-position of the enone function,

produced 39 in excellent yield.

Bu;SnH

““CO,Me
CO,Me

40 39

Photochemical 2 + 2 cycloadditions of allene and suitably functionalized enones have -

found much use in the synthesis of the bicyclo[3.2.1]octane skeleton.*® Corey and co-workers

recently demonstrated the potential of this reaction in the synthesis of the tricycle 41 (Scheme
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2.‘8).3‘ Thus, it was reported that irradiati(')nv of a soiution of allene and the enone 42 provided the
tricyclic ketone 43 in excellent yield. The facial selectiviry of the 2 + 2 cycloaddition is a key
feature of this reaction, as the trans-ring fusion of the decalin core of 43, generated by this
process, relates we]] to the B-C ring system in the zoapatlins .(see Figure 2.2). Manipulia'tion of
" the ketone function in 43 eventually yielded the secondary mesylate 44, which, upon treatment
with Lewis acid underwent a skeletal rearrangement to provide the bicyclo[3.2. l]octane
containing carbocycle 45. Re'ductren of the alkyl chloride function in 45 completed the sequence,
affording the tricyclic olefin 41 in an overall yield of 65% from the enone 42. A.lthough the
series of transformations that led to the successful construction of 41 proceeded rn.high yield, the
number of synthetic steps required by this sequence detracts from its potential application in the

final stages of a total synthesis of zoapatlin.

H
H :
OMs
(0] .
42 44
M62A|C|2

-

—

Scheme 2.8. Application of a photochemlcal 2+2
~ cycloaddition in the synthesis of bicyclo[3.2. 1]octanes.




30
2.2.2 Retrosynthetic analysis: construction of the D ring of (1)-13-methoxy-15-oxozoapatlin

- 22)

The methodolegies disclosed above, and other such methods developed for the synthesis
of bicyclo[3.2.1]octanes, are generally suitable for a synthesis of ()-13-methoxy-15-oxozoaptlin
(22). However, the successfulbcompletion of our goale'relied on a concise synthetic strategy that
would be jeepardized by the number of synthetic transformations and/or low overal_] yields -
reported for these processes. Thus, the sequence of reactions that was required for- the
construction of the bicyclo[3.2.1]octane fragment of 22 would address both the trans B-C ring
fusion and the incluSioﬁ of a bridgehead methoxyl moiety in a concise manner. It was our
contention, that the enone 46 (eq. 4) would serve as an advanced intermediate in such an

endeavor.

4)

The choice of the enone 46 as a precursor to (£)-13-methoxy-15-oxozoapatlin (22) hes a
logical basis in that this substance includes the salient strectural and stereochemical features
required to access 22. Notably, through a successful sequence of synthetic transformations, ihe
C-13 ketone should provide an avenue to the C-13-methoxyl function in 22. Additionally, the

activated olefin should function as a handle for the construction of the bicyclo[3.2.1]octane and,

necessarily, the trans B-C ring fusion. While deferment of the assembly of the
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bicyclo[3.2.1]octane fragment of 22 to the later stages of the synthesis presents certain risk, this

choice seemed reasonable as the structural features inherent in the tricyclic enone 46 would aid
in addressing the stereochemical issues at hand (vide infra).

The conjugate addition of organometallic reagents, particularly organocuprates, to enones
is a well-established reacﬁon for the creation of carbon-carbon single bonds.** Unfortunately,
studies have shown that the Conjugéte addition of organocuprates to A'®-2-octalones (e.g. 50),

“which closely resemble the B-C rings of the enone 46, provide exclusively the cis fused
octalones (e.g. 53, eq. 5).* In fact, even the addition of bulky substituents (e.g. t-butyl in 51) and
cuprate coordinating élkof(y groups (e.g. -CH;OCH3 in 52) has had little .effect on the

stereochemical outcome of this process.

1. Me,Culi
2. H,0*
R (0] R 0] ' (5)
50R=H g 53 R = H (88%)
51 R = cis t-Butyl 54 R = cis t-Butyl (62%)

52 R = trans CH,OCH3; ‘ 55 R = trans CH,OCH; (50%)

It was anticipated, however, that an oxy-Cope rearrangement would address our key
concerns in the construction of bicyclo[3.2.1]octane fragment of 22. This reaction involves the
sigmatropic rearrangement of a 1,5-dien-3-ol (e.g. 56) to provide a d,e-unsaturated ketdne (e.g.
.57) and has been applied with tremendous success to the synthesis of a number of complex
structural motifs (eq. 6).** The driving force for this rearrangement resides iin'the greater
thermodynamic stability of the formed carbonyl C=0 double bond relative to the C=C double

bond in the starting material. In fact, these reactions are considered irre\(ersible,34 a feature that

distinguishes them from classical [3,3] sigmatropic rearrangements.
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A more recent variant of this process, the anionic dxy-Cope, ‘was discovered .in 1975
when enormous rate accelerations for the oxy-Cope reaction were observed follo‘wing the
conversion of the tertiary allylic alcohol into the corresponding potassium alkoxide.” The
weakening of the c-bonds in alkoxides has been brought forward as an explanation for the rate
enhancement observed in the anionic oxy-Cope reaction.’® More important f;om a p'rac.tical
perspéctive, is the fac; that the increased rate of the anionic variant of the oxy-Cope allows these
reactions to proceed at or below room temperature. This improvement has led to an overall
increase in tﬁe versatility of the oxy-Cope reaction and; consequently, its application to Complex
natural product synthesis.”

Unless steric, electronic and/or structural features of the reactant dictate otherwise, the
chair-like transition state conformations commonly adopted for this process result ih a near
quantitative transmission of asymmetry from the 1,5-dien-3-o0l (e.g. 58) to the ketone product
(e.g. 61, Scheme 2.9). Thus, while generation of the pOtassium alkoxide of 58 may lead to either
transition state 59 or 60, the product ratio of 96:4 for the anionic oxy-Cope adducts 61 and 62,

respectively, clearly indicates the overwhelming preference for a chair-like transition state in this-

reaction.”’
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Scheme 2.9. Chair versus boat transition states in the anionic oxy-Cope reaction.

There are, however, examples in which béat-like transition states predominafe due to
unfavorable steric interactions present in the corresponding chair-like transition state. For
example, White and co-workers have found that an anionic oxy-Cope rearrangemerit_ of the
trans-divinylcyclohexanol 63 leads to a 1:1 mixture of the cyclodecenones 66 and 67.%
Presumably, the chair-like transition state 64, whicﬁ provides the Z isomer 66, is sufficiently

destabilized by the 1,3-diaxial interactions between the TMS substituent and the oxyanion so as

to make the typically disfavored boat-like transition state 65 competitive.
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iMle3
H,0" ™
— (24%)
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I K™ - ‘ 0
' 65 67

Scheme 2.10. Destabilization of a chair-like transition state in the anionic oxy-Cope reaction.

One of the most common methods for the construction of 1,5-dien-3-ols, the oxy-Cope
precursor, involves the 1,2-addition of allylic organometallic agents to OL,B-'unsaturated carbonyl
systems. In particular, the addition of allyl Grignard reagents to enones is well suited for this
purpose.® It is noteworthy, howevef, that the facial selectivity expres‘sed by the 1,2—addition of
such feagents to cyclic .enones is critical, as the stereochemical outcome of fhe corresponding
oxy-Cope reaction will be dictated by the former event.

Analysis of molecular models of the enone 46 reveals that the two faces of the ketone
function have decidedly distinct steric environments. It was anticipated that the addition of a
suitably functionalized allyl anion to this substrate would occur with preference from the B-face
vof the molecule. As depicted in Scheme 2.11, the C-4a methyl substituent partially hinders the o.-
face of the ketone; thus favoring nucleophilic additioﬁ to the P-face of this function. The
stereochemical outcome of this reaction is crucial, however, as only the 1,2-addi_tion adduct 68

has the requisite stereochemistry to participate in an oxy-Cope reaction that would result in a

trans-B-C ring fusion.
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Scheme 2.11. Approach of allylic nucleophile to the enone 46.

The anionic oxy-Cope event, as outlined in Scheme 2.12, should proceed Qia the boat-like
transition state 70B to afford, upon workup, the ketone 72 (Scheme 2.12). While the
corresponding chair-like transition structure for this reaction suffers from severe non bonded
interactions, there is ample evidence in the chemical ]_iterature to support a fearrangement by the
former process. Furthermore, through judicious choice of the allyl anion employed in the 1,2-
addition sequence, the terminal olefin function in the oxy-Cope adduct 72 could be transformed
‘into a vinyl nucleophile. In this way, an intramolecular cyclization event between the olefinic

and carbonyl functions present in 72 would complete the annulation sequence and provide the

requisite zoapatlin skeleton 73.




Scheme 2.12. Potential application of the anionic oxy-Cope reaction in the synthesis of 22.

Recent_ly; Piers and co-workers have disclosed both the preparation and synthetic uses‘. of
‘a number of bifunctional reagevnts.39 In panicular, the utility of 2,3-bis(trimethylstannyl)propene
(75), a reagent that serves effectively as vthe synthetic equivalent of the d?*,d’-prop-1-ene synthoﬁ
74, has been highlighted (Scheme 2.13). These researchers demqnstrated that hpon addition of
a solution of MeLi to 75, the allyllithium species 76 is generated in a quantitative manner. This
hi ghly reactive reagent may add directly to carbonyl compounds (e.g. 79) or, upon generation of
‘the corresponding the allylcopper(l) ‘reagent 77, engage in conjugate ‘additions with o,fB- =
Hr}saturgt‘ed }feﬁoneg (e.g.} 78). Therefore, through the choice of suitable reaction_conditiqﬁs, the
allyllithium 76 or allylcopper(I) species 77 efficiently transfer the 2-(trimethylstannyl)allyl group

in a 1,2- or 1,4-sense, respectively, to a,B-unsaturated carbohyl compounds.*!

The 1,2- and 1,4-addition products 80 and 81, that bear the 2-(trimethylstannyl)allyl

group, further serve as useful intermediates for a variety of subsequent synthetic transformations.
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Notably, through the conversion of the vinylstannane function in these molecules into a vinyl

iodide, a facile process, the synthetic potential of thesé substances is increased dramétically. In
particular, vinyl iodides such as 82 undergo CrCIZ/NiClz-m.ediated (Nozaki-Kishi)** coupling
reactions with a variety of electrophiles. As expressed in Scheme 2.13, a CrCl,/NiCl,-mediated
cyc]ization involying the vinyl iodide and kétoné functions in 82 provides the bicycle 83, as a

mixture of diastereomers, in excellent yield.

O
Ofk ”
MeLi 79 omMea
eLi
Me,S Me,Sri (94%)
d : SnM63

74 .75 76 80

l CuBrMe,S
o 1 Megs(u\/ CurMe2S
>0 T X
CHO —
g o

H (75%)
78 v : 81 SnMe;

(79%) j NIS

CrCl,,"NiCl,

(92%)

Scheme 2.13. Applications of the bifunctional reagent 2,3-bis(trimethylstannyl)propene (75).
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In the context of a synthesis of (i)—1'3—methoxy-15—oxozoapatlin (22), it was anticipated

that the ally]lithiund species 76 would react in a 1,2-fashion with the ketone function of the enone
46 (Scheme 2.14). Nonbonded interactions between the nucleophile 76 and the angular methyl
group at C-9, were expected to impart selectivity in this reaction. In this regard, the I,Z-éddition
of the allyllithium reagent 76 should occur preferentially via addition to the B-face of the ketone
function in 46, yielding theYOL—'tertia'ry alcohol 85. Upon generation of the potassium alkoxide 86,
an anionic oxy-Cope rearrahgement should proceed through a boat-like transition state (see
Scheme 2.12) affording, upon workup, the vinylstannane 87. Following conversion of the
vinylstannane 87 into the vinyl iodide 88, an intramolecular Nozaki-Kishi reaction should
generate the tertiary alcohol 73. Thus, through the proposed sequence of synthetic
transformations, both key cencems in the synthesis of tlre bicyclo[3.2.1']fragment of 22 are
addressed. Namely, the trans-B-C rirlg fusion would be controlled ey. a [3,3] sigmatropic
rearrangement and the required bridgehead hydroxyl function will be generated by an
mtramolecu]ar cyclization event. The completion of the synthesis, that is the conversion of the
tertiary alcohol 73 into (£)-13-methoxy-15-oxozoapatlin (22), has precedent in the blomlmetlc |

synthesis of 15-oxozoapatlin (18) from zoapatlin (17) (vide supra).




Scheme 2.14. Synthetic proposal for the bicyclo[3.2.1]octane
fragment of (£)-13-methoxy-15-oxozoapatlin (22)

2.2.3 Retrosynthetic analysis: construction of the C-ring and y-lactone of (1)-13-methoxy-

15-oxozoapatlin (22)

With the enone 46 established as a key intermediate in our proposed synthesis of (+)-13-
‘methoxy-lS-oxozoapatlin. (22), it was essential to devise a straightforward synthetic plan for the
construction of the former compound. In retrosynthetic terms, it seemed the bond disconﬁections
that would most simplify thi; structure included the scission of the C-ring olefin and the
elimination of the y-lactone, thus providing the bicyclic diketone 90 as a suitable precursor
(Scheme 2.15). In a forward sense, there exists prééedent for an iﬁtramolecular aldol

condensation® that would result in the formation of the C-ring and, consequently, the enone
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functionality requisite for the proposed anionic oxy-Cope sequence. Additionally, the carboxylic
acid moiety in the tricyclic enone 91 is ideally situated to engage in an electrophilic lactonization
as a means of constructing the y-lactone. While there exist two possible modes of electrophilic
lactonization for this substrate, namely y- or §-lactonization, it was anticipated that under
kinetiéa]ly controlled conditions the formatic;n of the y-lactone should predominate.* Thus, the
desired enone 46 would be accessed in only three synthetic transformations from the bicyclic
diketone 90. It is noteworthy that the sequential order of aldol condensation and
iodolactonization reactions was chosen on the assumption that the basic conditions employed in
the former reaction would result in destruction of the lactone function if the sequence of events

were reversed.

90

aldol
condensation

- - - - -—--

@]
iodo
lactonization

91

Scheme 2.15. Retrosynthesis and synthetic proposal for construction of the enone 46.
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2.2.4 Retrosynthetic analysis: construction of the A-B ring system of ()-13-methoxy-15-

oxozoapatlin (22)

~As delineated in Scheme 2.15, the bicyclic diketone 90 represents the first key

" intermediate in the proposed synthesis of (+)-13-methoxy- 15-oxozoapatlin (22). It was believed
that a convergent assembly of the ’decalin.core of the diketone 90 could be achieved by a Diels-
Alder reaction between tﬁe diene 93 and methacrolein (94) (Scheme 2.16). Previous reports
involving the. cycloaddition of sirﬁilar dienes in the ponstruction of the decalin system of the
natural product dysidiolide (95) lend credence to fhis proposal. In fact, a Diels-A]der process has
been applied successfully tb the construction of the decalin framework of this important protein

phosphatase inhibitor in three separate syntheses (eq. 7).46:48

OBn
' OBn

Iyl

OTIPS TIPSO

major Diels-Alder adduct

It was our contention that the single stereogenic center present in the diene 93 would
- govern the facial selectivity of the Diels-Alder reaction. Thus, based on the d1ffermg steric
d;’;r;aads of the rr;ethy]“and 3,3- (ethy]enedmxy)butyl groups at C 2 in 93, the cycloaddition of‘
this substrate with methacrolein (94) should occur predommantly from the a-face (as shown).

Based on precedent established in the syntheses of dysidiolide (95) and analogous cycloadditions

" between similarly substituted dienes and dlenophlles the regioselectivity of the Diels- Alder




42
reaction was expected to be as shown. Finally, the stereoselectivity of the Diels-Alder reaction

should be controlled by the preference for such processes to occur by an endo-transition state.”
Thus, through the facial se]éctivity governed by the C-2 appendages in the diene 93 and thé
reg1o and stereose]ectmty typified by reactions of similar dienes -and dlenophﬂes it was
antlclpated that of the possible eight dlastereomenc products of this reaction, the desired blcycle
96 would predominate. Conversion of the bicycle _96 into the desired diketo acid 90 should be
readily accomplished by hydrolysis of the ketal functions and oxidation of the aldehyde moiety.
The results derived from application of the plan devised for the synthesis of (i)-lB—methd*y-lS-'

oxozoapatlin (22), as described here and above, are presented in the following sections.

1. ketone deprotection
2. oxidation of aldehdye :

R R
©
£

~CHO endo
=

Scheme 2.16. Retrosynthesis and synthetic proposal for construction of the bicyclic.ketone 90.
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2.3 Synthesis of (i)-15-m_ethoxy-13-oxozoépatlin (22)

A summary of the key synthetic transformations proposed for the total synthesis of (%)-
13-methoxy-15-oxozoaptlin (22) is outlined in Scheme 2.17. Thus, a Diels-Alder cycloéddition
" between the diene 93 and methacrolein (94) was expected to provide the bicyclic aldehyde 96.
Unveiling of the latent ketone fu'nctioné in 96, followed by an intramolecular conde'nsatioﬁ
should afford the tricyclic >en'one 91. It was then expected that a sequence of reactions involving
oxidation of fhe aldehyde function‘ in 91 to the corresponding carboxylic acid and subsequent

electrophilic lactonization would provide the tricyclic y-lactone 46. A 1,2-addition of the

allyllithium reagent 76 to the enone carbonyl in 46 should then furnish the tertiary alcohol 85,

which is structurally predisposed to undergo an anionic oxy-Cope rearrangement that would
afford the trans-syn-trans-fused tricycle 87. Conversion of the vinyl stannane moiety in 87 into a
vinyl iodide and.a subsequent intramolecular Nozaki-Kishi reaction involving the vinyl iodide

and ketone functions in 88 should produce, in a straightforward manner, the tetracyclic lactone

73. Conversion of the tetracycle 73 into (1)-13-methoxy-15-oxozoapatlin (22), and hence

completion of the synthesis, relies on the methylation of the bridgehead hydroxyl function in-the
former substance and an allylic oxidation of the exocyclic olefinv.

If successful .in implementation, the total synthesils of the G2 checkpoint inhibitor and
antimitotic diterpene (+)-13-methoxy-15-oxozoapatlin (22) will represent the first total synthesis
.of any member of the zoapatlin family .of natural products. Additiohally, the methodology
devised for the construction of the bicyclo[3.2.1]octane fragment of 22 would add significantly
to the literature relating to the synthesis of this structural vmotif. More importantly, however, a

renewable source of 22 and, consequently, a means to generate ana]ogues of this potentially

useful cancer chemotherapeutic will be realized.
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Diels-Alder

cycloaddition
-

94 96 91

1. oxidation o
2. electrophilic anionic
lactonization oxy-Cope
--------- E

46
Nozaki-Kishi 1. etherification
coupling 2. allylic oxidation
R »> | O] | eee-cree--eee--- E
r--- 87 R =SnMe; 73

> 88R=1

Scheme 2.17. Key transformations proposed for the
synthesis of (+)-13-methoxy-15-oxozoapatlin (22).

2.3.1 Synthesis of the diene 93

As delineated in a discussion of the retrosynthetic analysis of (i)—13-methoxy-15-
_oxozoapatlin (22) (vide supra), the first key intermediate in the proposed synthesis of this

desirable substance is the diene 93. It was anticipated that the diene function of 93 could be

introduced through fhe 1,2-addition of vinylmagnesium bromide to the ketone 94 and subsequent
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dehydration of the resultant tertiary alcohol, a sequence of reactions that has proven successful in
the construction of siﬁﬁlar dienes (eq. 8).*” The ketone 94 shohld, in turn, arise from a
chgmoselective protection of the known trione 95. While precedeﬁt for this transformation exists'»,
the protection of the trione 95 poses certain challenges. Under the acidic conditions typically
required for ketal formation, this substrate is Well known to participate in an intramolecular aldol

condensation.”

'O; 1

MgBr
'I,' O 2, HZO
v O > 3. dehydration
--------- L LT
. 0 ®)
95 94 ; ' 93

Recently, however, Ohshima and co-workers™ disclosed that a selective protection of the
trione 96 can be achieved efficiently using Noyori’s method™ (eq. 9). Thus, the Lewis acid
¢ catalyzed ketalization of 96 proceeds in excelvleﬁt yield when 1,2-bis(trimethylsilyloxy)ethane
(97) is employed for this transformation, avoiding destructive intramolecular aldol
condensations. Although isomerizations (e.g.‘ 98 BN 99) haQe been reported when these reactions
are carried out on larger scale,” an investigation along this avenue of ketone protection wasa

logical starting point for the synthesis of the diene 93.

O (TMSOCH,), (97)
TMSOT, CH,Cl,

(77%)

96 98 99
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(TMSOCH,), (97)
TMSOTF, CH,Cl,, -78 °C

(TMSOCH,) (97)

(82%)

95 [ 100 94

Thus, the total synthesis of (£)-13-methoxy-15-oxozoapatlin (22) commenced with
treatment of a CH,Cl, solution of the trione 955 with two equivalents of 1,2-
bis(trimethylsilyloxy)ethane (97) and a catalytic amount of TMSOTT. It wés hoped that under
these conditions, a chemoselective protection of both the side-chain carbonyl and one of the
endocyclic carbonyl functio’ﬁs in 95 would be accomplished. Unfortunately, upon workup, a
number of products, which included the monoketal 100, the diketal 94, and compounds isomeric
in the position(s) of the ethylene ketal(s) were isolated (eq. 10). Variation in reaction time and
the number of equivalents of TMSOT( had little effect on this unsatisfactory result. However, it
coﬁld be shown that through the addition of one equivalent of 1,2-bis(trimethylsilyl)oxy)ethane
(97) and a catalytic amount of TMSOTT to the trione 95, the monoketal 100 was produced in
good yié]d. From this result, a stepwise procedure reproducible in both yield and scale emerged.
A catalytic amount of TMSOTf was added to a solution of the trione 95 and one equivalent of
97. After the mixture had been stirred for one hour, an additional equivalent of 97 was added
.and, following a further three hours, workup of the reaction mixture provided the diketal 94 in
excellent yield. Spectroscopic data collected on this substaﬁce fully. supported the structural
assignment. The IR spectrum of 94 exhibited a carbonyl stretching absorption (1713 cm™).
Additionally, the *C NMR spectrum recorded for 94 included one carbonyl resonance at § 210.1,

two O-C-O carbon resonances (8 114.0 and 109.8) and four oxymethylene carbon resonances (3

65.2, 65.1, 64.7 and 64.6). Further evidence supporting the proposed structure was gathered from
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the '"H NMR spectrum recorded for 94, which displayed an 8-proton multiplet from & 3.98-3.85

that could be assigned to the protons on the two ethylene ketals in 94. In addition, two 3-pf0ton
singlets at & 1.28 and 0.98 were attributed to the two methyl groups in the diketal 94. Thét
neither of the methyl groups resonated above 2 ppm in the 'H NMR spectrum, a diagnostic
resonance for methyl ketones, aids in assi gnin:g the structure of 94 as shown in eq. 10. |

It had been anticipated that the addition of Qinylmagnesium bromide to the ketone 94
would result'in the generation of the tertiary alcohol 101, which, upon dehydrat_ion would
provide access to the diene 93 (eq. 11). Unfortunately, though a great deal of eff‘ort-was'
expended in this regard, it could be shown that vinylmagnesium, vinylcerium,” and vinyllithium
reagents would not effect the desired 1,2-addition. In fact, in all cases only starting material was
recovered from these reactions. This unpropitious result is most likely due to the steric
" interference created by the methyl and 3,3-(ethylenedioxy)butyl groups adjacent to .the ketone
function in 94, impeding approach of the vinyl nucleophiles. Thus, it is likely that deprotonation
and consequently enolate formation, effected by. the basic reagents precluded the desired 1,2-

addition.

.‘.’oj- .
D X

~ M=MgBr, CeCl,, Li

94 - 101 | 93

It could be shown, however, that the ketone 94 undergoes facile deprotonation with

lithium diisopropylamine (LDA) to provide the enolate 102 (eq. 12). Treatment of this enolate

‘with N-phenyltrifluoromethanesulfonimide®® (PhNTf,) resulted in the formation of the enol
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triflate 103 in excellent yield (eq. 12). It was our contention that the viny] triflate moiety in 103

would provide a useful handle for further functionalization. For example, these groups are well
known to participate in Pd(0) catalyzed coupling reactions with vinyl or aryl halides.’’
Additionally, McMurry and co-workers have demonstrated that enol triflates engage in regio-
* and stereospecific couplings with a wide variety of organocuprate reagents.”

B

'> LDA, THF, -78 °C

0 PhNTf,
o — (12)
(80%)
%4 _ 102 ' 103

The épectral data acquired on the enol triflate 103 was in full acéo'rd with the structural
assignment of compound. The IR spéctrum of 103 displayed no C=0 stretching-absorptions,
indicating that the ketone function in 94 had indeed reacted. The 'H NMR specfrum of 103

.exhibited a 1-proton doublet of doublets at § 5.67 that was assigned to the alkenyl proton.
‘Additionally, the *C NMR spectrum included two resonances at § 152.1 and 116.6,
characteristic of the olefinic carbons in the enol triflate fﬁnction in 103. The succéssful‘ :
incorporation of the trifluoromethanesulfonyl group was confirmed by the presence of a quartet
(Jor = 320 Hz) at § 118.2, attributed to the CF; carbon, in the C NMR spectrum of 103.

| Presumably as a result of steric bencumberance, the enol triﬂate 103 was unreactive
towards organocuprate reagénts.~—However,» the conversion-of this material into the diene 93 could
be effected cleanly and in near quantitative yield through a cuprous chloride (CuC_l)_accelerated,
Pd(O) catalyzed Stille coupling reaction with tributylvinyltin (eq. 13).* The c_onditions employed

for this transformation, developed by 'Liebeskind and co-workers,”®® have been applied

successfully to a wide range of Stille coupling reactions and have been shown to be especially
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useful for cases involving sterically congested substrates.® That the diene 93 was indeed the
product of this reaction was confirmed by analysis of the specfral data obtained for this material.
The "H NMR spectrum of 93 displayed, for the diene functioﬁ, four olefinic proton resonances at
8 6.23,5.78, 5.27 and 4.88. In particular, the two resonances at 9 5.27 and 4.88 were éttributed to
the olefinic methylene protoﬁs and showed ge}njnal coupling to one another (J = 2 Hz) as'well as
coupling to the adjacent olefinic methine (J = 17 and 11 Hz, respectively). The latter two
couplings indicated the trans and cis nature of the methylene protons with respect to the adjacent
methine. Furthermore, a weak coupling (J = 0.9 Hz) between the endocyclic and exécyclic
olefinic methines confirmed connectivity of the two alkene units in this molecule. The “C NMR
spectrum of 93 included thé expected four olefinic carbon resonances at 8 142.9, 136.7, 122.2
and 113.6, which, by analysis of a separaté APT experiment and °C NMR peak heights, were

confirmed to be a quaternary carbon, two methines and one methylene, respectively.

SnBuj,
CuCl, LiCl
Pd(PPh;),

DMSO, 60 °C

(13)

(98%)

103 : : 93

At this point, an essential intermediate in the proposed synthesis of (+)-13-methoxy-15-
oxozoapatlin (22), namely the diene 93, had been obtained in a straightforward and high-yielding
manner. With an efficient synthesis of 93 established, an adequate quantity of this material

requiréd to explore the proposed Diels-Alder reactioﬁ could be accessed. The results from these

studies are presented in the following section.
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2.3.2 Synthesis of the bicyclic diketone 109

A summary of our investigations geared towards the production of the bicyclic aldehyde
96 via the Diels-Alder reaction of diene 93 with methacrolein (94), is presented in Table 2.1.
While not included in this brief summary, the use of dienophiles other than methacrolein (94)
was briefly explored. Unfortunately, both methacrylic acid (104) and ethyl methacrylate (105)
were unsuitable for this tfan'sformat_ion. Notably, the Lewis acid catalyzed or neat reactions of
these die_nophiles (i.e. 104 and 105) with the diene 93 provided complex mi_xtures of products
with an overall poor mass balance. If could be shown, howéver, that simply stirﬁﬁg a solution of
the diene 93 in methacrolein (94) overnight at room temperature provided a 3:2 mixture of the
diastereomeric aldehydes 96>a'nd 106 in quantitative yield (Table 2.1, entry 1). When a solution
of 93 in 94 was heated‘ to reflux, the diene 93 was consumed in less than.one hour; ho;Never, the
ratio of the diastereomeric aldehydes decreased to 1:1. As a higher degree of stereoselectivity
had been anticipated for tflis process (vide supra), these results were quite diéappointing.
Fortuﬁately, iﬁvestigations focusing on the action of various Lewis acid mediators for'this
cycloaddition (Table 2.1, entries 3 to 7) revealed that EtAICl,, when employed
stoichiometrically, provided more acceptable yields of the bicycle 96.*” Moreover, the ratio of 96
to 106 could be further optimized by reducing the reaction temperature to -95 °C. In this manner,
the desired bicyclic aldehyde 96 was produced in a yield of about 60%. It is noteworthy, that in

the BF,-OEt, mediated Diels-Alder reaction (entry 3) the sense of stereoselectivity for this

~process-was-reversed; providing the-undesired bicyclic aldehyde 106.as.the.major product.

)LCHO- )]\COZH /“\COQE'(
. 94 14 |

105
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Table 2.1. Synthesis of the bicyclic aldehydes 96 and 106.

o + (14)
OHC
93 : . 96 , 106
entry - Lewis acid solvent temp. % yield® : product ratio

(equiv.) (°C) (96:106:other diastereomers)™®
1 none methacrolein 20 100 3:2:0
2 none methacrolein 67 100 1:1:0
3 BF;-OEt, (1.0) CH.Cl, -78 90 2:4:1
4  TMSOTS (1.1) CH,Cl, -78 ND* decomposition®
5  TiCl, (1.0) CH,Cl, -78 ND* complex mixture'
6  AICl (1.05) CH,Cl, 20 58 110
7  EtAICL, (1.1) CH,Cl, 78 96 8:5:0
8  EtAICl, (1.1) - THF 78 0 decomposition®
9 EtAICl, (1.1) hexane -78 80 ' 1:1:0
10 EtAIClL, (0.1) CH,Cl, -78 108 8:5:0
11  EtAlCl, (5.0) CHCL, -8 0 decomposition
12 EtAlCL (1.1) . CH,Cl, -95 90 2:1:0

“Isolated yield of the mixture of diastereomers. ® Determined by 'H NMR analysis on the mixture of diastereomers. | o
¢ Other diastereomers were not characterized. “ND : not determined. ° '"H NMR analysis indicated the ethylene ketals
had been removed in the mixture of products. * The crude mixture of products inciuded at least 6 compounds
structurally different from 96. # Approximately 90% of the starting material was recovered.

~"That the EtAICl, mediated Diels-Alder reaction between the diene 93 and methacrolein
(94) required greater than.stoichiometric amounts of Lewis acid to run to cOmpletion (see entries
>10 and 12) was not particularly surprising. A number of reports have indicated that during such
| _transformations,-the Lewis. acid.- may. complex. preferentially. to. the, starting _material (e.g.
methacrolein (94)) or thé produc‘t..“”61 In»‘the former case, these reactions can be carried out with a
cafalyti_c amount of Lewis acid, as a molecule of starting material will vdis'_sociate the Lewis acid

from the product and in so doing reintroduce the Lewis acid to the catalytic cycle. However, in

the latter case, the preferential coordination of the Lewis acid to the product effectively removes
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the Lewis acid from the catalytic cycle, and thus, in these situations, Lewis acids act as
cycloaddition mediators only.

Unfortunately, the diastereomeric aldehydes 96 and 106 were inseparable by practical
chromatographic proCedures. Therefore, structural identification of these substances felied on the
eventual purification and characterization of their chemical derivatives. Thus, when the crude
mixture containing the aldehydes 96 and 106 was dissolved in ether and the resultant solution
was treated with diisobutylaluminum hydride (DIBAL),* the alcohols 107 and 108 were
produced. Fortuitously, these diastereomeric substances were separable by flash chromatégraphy
on silica gel. In this manner, the alcohols 107 and 108 were obtained in ilsolated yields of 53 and
27%, respectively, frOm the diene_ 93 (Scheme 2.18).

Analysis of the épectroscopic da.tva collected for the alcohol 107, the more polar of the two
diastereomeric alcohols, yielded no conclusive evidence that its structure was as assigned.
Nuclear Overhauser enhancement (NOE) difference experiments were also unable, in an
unambiguous manner, to confirm the relative stereochemistry in the bicyclic core of this
molecule. Furtﬁermore, although both 107 and 108 exist as crystalline solids, recrystallization of
these substances from a variety of solvents and mixed solvent systems did not ge'n—e‘r.atAe _crystals
suitable for. X-ray analysis. However, the stereochemical assignment of 107, and hence the Diels-
Alder adduct 96, was confirmed through Xv-ray crystallographic analysis of a chemical derivative
of 107 (vide infra). Nevertheless, while not configurationally conclusive, the spectral data‘
collected for 107 was indeed consistent with the assigned structure. The IR spectrum displayed a
stretching absorption at 3506 cm™ (O-H). The 'H NMR spectrum of 107 included an olefinic
proton resonance (8 5.42) and three 3-proton singlets (3 1.28, 0.94 and 0.93), attributable to the

olefinic methine and three methyl groups in the structure 107, respectively. Additionally, the BC

NMR spectrum of 107 exhibited only two olefinic carbon resonances (0 141.3 and 120.5).
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Moreover, the molecular formula of 107 was confirmed by a high-resolution mass spectrometric

measurement on the molecular ion.

S A

O

EtAICI, (1.1 equiv.),

O > CH,Cl,, -95 °C

O

93

107 108

(53%) : - (27%)

Scheme 2.18. Synthesis of the alcohols 107 and 108.

Similarly, analyéis of the spectral.data collected on the alcohol 108 was inconclusive in
-—verifying ‘the-relative: configuration -of t—his‘compoUnd:‘L-HoWever, the IR spectrum included a
‘broad absorption at 3505 cm” (O-H) confirming the presence of the alcohol function in 108. The
lI'-I.‘NMR spectrum of 108 displayed a L-proton multiplet in the 6lefinic region ('8 5.50) and three

| 3-proton singlets (8 1.32,-1.07 and 0.90), which correspond to the olefinic methine and the three

methy] groups in this substance, respectively. The 3C NMR spectrum contained the expected 21
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signals. In particular, two olefinic carbon resonances (8 141.1 and 118.3) confirmed the presence
of a single olefin function in the alcohol 108. While this data was not useful for the
determination of the relative configuration of the stereogenic centers in compound 108, literature
precedent established for similar Diels-Alder reactions led to the reasonable conclusion that the
minor product from this cycloaddition was eubstance 106, and, consequently, that the minor
product from the reduction of the mixtﬁre of diastereemeric aldehydes was 108. While realizing
that the structural assignment of these substances (i.e. 107 and 108) was tentative, we decided to
proceed, in the manner outlined (vide supra), with the major product from the Diels—Alder -
" teduction sequence, compound 107.

Hydrolysis of the ethy.]ene ketal functions in the bicyclic alcohol 107 was achieved -
smoothly by refluxing a solution of this material in acetone-H,O with an equivalent of p-
toluenesulfomc acid,” prov1dmg the dione 109 in quantitative yield (eq. 15) Fortunately, the
dione 109 is a solid (mp 109 °C) which could be recrystallized from ether to provide crystals
suitable for an X-ray crystallographic study.* As expected, a single crystal X-ray analysis of 109
(see Figure 2.3 and Appendix 2.1) showed conclusively that the relative configuration of this
" molecule was as assigned. Furthermore, the struc‘tures of the synthetic precursors to this
molecule, namely the alcohol 107 and the Diels-Alder adduct 96, were thus confirmed in an

~ unambiguous manner.

p-TsOH
acetone—HZO
Vreflux

15

(100%)

107 | | 109
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With the dione 109 in hand, a key intermediate in the proposed synthesis of (£)-13-

methoxy-15-oxozoapatlin (22) had been accessed. It was originally anticipated that this dione
would bear a formyl group, and not a hydroxymethyl function, at C-5 (see Figure 2.3 for
numbering). Unfortunately, however, the sequence of reactions required to obtain the desired
bicyclic diketone necessitated the reduction of the aldehyde function to facilitate product
purification. In any event, the synthesis of diketone 109 was accomplished in a reasonable
overall yield from the diene 93. Furthermore, X-ray crystallographic analysis carried out on 109
proved essential in unambiguously confirming the structure of 109 and, consequently, the
continuation of our studies towards the synthesis of 22. The key synthetic events that would
follow, as outlined in the retrosynthetic analysis of 22 (vide supra), included an intramolecular

aldol condensation and an electrophile lactonization reaction. The results of this pursuit are

summarized in the following section.

C13

Figure 2.3. X-ray crystal structure of the dione 109.
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2.3.3 Synthesis of the tricyclic y-lactone 46

P
)

46

The synthesis of the tricyclic lactone 46 followed closely the proposed sequence of
events outlined in the retrosynthetic analysis of this key intermediate (vide supfa). Thu.sl, after
some experimentation, it was shown that an intramolecular aldol condensation of the dione 109
could be effected _c]eanly and efficiently through the treatr}eflt of a methanolic solution of this
substance with excess NaOH (eq. 16). In this rﬁanner, the tricyclic alcohol 110 was accessed in
 excellent yie'ld. Spectroscopic data collected on this material fully supported the formation of the
enone 110. The IR spectrum of 110 displayed a strong C=0 stretching absorption at 1651 cm™,
characteristic for.a cbnjugated ketone, and a strong O-H stretching absorption at 3413 cm’. The
'H NMR spectrum included two olefinic proton fesonances (8 5.78 and 5.58) and two 1-proton
doublets that correspond to the hydroxymethyl function (6 _3.41 and 3.25). Further evidence fqr a
successfuj condensation came from the. disappearance of the 3-proton singlet (8 2.10) assigned to
the methyl ketone in the dione 109. The *C NMR spectrum of 110 exhibited one eﬁone carbonyl |
resonance (0 199.1) and four olefinic carbon resonances at 8 174.3, 145.5, 125.1 and 11‘9.0_,.
which, by analysis of a separate APT experiment, were confirmed to be two trisubstituted -
olefinic carbons and two olefinic methine carbons, respectively. Additionally, ‘the deshielded-
alkene carbon resonance at § 174.3 is typical for the -B-carbon of an o,B-unsaturated ketone
function. From a more qualitative standpoint, it was noted, during TLC anélysis of the enone
110, that this substance absorbed UV light (A = 254 nm) further supporting the presence of a

conjugated enone function in the molecule.
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NaOH, MeOH, it )
> (16)

(90%)

109 _ 110

Conversion of the alcohol 110 into the aldehyde 91 was a straightforward process. Thus,
employing Le‘y’s conditions,” the primary. alcohol function in enone 110 was cléan]y oxidized,
providing aldehyde 91 in excellent yield. Analysis of the IR spectrum of 91 supported the
structural assignmgnt as the O-H stretching absorption observed in that of 110 was réplaced by a
stfong aldehyde C=Q stretching absorption at 1718 cm’'. Additionally, the '"H NMR spectrum of
91 included a 1-proton singlet at § 9.53 corresponding to the aldehyde proton. The "*C NMR
spectrum displayed two carbonyl resonances ’(8 205.7 and 198.6) as well as the other 15 carbon
signals anticipated for 91. Moreover, an APT experiment revealed that the correct number of

methylene and quaternary carbons (11) and methyl and methine carbons (6) were present.

TPAP, NMO
CH,Cl,

—_—_—

(17)

(87%)

110

[P PUPY-Y B N I G o o A T, g x e

At this point, the stage was set to explore the oxidation - electrophilic lactonization
sequence. The results of our efforts in this regard are summarized in Scheme 2.19. To this end,

oxidation of the aldehyde function in 91 to the corresponding carboxylic acid proceeded

smoothly under standard conditions.®® However, due to the large increase in polarity that
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accompanied the formation of the carboxylic acid 111, the chromatographic purification of this
material was a tedious endeavor. Consequently, the crude carboxylic acidv 111 was used in the
next synthetic transformation without purification. Sequential treatment of an acetonitrile-H,0O
solution of the acid 111 with NaHCO, and an excess of 1, provided, after workup and
subsequent column chromatography, the iodo lactone 92 in excellent overall yield from the
aldehyde 91. The conditions employed for this transformation reportedly provide kinetic.controi
over the cyclization process, a necessary feature in our approach to (i)¥13-methoxy-15-
oxozoapatlin (22). In particular, the addition of base (NaHCO,) significantly reduces the
reversibility.of this reaction, providing exclusively the iodo lactone that .arises from a
stereospecific anti addition of the carboxylate nucleophile to the iodine-double bond complex
112.4° More impertantly, under kinetic (basic) conditions the acquisition of y-lactones is
preferred over 8-lactones, a prerequisite with regards to a synthesis of 22.

Analysis of spectral data 0btained for the iodo lactone 92 confirmed the stereo- and
regio‘s.elective nature of the iodolactonization. The IR spectrum of 92 included two strong C=0
stretching absorptions at 1771 and 1661 cm’, characteristic of a y-lactone carbonyl and an o,f-
unsaturated ketone, respectively. The 'H NMR spectrum of 92 displayed only one olefinic proton
resonance, a l-proton singlet at 8 5.82, that could be assigned to the a-proton in the enone
function. Additionally, a 1-proton doublet at & 4.45 was attributed to the iodomethine proton at
C-5. The *C NMR spectrum of 92 included two resonances at 8 196.5 and 178.7, which
correspond to the enone and y-lactone earbonyls, respectively. Also, a resonance at 3 85.8,
typical of an acyloxy carbon, was es;ablished to be a quaternary carbon through an APT

experiment, and thus assigned to the ring fusion carbon C-4b, confirming the presence of a y-

lactone.
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NaClO,, NaH,POy,,
£BuOH, H,0,
2-methyl-2-butene

—

111

Na HCO3, |2
MeCN, H,0

(90-95%)

Scheme 2.19. Transformation of the aldehyde 91 into the iodo lactone 92.

A flortuitous dispersion of resonances in the '"H NMR spectrum of 92 provided ideal
circumstances for an exhaustive spectroscopic investigation of this substance. A thorough
ahalysis of data acquired from a series of APT, HMBC, HMQC and COSY experiments allowed
for the complete assignment of the proton and carbon resonances in the 'H and °C NMR spéctra
“of 92 (see Experimental, Tables 2.3 and 2.4). Moreover, a series of 1D NOESY experiments also
provided information regarding the relative configuration of each chifali'ty center of the
carbocyclic core of this substance. In particular, irradiation of a 3-proton singlet at o 1.17, -
‘assigned to the methyl appendage at C-8, resulted in enhancements of a number signals,

including the B-proton at C-7 (8 1.84) and the angular proton H-8a (8 3.03). Similarly, irradiation

of the angular proton H-8a (8 3.03) resulted in enhancements of signals corresponding to the
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protons on the methyl group at C-8 and the B-proton at C-7. That the signal corresponding to the

iodomethine protdn H-5 was not enhanced during these experiments suggested that the iodine at
C-5 was indeed axially oriented, as anticipated frqm a mechanistic analysis of the
ivodolactonization reaction. Further evidence to support this assumption was derived from the
" irradiation of the signal at 3 4.45 (H-5) which caused the enhancements of the a-protons at C-6
and C-4. Taken together, these results coﬁfirm the iodine at C-5 is indeed. axially oﬁeﬁted ahd

that the structure of 92 is as shown.

NOE

Figure 2.4. NOE correlations for the iodo lactone 92.

At this stage, all that remained to access the key tricyclic lactone intermediate 46 was
reduction of the iodomethine function in 92. It was anticipated that treatment of 92 with Bu3SnH
and AIBN in refluxing benzene would smoothly furnish the desired y-lactone 46.°” However, in
the event, it was somewhat surprising to observe the formation of a second major product. Thus
‘when the reaction was carried out at a concentration of 0.05 M with respect to the Bu3SnH the

desired y-lactone 46 was isolated in only 61% yield (eq. 18) In addmon to 46, a byproduct of

this reaction whose spectral data resembled that of the 1od0 lactone 92 was 1solated in
approximately 30% yield. In order to optimize the production of the y-lactone 46, it was

imperative to determine the structure of this byproduct and the mechanism by which it was

- produced.
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An array of spectroscopic experiments was employed to gather information about the
structure of this unknown compound. From low resolutron mass spectrometric analys1s the
molecular ion for this substance was determmed to be 274 AMU. As the y-lactone 46 shares the
same molecular wei'ght and both compounds derive from the iodo lactone 92, it could be
concluded that the byproduct was a structural. r_somer of 46. The '"H NMR spectrum .of the
byproduct included an olefinic proton resonance at 5. 5.77, corresponding to the enone methine,
and l—proton doublet at & 4.75. The latter of these two signals was diffic‘ult to interpret,
resembling both in coupling and chemical shift the iodomethine proton (H-5) in the iodolactone
92 (6 4.45, Figure 2.4). However, as mass spectrometric analysis had confirmed the isomeric
nature of the byproduct and the y—iactone 46, i.t was clear that this resonance could not relate to
an iodomethine function. Evidence eluding.to the structure of the byproduct was gathered from
both *C NMR and APT experiments on this substance. The >C' NMR spectrum included two
carbonyl resonances at 8 197.6 and 176.8 as well as resonances attributed to the enone o]efinic
carbons at 3 168.2 antl 125.5. These signals confirmed the presence of both the lactone and the
enone functions in the byproduct. Interestingly, the signal in the ’C NMR spectrum of the iodo
lactone 92 thatv had corresponded to the acyloxy carbon (C-4b) resonated at 8 85.8 and was
replaced in that of the byproduct by a resonance at & 75.0. Moreover, analysis of the APT
experiment indicated that this signal corresponded to a methine carbon. Taken together, these
data suggested that a structural rearrangement had oocurred, whereby a scission of the acyl |

~ carbon - oxygen bond of the y-lactone function in 46 was accompanied by bond formation |

“Beiween the adjacent carbon (e.g. C-5)and “this"oxXygen, thus creating d 3-lactone. Further
evidence in support of this hypothesis came from the IR spectrum of the byproduct, which

displayed two strong C= O stretchmg absorptlons at 1746 and 1666 cm’ These data are

consistent with the typ1cal stretching absorptions for a §- lactone and enone carbonyl
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respectively. It was thus proposed that the structure of the byproduct is that depicted for the

tetracyclic 8-lactone 113 (eq. 18).

0
Bu,ShH, AIBN
PhH, reflux
46 | 113
- [BusSnH]  Yield (%) Yield (%)

| (M) 46 113

005 61 | 30

0.1 79 10

025 89 . 0

In order to unambiguous]ybonfirm the structure of the byproduct 113 a thorough
spectroscopic investi gatiqn of this material was carried out. Analysis of the results gathered from
HMBC, }HVIQC COSY and APT experiments allowed _for the complete assigﬁment of all carbon
and proton resoﬁancés in the moleculé (see Experimental, Tables 2.5 and 2.6). Additionally, a
series of 1D NOESY expeﬁmerits were crucial in establishing the relative configuration of the C-
4b and C-8a centers (Figure 2.5). In particular, irradiation of the 3-proton singlet' atd 1.14 .(H-
12), resulted in the'enhancement of a multiplet at § 1.98 that could be assigned to the angular
proton H-8a. Additionally, irradiation of a doublet at 8 4.75 (H-5) resulted _in_ thé enhancement of

‘a doublet at & 1.89 (H—4b). Furthermore, irradiation of the doublet at 1.89 (H-4b) caused an
enhancement of the both the signals corresponding to H-5 (8 4.75) and H-8a ) 1.98). Tﬁus, the

structure of the byproduct was confirmed to be that of the tricyclic 8-lactone depicted in Figure

2.5.
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Figure 2.5. NOE correlations for the d-lactone 113.

‘Recently in an analogous transformation of a gibberellin diterpenoid, Mander and co-
workers reported a similar finding.®® These researchers found that the radical mediated reduction
of the alkyl! iodide function in the tetracyclic lactone 114 resulted in a rearrangement, affording

the 8-lactone 115. This report represented the first example of such a proceés.in the literature (eq.

19).

HO,
Bus;SnH, AIBN
> MOMO—X (19)
7z
(72%) o
14 15

More recently, Crich and co-workers héve exploited the radical mediatéd B-
(acyloxy)alkyl rearrangement in the ring-expansion and contraction of a variety of i)romo and
iodo l.actones.69 Thesé researchers proposed that during thé Bu,SnH mediated feduction of
halolactones (e.g. 116), the initially formed radical intermediate 117 might undergo a f3-
(acyloxy)alkyl migration. This rearrangement is expected to proceed via tﬁe mechanism depicted

in Scheme 2.20, which involves the intermediacy of a three-center-three-electron transition

structure (e.g. 118). However, that such rearrangements are not reported more frequently
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suggests that lthe réte of radical migration is often low and in most cases cannot compete with the
rate of reduction of the initially formed alkyl radical (e.g. 117) by stannyl hydride. It is
noteworthy that in the two known cases (e.g. 92 — 113 and 114 — 115) in which this
unanticipated rearrahgement has occurred, the structure of the iodo lactone starting materials
(e.g. 92 and 114) are very similar. The relief: of ring strain inherent in the y-lactone moieties of
both 92 and 114 is likely the driving force for the observed rearrangements. Fortunately, siﬁce
the radical rearrangement is reportedly a slow process, an increase in the concentration of stannyl
hydride should facilitate the formation of the desired y-lactone by ‘trapping’ the initially formg:d
alkyl radical prior to rearrangement. Thus, the production of the 8-lactone 113 should be avoided

by an increase in concentration of Bu,SnH.

Bu;SnH
0 AIBN

ioj
o IIR

116 117 | 118 119

420 121

Scheme 2.20. Mechanism of the radical B—(acyloxy)alkyl migration.
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Experimentally, it could be shown that increasing the eoncentration of Bu,;SnH to 0.1 M,

in the reduction of the iodo lactone 92, had a direct effect on the isolated yields of both the y-
lactone 46 and the byproduct 113. Furthermore, when the reaction was carried out with a stannyl
hydride concentration of 0.25 M, the desired y-lactone 46 was formed exclusively (eq. 18). The
spectral data obtained for 46 were in full accord with its structure. The IR spectrum of 46 showed
strong C=O0 stretching absorptions at 1770 and 1667 cm™ for the y-lactone and enone cafbonyblsb,
respectively. The '"H NMR Spectrum of 46 included one olefinic proton resonance at 8 5.77.
Addmonally, the 13C NMR spectrum displayed two carbonyl carbon resonances at 6 197. 9
(enone) and 179. 4 (y- lactone) as well as two olefinic carbon resonances at 8 170.4 and 124.6.
Further evidence for the presence of a y-lactone moiety in 46 was garnered from analysis of an
APT experiment carried out en this material. By this method, the acyloxy earbon resonance at )

88.6 was confirmed to be a quaternary carbon.

With an efficient synthesis of the y-lactone 46 established, our next objective became the

investigation of the proposed anionic oxy-Cope reaction (vide supra). The results of

methodologlcal studles and the unsuccessful attempt to apply these methods to the synthes1s of

(+)-13-methoxy-15-oxozoapatlin (22) are presented in the following section.
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2.3.4 Investigations of the anionic oxy-Cope reaction involving alkenylstannanes

SnMej;

87

While it was anticipated that the anionic oxy-Cope reaction outlined in the retroSy‘nthetic
analysis of (i)-13—methoxy—15—oxozoapatlin (22) would yield access to the desired trans-trans
fused‘tricycle 87, it seemed prudent to first investigate this reaction on a model system. Due .to .
the minimization of both steric jnteractions and conformational constraints in cyclohexénone
(122), this simple carbocycle was selected as a suitablo substrate to examine the effica_oy of the
proposed methodology. In this regard, addition of the known allyllithium vspecies 76* 10
cyclohexeoone (122) resulted in the production of the tertiary alcohol 123 in excellent yield (eq.
20). A summary of experimental conditions employed to attempt the oxy-Cope reaction, or its
anionic variant, is presented in Table 2.2. Unfortunately, treatment of the tertiary alcohol under
standard anionic oxy-Cope conditions (seo entries 1 anld 2) resulted, upon workup, in the
recovery of starting material. Additionally, attempts to effect a thermal oxy-Cope reaction werel
notably urisuccessful and led to the decompositiooof this material (entries 3 to 5). However, a’
series of base-mediated reactions in hot xylene indicated that a narrow window of experimental
temperature.s exists, whereby the desired anionic oxy-Cope reaction (i.e. 123 — 124) can be
effected and decomposition of the starting material and/or the product is minimized; Thus, when

the reaction mixture was maintained at 100 °C, the tertiary alcohol 123 was transformed into the

known ketone 124, albeit in low yield (entry 7). It is noteworthy that while no reaction occurred

at lower temperatures, an increase in temperature to 135 °C led exclusively to decomposition
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materials that were not investigated further. While these results were somewhat discouraging, it
is noteworthy that the transformation of 123 into 124 represents, to the best of our knowledge,

the first example of an oxy-Cope rearrangement involving an alkenyl stannane.

Table 2.2. Summary of conditions employed to attempt the conversion of 123 into 124.

1. Mesan\/

Li :
: 76 H_ SnMe;, . : o
2. H0 : see Table
> — : (20)
(94%) ‘ SnMeg
123 . .

122 124

—..entry . solvent additive temp reaction outcome
_ °C) - -
1 THF KH 67 recovered 123
2 THF KH, 18-crown-6 67 rtecovered 123
3 Diglyme none 162 decomposition
4  NMP none 200 decomposition
5 xylene - none: 150 decomposition
6 xylene KH, 18-crown-6 75 recovered 123
7  xylene KH, 18-crown-6 100 27% yield of 124
8  xylene KH, 18-crown-6 130 decomposition

In spite of the disappointing results outlined above, it was decided to attempt the
application of this sequence of transformations to the const.ruction‘ of the y.—lactoﬁe 87. To this
end, treatmént of the tefracyclic lactone 46 with the bifunctiona] allyl]itﬁium reagent 76 resulted
in the production of a 3;1 ratio of the two diastereomeric a]cqhols' 85 and 126, in a corﬁbined
yield of 67% ‘(eq. 21). Unfortunately, unambiguous spectroscopic evidence that the 1,2-addition

of 76 to the ketone function of the y-lactone 46 had occurred preferentially, as anticipated, from

_the B-face of the molecule could not be obtained by a number of NOE experiments on the
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diastereomeric alcohols 85 and 86. Regardless, these substances could be separated by silica gel

chromatography and subjected, individﬁal]y, to conditions expected to effect an anionic OXy-
Cope rearrangement. The results derived from these endeavors were quite disheartening. Whilé
a number of different experimental protocols, including those that had successfully converted
123 into 124, were investigated, the oxy-Cope rearrangements of these substances led to
decomposition or to the recovery ofv starting materials. At this point it was clear that éur

approach to the synthesis of (£)-13-methoxy-15-oxozoapatlin (22) would need to be re-

evaluated.

N
s

SnMea
1. Messn/u\/ U , //!

76 @)
2.H30"

(21)
(67%)

126 -

2.3.5 A modified retrosynthetic analysis for (£)-13-methoxy-15-oxozoapatlin (22)

Over the last 2 decades, applications of radical reactions in organic synthesis have
iincreased dramatically.”®”" In particular, the reaction of carbon-centered radicals with a variety of

functional groups has proved advantageous over traditional carbon-carbon bond forming

procedures. Namely, these radicals are extremely reactive yet the conditions by which they are
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generated are relatively mild. Additionally, radical additions are generally irreversible and
~ proceed via early, reactant like, transition étates, making this process ideally suiféd for" the
formation of quaternary carbon center‘s.72 Thus, it was anticipated that an intrarlnoleculbar radicai
cyclization might represent a practical alternative to the oxy-Cope reaction, providing access to
“the bicyclo[3.2.1]octane fragment of (i)-13—m.ethoxy-15-oxozoapatlin (22).

It was our contention that a syﬁthesis,of (i_-)-13-methoxy—15—oxozoapatlin (22) should
necessarily take advantage of the efficient manner in which the enone 46 had been assembled.
The cqnstrﬁction of this tricyclic lactone, via which four of the requisite six carbon cﬁirality'
centers present in 22 had been secured, required only 11 synthetic transformations and had
proceeded in an overall yield of 25% frofn the known trione 95. Furthefmore, while cognizant of
alternative synthetic methods to assemble.the bicyclo[3.2.1]octane fragment of 22 from the
enone 46 (vide supra), it remained our contention that the bifunctional reagent 76 could play a
pivotal role in the development of a novel approach to such systems. |

A modified synthetic plan for the construction of 22 from the y-lactone 46 is presented in
Scheme 2.21. The fifst synthetic event in the revised synthetic plan, namely the deconjugation of

~ the enone‘ function of 46, was anticipated to be a facile process. As depicted, ‘the y—lact0n¢
function in the parent enone 46 acts as a conformational lock, such that the three carbocyclic
rings (A,B,C) preferentially adopt chair, boaf, and half chair conformations, respectively. On the
cher hand, in the B,y-unsaturated ketone 127 the three .rings assume chair, half chair, and chair
conformations. Through computational modeling it could be shown that the difference in the
relative energies of these substances was approximately 10 kcal/mol, with the {,y-unsaturated
ketone 127 being thermodynamically preferred.” From this, it was expe.cted.that the treatment of
the enone 46 with base, under e(iuilibrating conditions, should provide access to the B,y-

unsaturated ketone 127.3 Addition of the allyllithium species 76 (vide supra) to 127 would result

in 1,2-addifion of the allyl group to the ketone moiety in the latter substance. Through analyses
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of relevant molecular models, it was anticipated that the C-4a methyl substituent would hinder

the approach of the allyl lithium species 76 to the o-face of the ketone function in 127, and thus
impart some degree of facial selectivity to this process. At this point, 'the,vinylstannane function
“could be transformed into a vinyl iodide,* a well-established process, providing 129. The vinyl

iodide and endocyclic olefin functions in 129 are thus ideally situated to engage in an

intramolecular 5-exo-trig radical cyclization.

HsC

I||

HsC

r--- 128 R = SnMe; '

Lo>120R=1

5-exo-trig
radical
cyclization

¥

22 131 ' 130

Scheme 2.21. Revised outline for the synthesis of (+)-13-methoxy-15-oxozoapatlin (22).
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"1t is well documented that the regioselectivity for radical cyclizations is often very high.”
This statement is supported by experimental details gathered from the cyc]ization‘ of the 5-
he_x_enyl radical, which produces the 5-exo-trig product at a rate 50 times faster than that of the 6
endo-trig product. Additionally, due to the early transition state for such proceéses and the
extremely reactive nature of the vinyl radiéal, formation of the strained bicyclo[3.2.1]octane
moiety of 130 should be possible by .such methods. With 130 in hanci, it was anticipated that
cleavage of the exocyclic olefin would yield the ketone 131, from which (i)-13—methoxy-l'5-

oxozoapatlin (22) could be accessed.

2.3.6 Investigation of radical cyclization methods in the construction of the tetracyclic core

of (1)-13-methoxy-15-oxozoapatlin (22)

As delineated in the revised retrosynthetic analysis of (£)-13-methoxy-15-oxozoapatlin
(22) (Scheme 2.21), our immediate concern was the deconjugation of the oc,B—unsaturatéd ketone
function in the tricyclic lactone 46. To this end, treatment of a solutionvof the lactone 46 in
anhydrous -BuOH with excess :-BuOK resulted in the rapid consumption of starting material
and7 upon .acidic workup, the isolation of a compound that curiously absorbed UV light (A = 254
nm). As the deconjugation of the enone function in 46 would be expected to result in the loss of
uv absorbance,. that this reaction had produced a single, UV absorbing product in excellent yield
_was somewhat unsettling.. Additionally, analysis of the 'H NMR spectrum of this material
(initially) indicated that it possessed three olefinic protons. Clearly, this material was not the
desired B,y-unsaturated ketone 127. Repetition of this reaction with freshly d'istilled t-BuOH and

freshly prepared t-BuOK afforded this unidentified product exclusively. Thus, the structure

determination of this substance became of paramount importance.




72
The 'H NMR spectrum of this compound included three proton signals at 6 6.58, 5.97

and 5.91, all of which are typical for deshielded olefinic protons However analysis of a HMQC
experiment performed on this material indicated that the proton that eorresponded_to the singlet
at 6 5.97 was in fact not attached to a carbon. Additionally, the IR spectrum of this material
' drsplayed a broad O-H stretching absorptlon at. 3402 cm™ and two carbonyl C=0 stretching
absorptlons at 1769 (y-lactone) and 1674 cm™' (enone). These data suggested that the smglet at 8
5.97 in the 'H NMR spectrum corresponded‘to the proton of a hydroxyl function and that the y-
lactone moiery was intact. The 3*C NMR spectrum of the byproduct exhibited a carbonyl
resonance at & 179.3 (y-lactone) as well as a second carbonyl resonance at 8 186.3. Thus, in
conjunctiOn with the information gathered from analysis of the '"H NMR and IR spectra, it was
| apparent that the byproduct included an o,P-unsaturated carbonyl and a hydroxyl function. A full
suite of spectroscopic experiments ('HMBC, HMQC, COSY and APT) were employed to
nnambiguously determine the structore of this material. Analysis of the results from these
experiments identified the structure of the byproduct as that depicted for the enol 132 (Scheme

2.22). The full assignment of proton and carbon resonances for this material is presented in

Tables 2.7 and 2.8 (Experimental).
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-KOH

(79%)

132 137

Scheme 2.22. Proposed mechanism for the production
of enol 132 from the tricyclic lactone 46.

The production of-132 from the tricyclic lactone 46 was indeed surprising and 1mpl1ed
that oxygen had reacted with the enolate 133, formed by the initial treatment of 46 w1th base
producing the pAo_tassium peroxide 134. Abstraction of a proton from solvent, followed by a
second deprotoﬁation event then provides the dienolate 136. Elimination of potassium hydroxide
ffom this species affords the a-dikeione 137, a tautomer of the enol 132. From this proposed
chh'ani_sm;.;fo,r, the_production, of 132 from 46, it was clear that while the generation of the .
extended enolate 133 is indeed a faci]g process, oxygen must be strictly eliminated from the
solvent (z-BuOH) to avoid this deleterious result. To this end, the 7-BuOH was sparged with
argon for 0.5 hours prior to its distillation to ensure that, as much as possible, oxygen had been

climinated. Applying this procedural modification, treatment of the y-lactone 46 with +-BuOK
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under ‘oXygen—free; condivtions provided, in lunder three minutes, the desired B,Y-ﬁnsaturated
ketone 127 in excellent yield (eq. 22). In fact, analysis of tﬁe crude reaction mixture by '"H NMR
showed ﬁo trace of the enone 46. That the deconjugation of 46 under thermodynamic
equilibration conditions provides 127 exclusively, supports the results garnered from mobl‘ecular
modeling studies, which had indicated a large difference in the relative energies of these species
(vide supra). Analysis of spectros‘copic data confirmed the formation of the B,y—unséturatéd
ketone 127. The IR-spectrﬁm' of 127 included two strong carbonyl stretching absorptions at 1761
and 1717 crﬁ", corresponding to the y-lactone and the ketone, respectively. The 'H NMR
spectrum of 127 displayed an olefinic proton resonance at 0 5.42 and two reso.na.mces at § 3.31
and 2.82 that demonstrated geminal coupling (J = 15.6 Hz) and could be assigned to the a-keto
_ allylic methylene protons. The 13C NMR spectrum of 127 included two carbonyl resonances at )
207.3 and 179.8 as well as two olefinic resonances at & 135.6 and 1.19.9.> Additionally, from an

APT experiment, the correct number of methyl and methine ‘c_arbons (4) was confirmed.

(22)

With the desired f,y-unsaturated ketone 127 in hand, the conversion of this substance into
the vinylstannane 128 was investigated. In this regard; addition of the allyllithium reagent 76 to a
" cold solution of 127 in THF, followed by aqueous workup and silica"gel chromatography,

provided a 1.5:1 mixture of the a-tertiary alcohol 128 and -tertiary alcohol 138, respectively, in

"a combined yield of approximately 60% (eq. 23). That the starting material 127 was also
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re_covered from thisvreacti_on, indicated the ailyl]ithium reagent 76 had, to some extent, behaved
as a base. As such, 76 may effect the deprotonation of 1‘27, resulting in the generation of the
c'orrespondivng lithium dienolate (e.g. Scheme 2.22,133 Li in piace of K) and consequently, upon
workup, the recovery of starting material. Therefore, it was desirable to decrease the baSi'(.:ity of
the organometallic reagent.”* To this end, attempts were made to synthesize the organocerium
derivative of 76 through the addition of this reagent to anhydrous CeCl,." Unfortunately,' efforts.
to achieve this transmetal]étic’m were unsuccessful, resulting exclusively in decomposition of the
reagent. Howéver, it could be shown that transmetallation of the allyllithium 76 with magnesium
bromide” was a facile process. Moreover, treatment of the B,y-unsaturated ketoné 127 with the
allylmagnesium reagent 139 resulted in a near quantitative conversion of 127 into the
diastereomeric alcohols 128 and 138 (eq. 23). The alcohols 128 and 138 were readily separated
by flash chromatograpﬁy, providing the purified substances in isol.ated yiélds of 58 émd 40%,
respectively. That the major product from this reaction had resulted from addition of the
allylmagnesium reagent 139. to_the B-face of the ketone could not be deduced from a varictyi of
'spectroscopic experiments carried out on the purified diastereomers 128 and 138. However, both |
NOE and X-ray crystallographic studies on chemical derivatives of 128 were conclusive in
verifying that the relative stereochemistry of this material is as shown (vide infra).

'Th,e spectral data collected for the diastereomeric alcohols 128 and 138 were consistent
with the assigned structures. The IR spectrum of 128 displayed an O-H stretching absorption at
.3585 cm’ and a strong C=O stretching absbrption at 1756 cm™ for the y-lactone carbonyl. The 'H
NMR spectrum of 128 included—‘the expected signals for the vinyl trimethylstannyl group: a 9-
proton singlet at  0.08 and olefinic multiplets at § 5.63 and 5.32 with satellite pegks due to tin —
proton coupling (Jg, = 152 and 69 Hz, reépectively). The °C NMR spectrum of 128 exhibited a

single carbonyl resonance at & 180.2 and four olefinic carbon resonances at 5 152.1, 138.2, 128.6

and 119.0. Additionally, a resonance characteristic of a tertiary carbinol carbon at 6 73.1 in the
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13C NMR spectrum of 128 replaced the ketone carbonyl resonance that appeared in the spectrum

of 127, the precursor of 128.

76
MgBr,, THF
-78°C

1. Mesan]\/ MgBr

139
2. H,0" .

- ' (23)
(98%)

[ratio 128:138 =1.5:1]

Again, while not definitive in Qerifying the relatiQe eonfiguration of the tertiary carbinol
center, the spectral data collected for 138 were also consistent with the proposed structure. The
IR spectrum of 138 displayed an O-H stretching absorption at 3606 cm™ and a strong C=0
stretching absorption at 1763 cm™ for the y-lactone carbonyl. The '"H NMR spectrum included
the expected signals for the vinyl trimethylstannyl group: a 9-proton singlet at & 0.08 and olefinic
multiplets at 8 5.68 and 5.28, with satellite peaks due to tin - proton coupling (Jg,z= 155 and 70
Hz, respectively). The "“C NMR spectrum of 138 displayed a single carbonyl resonance at 6
180.2 aﬁd four olefinic carbon resonances at § 152.2, 139.0, 128.2 and 119.6. Additionally, a
resonance characteristic of a tertiary carbinol carbon at 8 71.7 in the *C NMR spectrum of 138

replaced the ketone carbonyl resonance that was present in 127, the precursor of 138. While this

data was not useful for determining the relative configurations of the tertiary carbinol centers in
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either 128 or 138, it had been anticipated that the 1,2-addition of the substituted allylmagnesium

reagent 139 would occur, with some preference, from thé B-face of the ketone function in 127
(vide sup;’a). Thus, it seemed reasonable that the major product from this reaction would be the
a-tertiary alcohol 128. Realizing that the stereochemical aséignment of these substances was
tentative, we decided to proceed in the manner outlined (vide supra) with the major product from
‘the 1,2-addition reaction, compound 128. | A

Iododcstanny]atioﬁ of the ;eniary alcohol 128 was a straightforward procéss.‘“ Treatment
of 128 with N-iodosuccinimide in methylene chloride provided the alkenyl jodide 129 in
excellent yield (eq. 24). The spectral data acquired for 129 was in full accord vwi.th the above
transformation. The IR spectrum of 129 displayed an O-H stretching absorption at 3467 cm™' and
a y-lactone carbonyl sfretching absorption at 1761 cm™. The "H NMR spectrum included three
olefinic profon resonaﬁces at 8 6.13, 5.98 and 5.40. The °C NMR spectrﬁm of 129 included the

y-lactone carbonyl resonance at ) 180..1 and four olefinic carbon signals at 6 138.2, 131.1, 119.6

and 102.2.

NIS, CH,Cl,

SnMe;  ——m

(24)
(98%)
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The fortuitous dispersion of proton resonances in the '"H NMR spectrum of the viny‘l
iodide 129 allowed for the execution of a series of 1D NOESY experimeﬁts on this material and,

consequently, the determination of the relative stereochemistry at the tertiary carbinol center.

The resonances in the "H NMR spectrum of 129 corresponding to the diastereotopic protons on
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the methylene of the 2-i0do-2—propenyl group appear as two doublets at d 2.79 and 2.58, which

show a geminal coupling constant of 15.0 Hz. Additionally, the terminal olefin proton
resonances occur as two doublets at § 6.13 and 5.98 that also exhibit geminal coupling (J = 1.1
Hz). By elimination, the remaining olefinic proton resonance at & 5.40 could be assigned to the
endocyclic olefinic methine proton. It was foﬁnd tﬁat irradiation of either of the allylic methylene
protons (e.g. 8 2.79 or 2.58) resulted in the enhahcemént of the ierminal olefin broton resonance
at § 6.13 and, more importantly, the endocyclic olefinic methine proton resonance at § 5.40.
These results clearly identify the relative stereochemistry at the tertiary carbinol center as that
depicted for compound 129 in Figure 2.6. Thus, the addition of the substituted allylmagnesium
reagent 139 to the B,yéunsatﬁrated ketone 127 (eq. 23) had occurred wi‘th a slight preference from
the P-face of the ketone. Furthermore, the tentative structural assignment of the two

diastereomeric alcohols 128 and 138 (vide supra) had been correct.

~OH

HsC

/

129

‘Figure 2.6. Confirmation of the relative stereochemistry of the tertiary carbinol carbon by NOE.

At this point, the stage was set to investigate the intramolecular 5-exo-trig radical
cyclization that was intended to complete the construction of the bicyclo[3.2.1]octane portion of

the target compound. Employing Stork’s conditions™ (catalytic AIBN, Bu;SnH, PhH, irradiation

with a 250-watt sunlamp), the vinyl iodide 129 was consumed in under five minutes, producing,
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in quamitétive yield, a substance that was initially believed to be the desired tetracyclic lactone

130.

,, ‘

| O F

While mass spectrometric analysis indicated the molecular ion for this substance Was
consistent with the structure 130, examination of the *C NMR spectrum of the radical
cyciization product raised concerns (vide infra). The IR 'spectrurh of this substance included a
strong O-H strétching absorption at 3500 cm™ for the tertiary alcohol as Well as a strong C=0
stretching absorption at 1752 cm’* for the y-lactone carbonyl. The '"H NMR spectrum displayed
t§vo singlets in the olefinic region at & 4.81 and 4.68, which were expected for the desired
tetracyclic lacfohe 130. However, analysis of the ?°C NMR spectrum and an APT experiment
performed on this material indicated the compound in hand possessed a total of five methine.
and/or methyl carbons. Clearly the struéture of this substance could not be that of the desired
tetracyclic lactone 130, which possesses only two methyl carbons and one methine carbon. Thus,
while isomeric with the desired tetracyclic lactone 130, this substance was not the expected 5-
exo-trig radical cyclizatioﬁ product. A strﬁcture that accounted for all of the acquired spectral
data (IR, 'H and B3¢ NMR) is that of 141 (Figure 2.7). A fuli suite.of NMR.spectr(')scopic
experiments (HMQC, HMBC, COSY and 1D NOESY) was employed to verify the pr;)posed
structure of the radical cyclization product 141. Anz_ﬂysis of th¢ results from these experiments

confirmed the structure of 141 and permitted the assignment of all proton and carbon resonances

in the molecule (see Tables 2.9 and 2.10, Experimental). The radical cyclization product 141isa
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crystalline solid (mp 209 °C) that could be recrystallized from ether. Consequently, an X-ray

crystallographic study of this material was undertaken.* As anticipated, a single crystal X-ray
analysis of 141 (see Figure 2.7 and Appendix 2.2) provided irrefutable evidence that the
cyclization had in fact resulted in carbon — carbon bond formation in a 6-endo-trig and not a 5-
exo-trig manner. While only a minor source of gratification at this point, the X-ray analysis also
provided conclusive evidence that the 1,2-addition of the allylmagnesium bromide reagent 139 to
the ketone function of the B,y-unsaturated ketone 127 had in fact occurred preferentially from the

B-face of the molecule (eq. 23).

14

/ o -:H 20
"® CH,
19

@)

Figure 2.7. X-ray crystal structure of the tetracyclic lactone 141.
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" Although formation of 141, as described above, was unanticipated, it is important to note
that 6-endo-trig vinyl radical cyclization processes have precedent in the chemical literature.™™
An example is shown in Scheme 2.23.” Stork and co-workers have proposed that the kinetie
product in vinyl radieaI cyclizations with unactivated olefins involving the possible formation of
a five or six membered ring, is typically theft resulting from a 5-exo-trig cyclization (e.g. 145,
Scheme 2.23).”’ The resulting radical may react with a hydrogen atom donor to provide .the
methylenecyclopentane derivative 146 or it may rearrange, via the radical mtermedlate 147, to
the substituted methylenecyc]ohexyl radical 148. Thus, at low concentrations of Bu3SnH'
distribution of'the substituted methylenecyclopentane 146 and methylenecyclohexane 149
products is related to the relative stability of the corresponding radicals 145 and 148, and the rate
by which the rearrangement occurs. Expefimentally, this proposal has been supported by the
reactions described in Scheme 2.23.” Thus, when Bu,SnH was employed as a hydfogen atom
donor at a concentration of 0.02 M, the ratio of 146 to 149 was found to be 3:1. However, wheﬁ

the Bu,SnH concentration was increased to 1.7 M, the ratio of these products became >97:1 in

favor of the methylenecyclopentane 146. Therefore, the rearrangement of the substituted methyl

radical 145 may be curtailed by increasing the concentration of the hydrogen atom donor.
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" E0,C. ,COEt E0,C. CO.Et E10,C. ,CO,Et
. } " BuzSnH :
_— -

Z e NS =
A Jn_*® Z
144 145 146
Et0,C CO.Et EtO, CO,E! EtO, CO.Et .
BusSnH
e ———
‘_.——.
°
: ™

149 - | 148 | 147

[BuzSnH] ratio 146:149

002M 31
1.7 M T

Scheme 2.23. Rearrangement of methyl radical 145.

In retrospect, it was not surprising that the exclusive product from the vinyl radiéal
cyclization reaction involving 129 was the ‘apparent’ 6-endo-trig product. This result was
consistent with molecular modeling calculations that indicated an enormous (> 30 kcal)
difference between the relative energies of the 5-exo-trig and 6-endo-trig products 130 and 141
(Scheme 2.24).” That the 6-endo-trig product 141 is significantly more stable than the desired 5-
exo-trig product 130, and tertiary radicals are generally more stable than éecondary radicals,® -
~ one would expect that of the radical intermediates, 151 would be much less stable than 153.
Nevertheless, an effort was made to ‘trap’ the proposed radical intermediate 151 through
increasing the concentration of Bu,SnH. Unfortunately, it was found that an i.ncrease in the

concentration of Bu,SnH from 0.02 to 0.1 M resulted in the production of the alkene 154, which

clearly arises from the direct reduction of the vinyl radical 150. From these results, two possible
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mechanistic scenarios exist. Following a sequence of events analogous to those described in
Scheme 2.23, the vinyl radical 150 may engage .in a 5-exo-trig cyclization to provide' fhe
cyclohexyl radical 151, which rapidly rearranges to the more stable tertiary radical 153 prior to
reduction by Bu3SnHl. Alternatively, the vinyl radical 150 may react with the endocyélic olefin in
a 6-endo-trig manner to provide the bridgéd C);clohexyl radical 153 directly. In line with a
synthesis of (i')-13—meth0xy—15-oxozdapatlin (22), the latter scenario represents a dead eﬁd.
However, the possibility that this process had in fact proceeded via the former scenario (i.e.' a

mechanism involving a 5-exo-trig radical cyclization) was somewhat encouraging.

" The alkene 154, obtained as a byproduct from the vinyl radical cyclization reaction when
high concentrations of Bu,SnH were employed, provided spectroscopic data consistent with the
assigned structure. The IR spectrum of 154 included an O-H stretching absorption at 3467 cm'’!
and a C=0 stretching absorption, for the y-lactone éarbonyl, at 1763 cm™. The 'H NMR bspectrum
of this material displayed four olefinic proton resonances at § 5.83, 5.38, 5.18 and 5.10.
Moreover, the olefinic signal at & 5.83 exhibited strong coupling with the olefinié proton
resonances »at $ 5.18 and 5.10, J = 10.3 and 17.2 Hz, respectively, indicating the cis and trans
relationship between these protons and confirming that a hydrodeiociinatidﬁ had occurred. The
13C NMR spectrum of 154 included a carbonyl carbon resonance at d 186.5 and four olefinic

carbon resonances at 8 138.7, 133.3, 119.5 and 118.8. Additionally, mass spectrometric analysis-

of 154 yielded a molecular ion consistent with the proposed structure.
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Scheme 2.24. Proposed mechanism for the formation of 141 and 154.

~ In order to ascertain whether or not the radical cyclization had in fact proceeded via a
rearrangement of the radical resulting from a 5-exo-trig cyclization (i.e. 151), it was necessary to
devise_ a synthetic strategy whereby the initial radical cyclization event would have no avenue for
fearrangement. In this regard, it was anticipated that a ketyl radical - olefi‘n coupling reaction

promoted by samarium(II) iodide would serve well. Samarium(II) iodide (Sml,) is an exceptional
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reagent for the promotion of intramolecular reductive cyclization reactions and has been the
subject of two recent reviews.*"® In particular, treatment o}f aldehydes (e.g. 155) and ketones
with this reagent results in the generation of a ketyl radical anion (e.g. 156) that is capable 6f
engaging in intramolecular cyclization reactions with nonstabilized alkenes (eq. 25). |
Additionally, where the éhoice exists for the formation of a substituted methyl radical or
cyclohexenyl radical there is an overwhelming preference for the production of the former (e.g.
157). In fact, there are only_a few known examples of Sml, promoted 6-endo-trig radical
cyc]izbati(.)ns.”'84 It is noteworthy, that the radical intermediate generated by such cyc]izéfions is
incapable of rearranging via the mechanisms discussed above. Instead, this species is rapidly
reduced by a secqnd equivalent of Sml, to an organosamarium species (e.g. 158), whigh then

abstracts protons from the ~-BuOH additive to provide a cyclopentanol (e.g. 159).

/Smla

| o _smb, _sml, y
H Smi, o H o Smi; solvent
E—— kr\ — - Sml, > (25)
X XN _
155 156 157 158 159

It was anticipated that a Sml, promoted cyclization of the tricyclic aldehyde 160 ‘would -
provide either (or both) of the tetracyclic lactones 161 or (and) 162 and in so doing shed light on
the mechanistic quandary at hand (éq. 26). The formation 161, necessarily through a 5-exo-trig
process, would ﬁave useful impiications for the construction of the bicyclo[3.2.1]octane portion’
of the target molecule (i)-l3-methoxy-15—0xozoaptlin. .(22). On the contrary, the production of

162 would indicate that the radical cyclization in fact proceeds via a 6-endo-trig mechanism,

effectively terminating our approach to 22 via such methods.
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2eq. Smi,
DMPU, THF
t-BuOH

The s‘ynthesis of 160 proceeded in a straightforward manner from the tri_cyclic élkene 154
(see Scheme 2.24 for the synthesis of 154).'Th;ls, sequential treatment of 154 with potassium
hydride and methyl iodide smoothly effected the production of the methyl ether 163 (eq. 27).
This material was directl_y subjected to reactions that would effect the chémoselective oxidative
cleavage of the terminal olefin.** Thus, as shown in equation 27, the tricyclic aldehyde 160 was
produced in good yield dver three steps from the alkene 154. While the transformations involved
in this sequence wefe not optimized, they served to provide the aldehyde 160 in sufficient
quantity to i_nvestigate the proposed Sml, promoted ketyl radical - olefin coupling reaction.
Spectroscopic evidence was in comp]eté agreement with the formation of the tricyclic aldehyde
160. The IR spectrum of this material exhibited two carbonyl C=0 stretching absorptiohs at 1766
(y-lactone) and 1719 (é]dehyde) cm’'. In addition, the 'H NMR spectrum of 160 included a
characteristic aldehyde proton resonance at 6 9.79, which appears as a doublet of doublets (J =
2.7 and 3.8 Hz). The 'H NMR specfrum also displayed a 3-pr6ton singlet at § 3.30,
corresponding to the methyl ether moiety in 160, and an olefinic resonance vat 95.39. ’fhe BC

NMR spectrum of 160 included two carbonyl carbon resonances at § 202.7 (aldehyde) and 180.0

(y—lactohe) and two olefinic carbon resonances at 6 137.7 and 120.0.
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1. 0sO4, NMO
t-BuOH, H,O

2. NalQy, reflux, (4:2:1)
H,0:Acetone:-BuOH

(27)

(approx. 50% from 154)

1. KH, THF E1.54 R=H
2. Mel 163 R = Me

Withv the tricyclic aldehyde 160 in hand, we. were prepafed to fest the proposed Sml,
promoted ketyl radical — olefin coupling reaction. Treatment of a soluﬁon of 160, DMPUF and 7-
BuOH in THF with a freshly prepared THF solution of SmI,* resulted in the rabid consumption
| ;f the_alde-ilycié 166, as indicéted by TLC-anélysis. Standard workup provided an ihseparable
mixture of the alcohols 167 and 168, which was bxjdized directly using Ley’s procedure® to
provicie the read_ily separablé (flash chromatography) aldehyde 160 and the ketone 169 in a ratio
.of 2:3 (Scheme 2.25). The recovery of ihe aldehyde 160 from this sequence of transformations
inaicates that thé relative ratés of cyciization and reduction of the ketyl radical 164 to the
cyclohexyl radical 166 and the organosamarium 165 are Similar. It was quife discouraging,
however, to discover that the sole ketyl radical - olefin coupling adduct produced by this
reaction was that resulting from a 6-endo-trig process. From this result, it was clear that a radical

‘cyclization approach to the bicyclo[3.2.1]octane fragment of (£)-13-methoxy-15-0x0zoaptlin

(22) was a fruitless pursuit.
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160
Sml,, +-BuOH
DMPU, THF
OMe
reduction I 6-endo-trig
by Smi; cyclization

———————

164

OMe

TPAP, NMO TPAP, NMO

CH,Cl, CH,Cl,

HO —— 460 + -~

(28% from L (42% from
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o o7 CHs 07 CHs
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Scheme 2.25. Sml, promoted ketyl radical — olefin coupling.

Analysis of spectroscopic data collected from the ketyl radical cyclization product was in
agreement with the assigned structure. The IR spectrum of 169 included two C=O0 stretching
absorptions at 1766 (y-lactone) and 1702 (ketone) cm™'. The "H NMR spectrum of 169 displayed
a 3-proton singlet at d 3.25 and two i-proton doublets at & 2.58 and 2.49 corrésponding to the

methyl ether and the diastereotopic o-keto methylene protons, respectively. The C NMR

spectrum included two carbonyl resonances at 8 209.9 and 180.5. While this data certainly
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agrees with the p.roposed.structure of the‘tetracyclic ketone 169, it remained to verify the
structure of this substance in an unambiguous fashion. Tothis end, the vinyl radical cyclization
product 141, whose structure had been confirmed by X-ray an'alyvsis (vide supra), was
transformed into the tetracyclic ketone 169 in a straightforward manner. Thus, cdnversioh of the
tertiary alcohol 141 into the corresponding methyl ether 170 was followed directly by a
ruthenium dioxide catalyzed oxidative cleavage of the exocyclic olefin function, providing the.
ketone 169 in moderate yield (eq. 28). The spectroecopic data 'actquired from this material was in
complete agreement with that reported for the major product from the ketyl radical cyclization —
Ley oxidation reaction sequence (Scheme 2.25), confirmrng the structure of the latter material as

that shown.

RuCl, NalO,4
CCls, MeCN, H,0

(28)
(65% from 141)

v

§’ CH,
1.KH,THFE1MR:H
2. Mel 170 R = CH,

While useless in the context of a synthesis of (+)-13-methoxy-15-oxozoaptlin (22), that

the ketyl radical 164 had cyclized exclusively via a 6-endo-trig mechanism warrants some
explanation. Obviously, from a thermodynamic perspective, the production of the desired
~ tetracyclic lactone 172 is grossly disfavored (vide supra). However, the inherent properrsity of
such cyclizations to yield the kinetic, or 5-exo-trig product was anticipéted to be the gO\reming

factor in this process.”” Analysis of the relevant 5-exo-trig and 6-endo-trig transition states for the

ketyl radical cyclization was useful in rationalizing the exclusive production of 168.
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‘A pertinent stereoelectronic feature of Smi, pro’moted 5-exo-trig ketyl radical - olefin
couplmg reactions is their mherent preference to proceed via chair-like transition structures that
include an anti relatlonshlp between the ketyl oxygen and the reactmg olefin.® Addmonally, the
trajectory of‘ approach of the carbon-centered radical to the alkene is -predicted to be close to.
109°.™ As depicted in Scheme 2.26, two poséible transition structures exist that would provide
the desired bicyclo[3.2.1]octane fragment. In 171A the ketyl oxygen adopts aﬁ anti relationshilp
to the endocyclic olefin. However, the pseudoaxial orientation of the ketyl oxygen in 171A leads
to severe steric interactions between this function and the axial proton at C-4. Altemati\;elly, in
the transition structure 171B the ketyl oxygen is pseudoequatorially oriented. ‘However,
electronic repulsion between this group and the m-system of the olefin destabilizes this transient
species. In contrast to 171A and 171B, the transition structures 173A and 173B that lead to the
experimentaily observed 6-end0—trjg product 168 are favorably oriented to react‘_With the
endocyclic olefin. In particular, the chair-like transition structure 173A accommodates the ketyl
oxygen in a pseudoequatorial orientation with respect to the developing 6-membered ring, which
minimizes non-bonded interactions, and. anti to the‘ alkene function, minimizing electronic
repulsions. Moreover, while radical reactions proc'eed via an early transition state with an
unusually Jong forming carbon - carbon bond (> 2.0 A),” the angle strain accompanying a 109°
approach vector in the 5-exo-trig transition structures 171A and 171B is significantly reduced in

those of the 6-endo-trig process.
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Scheme 2.26. Relevant transition structures for the ketyl radical — olefin coupling.
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 Having established that the 6-endo-trig radical cyclization is indeed a viable proc'ess for
| the ketyl radical cyclization, analysis of the relevant transition structures that led to a similar
outcome in the vinyl radical cyclization described in Scheme 2.24 was justified. As portrayed in
Scheme 2.27, the transition structure 175 that would provide the desired bicyclo[3.2.1]octane
unit suffers from considerable steric interactioné between the angular proton at C-8a and the
trans proton of the terminal olefin. Again, a considerable amount of angle strain in 175 will
further serve to retard the 5-exo-trig radical cyclization. In contrast, the transition structure 176
that leads to the tetracyclic lactone 141 includes the forming 6-membered ring in a ch.a.ir-like

conformation, minimizing steric interactions.

Scheme 2.27. Relevant transition state structures for the vinyl radical cyclization.
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1t can be surmised then, that in the radical cyclizations involving the tricyclic lactones
129 and 160, a combination of steric congestion and severe angle strain impede the 5-exo-trig
process such that the kinetic products from these reactions are those that arise from a 6-endo-trig
cyclization. Furthermore, while radical cyclizations typically occur via early, reactant-like
transition states, a slight pyrimidization of tﬁe endocyclic olefinic carbons is expected.”” Thus,
the transition structures leading to the 5-exo-trig (13.0 and 161) and 6-endo-trig (141 and 162)
adducts will 'likely have some sense of the severe energetic disparity that exists between these

products, further impeding the 5-exo-trig process.

160

Having secured five of the six requisite stereocenters of (i)-13-methoxy~15—0xozoaptlih
(22) in a highly efficient manner the disappointment experienced from our failure in the
construction of the bicyclo[3.2.1]Joctane fragment was transient. The formation of carbon -

carbon bonds represents a cornerstone in organic synthesis and consequently there are a number

of procedures by which the coup]ing of the vinyl iodide and endocyclic olefin moieties in 129

could be effected in the desired fashion. The following section describes our eventual success in

the construction of the bicyclo[3.2.1]octané moiety of 22.
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2.3.7 Application of an intramolecular Heck reaction to the construction of the tetracyclic

core of (+)-13-methoxy-15-oxozoapatlin (22)

The Pd(0) catalyzed coupling of alkenyl and arylhalides with alkenes, or the Heck
reaction, has beqome a _indilspensable method to effect carbon - carbon bond formations in a
regio- and stereoselective manner. A number of recent reports have highlighted the utility of this

process in regards to the construction of quaternary carbon centers®”*®

and the s_ynthesis of
complex natural products.®***" Although, with respect to an approach towards a synthesis of (£)-
13-methoxy-15-oxozoapatlin (22), the 5-exo-trig radical cyclization had been a notable failure, it
seemed reasonable to proposé that a Heck reaction involving the vinyl iodide 129, or a suitable

derivative thereof, could yield access to the desired bicyclo[3.2.l]octaﬁe portion of the target

compound.

~ The méchanism generally accepted for the Heck coupling process is presented in Scheme
2.28.”' Thus, the in situ generation of a ;:oordinatively unsaturated Pd(0) species, typically from
loss of two phosphine ligands from Pd(PPh,), or the reduction of palladium(II) salts by the
reactiqn medium, initiates the catalytic cycle. The alkenyl halide 177 then oxidatively adds to
this Pd(0) species, generating the cis-c-alkenylpalladium{II) intermediate 178, which rapidly
isomerizes to the corresponding trans—g—a]keny]pal]adium(II) complex 179. Following the
elimination of a phosphine ligand, an alkene molecule cootdinates to the Pd(II) compiex and
adopts the necessary cis orientation fof insertion into the -alkenyl carbon - pal]adium(H) bond
(e.g. 180). A migratory syn insertion then occurs, presumably via the four-center transition

structure 181, providing the -alkylpalladium complex 182. An internal rotation then affords the

o-alkylpalladium complex 183, which undergoes reaction-terminating syn $-hydride elimination
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to afford the diene 184. Additionally, a reductive elimination of HX from the Pd(II) cdmp_]ex

regenerates the catalytically active Pd(0) species.

[Pd(PPh3)4]

# -PPh; |L '
: R
[Pd(PPh3)3] L o _
Cis - trans ' _
[Pd(PP-:I)Dr;3 E L PPh:5 isomerization u ,PPhg ' u _PPh3
3/2 _— Pd Pd
oxidative X PPh3 PhsP” X 7 X
addition : _ \\> '
1 178 179 -PPhy 180
| sy
-HX ‘ : : insertion
. PPh,
B-hydride internal H
elimination ., PMPL .PPhs - rotation PhsP, ,PPhsg { AN PPh;
[HPd(PPh3)2X] H Pd -— = Pd { Pd
- )“( X X » X
= "R o H R o R
183 182 181

R
w“
N
Scheme 2.28. Catalytic cycle for the Pd(0) catalyzed Heck reaction.

Although the events detailed in Scheme 2..28 genera]lly provide the desired dienes in
éxceptional yield, Negishi andﬂco-workers héve reportéd rearrangements, similar in nature té ,
those discussed above for the vinyl radical cyclizatibons, in the analogous intramolecular Heck
cycliz‘ations.92 These researchers proposed that a rearrangement inVoivin’g the (cyclopropyl-
carbiny])palladium intermediate 188 could be responsible for the apparent 6-endo mode

cyclization of the vinyl iodide 185. Thus, an initial 5-exo-mode carbopal]adation provides the

cyclopentyl .pal]adium species 187, which is incapable of undérgoing B-hydride elimination and,
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consequently, rearranges to 188. Grigg and co-workers: have managed to trap a similar

(cyclopropylcarbinyl)palladium intermediate with hydﬁde, further suppofting this proposalll.93
The cyclépropylcarbiny] to homoallyl rearrangement is.a facile pfocess, requiring the syn-
coplanar arrangement of the C-Pd bond and the participati‘ng cyclopropane C-C bond, that
provides, after $-hydride elimination, the apparent 6-endo-trig cyclization product 190. While a
similar rearrangemenf was of obvious cbncem‘in the vinyl radical cyclizafion of 129 (vidé

supra), from molecular models it was clear that this process was not a viable alternative in the

corresponding Heck cyclization.

PAC L,(PPhs),

NEt,, EtNH
_ bmF PdL P ,
(69%)

185 ' : 186 187 .

K—/'polL,,l
OH OH
190 188

Scheme 2.29. Rearrangements in 5-exo-trig Heck cyclizations.

As depicted in Scheme 2.30, the anticipated 5-exo-trig ‘Heck reaction involving the vinyl

1od1de 129 while certamly enta11mg a great deal of ring strain, would not have to contend with

the rearrangements dlscussed above. Insertion of the catalytically active Pd(0) complex into the
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carbon - iodide bond should be followed by an intramolecular carbopalladation, providing the

alkyl palladium intermediate 192. The'palladium(II) function in this intermediate is ideally
situated to undergo B-hydride elimination to afford the diene 193; Alternatively, a rearrangemen‘t
of the alky! palladium(II) species 192 would provide the (cyclopropylcarbiny.l)palladium |
intermediate 194 .and consecutively the corrésponding 6-endo alkyl palladium(II) intermediate
195. Fortunately, while the latter intérmediate is in princip]e capable of undergoing a synb B-
hydride elirrﬁnation, the resultant bridgehead olefin, while not in violation of Bredt’s ru]ei,s-0
would certainly entail a tremendous amount -of ring strain. Additionally, suéh grosé steric
interactions exist between the angular palladium complex and the surrounding elements that the

rearrangement process (192 — 195) is a highly unlikely event.

OH
~nQOH N
5-exo-trig B-hydride
cyclization > elimination
//(« PdL,
o H
129R =1 A 192,
PdL, ’ ,
191 R =PdL |

Scheme 2.30. Mechanistic analysis of the proposed Heck cyclization.
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Our initial efforts towards the practical application of the Heck cyclization discussed

above were fraught with disappointment. Indeed, after much experimentétion, the anticipated
reaction yielded‘ only compiex mixtures of products including inso]ublé (decomposition) material
that was not investigated further. Employing different solvents (THF, MeCN, DMA), bases
(Ag,CO,, E;N) or pal'ladiunll sources [Pd(PPh,),, Pd(OAc),, Pd(cjlppf)'z, Pd(dba),] had little effect
on these unsatisfactory results. Altﬁough purification and -consequgntly full characterization 'ofv
the individual componenfs of the mi.x.tures recovered from these‘vreacti‘ons was not possible,
analysis of the spectroscopic data collected on the crude reaction mixtures themselves indicated
the presence of monomeric and/or dimeric palladium complexes. That the alcohol function in
191 is ideally situated to form a complex with palladium(Il), supports a process whereby the
stable alkenylpalladium(ll) intermediate 196 interferes with or impedes thé progress of the

desired cyclization reaction (eq. 29).”

(29)

While clearly detrimental to the proposed Heck cyclization, the production of a stabilized
Pd(II) complex such as 196 can easily be eliminated through the protection of the tertiary alcohol
function in 129. Conversion of the tertiary alcohol into a .methy] ether represents a necessary
transformation in the total synthesis of (i)-13-methpxy-15-oxozoapatlin (22). However, it was

anticipated that a bulky protecting group might serve well in avoiding the formation of stable
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alkenyl palladium intermediates. Additionélly, it was envisaged that the steric encumberment
provided by such a protecting group would, upon insertiori of Pd(0) into the alkenyl iodide bond,
force the élkenylpalladium moiety into closer proximity with tiie endocyclic double bond, thus
facilitating the desired Heck reaction. To this end, the conversion of the tertiary alcohol 129 into
the triethylsilyl (TES) ether 197 was effected smoothly by the addition of TESOTT to a cold
solution of 129 and Et;N in CH,Cl, (eq 30) The IR spectrum of 197 exhibited a C=0 stretchmg
absorption at 1771 cm” that COuld.be attributed to the y-lactone carbonyl. The absence of an O-H
absorption, observed in the IR speétrum of the tertiary alcohol 129, indicated that a successful
protection of this function had occurred. The '"H NMR spectrum of 197 included three oiefinic
proton resonances at 8 6.16, 5.92 and 5.38, which by analysis of coupling constants were
assigned to the two termiiial olefin protons and the endocyclic olefinic methine proton,
respectively. Additionally, the '"H NMR spectrum displayed a 9—pr0fon tripllet at 8 0.95 émd a 6-
proton quartet at 0.61 characteristic of ’the triethylsilyl group. The *C NMR spectrum included a

single carbonyl carbon resonance at & 180.2, which was assigned to the y-lactone carbonyl, and

“four olefinic carbon resonances at & 138.6, 130.3, 119.4 and 103.0. The latter of these olefinic

carbon resonances is significantly shielded and is characteristic of an alkenyl iodide carbon. The
13C NMR spectrum also included two carbon resonances at & 7.2 and 6.9 that, by analysis of an

APT 'e’xperiment performed on this material, correspohded to the methyl and methylene,

respectively, of the triethylsilyl group.
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~mOH  TESOTS, Et;N
CH,Cl,, -78°C

30)
(99%)

With" the triethy]si'ly] ether 197 in hand, attempts were made to effect the desired Pd(O).
catalyzed 5-exo-trig cyclization. Curiously, upon exposure of 197 to standard Heck reaction
conditions’' (Pd(OAc),, PPh, vEt3N,‘MeCN) spectroscopic analysis of the major product, and -
indeed the only compound isolated from the reaction mixture, indicated this substance was again
a stable palladium(Il) intermediate, ligated with triphenylphosphine. Gratifyingly, after some
experimentation it could be shown that phosphine free” reaction conditions promoted the desired
5-exo-trig cyclization, providing the diene 198, albeit in low isolated yields (approximately
40%). Analysis of spectroscopic data collected on the two major side products that accompanied

198 identified these substances as the A> isomer 200 and the vinyl acetate 199 (eq. 31).

Pd(OAC); (20 moi%)
PMP, DMA, 60 °C
197

(80%)

198 199 200

[ratio 198:199:200 = 2:1:1]
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Thin ]ayer-chromatographic (TLC) analysis of aliquots removed from the reaction
mixture established a direct correlation between the température of the reaction and the degree to
which thé isomerization of 198 into 200 had occurred. Indeed, when the reaction was repeated at
100 °C, these substances were isolated in nearly identical yields. As indicated from molecular
‘models, the isomerization of 198 to the A>® isomer 200 results in eradication of steric interactions
between the angular proton at C-10 and the cis-proton of the exocyclic olefin in the fornﬁsr
maferia] (Scheme 2.31). Th’ﬁs, it .might be reasoned .that upon elimination of HPdI from the
intermediate .1.92, palladium hydride adds in a non-regioselective manner to the newly formed
olefin function in the diene 198.2° Such a process would result in the refo.rmation of the
alkylpalladium (II) species 192 or the structural isomer 201. 3-Hydride elimination involving

201 would result in overall isomerization of the endocyclic olefin.

The isolation of the vinyl acetate 199 from this process was slightly more peculiar and
indicated that.,' to some extent, acetate is capable ‘of adding to the. initially formed
' alkenylpal]adium(II) intermediate and inserting into the 6-alkenyl carbon — palladium(II) bond.
While precsdent certainly exists for Pd(0) catalyzed carbon — oxygen bond formation,’*”” and the
synthesis of vinyl acetate frsm ethylene and Pd(OAc), in acetic acid is a well known reacticﬁn,98
the competition of this process with the intramslecular Heck reaction was unanticipated. The

mere occurrence of the vinyl acetate 199 as a byproduct from this reaction highlights the degree

“to which ring strain and steric interactions disfavor the desired cyclization.
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OTES

Scheme 2.31. Olefin isomerization in the Heck reaction.

It was fortuitous to discover then, thét when the r¢action was carried out in refluxing _
THF, no trace of the byproduct 199, arising from the acetate coupling process, was observed. |
Additionally, it could be shown that treatment of the vinyl iodide 197 with a stoichiometric
amouﬁt of the Pd(0) mediator resﬁ]ted in rapid consumption of 197, with little or no

isomerization. Thus, although stoichiometric quantities of Pd(OAc), were required,” these
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conditions consistently transformed the vinyl iodide 197 into the diene 198 in good yield (70 -

80%) (eq. 32).

Pd(OAc), (1. eq.)
PMP, THF, reflux

(32)

(80%)

The spectroscopic data exhibited by the diene 198 was consistent with the assigned
structure. The IR spectrum of this material included a single C=0 stretching absorption at 1764
cm’!, consistent with the y-lactone carbonyl. The 'H NMR spectrum of 198 'displayed two
doublets of doublets at 8 5.91 and 5.77 corresponding to the olefinic ﬁrotons at C-11 and C-12
(Figure 2.8). The protons on C-il and C-12 share a comfnon coupling constant (J = 9.7 Hz), as

“well as individual vicinal and allylic couplings with H-10, J = 1.7 and 3.3 Hz, respectively. The
'H NMR spectrum of this material also included two terminal olefinic proton resonances, which
overlap at § 4.84, and two proton resonances at § 2.50 and 2.33 that share a geminal'coupling
constant (J = 16.3 Hz) and were assigned to the allylic methylene protons (H-IS). The *C NMR

“spectrum of 198 displayed a single carbony] carbon resonance at 8 179.6 and four olefinic carbon
resonances at 148.2, 138.0, 123.4 and 108.7. In order to confirm the structure of the diene in an
uﬁambiguous manner, a suite of spectroscopic experiments (HMQC, HMBC, COSY, Ai)T, 1D
NOESY) was performed on this material. Analysis of the results_from these experiments allowéd

for the complete assignment of all proton and carbon resonances of 198 (Tables 2.11 and 2.12,

- Experimental). Two three-bond H-C correlations in the HMBC spectrum between H-12 and C-
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14 and H-17 and C-13 were particularly useful in determining the structure of this material.
Additionally, a strong NOE between H-17 and H-10 confirmed the propinquity of these protons

(Figure 2.8).

OTES

Figure 2.8. Key NOE and HMBC correlations for the diene 198. .
2.3.8 Completion of the synthesis of (1)-13-methoxy-15-oxozoapatlin (22)

With the tetracyclic lactone 198 in hand, it had been antiéipated that the exocyclic
methylidene function would be easily converted into the requisite ketone function by oxidative
cleavage. However, it was soon found that, owing to the strong steric shielding at each m-face, -
the olefinic functions in 198 were particuiarlj/ resistant to attack by various OsO, reagents. As
depicted in Figure 2.9, the endocyclic olefin is effectively Blocked from reacting on the o-face
by the angular methyl at C-4 and the B-face by the exoéyclic olefin. Additionally, the a-face of
the exbcyc.lic olefin is shielded from approach of OsO, by the axial protons at C-3 and C-6.

While it had been expected that the exocyclic olefin would undergo facile oxidative cleavage

from the P-face, structural analysis of the corresponding osmate ester intermediate indicated |
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severe steric interactions would exist between the methylene protons at C-17 and the axial

protdns at C-3 and C-6.

A ‘ B from back

HsC

Figure 2.9. Steric hindrance impeding the approach of OsO, to the

(A) endocyclic and (B) exocyclic olefin functions in 198.

While the diene 198 was unreactive towafds oxidaﬁve cleavage, it could be shbwn that
hydrogenation of this material over palladium-on-carbon proceeded smoothly, providing the
tetracyclic olefin 202 (eq. 33). Although the endocyclic alkene was clearly the more reactive of
the two olefinic functions in 198 under these reaction conditions, it was necessary té closely
monitor the hydrogenation reaction, since a provduct whose spectral data was consistent with the
tetracyclic compound 203 was formed soon after the diene 198 waé consumed. Complicating
matters further, the diene 198, the olefin 202 and compound 203 were inseparable on silica gel
and, consequently, indistinguishable by TLC analyéis. Thus, it was essential to stop the reaction-
‘at 15-minute intervals and analyze the crude reaction mixture by 'H NMR spectroscopy. Due to
the fact that the diene 198 ‘and the two hydrbgenation products 202_ and 203 were
chromatograbhically inéeparable (on silica gel), the crﬁde reaction mixture was simply filtered

through a plug of silica gel to remove.the Pd/C and then was concentrated. The crude material

was carried through to the next step without further purification.
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OTES OTES

H, (1 atm.)
Pd/C, EtOAC

I,"

(33)

202 203

While it was clear from our experience with the diene 198 that the oxidativeicleavag»e of
the exocyclic methylene in 202 would prove diffiéu]t, chemoselectivity was no longer an issue
and, as such, more forcing conditions were applied to effect this transformation. Unfortunately,
conditions specifically developed for the oxidative cleavage of hindered olefins'®'®' (0sO,-
pyridine, OsO4-quinuclidine"and 0s0,-DMAP) returned only starting material. Additionally,
RuO, oxidations'” led exclusively to an intractabl'e'mixture of com'p'ounds that were not
investigated further. It could be shown, however, that the passage of a mixture of oxygen and
ozone through a cold solution of the olefin 202 in CH,C), - MeOH,'® followed by workup with
DMSprridine, provided a 3:2 mixture of substances, which were readily separated by flash
chromatography, in good overall yield from the diene 198 (eq. 34). The spectral data collected
from the minor component of the mixture conformed to that expected for the epoxide 204. Low-
resolution mass spectrometric analysis of this material indicated a molecular ion that was
consisteﬁt with the assigned structure. Additionally, in the 'H NMR spectrum of 204, two 1-
‘proton doublets at & 3.03 and 2.92 (J =3.5 Hz) were diagnostic both in chemical shift and
coupling for the expected resonances of the epoxide methylene. The epoxidation of the olefin

function in 202 is not surprising as the recovery of epoxides from the ozonolysis of hindered

olefins is well documented.'®
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1.03;, MeOH ICH2C|2
(9:1),-78°C
2. DMS, pyridine

202

s,

(70% from 198)
S
0

204 , 205

[ratio 204:205:206 = 2:0:3]

The structure determination of the major product from the reaction was somewhat more
difficult. The IR spectrum of this material contained strong C=0 absorptions at 1773 and 1728
cm’'. The former C=Q stretching absorption could be attributed to the y-lactone c‘arbonyl and the
latter absorption seemed consistent with the ketone carbonyl in 205. The '"H NMR spectrum of
the major product from the ozonolysis was deplete of- olefinic proton resonances and ‘included

two proton resonances at 8 2.66 and 2.58, characteristic of the o.-keto-methylene protons
expected fer 205. However, analysis of the *C NMR spectrum of this material dispelled any
notion that the major product from the ozonolysis of 202 was the desired tetracyclic kefone 205.
The '*C NMR spectrum included two carbonyl resonances at 0 180.2 and 170.5, corresponding to
the y-lactone carbonyl carbon and a second lactone or ester carbon. Additibna]ly, the *C NMR
spectrum displayed two resonances typical for acyloxy carbons at & 87.1 and 86.7 as well as a -
resonance for the protected tertiary carbinol carbon at § 69.8. Taken together, this data.waS'
suggestive of a structure, such as 206, that includes both a y- and d-lactone. .In order to confirm
the proposed structure of the bis-lactone 206 in an uﬁambi guous manner, a suite of spectroscopic
experiments (HMQC, HMBC, COSY and APT) was performed on this material. Analysis of the
resulte from these experiments al]owed for the complete assignment of the proton and carbon
resonances in the molecule (Table 2.13, Experimental) and verified thaf the structure of the

major product from the ozonolysis of 202 was in fact 206.
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Although the production of 206 from the ozonolysis of 202 was somewhat surprising,

there is precedent for such rearrangements of ozonides iri the literature.'® A likely scenario for
the produvction of the bis-lactone 206 involves the rearrangement of a 'cyc]ic ozonide intermediate
such as 208, formed in turn from the fragmentation and recombination of the ini_tially formed
’ molozonide 207 (eq. 35). That the lactone 206 was isolated as the major product from the
ozonolysis reaction fuither attests to the Iing strain present in the bicyc10[3;2.1]octane pertion of
the tetracycle 202 and the thermodynamic incentive to release this strain via a Baeyer—Villiger

type rearrangement.

- OTES

— - 206 (35)
(TR |

0P

207 - 208

At this point, it was decided to remove the tri‘ethylsilyl protecting group and investigate
the ox‘i»dativve cleavage on the corresponding methyl ether. To this end, treatment of a solution of
the tetracyclic olefin 202 in THF with TBAF smoothly provided the tertiary alcohol 209. The
hydroxy! function in 209 was then directly converted to the corresponding methyl ether. Thus,
‘sequential treatment of the crude tetracyclic olefin 209 with KH and Mel provided the methyl
ether 210 in excellent yield (Scheme 2.32). Analysis of the spectroscopic data collected frem this
cdmpound was consistent with the aesi gned structure. The IR spectrum of 210 exhibited at strong
C=0 stretching absorption for the y-lactone carbonyl. The '"H NMR spectrum’ displayed two

overlapping olefinic proton resonances at § 4.98 and a 3-proton singlet at & 3.22 corresponding

to the methyl ether. The *C NMR spectrum included a carbonyl carbon resonance at $ 180.2,
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attributed to the y-lactone carbonyl, two olefinic carbon resonances at 6 157.3 and 109.4; and a
methoxyl carbon at & 52.1. Furthermore, an APT experiment performed on this material

confirmed the presence of a total of four methine and methyl carbons.

OTES
H, (1atm.) "
Pd/C, EtOAC
0‘
o
202
1. KH, THF

2. Mel

210

Scheme 2.32. Synthesis of the methyl ether 210.

With the methyl ether 210 iﬁ hand, aﬁ investigation of the penultimate step in the total
synthesis of (£)-13-methoxy-15-oxozoapatlin (22), that is the o*idative cleavage of the exocyclic |
methylidene function, was initiated. Fortunately, treatment of the olefin 210 with a catalytic
amouﬁt of RuCl, and NalO, in a mixed solvent system of MeCN-CCl,-H,0' provided the

ketone 211 in a high yiélding and rapid fashion (eq. 36). Spectroscopic aﬁalysis of this material

confirmed the assigned structure. The IR spectrum included two C=0 stretching absorptions at
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1770 (y-lactone) and 1733 cm™ (ketone). The 'H NMR spectrum of 211 exhibited a-3-proton

singlet for the methyl ether function at & 3.27. The *C NMR spectrum displayed two carbonyl
carbon resonances at & 218.8 (ketone) and 180.4 (y-lactone). Additidnal_]y, an APT experiment
carried out on this material verified the correct number.of methine and methy]A carbon -

resonances.

RuCls, NalQ,
MeCN, CCl,4, H,0

(36)

(78%)

210 | 211

Introduction of the requisite exocyclic methylidene group and, _consequently, completion
of the synthesis of (1)-13-methoxy-15-oxozoapatlin (22), was achieved in a straightforward
manner.'® Thus, generation of the potassium enolate of 211 was effected by treatment of this.
material with KHMDS. Addition of paraformaldehyde to the enolate thes generated, provided
the primary alcohol 212 which, upon subsequent addition to saturated aqueous NH,Cl, afforded
(1)-13-methoxy-15-oxozoapatlin (22) in moderate yieldA(eq. 37). The produetion of 22 was
accompanied by the recovery of a significant amount of starting material.’Unfortunately, at this
point, the accessible quantlty of the tetracyclic ketone 211 was insufficient to further investigate
and ultimately optimize this final transformation. However, with the recovery of starting matena]

taken into account the yield for this process was quite acceptable.

The spectral data exhibited by the synthetic material was in complete accordance with

that reported in the literature for (-)-13-methoxy-15-oxozoapatlin (22). 20 Addltlonally, the
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spectroscopic data ('H and *C NMR) acquired from an authentic sample of 22, isolated from

extracts of the South African tree Parinari curatellifolia ‘and provided to us by Xin-Hui Huang
and Dr. Raymond Andersen, was in agreement with thét collected from the synthetic material
(Figure 2.10 and 2.11). While thé structure of 22 has been unambiguously confirmed by X-ray |
crystallography,” a complete spectroséo_pic assignment of 'H and °C NMR resonances for this
substance has not been reported. Analysisvof HMQC, HMBC and COSY experiments pefforméd
on synthetic 22, al_lowed fér the full assignment of proton and carbon resonances for this
molecule (Table 2.14, Expen’mentai).

1. KHMDS, THF

-78°Ctort

2. paraformaldehyde
21 >

(37)

(41%, 84% based -
on recovered
starting material)

2.4 Conclusions

To the best of our knowledge, the work reported in this chapter constitutes the first total

~ synthesis of the G2 checkpoint inhibitor and antimitotic diterpenoid (1)-13-methoxy-15-

oxozoapatlin (22) as well as the first synthesis of a structure bearing the zoapatlin (17) skeleton.

Through the implementation of a linear sequence of 21 consecutive synthetic transformations, a

renewable source of this biologically significant compound has ultimately been realized.

Additionally, there are a number of points throughout the synthesis where a divergent strategy
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could be applied to.generate congeners of zoapatlin, thus setting the stage for investigatiohs into
the effect of structure on the biological activity of this potentially important family of

compounds.

The salient features of this total synthesis of 22 include a Dieis-Alder reaction between
the diene 93 and methacrolein (94), which led to the efficient, diastereoselective ‘construc.:tion the
A and B rings of 22 and a regioselective iodolactonization that provided the y-lactone 92 in
excellent yield (Scheme 2.33). More prominently, however, was _the development of a new
annulation sequence for the construction of bicyclo[3.2.1]octanes and the successful application
of this methodology to the synthesis of 22. Thus, addition of the novel bifunctional reagent 139
to the ketone 127 prévided the tertiary alcohol 128 as the major diastereomer in good yield. A
subsequent intramolecular Heck reaction highlighted the series of transformations that yielded
rapid access to the biéyclo[3.2.1]octane portion of the target molecule 22. This methodology
compliments those r_eported in the literature for the assembly of such structural moieties. The
1,2-addition of the bifunctional reagent 139 to a cyclic ketone permifs the inclusion of a
bridgehead hydroxyl function in the final bicyclo[3.2.1]octane, a structural necessity in both the
zoapatlins and the gibberellins. Furthermore, that this sequence of reactions initiates with the
easily accessible f,y-unsaturated ketone 127 and, through the straightforward transformations

described, resulted in construction of the desired trans-B-C ring fusion, lends this methodology

potentially useful to the synthesis of a great number of biologically significant diterpenoids.




)
1. EtAICL, (1.1 eq)
CH,Cly, -95 °C
O 2.DIBAL, Et,0

\[/ o3 .(53%)'

Na HCO3, I
MeCN, H,0

(95%)

TESOTf, Et;N
CH,Cl,, -78 °C

R ———

(99%) ) /

o .

NIS 128 R = SnMe,
CH,Cl, |
(98%) 120R =1

O /”\/
: MgB
‘ Me3Sn asr

139

e

Pd(OAc), (1 eq.)
PMP, THF, reflux

OTES

(80%)

Scheme 2.33. Total synthesis of (i)—l3-methoxy¥15—oxozoapatlin (22).
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2.5 Experimental

Gerleral

All reactiqns described in this dociir.nent were performed under an atmosphere of dry
argon using glassware that had been thoroughly flame dried or oven (140 °C) dried uniess
otherwise specified. Glass syringes, stainless steel needles and Teflon® cannulae were used to
handle various anhydrous reagents and solvents, and were oven dried end flushed with argdn
prior to use. For the accurate measurement of sub milliliter volumes of liquid reagents, gas-'tight
microliter syringes (Hamilron series 1700) were used. Microliter syringes were dried under
reduced pressure (vacuum pump)-stored in a desiccator and flushed with argon prior to use.

THF was distilled from sodium/benzophenone, 'Et2-OI was distililed from
sodium/benzophenone, CH,Cl, was distilled from CaH,, benzene was distilled from CaH,,
MeOH was distilled from Mg with catalytic I, and diisopropylamine was distilled from CaH,.
“BuOH was sparged with argon for 0.5 h prior to distillation from CaH,. Commercial EtOH
(reagent grade), ethylene glycol (reagent grade), 2,2-dimethyl-1-propanol (reagent grade), Et;N
(anhydrous), DMPU (reagent grade), DMS (reagent grade), 2,2-dimethoxypropane (reagent
grade), and pyridine (anhydrous) were used withoiit further purification. MeCN (HPLC grade), |
acetone (HPLC grade), CCl, (HPLC grade), n-propémol (HPLC grade), i-propanol (HPLC
grade), n-butanoi (HPLC grade), and EtOAc (HPLC grade) were used without further
purification. DMSO and DMF were dried sequentially over molecular sieves. Molecular sieves
were dried under vacuum with heating (120 °C) for 5 hours prior to use.

Cold temperatures were maintained by the use of the following reaction baths: 0 °C, ice-

water; -20 °C, -35 °C, -48 °C, aqueous calcium chloride-dry ice (27, 39, and 47 g CaCl,/100 mL

H,0, respectively)'’’; -78 °C, acetone-dry ice; -98 °C, methanol-liquid nitrogen.
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Flash chromatography was carried out with 230-400 mesh silica gel (E. Merck, Silica Gel

60 and Silicycle Silica Gel 230-400 mesh) folloWing the techﬁique described by Still.'”® Gel

permeation chromatography was carried out with lipophilic ‘Se‘ph‘adex LH-20 (Sigma, bead size

25 — 100 w). High performance liquid chromatography (HPLC) was pérforfned usihg a Waters

| 600E Multisolvent Delivery System connected to é Waters 486 tunable Absorbance Detector or a
Waters 515 HPLC pump connected to a Waters 2487 Dual A Absorbance Détector. Thin léyer
chromatography was carried out on commercial aluminum backed silica gel 60 plat_es (E Merck,
type 5554, thickness 0.2 mm). Visualization of chromatograms was accomplished‘using'
ultraviolet light (254 nm) and/or iodine (iodine which had been adsorbed onto unbound éilica
gel) followed by heating the‘ plate after staining with one of the following solutions: (a) vanillin
in a sufuric acid-EtOH mixture (6% vanillin w/v, 4% sulfuric acid v/v, and 10% water v/v in
EtOH); (b) 20% phosphomolybdic acid w/v in EtOH; (c) anisaldéhyde in a sulfuric acid-EtOH
mixture (5% anisaldehyde v/v and 5% sulfuric acid v/v in EtOH); (d) 20% ceric ammonium
molybdate w/v in H,O; (¢) 20% potassium permanganate w/v in H,0.

Concentration, evaporation or removal of solvent under reduced pressure (water
aspirator) refers to solvent removal via a Biichi rotary evaporator at ~15 Torr.

Gas-liquid chromatography (GLC) was performed on Hewlett-Packard models 5880A
and 5890 gas chromatographs, both equippéd with flame ionization detectors and fused siiica
columns (Hewlitt-Packard HP-5, ~25 m x 0.20 mm coated with 5% phenylmethylsilicone). |

Melting points were measured on a Fisher-Johns melting point apparatus and are

-*’uncérrected. ot e e

NMR spectra were recorded using deuteriochloroform (CDCly), hexadeuteriodimethyl

sulfoxide (DMSO-d,) or hexadeutereobenzene (CDy) as the solvent. Signal positions (8) are

given in parts per million from tetramethylsilane (8 0) and were measured relative to the signal

of the solvent in which the sample was analyzed (CDCl;:§ 7.24 'H NMR; 8 77.0, °C NMR;
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DMSO-d;: & 2.49, '"H NMR; 8§ 39.7, *C-NMR; C;Dg: & 7.15, 'H NMR; § 128.0, "C NMR).

Coupling constants (J values) are given in Hertz (Hz) and are reported to the nearest 0.1 Hz The
tin-proton coupling constants (JSn_H) are given as an average of the ''’Sn and '°Sn values. 'H
NMR spectral data are tabulated in the order: multiplicity (s, singlet; d, doublet; dd, doublet of
doublets; t, triplet; q, quartet; m, multiplet), coupling constant, number of protons and proton
-assignment where applicable. Whére APT (attached proton test) data is given, signals with
negative phases (methyl and methine carbons) and signals with positive phases' (methylene and
quaternary carbons) are indicated in brackets (-ve) or (+ve) respectively, following the BC NMR
chemical shift. Proton nuclear magnetic resonance ('H NMR) spectra were recorded on Bruker
models WH-400 (400 MHz), Avance-400 (400 MHz) or AMX-500 (500 MHz) spectrometers.
Carbon nuclear magnetic résonance (*C NMR) spectra were recorded on a Bruker AM-400
(100.5 MHz) spectrometer.

Infrared (IR) spectra were recorded on a Perkin Elmer 1710 Fourier transform
spectrophotometer with infemal calibration as films between sodium chloride plates (liquid
samp]es) or as potassium bromide pellets (solid samples). Only selected, characteristic
absorption data are provided for each compound.

Low and high resolution electron impact (EI) mass spectré were recorded on Kratos
MS50 or MS80 mass spectrometers at 70 eV. The molecular ion (M") masses are reported unless
otherwise stated. Low and high resolution desorption chemical ionizatiOn.(DCI) mass spectra
| were recorded on a Delsi Mermag model R-10-10C mass spectrometer using either ammonia,
isobutane or methane or mixtures of these materials as the ionizing gas. Low and high resolution
fast atom bombardment (FAB) mass spectra were recorded on a Kratos Concept II HQ mass
spectrometer. All compounds subjected to high resolution mass measurements were
homogeneous by GLC and/or TLC analysis. The low and high resolution mass spectrometric

analyses were performed by the UBC Mass Spectrometry Laboratory.
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" Elemental analyses were performed on a Carlo Erba model 1106 CHN elemental analyzer

or on a Fisons EA model 1108 elemental analyzer using standard micro-analytical téchniques.
These analyses were performed by the UBC Microanalytical Laboratory.

Optical rotations of samples were measured with a Jasco P 1010 polarimeter at 589 nm (sodium

‘D’ line).
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Preparation of ( 2R*)-1.1-ethylenedioxy-2-( 3.3-(ethylenedioxy)butyl)-2-methyl-cyclohexan-3-

one (94).

To a cold (-78 °C), stirred solutioﬁ of 2-(3-oxobutyl)-2-methylcyclohexane-1,3-dione (95) (2.80
g, 14.3 mmol) and 1,2-bis(trimethylsilyloxy)ethbane (3.50 mL, 14.3 mmol) in dry CH,Cl, (30
mL), was added trimethylsilyl trifluoromethanesulfonate (0.260 mL, 1.43 mmol). After the
solution had been -stirred at -78 °C for 2 hours, an additional quantity of 1,2-
bis(trimethylsilyloxy)éthane (3.50 mL, 14.3 mmol) was added and the reaction mi;(ture was
stirred for a further 3 hours at -78 °C. The mixture was treated at -78 °C with saturated aqueous
NaHCO, (20 mL) and the résu]ting mixture was diluted with Et,0 (40 mL) and alloWed to warm
to roém temperature. The phases were separated and the aqueous phase was extracted with Et,0O
(2x40 mL).'.The combined organic phases were washed with brine (25 mL), dried (MgSO,) and
concentrated. Purification of the crude product by flash chrdmatography (200 g of silic‘a gel,
1:1:2 petroleum ether - Et,0 — CH,Cl,) and removal of trace amounts of solvent (vacuum pump)

from the resulting liquid provided 3.28 g (82%) of 94 as a colorless oil.

- 'H"NMR (400 MHz, CDCl,) 8: 3.85-3.98-(m, 8H);2.45 (m, 1H), 2.28 (m, 1H), 2.10 (m, 1H),

1.92 (m, 1H), 1.55-1.88 (m, 5H), 1.28 (s, 3H), 1.27 (m, 1H), 0.98 (s, 3H).

5C NMR (100.5 MHz, C,D,) 8: 210.1, 114.0, 109.8, 65.2, 65.1, 64.7, 64.6, 58.8, 37.3,33.9, 29.9,

29.7,24.0, 19.6, 13.4.
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IR (neat): 2957, 2882, 1713, 1460, 1376, 1223, 950, 853 cm’.

Exact mass calcd for C;sH,,05: 284.1624; found: 284.1624.

Preparation _of (2R*)-l.1-ethv]enedioxv—2—(3.3—(ethvlenedioxv)butvl)—Z-methvl-S-trifluoro—

methanesulfohvloxvcvclohex—3-ene (103).

G

Tt

To a cold (0 °C), stirred solution of diisopropylamine (2.00 mL, 14.3 mmol) in dry THF (30 mL)
was added a solution of n-BuLi (1. 6 M in hexanes, 8.60 mL, 13.8 mmol). After the reaction
mixture had been stirred for 20 minutes, it was cooled to -78 °C and (2R*)-1 l-ethylenedloxy 2-
(3,3-(ethylenedioxy)butyl)—2-methylcyclohexan-3—one (94) (2.90 g, 10.2 mmol) was added as a
‘solution in dry THF (15 mL). After the mixture had been stirred for 2 hours at -78 °C, N-
phenyltrifluoromethanesulfonimide (7.3g, 20.4 mmol) was added as a solid to the yel]oWish |
suspension, and ‘the reaction mixture was warmed to'fdom temperature. After the mixture.had
been stirred at room temperature for 1 hour, it was treated with H,O (20 mL) and the resultant
.mixture was diluted with Et,0 (30 mL). The phases were separated and the aq'ueous phase was
extracted with Et,0 (2 x 40 mL). The combined organic phases were washed with brine (25 mL),

dried (MgSO,) and concentrated. Purification of the crude product by flash chromatography (200

g of silica gel, 3:2 petroleum ether - Et,0) and removal of trace amounts of solvent (vacuum
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pump) from the resulting solid provided 3.4 g (80%) of the triflate 103 as a colorless solid (mp

65 °C).

lH NMR (400 MHz, CDCl,) 8: 5.67 (dd, 1H, J =4, 4 Hz), 3.80—3.97 (m, 8H), 2.10-2.20 (m,-2H),

1.54-1.76 (m, 6H), 1.22 (s, 3H), 1.07 (s, 3H).

5C NMR (100.5 MHz, CDCly) 8: 152.1, 118.2 (g, -CF,, J = 319.7 Hz), 1157, 111.3, 109.7, 65.0,

64.7,64.5, 64.4,46.6,34.4,30.5, 26.8, 23.6,20.6, 17.9.

IR (KBr): 2985, 2888, 1412, 1212, 1143, 1031, 987, 883 cm’.

Exact mass calcd for C,(H,,0,F;S: 416.1117; found: 416.1120.

Anal. calcd for C,H,;,0,F,S: C 46.15, H 5.57; found C 46.36, H 5.72.
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Preoération of (2R*)- 1 .1-ethylenedioxy-2-(3 3-(ethylenedioxy)butyl)-2-methyl-3-vinylcyclohex-

~ 3-ene (93).

A mixture of the triflate 103 (206 mg, 0.495 mmol), Pd(PPh;), (57 mg, 0.049 mmol), LiCl (126 |
mg, 3.00 mmol), CuClI (250 mg, 2.50 mmol) and tributylvinyltin (0.292 mL, 1.00 mmol) in dry

DMSO (5.0 mL) was frozen .(-78 °C), allowed to warm to room temperature under vacuum and
then purged with Argon. After 2 additional repetitions of the freeze-thaw procedure, the reaction
mixture was.stirred at room temperature for 1-hour and at 60 °C for 1.5 hours. Thé reaction
mixture was then treated with saturated aqueous NH,CI-NH; (pH 8) (10 mL) and the resultant
mixture was diluted with Et,0 (10 mL). The phases were separated and the aqueous phase was

extracted with Et,0 (2 x 15 mL). The combined organic phases were washed with brine (4 x 10

| mL), dried (MgSO,) and concentrated. Purification of the crude product by flash

chromatography (40 g of silica gel, 3:2 petroleum ether - Et,0) and removal of trace amounts of

solvent (vacuum pump) from the resulting liquid provided 144 mg (98%) of 93 as a colorless oil.

'H NMR (400 MHz, CDCl,) &: 6.23 (ddd, 1H, J = 0.9, 10.7, 17.1 Hz), 5.78 (dd, 1H,J =3.8,3.8

Hz), 5.27 (dd, 1H, J = 2.0, 17.1 Hz), 4.88 (dd, 1H, J = 2.0;:10.7 Hz); 3.82-3:96-(m, 8H), 2.14-

2.20 (m, 2H), 1.48-1.77 (m, 6H), 1.23 (s, 3H), 1.04 (s, 3H).
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3C NMR (100.5 MHz, CDCly) 8: 142.9 (+ve), 136.7 (-ve), 122.2 (-ve), 113.6 (+ve), 112.5 (+ve),

110.3 (+ve), 64.7 (+ve), 64.4 (+ve), 64.4 (+ve), 64.4 (+ve), 44.2 (+ve), 34.8 (+ve), 31.4 (+ve),
26.9 (+ve), 23.9 (+ve), 23.7 (-ve), 20.7 (-ve).
IR (neat): 2979, 2878, 1461, 1376, 1202, 1144, 1098, 995, 949, 911, 851 cm™.

Exact mass calcd for C;H,O,: 294.1831; found: 29_4.1829.

Anal. calcd for C,,H,0,: C 69.34, H 8.91; found C 69.17, H 8.89.

Preparation of (1R*, 4aS*, SR *)-1—(3,3;(ethvlenedioxv)butvl)-Z.2-ethv1enedioxv-l.5-dimethv1—5-

hydroxymethyl-1,2.3.4.42.5.6.7-octahydronaphthalene (107) and (IR*, 4aR *, 5§*)-1-(3.3-

( ethvlenedioxv)butvl)—2.2-ethvlenedioxv—1.5—dimethvl—S—hvdroxvmethvl-1 2344a.5.6.7-

octahvdrohaohthalene (108).

96 v 106 107 108

To a cold (-95 °C), stirred solution of the diene 93 (1.30 g, 4.4 mmol) and methacrolein (0.73
mL, 8.8 mmol) in dry CH,Cl, (43 mL) was added, dropwise, a solution of EtAICl, (1.0 M in

hexane, 4.8 mL, 4.8 mmol). After the mixture had been stirred for 2 hours at--95 °C, it was
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quenched with saturated aqueous NaHCO; (20 mL) and the resultant mixture was diluted with

~ E,0 (40 mL) and a]loWed to warm to room temperature. The phases were separatéd and the
aqueous phase was extracted with Et,0 (2 x 40 mL) The combined organic phases were washed
with brine (25 mL),‘dried (MgS0,) and concentrated under reduced pressure to yield an
inseparable mixture (silica gel chromatograp.hy) 6f the aldehydes 96 and 106 (2:1 by 'H NMR
spectroscopic analysis) as a crude oil which was usgd without further purification.. .

To a cold (0 °C), stirred solution of the aldehydes 96 and 106 in Et,0 (40 mL) was added a
solution of DIBA_L (1.0 M in hexane, 4.8 mL, 4.8 mmol). After 1 hour, Na,50,"10 HZO. (5.0 g,
15.5 mmol) was added and the reaction mixture was warmed to room temperature and stirred for
an additional 30 minutes. Thé mixture was filtered, the collected mat_erial was washed with Et,O
(100 mL) and the solvent was removed from the filtrate under reduced pressure. The crude
product was‘purified by flash chromatography (150 g of silica gel, 3:2 CH,Cl, - Et,0) and the
appropriate fractions were combined and concentrated to provide 0.442 g (27%) of 108 (R; =
- 0.3, 3:2 CH,Cl, - EtZO) and 0.846 g (53%) of 107 (R;=0.2, 3:2 CH,Cl,- E,0), both as colorless
solids. Recrystallization of 108 from pentane - Et,0 afforded the alcohol 108 as colorless needles
(mp 94 °C). Similarly, recrysta]lizati(;n of 107 from pentane - Et,O afforded the desired alcohol

107 as colorless needles (mp 105 °C).

(1R*,4aR*,55%)-1-(3 ,3-(ethy_lenedioxy)butyl)-2,2-ethylehedioxy- 1 ,5-dimethyl-S-hydroxymet.hyl _

-1,2,3,4,4a,5,6,7-octahydronaphthalene (108):

- R P - - ’ R - C e e e e

'"H NMR (400 MHz, CDCI,) 8: 5.50 (m, 1H), 3.85-3.95 (m, 8H), 3.47 (dd, IH, J=5.5,10.7 Hz),
3.29 (dd, 1H, J = 4.9, 10.7 Hz), 2.03-2.14 (m, 2H), 1.95 (bd, 1H, J = 12.5 Hz), 1.86 (ddd, 1H,J =
5.3, 14, 14 Hz), 1.79 (m, 1H), 1.48-1.75 (m, 4H), 1.36 (m, 1H), 1.32 (s, 3H), 1.28 (m, 1H), 1.10-

1.22 (m, 2H), 1.07 (s, 3H), 1.03 (m, 1H), 0.90 (s, 3H).
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13C NMR (100.5 MHz, CDCl,) 8: 141.1, 118.3, 113.5,110.4, 69.8, 64.8, 64.7, 64.3, 64.3, 47.3,

39.0, 35.6, 33.0,31.0, 25.5, 25.4, 24.5, 23.6,21.9,21.0, 20.6.

IR (KBr): 3505, 2931, 1459, 1377, 1263, 1192, 1138, 951, 909, 861 cm™.

- Exact mass calcd for C,,H,,05: 366.2406; found: 366.2406.

Anal. caled for C,,H,,0,: C 68.82, H 9.35; found C 68.67, H 9.32.

(1R*4a$S *,SR*)-1-(3,3—(ethylenedioxy)butyl)—2,2-ethylcnedioxy—1,5-dimethyl-S—hydroxymethyl
—1,2,3,4,4a,5,6,7-octahydronaphthalene (107): |

'H NMR (400 MHz; CDCl,) §: 5.42 (m, 1H), 3.85-95 (m, 8H), 3.48 (dd, 1H, J = 6.1, 10.7 Hz),
3.33 (dd, 1H, J = 5.5, 10.7 Hz), 1.84-2.14 (m, 5H), 1.64-1.78 (m, 2H), 1.18-1.54 (m, 6H), 1.28

(s, 3H), 1.06 (m, 1H), 0.94 (s, 3H), 0.93 (s, 3H).

bC NMR (100.5 MHz, CDC],) &: 141.3, 120.5, 113.4, 110.3, 70.4, 65.2', 65.1, 64.6, 64.6, 49.0, |

39.7,36.1, 33.3, 30.9, 29.1, 26.3, 25.4, 23.8, 22.3, 21.9, 15.9.
IR (KBr): 3506, 2877, 1474, 1446, 1376, 1277, 1207, 1078, 951, 868 cm’.

Exact mass calcd for C,,H;,0;: 366.2406; found: 366.2409.

Anal. caled for C,,H;,05: C 68.82, H 9.35; found C 69.04, H 9.36.
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Preparation of (1R*, 4aS *, 5R*)—1.5-dimethvl-5-hvdroxvmethvl-1-(3—0xobutvl)—1._2.3.4.4a.5.6.7«

octahydronaphthalen-2-one (109).

To a stirred solution of the élcohol 107 (272 mg, 0.75 mmol) in aceténe (5.0 mL) and sz 2.0
mL) was adaed p-TsOH (142 mg, 0.75 mrhol) and the fesulting solution was heated to reflux for
1.5 hours. The reaction was cooled to room temperafure and concentrated under reduced
pressure. The residual mixture was treated with saturated aqueous NaHCO; (15 mL) and the
resultant mixture was difuted with Et,0 (25 mL). The phases were separatéd aﬁd the aqueous
phase was extracted with Et,0 (2 x 20 mL). The combined organic phases were washed With
“brine. (25 rnL), dried (MgSO4) and concentrated under reduced pressure to yield 209 mg (100%)

of the dione 109 as colorless needles (mp 109 °C) which required no further purification.

'H NMR (400 MHz, CDCl,) d: 5.54 (dd, 1H, J = 4, 4 Hz), 3.49 (dd, 1H, J = 6.1, 10.7 Hz), 3.37
(dd, l.H, J=5.2,10.7 Hz), 2.60 (ddd, 1H, J =72, 11.8, 15.6 Hz), 2.41 (ddd, 1H, J = 3.1, 6.1,
15.6 Hz), 2.27 (dd, 2H, J =8, 8 Hz), 2.20(dd, 1H, J = 4.3, 12.8 Hz), 1.98-2.13 (m, 3H), 2.10 (s,
3H), 1.79 (ddd, 1H, J = 8.2, 8.2, '14.3 Hz), 1.41 (ddd, 1H, J = 6.1, 11.8, 12.2 Hz), 1.28-1.35 (m,

2H), 1.14 (m, 1H), 1.11 (s, 3H), 0.98 (s, 3H).
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3C NMR (100.5 MHz, CDCL,) 8: 213.8 (+ve), 208.1 (+ve), 140.8 (+ve), 121.6 (-ve), 69.4 (+ve),

55.0 (+ve), 39.8 (-ve), 38.0 (+ve), 37.7 (+ve), 36.3 (+ve), 31.1 (+ve), 30.0 (-ve), 26.6 (+ve), 26.0

(fye), 22.3 (+ve), 21.§ (-ve), 18.9 (-ve).

IR (KBr): 3414, 2971, 1697, 1422, 1372, 1176, 1057,923 cm'.
Exact mass calcd for C,;H,,0,: 278.1882; found: 278.1879.

Anal. calcd for C;7H2603: C 73.35,H9.41; found C 73.15, H 9.38.

X-Ray crystallographic data: see Appendix 2.1
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Preparation of (4aS’f‘. SR*, 8aS*)-4a.8—dimethvl—8-hvdroxvmethvl-2.3.4.4a._6,7.8.8a.9,10-

decahvdrophenanthren-2-one (110).

A soiution of the dione 109 (300 mg, 1.08 mmol) and NaOH (432 mg, 10.8 mmol) in dry‘MeOH
(10.8 mL) was sfirred for 9 hours at room temperature. The resulting orange solution was
acidified to pH 2 with 1N aqueous HCI aﬁd_ the resultant mixture was diluted with Et,0 (50 mL).
The phases were s¢parated and the aqueous phase was extracted with Et,0 (2 x 50 mL). The
combined organic phases were Wéshed with brine (25 mL), drie_d (MgSO,) and concentrated.
Purification- of the crude product by flash chromatography (150 g of 'silica g.el., 3:2 hexanes -
EtOAc) and removal of trace amounts of solvent (vacuum pump) from the resulting solid

provided 252 mg (90%) of the enone 110 as a colorless solid (mp 112 °C).

'H NMR (400 MHz, CDCl,) &: 5.78 (bs, 1H), 5.58 (dd, 1H, J =4, 4 Hz), 3.41 (d, 1H,/=11.0
Hz), 3.25 (d, 1H, J = 11.0 Hz), 2.49 (ddd, 1H, J = 5.7, 14.5, 17.9 Hz), 2.34 (dd, 1H, J= 50,179
Hz), 2.14—2.25 (m, 2H), 1.99-2.10 (m, 3H), 1.70-1.91 (m, 3H), 1.57 (ddd, 1H, J=1.5,54,13.0

Hz), 1.52 (m, 1H), 1.31 (s, 3H), 1.23 (m, 1H), 1.09 (dd, 1H, J = 5.0, 12.9 Hz), 0.'87_(s, 3H). N

- BC NMR (100.5 MHz, CDCl,) 8:199.1 (+ve), 174.3 (+ve), 145.5 (+ve), 125.1 (-ve), 119.0 (-ve),
69.7 (+ve), 42.9 (+ve), 38.3 (-ve), 35.7 (+ve), 35.4 (+ve), 34.2 (+ve), 29.6 (+ve), 26.9 (+ve), 25.0

.(+ve), 21.8 (+ve), 21.5 (-ve), 20.6 (-ve).

IR (KBr): 3413, 2909, 1651, 1445, 1359, 1229, 1047, 940 cm™,

Exact mass calcd for C,;H,,0,: 260.1776; found: 260.1777.
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Anal. calcd for C,;H,,0,: C 78.42, H 9.29; found C 77.85, H 9.30.

Preparation of (4aS*. 8R*, 8aS*)-4a.8-dirnethvl—8-f0rmvl-2,3,4,4a,6,7.8.8a.9,10-decahvdro- '

phenanthren-2-one (91).

To a stirred solutién of the enone 110 (36 mg, 0.14 mmol) and 4-methylmorpholine N—oxide 19
mg, 0.16 mmol) in CH,Cl, (1.5 mL) at room temperature, was added a catalytic amount of
tetrapropylammonium perruthenate. After 30 minutes, the crude reaction mixture was passed
through a plug of silica gel (50 g) and the product was eluted with Et,O - petroleum ether (2:1).
Concentration of the filtrate and removal of trace amounts of solvent (vacuum pump) from the

resulting solid provided 31 mg (87%) of the aldehyde 91 as a white solid (mp 113 °C).

'H NMR (400 MHz, CDCl,) 8: 9.53 (s, 1H), 5.80 (s, 1H), 5.65 (d, 1H, J = 4.2 Hz), 2.53‘(d'dd,
1H, J=5.3, 14.5, 17.9 Hz), 2.38 (dddd, 1H, /= 0.8, 1.9, 5.3 17.9 Hz), 1.96-2.28 (m, 6H), 1.67-
v1‘.80 (m, 2H), 1.64 (ddd, 1H, J = 1.9, 5.7, 11.5 Hz), 1.50 (ddd, 1H, J = 3.8, 8.8, 11.8 Hz), 1.43
(m, 1H), 1.34 (s, 3H), 1.01 (s, 3ﬁ). |

'*C NMR (100.5 MHz, CDCl,) é: 205.7 (-ve), 198.6 (+vé), 172.5 (+ve), 143.6 (+ve), 125.5 (-ve),

119.7 (-ve), 46.9 (+ve), 42.8 (+ve), 37.6 (-ve), 35.5 (+ve), 34.2 (+ve), 29.4 (+ve), 27.7 (+ve),

22.4 (+ve), 21.7 (-ve), 21.2 (+ve), 18.7 (-ve).
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IR (KBr): 2933, 1718, 1662, 1623, 1460, 1212, 917, 886 cm™. .

Exact mass calcd for C,,H,,0,: 258.1620; found: 258.1624.

Anal. caled for C,;H,,0,: C 79.03, H 8.58; found C 78.87, H 8.66.

Preparation of (4aS*, 8R* 8aS *)—4a,8—dimethvl-8—carboxv-2,3.4,4a.6,7.8.8a.9.10-decahvdro—

phenanthren-2-one (111) and (4aS*, 4bS*. SR¥ 8R * _8aR*)-4a.8-dimethyl-5-iodo-

2.3.4.4a.4b.5.6,7.8.8a.9, 10—dodecahvdroohenanthren—Z-one—8.4b—carbolactohe (92).

111 92

To a stirrcd solution of the aldehyde 91 (120 mg, 0.465 mmol) in +-BuOH (6.0 mL) and 2-
methyl-2-butene (1.0 mL) at room temperature, was added a solution of Na_ClO2 (376 mg, 4.15
.mmol) and NaH,PO,-H,O (446 mg, 3.23 fnmol) in H,0 (3.6 mL). After 1.5 hours, the reaction |
mixture was acidified to pH 2 with IN aqueous HCI and the resultant mixture was diluted with
Et,0 (25 mL). The phases were separated and the aqueous phase was extracted with E,O (2 x 20
mL). The combined organic phases were washed with briné (25 mL), dﬁed (MgSO,) and
| concentrated. The crude acid 111 was used in ‘the Vnext transformation without further

purification.
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To a stirred solution of the crude acid 111 in MeCN (5.0 mL) and H,0 (2.0 mL) at room

temperature was added NaHCO, (156 mg, 1.83 mmol) anld the resulting sﬁspension was stirred
for 5 mimﬁe’s. After this time, I, (236 mg, 0.929 mmol) was added and the reaction mixture was
stirred for a further 1.5 hours at room temperature. Saturated aqueous NaHCO, (10 th) was
" added and the resultant mixture was diluted with Et,0 (20 mL). The phases were separated and
the aqueous phase was extracted v_v.ith Et,O (2 x 20 mL). The combined organic phasés were
washed with Na,SO, (10%'aqueous solution, 10 mL), brine (25 mL), dried (MgSO,) and
concentrated. Purification of the crﬁde product by flash chromatography (50 g of silica gel, 10:1
CH,C], - Et,0) and removal of trace amounts of s.olvent (vacuum pump) from the resulting solid
provided 168 mg (90%) of the iodo lactone 92 as a colorless solid (mp 125-128 °C -

decomposition).

'H NMR (500 MHz, CDCL,) §: 5.82 (s, 1H, H-1),4.45 (d, 1H, H-5, J = 5.0 Hz), 3.03 (dd, IH, H-
8a, J = 4.4, 14.0 Hz), 278 (m, LH, H-100), 275 (m, 1H, H-4p), 2.64 (ddd, 1H, H-30, J = 4.9,
15, 15 Hz), 2.58 (m, 1H, H-10B), 2.46 (m, 1H, H-3p), 2.41 (dd, 1H, H-6B, J = 6, 6, 16.1 Hz),
221 (dd, 1H, H-6@,, J = 5.5, 16.1 Hz), 1.99 (ddd, 1H, H-4at, J = 2.5, 4.9, 12.6 Hz), 1.84 (ddd,
1H, H-7B,J = 6, 6, 13.1 Hz), 1.75 (m, 1H, H-9p), 1.62 (dd, 1H, H-70, J = 6.0, 13.1 Hz), 1.56 (m,

1H, H-9a), 1.43 (s, 3H, H-13), 1.17 (s, 3H, H-12).

13C NMR (100.5 MHz, CDCLy) &: 196.5 (+ve, C-2), 178.7 (+ve, C-11), 165.7 (+ve, C-10a), 126.6
(Ve C-1)-85:8 (4Ve; C-4b), 51.5 (-ve; C=8a); 48.0 (+ve, C-8),41.6(+ve, €-4a), 33.8 (+ve, C-6),
33.7 (+ve, C-3), 32.6 (+ve, C-7), 31.4 (-ve, C-5), 31.0 (4+ve, C-4), 28.4 (+ve, C-10), 23.8 (-ve, C-

13), 18.5 (+ve, C-9), 16.4 (-ve, C-12).

IR (KBr): 2951, 1773, 1661, 1611, 1452, 1265, 1202, 1125, 1085, 922, 946 771 cm'.
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Exact mass calcd for C;H,,0,1: 400.0536; found: 400.0538.
Anal. calcd for C,;H,,0,I: C 51.01, H 5.29; found C 50.93, H 5.28.

The assignment of proton and carbon resonances observed in the 'H and "*C NMR spectra of the

iodo lactone 92 are summarized in Tables 2.3 and 2.4. These assignments are based on analysis

of HMQC (Table 2.3), HMBC (Table 2.3), COSY (Table 2.4), and 1D NOESY (Table 2.4) data.
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Table 2.3. NMR data for (4aS*, 4bS*, SR*, 8R*, BaR*)-4a,8-dimethyl-5-iodo-
2,34, 4a 4b,5,6,7,8,8a,9,10- dodecahydrophenanthren-2-one-8,4b-carbolactone (92)
(recorded in CDCl,).

Carbon BC ' 'H , HMBC®
No. & (ppm)’ 8 (ppm) (mult, J (Hz))>* o
1 126.6 H 5.82(s) H-100., H-108
2 196.5 H-3a, H-38, H-40
3 33.7 Ho 2.64 (ddd, J=4.9, 15,15Hz) H-1, H-4f, H-4«x
_ Hp 2.46 (m)
4 31.0 Ho 1.9 (ddd, T = 2.5, 4.9, 126 H-3a, H-38, H-13
) P, H
HB 2.75 (m)
4a  41.6 : H-1, H-3B, H-4a, H-5, H-10B, H-13
4b  85.8 : - ' '~ H-60, H-9B, H-13 ‘
5 31.4 4.45 (d, J = 5.0 Hz) H-60, H-70.
6 338 Ho 221 (dd, T = 5.5, 16.1 Hz) H-7c, H-7B

HP 2.41 (ddd, J =6, 6, 16.1 Hz)
7 32.6 Ho 1.62 (dd, J = 6.0, 13.1 Hz) H-5, H-60, H-6p, H-8a, H-12
- HP 1.84 (ddd,J =6, 6, 13.1 Hz)

8 48.0 H-60, H-7a, H-7B, H-8a, H-12

g8a 515 H 3.03 (dd, J = 4.4, 14.0 Hz) H-5, H-7a, H-78, H-9a, H-100,, H-12
9 18.5 Hot 1.56 (m) H-8a, H-100,, H-108

3 HP 1.75 (m) .
10 284 Ha 2.78 (m) H-8a, H-90, H-9B, H-1
Hp 2.58 (m) :

10a  165.7 ‘ H-40, H-9B, H-100, H-10B; H-13

11 178.7 H-7B, H-8a, H-12 '

12 164 H 1.17 (s) H-7a, H-7B,

13 238  H143(s)- - : H-40, H-4p -

“Recorded at 100.5 MHz. *Recorded at 500 MHz. ¢ Assignments based on HMQC data.
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Table 2.4. NMR data for (4aS*, 4bS*, SR*, 8R*, 8aR*)-4a,8-dimethyl-5-i0do- :
2.3.4.4a,4b,5,6,7,8,8a,9,10-dodecahydrophenanthren-2-one-8,4b-carbolactone (92)
(recorded in CDCl,).

Proton 'H CcOoSY*? NOE®
No. d (ppm) (mult, J (Hz))" :
1 5.82(s) | H-100.
3a 2.64 (ddd, J =4.9, 15, 15 Hz) H-3B, H-40, H-48
3 246 (m) H-30, H-40, H-4p
4a 1.99 (ddd,J=2.5,49,12.6 Hz) H-3q, H-3B, H-4p3
4B 2.75 (m) H-3a, H-33, H-4a v
5 4.45(d,J=5.0Hz) H-60, H-63 H-40, H-483, H-60, H-63
60 2.21(dd,J=5.5,16.1 Hz) H-5, H-6B, H-Ta,, H-7B
6 2.41(ddd, J =6, 6, 16.1 Hz) H-5, H-60, H-7a., H-78
70 1.62(dd,J=6.0, 13.1 Hz) H-6c., H-68, H-7B
78 1.84(ddd,J=6,6,13.1 Hz) H-6a, H-6B, H-701
8a 3.03 (dd, J=4.4, 14.0 Hz) H-9¢, ’H-9B _ H-78, H-10pB, H-12
9. 1.56 (m) H-8a, H-9B, H-10a, H-108
9B . 175 (m) H-8a, H-9, H-108
100, 2.78 (m) H-9c, H-10p
108 2.58 (m) H-9¢, H-9B, H-10a
12 L17(s) H-70, H-7B, H-8a, H-9B
13 1.43 (s) H-4a, H-3a, H-9a '

* *Recorded at 500 MHz. ®Recorded as NOE difference at 400 MHz using 1D selective NOE experiments.
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Preparation of (4aS*, 4bS*, 8R*, 8aR*)-4a,8-dimethyl-2.3.4.4a.4b.5.6.7.8.82.9.10-dodecahydro-

phenanthren-2-one-8.4b-carbolactone (46) and (4aR*, 4bS*, 55*, 8R* 8aS*)-4a 8-dimethyl-

'2.3.4,4a.4b,5,6,7.8.8a.9,10-dodecahvdronhcnanthren—2-one-8.5-carbolactone (113).

a6 | 113

Procedure A. To a stirred solution of the iodo la_ctone 92 (296 mg, 0.74 mmol) in dry benzene
(6.0 mL) was added tri-n-butyltin hydride (0.40 mL, 15 fnmol) and a catalytic amount of AIBN
and the mixture was heated at reflux for 0.5 hours. The reaction mixture was fhen cooled to room
temperature and concentrated to approximately 2 mL under reduced pressure. The crude product'
was purified by .ﬂash chromatography (50 g of silicé gel, 2:1 Et,0 - petroleum ether, then 4:1
CH,CI, - Et,0). Combination and concéﬁtration of the appropriate fractions and removal of trace
amounts of solvent (vacuum pump) prdvided 180 mg (89%) of the lactone 46 (R; = 0.4, 10:1
CH,CI, - Et,0) as a colorless solid (mp 122-123 °C). |
Procédure B. To a stirred solution of the iodé lactone 92 (48 mg,. 0.12 mmol) in dry benzene
(2.5 mL) was added tri-n-butyltin hydride (0.036 mL, 0.13 mmol) and a catalytic arﬁount of
"AIBN and the mixture was heated at reflux for 0.5 hours. The reaction _mixfure was then cooled
to room temperature and concentrated to approximately 1 mL under reduced pressure. Thé: crude
mixture of products were separated by flash chromatogréphy (50 g éf silica gel, 2:1 Et,O -
petroleum ether, then 4:1 CH,CI, - Et,0). Combination and concentration of the appropriate

fractions and removal of trace amounts of solvent (vacuum pump) from the resulting products



_ 137
provided 20 mg (61%) of the y-lactone 46_ (R¢ = 0.4, 10:1 CH,Cl, - Et,0) as a colorless solid (mp

122-123 °C) and 10 mg (30%) of the &-lactone 113 as a colorless oil.

(4aS*, 4bS*, 8R*, 8aR *)-4a,8-dimethyl-2,3,4,4a,4b,5,6,7,8,8a,9,10-dodecahydrophenanthren-2- |

one-8,4b-carbolactone (46):

'"H NMR (400 MHz, CDCl;) 8: 5.77 (d, 1H, J = 1.5 Hz), 2.65 (dddd, 1H, J = 1.9,6.5, 8.8, 14.5
Hz), 2.52 (ddd, 1H, 5.7, 10.3. 17.9 Hz), 2.40 (ddd, 1H, 5.3, 5.3, 18.3 Hz), 2.20 (m, 1H), 2.07 (m,

1H), 1.80-2.01 (m, 5H), 1.47-1.73 (m, 5H), 1.31 (s, 3H), 1.16 (s, 3H).

3C NMR (100.5 MHz, CDCl,) 6: 197.9 (+Ve), 179.4 (+ve), 170.4 (+ve), 124.6 (-ve), 88.6 (+ve),
49.9 (-ve), 48.4 (+ve), 41.0 (+ve), 35.7 (+ve), 33.9 (+ve), 31.8 (+ve), 30.5 (+ve), 29.6 (+ve), 22.4

(+ve), 21.2 (-ve), 19.8 (+ve), 17.5 (-ve).
IR (KBr): 2947, 1770, 1667, 1452, 1126, 963, 921 cm’.

Exact mass caled for C,-H,,05: 274.1569; found: 274.1573.

Anal. caled for C,;H,0,: C 74.41, H 8.09; found C 74.22, H 8.23.
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(4aR*4bS*,55* 8R*,8aS *)-4a,8-dimethyl-2,3,4,4a,4b,5,6,7,8,8a,9, 10-dodecahydrophenanthren-

2-0ne—8,5—carbolactoné (113):

'H NMR (500 MHz, CDCl,) &: 5.77 (bs, 1H, H-1), 4.75 (d, 1H, J = 2.6 Hz, H-5), 2.72 (dd, 1H, J
= 6.2, 19.5 Hz, H-100), 245 (ddd, 1H, J = 5.1, 12.6, 17.5 Hz, H-30), 2.40 (dddd, 1H,J = 1.5, -
6.7. 6.7, 19.5 Hz, H-108), 2.30 (ddd, 1H, J = 4.8, 4.8, 17.5 Hz, H-3p), 1.96-2.09 (m, 3H, H-.4'0L,
H-6, H-84), 1.89 (d, 1H, J = 11.2 Hz, H-4b), 1.68-1.84 (m, SH, H-4p, H-6, H-7, H-7, H-9B), 1.46

(m, 1H, H-90), 1.28 (s, 3H, H-13), 1.14 (s, 3H, H-12).

13C NMR (100.5 MHz, CDCL,) 8: 197.6 (C-2), 176.8 (C-11), 168.2 (C-10a), 125.5 (C-1), 75.0
(C-5), 45.9 (C-4b), 43.6 (C-8a), 42.2 (C-8), 37.6 (C-4), 36.7 (C-4a), 33.4 (C-3), 30.9 (C-7), 28.8
(C-10), 27.9 (C-6), 22.9 (C-13), 21.1 (C-9), 18.6 (C-12).

IR (neat): 2947, 1746, 1666, 1379, 1112, 980 cm’.

Mass calcd for C,,H,,04: 274; found: 274.

The assignment of proton and carbon resonances observed in the 'H and *C NMR spectra of the

8-lactone 113 are summarized in Tables 2.5 and 2.6. These assignments are based on analysis of

HMQC (Table 2.5), HMBC (Table 2.5), COSY (Table 2.6), and 1D NOESY (Table 2.6) data.
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Table 2.5. NMR data for (4aR*, 4bS*, 55*, 8R*, 8aS*)-4a,8-dimethyl-2,3,4,4a,4b,-
5.6,7,8,8a,9,10-dodecahydrophenanthren-2-one-8,5-carbolactone (113) (recorded in CDCl,).

Carbon  °C 'H HMBC®
No. & (ppm)* & (ppm) (mult, J (Hz))"*
1 125.5  5.77 (bs) ' H-3B, H-1001, H-108
2 197.6 H-30, H-3B, H-4a, H-4B
3 334  Ho2.45(ddd, 5.6, 12.6, 17.5) H-1, H-4a, H-4B
HP 2.30 (ddd, 4.8, 4.8, 17.5) :
4 37.6  Ho2:04 (m) H-4b, H-13
HP 1.74 (m) ‘
4a 36.7 ' H-1, H-3p, H-40,, H-4b, H-5
4b 459  1.89(d, 11.2) H-40,, H-8a, H-13
5 750  4.75(d, 2.6) H-6, H-7
6 279  2.03(m) ' H-4b, H-5
. 1.71 (m)
7 309  1.82(m) ' H-5, H-6, H-12
' ’ 1.74 (m)
8 422 - | H-4b, H-8a, H-9a, H-12
8a 436  1.98 (m) H-4b, H-5, H-9¢, H-12
9 21.1  Ho 1.46 (m) H-4b, H-8a, H-10a, H-10B
HP 1.80 (m)
10 28.8  Ho2.72(dd, 6.2, 19.5) H-1, H-8a, H-90, H-9B
HP 2.40 (dddd, 1.5, 6.7, 6.7, 19.5) ,
10a 168.2 _ ~ H-40, H-4B, H-100, H-108, H-13
11 176.8 H-7, H-8a, H-12
12 186  1.14(s)
13 229  128(s) H-40., H-4B, H-4b

2Recorded at 100.5 MHz. *Recorded at 500 MHz. © Assignments based on HMQC data.
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Table 2.6. NMR data for (4aR*, 4bS*, 5§%*, 8R*, 8aS *)-4a,8-dimethyl-2,3,4,4a,4b,-
5,6,7,8,8a,9,10-dodecahydrophenanthren-2-one-8,5-carbolactone (113) (recorded in CDCl,).

Proton’ 'H COSY* - NOE®
No. & (ppm) (mult, J (Hz))"
1 5.77 (bs) H-100, H-10B
3a 2.45 (ddd, 5.6, 12.6, 17.5) H-3f, H-4o, H-40
3B 2.30(ddd, 4.8, 4.8, 17.5) H-3a, H-40, H-4pB
400 2.04 (m) H-30, H-3p, H-4B
48 1.74 (m) H-30, H-3p, H-4a
4b 1.89(d, 11.2) H-8a H-5,H-8a
5 4.75 (d, 2.6) H-6 H-4b, H-40, H-13
6 2.03 (m) H-6, H-7 '
6 1.71 (m) H-6, H-7
7 1.82 (m) H-6, H-7
7 1.74 (m) H-6, H-7
8a 1.98 (m) H-4b, H-9c,, H-98
90 1.46 (m) H-8a, H-9B, H-10c, H-10
98  1.80(m) H-8a, H-90., H-100, H-10B
10o0  2.72(dd, 6.2, 19.5) H-1, H-9a, H-9B, H-108 H-1, H-90, H-10p
108 2.40(dddd, 1.5,6.7,6.7, 195) H1H90c 'H-9B, H-10a ,
12 1.14 (s H-7, H-8a
13 1.28 (s) H-3a, H-5, H-9a

4 Recorded at 500 MHz. "Recorded as NOE difference at 400 MHz using' 1D selective NOE experiments.
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Preparation of (4aS*, 4bS*. 8R*, 8aR*)-4a.8-dimethyl-1.2.3.4.42.4b.5.6.7.8.8a.9-dodecahydro- -

Dhenanthren—Z—one—8.4b-carb01actone (127) and (4aS*, 4bS*, 8R* 8aR *)-4a.8-dimethv]-2-

' hvdroxv-1,4.4a.4b.5.6.7.8,8a,9-decahvdrophenanthren—1-0ne-8_.4b—cafbol_actone (132).

127 132

. Method A: To a stifred solution of the lactone 46 (160 mg, -0.58 mmdl) in dry, oxygen-free #-
BuOH (see Genera] experimental) (12.0 mL) -ét room temperature, was added t-BuOK (390 mg,
3.48 mmol). The reaction mixture was stirred for 4 minutes, was treated with saturated aqueous
NH,CI (10 mL), and the resultant mixture was diluted with Et,O (20 mL)V. The phases were
separated and the aqueous phase was extracted witH Et,0 (2 x 20 mL). The combined orgaﬁic
phases were washed ‘with brine (10 mL), dried (MgSO,) and concentrated. Purification of the
crude product by flash chromatography (50 g of silica gel, 10:1 CH,Cl, — Et,0) and removal of
trace amounts of solvent (vacuum pump) from the resulting solid provided 148'mg (93%) of the
B.y-unsaturated ketone 127 as a colorless solid (mp 148-152 °C);

Methiod B: To a stirred solution of the lactone 46 (14 mg, 0.051 mmol) in dry z-BuOH (2.0 mL)

-at room temperature, was added -BuOK (60 mg, 0.53 mmol). The reaction mixture was stirred
for 40 minutes, was treated with. saturated aqueous NH,Cl (5 mL), and the resultant mixture was
diluted with Et,0 (10 mL). The phases were separated and the aqueous phase was extracted with

Et,0 (2 x 10 mL). The combined organic phases were washed with brine ('.10 mL), dried

(MgSO,) and concentrated. Purification of the crude product by flash chromatography (20 g of
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silica gel, 10:1 CH,CI, — Et,0) and removal of trace amounts of solvént (vacuum pump) from the

resulting solid provided 12 mg (79%) of the a-hydroxy enone 132 as a colorless oil.

(4aS*, 4bS*, 8R*, 8aR *)—4a,8-dimethyl—1,2,3,4,4a,4b,5,6,7,8,8a,9—dodecahydrophénanthren-Z-

one-8,4b-carbolactone (127):

'H NMR (400 MHz, CDCl,) &: 5.42 (m, 1H), 3.31 (ddd, 1H, J = 1.9, 2.2, 15.6 Hz), 2.82 (dd, 1H,
J=22,15.6 Hz), 2.58 (ddd, 1H, J = 7.3, 12.6, 16.4 Hz), 2.40 (dddd, 1H, J =2.2,2.2,5.7, 16.4
Hz), 2.06-2.16 (m, 2H), 1.93 (dd, 1H, J = 7.3, 9.5 Hz), 1.72-1.87 (m, 3H), 1.60-1.69 (m, 2H),

1.44-1.58 (m, 3H), 1.36 (s, 3H), 1.13 (s, 3H).

13C NMR (100.5 MHz, CDCl,) &: 207.3 (+ve), 179.8 (+ve), 135.6 v(+ve), 119.9 (-ve), 86.5 (+ve),
50.7 (+ve), 49.2 (+ve), 44.9 (-ve), 39.4 (+ve), 37.6 (+ve), 34.3 (+ve), 34.0 (+ve), 29.8 (+ve), 24.5
(+ve), 20.0 (+ve), 17.4 (-ve), 15.9 (-ve).

IR (KBr): 2942, 1761, 1717, 1385, 1203, 1115, 936, 912 cm".

Exact mass caled for C,;H,04: 274.1569; found: 274.1567.
(4aS*,4bS*,8R*,8aR*)—4a,8-dimethy]-2—hydroxy-l,4,4a,4b,5,6,7,8,8a,9—decahydrophenanthren-

1-one-8,4b-carbolactone (132):

'H NMR (500 MHz, CDCl,) §8: 6.58 (dd, 1H, J = 2.1, 6.6 Hz, H-10), 5.97 (s, 1H, OH), 5.91 (dd,

1H, J = 3.7, 5.8 Hz, H-3), 2.41 (ddd, 1H, J = 6.6, 6.6, 18.4 Hz, H-9B), 2.36 (m, 2H, H-4, H-4),
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2.14 (m, 1H, H-5a), 1.97 (dd, 1H, J = 6.6, 9.8 Hz, H-82), 1.88 (ddd, 1H, J = 2.1, 9.8, 18.4 Hz, H-

90), 1.85 (m, 1H, H-6), 1.70 (m, 2H, H-6, H-7), 1.58 (m, 1H, H-7), 1.54 (fn, 1H, H-5B), 1.29 (s,

3H, H-13), 1.18 (s, 3H, H-12).

~ 3C NMR (100.5 MHz, CDCl,).8: 186.3 (C-1), 179.3 (C-11), 147.0 (C-2), 140.2 (C-10a), 130.4
(C-10), 113.4 (C-3), 85.8 (C'-4b),'50.5 (C-8), 46.2 (C-8a), 40.7 (C-4a), 35.2 (C-4), 33.9 (C-7),
29.0 (C-5), 24.4 (C-9), 19.8 (C-6), 18.5 (C-13), 17.5 (C-12). |
IR (neat): 3402, 2940, 1769, 1674, 1637, 1402, 1238, 951 cm’.
Mass calcd for C,,H,,0,: 288.1362; found: 288.1360.
The assignment of proton and carbon resonances observed in the 'H and '*C NMR spectra of the

a-hydroxy enone 132 are summarized in Tables 2.7 and 2.8. These assignments are based on

-analysis of HMQC (Table 2.7), HMBC (Table 2.7), COSY (Table 2.8), and 1D NOESY (Table_

2.8) data.
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Table 2.7. NMR data for (4aS*, 4bS*, 8R*, 8aR*)-4a,8-dimethyl-2-hydroxy-1,4,4a,4b,-
5,6,7,8,8a,9-decahydrophenanthren-1-one-8,4b-carbolactone (132) (recorded in CDCl,).

OH

O 12
Carbon BC , 'H HMBC®
No. 8 (ppm)* 8 (ppm) (mult, J (Hz))**
1 186.3 2 OH, H-3, H-10
2 147.0 OHS5.97 (s) OH, H-3, H-4
3 1134 5.91(dd, 3.7,5.8) OH, H-4
4 352 2.36 (m) H-13
- 2.36 (m)
4a 40.7 H-3, H-4, H-10, H-13
4b 85.8 H-5a, H-9a, H-98, H-13
5 29.0  Ho 2.14 (m) H-6 '
HP 1.54 (m)
6 198  1.85(m) H-5a, H-7
1.70 (m) : ,
7 339  1.70 (m) H-5a, H-6, H-8a, H-12
1.58 (m)
-8 50.5 o H-7, H-9a, H-12
8a 462  1.97(dd, 6.6, 9.8) H-5a, H-7, H-9a, H-12
9 244 Ho1.88(ddd,2.1,9.8,184) H-8a,H-10
HP 2.41 (ddd, 6.6, 6.6, 18.4)
10 1304  6.58 (dd, 2.1, 6.6) H-98, H-9a.
10a 140.2 H-9a, H-98, H-13
11 179.3 H-7,H-8a,H-12
12 175  1.18(s)
13 185  1.29(s) H-4

*Recorded at 100.5 MHz. " Recorded at 500 MHz. © Assignments based on HMQC data.
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Table 2.8. NMR data for (4aS*, 4bS*, 8R*, 8aR*)-4a,8-dimethyl-2-hydroxy-1,4,4a,4b,-
' 5,6,7,8,8a,9-decahydrophenanthrén-1—one—8,4b-carbolactone (132) (recorded in CDCl;).

Proton 'H COSY* NOE®
No. & (ppm) (mult, J (Hz))!
2 OH 5.97 (s)
3 5.91 (dd, 3.7, 5.8) H-4 H-4
4 2.36 (m) H-3,H-4
4 2.36 (m) H-3,H-4
500 2.14 (m) H-58, H-6
58 1.54 (m) H-50, H-6
6 1.85 (m) H-5, H-6, H-7
1.70 (m) H-5, H-6, H-7
7 1.70 (m) H-6, H-7
1.58 (m) H-6, H-7
8a 1.97 (dd, 6.6, 9.8) H-9a, H-9B
9a 1.88 (ddd, 2.1, 9.8, 18.4) H-8a, H-9B, H-10
9B 2.41 (ddd, 6.6, 6.6, 18.4) H-8a, H-9a, H-10
10 6.58 (dd, 2.1, 6.6) H-9a, H-9B H-90, H-98
12 1.18(s) ’ H-8a, H-9a, H-9f
13 1.29 (s) H-4, H-5a

4 Recorded at 500 MHz. "Recorded as NOE difference at 400 MHz using 1D selective NOE experiments.




. _ 146
P_repara'tion of (ZS*, 4aS*, 4bS*, 8R*; 8aR *)-4a.8-dimethyl-2-(2-(trimethylstannyl)allyl)-

1.2.3.4.42.4b.5.6.7.8.8a.9-dodecahydrophenanthren-2-ol-8.4b-carbolactone (128) and (2R *,

128 . 138

To a cold (-78 °C), stirred soiution of freshly distilled 2,3—bis(tn'methylstannAyll)prop'ene (75) (436
mg, 1.18 mmol) in dry THF (8.0 mL) was added a solution of MeLi (1.4 M in EtZO, 0.68 mL,
0.95 mmol). After the light yellow solution had stirred for 30 minutes, MgBr,"OEt, (304 mg,
1.18 mmol) was. added as a solid, and the resu]ting milky solution was stirred for a further 30
minutes at -78 °C. A solution of the p,y-unsaturated ketone 127 (145 mg, 0.53 mmol) in dry THF
(3.0 mL) was added and the reaction mixture was stirred for 20 minutes at -78 °C.‘ The mixfure
was treated with saturated aqueous NH,CI (10 mL) and the resultant mixture was diluted with
Et,0 (30 mL). The phases were separated and the aqueous phase was extracted with EtZOv (2x30
‘mL). The combined organ’ic phases were washed with brine (25 mL), dried (MgSO,) and
concentrated. The crude products were purified by flash chromatography (150 g of silica gel, 3:2
CH,C, - Et,0) and the appropriate fractions were combined and cpnceﬁtrated to provide 144 mg

(58%) of 128 (R = 0.5, 10:1 CH,Cl, - Et,0) as a colorless solid (mp 195 °C) and 100 mg (40%)

of 138 (R = 0.8, 10:1 CH,ClI, - Et,0), as a colorless oil.
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(2S*,4aS*4bS* 8R*,8aR *)-4a,8—dimethyl-_2-(2-(trimethylstanny])allyl)- 1,2,3,4,4a,4b,-

5,6,7,8,8a,9-dodecahydrophenanthren-2-ol-8,4b-carbolactone (128):

'H NMR (400 MHz, CDCL,) 8: 5.63 (m, 1H, *Jg,, = 152 Hz), 5.35 (bd, 1H, J = 6.1 Hz), 532 (d,
1H, J = 3.2 Hz, YJ,,,, = 69 Hz), 2.41 (bd, 1H, J = 13.9 Hz), 2.33 (bd, 1H, J = 13.9 Hz), 2.31 (m,
1H), 2.00-2.15 (m, 3H), 1.92 (dd, 1H, J = 7.0, 9.9 Hz), 1.60-1.85 (m, 6H), 1.40-1.58 (m, 4H),

1.21 (s, 3H), 1.16 (m, 1H), 1.13 (s, 3H), 0.08 (s, 9H).

13C NMR (100.5 MHz, CDCI;) 8: 180.2, 152.1, 138.2, 128.6, 119.0, 87.3, 73.1, 50.7, 47.1, 46.9,

459,45.3,39.5,34.3,33.9, 32.7, 29.6,24.5,20.1, 17.5, 16.4, -8.0.
IR (KBr): 3585, 2932, 1756, 1438, 1381, 1123, 914, 763 cm’'.

Exact mass calcd for C,;H;,0,Sn (+CI, M+H): 481.1765; found: 481.1758.

(2R* 4aS* 4bS* 8R* 8aR*)-4a,8-dimethyl-2-(2-(trimethylstannyl)allyl)-1,2,3 4,4a,4b,5,6,7,8,8a,-

9-dodecahydrophenanthren-2-ol-8,4b-carbolactone (138):

'H NMR (400 MHZ, CDCl;) &: 5.68 (m, 1H, *Jg, 4 = 155 Hz»),. 5.40 (bd, 1H, J = 6.1 Hz), 5.28‘(d,
1H, J =34 Hz, 3 = 70 Hz), 2.50 (d, 1H, J = 13.4 Hz), 2.33 (d, 1H, J = 13.4 Hz), 2.33 (m,
1H), 2.15 (ddd, 1H, J = 6.5, 6.5, 17.9 Hz), 2.04 (m, lH), 1.95 (dd, 1H, J = 7.3, 9.9 Hz), 1.90 (s,
1H), 1.72-1.83 (m, 2H), 1.43-1.70 (m, 8H), 1.32 (ddd, 1H, J = 5.0, 13.4, 13.4 Hz), 1.16 (s, 3H),

1.13 (s, 3H), 0.08 (s, 9H).
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C NMR (100.5 MHz, CDCl,) 8: 180.2 (+ve), 152.0 (+ve), 139.0 (+ve), 128.2 (+ve), 119.6 (-

ve), 87.0 (+ve), 71.7 (+ve), 53.1 (+ve), 50.7 (+ve), 45.2 (-ve), 44.5 (+ve), 39.9 (+ve), 34.0 (+ve),
33.8 (+ve), 32.4 (+ve), 29.3 (+ve), 24.5 (+ve), 20.0 (+ve), 17.4 (-ve), 15.3 (-ve), -8.0 (-ve).

IR (neat): 3606, 2931, 1763, 1437, 1381, 1121, 930 cm’.

Exact mass caled for C,;Hy,0,Sn (+CI, M+H): 481.1765; found: 481.1758.

Preparation  of  (25*4aS*4bS*8R*8aR *)-4a8-dimethyl-2-(2-iodoallyl)-1.2.3.4.4a.4b.- '

5.6.7.8.82.9-dodecahydrophenanthren-2-01-8.4b-carbolactone ( 129).

To a stirred solution of the alcohol 128 (51 mg, 0.11 mmol) in dry‘CHZCl2 (3.0 mL) at room
tempefature was added N-iodosuccinimide (50 mg, 0.22 mmol). The pink reaction mixture was
stirred for 10 minutes, afterAwhich it was filtered through a short plug of silica gel (15 g of silica
bgel) and the product Was eluted with CH,Cl, - Et,0 (20:1). Concentration of the filtrate and
removal of trace amounts of solvent (vacuum pump) from the resulting solid provided 47 mg

(98‘%) of the vinyl iodide 129 as a colorless solid (mp 132 °C)..

'H NMR (400 MHz, CDCl,) 8: 6.13 (d, 1H, J = 0.8 Hz), 5.98 (d, 1H, J = 1.1 Hz), 5.40 (bd, 1H, J

= 6.1 Hz), 2.79 (bd, 1H, J = 15.0 Hz), 2.58 (bd, 1H, J = 15.0 Hz), 2.47 (dd, 1H, J = 3.2,12.6 Hz),
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2.00-2.15 (m, 4H), 1.40-1.98 (m, 10H), 1.24 (s, 3H), 1.20 (ddd, 1H,J =43, 134,134 Hz), 1.13

(s, 3H).

13 NMR (100.5 MHz, CDCl;) &: 180.1 (+ve), 138.2 (+ve), 131.1, (+ve), 119.6 (-ve-), 102.2
(+ve), 87.1 (+ve), 73.0 (+ve), 50.7 (+ve), 50.1 (+ve), 45.7 (+ve), 45.3 (-ve), 39.5 (+ve), 33.9
(+ve), 33.2 (+ve), 33.0 (+ve), 29.6 (+ve), 24.5 (+ve), 20.1 (+ve), 17.4 (-ve), 16.6 (-ve).

IR (KBr): 3467, 2936, 1761, 1438, 1381, 1260, 1125, 909, 731 cm'".

Exact mass calcd for C,H,4051 (+CI, M+H): 443.1083; found: 443.1079.
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Preparation of (1S*, 45*, 5S*, 9R* 10R* 125%* 16S*)-4.9-dimethyl-13-methylidene-

[10.2,2,04'%,0*"°)-tetracyclotetradecan- 1-0l-9.5-carbolactone (141) and (2R*. 4aS*, 4bS*, 8R*,

8aR*)-2-allyl-4a.8-dimethyl-1 2.3.4.4a.4b.5.6.7.8.82.9-dodecahydrophenanthren-2-01-8 4b-

carbolactone (154).

141 154

Procedure A. A stirred solution of the vinyl iodide 129 (47 mg, 0.11 mmol), tri-n-butyltin
hydride (57 pL, 0.21 mmol) and a catalytic amount of AIBN in dry benzene (11.0'mL) was
irradiated with a 275 watt sun lamp for 5 minutes. The refluxing solution was then cooled to
room t-emperaturé and was concentrated to approximately 1 mL. Purification of the crude product
by flash chromatography (25 g of silica gel, 5:2 CHZC‘l2 - Et,0) and removal of trace amounts of
solvent (vacuum pump) from the resulting solid provided 33 mg (99%) of the pentacycle 141 as
a colorless solid (mp 209 °C). |

Procedure B. A stirred solution of the vinyl iodide 129 (5.0 mg, 0.011 mmol), tri-n-butyltin
hydride (55 pL, 0.20 mmol) and a catalytic amount of AIBN in dry benzene (2.0 mL) was
irradiated with a 275 watt sun lamp for 5 minutes. The refluxing solution was cooled to room
temperature and was concentrated to approximafely 1 mL. The crude products. were purified by.

flash chromatography (150 g of silica gel, 5:2 CH,Cl, - Et,0) and the appropriate fractions were

combined and concentrated to provide 2.8 mg (75%) of the pentacycle 141 (R 0.4, 10:1 CH,Cl,-
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Et,0) as a colorless solid (mp 209 °C) and approximately 1.0 mg (23%) of the olefin 154 (Rp 0.3,

10:1 CH,Cl, - Et,O) as a colorless oil.

(LR*, 4S*, 55*, OR * 10R*, 128%, 16S*)—4,9—dimethyl—13-methylidene-[10,2,2,0""16-,05"0]—

tetracyclotetradecan-1-0l-9,5-carbolactone (141):

'H NMR (400 MHz, CDCl;) &: 4.81 (s, 1H, H—17ﬂ), 4.68 (s, 1H, H-17, ), 2.49 (dd, 1H, J = 2.6,
14.0 Hz, H-14P), 2.34 (ddd, 1H, 2.2, 2.2, 14.0 Hz, H-14a), 2.31 (m, 1H, H-12), 2.15 (ddd, 1H, J
=2.3,57, i4.1 Hz, H-11P), 2.08 (dd, 1H, J = 5.7, 12.4 Hz, H-10), 2.03 (m, 1H, H-15f), 2.01 (m,
1H, H-16), 1.94 (m, 1H, H-6a1), 1.84 (ddd, 1H, J = 5.9, 13.2, 13.2 Hz, H-3$), 1.76 (m, 1H, H-7),
1.75 (m, 1H, H-2), 1.66 (m,.lH, H-2), 1.63 (m, 1H, H-8), 1.50-1.60 (m, 3H, H-7, H-150, OH),
1.49 (m, 1H, H-8), 1.32 (m, 1H, H-11a), 1.30 (m, 1H, H-QB), 1.12 (s, 3.H, H-19), 1.10 (m, 1H,

H-3a), 1.09 (s, 3H, H-20).

3C NMR (100.5 MHz, CDCI,) 8: 180.6.(+ve, C-18), 147.5 (+ve, C-13), 107.2 (+ve, C-17), 88.6
(+ve, C-5),69.6 (+ve, C-1), 50.3 (+ve, C-9), 49.2 (+ve, C-14), 44.9 (-ve, C-10), 40.2 (-ve, C-16),
39.5 (+ve, C-15), 38.4 (-ve, C-12), 37.8 (+ve, C-4), 36.1 (+ve, C-2), 34.6 (+ve, C-8), 28.9 (+ve,
C-3), 28.6 (+ve, C-6), 26.0 (+ve, C-11), 19.9 (+ve, C-7), 18.9 (-ve, C-20), 17.0 (-ve, C-19).

IR (KBr): 3500, 2942, 1752, 1378, 1204, 1136 cm’™.

Exact mass calcd foeron.”O3 (+CI, M+H): 317.2117, found: 317.2118. _

X-Ray crystallographic data: see Apendix 2.2
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(2R*, 4aS*, 4bS*, 8R*, 8aR *)—2—a]lyl—4a,8-dimethy]—1,2,3,4,4a,4b,5,6,7,8,83,9—dodecahydro—

phenanthren-2-ol-8,4b-carbolactone (154):

'H NMR (400 MHz, 'CDC13) 8: 5.83 (dddd, 1H,J=7.2,7.6,10.3, 17.2 Hz), 5.38 (bdv, 1H,J=6.1
Hz), 5.18 (dd, 1H, J = 2.3, 10.3 Hz), 5.10 (dddd, 1H, J = 1.1, 1.2, 2.3, 17.2 Hz), 2.44 (dd, IH‘, J=
2.7,12.2 Hz), 2.24 (m, 1H), 2.19 (dd, 1H, J = 7.2, 15;6 Hz), 2.01-2.15 (m, 3H), 1.91 (dd, 1H, J =
6.7, 9.8 Hz), 1.84 (dd, 1H, J = 4.9, 13.7 Hz), 1.62-1.80 (m, 4H), 1.44-1.60 (m, 5H), 1.24 (s, 3H),

1.13 (s, 3H), 0.85 (m, 1H).

C NMR (100.5 MHz, CDCI,) &: 186.5, 138.7, 133.3, 119.5, 118.8, 87.2, 72.4, 50.7, 45.4, 45.0,

40.9,39.7, 34.1, 34.0, 32.9, 29.7, 24.5,20.1,17.5,16.4.
IR (neat): 3467, 2932, 1763, 1438, 1122, 929 cm’.
~Exact mass caled for CyHy0;: 316.2038,; found: 316.2040.

The assignment of proton and carbon resonances observed in the 'H and *C NMR spectra of the

olefin 141 are summarized in Tables 2.9 and 2.10. These assignments are based on analysis of

HMQC (Table 2.9), HMBC (Table 2.9), COSY (Table 2.10), and 1D NOESY (Table 2.10) data.
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Table 2. 9. NMR data for (lR* 48* 55* OR* 10R*, 125* 165%)-4,9-dimethyl-13- methylidene-
[10,2,2, 0*'¢ 0>'°]-tetracyclotetradecan-1-01-9,5-carbolactone (141)
(recorded in CDCl,).

Carbon BC ' 'H HMBC®
No. & (ppm)* S (ppm) (mult, J (Hz))**
1 69.6  OH 1.50 (s) _ ~ H-2, H-l40, H-14B, H-150, H-158
2 36.1  1.75 (m), 1.66 (m) H-15B
3 28.9  Ha 1.10 (m)
. HP 1.84 (ddd, J = 5.9, 13.2, 13.2)
4 37.8 H-38
5 88.6 H-3B, H-68, H-7, H- 1113
6 28.6  Ho 1.94 (m) . H-7
Hp 1.30 (m)
7 19.9  1.76 (m), 1.50 (m)
8 34.6  1.49 (m), 1.63 (m) , H-60,, H-7, H-10, H-19
50.3 ' v H-7, H-10, H-118, H-19
10 449  2.08(dd,J=5.7,12.41) H-601, H-8, H-11B, H-12
11 26.0  Ho 1.32 (m) H-10
_ HP 2.15 (ddd, J = 2.3, 5.7, 14.1)
12 384 231 (m) H- 1lB H-14B, H-16, H-17,, H-17,
13- 147.5 H-11a, H-11B, H-140, H-14f, H-16
14 492  Ho234(ddd,J=22,2.2,140) H-2,H-150, H-158, H-17,, H-17,
Hp 2.49 (dd, J =2.6, 14.0)
15 39.5  Ha 1.50 (m) H-2, H-14f
: Hp 2.03 (m) '
16 402  2.01 (m) - H-11B, H-20
17 107.2  H, 4.81 (m) , H-140, H-14f
H, 4.68 (m)
18 180.6 ' H-8, H-10, H-19
19 170 1.12(s) ' '
20 . 189 . 1.09 (s) H-38

Recorded at 100.5 MHz. ® Recorded at 400 MHz. © Assignments based on HMQC data recorded at 500 MHz.
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Table 2.10. NMR data for (1R*, 45*, 55*, 9OR*, 10R*, 125*, 165*)-4,9-dimethyl-13-
methylidene-[10,2,2,0*'%,0>'%}-tetracyclotetradecan-1-0l-9,5-carbolactone (141)
(recorded in CDCl,).

Proton 'H CcoSY* NOE®

No. S (ppm) (mult, J (Hz))"

2 1.75 (m) -

2 1.66 (m) _

30 Ho 1.10 (m) ' H-2, H-3p , _

3B HP 1.84 (ddd, J=5.9,13.2,13.2) H-2, H-3a H-3a, H-10. H-14p
6 Ho 1.94 (m) H-6B, H-7 '

68  HP 1.30 (m)

7 1.76 (m)

7 1.50 (m)-

8 1.49 (m)

8 1.63 (m) .

10 2.08 (dd, J=5.7,12.41) H-11o, H-118 H-6p, H-17,, H-19
1l Ho 1.32 (m) . H-10, H-118, H-12
11 HP2.15(ddd,J=2.3,5.7,14.1) H-10,H-11¢, H-12  H-11q, H-17,, H-19
12 231 (m) | | H-11o, H-118, H-16 |
140, Ho2.34 (ddd,J=22,2.2,140) H-14B,H-17,, H-17, * H-14p, H-17,, OH.
143 HP 2.49 (dd, J =2.6, 14.0) - H-140, H-15¢ H-140, H-17,, OH
1500  Ho 1.50 (m) ' H-15pB, H-16
15 HP 2.03 (m) H-15a, H-16

16  2.01 (m) H-12, H-150, H-158

17, 4.81(m) H-140, H-17, H-14a, H-14p, H-17,
17, 4.68 (m) : H-140, H-17, H-10,H-11B, H-17,
19 1.12 (s) S

20 1.09 (s)

4 Recorded at 400 MHz. *Recorded as NOE difference at 400 MHz using 1D selective NOE experiments.
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Preparation of (2S*, 4aS*, 4bS*, &R *_8aR *)-4a,8-dimethyl-2-(formylmethyl)-2-methoxy-

1 .2.3,4.4a,4b,5.6,7.8.8a.9—dodecahvdrobhenanthren-8.4b-carbolactone (160).

163 . ' 160

To a stirred solution of the olefin 154 (10 mg, 0.030 mmol) in dry THF (2.0 mL) at room

temperature, was added MeI (20 uL, 0.32 mmol) and KH (6.0 mg, 0.15 mmol). After the mixture

. had been stirred for 30 minutes, it was treated with saturated aqueous NH,Cl (10 mL) and the

resultant mixture was diluted with Et,O (20 mL). The phases were separated and thé aqueous
phase was cxtrapted with Et,0 (2 x 20 mL). The cqmbined organic phases were washed with
brine (10 mL), c_lried (MgSQ,) and concentrated to provide the ﬁethyl ether 163 as a crude oil
_ which was used without further purification.

To a stirred solution of the methyl ether 163 in t-,BQOH (1.0 mL) and H,O (1.0 mL) at 'rcjom
temperature, was added 4-methylmorpholine N-oxide (6.0 mg, 0.051 mmol) and a catalytic
amount of OsO,. After the mixture had been stirred for 2 hours, H,0 (5 mL) was added and the
resultant rﬁixture was diluted with CH,Cl, (10 mL). The phases were separated and the aqueous
‘phase was extracted with CH,Cl, (2 x 10 mL). The combined organic phasés were washed with
brine (10 mL), dried (MgSO,) and concentrated to provide a mixture of diols as a crude oil,
which was used without further purification. |

A stirred solution of the crude diols and NalO, (13 mg, 0.060 mmol) in H,O (2 rﬁL), acetone (1

mL) and +-BuOH (0.5 mL) was heated at reflux for 10 minutes. The mixture was cooled to room

temperature and diluted with H,0 (5 mL) and Et,0 (10 mL). The phases were separated and the
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aqueous phase was éxtrac_ted with Et,0 (2 x 10 mL). The combined organic phases were washed
with brine (10 mL), dried (MgSO,) and concentrated. Pufification of the crude produbt by flash .
chromatography (10 g of silica gel, 3:2 CH,Cl, - Et,0) and removal of trace amounts of solvent
(vacuum pump) from the resulting solid provided 5 mg (50%) of aldehyde 160 as a covlorless

solid (mp 138-139 °C).

'H NMR (400 MHz, CDCl;) 0:9.79 (dd, 1H, J = ‘2.7, 3.8 Hz), 5.39 (bd, 1H, J = 6.1 Hz), 3.30 (s,
3H), 2.57 (m,.2H), 2.45 (dd, 1H, J = 3.8, 15.6 Hz), 2.14 (dd, 1H, J=3.1, 9.9 Hz), 2.08 (dd, 1H,J
= 6.9, 13.7 Hz), 2.01 (m, 1H), 1.98 (ddd, 1H, J = 1.1, 4.6, 14.1 Hz), 1.91 (dd, 1H, J =6.9,9.9

Hz), 1.41-1.84 (m, 8H), 1.23 (s, 3H), 1.18 (m, 1H), 1.13 (s, 3H).

3C NMR (100.5 MHz, CDCl,) &: 202.7, 180.0, 137.7, 120.0, 86.9',.77.2, 50.7, 49.1, 45.5, 45.3,

41.8, 39.6, 34.0, 32.5, 30.8, 29.6, 24.5, 20.0, 17.4, 16.4.
IR (KBr): 2937, 1766, 1719, 1465, 1260, 1121, 931 cm’™.

Exact mass calcd for C,H,0,: 332.1988; found: 332.1987.
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Preparation of (1S*.4S*5S* 9R* 10R*.125*,165%)-4,9-dimethyl-1-methoxy-[ 10,2.2.0*'¢ 0*"%]-

tetracvclotetr_adecan-13-one—9.5—carbo]actone (169).

Procedure A (from the aldehyde 160). To a stirred solution of the aldehyde 160 (5 mg, 0.015

mmol) in dry THF (5.0 mL) at room temperature was added -BuOH (5 pL), DMPU (15 pL,

0.12 mmol) and a freshly prepared solution of Sml, (0.065 M in THF, 0.56 mL, 0.036 mmol). .
After 20 minutes the reaction mixture was treated with saturated aqueous NH,CI (10 mL) énd the

resultant mixture was diluted with Et,0 (10 mL). The phases were separéted and the aqueous

phase was extracted with Et,0 (2 x 5 mL). The combined organic phases were washed with brine

(10 mL), dried (MgSO,) and concentrated to provide a crude mixture of alcohols as an oil which

was used without further purification.

To a stirred solution of the crude alcohols and 4-methylmorpholine-N-oxide (5 mg, 0.04 mmol)

in CH,Cl, (1.5 mL) at room temperature was added a catalytic amount of tetrapropylammonium

perruthenate. After 30 minutes, the crude reaction mixture was placed directly on a column of
silica gel (50 g). The products were eluted. with CH,CI, - Et,0 (3:2) and the appropriate fractions
were combined and concentrated to provide 2.1 mg (42%) of the ketone 169 (Rr = 0.6, 1:1

CH,Cl,- Et.zO) as a colorless film and 1.4 mg (28%) Aof the aldehyde 160 (R;=0.9, 1:1 CH,Cl,-

Et,0), as a colorless oil.

Procedure B (from the pentacycle 141). To a stirred solution of the pentacycle 141 (11 mg,

0.035 mmol) in dry THF at room temperature was added KH (4.0 mg, 0.10 mmol). After 30

minutes, Mel (21 pL, 0.34 mmol) was added and the reaction mixture was stirred for a further 30
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‘minutes at room temperature. The reaction mixture was then treated with saturated aqueous

NH,CI (10 mL)'and the resultant mixture was diluted with Et,O (10 th). The phases were

‘separated and the aqueous phase was extracted with Et,0 (2 x 5 th).' The combined organic:

phases were washed with brine (10 mL), dried (MgSO,) and concentrated to provide the methyl
éthe’r 170 as a crude oil which was used without further purification.

To a stirred solution of the methyl ether 170 and NalO, (22 mg, 0.10 mmol) in CCl, (1.0 mL)
CH,CN (1.0 mL) and HZO (1.5 mL) at room temperature was added a catalytic amount of RuCl;
HZO. Af;er 30 minutes, the reaction mixture was treated with saturated aqueous NH,Cl (10 mL)
and the resultant mixture was diluted with Et2O (10 mL). The phases were sei)arated and the
aqueous phase was extracted with Et,0 (2 x 5 mL). The combined organic phases were washed
with brine (10 mL), dried (MgSOA) and concentrated. Purification of the crude product by flash
chromatography (10 g of silica gel, 3:1 CH,Cl, — Et,0) and re‘movai of trace amounts of solvent
(vacuum pump) frorﬁ the resulting liquid provided 7.5 mg (65%) of the ketone 169 as a colorless

film.

(15*,45*,55%9R*10R*,125%,16S *)-4,9-dimethyl-l-methoxy-[10,2,2,04‘"6,05"0]-t_etracyc]otetfa-

decan-13-one-9,5-carbolactone (169):

'H NMR (400 MHz, CDCl,) 8: 3.25 (s, 3H), 2.58 (dd, 1H, J = 2.7, 15.3 Hz), 2.51 (bd, 1H, J =
15.3 Hz), 2.25-2.40 (m, 3H), 2.16 (ddd, 1H, J=27,3.1,12.6 Hz), 2.02 (dd, 1H, J = 6.1, 12.6

Hz), 1.94 (m, 1H), 1.85 (ddd, 1H, J = 3.1, 3.4, 13.0 Hz), 1.68-1.81 (m, 2H), 1.45-1.63 (m, 3H),

©1.18-1.35 (m, 4H), 1.15 (s, 3H), 1.13 (s, 3H), 1.05 (ddd, 1H, J = 50,12.2,12.2 Hz).

13C NMR (100.5 MHz, CDCl,) &: 209.9, 180.5, 87.6, 75.1, 50.6, 50.5, 48.8. 47.6, 45.0, 38.5,

38.0,34.7, 34.4, 31.9, 28.6, 27.3,23.2, 19.8, 18.4, 16.9.
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IR (film): 2944, 1766, 1702, 1460, 1379, 1131 1101 cm’.

Exact mass calcd for CyHy0,: 332.1988; found: 332.1990.
(2S*,4aS*,4bS* 8R*,8aR *)—4a,8—dimethyl—2-(2—f0rmylethyl)—3,4,4a,4b,5,6,7,8,83,9—decahydro—

1 H-phenanthren-2-o0l-8,4b-carbolactone (160) isoléted. from the reaction described above in

Procedure A was identical with the compound prepared previously.

Preparation  of (ZS*,4aS*.4bS*,-8R*.8aR*)—4a,8—dimethv1-2—(2-iodoallvl)—2—triethvl_siloxk'

1,2.3.4.4a.4b.5

‘To a cold (-78 °C), stirred solution of the vinyl iodide 129 (46 mg, 0.10 mmol) and triethylamine
(0.22 mL, 1.6 mrhol) in dry CH,Cl, (3.0 mL) was-addgd triethylsilyl tdﬂuoromethanesulfqnate_
(0.19 mL, 8.4 mmol). After 40 minutes, the reaction mixture was treated with saturated aqueous
NaH.CO3 (10 mL) and the resultant mixture was diluted w.ith Et,O (20 mL). The phaseé were
separated and the aqueous phase was extracted with Et,0 (2 x 10 mL). The cvombined organic}
phases were washed with brine (1 x 10 mL), dried (MgSO,) and concentrated. Puﬁfication of the

-crude product by flash chromatogréphy 25 ¢ of silica gel, 5:1 petfoleum ether - Et,0) and
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removal of trace amounts of solvenf (vacuum pump) from the resulting liquid provided 57 mg

(99%) of the vinyl iodide 197 as a colorless oil.

'H NMR (400 MHz, CDC]l,) &: 6.16 (d, 1H, J = 0.9 Hz), 5.92 (d, 1H, J = 0.9 Hz), 5.38 '(ci,»lH, J
‘= 6.1 Hz), 2.71 (d, 1H, J = 15.3 Hz), 2.52 (d, 1H, J = 15.3 Hz), 2:46 (dd, 1H, J = 3.4, 12.5 Hz),
1.95-2.15 (m, 4H), 1.90 (dd, 1H, J = 7.0, 9.8 Hz), 1.60-1.85 (m, 5H), 1.43-1.57 (m, 3H), 1.'2‘3
(ddd, 1H, J=4.3, 137, 13.7'Hz), 1.22 (s, 3H), 1.13 (s, 3H), 0.95 (t, 9H, J = 7.9 Hz), 0.61 (g, 6H,

J =179 Hz).

3C NMR (100.5 MHz, CDCl,) &: 180.2 (+ve), 138.6 (+ve), 130.3 (+ve), 119.4 (-ve), 103.0
(+ve), 87.2 (+ve), 76.7 (+vé), 51.1 (+ve), 50.7 (+ve), 46.6 (+ve), 45.3 (-ve), 39.5 (+ve), 339
(+ve), 33.4 (+ve), 33.4 (+ve), 29.6 (+v'e),‘24.5 (+ve), 20.1 (+ve), 17;5 (-ve), 16.8 (-ve), 7.2 (-ve),
6.9 (+ve).

IR (neat): 2952, 1771, 1458, 1121, 741 cm’".

Exact mass calcd for C,,H,0,Sil (EI, M-CH,CH,): 527.1479; found: 527.1477.
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Preparation of (IR *45*5S *.9R*,10R*.13R*)—4.9—dimethvl—14-methv1idene—lftriethvlsiloxv-‘

[11.2.1 ,04‘13,05‘ 191_tetracyclopentadec-11-ene-9.5-carbolactone (198).

A stirred solution of the vinyl iodide (197) (17.4 mg, 0.031 mmol), 1,2,2,6,6-pentafnethyl-
piperidine (17 uL, 0.094 mmol) and Pd(OAc), (7.0 mg, 0.031 mmol) in dry THF (1.5 mL) was
heated to reflux. After the rhixture had been stirred for 2 hours at reflux, it was cooled to room
temperature and concentrated under reduced pressure. Purification of the crude product by flash
chromatography (25 g of silica gel, 5:1 petroleun ether - Et,0) and removal of trace émounts of
solvent (vacuum pump) from the resulting solid provided 10.7 mg (80%) of the diene 198 as a

colorless solid (mp 111-113 °C).

'H NMR (400 MHz, CDCl,) 6: 5.91 (dd, lH, J=17, 9‘7,HZ’ H-11), 5.77 (dd, 1H, J =3.3,9.7
Hz, H-12), 4.84 (bs, 1H, H-17), 4.83 ’(bs, IH, H-17), 2.53 (m, 1H, H-10), 2.50 (dd, 1H, J = 2.1,
16.3 Hz, H—1>5), 2.33 (dd, 1H,J =17, 16.3 sz, H-15), 2.22 (dd; 1H, J = 2.4, 11.3 Hz, H-168),
2.06 (dd, 1H, J‘= 5.8, 13.4 Hz, H-60), 1.97 (m, 1H, H—Z), 1.77 (dd, 1H, J = 4.8, 12.3 Hz, H-8f),
1.70 (m, 1H, H-2), 1.68 (m, 1H, H-3), 1.66 (m, 1H, H-7), 1.65 (m, 1H, H-8), 1.64 (m, 1H, H-
16(x), 1.56 (m, 1H, H-6f), 1.53 (m, 1H, H-3), 1.48 (m, 1H, H-7), 1.24 (s, 3H, H-19), 1.09 (s, 3H,

H-20),0.93 (t, 9H, J = 7.9 Hz, SiCH,CH,), 0.57 (q, 6H, J = 7.9 Hz, SiCH,CH,).

13C NMR (100.5 MHz, CDCl,) &: 179.6 (+ve, C-18), 148.2 (+ve, C-14), 138.0 (-ve, C-12), 1234

(-ve, C-11), 108.7 (+ve, C-17), 89.6 (+ve, C-5), 77.2 (+ve, C-1), 55.4 (+ve, C-13), 54.2 (-ve, C-
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10), 48.6 (+ve, C-16), 46.5 (+ve, C-9), 45.4 (+ve, C-4), 44.4 (+ve, C-15), 36.8 (+ve, C—7), 36.6

(+ve, C-2), 32.8 (+ve, C-6), 31.1 (+ve, C-3), 19.9 (+ve, C-8), 19.9 (-ve, C-20), 16.9 (;ve, C-19),

7.0 (-ve, SiCH,CH,), 6.5 (+ve, SiCH,CHs,).
IR (KBr): 2957, 1764, 1459, 1143, 1116, 938:, 743 cm™.
Exact mass calcd for C,H,,0,Si: 428.2747; found: 428.2746.

The assignment of proton and carbon resonances observed in the 'H and "’C NMR spectra of the
tetracyclic olefin 198 are summarized in Tables 2.11 and 2.12. These assignments are based on-

analysis of HMQC (Table 2.11), HMBC (Table 2.11), COSY (Table 2.12), and 1D NOESY

(Table 2.12) data.
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Table 2.11. NMR data fbr (1R*, 45*, 55*, 9R*, 10R*, 135%)-4,9-dimethyl-14-methylidene-1-
tnethylsﬂoxy [11,2,1,0%",0°'%-tetracyclopentadec-11-ene-9,5-carbolactone (198)
(recorded in CDCI,).

(OTES

O 19
Carbon BcC 'H HMBC?
No. & (ppm)* & (ppm) (mult,J (Hz))>
1 77.2 H-2, H-15, H-16B
2 36.6  1.97 (m), 1.70 (m) H-3, H-15
3 31.1  1.68 (m), 1.53 (m) H-20
4 45.4 H-3, H-20
5 89.6 H-60., H-11, H-20
6 32.8  Ha2.06(dd, 13.4,5.8) H-7
Hp 1.56 (m)
7 36.8  1.66 (m), 1.48 (m) H-6, H-8
8 19.9 . Ho 1.65 (m) H-6, H-7
HP 1.77 (dd, 4.8, 12.3)
9 46.5 H-7, H-8, H-10, H-11, H-19
10 542  2.53 (m) H-60., H-6B, H-12, H-19
11 1234 5.91(dd, 1.7,9.7) H-10
12 1380  5.77 (dd, 3.3,9.7) H-10, H-11, H-160.
13 55.4 H-3,H-11, H-17, H-20
14 148.2 : ; H-15, H-16B, H-17
15 444  2.50(dd, 2.1, 16.3) H-2, H-16B, H-17
2.33(dd, 1.7, 16.3)
16 48.6  Ho 1.64 (m) H-12, H-15
~ HP222(dd,24,11.3)
17 108.7  4.84 (bs), 4.83 (bs) H-15 _
18 179.6 H-8, H-10, H-19
19 169  1.24(s) :
20 199  1.09(s) H-3

3 Recorded at 100.5 MHz. ® Recorded at 400 MHz. ¢ Assignments based on HMQC data recorded at 400 MHz.
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Table 2.12. NMR data for (1R*, 45*, 55*, 9R*, I0R*, 135%*)-4,9-dimethyl- 14-methylidene-1-
triethylsiloxy-[11,2,1,0"%,0>"°]-tetracyclopentadec-11-ene-9,5-carbolactone (198)
(recorded in CDCl,).

OTES

®) 19

Proton 'H COSY? NOE®
No. & (ppm) (mult, J (Hz))"

2 1.97 (m) H-2, H-3

2 1.70 (m) H-2, H-3

3 1.68 (m) . H-2, H-3

3 1.53 (m) H-2, H-3

60, 2.06 (5.8, 13.4) H-6p, H-7

6  1.56 (m) “H-60,, H-7

7 1.66 (m)

7 1.48 (m)

8o . 1.65(m) H-7, H-8p
8B 1.77(dd, 12.3,4.8) H-7, H-8a

10 2.53 (m) ~ H-11,H-12
11 5.91(dd, 1.7,9.7) H-10, H-12
12 5.77(dd, 3.3,9.7) H-10, H-11

15  2.50(dd, 2.1, 16.3) H-15, H-17

15 233(dd, 1.7,163) H-15H-17
1600 1.64 (m) H-16p

168 2.22(dd, 2.4,11.3) H-2,H-160.
17 4.84 (bs) ' H-15,H-17 H-10, H-15
17 4.83 (bs) H-15, H-17
19 124 ()

20 1.09 (s)

2 Recorded at 400 MHz. ® Recorded as NOE difference at 400 MHz using 1D selective NOE experiments
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Preoaratlon of (2S*, 4aS * 4bS* 8R*, 8aR*, lOaR*) 4a.8-dimethyi-10a-hydroxy-2- tnethvlsﬂox&

perhvdronhenanthrene 8.4b-carbolactone-2- ethanonc a01d - lactone (206) and (1S*, 4S*, 5S*,

9R*, 10R *_ 13R*  145%)-4.9-dimethyi-14.17-epoxy-1-triethylsiloxy-[11,2.1.04".0%"%-

tetracyclopentadecane-9.5-carbolactone (204).

206 _ ’ 204

To a stirred solution of the diene 198 (8.6 mg, 0.026 mmol) in EtOAc (2.0 mL) at room
temperature was added a catalytic amount of palladium on carbon (10% Pd.-_on-carbon) and the
resulting black suspension was stirred under an atmospheré (balloon) of H,. After 25 minutes,
the crude reaction mixture was placed directly on a i)lug of silica gel (5 g of silica gel) and the
product was elﬁted with CH,ClI, - Etz.O (5:1). The filtrate was concentrated and the crude
| hydrogenation product was used without further purification.

Through a cold (-78 °C) solution of the crude hydrogenation‘ product and Sudah IIi (approx. 0.1
mg) in MeOH-CH,Cl, (1:9, 3.0 mL) was passed a stream of ozone. After the red color of the dye
disappeared (5 minutes), the stream of ozone was replaced by a stream of argon, which was
‘passed through the solution for 5 minutes. After this time, pyridine (10 QL, 0.12 mm_ol)‘and
DMS (40 uL, 0.54 mmol) were added and the reaction mixture was stirred overnight, with
gradual warming to room temperature. The mixture was then concentrated under reduced
pressure and the crude products were purified by flash chromatography (25 g 6f éilica gel, 30:1

CH,(Cl, - EtZOv). The appropriate fractions were combined and concentrated to provide 3.7 mg
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(42%) of the bislactone 206 (R = 0.4, 1:1 petroleum ether - Et,0) as a colorless oil and 2.5mg

(28%) of the epoxide 204 (R = 0.5, 1:1 petroleum éther - Et,0) as a colorless oil.

(2S*, 4aS*, 4bS*, 8R*, 8aR *, 10aR *)-4a,8-dimethyl-10a—hydroxy-2-triethylsiloXy-perh dro-
, y

phenanthrene—S,4b—carb01actone—2—ethanoic acid S-Iactone (206):

'H NMR (500 MHz, CDCl,) &: 2.66 (dd, 1H, J = 2.3, 17.9 Hz, H-11), 2.58 (dd, 1H, J= 1.5, 17.9
Hz, H-11), 2.40 (dd, 1H, J =4.9, 14.5 Hz H-8a), ‘2.11 (dd, 1H, J = 2.7, 13.7 Hz, H-1), 1..94 (m,
1H, H-7), 1.92 (m, 2H, H-5, H-5), 1.88 (m, 2H, H-10, H-10), 1.80 (m, 1H, H-6), 1.52-1.76 (m,
&H, H-1, H-3, H—37 H-4, H-4, H—é, H-7, H-9), 1.37 (m, 1H, H-9), 1.15 (s, 3H, H-15), 1.06 (s, 3H,

H-14),0.92 (t, 9H, J = 8.0 Hz, SiCH,CH,), 0.57 (q, 6H, J = 8.0 Hz, SiCH,CH,).

BC NMR (100.5 MHz, CDCl,) &: 180.2 (+ve, C-13), 170.5 (+ve, C-12), 87.1 (+ve, C-4b), 86.7
(+ve, C-10a), 69.8 (+ve, C-2), 51.0 (-ve, C-8a), 47.4 (+ve, C-8), 45.3 (+ve, C-11), 43.0 (+ve, C-
1), 42.9 (+ve, C-4a), 35.8 (+ve, C-7), 35.3 (+ve,. C-3), 32.2 (+ve, C-10), 31.2 (+ve, C-5), 29.9
(+ve, C-4), 20.0 (+ve, C-6), 19.0 (-ve, C-15), 17.6 (+ve, C-9), 16.8 (-ve, C-14), 6.9 (-ve,

SiCH,CH,), 6.7 (+ve, SiCH,CH,).
IR (KBr): 2953, 1773, 1728, 1214, 934 cm”.
Exact mass calcd for C,sH,,0,Si (+CI, M+H): 449.2723; found: 449.2725.

The assignment of proton and carbon resonances observed in the 'H and “C NMR spectré of the

bislactone 206 are summarized in Table 2.13. These 'ass.ignments are based on analysis. of

HMQC and HMBC data.
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(1S *, 4S*, 55*, OR* 10R * 135*, 145%)-4,9-dimethyl-14,17-epoxy-1-triethylsiloxy-

111,2,1,0*",0>")-tetracyclopentadecane-9,5-carbolactone (204):

'H NMR (400 MHz, CDCl,) &: 3.03 (d, 1H, J = 3.5 Hz), 2.92 (d, 1H, J = 3.5 Hz), 2.15 (dd, 1H, J
= 2.1, 16.5 Hz), 2.10 (m, 1H), 2.05 (dd, 1H, J = 2.8, 11.6 Hz), 1.30-1.90 (m, 16H), 1.21 (s, 3H),

1.03 (s, 3H), 0.92 (t, 9H, J = 7.9 Hz), 0.55 (g, 6H, J = 7.9 Hz).

Exact mass calcd for C,iH,,0,Si: 446.2852; found: 446.2853.
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Table 2.13. NMR data for (2S*, 4aS*, 4bS*, 8R*, 8aR*, 10aR *)-4a,8-dimethyl-10a-hydroxy-2-
" triethylsiloxy-perhydrophenanthren-8,4b-carbolactone-2-ethanoic acid §-lactone (206)
' (recorded in CDC,).

(OTES

0]
Carbon BC 'H HMBC"
No. & (ppm)* & (ppm) (mult,J (Hz))"*
1 43.0 2.11 (dd, 2.7, 13.7) H-11
v 1.74 (m) '
2 169.8 H-1, H-11
3 353  1.60 (m) H-11 '
' 1.62 (m) _
4 29.9 1.56 (m) H-3, H-15
, 1.56 (m)
4a 429 ’ H-15
4b 87.1 H-5
5 31.2 1.92 (m) H-6, H-8a
. 1.92 (m)
6 20.0 1.80 (m) H-5
. 1.56 (m)
7 35.8 1.94 (m) : H-14
1.72(m)
8 47.4 H-14
8a 51.0 2.40(dd, 4.9, 14.5) H-5, H-14
9 176  1.72 (m) H-8a, H-10
1.37 (m)
10 322 1.88 (m) -~ H-9
_ 1.88 (m)
10a 86.7 H-10, H-15
11 45.3 2.66 (dd, 2.3, 17.9) H-1
2.58 (dd, 1.5, 17.9)
12 1705 - H-11
13 180.2 ' ' H-8a, H-14
14 16.8  1.06(s) | ‘
15 19.0 1.15(s)

2 Recorded at 100.5 MHz. ® Recorded at 500 MHz. ¢ Assignments based on HMQC data.
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Preparation of (1R* 4S8*, 58*, 9R* 10R*, 138%*)-4.9-dimethyl-1-methoxy-14-methylene-

[11.2.1.0*".0>'%-tetracyclopentadecane-9.5-carbolactone (210).

To a stirred solution of the diene 198 (19.0 mg, 0.044 mmol) in EtOAc (2.0 mL) at room
temperature was added palladium-on-carbon (10% Pd, 4.7 mg, 0.0044 mmol Pd) and the
resulting black suspension was stirred under an atmosphere (balloon) of H,. After 25 minutes,
the reaction mixture was placed directly on a plug of silica gel (5 g of silica gel) and the broduct
" was eluted with CH,Cl, - Et,0 (5:1). The combined eluate was concentrated and the crude
hydrogenation product 202 was used without further purification.

To a stirred solution of the crude hydrogenation product in dry THF (1.5 mL) at room
temperature was added a solution of TBAF (1.0. M in THF, 88 ulL, 0.088 mmol). The mixture
was stirred for 20 minutes and then treated with saturated aqueous NH,Cl (5 mL) and the
resultant mixture was diluted with Et,O (10 mL). The phases were separated and the aqueoﬁs
phase was extracted with Et,0 (2 x 10 mL). The combined organic phases were washed with
briﬁe (1 x 10 mL), dried (MgSO,) and concentrated to provide the crude tertiary alcohol 209,
which was used without further purification.

To a stirred solution of the crude tertiary alcohol 209 in dry THF (1.5 mL) at room temperature.
was added KH (3.5 mg, 0.88 mmol) and the mixture was stirred for 30 minutes. After this time,
Mel (14 pL, 0.22 mmol) was added and the mixture was stirred for a further 30 minutes.

Saturated aqueous NH,CI (5 mL) was added and the resultant mixture was diluted with Et,0 (10

mL). The phases were separated and the aqueous phase was extracted with Et,0 (2 x 10 mL).
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The combined organic phases were washed with brine (1. x 10 mL), dried (MgSO,) and

concentrated. Purification of the crude product by flash chromatography (15 g of silica gel, 20:1
'CH.CI, - Et,0) and removal of trace amounts of solvent (vacuum pump) from the resulting solid

provided 13.1 mg (91%) of the methyl ether 210 as a colorless solid (mp 128 °C).

'H NMR (400 MHz, CDCl,) &: 4.98 (m, 2H), 3.22 (s, 3H), 2.42 (m, 2H), 2.11 (dd, 1H, J = 4.6,
14.9 Hz), 2.00 (dd, 1H, J =5.3, 13.4 Hz), 1.95 (dd, 1H, J = 1.5, 11.5 Hz), 1.55-1.90 (m, 8H),

1.32-1.53 (m, 6H), 1.17 (s, 3H), 1.07 (s, 3H).
'*C NMR (100.5 MHz, CDCl,) &: 180.2 (+ve), 157.3 (+ve), 109.4 (+ve), 88.0 (+ve), 78.8 (+ve),
52.1 (-ve), 50.7 (-ve), 50.7 (+ve), 47.6 (+ve), 46.8 (+ve), 42.9 (+ve), 41.4 (+ve), 36.0 (+ve), 31.9

(+ve), 31.5 (+ve), 30.9 (+ve), 28.2 (+ve), 20.0 (+ve), 19.0 (-ve), 18.4 (+ve), 16.9 (-ve).

IR (KBr): 2932, 1766, 1445, 1142, 933 cm™.

Exact mass calcd for C,,H,,0;: 330.2195; found: 330.2195.
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Preparation of (+)-13-methoxy-15-0x0-17-norzoapatlin (211).

To a cold (0 °C), stirred solution of the methyl ether 210 (11.1 mg, 0.033 mmol) énd NalO, (29
mg, 0.14 mmol) in MeCN (0.5 mL), CC], (0.5 mL) and H,O (0.75 mL) was édded a catalytic_
amount of RuCl;-H,0. After 40 minutes, H,O (5 mL) was added to the dark brown mixture and
the resultant mixture was diluted with CH,Cl, (10 mL). The phases were separated and the
aqueous phase wés extracted with CH,Cl, (2 x 10 mL). The combined organic phases were
washed with brine (1 x 10 mL), dried (MgSO,) and concentrated. Purification of the crude
product by flash chromatography (15 g of silica gel, 15:1 CH,CI, - Et,0) and removal of trace
amounts of solvent (vacuum pump) from the resulting solid provided 8.7 mg (78 %) of the ketone

211 as a colorless solid (mp 156-157 °C).

'H NMR (400 MHz, CDCl,) 8: 3.27 (s, 3H), 2.41 (dd, 1H, J = 4.2, 14.5 Hz), 2.33 (m, 2H), 2.24
(dd, 1H, J = 3.1, 11.8 Hz), 1.97 (ddd, 1H, J = 5.7, 12.2, 12.6 Hz), 1.85-1.95 (m, 3H), 171-1.82
(m, 2H), 1.54-1.70 (m, 7H), 1.45 (dd, 1H, J = 8.8, 14.9'Hz), 1.23 (m, 1H), 1.22 (s, 3H), 1.07 (s,

3H).

3C NMR (100.5 MHz, CDCL,) §: 218.8 (+ve), 180.4 (+ve), 87.1 (+ve), 76.6 (+ve), 56.7 (+ve),

51.9 (-ve), 50.8 (-ve), 47.5 (+ve), 47.5 (+ve), 44.7 (+ve), 42.2 (+ve), 35.2 (+ve), 31.4 (+ve), 31.1

(+ve), 30.0 (+ve), 25.2 (+ve), 20.0 (+ve), 18.1 (+ve), 17.9 (-ve), 17.0 (-ve).
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IR (KBr)ﬁ 2943, 1770, 1733, 1458, 1281, 1141, 1124, 939 cm’.

_Exact mass calcd for C,gH,0,: 332.1988; found: 332.1985.

Preparation of ()-13-methoxy-15-oxozoapatlin (22). .

Toa cqld (-78 °C), stirred solution of the ketone 211 (6.0 mg, 0.0 1'8 mmol) iq dry THF (1.0 mL)
was added a solution of KHMDS (0.30 M in toluene, 120 L, 0.036 mmolj. Affer the mixture
had been stirred for 15 minutes, it warmed to O .°C and stirred for a further 45 minutes.
Paraformaldehyde 5 fng, 0.17 mmol) \;vas added and the mixture was stirred for 15 minutes at 0
°C and a further 1 hour at room tempefature. The mixture was treated with saturated aqueops'
NH,CI (5 mL), stirred for 10 minutes and then diluted with Et,0O (10 mL). Thé phases Qere,
separated and the aqueous phase was extracted with Et,O (2 x 10 mL). The c_ombined organic
phases were washed with brine (1 x 10 mL), dried (MgSO,) and concentrated. The crude
‘products were purified by flash chromatography (10 g of silica gel, 15:1 CHZClz- Et,0) and the
appropriate fractions were combined and concentrated to provide 3.0 mg (51%) of recpvered
starting material (R; = 0.5, 4:1 CH,Cl,- Et,0) as a white solid and 2.5 mg (41%) of 13-methoxy-

15-oxozoapatlin (22) (Rg = 0.6, 4:1 CH,Cl,- Et,0) as a colorless solid (mp 134 V°C'v).
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'H NMR (500 MHz, CDCl,) 8: 6.12 (s, 1H, H-17), 5.35 (s, 1H, H-17), 3.24 (s, 3H, -OCH,), 2.49

(dd, 1H, J = 4.3, 14.4 Hz, H-5), 2.17 (dd, 1H, J = 7.5, 11.5 Hz, H-12), 2.15 (d, 1H, J =118 Hz,
H-14), 1.82-1.90 (m, 2H, H-2, H-7), 1.63-1.76 (m, 5H, H-1, H-6, H-11, H-12, H-14), 1.52-1.62
(m, 2H, H-3, H-3), 1.44-1.50 (m, 3H, H-1, H-7, H-11), 1.29 (m, 1H, H-6), 1.26 (s; 3H, H-20), |

1.15 (m, 1H, H-2), 1.09 (s, 3H, H-19).

13C NMR (100.5 MHz, CDCl,) 8: 208.2 (+ve, C-15), 180.4 (+ve, C-18), 147.6 (+ve, C-16), 116.5

(+ve, C-17), 87.3 (+ve, C-10), 79.8 (-Fve, -C-i3), 54.4 (+ve, C-8), 51.9 (-ve, C-Sj, 50.1 (-ve, C-
OCH,), 47.5 (+ve, C-4), 43.1 (+ve, C-9), 40.6 (+ve, C-14), 35.3 (+ve, C-3), 34.7 (+ve, C-12),

31.7 (+ve, C-11), 31.2 (+ve, C-2), 25.5 (+ve, C-7), 20.0 (+ve, C-1), 18.6 (-ve, C-20), 18.2 (+ve,

C-6), 17.1 (-ve, C-19).
IR (KBr): 2938, 1765, 1720, 1644, 1275, 1212, 1140, 1110 cm’.
Exact mass calcd for C,;H,0,: 344.1988; found: 344.1988.

The assignment of proton and carbon resonances observed in the 'H and "*C NMR spectra of ()-

13-methoxy-15-oxozoapatlin (22) are summarized in Tables 2.14. Thesé assignments are based

on analysis of HMQC and HMBC data.
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Table 2.14. NMR data for ()-13-methoxy-15-oxozoapatlin (22) (recorded in CDCly).

Carbon BC 'H ' HMBC"
No. 8 (ppm)* . & (ppm) (mult, J (Hz))">*
1 20.0 1.79 (m), 1.49 (m) . H-2,H-3
2 31.2 . 1.87 (m), 1.15 (m) H-3
3 35.3 1.57 (m), 1.55 (m) H-2, H-5, H-19
4 47.5 : .H-3, H-5, H-19
5 51.9 2.49 (dd, 4.3, 14.4) H-1, H-6, H-7, H-19
6 18.2 ' 1.66 (m), 1.29 (m) H-5, H-7, »
7 25.5 1.85 (m), 1.46 (m) H-5, H-6
8 54.4 " H-6, H-7, H-14, H-17
9 43.1 . H-7,H-11, H-12, H-14, H-20
10 87.3 H-20 ' '
11 31.7 1.48 (m), 1.68 (m) H-12, H-20
12 34.7 2.17 (dd, 7.5, 11.5) 'H-11, H-14, H-17
| 1.68 (m)
13 79.8 _ H-11, H-12, H-14, H-17, H-21
14 40.6 2.15(d, 11.8) H-17
1.71 (m) |
15 208.2 H-7, H-14, H-17
16 147.6 H-12, H-14, H-17
17 1165  6.12(s) |
5.35(s)
18 180.4 H-3, H-5, H-19
19 17.1 1.09 (s)
20 186  1.26(s) . H-11

OMe 50.1 3.24 (s)

®Recorded at 100.5 MHz. *Recorded at 500 MHz. ¢ Assignments based on HMQC data.




Appendix 2.1. X-Ray crystallographic data for the dione 109.

Compound
Formula
Formula Weight -
Crystal Color, Habit
Crystal dimensions
Crystal System
Space Group
Lattice Parameters
a (A)
b (A)
c (/0\)
V(A
Z Value
D, (g/cm’)
No. of reflections Measured
Unique (R,,, = 0.061)

Total 27135

109

C,,H,0,

278.39

clear, block
0.35x0.20x 0.10 mm
orthorhombic

Pcen (#56)

22.1223 (9)
15.4374 (6)
9.0417 (4)
3687.8 2)
8

1.198

3722

175



Appendix 2.2. X-Ray c'rysfallographic data for the olefin 141.

Compound
Formula
Formula Weight
Crystal Color, Habit
Crystal dimensions
Crystal System
Space Group
Lattice Parameteré
a (A) |
“bA) |
c(A)
v (AY)
Z Value

Dmlc (g/cmj)

No. of reflections Measured

141
CaoHys0;

316.44

clear, chip

0.40 x 0.20 x 0.20 mm

-orthorhombic

Pbca (#61)

17.3240 (9)
10.9278 (7)
17.0861 (8)
3234.6 (5)
8

1.299

Unique (R,, = 0.047) 4213

Total

176
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3. Isolation, Structure Elucidation_.'Total Svynthesis and Biological Evaluation

of Gran_ulatimide Alkaloids

3.1 Introduction

There has been trenﬁendous success in the discovery of unique compounds from marine
organisms since 1950, generally considered the birth-date of inarine natural product chemistry.'
Traditionally these discoveries have resulted from chemical investigations on invertebrates such
as sponges, soft c.orals, and molluscs. However, as screening for biological activity and specimen
collection techniques have become more sophisticated, the realm 6f organisms studied by marine
natural produc't chemists has expanded. Recently, numerous reports haQe cited sessile, filter
feeding ascidians as a new source of biologically active and structurally novel compounds.

Ascidians belong to the phylum Chordata, owing to the presence of a primitive spinal
chord during their larval stage of development.® The larval spinal chord, first reported in 1866,
placed ascidians in the same phyium as mammals and was an important factor in bringing abdut
the acceptance of Darwin’s evolutionary theory.” Members of the class Ascidiacea (ascidians),
along with two other classes included in the subphylum Urochordata, have a sac-like body which
is enclosed in an outer sheath or tunic. Consequently, these organisms are most commonly
referred to as tﬁnicates?

Typically bright in color, ascidians attracted interest from scientists as eaﬂy as 1847. An
observation by a German physiologist that, upon 'exﬁosur'é'to air, ascidian blood changed in color
from yellow-green to deep blue, led eventually to the ‘discovery Qf the hydroquinoid tunichromes

(e.g. tunichrome An-1 (1)).*’ These blood pigments are apparently involved in the se uestration
g q

~of vanadium by ascidians, providing concentrations of the metal 10 million times greater than
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that found in seawater. More recently, attention has focused on biologically active metabolites
produced by ascidians. The first of these was the cytotoxic metabolite geranyl hydroquinone (2)

isolated by Fenical and co-workers from an Aplidium sp. (Figure 3.1).°

OH
HO. ! OH
H-N '
2 H
OH
(0] NH
HO. H NS
OH
(e
HO
OH
1
Me
N N
R1O
A,

OMe

3R1=OH,R2=H
4R1=R2=.Q

Figure 3.1. Natural products isolated from ascidians.

Over the last three decades, the metabolites isolated from ascidians have predominantly

been nitrogenous compounds, with peptides ’representing the majority of ascidian natural
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products reported to date. Included among the ascidian peptides is didemnin B (3), a
cyclodepsipeptide isolated from the. Caribbean ascidian Trididemnum solidum.” An oxidized
de‘ri.vative of 3, dehydrodidemnum B (4), is presently in clinical trials as an antitumor agent;‘B
Although structurally unique peptides continue to be isolated from ascidians, the fastest growing |
class of ascidian secondary metabolites repbrted in the literature are the polycyclic aromatic
alka]oids, which include eudistone A (5), iso]ated from an ascidian of the genus Eudiston.uz.9
Bécause members of this class of compounds are highly unsaturated, few protons exist for
spectroscopic proton-proton correlation experiments (e.g. COSY, TOCSY, NOE) and,
consequently, the structure determination of alkaloids such as 5 continue to challenge natural
product chemists. However, aided by the increasing sophistication of spectroscopic techniques, -
which now include long-range heteronuclear coupling _éxperime_mts, the structure determination
of these corﬁplex natural products has become routine. For example, the water-soluble alkaloid
ecteinascidin (6), first isolated from the ascidian Ecteinascidia turbinata in 1969, has recently
succumbed to structliral identification and is currently in clinical trials as an anticancer agent.”
Ongoing interest in the origin of these complex alkaloids has led to numerous reports
regarding the biosynthesis of ascidian metabolites. A common biogenesis has been proposed for
~ the alkaloids polycitone A (7) and polycitrin A (8), both isolated from the Indo Pacific ascidian
Polycitor sp. (Scheme 3.1)."' An oxidative dimcrization of 4-hydroxyphenyl pyruvic acid (9), |
derived from tfyrosine, and condensation Qf the resulting dimer with tyramine yields th(;.
ciicarboxylip acid 10, a plausible intermediate in the biosynthesis of both 7 and 8. Ortho-
bromination of the pyrrolyl hydroxyphenyl functions in 10 would then provide the bromo phenol -
11. Polycitone A (7) could be accessed from 11 via activation of the two carboxylic acid
moieties and subsequent addition of two substituted phenyl units. A]tgrﬁatively, oxidative

decarboxylation of 11 would provide polycitrin A (8). This proposed biogenesis has been

supported by a short, biomimetic synthesis of 8.7 Additionally, the isolation of lycogalic acid
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(12) and arcyriarubin A (13) from the slime mould Lycogala epidendrum lends credence to this

biosynthetic proposal (Figure 3.2)."

HO, wNH;
2
o~ O
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. dimerization
HO; o O COzH 2. condensation
................... -
+ P ORe
HaN HO OH
HO OH tyramine 10
9 9 .
H 1 ortho-
' bromination
\

1. activation of

carboxylates
2. acylation
e mmemmmm
Br Br
OH 11
7 L
‘ oxidative
decarboxylation
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12 1 13

Figure 3.2. Lycogalic acid (12) and arcyriarubin A (13).

In addition-to the polycitrins (e.g. 8), various other substituted ma]eifnides have been
isola;ed from ascidians. The didemnimides A-D (14-17), isolated from the Caribbean mangrove
ascidian Didemnum conchyliatum,' and the dihydro maleimide 18, recently isolated from the
ascidian Eudistoma toealensis,” are members of this growing family of alkaloids (Figure 3.3).
Biosynthetically, the didemnimides could be derived from the oxidative decarboxylétipn of the
dicarboxylic acid 19 as outlined in Scheme 3.2. The dicarboxylic acid 19 shquld, in turn, be
formed in an analogous fashion to 10 (Scheme 3.1), thrbugh the oxidative coupling of indole
pyruvic acid (20) with imidazole pyruvic aci.d (21) and a subsequent condensation with

ammonia.

M P PRI N

14R, =R, =H | NHMe
15R, = Br,Ry = H

16 R1 =H, R2=CH3
17R, = Br, R, = CH,

Figure 3.3. Substituted maleimides isolated from ascidians.
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. NH3 . ) : .
HO, O O | CO,H 1. oxidative :
dimerization
2. condensation
+ N with NH
| B N e
N N
H H
20 ) 21 . ) 19

oxidafive
decarboxylation

¥

didemnimide A (14)

~ Scheme 3.2. Proposed biosynthesis of didemnimide A (14).

The structure elucidation of_ ascidian secondary metabolites continually forces natural
product chemists to draw on new spectroscopic tools and a thorough understanding of alkaloid
biosynthesis. However, the biological evaluation of many of these metabolites has provided
valuable leads in the ongoing pursuit for new, more selective cancer chemotherapeutics; The

fo]]oWing sections discuss the isolation, structure elucidation, total synthesis and biological
activity of a new class of alkaloids produced by the Brazilian ascidian Didemnum granulat_um..
Chromatographic acquisition, spectroscopic analysis and prdpo’sal of candidate gtructures for the
natural product were carried out by Dr. Roberto Berlinck while on sabbatical at UBC (Instituto

de Quimica de Sao Carlos, Universidade de Sao Paulo, Brazil).
3.2 Isolation of a G2 checkpoint inhibitor from Didemnum granulatum

Until recently, the marine organisms inhabiting the coastline of Brazil were unexplored

as a potential source of novel, biologically active natural products. Traditionally, chemists have

concentrated on natural products produced by terrestrial plants, abundant in Brazil’s rich
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rainforests. However, collaboration between our research group and Brazilian scientists has
focused on the investigation of secondary metabolites produced by marine organisms that inhabit
the coastal waters of Brazil. This collaboration resulted in collection of the ascidian Didemnum
granulatum, whose ethanolic extract displayed promising activity in a screen for G2 checkpoint

inhibitors.

Figure 3.4. Photograph of Didemnum granulatum.'®

The ascidian D. granulatum (Figure 3.4) occurs in rocky, shallow water marine habitats
along the coastline of southern Brazil. Specimens of D. granulatum were collected by hand using
SCUBA at Araca Beach, Sao Sebastido in August of 1995 and at Arquipelago do Arvoredo and
the Sdo Sebastido Channel in November of 1997 (Figure 3.5), and were immediately immersed
in EtOH. Further work up involved decanting the EtOH followed by blending the ascidian tissue
with MeOH and exhaustively extracting the solid residue with fresh MeOH. Concentration of the
organic extract and further fractionation, via Sephadex LH20 chromatography, provided a
number of deep red and orange colored fractions, one of which demonstrated G2 checkpoint
inhibition activity. The major compound in the active fraction was further purified by reversed
phase HPLC to yield a red amorphous solid, which in its pure form, exhibited G2 checkpoint

inhibition activity. Further fractionation of the inactive, colored fractions by reversed phase
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HPLC yielded didemnimides A (14), B (15) and D (17) (Figure 3.3) which were identified by

comparison of their spectroscopic data with that reported in the literature."

esbpolis
ibeirdo -
a Pote.

R A

Figure 3.5. Map of collection sites (®) for Didemnum granulatum.

The G2 checkpoint inhibitor gave an (M+H)" ion in high resolution FAB mass spectrum
(HRFABMS) at m/z 277.0714, which was accounted for by the molecular formula C,;HgN,O,.
The HRFABMS differed from that of didemnimide A (14) by two mass units, corresponding to
an additional degree of unsaturation. Comparison of 'H NMR spectra recorded on 14 (vide infra)
and the checkpoint inhibitor (Figure 3.6) confirmed the absence of two aromatic proton signals.
This data led to the proposal of two candidate structures for the checkpoint inhibitor (Scheme
3.3), both of which are cyclized didemnimides, termed granulatimide (22) and isogranulatimide
(23). Biogenetically, granulatimide (22) could arise through a 6m-electrocyclization of
didemnimide A (14), thus forming a new bond between the indole C-2 and imidazole C-14.
Oxidation of the dihydro intermediate 24 would give rise to the planar aromatic alkaloid,

granulatimide (22). Alternatively, an intramolecular 1,6 addition of 14B, a tautomer of
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didemnimide A (14), would generate the intermediate 26. Oxidation of the latter species (orofa
structurally related intermediate derived from 26) would regenerate the indole system,vthus

providing isogranulatimide (23).

Didemnimide A (14) 24 Granulatimide (22)

H

148 26 Isogranulatimide (23)

Séheme 3.3. Proposed biosynthesis of granulatimide (22)
and isogranulatimide (23) from didemnimide A (14).

Evidence in support of a planar,. polycyclic aromatic structure for the G2 checkpoint
inhibitor could be found in the '"H NMR spectroscopic data; The large chemical shift observed
for the H-4 resonance (& 8.51) in the G2 checkpoint inhibitor (see Figure 3.6) relative to the
chemical shift observed for the H-4 resonance in didemnimide A (14) (8 7.07)"* can be attributed
to a deshielding effect from the neighboring C-9 maleimide carbonyl in either candidate structure

22 or 23. A similar diamagnetic anisotropic effect deshields the H-4 resonance in

staurosporinone (27) (DMSO-d, § 9.36)'” and arcyriaflavin A (28) (DMSO-d; 3 9.15)"® relative
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to the H-4 resonance in arcyriarubin A (13) (DMSO-d; & 7.33)'® (Figure 3.7). The deshielding -

effect of the maleimide carbonyl on H-4 in the 'H NMR of the checkpoiﬁt inhibitor and not in

didemnimide A (14) was consistent with the proposed planar arorhatic structures 22 and 23

(Scheme 3.3).

57.33 (H4) 59.26 (H4) - 59.15 (H4)

Figure 3.7. B'is'—indolyl méleimide and indolocarbazole natural products
and the '"H NMR chemical shift of H-4 (DMSO-dj). '

In principle, a variety of different NMR spectroscopic experiments should readily
_distinguish between the candidaté structures 22 and 23. However, the two key resonances at &
8.10 and 8 9.12 in the "H NMR spectrum of the G2 checkpoint inhibitor (Flgure 3. 6) that could‘
be ass1gned to the 1m1dazole fragment, gave very broad 31gnals that failed to show any HMBC or
HMQC correlations or nuclear Overhauser enhancements (NOEs), precluding a clear
spectroscopic resolution of the structural problem. The broadness of the imidazole resonances in
‘the NMR spectra of the checkpoint inhibitor was attributed to a tautomeric equ111br1um mvolvmg :
the imidazole NH proton. Similar broadening of the imidazole CH and NH proton resonances
was also observed in the '"H NMR spectrum of didemnimide A (14) and the related analogues
which do not have a methyl substituent on one of the imidazole nitriog.enl.s. In contrast,

didemnimide C (16), which has methy] substitution on one of the imidazole ring nitrogens, gives

sharp, well-resolved NMR spectra.'* By analogy with the didemnimides, only one of the
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candidate structures for the checkpoint inhibitor, granulatimide (22), would be expected to

undergo tautomeric equilibrium involving an imidazole NH. Therefore, the observed broadening
of the 'H NMR signals assigned to the imidazole fragment of the inhibitor appeared to be moét
consistent with candidate structure 22. From a biogenetic perspective, it seemed reasonable that
the co-occurring alkaloid didemnimide A (14) represented a logical precursor to either candidate
structure 22 or 23 (Scheme 3.3). Struéture 22 is r.c:la»ted to staurosporinone (2.7),17 arcyriaﬂévin
(28)'* and other polycyclic naturally occurring bisindole maleimides, whereas structure 23 was
apparently without precedent among natural products. Therefore, from a biogenetic perspective,
22 was also deemed to be the most probable structure for the G2 checkpoint inhibitor.
Since it was not poséible to distinguish between candidate structures 22 and 23 using the -
available spectroscopic data, it was decided to resolve the issue through total synthesis. The
synthesis was also required to generate sufficient material for complete biological evaluation.
VBased on the combination of chemical and biogenetic arguments presented above, granulatimide
(22) was believed to be the most probable structure for the checkpoint inhibitor and was
therefore chosen as the initial synthetic target. The fol'lowing sections describe the devélopment
of methodology generally useful for the synt_hesis of substituted maicimide_s and the applicatioﬁ

of these methods to the synthesis of granulatimide (22).
3.3 Syntheses of substituted maleimides

A growing number of substituted maleimides and indolocarbazoles have shown
pronounced biological activity and hence their syntheses have gameredv much interest. The
arcyriarubins (e.g. 13) (Figure 3.2), a family of bis-indolyl maleimide pigments produced by

slime moulds, represent the simplest members of this family.'® These slime mould compounds

have recently become a scaffold for the creation of highly selective inhibitors of protein kinase C
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(PKC), a family of phosphorylating enzymeé which play a crucial role in cellular processes such

as signal tansduction and cell growth. This new generation of PKC inhibitors includes the bis-
indolyl maleimides GF 109203X (29), Ro 32-0432 (30) and LY3335_31 (31) (Figure _3.8).19
Perhaps of greater interest to pharmaceutical chemists, however, is the potential intermédiacy of

" bis-indolyl maleimides in the synthesis of indolocarbazole alkaloids such as staurosporine (32),”

one of the most potent inhibitors of PKC, and the antitumor antibiotic rebeccamycin (33).'21 :

Figure 3.8. Biologically active bis-indolyl maleimide and indolocarbazoles.

" The most common method for the preparation of bis-indolyl maleimides involves the
addition of indolylmagnesium bromide (34) to a 2,3-dihalomaleimide (e.g. 35). Steglich and co-

workers were the first to demonstrate the potential of this reaction in the synthesis of
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arcyriarubin A (13)."® The key step in a synthesis of 13 involved the addition of four equivalents

of indolylmagnesium bromide (34) to 2.3-dibromo-N-methylmaleimide (35), which afforded the
bis-indolyl maleimide 36 in high yield (Scheme 3.4). Although this reaction provided rapid
access to bis—indolyl'maleimides, the use of two additional equivalents of indolyl'magnesium
bromide (34) was deemed necessary, as the prodﬁct of the reaction, compound 36, is a stronger
acid than indole itself and thus consumes an equivalent of 34. Further limitations to this proc;ass
included the restriction of target molecules to symmetrical bis-indolyl maleimides and the

necessary protection of the relatively acidic maleimide NH.

CH,
[ — —_
Oy’ "N=0 M
= | O="\=0
C\z_—\> Br 35 Br 5 H \—
- Br
N solvent
Z

toluene
(70%)

Scheme 3.4. Synthesis of indolyl maleimides.

It was later shown, however, that through judicious choice of reaction solvent and

equivalents of indolylmagnesium bromide (34), the outcome of the reaction may be altered.”” In
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toluene, the symmetric bis-indolyl maleimide 36 was isolated in good yield when 4 equivalents

~ of 34 were added to the dibromomaleimide 35. Alternatively, in THF, the monosubstitution
prqc_luct 37 was obtained in 74% yield from the reaction éf 2 equivalents of 34 with 35 -(Schemé
3.4). The productiOﬁ of 36 or .37 is rationalized by the difference between the rate of
isomerization of 38 to the monosubstitution .product 37 and the rate of reaction of the
intermediate 38 with a second equivale‘nt of indoly]mégnesium bromide in the two solvents. The
mono-substitution product 37 has found use in the synthesis of unsymmetric bis-indolyl
maleimides. Thus, through protection of the indole NH and subsequent addition of a éécond,
structurally different indolylmagnesium bromide reagent, a variety of unsymmetric bis-indo]yl
and bis-aryl maleimides have been generated.” This meth,odology has been applied successfully

in the syntheses of staurosporine (32)* and rebeccamycin (33).8

& & o
N. . N

BusS N
n\[ \
N

—_—

O

Br

Pd(PPh3),,
N PhCHa, reflux
H (72%)
37 40

1. NaH, THF imidazole, EtMgBr
2.(BOC),0 0°Cto50°C

60%)

Scheme 3.5. Synthesis of didemnimide C (16) and the imidazol-1-yl analogue (39).

The bromomaleimide 37 has also been employed in the synthesis of the alkaloid

didemnimide C (16) and the imidazol-1-yl analogue 39.% Steglich and co-workers reported that a
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Stille coupling between 37 and 5—tributy1stannyl—l-methylimidazole, provided, after subsequent

manipulations, didemnimide C (16) in 27% overall yield. Additionally, the imidazol-1-yl isomer
-39 was accessed through treatment of the maleimide 41 with the bromomagnesium salt of

imidazole in hot THF (Scheme 3.5).

0 o o
R\)J\ N, _ tBWOK R\/U\ NSC o R\/U\' . JH]/OMe
, L ' [-MeOH] H
O )
44

42
R = aryl or alkyl l t-BuOK
o — T e
R OH R o) Meor) \‘H/ZO)
43 45

Scheme 3.6. Synthesis of substituted hydroxy maleimides.

Recently, a number of new methods for the synthesis of substituted maleimides'*** and
maleic anhydrides®®®' have been reported. Of particular noté, Rooney and co-workers have
developed a versatile approach to 4-substituted 3-hydroxy maleimides (Scheme 3.6).”> These
researchers found that treatment of a substituted acetamide derivative (e.g. 42) with dimethyl
oxalate and two equivalents of base in DMF, EtOH or benzene, afforded hydroxy maleimides
(e.g. 43) in moderate yield. Presumably, the first step in this transformation involves
deprotonation of an acetamide NH, followed by attack of the nitrogen anion thus generated onto
either carbonyl of the dialky] oxalate. Removal of a proton .fromv the acetamide methylene in 44,

followed by an intramolecular Claisen type condensation, provides the ketone 45, a tautomer of

the hydroxy maleimide 43."
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3.3.1 Synthesis of arcyriarubin A (13)

Perhaps due to the low isolated yields reported Ifor the monosubstituted hydroxy
maleimides produce'd by the condensation sequence described above (Schemé 3.6), this
methodology has not been extended to the S):'nthesis of bis-indolyl maleimides.” However, we
were encouraged by the economy of this reaction and believed a similar condensation sequence,
involving o-keto esters and substituted acetamides, would provide expedient access to bis-
indolyl maleimides and perhaps unsymmetrical didemnimide type alkaloids. Thus, .i.t-was'
envisaged that the anion derived from the treatment of indole-3-acetamide (46) with base, wbuld
react with either the ester carbonyl (pathway A) or the ketone carbonyl (pathway B) of an q-keto '
ester such as 47 (Scheme 3.7). While both pathways are reversible, the use of a MeOH trap (i.e.
4 A mo]ecu]ér sieves) should drive the formation of the acetamide 49 via pathway A ‘Removal
of a proton from the acetamide methylene function in 49, followed by an intramoleculér Pgrkin
type condensation, would then furnish the hydroxy succinimide 50, presumably as a mixture of
diastereomers. Finally, dehydration of the hydroxy succinimide 50 would yield the desired
unsymmetric maleimide 51. This process would offer advantages over traditional approaches to
bis-indoly! maleimides in that the formation of unsymmetric maleimides would be accomplished

in “one-pot” and, additionally, no prior protections of the amine or amide functions on the

acetamide starting material would be required.
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Scheme 3.7. Proposed synthesis of unsymmetric maleimides.

As a model system, we chose to explore the potential of this condensation reaction in the
synthesis of arcyriarubin A (13) (eq'.' 1). It was anticipated that a condensatibn involving the
‘commercially available materials indole-3-acetamide (46) and methyl indolyl-3-glyoxylate (52)
would provide 13 in one step. Gratifyingly, upon warming of a s'olutién of 46 and 52 in DMF
M_@.i't"ﬁ”—ég(ces"sﬁfﬁiﬁ)K,“‘ 4 red ‘color that indicated the formation 6f 13, appeared almost
immediately. After stirring overnight, workup of the reéctio’n_ and purification-'of the colored
pféduct 'by flash chromatography, arcyriarubin A (13) was isolated in 14% yield. The data (‘H

_NMR, "°C NMR, IR, HRMS, MP) recorded for the synthetic product was consistent with that
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reported in the literature™ (see Table 3.1). Although the optimization of this condensation
reaction was not pursued, this work represented the most efficient synthesis of arcyr‘iarubi'n A
(13) and supported further investigations into the syntheses of didemnimide A (14) and related

alkaloids through a similar condensation sequence (vide infra).”

Me

NH 0 +BuOK, DMF
2 o 4A mol. sieves
45°C
A\ / . (1)
+
h’ N (14%)
46 52

Table 3.1. 'H and *C NMR data for natural® and synthetic arcyriarubin A (13)
(recorded in DMSO-dy).

Natural arcyriarubin A- Synthetic arcyriarubin A

Atom No. C 8 (ppm)* 'H § (ppm) BC § (ppm)°  'H & (ppm) (mult, J
(mult, J (Hz))® (Hz))!

1(1') 109 (s) 10.87 (bs)
2(2") 128.7 7.70 (s), 7.69 (s)° 129.0 7.72 (d, 2.7)
3@3) 105.2 105.5

3a(3a’) 125.1 , 1254 ' '
44) 121.2 7.33(d, 8.1) 121.5 7.35(d, 8.1)
5() 120.5 694 (t,73) - = 1208 6.96 (dd, §, 8)
6(6") 118.9 6.59 (t, 7.72) 119.2 ~ 6.61(dd, 8, 8)
7(7) i11.3 6.77 (d, 8.0) 111.6. 6.79 (d, 8.0)

7a(7a’) 135.6 : _ 1359
8(8") 127.4 127.7
9(9) 172.6 172.9

10 (10%) 11.6 (s) ' 11.64 (bs)

4Recorded at 75 MHz. " Recorded at 300 MHz. ¢ Recorded at 100.5 MHz. dRecorded at 300 MHz. ¢ The doublet
attributed to H-2 in the '"H NMR spectrum was incorrectly assigned as two singlets (3 7.70 and 7.69 ppm).
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3.4 Syntheses of didemnimide A (14) and the proposed G2 checkpoint inhibitor,

granulatimide (22)

‘The highly convergent total synthesis of granulatimide (22) that was envisaged, as
outlined in general terms in Scheme 3.9, was to include two key steps. The first of these was the
condensation of the o-keto ester 53 with indole-3-acetamide (46), which was expectéd (vidé
supra) to furnish the maleimide 54. The second key transformation was envision.ed to be a
photochemica.lly induced, 67-electrocyclization, resuiting in bond formation between the indole
C-2 carbon and the imidazole C-4 carbon (C-14) of the natural product didemrﬁmide A (14) to
afford granulatimide (22). The results gathered from this pursuit are summarized in the following

sections.

Scheme 3.9. Synthetic proposal for the syntheses of didemnimide A (14) and granulatimide (22).
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34.1 Background on 67-Photocyclizations

As outlined in the proposed synthesis of granulatifnide (22) a‘key transférmation was to

invo]ve the 6m-photocyclization of didemnimide A (14). Histdrically, this reaction has received

" much use in the syntheses of a number of polyaromatic hydrocarbons and alkaloids. The first
example of a photoinduced 6n-eleCtrocyc]ization dates back to 1934, when irradiation of étilbené
(55) produced a compound that had a )\m,;x at 247 nm and was later identified as phenanthrene
(56) (Scheme. 3.10).%%¢ Hence,>6n—photocyclizations are typically referred to as stilbene type

cyclizations.

- 65 .57 56

Scheme 3.10. Photocyclization of stilbene.

The 67-photocyclization is considered to arise from the electronic excited sfate of a triene
(e.g. 55) and proceed in a symmetry-allowed conrotatory fashion to yield a tran;-dihydro species
(e.g. 57).3‘7 The reversibility of this reaction has been demonstrated by the ring opening of 57,
‘which provides stilbene (55) (Scheme 3.10). The stability of the trans-dihydro species is hi ghly
dependent on the structural features of the parent triene and the half-life of these intermediates
may vary from microseconds to days. Typically, dehydrogenation of the tfans-dihydro
intermediates by oxidvants such as O, and I, or 7-electron accéptors such-as tetracyanoethylene

pfovide the aromatic phenanthrene (e.g. 56) in good yield.”® Cava and co-workers have

" demonstrated that improved yields in the photochemical cyclization of heterocyclic analogues of
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stilbene can be realized through the use of catalytic amounts of Pd/C, which effects a mild
dehydrogenation of the trans-dihydro intermediate (e.g. 61) (Scheme 3.11).* Prior to this report,
the general practicality of heterocyclic 6n-photocyclizations had suffered from the competitive

destruction of the indole-like products by the oxidant additives.

__ FHy »

N hv, MeCN .
(et o) are [ NN on
E\l [-Hz] yl\j __
CHj (88%) CHj3

60 61 62

Scheme 3.11. Palladium catalysed dehydrogenation in the stilbene reaction.

3.4.2 Synthesis of selectively substituted imidazoles

As delineated in the retrosynthetic analysis of granulatimide (22) (Scheme 3.9), our initial
goal in this pursuit was the synthesis of the imidazole glyoxylate 53. Two reports that focus on
ihe synthesis of substituted imidazoles were invaluablé in this regard.***' The most acidic proton
of imidazole is the NH (pK, 17) and thus, the protection of N-1 is antecedent to regioselective
deprotonation reactions involving the imidazole ring. A survey of protecting groups used for this
purposé include benzyl,*® TMS,”? SEM,* EtOCH, (EOM)," MeOCH, (MOM),* trityl*® and
SO,NMe,,” all of which may be rerﬁoved under mild cohditions. |

The deprotonation of N-1 protected imidazole (e.g. 64), by stroﬁg base, proceeds
exclusively on C-2 (Scheme 3.12),% providing the C-2 lithio derivative in good yield. A number
of electrophiles, including brominating agents, alkylating agents, aldehydes, ketones, and nitriles,
have been shown to react with 2-lithio imidazoles (e.g. 65).% It is noteworthy, however, thét
reaction of 2-lithio imidazoles with acylating agents, éuch as acid halides or anhydrides, has been

largely unsuccessful.”
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Where the synthesis of C-5 substituted imidazoles is desired, the C-2 position is generally

blocked by a thiophenyl protecting group.’” Such C-2 protected imidazoles are accessed in
excellent yield by the reaction of 2-lithio imidazoles (e.g. 65) with 'phevnyl disulfide. The ease
with which the sulfide blocking group is removed* has made this an attractive sequence for

producing variably substituted imidazoles.

various

H k PG lithium ,\1 electrophiles PG
N ’ +
5 ( base E")
[/>2 ------ > [/> ------- - l|/\-/>@|.i@ ------------- - | )=
4~N N N
63 64 65
PG = protecting
group .
' .. (PhS),
e various G
PG P ; P N PG
e Raney N e'ed(zf;‘"es o o N ithium "y 7
' nickel Li base
\[ /> *E\[ D—SPh = -oo-oaee _ [ )—SPh|=------e-- [ ,)—SPh
. N N N N
69 ’ 68 ‘ 66 PG = CH,CH,OCHs

67 PG =CH,

Scheme 3.12. Functionalization of imidazole.

Deprotonation of C-2 blocked N-1 protected imidazoles (e.g. 66), generally effected by n-

BuLi, removes the C-5 proton.***® Not suprisingly, the degree of efficiency of this reaction is

highly dependent on the nature of the N-1 protecting group. Thus, the feaction of the N-methyl |

imidazole 67 with alkyl lithium, followed by treatment with various elcctrophile's (e.g.
alkylhalides, esters, kétones aﬁd aldehydes) typically‘ provides the desired 5—substitut‘ed
imidazo]e in yields no greater than 50%.* However, the use of brotecting groups such as MOM,
EOM and SEM, which are capable of complexing the élkyl lithium base and facilitating the

metallation at C-5, produce the desired 5-substituted imidazoles in consistently high yield.
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3.4.3 Total synthesis of didemnimide A (14) and granulatimide (22)

The total syntheses of didemnimide A (14) and granulatimide (22) are summarized m
Scheme 3.13. Treatment of the substituted imidazole 70*7 with n-BuLi in THF at -78 °C,
followed by reaction of the resultant 5—1ithio irﬁidazole intermediate with dimethyl Oxalate,
provided the required o-keto ester 53 in 66% yield. The structural assignment of 53 was in full
accord with its spectral data. The o-keto ester meiety showed stretching absomtions in the IR
spectrum at 1729 (ester C=0) and 1657 cm’ (ketone C=0). The C NMR spectrum in.cluded' |
two carbonyl resonances (8 172.2 and 161.6) and two resonances which could be assigned to the
methyl ester and methyl ether carbons of 53 (d 56.5 and 53.0, respectively). The '"H NMR

- _spectrum.of 53_displayed, in addition to six aromatic proton resonances, two 3-proton singlets ®
3.91 and 3.36) corresponding to the methyl ester and methyl ether protons, respectively.

The condensation of 53 with indole-3-acetamide (46) was effected efficient]y by
treatment of a solution of the two reactants with -BuOK in warm DMF in the presence of
molecular sieves. The use of molecular sieves was crucial to the success of this reaction, since, in
the absence of this material, a second major product resulting from the displacement of the
phenylthio group by a methoxyl function was formed (i.e. 54, OMe in place of SPh).
Presumably, the byproduct arises through the reaction of 54 with methoxide ion, which 1is
generated during the condensation of 53 and 46. It is likely that, to a large degree, the sieves
vadsorb the MeOH produced during the reaction and thus are effective in si gnificantly reducing
the amount of byproduct. As expected;-the spectral-data -acquired on-the desired product,
compound 54, was similar to that reported.by Fenical and co-workers for the didemnimides."
The IR spectrum of 54 included two carbonyl C=0 stretching absorptions (1765 and 1708 cm™)

which‘resembled those reported for didemnimide A (14) (1755 and 1702 cm™). In the '"H NMR

spectrum, two broad NH resonances (8 12.11 and 11.25) were observed and assighed to the
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indole NH and the 'malei.mide NH, respectiVely. In addition, the *C NMR spectrum contained 17

aromatic carbon resonances and two characteristic maleimide carbonyl resonances (& 171.7 and
171.6). As anticipated, the protected didemnimide 54 was isolated as an orange solid, resembling

in appearance the didemnimides A-D (Figure 3.3), which all exist as orange to red solids.”*

NH,
N
N 46
//OMe 1. n-BuLi //OMe H :
2. dimethyl MeO - t-BuOK, DMF,
[ N ~ oxalate I N S 4 A mol. sieves
SPh —mm Ph
N/> | o Ly
(66%) (90%)
70 53
Raney nickel (W-2) BBrs, CH,Cly
EtOH, reflux reflux
(85°_/o) (77%)

H
N

hv, quartz vessel.

10% Pd-C, MeCN
- O NH 4

22

(91%) (8%)

Scheme 3.13. Total syntheses of didemnimide A (14),
granulatimide (22) and isogranulatimide (23).

Treatment of the tetracycle 54 with W-2 Raney nickel in .reﬂuxing EtOH* furnished the
désulfufized product 71 in excellent yield. The '"H NMR spectrum of 71 included seven aromatic -

proton resonances, which supported the removal of the thiophénﬂ protecting group from 54.
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Additionally, a singlet (8 7.95) in the 'H NMR spectrum of 71 could be.assigned to the imidazole

H-16, consistent with the replacement of the phenylthio group with a proton. The 13C NMR and
IR spectral data compared well with those reported for the didemnimides and the moleculér
formula of 71 was cénfirmed by a high-resolution mass spectrometric measurement on the |
molecular ion.

Removal of the methoxymethyi group was.accomplished by reaction of the didemnimide
71 with 10 equivalents of boron tribromide (BBr;) in refluxing CH,Cl,. Reaction at room
temperature and (or) use of lesser amounts of the reagent resulted in the recovery of consibderab]e'
amounts of starting material. The product of this reaction, didemnimide A (14), exhibited
spectral data in acco‘rdance. with that reported in the literature for the natural product (Table"
3.2)."* However, the interpretation of the NMR spectra of didemnimide A (14) in DMSO-d; was
comp]icated.by the existence of both tautomers 14 and 14B (Figure 3.9). Also, given that the pK,
of the conjugate acid of imidazole is approximately 7, both the protonated and non-protonated
forms of didemnimide A (14) were likely to be 1.)resent.14 These factors led to the broadening of
proton resonances in the 'H NMR spectrum of 14, the degree of which was found to be
dependent on concentration, making comparison of NMR spectral aata difficult. However, this
problem could be resolved through the>addition of trifluoroacetic acid (TFA) to the NMR sample
prio r to analysis, providing the TFA salt of didemnimide A 72, which yielded consistent NMR |

spectra (Figure 3.9).
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Table 3.2. 'H and '*C NMR data for natural'* and synthetic didemnimide A (14)
(recorded in DMSO-dy).

Natural didemnimide A Synthetic didemnimide A
Atom  "Cd(ppm)’  'H3(ppm)  “Cd(ppm)*  'H3 (ppm)
No. (mult, J (Hz))° (mult, J (Hz))
1 12.45 (bs) 12.45 (bs)
2 130.7 8.05 (bs) 130.9 8.05 (bs)
3 104.7 105.0
3a 125.6 126.0
4 121.7 7.07 (m) 121.7 7.07 (m)
5 119.6 6.87 (m) 119.7 6.87 (m)
6 121.7 7.07 (m) 121.3 7.07 (m)
7 112.0 7.39 (d, 7.8) 112.2 7.39.(d, 7.8)
Ta 136.5 136.1
8 n.o. 130.5°
9 . 172.9¢ 172.8°
10 11.66 (bs) 11.66 (bs)
11 172.8¢ 172.6
12 n.o. 111.5°
13 125.7 126.0
14 119.6 7.71 (bs) 119.2 7.71 (bs)
15
16 136.5 7.68 (bs) 1359 - 7.68 (bs)
17 10.87 (bs) 10.87 (bs).

2Recorded at 100.5 MHz. "Recorded at 500 MHz. “Recorded at 400 MHz. “* May be interchanged.

Finally, photolysis of a solution of didemnimide A (14) in acetonitrile containing a small
amount of palladium-on-carbon® produced granulatimide (22) in 91% yield and isgranulatimidé_:
(23) in 8% yield (Scheme 3.13). The spectroscopic data obtained for granulatimide (22) were in

full accord with the assigned structure and 'H and "?C NMR resonances could be assigned by

HMBC, HMQC and COSY experiments (see Experimental). A series of NOE differehce
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experiments were particularly instrumental in assigning the '"H NMR spectrum and confirming
the structure _(Figure 3.10). Irradiation of a broad singlet at & 12.58 induced a NOE in a doublet
at § 7.61, thereby assigning the broad singlet to the indolé NH and the doublet to H-7. Similarly,
irradiation of a broad singlet at § 13.57 induced a NOE in a sharp singlet at $ 8.50, which led to
the assignment of the downfield singlet to thé imidazole NH and the u_pfield singlet to H-16. It
was interesting to note that contrary to our expectations, granulatimide (22) gives sharp, wéll-
resolved 'H NMR spectroscdpic resonances for all of the prdtons in the molecule. The imidazdie
NH in granulatimide (22) is strongly deshielded (8 13.57), and it does not show a NOE to the
indole NH, suggesting it participates in a strong intramolecular hydrogen bond to the maleimide
C-11 carbonyl (Figure 3.10). Thus, the stabilization of the HN-17 tautomer 22 is likely

responsible for the suppression of imidazole NH tautomerization in granulatimide (22).

22 < NOE 22B
Figure 3.10. NOE’s observed for granulatimide (22).

Comparison of the NMR data for synthetic granulatimide (22) with the data for the

checkpoint inhibitor isolated from the EtOH extract of D. granulatum clearly revealed that the

two molecules were different (Figure 3.11). Therefore, we concluded that the G2 checkpoint
inhibitor must be isogranulatimide (23), the only alternate candidate structure bconsis'tent with the

spectroscopic data and a biogenesis from didemnimide A (14) (vide supra). A minor product
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from the photochemical conversion of didemnimide A (14). to granulatimide (22) had TLC

properties identical with those of a sample of natural i.sogranulatimide'(23). Their 'H NMR
spectra were also nearly identical (Figur’e 3.11). However, the syﬁthe_tic product gave sharp,
well-resolved singlets at & 7.88 and 8.93 for H-14 and H-1'6, respectively, while ,the natural
sample gave broed resonances for these protons at & 8.10 and 9.12. These spectroscopic
discrepancies were attributed to the different chromatographic procedures employed to purify the
two samples, resulting in different protonation states for the natural and synthetic
isogranq]atirﬁides. Therefore, both the natural and synthetic samples were repurified using
identical reversed phase HPLC conditions (1:1 CH,CN - 0.05% TFA) resulting in them having
identical HPLC retention times and '"H NMR spectra. The formation of isogranulatimide (23) via

the photolysis of didemnimide A (14), while unanticipated, confirmed the structure of the natural

product.
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II

I

H-10 Ho4 H-6  H-5

i H-7
H-17 H-1 i '

Figure 3.11. '"H NMR spectra of (I) the G2 checkpoint inhibitor from Didemnum granulatum, |
(II) synthetic isogranulatimide (23) and (III) synthetic granulatimide (22) (recorded in DMSO-d,, 500 MHz).
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3.5 Improved synthesis of isogranulatimide (23)

As part of the investigations leading to the structural elucidatioh of isogranulatimide (23),
a short, efficient synthesis of granulatimide (22) was developéd. The final step in this synthesis
“also 4generated isogranulatimide (23), albeit in very low yield (Scheme 3.13). With a highly
convergent synthesis of granulatimide (22) established, our primary objective bécéme thé
development of an alternative protocol that would result in an efficient conversion of 14 into 23.

R_epetivtion of the reactioﬁ shown in Scheme 3.13 revealed that the amount of
isogranulatimide (23) éenerated through this process was variable. Indeed, the yiélds of 23 were
typiéally even lower than indicated, and in some experiments this substance was not present in
the crude reaction mixture ai all. During the photolysis éf 14 in MeCN, the reaction mixture
heated quite significantly, which led td tﬁe proposal that the conversion‘of 14 into 23 might in
fact be a thermally induced process. To gain further insight into this transformation, a number of
hi gh-temperathre 'H NMR experiments were performed on 14, using DMSO-d; as the solvent
‘(Figure 3.12). Fortuitously, the spectrum obtained when a solution of 14 was heated to 140 °C
showed, in addition to signals due to starting material, resonances that revealed the presence of
isogranulatimide (23). The latter material became the major .compound iﬁ solution when the

mixture was heated to 160 °C (Figure 3.12, IV).

H
H
N
% ()
NH
S Ty QY
N N N N
H H

14 22 ' 23
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Figure 3.12. Selected variable temperature 'H NMR spectra-of didemnimide A (14)
- (I) room temperature, (I1) 80 °C, (III) 140 °C (IV) 160 °C (recorded in DMSO-d,, 300 MHz). -
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DMSO, 140 °C
atmosphere
air
oxidation
N o
§
NH -
N>~/ ~= N ®
N A WU NN
H H H
14B 26

Scheme 3.14. Proposed mechanism for the thermal production of isogranulatimide (23).

These observations led to the preparative-scale experiments summarized in Table 3.3. It
was found that heating of a solution of didemnimide A (14) in DMSO (140 °C, open to the
atmosphere) provided isogranulatimide (23) in a maximum yield of about 50%. In addition,
starting material was recovered in amounts varying from 0 to 20%, depending on reaction times
(see, for example, Table 3.3, entry 1). Presumably, the transformation of 14 into 23 proceeds via ‘
(reversible) intramolecular 1,6-addition of 14B (a tautomer of 14) to generate the intermediate
26, as shown in Scheme 3.14. Air oxidation of the latter species (or of a structurally related
intermediate derived from 26) would regenerate the indole system and thus provide
isogranulatimide (23). Unfortunately, further experimentation employing DMSO as solvent
failed to identify conditions that would provide yields of 23 in excess of about 50%. The

reactions consistently produced, in addition to 23, insoluble (decomposition) material that was

not investigated further. It could be shown, however, that after heating a solution of
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i_sogranulatimide (23) in DMSO (150 °C, open to the atmosphere) for two hours, no

decomposition products were observed. Consequently, the generation of byproducts, encountered
in the transformation of didemnimide A (14) into 23 in DMSO, must result from decomposition
of 14 and/or an intermediate generated during this process (e.g. 26).

In an effort to increase the efficicncy of this transformation (i.e. 14 — 23), a variety of
reaction conditions were inVestigated. Unfortunately, the addition of oxidants such as DD‘Q.,
CuCl, or MnO, to hét solutions of didemnimi:de A (14) in DMSO, MeCN or N-methyl
pyrrolidinoné (NMP) failed to ideﬁtify conditions superior to those described above. In fact, the
isolated yield of isogranulatimide (23) from fhese reactioﬁs was typically iess thaﬁ 15%.

Undaunted by these poor results, we explored the use of dehydrogenation catalysts, which had

proved’ s-l-l-c'cé_ss'ful in the conversion of 14 into granulatimide (22) (vide supra). Thus, when a hot
solution of didemnimide A (14) in di(ethylene glycol) ethyl ether containing a catalytic amount
of Pd/C, as a hydrogen transfer agent, was stirred for sixteen hours, 23 was produced in moderate

~yield (Table 3.3, entry 2). Repetition of this reaction with excess Pd/C was fruitless and resulted

___in the production of a substantial amount of insoluble (decomposition) materials. A _report by_
Cava and cc;—workers indicated that the addition of hydrogen acceptors in heterocyclic
photocyclizations that involve dehydrogenation of the dihydro intermediates by palladium
catalySts was beneficial to these processes. In this manner, the deleterious hydrogenation of
reactants and products, also catalysed by Pd/C, is avoided.”

‘Nitrobenzene is a well-known hj{drogen acceptor ‘in _hydrogei} transfer reactions.” It
could be shown that isogranulatimide (23) is quite stable‘for extended periods of time in
refluxing nitrobenzene band, therefore, a number of expériments involving this solvent were
pérformed. When a solution of 14 in hot (200 °C) nitrobenzene, confaining 10% Pd/C as a
hydrogen transfer catalyst, was stirred for 3 hours, 23 wés produced in 46% yield, accompanied

by recovered starting material (Table 3.3, entry 3). The relatively low material balance from this
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reaction can probably be attributed to adsorption of 14 and 23 onto the carbon support.
Replacement of the Pd/C with Pd/CaCO5 and an increase in the reactfon time to 7 hours resulted
in complete consumption of the starting material but produéed the product 23 in only moderafe
yield (entry 4). The rather “dirty” reaction mixture indicated that partial decomposition of the '
organic substances present.had occufred. Additional experimentation showed that a satisfactory
result could be obtained by using Pd. black as the hydrogen transfer agent (entries 5 and. 6).
Indeed, although extended reaction times were required, the conditions summarized in entry 6
consistently transformed 14 into 23 in very good yields (~75%). Thus, an experirﬁéntally'
straightforward and efficient synthesis of isogranulatimide (23) had been developed, allowing the

production of quantities sufficient for biological activity evaluations (vide infra).

Table 3.3. Conversion of didemnimide A (14) into isogranulatimide (23)

H
N

o)

H
N conditions
| ) —
N N
H
14
entry solvent T(°C) time conditions or recovered  yield of
(h) additive 14 (%) 23 (%)
1 DMSO 140 2 opento 22 51
atmosphere
2 DEGEE' 202 16 Pd/C° ‘ 27 50
3 CH,NO, 200 3 PdIC 22 46
4 CHNO, 200 7  Pd/CaCO; 0 - 46
5 CHNO, 200 8  Pdblack’ 28 62
6 CH,NO, 200 20  Pd black® 0 75

“ Di(ethylene glycol) ethyl ether. ® Approximately 0.04 g of 10% Pd/C per mmol of 14.
¢ Approximately 0.2 g of 10% Pd/C per mmol of 14. 4 Approximately 0.4 g of 5% Pd/CaCO; per
mmol 14. ¢ Approximately 0.1 g of Pd black per mmol of 14. '
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3.6 Syntheses of structural analogues of didemnimide A (14), granulatimide (22) and

isogranulatimide '(23)

Having developed -an efficient synthetic sequence'which provided access to both

~ granulatimide (22) and 1sogranu]at1m1de (23), we next sought the syntheses of analogues of these

alkaloids and dldemmmlde A (14). Our primary objectives in this study were the exploratlon of
the generality of condensation-qyclization routes developed in the previousv work and the
preparation of structural analogues of 22 and 23, including 17-methylgranulatimide (74) and
substances 75-77 (Figure 3.13), in which the imidazo]e unit is incorporate.d’ into the final
products in structural ways different from those present in 22 and 23. For the sake of
convenience, substances 75-77 have been dubbed isogranulatimide A, isogranulatimide B and
isogranulatimide C, respectively. Additionally, we wished to investigate' the synthe}ses of N-
é]kylated analogues of 22 and 23 (substances 78-81) and extend the condensation-cyclization
sequence to include the syntheses of the phenylmaleimide 82 and the‘ 3-azaindole 83. Successful

completion of these goals would set the stage for investigations into the effect of structure on the

biological activity of this potentially important family of compounds.
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77 78 R, = H, R, = n-hexyl 79

80 R1 = CH3, R2 =H
81 R, = nhexyl, R, = H
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Figure 3.13. Targeted synthetic analogues of granulatimide (22) and isogranulatimide (23).
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3.6.1 Syntheses of didemnimide C (16) and 17-methylgranulatimide (74)

As mentioned above, one of the objectives of the current study was to carry out the
syntheses of a number of substances (Figure 3.13) structurally related to granulatimide (22) and
isogranulatimide (23). On the basis of our earlier .work, it was expected that oﬁe of the proposed
targets, 17-methylgranulatimide (74),. should be readily produced by the photocyclizafioﬁ of
didemnimide C (16).'* Although a total synthesis of 16 had been achieved by Steglich and co-
workers (Scheme 3.5),%° it seemed likely that a shorter synthesis, involving use- of the
methodology devised for the synthesis of didemnimide A (14), could be developed. The results
derived from the pursuit of this approach are summarized in Scheme 3.15.

Sequential treatment of 1-methyl-2-phenylthioimidazole (67)*® with LDA and dimethyl

‘oxalate provided the required o.-keto ester 84 as the major product, accompanied by a number of _
minor unidentified byproducts. Pure 84, readily obtained by flash chromatography of the crude
product mixture on silica gel, was obtained in 41% yield. Efforts to increase the moderate yield
of 84 involved the use of alternative lithium bases (e.g. n-BuLi and LiTMP) and solvent systems
(Et,0, THF—DME). Unfortunately, no conditions were identified that offered improvments to thié
process. The structural assignment of .84 was in full accord with its spectral data. The a-ket§
ester moiety displayed stretching absorptions in the IR spectrum at Al’}36 (ester C=0) and 1651 |
cm’ (ketone C=0). The *C NMR spectrum included two carbonyl resonances (8 172.9 and
162.2) and two resonances which could be assigned to the methyl ester and N-methyl carbons of
84 (8 53.3 and 34.3, respectively). The '"H NMR spectrum of 84 displayéd, in addition to six "

aromatic proton resonances, two singlets corresponding to the methyl ester (8 3.93) and N-

methyl (8 3.92) protons.
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NH,
N
N 46
CH, 1. LDA, DME-Et,0 - H
-78°Cto0°C BuOK, DMF,
N 2. dimethyl oxalate 4 A mol. sieves
| E/fsph - -
| .
(41%) (88%)
67 84

Raney nickel,
EtOH, reflux

o
o

(77%)

85 | 16

ZT

hv, quartz vessel

10% Pd-C, MeCN O CHs
_ - N
eYs

(64%)

Scheme 3.15. Total syntheses of didemnimide C (16) and 17-methylgranulatimide (74).

Condensation of 84 with indole-3-acetamide (46) in the presence of 4 A molecular sieves
gave an excellent yield of the substituted maleimide 85. As expected, the spectral data acquired
from 85 was similar to that reported by Fenical and co-workeré for didemnimide C (16)." The IR
spectrum of 85 included two carbonyl C=0 stretching absbrptions (1760 and 1713 cm™) which

corresponded well to those reported for 16 (1766 and 1700 cm™)."* In the 'H NMR spectrum, two

broad NH resonances (8 12.06 and 11.19) were assigned to the indole NH and the maleimide NH,
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respectively, by comparison of their chemical shifts to those reported for 16 (5 12.02 and 11.13).

In addition, the ?C NMR spectrum contained 17 aromatic carbon resonances' and two
characteristic maleimide carbonyl resonances at o 171;6 and 171.4. As expected, thé
djdemn-imide 85 waS isolated as a red solid, which resembled in color the. structufally related
didemnimides A-D (Figure 3.3). |

Employing conditions used iﬁ the synth_esis of didemnimide A (14) (vide supra),
desulfurizatibn of the substituted maleimide 85 with W-2 Raney nickel in reﬂuxin_g EtOH,
provided didemnimide C (16). The 'H and "°C NMR spectral data (Table 3..5) derived frém this
material agreed with those reported by Steglich and co-workers for their synthetic material.”®

The photocy;]izatioﬁ of didemnimide C (16) in the presence of Pd/C provided 17-
methylgrandlatimide (74) in 64% yield. The relatively low efficiency of this transforfnation is
likely due tobvery low solubility of the latter compound in organic' solvents. As expected, the 'H
NMR spectrum of 74 was similar to that of granulatimide (22), except that the resonance due to
the imidazole N-Me function in 74 (8 4.31) replaced the corresponding NH signal (5 13.57) of
22. Interestingly, as observed in the 'H NMR spectrufn of 22, the resdnance of the indole C-4
proton in 74 appeared at 8 8.94. Furthermore, the imidazole N-Me groups of didemnimide C (16)
and 74 gave rise to singlets at 8 3.17 and 4.31, respectively. These data clearly demonstrated the
deshielding effects of the neighbouring maleimide carbonyl groups on thé indole C-4 proton and
the imidazole N-Me protons in the planar structure 74. The IR spectrum of 74 showed two stfong
maleimide C=0 ‘stretching absorptions (1734 and 1703 cm™'). Additionally, high-resolution mass
" spectrometric analysis yielded a-molecular ion at m/z 290:0804, which was accounted for by the

formula C,H;,N,O,. Complete assignment of all resonances in the 'H and “C NMR spectra (see

Experimental) by HMBC, HMQC and COSY experiments confirmed the structure of 74.




Table 3.4. 'H and *C NMR Spectral data for didemnimide C (16)
(recorded in DMSO-dy).

Literature values® Synthetic Didemnimide C
Atom  Cd(ppm)* = 'H&(ppm) = “Cd(ppm) 'H & (ppm)
No.- (mult., J (Hz))’ (mult, J (Hz))
. | 12.02 (bs) : 11.97 (bs)
2 .131.8 8.07 (bs) 132.0 8.06 (d, 2.6)
3 105.2 105.0
3a 125.0 124.7
4 119.9 6.38 (d, 8.0) - 119.7 6.40 (d, 8.1)
5 120.8 . 6.77(dd, 8,8) . 1205 6.78 (dd, 8, 8)
6 122.6 7.10 (dd, 8, 8) 122.3 7.10(dd, 8, 8)
7 112.5 7.44 (d, (8.0) 112.2 7.44 (d, 8.1)
7a 136.6 136.4 '
8 134.1 1339
9 - 172.0° 171.9¢ :
10 ~ 11.13 (bs) 11.09 (bs)
11 1718 . ' 171.7¢
12 134.1 118.6
13 122.6 122.3
14 1318 7.07 (s). 131.5 7.07 (bs)
16 140.4 7.70 (s) 1403 7.69 (s).
N-Me 32.3 3.15(s) 32.0 3.17 (s)

aRecorded at 100.5 MHz. *Recorded at 500 MHz. “Recorded at 400 MHz. ¢ May be interchanged.
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3.6:2 Syntheses of isodidemnimide A (86), isogranulatimide A (75) and B (76)

Substance 86 (Scheme 3.17) is isomeric with didemnimide A (14) and, consequently,-wé
have named the former compound isodidemnimide A. On the basis of earlier studiés, it seemed
probable that 86 could be conveniently prepared By a base promoted condensation of the amide
87 with methyl glyoxyate 88. It also séemed 1ikelyvth.at 86, or suitable derivatives tﬁereof, would
sérve as convenient synthetic precursors to isogranulatimides A (75) and B (76). |

The syntheses of the known compounds 87 and 88 are summarized in Schem'e‘ 3.16.
Thus, conversion of imidazole into the required amide 87 was effected via m'odification'of a
procedure reported by Sundberg and co-workers.>* It was found that generation of the acetamide
87 by the se-qUCntial treatment of a solution of imidazole in DMF Wifh NaH and iodoacetamide
was superidr to conditions (KOH, DMSO, iodoacetamide) reported by Sundberg for this
transformation and consistently provided higher yields of imidazole-1-acetamide (87). The

spectral and physical data obtained from 87 agreed with that reported in the literature.”*

1. NaH, DMF
0°Ctort.
H' 2. iodoacetamide NH,

'I[ /> 0°Ctort. . [N/>

N

(75%) N

Me;SiCHN,
R el O < ~PHY: MeOH, T.t. ™ T

*

N
H

N ]
H (100%)
89 | 88

Scheme 3.16. Syntheses of imidazole-1-acetamide (87) and methyl indolyl-3-glyoxylate (88).
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Esterification of 3-indoleglyoxylic acid (89) with MeOH in the presence of an ion-

exchange resin has been reported to providc 88 in good y.ield.34 However, it could be shown that
the conversion of 89 into 88 can be accomplished conveniently and quantitatively by treatment
of a solution of 89 in MeOH and benzene with trimethylsilyldiazomethane (TMSCHN,)*
‘(Scheme 3.16). Upon reaction with MeOH, TMSCHN, genérates diazomethane and
methoxytrimethylsilane in situ, avoiding the need to prepare and handle the former reagent,
which is both highly toxic and explosive. The spectral and physical data obtained from 88 was in
agreement with that reported in the literature.

Scheme 3.17 outlines the use of substances 87 and 88 for thé synthesis of
isodidemnimide A (86). Initially, potassium zert-butoxide-mediated condensation of 87 and 88 in
warm (~45 °C) DMF gave .modestvyields (~30%) of the expected product isodidemnimide A
(86). Examination of the‘reaction mixture revealed that a significaﬁt amount of N,N-dimethyl-3-
indoleglyoxylamide (90) was also produced. Presumably, this material resulted from reaction of
88 with KNMe,, which in bturn had been produced by the reaction of solvent (DMF) wit‘h t-
BuOK. This unsatisfactory result was ameliorated by carrying out the initial steps of the
condensation process at room temperature. Under these conditions, the starting materials 87 and
88 were consumed, but the expected product 86 was not generated. It. was thus assumed, that the
desired condensation reactions (87 +88 — 91 — 92) had taken place but that the final
(dehydration) step (92 — 86) of the overall transformation had not yet occurred. Fortunately,
when the reaction mixture was subsequently warmed to 45 °C to promote the dehydration step,
isodidemnimide A (86) was produced in very good yield (Scheme 3.17). The IR spéctrum of 86
exhibited strong maleimide carbonyl stretching absorptions at 1767 and 1719 cm’™. The 'H NMR
spectrum of 86 included three singlets (6 7.78, 7.29 and 7.04) which cofresponded to the three

imidazole protons. Further proof of a successful condensation between 87 and 88 was seen in the
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3C NMR spectrum, which contained the expected 13 aromatic carbon signals as well as two

maleimide carbonyl resonances (8 170.4 and 168.4).

1
\ We A\ _ i}
[/ Va H
N  HN N7 N
0 OMe 87 ) . (o) 0]
. tBuOK,DMF | = ©
,  2°C.12h N6 H NOH
45°C,3h : ’\>
, N H
: H L _
88 B 91 - 92
(79%)

- Q NMez
DMF, t-BuOK 5
45°C

N
H

- 90 . 86

' - hv, quartzvessel
' 10% Pd-C, MeCN

LT T Scheme 3.17. Synthesis of isodidemnimide A (86).

- Attempts to convert 86 into isogranulatimides A (75) and/or B (76) (Figure 3.17) via the

previously employed photocyclization-oxidation protocol were notably unsuccessful. Both the

starting material 86 and the products 75 and 76 are sparingly soluble in acetonitrile, and various
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attempts to effect the photocyclization reaction consistently produced intractable material that

was very difficult to cope with experimentally. Consequently, attention was directed toward the
preparation and cyclization of suitable derivatives of 86. To that end, treatment of 88 with NaH
in THF, followed by reaction of the resultant anion with (2-trimethylsilylexthoxy)methyl
chloride (SEM-CI), furnished the SEM derivétive 93 (Scheme 3.18). The spectral data obtained
from 93 was in full accord with the assigned struétu_re. The IR spectrum of 93 Qhowed two stréng
C=0 stretching absorptions (1733 and 1637 cm™). The 'H NMR spectrﬁm of 93 was similar to
that obtained for the starting material 88, however, a resonance attributed to the indole.NH ©®
12.40) in 88 was replaced by a series of resonances assigned to the SEM function in 93 (see
Experimental).

Condenéation of the o.xal.ate 93 wiih. the amide 87, in the presence of 4 A molecular
sieves, produced the desired 1-(SEM)-isodidemnimide A (94) in high yield, accompanied by a
minor amounts (14%) of the methoxy derivative 95. Presumably, 95 was produced by reaction
(conjugate addition-B-elimination) of the maleimide 94 with methoxide ion, which is produced
during the condensation of 93 with 87. It is noteworthy',v that when the reaction was carried out in
the absence of 4 A molecular sieves, 95 was the major product. Spectral data acquired for 94
supported the structural assignment, and was in close agreement with that reported for
isodidemnimide A (86) (Scheme 3.17). The IR spectrum of 94 exhibited two strong stretching
absorptions (1769 and 1723 cm™) corresponding to the two maleimide carbonyls. The '"H NMR

spectrum displayed resonances for the 1-(SEM)-indole as well as three 1-proton singlets (8 7.97,

7.24 and 7.15) which were attributed to the three imidazole protons.
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Scheme 3.18. Synthesis of isogranulatimide A (75).

The structure of the byproduct 95 was determined through analysis of spectral data
acquired on this substance. Low resolution mass spectrometric analysis of 95, presented a
molecular ion peak at m/z 372 which was accounted for by the formula C,,H,,N,0,Si, consistent

with the proposed structure. Comparison of 'H NMR spectra recorded from 1-(SEM)-

isodidemnimide A (94) and the byproduct 95 supported the displacement of the imidazole
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function in the byproduct, as the three imidazole CH resonances (67.97,7.24 and 7.15) observed

in the spectrum of 94, were absent in that of 95. The '"H NMR spectrum of 95 also displayed an
additional 3-proton singlet at 8 4.27, which correspdnded to the C-12 methoxy! function. The IR
spectrum included two strong maleimide C=0 stretching absorptions at 1761 and 1713 cm’.

The SEM derivative of isodidemnimidé A, compound 94, is considerably more soluble in
organic solvents than the parent substarlce, isodidemnimide A (86). Trradiation éf a solution of 94
in MeCN in the presence of 10% Pd-C produced, after chromatographic purificatlon of the crucle
product, 1-(SEM)-isogranulatimide A (96) in 52% yield, accompanied by a trace amount of the .
isomeric lf(SEM)-isogranulatimide B (97). Although the reaction was not particularly clean (a
number of unidentified bypréducts were produced), the chromatographic acquisition of pure 96
was straightforward. The fact that the méjor modé of cyclization had involved C-2 of the
imidazole rirlg was shown clearly by performing suitable '"H NMR NOE difference eXperiments
on the product 96. In the 'H NMR spectrum of 96, the imidazole protons resonated at 6 7.87 and
8.49. Irradiation of the signal at & 7.87 caused enhancement of the signal at 3 8.49 and vice versa
(Figure 3.14). Again, the planarity of 96 was evidencéd in the '"H NMR spectrufn by the large
chemical shift of the indole H-4 proton‘ (6 8.78), which results from the deshielding effect of th¢
neighbouring maleimide C-9 carbonyl. The IR spectrum of 96 showed two strong Vmale_ilmide
C=0 stretching absorptions (1757 and 1‘721 cm’'). Additionally, high-resolution mass

spectrometric analysis yielded a molecular ion at m/z 406.1461, which was accounted for by the

formula C,,H,,N,0,Si.
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Figure 3.14. Spe_ctrb_scopic evidence for the planar
structure of 1-SEM-isogranulatimide A (96).

Finally, reaction of 96 wﬁh LiBF, in MeCN cdntaining a small amount of water”
furnished isogranulatimide A (75) in excellent yield (Scheme 3.18)_. As expectéd, the '"H NMR
spectrum of 75 is very similar to that of 1-(SEM)—isogranulatimide A (96), except tﬁat the
resonance due to the indole NH function in 75 (8 13.14) replaced the corresponding N-SEM
resonances observed in that of 96. The *C NMR spectrum of 75 included the 13bexpected
aromatic carbon signals in addition to the two maleimide carbonyl resonances (8 168.5 and
165.3). Complete. assignme.nt of both 'H and *C NMR resonances (see Experimental) using
HMB‘C, HMQC and COSY experiments, further supported the structural assignment of 75.

The ofiginal goal of this study, however, was the syntheses of both isogranulatimide A
(75) and B (76). Consequently, attention was focused on the synthesis of a suitably solubilized
analogue of isodidemnimide A (86) whose photocyclization might lend access to both isomers
75 and 76. Steglich and co-workers have reported sﬁccess in a similar cyclization, in which the

indole NH was protected by a t-butoxycarbonyl (BOC) function,” hence, 1-(BOC)- -

'~ isodidemnimide A (98) (Scheme 3.19) was selected as a potential precursor to both 75 and 76.
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Scheme 3.19. Syntheses of isogranulatimide A (75) and isogranulatimide B (76).

Scheme 3.19 summarizes the use of lf(BOC)—isbdidemnimide A (98) as an intermediateb
for the syntheses of both isogranulatimides A (75) and B (76). Sequential treatment of
isodidemnimide A (86) with sodium hydride (2.6 equivalents) and di-tert-butyl dicarbonate:
resulted in the production of 98 in quantitative yield. Spectral data acquired from 98 confirmed
the structural assignment. In particular, the 'H NMR spectrum displa?ed, in addition to
resonances similaf to those of the parent compound isodidemnimide A (86), a 9-proton singlet at

§ 1.66 for the z-butyl moiety. Further evidence for the assigned structure came from the
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deshielding of the indole H-7 in the 'H NMR spectrum of 98 (5 8.10) relative to that in l-(SEM)-

isodidemnimide A (94) (8 7.50). This data supported the propinquity of the di—.tert_-butyl
carbonate carbonyl and the adjacent indole C-7 proton. |
After some preliminary experimentation, it was found that irradiation of a selution of 98
- in MeCN with a 275 Watt light bulb for onez hour, followed by treatment of the resultant crude
product with manganese dioxide in refluxing dichlor.omethane,26 afforded a mixture of produets.'
Flash chromatography of this material on silica gel provided 1-(BOC)-isogranulatimide A (99
and 1-(BOC)-isogranulatimide B (100) in yields of 48 and 19% respectively. Mechanieti'cally,'
the cyclization that leads, after oxidation, to both 99 and 100 can be viewed as an electrocyclic
(10 &) ring closure.” Consequently, the cyclization should proceed in a conrotatory fashion, via
a photochemically excited state. In this. manner, a carbon-carbon bond is formed between the
indole C-2 ahd the imidazole C-14 or C-17 (Pathway A or B, respectively, Scheme 3.20). This
ring elosur_e yields either the zwitterionic species 101 or 102. In pathway A, a five-electron
anionic [1,4]-hydrogen shift, a suprafacial process, would provide the resonance-stabilized
zwitterion 103. A subsequent five-electron anionic [1,4]—hydrogen shift should then yield the
zwitterionic succinimide 104, a resonance form of the succinimide 105. Enolization of a
maleimide carbonyl in the highly unstable trans-succinimide 105 would then provide the cis-
succinimide 106, a derivative of which has been isolated and fully characterized by Steglich and
co-workers.” In pathway B, a simi_ler sequence of events leads to the cis-succinimide 110..
Oxidation Qf the stable dihydro intermediates 106 and 110 by AMnOZ affords the pentacyclic

- alkaloids 99.and 100 . - .. L



[1,4] hydrogen

Pathway A shift
—_———
R e
C-14t0 C-2

[1,4) hydrogen
shit
N
0] -
enolization
H H and
[Ox] epimerization

Scheme 3.20. Proposed mechanism for the photochemical conversion of 1-BOC-isodidemnimide
A (98) into 1-BOC-isogranulatimide A (99) and 1-BOC-isogranulatimide B (100).

Thermolytic removal of the BOC function from 99 and 100 was conveniently achieved”’
by refluxing nitrvobenzene solutions of each of these substances for one hour (Scheme 3.19). Thé
correspondi‘ng products, isograﬁulatimide A (75) and B (76) were obtained in yields of 78 and
83%, respectively. The 'H NMR spectrum of the fonnef compound was identical with that of the
same substance obtained as described above (Scheme 3.18). On the other hand, the NMR spectra

.of 76 clearly showed that this material is isomeric with 75. In the 'H NMR spectrum of 76, the

two imidazole protons gave rise to singlets at & 8.87 (C-14 proton) and 7.94 (C-16 proton)
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(Figure 3.15). In key NOE difference experiments, irradiation at 8 7.94 increased the intensity of

the indole NH resonance (8 12.99) and vice versa (Figﬁre 3.15). Additionally, nol NOE was
observed between the protons at C-14-and C-16. The planarity of 76 was evidenced in the 'H
NMR spectrum by the large chemical shift of H-4 (d 8.53), Which results from thc deshielding
effect of the neighbouring maleimide C-9 carbonyl. The 13C NMR spectrum of 76 contained the
13 expected aromatic carbon signals in éddition to the two maleimide carbonyl resonances (S
169.1 and 165.9). The IR spectrum of 76 exhibitéd tw.o key stretching absorpﬁons (1761 and
1719 cm™), Which were attributed to the maleimide carbonyls. Compléte assignmént of all
resonances in the 'H aﬁd 13C NMR spectra (see Experimental) through anélysis of HMBC,

HMOQC and COSY spectral data, confirmed the structural assignment of 76.

7a N

6

1
Vo
812.99%_ 57,04

Figure 3.15. Spectroscopic evidence for the planar
structure of isogranulatimide B (76).
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3.6.3'Syntheses of neodidemnimide A (111) and isogranulatimide can

The syntheses of substances 111 and 77 (which we have named neodidemnimide A and
isogranulatimide C, respectively) are summarized in Scheme 3.21. A review of the chemical
]iterature.'relating to the metallation of imidazoies shows that there exists a disparity in the
efficiency of acylation of C-2 lithio derivatives of N-substituted imidazoleé. Alth~0ugh séme
success has been realised through the use of tertiary amides®® or thé sterically bulky pivaloyl
chloride,* the use of less hindered acid chlorides or an.hydrides“3 has generallyi provided low
yields of the desired 2-acyl adducts. Consequently, it was not surprisingto find that reaction of
1-methoxymethylimidazole (112)59 with n-BuLi in THF followed by addition of dimethyl -
oxalate, provided a mixture of products. Nevertheless, column chromatography of the mixture
allowed the .ready isolation of the required oxalate 113 in 49% yield. The major byproduct
isolated from this reaction was the symmetrical diketone 114, produced by reaction of 113 with a
second equivalent of the anion derived from 112. The structural assignment of 113 was in full
accord with its spectral data. The o-keto ester moiety showed stretching absorptions, in the IR
spectrufn, at 1744 (ester C=0) and 1679 cm™ .(imidazo]yl ketone C=0). The °C NMR spectrum
included two carbonyl resonances (6 177.9 and 164.3) and two resonances which cou_ld be
assigned to the methyl ester and methyl ethér carbons of 113 (8 55.5 and 53.4). The 'H NMR |
bsbpectrum of 113 displayed two imidazole CH resonances (5 7.38 and 7.33). In addition, two 37.
proton singlets at § 3.96 and 3.33, corresponding to the methyl ester and methyl ether protons,
respéctivcly, and one 2-proton singlet (8 5.71), assigned to the methyléne function of the

methoxymethyl protecting group, completed the spectrum.
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Scheme 3.21. Syntheses of neodidemnimide A (111) and isogranulatimide C (77).

The structure of. the byprodﬁct 114 was determined by analysis of spectral data collected
from this substance. Low resolution mass spectrome.:tric‘ analysis of 114 presented a fno_lecular
ion peak at m/z 278, which was accounted for by the formula C,,H,,N,O,, consistent with the
proposed structure. Comparison of 'H NMR spectra recorded on the o-keto ester 113 and the

byproduct 114 differed mainly by the absence of a signal attributed to the methyl ester function

“in 113 (8 3.33). The *C NMR spectrum displayed six carbon resonances, including only one
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carbonyl resonance (8 183.7), indicating the byproduct was indeed symmetric. Analysis of the IR

~ spectrum of 114 confirmed the symmetric nature of the byproduct, as only one C=0 ‘stretc'hing
ab_sc_)rption, at 1674 cm“, was observed. |
Interestingly, base-mediated condensation of 113 with indole-3-acetamide (46) in DMF |
required extended reaction times at 45 °C to effect efficient formation of the neodidemnimide
derivative 115. For example,.when a Dl\/[F solution of 113, indole—é-acetamidé (46) and t—BubK
was stirred at room temperature overnight and then heated at 45 °C for about four hours‘, little of
the product 115 was formed. A spectroscopic examination of the components of the feéction
mixture indicated that the major product at this stage was the hydroxy succinimide 116 and that
therefore, the required dehydration step (116 — 115) had not yet taken place. Spectral data -
collected from the succinimide 116 confirrﬁed the assigned structure of this intermediate. Low
resolution méss spectrometric analysis of 116 presented a molecular ion peak at m/z 340, which
was accounted for by the formula C,;H,N,O,, consistent with the proposed structure. The 'H
NMR spectrum displayed two 1-proton doublets‘(ﬁ 5.68 and 5.40) which could be assigned to
the diastereotopic methylene protons of the methoxymethyl (MOM) protecting group in 116. In-
addition, the 'H NMR spectrum showed resonances for both the maleimide an_d indole NH
protons (5 11.64 and 11.05), as well as the expected indole and imidazole CH signals. The bC
NMR spectrum included two carbonyl resoﬁances_ (0 177.0 and 176.9)- and only 11 aromatic
carbon signals. Two additional signals in the ‘.3,C NMR spectrum Qf 116, which were attributed to
C-8 and C-12, resonated at 50.3 and 77.5, respectively. Presumably, the elimination of water
~from-the-hydroxy-succinimide 116-is impeded by- the electron—withdrawivngfnature of the o~
carboxamidine function (i.e. N-C=N of imidazole). Faul and co-workers® havve reported a similar
result in the condensation of indole-3-acetamide (46) with 2-thienyl oxalates (e.g. 117, Scheme
3.22). In fact, it was necessary to isolate the hydroxy succinimide intermediate 118 and perform

an additional dehydration step to complete the condensation of these substrates.®
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Scheme 3.22. Synthesis of iﬁdo]y] thienyl maleimides.

Fortunately, when a mixture of indo]e-3’—acetamidé (46) and the a-keto ester 113 were
stirred ‘at 45. °C for twenty hours, 14-rhethoxymethylneodidemnimide A} (115) was ol;tainéd in
68% yield (Scheme 3.21). The IR spectrum of 115 exhibited two maleimide C=0 stretching
absorptions at 1759 aﬁd 1713 cm’'. The '"H NMR displayed, in addition to the fi}ve expected
~indolé CH sigﬁals, two imidazole CH resonances (8 7.46 and 7.11) and two singlefs ©® 5.06'and_
3.08) which. corresponded to the rﬁethylene and methyl protons, respe_ctive)y, of the
- methoxymethyl (MOM) protecting group. Further evidence thét a successful condensation had
occurred came from the 13C NMR spectrum, which contained the expected 13 aromatic carbon
signals in addition to two resonances (8 171.6 and 171.4) characteristic of maleimide carbonyls
and two resonances at & 76.8 and 55.7, ‘which were attributed to the methylene and methyl
carbons, respectively, of the MOM protecting group.

The conversion of 115 into neodidemnimide A (11‘1) by the agency of BBr; in reﬂuxing
CHZCI2 was clean and efficient. As was observed with didemnimide A (i4) (vide supra), the 'H
NMR spectrum recorded for 111 in DMS’O-d6 was complicated by both tautomerization and

protonation. This led to the broadening of proton resonances in the "H NMR spectrum of 111, the



240

degree of which was dependent on concentration, making analysis of NMR spectral data
difficult. However, this problem could be resolved throﬁgh the addition of trifluoroacetic acid
(TFA) to‘the NMR sample prior to analysis, providing the neodidemnimide A TFA salt (120)
(Figure 3.16); which yielded consistent NMR spectra. The '"H NMR spectrum of 120 d‘i'sp]'ayedv
~ resonances for both the indole NH and maleimide NH (8 12.45 and 11.61, respectively).
Additionally,»the syrﬁmetric nature of the *im).i‘dazolle fgnction in 120 was confirmed by the
existence of a 2-proton sinbglet at § 7.83, which was attributed to the protons on C-15 and C-16 of
the imidazole function. The *C NMR spectrum of 120 contained, in addition to two maleimide
carbonyl signals (8 _170..8 and 170.2), only twelve aromatic carboﬁ resonances,.as the imidazole
carbons C-15 and C-16 are equivalent in 120. The IR spectrum of 111 exhibited two strong

stretching absorptions for the maleimide cafbonyls at 1759 and 1709 cm’.

Figure 3.16. Neodidemnimide A TFA salt (120).

When a solution-suspension of 111 and Pd black in nitrobenzene was heated. at 200 °C

under an atmosphere of argon, 1sogranu1at1m1de C (77) was. produced in good yield (Scheme

D e SPURIE S S Y

3. 21) The spectroscoplc data derlved from 77 fully suppoﬂed the structural assignment. The lH
NMR spectrum displayed signals for the two imidazole protons at § 7.93 (C-16 hydrogen) and 8

8.40 (C-15 hydrogen). In key NOE difference experiments, irradiation at 0 7.93 increased the

intensity of the signal at & 8.40, while irradiation at § 8.40 enhanced the signals at 7.93 and 13.36
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~ (indole NH) (Figure 3.17). The planarity of isogranulatimide C (77) was also evidenced in the 'H

NMR spectrum, where the large chemical shift of the signal corresponding to H-4 (5 8.63)
indicated the propinquity of this proton to the neighbouring maleimide (C-9) carbonyl. The IR
spectrum of 77 showed two strong maleimide C=0O stretching absorptions (1755 and 1717 cm™).
‘Additionally, high-resolution mass spectrometric analysis on 77 yielded a molecular ion at m/z
276.0639, which was accounted for by the formula C,sH,N,0,. Complete assignment of ail 'H
~and C NMR resonances (see Experimental) using HMBC, HMQC and COSY experiments
confirmed the structure of 77. It is noteworthy, that the transformation of neodidemnimide A
(111) into 77 could also be effected, in 75% yield, by simply heating a solution of 111 in DMSO

(120 °C, open to the atmosphere) for eight hours.

Ho K,
§13.36 \__A
5793

Figure 3.17. Spectroscopic evidence for the planar
structure of isogranulatimide C (77).
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3.6.4 Syntheses of the phenylmaleimide (82) and the 3-aza-indolocarbazole 83

82 : 83

The syntheses of subst'arices 82 and 83 are summarized in Schemes 3.23 and 3.24,
respectively, and follow a sequence of reactions similar to fhat used to synthesize granulatimide
(22). Thus, base-mediated condensation of the oxalate 53 and phenylacetamide (121) effected
formation of the phenylmaleimide 122 in excellent yield. The spectral data obtained from 122
was in full accord with the assigned structure. The IR spectrum showed, for the fnaleimide
function, two strong C=0 stretching abso>rptions at 1767 and 1723 cm™. The 'H and “C NMR
spectra included the expected signals for the maleimide, phenyl and imidazole fragments and‘ the
molecular formula of 1-22 was éonfirmed by a high-resolution mass spectrometric analysis on the
molecular ioh.

At this point, it was found that the order chosen for the deprotéction and.photocycli'zation
events, require(i to access 83, was crucial ts £he success of this sequence. Thus, attempts to effect
desulfurization of 122 using Raney nickel in refluxing EtOH provided 123 in very low yield
(typically less than 30%). Furthermore, while the removal of the methoxymethyl protecting
group proceeded smoothly, irradiation (MeCN, medium pressure mercury vapour lamp) of 124

in the presence of 10% Pd-C yielded a complex mixture of compounds, which was inseparable

by standard chromatographic techniques.
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Scheme 3.23. Synthesis of the phenylmaleimide 82.

The experimental difficulty encountered in the production of 82, as deécribed in Scheme
3.23, could be avoided through the sequence Qf reactions described in Scheme 3.24. Thus,
photolysis of the phenyl maleimide 122 afforded the 3-azainodole 126, which could be isolated
in good yield from the crude reactiqn mixture by flash chromatography. The spectral data
obtained from 126 were in full accord with the assigned structure. The IR spectrum showed two
maleimide carbonyl stretching absorptions at 1762 and 1718 cm™. In the 'H NMR spectrum of |
_the carbazole 126, a one-proton doublet that was attributed to the phenyl H-4” resonated. at S
'8.95. The downfield chemical shift of this resonance in the 'H NMR spectrum clearly
dembnstrated the deshielding effect of the neighbouring maleimide carbonyl group on the phenyl
C-4” proton in the planar structure 126. The 3C NMR spectrum contained the 19 expected

resonances and the molecular formula of 126 was confirmed by a high-resolution mass

spectrometric analysis on the molecular ion.
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Treatment of 126 with BBr; in refluxing CH,Cl, effected the removal of the MOM

protecting group and the crude product from this reaction was directly subjected to conditions
(refluxing EtOH, W-2 Raney nickel) to effect desulfurization, affording the 3-azaindole 83 in
good yield. The spectral data obtained for 83 were similar to those of granulatimide (22) and
isogranulatimide (23). The IR spectrum of 83 exhibited two maleimide C=0O stretching
absorptions at 1759 and 1719 cm?, which compared well with those observed for 23 (1‘758 and
1719 cm’™). As well, the 'H NMR spectrum of 83 was ‘simi]ar to that of 22, except that there was
no resonance'corresponding to the indole NH. Again, the deshielding effects of the neighbouring
maleimide carbonyl on the phenyl C-4” proton (5 8.92) in the 'H NMR spectfufn corroborated

the planarity of 83.

H.
o= _o0o 1. BBrg, CH,Cl,
_ reflux
hv, quartz vessel - — rOMe_ 2. Raney nickel (W-2)
10% Pd-C, MeCN Q N EtOH, reflux
122 — >
e s e
(62%) N SPh (61%)
126

Scheme 3.24. Synthesis of the 3-azaindole 83.
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3.6.5 Syntheses of 1-hexylisogranulatimide (78), 1-hexylgranulatimide (79)',‘ 10-

 methylisogranulatimide (80) and 10-hexylisogranulatimide (81)

Our last objective was the synthesis of alkylated versions of -granulatimide (22) and
isogranulatimide (23). The successful compleﬁon of this task would provide new analogues of 22
and 23 with different solubility characteristics than the parent compounds, thus expanding fhe '
scope of our library of synthetic G2 checkpoint inhibitors. The sequence of synthetic
transformations, whiph led to the successful completion of our objectives are summaﬁied in
Schemes 3.25 and 3.26. Thus, treatment of a solution of isogranulatimide (23) in DMF with NaH
followed by iodomethane provided 10-methylisogranulatimide (80) in moderate yield. Similarly, -
10-hexy]-isogranulétimide (81) was produced by the sequéntial treatment of 23 with NaH and 1-
iodohexane.v From the spectroscopic data collected for both 80 and 81, it was clear that
alklyation had occurred on N-10, and not N-1. In the "H NMR spectra of 80 ahd 81, the indole
NH appeared at & 13.22 and 13.35, respectively. These resonances corresponded well to the
indole NH resonance observed for isogranulatimide ('23) (6 13.48). Additionally, both the 'H
NMR spectra of 80 and 81 were without a resonance that could be attributed to the maleimide
NH, which appeared at § 11.11 in that of 23. In key NOE difference experiments carried out on
10-methylisogranulatimide (80), irradiation ét 6 13.22 (indole NH) increased the intensitieé of
the signals at 8.65 (imidazole H-16) and 7.52 (indole H—7). Furthermore, irradiation of thé 3-.
proton singlet at 2.94 (N-10 methyl) resulted in no signal enhancements, supporting our

- =structural assignment-of-80;-and consequently 81 Additionally,-both the IR épe'ctra.of 80 and 81

included two maleimide C=0 stretching absorptions at 1758 and 1706 cm",ﬂ and 1761 and 1703

cm’', respectively.
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Scheme 3.25. Syntheses of 10-methylisogranulatimide (80) and 10-hexylisogranulatimide (81).
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Scheme 3.26. Syntheses of 1-hexylisogranulatimide (78) and 1-hexylgranulatimide (79).

The syntheses of 1-hexylisogranulatimide (78) and 1-hexylgranulatimide (79) follow a

~ sequence of reactions analogous to those used to prepare the parent compounds granulatimide
(22) and isogranulatimide (23). N-Hexylindole-3-acetamide (128), which was required for this -

sequence, was available in excellent yield through the treatment of indole-3-acetamide (46) with

two equivalents of NaH, followed by reaction of the resulting dianion with one equivalent of 1-

iodohexane. The spectral data obtained from 128 were in accordance with the above
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transformation. The IR spectrum.showed a C=O stretching absorption at 1651 cm™. The 'H

NMR indicated, in addition to the expected indole-3-acetamide CH resonances, the pfesenée of
an n-hexyl group (13 aliphatic proton signals) and a primary émide, which exhibited’two broaa
NH resonances at 8 6.57 and 5.87.

Condensation of 128 with the oxalate. 53, in the presence of +-BuOK énd 4 A molecular
sieves, furnished the substituted ma]eifnide 129. T_he. spectroscopic data derived from 129 fﬁl]y
supported the structural assignment. The '"H NMR specfrum displayed two singlets (3 5.11 and
3.02) for the methoxymethyl (MOM) protecting group and a series of aliphatic resonancés (13
protons total) for the N-hexyl function. The aromatic resonances in the 'H NMR specfrum
included signals that 'related to the indole, imidazole and thiophenyl functions of 129. The IR -
spectrum of 129 showed two strong maleifnide C=0 stretching absorptions at 1760 and 1713
cm’'. Additionally, high-resolution mass spectrometric analysis on 129 yielded a molecular ion at
m/z 514.2043, which was accounted for by the formula C,H3N,O5S.

Desulfurizativon of 129 with Raney nicke] in EtOH, followed by direct removal of the
methoxymethyl protecting group using BBr; in reﬂuxing CH,CI, afforded 1-hexyldidemnimide
A (130) in good yield. It is noteworthy that th}e reactibns and chromafographic pun'ficationé

“which led to the production of 130 were much easier to cope with experimentally than those
involved in the sequence of reactions that prbduced didemnimide A (14) (vide supra). The héxyl
moiety, present in the former sequence, inér_eases the 'solubility of the parent alkaloid, w‘hich.
translated to shortened reaction times and simplified chromatographic purifications. As expected,
the '"H NMR spectrum of 130 was similar to that of didemnimide A (14), except that the
resonances due to the indole N-hexyl function in-130 replaced the correspbnding NH signal (8
12.45) of 14. The *C NMR spectrum of 130 contained the expected 21 carbon resonances. The

IR spectrum of 130 showed two strong maleimide C=0 stretching absorptions (1753 and 1713

cm™).
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The conversion of 1—_hexy1didem'nimide A (130) into 1-hexylisogranulatimide (78) was

effected by heating a solution of 130 in nitrobenzene at 200 °C with one équivalent of Pd black
for ei ght hours (Scheme 3.26). As expected, the "H NMR spectrum of 78 was very similar to that
Qf isogranulatimid¢ (23), except that the resonances attributed to the indole N-hexyl function in
" 78 (see Experimental) replaced the corresponding indole NH signal (5 13.48) of 23. The
resonance attributed to the indole C-4 proton in 78 appeared at 8 8.49. The large chemical shift
for this resonance_resulté from the deshielding effect of the neighbouring maleimide C-9
carbonyl on fhe C-4 proton, corroborating the planarity of 78. The IR spectrum showed two
strong maleimide C=O0 stretching absorptions at 1753 and 1713 cm™ and the 13C NMR spectrum
included the expected 21 carbon resonances. Additionally, high-resolution mass spectrometric
analysis on 78 yielded a mol'écular ion at m/z 360.1585, which was accounted for by the formula
C, HyN,O,. |
The synthesis of 1-hexylgranulatimide (79), from 1-hexyldidemnimide A (130), was
accomplished in good yield through the irradiation (MeCN, medium-pressure mercury v_ap.our
lampj of 130 (Scheme 3.26). As expected, the 'H NMR spectfum of 79 is very similar to that of
granulatimide (22), except that the resonances due to the indole N-heXyl function in 79 (see
Experimental) replaced the corresponding indole NH signal (3 12.58) of 22. The resonance
attributed_ to the indole C-4 proton in 79 appeared at 6 8.95. The large chemical shift for this
resonance results from the deshielding effect of the neighbouring maleimidev C-9 carbonyl on the
C-4 proton, corroborating the planarity éf 79. The IR spectrum of 79 showed two maleimide
"C=0 ‘stretching absorptions at 1752 and 1698 cm™ and thé *C NMR spectrum included the

expected 21 resonances. Additionally, high-resolution mass spectrometric analysis on 79 yielded

_a‘molec’ular jon at m/z 360.1592, which was accounted for by the formula 'C21H20N402.
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3.7 Isolation of granulatimide (22) and 6-bromogranulatimide (131) from Didemnum

granulatum

During the investigation of the photochemical transformation of didemnimide A (14) to
granulatimide (22), it was discovered that this corrversion occurs upon standing in DMSO under
natural sunlight.® The ascidian D. granulatum grows‘ in very shallow water where it is expoced
to intense su.nlight and didemnimide A (14) is a constrtuent of D. granulatum extracts, so it
seemed reasonable to expect that granulatimide (22) might be a co-occurring meteroolite.'
Granulatimide (22) is insoluble in most common organic solvents including methanol and
ethanol, and can only be effcctive]y solubilized with DMF or DMSO. Therefore, in hindsight it
was apparent that the extraction of D. grarrulatum with EtOH or MeOH, standard solvents for
this purpose, would yield only small amounts of 22. Nevertheless, with synthetic grarrulatimide
(22) as a TLC reference, it was possible to identify 22 in chromatography fractions generated
during purification D granulatum alkaloids. Unfortunately, the extracted ascidian tissue had
been discarded by the time the solubility and chromatographic properties of synthetic .
granulatimide (22) were discovered. Therefore, the true concentration of granulatimide (22} in D;
-granulaium remained to be resolved.

With our knowledge of the solubility of granulatimide (22), an alternative extraction
procedure was envisaged whereby the ascidian D. granulatum would first be extracted With-
MeOH, then with DMF (see Experimental). Accordingly, a fresh sarrrple of D. granulatum was -
' -extracted-sequentially with MeOH and DMF by Dr. Robéno Berlinck and co-workcrs in Brazil -
and the latter extract was concentrated and transported to UBC for further fractionation. Normal
phase TLC analysis of the residue indicated the presence of yellow bands wi»th similar

chromatographic characteristics to those observed for an authentic sample of synthetic

granulatimide (22) (R =0.3, 10:1 CH,Cl, - MeOH).
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Flash chromatography and normal phase HPLC led, eventually, to the isolation of pure

granulatimide (22) as a yellow solid (see Experimental)v. The natural sample of grénulatiinide
(22) exhibitéd spectroscopic data identical to that of the synthetic’ compound. A second, co-
voccurring metabolite, 6-bf0mogranulatimide (131), was also isolated during the normal phase
HPLC purification of granulatimide as a yellow solid. The HREIMS of 131 presented molecular
ion peaks at m/z 355.9738 and 353.9792, which were accounted for by the formulaé
C15H702N43‘Br and C,;H,0,N,”Br, reépectively. Comparison of '"H NMR spectra recorded on
granulatimide (22) and 6—bromogranula’timide (131) verified the absence of a resonance (8 7.48)
assigned to H-6 in 22. Again, the large chemical shift of H-4 (5 8.80) in the '"H NMR spectrum of
131 (Figure 3.18), which results from a deshielding interaction with the neighbouring C-9
maleimide carbonyl, verified‘ the planar nature of 131. Both 'H and ’C NMR spectral data of 131
are presented in Table 3.5 and were assigned by analysis of HMQC (Figure 3.19) and HMBC
spectra. With the exception of H-6, the proton resonances observed for 6-bromogranulatimide
(131) were similar to fhose of granulatimide (22). Due to thé small améunt of available material,
howéver, the éarbon.resonances of 6-bromogranulatimide (131) were necessarily attributed by
analysis of HMQC and HMBC spectra. The structure of 6-bromogranulatimide (131) is also

supported by the co-occurrence of the alkaloid didemnimide B (15), a 6-bromo analogue of

didemnim‘ide A (14), in extracts of D. granulatum.
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Table 3.5. 'H and *C NMR data for grahulatimide (22) and 6-bromogranulatimide (131)
' (recorded in DMSO-dy).

22 131
. Granulatimide ~ 6-Bromogranulatimide
Atom 'H 8 (ppm) (mult, "“C & (ppm)° 'H$ (ppm) (mult, 13C § (ppm)>*
No. J (Hz))* J (Hz))*

1 12.58 (s) ' ' 12.74 (s)

2 1354 ‘ n.o.

3 113.0 112.0
3a 1214 ' 118.5
4 8.89 (d, 7.0) 123.8 8.80 (d, 8.6) 125.1

5 7.30(dd, 7,7) 120.0 7.47(dd, 8.6, 1.5) 122.6
6 7.48(dd,7,7) 126.1 120.6
7 . 7.61(d,7.0) 111.6 7.75 (d, 1.5) 114.1
7a : 140.4 141.1
8 122.7 122.5
9 169.8 169.3
10 10.96 (s) 11.06 (s)

11 171.0 : 171.4
12 109.5 ' 109.9
13 125.7 n.o.

14 1334 _ n.o.
15 '

16 8.50 (s) 144.5 . 8.56 (s) ' 1447
17 13.57 (bs) 13.68 (bs)

“Recorded at.500 MHz. ®Recorded at 100.5 MHz. ¢ Assignments by inverse detection at
500 MHz (HMQC and HMBC). n.o. (not observed) '
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Figure 3.19. HMQC spectrum of 6-bromogranulatimide (131) (recorded in DMSO-d;, 500 MHz).
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‘The isolation of granulatimide (22), isogranulatimide (23) and 6-bromogranulatimide

~ (131), along with a number of didemnimides from D. granulatum points to a common biogenetic
pathway for this family of alkaloids. Biosynthetically, 22 and 131 represent an alternative mode
‘of cyclization of the putative precursors didemnimide A (14) and didemnimide B (15),"
respectively, than is observed with isogranhlatiﬁide (23) (Scheme 3.27). The structures of
granulatimide (22) and 6—bromogranuiatimide (13_1).are without precédent iﬁ natural prodﬁcts
and further investi gations are warranted to determine whether additiohal granulatimides, derived

from didemnimides C, D and E are present in extracts of D. granulatum.

C-2to C-14

N " N
H
14R, =R, =H 22R, = H
15R1=Br,R2=H 131 R1=B|'
16R1 = H,R2= CH3
17R, = Br,R, = CH,
., C-2toN-17
*._ then [O]
.\\ H
N
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3.8 Biological activity

The biological testing of granulatimide (22), isogranulatimide (23), the congeners and

analogues described above as well as the didemnimide type alkaloids ( 14, 16, 86 and 111) were

carried out by collaborators at the University of British Columbia (UBC), Kinetek

Pharmaceuticals and the Uniyersity-of Ca.lgary (U of C). Information relating to G2 eheckpoint
inhibition, investigations into the mechanism of action of isogranulatimide and in vivo inhibition
of GSK-38 Qas provided by Professor Michel Roberge and co-workers in the Department of
Biochemistry and Melecular Biology at UBC. The in vitro inhibition of selected mammalian
kinases and Chk1 was performed at Kinetek Pharmaceuticals in‘Vanco-uver B.C. by Dr. Jeffery
Wheeler and ce—workers. The in vitro inhibition of Chk2 by isogranulatimide and granulatimide
was studied in the Department of Biological Sciences at the U of C by Dr. Susan Lees-Miller and

co-workers.
3.8.1 G2 checkpoint inhibition results

The G2 checkpoint inhibition results obtained for granulatimide (22), isogranulatimide
(23) and congeners and analogues thereof are presented in Tables 3.6 and 3.7 and were obtained

followmg procedures described in Section 1.3. As the biological analys1s of these substances is

-an ongoing pursuit, the results from the biological testing of analogues not presented in this -

section will be reported in due course. The peak inhibitory concentrations (see Tables 3 6 and
3.7) refer to the concentration of the added alkaloid that induced a maximum number of cells

arrested in G2 to enter mitosis, thus overcoming the G2 checkpoint.
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" Table 3.6. G2 checkpoint inhibition by isogranulatimide (23), granulatimide (22), |
isogranulatimide A (75), isogranulatimide B (76) and isogranulatimide C (77).

Compound name and structure Peak inhibitory
' Concentration (uM)

Isogranulatimide (23)

10

a

Inactive

| Isogranulatimide B (76) |,

03

30

2 Tnactive at all concentrations tested (from 0.01 to 500 pM).




Table 3.7. G2 checkpoint inhibition by alkylated analogues
of granulatimide (22) and isogranulatimide (23).

Compound name and structure

Peak inhibitory
Concentration (uM)

17-methylgranulatimide (74)

Inactive®
10-methylisogranulatimide (80)
FH
© 180
N NN
H
1-hexylisogranulatimide (78)
o
60
Nan
(CH,)5CHy
1-hexylgranulatimide (79)
o}
Inactive

I\
(CHz)sCHa

? Inactive at all concentrations tested (from 0.01 to 500 pM).
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The biological data presented in Tables 3.6 and 3.7 indicate that, indeed, this new family

of alkaloids possess the ability to override the G2 cheekpoint andvsend cells arrested in G2

prematurely into mitosis. The natural products isogranulatimide (23)_and granulatimide (22)
demonstrated maximal G2 checkpoint inhibition activity at concentrations of 10 and 3 uM,

respectively. However, the ICy, values, or the concentration required for half maximal activity,

for 22 and 23 were in the range of 1 to 1.8 uM. Interestingly, while the synthe’tic'isomerns

isogranulatimide B }(76) and isogranulatimide C (77) were G2 checkpoint inhibitors, cells treated

with isogranulatimide A (75) were incapable of overcoming the G2 checkpoint and entering

mitosis.

From the data presented in Table 3.7, it is likely that the additional steric bulk and/or
increased hydrophobicity of the alkylated analogues of granulatimide (22) and isogranulatimide
(23) deters from their activity as G2 checkpoint inhibitors. Both 1-hexylisogranulatimide (78)
and 1-hexylgranulatimide (79) showed a decrease in activity when compared to the parent
alkaloids 23 and 22. Additienally, cells treated with 17-methylgranulatimide (74) were unable to
overcome the G2 checkpoint at the concentrations tested. iAlthough not presented in either table,
the synthetie precursors to the granulatimide type alkaloids, namely didemnimide A (14),
didemnimide C (16), isodidemnimide A (86) and neodidemnimide A (111), were inactive in the
G2 checkpoint inhibition assay. This data suggests a planar structure, adopted by the
granulatimide type alkaloids, is essential for G2 checkpoint abrogation.

The concentration dependence of G2 checkpoint inhibition by both isogranulatimide (23)
and granulatimide (22) is depicted in Figure 3.20. The percentage of mitotic cells was
determined by microscopy and represents the number of cells that overcame the G2 checkpoint
and entered mitosis divided by the total number of cells counted. As indicated in both figures, at

concentrations greater than that required for the maximum G2 checkpoint inhibition activity, a

dramatic decrease in the number of mitotic cells was observed. This decrease in G2 checkpoint
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inhibition activity is largely the result of drug toxicity, which was observed visually by the
appearance of apoptotic nuclei. Indeed, in cytotoxicity studies, isogranulatimide (23) was s"h‘own

to be a mild cytotoxin (1Cy, = 40 pM) to MCF-7 breast cancer cells. -
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Figure 3.20. Graph of G2 checkpoint inhibition by
A) isogranulatimide (23) and B) granulatimide (22).

3.8.2 Isogranulatimide (23) selectivel-y potentiétes the Kkilling of mpS53 MCF-7 cells by y-.

irradiation

Having established that isogranulatimide (23) is an effective G2 checkpoint inhibitor, it
remained to.. test the hypothesis outlined in Section 1.3, namely, that inhibition of the G2
checkpoint in concert with a DNA damaging agent would enhance the killing of cells lacking
p53 function.” Figure 3.21 summarizes the results of this pursuit. When MCF-7 cells with p53

function (wtp53) were exposed to 2, 4 or 6 Grays of DNA damaging y-irradiation in the absence

of isogranulatimide (23) little cell death was observed. As the concentration of 23 added to the
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cells was increased, a moderate increase in cell death was observed. The increase in cell death at
“higher concentrations of 23 (i.e. 35 pM) is largely tﬁe result of the cytotoxic' nature of
isogranulatimide (23) at these concentrations (vide supra). However, When MCEF-7 cells that lack
p53 function (mp53) were treated in the same manner, the cells died in much higher numbers as
" the concentration of 23 was increased. In fact, the combination of isogranulatimide (23) applied
at a concentration of 35 uM with 6 Grays of y-irradiation () resulted in a doubling of cell deatfl
when compared to cells treated wi_th 23 alone (O). These data suggest that isogranula_timide (23)
actsin a synefgistic fashion with DNA-damaging y-irradiation to potentiate the killing of MCE-7
cells lacking p53 function. These findings were further supported by stﬁdies with lung
andenocarcinoma A549 cells, where a combination of y-irradiation and isogranulatimide (23)

killed A549 cells without p53 function but not those with p53 function.

100

50 |
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2 0 2 Gy ld
s @4 Gy 8
0 "‘6 Gy 32
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20 1 1 ) PO DY S U 20 1 1 L TP P T T

0 10 20 30 o 10 20 30
Isogranulatimide (zM) Isogranulatimide (pM)

Figure 3.21. Cytotoxicity of isogranulatimide (23) in combination with y-irradiation
to MCE-7 cells with p53 function (I) or without p53 function (II).
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3.8.3 Investigation of the mechanism of action of isogranulatimide (23)

Having established that isogranulatimide (23) is in fact a G2 checkpoint inhibitor, and-i§
capable of potentiatiﬁg the killing of certain cancerous cells By y-irradiation in vitro, it was of
in£erest to elucidate the mechanism by whicih this G2 checkpoint inhibitor operates. A key
regulator for the entry of a cell into mitosis is the _Cch kinase. When the ATP binding site of
Cdc2 is phosphorylated, cell cycle arrest in G2 occurs. The phosphorylation of_ Cdc2 occurs at
Thr14 and Tyrl5 by the kinases Mytl and Weel, respectively. For the cell to entef mitosié.these '
residues (i.e. Thrl4 and Tyrl5) must be dephosphorylated, an action carried out by Cch_S
protein phosph_atase. Thus, the effect of isogranulatimide (23) on Cdc2 was investigated.”’

Western blot is a technique that cén be used to identify the phophorylation state of
various proteins. When proteins are added to a glass slide covered in a nitrocellulose gel and a
voltage is applied along the length of the slvide, these proteins travel at different rates in the
direction of the applied charge depending on the ]evel of phosphorylation. When MCF-7 mp53
cells were exposed to an antimitotic agent, which arre‘sts cells in mitosis (see Section 1.2), and
the phosphoryation of Cdc2 was analyzed by -Westem blots (Figure 3.22), only one band |
corresponding to unphosphorylated Cdc2 was observed, indicating the cells had entered
mitosis. However, when the same cells were exposed to DNA-damaging y—irradiation,van
" increase in both doubly and singly phosphorylated Cdc2 was found, indicating the cells.'are_‘ '
arrested in G2 phase. As evidenced in Figure 3.22, cells that were arrested in G2 by exposure to
: y-irrédiation and then treated with isogranulatimide (23) showed a time dependant -
dephosphorylation of Cdc2. Thus, when cells were incubated with 23 for 2, 4 or 6 hours, a
decrease in doubly phosphorylated Cdc2 and an increase in unphosphorylated Cdc2 was
observed. These results indicate that isogranulatifnide overcomes G2 arrest by interfering with

the iﬁhibitofy phosphorylation of Cdc2 kinase.
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Figure 3.22. Effect of isogranu]atimide (23) on the phosphorylation level of Cdc2
kinase in MCF-7 mp53 cells. I) The control (+) indicates cell was treated with an
antimitotic agent (nocodoazole) and the control (Y) indicates cell was irradiated with
6.5 Grays of y-irradiation. II) The cells were irradiated with 6.5 Grays of y-irradiation
and, after 16 hours, isogranulatimide (23) (10 pM) was added and the cells were
incubated for the indicated times. Western blots were performed using anti-p34°*? antibody.
As an activator of the Cdc2 kinase, there are a number of known upstream targets which
isogranulatimide (23) might interact with to elicit this response.* However, a detailed analysis of
thé effect of isogranulatimide (23) on the abundance and distribution of cell regulétofy proteins
provided no clear indication of the nature of these targets.* As such, it seemed likely that the
activation of Cdc2 kinase by isogranulatimide (23) occurs either further upstream or by an, as of
yet, unknown mechanism. To gain insight into this matter, isogranulatimide (23), granulatimide
(22) and the congen.ers 78,76 and 77 were screened against a panel of 14 common mammalian
kinases. Interestingly, these alkaloids demonstrated pronounced activity against only one of the
kinases in the screen, the glycogen synthase kinase-3f3 (GSK-3B). Moreover, the in vitro
inhibition of GSK-3p mirrored, to a large extent, the G2 checkpoint inhibition activity of these
substances (Table 3.8). GSK-3p is known to phosphorylate and inhibit glycogen synthase, which

is a key cellular enzyme that catalyzes the incorporation of glucosyl residues into glycogen. The

selective inhibition of GSK-3P by the G2 checkpoint inhibitors, while unanticipated, presented

the possibility that this enzyme might also play a role in cell cycle regulation.
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Table 3.8. Inh1b1t10n of GSK-38 and the G2 checkpoint by isogranulatimide (23), granulatimide
(22), isogranulatimide A (75), isogranulatimide B (76) and isogranulatimide C (77).

Compound name and structure

In vitro GSK-3f

G2 checkpoint inhibition

inhibition (peak inhibitory .
(M) concentration in uM)

Isogranulatimide (23)

5 10
Granulatimide (22)

O H O

2 3

25 Inactive®

0.1 03

5 30

% Inactive at all concentrations tested (from 0.01 to 500 uM).
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A series of elegant experiments carried out by Michel Roberge and co-workers,*
demonstrated that isogranulatimide (23) was also able to inhibit GSK-38 in vivo. This result
supported the possibiliiy of a new cellular regulation pathway in which GSK-3p plays a key role.
Unfortunately, it was discovered that the didemnimide type alkaloids, which were inactive in the
G2 checkpoint inhibition assay, were also pcitent inhibitors of GSK-3p. Thus, didemnimide A
(14) (0.6 uM) and didemnimide C (16) (1.0 uM) inhibited GSK-3p at concentrations equal to or
lower than thése demonstrated by the granulatimide type G2 checkpoint inhibitors. Although -this
result did not exclude the possibility of GSK-3[ involvement in the G2 checkpoint, it suggested
that the activation of Cdc2 kinase by isogranulatimide (23) might involve a sighaling pathway
further upstream from those initially investigated.

Current understanding of the G2 checkpoint suggests that DNA damage results in the
activation of certain members of the phosphoinositide kinase family.® When activated, members
of this family of kinases transmit a signal via the protein kinases Chk1l and Chk2, which
phosphorylate Cdc25 protein phosphatatase (Figure 3.23).9 The phosphorylation of Cdc25
protein phosphatase is believed to result in the inability of Cdc25 to activate Cdc2 protein Kinase.
Additionally, Chkl and Chk2 are known to phosphorylate and activate Weel, a kinase
responsible for the inhibitory phosphorylation of Cdc2.®® Thus, a key function of Chkl and Ch‘k2,
in response to DNA damage, is the inactivation of Cdc?2 and, consequently, the inhibition of cell
cycle progress from G2 phase into mitosis.*

It could be shown that isogranulatimide (23) inhibits Chkl (ICs, = 0.1 pM) and Chk2
(IC,, = 8.8 uM) protein kinases at concentrations roughly equal to that in which 23 inhibits the
G2 checkpoint. Additionally, it was found that granulatimidev (22) also inhibits Chk1 (ICs = 0.3
uM) and Chk2 (I.C50 = 9.8 pM). Consequently, it may be supposed that the inhibition of Chk1

and Chk?2 by these compounds results in a breakdown in the signal pathway described in Figure

3.23. Namely, the inhibition of Chk1 and Chk2 impedes their ability to deactivate CdéZ, which,
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‘consequently remains in its active or unphosphorylated state and promotes premature transition

from G2 phase to mitosis.

deactivated
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Figure 3.23. Involvement of Chkl and Chk2 in the
G2 checkpoint signal transduction pathway.

3.9 Conclusions

Isoygranulatimide (23)°' and granulatimide (22)* are novel ascidian alkaloids that possess
heterocyclic aromatic skeletons without precedent in natural products. Biogenetically, they
represent alternative modes of cyclization of the putative brecursdr didemﬁimide A (14)," also
isolated from the ascidian Didemnum granulatum. Due to a lack of protons for proton-proton or
heteronuclear correlation experiments, spectroscopic analysis, and consequéntly a confident

structure determination of these alkaloids, was unfeasible by standard spectroscopic methods.

"However, a short and highly efficient synthesisv generated both granulatimide (22) and
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isograhu]atimide (23) from didemnimide A (14) and aided in unambiguously establishing the

structures of these novel alkaloids.
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Scheme 3.28. Rapid construction of didemnimide and granulatimide alkaloids
through a novel condensation-cyclization sequence of reactions.

The synthesis of didemnimide A (14) involved the development and application of new
methodology useful for the synthesis of subs‘tifuted maleimides (Scheme -3.28). In general terms,
the condensation of an a-keto ester (e.g. 53) and a substituted acetamide (e.g. 46) was shown to
provide unsymmetrical maleimides, including didemnimide type molecules (e.g. didemnimide A
(14)), in excellent yield. Subseqqently, the production of either isogranulatimide (23) via a novel,
thermally induiced cyclization oleiaaﬁi‘ﬁiinidé A’ (14), or "g‘fanula;'i“rn'ide‘ 22) via a
photocyclization of 14 provided exp_ebdient access to these alkaloids. The methodology devised

for the synthesis of substituted maleimides was further extended to include arcyriarubin A (13), a

bis-indolyl maleimide, didemnimide C (16), and the didemnimide A (14) isomers:
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isodidemnimide A (86) and neodidemnimide A (111). Subjection of the isomers and analogues

of didemnimide A (14) to conditions initially devised to produce isogranulatimide (23) (i.e.
thermal cyclization) or granulatimide (22) (i.e. photocyclization) showcased the efficiency of
these transformations.*® Furthermore, through exploration of the generality of the condensation-
cyclization routes developed for the synthesis of 22 and 23, a number of analogues of these
alkaloids were created. The suCcess_fui_ synthesis of these substances set the stage fOf
investigations into the effect of structure on the biologibcal activity of this important family of
compounds.

From the G2 checkpoint inhibition results obtained for isogranulatimide. (23),
granulatimide (22) and analogues and congeners thereof, several observations can be made. By
comparison with the didemnimide type alkaloids, it is cleaf that a prerequisite for G2 checkpoint -
inhibition is a rigid plénar structure, as didemnimide A (14),"* iﬁacti\}e as a G2 checkpoint
inhibitor, differs from 22 and 23 primarily in this regard. The decrease in activity observed for
the series of alkylated analogues of gramilatimide (22) and isograﬁulatimide (23) (Table 3.7)
indicétes the pérent compounds are superior G2 checkpoint inhibitors. This observation is likely
the result of either detrimental interactions posed by the steric bulk of the additional alkyl groups
or a decrease in cellular solubility or mobility imparted by these' appendages.

- From a strpcture activity relationship perspective, the inability of isogranulatimidé A (75)
and 17-methylgranulatimide (74) to inhibit the G2 checkpoint is of particular interest (Tables 3.6
and 3.7). The key difference between these substances and isogranulatimide (23) or
granulatimide (22) is the positioning of the basic nitrogen in the imidazole ring. The term basic
nitrogen refers to the imidazolyl nitrogen whose lone pair of electrons is not inyolved- in the T
bonds that contribute to the aromaticity of t};ese molecules. Thus, this ‘free’ lone pair of

electrons is capable of engaging in hydrogen bonds with acidic residues in enzyme active sites,

an action essential for the binding of substrates to enzymes. Isogranulatimide (23) has a basic
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nitrogen at position B, as depicted in Figure 3.24, while the tautomer of granulatimide 132 has a.

basic nitrogen at position C. The other congeners of these compounds, which inhibit the G2
checkpoint, namely isogranulatimide B (76) and isogranulatimide.C (77), have basic nitrogens a’f
positions B and C, respectively. Interestingly, the basic nitrogen in both 17-methylgrénulatimide
(74) and isogranulatimide A (75) resides at.position A. Since neither 74 or 75 demonstrated
activity as G2 checkpoint inhibitors it.is proposed that the positioning of the Basic nitrogeﬁ in

these structures, plays a pivotal role in determining their biological activity.

O ' y\@ Position C
- 132 N-15 tautomer
of granulatimide (3.0)

\ /= Position B

23 isogranulatimide (10)

O O o Position A
B
N |

74 17-methylgranulatimide - ' 75isogranulatimide A
(inactive) (inactive)

- Figure 3.24. Positioning of basic nitrogen and G2 checkpoint inhibition activity.
The numbers in parentheses refer to the concentration in WM required to elicit maximum
inhibition of the G2 checkpoint. '
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Both isogranulatimide (23) and granulatimide (22) are mildly cytotoxic alkaloids that

~ display G2 checkpoint inhibition. Preliminary data indicates that the effective dose of these
alkaloids necessary to inhibit the G2 checkpoint is approximately an order of magnitude lowef
than the toxic dose. The inhibition of the G2 checkpoint by isogranulatimide (23), isb believed to
involve intgractions between this substancé and the protein kinases Chkl and Chk2. The
downstream result of this action is the dephosphorylation of Cdc2 prdtein kinase and,
consequently; the abrogation of the G2 checkpoint and the premature transition from G2 phase to

mitosis. The selective enhancement of y-irradiation-induced killing of cancerous cells lacking

p53 function by isogranulatimide (23), warrant its consideration as a lead compound for

experimental cancer therapy.
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3.10 Experimental

For General Experimental see Section 2.5.

Isolation Procedure.

Samples of Didemnum gran'ulatum (1 kg wet weight) were collected in S@o Sebastido channel
and around Sﬁo Sebastido Island (Ilhabela), Brazil in September of 1997 and November of 1998
using SCUBA at depths of 1 meter. The samples were immediately immersed in MeOH (500
mL) and stored at -20 °C for one month. The MeOH was decanted and the ascidian was then
immersed in DMF (500 mL). After 1 week, the DMF was decanted and dilﬁtcd with EtOAc (500
mL) and brine (1 L). The phases were separated and the aqueous phase was washedAwith EtOAc
(2 x 500 mL). The organic phases were combined and concentrated to provide a brownish gum
(1.2 g).

The Brown gum was placed on a column of silica gel (50 g) and the least polar compounds in the
mixture were eluted with CH,Cl,. An increasing gradient of CH,(CI, - MeQH provided 5
fractions; DMF-1 (31 mg), DMF-2 (9.2 mg), DMF-3 (17 mg), DMF-4 (40 mg) and DMF-5 (11
mg) which contained compounds of increasing polarity. The fractions were concentrated and
transported to the University of British Columbia.

‘Spectroscopic analysis (‘H NMR, 400 MHz, DMSO-d,) of the fractions indicated fractions
DMEF-3 and DMF-4 contained NMR signals corresponding tb didemnimide and granulatimide
type molecules. Combination of these fractions (57 mg), and purification of the crude residue by
flash chromatography (20 g of silica gel, 15:1 CH,Cl, - MeOH) provided a series of fractions

with TLC characteristics (R; = 0.3, 10:1 CH,Cl, - MeOH) similar to granulatimide.

Concentration of these fractions, provided a brown residue which was dissolved in DMSO (0.2
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mL) diluted with CH,Cl, - MeOH - TFA (25:1:0.001, 1 mL) and purified by NP HPLC (fadial

~ pac column, 25:1:0.001 CH,Cl, - MeOH - TFA, 2.0 mL/minute, monitor at 254 nm) to provide
0.8 mg (0.00008% wet weight) of 6-bromogranulatimide (131) (retention time: 10 minutes) as a
yellow solid and 0.5 mg (0.00005% wet weight) of granulatimide (22) (retentioh time: 12

minutes) as a yellow solid.

6-bromogranulatimide (131): for a summary of the assignments of 'H and *C NMR resonances

based on HMQC and HMBC data see Table 3.9.
UV A, MeOH): 236, 282, 308, 386 nm.
'H NMR (400 MHz, DMSO-d;) 6 13.68 (s, 1H, H-17), 12.74 (s, 1H, H-1), 11.06 (s, llH_, H-10),
8.80 (d, 1H, J = 8.6 Hz, H-4), 8.56 (s, 1H, H-16), 7.75 (d, 1H, J = 1.5 Hz, H-7), 7.47 (dd, 1H,J =
1.5, 8.6 Hz, H-6).
3C NMR (100.5 MHz, DMSO-d,) é 171.4 (C-11), 169.3 (C-9), 144.7 (C-16), 141.1 (C-7a),
125.1 (C-4), 122.6 (C-5), 122.5 (C-8), 120.6 (C-6), 118.5 (C-3a), 114.1 (C-7), 112.0 (C-3), 109.9

(C-12).

Exact mass calcd for C;H,N,0,*'Br: 355.9732; found: 355.9738.

Exact mass caled for C,sH,N,0,”Br: 353.9752; found: 353.9755.

granulatimide (22):  spectral data was in accord with that reported for the synthetic material

(vide infra).
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Table 3.9. NMR data for 6-bromogranulatimide (131) (recorded in DMSO-d).

Carbon - C 'H - HMBC"

No. § (ppm)* & (ppm) (mult, J (Hz))*
1 : 12.74 (bs)

2 n.o.

3 - 112.0 H-4

3a 118.5 H-7, H-5
4 125.1 8.80 (d, 8.6)

5 122.6 7.47 (dd, 1.5, 8.6) H-7

6 '120.6 ' H-5, H-7
7 114.1 7.75 (d, 1.5) :
Ta 141.1 H-4

8 122.5 H-10

9 169.3 H-10

10 11.06 (s)

11 1714 . H-10

12 109.9 H-10

13 "~ n.o.

14 n.0.

15

16 144.7 8.56 (s)

17 13.68 (s)

s Recorded at 100.5 MHz. "Recorded at 500 MHz. ¢ Assignments based on HMQC data.
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Preparation of arcyriarubin A (13).

To a stirred solution of methyl-3-indoleglyoxylate (88) (57 mg, 0.28 mmol) and indole-3-
acetamide (46) (59 mg, 0.34 mmol) in dry DMF (3.0 mL) at room temperéture was‘ added
sequentially 4 A molecular sieves (approximately 300 mg) and a solution of +BuOK (78 mg,
0.70 mmol) in dry DMF (2.0 mL). The resulting solution was heated at 60 °C for 12 hours. The -
reaction mixture was then cooled to room temperature and treated with saturated aquéoﬁ_s NH4C1
(5 mL) and the resulting mixture was diluted with EtOAc (20 mL). The phases were separated
and the aqueous phase was extracted with EtOAc (2 x 20 mL). The combined organic phases
were washed with brine (4 x 10 mL), dried (MgSO,) and concentrated. Purification of the crude
material by flash chromatography (40 g of silica gel, 1:1 petroleum ether - EtOAc) and removal
of trace amounts of solvent (vacuum pump) from the resulting solid, affofded 14.0 mg (15%) of
arcyriarubin A (13) as a red solid (rhp 175 °C) which.exhibited spectral daté that was iﬁ

accordance with that reported for the natural product.™

1.H NMR (400 MHz, DMSO-d;) 6 11.64 (bs), 10.87 (bs), 7.72 (d, 1H, J = 2.7Hz),735(, 1H,J

~ =8.1 Hz), 6.96 (dd, 1H, J = 8.0, 8.0 Hz), 6.79 (d, 1H, J = 8.0 Hz), 6.61 (dd,1H, J = 8.0, 8.0 Hz).

13C NMR (100.5 MHz, DMSO-dy) 8§ 172.9, 135.9, 129.0, 127.7, 125.4, 121.5, 120.8, 119.2,

111.6, 105.5.
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IR (KBr): 3395, 3218, 1733, 1698, 1617, 1423, 1231, 1118 cm™".

Exact mass calcd for C,,H,3N;0,: 327.1008; found: 327.1013.

Preparation of Methyl 2-(1-methoxymethyl-2-phenylthioimidazol-5-yl)-glyoxylate (53).

OCHj;

H;CO
| />—SPh
© N

To a cold (-78 °C), stirred solution of 1-methoxymethyi-2-phenylthioimidazole (70) (340 mg,
1.55 mmol) in dry THF (8.0 mL), was added a solution of n-BuLi (1.47 M in hexanes, 1.26 mL,
1.85 mmol) and the reaction mixture was stirred for 1 hour. A solution of dimethyl oxalate (540
mg, 4.58 nimol) in dry THF (2.0 mL) was then added, and the reaction mixture was stirred for an
additional 1.25 hours at -78 °C. The reaction mixture was then treated with saturated aqueous
NH,CI (5 mL) and the resulting mixture was diluted with Et,0 (20 mL). The phases were
separated and the aqueous phase was extracted with Et,O ,(2 x 25 mL). The combined organic
phases were washed with brine (10 mL), dried (MgSO4) and concentrated. Purification 6f the -
crude material by flash chromatography (35 g of silica gel, 1:1 petroleum ether - Et,0) and
removal of trace amounts of solvent (vacuum pump) from the resulting solid, afforded 305 mg

(66%) of the ester 53 as a beige solid (mp 59-60 °C).

'"H NMR (400 MHz, CDCl,) § 8.23 (s, 1H), 7.52-7.54 (m, 2H), 7.37-7.38 (m, 3H), 5.81 (s, 2H),

3.91 (s, 3H), 3.36 (s, 3H).
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3C NMR (100.5 MHz, CDCl,) &: 172.2, 161.6, 154.1, 145.4, 145.3, 133.2, 129.5, 129.2, 128.7,

75.8, 56.5, 53.0.
IR (KBr): 1729, 1657,-1305, 1273, 1167, 1114, 748 cm’.
Exact mass calcd for CI4H14N204S: 306.0674; found: 306.0674.

Anal. caled for C, ,H,,N,0,S: C 54.89, H4.61, N 9.15; found: C 55.00, H 4.66, N 8.94.

Preparation of 17-methoxymethyl-16-phenylthiodidemnimide A (54).

To a stirred solution of +-BuOK (150 mg, 1.34 mmol) in dry DMF (3.0 mL) at room temperature,
was added sequentially 4 A molecular sieves (~500 mg), a solution of the ester 53 (167 mg, 0.54
mmol) and indole-3-acetamide (46) (114 mg, 0.66 mmol) in dry DMF (4.0 mL). The deep red
reaction mixture was heated at 45 °C for 12 hours. The resulting dark purple solution was then
treated with hydrochloric acid (1 N, 3.0 mL) and the fesulting mixture was diluted with EtOAc
(30 mL). The phases were separated and the aqueous phase was extracted with EtOAc (2 x 10

mL). The combined organic phases were washed with brine (4 x 15 mL) dried (MgSO,) and

concentrated. Purification of the crude material by flash chromatography (25 g of silica gel, 30:1
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CH,Cl, - MeOH) and removal of trace amounts of solvent (vacuum pump) from the re'sulting

solid, afforded 208 mg (90%) of the maleimide 54 as an orange solid (mp 243 °C).
'H NMR (400 MHz, DMSO-d,) 8 12.11 (br s, 1H), 11.25 (br s, 1H), 8.14 (s, 1H), 7.46 (d, 1H,J
= 7.9 Hz), 7.18-7.33 (m, 6H), 7.14 (dd, 1H, ] =8.0, 8.0 Hz), 6.77 (dd, 1H, J = 8.0, 8.0 Hz ), 6.51

(d, 1H, J = 8.0), 5.00 (s, 2H), 2.97 (s, 3H).

3C NMR (100.5 MHz, DMSO-d,) § 171.7, 171.6, 140.3, 136.7, 135.3, 133.8, 133.5, 132.5,

129.5, 128.4, 127.2,125.7, 124.3, 122.7, 120.8, 120.2, 117.4, 112.6, 104.6, 75.8, 55.9.
IR (KBr): 3400-2600, 1765, 1708, 1537, 1341, 741 cm’".

Exact mass calcd for C;,H,gN,0,S: 430.1 100; found: 430.1094.

Preparation of 17—methoxvmethv1didemnimide A (71).

To a r_efluxing solution of maleimide 54 (52 mg, 0.12 mmol) in EtOH (5.0 mL), was added
Raney Ni (W-2, 50% slurry in water, ~150 mg) and the resulting suspension was refluxed for 1
hour. After this tibme, an additional amount of Raney Ni (W-2, 50% slurry in water, ~100 mg)

was added and the mixture was refluxed for an additional 3 hours. The reaction mixture was then
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qooled to room temperature and filtered thfoﬁgh Celite®. The Celite® was washed with CH,CI, -
MeOH (1:1, 75 mL) and the combined organic washes Were congentratéd. Purification of the
crude material by flash chromatography (14 g of silica gel, 20:1 CH,Cl,- MeOH) and removal of
vtrace amounts of solvent (vacuum pump) from the resulting solid, afforded 33 mg (85%) of the

maleimide 71 as an orange solid (m.p. > 235 °C, dec).

'H NMR (400 MHz, DMSO-dG) § 12.03 (br s, 1H), 11.18 (br s, 1H), 8.07 (s, 1H), 7.95 (s, 1H),
7.44 (d, 1H, J=85 Hz), 7.09 (dd, 1H, J = 7.0, 7.0 Hz), 7.01 (s, 1H), 6.79 (dd, 1H,J=7.0,7.0

Hz), 6.45 (d, 1H, J = 8.0 Hz), 5.02 (s, 2H), 3.07 (s, 3H).

3C NMR (100.5 MHz, DM.SO-d6) 8 171.8, 171.7, 140.5, 136.5, 134.3, 132.9, 131.8, 124.3,

122.4,121.7, 120.5, 120.3, 118 .4, 112.3, 104.7,76.4, 55.6.

IR (KBr): 3400-2600, 1765, 1703, 1537, 1440, 1342, 1113 cm’.

v

Exact mass caled for C,;H,,N,O,: 322.1066; found: 322.1066.
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Preparation of didemnimide A (14).

To a stirred suspension of the didemnimide 71 (67.4.mg, 0.209 mmol) in dry CH,Cl, (15.0 mL)
at room temperature, was added a solution of BBr; in CH,Cl, (1.0 M, 2.1 mL, 2.1 mmol) and the
deep blue solution was heated at reflux for 5 hours. The reaction mixture was then c'oo.l‘ed to
room temperature and was treated with saturated aqueous NaHCO; (10 mL) and the resulting
mixture was diluted with EtOAc (20 mL) and stirred for 15 minutes at room temperatufe. The

phases were separated and the aqueous phase was extracted with EtOAc (2 x 15 mL). The

combined organic phases were washed with brine (10 mL), dried (MgSQO,) and concentrated.
Purification of the crude product by flash ch'roma.tography (20 g of silica gel, 15:1 CH,Cl,-
MeOH) and removal of trace amount of solvent (vacuum pump) from the resultiﬁg solid,
afforded 15.8 mg of r_ecoverec! 71 as well as 45.0 mg (77%, 100% based on recovered starting

material) of didemnimide A (14) as an orange solid.
UV A, (MeOH): 275, 332, 431 nm.

'H NMR (400 MHz, major tautomer , DMSO-d;) & 12.45-(br s, 1H), 11.66 (br s, 1H), 10.87 (br s,
1H), 8.05 (s, 1H), 7.71 (br s, 1H), 7.68 (br s, 1H), 7.39 (br d, 1H, J = 7.8 Hz), 7.07 (br m, 2H),

6.87 (br m, 1H).
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'"H NMR (400 MHz, with excess TFA, DMSO-d,) § 12.13 (s, 1H), 11.27 (s, 1H), 8.80 (s, 1H),

. 8.08(d, 1H, J = 2.7 Hz), 7.63 (s, 1H), 7.50 (d, 1H, J = 7.9 Hz), 7.15 (dd,. 1H, J = 8.0, 8.0 Hz),

6.93 (dd, 1H, J = 8.0, 8.0 Hz), 6.67 (d, 1H, /= 7.8 Hz).

- 3C NMR (100.5 MHz, DMSO-d,) 8 172.8, 172.6, 136.1, 135.9, 130.9, 130.5, 126.0, 126.0,

121.7, 121.3, 119.7, 119.2, 112.2, 111.5, 105.0.
IR (KBr): 3247, 1760, 1708, 1557, 1423, 1345, 1240, 747 cm’™".

Exact mass calcd for C,sH;,N,O,: 278.0804; found: 278.0799.

Preparation of granulatimide ( 22) and isogranulatimide (23).

:
0 0
DaYe:
~
N N
H
22 23

To a stirred solution of didemnimide A (14) (12.9 mg, 0.046 mmol) in MeCN (5.0 mL), was :
added a catalytic amount of Pd/C (10% Pd) and the resulting mixture was sparged with argon for
30 minutes. The mixture was then irradiated (450 Watt Hanovia medium pressure mercury vapor
lamp; quartz reaction vessel) for 6.5 hours. After this time, the reaction mixture was filtered

through Celite®, the Celite® was washed with DMF (10 mL), and the combined filtrate was

concentrated. The remaining material was taken up in EtOAc (30 mL) and the resultant solution
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was washed with bfine (4 x 20 mL), dried MgSO,) and concentrated. Purification of the crude

material by flash chromatography (20 g of silica gel, 10:1 CH,Cl, - MeOH) and removal of trace
amounts of solvent from the resulting solids afforded 11.7 mg .(91%)'0f granulatimide (22) as a

yellow solid and 1.0 mg (8%) of isogranulatimide (23) as a pufple solid.

Granulatimide (22): for a summary of the assignments of 'H and *C NMR resonances based on
HMQC and HMBC data see Table 3.10, and COSY and NOE data see

Table 3.11.
UV A, (MeOH): 204, 277, 301, 385 nm.

'H NMR (400 MHz, DMSO-d,) § 13.57 (s, 1H, H-17), 12.58 (bs, 1H, H-1), 10.96 (s, 1H, H-10),
8.80 (d, 1H, J = 7.0 Hz, H-4), 8.50 (s, 1H, H-16), 7.61.(d, 1H, J = 7.0 Hz, H-7), 7.48 (dd, 1H, J =

7.0,7.0 Hz, H-6), 7.30 (dd, 1H, J = 7.0,-7.0 Hz, H-5).

3C NMR (100.5 MHz, DMSO-d,) 8 171.0 (C-11), 169.8 (C-9), 144.5 (C-16), 140.4 (C-Ta),
135.4 (C-2), 133.4 (C-14), 126.1 (C-6), 125.7 (C-IS), 123.8 (C—4), 122.7 (C-8), 121.4 (C-3a),

120.0 (C—S), 113.0 (C-3), 111.6 (C-7), 109.5 (C-12).
IR (KBr): 3246, 2925, 1743, 1698, 1328, 1‘227, 743 cm’.

Exact mass calcd for C,;HgN,O,: 276.0647; found: 276.0652.

Isogranulatimide (23):spectral data was in accord with that reported for the synthetic material

(vide infra)




Carbon Bc 'H- HMBC®
No. 8 (ppm)* & (ppm) (mult, J (Hz))"*
1 12.58 (bs)
2 135.4 H-1
3 113.0 H-1, H-4
3a 121.4 H-1, H-5, H-7
4 123.8 8.89 (d, 7.0) - "~ H-6
5 120.0 7.30 (dd, 7.0, 7.0) H-7, H-6
6 126.1 7.48 (dd, 7.0, 7.0) H-4, H-7, H-5
7 111.6 7.61 (d, 7.0 Hz) H-7
7a 140.4 ' H-1, H-4, H-7
8¢ 122.7 ' H-10
9° 169.8 H-10
10 10.96 (s)
11° 171.0 , H-10
12¢ 109.5 : H-10
13f 125.7 H-16, H-17
14° 1334 H-17
15 _ -
16 144.5 8.50 (s) , H-17
17 13.57 (s)

aRecorded at 100.5 MHz. "Recorded at 500 MHz. © Assignments based on HMQC data.
def Assignments may be interchanged.
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Table 3.1 1. NMR data for grahulatimide (22) (recorded in DMSO-dy).

Proton 'H . COoSsY® NOE®
No. & (ppm) (mult, J (Hz))* '
1 12.58 (bs) H-7
4 8.89 (d, 7.0) H-5 H-5
5 7.30 (dd, 7.0, 7.0) ‘H-4,H-6 H-4,H-6
6 7.48 (dd, 7.0, 7.0) H-5,H-7 H-5,H-7
7 7.61 (d, 7.0 Hz) ' H-6 H-6
10 10.96 (s) '
16 8.50 (s) .
17 13.57 (s) : H-16

=Recorded at 500 MHz. "Recorded at 400 MHz.

Preparation of isogranulatimide (23).

—
A

Iz

Procedure A. A stirred solution of didemnimide A (14) (27.6 mg, 0.099 mmol) in dry DMSO
(5.0 mL) was heated open to the atmosphere at 140 °C for 2 hours. The reaction mixture waé
then cooled to room temperature, diluted with EtOAc (30 mL) and treated with an aqueous

solution of NaOH (10% NaOH, 5 mL).‘The phases were separated and the organic phase was

washed with brine (3 x 10 mL), dried (MgSQ,), and concentrated. Purification of the crude
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material by flash chromatography (20 g of silica gel, 10:1 CH,CI, - MeOH) and removal of trace

~ amounts of solvent (vacuum pump) from the resulting solid, afforded 6.0 mg of recovered
didemnimide A (14) and 14.0 mg (51%, 65% based on recovered starting material) - of
isogranulatimide (23) as a purple solid.

Pfocedure B. To a stirred solution of didémnimide A (14) (31.3 mg, 0.113 mmol) in dry
nitrobenzene (4.0 mL) was added Pd Black (12.0 mg; 0.113 mmol) and the resulting suspension
was heated at reflux for 20 hours. The reaction mixture was then cooled to room temperature,
diluted with CH,Cl, (10 mL) and placed on a short plug of silica gel (5 g). The nitrobenzéne was
eluted using CH,Cl, and the crude product was eluted with CH,Cl,- MeOH (5:1) and the filtrate
was concentrated. _Purifiéation of the crude product by flash chromatography (25 g of silica gel,
10:1 CH,CI,- MeOH) and removal of trace amounts of solvent (vacuum pump) from the
resulting soiid, afforded 23.3 mg (75%) of isogranulatimide (23) as a purple solid which

exhibited spectral data that was in accordance with that reported for the natural product.

UV A, (MeOH): 280, 304, 377, 466 nm.

'"H NMR (400 MHz, DMSO-d,)* 3 13.49 (bs, 1H, H1), 11.12 (bs, 1H, H-10), 8.91 (s, 1H, H-16),
8.54 (d, 1H,J = 7.6 Hz, H-4), 7.88 (s, 1H, H-14), 7.70 (d, 1H,J = 8.0 Hz, H-7), 7.45 (dd, 1H, J |

= 8.0, 8.0 Hz, H-6), 7.37 (dd, 1H, J = 8.0, 8.0 Hz, H-5). |

C NMR (100.5 MHz, DMSO-d,)"" § 169.9 (C-9), 169.0 (C-11), 135.6 (C-Ta), 134.9 (C-2),
126.9 (C-14), 126.0 (C-8), 124.7 (C-6), 123.1 (C-13), 122.3 (C-4), 121.8 (C-5), 1213 (C-3a),

121.0 (C-16), 113.9 (C-12), 112.3 (C-7), 97.6 (C-3).

IR (KBr): 2732, 1758, 1719, 1586, 1568, 1368, 1234, 1109, 744 cm’.
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Exact mass calcd for C,;HgN,0,: 276.0647; found: 276.0644.

Preparation of methyl 2-( l-methvl-1H-2—Dhenv]thioimidazol-5—v1)—21voxv1até (84).

fHa
HyCO :
o -l :>—SPh
To a cold (-78 °C), stirred solution of diisopropylamine (175 pL, 1.25 mmol) in dry Et,0 (2.0
mL) and dry DME (2.0 mL) was added a solution of n—BuLi (1.60 M in hexanes, 0.74 mL, 1.18
mmol) and the reaction mixture was stirred for 30 minutes. A solution of 1-methyl-2- |
phenylthioimidazole (67) (140 mg, 0.737 mmol) in dry Et,0 (3.0 mL) was then added and the
resulting solution was stirred at -78 °C for 15 minutes and then warmed to 0 °C for an additional
1 hour. Dimethyl oxalate (520 mg, 4.40 mmol) was added in one porﬁon and the mixture was
allowed to warm to room temperature and stir for an additional 3 hours. The reaction mixture
was then treated with saturated aqueous NH,C] (5 mL) and the resulting mixture was diluted
with EtOAc (20 mL). The phases were separated and the vaqueous phase waé extracted with
EtOAc (2 x 20 mL). The combined organic phases were washed with brine (10 mL), dried
(MgS0,) and concentrated. Purification of the crude material by flash chromatography (35 g of
silica gel, 70:1 CH,Cl, - MeOH) and removal of trace amounts of solvent (vacuum pump) from

_ the resulting solid provided 84.5 mg (41%) of the ester 84 as a beige solid (mp 98-99 °C). .

FEET-YONIDUPRE S S SN

'H NMR (400 MHz, CDCl,) & 8.22 (s, 1H), 7.42-7.44 (m, 2H), 7.34-7.37 (m, 3H), 3.93 (s, 3H),

3.92 (s, 3H).
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13C NMR (100.5 MHz, CDCly) § 172.9, 162.2, 151.8, 144.7, 132.4, 130.2, 129.9, 129.8, 129.1,

53.3,34.3.
IR (KBr): 1736, 1651, 1437, 1277, 1216, 1013 cm’,

Exact mass calcd for C;H,,N,0,S: 276.0569; found: 276.0564.

Preparation of 16-phenylthiodidemnimide C (85).

To a stirred solution of +-BuOK (28 mg, 0.25 mrﬁol) in dry DMF (1.0 mL) at room temperature
was added sequentially 4 A molecular sieves (~50 mg) a solutlon of ester 84 (28 mg, 0.10
mmol) and indole-3-acetamide (22 mg, O 13 mmol) in dry DMF (1.5 mL). The deep red solution
was then heated to 40 °C and stirred for 48 hours. The resulting dark purple solution was treated '
with aqueous. hydrochloric acid (1IN, 1.0 mL) and the resulting mixture was diluted with EtOAc
(20 mL). The phases were separated and the aqueous phase was extracted with EtOAc (2 x 20
mL). The combined organic phases were washed with brine (4 x 10 mL), dried (MgSO,), and
concentrated. Purification of the crude material by flash chromatography (20 g of silica gel, 30:1

CH,CI,- MeOH) and removal of trace amounts of solvent (vacuum pump) from the resulting

solid, afforded 35 .mg (88%) of the didemnimide 85 as a red solid (mp >240 °C, decomp).




: 287
'H NMR (400 MHz, DMSO-d,) & 12.06 (bs, 1H), 11.19 (bs, 1H), 8.09 (d, 1H, J = 2.1 Hz), 7.46

(d, 1H, J = 8.0 Hz), 7.14-7.31 (m, 6H), 7.03 (d, 1H, J = 7.6 Hz), 6.81 (dd, 1H, J = 8.0, 8.0 Hz),

6.47 (d, 1H, J = 8.1 Hz), 3.07 (s, 3H).

C NMR (100.5 MHz, DMSO-d;) 171.6, 17.1.4, 138.6, 136.4, 134.6, 133.7, 132.7, 131.8,

129.4, 127.4, 126.7, 126.6, 124.5, 122..5, 120.8, 119.5,117.9, 112.4, 104.8, 32.4.
IR (KBr): 2500-3600, 1760, 1713, 1631, 1581, 1441, 1339, 744 cm".

Exact mass calcd forlCZZH,GN“OzS: 400.0994; found: 400.0985.

Preparation of didemnimide C (16).

,CH,

To ;1 reﬂuxin.g solution of the didemnimide 85 (46.7 mg, 0.117 mmol) in EtOH (10.0 mL),fwavs
added Raney Ni (W-2, 50% slurry in water, ~120 mg) and the resulting suspension was refluxed
for 1 hour.vThe reaction mixture was then cooled to room temperature and filtered through
Celite®. The Celite® was washed with DMF (6 mL) followed by MeOH - TFA (100:1, 30 mL),
and the combined organic washes were concentrated. The residue was dissolved in EtOAc (40

mL) and the solution was washed with aqueous NaHCO,; (4 x 10 mL), brine (3 x 20 mL), dried

(MgSO4) and concentrated. Purification of the crude material by flash chromatography (25 g of
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silica gel, 10:1 CHlel2 - MeOH) and remov.al of trace amounts of solvent (vacuum pump) from
the resulting solid, afforded 26.4 mg (77%) of didemnimide C (16) as an orange solid which

exhibited spectral data that was in accordance with that reported for the natural product."

'H NMR (400 MHz, DMSO-d;) & 11.97 (bs, 1H), 11.09 (bs, 1H), 8.06 (d, 1H, J = 2.6 Hz), 7.69
(bs, 1H), 7.44 (d, 1H, J = 8.1 Hz), 7.10 (dd, 1H, J = 8.0, 8.0 Hz), 7.07 (bs, 1H), 6.78 (dd,blH, J=

8.0, 8.0 Hz), 6.40 (d, 1H, J=8.1 Hz), 3.17 (s, 3H).

3C NMR (100.5 MHz, DMSO-d,)** § 171.9, 171.7, 140.3, 136.4, 133.9, 132.0, 131.5, 124.7,

122.3,122.3,120.5, 119.7, 118.6, 112.2, 105.0, 32.0.
IR (KBr): 3163, 3041, 1766, 1702, 1538, 1345, 1236, 1221, 748 cm’.

Exact mass caled for C,(H;,N,0,: 292.0960; found: 292.0957.

Preparation of 17-methyl ranulatimide 74).

To.a solution of didemnimide C (16) (20.5 mg, 0.070 mmol) in MeCN (30.0 mL) was added a
catalytic amount of Pd/C (10% Pd), and the resulting suspension was sparge.d with argon for 30

minutes. The reaction mixture was then irradiated (450-watt Hanovia medium pressure mercury
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vapor lamp, quartz reaction vessel) for 3.5 hours. The reaction mixture was then filtered through
Celite® and the Celite® was washed with MeOH 30 mL)>and DMF (40 mL). The MeOH
wa_shings were combined with the initial filtrate, while the DMF washings were collected
separately. The MeCN - MeOH solution was concentrated and the resulting organic residue was
triturated with MeOH (3 x 10 mL) to afford 2.4 rﬁg of 17-methylgranulatimide (74) as a yellow
solid. The DMF washings were conceﬁtrated to provide 10.1 mg (total of 12.5 mg, 64%) of 17-

methylgranu]'atimide (74) as a yellow solid (mp >300 °C).
'H NMR (400 MHz, DMSO-d;) 6 12.58 (bs, 1H, H-1), 11.04 (bs, 1H, H-10), 8.94 (d, 1H, J =77
Hz, H-4), 8.48 (s, 1H, H-16), 7.60 (d, 1H, J = 8.1 Hz, H-7), 7.48 (dd, 1H, J = 8.0, 8.0 Hz, H-6),

7.30 (dd, 1H, J = 8.0, 8.0 Hz, H-5), 4.31 (s, 3H, H-18).

3C NMR (100.5 MHz, DMSO-dg) 8 170.7 (C-9), 169.1 (C-11), 147.1 (C-16), 140.6 (C-7a),
135.6 (C-14), 133.8 (C-2), 128.5 (C-13), 126.2 (C-0), 124.0 (C-4), 123.6 (C-8), 121.3 (C-3a),

120.1 (C-5), 113.0 (C-3), 111.6 C-7), 109.8 (C-12), 35.1 (C-18).

IR (KBr): 3257, 2951, 2726, 1734, 1703, 1650, 1505, 1479, 1461, 1393, 1326, 1225, 1068, 761, |

744 cm™.
Exact mass calcd for C,¢H,(N,O,: 290.0804; found: 290.0800.

A summary of the assignments of 'H and "*C NMR resonances for 17-methylgranulatimide (74),

based on HMQC and HMBC data, is presented in'-Table 3.12.
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Table 3.12. NMR data for 17-methylgranulatimide (74) (recorded in DMSO-dy).

Atom 13C 'H : HMBC®

No. & (ppm)* & (ppm) (mult, J (Hz))**

1 12.58 (bs)

2 133.8 H-7, H-16

3 113.0 H-1, H-7
3a 121.3 H-1, H-5, H-7
4 124.0 8.94(d,7.7) - H-6

5 120.1 7.30 (dd, 8.0, 8.0) H-7

6 126.2 7.48 (dd, 8.0, 8.0) H-4, H-5

7 111.6 7.60 (d, 8.1 Hz) H-4,H-5
Ta 140.6 H-4, H-6, H-7

8 123.6 H-10

9¢ " 169.1 . H-10

10 : 11.04 (bs)

1 1707 ' H-10

12 109.8 , H-10

13 1285 | H-16, H-18
14 135.6 H-1

15
16 147.1 8.48 (s) "H-18:
17

18  35.1 4.31 (s)

aRecorded at 100.5 MHz. ®Recorded at 500 MHz. € Assignments based on HMQC data.
¢ Assignments may be interchanged.
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Preparation of imidazol-1H-1-acetamide ( 87).

To a cold (0 °C) stirred suspension of NaH (60% dispersion in oil, 352 mg, 8.80 mmol) in dry
DMEF (5.0 mL) was added a solution of imidazole (536 mg, 8.00 mmol) in dry DMF (10.0 mL).
The reaction mixture was then warmed to room-temperature and stirred for 30 minutes. The‘
mixture was then cooled to 0 °C, and iodoacetamide (1.63 g, 8.81 mmol) wés added in one
portion and the resu]ting solufion was warmed to room temperature and stirred for an additional
1.5 hours. The reaction mixture was then~ diluted with C’HZCvl2 (20 mL) and the Nal crystals,
which precipitated, were removed by filtration. The filtrate was concentrated and the residue was
placed on a column of basic alumina (40 g). The crude product was eluted with CH,Cl,- MeOH -
(6:1) and the eluate was concentrated. Purification of the crude concentrate by flash
chromatography (60 g of silica gel, 7:1 CH,Cl,- MeOH) and removal trace amounts of solvent
(vacuum pump) from the resulting solid, afforded 747 mg (75%) of the amide 87 as a white solid
(mp 185-186 °C, lit. 182-183 °C) which exhibited spectral data that was in accordance with that

reported in the literature.>

'H NMR (400 MHz, DMSO-d;) § 7.54 (s, 1H), 7.51 (bs, 1H), 7.20 (bs, 1H), 7.06 (s, 1H), 6.84 (s,

1H), 4.61 (s, 2H).

13C NMR (100.5 MHz, DMSO-d;) &: 168.5, 138.0, 127.5, 120.4; 48.4.
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IR (KBr): 3349, 3116, 1685, 1516, 1408, 1312, 1236, 1080, 750, 663 cm™.

Exact mass calcd for C;H,N,0: 125.0589; found: 125.0585.

Preparation of methyl indolvl'—3—2]voxvlaté (88).

0]
OMe

H

To a cold (0 °C), solution of 3-indoleglyoxylic écid (89) (305 mg, 1.61 mmol) iri‘dry MeOH (3.0

mL) and dry benzene (12.0 mL) was added (trimethylsilyl)diazomethane 2.0 _M in hexanes, 1.60
mL, 3.20‘ mmol) and the reaction mixture was warmed to room temperéture and stirred for 4

hours. The reaction mixture was then concentrated to.provide the crude product as a beige solid.
Purification of the crude product by flésh chromatography (40 g of silica gel, 25:1 then 10:1
FCHZCIZ— MeOH) and removal of trace émounts of solvent (vacuum pump) from the resulting
solid, afforded 327 fng (100%) of the ester 88 as a beige sélivd (rhp 227-228 °C,.]it.. 227-230 °C).

which exhibited spectral data that was in accordance with that reported in the literature.”

'H NMR (400 MHz, DMSO-d) 8 12.40 (bs, 1H), 8.44 (d, 1H, J = 3.0 Hz), 8.15 (d,1H,J=17.0

Hz), 7.54 (d, 1H, J = 7.6 Hz), 7.24-7.31 (m, 2H), 3.88 (s, 3H). -

*C NMR (100.5 MHz, DMSO-dy) & 178.7, 163.9, 138.3, 136.7, 125.4, 123‘.8," 122.8, 121.1,

112.7,112.4, 52.5.
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Exact mass calcd for C,,HyNO;: 203.0582; found: 203.0587.

Anal. calcd for C,,H9N03: C 65.01, H4.47,N 6.90; found: C 65.16; H4.34,N 6.77.

Preparation of isodidemnimide A (86).

§ &
N

N _

N
To a cold (0 °C), stirred solution of ~BuOK (140 mg, 1.25 mmol) in dry DMF (2.0 mL) was
added a solution of the amide 87 (31.1 mg, 0.249 mmol) and methyl indolyl-3-glyoxylate (88)
(101 mg, 0.498 mmol) in dry DMF (3.0 mL). The orange reaction mixture was stirred for 12
hours at room temperature and then heated to 45 °C for 3 hours. The reaction mixture was then
cooled to room temperature and treated with saturated aqueous NH,CI (5 mL) and the resulting.
mixture was diluted with EtOAc (20 mL). The phases were separated and the aqueous phase was
extracted with EtOAc (2 x 20 mL). The combined organic phases were washed with brine (4 x
10 mL), dried (MgSO,) and concentrated. Purification of the crude material by flash

chromatography (25 g of silica gel, 10:1 then 6:1 CH,Cl, - MeOH) and remo.val of trace amounts -

of solvent (vacuum pump) from the resulting solid, afforded 54.5 mg (79%) of the maleimide 86

as a red solid (mp >300 °C).
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'H NMR (400 MHz, DMSO-d) § 12.04 (bs, 1H), 11.28 (bs, 1H), 8.03 (d, 1H, J = 3.1 Hz), 7.78

(s, 1H), 7.45 (d, 1H, J = 8.2 Hz), 7.29 (s, 1H), 7.11 (dd, 1H, J = 8.0, 8.0 Hz), 7.04 (s, .lH), 6.80

(dd, 1H, J = 8.0, 8.0 Hz), 6.21 (d, 1H, J = 7.6 Hz).

3¢ NMR (100.5 MHz, DMSO-d,) § 170.4, 168.4, 137.8, 136.4, 131.6, 128.8, 125.8, 124.3,

124.1, 122.5, 120.6, 120.1, 119.6, 112.3, 102.3.
IR (KBr): 3121, 2729, 1767, 1719, 1651, 1495, 1340, 1239, 746 cm™.

Exact mass caled for C,;H,,N,O,: 278.0804; found: 278.0798.

Preparation of methyl [N-(2-trimethylsilylethoxy)methyl]indole-3-glyoxylate (93).

OMe

|

/
CHQOCH QCstIM €3

0

To a cold (0 °C), stirred suspension of NaH (60% dispersion in mineral oil, 123 mg, 3.08 mmol) -
in dry THF (5.0 mL) was added a solution of the ester 88 (500 mg, 2.46 mmol) in dry THF (20.0
mL) and the reéction mixture was stirred for 10 minutcé at 0 °C and 50 minutes at room
tempe;ature. The resulting yellow solution was then cooled to 0 °C, SEM-CI (0.61 mL, 3.44
mmol) was added and the reaction mixture was warmed to room temperature. After 1.5 hours the
mixture was treated with saturated aqueous NH,CI1 (10 mL) and the resulting mixture was diluted

with EtOAc (30 mL). The phases were separated and the aqueous phase was extracted with
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EtOAc (2 x 25 mL). The combined organic phases were washed with brine (20 mL), dried

(MgSO0,) and concentrated. Purification of the crude material by flash chromatography (50 g of
silica gel, 3:2 petroleum ether - Et,0) and removal of trace amounts of solvent (vacuum pump)
from the resulting solid, afforded 667 mg (82%) of the ester 93 as a colorless solid;(rrip 96-97

°C).

"H NMR (400 MHz, CDCl,) & 8.41-8.44 (m, 2H), 7.52-7.54 (m, 1H), 7.33-7.38 (m, 2H), 5.52 (s,

2H), 3.94 (s, 3H), 3.51 (t, 2H, J = 8.1 Hz), 0.89 (t, 2H, J = 8.1 Hz), -0.07 (s, 9H).

3C NMR (100.5 MHz, CDCI,) 8 177.3, 163.0, 139.3, 136.5, 127.2, 124.5, 123.9, 122.8, 113.6,

110.8,76.7, 66.6, 52.7, 17.6, -1.5.

IR (KBr): 3122, 1733, 1637, 1519, 1398, 1198, 1086, 752 cm™.

Exact mass'-caléd for C,;H,;NO,Si: 333.1397; found: 333.1395.
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Preparation of 1-[(2-trimethylsilylethoxy)methyllisodidemnimide A (94) and 3-[3-methoxy-2.5-

diox0-2.5-dihydro-1H-pyrrol-4-yl]-N-[(2-trimethylsilylethoxy)methyl]indole (95).

\

\ </\\\N - \

CH,OCH,CH,SiMej CH,OCH,CH, SiMe,

94 95

To a cold (0 °C), stirred suspension of the amide 87 (12 mg, 0.096 mmol), the ester 93 (40 mg,
0.12 mmol) and 4 A mo]ecular sieves (~100 mg) in dry DMF (3.0 mL) was added a solution of -
BuOK (27 mg, 0.24 mmol) in dry DMF (2.0 mL) and the reaction mixture was stirred for 12
hours at room temperature. The mixture was then trcatéd with saturated aqueous NH;,C].(S mL)
and the resulting mixture was diluted with EtOAc (20 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (2 x 20 mL). The combined organic phases were
washed with brine (4 x 10 mL), dried (Mgso‘,') and concentrated. Purification of the crude
material by flash chromatography (25 g of silica gel, 30:1 CH,Cl, - MeOH) and removal of trace
amounts of solvent (vacuum pump) from the resulting solid, afforded 5.0 mg (14%) of the

maleimide 95 as a yellow solid .and 32.0 mg (82%) of the maleimide 95 as a yellow solid (mp -

>168 °C, decomp).
Maleimide 95:
'H NMR (400 MHz, CDCl,) § 7.97 (d, 1H, J = 8.0 Hz), 7.85 (s, 1H), 7.48 (d, 1H, J = 8.0 Hz),

7.20-7.32 (m, 2H), 5.50 (s, 2H), 4.27 (s, 3H), 3.49 (t, 2H, J = 8.1 Hz), 0.88 (t, 2H, J = 8.1 Hz), -

0.08 (s, 9H).



: : 297
IR (KBr): 3222, 2953, 1761, 1713, 1641, 1518, 1299, 1087, 836 cm’.

Mass caled for C,;H,,N,0,Si: 372; low resolution EIMS found: 372. '

- Maleimide 94:

'H NMR (400 MHz, CDCl) 8 8.95 (bs, 1H), 7.99 (s, 1H), 7.97 (bs, 1H), 7.50 (d, 1H, J = 8.1
Hz), 7.24 (bs, 1H), 7.24 (dd, 1H, J = 8.0, 8.0 Hz), 7.15 (bs, 1H), 6.98 (dd, 1H, J = 8.0, 8.0 Hz),
6.37 (d, 1H, J = 8.1 Hz), 5.53 (s, 2H), 3.55 (t, 2H, J = 8.1 Hz), 0.90 (t, 2H, J = 8.1 Hz), -0.07 (s,

9H).

3C NMR (100.5 MHz, CDCl,) 6 169.3, 167.0, 137.8, 136.7, 133.9, 129.4, 125.4, 124.7, 124.3,

123.9, 122.4, 120.7, 119.6, 111.0, 102.9, 76.3, 66.6,17.7, -1.5.

IR (KBr): 2953, 2719, 1769, 1723, 1656, 1519, 1337, 1235, 1083, 837, 741 cm’.

Exact mass caled for C,,H,,N,0,Si: 408.1618; found: 408.1620.
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Preparation of 1-[(2-trimethylsilylethoxy)methyllisogranulatimide A (96).

\ Nﬂ
: N\
\
CHQOCHQCHQSiMe:;
To a stirred solution of 1-[2-trimethylsilylethoxy)methyllisodidemnimide A (94) (60.0 mg, 0.147
mmol) in dry MeCN (20.0 mL) was added Pd/C (8 mg, 10% Pd) and the resulting mixture waé
sparged with Ar for 30 minutes. The reaction mixture was irradiated (450-watt Hanovia medium
pressure mercury vapor lamp, quartz reaction vessel) for 2 hours. The solvent was then removed
under reduced pressure to provide a yellow residue. Purification of the yellow residue by flash
chromatography (25 g of silica gel, 40:1 CH,CIl, - MeOH) and removal. of trace amounts of
solvent (vacuum pump) from the resulting solids, afforded trace amounts (less than 1 mg) of 1- -
(SEM)-isogranulatimide B and 30.8 mg (52%) of 1-(SEM)-isogranulatimide A (96) as-a yellow

solid.

'H NMR (400 MHz, CDCl,) 8 8.78 (d, 1H, J = 8.0 Hz), 8.49 (s, 1H), 7.87 (s, 1H), 7.72 (d, 1H, J
= 8.0 Hz), 7.56 (dd, 1H, J = 8.0, 8.0 Hz), 7.52 (bs, 1H), 7.43 (dd, 1H, J = 8.0, 8.0 Hz), 6.50 (s,

2H), 3.63 (t, 2H, J = 8.2 Hz), 0.91 (t, 2H, J = 8.2 Hz), -0.16 (s, 9H).

13C NMR (100.5 MHz, CDCl,) & 166.6, 163.6, 140.3, 137.8, 135.2, 131.0, 127.1, 125.5, 124.3,

122.8,121.6,118.0,112.8, 111.4, 110.6, 74.0, 66.1, 17.9, -1.5.

IR (KBr): 3108, 2707, 1757, 1721, 1650, 1364, 1291, 1080, 732 cm’".



http://Me.CN

Exact mass calcd for C,,H,,N,0,Si: 406.1461; found: 406.1456.

Table 3.13. NMR data for 1-[(2-trimethy]silylethoxy)methyl]—
isogranulatimide A (96) (recorded in CDCly).

Proton 'H NOE®
No. & (ppm) (mult, J (Hz))’
4 8.78 (d, 8.0) H-5
5 7.43 (dd, 8.0, 8.0) H-4

6 7.56 (dd, 8.0, 8.0)
7 7.72 (d, 8.0)

10 7.52 (bs)

16 8.49 (s) H-17

17 7.87 (8) H-16

2 6.50 (s) S ‘H-7, H-4’

4 3.63 (t, 8.2)
5 0.91 (t, 8.2)
7 -0.16 (s)
“Recorded at 400 MHz. *Recorded at 400 MHz.

et e e P - et
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Preparation of l-terf—butoxvcarbonvlisodidemnimide A (98).

To a cold (0 °C), s.uspension of NaH (60% dispersion in mineral oil, 23 mg, 0.58 mmol) in dry
DMF (2.0 mL) was added a solution of isodidemnimde A (86) (62 mg, 0.22 mmol) in dry DMF
(2.0 mL) and the deep red reaction mixture was allowed to gradually warm to room temperature
and stir for 1.5 hours. A solution of di-tert-butyl dicarbonate (58 mg, 0.27 mmol) in dry DMF
(2.0 mL) was then added and the reaction mixture was stirred for a further 30 minutes at room
temperature. The mixture was then treated with safurated aqueéus NH,CI] (5 mL) and the
resulting mixture was diluted with and EtOAc (30 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (10 mL). The combined organic phases were washed
with brine (5 x 10 mL), dried (MgSO,) and concentrated. Purification of the crude material by’
flash chromatography (40 g of silica gel, 30:1 CH,Cl, - MeOH) and removal of trace amounts of
solvent (vacuum pump) from the resulting solid, afforded 84 mg (100%) of the didemnimide 98

as a yellow solid (mp 133 °C).

'H NMR (400 MHz, CDCL,) 8 11.52 (s, 1H), 8.10 (d, 1H, J = 8.4 Hz), 8.06 (s, 1H), 7.85 (s, 1H),

7.34 (dd, 1H, J = 8.0, 8.0 Hz), 7.28 (s, 1H), 7.03 (dd, 1H, J = 8.0, 8.0 Hz), 7.00 (s, 1H), 6.55 (d,

1H, J = 8.0 Hz), 1.66 (s, 9H).
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C NMR (100.5 MHz, CDCl;) 6 168.7, 166.6, 148.8, 137.7, 135.4, 130.3, 129.8, 128.7, 126 4,

125.6, 123.8,121.2,120.1, 119.1, 115.6, 106.6, 85.3, 28.1.
IR (KBr): 3400-2800, 1778, 1728, 1665, 1454, 1358, 1311, 1231, 1153, 1100, 736 cm™. -

Exact mass calcd for C20H18N1404: 378.1328; found: 378.1329.

Preparation of 1-terz-butoxycarbonylisogranulatimide A (99) and 1-tert-butoxycarbonyl-

isogranulatimide B (100).

A stirred solution of the didemnimde 98 (42.5 .mg, 0.112 mmol) in dry MeCN (4.0 IT‘lL) was
irradiated (275-watt light bulb) for 1 hour at room temperature. The solvent was removed under
reduced pressure and the orange residue was dissolved in CH,Cl, (6.0 mL). MnO, (58 mg, 0.67 
fnmol) was added and the stirred mixture was refluxed overnight. The mixture was then cooled
to room terﬁperature, filtered through a short plug of silica gel (10 g of silica gel), and the .
reaction products were eluted with CH,Cl, - MeOH (5:1). Concentration of thé filtrate provided

the crude products as a residue, which was separated by flash chromatography (30 g of silica gel,

25:1 CH,Cl,- MeOH). Concentration of the appropriate fractions and removal of trace amounts
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of solvent (vacuum pump) from the resultihg solids, afforded 20.2 mg (48%) of 99 as a yellow

solid (mp >200 °C, decomp) and 7.8 mg (19%) of 100 as a purple solid (mp >200 °C, decomp).®
1-tert-butoxycarbonyl-isogranulatimide A (99):

'H NMR (400 MHz, DMSO-d;) § 11.46 (s, 1H), 8.66 (d, 1H, J = 8.1 Hz), 8.46 (d, lH J= 11
Hz), 8.01 (d, 1H, J = 8.4 Hz), 7.92 (d, 1H, J = 1.1 Hz), 7.56 (dd, 1H, J = 8.0, 8.0 Hz), 7.43 (dd,

1H, J = 8.0, 8.0 Hz), 1.69 (s, 9H).

3C NMR (100.5 MHz, DMSO-d,) 6 167.9, 164.8, 148.6, 138.4, 137.2, 135.3, 127.9, 127.7,

126.3, 123.8, 123.5, 121.8, 115.6, 113.4,113.3,112.6, 85.7, 27.3.

IR (KBr): 3226, 1776, 1724, 1649, 1380, 1310, 1287, 1157, 750, 729 cm".
Exacf mass caicd for C,,H,(N,O,: 376.1 1%2; found: 376.1 176.
1—tert—butoxycarbgﬁyl—isogranhlatimide B (1!)0_)}

IR (KBr): 2980, 1729, 1654, 1526, 1370, 1299, 1150, 1130, 740 cm.

Exact mass calcd for C,0H,(N,O,: 376.1172; found: 376.1177.
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Preparation of isogranulatimide A (75).

N N

Procedure A. To a stirred solution of the isogranulatimde A 96 (16 mg, 0.040 mrﬁol) in MeCN
(5.0 mL) and H,0 (0.2 mL) was added LiBF, (37 mg, 0.40 mmol) and the reacfion mi);ture was’
heated at reflux ovefnight. The solvent was removed under reduced pressure and the yellow
residue was dissolyed in DMF (4 mL). The resulting solution was diluted with EtOAc (30 mL),
washed with brine (4 x 15 mL), dried (MgS‘O4) and concentrated. Tritﬁration of the residue with
Et,O gave 9.2 mg (84%) of isogranulatimde A (75) as a yellow solid.

Procedure B. A suspension of the isogranulatimide 99 (21 mg, 0.056 mmol) in nitrobenzene
(1.5 mL) was heated to reflux for 1 hour. The mixture was then cooled to room temperature,
diluted with CH,Cl, (5 mL) and placed on a shért plug of silica gel (10 g of silica gel). The
nitrobenzene was eluted with CH,Cl, (40 mL) followed by CHZClz—VMeOH (10:1, 40 mL) and
isogranulatimide A (75) was eluted with CH2C12-. MeOH - TFA (200:40:1, 100 mL) The CH,Cl,
- MeOH - TFA eluate was concentrated under reduced pressure to provide a yellow residue that |
was dissolved in EtOAc (50 mL). Thé solution was washed with water (2 x 25 mL), saturated.
aqueous NaHCO; (2 x 15 mL), brine (15 mL), dried (MgSO,) and concentrated to provide 12 mg -

(78%) of isogranulatimide A (75) as a yellow solid (mp > 300 °C) which required no further

purification.
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'H NMR (400 MHz, DMSO-d,)*’ § 13.14 (bs, 1H, H-1), 11.27 (bs, 1H, H-10), 8.63 (d, 1H, J =

8.1 Hz, H-4), 8.46 (s, 1H, H-16), 7.90 (s, 1H, H-17), 7.66 (d, 1H, J = 8.0 Hz, H-7), 7.50 (dd, 1H,
J= 8.0, 8.0 Hz, H-6), 7.36 (dd, 1H, J = 8.0, 8.0 Hz, H-5). .

13C NMR (100.5 MHz, DMSO0-d,)*" § 168.5 (C-11), 165.3 (C-9), 139.6 (C-Ta), 137.6 (C-14),
134.0 (C-17), 129.7 (C-2), 126.5 (C-6), 123.1 (C-4), 121.9 (C-12), 121.4 (C-5), 120.9 (C-3a),
117.8 (C-8), 112.8 (C-16), 112.5 (C-7), 109.7 (C-3).

IR (KBr): 3184, 2931, 2692, 1756, 1718, 1656, 1365, 1309, 1134, 730 cm™.

Exact mass calcd for CsHgN4O,: 276.0647; found: 276.0638.

UV A, (MeOH): 224, 278, 305, 420 nm.

A summary of the assignments of 'H and "*C NMR resonances for isogranulatimide A (75),

based on HMQC and HMBC data, is presented in Table 3.14.
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"Table 3.14. NMR data for isograﬁulatimide A (75) (recorded in DMSO-dj). -

Atom BC - H : HMBC®
No. & (ppm)* & (ppm) (mult, J (Hz))**
1 13.14 (bs)
2 129.7 ~ H-1
31097 | H-1, H-4
3a 120.9 H-1, H-5
4 123.1 8.63 (d, 8.1) . H-6
5 121.4 7.36 (dd, 8.0, 8.0) H-7
6 126.5 7.50 (dd, 8.0, 8.0) H-4 B
7 . 1125 7.66.(d, 8.0) H-5 -
7Ta 139.6 H-1, H-4, H-6
g 117.8 | H-10
9 1653 . H-10
10 11.27 (bs)
11° 168.5 )
124 1219 H-10
13 |
14 137.6 H-16
15 |
16 112.8 8.46 (