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Abstract

Diverse natural product carbocycles and heterocycles are continuously of interest to the
biochemical, synthetic, and medicinal communities. The biosynthetic pathways that lead to
structurally diverse diterpenes, and other natural products, involve genes that are both highly
conserved and mutable in their characteristic. These properties help ensure that healthy ecosystems
continue generating novel complex molecules with diverse biological activity. Many synthetic
approaches towards these natural products have been described, however, as known structural
diversity in nature increases so does the need for novel methods to access the relevant structural
analogues. The total synthesis of (£)-aspewentin A via a tandem Michael-aldol reaction approach
has been developed and described herein. The key Michael reaction can be accomplished using
copper (Il)-catalysis of a ketoester and enone to provide an aldol substrate needed for a key
carbocyclization to yield a desired complex intermediate. The first chapter will introduce the broad
relevance of natural products to medicine and society. Then, tricyclic diterpene natural products
that have been described and feature the fused bicyclic scaffold related to isopimaranes will be
highlighted. Numerous syntheses that together encapsulate the breadth of synthetic approaches to
access the isopimarane-like bioactive scaffolds have been organized and presented herein.
Synthetic approaches may mimic natural biosynthesis or be derived from de novo approaches in
synthetic connectivity. In the second chapter, the accepted biosynthetic pathway leading to (z)-
aspewentin A is presented beginning from common metabolites. A precedent total synthesis will
be introduced before the introduction of the novel, concise synthetic approach developed herein.

The failed synthetic strategies that provided unexpected, but often in synthetically interesting,
XXii



carbocycles have also been presented. In the third chapter, the synthetic developments for the
Cu(I)-Michael process implementing gem-dimethyl donors, that rapidly enable the formation of
a highly congested intermediate are described. Synthetic access to these hindered intermediates

enable the concise total synthesis of (£)-aspewentin A.
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CHAPTERI I

Introduction

1.1 Introduction to Relevance of the Isopimarane Diterpene Scaffold

Natural product discovery incessantly generates novel small molecule scaffolds that may
become lead compounds for the treatment of a wide variety of illness and disease states.>? Notably,
the diversity of naturally available chemical space, and therefore bioactivity, is directly related to
the delicate dynamics of available biodiversity within various regional ecosystems.> The resulting
chemical diversity in these natural products help ensure that there exists a consistent interest in the
characterization of novel structures and/or biotechnologies that facilitate their discovery.
Furthermore, an argument can be made that certain natural products such as caffeine (1-1) from

coffee (Figure 1.1), morphine (1-2) from poppy, A%-tetrahydrocannabinol (1-3) from cannabis,

HO
Me
MeN

ALy @

0N~ N |

Me .

. HO
caffeine o
1-1 morphine A’-tetracannabinol quinine

1-2 1_3 1'4

Figure 1.1 Selected natural products with a significant impact on human activity.

quinine (1-4) from cinchona, and the many more that constitute desirable fragrances, dyes, or
edible spices have themselves influenced politics, diplomacy, and conquest throughout human

history.® In the modern age, many known natural products with less desirable addictive or



psychotropic properties remain the subject of intense medicinal and social investigation.”® As
effective as small molecules have been at affecting disease states as do we continue to seek novel

structures.

Structural diversity, such as in isopimarane 1-6, is achieved by complex molecular templating
and cationic cyclization of linear polyene diphosphate biosynthetic precursors, like GGPP 1-5, that
are derived from the mevalonate pathway (Figure 1.2).° The complex molecular architecture of
terpenes are often synthetically challenging to produce in-flask, but can be carefully reconstructed

via synthetic organic chemistry to facilitate access to complex natural products and their

Me Me Me 0...0
_O/IID Me Me
GGPP © isopimarane
1-5 scaffold 1-6

Figure 1.2 Representative biotransformation of GGPP 1-5 to the isopimarane scaffold 1-6.

bioisosteric analogues. The synthetic chemist finds an application within natural product drug
discovery by building these diverse, structurally complex scaffolds from simple starting materials
using the ever-evolving space of known chemical reactivity to develop unique strategies for precise
chemical reconstruction.'®*® Natural product total synthesis has an additional impact on the greater
field of chemical synthesis as these syntheses may result in novel strategies for synthetic
methodology, just as developments in synthetic methodology can enable novel disconnection
strategies in total synthesis. In addition, chemical synthesis of natural products provides an

opportunity for structural diversification and medicinal SAR studies through the synthesis of



functionally distinct product analogues. Thus, by synthetic means an investigator can optimize the

bioavailability and bioactivity of natural products for therapeutic use.®

1.2 Selected Examples of Natural Isopimarane-related Diterpenes

The natural biosynthesis of large pools of distinct natural products is better enabled by
enzymatic substrate promiscuity within a species.}”!® These rationalizations help explain how
changes in even slight alterations in gene expression may contribute to large phenotypic changes
within single species.?® Within the domain of natural product classes, terpenes are a large and
diverse group of secondary metabolites originating from the biologically conserved mevalonate
pathway found in organisms of every form.2%2! Terpenoid molecules are found to feature varied
structural motifs in nature, which provides them with an equally broad set of pharmacodynamics.
Although terpene structural diversity allows for its functional use in nature ranging from toxins,
repellants, or attractants, their molecular polyene precursors are also vital as a primary metabolite
for cholesterol biosynthesis and therefore for all subsequently derived sterol hormones that
facilitate the regulation of bodily development or certain aspects of the physiological stress
response.?® Various cyclase enzymes create distinct carbon scaffolds and occasionally enable
iterative biosynthetic transformations to provide a large scope of structural diversity.?#? One
common skeletal motif for diterpenes is the presence of a fused tricarbocyclic core which often
bears enantioenriched, and functionally elaborated, quaternary stereocenters (Figure 1.3). For
instance, the rhizome stem and root of some Acanthopanax,?® Illicium,?” Kaempferia,?® and
Vellozia?® genera have revealed structurally diverse oxygenated diterpene isomers (1-7 — 1-10).

The fungal genera of Diaporthe,® Diplodia,®* Epicoccum,®? and Smardaea® have generated



isopimaranes with notable diversity in structure and activity (1-11 — 1-14). Red algae, Laurencia

perforata, has produced a brominated analogue (1-15) of the tricarbocycle of interest.>* A deep
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Acanthopanax Hlicium Kaempferia Vellozia
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HO,, \ \ ) A\
‘OMe
= O z -
Me Me OH Me Me QH Me Me OH Me Me
1-11 112 113 114
isolated from isolated from isolated from isolated from
Diaporthe Diplodia Epicoccum Smardaea
Me Me OH Me
(RN} \ (N} I\\
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Laurencia Aspergillus Aspergillus Rosmarinus

Figure 1.3 Selected plant, fungal, and algal derived diterpenes.

sea sediment soil sample produced an initial report of the aspewentins, such as in (+)-aspewentin
A (1-16) and (+)-aspewentin B (1-17), following the activation of a cryptic natural product
pathway in an algicolous sample of Aspergillus wentii.*® Notably, structurally analogous tricyclic

phenolic diterpenes are one of the major electron-rich plant secondary metabolites associated with

4



antioxidant activity in certain plants®®3” and remain of interest to the greater health community.
Particularly, phenolic diterpenes associated with isomers of compound 1-18 are often associated
with the desirable antioxidant activity of plants like rosemary (Rosmarinus).®® However, it is
unknown how the biological effects of standout diterpene compounds like (+)-aspewentin A (1-

16) or B (1-17) are affected by the presence of its aromatic moiety.

1.3 Proposed Biosynthetic Pathway to Isopimaranes

Although a non-mevalonate pathway to the necessary biogenic compounds for terpene
biosynthesis is well studied and utilizes starting materials available from glycolysis,® a more
commonly described precursor is Ac-CoA (1-19), which is frequently derived biologically from
fatty acid catabolism. Ac-CoA (1-19) is elongated to acetoacetyl CoA (1-20) by Ac-CoA thiolase
(Figure 1.4). Chiral alcohol, HMG-CoA (1-21), is produced by HMG-CoA synthase from
acetoacetyl CoA (1-20) and subsequently reduced to mevalonic acid (1-22) by HMG-CoA
reductase activity. Phosphorylation of 1-22 is achieved by mevalonate kinase whose phosphate

product 1-23 is transformed to the diphosphate (pyrophosphate) product 1-24 by



phosphomevalonate kinase. Decarboxylation and dehydration of diphosphate 1-24 is performed

by pyrophosphomevalonate decarboxylase to yield IPP (1-25) which may then be isomerized
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\n/ W “
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pyrophospho 0. .0 Me 0. .0
mevalonate Y\/ oP” IDI Y\/ >p*
(o) . O
124 — Me 0. .0 R Me 0. .0
decarboxylase o~ 'O/I?
IPP1-25 O o DMAPP 1-26 o

Figure 1.4 Accepted major biosynthetic pathway leading to DMAPP and IPP.
by IDI to provide DMAPP (1-26). These two materials, DMAPP and IPP are two highly conserved

biosynthetic building blocks which are requisite for polyene elongation and thus enable the
biosynthesis of terpenes with highly variable molecular masses, structural isomerization, chiral
character, and heteroatomic functionalization. Firstly, IPP (1-25) and DMAPP (1-26) are coupled
by GPP synthase to synthesize GPP (1-27) (Figure 1.5). FPP synthase then couples GPP (1-27)
with IPP to yield FPP (1-28). FPP (1-28) is elongated to GGPP (1-5) by GGPP synthase using IPP.
Now that GGPP is accessible to the organism, its cyclization by various cyclase enzymes may
produce varied structural isomers,®?4?° put will also enable access to the familiar tricarbocyclic

scaffold associated with the isopimarane diterpenes (Figure 1.6). “Head-to-tail” activation (class Il
6



cyclase activity) of GGPP (1-5) via protonation leads to rapid cyclization and formation of cationic
species 1-29 that may form a stable exocyclic alkene 1-30 upon deprotonation. This ionic
0..-0 DI Me 0._.0
Y\/_O/FI; o Y\/_O/FI,
(@] Me O

P \P//O
- o -0~
IPP 1-25 o DMAPP 126 O ..

GPP
synthase

ol

M M 0._.0
e e p

’

- 071
GPP 1-27 o

GGPP j IPP 1-25

GGPP 1-5

Figure 1.5 Accepted major biosynthetic pathway leading to GGPP.

cyclization is expected to form the bridged tricycle in a concerted manner?*, although the
intermediacy of alternative carbocationic structures cannot be ruled out, they are likely variable
depending on the conformational dynamics of cyclase mutants across various species. In fact,
reaction dynamics as affected by protein mutation and conformational dynamics can help explain
how distinct, isomeric carbocyclic architectures all may selectively arise from linear GGPP 1-5.

Exocyclic alkene 1-30 provides a nucleophilic moiety to intramolecularly capture the cation
7



generated from ionic diphosphate departure, “tail-to-head” activation (class I cyclase activity), to

Me Me
GGPP 1-5

Figure 1.6 Proposed biosynthetic pathway leading to scaffold 1-31.

yield cationic intermediate 1-31 from species 1-30. Deprotonation of carbocation 1-31 leads to
alkene 1-32, or a related isomer resulting from deprotonation of carbocation 1-31. The implication
of both class I and 1l cyclase activity would suggest the stabile intermediacy of species 1-30 during
this biosynthesis. However, bifunctional enzymes that feature both class I and Il cyclase activity
have been reported to emerge in nature.*® Nonetheless, the proposed biosynthetic pathway
incorporating GGPP (1-5) to intermediates like 1-32 is mechanistically consistent with analogous,

accepted diterpene biosyntheses.?443

1.4 Selected Examples of Synthetic Biomimetic Tricyclization
Broadly speaking, the development of the synthetically relevant carbocyclization strategies
owes its breadth to the equally diverse steroid hormone products***® that compose both primary
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and secondary metabolic pathways in nature. Steroids bear some structural similarly to diterpenes
because of their polyene biosynthetic precursors that are also derived from the same mevalonate
pathway as for all terpenes. This structural origination in a product of a biologically conserved
pathway helps explains why terpenes are both common and diverse across the species.
Consequently, even this single tricyclic core related to the isopimaranes provides a scaffold with
access to a wide array of bioactivity. Due to potential medicinal use of the tricarbocyclic core,
various synthetic groups have devoted effort to building analogous tricyclic diterpenes. Many
synthetic contributions have been made towards the chemical synthesis of diterpenes and steroidal
compounds alike. One major category of synthetic effort in this area is the biomimetic synthesis.*’
These syntheses are more analogous to the previously described biosynthetic cyclization of GGPP
(1-5) which similarly leads to structurally complex compounds from polyene scaffolds. Although
the natural cyclization is often proposed to invoke ionic cyclization via carbocation generation,
both ionic and radical synthetic strategies have been achieved for synthetic biomimetic pathways.
By establishing varying synthetic methodology to access these carbocyclic scaffolds, the
associated pharmacophore can be structurally diversified to explore the changes that may alter the

biological activity and efficacy of the molecule. The following synthetic examples are united in



their formation of an analogous fused tricyclic system associated with diterpene aspewentin A (1-

16).

1.4.1 The van Tamelen Biomimetic Approach to the Diterpene Scaffold

OMe
Me FeCls
—_—
BnO\\‘O Me 12% BnO\\‘ R
1-33 OH 1-34

Figure 1.7 Biomimetic van Tamelen key cyclization step.

For the synthesis of (+)-aphidicolin,*® chiral epoxide 1-33 was cyclized via a Lewis acid-
catalyzed ring closure to 1-34 in 12% yield mediated by FeClz in PhMe (Figure 1.7). The electron-
rich methoxy arene moiety facilitates termination of the activated epoxide and yields an
electrophilic aromatic substitution to generate cyclized product 1-34. By designing this biomimetic
synthesis, analogues of desirable complex molecules are made to rapidly generate complex

scaffolds from selectively elongated polyene precursors.

1.4.2 The Corey Biomimetic Approach to the Diterpene Scaffold

Me
S

S OTBS

Me™ ™% 1) MeAICl,
2) HF

Me

~_Me 3)PhI(TFA),  Ho

42%

Me 1-35
o Me

Figure 1.8 Biomimetic Corey key cyclization step.
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For the synthesis of dammarenediol 11,%° chiral epoxide 1-35 was cyclized via a Lewis acid-
catalyzed ring closure mediated by MeAICl, in DCM which was terminated by the silyl enol ether
moiety of 1-35. The resulting crude material was then subjected to aqueous HF in MeCN and then
PhI(TFA)2 in wet methanol to provide product 1-36 in 42% yield (Figure 1.8). The conformational
constraints on these highly substituted precursors affect the favorability of certain reaction

transition states and yield the observed cyclized product with the observed diastereoselectivity.

1.4.3 Alternative Corey Biomimetic Approach to the Diterpene Scaffold

OMe OMe

1-37 BnG 1-38

Figure 1.9 Alternative biomimetic Corey key cyclization step.

For the synthesis of neotripterifordin® an approach similar to the previous van Tamelen
synthesis (Figure 1.7) was achieved by using chiral epoxide 1-37 was cyclized via a Lewis acid-
catalyzed ring closure to 1-38 in 86% yield mediated by TiCls in DCM (Figure 1.9). Facile ionic
cyclization of substrate 1-37 can be rationalized by the buildup of cationic character in anticipated
intermediates through the annulation pathway. Participation of the trisubstituted olefin moiety of
1-37 in ionic opening of the activated epoxide adduct generates an intermediate with a buildup of
an allylic carbocation character. The electron-rich methoxy arene moiety originating in 1-37
facilitates termination via an electrophilic aromatic substitution and the terminating C-C bond
formation and is further accelerated by the para-methoxy group resonance effects when compared

to the previous van Tamelen example leading to 1-34. Furthermore, synthetic access to alkenyl
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products like 1-38, provides a functional handle for access to C-19 oxidation which is otherwise

challenging to achieve selectively on inactivated substrates.

1.4.4 The Pattenden Biomimetic Radical Approach to the Diterpene Scaffold

BuzSnH
AIBN
78%
radical
initiation

Figure 1.10 The Biomimetic Pattenden key radical cyclization step.

During studies on radical polyene cyclization pathways,>*2 selenoester 1-39 was cyclized via
a radical ring closure to 1-42 in 78% vyield as a mixture of epimers initiated by AIBN and
terminated by tributyl stannane reductant in PhH under reflux conditions (Figure 1.10). Radical
initiation by AIBN results in the formation of acyl radical 1-40 and a subsequent 6-endo-trig
cyclization step yields radical 1-41. Termination of radical 1-41 with the stannane provides the
intended product and a resulting tin-centered radical to propagate the radical process. Notably, the
radical mode of cyclization offered greater flexibility in the potential site of radical termination,
unlike the ionic cyclization which more frequently relies on intramolecular nucleophilic trapping

in practice, as in the prior examples. Depending on the olefin substitution patterns, different C-C
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bond formation patterns led to the observation of either 5-member or 6-member cyclization

products when this methodology was explored.

1.4.5 The MacMillan Biomimetic Radical Approach to the Diterpene Scaffold

Me MeN O
Me N
Me H
MeO 1-44 OO
Me
Cu(OTf),,
NaTFA, TFA
') H 1-43 74%, 88% ee

Figure 1.11 The Biomimetic MacMillan key radical cyclization step.

During studies on enantioselective radical polyene cyclization pathways,>® aldehyde 1-43 was
stirred with a catalytic quantity of chiral imidazolidinone 1-44 to enantioselectively generate
cyclized product 1-45 in 74% yield and 88% ee using Cu(OTf)2 and a mixture of TFA and NaTFA
in a 1:2 mixture of i-PrCN/DME (Figure 1.11). Imidazolidinone catalyst 1-44 was found to broadly
control product enantioselectivity and various electronic substitution patterns were tolerated when

analogues of the tricyclic scaffold were generated via this method.

1.5 Selected Examples of lonic Tricyclization

There similarly exist numerous alternative synthetic pathways designed for application during
natural product total syntheses to access this tricyclic scaffold associated with isopimarane
diterpenes. Each distinct total synthesis offers an approach to create these compounds with a

unique diversity in chemical functionalization and chiral character, such that together complement

13



the overall synthetic accessibility to this structure of interest. These select syntheses have been

chronologically arranged based on the mode of their key tricyclization step.

1.5.1 The Meyer Approach to the Diterpene Scaffold

O.__OEt O.__OEt H
HCOOEt (E:\?OH ¢}
—_—
8 t-BuOK AcOH 8 o
H 1-46 H 1.47 H 1.48
99% 92%
(@] (@] Me
)J\)J\)\ O  Me OMe Me
MeO Me MeO
Me Me
1) NaH EtOOC HOOC O
1-48 > P
2) p-TSA, AcOH o‘
|§| 0
78% 1-49 Me Me

(x)-carnosic acid
dimethyl ether
1-50

Figure 1.12 The Meyer tricyclic scaffold synthesis.

A Robinson annulation strategy has been applied for a total synthesis of (z)-carnosic acid
dimethyl ether (1-50) (Figure 1.12).>* To this end, ester 1-46 was formylated using ethyl formate
and t-BuOK in t-BuOH to provide ketone 1-47 in quantitative yield. Ketone 1-47 was oxidized
using DDQ and catalytic AcOH in 1,4-dioxane to provide the unsaturated product 1-48 in 92%
yield. Methyl isovalerylacetate successfully underwent Robinson annulation via conjugate

addition onto acceptor 1-48 using NaH in DMSO to afford an intermediate mixture that was then
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subjected to an aldol reaction promoted by AcOH and p-TSA under refluxing conditions to give

cyclized product 1-49 in 78% yield.
1.5.2 The Cai Approach to Diterpene Scaffold

o (CH3),S0, ‘ CIPO)OEY: o o ‘
OH HO OMe >P” OMe
NaOH O NaH BtO™ L
1-5

55% 1-52 98% 1-53

MgBr
Me. =~
Me 1-54

NiCl,(dppp
1.53 2( )

45%

1-56

(+)-cryptotanshinone
1-57

Figure 1.13 The Cai tricyclic scaffold synthesis.

A Lewis acid-mediated electrophilic aromatic substitution strategy has been utilized for a total
synthesis of (+)-cryptotanshinone (1-57),> beginning with monomethylation of 1,5-naphthalene-
diol 1-51 using dimethyl sulfate and aqueous NaOH to yield naphthol 1-52 in 55% yield (Figure
1.13). Naphthol 1-52 was converted to phosphate ester 1-53 using diethyl phosphorochloridate and
NaH in THF in 98% vyield. Phosphate 1-53 underwent cross-coupling with prepared

organomagnesium bromide species 1-54 using catalytic NiClz(dppp) in Et2O to provide coupled
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product 1-55 in 45% yield. Key intramolecular electrophilic aromatic substitution was performed

by subjecting adduct 1-55 to AIClzin DCM to yield tricyclized material 1-56 in 95% vyield.

1.5.3 The Overman Approach to the Diterpene Scaffold

|
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Figure 1.14 The Overman synthesis of a precursor of scopadulcic acid B.

A palladium-mediated cyclization was accomplished to access the desired tricycle for a total
synthesis of scopadulcic acid B (1-72) (Figure 1.14).% Aldehyde 1-58 was treated with
allylmagnesium bromide in THF and then subjected to TBDMSCI and ImH in DMF to generate
product 1-59 in 82% yield. Alkene 1-59 was hydroborated using borane dimethyl sulfide complex
in hexanes and then subjected to agueous NaOH and H2O: to provide alcohol 1-60 in 63% yield.
Alcohol 1-60 was oxidized using Swern conditions of oxalyl chloride and DMSO with TEA in
DCM to afford aldehyde 1-61 in 80% vyield. Pre-made Grignard reagent 1-62 was subjected to

substrate 1-61 in Et,O to generate an intermediate alcohol, which was oxidized to ketone 1-63 in
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80% vyield using PCC and NaOAc in DCM. Ketone 1-63 was enolized to form a silyl enol ether
using TMSOTTf and TEA in DCM. The resulting crude silyl enol ether was refluxed in PhH prior
to a transfer into EtOH, then subjected to wet PPTS to form a cyclized, Cope rearrangement
product 1-64 in 51% vyield. Ketone 1-64 was olefinated using methyltriphenylphosphonium
bromide, deprotonated using n-BuL.i, in THF and then exposed to TBAF in THF to provide alcohol

1-65 in 90% vyield.

Alcohol 1-65 was oxidized using PCC and NaOAc in DCM to yield ketone 1-66 in 90% yield
(Figure 1.15). The key cyclization was then achieved by reacting ketone 1-66 with excess TEA and
a catalytic quantity of Pd(OAc). and PPhs under reflux in MeCN to provide a 1.5:1 ratio mixture
of cyclized materials 1-70 and 1-71 in 83% yield. Cyclization can be understood as proceeding via
an oxidative addition of the Pd metal onto the aryl halide bond to generate palladated intermediate
1-67. Intramolecular migratory insertion leads to cyclized intermediate 1-68, and a subsequent
migratory insertion to intermediate 1-69 yields the observed carbocyclic product scaffold. B-
Hydride elimination from 1-69 provides product 1-70, and subsequent allylic isomerization by Pd
likely converts product 1-70 to the more stable enone 1-71 to provide the observed product
mixture. These two resulting products can be converged under oxidative conditions and were both

implemented in the final total synthesis of scopadulcic acid B (1-72).
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Figure 1.15 The Overman synthesis of scopadulcic acid B.
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1.5.4 The Pan Approach to the Diterpene Scaffold

Me
iP/ ’/\(\‘iOMe
Me Me OH
Me Me o 79% OMe

1-73 1-74 Cl 1-75

Me
PcC ‘ OMe o
Me Me Q O
85% OMe 93%

1-76

OMe

1-75

1-77

(x)-celaphanol A
1-78

Figure 1.16 The Pan synthesis of (x)-celaphanol A.

A Lewis acid-mediated isomerization and electrophilic aromatic substitution strategy has been
applied for a total synthesis of (+)-celaphanol A (1-78) (Figure 1.16).>” Benzyl chloride 1-74 was
subjected to magnesium powder in Et,O and the resulting Grignard intermediate was subjected to
aldehyde 1-73 in Et.O which resulted in 79% yield of adduct 1-75. Alcohol 1-75 was oxidized
using PCC in DCM to generate ketone 1-76 in 85% yield. Key cyclization of ketone 1-76 was then
achieved using boron trifluoride diethyl etherate in DCM to afford product 1-77 in 93% yield. This
reaction process is likely achieved by an acid-mediated 1,3-isomerization of the alkene of starting

material 1-76 by Lewis acid-assisted Brgnsted acidity. Alkene isomerization can form a conjugated
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enone intermediate from 1-76 that may undergo an intramolecular Michael addition leading to

product 1-77.

1.5.5 The Tu Approach to the Diterpene Scaffold

OMe OMe OMe
‘ 1) Na(0), NH5 NaH OMe
O 2) HCI DMC O
MeO 179  88% © 180 99% o 1.81
OMe

1-81 EVK MeOOC O
NaOMe

75%
Me 1-82

Figure 1.17 The Tu tricyclic synthesis of pisiferic acid core scaffold.

A Robinson annulation strategy was implemented to access the core tricycle during studies on
the total synthesis of pisiferic acid-type diterpenes (Figure 1.17).58 Ether 1-79 was reduced using
liquid ammonia and metallic sodium in EtOH. The resulting crude material was hydrolyzed using
aqueous HCI in acetone to provide ketone 1-80 in 88% yield. Ketone 1-80 was esterified using
NaH and DMC in refluxing PhH to yield ketoester 1-81 in 99% yield. The key Robinson annulation
was achieved by stirring ketoester 1-81 with EVK and NaOMe in MeOH to generate product 1-82

in 75% vyield.
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1.5.6 The Qin Approach to Diterpene Scaffold

Me (0]

1-83 Br 1.84 Br 185
OMe 1) PhsAs, Ag,0 OMe Me
PdCI,(PhCN),
' 1-86 o Me 1) BF;-OFEt,
—_—
O 2) CH,CHMgBr | 2) KOt-Bu
Me Me 3) HCI, H,0 =
187 53% Ms Me  1-58 66%

1-oxomiltirone
1-90

Figure 1.18 The Qin synthesis of 1-oxomiltirone.
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An electrophilic aromatic substitution/aromatization strategy was implemented for a total

synthesis of 1-oxomiltirone (1-90) (Figure 1.18).%° Phenol 1-83 was methylated using dimethyl

sulfate and potassium carbonate in acetone, and subsequently subjected to CHsMgl to convert its

ketone into a tertial alcohol 1-84 in 82% yield. Tertiary alcohol 1-84 was deoxygenated using

triethyl silane and boron trifluoride diethyl etherate in DCM to provide product 1-85 in 85% yield.

Aryl bromide 1-85 was made into boronic acid 1-86 using n-BuLi and triisopropylborate in THF

in 73% vyield. Separately, iodoalkene 1-87 was prepared using a previously reported synthesis.®°

Boronic acid 1-86 was coupled with iodoalkene 1-87 in the presence of stoichiometric quantities

of silver oxide and catalytic quantities of triphenylarsine and PdCI>(PhCN)2 in wet THF to yield a
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crude coupled product that was then subjected to vinyl magnesium bromide in THF. The
intermediate product undergoes an acidic demethylation during upon exposure to aqueous HCI
and ultimately results in product 1-88 in 53% yield. Key cyclization of material 1-88 was achieved
using boron trifluoride diethyl etherate in carbon tetrachloride under refluxing conditions and then

subsequentially refluxed in t-BuOH with t-BuOK (presumably in exposure to ambient atmosphere
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to provide the oxidative conditions needed for final aromatization) which gave aromatized product

1-89 in 66% yield.

1.5.7 The Koert Approach to Diterpene Scaffold
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Figure 1.19 The Koert synthesis of intermediate to (+)-elevenol.

A Pd-mediated enolate arylation strategy was employed for a total synthesis of (+)-elevenol

(1-107) (Figure 1.19).5! Aldehyde 1-91 was stirred with silyl ketene acetal 1-92 and stoichiometric
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quantities of chiral borane 1-93 in THF for a 88% yield of alcohol 1-94 in 97% ee via a borane-
mediated aldol reaction.®? Alcohol 1-94 was protected using TBSOTf and 2,6-lutidine in DCM to
provide product 1-95 in 89% yield. Substrate 1-95 was reduced using DIBALH in DCM to alcohol
1-96 in 90% vyield. The produced alcohol 1-96 was then oxidized using DMP in DCM to yield
aldehyde 1-97 in 99% vyield. Separately, aryl bromide 1-98 underwent acylation using acetyl
chloride and AICl3 in DCM to provide ketone 1-99 in 99% yield. Ketone 1-99 and aldehyde 1-97
underwent an aldol condensation process using TBD (1-100) to generate enone 1-101 in 90% yield.
The primary silyl ether moiety of enone 1-101 was deprotected using PPTS in EtOH to provide
alcohol 1-102 in 98% vyield (Figure 1.20). Alcohol 1-102 was subsequently treated with DMP and
then chiral pyrrolidine 1-103 facilitated an intramolecular Michael addition of an intermediate
enamine onto the enone to provide an intermediate aldehyde species that was subjected to the next
step without further purification. Then, a net disproportionation (Tishchenko-type) of the formyl
and ketone groups of the in-situ generated material using i-Bu2AlOMe in PhMe results in the

formation of product 1-104 in 50% vyield and >20:1 dr. Key cyclization of ester 1-104 is achieved
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using NaHMDS, and catalytic quantities of both Pd(dba). and SIPr ligand precursor 1-105 in PhMe

to afford product 1-106 in 98% yield via an enolate arylation mechanism mediated by Pd.3
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Figure 1.20 The Koert synthesis of (+)-elevenol.
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1.5.8 The Herzon Approach to Diterpene Scaffold
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Figure 1.21 The Herzon synthesis of intermediate to core of myrocin G.

0
™s.

A base-mediated aldol condensation was used to for the intended tricycle for a total synthesis

of myrocin G (1-118).%* An enantioenriched cyclic aldehyde 1-108 was prepared in four steps

according to a reported procedure in 20% yield and 95% ee.®® Aldehyde 1-108 was then olefinated

using methyltriphenylphosphonium bromide and KHMDS in THF, deprotected using aqueous HCI

in THF, and iodinated using I2 in 5% (v/v) pyridine—DCM to provide enone 1-109 in 22% yield

(Figure 1.21). Separately, ester 1-110 was prepared according to a previously reported procedure

in 77% yield.®® Ester 1-110 was annulated using catalytic quantity of chiral amine 1-111 and excess
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3-nitrobenzoic acid in MeCN for enamine catalysis with acrolein diethyl acetal to provide product
1-112 in 32% yield and 22% ee. The cyclic ester 1-112 was sequentially a-iodinated in 5% (v/v)
pyridine-DCM and then its enone moiety was cyclopropanated using trimethylsulfoxonium iodide
and NaH in DMF which gave alkylated product 1-113 in 64% yield and 2.3:1 dr. The formed alkyl
iodide 1-113 was converted into a Grignard species in-situ using Mg/l exchange with i-
PrMgCI-LiCl (Turbo Grignard) in PhMe and then coupled with 1-109 to provide product 1-114 in
92% vyield and 8.2:1 dr. Stille coupling of substrate 1-114, incorporating catalytic Pd(PPhs)a,
excess Cul, stoichiometric CsF and tributyl(1-ethoxyvinyl)stannane in MeCN followed by an
acidic hydrolysis of the resulting intermediate ethyl vinyl ether using aqueous HCI in THF
generated product 1-115 in 90% yield. The alcoholic moiety of 1-115 was protected using
TMSOTTf and TEA in DCM, then the ketone moiety was oxidized using m-CPBA in DCM to an
intermediate acyloin species which was immediately protected using AllocCl in 5% (v/v)
pyridine-DCM to yield product 1-116 in 41% vyield (Figure 1.22). Key cyclization of 1-116 was

achieved under basic condition using NaOt-Bu in THF leading to aldol condensation product 1-
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117 in 64% and an additional hydrated cyclized product in 15% yield. Deprotection of 1-117 using

TBAF led to myrocin G (1-118) in 64% vyield.

AllocO

1) TMSOTf
TEA
115 ——
2) m-CPBA
3) AllocCl

)

41% O
TMS

O 1116

TBAF

1117 ——

64%

myrocin G
1-118

Figure 1.22 The Herzon synthesis of myrocin G.
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1.5.9 The Carter Approach to the Diterpene Scaffold
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Me

Me Ji/\/\ Me
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54%

Figure 1.23 The Carter synthesis of an aromatic abietane.

A tandem Pummerer rearrangement/electrophilic aromatic substitution strategy was
implemented for the divergent total syntheses of aromatic abietane diterpenoids (Figure 1.23).%7
Aldehyde 1-119 and enone 1-120 were stirred with benzyl amine and pyrrolidine catalyst 1-121 in
DCE and DMSO to yield annulated product 1-122 in 81% yield, 78% ee, and >10:1 dr. The phenyl
sulfide moiety of 1-122 was oxidized using H2O> in HFIP and DCM to provide sulfoxide 1-123 in
92% yield. Key cyclization of substrate 1-123 was achieved using TFAA in DCE to facilitate a
Pummerer rearrangement to an intermediate monothioacetal, followed by the addition of TfOH

and boron trifluoride diethyl etherate to yield 54% of product 1-124.
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1.6 Selected Examples of Redox-Initiated Tricyclization

1.6.1 The Maimone Approach to the Diterpene Scaffold

Me Me
(@) (0]
Me
P N\OTMS
Me 1-126
Me X BF3OEt2
—_—
0 then DMP
Me H 62%
1-125
1) Pd(OAc),
DPEphos
DIEA, CO
1128 ———— +
2)A
90%, 1:1 dr 1-130 1-131
methoxy-
carbonylation ,
intramolecular
Diels-Alder

Figure 1.24 The Maimone synthesis of precursor to (+)-chatancin.

A tandem chlorination/intramolecular Barbier coupling strategy was utilized during the total
synthesis of (+)-chatancin (1-135).%8 Aldehyde 1-125 was stirred with silyl ketene acetal 1-126 in
the presence of boron trifluoride diethyl etherate in DCM and the produced crude material was
then oxidized using DMP and NaHCO3z in DCM to afford ketone 1-127 in 62% yield (Figure 1.24).

Substrate 1-127 was refluxed in PhMe to produce an a-pyrone then subjected to triflic anhydride
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and TEA in DCM to generate triflated pyrone 1-128 in 67% vyield. Pyrone 1-128 was
intramolecularly cyclized by stirring with DIEA and carbon monoxide with catalytic quantities of
Pd(OAc). and DPEphos in methanolic MeCN to form intermediate 1-129 via a previously
established method of methoxycarbonylation,% then subsequently refluxed in PhMe to provide a
1:1 ratio of cycloaddition products 1-130 and 1-131 in 90% yield. Key cyclization of isomer 1-131
was advanced for their synthetic target and accomplished by subjecting the substrate to sulfuryl
chloride and Na,COz in DCM to form an intermediate allyl chloride 1-132 which was subjected to
Barbier conditions of metallic zinc in refluxing THF to yield 80% of product 1-134 from
organozinc intermediate 1-133 (Figure 1.25). The alkenyl moiety of 1-134 was reduced using H:

and catalytic quantities of 5% Pd/C in MeOH to provide (+)-chatancin (1-135) in 80% yield.

Me
1) SO,Cl,
Me NazCO3
—_—
2) Zn(0), A
Me' N
M
paz o COOMe 80%
(+)-chatancin 1-135
‘ chlorination
B Me ] B h
H intramolecular
Cl Barbier
(o
Me “COOMe
L 1132 _

Figure 1.25 The Maimone synthesis of (+)-chatancin.
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1.6.2 The Xu Approach to the Diterpene Scaffold
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3 OH OH A
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1144 —=5
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Figure 1.26 The Xu synthesis of atropurpuran.

A tandem oxidative dearomatization/intramolecular Diels-Alder strategy was implemented to
access the desired tricycle for a total synthesis of atropurpuran (1-145) (Figure 1.26).” ketone 1-

136 was acylated using acyl chloride 1-137 and LIHMDS in THF to generate diketone 1-138 in
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80% yield. Diketone 1-138 was alkynylated using alkyne donor TMS-EBX (1-139) and TBAF in
THF to yield product 1-140 in 92% vyield. Alkyne 1-140 was subjected to ring-closing enyne
metathesis using Grubbs 2" generation catalyst (1-141) in DCM, demethylated using boron
tribromide, and subsequently reduced using AICIs and LiAlH4 to afford spirocycle 1-142 in 50%
yield. Key cyclization of 1-142 was accomplished using oxidative dearomatization conditions of
PhI(OACc). in MeOH to generate intermediate 1-143, then subsequent refluxing in mesitylene to
accomplish an intramolecular [4+2] cycloaddition and provide product 1-144 in 55% yield. This
dearomatization/Diels-Alder cascade had previously been explored for another total synthesis of

atropurpuran (1-145)."
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1.6.3 The Luo Approach to the Diterpene Scaffold

0o 1) NaH,PO, 0 o o
F’Brs H,0,, NaClO, CrO3, AcOH
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Me Me Br Br 45% Br
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B ] then
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Figure 1.27 The Luo synthesis of precursor to (—)-oridonin.

A tandem Nazarov-Sakurai cascade followed by a singlet oxygen Alder-ene rearrangement
strategy was implemented for the key cyclization during a total synthesis of (—)-oridonin (1-159)
(Figure 1.27).7% ketone 1-146 was brominated and formylated using phosphorus tribromide in DMF
to yield aldehyde 1-147 in 60% yield. Aldehyde 1-147 was oxidized using NaH2PO4, H20-, and
NaClO2 in wet MeCN and then subjected to Mel and K>COz in DMF to provide ester 1-148 in

67% yield. Allylic oxidation of ester 1-148 was achieved using CrO3, AcOH, and Ac.0 in DCM
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to generate ketone 1-149 in 45% yield. Borane dimethyl sulfide complex and (S)-CBS catalyst in
THF were utilized to enantioselectively reduce substrate 1-149 to enriched alcohol 1-150 in 85%
yield >98% ee. Alcohol 1-150 was benzylated using NaH and benzyl bromide in THF to yield
67% of product 1-151. Separately, enal 1-152 was prepared using previously reported
methodology.”® Substrate 1-151 underwent lithium-halogen exchange using t-BuLi in Et,O and
was coupled to enal 1-152. The resulting crude mixture was exposed to oxidizing conditions using
PDC in DMF to provide dienone 1-153 in 61% vyield. Dienone 1-153 was subjected to EtAICI; in
DCM to generate an intermediate Nazarov-Sakurai cascade product 1-154. Then, singlet oxygen
via molecular oxygen and TPP in chloroform is used to form an allyl hydrogen peroxide via a
singlet oxygen Alder-ene reaction which can be converted to the corresponding enal 1-155 via
oxidative rearrangement with Ac2O and catalytic DMAP in pyridine in 43% yield. RhCI(PPh3)z in
refluxing PhMe was used to decarbonylate substrate 1-155 and generate product 1-156 in 67%
yield (Figure 1.28). Ketone 1-156 was alkylated using vinyllithium prepared in-situ and
subsequently epoxidized using m-CPBA in DCM to provide product 1-157 in 70% vyield. Key

rearrangement of 1-157 was achieved using NBS in DCM to yield product 1-158 in 89% yield.
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Figure 1.28 The completion of (—)-oridonin by Luo et al.
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1.6.4 The Liang Approach to the Diterpene Scaffold
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Figure 1.29 The Liang synthesis of intermediate to isorosthin L.

An intramolecular pinacol coupling approach has been utilized for a total synthesis of
isorosthin L (1-179).” Alcohol 1-160 was protected using MOMCI, Nal, and DIEA in DCM to
afford ether 1-161 in 92% vyield (Figure 1.29). Substrate 1-161 was subjected to n-BuLi in THF,
TMSCI, and then aqueous HCI. The resulting crude material was oxidized using m-CPBA in DCM
and then exposed to LDA in THF to provide lactone 1-162 in 63% yield. Separately, enone 1-163
was esterified using LIHMDS and ethyl cyanoformate in THF and then reduced using Raney-Ni

in THF to generate product 1-164 in 73% yield. Substrate 1-164 was further reduced via ethanolic
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NaBHg4, subjected to sulfuryl chloride and Na2COs in DCM, and then oxidized using IBX in EtOACc
to yield product 1-165 in 36% vyield. Substrate 1-165 underwent an intramolecular annulation
process in the presence of Nal and K>COs in acetone to provide bicycle 1-166 in 56% yield. Ester
1-166 was treated with KHMDS and then reduced in the presence of DIBALH in Et20 to yield
alcohol 1-167 in 55% yield. The ketone moiety of substrate 1-167 was converted to an intermediate
hydrazone by exposure to TPSH in THF and then iodinated using n-BuLi and molecular iodine in
Et,O to afford iodoalkene 1-168 in 50% yield. The alcohol moiety of substrate 1-168 was oxidized
using IBX in DMSO to provide aldehyde 1-169 in 88% vyield. Then, lactone 1-169 was
deprotonated using LDA in THF and coupled to 1-162 to yield 78% of adduct 1-170.
Intramolecular cyclization of 1-170 was accomplished using radical condition created by AIBN

and terminated by tributyl stannane in PhMe (Figure 1.30).

1) AIBN, BusSnH ~OH
MOMO wH
2) NaOMe
O
91%, 4:1dr
Mé Me O 1-170 ’ o]
Me Me 1173
radical
initiation HAT

cyclization
—_—

Figure 1.30 The Liang radical cyclization of intermediate 1-170.
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The radical coupling is accomplished by forming organo-radical 1-171 in-situ which undergoes
a subsequent intramolecular cyclization to form radical intermediate 1-172. A HAT step from
hydrogen atom donor tributylstannane terminates the carbon radical intermediate and the resulting
tributyltin-centered radical can continue the radical propagation of this process. A subsequent
epimerization step by NaOMe in MeOH leads to cyclized product 1-173 in 91% yield and 4:1 dr.
Lactone 1-173 was reduced using LiAlH4 in THF and then exposed to TBSCI and ImH in DCM
to form diol 1-174 in 62% yield (Figure 1.31). Diol 1-174 was selectively oxidized using IBX in
DMSO and THF to provide acyloin 1-175 in 55% yield. Substrate 1-175 was deprotected using
TBAF in THF and then a subsequent structural transformation was introduced via an oxidative
cleavage of a C-C bond initiated by Pb(OAc)4 in DCM and PhH which led to lactone 1-176 in 95%
yield. Reduction of the formyl moiety of 1-176 using LiBH4 in THF led to an intramolecular acyl

transfer which was followed by exposure to oxidative conditions with DMP in DCM to generate
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lactone 1-177 in 55% yield. Key intramolecular pinacol coupling of 1-177 was achieved by

exposure to Smlz in THF to provide product 1-178 in 92% yield.

~OH 1) LiAIH, MOMO IBX MOMO
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1) LiBH, MOMO

_—
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1175 ——> “CHO
2) Pb(OAC), . o
95% Me Me 55%

isorosthin L
1179

Figure 1.31 The Liang synthesis of isorosthin L.
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1.7 Selected Examples of Sigmatropic Tricyclization

1.7.1 The Zaragoza Approach to the Diterpene Scaffold

®
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[4+2] @ Me
1183 —— e

PhMe

110°C TBDMSO
1-184 Me Me

97% )-spongia-13(16),14-diene

1-185

Figure 1.32 The Zaragozéa synthesis of steroidal core 1-185.

An intramolecular Diels-Alder approach was implemented for the total synthesis of (-)-
spongia-13(16),14-diene (1-185).”° Enone 1-180 was subjected to LDA in THF and then methyl
iodide, the alkylated intermediated was subjected once again to LDA in THF but with additional
HMPA and then 3-iodopropanal diethyl acetal was added to the mixture (Figure 1.32). Prior to
product isolation, the crude material was subjected to PPTS in wet, refluxing acetone to yield
aldehyde 1-181 in 65% yield. Aldehyde 1-181 was olefinated using Horner-Wadsworth-Emmons
conditions of sodium ketophosphonate ester 1-182 in THF and then the resulting ketone was

transformed into the corresponding silyl enol ether 1-183 in 84% yield using TBDMSOTTf and
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TEA in DCM. Key cyclization of substrate 1-183 was accomplished by refluxing conditions of

110°C in PhMe to yield cyclized product 1-184 in 97% yield.

1.7.2 The Deslongchamps Approach to the Diterpene Scaffold

Me Me
bz > H (0]
Me 1) t-BuOCOCI Me 2) 04
Me TEA X \Me then Me
O then 0] SMe, o)
MeNHOMe-HCI
_NMe _NMe
1-186 MeO™ 4 187 MeO™ 4 188
=
3) PhsP=CH, Me

1188 —————

55%

3 steps Meo/NMe

1-189

Figure 1.33 The Deslongchamps synthesis of first intermediate for (+)-anhydrochatancin.

An intramolecular [4+2] cycloaddition was used to access the desired tricycle for a total
synthesis of (+)-anhydrochatancin 1-210.7® Acid 1-186 was made into a mixed anhydride using t-
butyl chloroformate and TEA in DCM and then N,O-dimethylhydroxylamine hydrochloride to
generate an intermediate Weinreb amide 1-187 (Figure 1.33). Weinreb amide 1-187 was subjected
to ozonolysis in DCM with reductive quenching with MeS to produce intermediate aldehyde 1-
188. Finally, intermediate aldehyde 1-188 was methenylated using Wittig conditions of
MePPhs"Br- with n-BuLi in THF to provide alkene 1-189 in 55% yield over the three steps.
Synthesis of bromofuran 1-195 from amide 1-189 was accomplished by treatment with dilithio
propargylate 1-190 in THF and HMPA to form intermediate 1-191 before acidification (Figure

1.34). Protonation of 1-191 using HBr in PhH yields 1-192, that undergoes addition of HBr to
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generate intermediate enone 1-193. Intramolecular cyclization of 1-193 yields hemiacetal 1-194

that can be dehydrated to reveal bromofuran 1-195. This bromofuran synthesis based on ynone

alcohol intermediates like 1-192 has been previously explored and the provided mechanism of

bromofuran formation is based on the original proposal of the authors.”’” Subsequently, bromofuran

1-195 is lithiated using n-BuLi in THF and then subjected to CO; to provide acid 1-196 in 86%

yield.

addition
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HO
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n-BulLi

then
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co,

86%
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HO
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-H,0

Me

HO
)
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Figure 1.34 Continued Deslongchamps synthesis of first intermediate for (+)-anhydrochatancin.
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Separately, acid 1-197 was reduced using borane in THF and the resulting primary alcohol was
selectively protected using TBDMSCI and ImH in DCM to give product 1-198 in 54% yield
(Figure 1.35). The secondary alcohol moiety of 1-198 was oxidized using Swern conditions of
oxalyl chloride and DMSO with TEA in DCM to provide ketone 1-199 in 84% yield. Ketone 1-
199 was methenylated using Wittig conditions of MeBr and PPhs with n-BuL.i in THF to generate
alkene 1-200 in 97% yield. The silyl ether protecting group of 1-200 was deprotected using TBAF
in THF to provide alcohol 1-201 in 94% yield. Alcohol 1-201 was oxidized using Ley-Griffith

conditions of TPAP and NMO to give aldehyde 1-202 in 83% vyield.
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0,
1197 4% 1-198 14199
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Me. ..\_ _OTBDMS
97% S 94% Me._ .\ OH
Me  1-200 Me 1-201
Me
TPAP
1200 —
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Meﬁ\\\\ (0]
83%
° Me H 4202

Figure 1.35 The Deslongchamps synthesis of second intermediate for (+)-anhydrochatancin.

Coupling of 1-196 and 1-202 was achieved by subjecting 1-196 to two equivalents of LDA in
THF followed by addition of 1-202 (Figure 1.36). The resulting crude intermediate was exposed

to diazomethane to methylate its acid moiety and yield methyl ester 1-203 in 96% yield and 2:1
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dr. The alcohol moiety of 1-203 was oxidized using DMP in DCM to provide ketone 1-204 in 91%
yield. Ring-closing metathesis of substrate 1-204 was accomplished using Grubbs 2" generation
catalyst (1-141) in DCM to provide a ~44:26 ratio of Z:E products (1-205:1-206) in 70% yield.
Ketone 1-206 was reduced to 1-207 using methanolic NaBH4 in 91% yield. Key transannular
Diels-Alder reaction was performed by refluxing substrate 1-207 in a 2:1 mixture of DMSO/H.0
to yield cyclized product 1-208 in 70% yield. A pinacol-like rearrangement of substrate 1-208 is
initiated by SnCls in DCM to provide a 1,2-hydride shifted product which recyclizes to provide
(+)-chatancin (1-209). Although (+)-chatancin (1-209) was the intended final target, acidic
conditions used in this preparation led to its dehydration to provide (+)-anhydrochatancin (1-210)

in 90% yield.
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Figure 1.36 The Deslongchamps synthesis of (+)-anhydrochatancin.
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1.7.3 The Toyota Approach to the Diterpene Scaffold
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Figure 1.37 The Toyota synthesis of intermediate to serofendic acids A and B.

A key intramolecular Diels-Alder cycloaddition was used for a total synthesis of serofendic
acids A (1-221) and B (1-222),”® alkene 1-211 was oxidized to the corresponding enone using N-
hydroxypthalimide, oxygen gas, and Co(acac)2 in MeCN to provide product 1-212 in 60% yield
(Figure 1.37). Enone 1-212 was exposed to LDA in THF, and a subsequent formation of an
intermediate silyl enol ether was accomplished using TBSCI and HMPA. The generated
intermediate underwent bicyclization with subsequent exposure to Pd(OAc)2 and oxygen gas in
DMSO to vyield the cyclized material 1-213 in 74% yield. Treatment of product 1-213 with
isopropenylmagnesium bromide and copper(l) bromide dimethyl sulfide complex in THF followed
by a workup invoking TMSCI and 10% aqueous perchloric acid led to adduct 1-214 in 88% vyield.
A key homoallyl rearrangement of the substrate was achieved using stepwise treatment of 1-214

with NaBH4 and TCDI to form a redox-active thiocarbonyl intermediate based on Barton-
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McCombie conditions.” Then, AIBN with BusSnH in PhMe was utilized to generate a radical
species from the thiocarbonyl intermediate and provide the homoallyl rearrangement product 1-
215 in 82% yield that reveals a 1,2-alkyl shift on the core scaffold. The pivalate ester moiety of 1-
215 was reduced to reveal the corresponding alcohol 1-216 using LiAlH4 in 92% yield (Figure
1.38). Alcohol 1-216 was oxidized using sulfur trioxide pyridine complex, TEA, and DMSO in
DCM and then the crude material was treated with phosphonate 1-217 and t-BuOK in THF to
generate unsaturated ester 1-218 in 88% yield. The bromoalkene moiety of unsaturated ester 1-
218 was transformed into a diene by treatment with potassium vinyltrifluoroborate and Cs,COs

with catalytic PdClx(dppf)2 in wet THF to provide the corresponding diene 1-219 in 51% vyield.
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Key intramolecular Diels-Alder of diene 1-219 was furnished by refluxed the substrate in PhMe

to provide tricyclized product 1-220 in 84% vyield.
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Figure 1.38 The Toyota synthesis of serofendic acids A and B.
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1.7.4 Alternative Deslongchamps Approach to the Diterpene Scaffold
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Figure 1.39 Deslongchamps synthesis of intermediate to (+)-cassaine.

For a total synthesis of (+)-cassaine (1-236),%° an asymmetric Evans-aldol approach was
utilized to couple imide 1-223 and aldehyde 1-224 using dibutylboron trifluoromethanesulfonate
and TEA in DCM to furnish alcohol 1-225 in 96% yield (Figure 1.39). Transformation of imide 1-
225 to the corresponding Weinreb amide 1-226 using AlMes and N,O-dimethylhydroxylamine
hydrochloride in DCM in 79% yield. The allylic alcohol moiety of amide 1-226 was protected
using TBSOTTf and TEA in DCM, then exposed to Brown hydroboration conditions of 9-BBN in
THF followed by H.O, and NaOH, then its stannane moiety was iodinated with I, in DCM to
finally provide product 1-227 in 84% yield. The primary alcohol moiety of 1-227 was oxidized

using Swern conditions of oxalyl chloride and DMSO with TEA in DCM to afford aldehyde 1-
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228 in 89% vyield. Aldehyde 1-228 was subjected to Wittig conditions of phosphonium ylide 1-
229 in refluxing PhH and then reduced using methanolic NaBHa to provide allylic alcohol 1-230
in 80% vyield. Substrate 1-230 was chlorinated using previously described conditions® of
hexachloroacetone and PPhs in THF to afford allyl chloride 1-231 in 89% yield. Separately,
ketoester 1-232 was prepared in three steps according to a known procedure (Figure 1.40).82 Then,
cesium salts were efficiently used to couple ester 1-232 and allyl chloride 1-231 with Cs>COs3, Csl,
and 18-C-6 crown ether in acetone to generate coupled product 1-233 in 95% vyield. Substrate 1-
233 was intramolecularly coupled using Stille conditions of stoichiometric DIEA and catalytic

quantities of triphenylarsine and Pd2(dba). in a mixture of THF and DMF to provide product 1-
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234 in 71% yield. The key transannular Diels-Alder step was achieved by refluxing 1-234 and

PhMe in a seal reaction vessel to provide cyclized product 1-235 in 92% yield.

OMe
o) 1-231
X _SnMe
o) 3 Cs,CO4
Me Me Csl, 18-C-6
1-232 959%
OMe (0] OMe
Pd,(dba), P L om Me |v|
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1-233 —— Me ’OTBS
DIEA (0) "’OTBS fef/UX 123°C
71% Me M sealed tube HO
e Me 4234 MEé Me  1-235
92%
1-235

(+)-cassaine
1-236

Figure 1.40 Deslongchamps synthesis of (+)-cassaine.
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1.7.5 The Fukuyama Approach to the Diterpene Scaffold
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Figure 1.41 The Fukuyama synthesis of intermediate to (—)-lepenine.

An intramolecular [4+2] cycloaddition strategy was utilized for a total synthesis of (-)-
lepenine (1-249).8% L-lactic acid methyl ester 1-237 used as a precursor to a Mitsunobu reaction
with PPhs, DEAD, and guaiacol 1-238 in PhMe to afford product 1-239 in 87% yield and >99%
ee (Figure 1.41). Ester 1-239 was reduced to an aldehyde using DIBALH in Et20 and this aldehyde
intermediate was then alkylated using vinylmagnesium chloride in THF to yield alcohol 1-240 in
94% yield and 1:1.6 dr. Alcohol 1-240 was refluxed with catalytic quantities of p-nitrophenol in

triethyl orthoacetate to form intermediate ketene acetal 1-241 which underwent two cascading
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[3,3]-sigmatropic rearrangements. The first sigmatropic rearrangement resulted from a Johnson-
Claisen process to form intermediate ester 1-242, which then undergoes a second Claisen
rearrangement and tautomerization event to reveal ester 1-243 in 85% vyield. Product 1-243 was
protected using MsCI with TEA in DCM, subjected to ozonolysis in methanolic DCM, treated
with NaBHjs to reveal a crude alcohol, and then esterified using PivCl and pyridine with catalytic
DMAP in DCM to yield desired product 1-244 in 58% yield and 91% ee (Figure 1.42). Ethyl ester
1-244 was hydrolyzed using aqueous LiOH in methanolic THF and then subjected to TFAA and
TFA in DCM to facilitate the formation of ketone 1-245 in 82% yield. Ketone 1-245 was subjected
to vinylmagnesium chloride in THF and the resulting tertiary alcohol was refluxed with catalytic
AgOTTf in PhMe to generate the elimination product 1-246 in 53% vyield. Substrate 1-246 was
reduced using DIBALH in DCM and the corresponding alcohol was esterified using Steglich
esterification conditions of DCC and catalytic DMAP in the presence of methacrylic acid in DCM
to generate product 1-247 in 75% yield. The key intramolecular Diels-Alder reaction was achieved

by subjecting diene 1-247 to refluxing PhMe to provide tricyclized product 1-248 in 84% yield.
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Figure 1.42 The Fukuyama synthesis of (—)-lepenine.
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1.7.6 The Li Approach to the Diterpene Scaffold
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Figure 1.43 The Li synthesis of arcutinidine.

An intramolecular [4+2] cycloaddition strategy was implemented during a total synthesis of
arcutinidine (1-255).8* Chiral alcohol 1-250 was protected using TBDPSCI and ImH in DMF to
yield silyl ether 1-251 in 93% yield (Figure 1.43). Substrate 1-251 was formylated via lithium-
halogen exchange with t-BuLi in THF and then DMF was added to provide enal 1-252 in 91%

yield. Key cyclization was achieved by stirring enal 1-252 and ketal 1-253 with boron trifluoride
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diethyl etherate in DCM to provide intermolecular [4+2] cycloaddition product 1-254 in 68%

yield.
1.7.7 Alternate Herzon Approach to the Diterpene Scaffold
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Figure 1.44 Explored synthetic route during Herzon synthesis of myrocin G.

A tandem Heck reaction/intermolecular [4+2] cycloaddition/oxidative aromatization process
was implemented during an enantioselective total synthesis of myrocin G.# This unused model
synthetic route utilized ketoester 1-256 by addition to a suspension of NaH and

trimethylsulfoxonium iodide in DMF and then subjected to HCI in 1,4-dioxane to generate alkyl
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chloride 1-257 in 85% and 5.3:1 dr (Figure 1.44). The ketone moiety of 1-257 was made into the
corresponding vinyl triflate by reacting the substrate with triflic anhydride and 2,4,6-tri-tert-
butylphenol in DCM to provide product 1-258 in 85% yield. Key cyclization of 1-258 was
accomplished by a stepwise reaction with catalytic quantities of Pd(OAc). and stoichiometric TEA
and ethyl vinyl ether in DMSO to generate coupled intermediate 1-260. Then, addition of
dienophile 1-259 and dimethylaluminum chloride in DCM facilitates a Diels-Alder process to form
cyclized intermediate 1-261. 2,4,6-Tri-tert-butylphenol was used to stabilize 1-261 following
isolation. The resulting crude material was then exposed to CAN in DMF to provide aromatized

product 1-262 in 22% yield.

These are representative synthetic strategies though many more can be found in the literature.
Each selected synthesis provides a varied approach and opportunity for functional group tolerance
when considering an approach to the common tricyclic core that has been synthesized for these
diterpenes. Each key tricycle shown above can be further functionalized to enable greater chemical
diversity. In many of the mentioned examples the depicted key product served as an intermediate

for functionalization or transformation to an alternative diterpene scaffold.

1.8 Summary

Natural product scaffolds continue to provide a valuable handle for drug discovery and for the
many species that rely on the dynamics of those metabolites for their furthered survival. As we
continue isolate and describe these structures, natural product synthesis will serve as an
opportunity to improve access to these valuable complex molecules and elaborate on their
bioactivity. Diterpenes are but one major family of complex molecules found expressed in nature,

yet scaffold isomerization and chemical modification enabled by enzymes provides one family of
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metabolites with a diverse range of bioactivity. To further enable medicinal and scientific study of
these complex molecules, a range of synthetic strategies are continuously developed to enable
access to these materials in the laboratory setting. Synthetic methods range from both biomimetic

to de novo total syntheses, each of which enable varied structural modification and functional

group tolerance.
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CHAPTER Il
Studies Towards the Synthesis of a Strategic Tricarbocyclic Motif via a Copper-Catalyzed

Tandem Michael/Aldol Approach

I1.1 Introduction

Provided the rich structural diversity of the isopimarane diterpenes, we envisioned that a
general approach to the tricyclic scaffold would improve synthetic accessibility to these bioactive
compounds. Specifically, we envisioned a Michael/aldol approach that would for the rapid
synthesis of the phenolic B-ring-containing scaffold associated with (+)-aspewentin A (1-16). This
chapter provides an overview of the history and prior synthetic work involving the aspewentins.
The envisioned synthetic approach will be presented along with a key decarboxylative
aromatization step related to this work. An overview of biological decarboxylation will be
discussed along with its possible connection to the biosynthetic pathway that forms (+)-aspewentin
A (1-16) in Aspergillus wentii. Novel synthetic results from the Cu(ll)-Michael process will be
reviewed in this chapter including unanticipated cyclization byproducts and some synthetic

derivatives.

11.2 Overview of Aspewentin Biosynthesis

The initial report of the aspewentins followed activation of a cryptic genome pathway in an
algicolous sample of Aspergillus wentii found in deep sea sediment soil.*® In these studies media
bearing isolated Aspergillus wentii was supplemented with additional suberoylanilide hydroxamic
acid to function as a histone deacetylase inhibitor.® This chemical treatment was found to increase

the variability and expression levels of secondary metabolites in this species via epigenetic



modification. The molecular dynamics of biological systems that contribute to epigenetic
modification allow for an organism to respond to environmental changes and ultimately conserve
its metabolite expression while still allowing for metabolite variability when it may be
advantageous. The biomolecular events required to precede the formation and evolutionary
selection of these epigenetic systems does not appear to be fully understood at this time.8":8
However, knowledge of this biological property has contributed to the modern fields of
bioinformatic genome mining,® biomolecular quorum sensing,*® microbe co-culture,®* and
chemical epigenome manipulation® for natural product discovery. In this case, a single strain of
Aspergillus wentii (GenBank accession no. KM409566, HMO014129.1, KF9210087.1)°® has
produced all currently described aspewentins (A—M)*>%3% (Figure 11.1). All members of the
aspewentin family feature the 19-nor-isopimarane demethylation pattern which may suggest a
common mechanism of decarboxylation in this strain. Of the currently described aspewentins, (+)-
aspewentin A (1-16) bears the more potent and broad antimicrobial activity®® with insignificant
toxicity in brine shrimp assays® (safety indication), when compared to the other aspewentins.
Structurally, 1-16 is distinct from some of its other members by the aromatized B-ring that forms
its phenolic moiety. This hybridization state at the B-ring is only possible provided a preceding
demethylation event to provide the requisite 20-nor-isopimarane scaffold. Further, the non-
phenolic aspewentins bear a common C10-hydroxylation motif that may be derived from para-
oxygenation of the corresponding phenol to a hydroxy cyclohexadienone moiety (as in the
oxygenation of (+)-aspewentin A (1-16) to C (2-2)). It is unknown how the biological effects of
standout diterpene compounds like (+)-aspewentin A (1-16) are affected by the presence of its
phenolic moiety. Initial bioassays against some species of marine phytoplankton®® appeared to
suggest that the phenol might be critical for its bioactivity but broader in-vitro antimicrobial studies
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do not clearly invoke a trend in activity necessitating the phenol. Nonetheless, as previously
mentioned, structurally analogous phenolic diterpenes are one of the major electron-rich secondary
metabolites associated with antioxidant activity in certain plants®*3” and remain of interest to the

greater health community.
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Figure 11.1 Currently described members of the aspewentin family (A—M).
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11.3 The Stoltz Approach to Aspewentins A—C
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Figure 11.2 The Stoltz total synthesis of (—)-aspewentins A—C.

The first reported total synthesis of (—)-aspewentin A ((—)-1-16), B ((-)-2-1), and C ((—)-2-2)

was described by the Stoltz group implementing a key Pd-mediated decarboxylation to provide

the pendant vinyl group (Figure 11.2).%> Aryl bromide 2-13 was prepared in four steps and 30%

overall yield from known patent literature. Subsequently, 2-13 was alkylated by subjecting the

substrate to metallic magnesium in THF and then Cul and ethyl 4-iodobutyrate was added to the

reaction mixture. The resulting crude material was subjected to LDA in THF and then methyl

iodide to methylate an intermediate enolate species and generate product 2-14 in 55% yield. Ester

2-14 was exposed to NaOH in MeOH and then aqueous H2SO4 to afford cyclized product 2-15 in

97% yield. The ketone moiety of 2-15 was transformed into the corresponding enol allyl carbonate
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by deprotonating the substrate using LIHMDS in THF and then adding allyl chloroformate to
furnish carbonate 2-16 in 89% yield. Decarboxylative rearrangement of enol allyl carbonate 2-16
was mediated by Pd(OAc). (0.3 mol%) and (S)-t-BuPHOX (1.0 mol%) in MTBE to provide
allylated ketone 2-17 in 99% yield and 94% ee. Brown hydroboration/oxidation of substrate 2-17
using dicyclohexylborane in THF followed by aqueous sodium perborate and then a subsequent
exposure to aqueous sodium chlorite and catalytic quantities of sodium hypochlorite and TEMPO
at 6.5 pH gave product 2-18 in 73% yield. Decarbonylative dehydration of 2-18 was mediated by
catalytic quantities of PdCl2(nbd) (1.0 mol%) and Xantphos (1.2 mol%) in the presence of benzoic
anhydride and NMP to yield product 2-19 in 93% yield. Substrate 2-19 was demethylated using
Nal and AICI3 in MeCN to yield (—)-aspewentin B ((—)-2-1) in 78% yield (Figure 11.3). (-)-
Aspewentin B ((—)-2-1) was then deoxygenated using NaBH4 and TFA in DCM to provide (-)-

aspewentin A ((—)-1-16) in 85% yield. Subsequent dearomative oxidation of (—)-aspewentin A
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((-)-1-16) was accomplished using Rhz(cap)s (1 mol%) and t-BuOOH to provide (—)-aspewentin

C ((—)-2-2) in 13% yield along with (+)-10-epi-aspewentin C (2-20) in 7% yield, all over 16 steps.

Me Me Me
NaBH
o AICl, o 4
OMe Nal oH TFA o
Me Me 519 78% Me Me _ 85% Me Me
(-)-aspewentin B (-)-aspewentin A
(-)-2-1 (-)-1-16
1) Rha(cap), 2) 10% Cd/Pb
(1 mol%) NH4OAc
t-BuOOH

Me Me Me Me
(-)-aspewentin C (+)-10-epi-aspewentin C
(-)-2-2 2-20
13% 7%

Figure 11.3 The Stoltz total synthesis of (—)-aspewentins A—C.

11.4 Proposed Synthetic Route to the Strategic Intermediate and Isopimaranes

Using the prior work by the Nagorny group as the foundation of these studies, the work in this
and subsequent chapters is based on the hypothesis that tandem Michal/aldol cascade reactions
could be utilized to access a key tricyclic core of isopimarane diterpenes (Figure 11.4). To rapidly
generate this highly substituted and asymmetric scaffold, we envisioned that enantioenriched
Michael acceptor (R)-2-21 and Michael donor 2-22 could be coupled with Cu(ll) as the catalyst

under neat conditions to yield product 2-24 in a diastereoselective manner.
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Figure 11.4 Sequential Cu(ll)-catalyzed Michael/aldol approach to isopimaranes.

The general Cu(ll)-catalyzed Michael reaction process has a significant history as a powerful
strategy for carbon-carbon bond formation.®®-% Intermediate 2-24 can then be subject to acidic or
basic conditions to afford a cyclized, condensed tricycle 2-25 via two intramolecular aldol
condensation reactions. An alkylation strategy can then be implemented to access highly congested
carbocycle 2-26 which mimics the alkyl substitution pattern associated with isopimaranes. (+)-

Aspewentin A (1-16) can be directly formed from tricycle 2-26 through a decarboxylative
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aromatization process. Alternatively, sphaeropsidin A (2-27) can be formed from tricycle 2-26

provided selective redox manipulations to the scaffold.

95%, 10:1 dr

2-28 2-22 94% ee

2-28 Cl 2-30 94%, 14:1 dr
88% ee

Figure 11.5 Precedent Cu(ll)-Michael addition results.

Synthetic interests within the Nagorny group broadly involve the development of synthetic
methodology and strategies to enable the total syntheses of steroids and other natural products.
Prior synthetic work by Nagorny and coworkers has focused on addressing the challenges
involving the synthesis of sterically hindered Michael products within the context of steroidal
synthesis. Our group has successfully implemented a high yielding and diastereoselective Cu(ll)-
Michael process to facilitate access to useful C-C coupled products as intermediates (Figure 11.5).
For example, a diastereoselective Cu(ll)-Michael reaction can be achieved by stirring model
Michael acceptor octenone 2-28 and keto-ester 2-22 under neat conditions with Cu(ll)-BOX
catalyst 2-23 to yield Michael adduct 2-29 in 95% vyield, 10:1 dr, and 94% ee. Similarly, when
octenone 2-28 and chloro keto-ester 2-30 were stirred under identical conditions, Michael adduct
2-31 was formed in 94% yield, 14:1 dr, and 88% ee.
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Figure 11.6 Precedent tandem Cu(ll)-Michael/aldol results.

The Cu(ll)-Michael approach has been applied to steroid total synthesis by utilizing an
enantioselective and diastereoselective Michael addition process mediated by (R,R)-Cu(I1)-BOX
catalyst 2-23 during model studies leading to the concise synthesis of oxygenated steroids (Figure
11.6).19° Michael acceptor 2-32, can be stirred with donors like 2-22 and Cu(I1)-BOX catalyst 2-23

(10 mol%) to generate intermediate 2-33 before being subjected to either acidic or basic conditions
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to yield steroidal products like 2-35 or 2-36, via intermediate 2-34, with high enantioselectivity

and diastereoselectivity.

9 e P9 Cu(OT, 70% O Me
_— Yon - N
OBz Cl neat
3 steps o 2.37 2-30

6:1 dr

Figure 11.7 Precedent total synthesis enabled by a Cu(ll)-Michael/aldol condensation strategy.

The Cu(ll)-Michael reaction has been made diastereoselective without the use of a chiral
catalyst by implementing a chiral benzoyloxy stereocenter in the Michael acceptor (Figure 11.7).
Thus, Michael acceptor 2-37, available in three synthetic steps, and chloro keto-ester 2-30 were
applied to the Cu(ll)-mediated process by stirring under neat conditions with Cu(OTf), catalyst
(50 mol%) to provide Michael adduct 2-38 in 70% yield and its corresponding aldol product 2-39
in 20% yield, both in 6:1 dr.®” Cyclization of Michael adduct 2-38 can then be achieved using p-
TSA in MeCN at 55 °C to provide a diastereoenriched product 2-40 in 68% yield and >20:1 dr

(Figure 11.8), while 2-39 was independently cyclized to 2-40 as well. Intermediate 2-40 has been
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elaborated for the total syntheses of several cardinolides including the trewianin aglycone (2-41),

panogenin (2-42), and ouabagenin (2-43).9"%°

p-TSA

MeCN, 55 °C

68%, >20:1dr Cl

trewianin aglycone
2-41

panogenin
2-42

ouabagenin
2-43

Figure 11.8 Precedent total synthesis enabled by a Cu(ll)-Michael/aldol condensation strategy.

Similarly, Michael acceptor 2-32, accessible in two synthetic steps, has been stirred with ester
2-30 under neat conditions with catalytic (R,R)-Cu(l1)-BOX 2-23 (10 mol%) to provide Michael
adduct 2-44 in 92% yield, >20:1 dr, and 92% ee (Figure 11.9).1° Cyclization of Michael adduct 2-
44 can be achieved using p-TSA in MeCN at 60 °C to provide product 2-45 in 57% yield.

Intermediate 2-45 was then synthetically elaborated for the total synthesis of cannogenol (2-46).
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Figure 11.9 Total synthesis of cannogenol (2-46) via a Cu(ll)-Michael/aldol strategy.

These results suggest that the intended Michael/aldol process involving (R)-2-21 and 2-22
leading to intermediate 2-26 (Figure 11.4) would be similarly promoted by a Cu(ll)-based catalyst
and successive aldol cyclization conditions. While this approach would allow for synthetic access
to the tricyclic skeleton related to isopimaranes, a subsequent decarboxylative aromatization step

yielding phenols remains another key element in our synthetic design and enables the total
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synthesis of (x)-aspewentin A ((£)-1-16. Considering its importance to our synthetic design, we

provide an overview of decarboxylation reactions in the following subchapter.

11.5 Decarboxylation Overview

@/ﬁ NaCl
DMSO, H,0
2-48

reflux, 190°C
92%

LiCl

_ =

DMSO, H,0O
Me Me 2.49 reflux, 175°C Me Me

60%
CH;CI +H*
;; CO
Me Me 2.50 2 Me Me

Figure 11.10 Select examples of Krapcho Decarboxylation.

Synthetic decarboxylation finds its origins, and continued industrial application, in chemical
feedstock pyrolysis leading to decarboxylation and structural diversification.19%1% Synthetic
methods, such as in the Krapcho decarboxylation, have been developed in detail to enable the
decarboxylation of available scaffolds (Figure 11.10).2% For example, keto-ester 2-47 can be
effectively decarboxylated by heating with NaCl in aqueous DMSO at 190°C to afford methyl
ketone 2-48 in 92% yield.1% Furthermore, bicycle 2-49 can be decarboxylated by heating with
LiCl in aqueous DMSO at 175°C to afford ketone 2-52 in 60% yield.'%” The a-decarboxylation of

bicycle 2-49 proceeds via ester dealkylation leading to byproduct chloromethane and intermediate
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carboxylate 2-50. Carboxylate 2-50 may then undergo the decarboxylation process leading to
enolate 2-51 before protonation to the product ketone 2-52. Thermal S-keto acid a-decarboxylation
is known to invoke the intermediacy of a six-membered transition state that facilitates its thermal
process.'® For example, the thermal a-decarboxylation of S-keto acid 2-53 to acetone (2-56)
invokes transition state 2-54 leading directly to enol 2-55 before tautomerization to the product
acetone (2-56) (Figure 11.11). Similarly, derivatives of 3-butenoic acid (2-57) are able to undergo
thermal decarboxylation event that likewise utilizes a six-membered transition state (2-58) to
facilitate a pyrolytic process, in this case leading to isobutene (2-59).1%°-11! The mechanism of 3-
butenoic acid (2-57) decarboxylation is analogous to the intended operation of decarboxylative
aromatization of vinylogous ketones presented at the beginning of this chapter (Figure 11.4). This
strategy has synthetic precedence as during a stepwise synthesis implementing a decarboxylative
aromatization step on Hagemann’s ester (2-60) using heating in ethanolic NaOEt to provide enone
2-61 in 60% yield.1*? In this case, enone 2-61 was then aromatized by heating with palladium on
carbon to facilitate chemical dehydrogenation and yield phenol 2-62 in 55% yield. Likewise,
bicycle 2-63 has successfully been decarboxylated by refluxing in aqueous KOH to provide alkene
2-64 in 9% yield and enone 2-65 in 91% yield.**® Although thermal decarboxylation has been the
focus of this discussion, methodology for the analogous radical chemistry has also been developed

for acids and “activated esters” via homolysis., 14116
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Figure 11.11 Transition state of thermal decarboxylation and precedent y-decarboxylation.

Decarboxylation processes in nature are mediated by a diverse set of enzymes that can be
identified in a number of conserved, regulatory biological pathways.*'” Although the following
examples of decarboxylation in nature are not exhaustive, they serve as a representation of the

mechanistic requirements for various dynamic cellular activities to proceed.
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Figure 11.12 Mechanism of pyruvate (2-66) decarboxylation mediated by either PDC or PDH.

During glycolysis, pyruvate (2-66) is formed as an intermediate metabolite. There are at

least two well-known biosynthetic decarboxylation pathways leading away from pyruvate (2-
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66), the PDC and PDH pathways (Figure 11.12). The PDC enzyme is associated with the
fermentation process in yeast and yields acetaldehyde (2-67) as an intermediate product
involved in the fermentation of alcohol. Conversely, the PDH enzyme is associated the citric
acid (Krebs) cycle in biochemistry and provides Ac-CoA (1-19) as a starting material for the
biosynthesis of citric acid. Ac-CoA (1-19) was previously described as the biosynthetic starting
material for steroids and terpenes in the first chapter. The mechanisms of PDC and PDH both
invoke the cofactor TPP (2-68), which broadly functions to facilitate the decarboxylation step
in these enzymes by the formation of nucleophilic ylide 2-69. Coupling of ylide 2-69 and
pyruvate (2-66) yields intermediate 2-70 that then undergoes a key decarboxylative step to
provide the Breslow intermediate 2-71.1*® If the PDC pathway is in operation, the Breslow
intermediate 2-71 is then protonated to intermediate 2-72 before eliminating TPP (2-68) to
reveal acetaldehyde (2-67).1*° Conversely, if the PDH pathway is in operation, the Breslow
intermediate 2-71 is then coupled to disulfide 2-73 (associated with lipoamide) forming
intermediate 2-74 before eliminating TPP (2-68) to reveal thioester carrier 2-75.12 The enzyme
DLD mediates the biosynthesis of Ac-CoA (1-19) using the thioester carrier 2-75 and CoA
with dithiol 2-76 (reduced form of lipoamide) as a byproduct of the process. When the PDH
enzyme participates in this fundamental biological process it is referred to as the pyruvate

dehydrogenase complex.
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Figure 11.13 General aromatic L-amino acid and neurotransmitter decarboxylation.
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Decarboxylation is a fundamental part of the biosynthesis of monoamine neurotransmitters that
are derived from their corresponding L-amino acid precursors (Figure 11.13). The enzyme AADC
mediates several necessary biosynthetic decarboxylation events that provide monoamine
neurotransmitters in nature. AADC accomplishes its decarboxylation process by invoking the PLP
cofactor which directly forms iminium species 2-78 from substrate phenylalanine (2-77).1%
Decarboxylation from iminium 2-78 leads to intermediate 2-79 which can then be protonated to
generate iminium 2-80. Hydrolysis of iminium 2-80 reveals B-phenethylamine (2-81) and reforms
the starting PLP cofactor. AADC can accomplish these L-amino acid decarboxylation on several
substrates, including 3,4-dihydroxyphenylalanine (2-82, L-DOPA) to dopamine (2-83, DA), 5-
hydroxytryptophan (2-84, 5-HTP) to serotonin (2-85, 5-HT), and histidine (2-86) to histamine (2-
87). However, the transformation of histidine (2-86) to histamine (2-87) is generally regulated by
the conserved enzyme HDC. The transformation of cysteine sulfinic acid (2-88) to taurine (2-89)
is accomplished by decarboxylation of the enzyme CSAD, similarly invoking a mechanism with

the cofactor PLP.
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2-90 2-91
©
//O O/O . O/OH B O o+
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© - Fe - . | __Fe
N%N N@N Nﬁé—lN N /. ~n
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2-92 2-93 2-94 2-95

Figure 11.14 Oxidation of testosterone 2-90 and select CYP active-site species.
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Oxidative C19-demethylation of testosterone (2-90) is a fundamental aromatization step leading
to estradiol (2-91) (Figure 11.14). Aromatase is a biologically conserved oxidative CYP enzyme
that is involved in the biosynthesis and regulation of the estrogen steroid hormones from available
androgens. Sequence homology and alignment studies across vertebrates and invertebrates suggest
that the evolutionary conservation of the proximal active site residues in CYP19 (aromatase)
occurred early on in certain phylogenetic branches.*?? Although the entire CYP catalytic cycle is
not shown, the relevant active species have been provided. Complexation of molecular oxygen in
the heme active site of these CYPs leads to the generation of oxy-ferrous complex 2-92 (iron(I1)-
oxo complex) which can be reduced by cofactor NADPH to reveal the peroxo-ferric species 2-93
(iron(111)-peroxo).1?3124  Protonation of the peroxo-ferric species 2-93 leads to the formation of
hydroperoxo-ferric species 2-94 (iron(ll1)-hydroperoxo). The first oxidation step of
decarboxylation via CYPs, like aromatase (CYP19), generally invokes the formation of a high-
valence oxyferryl species 2-95 (iron(1V)—oxo porphyrin cation radical species, also conventionally
referred to as “Compound 1” when in reference to the active C-H insertion species of CYPs) for
the initial hydrogen atom abstraction. The elimination of a hydroxide ion from hydroperoxo-ferric
species 2-94 produces the high-valence oxyferryl species 2-95. Oxyferryl species 2-95 then
hydroxylates testosterone 2-90 to an initial primary alcohol 2-96 (Figure 11.15). Then, oxyferryl
species 2-95 once again hydroxylates alcohol 2-96 to an intermediate hydrate which rapidly
eliminates water to form aldehyde 2-97. The nucleophilic peroxo-ferric species 2-93 is implicated
in the third, and final, oxidation step of electrophilic aldehyde 2-97 leading to aromatization and
the formation of radical 2-99, byproduct formic acid from C19, and the iron(l1l)-oxyl radical
species 2-100 via coupled intermediate 2-98.*2° Notably, the nucleophilic peroxo-ferric species 2-
93 is suggested to persist for longer lifetimes in aromatase,'?® whereas its protonation to
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hydroperoxo-ferric species 2-94 (iron(l11)-hydroperoxo species) occurs more rapidly to in other
CYPs. A final hydrogen atom transfer event from radical 2-99 to iron(l11)-oxyl radical species 2-

100 yields estradiol (2-91) and hydroxy-ferric species 2-101 (iron(l11)-hydroxide species).

estradiol 2-101
2-91

Figure 11.15 Accepted biosynthetic mechanism of oxidation for testosterone 2-90.

Although the biosynthetic oxidation of terpenes and other natural product classes invoke
diverse enzymes within single or across coexisting species, CYPs are most frequently implicated
in these oxidation networks leading to the observed secondary metabolites.*?’1*° Provided the

involvement of CYPs in the biosynthesis of (+)-aspewentin A (1-16), oxidation of the biosynthetic
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intermediate 1-32 would lead to aldehyde 2-102 as an intermediate (Figure 11.16). Then, a CYP-
mediated mechanism of isopimarane scaffold C20-deformylation/ HAT would lead to the
transformation of 2-102 to (+)-aspewentin A (1-16). Alternatively, another undefined
oxidoreductase enzyme might facilitate the oxidation of C20 from 1-32 to an acid, as in 2-103,
which may then undergo a decarboxylation/ aromatization step similarly leading to (+)-aspewentin
A (1-16). This oxidation and decarboxylation pathway, corresponding with intermediate 2-84, has
been previously suggested as a viable biosynthetic pathway for analogous aromatic diterpene
cycloethers** from Aspergillus wentii (GenBank accession no. KM409566, HM014129.1,
KF9210087.1)* whose structural members also predominantly bear the phenolic B-ring motif. For
these aromatized diterpenes, aromatization is thought to invoke the oxidation phase of the
biosynthesis and oxidative demethylation of C20, however, it is notable that benzyloxymethylated
(BnOCH_>-) analogues of the aromatized scaffold of 1-16 have been synthetically generated by
chemical modifications (dehydrating conditions) via a 1,2-methyl shift from an appropriately

oxygenated isomer.?
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Figure 11.16 Biosynthetic elaboration of 1-32 to (+)-aspewentin A (1-16).
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1.6 Model Studies of the Michael/Aldol Cascades
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Figure 11.17 First-generation retrosynthetic analysis of (+)-aspewentin A ((z)-1-16).

Based on the proposed biosynthetic considerations (vide supra), first-generation retrosynthetic
analysis of ()-aspewentin A ((x)-1-16) provides a pathway via deoxygenation from ketone 2-104,
itself accessible by dimethylation of intermediate 2-105 (Figure 11.17). The phenolic moiety of
ketone 2-105 can be made by decarboxylative aromatization from the tricyclic analogue 2-106.
Diketone 2-106 can be generated from hydrolysis of the corresponding substituted intermediate 2-

107. Scaffold 2-107 can be directly furnished from the Michael-aldol process if the appropriate
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conjugated donor 2-108 and acceptor 2-21 are successfully implemented in the proposed reaction

cascade.
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Figure 11.18 Proposed Michael-aldol-aldol process leading to key scaffold 2-112.

Thus, the envisioned plan involved reacting Michael acceptor (2-109) and donor (2-30) using
Cu(I)-Michael chemistry to generate an intermediate Michael adduct 2-110 that may then be
cyclized to form the desired carbocycle (Figure 11.18). Cyclization can be accomplished through a
stepwise approach, as in single annulation to intermediate 2-111. Synthetic elaboration of scaffold
2-111 would then allow for the second cyclization to occur generating the key intermediate 2-112.

Alternatively, if Michael adduct 2-110 bears a formyl moiety at the appropriate position (R2), then
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the double annulation event can be accomplished in one synthetic operation directly leading to the

condensation of 2-110 to 2-112.

o) o o o o
LIHDMS HCI
OEt OEt
0 DEC, THF . THFH0
2-113 80% 2-114 99% 2-115
o o
PCly
2115 ————— OEt
DCM
cl
49% 2-30

Figure 11.19 Synthesis of donor 2-30.
To synthetically access donor 2-30, enone 2-113 was deprotonated using LIHDMS and DEC

in THF to provide keto-ester 2-114 in 80% vyield (Figure 11.19). Keto-ester 2-114 was hydrolyzed
using HCI in aqueous THF to yield diketone 2-115 in quantitative yield. Then, chlorination of
diketone 2-115 was achieved using PClz in DCM to afford donor 2-30 in 49% yield. An attempt
to perform the Cu(ll)-Michael operation with acceptor 2-28 and donor 2-30 found that equimolar
loading of the two components gave 65% yield of adduct 2-31 (Table 11.1, entry 1). Conversely,

2.0 equivalents of donor 2-30 lead to a diminished yield of 45% yield (entry 2).
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Table 11.1 Effect of donor 2-30 stoichiometry in Cu(ll)-Michael process.

O O
Q Cu(OTf)
)J\/\/\/Me + OBt - *,
Me bt
2.28 Cl 2-30 neat, r.t.
entry catalyst catalyst 2-30 dr yield
loading
1 Cu(OTf)2 0.3 equiv. 1.0equiv. >20:1 65%
2 Cu(OTf)2 0.3 equiv. 2.0equiv. >20:1 45%

Additionally, treatment of Michael acceptor 2-116 and donor 2-30 with Cu(OTf)2 (0.3 equiv.)
under neat conditions for 120 h gave adduct 2-117 in 11% vyield (Figure 11.20). Although this
Michael product would avoid difficulty associated with the annulation steps and lead to aldol
products like 2-118, its low reactivity in the Cu(ll)-Michael process meant that the double aldol

condensation remained the favorable option.

o)
Cu(OT), 0O, OEt 6
/@/K (@0 moi%)
)J\O neat r.t.
2-116 120h  Cl o Cl
2.417 Me 2-118

1%

Figure 11.20 Screening of Michael acceptor 2-116.

Subsequently, aldol condensation of adduct 2-31 leading to 2-119 was screened using several
acidic dehydrating conditions (Table 11.2). The use of dry p-TSA versus the monohydrate was not
found to affect the reaction outcome when a Dean-Stark trap for the azeotropic removal of water
was in use (entries 1, 2). Extending the reaction time from 6 h up to 30 h appeared to show a

buildup of condensed product over time (45-68% yield) (entries 3-6). If this condition was
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performed at a lower temperature, such as during refluxing in THF rather than PhMe, the reaction
was not observed to proceed (entry 7). An analogous soft enolization approach led to the treatment
of adduct 2-31 to stoichiometric quantities of Lewis acid and excess TEA in DCM with TiCls (44%
yield), SnCls (64% yield), or Bu2BOTT (9% vyield) (entries 8-10). Is the aldol reaction of adduct
2-31 was attempted with an excess of either NaOEt or NaOt-Bu in THF each led to less than 1%
isolated yield of the intended bicyclic product 2-118 (entries 11-12). In addition to the observed
reaction dynamics, two diastereomeric products consistently emerged following the acidic,
annulative process. The erosion of product diastereoselectivity was consistently observed when

cyclization of an adducts derived from donor 2-30 were attempted in acidic media.
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Table 11.2 Aldol condensation screening of adduct 2-31.

(@) Me Me
Q~CH Et0OC [ H
. o . ‘
Ci 231 Ve cl O 2.119
entry activator solvent  temperature time dr yield
! © Fs)-gcsnﬁv y  PhMe reflux* 3h 1.3:1 46%
2 E’Jfﬁdmfg PhMe reflux* 3h 131 45%
3 © %’Zgﬁv y  PhMe reflux* 6h 1.3:1 48%
4 © glgﬁv ) PhMe reflux* 12h 1.6:1 51%
5 © %-lc?lffv ) PhMe reflux 30 h 1.8:1 46%
7 © %’Ziﬁi‘v y  PhH reflux* 24h 121 45%
p-TSA - no
8 (0.3 equiv.) THF reflux 24h reaction
TiCla
9 (1‘0Te§A“'V')' DCM 0°C—rt  16h 231 44%
(2.0 equiv.)
SnCL_;
10 (1.0TeEun|v.), DCM 0°C—rt  16h 291 64%
(2.0 equiv.)
Bu:BOTf
11 (1‘0Te§A“'V')' DCM 0°C—rt  16h  1.1:1 9%
(2.0 equiv.)
12 G %%%Eitv y  THF rt. 16 h - <1%
13 (5N§‘3§33) THF rt. 16 h - <1%

*Azeotropic removal of water was accomplished using a Dean-Stark trap.

Although loss of diastereoselectivity was neither anticipated nor fully understood in its
mechanism, a ring opening event of bicycle 2-119 was envisioned as proceeding through a

tautomerization event to 2-120 and an electrocyclic ring-opening process that may open to alkene
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2-121 (Figure 11.21). Although this ring-opening event would explain a loss in enantioselectivity,
a loss in diastereoselectivity would be achieved by an acid-mediated alkene isomerization event
from intermediate 2-121 to 2-122. The reversal of this process leading to ring closure and
reformation of material 2-119, may provide the observed loss in diastereoselectivity. The vinyl
chloride moiety may play some role in the unanticipated reaction dynamics as electronic effects

caused by variable donors or acceptors can shift the observed outcomes of sigmatropic

131

processes.
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Cl OH
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Cl Z > 0oH
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Figure 11.21 Hypothesized mechanism for loss of diastereoenrichment in 2-118.

Despite the observed loss of diastereoselectivity, we opted to test the possibility of combining
the Michael reaction with a tandem aldol cyclization based on the strategy previously applied for
steroidal synthesis (Figures 11.6-9). To test the capability of a tandem Michael-aldol-aldol process
implementing donor 2-30 in a facile operation, aldehyde 2-130 was prepared to function as a
Michael acceptor in the copper-catalyst addition process (Figure 11.22). Thus, halide 2-125 was

synthesized in 61% yield via ruthenium cross-coupling with Grubbs 2" generation catalyst (1-

89



141) from bromoalkene 2-123 and silyl ether 2-124 in DCM. Then, ester 2-126 was added to halide
2-125 via an enolate addition to generate adduct 2-127 in 76% yield. Ester 2-127 was then reduced
using LAH to the corresponding primary alcohol 2-128 in 98% yield. The silyl ether moiety of 2-
128 was deprotected using TBAF in THF to reveal an allylic alcohol 2-129 in 81% yield. The diol
2-129 underwent successful bis-oxidation using Dess-Martin conditions and afford aldehyde 2-

130 in 88% yield.
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Figure 11.22 Synthesis of Michael acceptor 2-130.

Following the successful synthesis of 2-130, its coupling with keto-ester 2-30 was investigated
(Figure 11.23). Reactivity of acceptor 2-130 and donor 2-30 in the presence of Cu(OTf)2 (0.3
equiv.) to form intermediate 2-131, followed by dehydrating conditions of catalytic p-TSA (0.3
equiv.) in refluxing PhMe, equipped with a Dean-Stark trap for the azeotropic removal of water,

gave tricyclized product 2-133 in 15% and 2:1 dr via intermediate 2-132.

O O 1) Cu(OTf),
Q Q (30 mol%)
OEt + HWMG T»
ol M Me 2130 neat, r.t.
2-30
2) p-TSA reflux
PhMe 150 °C
0] Me B 7

2133
15%, 2:1 dr L .

Figure 11.23 Screening of Michael-aldol reaction implementing donor 2-30 acceptor 2-130.

To improve annulation yields leading to 2-133, a stepwise strategy was investigated (Figure
[1.24). By utilizing Michael acceptors bearing variable protecting groups, 2-134, we intended to
better control the reactivity of the Michael/aldol process. Donor 2-30 and protected acceptor 2-134
can be reacted using the Cu(ll)-Michael reactivity to yield adduct 2-135. The first aldol
condensation of adduct 2-135 would provide bicycle 2-136 which would then be deprotected to
reveal alcohol 2-137. An oxidation of alcohol 2-137 using Dess-Martin conditions would generate
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aldehyde 2-138 that is then ready for the subsequent aldol condensation leading to the desired

intermediate, 2-133.

OPG 0 o o
S b/%a _oum
e
Me
Cl 2-30 Cl

Me 5134

PG = protecting group

deprotection

aldol

Figure 11.24 Proposed stepwise synthesis leading to key scaffold 2-133.

A benzoate-protected analogue was the first to be investigated for this process (Figure 11.25).
Thus, alcohol 2-139 was accessed from known32 starting materials and transformed into benzoate
2-140 in 85% vyield using acylating conditions with pyridine and BzCl. Michael acceptor 2-142
was then synthesized in 93% yield via cross-metathesis with Grubbs 2" generation catalyst (1-
141) from ketone 2-141 and ester 2-140. Treatment of Michael acceptor 2-142 and donor 2-30
with Cu(OTf). (0.3 equiv.) under neat conditions gave adduct 2-143 in 83% vyield and >20:1 dr.
Aldol condensation conditions of catalytic p-TSA (0.3 equiv.) in refluxing PhMe, equipped with

a Dean-Stark trap for the azeotropic removal of water, gave cyclized product 2-144 in 57% and
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2:1 dr from 2-143, continuing the observed loss of diastereoenrichment when utilizing donor 2-30.
If solvolysis of 2-143 using either acidic or basic conditions was attempted, no deprotected product

2-145 or desired aldol adducts were observed.
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Figure 11.25 Synthesis and reactivity of acceptor 2-142.

To address the challenges associated with the benzoate group, alternative protecting groups
were investigated (Figure 11.26). Thus, alcohol 2-139 was transformed into silyl ether 2-146 in
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84% vyield using silylating conditions of ImH and TIPSCI in DCM. Michael acceptor 2-147 was
then synthesized in 57% vyield via cross-metathesis with Grubbs 2" generation catalyst (1-141)
from ketone 2-141 and silyl ether 2-146. Treatment of Michael acceptor 2-147 and donor 2-30

with Cu(OTf)2 (0.3 equiv.) under neat conditions gave adduct 2-148 in 66% yield and >20:1 dr.
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= OH = OTIPS
Me Me ImH, DCM Me Me
2-139 rt, 16 h 2-146

84%

Mes—N N-Mes

Y
SR\
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2146 1 mol’ )W
- + >
| Me DCM. 40°C Me = OTIPS

2-141 16 h 9147 Me Me

57%

o O Cu(OTf),

30 mol%
/Ej)‘\OEt gy 0MOR)
cl neat, 16 h

2-30

66% Cl
>20:1 dr

2-148

Figure 11.26 Synthesis and reactivity of acceptor 2-147.
Following the synthesis of Michael adduct 2-148, an attempt to deprotect its silyl ether

protecting group using TBAF led to the intended deprotection, but also led to a shift in the H
NMR spectra that appears to correspond with a rigid carbocyclic scaffold with new and highly

diverse proton coupling patterns (Figure 11.27). Spectral investigation supported the tentative
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assignment of product 2-151 as a bridged bicycle arising from the formation of a vinylogous
enolate 2-149 before undergoing an intramolecular y-aldol addition step with the proximal ketone
to provide intermediate 2-150 that can be protonated to the product. Thus, 2-151 was formed from

2-148 in the presence of TBAF (4.4 equiv.) and THF in 51% yield.

Cl M OH
2-148 51% Cl Me 2151
deprotonation deprotection/
protonation
Me Me
M Me OTIPS
Me_| W Me
@OO

OTIPS cyclization

P —

o] Me

Figure 11.27 Pathway leading to the formation of 2-151.

To form a substrate with a more readily cleavable protecting group, methoxyacetate was
investigated as a more sensitive protecting group for the primary alcohol moiety (Figure 11.28).
Methoxyacetate is known to allow for its orthogonal deprotection by solvolysis, including in the
presence of other esters,’*® and has been previously implemented in the Nagorny Group during the
synthesis of the cardiotonic steroid cannogenol (2-46) (Figure 11.9).1° Then, alcohol 2-139 was
transformed into ester 2-152 in 96% yield using acylating conditions of pyridine and O(MAC)..
Michael acceptor 2-153 was then synthesized in 79% vyield via cross-metathesis with Grubbs 2"

generation catalyst (1-141) from ketone 2-141 and ester 2-152.
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Figure 11.28 Synthesis of Michael acceptor 2-153.

When acceptor 2-153 and donor 2-22 were utilized in the Cu(ll)-Michael reaction with
Cu(OTf)2 (0.3 equiv.) under neat conditions, adduct 2-154 was isolated in 84% yield and 3.7:1 dr
(Figure 11.29). When the Cu(ll)-Michael process was attempted with acceptor 2-153 and donor 2-
30 with Cu(OTf)2 (0.3 equiv.) catalyst under neat conditions, adduct 2-155 was isolated in 79%

yield and >20:1 dr.

o) Cu(OTf),

O O
(30 mol%)
é)konne + Me)J\M(\OMAC —
Me Me -
9.22 2-153
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of 2-30

Me Me  2-153
79%, >20:1dr  Cl

Figure 11.29 Screening of Michael reaction implementing acceptor 2-153.
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When methoxyacetate moiety of Michael intermediate 2-155 was subjected to deprotection
using (7N) ammonia in MeOH, side-product 2-156 resulting from an intramolecular y-aldol
addition was generated in 12% yield (Figure 11.30). The methoxyacetate group of 2-156 was then
subjected to lithium hydroxide (5.0 equiv.) in 2:1 THF:MeOH resulting in side-product 2-157
resulting from the intramolecular y-aldol reaction and displacement of the chloro group for a
methoxy group in 33% yield. The same methoxy-substituted side-product 2-157 was isolated in
22% yield when the deprotection of 2-155 was attempted using Yb(OTf); (0.3 equiv.) in MeOH.
Finally, an attempt to remove the methoxyacetate protecting group of adduct 2-155 using lithium
phenylthiolate (3.0 equiv.) (prepared immediately prior to use from thiophenol and n-BuL.i) at —
78 °C resulted in a mixture of deprotected adducts 2-158 and 2-159 in 23% and 50% Yyield,

respectively.

Me
N Me e LiOH
0._0 MeOH
<
N on 33% NH; (7N)
.||H
or MeOH
OH Yb(OTf),
MeO .
Me ™ 2457 (30 mol%) Cl s 2%
MeOH .
229% LiSPh _ o
0 THE 78 °Corit.
Me Me
Me W Me Me

) OH

PhS 2158 Ve PhS Ml 2-159

23% 50%

Figure 11.30 Deprotection approaches of adduct 2-155.
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Considering that both basic and Lewis acidic conditions for the deprotection of the
methoxyacetate group resulted in significant side-reactions, deprotection under reductive
conditions was examined next (Figure 11.31). When Michael adduct 2-155 was subjected to
reduction with DIBALH (2.0 equiv.) in DCM (78 °C to r.t.) the resulting product was found to
bear an unexpected alkenyl signal, and dichlorination was observed. This was attributed to the
formation of product 2-162, resulting from a Stork-Danheiser transposition of the starting material
in 76% yield. The reductive transposition is enabled by a rapid 1,2-reduction of the enone moiety
of 2-155 that occurs along with the intended deprotection step, resulting in intermediate species 2-
160. A protonation event during the product isolation process may facilitate the formation cationic

intermediate 2-161 before a hydrolysis event reveals the product of reductive transposition, 2-162.

DIBALH
OMAc OH
THF, -78 °C
Me
“ 2155 /6% 2162
deprotection/ _
reduction hydrolysis
Me M
Z Me ©
- 1) H*
(i-Bu),AIO \;40 oH )4» o

2) Elimination

Me
cl 2-160 2-161

Figure 11.31 Reductive transposition of adduct 2-155.

Based on these observations, we opted to investigate the reactivity of donor 2-163, use of which

might avoid the undesired side-reactions observed for donor 2-30. Treatment of Michael acceptor
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2-153 and donor 2-163 with Cu(OTf)2 (0.3 equiv.) under neat conditions gave adduct 2-164 in
52% yield and 3:1 dr (Figure 11.32). Michael adduct 2-164 was condensed using aldol condensation
with catalytic p-TSA (0.3 equiv.) in refluxing PhMe with a Dean-Stark trap for the azeotropic
removal water gave cyclized product 2-165 in 27%. Solvolysis of 2-164 using NaOMe in MeOH
gave 2-166 in 51% yield. Alcohol 2-166 was oxidized using DMP and pyridine in DCM to generate
aldehyde 2-167 in 72% yield. Attempting to perform a double aldol condensation of 2-167 with
catalytic p-TSA (0.3 equiv.) in refluxing PhMe at 110 °C with a Dean-Stark trap resulted in an
unidentified side-product, and no desired tricyclic product 2-168 was observed under these

conditions.

O O
EtO

2-163

p-TSA
2-164 -

PhMe

reflux

EtO

Figure 11.32 Synthesis and attempted modification of adduct 2-164.
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With this observation in hand, we decided to pursue an alternative, stepwise route for the
elaboration of 2-164 into the tricyclic core of aspewentin A (Figure 11.33). Hydrolysis of 2-164
with aqueous HCI in THF gave 2-169 in 20% yield and 2-170 in 75% yield. Intermediate 2-170
was methylated using methyl iodide and K>COs to provide 2-171 in 41% yield. Attempts to cyclize
2-171 in p-TSA and refluxing PhMe at 110 °C did not provide 2-172 but only resulted in complex

mixtures of decomposition products.

EtO

p-TSA reflux
PhMe 110 °C

Figure 11.33 Continued chemical modification of adduct 2-164.

In addition to the enone Michael donors, 2-30 and 2-163, we investigated the possibility of
employing donor 2-174 (Figure 11.34). Ester 2-174 was synthesized by treatment of bromoalkene

2-173 with LiHMDS in THF and then methyl cyanoformate (Mander’s reagent) in 50% yield.
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Then, acceptor 2-28 and donor 2-174 with Cu(OTf)2 (0.3 equiv.) under neat conditions have crude
adduct 2-175 that was exposed to catalytic p-TSA (0.3 equiv.) in refluxing PhMe at 110 °C with a
Dean-Stark trap for the azeotropic removal of water to provide bridged bicycle 2-176 by a second

intramolecular conjugate addition when refluxed in PhMe and p-TSA.

0O O O

o)
Br LiIHMDS Br
OMe
\ﬁj NC)]\OMe
2173 THF 2-174
78 °C—-r.t.
6h
50%
O o
1) Cu(OTH), O Me
0 Br (30 mol%) :
Me)W\/Me + OMe e Br
2.28 2174 neat, r.t.
16 h 2175 Me
2) p-TSA reflux, 110 °C
(30 mol%) 16h
PhMe 18%
O«__OM
© Me
o)
Me
Br
21176 ©

Figure 11.34 Observed reactivity of donor 2-174.

These studies on the reactivity of unsaturated keto-ester donors like 2-30, 2-163, or 2-174 find
that despite their promising reactivity in the Cu(ll)-Michael process, their adduct products are
liable to undertake various intramolecular coupling pathways which are not conducive to forming
the intended cyclization patterns associated with the isopimarane skeleton. Thus, a second-

generation retrosynthetic analysis of (%)-aspewentin A ((£)-1-16) implementing less
101



functionalized donor 2-22 was envisioned as requiring the use of an oxidation step to assist in a
subsequent functionalization (Figure 11.35). Thus, (x)-aspewentin A (()-1-16) is formed through
a gem-dimethylation step of ketone 2-177 and is itself accessible by decarboxylative aromatization
of the tricyclic dione 2-178. Dione 2-178 is accessible via allylic oxidation of intermediate 2-25,
which can be directly furnished from the Michael/aldol process if donor 2-22 and acceptor 2-21

are successfully implemented in the proposed reaction cascade.

O
decarboxylative MeO
methylatlon aromatization

Me Me 0
(£)-1-16 2Ar7 2-178

(x)-aspewentin A

) Michael/ MeO
Idol
H X ij)l\ a (0]
Me / 2-21 o

Figure 11.35 Second-generation retrosynthetic analysis of (x)-aspewentin A ((x)-1-16).

To investigate the proposal depicted in Figure 11.35, we first studied the Michael-aldol process
implementing model aldehyde 2-130 in lieu of 2-21 (Figure 11.36). Donor 2-22 and acceptor 2-130
were reacted using the Cu(ll)-Michael process with Cu(OTf)2 (0.3 equiv.) under neat conditions
to form 2-179, and the resulting crude was exposed to catalytic p-TSA (0.3 equiv.) in refluxing
PhMe at 110 °C with a Dean-Stark trap for the azeotropic removal of water and proceeds via aldol

intermediate 2-180 to yield carbocycle 2-181 in 46% vyield and 4:1 dr.
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e) o) o 0 1) Cu(OTf),

(30 mol%)
OMe  + HwMe
Me Me 2130 neat, r.t.

2)p-TSA | ,on
(30 Mol%) | 110 sC
PhMe

2-181
46%, 4:1 dr

Figure 11.36 Synthesis of model tricycle 2-181.

With the tricyclic substrate 2-181 in hand, we then focused on the allylic oxidation of the enone
moiety implementing a previously developed Rha(cap)s-based oxidation.®**'% The studies
summarizing the oxidation of scaffold 2-181 using Rhz(cap)s and T-HYDRO under various
conditions leading to 2-183 are provided in Table 11.3. During the oxidation process, starting
material 2-181 was found to have undergone an acid-mediated 1,3-hydrogen shift via intermediate
2-182, leading to the more substituted alkenyl product isomer corresponding to the observed 2-
183. This alkenyl rearrangement was expected to further facilitate a subsequent decarboxylative
aromatization process via an increased inductive effect. However, when substrate 2-181 was
oxidized with Rhz(cap)s (0.01 equiv.) and T-HYDRO (8 equiv.) in DCE at 40 °C for 24 h, we first
observed a degradation product 2-184 corresponding to alkene isomerization and overoxidation
(entry 1). However, if substrate 2-181 was stirred at room temperature and using less reagent
loading (T-HYDRO (4 equiv.)) in DCE for 24 h, product 2-183 in observed in 28% vyield (entry

2). This yield was increased to 41% yield if T-HYDRO loading was again increased to 8 equiv.
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while remaining at room temperature (entry 3). The addition of catalytic quantities of K.CO3 (0.5

equiv.) diminished the reaction yield to 28% (entry 4). If the reaction time was doubled and the

catalyst was recharged at the halfway point, product 2-183 was isolated in 65% yield in DCE (entry

5) and 45% yield in H2O (entry 6).

Table 11.3 Rhodium-mediated oxidation studies of 2-181.

o]
MeO

1,3-hydrogen
shift /
Me

Me
Me

0]
2-182

\oxidation

0 e} Me 00 Me
MeO Me MeO Me — over  pgp- Me
oxidation oxidation
L o
@) O
2-181 o] 2-183 o] 2-184
Entry Catalyst Reagent Solvent Temperature Time Yield 2-183
1 Rhz(cap)a T-HYDRO DCE 40 °C 24 h overoxidation
(0.01 equiv.) (8 equiv.) observed
2 Rhz(cap)s T-HYDRO  DCE r.t. 24 h 28%
(0.01 equiv.) (4 equiv.)
3 Rhz(cap)s T-HYDRO  DCE r.t. 24 h 41%
(0.01 equiv.) (8 equiv.)
4 Rhz(cap)s T-HYDRO  DCE r.t. 24 h 28%
(0.01 equiv.) (8 equiv.),
K2COs3
(0.5 equiv.)
5 Rhz(cap)s T-HYDRO  DCE r.t. 48h 65%
(0.01 (8 equiv.)
equiv.)*
6 Rhz(cap)s T-HYDRO  H20 rt. 48h 45%
(0.01 (8 equiv.)
equiv.)*

*Catalyst was recharged at 24 h, doubling overall loading shown.
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The rearranged alkene geometry of dienone 2-183, and the additional electronic demand
created by the additional oxo group in conjugation to the dienone pi-system was expected to
facilitate the reaction process leading to decarboxylative aromatization of this substrate.
Consequently, when methyl ester 2-183 was refluxed in DMSO and excess LiCl at 180 °C, the
decarboxylative aromatization pathway leading to phenol 2-189 was observed in 60% vyield
(Figure 11.37). The reaction is expected to proceed through the formation of a carboxylate
intermediate 2-185 by nucleophilic displacement of the methyl group of 2-183. Carboxylate 2-185
is then ready for subsequent decarboxylation leading to the aromatization and formation of
phenolate resonance pairs 2-186 and 2-187. Protonation of phenolate 2-187 then provides product
2-189. The successful formation of 2-189 validates our retrosynthetic proposal and sets a strong

foundation for the completion of (+)-aspewentin A ((z)-1-16) described in the subsequent chapter

(vide infra).
e) Me Me
MeO Me LiCl Me
DMSO
0 180 °C OH
2-1 -
o} 83 50% O 2189
/ N
g © Me Me i Me |
0 Me Me Me
ﬁ» -
€]
0 CO, O 0
0 2-185 O 2-186 2-187

Figure 11.37 Decarboxylative aromatization to phenol 2-189.
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11.7 Conclusion/Summary

In summary, this chapter summarizes our studies focused on exploring a tandem Cu(ll)-
Michael/aldol approach to synthetize (+)-aspewentin A ((£)-1-16). The intended pathway for total
synthesis involves a decarboxylative aromatization pathway and has been compared to the natural
biosynthetic route that is invoked for the formation of this diterpene, (+£)-aspewentin A ((x)-1-16).
The functionalized carbocycle necessary for the decarboxylative aromatization step was expected
to be furnished either directly through a tandem Michael-aldol-aldol process or through an iteration
of synthetic steps that would allow for the strategic carbocycle to be formed in a more controlled
manner. Although the direct, tandem Michael-aldol-aldol process would be the most desirable path
forward, the substrates featuring multiple (ambident) electrophilic and acidic sites might contribute
to diminished efficiency for the intended process if they contribute to byproduct formation. These
model studies explored several Michael acceptors and donors for this synthetic work. Although
various unsaturated keto-esters were found to successfully undergo the Cu(ll)-Michael event, they
performed less efficiency during the aldol steps and were liable to form alternative intramolecular
cyclization patterns not useful for the total synthesis of (+)-aspewentin A ((£)-1-16). These
cyclization dynamics were unobserved during prior steroidal total syntheses that utilized similar
Cu(I)-Michael donors and may be result of increased conformational flexibility in the synthons
involved in synthesizing the diterpene scaffold. The attempt to utilize these donors for a stepwise
pathway involving deprotection steps further revealed dynamics that facilitated the formation of
undesired bridged bicyclic motifs. The synthetic pathway was then modified to allow for the use
of saturated Michael donors that were expected to participate in the desired aldol pathways.
However, this synthetic option necessitates the oxidation of the tricyclic intermediate so that the
gem-dimethyl substitution pattern associated with these isopimaranes can be achieved. A solution
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to the oxidation involved a Rhy(cap)s-mediated process to yield the more reactive substrate that is
both suitable for subsequent methylation and decarboxylate aromatization necessary for the total
synthesis of (x)-aspewentin A ((x)-1-16). The intended decarboxylative aromatization was
successfully performed under Krapcho conditions using a model substrate which indicated that the

strategy would be applicable in the synthesis of (+)-aspewentin A ((z)-1-16).
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11.8 Graphical Summary

OTBS Q 0 OTBS
/\/\)\ Me _—
Br X Me + \HJ\OMG MeOWMe
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2-125 sz Me Me 2.127
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70%
0 0o 0] (0]
2 steps
Me Me 2130 Cl 15%, 2:1 dr
2-30
0 0 0] 0]
2 steps
HWMG + OMe
Me Me 2-130 460/0, 4:1 dr
2-22
e
MeO @ Me MeO Me
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e OH
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11.9 Experimental

Methods and Reagents:

Unless otherwise stated, all reagents and solvents were purchased from commercial sources and
were used as received without further purification unless otherwise specified. DCM, DMF, Et.0,
THF, PhMe, were purified by Innovative Technology’s Pure-Solve System using basic alumina.
All reactions were carried out under a positive pressure of nitrogen in flame- or oven-dried
glassware with magnetic stirring. Reactions were cooled using an external cooling bath of ice water
(0 °C), sodium chloride/ice water (20 °C), dry ice/acetonitrile (—40 °C), or dry ice/acetone (-78
°C). Heating was achieved by use of a silicone oil bath with heating controlled by an electronic
contact thermometer. Deionized water was used in the preparation of all aqueous solutions and for
all aqueous extractions. Solvents used for extraction and chromatography were ACS or HPLC
grade. Purification of reaction mixtures was performed by flash chromatography using SiliCycle
SiliaFlash P60 (230-400 mesh). Yields indicate the isolated yield of the title compound with >95%
purity as determined by 'H NMR analysis. Diastereomeric ratios were determined by *H NMR
analysis. 'H NMR spectra were recorded on a Varian vnmrs 700 (700 MHz), 600 (600 MHz), 500
(500 MHz), 400 (400 MHz), Varian Inova 500 (500 MHz), or a Bruker Advance Neo 500 (500
MHz) spectrometer and chemical shifts (8) are reported in parts per million (ppm) with solvent
resonance as the internal standard (CDClz at 6 7.26, CD30D at & 3.31, CsDs at 6 7.16). Tabulated
1H NMR Data are reported as s = singlet, d = doublet, t = triplet, g = quartet, gn = quintet, sext =
sextet, m = multiplet, ovrlp = overlap, and coupling constants in Hz. Proton-decoupled **C NMR
spectra were recorded on Varian vamrs 700 (700 MHz) spectrometer and chemical shifts (8) are
reported in ppm with solvent resonance as the internal standard (CDClIs at 6 77.06, CD3OD at 6
49.0, Ce¢Ds at 6 128.1). High resolution mass spectra (HRMS) were performed and recorded on
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Micromass AutoSpec Ultima or VG (Micromass) 70-250-S Magnetic sector mass spectrometers
in the University of Michigan mass spectrometry laboratory. Infrared (IR) spectra were recorded
as thin films a Perkin Elmer Spectrum BX FT-IR spectrometer. Absorption peaks are reported in
wavenumbers (cm™).

Instrumentation:

All spectra were recorded on Varian vnmrs 700 (700 MHz), Varian vnmrs 500 (500 MHz),
Varian MR400 (400 MHz), Varian Inova 500 (500 MHz) spectrometers and chemical shifts ()
are reported in parts per million (ppm) and referenced to the H signal of the internal
tetramethylsilane according to IUPAC recommendations. Data are reported as (br = broad, s =
singlet, d = doublet, t = triplet, g = quartet, gn = quintet, sext = sextet, m = multiplet; coupling
constant (S) in Hz; integration). High resolution mass spectra (HRMS) were recorded on
MicromassAutoSpecUItima or VG (Micromass) 70-250-S Magnetic sector mass spectrometers in
the University of Michigan mass spectrometry laboratory. Infrared (IR) spectra were recorded as
thin films on NaCl plates on a Perkin EImer Spectrum BX FT-IR spectrometer. Absorption peaks

were reported in wavenumbers (cm™).

Ethyl (S)-4-chloro-2-oxo-1-((S)-2-oxooctan-4-yl)cyclohex-3-ene-1-carboxylate (2-31): A
flame-dried round-bottom flask was charged with compound 2-30 (1.00 g, 4.94 mmol, 1.0 equiv.)

and compound 2-28 (0.62 g, 4.94 mmol, 1.0 equiv.). The round bottom flask was then transferred

110



to a glovebox and Cu(OTf). (0.55 g, 1.48 mol, 0.3 equiv.) was added to the mixture and the
contents were removed from the glovebox and left to stir at room temperature under neat
conditions for 16 h. The crude material was purified by column chromatography with 10% to 33%
EtOAc/hexanes. (1.06 g, 3.23 mmol, 65%, >20:1 dr).

IH NMR (500 MHz, CDCl3) & 6.20 (d, J = 2.3 Hz, 1H), 4.17 — 4.11 (m, 1H), 4.11 — 4.04 (m, 1H),
2.93 (t, J = 5.7 Hz, 1H), 2.83 (dddd, J = 19.3, 10.0, 5.2, 2.3 Hz, 1H), 2.61 (dd, J = 18.2, 5.8 Hz,
2H), 2.40 (ddd, J = 13.8, 5.1, 3.7 Hz, 1H), 2.34 (dd, J = 18.2, 5.0 Hz, 1H), 2.11 (s, 3H), 2.07 — 1.99
(m, 2H), 1.26 — 1.21 (m, 7H), 0.85 (t, J = 7.0 Hz, 3H).

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C17H25CI104 351.1339; Found 351.1335.

Cl

Ethyl (4S,4aS)-4-butyl-7-chloro-2-0xo0-3,4,5,6-tetrahydronaphthalene-4a(2H)-carboxylate
(2-118): Compound 2-31 (50 mg, 0.15 mmol, 1.0 equiv.) was loaded into a round-bottom flask
and dissolved in toluene (2 mL) and then p-TSA (0.01 mg, 0.05 mmol, 0.3 equiv.) was added. The
reaction flask was equipped with a Dean-Stark trap for the azeotropic removal of water and a reflux
condenser to be refluxed at 110 °C for 16 h. The crude material was concentrated in vacuo and
purified by column chromatography with 10% to 33% EtOAc/hexanes. (19 mg, 0.06 mmol, 45%,
2:1dr).

IH NMR (500 MHz, CDCl3) § 6.36 (s, 1H), 5.90 (s, 1H), 4.21 (dq, J = 10.6, 7.1 Hz, 1H), 4.13 (dg,
J=10.8, 7.1 Hz, 1H), 2.87 - 2.78 (m, 1H), 2.74 (dd, J = 12.8, 5.5 Hz, 1H), 2.59 (dd, J = 17.5, 4.6

Hz, 1H), 2.48 (dd, J = 18.8, 5.6 Hz, 1H), 2.29 (dd, J = 17.5, 13.5 Hz, 1H), 1.99 — 1.90 (m, 1H),
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1.76 (qt, J = 9.7, 4.4 Hz, 1H), 1.54 (td, J = 12.0, 5.6 Hz, 1H), 1.35— 1.17 (m, 6H), 0.89 (t, = 7.3
Hz, 3H).

13C NMR (126 MHz, CDCls) § 199.0, 169.9, 153.2, 143.3, 126.3, 126.3, 61.6, 48.6, 43.2, 39.8,
32.0, 31.9, 30.9, 30.0, 29.8, 29.4, 22.7, 22.6, 14.3, 14.2, 14.0.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C17H2303 333.1233; Found 333.1233.

OTBS

Br X Me

(E)-((6-Bromohex-3-en-2-yl)oxy)(tert-butyl)dimethylsilane (2-125): A flame-dried round-
bottom flask was charged with Grubbs 2" generation catalyst (1-141) (0.23 g, 0.27 mmol, 0.01
equiv.) under the inert atmosphere of a glove box. The flask was removed from the glovebox
anhydrous DCM (100 mL) was added. Then, 75% compound 2-124 (6.67 g, 26.83 mmol, 1.0
equiv.) and 97% bromide 2-123 (3.73 g, 26.83 mmol, 1.0 equiv.). The contents were left to stir
under reflux conditions at 55 °C for 24 h. After this time, the heating was removed, and the reaction
was left to cool to room temperature. The reaction was then directly dry loaded onto silica by
concentration in vacuo. The crude material was purified by column chromatography with 10% to

33% EtOAc/hexanes. (4.82 g, 16.42 mmol, 61%).

IH NMR (600 MHz, CDCls) § 5.57 (d, J = 2.6 Hz, 1H), 5.56 (d, J = 1.7 Hz, 1H), 4.27 (qd, J = 6.3,
3.8 Hz, 1H), 3.38 (t, J = 7.1 Hz, 2H), 2.57 (q, J = 6.9 Hz, 2H), 1.20 (d, J = 6.2 Hz, 3H), 0.89 (s,
9H), 0.06 (d, J = 3.2 Hz, 6H).

13C NMR (126 MHz, CDCls) § 139.7, 124.5, 68.1, 32.5, 25.8, 25.7, 24.1, -4.6, -4.8.
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MeO Me
Me Me

Methyl (E)-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyloct-5-enoate (2-127): A flame-dried
round-bottom flask was utilized to prepare LDA (34.09 mmol, 2.0 equiv.) with HMPA (7.5 mL)
in THF (100 mL) at —78 °C. Compound 2-126 (4.96 mL, 37.50 mmol, 2.2 equiv.) was added to
the cooled solution dropwise over the course of 5 minutes. The reaction flask was warmed to 0 °C
and allowed to stir for 30 minutes and then cooled again to —78 °C. Compound 2-125 (5.0 g, 17.05
mmol, 1.0 equiv.) was added to the cooled solution dropwise. The contents were left to slowly
warm to room temperature and left to stir for 16 h. The reaction was then quenched with NH4CI
(sat.) and extracted with EtOAc (3x 20 mL). The organic layer was washed with NH4ClI (sat.) (2x
10 mL), NaCl (sat.) (2x 10 mL), dried over Na2SO4, decanted, and then concentrated in vacuo.
The crude material was purified by column chromatography with 10% to 33% EtOAc/hexanes.
(4.26 g, 13.27 mmol, 76%).

IH NMR (600 MHz, CDCl3) § 5.51 (dt, J = 15.4, 6.5 Hz, 1H), 5.43 (dd, J = 16.3, 5.6 Hz, 1H), 4.23
(p, J = 6.2 Hz, 1H), 4.12 (s, 3H), 1.93 (dt, J = 11.3, 5.8 Hz, 2H), 1.60 — 1.53 (m, 2H), 1.17 (s, 6H),
1.08 (d, J = 6.7 Hz, 3H), 0.88 (s, 9H), 0.04 (d, J = 4.1 Hz, 6H).

13C NMR (126 MHz, CDCls) 6 177.6, 132.3, 131.7, 72.7, 51.6, 42.2, 40.7, 31.0, 25.8, 25.8, 25.8,
24.6, 24.6, 24.0, 18.3, -5.0, -5.0.

HRMS (ESI-TOF) [M+H]" m/z: calcd for C17H3403Si 315.2355; Found 315.2351.

IR (film, cm™) 1260, 1720, 2860, 2880, 2900, 2910.
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(E)-7-((tert-Butyldimethylsilyl)oxy)-2,2-dimethyloct-5-en-1-ol (2-128): A flame-dried round-
bottom flask was charged with 95% LAH (1.03 g, 25.89 mmol, 2.0 equiv.) and Et>O (100 mL) and
cooled to 0 °C. Compound 2-127 (4.25 g, 12.95 mmol, 1.0 equiv.) was added dropwise to the
cooled mixture. The reaction mixture was allowed to slowly warm to room temperature with
vigorous stirring while being monitored for uncontrolled production of hydrogen gas byproduct.
The contents were left to stir at room temperature for 4 h. The reaction was then cooled to 0 °C
and DI H20 was slowly added dropwise to the reaction mixture until bubbling slows. Then, NH4CI
(sat.) was added to the reaction mixture slowly until bubbling stops and aluminum clumping is
dispersed. The organic layer was washed by NaCl (sat.) (2x 10 mL), dried over Na>SO4, decanted,
and then concentrated in vacuo. The crude material was purified by column chromatography with
10% to 33% EtOAc/hexanes. (3.64 g, 12.69 mmol, 98%).

IH NMR (400 MHz, CDCl3)  5.57 — 5.48 (m, 1H), 5.43 (dd, J = 15.3, 5.7 Hz, 1H), 4.23 (g, J =
5.5 Hz, 1H), 3.31 (d, J = 6.1 Hz, 2H), 2.02 — 1.90 (m, 2H), 1.34 — 1.21 (m, 4H), 1.17 (d, J = 6.3
Hz, 3H), 0.87 (s, 9H), 0.87 (s, 6H), 0.03 (d, J = 1.8 Hz, 6H).

13C NMR (126 MHz, CDCls) 6 132.6, 131.8, 72.7, 72.1, 38.6, 32.8, 31.2, 26.0, 26.0, 26.0, 24.6,
24.6, 23.9, 18.3, -4.9, -4.9.

HRMS (ESI-TOF) [M+H]" m/z: calcd for C16H3402Si 287.2406; Found 287.2413.

IR (film, cm™) 1280, 1330, 2850, 2870, 2960.
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(E)-2,2-Dimethyloct-5-ene-1,7-diol (2-129): A flame-dried round-bottom flask was charged with
compound 2-128 (3.25 g, 11.35 mmol, 1.0 equiv.) in THF (18 mL) and cooled to 0 °C. 1M TBAF
(39.75 mL, 39.75 mmol, 3.5 equiv.) was slowly added to the cooled mixture. The reaction flask
was then allowed to slowly warm to room temperature and left to stir at room temperature for 16
h. NH4Cl (sat.) was added to quench the reaction mixture. Et,O (20 mL) was used to partition the
organic materials into an organic layer. The organic layer was isolated, washed by NaCl (sat.) (2x
10 mL), dried over Na>SOs, decanted, and then concentrated in vacuo. The crude material was
purified by column chromatography with 10% to 33% EtOAc/hexanes. (1.58 g, 9.20 mmol, 81%).
IH NMR (500 MHz, CDCl3) § 5.63 (dt, J = 13.0, 6.5 Hz, 1H), 5.51 (dd, J = 14.7, 5.9 Hz, 1H), 4.24
(t,J = 6.4 Hz, 1H), 3.30 (s, 2H), 1.98 (q, J = 7.8, 7.3 Hz, 2H), 1.71 (br s, 2H), 1.35 — 1.28 (m, 2H),
1.23 (d, J = 6.4 Hz, 3H), 0.87 (s, 6H).

13C NMR (126 MHz, CDCls) 6 134.0, 131.6, 71.8, 69.0, 38.2, 35.2, 26.8, 23.9, 23.5.

HRMS (ESI-TOF) [M+Na]* m/z: calcd for C10H2002 195.1361; Found 195.1374.

IR (film, cm™) 2860, 2890, 2970, 3330, 3350, 3410.

0] (0]
PN e
Me Me

(E)-2,2-Dimethyl-7-oxooct-5-enal (2-130): A flame-dried round-bottom flask was transferred to
a glovebox. There, 95% DMP (4.72 g, 10.56 mmol, 2.6 equiv.) was added to the reaction flask and

removed from the glove box. The solid material was dissolved in DCM (40 mL) and cooled to 0
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°C. Compound 2-129 (700 mg, 4.06 mmol, 1.0 equiv.) was added to the cooled mixture followed
by a dropwise addition of pyridine (1.31 mL, 16.25 mmol, 4.0 equiv.). The reaction flask was
allowed to slowly warm to room temperature and left to stir at room temperature for 16 h. NaHCO3
(sat.) and Na2S,03 (sat.) was added to quench the reaction mixture and let stir 30 minutes. The
organic layer was washed by NaHCOs (sat.) (2x 10 mL), NaCl (sat.) (2x 10 mL), dried over
Na»SOg4, decanted, and then concentrated in vacuo. The crude material was purified by column
chromatography with 10% to 33% EtOAc/hexanes. (0.57 g, 3.37 mmol, 83%).

IH NMR (400 MHz, CDCl3) § 9.44 (s, 1H), 6.74 (dtd, J = 15.9, 6.9, 2.3 Hz, 1H), 6.06 (d, ] = 16.0
Hz, 1H), 2.22 (s, 3H), 2.14 (q, J = 8.7, 7.7 Hz, 2H), 1.70 — 1.57 (m, 2H), 1.07 (s, 6H).

13C NMR (100 MHz, CDCls) 6 205.4, 200.8, 147.1, 131.4, 45.6, 35.2, 27.4, 26.9, 21.4, 21.4.
HRMS (ESI-TOF) [M+H]* m/z: calcd for C10H1602 169.1229; Found 169.1234.

IR (film, cm™) 1260, 1670, 1720, 2700, 2850, 3000.

Ethyl (4aS,4bS)-2-chloro-7,7-dimethyl-9-o0x0-3,4b,5,6,7,9-hexahydrophenanthrene-4a(4H)-
carboxylate (2-133): A flame-dried round-bottom flask was added compound 2-130 (27.0 mg,
0.16 mmol, 1.0 equiv.) and compound 2-30 (32.5 mg, 0.16 mmol, 1.0 equiv.). The round bottom
flask was then transferred to a glovebox and 98% Cu(OTf). (17.8 mg, 0.05 mmol, 0.3 equiv.) was
added to the mixture and the contents were removed from the glovebox and left to stir at room

temperature under neat conditions for 16 h. The crude material was passed through a short silica
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plug using Et2O as eluant. The resulting solution was evaporated into a round-bottom flask and
dissolved in PhMe (4 mL) and p-TSA (6.3 mg, 0.05 mmol, 0.3 equiv.) was added. The reaction
flask was equipped with a Dean-Stark trap for the azeotropic removal of water and a reflux
condenser to be refluxed at 110 °C for 16 h. The crude material was concentrated in vacuo and
purified by column chromatography with 10% to 33% EtOAc/hexanes. (8.3 mg, 0.02 mmol, 15%,
2:1.dr).

IH NMR (500 MHz, CDCls) & 6.36 (d, J = 2.6 Hz, 1H), 5.92 (s, 1H), 4.91 — 4.83 (m, 1H), 4.34 —
4.26 (m, 1H), 4.17 (ddd, J = 10.7, 6.0, 3.0 Hz, 1H), 2.54 — 2.46 (m, 2H), 2.36 (t, J = 7.6 Hz, 1H),
2.11-2.08 (m, 2H), 1.65 (p, J = 7.6 Hz, 1H), 1.55 — 1.49 (m, 3H), 1.27 (br s, 6H), 0.89 (t, J = 7.0
Hz, 3H).

13C NMR (126 MHz, CDCls3) 6 200.8, 172.8, 152.0, 150.3, 144.3, 133.3, 125.7, 120.3, 62.0, 52.2,
42.4,38.2, 33.5, 32.9, 29.2, 29.3, 27.8, 20.5, 14.2.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C19H23ClO3 357.1233; Found 357.1227.

IR (film, cm™) 1270, 1360, 1690, 2890, 2910.

M(\OBZ

Me Me

2,2-Dimethylhex-5-en-1-yl benzoate (2-140): A flame-dried round-bottom flask was charged
with compound 2-139 (0.50 g, 3.90 mmol, 1.0 equiv.) and pyridine (2.5 mL) before being cooled
to 0 °C. Then, benzoyl chloride (0.59 mL, 5.07 mmol, 1.3 equiv.) was added to the solution
dropwise at 0 °C. The reaction was then allowed to warm to room temperature and stirred for 16
h. The reaction was then quenched with NH4ClI (sat.) and extracted with EtOAc (3x 5 mL). The
organic layer was washed with NH4Cl (sat.) (2x 5 mL), NaCl (sat.) (2x 5 mL), dried over Na2SOg,
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decanted, and concentrated in vacuo. The crude material was purified by column chromatography
with 10% to 33% EtOAc/hexanes. (0.77 g, 3.30 mmol, 85%).

IH NMR (500 MHz, CDCl3) & 8.05 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7
Hz, 2H), 5.88 —5.78 (m, 1H), 5.03 (dd, J = 17.1, 1.8 Hz, 1H), 4.94 (dd, J = 10.1, 2.0 Hz, 1H), 4.06

(s, 2H), 2.14 — 2.04 (m, 2H), 1.50 — 1.45 (m, 2H), 1.03 (s, 3H), 1.03 (s, 3H).

0]

MeMOBz

Me Me

(E)-2,2-Dimethyl-7-oxooct-5-en-1-yl benzoate (2-142): A flame-dried round-bottom flask was
charged with Grubbs 2" generation catalyst (1-141) (0.03 mg, 0.03 mmol, 0.01 equiv.) under the
inert atmosphere of a glove box. The flask was removed from the glovebox anhydrous DCM (20
mL) was added. Then, compound 2-140 (0.74 g, 3.17 mmol, 1.0 equiv.) and ketone 2-141 (0.26
mL, 3.17 mmol, 1.0 equiv.) were added to the flask and were left to stir under reflux conditions at
55 °C for 24 h. After this time, the heating was removed, and the reaction was left to cool to room
temperature. The reaction was then directly dry loaded onto silica by concentration in vacuo. The
crude material was purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.87
g, 3.17 mmol, 93%).

IH NMR (500 MHz, CDCls) & 8.04 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.7
Hz, 2H), 6.80 (dt, J = 15.9, 6.7 Hz, 1H), 6.09 (d, J = 15.9 Hz, 1H), 4.07 (s, 2H), 2.29 — 2.25 (m,

2H), 2.23 (s, 3H), 1.57 — 1.51 (m, 2H), 1.05 (s, 3H), 1.05 (s, 3H).
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(S)-5-((S)-4-Chloro-1-(ethoxycarbonyl)-2-oxocyclohex-3-en-1-yl)-2,2-dimethyl-7-oxooctyl
benzoate (2-143): A flame-dried round-bottom flask was charged with compound 2-30 (0.20 g,
0.73 mmol, 1.0 equiv.) and compound 2-142 (0.15 g, 0.73 mmol, 1.0 equiv.). The round bottom
flask was then transferred to a glovebox and Cu(OTf)2 (0.08 g, 0.22 mmol, 0.3 equiv.) was added
to the mixture and its contents were removed from the glovebox and left to stir at room temperature
under neat conditions for 16 h. The crude material was purified by column chromatography with
10% to 33% EtOAc/hexanes. (0.29 g, 0.61 mmol, 83%, >20:1 dr).

IH NMR (500 MHz, CDCl3) & 8.04 (d, J = 8.3 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8
Hz, 2H), 6.19 (s, 1H), 4.13 (ddd, J = 13.4, 7.3, 3.8 Hz, 1H), 4.08 (dd, J = 11.9, 7.1 Hz, 1H), 4.04
—3.94 (m, 2H), 2.93 — 2.85 (m, 1H), 2.85 — 2.76 (m, 1H), 2.63 (dd, J = 18.3, 6.0 Hz, 1H), 2.60 —
2.53 (m, 1H), 2.39 (dt, J = 13.8, 4.4 Hz, 1H), 2.31 — 2.22 (m, 1H), 2.05 (s, 3H), 2.03 — 1.96 (m,
1H), 1.30 — 1.25 (m, 2H), 1.21 (t, J = 7.1 Hz, 3H), 0.98 (s, 3H), 0.95 (s, 3H).

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C26H33CIOs 499.1863; Found 499.1859.

ZT K oTIPS

Me Me

((2,2-Dimethylhex-5-en-1-yl)oxy)triisopropylsilane (2-146): A flame-dried round-bottom flask
was charged with compound 2-139 (0.50 g, 3.90 mmol, 1.0 equiv.) and dissolved with anhydrous
DCM (8 mL) before being cooled to 0 °C. Then, 97% TIPSCI (1.55 g, 7.80 mmol, 2.0 equiv.) was
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added at 0 °C followed by the slow addition of ImH (0.53 g, 7.80 mmol, 2.0 equiv.) was added to
the solution slowly at 0 °C. The reaction was then allowed to warm to room temperature and stirred
for 16 h. The reaction was then quenched with NH4ClI (sat.) and extracted with EtOAc (3x 5 mL).
The organic layer was washed with NH4CI (sat.) (2x 5 mL), NaCl (sat.) (2x 5 mL), dried over
Na»SO4, decanted, and concentrated in vacuo. The crude material was purified by column
chromatography with 10% to 33% EtOAc/hexanes. (0.77 g, 3.26 mmol, 84%).

IH NMR (500 MHz, CDCls) § 5.84 (ddt, J = 16.8, 10.3, 6.5 Hz, 1H), 5.01 (dq, J = 17.1, 1.7 Hz,
1H), 4.95 — 4.89 (m, 1H), 3.37 (s, 2H), 2.03 (ddt, J = 17.3, 6.6, 1.5 Hz, 2H), 1.39 — 1.32 (m, 2H),

1.08 (s, 21H), 0.88 (s, 3H), 0.88 (s, 3H).

0

MGMY\OTIPS

Me Me

(E)-7,7-Dimethyl-8-((triisopropylsilyl)oxy)oct-3-en-2-one (2-147): A flame-dried round-
bottom flask was charged with Grubbs 2" generation catalyst (1-141) (0.01 mg, 0.01 mmol, 0.01
equiv.) under the inert atmosphere of a glove box. The flask was removed from the glovebox
anhydrous DCM (5 mL) was added. Then, compound 2-146 (0.20 g, 0.70 mmol, 1.0 equiv.) and
ketone 2-141 (0.06 mL, 0.70 mmol, 1.0 equiv.) were added to the flask and were left to stir under
reflux conditions at 55 °C for 24 h. After this time, the heating was removed, and the reaction was
left to cool to room temperature. The reaction was then directly dry loaded onto silica by
concentration in vacuo. The crude material was purified by column chromatography with 10% to

33% EtOAc/hexanes. (0.13 g, 0.40 mmol, 57%).
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IH NMR (500 MHz, CDCls) § 6.81 (dt, J = 16.0, 6.8 Hz, 1H), 6.07 (d, J = 15.9 Hz, 1H), 3.38 (s,
2H), 2.24 (s, 3H), 2.23 — 2.17 (m, 2H), 1.46 — 1.38 (m, 2H), 1.07 (s, 21H), 0.88 (s, 3H), 0.88 (s,
3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for C19H3s0,Si 327.2714; Found 327.2713.

Ethyl (S)-4-chloro-1-((S)-7,7-dimethyl-2-oxo-8-((triisopropylsilyl)oxy)octan-4-yl)-2-
oxocyclohex-3-ene-1-carboxylate (2-148): A flame-dried round-bottom flask was charged with
compound 2-30 (0.25 g, 1.22 mmol, 1.0 equiv.) and compound 2-147 (0.40 g, 1.22 mmol, 1.0
equiv.). The round bottom flask was then transferred to a glovebox and 98% Cu(OTf)2 (0.13 g,
0.37 mmol, 0.3 equiv.) was added to the mixture and the contents were removed from the glovebox
and left to stir at room temperature under neat conditions for 16 h. The crude material was purified
by column chromatography with 10% to 33% EtOAc/hexanes. (0.43 g, 0.81 mmol, 60%, >20:1
dr).

IH NMR (500 MHz, CDCl3) § 6.20 (s, 1H), 4.17 — 4.02 (m, 2H), 3.33 — 3.22 (m, 2H), 2.87 — 2.78
(m, 2H), 2.62 (dt, J = 17.7, 5.2 Hz, 2H), 2.48 (d, J = 5.5 Hz, 1H), 2.46 — 2.38 (m, 1H), 2.34 (dd, J
= 18.4, 4.6 Hz, 1H), 2.09 (s, 3H), 1.30 — 1.25 (m, 2H), 1.22 (t, J = 7.0 Hz, 3H), 1.19 — 1.14 (m,
2H), 1.05 (s, 21H), 0.81 (s, 3H), 0.78 (s, 3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for C2sHs0ClOsSi 529.3111; Found 529.31009.
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Ethyl (1S,5S,8S)-4-chloro-6-hydroxy-8-(4-hydroxy-3,3-dimethylbutyl)-6-methyl-2-

oxobicyclo[3.3.1]non-3-ene-1-carboxylate (2-151): A flame-dried round bottom flask was
charged with compound 2-148 (0.04 g, 0.10 mmol, 1.0 equiv.), dissolved with THF (0.3 mL) and
cooled to 0 °C. 1M TBAF (0.35 mL, .35 mmol, 3.5 equiv.) was added to the cooled mixture. The
reaction flask was allowed to slowly warm to room temperature and left to stir at room temperature
for 16 h. The reaction flask was allowed to stir at 0 °C for 4 h. NH4ClI (sat.) was added to quench
the reaction mixture. Et2O (10 mL) was used to partition the organic materials into an organic
layer. The organic layer was isolated, washed by NaCl (sat.) (2x 5 mL), dried over Na;SOs,
decanted, and then concentrated in vacuo. The crude material was purified by column
chromatography with 10% to 33% EtOAc/hexanes. (0.02 g, 0.05 mmol, 51%).

IH NMR (500 MHz, CDCl3) & 6.31 (s, 1H), 4.23 (dg, J = 10.7, 7.2 Hz, 1H), 4.19 — 4.10 (m, 2H),
3.34 (d, J = 9.2 Hz, 1H), 3.27 (d, J = 9.2 Hz, 1H), 2.66 (t, J = 3.8 Hz, 1H), 2.60 (dd, J = 12.6, 3.0
Hz, 1H), 2.48 (dd, J = 12.7, 3.3 Hz, 1H), 2.28 (dddd, J = 12.7, 10.3, 4.8, 2.1 Hz, 1H), 1.89 (dd, J =
15.0, 4.9 Hz, 1H), 1.73 (tdd, J = 13.2, 4.6, 2.1 Hz, 1H), 1.57 (s, 1H), 1.40 (s, 3H), 1.44 — 1.37 (m,
1H), 1.31 (dd, J = 15.3, 13.1 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 0.85 (s, 3H), 0.79 (s, 3H), 0.75 —
0.64 (m, 1H).

13C NMR (126 MHz, CDCls) 5 193.87, 172.61, 159.90, 130.85, 71.33, 69.93, 69.90, 61.42, 57.63,
51.00, 38.43, 38.40, 36.47, 36.37, 36.26, 35.18, 30.10, 25.86, 24.51, 23.71, 14.14.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C1gH29CIOs 395.1601; Found 395.1591.
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2,2-Dimethylhex-5-en-1-yl 2-methoxyacetate (2-152): A flame-dried round-bottom flask was
charged with compound 2-139 (1.00 g, 7.80 mmol, 1.0 equiv.) and pyridine (6.0 mL), then cooled
to 0 °C. Methoxyacetic anhydride (1.90 g, 11.70 mmol, 1.5 equiv.) was added to the reaction flask
dropwise at 0 °C. The contents were left to slowly warm to room temperature and stir 6 h. The
reaction was then quenched with NH4Cl (sat.) and extracted with Et,O (3x 20 mL). The organic
layer was washed with NH4Cl (sat.) (2x 10 mL), NaCl (sat.) (2x 10 mL), dried over Na>SOa,
decanted, and concentrated in vacuo. The crude material was purified by column chromatography
with 10% to 33% EtOAc/hexanes. (1.49 g, 7.48 mmol, 96%).
IH NMR (700 MHz, CDCls) & 5.80 (td, J = 16.9, 6.5 Hz, 1H), 5.01 (d, ] = 17.1 Hz, 1H), 4.93 (d,
J=10.1 Hz, 1H), 4.05 (s, 2H), 3.91 (s, 2H), 3.46 (s, 3H), 2.02 (g, J = 7.0 Hz, 2H), 1.36 (dd, J =
9.5, 7.7 Hz, 2H), 0.93 (s, 6H).
13C NMR (176 MHz, CDCl3) 6 170.4, 139.0, 114.2, 72.6, 69.7, 59.4, 38.2, 33.8, 28.2, 24.1, 24.1.
HRMS (ESI-TOF) [M+Na]" m/z: calcd for C11H2003 223.1310; Found 223.1299.

IR (film, cm™) 1130, 1190, 1760, 2890, 2930, 2960.

o]
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Me Me

(E)-2,2-Dimethyl-7-oxooct-5-en-1-yl 2-methoxyacetate (2-153): A flame-dried round-bottom
flask was charged with Grubbs 2" generation catalyst (1-141) (169.2 mg, 0.200 mmol, 0.01 equiv.)
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under the inert atmosphere of the glove box. Following removal from the glove box, compound 2-
152 (4.0 g, 19.97 mmol, 1.0 equiv.) and ketone 2-141 (1.66 mL, 19.97 mmol, 1.0 equiv.) were
added to the flask and dissolved in anhydrous DCM (12 mL). The contents were left to stir under
refluxing conditions of 55 °C for 24 h. After this time, the heating was removed, and the reaction
was left to cool to room temperature. The reaction was then directly dry loaded onto silica by
concentration in vacuo. The crude material was purified by column chromatography with 10% to
33% EtOAc/hexanes. (3.81 g, 15.78 mmol, 79%).

IH NMR (500 MHz, CDCl3) § 6.80 (dt, J = 16.0, 6.8 Hz, 1H), 6.09 (d, J = 15.9 Hz, 1H), 4.07 (s,
2H), 3.93 (s, 2H), 3.48 (s, 3H), 2.25 (s, 3H), 2.22 (ddd, J = 17.0, 6.7, 1.6 Hz, 2H), 1.48 — 1.41 (m,
2H), 0.96 (s, 6H).

13C NMR (176 MHz, CDCls) 6 200.8, 170.6, 147.5, 130.9, 72.6, 69.7, 59.4, 38.2, 33.8, 28.2, 27.4,
24.1,24.1, 23.7.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C13H2204 265.1416; Found 265.1411.

IR (film, cm™) 1130, 1190, 1750, 2890, 2940.

Methy! (S)-1-((S)-8-(2-methoxyacetoxy)-7,7-dimethyl-2-oxooctan-4-yl)-2-oxocyclohexane-1-
carboxylate (2-154): A flame-dried round-bottom flask was charged with 90% compound 2-22
(71.6 mg, 0.41 mmol, 1.0 equiv.) and compound 2-153 (100 mg, 0.41 mmol, 1.0 equiv.). The round
bottom flask was then transferred to a glovebox and Cu(OTf)2 (0.12 mg, 0.12 mmol, 0.3 equiv.)

was added to the mixture and the contents were removed from the glovebox and left to stir at room
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temperature under neat conditions for 16 h. The crude material was purified by column
chromatography with 10% to 33% EtOAc/hexanes. (138.1 mg, 0.35 mmol, 84%, 3.7:1 dr).

IH NMR (500 MHz, CDCl3) & 4.05 (s, 2H), 3.90 (s, 2H), 3.74 (s, 3H), 3.45 (s, 3H), 2.30 — 2.24
(m, 4H), 2.24 — 2.19 (m, 2H), 2.05 — 1.97 (m, 2H), 1.71 — 1.64 (m, 2H), 1.60 (t, J = 5.7 Hz, 2H),
1.40 — 1.31 (m, 4H), 1.14 — 1.03 (m, 2H), 0.93 (s, 6H).

13C NMR (176 MHz, CDCls) 6 207.6, 205.4, 171.6, 170.6, 73.1, 70.3, 63.4, 58.8, 52.6, 43.4, 41.2,
38.0,37.2,34.1, 33.3,32.7,30.1, 27.5, 24.7, 24.7, 23.7.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C21H3407 421.2202; Found 421.2196.

IR (film, cm™) 1220, 1240, 1720, 1740, 2850, 2930.

Ethyl (S)-4-chloro-1-((S)-8-(2-methoxyacetoxy)-7,7-dimethyl-2-oxooctan-4-yl)-2-
oxocyclohex-3-ene-1-carboxylate (2-155): A flame-dried round-bottom flask was charged with
compound 2-30 (1.0 g, 4.13 mmol, 1.0 equiv.) and compound 2-153 (0.84 g, 4.13 mmol, 1.0
equiv.). The round-bottom flask was then transferred to a glovebox and Cu(OTf)2 (45.7 mg, 1.24
mmol, 0.3 equiv.) was added to the mixture and the contents were removed from the glovebox and
left to stir at room temperature under neat conditions for 16 h. The crude material was purified by
column chromatography with 10% to 33% EtOAc/hexanes. (1.45 g, 3.26 mmol, 79%, >20:1 dr).

IH NMR (500 MHz, CDCls) & 6.20 (s, 1H), 4.11 —4.08 (m, 2H), 4.06 (d, J = 5.7 Hz, 2H), 4.05 (d,

J=3.4 Hz, 2H), 3.84 (d, J = 10.6 Hz, 1H), 3.82 (s, 1H), 3.46 (s, 3H), 2.88 — 2.81 (m, 2H), 2.67 —
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2.61 (m, 2H), 2.40 (dt, J = 13.7, 4.3 Hz, 1H), 2.27 (dd, J = 18.3, 4.8 Hz, 1H), 2.11 (s, 3H), 2.00
(ddd, J = 13.7, 10.3, 5.4 Hz, 1H), 1.23 — 1.08 (m, J = 7.2 Hz, 5H), 0.86 (s, 6H).

13C NMR (126 MHz, CDCls) § 206.8, 192.6, 170.4, 170.2, 157.1, 128.4, 72.1, 69.7, 61.8, 59.7,
59.4, 44.6, 37.5, 36.1, 33.8, 31.7, 30.0, 27.0, 26.6, 24.3, 24.2, 13.9.

HRMS (ESI-TOF) [M+Na]* m/z: calcd for C22H33ClO7 467.1813; Found 467.1803.

IR (film, cm™) 1180, 1200, 1690, 1720, 1730, 2930, 2950, 2960.

Methyl 3-acetyl-5-bromo-2-butyl-6-oxobicyclo[2.2.2]octane-1-carboxylate (2-176): A flame-
dried round-bottom flask was charged with compound 2-174 (0.11 g, 0.47 mmol, 1.0 equiv.) and
compound 2-28 (0.06 g, 0.47 mmol, 1.0 equiv.). The round-bottom flask was then transferred to a
glovebox and Cu(OTf)2 (0.05 g, 0.14 mmol, 0.3 equiv.) was added to the mixture and the contents
were removed from the glovebox and left to stir at room temperature under neat conditions for 16
h. The resulting crude was dissolved in PhMe (5 mL) and p-TSA (0.02 g, 0.14 mmol, 0.3 equiv.)
was added. The reaction flask was equipped with a Dean-Stark trap for the azeotropic removal of
water and a reflux condenser to be refluxed at 110 °C for 16 h. The crude material was concentrated
in vacuo and purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.03 g, 0.08
mmol, 18%).

IH NMR (500 MHz, CDCls) 8 1H NMR (500 MHz, cdcl3) & 4.50 (s, 1H), 3.71 (s, 3H), 3.03 (s,

1H), 2.87 — 2.80 (m, 1H), 2.65 (s, 1H), 2.23 (s, 3H), 2.12 (tq, J = 6.4, 3.7, 3.2 Hz, 2H), 1.83 — 1.61
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(m, 2H), 1.35 — 1.13 (m, 2H), 1.07 (p, J = 7.3 Hz, 2H), 0.96 — 0.87 (M, 1H), 0.82 (t, J = 7.3 Hz,
3H).
13C NMR (126 MHz, CDCls) § 207.5, 201.3, 170.3, 57.8, 52.8, 52.5, 52.2, 40.4, 38.0, 33.3, 28.8,

28.3, 26.6, 22.3, 21.2, 13.9.

Methyl (4aS,4bS)-7,7-dimethyl-9-0x0-1,3,4,4b,5,6,7,9-octahydrophenanthrene-4a(2H)-
carboxylate (2-181): A flame-dried round-bottom flask was charged with compound 2-130 (1.00
g, 5.94 mmol, 1.0 equiv.) and 90% compound 2-22 (1.03 g, 5.94 mmol, 1.0 equiv.). The round-
bottom flask was then transferred to a glovebox and 98% Cu(OTf)2 (0.66 g, 1.78 mmol, 0.3 equiv.)
was added to the mixture and the contents were removed from the glovebox and left to stir at room
temperature under neat conditions for 16 h. The crude material was passed through a short silica
plug using Et2O as eluant. The resulting solution was evaporated into a round-bottom flask and
dissolved in PhMe (60 mL) and p-TSA (0.23 g, 1.78 mmol, 0.3 equiv.) was added. The reaction
flask was equipped with a Dean-Stark trap for the azeotropic removal of water and a reflux
condenser to be refluxed at 110 °C for 16 h. The crude material was concentrated in vacuo and
purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.78 g, 2.73 mmol,
46%yield of 90% pure mass, 4:1 dr).

1H NMR (400 MHz, CDCl3) § 6.68 (s, 1H), 6.07 (s, 1H), 3.60 (s, 3H), 2.75 (dd, J = 13.5, 1.9 Hz,
1H), 2.45 (d, J = 12.3 Hz, 2H), 2.14 — 2.02 (m, 2H), 1.93 — 1.72 (m, 2H), 1.68 — 1.45 (m, 2H), 1.35

(d, J=9.9 Hz, 2H), 1.21 (td, J = 13.4, 4.2 Hz, 2H), 1.06 (s, 3H), 0.96 (s, 3H).
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13C NMR (126 MHz, CDCls) 6 187.8, 171.7, 161.6, 144.6, 131.5, 128.0, 52.8, 52.1, 45.1, 40.7,
35.6, 35.4, 34.9, 29.9, 28.0, 26.0, 23.3, 21.0.
HRMS (ESI-TOF) [M+Na]" m/z: calcd for C1sH2403 311.1623; Found 311.1621.

IR (film, cm™) 1220, 1670, 1730, 2860, 2930, 2950.

0] Me
MeO Me
o)
o)
Methyl (S)-7,7-dimethyl-1,9-dioxo-1,3,4,5,6,7,8,9-octahydrophenanthrene-4a(2H)-

carboxylate (2-183): A flame-dried round-bottom flask was transferred to a glovebox and 97%
Rha(cap)s (1.4 mg, 0.002 mmol, 0.02 equiv.) was added to flask and then removed from the
glovebox. Compound 2-181 (6.0 mg, 0.21 mmol, 1.0 equiv.) and DCE (0.6 mL) were added to the
reaction flask followed by T-HYDRO (0.23 mL, 1.66 mmol, 8.0 equiv.). The reaction flask was
stirred at room temperature for 48 h. The crude material was extracted using DCM and
concentrated in vacuo, then purified by column chromatography with 10% to 33% EtOAc/hexanes.
(32.5 mg, 0.11 mmol, 52% yield of 90% pure mass).

IH NMR (500 MHz, CDCls) § 6.35 (s, 1H), 3.60 (s, 3H), 2.50 (qt, J = 13.7, 4.7 Hz, 2H), 2.45 —
2.39 (m, 1H), 2.26 (td, J = 13.7, 13.0, 5.4 Hz, 1H), 2.11 — 2.04 (m, 1H), 2.00 — 1.88 (m, 1H), 1.78
(dtd, J=15.9, 8.7, 7.7, 3.8 Hz, 1H), 1.69 — 1.63 (m, 2H), 1.40 (qt, J = 13.2, 4.2 Hz, 2H), 1.27 (d, J
= 5.0 Hz, 2H), 1.25 (s, 3H), 1.24 (s, 3H).

13C NMR (126 MHz, CDCls3) § 199.2, 197.5, 183.1, 169.2, 160.2, 153.7, 134.6, 128.4, 126.9, 53.1,
51.5,48.0,37.4,33.7,29.2, 24.4, 24.0, 21.7.

HRMS (ESI-TOF) [M+H]" m/z: calcd for C1gH2204 303.1596; Found 303.1609.
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IR (film, cm™) 1660, 1720, 1750, 2880, 2930, 2950, 2990.

Me
Me

OH

9-Hydroxy-7,7-dimethyl-3,4,5,6,7,8-hexahydrophenanthren-1(2H)-one (2-189): A flame-
dried round-bottom flask was transferred to a glovebox and LiCl (22.1 mg, 0.52 mmol, 15.0 equiv.)
was added to flask and then removed from the glovebox. Compound 2-183 (10.5 mg, 0.03 mmol,
1.0 equiv.) and DMSO (0.5 mL) were added to the reaction flask. The reaction flask was equipped
with a reflux condenser and heated at 180 °C for 24 h. The crude material was extracted using
DCM and concentrated in vacuo, then purified by column chromatography with 10% to 33%
EtOAc/hexanes. (19.5 mg, 0.02 mmol, 60% of 80% pure mass).

IH NMR (500 MHz, CDCls) § 12.58 (s, 1H), 6.96 (s, 1H), 3.04 — 2.99 (m, 2H), 2.85 (s, 2H), 2.56
—2.49 (M, 2H), 2.34 (t, J = 7.6 Hz, 2H), 2.26 — 2.18 (m, 2H), 1.77 (d, J = 3.5 Hz, 1H), 1.75 (d, J =
3.5 Hz, 1H), 1.32 (s, 6H).

13C NMR (126 MHz, CDCls) & 198.9, 156.5, 138.7, 132.8, 130.9, 129.5, 107.4, 39.9, 38.5, 35.3,
34.1, 28.0, 28.0, 25.9, 23.6, 22.4.

HRMS (ESI-TOF) [M-H] m/z: calcd for C1gH2002 243.1385; Found 243.1377.

IR (film, cm™) 1460, 1650, 2850, 2890, 2920, 2950, 3010.
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CHAPTER Il

Total Synthesis of (+)-Aspewentin A

I11.1 Introduction

The outcomes of the studies in the prior chapter indicated that strategic tricyclic intermediate
2-25 might be utilized in the total synthesis of (+)-aspewentin A ((£)-1-16); however, the undesired
aldol reactivity of the explored unsaturated keto-ester donors meant that they were not readily
applicable to the intended isopimarane scaffold synthesis. This chapter explores the challenges
associated with the installation of the gem-dimethyl substitution pattern and the final route utilized
to synthesize (x)-aspewentin A ((x)-1-16). The synthesis of vinylic acceptor 2-21 remains key to
accomplishing the intended total synthesis and will be described in this chapter. The Rh-oxidation
pathway established in the prior chapter will be explored to its application in leading to the natural
product. Ultimately, this chapter will present several alternative synthetic strategies focused on
raising the yield of the initial Michael C-C bond forming step.

Based on the encouraging model studies resulting in the formation of tricyclic product 2-189,
our initial studies were focused on implementing this approach using actual substrates 2-21 and 2-
22 (Figure 111.1). By utilizing the Cu(ll)-Michael process with donor 2-22 and acceptor 2-21,
intermediate 3-1 can directly undergo a double aldol condensation to yield tricyclic intermediate
2-25. Allylic oxidation of 2-25 would provide product 2-178 that is then ready for decarboxylative
aromatization to phenol 2-177. Methylation of the ketone moiety of 2-177 would then yield (£)-

aspewentin A ((£)-1-16).
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cu(l)
H X Me + é)kOMe _ =
Me / 2-21 2-22

Me

\ decarboxylative
aromatization

OH
o 2177
l methylation
Me
OH
Me Me
(¥)-1-16

(x)-aspewentin A

Figure 111.1 Proposed synthetic pathway leading to (£)-aspewentin A ((x)-1-16).

Our attention turned toward the preparation of acceptor 2-21 to be utilized in the Cu(ll)-
Michael process. The first-generation synthesis targeting aldehyde 2-21 was initiated by stirring
tiglic acid 3-2 with methyl iodide and K>COz in aqueous DMF to yield tiglate ester 3-3 in 59%
yield (Figure 111.2). Tiglate ester 3-3 was added to halide 2-123 via an enolate addition in HMPA
and THF at —78 °C to generate adduct 3-4, containing the desired quaternary stereocenter, in 84%
yield. An attempt to selectively oxidize diene 3-4 using Lemieux-Johnson conditions of
stoichiometric 1,6-lutidine and NalO4 along with catalytic quantities of potassium osmate(V1)
dihydrate (0.02 equiv.) in 1,4-dioxane and H20 gave aldehyde 3-5 in 24% yield. A major
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byproduct, might arise from an osmium-mediated oxidative cyclization has been reported to
produce both pyrrolidines and furans from dienes.*® The 6-membered cyclization is significantly
less reported, but has been observed for the proposed starting materials and intermediates in
ruthenium-mediated™®’ and rhenium-mediated!®® systems. Aldehyde 3-5 was intended to be
applied for Wittig olefination with 1-(triphenylphosphoranylidene)-2-propanone (3-6) to provide
adduct 3-7; however, the low yield of this process lead to interest in an alternative synthetic route
to acceptor 2-21. Elaboration of enone 3-7 to aldehyde 2-21 would have involved a bis-reduction

with LAH to diol 3-8 before a bis-oxidation with DMP to reveal aldehyde 2-21.

/\Hok CHl, K,CO5 /\H(l
X Me™ ™ OM
Me ! OH  DMFM,0,rt M€ i ©
32 © 3.3
59%
LDA, HMPA
33 Y BTN MeQ X
THF Me
2-123 = 3.4
84%
B 2
—
Me” N~ “Me o ’ PhaP e o) o)
K,050,(0H), 36 - N
3-4 . MeO 0 MeOMe Me
NalO, Me/ =
3.5 3-7
24%
' LAH
\
(@] (@] DMP OH OH
S N
H X Me Me Me
Me/ 2-21 = 3-8

Figure 111.2 First-generation synthesis of Michael acceptor 2-21.
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A subsequent second-generation approach to acceptor 2-21 resulted in more efficient access to

this material (Figure 111.3). Tiglate ester 3-3 was added to halide 2-125 via an enolate addition to

generate adduct 3-9, containing the desired C13-quaternary stereocenter, in 71% vyield. Ester 3-9

was then reduced using LAH to the corresponding primary alcohol 3-10 in 93% yield. The silyl

ether moiety of 3-10 was cleaved using TBAF to reveal an allylic alcohol 3-8 in 90% vyield. The

diol 3-8 underwent successful bisoxidation using DMP conditions and afford aldehyde 2-21 in

82% yield.
(0] OTBS (0]
/«\//QQ/L\ LDA, HMPA
Me”™ ™ OMe + Br Me ——mm MeOIVI
e
Me 3.3 2125 THF >
—78 °C—r.t.
71%
LAH
THF
0 °C—r.t.
OH OH
“ TBAF OH
Me Me I
THF Me
= -
3-8 0 °C—r.t. =
DMP 90%
pyridine 82%
0 °C—r.t.
0 (0]
H X Me
Me/ 2-21

Figure 111.3 Second-generation synthesis of Michael acceptor 2-21.

OTBS

Me
3-9

93%

OTBS

3-10

Thus, ester 2-22 and acceptor 2-21 were stirred with Cu(OTf), (0.3 equiv.) under neat

conditions, and the resulting crude Michael reaction product was exposed to catalytic p-TSA (0.3

equiv.) in refluxing PhMe at 110 °C with a Dean-Stark trap for the azeotropic removal of water,
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to provide carbocycle 2-25 in 42% vyield and 4:1 dr (Figure I11.4). Then, substrate 2-25 was
oxidized under optimized conditions with Rhz(cap)s (0.01 equiv., recharged at 24 h) and T-
HYDRO (8 equiv.) in DCE at room temperature for 48 h to give 2-178 in 36% yield. However,
subjecting 2-178 to the decarboxylative process only produced a mixture, and no desired product
2-177 was observed. Failure of the intended decarboxylative aromatization may involve reactivity
of the vinylic group in 2-25 which was not present in the model system developed in the prior
chapter (Figure 11.37). Product 2-177 was intended to participate in a subsequent methylation event
that would provide (+)-aspewentin A ((+)-1-16). The possibility of such a reaction was tested using
model substrate, a-tetralone (3-11), which was efficiently alkylated utilizing previously reported**°
conditions of TiCls (2.2 equiv.) and Zn(CHz3)2 (2.2 equiv.) in DCM to generate gem-dimethyl
product 3-12 in 90% vyield. Considering that the installation of the C13-vinyl group has
significantly reduced the yield for the allylic oxidation and interfered with the formation of 2-177,

the modification of this strategy was required.
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0] ) 1) Cu(OTf),
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neat, r.t.
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Me/ 2) p-TSA
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2-21 PhMe, reflux
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o Me Me
Rh,(cap), MeO \  Licl, DMSO N
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T-HYDRO flux, 150 °C
O reriux OH
36% 0 2-178 O 2477
L TiCl
; Zn(CH3)2
O Me Me Me
TiCl,
. N\
® Zn(CH3), ®
3-11 90% 3-12 OH
a-tetralone Me Me

(£)-aspewentin A
(x)-1-16

Figure 111.4 Synthesis and attempted oxidation of tricycle 2-25.

111.2 Model Studies of gem-Dimethyl Michael Donors

To mitigate these new challenges, we opted to investigate the possibility of the gem-dimethyl
substitution pattern associated with isopimaranes being directly carried into the Cu(ll)-Michael
process with the intention that this concise synthetic approach would enable the total of (%)-
Aspewentin A (1-16) (Figure 111.1). The electronic and steric effect of the gem-dimethyl
substitution pattern of 3-13 on the decarboxylative step is expected to impede the intended process

but will remain favorable given the stability of the aromatized product. The hindered tricycle 3-13
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can be formed directly from the Michael-aldol-aldol cascade if hindered donor 3-14 and acceptor

2-21 are directly implemented in the Cu(Il)-Michael process.

Me Me
\ 0 Me Me OMe
decarboxylative  MeO Michael/ 3

aromatization aldol

OH
Me Me 0] 0]
(*)-1-16 Me Me 3-13
(x)-aspewentin A H " N Me
€/ 2-21

Figure 111.5 Third-generation retrosynthetic analysis of (+)-aspewentin A ((z)-1-16).

Synthesis of gem-dimethyl donor 3-14 was achieved by deprotonating ketone 3-15 using
NaH in THF and then the addition of dimethyl carbonate to yield the product ester 3-14 in 58%

yield (Figure 111.6).

0] (0] 0]
Me NaH Me
Me — » Me OMe
DMC
3-15 3-14
58%

Figure 111.6 Synthesis of gem-dimethyl keto-ester donor 3-14.

When the Cu(I1)-Michael reaction process was tested using sterically hindered gem-dimethyl
Michael donor 3-14 and acceptor 3-15, coupled product 3-16 was isolated with 1:1
diastereoselectivity (Table 111.1). The loss in yield and diastereoselectivity for these reaction
participants, relative to the vinyl chloride donor 2-30, was broadly attributed to the steric bulk of
gem-dimethyl donor 3-14. When Michael donor 3-14 (1.2 equiv.) and acceptor 3-15 (1.0 equiv.)
were stirred with Cu(OTf)2 (0.5 equiv.) for 7 h adduct 3-16 was isolated in 35% (entry 1), or 31%

yield (entry 2), if stirred for 24h. If Cu(OTf). loading was reduced to 0.3 equivalents and stirred
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for 24 h, product 3-16 was isolated in 23% vyield (entry 3). If Michael donor 3-14 was increased to
2.0 equivalents, with Cu(OTf)2 (0.3 equiv.), and the reaction stirred for 48 h then product 3-16 was
isolated in 24% vyield (entry 4) and 20% vyield (entry 5) if stirred for 120h. Aldol condensation
adduct 3-17, resulting from the homo-dimerization of enone 3-15, was generally observed as a
byproduct when hindered donor 3-14 was implemented. Increasing the catalyst loading of this
transformation carried out under neat conditions was found to greatly affect the viscosity of the
reaction mixture and affect its ability to stir as these processes proceeded. This observation may
indicate that as some reaction complexes or intermediates were formed, the bulk properties of the

material mixture became more viscous and hindered magnetic stirring.
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Table I11.1 Reactivity study of donor 3-14 in the Cu(ll)-Michael process.

00 Me MeO
Cu(OTH) Me OMe
2
OMe Mew )J\/OMe Me Ve e}
Me Me  3-15 @)
1:1dr o 3-16
(0]
OMe
dimeric = OJ\/
OM AIdoI Me Me
w )J\/ e | o) 0
Me Me 3-16 OMe
e oA
Me Me
317
entry catalyst catalyst 3-14 time Yield
loading 3-16
1 Cu(OTf)2 0.5equiv. 1.2equiv. 7h 35%
2 Cu(OTf)2 0.5equiv. 1.2equiv. 24h 31%
3 Cu(OTf)2 0.3 equiv. 1.2equiv. 24h 23%
4 Cu(OTf)2 0.3equiv. 2.0equiv. 48h 24%
5 Cu(OTf)2 0.3 equiv. 2.0equiv. 120h 20%

In addition to the synthetic plan depicted in Figure I11.5, a more direct decarboxylative

Michael-aldol approach, previously studied by our research group,*® was implemented towards

the desired tricyclic scaffold by utilizing donor 3-18 and acceptor 2-21 (Figure 111.7). The reaction

was envisioned to proceed through the initial Cu(ll)-mediated formation of adduct 3-19 before an

a-decarboxylation event forms 3-20. Intermediate 3-20 may then undergo a double annulation

event and tautomerization to reveal (+)-aspewentin A ((x)-1-16).
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Figure 111.7 Decarboxylative Michael approach towards a tricyclic scaffold.

The keto-acid donor 3-18 can be derived from 3-14 under hydrolytic conditions of aqueous

NaOH to provide in 48% yield (Figure 111.8).

o O O O
Me NaOH  Me
Me OMe — > Me OH
H,0
3-14 3-18
48%

Figure 111.8 Synthesis of gem-dimethyl keto-acid donor 3-18.

However, when keto-acid 3-18 and enone 3-130 were subjected to the Cu(ll)-Michael
conditions with Cu(OTf), (0.3 equiv.) and then dehydrating conditions of catalytic p-TSA (0.3
equiv.) in refluxing PhMe, only condensation product 3-22 was isolated in 42% yield from the
mixture (Figure 111.9). Similarly, if keto-acid 3-23 and enone 2-130 were subjected to the same
conditions, condensation product 3-22 was isolated in quantitative yield from the mixture, and no

desired tricyclic product 3-24 was observed.
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Figure 111.9 Attempted decarboxylative cascade to construct aspewentin.

Intending that the Michael reaction with an alkyne rather than alkene-containing acceptors may
proceed faster, a decarboxylative Michael approach implementing ynones and keto-acids was
investigated (Figure 111.10). To test this hypothesis, model ketoacid 3-23 and ynone 3-25 were
subjected to Cu(OTf). (0.3 equiv.). The anticipated Cu(ll)-Michael process would lead to the
initial formation of intermediate 3-26 followed by its decarboxylation to 3-27. Intermediate 3-27
was then expected to provide an aromatized product 2-29 via deprotonation of aldol condensation
intermediate 2-28. However, a bicyclic side-product assigned to be compound 2-30 was observed.
Similarly, when the corresponding gem-dimethyl donor 3-18 was implemented in this process, no

formation of aromatized product 3-31 was observed.
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Figure 111.10 Decarboxylative Cu(ll)-catalyzed coupling of ynones and keto-acids.

Surmising that a simple Mukaiyama variant of a Michael reaction may also produce precursor
3-20 (Figure 111.7), the possibility of utilizing this reaction was investigated next (Figure 111.11).
Successful application of silyl enol ether 3-32 and 2-21 to this process, followed by a double
aldol/tautomerization event would directly furnish (x)-aspewentin A ((£)-1-16) via intermediate

3-33.
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Figure 111.11 Mukaiyama-Michael approach to (+£)-aspewentin A ((£)-1-16).
To achieve the synthesis of 3-36, alcohol 2-139 was oxidized using DMP (1.2 equiv.) and

pyridine (2.2 equiv.) in DCM and the resulting crude was subjected to 2-methoxy-1,3-dioxolane
(3-34) and ethylene glycol under acidic conditions to yield dioxolane 3-35 in 65% yield (Figure
111.12). Ruthenium cross-coupling using Grubbs 2" generation catalyst (1-141) synthesized
Michael acceptor 3-36 in 64% yield via from ketone 2-141 and dioxolane 3-35. Silyl enol ether 3-
32 was produced from ketone 3-15 by deprotonation with LDA and then stirred with TMSCI in

THF to provide product 3-32 in quantitative yield (Figure 111.13).
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Figure 111.12 Synthesis of acceptor 3-36.

Me Me
3-36

When the Mukaiyama-Michael of silyl enol ether 3-32 and acceptors 3-36 or 2-130 was

initiated with either TiCls or Zn(OTf), at —78 °C only complex mixtures were observed and no

desired Michael products were isolated.
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Figure 111.13 Reactivity of silyl ether donor 3-32.

Considering that the Cu(ll)-catalyzed Michael reaction of 2-22 and aldehyde-containing enone
2-21 were successfully coupled to produce tricyclic skeleton 2-25, our final third-generation
approach focused on achieving a similar transformation between keto-ester 3-14 and enone 2-21
(Figure 111.14). The successful coupling of 3-14 and 2-21 would result in advanced intermediate

3-31, which could then be subjected to decarboxylative aromatization to yield (+)-aspewentin A
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((£)-1-16). However, the low yields previously observed with 3-14 prompted us to investigate non-

classical methods for achieving more efficient Michael reactions.

Me
\ 0] Me
decarboxylative
aromatization MeO \
OH
Me Me
O 343
(+)-aspewentin A Me Me
(+)-1-16
Michael/
aldol

0o O o) o)
Me
Me OMe + H X “Me
3-14 Me / 2-21

Figure 111.14 Third-generation retrosynthetic analysis of (+)-aspewentin A ((£)-1-16).

Analogous Michael-aldol processes, yielding compact carbocyclic products that implemented
B,B’-disubstituted Michael acceptors have been known to proceed efficiently at 15 kbar of
pressure.!** The effect of high-pressures in organic synthesis is rationalized by a shift in the
equilibrium position for processes based on differences in the volumes of the starting materials to
products but also the catalytic effects on reactivity as described by the volume of activation for
reaction transition states.*2143 Notably, cyclic B,p’-disubstituted Michael acceptors and MeNO;
as nucleophilic donor has also been found to enantioselectively couple in the presence of an
organocatalyst at 10 kbar of pressure.!* In attempt to activate our C-C bond forming process,
donor 3-14 and acceptor 2-28 were reacted with Cu(OTf)2 (0.3 equiv.) under 60,000 psi (4.1 kbar)
of pressure (Figure 111.15). Although this model system did appear to show a slight increase in the

yield of the desired adduct 3-39 at the increased pressure, a switch to more functionally complex
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substrate 2-21 was not found to increase yield at these pressures. However, it should be noted that
higher reaction pressures, such as 10 kbar or 15 kbar, may still prove useful in enabling synthesis
of this hindered scaffold, despite prior literature examples not incorporating functionally complex
substrates. Separately, Mn(OAc)s was utilized in the presence of donor 3-18 and acceptor 2-28 to
form a radical intermediate from donor 3-18 and enable a radical addition pathway with 2-28 and
provide product 3-39 following a terminating HAT process.'*>4¢ The reaction was found not to
proceed in MeCN but gave trace product 3-39 in EtOH at ambient conditions. The addition of

catalytic Cu(OTf)2 did not improve the results of the intended radical addition process.

O O Cu(OTf) 00
0 2
Me 30 mol%)  Me OMe /~Me
Me OMe + )W\/Me — > M
Me e Me
60,000 psi
3-14 2-28 (4.1kbar) 5 a9 \
30%, 1:1 dr

Figure 111.15 High-pressure synthetic approach.
111.3 Total Synthesis of (x)-Aspewentin A ((x)-1-16)

This Michael-aldol process continued to reflect the steric challenges associated with gem-
dimethyl donor 3-14 as its reaction with acceptor 2-130 in the presence of Cu(OTf), (0.3 equiv.)
under neat conditions to form intermediate 3-40, followed by dehydrating conditions of catalytic

p-TSA (0.3 equiv.) in refluxing PhMe at 110 °C with a Dean-Stark trap for the azeotropic removal
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of water to give tricyclized product 3-42 in 16% and 1:1 dr via aldol intermediate 3-41 (Figure

111.16).
O O 1) Cu(OTf),
Me Q Q (30 mol%)
Me OMe + HwMe — >
Me M neat, r.t.
o) Me
MeO Me
(0]
Me Me
3-42
16%, 1:1 dr

Figure 111.16 Synthesis of model intermediate 3-42.
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(@] (@]
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PhMe 16h
e} Me
MeO Me
(6] M @]
Me Me € 3

In attempts to optimize this process, gem-dimethyl donor 3-14 and acceptor 2-130 were treated

with Cu(OTf)2 (0.3 equiv.) under neat conditions to form intermediate 3-40, which was followed

by basic conditions to achieve the aldol reaction. Under these conditions, both the double-

dehydration product 3-42 and mono-dehydration product 3-42 were isolated from the mixture

(Table 111.2). When donor 3-14 (1.2 equiv.) and acceptor 2-130 (1.0 equiv.) were treated with

Cu(OTf)2(0.3 equiv.) under neat conditions, followed by LIHMDS (2.0 equiv.) in THF or Cs2CO3

(2.0 equiv.) in DMF and heated to reflux, 3-42 can be isolated in 13-17% yield and 3-43 in 5-14%

yield (entry 1-4). The combined yields of 3-42 and 3-43 indicate that there are no significant

advantages of one set of conditions versus the others; however, further optimization may enhance

these yields.
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Table 111.2 Base-mediated aldol approach.

o) Me
O O 1) Cu(OTf), MeO Me
Me O O (30 mol%) “
Me OMe * H AN Me —— o
v M neat, r.t.
3-14 e e 2-130 16 h % Ml
Me Me 3-40
— _ 2) base
0 Me
MeO Me
e} Me
MeO Me
O 170 =
M Me Me 3-41 y
O
Mé Me 3-42

entry base solvent 3-14 temperature time yield

1 LIHMDS  THF 1.2 equiv. reflux 1lh 3-42: 15%
(2.0 (80 °C) 3-43: 5%
equiv.)

2 LIHMDS  THF 1.2 equiv. reflux 16 h 3-42: 14%
(2.0 (80 °C) 3-43: 9%
equiv.)

3 Cs2C0s3 DMF 1.2 equiv. reflux 1h 3-42: 17%
(2.0 (180 °C) 3-43: 7%
equiv.)

4 Cs2C0s3 DMF 1.2 equiv. reflux 16 h 3-42: 13%
(2.0 (180 °C) 3-43: 14%
equiv.)

With advance intermediate 3-42 in hand, its decarboxylative aromatization was attempted
using DMSO heated to 180 °C and excess LiCl (Figure 111.17). Although 3-42 lacks a y-o0xo moiety
that reduced the barrier for decarboxylation, product phenol 3-47 was still isolated in 35% vyield.
Following the previously stated mechanistic hypothesis, the decarboxylation process would first

be mediated by a nucleophilic displacement of the methyl group to generate carboxylate 3-44
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before the decarboxylative aromatization step generates the phenolate resonance pairs 3-45 and 3-
46. The protonation of phenolate 3-46 then provides the observed product 3-47. The diminished
yield of this decarboxylative aromatization when compared to the example presented in the prior
chapter was attributed to the steric impedance associated with the gem-dimethyl substitution

pattern, but also the loss of electronic demand associated with the dione substrate 2-183 (Figure

11.37).
o) Me Me
MeO Me LiCl Me
DMSO
0 180 °C OH
Me Me 3-42 Me Me 3-
35% 3-47
/ N\
@ ] N Me ] B Me |
8 Me Me Me
O
Me Me 3-44 Me Me 3-45 Me Me 3-46

Figure 111.17 Decarboxylative aromatization leading to phenol 3-47.

Provided the successful aromatization of the model intermediate 3-42, we next explored
conditions directly leading to (+)-aspewentin A (()-1-16) by implementing acceptor 2-21 and
donor 3-14 to the Cu(ll)-Michael and aldol process (Figure 111.18). When donor 3-14 and acceptor
2-21 were stirred neat in the presence of Cu(OTf), (0.3 equiv.) to generate intermediate 3-48,
followed by dehydrating conditions of catalytic p-TSA (0.3 equiv.) in refluxing PhMe at 110 °C
with a Dean-Stark trap for the azeotropic removal of water, the desired dehydrated aldol product
3-13 was obtained in 9% yield and 1.4:1 dr. However, if the crude product mixture from this aldol

149



process was subjected to the decarboxylative aromatization step with DMSO at 180 °C and excess

LiCl, this protocol directly furnished (x)-aspewentin A ((£)-1-16) in 2% yield over the three steps.

Although this synthetic route enables the rapid generation of complex molecular architecture, the

yield of (£)-aspewentin A ((£)-1-16) was likely impacted by the steric impedance of Michael donor

3-14 as well as the chemical reactivity of the vinylic substituent of Michael acceptor 2-21, often

not present during the prior model studies. Spectral features of the newly synthesized (%)-

aspewentin A ((x)-1-16) matched those of both previously reported natural and synthetically

generated aspewentin A 3%

Me (0] 0]
+
Meﬁé/mom H N e
314 Me/ 2-21
Me 0 0 0 0
+
Meﬁé)kOMe " N e
314 Me/ 2-21
Michael
reaction

double
aldol

_

condensation

1) Cu(OTf),, neat ~ MeO

2) pTSA, PhMe
reflux, Dean-Stark

Me Me 3-13
9%, 1.4:1 dr
Me
1) Cu(OTf),, neat \
2) pTSA, PhMe
reflux, Dean-Stark OH
3) LiCl
DMSO, 180 °C Me Me

. (+)-aspewentin A
2% (+)-1-16

decarboxylative
aromatization

Figure 111.18 Key cyclization generating (x)-aspewentin A ((z)-1-16).
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I11.4 Conclusion/Summary

Thus, a tandem Cu(ll)-Michael/aldol strategy to rapidly access highly congested carbocycles
was applied for the total synthesis of (£)-aspewentin A ((£)-1-16). The key synthetic reaction was
achieved using Cu(OTf). as the catalyst under neat conditions to enable an initial C-C bond
formation and then condense the intermediate to generate a highly substituted fused tricycle under
the dehydrative aldol conditions. This newly established route to access (x)-aspewentin A ((z)-1-
16) can potentially be made enantioselective by enantioenriching Michael acceptor 2-21. Previous
work in our group by Brian Larsen has established a synthetic pathway to (R)-2-21 via
diastereoselective synthesis of intermediate amide 3-51 from butenamide 3-49 and iodoalkane 3-
50 (Figure 111.19).247 Implementation of (R)-2-21 in the described synthetic pathway offers rapid

access to natural, enantioenriched (+)-aspewentin A (1-16).

O Ph
“ _Ph
Me/\)J\N/Y
Me  on AN
3-49 Megs
. OMH
Me (e}
- OTBS (R)-2-21
| Me
3-50

Figure 111.19 Precedent synthesis of enantioenriched Michael acceptor (R)-2-21.

During the total synthesis of (+)-aspewentin A ((£)-1-16), establishing a synthetic route to
racemic 2-21 became necessary to enable synthetic studies on the isopimarane scaffold. Although
the vinylic scaffold appeared to tolerate the Rh-mediated allylic oxidation chemistry, the high
temperature reflux associated with the Krapcho conditions in DMSO may have impacted the
viability of this synthetic pathway. The final yield resulting from each decarboxylative

aromatization pathway may be improved if either the proper alkenyl masking group is applied or
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if an appropriate nucleophile can enable the process of ester demethylation under more mild
conditions. An alternative to the Rh-oxidation pathway was the direct implementation of a gem-
dimethyl donor to the Cu(Il)-Michael and aldol cascade. Although the gem-dimethyl substitution
pattern was expected to inhibit the reactivity of these processes it would circumvent the issues
associated with alternative functionalization of the tricyclic intermediate, as described in the prior
chapter and in implementation of acceptor 2-21 to this chemistry. Several alternative synthetic
strategies to better enable the C-C coupling of the initial Michael process were investigated but
none were found to significantly enable the desired process using a gem-dimethyl donor. By
directly implementing donor 3-14 and acceptor 2-21 in the tandem Michael, aldol, and
decarboxylative process (z)-aspewentin A ((x)-1-16) can be synthesized in 8 overall steps in a
convergent manner. Establishment of this synthetic methodology helps to improve the general
accessibility to these structures and to possible structural analogues that may be desirable for
therapeutic or other industrial applications. The development of novel synthetic approaches may
also help to better inform the next generation of improved synthetic pathways to these aspewentins

and other desirable isopimaranes.
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I11.5 Graphical Summary
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111.6 Experimental

Methods and Reagents:

Unless otherwise stated, all reagents and solvents were purchased from commercial sources and
were used as received without further purification unless otherwise specified. DCM, DMF, Et.0,
THF, PhMe, were purified by Innovative Technology’s Pure-Solve System using basic alumina.
All reactions were carried out under a positive pressure of nitrogen in flame- or oven-dried
glassware with magnetic stirring. Reactions were cooled using an external cooling bath of ice water
(0 °C), sodium chloride/ice water (—20 °C), dry ice/acetonitrile (—40 °C), or dry ice/acetone (-78
°C). Heating was achieved by use of a silicone oil bath with heating controlled by an electronic
contact thermometer. Deionized water was used in the preparation of all aqueous solutions and for
all aqueous extractions. Solvents used for extraction and chromatography were ACS or HPLC
grade. Purification of reaction mixtures was performed by flash chromatography using SiliCycle
SiliaFlash P60 (230-400 mesh). Yields indicate the isolated yield of the title compound with >95%
purity as determined by 'H NMR analysis. Diastereomeric ratios were determined by *H NMR
analysis. 'H NMR spectra were recorded on a Varian vnmrs 700 (700 MHz), 600 (600 MHz), 500
(500 MHz), 400 (400 MHz), Varian Inova 500 (500 MHz), or a Bruker Advance Neo 500 (500
MHz) spectrometer and chemical shifts (8) are reported in parts per million (ppm) with solvent
resonance as the internal standard (CDClz at 6 7.26, CD3OD at 6 3.31, CeDg at 6 77.06). Tabulated
1H NMR Data are reported as s = singlet, d = doublet, t = triplet, g = quartet, gn = quintet, sext =
sextet, m = multiplet, ovrlp = overlap, and coupling constants in Hz. Proton-decoupled **C NMR
spectra were recorded on Varian vamrs 700 (700 MHz) spectrometer and chemical shifts (8) are
reported in ppm with solvent resonance as the internal standard (CDCls at 6 77.16, CD3OD at 6
49.0, Ce¢Ds at 6 128.1). High resolution mass spectra (HRMS) were performed and recorded on
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Micromass AutoSpec Ultima or VG (Micromass) 70-250-S Magnetic sector mass spectrometers
in the University of Michigan mass spectrometry laboratory. Infrared (IR) spectra were recorded
as thin films a Perkin Elmer Spectrum BX FT-IR spectrometer. Absorption peaks are reported in
wavenumbers (cm™).

Instrumentation:

All spectra were recorded on Varian vnmrs 700 (700 MHz), Varian vhmrs 500 (500 MHz),
Varian MR400 (400 MHz), Varian Inova 500 (500 MHz) spectrometers and chemical shifts (8)
are reported in parts per million (ppm) and referenced to the H signal of the internal
tetramethylsilane according to IUPAC recommendations. Data are reported as (br = broad, s =
singlet, d = doublet, t = triplet, g = quartet, gn = quintet, sext = sextet, m = multiplet; coupling
constant (S) in Hz; integration). High resolution mass spectra (HRMS) were recorded on
MicromassAutoSpecUItima or VG (Micromass) 70-250-S Magnetic sector mass spectrometers in
the University of Michigan mass spectrometry laboratory. Infrared (IR) spectra were recorded as
thin films on NaCl plates on a Perkin EImer Spectrum BX FT-IR spectrometer. Absorption peaks

were reported in wavenumbers (cm™).

O

MeO)J\(\Me

Me

Methyl (E)-2-methylbut-2-enoate (3-3): A flame-dried round bottom flask was charged with
K2COs (45.55 g, 329.60 mmol, 1.10 equiv.) and wetted with DMF (600 mL) and H.O (60 mL).
Compound 3-2 (30.00 g, 299.64 mmol, 1.00 equiv.) was added to the heterogeneous mixture and

allowed to stir for 30 minutes at room temperature. The reaction flask was then cooled to 0 °C and
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Mel (20.52 mL, 329.60 mmol, 1.10 equiv.) was slowly added to the reaction flask with vigorous
stirring. The contents were left to slowly warm to room temperature and left to stir for 16 h. The
reaction was then partitioned with EtO (50 mL) and aqueous layer was adjusted to pH 7 using 5%
HCI and then extracted with Et.O (3x 30 mL). The organic layer was washed with 1:1 NaHCOs
(sat.): NaCl (sat.) (5x 20 mL), dried over NazSQys, decanted, and then slowly concentrated in vacuo.
The crude material was purified by column chromatography with 10% to 75% Et>O/hexanes.
(23.23 g, 203.49 mmol, 68%).

IH NMR (600 MHz, CDCl3) 5 6.82 (q, J = 7.0 Hz, 1H), 3.70 (s, 3H), 1.80 (s, 3H), 1.76 (d, J = 7.0

Hz, 3H).

HRMS (ESI-TOF) [M+Na]" m/z: calcd for CsH1002 137.0578; Found 137.0585.

Methyl 2-methyl-2-vinylhex-5-enoate (3-4): A flame-dried round bottom flask was charged with
prepared LDA (17.52 mmol, 1.0 equiv.), HMPA (4.0 mL), ans THF (40 mL) at—78 °C. Compound
3-3(2.00 g, 17.52 mmol, 1.0 equiv.) was then added to the cooled solution of LDA dropwise over
the course of 5 minutes. The reaction flask was warmed to 0 °C and allowed to stir for 30 minutes
and then cooled again to —78 °C. Compound 2-123 (1.83 mL, 17.52 mmol, 1.0 equiv.) was added
to the cooled solution dropwise. The contents were left to slowly warm to room temperature and
left to stir for 16 h. The reaction was then quenched with NH4Cl (sat.) and extracted with EtOACc

(3x 20 mL). The organic layer was washed with NH4ClI (sat.) (2x 20 mL), NaCl (sat.) (2x 20 mL),
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dried over Na>SOg, decanted, and then concentrated in vacuo. The crude material was purified by
column chromatography with 10% to 33% EtOAc/hexanes. (2.95 g, 14.79 mmol, 84%).

'H NMR (500 MHz, CDCls) 6 6.02 (dd, J = 17.5, 10.8 Hz, 1H), 5.78 (ddt, J = 16.8, 10.1, 6.5 Hz,
1H), 5.12 (d, J = 8.8 Hz, 1H), 5.09 (d, J = 15.5 Hz, 1H), 5.01 (dg, J = 17.2, 1.7 Hz, 1H), 4.96 —
4.91 (m, 1H), 3.68 (s, 3H), 2.65 (d, J = 9.3 Hz, 2H), 2.07 — 1.91 (m, 2H), 1.86 — 1.77 (m, 1H), 1.69

(dd, J = 11.4, 5.3 Hz, 1H), 1.29 (s, 3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for C1oH1602 169.1223; Found 169.1227.

Methyl 2-methyl-5-0x0-2-vinylpentanoate (3-5): A flame-dried round bottom flask was charged
with K2[OsO2(OH)4] (0.02 g, 0.06 mmol, 0.02 equiv.) under the inert atmosphere of a glove box.
The flask was removed from the glove box and its solid material was dissolved in 4:1 1,4-dioxane/
H20 (25 mL) and cooled to 0 °C. Compound 3-4 (0.50 g, 2.97 mmol, 1.0 equiv.) and 98% 2,6-
lutidine (1.40 mL, 11.89 mmol, 4.0 equiv.) were added to the reaction flask followed by NalO4
(1.27 g, 5.94 mmol, 2.0 equiv.) at 0 °C. The reaction flask was allowed to slowly warm to room
temperature and left to stir at room temperature for 6 h. DCM (20 mL) was used to partition the
organic materials into an organic layer. The organic layer was isolated, washed by NaCl (sat.) (2x
5 mL), dried over Na,SOgs, decanted, and then concentrated in vacuo. The crude material was

purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.13 g, 0.74 mmol, 25%).
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IH NMR (400 MHz, CDCls) § 9.75 (s, 1H), 5.96 (dd, J = 17.5, 10.7 Hz, 1H), 5.16 (dd, J = 10.8,
0.7 Hz, 1H), 5.11 (dd, J = 17.5, 0.7 Hz, 1H), 3.68 (s, 3H), 2.47 — 2.39 (m, 2H), 2.00 (qdd, J = 14.0,

9.1, 6.4 Hz, 2H), 1.28 (s, 3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for CeH1403171.1016; Found 171.1028.

0] OTBS

MeO Me
Me/

Methyl (E)-7-((tert-butyldimethylsilyl)oxy)-2-methyl-2-vinyloct-5-enoate (3-9): A flame-dried
round bottom flask was charged with prepared LDA (10.22 mmol, 3.0 equiv.), HMPA (2.0 mL),
and THF (30 mL) at —78 °C. Compound 3-3 (1.16 g, 10.22 mmol, 3.0 equiv.) was then added to
the cooled solution of LDA dropwise. The reaction flask was warmed to 0 °C and allowed to stir
for 30 minutes and then cooled again to —78 °C. Compound 2-125 (1.0 g, 3.41 mmol, 1.0 equiv.)
was added to the cooled solution dropwise. The contents were left to slowly warm to room
temperature and left to stir for 16 h. The reaction was then quenched with NH4Cl (sat.) and
extracted with EtOAc (3x 20 mL). The organic layer was washed with NH4Cl (sat.) (2x 10 mL),
NaCl (sat.) (2x 10 mL), dried over Na.SOa, decanted, and then concentrated in vacuo. The crude
material was purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.80 g, 2.42
mmol, 71%).

IH NMR (500 MHz, CDCls) & 6.33 (dt, J = 16.8, 10.3 Hz, 1H), 6.16 (dd, J = 15.3, 10.5 Hz, 1H),
5.72 (dd, J = 15.3, 5.6 Hz, 1H), 5.18 (d, J = 15.1 Hz, 2H), 5.05 (d, J = 9.2 Hz, 1H), 3.74 (s, 3H),
1.86 (m, 4H), 1.85 (m, 5H), 1.80 (dt, J = 7.1, 1.0 Hz, 2H), 1.29 (d, J = 7.2 Hz, 2H), 1.24 (d, ] = 6.3

Hz, 3H), 0.91 (s, 9H), 0.07 (s, 6H).
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13C NMR (176 MHz, CDCls) & 175.3, 143.3, 133.7, 130.8, 114.8, 70.2, 52.6, 42.5, 36.6, 31.2,
25.9,24.8,24.8,24.8,24.0,17.8,-4.9, -4.9.
HRMS (ESI-TOF) [M+H]" m/z: calcd for C1sH3403Si 327.2355; Found 327.2353.

IR (film, cm™) 1260, 1720, 2860, 2910, 2930, 2960.

OH OTBS
X Me
Me
=

(E)-7-((tert-Butyldimethylsilyl)oxy)-2-methyl-2-vinyloct-5-en-1-ol (3-10): A flame-dried round
bottom flask was charged with 95% LAH (0.18 g, 4.44 mmol, 2.0 equiv.) and Et,O (15 mL) and
cooled to 0 °C. Compound 3-9 (0.73 g, 2.22 mmol, 1.0 equiv.) was added dropwise to the cooled
mixture over the course of 5 minutes. The reaction mixture was allowed to slowly warm to room
temperature with vigorous stirring while being monitored for uncontrolled production of hydrogen
gas byproduct. The contents were left to stir at room temperature for 4 h. The reaction was then
cooled to 0 °C and DI H20O was slowly added dropwise to the reaction mixture until bubbling
slows. Then, NH4CI (sat.) was added to the reaction mixture slowly until bubbling stops and
aluminum clumping is dispersed. The organic layer was washed by NaCl (sat.) (2x 10 mL), dried
over Na>SOgs, decanted, and then concentrated in vacuo. The crude material was purified by
column chromatography with 10% to 33% EtOAc/hexanes. (0.62 g, 2.07 mmol, 93%).

IH NMR (500 MHz, CDCls) § 5.73 (dd, J = 17.6, 10.9 Hz, 1H), 5.54 (dt, J = 15.5, 6.5 Hz, 1H),
5.45 (dd, J = 15.3, 5.6 Hz, 1H), 5.19 (d, J = 10.9 Hz, 1H), 5.07 (d, J = 17.6 Hz, 1H), 4.25 (p, J =
5.9 Hz, 1H), 3.41 (d, J = 10.6 Hz, 1H), 3.36 (d, J = 10.6 Hz, 1H), 2.03 — 1.90 (m, 2H), 1.46 — 1.35

(m, 3H), 1.19 (d, J = 6.3 Hz, 3H), 1.04 (s, 3H), 0.90 (s, 9H), 0.06 (d, J = 3.9 Hz, 6H).
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13C NMR (176 MHz, CDCls) 6 143.7,134.0, 131.1, 114.8, 72.7, 70.6, 42.5, 36.9, 31.2, 25.9, 24.9,
24.9,24.9,24.0,22.6,17.8, -4.9, -4.9.
HRMS (ESI-TOF) [M+H]" m/z: calcd for C17H340,Si 299.2406; Found 299.2398.

IR (film, cm™) 2860, 2880, 2900, 2930, 2960.

(E)-2-Methyl-2-vinyloct-5-ene-1,7-diol (3-8): A flame-dried round bottom flask was charged
with compound 3-10 (0.98 mg, 3.27 mmol, 1.0 equiv.) in THF (5.0 mL) and cooled to 0 °C. 1M
TBAF (11.46 mL, 11.46 mmol, 3.5 equiv.) was added to the cooled mixture. The reaction flask
was allowed to slowly warm to room temperature and left to stir at room temperature for 16 h.
NH4CI (sat.) was added to quench the reaction mixture. Et2O (10 mL) was used to partition the
organic materials into an organic layer. The organic layer was isolated, washed by NaCl (sat.) (2x
5 mL), dried over Na,SOs, decanted, and then concentrated in vacuo. The crude material was
purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.54 g, 2.95 mmol, 90%).
IH NMR (500 MHz, CDCls) § 5.70 (dd, J = 17.6, 10.9 Hz, 1H), 5.62 (dt, J = 15.3, 6.6 Hz, 1H),
5.51 (dd, J = 15.4, 6.6 Hz, 1H), 5.17 (d, J = 10.9 Hz, 1H), 5.05 (d, J = 17.7 Hz, 1H), 4.24 (p, J =
6.4 Hz, 1H), 3.39 (d, J = 10.6 Hz, 1H), 3.34 (d, J = 10.6 Hz, 1H), 1.97 (tt, J = 13.8, 7.0 Hz, 2H),
1.58 (s, 1H), 1.54 (s, 1H), 1.46 — 1.34 (m, 2H), 1.24 (d, J = 6.4 Hz, 3H), 1.01 (s, 3H).

13C NMR (126 MHz, CDCls) § 143.7, 134.0, 131.1, 114.8, 70.1, 68.9, 42.2, 36.5, 26.5, 23.4, 19.6.
HRMS (ESI-TOF) [M+Na]" m/z: calcd for C11H2002 207.1361; Found 207.1367.

IR (film, cm™) 2920, 2940, 2970, 3260, 3330, 3350.
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(E)-2-Methyl-7-oxo-2-vinyloct-5-enal (2-21): A flame-dried round bottom flask was charged
with 95% DMP (3.08 g, 6.90 mmol, 2.6 equiv.) under the inert atmosphere of a glove box. The
flask was removed from the glove box and its solid material was dissolved in DCM (25 mL) and
cooled to 0 °C. Compound 3-8 (0.49 g, 2.65 mmol, 1.0 equiv.) was added to the cooled mixture
followed by a dropwise addition of pyridine (0.86 mL, 10.61 mmol, 4.0 equiv.). The reaction flask
was allowed to slowly warm to room temperature and left to stir at room temperature for 16 h.
NaHCO:s (sat.) (10 mL) and Na2S203 (sat.) (10 mL) was added to quench the reaction mixture and
left stirring for 30 minutes. The organic layer was washed by NaHCO3 (sat.) (2x 10 mL), NaCl
(sat.) (2x 10 mL), dried over Na2SOs, decanted, and then concentrated in vacuo. The crude material
was purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.39 g, 2.17 mmol,
82%).
IH NMR (500 MHz, CDCls) 6 9.38 (s, 1H), 6.77 (dtd, J = 15.9, 6.8, 2.2 Hz, 1H), 6.08 (dd, J =
15.9, 2.0 Hz, 1H), 5.76 (ddd, J = 17.7, 10.9, 2.2 Hz, 1H), 5.33 (dd, J = 10.8, 2.1 Hz, 1H), 5.16 (dd,
J=17.6, 2.1 Hz, 1H), 2.24 (s, 3H), 2.22 — 2.13 (m, 2H), 1.75 (dt, J = 10.6, 5.7 Hz, 2H), 1.21 (s,
3H).
13C NMR (151 MHz, CDCls) § 202.1, 198.6, 147.3, 138.1, 131.6, 117.7, 52.6, 33.6, 27.2, 27.1,
18.0.
HRMS (ESI-TOF) [M+H]* m/z: calcd for C11H1602 181.1229; Found 181.1238.

IR (film, cm) 1670, 1720, 2920, 2940, 2950, 2970.
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Methyl (4aS,4bS)-7-methyl-9-oxo-7-vinyl-1,3,4,4b,5,6,7,9-octahydrophenanthrene-4a(2H)-
carboxylate (2-25): A flame-dried round-bottom flask was charged with 90% compound 2-22
(0.14 g, 0.89 mmol, 1.0 equiv.) and compound 2-21 (0.16 g, 0.89 mmol, 1.0 equiv.). The round-
bottom flask was then transferred to a glovebox and 98% Cu(OTf)2 (0.10 g, 0.28 mmol, 0.3 equiv.)
was added to the mixture and the contents were removed from the glovebox and left to stir at room
temperature under neat conditions for 16 h. The crude material was passed through a short silica
plug using Et20 as eluant. The resulting solution was evaporated into a round bottom flask and
dissolved in PhMe (10.0 mL), and p-TSA (0.03 g, 0.28 mmol, 0.3 equiv.) was added. The reaction
flask was equipped with a Dean-Stark trap for the azeotropic removal of water and a reflux
condenser to be refluxed at 110 °C for 16 h. The crude material was concentrated in vacuo and
purified by column chromatography with 10% to 33% EtOAc/hexanes. (0.11 g, 0.37 mmol, 42%

yield of 50% purity, 4:1 dr).

IH NMR (500 MHz, CDCls) 5 6.68 (s, 1H), 6.11 (s, 1H), 5.67 (dd, J = 17.5, 10.5 Hz, 1H), 5.01
(ddd, J = 7.0, 3.4, 1.4 Hz, 1H), 4.73 (dt, J = 17.5, 1.5 Hz, 1H), 3.58 (s, 3H), 2.81 — 2.72 (m, 2H),
2.60 (ddd, J = 13.9, 5.7, 2.8 Hz, 2H), 2.49 — 2.45 (m, 2H), 1.82 — 1.74 (m, 2H), 1.53 — 1.43 (m,

2H), 1.27 (t, J = 7.1 Hz, 2H), 1.15 (s, 3H).

HRMS (ESI-TOF) [M+H]" m/z: calcd for C19H2403 301.1798; Found 301.1806.
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Methyl 7-methyl-1,9-dioxo-7-vinyl-1,3,4,5,6,7,8,9-octahydrophenanthrene-4a(2H)-
carboxylate (2-178): A flame-dried round-bottom flask was transferred to a glovebox and 97%
Rha(cap)s (1.10 mg, 0.002 mmol, 0.01 equiv.) was added, the flask was then removed from the
glovebox. Compound 2-25 (50.0 mg, 0.17 mmol, 1.0 equiv.) and DCE (0.6 mL) were added to the
reaction flask followed by T-HYDRO (0.18 mL, 1.33 mmol, 8.0 equiv.). The reaction mixture was
stirred at room temperature for 48 h. The crude material was extracted using DCM and
concentrated in vacuo, then purified by column chromatography with 10% to 33% EtOAc/hexanes.
(19.1 mg, 0.06 mmol, 36%).

IH NMR (500 MHz, CDCl3) 6 6.38 (s, 1H), 5.95 (dd, J = 17.5, 10.8 Hz, 1H), 5.20 (d, J = 10.8 Hz,
1H), 5.07 (d, J = 17.7 Hz, 2H), 3.60 (s, 3H), 3.06 (dd, J = 20.8, 16.9 Hz, 2H), 2.84 (d, J = 16.4 Hz,
2H), 2.77 (d, J = 17.5 Hz, 2H), 2.58 — 2.48 (m, 2H), 2.47 — 2.39 (m, 2H), 1.90 — 1.75 (m, 2H), 1.70

—1.63 (m, 2H), 1.34 (s, 3H).

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C19H2204 337.1416; Found 337.1417.

Methyl 3,3-dimethyl-2-oxocyclohexane-1-carboxylate (3-14): A flame-dried round-bottom

flask was charged with 95% NaH (2.85 g, 118.86 mmol, 3.0 equiv.) under the inert atmosphere of
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a glove box. The flask was removed from the glove box, and anhydrous THF (50 mL) was added
to the dry material, and then compound 3-15 (5.00 g, 39.62 mmol, 1.0 equiv.) was slowly added
to the reaction mixture followed by dimethyl carbonate (8.34 mL, 99.05 mmol, 2.5 equiv.). The
reaction mixture was then refluxed at 75 °C for 8 h. The reaction was then allowed to come to
room temperature before cooling to 0 °C. DI H20 was used slowly added to the reaction vessel
until the bubbling became to subside. Then, the mixture was partitioned with Et,O (20 mL) and
allowed to warm to room temperature. The aqueous layer was adjusted to pH 7 using 5% HCI and
then extracted with Et,O (3x 30 mL). The organic layer was washed with NH4ClI (sat.) (5 mL),
NaHCO3 (sat.) (20 mL), NaCl (sat.) (20 mL), dried over Na,SQO4, decanted, and then concentrated
in vacuo. The crude material was purified by column chromatography with 10% to 33%
EtOAc/hexanes. (4.27 g, 23.19 mmol, 58%).

IH NMR (500 MHz, CDCl3) & 3.75 (d, J = 2.7 Hz, 3H), 2.23 (t, ] = 6.2 Hz, 1H), 1.64 — 1.58 (m,
2H), 1.58 — 1.51 (m, 2H), 1.33 — 1.25 (m, 2H), 1.19 (s, 6H).

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C10H1603 207.0997; Found 207.1003.

00 Me MeO
Me OMe \\8
o)
Me Me y
o)
Methyl 1-(8-(2-methoxyacetoxy)-7,7-dimethyl-2-oxooctan-4-yl)-3,3-dimethyl-2-

oxocyclohexane-1-carboxylate (3-16): A flame-dried round-bottom flask was charged with
compound 3-15 (100 mg, 0.41 mmol, 1.0 equiv.) and compound 3-14 (109.4 mg, 0.49 mmol, 1.2

equiv. The flask was then transferred to a glovebox and 98% Cu(OTf)2 (76.1 mg, 0.21 mmol, 0.3
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equiv.) was added to the mixture and the contents were removed from the glovebox and left to stir
at room temperature under neat conditions for 16 h. The crude material was purified by column
chromatography with 10% to 33% EtOAc/hexanes. (54.8 mg, 0.13 mmol, 31%, 1:1 dr).

IH NMR (500 MHz, CDCls) 6 4.34 (s, 2H), 4.98 (s, 2H), 3.67 (s, 3H), 3.35 (s, 3H), 2.59 — 2.51
(m, 2H), 2.12 — 2.04 (m, 2H), 2.02 — 1.90 (M, 2H), 1.74 — 1.62 (m, 2H), 1.39 — 1.28 (m, 2H), 1.25
—1.18 (m, 3H), 1.18 — 1.11 (m, 2H), 1.10 (s, 6H), 1.08 — 1.05 (m, 1H), 0.91 (s, 6H).

13C NMR (176 MHz, CDCls) 6 216.0, 207.9, 172.2, 170.6, 73.1, 70.3, 64.5, 58.8, 52.6, 44.3, 43 .4,
39.2, 38.0, 37.7, 34.2, 32.6, 30.2, 27.7, 27.6, 27.6, 24.7, 24.7, 19.9.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C23sHzsO7 449.2515; Found 449.2539.

IR (film, cm™) 1230, 1250, 1720, 1740, 2840, 2950.

3,3-Dimethyl-2-oxocyclohexane-1-carboxylic acid (3-18): A flame-dried round-bottom flask
was charged with NaOH (0.02 g, 0.60 mmol, 1.10 equiv.) and dissolved with H.O (0.12 mL).
Compound 3-14 (0.10 g, 0.54 mmol, 1.00 equiv.) was added to the mixture and the contents were
left to stir at room temperature for 16 h. The reaction was quenched using 5% HCI (4 mL) and
extracted with Et2O (3x 5 mL). The organic layer was dried over Na>SOa, decanted, and then
concentrated in vacuo. The resulting product was directly used in subsequent reactions. (0.04 g,

0.26 mmol, 48%).

IH NMR (400 MHz, CDCl3) § 2.42 — 2.37 (m, 1H), 1.82 (q, J = 6.4, 5.9 Hz, 2H), 1.76 — 1.70 (m,
2H), 1.66 (g, J = 5.5, 4.8 Hz, 2H), 1.25 (q, J = 4.2, 3.7 Hz, 2H), 1.11 (s, 6H).
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HRMS (ESI-TOF) [M+H]* m/z: calcd for CeH1403 171.1016; Found 171.1128.

<\O
OW
Me Me

2-(2-Methylhex-5-en-2-yl)-1,3-dioxolane (3-35): A flame-dried round bottom flask was charged
with 95% DMP (8.40 g, 18.81 mmol, 1.3 equiv.) under the inert atmosphere of a glove box. The
flask was removed from the glove box and its solid material was dissolved in DCM (90 mL) and
cooled to 0 °C. Compound 2-139 (1.85 g, 14.47 mmol, 1.0 equiv.) was added to the cooled mixture
followed by a dropwise addition of pyridine (2.34 mL, 28.94 mmol, 2.0 equiv.). The reaction flask
was allowed to slowly warm to room temperature and left to stir at room temperature for 6 h.
NaHCOs (sat.) (20 mL) and Na2S203 (sat.) (20 mL) was added to quench the reaction mixture and
let stir 30 minutes. The mixture was partitioned using Et2O (40 mL) and organic layer was washed
by NaHCO3 (sat.) (10 mL), NH4CI (sat.) (10 mL), NaCl (sat.) (10 mL), and then carefully
concentrated in vacuo. The crude material was passed through a short silica plug using Et2O as
eluant. The resulting solution was evaporated into a round bottom flask and dissolved in ethylene
glycol (5.5 mL) and methoxy dioxolane (23 mL) with p-TSA (0.37 g, 2.89 mmol, 0.2 equiv.). The
reaction flask was stirred at 70 °C for 16 h. The reaction was then cooled to room temperature and
quenched with DI H2O (5 mL) and partitioned with Et.O (10 mL). The organic layer was carefully
concentrated in vacuo and purified by column chromatography with 10% to 75% Et>O/hexanes.

(1.60 g, 9.40 mmol, 65%).
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IH NMR (400 MHz, CDCls) § 5.82 (ddt, J = 16.7, 10.1, 6.4 Hz, 1H), 5.01 (dd, J = 17.1, 1.8 Hz,
1H), 4.92 (dd, J = 10.1, 1.2 Hz, 1H), 4.56 (s, 1H), 3.98 — 3.90 (m, 2H), 3.90 — 3.82 (m, 2H), 2.06
(dd, J = 16.6, 7.2 Hz, 2H), 1.45 — 1.37 (m, 2H), 0.91 (s, 3H), 0.91 (s, 3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for C1oH1802 171.1380; Found 171.1388.

{o 0

OWMe

Me Me

(E)-7-(1,3-Dioxolan-2-yl)-7-methyloct-3-en-2-one (3-36): A flame-dried round-bottom flask
was charged with Grubbs 2" generation catalyst (1-141) (0.09 g, 0.10 mmol, 0.01 equiv.) under
the inert atmosphere of a glove box. The flask was removed from the glovebox, and anhydrous
DCM (40 mL) was added. Then, compound 3-35 (1.74 g, 10.22 mmol, 1.0 equiv.) and ketone 2-
141 (1.02 mL, 12.26 mmol, 1.2 equiv.) were added to the reaction mixture. The contents were left
to stir under reflux conditions at 55 °C for 24 h. After this time, the heating was removed, and the
reaction was left to cool to room temperature. The reaction was then directly dry loaded onto silica
by concentration in vacuo. The crude material was purified by flash column chromatography with
10% to 33% EtOAc/hexanes. (1.40 g, 6.58 mmol, 64%).
IH NMR (400 MHz, CDCl3) § 6.81 (dt, J = 15.9, 6.8 Hz, 1H), 6.08 (d, J = 16.0 Hz, 1H), 4.55 (s,
1H), 3.97 — 3.81 (m, 4H), 2.28 — 2.22 (m, 1H), 2.23 (s, 3H), 1.52 — 1.43 (m, 2H), 0.92 (s, 3H), 0.92
(s, 3H).

HRMS (ESI-TOF) [M+H]" m/z: calcd for C12H2003 213.1485; Found 213.1492.
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MeO Me
o
Me Me
Methyl (4aS,4bS)-1,1,7,7-tetramethyl-9-o0xo0-1,3,4,4b,5,6,7,9-octahydrophenanthrene-

4a(2H)-carboxylate (3-42): A flame-dried round-bottom flask was charged with compound 2-130
(31.7 mg, 1.88 mmol, 1.0 equiv.) and compound 3-14 (0.52 g, 2.82 mmol, 1.5 equiv.). The round-
bottom flask was then transferred to a glovebox and 98% Cu(OTf). (208.4 mg, 0.56 mmol, 0.3
equiv.) was added to the mixture, and the reaction vessel was removed from the glovebox and left
to stir at room temperature under neat conditions for 16 h. Upon completion, the crude material
was passed through a short silica plug using Et2O as eluant. The resulting solution was evaporated
into a round bottom flask and dissolved in toluene (4.0 mL) and p-TSA (72.1 mg, 0.56 mmol, 0.3
equiv.) was added. The reaction flask was equipped with a Dean-Stark trap for the azeotropic
removal of water and a reflux condenser to be refluxed at 110 °C for 16 h. The crude material was
concentrated in vacuo and purified by column chromatography with 10% to 33% EtOAc/hexanes.
(94.5 mg, 0.30 mmol, 16% vyield of 50% pure mass, 1:1 dr).

IH NMR (400 MHz, CDCls3) 5 6.68 (s, 1H), 6.07 (s, 1H), 3.60 (s, 3H), 2.75 (dd, J = 13.5, 1.9 Hz,
1H), 2.45 (d, J = 12.3 Hz, 2H), 2.14 — 2.02 (m, 2H), 1.93 — 1.72 (m, 2H), 1.68 — 1.45 (m, 2H), 1.35
(d, = 9.9 Hz, 2H), 1.21 (td, J = 13.4, 4.2 Hz, 2H), 1.27 (br s, 3H), 1.24 (br s, 3H), 1.07 (s, 3H),
0.95 (s, 3H).

13C NMR (126 MHz, CDCIs) § 187.9, 176.9, 169.8, 143.4, 133.9, 119.9, 52.6, 50.8, 42.1, 41.5,
38.3, 37.5, 35.0, 33.0, 30.3, 30.2, 29.6, 29.6, 20.5, 17.2.

HRMS (ESI-TOF) [M+Na]" m/z: calcd for C20H2s03 339.1936; Found 339.1939.
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IR (film, cm™) 1230, 1670, 1730, 2870, 2920, 2940.

Me
Me

OH
Me Me

1,1,7,7-Tetramethyl-1,2,3,4,5,6,7,8-octahydrophenanthren-9-ol (3-47): A flame-dried round-
bottom flask was charged with LiCl (24.7 mg, 0.58 mmol, 15.0 equiv.) under the inert atmosphere
of a glove box. Compound 3-42 (12.3 mg, 0.03 mmol, 1.0 equiv.) and DMSO (1.0 mL) were added
to the reaction flask. The reaction flask was equipped with a reflux condenser and heated at 180
°C for 24 h. The crude material was extracted using DCM and concentrated in vacuo, then purified
by column chromatography with 10% to 33% EtOAc/hexanes. (3.5 mg, 0.01 mmol, 35%).

IH NMR (500 MHz, CDCls) § 12.47 (s, 1H), 6.84 (s, 1H), 2.76 (t, ] = 6.4 Hz, 1H), 2.52 (t, J = 6.5
Hz, 1H), 1.94 (t, J = 6.4 Hz, 1H), 1.84 — 1.79 (m, 1H), 1.64 — 1.60 (m, 2H), 1.28 (s, 6H), 1.22 (s,
6H).

13C NMR (126 MHz, CDCI3) § 161.0, 155.9, 142.3, 134.5, 124.7, 113.4, 41.1, 38.4, 35.9, 35.0,
31.7,31.7, 27.8, 26.9, 24.6, 23.4, 23.4, 19.4.

HRMS (ESI-TOF) [M-H] m/z: calcd for C1gH2002 257.1905; Found 257.19009.

IR (film, cm™) 1360, 1470, 2840, 2930, 2990.
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Methyl  (4aS,4bS)-1,1,7-trimethyl-9-oxo-7-vinyl-1,3,4,4b,5,6,7,9-octahydrophenanthrene-
4a(2H)-carboxylate (3-13): A flame-dried round-bottom flask was charged with compound 3-14
(0.88 g, 4.76 mmol, 1.2 equiv.) and compound 2-21 (0.72 g, 3.97 mmol, 1.0 equiv.). The round-
bottom flask was then transferred to a glovebox and 98% Cu(OTf)2 (0.44 g, 1.19 mmol, 0.3 equiv.)
was added to the mixture and the contents were left to stir at room temperature under neat
conditions for 16 h. The crude material was passed through a short silica plug using Et>O as eluant.
The resulting solution was evaporated into a round bottom flask and dissolved in PhMe (70 mL)
and p-TSA (0.15 g, 1.19 mmol, 0.3 equiv.) was added. The reaction flask was equipped with a
Dean-Stark trap for the azeotropic removal of water and a reflux condenser to be refluxed at 110
°C for 16 h. The crude organic material was purified by column chromatography with 10% to
33% EtOAc/hexanes. (0.11 g, 0.35 mmol, 9%, 1.4:1 dr).

IH NMR (400 MHz, CDCls) § 6.37 (s, 1H), 6.22 (s, 1H), 5.77 (dd, J = 17.5, 10.6 Hz, 1H), 5.07 —
4.98 (m, 2H), 3.60 (s, 3H), 2.22 — 2.15 (m, 2H), 2.09 (m, 2H), 1.98 — 1.91 (m, 2H), 1.17 (dd, J =
4.2,1.5 Hz, 2H), 1.15 — 1.13 (m, 2H), 1.13 — 1.10 (m, 3H), 1.04 (s, 6H), 0.96 (s, 3H).

HRMS (ESI-TOF) [M+H]* m/z: calcd for C21H2803 329.2111; Found 329.2102.

Me

OH
Me Me

1,1,7-Trimethyl-7-vinyl-1,2,3,4,5,6,7,8-octahydrophenanthren-9-ol ((x)-aspewentin A ((£)-1-
16)): To a flame-dried round bottom-flask was charged with compound 3-14 (112.7 mg, 0.61
mmol, 1.2 equiv.) and compound 3-21 (91.9 mg, 0.51 mmol, 1.0 equiv.). The flask was then

transferred to a glovebox, and 98% Cu(OTf); (55.3 mg, 0.15 mmol, 0.3 equiv.) was added to the
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mixture, and the contents were left to stir at room temperature under neat conditions for 16 h. The
crude material was then passed through a short silica plug using Et2O as eluant. The resulting
solution was evaporated into a round bottom flask and dissolved in PhMe (5 mL), and p-TSA (19.1
mg, 0.15 mmol, 0.3 equiv.) was added. The reaction flask was equipped with a Dean-Stark trap
for the azeotropic removal of water and a reflux condenser to be refluxed at 110 °C for 16 h. The
crude material was passed through a short silica plug using Et>O as eluant. The collected solution
was evaporated into a dry round-bottom flask and then transferred to a glovebox where LiCl (324
mg, 7.65 mmol, 15.0 equiv.) was added to the mixture. The contents of the flask were then
dissolved in DMSO (5.0 mL) and heated to 180 °C for 24 h. The solution was diluted with DCM
and washed by 1:1 DI H20: NaCl (sat.) (3x 10 mL). The crude organic material was concentrated
in vacuo and purified by column chromatography with 10% to 33% EtOAc/hexanes. (2.9 mg, 0.01
mmol, 2% yield of 80% purity).

IH NMR (500 MHz, CDCls) § 6.66 (s, 1H), 5.89 (dd, J = 17.5, 10.8 Hz, 1H), 4.98 (d, J = 17.6 Hz,
1H), 4.95 (d, J = 10.6 Hz, 1H), 4.44 (s, 1H), 2.64 (d, J = 16.4 Hz, 1H), 2.55 (t, J = 6.7 Hz, 2H),
2.48 (t, J = 6.6 Hz, 2H), 2.44 (d, J = 16.5 Hz, 1H), 1.82 — 1.79 (m, 2H), 1.73 — 1.70 (m, 1H), 1.66
—1.62 (m, 1H), 1.62 — 1.59 (M, 2H), 1.26 (s, 3H), 1.26 (s, 3H), 1.09 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 151.2, 147.2, 143.8, 135.2, 126.4, 119.6, 111.1, 109.9, 38.7, 34.4,
34.0, 33.9, 32.0, 32.0, 26.7, 25.9, 24.3, 19.6.

HRMS (ESI-TOF) [M-H] m/z: calcd for C19H260 269.1905; Found 269.1894.

IR (film, cm™) 1460, 2860, 2890, 2920, 2940, 2960.
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Table 111.3 *H NMR comparison of synthetic and natural aspewentin A.

12 Me

carbon Synthetic Natural Appm
assignment  (x)-Aspewentin A (+)-Aspewentin A%

IH NMR (500 MHz, 'H NMR (500 MHz,

cDCly) CDCly)
6 6.66 (s, 1H) 6.66 (s, 1H) 0.00
15a 3.28‘91|(_(|i)d, J =175, 10.8 E|'28'91|(-c|j)d’ J =176, 10.8 0.00
16a 4.98 (d, J = 17.6 Hz, 1H) ;‘ﬁ)e’ (brd, =176 Hz, 4,
16b 4.95 (d, J = 10.6 Hz, 1H) ‘1‘33)4 (brd, J =108 Hz,
-OH 4.44 (s, 1H) 4.44 (br s, 1H) 0.00
14a 2.64(d, J=16.4 Hz, 1H) 2.64 (d, J = 16.4 Hz, 1H) 0.00
11 255(t, J=6.7Hz, 2H)  255( J=6.6Hz, 2H)  0.00
1 248 (1, J=6.6Hz, 2H)  2.48 (1, J=6.5Hz, 2H)  0.00
14b 2.44(d, J=16.5Hz, 1H) 2.44 (d, J=16.4 Hz, 1H) 0.00
2 1.82 - 1.79 (m, 2H) 1.80 (m, 2H) 0.00
12a 1.73 - 1.70 (m, 1H) 1.71 (m, 1H) 0.00
12b 1.66 — 1.62 (m, 1H) 1.64 (m, 1H) 0.00
3 1.62 — 1.59 (m, 2H) 1.60 (m, 2H) 0.00
18, 19 1.26 (s, 3H), 1.26 (s, 3H)  1.25 (s, 3H), 1.25 (s, 3H)  0.01
17 1.09 (s, 3H) 1.08 (s, 3H) 0.01
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Table 111.4 3C NMR comparison of synthetic and natural aspewentin A.

12 Me

carbon Synthetic Natural Appm
assignment  (x)-Aspewentin A (+)-Aspewentin A%

BC NMR (126 MHz, C NMR (125 MHz,

cDCly) cDCly)
7 151.2 151.2 0.0
15 147.2 147.1 0.1
5 143.8 1438 0.0
9 135.2 135.1 0.1
10 126.4 126.4 0.0
8 119.6 119.6 0.0
16 111.1 111.1 0.0
6 109.9 109.9 0.0
3 38.7 38.7 0.0
14 34.4 34.4 0.0
13 34.4 34.4 0.0
12 34.0 34.0 0.0
4 33.9 33.8 0.1
19 32.0 32.0 0.0
18 32.0 31.9 0.1
1 26.7 26.7 0.0
17 25.9 25.8 0.1
11 24.3 24.2 0.1
2 19.6 19.6 0.0
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111.7 NMR Spectra
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