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Abstract
Leonuketal (8) is a seco-labdane natural product isolated from Leonurus japonicus, or Chinese
liverwort, a herb used in traditional Chinese medicine. Leonuketal (8) exhibits vasorelaxant
properties against KCl-induced contraction of rat aorta with an EC50 value of 2.32 M, and bears
a complex tetracyclic structure. The carbon skeleton of 8 is derived from scission of the labdane
B-ring, thus designating 8 a member of an interesting sub-class of diterpenoid natural products
termed seco-labdanes. The architectural complexity of leonuketal (8) makes it an attractive
target for total synthesis; herein the evolution of a synthetic strategy towards that end is
described.

The initial retrosynthetic strategy was targeted towards ester 315 and ketal--lactone 247.
Access to 247 was secured by an efficient two step protocol, but construction of the caged
bicyclic portion of leonuketal (8) proved more challenging. A sterically demanding [4+2]cycloaddition using 251 and 252 followed by reductive-cyclisation and esterification delivered
314 with epimeric stereochemistry at C3. Unfortunately, strategic epimerisation of 314 could
not be effected despite extensive study, and the correct stereochemical configuration for the total
synthesis of leonuketal (8) was not obtained.

The revised approach centred around alkyne 408, and after in-depth investigation, access to latestage intermediate 486 was obtained. Au(I)-catalysed hydroalkoxylation of 487 was employed
for construction of the caged spiroketal motif of 8, and fragment coupling was achieved by an
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alkylation reaction. Key alkyne 408 was synthesised by a Ti(III)-mediated cyclisation of
epoxynitrile 350 to give ketone 380, followed by inversion of the C3 alcohol, and an unusual
Shapiro-type reaction.

This approach provided a foundation for the total synthesis of leonuketal (8), allowing the
assembly of the tetracyclic framework, and leaving only the installation of the C3
hydroxypropanone moiety to complete the synthesis. Elaboration of the described strategies to
provide synthetic access to 8 is an ongoing pursuit of this research group.
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Introduction

1.1 Natural Products: Medicine and Synthesis
Plants, fungi, and bacteria have evolved a variety of adaptations for the preservation of species
and the propagation of genetic information. One such adaptation is the production of natural
products (specifically, secondary metabolites) for precise and specific interaction with
biological macromolecules.[1,2] As a class of organic compounds, natural products display an
inspiring degree of chemical diversity and complexity – a testament to the power of evolutionary
processes.
Natural products display a broad range of bioactivities due to both their function in the producing
organism and the similarities between the structural domains of biological macromolecules
across species.[3,4] Consequently, natural products have proven an invaluable source of
medicines, with 26% of newly approved drugs between 1981 and 2004 being natural products
or natural product analogues, and a further 21% being synthetic natural product mimics or
synthetic drugs with a natural product pharmacophore.[5] Despite the historical successes of
natural products as treatments of human disease, contemporary medicinal chemistry has moved
away from natural products in favour of high-throughput and combinatorial methods for hit
identification.[6] This is due to typically scarce natural sources of these compounds, as well as
their

structural

complexity

rendering

synthetic

preparation

labour-intensive

and

uneconomical.[6]
The value of natural products to humankind in the treatment of disease and the challenge posed
by their complex structures has made their synthesis a key pursuit of organic chemistry. Target
orientated synthesis of natural products has not only provided material for clinical use, but also
a framework within which organic chemistry as a fundamental science has flourished.[7] New
synthetic methods and mechanistic understandings have resulted from sustained effort towards
the total synthesis of natural products. However, efficient preparation of such complex
molecules is still challenging, and the advancement of synthetic organic chemistry to meet this
demand remains an important problem.[8]

1.2 Terpenoid Natural Products
Terpenoids are the largest class of secondary metabolites comprised of over 40,000 reported
compounds with diverse structures and important bioactivities including anticancer,
antimicrobial, and antiviral activity.[9,10] Accordingly, terpenoids have garnered significant
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interest of the synthetic and medicinal communities resulting in a rich body of literature
describing their synthesis.[11–13]
Terpenoids are comprised of repeating isoprene (C5H8) units and are classified by the number
of units incorporated into their structures; specifically, hemi- (C5), mono- (C10), sesqui- (C15),
di- (C20), sester- (C25), tri- (C30), tetra- (C40) and polyterpenoids (C45+). The biosynthesis of
terpenoids involves the cationic polyene cyclisation of an unsaturated linear precursor formed
by iterative coupling of isoprene units in the form isopentenyl pyrophosphate (IPP).
Subsequently, oxidative functionalisation of the scaffold, and often rearrangement of the cyclic
skeleton lead to a large diversity of structures (Scheme 1A).[14] Notable examples of this class
of compounds are briefly discussed below.
Taxol (1) is a diterpenoid isolated from the stem bark of the western yew tree, Taxus brevifolia,
and displays remarkable anti-tumour and anti-leukemic activities (Scheme 1B).[15] Rigorous
synthetic and semi-synthetic studies toward a commercially viable preparation of taxol (1)
followed its isolation report in 1971, culminating in both the first total synthesis by the Holton
group in 1994, and FDA approval for the treatment of ovarian cancer in 1992.[16–19]
Artemesinin (2) is a sesquiterpene antimalarial treatment isolated by Youyou in 1972, for which
she was awarded the 2015 Nobel Prize in Medicine (Scheme 1B).[20] Artemesinin (2) contains
an unusual endoperoxide moiety, which has been shown to be essential to its antimalarial
activity. This bioactivity is proposed to arise from reduction of the endoperoxide of 2 by Fe(II)
in infected cells, leading to the generation of cytotoxic oxygen-centred radical species and
eventual cell death.[21]
Ingenol (3), first isolated from Euphorbia ingens in 1968, is a diterpenoid natural product
bearing a highly strained in,out-[4.4.1]bicycloundecane core (Scheme 1B).[22] The angelate ester
4 of ingenol gained first-in-class FDA approval in 2012 for the treatment of actinic keratosis, a
precancerous skin condition, and additional indications of ingenol esters include anticancer and
anti-HIV activity.[23–25] The formidable challenge posed by the structure ingenol (3) and its
impressive bioactivity have made the natural product the subject of rigorous study by synthetic
chemists.[26,27]
Cyclopamine (5) is a structurally interesting steroidal (triterpene) alkaloid bearing a rearranged
skeleton (Scheme 1B).[28] Cyclopamine (5) derives its name from the ability to induce cyclopia
in lambs, a congenital disorder characterised by failure of the embryo to divide the orbits of the
eye into separate cavities.[29,30] More recently, 5 has been demonstrated to antagonise the G-
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protein-coupled receptor Smoothened, a major component of the Hedgehog signaling pathway
that is upregulated in several cancers including basal cell carcinoma.[31–33] A major hurdle in
bringing cyclopamine (5) to the clinic has been the metabolic instability of the allylic tert-alkyl
ether moiety, a problem that was overcome through total synthesis. By investigation of a
synthetic strategy aimed at analogue generation, Giannis and co-workers found exocyclopamine 6, an exocyclic olefin regioisomer of 5, to have a markedly improved stability
profile and tenfold greater potency (Scheme 1B).[34,35]
Englerin (7) is a sesquiterpenoid identified by the National Cancer Institute during a screen of
natural product extracts for cytoxicity against a panel of cancer lines (Scheme 1B). Englerin (7),
displayed preferential selectivity for renal tumor cells with nanomolar potency.[36] The most
elegant synthesis of englerin (7) was achieved by Chain and co-workers in only 8 steps through
utilisation of simple carbonyl chemistry.[28,37]
Leonuketal (8), is a diterpenoid isolated from Leonurus japonicus by Peng and co-workers in
2015 (Scheme 1B).[38] Leonuketal (8) bears a caged spiroketal moiety embedded in a tetracyclic
skeleton and displays significant vasorelaxant activity. The formidable structure and interesting
bioactivity displayed by leonuketal (8) prompted us to pursue a total synthesis.
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Scheme 1. Terpenoid natural products
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1.3 seco-Labdane Diterpenes
Natural products bearing the carbon framework depicted by structure 9 (Scheme 2A) form an
important subclass of diterpenoids designated as labdanes or labdanoids.[39] Labdanes arise
biosynthetically from the protonation-induced cationic cyclisation of geranylgeranyl
pyrophosphate (10), typically proceeding via a chair-chair transition state to afford a transdecalin ring system (11).[39] Established biological activities of labdane diterpenes include
antimicrobial, antituberculosis and anticancer.[40]
A small subset of labdanes feature cleavage of one or more carbon-carbon bonds in the decalin
skeleton and are referred to as seco-labdanes. The characteristic bond cleavage event is typically
oxidative (e.g. Baeyer-Villiger reaction) and often leads to an increase in functionality of the
molecule (Scheme 2B). Subsequent reactions facilitated by the increase in oxidation state, such
as ketalisation or aldol processes, lead to further structural complexity and diversity.

Scheme 2. Labdane and seco-labdane biogenesis

1.3.1 2,3-seco-Labdanes
The earliest explicit report of a seco-labdane diterpene came from Grant and co-workers in their
isolation of 2,3-seco-dicarboxylic acid 13 from the heartwood of the New Zealand endemic
silver pine (D. colensoi) in 1965 (Scheme 3A).[41] Carboxylic acid 13 likely arises from
oxidative cleavage of the A-ring of a simple labdane precursor. The authors note that 13 may
naturally occur as the mono- or diester form, given isolation of the natural product involved
treatment with aqueous base.[41] Interestingly, the authors had earlier reported the isolation of

7

Introduction
colensone (14) from the same source, which they identified as a nor-diterpenoid (Scheme
3A).[42] In the following 1965 report, colensone (14) was suggested to be biosynthetically
derived from dicarboxylic acid 13 by Claisen condensation, followed by decarboxylation to
reconstruct the labdane A-ring with one less carbon (Scheme 3A).[41] Based on this observation,
colensone (14) can be considered the earliest reported 2,3-seco-labdane. In addition to the
isolation of dicarboxylic acid 13, lactone 15 was isolated and suggested to be the Baeyer-Villiger
oxidation product of colensone (14); therefore, a 2,3;3,4-seco-labdane (Scheme 3A).[41]
Interestingly, Kiyosawa and co-workers isolated 16, an isomer of dicarboxylic acid 13 with
inverted stereochemistry at all but one chiral centre, and the mono-ester form 17 from the
resinous wood of E. agollocha in 1998 (Scheme 3B).[43] The natural occurrence of this isomer
of 13 arises from the antipodal chair-chair transition state for construction of the trans-decalin
labdane core.[43] Additionally, related natural products lactone 18 and exocoecarin (19) were
isolated from the same source (Scheme 3B).[43,44]
In 2001, Tokuda and co-workers reported the biological testing of 2,3-seco-labdanes lactone 18,
excoecarin F (19), and alcohol 20 (Scheme 3B).[45] In an initial in vitro screening of the
compounds, only alcohol 20 displayed appreciable inhibitory effect on the induction of Epstein–
Barr virus by tumour promotor 12-O-tetradecanoyl-phorbol-13-acetate (TPA). This suggested
alcohol 20 may serve as an effective anti-tumour agent in two-stage carcinogenesis. Hence,
alcohol 20 was investigated in an in vivo carcinogenesis test of mouse skin tumours, where the
inhibitory effects were compared with both a positive control group and a group treated with
known anti-tumour agent glycyrrhetic acid. The group treated with both the tumour initiator and
promotor as well as alcohol 20 showed formation of papilloma in less than 20% of mice,
compared to 100% in the case of the positive control group and 43% in the case of the group
treated with glycyrrhetic acid.
In 2000, Rao and co-workers reported the isolation the 2,3-seco-labdane rhizphorin A (21) from
Rhizophora mucronata, a mangrove plant growing along tidal shores and creeks of India
(Scheme 3C).[46] The proposed structure featured the same oxidative cleavage of the A ring
observed in 13–20. The structure of rhizophorin A (21) would later be revised as exocolide A
(22) by Basha and co-workers during their investigation of Excoecaria agallocha, leading also
to the isolation of exocolides B-D (23–25) (Scheme 3C).[46] Excolides A–D (22–25) were found
to be inactive against MDA-MB-231, A-549, HeLa, and K-562 human cancer cell lines.[47]
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Continued investigation into the isolation of diterpenes from E. agallocha led to the isolation of
two new 2,3-seco-labdanes epoxides 26 and 27, as well as previously reported alcohol 20, by
Fujiwara and co-workers in 2003 (Scheme 3D).[48] The structure of the epoxides were confirmed
by semi-synthesis through epoxidation of dicarboxylic acid 16.
Later work reported by Fujiwara et al in 2003 detailed the isolation of bis-seco-labdanes 28 and
29

from E. agallocha, bearing an interesting ester dimerisation of a 2,3-seco-labdane

resembling excoecarin F (19) (Scheme 3B).[49]

Scheme 3. 2,3-seco-Labdane diterpenoids

9

Introduction

1.3.2 3,4-seco-Labdanes
Krebs and co-workers reported the isolation of 3,4-seco-labdane maravuic acid (30) in 1995
from the bark of Croton matourensis, using a supercritical carbon dioxide fluid extraction
method.[50] Maravuic acid (30) bears an unusually high degree of unsaturation and the A-ring
fission which characterises 3,4-seco-labdanes is likely to have arisen from Baeyer-Villiger
oxidation of a ketone precursor, followed by elimination. Related seco-labdane 31 was isolated
from E.agollocha in 1998 by Kiyosawa and co-workers, and likely arises from a similar BaeyerVilliger oxidation as maravuic acid (30).[51]
Further 3,4-seco-labdanes 32–34 were isolated from related species Croton stipuliformis in 2008
by Fujimoto and co-workers (Scheme 4).[52] seco-Labdanes 32–34 bear the same carboxylic acid
and exo-methylene remnants of the A-ring of the labdane core. Interestingly, 34 bearing a similar
furanyl motif to 35 and 36 was isolated from the leaves of Callicarpa nudiflora and bears the
antipodal stereochemical configuration around the core cyclohexane ring (Scheme 4).
Eight 3,4-seco-labdanes 37–44 were isolated from Callicarpa nudiflora in 2018 by Guo and
co-workers.[53] seco-Labdanes 37–44 all display the characteristic oxidative A-ring fission to
afford a carboxylic acid (or ester), yet differ in oxidation pattern of carbons 11–16. Of the
isolated labdanes, 38, 40, and 42–44 were found to inhibit nitric oxide production in murine
microglial BV-2 cells.

Scheme 4. 3,4-seco-Labdane diterpenoids
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1.3.3 6,7-seco-Labdanes
Saudin (45) is a 6,7-seco-labdanoid diterpene isolated from the leaves of the toxic plant Clutia
richardiana in 1985 by Cassady et al. (Scheme 5A).[54] As a potent inducer of hypoglycaemia,
saudin (45) holds promise as a treatment for diabetes and has been the subject of interest from
the synthetic and medicinal chemistry communities. The total synthesis, bioactivity, and
biosynthesis of 45 is discussed in further detail in section 1.5.2. Additional saudinolide
diterpenes 46–47 were isolated by El-Feraly and co-workers in 1999 also from the same source,
although biological testing of the compounds was not reported.[55]
Following the isolation of 45, Cassady and co-workers reported the isolation of richardianidin
1 and 2 (49, 50) bearing a contracted B-ring.[56] The authors propose the B-ring modification
arises from oxidative cleavage of the 6,7-bond of the labdane decalin framework, followed by
aldol condensation to reform the B-ring bearing one less carbon.[56] Later, McPhail and coworkers reported isolation of 51–56, bearing the same carbocyclic framework with varying
oxidation patterns (Scheme 5A).[57] Interestingly, 6,7:9,10-bisseco-labdanes 57 and 58 were
isolated alongside 53–56 and feature an additional 9,10 bond cleavage alongside reformation of
a C-C bond between C9 and C10. As a result, 57 and 58 display complex entirely unique
carbocyclic frameworks.[57,58]
Clutiolides A-C (57–59), isolated from the roots of Clutia, abyssinica in 1990, feature two
lactone rings formed after oxidative cleavage of the labdane B-ring (Scheme 5B).[59] The
isolation, biosynthesis and synthetic studies of clutiolides (57–59) is discussed in further detail
in section 1.5.4.
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Scheme 5. 6,7-Seco-labdane diterpenoids

1.3.4 7,8-seco-Labdanes
In 1984, Robinson and co-workers reported the isolation of five labdane diterpenes from
Koanophyllon conglobatum, including 7,8-seco-labdane 60 (Scheme 6).[60] Interestingly, 60
bears both a ketone and a vinyl group across the 7,8 bond fission, suggesting a biosynthetic Grob
fragmentation to effect B-ring cleavage.
Later, Robinson and co-workers reported investigation of Helichrysum ambiguum resulting in
the isolation of 28 new diterpenes.[61] Of them, 61–65 were 7,8-seco-labdanes bearing
interesting ketal motifs (Scheme 6).
Recently, Zhao and co-workers reported the isolation of the hypophyllin labdanes, including 66,
bearing a contracted B-ring (Scheme 6).[62] In a similar fashion to reported 6,7-seco-labdanes
richardianidins 1 and 2 (49 and 50, respectively) and related compounds, the authors proposed
oxidative cleavage of the labdane B-ring, followed by intramolecular aldol reaction for the
formation of the contracted B-ring.[62]
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7,8-seco-Labdanes 67–82 (referred to here as the Pallavicinia diterpenoids) are structurally
complex natural products, which, despite lacking notable bioactivity, have inspired several
remarkable total syntheses (Scheme 6).[63–67] Isolated from Pallavicinia subciliata, pallavicinin
(70) bears a complex tetracyclic skeleton and is the earliest reported member of this family.[66]
Neopallavicinin (72), 71 and 73 bear the same carbocyclic core and were isolated in later years
from the same source.[65,68] Pallavicinolides A-C (67–69) were isolated in 1998 from
Pallavicinia subciliata and display an annulated tetracyclic structure, which unlike other
members of this family, contains no bridging ring atoms.[68] In 2012, pallambins A-D (74–77)
were isolated from Pallavicinia ambigua bearing analogous tetrahydrofuran and lactone rings
to pallavicinin A (70), yet displaying structurally distinct caged carbocyclic portions.[63] The
pallambins (74–77) were found to be inactive in cytotoxicity assays against HeLa, Hep G2, U87
and A172 cell lines; however, 74-77 all displayed modest ability to reverse adriamycin-induced
resistance of K562/A02 cell lines. Most recently, pallamolides A-E (78–82) were isolated from
Pallavicinia ambigua.[67] Interestingly, olefin geometric isomers pallamolides B-C (79-80, pair
A) and D-E (81-82, pair B) existed as tautomeric pairs and were thus isolated as inseparable
mixtures. The tautomeric mixture of pallamolides D-E (81-82, pair B) displayed modest
antifungal activity in hyphal formation inhibition assays (MIC80 = 32 g/mL). The biosynthesis
and total synthesis of the Pallavicinia diterpenoids are discussed in greater detail in section
1.5.1.
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Scheme 6. 7,8-Seco-labdane diterpenoids

1.3.5 8,9-seco-Labdanes
Niemeyer and co-workers reported the isolation of unique 5,5-spiroketal containing 8,9-secolabdanes 83–84 from H. parvifolius in 1991 (Scheme 7).[69] Interestingly, 85 was isolated from
Jungermannia infusca in 1998 and contains similar structural elements to 83–84; specifically, a
ketone at C9, the spirocentre of 83–84, and an analogous allylic alcohol motif. In addition to 85,
86 was also isolated from the same source, potentially arising from intramolecular aldol reaction
of 85.[70,71]
Chapecoderins A-C (87–89) are a group of biogenetically related 8,9-seco-labdanes isolated
from the leaves of Echinodorus macrophyllus by Ohsaki in 2000 (Scheme 7).[72] The isolation,
bioactivity, biosynthesis and total synthesis of the chapecoderins is discussed in detail in section
1.5.3.
Leonuketal (8) is a 6,7-seco-labdane diterpenoid isolated by Peng and co-workers from
Leonurus japonicus, or Chinese liverwort. Leonuketal (8) bears an unusual tetracyclic structure
and displays significant vasorelaxant activity. The isolation, bioactivity, and biosynthesis of
leonuketal (8) are discussed in detail in section 1.4.[38]
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Scheme 7. 7,8-seco-Labdane diterpenoids

1.3.6 9,10-seco-Labdanes
Bohlmann and co-workers reported the isolation of two small families of 9,10-seco-labdanes
containing 90–93 and 94–99, respectively, in 1987 from Hebeclinium macrophyllum (Scheme
8).[73] Both subsets are characterised by a fully substituted sp2-hybridised C9 carbon, which
lacks the typical bond to C10 to form the B-ring of the labdane decalin. The authors postulated
that the 9,10-seco-labdanes 90–99 are formed by fission of the labdane B-ring, however,
interruption of the cationic cyclisation of geranyl geranyl pyrophosphate after closure of the A
ring, may also be a plausible biogenesis.[73]
Later, Niemeyer and King both reported isolation of similar 9,10-seco-labdanes; the former
sourced 100-107 from the aerial parts of Ophryosporus floribundus, in 1990, and the latter
sourced 102 from Tamaulipa azurea in 1992 (Scheme 8).[74,75]

Scheme 8. 9,10-seco-Labdane diterpenoids
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1.3.7 Hapmnioides A-C, 1,10:5,6-di-seco-labdanes
Lou and co-workers reported the isolation and structural elucidation of hapmnioides A-C (109111) from Chinese liverwort (Haplomitrium mniodes) in 2016 (Scheme 9).[76] Hapmnioides AC (109-111) are rearranged labdanes with both 1,10 and 5,6 bond fission, and are therefore
designed 1,10:5,6-di-seco-labdanes. The authors evaluated hamnioides A-C (109-111) for antiinflammatory properties against BV2 cells and identified hapmnioide A (109) as a potential antiinflammatory agent through inactivation of NF-κB/IL-6 signaling.[76]

Scheme 9. Hapmnioides A–C
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1.4 Leonuketal, an 8,9-seco-Labdane
Leonuketal (8) is a 8,9-seco-labdane diterpenoid isolated in 2015 by Peng and co-workers from
Leonurus japonicus, or Chinese liverwort, a herb used in traditional Chinese medicine (Scheme
10A).[38] According to the Chinese Pharmacopoeia, the aerial parts of the L. japonicus are the
sole authentic source for “Yi Mu Cao”, a treatment for certain gynaecological disorders
including dysmenorrhea, amenorrhea and blood stasis.[38] Investigation of the Leonurus herb has
resulted in the isolation of numerous labdane diterpenoids with important bioactivities,
including acetylcholinesterase inhibition, PAF receptor antagonism, neuroprotection and antiinflammation.[77–95]
Leonuketal (8) bears an unusual tetracyclic skeleton comprised of a caged spiroketal moiety
fused to a ketal--lactone ring. The structure and absolute stereochemistry of 8 were determined
using a combination of spectroscopic methods, Mosher’s ester analysis and electronic circular
dichroism calculations. Leonuketal (8) exhibited vasorelaxant properties against KCl-induced
contraction of rat aorta with an EC50 value of 2.32 M, which while significant, was less potent
than the positive control, methoxyverapmil (EC50 = 0.58 M). Additionally, 8 was subjected to
in vitro cytotoxicity assays against four human cancer cell lines (A549, MCF-7, HepG-2, and
MDA-MB-231) and displayed no activity.[38]
The biosynthetic origins of leonuketal (8) were proposed to involve the oxidative cleavage of
the B-ring of a labdane precursor 112 at the C8-C9 bond (Scheme 10B). Following the oxidative
cleavage event, dehydrative spiroketalisation of dihydroxyketone 113, followed by reduction
would afford leonuketal (8).

Scheme 10. Leonuketal (8) structure and biosynthesis
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1.5 Total Synthesis of seco-Labdane Diterpenoids
1.5.1 Pallavicinia Diterpenoids
The Pallavicinia genus of liverwort is the producer of a fascinating group of biogenetically
related 7,8-seco-labdanes; specifically, the pallavicinins (70-73), pallambins (74-77),
pallavicinolides (67-69), and pallamolides (78-82) (Scheme 11).[64] Pallavicinia diterpenoids
70-82 bear a high degree of structural complexity, and despite a lack of notable biological
activity, these diterpenoids have garnered significant attention from the synthetic community.[64]

Scheme 11. Pallavicinia seco-labdane diterpenoids

A unifying biosynthesis for the Pallavicinia diterpenoids was proposed by Asakawa and coworkers (Scheme 12).[68] Cleavage of the C7-C8 bond of the labdane skeleton (9) is the shared
feature, affording 113 (pathway A), 114 (pathway B) or 115 (pathway C) where C4
demethylation occurs also, or 116 (pathway D). C2-C8 aldol ring closure of 113 affords the
carbocyclic skeleton of the pallavicinins (70-73), and ensuing oxidative steps, the precise details
of which have not been elucidated, eventually afford 70-73. In contrast, C4-C8 aldol ring closure
of 114 leads eventually to pallambins A-D (74-77). The pallavicinolides A-C (67-69), however,
lack aldol bond reconstruction and undergo intramolecular [4+2] cycloaddition (115 to 117)
instead to establish the carbocyclic framework. An intriguing intramolecular C12-C3
vinylogous aldol of 116 is proposed in the biosynthesis pallamolide A-E (79-82).[67] This
biosynthetic transformation of 116 affords pallamolide A (78) and establishes the carbon
framework of the family. Intramolecular oxa-Michael reaction of 78 then affords -lactone
tautomers E-79 and Z-81. Spontaneous intramolecular transesterification of 79 and 81 leads to
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formation of the -lactone tautomers E-80 and Z-82, respectively. Hence, pallamolides B-E (7982) exist as tautomeric pairs that cannot be isolated independent of the other isomer.

Scheme 12. Proposed pallavicinia seco-labdane biosynthesis[67,68]

Of the Pallavicinia diterpenoids, elegant total syntheses of pallavicinin (70), neopallavicinin
(72), pallavicinolide A (67), and pallambins A-D (74-77) have been reported.[64,96]
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1.5.1.1 Pallavicinin and Neopallavicinin Total Synthesis
1.5.1.1.1 Wong et al., 2006
The first total synthesis of pallavicinin (70) and its diastereomer, neopallavicinin (72) was
reported in 2006 by Wong et al., seven years after disclosure of the isolation.[65,66,97] The
retrosynthetic strategy devised by Wong et al. involves three main disconnections (Scheme 13).
Firstly, an oxa-Michael disconnection deconstructs the central tetrahydrofuran ring and serves
as the point of (stereo)divergence for the synthesis of the two diastereomeric natural products.
Secondly, a biomimetic aldol disconnection simplifies the bicyclo[3.2.1]octane ring of the lefthand portion to provide monocylic synthon 118. The third key retrosynthetic operation was a
Grob fragmentation, leading the authors to decalin intermediate 119, which was ultimately made
available from the Wieland-Miescher ketone (120).

Scheme 13. Wong and co-workers’ retrosynthetic analysis of pallavicinin (70) and neopallavicinin (72).

The synthesis reported by Wong and co-workers utilised decalin 121, prepared in 11 steps from
the Wieland-Miescher ketone (120) (Scheme 14). Formation of the enol triflate of decalin 121,
followed by Suzuki coupling with 2-furylboronic acid afforded 123, containing all but two of
the requisite carbon atoms for the total synthesis. Hydroboration-oxidation of 123 afforded
alcohol 124 as a single diastereomer. Silylation of alcohol 124 followed by debenzylation and
mesylation afforded 119, the substrate for the key Grob fragmentation. Treatment of silyl ether
119 with tetra-N-butylammonium fluoride (TBAF) induced Grob fragmentation, affording key
monocyclic fragment 118 after ketone deprotection. Intramolecular aldol reaction followed by
oxidation gave 125 bearing the carbocyclic portion of the pallavicinins. Selective protection of
the neopentylic ketone followed by addition of methyl lithium (MeLi) and silylation of the furan
afforded intermediate 126, the point of divergence in the synthesis of pallavicinin (70) and
neopallavicinin (72). Treatment of 126 with peracetic acid led to oxidation of the furan moiety
and subsequent olefin migration into conjugation, ultimately afforded butenolide 127 as an
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inseparable mixture of epimers. Treatment of 127 with 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) effected intramolecular oxa-Michael addition to form the central tetrahydrofuran ring of
pallavicinin and neopallavicinin (70 and 72, respectively). Addition of acetaldehyde to the
lactone moiety in 128 and 129, followed by mesylation and elimination afforded pallavicinin
(70) and neopallavicinin (72).

Reagents and conditions: a) PhNTf2, LDA, THF, –78 °C, 86%; b) 2-furylboronic acid, Pd(PPh3)4, K2CO3, THF, reflux; c)
9-BBN, CH2Cl2, rt, then NaOH (aq), H2O2, rt, 54% over two steps; d) TBSCl, imidazole, rt, DMF; e) H2, Pd/C (10 mol %),
EtOAc, AcOH, rt, then MsCl, Et3N, DMAP, CH2Cl2, rt, 75% over two steps; f) TBAF, t-BuOK, 18-crown-6, t-BuOH, 50-60 °C
56%; g) TsOH, acetone, 60 °C; h) t-BuONa (10 mol %), t-BuOH, 60 °C; i) IBX, CH2Cl2, rt, 56% over 3 steps; j) ethylene
glycol, cat. TsOH, PhH, reflux, 72%; k) MeLi, THF, –78 °C to rt then TMSCl, 0 °C, 54%; l) CH3CO3H, NaOAc, CH2Cl2, 0 °C
to rt; m) LDA, THF, 0 °C, then AcOH, 56% over 2 steps; n) DBU, PhMe, reflux, 43% 128 and 9.8% 129; o) LDA, acetaldehyde,
THF, –78 °C; p) Et3N, MsCl, CH2Cl2, 0 °C to rt; q) cat. TsOH, acetone, 0 °C to rt, 30% 70 & 24% 72 over 3 steps.

Scheme 14. Wong and co-worker’s synthesis of pallavicinin (70) and neopallavicinin (72)

1.5.1.1.2 Jia et al., 2015
In 2015, Jia and co-workers reported the first asymmetric synthesis of the pallavicinins over 15
steps without use of protecting groups.[98] Their retrosynthetic strategy mirrored the Wong
synthesis in disconnection of the central tetrahydrofuran ring through an oxa-Michael reaction
of 130 (Scheme 15). In contrast, the [3.2.1]-bicyclic portion of the pallavicinins (131) was
deconstructed by an intramolecular oxidative cyclisation, affording monocyclic ketone 132
bearing a single stereogenic centre. This stereogenic centre would be set through a palladium-
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catalysed decarboxylative allylation and served to direct construction of the remaining
stereocentres for the asymmetric synthesis of 70 and 72.[99]

Scheme 15. Jia and co-workers’ retrosynthetic analysis of pallavicinin (70) and neopallavicinin (72).

Palladium-catalysed decarboxylative allylation of carbamate 133 was effected using
tris(dibenzylideneacetone)dipalladium (Pd2(pmdba)3) and chiral ligand (S)-tBu-PHOX (134),
setting the all-carbon quarternary centre of the pallavicinins with 85% ee, enriched later by
recrystallisation (Scheme 16A). Reduction of ketone 135 followed by acid-mediated elimination
of the resultant alcohol and concomitant tert-butyl ether cleavage afforded monocyclic
intermediate 132. Silylation of ketone 132, giving an intermediate TMS-enol ether, followed by
treatment with palladium acetate and oxygen effected the key oxidative cyclisation to afford
131, likely proceeding via addition of palladium to the enol ether, followed by intramolecular
carbopalladation (i.e. migratory insertion) of the terminal olefin and reductive elimination.
Conjugate addition of vinyl cuprate to enone 131, followed by dimethylation provided 136. By
exploitation of this oxidative cyclisation strategy, the authors were able to construct the
bicyclo[3.2.1]octane portion of the pallavicinins in nine fewer steps than in the Wong synthesis.
Allylic oxidation of bicyclic intermediate 136 with selenium dioxide provided alcohol 137,
which was transformed into epoxide 138 with two subsequent oxidative steps (Scheme 16A).
Selective addition of 4-trimethylsilyl-furan-2-yl lithium to the distal C5 ketone in 139 furnished
much of the carbon framework of the pallavicinins. Treatment of epoxide 139 with SuperHydride® at 0 °C afforded the expected Payne rearrangement product 140, resulting from 3-exotet attack of the tertiary alkoxide at the quaternary carbon of the epoxide. However, the authors
noticed at elevated temperature, ketone 141, was observed in high yield (84%). Ketone 141 bore
one less carbon than epoxides 139 and 140 and inversion of the stereochemistry at C5. The
authors rationalised the formation of 141 by 4-endo-tet attack of the tertiary alkoxide at the distal
carbon of the epoxide, which predominates under thermodynamic conditions (Scheme 16A,
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inset). The resulting oxetane intermediate 143 then undergoes expulsion of formaldehyde giving
an enolate intermediate, which affords ketone 141 after protonation. Although not mentioned
explicitly, it appears the authors revised their synthetic strategy at this juncture to make use of
the unexpected product (141) for completion of the total synthesis.
The end-game strategy employed by Jia et al. followed a similar logic to synthesis by Wong and
co-workers (Scheme 16B). Routine functional group manipulations of 141, followed by
oxidation of the furan moiety afforded lactone 144. Treatment of lactone 144 with DBU resulted
in isomerisation of double bond into conjugation and subsequent addition of the alcohol to the
resulting butenolide. Installation of the ethylene motif completed the asymmetric total syntheses
of neopallavicinin (72) and pallavicinin (70) in 15 steps from carbamate 133.

Reagents and conditions: a) Pd(pmdba)3, (S)-tBu-PHOX (134), PhMe, 50 °C, 79%, 85% ee; b) LiAlH4, Et2O, rt then H2SO4
(25%, aq.), 90%; c) LDA, TMSCl, HMPA, THF, –78 °C; d) Pd(OAc)2, O2, DMSO, 65 °C, 77% over two steps; e) MeMgBr,
CuBr·Me2S, –40 °C, 95%; f) NaH, MeI, DME, rt, 93%; g) SeO2, tBuO2H, CH2Cl2, rt, 75%; h) VO(acac)2, t-BuO2H, CH2Cl2,
rt, 64%; i) DMP, CH2Cl2, rt, 87%, 99% ee after recrystallisation; j) 2-TMS-furan, nBuLi, Et2O, –40 °C, 72%; k) LiBHEt3, THF,
0°C, 90% 140 or 60 °C 84% 141; l) DMP, CH2Cl2, rt, 89%; m) MeMgBr, THF, –40 °C, 80%; n) m-CPBA, CH2Cl2, rt; o) DBU,
CH2Cl2, rt; p) LDA, acetaldehyde, THF, –78 °C; q) MsCl, Et3N, DMAP, CH2Cl2, rt, 14% 72 and 3% 70 over 4 steps.

Scheme 16. Jia and co-workers’ synthesis of pallavicinin (70) and neopallavicinin (72)
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1.5.1.2 Pallavicinolide Total Synthesis
1.5.1.2.1 Pallavicinolide A, Wong et al., 2009
The total synthesis of pallavicinolide A (67) was reported by Wong and co-workers in 2009.[100]
The retrosynthetic strategy employed by Wong and co-workers featured a biomimetic
[4+2]-cycloaddition, allowing deconstruction of two rings in the tetracyclic core, and a Grob
fragmentation, inspired by their total synthesis of the pallavicininins (70 and 72, Scheme 14).

Scheme 17. Wong and co-workers’ retrosynthetic analysis of pallavicinolide A (67).

Wong and co-worker’s synthesis began with Negishi coupling of furan 145 and triflate 122; an
intermediate used in their synthesis of the pallavincinins (Scheme 18). Hydroboration-oxidation
of 146 followed by protecting group manipulations and mesylation afforded 147 for the key
Grob fragmentation. Generation of the alkoxide of 147 with potassium tert-butoxide resulted in
facile ring opening. Unlike the previously reported Grob fragmentation (Scheme 14), which
proceeded directly from silyl ether 119 upon treatment with TBAF, the strongly basic conditions
resulted in epimerisation of the aldehyde -carbon. The authors report that treatment of crude
aldehyde 148 with DBU allowed equilibration of the stereocentre and the undesired epimer
could be separated after reduction. This allowed the recycling of the epimeric material after
repeated oxidation, base mediated equilibration, and reduction.
Reduction and MOM-protection of aldehyde 148, followed by TBS-deprotection, oxidation, and
methylenation afforded 149. Subsequent oxidation of the furan moiety, afforded diene 150.
Treatment of 150 with 2-iodoxybenzoic acid (IBX) resulted in oxidation to enone 151, which
spontaneously underwent [4+2]-cycloaddition to afford the tetracyclic core of the
pallavicinolides (in 152) in 42% yield. Subsequent functional group manipulations completed
the first total synthesis of pallavicinolide A (67).

24

Introduction

Reagents and conditions: a) 145, n-BuLi, ZnCl2, 0 °C to rt then 122, Pd(PPh3)4, THF, 50 °C, 82%; b) BH3·Me2S, THF, 0 °C to
rt, then H2O2, NaOH (aq), rt, 70%; c) Ac2O, pyridine, rt, 2 h, 91%; d) Pd/C, H2, EtOAc, rt, 2 h, 95%; e) MsCl, Et3N, CH2Cl2, 0
°C, 94%; f) NaOMe, MeOH, rt; g) tBuOK, tBuOH, rt; h) DBU, THF, rt; i) NaBH4, THF/H2O (10:1, v/v), 0 °C, 70% yield over
4 steps, 1:1 dr; j) MOMCl, DIPEA, CH2Cl2, rt, 90%; k) TBAF, THF, 0 °C; l) PDC, 4-Å M.S., CH2Cl2, rt, 78%; m) PPh3CH3I,
n-BuLi, THF, –10 to 0 °C, 88%; n) O2, tetraphenylporphyrin (cat.), hv, CH2Cl2/MeOH, –78 °C then NaBH4, CeCl3, MeOH, 0
°C, (4:1 dr); o) PPTS, acetone/H2O (20:1, v/v), reflux, 45% yield over two steps; p) IBX, p-TsOH, DMSO, 65 °C, 42% (80%
brsm), q) PPTS, NaI, 2-butanone, reflux, 75%; r) PDC, 4-Å M.S., CH2Cl2, rt, 92%; s) MeLi, THF, –78 °C to -10 °C; t) PDC, 4Å M.S., CH2Cl2, rt, 50% over two steps.

Scheme 18. Wong and co-worker’s synthesis of pallavicinolide A (67)

1.5.1.3 Pallambins Total Synthesis
1.5.1.3.1 Pallambins A-B, Carreira et al., 2015
In 2015, Carriera and co-workers reported the first total synthesis of pallambins A (74) and B
(75) in 23 steps.[101] The retrosynthetic strategy relied on late-stage construction of both the
tetrahydrofuran and lactone rings in a single transformation (Scheme 19); specifically, a
palladium-catalysed carbonylative annulation of allylic alcohol 153. The D-ring (red) of the
carbocyclic portion of 74 and 75 was disconnected through C-H insertion and aldol
transformations, affording 155 from diketone 154.

Retrosynthetic simplification of the

remaining B and C rings through a [4+2] cycloaddition suggested pentafulvene (156) and methyl
acrylate (157) as starting materials, and the realisation of this transformation in the forwards
sense represented the first application of pentafulvene (156) in complex total synthesis.

Scheme 19. Carreira and co-workers’ retrosynthetic analysis of pallambin A (74) and B (75).
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Thermally unstable and photosensitive pentafulvene (156) was generated in situ by reduction of
dimethylaminofulvene (158) and reacted immediately with methyl acrylate (157) to afford ester
159 in 62% yield and 10:1 dr (Scheme 20). Selective cyclopropanation of the endocyclic olefin
of ester 159 was achieved with high stereoselectivity, and subsequent hydrogenation of the
exo-methylene group and ester -hydroxylation proceeded smoothly to give tricyclic ester 160.
Reduction of ester 160 followed by oxidative cleavage of the resulting 1,2-diol gave ketone 161;
subsequent methylation and acylation thereof afforded diketone 162. Diazotisation of 162 and
generation of the resulting -keto carbenoid allowed formation of the D ring of the pallambins
through an intramolecular C-H insertion reaction affording 163. Conversion of the less hindered
ketone in 163 to the trisubsituted alkene 164 was achieved through formation of the enol triflate,
followed by Negishi coupling with dimethyl zinc. (3+2) cycloaddition of alkene 164 with
bromonitrile oxide afforded dihydroisoxazole 165, which was subsequently treated with lithium
methoxide followed by reduction with Raney nickel to afford -hydroxy ester 166. Conversion
of 166 to allylic alcohol 167 was achieved through reduction-oxidation and addition of vinyl
magnesium bromide, affording the substrate for the key palladium-catalysed carbonylative
annulation. Treatment of 167 with Pd(II) in the presence of carbon monoxide furnished both the
lactone and tetrahydrofuran rings of pallambins A (74) and B (75). Installation of the ethylidene
moiety by addition of acetaldehyde followed by elimination completed the first total synthesis
of pallambins A (74) and B (75).
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Reagents and conditions: a) LiAlH4, Et2O, -17 °C, 88%; b) methyl acrylate, MeI, 0 °C then Et2AlCl, –20 °C to 5 °C, 62%, dr
10:1; c) ZnEt2, ClCH2I, CH2Cl2, 0 °C, 85%, dr 20:1; d) [RhCl(PPh3)3], H2, CH2Cl2, rt, 96%, dr 20:1; e) P(OEt)3, DMPU, O2
(bubbling), LDA, THF, –78 °C, 85%, dr 10:1; f) LiAlH4, Et2O, 0 °C; g) NaIO4, THF/phosphate buffer (aq, pH 7) (1:1), 0 °C,
97% over 2 steps; h) MeI, LDA, THF, –78 °C to 0 °C then Et3N, 89%, dr 5:1; i) TBSOTf, Et3N, CH2Cl2, 0 °C; j) MeCHO,
BF3·OEt2, CH2Cl2, -90 °C k) DMP, tBuOH, CH2Cl2, 0 °C, 70% over 3 steps; l) Tf2O, LiHMDS, THF, –78 °C then Et3N, MsN3,
MeCN, rt; m) [Rh2(OAc)4], CH2Cl2, reflux, 76% over 2 steps; n) PhNTf2, LDA, THF, –78 °C to 5 °C, 64%; o) [Pd(PPh3)4],
ZnMe2, THF, 0 °C to rt, 91%, p) Br2CNOH, KHCO3, EtOAc, rt, 91%; q) LiOMe, MeOH, reflux, 94%; r) B(OH)3, Ra-Ni, H2,
MeOH/H2O, rt, 91%; s) iBu2AlH, nBuLi, THF, –78 °C, then 166, THF, -60 °C to 0 °C, 89%; t) (COCl)2, DMSO, NEt3, CH2Cl2,
–78 °C to rt, quant.; u) CeCl3, vinylmagnesium bromide, THF, –78 °C to rt, 90%, 60:40 dr; v) Pd(OAc)2, tetramethylthiourea,
NH4OAc, CuCl2, propyleneoxide, CO, THF, 26% for 168, 55% for 169; w) MeCHO, LDA, THF, –78 °C to –40 °C then
Et3N, DMAP, MsCl, CH2Cl2, rt, 87% for pallambin B (75) and 11% for pallambin A (74).

Scheme 20. Carreira and co-workers’ synthesis of pallambins A (74) and B (75)

1.5.1.3.2 Pallambins C-D, Baran et al., 2016
Baran and co-workers reported the first total synthesis of pallambins C and D (76 and 77,
respectively) in 2016 in an efficient protecting-group free 11-step sequence. Unlike the Carreira
synthesis of pallambins A (74) and B (75), which relied on late-stage construction of the central
tetrahydrofuran ring, the Baran synthesis featured annulation of the lactone to the
tetrahydrofuran core in 170 as the first retrosynthetic disconnection. Similar to the strategy
employed by Wong toward the pallavicinins (70 and 72), the bicyclo[3.2.1]octane portion was
retrosynthetically disconnected by an intramolecular aldol reaction of aldehyde 171, which the
authors envisioned could be accessed by Robinson annulation of 172 and ethyl vinyl ketone
(173).

27

Introduction

Scheme 21. Baran and co-workers’ retrosynthetic analysis of pallambin C (76) and D (77).

Baran and co-workers utilised 2-furyl methanol (174) as an inexpensive starting material for the
synthesis of pallambins C (76) and D (77) (Scheme 22A). Eschenmoser-Claisen rearrangement
of 174 followed by reduction of the resulting amide provided access to aldehyde 175, the
substrate for the key Robinson annulation. Treatment of 175 with ethyl vinyl ketone (173) in
aqueous base allowed construction enone 176. Addition of vinyl cuprate to enone 176, followed
by trapping of the resulting enolate with chlorotrimethyl silane afforded furan 177, which was
converted to the Mukaiyama aldol substrate 171 by oxidative ring opening of the furanyl moiety.
Addition of Lewis acid to a solution of 171 resulted in significant formation of 8-epi-178.
Remarkably, if the order of addition was reversed, and a solution of 171 was added to titanium
tetrachloride (TiCl4) in diethyl ether, the desired epimer 178 was observed almost exclusively,
and the same conditions gave a 1:1 diastereomeric mixture with opposite order of addition. The
authors attribute the high diastereoselectivity to formation of a stoichiometric Lewis pair
complex of the newly formed C8 alkoxide and TiCl4, suppressing the retro-aldol-aldol
equilibrium that results in a mixture of C8 epimers.
Formation of the central tetrahydrofuran ring was constructed by acetalisation of aldehyde 178.
Unfortunately, this transformation was accompanied by addition of methanol at C9 to give
methyl ether 179. The authors removed the undesired methyl ether by bromination of the crude
mixture after acetalisation followed by radical dehalogenation to give 181. Oxidation of 181
followed by elimination to give enol ether 170, afforded the substrate for the key malonate
annulation. To execute this transformation, the authors developed an enol ether
difunctionalisation method involving addition of a malonate to the iodonium ion formed by
treatment of the enol ether with iodine. Subjection of 170 to the developed conditions resulted
in the formation of iodide 182, leaving only construction of the lactone moiety to complete the
total synthesis of pallambins C (76) and D (77). An impressive one-pot reaction sequence
involving a) alkaline hydrolysis, b) lactonisation by SN2 iodide displacement, c) aldol addition
to acetaldehyde and d) elimination, was developed to advance 182 to pallambins C (76) and D
(77). Remarkably, this reaction sequence proceeded with 94% combined isolated yield.
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Additionally, the total synthesis of pallambins C (76) and D (77) provided formal access to
pallambins A (74) and B (75) by a photochemical rearrangement proposed initially by Lou et
al. for the biosynthesis of 76 and 77, and demonstrated experimentally by the same group on
isolated pallambin C/D material (Scheme 22B).[102] The rearrangement is proposed to be
initiated by excitation of the enone moiety of 76/77 to diradical species 183. Addition of the
radical centred on the ketone -carbon to the bridgehead vinyl group gave intermediate diradical
184. Ring-opening rearrangement of diradical 184 to give acyl radical species 185, followed by
bicyclisation of 185, completes the photochemical interconversion of pallambins C (76) and D
(77) to A (74) and B (75), respectively.

Reagents and conditions: a) 1,1-dimethoxy-N,N-dimethylpropan-1-amine, PhMe, 110 °C then 1,1,3,3-tetramethyldisiloxane,
Ti(OiPr)4, 50 °C, 75%; b) ethyl vinyl ketone, Bu4NBr, 60% aq. KOH, PhMe, 23 °C, 68%; c) vinyl magnesium bromide,
CuBr·DMS, HMPA, TMSCl, THF, −78 °C, 75%; d) O2, methylene blue, hν, CH2Cl2, −10 °C, then thiourea, rt; e) TiCl4, Et2O,
−78 °C, 58% over 2 steps; f) CH(OMe)3, BF3·OEt2, MgSO4, DCM, 0 °C then AcBr, 57%; g) Bu3SnH, AIBN, PhMe, 110 °C,
90%; h) LiHMDS, PhSeCl, THF, −78 °C then H2O2, 0 °C, 60%; i) PPTS, pyridine, PhCl, 130 °C; j) dimethyl malonate, SnCl4,
DBU, I2, CH2Cl2, rt, 87% over 2 steps; k) 2 M NaOH, MeOH, 23 °C then Et3N, MeCN, 60 °C then LiHMDS, MeCHO, THF,
−78 °C then Et3N, MsCl, DMAP, DCM, rt, 94%.

Scheme 22. a) Baran and co-worker’s pallambins total synthesis; b) Photochemical pallambins interconversion
reported by Lou et al.[102]
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1.5.1.3.3 Pallambins A-D, Jia et al., 2019
In 2019, Jia and co-workers reported the asymmetric total synthesis of pallambins A-D (74–77)
in 15-16 steps without the use of protecting groups.[96] Jia et al. employed a retrosynthetic
strategy targeted toward pallambin C (76) and D (77) and relying of the established
photochemical interconversion thereof to access pallambin A (74) and B (75). Disconnection of
the shared lactone ring by an intermolecular Wittig reaction utilising the -hydroxyl group as a
molecular “anchoring point” afforded ketone 186 (Scheme 23). The authors proposed the
central tetrahydrofuran ring could be appended to the carbocyclic portion of pallambins C-D
(76–77) by an Eschenmoser-Claisen rearrangement followed by lactonisation, affording 187.
The bridged carbocycle of 187 was thought to be accessible by a similar oxidative cyclisation
to the one used in their total synthesis of the pallavicinins (70 and 72), affording ketone 132 as
starting material (Scheme 23).

Scheme 23. Jia and co-workers’ retrosynthetic analysis of pallambins C (76) and D (77).

The synthesis commenced with a one-pot conjugate addition-methylation protocol to deliver
ketone 188 from known starting material 132 (Scheme 24). Oxidative cyclisation of ketone 188
was effected by formation of the silyl enol ether and subsequent treatment with palladium
acetate and oxygen to afford ketone 189. Transformation of ketone 189 to allylic alcohol 190
was achieved by epoxidation followed by ring-opening isomerisation of the newly formed
epoxide. Construction of the central tetrahydrofuran ring necessitated the installation of two
more carbons atom, a transformation achieved by an Eschenmoser-Claisen rearrangement with
N,N-dimethylformamide dimethyl acetal to afford amide 191. Treatment of amide 191 with
strongly acidic conditions effected hydration of the exo-methylene group and concomitant
lactonisation, furnishing the central ring in 192, albeit at a higher oxidation state than in 74–77.
Hydroxylation of the -carbon of lactone 192 unfortunately gave the undesired stereochemistry,
but oxidation and reduction using bulky tri-tert-butoxyaluminum hydride effected epimerisation
to give desired alcohol 186. Selective olefination of the lactone carbonyl in 186 in the presence
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of the ketone was achieved by treatment of 186 with (triphenylphosphoranylidene)ketene (193),
forming phosphorane 194 in situ and directing the regiochemistry of olefination to give 195.
Conjugate reduction of butenolide 195, followed by oxidation of the distal ketone to an enone
via an intermediate -bromide, gave 196. Finally, installation of the exocyclic ethyldiene moiety
and provided the target molecules pallambin C (76) and D (77). The authors were able to
reproduce the photochemical intercoversion of pallambin C (76) and D (77) to A (74) and B
(75), respectively, reported by Lou and co-workers[102], thereby completing a unified total
synthesis of the pallambins (76–77) in 15-16 steps.

Reagents and conditions: a) methyl magnesium bromide, CuBr·Me2S, –40 °C then HMPA, MeI, 55%, dr 3:1; b) TBSCl, Et3N,
NaI, MeCN, rt then Pd(OAc)2, O2, DMSO, 85 °C, 65%; c) m-CPBA, CH2Cl2, 25 °C; d) TsOH, N,N'-dimethylimidazolidinone,
CH2Cl2, 30 °C, 40% over two steps; e) dimethylformamide dimethyl acetal, toluene, 115 °C, 88%; f) H2SO4, EtOH/H2O, 100
°C, 84%; g) LiHMDS, Davis’ oxaziridine, THF, –78 °C, 99%; h) DMP, CH2Cl2, 25 °C, 89%; i) LiAlH(O-t-Bu)3, –78 °C, 99%;
j) 193, m-xylene, 160 °C, 61%; k) Red-Al, CuI, THF, –78 °C, 94%; l) Py·HBr3, AcOH, 25 °C, 70%, 99.5% ee after
recrystalisation; m) Pd(OAc)2, PPh3, Et3N, DMSO, 25 °C; n) MeCHO, LiHMDS, THF, –78 °C; o) Et3N, MsCl, DMAP, 30%
for 76, 51% for 77; p) hv, CH2Cl2, rt, 65% for 74 and 70% for 75.

Scheme 24. Jia and co-workers’ pallambins total synthesis

1.5.2 Saudin
Saudin (45) is a 6,7-seco-labdanoid diterpene isolated from the leaves of the toxic plant Cluytia
richardiana, which grows in the mountainous regions of western and southern Saudi Arabia.[54]
The complex structure was elucidated using NMR techniques and single-crystal XRD, however,
the absolute stereochemistry could not be assigned. Three years following their initial isolation
report, Mossa and co-workers established 45 as potent inducer of hypoglycaemia in mice with
oral bioavailability.[103] Additionally, saudin appears to have a unique mode of action unrelated
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to the cellular insulin secretion pathways, which are typically targeted by hypoglycemic
agents.[103]
Mossa and co-workers proposed the architectural complexity of saudin (45) arises
biosynthetically from the oxidative cleavage of the B-ring of a labdane precursor, such as 196,
at C6-C7 (Scheme 25).[56] This transformation likely proceeds via Baeyer-Villager oxidation
with hydrolysis of the newly formed lactone. Subsequent dehydration to give 197 buries the
nascent hydroxyl groups by formation of several bridging ketal moieties along with
lactonisation, leading to a significant increase in structural complexity (Scheme 25).

Scheme 25. Proposed biosynthesis of saudin (45)

Diabetes is a leading cause of death in many first world countries, including New Zealand.[104]
The promise held by the saudin pharmacophore in the generation of new hypoglycaemic agents
has driven synthetic chemists toward preparation of the natural product. The fruit of this has
been two elegant total syntheses by Winkler and Boeckman, respectively, and two partial
syntheses.[105–114]
1.5.2.1 Winkler et al., 2019
Winkler and co-workers reported the first total synthesis of (±)-saudin (45) in 1999.[105,114] The
15-step synthesis involves disconnection of the complex ketal framework of 45 to afford 198
(Scheme 26). Next, an ambitious late-stage intramolecular DeMayo reaction allowed the
retrosynthetic simplification of the saudin cyclic framework in 198 to lactone 199, bearing a
smaller fraction of sp3-hybridised carbons and three fewer stereocentres. The authors recognised
that the precursor to this transformation, lactone 199, could be accessed from simple bicyclic
ketone 200.

Scheme 26. Winkler and co-workers retrosynthetic analysis of saudin (45).
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The Winkler synthesis commenced with the Robinson annulation of lactone 201 and ketone 202,
affording lactone 200 with construction of two stereocentres (Scheme 27). Formation of the
thermodynamic silyl enol ether 203 and subsequent ozonolysis in methanol gave ester 204,
which could be converted to cyclic acetal 205 with pyridinium p-toluenesulfonate (PPTS).
Formation of the enol triflate of ketone 205 followed by methylation with trimethylaluminium
under palladium catalysis delivered alkene 206 after hydrolysis. Two-carbon homologation of
the pendant carboxylic acid was effected by formation of the corresponding ketene, addition of
the methyl bis(trimethylsilyl)malonate anion, and subsequent decarboxylation, affording 207.
Formation of the dioxenone chromophore presented a challenge to the authors given this moiety
is typically formed under acidic conditions, and the presence of the acid-labile benzyl acetal
precluded this. After significant experimentation, formation of dioxenone 199 was achieved
under basic conditions by formation of the acid chloride of 207 and addition thereof to a solution
of trimethylamine (Et3N) in acetone-benzene (1:2 v/v) at 95 °C. Conversion of benzyl acetal to
the corresponding lactone 199 afforded the intermediate for the key De Mayo reaction.
Winkler et al. discovered ultraviolet irradiation of dioxenone 199 led to the formation of stable
cyclobutane 208 without the subsequent ring-opening retro-aldol associated with the De Mayo
reaction. Completion of the DeMayo reaction over two steps required treatment with aqueous
base; therefore, conversion of the base labile lactone 208 to enol ether 209 was sought prior to
retro-aldol cyclobutane fragmentation. Accordingly, Stille coupling of the corresponding enol
triflate of lactone 208 with 3-furyltributylstannane afforded the desired enol ether 209,
completing installation of the requisite carbon atoms for the total synthesis of saudin (45). Enol
ether 209 was treated with aqueous base, triggering the retro-aldol fragmentation for the formal
DeMayo reaction along with ester hydrolysis (Scheme 27, inset). Acidification of the crude
mixture then led to the dehydrative ketalisation of intermediate 198, completing the total
synthesis and delivering a considerable 70 mg of saudin (45).
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Reagents and conditions: a) pyrrolidine, AcOH, THF, rt, 76%; b) TMSI, HMDS, CH2Cl2, –20 °C, 99%; c) O3, MeOH, –78 °C,
70%; d) BnOH, PPTS, benzene, reflux, 70%; e) KHMDS, 2-[N,N-bis(trifluoromethylsulfonyl)amino]pyridine, THF, –78 °C to
0 °C, 91%; f) AlMe3, LiCl, Pd(PPh3)4, THF, 81%; g) LiOH (aq.), MeOH, 94%; h) (COCl)2, CH2Cl2, LiC(CH3)(CO2TMS)2,
THF, 0 °C then NaHCO3 (aq.), citric acid, 97%; i) (COCl)2, benzene, Et3N, Me2CO, benzene, 95 °C, 70%; j) H2, Pd/C, EtOAc,
97%; k) DMP, CH2Cl2, rt, 93%; l) 9:1, MeCN:Me2CO, hv, 0 °C, 80%; m) n-BuLi, TMEDA, Tf2O, THF, –95 °C, 81%; n) (3furyl)SnBu3, LiCl, Pd(AsPh3)4, THF, reflux, 95%; o) LiOH (aq.), MeOH, 65 °C, then HCl (aq.), PPTS, benzene, reflux, 52%.

Scheme 27. Winkler and co-workers’ total synthesis of saudin (45)

4.2.3 Boeckman et al., 2001
Two years following the racemic synthesis of saudin (45) reported by Winkler et al., Boeckman
and co-workers reported the enantioselective synthesis of both possible enantiomers of 45,
allowing the assignment of the absolute stereochemistry.[106] The retrosynthetic strategy
employed by the authors targeted ketone 210, and relied on a Claisen rearrangement for
construction of the all-carbon quaternary centre therein (Scheme 28). The substrate for the
Claisen rearrangement, enol ether 211 bore only one stereocentre, which the authors envisioned
could be constructed from simple building blocks chiral enamine 212, ethyl vinyl ketone (173),
and tosylate 213 through alkylation, Michael addition, and aldol methods.
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Scheme 28. Boeckman and co-workers retrosynthetic analysis of saudin (45).

The synthesis of saudin (45) by Boeckman and co-workers commenced with conjugate addition
of enamine 212 to ethyl vinyl ketone (173), giving 214 and setting the first all-carbon
quarternary centre in 95% enantiomeric excess (determined at 215) (Scheme 29). Subsequent
intramolecular aldol condensation allowed construction of the A-ring of saudin (45), and Oalkylation with tosylate 213 afforded 211 the substrate for the key Claisen rearrangement. Under
thermal conditions, the authors observed predominate formation of the undesired diastereomer
216 (4:1 dr), arising from approach of the allyl group from the top face of the enol ether in a
half-chair conformation (TS2, Scheme 29, inset). The stereochemical outcome can be
rationalised by stereoelectronic preference for axial bond formation at the nascent quarternary
centre. The authors were able to reverse the inherent diastereoselectivity by treatment of 211
with the bidendate Lewis acid titanium tetrachloride to give 210. This can be rationalised on the
basis of simultaneous complexation of both the enol ether and ester moieties in 211, enforcing
a boat-like conformation and driving the allyl group to adopt a pseudoequatorial approach
(TS1).
Deprotection of silyl ether 210 led to spontaneous formation of a diastereomeric pair of
hemiketals, which could be converted to methoxy ketal 217 in a stereoconvergent fashion.
Hydroboration-oxidation of the monosubstituted olefin in 217, followed by Swern and Pinnick
oxidation, afforded carboxylic acid 218. Epoxidation followed by treatment with aqueous acid
provided lactone 219, which served as an electrophilic site for installation of the furanyl moiety
to give 220. Further treatment with boron trifluoride etherate (BF3·Et2O) induced an epoxide
rearrangement to deliver 221, likely involving formation of a tertiary carbocation following
protonation of the epoxide. Formation of the enol-lactone 222 allowed selective installation of
the C4 methyl group without interference of the A-ring ketone. Subsequent hydrolysis of the
lactone afforded 223, and treatment with trimethylsilyl triflate (TMSOTf) facilitated
rearrangement of the ketal framework of 223 to that of the natural product, thereby completing
asymmetric synthesis of saudin (45).
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The absolute stereochemistry of saudin (45) was unassigned in the original isolation report.[54]
Through synthesis of both enantiomers of the 45, Boeckmann and co-workers were able to
assign the absolute stereochemistry, highlighting the importance of total synthesis to the
structural elucidation of natural products.

Reagents and conditions: a) ethyl vinyl ketone, PhMe, 50 °C then HCl, rt; b) pyrrolidine, AcOH, PhMe, reflux, 62% over two
steps; c) KOH (aq.), MeOH, reflux; d) K2CO3, dimethylsulfate, acetone, reflux, 80% over two steps; e) 213, KHMDS, THFHMPA, –78 °C, 65%; f) TiCl4, Me3Al, 4 Å MS, CH2Cl2, -65 °C, 65%; g) TBAF, AcOH, THF, rt then TsOH, CH(OMe)3,
MeOH, rt; h) 9-BBN, THF, reflux then NaBO3, H2O, rt, 87% over two steps; i) DMSO, (COCl)2, Et3N, CH2Cl2, –60 °C to 0 °C,
then NaClO2, NaH2PO4, 2-methyl-2-butene, t-BuOH/H2O, rt, j) mCPBA, NaHCO3, CH2Cl2, rt, then HCl (aq.), THF, rt, 73%
over three steps; k) 3-tributylstannyl furan, n-BuLi, THF, –78 °C, then Ac2O, DMAP, py, CH2Cl2, rt, 81%; l) BF3·Et2O, MeCN,
rt, 90%; m) K2CO3, MeOH, H2O, 0 °C; n) DMSO, (COCl)2, Et3N, CH2Cl2, - 60 °C; o) NaClO2, NaH2PO4, 2-methyl-2-butene,
t-BuOH/H2O, rt; p) NaOAc, (CF3CO)2O, CH2Cl2, rt, 67% over 5 steps; q) LiTMP, THF, –78 °C, then HMPA, MeI, –50 °C,
75% epimeric mixture, r) LDA, THF, 0 °C, desired epimer, 70% over two steps; s) KOH (aq), reflux; t) TMSOTf,
dichloroethane, rt, 70% over two steps.

Scheme 29. Boeckman and co-workers’ total synthesis of saudin (45)
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1.5.2.2 Partial Syntheses of Saudin
In addition to work of Winkler and Boeckman, partial syntheses of saudin (45) have been
reported by both the Labadie and Stoltz groups.[107–113] Labadie and co-workers established
access to the bisketal core of saudin (45) from tetralone (224) employing a radical cyclisation
of bromide 225 or iodide 226, and an acid catalysed transketalisation of 227 to give the core
structure 228 (Scheme 30A).[113]
Stoltz and co-workers developed a tandem Stille coupling-electrocyclisation towards the total
synthesis of saudin (45) (Scheme 30B).[107,108] Coupling of stannane 229 and iodide 230 under
palladium catalysis resulted in the expected C-C bond formation to afford intermediate 231,
which underwent spontaneous electrocyclisation to tricyclic intermediate 232 as a single
diastereomer. Efforts to advance intermediate 232 to saudin (45) were ultimately thwarted by
low yielding reactions further on in the synthesis.

Reagents and conditions: a) pTsOH, PhMe, 4 Å MS, rt, 70%; b) Pd(PPh3)4, CuI, DMF, rt, 92%.

Scheme 30. Synthetic studies toward saudin (45)

1.5.3 Chapecoderins
Ohsaki and co-workers isolated 8,9-seco-labdanes chapecoderins A-C (87–89) from the leaves
of Echniodorus macrophyllus, a plant used in Brazilian traditional medicine to treat difficulties
in urination, hepatitis, and rheumatism.[72] The structures of 87–89 were elucidated primarily
with NMR techniques, however, the absolute stereochemistry was left unassigned.
Chapecoderin A (87) was proposed to arise from the oxidative cleavage of the B-ring of a
labdane precursor at the 8,9 bond (Scheme 31), akin to the proposed biosynthesis of leonuketal
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(8). The authors postulate that chapecorderins B (88) and C (89) are the products of an
intramolecular aldol reaction of 87, with and without dehydration, respectively.
Both chapcoderin B (88) and C (89) exhibited cytotoxic activity against lymphoma L 1210 cells
(IC50 7.2 and 6.0 g/mL, respectively), while chapecoderin A (87) exhibited no significant
activity (IC50 > 10 g/mL).

Scheme 31. Chapecoderins A-C (87–89)

1.5.3.1 Chapecoderin A-C Total Synthesis, Hagiwara et al., 2001 & 2004
Hagiwara and co-workers reported the asymmetric synthesis of chapecoderin A (87) in 2001,
and the extension of this work to the chapecoderin B (88) and C (89) in 2004 (Scheme 32).[115,116]
The asymmetric synthesis allowed the determination of the absolute stereochemistry of
chapecoderins A-C (87–89), previously unassigned in the isolation report.[72]
The Hagiwara synthesis commenced with the addition of tert-butyl acetate to enantiopure
decalone 234, a known derivative of the Wieland-Miescher ketone (120) to give 235 (Scheme
32). Elimination of the tertiary alcohol, followed by reduction and acetylation gave acetate 236,
and subsequent ozonolysis gave ditketone 237. Treatment of 237 with DBU allowed in situ
generation of the corresponding enone, which underwent conjugate addition of lactone 238 in
the same pot, completing the total synthesis of enantiopure chapecoderin A (87).[115]
Comparison of the optical rotation of the synthetic material with that of isolated material allowed
the absolute stereochemical configuration of chapecoderin A (87) to be assigned as 5S,10S.[115]
In 2004, Hagiwara and co-workers extended their asymmetric synthesis of chapecoderin A (87)
to access chapecoderins B (88) and C (89) by a biomimetic intramolecular aldol reaction
(Scheme 32). If slightly modified conditions for coupling of the butenolide motif were
employed, chapecoderin B (88) could be isolated in 18% yield alongside chapecoderin A (87,
39%). Finally, elimination of the tertiary alcohol of chapcoderin B (88) completed the
asymmetric total synthesis of chapecoderin C (89), and absolute stereochemical configuration
of 87–89 was confirmed comparison of optical rotation.[116]
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Reagents and conditions: a) tert-butyl acetate, LDA, HMPA, –78 °C, 89%; b) SOCl2, DMAP, pyridine, rt, 97%; c) LiAlH4,
Et2O, rt, quant.; d) Ac2O, DMAP, pyridine, rt, 97%; e) O3, CH3OH, –20 °C then Me2S, 75%; f) DBU, benzene, 90 °C, 40% for
87, yield for 88 not reported; g) DBU, benzene, 60 °C, 39% for 87 & 18% for 88; f) SOCl2, pyridine, DMAP, 52%.

Scheme 32. Hagiwara and co-workers’ total synthesis of chapecoderins A-C (87–89)[115,116]

1.5.4 Clutiolides A-C
Clutiolides A-C (57–59) are 6,7-seco-labdane diterpenes isolated from the roots of Clutia
abyssinica by Euerby and co-workers in 1990 (Scheme 33).[59] The clutiolides (57–59) feature
two lactone rings formed as a result of 6,7-oxidative cleavage of the labdane skeleton. The
tetracyclic scaffold present in the clutiolides (57–59) exemplifies the increased complexity and
structural diversity facilitated by oxidative cleavage of the labdane core. To date, no biological
testing of the clutiolides (57–59) has been reported.

Scheme 33. Clutiolides A-C (57–59)

1.5.4.1 Synthetic Study Towards Clutiolide B and C, Hatakeyama et al., 2010
Hatakeyama and co-workers reported the stereoselective synthesis of plausible late-stage
intermediate 239 for the total synthesis of clutiolide B (58) and C (59) in 2010.[117] The synthetic
strategy exploits an Ireland-Claisen rearrangement of 240 as a key carbon-carbon bond-forming
step.
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Synthesis of fragment A (241) was achieved by intramolecular Diels-Alder reaction of ester
(242), which proceeded with complete diastereoselectivity, followed by hydrolysis (Scheme
34). Fragment B (243) was accessed by ring-closing metathesis of compound 244, followed by
reduction and formation of the methoxy acetal. Coupling of the two fragments, 241 and 243, by
esterification provided the substrate for the key Ireland-Claisen rearrangement. Treatment of
240 with dimethyldichlorosilane effected the desired Ireland-Claisen rearrangement to afford
carboxylic acid 239 bearing the tetracyclic framework of clutiolide C (59).[117]

Reagents and conditions: a) BHT, 230 °C, 1,2,4-trichlorobenzene, 77%; b) NaOH, MeOH, rt, (used crude); c) Hoyveda-Grubbs
2nd gen, PhMe, 80 °C, 58%; d) DIBAL-H, CH2Cl2, –78 °C, e) MeOH, CSA, 0 °C, 88% over two steps, f) EDCI, DMAP, CH2Cl2,
0 °C, 66% from crude fragment A 241; g) Me2SiCl2, LHMDS, Et3N, PhMe, –78 °C to 80 °C, 36%.

Scheme 34. Hatakeyama and co-workers synthetic study toward clutiolides B (58) and C (59)
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1.6 Aims of the Current Research
Seco-labdanes are a subset of diterpenoids that have attracted attention from the synthetic
community due to their structural complexity and desirable therapeutic properties. Dense
oxygenation, congested stereocentres and polycyclic scaffolds are hallmarks of this class of
natural products, and studies toward their synthesis have helped elucidate the reactivity patterns
of complex organic molecules in a general sense.
Leonuketal (8) is a recently isolated member of the seco-labdane class with no reported total
synthesis (Figure 1). The polycyclic structure of leonuketal (8) displays high stereochemical,
functional, and architectural complexity; hence, the total synthesis of 8 is ideal platform for the
discovery and development of new synthetic methodology. Additionally, synthetic material
provided by such a total synthesis will enable more comprehensive investigation of the
bioactivity of 8. Accordingly, this study aims to develop an efficient synthetic route to
leonuketal (8).

Figure 1. Leonuketal (8)
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2A.1 Retrosynthetic Analysis
It was anticipated that leonuketal (8) could be accessed from late-stage hemiketal 245 through
extension of the C3 sidechain and dehydrative spiroketalisation (Scheme 34). Hemiketal 245
could be made available from ester 246 and -methylene lactone 247 by allylation of the former,
followed by metathesis of the newly installed olefin with 247.[118,119]
Ester 246, bearing the [2.2.2]-oxabicyclic core of leonuketal (8), could be accessed from alcohol
248 by 6-exo-trig lactonisation (Scheme 35A). An appropriate synthon for alcohol 248 appeared
to be ketone 249 which could in turn be made available from E-enal 250 and diene 251 by a
[4+2]-cycloaddition.
Alternatively, Z-dienophile citraconic anhydride (252) could provide access to ester 246 through
a similar sequence by initial formation of 3-epi-246 followed by epimerisation of C3 carbon to
give 246 (Scheme 35B). In which case, ester 246 could be afforded from ketone 253 by a
reductive cyclisation reaction, proceeding in the forwards sense via formation of transient
alcohol 254 followed by spontaneous 6-exo-trig attack at the anhydride moiety.[120–123]
It was expected that the right-hand fragment, -methylene lactone 247, could be accessed from
alcohol 255 by ring-closing transacetalisation. Alcohol 255 could in turn be made available from
methyl acrylate (256) and 2,2-dimethoxyacetaldehyde (257) by a Morita-Baylis-Hillman
reaction.

Scheme 35. Retrosynthetic analysis of leonuketal (8).
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2A.2 Synthesis of -Ketal Lactone Fragment
It was proposed that the unique -ketal lactone moiety of leonuketal (8) (red, Scheme 36A)
might be accessed by a ring-closing ketalisation reaction involving treatment of 255 with an
acid catalyst in the presence of ethanol to afford 247. Several examples of analogous ketalisation
reactions of carboxylic acids, such as 258 and 259, had been reported in the literature (Scheme
36B).[124,125] However, it appeared plausible that known ester 255 could be used directly in this
transformation, allowing more efficient access to 247. Focus was therefore initially placed on
establishing direct access to -ketal lactone 247 from ester 255, with the possibility of an
intermediate hydrolysis step being introduced if the approach was unsuccessful.

Scheme 36. Proposed synthesis of -ketal lactone moiety of leonuketal (8).

To this end, ester 255 was accessed according to a procedure described by Maimone and coworkers for the Morita-Baylis-Hillman reaction of aldehyde 256 and methyl acrylate (257)
(Scheme 37).[126] This protocol was operationally simple and amenable to gram-scale synthesis.

Reagents and conditions: a) DABCO (40 mol %), H2O, 2 days, rt, 62%.

Scheme 37. Synthesis of ester 255.

With 255 in hand, a screen of acids to effect the proposed cyclisation thereof was undertaken;
however, all examined conditions failed to afford the desired cyclic -ketal lactone 247. The
use of hydrochloric acid (HCl), trifluoroacetic acid (TFA), tosic acid, sulfuric acid, and malonic
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acid resulted in formation of transacetalisation product 262 or a complex mixture (entries 1–10
& 13, table 1), and use of formic or acetic acid resulted in returned starting material (entry 11–
12). Therefore, it was deemed unlikely that ester 255 would provide direct access to the desired
-ketal lactone fragment 247 by the planned acid-mediated approach.
Table 1. Attempted formation of 247

entry

conditions

result

1

HCl cat. (4 M in dioxane), EtOH, 45 °C, 16 h

transacetalisation, 262

2

HCl (4 M in dioxane), EtOH-H2O (1:20) , 45 °C, 16 h

transacetalisation, 262

3

10% v/v HCl (4 M in dioxane) in EtOH, 1 h, rt

complex mixture

4

PTSA (cat.), EtOH, 45 °C, 16

complex mixture

5

TFA (cat.), EtOH, 60 °C, 16

transacetalisation, 262

6

1:1:0.1 TFA-CH2Cl2-EtOH (v/v), 1 h, rt

complex mixture

7

1:1 TFA-EtOH (v/v), 1 h, rt

complex mixture

8

SiO2-HSO4, 1:10 EtOH-CH2Cl2 (v/v), 5 h, rt

complex mixture

9

1:9 1 N aq. HCl in EtOH (v/v), 45 °C, 16 h

complex mixture

10

malonic acid, EtOH, 60 °C, 16 h

complex mixture

11

formic acid, EtOH, 80 °C, 16 h

no reaction

12

AcOH, EtOH, 80 °C, 16 h

no reaction

13

PPTS, EtOH, 45 °C, 16 h

transacetalisation, 262

Given transacetalisation product 262 had formed under several conditions, it seemed likely the
issue in formation of 247 lay with displacement of methanol from the ester, not with formation
of the necessary oxonium moiety of 263 (Scheme 36). Our strategy was therefore revised to
target carboxylic acid 264 as the cyclisation precursor. Accordingly, ester 255 was treated with
lithium hydroxide, resulting in disappearance of 255 by TLC analysis. However, mass recovery
from the reaction mixture was low after acidification and extraction with ethyl acetate,
suggesting 264 was either sensitive to the reaction or work up conditions, or simply insoluble in
the organic phase. Therefore, an alternative means of unmasking the free acid was sought.
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Reagents and conditions: a) LiOH, THF-H2O (1:4), overnight, rt.

Scheme 38. Attempted synthesis of acid 264

tert-Butyl ester 265 appeared to be a more appropriate precursor for generation of the free acid,
given the known lability of such esters under anhydrous acidic conditions. Moreover, it was
expected that treatment of 265 with acid would result in concomitant formation of oxonium
intermediate 263, allowing access to the desired -ketal lactone 247 using a one-pot procedure.

Scheme 39. Revised approach to synthesis of -ketal lactone fragment 247.

Pleasingly, tert-butyl ester 265 was found to be readily accessible from tert-butyl acrylate (266)
and aldehyde 256 by adaptation of the previous conditions used to synthesise methyl ester 255
(Scheme 40).

Reagents and conditions: a) DABCO (40 mol %), H2O, 3 days, rt, 68%.

Scheme 40. Synthesis of ester 265

To establish conditions for formation of -ketal lactone 247, ester 265 was treated with
hydrochloric acid (HCl) or trifluoroacetic acid (TFA) with varied concentration of acid,
temperature, and reaction time (Table 2). Initially, 265 in ethanol at room temperature was
treated with HCl as a solution in dioxane (4 M, 3%, v/v) or TFA (25%, v/v), both resulting in
returned starting material (table 1, entries 1–2). A slightly elevated temperature of 45 °C using
TFA in EtOH (10% v/v) resulted in transacetalisation to give 267 (entry 3) and increased
concentration of HCl (1.3 M in dioxane-EtOH, 1:3) gave the same product (entry 4). An
increased temperature of 45 °C with HCl (1.3 M in dioxane-EtOH, 1:3) resulted in formation of
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the desired product (247), however, the formation of ethyl ester 268 was observed to be the
major product by 1H-NMR (1:6, entry 5) and modification of these conditions did not lead to
formation of 247 as the major product (entries 6–7).
Fortunately, the use of TFA of varying concentration in the presence of EtOH and
dichloromethane delivered the desired product 247 and epimer 269 exclusively as determined
by analysis of the 1H-NMR spectrum of the crude reaction mixture (entries 8–13). Various
iterations of these conditions were investigated; however, no clear relationship was observed
between TFA and EtOH concentration or temperature (entries 8–13). Since the acetal
stereocentre was likely to epimerise later in the synthesis during formation of the spiroketal, it
was decided to take the desired product forward as a mixture of epimers 247 and 269.
Table 2. Synthesis of 247

ratio by 1H-NMR
entry

conditionsa
267

a

268

269

247

1

3% HCl (4 M in dioxane) in EtOH, 16 h

no reaction

2

25% TFA in EtOH, 16 h

no reaction

3

10% TFA in EtOH, 45 °C, 16 h

1

-

-

-

4

25% HCl (4 M in dioxane) in EtOH, 0 °C, 1.5 h

1

-

-

-

5

25% HCl (4 M in dioxane) in EtOH, 45 °C, 1.5 h

-

6

-

1

6

50% HCl (4 M in dioxane) in EtOH, 3.5 h

-

2

-

1

7

1 M HCl in 3:1 dioxane-EtOH, 45 °C, 2 h

-

2

-

1

8

1:1:0.2 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

2

9

1:1:0.5 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

1

10

1:1:1 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

2

11

1:2:0.3 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

1.5

12

1:4:0.5 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

1

13

1:1:1 TFA-CH2Cl2-EtOH, 1.5 h

-

-

1

2

Reactions carried out at room temperature unless otherwise stated; all solvent mixtures listed as v/v
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Translation of the conditions described in entry 8 (Table 2) to preparative scale proved
challenging. Direct concentration of the crude reaction mixture resulted in decomposition of the
desired product 247 on 100 mg scale. Quenching of the crude mixture with saturated aqueous
sodium bicarbonate followed by purification on silica (pet. ether-ethyl acetate) afforded the
desired product in a disappointing yield of 26%, and resulted in an impractical amount of carbon
dioxide formation. Neutralisation of the TFA was achieved more practically by filtering the
reaction mixture slowly through a pad of sodium bicarbonate, affording a mixture of the two
epimers 247 and 269 in 84% yield, however purity was sub-optimal. Subsequent purification on
silica using an eluent comprised of EtOH, triethylamine and dichloromethane afforded the
desired product as a mixture of epimers 247 and 269 in 53% yield, indicating loss of material
during purification. Finally, it was established that addition of toluene to the crude mixture prior
to concentration in vacuo allowed the removal of TFA without decomposition of 247 and 269.
This can likely be accounted for by the high boiling point of toluene allowing evaporation of
the TFA before concentration of the material to dryness. Ultimately, -ketal lactone 247/269
could be accessed in 92% yield on preparative scale (400 mg) by stirring of ester 265 in a 1:1:0.2
dichloromethane-TFA-EtOH (v/v) for 30 mins, followed by addition of toluene and
concentration in vacuo.

Reagents and conditions: a) 1:1:0.2 dichloromethane-TFA-EtOH (v/v), 45 min, 92%, 2:1 dr anti-syn.

Scheme 41. Synthesis of ester 247

With access to the unique -ketal lactone moiety of leonuketal (8) in the form of 247 established,
attention was then turned to the synthesis of caged bicyclic moiety.
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2A.3 Diels-Alder Studies
2A.3.1 Background
The Diels-Alder reaction is a powerful method for the construction of cyclohexene motifs
involving the [4+2]-cycloaddition of a 1,3-diene (270) and a dienophile (271) (Figure 2),
proceeding with complete atom economy, and often high diastereo- and regioselectivity.[127] As
a retrosynthetic disconnection, the Diels-Alder reaction is convergent (aside from
intramolecular cases) and affords simple unsaturated precursors for sp3 rich intermediates.
The observed reactivity patterns of the Diels-Alder cycloaddition can be rationalised by
consideration of the frontier molecular orbitals (FMO) of the diene (270) and dienophile
(271).[128] Typically, interaction of the highest occupied molecular orbital (HOMO) of the diene
270 with the lowest unoccupied molecular orbital (LUMO) of the dienophile 271 in the
orientation of greatest orbital overlap determines the regioselectivity of cycloaddition (Figure
2Bi). Such cases are termed ‘normal electron demand’ and proceed most readily when an
electron-rich dienophile (high-lying HOMO) and an electron-poor dienophile (low-lying
LUMO) are used, minimising the HOMO-LUMO energy gap. The HOMO-LUMO gap can be
further reduced by lowering of the dienophile LUMO upon complexation to a Lewis acid. Less
commonly, ‘inverse-electron demand’ Diels-Alder reactions are also possible and proceed via
interaction of the LUMO of an electron-poor diene and the HOMO of an electron-rich
dienophile (Figure 2Bii).

Figure 2. Diels-Alder reaction mechanism and regioselectivity

The stereoselectivity of the Diels-Alder reaction is determined by three factors.[128] Firstly,
concerted syn (suprafacial) addition of the diene to the dienophile imparts retention of the
relative configuration of the dienophile substituents in the newly formed sp3 centres (E to trans,
Z to cis) (Figure 3A). Secondly, the reaction typically proceeds with preference for the
kinetically favoured endo transition state over the thermodynamically favoured exo transition
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state (Figure 3B). This phenomenon, described by the ‘endo rule’, is attributed to secondaryorbital interactions of the dienophile electron-withdrawing group when positioned over (or
under) the diene (endo), as opposed to projecting away to reduce steric interactions (exo). Lastly,
the use of a chiral Lewis acid or non-racemic starting materials can impart facial selectivity for
approach of the diene (272) controlling the absolute stereochemical outcome of the reaction
(Figure 3C).

Figure 3. Determinants of the stereochemical outcome of a Diels-Alder reaction

Representative examples of the Diels-Alder reaction in total synthesis include the work of Kishi
et al. toward pinnatoxin A (274), Boger et al. towards rubrolone aglycon (275), and of Luo et
al. towards vinigrol (276) (Scheme 42).[129–131] Kishi et al. reported the use of a remarkable
intramolecular Diels-Alder reaction in 1998 to simultaneously construct a cyclohexene motif
present in pinnatoxin A (274) and furnish the macrocyclic core of the natural product.[129] The
reaction proceeded after elimination of mesylate 277 to afford 34% of the desired exo- isomer
(278), 31% of the undesired exo- isomer (not shown), and 14% of an endo isomer (not
shown).[129] This moderate exo selectivity (~5:1) was likely due to the geometric constraints
imposed by the rigid spiroketal portion. Boger and co-workers reported the use of the
cyclopropene dienophile 279 for the synthesis of rubrolone aglycon (275) in 2000.[130] The strain
relief associated with saturation of the cyclopropane motif upon formation of the adduct 281
provided an additional thermodynamic driving force for the reaction. Most recently, Luo and
co-workers reported the transannular Diels-Alder reaction of pyranone 282 for the synthesis of
vinigrol (276).[131] This transformation enabled a concise 15-step synthesis and delivered 600
mg of the complex natural product.
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Scheme 42. Representative examples of the Diels-Alder reaction in total synthesis
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2A.3.2 Proposed Study
At the outset of this study, it was anticipated that construction of ketone 249 or epimeric synthon
253 by a [4+2]-cycloaddition would prove challenging due to the high steric demand in forming
two tertiary-quaternary C-C bonds (Scheme 43A). Indeed, literature reports of [4+2]cycloadditions to form densely substituted gem-dimethyl cyclohexane motifs are scarce, despite
the ubiquity of this motif in diterpenoid natural products. Yet, we were encouraged by the work
of Sarpong and co-workers who utilised diene 284 for construction of a similarly congested
cyclohexene motif (Scheme 43B).[132,133] Additionally, Dong and co-workers reported a similar
[4+2]-cycloaddition during the course of this study involving anhydride 285 and diene 251,
providing support for the feasibility of this approach (Scheme 43B).[134–136]
To thoroughly investigate the planned retrosynthetic disconnection, it would be necessary to
access the trimethylsilyl (TMS), tert-butyl dimethylsilyl (TBS), and triisopropylsilyl (TIPS)
diene congeners (251, 284, 290) and establish their reactivity with both E- and Z- dienophiles,
such as 250 and 252 (Scheme 43A). Specifically, cycloaddition of dienes 251, 284, and 290
with 250 or 252 would afford adducts 291–293 and 294–296, respectively, as inconsequential
mixtures of exo- and endo- isomers. Subsequently, treatment with acid would induce a
desilylative elimination reaction (Scheme 43A, inset) to afford the desired enones 249 and 253.
While the use of an E-dienophile would provide the desired relative stereochemistry directly,
the [4+2]-cycloaddition of a Z-dienophile was expected to proceed more readily due to lower
steric demand, and could be used for the total synthesis of leonuketal (8) by incorporation of a
subsequent epimerisation step (Scheme 43A).
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Scheme 43. Planned Diels-Alder study and relevant literature examples

2A.3.3 Synthesis of Dienes 251, 284 and 290
In order to probe the effect of diene steric bulk on the proposed [4+2]-cycloaddition, access to
TMS-, TBS-, and TIPS-diene congeners (290, 251, 284) was sought. TBS diene 251 was
obtained by a literature protocol, and adaptation of this protocol for the synthesis of TMS diene
290 and TIPS diene 284 was uncomplicated (Scheme 44).[135]
Deprotonation of ketone 297 with sodium hydride, followed by treatment with ethyl formate
and subsequent methylation, afforded ketone 298 in high yield as a mixture of stereoisomers
(E/Z = 4:1). Gratifyingly, subsequent treatment of the E/Z mixture with the appropriate silyl
triflate resulted in isomerisation of the undesired Z-isomer to the desired E- isomer, affording
dienes 290, 251, and 284 as single stereoisomers.

Reagents and conditions: a) ethyl formate, NaH, THF, reflux, 30 min; b) dimethyl sulfate, DMSO, rt, 4 h, 93% over two steps;
c) ROTf, Et3N, Et2O, 0 °C to rt, 3 h, 77%–99%.

Scheme 44. Diene (290, 251, 284) synthesis
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With the requisite dienes in hand, focus was shifted to investigation of the envisaged [4+2]cycloaddition with E-dienophiles.

2A.3.4 Diels-Alder Reaction of Dienes 251 and 284 with E-dienophiles
Commercially available aldehyde 250 was utilised as a dienophile in a Diels-Alder reaction in
2005 by Reddy and co-workers to access congested cyclohexene intermediate 300 (Scheme
45).[137] Later, Kobayashi reported the synthesis of cyclohexene 301 using 250 and silyloxy
diene 302 under thermal conditions.[138] Given this precedent, aldehyde 250 was deemed an ideal
starting point for establishing the reactivity of the prepared dienes with E-dienophiles for the
synthesis of leonuketal (8).

Scheme 45. Precedent for Diels-Alder cycloadditions with aldehyde 250.

Initial investigations established diene 251 to be unreactive with aldehyde 250 under thermal
conditions in toluene up to 200 °C (Table 3, entries 1–3). Therefore, focus was turned to Lewis
acid promoted [4+2]-cycloaddition. Treatment of 251 and 250 with scandium triflate led to
significant formation of ketone 298 arising from desilylation of diene 251, alongside a new
product with three distinct alkene resonances yet lacking the expected aldehyde signal (entry 4).
Ultimately, the structure of the product was determined to be the hetero-Diels-Alder product
303 by 2D-NMR, and indeed, Kobayashi and co-workers also observed competitive formation
of the hetero-Diels-Alder product.[138]
Alternative Lewis-acids were screened attempting to divert the reactivity of diene 251 with
aldehyde 250 from product 303 to the desired product 249. The use of BF3·OEt2 in
dichloromethane resulted in formation of ketone 298 and 303 in a 1:1 ratio by crude 1H-NMR,
and tin tetrachloride (SnCl4) resulted in predominate formation of ketone 298 (entries 5 & 6,
respectively). Next, the weaker Lewis-acid zinc chloride was evaluated at room temperature and
60 °C, however, neither sets of conditions led to the formation of the desired product 249 (entries
7 & 8, repsectively).
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Table 3. Diels-Alder reaction of diene 251 and aldehyde 250

ratio of products (1H-NMR)
entry

conditions
249

298

303

1

PhMe, 130 °C, 40 h

-

-

-

2

PhMe, 150 °C, 60 h

-

-

-

3

PhMe, 200 °C, 4 h

-

-

-

4

Sc(OTf)2 (20 mol %), CH2Cl2, 78 °C to rt, 3 h

-

3

7

5

BF3·OEt2 (20 mol %), CH2Cl2, 78 °C to rt, 3 h

-

1

1

6

SnCl4 (20 mol %), CH2Cl2, 78 °C to rt, 3 h

-

20

1

7

ZnCl2 (20 mol %), CH2Cl2, 0 °C to rt, 60 h

-

1

1

8

ZnCl2 (50 mol %), DCE, 60 °C to rt, 30 min

-

7

3

The predominant formation of hetero-Diels-Alder product 303 was attributed to the lower steric
demand for cycloaddition to the aldehyde group of 250, in comparison to the trisubstitued olefin,
together with the electron withdrawing properties of the vinylogous ester. Hence, an alternative
Z-dienophile was sought.
Fumarate 304 was considered for this purpose, postulating that the higher oxidation state would
mitigate the undesired hetero-Diels-Alder pathway (Figure 4). However, 304 was expected to
be significantly less reactive as a dienophile due to the lower electron withdrawing properties
of esters compared to aldehydes. As such, aldehyde 305 was deemed a more auspicious choice
of dienophile since removal of the vinylogous ester would reduce the electrophilicity of the
aldehyde moiety, making it less reactive as a dienophile in [4+2]-cycloadditions.

Figure 4. Comparison of aldehydes dienophiles
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Synthesis of aldehyde 305 was completed in two steps following a literature protocol reported
by Borhan et al. (Scheme 46).[139] Treatment of prenol (306) with TBS chloride resulted in
formation of silyl ether 307. Subsequent allylic oxidation was effected with complete
regioselectivity using selenium dioxide (SeO2), giving desired enal 305 in 68% yield over two
steps.

Reagents and conditions: a) TBS-Cl, imidazole, DMAP, CH2Cl2, rt, 16 h, 95%; b) tBuOOH, SeO2, CH2Cl2, –15 °C to rt, 48 h,
72%

Scheme 46. Synthesis of aldehyde 305.

With enal 305 in hand, a screen of Lewis-acids to promote the [4+2]-cycloaddition between 305
and diene 251 was conducted (Table 4). Unfortunately, use of zinc chloride in dichloromethane,
tetrahydrofuran and acetonitrile resulted in desilylation of diene 251 with no formation of adduct
308 (Table 4, entries 1–3). Next, ytterbium triflate, indium trichloride and scandium triflate were
examined to effect the cycloaddition (entries 4–6). Disappointingly, exclusive desilylation of
diene 251 was observed under these conditions.
Given the problematic formation of ketone 298 when using TBS diene 251, TIPS diene 284 was
investigated to probe whether increased steric bulk around the silicon atom could mitigate this
side reaction. Disappointingly, treatment of TIPS diene 284 with Sc(OTf)2 or BF3·OEt2 at –40
°C and –78 °C, respectively, led to a complex mixture of products in both cases (Table 4, entries
9 & 10, respectively).
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Table 4. Diels-Alder reaction of diene 251 and 284 and aldehyde 305

conditionsa

result

1

ZnCl2, CH2Cl2, 0 °C to rt

diene desilylation

2

ZnCl2, THF rt to 60 °C

no reaction

ZnCl2, MeCN, rt

no reaction

4

Yt(OTf)3, MeCN, –20 °C to rt

diene desilylation

5

InCl3, MeCN, –20 °C to rt

diene desilylation

6

Sc(OTf)2, MeCN, –20 °C to rt

complex mixture

BF3·OEt2, CH2Cl2, –78 °C

complex mixture

SnCl4, MeCN, –40 °C

complex mixture

entry

diene

3
251

7
284
8
a

Lewis acids used at 10 mol %

Given the preference for formation of hetero Diels-Alder adduct 303 when using the of highlyelectron deficient dienophile 250 and the predominant formation of ketone 298 with aldehyde
305, focus was shifted to the use of a Z-dienophile citraconic anhydride (252).

2A.3.5 Investigation of Z-Dienophile 252
Initial investigation of the use of Z-dienophiles was focused on the thermally promoted
[4+2]-cycloaddition of TBS-diene 251 and commercially available citraconic anhydride (252).
At the outset, it appeared possible that the use of 1,2-doubly activated dienophile 252 could
result in formation of an undesired regioisomer 309. However, 1H-NMR analysis of the crude
mixture resulting from treatment of 251 with one equivalent of 252 at 150 °C in toluene (Table
5, entry 1) suggested sole formation of desired adduct 295, albeit alongside diene desilylation
product 298 (1:4, 298 to 295). The observed regioselectivity is likely due to steric clash between
the methyl groups of both the dienophile 252 and diene 251 in the transition state leading to the
formation of 309 (TS3, Table 5, inset). Unfortunately, full characterisation of the adduct 295
was hampered by decomposition during isolation. Nevertheless, optimisation of the Diels-Alder
reaction to form adduct 295 was investigated with the intention of isolating the product after
desilylation.
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Curiously, increasing the amount of citraconic anhydride (252) to either 1.2 or 4 equivalents
(Table 5, entries 2 & 3, respectively) resulted in a proportionate increase in the amount of diene
desilylation observed. This suggested that acidic impurities, likely resulting from hydrolysis of
252, were present in the commercial citraconic anhydride (252) and promoting the undesired
reactivity. Accordingly, citraconic anhydride (252) was distilled prior to use (entry 4), which
pleasingly resulted in a dramatic decrease in diene desilylation, strongly favouring formation of
the adduct 295. A subtle decrease in temperature was also found to be beneficial (entry 4) and
these reaction conditions translated well to the use of TMS-diene 290, albeit with slightly less
favourable selectivity for the desired adduct 294 over ketone 298 (1:10 294 to 298, entry 5; 1:13,
entry 4).
Table 5. Diels-Alder reaction optimisation

entry

diene

adduct

298

252 (1 eq), 40 h, 150 °C

4

1

252 (1.2 eq), 40 h, 150 °C

1

2

3

252 (4 eq), 16 h, 150 °Cc

1

9

4

252 (1 eq), 16 h, 140 °Ca

13

1

252 (1 eq), 16 h, 140 °Ca

10

1

1
2
251

5
a

ratio by 1H-NMR

conditions

290

Distilled citraconic anhydride; bhydroquinone used as radical inhibitor; cBHT instead of hydroquinone

Given the instability of adducts 294 and 295 to isolation by silica chromatography, it was
decided to subject the crude material from entries 4 and 5 to acid-mediated desilylativeelimination directly.
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2A.3.6 Desilylative Elimination of Adducts 294 and 295
Conditions for the formation of the target adducts 294 and 295 had been identified and focus
was shifted towards the acid-mediated desilylative-elimination for formation of ketone 253
(Scheme 47). Given the difficulties associated with isolation of adducts 294 and 295, it was
hoped that ketone 253 would be isolable, despite the persistence of the anhydride motif.

Scheme 47. Desilylative-elimination 294 and 295

Initially, treatment of the crude TMS adduct 294 with anhydrous hydrochloric acid resulted in
only trace amounts of the desired ketone 253 being formed. Interestingly, significant amounts
of both citraconic anhydride (252) and desilylated diene 298 were observed, suggesting a
decomposition pathway returning the [4+2]-cycloaddition starting materials. To investigate the
suspected decomposition pathway, a sample of the crude adduct 294 in deuterated chloroform
was treated with zinc chloride (Figure 4A); surprisingly, clean conversion to the desired ketone
253 was observed. This suggested the observed decomposition was not in principle due to the
acidic conditions needed to effect the desilylative elimination; rather, that a remarkable solvent
effect was at play. This hypothesis was supported by a) previously observed stability of the
adduct 294 in d-chloroform for NMR analysis; and b) observed fragmentation to give 298 and
252 when the desilylative elimination was attempted by addition of zinc chloride directly to the
[4+2]-cycloaddition reaction mixture in toluene at room temperature, as opposed to with a
solvent switch to d-chloroform. Ultimately, it was determined that adduct 294 was undergoing
a fragmentation reaction to give 298 and ketone 252, proceeding to near completion after an
hour of stirring at room temperature in toluene in the absence of a Bronsted or Lewis acid
(Figure 4B), before the necessary desilylative elimination could be effected. If the crude mixture
was quickly concentrated in vacuo to remove the toluene and re-suspended in d-chloroform, the
adduct 294 did not undergo the observed fragmentation (Figure 4C).
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Figure 4. Solvent-dependent fragmentation of adduct 294

Interestingly, diene 290 was not observed in these cases, only the desilylated congener 298.
Given that diene 290 was broadly stable under the conditions in which the fragmentation was
observed, it is unlikely that a classical retro-[4+2]-cycloaddition followed by desilylation of
diene 290 was operative. Rather, the mechanism for fragmentation of the newly formed C-C
bonds involved simultaneous desilylation.
To probe the influence of steric congestion on the observed fragmentation, the Diels-Alder
reaction was conducted with TBS diene 251 and maleic anhydride (310), lacking the methyl
group present in citraconic anhydride (252). The crude mixture was then stirred in toluene at
room temperature and no discernible fragmentation was observed. This suggested that
alleviation of steric congestion around the newly formed C-C bonds was a thermodynamic
driving force for fragmentation and highlights the difficulty in forming two tertiary-quaternary
C-C bonds using a [4+2]-cycloaddition.

Reagents and conditions: a) malic anhydride (2 eq), PhMe, 100 °C, 2 h, 36% (isolated)

Scheme 48. Synthesis and stability of malic anhydride adduct 295
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The toluene-induced fragmentation was found to be slower with TBS adduct desmethyl-295 and
could be negated completely by conducting the cycloaddition step neat (Table 6), affording the
unstable desired adduct desmethyl-295 in 75% yield as determined by analysis of 1H-NMR
spectrum of the crude mixture with an internal standard. A brief screen of different acids in
chloroform to effect the necessary desilylative-elimination revealed zinc chloride, HCl, and
TFA as competent catalysts for the reaction (Table 6, entries 1–3), while AcOH and ammonium
chloride returned starting material (entries 4–5). Ultimately, dissolution of the crude mixture of
adduct 295 in chloroform, followed by treatment with TFA proved to be a convenient method
to access enone 253 (entry 3). Unfortunately, the sensitive anhydride moiety prevented
purification of enone 253, therefore the yield was determined by use of an NMR internal
standard (72%), and the subsequent step was investigated using crude material.
Table 6. Neat Diels-Alder conditions and desilylative elimination

a1.3

entry

conditionsa

yield by 1H-NMR from 252

1

ZnCl2 (40 mol %, 1.0 M in diethyl ether), CHCl3, 5 min

65%

2

3% (v/v) TFA in CHCl3, rt, 5 min

72%

3

HCl (4 M in dioxane), CHCl3, 5 min

57%

4

AcOH, neat, 120 min

no reaction

5

NH4Cl (aq), PhMe/H2O, 120 min

no reaction

eq of 251

With access to enone 253 established, focus was turned to the envisaged reductive-cyclisation
to form the caged bicyclic structure of leonuketal (8).
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2A.4 Reductive Cyclisation
2A.4.1 Background and Proposal
Larsen and co-workers employed a reductive cyclisation approach to functionalised pyranose
surrogates bearing cyclohexane core structures, as opposed to the native pyran, in several reports
from 1993 to 2004.[120,122,123,140] The reaction proceeded via reduction of a ketone (orange), such
as 311, and spontaneous 6-exo-trig cyclisation of the resulting alcohol to the distal carbon of the
anhydride (blue, Scheme 49A). The authors observed exclusive formation of the 6-exo-trig
product 312, as opposed to the isomer arising from competing 5-exo-trig cyclisation to the
proximal carbon of the anhydride, in cases where a substituent was present at C6.
It was recognised that execution of an analogous reductive cyclisation would provide the
[2.2.2]-oxabicyclic core of leonuketal (8) (Scheme 49B). However, the syn stereochemistry of
the ring fusion in examples reported by Larsen et al. would provide inverted C3 stereochemistry
of the product 313 with respect to leonuketal (8). Therefore, epimerisation of the C3 carbon of
313, as ester 314 to give 315, would be required for the total synthesis of leonuketal (8) (Scheme
49Ci).
While such an epimerisation would increase the step count, we expected it to carry several key
advantages in the overall simplification of the synthesis. Firstly, it would allow the use of a Zdienophile (252) in the Diels-Alder step, which had been demonstrated in section 2A.3.5 to be
more compatible with diene 251 than an E- equivalent. Secondly, the syn-ring fusion of adduct
253 imparts a strong preference for delivery of hydride to the desired si-face for
diastereoselective reduction of the ketone (Scheme 49Cii). Moreover, the reduction of the
equivalent anti-adduct 316 resulting from use of an E-dienophile was likely to favour the
undesired re-face attack to form the equatorial alcohol. Finally, the cyclisation event following
ketone reduction was expected to be more facile for the highly electrophilic cyclic anhydride,
as opposed to the ester equivalent.
Considering these factors, a strategic epimerisation of the C3 carbon of ester derivative 314 by
deprotonation was planned. If conversion of 314 to epimer 315 was suboptimal, recycling of
314 after chromatographic separation would provide meaningful amounts of desired lactone
315.
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Scheme 49. Planned reductive cyclisation and stereochemical considerations

2A.4.2 Reductive Cyclisation of 253
With access to enone 253 established, formation of the [2.2.2]-oxabicyclic core of leonuketal
(8) by a reductive cyclisation was investigated. 1,2-Reduction of enone 253 by treatment with
sodium cyanoborohydride in acetic acid afforded a 2:1 mixture of highly polar, inseparable
products. It appeared likely that the two products were the isomeric carboxylic acids [2.2.2]-313
and [3.2.1]-317. Indeed, treatment of the crude mixture with TMS-diazomethane afforded two
isomeric methyl esters in 17% and 7% overall yield from citraconic anhydride (252, 4 steps).
Inspection of the NMR spectra for the isomeric esters suggested the desired product [2.2.2]-314
had been formed alongside [3.2.1]-318, arising from competing 5-exo-trig cyclisation at the
proximal side of the anhydride (Scheme 50, blue arrow). Unfortunately, it was not possible to
assign the two isomeric products by 2D NMR. Therefore, single crystal XRD structures were
sought to establish the structure and stereochemistry of 314 and 318.

Reagents and conditions: a) NaCNBH3, AcOH, rt, 2 h; b) TMS-diazomethane, MeOH-benzene-Et2O, rt, 15 min, 17% 314 and
7% 318 from citraconic anhydride (252, 4 steps).

Scheme 50. Reductive cyclisation of 253 to form 313 and 317
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The major product of the esterification (Scheme 51) was successfully crystallised by evaporation
from a chloroform-hexane mixture and analysis of the single crystal XRD structure revealed the
desired [2.2.2] ring structure of 314. As expected, 314 was epimeric at C3 with respect to
leonuketal (8). Unfortunately, the isomeric methyl ester 318 could not be crystallised and an
alternative functional group to aid crystallisation was sought. Treatment of the crude mixture
of carboxylic acids 313 and 317 with oxalyl chloride and dimethyl formamide (DMF) followed
by addition of N,O-dimethylhydroxylamine afforded two isomeric Weinreb amides 319 and
320. The minor isomer 320 was crystalline and could be definitively assigned as the [3.2.1]
isomer by single crystal XRD.

Reagents and conditions: a) NaCNBH3, AcOH, rt, 2 h; b) (COCl)2, DMF (cat.), CH2Cl2, rt, 4 h; c) HNMeOMe·HCl, Et3N,
CH2Cl2, 24 h, 14% 319 and 10% 320 from citraconic anhydride (252, 5 steps).

Scheme 51. Structural assignment of ester 314; synthesis and structural assignment of Weinreb amide 319 and
320
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Repetition and scale-up of the reductive cyclisation established that 1,2-reduction of ketone 253
proceeded reliably with complete exo selectivity. However, the ratio of products 314 and 318
from the ensuing cyclisation proved unpredictable. Typically, a modest 2:1 preference for
formation of [2.2.2]-314 over [3.2.1]-318 was observed, but occasionally this selectivity was
reversed for reasons that remained unclear. Nevertheless, it was recognised that [3.2.1]-318
could potentially prove a useful intermediate by isomerisation to [2.2.2]-314 via an acid
mediated translactonisation step executed later in the synthesis (Scheme 52).

Scheme 52. Plausible translactonisation of 318 to 313

2A.4.3 One-Pot Procedure for Synthesis of 314 and 318
At this juncture, a one-pot reaction sequence for preparation of bicyclic lactones 314 and 318
directly from diene 251 without isolation appeared desirable to avoid the purification issues
encountered for adduct 295 and ketone 253. Such a sequence would require mild conditions for
the desilylative-elimination of adduct 295 in the crude Diels-Alder reaction mixture;
furthermore, said conditions would need to be compatible with the subsequent reductive
cyclisation without an intermediate work-up. It appeared likely that the previously established
conditions using zinc chloride (ZnCl2) in chloroform for desilylative-elimination would be
compatible with the reductive cyclisation, and these conditions were used as a starting point for
(re)optimisation of the ensuing reductive cyclisation. Accordingly, a neat solution of diene 251
and citraconic anhydride 252 was heated at 140 °C for 16 h as per the conditions established in
section 2A.3.6. Upon cooling to room temperature, the crude Diels-Alder adduct 295 was
dissolved in chloroform and ZnCl2 was added, resulting in rapid formation of ketone 253, the
yield of which was determined to be 75% by 1H-NMR analysis of an aliquot. Initially, sodium
borohydride (NaBH4) was added directly to the reaction mixture following formation of ketone
253, however, no formation of 313 and 317 was observed. The addition of sodium
cyanoborohydride (NaCNBH3) in a co-solvent of tetrahydrofuran also failed to afford the
desired products, suggesting the presence of acetic acid was important for the formation of 313
and 317. Gratifyingly, addition of acetic acid as a minor co-solvent (5% v/v) gave a 33%
combined yield of 313 and 317, and ultimately, conducting the reductive cyclisation step in a
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1:1 (v/v) mixture of chloroform and acetic acid gave a quantitative yield of the desired products
313 and 317 from ketone 253.
Table 7. Optimization of the reduction step (253 to 313 and 317) for the telescoped sequence (Scheme 4).

a

entry

conditions

combined yield by 1H-NMRa

1

NaBH4, CHCl3, rt

-

2

NaCNBH4, CHCl3-THF (v/v 1:1), rt

-

3

NaCNBH4, CHCl3-THF-AcOH (v/v 1:1:0.1), rt

33%

4

NaCNBH4, CHCl3-AcOH (v/v 1:1), rt

quant.

from ketone 253; yield of ketone 253 from preceding [4+2]-cycloaddition determined by 1H-NMR of a reaction

aliquot

Using this telescoped sequence, it proved possible to obtain 314 and 318 in a reasonable
combined yield of 33% over 4 steps, albeit with variable selectivity between [2.2.2]-314 and
[3.2.1]-318 products, as previously observed for the multistep sequence (Scheme 53).

Reagents and conditions: a) neat, 140 °C, 16 h then ZnCl2, CHCl3, rt, 20 min then NaCNBH3, AcOH, rt, 30 min; b) TMSdiazomethane, MeOH-benzene-Et2O, rt, 15 min, 314 9% and 318 24%.

Scheme 53. Telescoped protocol for synthesis of acids 314 and 318
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2A.4.4 Attempted Epimerisation of 314
With efficient access to bicyclic lactone 314 established, focus was directed towards inversion
of the C3 stereochemistry as required for access to the correct relative stereochemistry of
leonuketal (8). Unfortunately, an extensive screen of bases failed to deliver the desired C3
epimer 315 after aqueous quench (Table 8, entries 1–12), returning starting material or leading
to decomposition. Briefly, the use of Lewis acids to increase the acidity of C3 was explored.
Unfortunately, treatment of 314 with titanium tetrachloride, tin tetrachloride, scandium triflate
and boron trifluoride diethyl etherate in the presence of triethylamine all returned starting
material (entries 13-16).
Table 8. Attempted epimerisation of 314

a

entry

conditions

result

1

DBU, toluene, 140 °C

SM

2

pyrollidine, toluene, 150 °C

SM

3

NaOMe, MeOH, rt

SM

4

tBuOK, toluene, 100 °C

decomposition

5

tBuOK, tBuOH, 100 °C

decomposition

6

trifluoroethoxidea, trifluoroethanol, rt

SM

7

LiHMDS, THF, rt

SM

8

NaH, THF, rt to reflux

SM

9

NaH, dioxane rt to reflux

SM

10

NaNH2, THF, rt

SM

11

NaNH2/NH3, dioxane, rt

SM

12

tBuLi, THF, rt

SM

13

TiCl4, Et3N, CH2Cl2, rt

SM

14

SnCl4, Et3N, CH2Cl2, rt

SM

15

Sc(OTf)2, Et3N , CH2Cl2, rt

SM

16

BF3·Et2O, Et3N, CH2Cl2, rt

SM

formed by addition of NaH to trifluoroethanol
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The persistence of ester 314 in the screened conditions suggested a) no discernible enolate
formation, or b) protonation of the enolate was occurring exclusively to form the undesired
epimer. The latter appeared unlikely given ester 314 was returned under both reversible (entries
1–6) and irreversible (entries 6–12) enolisation conditions, implying that if b) were operative,
formation of undesired epimer 314 was overwhelmingly favoured on both kinetic and
thermodynamic grounds. Nevertheless, a deuterium incorporation experiment was conducted to
investigate the two possibilities. Accordingly, a mixture of 314 and excess sodium hydride was
heated at reflux in 1,4-dioxane for 1 hour then quenched by addition of deuterium oxide. No
deuterium incorporation was observed, indicating no formation of the desired enolated at
elevated temperature with an unhindered strong based.
Baran and co-workers observed exclusive formation the C2-5 extended enolate upon treatment
of 319 with excess sodium hexamethyldisilazane (NaHMDS) despite the presence of the C8
ketone (Scheme 54A). The authors attributed this effect to a destabilising HOMO-HOMO
interaction between the enolate -system and that of the endocyclic olefin, as well as increased
strain in the [2.2.2]-bicycle. It appeared plausible that a similar -interaction was preventing
enolisation of ester 314 (Scheme 54B). It was therefore rationalised that hydrogenation of ester
314 may afford an enolisable substrate for the planned epimerisation.

Scheme 54. Possible destabilising -interactions of enolates

Accordingly, ester 314 was reduced under an atmosphere of hydrogen in the presence of
platinum oxide (10 mol%) to afford ester 322 in quantitative yield. Unfortunately, a small screen
of base-mediated epimerisation conditions (DBU, sodium methoxide, sodium hydride) failed to
afford the desired epimer 323 after protic work-up.

Reagents and conditions: a) H2 (balloon pressure), PtO2 (10 mol%), MeOH, rt, 16 h, quant.; b) DBU, PhMe, 140 °C; c) NaOMe,
MeOH, reflux; d) NaH, dioxane, reflux

Scheme 54. Hydrogenation of ester 314 and attempted epimerisation
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Inversion of the C3 stereocentre of ester 314 was briefly pursued by formation of the respective
ketene 324 from carboxylic acid 313 followed by trapping with methanol. Accordingly, acid
chloride 325 was generated from 313 then heated in the presence of Et3N to encourage formation
of ketene 324. Unfortunately, subsequent addition of methanol delivered the undesired epimer
314 exclusively, likely indicating a lack of formation of the ketene 324 and direct attack of
methanol at the acid chloride.

Reagents and conditions: a) (COCl)2, DMF, CH2Cl2, rt, 1.5 h; b) Et3N, DCE, 100 °C (sealed tube), 1 h; c) MeOH, reflux.

Scheme 56. Attempted formation of epimer 315 via ketene 324

While formation of ketene 325 was unsuccessful, it appeared plausible that acid chloride 325
may prove useful by allowing access to the corresponding aldehyde 326 by reduction. Aldehyde
326 would be more acidic than ester 314 and have lower steric demand of deprotonation.
Initially, Rosenmund reduction conditions were trialled, leading only to isolation of the free acid
313 after work-up. Next, 325 was treated with in situ generated lithium tri-tert-butoxyaluminum
hydride, unfortunately returning the free acid 313 also.

Reagents and conditions: a) (COCl)2, DMF, CH2Cl2, rt, 1.5 h; b) H2, Pd-BaSO4, THF, rt, 16 h; c) LiAlH4, tBuOH, THF, rt,
16 h.

Scheme 57. Attempted synthesis of aldehyde 326

At this point, an epimerisation strategy involving deprotonation of ester 314 (or a derivative
thereof) at C3 was deemed unlikely to provide a way forward to leonuketal (8) and was therefore
abandoned.
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2A.4.5 Attempted Radical Decarboxylation of 332 and 344
N-Hydroxyphthalamide (NHP) esters have recently emerged as useful activating groups for the
generation of carbon-centred radicals from carboxylic acids.[141,142] The general mechanism of
such transformations involves single electron reduction of the NHP moiety (Scheme 58A).
Following this, fragmentation releases phthalimidate anion 327, carbon dioxide, and a radical
(328), which can engage in a variety of carbon-carbon and carbon-heteroatom bond
formations.[141] Given alkyl radicals typically exhibit sp2-hybridisation, it was reasoned that
generation of a radical at C3 by decarboxylation of NHP ester 332 may provide access to the
desired stereochemistry if the ensuing bond formation proceeded with the correct
diastereoselectivity.

Scheme 58. Decarboxylative approach to C3 epimerisation

To probe this hypothesis, NHP ester 332 was synthesised from the crude carboxylic acid 313
using N-hydroxyphthalimide (329) and N,N'-dicyclohexylcarbodiimide (DCC) in the presence
of N, N-dimethylamino pyridine (DMAP) (Scheme 59).

Reagents and conditions: a) N-hydroxyphthalimide DCC, DMAP, CH2Cl2, rt, 16 h, 18% from citraconic anhydride (252).

Scheme 59. Synthesis of NHP ester 332

Initially, NHP ester 332 was subjected to nickel-catalysed conditions to probe the suitability of
these transformations for C3 functionalisation. Treatment of NHP ester 332 with acetyl chloride
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and catalytic dichloronickel-1,2-dimethoxyethane using the conditions developed by Weix and
co-workers resulted in decomposition of 332 instead of the desired methyl ketone installation
(Table 9, entry 1).[143] Similarly, the nickel-catalysed Giese reaction and borylation conditions
developed by Baran and co-workers also resulted in decomposition (entries 2 and 3).[144,145]
Treatment of 332 with isopropenyl zinc bromide in the presence of catalytic nickel
acetylacetonate and bipyridine resulted in hydrolysis of the NHP ester to give free acid 313
(entry 4).[146,147] Interestingly, the combination of diethyl zinc and NiCl2·glyme resulted in
formation of ethyl ester 335 in 31% yield (entry 5) and the same product was formed using
Ni(acac)2.XH2O as the precatalyst.[147]
Table 9. Attempted decarboxylative functionalisation of NHP ester 332

entry

conditions

R

result

1

AcCl, NiCl2·glyme, dtbbpy, Zn, DMF-DMAc

decomposition

2

methyl vinyl ketone, Ni(ClO4)2·6H2O, Zn, LiCl, MeCN

decomposition

3

B2pin2, MeLi, MgBr, NiCl2·6H2O, bpy, DMF/THF

decomposition

4

isopropenylzinc bromide, Ni(acac)2·XH2O, bpy, DMF

NHP ester
hydrolysis

5

diethylzinc, NiCl2·glyme, dtbbpy, DMF

6

diethylzinc, Ni(acac)2·XH2O, dtbbpy, DMF

NB – 335 afforded as single epimer

It was proposed that the formation of ethyl ester 335 arose from N-O bond activation by the
nickel catalyst (Scheme 60). Initially, reduction of the Ni(II) precatalyst by a sacrificial amount
of diethylzinc would then yield the active Ni(0) species 336.[148] Subsequently, oxidative
addition of Ni(0)-336 to the N-O bond of 332 would lead to Ni(II)-337, instead of the single
electron transfer event which would be expected in presence of a Ni(I) species. [147,149] Ensuing
transmetalation of Ni(II)-338 with diethyl zinc, followed by reductive elimination would yield
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the observed ethyl ester 335 and the regenerated Ni(0) species 336.[150] At the time these
experiments were conducted, esterification of NHP esters by N-O bond activation with nickel
was unprecedented in the literature. While interesting from a mechanistic point of view, this
transformation was deemed unlikely to have broad synthetic utility given the existing plethora
of mild conditions for ester formation from carboxylic acids and the pyphoricitiy of diethylzinc.
Hence, no further investigation was undertaken.

Scheme 60. Proposed mechanism for formation of ethyl ester 335

Recently, Lee and co-workers reported the transformation of aryl NHP esters to aromatic esters
by coupling with arylzinc chlorides under nickel catalysis (Scheme 61).[151] Contrary to our
proposed mechanism, the authors invoked a stepwise Ni(I)/(II)/(III) mechanism for N-O bond
activation, involving the presence of free-radical intermediates (Scheme 61A). Initial
disproportionation of a Ni(II) precatalyst formed the active Ni(I) species 339. Subsequently,
single electron reduction of aromatic NHP esters (340) afforded a nickel (II) species (341) and
carboxyl radical 342 via N-O bond cleavage. Instead of the decarboxylation of 342 generally
observed, recombination of the Ni(II) species (341) was proposed to occur, giving Ni(III)-343
by a net two-electron oxidative addition process.[151]
It appears likely that decarboxylation was not observed by Lee and co-workers due to the
decreased stability of aryl radical species compared to alkyl radicals; and indeed, the authors
did not report esterification of any alkyl substrates. We expect that if an analogous Ni(I)/(II)/(III)
mechanism was operative in the N-O bond activation of NHP 332, facile decarboxylation to
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give an alkyl radical would occur and preclude the formation of ethyl ester 335. Therefore, a
Ni(0)/(II) two-electron mechanism appeared more plausible.

Scheme 61. Ni-catalysed esterification reported by Lee et al[151]

Given the lack of success using Ni-catalysed conditions to effect decarboxylative
functionalisation of NHP 332, alternative photocatalytic conditions were explored. Initially,
treatment of NHP 332 with methyl vinyl ketone under blue LED irradiation in the presence of
tris(bipyridine)ruthenium(II) chloride ([Ru(bpy)3]Cl2·XH2O) to effect Giese addition resulted
in decomposition (Table 10, entry 1).[152,153] Next, borylation of NHP 332 following the protocol
developed by Aggarwal and co-workers was investigated, unfortunately leading also to
decomposition (entry 2).[154]
Table 10. Attempted photocatalytic decarboxylative functionalisation of NHP ester 332

entry

conditions

R

1

methyl vinyl ketone, [Ru(bpy) 3]Cl2·XH2O,
Hantzch ester, blue LED, DIPEA, CH2Cl2

decomposition

2

B2cat2, blue LED, DMAc then Et3N, pinacol

decomposition
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The frequent decomposition of NHP 332 observed under decarboxylative radical conditions
suggested this substrate was unsuitable for such functionalisation. It was suspected that the
presence of the endocyclic olefin may have contributed to the observed decomposition,
therefore, synthesis of its hydrogenated analogue 344 was pursued. Initially, direct
hydrogenation of NHP 332 resulted in decomposition, likely due to the sensitivity of the NHP
moiety to reducing conditions (Scheme 62A). Accordingly, hydrogenation was undertaken on
acid 313 prior to coupling of N-hydroxyphthalimide (Scheme 62B). The carboxylic acid 313
proved to be more resistant to hydrogenation than its methyl ester counterpart 314, however, it
was possible to access reduced NHP ester 344 by hydrogenation of crude acid 313 at 30 psi
using PtO2, followed by coupling of N-hydroxyphthalimide using DCC.

Reagents and conditions: a) H2 (balloon pressure), PtO2 (cat.), EtOAc; b) H2 (balloon pressure), Pd/C (cat.), EtOAc; c) H2 (30
psi), PtO2 (cat.), MeOH; d) N-hydroxyphthalimide DCC, DMAP, CH2Cl2, rt, 16 h, 11% from citraconic anhydride (252, 6 steps).

Scheme 62. Synthesis of reduced NHP 344

With reduced NHP 344 in hand, focus was directed to decarboxylative functionalisation at C3.
Treatment of 344 with isopropenylzinc bromide in the presence of catalytic nickel
acetylacetonate resulted in hydrolysis of the NHP ester, as observed with NHP 332 under the
same conditions (Table 11, entry 1). Addition of methyl vinyl ketone under reductive nickelcatalysed conditions resulted in decomposition of NHP 344, and treatment with diethyl zinc and
NiCl2·glyme returned starting material (entries 2 & 3, respectively).
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Table 11. Attempted decarboxylative functionalisation of NHP ester 344

entry

conditions

R

result

1

isopropenyl zinc bromide, Ni(acac)2·XH2O, bpy, DMF

NHP ester
hydrolysis

2

methyl vinyl ketone, Ni(ClO4)2·6H2O, Zn, LiCl, MeCN

decomposition

3

diethyl zinc, NiCl2·glyme, dtbbpy, DMF

starting material

At this juncture, it was deemed unlikely that decarboxylative functionalisation of NHP ester 332
or 334 would allow access to the desired C3 stereochemistry. Therefore, development of an
alternative synthetic strategy towards leonuketal (8) was required.
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2A.5 Summary
Our initial retrosynthetic strategy for the total synthesis of leonuketal (8) was directed toward
two key intermediates: caged lactone 315 and -ketal lactone 247 (Scheme 62). Careful
optimisation of an acid mediated ring-closing ketalisation reaction of tert-butyl ester 265
allowed access to -ketal lactone 247 in just two steps, after early attempts to effect the
transformation from the analogous methyl ester 255 failed (Scheme 62A).
Initial investigation into the synthesis of lactone 315 involved the evaluation of E-dienophiles
250 and 305 for the [4+2]-cycloaddition with diene 251. Unfortunately, 250 was found to favour
formation of the hetero Diels-Alder adduct 303, and aldehyde 205 was ultimately unreactive
(Scheme 62B). Attention therefore next turned to the use of the more reactive Z-dienophile 252
necessitating a strategic epimerisation of the C3 carbon later in the synthesis.
Access to 314, the C3 epimer of lactone 315, was achieved through a challenging Diels-Alder
reductive cyclisation sequence (Scheme 62). The Diels-Alder reaction of diene 251 and
citraconic anhydride (252) proceeded at 140 °C in toluene, however, the adduct was found to
fragment upon cooling to room temperature. Ultimately, the toluene-induced fragmentation
could be avoided by conducting the cycloaddition neat followed by treatment with TFA to
promote desilylation of the adduct. Direct treatment of 253 with sodium cyanoborohydride
resulted in diastereoselective reduction of the ketone and spontaneous cyclisation to form acids
313 and 317, separable as the respective esters 318 and 314. Slight modification to the conditions
allowed access to acids 313 and 317 by a one-pot procedure, although the selectivity between
313 and 317 was found to be variable.
For the total synthesis of leonuketal (8), epimerisation of the C3 carbon of 314 was required. To
this end, a comprehensive screen of basic conditions was undertaken, none of which provided
desired epimer 315 after protic work-up. Next, epimerisation of the C3 centre was pursued via
decarboxylative formation of a carbon-centred radical from activated NHP ester 332 and 344.
Unfortunately, no discernible formation of the desired product was observed under the examined
conditions.
Ultimately, the strategic epimerisation of ester 314 for the synthesis of the [2.2.2]-oxabicyclic
portion of leonuketal (8) proved to be the Achilles’ heel in an otherwise efficient synthetic plan.
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Reagents and conditions: a) DABCO, H2O, 3 days, rt, 68%; b) 1:1:0.2 dichloromethane-TFA-EtOH (v/v), 45 min, 92%, 2:1 dr
anti-syn; c) Sc(OTf)3 (20 mol %), CH2Cl2, –78 °C to rt, 3 h, 43%; d) neat, 140 °C, 16 h then ZnCl2, CHCl3, rt, 20 min then
NaCNBH3, AcOH, rt, 30 min; e) TMS-diazomethane, MeOH-benzene-Et2O, rt, 15 min, 314 9% and 318 24%.

Scheme 62. Summary of Diels-Alder reductive cyclisation approach
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2B.1 Retrosynthetic Analysis
It was envisaged that leonuketal (8) could be accessed from hemiketal 345 by an intramolecular
oxa-Michael reaction (Scheme 63). Hemiketal 345 could in turn be made available from a
gold-catalysed hydroalkoxylation of alkyne 346 bearing the A- and D-rings of leonuketal (8).
Disconnection of alkyne 346 by an SN2' reaction suggested fragments A 347 and B 348 as
intermediates of similar complexity for a convergent synthetic strategy toward leonuketal (8).
Fragment B 348 could be accessed from -ketal lactone 247 synthesised previously, whereas the
synthesis of fragment A 347 would be newly devised. Specifically, 347 could be accessed from
geraniol derivatives 349 or 350 by a titanocene-mediated radical cyclisation proceeding via
radical anion 351 and terminating on a nitrile. For nitrile 350, the termination step would be
intramolecular, whereas acetate 349 would involve an intermolecular termination step.

Scheme 63. Retrosynthetic analysis of leonuketal (8).
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2B.2 Titanium (III) Mediated Homolytic Epoxide Opening
2B.2.1 Background
Titanium (III) complex bis(cyclopentadienyl)titanium(III) chloride (Cp2TiCl, or the NugentRajanbabu reagent) is a mild single electron reductant with broad utility in organic synthesis
(Scheme 64A).[155–157] Although Cp2TiCl and related Ti(III) complexes exhibit only moderate
reduction potentials [E1/2(Cp2TiCl)IV/III = −0.65 V vs SCE; compared to E1/2(Zn)II/0 = −0.76 V
vs SCE], the “hard” Lewis acidity displayed by such complexes enables the activation of “hard”
Lewis basic groups (e.g. epoxides) toward reduction by inner-sphere single electron transfer
(SET).[157] Specifically, complexation of Cp2TiCl to a Lewis basic group results in lowering of
the reduction potential of the substrate. The ability of Cp2TiCl to act as both a reductant and
Lewis acid therefore allows the engaging of substrates that are nominally outside the redox range
of the complex, promoting their reduction with high chemoselectivity.[157]
The homolytic opening of epoxides by Cp2TiCl was initially described by Nugent and
RajanBabu in seminal reports in 1988 and 1994, respectively.[158,159] Nugent and RajanBabu
astutely recognised that the -complex of an epoxide with a paramagnetic transition metal
bearing a half-filled d-orbital (353) was the electronic analogue of the cyclopropylmethyl radical
(355) (Scheme 64B). Given the known propensity of 355 to undergo strain-relief isomerisation
to give the homoallylic radical 356, the authors reasoned that epoxide complex 353 may exhibit
the same reactivity pattern.[158] This hypothesis was confirmed by treatment of epoxyolefin 356
with Cp2TiCl resulting in the isolation of cyclopentane 357 after aqueous work up (Scheme
64C). The authors observed the fragmentation of epoxide 356 had occurred to give the more
substituted and thus more stable radical 358, which afforded radical 359 after 5-exo-trig
cyclisation to the terminal olefin. Coupling of radical 359 to another equivalent of TiCp2Cl
followed by protodemetalation during work up afforded cyclopentane 357.[158]

Scheme 64. Titanocene mediated homolytic epoxide opening.[158]
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Since the seminal contributions of Nugent and RajanBabu, Cp2TiCl has become a mainstay
single electron reductant in organic synthesis, promoting homolytic epoxide and oxetane
opening, Barbier coupling, Wurtz reactions, Reformatsky-type reactions, and pinacol couplings
among other transformations.[155–157] The Ti(III) mediated homolytic opening of epoxides can
follow several pathways after the single electron reduction event (Scheme 65). The most
common pathways are a) intermolecular addition to an activated olefin, affording alkylated
products 361; b) intramolecular addition, most commonly to olefins, alkynes, aldehydes and
nitriles to give substituted carbocycles 362–365; and c) coupling of the radical 360 with another
equivalent of Cp2TiCl to afford 366, which can undergo protonation, -hydride elimination or
deoxygenation to afford 367, 368, and 369, respectively.[157]

Scheme 65. Reaction pathways in the homolytic opening of epoxides by Cp 2TiCl.[155–157]

The homolytic opening of epoxides by Cp2TiCl has been pivotal in the completion of several
total syntheses, both for the generation of structural complexity and for the interconversion of
functional groups.[156] The first example of Ti(III)-mediated homolytic epoxide opening in total
synthesis was reported by Magnuson and co-workers in 1995.[160] The authors treated epoxide
370 with Cp2TiCl (generated in situ by reduction of bench-stable Cp2TiCl2) resulting in the
cyclisation of the radical onto a pendant alkyne to form alcohol 371 en route to ceratopicanol
(372). Mioskowski and co-workers reported an interesting example of a functional group
interconversion in 2002 involving the Ti(III)-mediated deoxygenation of naturally-occurring
leurosine (373) to afford related natural product anhydrovinblastine (374).[161] The
transformation occurred selectively at the epoxide of 373, showcasing the high chemoselectivity
exhibited by Cp2TiCl in the presence of potentially problematic functionality. More recently,
Kobayashi and co-workers described an impressive cyclisation cascade initiated by reduction of
epoxide 375 by Cp2TiCl, affording polycyclic intermediate 376 for the total synthesis of
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fomitellic acid B (377).[162] Ti(III)-mediated polyene cyclisations such as this represent the
single-electron equivalent of biosynthetic transformations known to occur in nature by a twoelectron cationic mechanisms.

Scheme 66. Examples of Ti(III) mediated homolytic epoxide opening in total synthesis.
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2B.2.2 Proposed Study
Two related Ti(III)-mediated cyclisation pathways for construction of the leonuketal (8) A-ring
were proposed (Scheme 67). The first would utilise 6,7-epoxygeranyl acetate (349) and proceed
via generation of radical 378 after 6-endo-trig cyclisation (Scheme 67, path A). Subsequent
intermolecular addition of 378 to acetonitrile would install the necessary all-carbon quaternary
centre, and reduction by a second equivalent of Cp2TiCl would terminate the radical process.
Hydrolysis of the resulting imine product during acidic workup would deliver ketone 379 en
route to alkyne 347. This process was expected to proceed with high diastereoselectivity due to
the strong preference for cyclisation via a chair(-chair) transition state (Scheme 67, inset).
Unfortunately, this selectivity would place the C1 stereogenic alcohol in an epimeric
configuration to alkyne 347, necessitating an epimerisation step later in the synthesis.
Alternatively, geraniol derivative 350 bearing a tethered nitrile radical acceptor, could provide
access to the A-ring of leonuketal (8) in the form of 380 by intramolecular nitrile addition of
radical 381. While this approach would necessitate fission of the B-ring of 380, exploration of
both approaches appeared expedient at the outset of this study because intramolecular
transformations of this kind had stronger precedent in the literature.

Scheme 67. Proposed Ti(III)-mediated cyclisation study.

Inspiration for the two contingent routes toward alkyne 347 came from pioneering work on the
addition of epoxide-derived radicals to nitriles by Fernandez-Mateos et al. as well as an elegant
total synthesis by Maimone and co-workers.[163–166] Fernandez-Mateos and co-workers reported
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the Ti(III)-mediated radical cyclisation of unsaturated epoxynitriles, such as 382, toward
terpenoid-like structures 383 in 2004 and 2007 (Scheme 68A).[163,164] The establishment of
nitriles as competent radical-acceptors under Ti(III)-mediated conditions was significant since
the addition of carbon-centred radicals to nitriles is generally prohibitively slow, proceeding at
roughly two orders of magnitude slower than addition to an unactivated olefin.[163] The authors
attributed this unexpected reactivity to coordination of the nitrile to Ti(III), activating it towards
addition of the radical.[163,164] More recently, Maimone and co-workers utilised this
transformation for the synthesis of 384, bearing the tricyclic core of berkeleyone A (385), from
epoxynitrile (386).[166] This precedent provided support for an intramolecular Ti(III)-mediated
approach toward the A-ring of leonuketal (8), such as described for epoxynitrile 350 (Scheme
67B). However, such an approach would require tethering of the nitrile moiety to the epoxide
starting material and thus the generation of an undesired second ring, which would need to be
opened later in the synthesis.
We were encouraged to find precedent for the intermolecular addition of radicals derived from
homolytic epoxide opening to nitriles from a later report by Fernandez-Mateos and co-workers
(Scheme 68C).[165] This report described the synthesis of -hydroxyketones 388, from epoxides
387 by treatment with Cp2TiCl2 in the presence of a nitrile. Given this precedent, it appeared
plausible that ketone 379 could be accessed from geranyl acetate (349) via intermolecular
addition to acetonitrile following 6-endo-trig cyclisation, since the initial the cyclisation was
expected to be the faster process (particularly under dilute conditions). Hence, initial focus was
placed on the synthesis of ketone 379 en route to alkyne 347 (Scheme 67A).

Scheme 68. Relevant precedent for the Ti(III)-mediated cyclisation study.
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2B.2.3 Ti(III)-Mediated Cyclisation of Acetate 349 - Intermolecular Nitrile Addition
To probe the envisaged Ti(III)-mediated epoxyolefin cyclisation by intermolecular addition to
acetonitrile, known epoxide 349 starting material was synthesised according to a protocol
described by Corey et al..[167] Geranyl acetate (389) was treated with meta-chloroperoxybenzoic
acid (mCPBA) leading to the selective epoxidation of the less congested distal olefin, affording
349 in 69% yield on 10 gram scale (Scheme 69).[167]

Reagents and conditions: a) mCPBA, CH2Cl2, 0 °C, 1 h, 68%.

Scheme 69. Synthesis of epoxide 349.

With acetate 349 in hand, focus was directed towards the Ti(III)-mediated cyclisation to afford
ketone 379. The active Ti(III) species, Cp2TiCl, was generated in situ by reduction of titanocene
dichloride (Cp2TiCl2) using zinc metal in deoxygenated tetrahydrofuran, proceeding over 15
min at room temperature and resulting in a distinct colour change from red to green. The solution
of Cp2TiCl in tetrahydrofuran was added to a solution of epoxide 349 and acetonitrile (10 eq) in
tetrahydrofuran at room temperature, resulting unfortunately in a complex mixture of products
with incomplete conversion (Table 12, entry 1). Dropwise addition of the Cp2TiCl solution over
10 minutes under otherwise identical conditions also resulted in a complex mixture (entry 2). It
was postulated that use of decreased temperature might lead to a cleaner reaction profile,
however, cooling of the reaction mixture to 0 °C stifled reactivity completely, returning starting
material 349 after 6 hours (entry 3). Fortunately, dropwise addition of the Cp2TiCl solution over
1 hour led to the formation of a discernible amount of desired product 379 (13%) after acidic
work up with aqueous potassium phosphate, however, starting material was still observed to be
present (entry 4). In an effort to increase the conversion and yield of the reaction, both increased
equivalents of acetonitrile (50 eq) and Cp2TiCl (3.3 eq) were trialled, leading to decreased yield
of the desired product in both cases (5% and 2% respectively, entries 5 & 6). At this juncture,
the best conditions (entry 4) were repeated to establish the reliability of the reaction before a
more in-depth study would be undertaken. Unfortunately, the initially observed 13% yield of
ketone 379 was not reproduced, and the product was isolated in 2% and 7% yield on first and
second repeats with identical scale (0.5 mmol, entries 7 & 8).
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Table 12. Synthesis of ketone 379

a

entry

deviation from above conditionsa,b

result

1

none

complex mixture w/ 349

2

Cp2TiCl addition over 10 min

complex mixture w/ 349

3

Cp2TiCl addition over 10 min, 0 °C

349

4

Cp2TiCl addition over 1 h

13% w/ 349

5

MeCN (50 eq), Cp2TiCl addition over 1 h

5%

6

Cp2TiCl2 (3.3 eq) addition over 1 h, Zn (9.9 eq)

2%

7

repeat of entry 4

7%

8

repeat of entry 4

2%

rt unless otherwise specified; breaction stirred for 1 hour after addition of Cp2TiCl solution in THF

Given the low and irreproducible yields of ketone 379 afforded by treatment of epoxide 349
with Cp2TiCl in presence of acetonitrile, attention was turned to the alternative Ti(III) mediated
cyclisation using epoxynitrile 350.

2B.2.4 Ti(III)-Mediated Cyclisation of Epoxynitrile 350 - Intramolecular Nitrile
Addition
In order to explore the Ti(III)-mediated cyclisation of epoxynitrile 350 proceeding with
intramolecular nitrile addition, 350 was synthesised over 2 steps from geraniol (390) (Scheme
70). Firstly, treatment of geraniol with sodium hydride followed by addition of
bromoacetonitrile afforded ether 391 in 84% yield on 20 g scale. Conveniently, 391 could be
purified by distillation. Subsequent epoxidation of the distal olefin of 391 was selectively
achieved via an intermediate bromohydrin with use of N-bromosuccinimide, affording epoxide
350.

Reagents and conditions: a) bromoacetonitrile, NaH, THF, rt, 81 h, 84%; b) NBS, THF-H2O (2:1 v/v), 1 h, 0 °C then sat. aq.
Na2S2O3, K2CO3, MeOH, rt, 16 h, 73%.

Scheme 70. Synthesis of epoxide 350.
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With epoxide 350 in hand, the planned Ti(III)-cyclisation could be investigated. Gratifyingly,
dropwise addition of a pre-formed solution of Cp2TiCl in tetrahydrofuran over one hour afforded
the desired product ketone 380 in 30% yield after acidic hydrolysis (Table 13, entry 1), following
the protocol developed by Maimone and co-workers.[166] Elevated temperature of 60 °C resulted
in a marginally increased yield of 33% and a cleaner reaction profile TLC analysis (entry 2).
Addition of the Cp2TiCl solution over an extended 3 hour period unfortunately resulted in a
diminished yield of 16% of ketone 380 (entry 3). Next, the effect of concentration was
examined. Decreasing the concentration to 0.1 M from 0.2 M resulted in a 25% yield of the
desired product 380 (entry 4) and, unfortunately, increasing the concentration also resulted in a
diminished yield (6%, entry 5).
The method for generation of the active Cp2TiCl species was examined next. The use of
manganese metal as an alternative reductant to zinc resulted in returned starting material, despite
the observation of the characteristic red to green colour change suggesting generation of
Cp2TiCl (Table 13, entry 6). Mechanical activation of zinc dust by dry-stirring at 150 °C
surprisingly led to a diminished yield of 20% (entry 7), and activation with 1 N hydrochloric
acid followed by drying under vacuum also resulted a poorer yield of ketone 380 (6%, entry 8).
Catalytic conditions for the Ti(III)-mediated cyclisation were examined briefly to assess if lower
concentrations Cp2TiCl would suppress undesired reactivity pathways.[168] Epoxide 350 was
treated with a sub-stoichiometric amount of Cp2TiCl2 (20 mol%), using zinc as a terminal
reductant, and collidine hydrochloride and chlorotrimethylsilane to decomplex the Ti(IV)
alkoxide after homolytic epoxide opening. Unfortunately, these conditions afforded no desired
product 380, forming a side product-tentatively assigned as allylic alcohol 392 instead.
Given the lack of significant improvement to the yield of ketone 380 by alteration of the reaction
conditions described in Table 13 entries 1–9, focus was placed on establishing the scalability of
the most promising conditions (entry 2). Gratifyingly, the reaction could be conducted on a 6.4
g scale with essentially identical yield (32%, entry 10).
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Table 13. Synthesis of 380

entry

deviation from above conditionsa,b,c

yield

1

none

30%

2

60 °C

33%

3

addition of Cp2TiCl2 over 3 h, 60 °C

16%

4

c = 0.1 M, 60 °C

25%

5

c = 0.4 M, 60 °C

6%

6

Mn (4.6 eq)

-

7

Zn mechanical activationd, 60 °C

20%

8

Zn HCl activation, 60 °C

6%

9

Cp2TiCl2 (20 mol%), Zn (8.4 eq), collidine·HCl (6.2 eq), TMSCl (5.2 eq), rt, 16 h

392

10

6.50 g scale, same conditions as entry 2

a

b

32%
c

c = 0.2 M unless otherwise stated; addition of Cp2TiCl solution over 1 h unless otherwise stated; reaction stirred
for 1 hour after addition of Cp2TiCl solution unless otherwise stated; ddry-stirring at 150 °C.

In order to rigorously establish the relative stereochemical outcome for the reaction, the racemic
mixture of ketone 380 was crystallised from diethyl ether and examined by X-ray diffraction
crystallography. Pleasingly, ketone 380 displayed the expected trans-decalin ring system with
the C1 alcohol in an equatorial position, consistent with a chair-chair transition state for the
cyclisation (Figure 5). Side-products of the reaction could not be purified and characterised
from the complicated reaction mixtures detailed in Table 13. Hence, the formation of alternative
diastereomers of 380 could not be ruled out, and as such, the dr for the reaction could not be
determined.

Figure 5. XRD structure of (±)-ketone 380; NB: XRD structure of enantiomeric form of 380 obtained from
racemic mixture
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While the yield for the Ti(III)-mediated cyclisation to access ketone 380 was suboptimal, it was
judged that the scalability and rapid generation of structural complexity qualified it for
incorporation into a total synthesis of leonuketal (8). Therefore, focus was turned to fission of
the B-ring of ketone 380 en route to alkyne 347.
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2B.3 Shapiro-Type Fragmentation
2B.3.1 Background and Proposed Study
In 1967, Shapiro and co-workers reported the generation of vinyl lithium species from tosyl
hydrazones by treatment with methyl lithium.[169] This discovery laid the groundwork for a
convenient method to access substituted alkenes, referred to as the Shapiro reaction.[170–172] The
process begins with formation of a tosyl hydrazone 393 from the respective ketone 394,
followed by deprotonation thereof to afford dianion 395 (Scheme 71).[169,170] Subsequent
elimination of the tosyl anion affords diazonium anion 396, which undergoes extrusion of
nitrogen to afford the vinyl lithium species 397.[169,170] The vinyl lithium species 397 generated
by this method have been demonstrated to undergo nucleophilic addition to a range of
electrophiles to generate alkene products 398–401 with the formation of new C-H, C-C, C-X
and C-M bonds.[173]

Scheme 71. The mechanism and scope of the Shapiro reaction

It was reasoned that the Shapiro reaction manifold might be adapted to enable fragmentation of
the B-ring of ketone 380 with concomitant formation of the desired alkynyl moiety of 347
(Scheme 72A). Specifically, treatment of the tosyl hydrazone 402 derived from ketone 380 with
an alkyl lithium base was expected to lead to formation of vinyl lithium 403 as per the Shapiro
reaction. However, it was expected that the presence of the -alkoxy substituent would result in
a -elimination reaction of 403, resulting in the formation of alkyne 404 instead of the typical
substituted alkene products afforded by the Shapiro reaction.
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Precedent for this transformation came from a single report by Heathcock and co-workers in
their total synthesis of (+)-dihydromevinolin (405) (Scheme 72A).[174] Similar to our
requirement, advancement of ketone 406 to 407 necessitated fragmentation of the
tetrahydropyran ring. Several methods were unsuccessful in effecting fragmentation of the ring,
including reductive cleavage with Birch-type conditions (Li or Ca in NH3) and ozonolysis of
the corresponding silyl enol ether. Ultimately, a Shapiro-type reaction involving treatment of
the corresponding tosyl hydrazone of ketone 406 with n-BuLi resulted in formation of alkyne
407 in 83% over the two steps. This transformation appeared ideal for the advancement of
ketone 380 to the desired alkyne for the synthesis of leonuketal (8). Therefore, focus was placed
on synthesis of the requisite tosyl hydrazone 402 for exploration of this transformation.

Scheme 72. Proposed Shapiro-type reaction approach to B-ring fission and relevant precedent.

2B.3.2 Shapiro-Type Reaction of Ketone 380
In order to explore the proposed Shapiro-type fragmentation of the B-ring of ketone 380, the
corresponding tosyl hydrazone 402 was prepared. Treatment of 380 with tosyl hydrazide in the
presence of catalytic pyridinium p-toluenesulfonate (PPTS) smoothly afforded 402 in 94%
yield.

Reagents and conditions: a) NH2NHTs, PPTS (5 mol%), THF, rt, 16 h, 94%.

Scheme 73. Synthesis of tosyl hydrazone 402
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With tosyl hydrazone 402 in hand, focus was directed toward execution of the Shapiro-type
fragmentation. Gratifyingly, treatment of 402 with excess n-BuLi (6 eq.) resulted in formation
of alkyne 404 in 37% yield (Table 14, entry 1) following the protocol described by Heathcock
and co-workers[174], thereby establishing proof-of-principle for this transformation.
Subsequently, a small screen of organolithium bases was undertaken in order to optimise the
Shapiro-type reaction.
Treatment of 402 with lithium bis(trimethylsilyl)amide (LiHMDS) resulted in formation of only
a trace amount of product (Table 14, entry 2), possibility due to decreased basicity compared
with n-BuLi. The use of lithium diisopropyl amide (LDA) delivered the desired product 404 in
just 39% yield (entry 3), performing similarly to n-BuLi. Pleasingly, the use of methyl lithium
resulted in a stark increase in yield to 79% on pilot scale (0.1 mmol, entry 4), and upscaling of
these conditions afforded the desired alkyne in 94% yield (0.8 mmol, entry 5).
Table 14. Shapiro-type reaction of 402 to afford 404

entry

conditionsa

yield

1

n-BuLi (6 eq)

37%

2

LiHMDS (6 eq)

trace

3

LDAa (6 eq)

39%

4

MeLi (6 eq)

79%

5

preparative scale (0.8 mmol), MeLi (6 eq)

94%

a

0.1 mmol scale unless otherwise stated

With alkyne 404 in hand, focus was directed towards inversion of the C1 stereocentre to provide
the correct relative configuration for the total synthesis of leonuketal (8).
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2B.4 C1 Epimerisation
2B.4.1 Attempted C1 Epimerisation of Ketoaldehyde 407
For the advancement of alkyne 404 (or mono-protected congener 405) to leonuketal (8), it would
be necessary to epimerise the C1 stereocentre from the (S)-configuration, in which the alcohol
is in an axial position in the most stable chair-conformer, to the (R)-configuration (Scheme 74).
Classically, this is achieved by a Mitsunobu reaction in which the activated alcohol is displaced
in a stereoinvertive fashion by a carboxylic acid nucleophile. However, in sterically congested
cases such as with alkyne 405, elimination of the activated alcohol is a problematic side
reaction.[175,176] More commonly, cyclohexanols with the alcohol substituent in an equatorial
position can be epimerised by oxidation to the corresponding ketone and reduction with a bulky
hydride source, resulting in equatorial approach of the hydride to give the axial alcohol.[177–179]

Scheme 74. Proposed C1 epimerisation

Focus was placed initially on oxidation of both the primary and secondary alcohols to afford
ketoaldehyde 407, followed by exhaustive reduction with a bulky hydride source to achieve the
net epimerisation of C1. Accordingly, alcohol 404 was treated with DMP, smoothly affording
ketoaldehyde 407 in 90%.

Reagents and conditions: a) DMP, K2CO3, CH2Cl2, 1 h, rt, 90%.

Scheme 75. Synthesis of ketoaldehyde 407
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With ketoaldehyde 407 in hand, a small screen of bulky hydride sources was undertaken to
access epimeric alcohol 408. Treatment of ketoaldehyde 407 with excess L-, K-, and NSelectride® unfortunately resulted in a partial reduction to give ketone 409 (Table 15, entries 1–
3). Use of the less hindered and more reactive reductant Superhydride® resulted in formation of
the undesired epimer 404 (entry 4). These observations suggested that the C1 ketone was not
hindered enough for reduction with Superhydride® to occur by axial approach of the hydride,
yet too hindered for reduction with the bulkier Selectride® series, which would be more likely
to react by equatorial approach.
The Meerwein-Ponndorf-Verley reduction of cyclohexanones typically gives a thermodynamic
mixture of axial and equatorial alcohols due to the reversibility of the process.[180] However, the
use of excess aluminium alkoxide with shortened reaction time can selective formation of the
less thermodynamically stable axial alcohol under kinetic control.[180,181] Accordingly, we
examined kinetic Meerwein-Ponndorf-Verley reduction conditions by treatment of 407 with
excess aluminium triisopropoxide in isopropanol, however, ketoaldehyde 407 decomposed
rapidly under these conditions (entry 5).
Table 15. Attempted reduction of 407 to afford 408

entry

conditions

result

1

L-Selectride®, THF, –78 °C to rt, 16 h

409

2

K-Selectride®, THF, –78 °C to rt, 16 h

409

3

N-Selectride®, THF, –78 °C to rt, 16 h

409

4

Superhydride®, THF, –78 °C to rt, 1.5 h

404 83%

5

Al(OiPr)3, iPrOH, reflux, 2 h

decomposition
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The isolation of ketone 409 (Table 15, entries 1–3) with the use of excess reductant indicated
halting of the reaction after formation of primary alkoxide 410 upon reduction of the aldehyde
moiety of 407 (Scheme 76A). As aforementioned, steric congestion about the C3 ketone was a
plausible explanation for isolation of 409. However, it appeared judicious to rule out
interference of the primary alkoxide moiety on the ensuing ketone reduction of 410. Hence,
investigation of ketone reduction of a protected congener of 410 was planned, and benzyl ether
347 appeared to be an ideal candidate for this study (Scheme 76B).

Scheme 76. Partial reduction of 407; proposed ketone reduction of 411.

2B.4.2 Attempted C1 Epimerisation of Ketone 411
Access to ketone 411 would require selective benzyl protection of the primary alcohol of diol
404, followed by oxidation for the secondary C1-alcohol. Accordingly, diol 404 was treated
with benzyl bromide (1.1 eq) in the presence of sodium hydride and catalytic tert-butyl
ammonium iodide (TBAI), affording the desired benzyl ether 412 in 34% yield and with poor
selectivity for the primary alcohol (2:1 412-413). Despite the suboptimal yield of 412 afforded
under these conditions, enough material for a pilot study was obtained. Accordingly, oxidation
of alcohol 412 was effected by treatment with DMP, affording ketone 411 in quantitative yield
(Scheme 77).

Reagents and conditions: a) BnBr (1.1 eq), NaH (2 eq), TBAI (1 mol%), THF, rt, 34% 412 & 17% 413; b) DMP, K2CO3,
CH2Cl2, 1 h, rt, quant.

Scheme 77. Synthesis of benzyl ether 411

With ketone 411 in hand, reduction thereof to afford epimeric alcohol 347 was investigated.
Unfortunately, ketone 411 was found to be unreactive toward L-, K-, and N-Selectride® (Table
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16, entries 1–3). These results indicated that the recalcitrance of 407 toward ketone reduction
with the Selectride® series (Section 2B.4.1, Table 15, entries 1–3) was not accounted for by
interference of the primary alkoxide 410, as previously hypothesised. Nevertheless, the
influence of the increased bulk imparted by the benzyl ether upon reduction with Superhydride®
was investigated. Unfortunately, treatment of 411 with Superhydride® also resulted in
diastereoselective reduction in favour of the undesired alcohol epimer 412, affording only a
trace amount of the desired epimer 347.
These results indicated that protection of the primary alcohol with a benzyl group had no
meaningful influence on the proposed diastereoselective reduction of ketone 411 to effect
epimerisation of the C1 alcohol 412.
Table 16. Attempted reduction of 411 to afford 347

a

entry

conditions

result

1

L-Selectride®, 16 h

SM

2

K-Selectride®, 16 h

SM

3

N-Selectride®, 16 h

SM

4

Superhydride®, 1.5 h

89% 412, trace 347, 8:1 dra

ratio by 1H-NMR
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2B.4.3 Attempted C1 Epimerisation of Alcohol 412 by a Mitsunobu reaction
Unperturbed by these disappointing results, the Mitsunobu reaction of alcohol 412 was briefly
investigated to effect C1 epimerisation. Specifically, 412 was treated with acetic acid in the
presence of diisopropyl azodicarboxylate (DIAD) and triphenylphosphine (Scheme 78).
Unfortunately, starting material 412 was returned under these conditions – likely due to steric
congestion about the C1 alcohol.

Reagents and conditions: a) AcOH, DIAD, PPh3, THF, rt, 16 h.

Scheme 78. Attempted Mitsunobu reaction of 412

Given the lack of success effecting C1 epimerisation of ketoaldehyde 407 and benzyl ether 411,
a different substrate for the proposed epimerisation was sought.

2B.4.4 C1 Epimerisation of Ketone 380
Ding and co-workers reported the synthesis of axial alcohol 415 from ketone 416 in 2017 by
treatment with L-Selectride® (Scheme 79A).[177] Given the similarity of ketone 416 to the
previously synthesised alcohol 380, it appeared promising that reduction of the analogous
ketone 417 would provide access to the desired C1 stereochemistry which had been unsuccessful
on monocyclic substrates 407 and 411. Unfortunately, this would require intermediate
protection and deprotection steps to prevent competing reduction at the pyran ring ketone 417
(blue, Scheme 79).

Scheme 79. Proposed diastereoselective reduction of ketone 417 and relevant precedent[177]

In order to investigate the planned diastereoselective reduction, ketone 417 was synthesised
from ketone 380 over two steps. First, ketone 380 was protected by treatment with ethylene
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glycol in the presence of tosic acid (Scheme 80). Following successful protection, the C1 alcohol
was oxidised with DMP, affording the desired ketone 417 in 77% yield over two steps.

Reagents and conditions: a) ethylene glycol, TsOH, benzene, reflux, 16 h; b) DMP, pyridine, CH 2Cl2, rt, 1 h, 77% over two
steps.

Scheme 80. Synthesis of ketone 417

With ketone 417 in hand, the proposed diastereoselective reduction could be attempted.
Treatment of 417 with Superhydride® afforded predominately the undesired isomer 418,
delivering only trace quantities of 419. Pleasingly, the use of the bulkier reductant L-Selectride®
cleanly effected reduction by equatorial hydride approach to give the desired alcohol 419 with
complete diastereoselectivity and 79% yield.
Table 17. Reduction of 417 to afford 419

entry

conditions

result

1

Superhydride®, THF, –78 °C to rt, 1.5 h

60% 418, trace 419

2

L-Selectride®, THF, –78 °C to rt, 2 h

79% 419, single diastereomer

The facile diastereoselective reduction of ketone 417 with L-Selectride® contrasted the
recalcitrance of ketones 407 and 411 to undergo reduction at C1, despite having similar steric
demand. While the precise origin of this observed discrepancy remained unclear, it is worth
noting that the rigid trans-decalin ring system of 417 precluded ring-flipping between chain
conformations, such as would be expected with monocyclic ketones 407 and 411 (Scheme 81).
The absence of an alternative (reactive) chair conformer of ketone 417 dictated that equatorial
approach of the hydride would result in a single diastereomer being formed (Scheme 81A). In
contrast, equatorial approach of the hydride to a mixture of two chair conformers 407/411 would
result in formation of both diastereomers 408/347 and 404/412 (Scheme 81B). The
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conformational restriction of ketone 417 may account for the high axial diastereoselectivity
observed and provide insight into the broadly different reactivity patterns of monocyclic ketones
407 and 411 compared with 417.

Scheme 81. Conformational considerations in the reduction of cyclohexanones 417, 407 and 411.

2B.4.5 Advancement of Ketone 419 to Alkyne 408
With access to C1 epimeric alcohol 419 secured, focus was shifted to scale-up of the reduction
and advancement to epimeric alkyne 408 using the previously established Shapiro-type reaction.
On 5.80 g scale, the reduction of 417 with L-Selectride® proceeded smoothly, and the crude
material could be subjected directly to ketal deprotection with aqueous hydrochloric acid –
affording 420 in 78% yield over two steps. Subsequent formation of the tosyl hydrazone was
also facile, however, the product was observed to hydrolyse rapidly during attempts to
characterise by NMR. Thus, intermediate hydrazone was subjected to the Shapiro-type reaction
immediately following chromatographic purification. Pleasingly, the Shapiro-type reaction
proceeded smoothly to afford epimeric alcohol 420, delivering alkyne 408 in 88% yield over
two steps. Alkyne 408 was crystalline, and the relative stereochemistry could be unambiguously
established by single crystal XRD. Pleasingly, the desired relative stereochemistry was
unambiguously confirmed (Scheme 82), leaving only selective protection of the primary alcohol
to furnish the left-hand fragment of leonuketal (8).
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Reagents and conditions: a) L-Selectride®, THF, –78 °C to rt, 1.75 h; b) 3 M HCl-THF (1:3, v/v), 40 °C, 16 h, 78% over 2 steps;
c) NH2NHTs, PPTS (5 mol%), THF, rt then MeLi, THF-Et2O (1:1, v/v), 0 °C, 3 h, 89% over two steps.

Scheme 82. Synthesis and structure confirmation of alkyne 408. NB: XRD structure of enantiomeric form of 408
obtained from a racemic mixture

2B.4.6 Selective Protection of Alkyne 408
With access to alkyne 408 established, focus was next placed on selective protection of the
primary alcohol in the presence of the C1 secondary alcohol. The benzyl group appeared ideal
for masking of the primary alcohol for the total synthesis of leonuketal (8), given its high base
and acid stability.[182] Therefore, a screen of conditions to effect the selective protection step
was undertaken.
Alcohol 408 was initially treated with 1.1 equivalents of both benzyl bromide and sodium
hydride, unfortunately returning only starting material after 16 h at room temperature (Table 18,
entry 1). Slightly increased equivalents of sodium hydride (2.1 eq) failed to promote reactivity
(entry 2). However, a large excess of sodium hydride (6 eq) delivered a mixture the desired
product 347 (14%), monobenzylated regioisomer 421 (trace), and the dibenzylated product 422
(5%) alongside unreacted starting material (40%) (entry 3); despite the use of only 1.1
equivalents of benzyl bromide. This result suggested there was no significant difference in
reactivity between the primary and secondary alkoxide groups formed upon treatment of 408
with a strong base. Alternative conditions using the weak base potassium carbonate at elevated
temperature resulted in only trace formation of 347 (entry 4). Given the lack of success effecting
selective benzylation of diol 408, an alternative protecting group for masking of the primary
alcohol of 408 was sought. Given primary-selective tert-butyldimethylsilyl (TBS) protections
of diols commonly proceed with high selectivity, examination of the TBS group for protection
of 408 was next pursued.[182]
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Table 18. Attempted monobenzylation of diol 408

a

entry

conditions

result

1

BnBr (1.1 eq), NaH (1.1 eq)

NR

2

BnBr (1.1 eq), NaH (2.1 eq)

NR

3

BnBr (1.1 eq), NaH (6 eq)

trace 421, 14% 347, 5% 422,
40% recovered SM

4

BnBr (1.4 eq), K2CO3 (3 eq)

trace 347

NR - no reaction

Initially, alcohol was treated with tert-butyldimethylsilyl chloride (TBSCl, 1.2 eq) in the
presence of DMAP, however, no silylation was observed (Table 19, entry 1). The more active
silylating reagent tert-butyldimethylsilyl triflate (TBSOTf) was investigated next. Pleasingly,
treatment of diol 408 with TBSOTf (1.2 eq) and 2,6-lutidine (3 eq) delivered the desired product
423 in 51% with 5:1 selectivity over disilylated product 424, without detectable undesired
regioisomer 425 (entry 2). Unfortunately, upscaling these conditions from 0.2 mmol to 1 mmol
resulted in a considerable drop in yield to 38% (entry 3). Fortunately, addition of TBSOTf as a
solution in dichloromethane over 20 min in the presence of diisopropylethylamine (DIPEA)
afforded the desired product 61% yield, or quantitatively based on recovered starting material
(entry 4). With a slight increase in the amount of TBSOTf (1.45 eq), TBS ether 423 could be
afforded in 84% yield (93% brsm) on preparative scale (1 mmol, entry 5) – securing tractable
synthetic access to fragment B as alkyne 423.
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Table 19. Selective TBS protection of diol 408

a

entry

conditions

result

1

TBSCl (1.2 eq), DMAP (3.2 eq), rt, 16 h

NR

2

TBSOTf (1.2 eq), 2,6-lutidine (3 eq), 0 °C, 1 h; 0.2 mmol scale

51% 423, 5:1a 423-424

3

TBSOTf (1.2 eq), 2,6-lutidine (3 eq), 0 °C, 1 h; 1 mmol scale

38% 423b

4

TBSOTf (1.2 eq)c, DIPEA (3 eq), 0 °C, 1 h; 0.2 mmol scale

61% (100% brsm) 423

5

TBSOTf (1.45 eq)c, DIPEA (3 eq), 0 °C, 1 h; 1 mmol scale

84% (93% brsm) 423

1

b

c

by H-NMR; regioselectivity not determined; added over 20 min as a solution in CH2Cl2
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2B.5 Summary of the Synthesis of Alkyne 423
The synthetic strategy employed for the synthesis alkyne 423, bearing the A-ring of leonuketal
(blue, Scheme 83), hinged on a Ti(III)-mediated epoxyolefin cyclisation. Initially, this
transformation was explored with substrate 349 involving intermolecular nitrile addition. While
treatment of 349 with in situ generated Cp2TiCl resulted in the formation of ketone 379, the
yields for this reaction were too poor and unreliable (2–13%) for utilisation as an early step in
the total synthesis of leonuketal (8) (Scheme 83A). The equivalent transformation was
investigated next on epoxynitrile 350 where intramolecular nitrile addition would occur. While
the reaction of 350 to afford 380 was modest (32%), the reliability and scalability (6.4 g)
qualified it for incorporation into the synthesis.
With ketone 380 prepared, a Shapiro-type reaction was utilised to effect fission of the B-ring
with concomitant formation of the alkyne moiety of 423. Specifically, treatment of tosyl
hydrazide 402 with methyl lithium resulted in facile formation of alkyne 404 by a -elimination
reaction of a putative vinyl lithium species (Scheme 83B). Alkyne 404, bore the epimeric C1
stereochemistry with respect to 423, and unfortunately, epimerisation could be not effected by
oxidation followed by reduction with a bulky hydride source – either via aldehyde 407 or benzyl
ether 411.
Ultimately, C1 epimerisation could be achieved by protection and oxidation of bicyclic alcohol
380, followed by reduction with L-Selectride®, affording alcohol 420 after ketal deprotection
(Scheme 83C). The high diastereoselectivity of this transformation was attributed to the transdecalin ring system of ketone 417, locking the A-ring in a single chair conformation to allow
equatorial delivery of the bulky hydride source, affording the alcohol 420 as a single
diastereomer. Advancement of alcohol 420 by the previously established Shapiro-type reaction
afforded alknye 408.
Mono-protection of alcohol 408 by benzylation was found to be unselective and low yielding
(Scheme 83D). Fortunately, treatment of diol 408 with TBSOTf selectively protected the
primary alcohol of diol 408, delivering the desired alkyne 423. With a reliable synthetic route
to alkyne 423 established, focus could be shifted to the synthesis of the envisioned coupling
partner acetate 348, and the subsequent union thereof.
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Reagents and conditions: a) MeCN, Cp2TiCl2, Zn, THF, 6 h, 2-13%; b) Cp2TiCl2, Zn, THF, 60 °C, 2 h; c) NH2NHTs, PPTS (5
mol%), THF, rt, 94%; d) MeLi, THF-Et2O (1:1, v/v), 0 °C, 3 h, 92%; e) DMP, K2CO3, CH2Cl2, 1 h, rt, 90% for 407; f) BnBr
(1.1 eq), NaH (2 eq), TBAI (1 mol%), THF, rt, 34% over two steps for 411; g) ethylene glycol, TsOH, benzene, reflux, 16 h; h)
DMP, pyridine, CH2Cl2, rt, 1 h, 77% over two steps; i) L-Selectride®, THF, –78 °C to rt, 1.75 h; j) 3 M HCl-THF (1:3, v/v), 40
°C, 16 h, 78%; k) NH2NHTs, PPTS (5 mol%), THF, rt then MeLi, THF-Et2O (1:1, v/v), 0 °C, 3 h, 88% over two steps; l) BnBr,
NaH, TBAI, THF, rt, 16 h, 14%; m) TBSOTf, DIPEA, CH2Cl2, 0 °C, 1 h, 84% (93% brsm).

Scheme 83. Summary of the synthesis of alkyne 423.
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2B.6 Attempted Fragment Coupling by an SN2' Reaction
It was proposed that the SN2' reaction of alkyne 423 and acetate 348 would allow coupling of
the two fragments under mild conditions (Scheme 84A) to afford 346, an advanced fragment for
the synthesis of leonuketal (8). A similar strategy for functionalisation of Baylis-Hillman
adducts 426 was employed by GowriSankar and co-workers, where treatment with alkynyl
Grignard reagents 427 in the presence of copper iodide resulted in formation of substituted
acrylates 428 by SN2' reaction (Scheme 84B).[183–185]
In order to probe the proposed fragment coupling, the synthesis of acetate 348 by acetylation of
previously synthesised alcohol 247 (Section 2A.2) was pursued.

Scheme 84. Proposed fragment coupling of 423 and 348 by SN2' reaction

2B.6.1 Synthesis of Acetate 348
Treatment of alcohol 247 with acetic anhydride in the presence of pyridine delivered the desired
acetate 348 in poor yield (12%, Table 20, entry 1) alongside unidentified decomposition
products. The use of the bulkier pyridyl base 2,6-lutidine was investigated for cleaner promotion
of the reaction, however, no acetylation was observed under these conditions (entry 2).
Alternatively, the more nucleophilic base DMAP was investigated, unfortunately resulting in
returned starting material (entry 3). It was reasoned that despite the poor yield, acetate 348 could
be accessed in meaningful quantities using the initially explored conditions if scale-up was
successful. This would enable exploration of the proposed SN2' reaction of alkyne 423 and
acetate 348 without significant time-investment into optimisation of the acetylation of alcohol
247.
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Repetition of the initially trialled conditions (Table 20, entry 1) on 1.3 mmol scale resulted in
isolation of acetate 348 in 8% yield after column chromatography on silica gel (entry 4). This
provided enough material for preliminary investigation of the SN2' reaction with alkyne 423,
however, the poor yield and significant decomposition of acetate 348 cast doubt on the
suitability of this fragment for the total synthesis of leonuketal (8).
Table 20. Acetylation of alcohol 247 to

give acetate 348

entry

conditions

yield

1

Ac2O (2.0 eq), pyridine (2.1 eq), 0.2 mmol

12%

2

Ac2O (2.0 eq), 2,6-lutidine (2.1 eq)

NR

3

Ac2O (2.0 eq), DMAP (10 mol%)

NR

4

entry 1, 1.3 mmol

8%

NR – no reaction

2B.6.2 Attempted SN2' Reaction of Alkyne 412
With acetate 348 in hand, the SN2' reaction was modelled with alkyne 412, bearing the epimeric
C1 stereochemistry. Unfortunately, acetate 348 decomposed rapidly under mild conditions
involving the use of copper iodide, triethylamine and caesium carbonate at room temperature,
leaving alkyne 412 unreacted.

Reagents and conditions: a) CuI, Et3N, Cs2CO3, MeCN, rt, 2 h.

Scheme 85. Attempted synthesis of alkyne 429
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This indicated that acetate 348 would be a troublesome fragment for the total synthesis of
leonuketal (8). Consequently, focus was shifted toward a simpler electrophilic coupling partner
for the SN2 reaction of alkyne 423. Known bromide 430 appeared to be a suitable electrophile
for this purpose and its synthesis was therefore pursued.[186]

Scheme 86. Revised fragment coupling

2B.6.3 Attempted SN2 Reaction of Alkyne 423 with Bromide 430
In order to investigate the planned SN2 reaction of alkyne 423 with bromide 430, preparation of
430 was undertaken following procedures described by Faber and Reid.[186,187] -Butyrolactone
(432) was deprotonated with in situ generated sodium ethoxide then ethyl formate was added.
Subsequently, paraformaldehyde was added, affording 433 (Scheme 87). Under these
conditions, intramolecular attack of the nascent alkoxide group at the aldehyde of 434 was
proposed by Reid and co-workers to afford oxetane 435, delivering -methyl--butyrolactone
(433) after loss of formate.[187] Subsequent dibromination followed by elimination of hydrogen
bromide delivered 430 in 3 steps from -butyrolactone (432).[186]

Reagents and conditions: a) NaH, EtOH, ethyl formate, reflux, 1 h then paraformaldehyde, THF, reflux, 1 h, 37%, b) Br2, CCl4,
reflux, 1 h, c) Li2CO3, LiBr, DMF, 16% over two steps.

Scheme 87. Synthesis of bromide 430.

With bromide 430 in hand, the proposed alkylation with alkyne 423 could be investigated.
Treatment of alkyne 423 and bromide 430 with copper iodide and caesium carbonate failed to
promote reactivity at elevated temperature (Table 21, entry 1). It was proposed that in situ
generation of the corresponding iodide from bromide 430 may help promote reactivity;
therefore, 423 and 430 were treated with copper iodide and potassium carbonate in the presence
of sodium iodide in acetone (entry 2). Unfortunately, the starting materials were also returned
under these conditions. Attention thus turned to the use of a strong base for deprotonation of
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alkyne 423, unfortunately, the use of both and n-BuLi and isopropylmagnesium bromide failed
to afford the desired product 431 (entries 3 and 4, respectively).
Table 21. Attempted SN2 reaction of alkyne 423 with bromide 430

entry

conditions

result

1

CuI, CsCO3, MeCN, 60 °C, 16 h

NR

2

CuI, NaI, K2CO3, acetone, rt, 16 h

NR

3

n-BuLi, Et2O, 0 °C, 1 h

NR

4

CuI, iPrMgBr, CuI, THF, 0 °C, 3 h,

NR

NR – no reaction

At this juncture, it become increasingly apparent that the coupling of alkyne 423 with a highly
functionalised -ketal lactone synthon, such a 348 or 430, would prove troublesome. In response,
it was deemed judicious to establish a baseline for reactivity of alkyne 423 with a simple
electrophile. To establish such a baseline, alkyne 423 was treated with excess MeLi and addition
of paraformaldehyde. Gratifying, alcohol 436 was isolated in 77% (0.03 mmol scale).

Reagents and conditions: a) paraformaldehyde (10 eq), MeLi (8 eq), Et2O, –78 °C to 0 °C, 1 h, 77%.

Scheme 88. Synthesis of alcohol 436

In contrast to coupling acetate 348 and bromide 430 with alkyne 423 (or model alkyne 412),
using the non-precious electrophile paraformaldehyde allowed a large excess of alkyl lithium
base to be used without concern for quenching of precious electrophile before coupling.
Moreover, the presence of multiple electrophilic sites on acetate 348 and bromide 430
determined that the desired product of coupling would be liable to react further with excess
alkylithium base, which is not the case for alcohol 436. Indeed, the use of excess
paraformaldehyde and methyl lithium only produces methanol as a side-product. Considering
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these advantages, our retrosynthetic strategy was revised to avoid the direct union of alkyne 423
with a highly functionalised electrophile.

Figure 6. Electrophiles investigated for coupling with alkyne 423
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2C.1 Retrosynthetic Analysis
The revised retrosynthetic analysis also relied on disconnection of the spiroketal core of
leonuketal (8) by a Au-catalysed hydroalkoxylation reaction, suggesting late stage intermediate
437 as a precursor. It was anticipated that alkyne 437 could be accessed by an alkylation reaction
of bromide 438 (made available from the previously synthesised alcohol 436) and known ester
439.[188] It was expected that the union of bromide 438 with ester 439 would avoid the issues
encountered previously in the coupling of alkyne 423 with complex electrophiles 247 and 430.

Scheme 89. Revised retrosynthetic analysis of leonuketal (8).
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2C.2 Synthesis of Halide Coupling Partner
2C.2.1 Attempted Synthesis of Bromides 438 and 442
It was envisioned that bromination of propargylic alcohol 436 would afford a suitable
electrophilic coupling partner for alkylation with known ester 439. Accordingly, propargylic
alcohol 436 was subjected to Appel bromination conditions using carbon tetrabromide and
triphenylphosphine, unfortunately resulting in decomposition of the starting material after 1 h
at –10 °C (Table 22, entry 1). Next, phosphorous tribromide and pyridine were investigated to
promote the formation of bromide 438, however, decomposition was observed under these
conditions also (entry 2). Lastly, a two-step protocol involving formation an intermediate
mesylate from alcohol 436 was examined; however, the desired bromide 438 was only afforded
in trace quantities under these conditions (entry 3).
Table 22. Synthesis of bromide 438

entry

conditions

result

1

CBr4, PPh3, CH2Cl2, –10 °C, 1 h

decomposition

2

PBr3, pyridine, Et2O, –30 °C to rt, 2 h

decomposition

3

MsCl, Et3N, CH2Cl2, 0 °C, 30 min then LiBr, acetone, rt, 2 h

trace

It was suspected that the issues encountered in the attempts to prepare 438 by bromination of
alcohol 436 may be due to the presence of the unprotected C1 secondary alcohol. Therefore,
masking of the secondary alcohol as a triethylsilyl (TES) ether was pursued. To this end, alcohol
423 was treated with chlorotriethylsilane, affording the protected intermediate 440. Subsequent
hydroxymethylation of alkyne of 440 following the previously established protocol afforded
441, thereby providing access to the revised substrate for bromination.

Reagents and conditions: a) TESCl, imidazole, CH2Cl2, 3 h, rt; b) MeLi, paraformaldehyde, Et2O, –78 °C to 0 °C, 47% over
two steps.

Scheme 90. Synthesis of alcohol 441.
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Treatment of 441 with carbon tetrabromide or phosphorous tribromide using the same
conditions described for alcohol 436 resulted in decomposition of the starting material (Table
23, entry 1 & 2). Next, the two-step protocol involving an intermediate mesylate was
investigated, also resulting in formation of 442 in only trace quantities. This suggested that the
difficulties encountered in bromination of alcohol 436 were not in principle due to the presence
of the free secondary alcohol at C1.
Table 23. Attempted synthesis of bromide 442

entry

conditionsa

result

1

CBr4, PPh3, CH2Cl2, –10 °C, 1 h

decomposition

2

PBr3, pyridine, Et2O, –30 °C to rt, 2 h

decomposition

3

MsCl, Et3N, CH2Cl2, 0 °C, 30 min then LiBr, acetone, rt, 3 h

trace

Given the difficulties encountered in the attempted preparation of bromides 438 and 442,
synthesis of the analogous chloride and iodide was investigated.

2C.2.2 Synthesis of Propargylic Chloride 443
It was expected that chloride 443 would have a better stability profile than bromide 442 and may
prove to be a suitable coupling partner despite decreased electrophilicity. Pleasingly, treatment
of alcohol 438 with thionyl chloride and pyridine resulted in formation of chloride 443 (Scheme
91), which was stable under refrigeration for extended periods.

Reagents and conditions: a) SOCl2, pyridine, PhMe, 0 °C, 2.5 h, 57% (66% brsm).

Scheme 91. Synthesis of chloride 443.
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2C.2.3 Synthesis of Propargylic Iodides 444 and 445
The synthesis of iodide 444 was pursued in parallel to the preparation of chloride 443. Initially,
TES ether 441 was treated with iodine, triphenylphosphine and imidazole, resulting in isolation
of both the desired iodide 444 and alcohol 445 in 16% and 40% yield, respectively (Scheme 92).
This result suggested the TES group of 441 might be problematic for iodination, yet it was
encouraging to access isolable iodides given the difficulties encountered with bromides 437 and
442.

Reagents and conditions: a) I2, triphenylphosphine, CH2Cl2, 0 °C, 2 h, 16% 444, 40% 445

Scheme 92. Synthesis of iodides 444 and 445

Since the TES group was labile under the initially trialled conditions, the iodination of 436
bearing the unprotected secondary alcohol (C1) was investigated. To this end, alkyne 436 was
treated with iodine in the presence of triphenylphosphine and imidazole, which pleasingly
resulted in formation of iodide 445 in 58% yield on 29 mg scale (Table 24, entry 1). However,
a modest increase in scale (89 mg) resulted in a stark decrease in yield, giving 445 in 19% yield
(entry 2). Consequently, iodination via formation of an intermediate mesylate was investigated,
and these conditions delivered 445 in 57% yield on 10 mg scale (entry 3). Pleasingly, repetition
of this experiment on 50 mg scale delivered 445 in a slightly improved yield of 68% (entry 4).
Table 24. Synthesis of iodide 445

entry

conditions

yield

1

I2, PPh3, imidazole, CH2Cl2, 0 °C, 2 h; 29 mg scale

58%

2

entry 1 repeat; 89 mg scale

19%

3

MsCl, Et3N, CH2Cl2, 0 °C, 30 min then NaI, acetone, rt, 16 h; 10 mg scale

57%

4

entry 3 repeat; 50 mg scale

68%

With 445 and 443 in hand, alkylation of these intermediates could be investigated.
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2C.3 Frater-Seebach Alkylation
2C.3.1 Proposal
The Frater-Seebach alkylation refers to the diastereoselective alkylation of chiral -hydroxy
esters 446 proceeding with high anti selectivity (Scheme 93A).[189–191] Treatment of the substrate
446 with two equivalents of strong base results in formation of a six-membered chelate, which
restricts bond rotation of the enolate 447 and directs approach of the electrophile to the opposite
face to the stereogenic hydroxyl group, delivering alkylated products 448 in high
diastereoselectivity. [190,191]
It was recognised that the syn C10-11 stereochemistry of leonuketal (8) could be established by
a Frater-Seebach alkylation of -hydroxy ester 439, available in enantiopure form by a two-step
literature protocol.[188] Alkylation of 445 or 443 with 439 was expected to proceed with high
anti selectivity, providing the desired syn stereochemistry when viewed after rotation of the ester
-bond for ring-closure (Scheme 93B). It was deemed prudent to explore the proposed FraterSeebach alkylation with the racemic material of 445 and 443 already in hand. If successful, the
preparation of enantiopure electrophiles 445 and 443 would be established in order to deliver
437 as a single isomer.

Scheme 93. Proposed Frater-Seebach alkylation
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2C.3.2 Synthesis of Ester 439
In order to explore the proposed Frater-Seebach alkylation, ester 449 was prepared following a
protocol described by Paterson and co-workers (Scheme 94).[188] Specifically, dimethyl (R)-(+)malate (449) was treated with borane dimethylsulfide and a catalytic amount of sodium
borohydride proceeding via 450 (Scheme 94, inset) to effect selective reduction of the hydroxy ester to afford 451.[192] Crude alcohol 451 was then treated with TBSCl to effect
protection of the newly formed primary alcohol and prevent lactonisation. With ester 439 in
hand, attention was turned to the planned Frater-Seebach alkylation.

Reagents and conditions: a) BH3·DMS, NaBH4 (cat.), THF, 0 °C to rt, 2.5 h; b) TBSCl, imidazole, CH2Cl2, rt, 12 h, 93% over
two steps.

Scheme 94. Synthesis of ester 439

2C.3.3 Attempted Frater-Seebach Alkylation
Initially, chloride 443 was explored as an electrophile for the Frater-Seebach alkylation with
ester 439, given 443 was expected to be a more easily handled synthetic intermediate than the
equivalent iodide 445. Chloride 443 was initially found to be unreactive toward enolate 452,
derived from treatment of ester 439 with LDA, at temperatures up to 0 °C (Scheme 95).
Unfortunately, chloride 443 was similarly unreactive at room temperature, and heating of the
reaction to 50 °C led to decomposition of ester 439 with persistence of chloride 443. These
results suggested chloride 443 was not sufficiently electrophilic to undergo alkylation with 452.

Reagents and conditions: a) LDA (2 eq), THF, –78 °C to 0 °C, 20 min then –78 °C; b) 443 (0.15 eq), THF, –78 °C to 0 °C, 4 h,
no reaction; c) 443 (0.15 eq), THF, 0 °C to rt then 50 °C, 4 h, decomposition of 439.

Scheme 95. Attempted Frater-Seebach alkylation of 439
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Consequently, attention was shifted to the alkylation with the more reactive electrophile, iodide
445. Unfortunately, treatment of an excess of ester 439 with LDA followed by addition of 445
led to the formation of multiple unidentified products alongside significant amounts of iodide
starting material (Table 25, entry 1). The use of ester 439 with LiHMDS and N,N′dimethylpropyleneurea (DMPU) also resulted in formation of a complex mixture from which
the desired product could not be identified (entry 2). Dimethyl (R)-(+)-malate (449) was
investigated briefly as an alternative nucleophile; unfortunately, the results when using LDA or
LiHMDS mirrored those observed when using ester 439 (entry 3 & 4, respectively).
Table 25. Attempted Frater-Seebach alkylation

439 and 449

entry

conditions

result

1

439, LDA

SM (445) w/ side products

2

439, LiHMDS

complex mixture

3

449, LDA, DMPU (0.1 eq)

SM (445) w/ side products

4

449, LiHMDS, DMPU (0.1 eq)

complex mixture

NB – iodide 445 used as limiting regent (0.2 eq w.r.t ester 439 or 449)
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2C.4 Revised Approach: -Keto Ester Alkylation
Given the failure to effect Frater-Seebach alkylation using iodide 445 and chloride 443, an
alternative strategy for fragment coupling and stereoselective construction of the C- and D-rings
of leonuketal (8) was envisioned. It was proposed that coupling of 445 or 443 could be achieved
under more mild conditions by the use of a -keto ester nucleophile, such as commercially
available 455 (Scheme 96). However, such a transformation would lack stereocontrol at the
newly formed -carbon chiral centre of 456 (C10). Moreover, this approach would require
reduction of the C11 ketone 456, creating another stereocentre in a likely non-selective manner.
We envisioned a solution to the problem of the C10-C11 stereochemistry involving a
Au-catalysed hydroalkoxylation of enol 456, as opposed to an analogous alcohol. Such a
transformation would afford spiroketal 457 where C10 and C11 are unsaturated. The synstereochemistry could then be set by a diastereoselective hydrogenation of alkene 457 affording
458 by delivery of hydrogen from the catalyst surface to the same face as the B-ring spiroketal
oxygen. We expected this selectivity to be imparted by a haptophilic effect involving
coordination of the spiroketal oxygen to the catalyst surface.[193]

Scheme 96. Revised approach to the stereoselective construction of the C- and D- rings of leonuketal (8)

2C.4.1 O-Alkylation with 455
The alkylation of commercially available -keto ester 455 was initially investigated with
chloride 443 as the electrophile. Treatment of chloride 443 with 455 and K2CO3 in
dimethylformamide at room temperature failed to promote alkylation (Table 26, entry 1), and
unfortunately, a modest elevation of temperature to 50 °C resulted in decomposition of 443
(entry 2). The use of the strong base sodium hydride led to a similar outcome, wherein heating
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of the reaction led to decomposition before formation of the desired product (entry 3). Finally,
potassium tert-butoxide was investigated to facilitate alkylation, also resulting in decomposition
of the starting material 443. At this point, attention was turned to iodide 445 as an electrophile.
Table 26. Attempted alkylation of 443 with 455

entry

conditions

result

1

K2CO3 (5 eq), DMF, rt, 16 h

no reaction

2

K2CO3 (5 eq), DMF, 50 °C, 2 h

decomposition

3

NaH (5 eq), DMF, rt to 100 °C, 5 h

decomposition

4

tBuOK (5 eq), THF, 50 °C, 3 h

decomposition

Treatment of iodide 445 with -keto ester 455 and K2CO3 in dimethylformamide resulted in
consumption of the starting material and clean conversion to a new product. Unfortunately,
isolation of the product and characterisation by NMR revealed alkylation had occurred at the
oxygen atom of 455 affording enol ether 460 instead of the desired C-alkylation product 456.

Reagents and conditions: a) K2CO3, DMF, rt, 16 h, 49%.
Scheme 97. Synthesis of 460 by O-alkylation

Typically, the alkylation of -keto esters with iodides occurs at the carbon centre, and Oalkylation requires the use of a “hard” electrophile.[194] The observed O-alkylation of 445
contrasts this general trend, and the formation of an aromatic dienolate species 461 by treatment
with two equivalents of base (Scheme 98) may account for this unexpected reactivity.[195]
Formation of such a stabilised dienolate species is made possible by the cyclic nature of 455,
enabling aromaticity. C-alkylation of dienolate 461 would require dearomatisation, whereas
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O-alkylation could proceed without such an enthalpic penalty. This thermodynamic preference
for O-alkylation would not be operative with open-chair -keto esters, since aromatic
stabilisation of the dienolate 462 is not possible. Indeed, formation of dienolates of -keto esters
is known to require use of a strong base, such as LDA.[196]

Scheme 98. Thermodynamic dichotomy in the alkylation of cyclic and acyclic -keto

esters

This thermodynamic dichotomy between the alkylation of cyclic and acyclic -keto esters may
account for the unexpected reactivity of 455 with iodide 445. To further probe this hypothesis
and facilitate the desired C-C bond formation, focus was shifted to the exploration of linear keto esters for coupling with iodide 445.

2C.4.2 C-Alkylation with 465
It was envisioned that known -keto ester 465 would be a suitable nucleophile for alkylation of
iodide 445 to install the -ketal lactone motif (blue) of leonuketal (8) in open-chain form
(Scheme 99).[197] Investigation of this alkylation reaction would help delineate differences in
selectivity between O- and C-alkylation of cyclic and acyclic -keto esters with iodide 445.

Scheme 99. Proposed coupling of 445 with -keto
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Accordingly, 465 was prepared following a protocol described by Zhang and co-workers
involving alkylation of chloride 463 with benzyl alcohol to give 464, followed by debenzylation
and subsequent TBS protection – delivering 465 in 70% yield over 3 steps.[197]

Reagents and conditions: a) BnOH, NaH, THF, 0 °C to rt, 16 h, 84%; b) H2, Pd/C (10%), EtOAc, rt, 5 h; c) TBSCl, imidazole,
DMAP, CH2Cl2, rt, 16 h, 84% over two steps.

Scheme 100. Synthesis of 465

With 465 in hand, the proposed alkylation with iodide 445 could be investigated. Treatment of
iodide 445 with -keto ester 465 in the presence of K2CO3 pleasingly delivered the desired Calkylation product in 62% yield as an inseparable 1:1 mixture of epimers. The preference for Calkylation of 465 with iodide 445 contrasted the exclusive formation of the O-alkylation product
when using cyclic -keto ester 455, following the typically observed reactivity pattern of -keto
esters. This observation provided support for the proposed dichotomy between the alkylation of
cyclic and acyclic -keto esters and more thorough mechanistic investigation of this effect is
warranted.

Reagents and conditions: a) K2CO3, DMF, rt, 16 h, 62%.

Scheme 101. Synthesis of 466 by C-alkylation

With 466 in hand, focus was shifted to furnishing the spirocyclic core of leonuketal (8) by the
envisaged Au-catalysed hydroalkoxylation.
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2C.5 Au-Catalysed Hydroalkoxylation
2C.5.1. Background and Proposal
Au(I)-complexes are “soft” Lewis acids with proficiency for the electrophilic activation of
alkynes.[198–201] The 5d-orbitals of Au(I)-complexes are large and diffuse due to contraction of
the 6s orbital mediated by relativistic effects, allowing for interaction with -systems in
preference to “hard” Lewis bases, such as carbonyl groups.[202,203] Coordination of a Au(I)complex to an alkyne leads to a dramatic increase in electrophilicity of both carbons and this
effect has been leveraged to promote an array of C-C and C-heteroatom bond formations.
There are four interactions between the alkyne -system and the 5d orbitals of the Au(I)-catalyst
that mediate electrophilic activation (Figure 7A). Namely, a) -donation of the alkyne -system
to the Au dz2 orbital, b) back-donation from the Au dxz orbital to the alkyne sigma *-orbital,
c) -donation of the alkyne -orbital to the Au dyz orbital, and d) back-donation from the Au dxy
orbital to the *-orbital of the alkyne.[203] Loss of electron density through bonding interactions
of the alkyne (a and c) to the Au-centre outweigh back-donation (b and d) therefrom, making
Au- complexes highly electrophilic.[203]
Interestingly, Au(I) complexes do not selectively coordinate alkynes over other -systems, and
the observed preference for alkyne activation is due to discrimination of the nucleophile between
Au(I)-activated electrophiles.[202] This “alkynophilicity” can be understood in terms of the
generally lower LUMO energy of alkynes in comparison to olefins, and therefore increased
electrophilicity of Au(I)-alkyne complexes than equivalent alkene complexes.[202]
The application of Au-catalysis to the synthesis of spiroketals from dihydroxyalkynes was
initially reported by De Brabander and co-workers in the synthesis of 6,6-spiroketal 468 and
5,7-spiroketal 469 from alkyne 467 using MeAuPPh3 (Figure 7B).[204] In the ensuing years,
construction of spiroketal motifs by Au-catalysed hydroalkoxylation has been applied
extensively in the total synthesis of complex natural products, exemplifying the
chemoselectivity of Au-catalysis.[205–207] Notable examples include the synthesis of ushikulide
A (470), cephalosporolide H (471) and spirodienal A (472) reported by Trost, Dudley, and Ley
respectively (Figure 7C).[208–210]
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Figure 7. Au-catalysis for the synthesis of spiroketals

Construction of the spirocyclic framework of leonuketal (8) under Au-catalysis was hampered
by difficulties in the stereocontrolled synthesis of a suitable dihydroxyalkyne starting material
(Section 2C.3). It was envisioned that these difficulties could be circumvented by adaption of
this method to a substrate of higher oxidation state and fewer chiral centres; specifically, ketone
466 which would afford spiroketal 473 lacking C10 and C11 stereocentres. It was expected that
treatment of 466 with a Au(I)-catalyst would result in 6-exo-trig cyclisation of the secondary
alcohol at the proximal carbon of the alkyne, affording 474 by the typical pathway for
dihydroxyalkynes (Scheme 102A).[204,211] Protodeauration of 474 would recycle the catalyst,
affording enol ether 475.[204] Subsequently, acid-catalysed ketalisation involving attack of the
C11 ketone (as either keto-enol tautomer) would afford spiroketal 473, via 476.
To the best of our knowledge, the Au-catalysed hydroxalkoxylation of -keto esters, such as
466, for the synthesis of spiroketals is unreported in the literature. However, some precedent for
the proposed Au-catalysed cyclisation was found in the work of Hashmi et al. who utilised a
1,3-diketone 477 to access spiroketal 478 by treatment with [(Mes)3PAu)2Cl]BF4 (Scheme
102B).[212,213] Interestingly, the unactivated ketone moiety of related substrate 479 did not
participate in cyclisation under these conditions, affording monocyclic ether 480 instead.[212]
This indicated the importance of the electron-withdrawing group to promoting spiroketal
formation, possibly due to stabilisation of the enol tautomer of the starting material or the enol
ether moiety of the product.
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Scheme 102. Proposed Au-catalysed hydroalkoxylation and relevant precedent.

2C.5.2 Au-Catalysed Hydroalkoxylation of 466
In order to explore the proposed Au-catalysed cyclisation, ketone 466 was treated with a
catalytic amount of gold(I) chloride and PPTS, resulting in formation of a complex mixture of
products. While disappointing, this result indicated engagement of the substrate with the catalyst
and encouraged further investigation (Table 27, entry 1). The use of the more stable catalyst
Au(PPh)3Cl under otherwise identical conditions failed to promote reactivity (entry 2), however,
JohnPhosAu(MeCN)SbF6 (481) facilitated what appeared by TLC analysis to be clean
conversion to a single, less polar product (entry 3). Upon purification and analysis by 1H-NMR,
it became apparent the product was in fact a mixture of inseparable isomers. Rigorous structural
determination of the inseparable isomeric mixture was not possible by NMR techniques on
limited material; however, detection of the mass ion corresponding to C31H60NaO7Si2
(623.37930 detected; 623.37698 calculated) suggested formation of hemiketal 482. This
tentative assignment was supported by a multiplet resonating at 2.50 ppm in the 1H-NMR
spectrum likely corresponding to H-10.
Fortunately, treatment of 466 with chloro(dimethylsulfide)gold (AuCl·DMS) resulted in
conversion to two separable epimeric spiroketals 473 and 483 in 53% and 13% yield,
respectively (Table 27, entry 4). However, attempts to improve this yield by counterion
metathesis with silver hexafluoroantimonate resulted in decomposition of the starting material
(entry 5).
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Table 27. Au-catalysed hydroalkoxylation of 466

entry

conditions

result

1

AuCl (10 mol%), 40 min

complex mixture

2

Au(PPh)3Cl (10 mol%), 16 h

no reaction

3

JohnPhosAu(MeCN)SbF6 (481) (10 mol%), 40 min

70% 482

4

AuCl·DMS (10 mol%), 16 h

53% 473, 13% 483

5

AuCl.DMS (10 mol%), AgSbF6 (10 mol%), 16 h

complex mixture

NB: entry 4 conducted on 15 mg scale; all other entries on 5 mg scale

Assignment of the relative stereochemistry of spiroketals 473 and 483 by NOESY correlation
was hampered by lack of resolution of the diagnostic H8 resonances, particularly with those
corresponding to H6 (Figure 8). Fortunately, a significant through-space deshielding effect of
the spiroketal oxygen on the H3 methine signal was observed in the minor epimer 483 ( = 2.32
ppm) when compared with the major epimer 473 ( = 1.51 ppm) (Figure 8). Pleasingly, this
suggested the correct epimer 473 for the total synthesis of leonuketal (8) was favoured.

Figure 8. Assignment of spiroketal epimers 473 and 483 based on through-space deshielding in the 1H-NMR
spectrum (CDCl3; 500 MHz)
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Unfortunately, repetition of this experiment on slightly larger scale (45 mg compared with 15
mg) resulted in complete decomposition of the starting material, consuming all remaining
spiroketal precursor 466 in hand. At this juncture, a protecting group change was judged to be a
decisive modification to the synthetic strategy to avoid complications arising from selective
deprotection and/or functionalisation of the two TBS ether motifs of 473. TIPS ether 484 would
circumvent this issue; moreover, the product of spiroketalisation 485, was expected to be more
tolerant of the acidic conditions required for construction of the ketal lactone motif in 486
(Scheme 103).

Scheme 103. Protecting group modification

2C.5.3 Synthesis of TIPS Ether 484
Preparation of TIPS ether 484 was undertaken following the route established previously for
synthesis of the TBS congener 466. Specifically, treatment of 408 with TIPSOTf afforded TIPS
ether 487, and hydroxymethylation thereof afforded alcohol 488 (Scheme 104). Iodination of
488 followed by immediate coupling with -keto ester 465 afforded the desired TIPS ether 484
in 44% yield over two steps. With 484 in hand, focus was turned to effecting the Au-catalysed
hydroalkoxylation.

Reagents and conditions: a) TIPSOTf, DIPEA, CH2Cl2, 0 °C, 1 h, 91%; b) paraformaldehyde, MeLi, Et2O, –78 °C to 0 °C, 1 h,
60% (82% brsm); c) MsCl, Et3N, CH2Cl2, 0 °C, 1 h then NaI, acetone, rt, 16 h; d) 465, Cs2CO3, DMF, rt, 16 h, 44%.

Scheme 104. Synthesis of 484
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2C.5.4 Au-Catalysed Hydroalkoxylation of 484
The conditions established for synthesis of the TBS spiroketal 466 were trialled on the TIPS
congener 484; however, only a trace amount of 485 was tentatively identified alongside multiple
by-products (Table 28, entry 1). It was hoped that a cleaner reaction profile might be observed
with use of tetrahydrofuran as a solvent, instead of the nucleophilic solvent methanol. However,
switching to tetrahydrofuran resulted in diminished reactivity, returning the starting material
484 (entry 2).
Table 28. Au-catalysed hydroalkoxylation of 484

entry

conditions

result

1

AuCl·DMS (10 mol %), PPTS (1 mol%), MeOH, rt

trace 485

2

AuCl·DMS (10 mol %), PPTS (1 mol%), THF, rt

SM

Given the capricious results of Au-catalysed hydroalkoxylation of TBS ether 466, and the low
yield observed for the TIPS congener 484, a different precursor for the spiroketal framework of
leonuketal was pursued.

2C.5.5 Au-Catalysed Hydroalkoxylation of a Cyclic -Keto Ester 487
During the course of investigating the alkylation of iodide 445 (Section 2C.5.4), it was observed
that cyclic -keto ester 455 existed exclusively as the enol tautomer in d-chloroform (by 1HNMR), whereas the keto tautomer was predominately observed for acyclic -keto ester 465
(Scheme 105). This observation prompted us to consider that a cyclic -keto ester substrate for
the proposed Au-catalysed hydroalkoxylation may display a different reactivity profile
compared with the previously explored acyclic substrates 466 and 484.
The differences in keto-enol equilibrium between cyclic and acyclic -keto esters was
experimentally and computationally investigated by Mekelleche and co-workers.[214] During
their study, it was established that the keto-enol equilibrium of 455 was shifted toward the enol
tautomer in polar solvents while the keto-enol equilibrium of ethyl acetoacetate (486) displayed
the opposite trend, favouring the keto tautomer in polar solvents (Scheme 105).[214]
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The authors attributed this effect to the cyclic nature of 455 preventing formation of a stabilising
intramolecular hydrogen bond in the enol tautomer, such as present in enol-486.[214] Hence,
stabilisation of the enol form of 455 is primarily mediated by intermolecular hydrogen bonding,
which is most abundant in polar solvents.[214] Regrettably, the authors did not address the relative
strength of intermolecular hydrogen bond (accepting) interactions stabilising the keto-455 in
polar solvents, and why these interactions might be less significant than with keto-486.

Scheme 105. Keto-enol tautomerism of cyclic and acyclic -keto esters

We sought to probe the influence of the keto-enol equilibrium of the -keto ester substrate on
the proposed Au-catalysed hydroalkoxylation. It was proposed that deprotection of 484 followed
by lactonisation would afford cyclic -keto ester 487, a suitable substrate for the study.
Accordingly, the synthesis of lactone 487 was pursued.
Treatment of 484 with tert-butyl ammonium fluoride (TBAF) resulted in formation of only a
trace amount of 487 alongside unidentified by-products (Scheme 106). Fortunately, treatment
of 484 with a catalytic amount of tosic acid in methanol resulted in clean removal of the TBS
group, and subsequent addition of K2CO3 to the reaction mixture promoted lactonisation,
affording 487 in 79% yield. The NMR-spectra of 487 revealed the enol tautomer was
exclusively observable in d-chloroform.

Reagents and conditions: a) TBAF, THF, rt, 4 days, trace; b) TsOH (10 mol%), MeOH, rt, 16 h then K2CO3, 4 h, 81%.

Scheme 106. Synthesis of 487

With enol 487 in hand, the Au-catalysed hydroalkoxylation could be investigated. Treatment of
487 with AuCl·DMS pleasingly resulted in formation of the desired spiroketal 488 in 50% yield
and 9:1 dr (Table 29, entry 1). Interestingly, JohnPhosAu(MeCN)SbF6 (481) afforded 488 in
improved yield (63%) (entry 2). This observation indicated a divergence in reactivity pattern
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between 487 and the previously investigated acyclic substrate 466, since treatment of 466 with
JohnPhosAu(MeCN)SbF6 did not result in spiroketal formation.
Table 29. Au-catalysed hydroalkoxylation of 487

entry

conditions

yield

1

AuCl·DMS (10 mol%), PPTS (1 mol%), MeOH, rt, 16 h

50%, 9:1 dr

2

JohnPhosAu(MeCN)SbF6 (481) (10 mol%), PPTS (1 mol%), MeOH, rt, 2 h

63%, 9:1 dr

With 488 in hand, hydrogenation of the enol ether moiety could be investigated.

2C.5.6 Hydrogenation of 488
In general, olefin hydrogenation with a heterogenous catalyst proceeds by adsorption of the
substrate with the less hindered face toward the catalyst surface, and delivery of hydrogen to
that face in a syn manner (proximofacial addition).[193] However, the presence of coordinating
groups can override steric preference by electron donation to the catalyst surface, resulting in
hydrogenation at the same face as the co-ordinating group (i.e. contrasteric addition). This
phenomenon is termed the haptophilic effect and has been studied in depth by Thompson (Figure
9A),[215–219] although this effect has not been leveraged extensively in total synthesis.[220,221]
It was expected that hydrogenation of enol ether 488 would occur selectively at the same face
as the B-ring spiroketal oxygen to give 493 if a significant haptophilic effect were at play. This
would allow the construction of both C10 and C11 stereocentres in a controlled manner and
represent a rare example of strategic application of the haptophilic effect in total synthesis.

131

Part C. Revised Alkyne Strategy

Figure 9. Haptophilic effect in the hydrogenation of 488

Precedent for the hydrogenation of tetrasubstituted alkoxyl acrylates was relatively scarce in the
literature, however, two related examples were reported by Lygo and Lee in 1988 and 1996,
respectively.[222,223] In the former case, treatment of 494 with hydrogen at elevated pressure (70
psi) in the presence of the highly active catalyst rhodium on alumina delivered 495 in 93% yield
and 8:1 dr after 90 hours. Similarly, Kim and Lee reported the hydrogenation of 496 under
similar conditions, affording 497 and 498 in 65% and 13% yield respectively.

Scheme 107. Hydrogenation of tetrasubstituted acrylates 494 and 496

Following the protocol described by Lygo and co-workers, stirring a solution of 488 in methanol
under an atmosphere of hydrogen (65 psi) in the presence of Rh-Al2O3 (10 mol%) resulted in
quantitative conversion to what appeared to be a single reduced product by 1H-NMR and
TLC.[222] However, examination of the

13

C-NMR spectrum revealed the presence of two

inseparable isomeric compounds in a 1:1.2 ratio. While evident that hydrogenation had
occurred, the appearance of a deshielded H-3 proton diagnostic of the undesired spiroketal
epimer suggested the two isomeric products could not simply be accounted for by non-selective
hydrogenation. Rather, it appeared that non-selective hydrogenation to give 493 and 499
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(Scheme 108, inset) had been followed by C7 epimerisation of 499, arising from hydrogenation
at the undesired face. The net result of this process was formation of two diastereomeric
products, 493 and 500 (1:1.2 ratio by 13C-NMR), with 1H- and 13C-NMR spectra differing most
significantly at the H-3 and C3 resonances, due to deshielding by the spiroketal oxygen.

Reagents and conditions: a) H2 (65 psi), Rh-Al2O3, MeOH, rt, 40 h, quant.

Scheme 108. Synthesis of 493

This structural assignment was supported by comparison of the molecular point energies of the
observed product 500 and putative intermediate 499, where the spiroketal had not undergone
epimerisation. Determination of the molecular point energies using Hartree-Fock ab intio
calculations* suggested that 500 was the more stable spiroketal epimer by 0.8 kcal/mol (Figure
10A); indicating epimerisation of spiroketal 499 during hydrogenation (or the subsequent workup) would be thermodynamically favourable. Additionally, the molecular point energies of
desired product 493 and putative epimer 501 were calculated, indicating that epimerisation of
the product resulting from hydrogen delivery to the desired -face (493) would, in contrast, be
unlikely to occur due to a lack of thermodynamic driving force (Figure 10B).

Figure 10. Molecular point energies of hydrogenation products with or without spiroketal epimerisation

*

Molecular point energies (kcal/mol) were calculated by MMFF Conformer search  AM1 equilibrium
geometry  HF (6-31+G*) point energy; calculations performed by DPF.
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Despite the disappointing lack of selectivity in the hydrogenation of 488 and the inseparability
of products 493 and 500, enough (mixed) material was accessed for a pilot study of the oxidation
of the D-ring to give ketal lactone 486 (Scheme 109). Therefore, attention was directed toward
the synthesis of 486.

Scheme 109. D-ring oxidation of 493 to give 486

2C.5.7 Synthesis of Ketal-Lactones 486 and 504
It was proposed that installation of the ethoxyacetal motif of leonuketal (8) could be achieved
in three steps by hydrolysis of lactone 493, oxidation of the resulting alcohol 502 to aldehyde
503, and finally, formation of the ethoxyacetal 486 (Scheme 110). It appeared judicious to
undertake the three steps without chromatographic purification of the intermediates due to
limited material of 493, and the likelihood of reformation of lactone 493 from 502 during
purification on silica gel. Additionally, establishment of a telescoped protocol would benefit the
overall efficiency of the process.

Scheme 110. Proposed three-step protocol for formation of 486 from 493

Lactone hydrolysis proceeded smoothly at room temperature by stirring of the 493-500 mixture
in a solution of 1N LiOH-THF (1:3, v/v), affording putative hydroxy acid 502 (and its
diastereomer) after acidification of the reaction mixture and extraction with dichloromethane.
Initially, the organic extracts were dried over anhydrous magnesium sulphate and Dess-Martin
periodinane (DMP) was added directly, however, no oxidation was observed. Further
experimentation revealed that concentration of the organic extracts and resuspension of the
crude hydrolysis mixture in dichloromethane was necessary for oxidation of hydroxy acid 502,
however, some reformation of lactone 493-500 was observed by TLC under these conditions.
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Finally, the crude mixture following DMP oxidation was heated to 45 °C in ethanol in the
presence of PPTS, leading to the formation of 486 and 504 which could be separated by
chromatography. This telescoped process delivered 486 and 504 in a near quantitative combined
yield of 98% based on recovered 493-500 mixture (48% 486 and 50% 504).

Reagents and conditions: a) 1 N LiOH-THF (1:3, v/v), rt, 16 h; b) DMP, CH2Cl2, rt, 20 min; c) PPTS, EtOH, 45 °C, 26 h, 486
42%, 504 44% (48% & 50% brsm, respectively).

Scheme 111. Synthesis of 486 and 504

-Ketal lactone 486 could be crystallised by evaporation of a diethyl ether solution thereof,
allowing the unambiguous assignment of the relative stereochemistry by X-ray diffraction
crystallography. Pleasingly, the relative stereochemistry of 486 matched the assignments for
leonuketal (8) (Figure 11).

Figure 11. XRD structure of 486; iPr groups omitted for clarity

The rigorous assignment of the structure and stereochemistry of 486 by XRD afforded an
opportunity for comparison of key 1H-NMR resonances of leonuketal (8) since a crystal
structure of the natural product was not reported.[38] While the authors do not detail whether or
not obtaining a crystal structure had been attempted, it is worth noting that (±)-486 crystallised
as an enantiomeric pair (opposite enantiomer not shown), a crystallisation mode not possible
with the enantiopure isolate of 8. Pleasingly, key downfield 1H-NMR resonances of the D-ring
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of 486 matched well with the isolation report for the equivalent signals (≤ 0.02 ppm) in
leonuketal (8) (Figure 12).[38]

Figure 12. Comparison of key 1H-NMR resonances of 486 with leonuketal (8); NB: -NMR spectrum for 486
calibrated to  H-11 = 5.31 ppm =  H-11(leonuketal).

The stereochemical configuration of alternative diastereomer 504 was assigned on the basis of
NOESY correlation, homonuclear coupling constants, and through-space deshielding, since
crystalline material could not be obtained. Examination of the NOESY spectrum of 504 revealed
the expected syn stereochemical relationship between C10 and C11. The relative configuration
of the newly formed C12 ethoxy substituent was assigned based on the small coupling constant
of 3JH-11,12 (≈ 0 Hz), suggesting a dihedral angle of H-11 and H-12 of about 90°.[224] The same
observation was used to assign the C12 stereochemistry of leonuketal (8) by Peng and coworkers.[38]
Assignment of the spirocentre of 504 was made on the basis of through-space deshielding of the
H-3 proton in comparison to 486, bearing the epimeric configuration at this carbon. Specifically,
the H-3 methine signal was observed a 2.13 ppm in d-chloroform, as opposed to 1.52 ppm in
the case of 486.

Figure 13. Stereochemical assignment of 504 by NMR

The synthesis of 486 in the correct relative stereochemical configuration represented
construction of seven of the eight stereogenic centres and all but three carbons for the completion
the total synthesis of leonuketal (8). Unfortunately, time and funding restrictions prevented
advancement of 486 toward leonuketal (8) within the confines of the doctoral program.
Nevertheless, the completion of the total synthesis of leonuketal (8) by the strategy described
herein is an ongoing pursuit of this research group.
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2C.6 Summary of the Synthesis Spiroketal 486
The synthesis of 486 bearing the spirocyclic framework of leonuketal (8) was successfully
achieved using a synthetic strategy hinging on an unusual Au-catalysed hydroalkoxylation
reaction (Scheme 112). This strategy necessitated transformation of the previously synthesised
alcohol 436 to a halide for an alkylation reaction. To this end, bromination of 436 was
investigated, however, the desired product 438 was afforded in only trace quantities (Scheme
112A). Fortunately, iodination of 436 and chlorination of TES protected congener 441 were
both found to be synthetically tractable alternatives – delivering 445 and 443, respectively
(Scheme 112A).
With chloride 443 and iodide 445 in hand, Frater-Seebach alkylation therewith was evaluated;
however, none of the examined conditions afforded the desired product 453 or 437 (Scheme
112Bi). Focus was therefore shifted to alkylation of cyclic -keto ester 455, but unfortunately,
a strong preference for the undesired O-alkylation pathway to give 460 was observed (Scheme
112Bii). It was suspected that an acyclic -keto ester, such as 465, would proceed via the desired
C-C bond-forming pathway. Gratifyingly, treatment of 445 with 465 resulted in formation of
the desired product 466, securing synthetic access to the spirocycle precursor (Scheme 112Biii).
The Au-catalysed hydroalkoxylation reaction of 466 was effected by treatment with AuCl·DMS,
delivering 473 and furnishing the caged spiroketal core of leonuketal (8) (Scheme 112C).
Typically, this transformation utilises dihydroxyalkyne starting materials; to the best of our
knowledge, the use of a -keto ester nucleophile, such as 466, is unreported in the literature.
Unfortunately, this reaction had poor reproducibility and did not translate to the use of the
closely related substrate TIPS ether 484 (Scheme 112C). As a consequence, an alternative
spiroketal precursor was sought.
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Based on the observed differences in keto-enol tautomerism of cyclic and acyclic -keto esters,
it was deemed judicious to examine an alternative substrate for the proposed Au-catalysed
hydroalkoxylation reaction that possessed a cyclic -keto ester motif. To undertake this study,
TBS deprotection and lactonisation of 484 was effected to deliver cyclic -keto ester 487.
Pleasingly, treatment of 487 with JohnPhosAu(MeCN)SbF6 (481) reliably afforded spiroketal
488 in 63% yield and 9:1 dr (Scheme 112C).
To advance enol ether 488 toward leonuketal (8), it was necessary to hydrogenate the C10-11
olefin. Rhodium on alumina proved to be an effective catalyst for hydrogenation of the enol
ether. Unfortunately, essentially no diastereoselectivity was observed and desired product 493
was formed as an inseparable mixture with 500 (1:1.2, respectively), where epimerisation of the
spiroketal had occurred also (Scheme 112D). Following hydrogenation, a telescoped 3-step
sequence involving lactone hydrolysis, oxidation and ketalisation was developed, allowing
formation of 486 and 504 as separable intermediates bearing the unusual -ketal lactone motif
of leonuketal (8) (Scheme 112D).
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Reagents and conditions: a) SOCl2, pyridine, PhMe, 2 h, 57% 443 (66% brsm); b) MsCl, Et3N, CH2Cl2, 0 °C, 30 min then NaI,
acetone, rt, 16 h, 68% 445; c) K2CO3, DMF, rt, 16 h, 62%; d) AuCl·DMS (10 mol%), PPTS (1 mol%), MeOH, rt, 16 h 53% for
473 4:1 dr, trace for 485; e) TsOH (10 mol%), MeOH, rt, 16 h then K2CO3, 4 h, 81%; f) JohnPhosAu(MeCN)SbF6 (481) (10
mol%), PPTS (1 mol%), MeOH, rt, 2 h, 63%; 9:1 dr; g) H2 (65 psi), Rh-Al2O3, MeOH, rt, 40 h, quant. 1:1.2 493-500; h) 1 N
LiOH-THF (1:3, v/v), rt, 16 h; i) DMP, CH2Cl2, rt, 20 min; j) PPTS, EtOH, 45 °C, 26 h, 486 41%, 504 44% over 3 steps (48%
& 50% brsm, respectively).

Scheme 112. Summary of the synthesis of 486
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Part C. Revised Alkyne Strategy
These results lay the groundwork for the total synthesis of leonuketal (8) from spiroketal 486.
Further optimisation of this synthetic route and elaboration of 486 to leonuketal (8) are ongoing
pursuits of our research group.

Figure 14. Spiroketal 486 as a late-stage intermediate for the total synthesis of leonuketal (8)
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3.1 Overall Summary and Conclusions
This study involved the evaluation of two overarching strategies for the total synthesis of the
seco-labdane natural product leonuketal (8). The initial strategy involved construction of the
caged bicyclic portion of 8 using a highly efficient Diels-Alder-reductive lactonisation approach
(Scheme 113). This strategy delivered 314 bearing the [2.2.2]-bicyclic core of leonuketal (8)
with epimeric stereochemistry at C3, alongside undesired [3.2.1]-isomer 318. Unfortunately,
strategic epimerisation of 314 could not be effected in order to deliver the correct stereochemical
configuration required for the total synthesis of leonuketal (8), despite extensive
experimentation.
The investigation of the Diels-Alder-reductive lactonisation approach to leonuketal (8) required
careful optimisation and, despite failing to provide a pathway to 8, several valuable findings
yielded. These included a rare example of a [4+2]-cycloaddition to form two tertiary-quaternary
C-C bonds, observation of an unusual solvent-dependent cyclohexene fragmentation reaction,
and a novel Ni-catalysed esterification reaction (Scheme 113).

Reagents and conditions: a) neat, 140 °C, 16 h then ZnCl2, CHCl3, rt, 20 min then NaCNBH3, AcOH, rt, 30 min; b) TMSdiazomethane, MeOH-benzene-Et2O, rt, 15 min, 314 9% and 318 24%; c) diethylzinc, NiCl2·glyme, dtbbpy, DMF, rt, 16 h,
31%.

Scheme 113. Summary of the Diels-Alder-reductive lactonisation approach
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The second strategy investigated in this study provided a solid foundation for a total synthesis
of leonuketal (8), and completion of the total synthesis using this strategy is an ongoing pursuit
of this research group. The revised strategy leveraged an unusual Shapiro-type reaction, as well
as Ti(III)-mediated and Au(I)-catalysed cyclisation steps (Scheme 114). Several iterations of the
approach were investigated in order to establish access to the most advanced intermediate 486.
The revised approach centred around key intermediate diol 408. Access to 408 was established
from epoxy nitrile 350 by a Ti(III)-mediated cyclisation reaction to give ketone 380, followed
by inversion of the C3 alcohol, and an unusual Shapiro-type reaction (Scheme 114A). Initially,
a fragment coupling strategy involving nucleophilic addition to acetate 348 or bromide 430 was
investigated using model compound 412 and alkyne 423, respectively (Scheme 114B).
Unfortunately, this approach was unsuccessful due to instability of the electrophiles (particularly
348) and low reactivity of alkynes 412 and 423.
A revised fragment coupling strategy involving the addition of -keto ester 465 to iodide 445
(derived from diol 436) was successfully developed after exploration of several alternative
nucleophiles (439, 455, 449; Scheme 114C). With a fragment coupling method established,
focus was shifted to furnishing the spirocyclic framework of 8 by a Au(I)-catalysed
hydroalkoxylation reaction. Unfortunately, ketone 466 gave capricious results under Au(I)catalysis. Enol 487 was thus evaluated as an alternative substrate for the reaction and was found
to give reliable access to spiroketal 488.
Hydrogenation of spiroketal 488 to establish the C10-11 stereocentres of leonuketal (8)
unfortunately lacked diastereoselectivity, affording an inseparable mixture of the desired
product 493 and diastereomer 500 (1:1.2 493-500; Scheme 114D). Nevertheless, the 493-500
mixture was subjected to a three-step protocol to install the C12 ethoxy substituent of 8, allowing
access to separable intermediates 504 and 486.
This approach provided a foundation for the total synthesis of leonuketal (8), allowing the
assembly of the spirocyclic framework of 486 and leaving only the installation of the C3
hydroxypropanone moiety. Unfortunately, exploration of an endgame strategy during the
doctoral program was prevented by time and funding restrictions. Nevertheless, the completion
of the total synthesis of 8 remains a goal of this research group, and the proposed route from
frontier intermediate 486 is delineated in the following section.
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Reagents and conditions: a) Cp2TiCl2, Zn, THF, 60 °C, 2 h; b) ethylene glycol, TsOH, benzene, reflux, 16 h; c) DMP, pyridine,
CH2Cl2, rt, 1 h, 77% over two steps; d) L-Selectride®, THF, –78 °C to rt, 1.75 h; e) 3 M HCl-THF (1:3, v/v), 40 °C, 16 h, 78%;
f) NH2NHTs, PPTS (5 mol%), THF, rt; g) MeLi, THF-Et2O (1:1, v/v), 0 °C, 3 h, 88% over two steps; h) CuI, Et 3N, Cs2CO3,
MeCN, rt, 2 h; i) TBSOTf, DIPEA, CH2Cl2, 0 °C, 1 h, 84% (quant. brsm); j) MsCl, Et3N, CH2Cl2, 0 °C, 30 min; k) NaI, acetone,
rt, 16 h, 68% over two steps; l) K2CO3, DMF, rt, 16 h, 62%; m) TsOH (10 mol%), MeOH, rt, 16 h then K2CO3, 4 h, 81%; n)
JohnPhosAu(MeCN)SbF6 (481) (10 mol%), PPTS (1 mol%), MeOH, rt, 2 h, 63%; 9:1 dr; o) H2 (65 psi), Rh-Al2O3, MeOH, rt,
40 h, quant. 1:1.2 493-500; p) 1 N LiOH-THF (1:3, v/v), rt, 16 h; q) DMP, CH2Cl2, rt, 20 min; u) PPTS, EtOH, 45 °C, 26 h, 486
41%, 504 44% over 3 steps (48% & 50% brsm, respectively).

Scheme 114. Summary of the revised approach to leonuketal (8)
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3.2 Future Work
3.2.1 Completion of the Total Synthesis of Leonuketal (8)
Completion of the total synthesis of leonuketal (8) by elaboration of frontier intermediate 486
is the principal objective of the studies leading on from this project. The proposed endgame
involves TIPS-deprotection followed by oxidation of the resulting alcohol to afford aldehyde
505 (Scheme 115). Addition of propylmagnesium bromide (or related organometallic reagent)
to 505, followed by oxidation would afford deoxyleonuketal (506). The final step of the
synthesis would be an -hydroxylation reaction to install the secondary alcohol of leonuketal,
setting the final stereocentre, and completing the total synthesis of leonuketal (8). This
transformation is commonly achieved using the Rubottom oxidation or by treatment with the
Davis’ oxaziridine.[225,226] It appears plausible that a high degree of regioselectivity for C15
hydroxylation over C3 would be observed due to steric bias, however, it is not obvious that the
transformation would be diastereoselective.

Scheme 115. Elaboration of 486 to leonuketal (8)

3.2.2 Structure-Pattern Based Divergent Synthesis of Diterpenoid Natural Products
Divergent synthetic strategies involve targeting multiple natural products from a common
‘privileged’ intermediate. Differing from the traditional linear approach of target-orientated
synthesis towards a single natural product (Figure 15A), this approach has emerged as a means
of streamlining the preparation of diterpenoids and other natural products.[227] However,
examples of this approach are typically restricted to closely related members of a class of natural
products bearing a high degree of structural similarity (Figure 15B).[227] More recently, Gaich
has emphasised the importance of structure-pattern recognition in the planning and execution of
divergent synthetic strategies. Specifically, retrosynthetic analysis informed by the
identification of shared structural motifs between distinct families of natural products (Figure
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15C), rather than within a family, can allow for structurally distinct natural products to be
targeted by a divergent synthetic strategy.[228]

Figure 15. Target-orientated and divergent strategies in total synthesis

It was recognized that the oxidized cyclohexane motif present in leonuketal (8, blue) was present
in other terpenoid natural products, and indeed, a literature search revealed over 14,000 natural
products with this shared substructure.*
This discovery prompted the proposal of a structure-pattern based divergent synthesis of
diterpenoid natural products from key diol 404 (or 408). In order to establish diol 404 as a
valuable ‘privileged’ intermediate in the synthesis of oxidized terpenoids, focus will be initially
placed on accessing the ent-atisane and ent-kaurane families, of which 507 and 508 are
representative members.[38,229–231] Given the ubiquity of the key oxidized cyclohexane motif,
this approach might be further extended to access other structurally distinct terpenoids.

Scheme 116. Structure-pattern based divergent synthesis of diterpenoids from diol 404 (or 408)

Access to the ent-atisane family of diterpenoids from diol 404 would hinge on an intramolecular
[4+2]-cycloaddition of 509, which could in turn be made available by the oxidative
dearomatisation of 510 (Scheme 117A). It is expected that access to 510 could be established

*

Dictionary of Natural Products database structure search
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by the addition of benzylic lithiate 511 to aldehyde 512, which could in turn be accessed by
routine functional group manipulations of key diol 404. Nakada and co-workers adopted a
similar strategy for the synthesis of the ent-atisane scaffold in 2017, providing inspiration and
precedent for this proposal (Scheme 117B).[232]

Scheme 117. Retrosynthetic analysis of 507

Extension of the divergent synthesis to access members of the ent-kaurane family, such as 508¸
would involve structural rearrangement of the ent-atisane scaffold. It is proposed that the desired
rearrangement could be achieved via a Dowd-Beckwith reaction of epoxide 516, made available
from IMDA adduct 517 (Scheme 118A). Treatment of 516 with Cp2TiCl is be expected to result
in homolytic epoxide opening followed by 3-exo-trig cyclisation to form cyclopropyloxy radical
519. The high strain energy of 519 would promote -scission, resulting in formation of 520 after
termination of the radical process. Finally, olefination and global deprotection of 520 would
install the exo-methylene group of 508 and complete the total synthesis. This approach was
inspired by the work of Ding et al., who applied an analogous rearrangement to synthesise 521
from epoxide 522.

148

Conclusions

Scheme 118. Proposed synthesis of 508 by a Dowd-Beckwith rearrangement

Successful elaboration of diol 404 to members of the ent-atisane and ent-kaurane families,
alongside completion of the total synthesis of leonuketal (8), will validate the utility of diol 404
for the synthesis of terpenoids. Such a divergent strategy is inherently more efficient than
traditional target-orientated approaches; until organic synthesis advances to match the prowess
of nature, such careful and deliberate strategizing will remain important to total synthesis.
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4.1 General Methods
Commercially available reagents were used throughout without purification unless otherwise
stated. Anhydrous solvents were used as supplied. Diethyl ether, tetrahydrofuran,
dichloromethane, acetonitrile, 1,4-dioxane, dimethylformamide and toluene were dried using an
LC Technology Solutions Inc. SP-1 solvent purification system under an atmosphere of dry
nitrogen. All reactions were routinely carried out in oven-dried glassware under a nitrogen
atmosphere unless otherwise stated. Analytical thin layer chromatography was performed using
silica plates and compounds were visualised at 254 and/or 360 nm ultraviolet irradiation
followed by staining with either alkaline permanganate or ethanolic vanillin solution. Infrared
spectra were obtained using a Perkin Elmer spectrum One Fourier Transform Infrared
spectrometer. Absorption maxima are expressed in wavenumbers (cm-1). Melting points were
recorded on an Electrothermal melting point apparatus and are uncorrected. NMR spectra were
recorded as indicated on an NMR spectrometer operating at 500, 400 and 300 MHz for 1H nuclei
and 125, 101 and 75 MHz for 13C nuclei. Chemical shifts are reported in parts per million (ppm)
relative to the tetramethylsilane peak recorded as δ 0.00 ppm in CDCl3/TMS solvent, or the
residual, chloroform (δ 7.26 ppm), or DMSO (δ 2.50 ppm) peaks. The

13

C NMR values were

referenced to the residual acetone, chloroform (δ 77.16 ppm) or DMSO (δ 39.52 ppm) peaks.
C NMR values are reported as chemical shift δ and assignment. 1H NMR shift values are

13

reported as chemical shift δ, relative integral, multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet), coupling constant (J in Hz) and assignment. Assignments are made with
the aid of COSY, NOESY, HSQC, and HMBC experiments. All experiments were conducted
at 298 K. Conventional NMR tubes (5 mm diameter, Norell) using a sample volume of 500 μL
were used. High resolution mass spectra were obtained by electrospray ionisation in positive ion
mode at a nominal accelerating voltage of 70 eV on a microTOF mass spectrometer.
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4.2 Experimental Procedures
Methyl 3-hydroxy-4,4-dimethoxy-2-methylenebutanoate, 255

To a stirred solution of 2,2-dimethoxyacetaldehyde (5.0 g, 48.0 mmol, 60% w/v in H2O) and
methyl acrylate (8.71 mL, 96.1 mmol) was added DABCO (2.16 g, 19.2 mmol) and the resulting
solution was stirred at rt for 2 days. The crude mixture was then concentrated in vacuo and
purified by flash chromatography on silica (60% EtOAc in pet. ether) to afford the title
compound 255 (5.68 g, 62%) as clear oil.
1H

NMR (400 MHz, CDCl3) δ 6.29 (dd, J = 1.3, 0.6 Hz, 1H, CH2a), 5.93 (t, J = 1.2 Hz, 1H,

CH2b), 4.52 (t, J = 4.9 Hz, 1H, H-3), 4.40 (d, J = 5.1 Hz, 1H, H-4), 3.75 (s, 3H, CO2CH3), 3.40
(s, 3H, 4-OCH3a), 3.37 (s, 3H, 4-OCH3b), 2.95 (d, J = 5.3 Hz, 1H, OH); 13C NMR (101 MHz,
CDCl3) δ 166.8 (C, C-1), 138.7 (C, C-2), 127.1 (CH2, CCH2), 105.6 (CH, C-4), 71.1 (CH, C-3),
55.5 (CH3, 4-OCH3a), 55.1 (CH3, 4-OCH3b), 52.0 (CH3, O2CH3).
Spectroscopic data were in good agreement with those previously reported.[126]
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tert-Butyl 3-hydroxy-4,4-dimethoxy-2-methylenebutanoate, 265

To a stirred solution of 2,2-dimethoxyacetaldehyde (2.5 g, 28.8 mmol, 60% w/v in H2O) and
tert-butyl acrylate (6.16 mL, 48.0 mmol) was added DABCO (539 mg, 4.80 mmol) and the
resulting solution was stirred at rt for 3 days. The crude mixture was then concentrated in vacuo
and purified by flash chromatography on silica (60% EtOAc in pet. ether) to afford the title
compound 265 (5.58 g, 68%) as clear oil.
IR (film) νmax 2978, 2835, 1716, 1368, 1152, 1069, 968 cm-1; 1H NMR (400 MHz, CDCl3) δ
6.20 (dd, J = 1.4, 0.7 Hz, 1H, CH2a), 5.83 (t, J = 1.3 Hz, 1H, CH2b), 4.48 (d, J = 5.1 Hz, 1H, H3), 4.40 (d, J = 5.1 Hz, 1H, H-4), 3.43 (s, 3H, OCH3a), 3.39 (s, 3H, OCH3b), 1.49 (s, 9H,
C(CH3)3); 13C NMR (101 MHz, CDCl3) δ 165.8 (C, C-1), 140.2 (C, C-2), 125.9 (CH2, 2-CH2),
105.9 (CH, C-4), 81.4 (C, C-3), 72.0 (C, C(CH3)3), 55.6 (CH3, OCH3a), 55.2 (CH3, OCH3b),
28.2 (3 × CH3, C(CH3)3); HRMS (ESI+) [M + Na] + 225.1208 calcd for C11H20NaO5 255.1203.
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(4R,5R)-5-Ethoxy-4-hydroxy-3-methylenedihydrofuran-2(3H)-one, 247; (4R,5S)-5-ethoxy-4hydroxy-3-methylenedihydrofuran-2(3H)-one, 269

A solution of tert-butyl ester 265 in TFA-CH2Cl2-EtOH (13.2 mL, 1:1:0.2 v/v/v) was stirred at
rt for 45 mins. Toluene (24 mL) was then added and the reaction mixture was concentrated in
vacuo, affording a mixture of the title compounds (251 mg, 92%, 2:1 anti-syn) as a yellow oil.
IR (film) νmax 3447, 2978, 1770, 1081, 937, 818 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.44 (d, J
= 2.1 Hz, 1H, 3-CH2a), 6.40 (dd, J = 2.9, 0.6 Hz, 0.5H, 3-CH2a*), 6.00 (d, J = 1.8 Hz, 1H, 3CH2b), 5.97 (d, J = 2.6 Hz, 0.5H, 3-CH2b*), 5.48 (d, J = 5.5 Hz, 0.5H, H-5*), 5.33 (d, J = 2.2
Hz, 1H, H-5), 4.76 (bs, 0.6H, H-4*), 4.59 (q, J = 2.0 Hz, 1H, H-4), 4.03 – 3.84 (m, 1.5H, HaOCH2 & Ha-OCH2a*), 3.76 – 3.62 (m, 1.5H, Hb-OCH2 & Hb-OCH2*), 1.33 – 1.21 (m, 4.5H, CH3
& CH3*); 13C NMR (101 MHz, CDCl3) δ 168.0 (C, C-2), 167.8 (C, C-2*), 137.5 (C, C-3), 136.8
(C, C-3*), 127.0 (CH2, C-3CH2), 125.3 (CH2, 3-CH2*), 107.4 (CH, C-5), 100.0 (CH, C-5*), 73.1
(CH, C-4*), 69.7 (CH, C-4), 66.1 (CH2, OCH2*), 66.0 (CH2, OCH2), 15.0 (CH3, CH2CH3), 8.6
(CH3, CH2CH3*); HRMS (ESI+) [M + Na]+ 181.0475 calcd for C7H10NaO4 181.0471.
*denotes minor diastereomer
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1-Methoxy-4-methylpent-1-en-3-one, 298

A suspension of 3-methyl-2-butanone (1.24 mL, 11.6 mmol), ethyl formate (1.72 mL, 23.2
mmol), and NaH (464 mg, 11.6 mmol, 60% dispersion in mineral oil) in THF (30 mL) was
stirred at reflux for 30 mins. The reaction mixture was then allowed to cool to rt before
concentration in vacuo. The resultant crude enolate was then dissolved in DMSO (30 mL),
dimethylsulfate (1.10 mL, 11.6 mmol) was added, and the reaction stirred for 4 h at rt. The
reaction mixture was then quenched with water (50 mL) and extracted with CH2Cl2 (3 × 50 mL).
The collected organic fractions were dried over Na2SO4 and concentrated in vacuo. The crude
oil was then purified by vacuum distillation (1.5 mbar, 80 °C) to give the title compound 298
(1.38 g, 93%, E/Z: 5:1) as a clear oil.
1H

NMR (400 MHz, CDCl3)  7.61 (d, J = 12.6 Hz, 1H, H-1), 6.41 (d, J = 7.2 Hz, 0.2H, H-1*),

5.63 (d, J = 12.6 Hz, 1H, H-2), 5.10 (d, J = 7.2 Hz, 0.2H, H-2*), 3.87 (s, 0.6H, OCH3*), 3.71 (s,
3H, OCH3), 2.89 (spt, J = 7.0 Hz, 0.2H, H-4*), 2.63 (spt, J = 7.0 Hz, 1H, H-4), 1.11 (d, J = 7.0,
6H, CH(CH3)2), 1.07 (d, J = 6.7 Hz, 1.2H, CH(CH3)2*); 13C NMR (101 MHz, CDCl3)  203.7
(C, C-3), 203.5 (C, C-3*), 162.7 (CH, C-1), 158.3 (CH, C-1*), 105.3 (CH, C-2*), 103.5 (CH, C2), 62.5 (CH3, OCH3*), 57.7 (CH3, OCH3), 40.5 (CH, C-4*), 39.7 (CH, C-4), 18.8 (2 × CH3, 4CH3), 18.6 (2 × CH3, 4-CH3*).
Spectroscopic data were in good agreement with those previously reported.[135]
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(E)-3-((Trimethysilyl)oxy)-1-methoxy-4-methylpenta-1,3-diene, 290

To a stirred solution of ketone 298 (1.00 g, 7.80 mmol) and Et3N (3.26 mL, 23.4 mmol) in Et2O
(90 mL) at 0 °C was added TMS-OTf (1.55 mL, 8.58 mmol) dropwise. After 10 minutes, the
solution was allowed to warm to rt and stir for a further 3 h. Pentane (30 mL) and sat. aq.
NaHCO3 (30 mL) were then added, then the organic phase was separated, and the aqueous phase
was extracted with pentane (30 mL). The combined organic extracts were washed with sat. aq.
NaHCO3 (2 × 30 mL), water (2 × 30 mL), and brine (2 × 30 mL), then dried over MgSO4. The
solvent was removed in vacuo, and the resulting crude oil was distilled under reduced pressure
(110 °C, 50 mbar) to afford of the title compound 290 (1.20 g, 77%) as a clear oil.
IR (film) νmax 2981, 2936, 1627, 1380, 1045 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.62 (d, J =
12.6 Hz, 1H, H-1), 5.68 (d, J = 12.2 Hz, 1H, H-2), 3.58 (s, 3H, OCH3), 1.66 (s, 6H, 2 × CCH3),
0.18 (s, 9H, Si(CH3)3); 13C NMR (101 MHz, CDCl3) δ 148.9 (CH, C-1), 140.6 (C, C-3), 111.2
(C, C-4), 101.2 (CH, C-2), 56.8, (CH3, OCH3), 18.9 (C, 4-CH3a), 18.7 (C, 4-CH3b), 0.81 (3 ×
CH3, Si(CH3)3).
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(E)-3-((tert-Butyldimethylsilyl)oxy)-1-methoxy-4-methylpenta-1,3-diene, 251

To a stirred solution of ketone 298 (2.50 g, 10.3 mmol) and Et3N (6.52 mL, 30.9 mmol) in Et2O
(50 mL) at 0 °C was added TBS-OTf (5.38 mL, 15.4 mmol) dropwise. After 10 minutes, the
solution was allowed to warm to rt and stir for a further 3 h, by which point two clear layers
formed. The bottom layer was removed by pipette and the top layer was concentrated in vacuo.
The resultant crude oil was purified by flash chromatography on neutral alumina (6% EtOAc in
pet. ether) to give the title compound 251 (3.75 g, 99%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 6.63 (d, J = 12.3 Hz, 1H, H-1), 5.63 (d, J = 12.4 Hz, 1H, H-2),

3.58 (s, 3H, OCH3), 1.67 (s, 6H, 2 × 4-CH3), 0.99 (s, 9H, CCH3), 0.10 (s, 6H, 2 × SiCH3); 13C
NMR (101 MHz, CDCl3) δ 149.4 (CH, C-1), 140.2 (C, C-3), 111.2 (C, C-4), 101.0 (CH, C-2),
56.7 (CH3, OCH3), 26.2 (3 × CH3, C(CH3)3), 19.1 (CH3, 4-CH3a), 19.0 (CH3, 4-CH3b), 18.6 (C,
C(CH3)3), -3.3 (2 × CH3, SiCH3).
Spectroscopic data were in good agreement with those previously reported.[135]
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(E)-3-((Triisopropylsilyl)oxy)-1-methoxy-4-methylpenta-1,3-diene, 284

To a stirred solution of ketone 298 (1.00 mmol, 7.80 mmol) and Et3N (4.35 mL, 31.2 mmol) in
Et2O (25 mL) at 0 °C was added TIPS-OTf (2.95 mL. 10.9 mmol) dropwise. After 10 minutes,
the solution was allowed to warm to rt and stir for a further 3 h, by which point two clear layers
had formed. The bottom layer was removed by pipette and the top layer concentrated in vacuo.
The resultant crude oil was purified by flash chromatography on neutral alumina (6% EtOAc in
pet. ether) to give the title compound 284 (2.20 g, 99%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 6.63 (d, J = 12.5 Hz, 1H, H-1), 5.53 (d, J = 12.5 Hz, 1H, H-2),

3.58 (s, 3H, OCH3), 1.70 (s, 3H, 4-CH3a), 1.66 (s, 3H, 4-CH3b), 1.23 – 1.17 (m, 3H, 3 × SiCH),
1.12 – 1.08 (m, 18H, 3 × CH(CH3)2); 13C NMR (101 MHz, CDCl3) δ 149.6 (CH, C-1), 141.0
(C, C-3), 110.5 (C, C-4), 101.5 (CH, C-2), 56.6 (CH3, OCH3), 19.5 (CH3, 4-CH3a), 18.7 (CH3,
4-CH3b), 18.2 (6 × CH3, CH(CH3)2), 13.8 (3 × CH, SiCH).
Spectroscopic data were in good agreement with those previously reported.[233]
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Ethyl (E)-3-(5',5'-dimethyl-4-oxo-2',3'-dihydro-6'H-pyran-6'-yl)but-2-enoate, 303

To a stirred solution of ethyl-3-methyl-4-oxocrotonate (44 mL, 0.33 mmol) and Sc(OTf)3 (16
mg, 20 mol %) in CH2Cl2 (1 mL) at –78 °C was added diene 251 (40 mg, 0.16 mmol). The
resultant mixture was stirred for 3 h and then allowed to warm to rt, before addition of Et3N
(0.69 mL, 0.49 mmol). The mixture was diluted with CH2Cl2 (10 mL), washed with sat. aq.
NH4Cl (10 mL), then brine (10 mL), and dried over MgSO4. The organic phase was concentrated
in vacuo and purified by flash chromatography on silica (30% EtOAc in pet. ether) to give the
title compound 303 oil (23 mg, 43% yield) as a clear.
IR (film) νmax 2978, 2937, 1716, 1466, 1385, 1369, 1269, 1162 cm-1; 1H NMR (400 MHz,
CDCl3) δ 7.35 (dd, J = 6.6 Hz, 1H, H-2'), 5.94 (q, J = 1.1 Hz, 1H, H-2), 5.39 (d, J = 5.9 Hz, 1H,
H-3'), 4.54 (s, 1H, H-6'), 4.19 (q, J = 7.1 Hz, 2H, OCH2CH3), 2.25 (d, J = 1.5, 3H, H-4), 1.30 (t,
J = 7.1 Hz, 3H, OCH2CH3), 1.12 (s, 3H, 2'-CH3a) 1.06 (s, 3H, 2'-CH3b); 13C NMR (101 MHz,
CDCl3) δ 197.6 (C, C-4'), 166.0 (C, C-1', 161.5 (CH, C-2'), 151.1 (C, C-3), 120.7 (CH, C-2),
105.5 (CH, C-3'), 90.4 (CH, C-6'), 60.3 (CH2, OCH2CH3), 44.8 (C, C-5'), 20.0 (CH3, 5'-CH3a),
19.0 (CH3, 5'-CH3b), 18.0 (CH3, C-4), 14.4 (CH2, OCH2CH3); HRMS (ESI+) [M + Na]+
261.1091 calcd for C13H18NaO4 261.1097.
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1-((tert-Butyldimethylsily)oxy)-3-methyl-but-2-ene, 307

To a solution of prenol (1.00 mL, 10.0 mmol), Et3N (1.70 mL, 12.0 mmol), and DMAP (48 mg,
0.39 mmol, 10 mol %) in CH2Cl2 (17 mL) at 0 °C was added TBSCl (1.81 g, 12.0 mmol). The
resulting solution was allowed to warm to rt and stir for 16 h before the addition of H2O (15
mL). The organic phase was separated and the aqueous phase was extracted with CH2Cl2 (2 ×
30 mL). The combined organic phases were dried over MgSO4 and concentrated in vacuo to
give the title compound 307 (1.88 g, 95%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 5.30 (tdt, J = 6.5, 2.8, 1.4 Hz, 1H, H-2), 4.18 – 4.14 (m, 2H, H-

1), 1.71 (t, J = 1.1 Hz, 3H, 3-CH3a), 1.63 (s, 3H, 3-CH3b), 0.90 (s, 9H, Si(CH3)3), 0.07 (s, 6H,
SiCH3)); 13C NMR (101 MHz, CDCl3) δ 133.8 (C, C-2), 124.7 (C, C-3), 60.4 (CH2, C-1), 26.2
(3 × CH3, C(CH3)3), 25.9 (CH3, 3-CH3a), 18.6 (CH3, 3-CH3a), 18.1 (C, SiC), -4.9 (2 × CH3,
SiCH3).
Spectroscopic data were in good agreement with those previously reported.[234]
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(E)-4-((tert-Butyldimethylsilyl)oxy)-2-methylbut-2-enal, 305

A solution of selenium dioxide (0.138 g, 1.25 mmol) and tBuOOH (1.31 mL, 5.00 mmol, 3.8 M
in toluene) in CH2Cl2 (27 mL) was stirred for 30 min at –15 °C. Alkene 307 (0.5 g, 2.50 mmol)
was then added dropwise as a solution in CH2Cl2 (5 mL). The reaction mixture was stirred for a
further 48 h with slow warming to rt, then H2O (30 mL) was added. The organic layer was
washed with sat. aq. sodium bisulfite (30 mL) and brine (30 mL). The organic phase was then
dried over MgSO4 and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography on silica (5% EtOAc in pet. ether) to give the title compound 305 (384 mg,
72%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 9.42 (s, 1H, H-1), 6.52 (tq, J = 5.4, 1.3 Hz, 1H, H-3), 4.50 (dq,

J = 5.4, 1.2 Hz, 2H, H-4), 1.72 (q, J = 1.2 Hz, 3H, 2-CH3), 0.92 (s, 9H, C(CH3)3), 0.10 (s, 6H,
Si(CH3)2); 13C NMR (101 MHz, CDCl3) δ 194.7 (C, C-1), 153.2 (CH, C-3), 137.9 (C, C-2),
60.6 (CH2, C-4), 26.0 (3 × CH3, C(CH3)3), 18.4 (C, SiC), 9.5 (CH3, 2-CH3), -5.1 (2 × CH3,
SiCH3).
Spectroscopic data were in good agreement with those previously reported.[235]
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(3aS,7S,7aR)-5-((tert-Butyldimethylsilyl)oxy)-7-methoxy-4,4-dimethyl-3a,4,7,7atetrahydroisobenzofuran-1,3-dione, desmethyl-295

A solution of diene 251 (61 mg, 0.25 mmol) and freshly sublimed maleic anhydride (49 mg,
0.50 mmol) in toluene (1 mL) was stirred at 100 °C for 2 hours. After cooling to rt, the solution
was concentrated in vacuo and purified by flash chromatography on silica (15% EtOAc in pet.
ether) to afford the title compound desmethyl-295 (31 mg, 36%) as a colourless oil.
IR (film) νmax 2933, 1715, 1637, 1255, 1089 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.97 (d, J =
6.4 Hz, 1H, H-6), 4.25 (dd, J = 6.4, 5.0 Hz, 1H, H-7), 3.36 (dd, J = 10.8, 4.9 Hz, 1H, H-7a), 3.21
(s, 3H, OCH3), 3.18 (d, J = 10.9 Hz, 1H, H-3a), 1.39 (s, 3H, 4-CH3a), 1.32 (s, 3H, 4-CH3b), 0.95
(s, 9H, C(CH3)3), 0.22 (d, J = 1.0 Hz, 6H, Si(CH3)2); 13C NMR (101 MHz, CDCl3) δ 171.1 (C,
C-3), 170.3 (C, C-1), 163.1 (C, C-5), 97.3 (CH, C-6), 71.5 (CH, C-7), 55.5 (CH3, OCH3), 49.4
(CH, C-3a), 46.7 (CH, C-7a), 36.8 (C, C-4), 28.8 (CH3, 4-CH3a) , 25.7 (3 × CH3, C(CH3)3), 25.2
(CH3, 4-CH3b), 18.3 (C, C(CH3)3), -4.3 (CH3, SiCH3a) , -5.1 (CH3, SiCH3b); HRMS (ESI+) [M
+ Na] + 363.1598; calc. for C17H28NaO5Si 363.1598.
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Methyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8-carboxylate 314;
methyl (2S)-4,4,8-trimethyl-2-oxo-1-oxabicyclo[3.2.1]oct-6-ene-8-carboxylate 318

Method A
A mixture of diene 251 (1.17 g, 4.82 mmol), distilled citraconic anhydride 252 (400 mg, 3.57
mmol), and hydroquinone (9.8 mg, 0.09 mmol) was degassed in a Schlenk tube by prolonged
evacuation followed by back-filling with nitrogen three times. The reaction mixture was then
stirred at 140 °C overnight. After cooling to rt, chloroform (35 mL) and TFA (1.05 mL) were
added and the resulting mixture was stirred for 5 min at rt, then concentrated in vacuo. The crude
mixture was dissolved in AcOH (40 mL) and NaCNBH3 (1.24 g, 17.9 mmol) was added. The
reaction mixture was stirred at rt for 2 h before concentration in vacuo. The crude mixture was
then dissolved in CH2Cl2 (150 mL) and washed with 1 M HCl (100 mL). The aqueous phase
was then extracted with CH2Cl2 (3 × 100 mL). The combined organic phases were then washed
with brine (150 mL), dried over MgSO4, and concentrated in vacuo to afford a crude mixture of
acids 313 and 317.
The crude mixture was suspended in MeOH/benzene (2:1, 30 mL) and TMS diazomethane (2.15
mL, 2 M in Et2O) added. The resultant mixture was stirred for 15 min then quenched with
AcOH. The reaction mixture was concentrated in vacuo and purified by flash chromatography
(35% EtOAc in pet. ether) to afford a mixture of lactones 314 (136 mg, 17%) and 318 (60 mg,
7%) as yellow oils.
Method B: one pot
A mixture of diene 251 (141 mg, 0.58 mmol), distilled citraconic anhydride (45 mg, 0.40 mmol),
and hydroquinone (1 mg, 0.01 mmol) was degassed in a Sclenk tube by prolonged evacuation
followed by back-filling with nitrogen three times. The reaction mixture was then stirred at
140 °C overnight. After cooling to rt, chloroform (5 mL) and ZnCl2 (1.0 M in Et2O, 150 L,
0.15 mmol) were added and the resulting mixture was stirred for 20 min before the addition of
AcOH (2 mL) and NaCNBH3 (182.2 mg, 2.90 mmol). The mixture was allowed to stir at rt for
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a further 30 min before it was quenched with 1 M HCl (10 mL). The resulting mixture was then
extracted with CH2Cl2 (3 × 15 mL). The collected organic phases were then washed with brine
(30 mL), dried over MgSO4, and concentrated in vacuo. Esterification with TMS diazomethane
and purification as per method A afforded a mixture of lactones 314 (8.0 mg, 9%) and 318
(22 mg, 24%) as yellow oils.
Data for [2.2.2] Lactone 314
IR (film) νmax 2957, 1436, 1353, 1211, 1100, 1021 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.54
(dd, J = 7.6, 5.0 Hz, 1H, H-5), 6.14 (dd, J = 7.6, 1.9 Hz, 1H, H-4), 4.58 (dd, J = 5.0, 2.0 Hz, 1H,
H-6), 3.70 (s, 3H, OCH3), 2.28 (s, 1H, H-8), 1.41 (s, 3H, C-2CH3), 1.16 (s, 3H, C(CH3)2a), 1.11
(s, 3H, C(CH3)2b); 13C NMR (101 MHz, CDCl3) δ 173.2 (C, C-2), 171.7 (C, CO2CH3), 136.8
(CH, C-5), 133.1 (CH, C-4), 82.0 (CH, C-6), 56.6 (CH, C-8), 51.9 (CH3, OCH3), 46.2 (C, C-3),
41.4 (C, C-7), 29.5 (CH3, 7-CH3a), 23.4 (CH3, 7-CH3b), 17.2 (CH3, 3-CH3); HRMS (ESI+) [M
+ Na]+ 247.0944 calcd for C12H16NaO4 247.0941; Crystals were obtained for XRD analysis by
evaporation from chloroform-hexane, mp 104-107 °C.
Data for [3.2.1] Lactone 318
IR (film) νmax 2956, 1780, 1436, 1262, 1109, 1025 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.19
(dd, J = 9.6, 5.8 Hz, 1H, H-6), 5.96 (ddd, J = 9.6, 1.7, 0.9 Hz, 1H, H-7), 4.26 (d, J = 5.9, 1H, H3), 3.72 (s, 3H, OCH3), 2.52 (s, 1H, H-3), 1.49 (s, 3H, 8-CH3), 1.27 (s, 3H, 4-CH3a), 1.26 (s,
3H, 4-CH3b). 13C NMR (101 MHz, CDCl3)  177.2 (C, C-2), 173.9 (C, CO2CH3), 133.7 (CH,
C-7), 126.8 (CH, C-6), 80.4 (CH, C-5), 55.6 (CH, C-3), 52.8 (CH3, CO2CH3), 47.8 (C, C-8),
43.4 (C, C-4), 27.0 (CH3, 4-CH3a), 22.6 (CH3, 8-CH3), 22.0 (CH3, 4-CH3b); HRMS (ESI+) [M
+ Na]+ 247.0949 calcd for C12H16NaO4 247.0941.
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(3S,6R,8R)-N-methoxy-N,3,7,7-tetramethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8carboxamide, 319; (3S,5R,8R)-N-methoxy-N,4,4,8-tetramethyl-2-oxo-1-oxabicyclo[3.2.1]oct6-ene-8-carboxamide 320

To a stirred solution of crude acids 313 and 317 (<0.71 mmol obtained from method A) in
CH2Cl2 (7.5 mL) under nitrogen was added oxalyl chloride (0.24 mL, 2.85 mmol) and DMF (1
drop) and the resulting mixture was allowed to stir at rt for 4 h before concentration in vacuo.
The crude mixture was dissolved in CH2Cl2 (7.5 mL), then HNMeOMe·HCl (139 mg, 1.43
mmol) and Et3N (0.40 mL, 2.85 mmol) were added and the mixture was left to stir for 24 hours
at rt. The reaction mixture was then washed with sat. aq. NH4Cl (5 mL), then brine (5 mL), dried
over MgSO4 and concentrated in vacuo. The crude oil was then purified by flash
chromatography on silica (70% EtOAc in pet. ether) to afford Weinreb amide 319 (25 mg, 14%
from citraconic anhydride) and Weinreb amide 320 (19 mg, 10% from citraconic anhydride) as
white solids.
Data for [2.2.2] Weinreb amide 319
IR (film) νmax 2944, 1777, 1745, 1646, 1089, cm-1; 1H NMR (400 MHz, CDCl3)  6.55 (dd, J
= 7.5, 5.0 Hz, 1H, H-5), 6.13 (dd, J = 7.6, 2.0 Hz, 1H, H-4), 4.51 (dd, J = 5.0, 2.0 Hz, 1H, H-6),
3.67 (s, 3H, OCH3), 3.17 (s, 3H, NCH3), 2.61 (s, 1H, H-8), 1.39 (s, 3H, 3-CH3), 1.12 (s, 3H, 7CH3a), 1.11 (s, 3H, 7-CH3b); 13C NMR (101 MHz, CDCl3)  174.0 (C, CON), 172.9 (C, C-2),
136.5 (CH, C-5), 133.5 (CH, C-4), 82.2 (CH, C-6), 61.4 (CH3, OCH3), 52.4 (CH, C-8), 46.6 (C,
C-3), 41.4 (C, C-7), 32.4 (C, CH3N), 29.2 (CH3, 7-CH3a), 24.0 (7-CH3b), 17.5 (CH3, 3-CH3);
HRMS (ESI+) [M + H]+ 254.1386 calcd for C13H20NO4 254.1387.
Data for [3.2.1] Weinreb amide 320
IR (film) νmax 2960, 1760, 1643, 1080 cm-1; 1H NMR (400 MHz, CDCl3)  6.11 (dd, J = 9.6,
5.7 Hz, 1H, H-6), 6.02 (ddd, J = 9.7, 1.7, 1.0 Hz, 1H, H-7), 4.24 (d, J = 5.8 Hz, 1H, H-5), 3.76
(s, 3H, OCH3), 3.20 (s, 3H, NCH3), 2.91 (t, J = 1.6 Hz, 1H, H-3), 1.53 (s, 3H, 8-CH3), 1.28 (s,
3H, 4-CH3a), 1.24 (s, 3H, 4-CH3a); 13C NMR (101 MHz, CDCl3)  177.9 (C, C-2), 174.8 (C,
CON), 135.5 (CH, C-7), 124.2 (CH, C-6), 80.6 (CH, C-5) , 60.7 (CH3, OCH3), 54.4, (CH, C-3),

167

Experimental
48.3 (C, C-8) , 43.7 (C, C-4), 34.2 (C, CH3N), 27.2 (CH3, 4-CH3a), 22.1 (CH3, 8-CH3), 22.0
(CH3, 4-CH3b); HRMS (ESI+) [M + H]+ 254.1390 calcd for C13H20NO4 254.1387; crystals were
obtained for XRD analysis by evaporation from Et2O; mp. 135–137 °C.
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Methyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]octane-8-carboxylate, 322

A mixture of 314 (9.4 mg, 0.042 mmol) and a catalytic amount of PtO2·H2O in MeOH (1 mL)
was stirred at rt under an atmosphere of H2 (balloon pressure) for 16 h. The mixture was then
filtered through Celite® and concentrated in vacuo to give ester 322 (10 mg, quant.) as an
amorphous white solid.
IR (film) νmax 2953, 1755, 1367, 1098, 1040 cm-1; 1H NMR (400 MHz, CDCl3)  4.13 (dd, J =
3.8, 1.7 Hz, 1H, H-6), 3.68 (s, 3H, OCH3), 2.51 (s, 1H, H-8), 2.12–2.02 (m, 1H, H-5a), 1.94
(dddd, J = 14.5, 11.7, 6.6, 3.7 Hz, 1H, H-5b), 1.81 – 1.60 (m, 2H, H-4), 1.22 (s, 3H, 3-CH3),
1.16 (s, 3H, 7-CH3a), 1.06 (s, 3H, 7-CH3b);

13C

NMR (101 MHz, CDCl3)  175.5 (C, C-2),

171.3 (C, C-3), 83.3 (CH, C-6), 60.5 (CH, C-8), 51.6 (CH3, OCH3), 40.2 (C, C-3), 37.0 (C, C7), 30.6 (CH2, C-4), 28.9 (CH2, C-5), 24.0 (CH3, 8-CH3a), 22.5 (CH3, 8-CH3b), 19.6 (CH3, 3CH3); HRMS (ESI+) [M + H]+ 227.1271 calcd for C12H18O4 227.1278.
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1',3'-dioxoisoindolin-2'-yl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8carboxylate, 332

To a stirred solution of crude carboxylic acid 313 and 317 (≤180 mg, 0.86 mmol) obtained from
method A, N-hydroxyphthalimide (153 mg, 0.94 mmol), and DMAP (10 mg, 0.086 mmol) was
added DIC (241 L, 0.94 mmol), and the resulting solution was at rt overnight. The reaction
mixture was then concentrated in vacuo and purified by flash chromatography on silica (40%
EtOAc in pet. ether) to give the title compound 332 (81 mg, 18% from citraconic anhydride 252)
as a colourless oil.
IR (film) νmax 2969, 1742, 1612, 1366, 1080; 1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 5.5,
3.1 Hz, 2H, Ar-H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H, Ar-H), 6.64 (dd, J = 7.5, 5.0 Hz, 1H, H-5),
6.23 (dd, J = 7.5, 1.9 Hz, 1H, H-4), 4.66 (dd, J = 5.0, 1.9 Hz, 1H, H-6), 2.63 (s, 1H, H-8), 1.55
(s, 3H, 3-CH3), 1.40 (s, 3H, 7-CH3a), 1.25 (s, 3H, 7-CH3b);

13C

NMR (101 MHz, CDCl3) δ

172.2 (C, C-2), 168.0 (C, 2 × CO2N), 161.9 (C, 2 × CON), 136.3 (CH, C-5), 135.0 (CH, 2 × ArCH), 133.7 (CH, C-4), 129.0 (C, 2 × Ar-CH), 124.2 (CH, 2 × Ar-C), 81.9 (CH, C-6), 53.7 (CH,
C-8), 46.4 (C, C-3), 42.0 (C, C-7), 29.2 (CH3, 7-CH3a), 23.3 (CH3, 7-CH3b), 16.8 (CH3, 3-CH3);
HRMS (ESI+) [M + H]+ 356.1126 calcd for C19H18NO6 356.1129
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Ethyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8-carboxylate, 335

To a stirred solution of NHP ester 332 (10 mg, 0.03 mmol) in DMF (0.3 mL) at rt was added a
solution of NiCl2·glyme (1.2 mg, 0.006 mmol, 20 mol %) and 2,6-di-tert-butylpyridine (1.8 mg,
0.01 mmol, 40 mol %) in DMF (0.2 mL). After 5 min, diethyl zinc (0.10 mL, 0.06 mmol, 0.55
M in THF) was added and the resultant solution was stirred at rt for 16 h. The reaction mixture
was then quenched with sat. aq. NH4Cl (10 mL) and extracted with Et2O (3 × 10 mL). The
combined organic phases were washed with brine (10 mL), dried over MgSO4 and concentrated
in vacuo. The resultant crude oil was then purified by flash chromatography on silica (35%
EtOAc in pet. ether) to afford the title compound 335 (17 mg, 31%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 6.54 (dd, J = 7.6, 5.0 Hz, 1H, H-5), 6.15 (dd, J = 7.6, 1.9 Hz,

1H, H-4), 4.59 (dd, J = 5.0, 1.9 Hz, 1H, H-6), 4.19 (qd, J = 7.2, 1.1 Hz, 2H, OCH2CH3), 2.25 (s,
1H, H-8), 1.42 (s, 3H, C-3CH3), 1.28 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.19 (s, 3H, 7-CH3a), 1.12
(s, 3H, 7-CH3b); 13C NMR (101 MHz, CDCl3) δ 173.3 (C, C-2), 171.3 (C, CO2CH2), 136.9 (CH,
C-5), 133.0 (CH, C-5), 82.1 (CH, C-6), 61.2 (CH2, OCH2), 56.6 (CH, C-8), 46.3 (C, C-3), 41.4
(C, C-7), 29.6 (CH3, 7-CH3a), 23.5 (CH3, 7-CH3b), 17.2 (CH3, 3-CH3), 14.3 (CH3, OCH2CH3);
HRMS (ESI+) [M + Na] + 261.1095 calcd for C13H18NaO4 261.1097
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1,3-dioxoisoindolin-2-yl

(3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]octane-8-

carboxylate, 344

A suspension of crude acids 313 and 317 obtained from method A (≤80 mg, ≤0.37 mmol) and
PtO2·H2O (cat) was stirred under an atmosphere of hydrogen (30 psi, Parr hydrogenator) for 4
h. The reaction mixture was then filtered over Celite® and concentrated in vacuo. The resultant
crude oil was dissolved in CH2Cl2 (4 mL), then DIC (94 L, 0.60 mmol), DMAP (4 mg, 0.04
mmol), and N-hydroxyphthalimide (104 mg, 0.64 mmol) were added. The reaction mixture was
then stirred at rt overnight, concentrated in vacuo, and purified by flash chromatography on
silica (70% EtOAc in pet. ether) to afford the title compound 344 (15 mg, 11% from citraconic
anhydride) as an amorphous solid.
IR (film) νmax 3135, 2965, 1735, 1784, 1477, 1364, 1260, 1079, 697 cm-1; 1H NMR (400 MHz,
CDCl3) δ 7.94 – 7.84 (m, 1H, Ar-H), 7.84 – 7.75 (m, 1H, Ar-H), 4.24 – 4.19 (m, 1H, H-6), 2.89
(s, 1H, H-8), 2.20 – 2.10 (m, 2H, H-5a), 2.09 – 1.97 (m, 2H, H-5b), 1.91 – 1.73 (m, 2H, H-4),
1.37 (s, 3H, C-3CH3), 1.34 – 1.28 (m, 6H, C-7(CH3)2); 13C NMR (101 MHz, CDCl3) δ 174.2
(C, C-2), 167.2 (C, 2 × CO2N), 161.8 (C, 2 × CON), 134.9 (CH, 2 × ArC), 128.9 (CH, ArC),
124.0 (CH, 2 × ArC), 83.0 (CH, C-6), 57.1 (CH, C-8), 40.4 (C, C-3), 37.3 (C, C-7), 30.5 (CH2,
C-5), 28.5 (CH2, C-4), 23.7 (CH3, C-7CH3a), 22.2 (C-7CH3b), 19.1 (CH3, C-3CH3); HRMS
(ESI+) [M + H]+ 380.1119 calcd for C19H19NNaO6 380.1105.
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6,7-Epoxygeranyl acetate, 349

To a stirred solution of geranyl acetate (9.80 g, 50.1 mmol) in CH2Cl2 (100 mL) at 0 °C was
added m-CPBA (11.3 g, 50.3 mmol, 77% w/w). After 1 h, the solution was allowed to warm to
rt and 3 M NaOH (25 mL) was added. The organic phase was separated, and the aqueous phase
was extracted with CH2Cl2 (3 × 25 mL). The combined organic phases were then washed with
brine (2 × 30 mL), dried over MgSO4, and concentrated in vacuo. The crude oil was purified by
flash chromatography (15% EtOAc in pet. ether) to afford the title compound 349 (7.25 g, 68%)
as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 5.39-5.35 (m, 1H, H-2), 4.58 (d, J = 7.2 Hz, 2H, H-1), 2.69 (t, J =

6.4 Hz, 1H, H-6), 2.26-2.10 (m, 2H, H-4), 2.04 (s, 3H, OAc), 1.71 (s, 3H, 3-CH3), 1.70-1.62 (m,
2H, H-5), 1.29 (s, 3H, 7-CH3a), 1.25 (s, 3H, 7-CH3b); 13C NMR (100 MHz, CDCl3) δ 171.1 (C,
OAc), 141.3 (C, C-3), 118.8 (C, C-2), 63.9 (CH, C-6), 61.2 (CH, C-1), 58.4 (C, C-7), 36.1 (CH2,
C-4), 27.0 (CH2, C-5), 24.8 (CH3, 7-CH3a), 21.0 (CH3, OAc), 18.7 (CH3, 7-CH3b), 16.4 (CH3,
3-CH3).
Spectroscopic data were in good agreement with those previously reported.[167]
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((1S,3S,4S)-4-Acetyl-1-hydroxy-2,2,4-trimethylcyclohexyl)methyl acetate, 379

A mixture of Cp2TiCl2 (272 mg, 1.1 mmol, 2.2 equiv) and Zn dust (215 mg, 3.3 mmol, 6.6
equiv) in deoxygenated* THF (5 mL) was stirred at rt for 15 min. The resulting green solution
was then added dropwise over 1 h via syringe pump to a stirred solution of epoxide 349 (110
mg, 0.50 mmol) in deoxygenated THF (5 mL) at rt. After 6 h, the reaction mixture was quenched
with sat. aq. KH2PO4 solution (10 mL). The mixture was stirred for an additional 30 min then
filtered over Celite® to remove insoluble titanium salts. The filtrate was then washed with
EtOAc (2 × 20 mL) and the combined organic phases were washed with sat. aq. NaHCO 3 (10
mL), brine (10 mL), dried over MgSO4, and concentrated in vacuo. The crude oil was purified
by flash chromatography (50% EtOAc in pet. ether) to give the title compound 379 as an orange
oil (16 mg, 13%).
IR (film) vmax 2971, 1739, 1366, 1229, 1217 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.30 (dd, J =
11.5, 4.3 Hz, 1H, Ha-OCH2), 3.99 (dd, J = 11.5, 9.8 Hz, 1H, Hb-OCH2), 3.39 (dd, J = 10.9, 3.7
Hz, 1H, H-1), 2.28 (dd, J = 9.8, 4.3 Hz, 1H, H-3), 2.17 (s, 3H, H-2′), 1.95 (s, 3H, OAc), 1.75 –
1.57 (m, 3H, Ha-5 & H-6), 1.50 – 1.44 (m, 1H, Hb-5), 1.22 (s, 3H, 4-CH3), 1.15 (s, 3H, 2-CH3a),
0.91 (s, 3H, 2-CH3b);

13C

NMR (101 MHz, CDCl3) δ 213.3 (C, C-1′), 170.7 (C, OAc), 77.8

(CH, C-1), 62.7 (CH2, CH2O), 50.7 (C, C-4), 47.3 (CH, C-3), 38.4 (C, C-2), 34.5 (CH2, C-5),
28.6 (CH3, 2-CH3a), 26.7 (CH2, C-6), 25.5 (CH3, C-2′), 20.9 (CH3, OAc), 17.0 (CH3, 4-CH3),
16.0 (CH3, 2-CH3b); HRMS (ESI+) [M + Na] + 279.1563 calcd for C14H24NaO4 279.1567.

*

THF deoxygenated by three freeze-pump-thaw cycles
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(E)-2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)acetonitrile, 391

Method A. To a stirred suspension of NaH (6.25 g, 60% dispersion in mineral oil, 156 mmol) in
THF (200 mL) at rt was added geraniol (22.5 mL, 130 mmol) dropwise. The resulting solution
was then heated to reflux for 2.5 h, allowed to cool to rt, then bromoacetonitrile (10.8 mL, 187
mmol) was added by syringe pump over 2.5 h. After 48 h, the crude was quenched with sat. aq.
NH4Cl (100 mL). The suspension was then filtered through Celite®, the phases were separated,
and the aqueous phase was extracted with EtOAc (3 × 100 mL). Silica (30 g) was then added to
the combined organic phases before concentration in vacuo. The dry load was purified by flash
chromatography (5-15% EtOAc in pet. ether) to give the title compound 391 (17.9 g, 72%) as a
yellow oil.
Method B. To a stirred suspension of NaH (9.66 g, 60% dispersion in mineral oil, 242 mmol) in
THF (200 mL) at rt was added geraniol (23.3 mL, 134 mmol) dropwise. The resulting solution
was then heated to reflux for 2.5 h, then allowed to cool to rt, and bromoacetonitrile (15.0 mL,
215 mmol) was added by syringe pump over 2.5 h. After stirring at rt for 48 h, NaH (4.50 g,
dispersion in mineral oil, 113 mmol) was added and the resulting mixture was stirred for a
further 1 h at rt before addition of more bromoacetonitrile (2.67 mL, 38.3 mmol) by syringe
pump over 2.5 h. The reaction mixture was allowed to stir for a further 24 h quenching with
MeOH (5 mL). The reaction mixture was filtered through silica. The filtrate was washed with
1:1 EtOAc-pet. ether (250 mL, v/v) then the filtrate was concentrated in vacuo. The resultant
crude oil was purified by short path distillation (1 mbar, 80–110 °C) to give the title compound
391 (21.9 g, 84%) as a yellow oil.
IR (film) νmax 2924, 2856, 1739, 1441, 1377, 1078 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.33 –
5.26 (m, 1H, H-2), 5.10 – 5.04 (m, 1H, H-6), 4.21 (s, 2H, OCH2CN), 4.15 (dd, J = 7.1, 0.6 Hz,
2H, H-1), 2.16 – 2.03 (m, 4H, H-4 & H-5), 1.72 (d, J = 1.3 Hz, 3H, 3-CH3), 1.68 (d, J = 1.4 Hz,
3H, 7-CH3a), 1.60 (d, J = 0.9 Hz, 3H, 7-CH3b); 13C NMR (101 MHz, CDCl3) δ 143.9 (C, C-3,
132.0 (C, C-7), 123.7 (CH, C-6), 118.4 (CH, C-2), 116.3 (C, CN), 67.3 (CH2, C-1), 54.4 (CH2,
OCH2CN), 39.7 (CH2, C-4), 26.3 (CH2, C-5), 25.7 (CH3, 7-CH3), 17.7 (CH3, 7-CH3), 16.5 (CH3,
3-CH3); HRMS (ESI+) [M + Na]+ 216.1356 calcd for C12H19NNaO 216.1359.
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(E)-2-((5-(3,3-Dimethyloxiran-2-yl)-3-methylpent-2-en-1-yl)oxy)acetonitrile, 350

To a stirred solution of alkene 391 (9.80 g, 50.7 mmol) in THF-H2O (2.0 L, 2:1 v/v) at 0 °C was
added NBS (11.4 g, 65.9 mmol) as a solution in THF-H2O (115 mL, 2:1 v/v) dropwise over 1 h.
The reaction mixture was stirred at 0 °C for 1 h before the addition of sat. aq. Na2S2O3 (130
mL). K2CO3 (35.3 g, 254 mmol) and MeOH (265 mL) were then added and the resulting mixture
was allowed to warm to rt and stir overnight. The majority of organic solvent was removed
under reduced pressure and the residue was extracted with EtOAc (3 × 200 mL). The combined
organic phases were washed with brine (80 mL), dried over Na2SO4, and concentrated in vacuo.
The crude oil was then purified by flash chromatography (15-45% EtOAc in pet. ether) to afford
the title compound 350 as a clear oil (7.71 g, 73%).
IR (film) νmax 2961, 1645, 1379, 1088, 882 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.38 – 5.30 (m,
1H, H-2), 4.20 (s, 2H, OCH2CN), 4.12 (d, J = 7.0 Hz, 2H, H-1), 2.67 (dd, J = 6.8, 5.5 Hz, 1H,
H-6), 2.29 – 2.08 (m, 2H, H-4), 1.71 (d, J = 0.7 Hz, 3H, 3-CH3), 1.68 – 1.56 (m, 2H, H-5), 1.27
(s, 3H, 7-CH3a), 1.23 (s, 3H, 7-CH3b); 13C NMR (101 MHz, CDCl3) δ 142.8 (C, C-3), 119.0
(CH, C-2), 116.3 (C, CN), 67.4 (CH2, C-1), 63.9 (CH, C-6), 58.3 (C, C-7), 54.7 (CH2, OCH2CN),
36.4 (CH2, C-4), 27.2 (CH2, C-5), 24.9 (CH3, 7-CH3a), 18.8 (CH3, 7-CH3b), 16.6 (CH3, 3-CH3);
HRMS (ESI+) [M + Na] + 232.1315 calcd for C12H19NNaO2 232.1308.
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(4aS,7S,8aS)-7-Hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-one, 380

A mixture of Cp2TiCl2 (17.8 g, 71.4 mmol) and Zn dust (9.34 g, 142 mmol) in rigorously
deoxygenated THF (100 mL) was stirred at rt for 15 min. The resulting green solution was then
added dropwise over 1 h via syringe pump to a stirred solution of epoxide 350 (6.50 g, 31.1
mmol) in deoxygenated* THF (1.1 L) at 60 °C. After 1 hour, sat. aq. KH2PO4 (200 mL) was
added and the resulting mixture was stirred at rt for 30 mins. The biphasic mixture was filtered
over Celite® and the filtrate was washed with EtOAc (2 × 100 mL). The aqueous phase of the
filtered mixture was separated and extracted with Et2O (2 × 200 mL). The combined organic
phases were washed with sat. aq. NaHCO3 (200 mL), brine (200 mL), dried over Na2SO4, and
concentrated in vacuo. The crude mixture was purified by flash chromatography (20-50%
EtOAc in pet. ether) to give the product as a clear oil (2.11 g, 32%).
IR (film) νmax 2971, 1739, 1366, 1229, 1217 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.12 (d, J =
16.6 Hz, 1H, Ha-3), 4.00 – 3.88 (m, 3H, H-1 & Hb-3), 3.22 (dd, J = 11.4, 4.3 Hz, 1H, H-7), 1.83
(dt, J = 13.6, 3.3 Hz, 1H, Ha-5), 1.80 – 1.73 (m, 1H, Ha-6), 1.70 – 1.60 (m, 2H, H-8a & Hb-6),
1.55 – 1.49 (m, 1H, Hb-5), 1.29 (s, 3H, 4a-CH3), 1.02 (s, 3H, 8-CH3a), 0.97 (s, 3H, 8-CH3b). 13C
NMR (101 MHz, CDCl3) δ 213.4 (C, C-4), 78.0 (CH, C-7), 70.3 (CH2, C-3), 63.6 (CH2, C-1),
47.2 (CH, C-8a), 45.8 (C, C-4a), 38.5 (C, C-8), 31.1 (CH2, C-5), 27.5 (CH3, 8-CH3a), 26.8 (CH2,
C-6), 18.2 (CH3, 4a-CH3), 15.7 (CH3, 8-CH3b); HRMS (ESI+) [M + Na] + 235.1308 calcd for
C12H20NaO3 235.1305.

*

THF deoxygenated by sparging with nitrogen gas for 2 h at rt
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N'-((4aS,7S,8aR,Z)-7-Hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-ylidene)-4methylbenzenesulfonohydrazide, 402

To ketone 380 (345 mg, 1.63 mmol) and p-toluenesulfonyl hydrazide (303 mg, 1.63 mmol) in
THF (3 mL) at rt was added PPTS (2 mg, 0.08 mmol). The resulting solution was allowed to
stir at rt for 16 h. The mixture was then diluted in EtOAc (100 mL) and washed with H2O
(10 mL), then brine (10 mL), dried over MgSO4, and concentrated in vacuo to give the product
as a white powder (583 mg, 94%).
IR (film) νmax 2972, 2924, 1739, 1323, 1161, 665 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.01
(s, 1H, NH), 7.70 (d, J = 8.3 Hz, 2H, ArH), 7.41 – 7.37 (m, 2H, ArH), 4.47 (d, J = 5.1 Hz, 1H,
OH), 4.22 (d, J = 15.6 Hz, 1H, Ha-3), 4.05 (d, J = 15.6 Hz, 1H, Hb-3), 3.78 – 2.95 (m, 2H, H1), 2.98 (dt, J = 10.9, 4.8 Hz, 1H, H-7), 2.38 (s, 3H, ArCH3), 1.63 – 1.45 (m, 3H, Ha-5 & H-6),
1.41 – 1.28 (m, 2H, H-8a & Hb-5), 1.06 (s, 3H, 4a-CH3), 0.86 (s, 3H, 8-CH3a), 0.75 (s, 3H, 8CH3b);

13C

NMR (101 MHz, DMSO-d6) δ 165.6 (C, C-4), 143.1 (C, ArC), 136.0 (C, ArC),

129.2 (2 × CH, ArCH), 127.5 (2 × CH, ArCH), 76.1 (CH, C-7), 62.8 (CH2, C-1), 60.7 (CH2, C3), 48.5 (CH, C-8a), 39.6 (C, C-4a) 37.6 (C, C-8), 33.3 (CH2, C-5), 27.4 (CH3, 8-CH3a), 26.9
(CH2, C-6), 21.0 (CH3, ArCH3), 20.3 (CH3, 4a-CH3), 15.8 (CH3, 8-CH3b); HRMS (ESI+) [M +
Na] + 403.1653 calcd for C19H28N2NaO4S 403.1662.
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(1S,3R,4S)-4-Ethynyl-3-(hydroxymethyl)-2,2,4-trimethylcyclohexan-1-ol, 404

A solution of MeLi (2.09 mL, 4.18 mmol, 2.0 M in dimethoxyethane) was added to Et2O (5 mL)
at 0 °C. To the resulting stirred solution was added dropwise to a suspension of ptoluenesulfonyl hydrazone 402 (256 mg, 0.70 mmol) in THF (5 mL) over 10 min. The resulting
mixture was stirred at 0 °C for a further 1.5 h before the addition of H2O (15 mL). The mixture
was then extracted with CH2Cl2 (3 × 30 mL) and the combined organic phases were washed
with brine (40 mL), dried over Na2SO4, and then concentrated in vacuo. The crude oil was then
purified by flash chromatography (40% EtOAc in pet. ether) to give alcohol 404 (128 mg, 94%)
as a clear oil.
IR (film) νmax 3290, 2935, 2875, 1738, 1459, 1082, 983 cm-1; 1H NMR (400 MHz, DMSO-d6,
70 °C*) δ 4.43 (d, J = 5.2 Hz, 1H, OH), 4.18 (dd, J = 5.7, 3.7 Hz, 1H, OH), 3.84 – 3.75 (m, 1H,
Ha-OCH2), 3.70 (dt, J = 11.4, 5.8 Hz, 1H, Hb-OCH2), 3.17 – 3.07 (m, 1H, H-1), 2.74 (s, 1H, H2'), 1.72 (ddd, J = 6.7, 5.9, 3.4 Hz, 1H, Ha-5), 1.66 – 1.55 (m, 2H, Ha-6 & Hb-5), 1.46 (dddd, J
= 12.1, 9.9, 7.7, 4.2 Hz, 1H, Hb-6), 1.40 – 1.36 (m, 1H, H-3), 1.16 (s, 3H, CH3), 1.12 (s, 3H,
CH3), 0.87 (s, 3H, CH3); 13C NMR (101 MHz, DMSO-d6, 70 °C) δ 94.9 (C, C-1'), 76.1 (CH, C1), 69.9 (CH, C-2'), 60.7 (CH2, 3-CH2), 54.6 (CH, C-3), 39.5 (CH, C-2), 38.0 (CH2, C-5), 34.5
(CH2, C-6), 29.6 (CH3, 2-CH3a), 27.3 (CH3, 2-CH3b), 23.7 (CH3, 4-CH3), 18.7 (C, C-4); HRMS
(ESI+) [M + Na] + 219.1348 calcd for C12H20NaO2 219.1356.

*1

H- and 13C-NMR displayed poor resolution at room temperature in CDCl 3, possibly due to ring-flipping
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(1R,6S)-6-Ethynyl-2,2,6-trimethyl-3-oxocyclohexane-1-carbaldehyde, 407

To a solution of alcohol 404 (85 mg, 0.43 mmol) in CH2Cl2 (2.5 mL) at rt was added K2CO3
(479 mg, 3.46 mmol) and DMP (643 mg, 1.52 mmol). The reaction mixture was stirred for 1 h
before addition of sat. aq. Na2S2O3 (5 mL) and extraction with EtOAc (3 × 5 mL). The combined
organic phases were then washed with brine, dried over Na2SO4 and concentrated in vacuo. The
resultant crude oil was purified by flash chromatography (10% EtOAc in pet. ether) to afford
the title compound 407 as a clear oil (75 mg, 90%).
IR (film) νmax 2971, 1739, 1366, 1217, 1229 cm-1; 1H NMR (400 MHz, CDCl3) δ 9.67 (d, J =
4.9 Hz, 1H, CHO), 3.03 (ddd, J = 15.0, 11.8, 6.4 Hz, 1H, Ha-4), 2.76 (dd, J = 4.8, 1.5 Hz, 1H,
H-1), 2.46 (dt, J = 15.1, 4.5 Hz, 1H, Hb-4), 2.38 (s, 1H, H-2ʹ), 2.18 – 2.10 (m, 2H, H-5), 1.54 (s,
3H, 2-CH3a), 1.38 (s, 3H, 6-CH3), 1.06 (s, 3H, 2-CH3b);

13C

NMR (101 MHz, CDCl3) δ 213.1

(C, C-3), 201.8 (CH, CHO), 90.1 (C, C-1ʹ), 71.7 (CH, C-2ʹ), 66.8 (CH, C-1), 46.2 (C, C-2), 37.3
(CH2, C-5), 35.1 (CH2, C-4), 32.8 (C, C-6), 28.2 (CH3, 2-CH3a), 27.6 (CH3, 6-CH3), 23.8 (CH3,
2-CH3b); HRMS (ESI+) [M + Na] + 215.1034 calcd for C12H16NaO2 215.1043.
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(1S,3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-ol, 412;
((1R,3S,6S)-1-(benzyloxy)-4-ethynyl-2,2,4-trimethylcyclohexyl)methanol, 413

To a solution of alcohol 404 (20 mg, 0.10 mmol) and TBAI (cat.) in THF (1 mL) at rt was added
NaH (8 mg, 60% dispersion in mineral oil, 0.20 mmol) and benzyl bromide (13 L, 0.11 mmol)
. The reaction mixture was stirred for 16 h before addition of sat. NH4Cl (10 mL) and extraction
with EtOAc (3 × 10 mL). The combined organic phases were then washed with brine (10 mL),
dried over MgSO4 and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (15% EtOAc in pet. ether) to afford the title compounds (412 and 413) as a
clear oils (10 mg 412, 34%; 5 mg 413, 17%).
Data for 412
IR (film) νmax 3303, 2932, 1454, 1087, 1027, 736, 698 cm-1; 1H NMR (400 MHz, DMSO-d6,
70 °C*) δ 7.34 (m, 4H, 4 × ArH), 7.30 – 7.19 (m, 1H, ArH), 4.48 (t, J = 2.9 Hz, 2H, OCH2Ph),
4.11 (d, J = 5.0 Hz, 1H, OH), 3.82 – 3.70 (m, 2H, 3-CH2), 3.14 (d, J = 10.6 Hz, 1H, H-1), 2.70
(s, 1H, H-2'), 1.75 – 1.68 (m, 2H, H-3 & Ha-5), 1.62 – 1.50 (m, 3H, Hb-5 & H-6), 1.16 (s, 3H,
4-CH3), 1.07 (s, 3H, 2-CH3a), 0.86 (s, 3H, 2-CH3b); 13C NMR (101 MHz, DMSO-d6, 70 °C) δ
138.4 (C, ArC), 127.5 (2 × CH, ArCH), 126.8 (2 × CH, ArCH), 126.6 (CH, ArCH), 93.5 (C, C1'), 75.8 (CH, C-1), 71.6 (CH, C-2'), 69.3 (CH2, 3-CH2), 68.7 (CH2, OCH2Ph), 52.0 (CH, C-3),
38.6 (C, C-2), 37.9 (CH2, C-5), 34.0 (C, C-4), 28.2 (CH3, 2-CH3a), 26.3 (CH3, C-6), 21.8 (CH3,
4-CH3), 16.2 (CH3, 2-CH3b); HRMS (ESI+) [M + Na]

+

309.1816 calcd for C19H26NaO2

309.1825
Data for 413
IR (film) νmax 2929, 1737, 1455, 1095, 697 cm-1; 1H NMR (400 MHz, DMSO-d6, 70 °C†) δ
7.37 – 7.30 (m, 4H, 4 × ArH), 7.30 – 7.22 (m, 1H, ArH), 4.63 (d, J = 12.0 Hz, 1H, Ha-OCH2Ph),
4.41 (d, J = 11.9 Hz, 1H, Hb-OCH2Ph), 4.02 (dd, J = 5.9, 3.9 Hz, 1H, OH), 3.86 – 3.78 (m, 1H,
3-CH2a), 3.76 – 3.68 (m, 1H, 3-CH2b), 3.03 (dd, J = 10.8, 3.7 Hz, 1H, H-1), 2.78 (s, 1H, H-2'),
1.84 (m, 2H, Ha-5 & H-3), 1.80 – 1.73 (m, 1H, Ha-6), 1.65 (td, J = 13.1, 3.6 Hz, 1H, Hb-5), 1.44
(dd, J = 6.1, 2.8 Hz, 1H, Hb-6), 1.16 (s, 3H, 4-CH3), 1.14 (s, 3H, 2-CH3a), 0.93 (s, 3H, 2-CH3b);
*1

H- and 13C-NMR displayed poor resolution at room temperature in CDCl 3, possibly due to ring-flipping
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13C

NMR (101 MHz, DMSO-d6, 70 °C†) δ 138.9 (C, ArC), 127.7 (2 × CH, ArCH), 127.0 (2 ×

CH, ArCH), 126.8 (CH, ArCH), 93.8 (C, C-1'), 84.8 (CH, C-1), 70.5 (CH, C-2'), 69.2 (CH2,
OCH2Ph), 59.9 (CH2, 3-CH2), 54.3 (CH, C-3), 38.7 (C, C-2), 37.7 (CH2, C-5), 33.8 (C, C-4),
28.5 (CH3, 2-CH3a), 22.1 (CH3, C-6), 21.9 (CH3, 4-CH3), 17.4 (CH3, 2-CH3b); HRMS (ESI+)
[M + Na] + 309.1816 calcd for C19H26NaO2 309.1813.
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(3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-one, 411

To a solution of alcohol 412 (10 mg, 0.05 mmol) in CH2Cl2 (1 mL) at rt was added K2CO3
(56 mg, 0.41 mmol) and DMP (76 mg, 0.18 mmol). The reaction mixture was stirred for 1 h
before addition of sat. aq. Na2S2O3 (2 mL) and extraction with EtOAc (3 × 3 mL). The combined
organic phases were then washed with brine (5 mL), dried over Na2SO4 and concentrated in
vacuo. The resultant crude oil was purified by flash chromatography (5% EtOAc in pet. ether)
to afford the title compound 412 (10 mg, quant.) as a clear oil.
IR (film) νmax 2971, 1739, 1366, 1217, 1229 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.30
(m, 2H, ArH), 7.31 – 7.23 (m, 3H, ArH), 4.47 (d, J = 11.9 Hz, 1H, 3-CH2a), 4.37 (d, J = 12.0
Hz, 1H, 3-CH2b), 3.69 (d, J = 3.6 Hz, 2H, OCH2Ph), 2.79 (ddd, J = 15.2, 10.5, 6.1 Hz, 1H, Ha6), 2.37 (ddd, J = 15.2, 5.8, 5.1 Hz, 1H, Hb-6), 2.31 – 2.24 (m, 1H, H-3), 2.23 (s, 1H, H-2ʹ), 2.07
– 1.99 (m, 2H, H-5), 1.47 (s, 3H, 2-CH3a), 1.36 (s, 3H, 4-CH3), 1.17 (s, 3H, 2-CH3b); 13C NMR
(101 MHz, CDCl3) δ 215.1 (C, C-1), 138.2 (C, ArC), 128.5 (2 × CH, ArCH), 127.7 (CH, ArCH),
127.6 (2 × CH, ArCH), 93.0 (C, C-1ʹ), 73.3 (CH2, OCH2Ph), 69.6 (CH, C-2ʹ), 68.7 (CH2, 3CH2), 54.2 (CH, C-3), 47.7 (C, C-2), 38.0 (CH2, C-5), 34.9 (CH2, C-6), 33.8 (C, C-4), 29.2 (CH3,
2-CH3a), 26.8 (CH3, 4-CH3), 23.8 (CH3, 2-CH3b); HRMS (ESI+) [M + Na]
for C19H24NaO2 307.1679.
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307.1670 calcd
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(4aS,7S,8aS)-4a,8,8-Trimethylhexahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]-7-ol,
418; (4aS,8aS)-4a,8,8-trimethyltetrahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]7(4aH)-one, 417

A stirred solution of ketone 380 (3.40 g, 16.0 mmol), p-TsOH·H2O (138 mg, 0.80 mmol) and
ethylene glycol (13.4 mL, 240 mmol) in benzene (40 mL) was refluxed with a Dean-Stark
apparatus for 4 h, then allowed to cool to rt. A solution of sat. aq. NaHCO3 (50 mL) was added
to the reaction mixture, the organic phase was separated, and aqueous phase was extracted with
EtOAc (3 × 50 mL). The combined organic phases were washed with brine (50 mL), dried over
MgSO4, and concentrated in vacuo.
The crude oil was dissolved in CH2Cl2 (50 mL), then pyridine (3.21 mL, 39.8 mmol) and DMP
(8.44 g, 19.9 mmol) were added sequentially. Resulting mixture was allowed to stirred at rt for
1 h then sat. aq. NaS2O3 (50 mL) was added. The organic phase was separated, and the aqueous
phase was extracted with CH2Cl2 (3 × 50 mL). The combined organic phases were washed with
sat. aq. CuSO4 (50 mL), 0.1 M EDTA (50 mL), 1 M NaOH (50 mL) then finally brine (50 mL).
The organic phases were then dried over Na2SO4 and concentrated in vacuo. The crude oil was
then purified by flash chromatography (50% EtOAc in pet. ether) to give ketone 417 (2.59 g,
77%) as a clear oil.
Data for ketal 418*
IR (film) νmax 3431, 2950, 2875, 1463, 1104, 1027 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.03 –
3.97 (m, 2H, H-3), 3.93 – 3.79 (m, 3H, H-1 & Ha-OCH2CH2O), 3.62 (d, J = 11.6 Hz, 1H, HbOCH2CH2O), 3.50 (d, J = 11.6 Hz, 1H, Hc-OCH2CH2O), 3.34 (d, J = 11.6 Hz, 1H, HdOCH2CH2O), 3.28 (dd, J = 11.2, 4.2 Hz, 1H, H-7), 1.80 – 1.74 (m, 1H, H-8a), 1.74 – 1.52 (m,
3H, H-6 & Ha-5), 1.42 – 1.36 (m, 1H, Hb -5), 1.19 (s, 3H, 8-CH3a), 1.04 (s, 3H, 4a-CH3), 0.79
(s, 3H, 8-CH3b); 13C NMR (101 MHz, CDCl3) δ 108.9 (C, C-4), 78.1 (CH, C-7), 66.7 (CH2, C3), 65.8 (CH2, OCH2CH2Oa), 65.5 (CH2, OCH2CH2Ob), 63.8 (CH2, C-1), 47.8 (CH, C-8a), 41.5

*

Analytic sample purified by flash chromatography (65% EtOAc in pet. ether)
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(C, C-4a), 37.3 (C, C-8), 28.2 (CH2, C-5), 28.0 (CH2, C-6), 27.0 (CH3, 8-CH3a), 16.0 (CH3, 4aCH3), 15.9 (CH3, 8-CH3b); HRMS (ESI+) [M + Na]+ 279.1567 calcd for C14H24NaO4 279.1567.
Data for ketone 417
IR (film) νmax 2958, 1703, 1386, 1220, 1159, 1100 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.09 –
3.84 (m, 4H, H-1 & H-3), 3.80 (dd, J = 11.5, 4.0 Hz, 1H, Ha-OCH2CH2O), 3.68 (t, J = 11.4 Hz,
1H, Hb-OCH2CH2O), 3.57 (d, J = 11.9 Hz, 1H, Hc-OCH2CH2O), 3.41 (d, J = 11.8 Hz, 1H,
Hd-OCH2CH2O), 2.58 (ddd, J = 15.9, 12.2, 6.9 Hz, 1H, Ha-6), 2.45 (ddd, J = 15.9, 6.3, 3.6 Hz,
1H, Hb-6), 2.27 (dd, J = 11.3, 4.0 Hz, 1H, H-8a), 2.11 (td, J = 12.6, 6.2 Hz, 1H, Ha-5), 1.66 (ddd,
J = 13.2, 6.9, 3.7 Hz, 1H, Hb-5), 1.33 (s, 3H, 8-CH3a), 1.15 (s, 3H, 4a-CH3), 1.03 (s, 3H, 8CH3b); 13C NMR (101 MHz, CDCl3) δ 215.3 (C, C-7), 108.4 (C, C-4), 66.7 (CH2, C-3), 65.9
(CH2, OCH2CH2Oa), 65.5 (CH2, OCH2CH2Ob), 64.2 (CH2, C-1), 48.1 (CH, C-8a), 45.7 (C, C8), 41.0 (C, C-4a), 34.3 (CH2, C-6), 29.1 (CH2, C-5), 26.4 (CH3, 8-CH3a), 21.9 (CH3, 8-CH3b),
15.5 (CH3, 4a-CH3); HRMS (ESI+) [M + Na] + 277.1410 calcd for C14H22NaO4 277.1410.
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(4aS,7R,8aS)-4a,8,8-Trimethylhexahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]-7-ol,
419; (4aS,7R,8aS)-7-hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-one, 420

To a stirred solution of ketone 417 (4.36 g, 17.1 mmol) in THF (120 mL) at –78 °C was added
L-Selectride® (37.7 mL, 37.7 mmol, 1.0 M in THF) dropwise. The resulting solution was stirred
at this temperature for 1 h before allowing to warm to rt and stir for a further 45 min. Sat. aq.
NH4Cl (80 mL) was then added slowly and the aqueous phase of the resulting mixture was
extracted with EtOAc (2 × 100 mL). The combined organic phases were then washed with brine
(100 mL) and concentrated in vacuo.
The crude oil was then dissolved in 3 M HCl-THF (150 mL, 3:1, v/v) and the resulting mixture
was heated to 40 °C and stirred 16 h, before being allowed to cool to rt. EtOAc (150 mL) was
added to the reaction mixture and the organic phase was collected. The aqueous phase was then
extracted with EtOAc (2 × 80 mL) and the combined organic phases were washed with brine
(100 mL), dried over NaSO4, and concentrated in vacuo. The resultant crude oil was purified by
flash chromatography to give the ketone 420 (2.85 g, 78%) as a clear oil.
Data for ketal 419*
IR (film) νmax 3468, 2874, 1457, 1101, 1082 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.11 – 3.97
(m, 2H, H-3), 3.96 – 3.81 (m, 2H, Ha-OCH2CH2O & Hb-OCH2CH2O), 3.77 (dd, J = 11.3, 3.7
Hz, 1H, Ha-1), 3.63 (t, J = 11.4 Hz, 1H, Hb-1), 3.56 (d, J = 11.7 Hz, 1H, Hc-OCH2CH2O), 3.39
– 3.32 (m, 2H, H-7 & Hd-OCH2CH2O), 2.25 (dd, J = 11.6, 3.7 Hz, 1H, H-8a), 2.02 – 1.89 (m,
2H, Ha-6 & Ha-5), 1.70 – 1.64 (m, 1H, Hb-6), 1.22 (s, 3H, 4a-CH3), 1.16 – 1.12 (m, 1H, Hb-5)
1.02 (s, 3H, 8-CH3a), 0.86 (s, 3H, 8-CH3b); 13C NMR (101 MHz, CDCl3) δ 108.8 (C, C-4), 76.1
(CH, C-7), 67.0 (CH2, C-3), 65.8 (CH2, OCH2CH2Oa), 65.6 (CH2, OCH2CH2Ob), 63.8 (CH2,
C-1), 42.4 (CH, C-8a), 41.6 (C, C-4a), 36.2 (C, C-8), 28.1 (CH3, 8-CH3a), 24.9 (CH2, C-6), 22.7
(CH2, C-5), 22.6 (CH3, 8-CH3b), 15.8 (CH3, 4a-CH3); HRMS (ESI+) [M + Na]+ 279.1566 calcd
for C14H24NaO4 279.1567.

*

Analytic sample purified by flash chromatography (65% EtOAc in pet. ether)
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Experimental
Data for ketone 420
IR (film) νmax 3447, 2954, 2871, 1722, 1128, 1066, 923 cm-1; 1H NMR (400 MHz, CDCl3) δ
4.11 (d, J = 16.8 Hz, 1H, Ha-3), 3.96 (dd, J = 16.5, 13.3 Hz, 3H, H-1 & Hb-3), 3.44 (t, J = 2.7
Hz, 1H, H-7), 2.27 – 2.17 (m, 1H, H-8a), 1.98 (tdd, J = 14.1, 3.7, 2.3 Hz, 1H, Ha-5), 1.85 (td, J
= 13.9, 3.5 Hz, 1H, Ha-6), 1.69 (ddd, J = 14.0, 6.5, 3.3 Hz, 1H, Hb-6), 1.59 – 1.53 (m, 1H, Hb5), 1.30 (s, 3H, 8-CH3a), 1.02 (s, 3H, 4a-CH3), 0.98 (s, 3H, 8-CH3b);

13C

NMR (101 MHz,

CDCl3) δ 214.0 (C, C-4), 75.2 (CH, C-7), 70.3 (CH2, C-3), 63.5 (CH2, C-1), 45.5 (C, C-4a), 40.1
(CH, C-8a), 37.5 (CH, C-8), 27.3 (CH2, C-5), 25.5 (CH3, 8-CH3a), 24.9 (CH2, C-6), 22.3 (CH3,
8-CH3b), 17.9 (CH3, 4a-CH3); HRMS (ESI+) [M + Na]+ 235.1909 calcd for C12H20NaO3
235.1905
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Experimental
(1R,3R,4S)-4-Ethynyl-3-(hydroxymethyl)-2,2,4-trimethylcyclohexan-1-ol, 408

To a stirred solution of ketone 420 (1.61 g, 7.58 mmol) and p-toluenesulfonyl hydrazide (1.41
mg, 7.58 mmol) in THF (15 mL) at rt was added PPTS (95 mg, 0.38 mmol). The resulting
solution was allowed to stir at rt overnight. The mixture was then diluted in EtOAc (250 mL)
and washed with a H2O (50 mL), then brine (50 mL), then dried over NaSO4 and concentrated
in vacuo. The resultant crude oil was purified by flash chromatography (40% EtOAc in pet.
ether) to give the putative p-toluenesulfonyl hydrazone epi-402 (2.79 g, 97 %) as a clear oil.*
A solution of MeLi (25.4 mL, 66.0 mmol, 2.6 M in dimethoxyethane) was added to Et2O (50
mL) at 0 °C. To the resulting stirred solution was added dropwise a solution of p-toluenesulfonyl
hydrazone epi-402 (2.79 g, 7.33 mmol) in THF (50 mL) over 10 min. The resulting mixture was
stirred at 0 °C for a further 3 h before the addition of sat. aq. NH4Cl (50 mL). The mixture was
then extracted with CH2Cl2 (3 × 80 mL) and the combined organic phases were washed with
brine (80 mL), dried over Na2SO4, and then concentrated in vacuo. The crude oil was then
purified by flash chromatography (40% EtOAc in pet. ether) to give alcohol 408 as a clear oil
(1.32 g, 92%).
IR (film) νmax 3397, 3304, 2936, 1457, 1385, 1057, 1021 cm-1; 1H NMR (400 MHz, CDCl3) δ
4.06 – 3.93 (m, 1H, Ha-OCH2), 3.81 (dd, J = 11.8, 3.8 Hz, 1H, Hb-OCH2), 3.48 – 3.39 (m, 1H,
H-1), 2.26 (s, 1H, H-2'), 2.23 – 2.12 (m, 1H, Ha-5), 1.98 (dd, J = 6.0, 3.8 Hz, 1H, H-3), 1.88 –
1.78 (m, 1H, Ha-6), 1.66 – 1.56 (m, 2H, Hb-5 & Hb-6), 1.30 (s, 3H, 4-CH3), 1.14 (s, 3H, 2-CH3a),
0.89 (s, 3H, 2-CH3b); 13C NMR (101 MHz, CDCl3) δ 94.5 (C, C-1'), 75.6 (CH, C-1), 68.9 (CH,
C-2'), 62.4 (CH2, CH2OH), 50.5 (CH, C-3), 37.9 (C, C-2), 33.8 (CH2, C-5), 33.5 (C, C-4), 28.1
(CH2, C-6), 25.1 (CH3, 2-CH3a), 23.2 (CH3, 4-CH3), 22.4 (CH3, 2-CH3b); HRMS (ESI+) [M +
Na]+ 219.1350 calc for C12H20NaO2 219.1356; crystals were obtained for XRD analysis by
evaporation from diethyl ether, mp 81–83 °C.

*

epi-402 should be purified quickly to avoid decomposition on silica; unfortunately purification is necessary for
high yield in following step. Attempts to characterise epi-402 were prevented by rapid decomposition in CDCl3.
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(1R,3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-ol, 347

To a stirred suspension of NaH (24 mg, 0.61 mmol, 60% dispersion in mineral oil) and TBAI
(0.3 mg, 0.006 mmol) in THF (2 mL) at rt was added diol 408 (20 mg, 0.10 mmol) as a solution
in THF (0.3 mL). After 10 min stirring at rt, BnBr (13 L, 0.11 mmol) was added and the
resulting solution was stirred for 16 h before the addition of sat. aq. NH4Cl (5 mL) and extraction
with EtOAc (3 × 10 mL). The combined organic phases were then washed with brine (10 mL),
dried over Na2SO4 and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (15% EtOAc in pet. ether) to afford the title compound 347 (4 mg, 14%) as a
clear oil.
IR (film) νmax 3305, 2925, 2867, 1454, 1061, 934 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.33 (d,
J = 4.4 Hz, 4H, 4 × ArH), 7.28 (d, J = 3.9 Hz, 1H, ArH), 4.48 (q, 2H, 12.0 Hz, CH2Ph), 3.79
(dd, J = 10.4, 2.7 Hz, 1H, 3-CH2a), 3.71 (dd, J = 10.4, 5.1 Hz, 1H, 3-CH2b), 3.59 (brs, 1H, H1), 2.13 (s, 1H, H-2'), 2.05 (dd, J = 17.2, 8.0 Hz, 1H, Ha-5), 1.94 (dd, J = 5.0, 2.9 Hz, 1H, H-3),
1.80 (dddd, J = 12.4, 9.2, 6.5, 3.1 Hz, 1H, Ha-6), 1.75 – 1.66 (m, 2H, Hb-5 & Hb-6), 1.25 (s, 3H,
4-CH3), 1.19 (s, 3H, 2-CH3a), 1.03 (s, 3H, 2-CH3b); 13C NMR (101 MHz, CDCl3) δ 138.8 (C,
ArC), 128.4 (2 × CH, ArCH), 127.6 (2 × CH, ArCH), 127.5 (CH, ArCH), 94.3 (C, C-1'), 75.8
(CH, C-1), 73.0 (CH2, CH2Ph), 69.8 (CH2, 3-CH2), 68.0 (CH, C-2'), 49.0 (CH, C-3), 38.8 (C, C2), 34.9 (CH2, C-5), 34.5 (C, C-4), 26.7 (CH3, 2-CH3a), 26.3 (CH2, C-6), 25.1 (CH3, 4-CH3),
24.8 (CH3, 2-CH3b); HRMS (ESI+) [M + Na]+ 309.1823 calcd for C19H26NaO2 309.1825.
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Experimental
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1ol, 423

To diol 408 (200 mg, 1.02 mmol) and DIPEA (0.53 mL, 3.06 mmol) in CH2Cl2 (8 mL) at 0 °C
was added a solution of TBSOTf (340 L, 1.48 mmol) in CH2Cl2 (2 mL) dropwise over 20 min.
The resulting solution was allowed to stir at 0 °C for 30 min then sat. aq. NaHCO3 (10 mL) was
added. The organic phase was then separated and the aqueous phase was extracted with CH2Cl2
(2 × 10 mL). The combined organic phases were then washed with brine (15 mL), dried over
Na2SO4, and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (5-50% EtOAc in pet. ether) to afford the title compound 423 (266 mg, 84%)
as a clear oil alongside recovered diol 408 (20 mg, 93% brsm).
IR (film) νmax 3312, 2929, 2858, 1472, 1099, 837 cm-1; 1H NMR (400 MHz, CDCl3) δ 3.96 (dd,
J = 11.1, 2.6 Hz, 1H, 3-CH2a), 3.87 (dd, J = 11.1, 4.7 Hz, 1H, 3-CH2b), 3.61 (brs, 1H, H-1),
2.13 (s, 1H, H-2'), 1.98 (t, J = 8.3 Hz, 1H, Ha-5), 1.84 – 1.66 (m, 4H, H-3 & Hb-5 & H-6), 1.28
(s, 3H, 4-CH3), 1.20 (s, 3H, 2-CH3a), 1.07 (s, 3H, 2-CH3b), 0.89 (s, 9H, tBu), 0.06 (s, 3H,
SiCH3a), 0.05 (s, 3H, SiCH3b); 13C NMR (101 MHz, CDCl3) δ 94.6 (C, C-1'), 76.0 (CH, C-1),
68.0 (CH, C-2'), 62.0 (CH2, 3-CH2), 51.1 (CH, C-3), 38.9 (C, C-2), 35.4 (CH2, C-5), 34.4 (C, C4), 26.7 (CH3, 2-CH3a), 26.5 (CH2, C-6), 26.1 (3 × CH3, tBu), 25.6 (C, SiC), 25.1 (CH3, 4-CH3),
18.2 (CH3, 2-CH3b), -5.3 (CH3, SiCH3a), -5.4 (CH3, SiCH3b); HRMS (ESI+) [M + Na]+
333.2210 calcd for C18H34NaO2Si 333.2220.
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(4R,5R)-5-Ethoxy-3-methylene-2-oxotetrahydrofuran-4-yl acetate, 348

To a stirred solution of alcohol 247 (204 mg, 1.29 mmol) and pyridine (218 µL, 2.71 mmol) in
CH2Cl2 (4 mL) at rt was added acetic anhydride (244 µL, 2.58 mmol). The resulting solution
was allowed to stir at rt for 2 h. The reaction mixture was then diluted with CH2Cl2 (40 mL),
washed with sat. aq. CuSO4 (2 × 15 mL), then 0.1 M EDTA (15 mL), and finally brine (15 mL).
The organic phase was dried over MgSO4 and concentrated in vacuo. The resultant crude oil
was purified by flash chromatography (35% EtOAc in pet. ether) to give the title compound 348
(20 mg, 8%) as a yellow oil.
IR (film) νmax 2931, 1748, 1226, 1096, 934, 1872, 1377 cm-1; 1H NMR (400 MHz, CDCl3) δ
6.55 (d, J = 1.6 Hz, 1H, H-5), 6.15 (d, J = 1.4 Hz, 1H, H-4), 5.52 (q, J = 1.5 Hz, 1H, 3-CH2a),
5.41 (bs, 1H, 3-CH2b), 3.91 (dq, J = 9.6, 7.1 Hz, 1H, OCH2a), 3.66 (dq, J = 9.6, 7.1 Hz, 1H,
OCH2b), 2.11 (s, 3H, OAc), 1.24 (t, J = 7.1 Hz, 3H, CH2CH3); 13C NMR (101 MHz, CDCl3) δ
169.9 (C, OAc), 167.8 (C, C-2), 133.5 (C, C-3), 130.8 (CH2, 3-CH2), 104.1 (CH, C-5), 73.5
(CH, C-4), 65.7 (CH2, OCH2), 20.9 (CH3, OAc), 14.9 (CH3, OCH2CH3); HRMS (ESI+) [M +
Na] + 223.0579 calcd for C9H12NaO5 223.0577
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Experimental
3-Methylenedihydrofuran-2(3H)-one, 433

To a stirred suspension of NaH (0.88 g, 22.0 mmol, 60% dispersion in mineral oil) in Et2O (20
mL) at rt was added absolute EtOH (0.12 mL, 2.00 mmol) dropwise followed by a mixture of
γ-butyrolactone (1.52 mL, 20.0 mmol) and ethyl formate (1.94 mL, 24.0 mmol) dropwise. The
reaction was stirred for 1 h cooled to rt and the resulting precipitate was filtered, washed with
Et2O (10 mL) and dried under reduced pressure. THF (40 mL) and paraformaldehyde (3.00 g,
100 mmol) were added to the crude mixture and the resulting solution heated at reflux for 1 h.
The mixture was cooled to 0 °C, quenched with saturated aqueous K2CO3 (10 mL), and the
aqueous phase was extracted with Et2O (3 × 10 mL). The combined organic layers were washed
with brine, dried over MgSO4 and concentrated in vacuo. The crude oil was purified by flash
chromatography (pet. ether-EtOAc, 5:1) to afford the title compound 433 (720 mg, 37%) as a
colourless oil.
1H

NMR (400 MHz, CDCl3) δ 6.26 (t, J = 2.9 Hz, 1H, 3-CH2a), 5.67 (t, J = 2.6 Hz, 1H, 3-

CH2b), 4.37 (t, J = 7.4 Hz, 2H, H-5), 2.98 (ddt, J = 7.3, 7.3, 2.8 Hz, 2H, H-4); 13C NMR (100
MHz, CDCl3) δ 170.8 (C, C-2), 133.7 (C, C-3), 122.4 (CH2, 3-CH2), 65.3 (CH2, C-5), 27.5 (CH2,
C-4).
The spectroscopic data were in agreement with literature values
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Experimental
3-(Bromomethyl)furan-2(5H)-one, 430

A solution of -methylene--butyrolactone (433) (400 mg, 4.08 mmol) and Br2 (0.25 mL, 4.89
mmol) in CCl4 (12 mL) was stirred at reflux for 1 h. The reaction mixture was then allowed to
cool to rt, 5% Na2S2O3 (10 mL, w/v) was added, and the resulting biphasic mixture was left to
stir at rt until it turned colourless. The organic phase was separated and the aqueous phase was
extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were then washed with brine
(15 mL), dried over Na2SO4, and concentrated in vacuo.
The crude oil was dissolved in DMF (40 mL), then LiBr (3.54 g, 40.7 mmol) and Li 2CO3 (752
mg, 10.2 mmol) were added, and the resulting suspension was stirred at 75 °C for 16 h. Sat. aq.
NH4Cl (100 mL) was then added, and the mixture was extracted with Et2O (3 × 70 mL). The
combined organic phases were then washed with H2O (100 mL) and brine (100 mL), dried over
Na2SO4, and concentrated in vacuo. The crude oil was purified by flash chromatography (15%
EtOAc in pet. ether) to give the title compound 430 (118 mg, 16%) as a yellow oil.
1H

NMR (400 MHz, CDCl3) δ 7.52 (s, 1H, H-4), 4.88 – 4.82 (m, 2H, H-5), 4.10 (dd, J = 3.0,

1.6 Hz, 2H, BrCH2); 13C NMR (101 MHz, CDCl3) δ 171.6 (C, C-2), 149.1 (CH, C-4), 131.2 (C,
C-3), 70.3 (CH2, C-5), 20.9 (CH2, BrCH2).
Spectroscopic data were in good agreement with those previously reported.[186]
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(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-(3'-hydroxyprop-1'-yn-1'-yl)-2,2,4trimethylcyclohexan-1-ol, 436

To alcohol 423 (9.5 mg, 0.031 mmol) in Et2O (1 mL) at –78 °C was added MeLi (94 L, 0.24
mmol, 2.6 M in dimethoxyethane) dropwise. The resulting solution was warmed to 0 °C and
allowed to stir at this temperature for 30 min before cooling to –78 °C. Paraformaldehyde (9.2
mg, 0.31 mmol) was then added and the resulting suspension was allowed to warm rt and stir
for 1 h. Sat. aq. NH4Cl (5 mL) was then added and the mixture was extracted with CH2Cl2 (3 ×
5 mL). The combined organic phases were then washed with brine (10 mL), dried over Na2SO4,
and concentrated in vacuo. The resultant crude oil was purified by flash chromatography (1050% EtOAc in pet ether) to afford the title compound 436 (8 mg, 77%) as a clear oil.
IR (film) νmax 3360, 2987, 2944, 2835, 1727, 1376, 1248, 1025 cm-1; 1H NMR (400 MHz,
CDCl3) δ 4.25 (s, 2H, H-3'), 3.90 (ddd, J = 15.8, 11.0, 3.6 Hz, 2H, 3-CH2), 3.62 (s, 1H, H-1),
1.93 (t, J = 8.3 Hz, 1H, Ha-5), 1.83 – 1.66 (m, 4H, H-3 & Hb-5 & H-6), 1.25 (s, 3H, 4-CH3),
1.19 (s, 3H, 2-CH3a), 1.06 (s, 3H, 2-CH3b), 0.89 (s, 9H, tBu), 0.063 (s, 3H, SiCH3a), 0.057 (s,
3H, SiCH3b); 13C NMR (101 MHz, CDCl3) δ 96.3 (C, C-1'), 78.1 (C, C-2'), 76.0 (CH, C-1),
62.1 (CH2, 3-CH2), 51.7 (CH2, C-3'), 51.3 (CH, C-3), 38.9 (C, C-2), 35.3 (CH2, C-5), 34.5 (C,
C-4), 26.7 (CH3, 2-CH3a), 26.5 (CH3, C-6), 26.1 (3 × CH3, tBu), 25.6 (C, SiC), 25.0 (CH3, 4CH3), 18.2 (CH3, 2-CH3b), -5.3 (CH3, SiCH3a), -5.4 (CH3, SiCH3b); HRMS (ESI+) [M + Na]+
363.2326 calcd for C19H36NaO3Si 363.2326.
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Experimental
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-1-((triethylsilyl)oxy))-4-(3-hydroxyprop1-yn-1-yl)-2,2,4-trimethylcyclohexane, 441

To alcohol 440 (90 mg, 0.29 mmol) in CH2Cl2 (1 mL) at rt was added TESCl (87 L, 0.58
mmol) and imidazole (39 mg, 0.58 mmol). The resulting solution was stirred at rt for 3 hours
then diluted with Et2O (10 mL) and washed with H2O (10 mL), sat. aq. NH4Cl (10 mL), and
finally brine (10 mL). The combined organic phases were dried over Na2SO4 and concentrated
in vacuo.
The crude oil was dissolved in Et2O (2 mL) and cooled to –78 °C, then MeLi (94 mL, 0.24
mmol, 2.6 M in dimethoxyethane) was added dropwise. The resulting solution was warmed to
0 °C and allowed to stir at this temperature for 30 min before cooling to –78 °C.
Paraformaldehyde (84 mg, 2.82 mmol) was then added and the resulting suspension was allowed
to warm rt and stir for 1 h. Sat. aq. NH4Cl (5 mL) was then added and the mixture was extracted
with CH2Cl2 (3 × 10 mL). The combined organic phases were then washed with brine (10 mL),
dried over Na2SO4, and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (5-20% EtOAc in pet. ether) to afford the title compound 441 (60 mg, 47%) as
a clear oil.
IR (film) νmax 2956, 2929, 1463, 1258, 1098, 1017, 837 cm-1; 1H NMR (400 MHz, CDCl3) δ
4.25 (d, J = 3.4 Hz, 2H, H-3'), 3.89 (ddd, J = 15.6, 11.0, 3.6 Hz, 2H, 3-CH2), 3.57 (s, 1H, H-1),
1.95 (t, J = 8.6 Hz, 1H, Ha-5), 1.75 – 1.58 (m, 4H, H-3 & Hb-5 & H-6), 1.25 (s, 3H, 4-CH3),
1.11 (s, 3H, 2-CH3a), 1.01 (s, 3H, 2-CH3b), 0.96 (t, J = 7.9 Hz, 9H, 3 × SiCH2CH3), 0.90 (s, 9H,
t

Bu), 0.59 (q, J = 7.7 Hz, 6H, 3 × SiCH2CH3), 0.06 (s, 6H, 2 × SiCH3); 13C NMR (101 MHz,

CDCl3) δ 96.8 (C, C-1'), 77.8 (C, C-2'), 76.4 (CH, C-1), 62.3 (CH2, 3-CH2), 51.7 (CH2 & CH,
C-3' & C-3), 39.5 (C, C-2), 35.4 (CH2, C-5), 34.6 (C, C-4), 27.4 (CH3 & CH2, 2-CH3a & C-6),
26.1 (CH3, tBu), 25.6 (C, SiC), 25.3 (CH3, 4-CH3), 18.2 (CH3, 2-CH3b), 7.2 (3 × CH3,
SiCH2CH3), 5.3 (3 × CH3, SiCH2CH3), -5.3 (CH3, SiCH3a), -5.4 (CH3, SiCH3b); HRMS (ESI+)
[M + Na]+ 477.3203 calcd for C25H50NaO3Si2 477.3191.
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(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-1-((triethylsilyl)oxy))-4-(3'-chloroprop1'-yn-1'-yl)-2,2,4-trimethylcyclohexane, 443

To alcohol 441 (23 mg, 0.051 mmol) and pyridine (8 L, 0.10 mmol) in toluene (1 mL) at 0 °C
was added SOCl2 (4 L, 0.056 mmol). The resulting solution was stirred at 0 °C for 1.5 h, then
more pyridine (8 L, 0.10 mmol) and SOCl2 (4 L, 0.056 mmol) were added and the reaction
was stirred at this temperature for a further 1 h. Sat. aq. NaHCO3 (3 mL) was added and the
mixture was extracted with CH2Cl2 (3 × 5 mL). The combined organic phases were then washed
with brine (10 mL), dried over Na2SO4, and concentrated in vacuo. The resultant crude oil was
purified by flash chromatography (2–50% Et2O in pet. ether) to afford the title compound 443
(15 mg, 57%) alongside recovered alcohol 441 (3 mg, 66% brsm) as a clear oil.
IR (film) νmax 2926, 2855, 1307, 1210, 1101 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.70 – 4.56
(m, 2H, H-3'), 3.88 (qd, J = 11.1, 3.5 Hz, 2H, 3-CH2), 3.58 (d, J = 5.2 Hz, 1H, H-1), 1.95 (d, J
= 9.0 Hz, 1H, Ha-5), 1.70 – 1.62 (m, 4H, H-3 & Hb-5 & H-6), 1.27 (s, 3H, 4-CH3), 1.11 (s, 3H,
2-CH3a), 1.01 (s, 3H, 2-CH3b), 0.96 (t, J = 7.9 Hz, 9H, 3 × SiCH2CH3), 0.90 (s, 9H, tBu), 0.58
(dt, J = 8.3, 4.2 Hz, 6H, 3 × SiCH2CH3), 0.07 (s, 6H, 2 × SiCH3); 13C NMR (101 MHz, CDCl3)
δ 99.1 (C, C-1'), 76.3 (C, C-2'), 73.2 (CH, C-1), 62.2 (CH2, 3-CH2), 51.2 (CH2, C-3'), 50.8 (CH,
C-3), 39.5 (C, C-2), 35.3 (CH2, C-5), 34.7 (C, C-4), 27.4 (CH2, C-6), 27.2 (CH3, 2-CH3a) 27.1
(CH3, 4-CH3), 26.1 (3 × CH3, tBu), 25.4 (CH3, 2-CH3b), 18.2 (C, SiC), 7.2 (3 × CH3, SiCH2CH3),
5.3 (3 × CH3, SiCH2CH3), -5.3 (CH3, SiCH3a), -5.5 (CH3, SiCH3b); HRMS (ESI+) [M + Na]+
495.2845 calcd for C25H49ClNaO2Si2 495.2858
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4-((3'-((1S,2R,4R)-3''-(((Tert-butyldimethylsilyl)oxy)methyl)-1''-hydroxy-2'',2'',4''trimethylcyclohexyl)prop-1'-yn-3'-yl)oxy)furan-2(5H)-one, 460

To a stirred solution of alcohol 441 (20 mg, 0.044 mmol), imidazole (4.4 mg, 0.045 mmol), and
triphenylphosphine (17 mg, 0.066 mmol) in CH2Cl2 (1 mL) at 0 °C was added iodine (17 mg,
0.066 mmol). The resulting solution was stirred for 2 h, then Et2O (10 mL) was added, and the
reaction mixture was washed with sat. aq. Na2S2O3 (5 mL) and brine (5 mL). The organic phase
was dried over MgSO4 and concentrated in vacuo. The crude oil was purified by flash
chromatography (2-40% Et2O in pet. ether) to afford unstable iodide 444 (4 mg, 16%) and iodide
445 (8 mg, 40%) as yellow oils.
To a solution of iodide 445 (8 mg, 0.017 mmol) and tetronic acid (5 mg, 0.051 mmol) in DMF
(0.5 mL) at rt was added K2CO3 (12 mg, 0.085 mmol). The resulting suspension was allowed to
stir at rt for 16 h. The reaction mixture was then diluted with Et2O (5 mL), washed with H2O (5
mL) then brine (5 mL). The organic phase was dried over Na2SO4 and concentrated in vacuo.
The crude oil was then purified by flash chromatography (10% EtOAc in pet. ether) to give the
title compound 460 (3.5 mg, 49%) as a clear oil.
Data for iodide 444
1H

NMR (300 MHz, CDCl3) δ 3.88 (qd, J = 11.1, 3.5 Hz, 2H), 3.73 (s, 2H), 3.58 (s,1H), 1.89

(t, J = 10.0 Hz, 1H), 1.65 (ddd, J = 14.5, 6.8, 2.9 Hz, 4H), 1.24 (s, 3H), 1.12 (s, 3H), 1.02 (s,
3H), 0.98 (d, J = 8.2 Hz, 9H), 0.90 (s, 9H), 0.62 – 0.51 (m, 6H), 0.07 (s, 6H).
Data for iodide 445
1H

NMR (300 MHz, CDCl3) δ 3.88 (qd, J = 11.1, 3.5 Hz, 2H), 3.72 (s, 2H), 3.63 (s, 1H), 1.77

(ddd, J = 15.2, 13.3, 6.2 Hz, 4H), 1.63 – 1.59 (m, 1H), 1.24 (s, 3H), 1.19 (s, 3H), 1.08 (s, 3H),
0.90 (s, 9H), 0.07 – 0.05 (m, 6H).
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Data for title compound 460
IR (film) νmax 2954, 2929, 2859, 1178, 1632, 1315, 1054 cm-1; 1H NMR (400 MHz, CDCl3) δ
5.21 (t, J = 1.2 Hz, 1H, H-3), 4.70 (s, 2H, H-1'), 4.64 (d, J = 1.2 Hz, 2H, H-5), 3.87 (qd, J =
11.1, 3.6 Hz, 2H, 3-CH2), 3.63 (s, 1H, H-1''), 1.93 (t, J = 12.0 Hz, 1H, Ha-5), 1.80 – 1.65 (m,
4H, Hb-5 & H-3 & H-6), 1.28 (s, 3H, 4-CH3), 1.16 (s, 3H, 2-CH3a), 1.07 (s, 3H, 2-CH3b), 0.89
(s, 9H, tBu), 0.05 (d, J = 1.7 Hz, 6H, 2 × SiCH3); 13C NMR (101 MHz, CDCl3) δ 178.3 (C, C4), 173.3 (C, C-2), 100.7 (C, C-3'), 90.3 (CH, C-3), 75.8 (CH, C-1''), 71.8 (C, C-2'), 68.0 (CH2,
C-5), 62.0 (CH2, 3''-CH2), 61.0 (CH2, C-2') , 51.1 (CH, C-3''), 38.9 (C, C-2''), 35.2 (CH2, C-5''),
34.8 (C, C-4''), 26.7 (CH3, 2''-CH3a), 26.3 (C, SiC) 26.0 (3 × CH3, tBu), 25.5 (CH2, C-5), 25.1
(CH3, 2''-CH3b), 18.2 (CH3, 4''-CH3), -5.4 (CH3, SiCH3a), -5.5 (CH3, SiCH3b); HRMS (ESI+)
[M + Na]+ 445.2372 calc for C23H38NaO5Si.
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(S)-Methyl 4-[(tert-butyl)dimethylsilyloxy]-3-hydroxybutanoate, 439

To a stirred solution of (S)-malic acid dimethyl ester (1.50 g, 9.25 mmol) in THF (14 mL) at 0
°C was added BH3·DMS (0.89 mL, 9.39 mmol) dropwise. The reaction mixture was allowed to
warm to rt and stir for 45 mins before cooling to 0 °C. NaBH4 (17 mg, 0.46 mmol) was then
added in portions and the resulting mixture was stirred for 45 min at 0 °C, then for a further 1 h
at rt. The reaction mixture was then concentrated in vacuo and the crude oil was azeotroped with
MeOH (3 × 10 mL) and toluene (1 × 10 mL).
The crude diol was then dissolved in CH2Cl2 (30 mL), and to this solution at rt was added was
added imidazole (0.79 g, 11.6 mmol) and TBSCl (1.53 g, 10.2 mmol). The resulting mixture
was allowed to stir at rt for 12, then H2O (30 mL) was added. The organic phase was then
separated, and the aqueous phase was extracted with CH2Cl2 (3 × 25 mL). The combined organic
phases were then washed with brine (15 mL), dried over Na2SO4, and concentrated in vacuo.
The resultant crude oil was purified by flash chromatography (10% EtOAc in pet. ether) to
afford the title compound 439 (2.15 g, 93%) as clear oil.
1H

NMR (400 MHz, CDCl3) δ 4.08 (dp, J = 7.4, 5.1 Hz, 1H, H-3), 3.71 (s, 3H, OMe), 3.64-

3.55 (ddd, J = 15.7, 10.0, 5.2 Hz, 2H, H-4), 2.52 (dd, J = 6.3, 3.7 Hz, 2H, H-2), 0.89 (s, 9H,
t

Bu), 0.06 (6H, s, Si(CH3)2); 13C NMR (101 MHz, CDCl3) δ 172.7 (C, C-1), 68.7 (CH, C-3),

66.3 (CH2, C-4), 51.9 (CH3, OMe), 38.0 (CH2, C-2), 26.0 (3 × CH3, tBu), 18.4 (C, SiC), -5.3 (2
× CH3, SiCH3); [α]23D +11.2 (c = 0.94, CHCl3) (lit.[236] [α]23D +11.2 (c = 1.01, CHCl3)).
Spectroscopic data were in good agreement with those previously reported[236]
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Ethyl 4-(benzyloxy)-3-oxobutanoate, 464

To a stirred suspension of NaH (876 mg, 21.9 mmol, 60% dispersion in mineral oil) in THF (20
mL) at 0 °C was added BnBr (1.14 mL, 11.0 mmol) dropwise. The resulting solution was left to
stir for 2 h at 0 °C then ethyl 4-chloroacetoacetate 463 (1.23 mL, 10.0 mmol) was added
dropwise. The reaction mixture was allowed to warm to rt and stir for 16 h. Sat. aq. NH4Cl (15
mL) was then added, and the organic phase was separated, then washed with brine (15 mL),
dried over Na2SO4, and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (40% EtOAc in pet. ether) to afford the title compound 464 (2.15 g, 84%) as a
yellow oil.
1H

NMR (400 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H, 5 × ArH), 4.58 (s, 2H, CH2Ph), 4.20 – 4.10

(m, 4H, H-4 & OCH2CH3), 3.53 (s, 2H, H-2), 1.24 (t, J = 7.1 Hz, 3H, OCH2CH3); 13C NMR
(101 MHz, CDCl3) δ 201.8 (C, C-3), 167.1 (C, C-1), 137.0 (C, ArC), 128.6 (2 × CH, ArCH),
128.2 (CH, ArCH), 127.9 (2 × CH, ArCH), 74.9 (CH2, C-4), 73.6 (CH2, CH2Ph), 61.5 (CH2,
OCH2Ph), 46.1 (CH2, C-2), 14.1 (CH2, OCH2CH3).
Spectroscopic data were in good agreement with those previously reported.[237]
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Ethyl 4-((tert-butyldimethylsilyl)oxy)-3-oxobutanoate, 465

A suspension of benzyl ether 464 (1.00 g, 4.23 mmol) and Pd/C (100 mg, 10% w/w) in MeOH
(10 mL) was stirred at rt under an atmosphere of H2 (balloon pressure) for 16 h. The suspension
was then filtered over Celite® and concentrated in vacuo.
The crude oil was dissolved in CH2Cl2 (10 mL), cooled to 0 °C, then imidazole (576 mg, 8.46
mmol) and TBSCl (702 mg, 4.66 mmol) were added. The resultant mixture was allowed to warm
to rt and stir for 16 h. CH2Cl2 (50 mL) was then added and the mixture was washed with sat. aq.
NH4Cl (2 × 20 mL), sat. aq. NaHCO3 (2 × 20 mL) and brine (20 mL), dried over MgSO4 and
concentrated in vacuo. The resultant crude oil was purified by flash chromatography (10%
EtOAc in pet. ether) to afford the title compound 465 (931 mg, 84%) as a clear oil.
1H

NMR (400 MHz, CDCl3) δ 4.22 (s, 2H, H-4), 4.19 (q, J = 7.2 Hz, 2H, OCH2CH3), 3.55 (s,

2H, H-2), 1.27 (t, J = 7.1 Hz, 3H, OCH2CH3), 0.91 (s, 9H, tBu), 0.09 (s, 6H, 2 × SiCH3); 13C
NMR (101 MHz, CDCl3) δ 204.4 (C, C-3), 167.4 (C, C-1), 69.1 (CH2, C-4), 61.2 (CH2,
OCH2CH3), 45.5 (CH2, C-2), 25.6 (3 × CH3, tBu), 18.1 (C, SiC), 14.0 (CH2, OCH2CH3), -5.5 (2
× CH3, SiCH3).
Spectroscopic data were in good agreement with those previously reported[238]
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(1R, 3R, 4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-(5'-ethoxy-5'-oxo-4'-(((tertbutyldimethylsilyl)oxy)acetyl)pent-1'-yn-1'-yl)-2,2,4-trimethylcyclohexan-1-ol, 466

To alcohol 436 (50 mg, 0.15 mmol) and Et3N (31 L, 0.22 mmol) in CH2Cl2 (1 mL) at 0 °C was
added a solution of MsCl (20 L, 0.18 mmol) in CH2Cl2 (0.3 mL) dropwise over 10 min. The
reaction mixture was allowed to stir at 0 °C for 30 min, then CH2Cl2 (10 mL) and H2O (5 mL)
were added. The organic phase was then separated, and the aqueous phase was extracted with
CH2Cl2 (2 × 10 mL). The combined organic phases were then dried over Na2SO4 and
concentrated in vacuo.
The crude oil was then dissolved in acetone (1 mL) and NaI (44 mg, 0.29 mmol) was added.
The resultant mixture was protected from light and stirred at rt for 16 h. The reaction mixture
was then filtered over celite and the solid residue was washed with Et2O (2 × 5 mL). The filtrate
was then concentrated in vacuo and purified by flash chromatography (10% EtOAc in pet. ether)
to give iodide 445 (45 mg, 68%) as a clear oil used in the following step immediately.
To a solution of iodide 445 (45 mg, 0.10 mmol) and ester 465 (49 mg, 0.20 mmol) in DMF (2
mL) at rt was added K2CO3 (55 mg, 0.40 mmol). The resulting suspension was allowed to stir
at rt for 16 h. The reaction mixture was then diluted with Et2O (20 mL), washed with H2O (5
mL) then brine (5 mL). The organic phase was dried over Na2SO4 and concentrated in vacuo.
The crude oil was then purified by flash chromatography (10% EtOAc in pet. ether) to give the
title compound 466 (36 mg, 62%) as a clear oil.
IR (film) νmax 2955, 2930, 2859, 1725, 1255, 1174, 838 cm-1; 1H NMR (500 MHz, CDCl3) δ
4.32 (dd, J = 3.6, 0.9 Hz, 2H, CH2OTBS), 4.19 – 4.12 (m, 2H, OCH2CH3), 3.91 – 3.87 (m, 1H,
3-CH2a), 3.82 (m, 2H, 3-CH2a & H-4'), 3.63 (d, J = 1.9 Hz, 1H, H-1), 2.78 – 2.64 (m, 2H, H3'), 1.86 – 1.66 (m, 5H, H-3 & H-5 & H-6), 1.27 (m, 3H, OCH2CH3), 1.20 (d, J = 2.8 Hz, 3H,
4-CH3), 1.17 (s, 3H, 2-CH3a), 1.06 (s, 3H, 2-CH3b), 0.92 (d, J = 2.5 Hz, 9H, tBu), 0.89 (s, 9H,
t

Bu), 0.10 – 0.05 (m, 12H, 4 × SiCH3); 13C NMR (126 MHz, CDCl3) δ 204.3 (C, 4'-C=O), 204.2

(C, 4'-C=O*), 168.40 (C, C-5'), 168.38 (C, C-5'*), 92.5 (C, C-1'), 76.0 (CH, C-1), 75.8 (CH, C2'), 69.33 (CH2, CCH2OTBS), 69.25 (CH2, CCH2OTBS*), 62.0 (CH2, 3-CH2), 61.7 (CH2,
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OCH2CH3), 53.89 (CH, C-4'), 53.87 (CH, C-4'*), 39.0 (C, C-2), 35.8 (CH2, C-5), 34.4 (C, C-4),
32.1 (CH3, OCH2CH3), 29.9 (CH3, 4-CH3), 27.1 (CH2, C-6), 26.1 (3 × CH3 & C, OTBS), 25.9
(3 × CH3 & C, OTBS), 25.4 (CH3, 2-CH3a), 22.9 (CH3, 2-CH3b), 18.5, 18.2, 17.9 (CH2, C-3'), 5.4 (2 × CH3, SiCH3), -5.5 (2 × CH3, SiCH3); HRMS (ESI+) [M + Na]+ 605.3655 calc for
C31H58NaO6Si2 605.3664.
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Ethyl

(1S,2S,4R,6S)-6,6'-bis(((tert-butyldimethylsilyl)oxy)methyl)-1,5,5-trimethyl-3',4'-

dihydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-pyran]-5'-carboxylate,

major

473;

ethyl

(1S,2R,4R,6S)-6,6'-bis(((tert-butyldimethylsilyl)oxy)methyl)-1,5,5-trimethyl-3',4'-dihydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-pyran]-5'-carboxylate, minor 483

To alcohol 466 (15 mg, 0.026 mmol) and AuCl·DMS (0.7 mg, 0.003 mmol) in MeOH (3 mL)
at rt was added PPTS (62 g) as a solution in MeOH (62 L). The resultant solution was allowed
to stir at rt for 16 h then sat. aq. NaHCO3 (3 mL) was added, and the mixture was extracted with
CH2Cl2 (3 × 5 mL). The combined organic phases were dried over Na2SO4 and concentrated in
vacuo. The resultant crude oil was purified by flash chromatography (5% Et2O in pet. ether) to
afford the title compounds 473 and 483 (8 mg 473, 53%; 2 mg 483, 13%) as clear oils.
Data for maj-473
IR (film) νmax 2958, 2930, 2858, 2326, 1703, 1269, 1100 cm-1; 1H NMR (500 MHz, CDCl3) δ
4.73 (q, J = 13.0 Hz, 2H, 6'-CH2OTBS), 4.17 (qd, J = 7.1, 1.7 Hz, 2H, CH2CH3), 3.79 (qd, J =
10.2, 6.7 Hz, 2H, 6-CH2OTBS), 3.36 (t, J = 2.6 Hz, 1H, H-4), 2.54 – 2.42 (m, 2H, H-4'), 2.14 –
2.00 (m, 2H, Ha-3' & Ha-8), 1.79 (t, J = 11.7 Hz, 2H, Ha-7 & Hb-3'), 1.55 – 1.44 (m, 3H, Hb-8
& H-6 & Hb-7), 1.27 (t, J = 7.2 Hz, 3H, CH2CH3), 1.09 (s, 3H, 5-CH3a), 1.01 (s, 3H, 5-CH3b),
0.93 (s, 9H, SitBu), 0.92 (s, 9H, SitBu), 0.86 (s, 3H, 1-CH3), 0.09 – 0.08 (m, 12H, 4 × SiCH3);
13C

NMR (126 MHz, CDCl3) δ 167.9 (C, CO2Et), 162.6 (C, C-6'), 103.0 (C, C-5'), 102.7 (C, C-

2), 78.3 (CH, C-4), 61.7, (CH2, 6'-CH2), 60.4 (CH2, 6-CH2), 59.9 (CH2, OCH2CH3), 47.2 (CH,
C-6), 38.0 (C, C-1), 36.5 (C, C-5), 30.6 (CH3, 5-CH3a), 26.13 (3 × CH3, tBu), 26.06 (3 × CH3,
t

Bu), 24.9 (CH2, C-8), 23.3 (CH2, C-3'), 21.6 (CH2, C-7), 21.4 (CH3, 5-CH3b), 19.6 (CH3, 1-

CH3), 18.6 (C, 2 × SiC), 18.2 (CH2, C-4'), 14.5 (CH3, OCH2CH3), -5.1 (2 × CH3, SiCH3), -5.3
(CH3, SiCH3), -5.4 (CH3, SiCH3); HRMS (ESI+) [M + Na]+ 605.3642 calc for C31H58NaO6Si2
605.3664.
Data for min-483
IR (film) νmax 2961, 2930, 2862, 1979, 1653, 1634, 1099, 1064 cm-1; 1H NMR (500 MHz,
CDCl3) δ 4.84 (d, J = 12.8 Hz, 1H, 6'-CH2OTBSa), 4.56 (d, J = 12.8 Hz, 1H, 6'-CH2OTBSb),
4.14 (qd, J = 6.9, 2.0 Hz, 2H, CH2CH3), 3.80 (dd, J = 5.9, 3.2 Hz, 2H, 6-CH2OTBS), 3.38 (s,
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1H, H-4), 2.52 – 2.42 (m, 2H, H-4'), 2.32 (ddd, J = 6.6, 4.6, 1.9 Hz, 1H, H-6), 1.86 (d, J = 8.7
Hz, 2H, Ha-8 & Ha-3'), 1.83 – 1.76 (m, 1H, Ha-7), 1.65 (ddd, J = 14.0, 11.3, 4.8 Hz, 2H, Hb-8
& Hb-7), 1.28 – 1.25 (m, 4H, Hb-3' & OCH2CH3) 1.15 (s, 3H, 5-CH3a), 1.00 (s, 3H, 5-CH3b),
0.92 (s, 3H, 1-CH3), 0.91 (s, 9H, tBu), 0.90 (s, 9H, tBu), 0.08 – 0.06 (m, 12H, 4 × SiCH3); 13C
NMR (126 MHz, CDCl3) δ 167.8 (C, CO2Et), 162.3 (C, C-6'), 103.0 (C, C-5'), 102.3 (C, C-2),
79.2 (CH, C-4), 61.7 (CH2, 6'-CH2), 60.7 (CH2, 6-CH2), 59.9 (CH2, OCH2CH3), 43.4 (CH, C6), 37.9 (C, C-1), 36.1 (C, C-5), 30.7 (CH3, 5-CH3a), 26.2 (3 × CH3, tBu), 26.1 (3 × CH3, tBu),
25.8 (CH2, C-7), 23.1 (CH2, C-8), 22.1 (CH3, 5-CH3b), 19.0 (CH3, 1-CH3), 18.6 (C, SiC), 18.2
(C, SiC), 18.0 (C, C-4'), 14.5 (CH3, OCH2CH3), -5.0 (CH3, SiCH3), -5.1 (CH3, SiCH3), -5.5
(CH3, SiCH3), -5.6 (CH3, SiCH3); HRMS (ESI+) [M + Na]+ 605.3651 calc for C31H58NaO6Si2
605.3664
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(1R,3R,4S)-4-Ethynyl-2,2,4-trimethyl-3-(((triisopropylsilyl)oxy)methyl)cyclohexan-1-ol, 487

To a stirred solution of diol 408 (325 mg, 1.66 mmol) and DIPEA (0.87 mL, 4.97 mmol) in
CH2Cl2 (17 mL) at 0 °C was added a solution of TBSOTf (0.53 mL, 1.97 mmol) in CH2Cl2 (4
mL) dropwise over 20 min. The resulting solution was allowed to stir at 0 °C for 30 min then
sat. aq. NaHCO3 (10 mL) was added. The organic phase was then separated, and the aqueous
phase was extracted with CH2Cl2 (2 × 10 mL). The combined organic phases were then washed
with brine (15 mL), dried over Na2SO4, and concentrated in vacuo. The resultant crude oil was
purified by flash chromatography (15% EtOAc in pet. ether) to afford the title compound 487
(531 mg, 91%).
IR (film) νmax 3420, 3312, 2943, 2893, 2866, 1463, 1097, 994 cm-1; 1H NMR (400 MHz, CDCl3)
δ 4.11 (dd, J = 10.7, 2.5 Hz, 1H, 3-CH2a), 4.00 (dd, J = 10.7, 6.1 Hz, 1H, 3-CH2b), 3.50 (s, 1H,
H-1), 2.15 – 2.03 (m, 2H, H-2' & H-3), 1.87 – 1.76 (m, 2H, Ha-5 & Ha-6), 1.71 – 1.57 (m, 2H,
Hb-5 & Hb-6), 1.25 (s, 3H, 4-CH3), 1.19 (s, 3H, 2-CH3a), 1.10-1.04 (m, 24H, OTIPS & 2-CH3b);
13C

NMR (101 MHz, CDCl3) δ 94.5 (C, C-1'), 76.3 (CH, C-1), 67.8 (CH, C-2'), 62.9 (CH2, 3-

CH2), 50.1 (CH, C-3), 38.4 (C, C-2), 34.6 (CH2, C-5), 34.5 (CH2, C-4), 28.1 (CH3, 2-CH3a),
25.6 (CH2, C-6), 24.2 (CH3, 2-CH3b), 23.9 (CH3, 4-CH3), 18.3 (6 × CH3, SiCHCH3), 12.1 (3 ×
CH, SiCH); HRMS (ESI+) [M + Na]+ 375.2686 calc for C21H40NaO2Si 375.2690.
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(1R,3R,4S)-4-(3-Hydroxyprop-1-yn-1-yl)-2,2,4-trimethyl-3-(((triisopropylsilyl)oxy)methyl)
cyclohexan-1-ol, 488

To alkyne 487 (500 mg, 1.42 mmol) in Et2O (10 mL) at –78 °C was added MeLi (3.27 mL, 8.51
mmol, 2.6 M in dimethoxyethane) dropwise. The resulting solution was warmed to 0 °C and
allowed to stir at this temperature for 30 min before cooling to –78 °C. Paraformaldehyde (341
mg, 11.3 mmol) was then added and the resulting suspension was allowed to warm rt and stir
for 1 h. Sat. aq. NH4Cl (5 mL) was then added and the mixture was extracted with CH2Cl2 (3 ×
10 mL). The combined organic phases were then washed with brine (10 mL), dried over Na2SO4,
and concentrated in vacuo. The resultant crude oil was purified by flash chromatography (1535% EtOAc in pet. ether) to afford the title compound 488 (325 mg, 60%) alongside recovered
alkyne 487 (136 mg, 82% brsm).
IR (film) νmax 3311, 2942, 1461, 1100, 995, 882 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.22 (s,
2H, H-3'), 4.08 (dd, J = 10.6, 2.4 Hz, 1H, 3-CH2a), 3.98 (dd, J = 10.6, 6.3 Hz, 1H, 3-CH2b),
3.50 (s, 1H, H-1), 2.09 (td, J = 12.2, 3.0 Hz, 1H, H-3), 1.86 – 1.75 (m, 2H, Ha-5 & Ha-6), 1.69
– 1.55 (m, 2H, Hb-5 & Hb-6), 1.22 (s, 3H, 4-CH3), 1.18 (s, 3H, 2-CH3a), 1.10 – 1.04 (m, 24H,
OTIPS & 2-CH3b); 13C NMR (101 MHz, CDCl3) δ 96.3 (C, C-1'), 77.8 (C, C-2'), 76.3 (CH, C1), 63.0 (CH2, 3-CH2), 51.7 (CH2, C-3'), 50.1 (CH, C-3), 38.4 (C, C-2), 34.6 (CH2, C-5), 34.5
(CH2, C-4), 28.2 (CH3, 2-CH3a), 25.6 (CH2, C-6), 24.1 (CH3, 2-CH3b), 23.9 (CH3, 4-CH3), 18.3
(6 × CH3, CHCH3), 12.1 (3 × CH, SiCH).
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(1R, 3R, 4S)-3-(((Triisopropylsilyl)oxy)methyl)-4-(5'-ethoxy-5'-oxo-4'-(((tertbutyldimethylsilyl)oxy)acetyl)pent-1'-yn-1'-yl)-2,2,4-trimethylcyclohexan-1-ol, 484

To alcohol 488 (210 mg, 0.55 mmol) and Et3N (122 L, 0.88 mmol) in CH2Cl2 (7 mL) at 0 °C
was added a solution of MsCl (46 L, 0.60 mmol) in CH2Cl2 (0.8 mL) dropwise over 10 min.
The reaction mixture was allowed to stir at 0 °C for 30 min, then H2O (10 mL) was added. The
organic phase was then separated, and the aqueous phase was extracted with CH2Cl2 (2 × 15
mL). The combined organic phases were then dried over Na2SO4 and concentrated in vacuo.
The crude oil was then dissolved in acetone (7 mL) and NaI (165 mg, 1.10 mmol) was added.
The resultant mixture was protected from light and stirred at rt for 16 h. The reaction mixture
was then filtered over celite and the solid residue was washed with Et2O (2 × 5 mL). The filtrate
was then concentrated in vacuo and purified by flash chromatography (10% EtOAc in pet. ether)
to give iodide 488a used in the following step immediately.
To a solution of iodide 488a and ester 465 (405 mg, 1.64 mmol) in DMF (12 mL) at rt was
added Cs2CO3 (893 mg, 2.74 mmol). The resulting suspension was allowed to stir at rt for 16 h.
The reaction mixture was then diluted with Et2O (50 mL), washed with H2O (30 mL) then brine
(30 mL). The organic phase was dried over Na2SO4 and concentrated in vacuo. The crude oil
was then purified by flash chromatography (10% EtOAc in pet. ether) to give the title compound
484 (150 mg, 44%) as a clear oil.
IR (film) νmax 2928, 2865, 1724, 1464, 1259, 1096, 780 cm-1; 1H NMR (500 MHz, CDCl3) δ
4.32 – 4.27 (m, 2H, CH2OTBS), 4.14 (m, 2H, OCH2CH3), 4.03 (dd, J = 10.7, 1.7 Hz, 1H, 3CH2a), 3.96 – 3.89 (m, 1H, 3-CH2b), 3.78 (dd, J = 8.0, 6.9 Hz, 1H, H-4'), 3.47 (s, 1H, H-1), 2.73
– 2.59 (m, 2H, H-3'), 1.95 (t, J = 11.0 Hz, 1H, Ha-5), 1.75 (tt, J = 11.3, 3.4 Hz, 1H, Ha-6), 1.69
(brs, 1H, H-3), 1.64 – 1.57 (m, 1H, Hb-6), 1.57 – 1.46 (m, 1H, Hb-5), 1.25 (dt, J = 7.9, 2.1 Hz,
3H, OCH2CH3), 1.16 (s, 3H, 2-CH3a), 1.14 (s, 3H, 4-CH3), 1.06 (t, J = 5.5 Hz, 24H, 2-CH3b &
OTIPS), 0.90 (s, 9H, tBu), 0.08 – 0.06 (m, 6H, 2 × SiCH3);

13C

NMR (126 MHz, CDCl3) δ

204.09 (C, 4'-C=O), 204.07 (C, 4'-C=O*), 168.37 (C, C-5'), 168.35 (C, C-5'*), 92.5 (C, C-1'),
76.2 (CH, C-1), 75.5 (CH, C-2'), 69.4 (CH2, CH2OTBS), 69.3 (CH2, CH2OTBS*), 62.9 (CH2, 3-
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CH2), 61.6 (CH2, OCH2CH3), 53.9 (CH, C-4'), 53.8 (CH, C-4'*), 50.6 (CH, C-3), 38.49 (C, C2), 38.46 (CH3, 4-CH3), 34.9 (CH2, C-5), 34.5 (C, C-4), 27.8 (CH2, C-6), 25.92 (CH3, 2-CH3a),
25.85 (3 × CH3, tBu), 24.4 (CH3, 2-CH3b), 18.4 (C, SiC), 18.3 (6 × CH3, CHCH3), 17.8 (CH2,
C-3'), 14.2 (CH3, OCH2CH3), 12.4 (3 × CH2, SiCH), -5.46 (CH3, SiCH3a), -5.49 (CH3, SiCH3b);
HRMS (ESI+) [M + Na]+ 647.4130 calc for C34H64NaO6Si2 647.4134.
*

denotes signal arising exclusively from one diastereomer
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4-Hydroxy-3-(3-((1''R, 3''R, 4''S)-1''-hydroxy-2'',2'',4''-trimethyl-3''(((triisopropylsilyl)oxy)methyl)cyclohexyl)prop-2'-yn-1'-yl)furan-2(5H)-one, 487

To TBS ether 484 (40 mg, 0.064 mmol) in MeOH (1 mL) at rt was added TsOH·H2O (1 mg,
0.006 mmol) as a solution in MeOH (60 L). The reaction mixture was stirred at rt for 16 h,
then K2CO3 (51 mg, 0.37 mmol) was added, and the resultant mixture was stirred at rt for a
further 4 h. The reaction mixture was diluted with EtOAc (10 mL) and washed with sat. aq.
NH4Cl (5 mL). The aqueous phase was extracted with EtOAc (2 × 10 mL), then the combined
organic phases were washed with brine (10 mL), dried over Na2SO4, and concentrated in vacuo.
The crude oil was purified by flash chromatography (10% MeOH in CH2Cl2) to afford the title
compound 487 (81%, 24 mg) as a clear oil.
IR (film) νmax 2942, 2867, 1739, 1674, 1410, 1102, 1048, 882 cm-1; 1H NMR (500 MHz, CDCl3)
δ 4.58 (t, J = 1.7 Hz, 2H, H-5), 4.01 (ddd, J = 16.6, 10.7, 4.5 Hz, 2H, 3''-CH2), 3.49 (brs, 1H, H1''), 3.21 – 3.09 (m, 2H, H-1'), 2.15 (td, J = 12.8, 3.3 Hz, 1H, Ha-5''), 1.89 – 1.80 (m, 2H, H-3''
& Ha-6''), 1.70 – 1.57 (m, 2H, Ha-5'' & Hb-6''), 1.27 (s, 3H, 4''-CH3), 1.16 (s, 3H, 2''-CH3a), 1.07
(d, J = 4.6 Hz, 21H, OTIPS), 1.02 (s, 3H, 2''-CH3b); 13C NMR (126 MHz, CDCl3) δ 173.5 (C,
C-2), 172.5 (C, C-4), 96.1 (C, C-3), 95.9 (C, C-3'), 76.0 (CH, C-1''), 73.9 (C, C-2'), 66.9 (CH2,
C-5), 62.9 (CH2, 3''-CH2), 49.8 (CH, C-3''), 38.2 (C, C-2''), 34.8 (C, C-4''), 34.5 (CH2, C-5''),
28.4 (CH3, 2''-CH3a), 25.2 (CH2, C-6''), 23.7 (CH3, 2''-CH3b), 23.2 (CH3, 4''-CH3), 18.2 (6 ×
CH3, SiCHCH3), 13.8 (CH2, C-1'), 12.1 (3 × CH, SiCH); HRMS (ESI+) [M + Na]+ 487.2856
calc for C26H44NaO5Si 487.2850.
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(1S, 2S, 4R, 6S)-1,5,5-Trimethyl-6-(((triisopropylsilyl)oxy)methyl)-4',7'-dihydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, maj-488; (1S, 2R, 4R, 6S)1,5,5-trimethyl-6-(((triisopropylsilyl)oxy)methyl)-4',7'-dihydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, min-489

To

alcohol

487

(21

mg,

0.034

mmol)

and

(acetonitrile)[(2-biphenyl)di-tert-

butylphosphine]gold(I) hexafluoroantimonate 481 (3 mg, 0.003 mmol) in MeOH (5 mL) at rt
was added PPTS (84 g) as a solution in MeOH (62 L). The resultant solution was allowed to
stir at rt for 16 h then sat. aq. NaHCO3 (3 mL) was added, and the mixture was extracted with
CH2Cl2 (3 × 5 mL). The combined organic phases were dried over Na2SO4 and concentrated in
vacuo. The resultant crude oil was purified by flash chromatography (5% Et2O in pet. ether) to
afford an inseparable mixture of the title compounds 488 and 489 (13 mg, 9:1 488-489, 63%
combined yield) as a clear oil.
IR (film) νmax 2931, 2866, 1770, 1680, 1108, 1021, 799 cm-1; 1H NMR (500 MHz, CDCl3) δ
4.63 – 4.53 (m, 2H, H-7'), 3.93 – 3.83 (m, 2H, 6-CH2), 3.45 – 3.43 (t, J = 2.5 Hz, 0.1H, H-4*),
3.40 (t, J = 2.6 Hz, 0.9H, H-4), 2.46 – 2.37 (m, 1H, Ha-4'), 2.37 – 2.29 (m, 1H, Hb-4'), 2.24 –
2.15 (m, 1.1H, H-6* & H-3'), 1.96 – 1.82 (m, 2H, H-8), 1.70 – 1.63 (m, 1H, Ha-7), 1.62 – 1.45
(m, 2.9H, H-6 & Hb-7, H-3'), 1.15 – 1.02 (m, 27H, OTIPS & 5-CH3a & 5-CH3b), 0.97 (s, 0.3H,
1-CH3*), 0.90 (s, 2.7H, 1-CH3); 13C NMR (126 MHz, CDCl3) δ 173.4 (C, C-5'), 173.3 (C, C7a'), 173.2 (C, C-7a'*), 173.0 (C, C-5'*), 108.9 (C, C-2), 107.8 (C, C-2*), 100.7 (C, C-4a'), 100.6
(C, C-4a'*), 79.6 (CH, C-4*), 78.8 (CH, C-4), 67.0 (CH2, C-7), 66.8 (CH2, C-7*), 61.0 (CH2, 6CH2*), 60.7 (CH2, 6-CH2), 48.3 (CH, C-6), 44.4 (CH, C-6*), 38.1 (C, C-1), 37.8 (C, C-1*), 36.6
(C, C-5), 35.8 (C, C-5*), 33.5 (CH2)*, 30.6 (CH3, 1-CH3), 30.5 (CH3, 1-CH3*), 26.3 (CH2)* , 25.2
(CH2, C-3'), 23.4 (C, C-8), 23.2 (CH2)*, 21.9 (CH2)*, 21.5 (CH2, C-7), 21.2 (CH3, 5-CH3a), 19.7
(CH3, 5-CH3b), 19.3 (CH3)*, 18.3 (6 × CH3, SiCHCH3), 13.3 (CH2, C-4'), 12.0 (3 × CH,
SiCHCH3); HRMS (ESI+) [M + Na]+ 487.2837 calc for C26H44NaO5Si 487.2850.
*

denotes signal arising exclusively from minor diastereomer
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(1S,2S,4R,4a'S,6S,7a'R)-1,5,5-Trimethyl-6-(((triisopropylsilyl)oxy)methyl)tetrahydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, min-493;
(1S,2R,4R,4a'R,6S,7a'S)-1,5,5-trimethyl-6-(((triisopropylsilyl)oxy)methyl)tetrahydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, maj-500

A suspension of 488-489 (10 mg, 0.022 mmol, 9:1) and Rh/Al2O3 (2.2 mg, 0.001 mmol, 5%
w/w) in MeOH (2 mL) was stirred at rt under an atmosphere of H2 (65 psi, Parr hydrogenator)
for 40 h. The suspension was then filtered and concentrated in vacuo to afford a mixture of the
title compounds 493 and 500 (10 mg, 1:1.2 493-500, quant. combined yield) as a clear oil.
IR (film) νmax 2925, 2858, 1785, 1463, 1261, 1025, 799 cm-1; 1H NMR (500 MHz, CDCl3) δ
4.74 (t, J = 3.8 Hz, 1H, H-7a'), 4.29 – 4.18 (m, 2H, H-7'), 3.80 (ddd, J = 10.2, 7.5, 2.1 Hz, 2H,
6-CH2), 3.29 (dd, J = 4.6, 2.4 Hz, 1H, H-4), 2.57 – 2.49 (m, 1H, H-4a'), 2.38 – 2.20 (m, 1H, Ha4'), 2.18 – 2.08 (m, 1.5H, Hb-4' & H-6*), 1.85 – 1.76 (m, 1.5H, Ha-8 & Ha-7*), 1.62 – 1.54 (m,
2.5H, Ha-7† & Ha-3' & Hb-8), 1.52 – 1.50 (m, 0.5H, H-6†), 1.48 – 1.43 (m, 1H, Hb-7), 1.26 (m,
1H, Hb-3'), 1.13 – 1.03 (m, 27H, 5-CH3a & OTIPS & 1-CH3), 1.00 (s, 3H, 5-CH3b); 13C NMR
(126 MHz, CDCl3) δ 177.84 (C, C-5'*), 177.75 (C, C-5'†), 101.1 (C, C-2*), 100.8 (C, C-2†), 78.7
(CH, C-4†), 78.1 (CH, C-4*), 72.8 (CH2, C-7'†), 72.6 (CH2, C-7'*), 68.65 (CH, C-7a'*), 68.63
(CH, C-7a'†), 61.3 (CH2, 6-CH2†), 61.0 (CH2, 6-CH2*), 47.3 (CH, C-6*), 44.2 (CH, C-6†), 39.0
(CH, C-4a'*), 38.9 (CH, C-4a'†), 38.2 (C, C-1*), 38.0 (C, C-1†), 36.5 (C, C-5*), 35.8 (C, C-5†),
30.8 (C, 1-CH3†), 30.6 (C, 1-CH3*), 26.1 (CH2, C-7†), 25.3 (CH2, C-7*), 23.6 (CH2, C-8*), 23.5
(CH2, C-8†), 22.9 (CH2, C-3'*), 22.7 (CH2, C-3'†), 21.6 (CH3, 5-CH3a†), 21.2 (CH3, 5-CH3a*),
19.7 (CH3, 5-CH3b*), 19.4 (CH3, 5-CH3b†), 18.3 (6 × CH3, SiCHCH3), 16.2 (CH2, C-4'*), 16.1
(CH2, C-4'†), 12.09 (3 × CH, SiCHCH3†), 12.05 (3 × CH, SiCHCH3*); HRMS (ESI+) [M + Na]+
489.2990 calc for C26H46NaO5Si 489.3007.
denotes signal arising exclusively from minor diastereomer; †denotes signal arising

*

exclusively from major diastereomer
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(1S,2S,4R,4a'S,6S,7'R,7a'R)-7'-Ethoxy-1,5,5-trimethyl-6(((triisopropylsilyl)oxy)methyl)tetrahydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4b]pyran]-5'(3'H)-one, desired-486; (1S,2R,4R,4a'R,6S,7'S,7a'S)-7'-ethoxy-1,5,5-trimethyl-6(((triisopropylsilyl)oxy)methyl)tetrahydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4b]pyran]-5'(3'H)-one, undesired-504

A solution of 493-500 (5 mg, 0.011 mmol, 1:1.2) in 1 M LiOH-THF (1:3, v/v, 0.5 mL) was
stirred at rt for 16 h, then diluted with 1 M HCl (5 mL) and extracted with CH2Cl2 (3 × 5 mL).
The combined organic phases were dried over Na2SO4 and concentrated in vacuo.
The crude oil was dissolved in CH2Cl2 (2 mL), DMP was added (9 mg, 0.02 mmol), and the
resulting mixture was stirred at rt. After 1 h, a second portion of DMP (5 mg, 0.01 mmol) was
added. After a further 40 min stirring at rt, an addition portion of DMP (2 mg, 0.005 mmol) was
added, and the reaction mixture was stirred for a further 20 min at rt. 5 % Na2S2O3 (5 mL, w/v)
was then added, and the reaction mixture was extracted with CH2Cl2 (3 × 5 mL). The combined
organic phases were dried over Na2SO4 and concentrated in vacuo.
The crude oil was dissolved in EtOH (2 mL) and PPTS (3 mg, 0.01 mmol) was added. The
resulting solution was stirred for 16 h at 35 °C then for a further 24 h at 45 °C. Sat. aq. NaHCO3
was added (5 mL) and the reaction mixture was extracted with CH2Cl2 (3 × 5 mL). The
combined organic phases were dried over Na2SO4, concentrated in vacuo, and purified by flash
chromatography (5-35% Et2O in pet ether) to afford title compounds 486 (2.2 mg, 42%) and 504
(2.3 mg, 44%) as clear oils alongside recovered lactone mixture 493-500 (0.8 mg, 98% brsm).
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Data for 486
IR (film) νmax 2963, 2924, 2853, 1792, 1465, 1111, 1022 cm-1; 1H NMR (500 MHz, CDCl3) δ
5.23 (s, 1H, H-7'), 4.50 (d, J = 4.4 Hz, 1H, H-7a'), 3.90 – 3.75 (m, 3H, 6-CH2 & Ha-OCH2CH3),
3.63 (dq, J = 9.5, 7.1 Hz, 2H, Hb-OCH2CH3), 3.30 (t, J = 2.6 Hz, 1H, H-4), 2.77 – 2.70 (m, 1H,
H-4a'), 2.22 (tdd, J = 13.6, 6.2, 4.5 Hz, 1H, Ha-4'), 2.10 (ddt, J = 9.1, 4.5, 2.1 Hz, 1H, Hb-4'),
1.91 – 1.81 (m, 1H, Ha-8), 1.72 (m, 2H, Hb-8 & Ha-7), 1.53 – 1.48 (m, 2H, H-6 & Ha-3'), 1.37
(td, J = 13.3, 4.9 Hz, 1H, Ha-7), 1.31 – 1.27 (m, 1H, Hb-3'), 1.23 (t, J = 7.1 Hz, 3H, OCH2CH3),
1.06 (t, J = 6.8 Hz, 24H, 5-CH3a & OTIPS), 1.00 (s, 3H, 5-CH3b), 0.76 (s, 3H, 1-CH3);

13C

NMR (126 MHz, CDCl3) δ 177.9 (C, C-5'), 105.8 (CH, C-7'), 100.8 (C, C-2), 78.0 (CH, C-4),
72.3 (CH, C-7a'), 65.2 (CH2, OCH2CH3), 60.9 (CH2, 6-CH2), 47.3 (CH, C-6), 38.2 (C, C-1),
37.2 (CH, C-4a'), 36.5 (C, C-5), 30.6 (CH3, 1-CH3), 25.5 (CH2, C-7), 23.5 (CH2, C-8), 21.6
(CH2, C-3'), 21.0 (CH3, 5-CH3a), 19.7 (CH3, 5-CH3b), 18.3 (6 × CH3, SiCHCH3), 15.8 (CH2, C4'), 15.1 (CH3, OCH2CH3), 12.0 (3 × CH, SiCHCH3); HRMS (ESI+) [M + Na]+ 533.3258 calc
for C28H50NaO6Si 533.3269; crystals were obtained for XRD analysis by evaporation from
petroleum ether, mp 75–78 °C.
Data for 504
IR (film) νmax 3000, 2960, 2923, 2851, 1771, 1375, 1247, 1056 cm-1; 1H NMR (500 MHz,
CDCl3) δ 5.18 (s, 1H, H-7'), 4.50 (d, J = 4.3 Hz, 1H, H-7a'), 3.89 – 3.77 (m, 2H, 6-CH2 & HaOCH2CH3), 3.64 (dq, J = 9.5, 7.0 Hz, 1H, Hb-OCH2CH3), 3.29 (t, J = 2.3 Hz, 1H, H-4), 2.75 (t,
J = 4.3 Hz, 1H, H-4a'), 2.32 – 2.22 (m, 1H, Ha-4'), 2.12 (td, J = 11.2, 5.0 Hz, 2H, Ha-4' & H-6),
1.84 – 1.76 (m, 1H, Ha-8), 1.60 – 1.51 (m, 2H, Hb-8a' & Ha-3'), 1.47 – 1.42 (m, 1H, Hb-3'), 1.23
(s, 3H, OCH2CH3), 1.19 – 1.11 (m, 5H, H-7 & 5-CH3a), 1.10 – 1.03 (m, 21H, OTIPS), 1.00 (s,
3H, 5-CH3b), 0.80 (s, 3H, 1-CH3); 13C NMR (126 MHz, CDCl3) δ 177.9 (C, C-5'), 105.8 (CH,
C-7'), 100.5 (C, C-2), 78.7 (CH, C-4), 72.2 (CH, C-7a'), 65.2 (CH2, OCH2CH3), 61.4 (CH2, 6CH2), 44.2 (CH, C-6), 38.0 (C, C-1), 37.1 (CH, C-4a'), 35.8 (C, C-5), 30.9 (CH3, 5-CH3a), 26.4
(CH2, C-3'), 23.4 (CH2, C-8), 22.7 (CH2, C-7), 21.6 (CH3, 5-CH3b), 19.4 (CH3, 1-CH3), 18.3 (6
× CH3, SiCHCH3), 15.7 (CH2, C-4'), 15.0 (CH3, OCH2CH3), 12.1 (3 × CH, SiCHCH3); HRMS
(ESI+) [M + Na]+ 533.3268 calc for C28H50NaO6Si 533.3269
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5.1 NMR Spectra of Novel Compounds
tert-Butyl 3-hydroxy-4,4-dimethoxy-2-methylenebutanoate, 265
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Appendix
(4R,5R)-5-ethoxy-4-hydroxy-3-methylenedihydrofuran-2(3H)-one, 247; (4R,5S)-5-ethoxy-4hydroxy-3-methylenedihydrofuran-2(3H)-one, 269
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(E)-3-((trimethysilyl)oxy)-1-methoxy-4-methylpenta-1,3-diene, 290
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Ethyl (E)-3-(5',5'-dimethyl-4-oxo-2',3'-dihydro-6'H-pyran-6'-yl)but-2-enoate, 303
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(3aS,7S,7aR)-5-((tert-Butyldimethylsilyl)oxy)-7-methoxy-4,4-dimethyl-3a,4,7,7atetrahydroisobenzofuran-1,3-dione, desmethyl-295
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Methyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8-carboxylate, 314

222

Appendix
Methyl (2S)-4,4,8-trimethyl-2-oxo-1-oxabicyclo[3.2.1]oct-6-ene-8-carboxylate, 318
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(3S,6R,8R)-N-methoxy-N,3,7,7-tetramethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8carboxamide, 319
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(3S,5R,8R)-N-methoxy-N,4,4,8-tetramethyl-2-oxo-1-oxabicyclo[3.2.1]oct-6-ene-8carboxamide, 320
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Methyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]octane-8-carboxylate, 322
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1',3'-dioxoisoindolin-2'-yl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8carboxylate, 332
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Ethyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8-carboxylate, 335
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1,3-dioxoisoindolin-2-yl

(3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]octane-8-

carboxylate, 344
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((1S,3S,4S)-4-Acetyl-1-hydroxy-2,2,4-trimethylcyclohexyl)methyl acetate, 379
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NOESY 379
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(E)-2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)acetonitrile, 391
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(E)-2-((5-(3,3-Dimethyloxiran-2-yl)-3-methylpent-2-en-1-yl)oxy)acetonitrile, 350
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(4aS,7S,8aS)-7-Hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-one, 380
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N'-((4aS,7S,8aR,Z)-7-Hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-ylidene)-4methylbenzenesulfonohydrazide, 402

235

Appendix
(1S,3R,4S)-4-Ethynyl-3-(hydroxymethyl)-2,2,4-trimethylcyclohexan-1-ol, 404
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(1R,6S)-6-Ethynyl-2,2,6-trimethyl-3-oxocyclohexane-1-carbaldehyde, 407
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(1S,3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-ol, 412
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((1R,3S,6S)-1-(benzyloxy)-4-ethynyl-2,2,4-trimethylcyclohexyl)methanol, 413

239

Appendix
(3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-one, 411
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(4aS,7S,8aS)-4a,8,8-Trimethylhexahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]-7-ol,
418
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(4aS,8aS)-4a,8,8-trimethyltetrahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]-7(4aH)one, 417
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(4aS,7R,8aS)-4a,8,8-Trimethylhexahydro-1H,3H-spiro[isochromene-4,2'-[1,3]dioxolan]-7-ol,
419
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(4aS,7R,8aS)-7-hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-one, 420

244

Appendix
(1R,3R,4S)-4-Ethynyl-3-(hydroxymethyl)-2,2,4-trimethylcyclohexan-1-ol, 408

245

Appendix
(1R,3R,4S)-3-((Benzyloxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1-ol, 347

246

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-ethynyl-2,2,4-trimethylcyclohexan-1ol, 423

247

Appendix
(4R,5R)-5-Ethoxy-3-methylene-2-oxotetrahydrofuran-4-yl acetate, 348

248

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-(3'-hydroxyprop-1'-yn-1'-yl)-2,2,4trimethylcyclohexan-1-ol, 436

249

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-1-((triethylsilyl)oxy))-4-(3-hydroxyprop1-yn-1-yl)-2,2,4-trimethylcyclohexane, 441

250

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-1-((triethylsilyl)oxy))-4-(3'-chloroprop1'-yn-1'-yl)-2,2,4-trimethylcyclohexane, 443

251

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-1-((triethylsilyl)oxy))-4-(3-iodoprop-1yn-1-yl)-2,2,4-trimethylcyclohexane, 444

252

Appendix
(1R,3R,4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-(3'-iodoprop-1'-yn-1'-yl)-2,2,4trimethylcyclohexan-1-ol, 445

253

Appendix
4-((3'-((1S,2R,4R)-3''-(((tert-butyldimethylsilyl)oxy)methyl)-1''-hydroxy-2'',2'',4''trimethylcyclohexyl)prop-1'-yn-3'-yl)oxy)furan-2(5H)-one, 460

254

Appendix
(1R, 3R, 4S)-3-(((Tert-butyldimethylsilyl)oxy)methyl)-4-(5'-ethoxy-5'-oxo-4'-(((tertbutyldimethylsilyl)oxy)acetyl)pent-1'-yn-1'-yl)-2,2,4-trimethylcyclohexan-1-ol, 466

255

Appendix
Ethyl (1S,2S,4R,6S)-6,6'-bis(((tert-butyldimethylsilyl)oxy)methyl)-1,5,5-trimethyl-3',4'dihydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-pyran]-5'-carboxylate, major 473

256

Appendix

HSQC spectrum for maj-473

257

Appendix
Ethyl (1S,2R,4R,6S)-6,6'-bis(((tert-butyldimethylsilyl)oxy)methyl)-1,5,5-trimethyl-3',4'dihydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-pyran]-5'-carboxylate, minor 483

258

Appendix

HSQC spectrum of 483

259

Appendix
(1R,3R,4S)-4-Ethynyl-2,2,4-trimethyl-3-(((triisopropylsilyl)oxy)methyl)cyclohexan-1-ol, 487

260

Appendix
(1R,3R,4S)-4-(3-Hydroxyprop-1-yn-1-yl)-2,2,4-trimethyl-3-(((triisopropylsilyl)oxy)methyl)
cyclohexan-1-ol, 488

261

Appendix
(1R, 3R, 4S)-3-(((Triisopropylsilyl)oxy)methyl)-4-(5'-ethoxy-5'-oxo-4'-(((tertbutyldimethylsilyl)oxy)acetyl)pent-1'-yn-1'-yl)-2,2,4-trimethylcyclohexan-1-ol, 484

262

Appendix
4-Hydroxy-3-(3-((1''R, 3''R, 4''S)-1''-hydroxy-2'',2'',4''-trimethyl-3''(((triisopropylsilyl)oxy)methyl)cyclohexyl)prop-2'-yn-1'-yl)furan-2(5H)-one, 487

263

Appendix
(1S, 2S, 4R, 6S)-1,5,5-Trimethyl-6-(((triisopropylsilyl)oxy)methyl)-4',7'-dihydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, maj-488; (1S, 2R, 4R, 6S)1,5,5-trimethyl-6-(((triisopropylsilyl)oxy)methyl)-4',7'-dihydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, min-489

264

Appendix
(1S,2S,4R,4a'S,6S,7a'R)-1,5,5-Trimethyl-6-(((triisopropylsilyl)oxy)methyl)tetrahydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, min-493;
(1S,2R,4R,4a'R,6S,7a'S)-1,5,5-trimethyl-6-(((triisopropylsilyl)oxy)methyl)tetrahydro-3oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4-b]pyran]-5'(3'H)-one, maj-500

265

Appendix

HSQC spectrum 493-500 mixture

266

Appendix
(1S,2S,4R,4a'S,6S,7'R,7a'R)-7'-Ethoxy-1,5,5-trimethyl-6(((triisopropylsilyl)oxy)methyl)tetrahydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4b]pyran]-5'(3'H)-one, desired-486

267

Appendix
(1S,2R,4R,4a'R,6S,7'S,7a'S)-7'-ethoxy-1,5,5-trimethyl-6(((triisopropylsilyl)oxy)methyl)tetrahydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4b]pyran]-5'(3'H)-one, undesired-504

268

Appendix

NOESY spectrum 504

269

Appendix

5.2 ORTEP Diagrams
Methyl (3S,6R,8R)-3,7,7-trimethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8-carboxylate, 314

CCDC# 1820461

270

Appendix
(3S,6R,8R)-N-methoxy-N,3,7,7-tetramethyl-2-oxo-1-oxabicyclo[2.2.2]oct-4-ene-8carboxamide, 320

CCDC# 1820462

271

Appendix
(4aS,7S,8aS)-7-Hydroxy-4a,8,8-trimethylhexahydro-1H-isochromen-4(3H)-one, 402

272

Appendix
(1R,3R,4S)-4-Ethynyl-3-(hydroxymethyl)-2,2,4-trimethylcyclohexan-1-ol, 408

273

Appendix
(1S,2S,4R,4a'S,6S,7'R,7a'R)-7'-Ethoxy-1,5,5-trimethyl-6(((triisopropylsilyl)oxy)methyl)tetrahydro-3-oxaspiro[bicyclo[2.2.2]octane-2,2'-furo[3,4b]pyran]-5'(3'H)-one, 486

274
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