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“...better not to do than to do, better to meditate than to act, better his astrophysics, the threshold of 
the Unknowable, than my chemistry, a mess compounded of stenches, explosions and small futile 
mysteries. I thought of another moral, more down to earth and concrete, and I believe that every 
militant chemist can confirm it: that one must distrust the almost-the-same (sodium is almost the 
same as potassium, but with sodium nothing would have happened_, the practically identical, the 
approximate, the or-even, all surrogates, and all patchwork. the difference can be small, but they can 
lead to radically different consequences, like a railroad's switch points; the chemist's trade consists in 
good part in being aware of these differences, knowing them close up, and foreseeing their effects. And 
not only the chemist's trade.“ 

Primo Levi, The periodic table 

 

“It is not the Critic who counts nor the man who points out how the strong man stumbles, or where 
the doer of deeds could have done them better. The credit belongs to the man who is actually in the 
arena, whose face is marred by dust and sweat and blood; who strives valiantly; who errs, who comes 
short again and again, because there is no effort without error and shortcoming; but who does 
actually strive to do the deeds; who knows great enthusiasms, the great devotions; who spends himself 
in a worthy cause; who at the best knows in the end the triumph of high achievement, and who at the 
worst, if he fails, at least fails while daring greatly, so that his place shall never be with those cold and 
timid souls who neither know victory nor defeat.” 

Theodore Roosevelt, Citizenship in a Rebublic 

 

„Das Können, nicht das Wissen, durch die Wissenschaft geübt. – Der Wert davon, daß man zeitweilig 
eine strenge Wissenschaft streng betrieben hat, beruht nicht gerade auf deren Ergebnissen: denn diese 
werden, im Verhältnis zum Meere des Wissenswerten, ein verschwindend kleiner Tropfen sein. Aber 
es ergibt einen Zuwachs an Energie, an Schlußvermögen, an Zähigkeit der Ausdauer; man hat gelernt, 
einen Zweck zweckmäßig zu erreichen. Insofern ist es sehr schätzbar, in Hinsicht auf alles, was man 
später treibt, einmal ein wissenschaftlicher Mensch gewesen zu sein.“ 

Friedrich Nietzsche, Menschliches, Allzumenschliches 
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Abstract 
Taxane diterpenes are a medicinally vital family of natural products, exhibiting potent anti-cancer 
activity and are isolated from slow-growing evergreen shrubs (genus Taxus) commonly known as 
yews. Their most prominent and bioactive congener Taxol (1) is one of the top-selling anticancer 
drugs in clinics over the past three decades. The scarcity of material available from the natural 
source, as well as the structural complexity of these natural products attracted significant interest in 
the synthetic community which resulted in major synthetic efforts that eventually culminated in the 
first total syntheses of Taxol (1) in 1994 by Nicolaou and Holton. To date more than 550 congeners 
are known, featuring an impressive structural diversity. Taxane diterpenes can be classified by their 
respective carbon scaffolds; the class of complex taxanes is defined by introduction of additional 
carbon-carbon bonds to the classical taxane framework. 

 
Abstract Figure 1 Comparison of the classical and complex Taxane core 

In contrast to the classical taxane core, no synthetic studies on complex taxanes have been reported. 
The perhaps structurally most intriguing representative amongst them is Canataxpropellane (2). 

 
Abstract Figure 2 Structural features of Canataxpropellane (2) 

In Canataxpropellane (2) the classical taxane core has been elaborated by introduction of 3 
additional carbon-carbon single bonds. This natural product harbors a number of unique structural 
features: two intertwined propellane substructures, a [3.3.2]- and a [4.4.2] propellane; a fenestrane-
like system and an all quaternary cyclobutane ring. The structure comprises 12 contiguous 
stereocenters of which 6 are contiguous quaternary centers and is highly oxygenated. This thesis 
describes the first total synthesis of (–)-Canataxpropellane (2) in 26 steps.2 The core structure of the 
(–)-Canataxpropellane (2) was assembled in two steps using a Diels–Alder/ortho-alkene-arene 
photocycloaddition sequence. Enantioselectivity was introduced by designing chiral siloxanes to 
serve as auxiliaries in the Diels–Alder reaction. 
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Zusammenfassung 

Taxane sind eine medizinisch wichtige Familie von Diterpenoiden, die eine hohe Anti-Tumor 
Aktivität aufweisen und aus den langsam wachsenden, immergrünen Sträuchern der Gattung Eibe 
(Taxus) isoliert wurden. Der bekannteste und hinsichtlich der biologischen Aktivität potenteste 
Vertreter dieser Naturstofffamilie, Taxol (1), ist eines der am häufigsten angewandten 
Medikamente zur Behandlung von Krebs in den letzten drei Jahrzehnten. Die faszinierende 
Struktur dieses Naturstoffes und eine Verknappung von aus natürlichen Quellen gewonnenem 
Taxol haben zu einem erheblichen Interesse seitens synthetischer Chemiker geführt, wobei eine 
Totalsynthese von Taxol schließlich von den Gruppen um Holton und Nicolaou erzielt werden 
konnte. Heute sind eine Vielzahl weiterer Naturstoffe der Familie der Taxane bekannt, die eine 
große strukturelle Diversität aufweisen. Taxane können gemäß ihrem Kohlenstoffgerüst 
klassifiziert werden, wobei sich die sogenannten Cyclotaxane durch zusätzliche 
Kohlenstoffbindungen im Gerüst auszeichnen. 

 
Abbildung 3 Vergleich der Kohlenstoffgerüste von klassischen und Cyclotaxanen 

Im Unterschied zu klassischen Taxanstrukturen wurden bisher keine Studien zur Synthese von 
Cyclotaxanen veröffentlicht. Der vielleicht faszinierendste Vertreter dieser Klasse von Taxanen ist 
Canataxpropellan (2). 

 
Abbildung 4 Schlüsselelemente der Struktur von Canataxpropellane (2) 

Canataxpropellan zeichnet sich durch eine Erweiterung der klassischen Taxanstruktur durch drei 
zusätzliche Kohlenstoffbindungen aus. Dieser Naturstoff besitzt einige Einzartige strukturelle 
Merkmale, die Struktur beinhaltet sowohl ein [3.3.2] Propellan als auch ein [4.4.2] Propellan sowie 
ein Fenestran-artiges System und einen Cyclobutan-Ring der sich ausschließlich aus quaternären 
Zentren zusammensetzt. Die Struktur von Canataxpropellan (2) besitzt insgesamt 12 Stereozentren 
an jeweils benachbarten Positionen, wobei 6 dieser Stereozentren zugleich quaternäre Zentren sind. 



X 

Diese Dissertation beschreibt die Totalsynthese von (–)-Canataxpropellan (2) in 26 Schritten. Die 
Kernstruktur von (–)-Canataxpropellan (2) wurde dabei durch Kombination einer Isobenzofuran 
Diels-Alder-Reaktion und einer ortho-Olefin-Aren Photocycloaddition dargestellt. Ein Zugang zu 
optisch aktivem Material wurde durch die Entwicklung neuer chiraler Auxiliare auf Alkoxysilan-
Basis ermöglicht. 
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1. Introduction 

1.1. Taxanes - Historical Background and Significance 

Taxanes are a large family of diterpene natural products exclusively isolated from the yew tree 
(genus Taxus). The most prominent congener of this family, Taxol, became one of the most 
important anti-cancer drugs in clinical use and is part of the world health organization’s ‘List of 
Essential Medicines’. The medical significance of Taxol spurred enormous efforts in multiple 
scientific fields towards investigation of this family of natural products, including natural product 
chemistry, organic synthesis, biology and medicine.1 

The history of taxanes in natural product chemistry reaches back as far as 1856 with the isolation of 
‘taxine’, a compound mixture which was tentatively assigned as the source of the yews toxicity.2 The 
‘taxane story’ started to gain momentum in the early 1950s when the national cancer institute 
(NCI) initiated a screening program for substances with cytotoxic properties against tumor cell 
lines that included plant extracts.1 The first samples from yew trees were collected in the course of 
this program by botanist Arthur S. Barclay of the United States Department of Agriculture and sent 
to the NCI for testing.3,4 An extract from the pacific yew, Taxus bevifolis (containing Taxol, as it 
later turned out) received attention for its activity against the KB9 cell line (a lung carcinoma cell 
line).4 

Monroe E. Wall and Mansukh C. Wani from the Triangle research institute further investigated the 
composition of material from Taxus brevifolis and isolated the major active component ‘Taxol’ (see 
figure 1) from the bark of Taxus brevifolis, in low 0.02% yield.5 The isolation process started with a 
water/CHCl3 extraction, followed by chromatographic separation on different immobile phases. 
The search for the active constituent was guided by the biological activity via screening of semipure 
fractions for cytotoxic activity against KB9. The structure of the active component was eventually 
elucidated by methanolysis and X-ray structure determination of both obtained parts, the terpenoid 
part as well as the peptide side chain (as the corresponding methyl ester) and published in the 
Journal of the American Society (JACS) in 1971.5 

The initially observed bioactivity did not trigger much attention, as the activity was inferior 
compared to other known candidates for anti-cancer medication at the time, as e.g. Vinblastin (see 
figure 1).3 High interest in Taxol arose after publication of the mechanism of the cytotoxic action by 
Horwitz in Nature in 1979.6 This mechanism is unique compared to other cytotoxic agents 
previously identified. The spindle apparatus, which is responsible for separation of chromatids 
during the mitosis is assembled by polymerization of tubulin, a class of 55 kDa proteins. The most 
important members of this class of proteins are - and -tubulin. Tubulins are naturally in a 
dynamic equilibrium of monomer species, heterodimers and higher aggregates. This equilibrium is 
sensitive, binding of GTP on the tubulins during the interphase of the cell initiates formation of the 
spindle apparatus. Thereby, - and -tubulin aggregate by noncovalent bonding reversibly to form 
larger structures, the microtubules, which in turn form the spindle apparatus. At the end of the 
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mitotic cycle, the microtubules are disassembled by Ca2+ induced depolymerization of the tubulins. 
Taxol however binds to the polymerized tubulin, the tubulin aggregates are stabilized and the 
spindle apparatus cannot be disassembled. This disruption of mitosis locks the cells in the G2 or 
metaphase and eventually leads to the induction of apoptosis. Substances with a mechanism of 
action that target the mitosis are called mitotic inhibitors. Mitotic inhibitors can be divided into 
two classes: agents that bind to -/-tubulin heterodimers thereby inhibiting the polymerization of 
tubulin to the microtubule, and agents like Taxol which bind specifically to the tubulin polymers 
preventing the disaggregation of the microtubule. While the former class of mitotic inhibitor was 
known before, e.g. in form of Vinca alkaloids like Vinblastin, the latter was new and unique for the 
taxanes.7,8 

 

Figure 1 Cytotoxic natural products - mitosis inhibitors 

Another molecule with a rich history in organic chemistry, though structurally unrelated, 
Discodermolide,9 would later be identified as another promising candidate from the same class of 
mitotic inhibitors.10 

As Taxol advanced to the clinical stages, the supply for Taxol by isolation from the bark of Taxus 
brevifolia was recognized as a potential limitation of the medical use of Taxol for cancer therapy, as 
one treatment cycle requires commonly gram amounts of Taxol, equaling extraction from the bark 
of around three to six full grown trees of Taxus brevifolis. As the removal of the bark causes the 
death of the tree, harvest of Taxol from naturally growing yew trees was quickly found non-
sustainable, and indeed soon prevented by legislation (the ‘pacific yew act’ of 1992 established a 
committee to control the activities concerning yew harvest for Taxol production) to prevent 
extinction of the species. Cultivation of the trees is rendered uneconomic by their slow growth. This 
has led to what was dubbed the ‘Taxol supply problem’. It was estimated that around 13000 yew 
trees were cut to gain Taxol for clinical trials.4 

Early clinical treatment struggled with formulation issues, owing to the low solubility of Taxol in 
aqueous as well as many organic media. This could be solved by formulation in a mixture of 
cremophore EL (a castor oil derivative) and ethanol. Subsequently significant success was observed, 
first against ovarian cancer, then against metastatic breast cancer. As the standard of care for this 
cancer form at that time showed low efficiency, Taxol offered an important alternative for the 
patients suffering from this cancer form. The number of those patients for which Taxol offered an 
potential superior treatment option, especially after other treatment options failed, made it 
imperative to find an urgent solution to the ‘Taxol supply problem’.4  
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Independent of the clinical developments, organic researchers started to take up Taxol as the 
subject of their investigations, intrigued by the unique structure of this natural product. Several 
groups subsequently attempted a total synthesis of Taxol. The First successful synthesis was 
published by the groups of Holton and Nicolaou in 1994.11-13 While total synthesis offered no 
scalable solution for drug products (the synthesis routes featured 46 (Holton) and 40 (Nicolaou) 
steps), the synthesis demonstrated an efficient method for connecting the terpene part of the 
molecule with the peptide side chain by acylation at the C13 alcohol.12 Holton and the Florida State 
University14 subsequently patented their method, utilizing a -lactam developed by the groups of 
Holton and Ojima.15 The key aspects of this method are high yield, no racemization of stereocenters 
on the substrates and the option to use cheaply accessible racemic -lactam without the generation 
of diastereomers in the acylation reaction (a detailed discussion will be given in chapter 1.3.2). It is 
noteworthy that a method published by Ojima alternatively offered efficient access to optically 
active -lactam, also sometimes called ‘Ojima lactam’.15 These synthetic findings became important 
as it was found that a potential Taxol precursor, 10-deacetyl-baccatin III, can be found in many yew 
species and is much more readily extracted from the needles of the yew tree than the isolation of 
Taxol itself from the bark. This precursor represents the terpenoid part of the molecule, only 
missing C13 attachment of the peptide side chain to render this natural product into Taxol.4 

To meet the increasing demand for Taxol, the NCI sought a partnership with industry and 
essentially handed over the rights on Taxol to Bristol-Myers-Squibb (BMS). Subsequently BMS 
filed a new drug application at the FDA in 1992.4 The Italian company Indena S.P.A developed an 
industrial scale process for the extraction and purification of 10-deacetyl-baccatin III, which 
enabled them to deliver large amounts of the compound to BMS.4 BMS applied the method 
patented by Holton14 for semi-synthesis of Taxol by acylation of 10-deacetyl-baccatin III, which 
ensured sufficient access of the drug for a large patient population. The patent by Holton and the 
FSU is occasionally quoted as the most successful example of academic technology transfer, 
involving royalties by BMS to Holton and the FSU in the range of 350 million USD.16 

Taxol has subsequently become one of the most applied anti-cancer drugs in the clinic, with annual 
sales grossing around 1.5 billion USD in 1999.17 Multiple Taxol derivatives like Docetaxel/Taxotere 
and Cabazitaxel have been developed and successfully applied in clinic.18 Starting in 1998, BMS 
partnered with Pyton Biotech, which utilized a plant cell fermentation process to obtain a 
sustainable production of Taxol. The production scale of their facility in Germany is around 1000 
kg of Taxol per year.17,19 The intensive research on taxanes has uncovered an impressive variety of 
taxane natural products, whereas isolation of more than 550 different taxanes has been reported in 
literature.1 

The following chapters of this thesis will give an introduction into classification of taxane natural 
products, their biosynthesis and research guided towards taxane synthesis. 
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1.1.1. Nomenclature 

 

Figure 2 Numbering and ring nomenclature in the taxane framework 

Owing to the extensive amount of taxane literature, a consensus exists concerning the numbering 
of taxane natural products. The depicted numbering scheme, as deducted from the classical taxane 
scaffold will be rigorously applied to all taxane classes, as well as synthetic intermediates, even if 
they only exhibit a subset of the taxane diterpene scaffold.  

The same applies to the naming scheme for the rings of the taxanes scaffold, the common 
nomenclature in the synthesis literature for Taxol is applied to all other classical taxanes. Ring 
systems in non-classical taxanes may be named identically if they can be mapped onto the classical 
taxane scaffold, additional rings which are encountered in cyclotaxanes by introduction of C-C 
single bonds in the carbon framework may be named differently. 

The diterpene ring system comprising C1-C20 in figure 2 will be referred to as terpenoid 
framework or terpenoid part of the taxane, the peptide comprising C1’-C3’ will be referred to as the 
peptide side-chain or peptide chain. 
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1.2. Classification of Taxane Diterpenes 

Figure 3 The family of taxane diterpene natural products.20 Reprinted (adapted) with permission from Schneider, 
F.*; Pan, L.*; Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright (2021) American 

Chemical Society. 

The family of naturally occurring taxane diterpenes can be classified into four different types, 
depending on their relationship to the classical taxane framework.1,20 The classical taxane scaffold 
(scaffold I in figure 3) is expressed by most isolated taxane natural products and also inherited by 
the most prominent member of the taxane diterpene family, Taxol. However, this class exhibits also 
the least degree of skeletal diversity among the taxanes. Taxane frameworks comprising  C-C bond 
scission are referred to as ‘degraded taxanes’ or ‘seco-taxanes’ (scaffolds VI, X in figure 3). These 
structures, when found in higher oxygenation states, often arise from retro-aldol or retro-Michael 
type fragmentations of the scaffolds (a tendency that is also encountered in the context of the 
authors own research, though not in a biomimetic manner, see chapters 2, 3). Rearrangement of the 
classical taxane framework, e.g. triggered by cationic 1,2-alkyl shifts or benzylic acid type 
rearrangements, leads to the ‘rearranged’ or ‘abeotaxanes’ (scaffolds IV, V, III). Notably it is not 
clear, at which point in the biosynthetic route this rearrangement takes place (vide infra). 
Additional connectivities in the taxane framework lead to the so called ‘complex taxanes’ or 
‘cyclotaxanes’. Curiously, while this class of taxane displays the least number of isolated natural 
products, it also features the largest degree of skeletal diversity (scaffolds VII, II, VIII, XI, IX). 
Concerning the biosynthetic origin of this class of taxanes no real consensus exists in the literature, 
but formation of these scaffolds from classical taxane intermediates in high oxygenation states is 
commonly assumed and has been demonstrated experimentally (see chapter 1.4 for literature 
examples), though not in a biomimetic manner to the best knowledge of the author. The reaction 
classes involved in the biosynthetic proposals for formation of cyclotaxanes thereby vary widely 
from enolate driven reactions (aldol reactions, Michael addition, n-exo-tet-cyclizations involving 
epoxides) to photochemical reactions.1,20 Cyclotaxanes mark the taxanes with the highest degree of 
concatenation among the taxane diterpene family and are also mostly reported in high oxygenation 
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states. These characteristics, together with a manifold of mechanistic options for their biosynthetic 
origin present a fascinating, yet formidable challenge regarding synthetic studies. 

As a concluding remark, one may rationalize the abundance of different taxane classes relative to 
the classical taxane scaffold also by the stage at which skeletal diversification occurs in the 
biosynthetic pathway. Seco-, abeo- and cyclotaxanes thereby most likely arise from taxane scaffolds 
in a state of high oxygenation, after exhaustive hydroxylation of the classical taxane scaffold. In 
contrast, the number of classical taxanes isolated from natural sources displays a wide range of 
oxygenation, from the pure hydrocarbon taxadiene to Taxol. 

The following section of this chapter will provide a brief description of taxane biosynthesis in 
general, followed by an overview over the proposed biosynthetic pathways towards nonclassical 
taxanes (specifically towards abeo- and cyclotaxanes; secotaxanes are thereby excluded as these are 
not primary targets of the authors studies). 

 

Figure 4 Biosynthesis of the classical taxane scaffold (I).20 Reprinted (adapted) with permission from Schneider, F.*; 
Pan, L.*; Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright (2021) American Chemical 

Society. 

The taxane biosynthesis can be divided into two separate parts, namely the ‘cyclase phase’ and the 
‘oxidase phase’.21 The former is concerned with the synthesis of the classical taxane scaffold (I) from 
geranyl-geranyl-pyrophosphate (GGPP),22-24 the biosynthetic origin of all diterpenes. From this first 
process arises a pure hydrocarbon scaffold, taxa-4(5),11(12)-diene,22 which is then stepwise 
oxygenated by merit of an array of hydroxylases. This second process characterizes the ‘oxidase 
phase’. An overview of the ‘cyclase phase’ of the taxane biosynthesis is given in figure 4.20 The 
biosynthesis commences with a cationic macrocyclization of GGPP initiated by taxadiene synthase. 
A computational study by Hong and Tantillo24 showed that the most favorable intermediate along 
this pathway is the allylic cation 6. Thereby, a through-space interaction between the C2 based 
allylic cation and the C1-C16 based -orbital stabilizes the cation 6, the resulting pre-organization 
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of the structure is also proposed to govern the stereoselectivity of this step resulting in selective 
cyclization on the (re)-face of the C1-C16 olefin. A ring contraction on the resulting 14-membered 
macrocycle 7 via the C16 cation results in the verticillin cation 8.23 This intermediate was 
demonstrated by deuteration experiments22 (among other approaches25) to undergo a transfer of 
the C11 proton to C7, resulting in formation of the C11-C12 tetrasubstituted olefin and a C8 
tertiary cation. Eventually, cyclization by the C3-C4 olefin leads to a ring contraction to form the 6-
membered C-ring and complete the characteristic 6/8/6-framework of the taxane diterpene family. 
Elimination eventually yields taxa-4(5),11(12)-diene, presumably the precursor of all other taxane 
natural products. 

One proposal by Lee and coworkers26 discusses a potential deviation of the (15  1)abeotaxane 
(scaffold type IV) biosynthetic pathway at this early point in the cyclase phase (see figure 5). 

 

Figure 5 Biosynthetic origin of the (15  1)abeotaxanes.20 Reprinted (adapted) with permission from Schneider, F.*; 
Pan, L.*; Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright (2021) American Chemical 

Society. 

In this proposal,26 cyclization to the 14-membered macrocyclic cation 12 is followed by formation 
of the A-ring either along C11-C16 to a 6-membered ring, resulting eventually in the classical 
taxane scaffold or along C11-C15 to a 5-membered ring, towards the (15  1)abeotaxane scaffold. 
However, as discussed in chapter 1.4, several reports demonstrate rearrangements of fully 
oxygenated taxanes to the (15  1)abeotaxane scaffold by a Wagner-Meerwein rearrangement 
triggered by formation of a C1 based cation from the C1 tertiary alcohol. In light of the fact that the 
natural product isolation literature documents exclusively (15  1)abeotaxane in high states of 
oxygenation1 the ‘post-oxidase-phase’ rearrangement hypothesis appears to be more appealing to 
the author of this thesis. 
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Figure 6 Biosynthetic origin of the 2(3->20)abeotaxanes 

2(3->20)abeotaxanes (scaffold type V) are also proposed to result from a deviation of the classical 
Taxol cyclase phase.27 Upon formation of the verticillyl cation 13 by the previously described 
mechanism, the C3-C4 centered olefin might undergo a shift to the corresponding C4-C20 
exomethylene moiety. From here, a cationic cyclization takes place upon protonation at C7, 
resulting in formation of the A-ring. Concomitant elimination at C3 results in the C3-C4 based 
olefin to give the 2(3->20)abeotaxane scaffold. To the best knowledge of the author, no ‘post-
oxidase phase’ transformation to an 2(3->20)abeotaxane has been described, thus an early stage 
deviation of the biosynthetic pathway of this scaffold appears likely. 

Notably, this marks the 2(3->20)abeotaxane scaffold the only example (to the best knowledge of the 
author) for a commonly observed taxane scaffold, where transformation from a ‘post-oxidase 
phase’ classical taxane has not been described. 

 

Figure 7 Rearrangement to the 1(15->1),11(10->9)diabeotaxanes 

For the remaining 1(15->1),11(10->9)diabeotaxanes (scaffold V, ‘Wallifoliol type’) rearrangements 
of semisynthetic material have been described which transform the classical taxane scaffold to the 
1(15->1),11(10->9)diabeotaxane scaffold.28 The mechanism of this transformation is discussed in 
detail in chapter 1.4. These findings indicate that formation of this scaffold is the result of 
rearrangement of the classical taxane scaffold by cation formation at C1 and a subsequent 1,2-alkyl 
shift to give the (15 -> 1)abeotaxane scaffold. If the substrate features a ketone at C10, this process 
is followed by a benzilic acid rearrangement yielding the 1(15->1),11(10->9)diabeotaxane scaffold.  
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Figure 8 Taxane biosynthesis: oxidase phase.20 Reprinted (adapted) with permission from Schneider, F.*; Pan, L.*; 
Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright (2021) American Chemical Society. 

As mentioned before, the taxane biosynthesis continues by stepwise oxidation of the previously 
obtained taxa-4(5),11(12)-diene. This is accomplished by an array of hydroxylases which are 
summarized as the ‘oxidase phase’ of the taxane diterpene biosynthesis.21 Compared to the 
relatively well investigated ‘cyclase phase’ where deuteration and derivatization experiments on 
substrates of the taxadiene synthase allowed a detailed reconstruction of the process, the exact 
series of events comprising the oxidation of taxadiene to Taxol and other highly oxygenation 
taxanes has not been fully elusidated yet. The enzymatic oxidation of taxadiene has been reviewed 
elsewhere,20 thus only a brief summary is given here. In this context, the works of the Croteau 
group must be highlighted, as their research could identify several crucial steps in the oxidase phase 
and the corresponding hydroxylases mediating this process.29-34 It is well secured that the oxidation 
of the scaffold starts by C5 hydroxylation of taxa-4(5),11(12)-diene by the 5-hydroxylase, which 
was identified as a cytochrome P450 dependant monooxygenase. This is followed by hydroxylation 
at C10 and C13, whereas the sequence of these oxygenation events is variable. 13α-Hydroxylase and 
10β-hydroxylase thereby seem to exhibit reactivity towards a comparably wide range of substrates.  
Subsequent C9 oxygenation then delivers Taxusin (28) as direct biosynthetic precursor of Taxol. 
The late stage oxidation events then culminate in oxidation at C7 and C2 and C1 to yield 32 as the 
congener with the highest degree of oxygenation (besides Taxol itself) in the taxane biosynthetic 
pathway. Notably the order of these events is not well secured.  

It is important to realize, that the scope of taxanes isolated from natural sources reflects the 
stepwise nature of the oxidase phase.1 Thus taxanes are generally obtained in a widely variable state 
of oxygenation. The oxidation at the different positions of the taxane scaffold thereby roughly 
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corresponds to the sequence of hydroxylation events in the oxidase phase and the selectivity (or 
lack thereof) of the hydroxylases involved. Consequently, certain combinations of oxidation at 
certain carbons are commonly observed together, e.g. late-stage oxidation at C1 is exclusively found 
in taxanes exhibiting a high overall degree of oxidation. As another result, the configuration of 
secondary alcohols at certain positions is highly conserved (e.g. C2, C9, C13, C5 (oxetane formation 
leads to stereospecific inversion)) while others show variability (e.g. C7) in formation of the -/-
hydroxy group.1  

The oxidation sequence described in figure 8 is thus a useful approach to rationalize the 
functionalization patterns that are comprised in taxane natural products. 
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Figure 9 The biosynthetic origin of cyclotaxanes.20 Reprinted (adapted) with permission from Schneider, F.*; Pan, L.*; 
Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright (2021) American Chemical Society. 

As previously mentioned, the biosynthesis of cyclotaxanes is expected to result from classical taxane 
precursors in high oxygenation states. Figure 9 summarizes proposed biosynthetic pathways for all 
cyclotaxane scaffolds described in the literature.20 It is important to acknowledge that little 
experimental proof exists for these processes to date. By the analysis described in figure 9, Taxinine 
A35 (or related natural products with varying acetylation pattern) emerges as a common precursor 
for the biosynthesis of cyclotaxanes. Allylic oxidation-isomerization of Taxinine A might give the 
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C20-OH allylic alcohol 33. Alternatively the same product 33 might be obtained by epoxidation of 
C5-C20 exomethylene moiety to the epoxide 34 and subsequent elimination. From intermediate 
33, a multitude of mechanistic pathways arises: [2+2]-photocycloaddition of this intermediate 
might yield the scaffold XI, as expressed by Taxpropellane.36 3-Exo-trig cyclization of the C20 allylic 
alcohol and concomitant nucleophilic attack at the C11 enone might result in formation of the 
3,11-monocyclotaxane scaffold II by introduction of the C3-C11 transannular bond. From here, 
4-exo-tet cyclization of the C5-C20 epoxide with the C12 enolate gives potentially again scaffold XI 
(converging with the photocycloaddition pathway) or alternatively, 5-exo-tet cyclization might 
result in formation of the scaffold VIII (as expressed by Canataxapropellane37). Introduction of a 
second transannular bond between C14-C20 to scaffold XI by a aldol type reaction eventually leads 
to the dicyclotaxane scaffold IX (as expressed by Canataxpropellane). Alternatively, one might 
speculate about a different sequence of events starting from the epoxide intermediate 34. In this 
scenario, elimination of the C5-C20 epoxide 34, oxidation of the C20 allylic alcohol and 
transannular cyclization with the C14 enolate would result in formation of the scaffold VII 
(expressed by an unnamed taxane natural product38), from which again scaffold XI might be 
accessible by intramolecular [2+2]-photocycloaddition.  

This strikingly elegant scheme allows to rationalize the biosynthesis of all mono- and dicyclotaxane 
natural products from the Taxinine A type classical taxane scaffold I. 

1.2.1. Bioactivity 

The bioactivity of taxane natural products has been subject to a significant amount of research. 
Though this is not a major focus of the authors research, a brief overview over structure-activity 
relationships identified for the classical taxane scaffold appears prudent. 

 

Figure 10 Structure activity relationships identified for classical taxanes1,39,40 

A summary of structure-activity relationships described for Taxol is described in figure 10.1,39,40 A 
majority of structural features of Taxol is actually critical for bioactivity, as can be seen. Therefore it 
is not easy to generate a simplified structure of reduced complexity with the same bioactivity. 

Some critical features, like the peptide side chain or the oxetane are not described for the 
cyclotaxanes isolated from natural sources.1 Thus these are unlikely to exhibit the same bioactivity 
as Taxol by the same mechanism. Notably though, examples have been described where 
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introduction of critical structural features (e.g. the C13 peptide chain) to a nonclassical taxane with 
no intrinsic bioactivity could render this scaffold active in tubulin polymerization and cytotoxicity 
assays.41 A prerequisite for this seems to be a comparable spatial arrangement of functionalities as 
Taxol. 

 

Figure 11 Comparison of the conformation of classical and cyclotaxanes 

For 3,11-cyclotaxanes the 3-dimensional structure varies to some extent, the additional C3-C11 
bond leads to a more ‘compact’, ‘contracted’ structure, that varies in spatial arrangement of 
functional groups compared to Taxol, even though there are some common elements (figure 11). 
The few existing studies on tubulin aggregation of cyclotaxanes are in agreement with these 
assumption.36,42-44 There are findings of cytotoxic activity among cyclotaxanes,45,46 but of 
significantly reduced effect size compared to Taxol. However, there are other types of activities that 
have been demonstrated for cyclotaxanes that are of potential relevance, e.g. activity as a 
P-glycoprotein inhibitor.42,45,47 P-glycoproteins constitute an energy-dependant efflux pump that is 
involved in transport of hydrophobic molecules out of the cell. Overexpression of P-glycoprotein 
has been observed as a drug-resistance mechanism, e.g. against vincristine,48 and it has been shown 
that P-glycoprotein inhibitors can resensitize resistant cells against vincristine.45 Thus, a broader 
screening for potential bioactivity of these structures besides tubulin polymerization activity 
appears to be an interesting endeavor. 
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1.3. Total Synthesis of Classical Taxane Diterpenes 

The following section gives an overview over the exiting literature concerning the synthesis of 
taxane natural products, with a focus on classical taxanes. Reactions towards non-classical taxanes 
(cyclotaxanes, abeotaxanes) are featured in the subsequent chapters. Secotaxane synthesis will not 
be reviewed in this introduction to maintain a more narrow focus on topics with closer relationship 
to the research that is the subject of this thesis. 

The review of classical taxane synthesis will start with a summary of all completed total synthesis of 
Taxol published to date and will then proceed with an overview over other strategies towards the 
taxane scaffold. Note that the latter list of approaches toward the taxane scaffold is not 
comprehensive, in case of similar or closely related approaches the author decided to describe a 
single representative example. 
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1.3.1. Total Synthesis of Taxol 
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Figure 12 Holton’s total synthesis of (+)-Taxol 

Holton 1994 

The first successful total syntheses of Taxol were reported in 1994 by the groups of Nicolaou13 and 
Holton11,12 in short succession. In case of the research of the Holton group, this succeeded an earlier 
total synthesis of the related classical taxane Taxusin (featuring a lower degree of oxygenation 
compared to Taxol), published in 1988.49 
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The Holton Taxol synthesis commences from ‘patchoulene oxide’ 44. The origin of this precursor is 
not exactly clear, one may interpret a note in Holtons total synthesis of taxusin49 in a way that 
indicates commercial availability of the corresponding chiral antipode at that time (a discussion on 
the absolute configuration of the Taxusin synthesized by this approach and the corresponding 
patchoulene oxide precursor is given at the end of this section). Alternatively, the compound 44 is 
available (again as the chiral antipode) by a cationic rearrangement50,51 of the naturally occurring 
sesquiterpene patchoulol 42 and subsequent epoxidation at the tetrasubstituted olefin by peracetic 
acid. 51,52 Elimination of the epoxide 44 by nBuLi and Ti(IV) mediated epoxidation of the allylic 
alcohol result in the epoxide 45. BF3*OEt2 initiates a Wagner-Meerwein rearrangement to 
intermediate 46. Upon silylation of the C10 secondary alcohol and epoxidation of the C11-C12 
olefin the precursor of the first key-step, the Grob fragmentation, is obtained. Grob fragmentation 
of the epoxide 45 proceeds then spontaneously to yield the desired 8-membered B-ring. Silylation 
of the C13-OH secondary alcohol yields the TBS-ether 47.  

Elaboration of the B-ring by an aldol reaction of the C8-enolate required careful adjustment of the 
conformation of the scaffold.11 

 

Figure 13 B-ring conformations 

The 8-membered B-ring can adopt in principle 4 different major conformations, described in figure 
13. Holton notes that the desired deprotonation at -C8 was not feasible from a chair-boat 
conformation. The silyl protecting group at C10-OH was chosen with the intent to ease transition 
of the scaffold to the chair-chair and boat-chair conformation from which deprotonation 
presumably occurs. Upon successful reaction of the enolate with 3-butenone, the resulting 
secondary alcohol was converted to the carbonate and the ketone -position C2 was oxidized by 
camphersulfonyl-oxaziridine to intermediate 48. Reduction of the C3 ketone and cyclization led to 
the carbonate 49. This intermediate served as a starting material for a Chan rearrangement, which 
served to prepare the introduction of the C-ring. C3 deoxgenation by SmI2 and oxidation at C1 
led to the diol 51, which was subsequently protected by conversion to a carbonate. This carbonate 
was intended to serve as precursor for the late-stage introduction of the C2-OBz benzyl group by 
nucleophilic attack of PhLi and signifies an elegant strategy that became a reoccurring element of 
following synthesis approaches towards Taxol (see below). Oxidative cleavage of the terminal olefin 
of 51 and methylation of the resulting carboxylate set the stage for formation of the C-ring by 
Dieckmann condensation with the C4 lactone moiety to give the fully assembled Taxol scaffold 52. 
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A sequence of standard operations allows access to the allylic alcohol 53, which represents the 
precursor for introduction of the D-ring oxetane. This is achieved by dihydroxylation of the 
exomethylene moiety of 53 and, after an array of protecting group operations for the sake of 
differentiation of the alcohol moieties involved, ring closure to the oxetane by 4-exo-tet cyclization 
of the primary alcohol C20-OH with the C5 tosylate. This strategy represents one of only few 
different strategies that were successfully applied in the taxane synthesis literature for construction 
of the tedious oxetane, and subsequently again signifies a reoccurring element in the following total 
synthesis approaches towards Taxol. The previously mentioned opening of the C1-C2-carbonate by 
PhLi eventually results in the benzylated intermediate 54. Oxidation of C10-OH to the ketone by 
TPAP, NMO and -oxidation at C9 result in the ketol 55. The arrangement of the ketol 55 at C9, 
C10 exhibits not yet the correct regioselectivity towards the natural product Taxol. This is elegantly 
remedied by addition of KOtBu, which initiates a Lobry-de-Bruyn-van-Ekenstein-rearrangement 
that results in the desired adjustment of the C9-C10 ketol moiety to give Baccatin III (56) after 
subsequent acetylation and protecting group removal. This efficient adjustment of the 
regioselectivity of the C9-C10 ketol moiety represents yet another element of the Holton Taxol 
synthesis which found application in numerous later synthesis attempts towards the classical taxane 
scaffold. Eventually, acylation of the C13-OH secondary alcohol by the -lactam 57 (‘Ojima 
lactam’) to introduce the C13 peptide side chain resulted in the successful synthesis of Taxol. 

In summary: strategically, the Holton Taxol synthesis builds on the previously reported Holton 
synthesis of Taxusin. The synthesis initiates with the rearrangement and oxidation of patchoulol to 
obtain a precursor for a Grob-fragmentation, yielding the annulated A- and B-ring. Notably 
thereby the patchoulol serves to introduce elegantly all ‘carbon material’ and a majority of the 
stereoinformation of the A-B-ring system to the scaffold. The C-ring is introduced utilizing the 
Chan-rearrangement and a number of further oxidations, functional group interconversions and 
protecting group operations eventually led to the synthesis of Taxol in 46 steps. The synthesis can 
be classified as a linear strategy. Enantiopure material is obtained by a chiral pool strategy, starting 
from the naturally occurring sesquiterpene patchoulol. Notably, use of the natural occurring (–)-
patchoulol led to synthesis of ent-Taxol. To obtain (–)-Taxol, (+)-patchoulene oxide has to be 
accessed by synthetic or semi-synthetic means, e.g. starting from (–)-Camphor, whereas Holton 
cites Büchi who described the conversion of (+)-Camphor to (–)-patchoulene oxide51 (as 
Danishefsky notes sarcastically: ‘Our synthesis, though arduous, involves no relays, no resolutions, 
and no recourse to awkwardly available antipodes of the “chiral pool”53). 
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Figure 14 Nicolaous total synthesis of Taxol 

Nicolaou 1994 

In contrast to the linear Holton Taxol synthesis, Nicolaou’s synthesis13 follows a convergent 
strategy. The rings A and C are constructed separately and further elaborated to inherit a degree of 



1.3. Total Synthesis of  Classical Taxane Diterpenes 

19 

oxygenation and stereochemical density nearly comparable to the target structure. Conjunction of 
the A- and C-ring fragments at C1-C2 and C9-C10 achieves assembly of the B ring and thus the 
complete taxane scaffold. Subsequent D-ring introduction and oxidation/protecting group 
operations led to the total synthesis of Taxol in 40 steps. 

The synthesis starts with a Diels-Alder reaction of the ketene-equivalent 59 and the diene 60. The 
resulting cycloaddition product 61 is treated under basic conditions to effect hydrolysis of the -
chloro cyanate. Condensation of an aryl sulfonyl hydrazide results in the formation of sulfonyl 
hydrazone 62 as precursor of the A-ring fragment to be introduced to the C-ring fragment later by 
a Shapiro reaction. 

The C-ring precursor 67 was synthesized by a highly interesting boronate templated Diels-Alder 
methodology investigated by Narasaka.54 While the Diels-Alder precursors 63 and 64 feature 
intrinsically unfavorable electronic properties and undesirable regioselectivity, these issues could be 
circumvented by use of a boron based linker, obtained by condensation of 63 and 64 to phenyl 
boronic acid. Thermal Diels-Alder reaction and cleavage of the boron tether by 2,2-
dimethylbutandiol resulted in the cycloaddition product 67. Addition of TBSOTf to this 
intermediate triggered formation of an ortho-ester, which served elegantly as a transient protecting 
group for the lactone moiety and the C7-OH secondary alcohol, to enable selective reduction of the 
C9 ester and differentiate the congested arrangement of functionality featured by intermediate 67. 
Acid catalyzed cleavage of the ortho-ester, silylation of the primary alcohol C9-OH and benzylation 
of the secondary alcohol C7-OH resulted in intermediate 69. Reduction of the lactone, protection 
of the obtained C4-C5-diol as the corresponding acetonide and oxidation of the primary alcohol 
C2-OH eventually gave the A-ring fragment 70.  

 

Figure 15 Rationalization of the stereoselectivity of the C2 1,2-addition 

Both, A- and C-ring fragment were conjoined by a Shapiro reaction along the C1-C2 bond to give 
intermediate 72. As a similar approach is utilized by several following Taxol total synthesis 
approaches, it appears prudent to rationalize the stereoselectivity of this operation. Nicolaou 
rationalizes the outcome by a lithium coordinated intermediate (80, figure 15), constraining the 
aldehyde to the depicted conformation. The lithium complex shows thereby a significant bias in 
steric hindrance on the two sides of the prochiral aldehyde, whereas addition of the vinyl lithium 
species 79 should be favorable from the less hindered (re)-face.55 
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The synthesis proceeded with C1-oxidation by epoxidation of the C14-C1 olefin and reductive 
cleavage of the epoxide by LiAlH4. Protection of the C1-C2-diol moiety as the corresponding 
carbonate set the stage for closure of the B-ring. This was achieved after considerable efforts by 
deprotection, redox adjustments to the dialdehyde at C9, C10 and subsequent McMurry coupling. 
Notably, ring closure of medium sized rings as the 8-membered Taxol B-ring by McMurry or other 
pinacol coupling methodologies constitutes a significant challenge, as initial electron transfer to the 
aldehyde leads to a radical which may undergo several competing reactions (e.g. reduction to the 
primary alcohol or undesired other intramolecular reactions) if ring-closure with the second 
aldehyde moiety is retarded. While this is usually a tractable problem in case of favorable 5,6-
membered rings, in case of medium sized rings competing reactivities often dominate. As a result, 
extensive optimization of the B-ring closure via McMurry coupling could only effect a comparably 
low yield of 23%. However, this drawback of the Nicolaou synthesis route is compensated by the 
strategic advantage of a more convergent strategy, as the Nicolaou synthesis still achieves a 
competitive overall yield (0.0078%) compared to other Taxol syntheses.56 

As the Nicolaou synthesis,13 in contrast to Holton’s chiral pool strategy,11,12,49 is based on achiral 
precursors the synthesis provides intermediate 74 as a racemate. At this point Nicolaou undertook 
a racemic resolution of the material utilizing the C9-alcohol formed by the McMurry coupling. For 
this purpose, the C9-OH secondary alcohol was converted in the corresponding ester with (–
)-camphanic chloride and the resulting diastereomers were separated, then underwent 
methanolysis. The synthesis was continued exclusively with the (+)-74 enantiomer. 

The pinacol moiety C9-C10 is subsequently differentiated by regioselective acetylation at C10-OH 
and oxidation at C9-OH to set up the C9-C10 ketol with the desired regioselectivity. Hydroboration 
of the C5-C6 olefin and subsequent acetylation of the resulting primary alcohol, then protecting 
group exchange at C7-OH for TES and mesylation at C7-OH prepared the ensuing introduction of 
the D-ring oxetane. Cleavage of the C20 acetate and subsequent 4-exo-tet cyclization with the 
C7-OMs mesylate, analogously to the Holton strategy, succeeded to introduce the oxetane system. 
Acetylation of the tertiary alcohol C5-OH and regioselective opening of the C1-C2 carbonate to 
obtain the C2-OBz benzyl substituent, again in analogy to the Holton approach delivered 
intermediate 77. Remaining from here to finalize the diterpene structure of Taxol was oxidation of 
C13, which was achieved by allylic oxidation with PCC. Reduction of the resulting C13 ketone with 
NaBH4 delivered the secondary alcohol C13-OH, which subsequently served for introduction of the 
peptide side chain by the -lactam 57 to conclude the Nicolaou Taxol synthesis. 
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Figure 16 Danishefskis total synthesis of Taxol 

Danishefsky 1996 

The Danishefsky total synthesis of Taxol53 features again a convergent strategy following very 
similar disconnections as Nicolaou. The A- and C-ring are constructed separately and conjoined 
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along C1-C2, by 1,2-addition of an A-ring vinyl lithium species to the C-ring aldehyde. The B-ring 
is then subsequently closed by a Heck-reaction between C9-C10 olefin and C11-C12 vinyl triflate. 
A significant difference to the earlier published approaches of both Holton11,12,49 and Nicolaou13 is 
found in the strategy for access to optically active material. While the Nicolaou strategy constructs 
both the A- and C- ring fragments racemically, the Danishefsky synthesis features an efficient 
access to the C-ring fragment from the Wieland-Miescher-ketone (84),57 which can be efficiently 
accessed in high enantiomeric excess by a Hajos–Parrish–Eder–Sauer–Wiechert type reaction.58 
The A-ring fragment is prepared racemically, though the C11 cyanohydrin stereocenter as a 
masked ketone is inconsequential for the further course of the synthesis. The A-ring stereocenters 
are then later set after introduction of the enantioenriched C-ring by diastereospecific operations.  

Another distinct feature of the Danishefsky strategy is a comparably early introduction of the 
oxetane D-ring, which proved to be remarkably stable throughout the rest of the synthesis, 
withstanding a wide range of conditions. 

The synthesis commences with synthesis of the A-ring fragment starting from diketone 81. 
Formation of the hydrazone on the sterically more approachable ketone using hydrazine and 
subsequent oxidation with iodine delivers the vinyl iodide 82. Treatment with DBN and iodine 
yielded the ,,,-unsaturated ketone which was subsequently protected by formation of the TMS-
cyanohydrin to give 83. 

Synthesis of the C-ring fragment started from the Wieland-Miescher-ketone (84).57 Chemoselective 
C7-ketone reduction with NaBH4 and acetylation of the resulting secondary alcohol, as well as ketal 
protection of the enone gave the intermediate 85. Protecting group exchange at C7-OH to the TBS 
silyl ether, hydroboration of the C4-C5 olefin and oxidation of the resulting secondary alcohol gave 
the C5 ketone 86. Equilibration by thermodynamic deprotonation of the C4--proton, followed by 
homologation of the system by Corey-Chaykovsky-epoxidation and subsequent Lewis acid 
mediated elimination resulted in the allylic alcohol 87. Dihydroxylation of the C6-C7 olefin set the 
stage for introduction of the D-ring oxetane by a 4-exo-tet-cyclization in a similar manner as for 
the previously discussed syntheses by Nicolaou13 and Holton11,12. Protection of the remaining 
tertiary alcohol as benzyl ether results in intermediate 88. Ketal deprotection and -oxidation of 
the ketone by Rubottom oxidation prepared the fragmentation of the decalin system. Treatment 
with Pb(OAc)4 effected the desired oxidative cleavage of the -ketol and the C10 aldehyde was 
subsequently protected as dimethyl acetal. The remaining aldehyde moiety was reduced, subjected 
to Grieco elimination, and the terminal olefin cleaved by ozonolysis to effect a C1 contraction to the 
C2 aldehyde 91. 

Conjunction of the A- and C-ring fragment was undertaken following a similar approach as the 
Nicolaou Taxol synthesis. The vinyl iodide bearing A-ring fragment 90 was metalated using tBuLi 
and 1,2-addition to the C-ring aldehyde 91 resulted in formation of the B-ring precursor 92. 
Oxidation at C1 proceeded, again in analogy to the Nicolaou approach13 by epoxidation and 
cleavage of the epoxide by hydrogenolysis. The resulting C1-C2 diol was converted to the carbonate 
in the same manner as discussed for the previous synthesis and subsequently the closure of the 
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B-ring was prepared. For this purpose the C11-ketone was converted to the corresponding C11-
C12 vinyl triflate, then the C10-acetal was hydrolized and subjected to a C1-Wittig olefination. Heck 
coupling of the resulting intermediate 94 succeeded in the closure of the B-ring to 95. From here, a 
number of oxidation reactions were necessary to oxidize the C9-C10 perimeter and adjust the 
corresponding regiochemistry. In preparation of this, the C11-C12 olefin was protected by 
epoxidation to prevent interference the dihydroxylation reaction later in the course of the synthesis. 
The C1-C2 carbonate was further cleaved by PhLi as in the previously discussed synthesis13 to yield 
the C2-OBz benzoate 96. Then the C10 exomethylene moiety was oxidatively cleaved by OsO4 
mediated dihydroxylation and glycol cleavage by Pb(OAc)4 to give a C10 ketone. C9 was oxidized 
by hydroxylation via (PhSeO)2O and the resulting C9-C10 ketol regiochemistry was adjusted by 
an Lobry-de-Bruyn-van-Ekenstein-rearrangement  triggered by KOtBu in the same manner as 
utilized in the previously reported Taxol syntheses by Holton and Nicolaou.11-13 The following steps 
were in close analogy to the Nicolaou Taxol synthesis, introduction of the C13 ketone was achieved 
by allylic oxidation via Cr(IV), followed by reduction to the C13-OH secondary alcohol and 
acylation by the Ojima lactam15 to give Taxol in 52 steps. 
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Figure 17 Wenders total synthesis of Taxol 

Wender 1997 

The Wender groups total synthesis of Taxol59,60 constitutes a linear strategy which relies on 
construction of the A- and B-ring scaffold by a Grob fragmentation type reaction, followed by 
separate introduction of the C-ring, in rough analogy to the Holton strategy.11,12 Enantiomerically 
pure material is accessed by a chiral-pool strategy, mapping the A-ring fragment onto the naturally 
occurring terpene (–)-Verbenone (98). 
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The synthesis commences with prenylation of (–)-Verbenone and ozonolysis of the resulting 
terminal olefin to give the aldehyde 99. A photochemically triggered 1,3-alkyl shift leads to 
intermediate 100. 1,2-addition of ethyl propiolate to the aldehyde 100, 1,4-addition of methyl 
cuprate to the propiolate moiety and ring closure by the resulting ester enolate results in the 
bridged bicycle 101. Subsequent -oxidation at the equatorial position of C10, reduction of the C9 
ketone, alongside reduction of the C4 ester to the primary alcohol and protection of the C9-C10 
diol, respectively silylation of the C4 primary alcohol as TBS ether prepared the substrate for the 
following Grob-fragmentation. Regioselective epoxidation of the electron rich C12-C13 olefin and 
activation of the epoxide under Lewis acidic conditions using TIPSOTf resulted in the desired 
fragmentation to give the 8-membered B-ring 103. The C1-position is oxidized by an -oxidation 
of the C1-C2 enolate utilizing elementary oxygen. The C2 ketone is reduced by NaBH4 and serves 
subsequently as a directing group for regioselective hydrogenation of the C4-C8 olefin. The C1-C2 
diol moiety is then protected as the corresponding carbonate, in analogy to the previously discussed 
synthesis and the C5 primary alcohol is oxidized by Cr(VI). Construction of the C-ring precursor is 
then initiated by homologation of the C5 aldehyde via Ph3PCH2OMeCl, hydrolysis of the resulting 
enol ether, introduction of the C5-exomethylene group by the Eschenmoser salt and 1,2-addition of 
allyl magnesium bromide to give 105. A number of protecting group operations, including 
regioselective cleavage of the C1-C2 carbonate by PhLi as previously utilized by Holton11,12 and 
Nicolaou13 gave intermediate 106.  

A variation of the previously discussed Lobry-de-Bruyn-van-Ekenstein-rearrangement at C9-C10 
resulted in adjustment of the ketol with the desired regio- and stereoselectivity to give 107. The 
C-ring was constructed by an aldol reaction following ozonolysis of the C7-terminal olefin with 
concomitant formation of the C7-OH secondary alcohol in the desired configuration. Exchange of 
the BOM protecting group at the C5 secondary alcohol for the corresponding mesylate prepared 
the introduction of the D-ring oxetane. As the C5-mesylate inherits an unfavorable configuration 
for the desired cyclization to the oxetane, it was converted by SN2 displacement to the 
corresponding bromide with inverse configuration. Installation of the oxetane followed then in 
crude analogy to the Holton synthesis by dihydroxylation and 4-exo-tet cyclization of the C20 
primary alcohol with the C5 mesylate, accompanied by a number of protecting group operations to 
differentiate the congested arrangement of functionalities in the C4-C5-C20 perimeter and 
reinstallation of the C1-C2 carbonate. Deprotection of the C13 secondary alcohol, regioselective 
cleavage of the C1-C2 carbonate by PhLi and acylation by the Ojima lactam to introduce the C13 
side chain finalized the Wender Taxol synthesis in a total of 38 steps. 
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Figure 18 Kuwajimas total synthesis of Taxol 
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Kuwajima 1998 

The Kuwajima Taxol synthesis61,62 features a convergent strategy with separate preparation of the 
A- and C-ring fragments, then conjuncture of the fragments by 1,2-addition along C2-C3 and B-
ring closure by a vinylogous Mukaiyama aldol reaction along C9-C10. Notably the Kuwajima group 
chose a different disconnect between the A- and C-ring fragment compared to the previous 
convergent synthesis routes of Nicolaou13 and Danishefsky53 (along C1-C2). Further the A- and C-
ring precursors feature less functionalization and stereochemical density (1 stereocenter in total) 
prior to assembly of the fragments, necessitating a significant number of synthetic operations 
afterwards which might explain the increased step count (66 steps) of this approach. Kuwajima 
chooses the same disconnect for closure of the B-ring, but achieves the C9-C10 connection by an 
aldol reaction in contrast to Nicolaous McMurry coupling.13 This prevents the previously discussed 
issues of ring closure on the medium sized 8-membered ring, though at the cost of additional 
necessary redox operations and desulfurization.  

Access to optically active material in Kuwajima’s Taxol synthesis is achieved via Sharpless 
asymmetric dihydroxylation, setting the stereocenter of the C1-OH tertiary alcohol of the A-ring 
fragment, which represents the only stereocenter present on the substrates prior to conjunction of 
the A-and C-ring fragments. 

The C ring fragment is constructed starting from 2-bromo cyclohexenone 111, followed by 
Rubottom oxidation and 1,2-addition of PhSCH(Li)OMe to give intermediate 112. 
Transacetalization in two steps to the dibenzyl acetal and Corey-Winter olefination result in the 
vinyl bromide 113. 

Assembly of the C-ring fragment commences from THP protected propargylic alcohol 114. 
Lithiation of the propargylic alcohol, addition to HCOEt, selective hydrogenation of the alkyne to 
the corresponding olefin by the Lindlar catalyst and oxidation to the enone prepared the substrate 
for a Michael addition of the lithium enolate of ethyl isobutyrate to give 115. A Dieckmann-type 
cyclization initiated by KOtBu gave 116 and subsequent conversion to the acyl enolate with PivCl, 
THP deprotection and Swern oxidation gave the aldehyde 117. Conversion of the aldehyde moiety 
to the silyl enol ether and dihydroxylation effected -oxidation of the aldehyde, which was 
subsequently protected as the corresponding aminal to give 118. Transfer of the acyl enol ether to 
the silyl enol ether in preparation of the Mukaiyama aldol reaction closure of the B-ring and 
condensation of PhSCH(Li)TMS to the C11 ketone finalized the construction of the A-ring 
fragment. 

The vinyl bromide 119 and the A-ring fragment 120 are then coupled by 1,2-addition of the 
corresponding vinyl Grignard intermediate upon transmetallation of 119 with tBuMgCl to the 
aldehyde 120. Transient protection of the C1-C2 diol as the corresponding methyl boronic acid 
ester prepared the subsequent vinylogous Mukaiyama aldol reaction initiated by TiCl2(OiPr)2 
which concludes the construction of the B-ring. Protecting group exchange at the C1-C2 diol for 
the corresponding dioxa-silolane, selective 1,2-reduction of the C13 enone with DIBAlH and 
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silylation of the C13 secondary alcohol set the stage for oxidation of the C-ring. The low degree of 
functionalization of the C-ring fragment necessitates oxidation of the diene moiety, this is elegantly 
achieved by a [4+2] cycloaddition of singlet oxygen, generated photochemically by 
Tetraphenylporphyrin as photosensitizer. The corresponding endo-peroxide was then cleaved by 
radical addition of nBu3SnH in presence of AIBN to give the C4-C7 diol 124. 

To finalize the assembly of the classical taxane scaffold from intermediate 124, introduction of the 
C19 methyl group and the C8 quaternary carbon are necessary. This constitutes a significant 
difference to the majority of Taxol synthesis approaches and all previously discussed synthesis 
routes in this chapter, which preferentially introduce the C19 methyl group early on and import it 
with the B-ring (for linear approaches) or C-ring (for convergent approaches) fragment. The 
strategy drafted by Kuwajima to tackle this challenging synthetic obstacle relies on 
cyclopropanation of the tetrasubstituted C3-C8 olefin, followed by reductive cleavage of the 
cyclopropane. This strategy places a number of constraints on the substrate: a) the free C8-allylic 
alcohol is necessary to render the substrate reactive under Simmons-Smith conditions by means of 
coordination to the zinc carbenoid species; b) the C5 ketone is necessary as *-acceptor for a single 
electron transfer from SmI2 to initiate the reductive cleavage. Due to the dense array of 
functionality on the taxane scaffold, it requires careful orchestration of protecting group and redox 
operations to differentiate the functional groups and adjust the substrate to meet these criteria. 
Further the -ketone stereocenter at C3 obtained after reductive cleavage of the cyclopropane 
required epimerization under thermodynamic basic conditions . For these reasons, around 14 steps 
of Kujawima’s Taxol synthesis, along intermediate 124 to 127 had to be invested for the task of C8-
methylation.  

Upon successful introduction of the C8 quaternary center, arriving at intermediate 127, the 
synthesis continued with oxidation of the C9-alcohol to the corresponding ketone by DMP, 
protection of the C7-secondary alcohol as MOP ether, formation of the C4-C5 vinyl triflate and 
Kumada coupling of TMSCH2MgCl to effect homologation of the C-ring to give the allyl silane 128. 
Chlorination of the allyl silane by NCS gave the C4 exomethylene moiety in preparation of the 
oxetane introduction, notably featuring the chloride in (S)-C5-Cl configuration, as desirable for the 
subsequent 4-exo-tet ring closure. Introduction of the C10 secondary alcohol is achieved by 
oxidation using MoOPH,63 although in undesired (S)-C8 configuration. Adjustment of the C8 
stereocenter was the achieved by acetylation and DBU mediated epimerization. Installation of the 
D-ring oxetane follows the previously discussed strategy by dihydroxylation of the C4 
exomethylene moiety and 4-exo-tet cyclization of the primary alcohol with the C5 chloride. 
Regioselective opening of the C1-C2 carbonate achieves introduction of the C2 benzoate, as 
previously established, and eventually C7-OH Troc protection, C13-OTBS desilylation, acylation 
with the Ojima lactam15 and C7-OTroc deprotection furnished Taxol in a total of 66 steps. 
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Figure 19 Mukaiyamas total synthesis of Taxol 
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Mukaiyama 1998 

Compared to the previously published Taxol synthesis as discussed earlier in this chapter, the 
Mukaiyama group’s approach to Taxol64 follows a fundamentally different strategy. In the 
Mukaiyama Taxol synthesis, the 8-membered B-ring is constructed first by Reformatsky reaction 
from a densely functionalized linear precursor, concerning the array of stereocenters as well as the 
number of functional groups. The annulated C-ring, then the bridged A-ring are subsequently 
constructed on the scaffold of the 8-membered B-ring. The Mukaiyama Taxol synthesis utilizes a 
chiral-pool strategy to access enantiomerically pure material, starting from the naturally occurring 
amino acid (S)-serin. 

The synthesis commenced with diazotization of (S)-serin to convert the amino acid to the 
corresponding -hydroxy carboxylate. Esterification of the carboxylic acid, selective TBS 
protection of the primary alcohol, benzylation of the secondary alcohol using benzyl 
trichloroacetimidate and chemoselective reduction of the ester to the corresponding aldehyde by 
DIBAlH afforded the aldehyde 134. Aldol reaction with the lithium enolate of methyl isobutyrate 
produced the aldol with predominant formation of the anti-product (77 : 23 anti : syn). PMB 
protection of the C1-secondary alcohol, reduction of the ester to the primary alcohol with DIBAlH 
and reoxidation by Swern-oxidation yielded the aldehyde 136. Mukaiyama aldol reaction of silyl 
enol ether 135 with the aldehyde 136 resulted in formation of the anti, anti, anti product in good 
selectivity (81 : 19, accompanied by another unassigned diastereomer), as the authors note in 
pronounced difference compared to the reaction directly from the corresponding lithium enolate. 
Subsequent reduction to the primary alcohol by DIBAlH and oxidation by Swern oxidation gave 
the aldehyde 137. 1,2-Addition of a methyl Grignard reagent, Swern oxidation and -bromination 
via the corresponding silyl enol ether using NBS gave intermediate 138. Alpha methylation of the 
ketone resulted in an inconsequential mixture of diastereomers, selective desilylation of the 
primary alcohol under acidic conditions and oxidation under Swern conditions to the aldehyde 
eventually furnished the cyclization precursor 139. 

Reformatsky reaction of 139 mediated by SmI2 successfully furnished the 8-membered B-ring. 
Subsequent acetylation of the resulting secondary alcohol and E1cB elimination resulted in the 
enone 140. 1,4-addition of the cuprate of 141 to the enone, followed by TES deprotection and 
oxidation to the aldehyde with TPAP, NMO prepared the introduction of the C-ring. Importantly, 
the 1,4-addition delivers the product as the 3,8-syn-diastereomer in high selectivity, as previous 
experiments showed that the corresponding anti-diastereomer cannot be deprotonated to form the 
C8 enolate (due an unfavorable dihedral angle, featuring a nearly anti-periplanar arrangement that 
allows no sufficient overlap of (CH) with the *(CO) orbital), preventing the desired aldol 
reaction for C-ring construction. Aldol reaction between the C8-enolate and the C7-aldehyde was 
initiated by sodium methoxide and gave the desired cyclization and marked construction of the C-
ring, notably obtaining the C8-quartenary center in the desired configuration. Concerning the C7 
configuration, a mixture of isomers was obtained, whereas the undesired diastereomer could be 
equilibrated  to the desired (S)-C7-OH configuration by stirring with sodium methoxide. 
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Concerning the strategy for formation of the C-ring, one may draw parallels to the Wender Taxol 
synthesis, which utilizes the same array of 1,4-addition and aldol reaction for cyclization.  

The C9 ketone was reduced by directed reduction using AlH3 and the 1,3-diol C7-C9 was protected 
as the corresponding acetonide. Deprotection of the PMB protecting group and Cr(VI) oxidation 
resulted in the intermediate 144. 1,2-Addition of lithiated iodobutane installed the C1-OH tertiary 
alcohol and prepared the construction of the A-ring. Subsequent desilylation of the C11-OH 
secondary alcohol and protection of the C1-C11 1,3-diol as dioxasilinane returned the intermediate 
145. Regioselective cleavage of the dioxasilinane by MeLi and oxidation of the free secondary 
alcohol C11-OH, as well as Wacker oxidation of the terminal olefin of the butene substituent set the 
stage for the A-ring cyclization. Ti(II) mediated pinacol coupling facilitated the desired cyclization 
to give a C11-C12 pinacol moiety. Notably, the Mukaiyama group initially set out to install a 
propene instead of the butene residue, and aimed to cyclize the A-ring by an aldol condensation 
after Wacker oxidation of the propene residue. However, presumably due to steric shielding by the 
cyclic silyl moiety, the Wacker oxidation on this substrate effected terminal oxidation to the 
corresponding aldehyde. Reduction of the benzyl ether under Birch conditions and deprotection of 
C1-OH by TBAF gave the penta-ol 147. A number of protecting group operations and standard 
redox operations prepared the substrate 148 for Corey-Winter olefination at C11-C12 and 
subsequent allylic oxidation by Cr(VI), followed by reduction to the secondary alcohol and TES 
protection to give 149. Allylic bromination under Wohl-Ziegler conditions led to a primary 
bromide at C20, which was then converted by SN2’ reaction with CuBr to the desired (S)-C5-
bromide, to serve as a leaving group in suitable configuration for the ensuing 4-exo-tet cyclization 
to the oxetane. The D-ring oxetane could then be installed in analogy to the previous synthesis by 
dihydroxylation and displacement of the bromide by the primary alcohol. 

Eventually regioselective cleavage of the carbonate by PhLi, deprotection of C13-OH, C7-OH and 
reprotection by TESCl at C7-OH prepared the introduction of the peptide side chain. In difference 
to the previously discussed syntheses, the Mukaiyama group utilized an alternative protocol for 
coupling of the carboxylate bearing peptide (instead of the Ojima lactame15) via DPTC (O,O’-di(2-
pyridyl) thiocarbonate) and DMAP. Mukaiyama argues that this allows to utilize mild conditions 
instead of the strong basic conditions needed for peptide chain introduction via the -lactam 
method.64 Subsequent benzyl ether hydrogenolysis and TES deprotection yielded Taxol in 61 steps. 
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Figure 20 Takahashis total synthesis of Taxol 

Takahashi 2006 

The Takahashi total synthesis of Taxol65 is based on a convergent strategy in close analogy to the 
previously discussed convergent approaches by Nicolaou13 and Danishefsky,53 by separate 
construction of the A- and C-ring fragments and conjunction by an A-ring vinyl lithium 1,2-
addition to the C-ring aldehyde along C1-C2. The B-ring closure proceeds by nucleophilic 
displacement of the C10-alpha cyano anion and C9 tosylate, utilizing the same disconnect as the 
related strategies of Nicolaou and Kuwajima.. A unique feature of the Takahashi synthesis is the use 
of automated synthesizers to produce intermediates along a majority of the synthesis route, up to 
cyclization of 160. The primary target of the approach that was actually synthesized is Baccatin III. 
As conversion of Baccatin III to Taxol has been previously demonstrated,11-13 this constitutes a 
formal total synthesis of Taxol. 

In difference to the previous approaches towards Taxol, this synthesis was operated based on 
racemic material to obtain (±)-baccatin III, though the authors mention that access to 
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enantiomerically enriched intermediate 155 can be achieved by Sharpless asymmetric epoxidation 
and thus a synthesis of (–)-Taxol should be in principle possible based on their approach. 

An arguably elegant feature of the Takahashi synthesis is that both A- and C-ring fragment can be 
synthesized based on the monoterpene geraniol. Acetylation of geraniol followed by epoxidation 
via hydrobromination delivers the epoxide 153. Ti(III) mediated radical cyclization of the epoxide 
followed by protection of the resulting secondary alcohol C1-OH by ethyl vinyl ether, ester 
methanolysis and oxidation of the C10 primary alcohol delivered the aldehyde 154. Reduction of 
the aldehyde by NaBH4 and removal of the ethoxy ethyl acetal protecting group resulted in 
formation of the C1-OH, C10-OH diol. Selective silylation of the primary alcohol by TBSCl, NEt3 
followed by oxidation of the secondary alcohol C1-OH to the corresponding ketone, then 
hydrazone formation with tosylhydrazine and Shapiro reaction followed by addition of 1,2-
dibromoethane resulted in formation of the vinyl bromide 157 as A-ring precursor.  

Starting again from geraniol, acetylation and allylic oxidation by SeO2 result in formation of the 
corresponding C9 aldehyde. Reduction of the aldehyde to the primary alcohol and selective 
epoxidation of the allylic alcohol by VO(acac)2, TBHP, followed by MPM protection at the primary 
alcohol by the trichloroacetimidate resulted in intermediate 155. Ti(III) mediated radical 
cyclization of this intermediate, BOM protection of the resulting C7-OH secondary alcohol, basic 
hydrolysis of the acetate and oxidation of the resulting primary alcohol C2-OH to the 
corresponding aldehyde delivered the C-ring precursor 156. 

Both fragments, the A-ring vinyl bromide 157 and the C-ring aldehyde 156 are coupled by 
lithiation of the vinyl bromide and 1,2-addition to the C-ring aldehyde to give the B-ring precursor 
158, in close analogy to the previously discussed convergent Taxol synthesis approaches by 
Nicolaou and Danishefsky. Notably, direct coupling of the Shapiro intermediate of the A-ring 
precursor without a ‘detour’ via the vinyl bromide was also feasible, but produced lower yields 
compared to metalation of the vinyl bromide. Again following Nicolaou’s strategy,13 the C1-
position tertiary alcohol is introduced by epoxidation of the C1-C14 olefin directed by the adjacent 
C2 allylic alcohol and subsequent epoxide cleavage by LiAlH4. A number of protecting group 
operations and tosylation of the C9-OH primary alcohol delivered the intermediate 159. Oxidation 
of the C10 alcohol, cyanohydrin formation by TMSCN and protecting group exchange of TMS 
against the ethoxy ethyl acetal at the cyanohydrin resulted in the direct B-ring precursor 160. 
Cyclization along C9-C10 was achieved by treatment with LiHMDS under microwave conditions at 
145°C, followed by hydrolysis of the cyanohydrin and allylic oxidation to the C5 secondary alcohol 
to give 161. The oxetane was introduced by dihydroxylation and 4-exo-tet cyclization of the 
primary alcohol C20-OH with the C5-OMs mesylate in close analogy to the Nicolaou approach. A 
series of protecting group operations then carbonate formation at the C1-C2 diol and regioselective 
cleavage with PhLi gave the C2-OBz benzoate as utilized by the previously discussed synthesis. 
-Oxidation at C10 and the ubiquitous C9-C10 Lobry-de-Bruyn-van-Ekenstein-rearrangement 
adjusted the ketol regio- and stereochemistry. Eventually, allylic oxidation by PCC to the C13 
ketone, following the Nicolaou approach, reduction of the C13 ketone by NaBH4 and desilylation 
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by HF*Py finalized the Takahashi synthesis of (±)-Baccatin III. Taxol is formally available by this 
approach in 44 steps (assuming reproduction of the additional steps from Baccatin III to Taxol 
reported by Nicolaou13 and Holton.11,12 

Figure 21 Satos and Chidas formal total synthesis of Taxol 
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Sato-Chida 2015 

The synthesis approach of Sato and Chida66,67 towards Taxol utilizes synthetic disconnects highly 
similar to the Danishefsky synthesis53 (along C1-C2 (also in case of Nicolaou,13 Takahashi65) and 
C10-C11), though utilizing different methodology for the B-ring closure. The strategy constitutes 
again a convergent approach with separate construction of the A- and C-ring precursors, then 
coupling by 1,2-addition of the A-ring vinyl lithium component (via Shapiro reaction) with the C-
ring aldehyde along C1-C2. Cyclization of the B-ring is achieved along C10-C11 by a markedly 
different methodology compared to previous approaches by a SmI2 mediated coupling of the C10 
aldehyde with a C11-C13 based allylic benzoate. The synthesis is a formal synthesis of Taxol, 
yielding a literature known intermediate of the previously discussed Takahashi route, 163. Access 
to enantiomerically pure material is achieved by a chiral pool strategy starting from tri-O-acetyl-D-
glucal 165.  

Lewis acid mediated elimination of the allylic acetate of tri-O-acetyl-D-glucal followed by 
nucleophilic attack of methanol at the transient oxonium ion, hydrogenation of the olefin, 
conversion of the primary acetate to the iodide and concomitant elimination gave the enol ether 
166. Ferrier carbocyclization of 166 and E1cB elimination of the secondary alcohol via the mesylate 
to the enone delivered intermediate 167. 1,2-addition of MeLi and PCC mediated 1,3-
transposition-oxidation of the allylic tertiary alcohol gave 168, the desired enantiopure (S)-C7-OBn 
C-ring precursor. 1,4-addition of vinyl cuprate, trapping of the anion by TMSCl to the silyl enol 
ether and hydroxymethylation by formaldehyde gave 169, as a mixture of separable diastereomers, 
whereas the synthesis was continued from the major (R)-C3 intermediate (dr 2.6 : 1). Protection 
with dihydropyran, reduction of the C4 ketone, hydroboration at C10 and oxidation of the C2 
primary alcohol to the corresponding aldehyde, alongside a range of protecting group operations, 
yielded the C-ring precursor 170. The A-ring precursor aryl hydrazone was prepared in 6 steps 
from 1,3-cyclohexanedione, which for the sake of brevity will not be discussed in this overview.  

Coupling of the A-ring fragment 171 and C-ring fragment 170 was carried out in close analogy to 
the Nicolaou synthesis13 by Shapiro-reaction of the hydrazone 171 and subsequent 1,2-addition to 
the aldehyde 170. The ensuing A-ring functionalization followed closely the Nicolaou strategy,13 by 
introduction of the C1 tertiary alcohol by selective epoxidation of the C14-C1 olefin, directed by the 
C2 secondary alcohol, followed by reductive cleavage of the epoxide. Protection of the C1-C2 diol 
as the corresponding carbonate and allylic oxidation at C13 gave intermediate 173 (the first Cr(IV) 
oxidation step thereby oxidizes the C7-OBn benzyl ether to the benzoate, the second oxidation then 
introduces the C13 ketone). Reduction at C13 and benzylation of the resulting allylic alcohol as well 
as deprotection of the C10 primary alcohol and oxidation to the aldehyde prepared the system for 
closure of the B-ring. 

SmI2 mediated coupling of the aldehyde with the A-ring allylic benzoate successfully constructed 
the 8-membered B-ring. This result also reflects a progress in the corresponding methodology, 
achieved by the groups of Molander and Matsuda (among others),68-70 as cyclization to medium 
sized rings using this type of methodology has been previously challenging, as exemplified by the 
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earlier Nicolaou Taxol synthesis.13 The diastereomeric mixture concerning the C10 secondary 
alcohol resulting from this maneuver is converged by oxidation by TPAP, NMO, reduction and 
benzylation.  

From here, the functionality in the A-ring was to be adjusted, as the C12-C13 olefin obtained from 
the B-ring closure represents an unfavorable intermediate for direct elaboration of the system. 
Dihydroxylation of the olefin, followed by a Chugaev-type syn-elimination resulted in the 
cyclohexadiene 177. Selective hydrogenation of the disubstituted olefin at C13-C14 returns then a 
synthetically useful system with the tetrasubstituted C11-C12 olefin in place. 

Deprotection of the C5-OMOM secondary alcohol followed by oxidation and Peterson olefination 
gave the exomethylene intermediate 179, in anticipation of the D-ring oxetane introduction. This 
was achieved in close analogy to the Takahashi synthesis by allylic oxidation at C5, dihydroxylation 
and 4-exo-tet cyclization of the C5-OMs mesylate and the C20 primary alcohol.  

At this point, the Sato-Chida synthesis converged with the Takahashi route.71 Taxol would be 
potentially available by this approach in 51 steps (assuming reproduction of the remaining steps 
from the syntheses of Takahashi,72 Nicolaou13 and Holton11,12). 
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Figure 22 Nakadas total synthesis of Taxol 

 

Nakada 2015 

Nakadas formal synthesis of Taxol73 constitutes a convergent synthesis, with separate construction 
of the A- and C-ring fragments and synthetic disconnects between C2-C3 and C10-C11. The C2-C3 
conjunction is achieved analogously to the Kuwajima61,62 synthesis by coupling of a C-ring vinyl 
lithium species with the A-ring aldehyde fragment. The connection between C10 and C11 for B-
ring closure is established by Pd-mediated enolate-vinyl iodide coupling, reminiscent of previously 
reported Heck-coupling approach of Danishefsky.53 Access to enantiomerically enriched material is 
obtained by early stage racemic resolution of the C-ring precursor by a baker’s yeast reduction.74,75 

Intermediate 182, obtained by the aforementioned baker’s yeast racemic resolution74,75 is converted 
to the vinyl iodide 183 by a range of standard operations in analogy to the previously presented 
synthesis. The A-ring fragment76,77 is constructed by a Diels-Alder disconnect similar to the 
Nicolaou A-ring strategy.13 The following steps resemble the Kuwajima approach61,62 for 
introduction of the C1 tertiary alcohol by chemoselective reduction to the C2 aldehyde via the 
Weinreb amide, silyl enol ether formation and dihydroxylation to give 187. Selective benzylation of 
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the tertiary alcohol was achieved by formation of a cyclic acetal by transacetalization from 
PhCH(OMe)2 and regioselective reductive cleavage of the benzylidene acetal by DIBAlH at 100°C. 
Oxidation with DMP gave the A-ring precursor 188. 

Conjunction of the A- and C-ring fragments was achieved by lithiation of the vinyl bromide 183 
and 1,2-addition to the aldehyde 188. Introduction of the C4-OH secondary alcohol was prepared 
by epoxidation of the C3-C4 olefin. Curiously, the Nakada group observed that treatment of the 
epoxide with BF3*OEt2 results in a hydride shift from the C1 benzyl ether which results in the 
desired C4-OH alcohol as well as a synthetically useful C1-C2 benzylidene acetal.  

 

Figure 23 Hydride shift observed upon Lewis acid treatment of the C3 epoxide  

Oxidation of the C9 primary alcohol, TES protection of C4-OH, MeMgI addition to the C9 
aldehyde and oxidation to the ketone gave the B-ring cyclization precursor 192. Coupling of the 
C9-C10 enolate with the vinyl bromide mediated by Pd(PPh)4 eventually succeeded in construction 
of the 8-membered B-ring.  

The C4-OH secondary alcohol was converted to the exomethylene moiety by means of Lombardo-
Takai olefination alongside the necessary protecting group and redox operations. The remaining 
operations, D-ring oxetane introduction, C10 oxidation and adjustment of the C9-C10 ketol by a 
Lobry-de-Bruyn-van-Ekenstein-rearrangement proceeded in close analogy to the previously 
discussed synthesis and will not be described in detail. Intermediate 196 could eventually be 
successfully transferred to the Nicolaou intermediate 87.13 A unique feature of the Nakada strategy 
thereby is the approach towards introduction of the C2-OBz benzoate. This was achieved by 
regioselective oxidative cleavage of the C1-C2 benzylidine acetal by RuCl3, TBHP an interesting 
alternative to the C1-C2 carbonate cleavage by PhLi discussed in the previous syntheses.  

The formal total synthesis of Taxol by Nakada potentially allows to access Taxol in 37 steps longest 
linear sequence (note: this is a different metric compared to the previously discussed synthesis, for 
which the total step count is given. In case of the Nakada synthesis there was ambiguity about the 
precise amount of steps to one of the precursors from commercial sources). 
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Figure 24 Cyclase phase of Baran total synthesis of Taxol 

Baran 2020 

The Baran strategy towards Taxane synthesis56,78 uniquely stands out compared to the previously 
discussed approaches. Generally, Baran divides the taxane diterpene synthesis in two parts in 
analogy to the Taxane biosynthesis (see introduction chapter 1.2).21,79 Within this concept, the 
synthesis starts with the ‘cyclase phase’ where the carbon skeleton is assembled with a minimal 
degree of oxygenations, mimicking the biosynthesis which starts from cationic geranylgeranyl 
pyrophosphate cyclization to Taxa-4(5),11(12)-diene via the verticillyl cation.22,23 In the second part 
of the synthesis, the ‘oxidase phase‘, the obtained scaffold is then oxidized stepwise to taxane 
natural products of increasing degree of oxygenation, mimicking the array of hydroxylases which 
oxidizes Taxa-4(5),11(12)-diene stepwise to Taxol in the biosynthetic mechanism.29-34  

The presented Taxol synthesis by Baran is thereby part of a larger campaign, comprising the 
synthesis of (+)-Taxa-4(5),11(12)-diene and ‘(+)-Taxadienone’,80 a synthetic intermediate that was 
anticipated as vantage point towards a number of different taxane natural products. This strategy 
was successfully put into practice, the presented ‘cyclase phase’ is identical with the synthesis of (+)-
Taxadiene. The subsequent synthetic ‘oxidase phase’ resulted in total synthesis of (–)-
Taxuyunnanine D (C5, C10, C13 oxidized),81 then Taxabaccatin III (C2, C5, C9, C10, C13 
oxidized)82 and eventually Taxol (C1, C2, C4, C5, C7, C9, C10, C13 oxidized).56 
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Figure 25 Taxane natural products synthesized by the Baran group 

The discussion of the cyclase phase in this chapter must fall short to adequately cover the 
development process that led to this route, as the succeeding strategy was the result of an extensive 
systematic investigation of different disconnects towards this target. The Baran groups own account 
of the challenges faced during this synthesis campaign are highly recommended to the reader of 
this thesis.21,79 

Baran’s strategy for the cyclase phase80 is based on an intramolecular Diels-Alder reaction 
disconnect of the A-ring, between C13-C14 and C1-C16. The Diels-Alder precursor is constructed 
by 1,6-addition of the diene precursor to a C-ring based ,,,-unsaturated ketone and 
Mukaiyama-aldol reaction between C3 and acrolein to install the dienophile fragment. Access to 
enantiomerically enriched material is enabled by asymmetric 1,4-addition utilizing a chiral 
phosphoramidite ligand following a methodology by Alexakis.83,84  

The cyclopropanation of 2,3-dimethylbut-2-ene by CHBr3 and subsequent basic fragmentation of 
the cyclopropane with concomitant bromide elimination result in formation of the diene 199. Vinyl 
Grignard addition to the vinylogous ester 200 and concomitant elimination gave the ,,,-
unsaturated ketone 201. 1,6-Addition of the metalated diene 199 to the ,,,-unsaturated ketone 
201 gave the intermediate 202. Asymmetric 1,4-addition of a  methyl cuprate mediated by a 
phosphoramidite ligand installed the C8 quaternary carbon to give the enantioenriched 
intermediate 203 (93% ee). The following installation of the dienophile fragment at C3 by aldol 
methodology towards preparation of the intramolecular Diels-Alder reaction was found 
challenging and was subject to extensive optimization. Eventually, Mukaiyama aldol reaction with 
acrolein catalyzed by Gd(OTf)3 followed by oxidation of the resulting C2 secondary alcohol by 
Jones reagent furnished the desired Diels-Alder precursor 204 as a mixture of 2 diastereomers at C3 
(dr 2 : 1). The intramolecular Diels-Alder reaction could be achieved by Lewis acid catalysis using 
BF3*OEt2 to give 205 and marked the successful construction of both, A- and B-ring system. The 
Diels-Alder reaction thereby proceeds with excellent endo-selectivity (dr > 99 : 1 at C1). This is 
significant, as the stereocontrol for this disconnect is not trivial. A comparable taxane synthesis 
approach of Shea 1994(see below), resulted in predominant exo-Diels-Adler product featuring the 
C1 epimer of the desired structure. Conversion of the C5 ketone to the corresponding vinyl triflate 
and Negishi coupling with ZnMe2 finalized the synthesis of ‘(+)-Taxadienone’. Deoxygenation of 
the C2 ketone was achieved by reduction to the secondary alcohol, acetylation and reduction under 
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Bouveault-Blanc type conditions to give the natural product (+)-Taxadiene in 10 steps (7 steps to 
‘(+)-Taxadienone’).80  

 

Figure 26 Oxidase phase of Barans total synthesis of Taxol 

Following the previously discussed concept, the ‘oxidase phase’ aims to emulate the hydroxylation 
array utilized in the biosynthetic pathway.29-34 Selective CH oxidations on a scaffold of such 
complexity constitute a challenging endeavor, for this reason the reader is again advised to revisit 
the details of this synthesis by the primary literature.21,56,79 While the previously discussed Taxol 
synthesis featured straightforward allylic C5 oxidation by PCC,13 this methodology could not be 
transferred to intermediate 205. Instead, significant amounts of either epoxidation or oxidative 
cleavage of the C11-C12 olefin was observed. After extensive experimentation, a novel Cr(V) based 
reagent could resolve this issue to give the C13 ketone, subsequent -bromination at C5 yielded 
intermediate 208. Selective oxidation at C10 again required extensive screening, eventually C10 
bromination by NBS, BPO followed by Ag(I) mediated displacement of the bromide by TESOH 
succeeded to give the intermediate 209. Elimination of the C5-Br bromide to the enone, followed 
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by 1,2-addition of MeMgBr at C4 and reductions at the C2, C13 ketones gave the intermediate 210. 
Interesting was thereby the use of LiAlD4 for reduction of the C2 ketone, leading to deuterium 
incorporation at C2. The deuterium incorporation serves in preparation of the C1-CH oxidation by 
DMDO in the following step. C1 oxidation was found highly challenging, as the complex scaffold 
offered several competing oxidation events. For this reason, feasibility of the desired C1 oxidation 
by DMDO is highly substrate dependant, oxidation on substrate 210 was the result of extensive 
experimentation. In this context the C2 deuterium incorporation serves to prevent competing 
oxidation at C2 to the corresponding ketone. C1-oxidation is further accompanied by epoxidation 
at the olefin C5-C6 to give 211. Inversion of the C2 alcohol is obtained by oxidation with TPAP, 
NMO and reduction under Bouveault-Blanc conditions and the C1-C2 diol is converted to the 
corresponding carbonate to give 212. The next objective was oxidation at C7, this was achieved by a 
redox-relay strategy: elimination of the C5-C6 epoxide and in-situ TMS protection of the allylic 
alcohol gave a C6-C7 olefin which was subsequently epoxidized by DMDO to give 213. 
Regioselective reductive cleavage of the epoxide at C6 by Ti(III) eventually yielded the desired (S)-
C7 secondary alcohol, which was subsequently protected by BOMCl. Elimination of the C4 tertiary 
alcohol to the exomethylene moiety in preparation of the D-ring oxetane introduction and TMS 
deprotection yielded intermediate 214. The D-ring oxetane was introduced by the previously 
discussed strategy, dihydroxylation and 4-exo-tet cyclization with the C7-mesylate. Further, the 
C10-OTES secondary alcohol was deprotected and oxidized by IBX to give intermediate 215. C9 
oxidation was achieved by a modified version of the-oxidation protocol previously utilized in the 
Holton Taxol synthesis and followed by the established Lobry-de-Bruyn-van-Ekenstein-
rearrangement  to give the desired C9-C10 ketol regio- and stereoselectivity. Reinstallation of the 
C1-C2 carbonate and acetylation gave the intermediate 216. The synthesis was finalized by C13-
OH desilylation with TASF, regioselective cleavage of the C1-C2 carbonate by PhLi, acylation via 
the Ojima lactam15 for introduction of the peptide side chain and BOM hydrogenolysis to give 
Taxol in 25 steps (cyclase phase and oxidase phase).  

Considering the step count, this constitutes the shortest route to Taxol published to date. As the 
synthesis contains many telescoped reactions, one may be tempted to further compare the number 
of synthetic operations (39 operations), which however still qualifies this synthesis as the most 
succinct approach. In terms of overall yield, the number of challenging CH oxidations in the 
cyclase phase, often resulting in medium yields, are to some degree disadvantageous even when 
compared to a comparably longer route(overall yield Baran Taxol synthesis: 0.0014%; Nicolaou 
approach: 0.0078%),56 which however is of little practical relevance. The strength of this approach 
lies in a very short, highly efficient access to the classical taxane scaffold in the ‘cyclase phase’ and 
efficient diversification to a number of taxane natural products and/or analogues by variation of 
oxygenation degree and pattern in the ‘oxidase phase’. 
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Summary 

 

Figure 27 Synthetic disconnects in the total synthesis of Taxol 

A total of 10 total synthesis routes to Taxol exist to date. These can be sorted predominantly in two 
categories: convergent and linear approaches (see table 1). Besides this, two syntheses stand out as 
they follow markedly different strategies: the synthesis of Mukaiyama64 and Baran.56 Within these 
categories, there exist significant common features among the synthesis strategies:  

a) Convergent approaches construct A- and C-ring fragments separately in all cases, then conclude 
the assembly of the taxane scaffold by construction of the B-ring. Conjunction of the ring 
fragments takes place along either C1-C2 or C2-C3 by vinyl lithium 1,2-addition of one ring 
fragment to an aldehyde of the other ring fragment, constructing the C2 secondary alcohol in the 
act. Subsequently cyclization to the 8-membered B-ring takes place along C9-C10 or C10-C11. 

b) Linear approaches commence predominantly (with the exceptions mentioned above) by 
construction of the bridged A+B ring system first, then followed by annulation of the C-ring. A 
commonly used technique to achieve construction of the 8-membered B-ring is a Grob-
fragmentation from a precursor which preorganized the bridging A-ring system. 

The Baran synthesis56 further followed a different approach by a distinctive retrosynthetic Diels-
Alder disconnect in the A-ring system und a unique CH-oxidation strategy to diversify a scaffold in 
minimal oxygenation state to a number of taxane natural products in varying oxygenation states up 
to Taxol. 

Strategies for access to optically active intermediates widely vary, with a mixture of chiral-pool and 
asymmetric catalysis strategies employed. 
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One might recognize that there are shared elements between the different synthesis approaches and 
certain tactics are ubiquitous throughout the Taxol literature:  

The C8-methyl group bearing quaternary center is introduced nearly always early, with the 
exception of the Kuwajima route,61,62 which necessitated the Kuwajima group a investment of 14 
steps exclusively for the C19-Me group introduction. Further many elements of the Holton11,12 and 
Nicolaou13 synthesis are highly conserved among Taxol synthesis: C11-C12 diol to bridgehead 
olefin transformation via Corey-Winter elimination, introduction of C1-OH via epoxidation of the 
C14-C1 olefin and reductive cleavage, installation of a C1-C2 carbonate and regioselective cleavage 
with PhLi for introduction of the C2-benzoyl group, dihydroxylation of the C4 exomethylene 
moiety and 4-exo-tet ring closure of the primary alcohol with the C5 mesylate for introduction of 
the D-ring oxetane, C13 allylic oxidation by a chromium oxidant, C13 silyl protection, adjustment 
of C9-C10 ketol by the Lobry-de-Brun-van-Enkenstein reaction and introduction of the peptide 
residue by the Ojima lactam. 

Table 1 Comparison of all literature reported Taxol synthesis 

principal Investigator year type steps chirality source 

Holton11,12  1994 linear 46 Patchoulol 

Nicolaou13 1994 convergent 40 chiral resolution 

Danishefsky53 1996 convergent 52 Wieland-Miescher ketone 

Wender59,60 1997 linear 38 Pinene 

Kuwajima61,62 1998 linear 66 asymm. dihydroxylation 

Mukaiyama64 1998 linear 61 L-Serin 

Takahashi65 2006 convergent 44 racemic 

Sato-Chida66,67 2015 convergent 51 tri-O-acetyl-D-glucal 

Nakada73 2015 convergent 37* asymm. dihydrox./enzymatic desymm. 

Baran56,80 2020 linear 25* asymm. 1,4-addition 
 

Notes *Nakada: step count not entirely clear, as the access to the starting material was not precisely described *Baran: 
number of synthetic operations and steps diverges significantly due to many telescoped reactions 

Eventually, one might pose the question what properties mark Taxol as a synthetically challenging 
target. The answer might be a combination of multiple factors. The carbon skeleton of Taxol 
features a medium sized B-ring, bridged by the A ring, a challenging arrangement which cannot be 
tackled by established tactics, but requires tailoring a approach specifically towards this unique 
structural element. One may recognize upon review of above strategies, that several of the 
presented approaches are indeed constructed around this issue. Further the structure features a 
dense array of stereocenters and functionality, specifically in the C-ring and further in the 
periphery of the B-ring. The synthetic arrangement of these stereocenters and differentiation of the 
vast amount of densely placed functionality there commonly required extensive experimentation. 
This is specifically due to the complex interplay of these functionalities, which often lead to 
unpredictable outcomes on such complex scaffolds and requires more or less trial-and-error 
feedback cycles. In the course of this issue, differentiation of functional groups and control of 
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reactivity requires an excessive amount of additional protecting group and redox operations, which 
predominantly drives the comparably high step count described by table 1. 

Considering the overall step count and overall yields, none of the existing routes can be considered 
suitable for scale up and use for the production of Taxol at a clinically relevant scale, though the 
intensive efforts in this field has spurred significant advances in the field of organic synthesis. 
Notably, combination of the techniques previously investigated by the Holton group12 and Ojima,15 
among others towards total synthesis of Taxol combined with an efficient access to 10-deacetyl-
baccatin III (10-DAB) enabled later semi-synthetic access to Taxol which fueled the clinical use of 
Taxol for a considerable time.4,14 Further synthetic investigations have led to development of Taxol 
derivatives with significant clinical success, e.g. Docetaxel.18  

1.3.2. Semisynthesis of Taxol 

 

Figure 28 Semisynthesis of Taxol from 10-deacetyl baccatin III 

As previously discussed in chapter 1.1 and 1.3, neither total synthesis, nor isolation of Taxol are 
viable options to produce the staggering amounts of Taxol needed for clinical use (range > 1000 
kg/annually).4,17,19 

Combination of synthetic techniques from Holtons Taxol synthesis with easier access to 10-
deacetyl baccatin constituted the first viable answer to the so called ‘Taxol supply problem’.4,14 

10-deacetyl baccatin III is more readily available than Taxol, as it can be extracted in significant 
amounts from the needles instead of the bark. This allows a higher yield per extracted tree and also 
offers principally the option to keep the tree alive. An isolation and purification process could be 
later scaled up for commercial use by Indena S.P.A.4 on behalf of Bristol-Myers-Squibb, the patent 
holder for clinical use of Taxol.18  

Holton and the Florida State University filed a patent for an efficient synthetic introduction of the 
C13 peptide side chain to 10-DAB.14 In this process 7-OH of deacetyl baccatin III is protected by an 
acid labile protecting group, preferentially C7-OTES, then follows protection of 10-OH with acetate 
or other acid labile protecting group. Reaction of a -lactam reagent with the 7-OH and 10-OH  
protected baccatin III 13-O-alkoxyde can then be utilized for introduction of the peptide side chain. 
Eventually, removal of the 7-OR PG by diluted HCl yields Taxol. 
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Figure 29 Racemic access to a -lactam reagent for introduction of the C13 side chain 

The required -lactams are efficiently synthesized racemically as depicted in figure 29 and, as the 
patent states,14 may be resolved by recrystallization of the Moscher ester derivative. 

However, a distinctive advantage of the Holton patent, they can be used racemically for semi-
synthetic production for Taxol as the reaction is highly selective towards acylation with the 
‘matched’ diastereomer only.14 Thereby an excess of the racemic -lactam is reacted with the 
enantiopure 10-DAB derivative to give essentially a racemic resolution of the -lactam by merit of 
preferential reaction of the 10-DAB derivative with the ‘matched’ diastereomer, to yield the desired 
C13-acylated Taxol precursor as predominant diastereomer. 

This patent of Holton and the FSU was utilized by the Bristol-Myers-Squibb process for Taxol 
production, and is estimated to be one of the most successful known cases of academic knowledge 
transfer, as the patent generated royalties in the range of 350 million US$.16 

Ojima Lactam 

While the method patented by Holton and the FSU utilizes a racemic -lactam reagent, Ojima's 
syntheses15 allows access to optically active -lactams by use of an enantiomerically enriched 
cyclohexanol auxiliary via a Zimmermann-Traxler controlled transition state. 
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Figure 30 Synthesis of the enantioenriched Ojima lactam 

As exemplified in figure 30, the auxiliary can be accessed either by racemic resolution of 228 by the 
lipase of P. fluorescens,85 or by Sharpless asymmetric dihydroxylation86 from 229 (procedures taken 
from organic synthesis, not detailed in the Ojima publication15). Enolate addition of 233 to the 
silylated benzylic imine 222 results presumably in a Zimmermann-Traxler controlled addition to 
give 235 in excellent selectivity (89% yield, 97% ee). The original publication of Ojima utilizes the 
resulting -lactams for synthesis of the C-13 side chain peptide as free carboxylic acid. 

 

1.3.3. Total Synthesis of other Taxane Diterpenes 

Total Synthesis of 1-Hydroxytaxinine and Taxusin 

The following section gives an overview over the literature known  total synthesis of classical 
taxanes besides Taxol, importantly 1-Hydroxytaxinin,87 Taxusin88 and Taxadiene.22-24 Not 
mentioned here are the Baran synthesis approaches derived from the ‘oxidative phase’ as they were 
already discussed previously in this chapter. 

 



1.3.  Total  Synthesis of  Classical Taxane Diterpenes 

 

48 

 

Figure 31 Inoue's total synthesis of 1-Hydroxytaxinin 

Inoue 2019 

The Inoue groups synthesis of (+)-1-Hydroxytaxinin87 represents the highest oxygenated taxane 
diterpene targeted by total synthesis besides Taxol. Strategically, the synthesis varies significantly 
from the previously discussed examples. Retrosynthetic disconnects can be found along C10-C11, 
C8-C9 and C1-C2. While the location of these disconnects is consistent with previously discussed 
approaches, the sequence of introduction of these connectivities and the methods utilized for this 
purpose is distinct for the Inoue group’s strategy. Key step transformations are the acyl radical 
mediated coupling of the A-ring and the B-ring fragments along C8-C9 and closure of the 8-
membered B-ring along C1-C2 as previously investigated by the group of Swindell.89 

The synthesis commences from 2,2-dimethylcyclohexane-1,3-dione, acetalization by (+)-CSA and 
ethylene glycol could achieve formation of the acetal. -Methylation of the remaining ketone, 
hydrazone formation with hydrazine and oxidation by iodine gave the vinyl iodide 239. Heck 
coupling of 239 with methyl acrylate furnished intermediate 240 and prepared the coupling 
between the A-ring fragment 243 and the C-ring precursor 242. This was followed by introduction 
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of the C9-C10 diol by enantioselective dihydroxylation using AD-mix- to give the diol in 96% ee 
(later increased to 99% ee upon recrystallization). Protection of the C9-C10 diol as the 
corresponding acetonide furnished then the intermediate 241. Introduction of the phenyl telluride 
to 243 was followed by generation of the acyl radical by triethylborane in presence of air. The acyl 
radical subsequently underwent decarbonylation to give a C9-centered radical, presumably with 
concomitant loss of the C9-stereocenter. Upon 1,4-addition of the radical to the ,-unsaturated 
cyanide 242, the C9-stereocenter was reestablished in the desired configuration, presumably due to 
preferred interaction with the cyanide bearing C-ring precursor on the less hindered (si)-face at the 
C9-radical (as the (re)-face is shielded at C10 by the A-ring fragment). The resulting C3 based 
radical is trapped by the triethylborane to an C3-C4 based boron enolate, which is the subsequently 
oxidized by DDQ to give the enone 244. The enone 244 is then utilized for installation of the C8 
quaternary center by 1,4-addition of a methyl cuprate species to give intermediate 245. Notably, the 
introduction of the C8-methyl group at such a comparably late stage can be seen as unusual. The 
only other known example, the Kuwajma Taxusin and Taxol synthesis, achieved this 
transformation by cyclopropanation and subsequent reductive cleavage by SmI2, though in case of 
Kuwajimas Taxol synthesis this operation requires a significant amount of additional steps.61,62,90 
Further, the Baran group uses the same disconnect utilizing an asymmetric 1,4-addtion 
methodology by Alexakis, 83,84 though at an earlier stage on a less oxygenated scaffold. Closure of 
the B-ring is the prepared by elimination of the C4 alcohol and chemoselective reduction of the 
nitrile moiety to the aldehyde 246 by DIBAlH. The keto-aldehyde 246 represents a suitable 
substrate for a pinacol coupling between C1 and C2 as previously investigated by Swindell and 
coworkers,89 application of which resulted in closure of the B-ring to give the diol 247. The 
arrangement of the C1-C2 diol thereby using TiCl4, Zn, pyridine at 50°C corresponded to the 
desired diastereomer, accompanied by minor amounts of the C2-OH epimer (a detailed analysis of 
the stereochemical outcome of this reaction is excluded here for the sake of brevity, but the reader 
is encouraged to follow Inoue’s own account on this matter87). Allylic oxidation by CrO3, 3,5-
dimethypyrazole resulted in dual oxidation at C5 and C17 to the diketone 248. Subsequently, 
reductive 1,3-transponsiton of the C3-C5 enone moiety was achieved via formation of the 
corresponding C5 tosyl hydrazone and reductive cleavage by catecholborane to the transient allyl 
diimine to give the C4-C5 olefin 249. Dihydroxylation of the less substituted olefin and 
esterification with cinnamic acid the furnished intermediate 250. From here, the last remaining task 
was installation of the C4 exomethylene moiety. However, direct olefination of the corresponding 
C4 ketone upon oxidation by PCC was not feasible. A workaround was achieved by addition of 
MeMgBr and subsequent elimination by Burgess reagent to give the desired natural product (+)-
Hydroxytaxinin. Notably, protection of the C1 tertiary alcohol by silylation was found critical, as 
direct treatment with Burgess-reagent triggered a cationic rearrangement resulting in the abeo-
taxane framework 251, consistent with previous observations (see chapter 1.4).  



1.3.  Total  Synthesis of  Classical Taxane Diterpenes 

 

50 

 

Figure 32 Holtons total synthesis of Taxusin 

Holton 1988 

An overview over the Holton synthesis of (–)-Taxusin49 is given in figure 32. One may recognize 
that the overall strategy closely resembles the previously discussed Taxol synthesis, for this reason 
the synthesis will not be discussed here in full detail. Construction of the bridged A-, B-ring system 
is achieved by Grob fragmentation of a Patchoulol derived precursor. A notable difference to the 
Taxol synthesis is found in the construction of the C-ring, as the significantly lower oxygenation 
state allowed for a more straightforward strategy, leading to an overall more succinct route. 

The C-ring introduction is prepared by introduction of a C2 fragment at C8 by a Stork-Ueno type 
cyclization on the tertiary alcohol bearing enone 252. This synthetic step also elegantly introduces 
the C8 quaternary carbon in the scaffold. After elaboration of the scaffold comparable to the 
previously discussed Taxol synthesis intermediate 258 is obtained. Deprotection of the MEM group 
of the primary alcohol resulted in a mixture of hemi-ketals and a hydroxy ketone, which was 
converted to the primary tosylate. Reaction of the C4 ketone enolate with the C6-OTs tosylate 
eventually gave the desired cyclization of the C-ring to give 259. C-5-oxidation was achieved by 
Rubottom oxidation of the C4 ketone and Wittig reaction at the ketone eventually yielded (–)-
Taxusin. 
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In this synthesis, the ent-enantiomer of natural (+)-Taxusin was obtained, as the Patchouluol 
available directly from the chiral pool is only available in the enantiomer leading up to (–)-Taxusin, 
as discussed before for the Holton Taxol synthesis11,12 (figure 32 depicts the ent-isomer of all 
structures to enable easy visual comparison with other synthesis routes). 

 

Figure 33 Kuwajimas total synthesis of Taxusin 

Kuwajima 1996 

The Kuwajima synthesis of Taxusin90,91 follows a similar strategy for the B-ring closure, along C9-
C10 by a Mukaiyama aldol reaction, as the Kuwajoma Taxol synthesis.61,62 A marked difference is 
the strategy for construction of the rings A and C, here Kuwajma follows a linear approach in 
contrast to the Taxol synthesis. In this strategy, the C-ring is constructed first, followed by 
introduction of a linear C6 fragment by addition of the metalated vinyl bromide 261 to a 
vinylogous epoxide. Oxidation of the resulting allylic alcohol and subsequent Michael addition gave 
the precursor 263 for the ensuing A-ring cyclization. A Dieckmann type cyclization eventually 
furnished the A-ring. Notably, this is in analogy to the later Taxol synthesis of Kuwajima,61,62 
though the A-ring is constructed separately here. B-ring closure via Mukaiyama aldol reaction 
followed as previously discussed. This was followed by introduction of the C8 quaternary carbon 
via cyclopropanation of the C3-C8 olefin and reductive cleavage along C3-C19 by electron transfer 
to the C ketone, a distinct feature of the later Kuwajima Taxol synthesis as well. An endgame 
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comparable to the previous Holton synthesis by C5-oxygenation via Rubottom oxidation and C4 
Wittig reaction gave the desired natural product Taxusin. The Kuwajima synthesis does not feature 
access to optically active material at this point and results in formation of racemic Taxusin. 

 

Figure 34 Paquettes total synthesis of Taxusin 
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Paquette 1998 

The Paquette groups approach towards Taxusin92,93 follows a unique and outstandingly elegant 
approach to the taxane scaffold. The synthesis features two decisive disconnects, readily accessible 
A-ring and C-ring precursors 273 and 275 are conjoined along C8-C9, the B-ring is then 
constructed along C2-C3 by a [3,3]-sigmatropic Cope-rearrangement. 
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Figure 35 Retrosynthetic strategy of the Paquette Taxusin synthesis 

The resulting retrosynthetic strategy is described in figure 35. The cyclohexadiene C-ring precursor 
is accessed in enantioenriched form via a lipase P-30 racemic resolution of the ester 271.93 The A-
ring fragment can be presumably traced back to camphorsulfonamide. 1,2-Addition of the organo 
cerium derivative of 274 to the ketone 275 resulted in formation of the tertiary alcohol 276. An 
anionic oxy-Cope rearrangement of this intermediate using KHMDS in THF at 50°C successfully 
resulted in formation of the 8-membered B-ring, followed by trapping of the resulting enolate by 
MeI to install the C8 quaternary carbon. This strategy constitutes arguably the shortest literature 
reported synthesis of the classical taxane ring system, though it necessitates additional introduction 
of the C15 methyl group at C12 and introduction of the C20 exomethylene unit to complete the 
taxane diterpene scaffold.  

Notably, racemic resolution of the cyclohexenol 272 is thereby not actually necessary, since 
diastereomeric adducts of the type of 276 converge later on in the synthesis. As Paquette states: 'As 
satisfying as it was to combine their lithio-derivatives with 10 to arrive at pure diastereomeric 
adducts, the prior resolution was rendered unnecessary by the fact that each adduct could be quite 
satisfactorily transformed into the identical diketone 278 of 100% ee'.92 

A number of synthetic operations remains from here: introduction of the C15 methyl group at C12 
and Wittig olefination at the C4 ketone. As the synthesis delivers the scaffold in a low oxygenation 
state, further a number of oxidation reactions is necessary to convert 278 to Taxusin. These 
operations are not discussed here in detail for the sake of brevity. Key operations are: a) the 
introduction of the C9-C10 olefin and dihydroxylation to the C9-C10 trans-diol as the desired 
diastereomer; b) oxygenation of C13 by -oxidation at the C14-ketone; c) C14 deoxygenation; d) 
relay oxidation of C11-C12 followed by introduction of the C15 methyl group by 1,2-addition to 
the C12 ketone, then reductive cleavage of the C12 -hydroxy ketone by SmI2 and elimination of 
the C11 tertiary alcohol to introduce the tetrasubstituted C11-C12 olefin to give eventually the 
desired (+)-Taxusin. 
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Total Synthesis of Taxandienes 

 

Figure 36 Williams total synthesis of Taxadienes 

Williams 1995 

Williams describes the synthesis of two regioisomers of Taxadiene as potential precursors of Taxol 
in the taxane biosynthetic pathway.94 The synthesis strategy is assembled around an Diels-Adler 
retrosynthetic disconnect through the A-ring system. The precursor for the intramolecular Diels-
Alder reaction is obtained by an oxidative fragmentation of the decalin derivative 292, which could 
be obtained from a Robinson annulation of 2-methylcyclohexanone and methyl vinyl ketone. 
While this approach generates a number of additional steps, Williams avoids a disconnect of the 
dienophile fragment on C3 of the C-ring, which is reported by the Baran group later as a quite 
challenging operation (note that both synthesis routes fulfill fundamentally different purposes, the 
Williams synthesis demonstrates the feasibility of accessing Taxadiene synthetically, the Baran 
synthesis is focused on a succinct and scalable synthesis of Taxadiene). Further the C8-quaternary 
center can be imported with the starting material. Elaboration of the substrate by a number of 
operations which are not discussed in detail for the sake of brevity yielded the cyclization precursor 
299. Oxidation of the allylic alcohol to yield a electronically favorable enone dienophile was 
followed by treatment with BF3*OEt2 to initiate a Lewis-acid catalyzed intramolecular Diels-Alder 
reaction to give the tricyclic intermediate 300. Notably, the Diels-Alder reaction was selective for 
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the endo-product, representing the desired C1-diastereomer, which has been observed as one of the 
potential pitfalls of this disconnect (c.f. the taxane approaches by Shea below95,96). The tricyclic 
intermediate 300 could be further successfully converted to racemic (±)-taxa-4(20),11(12)-diene in 
a total of 25 steps and (±)-taxa-4(5),11(12)-diene in 26 steps. 

 

1.3.4. Other Approaches towards the Taxane Scaffold 

This section highlights approaches towards the taxane scaffold that did not succeed in the total 
synthesis of a natural product. Thereby only synthesis efforts are reported that attempted to 
assemble the tricyclic system, synthesis efforts towards ring fragments are not included. 
Unsuccessful approaches were only included if the approach was interesting and seemed not to be 
represented in similar fashion by another successful approach. For a more extensive review, the 
reader is recommended the extensive review by Boa, Jenkins and Lawrence.97 

The approaches are sorted by the location of distinctive retrosynthetic disconnect (A/B/C-ring), 
and publication date. 

A-Ring construction  

 

Figure 37 Jenkins A-ring Diels-Alder approach 

Jenkins 1986 

The approach described above by Jenkins98,99 likely represents the first literature instance of the A-
ring Diels-Alder approach towards the Taxane scaffold later also utilized by the groups of Baran80 
and Williams94 (among others, see below). The precursor for the intramolecular Diels-Alder 
reaction is derived from decalin fragmentation. Relevantly, the intramolecular Diels-Alder reaction 
is endo-selective and results in the desired C1 configuration.  

 

Figure 38 Yadavs A-ring Diels-Alder approach 
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Yadav 1991 

The synthesis described above by Yadav100 features a similar A-ring Diels-Alder disconnect as the 
Jenkins approach.98,99 Interesting here is the ether linker between thediene and C-ring dienophile 
fragment, resulting in formation of a 9-memberd ring upon Diels-Alder reaction. A 1,2-Wittig-
rearrangement constructed the C9-C10 bond to give the characteristic  tricyclic scaffold of taxane 
natural products. While being an interesting, unusual maneuver, this method may be limited to 
substrates with minimal functionalization due to the harsh conditions of the 1,2-Wittig 
rearrangement. 

 

Figure 39 Sheas A-ring Diels-Alder approach 
Shea 1994 

The publications of Shea95,96 concerning the A-ring Diels-Alder disconnect give insight in the 
intriguing stereochemical details (and pitfalls) of this approach. A Diels-Alder reaction of 
intermediate 318, bearing an aromatic C-ring under Lewis acid catalysis resulted selectively in the 
endo-Diels-Alder product 319, featuring the desired C1 configuration.96 However, a similar 
transformation of the aliphatic intermediate 321 (though under thermodynamic conditions, Shea 
does not comment on the use of Lewis acid catalysis for this substrate), bearing additional C9, C10 
substituents gave rise to the exo-Diels-Alder product 320, displaying the C1 epimer of the desired 
product.95 While A-ring Diels-Alder reactions were successfully employed by Williams94 and 
Baran80 towards the low oxygenation state natural product Taxadiene, this exemplifies the ensuing 
issues when transfer of this approach to a substrate with a higher degree of functionalization is 
attempted. 

 

Figure 40 Winklers A-, C-ring Diels-Alder approach 
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Winkler 1997 

The Winkler group demonstrated a very elegant approach to the tricyclic taxane diterpene scaffold 
by Diels-Alder disconnects in both the A- and C-ring.101,102 The ‘lower’ dienophile fragment thereby 
is reduced to simple penta-1,4-dien-3-one. While the A-ring Diels-Alder reaction delivers the 
desired stereochemistry by the corresponding endo-product, the C-ring endo-selective Diels-Alder 
reaction results in a cis-fused C-ring, instead of the trans-fused system featured by the natural 
products.  

 

Figure 41 Fallis A-ring Diels-Alder approach 

Fallis 2002 

Fallis presents an interesting approach combining the A-ring Diels-Alder disconnect with assembly 
of the C-ring via metathesis along C5-C6.103 Together with an efficient access to the cyclization 
precursor 334, this results in a comparably concise assembly of the tricyclic taxane scaffold. The 
drawback of this strategy may likely be a limitation to substrates of low oxygenation state, though 
the works of the Baran group presented before demonstrated that stepwise oxidation of the scaffold 
is indeed possible. A second drawback is the absence of the C19 methyl group and the quaternary 
center at C8, since as previously discussed for the Kuwajima Taxol synthesis,61,62 introduction of 
this moiety at a later stage is potentially quite challenging. This issue was circumvented in another 
approach of the Fallis group,104 which combined the A-ring Diels-Alder disconnect with a C-ring 
Diels-Alder disconnect along C5-C6 and C7-C8. However, a Diels-Alder cycloaddition of the 
sterically demanding diene was not feasible, even when employing electronically strongly activated 
dienophiles like maleic acid dimethyl ester. 
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C-Ring construction 

Taxane synthesis approaches arranged around retrosynthetic cuts located specifically in the C-ring 
are comparably rare compared to approaches assembled around an A-ring disconnect. One may 
speculate whether the dense pattern of stereogenic centers and functional groups in the C-ring may 
preferentially lead to separate construction. 

 

Figure 42 Fallis B-, C-ring Diels-Alder approach 

Fallis 1993 

A synthesis approach by Fallis features an intramolecular C-ring Diels-Alder disconnect along C3-
C8 and C6-C7.105 Upon construction of the yn-one 342 the desired Diels-Alder reaction was 
feasible under thermodynamic conditions. Unfortunately, the cycloaddition resulted in undesired 
facial selectivity of the dienophile addition, yielding the C3-epimer of the desired product 343. A 
further potential drawback of this approach might be introduction of the C8 quaternary center, as 
the C19 methyl group cannot be introduced with the cyclization precursor directly, but would have 
to be installed afterwards. 

 

Figure 43 Wangs C-ring Diels-Alder approach 

Wang 1993 

The Wang group’s approach to taxane synthesis106 features an unusual sequence of cyclization 
events. The synthesis starts form the A-ring precursor 347, then constructs the B-ring along a C9-
C10 and eventually installs the C-ring by a Diels-Alder reaction along C4-C5 and C6-C7 with a 
preinstalled diene. 

The synthesis commences with the cyclization precursor 346 by 1,2-addition of the metalated allyl 
bromide 345 to the ketone 344. Protecting group operations and bromination of the primary 
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alcohol then yield the cyclization precursor 347. The synthesis proceeds with closure of the B-ring 
by 1,2-addition of the metalated vinyl bromide of 348 to the C10-aldehyde. The diene moiety was 
then successfully subjected to a Diels-Alder reaction with the potent dienophile maleic acid 
dimethyl ester to give the tricyclic compound 349. While this study demonstrates the feasibility of 
such a disconnect, a likely drawback of this strategy is that it appears challenging to convert the 
intermediate 349 to a natural product target. Further, the applied Diels-Alder disconnect is 
stereochemically non-productive, which leaves installation of the C3 and C8 stereocenter. 

 

Figure 44 Pattendens B-, C-ring radical cyclization cascade approach 

Pattenden 1998  

The Pattenden groups unique approach to the taxane scaffold107 features a concerted formation of 
the B- and C-ring by a radical cascade reaction initiated by macrocyclization via a Giese type 
radical addition followed by contraction to the C-ring by another radical addition. Thereby starting 
from  precursor 351, a C5 centered primary radical is generated from the corresponding iodide and 
addition to a C4 based enone results in formation of a macrocycle along C4-C5. The -keto radical 
at C4 generated by this reaction then undergoes cyclization to the C-ring by ring contraction with 
the C8-based enone. The enone based ‘first generation’ substrate 351 demonstrated feasibility of 
this concept as the desired product 355 was obtained, though accompanied by several byproducts 
(352 by saturation of the primary radical, saturation before C-ring formation 353, and 354 as the 
undesired C1-epimer), even upon extensive optimization.  

A second generation substrate 356 could circumvent these problems partly, yielding the desired 
product in 45% yield. However, this product leaves no direct options for installation of the C19 
methyl group and the C8 quaternary center. 
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A third generation was devised to overcome this issue by incorporation of an additional methyl 
group C19 at position C8, which can be expected to result in formation of the desired C8 
quaternary carbon upon radical addition, but the desired macrocyclization was not feasible with 
this substrate. 

B-Ring construction  

A comparably large amount of approaches exist utilizing strategically distinctive retrosynthetic 
disconnects in the B-ring periphery (without concommitant disconnect of the A- or C-ring). 
Notably, the vast majority of the previously discussed successful natural product synthesis also 
belongs in this category. 

 

Figure 45 Blechert's DeMayo-reaction approach to the B-ring 

Blechert 1984 

Blechert presented a highly interesting strategy assembled around the De-Mayo reaction,108,109 with 
uncommon retrosynthetic disconnects between C3-C4 and C8-C9. In one of the most far 
developed approaches of the Blechert group, the cyclohexadienone 360 is converted to 361 by 1,4-
additions of potassium cyanide. Saponification of the cyanide then results in the anhydride 362. 
Subsequent addition of MeLi to the anhydride and extrusion of the carboxylate followed by 
esterification by diazomethane and cyclocondensation by a Dieckmann type reaction, then O-
acylation gave the A/B-ring precursor 363. De-Mayo reaction with cyclohexene by [2+2]-
photocycloaddition and a retro-aldol type fragmentation triggered by cleavage of the acetate under 
basic conditions resulted in formation of the desired tricycle 365. The obtained cis-fused C-ring 
system could be further converted to the desired trans-fused system by epimerization at C3. 

A drawback of this synthesis strategy were significant issues with introduction of the C19 methyl 
group to introduce the C8 quaternary carbon. The Blechert group tested approaches via a photo 
cycloaddition of a tethered olefin side chain bearing an additional C8 based allylic methyl group, 
speculating on formation of the cyclohexane ring with a methyl group at ring junction at C8.110 
Unfortunately, [2+2]-cycloaddition with this precursor was unsuccessful and yielded only 
degradation upon irradiation. 
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Figure 46 Kishi's NHK-coupling approach to the B-ring 

Kishi 1993 

The Kishi group planned a synthesis strategy based on a convergent approach comprising separate 
construction of an A- and C-ring fragment, then conjunction along C1-C2 by A-ring vinyl lithium 
addition to a C-ring aldehyde.111 This is followed by B-ring closure by a Nozaki-Hiyama-Kishi 
reaction between a C10 based vinyl iodide and a C11 aldehyde. Considering the central 
disconnects, this strategy is in rough analogy to the approaches of Danishefsky (C10-C11 Heck-
coupling), Sato-Chida (C10-C11 SmI2 mediated allyl benzoate-aldehyde coupling) and Nakata 
(C10-C11 vinyl iodide-enolate coupling)(c.f. chapter 1.3).  

Kishi is cited by others78,87 to have completed Taxol and Hydroxytaxinine utilizing this approach, 
but there is no publication in any peer-reviewed journal on the actual total synthesis to this date, 
the effort seems to be documented in the corresponding PhD thesis instead (which was not verified 
by the author of this thesis). 

 

Figure 47 Swindells pinacol-coupling based approach to the B-ring 
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Swindell 1995 

The Swindell group reported an approach89 utilizing the more common C10-C11 and C1-C2 
disconnects between separate A- and C-ring fragments, but in a unique arrangement. In this 
scenario, the C10-C11 connectivity was forged first by A-ring based vinyl lithium addition to a C-
ring based aldehyde. B-ring closure was undertaken then by Ti(III)-mediated pinacol coupling to 
give the intermediate 376 as a single diastereomer. Considering the substantial issues faced by the 
Nicolaou group13 upon attempted cyclization to the 8-membered B ring by pinacol coupling along 
C9-C10, this represents a highly interesting result. Equally interesting is the excellent 
stereoselectivity of these operations, adjusting the C1 and C2 hydroxy functionalities in the desired 
configuration. The authors rationalize the stereoselectivity by a strongly favored equatorial 
arrangement of both the developing C2 hydroxy group and the C9-based functionality in a 
transition state assuming an endo-boat chair conformation of the 8-membered ring. The authors 
implied plans for dearomatization of the C-ring by Birch reaction to potentially advance 
intermediate 376 to Taxol. The alkoxy substituents at C4 and C7 of 376 serve in this context to 
adjust the oxygenation state at these positions.. A general issue of this approach may be 
introduction of the C19 methyl group and the C8 quaternary center.  

 

Figure 48 Nagaokas attempted 1,3-dipolar cycloaddition for B-ring closure 

Nagaoka 1997 

The Nagaoka group tested an approach112 based on the conjunction of an A-ring aldehyde and C-
ring aryl lithium species by 1,2-addition along C2-C2, then B-ring closure by dipolar cycloaddition 
of a C10 centered nitrile oxide with the C11-C12 olefin. The cyclization precursor 380 was readily 
obtained by condensation of nitromethane to the aldehyde of 379 and reduction of the ,-
unsaturated nitro group by NaBH4 (besides protecting group operations). Upon treatment with p-
chlorophenyl isocyanate at 70°C, in anticipation of the formation of the corresponding nitrile oxide 
and 1,3-dipolar cycloaddition to the isoxazoline, the formation of the oxime 382 was surprisingly 
observed. The authors speculate that this was the result of a cationic cyclization instead of the 
anticipated 1,3-dipolar cycloaddition: However, the result obviously satisfied the purpose of this 
operation, formation of the 8-membered B-ring. 
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Figure 49 Magnus’ attempted 1,3-dipolar cycloaddition B-ring closure 

Magnus 1999 

A similar approach for cyclization of the B-ring via 1,3-dipolar cycloaddition of a nitrile oxide was 
also attempted by the Magnus group,113 though along the C2-C3 bond with an C2 based nitrile 
oxide. The cyclization precursor was assembled by addition of the A-ring fragment as vinyl lithium 
species to the C-ring fragment aldehyde along C10-C11. Upon attempted cyclization of the C2 
nitrile oxide with the C3-C4 centered olefin, no cyclization was feasible but instead, isomerization 
to the corresponding isocyanate was observed. 

 

Figure 50 Granjas RCDEYM cascade approach to the A-, C-ring 

Granja, 2016 

More recently, the Granja group114 presented a highly innovative approach based on a cascade ring-
closing dienyne metathesis (RCDEYM) reaction. In this proposal, the A- and B-ring are 
constructed in one step along C10-C11 by enyne metathesis and C12-C13 by concomitant olefin 
metathesis. The enyne 391 was accessible in enantioenriched  state by asymmetric catalysis via 
Sharpless asymmetric epoxidation from intermediate 389. 1,4-addition of an allyl cuprate species to 
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cyclohexene followed by 1,2-addition of the resulting enolate to the aldehyde 393 returned the 
cyclization precursor enyne 394. The desired RCDEYM reaction cascade was feasible utilizing the 
2nd generation Grubbs catalyst to give the tricycle 395.  

Further oxidation of the C10-C12 diene was achieved by twofold epoxidation of the diene followed 
by a highly interesting radical fragmentation cascade to give the allylic alcohol 397. Highlights of 
this approach are efficient utilization of modern synthetic methodology by the RCDEYM  reaction 
and access to the scaffold in a comparably high oxygenation state, not least due to use of an unusual 
but efficient diene oxidation method. Drawbacks concerning the synthesis of natural products are 
the issue of introduction of the C19 methyl group/the C8 quaternary center and absence of the A-
ring gem-dimethyl group motive. 

 

Figure 51 Prunet's RCDEYM cascade approach to the A-, C-ring 

Prunet 2016 

A related approach utilizing the cascade ring-closing dienyne metathesis (RCDEYM) reaction 
published by the Prunet group115 in the same year overcame these drawbacks. An enyne cyclization 
precursor was constructed by a vinyl lithium addition of 400 to aldehyde 399 along C1-C2 via the 
Shapiro reaction to give 401 and further conversion of the Troc protected primary alcohol to the 
olefin 402. The 2nd generation Grubbs catalyst facilitated the desired RCDEYM reaction to give 403, 
along the same disconnects as the previous approach. Compared to the Granja groups approach, 
this approach enables introduction of the A-ring gem-dimethyl groups and the C8 quaternary 
center. As the reaction upon utilization of the 2nd generation Grubbs catalyst competed with ring 
closing olefin metathesis to the side product 404, the reaction was further optimized. Usage of the 
Zhan-1B catalyst variety gave eventually the desired product 403 in 70% yield (alongside 20% of 
side product 404).  

The C-ring fragment 400 was thereby accessed in enantioenriched state, while the aldehyde 399 
was used as a racemate. This resulted in formation of two trans-diastereomers of the coupling 
product 401, which were separable. Both (optically active) diastereomers were tested for the desired 
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cyclization cascade, but only the precursor displaying the correct ‘taxane like’ configuration at C1, 
C2 resulted in successful transformation to the taxane scaffold, while the diastereomer resulted only 
in olefin metathesis to the 8-membered ring, analogously to the side product 404. 

One may note that utilization of the C10-C12 diene oxidation strategy reported by Granja114 and 
oxidation of the C3-C4 olefin would indeed result in a synthetically versatile intermediate featuring 
a comparably high degree of oxidation. 
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1.4. Synthetic Efforts towards Non-Classical Taxanes 

The following chapter gives an overview over literature reported transformations towards 
nonclassical taxanes. Seco-taxanes are thereby excluded for the sake of brevity, as they bear less 
relevance for the research reported in this thesis. The following discussion is focused on abeo- and 
cyclotaxanes instead. Notably, no actual total synthesis towards any nonclassical taxane besides the 
author’s works has been reported yet, though examples exist for conversion of semi-synthetic 
material. A more extensive review of this topic can be found in a review of the Gaich group,20 co-
authored by the author of this thesis. 

(15  1)abeotaxane scaffold 

 

Figure 52 Cationic rearrangement of classical taxanes to the (151)abeotaxane scaffold 

A significant number of literature reports28,116-123 noted the rearrangement of the classical taxane 
framework upon generation of a C1 cation, usually by elimination of the C1-OH tertiary alcohol 
upon activation with Lewis- or Brønsted acids. The following 1,2-alkyl shift establishes a 
connection between C11 and C1, signifying the class of (15  1)abeotaxanes. The resulting tertiary 
cation 408 then usually undergoes either elimination to a C1 based isopropylidene moiety 409, or 
addition of water to the tertiary alcohol moiety 410.  

 

Figure 53 Rearrangement of a Taxol derivative to the corresponding (151)abeotaxane 
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Notably, this rearrangement has been successfully applied to fully oxygenated Taxol derivatives. 
Figure 53 described a study reported by Kinston and Hamel,120 where Taxol was globally protected 
with the TES-protecting group, followed by C2 rebenzoylation. The obtained intermediate 411 was 
then subjected to SOCl2, pyridine which triggered the desired cationic rearrangement to the (15  
1)abeotaxane scaffold 412. Global deprotection of TES then gave the abeotaxane 413, which was 
further modified at the prenyl residue (epoxidation, hydroxy chlorination, hydrogenation, and 
ozonolysis). The resulting abeotaxane derivatives were tested in tubulin polymerization assays as 
well as concerning their cytotoxicity against a range of cancer cell lines. Interestingly, some of the 
abeotaxane derivatives indeed showed promising activity in the tubulin polymerization assay 
comparably to Taxol. Cytotoxicity was observed as well for some of these derivatives, though with 
less favourable IC50 values compared to Taxol. This constitutes one of few examples for relevant 
bioactivity of non-classical Taxanes based on the same mechanism (stabilization of tubulin 
polymers) than Taxol.  

11(15  1),11(10  9)bisabeotaxane scaffold 

 

Figure 54 benzylic acid type rearrangement to the 11(15  1),11(10  9)bisabeotaxane scaffold 

A report by Appendino123 and coworkers (figure 54) describes a similar rearrangement resulting in 
formation of the 11(15  1),11(10  9)bisabeotaxane scaffold, expressed by other taxane natural 
products as Wallifoliol.124 The mechanism commences likely by protonation of the C1 tertiary 
alcohol and formation of a C1 based cation, followed by a rearrangement to the (15  1)abeotaxane 
scaffold. In case of the C10 oxidized 10-dehydro-10-deacetyl-baccatin III 414, this rearrangement is 
followed under the reaction conditions by a benzylic acid rearrangement type reaction, initiated by 
attack of the C16 alcohol of intermediate 415 at the C10 ketone. Interestingly, the authors note that 
this second benzylic acid rearrangement type rearrangement is only observed for the -C7-OH 
epimer, the corresponding -C7-OH epimer delivers the expected (15  1)monoabeotaxane. 
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2(3  20)abeotaxane scaffold 

 

Figure 55 Synthesis of a bioactive 2(3  20)abeotaxane based Taxol analogue 

Synthetic access to this scaffold itself has not been achieved in the literature, but at least one study 
deals with derivatization and the biological properties of semi-synthetic material.41 Castedo and 
coworkers obtained deaminoacyltaxine A by isolation from the leaves of Taxus baccata (around 
100 mg/kg plant material) and developed a synthesis strategy for introduction of the C13 peptide 
side chain. The purpose of this modification was to access a 2(3  20)abeotaxane based analogue to 
Taxol. The authors argue that the scaffold, though seemingly diverging from Taxol in the 2D 
projection, has a similar spatial arrangement of the structure in the lowest energy conformation 
(estimated by MMX force field based molecular modelling). In this context, the introduction of the 
C13 peptide was anticipated as a critical structural feature to preserve bioactivity for such a 2(3  
20)abeotaxane based Taxol analogue.  

The synthesis starts from deaminoacyltaxine 418 by global TES protection, followed by global 
deacylation by LiAlH4. The C2 benzyl functionality, deemed necessary for bioactivity of the scaffold 
was then reintroduced by BzOH, EDC, DMAP, whereas highly selective benzylation at C2-OH was 
observed. The peptide chain was introduced by the Ojima method, utilizing the -lactam 419. The 
authors note interestingly, that other methods involving coupling of the free carboxylate tested 
before for 10-deacetly-baccatin III derivatives were not feasible with the abeotaxane 420. Global 
deprotection of the ethoxy ethyl ether and TES was achieved by HCl, HF*pyridine to give the Taxol 
analogue 422. Cytotoxicity assays against a number of cancer cell lines demonstrated medium 
activity for the Taxol analogue (IC50 = 6 g/ml for the abeotaxane 422, compared to Taxol 
IC50 = 0.2-0.002 g/ml), but higher activity compared to the starting material 418 (IC50 > 10 g/ml). 
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3,12-monocyclotaxanes 

 

Figure 56 Formation of a 3,12-monocyclotaxane upon treatment with SeO2 

The group of Scott encountered an unexpected formation of a 3,12-monocyclotaxane upon 
attempts to oxidize taxadiene 11.125 The major product of this reaction was the 3,12-
monocyclotaxane 423, accompanied by smaller amounts of the expected allylic oxidation products. 
The author’s mechanistic proposal commences with an en-reaction between the C4-C5 olefin and 
SeO2 to form intermediate 424, the commonly assumed intermediate for SeO2 promoted allylic 
oxidation. The mechanism then diverges by homolytical bond cleavage and resulting in formation 
of the C3 based tertiary radical 425. Cyclization with the C11-C12 olefin and quenching of the C11 
tertiary radical by TBHP might then deliver the 3,12-cyclotaxane 427. While this scaffold is not 
found in naturally occurring taxanes, this study might be interpreted as a valuable hint towards the 
mechanisms by which natural occurring cyclotaxanes as 3,11-monocyclotaxanes are formed. 

3,11-monocyclotaxanes 

 

Figure 57 CPY725A4 hydroxylate induced formation of a 3,11-monocyclotaxane 

In the course of a metabolic engineering approach the group of Rontein126 introduced cDNAs to 
express the CYP725A4 hydroxylase (taxa-4(5),11(12)-diene 5-hydroxylase) alongside the taxa-
4(5),12(12)-diene synthase into Nicotiana sylvestris. The target of this approach was to obtain C5-
-hydroxy-taxa-4(5),12(12)-diene, as it was previously shown that taxa-4(5),11(12)-diene 5-
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hydroxylase might be the first hydroxylation in the ‘oxidase’ phase of the taxane biosynthetic 
pathway. Surprisingly, this approach gave rise to 5(12)-oxa-3(11)-cyclotaxane 428, ‘OCT’ (figure 
57) instead. The group of Stephanopoulos described a similar result based on a similar approach, 
the desired C5--hydroxy-taxa-4(5),12(12)-diene ‘T5OH’ was only observed as the minor product 
in their study.127 

 

Figure 58 Formation of a 3,11-monocyclotaxane from taxadiene upon epoxidation 

Stephanopoulos assumes that the unusual activity of the 5-hydroxylase towards taxadiene 430 
may arise from degradation of an instable epoxide species upon enzymatic epoxidation of the 
taxadiene substrate 430. A really interesting feature of this study, the authors put this hypothesis to 
test also by synthetic approaches. When taxadiene 430 was thus treated with mCPBA or DMDO, 
indeed the suspected reaction took place and three species, the natural occurring 23, the previously 
encountered 3,12-monocyclotaxane 428 ‘OCT’ and further an unusual rearranged scaffold 436 
were obtained. Reflux of the mixture further seemingly led to isomerization of OCT 428 to the 
rearranged product 436. The resulting mechanistic proposal is described in figure 58. Epoxidation 
of the C4-C5 olefin leads formation of a C4 based cation, which may either undergo elimination to 
the naturally occurring allylic alcohol 23 or induce a 1,2-hydride shift from C3. The resulting C3 
cation might then lead to cyclization with the C11-C12 olefin. The resulting C12 cation might then 
either be trapped by the C5-OH alcohol, or induce a rearrangement by contraction of the A-ring by 
a 1,2-alkyl shift followed again by trapping of the cation by the C5 alcohol to give scaffold 436. 
Formation of the cationic intermediate 434 might also be induced by heating of the OCT scaffold 
428, explaining the conversion of 428 to the rearranged product 436 under reflux conditions. 
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Notably, even though neither structure 428 or 436 has been described as isolation products from 
natural sources, the 3,11-monocyclotaxane scaffold without the additional C5-O-C12 bridging 
ether functionality has been observed numerous times for taxanes of higher degree of oxidation.1 

 

Figure 59 Photocyclization on Taxinine A to Taxinine K 

While the reports by Rontein126 and Stephanopoulos127 imply a cationic mechanism towards 
formation of the 3,11-monocyclotaxane scaffold, several groups, Nakanishi,35 Sako128 and 
Kobayashi,42 have reported the formation of a 3,11-bond under photochemical conditions if a C5-
C20 exomethylene moiety is present in the molecule. Notably, this was applicable to the fully 
oxidized taxane framework, Nakanishi for example described transformation of Taxinine A to 
Taxinine K upon irradiation with a mercury lamp in dioxane.35 While the authors do not propose a 
mechanism for this reaction, one might assume that the reaction proceeds via the T1 excited state of 
the C11-C12 enone. Thereby, a photoinduced intramolecular hydrogen atom transfer from C3 to 
C12 by the enone based diradical of the T1 excited state might lead to a C11, C3 based diradical. 
Recombination of the radicals then creates the observed C3-C11 bond that constitutes the 3,11-
monocycloscaffold. The author reproduced these results, a more detailed description of the 
suspected mechanism is given in chapter 3.2.12. 

In summary, these results imply that multiple mechanistic pathways (cationic, radical mediated) 
can be demonstrated experimentally to induce formation of 3,11-monocyclotaxane products from 
the classical taxane framework. 
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1.5. The chemistry of Cages and Propellanes 

The author’s efforts towards propellane containing taxane diterpenes as Canataxporpellane and the 
Taxpropellanes A-C can be seen as work on the interface of the field of natural product synthesis 
and the field of ‘caged’ organic molecules and propellanes. Historically both fields developed mostly 
in parallel, with limited overlap between these disciplines, as few targets have been isolated yet from 
natural sources that would necessitate such a joint-venture. The fields of natural product total 
synthesis and ‘geometric’ molecules as cages and propellanes feature different specific dominant 
methodologies. This is a consequence of different structural prerequisites for each class of molecule: 
natural products often feature a high density of heteroatom bearing functionalities which require 
mild methods and careful differentiation of reactivity. ‘Geometric’ molecules, on the contrary 
predominantly consisting of CH functionalities can commonly outlast rather harsh operations, 
though in turn their construction, specifically in case of highly stained propellanes, requires often 
very specific approaches. Further, the lack of functional group at the target represents a ‘double-
edged sword’ as on one hand, it reduces issues due to differentiation and competing reactivity, but 
on the other hand, the need to operate with few functional groups as a ‘handle’ and late-stage 
removal of these functional groups places additional constraints on synthesis planning. 

For the synthesis of ‘caged’ molecules, cycloaddition and specifically photocycloadditions 
(including less common modes, as alkene-arene-photocycloadditions), fragmentations and ring 
contractions represent ‘privileged’ methodologies  

This chapter will commence with an introduction to some of the classics of the ‘caged’ and 
‘geometric’ molecule synthesis field to give the reader an overview of the typical methods employed 
in this field. The next part will then focus on the synthesis and properties of the 
tetracyclo[4.4.0.03,9.04,8]decane system which represents a central element of this thesis’ target 
molecules. From here the intriguing details of propellane synthesis and their properties will be 
discussed, including some of the rare existing examples of propellane bearing natural products as 
Modhephene and Colombiasin. The chapter concludes with a review of the alkene-arene 
photocycloaddition, one of the methodologies central to this field as well as to the authors own 
synthetic efforts. 

1.5.1. Synthesis and Reactivity of Cages in Organic Chemistry 

Dodecahedrane (Prinzbach) 

The synthesis of Dodecahedrane by the groups of Prinzbach129,130 and Paquette131-136 represents one 
of the classic examples for synthesis at the interface between the field of total synthesis and the field 
of ‘geometric molecules’. While this research may have been driven also by aesthetic aspects, in the 
sense of enabling access to a synthetic hydrocarbon analogue of the platonic body dodecahedron. 
The intriguing structure of Pagodane129 spurred further theoretic investigations, specifically 
concerning the nature of the central cyclobutane motive  in the context of σ-
bishomoaromaticity.137-139 Upon treatment of Pagodane with SbF5 in SO2ClF at cryogenic 
temperatures (originally in an attempt of cationic rearrangement of the scaffold towards 
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dodecahedrane) a surprisingly stable dicationic species was obtained.137 The observed species 
exhibited NMR spectroscopic data which indicated a highly symmetric D2h symmetry, which was 
interpreted as the formation of a 2-aromatic cyclobutanoid system. This led to the concept of σ-
bishomoaromaticity, a type of aromaticity that is characterized by delocalization among the orbitals 
in the plane of the aromatic system, as opposed to perpendicular to it e.g. for the more conventional 
cyclobutadiene dication.138 In another interesting analogy, this system might be seen as a ‘frozen’ 
Woodward-Hoffmann transition state for the allowed cycloaddition between ethylene and an 
ethylene dication.137 Further investigation indicates that this type of bonding scheme is likely 
limited to specific, highly geometrically confined systems as Pagodane.139 

 

Figure 60 Prinzbachs synthesis of Pagodane and Dodecahedrane 

The Prinzbach synthesis of Dodecahedrane130 via Pagodane129 commences with an endo-selective 
Diels-Alder reaction of norbornene 438 and perchloro-cyclopentadiene 437. The resulting adduct 
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439 was subjected to another [4+2]-cycloaddition with thiophene oxide 440, to give the 
intermediate 441 upon extrusion of SO2 and aromatization. Reductive dehalogenation and another 
thiophene oxide [4+2] cycloaddition/aromatization maneuver led to the C2-symmetric 
intermediate 446. Irradiation of this intermediate lead to a highly unusual ortho-arene-arene-
photocycloaddition, enabled presumably by the defined, close spatial arrangement of the benzene 
units in the framework of intermediate 446.  

This constitutes an excellent example of the reactivities specific for the chemistry of ‘caged’ 
molecules by merit of conformationally close and inflexible grouping of interacting functional 
groups in the scaffold. 

Heating of intermediate 447 with maleic anhydride lead to a cascade reaction comprising two 
consecutive [4+2]-cycloadditions, first an intermolecular reaction between maleic anhydride and 
one of the dienes of 447, followed by another intramolecular [4+2]-cycloaddition between the 
resulting cyclohexene moiety and the remaining second cyclohexadiene motive. Reductive 
decarbonylation of the anhydride 448 via Cu(I) (one may put this mechanistically in analogy to the 
reductive cleavage of active esters via single electron transfer for the purpose of radical 
decarboxylative functionalization140) followed by a number of standard operations gave 
intermediate 455. Regitz diazotransfer to the 1,3-dicarbonyl 455 and subsequent photochemically 
triggered Wolff-rearrangement resulted in a ring contraction to 458. Decarboxylation was achieved 
by Hundsdiecker-reaction and subsequent reductive dehalogenation by NaK to give Pagodane. A 
dehydrogenation of Pagodane along the peripheral methylene groups located in close spatial 
proximity eventually yielded Dodecahedrane.  

Dodecahedrane (Paquette) 

The Paquette group’s approach131-136 commences with dimerization of cyclopentadiene to 462, 
followed by 2-fold [4+2]-cycloaddition with acetylene dicarboxylate 463 to give the intermediate 
464. Iodo-lactonization, lactone methanolysis and oxidation of the resulting primary alcohol to the 
corresponding ketone followed by reductive dehalogenation via electron transfer by Cu/Zn gave 
the intermediate 466. This sequence can be seen as a relay oxidation of the olefin, directed by the 
iodo-lactonization. 1,2-Addition of the cyclopropyl sulfonium 467 derived ylide to the ketone 466 
led to the formation of a cyclopropyl oxirane species, followed by rearrangement to the 
cyclobutanon 468.141 Elimination of the spirocyclic -lactone with concomitant cationic cyclization 
on the resulting olefin gave the cyclopentenone intermediate 470. A number of standard operations 
then gave the intermediate 472.  
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Figure 61 Paquettes synthesis of Dodecahedrane 

Reductive fragmentation of the 1,4-dicarbonyl was achieved via electron transfer under Birch 
conditions to the carbonyl*-orbital and subsequent fragmentation of the -bond via the carbonyl 
radical anion to give a di-ester enolate species upon further reduction. The transient intermediate is 
then partly saturated by the alkylation of one of the ester enolates with BOMCl. Additionally, both 
chloride functionalities were reductively cleaved and the non-quaternary remaining ester 
undergoes cyclization with the anion obtained from chloride cleavage to give the corresponding 
cyclopentanone. This step ‘unraveled’ the dodecahedrane precursor 473. From here, several of the 
remaining connectivities were iteratively forged by Norrish type II reactions of carbonyl 
functionalities (via intermolecular hydrogen atom transfer from the T1 carbonyl excited state and 
radical recombination). The remaining non-CH functionality, the tertiary alcohol 475 was removed 
by E1-elimination followed by a diimide hydrogenation of the resulting olefin. The synthesis was 
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concluded by a bond-forming dehydrogenation event of the two remaining methylene units in 
close spatial proximity using Pd/C at 250°C to give Dodecahedrane. 

Cubane 

Besides Dodecahedrane, another platonic body can be regarded as a classic of the ‘caged’ or 
‘geometric’ molecule synthesis, Cubane.142 Compared to Dodecahedrane, a significantly more 
strained framework may be expected, as the bonding angles differ further from an ideal tetrahedral 
sp3 geometry. As a result, Cubane derivatives display interesting properties that would mark these 
compounds as valuable components for applications in the materials chemistry sector (see below), 
though scale-up and commercialization might be hampered by a comparably inconvenient access 
to these compounds. 

 

Figure 62 Cubane synthesis by Cole and Eaton 

The first synthesis of Cubane was achieved by Cole and Eaton143,144 following the synthesis route 
described in figure 62. A series of bromination events starting from cyclopentenone gave rise to 
2,3,5-tribromocyclopenanone. This process, following a corresponding review of the authors, is 
experimentally tedious. For this reason,  an alternative procedure was utilized later by Chapmann145 
and Stock146 via bromination of cyclopentanone ethylene glycol ketal to give 2,2,5-
dibromocyclopentanone ethylene glycol as an alternative precursor. Basic treatment of either of the 
tribromides resulted in formation of 2-bromo-cyclopentadienone in situ, which dimerizes by 
[4+2]-cycloaddition to intermediate 485. A subsequent [2+2]-photocycloaddition gave the 
bishomocubane intermediate 486. Two fold ring contraction by a Favorskii reaction converted the 
bishomocubane system to the Cubane dicarboxylate 487. Barton decarboxylation then delivered 
Cubane 489 in a total of 7 steps  
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Figure 63 Rearrangement reactions of the Cubane system 

The highly strained nature of the Cubane scaffold allows transition metal catalysts as Rh(I) an 
insertion in the Cubane scaffold, resulting in a retro-cyclization event to give the tricyclic scaffold 
490 (note that alternatively, besides ‘ring strain’ one may rationalize this result by a change in 
hybridization of the formal sp3 carbons, driven by the unusual geometry of the scaffold, a detailed 
discussion on this can be found in the propellane sub-chapter 1.5.2).142 Heating of intermediate 490 
results in a retro-electrocyclization to give cyclooctatetraene 491. This was also found applicable for 
substituted Cubane derivatives.142  

Treatment of Cubanes with Lewis acids such as Ag(I) or Brønsted acid resulted in a rearrangement 
to Cunean (492) (presumably by a cationic reaction cascade upon heterolytic fragmentation of one 
of the Cubane bonds).142 Interestingly, heating of Cunean further resulted in a formal retro-
cyclization of the cyclobutane moiety (the process might proceed via a biradical intermediate 
following homolytical bond cleavage, as the direct thermal [2+2]-retro-cyclization is symmetry 
forbidden) to Semibullvalene, upon further heating cyclooctatriene was ultimately formed.147  

 

Figure 64 Synthesis of octanitrocubane by the Eaton group 

As previously mentioned, Cubane derivatives can exhibit useful properties which mark them as 
candidates for potential application in material science. An interesting example is the investigation 
of octanitrocubanes in the field of high energetic materials. octanitrocubane is stable under ambient 
conditions (including against friction) but reacts as one of the strongest explosives known to the 
literature to date when ignited, and as such displays potentially highly valuable properties.148 

A synthesis was designed by the Eaton group,149-151 commencing from Cubane monocarbonic acid 
chloride 494 by photochemical carbonylation to the tetra-acid chloride 495. The conditions for this 
process were subject to extensive optimization to result predominantly in the depicted isomer 495. 
Curtius rearrangement gave the tetra-isocyanate which then was oxidized by DMDO to the 
tetranitrocubane 497. This intermediate can be deprotonated by NaHMDS as by merit of a 



1.5.  The chemistry of  Cages and Propellanes 

 

78 

combination of directing group effect, electron withdrawing influence of the nitro-groups, and a 
slightly increased s-character of the orbitals in Cubane due to the unusual geometry (a discussion of 
this will be given at a later point in chapter 1.5.2). The reaction of the Cubane anion with N2O4 was 
then used for an iterative introduction of nitro-groups, to yield eventually octanitrocubane. 

Tetrahedrane 

Another ‘platonic-body’ structure targeted by synthesis is Tetrahedrane. Notably, this structure was 
found substantially less stable than Dodecahedrane and Cubane, and can only be obtained as the 
corresponding tetra-tert-butyl derivative 506 at ambient conditions.  

 

Figure 65 Synthesis of a Tetrahedrane derivative by the Matusch group 

The group of Matusch established a synthesis152 of tetra-tert-butylTetrahedrane starting from tetra-
tert-butyl-cyclopentadienone 501. Irradiation at 254 nm yielded the Tetrahedrane precursor 502. A 
photochemical extrusion of the carbonyl by a Norrish type I process at -100°C yielded the desired 
product tetra-tert-butylTetrahedrane. The product was stable under ambient conditions and could 
be even chromatographically isolated. Heating to 130°C or irradiation led to isomerization to the 
cyclobutadiene derivative 507. The authors note that the temperature for the last step is critical, as 
photochemical treatment at r.t. led to formation of the ketene intermediate 503 (this may be 
formulated as an alternative reaction path starting from the diradical intermediate of a Norrish type 
I reaction upon homolytical cleavage of the carbonyl-bond). Intermediate 505 then underwent 
another series of fragmentation events to give di-tert-butylethyne. 

Bullvalene 

 

Figure 66 The fluxional nature of Bullvalene 

Bullvalene is a structure of theoretical interest as the Bulllvalene framework allows for degenerate 
cope rearrangements. Consequently, at r.t. only one broad band is observed in the NMR, describing 
an average of the individual electronic properties of the olefinic/aromatic protons as 
rearrangements are faster than NMR time scale. At -90°C, the rearrangements are sufficiently 
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inhibited to observe a defined set of sharp signals, with separate signal groups for the aliphatic and 
olefinic signals.153 

An equivalent behavior is show by Semibullvalene and Barbaralan. 

 

Figure 67 Bullvalene analogus displaying fluxional behavior 

A number of approaches to Bullvalene synthesis is described in figure 68.153 The upper reaction 
scheme in figure 68 thereby represents the first successful Bullvalene synthesis by Schröder.154-158 
Mechanistically, Schröder proposes a [4+2]-cycloaddition/dimerization of cyclooctatetraene, 
followed by a 6-electrocyclization analogue process that gives a 6/6/3/3-farmwork, the 
rearrangement of which then results in intermediate 514. Photochemical extrusion of benzene via a 
retro-cyclization process then gave Bullvalene in 6% overall yield. 

 

 

Figure 68 Representative examples for synthetic access to Bullvalene 

Alternatively, rearrangement via the Nenitzescu hydrocarbon was found possible by the van-
Doering group.159 Thereby it was found that the Nenitzescu hydrocarbon and Bullvalene are in 
equilibrium at high temperatures, whereas the same equilibrium can be also entered from 
intermediate 520. This takes place assumingly via intermediate 517, from which Bullvalene can be 
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obtained by di-vinyl-cyclopropane rearrangement and the Nenitzescu hydrocarbon by 
fragmentation of the cyclopropanes, while also conversion of intermediate 515 to 517 can be 
rationalized by a retro-electrocyclization/electrocyclization process.  

In another approach by the Serratosa group,160 inspired by previous work by the van-Doering 
group,161 intramolecular cyclopropanation was utilized to give intermediate 521, which then 
underwent ring enlargement using diazomethane to give 519. A fragmentation via the tosyl-
hydrazone gave the intermediate 520. Photochemical rearrangement of this intermediate then 
resulted in Bullvalene. One might rationalize this last step again via intermediate 517. 

The tetracyclo[4.4.0.03,9.04,8]decane system 

 

Figure 69 The tetracyclo[4.4.0.03,9.04,8]decane system 

A distinctive feature of the dicyclotaxane Canataxporpellane is the central 
tetracyclo[4.4.0.03,9.04,8]decane motive (‘cage’). Early studies by Cookson, Hudec and coworkers 
succeeded in the synthesis of this unique structure.162 

 

Figure 70 Synthetic access to the tetracyclo[4.4.0.03,9.04,8]decane system 

In these studies, benzoquinone underwent [4+2]-cycloaddition with various dienes (see figure 70), 
followed by an intramolecular [2+2]-cycloaddition to the tetracyclo[4.4.0.03,9.04,8]decane system. 

 

Figure 71 Synthesis via dearomatizing alkene-arene-ortho-photocycloaddition 
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Highly interesting in this context is the study of Kusher,163 who demonstrated that the same 
approach can also be applied starting from aromatic naphtaquinone. A Diels-Alder reaction with 
cyclopentadiene and a subsequent photocycloaddition resulted in the dearomatized 
tetracyclo[4.4.0.03,9.04,8]decane system 536. This is remarkable as a very early example for the 
alkene-arene-ortho-photocycloaddition (see chapter 1.5.3). 

 

Figure 72 Intramolecular interactions in the tetracyclo[4.4.0.03,9.04,8]decane diketone 

Concerning the 1,4-dicarbonyl situated in a cage in the manner of intermediate 537, two crucial 
effects have been discussed in the literature. Hudec notes that interactions between the carbonyls 
with each other in such a constrained environment, specifically -repulsion, can be 
spectroscopically verified. 162 Hudec argues further, that this might constitute a driving force for the 
facile addition of water to give the hydrate in some of these structures, relieving the unfavorable 
interaction of the dicarbonyl 537. Kiriyama argues for a similar system using Dreiding models that 
such 1,4-dicarbonyls situated in the tetracyclo[4.4.0.03,9.04,8]decane scaffold add significant ring 
strain to the system and consequently any reaction resulting in a sp3 hybridization at these positions 
is strongly driven by the reduction of ring strain.164 
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Figure 73 Heteroatom 'bridging' cyclization tendencies in the tetracyclo[4.4.0.03,9.04,8]decane system  

The situation of a heteroatom substituted sp3 center and a carbonyl situated at adjacent positions in 
the system appears to be more nuanced. In this case, subtle differences in the system can lead to 
drastically different behavior concerning the equilibrium of lactol or aminal formation in the 
system. 
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Figure 74 Behavior of the 1,4-dicarbonyl and surprising results of photocyclization in the solid state 

Similar results concerning the reactivity of the 1,4-dicarbonyl motive in the 
tetracyclo[4.4.0.03,9.04,8]decane derivatives are described by Scheffer, Trotter and coworkers.165 
Interestingly, Scheffer and Trotter described a pronounced difference in the result of 
photochemical treatment of the tetracyclo[4.4.0.03,9.04,8]decane precursor 546 upon irradiation in 
solid state,166 in contrast to the established reaction in solution. This led to the formation of the 
alternative photoproduct 551 presumably via an intramolecular 1,5-hydrogen atom transfer 
triggered from the T1 enone excited state and radical recombination. 

 

Figure 75 FVP process towards Dodecahedrane by Mehta 

Mehta describes an interesting application of tetracyclo[4.4.0.03,9.04,8]decane intermediates to enable 
rapid access to a Dodecahedrane precursor 559 via flash-vacuum pyrolysis of the 
tetracyclo[4.4.0.03,9.04,8]decane system. 167 
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Figure 76 (–)-trishomocubane synthesis by Prinzbach 

A study by Prinzbach168 features the same ether bridged tetracyclo[4.4.0.03,9.04,8]decane derivative 
561 as Methas study which is in close analogy to the intermediates Konstantin Samarin169 and later 
the author met en route to Cantaxpropellane. Treatment of the ether 562 under strongly acidic 
water-free conditions using H2SO4/AcOH was observed to result in the formation of the triacetoxy 
intermediate 564 by a cationic Wagner-Meerwein type 1,2-rearrangement. Further, under strongly 
acidic conditions the resulting all-syn triol and intermediate 565 were shown to be slowly 
interconverting. The all-syn triol obtained is of high symmetry and represents a tris-homocubane 
scaffold. The authors proceeded with a racemic resolution of intermediate 564 via esterification 
with (–)-camphanoyl chloride and subsequent ester deoxygenation via ester cleavage, oxidation, 
formation of the corresponding thio-ketal and desulfurization by Raney-nickel to access 
enantiomerically pure (–)-trishomocubane.  
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Figure 77 Reactivity changes upon introduction of an additional transannular bond 

A more recent study involving the tetracyclo[4.4.0.03,9.04,8]decane system has been published by 
Kohta and coworkers.170 In this study ring closing metathesis (RCM) of systems of either type 573 
(without a C1-C7 bond) or type 575 (with a C1-C7 bond, marked in red) has been attempted. The 
authors observed that the presence of this additional C1-C7 bond had very distinctive effects on the 
reactivity. RCM of intermediate 573 was not feasible with either 1st or 2nd generation Grubbs 
catalyst, while the same cyclization was facile on substrate 575. The authors rationalize this by the 
geometry change introduced by the additional C1-C7 bond. Models demonstrated that presence of 
the C1-C7 connectivity shifted the alkene bearing substituents in close spatial arrangement, 
facilitating the ring closure. The RCM of intermediate 576 to 577 further demonstrated that this is 
indeed an issue specific to the distance of the allyl substituents, as alternative cyclization with the 
closer substituent introduced to the ketone was facile, even independent of the ring size. One might 
draw the following conclusion from this, in the context of the previously discussed tendencies for 
hemi-ketal/aminal and hydrate formation, this structural motive responds to minute structural 
changes in delicate ways. 
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Figure 78 Reductive 1,4-dicarbonyl fragmentation and spontaneous transannular cyclization 

In another study by Metha,171 the authors reported a highly useful transformation of the 
tetracyclo[4.4.0.03,9.04,8]decane system by reductive cleavage of the 1,4-dicarbonyl moiety by NaK. 
This presumably proceeds by electron transfer of NaK to the *-orbital to give a -keto radical 
anion which then triggers the fragmentation of the 1,4-dicarbonyl followed by further reduction of 
the resulting ketyl radical anions to the dienolate. The product underwent further slow cyclization 
to 580 by an (presumably acid catalyzed) aldol reaction.  

Fragmentation methodology on the tetracyclo[4.4.0.03,9.04,8]decane along this line is highly relevant 
for the author’s research, as presented in chapter 3.2.2. For this reason, the following paragraphs 
will highlight further studies dealing with the fragmentation of the tetracyclo[4.4.0.03,9.04,8]decane 
scaffold. 

 

Figure 79 Transannular cyclizations and retro-aldol fragmentation 

Metha and coworkers further reported also a Grob-type fragmentation of aldol adducts similar to 
580.171 This resulted in the olefin 582. Epoxidation of the olefin and base treatment led to another 
cyclization via enolate attack at the epoxide to give the interesting scaffold 583. 

 

Figure 80 Lewis acid catalyzed rearrangement of the tetracyclo[4.4.0.03,9.04,8]decane system 
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Another study by Metha172 revealed some more intriguing reactivities of the 
tetracyclo[4.4.0.03,9.04,8]decane system. Flash vacuum pyrolysis of 585 led to formal retro-
cycloaddition to give the linear triquinane 588, a common scaffold in natural products chemistry.  

Lewis acid treatment in contrast resulted in a cationic semi-pinacol-like rearrangement to result 
curiously in the homocubane scaffold 587. 

The FVP rearrangement methodology was further expanded by another study of Kohta173 to a 
library of triquinane compounds, whereas polyhalogenated precursors were found to undergo the 
rearrangement under more conventional (240°C) conditions. In general milder conditions could be 
obtained by using a microwave reactor. 

 

Figure 81 Photoinduced electron transfer based fragmentation of a tetracyclo[4.4.0.03,9.04,8]decane system 

Pandey and coworkers reported a mechanistically fascinating study of fragmentation of the 
cyclobutane of the tetracyclo[4.4.0.03,9.04,8]decane system.174 Treatment of 536 under photochemical 
conditions in the presence of NEt3 led to the formation of the fragmented product 589, 
representing the formal exo-Diels-Alder adduct of naphtaquinone. This is curious, as a simple 
retro-cycloaddition would be expected to result in the formation of the endo-adduct. The authors 
explain this via a photoelectron transfer from NEt as a sacrificial donor to the *-orbital of the 
carbonyl which leads to a fragmentation via the keto radical anion 590. Upon fragmentation and 
reduction of the keto anion species, a dienolate is obtained which then resulted by protonation 
in the stereochemical outcome presented in figure 81. 

 

Figure 82 Lewis acid catalyzed fragmentation to the triquinane scaffold 

Metha and coworkers further reported175 that systems of the type of 592 featuring donor 
functionalities led to facile retro-aldol type fragmentation of the system upon treatment with Lewis 
acids. The transient enolates then underwent a subsequent retro-Michael type reaction to yield the 
formal retro-cyclization product, the triquinane 595.  
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1.5.2. Synthesis and Reactivity of Propellanes 

 

Figure 83 Partial charges in strained carbocyclic scaffolds176,177 

Propellanes are molecules of high theoretical interest, as unusual, strained geometry allows to study 
sp3 carbon bonding behavior at its limits.176,178-181 Propellane nomenclature follows the general form 
‘[a.b.c.] propellane’, whereas the numbers in bracket signifies the number of atoms that are part of 
the the bridge between the ‘bridgehead’ carbons of the propellane (Note: in the context of this 
introduction, propellanes are restricted to all-carbon scaffolds, heterocyclic compounds are 
excluded from discussion here for the sake of brevity). 

Geometries of the sp3 carbon that vary significantly from the tetrahedral ideal (one may note that 
the [1.1.1] propellane bridgehead carbons display all 4 bonds in only one hemisphere around the 
carbon) can be expected to rehybridize partly to alleviate the unfavorable bonding situation, 
resulting in an increased s-character of the carbon. As increased s-character results in increased 
electrophilicity of the carbon, commonly rationalized by the fact that s-orbitals are situated in 
average closer to the positively charged nucleus compared to p-orbitals, one expects to see a change 
in bond polarization for these species. A list of partial charge distributions for several characteristic 
species, derived by Wiberg and Bader176 can be found in figure 83. These charge distributions can 
be seen as a useful way to compare the bonding situation for different strained hydrocarbon 
species. As can be seen, highly strained hydrocarbon skeletons show a drastically increased negative 
partial charge on the carbon, increased positive charge on the corresponding proton, as expected by 
the increase in carbon electrophilicity. Strong effects are obtained especially for the bridgehead 
carbon atoms of propellanes featuring small cycles, thereby the [2.1.1] propellane is curiously even 
slightly more affected than the [1.1.1] propellane. In case of the [2.2.2] propellane, the effect is 
already reduced, the cyclohexane eventually displays a comparison with a typical sp3 carbon. Some 
other hydrocarbon species can be identified to be equally affected by this unusual bonding 
situation, noteworthy bicyclo[1.1.0]butane and Tetrahedrane (as mentioned before though, an 
instable species at ambient conditions). Cubane still shows a deviation from a typical sp3 binding 
situation, even though the effect is already diminished compared to Tetrahedrane. 
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Figure 84 Ring strain in propellanes of varying ring sizes176,177 

Bond dissociation energies for the central highly strained C-C bond among propellanes176,177 (figure 
84, energies in kcal) display a similar trend as mentioned before, with the [2.1.1] propellane as the 
most strained propellane, followed by the [1.1.1] propellane. The [3.2.1] propellane signifies a 
significant drop in dissociation energies and the [3.3.3] propellanes show only moderately higher 
dissociation energies compared to the range of typical sp3-sp3 carbon single bonds (80-90 kcal/mol). 

 

Figure 85 Representative examples for the synthesis of the [1.1.1] propellane 

A number of synthetic approaches to the prominent [1.1.1] propellanes can be found in figure 85.178 
[1.1.1] propellane has been first synthesized in 1982 by Wiberg and Walker182 driven by an interest 
in the nature of the chemical bond. The authors converted the diacid 606 to the dibromide 607 by a 
Hundsdiecker type reaction, an intramolecular Wurz-type coupling then achieved the synthesis of 
the [1.1.1] propellane (figure 85, top). Later additional synthesis approaches183,184 have been 
published that allow to access the [1.1.1] propellane by a more straightforward approach, e.g. from 
the allyl dichloride 608 by cyclopropanation and intramolecular Wurtz coupling, or from 1,1-
dibromo-3-methylenecyclobutane by an intramolecular cyclopropanation.178  

The central C-C bond between the bridgehead carbons of small cycle propellanes undergoes facile 
addition reactions, this can be rationalized either by strain release as the driving force, or as a result 
of the unique bonding/orbital situation at this bond. Further in [1.1.1] propellane, this bond has 
also been demonstrated to undergo spontaneous homolytic fragmentation, which allows for an 
addition reaction to suitable radical acceptors. 
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Figure 86 Typical reactivities of the [1.1.1] propellane 

A summary of typical [1.1.1] propellane reactivities is given in figure 86.178,180,185 Addition of alkyl 
radicals to the propellane is facile and results in a bicyclo[1.1.1]pentane radical which undergoes 
Giese type additions with suitable olefins. Nucleophilic organometallic species also undergo facile 
addition reactions yielding a bicyclo[1.1.1]pentane anion which can then be trapped by a suitable 
electrophile. If a boron-ate complex is generated by this means, the structure allows for coupling by 
means of a Matteson type 1,2-metallate rearrangement of the boronate. 

Furthermore, the [1.1.1] propellane scaffold undergoes rearrangement under acidic conditions 
towards methylene cyclobutane or methylene cyclobutene derivatives. 

Addition of an understochiometric amount of a radical initiator to the [1.1.1] propellane leads 
further to polymeric species called ‘Staffanes’.186 

 

Figure 87 Cycloaddition reactions based on spontaneous homolytic bond cleavage of the [1.1.1] propellane 

The low energy barrier for homolytic bond cleavage can result in a facile reaction of [1.1.1] 
propellanes with sufficiently good radical acceptors, impressive examples of the intriguing 
mechanisms resulting from this are described in figure 87.187 

The recent literature demonstrates ongoing research towards applications for the unique [1.1.1] 
propellane scaffold.185,188 A recent development thereby is the use of [1.1.1] propellanes as a 
platform for the introduction of the bicyclo[1.1.1]pentane motive. This motive has been 



1.5. The chemistry of  Cages and Propellanes 

91 

demonstrated to function as a bioisostere for benzyl functionalities and has been utilized for lead 
structure optimization in medicinal chemistry (some illustrative examples are given in figure 
88).189,190 

 

Figure 88 Examples for utilization of the bicyclo[1.1.1.]pentane motive in medicinal chemistry 

These examples further impressively demonstrate that even seemingly abstract motives as the 
[1.1.1] propellane, born as a curiosity of chemical bond theory, can occasionally find seemingly 
unexpected practical applications.  

 

Propellane natural product synthesis 

While propellanes might appear as artificial motives accessed by the means of synthetic organic 
chemistry, a small number of structurally interesting natural products displaying the propellane 
moiety have been isolated to date. As can be expected, the highly reactive small cycle propellanes 
featuring high ring strain are not commonly observed as such. The smallest propellane size (defined 
as size = (n+m+o) for a [n.m.o] propellane by the author for the sake of comparison) observed to 
the best knowledge of the author is the [4.3.1] propellane. For the more stable propellanes larger 
than this size, several examples exist (a summary can be found in recent reviews of the Bräse 
group191), specifically [3.3.3] propellane comprise a bigger family of natural products and have been 
subject to a large number of synthetic studies as well.  
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Figure 89 The biosynthesis of Modhephene 

Modhephene represents by far the most intensively investigated propellane bearing natural 
product, displaying a [3.3.3] propellane. The biosynthesis of this sesquiterpene191 was proposed 
starting from cationic cyclization of farnesyl pyrophosphate. Ring contraction of the macrocyclic 
intermediate 632 was proposed to result in the transient cyclobutane 633. From here, the 
biosynthesis may proceed either via elimination to caryophyllene and subsequent rearrangement of 
the exomethylene moiety or by ring expansion to the bridged intermediate 634. Either way may 
eventually result in the formation of the tricycle 635. A 1,3-hydride shift may initiate then the 
contraction of the 6-membered ring of the resulting presilphiperfolan-8-yl cation to the angular 
triquinane 638. Cationic rearrangement of the annulated system then results in the formation of 
the [3.3.3] propellane scaffold 640. Elimination may eventually result in the conversion to 
Modhephene.  

Notably, total synthesis approaches (see total synthesis by Fitjer and Noltemeyer192,193) have been 
undertaken which closely mimic the latter steps and indeed found this cationic rearrangement from 
intermediate 639 to the [3.3.3] propellane viable. 

 

Figure 90 Natural products comprising an oxidized Modhephene scaffold 

Modhephene represents the archetype of a small family of natural products, as several oxidized 
terpenoid natural products from the same biosynthetic pathway are known (see figure 90).191 
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Figure 91 Fitjers total synthesis of Modhephene utilizing a cationic rearrangement cascade192,193 

Modhephene has posed a very popular target for total synthesis efforts. As the unique [3.3.3] 
propellane core structure requires specifically tailored strategies, this spurred a significant number 
of highly creative synthesis designs. 

The total synthesis of Fitjer and Noltemeyer193,194 exemplifies this impressively. In this proposal, a 
cationic rearrangement, not unlike the final steps of the proposed biosynthesis, traces the target 
back to the unusual spirocyclic intermediate 655. 

The synthesis commenced by olefination of 3,3-dimethylspiro[3.3]heptan-1-one generated from 
dichloroketene addition to propan-2-ylidenecyclobutane to give tricyclobutane 649. This then 
underwent ring expansion upon treatment with mCPBA to give the ketone 650 which was 
subsequently subjected to alpha methylation to give 651. Addition of the chiral auxiliary 652, 
separation of the resulting diastereomers and elimination effected a racemic resolution of the 
ketone intermediate 654. 1,2-Addition of MeLi to the ketone then gave the tertiary alcohol 655, the 
precursor of the desired cationic reaction cascade. Treatment with PTSA resulted eventually in the 
formation of (–)-Modhephene via the reaction cascade outlined in figure 91, requiring ‘no fewer 
than nine 1,2-shifts’ as the authors remark. As the authors accessed both enantiomers of the natural 
product in enantiopure state, the absolute configuration of the natural product could be confirmed 
by this synthesis. The authors further demonstrate that this rearrangement is kinetically controlled, 
if the reaction is driven to thermodynamic equilibrium, only isocomene and another angular 
triquinane are obtained. 
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Figure 92 Wenders total synthesis of Modhephene utilizing the alkene-arene-meta-photocycloaddition 

The group of Wender195 as one of the pioneers of the use of the alkene-arene-meta-
photocycloaddition in total synthesis presented a highly efficient synthesis of rac-Modhephene 
based on this technique. Following this approach, the alkene-arene-meta-photocycloaddition of 
indane (659) with vinyl acetate (660) gave rise to the [3.3.3] propellane 661 in one step from readily 
available starting materials. Saponification of the ester and oxidation gave the ketone 662 and 
subsequent permethylation of the keto enolates under thermodynamic conditions yielded the gem-
dimethyl bearing intermediate 663. A 1,4-like addition of methyl cuprate to 663 with concomitant 
cyclopropane opening, trapping of the enolate as phosphoramidate 664 and deoxygenation by 
hydrogenolysis gave racemic Modhephene in an extremely succinct synthetic route. 

 

Figure 93 Total synthesis of Modhephene via oxa-di--methane rearrangement 

Mehta and coworkers196 present another highly creative approach. 1,2-Addition of MeMgI to the 
cyclohexenone 665 gave the corresponding tertiary alcohol, which upon aqueous workup gave rise 
to a mixture of diene species by merit of elimination. Subjection of the diene to ketene equivalent 
CH2C(Cl)CN resulted in a Diels-Alder reaction to give bridged structure 666. Irradiation of 666 in 
acetone resulted in an oxo-di--methane rearrangement to give the [3.3.3] propellane 667. Two-
fold -methylation, fragmentation of the cyclopropane via the ketyl radical anion under Birch 
conditions gave the gem-dimethyl bearing intermediate 669. Another -methylation, reduction of 
the ketone and elimination furnished the desired racemic Modhephene.  
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Figure 94 Total synthesis of Modhephene based on the Cargill-rearrangement 

The group of Smith197,198 presented a synthesis assembled around the Cargill-rearrangement. The 
cyclohexenone intermediate 672 was accessed via Diels-Alder reaction of the enamine 671 and 
methyl metacrylate 670. [2+2]-cycloaddition with dichloroethene resulted in the [4.3.2] propellane 
674. Elimination of the 1,2-dichloride under Birch conditions gave the rearrangement precursor 
675. Addition of PTSA then triggered the Cargill-rearrangement as described in figure 94, resulting 
in the [3.3.3] propellane 678. 1,2-Additon of MeLi followed by 1,3-transpositon of the tertiary 
allylic alcohol by Cr(VI) gave the enone 679. Methyl cuprate 1,4-addition and a sequence of 
following standard operations gave eventually racemic Modhephene. 

 

Figure 95 Paterno-Büchi-reaction based total synthesis of Modhephene 

Rawal and coworkers199 present a radical cyclization based approach. Intermediate 682 was 
accessed by Diels-Alder reaction staring from cyclopentadiene and methyl acrylate. A Paterno-
Büchi reaction upon irradiation gave the oxetane 683. Elimination of the oxetane followed by 
treatment with LDBB gave rise to the diquinane 685 by merit of reductive fragmentation (along the 
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bond highlighted in blue in scheme 95). Alternatively, the diquinane intermediate 685 was also 
found directly accessible by treatment of the oxetane 683 with AlCl3 and LDBB. Introduction of a 
phenyl selenide via the keto enolate and subsequent 5-exo-trig radical cyclization gave the [3.3.3] 
propellane 686. 1,4-Addition of methyl cuprate and Wittig reaction with Ph3P=CH2 and 
isomerization of the olefin via PTSA gave racemic Modhephene. 

 

Figure 96 Utilization of the Conia-ene reaction for a total synthesis of Modhephene 

The approach of Mash200 and coworkers was constructed around a Conia-ene type ring closure and 
starts from the diquinane 689, presumably accessed by [3+2] cycloaddition between vinyl silane 
687 and the acid chloride 688 (Note: diquinane derivative preparation by a procedure from 
Paquette, as the authors of the total synthesis do not provide a procedure for the starting material). 
Ketalization with an enantiopure tartrate auxiliary, cyclopropanation under Simmons-Smith 
conditions followed by cyclopropane cleavage by TMSI gave the primary iodide 692. Reaction with 
the TMS acetylide gave (besides protecting group operations) the acetylene 693. A Conia-ene type 
reaction was triggered at 360°C to give the [3.3.3] propellane 694. Takai-Lombardo olefination, 
regioselective epoxidation of the electron-rich trisubstituted olefin and subsequent Meinwald 
rearrangement gave the ketone 695. Isomerization of the olefin utilizing iodine and Wolff-Kishner 
deoxygenation resulted in enantioenriched (–)-Modhephene. 
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Figure 97 Radical cyclization based total synthesis of Modhephene 

Curran and Shen201 presented a synthesis of Modhephene via an elegant radical cascade reaction. 
Thereby, precursor 698 was synthesized from cyclooctadiol 697 in a multistep sequence, which is 
not discussed here for the sake of brevity. Conversion of the carboxylate to the corresponding acid 
chloride and reaction to the Barton ester via mercaptopyridine N-oxide gave the cyclization 
precursor 699. Decarboxylation upon heating to 80°C led to the tertiary radical 700 by merit of 
homolytical bond cleavage followed by a radical cyclization cascade, controlled through 
preorganization of the substrate in a boat-chair conformation, to give the [3.3.3] propellane 701 
upon recombination with the mercaptopyridine radical. Oxidation and elimination of the thioether 
701 was followed by oxidative cleavage of the resulting exomethylene unit by RuCl3, NaIO4 to give 
the ketone 703. Methylation, reduction of the ketone and elimination of the tertiary alcohol gave 
eventually racemic Modhephene. 

Notably, these examples were chosen to give a brief overview of the broad scope of methodology 
that has been applied for the synthesis of Modhephene. For a more comprehensive summary, a 
recent review by Bräse and coworkers is recommended.191 
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Figure 98 Olefin metathesis based synthesis of the Dichrocephones A, B 

Comparably fewer examples have been reported for the synthesis of the Modhephene congeners 
featuring additional oxygenation. More recently, the groups of Tantillo and Christmann published 
a concise  total synthesis of the Dichrocephones A and B.202  

The alkyne 704, accessible from cyclopentane-1,3-dione, was subjected to Ag(I) mediated 
bromination followed by hydration of the alkyne to give the ketone 706. The bromide 706 was then 
treated with the C2-symmetric chiral phosphine to initiate a catalytic asymmetric Wittig reaction, 
which achieved desymmetrization of the (previously achiral) substrate to give the diquinane 707 in 
96% ee. 1,4-Addition of vinyl cuprate and subsequent olefin metathesis completed the construction 
of the [3.3.3] propellane. A number of standard operations were utilized to differentiate the ketones 
by merit of their varying steric hindrance to give the tertiary alcohol 710. Methylenation to the 
diolefin 711 was achieved by Manich reaction and subsequent E1cB elimination. Corey-
Chaykovsky reaction using Me3SOI gave selective cyclopropanation at the less hindered 
exomethylene moiety (upon ‘exhaustive screening of methods’) and subsequent epoxidation of the 
remaining olefin by in-situ generated trifluoro peracetic acid gave the epoxide 712 (the 
stereoselectivity might be rationalized by directing effect of the free hydroxy group). Reductive 
cleavage of the epoxide by LiAlH4 and of the cyclopropane by a platinum catalyzed hydrogenolysis 
resulted in the gem-dimethyl group bearing intermediate 713. Elimination of the tertiary alcohol 
(without affecting the keto hydroxy moiety) and Mukaiyama hydration effected inversion of the 
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tertiary alcohol to give Dichrocephone A. Treatment with Bf3*OEt2 eventually resulted in the 
formation of the oxetane to give Dichrocephone B. 

 

Figure 99 Total synthesis of Salvileucin B via [2+2+2]-cycloaddition and intramolecular cyclopropanation 

Besides Modhephene, only a limited number of natural products bearing the preopellane motive 
have been targeted by total synthesis. Salvileucalin represents the propellane with the smallest 
overall ring size (sum of m+n+o for a [m.n.o] propellane, a metric set by the author for the sake of 
comparison) observed in nature. The Reisman group could achieve a total synthesis of this natural 
product based on an intramolecular dearomatizing cyclopropanation.203 

The synthesis commenced with asymmetric 1,2-addition of the propargyl zinc species derived from 
715 to 3-furaldehyde 716 to give the propargylic alcohol 171 in 93% ee. Propargylation of the 
secondary alcohol, desilylation of the primary alcohol and subsequent bromination resulted in the 
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diyne 718. Asymmetric alkylation of the ketone 719 using the bromide 718 via the 
pseudoephedrine auxiliary methodology of Myers gave the triyne intermediate 720. Desilylation 
with TBAF prepared the first key step, a formal [2+2+2] cycloaddition via Ru(II)-catalysis to the 
aromatic tetracyclic intermediate 721. Arndt-Eistert homologation of the carboxylate, addition of 
NaCH2CN to the ester and Regitz-diazotransfer of the resulting -keto cyanide then gave the diazo 
compound 723 in preparation of the second key step of the synthesis. Intramolecular 
cyclopropanation was successful using the Cu(hfacac)2 catalyst at 120°C under microwave 
conditions to give the desired [4.3.1] propellane with concomitant dearomatization of the benzene 
moiety.  

Transfer of the ketone to the vinyl triflate and DIBAlH reduction of the cyanide 724 curiously 
resulted in the formation of compound 726, presumably by an oxo-divinyl cyclopropane 
rearrangement of the transient intermediate 725, fragmenting the [4.3.1] propellane. The authors 
speculated that the reaction is indeed reversible and represents an equilibrium, though strongly 
favoring the vinyl ether 726 over the aldehyde 725. Indeed, treatment with another equivalent of 
DIBAlH succeeded to trap the aldehyde from the equilibrium to give the primary alcohol 727. The 
authors noted in this context that a Lewis acidic reducing reagent as DIBAlH was favorable for this 
purpose as they were expected to promote the sigmatropic rearrangement. Non-Lewis acidic 
reagents as LiBH4 led to competitive cleavage of the vinyl triflate instead.  

The synthesis of (+)-Salvileucalin B was concluded by a Pd-catalyzed carbonylation of the vinyl 
triflate 727 and subsequent benzylic oxidation of the cyclic ether to the corresponding -lactone by 
CrO3 in presence of 3,5-dimethyl pyrazole. 

The syntheses of Elisapterosin B and Colombiasin A feature another classic total synthesis of a 
propellane bearing natural product. The syntheses have been reported by Nicolaou,204 
Harrowven,205 Rychnovsky,206 Jacobsen207 and Davies208 (listed in no specific order). The following 
examples highlight different strategies towards this unique natural product scaffolds. 

The vast majority of synthesis approaches (Rychnovsky, Nicolaou, Jacobsen, Davies) is constructed 
around an intermolecular quinone Diels-Alder reaction followed by side chain introduction and an 
intramolecular Diels-Alder reaction to install the prominent [4.4.4] propellane motive. In contrast 
to this, Harrowven followed a different approach for the central annulated 6/6 ring system by an 
electrocyclization of a ketene derivative. A major challenge in the synthesis of this natural product 
was stereocontrol in these operations, as the drastic complexity increase driven by the two key step 
Diels-Alder reactions requires a tight control of the stereochemical outcome.  
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Figure 100 Rychnovskis total synthesis of Colombiasin A and Elisapterosin B 

The Rychnovsky synthesis of Colombiasin206 commences with asymmetric alkylation of 730 by the 
pseudoephedrine method of Myers to give the aldehyde 731 upon reductive cleavage of the 
auxiliary. Wittig reaction delivered the diene precursor 732. From here, Kowalsky homologation of 
the ester delivered the intermediate ynolate, which was treated with LiH and trapped with Ac2O to 
deliver the desired E,E-diene 734. The desired Diels-Alder reaction with the quinone 733 was 
facilitated by a protocol by the Grieco-group209 using lithium perchlorate in ether to give the 
cycloaddition product 736 as a diastereomeric mixture (dr 1.7 : 1). The stereochemical outcome of 
such a Diels-Alder reaction is controlled by two criteria, endo/exo-adduct and facial selectivity. 
While the reaction displayed high endo-selectivity (both adducts are endo-products), the facial 
selectivity, influenced by the stereocenter at the side-chain methyl group is less efficient and leads 
only to a medium degree of selectivity. The observed preference for the desired adduct can be 
rationalized by a Felkin-Ahn model concerning the preferred conformation of the adjacent side-
chain stereocenter upon interaction with the dienophile (see inlay figure 100). The subsequent 
synthesis was carried out with the mixture of diastereomers, though the other diastereomer was 
omitted in figure 100 for clarity. Reduction of the system under Luche conditions was undertaken 
to prevent aromatization during the following steps. Treatment with LiCuMe2 gave direct 
replacement of the acetate, this was followed by hydrogenation and reoxidation to give again the 
methylated quinone system 737. Rearomatization of the quinone, deprotection of the primary 
alcohol and oxidation to the aldehyde gave 738. The ‘detour’ via the oxidation to the hydroquinone 
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was carried out as direct enolization of intermediate 737 failed. Wittig reaction and deacetylation of 
the hydroquinone with concomitant oxidation by air to the quinone prepared the diene 740 for the 
following second key step. A very elegant feature of this synthesis, both natural products can be 
obtained from the diene 740 correspondingly either [4+2]-cycloaddition to Colombiasin A 
or[5+2]-cycloaddition to Elisapterosin B. The desired Diels-Alder reaction was feasible by a 
thermal protocol previously published by Nicolaou, the [5+2]-cycloaddition was feasible in 
promoted by BF3*OEt2 at -78°C to give (–)-Colombiasin A and respectively (–)-Elisapterosin B. 

 

Figure 101 Harrowvens total synthesis of Colombiasin A and Elisapterosin B 

An interesting alternative to the construction of the central decalin system displayed by 
Colombiasin A was reported by Harrowven and coworkers.205 Their synthesis is based on the 
Moore rearrangement, a retro-4-electrocyclization/6-electrocyclization cascade. The precursor 
for this rearrangement was obtained in a chiral-pool strategy from (–)-dihydrocarvone. Reduction 
and hydroboration of (–)-dihydrocarvone using (–)-isopinocampheyl borane gave the diol 
744+745 as a separable diastereomeric mixture.  

The major diastereomer was homologated using substitution of the primary alcohol with KCN via 
the tosylate followed by chemoselective reduction with DIBAlH to give the aldehyde 746. Julia 
Kocienski reaction delivered the diene 747 in an inconsequential 3 : 1 (Z : E) isomeric mixture, 
which converged to the E-isomer upon treatment using iodine in the next sequence of steps. 
Introduction of the squarate (building block B) by oxidation and subsequent Shapiro reaction of 
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the ketone proved tedious, but was eventually successful upon developing a procedure that allowed 
for in-situ formation of the hydrazone to give the squarate bearing intermediate 748. Heating to 
100°C under microwave conditions resulted in the desired Moore-rearrangement by retro-4-
electrocyclization to the transient vinyl ketene 749 followed by 6-electrocyclization to give the 
hydroquinone 751. The endgame of the synthesis by oxidation of the hydroquinone to the quinone 
by air and intramolecular [4+2] or [5+2] proceeded analogously to the previous synthesis to give (–
)-Colombiasin A and (–)-Elisapterosin B. 

 

Figure 102 Nicolaous total synthesis of Colombiasin A 

The first synthesis of Colombiasin was achieved by Nicolaou and coworkers, following a 
intermolecular-, then intramolecular Diels-Alder strategy.204 The approach of Nicolaou features an 
interesting access to enantioenriched material utilizing an asymmetric quinone Diels-Alder 
reaction by merit of the Mikami-catalyst210-212 [(S)-BINOL-TiCl2] (generated in situ from (S)-
BINOL and TiCl2(OiPr)2). Control of regioselectivity in such a scenario as described in figure 102 
can be rationalized based on the denticity of ligation to the catalyst in use. For a catalyst which only 
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allows for monodentate coordination, the substrate will preferentially coordinate via the ketone 
moiety, which features higher Lewis basicity compared to the alternative -methoxy-ketone 
coordination site (figure 102, right scenario). A catalyst which allows for bidentate coordination on 
the other hand might preferentially bind to the bidentate -methoxy-ketone site (figure 102, left 
scenario). This interplay of catalyst and quinone substrate allows to control the regioselectivity of 
the outcome by catalyst choice. Accordingly, the Mikami catalyst produced a 6 : 1 regioisomeric 
mixture of 756 upon subsequent rearomatization with strong preference for the desired isomer 
756.  

The aromatized intermolecular Diels-Alder product 756 was then subjected to a Tsuji-Trost 
reaction to facilitate the introduction of the side chain towards intermediate 758.  

This reaction was found challenging, as even under optimized conditions the undesired isomer is 
obtained in significant amounts (allylation vs crotylation 1:1). Further, the stereocenter generated at 
the allyl position corresponds to the epimer of the desired product. The inversion of this 
stereocenter necessitated a significant ‘detour’, the desired epimer was eventually obtained by 
conversion to the ,-unsaturated aldehyde and Pd-catalyzed hydrogenation from the (si)-face, 
although this product also corresponds to the minor diastereomer (dr 1 : 2) obtained in this 
reaction (the major diastereomer was recycled). The desired diene was generated then by Wittig 
reaction and subsequently masked by the corresponding sulfolene. Heating to 180°C facilitated 
eventually the desired extrusion of SO2 and subsequent intramolecular Diels-Alder reaction of the 
resulting diene to give the desired [4.4.4] propellane. Deoxygenation of the Diels-Alder product 
then furnished (–)-Colombiasin A. 

 

Figure 103 Remaining challenges in the synthesis of propellane bearing natural products 

The account of propellane containing natural products in this section is by no means conclusive, 
the reader is recommended to a number of reviews for further reading.178-180,191 A number of 
intriguing natural products as Artesin A213 (figure 103) represent remaining challenges for synthetic 
endeavors. 
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1.5.3. The Alkene-Arene-Photocycloaddition Reaction 

The direct cycloaddition between olefins and arenes poses a central element in the synthetic works 
of the author and has been commonly utilized specifically for access to ‘caged’ molecules and 
propellanes. As such, the last section of this chapter is devoted to a brief review of the alkene-arene-
photocycloaddition.214-221 

The alkene-arene-photocycloaddition possesses 3 different modes corresponding to the 
periselectivity observed in the reaction outcome. 

 

Figure 104 Modes of the alkene-arene-photocycloaddition reaction 

The generally possible modes and the corresponding resulting products are described in figure 
104.218 Reaction commonly display a certain degree of selectivity, commonly [2+2]-cycloaddition 
(‘alkene-arene-ortho-photocycloaddition’) and [3+2]-cycloaddition mode (‘alkene-arene-meta-
photocycloaddition’) compete for a given group of substrates while the, [4+2]-cycloaddition 
(‘alkene-arene-para-photocycloaddition’) is observed seldomly, as only specific intermediates 
facilitate this reaction mode. The [m+n]-notation might not be mistaken for the description of a 
pericyclic reaction, as these cycloadditions are only in the formal sense [m+n]-products, the 
reaction likely proceeds via diradical intermediates. 

 

The competition between [2+2] and [3+2] depends critically on the substituents featured by the 
substrate, further also electron transfer and substitution can be observed as a competing reaction 
pathway. 

∆ ∆
4

1 2
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An elegant model for rationalization of the observed selectivities relies on the Rehm-Weller-
equation.214,215  

Thereby E1/2
ox(D) is the oxidation potential donor  E1/2

red(A) is reduction potential acceptor, 
E(excit) is the excitation energy, F is the Faraday constant (96490 C), e is the elementary charge 
(1.602*10-19 C), 0 is the vacuum permittivity (8.854*10-12Fm-1), and  is the dielectric constant of 
the solvent. 
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This model differentiates between ortho-addition, meta-addition and competing electron transfer 
processes based on the differences between the reduction potentials of the alkene and arene species 
involved in the reaction. 

 

Figure 105 Selectivity of the reaction mode depending on G214,215 

The result of the Rehm-Weller equation has to be calculated twice, for the arene/alkene as acceptor 
and donor and vice versa. Depending on the resulting G, the result of the photoreaction can be 
predicted as described in figure 105.214,215 Thereby electron transfer processes led to side chain 
attachment instead of a cycloaddition. 

An interpretation can be given in the following way: If the process is exergonic, a charge transfer 
reaction is preferred, leading to substitution. If the process is endergonic, cycloaddition occurs. For 
a less endergonic process (G < 1.4-1.6 eV), a higher amount of charge transfer in the exciplex is 
expected and the [2+2] adduct is obtained. The amount of charge transfer in the exciplex correlates 
well with an intuitive understanding of the electronic properties of the reaction partners, good 
acceptor or donor olefins tend to give predominantly the [2+2] adducts. A more endergonic 
process is obtained with olefins that are neither very good electron donors nor acceptors and 
possess an exciplex involving a low amount of charge transfer. This is again according to what is 
intuitively expected by the electronic properties of this type of alkenes, leading to the [3+2] product. 

It has to be noted that this relationship is not strict, counter examples have been reported. 
Furthermore, the following general tendencies214-221 can be stated: 

I) The [2+2] mode is generally preferred from a combination of alkene/arene with significant 
difference in electron density, an electron-rich aromatic system and an electron-poor alkene, or vice 
versa. 

II) The[3+2] mode proceeds specifically from the S1 (-*) excited state of the arene, the situation 
for the [2+2]-mode is more complex, the following options might be possible: a) excitation of a 
charge transfer (CT) complex b) excitation of alkene c) excitation of arene and reaction from S1 d) 
excitation of arene, inter-system crossing (ISC) and reaction from T1.  

III) The common denominator between [3+2] and [2+2] is the S1 excited state of the arene. Since 
[3+2] can only occur from this state, this explains why [3+2] is often observed accompanied by 
[2+2] reaction. 
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One must note that there seems to be contradicting statements in the literature about this, one 
source221 claims that the direct [2+2] reaction via S1 of the arene should be forbidden. Notably, this 
argumentation would also mean that a reaction from the T1 state can be specific for the [2+2] 
reaction mode, as the [3+2] reaction cannot occur for the T1 state. 

Alkene-arene-meta-photocycloaddition 

 

Figure 106 Selectivities and potential products of the alkene-arene-meta-photocycloaddition218 

The [3+2]-reaction mode represents by far the most commonly utilized reaction mode in organic 
synthesis. The reaction can in principle led to a large number of possible products, depending on 
the symmetry of the substrates involved (Wender calculated 168 isomers for an intermolecular 
reaction between a tri-substituted arene and a ‘similarly substituted alkene’ comprising one 
stereocenter222).  

A simplified overview of the different reaction pathways and their corresponding products is 
shown in figure 106.218 As the olefin and the arene show mirror symmetry and the stereochemical 
outcome is ignored, the number of possible products is reduced to 4 isomers. 

 

Figure 107 Overview selectivities in the alkene-arene-meta-photocycloaddition 

One can differentiate generally 3 factors, highlighted in figure 107, now including the scenario of 
non-symmetric diradical intermediates and selectivity involving the stereochemical outcome 
(endo/exo-addition): a) stereochemistry, b) regiochemistry and c) in case that the intermediate 
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diradical does not show mirror symmetry, also the mode of cyclopropane closure between the 
diradicals. 

Considering the observed experimental outcome it is important to acknowledge that already 
formed products can be potentially interconverted afterwards by an equilibrium with the retro-
reaction, thus the observed product distribution may correspond to either the kinetically or 
thermodynamically preferred mixture, depending on reaction time and conditions. 

The following paragraphs will cover a detailed discussion of the individual aspects a)-c) on 
selectivity. 

Exo-/Endo-Selectivity 

 

Figure 108 Exo-/Endo-selectivity of the alkene-arene-photocycloaddition 

The stereochemical outcome of the reactions depends on the formation of exo-/endo-adducts in the 
exciplex. The preferred arrangement depends on secondary orbital interactions in the exciplex, 
further Coulomb interactions and steric interactions can be relevant.218 

The endo-adducts are generally preferred (figure 108, left), this can be overcompensated in favor of 
exo-adducts by Coulomb interactions for very electron-rich olefins (figure 108, middle) or arenes 
with strong electron-withdrawing substituents (figure 108, right). The following approach may be 
utilized to make a prediction of the expected outcome: one may draw the different adducts as 
zwitterionic transition states, then decide which ones are stabilized or destabilized by the 
substituents present in the substrate. This model may not be necessary a realistic physical 
representation of the actual transition state, as the currently accepted model for the transition state 
of the alkene-arene-meta-photocycloaddition describes a diradical transition state, not as 
zwitterionic structure, but the authors present convincing examples that demonstrate that this 
approach is useful for practical estimates about the reaction outcome of the alkene-arene-meta-
photocycloaddition.218 
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Figure 109 Intramolecular alkene-arene-meta-photocycloaddition 

The above model represents the situation for intermolecular reactions. In case of intramolecular 
reactions, the selectivity is strongly governed by the tether. In this case, exo-adducts can be seen as 
generally preferred for short tethers due to a more favorable conformation of the transition state.214 

Regioselectivity 

The obtained regioselectivity depends strongly on substituent polarity. 

Theoretical studies predict rather a neutral diradical TS, however, polar substituent effects can be 
rationalized very effectively when assuming a zwitterionic transition state, as in the previous 
example concerning endo-/exo-selectivity.218 

 

Figure 110 Regioselectivity of the alkene-arene-meta-photocycloaddition 

Again, one may construct the different possible zwitterionic transition states, then decide which 
ones are stabilized or destabilized by the substituents, as illustrated in figure 110. Electron-donating 
groups thus have a significant tendency to form isomers featuring the electron-donating group at 
the bridgehead position of the diquinane/cyclopropane system. In contrast to this, electron-
withdrawing groups tend towards the formation of products featuring the electron withdrawing-
group in the vinyl or allyl position.  

In case of intramolecular reactions tether substitution and steric interactions with these can become 
critical in addition to the above tendencies. Tether substitution effects have been occasionally 
discussed by utilizing common models as the 1,3-allylic strain modes.214 These effects can also have 
influence on the selectivity of formation of the endo/exo-exciplex. 
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Regioselectivity by radical recombination 

 

Figure 111 Regioisomers by different radical recombination 

The third criterion for the reaction outcome is the regioselectivity of the radical 
recombination.214,218 Depending on which of the two mesomeric states of the allylic radical 
recombine, two products are obtained (see figure 111, forming bonds highlighted in red/blue). This 
is of specific relevance if the alkene is nonsymmetrical (R1≠R2), as the products are distinguishable 
(i.e. have different constitution formulas) in this case. 

This selectivity criterion constitutes a major weak point of this methodology, as often low selectivity 
is observed. Further, no straightforward models exist to estimate the experimental outcome. 
Notably, as implied before, this is not an issue for any substrates involving symmetric olefins, as the 
products will be indistinguishable. Importantly, it is in principle possible to interconvert the 
obtained undesired isomer into the desired isomer by means of a vinyl-cyclopropane 
rearrangement (depending on substitution pattern and stability), for which later in this chapter 
application examples will be presented.  

Formation of isomers by different regioselectivity of radical recombination is a significant problem 
when attempting to enable enantioselective synthesis, as stereo information on a substituent of the 
olefin or the tether in case of intramolecular reactions increases the amount of potential products of 
the reaction, and thus the difficulty of controlling and analyzing the selectivity of the reaction. 

 

Figure 112 Mechanistic studies concerning a diradical intermediate in the alkene-arene-meta-photocycloaddition 

As mentioned before, the zwitterionic states depicted for rationalization of selectivities in the 
alkene-arene-meta-photocycloaddition are likely not a proper description of the physical properties 
of these intermediates, as experimental results hint towards a neutral diradical intermediate. In a 
seminal study, Sheridan and coworkers223 compared the diastereomeric ratios obtained from 
irradiation of xylene and cyclopentene with generation of the corresponding diradicals from both 
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aza-derivatives 797 and 798. Separate photolysis of each of the aza compounds initally lead to 
mesomeric diradical regioisomers. Ultimately, both reactions yield the same outcome as does the 
alkene-arene-meta-photocyclization (1:1.32, within the exerimental error). This can be interpreted 
as a strong argument for the alleged diradical intermediate. 

 

Figure 113 Versatile derivatization of the alkene-arene-meta-photocycloaddition products214 

A major reason for the utility of this methodology in synthetic organic chemistry, besides rapid 
generation of (stereochemical) complexity, is the versatility of the obtained 5/5/3 system. An 
overview is given in figure 113.214 The base of these functionalization options is the comparably 
reactive vinyl cyclopropane moiety. Briefly, interaction with radicals leads to addition to the vinyl 
moiety, followed by radical driven fragmentation of the cyclopropane. In the same way activation 
of the vinyl substituent by Brønsted acids or-acidic species (potentially aided by an electron-
donating group R) results in a cationic fragmentation of the cyclopropane. Further, heating was 
demonstrated to induce a [1,5]-hydride shift and treatment under Birch conditions reductively 
cleaves the vinyl cyclopropane system. 

The following section highlights applications of the alkene-arene-meta-photocycloaddition in total 
synthesis.214,217,220 The strength of this methodology lies in extremely succinct access to the 
triquinane scaffold, an ubiquitous motive in natural products, from comparably simple precursors. 
Major drawbacks are difficult access to optically active material and potential selectivity issues, as 
discussed above. 

 

Figure 114 Natural products scaffold available via alkene-arene-meta-photocycloaddition 

Three major classes of natural products linked to this methodology can be distinguished based on 
their scaffolds, as described in figure 114.220 The Hirsutene type scaffold, featuring a linear 
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triquinane, the Isocomene-type, featuring an angular scaffold, and the Cedrene type, featuring a 
bridged system. Most common applications use the alkene-arene-meta-photocycloaddition for 
generating the linear or angular triquinane, whereas fewer applications towards the cedrene type 
skeleton have been reported. As mentioned, the efficiency of this reaction towards triquinane is out 
of competition, which makes this reaction very attractive for approaches towards triquinane 
bearing natural products. The following paragraphs will discuss a number of representative natural 
product total syntheses, sorted by their scaffold type (Hirsutene/Isocomene/Cedrene type). 

Application example: Hirsutene type scaffold 

 

Figure 115 Wenders total synthesis of Coriolin 

An elegant synthesis of (±)-Coriolin was reported by Wender,224 who can be generally recognized as 
one of the pioneers of the application of the alkene-arene-meta-photocycloaddition in the field of 
total synthesis. The cyclization precursor 813 was obtained by ozonolysis and Wittig olefination of 
the resulting aldehyde from starting material 812. Irradiation of 813 and delivered the desired 
meta-photocycloaddition adduct 814. The vinyl cyclopropane was cleaved by radical addition of 
PhSH, followed by reductive desulfuration under Birch conditions to give the triquinane 815. 
Treatment with mCPBA in presence of water led to acetal hydrolysis, then to Baeyer-Villinger 
reaction of the aldehyde, as well as epoxidation of the trisubstituted olefin. The epoxide then 
underwent a Meinwald-rearrangement to the corresponding ketone triggered by BF3*OEt2, 
followed by Saegusa oxidation to the enone. -Sulfenylation then set the stage for the introduction 
of the exomethylene motive, which was obtained by oxidation of 817 to the corresponding 
sulfoxide and subsequent elimination upon heating. At this point the intermediate converged with 
the previously published route of Danishefsky which described oxidation of intermediate 818 to 
(±)-Coriolin in two more steps. 
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Application example: Isocomene type scaffold 

 

Figure 116 Wenders total synthesis of Laurenene 

Laurenene represents a structurally intriguing natural product, the angular triquinane that assigns 
this natural product to the Isocomene type adduct is thereby embedded in a fenestrane scaffold. 
The Wender groups synthesis225 commences from 2-methyl-antranilic acid 820 by in-situ 
preparation of the corresponding aryne by diazotization of 820 followed by spontaneous extrusion 
of nitrogen and CO2. The aryne was then utilized for a Diels-Alder reaction with cycloheptadiene to 
give the bicyclic intermediate 821. Ozonolysis of the olefin with a concomitant aldol-reaction 
followed by reduction, selective tosylation of the primary alcohol and oxidation of the secondary 
alcohol furnished the ketone 822. Radical bromination of 822 produced the corresponding benzyl 
bromide. Saponification of the benzyl bromide to the corresponding benzylic alcoholate then 
triggered a Grob-fragmentation via the lactol anion upon intramolecular attack of the alcoholate to 
the ketone. Upon elimination of tosylate, and hydrogenation of the exomethylene unit formed in 
the process, the annulated intermediate 823 was obtained. Prenylation of the lactone followed by 
reduction to the lactol then provided the base for the anticipated alkene-arene-meta-
photocycloaddition. Accordingly, irradiation of intermediate 824 gave rise to the fenestrane 
scaffold 825. Eventually, reduction of the lactol under Benkeser conditions and deoxygenation of 
the scaffold resulted in (±)-Laurenene.  
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Figure 117 Gaich and Mulzers total synthesis of Penifulvin A 

Mulzer and Gaich utilized the alkene-arene-meta-photocycloaddition as part of their total synthesis 
of Penifulvin A.226 The diaoxafenestrane scaffold of Penifulvin A is thereby traced back to an 
oxidative cleavage of the angular triquinane motive. 

Access to optically active material was obtained by enantioselective alkylation using Myers 
Pseudoephedrine auxiliary based methodology starting from 2-(o-tolyl)acetic acid 828. Alkylation 
with 5-bromo-2-methyl pentene and reductive cleavage of the auxiliary gave the primary alcohol 
830. Irradiation of intermediate 830 gave rise to the desired angular triquinane 832, though 
accompanied by the isomeric linear triquinane 831. Separation of the angular triquinane, reductive 
fragmentation of the cyclopropane under Benkeser conditions and stepwise oxidation of the 
primary alcohol using IBX and then Pinnick reaction gave the carboxylic acid 833. Ozonolysis of 
the olefin resulted presumably in the transient dialdehyde 834, which cyclized then spontaneously 
to the anticipated dioxafenestrane 835. Oxidation of the lactol 835 then gave the desired (–)-
Penifulvin A.  

 

Figure 118 Interconversion of photocycloaddition regioisomers via the vinyl cyclopropane rearrangement 

Notably, in a later publication dealing with the synthesis of the closely related Penifulvins B and C, 
Gaich and Mulzer demonstrate that the linear triquinane (byproduct of the meta-
photocycloaddition) can be interconverted to the angular triquinane (desired intermediate) 
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utilizing the divinyl cyclopropane rearrangement.227 This elegant maneuver allows to converge then 
both isomers obtained in the alkene-arene-meta-photocycloaddition to the desired angular 
triquinane. 

Cedrane-type scaffold 

 

Figure 119 Total synthesis of Cedrene by the Wender group 

Comparably fewer examples of the total synthesis of natural products inheriting a Cedrene type 
scaffold exist. The synthesis of Cedrene by the Wender group222 poses a representative example. 
1,2-Addition of the metalated aryl chloride 840 followed by reduction of the resulting benzylic 
alcohol under Birch conditions gave the cyclization precursor 841. Irradiation then led to the 
anticipated alkene-arene-meta-photocycloaddition to give a mixture of isomers 842 and 843. 
Activation of the olefins of both isomers by bromine facilitated the fragmentation of the 
cyclopropane to give the corresponding bromide. Notably, the less stable tertiary allylic bromide 
formed from intermediate 842 readily isomerized in-situ to the corresponding secondary bromide, 
resulting in convergence of the isomers. Dehalogenation by HSnBu3 then gave the ketone 844, 
Wolff-Kishner reduction eventually delivered (±)-Cedrene. 

 

Alkene-arene-ortho-photocycloaddition 

Compared to the [3+2]-reaction mode, the formal [2+2]-reaction mode of the alkene-arene 
photocycloaddition has been utilized significantly less commonly as a tool in the total synthesis of 
natural products. Examples for synthesis of the tetracyclo[4.4.0.03,9.04,8]decane system has been 
discussed in the previous section about ‘cages’ in organic chemistry. The following section will 
commence with a discussion of the general selectivities observed in the alkene-arene-ortho-
photocycloaddition, followed by a brief discussion of selected applications of this reaction type. 
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Regioselectivity 

 

Figure 120 Regioselectivity of the alkene-arene-ortho-photocycloaddition 

Intramolecular alkene-arene-ortho-photocycloaddition shows generally low regioselectivity. Good 
selectivities can be observed if the olefin-alkene combination leads to an exciplex with a high degree 
of charge transfer, i.e. shows a relatively exergonic reaction as described by the Rehm-Weller 
equation. In practical terms, this means a combination of an alkene which is a very good electron 
acceptor with an arene that is a good electron donor, or vice versa.  

In this case, one can rationalize the observed selectivity with an optimal stabilization of local charge 
in the favored transition state by electron-donating/electron-withdrawing functional groups (figure 
120). This applies for the selectivity of the alkene orientation as well as the regioselectivity at the 
arene.215,218,221 

Exo-/Endo-selectivity 

 

Figure 121 Exo-/Endo-selectivity of the alkene-arene-ortho-photocycloaddition 

Concerning the exo-/endo-selectivity of the alkene-arene-ortho-photocycloaddition, only poor 
selectivity is observed for electron-poor alkenes, resulting in mixtures of the exo- and endo-product. 
´Potentially better selectivities are observed for electron-rich alkenes, where the exo-adduct is 
generally favored over the endo-adduct.215,218 

However, the alkene-arene-ortho-photocycloaddition is most commonly applied as an 
intramolecular reaction, which avoids problems by the relatively low intrinsic selectivity. 
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Rearrangements 

 

Figure 122 Rearrangements of the alkene-arene-ortho-photocycloaddition product 

The initial cycloaddition products of the alkene-arene-ortho-photocycloaddition are often labile 
and undergo follow-up reactions.214,218,220,221 Most commonly documented is the thermal [8]-retro-
electrocyclization to a cyclooctatriene system. These intermediates may then take place in further 
cyclization/retro-cyclization reactions under either thermal or photochemical conditions, until a 
stable product species is obtained (a representative example228 is described in figure 122).  

 

Figure 123 Rearrangements of the alkyne-arene-ortho-photocycloaddition product 

Alkynes can also serve as substrates in the alkene-arene-ortho-photocycloaddition (figure 123).229,230 
Analogously to alkenes, usually follow up reactions are observed, either by retro-cycloaddition to 
the corresponding cyclooctadiene, or by another intramolecular formal [2+2]-cycloaddition. 

Triplett sensitizers 

While it is assumed that the [3+2]-alkene-arene photocycloaddition reaction mode cannot 
favorably proceed via the T1 transition state,221,231 it has been demonstrated that the corresponding 
[2+2]-reaction mode, can react via the T1 excited state of the arene (see below for examples). More 
recent literature investigated the use of triplet sensitizers for intramolecular alkene-arene 
photocycloadditions. 
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Figure 124 Indol based alkene-arene-photocycloaddition enabled by novel triplet photosensitizers 

In recent literature, Zheng, Zhang and You reported the use of an iridium photocatalyst (see figure 
124, right) for triplet sensitized alkene-arene-ortho-photocycloaddition on indole substrates 
tethered at the indole C3 position.232 Oderinde reported a similar reaction applicable to a C2 
tethered olefin233 and Zhang, Wei and Fu report a similar approach for indole N-tether bearing 
substrates.234 Notably, these substrate types were found by calculation to exhibit different energies 
G=T1-S0 for the transition to the triplet state, which required adjustments of the triplet sensitizer 
to match the different substrate types. 

 

Figure 125 Dearomatization of naphthols by alkene-arene-ortho-photocycloaddition 

Glorius and coworkers235 reported recently a methodology for dearomatization of naphthols based 
on a triplet sensitized alkene-arene-ortho-photocycloaddition. Combination of this methodology 
with a second iridium catalyst allows for selective rearrangement of the direct photoproducts in a 
second step via fragmentation of the vinyl cyclobutane to the scaffold 872. 

A general advantage of triplet sensitized alkene-arene-ortho-photocycloadditions is the use of 
visible light (‘blue LED’, around 455 nm) in contrast to the classical use of ultraviolet light 
(commonly 254 nm), which prevents competing reactivities and generally leads to a more selective 
outcome and improved yields. 

  



1.5. The chemistry of  Cages and Propellanes 

119 

Asymmetric catalysis 

Very few examples exist for asymmetric catalysis of alkene-arene-ortho-photocycloaddition 
reactions. A recent example by the group of Bach highlights the feasibility of this concept (as 
described in figure 126).236 

 

Figure 126 Asymmetric catalysis of a alkene-arene-ortho-photocycloaddition by the Bach group 

In this scenario, long wave-irradiation cannot excite the substrate in its native state, as the substrate 
exhibits no absorption bands in this part of the spectrum (at 457 nm). The chiral substrate-Lewis 
acid complex in contrast has a red-shifted absorption band that can be irradiated at 457 nm. Thus 
specifically the chiral Lewis acid adduct is transferred to the excited state and gives accordingly the 
enantioenriched product 875. Generally, this method showed good enantioselectivity, but the 
substrate scope remains limited. 

Alkene-arene-para-photocycloaddition 

The formal [4+2]-reaction mode of the alkene-arene-photocycloaddition is restricted to very 
specific substrates. For this reason, this reaction mode found very few applications. 

 

Figure 127 Example for an alkene-arene-para-photocycloaddition 

Kishikawa and coworkers reported an example for intramolecular alkene-arene-para-
photocycloaddition of the enone 877.237 The authors propose thereby benzyl as a triplet sensitizer, 
which leads to the T1 excited state of the enone, followed by a stepwise radical addition process to 
the product. 
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Figure 128 Dearomatization by a hetero-alkene-arene-para-photocycloaddition by Sarlah 

Noteworthy, the recent literature features very useful transformations utilizing alkene hetero-
analogues of the alkene-arene-para-photocycloaddition for dearomatization of benzene substrates 
by the Sarlah group (figure 128).238,239 This methodology can be used for efficient access to 
cyclohexene moieties with a high density of functionality bearing stereocenters from aromatic 
precursors of comparably low complexity. The MTAD photoadduct of the arene can thereby be 
first further functionalized at the olefin, e.g. by dihydroxylation, and is then reductively cleaved 
either towards a cyclohexadiene of the type of 882, or a dihydroxy-diamine derivative of the type of 
883. 

 

Figure 129 Total synthesis of Narciclasine and Lycoridine by the Sarlah group 

The Sarlah group exemplified these concepts through a total synthesis of (±)-Lyoricidine and (±)-
Narciclasine.240 Briefly dearomatizing photoaddition of MTAD to bromo benzene followed by 
dihydroxylation and condensation with aryl boronic acid gave the cyclohexene 886. Suzuki 
coupling with the vinyl bromide resulted in intermediate 887. Reductive cleavage of the MTAD 
adduct to the cyclohexadiene moiety (see above, figure 128) followed by cycloaddition with TIPS 
protected para-nitroso-phenol and reductive cleavage of the N-O-bond by Zn, AcOH gave the 
cyclohexene 888. Deprotection of the amide then gave the desired (±)-Lyoricidine. Upon 
introduction of a directing group mediated hydroxylation of the aromatic system by 
Cu(TMP)2CNLi2, TBHP (Uchiyama conditions241) to the synthesis sequence, (±)-Narciclasine was 
obtained.  
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1.6. Previous Studies towards the Synthesis of Canataxpropellane 

This section gives an overview over previous approaches towards the total synthesis of 
Canataxpropellane in the Gaich group. Before diving into the intriguing details of synthetic 
approaches towards this taxane diterpene natural product, it appears prudent to undertake an 
analysis of the unique structural features displayed by Canataxpropellane. 

1.6.1. The Structural Features of Canataxpropellane 
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Figure 130 Comparison of the classical taxane framework and Canataxpropellane 

Canataxpropellane was originally isolated from the needles of Taxus canadensis, the structure has 
been reported by Shi and Kiyota in 2007.242 Canataxpropellane belongs to the class of cyclotaxanes, 
featuring additional C-C bond connectivities in the taxane framework. Canataxpropellane 
represents to only known congener of the structural type IX (see chapter 1.2 for the classification of 
taxane scaffolds), and poses the highest known degree of concatenation in the family of taxane 
diterpenes.1,20 The additional C3-C11, C4-C12 and C14-C20 connectivities introduce and number 
of intriguing structural features to the structure of this natural product which are unique among the 
taxanes. 
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Figure 131 Structural features of Canataxpropellane 
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A 2-dimensioal projection (see figure 131, upper left) exposes the fully expressed connectivity of the 
classical taxane core (highlighted in blue) as a substructure of Cantapropellane, marking its 
relationship to the more prominent members of the taxane family, as Taxol.  

A 3-dimensional analysis of the structure (figure 131, upper middle) reveals two intertwined 
propellane motives, a [3.3.2] propellane and a [4.4.2] propellane, marking this structure as the only 
known natural product in possession of two propellane structures (in a stricter sense, i.e. only 
regarding carbocyclic structures) to the best knowledge of the author.178-180,191 Additionally, 
following the previous metric introduced by the author for propellane ring sizes (size=m+n+o for a 
[m.n.o] propellane), the [3.3.2] propellane belongs also to the class of the most contracted 
propellanes that have been reported for natural products (at the same level as the previously 
discussed [4.4.1] propellane) up to date.178-180,191 If the structure is plotted in a different orientation, 
one can spot some more fascinating motives, as a fenestrane-like scaffold (figure 131, top right, 
highlighted in purple; the structure varies from a genuine fenestrate by the bridging position C2, 
instead of a fully annulated system).  

The structure exhibits 6 contiguous quaternary carbons (5 of which are stereogenic), comprising a 
all-quaternary cyclobutane moiety. As a consequence, a majority of positions in the periphery of 
the structure can be classified as analogue to neopentylic carbons, signifying the extensive steric 
hindrance faced by synthetic operations on this system (as will become apparent in the following 
chapter 2). The scaffold inherits in total 12 stereocenters and is further densely oxidized. 
Cantaxpropellane belongs to the taxane diterpenes with the highest degree of oxygenation, falling 
short of the oxygenation observed for Taxol (the maximum degree of oxygenation observed among 
the taxane diterpenes) by a very narrow margin. The latter is relevant, as the previous chapter 1.3 
demonstrated that there is a clear correlation between the degree of oxygenation of taxane targets 
and the synthetic obstacles faced by total synthesis approaches towards these targets. 

1.6.2. Approaches towards the Total Synthesis of Canataxpropellane 

The investigation of synthesis approaches towards taxanes in the Gaich group was pioneered by the 
works of Konstantin Samarin. The following chapter aims to present a summary of the earlier 
synthetic endeavors undertaken in the Gaich group as documented by the PhD thesis of Konstantin 
Samarin, as the authors work is in close context to these results. The reader is further encouraged to 
read the original account as reported by the PhD thesis of Konstantin Samarin.243 
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First retrosynthetic analysis 

 

Figure 132 First generation retrosynthetic analysis by Gaich and Samarin 

Though Cantaxpropellane could be in principle derived by a biomimetic proposal from the classical 
taxane scaffold, Gaich and Samarin recognized that the structure of Canataxpropellane allows for a 
more elegant approach than the strategies utilized in the classical taxane total synthesis before (see 
chapter 1.3). Identification of a retrosynthetic disconnect of the pinacol moiety in the B-ring by 
pinacol-coupling of the corresponding dialdehyde reduces the scaffold to a 
tetracyclo[4.4.0.03,9.04,8]decane system with an annulated 6-memberd C-ring 891. The 
tetracyclo[4.4.0.03,9.04,8]decane in turn can be accessed (see chapter 1.5.1.) by a intramolecular 
[2+2]-photocycloaddition. This retrosynthetic disconnect poses a drastic reduction of the 
complexity of the scaffold to the proposed intermediate 893. The tricyclic 893 might then be 
assembled by an intermolecular Diels-Alder reaction of the dienone 894 and the annulated 
isobenzofuran 895. The stereochemical outcome of this step is critical, whereas selectivity for the 
endo-adduct has to be ensured to enable the subsequent photocycloaddition to the 
tetracyclo[4.4.0.03,9.04,8]decane. The isobenzofuran precursor building block 895 can then be in turn 
reduced to the butenolide 897 and the diene 896 by another Diels-Alder disconnect. Notably, this 
first Diels-Alder reaction would already introduce the C8-quaternary center, as a late-stage 
introduction of this moiety was deemed potentially challenging (in consistence with the literature 
account, see chapter 1.3). 

 

Figure 133 Synthesis of the dienone building block 



1.6.  Previous Studies towards the Synthesis of Canataxpropellane 

 

124 

Samarin and Gaich utilized a literature known route244 towards the acetate derivative of 894, flowed 
by protecting group exchange to the TBS silyl ether. This route is based on the cheaply available 
monoterpene -Ionone. Ozonolysis, 1,2-reducution with NaBH4 and subsequent acetylation of the 
resulting primary alcohol gave the intermediate 899. Allylic oxidation with selenium dioxide 
introduced a hydroxide at C13 and oxidation with Jones-reagent resulted in formation of the 
ketone 900. Dehydrogenation of the system to the desired dienone was achieved by DDQ, followed 
by protecting group exchange to the silyl ether to give the desired intermediate dienone building 
block 894. The author of this thesis reproduced these results later successfully. 

 

Figure 134 Attempted Diels-Alder reaction towards the isobenzofuran precursor 

The diene 902 was synthesized by standard operations starting from 2-methylenebutan-1-ol 901, 
equipped with either a TBS silyl ether or SEM as protecting group for the C9 primary aldehyde. The 
butenolide 904 was accessed staring from the 2,5-dimethoxy-2,5-dihydrofurane by electrophilic 
selenation by PhSeCl to give intermediate 905. Elimination of the chloride to the corresponding 
vinyl selenide and subsequent hydrolysis gave the butenolide 906.  

The desired Diels-Alder reaction between 903 and 906 was unfortunately not feasible under either 
Lewis-acid catalysis or thermal conditions, for either the SEM- or TBS-protected diene 902 or 903. 

 

Figure 135 Model reactions for the Diels-Alder disconnect 
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Subsequent test reactions of the diene 903 with the highly reactive dienophile diethyl dicarboxylate 
did also not achieve the desired Diels-Alder reaction. From this it was concluded, that the diene 903 
possesses insufficient reactivity for the desired synthetic operation. Further test reactions were 
undertaken using the dienone 894 and the ketene acetal 910, however also in this case formation of 
Diels-Alder adducts was not successful under either Lewis-acidic or thermal conditions.  

In light of these discouraging results, the original synthetic proposal was adjusted. 

Second retrosynthetic analysis 

 

Figure 136 Second generation retrosynthesis of Canataxpropellane by Gaich and Samarin 

The second synthetic proposal by Gaich and Samarin avoids the elusive intermolecular Diels-Alder 
reaction. The end-game strategy comprising the pinacol coupling between C9, C10 remained the 
same. The intermediate 912, containing the tetracyclo[4.4.0.03,9.04,8]decane system was proposed to 
be assembled by an aldol reaction between C14 and C20. This traces the synthesis back to the 
intermediate 913, which may be obtained by an Sm mediated coupling between a C2 aldehyde and 
C1-C14 based enone. This retrosynthetic disconnect leads to the intermediate 914, which was 
proposed to be assembled by an ester tethered intramolecular [2+2]-photocycloaddition. 
Intermediate 915 in turn may be accessible by esterification of building blocks 916 and 917. 
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Figure 137 Synthesis of the isobenzofuran precursor 

Synthesis of the lactone building block 916 was thereby based on an intramolecular Diels-Alder 
reaction, in contrast to the previously elusive intermolecular Diels-Alder reaction, based on a 
intramolecular Diels-Alder procedure by the Ding group.245 Esterification of the diene-ol 918 with 
the methy-maleic acid ester 919 gave the cycloaddition precursor 920. The desired Diels-Alder 
reaction was feasible under thermal conditions to give the lactone 921. From here, introduction of 
the C5 secondary alcohol remained as synthetic objective. This was achieved by a relay strategy. 
The Diels-Alder product 921 was subjected to a iodo-lactonization, followed by cleavage of the 
lactone by benzylic alcohol to give the epoxide 923. The epoxide was treated with HBr to effect 
regioselective cleavage of the epoxide to the corresponding hydroxy bromide, which upon TBS 
protection and dehalogenation gave the silylated secondary alcohol 924. Introduction of the 
butenolide by -selenation, oxidation, elimination and reductive cleavage of benzoyl ester by 
hydrogenolysis gave the desired carboxylic acid 916. Notably, development of the route 
summarized in figure 137 was not straightforward and represents the result of condition screening 
and optimization of multiple steps, which was not omitted here for the sake of brevity. 

 

Figure 138 Attempted [2+2]-photocycloaddition 

Esterification of intermediates 917 and 916 was found feasible upon screening a number of 
conditions using DIC, DMAP as described in figure 138. The desired [2+2]-photocycloaddition 
however could unfortunately not be established, even upon extensive experimentation, whereas 
most commonly irradiation of 915 was accompanied by decomposition of the substrate. This led to 
another readjustment of the synthetic proposal. 
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Third retrosynthetic analysis 
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Figure 139 Third generation retrosynthesis of Cantaxpropellane by Gaich and Samarin 

The third retrosynthetic analysis of Canataxpropellane by Gaich and Samarin followed a strategy 
similar to the first proposal, but the previously elusive intermolecular Diels-Alder reaction towards 
the precursor of the [2+2]-photocycloaddition was replaced with an isobenzofuran based Diels-
Alder reaction. Briefly, a pinacol disconnect in the B-ring led again to the 
tetracyclo[4.4.0.03,9.04,8]decane system bearing intermediate 927. This system is proposed to be 
assembled by a [2+2]-photocycloaddition from intermediate 928. The bridged tricyclic 
intermediate 928 was the proposed to be constructed by the previously mentioned isobenzofuran 
Diels-Alder reaction with the dienone 894. It was anticipated that use of the highly reactive 
isobenzofuran, driven by rearomatization to the benzene system, would overcome the initially 
observed reactivity issues of the first synthetic proposal. Isobenzofurans are accessible, following a 
methodology by Warrener,246 by reaction of the tetrazine with the aryne adduct 931. The dienone 
894 is accessible as previously discussed. Notably, in contrast to the earlier proposals, this approach 
does not allow to introduce the C8 quaternary carbon with the building blocks, but instead requires 
a C1-homologation of the system and methylation to the quaternary carbon at a later stage. 
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Figure 140 Isobenzofuran and alkene-arene-ortho-photocycloaddition keystep sequence 

Following a literature known procedure,247 dimethoxy aryne was generated by elimination of the 
phenyl bromide 933 by LDA, followed by facile cycloaddition with furan to give the building block 
931. Isobenzofuran generation followed the literature precedent by Warrener.246 Heating of a 
mixture of the building block 931, tetrazine 932 and the dienone 894 resulted in a cycloaddition 
between the precursor 931 and tetrazine, followed by retrocyclization, driven by nitrogen extrusion, 
to give the transient dimethoxy-isobenzofuran 930. The in-situ generated isobenzofuran showed 
facile reaction with the dienone 894 to give the desired Diels-Alder product 937, predominantly as 
the corresponding endo-adduct (endo : exo 3.88 : 1).  

The endo-isomer was separated and subjected to a photocycloaddition. Upon extensive screening, 
the desired [2+2]-photocycloaddition directly from the aromatic system was enabled by irradiation 
with a high-pressure mercury lamp in benzene, resulting in an alkene-arene-ortho-
photocycloaddition, though the observed photoequilibrium favored the starting material (32% yield 
per cycle, 80% upon recycling of recovered starting material). The array of cycloaddition reaction in 
figure 140 represents an extremely efficient build-up of complexity in a very succinct synthetic 
route.  

In context of the later course of the synthesis, it is important to acknowledge that the ether moiety 
spanning C2-O-C20 is crucial for the photocycloaddition, as it serves as a conformational lock to 
guarantee the boat conformation of the substrate 937. This preorganization that keeps the reaction 
partners in close spatial arrangement is critical for the success of the desired alkene-arene-ortho-
photocycloaddition. 
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Notably, the intermediate 938 represents assembly of the [3.3.2] propellane, as well as it marks the 
successful construction of the all-quaternary cyclobutane and in total 8 out of 12 stereocenters. The 
structure of the intermediate 938 could be further additionally verified by Gaich and Samarin by X-
ray structure analysis (the ORTEP is given in figure 140). 

 

Figure 141 Attempted oxidation to the para-quinone 

The dearomatizing alkene-arene-ortho-photocycloaddition was preceded by attempts to oxidize the 
endo-Diels-Alder product 937 to the corresponding quinone 939 as photocyclization precursor, 
this transformation was not feasible. Curiously, the exo-Diels-Alder adduct was readily converted 
under the same conditions. However, the successful establishment of the alkene-arene-ortho-
photocycloaddition made this strategy obsolete. 

 

Figure 142 Elaboration of the 'cage'-intermediate and pinacol coupling 

The following elaboration of the system was relatively straightforward. Hydrolysis of the di-enol 
ether in the C-ring was facilitated by 3 M HCl to give the triketone 942. Treatment of the triketone 
942 with L-selectride showed excellent selectivity for reduction at the C5 ketone, notably resulting 
directly in the desired diastereomer. Protection of the C5 secondary alcohol was tedious due to the 
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steric hindrance at this position and interference with the C8 ketone (e.g. use of TIPSOTf resulted 
in formation of a ketal at C8), treatment with the Dudley salt248,249 eventually achieved introduction 
of the benzyl ether. Homologation of the C-ring was achieved by introduction of the vinyl triflate 
using the Comins-reagent250 and subsequent Pd-catalyzed carbonylation to the corresponding ,-
unsaturated ester. Dissolving metal reduction with magnesium in methanol gave the desired 1,4-
reduction to the ester 944. methylation of the ester 944 proceeded smoothly using LDA, MeI to 
give the intermediate 945 as a single diastereomer. This transformation also represents the 
introduction of the C8 quaternary carbon and can be interpreted as a very favorable outcome, as 
the installation of the C8 quaternary center to the taxane scaffold has been identified as a 
potentially tedious undertaking before (see discussion in chapter 1.3). Global reduction of the 
ketones by LiAlH4 and reoxidation under Swern conditions set the stage for pinacol coupling of the 
dialdehyde 947. The desired ring closure to the pinacol 948 could be established using a SmI2 
mediated pinacol coupling, though the product was obtained as a mixture of diastereomers. This 
step also signifies the completion of the framework of Canataxpropellane. When Ti(III) mediated 
conditions using Cp2Ti(Ph)Cl, Zn, TMSCl (in-situ generation of Cp2TiPh), fragmentation of the 
scaffold along C11-C12 was observed. This reaction was also observed as a side product in the SmI2 
mediated coupling, but only in minor amounts (10-25%). 

Ether cleavage 

To finalize the total synthesis of Cantaxpropellane, the last synthetic obstacle to overcome would 
have been cleavage of the C2-O-C20 ether. The isobenzofuran Diels-Alder reaction key-step 
necessarily results in this moiety, thus this issue cannot be easily circumvented.  

 

Figure 143 Attempted ether cleavage under Brønsted acidic conditions 

However, the desired ether cleavage proved to be problematic. Treatment under strongly acidic 
conditions using Ac2O, H2SO4 only led to degradation of the material. 
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Figure 144 Attempted oxidative cleavage of the ether moiety 

An alternative to Brønsted acidic cleavage poses oxidation of the C2-O-C20 ether.251,252 The 
resulting hemi-ketal was then expected to result in formation of the corresponding hydroxyketone. 
However, upon treatment of compound 945 by either RuCl3, NaIO4 or DMDO, only oxidative 
cleavage of the benzyl ether was observed. Treatment of the triketone 943 under the same 
conditions led to formation of the corresponding enedione in the C-ring, but no conversion of the 
ether moiety could be observed. 

 

Figure 145 Attempted cleavage under Lewis acidic conditions using TMSI 

Attempts for Lewis acid mediated cleavage led to a number of competing reactivities, illustrative 
examples are described in figure 145. Treatment of the ester 945 with TMSI led to cleavage of the 
benzyl ether and formation of the C-ring based lactone 954. Treatment of the triketone 943 with 
TMSI led to cleavage of the TBS ether to obtain the C10 primary iodide. 

In addition, a range of directing group mediated CH oxidations were tested. Figure 146 describes 
attempts to utilize the Du Bois group’s nitrene insertion methodology253 based on the sulfamates 
957 and 960. A specific advantage of this methodology is usually high selectivity for insertion in -
heteroatom bearing positions. Cleavage of the resulting adducts to a hemi-aminal and acidic 
hydrolysis to the hydroxy ketone were then anticipated to convert the ether to a synthetically 
productive intermediate.  
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Figure 146 Attempted ether cleavage using Du Bois and Barans CH-activation methodologies 

Unfortunately, no conversion could be achieved using the Du Bios methodology. Several alternative 
approaches were undertaken by Gaich and Samarin, using Hoffmann-Löffler-Freytag type CH 
activation, e.g. by protocols from the Baran group utilizing the auxiliaries depicted in figure 
146.254,255 However, these approaches were eventually futile. In light of these results, Gaich a 
Samarin developed alternative versions of the Isobenzofuran Diels-Alder keystep in an attempt to 
circumvent the elusive ether cleavage by replacement of the ether moiety in the substrates 937 and 
938 with a more tractable functionality. It is important the note that the keysteps, the 
isobenzofuran Diels-Alder reaction and the alkene-arene-ortho-photocycloaddition, require a 
moiety bridging the C2-C20. In case of the former necessarily as part of the diene substrate, in case 
of the latter as a conformational lock of the boat confirmation of the substrate to enable the 
photocycloaddition. 
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Figure 147 Alternative isobenzofuran Diels-Alder reactions investigated by Samarin and Milleli 

An overview over different precursors for a potential isobenzofuran Diels-Alder reaction tested by 
Gaich and Samarin are given in table 147. Reaction of benzothiophens, tested by Andrea Milleli as 
part of his postdoctoral studies, was unfortunately not feasible. The idea behind this approach was a 
potential oxidation of the C2-C20 bridging sulfur moiety after the [4+2]-{2+2]-keystep array to 
facilitate cleavage of his motive. A similar approach using the silane 963, following the idea of using 
a Tamao-Fleming type reaction later on to obtain an hemi acetal at C2(OH)-O-C20 was also 
unsuccessful. Approaches via a silyl ketene acetal from 964 to obtain a silylated lactol later for 
generation of the hemiacetal/hydroxy ketone by a desilylation reaction were also futile. Eventually, 
two viable options were identified, reaction of 965 via the corresponding ethyl ketene acetal under 
high pressure conditions and reaction of the aryne adduct 967 via the isobenzofuran methodology 
of Warrener.246 
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Figure 148 Attempted Baeyer-Villiger rearrangement to the formate 

The acetal bearing Diels-Alder product 968 was subjected to the previously investigated 
photocycloaddition to give the tetracyclo[4.4.0.03,9.04,8]decane system 969. Hydrolysis of the di-enol 
ether was followed by global reduction, TBS protection, and deprotection of the dimethyl acetal to 
gain access to test material for the critical C2-O-C20 cleavage. Treatment with mCPBA was 
anticipated to trigger a Baeyer-Villiger oxidation to the formate 973, which could have then be 
hydrolyzed to the desired hemi-acetal or hydroxy ketone. However, as Gaich and Samarin reported, 
the desired Baeyer-Villiger oxidation was not feasible on substrate 972.  

 

Figure 149 Selectivities in the reduction of the triketone intermediate 

The global reduction of intermediate 970 towards the test material 971 was undertaken as selective 
reduction of the scaffold was not feasible. This will be briefly discussed here, as these results are 
relevant in the context of similar issues encountered by the authors own research at a later stage. 
While the previously discussed ether bearing triketone intermediate 942 gave facile regio and 
stereoselective reduction exclusively at the C5 ketone, reduction of the corresponding C20 
substituted congener 970 demonstrated no regio- or chemo selectivity at all. This can be 
rationalized as an interference between steric hindrance of the C2 substituent (here a acetal for 970, 
before a proton for 942) and the attack trajectory of the hydride to the C5 ketone. When the 
substrate is not substituted at C2, the C5 ketone is the sterically most accessible position. If a 
substituent is introduced to C2, the C2 ketone and the C8 ketone compete in terms of reactivity 
with hydride donors. Additionally, as the additional substituent specifically blocks the (re)-C8 
ketone face, the previously observed diastereoselectivity for hydride attack from the (re)-side is lost. 
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Figure 150 Elaboration of the ketal 'cage' intermediate and pinacol coupling 

After these discouraging results, Gaich and Samarin decided to pursue an approach based on the 
ethyl ketene acetal derived Diels-Alder product 979. The preciously investigated conditions for the 
alkene-arene-ortho-photocycloaddition were applicable as before to give the 
tetracyclo[4.4.0.03,9.04,8]decane system 980. 

 

Figure 151 Attempted hydrolysis of the di-enol ether moiety 

Hydrolysis of the di-enol ether system was not applicable as before, as treatment under Brønsted 
acidic conditions initiated a retro-aldol type fragmentation along C4-C20. As an alternative, 
oxidation to the enedione system by HgNO3 was investigated. Subsequent hydrogenation via Pd/C 
then posed a viable work-around for the elusive hydrolysis to give the triketone intermediate 981. 
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Figure 152 Directed reduction at the C5 ketone utilizing zinc borohydride 

As mentioned before, treatment with common hydride sources does not result in acceptable regio- 
or diastereoselectivities if applied to C20 substituted substrates. Upon extensive experimentation, 
Konstantin Samarin could identify directed reduction using Zn(BH4)2 as a viable alternative. The 
reaction presumably proceeds via coordination of zinc to the acetate moiety to direct the hydride 
addition to the (re)-face of the C5 ketone. The author has later reproduced the synthesis route up to 
this point in cooperation with Simone Zanella. The Zn(BH4)2 was later also revisited and further 
investigated by Simone Zanella and the author, a discussion can be found in the next chapter 2.2.  

The C5-OH secondary alcohol was then protected as MOM ether and the system was further 
homologated by the previously investigated strategy by Pd-catalyzed carbonylation of the C8 vinyl 
triflate (figure 150). 

 

Figure 153 Installation of the C8 quaternary carbon 

The following -methylation of the ester 983 was not straightforward, in contrast to the C2-O-
C20‘ether’ route this operation could only be facilitated by the potassium enolate, the lithium 
enolate, as previously applied, was not reactive enough to achieve the desired reaction with methyl 
iodide. As the author of this thesis encountered similar experiences with MOM-bearing 
intermediates later, one might speculate that this might be the result of a stabilizing interaction 
between the enolate anion and the MOM coordinated lithium counterion. Note that the change in 
facial selectivity of the preferred anion conformation (figure 153, right) by the coordinating effect 
of the (S)-C5-OMOM group might additionally reduce the reactivity of this moiety, as previous 
experiences with this scaffold hint at an increased steric hindrance at the enolate (re)-face. Reaction 
using the less coordinating potassium enolate in contrast avoids these problems and gave successful 
conversion to the C8-quaternary center bearing intermediate 984. From here, Samarin and Gaich 
undertook the remaining protecting group and redox-operations operations to prepare the 
dialdehyde 986 in anticipation of the subsequent pinacol coupling (see figure 150). Pinacol 
coupling and of the dialdehyde 986 was successful using the previously investigated conditions 
utilizing SmI2, although lower yields and diastereoselectivity in the pinacol coupling was observed 
compared to the previous C2-O-C20 ether route. At this point, the author of this thesis took over 
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the project from Konstantin Samarin accompanied by Simone Zanella. The following chapter 2.1 
will feature an analysis of the remaining synthetic issues along this synthesis route towards 
Canataxpropellane and the author’s approaches to overcome these remaining obstacles. 
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2. The Total Synthesis of Canataxpropellane 

2.1. Approach towards Canataxpropellane via Ether Cleavage 

 

Figure 154 'Ether'-route of Gaich and Samarin as reproduced by the author 

The previous chapter featured a detailed discussion of the results of the doctoral thesis of 
Konstantin Samarin.243 The previous synthesis approach towards Canataxpropellane was elaborated 
successfully until the pinacol 948. Briefly, the dienone 934 and the isobenzofuran 930, in-situ 
prepared by a tetrazin inverse electron demand [4+2] cycloaddition/retro-cycloaddition cascade, 
were subjected to a Diels-Alder reaction under thermal conditions. The predominant endo-Diels-
Alder product was then cyclized to the central ‘cage’ intermediate 938 by an alkene-arene-ortho-
photocycloaddition. The C-ring system was elaborated and homologated to yield the pinacol 
precursor 947. Pinacol coupling using samarium iodide could be established to give 948 as a 
mixture of diastereomers. While the stereoselectivity of this operation poses a tractable problem, 
the major synthetic issue remaining to synthesize Canataxpropellane was cleavage of the C2-O-C20 
bridging ether unit. A range of approaches has been accordingly tested by Dr. Konstantin Samarin 
before, as described in the previous chapter.  

Cleavage of the Ether I: CH-activation 

In addition to the previous attempts for ether cleavage via CH-activation, the Du Bois groups 
methodology253 seemed to hold still significant potential. 

 

Figure 155 Selectivities of Du Bois CH-activation methodology 
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This methodology utilizes sulfamates, which are readily introduced to primary or secondary 
alcohols, as a tether for intramolecular amination by CH activation. The sulfamate is oxidized by an 
I(III) reagent, e.g. PIDA and forms subsequently a nitrenoid complex with the Rh(II) catalyst, 
which then undergoes insertion into a CH bond in suitable spatial proximity (usually forming a 6-
membered ring). Distinctive for this methodology is a high tendency to undergo CH insertion at -
heteroatom positions, e.g. ethers or amines. This is impressively illustrated in the examples in figure 
155, comparison of the two reactions demonstrates that the regioselectivity is not governed by the 
ring geometry (annulated vs bridged) but solely by the -heteroatom position.  

 

Figure 156 Expected selectivity of the Du Bois CH-activation at the ether bearing ‘cage' intermediate 

When analyzing the possible outcomes of this CH-activation on the scaffold of 959 upon sulfamate 
installation at the C5-OH secondary alcohol, it becomes apparent that three possible outcomes for 
formation of a favorable ring size exist (figure 156, marked in red). Of these, only one option, the 
ether -position, features an -heteroatom and should thus be the expected product of the CH-
activation. Hydrolysis of the sulfamate aminal should then result in the hydroxy ketone 998.  

One might intuitively object to utilize the (S)-C5-OH configuration as proposed in figure 996. 
However judging by the 3D-model of the substrate one might expect a boat-like conformation of 
the C-ring, the orientation of the secondary alcohol in this scenario should suit the desired 
cyclization. 

 

Figure 157 Preparation of C5 sulfamate bearing intermediates 

Synthesis of the ‘cage’-like intermediate 942 could be reproduced form the procedures previously 
investigated in the doctoral thesis of Konstantin Samarin,169 by a sequence of isobenzofuran Diels-
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Alder reaction246 and alkene-arene-ortho-photocycloaddition. Regio- and stereoselective reduction 
using L-selectride furnished the (S)-C5-OH secondary alcohol. Introduction of the sulfamate by 
sulfamoyl chloride gave eventually the desired CH-activation precursor 996. 

 

Figure 158 Unexpected selectivity of Du Bois CH activation methodology 

Application of the Du Bois CH-activation conditions253 however led to an unanticipated result, CH-
insertion of the nitrene at the C15 methyl group. Considering both, the size of the ring formed in 
this operation, a disfavored 7-memberd ring and the electronic disposition as a unactivated non--
hetero-substituent, this result appears highly peculiar. As a possible explanation one might argue 
that, despite the unfavorable ring size, the reaction partners are still in close spatial arrangement of 
this rigid scaffold and the position of the methyl group  to the cyclobutane might grant some 
electronic stabilization by merit of the distinct hybridization of the cyclobutane quaternary carbons. 
It has been indeed later recognized in different instances that -cyclobutane substituents on this 
scaffold can exhibit surprising reactivities, unpublished results from the doctoral research of Moritz 
Ottenbruch e.g. show facile oxidation of the C13-OH secondary alcohol by MnO2, a methodology 
usually restricted to allylic alcohols. 

 

Figure 159 Preparation of C5 sulfamate bearing intermediates with a C8 quaternary center 

To circumvent this undesired regioselectivity, it was proposed to postpone this operation to a later 
point in the synthesis route, after introduction of a sp3 center at C8. An ‘all sp3’ C-ring (as 
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compared to the cyclohexanone system before) was expected to exhibit an actual boat 
conformation that will shift the sulfamate substituent further from the C15 methyl group. 

Consequently, following procedures from the doctoral thesis of Konstantin Samarin243 the 
secondary alcohol 959 was benzylated by Dudley salt248,249 and the C-ring was homologated by 
formation of the C7-C8 vinyl triflate and Pd-catalyzed carbonylation to give then ,-unsaturated 
ester 998. Reduction of the ,-unsaturated ester by dissolving metal reduction using Mg in 
methanol gave the ester 944. From here, the synthesis route was split, hydrogenolysis of the benzyl 
ether and subsequent introduction of the sulfamate gave the CH-activation precursor 1000. On the 
other hand, -methylation of 944, then benzyl ether deprotection and sulfamate introduction 
granted access to another CH-activation precursor possessing the C8-quarternatry carbon 957. 

 

Figure 160 Conformational changes upon introduction of the C8 quaternary center 

The intermediates 957 and 1000 could be demonstrated by NOESY to assume a boat configuration 
as expected, which should result in the geometry change as detailed in figure 160. The two CH-
activation precursors 957 and 1000, with and without a quaternary carbon were synthesized to 
probe whether more subtle further geometry changes that can be expected by the quaternary 
carbon influence to reaction outcome of the CH-activation. 

 

Figure 161 Attempted CH activation using the C8 quaternary center bearing intermediates 

When this rational was put to test by subjecting both 957 and 1000 to the Du Bois CH-activation 
conditions, the ketones 1001 and 1002 were obtained. One might argue that this indeed proved the 
speculation concerning increased spatial distance from the C15 methyl group in these substrates 
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correct, as the undesired C15 nitrene insertion was prevented. However, obviously also no nitrene 
insertion at the desired ether -position took place, only oxidative cleavage of the nitrene. 

 

Figure 162 Attempted inversion of the C5 secondary alcohol via Mitsunobu reaction 

Another approach was devised to adjust the outcome of this CH-activation by introduction of the 
sulfamate to the (R)-C5-OH epimer. This should facilitate the desired cyclization even more, 
though introduction of (R)-C5-OH is not straightforward. Selective reduction of the C5-ketone to 
this epimer may not be feasible based on the extensive regio- and stereoselectivity problems 
connected to this as discussed in the previous chapter. Inversion of the (S)-C5-OH secondary 
alcohol by Mitsunobu reaction may pose a possible solution. However, multiple attempts to put a 
Mitsunobu reaction into practice failed, presumably due to the sterically encumbered reaction 
center at C5. Due to the SN2 selective nature of the Mitsunobu reaction, sterically hindered alcohols 
can be expected to be problematic substrates for this methodology. 
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Cleavage of the Ether II: alpha oxidation 
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Figure 163 Attempted Fuchs oxidation of the C2-O-C20 ether 

While the doctoral thesis features already various -oxidation approaches (as discussed in the 
previous chapter), combination of Cr(VI) with periodate species had not been utilized yet.256 
However, no oxidation of the ether could be observed. Forcing a reaction under drastic conditions 
led to formation of the enedione 1005, consistent with the observations described in the doctoral 
thesis of Konstantin Samarin before.169 Besides this, desilylation of the TBS ether and oxidation of 
part of the substrate to the aldehyde was observed, alongside another unidentified species, which 
however seemed to still feature the ether moiety. 

Cleavage of the Ether III: acidic conditions 
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Table 2 Ether cleavage using Ac2O, Lewis acids 

Conditions Result 
1 Ac2O, cat. H2SO4, r.t. complex mixture 

2 Ac2O, cat. FeCl3, r.t. silyl ether cleavage, ether stable 

3 Ac2O, stochiom. FeCl3, 100°C mixture of 3 products, likely ether retained

4 Ac2O, FeCl3 (10 equiv.), 100°C silyl ether cleavage, ether stable 

5 AcBr, SnCl4 silyl ether cleavage, ether stable 

6 BrCl3 (20 equiv.), -78°C to r.t. low conversion, decomp. when heated to 50°C

 

In yet another attempt to cleave the critical ether moiety, substrate 942 was treated with acetic 
anhydride in presence of various Lewis- and Bronsted acids as described in table 2.257,258 These ether 
cleavage reactions can be assumed to proceed via in-situ formation of acyl-cation species and 
expected to result in formation of diacetates. When applied to substrate 942, utilization of strong 
Brønsted acids as H2SO4 (entry 1) was not well tolerated and led to decomposition to a complex 
mixture. Lewis acidic conditions utilizing Fe(III) salts lead to desilylation and acetate formation at 
C10, but no defined reaction with the ether has been observed.  
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Figure 164 Oxidation and silyl ether cleavage upon treatment with FeCl3, Ac2O 

Forcing conditions led to the previously observed oxidation of the C-ring system to a dienone and 
conversion of the silyl ether to the corresponding acetate or primary chloride. 

Other potential approaches remaining 

Besides the approaches described in the paragraphs above and the approaches investigated in the 
doctoral thesis of Konstantin Samarin,169 as discussed in the previous chapter, one may speculate 
about several further options, as detailed in figure 165. 

 

Figure 165 Other synthetic options for functionalization of the ether -position 

A yet unexplored option would be directed metalation utilizing a directing group (DG) introduced 
via the C5-OH secondary alcohol (I). One may further speculate even about direct lithiation of the 
ether moiety in absence of other acidic moieties on the substrate using sec-butyl lithium, although 
this strategy bears a significant risk of undesired fragmentation events, especially when applied to 
such a comparably complex substrate. Further direct -oxidation using TFDO, an option that may 
show a different reactivity profile compared to the Cr- and Ru-based oxidizing agents251,256 tested 
before. However, as another approach using a ketal bearing substrate instead of the ether 938 
appeared to be more promising for cleaving the critical C2-O-C20 connection, this approach was 
prioritized thereafter. 
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2.2. Approach towards Canataxpropellane via Ketal Cleavage 

 

Figure 166 C2-O-C20 Ketal based approach by Samarin and Gaich as reproduced by the author 

The ‘ketal’ route as summarized in figure 166 represents an alternative to the ‘ether’-route whereas 
it was assumed that hydrolysis or cleavage of the ketal constituted a more tractable problem than 
the ether cleavage which resisted an impressive number of different approaches. Briefly, an array of 
the isobenzofuran Diels-Alder reaction and alkene-arene-ortho-photocycloaddition gave a ketal 
bearing version of the ‘cage’-like intermediate 1018. Cleavage of the di-enol ether and subsequent 
elaboration and homologation of the C-ring allowed to access the pinacol precursor 1019 and 
subsequent pinacol coupling was successful, though issues concerning the diastereomeric selectivity 
were faced. This approach required significant adjustments compared to the ‘ether’ route which 
were discussed in the previous chapter when reviewing the results of the doctoral work of 
Konstantin Samarin.169 At the point at which the author joined this approach, a number of issues 
was remaining to be solved along this synthesis route, as detailed in the following paragraphs, 

Remaining Issues 

 

Figure 167 Overview over remaining issues on the ketal cleavage route to Canataxpropellane 
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A summary of the remaining issues of the ‘ether’ route is described in figure 167. a) Adjustment of 
the relative stereochemistry: as the SmI2 mediated pinacol coupling produced the desired trans-
pinacol only as minor product, the process required optimization concerning the stereoselectivity. 
b) Regioselective acetylation: after installing the pinacol moiety and cleavage of the ketal, the 
synthesis would have required careful adjustment of the acetylation pattern of the resulting penta-
ol by regioselective acetylation/deacetylation reactions. c) Diastereoselective reduction at C20: after 
successful ketal cleavage, the C20 ketone would have required diastereoselective reduction to (S)-
C20-OH. d) Diastereoselective reduction at C5: in contrast to the ‘ether’ route, adjustment of the C5 
secondary alcohol configuration to (S)-C5-OH is not straightforward anymore in presence of the 
ketal, as this substrate represents unfavorable regio- and diastereoselectivities. For this reason the 
selective reduction of the C5 ketone was to be further optimized. e) Cleavage of the critical C20-O-
C2 motive: while the cleavage of the ketal moiety was deemed a more tractable problem compared 
to the ether motive, this assumption was still to be proven. 

C-5 Ketone Reduction 

The following paragraphs are concerned with a detailed discussion of the issue of diastereoselective 
reduction at C5. 

 

Table 3 Selectivities of common reducing agents applied to the triketone 

reducing agent result 

1 LiAlH4 mix of regioisomers 

2 L-selectride mix of regioisomers 

3 Zn(BH4)2 23% for (S)-C5-OH 

4 Zn(BH4)2 (optimized) 55% for (S)-C5-OH 

5 LiBH4 mix of regioisomers 

6 DIBAlH, ZnCl2 mix of regioisomers 

7 LiBHEt3 mix of regioisomers 

8 NaBH4, CeCl3 selective for (R)-C-8-OH 

9 Ca(BH4)2*2THF 55% dr 4:1 (S:R) for C5-OH 
 

The issue consists of a combination of problems with regioselectivity and stereoselectivity. The 
order of reactivity for ketone reduction is roughly C8-ketone > C5-ketone > C13-ketone. Thus, 
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regioselective reduction may only be possible utilizing directing effects by coordination of the 
reducing agent to the acetal moiety. This is a distinct difference to the ‘ether’ intermediate 942 
before, which featured intrinsically suitable reactivity of the triketone. Regarding 
diastereoselectivity the reduction at C5-ketone itself has low intrinsic selectivity for the desired 
diastereomer (S)-C5-OH. Thus also concerning the stereoselectivity only directing effects may 
succeed in affording the desired isomer. A breakthrough has been previously made in the doctoral 
works of Konstantin Samarin by utilization of Zn(BH4)2, which succeeded in formation of the 
desired product 1022, although in only modest yield. 23% yield were obtained upon reproduction 
of these conditions by Simone Zanella during his postdoctoral studies in the AG Gaich.  

 

Figure 168 Directed reduction at the C5 ketone using zinc borohydride 

Simone Zanella later subjected this to extensive optimization, to obtain 55% yield for the desired 
product isolated as a single stereoisomer. Critical in this regard was the preparation of the zinc 
borohydride. The reagent stock solution was found to decompose in a seemingly autocatalytic 
fashion after an unpredictable time interval (between 3 days and 2 weeks) as evident by formation 
of grey precipitate. Addition of dry cyclohexene during zinc borohydride preparation259 was greatly 
beneficial for the selectivity as well as the reproducibility of the results. Presumably this is due to 
trapping of borane species, produced by spontaneous disproportionation, by addition to the 
cyclohexene. 
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Figure 169 Directed reduction at the C5 ketone by calciumborohydride 

The author of this thesis tested various other reducing agents in parallel to the optimization efforts. 
As described in table 3, while most common hydride reducing agents tended to result in a mixture 
of regio- and diastereomers, the results utilizing Luche conditions, CeCl3 and NaBH4 and 
Ca(BH4)2*2THF260 stand out. Luche conditions resulted in selective reduction at C8 to (R)-C-8-OH. 
While this represents the intrinsically preferred regioselectivity of this substrate, other conditions 
tended to afford less defined results. Furthermore, the obtained stereoselectivity was inverse 
compared to the intrinsically preferred (S)-C-8-OH epimer (see table 3, depicted are(S)-C-8-OH 
configurations for 1024, 1025). 
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Ca(BH4)2*2THF represents a seldom utilized reagent in the synthetic literature, although this 
reagent might hold highly interesting properties. This reagent exhibited presumably a strong 
coordination of the divalent Ca2+ cation to the ketone moiety as evident by the high selectivity for 
the desired C5 ketone reduction. The results for this reagent were unoptimized nearly as good as 
the results obtained for the established Zn(BH4)2 after excessive optimization. In contrast to 
Zn(BH4)2 which has to prepared in an elaborate procedure as a stock solution with a very limited 
lifetime to yield optimal results, Ca(BH4)2*2THF can be either acquired from commercial sources 
or is easily prepared on deca-gram scale as a bench stable solid. Titration of an increasing amount 
of Ca(BH4)2*2THF solution to the triketone 1021 interestingly showed that around 1 equivalent of 
the reagent is necessary to fully convert the substrate, despite possessing 8 hydride units. Addition 
of substoichiometric amounts (e.g. 0.5 equiv.) limited the conversion to around this degree, 
indicating that only the ‘first’ hydride unit is transferred to the ketone with a comparably high 
reaction rate, subsequent hydride transfer either does not take place at all, or at a significantly lower 
rate. 

Cleavage of the ketal 

After a practical solution for regio- and diastereoselective reduction of the C5 ketone could be 
established, it was objective to turn to the cleavage of the critical C20-O-C2 motive. 

 

Figure 170 Strategy for adjustment of the C2, C20 secondary alcohols upon ketal cleavage 

Cleavage of the acetal has to be achieved to proceed to the natural product. It appears to be 
reasonable to tackle this obstacle at an early point in the synthesis route, where material for reaction 
optimization is more abundant. In addition, this offers also an attractive strategy to achieve the 
correct configuration of the ‘stereo-triad’ of the secondary alcohols at C2, C5 and C20. This is 
proposed to take place via hydrolysis of the acetal, followed by directed reduction of the Evans-
Saksena type (e.g. by NMe4BH4) to achieve correct configuration of the C20-alcohol, followed by 
another directed reduction, utilizing the C20-alocohol as directing group to achieve correct 
configuration of the C5-OH secondary alcohol. 
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Figure 171 Summary of results for ketal cleavage using a wide range of reaction conditions 

The desired ketal cleavage was attempted using a wide range of conditions: a) acidic hydrolysis b) 
Lewis acid activation c) oxidation of the acetal d) super nucleophilic conditions e) ether cleavage 
methodology, f) combinations of Lewis acids and hydrides g) transacetalization to the thioacetal. 
An overview of the applied reaction conditions and corresponding results is given in table 4. 

Table 4 Screening for conditions for ketal cleavage 

Entry Conditions Substrate Result 

1 PPTS, acetone/water, r.t. Enolether No Conversion 

2 TsOH, acetone/water, r.t. Enolether No Conversion, some enol ether cleavage 

3 I2, acetone, r.t.261 Enolether Enolether cleavage 

4 THF, HCl 1 M, r.t. Enolether No Conversion, some enol ether cleavage 

5 THF, HCl 6 M, r.t. Alcohol TBS Cleavage 

6 CF3COOH/water/CHCl3, r.t. Dialcohol No Conversion 

7 BCl3, CH2Cl2, -78°C Dialcohol No Conversion 

8 AcOH, water, 100°C Alcohol TBS Cleavage 

9 CAN, CH3CN, water, 60°262C Dialcohol No Conversion 

10 Bi(OTf)3, THF, water, 60°C263 Dialcohol No Conversion 

11 PhSe- Na[18-crown-6]+, r.t. Dialcohol No Conversion 

12 TSOH, THF, water, 100°C Dialcohol No Conversion 

13 HS-(CH2)2-SH, InCl3 Dialcohol Thioacetal 

14 HS-(CH2)2-SH, BF3*OEt2 Dialcohol Thioacetal 

15 Ac2O, FeCl3, r.t.257,258 Dialcohol Complex mixture 

16 Ac2O, AcOH, FeCl3, r.t. 257,258 Thioacetal Complex mixture 

17 TMSCN, SnCl2 Thioacetal No Conversion 

18 TMSCN, BF3*Et2O, r.t. OTroc Complex mixture 

19 TMSCl, NaI, r.t. OTroc TBS Cleavage 

20 TMSCl, NaI, 100°C OTroc 
TBS Cleavage, Iodination, then 

Rearrangement 

21 AcCl, ZnCl2, THF up to 100°C258 Enolether No conversion 

22 LiAlH4, AlCl3, THF, r.t.264,265 Triketone Complete Reduction, Acetal unconverted 
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Figure 172 Substrates utilized for screening of the ketal cleavage 

The reactions in table 4 correspond to different substrates, described in figure 172. Introduction of 
Troc at C5-OH was achieved under standard conditions. The idea was that a free alcohol might 
inhibit the cleavage via cationic reaction pathways since the alcohol itself will form adducts with 
Lewis- or Brønsted-acids and it appears unlikely that formation of multi-cationic intermediates is 
favorable. 

Figure 173 highlights some reactions, as they were either representative for their corresponding 
class of conditions, or exhibited  remarkable results in other regards. 

 

Figure 173 Representative examples for the reactivities observed upon attempted ketal cleavage 
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Strongly Brønsted acidic conditions resulted in desilylation of the C10 primary alcohol, which 
resulted then in formation of an equilibrium with the hemi-ketal 1030 (I). However, no hydrolysis 
of the critical C20 ketal could be observed. Similarly, treatment with acetyl chloride in presence of 
ZnCl2 as a Lewis acid resulted again in desilylation and acetylation of the C20 primary alcohol, but 
no reaction with the critical ketal (II). Reaction with thiols in presence of Lewis-acids resulted in 
thio-ketal formation at the C8 ketone, but no exchange of the ethoxy component of the C20 ketal 
was observed, indicating issues with activation of this moiety (III). Treatment with Lewis acidic 
reducing agents resulted in global reduction with selectivity for one major diastereomer, but 
showed no conversion of the ketal moiety itself (IV). 

 

Figure 174 Di-enol ether cleavage using iodine in acetone 

Curiously, the di-enol ether 1028 was converted to the (previously characterized) triketone 1021 
upon treatment with iodine and acetone. As the product was identical with the product previously 
obtained by treatment of the di-enol ether with Hg(NO3)2

169 and subsequent hydrogenation of the 
enedione, the structure could be easily verified. However, the mechanism of this iodine mediated 
transformation remains unclear. 

 

Figure 175 Unexpected cyclobutane fragmentation upon treatment with TMSI 

While treatment of scaffold 1031 with in-situ generated TMSI at r.t. leads, as can be expected, to 
desilylation of the TBS ether (but no conversion of the C2 ketal), application of forcing conditions 
by heating with TMSI to 100°C for an elongated amount of time gave rise to the peculiar reaction 
described in figure 175. 
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Figure 176 COSY, HSQC, HMBC interactions for the unexpected fragmentation product 

After initial rapid formation of the primary C20 iodide, slow fragmentation of the scaffold along 
the cyclobutane was observed (around 35% conversion from the iodide over 24 H). The structure of 
the product 1038 could be unambiguously assigned upon extensive NMR analysis (figure 176 
shows key COSY, HSQC and HMBC contacts). 

 

Figure 177 Tentative mechanism for the observed cyclobutane fragmentation 

A proposed mechanism for this reaction is detailed in figure 177. Formation of the primary iodide 
1039, which was separately observed and isolated alongside product 1038, may be followed by 
spontaneous homolytic C20-I bond cleavage, either by thermal conditions (100°C) or in contact 
with ambient light. The radical generated by this process may trigger a cascade of fragmentation 
reactions at the cyclobutane to obtain the comparably stable radical intermediate 1040. Silylation or 
saturation by another process might the result in the enone 1038 upon aqueous workup. 
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Figure 178 Stereoelectronic considerations concerning the behavior of the ketal under acidic conditions 

At this point it appears prudent to undertake an attempt to rationalize the remarkably low 
reactivity of C20 ketal. Upon interaction with a Lewis- or Brønsted acid one may encounter one of 
two possible scenarios as detailed in figure 178. Activation on the ether bridging C2-O-C20 may 
indeed lead to an exo-oxonium species 1042, as donation of the ethoxy substituent lone pair to the 
C20-O * orbital nO->*(C-O’) should be stereoelectronically feasible. However, as reversal of this 
reaction is facile, the corresponding equilibrium is potentially far shifted to the ketal instead the 
oxonium form and the oxonium generally sterically difficult to access. One might speculate that 
intercepting this intermediate with a nucleophile towards hydrolysis to the C20 ketone might not 
be feasible at any relevant rate. 

Vice versa the formation of an endo-oxonium species 1044 by donation of the C20-O-C2 bridging 
oxygen lone pairs to the *(C-O) orbital of the ethoxy substituent nO->*(C-O) might be 
stereoelectronically not possible as suitable overlap of nO of the bridging ether moiety and *(C-O) 
of the ethoxy group cannot be obtained. The rigid framework of the ‘cage’ may further prevent any 
significant conformational changes, even at elevated temperature, that could alleviate this deadlock.  

 

Dieckmann cyclization strategy 

Based on the hypothesis discussed in the previous paragraphs, the direct cleavage of the ketal might 
not be feasible and was not further pursued. However, one may speculate that a ‘work-around’ can 
be established utilizing the reactivity described in figure 179. 
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Figure 179 Fragmentation of the scaffold under Brønsted acidic conditions 

If the diene 1018 is treated with HCl, besides hydrolysis of the enol ethers a retro-aldol-like 
reaction (or retro-Dieckmann reaction) is observed, fragmenting the C20-C4 bond in the process to 
obtain the lactone 1046. If the di-enol ether is chemoselectively cleaved using either I2, PPh3 as 
investigated by Simone Zanella during his postdoctoral studies, or stepwise by Hg(NO3)2 and 
subsequent hydrogenation as reported by Konstantin Samarin169 the ketone 1021 is obtained. 
Treatment of the ketone 1021 with HCl resulted again in the same lactone 1046, indicating that the 
reaction proceeds indeed in a two step process via enol ether hydrolysis, then Brønsted acid 
induced retro-aldol-type fragmentation. Notably, cleaving the C2-O-C20 bridging moiety as a 
lactone appears as a much more tractable problem, as the issues previously discussed for the ketal 
cleavage are avoided, though at the cost of having to reconstruct the C20-C4 connectivity. 

 

Figure 180 Outline of the Dieckmann cyclization based strategy 

This train of thought led to the Dieckmann cyclization strategy as described in figure 180. A 
Dieckmann cyclization between the C4-enolate and the C20 lactone would not only hopefully 
cleave the C2-O-C20 bridging lactone but also at the same time reconstruct the C4-C20 
connectivity. 

As the scaffold features 4 carbonyl moieties with the corresponding acidic positions it appeared 
reasonable to first briefly investigate the properties of the possible enolate systems of the scaffold. 
Importantly, whether the 1,3-dicarbonyl C13=O-(C14-H)-C20=O can be deprotonated. Generally, 
an 1,3-dicarbonyl would be expected to undergo facile deprotonation before the C4 ketone as, 
potentially defying the desired Dieckmann cyclization. However, in case of the substrate 1046, a 
deprotonation at the bridgehead-position, even though stabilized as a 1,3-dicarbonyl might be 
stereoelectronically not feasible. 
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Figure 181 Kinetics of the H/D-exchange of various CH acidic positions of the scaffold 

To investigate this matter, the deuterium exchange rates for all carbonyl -positions of 1046 were 
determined. In this experiment, the substrate in DMSO-d6 was spiked with D2O and NEt3, then 
1H-NMR spectra were taken first at 5 min intervals, then 1 h intervals, then longer intervals, and t1/2 
for each position was estimated by the observed integral changes. As speculated, H/D exchange at 
the C14 bridgehead position, regardless of the 1,3-dicarbonyl character, could not be observed, 
even upon heating to 50°C. Comparison with the X-ray structure of the related intermediate 938 
shows that the structure inherits an in-plane arrangement of the C14-H proton and the 
corresponding carbonyl. This arrangement allows no stabilizing overlap between (CH) and 
*(CO) and thus no enolate formation is possible. 

For the desired enolate at C4 H/D exchange was observed, though slowly with a t1/2 = 8 h at 50°C. 
Exchange at positions C6 and C7 in the C-ring was by far the fastest, as the first 1H-NMR spectra at 
r.t. already showed significant exchange. Concerning the enolization of the ketones at C6 and C7, it 
is important to acknowledge that they cannot be treated independently, as enolization of the first 
ketone will raise the reactivity of the second ketone by conjugation.  

It has been previously noticed that the formation of a dienol system is surprisingly preferred when 
exactly 1.0 equiv. of base is added to this system. This has been observed on multiple occasions for 
these systems e.g. upon formation of the triflate upon deprotonation with LiHMDS: 

 

Figure 182 Dynamics of the enolization of the C-ring 1,4-dicarbonyl 
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One may speculate that this is not a thermodynamic, but a kinetic effect, whereas deprotonation 
towards the second enolate is simply proceeding faster than deprotonation of another equivalent of 
starting material, which leads to the observed product under the assumption of irreversible 
deprotonation under kinetic conditions. 

These results suggest that while enolization at C6, C7 is preferred, but supposedly nonproductive, 
the desired C4 enolate can be generated and potentially utilized towards the desired Dieckmann 
condensation, while interference by C14 deprotonation can be excluded. 

 

Figure 183 Results upon attempted Dieckmann cyclization 

A overview over the results towards Dieckmann fragmentation under different conditions is given 
in figure 183. Thermodynamic deprotonation by treatment with KOtBu in tBuOH led to formation 
of what was tentatively assigned as the aromatic product 1049. Interestingly, this indicates that the 
desired Dieckmann cyclization likely took place though it was followed by formation of the di-enol 
in the C-ring followed by fragmentation of the cyclobutane by another series of retro-aldol/retro-
Michael reactions to allow for aromatization of the C-ring. Attack of the enolate to the lactone at 
C20 further seems to have triggered another retro-aldol fragmentation, cleaving the C14-C20 bond. 
Addition of LiCl to the same reaction conditions led to a different product which was tentatively 
assigned as 1050. Formation of this structure presumably follows the same mechanism, but the 
addition of LiCl might additionally stabilize the C20 oxyanion to prevent the C14-C20 retro-aldol 
fragmentation. 
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Figure 184 Tentative mechanism for formation of products with aromatized C-ring 

Interestingly, many of the reactivities proposed in the tentative mechanism described in figure 184 
were later also observed in different contexts on other substrates, namely the C14-C20 retro-aldol 
reaction and the retro-Michael fragmentation of the cyclobutane along C11-C3. This issues may 
not be easily circumvented, as selective protection or functionalization of the C13-ketone to 
suppress the undesired retro-aldol pathway is not trivial based on previous observations. Lewis 
acidic conditions using TiCl4 and NEt3 in CH2Cl2 led to formation of the enedione system 1051, 
presumably again by formation of the di-enol system, though the mechanism of the oxidation 
process and the identity of the primary oxidant remains unclear. The desired cyclization event was 
not observed under these conditions. Reaction with NaOAc in DMSO at elevated temperature 
(80°C) led to decarbonylation of the substrate at the 1,3-dicarbonyl moiety, presumably after 
nucleophilic attack at the lactone. Reaction with NaOAc buffered with AcOH at the same 
temperature prevented the decarboxylation, but led instead to another product which was 
tentatively assigned to an enol species of the type of 1052. However, also under these conditions the 
desired cyclization was not feasible. Treatment with pyrrolidine and acetic acid at 80°C to facilitate 
the reaction by in-situ formation of the enamine led to decomposition. 

These competing reactivities rendered this approach unfavorable, as a significant amount of redox- 
and protecting group operations would be necessary to design a system where these reaction 
pathways are suppressed. 
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2.3. Approach towards Canataxpropellane Utilizing a Silylated Lactol 

 

Figure 185 Isobenzofuran Diels-Alder reaction of a silyl ketene acetal resulting in a silylated lactol 

To circumvent the shortcomings of the ketal route, an alternative approach was outlined, where the 
intractable ethyl ketal is replaced by a silylated lactol, as it was anticipated that this would later on 
enable chemoselective cleavage of the lactol by fluoride mediated desilylation. However, as the 
corresponding ketene acetal based isobenzofuran was not directly compatible with the previously 
utilized procedure, the key step sequence had to be reconstructed. Starting from the literature 
known lactone building block266 1055 the silyl ketene acetal 1056, constituting the isobenzofuran, 
could be prepared following an internal procedure of the Kalesse group from the University of 
Hannover.267 Following this procedure, the lactone is deprotonated by NaHMDS at -78°C, then the 
anion is trapped by TBSCl and the mixture is warmed up to ambient temperature. Notably, the 
generation of the isobenzofuran is sensitive concerning the concentration, whereas concentrations 
of > 0.1 M of the lactone in the reaction mixture led to diminishing yields. In the initial 
investigation towards the Diels-Alder reaction with the dienone 894, the isobenzofuran batch was 
splitted at this point. A control reaction with the highly reactive dienophile cyclohexenone at the 
given concentration of 0.1 M indeed gave facile conversion to the corresponding Diels-Alder 
product, giving testimony to the successful generation of the isobenzofuran. However, for the 
desired reaction with the dienone 894, only traces of the product were observed. Optimization 
attempts showed that the yield for reaction with dienophile 894 showed a drastic concentration 
dependence, whereas only by stirring under pseudo-neat conditions full conversion of the ketene 
acetal could be enforced. As the isobenzofuran generation itself requires markedly low 
concentration, the resulting procedure comprises generation of the isobenzofuran at 0.1 M 
concentration, then addition of the dienone 894 in slight excess (2 equiv.) and subsequent 
evaporation of the solvent in vacuo to pseudo-neat conditions under rapid stirring. 
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Figure 186 Outline of the desilylation based C2-O-C20 cleavage strategy 

The alkene-arene-ortho-photocycloaddition was feasible under the previously utilized conditions 
by irradiation at 254 nm in benzene in 30% yield (alongside recovered starting material). With the 
‘cage’-like intermediate at hand, the stage was set for the anticipated lactone cleavage. 
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Table 5 Results upon attempted silyl ether cleavage 

conditions result 

1 TBAF, THF, r.t. retro-aldol 

2 NH4F, MeOH, 50°C retro-aldol 

3 AcOH, THF, water mixture, involving
enol ether hydrolysis 

 

However, desilylation of 1059 under a range of conditions as described in table 5 led 
unambiguously to a retro-aldol type fragmentation of the scaffold to yield the lactone 1062. As 
table 5 illustrates, this was independent of the basicity of the reaction mixture, as buffered 
conditions using ammonium fluoride led to the same result. The desired C2O-O-C2 to ketone 1060 
in contrast to this was not observed. 

To circumvent the issue of a retro-aldol-type fragmentation it was attempted to reduce the C13 
ketone prior to desilylation. The C13 ketone was successfully reduced using LiAlH4 in THF to give 
the secondary alcohol 1063, which was subsequently subjected to a range of desilylation conditions, 
as described in table 6. 
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Table 6 Screening for desilylation conditions 

conditions result 

1 TBAF, THF, r.t. complex mixture 

2 NH4F, MeOH no conversion at T< 90°C, decomp. at 100°C 

3 TBAF, AcOH no conversion 

4 HF*pyridine, 20% HF no conversion 

5 HF*pyridine, 40% HF no conversion 

6 6 M HCl, THF mixture of lactone species 

7 TBAF, AcOH, THF lactole, slow decomposition 
 

Upon desilylation with TBAF, rapid conversion to a mixture of compounds with an aromatic C-
ring system was observed (entry 1). Most buffered conditions (entry 2-5) could not effect 
desilylation of the scaffold 1063. Attempts to utilize strongly acidic conditions led to a mixture of 
lactone bearing species, likely by the retro-aldol type reaction previously discussed. A defined 
deprotection product could be eventually analyzed from the crude for reaction in an acetic acid 
buffered system with TBAF, but was found to be the lactol 1064, instead to the desired 
hydroxyketone. The lactol was instable (t1/2 = 2 h), decomposition in the NMR tube occurred and 
attempts to isolate the substance by column chromatography led to immediate decomposition. The 
products were found to be a mixture of apparently aromatized species, similar to the direct reaction 
with unquenched TBAF. Thus two issues became apparent, the preference of the desilylated species 
1064 to assume a lactol instead of hydroxyketone isomer, and the instability of the lactol itself 
which prevented further experimentation towards a synthetically productive intermediate. 

It was reasoned that aromatization of the electron rich diene is the driving force behind this 
decomposition. Protection of this moiety might lead to stabilization of the intermediates to enable 
further experimentation with the lactol. Thus, it was attempted to protect the diene moiety by a 
[4+2]-cycloaddition with PTAD.268,269 While cycloaddition reactions of electron rich dienes with 
PTAD are facile at r.t, the PTAD adducts are commonly known to undergo retrocyclization upon 
heating and the PTAD can be trapped by furane,269 rendering PTAD a protecting group for electron 
rich dienes. 
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Figure 187 Attempted diene protection by reversible formation of PTAD cycloadducts 

The PTAD adducts were readily formed, but found instable. The direct reaction product was shown 
to be the [4+2]-adduct 1065, which then underwent a rearrangement upon standing in neutralized 
CDCl3. Noteworthy, this also occurred in C6D6, though slower (t1/2 = 3 d). Treatment of these 
intermediates 1065 and 1066 with TBAF under varying conditions led to mixtures of products that 
were not fully stable, preventing unambiguous identification of the products. 

 

Table 7 Screening for conditions for reduction of the C20 lactone 

conditions result 

1 NaBH4, MeOH, 0°C to r.t. 4 : 1 (1067 : 1068) 

2 DIBAlH, toluene, -78°C only 1068 

3 LiAlH4, THF, r.t. only 1068 

4 1) NaBH4, MeOH 2) LiAlH4, THF complex mixture 
 

By these results, direct opening of the lactone to the desired hydroxyketone may not be feasible. 
However, one might still find an option to convert the TBS protected lactone intermediate to a 
synthetically useful intermediate. Following this argumentation, reduction of the retro-aldol 
product species 1062 was attempted, as conversion of the lactone was seen as a more tractable 
problem. While this comes at the cost of having to reconstruct the C14-C20 connectivity later on, 
e.g. by an aldol reaction, such a measure appeared justified at this point as long as cleavage of the 
critical C20-O-C2 motive could be achieved. Reduction using NaBH4 in MeOH, initially attempted 
to reduce the ketone to prevent any interference with the lactone reduction by the ketone as 
another reducible moiety, surprisingly led to a mixture of the expected secondary alcohol 1067 and 
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the hemi-ketal 1068 (entry 1). The latter is presumably obtained by hydride transfer to the lactone. 
While formation of such hemi-ketal bridged intermediates have been observed before in the course 
of this project for similar substrates, it appears unusual that this process occurs with a rate 
competing with the ketone reduction. It is relevant in this context that the C13 ketone itself shows 
only slow reaction with NaBH4, in case of 1062 as well as on other related substrates, presumably 
due to strong steric hindrance, which might partly help to rationalize this outcome. Reduction with 
strong reducing agents regardless whether of either Lewis acidic nature as DIBAlH or of 
nucleophilic nature as LiAlH4 again led selective formation of the bridged hemi-ketal intermediate 
1068 (entry 2, 3). 

Eventually, step wise reduction was undertaken, first by NaBH4 and isolation of the secondary 
alcohol 1067, then reduction of the lactone with LiAlH4 to prevent the formation of bridged 
intermediates. Under these conditions decomposition to a complex mixture was observed (entry 4). 
One may speculate whether this decomposition was driven by a similar mechanism as observed 
upon attempted lactol desilylation before, initiated by the tetrahedral intermediate obtained after 
hydride attack on the lactone. 

 

Table 8 Attempts towards nucleophilic lactone cleavage 

conditions result 

1 NaOH, water, EtOH complex mixture 

2 K2CO3, MeOH no conversion 

3 HN(OMe)Me, AlClMe2 complex mixture 
 

Alternatively, one may consider nucleophilic cleavage of the lactone. Nucleophilic attack at the 
lactone however, similarly to the reduction attempts before, was followed by decomposition. This is 
likely again driven by aromatization, as the same critical lactol anion is obtained by these processes, 
that led to decomposition upon desilylation or reduction before. 

In parallel, enol ether cleavage was investigated as part of the postdoctoral studies of Simone 
Zanella, with the idea in mind that this might mitigate the tendency of the substrate to undergo 
decomposition driven by aromatization of the C-ring. This proved tedious as the concomitant 
retro-aldol reactions could not be prevented. Further issues were encountered when the reaction 
conditions were adjusted to avoid utilization of Brønsted acids (e.g. by using I2, PPh3 instead). 
Conditions involving Lewis acids also led to the previously observed retro-aldol products, alongside 
more complex rearrangements, e.g. the tentatively assigned fragmented species 1070. 
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Figure 188 Fragmentation of the scaffold upon attempted cleavage of the di-enol ether 

As the fragmentation seemed inevitable, it was attempted to convert the substrate in a controlled 
manner to the retro-aldol species 1062, which could then be subjected to hydrolysis of the enol 
ethers again. Surprisingly, at r.t. in 6 M aqueous HCl only slow conversion of the C5-C6 enol ether 
was observed, leading to significant amounts of the mono-enol ether 1072. At 50°C, full hydrolysis 
could be observed, though accompanied by the decarbonylated species 1073 as side product. 

 

Figure 189 Di-enol ether cleavage under Brønsted acidic conditions 

 

2.4. Adjustment of the Strategy and Total Synthesis of Canataxpropellane 

While 1071 would in principal offer further elaboration of the substrate, considering previous 
experiences with tedious differentiation of the carbonyl moieties and the prospect of further retro-
aldol/decarbonylation reactions upon attempts towards conversion of the lactone, the decision was 
made to follow a more elegant approach. 

 

Figure 190 Adjusted strategy employing a less electron rich C-ring diene 
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The predominant reactivity of intermediate 1075 which thwarted the previously discussed 
approaches for fragmentation of the C20-O-C2 bridging moiety was decomposition driven by 
aromatization of the C-ring. To escape this strategic deadlock synthesis of a modified ‘cage’-like 
intermediate with reduced electron density at the C-ring was proposed. The synthesis might follow 
an approach similar to the previously utilized sequence of isobenzofuran Diels-Alder reaction and 
alkene-arene-ortho-photocycloaddition starting from the mono-methoxy lactone building block 
1074. 

2.4.1. The Isobenzofuran Diels-Alder reaction 

 

Figure 191 Synthesis of the silyl ketene acetal precursor 

Initial approaches to utilize a SEAr reaction with formaldehyde (I) on the anisole derivative 1076 
resulted exclusively in para-hydroxymethylation, leading to the lactone 1077. An alternative 
strategy by Fischer esterification of the commercially available benzoic acid 1078, radical mediated 
bromination and hydrolysis of the benzyl bromide to the lactone 1081 eventually achieved an 
efficient synthesis of 1081270-272 (II). Notably, this synthesis route could be later upscaled up to 50 g 
scale and was conveniently operated with only one purification step, recrystallization after 
hydrolysis to the lactone 1081. 

 

Table 9 Diene and dienophile equivalents in the isobenzofuran Diels-Alder reaction 

conditions result 

1 1.0 equiv. lactone 1081,  
1.9 equiv. dienone 894, 24 h 

71% yield,  dienone 894 partly recovered 

2 1.0 equiv. lactone 1081,  
1.0 equiv. dienone 894, > 72 h 

up to 90%, fluctuating dienone conversion 

3 1.7 equiv. lactone 1081,  
1.0 equiv. dienone 894,  48 h 

86%, full dienone conversion 
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The lactone 1081 was subjected to the previously investigated conditions for formation of the silyl 
ketene acetal/isobenzofuran 1056 and subsequent Diels-Alder reaction with dienone 894 to yield 
the product 1082. The reaction proceeded similarly to the dimethoxy analogue 1057, but as this 
route was later the base of a larger synthetic endeavor, subsequently further optimization was 
undertaken.  

The Diels-Alder reaction generally necessitated pseudo-neat conditions and excess of the reaction 
partner to achieve acceptable yields, as previously discussed for the di-methoxy analogue 1057. 
Thus, originally 2 equiv. of dienone were utilized, whereas the excess of dienone could be recovered 
chromatographically. However, it was later tested by Lu Pan in the course of his post-doctoral 
studies to operate the reaction with 1 equiv. of the dienone and elongated reaction time (3 d) to 
compensate for the resulting lower relative concentration of the dienone. This was found to be well 
tolerated, claiming 90% yield for this reaction at 40g scale (product amount obtained). This was 
subsequently also reproduced by the author and found viable, though it was found by both 
investigators that the conversion of the dienone under these conditions showed some fluctuation. 
For this reason, the reaction was also tested with an excess of the lactone (1.7 equiv.) compared to 
the dienone (1.0 equiv.) with NaHMDS (1.9 equiv.) and TBSCl (1.9 equiv.). After a reaction time of 
3 d, this resulted in 86% yield. These conditions notably guaranteed full conversion of the dienone 
894, which is desirable from a practical point of view, as the dienone building block synthesis 
required significantly more effort compared to the easily accessible lactone building block 1081. 
Thus sacrificing an excess of the lactone building block to save material of the dienone building 
block and circumventing the need of reisolation of the dienone building block excess constitutes a 
convenient solution. In all instances, the reaction showed excellent selectivity for the endo-product 
(endo : exo ratio around 100 : 1, c.f. below). 

Interestingly, the isobenzofuran can be analyzed if the reaction is quenched with NaHCO3 and 
diluted and extracted with PE. The isobenzofuran shows distinct olefinic signals in the NMR as 
opposed to the aromatic precursor. The isobenzofurans, especially when substituted with bulky silyl 
groups have long lifetime in the reaction mixture and excess of an isobenzofuran can be still found 
intact after days in the reaction mixture. Unreacted isobenzofuran is converted back to the lactone 
upon quench and column and can be reisolated if desired. The reaction can further be also traced 
by NMR in benzene directly from the reaction mixture, the isobenzofuran can be also traced in this 
case in the NMR, even though accompanied by partial hydrolysis to the lactone. 

 

Figure 192 Side products of the isobenzofuran Diels-Alder reaction 

Besides recovered starting materials, the structures 1083 and 1084 were identified over time as side 
products of the Diels-Alder reaction. The first species 1083 was only in few occasions obtained, and 
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the circumstances that trigger formation or this species remain opaque. The second species, the silyl 
enol ether 1084 is commonly obtained in small amounts (around 1 mol% compared to the major 
product). 

 

Figure 193 Mechanistic origin of side products in the isobenzofuran Diels-Alder reaction 

Mechanistically it can be speculated that this species is the follow-up product of formation of a 
small percentage of exo-product in the Diels-Alder reaction. As the previously discussed H/D 
exchange studies imply, structures of the type of the endo-product 1082 can usually not be 
deprotonated due to an in-plane arrangement of the -proton of the ketone with the ketone CO 
bond and the resulting missing overlap between (CH) and *(CO). Thus one might expect that 
the endo-product can’t be directly enolized and silylated to species 1084. However, the exo-product 
is expected to exhibit a perpendicular arrangement of the -proton and ketone, for this reason the 
excess of NaHMDS and TBSCl in the reaction mixture might effect facile conversion of exo-Diels-
Alder product to the silyl enol ether 1084. 

2.4.2. Alkene-Arene-Ortho-Photocycloaddition - Side Reactions and Reoptimization 

 

 

Figure 194 Improved yield for the alkene-arene-ortho-photocycloaddition 

When the alkene-arene-ortho-photocycloaddition was attempted under the previously investigated 
conditions using a common high pressure mercury lamp with benzene as solvent, the reaction 
resulted in a photostationary state with only around 20% product. This may be the result of a 
bathochromic shift of the absorption band of either the arene moiety (which can now be expected 
less electron rich compared to the dimethoxy analogue 1057) of the starting material, or the 
resulting diene, as the photostationary state should, besides other factors, depend on the overlap of 
the emission spectra of the lamp with the product and starting material absorption spectra. 
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For this reason, the conditions of the photoreaction were subjected to reoptimization. Using a setup 
consisting of 3x2 blocks of Osram Puritec HNS 18W lamps, featuring a defined 254 nm emission 
band and acetonitrile as solvent, the conversion was improved to 55% product per cycle whereas 
the remaining starting material can be recovered. Notably, with this setup also less side reactions of 
the starting material and an overall very defined result was obtained, allowing additionally for a 
high yield of the unconverted material. This marked a significant improvement in access to the 
[4.4.2] propellane bearing ‘cage-like’ intermediate. 

 

Figure 195 The photosteady state as limiting factor for conversion of the substrate 

In one occasion it was also tested whether the reaction starting from pure cycloaddition product 
can be reversed again to the photostationary state as mixture of product and starting material. As 
expected, this was feasible. Thus it can be stated, that the photostationary state indeed corresponds 
to a real equilibrium of interconversion between product and starting material. 
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Figure 196 Unexpected fragmentation of the substrate under photo conditions 

While the photocyclization was initially proceeding smoothly, later reproduction showed a side 
reaction that could cause spontaneous, rapid loss of the starting material/product mixture. In these 
instances, at an variable point after starting the irradiation, conversion of product and starting 
material to a more polar species was observed, thereby converting all material within minutes. The 
unexpected product of this process was identified as a formal retro-aldol product of the Diels-Alder 
adduct. The decomposition was only triggered under photo conditions. This reaction posed a 
persistent problem, and was thus further investigated. 

 

Figure 197 Catalytic amounts of an impurity trigger the photochemical fragmentation 



2.4.  Adjustment of  the Strategy and Total  Synthesis of  Canataxpropellane 

 

168 

Extensive purification of the starting material was found to prevent this issue. In a critical control 
experiment, it could be found that if one batch of material was split and half of it extensively 
purified, the purified part would deliver reliably the [2+2]-cycloaddition under photo conditions, 
while the nonpurified batch showed degradation within minutes, under precisely same conditions 
(scale, concentration, reaction time, equipment). This was reproducible, and it was demonstrated 
over time that a certain batch of Diels-Alder product may, or may not contain the critical impurity 
and consequently may or may not undergo this degradation process. Batches that contain the faulty 
impurity however will reproducibly undergo the degradation, while batches that do not show any 
degradation will result reproducibly in the normal photosteady state. 

Thus the side reaction could be traced back to catalytic amounts of an unknown impurity. 
Noteworthy, analysis of the NMRs of faulty staring material implies that amounts as low as 1 mol% 
of impurity is sufficient to spoil a batch of material. 

 

Figure 198 Conversion of previously isolated photoproduct to the fragmented species 

In another control experiment, the reverse reaction by irradiation of isolated [2+2] adduct 
spiked with the impurity led to direct formation of the retro-aldol-retro-[2+2]-product, but 
only traces of Diels-Alder Product which implies the above model with k2 > k1. The previous 
control experiment (see figure 195) proved the reversibility of the reaction. 

Problems with heat dissipation were ruled out as the cause of this issues by active cooling (by a 
‚cooling finger‘) and temperature control of the reaction mixture. Water content or other 
contaminations of the CH3CN was ruled out by use of dry solvent under N2, testing the reaction 
with the same lot of CH3CN as used in previous successful reactions and variation of the 
CH3CN lot. Oxygen was ruled out by degassing the reaction mixture prior to the reaction, 
problems with the lamps were ruled out by testing the 3 blocks of the lamp separately. Issues 
with the quartz reaction vessel were ruled out by comparison of different quartz vessels. 
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Figure 199 Initial mechanistic proposal for the fragmentation mechanism 

A first mechanistic proposal was based on a Norrish type reaction. Since the reaction was shown to 
be photoinduced, the impurity might serve as a photosensitizer. A mechanism analogue to a 
Norrish-Type-II reaction can be proposed to explain the outcome of the reaction. 

The impurity was traced back to less polar fractions upon purification of the starting material. The 
major constituent of these unpolar impurity fractions was the silyl enol ether of the exo-Diels-Alder 
product 1084. As this species is not likely to function as a photosensitizer, other mechanistic 
proposals were discussed. 

An alternative mechanism was considered after a discussion with Prof. Thorsten Bach on this 
matter. The impurity might decay upon irradiation to a cationic silyl species (TBS+) which may 
trigger the rearrangement in the manner of a retro-aldol type reaction.  

 

Figure 200 Alternative mechanistic proposal via cationic silyl species 
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Upon further investigation, the enol ether 1087 that is assumed by the reaction mechanism as the 
precursor of the ketone 1082, was also directly observed as a product if dry solvents were used and 
characterized, while the original reactions gave predominantly the ketone as major product. 
Notably, this is accompanied by smaller amounts of the silyl enol ether of a retro-aldol product of 
the photoproduct itself, assumingly by a similar mechanism as for the Diels-Alder product. 

 

Figure 201 Identical fragmentation observed upon treatment with catalytic amounts of Lewis acids 

Notably, the addition of classical Lewis acids, as Cu2+-complexes was found to induce the same 
fragmentation under non-photochemical conditions. This adds weight to the Lewis acid hypothesis 
concerning the mechanism of the fragmentation towards 1086 and 1087. 

Since the rearrangement products itself are also silyl enol ethers, one might speculate if these 
species themselves can initiate the Lewis acid/TBS+ generation under photo conditions, leading to 
further rearrangement and thus to an autocatalytic process. 

 

Figure 202 Exclusion of an autocatalytic mechanism 

However, with 10mol% of the rearrangement silyl enol ether at 30 mg scale the reaction proceeded 
normally to the photostationary state, thus the rearrangement product itself is likely not driving 
further rearrangement, or at least much less compared to the initial impurity. 

Up to date the identity of the impurity could not be conclusively proven, it is only certain that it is 
included in less polar fractions that also contain predominantly the follow up product of the exo-
Diels-Alder product 1084. To enable reliable synthesis of the [2+2]-adduct, a procedure has been 
developed that utilizes preparative separation on a C18-RP-column (in batches of up to 4 g per run) 
using an Puriflash chromatography station. The unpolar impurity shows a much larger retention 
time and can be base-line separated using CH3CN/EtOAc (95 : 5) as eluent (the ethyl acetate 
additive serves to enhance the solubility of the material). 
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2.4.3. Lactol Cleavage 
 

 

Figure 203 Keton reduction and desilylation of the silylated lactol with fluoride sources 

The photoproduct 1075 was subjected to reduction of the C13 ketone before desilylation to prevent 
the retro-aldol reaction as observed for 1059.  Reduction of the photoproduct 1075 was successful 
using LiAlH4 in THF at r.t., reduction by milder reducing agents like NaBH4 was found to be 
possible, but proceeds only slow. In analogy to the intermediate 1064, not opening of the hemi-
acetal was observed, but the obtained lactol showed drastically enhanced stability compared to the 
intermediate possessing the more electron rich diene 1064. Thus the degradation pathway by 
aromatization could be successfully avoided, enabling further experimentation concerning cleavage 
of the lactone moiety. Even though the NMR spectra did not show any equilibrium of 1090 with 
the open hydroxyl-ketone form, reduction of the lactol was attempted, as even very minor amounts 
of the hydroxyl ketone in equilibrium are potentially sufficient to drive to reaction towards the diol. 
Further deprotonation of the lactol (entry 6) or Lewis acidic reducing agents (entry 2-4) were 
expected to shift the equilibrium of the hemiacetal to enable reduction of the ketone in-situ. 

 

Table 10 Attempted reductive cleavage of the lactol 

conditions result 

1 NaBH4, MeOH, r.t. no conversion 

2 DIBAlH, toluene, up to 120°C no conversion 

3 DIBAlH, toluene, 150°C reduction diene 

4 AlHCl2 (LiAlH4, AlCl3), THF, up to 50°C no conversion 

5 LiAlH4, THF, 50°C decomposition 

6 NaH then LiAlH4, r.t. no conversion 

7 NaBH4, DME, reflux fragmentation 
 

Under harsh conditions, several competing reactivities could be observed as demonstrated in figure 
204. Heating with DIBAlH to 150°C led to partial reduction of the diene system (presumably via a 
hydroalumination reaction), whereas no reaction at the lactone was observed at any lower 
temperature. Heating of the substrate with NaBH4 in DME led to fragmentations along C4-C20. 
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Figure 204 Reactivities observed with reducing agents under forcing conditions 

As this course of events illustrates, the cleavage of the oxygen bridging functionality between C2 
and C20 proved to be a significant obstacle. It was thus decided to deliberately fragment the 
scaffold along C14-C20 by the previously observed retro-aldol reaction using TBAF to obtain the 
lactone 1096 as a more tractable intermediate. The lactone moiety is then proposed to be reduced 
or cleaved by nucleophilic attack. The C14-C20 bond might then be later restored by other means 
to obtain the framework of the natural product Canataxpropellane. 

 

Table 11 Nucleophilic cleavage of the lactone 

conditions result 

1 HN(Me)OMe*HCl, AlMe3, THF, r.t. no conversion 

2 HN(Me)OMe*HCl, NaH, 15-crown-5, THF, r.t. no conversion 

3 TBSN(Me)OMe, TBAF, THF, r.t. no conversion 

4 MeN(OMe)MgCl, then TBSCl, THF, r.t. no conversion 

5 HN(Me)OMe*HCl, iPrMgCl, THF, r.t. to 50°C Weinreb amide 

6 iPrMgCl, THF, 70°C hemiketal, reduction 

7 pyrrolidine hemiketal 

8 LiOH, EtOH, THF, water, 100°C no conversion* 
 

Nucleophilic attack was attempted first towards introduction of the corresponding Weinreb amide 
(see table 11) as this would offer the option to then protect C2-OH, followed by selective reduction 
of the Weinreb amide to obtain the corresponding C20-aldehyde. The C20 aldehyde would be then 
proposed to be utilized in an aldol reaction with the C13-ketone to restore the ‘cage’ scaffold of the 
natural product. However, substantial problems were recognized. The substrate had low intrinsic 
reactivity, necessitating screening for suitable conditions for introduction of the Weinreb amide. 
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Upon successful introduction of the Weinreb amide, the product was found to be labile und 
underwent slow elimination of the amine, restoring the starting material (t1/2=12h). 

 

Figure 205 Spontaneous formation of the lactone from the Weinreb amide 

When addition of a nucleophile with irreversible bonding properties was attempted as the Grignard 
reagent (entry 6), another problem was revealed. These adducts, while stable, tended to form a 
stable hemi-ketal which prevented further synthetic elaboration of the substrate. 

 

Figure 206 Addition of Grignard reagent to a stable C20 ketal 

This was accompanied in case of the Grignard reagent further by minor amounts of reduction by 
hydride transfer, as expected under these conditions (70°C). Direct hydrolysis attempts (entry 8) 
did not yield a cleavage of the lactone, though the author hypothesizes that this is a consequence of 
formation of a bridged lactol in the reaction mixture upon nucleophilic attack of the hydroxyl 
anion at the lactol which is efficiently eliminated again upon aqueous quench, thus resulting no 
observable conversion. 

In consequence to these observations, a reduction of the C13-ketone was attempted, as this would 
prevent one undesired reaction pathway by suppression of formation of a hemiketal at that 
position. 

 

Figure 207 Translactonization and C20 ketal formation upon NaBH4 reduction 
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Upon reduction of 1096 with NaBH4, surprisingly in contrast to the previous results (see 
intermediate 1063), (S)-C13-OH was obtained, which underwent facile translactonization to form a 
C13-C20 bridged intermediate. This was accompanied by multiple side products by hydride 
transfer to the lactone moiety, resulting in a mixture of both potential diastereomers of the lactol. 
For (R)-C20-OH additionally a dynamic equilibrium with formation of the hemiketal at C13 was 
observed. 

 

Figure 208 Isomerization of the C13-O-C20 lactone 

The lactone obtained as the major product of this reaction seems to be the kinetically preferred 
species under the reaction conditions, but not the thermodynamically preferred lactone species, 
since it was observed that upon storage the substrate underwent slow (t1/2> 24 h) isomerization to 
the lactone 1104. 

The observed translactonization was considered a significant progress, as it constituted the 
successful cleavage of the C2-C20 bridging functionality, and we expected the now obtained C13-
C20 bridging lactone a more tractable moiety. To use this transformation preparatively it was 
mandatory to find a reducing agent that showed higher selectivity for the desired reduction at the 
C13 ketone. 

 

Figure 209 Improved selectivity utilizing calcium borohydride for reduction 

To our delight we found that utilizing calcium borohydride THF complex in CH2Cl2 at 0°C gives 
facile conversion to the desired product 1100 in a significantly cleaner reaction compared to 
NaBH4. The product was only accompanied by minor amounts of the lactol 1105, the product of 
full reduction of the lactone and hemiketal formation at C13, which can be easily separated. 
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Table 12 approaches for nucleophilic cleavage of the C13-O-C20 lactone 

conditions result 

1 DIBAlH, toluene, -78°C to r.t. lactol 

2 Me2NH, THF, up to 90°C no conversion 

3 HN(Me)OMe*HCl, iPrMgCl, THF, up to 50°C no conversion 

4 pyrrolidine, neat 150°C no conversion 

5 LiOH, THF, 100°C no conversion 
 

Direct reaction with nucleophiles (entry 2-5) demonstrated low reactivity of substrate 1100. 
Notably, in analogy to the reactivity observed for lactone 1096, this might be in part also due to 
reversible formation of bridged lactol adducts upon nucleophilic attack and facile elimination upon 
quench, especially in case of the attempted hydrolysis (entry 5). 

It is surprising that many conditions involving heating of the substrate did not lead to a thermal 
isomerization of 1100 to 1104 as previously observed. This may be potentially explained by a pH 
dependence of the preferred lactone species, whereas under basic conditions the form of 1100 is 
preferred, whereas under neutral or acidic conditions the isomer 1104 might be slightly more 
thermodynamically favorable. 

 

Table 13 Protecting group introduction at the C2 secondary alcohol 

conditions result 

1 TBSOTf, lut., THF, -78°C ortho-ester 

2 TBSCl, im, DMF, r.t. ortho-ester 

3 TBSCl, im. CH2Cl2, r.t. no conversion 

4 NaH then TBSCl, THF, r.t. no conversion 

5 NaH, 15-crown-5 then TBSCl, THf r.t. ortho-ester 

6 NaHMDS then TBSCl, -78°C to r.t. ortho-ester 

7 NaH, 15-crown-5 then BnCl, NaI, THF, r.t. ortho-ester 

8 TrocCl, py, CH2Cl2, r.t. carbonate 

9 PhNCO, py, CH2Cl2, r.t. carbamate 

10 MOMCl, Ag2O, MgO, THF, r.t. low conversion 

11 MOMCl, DIPEA, CH2Cl2, r.t. MOM ether 
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To enable further experiments towards elaboration of the lactone 1100, it was found desirable to 
investigate a protecting group strategy for the C2-alochol. A range of conditions was screened for 
this purpose (see table 13). The C2-alcohol was generally of low reactivity, whereas mild methods 
(entry 3) gave no conversion, likely due to significant sterical hindrance. Strong electrophiles (entry 
1) and anionic conditions (entry 4-7) converted the substrate to the corresponding ortho-ester. 
Only reaction to the corresponding carbonate (entry 8), carbamate (entry 9) and MOM ether (entry 
11) using non-ionic bases delivered the desired protection at C2-OH. 

 

Figure 210 Orthoester formation upon attempted C2-OH protection 

Upon successful introduction of a protecting group at C2, reductive cleavage of the lactone 
bridging C13-C20 was attempted. 

 

Table 14 Reduction of the C13-O-C20 lactone 

C2-OPG conditions result 

1 Troc LiAlH4, THF, r.t. triol+ hydroxy lactol 

2 Troc DIBAlH, toluene, -18°C lactol, hydroxy lactol 

3 Troc NaBH4, DME, MeOH, r.t. carbonate suspected 

4 Troc LiBH4, THF, -18°C to 0°C decarbonylation suspected 

5 Ph-carbamate NaH then LiAlH4, THF, -18°C mixture 

6 Ph-carbamate LiBH4, THF, 0°C mixture 

7 MOM LiBH4, THF, r.t. low conversion 

8 MOM LiAlH4, THF, r.t. diol 
 

The choice of the protecting group at C2-OH proved to be critical for the lactone reduction. 
Carbonates were not stable in presence of strong reducing agents as LiAlH4 or DIBAlH (entry 1 and 
2) and further yielded significant amounts of lactone 1111 (see figure 211) even upon elongated 
reaction. The lactone 1111 exhibited a dynamic equilibrium between two different lactol species, as 
observed before for similar species 1101 and 1102. Another issue of the carbonates was formation 
of cyclized reaction products (tentatively assigned to 1113, figure 211) upon treatment with NaBH4 
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(entry 3) and potential decarbonylation (tentatively assigned to 1114). Carbamates tended to result 
in mixtures of products upon attempted reduction that could not be fully separated and analyzed. 

 

Figure 211 Products observed upon attempted lactone reduction 

Eventually, the more stable MOM ether protected substrate could be straightforward fully reduced 
using LiAlH4 to obtain the desired diol 1115 in a well defined reaction. 

 

Figure 212 Aldol reaction and reconstruction of the C14-C20 connectivity 

Oxidation of the diol using Swern conditions was facile and gave clean conversion. The aldehyde 
1116 underwent the desired intramolecular aldol reaction upon treatment with KOtBu in 
THF/tBuOH at r.t., to give the desired product as a single diastereomer. The reaction approaches 
an equilibrium between aldol- and retro-aldol product that was found to be solvent dependant. A 
mixture of 5:1 between THF and tBuOH seemed to be favorable towards product formation (57 : 43 
product to start. mat.), whereas for pure tBuOH (25 : 75) or pure THF (15 : 85) a much less 
favorable equilibrium was found. The remaining aldehyde could be recovered and resubjected to 
the reaction conditions, to yield 43% of the aldol 1117, along with 33% of the aldehyde 1116 over 3 
steps from lactol 1109, or 53% o3s upon recycling recovered aldehyde. 
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Single crystals of 1117 were obtained and the structure could further be verified by X-ray structure 
analysis. 

2.4.4. Photooxygenation of the C-ring 

As a consequence of removing the methoxy functionality at C5 of the C-ring, the C-ring must be 
subjected to further oxidation. An [4+2]-cycloaddition of singlet oxygen to the diene poses an 
elegant solution for this synthetic task.273 This was first tested on substrate 1075 as a readily 
available stock, before moving to the later stage substrates as 1117. 

Indeed, the addition of singlet oxygen generated by Rose Bengal as photosensitizer274-279 upon 
irradiation by vis-light was found facile. The choice of CHCl3 and MeOH was based on a 
compromise between solubility and singlet oxygen lifetime.278,280 Rose Bengal B as a sodium salt has 
limited solubility in CDCl3, but addition of a preformed solution of 10% d4-MeOH into CDCl3 is 
sufficient to obtain a homogenous solution. The choice for this solvent might require additional 
discussion: 

Though singlet oxygen in the first excited state O2(1g) is an instable species, it cannot undergo 
radiative deactivation back to the O2(3g) ground state as this process is spin forbidden. This is 
impressively illustrated by the lifetime of unperturbed singlet oxygen which was previously 
estimated as 72 min, versus 10-3-10-6 s in solution.280 Intermolecular collisions are assumed to 
weaken this effect, however the major deactivation pathway is assumed to be electronic to 
vibrational energy transfer. CH moiety vibrational modes are ideally suited for this energy transfer, 
thus singlet oxygen lifetimes in solution tend to (roughly) scale with the concentration of CH 
moieties in the solvent. Further a strong isotope effect is observed, presumably by change of CD 
vibrational energies. The lifetime of O2(1g) in CHCl3 has been assayed as 0.2 ms vs 7 ms for 
CDCl3.

278,280 As the effective concentration of singlet oxygen at a given time is a function of 
generation rate (dependant on photon influx and sensitizer quantum yield) and deactivation rate, 
this enables a higher concentration of singlet oxygen and thus higher reactivity. 

 

Table 15 Condition screening for endo-peroxide cleavage 

conditions result enone red. 

1 Mg, MeOH enedione 1121, < 20 % yield not observed  

2 H2, Pd/C, MeOH hydroxyenone 1119, < 20 % yield not observed 

3 H2, Pd/C, EtOAc hydroxyenone 1119, < 20 % yield not observed 

4 H2 (80 bar), Pt2O, MeOH hydroxyenone 1119, < 20 % yield not observed 

5 thiourea, MeOH complex mixture not observed 

6 L-selectride Diketone 1120, < 20% yield observed 

7 H2, Wilkinson-cat, MeOH hydroxyenone 1119, < 20 % yield not observed 
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While the endo-peroxide was found to possess appreciable stability even in solution at r.t. (with t1/2 

> 24h), controlled cleavage of the endo-peroxide proved troublesome. 

 

Figure 213 Products obtained upon attempted endo-peroxide cleavage 

Upon initial screening multiple reaction outcomes were observed,273 Mg, MeOH (entry 1) affected 
no dissolving metal reduction of the peroxide bond as expected but instead triggered a Kornblum-
DeLaMare reaction,281 supposedly by basicity of the magnesium methanolate formed by methanol 
reduction. Hydrogenation under various homogenous and heterogeneous conditions (entry 2-4, 7) 
was found to yield the desired hydroxy enone product 1119 by hydrogenation of the endo-
peroxide, without concomitant hydrogenation of the enone moiety itself. Reduction with L-
selectride (entry 6) gave surprisingly smaller amounts of the Kornblum-DeLaMare product with 
concomitant 1,4-reduction of the enone. However, notably all these conditions were accompanied 
by decomposition of the material, the isolated yield did not exceed around 20%. Note that this was 
found to be not a result of intrinsically low stability of the endo-peroxide in solution, but occurred 
specifically under the reduction conditions. 

 

Figure 214 Fragmentation and aromatization upon attempted desilylation 

It is noteworthy that the KornblumDeLaMare product was also prone to undergo fragmentation 
reactions driven by aromatization, analogously to species 1063, e.g. towards the tentatively assigned 
aromatic species 1122. 

However, as the photooxidation by singlet oxygen in itself was proceeding promising, it was 
decided to transfer the investigated advanced material and further optimize the reductive cleavage 
of the endo-peroxide from there. 
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Table 16 Conditions for protection of the C20 secondary alcohol 

conditions result 

1 TIPSCl, im, DMF, r.t. no conversion 

2 TIPSOTf, lut, CH2Cl2, 0°C mixture 

3 TBSOTf, lut, CH2Cl2, 0°C retro-aldol reactions 

4 MOMCl, DIPEA, CH2Cl2, 0°C MOM-ether 

5 TBSCl (exc.), im, DMF, 70°C TBS-ether, start. mat (2 : 1)  

6 TBSCl (exc.), NEt3, DMF, 70°C TBS-ether, start. mat (2 : 1)  
 

Initially it was attempted to add a protecting group to the aldol product 1117, to prevent later 
interaction of the free alcohol with the reaction conditions for reducing cleavage of the endo-
peroxide. Further as the equilibrium between aldol and retro-aldol upon synthesis of 1117 implies, 
anionic bases as potentially utilized for a Kornblum-DeLaMare approach would also potentially 
interfere with the C2-alcohol, triggering retro-aldol reactions. However, introduction of a 
protecting group was not straightforward due to significant steric hindrance at this position 
resulting in low reactivity. Silylation using silyl triflates was found to trigger retro-aldol 
fragmentation reactions of the system, likely by activation of the C13-ketone (entries 2, 3). 
Silylation using silyl chlorides was only successful when drastic reaction conditions were chosen 
(entry 5, 6), these yielded a mixture of product and starting material, whereas conversion 
surprisingly stalled at a 2:1 mixture of product and starting material even upon prolonged reaction 
time. Protection as MOM-ether (entry 4) proceeded smoothly, likely due to the minimal steric 
hindrance of this reagent.  

 

Figure 215 Facial selectivity of the cycloaddition of singlet oxygen 
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Addition of singlet oxygen to the diene of the protected substrate 1124 was facile under the 
previously investigated conditions. Cleavage of the endo-peroxide by hydrogenolysis was successful, 
although in modest yield to the hemiacetal 1126 which was found surprisingly stable. Elongated 
stirring of 1126 with silica gel eventually afforded hydrolysis of the hemiacetal to give the desired 
allylic alcohol 1127. Analysis of the configuration of 1127 showed exclusive formation of the (R)-5-
OH diastereomer, as opposed to the desired (S)-diastereomer of the natural product. This may be 
explained by the steric bias of the two prochiral sides of the diene in 1124, as visualized in figure 
215. Alternatively, the observed diastereoselectivity could be also a consequence of local 
deactivating interactions of certain functionalities with the singlet oxygen in the transition 
state.278,280 If the energy of vibrational modes of certain functional groups in the vicinity of singlet 
oxygen matches the energy difference for deactivation pathways of singlet oxygen, the singlet 
oxygen approaching from the side where these functional groups are situated might be faster 
deactivated than undergoing the desired cycloaddition. Due to the small amount of substrates for 
comparison at hand, this remains inconclusive. 

 

Figure 216 Attempts to adjust the facial selectivity of singlet oxygen addition by directing group effects 

An attempt was made to inverse the observed selectivity by directing group effects. As the literature 
implied a possible directing group effect by free alcohols,282,283 (though the overall picture might be 
more complex209,284,285)the substrate was desilylated by TBAF to give 1129 and subjected to the 
photooxidation conditions. However, the desired selectivity was not observed, as the reaction 
delivered still the same major diastereomer (dr > 10 :1) as for intermediate 1124. 

It was also attempted to equilibrate the C5 stereocenter of the C5-OTBS protected intermediate 
base mediated by -deprotonation of the enone. This led to fragmentation of the scaffold upon 
treatment with KOtBu in tBuOH/THF. Neutral bases as DBU gave no conversion. 
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Table 17 Basic conditions for a C5 equilibration 

conditions result 

1 KOtBu, tBuOH, THF, r.t. fragmentation to aldehyde species 

2 DBU, CH2Cl2, r.t. no conversion 
 

As a potential workaround the option to invert the C5 alcohol after photooxidation and peroxide 
cleavage was investigated. In this approach the C5-alcohol was to be oxidized to the ketone, the C20 
alcohol was then proposed to serve as a directing group for the reduction of the C5 position by an 
Evans-Saksena type reaction. This required optimization of the photooxidation for the free 
C20-OH intermediate 1117. 

 

Table 18 Conditions for reductive cleavage of the endo-peroxide 

conditions result 

1 H2 (80 bar), Pd/C, EtOAc complex mixture 

2 Me2S, THF, r.t. complex mixture 

3 KO2CNNCO2K,  AcOH, CH2Cl2, r.t. enone, 20% 

4 KO2CNNCO2K,  AcOH, Py, CH2Cl2, r.t. complex mixture 

5 L-selectride (3 equiv.) fragmentation 

6 L-selectride (1 equiv.) fragmentation 
 

Hydrogenolysis of the peroxide which has been previously successfully used in case of intermediate 
1124 showed only decomposition of the free alcohol intermediate 1133. Cleavage with 
dimethylsulfide also gave a complex mixture of products. In an attempt to selectively reduce the 
C-C double bond by diimine reduction (entry 3) to decrease the amount of possible degradation 
pathways, surprisingly the reductive cleavage of the peroxide was obtained, although in modest 
yield. The product was not accompanied by further reduction of the enone, which displays a very 
untypical selectivity for this reagent.  
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Figure 217 Fragmentation upon reduction with L-selectride 

Further attempts to improve the yield by buffering the system failed (entry 4). Treatment with L-
selectride led to fragmentation of the scaffold along C20-C4. Interestingly, some of the obtained 
products displayed the correct intrinsic diastereoselectivity of reduction at C5. 

 

Table 19 Conditions screening towards Kornblum-DeLaMare reaction 

conditions result 

1 NEt3, CH2Cl2, r.t. enedione (20%) + 1,2-diketone + hydroxyenone  

2 KOAc, THF, r.t. hydroxyenone (71%) 

3 DBU, THF, r.t. fragmentation 

4 Al2O3, THF, r.t. decomposition, traces of hydroxyenone  

5 DIPEA, THF, r.t. slow conversion, fragmentation 

6 DBU, THF, -40°C no conversion 

7 NEt3, CH2Cl2, -40°C to 0°C enedione (20%), no conversion at <-10°C 
 

In parallel the option for a Kornblum-DeLaMare rearrangement281,286 of substrate 1133 was 
investigated in analogy to the observed reaction at intermediate 1118. Standard reaction conditions 
(entry 1) gave a modest yield of the enedione 1136, accompanied by the 1,2-diketone 1140 and the 
previously observed hydroxyenone 1134. While the latter can be speculated to be the result of 
disproportionation reactions of the endo-peroxide, the 1,2-diketone 1140 is most likely a byproduct 
of the photooxidation itself, that was not detected before due to mixtures obtained from this 
compound under reductive conditions. Indeed scaleup of the photoreaction was found later to 
reproducibly produce this byproduct in small amounts (< 20%). Species 1140 is likely obtained by 
formation of instable [2+2]-adducts of the singlet oxygen (a commonly observed reactivity of 
singlet oxygen with nonconjugated alkene systems), which then decomposes to the 1,2-diketone 
initiated by the methoxy-lone pair. A number of further conditions for the Kornblum-DeLaMare-
rearrangement has been tested on TLC scale (KOtBu, KOH, Cs2CO3, piperidine, pyridine, thermal 
decomposition, silica gel, AcOH) but was not found promising. 
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Figure 218 Tentative mechanism of formation of the side product of the photooxygenation 

Surprisingly treatment of the endo-peroxide on small scale in THF with KOAc at r.t. yielded the 
hydroxyenone in a clean reaction, unprecedented in comparison with the significant amount of 
conditions previously screened for this purpose. The identity of the reducing agent could be traced 
back to butylated hydroxytoluene as the stabilizer of the THF, as the small scale reaction contained 
stoichiometric amounts of this reagent. Indeed a scale up of the reaction was possible, yielding the 
hydroxyenone on 0.5 g scale if 2 equiv. BHT and 4 equiv. of KOAc were deliberately added. 
Preliminary mechanistic investigations led to the mechanism depicted in figure 219. The 
deprotonated BHT is proposed to attack the endo-peroxide, a reactivity described for anionic bases 
as competing reactivity to the Kornblum-DeLaMare type elimination before, and might then be 
eliminated by KOAc to the quinomethide 1143. The quinomethide was identifiable by GC-MS 
from the crude reaction mixture, further a mixture of quinomethide dimers (as quinomethide is an 
instable species upon isolation) can be observed in the NMR and by LCMS from the crude after 
workup. Alternatively a radical process might be formulated by spontaneous homolytical bond 
cleavage of the endo-peroxide and quench of the radicals by BHT. While spontaneous homolytical 
bond cleavage of endo-peroxides is well known, this is usually accompanied by characteristic 
degradation products formed by intramolecular reaction of these radicals (e.g. epoxides by addition 
to the adjacent alkene bond). As the endo-peroxide itself was found relatively stable in solution at 
r.t. on the time scale of a typical BHT reduction reaction (12 h), it appears more likely to the author 
of this thesis that the reaction proceeds via a electron pair mechanism as described above.  
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Figure 219 Tentative mechanism for the BHT mediated endo-peroxide cleavage 

As the BHT mediated reductive cleavage of the endo-peroxide enabled access to the hydroxyketone 
1134 in satisfactory yields, the next objective was to invert the C5-alcohol to the desired (S)-C5-OH 
diastereomer. As previously described, this was proposed by oxidation to the C5-ketone and Evans-
Saksena reduction, utilizing the C20-alcohol as directing group. Treatment of 1134 with IBX (1.0 
equiv.) in DMSO gave selective oxidation of the allylic alcohol at C5, the potentially competing 
oxidation at C20-OH was not observed. This may be due to either electronic effects, as kinetically 
favored oxidation of allylic alcohols has been previously described for the related Dess-Martin 
reagent, or by favorable steric accessibility, or both. Subjecting the resulting enedione to Evans-
Saksena conditions yielded the desired (R)-C5-alcohol with a dr of 3.5:1, whereas the minor 
diastereomer could be separated and resubjected to the oxidation.  

 

Figure 220 Adjustment of the C5 configuration by directed reduction 

X-ray structure analysis of single crystals of 1145 further confirmed to expected configuration. 
Curiously, concomitant reduction of the enone moiety was also observed and is proposed to take 
place via ligand exchange at the borate and intramolecular delivery of the hyride, as depicted in 
figure 220. However, increase of the reagent load and reaction time did not improve the yield for 
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this product, rendering a direct one-pot reduction to the hydroxyketone 1147 preparatively 
impractical. The isolated species 1147 can be directly converted to a downstream intermediate by 
benzylidene acetal protection. 

2.4.5. C-Ring Elaboration and Pinacol Coupling 

 

Figure 221 Introduction of the C8 quaternary center 

To proceed the synthesis towards the natural product it was next objective to install the quaternary 
center at C8. The 1,3-diol of the inverted alcohol 1145 was protected via a benzylidene acetal by 
acid catalyzed transacetalization from the corresponding benzaldehyde dimethyl acetal. As both 
alcohols C20-OH and C5-OH are observed as free (non acetylated) alcohols, the benzylidene acetal 
is expected to serve as a stable protecting group until the finalization of the total synthesis to be 
cleaved by chemoselective orthogonal hydrogenation with Pd/H2. Treatment of the benzylidene 
protected enone 1148 with L-selectride at -78°C resulted in selective 1,4-reduction of the substrate. 
Intermediate 1147 converges at this point with the benzylidene protected hydroxyketone 1149 
from the C5-OH epimerization. A C1 homologation of the C-ring system was undertaken at this 
point by formation of the vinyl triflate 1150 by KHMDS, Comins-reagent250 and subsequent 
coupling with carbon monoxide in presence of methanol to the corresponding methyl ester, as 
utilized in previous synthesis attempts. 1,4-reduction of the resulting ,-unsaturated ester was 
facile and resulted in formation of the saturated ester 1152 as a single diastereomer. Upon 
subjection of 1152 to the previously investigated alpha methylation conditions (see intermediate 
945) using KHMDS and MeI, no conversion was obtained. Only upon inclusion of 18-crown-6 in 
the methylation protocol, facile conversion to the desired quaternary carbon at C8 was observed. It 
is speculated whether additional coordination by the C2-OMOM group may play a role in 
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coordination of the metal enolate, thus stabilizing the enolate and lowering reactivity. Alternatively, 
it could also just correspond to the increase in sterical hindrance in the vicinity of the reaction 
center as compared to the C2-C20-ether analogue 944 and C2-C20-ketal 983. NOESY analysis 
indicated the desired stereoisomer, which was obtained in excellent selectivity. Even though the 
addition of 18-crown-6 is expected to facilitate the formation of the methyl enolate of the ester, no 
such side product was observed. The synthesis route up to this point has been later scaled up to 
afford around one gram of the methylation product 1153.  

 

Figure 222 Preparation of the pinacol coupling precursor 

Conversion of 1153 to the direct pinacol precursor 1153 was straightforward. Reduction of the 
ester with LiAlH4 at 0°C proceeded smoothly. Noteworthy, the C13-ketone is not reduced if 2 
equiv. of LiAlH4 are employed, giving testimony to the low reactivity of the C13-ketone, as 
previously mentioned. Deprotection of the primary alcohol was afforded by TBAF, then Swern 
oxidation of the related diol gave rise to the corresponding dialdehyde 1155.  

 

Figure 223 Side products obtained if the Swern reagent is not employed in excess 

It was necessary to employ an excess of the Swern reagent (8 equiv.) even at larger scale, as less 
equivalents tended to give a mixture of incompletely oxidized species, including diastereomeric 
mixtures of lactol 1156., which however could be cleanly converted back to the diol 1154 by 
LiAlH4. 
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Figure 224 Ti(III) mediated pinacol coupling to the C9-C10 trans-pinacol 

Ti(III)-mediated pinacol coupling, following a methodology reported by Swindell and coworkers89 
gave facile formation of 1158 in 55% yield o2s (including the Swern-oxidation). Satisfyingly, these 
conditions afforded the pinacol as a single trans-diastereomer, which constituted a significant 
improvement over the preceding conditions using SmI2 (see introduction). NOESY NMR 
spectroscopy and coupling constant analysis confirmed the desired configuration. The structure 
could be further confirmed by X-ray structure analysis from single crystals of 1158. Noteworthy, 
this constitutes the successful construction of the second propellane moiety, the [3.3.2] propellane. 

 

Figure 225 Selectivities and side products observed for different reagents in the pinacol coupling20 

The product is commonly isolated alongside a side product (5:1 ratio) which could be identified as 
simple reduction of the aldehyde back to the diol 1161, a previously reported side reaction of Ti(III) 
pinacol coupling conditions.89 Figure 225 gives an overview over selectivities and side reactions 
observed using these conditions and other conditions287-289 tested before on the ether substrate 947 
and ketal substrate 986.243 
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2.4.6. Regioselective Acetylation and Finalization of the Synthesis of Canataxpropellane 
 

 

Figure 226 Kinetically controlled acetylation and deacetylation of the pinacol 

To obtain the natural product the remaining task was now to establish a strategy for regioselective 
acetylation of the scaffold. The natural product shows acetylation at C2-OH and C10-OH and free 
alcohols at C5-OH, C9-OH and C20-OH. As C5-OH and C20-OH are protected by the benzylidene 
acetal and C2-OH by the MOM group, they do not have to be differentiated. Thus the next task is 
differentiation of the diol C9-C10. A number of experiments shown in figure 226 were conducted 
to explore the kinetics of acetylation and methanolysis of the acetates at the diol to establish the 
relative reactivities illustrated in figure 227. Upon acetylation using an excess of Ac2O in CH2Cl2 
and nucleophilic catalysis with DMAP, preferential acetylation of C9-OH was observed, 
concommitant by formation of the diacetate, whereas formation of the C-10 monoacetate was not 
observed.  

 

Figure 227 Relative reactivity of the secondary alcohols of the pinacol intermediate 

This is expected to be a result of increased steric hindrance at C10, and consistently the 
methanolysis of the acetates using K2CO3 in MeOH led to predominant deacetylation at C9-OH of 
the diacetate 1162. Elongated stirring under these conditions eventually gave again the diol. The 
C2-OH position is expected to be more nucleophilic than both C9-OH and C10-OH. As the C2-
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OH position is also to be acetylated, this implies that kinetic differentiation against C9-OH (which 
should be retained as free alcohol) should be possible.  

In summary this reactivities imply that it is not possible to obtain the correct acetylation pattern 
directly by kinetically controlled acetylation of the free C2,9,10-OH triol, neither by global 
acetylation of the triol and kinetically controlled deacetylation. 

 

Figure 228 Identification of pinacol acetylation products by 1H-NMR shift and coupling data 

Analysis of the differently acetylated intermediates 1162-1164, 1158 and comparison with related 
structures in subsequent experiments showed, that NMR signals for the differently functionalized 
pinacol intermediates tended to be relatively invariable, even upon introduction of different 
functionalities at C2-OH. Figure 228 gives an overview over typical 1H-NMR signals for the 
different species that served to differentiate the product mixtures (Note: the diol/diacetate species 
are tentatively assigned to C9/C10 but due to relatively small substance samples this assignment 
could not be unambiguously secured). C9-C10 hydroxyacetates are easily recognized by a distinct 
dd-coupling pattern of the free secondary alcohol, likely obtained by hydrogen bonding between 
hydroxy proton and acetate, which leads to slow exchange in the 1H-NMR and a relatively sharp 
coupling pattern. 

 

Table 20 Conditions for selective protection of the C9 secondary alcohol 

conditions result 

1 BnBr, NaH, THf, r.t. no conversion 

2 BnBr, Ag2O, toluene, r.t. no conversion 

3 BnO(CO)Cl, DMAP, Py, CH2Cl2, r.t. C9-OCbz, selective 

4 NHS-Cbz, DMAP, Py, CH2Cl2, r.t. no conversion 
 

A short survey on the protection of C9-OH as an ether or benzyl oxycarbonyl group was 
undertaken, as this would have offered the option to subsequently deprotect C2-OH and acetylate 
both, C2-OH and C-10-OH, followed by global deprotection to yield the correct acetylation 
pattern. Attempted protection of C9-OH as benzyl ether showed low reactivity, though the 
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available conditions had not been exhausted. Reaction with benzyl chloroformate afforded 
selectively Cbz-protection at C9, but showed later reproducibility problems.  

In parallel an alternative strategy avoiding further protecting groups based on the 
acetylation/deacetylation reactivities was considered.  

 

Table 21 Conditions for C2 MOM ether deprotection 

conditions result 

1 TMSCl, TBAB, CH2Cl2, r.t. no conversion 

2 TMSBr, CH2Cl2, -78°C to 0°C no conversion 

3 Ph3CBF4, Lut, CH2Cl2, 30°C, then EtOH, H2O, 65°C mixture 

4 TMSOTf, 2,2-bipy, CH2Cl2, 0°C to 60°C no conversion 

5 bromo-catecholborane (exc.), CH2Cl2, -78°C to -20°C no conversion 

6 bromo-catecholborane (exc.), CH2Cl2, r.t. C2-OH-boronic acid ester 

7 bromo-catecholborane (5 equiv.), CH2Cl2, 0°C C2-OH-boronic acid ester 
 

Acetylation of the diol proceeded smoothly using Ac2O, DMAP to yield the diacetate 1162. 
Subsequently, deprotection at C2-OH was attempted. The scope of available conditions  was 
limited considering that a differentiation is necessary from the benzylidene acetal cleavage, thus 
nonselective reagents as BBr3 were to be avoided. The MOM-ether proved stable against TMSBr 
(entry 1,2) and TMSOTf (entry 4). Upon treatment with trityl tetrafluoroborate, a product was 
obtained that showed the mass of the desired lutidine adduct, but hydrolysis of this adduct gave a 
mixture of compounds, of which one was the desired C2-OH deprotected substrate. Eventually, 
deprotection using bromo-catecholborane was facile (entry 5,6), though at comparably high 
temperature as the reaction showed no conversion at -20°C and below (entry 4). The direct product 
of this reaction after aqueous workup was the boric acid ester of the C2-alcohol, which underwent 
hydrolysis upon stirring with silica gel for 1 h. As side product the deprotection of the benzylidene 
acetal was observed, yielding the C2, C5, C20-triol 1171. However, this could be converted to the 
desired intermediate 1169 via reprotection by transacetalization (figure 229). 
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Figure 229 MOM ether cleavage with bromo-catecholborane 

Based on the previously discussed relative reactivity of the secondary alcohols C2-OH > C9-OH > 
C10-OH the correct acetylation pattern was established as described in figure 230. Kinetically 
controlled deacetylation of 1169 by in-situ generated methanolate afforded predominant 
deacetylation at C9 to give 1170, accompanied by minor amounts of the corresponding triol 1172 
by concommitant deacetylation at C-10. The regioisomer to 1170 was not observed in meaningful 
amounts. Subsequent acetylation using 1.1 equiv. of Ac2O proved the suggested higher reactivity of 
C2-OH over C9-OH correct, affording C2-OH acetylation as major product in modest yield. The 
product 1173 was isolated alongside the diacetate regioisomer 1169 (from acetylation at C9-OH) in 
a ratio of 2.5:1, though separation of the isomers was found tedious. Further, the reaction resulted 
in formation of minor amounts of the triacetate 1174 and recovered starting material 1170 in 
roughly equal amounts (each around 24%).  

 

Figure 230 Regioselective acetylation and finalization of the total synthesis of Cantaxpropellane (2) 

Hydrogenolysis of the benzylidene acetal with Pd/C eventually afforded the desired natural product 
Canataxpropellane (2). Chromatographic separation from the acetylation regioisomer from the 
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previous step was found tedious, though possible. An analytically pure sample was eventually 
obtained by crystallization of Canataxpropellane from EtOAc/hexane, yielding thin, fiber-like 
crystals. 
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Table 22. Comparison of 1H-NMR data with published data (ref. 242) 

Position  1H [ppm], mult, J [Hz] 
(synthetic, 600 MHz) 

 1H [ppm], mult, J [Hz] 
(isolated, 500 MHz) 

2 5.57 d, J = 3.3 Hz, 1H 5.56 d, J = 3.3 Hz, 1H 

10 5.52 d, J = 9.0 Hz, 1H 5.52 d, J = 9.0 Hz, 1H 

20 5.32 t, J = 2.2 Hz, 1H 5.31 s br, 1H 

9 4.00 
dd, J = 9.0, 2.8 Hz, 

1H 3.99 m, 1H 

5 3.94 dd, J = 12.0, 5.1 Hz, 
1 3.93 m, 1H 

9-OH 3.32 d, J = 3.6 Hz, 1H 3.33 d br, J = 3.3 Hz, 1H 

5-OH 3.08 s br, 1H - - 

20-OH 2.94 s br, 1H 2.96 s br, 1H 

14 2.68 dd, J = 9.2, 2.1 Hz, 
1H 

2.68 dd, J = 9.3, 2.1 Hz, 1H 

1 2.50 
dd, J = 9.2, 3.3 Hz, 

1H 2.49 dd, J = 9.3, 3.3 Hz, 1H 

7a 2.45 dt, J = 14.7, 3.5 Hz, 
1H 2.43 dt, J = 3.3 Hz, 1H 

10-OAc 2.11 s, 1H 2.10 s, 1H 

2-OAc 2.10 s, 1H 2.09 s, 1H 

6ab 1.87–1.79 m, 2H 1.83 m, 2H 

18 1.48 s, 1H 1.47 s, 1H 

16 1.32 s, 1H 1.31 s, 1H 

17 1.17 s, 1H 1.16 s, 1H 

7b 1.13–1.09 m, 1H 1.11 m, 1H 

19 1.08 s, 1H 1.07 s, 1H 

 

Notes: the free OH-protons appear at varying shifts (up to  = ±0.12 ppm) in the 1H-NMR spectra 
of different samples (crude/regioisomer mixture/isolated substance). 

The comparison of 1H- and 13C-NMR spectroscopic data shows good correlation with spectra 
reported for the isolated material. In case of the 13C-NMR it is noteworthy that the isolation paper 
does not feature any direct 13C-NMR spectra, but rather extracted the shifts from 2D-NMR 
experiments (HSQC, HMBC), which might explain a slight global shift (<< 1 ppm, see table 23), 
which upon correction gives good alignment with the synthetic material. The observed correlations 
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in the 2D-NMR spectra (COSY, NOESY, HSQC, HMBC) were also highly consistent with the 
signals described by the isolation team. 

Table 23. Comparison of 13C-NMR data with the isolation paper 242 

Regular Referencing  Reference adjusted by  = +0.4 ppm to 
account for systematic shift due to 
extraction from 2D-NMR data 

Position 

 13C 
[ppm] 

(synthetic) 

 13C 
[ppm] 

(isolated) 
 

[ppm] Position 

 13C 
[ppm] 

(synthetic)

13C 
[ppm] 

(isolated) 
 

[ppm] 

13 217.4 216.8 -0.62 13 217.4 217.2 -0.26 

10-OAc 172.3 171.7 -0.56 10-OAc 172.3 172.1 -0.20 

2-OAc 170.2 169.7 -0.48 2-OAc 170.2 170.1 -0.12 

9 86.7 86.3 -0.44 9 86.7 86.7 -0.08 

10 83.0 82.6 -0.36 10 83.0 83.0 0.00 

2 76.8 76.4 -0.35 2 76.8 76.8 0.01 

5 75.0 74.8 -0.24 5 75.0 75.2 0.12 

20 73.8 73.4 -0.36 20 73.8 73.8 0.00 

11 57.6 57.3 -0.29 11 57.6 57.7 0.07 

3 54.3 53.8 -0.53 3 54.3 54.2 -0.17 

14 52.6 52.4 -0.24 14 52.6 52.8 0.12 

1 52.1 51.9 -0.19 1 52.1 52.3 0.17 

4 52.0 51.5 -0.53 4 52.0 51.9 -0.17 

12 48.8 48.6 -0.20 12 48.8 49.0 0.16 

12 41.1 40.8 -0.34 12 41.1 41.2 0.02 

8 40.0 39.5 -0.52 8 40.0 39.9 -0.16 

16 29.8 29.5 -0.31 16 29.8 29.9 0.05 

7 29.7 29.4 -0.34 7 29.7 29.8 0.02 

6 29.0 28.6 -0.36 6 29.0 29.0 0.00 

19 27.3 27.0 -0.27 19 27.3 27.4 0.09 

17 22.2 22.1 -0.10 17 22.2 22.5 0.26 

10-OAc 21.7 21.4 -0.34 10-OAc 21.7 21.8 0.02 

2-OAc 21.3 20.9 -0.35 2-OAc 21.3 21.3 0.01 

18 14.3 14.0 -0.33 18 14.3 14.4 0.03 
 

In the end, one question remains unanswered. The original paper described a mixture of 
conformers for the natural product,242 resulting in two distinct signal sets (ratio 3:1), a property 
which has not been observed for the synthetic material. The synthetic material thereby matches 
very closely the reported major signal set.  The authors of the isolation paper do not discuss 
however any actual mechanism for the formation of conformers. The rigid nature of the carbon 
scaffold of this natural product should allow for very little conformational flexibility and the studies 
towards construction of this scaffold showed very seldom any fluxional behavior in the NMR (with 
the exception of reversible hemiacetal formation). The only element of this structure that may 
exhibit any conformational instability would be the C-ring by switching between seat- and boat-like 
conformations, although it seems unlikely that these would possess a close enough energy 
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difference to result in fluxional behavior at r.t. To exclude any ambiguity, as one may consider any 
pH-dependence of potential hydrogen bridging between C5-OH and C20-OH, it was attempted to 
measure the 1H-NMR spectra in CDCl3 at varying acidity/basicity. The spectra in unquenched 
CDCl3 (as opposed to CDCl3 neutralized over Al2O3) showed the same signals, with the exception of 
rapid H/D exchange of the free secondary alcohol (-OH) signals and in consequence also no 
coupling of C9-OH with the hydroxy proton to a dd. Addition of acetic acid led to no significant 
changes. Addition of triethylamine in increasing amounts to the structure led to slight change of 
the chemical shifts (up to  = 0.06 ppm) but no convergence with the described second signal set 
was obtained. As the publication on isolation of Canataxpropellane does not contain any copies of 
the original data (and generally no available supporting data), it was not possible to reanalyze the 
data for the second signal set directly. However, the improbability of a conformational isomerism 
of this structure may hint towards a mixture of closely related derivatives that were isolated 
alongside, rather than conformers. The isolation of taxanes as a mixture of compounds with similar 
carbon scaffold, but varying acylation pattern is a very common phenomenon as the acylation of 
taxanes along the biosynthetic pathway can be considered highly variable and unspecific. The total 
synthesis of Canataxpropellane eventually proved the structural analysis by the isolation team, 
based on the major signal set, correct. The nature of the second signal set yet remains to be 
uncovered. 
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2.4.7. Test of the Tubulin Polymerization Activity of Canataxpropellane 

 

Figure 231 Polymerized tubulin concentration in relation to the concentration of A) Taxol B) Canataxpropellane (2), 
(here batchnumber ‘FAB-140-10’) and C) resulting polymerization rates relative to Taxol290 

 
Figure 232 Resulting polymerization rates relative to DMSO of Taxol and Canataxpropellane (2) (here batchnumber 

‘FAB-140-10’)290 

As there is no data in the literature on potential tubulin polymer stabilization by 
Canataxpropellane, in a cooperation with the Mayer group at the University of Konstanz the 
properties of Canataxpropellane concerning this quality were investigated by Lars Henschke290 
Figures 231 shows the concentration of tubulin polymers formed upon incubation with Taxol (A) 
and Canataxpropellane (B) versus time. Figure 232 summarizes the resulting polymerization rates 
versus concentration of Canataxpropellane and Taxol. These experiments showed the expected 



2.4.  Adjustment of  the Strategy and Total  Synthesis of  Canataxpropellane 

 

198 

tubulin polymerization activity of Taxol already at nanomolar concentration range, whereas 
Canataxpropellane showed only very low activity. 

Canataxpropellane showed only very limited solubility in the aqueous medium of the assay, and the 
solubilization was difficult to assess due to the small scale of these experiments. Instead, the tris-
acetylated derivative 1174 with the benzylidene acetal in place was gloabally deprotected to 
improve solubility in aqueous media.  

 

Figure 233 Synthesis of Canataxpropellane-penta-ol 

The desired penta-ol 1176 was obtained by deacetylation of intermediate 1174 using K2CO3 in 
MeOH and subsequent hydrogenolysis of the benzylidene acetal by Pd/C. This substance was 
indeed soluble in water and could be analyzed by 1H-NMR in D2O. Noteworthy, the relevant 
concentration range of assays to explore the bioactivity is by orders of magnitude lower than the 
typical 1H-NMR range (10-3 M vs 10-6 M).  

 

Figure 234 1H-NMR of Canataxpropellane-penta-ol 1176 in deuterated water 

However, no improved activity of this derivative with respect to Canataxapropellane (2) was 
observed. The structure/activity relationships reported for Taxol were discussed in the 
introduction, as well as a comparison of the spatial arrangement of the typical cyclotaxane scaffold 
and the classical taxane scaffold. Consequently, it is not surprising, that low tubulin polymerization 
activity was found for Canataxpropellane. However, other modes of bioactivity (e.g. as P-
glucoprotein inhibitor,45,48 cytotoxicity by another mechanism of action) remain to be investigated. 
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2.4.8. Access to Optically Active Intermediates 

Upon successful synthesis of racemic (±)-Canataxpropellane (2), an access to optically active 
material became a major research goal. As building blocks 1081 and 894 are both achiral, the 
critical step in the synthesis is the introduction of 4 stereocenters in the isobenzofuran Diels-Alder 
reaction. The most efficient instrument available in the literature to access optically active Diels-
Alder products is asymmetric catalysis by chiral Lewis acids. 291,292 

 

Figure 235 Reactivity of the isobenzofuran Diels-Alder reaction in presence of a chiral Lewis acid 

Simone Zanella, a postdoctoral researcher of the Gaich group, investigated an access to 
enantiomerically enriched 1082 by catalysis with various chiral Lewis acid, e.g. the depicted Cu(II)-
PyBox complex as reported by Evans.291,292 This commonly resulted in rapid formation of silyl enol 
ether 1179. It was previously observed that the racemic Diels-Alder products 1082 are very 
sensitive to Brønsted- or Lewis acids, even at catalytic concentration. These trigger the retro-aldol 
type fragmentation of the scaffold, in the manner as described in figure 235. It is thus concluded, 
that while the catalysis of the reaction was facile, the fast fragmentation that follows product 
formation prohibit utilization of chiral Lewis acid catalysis. Attempts were made to stabilize the 
Diels-Alder adducts by implementing the more stable TIPS group (with respect to the previously 
used TBS group) at the lactol. However, even though 1H-NMR of the reaction mixture confirmed 
clean formation of the isobenzofuran 1177 itself, fragmented species 1179 was the sole product of 
the Lewis acid catalyzed Diels Alder reaction. Noteworthy, the intermediate 1179 also constitutes 
the formal product of a Mukaiyama-aldol reaction of building blocks 894 and 1177, thus it may 
also be possible that 1179 is the product of competing Mukaiyama-aldol reactivity. The fact that a 
similar rearrangement from an isolated Diels-Alder product has been previously observed (see 
chapter 2.4.2) strengthens the mechanism as described in figure 235. 

An alternative to chiral Lewis acid catalysis poses organocatalysis, which was predominantly 
reported using iminium adducts of the dienophile with chiral amines, lowering the LUMO of the 
dienophile and facilitating the reaction of the chiral iminium adduct. While these approaches are 



2.4.  Adjustment of  the Strategy and Total  Synthesis of  Canataxpropellane 

 

200 

well investigated, few examples exist for reactions with dienones as 894. As own preliminary 
experiments showed, this may root in issues with imin formation of 894. 

Instead, a more innovative approach using chiral silyl auxiliaries was investigated. 

 

Figure 236 Outline for an approach via a chiral silyl auxiliary 

While auxiliaries for Diels-Alder substrates have been extensively investigated before,293 few options 
exist that are directly compatible with substrates 1180 and 894. It was speculated, that the 
introduction of a chiral silyl auxiliary at the silyl ketene acetal is particularly useful, as the 
desilylation at the lactol after the ortho-alkene-arene-photocycloaddition is already native to the 
synthesis route, this necessitates no additional steps. As limited preceding work exists on silyl 
auxiliaries of this type, a list of design principles for such an auxiliary was proposed (Note: the 
auxiliaries under consideration are delineated from chiral-at-silicon auxiliaries, which indeed have 
been investigated in the recent literature e.g. by the group of Oestereich294): 

‐ The auxiliaries must avoid a chiral-at-silicon scenario, thus must bear 2 identical 
substituents or a C2-symmetric bidentate substituent. A chiral at silicon scenario would 
generate up to 4 diastereomers with little control (stability of configuration at silicon is 
tedious and silyl chlorides are intrinsically configurationally instable due to reversible 
attack of the chloride at Si, forming a penta coordinate complex that rearranges295). 

 

‐ Figure 237 Rapid racemization of (si)-chiral silyl chlorides 

‐ The chiral substituent must be derived from the chiral pool in a limited number of steps to 
allow economic synthesis of the auxiliary. 

‐ Introduction of the chiral substituent at Si must be straightforward and selective, since 
purification of the silyl chloride is difficult (there is a workaround for this via purification 
of SiOR or SiPh and reaction with HCl, but this generates extra steps. Hence, metalation 
and hydrosilylation techniques296 are less attractive since they are reported to generate  
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diastereomers that would require separation. 

‐ Use of silyl chloride was desirable, since the auxiliary has to be introduced on the stage of 
the silyl keten acetal formation which is not compatible with silane coupling 
(R3SiH + ROH). 

‐ The steric hinderance of the substituents of the silane auxiliary is critical. Sterically too little 
hindered silanes will give very reactive isobenzofurans, however, Diels-Alder products will 
suffer from a weak protection of the lactol-functionality, being prone towards hydrolysis on 
column (see next point). On the contrary, sterically too encumbered auxiliaries will inhibit 
the Diels-Alder reaction itself. The auxiliary must allow for separation of the two formed 
diastereomers on column to obtain high ee material in the end. 

‐ Some direct stereoinduction is desirable to generate higher yields towards the desired 
enantiomer. To achieve this, the chiral center(s) should be situated close to the silyl 
chloride moiety. This renders e.g. hydrosilylation of exo-olefins impractical. 

These constrains result in a limited amount of suitable approaches: 

‐ Hydrosilylation of an internal olefin296 with HSiClR2 (R=alkyl) from a chiral pool material 
‐ Reaction of SiClxRy (R=alkyl, y≤2) with alcoholates (x-1 equiv.) from the chiral pool 
‐ Reaction of SiClxRy (R=alkyl, y≤2) with metalated chiral scaffolds (x-1 equiv.), e.g. from 

biaryl-dihalogenates 

a) Carene based auxiliary 

 

Figure 238 Hydrosilylation of (+)-Carene 

As (+)-Carene poses a readily available chiral pool material from terpene feedstock, a 
hydrosilylation of carene using HSiMe2Cl appears an attractive entry into chiral enantiopure silyl 
chlorides. However, hydrosilylation with HSiMe2Cl under cationic conditions297,298 led to 
rearrangement of the strained cyclopropane moiety, resulting in formation of the products 1183-
1185 depicted in figure 238. The major silyl chloride species 1183 as isolated by Kugelrohr 
distillation was found to be one diastereomer, but the optical purity was not assayed. 
Mechanistically, the formation of 1183 may have resulted in a mixture of enantiomers. This is the 
case if opening of the cyclopropane occurs before the hydrosilylation step, which is implied by the 
formation of the nonsilylated 1184-1185. This approach was not followed further, as the olefin in 
auxiliary 1183 could compete with the dieneone in the DA with the isobenzofuran. 
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b) Limonene based 

 

Figure 239 Hydrosilylation of (S)-3-Menthene 

Selective hydrogenation of (–)-Limonene to (S)-3-Menthene was found facile and could be carried 
out on deca-gram scale. Cationic hydrosilylation using freshly sublimated AlCl3

297,298 was rapid and 
clean to provide 1188 in 71% yield as a single diastereomer. Upon reproduction by Bastian Mertes, 
a master student of the Gaich group, it was later found that the catalyst load and quality is crucial in 
this reactions, as an increase in catalyst load leads to formation of diastereomers.  

 

Figure 240 Application of a Menthene based chiral silyl chloride auxiliary to the Diels-Alder reaction 

As this auxiliary poses with respect to sterical demand a suitable chiral analogue of the TBS group 
previously utilized for silyl ketene acetal formation towards the isobenzofuran, the Diels-Alder 
reaction was attempted. Initial results showed predominant formation of the sideproduct 1190, 
either by incomplete formation of the isobenzofuran, or by the previously observed retro-aldol type 
fragmentation of the Diels-Alder product. NMR analysis of the isobenzofuran step, showed 
incomplete conversion of the lactone. If this is due to lower stability of the isobenzofuran compared 
to the TBS version, or issues with the silyl ketene acetal formation remains unclear. Using freshly 
distilled silyl chloride, the Diels-Alder product 1191 was isolated but revealed two diastereomers 
(dr 1:1.7), which were chromatographically inseparable. 
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Figure 241 Separation of diastereomeric mixtures of chiral silyl chlorides 

As the previous result implied issues with the stability of the silyl ketene acetals and Diels-Alder 
adducts, a sterically more hindered version of the Menthene derived auxiliaries was constructed by 
hydrosilylation with the isopropyl analogue HSi(iPr)2Cl. This led to a diastereoselectivity of 3:1 
during the hydrosylanation step. Upon conversion of the diastereomeric mixture to the silyl ether 
with methanolate it was possible to separate the diastereomers by chromatography on silica gel and 
identify the relative configuration by NOESY. The silyl ether could be then in principle converted 
to the diastereomerically silyl chlorides again by HCl. However, to test the general usefulness of this 
auxiliary in the Diels-Alder reaction, the latter was directly approached using the diastereomeric 
mixture of 1192 and 1193. 

 

Figure 242 Application of a iPr bearing Menthene based chiral silyl chloride auxiliary to the Diels-Alder reaction 

In contrast to the previous reaction clean formation of the isobenzofuran 1197 was observed. The 
Diels-Alder reaction proceeded smoothly, but the product was obtained as a diastereomeric 
mixture (dr 3:3:1:1, from dr 3:1 auxiliary), implying no stereoinduction. 

 

Figure 243 Conformational changes as possible rationale of diminished selectivity 
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The lower stereoinduction by the more sterically hindered isopropyl analogue might be surprising 
at first glance, but may be explained by the different preferred conformations of the two 
diastereomeric auxiliaries 1188 and 1193, as depicted in figure 243. As the diastereomeric mixture 
was not separable for both auxiliaries, the methyl- and the iso-propyl silyl derived, the Limonene 
derived approach was rendered impractical. 

c) Menthol based 

 

Figure 244 Synthesis of a Menthol based chiral silyl chloride auxiliary 

Besides hydrosilylation, the reaction of chiral alcoholates with di- or trichlorosilanes constitutes an 
efficient introduction of chiral scaffolds to the silyl auxiliary, and noteworthy circumvents the 
potential formation of diastereomers of the auxiliary as observed upon hydrosilylation. Reaction of 
the magnesium salt of (–)-Menthol with trichlorophenyl silane resulted in smooth formation of 
enantiomerically pure 1200, which was purified by Kugelrohr distillation.  

 

Figure 245 Application of a Menthol based chiral silyl chloride auxiliary to the Diels-Alder reaction 

The auxiliary was successfully utilized in the Diels-Alder reaction to yield the adduct 1202 as a 1:1 
mixture of two diastereomers, implying no stereoinduction. The diastereomeric mixture was 
unfortunately again not separable. While it was initially unclear whether the adducts with the 
disilanol auxiliary 1200 are sufficiently stable, the silyl protected lactol exhibited stability 
comparable to the TBS congener. The missing stereoinduction might be explained that the silane is 
not directly connected to a stereocenter, but only via the ether functionality. This renders the silane 
and the stereocenter more spatially distant compared to the hydrosilylation type auxiliaries. The 
chiral residues can likely rotate around the ether bonds, allowing for more degrees of freedom. 
From these results it was concluded that introduction of a bidentate alkoxide might improve the 
stereoinduction. 
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d) Binol based 

 

Figure 246 Synthesis of a binol based chiral silyl chloride 

The choice of a C2 symetric bidentate is guided by the fact that any other scenario would render the 
silicon itself a chirality center. Silyl chlorides are notoriously instable stereocenters in presence of 
even a catalytic amount of chloride anions as previously discussed. 

 

Figure 247 Attempted application of a binol based chiral silyl chloride auxiliary to the Diels-Alder reaction 

Upon application to the Diels-Alder reaction, neither isobenzofuran formation was detected nor 
any product formation of the Diels-Alder reaction was found. This might be simply a result of 
insufficient reactivity, but other explanations exist which cannot be easily excluded. The fact that 
no isobenzofuran was detected may not necessarily indicate that no isobenzofuran was formed, as 
the detection follows an aqeous quench protocol and extraction (NaHCO3/PE). The binol as much 
more acidic moiety than the Menthol, and as such a much better leaving group under protic 
conditions, might be more susceptible to hydrolysis. For this reason it could also be the case that 
the isobenzofuran was formed, but rapidly hydrolyzed even upon the previously described quench 
conditions. In this scenario one may speculate that the issue at stake for the Diels-Adler itself is a 
very sterically encumbered silyl ketene acetal, which may not react anymore with the dienophile but 
then undergoes hydrolysis upon quench due to decreased stability (compared to the Menthol 
derived silyl auxiliary) under protic conditions.  
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e) Diphenylpinacol based 

 

Figure 248 Synthesis of a diphenyl pinacol based chiral silyl chloride auxiliary 

In contrast to the previous auxiliaries this version utilizes the substitution of silyl chlorides with 
carbanions. The concept behind this auxiliary was that the third substituent at the silane, the phenyl 
group, might show a significant rotation barrier and orient itself corresponding to the orientation 
of the phenyl rings of the diphenyl pinacol moiety to give an overall superior stereoinduction. For 
testing purpose, a racemic version of the pinacol 1207 was synthesized by TiCl4/NBu4I mediated 
pinacol coupling299 of the corresponding benzaldehyde, while an enantioenriched version with high 
enantiomeric excess is accessible by Wittig olefination and subsequent asymmetric dihydroxylation 
using AD-mix. Upon metalation using tBuLi at -78°C and reaction with phenyl trichloro silane, the 
corresponding silyl chloride 1208 was obtained. The product was isolated as mixture of the silyl-
chloride and bromide due to halide exchange. Methanolysis of the silyl halides resulted in 
convergence to one species, indicating the suspected isomers. 

 

Figure 249 Attempted application of a diphenyl pinacol based chiral silyl chloride auxiliary to the Diels-Alder reaction 

Utilization of the auxiliary 1208 in the Diels-Alder reaction failed to provide the desired product, 
instead only the fragmented species 1209 was observed. Furthermore, no formation of the 
isobenzofuran was observed. Most likely the anion of the lactone building block adds to the 
dienone 894 in the fashion of a 1,4-addition, followed by enolate attack on the lactone and 
concomitant opening of the oxo-bridge to give secondary alcohol 1209.  
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f) TADDOL based 

 

Figure 250 Preparation of a TADDOL based silyl chloride auxiliary 

TADDOL300 1211 is a C2 symmetric diol which is easily accessible by reaction of tartaric acid ester 
dimethyl acetal with phenyl Grignard reagents.301 Noteworthy, both enantiomers are accessible 
from the chiral pool via the corresponding tartrates. Reaction of the disodium salt of TADDOL 
with PhSiCl3 gave a clean conversion to auxiliary 1212. 

 

Figure 251 Application of a TADDOL based chiral silyl chloride auxiliary to the Diels-Alder reaction 

Application of the TADDOL based auxiliary 1212 resulted in almost quativitaive conversion to the 
silyl ketene acetal 1213, even though the reaction time had to be doubled to 2h compared to the 
achiral procedure, giving testimony to the steric hindrance of this auxiliary. The subsequent Diels-
Alder reaction yielded the desired product 1214, albeit conversion was also in this step slower 
compared to the TBS-silyl ketene acetal. The TADDOL based auxiliary showed for the first time a 
significant improvement in stereoinduction, as the reaction yields both diastereomers in a ratio of 
3:1. This proves the above rational of the need for bidentate alcoholates to achieve a more rigid 
adduct and thus better stereoinduction correct. However, the two diastereomers were difficult to 
separate and further had similar polarity as the recovered enone building block, rendering use of 
this auxiliary on gram scale impractical. 

 



2.4.  Adjustment of  the Strategy and Total  Synthesis of  Canataxpropellane 

 

208 

Table 24 Approaches towards alternative TADDOL derivatives 

reagent additive solvent T result 

1 iPrMgBr - THF reflux decomp. 

2 iPrMgCl LiCl (precomplexation) THF r.t. decomp. 

3 iPrMgCl CrCl3 (transmetalltion) THF reflux no conversion 

4 iPrMgCl CuI (transmetalltion) THF r.t. decomp. 

5 secBuLi - THF -78°C decomp. 

6 EtMgBr - THF reflux carbinol 1219 
 

Attempts towards the synthesis of tetraalky homologues of TADDOL were only successful when 
using the ethyl Grignard reagent. With the bulkier isopropylmagnesium chloride or secBuLi only 
decomposition was detected. Transmetallation to chromium302 resulted in a loss of reactivity. (see 
table 24 for details). 

 

Figure 252 Silylation of 'tetraethyl-TADDOL' 

Synthesis of tert-butyl trichlorosilane303 and subsequent introduction to the TADDOL derivative 
1219 was successful and yielded the auxiliary 1220.  

 

Figure 253 Attempted application of a ‘tetraethyl-TADDOL’ based chiral silyl chloride to the Diels-Alder reaction 

Attempted Diels-Alder reaction with this auxiliary did not yield the desired product, but the 
fragmented species 1209, as previous observed for the diphenyl pinacol derived auxiliaries. The 
corresponding isobenzofuran was also not detectable. In the context of the previous findings, this 
implies that there is a certain productive range in sterical hindrance at the silyl chloride. Too much 
sterical hindrance will completely inhibit reaction to the silyl ketene acetal, and too little steric 
hindrance will lead to low stereoinduction and limited stability of the isobenzofuran and Diels-
Alder product itself. 
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Figure 254 Tuning of sterical hindrance on the 'tetraethyl-TADDOL' silyl chloride auxiliary 

In consequence it was tried to tune the sterical hindrance by replacing the tert-butyl residue at the 
silyl chloride with an iso-propyl group.304 The resulting chiral auxiliary 1224 indeed showed 
formation of the isobenzofuran and Diels-Alder product as depicted in figure 255. 

 

Figure 255 Application of the ‘tetraethyl-TADDOL’ based chiral silyl chloride auxiliary to the Diels-Alder reaction 

Compared to the tetra-phenyl bis-carbinol 1212, this auxiliary gave significantly less 
stereoinduction, yielding a 1.1:1 mixture of inseparable diastereomers. As the tetra-ethyl bis-
carbinol was evidently not beneficial for stereoinduction, it was thus decided to rather modify the 
classical TADDOL auxiliary by tuning the third substituent at the silane. 

 

Figure 256 Introduction of an iso-propyl group to the TADDOL based silyl chloride auxiliary 

Based on these considerations, auxiliary 1227 was synthesized. Subsequent application proceeded 
well and gave the Diels-Alder product as mixture of diastereomers in a ratio of 1.5:1. While 1227 
showed thus less stereoinduction compared to the phenyl congener, for the first time sufficient 
separation of the diastereomers on silica gel was observed. The Diels-Alder procedure and 
subsequent chromatographic separation was further successfully scaled up to multi-gram scale. 
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Figure 257 Application of the iso-propyl bearing TADDOL based chiral silyl chloride to the Diels-Alder reaction 

As this reaction seemed to convert the isobenzofuran significantly slower that the TBS bearing 
racemic version, and furthermore the stability of the Diels-Alder product and isobenzofuran during 
the reaction were not clear, the reaction progress was monitored over 4 d using 1H-NMR of samples 
directly drawn from the pseudo neat reaction mixture and measured in C6D6. 

 
Figure 258 Determination of the optimal reaction time for the chiral auxiliary isobenzofuran Diels-Alder reaction 

This proved the assumed slower conversion correct and indicates that elongation of the reaction 
time is generally beneficial, as already formed product seems to be stable in the crude mixture. It 
can be concluded that a reaction time of 36-48h is optimally suited for this reaction. 
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Figure 259 Identification of the absolute configuration upon desilylation corresponding to a given auxiliary 

At this point the absolute configuration of the major and minor diastereomer was still unclear, as 
no indicative NOESY interactions with the enantiopure silyl substituent were observed. The 
separated minor diastereomer of (+)-TADDOL was thus subjected to photocycloaddition 
conditions as previously investigated to afford the ‘cage’-intermediate 1231. The phenyl groups of 
the TADDOL absorb below 254 nm in the UV-vis spectra and do not interfere with the 
photocycloaddition, which proceeded with comparable rate as before. Desilylation with TBAF 
triggered the expected retro-aldol reaction to yield the known intermediate 1096 in enantiopure 
form. Notably, the fluorinated silane hydrolyzes upon workup and liberates the TADDOL which 
may be recycled if desired. The absolute configuration was established by measurement of circular-
dichroism-(CD)-spectra and comparison with simulated CD-spectra using TD-DFT calculation on 
B3LYP def2-TZVP level (see chapter 4.1 for details). 

 

Figure 260 identification of the absolute configuration via CD-spectroscopy 

As shown in figure 260, comparison with the simulated spectra indicates that the minor 
diastereomer of (+)-TADDOL corresponds to the desired enantiomer towards the natural product. 
Consequently, (–)-TADDOL must be utilized to obtain the desired enantiomer as major 
diastereomer. 
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Figure 261 Determination of enantiomeric enrichment by analytical chiral HPLC 

Analytical chiral HPLC of the sample and comparison with racemic material confirmed high 
enantiomeric enrichment (>98% based on a typical detection limit of <2%), as expected by the 
observed high diastereomeric purity of the auxiliary bearing precursor 1229 in the 1H-NMR. 

The following page gives an overview over all synthesized chiral auxiliaries and their performance 
in the Diels-Alder reaction. The figure below gives an additional overview over observed ‘structure-
activity relationships’ and general tendencies. 
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Sterics 

Too low overall steric approach at the silicon center (1188) leads to instable isobenzofuran species 
(deprotection upon PE/NaHCO3 quench) and subsequently low yields. Higher steric demand leads 
to improved stability (1192) of the isobenzofuran and strongly improved yields in the Diels-Alder 
reaction. A combination of a too high steric demand at both, the silicon and the chiral moiety 
though prevents isobenzofuran formation (1208, 1220), defining a narrow window of suitable 
steric demand which is nicely illustrated by comparison of the iso-propyl vs tert-butyl derivatives 
(1220, 1224). 

Electronics 

Dialkoxy silyl protecting groups were found surprisingly stable (1200, 1224, 1212, 1227) and the 
corresponding products were also sufficiently stable on silica gel for chromatographic isolation. In 
case of the binol derived ligand (1204) the favorable leaving group character of the phenolate 
moiety might lower the stability of the auxiliary, since no formation of isobenzofuran was found.  

Stereoinduction 

Monodentate substituents at the auxiliary were found to cause no significant stereoinduction. 
Notably, also in the 1H-NMRs were not much differentiation between the signal sets found, only 
13C-NMR revealed the mixture of diastereomers. Bidentate substituents were expected to improve 
the stereoinduction, forming a more rigid structure. In this case also the signal sets can be 
differentiated in the 1H-NMR. C2 symmetric substituents were chosen to avoid the scenario of a Si 
based chirality center, leading to potentially 4 diastereomers. In case of TADDOL derived 
auxiliaries, the ‘original’ phenyl TADDOL gave significant stereoinduction. The additional (achiral) 
substituent at silicon the has further strong influence on the stereoinduction (1212, 1227).  

Separation of Diastereomers 

For all non TADDOL derived auxiliaries, the diastereomers did not give different signal sets in the 
1H-NMR (though two similar, but distinguishable signal sets could be observed in the 13C-NMR), 
nor were they separable. The separation of the Diels-Alder products on TLC varied strongly 
between the TADDOL derivatives, whereas some showed good separation (1227), others showed 
no separation at all (1224). 
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2.4.9. The Total Synthesis of (–)-Canataxpropellane 

 

Figure 262 Confirmation of the absolute configuration by X-ray structure determination. (From Schneider, F.; Samarin, 
K.; Zanella, S.; Gaich, Science 2020, 367, 676-681. Reprinted with permission from AAAS.)308 

Subsequently, the Diels-Alder reaction employing the (–)-TADDOL auxiliary 1227 was scaled up 
to decagram scale. Both respective diastereomers were advanced by photocycloaddition and 
desilylation-retro-aldol reaction to the non-auxiliary bearing intermediate 1096 to afford both 
enantiomers with an optical rotation of  = - 160° and  = + 160° respectively. The absolute 
configuration of (–)-1096 could be further confirmed by X-ray structure analysis of a single crystal 
of 1096 and analysis of anomalous X-ray scattering by the method of Parson,305,306 returning a Flack 
parameter of x = -0.11(7) and a Hooft parameter307 y = -0.030(18) confirming the correct 
enantiomer towards (–)-Canataxpropellane. A X-ray structure analysis of the downstream aldol 
intermediate 1117 provided an even clearer result with x = 0.004(54) and y = -0.001(2). 
Intermediate 1117 was subsequently successfully converted to (–)-Canataxpropellane (2).  
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The following schemes provide a complete overview over the achieved total synthesis of 
Canataxpropellane (2), including the yields of all intermediate as obtained upon upscale of the 
synthesis. 

 

Figure 263 Total synthesis of Canataxpropellane part 1: Isobenzofuran Diels-Alder-r. and photocycloaddition.308 (From 
Schneider, F.; Samarin, K.; Zanella, S.; Gaich, Science 2020, 367, 676-681. Reprinted with permission from AAAS.) 
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Figure 264 Total synthesis of Canataxpropellane part 2: C8 quaternary center, pinacol coupling and finalization.308 
(From Schneider, F.; Samarin, K.; Zanella, S.; Gaich, Science 2020, 367, 676-681. Reprinted with permission from AAAS.) 

Canataxpropellane (2) was synthesized in 26 steps from the building blocks, corresponding to 29 
steps longest linear sequence from commercially available material in an overall yield of 0.5%. 
Upscale of the cyclization-array of isobenzofuran Diels-Alder reaction and ortho-alkene-arene-
photocycloaddition demonstrates the robustness of these methods. Utilization of a novel silyl 
auxiliary allowed for an optically active entry to the synthesis route and the total synthesis of (–)-
Canataxpropellane. 
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2.5. An improved Scalable Route towards the Dienone Building Block 

 

Figure 265 Previously established route towards the dienone building block 

The initially investigated route towards the dienone, as summarized in the introduction from the 
PhD-thesis of Konstantin Samarin,169,244 was initially used for synthesis of the dienone 894. Faced 
with an increasing demand of this building block, improved routes towards 894 were investigated. 
The major drawbacks of the previously explored route were varying overall yields, large amounts of 
problematic heavy metal containing or otherwise toxic reagents as CrO3, SeO2, DDQ and multiple 
chromatographic separations. 

 

Figure 266 Succinct access to the dienone from Safranal 

Initially an alternative starting from commercially available Safranal 1233 was investigated. 
Borohydride reduction and TBS protection proceeded smoothly to yield intermediate 1234. 
Conversion to the desired building block could be established by allylic oxidation and 1,3-
rearrangement using 3,5-dimethylpyrrazol and chromium trioxide at -40°C.309,310 Although this 
represented by far the most step economic approach towards this building block, scale up of this 
procedure proved troublesome, as the excess of Cr(VI) reagent was found tedious to remove and 
the yields were diminished on deca-gram scale. Further separation of the different product species 
shown in figure 267 by chromatographic means was found possible, but impractical on deca-gram 
scale. 

 

Figure 267 Products of the 3,5-DMP/CrO3 oxidation 

While most of the side products (with the exception of 1235) may not be economically converted to 
the desired dienone 894, they illustrate impressively the different modes of reactivity of the 3,5-
DMP/CrO3 reagent. 
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Table 25 Conditions for elimination of the secondary alcohol side product 

conditions result 

1 MsCl, NEt3 then NEt3, r.t. to 100°C mixture, product 894 observed 

2 MsCl, NEt3 then NEt3, NaI r.t. to 100°C mixture, product 894 observed 

3 PPh3, DEAD, NEt3,311 CH2Cl2, r.t. to 80°C no conversion 

4 Burgess-reagent,312,313 40°C to 150°C no conversion 

5 (S)C(Im)2, toluene, > 150°C elimination to 894, 50% 
 
Elimination of 1235 proved unexpectedly tedious. While formation of the corresponding mesylate 
was facile, elimination was only possible under forcing conditions at 100°C and only upon addition 
of NaI to furnish the corresponding iodide in situ. Mitsunobu elimination and Burgess-
reagent,312,313 were unsuccessful, even at elevated temperature. As these results imply that the 
problem might root into an undesirable conformation preventing the correct antiperiplanar 
arrangement of the substituents for E2 elimination, a syn-elimination using thiocarbonyl 
diimidazole was attempted. While this conditions were successful at elevated temperatures, the 
yield of around 50% together with the chromatographic separation of 1235 from other products of 
the Cr(VI) oxidation rendered this approach uneconomic. 

 

Table 26 Conditions screened for oxidation of the internal olefin 1234 

Substrate (X) conditions result 

1 OTBS O2, PdCl2, CuCl, DMF,H2O, r.t. no conversion 

2 OTBS Pd(OAc)2, BQ, HBF4, CH3CN, water314,315 TBS desilylated 

3 OH Pd(OAc)2, BQ, HBF4, CH3CN, water allylic alcohol 1239 

4 (O) Pd(OAc)2, BQ, HBF4, CH3CN, water no conversion 

5 OTBS PdCl2, CH2CN, water, 120°C (sealed tube) allylic alcohol 1239, some decomp. 

6 OTBS PdCl2, CH2CN, water, 90°C (sealed tube) allylic alcohol 1239, some decomp. 

7 OTBS PdCl2, CH3CN, water, r.t. allylic alcohol 1239 

8 OTBS O2, PdCl2, CuCl, CH3CN, H2O, r.t. allylic alcohol 1239 

9 OTBS PdCl2, CuCl, O2, DMF, H2O, r.t. to 60°C allylic alcohol 1239 

10 OTBS mCPBA, CH2Cl2, r.t. epoxidation of tetrasubst. alkene 

11 (O) H2O2, NaOH, THF, 0°C mixture 

12 OTBS NBS, THF, water mixture 
 

As an alternative approach towards building block 894, oxidation of the disubstituted olefin 1234, 
as obtained from Safranal, to the corresponding ketone 1238 was considered, which could have 
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been then dehydrogenated to the desired building block. Modified protocols for Wacker type 
oxidation of internal olefins314,315 tended to result surprisingly in formation of the allylic alcohol 
1239 under a large range of reaction conditions. As potential work-around epoxidation of the 
scaffold with mCPBA was tested, but yielded as expected the epoxide of the tetrasubstituted olefin 
moiety. Epoxidation of the dienal 1234 by Scheffer-Weitz conditions resulted in a mixture of 
products. Hydrobromination by NBS and water also resulted in a mixture. While the latter reaction 
types did still hold potential for further optimization, it was decided to test other approaches, as the 
products from these reaction would have required further operations to convert them to the desired 
enedione 1238, lowering the practicability of these approaches  

 

Figure 268 Access from Safranal or -Ionone via Baran-Nicolaou-dehydration. (From Schneider, F.; Samarin, K.; 
Zanella, S.; Gaich, Science 2020, 367, 676-681. Reprinted with permission from AAAS.) 

Direct Mukaiyama hydration316,317 of Safranal 1233 resulted in clean formation of the allylic alcohol 
1240 when utilizing the Mn(dmp)3 catalyst316 (the classical Mukaiyama catalyst317 Co(acac)2 
delivered inferior results for this substrate). Intermediate 1240 was highly attractive, as the 
Nicolaou-Baran-dehydrogenation318,319 using IBX allowed oxidation of the allylic alcohol and 
dehydrogenation of the resulting enone in a one-pot-procedure using 2.5 equiv. of IBX. While the 
reaction required significantly higher temperature than the literature known scope of this reaction 
(≤ 85°C) the crude product was found sufficiently clean to serve directly for following reactions. 
While literature reported methods exist to lower the required reaction temperature by an additive 
such as 4-methoxy-pyridin-N-oxide,319 this was considered uneconomic as these are comparably 
expensive and require a multi-step synthesis themselves. Chemoselective reduction of the aldehyde 
using NaBH(OAc)3

320 and TBS protection eventually gave the desired dienone 894 in 4 steps from a 
commercially available starting material. An alternative approach to intermediate 1240 was found 
starting from -Ionon by literature known321,322 oxidation with mCPBA, ozonolysis and subsequent 
E1cB elimination to the allylic alcohol. While this route represented an increase in step count, the 
reactions were well suited for scale up. Since the corresponding starting materials is inexpensive, 
syntheses where started from up-to 0.5 kg -Ionon (1242).. Noteworthy, these steps also required 
no chromatographic purification in contrast to the Mukaiyama hydration. Upon scale-up the route 
from -Ionone was operated without any purification until silylation to the desired dienone 
building block 894, which was then isolated chromatographically on a short silica-gel column. 
While these improvements on the building block synthesis may appear scientifically trivial, the 
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more efficient access to material on deca-gram scale was critical for accelerated advances in the 
total synthesis of (–)-Canataxpropellane (2).   
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3. Outlook 

The following section contains preliminary results which illustrate further potential applications of 
the approaches investigated in the previous chapter of this thesis. Owing to the preliminary nature 
of these findings, the results herein should be approached with care, but might be seen as inspiring, 
as they demonstrate the full potential of these techniques. 

3.1. Combined Synthesis of Taxane Natural Products: An Introduction 

Note: A summary of the following section 3.1 has been previously published by the author.20 This 
content is presented here to introduce the theoretical framework of the research discussed in this 
chapter and allow for a consistent argumentation. (Reprinted  with permission from Schneider, F.*; 
Pan, L.*; Ottenbruch, M.*; List, T.; Gaich, T. Acc. Chem. Res. 2021, 54, 2347-2360. Copyright 
(2021) American Chemical Society.) 

Traditionally total synthesis of natural products has been governed by the paradigm of target 
oriented synthesis (TOS), i.e. careful tailoring of a synthesis strategy towards a given specific 
natural product, utilizing the ‘toolbox’ of retrosynthetic analysis as formalized by Corey.323 Natural 
product scaffolds obtained by total synthesis, isolation from natural sources or semi-synthesis have 
significantly influenced the development of lead structures for ‘small-molecule’ drugs, whereas in 
the time-frame from 1980 to 2010 around 50% of novel approved therapeutic agents are reported to 
be derived from natural product scaffolds.324 In this context more recently arguments have been 
made for the necessity of structural diversity in corresponding screening libraries,325 with an 
emphasis on not only diversity in functionalization of the structures, but skeletal diversity. In case 
of taxane derived therapeutic agents, the diversity of scaffolds available for screening purposes is 
very limited, owing to the complexity of the taxane framework and the associated problem of 
synthetic accessibility. This is in stark contrast to the importance of Taxol and its derivatives in 
cancer treatment. Current research in the Gaich group aims to enable an efficient strategy towards 
synthesis of a variety of classical and cyclotaxane frameworks. Determination of the bioactivity of 
different cyclotaxane scaffolds and systematic comparison of activity among different substrates 
(including related classical taxanes) might be then utilized to probe the influence of the distortion 
of the structures by introduction of additional C-C connectivities as well as the influence of the 
changes in rigidity/flexibility of their conformation. 

  

Figure 269 Minimal and maximal core topology in the taxane family (excluding secotaxanes)20 

A topological analysis of the taxane family reveals that only a very limited number of bond-forming 
or fragmentation reactions differentiate a large number of members of the taxane family. As a result 
of this analysis, one arrives at a core topology that displays either a minimum of additional C-C 



3.1. Combined Synthesis of  Taxane Natural  Products:  An Introduction 

223 

connectivities and can be transferred to any other member of the natural products family by 
additional C-C-bond forming events, or one obtains a core topology harboring the maximal 
amount of additional C-C bonds, which can be transferred to any other member of the natural 
product family by fragmentation events (figure 269 blue, red, and green bonds). In case of the 
taxane natural products family, the critical C-C connectivities are the C3-C11, C4-C12 and C14-
C20 bond. The minimal topology core is expressed in classical taxanes (scaffold I) as Taxol, the 
maximal degree of concatenation can be found in the cyclotaxane Canataxpropellane (scaffold IX). 
Other classical and cyclotaxanes express a specific subset of these critical C-C connectivities.  

 
 

Figure 270 Rapid increase of complexity by an array of isobenzofuran DA and alkene-arene-photocycloaddition in the 
total synthesis of Canataxpropellane20 

It is notable that the complexity of the target structures (associated with higher degree of 
concatenation) is not necessarily aligned with the corresponding synthetic effort. Synthetic effort 
and molecular complexity can be disentangled, if a sufficiently powerful transformation can be 
identified to enable rapid access to an intermediate with a high degree of concatenation. In case of 
taxane natural product synthesis, this has been realized in our recent synthesis of 
Canataxpropellane by an array of isobenzofuran Diels-Alder reaction and alkene-arene-
photocycloaddition (figure 270). 

 

Figure 271 Complexity cleft generated towards 'alpha' intermediate (left) versus incremental complexity increase 
(right)20 

This rapid increase of complexity leads to a ‘complexity cleft’, that constitutes an ideal entry to the 
desired topological core structure (figure 271).20 In this scenario, it is overall more favorable to first 
obtain a topological core structure of maximal degree of concatenation (further referred to as 
‘alpha’), and obtain target structures of lower degree of concatenation by deconvolution of 
molecular complexity, i.e. by C-C bond fragmentation from ‘alpha’, compared to a strategy via the 
minimal topology core and additional C-C-bond forming events to reap to maximal amount of 
benefits from the central transformation that constitutes the complexity cleft. 



3.1.  Combined Synthesis of  Taxane Natural  Products:  An Introduction 

 

224 

 

Figure 272 Comparison of A) target oriented synthesis B) deconvolution based strategy and C) 'overshooting'20 

This further differentiates a deconvolution strategy from ‘overshooting’ in classical target oriented 
synthesis, where unnecessary complexity is build up incrementally in a number of steps towards 
one given target, lowering synthetic efficiency. In contrast to this, the complexity of the core 
topology intermediate ‘alpha’ is justified by the ability to deconvolute this intermediate towards a 
number of different target structures and the overall effectiveness of the synthesis remains 
unscathed due to the complexity cleft introduced by key transformations as described in figure 272.  

 

Figure 273 Topological analysis of taxane scaffolds and potential transformations by fragmentation 

The analysis in the following paragraphs is focused on classical- and cyclotaxanes, which exhibit the 
signature 6/8/6 core. These are of potential relevance concerning bioactivity and further can be 
transferred to 11,(15→1)abeo- and various secotaxanes by literature known means. From the 
Canataxpropellane framework IX as scaffold with the highest degree of concatenation all other 
cyclotaxane frameworks1,20 can be accessed by a maximum of two fragmentation events, classical 
taxanes are available by three fragmentation events. A single bond scission of the C14-C20 bond 
enables entry into the 1,4:12,4-dicyclotaxane scaffold XI (figure 273), in the following text referred 
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to as ‘type C’ fragmentation. An additional scission of C4-C12 gives rise to 3,11-monocyclotaxanes 
II, further referred to as ‘type A’ fragmentation. If a C12-C20 connectivity is installed in the 3,11-
monocyclotaxane framework, constructing a [3.3.3] propellane, 3,11:12,20-dicyclotaxanes VIII are 
obtained. Fragmentation of C3-C11 and C4-C12, a ‘type A’ fragmentation, yields the 
monocyclotaxane scaffold VII. Combination of all three fragmentations type A+B+C eventually 
yields the classical taxane framework. 

 

Figure 274 Natural products potentially available from 'alpha' by establishing fragmentations type A-C 

The concrete natural products assigned to each scaffold are differentiated by their 
functionalization, i.e. the degree of oxygenation (the overall number of oxidized positions in the 
framework), the precise oxidation state of each carbon and the acylation pattern of the very 
abundant hydroxyl functionalities (figure 274). A significant advantage of the described 
deconvolution strategy can be recognized in the fact that the synthesis is entered with ‘alpha’ 
expressing already a high degree of oxidation. This is critical, as careful adjustment of oxidation 
states in the taxane scaffold has been proven laborious and step-intensive in previous synthetic 
approaches, marking highly oxidized taxanes as Taxol notoriously difficult targets, even though 
tremendous progress has been demonstrated in recent literature.21,56 For taxanes in low oxidation 
states, very efficient synthetic solutions have been constructed before.80  

 

Figure 275 Given in alpha (red) and additional (blue) oxygenation in taxane natural products 

In the envisioned synthesis strategy, oxygenation at C2, C5, C13, C9, C10, C20 can be ‘imported’ 
with alpha (figure 275). Conveniently, this oxygenation pattern is also highly abundant among 
isolated natural products of the taxane family in high oxidation states. Additional oxidation is 
almost only found at C1 and C7 for taxanes in the highest known oxidation states, whereas a CH-
oxidation strategy for introduction of the tertiary C1 alcohol has been demonstrated before.21 
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Noteworthy, (acylated) secondary alcohols are nearly always found in the same configuration 
among different taxane natural products (as depicted in figure 1245), with the exception of the C7-
hydroxy group (-OH and -OH). Very commonly groups of taxanes with identical framework 
and degree of oxidation can be found varying only in the acylation pattern, whereas in general 
acetylation represents the by far most abundant functionality. Other acyl moieties as e.g. E/Z-
cinnamoyl are commonly only found at the secondary C5-alcohol. Consequently, a deconvolution 
strategy utilizing alpha is well suited to match the oxygenation patterns of a multitude of natural 
products, under the prerequisite, that a differentiation strategy for C5-OH can be established. 

 
Figure 276 Mechanistic approach towards fragmentations type A-C 

Concerning practical execution of the synthesis, it might appear useful however to shift the decisive 
fragmentation events to an earlier point in the synthesis sequence, allowing for a joint synthetic 
sequence in the endgame. This approach leads to usage of intermediate 1075 as pragmatic synthetic 
equivalent for the proposed intermediate alpha.  

Upon evaluation of the synthetic merits of each fragmentation, a priority sequence can be 
established. Fragmentation type C is most abundant, only 2 natural products do not express type C 
fragmentation, of which one is the already synthesized Canataxpropellane. Thus, type C 
fragmentation may be installed first to set the stage consecutively for a type B- or A-fragmentation.  

Type C fragmentation can be achieved by fluoride anion triggered retro-aldol reaction of 
intermediate 1075, as has been demonstrated before in the total synthesis of Canataxpropellane. 
Fragmentation type A is projected to be initiated by a single electron transfer into the * orbital of 
the ketone moiety in the 1,4-dicarbonyl 1096, leading to scission of the C4-C12 single bond and 
enabling direct entry in the 3,11-monocyclotaxanes. Fragmentation of the C3-C11 bond eventually 
can be envisioned by a formal retro-Michael process triggered by the C13 ketone enolate, if C8 
bears a suitable acceptor functionality. If this acceptor functionality is introduced by reaction of C8 
enol ether with an oxidizing reagent, this can be also utilized to directly introduce oxygenation at 
C7 which is expressed in many classical taxanes. In comparison with the previously discussed 
oxygenation patterns of the taxane natural products family, this leaves only one position open for 
oxidation (C14-OH) to obtain taxanes in the highest known oxygenation states. The retro-Michael 
addition further introduces the characteristic bridgehead olefin C11-C12 figure 276). While early 
introduction of the bridgehead olefin would usually mark an unusual choice given the unstable 
nature of such ‘anti-Bredt’ olefins, it is justified in the case of taxane synthesis due to the previously 
investigated ‘hyper stable’ nature of the bridgehead olefin in this specific bicycle.21,326,327 
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The discussed techniques for the selective introduction of fragmentation A/B/C in varying 
combinations into the framework of alpha, exemplify that the deconvolution of alpha to a 
multitude of different cyclotaxane scaffolds is viable. 

 

Figure 277 Overview approach towards combined synthesis of classical- and cyclotaxanes 

Figure 277 gives an overview over the potential deconvolution processes, commonly starting with 
introduction of the relevant type A-C fragmentations applied to alpha 1075 followed by optional 
additional cyclization processes at late stage. 

The proposed synthetic endgame of the corresponding natural products in all cases involves the 
previously reported C9-C10 pinacol cyclization. Type A+C fragmentation of alpha 1075, followed 
by transposal of the C20 lactone to a exomethylene moiety can be utilized to construct 3,11-
cyclotaxanes as Taxinine L, the biggest group of cyclotaxane scaffolds represented in figure 277. C5-
oxidation and biomimetic Michael addition grant access to Canataxapropellane. Epoxidation of the 
exomethylene moiety expressed by Taxinine L type on the other hand can be utilized to enter either 
the dipropellane taxane natural products 1252-1254 by biomimetic 5-exo-tet cyclization. Access to 
classical taxanes can be achieved by utilization of the observed type A+B+C fragmentation and 
closure of the eight membered ring by pinacol coupling as reported before.13 

However, the ‘linear’ strategic analysis as presented in figure 277, characterized by the rigid 
sequence of a ‘cage fragmentation’ stage that determines the natural product to be synthesized and 
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a ‘homologation and pinacol-coupling’ stage, which finalizes the carbon scaffold falls short to 
identify potential interconversion of scaffolds in ‘vertical’ (corresponding to the structure of figure 
277) direction. If one includes these ‘vertical’ interconversions one might obtain a network of 
possibly interconvertible taxane scaffolds as depicted in figure 278. 
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Figure 278 Network of synthetic relationships between classical and nonclassical taxanes 

For example, Taxpropellane might be as well obtained by biomimetic 4-exo-tet cyclization upon the 
epoxidation of the exomethylene moiety of the Taxinine L type scaffold. 

For the synthesis of classical taxanes one might alternatively consider, as the projected closure of 
the medium sized B ring by pinacol coupling is proven possible, but prone towards tenacious 
optimization issues, a late stage type B fragmentation following a significantly more facile 5-ring 
pinacol cyclization to enable entry into the classical taxanes. C1-oxidation of the classical taxane 
scaffold and acid catalyzed biomimetic rearrangement might further provide access to the 
abeotaxane framework. As a result the ‘synthetic net’ presented in figure 278, including the 
‘vertical’ strategies, might constitute facile access to all known cyclotaxane natural products, 
including multiple synthetic pathways for each type of taxane natural products.  
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3.2. Towards a Combined Synthesis of Taxane Diterpenes 

3.2.1. Type C Fragmentation Only: Preliminary Studies towards Taxpropellane 

Taxpropellane36 (1244) exhibits the full carbon scaffold of Canataxpropellane, with the exception of 
the C14-C20 bond, which is subject to the previously discussed type C fragmentation. 

As the type C fragmentation has been already established during the synthesis campaign towards 
Canataxpropellane in form of the retro-aldol reaction upon desilylation of the lactol 1075, it 
appears obvious to utilize the corresponding synthetic intermediates as a starting point for a total 
synthesis of Taxpropellane. 
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Figure 279 Initial strategy planned towards Taxpropellane 

The synthesis might thus start with the aldol precursor of the Canataxpropellane route 1116, which 
might undergo photooxidation of the diene moiety by singlet oxygen in the manner as before (see 
chapter 2.4). The allylic alcohol 1261 (with the inverse configuration at C5-OH as required for the 
natural product) might be then oxidized and the C20 aldehyde chemoselectively reduced by 
NaHB(OAc)3. The resulting product might spontaneously form the desired C13-O-C20 lactol 
motive, or an equilibrium with the primary alcohol, as previous experiences with these scaffolds 
indicate a delicate shift of this type of equilibria depending on the exact substitution of the scaffold. 
If at least an equilibrium with the free alcohol is feasible, directed reduction using Evans-Saksena 
conditions might yield the desired inverted C5-alcohol. Alternatively, the diol intermediate 1115 
from the Canataxpropellane route might be protected as a dioxasilepine and then subsequently 
subjected to photooxidation. Upon oxidation of C5-OH and fluoride mediated desilylation the 
primary alcohol is obtained which can then be again employed in a directed reduction. This 
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approach constitutes an alternative in case that the lactol equilibrium obtained for intermediate 
1265 in approach I might not allow for utilization of the free primary alcohol as a directing group. 

 

Figure 280 Unexpected selectivity of the mode of the photooxygenation 

In a preliminary experiment chemoselective reduction of the aldehyde of 1116 was undertaken to 
assay the equilibrium for lactol formation. This yielded the free alcohol 1267, which did not show 
any equilibrium at all with lactol formation. While intermediate 1267 is of less strategical 
importance due to the issue of selective oxidation of the allylic alcohol in presence of the free 
primary alcohol, a photooxidation was attempted to investigate the principal substrate tolerance of 
these conditions. Surprisingly, the [4+2]-reaction mode of singlet oxygen addition, which 
previously constituted the major reaction pathway in the intermediates towards Canataxpropellane 
was now fully inhibited. Instead product 1268, presumably the product of [2+2]-cycloaddition of 
singlet oxygen (see discussion in chapter 2.4, where this was observed as side product formation 
pathway) was now found the major product. 

 

Figure 281 Decarbonylation upon attempted reduction of the aldehyde 

Subjecting the aldehyde 1116 to photooxidation reestablished the desired [4+2]-photooxidation 
pathway. Together with the findings above, this hints towards a very sensitive behavior of the 
singlet oxygen mediated photooxidation towards substituents in the vicinity of the reaction site. A 
possible explanation could be by efficient deactivation of the singlet oxygen by the alcohol OH in 
the transition state for the [4+2] reaction pathway. Though singlet oxygen in the first excited state 
O2(1g) is a instable species, as discussed in the previous chapter, it cannot undergo radiative 
deactivation back to the O2(3g) ground state as this process is spin forbidden. Intermolecular 
collisions are assumed to weaken this effect, however the major deactivation pathway is commonly 
proposed to be electronic to vibrational energy transfer. The vibrational modes of CH-moieties are 
ideally suited for this energy transfer (several examples are listed in the previous chapter). As can be 
expected by comparison of their respective IR absorption bands, OH stretching modes are equally 
good acceptors for this energy transfer, exemplified by the very short lifetimes of singlet oxygen 
O2(1g) in water, with a half life of 3.1 x 10-6 s in H2O and 23.4 x 10-6 s in C6H14 but 59 x 10-3 s in the 
aprotic CCl4.278,280 Thus an alcohol moiety in close vicinity to singlet oxygen in the transition state 
may result in rapid deactivation of the ‘approaching’ singlet oxygen, preventing the desired [4+2] 
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reaction mode (note: this is an explanation proposed by the author. There are seemingly 
contradicting literature views concerning this point,282,283 though directing effects by the substrate in 
singlet oxygen based methodologies generally have not been extensively investigated). The 
transition state for the observed [2+2] is distal to the primary alcohol and may then constitute the 
preferred reaction pathway. Another alternative, [4+2] cycloaddition at the opposite face of the 
diene has never been observed, presumably by steric hindrance and/or very high density of CH 
functionalities at this site (C10-OTBS, C15-CH3). Notably, these observations add greatly to the 
issue of directing vs deactivating group effects of alcohols in singlet oxygen reactions as discussed in 
the previous chapter. 

As the photooxidation of 1116 yields the epimer of C5-OH of the desired configuration, inversion 
of the secondary alcohol is mandatory. Upon IBX oxidation of the allylic alcohol 1268, the 
corresponding -keto-aldehyde could be obtained, but proved to be instable, as attempted 
chromatographic isolation on silica gel led to rapid decarbonylation to substrate 1269. Attempted 
reduction of the crude with NaHB(OAc)3

320,328 in presence of methanol also led to decarbonylation. 
Reduction with NaHB(OAc)3 in THF prevented decarbonylation but led to decomposition instead.  

 

Figure 282 Attempted photooxygenation of the C13-O-C20 lactone intermediate 

Alternatively, photooxidation of the lactone 1109 was attempted to circumvent the undesired 
decarbonylation reaction, but surprisingly yielded no conversion of the starting material even upon 
elongated exposure, including no observation of [2+2] reaction modes of singlet oxygen. 

In light of these result, an approach following strategy II as described in figure 279 might be 
advantageous compared to the approaches tested so far, as the protection of the primary alcohol 
before photooxidation prevents the issues of singlet oxygen quenching and decarbonylation.  

At this point, the synthesis towards Taxpropellane was handed over to Moritz Ottenbruch, to focus 
predominantly on the Canataxapropellane type dicyclotaxanes and Taxinine L type 3,11-
monocyclotaxanes. 
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3.2.2. Type A Fragmentation Towards Taxinine L and Canataxapropellane 

3,11-Monocyclotaxanes as Taxinine L35 are characterized by fragmentation of the dicyclotaxanes 
scaffold of Canataxpropellane along the C4-C12 bond of the cyclobutane. These natural products 
represent the largest class of cyclotaxanes with 23 known isolated congeners,1 mostly differentiated 
by their acylation patterns. Construction of a C12-C20 bond or direct ring expansion by 
rearrangement might then lead to the Canataxapropellane37 type scaffold. Additional introduction 
of a tertiary alcohol at C4 in the correct configuration should lead to formation of the distinctive 
lactol motif of the Dipropellanes A-C43 (differentiated by their respective acetylation patterns).  

 

Figure 283 Taxane scaffolds accessible via A-type fragmentation 

To enable access to 3,11-monocyclotaxanes as Taxinine L and subsequently the Canataxapropellane 
type dicyclotaxanes it is objective to establish the type A fragmentation of C4-C12. This is proposed 
by single electron transfer to the 1,4-dicarbonyl system171 which should result in the desired 
fragmentation of the cyclobutane, followed by further reduction to the corresponding di-enolate 
intermediate. 

 

Figure 284 Proposed mechanism for a type A and type C fragmentation 

Oxidation of the C7-C8 enol ether at this intermediate might then further lead to fragmentation of 
the B-type to the corresponding classical taxane fragment.  

Initial experimentation started from intermediate 1116, as the aldehyde was expected to function as 
facile electron acceptor with comparably low reduction potentials. Furthermore this intermediate 
would enable straightforward additional functionalization of the substrate, as introduction of the 
C4-C20 exomethylene group, with minimal chemoselectivity issues. 
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Figure 285 Competing reactivities upon reductive cleavage of the 1,4-dicarbonyl 

Attempted reduction under Birch conditions resulted in relatively clean conversion to intermediate 
1270, mechanistically presumably via the enolate 1271. This result reveals a number of 
fundamental competing reactivities of the substrate a) elimination of alcoholates upon electron 
transfer in the densely functionalized structure of 1116 b) aromatization of the diene bearing C-
ring, both of which constitute a significant thermodynamic driving force. Both processes are 
further connected to an impressive, yet undesired loss of stereo information. 

 

Table 27 Alternative conditions for the 1,4-carbonyl cleavage 

conditions result 

1 Zn, AcOH, r.t., sonication MOM deprotection 

2 h (254 nm), NEt3, CH3CN complex mixture 
 

Switching to Zn as a milder reducing agent171 with lower reduction potential revealed another issue, 
as the MOM protecting group at this intermediate was revealed to be very sensitive towards Lewis-
acidic conditions (presumably Zn2+ salts). This later proved to be a general reactivity of 1116 and 
was later also observed by others,329 but comes quite surprising, as many other related C2-OMOM 
bearing intermediates proved to be very stable under a wide range of conditions against MOM 
deprotection. As this lability seems to be specific for this distinct intermediate, this implies a 
neighboring group effect, the nature of which is not clear at this point. Photochemical 
fragmentation174 as an orthogonal, metal salt free approach using triethylamine as sacrificial 
electron donor led to formation of a complex mixture. 

It was decided to hydrogenate the diene system in ring-C before attempting further reductive 
cleavage of the 1.4-dicarbonyl, even at the cost of reestablishing another approach for C5-oxidation, 
as this would likely remove aromatization of the C-ring as a driving force for side reactions.  
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Figure 286 Attempted hydrogenation of the aldehyde intermediate 

Attempted hydrogenation of the diene with either Pd/C or Pd(OH)2, led reproducibly to 
deprotection of the MOM group, resulting in lactol 1274 again. This effect was further independent 
of the solvent (THF with or without MeOH). Treatment with the reaction conditions for an 
extended amount of time led further to the expected hydrogenation, which was selective for the di-
substituted olefin. Notably, the reduction at C5-C6 also shifts the equilibrium of the lactol system 
bridging C13-0-C20. As the corresponding diene shows no formation of a lactol moiety at this 
position, the geometry changes upon reduction are obviously sufficient to induce the formation of 
this lactol as present in the natural product Taxpropellane, underlining the previously mentioned 
sensitivity of the type of equilibrium in these substrates. 

 

Figure 287 Attempted reduction of the C13-O-C20 lactone 

Alternatively it was attempted to hydrogenate the early stage intermediate 1100 instead of the 
aldehyde 1116 and reestablish the aldehyde later by lactone reduction (as utilized towards 
Canataxpropellane). While selective hydrogenation of the C5-C6 disubstituted olefin was facile, 
reduction of the lactone moiety was surprisingly not feasible. This issue was reproducible and a 
parallel reaction using the non-hydrogenated substrate 1100 showed indeed the expected product. 

 

Figure 288 Hydrogenation of the primary alcohol intermediate and reoxidation 

Following this result, executing the operations in adjusted order as described in figure 288 led 
eventually to the desired intermediate 1277. This intermediate, tailored to prevent side reactions 
driven by aromatization, was then subjected again to electron transfer conditions. 
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Table 28 Conditions for reductive cleavage of the 1,4-dicarbonyl of the hydrogenated substrate 

conditions result 

1 Li, NH3(l), THF, iPrOH, -78°C lactol 1278 

2 h (254 nm), NEt3, CH3CN174 no conversion 

3 TiCl4, Zn, Py, THF, r.t.89 ketal 1279 
 

Attempted reductive cleavage of the aldehyde 1277 revealed another problematic competing 
reactivity of the substrate. Reduction of the C13 ketone without concomitant cyclobutane cleavage 
was observed and led to formation of the lactol 1278. Presumably by a similar mechanism 
treatment with in-situ generated Ti(III) (entry 3)89 led to formation of a product tentatively 
assigned to the ketal 1279, whereas the exact residue at C7 at the enol ether could not have been 
identified. Photoconditions174 (entry 2) gave no conversion of the substrate. In context of the 
observed decomposition of diene 1116 under the same conditions, this likely indicates that in this 
case irradiation into the diene absorption band triggered the decomposition of the substrate and no 
interaction with the 1,4-dicarbonyl is present. 

 

Figure 289 Advantageous stereoelectronic properties of a C2-O-C20 bridged intermediate 

The observed ketone reduction of 1277 without the desired subsequent fragmentation of the 1,4-
dicarbonyl hints towards stereoelectronic issues. It can be assumed that the desired fragmentation 
requires a coplanar arrangement of the 1,4-dicarbonyl, as illustrated in figure 289 to enable 
sufficient orbital overlap of both *-orbitals with * of C4-C12 single bond of the cyclobutane. The 
preferred conformation of aldehyde 1277 might not correspond to this, and failure to achieve 
sufficient overlap upon electron transfer into the ketone *-orbital within a certain timeframe 
might then lead to slow protonation of the alkoxy radical and subsequent reduction of the radical to 
the anion and protonation to the secondary alcohol which then forms the lactol 1278. In contrast, 
the lactone 1096 might be much better suited for the desired fragmentation, as the structure 
features a reasonably good coplanar arrangement of the carbonyls, as visible in the ORTEP of the 
X-ray structure. 
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Figure 290 Tentative mechanisms for formation of the product 1283 and aromatized species 

Subjection of the 1,4-dicarbonyl 1096 to Birch conditions gave rise to the cyclopentanol 1283 
alongside three species with an aromatized C-ring and similar polarity in a ratio of 3:2:0.8. This 
result can be explained by two potential mechanistic pathways. Following (A) the desired 
fragmentation takes place and results in formation of the dienolate 1284. Subsequent protonation 
of the ketone enolate then enables intramolecular attack of the lactone enolate to give the tertiary 
alcohol 1283 as product of an aldol reaction. Later results described in this chapter strongly implied 
this pathway for the formation of 1283. The pathway (B) provides another, radical cyclization based 
mechanism for formation of 1283. In contrast to pathway (A), pathway (B) however also allows for 
a reasonable explanation for the formation of the observed aromatized products via radical 
intermediate 1281. Consequently one might assume that both reaction pathways are operating in 
the reaction mixture. 
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Figure 291 Attempted fragmentation via photoelectron transfer 

Attempted cleavage of the 1,4-dicarbonyl under photoconditions174 led to a retro-alkene-arene-
ortho-photocycloaddition, essentially the reversal of the reaction previously employed for the cage 
construction. This was accompanied by reductive cleavage of the TBS protected primary alcohol in 
a clean reaction, indicating that these conditions indeed are sufficient for the desired reductive 
cyclobutane cleavage, though not in this substrate. 
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Figure 292 Hydrogenation of the C13-O-C20 intermediate 

To avoid undesired reaction pathways stemming from the diene situated in the C-ring, the 
substrate was hydrogenated feasible by either Pd(OH)2 or Pd/C to afford selectively the enol ether 
1286. The corresponding ketone 1287, obtained by hydrolysis of the enol ether could be 
crystallized by Lu Pan330 and the corresponding X-ray structure illustrates that the intermediate 
1286 should still possess still a sufficient coplanar arrangement of the 1,4-dicarbonyl.  

 

Figure 293 1,4-Carbonyl fragmentation under photochemical conditions 

Subjection of hydrogenated 1286 to photoconditions174 gave an interesting result, as depicted in 
figure 1288 in a clean reaction. Note that this intermediate possesses a exomethylene group at C12-
C15, in contrast to the previously obtained intermediate 1283, indicating a redox neutral process.  

 

Figure 294 Tentative mechanisms for formation of the photoproduct 

The mechanism for this reaction might be explained starting from the first triplet excited state of 
either the ketone or lactone moiety by the desired radical mediated fragmentation of the 1,4-
dicarbonyl and subsequent 1,5-hydrogen atom transfer and radical cyclization. An analogous 
reaction pathway can be constructed for both, the excited ketone or lactone whereas only the 
sequence of events in the mechanistic pathway changes. 
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Figure 295 Potential strategies towards the Taxinine L and Canataxapropellane frameworks 

After the preliminary investigations in above paragraphs, a number of potential strategies towards 
the desired 3,11-monocyclotaxanes of the Taxinine L type as well as dicyclotaxanes of the 
Canataxapropellane type can be identified. A summary of potential reactivities of intermediates 
suited for establishing the desired scaffolds is summarized in figure 295. Those comprise (A) 
Tiffenau-Demjanov type ring expansion from primary C20 (B) analogous ring expansion mediated 
by a C20 radical (C) radical mediated cyclization upon electron transfer on the 1,4-dicarbonyl 
towards the cyclopentane moiety of Canataxapropellane, although the previous results imply that 
regio- and chemo-selectivity issues are to be resolved in this case (D) aldol type cyclization towards 
the cyclopentane upon electron transfer to the 1,4-dicarbonyl, although similar issues as for C are 
to be resolved (E) retroaldol reaction towards Taxinine L (F) fragmentation by electrophilic 
activation of the exomethylene moiety (G) Grob-fragmentation of a reduced derivative (H) 
hydroxy radical mediated fragmentation (I) metal promoted hydrogen atom transfer (MHAT) to 
the exomethylene moiety and radical fragmentation331 (J) radical cyclization upon CH-oxidation of 
the ketone -position, e.g. by Mn(OAc)3

332 (K) cyclization by Michael addition after allylic 
oxidation at C5 (L) MHAT mediated cyclization of the diolefin.331 
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Investigation towards strategies E-H 

 

Table 29 Conditions towards retro-aldol fragmentation 

conditions result 

1 KOtBu, tBuOH, r.t. to 100°C no conversion 

2 CaH2, tBuOH, 100°C no conversion 

3 NaH, MeOH, 100°C no conversion 
 

A survey towards retro-aldol type fragmentation of the photoproduct was undertaken, but the 
substrate showed no tendency to undergo any retro-aldol type reactions even under forcing 
conditions. Subsequently reduction of the system was attempted, as the diol upon LiAlH4 reduction 
might have served as a precursor for a Grob-fragmentation. 
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Figure 296 A Grob-fragmentation strategy for C13-C3 cleavage 

Grob-fragmentation of intermediate 1291 would have constituted an elegant access to the 
exomethylene moiety as well as the required scaffold towards the Taxinine L type natural products. 
However, reduction with LiAlH4 stalled at the lactol stage and further attempts using conditions as 
silica gel/NaBH4 did not suffice for further reduction to the desired diol. 

 

Figure 297 Alkoxy radical based fragmentation attempt 

Alternatively, a fragmentation via the hydroxy radical by thermal homolytic bond dissociation of 
the hypo-iodide of the tertiary alcohol was tested.333 This resulted indeed in the desired 
fragmentation of the C13-C4 bond, but led to restoration of the cyclobutane. This may proceed 
either via the desired radical mediated fragmentation and cyclization of the radical carbonyl 
with the exomethylene moiety, or via activation of the exomethylene bond by the iodonium ion 
and subsequent 1,2-alkyl shift. While full NMR characterization of the product clearly indicated the 
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carbon scaffold as depicted in figure 297, the exact identity of the substitution at C7-C8, the 
previous enol ether could not be unambiguously assigned, though 13C-NMR and HMBC indicated 
no olefin moieties in the structure and instead aliphatic functionalities at this position. 

Investigation towards Strategies C-D, K-L 

 

Figure 298 Products upon fragmentation under Birch conditions 

When 1286 was subjected to Birch conditions, a complex but intriguing result was obtained as 
summarized in figure 298. This process was subsequently extensively investigated and may require 
some explanation. The primary products were (1) the desired fragmentation product 1246, by 
formation of the dienolate and protic quench (2) the tertiary alcohol 1297 obtained by protonation 
of the ketone enolate and aldol reaction with the lactone enolate, then reduction of the lactone to 
the corresponding by electron transfer (3) the tertiary alcohol 1298, formed likely analogously to 
the lactol 1297, but at the lactone oxidation state (4) product 1247, fragmented along both bond of 
the former cyclobutane C4-C12 and C3-C11 and further oxidized (!) at C7 (5) a species that was 
observed in the crude and was ‘lost’ upon column and could be later assigned to enol 1296. The 
latter species could be observed to interconvert to 1246 and 1247 in the crude or on column, by 
pathways that are explained below in detail. 

Single crystals suitable for X-ray structure analysis of 1246 and 1297 could be obtained and 
diffraction analysis confirmed the proposed structure. The X-ray further confirmed the 
configuration of the methyl group bearing C12 as depicted in figure 298, likely from kinetically 
controlled protonation of the enolate upon quench of the reaction from less hindered face. While 
this is in disagreement with the observed configuration of the natural product, in can be expected 
to be equilibrated to the thermodynamically preferred epimer in analogy to the natural product at a 
later stage. 

  



3.2.  Towards a Combined Synthesis of  Taxane Diterpenes 

241 

 

Table 30 Screening of reaction conditions towards 1,4-dicarbonyl cleavage 

metal protic add. note T Ratio A : B : C : D 

1 Li EtOH -78°C 1 : 3.1 : 1.1 : 0.1 

2 Li iPrOH -78°C 1 : 0.6 : 0.5 : 0.3 

3 Li tBuOH -78°C 1 : 0.3 : 0.8 : 0.1 

4 Li - -78°C 1 : 0.6 : 2.8 : 0.4 

5 Li tBuOH 15 min -78°C 1 : 0.3 : 0.8 : 0.1 

6 Li tBuOH -33°C 1 : 1.5 : 2.1 : 1.5 

7 Li tBuOH Et2O -78°C 1 : 0.6 : 1.6 : 0.0 

8 Li tBuOH no THF -78°C 1 : 0.3 : 0.5 : 1.3 

9 Na tBuOH -78°C 1 : 0.0 : 1.1 : 2.1 

10 Na - -78°C 1 : 0.0 : 0.7 : 2.0 

11 K tBuOH -78°C 1 : 0.0 : 0.3 : 1.1 

12 K - -78°C 1 : 0.0 : 2.5 : 1.6 

13 K tBuOH no THF -78°C 1 : 0.0 : 0.6 : 0.4 

14 K iPrOH no THF -78°C 1 : 0.3 : 0.4 : 0.0 

15 K EtOH -78°C 1 : 1.4 : 1.2 : 0.0 

16 Ca tBuOH -78°C 1 : 0.9 : 1.8 : 0.0 

17 K iPrOH inv. ad. -78°C low conversion 
 

The reaction was subsequently extensively optimized, and the results of Birch reductions under 
varying conditions further provide some mechanistic insights. As mentioned in the previous 
paragraph, when interpreting table 30 one should keep in mind that species 1296 (D) can be 
selectively converted to either 1246 (A) or 1247 (C) under specific conditions. Generally all alkali 
metals sufficed to induce the desired 1,4-dicarbonyl fragmentation at -78°C under Birch conditions. 
Calcium was also found sufficient, though provided no advantage in selectivity. Lithium tended 
stronger than Na, K to result in formation of the tertiary alcohol 1297 (B), though this can be 
mitigated by choice of a strongly sterically hindered alcohol cosolvent. Notably, a combination of 
either Na of K with tBuOH as cosolvent completely suppresses the formation of byproduct 1297 
(B). Reactions without any protic cosolvent on the other hand tended to give a somewhat less clean 
outcome and may be inferior yield-wise compared to the conditions with protic cosolvents for 
synthesis of 1246 (A). Thus combination of Na with tBuOH at -78°C (entry 9) may be optimal 
conditions to obtain the desired product 1246 (A).  

As the latter conditions also produce high amounts of the enol 1296 (D), these were well suited to 
characterize this intermediate by 2D-NMR experiments from the crude and could further 
strengthen the case for the proposed structure. 
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Besides this, utilization of potassium without any cosolvents (entry 12) yield solid amounts of the 
oxidized fragmentation product 1247 (C) and may be useful for further mechanistic studies.  

Mechanistic insights 

 

Figure 299 Dependance of the transannular cyclization tendency on the protic additive 

The formation of tertiary alcohol 1298 might be explained by formation of the dienolate en route to 
the desired product 1246, then protonation at C4 by the alcohol additive in the Birch reaction 
mixture. The ketone/lactone-enolate intermediate then undergoes an aldol reaction and subsequent 
single electron transfer reduction to give the tertiary alcohol 1298. This mechanistic proposal is 
strongly supported by the observed influence of the steric hindrance on the reaction outcome: for 
Li-Birch conditions along the sequence EtOH > iPrOH > tBuOH the ratio of the undesired aldol 
product 1298 compared to the desired product decreases systematically. Na-, K-Birch conditions 
are consistent with this trend, though show overall lower tendency for the aldol product 1298. The 
unreduced product 1297 is also proposed to be obtained by this aldol reaction, but likely after the 
actual quench took place, preventing electron transfer and reduction of the lactone. This is 
supported by the observation that stirring the reaction mixture overnight after quench with solid 
NH4Cl for slow evaporation of the significant amount of NH3 in the mixture led to increase of the 
aldol product 1297 (occasionally up to around 50%). 

 

Figure 300 Central role of the enol 1296 for formation of 1246 and 1247 
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Having discussed the origin of products 1297 and 1298, a mechanistic discussion concerning the 
formation of the C7 oxidized species 1247 appears mandatory, as the observation of an oxidized 
product from a reaction under strongly reducing conditions might be perplexing. A key 
observation was made when analyzing the enol intermediate 1296 directly from the crude, the 
major product under the conditions depicted in figure 30. Upon analysis of 1296, evaporation of 
the crude and standing ‘neat’ at r.t., the majority of 1296 converted into the oxidized product 1247 
which became a major product of the reaction. When an analogous sample of enol 1296 was 
dissolved in CDCl3 and triethyl phosphite was added, no conversion to 1247 was observed. Instead, 
the enol tautomerized cleanly to the keto-form 1246. Notably, this fits the previously made 
observation that species 1296 interconverts upon isolation and chromatography on silica gel to 
1246 and 1247. Consequently, upon upscale of the reaction addition of triethylphosphite directly 
after solid NH4Cl quench completely inhibited the formation of the oxidized product 1247. 

 

Figure 301 Tentative mechanism for formation of 1246 and 1247 

These findings imply, that the additional fragmentation along C3-C11 are not taking place in the 
reaction mixture, but in the concentrated crude afterwards. This is consistent with the presence of 
an oxidative species in the crude. A possible explanation might be offered by the presence of 
peroxide species, which are easily introduced to the reaction mixture either by the patina of the 
alkali metal pieces used in the process or afterwards by introduction of air to the reaction mixture. 
As the excess of the metal commonly utilized for this reaction is quite significant (> 100 equiv.) a 
comparably small contamination with peroxides (< 1%) is sufficient to generate stoichiometric 
amounts of oxidizing agent. One potential candidate could be peracetic acid,334 as formation of this 
reagent by reaction of hydrogen peroxide or peroxide anion with ethyl acetate, the solvent used for 
extraction appears a reasonable explanation for formation of this reagent. The enol ether moiety at 
C7-C8 is ideally suited as a reaction partner with peracids. Formation of the C-7-C8 epoxide is the 
expected to trigger a Grob-like fragmentation reaction initiated by the enol at C12-C13, which can 
proceed either by a step-wise cationic process or a concerted reaction to afford the product 1247. 
The observed stereoselectivity for (S)-C8-OH fits well the previous observations concerning facial 
selectivity of reactions at the C-ring, which exhibit a strong bias for interaction from the (Si)-face. 
Fragmentation of the C3-C11 bond by interplay of an enol/enolate moiety of the C13-ketone and 
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an acceptor at C8 was later found a general reactivity of these substrates and has been observed 
numerous times, adding weight to the proposed mechanism. 

 

The reaction could be eventually upscaled to gram-scale in cooperation with Lu Pan and yielded 
86% of the desired product 1246 under optimized conditions. Formation of the sideproducts 1297 
and 1298 and the oxidized species 1247 was minimized to < 5 %. At this point a discussion 
concerning the strategic impact of this reaction might appear useful.  

 

Figure 302 Establishment of all three fragmentation types A, B and C 

Together with the previously established type C fragmentation by desilylation triggered retro-aldol 
reaction, the type A fragmentation under Birch conditions enables rapid deconvolution of 
intermediate 1075 towards the correct fragment for the synthesis of Taxinine L type natural 
products in an array of 3 steps. Further, the oxidative fragmentation towards species 1247 
establishes all 3 fragmentation types A+B+C, enabling access to classical taxane natural products. 
Notably, oxidation at C7 can be considered an additional advantage, as the C7-OH secondary 
alcohol in this configuration is commonly expressed in classical taxane natural products. 

These reactivities should enable access to all cyclotaxane scaffolds as well as the classical taxane 
scaffold as outlined in the introduction of this chapter. 

The following page features an overview over potential synthesis routes towards the desired targets 
by combining the potential ‘keystep’ reactions A-L previously discussed with the experimentally 
observed reactivities of the substrates up to this point. 
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3.2.3. Introduction of the C4 Exomethylene Moiety and C5 Allylic Oxidation 
 

 

Table 31 Conditions for reduction of the C13 ketone 

conditions result 

1 NaBH4, MeOH, 0°C no/slow conversion 

2 Ca(BH4)2*2THF, CH2Cl2, 0°C ketal 1314, slow isomerization to 1315 

3 LiAlH4, THF, r.t. lactol 1316, no further reduction 

4 LiAlH4, THF, 75°C (sealed tube) triol 1313 
 

 

Figure 303 Products of the C13 ketone reduction 

Attempted reduction of the ketone of 1246 by NaBH4 in MeOH gave surprisingly only low 
conversion, even with an excess of the reagent. Reduction of the system with Ca(BH4)2*2THF260 
gave surprisingly ketal 1314 by predominant reduction of the lactone to form the lactol bridged 
intermediate as depicted. This product undergoes slow thermal reorganization to a different species 
which was assigned as 1315. While the latter behavior is consistent with previous observations, the 
hydride transfer to the lactol is surprising, as the analogous cyclobutane-bearing intermediate 1096 
towards Canataxpropellane shows selective hydride transfer to the ketone. Subjecting the lactone to 
LiAlH4 resulted in reduction of both, ketone and lactone, but the reduction stalled at the lactol 
stage. Only forcing conditions as heating to 75°C in a sealed tube for 12 h eventually furnished the 
desired triol 1313.  

 

Figure 304 Spontaneous acetal formation at C8 
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The triol 1313 was observed to be strongly sensitive towards acidic conditions, upon 1H-NMR in 
unquenched CDCl3 facile conversion to the ketal 1317 was observed. As the identity of the product 
was initially unclear, single crystals of the pivaloyl protected intermediate 1318 by Lu Pan330 
eventually led to a structural assignment.  

 

Table 32 Differentiation of the triol 

conditions result 

1 PhCH(OMe)2, PTSA, CH3CN complex mixture 

2 CDI, toluene, r.t. complex mixture 

3 TESCl, NEt3, CH2Cl2* C20-OTES protection 1318* 

4 TsCl, NEt3, CH2Cl2, r.t. ether 1319 

5 MsCl (1 equiv.), NEt3, CH2Cl2, 0°C dimesylate 1320 + monomesylate 1321 (3 : 1)  

6 MsCl (2.1 equiv.), NEt3, CH2Cl2, 0°C dimesylate 1320, 55% yield 
 

To elaborate the triol 1313 to the desired scaffold towards the cyclotaxane natural products it was 
objective to differentiate the three alcohol moieties and selectively transform the primary alcohol to 
the exomethylene group. 

 

Figure 305 Observed products upon C20 derivatization 

For this purpose it was attempted to either selectively protect C13-OH and C20-OH by a cyclic 
protecting group followed by C2-OH protection or alternatively protect C20-OH and then 
kinetically differentiate C2-OH from C13-OH. This would then have been followed by deprotection 
at C20-OH and C13-OH and selective transfer of C20-OH into a leaving group and elimination 
towards the exomethylene moiety 1315, as described by table 32. Alternatively it was attempted to 
transform C20-OH directly into a leaving group by kinetic differentiation. The results are listed in 
table 32: Attempted protection by a cyclic benzylidene acetal led to decomposition, as well as the 
attempted protection by a cyclic carbonate with CDI. For the sake of completeness it is necessary to 
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mention that in parallel to this, TES protection was successfully implemented by Lu Pan, but the 
resulting intermediate 1318 would have required multiple more steps to approach the desired 
exomethylene bearing intermediate. Direct transfer of C20-OH to a leaving group was 
accompanied by rapid formation of the ether 1319 in case of the use of the Grieco protocol or tosyl 
chloride. In contrast to this, reaction with mesyl chloride led to preferred conversion to the 
dimesylate 1320, with ether 1319 and the C2-OMs monomesylate 1321 as side products. The 
hypothetical mono-mesyl regioisomer possessing a mesyl group at C20-OMs was never observed. 

 

Figure 306 Potential mechanistic explanation of the observed products of the mesylation 

This result is surprising, as the relative nucleophilicity of the alcohols should follow the order C20-
OH > C2-OH >> C13-OH. As this result was persistent, it may be rationalized by a intramolecular 
transfer within the congested array of functionality featured in the triol 1313. Under this 
assumption, the C20-OMs mono-mesylate which should be initially formed poses an instable 
regioisomer and decays subsequently into either the dimesylate 1320 by intramolecular transfer of 
C20-OMs to C2-OH or the ether 1319 by nucleophilic attack of C2-OH at the C20-OMs mesylate. 
The mono-mesyl regioisomer 1321 is a stable product, as ether formation is stereoelectronically 
inhibited and might then be further mesylated to afford the dimesylate 1320 as major product. 

As intermediate 1320 marks the successful differentiation of the triol, it was decided to continue 
the synthesis utilizing the dimesylate 1320. As only the mesylate of the primary alcohol may be 
eliminated under E2 conditions (a detailed explanation will be featured below), the two mesylates 
are easy to differentiate and the secondary, non eliminating mesylate might serve in the mean time 
as a protecting group for the C2 alcohol.  
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Table 33 Conditions screened for elimination of the C20 mesylate 

conditions result 

1 DBU, THF, 90°C (sealed tube) elimination to 1322 and rearr. to 1323 (1 : 1) 

2 DBU, toluene, 90°C (sealed tube) elimination to 1322 and rearr. to 1323 (1 : 1) 

3 DBU, DMF, 90°C (sealed tube) elimination to 1322 and rearr. to 1323 (1 : 1))

4 DBU, NaI, DME, 90°C (sealed tube) elimination to 1322 and rearr. to 1323 (1 : 1) 

5 KOtBu, THF, toluene, r.t. clean elimination to 1322 
 

E2-elimination of the mesylate was initially observed upon heating to 90°C in presence of DBU 
over the course of 12 h (a minimum of 70°C was necessary to observe any reaction). The desired 
product was accompanied by the rearranged species 1323 in a ratio of around 1:1.  

 

Figure 307 Tentative mechanism of the formation of the side product 1323 

Mechanistically, the rearrangement product if presumably obtained by a Grob-type fragmentation 
initiated by the C8-OMe methoxy group resulting in formation of a ketene equivalent. Attack of a 
nucleophilic species at the ketene (e.g. DBU, which is known to show sufficient nucleophilicity to 
trigger Baylis-Hillman reactions in a similar fashion) might then formulate an enolate which can 
attack the mesylate in a cyclization reaction and subsequently hydrolyze to give the observed 
rearrangement product. While optimization of the solvent did not result in any significant 
improvement concerning formation of the rearrangement product 1323, switching to KOtBu as an 
anionic base resulted in clean, rapid formation (> 30 min at r.t.) of the exomethylene product. 

 

Figure 308 Potential intramolecular deprotonation to facilitate the C20 mesylate elimination 

Based on the rapid elimination of the mesylate by an E2-mechanism under these conditions and 
considering the exceptional steric hindrance at the proton involved at C4, one might assume that 
this reaction is facilitated by an intramolecular proton transfer, whereas KOtBu first served to 
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deprotonate the alcohol C13-OH, which then initiates the E2-elimination. Noteworthy, the C2-
OMs mesylate was never directly observed to undergo elimination, under neither thermal nor 
anionic conditions. This is to be expected, as the mesylate and the C1-H proton can never assume 
an anti-periplanar, nor syn-planar arrangement that suffices the stereoelectronic requirements of 
the E2-transition state. Instead, the X-ray structure of closely related 1327 reveals a torsion angle of 
around 90°, combined with a very low degree of conformational flexibility. 

 

Figure 309 Ether formation at C3 as side reaction of enol ether hydrolysis under acidic conditions 

Next it became objective to elaborate the C-ring. For this purpose it is mandatory to hydrolyze the 
C7-C8 enol ether, which was achieved utilizing comparably mild conditions using oxalic acid in 
aqueous methanolic solution.335,336 Curiously this reaction was specific to methanol as solvent, 
exchange against THF/water gave no conversion. Later single crystals of the product were also 
obtained by Lu and confirmed the structure of 1327. Upon heating to T > 70°C or storage of non-
neutralized crude the formation of ether 1328 was observed in significant amounts. 

 

Table 34 Conditions for allylic oxidation at C5 

conditions result 
1 SeO2, TBHP CH2Cl2, r.t. no conversion 

2 SeO2, TBHP, salicylic acid, hexane, 55°C ether 1330 

3 PCC, NaOAc, celite, benzene, r.t. C13 ketone 

4 PCC, NaOAc, Celite, benzene, up to 100°C slow decomposition at > 80°C 

5 PCC, NaOAc, Celite, benzene, r.t. to ketone,  
then SeO2, TBHP, salicylic acid, hexane, 55°C defined product, C5-C6 olefin 

As the previous hydrogenation of the C-ring diene prevents the oxidation of the system by singlet 
oxygen in the same manner as for Canataxpropellane, an alternative approach for C5-oxidation 
must be found. Intermediate 1327 should be well suited for allylic oxidation at this position. Mild 
conditions by addition of TBHP which commonly enabled reaction at r.t. with catalytic load of 
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selenium dioxide did not succeed to achieve the desired allylic oxidation, even when excess of the 
reagents was applied (entry 1). Takahashis conditions65 as utilized towards Taxol for the same 
position did result in formation of ether 1330. This implies a general problem with intramolecular 
interference of the C13-OH with the allylic oxidation by SeO2. PCC mediated conditions13 gave, as 
expected, first rise to the C13-ketone, then no further oxidation and eventually slow decomposition 
at T > 80°C. Utilization of PCC to oxidize the C13-ketone, then SeO2 oxidation under the 
Takahashi conditions65 to prevent formation of the ether 1330 led to another defined product 
featuring a C5-C6 olefin, which could not be unambiguously identified.  

Based on these results, it was concluded that allylic oxidation of the free C13 alcohol or ketone is 
prone to issues by intramolecular side reactions in the congested arrangement of functional groups 
in substrate 1327. Thus it became objective to investigate a suitable protecting group strategy for 
C13-OH.  

 

Table 35 Conditions for C13-OH protecting group introduction 

conditions result 

1 Ac2O, DMAP, Py, CH2Cl2, r.t. no conversion 

2 Ac2O (exc.), DMAP, Py, CH2Cl2, 35°C mixture 

3 AcCl, DMAP, Py, CH2Cl2, r.t. mixture 

4 Piv2O, DMAP, Py, CH2Cl2, r.t. no conversion 

5 PivCl, DMAP, Py, NEt3, CH2Cl2, 35°C C13-Opiv 

6 TBSOTf, NEt3, CH2Cl2, -78°C to r.t. C13-OTBS 

7 MOMCl (exc.), DIPEA, CH2Cl2, r.t. C13-OMOM 
 

Initial attempt for acetylation at C13-OH under standard conditions using acetic anhydride gave no 
conversion, excess and heating of the reagent led to a multicomponent mixture. The same result 
was obtained for AcCl as reagent. More selective pivaloylation instead was successful and gave 
clean conversion, though under reflux conditions. Alternatively, ether type protecting groups were 
investigated, though at the price of potential late-stage differentiation issues. Introduction of TBS 
and MOM also proceeded smoothly. 
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Table 36 Conditions for C5 allylic oxidation after C13-OH protecting group installation 

R conditions result 

1 MOM SeO2, TBHP, salicylic acid, hexane, 55°C65 MOM cleavage, ether 1330 

2 Piv SeO2, TBHP, salicylic acid, hexane, 55°C C5-OH, single diastereomer 
 

Subjection of the MOM protected intermediate to the Takahashi conditions65 gave cleavage of the 
MOM protecting group and concomitant formation of the previously observed ether 1330. 
Treatment of the pivaloyl protected intermediate under the same condition in contrast gave 
formation of the desired C5-OH allylic alcohol as a single diastereomer in (R)-configuration. 
Curiously, in multiple occasions the epoxide 1333 was observed as side product in minor amounts. 
As the C5-OH alcohol corresponds to the inverse configuration expressed in the taxane natural 
products, it must be consequently subjected to inversion by oxidation and reduction analogously to 
the sequence used for Canataxpropellane. 

However, the author of this thesis decided to priorities a method for C1-homologation at the C8-
ketone of the C-ring at this point, as shuffling the allylic oxidation using the successfully tested 
conditions to a later stage in the synthesis sequence allowed for faster access to the testing 
substrates.  

3.2.4. Homologation of the C-Ring at the Type A Fragmentation Product 

1) Corey-Chaykovsky and van-Leusen Reaction 

A range of methods for C1 homologation was attempted starting with the Corey-Chaykovsky 
reaction towards the epoxide and van-Leusen reaction towards the C8-nitrile. The corresponding 
epoxide could have then be transferred by Meinwald-rearrangement or reduction with Ti(III)337 
and oxidation to the desired aldehyde 1337. Alternatively, van-Leusen reaction and reduction with 
DIBAlH would suffice the same purpose. 
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Table 37 Homologation at C8 by Corey-Chaykovsky reaction 

conditions result 

1 Me3SI, NaH, DMSO, THF, r.t. enol ether 1322 

2 Me3SI, KHMDS, THF, -78°C to r.t. enol ether 1322 

3 Me3S(O)I, KHMDS, THF, -78°C to r.t. fragmentation 

4 TosMIC, KOtBu, EtOH, Et2O, THF, 0°C to r.t. fragmentation 
 

These results unveil two fundamental competing reactivities of the substrate. Corey-Chaykovsky 
reaction with trimethyl sulfonium iodide gave reproducibly the enol ether 1322. While it is 
straightforward to propose a reasonable mechanism for this reactivity mode of the reagent (figure 
310), it has little precedent in literature. However, the same reaction was later observed by others 
on similar substrates and represents the typical reactivity of these substrates with sulfonium ylides 
under a range of different conditions. One might speculate that the reason for this reactivity is a 
combination of very high degree of steric hindrance at the C7-ketone on one hand and very facile 
enolization of the ketone (compare with the deuteration kinetics in the previous chapter) on the 
other hand. 

 

Figure 310 Tentative mechanism of the C8 enol ether formation 

A second competing reactivity gave fragmentation in presence of thermodynamic bases along C8-
C3 and olefin formation by elimination of the mesylate. This is likely the result of a Grob-type 
fragmentation either upon enolization of the C7-ketone (see scheme 311) or nucleophilic attack at 
the ketone. Note that this reactivity is analogous to the reaction previously described when 
attempting E2 elimination of the primary mesylate towards exomethylene 1322. While the 
cyclopentene moiety in the cage and the fragmentation as depicted in scheme 311 were secured, the 
identity of the rest R as follow up product of the assumed ketene formation could not be 
unambiguously secured. 
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Figure 311 Mechanistic origin of fragmentation reactions in presence of bases or nucleophiles 

2) Vinyl triflate formation and Pd-catalyzed carbonylation 

Analogously to the methodology utilized towards the synthesis of Canataxpropellane, introduction 
of the vinyl ketone and palladium catalyzed carbonylation poses another method to obtain the 
desired C8-carbonyl. 

 

Table 38 Conditions for introduction of a C8 vinyl triflate 

conditions result 

1 Tf2O (exc.), 2,6-Lut., CH2Cl2, -78°C to 80°C (sealed tube) no conversion 

2 KHMDS, THF, -78°C then Comins-r. vinyl triflate 1343 

3 KHMDS, THF, -78°C then Comins-r. (reproduction) sultones 1346 and 1347 

4 KHMDS, THF, -78°C to 0°C then Comins-r. stable with KHMDS at 0°C,  
then decomposition with Comins-r. 

Initially triflation by triflic anhydride was attempted to avoid strong bases to prevent the competing 
reactivities described in the previous paragraph. However, reaction with triflic anhydride was not 
feasible, even under forcing conditions (entry 1). Enolization with KHMDS and trapping of the 
enolate with Comins-reagent250 proceeded smoothly at the first try to give presumably 1343 on 
small scale, but was found not reproducible. Instead, varying ratios of the sultone 1347 and vinyl 
sultone 1346 were obtained. The limited amount of obtained vinyl triflate was used for test 
reactions towards the desired carbonylation, but no conversion could be achieved. This might be as 
well an issue with the scale of these test reactions (< 5 mg), as palladium catalyzed carbonylation 
proceeds generally sluggish at lower concentrations (rate limiting is commonly the oxidative 
addition of [Pd]). 
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Figure 312 Sultone formation of the mesylate under basic conditions 

These products likely stem from efficient deprotonation of the sterically more accessible mesyl 
group and subsequent cyclization to the sultone. Partial triflation of the tertiary alcohol and 
subsequent E1cB elimination by alpha deprotonation of the sultone might then yield the vinyl 
sultone 1346. Remarkably, this compound was found relatively stable, despite the seemingly 
unfavorable bridgehead olefin at C8. Unfortunately, the outcome of this reaction comprised 
commonly mixtures of these compounds and it was not possible to obtain reproducible results, 
even upon changing the base and reagent lot.  

 

Figure 313 Selectivity of deprotonation on substrate 1334 

Deuteration experiments utilizing 3 equivalents and warming up to 0°C demonstrated that 
deprotonation of both, ketone and mesylate is possible. Surprisingly, under these conditions no 
cyclization was obtained, indicating that either the dianion is formed faster that cyclization, 
‘protecting’ the ketone as enolate or that the cyclization process is an equilibrium, whereas retro-
cyclization prevails at higher temperatures, thus enabling subsequent deprotonation of the ketone. 
This indicates that triflation of the dianion should be in principle possible to prevent concomitant 
cyclization, but attempts to trap the dianion with Comins-reagent250 resulted in decomposition, 
potentially by formation of unstable reactive adducts with the mesylate anion (entry 4). 
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3) Homologation via Wittig reaction 

 

Table 39 Conditions screened for Wittig reaction at the C8 ketone 

R conditions result 

1 OH Ph3PCH2OMeCl, KOtBu, THF, r.t. fragmentation to 1351 

2 H Ph3PCH2OMeCl, KOtBu, THF, r.t. to 50°C no conversion 

3 H Ph2P(O)CH2OMe, KHMDS, THF, -78°C to r.t. mixture of fragmented species 
4 H (EtO)2P(O)CH2OMe, KHMDS, THF, -78°C to 50°C no conversion 

5 H Ph3PCH2OMeCl, KHMDS, THF, -78°C to r.t. enol ether 1322 
 

Attempted homologation via Wittig reaction resulted in multiple competing reactivities in analogy 
to the results for Corey-Chaykovsky and van-Leusen reaction. Treatment of the allylic alcohol 1334 
by the Ph3PCH2OMeCl Wittig reagent in presence of KOtBu resulted in the formation of the 
fragmentation product 1351, in close analogy to the previously observed fragmentation upon van-
Leusen reaction and likely proceeding via the same mechanism by a ketene intermediate. The same 
conditions applied to the corresponding intermediate without the allylic alcohol at C5 gave no 
conversion, even upon heating. Reaction with the same substrate using the phosphine oxide 
resulted in a mixture of fragmented species, either by deprotonation or nucleophilic attack at the 
ketone, then Grob-fragmentation (as described previously in figure 311). Horner-Wadsworth-
Emmons reaction gave again no conversion, even upon heating to 50°C with an excess of reagent. 
Reaction with Ph3PCH2OMeCl in presence of KHMDS instead of KOtBu gave surprisingly rise to 
the enol ether, presumably by the same mechanism as described before in figure 310 for the Corey-
Chaykovsky reagent. 
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Figure 314 Overview competing reactivities upon attempted C8 homologation 

The competing reactivities that were consistently observed up to this point make it appear unlikely 
that the homologation of the system can be obtained by standard strategies, as the majority of these 
proceed under comparable reaction conditions via similar central intermediates. Figure 314 
summarizes these reactivities again: (a) facile enolization of the C8-ketone resulting in either 
fragmentation or nucleophilic attack of the enolate as O-nucleophile (b) deprotonation at the 
mesylate and concomitant formation of sultone species, upon warming potential follow up 
chemistry (c) tertiary alcoholate intermediates as obtained by attack of anionic nucleophiles result 
also in a Grob-type fragmentation. In addition to this, the intermediate shows overall low reactivity 
and often requires use of forcing conditions, testimony the steric hindrance of this position. 

 

Alternative approach utilizing the sultone as synthetically productive intermediate 

The ring closure by deprotonation of the mesylate and nucleophilic attack at the C8-ketone in itself 
constitutes in principle already a synthetic option towards homologation of the C-ring. In this 
scenario the mesylate served effectively as a tether to grant an intramolecular delivery of the desired 
additional C1-unit. This results in a highly attractive strategy if a appropriate cleavage and 
desulfuration of the sultone338-341 can be achieved, as this solves two synthetic obstacles at the same 
time, homologation of the C-ring and removal of the C2-OMs mesylate. 

A number of potential strategies arise from this train of thought. These strategies are mostly based 
on narrow number of fundamental reactivities, which are listed in figure 315 and discussed more in 
detail below.339-345 Sultones and vinyl sultones, though early established in the literature, have seen 
little use in total synthesis, with few noteworthy exceptions by the groups of Metz and 
Winterfeldt.339,341 Major reasons for this may be found in the relative instability of these 
intermediates by the tendency to either undergo facile attack by a nucleophile or elimination with 
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sulfonic acid as a leaving group. Further desulfuration338-341 of these intermediates on complex 
intermediates is often not straightforward and requires optimization and harsh conditions.  

 

Figure 315 Reactivities of the sultone and vinyl sultone motives 

The general reactivity of sultones is roughly analogue to the well known sulfones, 339-345 but as these 
moieties are relatively uncommonly encountered in literature, a short summary is given: (A) alpha 
deprotonation at pKa values of around 25-30 followed by quench by a electrophile leads to alpha 
substitution (B) attack by organometallic nucleophiles as e.g. MeMgBr leads to extrusion of the 
alcoholate and formation of a sulfone (C) treatment with a single electron reductant or dissolving 
metal reduction leads to reductive desulfuration, obtaining the alcohol and CH moiety (D) alpha 
oxidation via the anion leads to an instable species that extrudes SO2 towards to the corresponding 
hydroxy-aldehyde (E) reductive desulfuration by electron transfer to a vinyl sultone leads to the 
corresponding hydroxy-olefin moiety, in close analogy to Julia olefination, whereas reduction 
potentials for the vinyl sultones are considerably lower compared to saturated sultones (F) vinyl 
sultones are potent 1,4-acceptors, although few examples exist for this process at tri- or tetra-
substituted substrates. 

 

Figure 316 Mechanistic rationalization of the stability of the C2 sultone 

The synthetic utility of the sultone as intermediate is based on the relative stability of the sultone 
moiety for these substrates, as two major pathways for undesired reactivities are blocked: 
elimination, as previously described for the mesylate, is not possible as the stereoelectronic 
requirements for the E2-transition state are not given in the rigid structure of 1347. Nucleophilic 
SN2 attack with the sulfonic acid ester as leaving group on the other hand is not possible as the 
Bürgi-Dunitz trajectory is sterically blocked by the scaffold. 
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Table 40 Conditions for sultone formation at C8 

conditions result 
1 LDA (5 equiv.), THF, -78°C, then NH4Cl ratio (1347 : 1353) 1 : 0.23 

2 LDA (5 equiv.), THF, -78°C to 0°C only sulfonic acid 1353 

3 LDA (1.3 equiv.), THF, -78°C, syringe pump, precooled 1347 + recov. start.mat. 

4 
LDA (1.3 equiv. + more in small portions),  

THF, -78°C, syringe pump, precooled 
ratio (1347 : 1353) 1 : 0.10, 

full conversion 

5 
LDA (1.3 equiv. +  more in small portions),  

THF, -78°C, syringe pump, precooled, 
homogenous quench by AcOH in THF  

nearby quantitative for 1347

 

As cyclization to the sultone using KHMDS suffered from retrocyclization equilibria and 
problematic reproducibility, it was mandatory to optimize the sultone synthesis prior to further 
experimentation along the strategies described in figure 315. Use of lithium bases was quickly 
recognized as superior, as comparably stronger coordination of the counterion to the alcoholate is 
expected to stabilize the cyclization product (vs retrocyclization). While excess of LDA granted full 
conversion, it resulted in formation of the sulfonic acid elimination product 1353 (entry 1), by a 
Grob-type fragmentation as observed analogously numerous times before. Upon investigation of 
the temperature dependence of this, it was noted that, as expected, increased temperature strongly 
facilitated this process. (entry 2). The conclusion was to reduce the equivalents of LDA used and 
carefully control the temperature in the reaction by addition via syringe pump and precooling of 
the (highly diluted) LDA stock solution. While this sufficed to suppress the formation of the 
sulfonic acid 1353, the conversion stayed incomplete. Combining these measures with further 
addition of LDA in small portions until TLC indicated full conversion resolved the problem of 
recovered starting material, but small amounts of the sulfonic acid were still observed (entry 4). 
Additional homogenous quench using dropwise addition of acetic acid in THF instead of aqueous 
NH4Cl eventually gave very clean conversion to the desired product in nearly quantitative yield 
(entry 5). 

 

Figure 317 Deuteration experiments to determine the feasibility of a dianion formation 
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In the interest of potential in-situ further functionalization of the anion of the alcohol 1354 upon 
cyclization it was tested whether a dianionic intermediate can be formed by additional 
deprotonation at the CH-acidic sultone -position. This was not the case, as only upon subjection 
to excess of LDA only the deuterated tertiary alcohol, but no deuterium inclusion at the sultone was 
found. The sulfonic acid byproduct in contrast to this was -deuterated, indicating that while LDA 
can be expected to deprotonate the sultone, the formation of a dianion is strongly inhibited. If 
formation of a dianion is enforced by addition of tBuLi, the system reacts by immediate elimination 
of the sulfonic acid, likely to alleviate the dianionic state. 

 

Figure 318 General reactivities of the anionic intermediate upon sultone formation 

Upon further experimentation it was further noticed that the cyclization/retro-cyclization 
equilibrium is also temperature dependant (independent of the extrusion of sulfonic acid), whereas 
warming to -20°C, after reaction with LDA at -78°C showed full conversion, led to a mixture of 
starting material and sulfonic acid, but no cyclization product at all. A summary over the delicate 
equilibrium of the reactivities of the anion 1354 is presented in figure 318. 
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Table 41 Conditions tested for alkylation or acylation at the C8 tertiary alcohol 

conditions result 
1 cyclization with LDA, then MeI, -78°C to -20°C retrocyclization to 1334 + sulfonic acid 1353

2 cyclization with LDA, then Me3OBF4, -78°C sultone 1347, no alkylation 

3 MOMCl (exc.), DIPEA, CH2Cl2, r.t. no conversion 

4 Me3OBF4, proton sponge, CH2Cl2,  
r.t. to 60°C (sealed tube) no conversion at r.t., decomp. upon heating 

5 TMSOTf, NEt3, CH2Cl2, 60°C (sealed tube) no silylation, some retro-cyclization to 1334 

6 benzyl trichloroacetimidate, TMSOTf, CH2Cl2, r.t. decomposition 
7 AcCl, DMAP, Py, CH2Cl2, r.t. no conversion 
8 Ac2O, TMSOTf, CH2Cl2, 0°C acetylation to 1357 + desilylation to 1358 

 

Due to the unstable nature of the anion of the tertiary alcohol 1347, the alcohol must be protected 
by alkylation or acylation before any further operations on the sultone can take place. Trapping of 
the anion with either MeI of Meerwein salt did not suffice to provide the desired methyl ether, a 
major issue under anionic conditions was found competing retrocyclization at temperatures > -
78°C. Ether formation under neutral conditions with Meerwein salt346 under forcing conditions or 
MOMCl was also not feasible. Silylation under forcing conditions by TMSOTf did result in no 
conversion, but it was recognized that at temperatures of around 60°C a slow (t1/2 > 12 h) retro-
cyclization process sets in. Benzylation under cationic conditions using Bundle’s reagent347 led to 
decomposition. Eventually, acetylation, though not feasible under standard conditions, was 
successful using a protocol likely operating by in-situ generation of acyl cations. While conversion 
was facile, this method led to cleavage of the TBS silyl ether and concomitant acylation of the 
primary alcohol as side reaction. 

  



3.2.  Towards a Combined Synthesis of  Taxane Diterpenes 

 

262 

 
Table 42 Conditions screened for acetylation at the C8 tertiary alcohol 

conditions result 

1 Ac2O, TMSOTf (20 mol%), CH2Cl2, 0°C348 ratio (1357 : 1358) 1 : 0.6 

2 Ac2O, TMSOTf (20 mol%), CH2Cl2, -20°C ratio (1357 : 1358) 0.4 : 1 

3 Ac2O, TMSOTf (50 mol%), CH2Cl2, 0°C ratio (1357 : 1358) 1 : 0.47 

4 resubjection of 1357, 1358 mixture to entry 3 no further conversion 

5 Ac2O, TMSOTf (10 mol%), CH2Cl2, 0°C ratio (1357 : 1358) 1 : 0.6 

6 Ac2O, TMSOTf (20 mol%), 2,6-tBu-Py, CH2Cl2, 0°C no conversion 

7 Ac2O, Sc(OTf)3, CH3CN, 0°C349,350 only silyl ether cleavage1359 

8 Ac2O, TMSOTf, MgO, CH2Cl2, 0°C no conversion 

9 Ac2O (exc.), DMAP (exc.), CH2Cl2, 75°C (sealed tube) clean formation of 1357 

10 Ac2O, 4-pyrrolidino-Py, CH2Cl2, 75°C (sealed tube) clean formation of 1357 
 

As acetylation provided a hit in the initial screening using Ac2O, TMSOTf,348 the acylation of the 
tertiary alcohol was further optimized towards minimization of the undesired silyl ether cleavage 
leading to side product 1358. The formation of the side product 1358 was found nearly 
independent of the catalyst load (entry 3 vs entry 5) although reaction times to reach full 
conversion did scale with the catalyst concentration. Lower temperature (entry 2) gave a 
significantly slower conversion and resulted in predominant formation of the undesired diacetate 
upon completion. Attempts to buffer the system by hindered organic bases or MgO addition (entry 
6, entry 8) inhibited the reaction completely. Curiously utilization of scandium triflate as 
catalyst349,350 led to selective silyl ether cleavage and formation of 1359, but no acetylation of the 
tertiary alcohol. Eventually enforcing reaction with an excess of Ac2O and DMAP in stoichiometric 
amounts in the sealed tube at 75°C for around 48 h led to relatively clean formation of the desired 
product 1357. No diacetate 1358 was observed, but the product was occasionally accompanied by 
minor amounts of retro-cyclization to 1334. As this reaction proceeds slowly and occasionally was 
incomplete even after 48 h, a more active nucleophilic catalyst, 4-pyrrolidino-pyridine was tested, 
but the reaction proceeded comparable with DMAP. Further increase of the reaction temperature 
was discouraged by an expected increase in retro-cyclization to 1334. 
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Table 43 Elimination of the C8 acetate to the vinyl sultone 

R conditions result 

1 H DBU (exc.), CH2Cl2, 75°C retro-cyclization to 1334 

2 Ac DBU (exc.), CH2Cl2, 75°C elimination to 1346 

3 Ac LDA (3 equiv.), THF, -78°C elimination to 1346 
 

As the oxygen functionality at the bridgehead C8 has to be removed, E1cb elimination was 
undertaken. Attempted elimination of the free alcohol with DBU at 75°C led as expected to 
predominant retro-cyclization to 1334. Treatment of the acetate with DBU under the same 
conditions led to the desired elimination product, although the reaction proceeded slowly over > 
24 h. Elimination using LDA as anionic base at -78°C proceeded rapidly and clean to give 1346. 
Noteworthy, it was possible to combine the DBU mediated elimination with the acetylation in a 
one-pot procedure (DBU addition after completion of the acetylation), but the relatively long 
reaction times (48 h+24 h) rendered this option less practical than a stepwise protocol. 

With the vinyl sultone at hand, the next objective was to survey suitable desulfuration methods.338-

341 Figure 319 summarized the major approaches investigated. 
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3.2.5. Desulfuration of the Sultone Moiety 

 

 

Figure 319 Potential strategies for desulfuration of the sultone 

Oxidative approaches are based on introduction of a -hydroxy-sultone motive, which is 
inherently instable and expected to extrude sulfur dioxide to form the hydroxy-aldehyde 1361. This 
is proposed by 1,4-reduction of the vinyl sultone and alpha oxidation of the saturated sultone, a 
literature known operation which has been commonly used for sulfones (more seldom for 
sultones). Alternatively, direct Mukaiyama hydration of the vinyl sultone might offer an elegant 
solution, as this should result in the same -hydroxy-sultone intermediate in one step. Transfer of 
the typically observed -hydroxylation selectivity for ,-unsaturated esters should further grant 
the correct regioselectivity for this maneuver. Investigation of this option seems not yet reported to 
the best knowledge of the author of this thesis. Further reductive cleavage of the sultone towards 
the hydroxy-exomethylene intermediate 1362, analogous to a Julia-olefination and subsequent 
oxidation via the epoxide/Meinwald-rearr. or hydroboration/oxidation might as well serve to 
obtain the desired aldehyde. Eventually, 1,4-addition to the sultone followed by reductive 
desulfuration of the saturated sultone might provide an elegant access directly to the C8-quaternary 
center without need of alpha alkylation in a separate step from the aldehyde. 
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A) Reductive cleavage of the vinyl sultone 

 

Table 44 Conditions tested for reductive desulfuration 

conditions results 

1 SmI2, DMPU, MeOH, THF, r.t. no conversion 

2 Na/Hg, Na2HPO4, MeOH, r.t. reductive desulfuration to 1362 
 
Initial experiments using SmI2 showed no conversion of the vinyl sultone. In contrast to this 
reductive desulfuration using sodium amalgam in methanol buffered by Na2HPO4 gave fast and 
clean conversion towards the olefin 1362.338 Further MOM protection of C2-OH proceeded 
smoothly to give 1365. The intermediate 1365 features a symmetrically substituted C-ring, 
however, based on previous experience the ‘lower’ C4-C20-exomethylene bond, shielded by the 
remaining cage fragment is expected to be significantly more sterically hindered and should be 
differentiable from the ‘upper’ C8-C9-exomethylene. 

 

Table 45 Conditions screened for hydroboration of the C8 exomethylene moiety 

conditions results 

1 BH3*THF, THF, r.t. then H2O2, NaOH complex mixture 

2 9-BBN, THF, r.t. no conversion 

3 9-BBN, THF, 80°C, then NaBO3 aq. pivaloyl cleavage to 1367 

4 BH3*SMe2, THF, 0°C then NaBO3 aq. complex mixture 
 

Initial experiments were carried out towards hydroboration, as the sensibility of borane reagents 
towards steric hindrance was expected to result in good differentiation of the two exomethylene 
moieties. However, hydroboration attempts using BH3 adducts yielded complex mixtures. It can be 
speculated that after initial addition possibly further intramolecular reaction takes place with the 
second olefin that may lead to a variety of products. 9-BBN on the other hand should deliver more 
defined adducts, but failed to show any reaction with the olefin, even under forcing conditions, 
likely due to steric hindrance. Upon heating to 80°C eventually products were observed that did 
surprisingly exhibit deprotection of the pivaloyl moiety. While this quick survey does by far not 
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represent exhaustion of the hydroboration methodology, progress was achieved by other 
approaches and given priority at this point.  
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Figure 320 Attempted epoxidation and Meinwald-rearrangement 

Epoxidation of the di-olefin 1365 using an excess of mCPBA delivered a defined mixture of the 
mono-epoxide as a single regioisomer and the diepoxide. NOESY analysis delivered on indicative 
contacts for the epoxide nor the exomethylene, thus assignment of regioisomer 1368 is based only 
on the expected reactivity. Preliminary attempts for a Meinwald rearrangement triggered by 
BF3*OEt2 led to a mixture of compounds, which did not exhibit MOM or TBS protecting groups 
anymore. While screening towards suitable Lewis-acids for Meinwald rearrangement or Ti(III) 
mediated reductive opening of the epoxide337 still offer plenty of perspectives for this approach, 
other strategies were prioritized at this point. 
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Figure 321 Attempted olefin metathesis at the C8 exomethylene moiety 

For the sake of comprehensiveness it is relevant to mention that this approach was later also 
followed by Lu Pan, who tested olefin metathesis of the exomethylene moiety with methyl-vinyl 
ether using the Grubbs-Hoveyda catalyst (2nd generation).330 While this constitutes and elegant 
approach, no conversion under metathesis conditions could be achieved. 

B) Oxidative cleavage of the vinyl sultone 

Mukaiyama hydration316,317 of the vinyl-sultone may offer an elegant access to the desired aldehyde 
1370 by oxidative desulfuration as described in figure 322 (top). This approach however 
underestimated the potential reactivities that arise by the congested array of functionality expressed 
by substrate 1346. Treatment of substrate 1346 with the Mn(dmp)3 catalyst and PhSiH3 under 
oxygen316 resulted in facile reaction that gave a major product which was tentatively assigned to 
1371 after 2D-NMR analysis (HSQC, COSY, NOESY, HMBC).  
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Figure 322 Attempted Mukaiyama hydration of the vinyl sultone 

Further treatment with KOtBu gave a clean conversion to a new species that was assigned as the 
desulfurated lactol 1372. Besides 1H-NMR, HRMS confirmed the loss of SO2 of the substrate, which 
adds weight to the proposed structure. However, as these experiments were carried out on small 
scale, the results are to be interpreted with care.  

 

Figure 323 Tentative mechanism upon Mukaiyama hydration of 1371 

Figure 323 describes a tentative mechanism for the formation of 1373. This is consistent with the 
literature known phenomenon of endo-peroxide formation by intramolecular addition of the 
peroxy-radical to another olefin upon Mukaiyama hydration of dienes.351 In this scenario, 
Mukaiyama hydration gives rise to a peroxide radical, a commonly assumed intermediate species, 
after hydride transfer to the exomethylene moiety and trapping with molecular oxygen. While this 
radical is then trapped to the exo-peroxide and subsequently quenched by P(OEt)3 in the regular 
mechanism, presence of another olefin, here the vinyl sultone allows for radical mediated 
cyclization to the endo-peroxide. Trapping of the tertiary radical by oxygen and further reaction of 
this exo-peroxide along the typical mechanism of the Mukaiyama hydration might then provide the 
tertiary alcohol. The endo-peroxide might be also further cleaved by the phosphite, giving rise to 
the C4-OH tertiary alcohol which may then undergo intramolecular attack on the sultone and 
release of C2-OH. 
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To avoid the undesired initial reaction of the Mn(dmp)3 catalyst,316 it was considered to synthesize 
another congener of 1346, bearing a TBS protected (R)-C5-OH secondary alcohol to provide steric 
shielding of the exomethylene moiety. 

 

Figure 324 Potential regioselectivity changes upon introduction of a C5 silyl ether 

To enable access to the TBS shielded 1375, it was attempted to carry out allylic oxidation of the C5 
position under identical conditions as used for the mesylate 1334 before, at the C8-OAc sultone, 
which then could be subsequently eliminated to the vinyl sultone by E1cB. 

 

Figure 325 C-ring diene formation upon allylic oxidation 

Treatment of the sultone 1357 under the previously investigated conditions65 gave surprisingly only 
sluggish conversion. Enforcing the reaction at elevated temperature resulted in a relatively clean 
conversion to the diene 1376 and ether 1377 (ratio 3 : 1 (1376 : 1377)).  

 

Figure 326 Synthesis of a C5 silyl ether bearing substrate 

As an alternative, classical conditions for selenium mediated allylic oxidation (SeO2, dioxane, 
110°C) were tested, and gave rise to 1378 in a clean reaction, avoiding the aforementioned side 
products. Silylation of the secondary allylic alcohol and elimination of the acetate towards the 
desired vinyl sultone 1379 proceeded smoothly. 

 

Figure 327 Mukaiyama hydration of theC5 silyl ether bearing  vinyl sultone intermediate 
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Application of the Mukaiyama hydration to this intermediate resulted however not in the desired 
inhibition of the attack at the exomethylene by shielding of the TBS group. Instead a product 
analogous to 1380 was obtained. This might either indicate that steric shielding is not a viable 
option to direct the reactivity of this reaction type. Alternatively, one might also consider a 
mechanism (in contrast to the one depicted in figure 323) starting by metal mediated hydrogen 
atom transfer to the vinyl sultone, which would undermine the rational of the steric shielding 
proposal. Despite not being synthetically productive, this result at least proved the unusual 
reactivity of substrates 1346, 1379 in the Mukaiyama hydration reproducible.  

 

Table 46 Conditions screened for C5 exomethylene hydrogenation 

conditions results 

1 Pd/C, H2, MeOH/THF, r.t. no conversion 

2 PtO2, H2, MeOH/THF, r.t. no conversion 

3 KCO2NNCO2K, AcOH, MeOH, CH2Cl2, r.t. to 50°C no conversion 

4 Mn(dmp)3, PhSiH3, TBHP, iPrOH, r.t. decomposition 

5 Wilkinson catalyst, H2, MeOH, r.t. no conversion 
 

To test the initial mechanistic proposal for a Mukaiyama hydration of the vinyl sultone, it was 
attempted to take the exomethylene group out of the equation by hydrogenation. Treatment of the 
exomethylene group under a range of standard conditions for hydrogenation demonstrated 
remarkable inactivity of the olefin. Methods utilizing heterogeneous catalysis as Pd/C or the Pt 
based Adams catalyst showed no conversion even upon high catalyst load and elongated reaction 
time. Diimide reduction352 also resulted in no conversion, even upon heating with an excess of the 
reagent. Hydrogen atom transfer based Shenvi hydrogenation353 led to conversion to a complex 
mixture. Homogenous catalysis via the Wilkinson catalyst also failed to give any conversion. Some 
further preliminary attempts were undertaken to oxidize the electron-richer exomethylene moiety 
directly on the vinyl sultone intermediate 1346 by either mCPBA or K2OsO4, NMO, but were met 
with little success (mixture obtained). As these products would have been served as mere test 
substrates and not have been synthetically useful towards the goal of total synthesis of taxanes, at 
this point no further attempts towards olefin ‘protection’ and vinyl sultone oxidation were 
undertaken. 
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C) Oxidative cleavage of the saturated sultone 

 

Table 47 Conditions screened for reduction of the vinyl sultone 

conditions result 

1 L-selectride, THF, r.t. no conversion 

2 Red-Al, toluene, 0°C 1,4-red., partial Piv red., 1383 + 1384 

3 Ca(BH4)4*2THF, THF, 0°C to r.t. only Piv red. to 1385 

4 NiCl2, NaBH4, MeOH, r.t. selective 1,4 red. to 1383, occasionally 1386 (0-15%) 

 

Figure 328 Other products observed upon reduction 

To undertake operations in the saturated sultone system conditions for 1,4-reduction were to be 
investigated. Thereby, L-selectride gave no conversion (entry 1). Red-Al gave the desired 
compound 1383 as major product, accompanied by additional reduction of the pivaloyl ester to 
1384. Calcium borohydride gave interestingly reduction of the pivaloyl ester without concomitant 
reduction of the vinyl sultone as major product, although the reaction was not overall clean. 
Eventually, in-situ generated nickel boride catalyzed the selective 1,4-reduction/hydrogenation with 
an excess of NaBH4 in methanol.354 As a curious side reaction occasionally minor amounts (0-15%) 
of the reductive cleavage product 1386 were obtained by  reductive C2-O cleavage. Lu Pan later 
obtained single crystals applicable for X-ray structure analysis which confirmed the structure.330 

 

Table 48 H/D exchange upon deprotonation of the sultone 

conditons result 

1 LDA, THF, -78°C then D2O full monodeuteration 

2 KHMDS, THF, -78°C then D2O full monodeuteration 
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As the desired alpha oxidation was expected to be non-trivial, it was initially tested whether 
quantitative deprotonation of 1346 using common bases LDA and the milder KHMDS is reliably 
reached. This was the case for both bases at -78°C as indicated by clean monodeuteration. 

 

Table 49 Deprotonation of the vinyl sultone and H/D exchange  

conditons result 

1 tBuLi, THF, -78°C then D2O full -monodeuteration 

2 LDA, THF, -78°C then D2O full -monodeuteration 

3 KHMDS (exc.), THF, -78°C then D2O 77% -monodeuteration 
 

The same experiments were carried out for the vinyl sultone. This was done to potentially 
investigate later a direct -oxidation of the vinyl sultone. Following an analogous mechanism as for 
the saturated sultone, this was expected to lead to a ketene upon extrusion of SO2 which may then 
have been trapped by MeOH to the methyl ester. -Deprotonation was facile by tBuLi as well as 
LDA at -78°C. Use of KHMDS also gave -deprotonation, but around 23% nondeuterated vinyl 
proton remained, even when the base was used in excess. This hints towards either a pKa in similar 
range (which is a realistic expectation) or competing -deprotonation. 
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Table 50 Conditions screened for -oxidation of the sultone 

Conditions T comment result 
1 LDA, THF, then O2 -78°C to r.t. no conversion 
2 tBuLi, THF, then O2 -78°C to r.t. no conversion 
3 tBuLi, DMPU, THF, then O2

355 -78°C to r.t. dried O2 pivaloyl deprot. 
4 LDA, DMPU, THF, then O2 -78°C to r.t. dried O2 no conversion 
5 LDA, DMPU, THF, then TMS2O2

356 -78°C to r.t. no conversion 
6 LDA, DMPU, THF, then Davis-Oxaz.  -78°C to -20°C Aldehyde (30 %) 
7 KHMDS, THF, then Davis-Oxaz.357 -78°C to -20°C Aldehyde (30 %) 
8 LDA, THF, then tBuOOLi358 -78°C to r.t. no conversion 
9 tBuLi, THF, then MeOB(pin)341 -78°C to r.t. no conversion 

10 LDA, THF, then B(OMe)3 -78°C to r.t. no conversion 
11 LDA, THF, then ClB(OMe)2

359 -78°C to r.t. no conversion 
12 tBuLi, THF, then ClB(OMe)2 -78°C to r.t. no conversion 
13 KHMDS, THF, then MeOB(pin) -78°C to r.t. no conversion 
14 KHMDS, THF, then MoOPH -78°C to r.t. no conversion 
15 LDA, THF, then MoOPH63 -78°C to r.t. Aldehyde (30-50 %) 
16 KHMDS, THF, Ph2(CO2)2

360 -78°C to r.t. no conversion 

17 NaHMDS, THF, then DMDO361 -78°C DMDO dried 
(MgSO4) 

no conversion 

18 LDA, THF, then DMDO -78°C DMDO dried 
(mole sieves) 

overoxidation 

19 KHMDS, DMF, PhNO362 -78°C to r.t. no conversion 
20 KOtBu, THF/tBuOH, O2 -78°C to r.t. no conversion 
21 Pb(OAc)4, benzene, 100°C -78°C to r.t. no conversion 
22 LDA, HMPA; THF, then S2Me2

341 -78°C to r.t. alpha methylsulfide 
23 LDA, HMPA; THF, then MoOPH -78°C to r.t. very low conversion 
24 allylic alcohol 1378, KOtBu/THF, O2 -78°C to r.t. no conversion 

25 KOtBu, THF/DMSO, O2 -78°C to r.t. 
 

TBS deprot.,  
some Piv deprot. 

26 LDA, HMPA, THF, then TEMPO,  
ferrocinium hexafluorophosphate363 -78°C to r.t.  no conversion 

27 KHMDS, THF, -78°C, then O2 -78°C to r.t. dried O2 aldehyde, low conv. 

28 KHMDS, 18-crown-6, THF, -78°C, then 
O2 

-78°C to r.t. dried O2 aldehyde 70 % 

 

Alpha oxidation of the sultone 1383 was subject to extensive optimization (note: citations in table 
50 concern the publication which reported the archetypical conditions for the corresponding 
reagent, and may be seen as representative for variations of these conditions (choice of base, 
additives) tested by the author). The prevailing problem thereby was an impressively low overall 
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reactivity of the -anion towards oxygen and various electrophiles tested. Notably, the substrate 
itself was facile to deprotonate (as previously demonstrated) and showed great stability in presence 
of an excess of base, even at temperatures much higher than -78°C, thus allowing for forcing 
conditions. Lithium anions did not show any reaction with oxygen,355 even upon addition of 
DMPU and warming to room temperature. This was also independent of the quality of oxygen 
(predried). A range of other classical electrophiles for -oxidation as TMS2O2, 

356 Ph2(CO2)2
360

 did 
not result in any conversion. A range of boron electrophiles,341 which would have allowed for  -
oxidation by subsequent oxidation of the organo-boron compound with H2O2/NaOH, did not 
result in any substitution, including boron chlorides359 combined with lithium or potassium bases. 
DMDO361 on the other hand, when freshly prepared, titrated and dried prior to use (and only then) 
gave facile conversion, but resulted in mixtures of over oxidized species. Davis oxaziridine357 first 
enabled the desired reaction to aldehyde 1391 using either LDA or KHMDS, but the product was 
obtained alongside a complex mixture of other unidentified products in around 30% yield. 
MoOPH63 also resulted in formation of 1391, whereas curiously a strong counterion effect was 
obtained, the reaction was only feasible with the lithium anion, but not the potassium anion pair 
and addition of HMPA led to strongly decreased conversion. These effects hint towards 
coordination of the MoOPH (supposedly via the HMPA ligand) by the lithium cation as important 
driving force of the reaction. A drawback upon use of MoOPH was commonly incomplete 
conversion in varying degrees, even if used in excess, leading to 30-50% yield, though the remaining 
starting material could be recovered. The only other electrophile besides these and DMDO that 
showed any reaction with the anion was S2Me2,341 which yielded the alpha methylsulfide in a clean 
reaction, though subsequent oxidation of the sulfide was not straightforward in preliminary test 
reactions. 

 

Figure 329 Introduction of an-sulfide on the sultone 

Another interesting approach tested was oxidation of the anion with ferrocinium 
hexafluorophosphate to the corresponding -radical and trapping with TEMPO,363 which however 
failed to give any conversion, probably due to a different reducing potential of the sultone anion 
compared with systems employed in this method. 

A breakthrough was eventually obtained by employing KHMDS for deprotonation in presence of 
elementary oxygen.355 Though this reaction proceeded initially slowly, it was rendered facile upon 
addition of 18-crown-6 to further increase reactivity. Remarkably this also demonstrated a much 
higher reactivity of the potassium anion compared to various lithium anions for the reaction with 
oxygen, even in presence of additives as DMPU. This approach resulted in full conversion to give 
around 70% of the desired product on small scale. 
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Figure 330 tBuLi mediated pivaloyl deprotection 

A side reaction commonly observed was deprotection of the pivaloyl group, usually in small 
amounts around 20% for milder bases as LDA. Strong bases as tBuLi were tolerated at cryogenic 
temperature, but led to facile cleavage of the pivaloyl ester at C13 upon warming to 0°C for a short 
time interval (1 min), even in synthetically useful yields. This proved later in other part of this 
project a useful tool to effect chemoselective pivaloyl deprotection without use of reducing agents 
(as there was competing reactivity) or nucleophilic cleavage (as the pivaloyl group was found 
unreactive under several standard conditions due to steric hindrance). 

3.2.6. Insertion of the Allylic Oxidation in the Synthesis Sequence and C5 Inversion 

As both, the oxidative desulfuration at the saturated sultone and the allylic oxidation at C5 were 
now feasible, the objective became now to put these operations into sequence. 

Initially this was attempted by using the previously established allylic oxidation at the sultone-
acetate stage (intermediate 1357). While allylic oxidation under these conditions is facile, the (R)-
C5 configuration required inversion of the allylic alcohol. This was projected to be done by 
oxidation and subsequent reduction, utilizing the steric bias of the C-ring for approaching reagents 
from the (re)-face. 

 

Figure 331 Attempted reduction of the C5 ketone of 1394 

The substrate underwent facile oxidation to enone 1394 upon treatment with PCC. While the 
speculations concerning predominant hydride addition from the (re)-face held true as mostly one 
diastereomer was obtained, the reaction exhibited a lack of chemoselectivity concerning 1,4-
reduction. The product was thus obtained as a partly inseparable mixture of products 1395-1397. 
This was surprising, as it has been previously established (first by Lu Pan330) that treatment of the 
sultone after E1cB elimination and 1,4-reduction by the same strategy gives clean conversion to one 
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regioisomer and diastereomer. As this conditions proved to be reproducible, allylic oxidation of the 
saturated sultone intermediate 1383 was adapted as primary strategy. 

 

Figure 332 Allylic oxidation of 1383 and inversion of the C5 secondary alcohol 

A common side reaction of the allylic oxidation of 1383 was found formation of the diene 1401 in 
varying amounts (0-20%). The results indicate that elongation of the reaction time after full 
conversion of the starting material or temperature increase, as to be expected led to increased 
formation of 1401. This motive is however interesting, as taxane natural products with this diene in 
the C-ring exist,364 offering an opportunity for access to these natural products in a synthetic 
strategy analogous to the one proposed for Taxinine L. 

 

Figure 333 Unnamed taxane natural product displaying the C-ring diene 

The inverted allylic alcohol of intermediate 1400 was then protected by MOMCl. The choice for 
this protecting group was based on high robustness of introduction at sterically congested alcohols 
and tolerance against a wide range of conditions. Subsequent oxidative desulfuration under the 
previously optimized conditions gave rise to the aldehyde 1403. Upon upscale is was noted 
however that the reaction on the C5-oxidized intermediate proceeded less clean than before and 
delivered lower yields of the desired aldehyde.  

 

Figure 334 Oxidative desulfuration of the substrate after allylic oxidation 
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Upon reoptimization of the reaction it was noted, first by Lu Pan, that reaction under the same 
conditions without any addition of the phosphite to quench the peroxide the corresponding 
carboxylic acid was obtained in a clean reaction. The crude carboxylate could be further 
quantitatively transferred to the corresponding methyl ester by treatment with TMS-diazomethane 
and isolated as such. 

 

Figure 335 Tentative mechanism of formation of the carboxylic acid 

The mechanism, as proposed in the literature before,365 operates presumably via E1cB elimination 
of the peroxide by another -deprotonation at the sultone, resulting in formation of an -acyl-
sultone. This moiety very labile against hydrolysis upon aqueous quench (comparable to  acid 
chloride) and subsequently forms the carboxylic acid 1406 accompanied by extrusion of SO2. 

 

Figure 336 Oxidative desulfuration of the C5-epimer 

The same procedure was tested for the epimeric MOM protected (R)-C5-OMOM alcohol to enable 
shorter access to starting materials to test and optimize the following steps. Surprisingly this 
reaction resulted under the same conditions reproducibly in a mixture of the corresponding 
aldehyde and carboxylic acid (ratio 4 : 1 (carboxylate : aldehyde)), but was otherwise relatively 
clean. Later results (the same reaction for (R)-C5-OPiv) hint towards the fact that an increase in 
steric bulk close to the reaction site of the oxidative desulfuration generally increases aldehyde 
formation, though the mechanism of this reaction in absence of a reducing agent remains unclear. 
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Figure 337 C2-OH Protection as MOM ether and summary of available substrates 

At this point, a number of C8 aldehyde or methyl ester intermediates is available, varying in the 
substitution at C5 ((R)- or (S)-OMOM, or without allylic oxidation), as the desulfuration 
methodology with the phosphite additive (to the aldehyde) and without (to the ester) could be 
generally transferred to all these substrates. Over the course of this project, all possible 
permutations were accessed and could be transferred cleanly to the corresponding C2-OMOM 
ether by stirring of the substrate neat in an excess of MOMCl and DIPEA. These conditions were 
investigated as MOM protection under standard conditions in solution (CH2Cl2) was found to 
proceed slowly (> 48 h).  

At this point a review of the synthesis route established so far seems to be appropriate. 

 

Figure 338 The synthesis route established towards Taxinine L 

An overview over the synthesis route so far is given in figure 338. The initial steps for ‘cage’ 
construction via isobenzofuran Diels-Alder and alkene-arene-ortho-photocycloaddition were 
utilized as investigated towards Canataxpropellane. Type C fragmentation of C12-C20 by TBAF 
triggered retro-aldol reaction was followed by type A fragmentation of the cyclobutane under Birch 
conditions. Upon reduction of the lactone by LiAlH4 a triol was obtained and subsequently 
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differentiated by di-mesylation, selective elimination of the C20-OMs mesylate to obtain the 
exomethylene moiety and pivaloyl protection of the remaining secondary alcohol. Condensation of 
the ‘elimination stable’ C2-OMs mesylate with the C8 ketone gave rise to the sultone upon 
reduction with NiCl2/NaBH4, which served as a tactic for homologation of the C-ring. The C5 
allylic alcohol was introduced by SeO2 mediated allylic oxidation and subsequently inverted to the 
desired (S)-C5OH configuration. Oxidative desulfuration could be achieved upon extensive 
optimization in synthetically useful yields to introduce the C9-carbonyl.  

Form here the major remaining operations are (a) the introduction of the quaternary center at C8 
by alpha methylation at the aldehyde/ester (as described in figure 338), (b) redox operations 
towards the C9/C10 di-aldehyde and (c) pinacol coupling to complete the 3,11-monocyclotaxane 
scaffold. 

3.2.7. -Methylation and Installation of the C8 Quaternary Center 

 

Table 51 Screening for conditions for C8 deprotonation 

conditions results 

1 KHMDS, -78°C to 0°C then D2O* no conversion 

2 KHMDS, -78°C to 0°C, then 18-crown-6, 30 min, then D2O* no conversion 

3 LDA, HMPA, -78°C to 0°C, then D2O* no conversion 

4 NaNH2, -78°C to 0°C then D2O* no conversion 

5 NaH, DMF, r.t. then D2O* no conversion 

6 NaH, THF, 90°C (sealed tube), then D2O* no conversion 

7 NaOCD3, d4-MeOH, r.t. then D2O* no conversion 

8 NaOCD3, d4-MeOH, 90°C then D2O* no conversion 

9 MeLi, THF, -78°C then D2O* no conversion 

10 nBuLi (stochiometric), THF, -78°C to 0°C then D2O* no conversion 

11 nBuLi (exc.), THF, -78°C to 0°C then D2O ketone 1420 

12 TMSOTf, NEt3, CH2Cl2, -78°C ammonium salt 1419 

13 KDA (in-situ from LDA, KOtBu), THF, -78°C to 0°C then D2O no conversion 
 

 

Figure 339 Side products obtained upon attempted C8 deprotonation 
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Initial attempts to reproduce the procedure for -methylation of the C9 ester established for 
Canataxpropellane, a fundamental issue was met, as it was not feasible to deprotonate the -
position of the ester. This might trace back to the oxidative desulfuration, as this method delivers 
the (S)-C8-epimer as opposed to the reduction of the .unsaturated ester in case of the 
Canataxpropellane synthesis which results in the (R)-C8-epimer. The issue might be tentatively 
assigned to one of two reasons, either steric hindrance or a significant rotational barrier which 
conformationally locks the ester in a position which does not grant sufficient overlap between the 
-CH bond in -position and the carbonyl -orbital. 

A wide range of bases was eventually tested, initially many by Lu Pan (conditions marked by the 
asterisk in table 51) and are given here for the sake of completeness. Usually excess of the base can 
be assumed if not otherwise stated in the conditions. Previously successfully employed bases LDA 
in presence of HMPA and KHMDS could not suffice deprotonation, even at elevated temperatures. 
Addition of 18-crown-6 to KHMDS to increase reactivity of KHMDS did not change this outcome. 
NaNH2 was tested based on the rational of a sterically less hindered kinetic base, but did not 
succeed. Thermodynamic bases as NaH and deuterated sodium methanolate in d4-MeOH did not 
effect any deuterium exchange, even under forcing conditions (heating to 90°C for > 8h) for both. 
MeLi and nBuLi in stochiometric amounts did also not suffice deprotonation. When used in excess 
and warmed to 0°C nBuLi eventually caused formation of the ketone 1420 which however was not 
found to be -deuterated. An attempt to effect activation on the carbonyl by TMSOTf and NEt3 as 
base resulted in a highly polar intermediate which upon extensive 2D-NMR analysis, in lack of any 
other explanation, was tentatively assigned to 1419, despite the unlikeliness of this representing a 
stable structure. Treatment with KDA as a more reactive congener of LDA further also effected no 
alpha deprotonation. 

As the low reactivity of ester 1414 against deprotonation represents a major synthetic obstacle, 
further options were identified, among them the option to transfer the ester into C8-inverted 
lactone 1421 (see below figure 340) which can be then deprotonated at C8. This was followed by a 
series of experiments to determine the mechanism and the properties of this intermediate as a base 
for further investigations towards the desired -methylation. The results of these experiments as 
summarized in the following paragraphs. 

Ester deprotonation findings A: Ester deprotonation is possible with KDA/18-crown-6 

 

Figure 340 C8 Inversion and lactone formation 

Using the (R)-C5-OMOM isomer (in contrast to the previously utilized (S)-C5-OMOM epimer) it 
was observed that treatment with KDA, in-situ prepared from KOtBu and LDA,366 in presence of 
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18-crown-6 led to facile conversion of 1416 to the lactone 1421 upon warming up to -20°C. Upon 
repetition of this reaction using a D2O quench, it was recognized that deuteration was observed. 
Further, it was assumed that the configuration at C8 must have been inverted towards this product. 
This is critical, as this configuration of the proton is expected to be accessible again for common 
kinetic bases. Thus, while the ester 1414 poses an intractable substrate for direct deprotonation, the 
lactone 1421 as a synthetic surrogate of the same strategic merit might represent a tractable 
alternative.  

Ester deprotonation findings B: The reagent is instable 

As the reagent combination of KDA and 18-crown-6 is not literature known to the best knowledge 
of the author, it seemed mandatory to investigate the basic properties of this reagent. As KDA is 
already known as a significantly stronger base compared to LDA (pKa ≈ 35),366 instability of the 
adduct with 18-crown-6 is to be expected. This was indeed the case, as upon warming to -20°C, the 
crude NMR indicated that most of the crown-ether was deprotonated by the base and eliminated to 
give 1423. 

 

Figure 341 Elimination of 18-crown-6 under the reaction conditions 

Subsequent experiments on this base combination by Lu Pan by screening the stability of the 
reagent at varying temperatures (indicated by crude 1H-NMR upon quench) revealed the slow 
metalation of 18-crown-6 at any temperature tested down to -100°C, though in varying amounts. 

Ester deprotonation findings C: Configuration at C8 and conformation of the C-ring 

 

Figure 342 Confirmation of the substrate configuration at C8 before and after inversion 

NOESY analysis of the lactone proved the configuration at C8, initially assigned based on the 
typical steric bias of the C-ring for reagents approaching from the (si)-face, as correct. As 
mentioned before, it is expected that this configuration allows for much more facile deprotonation 
compared to the ester 1416.  
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The configuration of the ester 1416 at C8, initially proposed to be identical with the sultone 
configuration was also confirmed by NOESY. The preferred conformation of the C-ring of ester 
1416, which has been an open question to this point could also be established as boat-like 
conformation on substrate 1416 and the C5-OH unprotected epimer 1424 (the latter was added as 
spectra of higher quality were available for this substrate). 

Ester deprotonation findings D: The first step is likely deprotection of the TBS group by the 
KDA/18-crown-6 reagent and plays a critical role in the ease of deprotonation 

 

Figure 343 Cleavage of the C10 silyl ether as critical factor 

The first step of the mechanism is likely deprotection of TBS by the KDA/18-crown-6 reaction 
mixture. This might then either a) led to a lactone which is easier to deprotonate b) no lactone 
formation, but ease steric access to the proton c) no lactone formation, but intramolecular 
deprotonation of the ester by the alcoholate. Deprotection of the ester 1416 with TBAF delivered 
the free primary alcohol 1425, indicating no facile lactone formation. The following treatment of 
1425 with KDA, but without 18-crown-6, led again to the formation of the lactone (though with 
concomitant deprotection of the pivaloyl group). In contrast to this treatment of the TBS protected 
intermediate with only KDA gave no conversion. This confirms the hypothesis b, c. 

Ester deprotonation findings E: Intramolecular reaction is likely the reaction for a facile reaction 
after TBS removal, not steric hindrance. 

 

Figure 344 Intramolecular deprotonation as a critical element of the C8 deprotonation 

If the free primary alcohol is methylated and subsequently treated with either KDA or LDA, then 
quenched with D2O, no deuterium incorporation is observed. As the free primary alcohol under the 
same conditions yields the lactone 1421, it can be concluded that not steric hindrance is critical, as 
the additional steric hindrance of a methyl group is neglectable in this scenario, but rather 
intramolecular deprotonation via the alcoholate. 
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Figure 345 Tentative mechanism of C8 inversion and lactone formation 

In this scenario, KDA/18-crown-6 deprotects the silyl ether of 1416, yielding the potassium 
alcoholate 1428 which then effects intramolecular deprotonation of the ester moiety. Kinetically 
controlled protonation of the enolate from the more accessible (si)-face returns the epimerized (R)-
C8 ester which undergoes spontaneous lactone formation to 1421. 

Ester deprotonation findings F: The (R)-C8 substrate can undergo facile deprotonation with bases 
that do not facilitate deprotonation on the (S)-C8 substrate. 

 

Figure 346 Reactivity increase upon C8 inversion 

In contrast to the (R)-C8 ester 1416, deprotonation of the (S)-C8 lactone 1431 was successful using 
LDA upon temperature increase from 78°C to -20°C, though with concomitant pivaloyl 
deprotection. After 15 min at -20°C around 60% deuterium incorporation was observed, giving 
testimony to facile deprotonation. Reverse exchange was also tested and warming to 0°C eventually 
gave quantitative dedeuteration of the deuterated compound x. This proves that intermediate 1431 
is of significant strategic value, as it can function as a synthetic analogue to the ester 1416, but 
allows for the application of common alpha methylation methodology using anionic bases. 

Ester deprotonation findings G: If the 5-(S)-OMOM epimer is used, TBS deprotection is strongly 
inhibited and lactone formation is not observed. 

 

Figure 347 Unexpected reactivity changes for the (S)-C5 epimer 

Attempted transfer of the KDA/18-crown-6 protocol to the (S)-C5-OMOM epimer by Lu Pan did 
not yield the expected lactone in analogy to the (R)-C5-OMOM intermediate. Instead, only a 
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mixture of epimerized ester 1433 (30%), still bearing the silyl ether at C10-OTBS, and a compound 
which was tentatively assigned to the SN2’ product 1434, alongside with recovered starting material 
were obtained. As attempts to increase conversion resulted mostly in an increase of the SN2’ 
product 1434, this operation can be judged impractical for further use. The tendency of 1414 to be 
strongly deactivated towards desilylation prevailed upon treatment with TBAF, as no reaction 
could be obtained even under forcing conditions. This was later observed to be a general 
phenomenon for these intermediates, as substitution at C5 or C8 drastically affects the accessibility 
of the TBS ether. 

 
Figure 348 Different reactivities of the (R)-and (S)-C5 epimers 

As the previous experiments proved desilylation critical for achieving the C8-epimerization, this 
renders the (S)-C5-OMOM intermediate a potential dead-end, unless a suitable methodology to 
effect desilylation can be found. 

 

Table 52 Condition screening for C8 -methylation 

R conditions  result 

1 Piv 
KDA, 18-crown-6, THF, -78°C to -20°C,  

then -78°C, MeI, to -20°C ketene acetal 1440 

2 Piv LDA, THF, -78°C to 0°C, then -78°C, MeI, stepwise to r.t. C13-OH, no C-alkylation 1439 

3 H LDA, THF, -78°C to 0°C, then -78°C, MeI, rapid to r.t. C13-OMe, no C-alkylation 1439

4 H LDA, THF, -78°C to 0°C, then -78°C, HMPA, MeI, rapid to r.t. C13-OMe, no C-alkylation 1439

5 H KDA, THF, -78°C to -20°C, then -78°C, MeI C13-OMe, no C-alkylation 1439

6 H KDA, THF, -78°C to -20°C, then -78°C, MeI, stepwise to r.t. C13-OMe, ketene acetal 1439 

 

Attempts towards C-methylation using the conditions as previously utilized for Canataxpropellane 
yielded exclusively the ketene acetal 1440. While it can be generally expected that 18-crown-6 as 
additive facilitates the O-alkylation towards the ketene acetal, C-alkylation prevailed in the previous 
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intermediate 1152 with excellent selectivity. Treatment of the lactone under the same conditions 
but without 18-crown.6 gave again the ketene acetal 1440. Lithium enolates suffered in contrast to 
generally low reactivity for these substrates. Even though previous deuteration studies showed facile 
enolization under the employed conditions, no alkylation could be observed, even upon the 
addition of HMPA. 

 

Table 53 Conditions screened for hydroxymethylation of the lactones 

R conditions  result 

1 Piv KDA, THF, -78°C to -20°C then dry formaldehyde (g) Piv deprotection 
no hydroxymethylation 

2 H LDA, THF, -78°C to -20°C then 0°C, dry formaldehyde (g)367 no conversion 

3 H KDA, THF, -78°C to -20°C then -78°C, 18-crown-6 
 then -20°C, dry formaldehyde (g), to r.t. 

no conversion 

 

As an alternative approach to direct alpha alkylation hydroxymethylation367 was attempted, based 
on the rationale that formaldehyde reaction with the O-nucleophile would result in reversible 
elimination of formaldehyde, preventing reaction with the O-nucleophile. A hydroxymethylation 
product could then have been transferred to the desired methyl group by deoxygenation. However, 
hydroxymethylation by injection of gaseous formaldehyde from paraformaldehyde, transferred 
over a drying column to either the lithium- or potassium enolate did not result in conversion of the 
substrate. However, it must be noted that this does not constitute exhaustion of the possible 
synthetic options, as especially reaction of the corresponding silyl ketene acetal with formaldehyde 
in presence of lanthanoid salts might still offer further options to enable this reaction. 

 

Figure 349 -Oxidation as side reaction upon enolization 

As a final remark on the reactivity of potassium enolates of the type of lactone 1442 it may be noted 
that, as later observed by Lu Pan,330 the sodium and especially potassium enolates with HMDS bases 
tend to undergo alpha oxidation in non-degassed medium to the tertiary alcohol 1443, even in 
synthetically useful yields. HMDS bases further also did not effect pivaloyl deprotection in contrast 
to LDA, even at increased temperatures. Further experiments towards -methylation using these 
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base systems have been carried out by Lu Pan, but did not succeed to produce the desired 
quaternary center. 

 

Table 54 Conditions screened for -methylation at the intermediate 1425 

conditions  result 

1 NaH, THF, 0°C to r.t. then MeI 1427 + 1445 (1 : 0.8) + start. mat. 

2 NaH, DMSO, 0°C to r.t. then MeI methyl ether 1427 

3 NaH, THF/DME (3 : 1) 0°C to r.t. then MeI 1427 + 1445 (1 : 0.5) + start. mat. 

4 LiH, THF, r.t. then MeI no conversion 

5 NaH, THF/tBuOH (1 : 1), 0°C to r.t. then MeI Lactone1431 

6 NaH, iPrNH2/THF (2 : 1), 0°C to r.t. then MeI no conversion 

7 NaH, Et2O, 0°C to r.t. then MeI lactone 1431 

8 NaH, THF/Et2O (1 : 1), 0°C to r.t. then MeI 1427 + 1445  (5 : 1) 

9 KDA, THF, -78°C to -20°C then MeI, stepwise to r.t. ketene acetal 1440 

 

Intramolecular deprotonation of the ester 1425 by the anion of the free C10 alcohol was previously 
observed in the reactions towards the lactone 1431. One may speculate that if an equilibrium as 
described above exists in aprotic media, the anion species can be trapped by methyl iodide. This 
may lead to three different outcomes: a) O-alkylation at the primary alcohol to 1427 b) C-alkylation 
at the enolate (if the enolate is the preferred species) to 1444 c) lactone formation upon aqueous 
quench (if the reactivity of MeI is too low to trap the anion). Curiously, initial experiments using 
sodium hydride as base in aprotic media gave rise to the methyl ether 1427 and a fragmented 
species which was identified as 1445. These species were reproducibly produced in different ratios 
when utilizing different solvent mixtures. In THF/Et2O 1 : 1, the species 1445 was even the major 
product, yielding enough of the substance to allow for detailed NMR characterization. The use of 
DMSO on the other hand gave facile conversion to exclusively methyl ether 1427. Use of protic 
media (tBuOH) resulted as to be expected in conversion to the lactone 1431 in a relatively clean 
reaction. Utilizing pure ether as solvent gave also conversion to the lactone, supposedly by low 
reactivity of the formed anion due to stronger coordination and/or higher aggregation of the 
species compared to THF. Treatment with KDA at cryogenic temperatures as before and addition 
of methyl iodide resulted in the formation of the ketene acetal again. Utilization of lithium hydride 
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and in-situ formed LDA (entry 6) gave no conversion. As none of these conditions gave any 
significant amount of the desired alpha methylation, the underlying hypothesis may be put into 
question and the approach was not further followed. 

 

Figure 350 Tentative mechanism of the observed C3-C11 fragmentation 

Curious however was the formation of the fragmented species 1445. Figure 350 describes a 
tentative mechanism. It is speculated that the significant excess of MeI used in this reaction (102-103 
equiv. range) may produce stoichiometric amounts of iodine by interaction with ambient light 
(either in the reaction vessel itself or as contamination of the methyl iodide reagent stock). 
Activation of the exomethylene moiety by iodine may result in fragmentation along C3-C11 to give 
a tertiary C11 cation. Trapping of this cation by a nucleophilic species X-, likely iodide from the 
product’s carbon shift at C11, results again in a neutral intermediate. Intermediate 1447 may then 
undergo a vinylogous E1cB elimination of the allylic iodide under basic conditions to restore the 
exomethylene moiety.  

 

Figure 351 Analogous C3-C11 fragmentation observed for the aldehyde 1413 

A closely related reaction was also observed by Lu Pan330 upon attempted alpha methylation of the 
aldehyde 1413. In this case, a reaction mechanism closely related to the above example can be 
assumed, except that no subsequent E1cB elimination could take place on this substrate, hence the 
allylic iodide itself is isolated. These results indicate that the above mechanism is likely correct and 
that this represents a general reactivity of this scaffold. 
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Figure 352 Hypothetical iodine mediated fragmentation of the Taxinine L scaffold to the classical taxane scaffold 

One may speculate that transfer of the reactivity observed for 1425 in presence of iodine might be, 
upon careful optimization, transferred to Taxinine L, one of the major targets of this total synthesis 
to allow rapid access to the classical taxane scaffold by a unified synthetic strategy. As an 
intermediate as 1450 would be obtained at a high degree of oxidation and stereochemically fully 
decorated, one might speculate that a wide range of classical taxanes would be accessible by few 
synthetic operations. As such, this reaction would constitute a useful tool to bridge 3,11-
monocyclotaxane synthesis and classical taxane synthesis. 
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Table 55 Conditions screened for selective reduction of the C8 methyl ester 

Conditions Substrate result 

1 DiBAlH (exc.), CH2Cl2, -78°C, quench 
with NH4Cl* 

5-(S), R2 = OMOM, R1 = OMe undefined 

2 DiBAlH (0.8 equiv.) , CH2Cl2, -78°C, 
quench with AcOH/THF* 

5-(S), R2 = OMOM, R1 = OMe piv deprotected 

3 DiBAlH (0.8 equiv.) , toluene, -78°C, 
quench with AcOH/THF* 

5-(S), R2 = OMOM, R1 = OMe piv deprotected 

4 Red-Al (exc.), toluene, 0°C* 5-(S), R2 = OMOM, R1 = OMe piv deprotected 
5 LiBHEt3 (exc.), THF, -78°C to r.t.* 5-(S), R2 = OMOM, R1 = OMe diol 
6 LiAlH4 (exc.), THF, 60°C* 5-(S), R2 = OMOM, R1 = OMe diol 
7 BH3*SMe2 (exc.), THF, 0°C to r.t.* 5-(S), R2 = OMOM, R1 = H no conversion 
8 BH3*THF (exc.), THF, 0°C to r.t.* 5-(S), R2 = OMOM, R1 = H no conversion 
9 Na (exc.), iPrOH, reflux 5-(R), R2 = OPiv, R1 = OMe alcohol 1452 

10 Na (exc.), iPrOH, reflux 5-(S), R2 = OMOM, R1 = OMe alcohol 1452 
 

After the drawbacks upon attempted methylation of the lactone 1431, it was decided to 
investigate alkylation of the corresponding aldehyde intermediate instead. Though this aldehyde is 
already available by oxidative desulfuration and subsequent phosphite quench, the oxidative 
desulfuration towards the carboxylate was observed to be significantly more robust towards 
substitution pattern and upscale. Thus conditions for the selective reduction of the methyl ester and 
reoxidation to the aldehyde were deemed desirable. The screening presented in table 54 was carried 
out in parallel with Lu Pan (conditions marked with an asterisk). Surprisingly, DIBAlH which is 
usually reported to allow for excellent differentiation based on the steric hindrance of the pivaloyl-
/methyl-ester resulted in selective reduction of the pivaloyl ester at -78°C. Red-Al further also 
reduced predominantly the pivaloyl ester. LiBHEt3 and LiAlH4 in excess gave clean formation of the 
diol. This was carried out with the perspective of selective reoxidation of the primary alcohol and 
reprotection of the secondary alcohol in mind. Chemoselective reduction of the free carboxylic acid 
by BH3*THF or BH3*SMe2 was attempted as an elegant solution for this differentiation problem, 
but no conversion could be achieved. Eventually, classical Bouveault-Blanc conditions using an 
excess of sodium in refluxing isopropanol gave rise to the primary alcohol without concomitant 
reduction of the pivaloyl ester. This reaction was surprisingly clean and selective given the 
complexity of the substrate. These conditions could be also transferred to the (S)-C5-OMOM 
substrate with comparable results. Oxidation of the primary alcohol to the aldehyde was successful 
using IBX in DMSO. 
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Table 56 Conditions screened for -methylation of the C8 aldehyde 

Conditions Substrate result 

1 KHMDS, 18-crown-6, THF, -78°C, then MeI 5-(S), R = OMOM enol ether 1456 

2 KOtBu, THF, r.t., then MeI 5-(R), R = OPiv enol ether 1456 

3 KOtBu, THF, r.t., then MeI 5-(R), R = OMOM enol ether 1456 

4 KOtBu, THF, r.t., then MeI 5-(S), R = OMOM enol ether 1456 

5 LDA, THF, -78°C, then MeI* 5-(S), R = OMOM no conversion 

6 LDA, THF, -78°C to 0°C, then MeI* 5-(S), R = OMOM decomposition 

7 LDA, THF, -78°C, HMPA, then MeI, to r.t. 5-(R), R = OPiv no conversion 

8 LiOtBu, THF, r.t., then MeI* 5-(S), R = OMOM no conversion 

9 LiHMDS, THF, -78°C, then MeI* 5-(S), R = OMOM addition, OMe 

10 LiHMDS, HMPA, THF, -78°C, then MeI, to r.t. 5-(R), R = OPiv no conversion 

11 DBU, MeI, CH2Cl2 (sealed tube), up to 120°C 5-(R), R = OPiv no conversion 

12 BEMP,368 MeI, THF, r.t. 5-(R), R = OPiv no conversion 

13 LiOtBu, HMPA, THF, r.t., then MeI 5-(R), R = OPiv 20% enol ether 1456, start. 
mat. 

14 KOtBu, MeI, CH2Cl2, tBuOH, r.t. 5-(R), R = OPiv 30% enol ether 1456, start. 
mat. 

 

Conditions for alkylation of the aldehyde were screened in parallel by Lu Pan and the author, 
conditions tested first by Lu Pan330 are marked by an asterisk in table 55. Treatment under kinetic 
conditions with KHMDS, 18-crown-6 at -78°C gave exclusive formation of the enol ether 1456. The 
same result was obtained under kinetic conditions by KOtBu in THF followed by MeI. The reaction 
was shown to be selective for O-alkylation independent of the C5 stereocenter and steric bulk of the 
protecting group (entry 2-4). Reversible deprotonation in the presence of KOtBu and lower base 
concentration did not change this result (entry 14). The use of lithium enolates did, as expected, 
lower the tendency for O-alkylation, but resulted in either no conversion or decomposition. 
Addition of HMPA allowed for some conversion using LiOtBu as a base but resulted again in enol 
ether formation. Nonionic bases as DBU, BEMP368 could not achieve any conversion, even under 
forcing conditions. 
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Table 57 Conditions screened for -methylation of a C8 aza enolate 

conditions  R result 

1 KDA, THF, -78°C to 0°C then MeI 5-(R), R = OPiv mixture, no C-alkylation 

2 KDA, THF, -78°C, then D2O 5-(R), R = OPiv no conversion 

3 KDA, THF, -78°C to -20°C then D2O 5-(R), R = OPiv likely Piv deprotection, no 
deuteration 

4 
LDA, THF, -78°C to r.t., then -78°C, MeI, to 

r.t.* 5-(S), R = OMOM no conversion 

5 
LDA, HMPA, THF, -78°C to r.t., then -78°C 

then MeI, to r.t.* 5-(S), R = OMOM no conversion 

 

To circumvent the issue of O-alkylation, it was attempted to alkylate the corresponding aza 
enolates, as aza enolates usually display a pronounced tendency for C-alkylation.369 Synthesis of the 
imines 1457 was straightforward in neat iso-propylamine in presence of mole sieves. However, 
initial trials using KDA, MeI failed. Subsequent deuteration experiments revealed that 
deprotonation of the substrate is problematic. At elevated temperatures treatment with KDA 
appears to result in pivaloyl deprotection, but no deuteration. Alkylation attempts by lithiation of 
the less sterically hindered (S)-C5-OMOM substrate, later tested by Lu Pan330 and given here for the 
sake of completeness (entries marked in the table by an asterisk), gave no conversion, even in 
presence of HMPA. These results hint towards a deprotonation issue comparable to the issues 
concerning deprotonation of the corresponding ester with the same configuration, 1414, before. 
However, in principle, even more drastic conditions would be at hand to enforce the deprotonation 
of the imine, thus options towards this approach may not yet be fully exhausted. 
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Figure 353 Summary -methylation approaches 

In summary direct -alkylation by methyl iodide has been tested for the carbonyl compounds listed 
in figure 353. A major issue was deprotonation of the (S)-C8 ester, which was not feasible even 
under drastic conditions. This was shown to be independent of the steric bulk of the C10-
protecting group by comparison with intermediate 1427, which suffers from the same issue. The 
free alcohol 1425 eventually allowed for deprotonation of the C8 ester, likely by intramolecular 
proton transfer, but no -methylation could be established due to several competing reactivities. 
The lactone 1431, possessing a (R)-C8 configuration also underwent facile deprotonation, but 
suffered from low reactivity of the lithium enolates and pronounced -alkylation tendencies for the 
potassium enolates. The aldehyde 1413 showed in essence the same reactivity, though facile enol 
ether formation was obtained, C-alkylation was not feasible. The prospective aza-enolates of the 
imine 1456 were difficult to obtain owing to deprotonation issues similar to the ester 1414. 

3.2.8. Alternative Options for Construction of the C8 Quaternary Center 

Alternative options for installation of the quaternary center, designed around pinacol strategy 

As the introduction of the quaternary center at C8 by methylation at a carbonyl became a major 
obstacle in the course of this synthesis it is indicated to discuss some alternatives to the strategies 
tested so far. One can distinguish these in two categories: a) reactions that set up the quaternary 
carbon with an adjacent C9-carbonyl (or a synthetic equivalent thereof) to enable to ring closure 
towards the pinacol bearing 5-membered ring by pinacol coupling and b) strategies that tackle the 
ring closure by other means with concomitant construction of the C8 quaternary center. The 
following figure 354 gives an overview of the reactions that may be applicable towards the former 
(‘pinacol-closure’) strategy. 
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Figure 354 Overview alternative options for C8 methylation (see text for references) 

Even though aza-enolate based strategies were subject to preliminary testing, these approaches still 
hold significant potential (I). The major advantage of using aza-enolates is a comparably high 
tendency for C-alkylation, even if comparably reactive methylating reagents as MeOTf and elevated 
temperatures or potassium salts are employed.369 This may help overcome steric hindrance and low 
reactivity at this position while maintaining selectivity. One might consider using SAMP for 
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hydrazone formation,370,371 as deprotonation on the alkoxy bearing hydrazone to the aza enolate 
might overcome previous issues with deprotonation by additional coordination/directing effects.  

As the aldehyde and lactone show a high tendency towards enol ether formation, one might employ 
the corresponding silyl enol ethers or enamines as nucleophiles for a Lewis acid mediated alkylation 
(II). A major obstacle in this scenario is that there is no synthetic option for a suitable electrophile 
that directly results in a methyl group. However, one may employ a corresponding synthetic 
equivalent (e.g. hydroxymethylation372), which can then be converted to the desired methyl group 
by  defunctionalization reaction. 

The congested scaffolds of the intermediates in question commonly inhibit intermolecular 
reactions. Intramolecular reactions on the other hand are often facile. This train of thought leads to 
tether approaches, as presented in (III) and (IV). Silicon-based tethers may be introduced to the 
C2-OH or C5-OH secondary alcohols by halogenides of the type TfOSi(R)2CH2X and may allow 
then for a 6-exo-tet reaction of the aldehyde or lactone enolate which serves as a synthetic surrogate 
for the methyl group until fluoride mediated desilylation, at a later stage.373 

Besides this, radical-based reactions might offer additional opportunities, especially as these 
reactions tend to be robust against the significant steric hindrance of the substrate. A general issue 
of these approaches is again direct generation of the methyl group, as ‘methyl radicals’ as well as a 
‘methyl radical acceptor’ are not directly applicable, thus have to be replaced by a corresponding 
synthetic equivalent. A useful reagent in this context might be the sulfonyl hydrazone depicted 
towards 1459 as radical acceptor,331 as it can be easily converted to a methyl group under basic 
conditions. The corresponding alpha radical might be generated by McMillans SOMO 
organocatalysis (V),374,375 as well as by more classical means, e.g. from the alpha halogenated 
carbonyls, Mn(III) mediated in-situ enol oxidation or by MHAT to a ,-unsaturated carbonyl 
(VI).331,376 
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Figure 355 Alternative strategies for installation of the C8 quaternary center circumventing methylation 

Further strategic options involve cyclopropanation of the enol ether 1460, whereas the 
cyclopropane may then be cleaved by either fluoride mediated desilylation and ring opening by the 
alcoholate, or by radical mediates reactions (VII).377 A variation of this may include 
cyclopropanation of the enal 1473 (e.g. by Corey-Chaykovsky reaction) and reduction, or 
Simmons-Smith cyclopropanation of the corresponding allylic alcohol towards the cyclopropane 
1474, which may then be opened by palladium or platinum mediated hydrogenolysis.378 Thereby 
the steric hindrance of the protecting group at the allylic alcohol might control the site selectivity of 
the hydrogenation (VIII). Further Cyclopropanation might be achieved by an intramolecular 
reaction via elaboration of the primary alcohol C10-OH to a diazo-acetate. Cyclization via the 
carbenoid Cu- or Rh complex and ring opening by single electron transfer by SmI2 or comparable 
reagent might further serve to construct the quaternary center at C8 (IX). 61,62,379 

Another intramolecular cyclization approach might be obtained by the introduction of the cyano 
formate 1479 by reaction of the primary alcohol C10-OH with carbonyl diimidazole and potassium 
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cyanide (X). Upon cyclization with the C8-enolate the lactone 1480 might be obtained, from which 
the desired intermediate 1481 may be obtained by deoxygenation of C19. 

Further, the vinyl sultone might be used for the introduction of the quaternary center by 1,4 
addition of a synthetic surrogate for a carbonyl, e.g. by cyanide addition (XI).342,345 Reductive 
desulfuration338 by electron transfer or by Raney-nickel might provide the desired intermediate 
1483. 

 

Figure 356 Late stage strategy for the introduction of the C8 quaternary center 

Alternatively, a late-stage introduction of the quaternary center might be obtained by pinacol-
coupling of the enal 1473. In this strategic proposal, the obtained olefin 1484 may then be subjected 
to cyclopropanation One may note that the regio- and diastereoselectivity of this operation may be 
generally non-trivial, but can be supposedly controlled to some degree by the introduction of 
directing/bullying groups at the allylic or homoallylic position. Platinum catalyzed 
hydrogenolysis378 of the cyclopropane might then result in the formation of the desired methyl 
group. A highly attractive feature of this approach is the option to subject the olefin 1484 
alternatively to epoxidation, obtaining directly a candidate for base mediated fragmentation to the 
classical taxane scaffold by the previously discussed type B fragmentation.  

 

Figure 357 Construction of the C9-C10 connectivity via pinacol coupling 

Notably, all strategies I-XII proceed via the proposed pinacol cyclization. Though one may strongly 
assume that this previously (for Canataxpropellane) successful strategy can be transferred to the 
3,11-monocyclotaxanes, it is advisable to consider alternative cyclization strategies. The experiences 
with the scaffold in question showed up to this point a significant tendency towards the emergence 
of surprising changes in reactivity upon comparably minor changes in the substrate. Figure 358 
summarizes a number of such alternative cyclization strategies (XIII-XVIII). 
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Alternative options for concomitant (non-pinacol-c.) cyclization and installation of the quaternary 
center. 

 

Figure 358 Strategies for C8-C10 cyclization with concomitant formation of the C8 quaternary center 

Elaboration at C10 to the corresponding diazo ketone via the carboxylic acid chloride might enable 
cyclopropanation to intermediate 1494. Cleavage of the cyclopropane 1494 by electron transfer to 
the ketone might then result in the formation of the desired quaternary center 1495 (XIII). The 
introduction of a fragment bearing an electron withdrawing group (CO2Me, CN) might thereby 
alternatively allow for use of the Regitz diazotransfer for the introduction of the diazo moiety. 

Conversion of the primary alcohol C10-OH to the cyanide via the mesylate might enable a MHAT 
based cyclization strategy.331 As e.g. the [Fe]-based MHAT reagent by Baran and coworkers380 has 
excellent selectivity for atom transfer to the exocyclic position of the exomethylene group, one may 
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expect the formation of the methyl group and concomitant cyclization by addition of the tertiary 
radical to the cyanide, to yield upon hydrolysis of the resulting imine the ketone 1498 (XIV). 
Alternatively, the same disconnect can be achieved by a Ni(0) catalyzed methodology by Ogoshi 
and coworkers.381 

A mechanistically different scenario poses Pd-catalyzed cyclization which may be initiated by either 
a Z-vinyl halide precursor (XV) or an enolate (XVI). Addition of the organopalladium complex to 
the exomethylene moiety should result in intermediate 1500. While literature known methodology 
usually utilizes these types of intermediate rather for subsequent reactions (cyclization cascades or 
carbonylation with CO), there are published examples of reductive elimination of the in-situ 
generated palladium hydride.382 This would constitute an opportunity to put some less commonly 
applied methodology to test. 

The reaction of the primary alcohol C10-OH with carbonyl diimidazole and phenyl selenide should 
deliver the selenyl carbonate 1502. Photochemical homolytic C-Se bind cleavage should result in an 
acyl radical which has been demonstrated before to undergo cyclization with exomethylene 
moieties to form in presence of TTMSS a methyl bearing quaternary carbon (XVII).383  

Intramolecular 1,4-addition of an enolate to the vinyl-sultone 1504 is expected to deliver the 
sultone which may undergo reductive desulfuration338 via electron transfer or Raney-nickel to 
obtain the desired intermediate 1495 (XVIII). 

 

Figure 359 Further strategies for C8-C10 cyclization with concomitant formation of the C8 quaternary center 

1,3-Dipolar cycloaddition (IXX) might pose another option to install the desired C8-C9 
connectivity and the C8 quaternary center. In this scenario, a nitrile oxide as 1505 might serve as a 
precursor of the 1,3-dipolar cycloaddition, followed by reductive cleavage of the dihydro-isoxazole 
to give the primary alcohol 1506. Deoxygenation should then deliver the desired C19 methyl group. 
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Alternatively, one might speculate about thermal [2+2]-cycloaddition to the cyclobutanone 1509 by 
the corresponding ketene, generated in situ from the ethynyl ethyl ether 1508.384 Eventually, Ti(IV) 
mediated cyclization using an enyne as 1510 might lead to a metalla-cyclopentene 
intermediate,385,386 which can then be cleared by means of protolysis to intermediate 1511. 
Oxidative cleavage of the C9 exomethylene moiety should then result in the cyclopentanone 1498. 

 

Figure 360 Orthogonal strategies for construction of the C9-C10 diol and the C8 quaternary center 

Notably, these different approaches I-XVIII constitute sets of reactions that are orthogonal to each 
other concerning the major two liabilities. Those are the reductive desulfuration,338 as there could a 
scenario arise where reductive desulfuration is only viable under drastic conditions that are not 
compatible with the rest of the structure and the stereoselectivity of the pinacol coupling, as there 
could be a scenario where slightly different substrate geometry leads to a loss of selectivity for the 
desired trans-pinacol. If any of these issues are encountered and cannot be circumvented by 
adjustment of reaction conditions (screening), another approach towards the quaternary center and 
cyclization towards the pinacol moiety avoiding this reaction type should be always available. 

 

Figure 361 Radical mediated rearrangement upon attempted acyl radical addition at C8 

The acyl radical mediated ring closure383 has been later put to test by Lu Pan,330 but resulted 
exclusively in a 7-endo-trig cyclization, which again triggered an intramolecular reaction cascade 
towards the product 1512. Without added TTMSS this was the clear major product, with added 
TTMSS, product 1512 and the formate 1513 were obtained in a relatively clean reaction. While 
screening of the hydride additive might deliver an option to intersect the intramolecular follow-up 
reactions, the selectivity of the acyl radical addition towards a 7-endo-trig instead of the desired 6-



3.2.  Towards a Combined Synthesis of  Taxane Diterpenes 

299 

exo-trig cyclization is unlikely to be reversed. Curiously one might see a certain structural similarity 
between 1512 and the typical Harziane diterpenoid scaffold.387 

3.2.9. Endgame Strategy 

Assuming that the proposed strategies for the quaternary center and subsequent pinacol coupling 
or an alternative cyclization strategy succeed, the synthesis would enter the ‘endgame’ stage. Upon 
establishing the pinacol moiety, the major synthetic objective is to protect the alcohol 
functionalities and install the correct acylation pattern towards the corresponding 3,11-
monocyclotaxane. 

 

Table 58 Acylation patterns of Taxinine L type taxanes1 

R1 R2 R5 R9 R10 acylations

H OH OH OH OAc 1 

H OAc OH OH OH 1 

H OH OCinn OH OH 1 

H OH OCinn OH OAc 2 

H OAc OCinn OH OH 2 

OH OH OCinn OH OAc 2 

H OH OCinn OAc OH 2 

OH OAc OCinn OH OAc 3 

H H OCinn OAc OAc 3 

H OH OCinn OAc OAc 3 

H OAc OH OAc OAc 3 

H OAc OCinn OAc OH 3 

H OAc OCinn OH OAc 3 

H OAc OCinn OH OAc 3 

H OAc ORa OH OAc 3 

OH OAc OCinn OAc OAc 4 

H OAc OAc OAc OAc 4 

H OAc OCinn OAc OAc 4 

H OAc OGlc OAc OAc 4 

H OAc ORa OAc OAc 4 
 

An overview of acylation patterns in the 3,11-monocyclotaxane scaffold1 can be found in table 58, 
sorted by the number of acyl substituents. A corresponding strategic analysis, comparison or the 
prevalence of acetyl groups at the different secondary alcohols with the expected steric hindrance at 
this position. Local steric hindrance is relevant, as the relative nucleophilicity and deacetylation 
rates directly correspond to this, which will enable the development of a strategy by sequential 
acetylation/deacetylation reactions. 
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Table 59 Frequency of acylation in relation to the reactivity of the corresponding alcohol 

R1 = OH -> excluded R2 = H -> excluded

substituent ratio steric rank

R10 = OAc/OH 11/4 3 

R9   = OAc/OH 7/8 2 

R2   = OAc/OH 11/4 1 

R5   = OCinn/OH/OAc/others 8/3/1/3 n.d. 

 

From table 59, a few general trends can be observed: 

a) The most common combination is R10 = R9 = R2 = OAc, R5 = 0R, including Taxinine K, Taxinine 
L, Taxuspin C, Taxuspin H among other.1 Thus, it is attractive to acetylate R10, R9, R2 and 
differentiate R5 from other secondary alcohols to vary the substituent at this position. Further, the 
C5 position will later also serve for potential functionalization towards late-stage cyclization events 
towards other taxanes, adding weight to this proposal. 

b) A patter with all secondary alcohols OAc is expressed in Taxinine L. The combination all-OH is 
not literature reported. A pattern with all positions acetylated, except C5 (R5 = OH) is expressed in 
Taxinine K, which poses this intermediate as an ideal vantage point for late-stage cyclization 
strategies. 

c) Only R5 features commonly substituents other than OAc/OH, namely OCinn (cinnamoyl), OGlc 
(β-D-glucopyranosyloxy), ORa (3’-dimetyl-amino-3’-pheylpropanoyloxy, Winterstein’s acid 
ester).1 
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Figure 362 Endgame strategy towards multiple cyclotaxane natural products 

Based on this, the strategy depicted in figure 362 was proposed. Global acetylation after establishing 
the pinacol motive is indicated to avoid side reaction in the subsequent MOM deprotection, but 
further is also highly compatible with the desired acetylation pattern. Global MOM deprotection 
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will deliver intermediate 1533, which in turn can be converted in one step to multiple natural 
products. Global acetylation of 1533 (C5-OAc, C2-OAc) will deliver Taxinine L, monoacetylation 
of 1533 should deliver Taxinine K (C2-OAc, C5-OH) as C2-OH is usually expected to be more 
nucleophilic. Kinetically controlled deacetylation of 1533 is proposed to target selectively the 
sterically more accessible C9-OAC to yield the unnamed natural product 1514. Taxinine K (1251) 
in turn is an important vantage point, from here the natural products Taxuspin C, Taxuspin H, and 
another natural product can be selectively obtained by functionalization of C5-OH, the only 
unprotected secondary alcohol left (an excellent overview over the corresponding taxane diterpene 
structures can be found in a seminal review by Shi, Kiyota, Cong1). Further, Taxinine K enables 
several prospective late-stage cyclization events. Epoxidation of Taxinine K should deliver the 
epoxide 1535, from which the Dipropellanes A-C43 and Taxpropellane36 may be available by 
(biomimetic, following the proposed biosynthesis) 5-exo-tet- and respectively 4-exo-tet cyclizations. 
Oxidation of Taxinine K to the enone 1534 might further enable access to Canataxapropellane37 by 
a Michael addition/5-endo-trig cyclization. While this cyclization event should be disfavored as 
judged by the classical Baldwin rules, it has been experimentally observed before during these 
investigations (see chapter 3.2.10). Notably, a more recent extension and reinterpretation of the 
Baldwin rules assess this transformation, while not favored, as possible. Oxidation at C4 of the 
Canataxapropellane scaffold, e.g. by trapping of the enolate after Michael addition to the silyl enol 
ether and Rubottom oxidation should further also result in the formation of the Dipropellanes A-C. 

Further, the diene 1401, which is easily accessible by heating the selenium mediated allylic 
oxidation of 1383 to 140°C as observed before, can be potetnially elaborated to the diene bearing 
natural product 1537. 

3.2.10. Early Stage Cyclization Approaches towards Canataxapropellane 

Testing the cyclization events towards Canataxapropellane,37 Taxpropellane36, and the 
Dipropellanes A-C43 directly using synthetic late stage material may be a resource intensive 
undertaking, as material at that stage is scarce and preparation time intensive. Screening for 
suitable reaction conditions might thus be first carried out in earlier stage intermediates with the 
prospect to transfer these conditions later onto the late-stage intermediates. 

 

Figure 363 Fragmentation upon C12 deprotonation in presence of C8 acceptor functionalities 
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Earlier studies by Lu Pan330 first showed that the presence of an acceptor functionality at C8 leads to 
an instability of the substrate in presence of bases, an effect that the author later also observed in 
multiple instances and likely represents a general reactivity of these substrates. In consequence 
reaction with anionic thermodynamic bases as KOtBu, deprotonation occurs at the C12 -keto-
proton and subsequently leads to a retro-Michael type reaction, comprising fragmentation at the 
C3-C11 bond. If a leaving group at C2 is present, this will additionally lead then to an E1cB 
elimination triggered by the C7-C8 enolate.  

 

Figure 364 Radical mediated fragmentation/transannular cyclization upon generation of a C12 radical 

Alpha radical-based cyclization approaches also successfully generated the desired C12--keto-
radical, but led to the curious cyclization depicted in figure 364. Notably, this result fits the 
reactivity described before with bases very well, though the radical reaction led to an additional C-C 
single bond along C13-C20 to give the tertiary alcohol 1543. 

For this reason, only substrates with a quaternary center at C8 might be productive substrates for 
the desired cyclization reactions. Indeed, it was found by Lu Pan subsequently that cyclization 
strategies based on the sultone intermediate 1383 successfully showed the desired reactivity as 
described in figure 365.330 

 

Figure 365 Unexpected selectivity for 4-exo-tet cyclization of the C5 epoxide330 
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Pivaloyl deprotection of the substrate 1383 was initially found tedious, as nucleophilic conditions 
(e.g. sodium methoxide) did not effect cleavage of the ester, whereas strong reducing agents led to 
side reactions, seemingly by interaction with the sultone. However, the previously observed 
deprotection of the pivaloyl ester by tBuli upon warming to 0°C in THF for very short intervals of 
time gave rise to the secondary alcohol 1544 in acceptable yields (10 mg scale). Oxidation to the 
C13 ketone by PCC and subsequent epoxidation by an excess of mCPBA gave the desired epoxide 
1546. Later also single crystals of the intermediate were obtained by Lu Pan and X-ray diffraction 
analysis confirmed the configuration of the epoxide. This is critical, as only the (R)-C4 epoxide can 
be expected to undergo the desired cyclization. Treatment of the epoxide 1546 with KOtBu under 
thermodynamic conditions led to facile and selective conversion to the primary alcohol 1547. This 
was unexpected, as it was anticipated that the 5-exo-tet process proceeds faster than the observed 4-
exo-tet process, thus the high selectivity for the 4-exo-tet was surprising. However, strategically this 
transformation is also highly valuable, as it opens another perspective for the synthesis of 
Taxpropellane by a early stage cyclization, as described in figure 366. 

 

Figure 366 Potential elaboration of the cyclobutane 1547 to Taxpropellane (1244) 

Protection of the primary alcohol as benzyl ether and elaboration using the previously discussed 
strategies should enable access to the dialdehyde 1548 which upon pinacol coupling should result 
in the formation of the pinacol 1549. MOM deprotection, regioselective acetylations, and 
eventually hydrogenation of the benzyl ether should trigger the spontaneous formation of the 
hemiketal Taxpropellane. 

 

Figure 367 C12-C20 5-Endo-trig cyclization and unexpected C5-C19 cyclization 

Access to a precursor for the desired Michael addition was obtained by the synthetic route as 
described in figure 367. Deprotection of the pivaloyl ester of the C5-oxidized intermediate 1398 
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could be obtained by either the tBuli mediated approach as demonstrated by Lu Pan (marked by an 
asterisk in the table330), or by reduction with LiHBEt3 as utilized later by the author (see table 60). 

 

Table 60 Conditions screened for cleavage of the C13 pivaloyl ester 

conditions result 
1 tBuLi (exc.), THF, -78°C to 0°C ( 1min)* alcohol 1552, around 70% 

2 LiAlH4, THF, 0°C 
alcohol 1552, unidentified minor 

product 
3 LiBHEt3, THF, r.t. alcohol 1552, 95% 

 

Thereby the previously utilized conditions using tBuLi could be transferred to this substrate, even 
in presence of the free alcohol C5-OH, though accompanied by minor amounts of decomposition 
in around 70% yield at 10 mg scale. Reduction with LiAlH4 succeeded to produce the alcohol 1552, 
but the product was accompanied by an unidentified side product. Eventually, reduction with 
LiHBEt3 gave clean conversion to the desired secondary alcohol 1552. 

Oxidation with PCC gave the desired enone 1550. Treatment with KOtBu under the previously 
utilized conditions then led to facile and clean conversion of the substrate to the cyclopentane 
bearing intermediate 1551. Several aspects of these transformations are remarkable and will be 
subsequently discussed. This cyclization represents an example for the otherwise rather rare 5-
endo-trig cyclization mode, which is disfavored by the classical Baldwin rules,388 though follow-up 
research in recent years has demonstrated that examples for this cyclization type do exist and the 
operation can be feasible.389 Further the selectivity of the process was impressive, as though the 
higher substituted C12-enolate should be in principle preferred under thermodynamic conditions, 
a competing cyclization by the C14-enolate could still have occurred but was not observed at all. 
Unfortunately, while the desired C12-C20 bond could be forged in this transformation, the product 
features an additional connection, C5-C19, presumably via a subsequent aldol type reaction by the 
sultone -anion with the C5-ketone. 

The author’s objective at this point was a screening for conditions to elucidate whether this 
undesired additional cyclization could be avoided. 
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Table 61 Conditions screened for 5-endo-trig cyclization between C12 and C20 

entry conditions result 

1 TBAF in THF, r.t.* additional cyclization 1551 

2 KOtBu in THF/tBuOH, r.t. * additional cyclization 1551 

3 KOtBu in THF, r.t.  decomposition  

4 KOtBu in tBuOH, 30°C  additional cyclization 1551 

5 LiOtBu in THF/tBuOH, r.t.  mixture of noncyclized products  

6 KOtBu, NaH in THF, r.t.  decomposition 1551 

7 LiOtBu in THF/tBuOH, H2O r.t. additional cyclization, mixture of minor products 

8 NEt3. EtOH, 120°C  C14-C20-cyclization 1551 

9 Mn(OAc)3, MeOH, 80°C  defined other product, decomposed on column  

10 Mn(OAc)3, MeOH, AcOH, r.t.  additional cyclization 1551 

11 TMSOTf, NEt3, CH2Cl2,-78°C multiple products, partial decomp. on column,  
major product C13H still present 

12 Sc(Otf)3, CH2Cl2, -78°C  additional cyclization 1551 

13 TsOH, CH2Cl2, -78°C  additional cyclization 1551 
 

Initial results previously obtained by Lu Pan330 using KOtBu in tBuOH and THF or alternatively 
TBAF as base could be reproduced by the author (entry 2) and confirmed the selectivity for product 
1551. Variation of the solvent for KOtBu as a base did not result in improvement. Reaction in pure 
tBuOH led to the same result 1551 as before (entry 4).The addition of water to buffer the basicity of 
the base (entry 7) also led predominantly to the formation of 1551, accompanied by smaller 
amounts of an inseparable mixture of minor products. Reaction under aprotic conditions resulted 
in rapid decomposition (entry 3, 6), for undeclared reasons. The lithium analogue of the base 
yielded again predominantly 1551, accompanied by an inseparable mixture of minor products in 
small amount (entry 7). 

 

Figure 368 Transannular cyclization events upon treatment with NEt3 

Remarkably, treatment with NEt3 did result in relatively clean conversion upon heating stepwise to 
120°C in the sealed tube to give selective Michael addition of the C14-enolate. Subsequent 
nucleophilic attack of the C4-enolate formed upon Michael-addition to the C13 ketone then 
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presumably gave rise to the tertiary alcohol 1554. Interestingly, this intermediate did not exhibit the 
additional sultone based cyclization. 

Generation of the radical by Mn(OAc)3 (entry 10) proceeded selectively for C12 and delivered 
surprisingly again the additional cyclization product 1551. This may be explained by either 
intramolecular hydrogen atom transfer from C19 upon addition of the radical to the enone or 
subsequent spontaneous aldol type cyclization after completion of the initial cyclization process.  

Lewis acidic conditions using Sc(OTf)3 (entry 12) and Brønsted acidic conditions by PTSA (entry 
13) were also both observed to facilitate the desired Michael addition, but still resulted in the 
formation of the additional cyclization to product 1551. 

However, while these conditions were not successful to suppress the undesired additional 
cyclization, the screening provided valuable information about viable reaction conditions for this 
cyclization (successful reaction under either thermodynamic basic, radical-mediated, Lewis acidic 
or Brønsted acidic conditions) which the latter may be transferred to the late-stage intermediates as 
these lack the critical sultone moiety. 

 

Table 62 Conditions screened for retrocyclization of 1553 

entry  Conditions Result 

1 NaH, THF, r.t. no conversion 

2 NEt3, toluene, 100°C spot to spot conversion on TLC,  
start. mat. upon isolation 

3 NEt3, toluene, r.t. spot to spot conversion on TLC,  
start. mat. upon isolation 

4 NEt3, toluene, silica, r.t. spot to spot conversion on TLC,  
start. mat. upon isolation 

5 NEt3, C6D6, r.t. spot to spot conversion on TLC,  
start. mat. in NMR 

6 toluene,  no conversion up to 250°C 

7 NEt3, toluene,  no conversion up to 250°C 

8 KOtBu, NiCl2, THF, r.t. no conversion 

 

Though the additional cyclization event between C5 and C19 appeared to be inevitable, one may 
speculate whether this transformation is reversible by a retro-aldol type reaction. Based on these 
considerations, the isolated cyclization product was subjected to a number of conditions as detailed 
in table 62. Deprotonation of the tertiary alcohol 1551 by NaH did not effect any conversion, from 
which one can conclude that the cyclization/retrocyclization equilibrium of the alkoxy anion is far 
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shifted to species 1551. Upon treatment with NEt3, curiously a very defined spot-to-spot reaction 
on TLC could be observed, which however yielded only the starting material upon workup. Further 
investigation by preparation of the reaction in the NMR tube in C6D6 (entry 5) showed no 
conversion of the material in the reaction mixture. As a potential influence of the silica gel was also 
excluded (entry 4) further investigation was abandoned, as curious as these results may seem. 
Thermal fragmentation of the scaffold, under neutral conditions or in presence of a base (entry 6, 
7), was found not feasible up to 250°C, giving testimony to the stability of this moiety. As further 
additional Lewis acid activation of the sultone by Ni(II) did also not suffice to effect any retro-
cyclization this approach was abandoned at that point. 

 

Figure 369  Attempts for 5-endo-trig cyclization after oxidative desulfuration 

As the exclusion of the sultone motive from the substrate disables the undesired cyclization 
reaction, an attempt was undertaken to remove the moiety by oxidative desulfuration365 and test the 
cyclization subsequently again. For the free secondary alcohol 1398 C5-OH was protected as 
pivaloyl ester and subsequently desulfurized under the previously investigated conditions. Notably, 
this reaction resulted in mixtures of the corresponding aldehyde and carboxylic acid (in variable 
ratio for different batches), despite the absence of a reductive quenching agent as POEt3. By 
comparison with previous results on analogous substrates ((R)-C5-OMOM and (S)-C5-OMOM) 
the steric hindrance in the vicinity of the reaction center seems to be related to this reactivity, but 
the mechanism remains subject to speculation. The carboxylate could be further transferred to the 
aldehyde by methylation with TMS-diazomethane, selective reduction in presence of both pivaloyl 
esters by Bouveault-Blanc conditions, and subsequent IBX oxidation of the primary alcohol. C2-
OH protection as MOM-ether and subsequent reduction of the aldehyde, as well as protection of 
the resulting primary alcohol as TBS silyl ether gave eventually intermediate 1556. Deprotection of 
both pivaloyl esters by reduction with LiBHEt3 and reoxidation to the enone 1557 set the stage for 
the cyclization experiment. However, unexpectedly it was noticed that the enone 1557 was unstable 
in presence of silica gel, as attempts to isolate this compound by chromatography on silica led to 
rapid decomposition, though crude 1H-NMR indicated a clean oxidation reaction with PCC. 
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Column chromatography using diethyl ether on Celite provided eventually a pure sample of the 
compound. Attempted cyclization under the previously tested conditions using KOtBu in tBuOH 
and THF resulted in a complex mixture, from which not defined compound could be isolated and 
analyzed. While this approach still holds potential, by application of alternative cyclization 
conditions determined in the previous experiments (e.g. radical cyclization by Mn(OAc)3 or Lewis 
acid catalyzed cyclization with Sc(OTf)3), due to the instability of the starting material 1557 and the 
comparably long synthesis route to access this compound, other approaches were prioritized. 

 

Figure 370 SN2' based transannular cyclization strategy 

As another approach independent from Michael-addition a SN2’ reaction utilizing the C5-allylic 
alcohol might be considered.  

 

Table 63 Conditions tested for introduction of a C5 leaving group 

conditions result 

1 TsCl, Py, DMAP, CH2Cl2, r.t. no conversion 

2 MsCl, NEt3, CH2Cl2, r.t. diene 1562 
 

Preliminary tests towards the introduction of a mesylate or tosylate at the secondary alcohol at C5 
resulted in either no conversion (TsCl under standard conditions, entry 1) or immediate 
elimination to diene 1401 (using mesylate, entry 2). While this does not represent an exhaustion of 
available options to acquire the desired C5 sulfonate, the efficient elimination towards the diene 
1401 might prevent any attempted SN2’ reaction, as the competing elimination will likely prevail 
under basic conditions. 
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Figure 371 Reactivities of the allylic alcohol under Brønsted basic and acidic conditions 

Following a related strategy, it was tested whether the direct reaction of the C12-enolate with the 
C5-OMOM protected allylic alcohol is possible. While such a reaction is normally not feasible, it 
was speculated that the very congested environment of the ‘cage-like’-system will enforce such a 
reaction. Alternatively, the corresponding reaction might be triggered under Brønsted acidic 
conditions. The corresponding precursor 1563 was prepared from the intermediate 1408 by 
pivaloyl deprotection by ester reduction with LiHBEt3 and subsequent oxidation with PCC. 
Treatment of this precursor with KOtBu however resulted in the formation of the triene 1564 by 
C3-C11 fragmentation and elimination of sulfonic acid. This may be considered a Grob-like 
fragmentation similar to the previously observed C3-C11 fragmentations under basic conditions, 
but was quite unexpected due to the lack of a suitable acceptor functionality at C8 to facilitate such 
a reaction. This is underlined by the fact that previous intermediates, though of similar geometry 
and also in possession of the sultone moiety was never observed to undergo this type of elimination 
upon treatment with bases. Acidic treatment of 1563with PTSA on the other hand gave rise to the 
C13-C20 bridged structure 1565. One may speculate that this proceeds via a hetero-ene reaction by 
activation of the C13 ketone by the Brønsted acid and subsequent hydrolysis of the C4-C5 MOM 
enol ether to the C5 ketone 1565. 
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3.2.11. Alternative Strategies for Cyclization towards Canataxapropellane 

 

Figure 372 Alternative options for C12-C20 transannular cyclization 

The approaches discussed in the previous paragraphs relied predominantly on Michael addition, 
which was observed only with the concomitant undesired additional cyclization event between C5 
and C19. However, multiple other cyclization reactions are applicable to construct the desired C12-
20 connectivity, which are summarized in the following figures 372-375, sorted by their position in 
the planned synthesis sequence (early stage to later stage). One might consider a Tsuji-Trost 
reaction for cyclization by generation of an allyl acetate or carbonate (I). This can be seen as a 
continuation of the SN2’ approaches. While palladium(O) addition from the correct (re)-face to 
enable the cyclization with C12 should be given based on previous experiences concerning the 
intrinsic steric bias of the C-ring system, the feasibility of the cyclization event is an open question, 
as Tsuji-Trost methodology usually relies on stabilized anions (e.g. 1,3-dicarbonyls). However, the 
preorganization of the reaction partners in the molecule in close spatial proximity might mitigate 
this issue. 

Alternatively one might consider the preparation of the corresponding primary mesylate (II) or 
allyl iodide (III) as a precursor for a 5-exo-tet cyclization. In case of a hydroboration approach, the 
side selectivity of the reaction should ensure correct configuration ((S)-C4) of the subsequently 
installed mesylate. While scenarios I, III will result in a C4-C5 olefin which can then be 
subsequently oxidized/hydroborated to the C5-OH functionality, approaches II, IV allow to retain 
a previously installed protected C5-OH functionality. 
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Figure 373 Potential use of a sultone a-sulfide to prevent the undesired C19-C5 cyclization 

As previously demonstrated towards sultone oxidation, a methyl sulfide substituent can be 
introduced to the -sultone position. This functionality could potentially serve to block the 
undesired additional cyclization observed when Michael addition is used for cyclization. In this 
scenario, the thioacetal moiety could be directly oxidized and hydrolyzed after the C12-C20 
cyclization to yield effectively an oxidative desulfuration.341  

 

Figure 374 Alternative strategies for C12-C20 transannular cyclization after oxidative desulfuration 

Shifting the cyclization event to a later point in the synthesis route after oxidative desulfuration also 
circumvents the undesired C5-C19 bond formation. This could be attempted starting from 
precursor 1557. Though previous experiments showed that base-mediated cyclization is 
problematic for this substrate, radical or Lewis-acid mediated cyclization (which have been 
demonstrated viable before for this operation) might still hold significant potential (VI). Even 
though early stage cyclization of the C4-epoxide showed selective 4-exo-tet cyclization, one might 
consider that an intermediate as 1557-1559 after the oxidative desulfuration365 could exhibit 
different selectivity, a shift towards 5-exo-tet cyclization, due to changes in geometry by removal of 
the sultone ring. Additionally, the functionality at C5, which might be either (R)- or (S)-C5OH and 
the corresponding protecting group or utilization of the C5 ketone might significantly change the 
favorability of the 4-/5-exo-tet transition states and thus might represent an opportunity to ‘tune’ 
the result of the reaction. 
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Figure 375 Potential option for glycol cleavage of the C5-C19 bond 

Previous attempts to fragment the undesired C5-C19 bond obtained in the early stage cyclization 
relied on retrocyclization. Alternatively one might speculate about subsequent oxidative 
desulfuration365 of intermediate 1582, which should result in the ketone 1583. Deprotection of the 
C5-OPG tertiary alcohol might then enable a glycol cleavage (e.g. by NaIO4) to fragment the 
undesired bond towards 1584. The major drawback of this strategy is a comparably difficult 
differentiation of the alcohol moiety involved considering also the further synthetic steps 
afterwards, which might add a number of steps to the synthesis route due to protecting group 
operations.  

Besides these options, cyclization at a late stage form fully assembled 3,11-monocyclotaxanes might 
pose a viable option, which is to be investigated in the following section of this thesis. 

3.2.12. Semisynthesis of Taxinine K as Model System for Late Stage Cyclizations 

 

Figure 376 Photocyclization of Taxinin 

As the access to late stage intermediates suitable for testing the desired cyclization events is 
laborious, and potentially only small amounts of substance can be obtained, one might consider 
semisynthesis of the corresponding intermediates. The major intermediate to be targeted by this 
approach would be Taxinine K, as the major vantage point for late stage diversification of the 
synthesis. Taxinine from natural sources is commercially available on 100 mg scale and serves as a 
starting material in this scenario. To the author’s delight, a literature reported method35,128 for 
photocyclization of Taxinine by irradiation at 254 nm in acetonitrile was readily reproducible to 
give Taxuspin C in around 80% yield.  
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Figure 377 Tentative mechanism of the photocyclization of Taxinin 



3.2.  Towards a Combined Synthesis of  Taxane Diterpenes 

 

314 

Mechanistically this reaction proceeds likely by excitation of the enone. The first excited singlet 
state S1 then transitions to the first excited triplet state T1 by intersystem crossing. The presumably 
meta-stable triplet state then facilitates a hydrogen atom transfer from C3 to C12, driven by the 
formation of the highly stabilized tertiary allylic radical at C3. The diradical intermediate then 
reacts by recombination of the radicals to form a C3-C11 bond to give rise to the monocyclotaxane 
Taxuspin C. As the absorption bands of enone and cinnamoyl ester overlap, this reaction is 
accompanied by isomerization of the cinnamoyl residue to an inseparable E-/Z-mixture (around 
1 : 1). 

This methodology enables access to 3,11-monocyclotaxanes from commercially available classical 
taxanes. To access Taxinine K, it is mandatory to cleave the C5-OCinn cinnamoyl ester. 

 

Figure 378 Attempted selective cleavage of the cinnamoyl ester 

As literature reports indicate that selective removal of the Cinnamoyl ester is possible for the non-
3-11-bridged Taxinin, it appears obvious to attempt transfer of these conditions to Taxuspin C. 
This reaction did indeed result in the formation of Taxinine K, but the product was accompanied 
by multiple other species, presumably by unselective deacetylation events and the isolated yield on 
small scale did not exceed 20%. 

 

Figure 379 Regioselectivity of kinetically controlled acetate methanolysis 

Kinetically controlled cleavage of the ester functionalities of Taxuspin C was carried out by in-situ 
generated methoxide using K2CO3 in methanol. This resulted in the products listed in figure 379. 
Even though this result is not applicable for selective C5 acylation, as expected, it provides valuable 
insight into the steric accessibility of the different positions of the 3,11-monocyclotaxane scaffold. 
Thereby, deacetylation must have occurred at C2-OAc and C9-OAc with the fastest rate, whereas 
those are further not distinguishable in this experiment. This was followed by C5-OCinn cinnamoyl 
cleavage at a presumably slower rate. The C10-OAc acetate was not cleaved in any significant 
amount. Notably, this fits the expected behavior as listed in figure 362 (‘endgame-strategy’) well, if 
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one takes into account that the cinnamoyl ester might exhibit electronic differences compared to 
the acetate which distorts the direct comparison. Further, the product 1586 showed a pronounced 
difference in the E-/Z-ratio compared to the starting material, indicating that the E-cinnamoyl 
isomer was likely cleaved faster than the Z-cinnamoyl isomer. 

 

Figure 380 Selective cinnamoyl ester cleavage to Taxinine A and photocyclization to Taxinine K 

A practical workaround to access Taxinine K was eventually found by selective decinnamoylation 
of Taxinine under literature reported conditions,128,390 which could be well reproduced, followed by 
the photocyclization under identical conditions as before.128 The cinnamoyl cleavage under the 
conditions listed in figure 380 using in-situ generated hydroxylamine proceeded highly selective 
and generated Taxinine A in 80-90% isolated yield (10 mg scale). The subsequent photoreaction 
was nearly quantitative to give Taxinine K. Notably, this reaction proceeded faster than the 
previous photoreaction using Taxinine, presumably owing to a significant absorption by the 
competing nonproductive cinnamoyl isomerization in Taxinin. 

5-Endo-trig-Cyclization 

 

Figure 381 PCC oxidation of Taxinine K 

The desired cyclization precursor for a Michael reaction was obtained from Taxinine K by 
oxidation of the allylic alcohol with acetate buffered PCC in a clean reaction (> 90% yield, 2 mg 
scale).  

 

Figure 382 Transannular cyclization events under thermodynamic enolization conditions 

Treatment of the enone under thermodynamic base conditions using KOtBu in tBuOH/THF 
resulted in a mixture of two compounds, which was subject to extensive 2D-NMR analysis. Based 
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on this analysis, the species were tentatively assigned to the corresponding 5-endo-trig and 6-endo-
trig products, whereas the latter was the major product. While a full assignment of all 1H and 13C 
shifts was not possible, the results showed unequivocally that a Michael reaction at the ketone has 
been taken place. 

 

Figure 383 Alternative Lewis acid or radical-mediated cyclization 

As previous experiments at an earlier stage showed that the desired 5-endo-trig on this scaffold can 
be mediated by either basic conditions or the corresponding ketone -radical or Lewis acid 
catalysis, the latter two appear to be an obvious choice for further experiments, as one might expect 
a stronger selectivity for the reaction from the thermodynamically preferred C11 radical or enolate. 

 

Figure 384 5-Exo-tet cyclization as an alternative strategy 

If a selective 5-endo-trig cyclization cannot be achieved, an alternative option might be attempted 
as detailed in figure 384. Hydroboration and oxidative workup of the exomethylene moiety should 
yield the primary alcohol 1593. The typical steric bias of the C-ring should thereby ensure reaction 
at the (re)-face, as desired. The primary alcohol may then be transferred to the mesylate 1594. 
Deprotonation of the ketone under thermodynamic conditions may then trigger a 5-exo-tet 
cyclization to diacetyl-Canataxapropellane 1595. The merit of this alternative approach would be 
an exchange of the endo-trig-cyclization against a more facile exo-tet-cyclization, though on the 
cost of step efficiency. 

Epoxide Mediated Cyclization 

To facilitate epoxide mediated cyclizations, the exomethylene moiety of the 3,11-monocyclotaxane 
scaffold has to be converted to the corresponding epoxide. Besides this, the introduction of a 
protecting group at C5-OH might significantly influence the reaction outcome. As a free alcohol is 
expected to undergo facile deprotonation in presence of an anionic base, it was decided to protect 
the secondary alcohol by acetate. 
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Figure 385 C5-OH Acetylation and epoxidation of Taxinine K 

Acetylation of Taxinine K by acetic anhydride proceeded smoothly to give the tetraacetate Taxinine 
L. Epoxidation of Taxinine L delivered the C4-epoxide as a mixture of two diastereomers in a ratio 
of 2 : 1, whereas the configuration of the major/minor diastereomer has not yet been assigned. One 
might consider repeating this procedure with a different substitution of the secondary alcohol at 
C5-OH, whereas higher selectivity for the desired (R)-C4 epoxide can be expected if a more 
sterically demanding protecting group is utilized. However, subjection of the diastereomeric 
mixture to basic reaction conditions was expected to result at least in the reaction of the desired 
(R)-C4 epoxide diastereomer. 

 

Figure 386 Attempted cyclization under thermodynamic enolization conditions 

Upon treatment under thermodynamic basic conditions, both diastereomers reacted to give a 
mixture of two defined major products. Presumably, each diastereomer gave rise to (mostly) one 
defined product. While at this point no structural assignment has been undertaken, upscale of the 
reaction will enable full assignment in due course to enable further studies towards this cyclization 
type. 

 

Figure 387 Potential 5-exo-tet cyclization strategy towards the Dipropellanes (1252-1254) 

In case that epoxide mediated cyclization is not feasible, an alternative strategy via the primary 
mesylate might be applicable as shown in figure 387. In this scenario, the exomethylene moiety 
would be dihydroxylated to 1597 and the obtained primary alcohol would be mesylated. A 5-exo-tet 
cyclization should then result in the formation of the Dipropellane scaffolds 1252-1254. The typical 
steric bias on the C-ring as observed before should ensure dihydroxylation from the (re)-face, 
yielding the C4-OH tertiary alcohol in the desired configuration. 
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Figure 388 Alternative strategy towards the Dipropellanes via 5-endo-trig cyclization and Rubottom oxidation 

Another alternative approach may be constructed around the enone 5-endo-trig cyclization. 
Trapping of the enolate upon Michael addition via either a kinetic base and TMSCl or a Lewis-acid 
mediated reaction via TMSOTf should deliver the silyl enol ether 1599. This intermediate can then 
be oxidized by Rubottom oxidation to the tertiary alcohol, which is expected to spontaneously form 
the distinguishing hemiacetal motive of the Dipropellanes A-C.43 

 

Figure 389 Epoxide elimination, [2+2] towards the Taxpropellane (1702),/Canataxpropellane (1705) scaffold 

Another curious proposal would arise upon epoxidation of Taxinine L and elimination of the 
epoxide towards the allylic alcohol 1701. Intramolecular [2+2]-cycloaddition via the T1 excited 
state of the enone system should yield the cyclobutane 1703. This cycloaddition should be facile, as 
the olefins are preorganized and in a close spatial arrangement in the framework of 1701. The 
photocycloaddition product is likely in equilibrium with the Taxpropellane36 scaffold by hemiacetal 
formation by the primary alcohol. If the hemiacetal formation is reversible, oxidation to the 
aldehyde 1704 and subsequent aldol reaction to the Canataxpropellane framework should be 
feasible. 

3.2.13. Type B Fragmentation to the Classical Taxane Framework 

A methodology for the transformation of the intermediates towards 3,11-monocyclotaxanes to the 
classical taxane scaffold is highly desirable in the context of these projects, as it would enable 
potentially a combined synthesis of all cyclo- and classical taxanes by one strategy. While this 
transition from an intermediate of higher complexity (higher degree of concatenation) to an 
intermediate of lower complexity (lower degree of concatenation) might be counterintuitive, it is 



3.2.  Towards a Combined Synthesis of  Taxane Diterpenes 

319 

still economically viable in the context of this synthesis. The advantage of this unusual approach 
stems from the efficient build-up of complexity by the isobenzofuran-Diels-Alder/alkene-arene-
meta-photocycloaddition sequence. The efficiency of this strategy to generate the taxane scaffold 
easily overcompensates the economic cost of additional fragmentation operations towards classical 
taxanes when compared to a more traditional approach specifically towards the classical taxane 
scaffold with continuous complexity buildup. Further, cyclization towards the taxane B ring can be 
achieved more facile by ring closure to a ring of small size (5-membered ring, e.g. via the C9-C10 
pinacol coupling) and subsequent fragmentation than the direct ring closure to a medium-sized 
ring (8-membered ring in the classical taxane framework).  

 

Figure 390 Options for a B-type fragmentation towards the classical taxane framework 

Using the available intermediates from this thesis, one may derive three strategies, all based on what 
has been previously discussed as the ‘type-B’ fragmentation: a) ‘bottom-up’ synthesis by 
fragmentation on an early stage during the Birch-reduction of the cyclobutane motive b) ‘top-
down’ approach via base a mediated fragmentation by deprotonation at C12 and a Grob-like 
reaction towards an acceptor functionality at C7 or c) ‘top-down’ approach via fragmentation of 
the fully assembled 3,11-cycloataxane natural product by a cationic mechanism by activation of the 
exomethylene unit. The exact functionalities utilized for the latter two approaches can be varied if 
necessary, e.g. utilization of a C7-C8 olefin and Brønsted-acidic activation for strategy (b) might 
enable access to non-C7 oxidized natural products and pose an alternative if basic conditions are 
not applicable. Approach (c) can alternatively also be carried out via Brønsted-acidic activation of 
the olefin or epoxidation and Lewis-acid activation. These approaches have different advantages 
and disadvantages: the ‘bottom-up’ approach profits from a fragmentation to an intermediate that 
is already directly at hand but requires comparably much further elaboration, most notably closure 
of the medium-sized B-ring. The anionic top-down approach requires adjustment of the existing 
planned synthetic route to enable the introduction of a C7-C8 olefin of epoxide, and further 
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necessitates the introduction of the C8 quaternary center late stage, though grants immediate access 
to all cycles A-C compared to the ‘bottom-up’-approach. The cationic top-down approach allows 
operating on an intermediate that is directly accessible by semi-synthetic and possesses the fully 
expressed carbon scaffold of the classical taxanes, though defunctionalization steps might be further 
necessary, depending on the identity of ‘E+’. 

a) ‘Bottom-up’ approach 

 

Figure 391 A- and C-Type fragmentation observed under Birch conditions 

Birch conditions utilizing potassium without any further additives tended to yield a relatively high 
fraction of the 3,11-fragmented species 1247 by the mechanism discussed earlier in this chapter. 
This material is well suited as a starting point for a ‘bottom-up’ approach, as the intermediate 
already poses a high oxidation state (including the C7-OH secondary alcohol) and a significant 
amount of stereo information (in the correct configuration). Yield for this transformation seemed 
to decrease upon scale-up, at 100 mg scale 26% yield was obtained, whereas up to 50% were 
obtained on 10 mg scale. Thus an approach based on this transformation would require further 
reaction optimization. Most importantly, a suitable oxidizing reagent for oxidation of the enol 
intermediate 1296 would have to be found, as spontaneous oxidation by abundant peroxide species 
might not be scalable. The comparably low yield upon scale-up to 100 mg scale might be also 
mostly suffering from this issue.  

However, with the intermediate 1247 in hand, a number of further operations were investigated, 
also with the motivation in mind to secure this structure and its configuration as base for further 
studies. 

 

Table 64 Conditions for reduction of the C13 ketone 

conditions result 

1 NaBH4, CeCl3, MeOH, r.t. mixture, traces of 1709 

2 NaBH4, MeOH, r.t. allylic alcohol 1709 
 

As the natural products possess commonly an allylic alcohol at C13 and the ketone is expected to 
cause differentiation issues downstream in the synthesis route, reduction of the C13 ketone was 
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undertaken. While Luche conditions resulted in a mixture of compounds with only traces of the 
alcohol 1709, reduction with NaBH4 in methanol gave the desired allylic alcohol as the major 
product (though it is prudent to emphasize that this reaction has not been subsequently scaled up). 
The diol 1709 importantly served to further analyze the stereochemistry of the substrate, as it is at 
that stage that the full configuration of the material could be assigned.  

 

Figure 392 Determination of the relative configuration and conformation of intermediate 1709 

The new C13 stereocenter could be assigned as (R)-C13-OH by NOESY by correlation with the 
tertiary CH at C1, which can be assumed to retain the configuration of the starting material before 
fragmentation in the Birch reaction. The C7-OH secondary alcohol, introduced by the oxidative 
fragmentation can be tentatively assigned as (S)-C7-OH, though this argumentation was based on 
the assumption of a gauche conformation at the C3-C8 methyl enol ether, as no indicative NOESY 
contacts to other stereocenters exist. This result is also in alignment with the previously discussed 
selectivity of functionalization at the C-ring, as reagents have been generally observed to approach 
from the (presumably less hindered) (si)-face. The -proton of the lactone at C4 is also formed 
during the fragmentation reaction by reprotonation of the enolate and could be assigned as (R)-C4-
H, by NOESY contact with C1-H. This analysis was based on the conformation depicted in figure 
(bottom right) as stick representation generated by a MM2 energy minimization model. While this 
low-level calculation itself poses not a strong argument for the assumed conformation, the NOESY 
contacts highlighted by the dotted lines in green are indeed found and strongly indicate the 
correctness of this representation. 
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Table 65 Conditions for silylation of the C13 secondary alcohol 

conditions result 

1 TBSCl (3.2 equiv.), Im, CH2Cl2, r.t. low conversion 

2 TBSOTf (3 equiv.), lut, CH2Cl2, -78°C to 0°C trisilylether 1710 
 

TBS protection of the diol 1709 using TBSCl, imidazole proceeded only sluggish, giving testimony 
to the significant steric hindrance of the secondary alcohols C7-OH, C13-OH. However, silylation 
using TBSOtf under standard conditions was facile to deliver the trisilylated compound 1710. 

 

Table 66 Condition screening for hydrolysis of the C8 enol ether 

conditions result 

1 oxalic acid, MeOH, water, 50°C335,336 TBS deprot., enol ether stable 1712 

2 6 M HCl aq., CHCl3, r.t. enol ether hydrolized, multiple products 

3 6 M HCl, THF, r.t. enol ether hydrolized, multiple products 
 

Attempted hydrolysis of the methyl enol ether 1710 by the conditions previously utilized in the 
3,11-monocyclotaxane using oxalic acid in methanol and water at 50°C335,336 did not facilitate the 
cleavage of the enol ether but only effected desilylation at C10-OH. Treatment with 6 M aqueous 
HCl, either in a two-phase system with chloroform or homogenous in THF did result in hydrolysis 
of the enol ether as evident by the absence of the characteristic methoxy signal in the 1H-NMR, but 
resulted in a mixture of compounds that could not be fully separated and analyzed at the given 
scale. 

However, these results are far from exhaustion of the available options for cleavage of the enol 
ether. Upon successful hydrolysis to the corresponding ketone, the synthetic route to the classical 
taxane scaffold was planned as described in figure 393. 
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Figure 393 Potential strategy for an early-stage type C fragmentation towards classical taxanes 

Transformation of the ketone by Wittig reaction with MeOCH2(PPh3)Cl and subsequent hydrolysis 
of the enol ether (‘C1-Wittig’), is proposed to yield the aldehyde 1714. -Methylation of the 
aldehyde might then produce the intermediate 1715, bearing the C8-quaternary carbon. Eventually, 
deprotection of the primary alcohol C10-OH and oxidation should result in the formation of the 
dialdehyde 1716, which serves then for ring closure of the B-ring. Noteworthy, this is the most 
critical step of this proposal, as previous studies by Nicolaou,13 though eventually successful, 
demonstrated that cyclization of the 8-membered ring by pinacol- or McMurry coupling can 
represent a significant obstacle. Alternatively, the synthesis may proceed via conversion of the 
dialdehydes to the corresponding terminal olefins and an olefin metathesis for cyclization towards 
the B-ring. This reaction may pose a viable advantage, as demanding cyclization of demanding 
medium-sized rings has been commonly demonstrated using metathesis and the corresponding 
methodology has experienced significant advances in recent years.391 Either successful pinacol 
coupling or stepwise oxidation of the C9-C10 olefin is proposed to enable the synthesis of the 
classical taxane scaffold 1717, which may then be diversified into multiple classical taxane natural 
products. The planned synthesis route, proceeding via 13-14 steps from the building blocks can be 
considered viable for a taxane of this degree of oxygenation. 
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b) ‘Top down’ approach – anionic 

 

Figure 394 Previously observed C3-C11 fragmentations upon C13 enolization in presence of a C8 acceptor 

In several instances throughout the project is has been observed that an acceptor functionality at C8 
can lead to fragmentation along C3-C11 under basic conditions, these instances are summarized 
again in figure 394. The reaction is given as a representative example for II as multiple more similar 
cases were observed. As previously discussed, the oxidative fragmentation of 1296 is assumed after 
mechanistic experiments to proceed via the epoxide intermediate 1286 and enolization of the C13 
ketone.  

As previously mentioned, it has been observed by Lu Pan that C8 ketones of the type of 1537 
undergo as well fragmentation along C3-C11 under basic conditions by a retro-Michael reaction.330 
This is irreversible if a leaving group is present at C2, e.g. the mesylate C2-OMs, which then can be 
eliminated in an E1cB reaction. Notably, it can be assumed based on stereoelectronic reasoning that 
the overall process may not proceed concerted, but rather in the described step-wise manner.  

Based on these observations, one might propose the two scenarios described in figures 395 and 396. 
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Figure 395 Approach towards an epoxide mediated late stage fragmentation330,392 

Hydrolysis of the enol ether335,336 of the intermediate 1246 should yield the C8 ketone 1718, which 
then may undergo transformation to the vinyl triflate 1719. This intermediate can be converted by 
Pd-catalyzed CO coupling in presence of a hydride donor as HSnBu3 or Et3SiH to the enal 1720. 
TBS desilylation, oxidation to the dialdehyde, and pinacol-coupling of the intermediate 1721 might 
then provide the pinacol 1722, which is expected to undergo the desired fragmentation to the 
classical taxane framework by epoxidation at the C7-C8 olefin. 

 

Table 67 Conditions screened for monotriflation from the Bachelor thesis of Lukas Gschwindt392 

conditions result 

1 1.5 equiv. KHMDS, 2.0 equiv. Comins-r., THF, -78°C250 full conversion to ditriflate 1724 

2 1.5 equiv. KHMDS, 1.0 equiv. Comins-r., THF, -78°C only ditriflate 1719, 55% start. mat. 

3 1.0 equiv. KHMDS, 2.0 equiv. Comins-r., THF, -78°C only ditriflate 1719, 70% start. mat. 

4 1.2 equiv. LDA, 1.5 equiv. Comins-r., -78°C to r.t. no conversion 

5 2.0 equiv. LDA, 1.5 equiv. Comins-r., -78°C to r.t. no conversion 

6 2.0 equiv. LiTMP, DMPU, 1.5 equiv. Comins-r., -78°C to r.t. no conversion 

7 5.0 equiv. LiTMP, DMPU, 1.5 equiv. Comins-r., -78°C to r.t. decomposition 
 

This approach was successfully put into practice later by Lu Pan up to the enal intermediate 1720,330 
but subsequently attempted reproduction of these procedures by Lukas Gschwindt in the context of 
his bachelor thesis at the Gaich Group392 struggled with the reproduction of the monotriflation 
from 1718 to 1719. Instead commonly the ditriflate and recovered starting material was obtained. 
A screening for reaction conditions showed the preferred formation of the ditriflate independent of 
the equivalents of KHMDS and Comins-reagent250 utilized. A number of attempts based on lithium 
enolates failed to give any reaction with Comins-reagent. If selective mono-triflation could be 
established this might pose an efficient access to the classical taxane scaffold. Notably, this proposed 
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route has one disadvantage, which is the installation of the C8-quaternary carbon. To introduce the 
corresponding group one might resort to a strategy like previously employed by Kuwajima61,62 via 
cyclopropanation of the C4-C8 olefin obtained after oxidative fragmentation and subsequent 
reductive cleavage of the cyclopropane to the C8 methyl group, but this likely requires a significant 
number of additional functional group interconversions and protecting group operations to 
succeed. 

 

Figure 396 An alternative strategy for late-stage fragmentation to the classical taxane scaffold 

However, a different approach can be instead derived from the route towards the 3,11-
monocyclotaxanes. In this scenario, the aldehyde 1314 is dehydrogenated to the enal 1725. 
Desilylation, oxidation to the dialdehyde, and pinacol-coupling might then result in the pinacol 
1726. Protection of the C9-C10-diol as dimethyl acetal and pivaloyl deprotection by reduction 
followed by oxidation to the ketone might deliver 1727. Upon epoxidation of the C7-C8 olefin and 
deprotonation, the desired fragmentation to 1728 should be observed. In contrast to the previous 
proposal, this approach enables a more straightforward strategy for the introduction of the C8-
quaternary center. Oxidative cleavage of the exomethylene moiety might result in a C4-C5-C8 
enone system which may then be used for a methyl cuprate 1,4-addition to deliver the classical 
taxane scaffold 1730. 

c) ‘Top-down’ approach – cationic 

 

Figure 397 Previously observed cationic fragmentation along C3-C11 
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It has been previously noted that intermediate 1425 and related species tend to undergo a C3-C11 
fragmentation in presence of a large excess of methyl iodide, presumably by the photochemical 
generation of iodine. Iodine might then activate the exomethylene moiety via the iodonium species 
to give rise to the tertiary cation by 3,11-fragmentation. The cation might be eventually saturated by 
the iodide anion (note: the exact identity of the substituent at C11 is not proven, but 13C-shift may 
indicate an iodide). Vinylogous E1cB elimination of the allylic iodide in the -ester position might 
then eventually yield the diene 1445.  

 

Figure 398 Potential cationic C3-C11 fragmentation of Taxinine L type monocyclotaxanes 

The fully assembled 3,11-monocyclotaxane system is expected to react in an analogous way to yield 
the iodide 1450. In contrast to the previous reaction, this system can’t undergo E1cB elimination, 
hence the allylic iodide should be obtained. The C11 iodide on the other hand is now situated on 
the ketone b-position and as such expected to be eliminated facile be E1cB elimination, generating 
the characteristic enone system expressed by many classical taxane natural products.1 

Transfer of this reaction type to the semi-synthetic material might constitute a highly interesting 
experiment. Notably, the reaction provided a clear major product which consisted as expected of an 
isomeric mixture of E-/Z-cinnamoyl esters, though as the interpretation of the corresponding 
spectra is non-trivial, the structure could not be unambiguously assigned. 

3.2.14. Bioactivity of Intermediates en route to Cyclotaxanes 

As limited insight exists into the bioactivity of cyclotaxanes and corresponding synthetic 
intermediates, it is highly interesting to put to test whether they share the ability of Taxol for 
stabilization of tubulin aggregates. In a corporation with Lars Henschke290 and Tatjana List at the 
Mayer group of the University of Konstanz, preliminary screening for this activity using a range of 
intermediates from these studies has been carried out. 

As silyl groups are generally considered problematic in the realm of medicinal chemistry, in 
cooperation with Lu Pan330 and Moritz Ottenbruch329 the desilylation of a range of intermediates 
was attempted. Figure 399 shows an overview over results upon attempted desilylation with an 
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excess of TBAF (up to 1 M concentration) over 3-24 h reaction time at r.t. (until the TLC 
confirmed full conversion). The results are stated beneath each substrate and further are color-
coded, whereas green text indicates successful desilylation, yellow indicates no conversion at r.t, 
even at high concentrations and red indicates decomposition. Additionally, substrates that were 
already non-silylated are also given in green. The substrates are sorted by the routes they are 
derived from, the upper rows show intermediates from the 3,11-monocyclotaxane routes, the lower 
rows show intermediates from the Canataxapropellane route. 
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Figure 399 Desilylation of intermediates en route to cyclotaxane natural products329,330 
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It is noteworthy that the substitution at C8 seems to critically influence the reactivity of the silyl 
ether, as previously noted. A significant number of intermediates could not be converted upon 
treatment with TBAF, presumably due to an increase in steric hindrance in the vicinity of the silyl 
ether.  

The analysis of the tubulin polymerization activity of the substrates was carried out by Lars 
Henschke290 and Tatjana List from the Mayer group of the University of Konstanz. In the in-vitro 
tubulin polymerization assay, pig brain extracted tubulin is incubated at 30°C with the compound 
in question at different concentrations in a glutamate buffer solution. Subsequently, the degree of 
tubulin polymerization over time is determined by the absorption at 340 nm. From this data, the 
polymerization rate is derived and compared with the activity of a sample of the DMSO co-solvent 
(inactive) and 10-deacetyl-baccatin III (literature known activity) or Taxol in the same assay.  

 

Figure 400 Screening for tubulin polymerization activity - part 1290 
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Figure 401 Screening for tubulin polymerization activity - part 2290 

 

Figure 402 Screening for tubulin polymerization activity - part 3290 

The relative tubulin polymerization rates compared to the cosolvent DMSO are visualized in 
figures 400 to 402. As can be seen, the intermediates tested to date do not demonstrate significant 
activity in the tubulin polymerization assay, while the activity of Taxol, and 10-deacetyl-baccatin III 
(10-DAB) corresponds well to the literature known behavior (see chapter 1.2.1) and verifies the 
integrity of the assay.  

However, this must be viewed only as a preliminary result. The range of substances tested so far 
only corresponds to a subset of the submitted intermediates, and this list of intermediates also does 
include only a few late-stage substrates which express the full taxane scaffold, which is limited to 
the di-cyclotaxane type. Thus these results do not allow a direct conclusion about the activity of 
actual 3,11-monocyclotaxanes. Besides this, the assay presented above is limited to testing of 
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tubulin polymerization, potential cytotoxicity by another mechanism or an entirely different type of 
bioactivity (as it has been for example demonstrated that some cyclotaxanes do show activity as a P-
glycoprotein inhibitors, see chapter 1.2.1 of the introduction) cannot be detected by this assay. 
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3.3. Chiral Silyl Chlorides: an Outlook 

 

Figure 403 Overview of novel chiral silyl chloride auxiliaries developed in the context of this thesis 

Since a whole suite of chiral silyl auxiliaries was developed, one might consider potential use of 
these outside the context of the total synthesis of Canataxpropellane. As little literature precedent 
exists on this type of auxiliary, it appears mandatory to investigate further applications. 

a) Separation of tertiary alcohols and synthesis of vetivane alkaloids 

 

Figure 404 Proposed total synthesis of Melongenaterpene A 

When contemplating a potential synthesis of the vetivone terpenoid Melongenaterpene A393 (see 
figure 404), it was recognized that there is no literature known, generally applicable method to 
generate optically active tertiary alcohols. While workarounds exist, e.g. utilizing Sharpless 
epoxidation to gain access to optically active intermediates and further synthetic elaboration, these 
methods generate a significant amount of additional steps and have limited scope. 
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Optically active tertiary alcohols are of significant interest, as they are a common motives in 
medicinal chemistry, as well as natural products and pose important synthetic intermediates for 
synthetic methodology. In the above example, the desired optically active alcohol is proposed to 
undergo a literature known Prins-pinacol rearrangement upon oxidation of the phenol moiety with 
PIDA.394 This rearrangement has been reported to be stereospecific (figure 405), allowing for a 
stereotransfer from the tertiary alcohol to the newly formed spirocenter. 

 

Figure 405 Transition state of the Prins-pinacol rearrangement 

We considered thus an application of the chiral auxiliaries, for resolution of tertiary alcohols. This 
was later indeed put to practice by Bastian Mertes during his master thesis,395 using the limonene 
derived auxiliary 1188. The triflate of the auxiliary 1188 was generated in-situ by Ag(OTf)2, 
subsequent reaction of 0.5 equiv. of this reagent with the tertiary alcohol then gave formation of the 
silylated alcohol as a single diastereomer in 46% yield, corresponding to the (S)-diastereomer of the 
starting material and recovered starting material corresponding to the (R)-diastereomer (Note: 
absolute configurations are tentatively assigned and have not been confirmed to date). Thus 
indicates a clean kinetic racemic resolution of the alcohol. Noteworthy, this could later be expanded 
to other tertiary alcohols as well. 

 

Figure 406 Racemic resolution of tertiary alcohol 1739 

In the initial draft, it was considered to start the synthesis from raspberry ketone derivative 1739 to 
generate the symmetrically substituted Prins-pinacol product 1734. Due to the symmetric 
substitution, the spirocenter is not a stereocenter in this scenario. Initially it was proposed to solve 
this via a asymmetric 1,4-addition using a methodology by Feringa and coworkers396-398 to establish 
the spirocenter, as depicted in figure 407. 
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Figure 407 Potential application of Feringa’s asymmetric 1,4-addition methodology 

Interestingly, when one considers a scenario starting from meta-methyl substituted precursor 1745, 
the symmetry of the phenol it reduced and the chirality transfer from the tertiary alcohol yields two 
new stereocenters, including the spirocenter. This is relevant, as stereoselective introduction of the 
spirocenter on the vetivane scaffold is a considerable synthetic challenge.399,400 Existing synthesis 
routes towards vetivane natural products invest considerable resources for the construction of this 
spiro[4.5]decane framework in enantioenriched state. 

 

Figure 408 Chirality transfer from the tertiary alcohol to the spirocenter in the Prins-pinacol reaction 

This concept was verified by Bastian Mertes395 using 1745 as depicted in figure 408, and yielded 
predominantly one diastereomer of the spiro[4.5]decane system, which by merit of the 
stereospecific rearrangement must be expected to be optically active. 

 

Figure 409 Proposed combined synthesis of Vetivane terpenes 
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Intermediate 1746 is highly useful as it enables facile entry into a number of different Vetivane 
natural products (representative examples are depicted in figure 409).400 The efficient access to the 
enantioenriched spiro[4.5]decane scaffold is vital for these synthetic approaches. 

 

Figure 410 Racemic resolution of tertiary alcohols from the master thesis of Bastian Mertes395 

Subsequent research by Bastian Mertes395 showed further, that the kinetic racemic resolution by 
chiral silyl auxiliaries is generally applicable to a wide scope of alcohols, as evident by the 
representative examples given in figure 410. 

b) Asymmetric Mukaiyama-aldol reactions 

 

Figure 411 Potential application for asymmetric Mukaiyama-aldol reactions 

Asymmetric Mukaiyama aldol reactions from silyl enol ether or silyl ketene acetals might also pose 
a promising application for the chiral silyl auxiliaries. The formation of silyl ketene acetals was 
already demonstrated in context to the synthesis of 1229 by Diels-Alder reaction. While arguably 
significant options for enantioselective Mukaiyama-aldol reactions have been previously reported401 
via chiral Lewis acid catalysis, many of these methods are highly specific with limitations in 
substrate scope, including silyl ketene acetal, in which case the silyl auxiliaries may constitute a 
more generally applicable alternative. 
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c) Asymmetric spirocyclizations 

 

Figure 412 Potential application for asymmetric spirocyclization 

As silyl ketene acetals of the type of 1763 function are readily available starting materials for 
spirocyclization cascades402-404 starting form achiral materials, one might imagine utilizing these 
processes to enable rapid access to enantiomerically enriched, complex spirocyclic systems of the 
type of 1765, 1766 by incorporation a chiral silyl chloride in the silyl ketene acetal. 

d) Silaboranes 

 

Figure 413 Potential asymmetric 1,4-addition of silaboranes 

Silaboranes have recently emerged as useful synthetic equivalents of the silyl anion. This enables 
several new options in the field of organosilane chemistry,405 as the generation of free silyl anions is 
of limited scope. Aryl-silyl anions can be readily generated but trialkyl silanes are tedious to 
generate and use for synthetic purpose. The reduction of chiral silyl chlorides to silanes and 
coupling to silaboranes allows access to chiral silyl anion surrogates that can be utilized as chiral 
controllers, e.g. upon 1,4-addition to enones and subsequent trapping of the enolate species (figure 
413). 
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e) Carbene insertion at silanes 

 

Figure 414 Potential asymmetric carbene insertion in silanes 

As silanes undergo facile insertion of carbene species into the Si-H bond,406-409 the utilization of 
chiral silanes might enable an interesting option for constructing stereocenters from diazo motives. 
The incorporated chiral silane can be further utilized as a chiral controller for following strategic 
operations, e.g. Sakurai type reactions or serve as surrogate for a secondary alcohol (figure 414). 
This potential methodology might be relevant in light of limited known options to install silane 
bearing stereocenters. An interesting related option is based on an inspiring methodology recently 
published by the Glorius group,410 which described insertion in carbenes obtained by 
photochemical rearrangement of acyl silanes, to generate enantioselectivity Si-, B-substituted 
stereocenters. 

f) Acyl silane chemistry 

 

Figure 415 Generation of chiral acyl silane substrates 

The previously mentioned silaboranes as surrogates for silyl anions might be utilized as a facile 
entry into the chemistry of acyl silanes (figure 415). The chiral silane introduces steric bias at the 
sites of the prochiral carbonyl, potentially controlling the newly formed stereocenter (figure 415 
and 416). This would drastically increase to synthetic value of these methodologies,411 as the 
product can be obtained as optically active materials upon desilylation. 
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Figure 416 Potential application to render acyl silane methodology enantioselective 

g) Chiral allylation and crotylation reagents 

 

Figure 417 Potential application for asymmetric allylations and crotylation 

Reaction of chiral silyl chlorides with the corresponding potassium metalated E- or Z-2-butene412 
should furnish the corresponding crotyl adducts in a stereoselective fashion (figure 417). 
Alternatively, these species might be obtained by transition metal catalysis form the corresponding 
hydrosilane and crotyl chlorides.413 These chiral allyl species might then serve for enantioselective 
crotylation reactions.414 

h) Matteson-chemistry 

 

Figure 418 Potential application for asymmetric Matteson chemistry 

It might appear highly interesting to test the feasibility of utilizing the aforementioned silaboranes 
in Matteson type chemistry (figure 418).415,416 As an exciting expansion of this methodology, this 
might be combined with recently investigated rearrangements of the bicyclo [1.1.0] butyl boronate 
motive by Aggarwal and coworkers (figure 419).417 In this scenario, utilization of the chiral residue 
of the silaboranes may operate as a chiral controller and generate interesting optically active 
synthetic intermediates. 
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Figure 419 potential application to render Matteson-type methodology by Aggarwal enantioselective 

i) Hypervalent Silanes 

 

Figure 420 Potential application for asymmetric 1,4-addition of hypervalent silane species 

As hypervalent silane species can readily transfer a nucleophilic residue to an enone system, this 
could be utilized for enantioselective 1,4-addition (figure 420).418 The resulting silyl enol ethers can 
then be subsequently reaction with a electrophile to yield the optically active -, - substituted 
ketone. 

j) Transfer of silyl radicals on olefins 

 

Figure 421 Potential methodology based on addition reactions of chiral silyl radicals 

As recent literature reports facile generation of silyl radicals from silyl chlorides,419 this 
methodology might inspire a transfer of chiral silanes onto olefin motives, yielding either a new sp3 
position that constitutes a stereocenter of a allyl silane by extrusion of a suitable residue as OBn 
(figure 421). 

k) Formal [3+2]-cycloaddition 

 

Figure 422 Potential application towards asymmetric formal [3+2]-cycloaddition 

As Knöllker and coworkers report an interesting formal [3+2]-cycloaddition of allyl silanes on 
enone system of the type of 1816,420 one might consider this for efficient construction of optically 
active hydrindane scaffolds (figure 422). 
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l) Asymmetric reduction 

 

Figure 423 Potential asymmetric reduction methodology using chiral silanes 

Usage of chiral silanes might render silyl based reduction methodologies enantioselective,421 
yielding optically active silyl protected secondary alcohols (figure 423). 
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3.4. A Morken Bisborylation based Access to the Taxol C-Ring Fragment 

 

Figure 424 Morken's asymmetric synthesis of scaffolds for terpene synthesis by allylboration422 

Morken bisborylation describes a methodology for asymmetric bisborylation of terminal 
olefins, catalyzed by Pt(dba)3 in presence of an enantiopure dioxaphosphepine ligand 
(1822).422 The corresponding dioxaphosphepine ligand is thereby accessible from a 
diisopropylaryl-TADDOL, which in turn can be obtained from dimethyl tartrate (see 
chapter 2.4.8 of this thesis). Originally utilized for synthesis of chiral diols422 upon oxidative 
deborylation, Morken’s methodology was shown to be a versatile platform for 
enantioselective synthesis,423 as the resulting boron pinacolates can be readily used for 
coupling purposes.424 An highly interesting application of this methodology in the context 
of terpene synthesis is the tandem allylation strategy depicted in figure 424.425 Thereby, 
cyclization of the bisboronates with an 1,4-dicarbonyl grants enantioselective access to 
cyclohexane structures with a high degree of functionalization and density of stereocenters 
(er 88:12 to 97:3). A rationalization of the stereochemical outcome of this methodology can 
be found in figure 424. The reaction is assumed to take place via a transition state in trans-
decalin conformation. Thereby, two potential scenarios can be differentiates: if the cis-
oriented residue R1 is smaller than the trans-oriented residue R2, the reaction proceeds 
preferentially via transition state A, featuring the residue R1 in an axial position and the 
borylated secondary alcohol in axial position. This is rationalized by a preference for 
hydroxy residues to assume axial orientation in such a conformation described by others 
before.426,427 The corresponding cyclization via transition state A accordingly leads to the 
cis-1,4-diol 1823. If, in contrast, the cis-oriented residue R1 is significantly bulkier than the 
trans-oriented residue R2, the transition state B featuring the residue R1 in axial position is 
preferred, leading to the 1,4-trans diol 1824. 
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Figure 425 Potential efficient access to a Taxol C-ring fragment 

The Taxol C-ring features a high density of stereocenters and oxygen functionalities. As the 
previous discussion on the synthesis of Taxol demonstrates (see chapter 1.3.1) poses the Taxol C-
ring as a challenging target in itself, whereas the existing Taxol synthesis approaches devote a 
significant amount of resources for this task. The Morken bisborylation/bisallylation 
methodology425 inspired an efficient strategy towards the Taxol C-ring, that might be useful in the 
framework of a A-ring Diels-Alder approach to Taxol (see the taxane synthesis approaches by 
Baran,21,56,78,79,81,82 Winkler,101,102 Shea,95,96 Williams94 and Jenkins98,99 in chapter 1.3). The Morken 
methodology thereby reduces the Taxol C-ring fragment to two perimeters, the diene 1828 
accessible by literature reported procedures (I)428 and the oxetanone 1832, which is proposed to be 
synthesized by asymmetric alkylation with Ender RAMP auxiliary.370,371  

 

Figure 426 Synthesis of the diene building block428 

Following literature reported methods428, synthesis of the diene 1828 was achieved starting from -
bromo methyl propionate 1825. Formation of the triphenylphosphonium ylide, deprotonation to 
the ylene and concomitant Wittig reaction gave the diene 1827 in excellent selectivity as the 
corresponding E-diastereomer.  Regioselective 1,2-reduction with DIBAlH and TBS protection the 
delivered the diene 1828. 
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Figure 427 Model reaction used to verify successful reproduction of Morken’s protocol 

At this point it was decided to undertake a test reaction for the Morken methodology425 based on 
diene 1828 and phthalic aldehyde 1837, to exclude issues concerning the practical execution of the 
reaction. This produced successfully the desired products 1838 and 1839, though as a mixture of 
diastereomers. In this context, it is noteworthy that while both substrates are featured on the 
substrate scope of the original publication of Morken, this specific combination is not reported by 
the authors. Notably, it was possible to restrict operations in the glove box to the weighting of Pt-
catalyst and ligand in a nitrogen flushed vial, the rest of the operations could be carried out using 
conventional Schlenk techniques. 

 

Figure 428 Attempted asymmetric allylation of oxetanone429 

An asymmetric alkylation methodology based on Enders RAMP/SAMP hydrazone adducts has 
been previously utilized by Shipman and coworkers,429 though the desired substrate 1831 was not 
described. Thereby following the Shipman procedure, condensation of RAMP at 55°C under neat 
conditions gave facile formation of the hydrazone 1830. Removal of the excess of the oxetanone, 
deprotonation of the hydrazone by tBuLi and reaction of the anion with allyl bromide resulted in 
formation of the allylated oxetane 1831, though in mediocre yield. Attempted direct cleavage of 
both, the hydrazone and the allyl residue to the aldehyde by ozonolysis unfortunately led to 
decomposition of the substrate 1831.  
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Alternative Approaches towards the aldehyde 1832 

 

Figure 429 Alternative approaches towards synthesis of the aldehyde 1832 

A number of alternative solutions for synthesis of the aldehyde 1832 was outlined to 
circumvent the issues observed upon oxidative cleavage of intermediate 1831. Briefly, these 
options include I) stepwise hydrolysis of the hydrazone by oxalic acid followed by oxidative 
cleavage of the allyl residue by either ozonolysis or the Lemieux-Johnson protocol II) 
Alkylation with cinnamoyl bromide followed by the same steps III) utilization of -bromo 
acetic acid followed hydrolysis of the hydrazone and by redox operations to obtain the 
desired aldehyde 1832 IV) Utilization of -bromo ethanethioate for alkylation followed by 
hydrolysis of the hydrazone and Fukuyama reduction430 of the thiol ester to the aldehyde 
1832 and V) Use of -iodo diethoxyethane for alkylation followed by hydrolysis of both, 
the hydrazone and the acetal to the desired aldehyde 1832. 
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Figure 430 Asymmetric allylation and cleavage of the RAMP auxiliary 

Following strategy (I) it was found possible to hydrolyze the hydrazone upon allylation of the 
substrate by application of aqueous oxalic acid directly from the crude of the alkylation, whereas 
the desired oxetanone 1845 could be observed in the crude NMR. However, the product was found 
instable and decomposition was observed upon attempted isolation. For this reason it was decided 
to base further approaches on strategy (II), via alkylation with cinnamoyl bromide. 

 

Table 68 Attempted oxidative cleavage of the phenyl ethene residue 

conditions result  

1 O3, MeOH, -78°C then thiourea benzaldehyde, decomposition 

2 O3, CH2Cl2, -78°C then PPh3 benzaldehyde, decomposition 

3 OsO4, NaIO4, lutidine, dioxane, water, r.t. benzaldehyde, decomposition 

 

Reaction of the aza enolate of 1841 under the previously described conditions with cinnamoyl 
bromide was found to proceed sluggish, after a reaction time of 3 d, mediocre yield of the desired 
alkylated 1846 was obtained (around 20% yield), accompanied by decomposition. However, while 
these results are unsatisfying, the reaction under these conditions was still sufficient to access 
testing material for the following steps given the succinct access to 1841, for this reason further 
optimization was postponed. Subsequent hydrolysis of the hydrazone by aqueous oxalic acid 
resulted in clean removal of the RAMP auxiliary to give the oxetanone 1846. Upon attempted 
ozonolysis of 1846 under a range of conditions, only benzaldehyde could be isolated as product, 
whereas the oxetanone fragment was lost. This indicates, that the desired oxidative cleavage of the 
olefin was indeed successful, but the resulting aldehyde bearing oxetanone underwent 
decomposition under the reaction conditions. Further experimentation could exclude potential 
issues with volatility of the desired product 1832, undesirable reactions with the quenching reagent 
were also excluded by variation of the latter. Utilization of the Lemieux Johnson protocol (table 67, 
entry 3) as alternative to the ozonolysis resulted also in formation of benzaldehyde, but 
decomposition of the desired substrate. 
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Figure 431 A ketal protection strategy to prevent stability issues of the substrate 

The observed decomposition of the aldehyde 1832 was assumed a potential consequence of 
reactions of the ketone, aldehyde, or interaction of these moieties. This it was attempted to protect 
the oxetanone ketone moiety after hydrolysis of the hydrazone as the corresponding acetal. 
Comparable transformation of a cyclobutanone system has been described before by the Brinker 
group.431 

 

Table 69 Conditions screened for protecting group introduction on the oxetanone 

conditions result  

1 (MeO)3CH, PTSA, MeOH, r.t. no conversion 

2 (MeO)3CH, PTSA, mole sieves, MeOH, r.t. no conversion 

3 (MeO)3CH, Montmorillonite K10, mole sieves, MeOH, r.t. no conversion 

4 ethylene glycol, PTSA, neat, 80°C no conversion 

5 TMSCN, KCN, 18-crown-6, CH3CN 
cyanohydrins 1850, 

1851 
 

Subjection of the oxetanone 1846 to acetal formation conditions via trimethyl orthoformate 
unexpectedly yielded no conversion of the substrate (table 68, entry 1). This was not resolved upon 
application of pseudo-Dean-Stark conditions (entry 2) by addition of mole sieves to exclude issues 
due to an unfavorable reaction equilibrium. Further exchange of PTSA for the Lewis acidic 
Montmorillonite K10 (entry 5), as described by Brinker for cyclobutanone systems,431 did not lead 
to the desired acetal. Heating of the substrate in ethylene glycol under neat conditions did neither 
succeed in formation of the corresponding acetal (entry 4). One may speculate whether this 
observed inertness against acetal formation of the oxetanone is a consequence of unfavorable 
transannular interaction between the lone pairs of the alkoxy or hydroxy residues upon formation 
of the hemi-acetal and the oxetane ether moiety of the substrate 1846. 

 

Figure 432 Protection of the oxetanone by cyanohydrin formation 
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Eventually, protection by formation of the cyanohydrin seemed to succeed, but the product was 
obtained as what appeared to be a mixture of diastereomers for each, partly silylated (minor 
products) and non-silylated (major products) cyanohydrin. While these intermediates might be 
useful in the context of ketone protection, other approaches were prioritized as the mixture can be 
regarded as unfavorable for further test reactions due to complex analysis of the reaction outcome 
with the given mixture of 4 substances and potential instability on silica gel leading to issues with 
chromatographic separation. 

 

Figure 433 Reduction of the oxetanone 

Reduction of the oxetanone using NaBH4 was also successful to convert the ketone moiety, though 
the product was again obtained as a mixture of diastereomers in a ratio of around 1 : 1. 

 

Table 70 Alkylation of the aza enolate using alternative reagents 

conditions result  

1 tBuLi, THF, -78°C then -iodo 
acetal 1854, then to r.t. 

decomposition,  
iodide 1854 reisolated 

2 tBuLi, THF, -78°C then -bromo 
ester 1855, then to r.t. 

defined  
other product 

 

In parallel to this, alternative options for alkylation corresponding to strategies (III) and (IV) were 
explored. Reaction with the acetal bearing iodide 1854 (obtained by Finkelstein reaction from the 
corresponding bromide)432 resulted in decomposition of the substrate, though unreacted iodide 
1854 could be recovered. Reaction with the bromo ester 1855 resulted in formation of a defined 
product which could not be identified, but did not correspond to the desired alkylation.  

Although the options explored up to this point clearly cannot be seen as exhausted, due to the 
instable nature observed for the desired aldehyde bearing oxetanone, an alternative approach 
towards the Taxol C-ring was investigated. 
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Overview Planned Synthesis: Approach with late stage oxetane installation 

 

Figure 434 Alternative approach towards the Taxol C-ring 

The approach described in figure 434 circumvents use of the instable oxetanone aldehyde and 
resorts to a (presumably) easy to handle alternative 1,4-dicarbonyl 1856. A Morken bisboralytion-
cyclization approach with the diene 1828 would then led to the C-ring fragment 1857. This 
intermediate could potentially serve then as a starting point for an A-ring Diels-Alder strategy 
towards Taxol (see above). In this scenario, closure of the oxetane would be undertaken late stage. 
The latter choice is a tradeoff in terms of step count, but might be advantageous in so far, as late-
stage introduction of the oxetane leads to more conveniently tractable intermediates in a potential 
total synthesis of Taxol, as interference of the oxetane with other reaction conditions can be 
excluded (notably, the total synthesis of Taxol achieved by Danishefsky53 demonstrated that early 
introduction of the oxetane is in principle viable, but the majority of synthetic approaches (see 
chapter 1.3.1) avoid this). 

 

Figure 435 Synthesis of the 1,4-dicarbonyl building block 

The diene 1828 was accessed as discussed before,428 the 1,4-dicarbonyl 1863 was synthesized as 
described in figure 435. Following a literature reported procedure,433 treatment of epichlorohydrin 
1861 with benzylic alcohol 1860 in presence of NaOH delivered the corresponding secondary 
alcohol, then oxidation under Parikh-Doering conditions then gave the desired ketone 1862. 
Formation of the corresponding imine from isopropyl amine in-situ at 50°C, evaporation and 
metalation by tBuLi to the aza-enolate allowed for alkylation by allyl bromide. Ozonolysis of the 
allyl residue eventually delivered the desired 1,4-dicarbonyl 1863. 

While synthesis of the ketone 1862 has been described before, the -alkylation of this substrate 
constituted a significant obstacle. A range of conditions was screened as described in table 70.  
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Table 71 Conditions screened for alkylation of the ketone 1862 

amine conditions result  

1 - acetal -bromide 1867, LDA, THF, -78°C aldol reaction to 1866

2 - acetal -iodide 1868, LDA, THF, -78°C aldol reaction to 1866

3 - acetal allyl bromide 1867, LDA, THF, -78°C aldol reaction to 1866

4 tBuNH2 (no imine formation) aldol reaction to 1866

5 BzNH2 imine formation, no metalation tested imine 

6 iPrNH2 imine formation, then tBuLi, THF, -78°C, then allyl bromide alkylation 

7 iPrNH2 imine formation, then tBuLi, THF, -78°C, then acetal -
bromide 1867 

no conversion 

 

Initial attempts to achieve direct alkylation of the ketone 1862 with either of the halides 1867-1868 
led unexpectedly only to formation of the self-adduct 1866 by aldol reaction. To circumvent this 
issue, imine formation with a range of primary amines was attempted, as reaction via the aza-
enolate was expected to prevent the undesired aldol reactivity. Thereby attempts for condensation 
(used as solvent, neat at 50°C in presence of mole sieves) with tBuNH2 were unsuccessful, as these 
conditions effected no formation of the imine but triggered the undesired aldol reaction again. 
However, the less sterically hindered amines BzNH2 and iPrNH2 formed cleanly the desired imine. 
Evaporation of the excess of the imine for the iPrNH2 adduct and deprotonation of the crude imine 
with tBuLi in THF at -78°C furnished the corresponding aza-enolate, which could be alkylated 
using allyl bromide. Alkylation with the less reactive acetal bearing bromide 1867 instead gave no 
conversion of the material. 

 

Figure 436 Morken tandem allylation of 1828 and 1863 

With the desired 1,4-dicarbonyl at hand, the Morken bisborylation-cyclization methodology was 
tested using the diene 1828. Treatment of the reaction partners under standard conditions resulted 
in low amounts of a defined product (around 5% yield), which could be isolated and was tentatively 
assigned as the desired cyclization product. Further the product displayed a mixture of two 
diastereomers, but the identity of the diastereomers could not be determined.  
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Figure 437 Transition states and the resulting diastereomers for tandem allylation of the racemic 1,4-diketone 

In this context it is important to note that the 1,4-dicarbonyl 1863 was accessed in racemic state, 
which intrinsically complicates the diastereomeric control of the reaction. Based on the low yield, it 
is also not clear whether both enantiomers reacted with the enantioenriched bis-borylated alkene 
generated by the asymmetric Morken methodology.425 One may also take into account a 
matched/mismatched scenario, where only one enantiomer reacts productively by the desired 
transitions state. Thereby the racemic access to the 1,4-dicarbonyl 1863 must be also seen as a 
preliminary solution to obtain material for testing purposes, one may obtain desirable 
enantioenriched material by utilization of the RAMP auxiliary370,371 analogously to the previous 
substrate. If one does however take into account both possible enantiomers and the transition state 
model as proposed by Morken for stereocontrol, one may construct 4 different diastereomers that 
can be assumed for the products. Comparison of the result of this reaction with enantiopure 
material and determination of the resulting stereoisomer would constitute a curious experiment, as 
the Morken group’s publication does not feature examples for additional interference with a 
preexisting stereocenter on the substrate and the resulting case of double stereodifferentiation.  

Any practical use of the investigated approach however critically depends on further optimization 
of the employed bisborylation-cyclization cascade. The author prioritized at this point other 
projects, though options for improvement of the critical step have clearly been not exhausted. 
Nevertheless, this study showcases the impressive increase in complexity that is in principle 
achievable by this methodology in a minimum number of steps and marks Morken’s tandem 
allylation strategy a powerful tool for terpene synthesis. 
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3.5. Studies Towards the Synthesis of Spiroaspertrione A 

Isolation and structural assignment of Spiroaspertrione A was published in 2017 as a result of a 
bioassay-guided screening campaign by the groups Xue and Zhang.434 In this study, semipure 
fractions from fungal extracts were evaluated concerning their antibacterial activity against 
Methicillin-resistant Staphylococcus aureus (MRSA). Spiroaspertrione A was isolated as the active 
component of a semipure fraction from Aspergillus sp. TJ23 and showed antibacterial activity 
against MRSA with a minimum inhibitory concentration (MIC) of 16 g/mL. Further it was noted 
that synergistic effects are observed in combination with oxacillin (a-lactam antibiotic, as 
methycillin) with around 32-fold reduction of the oxacillin MIC. This is speculated to root in 
inhibition of penicillin-binding protein 2a (PBP2a), which enables resistance of MRSA against -
lactam antibiotics.  

This promising bioactivity, together with an unique spiro[bicyclo[3.2.2]nonane-2,1 -cyclohexane] 
meroterpenoid scaffold renders Spiroaspertrione an interesting target for total synthesis. 

 

Figure 438 Proposed biosynthesis of Spiroaspertrione A434 

From the same semi-pure fraction as Spiroaspertrione A was further a reduced 6’-hydroxy-
Andiconin derivative isolated. In this base, the authors of the isolation study suggest the 
biosynthetic pathway depicted in figure 438.434 This biosynthetic proposal is based on the 
previously investigated biosynthesis of Andiconin435 which is suggested as biosynthetic precursor to 
Spiroaspertrione A. In this proposal 5,7-dihydroxy-4,6-dimethylphthalide (DHDMP) is alkylated 
by farnesyl pyrophosphate, then the prenyl substituent is epoxidized to trigger a cyclization cascade 
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to give Preandiloid C (1877). Preandiloid C is then converted to the exomethylene bearing 
hypothetic intermediate 1878, which may serve as a precursor for a [4+2]-cycliaddition435,436 to give 
Andiconin (1880). 6’-reduction of Andiconin then may result in the derivative co-isolated by the 
authors of the isolation study, which may further undergo dehydrogenation to form the C9-C11 
olefin and E1cB elimination of the 6’-hydroxy group to result in formation of 1881. Oxidative 
cleavage of the C9-C11 olefin may then result in the aldehyde 1882. This intermediate may undergo 
a cationic rearrangement of the C11 aldehyde comprising a ring-enlargement to Spiroaspertrione 
A. 

 

Figure 439 Retrosynthetic analysis of Spiroaspertrione A 

Spiroaspertrione A possesses a highly interesting structure in which the terpene derived trans-
decalin substructure is linked via a spirocenter to a bicyclo-[3.2.2.]nonane system derived from the 
phenolic DHDMP biosynthetic precursor, which classifies this structure as a meroterpenoid. While 
the trans-decalin motive in the given substitution pattern is highly established in the synthesis 
literature, the selective construction of the distinctive spiro-center in a highly congested 
environment poses a significant challenge. Further the highly decorated bicyclo-[3.2.2.]nonane 
system represents an uncommon motive, which may be unique in natural products chemistry with 
the given degree of functionalization. 

A retrosynthetic analysis of Spiroaspertrione is described in figure 439. The bicyclo-[3.2.2.]nonane 
system is proposed to be constructed by a carbene based ring-expansion reaction from the 
bicyclo[2.2.2]precursor 1884. This synthetically significantly more tractable system might be then 
elegantly obtained by a intramolecular Diels-Alder reaction (IMDA) of precursor 1885. The IMDA 
precursor 1885 can then be traced back to a intermolecular DielsAlder reaction of the 
exomethylene 1887 and diene 1886. The enone subunit may then be accessible via a Wieland-
Miescher ketone57 analogue intermediate by a Robinson annelation of 2-methyl cyclohexadione 
1889 and ethyl vinyl ketone 1888. Access to enantioenriched material can be achieved by utilization 
of the Hajos-Parrish-Eder-Sauer-Wiechert-Reaktion.437-439 
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Figure 440 Possible transition states of the Diels-Alder reaction towards spiroannulation 

The complexity increase by these two Diels-Alder reactions is synonymous to a large variety of 
potential stereochemical outcomes, which will require careful consideration. For the intermolecular 
Diels-Alder reaction, a preferred reaction from the (Si)-face of the enone is anticipated to result in 
the correct configuration of the spirocenter. While exo-/endo-selectivity of this operation is 
eventually inconsequential, given the electronic situation of the reaction partners, a preference for 
the endo-product due to strong secondary orbital interactions can be expected. The electronic 
properties of the diene should further ensure a high selectivity for the desired ortho-/para-product. 
These descriptors result in a total of 8 possible isomers, of which 2 are synthetically productive and 
indeed represent the most likely outcome of this reaction based on above analysis. The 
intramolecular Diels-Alder reaction of the propargylic ester 1885 constitutes a stereochemically 
simpler scenario, as the outcome relies only on the facial selectivity of the single decisive factor. The 
desired facial selectivity for this reaction is anticipated based on a steric bias stemming from 
unfavorable interaction with the bridgehead methyl group for the undesired transition state. 

 

Figure 441 Synthesis of the decalin building block440 

Following literature known procedures,440 1,3-cyclohexanone was methylated using MeI in aqueous 
NaOH. The following procedures for 1894 have been derived from the Kalesse groups route 
towards Schiglautone A.441 Robinson annulation using 2-methyl-1,3-cyclohexanon and ethyl vinyl 
ketone resulted in formation of the decalin system 1892 upon chemoselective protection of the 
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ketone as the corresponding ethylene glycol acetal. 1,4-Reduction under Birch conditions and 
trapping of the lithium enolate with MeI introduced the gem-dimethyl group moiety to give the 
trans-decalin 1893. Reduction of the ketone using NaBH4 as a hydride source with comparably low 
steric bulk resulted in a predominantly axial attack resulting in the equatorial alcohol with a dr of 
around 10:1. Protecting of the neo-pentylic alcohol using TBSOTf eventually gave the silyl ether 
1894. 
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Figure 442 Products of the enone reduction under Birch conditions and subsequent methylation 

The major bottlenecks concerning the overall yield in this synthesis route were the Robinson 
annelation and the reduction under Birch conditions. In case of the latter, common side products 
were identified as depicted in figure 442. While this procedure produces racemic material which 
was initially used for investigation of the subsequent steps, a modified version of the Hajos-Parrish-
Eder-Sauer-Wiechert-reaction has been reported to enable access to enantioenriched material. 437-439 

 

Figure 443 Attempted asymmetric annulation by the Hajos-Parrish-Eder-Sauer-Wiechert-reaction437-439 

In the literature reported procedure the 1,4-addition adduct of the 1,3-diketone with ethyl vinyl 
ketone is treated with L-phenylalanine in presence of PTSA in DMSO under sonication conditions 
to yield the condensation product 1898. Initial attempt to reproduce this result gave indeed the 
expected Robinson annelation product in excellent yield, but low enantiomeric excess. As 
organocatalysis procedures are not uncommonly sensitive to trace impurities and procedural 
details, a careful optimization of this process might resolve this issue at a later point. 
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Figure 444 Introduction of the exomethylene moiety to the decalin building block 

The next synthetic objective towards the desired Diels-Alder precursor 1887 at this point was 
installation of the exomethylene moiety. Private communication with the authors of a related study 
towards Schiglautone A441 indicated that common methodology for introduction of an 
-exomethylene moiety, e.g. the use of Eschenmoser’s salt is not applicable to 1894 due to 
unfavorable steric interactions with the methyl group situated at the bridgehead. An alternative 
construction of the exomethylene moiety via cyclopropanation was undertaken. Following 
procedures of the Kalesse group from the University of Hannover, reported in the PhD thesis of 
Bettina Werner,442 the ketone was transferred to the corresponding TMS silyl enol ether 1899 and 
cyclopropanated using Simmons-Smith conditions in ether at 50°C in a sealed tube to obtain 
intermediate 1900 in a (inconsequential) dr of 3 : 1). Ring opening based on the same internal 
procedure of the Kalesse group442 using CAM and NaI in CH3CN resulted then in formation of the 
primary iodide, which can be eliminated in an E1cB reaction by sodium acetate. While this 
procedure initially granted excellent selectivity towards the desired intermediate 1887, selectivity 
issues were faced later by competing ring enlargement to the cycloheptenone 1903. This is expected 
to take place depending on the selectivity of the cyclopropane fragmentation for either cleavage of 
the exo- or endo- bond. 

 

Figure 445 Regioselective cyclopropane cleavage via stannane formation443 

An alternative approach was found using fragmentation of the cyclopropane by SnCl4 towards the 
stannane 1904. As reported in the corresponding methodology report,443 this method relies on the 
intramolecular coordination by the ketone to the stannyl chloride to enable excellent 
regioselectivity. The resulting stannanes are surprisingly stable and could be isolated by 
recrystallization in the original source.443 For the sake of practicality, it was found that a simple 
solvent exchange could also serve the same purpose and enabled elimination of the stannane by 
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TMEDA444 in a one-pot procedure to give 1887 in 60% yield o3s (including silyl enol ether 
formation and cyclopropanation). 

 

Figure 446 Dienes screened for Diels-Alder reaction based spiroannulation 

With the enone 1887 at hand, as screening for potential reaction partners in the intermolecular 
Diels-Alder reaction was undertaken. A range of literature known electron rich dienes was 
prepared as summarized in figure 446. The reaction with the different dienes was attempted using 
either A thermal conditions in the sealed tube using toluene (incremental temperature increase 
until the TLC confirmed conversion) B Lewis acidic conditions using Me2AlCl starting at cryogenic 
temperatures C high pressure conditions. The latter conditions occasionally enables otherwise 
difficult reactions (see also introduction chapter 1.6.2). The rationale behind this is a reduction of 
the total volume of the reagents in the aggregated transition state (V≠ < 0), which will lower the 
transition state energy under high pressure conditions compared to the starting materials. Reaction 
with the sterically hindered diene 1908 was met with little success. Attempted Diels-Alder reaction 
with the Rawal-445 and Danishefsky446 dienes 1912 and 1915 resulted in conversion on TLC and 
detectable product mass in the LC-MS, but neither the direct Diels-Alder product, nor the potential 
products of a subsequent dimethylamine or methanol elimination could be isolated.  

 

Figure 447 Successful spiroannulation with the model diene 1911 
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Eventually, reaction with the diene 1911 under Lewis acidic conditions showed facile conversion to 
the desired Diels-Alder product. Additionally self-adducts of the diene were found in significant 
amounts. The formation of the self adduct 1920 sequestered the diene 1911 thus the reaction 
required multiple additions of to enable full conversion of the enone 1887. NOESY analysis of the 
product indicated that likely the major products correspond to the ortho-/para-adduct with the 
desired facial selectivity, though as a mixture of exo- and endo-product. 

 

Figure 448 Dienes analogue to 1911 bearing a protected primary alcohol 

Upon enabling the cycloaddition with the diene 1911, it appeared promising to transfer these 
reaction conditions to one of the more elaborated dienes 1921 or 1923 to import additional 
functionality with the diene building block and allow for a strategically desirable more convergent 
synthesis. Both dienes were designed to introduce an additional silyl ether protected primary 
alcohol to prepare the introduction of the -lactone of Spiroaspertrione A. In case of diene 1923 the 
substrate would also allow to introduce an additional -methyl substituent to the Diels-Alder 
adduct, though at the cost of increased steric hindrance in the vicinity of the reaction center. 

 

Figure 449 Synthesis of diene 1929 via Wittig reaction with glucoaldehyde dimer 1926 

Starting from methyl ethyl keton 1922, the ylene 1925 was prepared starting from -bromination 
of the ketone, nucleophilic substitution by triphenylphosphine to the phosphonium salt and 
deprotonation.447 Wittig reaction of 1925 with the glucoaldehyde dimer 1926 by heating in THF 
following a literature reported method448 then gave rise to the instable allylic alcohol 1927 (acid 
catalyzed E-/Z-isomerization triggers cyclization dehydration to the corresponding furan). The 
allylic alcohol was converted to the corresponding TBS silyl ether and the resulting enone 1928 was 
transferred to the desired diene 1929 by TBSOTf. 

 

Figure 450 Spiroannulation by Diels-Adler reaction with the diene 1929 
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Transfer of the previously investigated reaction conditions to diene 1929 was successful to give an 
inseparable mixture of products, presumably all ortho-/para-adducts, but variable concerning 
reaction with the (re)- or (si)- face of the enone and the exo-/endo-selectivity. The mixture of 
products was subjected to oxidation of the silyl enol ether towards the corresponding enones 1932 
and 1933. 

 

Table 72 Conditions screened for oxidation of the silyl enol ether 

conditions result 

1 Pd(OAc)2, CH3CN, no conversion 

2 Pd(OAc)2, DMSO,  no conversion 

3 CAN, DMF, 0°C -hydroxylation to 1934 

4 DDQ, collidine, toluene, r.t.449 enones 1932 and 1933 
 

Initially investigated Saegusaoxidation conditions did not yield any conversion of the substrate, it 
was further also found that the silyl enol ether is of remarkable stability and stable on (non-
quenched) silica gel. Oxidation of the enol ether witch ceric ammonium nitrate in DMF gave 
conversion to the corresponding -hydroxy ketone 1934. Eventually, treatment with DDQ in 
presence of collidine449 gave facile conversion to the enone 1932 and 1933. The product mixture 
was generally more tractable concerning analysis and isolation as the exo-/endo-diastereomers 
converged by this operation to give 2 enone diastereomers (dr 3 : 1 – 2 : 1), differentiating by the 
configuration at the spirocenter, whereas the major diastereomer was found to be likely the major 
product based on NOESY analysis.  

The diastereomeric mixture was separable by chromatography on silica gel, and the synthesis route 
was continued with exclusively the desired diastereomer 1932. 

 

Figure 451 Hydroxylation upon oxidation of the silyl enol ether with CAN 

Regioselective desilylation of the primary alcohol in presence of the neopentylic TBS silyl ether was 
achieved by stirring with HF*pyridine in THF. This reaction unfortunately demonstrated a 
tendency of the free primary alcohol to undergo hemi-ketal formation with the decalin based 
ketone.  
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Table 73 Conditions screened for propiolate introduction to the hemi-ketal 

conditions result 

1 acid chloride 1937, Py, CH2Cl2, r.t. decomposition acid chloride 

2 acid chloride 1937, collidine, CH2Cl2, r.t. decomposition acid chloride 

3 acid chloride 1937, NEt3, CH2Cl2, r.t. decomposition acid chloride 

4 acid chloride 1937, MgO, CH2Cl2, r.t. acid chloride stable, no conversion 

5 acid chloride 1937, NaH, THF, up to 80°C acid chloride stable, no conversion 

6 carboxylic acid 1936, DCC, DMAP, toluene, r.t. no conversion 

7 carboxylic acid 1936, DEAD, PPh3, THF, r.t. no conversion 
 

If the hemi-ketal moiety is in equilibrium with the free alcohol form, it should be generally feasible 
to still achieve conversion of the substrate to the corresponding propargylic ester by removal of the 
primary alcohol from the equilibrium as the hemi-ketal can be assumed unreactive.  

When attempting esterification using propargylic acid chloride (prepared from trimethylsilyl 
propargylic acid)450 as an additional complication it was found that the propargylic acid chloride 
was of limited stability in presence amine bases, one may speculate that formation of the 
ammonium/pyridinium salts of the propargylic acid chloride is followed by rapid polymerization. 
Inorganic bases as MgO, NaH were well tolerated, but did not lead to conversion of substrate 1935, 
even at elevated temperatures (entry 4,5). 

Using carboxylic acid coupling via DCC or Mitsunobu conditions also gave no conversion of 1935, 
indicating that the formation of the hemi-ketal does not feature an equilibrium with the free 
alcohol. The reaction in presence of NaH (entry 5) further also indicated that the equilibrium for 
the anion of 1935 is also strongly shifted to the hemi-acetal form. 
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Table 74 Conditions screened for ketal formation 

conditions result 

1 ethylene glycol (exc.), PTSA (cat.), toluene, 100°C condesation to ketals 1940, 1941 

2 neo-pentyl glycol, PTSA (cat.), toluene, 100°C condensation to ketal 1942 
 

As a potential work-around was speculated whether condensation with a diol might lead 
competition of the formation of the undesired ketal with the primary alcohol at the substrate in 
favor of a ketal of the type of 1939. However, using either ethylene glycol or neopentyl glycol, 
which should add additional driving force towards formation of the desired ketal by merit of the 
Thorpe-Ingold effect, the cyclization to the desired ketal 1939 was not observed. Instead only 
simple condensation adducts were produced, whereas in case of ethylene glycol curiously a mixture 
of two diastereomers of ethylene liked substrate adducts was obtained (assumingly corresponding 
to the homo- and heterochiral adducts). 

 

Figure 452 Condensation products of the hemi-ketal and ethylene glycol, neo-pentyl glycol 

At this point, the author of this thesis handed the Spiroaspertrione A project over to an incoming 
student of the Gaich group, Wenbo Huang. Further results concerning this project might be found 
in the corresponding master thesis of Wenbo Huang451 and will no be discussed in detail here. The 
following paragraphs will give an outlook on the further results obtained on the propargylic ester 
Diels-Alder approach.  
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Outlook 

 

Figure 453 Successful introduction of the propiolate described in the master thesis of Wenbo Huang451 

The studies of Wenbo Huang showed,451 that it is possible to circumvent to undesired hemi-ketal 
formation by global reduction of intermediate 1932 via LiAlH4, resulting in the triol 1943. 
Esterification with propargylic acid under Mitsunobu conditions proceeded with excellent 
selectivity for esterification at the primary alcohol. Subsequent oxidation under Swern conditions 
gave clean oxidation of both remaining alcohols. Notably, oxidation of the sterically hindered 
alcohol of the trans-decalin system was not feasible with other reagents as TPAP, NMO.  

 

Figure 454 Confirmation of the relative configuration of the spirocenter  

NOESY analysis of a derivative of 1946 further secured the previously assigned configuration of the 
major diastereomer of the intermolecular Diels-Alder reaction by a NOE contact of the silylated 
primary alcohol with the secondary alcohol at the decalin scaffold. 

 

Figure 455 Retro-Diels-Alder reaction upon attempted intramolecular cycloaddition driven by aromatization451 
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A Diels-Alder reaction of the substrate could be initiated under thermal conditions by heating to 
180°C in toluene, however curiously yielded the products 1949 and the (previously characterized) 
enone 1887. This can be explained by instability of the cyclohexadiene system that represents the 
initially obtained Diels-Alder adduct, as this species may undergo retrocycloaddition along the 
disconnect of the first (intermolecular) Diels-Alder reaction driven by aromatization of the product 
1949. 

Though these results discouraged further work towards Spiroaspertrione A via a intramolecular 
Diels-Alder reaction with the propargylic acid ester, many more creative approaches were put into 
practice later, which are subject to the master thesis and doctoral studies of Wenbo Huang.451 
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4. Experimental 

4.1. Procedures and Characterization Data 

Note: the contents of this chapter (“Procedures and Characterization data”) have been part of the 
supplementary information of a previous publication of the author.308 The depicted NMR spectra 
are from Schneider, F.; Samarin, K.; Zanella, S.; Gaich, Science 2020, 367, 676-681. Reprinted with 
permission from AAAS. 

General Information 

All moisture and oxygen sensitive reactions were performed in flame-dried glassware under a slight 
nitrogen overpressure. All reactions were stirred magnetically. Sensitive solutions, solvents or 
reagents were transferred via cannula or syringe. Reactions were monitored by thin-layer 
chromatography (TLC) or NMR or GC-MS of the crude mixture. Evaporations were conducted 
under reduced pressure at temperatures less than 40 C, unless otherwise noted. Further dryings of 
the residues were accomplished using a high vacuum pump. All solvents were purchased as the 
highest available grade from Sigma-Aldrich, Acros-Organics or Fisher-Chemicals. Ethyl acetate, 
hexane and dichloromethane for column chromatography were distilled and used without further 
purification. All other reagents were used as received from Sigma-Aldrich, Acros-Organics, TCI or 
Fisher-Chemicals unless otherwise noted. Thin-layer chromatography was carried out on pre-
coated Mark silica gel 60 F254 to monitor all reactions. The detection of spots was first performed 
by using a UV (254 nm) lamp followed by visualization by a ceric ammonium molybdate based 
TLC stain. Preparative column chromatography was performed with silica gel 60 from 
Merck (0.040-0.063 μm, 240-400 mesh).  

All NMR spectra were measured on a Bruker Avance III 400 or Avance III 600 or Bruker Avance 
Neo 800. Chemical shifts are given in ppm and referenced to the solvent residual 
peaks (Chloroform-d 1H, = 7.26 ppm, 13C, = 77.00 ppm; DMSO-d6 1H, = 2.50 ppm, 13C, = 
39.52 ppm; Benzene-d6 1H, = 7.16 ppm, 13C, = 128.06 ppm). Data are reported as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling 
constant J, integration. Infrared spectra were recorded as thin films of pure products on an ATR-
unit on a Perkin ElmerSpectrum 100 ATR spectrometer. High-resolution mass spectra were 
measured on a Fischer Scientific Orbitrap Velos Pro. Optical rotation was measured on a Jasco P-
2000 polarimeter. 
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The lactone 1081 (3.663 g, 22.31 mmol, 1 equiv.) was dissolved in dry THF (223 ml) in a flame 
dried Schlenk flask under nitrogen and cooled to -78 °C. After 10 min NaHMDS (2 M in THF, 
12.68 ml, 25.36 mmol, 1.14 equiv.) was added over 10 min and the mixture was stirred at -78 °C for 
1 h. TBSCl (3.882 g, 25.36 mmol, 1.14 equiv.) was added at once and the mixture was stirred at -
78 °C for 20 min, then warmed to r.t. and stirred at this temperature for 40 min. The dienone 894 
(11.379 g, 40.60 mmol, 1.8 equiv.) in THF (20 ml) was added and the mixture was slowly 
concentrated under vacuum to around 10% of the original volume and stirred for 18h. The reaction 
was quenched with NaHCO3 aq. and extracted with ethyl acetate (3x), washed with brine and dried 
over MgSO4. The product was isolated by column chromatography on silica gel (PE: EtOAc 50 : 1, 
+ 0.5% NEt3) to obtain the product as a colorless solid (8.853 g, 15.84 mmol, 71%) 

Notes: 

A dilute concentration of 0.1 M is necessary to ensure proper formation of the isobenzofuran, however 
for the Diels-Alder reaction itself high concentration is crucial to obtain the described yield. Upon 
concentration, the material remaining on the flasks walls may be transferred to the reaction by a 
small amount of THF. Then the mixture is slowly further evaporated under vigorous stirring (>1000 
rpm, sufficient stirrer, vortex formation), until the viscosity visibly increases keeping the described 
vigorous stirring. There should be no ‘gelatin-like’ gel sticking to the flasks walls above the reaction 
mixture.  

If the reaction is carried out under identical conditions using TIPSCl instead of TBSCl, the 
isobenzofuran can be identified via 1H-NMR. After stirring the deprotonated lactone with TIPSCl at 
r.t. the mixture was poured into petrol ether, washed with aqueous sat. NaHCO3, dried over MgSO4 
and the solvent was evaporated. The residue was taken up in d6-benzene and subjected to NMR 
analysis to obtain the following reference NMR data: 1H NMR (600 MHz, d6-benzene) δ = 7.51 (s, 
1H), 7.05 (d, J = 8.8 Hz, 1H), 6.53 (dd, J = 8.8, 6.9 Hz, 1H), 5.72 (d, J = 6.9 Hz, 1H), 3.34 (s, 3H), 
1.24 – 1.15 (m, 3H), 1.06 (d, J = 7.3 Hz, 18H). The workup procedure may be carried out in timely 
manner. 

The yield was found to depend on the scale of the reaction whereas yield improved with the scale. 
Below gram scale, yield might decrease to 30-40%. 

The column should be performed within a reasonable time interval (<1h) since even on quenched 
silica gel the product slowly degrades via a retro aldol mechanism leading to fragmentation along C14-
C20. The fragmentation may be observed as a more polar fraction eluding after the desired product 
(rf(product) = 0.5, rf(byproduct = 0.3 in PE : EtOAc 40 : 1). If solubilisation problems occur when 
attempting to load the crude product on the column, it might be ultrasonicated with additional 
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EtOAc, however using CH2Cl2 for solubilisation is strongly discouraged, since it was found to lead to 
side reactions of the material on the column. 

Apolar impurities should be carefully separated during column chromatography to prevent side 
reactions in the following step. 

The excess of the enone building block can be recovered ((rf(product) = 0.5, rf(dienone) = 0.4 in 
PE : EtOAc 40 : 1) in up to 89% yield (sum of recovered and converted material). 

1H NMR (400 MHz, Chloroform-d) δ = 7.04 (t, J = 8.6 Hz, 1H), 6.65 (d, J = 8.6 Hz, 2H), 5.29 (d, 
J = 4.5 Hz, 1H), 3.90 (d, J = 11.1 Hz, 1H), 3.82 (s, 3H), 3.70 (d, J = 11.1 Hz, 1H), 3.18 (d, J = 9.3 Hz, 
1H), 2.90 (dd, J = 9.3, 4.5 Hz, 1H), 1.43 (s, 3H), 1.23 (s, 3H), 1.08 (s, 3H), 1.00 (s, 9H), 0.85 (s, 9H), 
0.23 (s, 3H), 0.09 (s, 3H), 0.02 (s, 3H), -0.03 (s, 3H)  ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 198.5, 154.6, 152.8, 146.4, 131.9, 129.6, 129.3, 112.9, 111.8, 
110.2, 74.5, 60.4, 55.2, 55.2, 53.8, 37.1, 35.6, 25.9, 25.9, 25.8, 22.0, 18.3, 18.1, 12.2, -2.9, -3.0, -5.3, -
5.5 ppm. 

IR (film, cm-1): 2956, 2930, 2858, 1664, 1472, 1322, 1070, 839, 782. 

HRMS Calculated for C31H51O5Si2
+ [M+H]+: 559.3270, found: 559.3268. 

 

 

 

 

 

The Diels-Alder product 1082 (1,481 g, 2.650 mmol) was dissolved on CH3CN (200 ml) in a quartz 
round bottom flask under nitrogen and degassed by nitrogen bubbling and ultrasonication for 
40 min, then irradiated at 254 nm (6 x OSRAM PURITEC HNS L 18W (5.5 W emission around 
254 nm, irradiation from the outside from a distance of around 8 cm) under rapid stirring for 
15 min followed by 10 min cool down, repeated usually over 3 cycles (until TLC indicated no 
further conversion (rf(product) = 0.7, rf(starting material) = 0.5 in PE : EtOAc 40 : 1) i.e. the 
photostationary state was reached). The solvent was evaporated and the product and recovered 
starting material were isolated by column chromatography (PE : EtOAc 100 : 1, +0.5% NEt3) to 
obtain the product as a colorless solid (873 mg, 1.562 mmol, 59%) and recovered starting material 
(511 mg, 0.914 mmol, 35%).  

Upon processing a batch of 9 g of material in this manner in portions of 1 to 1.5 g a yield of 4.336 g 
(7.758 mmol, 48%) product and 2.961 g (5.298 mmol, 33%) of starting material was obtained with 
individual yields varying between 44% to 59%. Over 3 reactions cycles (converting the recovered 
starting material) 6.532 g (11.682 mmol, 73%) product were obtained. 
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Notes: 

It was successfully tested to increase the concentration of starting material in CH3CN up to threefold 
(0.036 M) allowing for increased scale of the reaction (4.5 g per reaction) using 3x45 min irradiation 
intervals, however the reproducibility of yields was lowered under these conditions. Thus an array of 
reactions on the described scale was preferred. 

For recovery of the starting material via column chromatography, the notes above (see compound 5) 
apply. 

1H NMR (400 MHz, Chloroform-d) δ = 5.84 (dd, J = 9.6, 6.5 Hz, 1H), 4.92 (d, J = 9.6 Hz, 1H), 4.89 
– 4.85 (m, 2H), 4.04 (d, J = 11.3 Hz, 1H), 3.70 (d, J = 11.2 Hz, 1H), 3.55 (s, 3H), 2.65 – 2.52 (m, 2H), 
1.23 (s, 3H), 1.02 (s, 3H), 0.93 (s, 3H), 0.86 (s, 9H), 0.86 (s, 9H), 0.16 (s, 3H), 0.13 (s, 3H), 0.04 (s, 
3H), 0.03 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 214.6, 153.0, 126.8, 113.8, 112.3, 94.7, 82.8, 61.8, 61.5, 61.2, 
59.9, 56.8, 56.3, 56.3, 54.6, 43.2, 26.0, 25.8, 23.5, 20.9, 18.2, 18.1, 9.5, -3.2, -3.3, -5.6, -5.6 ppm. 

IR (film, cm-1): 2930, 2957, 1726, 1584, 1303, 1249, 1074, 1026, 876, 834, 775, 717. 

HRMS Calculated for C31H51O5Si2
+ [M+H]+: 559.3270, found: 559.3269. 

 

 

Compound 1075 (3.532 g, 6.319 mmol, 1 equiv.) was dissolved in THF  (106 ml) under nitrogen 
and cooled to 0 °C. TBAF (1 M in THF, 6.6 ml, 6.635 mmol, 1.05 equiv) was added and the mixture 
was stirred for 30 min at 0 °C. The reaction was quenched with NH4Cl aq. and extracted with ethyl 
acetate (3x), washed with brine and dried over MgSO4. The crude product was used for following 
steps without further purification .An analytically pure sample was obtained by column 
chromatography on silica gel (PE : EtOAc 5 : 1). 

Notes: 

The reaction time should not be elongated more than necessary to prevent lowered yields by 
deprotection of the primary alcohol functionality. 

1H NMR (400 MHz, Chloroform-d) δ = 5.95 (dd, J = 9.4, 6.6 Hz, 1H), 5.55 (d, J = 7.3 Hz, 1H), 5.38 
(d, J = 9.4 Hz, 1H), 5.04 (d, J = 6.6 Hz, 1H), 4.11 (d, J = 11.4 Hz, 1H), 3.66 (d, J = 11.4 Hz, 1H), 3.62 
(s, 3H), 2.78 (dd, J = 20.2, 2.0 Hz, 1H), 2.66 (dd, J = 20.2, 5.2 Hz, 1H), 2.47 (ddd, J = 7.3, 5.2, 2.0 Hz, 
1H), 1.44 (s, 3H), 1.13 (s, 3H), 0.93 (s, 3H), 0.85 (s, 9H), 0.03 (s, 6H) ppm. 
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13C NMR (101 MHz, Chloroform-d) δ = = 208.7, 177.7, 150.5, 126.0, 113.8, 95.1, 85.1, 65.1, 61.6, 
61.0, 55.2, 54.8, 50.4, 48.6, 45.8, 37.9, 25.9, 23.3, 22.0, 18.1, 14.3 ppm. 

IR (film, cm-1): 2930, 2955, 1767, 1704, 1584, 1233, 1078, 1016, 870, 837, 727. 

HRMS Calculated for C25H37O5Si+ [M+H]+: 445.2405, found: 445.2403.  

 

 

Crude compound 1096 (6.319 mmol, 1 equiv) was dissolved in CH2Cl2 (126 ml) in a flame dried 
flask and cooled to 0 °C. Ca(BH4)2*2THF (1.487 g, 6.951 mmol, 1.1 equiv.) was added in one 
portion and the reaction was vigorously stirred at 0 °C for 30 min, then quenched with NH4Cl aq. 
and extracted with CH2Cl2 (3x), washed with NaHCO3 aq. and dried over MgSO4. The crude 
product was used for following steps without further purification. 

Notes:  

The product was found to be slowly (t1/2 > 12 h) converted in CDCl3 to the corresponding regioisomer 
lactone and should be subjected to following steps the same working day. The compound can be 
columned on silica gel, but the material obtained this way was not analytically pure. 

The reagent can be prepared by a procedure by Brown and coworkers,452 the solid reagent obtained by 
evaporation of the solution described herein and commercial Ca(BH4)2*2THF resulted in comparable 
yields. 

One equivalent of Ca(BH4)2 was found to transfer only one equivalent of hydride. When the reaction 
was carried out with 0.5 equiv. of CaBH4, the conversion was arrested at around 50%. 

The crude alcohol (6.319 mmol, 1 equiv.) was dissolved in CH2Cl2 (60 ml) under nitrogen and 
cooled to 0 °C. DIPEA (5.5 ml, 31.595 mmol, 5equiv.) and MOMCl (2.4 ml, 31.595 mmol, 5 equiv.) 
were added and the mixture was stirred at 0 °C, then warmed to r.t. and stirred for 18 h. The 
reaction mixture was quenched with NH4Cl aq. and extracted with CH2Cl2 (3x) and dried over 
MgSO4. The product was isolated by column chromatography on silica gel (PE : EtOAc 5 : 1, + 1% 
NEt3) to obtain the product as a colorless solid (1.843 g, 3.756 mmol, 70% o3s). 

Notes: 

Several other protocol for protection of the alcohol (TBSCl, Imidazole; TBSOTf, 2,6-Luthidine; 
NaH/15-crown-5 then TBSCl; NaHMDS then TBSCl, NaH/15-crown-5 then BnCl) resulted in 
orthoester formation with the lactone. Carbonate and carbamate based procedures as TrocCl, 
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pyridine and PhNCO, pyridine could be utilized successfully, but lead to unfavorable intramolecular 
cyclizations in later steps. 

1H NMR (400 MHz, Chloroform-d) δ = = 6.09 (dd, J = 9.7, 6.6 Hz, 1H), 5.27 (d, J = 6.5 Hz, 1H), 
5.08 (d, J = 9.7 Hz, 1H), 4.99 (d, J = 6.5 Hz, 1H), 4.52 (d, J = 6.7 Hz, 1H), 4.49 – 4.41 (m, 2H), 4.27 
(d, J = 11.1 Hz, 1H), 3.61 (d, J = 10.9 Hz, 1H), 3.59 (s, 3H), 3.30 (s, 3H), 2.38 – 2.22 (m, 2H), 1.96 – 
1.90 (m, 1H), 1.31 (s, 3H), 0.98 (s, 3H), 0.95 (s, 3H), 0.87 (s, 9H), 0.02 (s, 6H) 

13C NMR (101 MHz, Chloroform-d) δ = = 179.1, 153.0, 126.4, 116.8, 95.3, 93.8, 82.4, 74.1, 61.4, 
57.7, 56.3, 55.8, 55.2, 54.2, 50.8, 48.7, 40.5, 28.4, 26.0, 23.2, 23.0, 19.2, 18.2, -5.7, -5.7, -5.8 ppm. 

IR (film, cm-1):2954, 2928, 1766, 1592, 1244, 1207, 1152, 1023, 834, 752. 

HRMS Calculated for C27H43O6Si+ [M+H]+: 491.2823, found: 491.2812. 

 

 

Compound 1109 (2.171 g, 4.424 mmol, 1 equiv.) was dissolved in THF (60 ml) under nitrogen and 
cooled to 0 °C. LiAlH4 (1M in THF, 13.3 ml, 13.272 mmol, 3 equiv.) was added and stirred for 24 h 
at 0 °C, then poured into NH4Cl aq. Rochelle’s salt aq. was added and the mixture was extracted 
with ethyl acetate (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The 
crude product was passed through a short silica gel column (PE : EtOAc 1 : 2) and was directly used 
for following steps. 

Notes: 

The solubility of the product in PE/EtOAc is limited, ultrasonication and pure EtOAc for dissolving or 
suspending the compound prior to loading on the column can be used. The product shows very strong 
tailing on column, thus only a short silica column should be employed. 

Oxalyl chloride (1.18 ml, 13.90 mmol, 4 equiv.) was dissolved in CH2Cl2 (35 ml) in a flame dried 
Schlenk tube under nitrogen and cooled to -78 °C. After 10 min DMSO (1.98 ml, 27.81 mmol, 
8 equiv.) was added drop wise and the mixture was stirred for 15 min at-78 °C (accompanied by gas 
development). The crude diol (3.476 mmol, 1 equiv.) was added in CH2Cl2 (35 ml) over 30 min and 
stirred for 1 h. Then NEt3 (5.78 ml, 41.71 mmol, 12 equiv.) was added and stirred for 15 min at -
78 °C, then for 1 h at 0 °C. The reaction mixture was quenched with NH4Cl aq., extracted with ethyl 
acetate (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The product 
was used for following steps without further purification. An analytical sample for characterization 
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was obtained from the recovery of starting material in the next step, the aldol reaction by column 
chromatography on silica gel (PE : EtOAc 2 : 1 to 1 : 1). 

1H NMR (400 MHz, Chloroform-d) δ = 9.35 (s, 1H), 6.14 (dd, J = 9.6, 6.6 Hz, 1H), 5.29 (d, J = 6.5 
Hz, 1H), 5.06 (d, J = 6.6 Hz, 1H), 4.77 (d, J = 9.6 Hz, 1H), 4.62 (d, J = 6.5 Hz, 1H), 4.57 (d, J = 6.5 
Hz, 1H), 4.27 (d, J = 11.1 Hz, 1H), 3.65 (s, 3H), 3.58 (d, J = 11.1 Hz, 1H), 3.30 (s, 3H), 2.87 (d, 
J = 18.8 Hz, 1H), 2.58 (dd, J = 18.8, 6.5 Hz, 1H), 2.09 (t, J = 6.5 Hz, 1H), 1.35 (s, 3H), 1.04 (s, 3H), 
0.93 (s, 3H), 0.84 (s, 9H), 0.01 (s, 3H), 0.01 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 212.4, 194.5, 153.4, 128.1, 114.0, 95.9, 94.2, 77.4, 62.3, 61.2, 
59.7, 58.5, 57.3, 55.8, 55.3, 47.3, 43.3, 37.1, 25.9, 23.7, 21.7, 18.1, 15.3, -5.7 ppm. 

IR (film, cm-1): 2953, 2930, 1713, 1587, 1249, 1070, 1038, 859, 736. 

HRMS Calculated for C27H43O6Si+ [M+H]+: 491.2823, found: 491.2822. 

 

 

The crude aldehyde 1116 (3.476 mmol, 1 equiv.) was dissolved in THF (35 ml) and tBuOH (7 ml) 
under nitrogen and KOtBu (468 mg, 4.171 mmol, 1.2 equiv.) was added in one portion. The 
reaction mixture was stirred at r.t. for 1 h (until TLC indicated no further conversion, 
rf(product) = 0.5, rf(starting material) = 0.4, PE : EtOAc 2 : 1)), then quenched with NH4Cl aq., 
extracted with ethyl acetate (3x), washed with brine, dried over MgSO4 and the solvent was 
evaporated. The product and recovered starting material were isolated by column chromatography 
(PE : EtOAc 2 : 1 to 1 : 1 + 0.5% NEt3). The product was obtained as a colorless solid (728 mg, 
1.148 mmol, 43% o3s) alongside recovered starting material (572 mg, 1.151 mmol, 33%).  

Starting from a total of 6.952 mmol crude aldehyde 1116, 1.942 g (6.952 mmol, 53% over 3 steps 
from lactole 1109) of the product were obtained over 2 reaction cycles (conversion of the recovered 
starting material). 

Notes: 

tBuOH was distillated from CaH2 prior to use and stored under nitrogen. 

Carrying out the reaction in pure THF or pure tBuOH was tested and gave less favorable reaction 
equilibria (THF : 85 : 15; tBuOH : 75 : 25). Catalytic amounts of base (0.2 equiv.) also led to an less 
favorable equilibrium. 
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1H NMR (400 MHz, Chloroform-d) δ = 5.88 (dd, J = 9.8, 6.5 Hz, 1H), 5.52 (d, J = 2.0 Hz, 1H), 5.14 
(d, J = 9.8 Hz, 1H), 4.97 (d, J = 6.5 Hz, 1H), 4.64 (d, J = 6.5 Hz, 1H), 4.60 – 4.55 (m, 2H), 4.07 (d, 
J = 11.0 Hz, 1H), 3.64 (d, J = 11.0 Hz, 1H), 3.56 (s, 3H), 3.33 (s, 3H), 2.77 (dd, J = 9.1, 2.0 Hz, 1H), 
2.43 (dd, J = 9.1, 3.3 Hz, 1H), 1.25 (s, 3H), 1.19 (s, 3H), 1.07 (s, 3H), 0.86 (s, 9H), 0.04 (s, 3H), 0.01 
(s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 219.3, 154.3, 124.9, 115.2, 96.8, 95.0, 79.0, 69.2, 61.5, 60.2, 
56.5, 55.6, 54.5, 53.1, 52.1, 51.2, 41.2, 26.6, 26.0, 23.2, 18.2, 10.0, -5.6, -5.7 ppm. 

IR (film, cm-1): 3438, 2954, 2930, 1741, 1593, 1256, 1218, 1038, 836, 775. 

HRMS Calculated for C27H43O6Si+ [M+H]+: 491.2823, found: 491.2824. 

 

 

The aldol 1117 (500 mg, 1.019 mmol, 1 equiv.) was dissolved in CDCl3 (60 ml) and Rose 
Bengal (52 mg, 0.051 mmol, 5 mol%) in MeOH-d4 (6 ml) was injected under rapid stirring, 
obtaining a fully homogenous red solution. O2 was bubbled continuously through the solution and 
the vigorously stirred reaction mixture was irradiated at >530 nm (OSRAM ULTRA-VITALUX 
300W in combination with a SCHOTT >530 nm cut-off interference filter) in a standard 
borosilicate round bottom flask with septum, needle and balloon for 50 min in total in cycles of 
20 min irradiation and 10 min cool down. The solution was evaporated and dissolved in 
THF (20 ml) under nitrogen. BHT (450 mg, 2.038 mmol, 2 equiv.) was added followed by 
KOAc (400 mg, 4.076 mmol, 4 equiv.) and the resulting red suspension was stirred under light 
exclusion for 12 h. The reaction mixture was quenched with water, extracted with EtOAc (3x), 
washed with brine, dried over MgSO4 and evaporated. The residue was dissolved in EtOAc (12 ml, 
not dry) and silica gel was added. The suspension was stirred for 4 h, evaporated and dry-loaded on 
a silica gel column to isolate the product by column chromatography (PE : EtOAc 1 : 2) as a 
colorless solid (356 mg, 0.723 mmol, 71%) 

Notes: 

CDCl3 was neutralized prior to use by passing through a short column of basic Al2O3 (Brockmann 
activity stage I).  

MeOH-d4 serves to enhance the solubility of Rose Bengal. 
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The cut-off filter is necessary to prevent degradation reactions of the substrate and significantly 
lowered yield. The temperature in the reaction vessel stayed close to r.t. (T>30 °C). The cool down 
cycle was necessary for the lamp and interference filter setup. 

The endo peroxide was observed to be relatively stable, with a t1/2 > 12h in solution (quenched CDCl3). 
Detonation of the compound was not observed at any point, however to limit potential risks the scale 
for this procedure was kept at 0.5 g. Evaporation of the crude was carried out at 40 °C in a 
rotaevaporator. 

Typical endoperoxyde reductions tested in this context as Pd/C, H2; L-Selectride; Thiourea, Mg/MeO;, 
PtO2, H2; Rh2O3, H2; Wilikinson-Cat., H2; HN=NH...resulted in much lower yields compared to the 
BHT procedure (<20%). The oxidized derivatives of the BHT found after the reaction were tentatively 
assigned as adducts and dimmers of the corresponding quinon methide.  

Stirring with silica gel of the reduced crude product serves to hydrolyze the hemi acetal at C8. 

1H NMR (400 MHz, Chloroform-d) δ = 7.10 (dd, J = 10.3, 5.6 Hz, 1H), 6.27 (d, J = 10.3 Hz, 1H), 
5.79 (t, J = 2.7 Hz, 1H), 4.78 (d, J = 3.4 Hz, 1H), 4.74 (d, J = 4.2 Hz, 1H), 4.22 (d, J = 4.2 Hz, 1H), 
4.15 (dd, J = 10.8, 5.6 Hz, 1H), 3.57 (d, J = 10.8 Hz, 1H), 3.45 (d, J = 4.2 Hz, 1H), 3.43 (d, J = 2.7 Hz, 
1H), 3.37 (d, J = 10.8 Hz, 1H), 3.02 (s, 3H), 2.88 (dd, J = 8.9, 2.2 Hz, 1H), 2.55 (dd, J = 9.0, 3.3 Hz, 
1H), 2.34 (d, J = 2.9 Hz, 1H), 1.28 (s, 3H), 1.22 (s, 3H), 1.10 (s, 3H), 0.84 (s, 9H), -0.01 (s, 3H), -0.02 
(s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 216.3, 195.4, 145.8, 131.7, 97.2, 81.8, 68.0, 61.5, 60.8, 59.0, 
56.6, 53.3, 52.5, 51.8, 49.9, 49.1, 40.7, 27.0, 25.9, 24.0, 23.8, 18.1, 17.4, 10.1, -5.6, -5.8 ppm. 

IR (film, cm-1): 3421, 2928, 2856, 1747, 1667, 1464, 1388, 1257, 1077, 835, 776. 

HRMS Calculated for C26H40NaO7Si+ [M+Na]+: 515.2436, found: 515.2434. 

 

 

The hydroxy enone 1134 (999 mg, 2.028 mmol, 1 equiv.) was dissolved in DMSO under nitrogen 
and IBX (568 mg, 2.028 mmol, 1 equiv.) was added in one portion. The suspension was stirred at 
r.t. for 1 h over which the reagent slowly dissolved. The reaction was quenched with water and 
extracted with EtOAc (3x), washed with NaHCO3 aq., water, brine and dried over MgSO4 and the 
solvent was evaporated. The crude product was used for following steps without further 
purification.  
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Notes:  

IBX was synthesized following the procedure from Sputore and Coworkers.453 The product may not be 
fully stable and the material was usually subjected to the following steps the same working day. 

The crude enedione (2.025 mmol, 1 equiv.) was dissolved in CH3CN (20 ml) and AcOH (glacial, 
1 ml) and Me4NHB(OAc)3 (1.598 g, 6.074 mmol, 3 equiv.) were added and the mixture was stirred 
at r.t. for 18 h. The reaction was quenched by addition of NaHCO3 aq., extracted with EtOAc (3x), 
washed with brine, dried over MgSO4 and the solvent was evaporated. The product is isolated by 
column chromatography on silica gel (PE : EtOAc 1 : 1) in form of a colorless solid (496 mg, 
1.007 mmol, 50% o2s), alongside the corresponding 1,4-reduced -hydroxy ketone 1147 (114 mg, 
0.230 mmol, 11% o2s). 

A batch of 1.683 g (3.417 mmol) was converted in multiple reactions, recycling also the recovered 
epimer (one more reaction cycle) obtaining 860 mg (1.745 mmol, 51 % o2s) of the hydroxyl enone 
and 172 mg (0.347 mmol, 10% o2s) of the -hydroxy ketone. 

Notes: 

The product (rf = 0.5 in PE : EtOAc 1 : 1) is obtained together with the C5-epimer 1134 (rf = 0.3 in 
PE : EtOAc 1 : 1) in a ratio of dr 3.5 : 1 and the 1,4-reduction product 1147 (rf = 0.35 in PE : EtOAc 
1 : 1) which are all separable by column chromatography on silica gel. The C5-epimer 1134 may be 
recycled as being identical with the starting material. The -hydroxy ketone can be subjected to the 
benzylidene protecting to directly obtain intermediate 19. 

1H NMR (400 MHz, Chloroform-d) δ = 6.94 (dd, J = 10.5, 1.9 Hz, 1H), 6.10 (dd, J = 10.5, 2.8 Hz, 
1H), 5.80 (s, 1H), 4.86 (s, 1H), 4.77 (d, J = 3.1 Hz, 1H), 4.59 (d, J = 6.1 Hz, 1H), 4.49 (d, J = 6.1 Hz, 
1H), 3.78 (d, J = 10.8 Hz, 1H), 3.48 (s, 1H), 3.34 (d, J = 10.8 Hz, 1H), 2.83 (dd, J = 9.0, 2.1 Hz, 1H), 
2.51 (dd, J = 9.0, 3.1 Hz, 1H), 2.15 (d, J = 2.7 Hz, 1H), 1.44 (s, 3H), 1.25 (s, 3H), 1.12 (s, 3H), 0.84 (s, 
9H), 0.01 (s, 3H), -0.01 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 219.7, 194.8, 150.8, 128.1, 97.4, 80.1, 73.5, 70.0, 60.6, 58.3, 
55.5, 55.5, 54.2, 53.1, 51.0, 48.6, 41.0, 26.8, 26.1, 25.9, 24.1, 24.0, 18.1, 12.4, -5.7, -5.8 ppm. 

IR (film, cm-1): 3280, 2948, 2857, 1720, 1668, 1370, 1251, 1072, 960, 834, 770. 

HRMS Calculated for C26H40NaO7Si+ [M+Na]+: 515.2436, found: 515.2430. 
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1H NMR (400 MHz, Chloroform-d) δ = 5.65 (t, J = 2.2 Hz, 1H), 4.57 (d, J = 3.2 Hz, 1H), 4.53 (d, 
J = 6.6 Hz, 1H), 4.50 (d, J = 6.6 Hz, 1H), 4.20 (dd, J = 12.1, 4.3 Hz, 1H), 3.74 (s, 1H), 3.69 (d, J = 11.1 
Hz, 1H), 3.55 (d, J = 11.1 Hz, 1H), 3.30 (s, 3H), 3.10 (s, 1H), 2.75 (dd, J = 9.1, 2.1 Hz, 1H), 2.64 (dt, 
J = 17.8, 3.2 Hz, 1H), 2.50 – 2.37 (m, 2H), 2.28 (ddd, J = 18.5, 13.8, 5.1 Hz, 1H), 2.14 – 2.06 (m, 1H), 
1.56 (s, 3H), 1.15 (s, 3H), 1.14 (s, 3H), 0.87 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 219.2, 209.7, 97.7, 84.5, 74.3, 73.6, 61.3, 60.8, 58.1, 55.9, 
53.7, 52.9, 50.4, 50.1, 40.6, 39.7, 27.5, 26.1, 23.1, 18.5, 12.1, -5.6, -5.7 ppm. 

IR (film, cm-1): 3387, 2931, 2857, 1745, 1695, 14712, 1255, 1077, 1036, 837, 777. 

HRMS Calculated for C26H42NaO7Si+ [M+Na]+: 517.2592, found: 517.2597. 

 

 

The hydroxy enone 1145 (496 mg, 1.007 mmol, 1 equiv.) was dissolved in CH3CN (20 ml) under 
nitrogen and PhCH(OMe)2 (0.76 ml, 5.03 mmol, 5 equiv.) then PTSA (96 mg, 0.050 mmol, 5 mol%) 
were added. The solution was stirred for 5 h, then quenched with NaHCO3 aq., extracted with 
EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The product was 
isolated by column chromatography on silica gel (PE : EtOAc 5 : 1) as a colorless solid (563 mg, 
0.970 mmol, 96%). 

1H NMR (400 MHz, Chloroform-d) δ = 7.41 – 7.31 (m, 5H), 7.05 (d, J = 10.4 Hz, 1H), 6.07 (dd, 
J = 10.4, 3.1 Hz, 1H), 5.67 (s, 1H), 5.50 (d, J = 2.4 Hz, 1H), 4.76 (t, J = 3.9 Hz, 2H), 4.68 (d, J = 6.1 
Hz, 1H), 4.54 (d, J = 6.1 Hz, 1H), 3.73 (d, J = 10.7 Hz, 1H), 3.37 (d, J = 10.7 Hz, 1H), 3.30 (s, 3H), 
3.02 (dd, J = 8.7, 2.4 Hz, 1H), 2.60 (dd, J = 8.7, 3.2 Hz, 1H), 1.44 (s, 3H), 1.33 (s, 3H), 1.12 (s, 3H), 
0.85 (s, 9H), 0.01 (s, 3H), -0.00 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 214.9, 195.2, 146.6, 137.2, 129.6, 128.8, 128.6, 126.8, 102.8, 
97.3, 79.7, 76.7, 75.3, 60.3, 57.9, 55.8, 55.3, 53.3, 51.4, 51.2, 44.3, 41.1, 41.1, 27.5, 25.9, 24.5, 18.1, 
11.8, -5.6, -5.8 ppm. 
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IR (film, cm-1):2930, 2857, 1752, 1670, 1373, 1256, 1216, 1118, 1075, 1042, 987, 834, 775. 

HRMS Calculated for C33H44NaO7Si+ [M+Na]+: 603.2749, found: 603.2737. 

 

 

From the enone 30 

Enone 1148 (406 mg, 0.701 mmol, 1 equiv.) was dissolved in THF (35 ml) under nitrogen in a 
flame dried Schlenk tube. The solution was cooled to -78 °C and L-Selectride (0.04 M in THF, 
19.3 ml, 1.1 equiv.) was added via syringe pump over 1 h. The reaction was quenched with NH4Cl 
aq. and extracted with EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was 
evaporated. The product was isolated by column chromatography on silica gel (PE : EtOAc 5 : 1) as 
a colorless solid (404 mg, 0.694 mmol, 99%). 

Notes: 

For best results the Schlenk tube should be tilted in an 30-45° angle to the bench and submerged in the 
dry ice/ iPrOH bath as far as possible. The reagent is then added by the syringe pump via a bend 
needle to the glass wall of the flask at the top end of the Schlenk tube and allowed to slowly run over 
the cooled glass surface into the reaction mixture, to achieve cooling of the reagent before entering the 
reaction mixture. 

From the -hydroxy ketone 1147 

Starting from the -hydroxy ketone 1147 (158 mg, 0.319 mmol) the compound was obtained 
following the same steps as described for benzylidene protecting of the corresponding hydroxy 
enone 1145 in form of a colorless solid (178 mg, 0.305 mmol, 96%). 

1H NMR (400 MHz, Chloroform-d) δ) 7.41 – 7.30 (m, 5H), 5.65 (s, 1H), 5.37 (d, J = 2.3 Hz, 1H), 
4.64 (d, J = 3.2 Hz, 1H), 4.61 (d, J = 6.6, 1H), 4.54 (d, J = 6.6, 1H), 4.02 (dd, J = 12.8, 3.9 Hz, 1H), 
3.68 (d, J = 11.1 Hz, 1H), 3.58 (d, J = 11.1 Hz, 1H), 3.34 (s, 2H), 2.94 (dd, J = 9.0, 2.4 Hz, 1H), 2.74 
(dd, J = 18.6, 4.5 Hz, 1H), 2.63 (qd, J = 12.6, 4.5 Hz, 1H), 2.52 (dd, J = 9.0, 3.2 Hz, 1H), 2.39 (ddd, 
J = 18.7, 12.4, 6.4 Hz, 1H), 2.11 (dt, J = 10.6, 4.4 Hz, 1H), 1.63 (s, 3H), 1.20 (s, 3H), 1.13 (s, 3H), 0.88 
(s, 9H), 0.07 (s, 3H), 0.05 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 215.8, 208.9, 137.6, 129.4, 128.6, 126.7, 102.5, 97.6, 83.0, 
80.1, 76.5, 76.4, 61.3, 61.0, 61.0, 57.1, 55.8, 52.8, 50.9, 50.5, 45.2, 45.2, 40.5, 39.9, 28.2, 26.1, 24.9, 
23.3, 18.6, 11.7, -5.5, -5.8 ppm. 
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IR (film, cm-1): 3237, 2930, 2857, 1753, 1693, 1457, 1257, 1089, 1041, 835, 775. 

HRMS Calculated for C33H46NaO7Si+ [M+Na]+: 605.2905, found: 605.2891. 

 

 

The ketone 1149 (563 mg, 0.966 mmol, 1 equiv.) was dissolved in THF (20 ml) under nitrogen, 
cooled to -78 °C and KHMDS (0.5 M in toluene, 2.90 ml, 1.5 equiv.) was added drop wise. The 
mixture was stirred for 1 h, then Commin’s reagent (759 mg, 1.932 mmol, 2 equiv.) in 3 ml THF 
was added drop wise and the mixture was stirred for 1 h at -78 °C. The solution was poured rapidly 
into vigorously stirred NaHCO3 aq. and the mixture was extracted with EtOAc (3x), washed with 
brine, dried over MgSO4 and the solvent was evaporated. The product was isolated by column 
chromatography on silica gel (PE : EtOAc 10 : 1) as a colorless solid (626 mg, 0.876 mmol, 83%). 

1H NMR (400 MHz, Chloroform-d) δ = 7.40 – 7.31 (m, 5H), 6.11 (dd, J = 5.4, 4.0 Hz, 1H), 5.63 (s, 
1H), 5.39 (d, J = 2.4 Hz, 1H), 4.69 (s, 2H), 4.43 (d, J = 3.4 Hz, 1H), 3.90 (dd, J = 8.9, 7.4 Hz, 1H), 
3.81 (d, J = 10.9 Hz, 1H), 3.65 (d, J = 10.9 Hz, 1H), 3.40 (s, 3H), 2.98 (dd, J = 8.9, 2.4 Hz, 1H), 2.76 – 
2.70 (m, 2H), 2.60 (dd, J = 8.9, 3.4 Hz, 1H), 1.49 (s, 3H), 1.33 (s, 3H), 1.10 (s, 3H), 0.88 (s, 9H), 0.06 
(s, 3H), 0.04 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 214.8, 146.9, 137.3, 129.5, 128.6, 126.7, 116.9, 102.5, 97.8, 
80.1, 76.2, 61.2, 57.2, 56.2, 52.4, 50.8, 50.4, 44.2, 40.4, 28.1, 27.6, 25.9, 24.0, 18.1, 10.6, -5.8. 

IR (film, cm-1):2934, 2859, 1753, 1407, 1248, 1213, 1142, 1105, 1046, 902, 854, 836, 730. 

HRMS Calculated for C34H45F3NaO9SSi+ [M+Na]+: 737.2398, found: 737.2373. 

 

 

The vinyl triflate 1150 (559 mg, 0.782 mmol, 1 equiv.) was dissolved in DMF (5 ml) and 
MeOH (2.5 ml) under nitrogen in a flame dried Schlenk tube. Triethylamine (0.33 ml, 2.346 mmol, 
3 equiv.) was added and the solution was degassed (freeze-pump-thaw, 3 cycles). The Schlenk tube 
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and the solution were purged with CO (through septum via needle/double walled balloon) and 
Pd(PPh3)4 (0.078 mmol, 90 mg, 10 mol%) was added, then the flask was purged again with CO and 
the mixture was stirred under positive CO pressure at r.t. for 24 h. Water was added and the 
mixture was extracted by Et2O (3x), washed with brine, dried over MgSO4 and the solvent was 
evaporated. The product was isolated by column chromatography on silica gel (PE : EtOAc 4 : 1) as 
a colorless solid (435 mg, 0.696, 89%). 

 

Notes: 

Pd(PPh3)4 utilized in this reaction was prepared in crystalline form following the procedure of 
Coulson454 and subsequently stored in the glove box. 

1H NMR (400 MHz, Chloroform-d) δ = 7.42 – 7.32 (m, 5H), 5.61 (s, 1H), 5.37 (d, J = 2.4 Hz, 1H), 
5.09 (d, J = 3.4 Hz, 1H), 4.64 (d, J = 6.7 Hz, 1H), 4.60 (d, J = 6.7 Hz, 1H), 3.82 (dd, J = 9.3, 7.2 Hz, 
1H), 3.78 (s, 3H), 3.64 – 3.56 (m, 2H), 3.32 (s, 3H), 2.98 (dd, J = 9.0, 2.4 Hz, 1H), 2.77 – 2.69 (m, 
1H), 2.55 (dd, J = 9.0, 3.4 Hz, 1H), 1.51 (s, 3H), 1.36 (s, 3H), 1.35 (s, 3H), 0.88 (s, 9H), 0.04 (s, 3H), 
0.03 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 216.3, 167.0, 141.4, 137.7, 130.3, 129.3, 128.5, 126.8, 102.1, 
97.2, 81.5, 77.1, 76.6, 61.4, 58.0, 55.6, 52.5, 51.9, 51.1, 50.6, 50.0, 44.3, 41.0, 40.9, 29.3, 27.5, 25.9, 
25.1, 18.1, 11.1, -5.6, -5.7 ppm. 

IR (film, cm-1):2930, 2856, 1752, 1717, 1436, 1373, 1255, 1119, 1048, 999, 859, 835, 776. 

HRMS Calculated for C35H48NaO8Si+ [M+Na]+: 647.3011, found: 647.2992.  

 

 

The unsaturated ester 1151 (451 mg, 0.723 mmol, 1 equiv.) was dissolved in MeOH (45 ml) under 
nitrogen and Mg turnings (337 mg, 14.452 mmol, 20 equiv.) were added and vigorously stirred at 
r.t., after 1 h an identical portion of Mg turning was added and the suspension was stirred for 
another 1 h. The mixture was poured into 2 M HCl (100 ml) and water (100 ml) was added, then 
the mixture was extracted by EtOAc (3x), washed with NaHCO3 aq., washed with brine, dried over 
MgSO4 and the solvent was evaporated. The product was isolated by column 
chromatography (PE : EtOAc 3 : 1) as a colorless solid (399 mg, 0.636 mmol, 88%). 

Notes: 
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Occasionally it was necessary to add additional portions of Mg (20 equiv.) in 1 h cycles until TLC 
indicated full conversion (rf(product) = 0.35, rf(starting material) = 0.3 in PE : EtOAc 3 : 1), the UV 
absorbance of the starting material is considerably stronger than the product). Mechanically activated 
Mg was found to achieve the reaction with significantly less excess of the reagent, but the yields were 
not improved. 

1H NMR (400 MHz, Chloroform-d) δ = 7.38 – 7.28 (m, 5H), 5.53 (s, 1H), 5.32 (d, J = 2.3 Hz, 1H), 
4.74 (d, J = 2.0 Hz, 2H), 4.36 (d, J = 3.4 Hz, 1H), 4.33 (d, J = 11.1 Hz, 1H), 4.06 (dd, J = 12.3, 7.2 Hz, 
1H), 3.84 (d, J = 11.1 Hz, 1H), 3.69 (s, 3H), 3.42 (s, 3H), 3.09 (dd, J = 13.6, 6.1 Hz, 1H), 2.89 (dd, J = 
9.0, 2.3 Hz, 1H), 2.48 (dd, J = 9.0, 3.4 Hz, 1H), 2.45 – 2.31 (m, 1H), 2.24 – 2.01 (m, 3H), 1.57 (s, 3H), 
1.31 (s, 3H), 1.02 (s, 3H), 0.89 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 216.2, 174.3, 137.9, 129.2, 128.5, 126.8, 101.6, 97.6, 77.0, 75.5, 61.1, 
58.5, 56.0, 55.9, 52.0, 51.8, 51.1, 51.0, 50.9, 44.2, 40.9, 36.7, 27.9, 26.0, 25.4, 21.9, 20.8, 18.2, 12.1, -
5.6, -5.7 ppm. 

IR (film, cm-1):2931, 2858, 1751, 1472, 1255, 1091, 1049, 838, 776. 

HRMS Calculated for C35H50NaO8Si+ [M+Na]+: 649.3167, found: 649.3164. 

 

 

The ester 1152 (420 mg, 0.671 mmol, 1 equiv.) was dissolved in THF (30 ml) in a flame dried 
Schlenk tube under nitrogen and cooled to -78 °C. KHMDS (0.5 M in toluene, 2 ml, 1.007 mmol, 
1.5 equiv.) was added drop wise and solution was stirred for 1 h at -78 °C. [18]-crown-6 (266 mg, 
1.007 mmol, 1.5 equiv.) in THF (2.5 ml) was added and stirred for 10 min. Then MeI (11 ml, 
excess) was added drop wise and the mixture was stirred for 1 h. The reaction was quenched with 
NH4Cl aq. and extracted with CH2Cl2 (3x), dried over MgSO4 and the solvent was evaporated. The 
product was isolated by column chromatography on silica gel (PE : EtOAc 3 : 1) as a colorless 
solid (409 mg, 0.637 mmol, 95%). 

Notes: 

[18]-crown-6 should be dried prior to application and should resemble a colorless solid. 

1H NMR (400 MHz, Chloroform-d) δ = 7.37 – 7.28 (m, 5H), 5.56 (s, 1H), 5.39 (d, J = 2.3 Hz, 1H), 
4.87 (d, J = 3.4 Hz, 1H), 4.80 (d, J = 6.6 Hz, 1H), 4.73 (d, J = 6.6 Hz, 1H), 4.41 (t, J = 10.1 Hz, 1H), 
4.34 (d, J = 10.4 Hz, 1H), 3.69 (s, 3H), 3.44 (d, J = 10.4 Hz, 1H), 3.44 (s, 3H), 2.89 (dd, J = 9.1, 2.3 
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Hz, 1H), 2.66 – 2.57 (m, 1H), 2.54 (dd, J = 9.1, 3.4 Hz, 1H), 2.27 – 2.13 (m, 1H), 2.08 – 1.91 (m, 
2H), 1.52 (s, 3H), 1.48 (s, 3H), 1.31 (s, 3H), 1.07 (s, 3H), 0.88 (s, 9H), 0.06 (s, 3H), 0.03 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 216.2, 177.7, 138.0, 129.3, 128.6, 126.8, 101.7, 97.8, 83.4, 
76.7, 76.5, 61.9, 58.2, 56.2, 54.9, 53.0, 52.3, 51.3, 51.1, 45.5, 44.6, 40.4, 29.7, 27.9, 27.6, 26.4, 26.0, 
21.8, 18.3, 11.2, -5.6, -5.6 ppm. 

IR (film, cm-1): 2930, 1751, 1724, 1463, 1256, 1106, 1046, 919, 849, 774. 

HRMS Calculated for C36H52NaO8Si+ [M+Na]+: 663.3324, found: 663.3315. 

 

 

The ester 1153 (426 mg, 0.665 mmol, 1 equiv.) was dissolved in THF (20 ml) under nitrogen in a 
flame dried Schlenk tube, cooled to -78 °C and LiAlH4 (1 M in THF, 1.33 ml, 2 equiv.) was added 
drop wise. The reaction was stirred 10 min at -78 °C, then warmed to r.t. ant stirred 4 h at this 
temperature. The reaction was quenched with NH4Cl aq., Rochelle’s Salt aq. was added and the 
mixture was extracted with CH2Cl2 (3x), dried over MgSO4 and the solvent was evaporated. The 
product was used for following steps without further purification. 

The crude alcohol (0.665 mmol, 1 equiv.) was dissolved in THF under nitrogen and TBAF (1 M in 
THF, 1.00 ml, 1.5 equiv.) was added drop wise. The reaction was stirred for 3 h at .r., then quenched 
with NH4Cl aq. and extracted with EtOAc (3x), dried over MgSO4 and the solvent was evaporated. 
The product was isolated by column chromatography on silica gel (PE : EtOAc 1 : 2) as a colorless 
solid (275 mg, 0.552 mmol, 83%). 

Notes: 

The product has limited solubility in EtOAc/Hexane and tends to crystallize from this mixture. When 
transferring the crude product on the column, ultrasonication in pure EtOAc might be utilized to 
solubilize the product. A short column is sufficient for purification and prevents extensive ‘tailing’. 

1H NMR (400 MHz, Chloroform-d) δ = 7.38 – 7.29 (m, 5H), 5.58 (s, 1H), 5.38 (s, 1H), 4.72 (d, 
J = 6.5 Hz, 1H), 4.69 (d, J = 6.5 Hz, 1H), 4.59 (d, J = 3.4 Hz, 1H), 4.58 – 4.46 (m, 2H), 4.16 (d, 
J = 10.4 Hz, 1H), 3.55 (d, J = 11.4 Hz, 1H), 3.42 (s, 3H), 3.29 (d, J = 11.4 Hz, 1H), 2.88 (d, J = 9.1 Hz, 
1H), 2.48 (dd, J = 9.1, 3.4 Hz, 1H), 2.28 – 2.15 (m, 1H), 2.10 – 1.90 (m, 2H), 1.62 (s, 3H), 1.38 (s, 
3H), 1.32 (s, 3H), 1.20 (s, 3H) ppm. 
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13C NMR (101 MHz, Chloroform-d) δ = 216.8, 138.0, 129.2, 128.6, 126.8, 101.8, 97.7, 83.3, 77.4, 
76.9, 71.7, 63.5, 60.1, 56.2, 56.2, 53.3, 51.3, 49.8, 44.9, 40.1, 39.5, 30.5, 29.4, 26.0, 25.7, 21.9, 
11.5 ppm. 

IR (film, cm-1):337, 2924, 1721, 1459, 1376, 1169, 1093, 1041, 995, 761, 701. 

HRMS Calculated for C29H38NaO7
+ [M+Na]+: 521.2510, found: 521.2505. 

 

 

Oxalyl chloride (326 l, 3.80 mmol, 8 equiv.) was dissolved in CH2Cl2 (9 ml)in a flame dried 
Schlenk tube under nitrogen and cooled to -78 °C. After 10 min DMSO (540 l, 7.60 mmol, 
16 equiv.) was added drop wise and the mixture was stirred for 15 min at-78 °C (accompanied by 
gas development). The diol 1154 (237 mg, 0.475 mmol, 1 equiv.) was added in CH2Cl2 (9 ml) over 
15 min and stirred for 1 h. Then NEt3 (1.59 ml, 11.40 mmol, 24 equiv.) was added and stirred for 
15 min at -78 °C, then for 1 h at 0 °C. The reaction mixture was quenched with NH4Cl aq., 
extracted with ethyl acetate (3x), washed with brine, dried over MgSO4 and the solvent was 
evaporated. The product was passed through a short silica gel column (PE : EtOAc 2 : 1) and was 
used for following steps without further purification. This procedure yielded 195 mg of crude 
product, which were partitioned in two portions (100 mg and 95 mg) for the next step. 

Notes: 

The product obtained after the short column is not analytically pure. The column rather serves to 
remove potential sulfur containing contaminants from the Swern procedure that might interfere with 
the pinacol coupling. Consequently, the yield limiting step (over two steps) is the Swern oxidation 
rather than the pinacol coupling itself. 

The significant excess of reagents is necessary, with lower excess (4 equiv. of oxalyl chloride, 8 equiv. of 
DMSO, 16 equiv. of NEt3) incomplete conversion was found, resulting in a mixture of product, 
unconverted starting material and the corresponding hemi acetal.  

Following a procedure by Swindell and Coworkers89 in a flame dried Schlenk flask under nitrogen 
THF (100 ml) was cooled to 0 °C. After 15 min TiCl4 (1 M in CH2Cl2, 4.04 ml, 4.044 mmol, 
20 equiv.) was added and the ice bath was removed. After 10 min at r.t. Zn (dust, 529 mg, 
8.088 mmol, 40 equiv.) was added and stirred for 10 min, resulting in a color change from yellow to 
green, later to a bright blue solution. Upon addition of pyridine (326 l, 4.044 mmol, 20 equiv.) the 
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color immediately changed to green. The dialdehyde (100 mg, 0.2022 mmol, 1 equiv.) in 
THF (10 ml) was added via syringe pump over 2 h. The reaction was stirred for another 30 min, 
then quenched with NaHCO3 aq., stirred vigorously for 10 min at r.t. and extracted with 
EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The product was 
isolated by column chromatography on silica gel (PE : EtOAc 1 : 1.5) as a colorless solid (55 mg, 
0.111 mmol, 55%). The yield of individual batches at this scale varied between 42-55%. 

Notes: 

The product is accompanied by the 1,2-reduction product the diol 1161 (ratio 5 : 1), which is difficult 
to separate from the pinacol by column chromatography in this step. Separation of the impurity after 
the following acetylation is instead facile. Characterization data for the diacetate 1950 is given below. 
An analytically pure sample of the substance was obtained by crystallization (diffusion of hexane in a 
solution of the compound in EtOAc). 

1H NMR (800 MHz, Chloroform-d) δ = 7.37 – 7.28 (m, 5H), 5.57 (s, 1H), 5.38 (d, J = 2.4 Hz, 1H), 
4.71 (d, J = 6.8 Hz, 1H), 4.69 (d, J = 6.8 Hz, 1H), 4.40 (dd, J = 9.6, 3.0 Hz, 1H), 4.37 (d, J = 3.5 Hz, 
1H), 3.84 (dd, J = 9.6, 3.3 Hz, 1H), 3.77 (dd, J = 12.4, 4.1 Hz, 1H), 3.42 (s, 3H), 2.88 (dd, J = 9.0, 2.4 
Hz, 1H), 2.52 (dt, J = 14.9, 3.5 Hz, 1H), 2.49 (dd, J = 9.0, 3.5 Hz, 1H), 2.29 (s, 1H), 1.92 (s, 1H), 1.89 
– 1.83 (m, 1H), 1.82 – 1.78 (m, 1H), 1.54 (s, 3H), 1.25 (s, 6H), 1.23 – 1.19 (m, 1H), 1.19 (s, 3H) ppm. 

13C NMR (201 MHz, Chloroform-d) δ = 216.8, 137.8, 129.3, 128.6, 128.6, 126.8, 126.8, 102.0, 97.5, 
87.5, 82.8, 80.8, 79.1, 76.6, 56.6, 56.4, 53.3, 52.5, 50.3, 50.0, 47.7, 40.7, 37.8, 29.9, 28.9, 27.4, 25.7, 
23.0, 13.7 ppm. 

IR (film, cm-1): 3432, 2925, 1745, 1458, 1374, 1148, 1104, 1050, 764, 699. 

HRMS Calculated for C29H36NaO7
+ [M+Na]+: 519.2353, found: 519.2354. 

 

  

The pinacol 1158 (125 mg, 0.252 mmol, 1 equiv.) was dissolved in CH2Cl2 (12 ml) and 
pyridine (0.6 ml), Ac2O (0.48 ml, 0.252 mmol, 20 equiv.) and DMAP (0.7 mg, 0.0063 mmol, 
2.5 mol%) were added. The mixture was stirred for 3 h, then quenched with NaHCO3 aq., extracted 
with EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The 
product was isolated by column chromatography on silica gel (PE : EtOAc 2 : 1) as a colorless 
solid (116 mg, 0.199 mmol, 79%). 
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Notes: 

At this stage compound 1950, the acetylated diol as a impurity of the pinacol product can be 
separated (rf(product) = 0.7, rf(diol) = 0.5 in PE : EtOAc 1 : 1). 

1H NMR (400 MHz, Chloroform-d) δ = 7.36 – 7.29 (m, 5H), 5.78 (d, J = 9.6 Hz, 1H), 5.57 (s, 1H), 
5.38 (d, J = 2.4 Hz, 1H), 5.30 (d, J = 9.6 Hz, 1H), 4.70 (d, J = 1.9 Hz, 2H), 4.43 (d, J = 3.5 Hz, 1H), 
3.79 (dd, J = 12.5, 3.9 Hz, 1H), 3.41 (s, 3H), 2.88 (dd, J = 9.1, 2.4 Hz, 1H), 2.53 (dd, J = 9.1, 3.5 Hz, 
1H), 2.37 (dt, J = 14.9, 3.5 Hz, 1H), 2.12 (s, 3H), 2.06 – 2.03 (m, 1H), 2.01 (s, 3H), 1.89 – 1.83 (m, 
1H), 1.57 (s, 3H), 1.33 (s, 3H), 1.20 (s, 3H), 1.15 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 215.5, 170.5, 169.9, 137.6, 129.3, 128.6, 126.7, 102.1, 97.5, 
85.2, 82.5, 80.8, 77.0, 76.4, 56.8, 56.4, 53.7, 53.3, 50.1, 49.9, 47.3, 40.5, 38.6, 30.8, 30.5, 27.2, 25.5, 
22.6, 21.1, 21.0, 13.7 ppm. 

IR (film, cm-1): 2952, 1770, 1372, 1238, 1108, 1047, 914, 729. 

HRMS Calculated for C33H40NaO9
+ [M+Na]+: 603.2565, found: 603.2565. 

 

 

1H NMR (400 MHz, Chloroform-d) δ = 7.35 – 7.30 (m, 5H), 5.57 (s, 1H), 5.38 (d, J = 2.3 Hz, 1H), 
4.89 (d, J = 11.4 Hz, 1H), 4.72 (d, J = 6.8 Hz, 1H), 4.69 (d, J = 6.8 Hz, 1H), 4.55 (t, J = 9.9 Hz, 1H), 
4.47 (d, J = 3.5 Hz, 1H), 4.35 (d, J = 11.4 Hz, 1H), 3.91 (d, J = 11.5 Hz, 1H), 3.87 (d, J = 11.5 Hz, 
1H), 3.43 (s, 3H), 2.91 (dd, J = 9.1, 2.3 Hz, 1H), 2.55 (dd, J = 9.1, 3.5 Hz, 1H), 2.22 – 2.15 (m, 1H), 
2.14 – 2.11 (m, 1H), 2.09 (s, 3H), 2.05 (s, 3H), 2.00 – 1.92 (m, 1H), 1.69 – 1.64 (m, 1H), 1.47 (s, 3H), 
1.32 (s, 3H), 1.27 (s, 3H), 1.07 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 215.9, 170.6, 137.8, 129.4, 128.6, 126.8, 82.6, 77.4, 76.6, 
76.4, 71.9, 64.1, 57.6, 56.4, 56.3, 52.8, 51.0, 49.7, 45.0, 40.1, 38.3, 30.5, 29.1, 26.1, 25.1, 21.7, 21.2, 
21.1, 11.3 ppm. 

IR (film, cm-1): 2927, 1747, 1377, 1236, 1096, 1049. 

HRMS Calculated for C33H42NaO9
+ [M+Na]+: 605.2721, found: 605.2717. 
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From bezylidene protected diacetate 1162 

The diacetate 1162(99 mg, 0.170 mmol, 1 equiv.) was dissolved in CH2Cl2 (12 ml) under nitrogen in 
a flame dried flask and cooled to 0 °C. 2-Bromo-1,3,2-benzodioxaborole (169 mg, 0.848 mmol, 
5 equiv.) in CH2Cl2 (1 ml) was added and the mixture was stirred for 30 min, then quenched with 
NaHCO3 aq., extracted with EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was 
evaporated. The residue was dissolved in PE : EtOAC 1 : 1 (8 ml) and stirred with silica gel for 1 h, 
then evaporated and dry-loaded on a column. The products were isolated by column 
chromatography on silica gel (PE : EtOAc 2 : 1, then to pure EtOAc) to obtain the benzylidene 
protected alcohol 1169 (51 mg, 0.095 mmol, 56%) and the corresponding triol 1171 (33 mg, 
0.074 mmol, 44%).  

Notes: 

Stirring with silica gel serves to hydrolyze the corresponding boric ester formed by the deprotection of 
C2, otherwise column chromatography will result in a mixture of free alcohol and the boronic ester. 

Reaction temperatures ranging from -78 °C to -20 °C resulted in no conversion of the MOM ether. 

From triol 1171: 

The triol 1171 (33 mg, 0.074 mmol, 1 equiv.) was dissolved in CH3CN (2 ml) under nitrogen and 
PhCH(OMe)2 (55 l, 0.369 mmol, 5 equiv.) then PTSA (0.7 mg, 0.0037 mmol, 5 mol%) was added. 
The solution was stirred for 2 h, then quenched with NaHCO3 aq., extracted with EtOAc (3x), 
washed with brine, dried over MgSO4 and the solvent was evaporated. The product was isolated by 
column chromatography on silica gel (PE : EtOAc 1 : 1) as a colorless solid (27 mg, 0.049 mmol, 
67%). 

The combined yield including the converted triol corresponds to 78 mg (0.145 mmol, 85%) of the 
benzylidene protected alcohol. 

1H NMR (400 MHz, Chloroform-d) δ = 7.38 – 7.29 (m, 5H), 5.77 (d, J = 9.6 Hz, 1H), 5.56 (s, 1H), 
5.52 (d, J = 2.4 Hz, 1H), 5.29 (d, J = 9.6 Hz, 1H), 4.82 (s, 1H), 3.80 (dd, J = 12.5, 3.9 Hz, 1H), 2.90 
(dd, J = 9.0, 2.4 Hz, 1H), 2.37 (dt, J = 14.8, 3.5 Hz, 1H), 2.32 (dd, J = 9.0, 3.6 Hz, 1H), 2.20 – 2.15 (m, 
1H), 2.12 (s, 3H), 2.01 (s, 3H), 1.89 – 1.82 (m, 1H), 1.57 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H), 1.18 – 
1.11 (m, 1H), 1.13 (s, 3H) ppm. 
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13C NMR (101 MHz, Chloroform-d) δ = 216.1, 170.6, 169.9, 137.7, 129.3, 128.6, 126.7, 102.1, 85.3, 
80.9, 77.1, 76.4, 75.3, 57.5, 55.2, 53.7, 50.1, 50.0, 47.6, 40.5, 38.6, 30.8, 30.6, 27.2, 25.6, 22.6, 21.1, 
21.1, 13.7 ppm. 

IR (film, cm-1): 3471, 2935, 1745, 1457, 1374, 1239, 1107, 1048, 914, 732. 

HRMS Calculated for: C31H36NaO8
+ [M+Na]+: 559.2302, found: 559.2304 

 

 

1H NMR (400 MHz, Methanol-d4) δ = 5.84 (d, J = 9.3 Hz, 1H), 5.75 (d, J = 2.1 Hz, 1H), 5.29 (d, 
J = 9.3 Hz, 1H), 4.71 (d, J = 3.5 Hz, 1H), 3.88 (dd, J = 11.3, 5.0 Hz, 1H), 2.65 (dd, J = 9.3, 2.1 Hz, 
1H), 2.22 (dd, J = 9.2, 3.5 Hz, 1H), 2.19 – 2.13 (m, 1H), 2.09 (s, 3H), 1.99 (s, 3H), 1.88 – 1.80 (m, 
1H), 1.79 – 1.74 (m, 1H), 1.40 (s, 3H), 1.30 (s, 3H), 1.25 (s, 3H), 1.24 – 1.22 (m, 1H), 1.08 (s, 
3H) ppm. 

13C NMR (101 MHz, Methanol-d4) δ = 221.3, 172.2, 171.6, 87.2, 79.3, 76.3, 75.5, 74.1, 59.3, 56.7, 
56.2, 54.5, 53.4, 49.9, 41.3, 40.6, 32.2, 30.4, 29.2, 27.4, 22.4, 20.9, 20.8, 15.0 ppm. 

IR (film, cm-1): 3392, 2927, 1725, 1433, 1366, 1224, 1061, 1031, 964, 908. 

HRMS Calculated for C24H32NaO8
+ [M+Na]+: 471.1989, found: 471,1985. 

 

 

The alcohol 1169 (77 mg, 0.144 mmol, 1 equiv.) was dissolved in MeOH (17 ml) under nitrogen, 
cooled to 0 °C and K2CO3 (80 mg, 0.575 mmol, 4 equiv.) was added. The reaction was stirred for 3 h 
quenched with NH4Cl aq., extracted with EtOAc (3x), washed with brine, dried over MgSO4 and 
the solvent was evaporated. The product was isolated by column chromatography on silica gel 
(PE : EtOAc 1 : 1.5) as a colorless solid (48 mg, 0.096 mmol, 67%). 
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Notes:  

The reaction should be monitored closely by TLC using (rf(product) = 0.3, rf(starting material) = 0.5, 
rf(triol) = 0.15 in PE : EtOAc 1 : 1.5) until the reaction approaches consumption of starting material 
to prevent formation of surplus amounts of the triol. In case of above reaction the triol 1172 was also 
isolated (9.1 mg, 0.020 mmol, 14%), but slowly decomposed in MeOH-d4 (insoluble in CDCl3) upon 
attempted characterization. 

1H NMR (400 MHz, Methanol-d4) δ = 7.35 – 7.28 (m, 5H), 5.58 (d, J = 2.5 Hz, 1H), 5.57 (s, 1H), 
5.49 (d, J = 9.7 Hz, 1H), 4.68 (d, J = 3.6 Hz, 1H), 3.94 (d, J = 9.8 Hz, 1H), 3.82 (dd, J = 12.6, 3.9 Hz, 
1H), 2.78 (dd, J = 9.0, 2.4 Hz, 1H), 2.52 (dt, J = 14.9, 3.6 Hz, 1H), 2.28 (dd, J = 9.0, 3.6 Hz, 1H), 2.04 
(s, 3H), 2.00 – 1.89 (m, 1H), 1.78 – 1.70 (m, 1H), 1.52 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H), 1.21 – 1.15 
(m, 1H), 1.05 (s, 3H) ppm. 

13C NMR (101 MHz, Methanol -D4) δ = 220.8, 172.0, 139.7, 129.9, 129.1, 127.7, 102.8, 87.1, 82.2, 
81.0, 77.7, 75.3, 58.8, 57.0, 55.1, 51.8, 51.5, 41.3, 39.2, 30.7, 30.3, 27.8, 26.6, 23.1, 21.0, 14.4 ppm. 

IR (film, cm-1): 3455, 2932, 1739, 1457, 1375, 1240, 1102, 1050, 988, 764, 700. 

HRMS Calculated for C29H34NaO7+ [M+Na]+: 517.2197, found: 517.2198. 

 

 

The mono acetate 1170 (48 mg, 0.096 mmol, 1 equiv.) was dissolved in CH2Cl2 (7 ml) under 
nitrogen, cooled to 0 °C and pyridine (50 l), Ac2O (via stock solution 10 l in 1 ml CH2Cl2, 
0.106 mmol, 1.1 equiv.) and DMAP (0.3 mg, 0.0024 mmol, 2.5 mol%) were added and the reaction 
was stirred for 3 h at 0 °C. The reaction was quenched with NH4Cl aq., extracted with EtOAc (3x), 
washed with brine, dried over MgSO4 and the solvent was evaporated. The product was isolated by 
column chromatography on silica gel (PE : EtOAc 1 : 1) as a colorless solid (23 mg, 0.043 mmol, 
45%). 

Notes:  

Besides the product, the reaction yields the triacetate 1174 (14 mg, 0.023 mmol, 24 %) and recovered 
starting material 1170 (11 mg, 0.020 mmol, 23%). TLC: rf(product) = 0.6, rf(starting material) = 0.5, 
rf(triacetate) = 0.8 in PE : EtOAc 1 : 1.5.). 
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The product contains the C9-acetylated regioisomer in a ratio of 2.5 : 1. This compound is identical 
with intermediate 1169 and has been characterized before. Separation of the regioisomer by column 
chromatography on silica gel was found tedious, thus the mixture of regioisomers was used for 
following steps. 

1H NMR (400 MHz, Chloroform-d) δ = 7.38 – 7.30 (m, 5H), 5.62 (d, J = 3.5 Hz, 1H), 5.58 (s, 1H), 
5.46 (d, J = 9.3 Hz, 1H), 5.05 (d, J = 2.4 Hz, 1H), 4.02 (dd, J = 9.3, 3.6 Hz, 1H), 3.80 (dd, J = 12.4, 3.7 
Hz, 1H), 3.22 (d, J = 3.6 Hz, 1H), 2.85 (dd, J = 9.0, 2.4 Hz, 1H), 2.66 (dt, J = 14.9, 3.5 Hz, 1H), 2.59 
(dd, J = 9.0, 3.5 Hz, 1H), 2.17 (s, 3H), 2.11 (s, 3H), 2.07 – 2.02 (m, 1H), 1.96 – 1.83 (m, 2H), 1.55 (s, 
3H), 1.34 (s, 3H), 1.21 (s, 3H), 1.12 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 215.07, 172.16, 170.17, 137.49, 129.42, 128.65, 126.68, 
102.18, 86.59, 81.90, 80.93, 77.36, 76.33, 76.21, 57.18, 52.61, 52.20, 50.09, 49.62, 47.11, 41.07, 39.00, 
30.32, 29.11, 27.37, 25.62, 22.66, 21.82, 21.26, 13.74 ppm. 

IR (film, cm-1):3500, 2979, 1744, 1377, 1235, 1107, 1047. 

HRMS Calculated for C31H36NaO8+ [M+Na]+: 559.2302, found: 559.2304. 

 

 

1H NMR (400 MHz, Chloroform-d) δ = 7.36 – 7.31 (m, 5H), 5.79 (d, J = 9.6 Hz, 1H), 5.68 (d, J = 3.5 
Hz, 1H), 5.58 (s, 1H), 5.32 (d, J = 9.6 Hz, 1H), 5.06 (d, J = 2.4 Hz, 1H), 3.80 (dd, J = 12.4, 3.9 Hz, 
1H), 2.85 (dd, J = 9.0, 2.4 Hz, 1H), 2.61 (dd, J = 9.0, 3.5 Hz, 1H), 2.41 (dt, J = 15.1, 3.5 Hz, 1H), 2.17 
(s, 3H), 2.12 (s, 3H), 2.10 – 2.04 (m, 1H), 2.02 (s, 3H), 1.89 (dt, J = 13.1, 3.9 Hz, 1H), 1.59 (s, 3H), 
1.43 (s, 3H), 1.36 – 1.29 (m, 1H), 1.17 (s, 3H), 1.10 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform -d) δ = 214.7, 170.4, 170.0, 170.0, 137.4, 129.5, 128.7, 126.7, 102.2, 
84.9, 80.8, 77.4, 76.3, 76.2, 57.0, 52.5, 52.1, 50.2, 49.5, 47.0, 30.7, 30.3, 27.0, 25.5, 22.5, 21.8, 21.1, 
21.0, 13.7 ppm. 

IR (film, cm-1):2949, 1749, 1370, 1231, 1112, 1048, 912. 

HRMS Calculated for C33H38NaO9
+ [M+Na]+: 601.2408, found: 601.2408. 
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A flame dried Schlenk tube under nitrogen was loaded with Pd/C (10%wt Pd, 13.5 mg, 0.013 mmol, 
0.30 mol%) and the diacetate 1173 (23 mg, 0.043 mmol, 1 equiv.) in MeOH (5 ml) was added. The 
solution was purged with H2 (via double walled balloon, needle, septum) and stirred under positive 
hydrogen atmosphere for 24 h. The suspension was filtered through celite and the filter cake was 
washed with MeOH and EtOAc. The colorless filtrate was evaporated and the product was isolated 
by column chromatography on silica gel (PE : EtOAc 1 : 2) as a colorless solid (19 mg, 0.041 mmol, 
97%). 

Analytically pure Canataxpropellane was obtained from the 2.5 : 1 mixture of regioisomers by 
crystallization from EtOAc/hexane. 

Notes: 

Microcrystallization was carried out by dissolving Canataxpropellane in around 0.5 ml EtOAc in a 
2 ml  glass vial which was then placed inside a 20 ml hexane reservoir vial and consequently sealed. 
Diffusion of hexane into the solution over 18 h at r.t. led to crystallization in form of needle shaped 
crystals. 

Alternatively separation of Canataxpropellane from the slightly more polar regioisomer by column 
chromatography (PE : EA 1 : 2) was found possible for small amounts (4 mg), but was tedious and 
tended to result in mixed fractions for increased amounts. 

The regiosiomer of Canataxpropellane (2) is identical with intermediate 1171 and has been 
characterized before. 

Occasionally slow progression of the reaction was observed over 24 h, in this case an additional 
portion of 10 mol% of Pd/C was added. Increased catalyst load and reaction time did not significantly 
affect the yield of the reaction. 

1H NMR (600 MHz, Chloroform-d) δ = 5.57 (d, J = 3.4 Hz, 1H), 5.52 (d, J = 8.9 Hz, 1H), 5.32 (t, 
J = 2.2 Hz, 1H), 4.00 (dd, J = 9.0, 3.5 Hz, 1H), 3.94 (dd, J = 12.0, 5.1 Hz, 1H), 3.32 (d, J = 3.6 Hz, 
1H), 3.08 (s, 1H), 2.94 (s, 1H), 2.68 (dd, J = 9.2, 2.1 Hz, 1H), 2.50 (dd, J = 9.2, 3.3 Hz, 1H), 2.45 (dt, 
J = 14.7, 3.5 Hz, 1H), 2.11 (s, 3H), 2.10 (s, 3H), 1.87 – 1.79 (m, 2H), 1.48 (s, 3H), 1.32 (s, 3H), 1.17 
(s, 3H), 1.13 – 1.09 (m, 1H), 1.08 (s, 3H) ppm. 

13C NMR (151 MHz, Chloroform-d) δ = 217.4, 172.3, 170.2, 86.7, 83.0, 76.7, 75.0, 73.8, 57.6, 57.5, 
54.3, 52.6, 52.6, 52.1, 52.0, 48.8, 41.1, 40.0, 29.8, 29.8, 29.7, 29.0, 27.3, 22.2, 21.7, 21.3, 14.3 ppm. 
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IR (film, cm-1): 3391, 2923, 2853, 1742, 1460, 1370, 1231, 1181, 1030, 909, 731. 

HRMS Calculated for C24H32NaO8
+ [M+Na]+: 471.1989, found: 471.1994. 

Comparison of the NMR spectra of the isolated and synthetic material 

 

Table 75 Comparison of 1H-NMR data with the isolation paper242 

Position  1H [ppm], mult, J [Hz] 
(synthetic, 600 MHz) 

 1H [ppm], mult, J [Hz] 
(isolated, 500 MHz) 

2 5.57 d, J = 3.3 Hz, 1H 5.56 d, J = 3.3 Hz, 1H 

10 5.52 d, J = 9.0 Hz, 1H 5.52 d, J = 9.0 Hz, 1H 

20 5.32 t, J = 2.2 Hz, 1H 5.31 s br, 1H 

9 4.00 dd, J = 9.0, 2.8 Hz, 1H 3.99 m, 1H 

5 3.94 dd, J = 12.0, 5.1 Hz, 1 3.93 m, 1H 

9-OH 3.32 d, J = 3.6 Hz, 1H 3.33 d br, J = 3.3 Hz, 1H 

5-OH 3.08 s br, 1H - - 

20-OH 2.94 s br, 1H 2.96 s br, 1H 

14 2.68 dd, J = 9.2, 2.1 Hz, 1H 2.68 dd, J = 9.3, 2.1 Hz, 1H 

1 2.50 dd, J = 9.2, 3.3 Hz, 1H 2.49 dd, J = 9.3, 3.3 Hz, 1H 

7a 2.45 dt, J = 14.7, 3.5 Hz, 1H 2.43 dt, J = 3.3 Hz, 1H 

10-OAc 2.11 s, 1H 2.10 s, 1H 

2-Oac 2.10 s, 1H 2.09 s, 1H 

6ab 1.87–1.79 m, 2H 1.83 m, 2H 

18 1.48 s, 1H 1.47 s, 1H 

16 1.32 s, 1H 1.31 s, 1H 

17 1.17 s, 1H 1.16 s, 1H 

7b 1.13–1.09 m, 1H 1.11 m, 1H 

19 1.08 s, 1H 1.07 s, 1H 
 

Notes: the free OH-protons appear at varying shifts (up to  = ±0.12 ppm) in the 1H-NMR spectra 
of different samples (crude/regioisomer mixture/isolated substance). 
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Notes: There is no 13C-NMR in the isolation paper. All 13C-NMR shifts in the isolation paper are 
extracted from the HSQC and HMBC. 

Table 76 Comparison of 13C-NMR data with the isolation paper242 

Regular Referencing Adjusted Referencing 
(To account to systematic shift compared to 

isolation) 

Position 

 13C 
[ppm] 

(synthetic) 

 13C 
[ppm] 

(isolated) 
 

[ppm] Position 

 13C 
[ppm] 

(synthetic)

13C 
[ppm] 

(isolated) 
 

[ppm] 

13 217.4 216.8 -0.62 13 217.4 217.2 -0.26 

10-OAc 172.3 171.7 -0.56 10-OAc 172.3 172.1 -0.20 

2-OAc 170.2 169.7 -0.48 2-OAc 170.2 170.1 -0.12 

9 86.7 86.3 -0.44 9 86.7 86.7 -0.08 

10 83.0 82.6 -0.36 10 83.0 83.0 0.00 

2 76.8 76.4 -0.35 2 76.8 76.8 0.01 

5 75.0 74.8 -0.24 5 75.0 75.2 0.12 

20 73.8 73.4 -0.36 20 73.8 73.8 0.00 

11 57.6 57.3 -0.29 11 57.6 57.7 0.07 

3 54.3 53.8 -0.53 3 54.3 54.2 -0.17 

14 52.6 52.4 -0.24 14 52.6 52.8 0.12 

1 52.1 51.9 -0.19 1 52.1 52.3 0.17 

4 52.0 51.5 -0.53 4 52.0 51.9 -0.17 

12 48.8 48.6 -0.20 12 48.8 49.0 0.16 

12 41.1 40.8 -0.34 12 41.1 41.2 0.02 

8 40.0 39.5 -0.52 8 40.0 39.9 -0.16 

16 29.8 29.5 -0.31 16 29.8 29.9 0.05 

7 29.7 29.4 -0.34 7 29.7 29.8 0.02 

6 29.0 28.6 -0.36 6 29.0 29.0 0.00 

19 27.3 27.0 -0.27 19 27.3 27.4 0.09 

17 22.2 22.1 -0.10 17 22.2 22.5 0.26 

10-OAc 21.7 21.4 -0.34 10-OAc 21.7 21.8 0.02 

2-OAc 21.3 20.9 -0.35 2-OAc 21.3 21.3 0.01 

18 14.3 14.0 -0.33 18 14.3 14.4 0.03 
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(–)-TADDOL (24.91 g, 53.4 mmol, 1 equiv.) was dissolved in toluene (250 ml) in a flame dried 
Schlenk tube under nitrogen and cooled to 0 °C. NaHMDS (2 M in THF, 56 ml, 112.1 mmol, 
2.1 equiv.) was added drop wise and the solution was stirred for 45 min. Then iPrSiCl3 (14.22 g, 
80.1 mmol, 1.5 equiv.) was added and the mixture was stirred for 15 min at 0°C, then at r.t. for 1h. 
The resulting suspension was filtered through a nitrogen protected glass frit, washed with toluene 
(2x10 ml) and the filtrate was evaporated. The crude product (24.194 g, 42.36 mmol, 80%) was used 
for following steps without further purification. 

Notes:  

iPrSiCl3 was synthesized from commercial SiCl4, iPrMgCl by a procedure from Oestreich and 
coworkers.304 

1H NMR (400 MHz, Chloroform-d) δ = 7.57 (d, J = 7.6 Hz, 4H), 7.40 – 7.20 (m, 16H), 5.17 (d, 
J = 7.3 Hz, 1H), 5.11 (d, J = 7.3 Hz, 1H), 1.15 – 1.05 (m, 1H), 0.99 (dd, J = 7.2, 4.3 Hz, 6H), 0.58 (s, 
3H), 0.53 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 147.0, 145.9, 142.2, 142.0, 129.6, 129.0, 128.9, 128.2, 128.0, 
127.7, 127.6, 127.4, 127.3, 127.3, 127.2, 127.1, 127.1, 114.2, 85.1, 83.0, 81.0, 80.9, 27.2, 27.2, 16.4, 
16.3, 16.2 ppm. 

IR (film, cm-1): 2960, 1447, 1164, 1091, 1059, 915, 889, 742, 696. 

HRMS Calculated for C34H36ClO4Si+ [M+H]+: 571.2066, found: 571.2042. 

 

 

The compound was synthesized analogously to the racemic Diels-Alder product 1082 but increased 
reaction time for reaction with the silyl chloride at r.t. (2 h) and after addition of the dienon 894 
(30 h at r.t.) utilizing lactone 1081 (5.02 g, 30.56 mmol, 1 equiv.), silyl chloride 1227 (19.83 g, 
34.72 mmol, 1.14 equiv.), NaHMDS (2 M in THF, 17.34 ml, 34.72 mmol, 1.14 equiv.), dienon 
7 (15.58 g, 55.55 mmol, 1.8 equiv.) in THF (310 ml). The products were isolated by column 
chromatography on silica gel (PE : EtOAc 100:1) on a short column to give an mixture of 
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diastereomers 1229 and 1232 (16.44 g, 16.81 mmol, 55% with dr 1.5 : 1). The major diastereomer 
was then separated from this mixture using a second column (PE:EtOAC 100:1 to 100:1.5) to give 
isolated diastereomer 1229 (9.37 g, 9.58 mmol, 31%). 

Notes: 

The less polar spot represents the major diastereomer (TLC: rf(major) = 0.5, rf(minor) = 0.45 in 
PE : EtOAc 40 : 1), bearing the correct absolute configuration towards the natural product 
(identification see p. S33, p.S49 f) and the more polar spot represents the minor diastereomer bearing 
the configuration towards the ent-natural product. 

The isolated major diastereomer was subjected to the following steps on decagram scale (15.90 g of 
1229 in total) while the minor diastereomer was proceeded on smaller scale (see p. S32) to obtain 
characterization data of the intermediates towards the antipode of the natural product. 

In contrast to the corresponding intermediate 5 from the racemic route (bearing TBS as protecting 
group), the NEt3 additive to the column can be omitted for better separation of the diastereomers, 
since no degradation on silica gel was observed for the intermediates 1229 and 1232. 

The yield for this reaction improved significantly at larger scale, the described results are obtained at 
30-40 mmol scale (lactol building block), at 1 mmol scale the yield decreased to 24%. 

After addition of dienon 7 and the concentration step, crude NMR typically showed a ratio of 3 : 1 
(THF : dienone) in the crude NMR, which might serve to check if a sufficient concentration was 
obtained. 

Monitoring the reaction quantitatively via 1H-NMR showed that the conversion was completed after 
28 h, elongation of the reaction time up to 72h showed only little degradation of the product (nor 
decreased isolated yield), thus elongation of the reaction time seems to be tolerated well. 

1H NMR (400 MHz, Chloroform-d) δ = 7.71 – 7.65 (m, 4H), 7.49 (d, J = 6.7 Hz, 2H), 7.43 – 7.36 
(m, 4H), 7.34 – 7.20 (m, 9H), 7.15 – 7.09 (m, 1H), 7.05 – 6.98 (m, 1H), 6.67 (d, J = 8.2 Hz, 1H), 6.44 
(d, J = 7.2 Hz, 1H), 5.38 (d, J = 7.4 Hz, 1H), 5.16 (d, J = 4.6 Hz, 1H), 5.11 (d, J = 7.4 Hz, 1H), 3.92 (d, 
J = 11.1 Hz, 1H), 3.87 (s, 3H), 3.70 (d, J = 11.1 Hz, 1H), 2.67 (dd, J = 9.4, 4.6 Hz, 1H), 2.36 (d, J = 9.4 
Hz, 1H), 1.42 (s, 3H), 1.26 (s, 3H), 1.06 (s, 3H), 0.96 (s, 3H), 0.95 – 0.94 (m, 1H), 0.90 (s, 9H), 0.87 
(s, 3H), 0.59 (s, 3H), 0.57 (s, 3H), 0.07 (s, 3H), 0.02 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 198.1, 154.1, 152.6, 147.7, 147.0, 145.7, 143.1, 131.8, 130.2, 
129.4, 129.2, 129.2, 127.9, 127.7, 127.6, 127.5, 127.4, 126.9, 126.9, 126.9, 113.5, 112.8, 110.1, 109.9, 
83.5, 82.3, 81.0, 80.8, 74.8, 60.4, 55.2, 54.2, 53.8, 37.2, 35.5, 27.3, 27.2, 26.0, 26.0, 18.3, 17.0, 16.8, 
12.6, 12.1, -5.3, -5.5 ppm. 

IR (film, cm-1):2953, 2931, 1665, 1447, 1368, 1324, 1260, 1070, 839, 775, 699. 

HRMS Calculated for C59H71O9Si2
+ [M+H]+: 979.4631, found: 979.4624. 
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[]D
22=-55.2  (c= 0.014 g/ml, CHCl3) 
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1H NMR (400 MHz, Chloroform-d) δ = 7.66 (d, J = 7.2 Hz, 2H), 7.43 (d, J = 7.2 Hz, 2H), 7.38 – 7.30 
(m, 4H), 7.30 – 7.17 (m, 7H), 7.11 (d, J = 7.4 Hz, 2H), 7.02 – 6.94 (m, 2H), 6.88 (t, J = 7.6 Hz, 2H), 
6.63 (d, J = 8.3 Hz, 1H), 6.50 (d, J = 7.2 Hz, 1H), 5.31 (d, J = 7.3 Hz, 1H), 5.04 (d, J = 4.6 Hz, 1H), 
5.01 (d, J = 7.3 Hz, 1H), 3.88 (s, 3H), 3.87 (d, J = 11.0 Hz, 5H), 3.67 (d, J = 11.0 Hz, 1H), 2.65 (d, 
J = 9.2 Hz, 1H), 1.96 (dd, J = 9.2, 4.6 Hz, 1H), 1.33 (s, 3H), 1.26 (s, 3H), 1.17 (s, 3H), 0.96 (s, 3H), 
0.91 (s, 3H), 0.91 – 0.89 (m, 1H), 0.85 (s, 9H), 0.51 (s, 3H), 0.45 (s, 3H), 0.02 (s, 3H), -0.03 (s, 
3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 198.7, 154.5, 152.7, 147.8, 147.7, 146.1, 143.4, 142.9, 131.9, 
129.8, 129.5, 129.4, 129.2, 127.9, 127.8, 127.6, 127.4, 126.9, 126.9, 126.9, 126.4, 126.3, 113.6, 112.6, 
110.1, 109.8, 83.0, 82.9, 81.2, 80.4, 74.3, 68.1, 60.5, 55.3, 54.5, 52.6, 36.8, 35.3, 29.9, 27.3, 27.2, 26.0, 
25.8, 22.0, 18.3, 17.3, 17.0, 12.9, 12.1, -5.3, -5.5 ppm. 

IR (film, cm-1): 2931, 2856, 1665, 1447, 1368, 1323, 1261, 1071, 843, 699. 

HRMS Calculated for C59H71O9Si2
+ [M+H]+: 979.4631, found: 979.4630. 

[]D
22=-135.0.0  (c= 0.004 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1075 starting from 
1229 (2.00 g, 2.04 mmol) in 200 ml CH3CN with an irradiation time of 50 min (2x25 min intervals) 
to yield the [2+2] product as a colorless solid alongside recovered starting material. 
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Upon processing a batch of 15.901 g of material in this manner in portions of 2 g a yield of 5.663 g 
(5.78 mmol, 36%) product and 7.290 g(7.44 mmol, 46%) of starting material was obtained. Over 3 
reactions cycles (converting the recovered starting material) 9.847 g(10.05 mmol, 62%) product 
were obtained (individual yields per cycle varied between 36 and 44% product and 38-46% 
recovered starting material). 

Notes: 

The reaction was well reproducible at the concentration described above. At higher concentrations the 
formation of side products and decreased yields were observed. 

Addition of 0.5% NEt3 to the eluent for column chromatography is required to prevent degradation on 
column (reduction of the yield to 70% for this step was observed). 

Crude reaction mixtures of 2 g scale reactions might be evaporated and stored at -18°C to be later 
combined for separation by column chromatography. 

1H NMR (400 MHz, Chloroform-d) δ = 7.57 (d, J = 7.7 Hz, 4H), 7.41 – 7.13 (m, 16H), 5.77 (dd, 
J = 9.6, 6.5 Hz, 1H), 5.06 (s br, 2H), 4.91 (d, J = 6.5 Hz, 1H), 4.81 (d, J = 4.4 Hz, 1H), 4.18 (d, J = 9.6 
Hz, 1H), 3.99 (d, J = 11.1 Hz, 1H), 3.66 (d, J = 11.1 Hz, 1H), 3.57 (s, 3H), 2.47 (dd, J = 10.4, 4.4 Hz, 
2H), 2.30 (d, J = 10.4 Hz, 1H), 1.11 (s, 3H), 0.98 (s, 3H), 0.90 (s, 6H), 0.86 (s, 9H), 0.85 (s, 3H), 0.51 
(s, 3H), 0.50 (s, 3H), 0.03 (s, 3H), 0.02 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 213.9, 152.9, 147.5, 146.9, 142.9, 142.9, 130.1, 129.0, 127.9, 
127.6, 127.4, 127.2, 127.1, 127.0, 126.9, 126.8, 126.8, 126.7, 113.6, 112.3, 112.0, 94.6, 83.4, 82.8, 82.1, 
81.3, 80.9, 61.6, 61.5, 61.2, 59.7, 56.3, 56.0, 54.6, 43.1, 27.2, 27.2, 26.0, 25.9, 23.5, 20.8, 18.2, 17.2, 
16.9, 12.7, 9.4, -5.6 ppm. 

IR (film, cm-1): 2955, 2930, 1735, 1447, 1321, 1092, 1075, 1027, 887, 833, 743, 699. 

HRMS Calculated for C59H71O9Si2
+ [M+H]+: 979.4631, found: 979.4634. 

[]D
22=-177.5  (c= 0.014 g/ml, CHCl3) 
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The compound was synthesized analogously to the racemic compound 1075 starting from 
1232 (96.2 mg, 0.098 mmol) to yield the [2+2] product as a colorless solid (28 mg, 0.029 mmol, 
29%) alongside recovered starting material (44 mg, 0.045 mmol, 46%). 

1H NMR (400 MHz, Chloroform-d) δ = 7.59 – 7.44 (m, 6H), 7.35 – 7.17 (m, 11H), 7.16 – 7.10 (m, 
3H), 5.77 (dd, J = 9.3, 7.4 Hz, 1H), 5.31 (d, J = 7.2 Hz, 1H), 5.00 (d, J = 7.2 Hz, 1H), 4.92 (d, J = 7.4 
Hz, 1H), 4.83 (d, J = 9.3 Hz, 1H), 4.62 (d, J = 4.4 Hz, 1H), 4.01 (d, J = 11.2 Hz, 1H), 3.67 (d, J = 11.2 
Hz, 1H), 3.67 (s, 3H), 2.10 (d, J = 10.4 Hz, 1H), 1.68 (dd, J = 10.4, 4.4 Hz, 1H), 1.17 (s, 3H), 0.90 (s, 
6H), 0.89 (s, 3H), 0.86 (s, 9H), 0.83 (s, 3H), 0.72 – 0.63 (m, 1H), 0.53 (s, 3H), 0.42 (s, 3H), 0.03 (s, 
3H), 0.02 (s, 3H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 214.8, 152.9, 147.8, 147.4, 143.6, 142.9, 130.5, 129.3, 128.0, 
127.9, 127.7, 127.4, 127.0, 127.0, 126.9, 126.9, 126.6, 126.6, 113.8, 112.3, 112.0, 95.1, 81.1, 79.9, 61.7, 
61.5, 60.7, 60.0, 56.5, 56.3, 56.1, 54.7, 42.8, 27.5, 27.2, 26.0, 23.4, 20.8, 18.2, 17.1, 17.0, 13.0, 9.4, -5.6, 
-5.6 ppm. 

IR (film, cm-1): 2928, 2856, 1736, 1447, 1323, 1226, 1076, 888, 834, 699. 

HRMS Calculated for C59H71O9Si2
+ [M+H]+: 979.4631, found: 979.4625. 

[]D
22=-41.4 (c= 0.008 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1096 starting from lactole 
1951/1952 towards either antipode. Starting from 1051 the reaction was carried out on a scale of 
9.847 g (10.054 mmol, 1 equiv.). The compound was isolated by column chromatography on silica 
gel (PE : acetone 10 : 1 + 0.5%NEt3) in form of a colorless solid (3.562 g, 8.011 mmol, 80%). 
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Intermediate (–)-1096 towards Canataxpropellane: 

[]D
22= -160.8  (c= 0.010 g/ml, CHCl3) 

An of ee > 98% was determined via chiral analytical HPLC (comparison of the HPLC trace with the 
racemic material see p. S34 f). Column: Chiralpak IA, eluent: Hexane:EtOH 90:10 isocratic, 
flowrate: 1 ml/min, sample: 1mg/ml, injection volume: 5 l , detection: UV detector (250 nm). 

Intermediate (+)-1096 towards ent-Canataxpropellane: 

[]D
22= +160 (c= 0.002 g/ml, CHCl3) 

Notes: 

The PE : acetone enabled acceptable separation of the TADDOL form the product on gram scale. 
Separation using PE EtOAc was found tedious. PE : acetone further switches the observed order of 
elution from column compared to PE:EA. TADDOL can be recovered thereby. 

Experimental CD Spectra (EtOH, c = 1.35 mM) of [2+2], silyl deprotection product 1096 of the 
minor diasteromer of the Diels-Alder reaction of the (+)-TADDOL approach 1231 (corresponding 
to the major isomer of a (–)-TADDOL) approach) and comparison with the calculated CD spectra 
identified this enantiomer as the desired intermediate towards the natural product. 

 

Figure 456 Comparison of experimental and simulated CD spectra 

The ground state electronic structures were calculated by density functional theory (DFT) methods 
using the ORCA program system.455 The def2-TZVP basis sets were employed for all atoms 
together with the B3LYP hybrid functional.  Absorption spectra and orbital energies were calculated 
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using time-dependent DFT (TD-DFT) with the same functional/basis set combinations as those 
mentioned above. The orca_mapspc feature of the ORCA program system was used to analyze the 
results, while visualization of the results was performed with the Avogadro program package.456 

  



4.1. Procedures and Characterization Data 

397 

 



4.1.  Procedures and Characterization Data 

 

398 

 

 



4.1. Procedures and Characterization Data 

399 

 

The compound was synthesized analogously to the racemic compound 1109 starting from lactone 
(–)-1096 (3.543 g, 7.967 mmol) to obtain (–)-11 as a colorless solid (1.867 g, 3.804 mmol, 48 % over 
2 steps). 

[]D
22= -56.2  (c= 0.010 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1117 starting from lactone 
(–)-1109 (1.852 g, 3.775 mmol) to obtain (–)-1117 as a colorless solid (1.147 g, 2.338 mmol, 62 % 
over 3 steps). 

Notes:  

As for the racemic compound 13, this yield corresponds to 2 reaction cycles (conversion of recovered 
starting material). 

[]D
22= -166.5  (c= 0.016 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1134 starting from aldol (–
)-1117 (500 mg, 1.019 mmol) to obtain (–)-1134 as a colorless solid (289 mg, 0.587 mmol, 58 % 
over 2 steps). 

[]D
22= -84.0  (c= 0.010 g/ml, CHCl3) 
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The compound was synthesized analogously to the racemic compound 1145 starting from hydroxy 
enone (–)-1134 (289 mg, 0.587 mmol) to obtain (–)-1145 as a colorless solid (146 mg, 0.297 mmol, 
51 % over 2 steps) alongside the corresponding 1,4-reduced -hydroxy ketone (–)-1147 (34 mg, 
0.069 mmol, 12% over 2 steps). 

[]D
22= -22.9  (c= 0.003 g/ml, CHCl3) 

 

 

[]D
22= -37.1  (c= 0.017 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1148 starting from enone (–
)-1145 (146 mg, 0.297 mmol) to obtain (+)-1148 as a colorless solid (158 mg, 0.270 mmol, 91 %). 

[]D
22= +6.4  (c= 0.032 g/ml, CHCl3) 
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The compound was synthesized analogously to the racemic compound 1149 starting from enone 
(+)-1148 (158 mg, 0.270 mmol) and ketone (–)-1147 (34 mg, 0.069 mmol,) to obtain (–)-1149 as a 
colorless solid (192 mg, 0.330 mmol, 97 %). 

[]D
22= -17.1  (c= 0.038 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1150 starting from ketone 
(–)-1149 (192 mg, 0.330 mmol) to obtain (+)-1150 as a colorless solid (190 mg, 0.266 mmol, 81 %). 

[]D
22= +2.2  (c= 0.037 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1151 starting from vinyl 
triflate (+)-1150 (190 mg, 0.266 mmol) to obtain (–)-1151 as a colorless solid (121 mg, 0.194 mmol, 
73 %). 

[]D
22= -19.1  (c= 0.030 g/ml, CHCl3) 

 



4.1.  Procedures and Characterization Data 

 

402 

 

The compound was synthesized analogously to the racemic compound 1152 starting from 
unsaturated ester (–)-1151 (121 mg, 0.194 mmol) to obtain (–)-1152 as a colorless solid (115 mg, 
0.184 mmol, 95 %). 

[]D
22= -7.7  (c= 0.029 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1153 starting from ester (–
)-1152 (115 mg, 0.184 mmol) to obtain (+)-1153 as a colorless solid (99 mg, 0.154 mmol, 84 %). 

[]D
22= +29.7  (c= 0.025 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1154 starting from alkylated 
ester (+)-1153 (99 mg, 0.154 mmol) to obtain (+)-1154 as a colorless solid (70 mg, 0.140 mmol, 
91 % over 2 steps). 

[]D
22= +19.7  (c= 0.023 g/ml, CHCl3) 
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The compound was synthesized analogously to the racemic compound 1158 starting from diol (+)-
1154 (70 mg, 0.140 mmol) to obtain (–)-1158 as a colorless solid (35 mg, 0.070 mmol, 50 % over 2 
steps). 

[]D
21= -7.4  (c= 0.012 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1162 starting from pinacol 
(–)-1158 (35 mg, 0.070 mmol) to obtain (–)-1162 as a colorless solid (36 mg, 0.061 mmol, 88 %). 

[]D
22= -19.9  (c= 0.012 g/ml, CHCl3) 

 

 

The compound was synthesized analogously to the racemic compound 1169 starting from MOM-
ether (–)-1162 (36 mg, 0.061 mmol) to obtain (–)-1169 as a colorless solid (25 mg, 0.047 mmol, 
76 %). 

[]D
21= -30.8  (c= 0.008 g/ml, CHCl3) 
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The compound was synthesized analogously to the racemic compound 1170 starting from the 
diacetate (–)-1169 (25 mg, 0.047 mmol) to obtain (–)-1170 as a colorless solid (15 mg, 0.030 mmol, 
64 %). 

[]D
22= -58.4  (c= 0.005 g/ml, MeOH) 

 

 

The compound was synthesized analogously to the racemic compound 1173 starting from 
monoacetate (–)-1170 (15 mg, 0.030 mmol) to obtain (–)-1173 as a colorless solid (7.5 mg, 
0.014 mmol, 46 %). 

[]D
22= -35.7  (c= 0.003 g/ml, CHCl3) 

Note: 

The product contains the C9-acetylated regioisomer in a ratio of 2.1 : 1. Since separatation of the 
regioisomers by column chromatography was found tedious, the mixture of regioisomers was used for 
the following step and separated after deprotection of the benzylidene acetal. The specific rotation 
corresponds to this mixture of regioisomers. 
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The compound was synthesized analogously to the racemic natural product 2 starting from 
diacetate (–)-1173  (7.5 mg, 0.0140 mmol). The regioisomers were separated by column 
chromatography on silica gel (PE : EA 2 : 1) to obtain (–)-Canataxpropellane (2) as a colorless 
solid (3.6 mg, 0,0080 mmol, 57%). 

 []D
22= -18.2  (c= 0.001 g/ml, CHCl3) 

Notes: 

For the isolated natural product a specific rotation of []D
22= -39 was reported. (17) The deviation 

between the specific rotation obtained for the synthetic sample and the isolated sample appears to be 
likely the consequence of the presence of a second species in the isolated sample as evident by a second 
set of signals in the corresponding reported NMR-spectra. 

For the racemic natural product crystallization was applied to separate the natural product 2 from 
the corresponding diacetate regioisomer. For the optically active compound column chromatography 
was used instead due to the smaller scale. 
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Building Block Synthesis 

 

Following a slightly adjusted literature reported method by Baran and Nicolaou318,319 allylic alcohol 
1240 (7.085 g, 43.12 mmol, 1 equiv.) was dissolved in DMSO (300 ml) under nitrogen and 
IBX (30.189 g, 107.81 mmol, 2.5 equiv.) was added in one portion and stirred for 30 min at r.t. over 
which the reagent slowly dissolved. The reaction mixture was then heated to 130 °C (oil bath 
temperature) for 24 h, cooled to r.t., diluted with Et2O  and washed with 5% aq. NaHCO3 (3x), 
water, brine, dried over MgSO4 and the solvent was evaporated. The crude product was used for 
following steps without further purification. 

Notes: 

The reaction shows a very strong temperature dependence, below 110 °C, hardly any conversion is 
observed. The internal temperature should be narrow around 115-120 °C for conversion in 12-24 h.  

The procedure was commonly carried out using dry DMSO (over 4 Å molesieves). 

When attempting isolation of the compound via column chromatography, decreased yield and purity 
of the compound isolated from the column was observed. 

Evaporation of the solvent und vacuum should be carried out in careful manner since the compound 
is potentially volatile. Small amounts of residual ether were found to be tolerated well by the following 
step.  

IBX was synthesized following the procedure from Sputore and Coworkers.453 

Integrity of the product might be checked by 1H-NMR using following reverence data: 1H NMR (400 
MHz, Chloroform-d) δ = 10.44 (s, 1H), 6.79 (d, J = 10.0 Hz, 1H), 6.31 (d, J = 10.0 Hz, 1H), 2.31 (s, 
3H), 1.41 (s, 6H) ppm. 

The crude aldehyde 1241 (4.602 g, 28.03 mmol, 1 equiv.) was dissolved in THF (80 ml) under 
nitrogen and NaHB(OAc)3 (23.763 g, 112.12 mmol, 4 equiv.) was added and the reaction mixture 
was stirred at r.t. for 24 h. NH4Cl aq. was added ant the mixture was stirred for 5 min and 
subsequently extracted with Et2O (3x), washed with NaHCO3 aq, washed with brine, dried over 
MgSO4 and the solvent was evaporated. The crude product was used for following steps without 
further purification.  

An analytical sample was obtained by column chromatography on silica gel (PE : EtOAc 1 : 1). 
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NaBH(OAc)3 was prepared by protonolysis of NaBH4 (1 equiv.) with AcOH ( 3.1 equiv.) in CH2Cl2 at 
0 °C to r.t. (mechanical stirrer) over 16 h followed by filtration, washing with Et2O and drying in 
vacuo until constant weight is reached (300 g scale).320 

1H NMR (400 MHz, Chloroform-d) δ = 6.75 (d, J = 9.9 Hz, 1H), 6.18 (d, J = 9.9 Hz, 1H), 4.41 (s, 
2H), 2.06 (s br, 1H), 1.99 (s, 3H), 1.28 (s, 6H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 187.1, 157.8, 157.4, 134.4, 125.8, 59.3, 39.8, 25.5, 11.2 ppm. 

HRMS Calculated for C10H15O2
+ [M+H]+: 167.1067, found: 167.1063. 

 

 

The primary alcohol 1953 (4.135 g, 24.87 mmol, 1 equiv.) was dissolved in CH2Cl2 (125 ml) under 
nitrogen and cooled to 0 °C. Imidazole (3.047 g, 44.76 ,mmol, 1.8 equiv.) was added, followed by 
TBSCl (4.497 g, 29.84 mmol, 1.2 equiv.) and the mixture was stirred for 10 min at 0 °C, then 
warmed to r.t. and stirred for 12 h. NaHCO3 aq. was added and the mixture was extracted with 
EtOAc (3x), washed with brine, dried over MgSO4 and the solvent was evaporated. The product was 
isolated by column chromatography (PE :EtOAc 20 : 1) in form of a faint yellow solid (5.371 g, 
19.15 mmol, 77%). 

1H NMR (400 MHz, Chloroform-d) δ = 6.72 (d, J = 9.9 Hz, 1H), 6.18 (d, J = 9.9 Hz, 1H), 4.37 (s, 
2H), 1.94 (s, 3H), 1.26 (s, 6H), 0.90 (s, 9H), 0.12 (s, 6H) ppm. 

13C NMR (101 MHz, Chloroform-d) δ = 187.2, 157.4, 157.4, 133.9, 125.9, 59.7, 39.9, 25.9, 25.6, 18.4, 
11.0, -5.4 ppm. 

HRMS Calculated for C16H29O2Si+ [M+H]+: 281.1931, found: 281.1927. 
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Table 77 Crystal data and structure refinement for 1117 (CCDC 1966212) 

Empirical formula  C27 H41 O6 Si 
Formula weight  489.69 
Temperature  100(1) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.1683(13) Å •= 79.354(12)°. 
 b = 12.5036(18) Å •= 75.512(12)°. 
 c = 13.964(2) Å • = 86.912(12)°. 

Volume 1357.1(4) Å3 
Z 2 

Density (calculated) 1.198 Mg/m3 

Absorption coefficient 0.124 mm-1 
F(000) 530 
Theta range for data collection 1.530 to 27.999°. 
Index ranges -9<=h<=10, -16<=k<=16, -18<=l<=18 
Reflections collected 20987 
Independent reflections 6554 [R(int) = 0.1098] 
Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 
Data /restraints /parameters 6554 /0 /318 

Goodness-of-fit on F2 0.983 
Final R indices [I>2sigma(I)] R1 = 0.0686, wR2 = 0.1855 
R indices (all data) R1 = 0.0835, wR2 = 0.1981 
Extinction coefficient n/a 

Largest diff. peak and hole 0.692 and -0.635 e.Å-3 
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Table 78 Crystal data and structure refinement for 1147 (CCDC 1966213) 

Empirical formula  C26 H40 O7 Si 
Formula weight  492.67 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.2061(5) Å •= 103.960(5)°. 
 b = 12.2227(7) Å •= 97.268(5)°. 
 c = 13.6844(8) Å • = 94.416(5)°. 

Volume 1313.05(14) Å3 
Z 2 

Density (calculated) 1.246 Mg/m3 

Absorption coefficient 0.131 mm-1 
F(000) 532 
Theta range for data collection 2.008 to 26.728°. 
Index ranges -10<=h<=10, -15<=k<=15, -17<=l<=17 
Reflections collected 19462 
Independent reflections 5574 [R(int) = 0.0352] 
Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 
Data /restraints /parameters 5574 /0 /316 

Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0404, wR2 = 0.1106 
R indices (all data) R1 = 0.0494, wR2 = 0.1144 
Extinction coefficient n/a 

Largest diff. peak and hole 0.365 and -0.304 e.Å-3 
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Table 79 Crystal data and structure refinement for 1158 (CCDC 1966214) 

Empirical formula  C116 H143.80 O28 
Formula weight  1986.10 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P n 
Unit cell dimensions a = 8.8317(4) Å •= 90°. 
 b = 18.5495(6) Å •= 99.930(3)°. 
 c = 15.1946(6) Å • = 90°. 

Volume 2451.94(17) Å3 
Z 1 

Density (calculated) 1.345 Mg/m3 

Absorption coefficient 0.095 mm-1 
F(000) 1064 

Crystal size 0.250 x 0.217 x 0.200 mm3 
Theta range for data collection 1.748 to 29.243°. 
Index ranges -12<=h<=12, -25<=k<=25, -20<=l<=20 
Reflections collected 37483 
Independent reflections 12958 [R(int) = 0.0305] 
Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 
Data /restraints /parameters 12958 /2 /664 

Goodness-of-fit on F2 1.016 
Final R indices [I>2sigma(I)] R1 = 0.0498, wR2 = 0.1242 
R indices (all data) R1 = 0.0659, wR2 = 0.1360 
Absolute structure parameter 0.2(4) 
Extinction coefficient 0.0075(11) 

Largest diff. peak and hole 0.441 and -0.294 e.Å-3 

 
Notes: The structure was originally solved in the higher symmetry space group 21/n, after refinements 
obtaining Final R indices [I>2sigma(I)]: R1 = 0.1160, wR2 = 0.2372; R indices (all data): R1 = 0.1291, 

wR2 = 0.2424; Goodness-of-fit on F2: 1.229. Solution of the structure in P n gave the drastically 
improved model described above.  
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Flack x: -0.11(7); Hooft y: -0.030(18)  

Table 80 Crystal data and structure refinement for (–)-1096 (CCDC 1966215) 

Empirical formula  C25 H36 O5 Si 
Formula weight  444.63 
Temperature  100(2) K 
Wavelength  1.54186 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 10.5788(6) Å •= 90°. 
 b = 8.7571(5) Å •= 96.145(4)°. 
 c = 13.3106(6) Å • = 90°. 

Volume 1226.00(11) Å3 
Z 2 

Density (calculated) 1.204 Mg/m3 

Absorption coefficient 1.103 mm-1 
F(000) 480 

Crystal size 0.200 x 0.150 x 0.100 mm3 
Theta range for data collection 4.203 to 66.549°. 
Index ranges -12<=h<=12, -10<=k<=10, -15<=l<=15 
Reflections collected 10192 
Independent reflections 4219 [R(int) = 0.0859] 
Completeness to theta = 66.549° 98.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9207 and 0.3006 

Refinement method Full-matrix least-squares on F2 
Data /restraints /parameters 4219 /1 /290 

Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0791, wR2 = 0.1971 
R indices (all data) R1 = 0.0917, wR2 = 0.2139 
Absolute structure parameter -0.11(7) 
Extinction coefficient 0.018(3) 

Largest diff. peak and hole 0.581 and -0.439 e.Å-3 
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Flack x: -0.004(54); Hooft y: -0.001(2)  

Table 81 Crystal data and structure refinement for (–)-1147 (CCDC 1966216) 

Empirical formula  C27 H42 O6 Si 
Formula weight  490.69 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 10.1806(2) Å •= 95.463(2)°. 
 b = 14.7479(3) Å •= 90.187(2)°. 
 c = 17.7548(4) Å • = 92.414(2)°. 

Volume 2651.22(10) Å3 
Z 4 

Density (calculated) 1.229 Mg/m3 

Absorption coefficient 0.127 mm-1 
F(000) 1064 

Crystal size 0.500 x 0.250 x 0.100 mm3 
Theta range for data collection 1.718 to 26.498°. 
Index ranges -12<=h<=11, -18<=k<=18, -22<=l<=22 
Reflections collected 68553 
Independent reflections 21081 [R(int) = 0.0427] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9880 and 0.7656 

Refinement method Full-matrix least-squares on F2 
Data /restraints /parameters 21081 /3 /1270 

Goodness-of-fit on F2 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0596, wR2 = 0.1445 
R indices (all data) R1 = 0.0739, wR2 = 0.1541 
Absolute structure parameter 0.00(5) 
Extinction coefficient 0.0015(5) 

Largest diff. peak and hole 0.991 and -0.291 e.Å-3 
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