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Abstract 

Thapsigargin is a complex, densely oxygenated guaianolide, which functions as a selective 

and irreversible subnanomolar inhibitor of sarco/endoplasmic reticulum Ca2+ ATPases.  

Importantly, a prodrug of this natural product, mipsagargin, is currently in late-stage clinical 

trials for the treatment of multiple cancers.  Nevertheless, the limited availability of the 

material from natural sources, coupled with an estimated demand of one metric ton per 

annum, provides a compelling mandate to develop a practical total synthesis of this agent.  

This thesis describes the development of a concise, efficient and scalable total synthesis of 

thapsigargin and related natural products, and it is divided into four chapters.   

Chapter 1 provides an account of thapsigargin including its isolation, biosynthetic pathway, 

biological activity, and focuses on the previously reported strategies towards the synthesis of 

thapsigargin natural products.   

Chapter 2 describes our synthetic efforts towards the total synthesis of thapsigargin by using 

a rhodium-catalyzed [(3+2)+2] carbocyclization reaction as the key step.  This strategy 

enabled the rapid construction of the highly functionalized guaianolide skeleton present in 

thapsigargin.   

Chapter 3 describes the successful route towards the total synthesis of thapsigargin by using 

an enantioselective ketone alkylation and a diastereoselective pinacol/lactonization cascade 

as the key steps.  Our synthetic strategy is inspired by nature’s carbon−carbon bond formation 

sequence, which facilitates the construction of a highly functionalized guaianolide skeleton 
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in five steps.  Overall, the total synthesis of thapsigargin was accomplished in 12 steps and 

with 5.8% overall yield from the commercially available (R)-(−)-carvone. 

Chapter 4 discusses our ongoing work on the synthesis of other members of thapsigargin 

natural products, which is exemplified by the completion of the total synthesis of 

nortrilobolide in 10 steps and with 13.3% overall yield from the commercially available (R)-

(−)-carvone.  The divergent nature of our strategy should permit the rapid preparation of all 

the members of thapsigargins and a library of simplified thapsigargin analogs for detailed 

structure−activity relationship studies. 
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Chapter 1 

Introduction of Thapsigargins 

 

1.1. Isolation, Structural Analysis and Related Compounds 

Thapsia garganica L, an umbelliferous plant in the family Apiaceae, is found in the 

Mediterranean region and is often referred to as the “death carrot.”  This plant contains potent 

skin irritants and has been used in traditional folk medicine for centuries.1 

The chemical source of this irritating effect was not fully understood until Christensen and 

coworkers isolated two major components in around 0.1% and 0.02% yield, which were 

identified as the guaianolides, thapsigargin 1 and thapsigargicin 2, respectively (Figure 1.1).2 

Thapsigargin 1 is categorized as a potent and selective subnanomolar inhibitor of 

sarco/endoplasmic reticulum Ca2+-ATPases (SERCAs),3-5 which makes it a particularly 

useful tool to investigate a variety of Ca2+-dependent cellular processes.6  The significance    

 

Figure 1.1. Structure of thapsigargin, thapsigargicin and general guaianolide skeleton. 
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of 1 in molecular biology and oncology has resulted in more than 17,000 publications since 

its isolation in 1978.7 

The structure of thapsigargin 1 was elucidated through extensive spectroscopic studies, which 

revealed a hexaoxygenated guaianolide core functionalized with acetoxyl, butyroxyl, 

angeloxyl and octanoxyl esters in addition to two tertiary hydroxyl groups.8  Although the 

non-crystalline nature of 1 makes structure determination challenging, the single-crystal 

elucidation of epoxide 4 and trilobolide 5 further confirmed the proposed structure of 

thapsigargin 1 (Figure 1.2).9,10 

 

Figure 1.2. Structure of thapsigargin epoxide and trilobolide. 

In addition to thapsigargin 1, thapsigargicin 2 and trilobolide 5, an increasing number of 

structurally related guaianolides have been isolated, which are collectively named the 

‘‘thapsigargins’’ (Figure 1.3).11,12  Interestingly, although this family of guaianolides differ at 

the C-2 and C-8 positions, they all display similar biological activity.11,12  In addition, the 

thapsigargins have the opposite configuration at C-1 relative to all other guaianolides and they 

also contain a unique -hydroxyl group at C-7.  
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Figure 1.3. The thapsigargin family. 
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1.2. Biosynthetic Pathway for Thapsigargin 

Despite an overwhelming number of biologically-related publications on thapsigargin 1, the 

complete biosynthetic pathway for 1 in Thapsia garganica L has not yet been established.  In 

2012, Simonson and coworkers identified a terpene synthase called TgTPS2, which can 

efficiently catalyze the cyclization of farnesyl diphosphate 21 to provide epi-kunzeaol 22 in 

vitro.13  In 2017, the same research group published the putative second step in the 

biosynthesis of thapsigargin 1, in which the enzyme, CYP76AE2, promotes the selective 

oxidation of 22 to generate epi-hydrocostunolide 23 (Scheme 1.1).14  However, the 

identification of the other enzymes that are responsible for the construction of the guaianolide 

skeleton, hydroxylation of a number of positions and the subsequent selective acylations, have 

not yet been elucidated.  

 

Scheme 1.1. Proposed biosynthetic pathway for thapsigargin. 
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1.3. The Biological Activity of Thapsigargin 

1.3.1. Thapsigargin, an Inhibitor of SERCAs 

It is well known that Ca2+ functions as an important second messenger in all types of cells, by 

controlling a broad range of cellular processes, such as cell growth, division, differentiation 

and death.15  Owing to the large Ca2+ concentration gradient between the cytosol and the 

endoplasmic reticulum (ER) and sarcoplasmic reticulum (SR), SERCAs transfer Ca2+ from 

the cytosol of the cell to the ER/SR, to balance the continual leakage of Ca2+ and thereby 

maintain a constant concentration (Figure 1.4).16 

 

Figure 1.4. Inhibition of SERCAs by thapsigargin (reproduced from reference 17). 

The SERCAs belong to the family of P-type ion transporting ATPases and their 

conformational change allows the transportation of bound Ca2+ across membranes.  

Thapsigargin 1 is a highly selective inhibitor of SERCAs, acting by locking the enzyme in a 

conformation that has extremely low Ca2+ affinity.  Moreover, this inhibition process is at the 

subnanomolar range and irreversible, therefore, the complete termination of SERCA’ function 

is observed in the presence of 1 (Figure 1.4).  Hence, the abnormal increase of the cytosolic 
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Ca2+ concentration and depletion of the intracellular Ca2+ storage in ER and SR by 

thapsigargin 1 disrupts a variety of Ca2+ signalling-controlled cellular process.18,19 

The SERCAs are one of the most well investigated membrane transporting proteins and 

Hundreds of SERCA inhibitors have been identified.  Thapsigargin 1, 2,5-di-tert-

butylhydroquinone 24 and cyclopiazonic acid 25 are three of the most frequently and widely 

used SERCA inhibitors (Figure 1.5).  However, 1 is generally active against all SERCA 

isomers (IC50 = 0.21-12 nM) and it is four orders of magnitude more potent than 24 and 25, 

thereby making it a standard tool for the study of intracellular calcium processes.20 

 

Figure 1.5. Structure of some inhibitors of SERCAs. 

Overall, the remarkably high level of selectivity and potency toward SERCAs make 

thapsigargin 1 particularly useful in cellular biology studies.  Moreover, the induction of cell 

apoptosis is also dependent on Ca2+ signals, in which the strategic application of thapsigargin 

1 to promote the induction of programmed cancer cell death in a proliferation independent 

manner has led to the development of novel cancer therapeutics. 21-23 
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1.3.2. Location of Binding Sites 

The X-ray structure of thapsigargin 1 bound to SERCAs provides the exact location of the 

binding sites, which are positioned in a hydrophobic cavity between transmembrane helices 

M3, M5 and M7.  In the thapsigargin 1 bound protein, there are large hydrophobic residues 

of those three helices that generate a complementary surface for lipophilic interactions with 

1.  The angeloyl side chain, which is in an internal cavity between helices M3, M4, and M5, 

also contributes to interactions with the binding sites.  Furthermore, there is weak hydrogen 

bonding between Ile829 and the carbonyl group of the butanoyl moiety (Figure 1.6).26-28 

 

Figure 1.6. X-ray structure of thapsigargin bound to SERCAs (reproduced from reference 

26a). 
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1.3.3. Structure−Activity Relationship Studies of Thapsigargin 

Thapsigargin 1 selectively inhibits SERCAs with an extremely small dissociation constant 

(<2.2 pM), which indicates extremely strong interactions between 1 and the binding site.23,24  

The structural modifications of 1, which result in changes in the affinity of thapsigargin 

analogs towards SERCAs, are summarized in Figure 1.7.   

The greatest decrease in potency arises from inversion of the configuration at either C-3 or C-

8 position, with up to 400 to ≥3000-fold reduction for 27 and 48, respectively.  Furthermore, 

changes in the lactone ring and hydrolysis of C-2 and/or C-8 esters at the same time result in 

reductions of 600 to >6000-fold for 39 and 40.  However, the natural derivatives, 

thapsigargicin 2 and nortrilobolide 6, which only differ at C-2 position are equipotent with 

thapsigargin 1.  The absence of acyl residues at the C-8 position in 47 provides no obvious 

change in activity, whereas changes at C-3 and C-10 lead to a ≥500 and 40-fold loss of 

activity, respectively, in 29 and 44.   

In contrast, changes to the lactone ring and C-7/11 diol result in only a marginal drop in 

activity (32-38).  The difference between the -ethyl acetal 36 and β-ethyl acetal 35 indicates 

that the -face of thapsigargin 1 is critical for binding to SERCAs.  The synthetic analogs 54 

and 55, which lack an oxygen substituent at C-2 position and are saturated at C-4/5 positions, 

are 3 and 10 times more potent than 1, respectively.  More significantly, the analogs 51 and 

53, which have a long amino acyl group at C-8 position are equipotent inhibitors of the 

SERCAs compared to 1.28,29 
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Figure 1.7. Relative inhibitory potencies of thapsigargin derivative (R = [IC50 (analog)/IC50 

(thapsigargin)]). 
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1.3.4. Pharmacophore of Thapsigargin 

The aforementioned studies indicate the necessity for lipophilic interactions between the C-

10 acetyl group, C-15 methyl group, C-8 butanoate moiety and C-3 angeloate moiety with 

SERCAs, and suggest that the pharmacophore of thapsigargin may be as shown in figure 1.9.  

Water mediated hydrogen bonding from the C-8 carbonyl group of the butanoate moiety and 

the C-7 hydroxyl group may also be of importance (Figure 1.8).25b  These studies provide a 

guide for additional structure modifications to enhance the potency and selectivity of this 

family of natural products.  

 

Figure 1.8. Pharmacophore of thapsigargin (reproduced from reference 28b). 

 

1.3.5. Application of Thapsigargin in Drug Discovery 

Thapsigargin 1, which compares favorably with other commonly used chemotherapeutic 

agents such as taxol (10-8 M) and doxorubicin (10-7 M) in the NCI 60 Cancer Cell Line Screen, 

is a potent and universal cytotoxin with particularly strong growth-inhibiting properties (GI50 

~ 10-10 M) in the same assay (Figure 1.9).30  The mechanism behind the cytotoxicity of 1 is 

the remarkable inhibition of SERCAs, which leads to a continuous elevation of cytosolic Ca2+ 

concentrations, subsequent DNA fragmentation and the eventual cell apoptosis, regardless of 

cell division.  Therefore, 1 stands out as a promising chemotherapeutic agent in cancer 
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treatment, and is particularly important for slower proliferating cancers namely, prostate 

cancer, since its cytotoxicity is independent of the cell cycle. 

 

Figure 1.9. Structure of thapsigargin, taxol and doxorubicin. 

Prostate cancer is the most frequently diagnosed cancer in men.  For example, there are 

approximately 22,000 new cases each year in Canada, representing 21% of all new cancer 

cases in Canadian men.  Moreover, it is the third leading cause of death from cancer in men 

in Canada.31  Unfortunately, there is currently no effective method for the treatment of 

androgen-independent primary or metastatic prostate cancers.  Figure 1.10 illustrates the 

comparison of thapsigargin 1 with taxol 56 and doxorubicin 57 in the induction of apoptosis 

in prostate cancer cells, which indicates that all these agents are equally effective at inducing 

apoptosis of cells in standard high-proliferation cultures.  However, only 1 retains its 

effectiveness in low-proliferation cultures.32  Hence, 1 demonstrates a promise for the 

treatment of prostate cancer. 
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Figure 1.10. Comparison of doxorubicin, taxol and thapsigargin in inducing apoptosis 

(reproduced from reference 32). 

The inhibition mechanism of thapsigargin 1 indicates that it is a non-specific cytotoxin, which 

kills both cancerous and normal cells in a proliferation independent manner.  Although 1 

could be an effective agent in the treatment of all types of cancers, it cannot be administered 

systemically without significant host toxicity.  To make thapsigargin 1 a viable therapeutic 

agent, prodrug delivery technology has been employed to address this problem.24  The concept 

of a prodrug has been used to improve undesirable properties of drugs since the late 19th 

century.  In fact, approximately 20% of all small molecular drugs approved during the period 

2000 to 2008 were prodrugs.33  Prodrugs are inactive, bioreversible derivatives of active drug 

molecules, which can undergo in vivo enzymatic and/or chemical transformation to release 

the active parent drug to elicit its desired pharmacological effects in the body.  Another 

advantage of the prodrug is that certain groups can be strategically used to provide specificity 

for a specific enzyme.33-36 
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G202 (Generic Name "mipsagargin"), a thapsigargin-based chemotherapeutic agent, 

demonstrates the advantages of the prodrug strategy in drug design.  Mipsagargin 58, a 

thapsigargin derivative that has a coupled protective peptide at C-8 (Figure 1.11), is only 

activated by prostate-specific membrane antigen (PSMA) that is over expressed on the tumor 

vasculature surface in a wide variety of solid tumors and directly on prostate and lung cancer 

cells.37  Currently, 58 is in late-stage clinical trials for the treatment of liver, brain, prostate 

and kidney cancer.38 

 

Figure 1.11. Structure of mipsagargin. 
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1.4. Reported Studies towards the Synthesis of Thapsigargins 

Thapsigargin 1 represents one of most notoriously challenging natural products for total 

synthesis. This can be ascribed to the high degree of oxidation of the carbon skeleton.  For 

example, fifty three percent of the carbon atoms in thapsigargin 1 are bonded to oxygen atoms, 

whereas other challenging targets, namely, taxol 59 (40%),39 phorbol 60 (30%)40 and ryanodol 

61 (40%)41 are less oxidized (Figure 1.12). 

 

Figure 1.12. Structure of thapsigargin, taxol, phorbol and ryanodol. 

 

1.4.1. Reported Synthetic Approaches towards the Synthesis of 

Thapsigargins 

1.4.1.1. Ley’s Approaches towards the Synthesis of Thapsigargins 
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Ley and coworkers pioneered the total synthesis of thapsigargin 1 with several innovative 

strategies.  In 2004, they reported an early approach to 1, in which the Grob fragmentation 

and a transannular cyclization were the key transformations to construct the core framework 

of thapsigargin 1.  The olefin 63, prepared in three steps from diketone 62, underwent 

regioselective hydroboration and the in situ Grob fragmentation under basic conditions to 

generate macrocyclic intermediate 64.  The installation of the electron-deficient acyl group 

facilitated the transannular cyclization to provide compound 67 after acetylation, which 

permitted the [2+2] ketene cycloaddition and Baeyer–Villiger oxidation of the cyclobutanone 

68, to afford the requisite 5,7,5-tricyclic skeleton 69.  However, the combination of poor 

regio- and facial-selectivity in the ketene cycloaddition step made this approach untenable for 

the synthesis (Scheme 1.2).42  

 

Scheme 1.2. Synthetic studies of thapsigargins by Ley and coworkers: first generation. 

In 2004, Ley and coworkers also reported another strategy towards the synthesis of 

thapsigargin 1 utilizing a Favorskii rearrangement and Prins cyclization as the key steps.  (S)-

(+)-Carvone 70 was converted into the chloride 71, which then underwent a regio- and 
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stereoselective Favorskii rearrangement to provide the cyclopentane derivative 72 in almost 

quantitative yield.  The protecting groups were exchanged and the ester 73 was then converted 

to the aldehyde 74.  A four-step sequence, involving organocuprate addition, benzyl 

protection, reduction and oxidation, furnished unstable aldehyde 76 with poor efficiency and 

E/Z selectivity.  Nevertheless, the key Prins cyclization, after extensive screening of a range 

of Lewis acids, afforded the desired isomer 77 bearing the core skeleton of thapsigargin 1 and 

correct configuration at C-8 position in a very low yield (Scheme 1.3).42 

 

Scheme 1.3. Synthetic studies of thapsigargins by Ley and coworkers: second generation. 

 

1.4.1.2. Kaliappan’s Approach towards the Synthesis of 

Thapsigargins 

In 2005, Kaliappan and Nandurdikar reported a domino enyne–RCM strategy to construct a 

5,7,5-tricyclic thapsigargin skeleton.  The rigid structure of the readily available ketone 78 
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enabled the stereoselective introduction of two olefins and one alkyne for the key tandem 

enyne–RCM.  To this end, the second-generation Grubbs catalyst proved optimal to convert 

the dienyne 82 to the tricyclic product 83 in excellent yield (Scheme 1.4).43 

 

Scheme 1.4. Synthetic studies of thapsigargins by Kaliappan and Nandurdikar. 

 

1.4.1.3. Massanet’s Approach towards the Synthesis of Thapsigargins 

In 2006, Massanet and coworkers developed an efficient strategy for the synthesis of 

thapsigargin 1, which is based on the classic photochemical rearrangement of santonin 84 into 

guaianolide 85.  (+)-Dihydrocarvone 86 was converted to dienone 88a in three steps, which 

was then subjected to an asymmetric Sharpless dihydroxylation to generate diol 89.  The 

subsequent photoisomerization of eudesmane 89 into guaiane skeleton 90 proceeded with 
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high efficiency and stereoselectivity.  Successive oxidations enabled the formation of the 

lactone moiety to provide 7,11-dihydroxyguaianolide 92 (Scheme 1.5).44 

 

Scheme 1.5. Synthetic studies of thapsigargins by Massanet and coworkers. 

In 2014, Massanet and coworkers reported an improved procedure of α′-acyloxylation of 

enones, which enabled the stereoselective introduction of the octanoxyl ester at the C-2 

position in their efforts towards the synthesis of thapsigargin 1.  The TBS protection of the 

previously prepared enone 90 furnished intermediate 93, which was subjected to KMnO4-

mediated α′-acyloxylation in the presence of octanoic acid and octanoic anhydride to afford 

94 in 61% yield.  After deprotection, two successive oxidations permitted the construction of 

the advanced intermediate 95, albeit without the requisite C-8 oxygen substituent that is 

present in all the thapsigargin natural products (Scheme 1.6).45 



20 

 

 

Scheme 1.6. Synthetic studies of thapsigargin by Massanet and coworkers: acyloxylation. 

 

1.4.1.4. Ardisson’s Approach towards the Synthesis of Thapsigargins 

In 2012, Ardisson and coworkers published an allenic Pauson–Khand cyclocarbonylation 

strategy to construct the thapsigargin skeleton.  Aldehyde 96 was transformed to propargyl 

alcohol 98, which was mesylated to permit the SN2’ addition of methyl cyanocuprate to afford 

the 1,1-disubstituted allene 100.  The resulting allenyne 100 underwent the Pauson– Khand 

annulation in the presence of [Rh(CO)2Cl]2 as a catalyst to afford the 5,7-bicyclic dienone 

101 in 80% yield (Scheme 1.7).46 
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Scheme 1.7. Synthetic studies of thapsigargin by Ardisson and coworkers. 

 

1.4.2. Reported Semi-synthesis of Thapsigargins 

In 2015, Christensen and coworkers developed a semi-synthesis approach to produce the 

hexaoxygenated thapsigargin 1 from the pentaoxygenated nortrilobolide 6, which was first 

isolated from the fruits of Thapsia garganica L in 0.07% yield in 1991.12a  The direct 

oxidation of the angelic ester in 6 to the corresponding enone 102 was investigated.  To the 

end, the microwave assisted CrO3 oxidation converted 6 into 102 under acidic conditions in 

74% yield.  The Mn(OAc)3-mediated radical oxidation selectively activated the C–H bond at 

C-2 position, which permitted the stereoselective installation of the octanoyloxy group to 

provide intermediate 103.  The subsequent reduction and acylation permitted the preparation 

of thapsigargin 1 in four steps from nortrilobolide 6 in 21% overall yield (Scheme 1.8).47   
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Scheme 1.8. Semi-synthesis of thapsigargin by Christensen and coworkers.  

In the same year, Christensen and coworkers also published a semi-synthesis of the 

hexaoxygenated guaianolide 2-acetoxytrilobolide 20 from nortrilobolide 6.  By taking 

advantage of the established method (Scheme 1.8), the acetyloxy moiety at C-2 was 

introduced, which was followed by selective hydrolysis of the C-8 butanoate to provide 

alcohol 104 in 57% yield over two steps.  After conversion of 104 into (S)-methylbutanoate 

derivative 105, the same reduction and acylation procedures as before were used to generate 

2-acetoxytrilobolide 20 in six steps from nortrilobolide 6 in 5.9% overall yield (Scheme 1.9).48 
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Scheme 1.9. Semi-synthesis of 2‑acetoxytrilobolide by Christensen and coworkers. 

 

1.4.3. Reported Total Synthesis of Thapsigargins 

1.4.3.1. Ley’s Total Synthesis of Thapsigargins 

Although the previous approaches of Ley and coworkers described in Section 1.4.1.1 were 

inefficient, they recognized that the scalable preparation of the cyclopentane intermediate 73 

would allow them to utilize this intermediate in a new strategy towards the synthesis of 

thapsigargin 1.  Hence the conversion of 73 to ketone 105 in three steps permitted the addition 

of allylmagnesium bromide to generate the tertiary alcohol 106 with 8:1 diastereoselectivity, 

presumably under Felkin–Anh control.  Protection of the tertiary alcohol and removal of the 

PMB protecting group enabled the oxidation of the resulting primary alcohol to afford the 

aldehyde 108.  The stereoselective addition of the enol ether 109 furnished the diene 110 in 
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66% yield after protection of the allylic alcohol, which is the key intermediate for the 

subsequent ring-closing metathesis (Scheme 1.10).42,49-51 

 

Scheme 1.10. Ley’s total synthesis of thapsigargins: preparation of intermediate 110. 

 The seven-membered ring was then forged via ring-closing metathesis using the second-

generation Grubbs catalyst to afford enol ether 111, which underwent stereoselective 

Sharpless dihydroxylation from the concave face to furnish ketone 112.  After the construction 

of the butenolide motif in two steps, the installation of the requisite diol at C-7 and C-11 

positions was only feasible when the lactone was reduced due to both electronic and steric 

reasons.  The subsequent deprotection and oxidation manipulations provided the highly 

functionalized guaianolide 117, which enabled the successful preparation of the key 

intermediate 119 in three steps in good overall yield (Scheme 1.11).42,49-51
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Scheme 1.11. Ley’s synthesis of thapsigargins: preparation of intermediate 119. 

The installation of a double bond at C-4/C-5 positions proved quite challenging.  The 

introduction of the C-2 oxygenated substituent in 119 enabled the discovery of an 

unprecedented, selenium-promoted elimination reaction from 120, which afforded the enone 

121 in good yield.  Reduction of the resulting enone afforded the allylic alcohol 122 with 

moderate diastereoselectivity, which was then converted to angeloyl ester 123.  Removal of 

the TMS protecting group and selective acetylation of the C-10 alcohol afforded the acetate 

124 in 67% yield (Scheme 1.12). 42,49-51  
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Scheme 1.12. Ley’s synthesis of thapsigargins: preparation of intermediate 124. 

The advancement of compound 124 to three thapsigargins without the C-2 oxygen 

substituent outlined in Scheme 1.13, involved the deprotection of the acetonide protecting 

group under acidic conditions and the selective acylation of the C-8 hydroxy group.  

Overall, this route permitted the preparation of the key intermediate 125, which allowed 

the completion of the total syntheses of three thapsigargin natural products: trilobolide 5, 

nortrilobolide 6 and thapsivillosin F 12 from (S)-(+)-carvone, and in 36 steps, respectively 

(Scheme 1.13).42,49-51 
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Scheme 1.13. Ley’s syntheses of trilobolide, nortrilobolide and thapsivillosin F. 

To complete the total synthesis of thapsigargin 1, a number of significant challenges had to 

be overcome, namely, the selective introduction of an internal olefin at C-4/C-5, 

stereoselective reduction of the resulting enone and regioselective installation of the angeloyl 

ester at C-3 position.  Interestingly, it was found that SEM protection of the C-2 hydroxyl 

group offered several advantages.  Firstly, it avoids the deoxygenation, which was observed 

in the synthesis of thapsigargins without the C-2 substituent, by allowing the introduction of 

the C-4/C-5 double bond to provide enone 126.  Secondly, the combination of the oxygen rich 

SEM protecting group at C-2 position and the chelating reducing regent Zn(BH4)2 overcome 

the steric bias and allowed the delivery of hydride from the exo-face to give allylic alcohol 

127 with the correct configuration after deprotection.  Finally, the presence of the SEM 

protecting group facilitated smooth acylation to furnish 129 without any detection of acyl 

group migration.  After removal of the SEM group under mild conditions, acylation of the 
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resulting alcohol and subsequent deprotections provided the key intermediate 131, which set 

the stage for the completion of the total synthesis (Scheme 1.14).42,49-51 

 

Scheme 1.14. Ley’s synthesis of thapsigargin: preparation of intermediate 131. 

With compound 131 in hand, they installed the last acyl group through the selective acylation 

of the C-8 position, which resulted in the first total synthesis of thapsigargin 1 and 

thapsivillosin C 10 each in 42 steps from (S)-(+)-carvone (Scheme 1.15).42,49-51   
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Scheme 1.15. Ley’s synthesis of thapsigargin and thapsivillosin C. 

 

1.4.3.2. Baran’s Total Synthesis of Thapsigargins 

In 2017, Baran and coworkers completed the second total synthesis of thapsigargin 1 by taking 

advantage of Massanet’s approach described in Section 1.4.1.3.  The Burgess dehydration of 

the intermediate 88b which was previously prepared by Massanet and coworkers, and the 

following one-pot hydroxylation of the resulting olefin provided known diol 89 in modest 

yield and with modest diastereoselectivity.  After TBS protection of the primary alcohol, the 

oxygen functionality at C-8 position was introduced via a classic SeO2-mediated allylic 

oxidation, generating alcohol 132 with incorrect configuration in 52% yield and with 5:1 

diastereoselectivity.  Mitsunobu inversion of the C-8 alcohol afforded the ester 133 in 60% 

yield, which was then subjected to the same photochemical rearrangement conditions 

described in Massanet’s approach, to furnish 5,7-bicyclic skeleton 134 in 50% yield.  

Subsequent oxidations, including Massanet α′-acyloxylation, Upjohn dihydroxylation and 
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Parikh−Doering oxidation, which proceed with poor efficiency, afforded known enone 103 

which led to the completion of the second total synthesis of thapsigargin 1 through the known 

procedures described in Section 1.4.2 (Scheme 1.16).52 

 

Scheme 1.16. Total synthesis of thapsigargin by Baran and coworkers. 

The Baran’s route to thapsigargin 1 was also adapted to permit the synthesis of nortrilobolide 

6 as outlined in Scheme 1.17.  The Upjohn dihydroxylation of 134 followed by in situ 

deprotection delivered intermediate 137, which was exposed to the Parikh−Doering oxidation 

conditions to promote lactone formation.  The synthesis was completed using a known 



31 

 

sequence including reduction and acylation to afford nortrilobolide 6 in 48% yield over two 

steps (Scheme 1.17).52   

 

Scheme 1.17. Total synthesis of nortrilobolide by Baran and coworkers. 
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1.5. Summary 

The isolation of thapsigargin 1 and its identification as a powerful inhibitor of SERCAs have 

had a huge impact on cellular biology.  The ongoing clinical trials of mipsagargin 58 for the 

treatment of liver, brain, prostate and kidney cancer have demonstrated the significance of 1 

for the development of new anticancer chemotherapeutics.  It is anticipated that the market 

demand for 1 is likely to exceed one metric ton per annum if mipsagargin 58 is clinically 

approved.25b,47 However, the supply of this medicinally important agent is a problem since the 

isolation from Thapsia garganica L, which is the only source for this material and resistant 

to cultivation, is inefficient.  Chemical synthesis of 1 may provide a solution to address the 

aforementioned problem.  Nevertheless, the prior syntheses of 1, for example, Ley’s synthesis 

(42 steps and 0.61% overall yield)50 and Baran’s synthesis (11 steps and 0.137% overall 

yield),52 are either lengthy or inefficient, and are therefore unsuitable to manufacture 

thapsigargin 1 on commercial scale and at reasonable cost.  Therefore, the goal of this thesis 

is to develop an efficient, practical and scalable route for the synthesis of thapsigargin 1 and 

its structurally related derivatives. 
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Chapter 2 

Studies Towards the Total Synthesis of Thapsigargin: A Rhodium-

catalyzed Cyclization Approach 

 

The complex structure and significant biological activity of thapsigargin 1 make it an 

attractive target for the total synthesis.  The goal of this thesis is to develop a route to the 

thapsigargin family.  In addition, this study is expected to address the supply problem of this 

important agent.  Furthermore, this research may permit the preparation of a library of natural 

and unnatural thapsigargin analogs for detailed structure−activity relationship studies. 

 

2.1. Synthetic Strategy: Retrosynthetic Analysis 

We envisioned the development of an efficient strategy for the total synthesis of the complex 

and highly oxidized guaianolide natural product, thapsigargin 1, would need to address three 

critical challenges: 1) the rapid and stereoselective construction of 5,7,5-tricyclic guaianolide 

core with suitable functionality to allow further elaboration, 2) the highly choreographed 

sequence of introducing up to six oxygenated substituents into the guaianolide skeleton in a 

chemo-, regio- and stereoselective manner, and, 3) the manipulation and differentiation of 

their reactivity and the precise installation of four different acyl groups.  Furthermore, we also 

analyzed challenges associated with the installation of the required stereochemistry and 

functionality for the cyclopentene motif in Ley’s previous synthesis of 1,1-4 in which we 

anticipated would require early introduction of these elements in the designed synthetic route 

to alleviate late-stage functionalization problems.   
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Scheme 2.1 outlines our first-generation retrosynthetic analysis.  To this end, we believed that 

thapsigargin 1 would be accessible from the advanced intermediate 2 via selective acylations 

based on the degradation studies on 1 by Christensen and coworkers.5  Secondly, sequential 

introduction of oxygenations at C-7, C-8, C-10 and C-11 positions would be executed in the 

following manner: the C-8 oxygen substituent, which is mainly responsible for the high level 

of bioactivity in 1, would be stereoselectively incorporated by a hydroxyl group directed 

hydroboration of intermediate 3, which in turn could be prepared from a [4+2] cycloaddition  

 

Scheme 2.1. Retrosynthetic analysis. 

with singlet oxygen6 with diene 4;  A proposed cascade reaction involving olefin 

isomerization, hydroxylation and lactonization of guaianolide skeleton 5 would permit rapid 
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construction of the key diene 4.  Additionally, the key guaianolide core 5 would be prepared 

by an allylic transposition of tertiary alcohol 6 which can be traced back to a rhodium-

catalyzed [(3+2)+2] carbocyclization reaction of allene 7 with alkynylidenecyclopropane 

(ACP) 8.  Notably, the carbocyclization methodology was developed by Evans and coworkers 

and it represents one of the most efficient approaches to the bicyclo[5.3.0]decanes scaffold  

present in sesquiterpene natural products.7  Finally, the densely oxygenated ACP 8 would be 

derived from the commercially available nonracemic building block (+)-dimethyl L-tartrate 

10, in which the diol functionality establishes the required configuration at C-2 and C-3 

positions in thapsigargin 1 and potentially controls the diastereoselectivity of the 

carbocyclization reaction step. 

 

2.2. Rhodium-Catalyzed [3+2+2] Approach for the Total Synthesis of 

Thapsigargin 

2.2.1. Scalable Synthesis of ACP 8 

The synthesis ACP 8 commenced from the readily available (+)-dimethyl L-tartrate 10 

(Scheme 2.2). Following known procedures,8,9 the diol in 10 was protected as bis-benzyl 

ether, using sodium hydride and benzyl bromide in DMF at low temperature to afford 

intermediate 11 in 89% yield on a 30-gram scale.  Reduction of the diester with LiAlH4 

afforded diol 12, which was mono-protected as the TBS ether using one equivalent of NaH, 

to generate the known primary alcohol 13 in excellent yield on a 50-gram scale.  This 

sequence permits enough material to be conveniently prepared to continue the synthesis.   
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In the next phase, the installation of the strained cyclopropylidene moiety proved particularly 

challenging.  Hence, the modification of the Fürstner protocol10 was required to enable the 

preparation of the ACP 16.   For example, Swern oxidation of the primary alcohol 13 using 

Hünig's base furnished the corresponding aldehyde, which was very unstable to silica gel and 

thus required the crude aldehyde to be used immediately in the next step.  Wittig olefination  

 

Scheme 2.2. Scalable synthesis of ACP 8. 

of the crude aldehyde with the ylide generated in situ from 14 with t-BuOK, provided after 

considerable optimization the desired product 15.  Interestingly, trace amounts of water 
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rapidly facilitate the elimination of β-benzyloxyl group of the aldehyde intermediate, which 

necessitate strictly anhydrous conditions.11,12  Finally, the facile removal of the TBS 

protecting group under acidic conditions afforded the primary alcohol 16 in 58% overall yield 

over three steps on a decagram scale. 

Swern oxidation of the primary alcohol 16 followed by the addition of methylmagnesium 

bromide provided secondary alcohol 17 as a mixture of diastereoisomers, which was then 

oxidized using IBX to afford methyl ketone 9.  Chelation-controlled addition of 

ethynylmagnesium bromide to the ketone 9 furnished the cyclization precursor 8 in 83% 

overall yield over four steps with 10:1 diastereoselectivity on a 15-gram scale (Scheme 2.2).  

This route permits the rapid preparation of >30 grams of the highly functionalized ACP 8, 

which sets the stage for the key rhodium-catalyzed [(3+2)+2] carbocyclization reaction.  

 

2.2.2. Construction of the Guaianolide Core of Thapsigargin 

In a program focused on the development of higher-order carbocyclization reactions, the 

Evans’ group has developed two variations of rhodium-catalyzed [(3+2)+2] carbocyclization 

reactions, which has huge potential for the total synthesis of sesquiterpene natural products 

with a 5,7-bicyclic framework.  In 2008, Evans and Inglesby reported the first rhodium-

catalyzed [(3+2)+2] carbocyclization of alkenylidenecyclopropanes (ACPs ) 19 (R1 = H or 

Me) with activated alkynes 20 (R2 = H or Me and R3 = EWG) to construct cis-fused 

bicycloheptadienes 21 in a highly stereoselective manner.7a  Additional studies demonstrated 

that this process could be extended to substituted olefins, such as vinyl silanes or enol acetates 

in ACPs, which improves regioselectivity with activated and unactivated alkynes and permits 
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incorporation of the oxygenation or equivalent into the sleketon.7b  Furthermore, the recent 

completion of sesquiterpene pyrovellerolactone 22 in only three steps showcased the utility 

of this methodology in the context of complex natural product total synthesis (Scheme 2.3).7c 

 

Scheme 2.3. Rhodium-catalyzed [(3+2)+2] carbocyclization with alkynes. 

In 2015, Evans and coworkers reported a stereoselective rhodium-catalyzed [(3+2)+2] 

carbocyclization of ACPs 23 with a variety of substituted allenes 24 to prepare 5,7-

bicyclic motifs 25 in a concise and atom-economical manner.7d  This methodology 

provides a novel strategy for accessing the 5,7-bicyclic core of guaiane natural products 

(Scheme 2.4).  Hence, we envisioned this approach would permit the rapid construction 

of the fused polycyclic moiety present in thapsigargin 1 and related guaianolide natural 

products. 

 

Scheme 2.4. Rhodium-catalyzed [(3+2)+2] carbocyclization with allenes. 



44 

 

Having prepared the requisite ACP 8, we initiated investigations into the key rhodium-

catalyzed [(3+2)+2] carbocyclization, which would probe the feasibility of using highly 

functionalized ACPs for the construction of complex natural products.7  Gratifyingly, 

after a brief reaction optimization, cyclization of ACP 8 with the commercially available 

allene 7 catalyzed by [Rh(cod)Cl]2 modified with P(OPh)3 at elevated temperature 

afforded the desired cycloadducts in excellent yield, albeit with no diastereocontrol.  

Surprisingly, the free tertiary alcohol and benzyl protected vicinal diol were well tolerated 

in the reaction condition.  Hence, given that the reaction provided 1:1 ratio of two 

diastereomers at C-1 bridge position, the expected substrate-controlled 

diastereoselectivity of this rhodium-catalyzed cyclization process was not feasible, which 

is presumably due to the distance between the metal center and C-2 or C-4 oxygenated 

groups in the transition state.  Fortunately, these two diastereomers could be conveniently 

separated by flash column chromatography and the stereochemistry of the desired 

diastereomer 6 was confirmed by NOE experiments (Scheme 2.5).   

 

Scheme 2.5. Synthesis of compound 6 via rhodium-catalyzed [(3+2)+2] carbocyclization. 
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Unfortunately attempts to improve the diastereoselectivity by increasing the steric 

hindrance of the protecting group on the tertiary alcohol and substituting the alkyne 

terminus were unsuccessful.  Furthermore, a brief screening of chiral ligands (Figure 2.1) 

also failed to improve the level of stereocontrol.  Gratifyingly, the scalability of this 

transformation allowed convenient preparation of >10 grams of the key intermediate 6 to 

further explore the completion of the synthesis. 

 

Figure 2.1. Brief chiral ligand screening. 

Scheme 2.6 outlines the proposed mechanism for the rhodium-catalyzed [(3+2)+2] 

carbocyclization of ACP 8 with allene 7 to generate the desired cyclized product 6.  Oxidative 

addition of rhodium catalyst 31 into the strained cyclopropylidene in 8 provides 

metallacyclobutene 32a which is followed by a rearrangement to afford the 

trimethylenemethane complex 32b.  The subsequent carbometalation then generates stable 

rhodacycle 33.  It is worth mentioning that the formation of the rhodacycle intermediate in 

this type of transformation was confirmed experimentally via an X-ray single crystal structure 

of a related compound by Evans and coworkers.13   Regioselective allene insertion and 

subsequent reductive elimination provide cyclized product 6 and regenerate the active catalyst 

31 (Scheme 2.6).7,13   
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Scheme 2.6. Mechanism of rhodium-catalyzed [(3+2)+2] carbocyclization. 

 

2.2.3. Allylic Transposition  

A notable feature in the total synthesis of related sesquiterpene natural products using the 

rhodium-catalyzed [(3+2)+2] carbocyclization methodology has been the challenges with the 

regio- and stereoselective installation of the C-6 oxygenated substituent.   For example, 

previous efforts to accomplish this transformation with pre-installed oxygenated 

functionality, allylic oxidation and epoxidation/opening methods either afforded poor 

efficiency or required extra synthetic steps.  Hence, we sought to develop a new solution for 

the introduction of the C-6 oxygenation and to install the challenging C-4/C-5 tetrasubstituent 

double bond in a single operation.  
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To this end, the 1,3-transposition of allylic alcohol 6 was investigated, which required a 

stereoselective rearrangement of the sterically hindered tertiary allylic alcohol and 

deconjugation of the 1,6-unsaturated ester in 6 to furnish the expected product 5.  Preliminary 

experiments examined a number of well established reaction conditions, which are outlined 

in Scheme 2.7.  These conditions, which include: 1) oxidative rearrangement conditions (e.g. 

IBX14, PCC15, PDC16, and NaIO4/TEMPO17); 2) acid-promoted rearrangement conditions 

(refluxing H2O
18, HCl19, TsOH20, CSA21, and BF3●Et2O

22); 3) metal-catalyzed isomerization 

conditions (CoCl2
23, Re2O7

24, and O3ReOSiPh3
25), were all unsuccessful. 

 

Scheme 2.7. Attempted allylic transposition conditions. 

In a related synthesis, Overman and coworkers encountered a similar problem with the allylic 

alcohol rearrangement in the construction of A-D rings of daphnicyclidin-type alkaloids.  

Interestingly, exposing tertiary allylic alcohol 35 to a mixture of thionyl chloride and pyridine, 

followed by in situ hydrolysis of the resulting allylic chloride intermediate in the presence of 

alumina and water, afforded the desired transposed allylic alcohol 36 in good yield (Eq. 2.1).26  
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Encouraged by Overman’s success for the isomerization of the tertiary allylic alcohol, we 

initiated examinations of this protocol in our system.  Treatment of 6 with SOCl2 and pyridine 

at –40 oC delivered the corresponding allylic chloride intermediate, which was evident from 

the shift of C-6 proton by NMR (Table 2.1, entry 1).  However, the attempted isolation of the 

allylic chloride failed due to its poor stability on silica gel.  Nevertheless, a small amount of 

the desired allylic alcohol 5 was isolated after silica gel chromatography, which was 

presumably generated from the hydrolysis of the allylic chloride intermediate by water from 

the silica gel.  Gratifyingly, addition of a bulkier base at –90 °C followed by immediate 

hydrolysis improved the yield significantly (entry 2 vs 3).  Finally, the reaction can be carried 

out on a gram scale without loss of its efficiency. 

Table 2.1. Allylic transposition: Condition optimization. 

 

Entry Base Temperature  Yield  

1 Pyridine –40 °C <10% 

2 Pyridine –90 °C <10% 

3 2,6-Lutidine –90 °C 44% brsm 



49 

 

The stereochemical outcome of this transformation can be attributed to steric factors, since 

nucleophiles would preferably attack from the less sterically hindered outside face of 

intermediate 37.  The relative configuration was confirmed by the observation of NOE 

enhancement between the C-1 and C-6 hydroxyl proton (Scheme 2.8). 

 

Scheme 2.8. Explanation for diastereoselectivity of the allylic transposition. 

 

2.2.4. Investigations of the Proposed Cascade Reaction 

We envisioned a cascade reaction would permit the conversion of α,β-unsaturated ester 5 to 

guaianolide skeleton 4, which involved a sequential isomerization/hydroxylation.  The 

generation of dienolate intermediate 38 could be feasible with strong bases since the initial 

deprotonation of the C-6 free alcohol in 5 should force the second deprotonation to occur at 

the C-8 rather than C-6 position due to the electronic repulsion.  Isomerization of the exocyclic 

C10/14 olefin could then occur spontaneously because of the tendency to form an extended 

conjugation system.27  We then believed that oxidation of the resulting dienolate 38 would 

lead to hydroxylation at C-11 position and provide the desired tricyclic guaianolide core 4 

upon an acidic workup (Scheme 2.9).28  
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Scheme 2.9. Proposed cascade reaction. 

Scheme 2.9 summarizes conditions for the proposed cascade process, wherein a combination 

of strong bases and oxidants afforded none of the desired product.  Moreover, reactions with 

t-BuOK, KH and NaH in DMSO, which had been successfully applied to the isomerization    

 

Scheme 2.10. Attempted cascade reaction from alcohol 5. 
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of alkenes,29 resulted in complete decomposition of the starting material.  Further attempts to 

utilize weaker bases, such as Cs2CO3 in DMSO under an atmosphere of O2 were also fruitless 

(Scheme 2.10).30 

In an alternative approach, we investigated a two-step sequence involving an olefin 

isomerization to induce lactonization and an hydroxylation step.  Unfortunately, treatment of 

5 with either DBU in refluxing toluene (Table 1.2, entry 1) or NaOEt in refluxing ethanol 

(entry 2), furnished none of the desired guaianolide 41.  Gratifyingly, alcohol 5 underwent 

lactonization smoothly in the presence of UV light, to afford the guaianolide core 41 in an 

acceptable yield (entry 3).  The mechanism of this transformation presumably involves the 

photochemical equilibration of the -unsaturated ester and the concomitant 

lactonization.31,32 

Table 2.2. Lactonization: Condition screening. 

 

Entry Condition Yield  

1 DBU, PhMe, reflux -a 

2 NaOEt, EtOH, reflux -a 

3 hv, DCE, rt 60% brsm 

                                       a No desired product was not isolated. 

The ability to construct the 5,7,5-tricyclic guaianolide skeleton 42 in this manner has immense 

potential for the synthesis of other guaianolide natural products, which consist of hundreds of 
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members (Figure 2.2).  In addition, many of them exhibit a diverse range of biological 

activities, for example, antitumor, antischistosomal, anthelmintic, antimicrobial, 

contraceptive, root-growth stimulatory, root-growth, antifeedant etc.33 

 

Figure 2.2. Selected examples of guaianolide natural products. 

Having successfully prepared guaianolide 41, we focused on the isomerization/hydroxylation 

step to install the tertiary hydroxyl group in the lactone.  Unfortunately, this reaction failed to 

provide the expected product 4 when intermediate 41 was subjected to a variety of strong 

bases and oxidants.  Although extensive investigations were conducted, there was no evidence 

for the formation of the deconjugated product.  Presumably the unfavorable conformation of 

the C–H bond at C-8 position in intermediate 5 or 41 makes it inert to deprotonation. (Scheme 

2.11).  
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Scheme 2.11. Attempted cascade reaction from lactone 41. 

Another strategy involving oxidation of the secondary alcohol followed by isomerization was 

also investigated.6  Oxidation of allylic alcohol 5 with Dess–Martin periodinane afforded 

conjugated ketone 51 in a good yield.  Nevertheless, the attempted isomerization of 51 under 

basic conditions, for instance DBU, K2CO3 and Cs2CO3 at various solvents and temperatures, 

did not afford any of homodiene 52 (Scheme 2.12).  Hence, the failure of isomerization 

strategy prompted the examination of a revised synthetic route to thapsigargin 1, which will 

be discussed in Section 2.3. 

 

Scheme 2.12. Attempted isomerization from ketone 51.  
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2.3. A Revised Synthetic Strategy 

Since the first route that focused on the isomerization of olefins was unsuccessful, we 

proposed a new synthetic route towards the total synthesis of thapsigargin 1, which is 

illustrated in Scheme 2.13.  The revised strategy features direct functionalization of the 

existing double bonds in 5 to circumvent the aforementioned problems of introducing 

oxygenated substituents present in 1.  Allylic oxidation of intermediate 54 should permit 

installation of the C-8 oxygenation and stereoselective dihydroxylation of the C-7/C-11 olefin 

should afford the corresponding trans diol in 53 by taking advantage of its geometry.  The 

epoxidation/ring opening operation of the C-10/C-14 olefin in 55 should incorporate the C-

10 tertiary alcohol.  Finally, the method of allylic transposition established in Section 2.2.3 

should furnish the C-6 oxygenation from 6.    

 

Scheme 2.13. Revised synthetic route to thapsigargin. 
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2.3.1. Optimization of the Allylic Transposition 

Before embarking on the new strategy, an efficient method for the preparation of allylic 

acetate 55 was required.  Preliminary studies demonstrated that 55 could be prepared in two 

steps, which involved the allylic rearrangement of tertiary allylic alcohol 6 described in 

Section 2.2.3 and a subsequent acetylation.  Nevertheless, this sequence provided acetate 55 

in a low overall yield, which made it difficult to accumulate enough material to implement 

the proposed synthetic route.  We envisioned that a modification of the nucleophile would 

provide the allylic acetate directly and thus improve the overall yield (Scheme 2.14).  

 

Scheme 2.14. Two-step synthesis of acetate 55. 

Treatment of allylic alcohol 6 with a mixture of SOCl2 and 2,6-lutidine in combination with 

AgOAc in AcOH provided allylic acetate 55 directly.  Furthermore, this procedure was 

conveniently carried out on a gram scale to provide 55 in an improved 67% overall yield for 

this one-pot method (Eq. 2.2). 
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2.3.2. Installation of C-10 Oxygenation 

Introduction of the C-10 oxygenation was accomplished with an epoxidation/reduction 

sequence.  After careful analysis of the conformation of the C-10/C-14 exocyclic methylene 

in 55, we envisioned the chemo- and stereoselective epoxidation could be feasible since the 

peroxide species should attack this olefin from the top-face due to the steric hindrance.  

Treatment of 55 with m-CPBA at room temperature afforded epoxide products in 77% yield, 

albeit as a 3:1 ratio of two separable diastereomers, favoring the desired epoxide 57 (Scheme 

2.15).  The epimer can be recycled to starting material 55 through the deoxygenation using a 

mixture of tungsten (VI) chloride–butyllithium in 94% yield.34  Finally, the relative 

configuration was supported by the NOE enhancement between the C-2 and C-14 proton 

while no such NOE signal was observed in the epimer. 

 

Scheme 2.15. Installation of C-10 oxygenation. 
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2.3.3. Installation of C-8 Oxygenation 

2.3.3.1. Allylic Oxidation Strategy 

The allylic oxidation of compound 57 at C-8 position proved to be very challenging and 

problematic.  Initially, we investigated SeO2-mediated allylic oxidation which has been 

widely used in a number of successful natural product synthesis.  However, reactions of 57 

with either catalytic or stoichiometric amounts of SeO2 in refluxing dioxane or xylene with 

additives (NaHCO3, K2HPO4 and KH2PO4) afforded none of the desired adduct.  In addition, 

we also examined chromium (VI) reagents, which are also commonly used for allylic 

oxidation reactions.  To this end, the reaction of 57 with CrO3 in acetic acid led to  

 

Scheme 2.16. Attempted allylic oxidation at C-8 position. 

decomposition of starting material, whereas PDC, PCC and the complex derived from CrO3 

with 3,5-dimethylpyrazole (DMP) also failed to promote this oxidation.  We also examined 

radical halogenation reactions, which could be accompanied by a suitable displacement.  

Unfortunately, all attempts to prepare the allylic bromide using NBS in refluxing CCl4 with 
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radical initiators (AIBN or BPO) failed to afford the desired product.  Finally, metal-catalyzed 

allylic oxidations via the radical pathway or π-allyl palladium intermediate were also 

unsuccessful (Scheme 2.16).35  

In a related study, Tu and coworkers reported a similar allylic oxidation in the synthesis of 

naturally occurring dihydroagarofuran sesquiterpene products, wherein substrate 59 has a 

similar functionality and steric hindrance to our system (Eq. 2.3).36  Considering the failures 

of the above attempts, we speculated that  the electron-deficient nature of the α,β-unsaturated 

ester was presumably the main reason for the poor reactivity of the allylic C–H bond at C-8 

position.  Hence, we decided to reduce the ester functionality before performing the allylic 

oxidation.  This reduction would also allow a one-pot conversion of C-10/C-14 epoxide to the 

requested tertiary alcohol and deprotection of C-6 hydroxyl group. 

 

The attempted reduction of epoxide 57 proved more challenging than anticipated, in which 

LiAlH4 (Table 2.3, entry 1) and LiBHEt3 (entry 2) gave complex mixtures.   In contrast, 

DIBAL-H reduced the two esters to primary and secondary alcohols, but did not open the 

epoxide (entry 3).  Gratifyingly, AlH3 generated in situ from the mixture of LiAlH4 and AlCl3 

reduced the epoxide and esters to afford the desired triol 61 in excellent yield (entry 4).37 
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Table 2.3. Reduction of 57: Condition screening 

 

Entry Reducing Agent  Yield  

1 LiAlH4 -a 

2 LiBHEt3 -a 

3 Dibal-H -a 

4 AlH3 90% 

                                             a No desired product was not isolated. 

The attempted acetylation of the three hydroxyl groups in 61 failed to provide the desired 

product in a good yield.  Alternatively, the primary and secondary hydroxyl groups were 

protected as TBS ethers to furnish 62 in a quantitative yield, which sets the stage for the 

critical allylic oxidation (Eq. 2.4). 

 

Unfortunately, allylic oxidation of 62 with TBHP and SeO2 failed to proceed at C-8 position.  

Instead, two successive allylic oxidations occurred at C-12 and C-13 positions to provide 

unexpected aldehyde 63 in excellent yield (Eq. 2.5).  The mechanism of formation of 63 

presumably involves an initial allylic oxidation of C-12 position followed by a Michael 

addition and another allylic oxidation at C-13 position followed by an elimination.   
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The unexpected formation of 63 may allow the application of this strategy to the synthesis of 

the skeleton of guaiane-type sesquiterpenes.  For example, englerin A 64 and B 65, orientalol 

E 66 and F 67 and oxyphyllol 68 (Figure 2.3) which exhibit a wide range of biological 

activities.  For instance, 64 is a potent and selective inhibitor of renal cancer cell lines (GI50 

= 1-87 nM).38 

 

Figure 2.3. Structure of englerin A and B, orientalol E and F and oxyphyllol. 

 

2.3.3.2. C–H Functionalization Strategy 

The C–H functionalization of C-8 position was also expected to provide a viable approach for 

the introduction of the requested oxygenated substituent.  To this end, Suárez conditions, 
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which involve intramolecular hydrogen-atom abstraction via an alkoxy radical, were deemed 

an ideal approach to this problem.39  Nevertheless, treatment of allylic alcohol 61 with 

PhI(OAc)2 and I2 in the presence of visible light failed to promote the proposed C–H 

activation at C-8 position (Eq. 2.6).   

  

We also examined iridium-catalyzed C–H functionalization which may provide an alternative 

solution to the introduction of C-8 hydroxyl group.40  The iridium-catalyzed dehydrogenative  

 

Scheme 2.17. Functionalization at C-8 by iridium-catalyzed silylation. 

coupling of tertiary alcohol 62 with diethylsilane followed by intramolecular silylation at C-

8 position was expected to afford oxasilolane 71, which was then subjected to Tamao-Fleming 
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oxidation condition (TBHP/CsOH/TBAF) to generate alcohol 72.  However, treatment of 

tertiary alcohol 62 under the conditions described by Hartwig and coworkers,40 afforded 

neither the expected intermediate 71 nor product 72 (Scheme 2.17). 

 

2.3.3.3. Direct Use of the Oxygen Substituted Allene 73 

Since the installation of the C-8 oxygenated substituent had proven insurmountably 

challenging, we turned our focus to utilizing an oxygen substituted allene that would permit 

direct introduction of the C-8 oxygenated group in the carbocyclization reaction.  Preliminary 

studies demonstrated the feasibility of this strategy, albeit in modest yield and with poor 

selectivity (Eq. 2.7).  The rhodium-catalyzed reaction [(3+2)+2] of ACP 8 with the unstable 

allene 73 afforded the cyclized product as a mixture of four stereoisomers, in which the 

desired isomer 74 was isolated in 10% yield (Eq. 2.7).  Although this reaction provides proof-

of-principle with regard to this strategy, it requires the combination of an enantioselective 

carbocyclization with an enantiomerically enriched allene to overcome the poor selectivity 

and provide a practical approach to thapsigargin 1. 
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2.4. Summary 

In summary, we have developed an efficient strategy for the preparation of 5,7-bicyclic 

intermediate 6 using the rhodium-catalyzed [(3+2)+2] carbocyclization reaction of ACP 8 

with allene 7, which showcases the utility of this powerful methodology in the context of total 

synthesis of complex natural products.  The development of a challenging and stereoselective 

isomerization of tertiary allylic alcohol 6 permits the construction of the densely 

functionalized guaianolide skeleton 55 in 12 steps from the commercially available (+)-

dimethyl L-tartrate 10, which could be applied to the synthesis of other structure-related 

sesquiterpene natural products.  However, the initial isomerization of olefins route and the 

later oxidation and C–H functionalization strategies were unsuccessful.  These failures 

prompted development of a novel strategy outlined in Chapter 3, which successfully permits 

a concise, efficient and scalable total synthesis of thapsigargin 1.   
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2.5. Experimental Procedures 

All reactions were carried out under an atmosphere of argon in anhydrous solvents using 

oven-dried or flame-dried glassware and commercially available reagents that were used as 

received unless otherwise stated.  Anhydrous dichloromethane (DCM), tetrahydrofuran 

(THF), diethyl ether (Et2O), and toluene (PhMe) were obtained by passing degassed solvents 

through activated alumina columns in a Grubbs solvent purification system (PureSolv MD-6 

of Innovative Technology Inc.).  Dimethyl sulfoxide (DMSO) was distilled from CaH2 under 

reduced pressure and stored over 4Å molecular sieves.  Triethylamine was distilled from CaH2 

under an atmosphere of argon.  Analytical thin layer chromatography (t.l.c.) was performed 

on pre-coated 0.2 mm thick silica gel 60-F254 plates (Merck) and visualized using UV light 

and by treatment with acidic vanillin solution (in EtOH), followed by heating.  All compounds 

were purified by flash column chromatography using silica gel 60 (40-63 μm, Silicycle) and 

gave spectroscopic data consistent with being ≥95% the assigned structure.  Melting points 

(uncorrected) were obtained from a Büchi M560 melting point instrument.  Optical rotations 

([α] ) were measured on an Anton Parr MCP 200 polarimeter with a tungsten halogen lamp 

(589 nm) at the stated temperature using a 0.7 mL quartz cell of 100 mm length.  Solution 

concentrations (c) are given in g/100 mL.  1H NMR and 13C NMR spectra were recorded on 

Bruker Avance 400/500/600 spectrometers in CDCl3 at ambient temperature.  Chemical shifts 

(δ) are given in ppm and calibrated using the signal of residual undeuterated solvent as internal 

reference for 1H NMR (δH = 7.26 ppm for CDCl3) and using the signal of the deuterated 

solvent for 13C NMR (δC = 77.16 ppm for CDCl3).  
1H NMR data are reported as follows: 

chemical shift (multiplicity, first order spin system if available, coupling constant, 

integration).  Coupling constants (J) are reported in Hz and apparent splitting patterns are 

designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), 

 °C

D
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sextet, m (multiplet), br. (broad), app. (apparent) and the appropriate combinations thereof. 

13C NMR spectra with complete proton decoupling were described with the aid of an APT 

sequence, separating methylene and quaternary carbons (e, even), from methyl and methine 

(o, odd).  IR spectra were recorded on an Agilent Technologies Cary 630 FT-IR (ATR) 

spectrometer.  Wavenumbers (ν) are given in cm–1 and the abbreviations w (weak, <33%), m 

(medium, 33-66%), s (strong, >66%) and br (broad) are used to describe the relative intensities 

of the IR absorbance bands. Mass spectra were obtained through the Department of Chemistry 

Mass Spectrometry Service at Queen’s University. 

 

(2S,3S)-2,3-Bis(benzyloxy)-4-((tert-butyldimethylsilyl)oxy)butan-1-ol (13) 

 

The solution of diol 12 (76.0 g, 250 mmol) in THF (200 ml) was added slowly to a suspended 

solution of NaH (10.0 g, 250 mmol) in THF (1000 ml) at 0 °C.  The resulting mixture was 

stirred at the same temperature for 1 hour before a solution of TBSCl (38.8 g, 250 mmol) in 

THF (50 ml) was added dropwise.  The reaction mixture was further stirred at 0 °C for ca. 4 

hours before being quenched with sat. aqueous NaHCO3 solution.  The resulting mixture was 

partitioned with EtOAc and the combined organic phases were then dried over anhydrous 

MgSO4, filtered and concentrated in vacuo to afford the crude product.  Purification by flash 

column chromatography (silica gel, 1:10 to 1:4 EtOAc/petroleum ether) afforded the primary 

alcohol 13 (99.2 g, 95 %) as a colorless oil. 
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[a]D
20  +16.2 (c = 0.50, CHCl3);  lit.[a]D

20  +13.9 (c = 0.50, CHCl3).
41 

1H NMR (500 MHz, CDCl3) δ 7.34-7.28 (m, 10H), 4.73 (d, A of AB, JAB = 11.8 Hz, 1H), 

4.66 (d, A of AB, JAB = 11.7 Hz, 1H), 4.62 (d, B of AB, JAB = 11.9 Hz, 1H), 4.62 (d, B of AB, 

JAB = 11.7 Hz, 1H), 3.83-3.74 (m, 3H), 3.68-3.64 (m, 3H), 2.38 (dd, J = 6.9 Hz, 1H), 0.90 (s, 

9H), 0.06 (s, 6H). 

IR (neat) 3453 (br, w), 3032 (w), 2930 (m), 2858 (m), 1456 (w), 1390 (w), 1360 (w), 1253 

(m), 1077 (s), 834 (s), 776 (s), 733 (s), 696(s) cm–1. 

((2S,3S)-2,3-Bis(benzyloxy)-4-cyclopropylidenebutoxy)(tert-butyl)dimethylsilane (15) 

 

DMSO (22.7 ml, 320 mmol) was added dropwise to a stirred solution of (COCl)2 (14.0 ml, 

160 mmol) in DCM (500 ml) at –78 °C.  The resulting solution was stirred for ca. 30 minutes, 

before a solution of 13 (32.6 g, 78 mmol) in DCM (100 ml) was added dropwise and stirred 

at the same temperature for ca. 30 minutes.  N,N-diisopropylethylamine (69.7 ml, 400 mmol) 

was then slowly added dropwise and the reaction mixture was stirred for ca. 30 minutes at –

78 oC before it was warmed to 0 °C and the mixture stirred for a further ca. 30 minutes.  The 

reaction was then quenched with water (500 ml) and the organic phase was washed with sat. 

aqueous NaHCO3 solution (1000 ml), dried over anhydrous MgSO4, filtered and concentrated 

in vacuo to afford the crude product which was dried by adding cyclohexane (x3) and 

concentrating by rotary evaporation.  



67 

 

The solution of t-BuOK (32.4 g, 280 mmol) in THF (200 ml) was added via cannula slowly 

to a suspended solution of (3-bromopropyl) triphenylphosphonium bromide 14 (66.8 g, 144 

mmol) in THF (450 ml) at room temperature.  The resulting orange mixture was stirred at 

room temperature for 30 minutes before being refluxed for 2 hours.  The resulting red/brown 

mixture was cooled to room temperature before the crude aldehyde (ca. 78 mmol) in THF (50 

ml) was added dropwise.  The reaction mixture was then refluxed for ca. 1 hour (t.l.c. control).  

The reaction mixture was concentrated and diluted with E2O (500 ml) before being filtrated 

through a pug of silica gel and washed with E2O.   The resulting solution was concentrated in 

vacuo to afford the crude product.  A small portion of crude product was purified by flash 

column chromatography (silica gel, 1:20 Et2O/hexanes) to afford the TBS ether 15 as a 

colorless oil.   

Notes: Anhydrous THF was further dried over 4A Molecular Sieves for at least 24 hours 

before use. Compound 14 was dried under high vacuum at 100 °C for ca. 12 h t-BuOK was 

dried under high vacuum at room temperature for ca. 12 h. 

20][ D  +10.49 (c = 1.2, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.38-7.25 (m, 10H), 5.88 (d quintet, J = 10.5, 1.9 Hz, 1H), 

4.76 (d, A of AB, JAB = 11.8 Hz, 1H), 4.73 (d, B of AB, JAB = 11.9 Hz, 1H), 4.61 (d, A of AB, 

JAB = 12.1 Hz, 1H), 4.38 (d, B of AB, JAB = 12.1 Hz, 1H), 4.19 (dd, A of AXY, JAX = 8.7 Hz, 

JAY = 5.0 Hz, 1H), 3.83 (dd, A of ABX, JAB = 10.6 Hz, JAX = 4.3 Hz, 1H), 3.72 (dd, B of ABX, 

JAB = 10.6 Hz, JBX = 6.5 Hz, 1H),  3.61 (ddd, X of ABXY, JAX = 6.4 Hz, JBX = 5.0 Hz, JXY = 

4.3 Hz, 1H), 1.20-0.99 (m, 4H), 0.89 (s, 9H), 0.04 (s, 6H). 
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13C NMR (125 MHz, CDCl3) δ 139.12 (e), 138.08 (e), 128.29 (o), 128.26 (o), 128.06 (o), 

127.88 (o), 127.45 (o), 127.40 (o), 127.18 (e), 116.33 (o), 83.03 (o), 79.77 (o), 73.78 (e), 

70.56 (e), 63.68 (e), 26.06 (o), 18.40 (e), 2.51 (e), 2.32 (e), –5.21 (o), –5.26 (o). 

IR (neat) 3032 (w), 3032 (w), 2929 (m), 2857 (w), 1606 (w), 1496 (w), 1455 (m), 1358 (w), 

1253 (m), 1088 (s), 1059 (s), 834 (s), 775 (s), 732 (s), 695 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C27H38NaO3Si 461.2484, found 461.2483. 

(2S,3S)-2,3-Bis(benzyloxy)-4-cyclopropylidenebutan-1-ol (16) 

 

The crude TBS ether 15 was dissolved in HCl/MeOH (1 M, 200 ml) at 0 °C and the solution 

was stirred for ca. 20 minutes (t.l.c. control).  The reaction was then naturalized by adding 

solid NaHCO3.   Most of MeOH was removed under reduced pressure and the resulting 

mixture was partitioned with EtOAc and water.  The combined organic phases were then dried 

over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography (silica gel, 1:5 EtOAc/hexanes) afforded the 

alcohol 16 (14.6 g, 58% over 3 steps) as a white semi-solid. 

20][ D  –11.8 (c = 0.6, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.38-7.26 (m, 10H), 5.84 (d quintet, J = 8.8, 2.1 Hz, 1H), 4.84 

(d, A of AB, JAB = 11.6 Hz, 1H), 4.66 (d, B of AB, JAB = 11.6 Hz, 1H), 4.63 (d, A of AB, JAB 

= 12.1 Hz, 1H), 4.38 (d, B of AB, JAB = 12.0 Hz, 1H), 4.34 (dd, J = 8.8, 6.0 Hz, 1H), 3.76-
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3.70 (m, 2H), 3.58 (app. dt, J = 11.3, 5.8 Hz, 1H), 2.14 (dd, J = 7.5, 5.0 Hz, 1H), 1.27-1.08 

(m, 4H). 

13C NMR (125 MHz, CDCl3) δ 138.62 (e), 138.58 (e), 128.60 (e), 128.52 (o), 128.44 (o), 

128.02 (o), 127.86 (o), 127.83 (o), 127.63 (o), 115.30 (o), 81.47 (o), 80.95 (o), 73.57 (e), 

70.43 (e), 62.39 (e), 2.65 (e), 2.40 (e). 

IR (neat) 3450 (br), 3039 (w), 2980 (w), 2826 (m), 1737 (m), 1605 (w), 1496 (w), 1454 (m), 

1349 (w), 1242 (w), 1206 (w), 1044 (s), 931 (m), 733 (s), 696 (s) cm–1. 

HRMS (ESI, [M–H]–) calcd for C21H23O3 323.1653, found 323.1648. 

(3S,4S)-3,4-Bis(benzyloxy)-5-cyclopropylidenepentan-2-ol (17) 

 

DMSO (12.8 ml, 180 mmol) was added dropwise to a stirred solution of (COCl)2 (7.9 ml, 90 

mmol) in DCM (375 ml) at –78 °C.  The resulting solution was stirred for ca. 30 minutes, 

before a solution of 16 (14.6 g, 45 mmol) in DCM (20 ml) was added dropwise and stirred at 

the same temperature for ca. 30 minutes.  N,N-diisopropylethylamine (39.2 ml, 225 mmol) 

was then slowly added dropwise and the reaction mixture was stirred for ca. 30 minutes at –

78 oC before it was warmed to 0 °C and the mixture stirred for a further ca. 30 minutes.  The 

reaction was then quenched with water (500 ml), the organic phase was washed with sat. 

aqueous NaHCO3 solution (1000 ml), dried over anhydrous MgSO4, filtered and concentrated 

in vacuo to afford the crude product.  
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The solution of MeMgBr (45 ml, 135 mmol, 3 M in Et2O) was added dropwise to a solution 

of the crude aldehyde (ca. 45 mmol) in THF (300 ml) at –78 °C.  The resulting solution was 

stirred at –78 °C for ca. 3 hours before being quenched with sat. aqueous NH4Cl solution (250 

ml) and partitioned with Et2O.  The organic phases were combined, washed with sat. aqueous 

NaCl solution, dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the 

crude product.  A small portion of crude product was purified by flash column 

chromatography (silica gel, 1:20 Et2O/hexanes) to afford the alcohol 17 as a colorless oil, 

which was a 2.5:1 mixture of two inseparable diastereomers.  

Major isomer: 

1H NMR (500 MHz, CDCl3) δ 7.38-7.25 (m, 10 H), 5.88 (d quintet, J = 8.2, 2.0 Hz, 1H), 4.92 

(d, J = 11.2 Hz, 1H), 4.63 (d, J = 11.6 Hz, 2H), 4.38 (d, J = 11.9 Hz, 1H), 4.30 (dd, J = 8.7, 

6.0 Hz, 1H), 3.89 (td, J = 6.4, 4.0 Hz, 1H), 3.35 (dd, J = 5.9, 3.9 Hz, 1H), 2.32(s, 1H), 1.17 

(d, J = 6.5 Hz, 3H), 1.28-1.05 (m, 4H). 

13C NMR (125 MHz, CDCl3) δ 138.63 (e), 138.50 (e), 128.34 (o), 128.25 (o), 128.09 (o), 

127.83 (o), 127.79 (o), 127.71 (o), 127.42 (o), 115.94 (o), 85.31 (o), 81.00 (o), 75.17 (e), 

70.43 (e), 67.40(o), 20.26 (o), 2.48 (e), 2.33 (e). 

Minor isomer: 

1H NMR (500 MHz, CDCl3) δ 7.38-7.25 (m, 10H), 5.92 (d quintet, J = 8.8, 2.0 Hz, 1H), 2.81 

(d, J = 11.2 Hz), 4.63 (d, J = 11.6 Hz, 2H), 4.36 (d, J = 11.9 Hz, 1H), 4.30-4.27 (m, 1H), 3.94 

(dd, J = 12.3, 6.2 Hz, 2H), 3.51 (app. t, J = 5.7 Hz, 1H), 2.78 (s, 1H), 1.15 (d, J = 1.5 Hz, 3H), 

1.28-1.05 (m, 4H). 

13C NMR (125 MHz, CDCl3) δ 138.67 (e), 138.55 (e), 128.36 (o), 128.09 (o), 127.92 (o), 

127.83 (o), 127.71 (o), 127.64 (o), 127.62 (o), 115.07 (o), 84.08 (o), 80.74 (o), 74.08 (e), 

70.36 (e), 67.60 (o), 18.90 (o), 2.53 (e), 2.36 (e). 
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IR (neat) 3473 (br), 3031 (w), 2978 (w), 2978 (w), 2873 (w), 1605 (w), 1496 (w), 1453 (m), 

1371 (w), 1057 (s), 965 (m), 733 (s), 696 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C22H26NaO3 361.1774, found 361.1768. 

(3R,4S)-3,4-Bis(benzyloxy)-5-cyclopropylidenepentan-2-one (9) 

 

IBX (34.1 g, 122 mmol) was added in small portions to a solution of the crude alcohol 17 (ca. 

45 mmol) in DMSO (81 ml).  The reaction was stirred at room temperature ca. 10 hours (t.l.c. 

control).  The reaction mixture was diluted with water, filtrated through a pad of celite and 

washed with ethyl acetate.  The resulting mixture was partitioned with ethyl acetate and sat. 

aqueous NaHCO3.  The organic phases were combined, washed with water (x3), sat. aqueous 

NaCl solution, dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the 

crude product which was filtrated through a plug of silica and washed with Et2O (200 ml).  

The solvent was removed in vacuo to afford the crude ketone 9.  A small portion of crude 

product was purified by flash column chromatography (silica gel, 1:5 EtOAc/hexanes) to 

afford the ketone 9 as a white crystalline solid. 

Caution: IBX is potentially explosive; perform the reaction under a safety shield.         

M.P.: 56-57 °C 

20][ D  +64.4 (c = 1.5, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.40-7.26 (m, 10H), 5.95 (d quintet, J = 8.8, 1.9 Hz, 1H), 4.72 

(d, A of AB, JAB = 12.0 Hz, 1H), 4.62 (d, A of AB, JAB = 12.0 Hz, 1H), 4.55 (d, B of AB, JAB 
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= 12.0 Hz, 1H), 4.37 (dd, J = 8.2, 4.4 Hz, 1H), 4.34 (d, B of AB, JAB = 12.0 Hz, 1H), 3.89 (d, 

J = 4.2 Hz, 1H), 2.23 (s, 3H), 1.24-1.19 (m, 1H), 1.14-0.98 (m, 3H). 

13C NMR (125 MHz, CDCl3) δ 210.03 (e), 138.25 (e), 137.47 (e), 128.59 (e), 128.51 (o), 

128.35 (o), 128.24 (o), 128.06 (o), 127.93 (o), 127.65 (o), 115.07 (o), 87.75 (o), 80.51 (o), 

73.81 (e), 70.61 (e), 27.75 (o), 2.61 (e), 2.29 (e). 

IR (neat) 3032 (w), 2982 (w), 2866 (w), 1714 (m), 1605 (w), 1496 (w), 1454 (m), 1350 (m), 

1216 (w), 1057 (s), 968 (m), 734 (s), 696 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C22H24NaO3 359.1618, found 359.1613. 

 (3S,4R,5S)-4,5-Bis(benzyloxy)-6-cyclopropylidene-3-methylhex-1-yn-3-ol (8) 

 

The solution of ethynylmagnesium bromide (204 ml, 102 mmol, 0.5 M in THF) dropwise to 

a solution of the crude ketone 9 (ca. 45 mmol) in THF (150 ml) at -78 °C.  The resulting 

solution was stirred at -78 °C for ca. 6 hours before being warmed to room temperature and 

stirred for ca. 10 hours.  The reaction was then quenched with slow addition of sat. aqueous 

NH4Cl (150 ml) and partitioned between EtOAc and water.  The organic phases were 

combined, washed with sat. aqueous NaHCO3 solution, dried over anhydrous MgSO4, filtered 

and concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:5 EtOAc/hexanes) afforded the ACP 8 (11.0 g, 83% over 3 

steps) as a colorless oil, which was a 10:1 mixture of two inseparable diastereomers. 

20][ D  +46.9 (c = 0.59, CHCl3) 
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1H NMR (500 MHz, CDCl3) δ 7.38-7.27 (m, 10H), 6.13 (d quintet, J = 9.1, 1.7 Hz, 1H), 4.88 

(d, A of AB, JAB = 11.2 Hz, 1H), 4.76 (d, B of AB, JAB = 11.2 Hz, 1H), 4.60 (d, A of AB, JAB 

= 11.8 Hz, 1H), 4.44 (dd, J = 9.1, 5.4 Hz, 1H), 4.35 (d, B of AB, JAB = 11.8 Hz, 1H), 3.58 (d, 

J = 6.5 Hz, 1H), 3.49 (s, 1H), 2.46 (s, 1H), 1.50 (s, 3H), 1.28-1.20 (m, 1H), 1.17-1.07 (m, 

3H). 

13C NMR (125 MHz, CDCl3) δ 138.27 (e), 138.21 (e), 128.76 (e), 128.43 (o), 128.42 (o), 

128.39 (o), 128.13 (o), 127.85 (o), 127.73 (o), 116.17 (o), 86.91 (e), 85.56 (e), 81.26 (e), 75.70 

(e), 72.63 (e), 70.49 (e), 70.16 (e), 27.29 (o), 2.79 (e), 2.53 (e). 

IR (neat) 3437 (br), 3290 (w), 3032 (w), 2983 (w), 2870 (w), 1604 (w), 1496 (w), 1453 (w), 

1346 (w), 1209 (w), 1056 (s), 931 (m), 735 (s), 696 (s) cm–1. 

HRMS (ESI, [M–H]–) calcd for C24H25O3 361.1809, found 361.1800. 

Ethyl 2-((1S,2R,3S,8aR,E)-1,2-bis(benzyloxy)-3-hydroxy-3-methyl-8-methylene-

2,3,6,7,8,8a-hexahydroazulen-5(1H)-ylidene)propanoate (6) 

 

In a glove box, [Rh(cod)Cl]2 (0.074 g, 0.150 mmol) and (PhO)3P (0.279 g, 0.900 mmol) were 

weighed into a flame-dried flask equipped with a magnetic stirrer bar and capped with a 

rubber septum.  The flask was removed from the glove box and anhydrous p-xylene (30 mL) 

was then added, and the resulting solution stirred at 100 ºC for ca. 15 minutes.  A solution of 

ACP 8 (1.087 g, 3 mmol) and ethyl 2-methylbuta-2,3-dienoate 7 (1.892 g, 15.00 mmol) in p-

xylene (30 ml) was added to the catalyst solution via cannula.  The reaction mixture was 

stirred for ca. 2.5 hours at 120 °C (t.l.c. control) before being cooled to room temperature and 
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concentrated in vacuo to afford the crude product as 1:1 ratio of two diastereomers.  

Purification by flash column chromatography (silica gel, 1:10 to 1:5 EtOAc/hexanes) afforded 

the bicyclic product (1.353g, 92% combined yield, 6: 573mg, 6-isomer: 524mg and mixture 

of both: 256 mg) as a colorless oil. 

20][ D  –14.2 (c = 0.7, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.43-7.26 (m, 10H), 6.49 (d, J = 2.8 Hz, 1H), 4.91 (d, A of 

AB, JAB = 11.9 Hz, 1H), 4.82 (d, B of AB, JAB = 11.9 Hz, 1H), 4.81(s, 1H), 4.80 (d, A of AB, 

JAB = 11.6 Hz, 1H), 4.79 (s, 1H), 4.67 (d, B of AB, JAB = 11.6 Hz, 1H), 4.25-4.17 (m, 2H), 

4.13 (app. t, A of AXY, JAX = JAY = 8.0 Hz, 1H), 4.00 (d, J = 7.8 Hz, 1H), 3.59 (d, J = 7.8 Hz, 

1H), 3.05-3.02 (m, 1H), 2.64-2.61 (m, 1H), 2.55-2.42 (m, 2H), 1.93 (s, 3H), 1.90 (s, 1H), 1.31 

(t, J = 7.1 Hz, 1H), 1.31(s, 3H). 

13C NMR (125 MHz, CDCl3) δ 170.01 (e), 152.85 (e), 147.40 (e), 142.87 (e), 138.61 (e), 

138.53 (e), 128.60 (o), 128.45 (o), 128.01 (o), 127.86 (o), 127.73 (o), 125.48 (e), 123.24(o), 

107.56 (e), 90.57 (o), 80.49 (o), 79.39 (e), 73.00 (e), 72.96 (e), 60.48 (e), 48.79 (o), 35.98 (e), 

29.89 (e), 24.87 (o), 15.89 (o), 14.42 (o). 

IR (neat) 3440 (br), 3032 (w), 2980 (w), 2870 (w), 1702 (m), 1592 (w), 1453 (m), 1364 (m), 

1243 (m), 1196 (m), 1107 (s), 1062 (s), 907 (m), 731 (s), 696 (s) cm–1. 

HRMS (ESI, [M+H]+) calc’d for C31H37O5 489.2635, found 489.2653. 

Ethyl 2-((1S,2R,3S,8aS,E)-1,2-bis(benzyloxy)-3-hydroxy-3-methyl-8-methylene-

2,3,6,7,8,8a-hexahydroazulen-5(1H)-ylidene)propanoate (6-isomer) 
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20][ D  –10.5 (c = 0.57, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.38-7.27 (m, 10H), 6.55 (d, J = 2.8 Hz, 1H), 4.99 (s, 1H), 

4.95 (s, 1H), 4.69 (s, 2H), 4.51 (d, J = 2.1 Hz, 2H), 4.20 (qd, J = 7.1, 1.4 Hz, 2H), 4.06 (dd, 

A of AXY, JAX = 5.7 Hz, JAY = 3.2 Hz, 1H), 3.85 (d, J = 3.1 Hz, 1H), 3.79 (app. t, J = 3.4 Hz, 

1H), 3.00 (app. dt, A of ABX2, JAB = 15.8 Hz, JAX = 3.6 Hz, 1H), 2.92 (s, 1H), 2.68 (app. dt, 

B of ABX2, JAB = 15.5 Hz, JBX = 8.1 Hz, 1H), 2.89 (app. dd, X of ABX2, JBX = 8.3 Hz, JAX = 

4.0 Hz, 2H), 1.92 (s, 3H), 1.46 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.64 (e), 152.96 (e), 146.53 (e), 144.14 (e), 138.33 (e), 

137.63 (e), 128.53 (o), 128.51 (o), 127.96 (o), 127.88 (o), 127.78 (o), 125.22 (e), 124.07 (o), 

111.73 (e), 87.02 (o), 84.91 (o), 81.34 (e), 72.96 (e), 72.39 (e), 60.24 (e), 49.40 (o), 35.51 (e), 

33.00 (e), 22.64 (o), 16.07 (o), 14.39 (o). 

IR (neat) 3485 (br), 3032 (w), 2980 (w), 2930 (w), 2870 (w), 1702 (m), 1643 (w), 1589 (w), 

1453 (m), 1365 (m), 1198 (m), 1106 (s), 1028 (m), 891 (w), 736 (s), 698 (s) cm–1. 

HRMS (ESI, [M+Na]+) calc’d for C31H36NaO5 511.2455, found 511.2442. 

 

Ethyl 2-((1S,2S,4R,8aR,E)-1,2-bis(benzyloxy)-4-hydroxy-3-methyl-8-methylene-

2,4,6,7,8,8a-hexahydroazulen-5(1H)-ylidene)propanoate (5) 
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To a solution of 5 (90 mg, 0.184 mmol) in THF (6 ml) was added sequentially 2,6-lutidine 

(129 µl, 1.105 mmol) and thionyl chloride (27 µl, 0.368 mmol) at –90 °C.   The reaction 

mixture was stirred at –90 °C for 1 hour before aluminum oxide (ca. 3 g), water (2 mL) and 

THF (6 mL) were added.   The resulting mixture was warmed to room temperature and was 

stirred vigorously for 3 hours before being filtered through a pad of celite and washed with 

EtOAc (50mL).  The filtrate was concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography (silica gel, 1:4 EtOAc/hexanes) afforded the 

secondary alcohol 5 (20 mg, 22%, 44% brsm) as a yellow oil and recovered mixtures of 

starting material 6 (55 mg) as a yellow oil. 

20][ D  –7.3 (c = 0.53, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.36-7.27 (m, 10H), 5.43 (s, 1H), 5.11 (d, J = 1.7 Hz, 1H), 

4.99 (s, 1H), 4.74 (d, A of AB, JAB = 11.6 Hz, 1H), 4.70 (d, B of AB, JAB = 11.5 Hz, 1H), 4.63 

(d, A of AB, JAB = 11.5 Hz, 1H), 4.62 (d, B of AB, JAB = 11.5 Hz, 1H), 4.46 (d, J = 5.5 Hz, 

1H), 4.20 (app. qq, J = 7.2, 3.6 Hz, 2H), 3.99 (dd, J = 6.7, 5.8 Hz, 1H), 3.61-3.59 (m, 1H), 

2.71 (ddd, A of ABXY, JAB = 14.3 Hz, JAX = 7.0 Hz, JAY = 3.5 Hz, 1H), 2.43 (ddd, X of ABXY, 

JXY = 13.0 Hz, JAX = 7.2 Hz, JXY = 3.9 Hz, 1H), 2.40-2.33 (m,1H), 2.20 (ddd, Y of ABXY, JXY 

= 12.7 Hz, JAY = 9.7 Hz, JBY = 3.3 Hz, 1H), 2.00 (s, 3H), 1.74 (br. s, 1H), 1.74 (d, J = 6.8 Hz, 

3H), , 1.30 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 170.62 (e), 150.09 (e), 143.78 (e), 138.59 (e), 138.51 (e), 

136.52 (e), 134.06 (e), 128.57 (o), 128.52 (o), 128.05 (o), 127.97 (o), 127.86 (o), 127.80 (o), 
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126.57 (e), 114.54 (e), 90.18 (o), 89.25 (o), 72.71 (e), 72.64 (e), 67.82 (o), 60.72 (e), 55.01 

(o), 33.46 (e), 30.65 (e), 16.12 (o), 14.37 (o), 12.15 (o). 

IR (neat) 3443 (br, w), 3031 (w), 2926 (m), 2857 (w), 1713 (s), 1642 (w), 1453 (m), 1367 

(m), 1246 (s), 1176 (m), 1103 (s), 1068 (s), 1026 (s), 905 (m), 739 (m), 699 (s) cm–1. 

HRMS (ESI, [M–H]–) calc’d for C31H35O5 487.2483, found 487.2490. 

Ethyl 2-((1S,2S,8aR,E)-1,2-bis(benzyloxy)-3-methyl-8-methylene-4-oxo-2,4,6,7,8,8a-

hexahydroazulen-5(1H)-ylidene)propanoate (51) 

 

DMP (8.8 mg, 0.020 mmol) and sodium bicarbonate (17.2 mg, 0.205 mmol) were added to a 

solution of 5 (5.0 mg, 10.23 µmol) in DCM (2 ml).  The mixture was stirred at room 

temperature ca. 12 hours.  Another portion of DMP (8.8 mg, 0.020 mmol) was added and the 

reaction mixture was further stirred for 2 hours.  The reaction mixture was filtrated and 

concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:4 EtOAc/hexanes) afforded the ketone 51 (3.8 mg, 76%) as a 

yellow oil. 

20][ D  –26.33 (c = 0.40, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.36-7.28 (m, 10H), 4.96 (s, 1H), 4.94 (s, 1H), 4.73 (d, A of  

AB, JAB = 11.6 Hz, 1H), 4.66 (d, B of  AB, JAB = 11.6 Hz, 1H), 4.62 (d, A of  AB, JAB = 11.7 

Hz, 1H), 4.56 (d, B of  AB, JAB = 11.7 Hz, 1H), 4.46-4.45 (m, 1H), 4.26 (t, J = 4.5 Hz, 1H), 

4.23 (q, A of A2X3, JAX = 7.0 Hz, 2H), 3.40 (s, 1H), 3.05 (app. dt, A of ABXY, JAB = 13.9 Hz, 
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JAX = JAY = 6.2 Hz, 1H), 2.57 (app. dt, X of ABXY, JXY = 13.1 Hz, JAX = JBX = 6.3 Hz, 1H), 

2.47 (ddd, Y of ABXY, JXY = 13.5 Hz, JAY = 8.6 Hz, JBY = 4.9 Hz, 1H ), 2.28-2.23 (m, 1H), 

2.15 (app. dd, J = 2.1, 1.0 Hz, 3H), 1.84 (s, 3H), 1.44 (s, 1H), 1.32 (t, X of A2X3, JAX = 7.0 

Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 196.30 (e), 167.37 (e), 149.98 (e), 147.24 (e), 147.17 (e), 

137.19 (e), 137.14 (e), 134.54 (e), 127.64 (o), 127.58 (o), 127.33 (e), 127.10 (e), 127.05 (o), 

126.95 (o), 126.93 (o), 111.34 (e), 89.67 (o), 86.19 (o), 71.69 (e), 71.40 (e), 59.86 (e), 53.64 

(o), 36.13 (e), 29.51 (o), 29.30 (e), 28.85 (e), 15.62 (o), 13.38 (o), 13.16 (o). 

IR (neat) 3032 (w), 2926 (m), 2857 (w), 1716 (s), 1673 (m), 1618 (m), 1454 (m), 1366 (m), 

1251 (s), 1111 (s), 1098 (s), 1028 (m), 902 (w), 738 (m), 699 (s) cm–1. 

HRMS (ESI, [M+H]+) calc’d for C31H35O5 487.2479, found 487.2471. 

(6aR,7S,8S,9bR)-7,8-bis(benzyloxy)-3,9-dimethyl-6-methylene-5,6,6a,7,8,9b-

hexahydroazuleno[4,5-b]furan-2(4H)-one (41) 

 

A solution of 5 (10.5 mg, 0.021 mmol) in DCE (3 ml) was deoxygenated by bubbling through 

argon for 15 minutes.  Then the mixture was subjected to UV light for ca. 4 hours before 

being concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:5 EtOAc/hexanes) afforded the lactone 41 (3.8 mg, 40%) as a 

yellow oil and recovered starting material 5 (2.4 mg, 22%) as a colorless oil. 

20][ D  –18.40 (c = 0.37, CHCl3) 
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1H NMR (600 MHz, CDCl3) δ 7.36-7.28 (m, 10H), 5.54 (s, 1H), 4.93 (s, 1H), 4.88 (s, 1H), 

4.66 (d, A of  AB, JAB = 11.5 Hz, 1H), 4.62 (d, A of  AB, JAB = 11.8 Hz, 1H), 4.60 (d, B of  

AB, JAB = 12.6 Hz, 1H), 4.57 (d, B of  AB, JAB = 11.9 Hz, 1H), 4.35 (d, J = 3.6 Hz, 1H), 3.91 

(t, J = 4.3 Hz, 1H), 3.22 (br. s, 1H), 2.80 (ddd, J = 14.0, 8.8, 7.2 Hz, 1H), 2.45 (dt, J = 12.7, 

8.0 Hz, 1H), 2.40-2.35 (m, 1H), 2.26 (ddd, J = 12.1, 7.3, 4.3 Hz, 1H), 1.92 (d, J = 2.2 Hz, 

3H), 1.78 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 174.57 (e), 159.76 (e), 148.29 (e), 143.29 (e), 138.38 (e), 

138.33 (e), 131.80 (e), 128.62 (o), 128.52 (o), 128.05 (o), 127.98 (o), 127.82 (o), 125.32 (e), 

114.22 (o), 113.13 (e), 90.05 (o), 89.43 (o), 78.17 (o), 72.56 (e), 72.26 (e), 55.32 (o), 31.35 

(e), 29.85 (e), 27.30 (e), 12.22 (o), 8.53 (o). 

IR (neat) 3065(w), 2923 (m), 2857 (w), 1750 (s), 1681 (w), 1496 (w), 1453 (m), 1350 (m), 

1301 (m), 1087 (s), 997 (m), 737 (m), 698 (s) cm–1. 

HRMS (ESI, [M+H]+) calc’d for C29H31O4 443.2217, found 443.2209. 

Ethyl 2-((1S,2S,4R,8aR,E)-4-acetoxy-1,2-bis(benzyloxy)-3-methyl-8-methylene-

2,4,6,7,8,8a-hexahydroazulen-5(1H)-ylidene)propanoate (55) 

 

To a solution of 5 (780 mg, 1.596 mmol) in Et2O (50 ml) was added sequentially lutidine 

(0.46 ml, 3.99 mmol) and thionyl chloride (0.23 ml, 3.19 mmol) at –90 °C.  The reaction 

mixture was stirred at –90 °C for 1 hour before solvent was removed by flushing with N2.  

The residue was dissolved in acetic acid (40 ml) and silver acetate (1.599 g, 9.58 mmol) was 
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added in one portion.  The resulting mixture was stirred at room temperature under dark ca. 

12 hours.  The resulting mixture was partitioned with EtOAc and water. The organic phases 

were combined, washed with water (x5), sat. aqueous NaHCO3 (x3) and sat. aqueous NaCl 

solution, dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude 

product.  Purification by flash column chromatography (silica gel, 1:20 to 1:5 

EtOAc/hexanes) afforded the acetate 55 (569 mg, 67%) as a colorless oil. 

20][ D  +55.30 (c = 0.73, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.40-7.28 (m, 10H), 6.47 (s, 1H), 5.01 (s, 1H), 4.92 (s, 1H), 

4.73 (d, A of  AB, JAB = 11.5 Hz, 1H), 4.68 (d, A of  AB, JAB = 11.4 Hz, 1H), 4.64 (d, B of  

AB, JAB = 12.1 Hz, 1H), 4.61 (d, B of  AB, JAB = 11.7 Hz, 1H), 4.43 (d, J = 4.8 Hz, 1H), 4.25-

4.14 (m, 2H), 3.94 (app. t, J = 5.9 Hz, 1H), 3.41 (d, J = 3.9 Hz, 1H), 2.79 (dd, J = 13.3, 6.3 

Hz, 1H), 2.43-2.40 (m, 1H), 2.25-2.12 (m, 2H), 2.03 (s, 3H), 2.00 (s, 3H), 1.81 (s, 3H), 1.30 

(t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 170.37 (e), 169.87 (e), 149.74 (e), 139.85 (e), 138.99 (e), 

138.54 (e), 138.57 (e), 136.15 (e), 133.42 (e), 128.57 (o), 128.49 (o), 128.07 (o), 127.92 (o), 

127.88 (o), 127.77 (o), 127.09 (e), 113.11 (e), 90.12 (o), 89.57 (o), 72.82 (e), 72.58 (e), 69.57 

(o), 60.77 (e), 55.05 (o), 33.54 (e), 31.35 (e), 20.96 (o), 16.08 (o), 14.34 (o), 12.50 (o). 

IR (neat) 3066 (w), 2980 (w), 2928 (w), 2962 (w), 1735 (s), 1716 (s), 1642 (w), 1453 (m), 

1368 (m), 1228 (s), 1179 (s), 1104 (s), 1064 (s), 1016 (s), 895 (m), 735 (s), 697 (s) cm–1. 

HRMS (EI, M+) calc’d for C33H38O6 530.2668, found 530.2659. 

Ethyl (E)-2-((2S,3S,3aR,4S,8R)-8-acetoxy-2,3-bis(benzyloxy)-1-methyl-2,3,3a,5,6,8-

hexahydro-7H-spiro[azulene-4,2'-oxiran]-7-ylidene)propanoate (57) 
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m-CPBA (104.0 mg, 0.450 mmol, 75% by weight) was added to a solution of 55 (199.0 mg, 

0.375 mmol) in DCM (20 mL) at room temperature.  The reaction mixture was stirred at room 

temperature ca. 10 hours before being quenched with sat. aqueous Na2S2O3 solution (5 ml) 

and sat. aqueous NaHCO3 solution (30 ml) and partitioned with Et2O.  The organic phases 

were combined, dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford 

the crude product.  Purification by flash column chromatography (silica gel, 1:10 to 1:5 

EtOAc/hexanes) afforded the epoxide 57 (118.4 mg, 58%) as a colorless oil and 57-isomer 

(38.4 mg, 19%) as a colorless oil. 

20][ D  +122 (c = 0.52, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.36-7.28 (m, 10H), 6.57 (s, 1H), 4.61 (s, 2H), 4.61 (d, A of  

AB, JAB = 11.1 Hz, 1H), 4.53 (d, B of  AB, JAB = 11.4 Hz, 1H), 4.32 (d, J = 3.2 Hz, 1H), 4.34-

4.14 (m, 2H), 3.76 (dd, J = 4.5, 3.6 Hz, 1H), 2.88-2.87 (m, 1H), 2.72 (d, A of AB, JAB = 4.6 

Hz, 1H), 2.67 (app. dt, A of ABXY, JAB = 14.5 Hz, JAX = JAY = 5.2 Hz, 1H), 2.62-2.56 (m, 

1H), 2.47 (d, B of AB, JAB = 4.7 Hz, 1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.91 (app. dt, X of ABXY, 

JXY = 13.9 Hz, JAX = JBX = 6.2 Hz, 1H), 1.84 (d, J = 1.4 Hz, 3H), 1.78 (ddd, Y of ABXY, JXY 

= 13.7 Hz, JAY = 10.1 Hz, JBY = 5.7 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 169.96 (e), 169.78 (e), 140.28 (e), 138.36 (e), 138.16 (e), 

138.03 (e), 133.26 (e), 128.61 (o), 128.54 (o), 128.13 (o), 128.00 (o), 127.97 (o), 127.84 (o), 

127.70 (e), 90.97 (o), 84.50 (o), 72.37 (e), 71.89 (e), 68.93 (o), 60.81 (e), 59.14 (e), 54.10 (o), 

51.94 (e), 33.07 (e), 24.41 (e), 21.18 (o), 15.82 (o), 14.35 (o), 12.63 (o). 
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IR (neat) 3032 (w), 2980 (w), 2928 (w), 2922 (w), 2865 (w), 1737 (s), 1714 (s), 1638 (w), 

1496 (w), 1453 (m), 1368 (m), 1228 (s), 1185 (s), 1105 (s), 1067 (s), 1015 (s), 958 (m), 861 

(m), 736 (s), 698 (s) cm–1. 

HRMS (EI, M+) calc’d for C33H38O7 546.2618, found 546.2608. 

Ethyl (E)-2-((2S,3S,3aR,4R,8R)-8-acetoxy-2,3-bis(benzyloxy)-1-methyl-2,3,3a,5,6,8-

hexahydro-7H-spiro[azulene-4,2'-oxiran]-7-ylidene)propanoate (57-isomer) 

 

20][ D  +20.6 (c = 0.68, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.39-7.28 (m, 10H), 6.55 (s, 1H), 4.76 (d, A of  AB, JAB = 11.6 

Hz, 1H), 4.62 (d, A of  AB, JAB = 12.4 Hz, 1H), 4.60 (d, B of  AB, JAB = 12.4 Hz, 1H), 4.57 

(d, B of  AB, JAB = 11.6 Hz, 1H), 4.47 (d, J = 4.0 Hz, 1H), 4.19 (q, J = 7.0 Hz, 2H), 4.10 (app. 

t, J = 4.9 Hz, 1H), 2.80-2.76 (m, 2H), 2.74-2.69 (m, 2H), 2.39-2.34 (m, 1H), 2.05 (s, 3H), 2.05 

(s, 3H), 2.04-2.00 (m, 1H), 1.80 (d, J = 1.3 Hz, 3H), 1.52 (ddd, J = 13.3, 8.0, 4.0 Hz, 1H), 

1.28 (t, J = 7.1 Hz, 3H), 1.26 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 169.13 (e), 168.45 (e), 138.16 (e), 137.74 (e), 137.52 (e), 

136.73 (e), 131.58 (e), 127.55 (o), 127.49 (o), 127.12 (o), 127.07 (o), 126.85 (o), 90.36 (o), 

86.69 (o), 71.09 (e), 70.84 (e), 68.80 (o), 59.87 (e), 58.74 (e), 54.74 (e), 53.72 (o), 31.60 (e), 

29.68 (e), 28.84 (e), 27.11 (e), 20.00 (o), 15.22 (o), 13.33 (o), 11.52 (o). 

IR (neat) 3032 (w), 2924 (w), 2859 (w), 1737 (m), 1715 (s), 1496 (w), 1453 (m), 1368 (m), 

1226 (s), 1181 (s), 1103 (s), 1065 (s), 1017 (s), 962 (m), 861 (m), 736 (s), 697 (s) cm–1. 
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HRMS (ESI, [M+Na]+) calc’d for C33H38NaO7 569.2510 found: 69.2501. 

Recovery of 55 from 57-isomer: 

Tungsten hexachloride (319 mg, 0.796 mmol) was suspended in THF (10 ml), and then n-

BuLi (1.0 ml, 1.592 mmol, 2.5 M in hexanes,) was added at –78 °C.  The resulting mixture 

was warmed to room temperature slowly.  The green-brown viscous suspension became a 

dark-brown homogeneous solution that eventually turned green at room temperature.  The 

reaction mixture was cooled to 0 oC, and then a solution of 57-isomer (145 mg, 0.265 mmol) 

in THF (2 ml) was added.  The reaction mixture was warmed to room temperature and stirred 

for 1.5 hours before being poured into sat. aqueous sodium tartrate solution (20 mL) and 

stirred for 20 minutes.  The resulting mixture was partitioned with EtOAc and water. The 

organic phases were combined, dried over anhydrous MgSO4, filtered and concentrated in 

vacuo to afford the crude product.  Purification by flash column chromatography (silica gel, 

1:10 to 1:8 EtOAc/hexanes) afforded the acetate 55 (133 mg, 94%) as a colorless oil. 

(1S,2S,4R,8S,8aR,E)-1,2-Bis(benzyloxy)-5-(1-hydroxypropan-2-ylidene)-3,8-dimethyl-

1,2,4,5,6,7,8,8a-octahydroazulene-4,8-diol (61) 

 

To a solution of 57 (13.1 mg, 0.024 mmol) in THF (3 ml) was added a solution of aluminum 

chloride (9.59 mg, 0.072 mmol) in THF (1 ml) dropwise at 0°C.  The mixture was stirred for 
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5 minutes before LiAlH4 (13.6 mg, 0.359 mmol) was added.  The resulting mixture was stirred 

at 0°C for 1 hour before being quenched with water.  The resulting mixture was partitioned 

with EtOAc and water. The organic phases were combined, dried over anhydrous MgSO4, 

filtered and concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, EtOAc) afforded the triol 61 (10.0 mg, 90%) as a white semi-

solid. 

20][ D  –45.4 (c = 0.14, acetone) 

1H NMR (500 MHz, CDCl3) δ 7.40-7.27 (m, 10H), 5.51 (s, 1H), 4.69 (d, A of  AB, JAB = 11.4 

Hz, 1H), 4.60 (s, 2H), 4.56 (d, B of  AB, JAB = 11.4 Hz, 1H), 4.40 (d, J = 3.2 Hz, 2H), 4.20 

(d, J = 11.7 Hz, 1H), 3.97 (br. s, 1H), 3.91-3.88 (m, 2H), 3.01-2.98 (m, 1H), 2.52-2.43 (m, 

3H), 1.90 (s, 3H), 1.86 (ddd, J = 13.9, 7.1, 4.8 Hz, 1H), 1.74 (d, J = 1.3 Hz, 3H), 1.64 (ddd, J 

= 13.9, 8.5, 4.8 Hz, 1H), 1.16 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 138.50 (e), 138.38 (e), 138.34 (e), 136.65 (e), 134.14 (e), 

130.13 (e), 128.63 (o), 128.51 (o), 128.05 (o), 127.97 (o), 127.79 (o), 109.99 (o), 91.41 (o), 

86.02 (o), 73.73 (e), 72.20 (e), 71.38 (e), 68.03 (o), 63.84 (e), 59.37 (o), 38.75 (e), 26.77 (o), 

22.77 (e), 17.31 (o), 12.65 (o). 

IR (neat) 3302 (br), 3033 (w), 2920 (m), 2867 (m), 1707 (w), 1496 (w), 1454 (m), 1351 (m), 

1094 (s), 1067 (s), 1027 (s), 993 (s), 912 (m), 736 (s), 698 (s) cm–1. 

HRMS (ESI, [M–H–) calc’d for C29H35O5 463.2900, found 463.2478. 

(2S,3S,3aR,4S,8R,E)-2,3-Bis(benzyloxy)-8-((tert-butyldimethylsilyl)oxy)-7-(1-((tert-

butyldimethylsilyl)oxy)propan-2-ylidene)-1,4-dimethyl-2,3,3a,4,5,6,7,8-

octahydroazulen-4-ol (62) 
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TBSCl (91.0 mg, 0.603 mmol) was added to a solution of 61 (35.0 mg, 0.075 mmol) and 

imidazole (77.0 mg, 1.130 mmol) in DCM (10 ml).  The mixture was stirred at room 

temperature for ca. 4 hours.  The reaction was quenched with water and partitioned with 

EtOAc.  The organic phases were combined, dried over anhydrous MgSO4, filtered and 

concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:5 Et2O/hexanes) afforded the TBS ether 62 (50.2 mg, 99%) as 

a colorless oil. 

20][ D  –0.6 (c = 0.31, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.39-7.26 (m, 10H), 5.56 (s, 1H), 4.72 (d, J = 11.5 Hz, 1H), 

4.62 (d, J = 12.7 Hz, 1H), 4.61 (s, 2H), 4.41 (d, J = 3.6 Hz, 1H), 4.13 (d, A of  AB, JAB = 12.0 

Hz, 1H), 4.09 (d, B of  AB, JAB = 12.1 Hz, 1H), 3.96 (dd, J = 5.5, 3.9 Hz, 1H), 3.68 (s, 1H), 

2.98 (d, J = 2.4 Hz, 1H), 2.48-2.41 (m, 2H), 2.10 (ddd, J = 13.4, 8.8, 4.5 Hz, 1H), 1.82 (d, J 

= 1.5 Hz, 3H), 1.78 (d, J = 1.6 Hz, 3H), 1.63-1.58 (m, 1H), 1.13 (s, 3H), 0.89 (s, 9H), 0.88 (s, 

9H), 0.07 (s, 3H), 0.06 (s, 3H), 0.05 (s, 6H). 

13C NMR (125 MHz, CDCl3) δ 139.24 (e), 138.56 (e), 134.34 (e), 132.17 (e), 129.08 (e), 

128.61 (o), 128.50 (o), 128.03 (o), 127.95 (o), 127.89 (o), 127.71 (o), 91.79 (o), 85.50 (o), 

73.34 (e), 71.75 (e), 71.35 (e), 69.47 (o), 63.77 (e), 60.14 (o), 39.13 (e), 38.96 (e), 30.47 (o), 

26.02 (o), 25.90 (o), 25.80 (o), 24.88 (o), 24.84 (o), 22.89 (e), 18.04 (e), 18.27 (e), 16.41 (o), 

12.73 (o). 
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IR (neat) 3441 (br), 2954 (w), 2930 (m), 2857 (m), 1496 (w), 1460 (w), 1359 (w), 1252 (m), 

1063 (m), 1027 (m), 909 (m), 833 (s), 774 (s), 731 (s), 697 (s) cm–1. 

HRMS (ESI, [M–H]–) calc’d for C41H63O5Si2 691.4219, found 691.4213. 

2-((2S,3S,3aR,4S,7S,8S)-2,3-Bis(benzyloxy)-8-((tert-butyldimethylsilyl)oxy)-1,4-

dimethyl-2,3a,4,5,6,8-hexahydro-4,7-epoxyazulen-7(3H)-yl)acrylaldehyde (63) 

 

To a solution of 62 in (2.0 mg, 2.89 µmol) in DCM (0.5 ml) was added selenium dioxide (0.2 

mg, 1.443 µmol) and t-BuOOH (2.6 µl, 0.014 mmol, 5.5 M in decane).  The mixture was 

stirred at room temperature for ca. 48 hours.  The reaction mixture was concentrated in vacuo 

and directly applied to flash chromatography (silica gel, 1:10 to 1:5 Et2O/hexanes) to afford 

the aldehyde 63 (1.4 mg, 84%) as a yellow oil. 

20][ D  –18.1 (c = 0.15, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 9.53 (s, 1H), 7.46-7.27 (m, 10H), 6.71 (d, J = 1.4 Hz, 1H), 

6.11 (d, J = 1.4 Hz, 1H), 4.67 (d, A of  AB, JAB = 11.7 Hz, 1H), 4.63 (d, B of  AB, JAB = 11.7 

Hz, 1H), 4.58 (d, A of  AB, JAB = 11.5 Hz, 1H), 4.55 (d, B of  AB, JAB = 11.6 Hz, 1H), 4.48 

(d, J = 2.2 Hz, 1H), 4.41 (s, 1H), 3.73 (app. t, J = 3.2 Hz, 1H), 2.94-2.91 (m, 1H), 1.92 (ddd, 

J = 12.9, 10.0, 5.4 Hz, 1H), 1.86-1.81 (m, 1H), 1.80 (d, J = 1.5 Hz, 3H), 1.60 (app. td, J = 

12.8, 3.8 Hz, 1H), 1.41 (s, 3H), 1.35 (app. td, J = 12.8, 5.5 Hz, 1H), 0.78 (s, 9H), -0.08 (s, 

3H), -0.10 (s, 3H). 
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13C NMR (100 MHz, CDCl3) δ 193.62 (o), 151.30 (e), 138.67 (e), 138.51 (e), 136.33 (e), 

136.18 (e), 134.41 (e), 128.59 (o), 128.54 (o), 127.88 (o), 127.86 (o), 127.80 (o), 127.64 (o), 

93.20 (o), 86.17 (e), 85.60 (o), 83.61 (e), 72.02 (e), 71.27 (e), 67.92 (o), 57.42 (o), 33.81 (e), 

32.22 (e), 25.91 (o), 24.67 (o), 18.30 (e), 11.90 (o), -4.30 (o), -4.50 (o). 

IR (neat) 3033 (w), 2935 (m), 2928 (m), 2856 (m), 1691 (s), 1625 (w), 1455 (m), 1342 (m), 

1252 (m), 1090 (s), 951 (m), 837 (s), 775 (s), 736 (m), 698 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C35H46ONaSi 597.3032, found 597.3007. 

 (Z)-Ethyl 2-((1S,2R,3S,6S,8aR)-6-acetoxy-1,2-bis(benzyloxy)-3-hydroxy-3-methyl-8-

methylene-2,3,6,7,8,8a-hexahydroazulen-5(1H)-ylidene)propanoate (74) 

 

In a glove box, [Rh(cod)Cl]2 (0.012 g, 0.025 mmol) and (PhO)3P (0.041 ml, 0.150 mmol) 

were weighed into a flame-dried flask equipped with a magnetic stirrer bar and capped with 

a rubber septum. The flask was removed from the glove box, anhydrous p-xylene (35 mL) 

was then added, and the resulting solution stirred at 100 ºC for ca. 15 minutes.  A solution of 

ACP 8 (1.269 g, 3.5 mmol) and ethyl 4-acetoxy-2-methylbuta-2,3-dienoate 73 (3.220 g, 17.50 

mmol) in p-xylene (35 ml) was added. The reaction was stirred for ca. 3 hours at 120 °C 

before being cooled to room temperature and concentrated in vacuo to afford the crude 

product.  Purification by flash column chromatography and further by preparative (silica gel, 

1:5 EtOAc/hexanes) to afford 74 (0.191 g, 10%) as a yellow oil. 

20][ D  +34.7 (c = 1.68, CHCl3) 
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1H NMR (500 MHz, CDCl3) δ 7.36-7.20 (m, 10H), 6.32 (d, J = 3.2 Hz, 1H), 6.13 (app. t,  X 

of ABX, JAX = JBX = 3.6 Hz, 1H), 4.84 (d, A of  AB, JAB = 11.8 Hz, 1H), 4.79 (s, 1H), 4.78 (d, 

A of  AB, JAB = 11.4 Hz, 1H), 4.75 (d, B of  AB, JAB = 11.8 Hz, 1H), 4.75 (s, 1H), 4.62 (d, B 

of  AB, JAB = 11.5 Hz, 1H), 4.17 (q, J = 7.0 Hz, 2H), 4.01 (app. t, J = 8.2 Hz, 1H), 3.94 (d, J 

= 7.6 Hz, 1H), 3.71 (d, J = 7.6 Hz, 1H), 2.82 (dd, A of ABX, JAB = 16.2 Hz,  JAX = 3.5 Hz, 

1H), 2.66 (dd, B of ABX, JAB = 16.1 Hz,  JAX = 3.5 Hz, 1H), 1.93 (s, 3H), 1.92 (s, 3H), 1.81 

(s, 1H), 1.27 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 172.02 (e), 170.00 (e), 153.05 (e), 144.35 (e), 138.80 (e), 

138.55 (e), 138.48 (e), 129.59 (e), 128.64 (o), 128.51 (o), 127.98 (o), 127.94 (o), 127.91 (o), 

127.83 (o), 119.04 (o), 110.11 (e), 102.10 (e), 90.96 (o), 81.26 (o), 79.50 (e), 73.04 (e), 72.96 

(e), 71.55 (o), 61.14 (e), 48.83 (o), 40.44 (e), 29.87 (e), 24.78 (o), 21.49 (o), 16.40 (o), 14.32 

(o). 

IR (neat) 3450 (br), 3031 (w), 2980 (w), 2931 (w), 1737 (m), 1714 (m), 1645 (w), 1453 (m), 

1369 (m), 1237 (s), 1110 (s), 1024 (s), 909 (m), 732 (s), 697 (s) cm–1. 

HRMS (ESI, [M–H]–) calc’d for C33H37O7 545.2545, found 545.2534. 
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Chapter 3 

Total Synthesis of Thapsigargin: A Biosynthetically Inspired 

Approach 

 

3.1. Biosynthetic Inspiration, Strategic and Retrosynthetic Analysis 

The total synthesis of thapsigargin 1 has a number of inherent challenges, namely, the 

stereoselective construction of a hexaoxygenated 5,7,5-tricyclic guaianolide skeleton 

functionalized with eight stereogenic centers, the installation of four different ester groups, a 

trans-vicinal tertiary diol and an internal tetrasubstituted olefin.  An efficient synthesis of 1 

requires the strategic introduction of these oxygen substituents to minimize redox chemistry, 

protecting group and functional group manipulations.  To this end, we devised a divergent 

strategy, wherein the common synthetic intermediate 2 would access both thapsigargin 1 and 

all other members of the thapsigargin family (Scheme 3.1).  

 

Scheme 3.1. Strategic analysis and identification of a common synthetic intermediate. 

Inspired by the proposed biosynthetic pathway for thapsigargin 1 described in Chapter 1,1 we 

recognized the retrosynthetic disconnections of C–C bonds between C-6/C-7 and C-8/C-9 
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would provide a novel approach and thereby minimize the number of synthetic steps.  The 

assembly from the -unsaturated ester 6 and (R)-(–)-carvone 7 combines a five- and a ten-

carbon fragment, which is consistent with the logic of nature’s strategic combination of 

building blocks in the terpene biosynthesis (Scheme 3.2).   

 

Scheme 3.2. Biosynthetically inspired strategy. 

Hence, the proposed abiotic approach would utilize an enantioselective transition metal–

catalyzed alkylation reaction to forge the 15-carbon framework 9 necessary for a metal-

mediated ketone-aldehyde pinacol coupling and lactonization cascade to construct the 

guaianolide skeleton 8 en route to the common intermediate 2 (Scheme 3.3).  This 

biosynthetically inspired process could incorporate the necessary stereochemistry and 

functionalities for the synthesis of 1 in a concise manner.  Our hypothesis should also provide 

rapid and scalable access to the common synthetic intermediate 2, which serves as a key 

intermediate for the preparation of thapsigargin 1 and other members of the family to facilitate 

comprehensive structure−activity relationship studies on these important agents.   
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Scheme 3.3. Biosynthetically inspired retrosynthetic analysis. 

 

3.2. The development of a Concise Total Synthesis of Thapsigargin 

3.2.1. Synthesis of Allylic Chloride 13 

The synthesis commenced with conversion of the commercially available monoterpene (R)-

(–)-carvone 7 into an appropriate electrophile for the alkylative cross-coupling with ketone 

10 (Scheme 3.4).  Regioselective allylic chlorination of the terminal olefin in 7 with t-BuOCl 

at room temperature,2 followed by a one-pot operation involving a stereoselective reduction 

of ketone 11 with Dibal-H and in situ protection of the resulting secondary alcohol 12 using 

TBSCl, provided allylic chloride 13 in 88% yield over two steps.3   
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Scheme 3.4. Synthesis of allylic chloride 13. 

 

3.2.2. Synthesis of Ketone 10 

The preparation of ketone 10 started from the commercially available trisubstituted olefin 6.  

Asymmetric Sharpless dihydroxylation4 of 6 proceeded cleanly to provide diol 14 in 94% 

yield and with ≥99% enantiomeric excess, which sets the requisite configuration of the tertiary 

alcohol at C-11 position in thapsigargin 1.  Oxidation of the secondary alcohol in 14 using 

IBX and subsequent protection of the tertiary alcohol as trimethylsilyl ether afforded the 

desired product 10 in 77% yield over two steps (Scheme 3.5). 
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Scheme 3.5. Three-step synthesis of ketone 10. 

Although this was a convenient approach, we sought to devise a more practical sequence to 

prepare ketone 10, in which the oxidation and protection steps were combined.  Swern 

oxidation of diol 14 was compatible with the in situ TMS protection to generate ketone 10 in 

good overall yield.  In addition, replacing IBX as the oxidant, which is potentially explosive, 

permits the preparation of 10 on a >20-gram scale (Eq. 3.1).      

 

 

3.2.3. Synthesis of Olefin 22 via Allylic Coupling   

In 2008, Braun and coworkers developed an enantioselective palladium-catalyzed allylic 

alkylation of unstabilized ketones.5  For instance, the lithium enolate of cyclohexanone 16 

underwent an enantioselective alkylation with the π-allyl-palladium complex derived from 17 
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using the catalyst derived from Pd2(dba)3•CHCl3 and (S)-BINAP 19 in the presence of LiCl 

at –78 °C (Eq. 3.2).  We anticipated that the high reactivity of π-allyl complexes may provide 

a solution to the poor reactivity and the chiral ligand could override any natural bias to afford 

the desired diastereomer. 

 

In accord with this reasoning, we designed a route to construct the 15-carbon framework 22 

via an allylic substitution strategy.  Notable, cross-coupling of fragment 10 and 13 is far more 

challenging due to the inherent structural complexity (Scheme 3.6), which is absent in the 

prototypical approach (Eq. 3.2).  For example, the sterically hindered and unstabilized enolate 

of α-alkoxy ketone 10 is likely to be much less reactive in the alkylation.  Moreover, alkylation 

of 10 in an acyclic system, which is further complicated by the formation of a mixture of E/Z 

enolates, thus provides an additional challenge for attaining high levels of enantioselectivity.  

Furthermore, the allylic moiety in the 1,1-disubstituted olefin system is much less used in the 

transition metal-catalyzed allylic substitution reactions, because the stability of transition 

metal π-allyl complexes decrease with increasing olefin substitution.6, 7   Finally, labile 

leaving groups such as a chloride are not typically compatible in the transition metal-catalyzed 

asymmetric allylic allylation, because of competitive background reactions.   
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Scheme 3.6. Challenges of the allylic coupling. 

In accord with Braun’s protocol, we initiated investigations on the proposed allylic cross-

coupling.  To this end, direct alkylation failed to provide the coupled product 22 because of 

the poor reactivity of the electrophile (Table 3.1, entry 1).  Gratifyingly, allylic coupling of 

13 with the lithium enolate of ketone 10 at room temperature in the presence of LiCl and the 

chiral catalyst derived from Pd2(dba)3•CHCl3 and (S)-BINAP 19 furnished the desired product 

22 with 5:1 diastereoselectivity (entry 2).  Surprisingly, use of the bulkier ligand (S)-xyl-

BINAP 23 switched the diastereoselectivity (entry 3) and the (S,S)-DACH-Phenyl Trost 

ligand 24 did not afford any of the desired coupling products (entry 4).  Further improvement 

in selectivity was garnered by lowering the reaction temperature to –30 °C, albeit the 

alkylation proceeded at a significantly slower rate (entry 5).   Finally, the coupling reaction 

proceeded efficiently at 0 °C to afford two inseparable diastereomers with similar 

diastereocontrol (entries 6 and 7).  
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Table 3.1. Allylic alkylation: Optimization. 

 

Entry Ligand Temperature   dr  

1a N/A rt  -e 

2 (S)-BINAP “  5:1 

3 (S)-xyl-BINAP “  1:4 

4 Trost ligand 24 “  -e 

5b (S)-BINAP –30 °C  8:1 

6c (S)-BINAP 0 °C  8:1 

7d (S)-BINAP “  8:1 

a No catalyst was used.  b The reaction stopped at about 50% conversion.  c The reaction was carried out on 

100 mg scale with 72% yield.  d The reaction was carried out on 7.50 g scale with 93% yield.  e No desired 

product was not isolated. 

   

 

 

3.2.4. Synthesis of the Cyclization Precursor 9  

The preparation of keto-aldehyde 9 from 22 was then achieved via an ozonolysis/aldol 

condensation sequence.  Selective cleavage of the more electron-rich trisubstituted olefin in 
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diene 22 followed by in situ aldol condensation catalyzed by piperidinium acetate at elevated 

temperature, provided the ring-contracted product 9 in 40-55% yield (Eq. 3.4).8  Notably, the 

amount of ozone needs to be carefully controlled to avoid the oxidation of the 1,1-

disubstituted olefin.  At this stage, two isomers were separated by flash column 

chromatography.  Hence, this one-pot transformation permits the installation of the internal 

tetrasubstituted double bond present in the natural product and simultaneously sets the stage 

for the subsequent pinacol cyclization/lactonization cascade reaction. 

 

 

3.2.5. Pinacol Coupling  

The pinacol reaction is a venerable process, which is well developed in terms of mechanistic 

studies, new reagents and applications to the total synthesis of natural products.9,10  In this 

section, a brief coverage of the pinacol coupling reaction is described,, which also serves as a 

guide for our initial reaction condition screening in the context of the total synthesis of 

thapsigargin 1. 

   

3.2.5.1. SmI2-Promoted Pinacol Coupling 

Samarium diiodide is the most frequently used agent for the pinacol coupling reactions, which 

has been applied in the total synthesis of numerous natural products.   In 2002, Snyder and 
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coworkers reported a new strategy to 24-nortriterpene derivative 27 using a pinacol 

cyclization.  SmI2-mediated pinacol coupling of the dicarbonyl intermediate 25 affords the 

key pentacyclic intermediate 26 in good yield and with excellent diastereoselectivity owing 

to the steric repulsion between the samarium ketyl component and the angular methyl group 

in the transition state.  Interestingly, the reaction requires t-BuOH as the additive, which may 

potentially function as more than the proton source (Eq. 3.4).11   

 

In 2003, Marcos and coworkers developed a route to prepare (+)-totarol 30 and other 

diterpenes using a SmI2-promoted ketone-aldehyde pinacol coupling as the key 

transformation. Ketone-aldehyde intermediate 28 underwent a diastereoselective coupling to 

generate a six- membered ring which forged the carbon skeleton of (+)-totarol 30.  A critical 

aspect of this work was the recognition that using MeOH as the additive improved the overall 

efficiency (Eq. 3.5).12 
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In 2010, Chen and Nicolaou reported a total synthesis of cage-like natural products 

echinopines A 33 and B 34 using a SmI2-promoted pinacol coupling of ketone-aldehyde 

intermediate 31 to construct the challenging seven-membered ring.  To this end, the pinacol 

coupling afforded desired product 32 in a moderate yield and with complete diastereocontrol 

in the presence of HMPA (Eq. 3.6).13 

 

 

3.2.5.2. Titanium-Promoted Pinacol Coupling  

In 1994, Nicolaou and coworkers reported the total synthesis of taxol 37, which represents 

one of the most challenging targets for total synthesis.  A key feature with the strategy was a 

pinacol cyclization to construct the eight-membered ring in the natural product.  The coupling 

of di-aldehyde 35 was promoted by the low-covalent titanium complex at elevated 

temperature to afford the corresponding diol 36 in 23% yield.  Although this step proceeds in 

a poor yield and is sensitive to reaction scale, it enables the completion of this complex 

structure (Eq. 3.7).14  
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3.2.5.3. Tin-Promoted Pinacol Coupling 

In 1995, Fu and coworkers developed a Bu3SnH-mediated pinacol coupling of dicarbonyl 

compounds.  The key step in this transformation is the intramolecular addition of tin ketyl 40 

to the ketone followed by a homolytic substitution (SH2) reaction (Eq. 3.8).15   

 

 

3.2.5.4. Vanadium-Promoted Pinacol Coupling 

In 1991, Pedersen and coworkers reported an intramolecular pinacol coupling of ketone-

aldehyde compounds using dimeric vanadium (II) complex 43.  This method is surprisingly 

effective in the construction of cis-1,2-cyclobutanediols.  The use of HMPA as the additive 

and the slow addition of the substrate is crucial to avoid dimerization via an intermolecular 

process (Eq. 3.9).16   

 

In 2016, Toshima and coworkers reported a total synthesis of antibiotic natural product 

aquayamycin 46 using the vanadium-mediated pinacol cyclization, which successfully builds 

a six-membered ring in 95% yield and with complete diastereocontrol.  They proposed 
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stereochemical outcome is because of the preferred chelation of the acetonide protected 1,2-

diol with the vanadium (II) complex.  Additionally, the addition of DMF serves an effective 

ligand in this vanadium-promoted pinacol coupling reaction (Eq. 3.10).17   

 

 

3.2.6. Synthesis of Guaianolide Core 8 using a Pinacol/lactonization 

Cascade 

We envisioned that completion of the guaianolide skeleton could be accomplished using a 

pinacol/lactonization cascade to construct both the seven-membered ring and the five-

membered lactone motif present in thapsigargin 1 in a single operation.   To this end, metal-

mediated pinacol reaction could promote the C–C bond formation between C-6/C-7 to 

generate diol 47 in a diastereoselective manner.  Subsequent lactone formation could occur 

spontaneously due to the flexible seven-membered ring, which can easily adopt a favorable 

conformation for the cyclization.  Nevertheless, we anticipated that multiple oxygenated 

functionalities in 9 may complicate this process because of their potential interactions with 

one-electron reducing agents.  Moreover, at this stage, the facial selectivity of the proposed 

pinacol coupling remained ambiguous, albeit we envisioned the C-8 benzyl ether may direct 

the cyclization (Scheme 3.7). 
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Scheme 3.7. Proposed pinacol/lactonization cascade. 

We elected to initially investigate the pinacol/lactonization cascade with the well-established 

one electron reducing agent: SmI2.
18 A range of additives such as HMPA, t-BuOH and MeOH 

at different temperatures were examined, but none of guaianolide 8 was detected in these 

reactions.   Alternatively, treatment of 9 with SmBr2, which was formed in situ, also failed to 

promote this cascade process.19  Hence, the poor outcome with samarium prompted the 

examination of other one electron reducing agents (Scheme 3.8). 

 

Scheme 3.8. Attempted SmI2-promoted pinacol/lactonization cascade. 
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Scheme 3.9 outlines the further reagent screening for the proposed pinacol/lactonization 

cascade.  To this end, Fu’s mild pinacol coupling condition using Bu3SnH was disappointing 

and afforded a complex mixture.15  Alternatively, treatment of 9 with low covalent titanium 

reagents only delivered reduced side products.20  In contrast, the vanadium(II) reagent with 

different additives primarily afford dimerization products.  However, the careful analysis of 

reaction mixtures led to the identification of a trace amount of the desired product 8, which 

prompted further optimization of this reaction using vanadium complexes. 

 

Scheme 3.9. Reagent screening for the pinacol/lactonization cascade. 

Table 3.4 outlines additional studies utilizing vanadium(II) complexes.  The overall efficiency 

for the desired product 8 was improved significantly when VCl3 was replaced with 

VCl3(THF)3 (Table 3.2, entry 1 vs entry 2).  Nevertheless, the addition of DMF did not 

improve the efficiency of the pinacol coupling process as outlined earlier (entry 3) and 

switching to DMI afforded none of the product, which was ascribed to the formation of a 

V(II)-DMI complex that was insoluble mixture (entry 4).  Gratifyingly, more encouraging 

results were obtained when keto-aldehyde 9 was slowly added to a solution of the dimeric 

vanadium complex, [V2Cl3(THF)6]2[Zn2Cl6], which was prepared in situ in the presence of 

HMPA,42,43 to afford the guaianolide skeleton 8 in 52-60% overall yield and with ≥19:1 

diastereoselectivity on a gram-scale (entries 5 and 6).   
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Table 3.2. Vanadium(II)-promoted pinacol/lactonization: Additive screening. 

 

 

 

 

 

a VCl3 was used instead.  b 10 equiv of HMPA was used.  c 12 equiv of HMPA was used. 

                  d No desired product was not isolated. 

The proposed mechanism of the pinacol/lactonization cascade is delineated in Scheme 3.10.  

Treatment of 9 with the V(II) complex presumably generates the di-ketyl radical species 48, 

in which the benzyl protected C-8 oxygen can control the facial selectivity through 

coordination with the metal center.  The intramolecular cyclization leads to new C–C bond 

formation and affords diol 47, which can then undergo lactonization to furnish guaianolide 8 

with a high level of diastereoselectivity.   

Entry Additive Yield  

1a THF < 5%  

2 - 20% 

3 DMF 20% 

4 DMI -d 

5b HMPA 52% 

6c HMPA 60% 
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Scheme 3.10. Mechanism of the pinacol/lactonization cascade. 

The structure of 5,7,5-tricyclic guaianolide 8 was confirmed with the aid of extensive 

spectroscopic studies.  Nevertheless, owing to the flexibility of the seven-membered ring 

system, the relative configuration was only partially confirmed by NOE experiments (Figure 

3.1).  The cis-configuration relationship of C-6 and C-8 proton is supported by the 

enhancement of NOE signals, whereas the trans-configuration relationship of C-1 and C-6 

proton is ambiguous given the lack of any NOE interactions.  Although the configuration of 

the C-7 alcohol could not be interpreted from NMR experiments, the pinacol coupling is very 

likely to proceed to generate the cis-diol at C-6 and C-7 positions.  Furthermore, the benzyl 

protected alcohol at C-8 position could serve as a directing group, which can potentially 

coordinate the metal center in the transition state to deliver 8 with a cis-configuration at C-6, 

7, 8 positions. 
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Figure 3.1. Elucidation of the stereochemistry of intermediate 8. 

Overall, starting from the readily available monoterpene (R)-(–)-carvone 7, we 

successfully constructed the 5,7,5-tricyclic guaianolide skeleton 8 in only five steps, 

which represents the shortest route to date to prepare this important structure and provides 

a novel entry into many other guaianolide natural products.   

  

3.2.7. Installation of C-10 Oxygenation 

3.2.7.1. Mechanism of Mukaiyama Hydration and Its Applications 

The cobalt-catalyzed hydration of olefins with organosilanes under aerobic conditions was 

first reported by Mukaiyama and coworkers in 1989.21a  Scheme 3.11 outlines the proposed 

mechanism for this process.21b  The formation of metal hydride complex 50 in the presence 

of molecular oxygen and PhSiH3 is thought to facilitate the rapid insertion into olefins to form 

a C−Co bond, which spontaneously undergoes a homolytic cleavage.  The resulting radical 

species 54 can then be trapped by molecular oxygen and re-combine with cobalt catalyst 49 

to afford complex 56, which undergoes transmetalation with PhSiH3 to release peroxide 57 

and regenerates the metal hydride 50.  Cleavage of the labile hydroperoxide intermediate 57 

then provides the Markovnikov product 58 after a reductive workup.  
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Scheme 3.11. General mechanism of Mukaiyama hydration. 

Since its discovery, the Mukaiyama hydration has been utilized extensively in the natural 

product total synthesis.22  In 2011, Romo and coworkers reported a total synthesis of 

sesquiterpene (+)-omphadiol 60, in which the tertiary alcohol  59 was a key intermediate. To 

this end, Mukaiyama hydration successfully enabled the selective α-hydroxylation of the -

unsaturated ketone 7 rather than the 1,1-disubstituted olefin en route to the natural product 

(+)-omphadiol 60 (Eq. 3.11).23  

 

In 2013, Hiroya and coworkers reported a strategy to prepare the proposed structure of 

trichodermatide A 62 using a late-stage Mukaiyama hydration to introduce the alcohol at C-

9 position.  Interestingly, trifluoroethanol was a necessary component to facilitate the cobalt-
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catalyzed hydration at the enol ether in 61 with a remarkably high level of chemo-, regio- and 

stereoselectivity (Eq. 3.12).24 

 

In 2013, Metz and coworkers developed an enantioselective route to (–)-oxyphyllol 65.  A 

key step in this route is a regioselective cobalt-catalyzed hydration of the trisubstituted olefin 

in 63. Gratifyingly, the standard Mukaiyama hydration conditions delivered the tertiary 

alcohol 64 in an excellent yield, albeit with poor diastereoselectivity (Eq. 3.13).25   

 

In 2016, Baran and coworkers completed a short synthesis of (+)-phorbol 68, in which the 

bridged hydroxyl group in 67 was introduced using a modified Mukaiyama hydration 

protocol.  In this case, stoichiometric Mn(acac)2 was required to achieve a good yield and 

chemoselectivity (Eq. 3.14).26    
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3.2.7.2. Stereoselective Synthesis of Tertiary Alcohol 73 by Mukaiyama 

Hydration 

Based on the mechanism of Mukaiyama hydration, we proposed that the in situ generated 

cobalt hydride complex could stereoselectively add to the C-10/C-14 double bond from the 

less hindered top face in 8.  Moreover, we rationalized the hydroxyl group at C-7 position 

could assist this addition process via coordination or hydrogen bonding.  After homolytic 

cleavage of C–Co bond in 69, radical 70 could react with molecular oxygen and PhSiH3 to 

provide peroxide 72, which could undergo hydrolysis in the presence of ethanol and water to 

afford tertiary alcohol 73 with the correct configuration.  Another consideration with the 

proposed strategy is the necessity for chemoselectivity, since the C-4/C-5 olefin can 

potentially compete with the C-10/C-14 derivative (Scheme 3.12).  
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Scheme 3.12. Mechanism of Mukaiyama hydration of intermediate 8. 

With these considerations in mind, we examined various conditions for the selective 

installation of the C-10 hydroxyl group.  Treatment of 8 under the standard Mukaiyama 

hydration condition led to chemoselective hydration of the C-10/C-14 olefin with a high level 

of diastereoselectivity, albeit in moderate yield (Table 3.3, entry 1).  Although switching the 

solvent to ethanol permitted a modest improvement in yield (entry 2), the alternative 

Mn(dpm)3 catalyst was inferior (entry 3).22  Gratifyingly, lowering the reaction temperature 

afforded a more encouraging result (entry 4), which was further improved by the slow addition 

of PhSiH3 and bubbling oxygen into the reaction system to provide the optimal yield for the 

formation of tertiary alcohol 73 on a gram scale (entry 5).  
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Table 3.3. Mukaiyama hydration: Optimization. 

 

Both the relative configuration and structural assignment of the key tricyclic intermediate 73 

was confirmed by extensive spectroscopic studies and single-crystal X-ray diffraction 

analysis.  The obvious NOE correlations of the C-10 methyl group between C-6 and C-8 

protons supported the proposed stereochemical outcome of the cobalt-catalyzed Mukaiyama 

hydration at C-10 position.  More importantly, all the structural assignments were further 

verified by a single-crystal structure of intermediate 73 (Figure 3.2). 

 

Figure 3.2. Elucidation of the structure of intermediate 73. 

 

Entry Catalyst  Solvent  O2  Temperature  Yield  

1 Co(acac)2 THF Balloon pressure  rt 40% 

2 “ EtOH “ “ 53% 

3 Mn(dpm)3 “ “ “ 41% 

4 Co(acac)2  “  “   0 °C   72%  

5 “ “ Bubbling “ 79% 
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3.2.7.3. Synthesis of Acetate 74 by Selective Acetylation 

Preliminary attempts to selectively acetylate the C-10 tertiary alcohol in 73 demonstrated that 

this was a very hindered position.  The combination of Lewis acids and proton acids with 

different acetylating agents, which are commonly used in acylation of sterically hindered 

alcohols,27 afforded very low yields and led to significant decomposition (Scheme 3.13).  

Surprisingly, basic conditions at ambient temperature also failed to provide promising results. 

 

Scheme 3.13. Attempted acetylation of intermediate 73. 

In view of the unexpected challenge with the acetylation of the C-10 hydroxyl group, we 

decided to systematically investigate this step using the standard acetylating agents, namely 

Ac2O with DMAP.27  Acetylation at room temperature and at 60 °C in different solvents after 

prolonged reaction time, only resulted in the recovered starting material 73 and <10% yield 

of the desired mono-acetylated product 74 (Table 3.6, entries 1-3).  Nevertheless, treatment 

of 73 with a large excess of DMAP at 110 °C enabled the rapid acylation to generate bis-

acetylated adduct 75 as a major product (entry 4).  Hence, we recognized the importance of 

using high temperature, which prompted additional experiments with less DMAP at elevated 

temperature to supress the formation of 75 (entry 5).   Gratifyingly, under these conditions 
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the tertiary acetate 74 was obtained in 93% yield without any of the bis-acylated adduct 75 

(entry 6).  Nevertheless, the reaction was sensitive to reaction scale, wherein inseparable 

mixtures of 74 and 75 were obtained when reactions were carried out on up to 500 mg (entry 

7).  This problem was solved by further reducing the amount of DMAP to nearly one 

equivalent, which afforded good yields that could be obtained on a consistent basis on nearly 

gram-scale (entry 8). 

Table 3.4. Acetylation: Optimization. 

 

 

 

 

 

 

 

Entry DMAP Solvent Temperature Result 

1 10 equiv  DCM   rt  >90% of 73 + <10% of 74  

2 40 equiv THF 60 °C “ 

3 “ PhMe    “   “ 

4 “ “ 110 °C >80% of 75 

5 3 equiv “ “ 
50% of 73 + 50% of 74  

(2 mg scale) 

6 “ “ “ 
93% of 75  

(10 mg scale) 

7 “ “ “ 
>90% of 74 + 75  

(500 mg scale) 

8 1.1 equiv  “ “ 
96% of 74  

(800 mg scale) 
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3.2.8. Inversion of C-8 Configuration 

In the next stage, inversion of the configuration at C-8 position in tertiary acetate 74 was 

required for the synthesis of thapsigargin 1.  To this end, we sought to identify a method to 

invert the configuration at C-8 position.  Unfortunately, deprotection of the benzyl protecting 

group with Pd/C resulted in the decomposition of the starting material, which is presumably 

due to the acidic nature of this reagent.  In contrast, the clean and selective removal of the 

benzyl group was achieved using Pd(OH)2/C under an atmosphere  

 

Scheme 3.14. Inversion of C-8 configuration. 

of hydrogen in EtOAc without any evidence for the reduction of C-4/C-5 double bond.  

Filtration of Pd(OH)2/C catalyst afforded the secondary alcohol 76, which was immediately 

oxidized into the corresponding ketone 77 with IBX and reduced in situ to provide the desired 

alcohol 2 in excellent overall yield and diastereoselectivity (Scheme 3.14).  Interestingly, the 
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slow cleavage of the TMS protecting group in methanol was observed, which could be 

attributed to the anchimeric assistance by the newly formed C-8 hydroxy group due to their 

spatial proximity.29 

The diastereoselective reduction of this transformation can be explained by steric factors.  The 

bulky TMS protected C-11 tertiary alcohol sterically blocks the bottom face and only permits 

the nucleophile to attack from the top face as illustrated in Figure 3.3, which leads to the 

excellent diastereoselectivity. 

 

Figure 3.3. Explanation of the diastereoselective reduction. 

 

3.2.9. Synthesis of Enone 81 

In order to functionalize the C-2 position and complete the synthesis, conversion of TBS ether 

in the common synthetic intermediate 2 into enone 81 was studied as outlined in Scheme 3.14.  

Selective acylation of the C-8 hydroxy group in 2 using butyric anhydride and DMAP 

afforded 79 in quantitative yield, which was followed by removal of TBS protecting group 

under mild acidic conditions to provide secondary alcohol 80 without any detectable 

epimerization.  Oxidation of the allylic alcohol in 80 with IBX generated the desired enone 

81 in a good yield (Scheme 3.15).  Since both the allylic alcohol 80 and the enone 81 are 

known, it permits the comparison of their spectral data, which supports the assignments.30  
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Scheme 3.15. Three-step synthesis of enone 81. 

Alternatively, we developed a one-pot protocol to prepare enone 81 from 2 (Eq. 3.15).  

Selective acylation of 2 proceeded cleanly, which permits an in situ Jones oxidation of the 

TBS ether to furnish the key -unsaturated cyclopentenone 81 in 87% yield, and thus sets 

the stage for the completion of the synthesis. 
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3.2.10. End-game: Completion of the Total Synthesis of Thapsigargin 

The final stage of the synthesis required advancement of 81 to thapsigargin 1, which was 

achieved via a modification of Christensen’s three-step protocol (Scheme 3.16).31  The 

octanoxyl side chain at the C-2 position was introduced stereoselectively using Mn(OAc)3 as 

the oxidant in benzene and octanic acid as a mixed solvent system to afford 82 in modest 

yield.  Diastereoselective reduction of the -unsaturated ketone in 82 with Zn(BH4)2 in 

diethyl ether at –20 °C, followed by the angeloylation of the sterically hindered C-3 alcohol 

using anhydride 84 in the presence of NaHCO3 afforded the natural product, thapsigargin 1, 

in 64% yield over two step.  All the spectra data matches with the reported values to confirm 

the completion of this agent.31,32,33  

 

Scheme 3.16. End-game: Completion of the total synthesis of thapsigargin. 
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3.3. Summary 

A concise, efficient and scalable synthesis of thapsigargin 1 from commercially available (R)-

(–)-carvone 7 was developed as shown in Scheme 3.17.  Our synthetic strategy is inspired by 

nature’s carbon–carbon bond formation sequence, which facilitates the construction of a 

highly functionalized sesquiterpene lactone skeleton in five steps via an enantioselective 

ketone alkylation and a diastereoselective pinacol cyclization.  Overall, the total synthesis of 

1 was accomplished in 12 steps (longest linear sequence) with 5.8% overall yield from (R)-(–

)-carvone 7.  Notably, the total synthesis was accomplished in less than one-third of the 

number of steps required by Ley and coworkers (42 steps) and more than 40 times more 

efficient than the synthesis reported by Baran and coworkers (0.137% overall yield).  

Furthermore, the efficient five-step synthesis of 8 represents one of the shortest approaches 

to the guaianolide skeleton developed to date,34 which we anticipate will allow the rapid 

preparation of a library of simplified thapsigargin analogs for detailed structure–activity 

relationship studies. We anticipate that this synthetic route could provide the basis for a 

manufacturing route to this important agent, particularly given the brevity and scalability of 

the synthesis. Finally, we believe that this biosynthetically inspired synthesis of thapsigargin 

1 will provide a guide for the construction of related polyoxygenated terpenes. 
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Scheme 3.17. Complete synthetic route for the synthesis of thapsigargin. 
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3.4. Experimental Procedures 

All reactions were carried out under an atmosphere of argon in anhydrous solvents using 

oven-dried or flame-dried glassware and commercially available reagents that were used as 

received unless otherwise stated.  Anhydrous dichloromethane (DCM), tetrahydrofuran 

(THF), diethyl ether (Et2O), and toluene (PhMe) were obtained by passing degassed solvents 

through activated alumina columns in a Grubbs solvent purification system (PureSolv MD-6 

of Innovative Technology Inc.).  Hexamethylphosphoramide (HMPA) and dimethyl sulfoxide 

(DMSO) were distilled from CaH2 under reduced pressure and stored over 4Å molecular 

sieves.  Triethylamine was distilled from CaH2 under an atmosphere of argon.  Analytical thin 

layer chromatography (t.l.c.) was performed on pre-coated 0.2 mm thick silica gel 60-F254 

plates (Merck) and visualized using UV light and by treatment with acidic vanillin solution 

(in EtOH), followed by heating.  All compounds were purified by flash column 

chromatography using silica gel 60 (40-63 μm, Silicycle) and gave spectroscopic data 

consistent with being ≥95% the assigned structure.  Melting points (uncorrected) were 

obtained from a Büchi M560 melting point instrument.  Optical rotations ([α] ) were 

measured on an Anton Parr MCP 200 polarimeter with a tungsten halogen lamp (589 nm) at 

the stated temperature using a 0.7 mL quartz cell of 100 mm length.  Solution concentrations 

(c) are given in g/100 mL.  1H NMR and 13C NMR spectra were recorded on Bruker Avance 

600 spectrometers with a TBI probe in CDCl3 at ambient temperature.  Chemical shifts (δ) 

are given in ppm and calibrated using the signal of residual undeuterated solvent as internal 

reference for 1H NMR (δH = 7.26 ppm for CDCl3) and using the signal of the deuterated 

solvent for 13C NMR (δC = 77.16 ppm for CDCl3).  
1H NMR data are reported as follows: 

chemical shift (multiplicity, first order spin system if available, coupling constant, 

integration).  Coupling constants (J) are reported in Hz and apparent splitting patterns are 

 °C

D
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designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), 

sextet, m (multiplet), br. (broad), app. (apparent) and the appropriate combinations thereof.  

IR spectra were recorded on an Agilent Technologies Cary 630 FT-IR (ATR) spectrometer.  

Wavenumbers (ν) are given in cm–1 and the abbreviations w (weak, <33%), m (medium, 33-

66%), s (strong, >66%) and br (broad) are used to describe the relative intensities of the IR 

absorbance bands. Mass spectra were obtained through the Department of Chemistry Mass 

Spectrometry Service at Queen’s University. 

 

(R)-5-(3-Chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-1-one (11). 

 

Silica gel (ca. 5.0 g) was added to a stirred solution of (R)-(–)-carvone 7 (3.03 g, 20.14 mmol) 

in pentane (60 mL) followed by the dropwise addition of tert-butyl hypochlorite (2.73 ml, 

24.17 mmol) at room temperature.  The resulting mixture was stirred at room temperature for 

ca. 12 hours before being filtrated through a pad of silica gel and washed with 1:4 diethyl 

ether/pentane.  The resulting solution was concentrated in vacuo to afford crude allylic 

chloride 11 as a yellow oil, which was used in the next step without further purification.  A 

small portion of crude product was purified by flash column chromatography (silica gel, 1:9 

Et2O/pentane) to afford the allylic chloride 11 as a colorless oil.   

[a]D
20  –41.5 (c = 0.45, CHCl3); lit. [a]D

20  –35.1 (c = 0.39, CHCl3).
34 
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1H NMR (600 MHz, CDCl3) δ 6.75-6.73 (m, 1H), 5.25 (s, 1H), 5.05 (s, 1H), 4.09 (d, A of 

AB, JAB = 12.0 Hz, 1H), 4.07 (d, B of AB, JAB = 11.9 Hz, 1H), 2.99-2.94 (m, 1H), 2.65 (ddd, 

A of ABXY, JAB = 16.0 Hz, JAX = 3.7 Hz, JAY = 1.3 Hz, 1H), 2.57-2.52 (m, 1H), 2.37 (dd, B 

of ABX, JAB = 16.0 Hz, JBX = 13.1 Hz, 1H), 2.31 (app. ddt, B of ABXYZ, JAB = 17.9 Hz, JBX 

= 10.7 Hz, JBY = JBZ = 2.4 Hz, 1H), 1.78 (d, J = 1.0 Hz, 3H). 

IR (Neat) 2953 (w), 2922 (w), 2887 (w), 1666 (s), 1431 (m), 1364 (m), 1252 (w), 1107 (m), 

1014 (w), 901 (m), 748 (m) cm–1. 

tert-Butyl(((1R,5R)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-1 

yl)oxy)dimethylsilane (13). 

 

Diisobutylaluminum hydride (22.2 ml, 22.2 mmol, 1M in hexanes) was added dropwise to a 

stirred solution of ketone 11 (ca. 20 mmol) in DCM (100 ml) at –78 °C.  The resulting mixture 

was stirred for ca. 30 minutes, before TBSCl (9.11 g, 60.4 mmol) and imidazole (4.11 g, 60.4 

mmol) were added and the reaction warmed to room temperature and stirred for ca. 12 hours.  

The reaction was then quenched with slow addition of water (50 ml) and partitioned between 

DCM (100 ml) and aqueous 1M HCl solution (200 ml). The organic phases were combined, 

washed with sat. aqueous NaHCO3 solution (200 ml), dried over anhydrous MgSO4, filtered 

and concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:10 DCM/hexanes) afforded the TBS ether 13 (5.33 g, 88% over 

two steps) as a colorless oil.   

[a]D
20–44.0 (c = 2.05, CHCl3); lit. [a]D

20–33 (c = 1.98, CHCl3).
3 
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1H NMR (600 MHz, CDCl3) δ 5.47-5.44 (m, 1H), 5.18 (s, 1H), 5.02 (s, 1H), 4.30-4.25 (m, 

1H), 4.09 (s, 2H), 2.50 (app. td, J = 11.9, 3.3 Hz, 1H), 2.19-2.13 (m, 1H), 2.12-2.08 (m, 1H), 

1.96-1.91 (m, 1H), 1.70 (d, J = 0.9 Hz, 3H), 1.55 (app. td, J = 12.4, 10.0 Hz, 1H), 0.92 (s, 

9H), 0.11 (s, 3H), 0.10 (s, 3H). 

IR (neat) 2951 (w), 2928 (m), 2886 (w), 2855 (w), 1641 (w), 1449 (w), 1251 (m), 1090 (s), 

1061 (s), 892 (s), 832 (s), 772 (s), 748 (m) cm–1. 

Methyl (2S,3R)-4-(benzyloxy)-2,3-dihydroxy-2-methylbutanoate (14). 

 

K3[Fe(CN)6] (105 g, 286 mmol), NaHCO3 (24.0 g, 286 mmol), K2CO3 (39.5 g, 286 mmol), 

MeSO2NH2 (9.2 g, 95 mmol), (DHQD)2PHAL (547 mg, 0.667 mmol) and K2OsO4·2H2O 

(0.105 g, 0.286 mmol) were added successively to a stirred solution of methyl (E)-4-

(benzyloxy)-2-methylbut-2-enoate 6 (21.0 g, 95.0 mmol) in H2O (238 ml) and tBuOH (238 

ml) at 0 °C.  The reaction mixture was stirred at 0 °C for ca. 18 hours before being quenched 

with sat. aqueous Na2SO3 solution (600 ml).  The resulting mixture was partitioned with 

EtOAc and the combined organic phases were then dried over anhydrous MgSO4, filtered and 

concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:3 EtOAc/hexanes) afforded the diol 14 (22.9 g, 94%) as a 

colorless oil. Optical purity was determined by chiral HPLC analysis (CHIRALPAK AD-H 

column), hexane:2-propanol = 90:10, flow rate = 1.0 mL/min, tR (major) = 18.6 min, tR 

(minor) = 21.8 min, >99% ee. 

[a]D
20  +13.6 (c = 1.19, CHCl3) 
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1H NMR (600 MHz, CDCl3) δ 7.36-7.28 (m, 5H), 4.52 (s, 2H), 3.93 (ddd, J = 6.9, 5.7, 4.2 

Hz, 1H), 3.71 (s, 3H), 3.69-3.65 (m, 2H), 3.56 (s, 1H), 2.85 (d, J = 6.9 Hz, 1H), 1.39 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 175.92, 137.65, 128.51, 127.94, 75.83, 74.42, 73.68, 69.85, 

52.88, 22.28. 

IR (neat) 3481 (br, w), 2950 (w), 2867 (w), 1734 (s), 1452 (m), 1365 (w), 1245 (m), 1121 (s), 

1067 (s), 910 (m), 730 (s), 697 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C13H18O5Na 277.1046, found 277.1033.  

Methyl (S)-4-(benzyloxy)-2-methyl-3-oxo-2-((trimethylsilyl)oxy)butanoate (10). 

 

DMSO (18.60 ml, 262 mmol) was added dropwise to a stirred solution of (COCl)2 (9.18 ml, 

105 mmol) in DCM (500 ml) at –78 °C.  The resulting solution was stirred for ca. 30 minutes, 

before a solution of 14 (22.22 g, 87 mmol) in DCM (100 ml) was added dropwise and stirred 

at the same temperature for ca. 30 minutes.  Et3N (30.4 ml, 218 mmol) was then slowly added 

dropwise and the reaction mixture was stirred for ca. 30 minutes at –78 oC before it was 

warmed to 0 °C and the mixture stirred for a further ca. 30 minutes.  Imidazole (29.7 g, 437 

mmol) and TMSCl (22.34 ml, 175 mmol) were added and the reaction stirred for ca. 1 hour 

(t.l.c. control) at 0 °C.  The reaction was then quenched with water (500 ml), the organic phase 

was washed with sat. aqueous NaHCO3 solution (1000 ml), dried over anhydrous MgSO4, 

filtered and concentrated in vacuo to afford the crude product.  Purification by flash column 

chromatography (silica gel, 1:20 EtOAc/hexanes) afforded the ketone 10 (21.4 g, 75%) as a 

colorless oil. 
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[a]D
20  –4.6 (c = 1.34, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.36-7.32 (m, 4H), 7.30-7.27 (m, 1H), 4.59 (d, A of AB, JAB 

= 11.7 Hz, 1H), 4.54 (d, A of AB, JAB = 18.5 Hz, 1H), 4.54 (d, B of AB, JAB = 12.0 Hz, 1H), 

4.49 (d, B of AB, JAB = 18.4 Hz, 1H), 3.69 (s, 3H), 1.57 (s, 3H), 0.14 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 204.89, 170.78, 137.42, 128.46, 128.04, 82.89, 73.28, 71.46, 

52.75, 23.05, 1.63. 

IR (neat) 2954 (w), 2896 (w), 1733 (s), 1451 (w), 1369 (w), 1251 (m), 1182 (m), 1123 (s), 

1001 (m), 840 (s), 734 (s), 697 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C16H24O5NaSi 347.1285, found 347.1279. 

Methyl (2S,4R)-4-(benzyloxy)-6-((1R,5R)-5-((tert-butyldimethylsilyl)oxy)-4-

methylcyclohex-3-en-1-yl)-2-methyl-3-oxo-2-((trimethylsilyl)oxy)hept-6-enoate (22). 

 

The tert-butyldimethylsilyl ether 13 (7.52 g, 25 mmol) in THF (150 ml) was added to a 

mixture of Pd2(dba)3·CHCl3 (0.259 g, 0.25 mmol), (S)-BINAP (0.623 g, 1.0 mmol) and 

anhydrous lithium chloride (2.54 g, 60.0 mmol) at room temperature and the resulting mixture 

was stirred for ca. 30 minutes.  LiHMDS (27.5 ml, 27.5 mmol, 1M in THF) was added 

dropwise to a stirred solution of ketone 10 (8.92 g, 27.5 mmol) in THF (75 ml) at 0 °C.  The 

resulting solution was stirred for ca. 10 minutes before being added via cannula to the catalyst 

solution at 0 °C.  The reaction mixture was then stirred for ca. 36 hours at 0 °C before being 

quenched with sat. aqueous NH4Cl solution (250 ml) and partitioned with EtOAc.  The 
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organic phases were combined, washed with saturated aqueous NaCl solution, dried over 

anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude product.  1H NMR 

analysis of the crude product indicated an 8:1 diastereomeric ratio favoring the desired isomer 

22.  Purification by flash column chromatography (silica gel, 1:40 to 1:10 EtOAc/hexanes) 

afforded the alkene 22 (13.68 g, 93%) as a slightly yellow oil, which was an 8:1 mixture of 

two inseparable diastereomers. 

[a]D
20  –25.3 (c = 1.00, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.33-7.27 (m, 5H), 5.44-5.40 (m, 1H), 4.88 (s, 1H), 4.86 (s, 

1H), 4.72 (dd, J = 9.2, 3.1 Hz, 1H), 4.51 (d, A of AB, JAB = 11.5 Hz, 1H), 4.32 (d, B of AB, 

JAB = 11.5 Hz, 1H), 4.22-4.16 (m, 1H), 3.69 (s, 3H), 2.61 (dd, A of ABX, JAB = 15.2 Hz, JAX 

= 2.6 Hz, 1H), 2.30-2.26 (m, 1H), 2.23 (dd, B of ABX, JAB = 15.2 Hz, JBX = 9.2 Hz, 1H), 2.08-

2.01 (m, 2H), 1.88-1.82 (m, 1H), 1.68 (s, 3H), 1.55 (s, 3H), 1.51 (app. td, J = 12.5, 10.1 Hz, 

1H), 0.91 (s, 9H), 0.16 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 207.40, 170.97, 149.41, 137.68, 137.15, 128.37, 128.08, 

127.86, 123.32, 110.21, 83.30, 79.48, 72.38, 71.74, 52.73, 39.81, 38.94, 36.99, 31.93, 26.02, 

23.95, 19.81, 18.26, 1.81, –3.99, –4.72. 

IR (neat) 2954 (w), 2931 (w), 2891 (w), 2857 (w), 1754 (w), 1731 (m), 1642 (w), 1452 (w), 

1251 (m), 1122 (m), 1061 (m), 893 (m), 834 (s), 773 (m), 697 (m) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C32H52O6NaSi2 611.3195, found 611.3196. 

Methyl (2S,4R)-4-(benzyloxy)-6-((1R,4R)-4-((tert-butyldimethylsilyl)oxy)-2-formyl-3-

methylcyclopent-2-en-1-yl)-2-methyl-3-oxo-2-((trimethylsilyl)oxy)hept-6-enoate (9). 
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A stream of dry air/O3 was slowly bubbled through a solution of alkene 22 (2.50 g, 4.25 mmol) 

in EtOAc (80 ml) at –78 °C.  The reaction was carefully monitored by t.l.c. (checked every 2 

minutes to avoid over-oxidation) until full conversion.  The reaction mixture was then purged 

with dry air for ca. 10 minutes before adding triphenylphosphine (3.34 g, 12.74 mmol) and 

gradually warming the mixture to room temperature where it was stirred for a further ca. 10 

hours.  Piperidinium acetate (0.123 g, 0.849 mmol, 0.2 equiv) was then added and the resulting 

reaction mixture was heated at 78 °C for ca. 12 hours.  The reaction was then cooled to room 

temperature and concentrated in vacuo to afford the crude product.  Purification by flash 

column chromatography (silica gel, 1:20 to 1:10 EtOAc/hexanes) afforded the aldehyde 9 

(1.42 g, 55%) as a colorless oil. 

[a]D
20  –6.6 (c = 0.98, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 9.89 (s, 1H), 7.35-7.29 (m, 4H), 7.26-7.24 (m, 1H), 4.90 (s, 

1H), 4.85 (s, 1H), 4.79 (dd, J = 9.1, 2.8 Hz, 1H), 4.55 (app. t, J = 6.8 Hz, 1H), 4.47 (s, 2H), 

3.68 (s, 3H), 3.38 (app. t, J = 7.6 Hz, 1H), 2.62 (dd, A of ABX, JAB = 15.7 Hz, JAX = 2.5 Hz, 

1H), 2.49 (app. dt, A of ABXY, JAB = 13.2 Hz, JAX = JAY = 7.9 Hz, 1H), 2.30 (dd, B of ABX, 

JAB = 15.0 Hz, JBX = 9.1 Hz, 1H), 2.11 (s, 3H), 1.52 (s, 3H), 1.48 (app. dt, B of ABXY, JAB = 

13.1 Hz, JBX = JBY = 6.4 Hz, 1H), 0.90 (s, 9H), 0.16 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 207.53, 189.46, 171.09, 161.26, 148.22, 138.67, 137.95, 

128.32, 128.26, 127.73, 112.45, 83.28, 79.48, 79.35, 72.52, 52.76, 47.37, 40.98, 37.88, 25.90, 

23.91, 18.22, 12.06, 1.84, –4.31, –4.75. 
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IR (neat) 2955 (w), 2933 (w), 2891 (w), 2858 (w), 1752 (m), 1730 (m), 1677 (m), 1448 (w), 

1188 (m), 1122 (m), 1004 (m), 836 (s), 776 (m), 697 (m) cm–1. 

HRMS (ESI, [M+H]+) calcd for C32H51O7Si2 603.3168, found 603.3184. 

(3S,3aR,4R,6aR,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy)-3a-hydroxy-3,9-

dimethyl-6-methylene-3-((trimethylsilyl)oxy)-3a,4,5,6,6a,7,8,9b-octahydroazuleno[4,5-

b]furan-2(3H)-one (8). 

 

A mixture of VCl3(THF)3 (6.22 g, 16.33 mmol) and zinc powder (0.65 g, 9.94 mmol) in DCM 

(80 ml) was stirred for ca. 30 minutes at room temperature.  DCM (100 ml) and HMPA (7.41 

ml, 42.6 mmol) were added followed by the syringe pump addition of aldehyde 9 (2.14 g, 

3.55 mmol) in DCM (20 ml) over ca. 6 hours.  The reaction mixture was quenched with 

aqueous sat. aqueous potassium sodium tartrate solution (250 ml) and sat. aqueous NaHCO3 

solution (100 ml) and the resulting mixture stirred vigorously for ca. 3 hours.  The organic 

phase was separated and washed with water (x2) and sat. aqueous NaCl solution, dried over 

anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography (silica gel, 1:20 EtOAc/hexanes) afforded 

guaianolide 8 (1.22 g, 60%) as a colorless oil. 

[a]D
20  –87.4 (c = 0.43, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.39-7.32 (m, 5H), 5.24 (s, 1H), 4.92 (s, 1H), 4.88 (s, 1H), 

4.72 (d, A of AB, JAB = 11.0 Hz, 1H), 4.56 (app. t, J = 7.1 Hz, 1H), 4.52 (d, B of AB, JAB = 
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11.0 Hz, 1H), 4.10 (app. t, J = 4.9 Hz, 1H), 3.70 (app. t, J = 8.6 Hz, 1H), 2.83 (s, 1H), 2.49 

(dd, A of ABX, JAB = 13.5 Hz, JAX = 5.3 Hz, 1H), 2.46 (app. dt, A of ABXY, JAB = 11.9 Hz, 

JAX = JAY = 6.5 Hz, 1H), 2.33 (dd, B of ABX, JAB = 13.6 Hz, JBX = 4.3 Hz, 1H), 1.85 (s, 3H), 

1.49 (ddd, B of ABXY, JAB = 12.0 Hz, JBX = 10.1 Hz, JBY = 8.2 Hz, 1H), 1.44 (s, 3H), 0.92 (s, 

9H), 0.18 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 175.85, 146.65, 146.15, 137.41, 131.08, 128.70, 128.37, 

128.27, 112.32, 82.51, 79.23, 78.86, 78.01, 74.11, 71.47, 48.07, 42.86, 36.59, 26.03, 18.35, 

17.58, 12.32, 1.48, –4.32, –4.65. 

IR (neat) 3547 (w), 2956 (w), 2931 (w), 2898 (w), 2858 (w), 1782 (m), 1643 (w), 1444 (w), 

1351 (w), 1252 (m), 1075 (s), 968 (m), 836 (s), 775 (s), 698 (m) cm–1. 

HRMS (ESI, [M–H]–) calcd for C31H47O6Si2 571.2917, found 571.2934. 

(3S,3aR,4R,6S,6aS,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy)-3a,6-

dihydroxy-3,6,9-trimethyl-3-((trimethylsilyl)oxy)-3a,4,5,6,6a,7,8,9b-

octahydroazuleno[4,5-b]furan-2(3H)-one (73). 

 

A stream of O2 was slowly bubbled through a solution of guaianolide 8 (1.72 g, 3.00 mmol) 

and Co(acac)2 (0.232 g, 0.901 mmol) in anhydrous EtOH (38 ml) while PhSiH3 (0.953 ml, 

7.51 mmol) was added via syringe pump over ca. 1 hour at 0 °C.  The deep green reaction 

mixture was stirred for a further ca. 1 hour at 0 °C before quenched with sat. aqueous Na2S2O3 

solution (15 ml), sat. aqueous NaHCO3 solution (10 ml) and EtOAc (15 ml).  The resulting 
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mixture was vigorously stirred for ca. 24 hours at room temperature before being partitioned 

with EtOAc.  The organic phases were combined, washed with sat. aqueous NaCl solution, 

dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography (silica gel, 1:4 EtOAc/hexanes) afforded the 

alcohol 73 (1.40 g, 79%) as a colorless crystalline solid.  

Melting Point: 176.1-178.5 oC 

[a]D
20  –72.3 (c = 0.37, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.38-7.32 (m, 5H), 5.20-5.18 (m, 1H), 4.62 (d, A of AB, JAB 

= 10.7 Hz, 1H), 4.53 (d, B of AB, JAB = 10.6 Hz, 1H), 4.52 (app. t, J = 5.7 Hz, 1H), 3.94 (dd, 

J = 11.0 Hz, 4.7 Hz, 1H), 3.21(app. td, 7.6 Hz, 2.5 Hz, 1H), 2.35 (app. dt, A of ABXY, JAB = 

12.9 Hz, JAX = JAY = 7.5 Hz, 1H), 2.31 (d, J = 1.6 Hz, 1H), 2.12 (dd, A of ABX, JAB = 13.2 

Hz, JBX = 4.7 Hz, 1H), 2.04 (dd, B of ABX, JAB = 13.1 Hz, JBX = 11.1 Hz, 1H), 1.86 (s, 3H), 

1.52 (ddd, B of ABXY, JAB = 13.0 Hz, JBX = 7.9 Hz, JBY = 6.8 Hz, 1H), 1.49 (s, 3H), 1.43 (s, 

1H), 1.07 (s, 3H), 0.91 (s, 9H), 0.22 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 175.39, 146.10, 137.43, 128.73, 128.45, 128.31, 127.94, 

83.56, 80.31, 79.45, 77.70, 75.25, 72.79, 72.21, 53.70, 45.29, 35.89, 26.04, 22.19, 18.33, 

18.15, 12.98, 1.54, –4.30, –4.66. 

IR (neat) 3497 (br, w), 2952 (w), 2929 (w), 2895 (w), 2855 (w), 1781 (m), 1456 (w), 1252 

(m), 1131 (s), 1089 (s), 1062 (s), 860 (s), 839 (s), 776 (s), 698 (s) cm–1. 

HRMS (ESI, [M+Na]+) calcd for C31H50O7NaSi2 613.2987, found 613.2958. 

(3S,3aR,4R,6S,6aS,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy)-3a-hydroxy-

3,6,9-trimethyl-2-oxo-3-((trimethylsilyl)oxy)-2,3,3a,4,5,6,6a,7,8,9b-

decahydroazuleno[4,5-b]furan-6-yl acetate (74). 
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Acetic anhydride (2.6 ml, 28.3 mmol) was added to a solution of the tertiary alcohol 73 (1.67 

g, 2.83 mmol) and DMAP (0.38 g, 3.11 mmol) in PhMe (56 ml).  The resulting reaction 

mixture was heated at 110 °C for ca. 6 hours (t.l.c. control), then cooled to room temperature.  

The reaction mixture was directly applied to flash column chromatography (silica gel, 1:10 

EtOAc/hexanes) to afford the acetate 74 (1.52 g, 85%) as a white foam. 

[a]D
20  –67.6 (c = 0.49, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 7.37-7.31 (m, 5H), 5.18 (br. s, 1H), 4.63 (d, A of AB, JAB = 

10.6 Hz, 1H), 4.51-4.49 (m, 1H), 4.50 (dd, B of AB, JAB = 10.5 Hz, 1H), 3.95 (dd, J = 10.9, 

5.3 Hz, 1H), 3.87 (app. td, J = 7.9, 2.2 Hz, 1H), 2.65-2.60 (m, 1H), 2.60 (dd, B of AB, JAB = 

12.9 Hz, JBX = 5.2 Hz 1H), 2.31 (d, J = 1.5 Hz, 1H), 2.26 (app. dt, A of ABXY, JAB = 13.1 Hz, 

JAX = JAY = 7.5 Hz, 1H), 1.99 (s, 3H), 1.86 (s, 3H), 1.49 (s, 3H), 1.46 (ddd, B of ABXY, JAB = 

13.3 Hz, JBX = 8.1 Hz, JBY = 6.6 Hz, 1H), 1.27 (s, 3H), 0.91 (s, 9H), 0.21 (s, 9H), 0.09 (s, 3H), 

0.07 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 175.40, 170.42, 146.46, 137.43, 128.62, 128.24, 128.14, 

127.22, 83.78, 83.72, 80.42, 79.25, 77.60, 75.21, 72.55, 50.98, 38.66, 36.11, 26.03, 22.67, 

20.15, 18.29, 18.22, 13.06, 1.53, –4.29, –4.64. 

IR (neat) 3451 (br, w), 2952 (w), 2929 (w), 2896 (w), 2856 (w), 1782 (m), 1716 (m), 1364 

(m), 1249 (s), 1062 (s), 971 (s), 836 (s), 735 (s), 698 (s) cm–1. 

HRMS (ESI, [M–H]–) calcd for C33H51O8Si2 631.3128, found 631.3104. 
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(3S,3aR,4S,6S,6aS,8R,9bS)-8-((tert-Butyldimethylsilyl)oxy)-3,3a,4-trihydroxy-3,6,9-

trimethyl-2-oxo-2,3,3a,4,5,6,6a,7,8,9b-decahydroazuleno[4,5-b]furan-6-yl acetate (2). 

 

Pd(OH)2/C (0.59 g, 20 wt %) was added to a solution of acetate 74 (1.34 g, 2.12 mmol) in 

EtOAc (42 ml) and the resulting mixture backfilled with H2 (x3).  The reaction mixture was 

then stirred under H2 (balloon pressure) for ca. 20 minutes (t.l.c. control) before purging with 

Ar for ca. 20 minutes.  The catalyst was then filtered through cotton wool and the solvent 

removed in vacuo to provide a residue that was redissolved in DMSO (15 ml).  IBX (2.96 g, 

10.59 mmol) was then added and the reaction stirred at room temperature ca. 12 hours.  MeOH 

(45 ml) was added to the reaction mixture and stirred for ca. 15 minutes before NaBH4 (0.24 

g, 6.35 mmol) was added at –10 °C. After ca. 5 minutes, the reaction mixture was partitioned 

between sat. aqueous NH4Cl solution and EtOAc.  The organic phases were combined, 

washed with sat. aqueous NaHCO3 solution (x2), dried over anhydrous MgSO4, filtered and 

concentrated in vacuo.  The residue was then dissolved in MeOH (50 ml) and slowly 

concentrated, repeating the procedure five times to afford the crude product.  Purification by 

flash column chromatography (silica gel, 1:1 EtOAc/hexanes) to afford the secondary alcohol 

2 (0.93 g, 94%) as a white foam. 

[a]D
20  –64.7 (c = 0.21, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 5.81 (s, 1H), 4.94 (s, 1H), 4.50 (app. t, J = 6.5 Hz, 1H), 4.34 

(app. t, J = 3.4 Hz, 1H), 4.29 (s, 1H), 4.04 (app. t, J = 7.3 Hz, 1H), 3.08 (s, 1H), 2.90 (dd, A 
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of ABX, JAB = 14.3 Hz, JAX = 3.8 Hz, 1H), 2.30 (dd, B of ABX, JAB = 14.3 Hz, JBX = 3.0 Hz, 

1H), 2.18 (app. dt, A of ABXY, JAB = 13.1 Hz, JAX = JAY = 7.5 Hz, 1H), 1.97 (s, 3H), 1.85 (s, 

3H), 1.52 (app. dt, B of ABXY, JAB = 13.1 Hz, JBX = JBY = 7.0 Hz, 1H), 1.47 (s, 3H), 1.36 (s, 

3H), 0.91 (s, 9H), 0.09 (s, 3H), 0.07 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 176.01, 171.62, 147.23, 126.97, 87.21, 79.83, 79.60, 78.58, 

77.76, 69.13, 50.36, 39.71, 35.67, 26.02, 22.77, 22.35, 18.29, 16.46, 13.04, –4.27, –4.63. 

IR (neat) 3356 (br, w), 2952 (w), 2929 (m), 2886 (w), 2856 (w), 1764 (m), 1727 (m), 1700 

(m), 1365 (m), 1248 (s), 1068 (s), 983 (s), 834 (s), 775 (s), 736 (s) cm–1. 

HRMS (ESI, [M–H]–) calcd for C23H37O8Si 469.2263, found 469.2251. 

(3S,3aR,4S,6S,6aS,9bS)-6-Acetoxy-3,3a-dihydroxy-3,6,9-trimethyl-2,8-dioxo-

2,3,3a,4,5,6,6a,7,8,9b-decahydroazuleno[4,5-b]furan-4-yl butyrate (81). 

 

Butyric anhydride (79 µl, 0.472 mmol) was added to a stirred solution of the secondary 

alcohol 2 (111.0 mg, 0.236 mmol) and DMAP (5.8 mg, 0.047 mmol) in DCM (5 ml) at room 

temperature.  The reaction solution was stirred for ca. 1 hour (t.l.c. control) at room 

temperature before acetone (15 ml) and one drop of water were added.  Jones reagent (0.5 ml, 

0.990 mmol, 2M) was then added in two portions (ca. 30 minute intervals) at 0 °C.  The 

reaction mixture was stirred for ca. 5 hours (t.l.c. control) at 0 °C before it was quenched with 

iPrOH (0.5 ml).  The resulting mixture was partitioned between sat. aqueous NaHCO3 solution 
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and EtOAc.  The organic phases were combined, washed with sat. aqueous NaCl solution (50 

ml), dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude 

product.  Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes) 

afforded the enone 81 (86.7 mg, 87%) as a white solid.  

Melting Point: 216 oC (decomposed) 

[a]D
20  –49.0 (c = 0.35, CHCl3); lit. 

22][ D  –4.0 (c = 1.0, CHCl3).
30 

1H NMR (600 MHz, CDCl3) δ 5.81 (s, 1H), 5.71 (app. t, J = 3.3 Hz, 1H), 4.78-4.75 (m, 1H), 

4.19 (s, 1H), 3.32 (dd, A of ABX, JAB = 14.5 Hz, JAX = 3.0 Hz, 1H), 3.20 (s, 1H), 2.42 (dd, A 

of ABX, JAB = 19.4 Hz, JAX = 6.4 Hz, 1H), 2.34 (dd, B of ABX, JAB = 19.5 Hz, JBX = 1.9 Hz, 

1H), 2.27 (t, J = 7.5 Hz, 2H), 2.09 (dd, B of ABX, JAB = 14.5 Hz, JBX = 3.4 Hz, 1H), 1.98 (s, 

3H), 1.92 (s, 3H), 1.61 (sextet d, J = 7.3 Hz, 1.9 Hz, 2H), 1.50 (s, 3H), 1.20 (s, 3H), 0.93 (t, J 

= 7.4 Hz, 3H). 

IR (neat) 3416 (br, w), 2966 (w), 2935 (w), 2876 (w), 1792 (m), 1734 (s), 1701 (s), 1692 (s), 

1636 (w), 1369 (m), 1245 (s), 1166 (s), 1080 (s), 986 (m), 735 (m) cm–1. 

(3S,3aR,4S,6S,6aR,7S,9bS)-6-Acetoxy-4-(butyryloxy)-3,3a-dihydroxy-3,6,9-trimethyl-

2,8-dioxo-2,3,3a,4,5,6,6a,7,8,9b-decahydroazuleno[4,5-b]furan-7-yl octanoate (82). 

 

Mn(OAc)3•2H2O (399.0 mg, 1.414 mmol) was added to a solution of enone 81 (100.0 mg, 

0.236 mmol) in octanoic acid (6 ml) and benzene (30 ml).  The reaction mixture was refluxed 
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for ca. 4 hours while removing water using a Dean-Stark apparatus.  The brown reaction 

mixture was then cooled to room temperature and partitioned between sat. aqueous NaHCO3 

and EtOAc.  The organic phases were combined, washed with sat. aqueous NaHCO3 solution 

(x5), dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude 

product.  Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes) 

afforded a brown foam, which was further crystallized from Et2O to give the enone 82 (81.5 

mg, 61%) as a white solid.   

Melting Point: 161.5-162.0 oC 

[a]D
20  –89.6 (c = 0.44, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 5.82 (s, 1H), 5.68 (app. t, J = 3.7 Hz, 1H), 5.22 (s, 1H), 4.52 

(s, 1H), 3.26 (s, 1H), 3.20 (dd, A of ABX, JAB = 14.7 Hz, JAX = 3.2 Hz, 1H), 2.58 (s, 1H), 

2.39-2.31 (m, 2H), 2.29-2.26 (m, 3H), 2.00 (app. t, J = 1.8 Hz, 3H), 1.94 (s, 3H), 1.66-1.58 

(m, 4H), 1.49 (s, 3H), 1.39 (s, 3H), 1.34-1.23 (m, 8H), 0.95 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 

6.9 Hz, 3H). 

IR (neat) 3424 (br, w), 2956 (w), 2930 (m), 2858 (w), 1794 (m), 1709 (s), 1634 (w), 1458 

(w), 1369 (m), 1242 (s), 1160 (s), 1079 (s), 993 (s), 914 (m), 732 (m) cm–1. 

Thapsigargin (1). 
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Zn(BH4)2 (0.4 ml, 0.20 mmol, ca. 0.5 M in Et2O)5 was added dropwise to a stirred solution of 

enone 82 (10 mg, 0.018 mmol) in Et2O (2 ml) at –20 °C.   The reaction mixture was stirred 

for ca. 5 hours at this temperature before another portion of Zn(BH4)2 (0.4 ml, 0.20 mmol, ca. 

0.5 M in Et2O) was added dropwise.  The reaction mixture was stirred for a further ca. 5 hours 

before carefully being partitioned between sat. aqueous NaEDTA solution and EtOAc.  The 

organic phases were combined, washed with sat. aqueous NaCl solution, dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo.  The crude product was then dissolved in PhMe 

(0.5 ml) and the anhydride 8432a (54.1 mg, 0.176 mmol) and NaHCO3 (29.5 mg, 0.352 mmol) 

were added to the solution, which was heated for ca. 45 hours at 90 °C in the dark.  The 

reaction was then cooled to room temperature and directly applied to flash column 

chromatography (silica gel, 1:3 EtOAc/hexanes) to afford thapsigargin 1 (7.3 mg, 64% over 

two steps) as a white foam. 

[a]D
20  –53.8 (c = 0.12, CHCl3); lit. 

25][ D  –42.4 (c = 0.17, CHCl3).
32a 

1H NMR (600 MHz, CDCl3) δ 6.11 (qq, J = 7.2, 1.5 Hz, 1H), 5.68 (s, 1H), 5.65 (s, 1H), 5.63 

(app. t, J = 3.6 Hz, 1H), 5.48 (app. t, J = 3.3 Hz, 1H), 4.28 (s, 1H), 3.39 (s, 1H), 3.04 (dd, A 

of ABX, JAB = 14.6 Hz, JAX = 3.1 Hz, 1H), 2.77 (s, 1H), 2.36-2.24 (m, 5H), 1.99 (dq, J = 7.3, 

1.7 Hz, 3H), 1.92-1.91 (m, 3H), 1.89 (s, 3H), 1.86 (s, 3H), 1.65-1.55 (m, 4H), 1.48 (s, 3H), 

1.39 (s, 3H), 1.33-1.21 (m, 8H), 0.94 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 6.9 Hz, 3H). 

13C NMR (150 MHz, CDCl3) δ 175.47, 172.75, 172.71, 170.99, 167.22, 141.99, 138.92, 

130.25, 127.56, 84.72, 84.27, 78.77, 78.71, 77.85, 76.99, 66.28, 57.67, 38.39, 36.69, 34.36, 

31.82, 29.21, 29.13, 24.97, 23.04, 22.75, 22.73, 20.73, 18.13, 16.37, 15.97, 14.23, 13.85, 

13.12. 

IR (neat) 3437 (br, w), 2954 (m), 2926 (m), 2856 (w), 1791 (m), 1771 (m), 1738 (s), 1717 

(s), 1648 (w), 1457 (m), 1369 (m), 1234 (s), 1158 (s), 1098 (s), 985 (m) cm–1. 
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HRMS (ESI, [M+Na]+) calcd for C34H50O12Na 673.3195, found 673.3198. 
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3.6. Appendix A: 1H and 13C NMR Data for Thapsigargin 

1H NMR for Thapsigargin  
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13C NMR for Thapsigargin 
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Comparisons of NMR Data for Thapsigargin 

Table:  A Comparison of the 1H-NMR Data for Synthetic Thapsigargin† 

                                                      
† Although the spectral data for thapsigargin from the isolation was not reported, Ley and coworkers 

verified the spectral data using a mixed sample of synthetic and natural material.32b 

Position 
Ley’s Synthesis  

(600 MHz, CDCl3) 

This Work  

(600 MHz, CDCl3) 

CHCH3 6.09 (m, 1H) 6.11 (qq, J = 7.2, 1.5 Hz, 1H) 

H-3 5.72 (br. m, 1H) 5.68 (s, 1H) 

H-6 5.67 (br. m, 1H) 5.65 (s, 1H) 

H-8 5.62 (br. m, 1H) 5.63 (app. t, J = 3.6 Hz, 1H) 

H-2 5.50 (dd, J = 3.3, 3.2 Hz, 1H) 5.48 (app. t, J = 3.3 Hz, 1H) 

H-1 4.18 (br. m, 1H) 4.28 (s, 1H) 

OH N/A 3.39 (s, 1H) 

H-9 2.96 (dd, J = 14.8, 3.2 Hz, 1H) 3.04 (dd, J = 14.6, 3.1 Hz, 1H) 

OH 2.53 (br. s, 1H) 2.77 (s, 1H) 

H-9’ and C(O)CH2CH2 

(Octanoyl and Butanoyl) 

2.38 (dd, J = 14.8, 4.0 Hz, 1H) 
2.36-2.24 (m, 5H) 

2.40-2.25 (m, 4H) 

=C(H)CH3 2.00 (m, 3H) 1.99 (dq, J = 7.3, 1.7 Hz, 3H) 

C(O)CCH3 1.92 (m, 3H) 1.92-1.91 (m, 3H) 

C(O)CH3 1.88 (s, 3H) 1.89 (s, 3H) 

H-15 1.87 (s, 3H) 1.86 (s, 3H) 

C(O)CH2CH2 

(Octanoyl and Butanoyl) 
1.62 (m, 4H) 1.65-1.55 (m, 4H) 

H-13 1.51 (s, 3H) 1.48 (s, 3H) 

H-14 1.42 (s, 3H) 1.39 (s, 3H) 

CH3(CH2)4 (Octanoyl) 1.35-1.25 (m, 8H) 1.33-1.21 (m, 8H) 

CH3 (Butanoyl) 0.95 (t, J = 7.4 Hz, 3H) 0.94 (t, J = 7.4 Hz, 3H) 

CH3 (Octanoyl) 0.87 (t, J = 6.8 Hz, 3H) 0.86 (t, J = 6.9 Hz, 3H) 
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Table:  A Comparison of the 13C-NMR Data of Synthetic Thapsigargin 

 

 

 

 

  

Position 
Ley’s Synthesis  

(150 MHz, CDCl3) 

This work  

(150 MHz, CDCl3) 

C-12 175.3 175.5 

C=O  

(Octanoyl and Butanoyl) 
172.6, 172.6 172.8, 172.7 

C(O)CH3 170.8  171.0 

OC(O)C= 167.1 167.2 

C-5 141.8 142.0 

=C(H)CH3 138.7 138.9 

C-4 130.1 130.3 

C=C(H)CH3 127.4 127.6 

C-10 84.6 84.7 

C-3 84.1 84.3 

C-7, C-11 78.6, 78.6 78.8, 78.7 

C-2 77.7  77.9 

C-6 76.8 77.0 

C-8 66.2 66.3 

C-1 57.5 57.7 

C-9 38.2 38.4 

OC(O)CH2 (Butanoyl) 36.5 36.7 

OC(O)CH2 (Octanoyl) 34.2 34.4 

CH2 (Octanoyl) 31.6 31.8 

CH2 (Octanoyl) 29.0 29.2 

CH2 (Octanoyl) 28.9 29.1 

CH2 (Octanoyl) 24.8 25.0 

C-14 22.9 23.0 

CH2 (Octanoyl) 22.6 22.8 

C(O)CH3 22.5 22.7 

C(O)CCH3 20.5 20.7 

CH2 (Butanoyl) 18.0 18.1 

C-13 16.2 16.4 

=C(H)CH3 15.8 16.0 

CH3 (Octanoyl) 14.0 14.2 

CH3 (Butanoyl) 13.7 13.9 

C-15 12.9 13.1 
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3.7. Appendix B: Single Crystal X-Ray Diffraction Data for Compound 73 

A colorless plate-like crystal of compound 73 having the approximate dimensions of 0.15 × 

0.15 × 0.15 mm, coated with oil (Paratone 8277, Exxon), was collected onto the aperture of a 

mounted MicromountTM (diameter of the aperture: 100 microns) and quickly transferred to 

the cold stream of the Oxford Cryostream 700.  All measurements were made on a Bruker-

AXS Smart Apex II 3-Circle diffractometer using graphite-monochromated Mo K radiation 

(λ = 0.71073 Å) at -93 °C.  An initial orientation matrix and cell was determined using ω-

scans. The data were measured using ω- and φ-scans.  Data reduction was performed with the 

Bruker SAINT software.  A multi-scan absorption correction was applied (Bruker SADABS).  

The structure was solved using direct methods in the orthorhombic space group P212121 

(SHELXT-2014) and refined by full-matrix least-squares method on F2 with SHELXL- 2014. 

The non-hydrogen atoms were refined anisotropically.  Hydrogen atoms of the phenyl-CH-, 

ipso-CH, CH3- and CH2- groups were included at geometrically idealized positions (C-H bond 

distances 0.95/1.00/0.99/0.98 Å) and were not refined.  The isotropic thermal parameters of 
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these hydrogen atoms were fixed at 1.2 times (phenyl- and CH2- groups) and 1.5 times (CH3-

groups) that of the preceding carbon atom. Both the tert-Butyl and phenyl groups are 

disordered over two sites.   Geometrical restraints and restraints on the anisotropic 

displacement parameters were applied to model their disorder. The data are deposited under 

CCDC 1522757 and they can be downloaded free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Table.  Crystal data and structure refinement for compound 73. 

 

Identification code  DY001_a 

Empirical formula  C31 H50 O7 Si2 

Formula weight  590.89 

Temperature  180(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 10.161(2) Å = 90°. 

 b = 11.489(2) Å = 90°. 

 c = 30.374(6) Å  = 90°. 

Volume 3545.8(12) Å3 

Z 4 

Density (calculated) 1.107 Mg/m3 

Absorption coefficient 0.139 mm-1 

F(000) 1280 

Crystal size 0.150 x 0.150 x 0.150 mm3 

Theta range for data collection 1.341 to 27.059°. 

Index ranges -12<=h<=12, -14<=k<=14, -38<=l<=38 

Reflections collected 30155 

Independent reflections 7731 [R(int) = 0.0261] 

Completeness to theta = 25.242° 99.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7731 / 468 / 474 

Goodness-of-fit on F2 1.030 

file:///C:/Users/user1/Desktop/www.ccdc.cam.ac.uk/data_request/cif
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Final R indices [I>2sigma(I)] R1 = 0.0410, wR2 = 0.0980 

R indices (all data) R1 = 0.0540, wR2 = 0.1056 

Absolute structure parameter 0.03(3) 

Extinction coefficient n/a 

Largest diff. peak and hole                        0.463 and -0.230 e.Å-3 
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Chapter 4 

Total Synthesis of the Thapsigargin Family and Future Work  

 

4.1. Strategy and Retrosynthetic Analysis 

The successful total synthesis of thapsigargin demonstrated the power of the bio-synthetically 

inspired strategy for the synthesis of complex natural products.  Hence, we envisioned the 

further application of this abiotic strategy should facilitate the total synthesis of the entire 

family of thapsigargin natural products.  By taking advantage of the rapid and scalable 

synthesis of the common intermediate 2 described in Chapter 3, the late-stage divergent nature 

of our approach should permit the synthesis of thapsigargins 1 without the C-2 oxygenated 

substituent, the thapsigargins 3 with the C-2 oxygenated substituent and a library of structural 

analogs (Scheme 4.1).   

 

Scheme 4.1. Strategic analysis of the divergent synthesis of thapsigargins and analogs. 
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The retrosynthetic analysis of thapsigargins 1 and 3 takes advantage of the structural 

homology within this family since they primarily differ by the presence or absence of the C-

2 substituent, as outlined in Scheme 4.2.  We envisaged the elaboration of the oxygenation 

present in the common synthetic intermediate 2 would be pivotal to ensure precise installation 

of different acyl groups.  For the synthesis of 1, selective acylation of the C-8 hydroxyl group  

 

Scheme 4.2. Retrosynthetic analysis of thapsigargins. 

and removal of the C-3 TBS protecting group in 2 would provide allylic alcohol 4 which 

would undergo the selective angelation of the C-3 hydroxyl group to furnish the 

pentaoxygenated thapsigargins 1.   For the synthesis of 3, selective acylation of the C-8 

hydroxyl group and direct oxidation of the C-3 TBS ether from 2 would afford enone 5 which 

could permit the chemoselective C−H oxidation at C-2 position to incorporate a acyloxyl side 
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chain.  Stereoselective reduction of the C-3 ketone in 5 and subsequent angelation of the 

resulting alcohol would complete the synthesis of hexaoxygenated thapsigargins 3.    

 

4.2. Total Synthesis of Nortrilobolide, Trilobolide and Thapsivillosin F 

4.2.1. Introduction of Nortrilobolide, Trilobolide and Thapsivillosin F 

Nortrilobolide 7, which differs from thapsigargin at the C-2 position (Figure 4.1), was first 

isolated from Thapsia garganica L in 0.07% yield by Christensen and coworkers in 1991.1  

Although there is no oxygenated substituent at the C-2 position in 7, it exhibits equipotent 

inhibition of SERCAs to that of thapsigargin.2  Hence, nortrilobolide 7 has recently been 

utilized as an alternative to thapsigargin for the development of a new generation of anticancer 

agents.3  Trilobolide 8, a potent natural counterpart of well-studied thapsigargin, was isolated 

from laser trilobum in 0.5% yield in 1968.4  The biological activity profile of 8 is very similar  

 

Figure 4.1. Structure of pentaoxygenated thapsigargins. 

to that of thapsigargin.  Additionally, 8 demonstrates significant immunostimulatory activity, 

which has lead to the development of novel chemotherapeutic agents.5  Thapsivillosin F 9 is 

much less studied in terms of biological activities, compared to trilobolide 7 and nortrilobolide 
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8.6  The unique structural feature of 9 is the α,β-unsaturated ester at C-8 position which may 

serve as a Michael acceptor in some capacity.      

 

4.2.2. Total Synthesis of Nortrilobolide, Trilobolide and Thapsivillosin F 

We envisioned acylation of the secondary alcohol at C-8 position in the common synthetic 

intermediate 2 would be favored over the C-7 and C-11 tertiary alcohols and should provide 

excellent chemoselectivity.  Gratifyingly, treatment of 2 with butyric anhydride and DMAP 

in DCM afforded the corresponding acylated products in a quantitative yield.  Although the  

 

Scheme 4.3. One-pot synthesis of compounds 10-12. 
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subsequent removal of TBS protecting group was problematic with TBAF and acid-buffered 

TBAF, mild acidic conditions (AcOH/H2O/THF = 3:1:1) led to clean cleavage of the TBS 

group.  Gratifyingly, the acylation and deprotections steps could be combined using THF as 

the solvent, thereby providing a one-pot process to afford 10 in 97% overall yield.  In our 

future work, we envision preparation of compounds 11 and 12 will be achieved in the same 

manner by simply using different anhydrides (Scheme 4.3).   

Angelation of alcohol 10 with anhydride 14 was carried out under the mild Yamaguchi 

acylation conditions described in Chapter 3 to provide nortrilobolide 71,7,8 in 80% yield.  This 

acylation was much more rapid and high yielding than that with the thapsigargin synthesis, 

which is due to the absence of the C-2 substituent thereby rendering this alcohol less sterically 

encumbered.  The same acylation condition should be applicable in the synthesis of trilobolide 

85a,7 and thapsivillosin F 97 (Scheme 4.4). 



155 

 

 

Scheme 4.4. Completion of the total synthesis of nortrilobolide, trilobolide  

and thapsivillosin F. 

In summary, the synthesis of nortrilobolide 7 was accomplished in 10 steps (LLS) from the 

commercially available (R)-(–)-carvone in 13.3% overall yield, which represents another 

example of the bio-synthetically inspired and late-stage divergent strategy for the rapid 

construction of highly oxygenated guaianolide natural products.  This step-efficient and 

scalable strategy should also provide a practical route to trilobolide 8, thapsivillosin F 9 and 

a wide range of structural analogs. 
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4.3. Total Synthesis of Thapsigargicin, Thapsivillosin C, Thapsivillosin L, 

Thapsivillosin J and Thapsitranstagin 

4.3.1. Introduction of Hexaoxygenated Thapsigargins 

Hexaoxygenated thapsigargins were isolated from both the plant species of thapsia garganica 

L and laser trilobum.  An increasing number of guaianolides in this family have been isolated 

and identified,6 which have structural homology.  Nevertheless, with the exception of 

thapsigargin 15, the biological activities of most hexaoxygenated thapsigargins, including 

thapsigargicin 16, thapsivillosin L 17, thapsivillosin J 18, thapsivillosin C 19 and 

thapsitranstagin 20 (Figure 4.2), have not been explored, which provides a compelling 

mandate to develop practical synthesis of these agents for their biological evaluation.9  

 

Figure 4.2. Structure of some hexaoxygenated thapsigargins. 
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4.3.2. Synthesis of Thapsigargicin, Thapsivillosin C, Thapsivillosin L, 

Thapsivillosin J and Thapsitranstagin 

In an analogous manner to thapsigargin, the C-3 TBS ether in the common synthetic 

intermediate 2 could be directly converted to the corresponding enones, which provides a 

synthetic handle for the selective oxidation of C–H bond at C-2 position.  Treatment of 2 with 

butyric anhydride afforded the corresponding C-8 acylated product in quantitative yield, 

which was then subjected to in situ Jones oxidation of the C-3 TBS ether to generate the 

desired enone 21 in 87% overall yield (cf. Chapter 3).  We envision enone 22 should also be 

accessible using the same method (Scheme 4.5).    

 

Scheme 4.5. One-pot synthesis of compounds 21 and 22. 

In the proposed future work, by taking advantage of the method in the synthesis of compound 

23 in Chapter 3, we envision the combination of Mn(OAc)3 with various carboxylic acids, 

including octanoic acid, hexanoic acid, butyric acid and isovaleric acid, should promote the 

α-acyloxylation of enone 21 and 22 to provide esters 24-28 (Scheme 4.6).  It is worth 
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mentioning that the installation of different length carboxylic acids at C-2 position with 

different steric hindrance is particularly useful for the preparation of thapsigargin analogs.  

 

Scheme 4.6. Collective synthesis of compounds 23-28. 

In the similar fashion to synthesis of thapsigargin 15 described in Chapter 3, the 

diastereoselective reduction of α,β-unsaturated ketones 24-28  using Zn(BH4)2 followed by 

the treatment of the crude alcohols with 14 and NaHCO3 should complete the installation of 

the acyl groups in hexaoxygenated thapsigargins, to provide thapsigargicin 16, thapsivillosin 

L 17, thapsivillosin J 18, thapsivillosin C 19 and thapsitranstagin 20, respectively (Scheme 

4.7).  
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Scheme 4.7. Completion of the total synthesis of thapsigargin, thapsigargicin, thapsivillosin 

L, thapsivillosin J, thapsivillosin C and thapsitranstagin. 

Hence, our future work will focus on the completion of the total synthesis of thapsigargicin 

16, thapsivillosin L 17, thapsivillosin J 18, thapsivillosin C 19 and thapsitranstagin 20.  The 

versatility of the common synthetic intermediate 2 and well-executed late-stage divergent 

strategy will the enable synthesis of a library of analogs with other structural modifications 

that may be medicinally relevant.  
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4.4. Experimental Procedures 

 

For the general information, see Chapter 3 

 

 (3S,3aR,4S,6S,6aS,8R,9bS)-6-Acetoxy-3,3a,8-trihydroxy-3,6,9-trimethyl-2-oxo-

2,3,3a,4,5,6,6a,7,8,9b-decahydroazuleno[4,5-b]furan-4-yl butyrate (10). 

 

Butyric anhydride (69 µl, 0.425 mmol) was added to a stirred solution of the secondary 

alcohol 2 (100.0 mg, 0.212 mmol) and DMAP (5.2 mg, 0.042 mmol) in THF (3 ml) at room 

temperature.  The reaction solution was then stirred for ca. 5 hours (t.l.c. control) at room 

temperature before adding water (3 ml) and AcOH (9 ml).  The reaction mixture was stirred 

for a further ca. 24 hours before being concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes) afforded the 

allylic alcohol 10 (88.2 mg, 97%) as a white foam.   

[a]D
20  –51.9 (c = 0.36, CHCl3) 

1H NMR (600 MHz, CDCl3) δ 5.69 (s, 1H), 5.61 (app. t, J = 3.7 Hz, 1H), 4.59 (app. q, J = 

6.6 Hz, 1H), 4.19 (app. t, J = 6.9 Hz, 1H), 3.10 (dd, A of ABX, JAB = 14.9 Hz, JAX = 3.3 Hz, 

1H), 2.66 (s, 1H), 2.39 (app. dt, A of ABXY, JAB = 14.0 Hz, JAX = JAY = 8.2 Hz, 1H), 2.28 (s, 

1H), 2.27 (t, J = 7.7 Hz, 2H), 2.19 (dd, B of ABX, JAB = 14.7 Hz, JBX = 4.0 Hz, 1H), 1.97 (s, 

3H), 1.95 (s, 3H), 1.80 (d, J = 6.3 Hz, 1H), 1.66-1.59 (m, 3H), 1.48 (s, 3H), 1.33 (s, 3H), 0.94 

(t, J = 7.4 Hz, 3H). 
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IR (neat) 3402 (br, w), 2971 (w), 2937 (w), 2873 (w), 1765 (s), 1704 (s), 1445 (m), 1368 (m), 

1242 (s), 1166 (s), 1076 (s), 1017 (s), 735 (m) cm–1. 

Nortrilobolide (7). 

 

Anhydride 14 (76 mg, 0.246 mmol) and NaHCO3 (59 mg, 0.0.703 mmol) were added to a 

mixture of the allylic alcohol 10 (15 mg, 0.035 mmol) in PhMe (1 ml).  The reaction mixture 

was stirred in the dark at 90 °C for ca. 6 hours.  The reaction was then cooled to room 

temperature and directly applied to flash column chromatography (silica gel, 1:2 

EtOAc/hexanes) to afford nortrilobolide 7 (14.3 mg, 80%) as a white foam. 

[a]D
20  –68.6 (c = 0.24, CHCl3); lit. 

25][ D  –49 (c = 0.05, CHCl3).
1 

1H NMR (600 MHz, CDCl3) δ 6.11 (qq, J = 7.3, 1.5 Hz, 1H), 5.70 (s, 1H), 5.63 (app. t, J = 

3.6 Hz, 1H), 5.58 (app. t, J = 4.7 Hz, 1H), 4.37-4.35 (m, 1H), 3.29 (s, 1H), 3.12 (dd, A of 

ABX, JAB = 14.7 Hz, JAX = 3.1 Hz, 1H), 2.54 (s, 1H), 2.54 (app. dt, A of ABXY, JAB = 14.6 

Hz, JAX = JAY = 8.5 Hz, 1H), 2.27 (t, J = 7.5 Hz, 2H), 2.16 (dd, B of ABX, JAB = 14.6 Hz, JBX 

= 3.8 Hz, 1H), 2.01 (dq, J = 7.2, 1.6 Hz, 3H), 1.97 (s, 3H), 1.91-1.89 (m, 6H), 1.66-1.60 (m, 

3H), 1.48 (s, 3H), 1.30 (s, 3H), 0.94 (t, J = 7.4 Hz, 3H). 
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13C NMR (150 MHz, CDCl3) δ 175.51, 172.72, 171.02, 167.83, 143.75, 138.71, 131.29, 

127.89, 85.85, 79.71, 78.87, 78.83, 77.65, 66.58, 51.02, 38.63, 36.71, 32.28, 22.62, 22.19, 

20.86, 18.14, 16.47, 16.03, 13.86, 13.27. 

IR (neat) 3432 (br, w), 2960 (w), 2928 (w), 2875 (w), 1788 (m), 1770 (m), 1707 (s), 1649 

(w), 1456 (w), 1340 (m), 1235 (s), 1156 (s), 1079 (s), 1017 (s), 802 (s), 735 (s) cm–1. 

HRMS (ESI, [M–H]–) calcd for C26H35O10 507.2236, found 507.2235. 
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129.  b) Andersen, T. B.; López, C. Q.; Manczak, T.; Martinez, K.; Simonsen, H. T. Molecules 

2015, 20, 6113. 

7. Andrews, S. P.; Ball, M.; Wierschem, F.; Cleator, E.; Oliver, S.; Högenauer, K.; Simic, O.; 

Antonello, A.; Hünger, U.; Smith, M. D.; Ley, S. V. Chem. - A Eur. J. 2007, 13, 5688. 

8. Chu, H.; Smith, J. M.; Felding, J.; Baran, P. S. ACS Cent. Sci. 2017, 3, 47. 

9. a) Doan, N. T. Q.; Paulsen, E. S.; Sehgal, P.; Møller, J. V.; Nissen, P.; Denmeade, S. R.; 

Isaacs, J. T.; Dionne, C. A.; Christensen, S. B. Steroids 2015, 97, 2. b) Quynh Doan, N.; 

Christensen, S. Curr. Pharm. Des. 2015, 21, 5501. 

10. Doan, N. T. Q.; Crestey, F.; Olsen, C. E.; Christensen, S. B. J. Nat. Prod. 2015, 78, 1406. 



164 

 

4.6. Appendix: 1H and 13C NMR Data for Nortrilobolide  

1H NMR for Nortrilobolide  
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13C NMR for Nortrilobolide
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Effect of Concentration on 1H NMR 
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Comparisons of NMR Data for Nortrilobolide 

Table:  A Comparison of the 1H-NMR Data of Natural and Synthetic Nortrilobolide  

 

 

  

                                                      
* The integration for this peak was incorrectly reported in the isolation (3H).1 

Position 
Natural 

(500 MHz, CDCl3) 

This Work  

(600 MHz, CDCl3) 

CHCH3 6.10 (m, 1H)* 6.11 (qq, J = 7.3, 1.5 Hz, 1H) 

H-6 5.70 (br. s, 1H) 5.70 (s, 1H) 

H-8 5.63 (t, J = 4 Hz, 1H) 5.63 (app. t, J = 3.6 Hz, 1H) 

H-3 5.59 (br. t, J = 7 Hz, 1H) 5.58 (app. t, J = 4.7 Hz, 1H) 

H-1 4.39 (br. s, 1H) 4.37-4.35 (m, 1H) 

OH 3.66 (s, 1H) 3.29 (s, 1H) 

H-9 3.14 (dd, J = 15, 3 Hz, 1H) 3.12 (dd, J = 14.7, 3.1 Hz, 1H) 

OH 2.91 (s, 1H) 2.54 (s, 1H) 

H-2 2.54 (dt, J = 14, 7 Hz, 1H) 2.54 (app. dt, J = 14.6, 8.5 Hz, 1H) 

COCH2CH2 2.30 (t, J = 7 Hz, 2H) 2.27 (t, J = 7.5 Hz, 2H) 

H-9’ 2.07 (dd, J = 15, 4 Hz, 1H) 2.16 (dd, J = 14.6, 3.8 Hz, 1H) 

=CHCH3 2.01 (m, 3H) 2.01(app. dq, J = 7.2, 1.6 Hz, 3H) 

COCH3 1.97 (s, 3H) 1.97 (s, 3H) 

COCCH3 1.90 (m, 3H) 
1.91-1.89 (m, 6H) 

H-15 1.90 (br. s, 3H) 

COCH2CH2CH3 

and H-2’ 

1.68 (sextet, 2H) 
1.66-1.60 (m, 3H) 

N/A 

H-13 1.47 (s, 3H) 1.48 (s, 3H) 

H-14 1.31 (s, 3H) 1.30 (s, 3H) 

CH2CH3 0.94 (t, J = 7 Hz, 3H) 0.94 (t, J = 7.4 Hz, 3H) 
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Table:  A Comparison of the 13C-NMR Data of Natural and Synthetic Nortrilobolide 

 

  Position 
Natural 

(125 MHz, CDCl3) 

This Work  

(150 MHz, CDCl3) 

C-12 175.1 175.5 

C=O (Butanoyl) 172.4 172.7 

C(O)CH3  170.6 171.0 

C=O (Angeloyl) 167.7 167.8 

C-4 143.9 143.8 

=C(H)CH3 138.5 138.7 

C-5 130.9 131.3 

C=C(H)CH3 127.8 127.9 

C-10 85.5 85.9 

C-3 79.5 79.7 

C-7 78.7 78.9 

C-11 78.8 78.8 

C-6 77.2 77.7 

C-8 66.5 66.6 

C-1 51.1 51.0 

C-9 38.5 38.6 

C(O)CH2 36.6 36.7 

C-2 32.2 32.3 

C(O)CH3 22.4 22.6 

C(O)CH2CH2 21.9 22.2 

C(O)CCH3 20.7 20.9 

C-14 18.0 18.1 

=CHCH3 16.4 16.5 

C-13 15.9 16.0 

CH2CH3 13.7 13.9 

C-15 13.1 13.3 
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