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Abstract 

 

 This thesis discusses the progress made towards a formal total synthesis of triptolide, 

a naturally occurring diterpenoid triepoxide molecule. Isolated from a Chinese vine, 

triptolide features some interesting structural characteristics and has demonstrated a broad 

range of interesting medicinal effects. It has demonstrated remarkable cytotoxicity against a 

number of cancer cell lines, immunosuppressive activity, and reversible male sterility. This 

biological activity has made it a target of a number of total syntheses spanning from 1980 to 

2010. 

 

 Gold-catalyzed transformations are an emerging field in synthetic organic chemistry, 

but their efficacy and potential uses are gaining much recognition among the synthetic 

organic community. Our research group is extremely interested in the applications of such 

gold-catalyzed organic transformations in natural product synthesis. Here, we discuss our 

investigations towards accessing the tetracyclic core of triptolide using a gold-catalyzed 

cyclization cascade reaction. 

 

 We explored a number of synthetic routes towards a common linear precursor, and 

our successes and failures are discussed herein. We also report numerous unsuccessful 

efforts towards an oxidative gold-catalyzed cyclization cascade to form the tetracyclic core 

of triptolide. Finally, we investigated the use of a photocatalytic radical cyclization cascade 

to access the desired core. We report some promising preliminary results, and this study is 

ongoing in the Barriault group. 
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1 Introduction 

1.1 Triptolide 

 

Triptolide (1) is one of a number of natural diterpenoid molecules isolated from the 

Chinese plant Tripterygium wilfordii Hook F., known also as the Thunder God Vine or Lei 

Gong Teng (Figure 1.1). Kupchan and colleagues isolated this complex triepoxide, along 

with tripdiolide (2) and triptonide (3) in 1972 via an ethanolic extraction assisted by a cell 

activity assay against KB carcinoma cells and L-1210 and P-338 leukemia cell lines (Figure 

1.2).
1
 These cytotoxic effects were already documented for extracts of Tripterygium. Such 

extracts of Tripterygium have also been used extensively in traditional Chinese medicine. 

Biological activity assays of the individual natural molecules have demonstrated that many 

of them possess potent medicinal effects including anticancer, immunosuppression and male 

antifertility. Triptolide has demonstrated the most potent activity of the entire family of 

Tripterygium diterpenoids. 

 

 

Figure 1.1 Tripterygium wilfordii Hook F. leaves and inflorescence. 
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Figure 1.2. Cytotoxic diterpenoids triptolide (1), tripdiolide (2) and triptonide (3) isolated from 

Tripterygium wilfordii. 

 

The three diterpenoids 1, 2 and 3 possess some interesting structural features. They are 

the first reported natural products containing the 18(4�3) abeo-abietane skeleton, and also 

the first reported natural triepoxides.
1
 Triptolide features some noteworthy structural motifs, 

such as both cis- and trans-decalin ring junctions, nine contiguous stereocentres – three of 

which are quaternary carbons – as well as a highly oxygenated A ring (Figure 1.3). Finally, 

the D ring possesses a γ-butenolide structure, which has been found in a number of natural 

products with potent medicinal effects,
2
 suggesting that this structure plays a particular role 

in the bioactivity of triptolide.  

 

 

Figure 1.3. Structural motifs present in 1, including the oxygenated A ring (blue), cis- and trans-

decalin junctions (green) and the γ-butenolide D ring (red). 
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1.1.1 Biosynthesis 

The biosynthesis of plant terpenes is a vast field of study in the natural sciences. 

Knowledge of the biosynthetic mechanisms of medicinally relevant compounds has led to 

substantial improvements in production of medications. A key example of this is in the 

production of paclitaxel; the primary source of this potent anticancer drug used to be direct 

extraction from the bark of the Pacific Yew, Taxus brevifolia Nutt N. This approach caused 

severe ecological destruction, and was highly expensive and impractical, as only about 10 g 

of pure paclitaxel could be isolated from nearly 1200 kg of tree bark.
3
 Elucidation of the 

biosynthetic pathway towards paclitaxel led to the discovery of a revolutionary plant cell 

fermentation method, whereby an advanced intermediate in the synthesis of paclitaxel could 

be extracted from leaves and twigs of the European Yew Taxus baccata L., vastly increasing 

yield, reducing cost and protecting millions of square kilometres of rainforest. This process 

was developed and patented in part by a Canadian biotechnology company, Phyton Biotech. 

This semisynthetic method is currently the only route utilized to fulfill the global demand for 

paclitaxel.  

Significant effort has been expended to elucidate the specific biosynthetic pathway 

towards 1, but the specific series of enzymes responsible for the production of this molecule 

has remained elusive. As such, this thesis will briefly discuss the general mechanisms 

towards plant terpene biosynthesis. Typically, it involves assembly of a number of five-

carbon isoprene units (Figure 1.4) – themselves derived from glucose – by a variety of 

enzymes. Interestingly, terpene biosynthesis in higher plants is segregated by number of 

carbon atoms; physically separate sets of enzymes produce pools of chemically distinct 

natural products. The sesquiterpenes (C15) and triterpenes (C30) are synthesized within the 

cytosol, whereas isoprenes, monoterpenes (C10), diterpenes (C20) and tetraterpenes (C40) – 

also called carotenoids – are synthesized within the chloroplasts. The communication 

between these two sets of biosynthetic machinery is of great importance to plant molecular 

biology.
4
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Figure 1.4. Structural precursors to plant terpenes: geranylgeranyl pyrophosphate and 5-carbon 

subunits DMAPP and IPP. 
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Scheme 1.1. General schematic biosynthetic pathway of plant terpene synthesis within the 

chloroplast.4 Blocks represent 5-carbon subunits (IPP or DMAPP). 

 

Diterpenes such as 1 are derived from a geranylgeranyl pyrophosphate precursor and can 

take many forms, including fused ring structures of various sizes, leading to a vast library of 

potential structures (Figure 1.5). Higher order structures are formed by a family of terpene 

synthase enzymes, particularly the terpene cyclases. These cyclase enzymes catalyze the 
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removal of pyrophosphate to generate a polyprenyl cation; they then force the hydrocarbon 

chain into a variety of desired conformations to trigger an intramolecular cyclization process. 

After formation of the cyclic skeleton, a number of downstream transformations can occur. 

Addition, migration or subtraction of methyl groups or oxidative modifications access 

products known as diterpenoids. This greatly increases the molecular diversity of the 

diterpene family. 

The specific enzymatic pathway involved in the biosynthesis of 1 has not been elucidated, 

but these pathways are typically highly conserved, so it is reasonable to assume that the 

biosynthesis proceeds in a similar fashion. From Tripterygium, over 380 secondary 

metabolites have been isolated to date, and over 95% of these are terpenoid compounds.
5
 

This demonstrates the importance of terpene-derived natural products in this genus. 

 

Figure 1.5. Examples of structural diversity among plant diterpenoids. 

 

1.1.2 Medicinal Activity 

 Extracts of Tripterygium have been used in traditional Chinese medicine for 

thousands of years. Typically, these extracts were used as a generic “cure-all” for various 

ailments including fever, inflammation and joint pain – a common theme in traditional 

medicine
5
. In the 1960s, the medicinal uses of Tripterygium extracts expanded to include 

rheumatoid arthritis
6
 and have since grown further to include cancer, hepatitis and other 

disorders. Future studies demonstrated that the primary component in these plant extracts 

was, in fact, triptolide,
7
 and therefore this molecule was proposed as the key source of the 

observed bioactivity.
8
 In a number of cases, extracts of Tripterygium have demonstrated 

fewer side effects than pure 1, but both are still widely used in medicinal studies. In this 
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section, we will discuss a selection of diseases and conditions against which triptolide has 

demonstrated notable bioactivity. A more comprehensive look at the history and biological 

effects of triptolide and Tripterygium can be found in a review by Brinker, Ma, Lipsky and 

Raskin, published in Phytochemistry in 2007.
5
 

 

Cancer  

 

During the isolation of triptolide and related natural products tripdiolide and triptonide, 

Kupchan and colleagues utilized a bioassay-directed approach against mouse L1210 and 

P388 leukemia cells and human KB carcinoma cells. They discovered that both triptolide 

and tripdiolide demonstrated cytotoxic activity against these cell lines – in vivo against 

L1210 and P338 (0.1 mg/kg) and in vitro against KB (ED50 = 10
-4

-10
-3 

µg/mL).
1
 Two years 

after this publication, Kupchan and Schubert proposed a potential mode of action of this 

anti-tumour activity, involving selective alkylation of cysteine residues via thiol-mediated 

opening of the 9,11-epoxy-14β-hydroxy system.
9
 Conversely, the Bertochold group, who 

later reported the first total synthesis of 1, proposed that the γ-butenolide D ring was 

responsible for the antileukemic activity, as an analogue lacking this functional group 

demonstrated no cytotoxicity against P388 leukemia cells.
24

 Recently, triptolide has become 

a hot topic in cancer research, featured in dozens of publications over the past five years.
10

 

Recent studies have shown that 1 alone has potential applications against a wide variety of 

cancers including prostate
11

, colorectal
12

, and lung
13

. In addition, triptolide appears to have a 

synergistic effect when co-administered with existing cancer drugs such as cis-platin.
14

 

 

Immunosuppression  

 

The historical use of Tripterygium extracts as anti-inflammatory agents alludes to its 

ability to suppress the immune response. In both animal and clinical trials, 1 has 

demonstrated remarkable activity against autoimmune diseases such as rheumatoid arthritis 

and also against transplant rejection. Studies of rheumatoid arthritis in mice and rats
6,15

 have 

yielded positive results after treatment with Tripterygium extracts. Results from human 
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clinical trials have also been positive, demonstrating good efficacy of extracts.
16

 In the 

transplant field, a high demand exists for immunosuppressive agents, where organ rejection 

and graft-vs.-host disease is an ever-present threat to patient longevity; the incidence rate of 

graft-vs.-host disease in transplant patients ranges from 30-60% and the mortality rate 

remains close to 50%.
17

 Extracts of Tripterygium have demonstrated potential in this area of 

medicine. In a 1994 clinical trial, graft function in kidney transplant patients normalized 

more quickly and experienced fewer complications during recovery when treated with 

Tripterygium extract.
18

 Another study demonstrated that similar extracts were beneficial to 

survival rates of diabetes patients with pancreas islet cell grafts.
19

 

 

Contraception 

 

During clinical trials of both triptolide and Tripterygium extracts, reversible sterility was 

noted as a common side effect in male patients. This prompted further study into the 

potential of 1 or extracts of Tripterygium as male contraceptives. A number of studies have 

documented that treatment of male rats and humans with a Tripterygium extract causes a 

significant drop in sperm motility and concentration, rendering the subjects infertile after an 

eight-week treatment with no apparent adverse side effects and full recovery of fertility 

within five weeks of stopping the treatment.
20

 Furthermore, an in vivo rat assay of various 

pure components of a Tripterygium extract revealed that 1 alone demonstrates similar 

efficacy as an antifertility agent at a very low dose (30 µg/kg). A possible mode of action for 

this sterilization was suggested by Bai and Shi in the early 2000s: they demonstrated that 

Tripterygium extracts have an inhibitory effect on T-type Ca
2+

 ion channels in sperm cells, 

which is important for sperm-oocyte interaction as well as acrosome reaction and motility.
21

 

It is noteworthy that the dosage required to induce sterility is substantially lower than that 

required to cause immunosuppression, which is a promising sign for future human 

consumption.  
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Recent Work 

 

Modern bioanalytical methods have enabled a more detailed approach to elucidating the 

biological target of many natural molecules. In 2011, Liu and co-workers published an 

article in Nature Chemical Biology identifying the true molecular target of 1 - the XPB 

subunit of RNA transcription factor TFIIH.
22

 They describe this inhibition of TFIIH as a 

“unified molecular mechanism” for the variety of biological effects of triptolide. The 

identification process followed a general-to-specific sequence of screening against various 

cell processes; initial screens against HeLa cells revealed that 1 had an inhibitory effect on 

tritium-labelled uridine incorporation, suggesting that it selectively affected RNA synthesis. 

Narrowing their focus, they determined that 1 targeted a transcription factor of RNAPII and, 

after screening a variety of transcription factors, they identified TFIIH as the factor in 

question. A final detailed screen of the 10 TFIIH subunits revealed XPB (an ATP-dependent 

DNA helicase) as the specific subunit targeted by triptolide. In the article, they also 

described a previously unknown mode of action whereby 1 inhibits nucleotide excision 

repair, which is of interest in the field of cancer research. 

 

1.1.3 Previous Syntheses 

A number of research groups have made efforts towards the synthesis of 1 over the past 

32 years. Inspired by the biosynthesis, many have incorporated cyclization cascades into 

their syntheses. Throughout all previous syntheses, one particular intermediate has been 

utilized as the synthetic target: O-Me-triptophenolide (4), is the anisole derivative of 

triptophenolide (5), a suspected intermediate in the biosynthesis of 1 found to occur naturally 

in Tripterygium (Figure 1.6).  

The history of investigations into the total synthesis of 1 spans more than three decades. 

The first to report a total synthesis of triptolide was the Bertochold group, who had 

previously studied the cytotoxicity of the natural product and its source.
24

 Shortly thereafter, 

the van Tamelen group published a series of three total syntheses, setting the standard for 

nearly two decades.
25

 At the turn of the 21
st
 century, the Yang group reported the first 

asymmetric synthesis, which rekindled interest in 1 within the synthetic organic 
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community.
27

 The Sherburn group studied the synthesis of triptolide from a unique 

perspective, describing both a racemic and asymmetric synthesis in 2008.
28

 Finally, the Baati 

group most recently reported their efforts towards 1, publishing a formal synthesis in 2010.
29
 

 

Figure 1.6. O-Me-triptophenolide (4), the key intermediate in all previously reported syntheses of 1, 

and triptophenolide (5), a naturally occurring product in Tripterygium and suspected intermediate in 

the biosynthesis of triptolide. 

 

Bertochold: The First 

 

The Bertochold group at the Massachusetts Institute of Technology was the first to 

describe synthetic efforts towards triptolide. A report discussing their progress towards the 

natural product was published in the late 1970s
23

, culminating in the completed total 

synthesis of racemic 1 in 1980; their method consisted of 28 steps in a linear synthesis 

(Scheme 1.2).
 24

  From 4, they accessed the final product in seven steps. 

The Bertochold group approached the synthesis of triptolide via the tetralone 7, for 

which they had previously described a synthetic route.
23

 Thermodynamic enolate alkylation 

with alkyl iodide 6 yielded the product 8. After dimethylamine-promoted opening of the 

butyrolactone, oxidation and alumina-mediated Aldol condensation, they accessed the 

tricycle 10 in good yields. Reduction of the aldehyde and lactone closure formed the 

tetracycle 11, but an additional alkene isomerization step was required to form the desired γ-

butenolide moiety of 4. Bertochold and co-workers were able to isomerize the double bond 

in the presence of methoxide ion in methanol in quantitative yield, but upon isolation of the 

product they discovered that the strongly basic conditions had induced isomerization of the 

decalin ring junction as well, producing the cis-decalin 12 along with the desired trans 

product 4 in a 60:40 cis-trans ratio. Fortunately, they were able to work around this step 

using an epoxidation, dehydration and Pd-catalyzed hydrogenation to afford only the desired 

trans product 4 in 60% yield. 
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Scheme 1.2. Bertochold synthetic approach to O-Me-triptophenolide. 

 

From 4, a benzylic oxidation was performed to access the ketone 13 (along with some 

quinone byproduct), followed by methyl ether cleavage and ketone reduction to access the 

diol 14. An Alder periodate reaction followed by exposure to excess mCPBA afforded 3, 

which could be reduced with NaBH4 to produce 1. This final reduction proceeded in poor 

yields, only producing 21% of the desired configuration. The remaining product (68%) could 

be re-oxidized to 3 for recycling (Scheme 1.3). 
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Scheme 1.3 Bertochold method to access 1 from O-Me-triptophenolide. 

 

van Tamelen: “Biogenetic” Cyclization 

 

Shortly following publication of Bertochold’s synthesis, the van Tamelen group at 

Stanford University published three consecutive formal syntheses: two in 1980 and one in 

1982.
25

 Their ultimate synthesis is of particular note, as it was the first to utilize a cyclization 

cascade reaction to construct the trans-decalin skeleton present in the B and C rings, yielding 

racemic 4 in 13 steps from commercially available 2-isopropylphenol (14) (Scheme 1.4). As 

their synthetic plan involved construction of a geranylgeraniol surrogate 19, van Tamelen 

and coworkers dubbed this synthesis a “biogenetic” method towards triptolide.  

Functionalization of 14 to brominated anisole derivative 15 was accomplished via ortho-

lithiation, quenching with formaldehyde, followed by bromination of the alcohol and 

methylation of the phenol to access 15 in 49% yield over three steps. Subsequent alkylation 

with cyclopropyl β-ketoester produced 16 in excellent yield. Decarboxylation and ketone 

reduction accessed cyclopropyl alcohol 17, which was subjected to Brady-Julia olefination 

conditions to access homoallylic bromide 18. After another β-ketoester alkylation, they 

accessed the C20 cyclization precursor 19. At this point, van Tamelen and co-workers 

utilized a Lewis acid-promoted cyclization cascade with SnCl4 to afford tricycle 20. 

Construction of the D ring was accomplished using a three-step method via formation of the 

methanesulfonate ester and in situ elimination to form the terminal alkene 21. Epoxidation 

with mCPBA formed the β-γ−epoxyester 22, which was cleaved in the presence of LDA to 
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form the γ-hydroxyester 23. This species was not isolated as it cyclized spontaneously to 

form the desired tetracycle 4, completing the formal synthesis in reasonable yields (Scheme 

1.5).  

 

 

Scheme 1.4. van Tamelen synthesis of C20 precursor and Lews acid promoted cyclization. 

 

 

Scheme 1.5 Butenolide construction via mesylation, elimination, epoxidation, base-induced 

hydrolysis and lactonization for the van Tamelen synthesis. 
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Yang: Radical Cyclization and Asymmetric Synthesis 

 

After van Tamelen’s remarkable cationic cyclization approach to triptolide, interest in its 

synthesis waned for nearly two decades until 1998, when the Yang group published a 

racemic radical cyclization method to access the tricycle (Scheme 1.6).
26

 Their synthetic 

route featured an ortho-lithiation of a methoxymethyl ether-protected derivative of 14, 

quenching with methyl iodide, then benzylic deprotonation and alkylation with dimethylallyl 

bromide to access 24. Allylic oxidation with SeO2 selectively formed the E-allylic alcohol, 

which was transformed into β-ketoester 25, the substrate for the Mn(OAc)3-mediated radical 

cyclization, which proceeded in good yield and with reasonable selectivity for the trans-

decalin. After cyclization, the butenolide ring was constructed in a further three steps via 

triflate formation, reduction and Pd-catalyzed carbonylation to access 4 in 14 steps. 

 

 

Scheme 1.6. Yang method
26
 to acces racemic tricycle 26 via Mn(OAc)3 mediated radical 

cyclization and subsequent butenolide construction. 

 

Two years later, the Yang group elaborated on this synthetic method with the first 

enantioselective synthesis of triptolide, where the stereochemistry of the radical cyclization 

was controlled through the use of a menthol-derived chiral auxiliary 27 (Scheme 1.7).
27a,c 

In 

addition, they found that using an additional stoichiometric amount of a lanthanide (III) 

triflate contributed to greatly increased diastereoselectivity in the cyclization due to strong 

chelation effects between such lanthanide salts and β-ketoesters.
27b

 Using this method, they 
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were able to synthesize (+)-4 in reasonable yield and excellent diastereo- and 

enantioselectivity. In addition to this highly enantioselective cyclization method, the Yang 

group also described a new, more efficient method to construct the three epoxides from 4, 

accessing the final product in seven steps in 14% yield (Scheme 1.8). This series of 

transformations is similar to the Bertochold method, but is more efficient and higher 

yielding, particularly in the final reduction step, where addition of a europium(III) salt more 

than doubled the isolated yield of the desired enantiomer. This series of transformations has 

become known as the “Yang protocol” for accessing the natural product 1. 

 

 

Scheme 1.7. Yang asymmetric approach to triptophenolide utilizing a menthol-derived chiral 

auxiliary to control the enantioselectivity of the Mn(OAc)3 and Yb(OTf)3-mediated radical 

cyclization of β-ketoester 27 to access tricycle 28. 
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Scheme 1.8. Yang protocol to access (-)-1 from (+)-4. 

 

Sherburn: Convergence 

 

Currently, the most unique approach to 1 originated from the Sherburn group at the 

Australia National University. In 2008, they published a convergent Diels-Alder approach to 

access 4 in ten linear steps, which currently holds the record for the shortest formal synthesis 

of triptolide.
28

 This approach involves a series of [4+2] cycloaddition reactions, starting with 

the formation of the [4.3.0] bicyclic lactone 31, followed by a Stille coupling with 

vinyltributyl tin to form diene 32 (Scheme 1.9). This diene was utilized in another [4+2] 

cycloaddition with the substituted p-benzoquinone 33 to form the tetracycle 34. A further 

five steps were required to access 4, thus completing the formal synthesis. In the same 

publication, Sherburn and co-workers also described an asymmetric variant of their 

synthesis. This was accomplished by a Diels-Alder cycloaddition to form bicyclic lactone 

31, which was performed in the presence of a mild Lewis acid and chiral ligand (Figure 1.7). 

Under these conditions, this cycloaddition was accomplished in excellent yield and 

enantioselectivity. 
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Scheme 1.9. Diels-Alder approach to the formal synthesis of 1 from the Sherburn group, featuring a 

convergent series of [4+2] cycloadditions to access tetracycle 34. 

 

 

Figure 1.7. Enantioselective Diels-Alder cycloaddition utilized in Sherburn’s synthesis. 

 

Baati: Lewis Acid-promoted cationic dithiane cyclization 

 

The most recent efforts towards triptolide were reported in 2010 from the Baati group at 

the University of Strasbourg in France. Their racemic approach featured a cationic 6-endo-

trig cyclization mediated by TMSOTf to form tricycle 37, utilizing a dithiane protecting 

group to promote the reaction (Scheme 1.10).
 29

 Via this cyclization reaction, Baati and co-

workers claimed that they accessed racemic 4 in 8 synthetic steps and, consequently, stated 

that they achieved the shortest formal synthesis to date. However, the raw material they 

reported for this synthesis, 35, is not a commercially available product and requires a four-

step synthesis to produce. As a result, we argue that this synthesis is, in fact, not the shortest 

reported. 
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Scheme 1.10. Dithiane approach to the formal synthesis of 1 from the Baati group. 

 

1.1.4 Our Approach 

Our approach to the synthesis of triptolide differs from the literature precedent in a 

number of critical aspects. Previous synthetic efforts utilizing cyclization cascades, namely 

the van Tamelen group, Yang group and Baati group, have only formed the B and C ring in a 

single step. The γ-butenolide D ring was constructed separately, adding at least three steps to 

the syntheses. We envisioned constructing the butenolide ring in a one-pot sequential 

process (Figure 1.8) with the trans-decalin moiety using a cascade cyclization method 

catalyzed by a cationic gold species. 

In addition, we were aiming to intercept the Yang protocol at a later stage than the 

majority of previous syntheses. Instead of targeting triptophenolide as the key intermediate, 

we wished to target the diol 12. This intermediate was previously targeted by the Yang 

group
26

 and they highlighted the particular sensitivity of the benzylic ether to acid-induced 

cleavage of the C-O bond and subsequent elimination. This sensitivity was crucial to 

moderate during the synthesis. Furthermore, we envisioned this functionality as a useful 

synthetic handle for accessing the cyclization precursor and also as a simple point for 

asymmetric induction towards an enantioselective synthesis. 

Our inspiration for this cyclization cascade stemmed from the ability of homogeneous 

gold complexes to catalyze particular transformations: polycyclization cascades forming 



18 

 

 

 

trans-decalin ring junctions, γ-butenolides from 2,3-allenoates, and intramolecular cross-

coupling reactions. 

 

 

Figure 1.8. Proposed gold-catalyzed cascade cyclization of an allenoate 38 to construct the 

tetracyclic core of triptolide (12). 

 

 

1.2 Proposed Gold Catalyzed Cyclization Cascade  

1.2.1 Introduction to Gold(I) Catalyzed Organic Transformations 

Organic transformations catalyzed by cationic gold species are very attractive to the 

modern synthetic chemist. The mild conditions, selectivity and tolerance of these reactions 

to water and atmospheric oxygen has resulted in a large amount of reaction and catalyst 

development from prominent chemists around the world including Echavarren, Gagosz, 

Hashmi, Shi, Toste, and Furstner.
30

 The Barriault research group is also very interested in 

homogeneous gold-catalyzed transformations and, in particular, is interested in the 

applications of homogeneous gold catalysis in the total synthesis of natural products.
31

 Gold 

cations in solution act as soft Lewis acids, coordinating to electron-rich π systems. This π-

acidity can activate carbon-carbon multiple bonds, increasing their susceptibility to 

nucleophilic attack in both an inter- and intramolecular fashion. Allenes and alkynes are the 

most common substrates for this type of reactivity. 

Despite a wide variety of reactivity,
32

 the mechanisms of gold(I)-catalyzed reactions are 

highly conserved. A typical mechanism of gold-catalyzed nucleophilic attack onto an allene 

is outlined in Figure 1.9. Coordination of a cationic gold(I) species to the electron-rich π 

system begins the catalytic cycle. In the case of allenes, the gold(I) coordinates to the centre 
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carbon of the allene. Nucleophilic attack occurs next, forming the vinyl gold species. These 

vinyl gold species are highly susceptible to protodeauration by water or Brønsted acids, but, 

under certain circumstances, can be isolated. This protodeauration step releases the cationic 

gold(I) species, forming the desired product and completing the catalytic cycle. 

 

Figure 1.9. Generalized mechanism of gold(I)-catalyzed nucleophilic attack onto an allene. 

 

A common application of gold(I) catalysis is intramolecular cyclization reactions 

involving carbon-based π systems. This field of synthetic organic chemistry is rapidly 

growing in popularity and gaining recognition for its vast spread of applications. Its unique 

reactivity has also been explored in a number of total syntheses, though the overall number 

of natural product syntheses utilizing gold-catalyzed cyclization reactions remains relatively 

small.
33

 A key goal of the Barriault group is to increase awareness within the chemical 

community of the usefulness of homogeneous gold catalysis in the total synthesis of 

complex natural products. Indeed, our group has published a number of recent articles on 

intramolecular cyclization reactions catalyzed by gold(I) species to selectively generate 

various cyclic systems of interest for total synthesis (Figure 1.10).
34

 When we considered 

triptolide as a synthetic target, we envisioned forming the tetracyclic core via a series of 

three gold-catalyzed transformations which are known individually, but a combination of all 

three was unprecedented in the literature. We pictured the general scope of the proposed 

reaction as a polyene-type cyclization cascade, but imagined it originating from a 2,3-
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allenoate cyclization to form the butenolide. Based on the literature precedent, this 

combination of transformations seemed highly unlikely to be catalyzed by gold(I) alone, but 

recent developments in the field of gold(I/III) catalyzed oxidative transformations spurred us 

to investigate the possibilities of this reaction. 

 

Figure 1.10. Highlights of recent publications on gold(I)-catalyzed carbocylization reactions 

published by the Barriault group. (1) Selective 5-exo or 6-endo-dig carabocyclizations towards fused 

carbocycles.
34

 (2) Gold (I)-catalyzed 6-endo-dig cyclization of bicyclo[3,3,1]alkenone frameworks 

towards the synthesis of papuaforin A.
31b,35

 

 

Gold(I) catalyzed polycyclization reactions 

 

The general class of cyclization reactions we are interested in are polyene-type 

cyclizations that utilize a cascade cyclization to form multiple fused cycles in a one-pot 

process. This topic has been of great interest to synthetic chemists for decades,
36

 as this 



21 

 

 

 

synthetic method is analogous to the natural process catalyzed by enzymes to form terpenes 

as described in section 1.1.1. Typical synthetic polyene cyclizations are induced by Lewis
37

 

or Brønsted
38

 acids or, more recently, transition metals complexes containing platinum
39

 or 

titanium.
40

 A number of asymmetric variations on this process have been developed as 

well.
41

 Many of these transformations have low functional group tolerance, high likelihood 

of side-reactions (due to non-selective alkene activation) and in some cases must be 

performed in strict absence of water and oxygen. It is in these aspects that gold has 

demonstrated remarkable value.  

 

Figure 1.11. Examples of gold(I) catalyzed en-yne polycyclization cascades to access fused tri- and 

tetracycles. 

 

The linear precursors for gold(I)-catalyzed polycyclizations feature an enyne 

functionality which negates the most problematic side-reaction of typical polyene reactions: 

non-selective alkene activation. Gold(I) binds to alkynes preferentially over alkenes, as they 

have more easily accessible π-orbitals, and this preference exclusively dictates the initiation 

site of the cyclization sequence. Michelet and co-workers recently demonstrated that gold(I) 

catalyzed polycyclizations of 1,5-enynes and 1,5,9-dienynes proceed with high 

diastereoselectivity and 6-endo selectivity in the synthesis of tri- and tetracycles containing 

one pyran ring - as the terminal nucleophile was a phenol (Figure 1.11).
42

 They described 

further that this transformation proceeds in a biomimetic fashion – via a cascade cation-

alkene mechanism (Figure 1.12). This mechanism proceeds via a chair-like transition state, 

which heavily favours both the 6-endo cyclization pathway and the trans-decalin skeleton, 

leading to excellent region- and diastereoselectivity of these cyclizations. Toste and 

colleagues have also described a highly enantioselective variant of this gold(I) catalyzed 
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polycyclization of 1,5-enynes to form similar tricycles utilizing a chiral cationic bis-gold 

complex (Figure 1.13).
43

 

 

 

Figure 1.12. Cation-alkene mechanism of gold(I) catalyzed polycyclizations of 1,5-enynes. The 

chair-like transition state required to access the trans-decalin skeleton is denoted by the double-

dagger symbol (‡). 

 

 

 

Figure 1.13. Enantioselective gold(I) catalyzed polycyclization  of enynes published by Toste and 

co-workers in 2010. 
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Synthesis of γγγγ-butenolides from 2,3-allenoates 

 

We are interested in utilizing a gold(I) catalyzed polycyclization cascade to form the 

tetracyclic core of triptolide. As previously mentioned, past syntheses have utilized 

cyclization cascades to form rings B and C, but the γ-butenolide D ring has never been 

constructed as part of the cyclization cascade. Here, gold has the potential to play another 

key role: cationic gold species are known to catalyze the cyclizations of 2,3-allenoates to 

form γ-butenolides (Figure 1.14). This cyclization was first reported with allenic acids and 

transition metal salts such as Pd(II), Ag(I) and Au(III). In a 2005 publication, Shin and co-

workers at Hanyang University in South Korea described the first cyclization of tert-butyl 

allenoates. Therein, they found that Au(III) was particularly effective in catalyzing this 

transformation over a wide variety of other transition metal species.
44

 Later, Hammond and 

co-workers demonstrated that gold(I) is also capable of catalyzing this reaction, but under 

much milder conditions and in higher yields.
45

 This precedent was encouraging for us, as we 

envisioned exploiting this reactivity of gold to initiate our cyclization cascade. 

 

Figure 1.14. Cyclizations of 2,3-allenoates catalyzed by cationic gold(I) and gold(III) species. 

 

1.2.2 Oxidative Gold Transformations 

The desired cyclization cascade as described in section 1.1.4 requires a number of 

inherently difficult transformations. First, we wished to use an aromatic ring as the terminal 

nucleophile, whereas the majority of previous gold-catalyzed polycyclizations reports had 

cast an alcohol in this role. In addition, previous polycyclizations have utilized gold to 

activate an alkyne and prime it for nucleophilic attack by an alkene as per Figure 1.11; via 
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this method, the relatively stable vinyl gold species is generated after completion of the 

cyclization cascade. In our approach, the first cyclization to form the butenolide ring 

generates the vinyl gold species, which then must go on to cyclize the remainder of the 

tetracycle. As a result, we considered that gold(I) would likely be unable to catalyze this 

cyclization cascade. Instead, we wished to investigate an oxidative gold (I/III) process, 

whereby the different oxidation states of the catalyst possess different reactivity, which has 

the potential to catalyze our domino cyclization. 

Oxidative gold(I/III) processes have been gaining good literature exposure in recent 

years and their potential is being recognized as an alternative to typical transition metal 

catalyzed reactions. Many of the benefits of gold(I) catalyzed reactions hold true for 

oxidative gold transformations: tolerance to oxygen and water are highly sought-after traits 

for modern synthetic organic transformations. This family of reactions typically utilizes an 

external sacrificial oxidant to form the gold(III) species during the catalytic cycle, which has 

different reactivity properties to gold(I).  Gold(III) is a much stronger Lewis acid and is 

known to react in cross-coupling-type reactions, terminating the catalytic cycle with a 

reductive elimination to reform gold(I) (Figure 1.16).
46

 An example of this reactivity was 

described by the Gouverneur group in 2010, wherein they described an oxidative cross-

coupling reaction between an in situ generated vinyl gold species and terminal alkynes using 

SelectFluor
®

 as a stoichiometric oxidant (Figure 1.15).
47

 A number of other cross-coupling 

reactions have been reported, including intramolecular coupling reactions, which is the area 

of focus for this synthesis. 

 

 

Figure 1.15. Oxidative gold-catalyzed cross-coupling reaction of allenoates and terminal alkynes. 
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Figure 1.16. General catalytic cycle of a gold(I/III) catalyzed oxidative cross-coupling reaction of an 

allene. 

 

 

1.2.3 Gouverneur Oxidative Cyclization 

In 2010, Veronique Gouverneur and her group at Oxford University published an article 

in Chemistry: A European Journal entitled “Gold-Catalyzed Intramolecular Oxidative 

Cross-Coupling of Nonactivated Arenes”. Therein, they reported an oxidative cyclization 

process to synthesize dihydroindenofuranones from 1,3-disubstituted allenoates using 

cationic gold(I) complexes and SelectFluor
®

 (Figure 1.17).
48

 This cyclization cascade, they 

proposed, proceeds via a mechanism outlined in Figure 1.18.  
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Figure 1.17. Oxidative gold-catalyzed intramolecular cross-coupling synthesis of dihydro-

indenofuranones reported by the Gouverneur group in 2010. 

 

 

Figure 1.18. Proposed mechanism of oxidative gold-catalyzed intramolecular cross coupling to form 

dihydroindenofuranones. 

 

The mechanism proposed by Gouverneur and co-workers is as follows. The allenoate is 

first cyclized with PPh3AuNTf2 (also known as the Gagosz catalyst
49

) to form the vinyl gold 
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butenolide 1.18-2. This gold(I) intermediate, they describe, is stable for long enough in 

solution to be oxidized to gold(III) by SelectFluor
®

, which then enables an intramolecular 

Friedel-Crafts-type arylation onto the electron-poor gold species, displacing fluoride and 

forming the bis-organogold(III) species 1.18-4. This species then undergoes reductive 

elimination to afford the desired product 1.18-5 and regenerate gold(I), thus completing the 

catalytic cycle (Path A). Alternatively, Gouverneur and colleagues proposed a conjugated 

addition-elimination mechanism whereby the gold(I) species is regenerated by elimination of 

fluoride ion (Path B). The authors supported their Friedel-Crafts arylation proposal by 

demonstrating the preference of this reaction for electron-rich over electron poor arenes, 

which agrees with the well-established body of knowledge for electrophilic aromatic 

substitution reactions. They also separately prepared fluorobutenolide 1.18-6 and exposed it 

to the reaction conditions to test for the activity of path C. They found that 1.18-6 did not 

react under these conditions, and as such discounted this pathway as a significant contributor 

to the overall mechanism. Gouverneur and colleagues have not published any further articles 

on this reaction and as such, the potential applications of this reaction in organic synthesis 

remain mostly unexplored. 

Applying this methodology to our formal synthesis of triptolide will be challenging. The 

Lewis acidity of the gold species generated by the reaction may cause problems for the acid-

sensitive homoallylic benzylic oxygen functionality present in the proposed precursor 38. 

Furthermore, if we accept the proposed mechanism as accurate, the substitution of an alkene 

in place of an arene as the first coupling partner is likely to be challenging and will, in all 

likelihood, require in-depth study. Nevertheless, the possibility of extending this 

methodology to the total synthesis of a complex natural molecule such as triptolide is 

alluring and, if successful, may open up numerous avenues for further investigation into the 

synthetic applications of gold catalysis in organic chemistry. 
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2 Synthesis 

 

 

Organic chemistry…is enough to drive one mad. It gives one the impression of a primeval, 

tropical forest full of the most remarkable things, a monstrous and boundless thicket, with no 

way of escape, into which one may well dare to enter. 

German chemist Friedrich Wöhler, in a letter to his mentor, Berzelius. January 28, 1835 

 

  

2.1 Retrosynthetic Analysis 

At the start of any total synthesis, a retrosynthetic analysis must be performed in order to 

devise a route to access the desired target. This allows for a number of possible routes to be 

devised, which can be compared and validated separately to determine the optimal method 

for the proposed synthesis. Our retrosynthesis proceeded via two avenues: investigating 

potential mechanisms of our proposed cyclization cascade and exploring methods of 

accessing the desired allenoate precursor 38.  

2.1.1 Proposed extension of Gouverneur mechanism 

In this formal synthesis of triptolide, we targeted a particular key step, so we needed to 

design the synthesis around this step. We proposed an extension of the aforementioned 

oxidative gold-catalyzed cyclization, utilizing an alkene linker to extend the cascade from 

the synthesis of a tricycle to a tetracycle. With this in mind, we proposed that our key step 

could proceed via an extension of the mechanism proposed by Gouverneur and co-workers 

(Figure 2.1). 

After coordination of a cationic gold(I) species to the allene 38 and cyclization to form 

the vinyl gold-butenolide 39, an oxidative fluorination could occur, forming the 

fluorogold(III) species 40. Following formation of this highly electron-poor gold species, 

two possible mechanisms exist for formation of the desired tetracycle. The most likely route 



29 

 

 

 

is via coordination of the trisubstituted alkene to the gold, which would increase the 

susceptibility of this alkene to nucleophilic attack from the electron-rich aromatic ring, (Path 

A) forming the bis-organogold species 42. Alternatively, nucleophilic attack could occur 

directly from the trisubstituted alkene onto the gold species, (path B) expelling fluoride and 

forming intermediate 41. This method of nucleophilic addition onto vinyl gold(III) was 

proposed by Gouverneur; however, the nucleophile in our case, an alkene, is far less 

nucleophilic than an electron-rich arene, leading to our deduction that path B is less likely. 

Intermediate 41 contains a tertiary carbocation that is poised to undergo an intramolecular 

Friedel-Crafts alkylation to access 42. Finally, reductive elimination can occur to regenerate 

gold(I) and, after rearomatization, form the desired tetracycle 12. 

 

We believe that coordination of the alkene to the gold(III) species is the most likely 

pathway for this reaction, as carbon π systems are well-known ligands for soft Lewis acids. 

Indeed, it is this exact property – coordination to carbon π systems – that forms the basis of 

gold-catalyzed reactions in general.
30

 Compared to alkynes and allenes, however, alkenes are 

relatively poor ligands, but in the case of this reaction, the electron-poor gold(III) species 40 

may be reactive enough to enable this transformation. Trapping a gold-catalyzed polyene 

cyclization with an arene nucleophile has also been described previously,
43

 lending support 

for the proposed 6-endo-trig cyclization. 
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Figure 2.1. Possible mechanisms for the proposed oxidative gold-catalyzed cyclization cascade to 

form the tetracyclic core of triptolide. Path A: Coordination of alkene ligand to gold(III), triggering 

Friedel-Crafts arylation forming 42 directly. Path B: Formation of carbocation 41 by nucleophilic 

attack of alkene, then Friedel-Crafts alkylation to seal up the tetracyclic backbone. 
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2.1.2 Construction of Linear Precursor 

During our investigation of potential synthetic routes to access 38, we broke the molecule 

down into three components: an electron rich arene terminus, an electron poor allenoate 

terminus and an alkene linker segment. We wanted to synthesize this precursor in a “left-to-

right” fashion, using the inexpensive and readily available 14 as our starting material - as did 

van Tamelen and Yang.
25-27

 This approach is logical, as the aromatic moiety and alkene 

linker do not feature any high-energy or reactive functional groups, unlike the allenoate 

terminus, which we elected to install later in the synthesis. Furthermore, the number of 

known methodologies for construction of 2,3-allenoates is relatively small and the majority 

of existing protocols are reported only for the synthesis of internal allenes. We envisioned 

forming the allenoate via a substituted acetoacetate which, following a recently published 

procedure, could be converted to an allenoate in a one-pot process in good yields.
50

 To form 

the benzylic alcohol functionality of 38, we wished to perform an ortho-formylation of the 

starting phenol and allylation of the resulting salicylaldehyde 44. This two-step method was 

supported by literature precedent and, we proposed, would provide a convenient and scalable 

route to access to diol 43. The two alcohol groups could be protected either with identical 

protecting groups (from 43) or with different groups (involving a separate protection of 44) 

to provide suitable stability for further functionalization (Figure 2.2).  

 

Figure 2.2. Retrosynthetic analysis of linear allenoate precursor to proposed starting material 2-

isopropylphenol. 
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During our retrosynthetic analysis, we uncovered a number of viable options for the 

synthesis of the E-trisubstituted alkene. Use of a highly selective method for accessing the E-

geometry of this alkene was of utmost importance, as this translates to the trans geometry of 

the desired decalin structure present in the B-C ring junction of 1. Figure 2.3 outlines a 

selection of known methods for the synthesis of trisubstituted alkenes with good to excellent 

E selectivity. These methods were all investigated over the course of this synthesis, and each 

posed their own unique challenges.  

 

 

Figure 2.3. Retrosynthetic analysis of highly E-selective synthetic methods to access the desired 

trisubstituted alkene.  

 

2.2 Synthesis of Starting Materials 

Over the course of our retrosynthetic analysis, we discovered that all the proposed 

synthetic pathways originated from a shared starting material. The allylated diol 43 could be 

accessed through a simple two-step synthesis from 14. A method to formylate the phenol 
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selectively at the ortho position was sought as the first synthetic transformation. Typical 

Lewis acid-catalyzed Friedel-Crafts aromatic formylation conditions were unsuitable for this 

synthesis, as they are known to react preferentially at the position para to the phenol. The 

isopropyl substituent at the 2-position made this method even more undesirable, as the steric 

influence of similar groups was known to further disfavour substitution at the ortho position.  

Fortunately, we discovered a procedure - reported by the Skattebøel group
51

 - which 

utilized the inherent hydrogen-bonding characteristics of the phenol to direct the ortho-

formylation reaction with exclusive selectivity. This report described the synthesis of a 

number of related salicylaldehydes in good yields using magnesium chloride and 

triethylamine to form an enhanced phenoxide base and directing agent.
51a

 A 

superstoichiometric amount of paraformaldehyde was required as it served as both the 

source of the formyl group and oxidant in an Oppenauer-type process to furnish the desired 

salicylaldehyde. Adapting this method to our synthesis was highly successful; employing six 

equivalents of paraformaldehyde and performing the reaction at reflux in THF afforded 44 in 

excellent yield (Figure 2.4). This reaction has one important safety issue which needed to be 

monitored carefully. During the reflux, paraformaldehyde decomposes to release 

formaldehyde gas, which, under the reaction conditions employed, condenses and re-

polymerizes on the walls of the reflux condenser. A wide-bore condenser was required for 

this reaction when performing it on large scale, as the polymer is able to plug the condenser, 

cause a buildup of pressure and rupture the flask. A side-arm round bottom flask is also 

recommended as the reaction vessel. Lightly stoppering the side-arm with a rubber septum 

can act as a pressure release mechanism in case the pressure does increase during the 

reaction. 

 

 

Figure 2.4. MgCl2 and Et3N-mediated ortho-formylation of 2-isopropylphenol using 

paraformaldehyde as the carbon source. 
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To form the diol 43, a simply allylation reaction was required. We elected to use a 

method which would tolerate the phenol moiety in order to avoid extra protection steps. The 

Barbier allylation was the targeted method for this transformation, as it was known to have 

much higher functional group tolerance than the ubiquitous Grignard reaction. In addition, 

Barbier allylations are often performed in aqueous or biphasic conditions, utilize inexpensive 

reagents, and are often performed open to air, allowing for an operationally simple and 

scalable process. The allylation proceeded smoothly in a biphasic mixture of THF and 

saturated aqueous ammonium chloride, using two equivalents of zinc dust and adding allyl 

bromide in one portion while controlling the exotherm with a cold water bath. Upon scale-up 

of this process (ca. 50 g), this exotherm proved much more difficult to control, owing to a 

reduced rate of heat transfer in the larger reaction vessel. However, metering the addition of 

allyl bromide over 30 minutes while cooling the reaction vessel in an ice bath proved highly 

effective, affording the desired product 43 in good yields (Figure 2.5). 

 

Figure 2.5. Synthesis of allylated diol 43 via a Barbier-type allylation of salicylaldehyde 44.  

 

Selection of protecting groups is often a critical factor in total synthesis. A chemist must 

choose protecting groups to maximise stability during the synthesis, but also allow for 

relatively simple deprotection at a later stage. For 1,3-diols, the typical protecting group 

described in the literature is a dimethyl acetal – also known as an acetonide - group, as this 

affords good stability towards base, oxidation, reduction and nucleophilic attack.
52

 It is, 

however, known to be relatively acid sensitive. Nevertheless, the well-documented ease of 

installation and future removal of this group were very appealing; in practice, the acetonide 

was indeed simple to install, with little optimization needed to achieve good results (Figure 

2.6). Upon scale-up of these processes, isolation and purification of the salicylaldehyde and 

allyl diol intermediates proved unnecessary; a 67% yield of the acetonide-protected product 

45 could be attained over the three steps, requiring chromatographic purification only of the 

final product. 



35 

 

 

 

 

Figure 2.6.  Installation of the acetonide protecting group using catalytic p-toluenesulfonic acid in 

neat 2,2-dimethoxypropane. 

 

2.3 Cyclopropanation and Brady-Julia Olefination 

The first synthetic route we investigated was analogous to that explored by van Tamelen 

and co-workers in their landmark 1982 synthesis of triptolide.
25

 As described in section 

1.1.3, their method involved formation of cyclopropylcarbinol 17, followed by a highly E-

selective one-pot bromination-ring opening-elimination process to form homoallylic 

bromide 18. We desired a method to access cyclopropylcarbinol 48, at which point we 

envisioned forming bromide 49, followed by β-ketoester alkylation and allene formation to 

form the desired cyclization precursor, as per Scheme 2.1. We proposed a route whereby we 

would cleave the alkene 45 to form an aldehyde, access secondary alcohol 47 via Grignard 

addition, then cyclopropanate the alkene under Simmons-Smith conditions to form the 

precursor for the Brady-Julia reaction. After formation of the homoallylic bromide 49, 

alkylation with tert-butyl acetoacetate would access 50, the desired substrate for allene 

formation followed by cyclization.  
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Scheme 2.1. Formation of β-ketoester 50 via Brady-Julia olefination of cyclopropylcarbinol. 

 

2.3.1 Oxidative Cleavage of Terminal Alkene 

The initial method selected for the oxidative cleavage reaction was ozonolysis. This 

method is operationally simple and avoids the use of toxic and expensive osmium tetroxide 

(OsO4). Unfortunately, this method did not yield positive results, so we were forced to seek a 

method utilizing OsO4 and excess sodium periodate (NaIO4) (Figure 2.7). This method 

worked very well, producing the desired aldehyde on the first attempt in 75% yield. Upon 

scale-up of this procedure, optimization of solvent choice, concentration and catalyst loading 

was performed, the results of which are summarized in Table 1. The optimal method was 

found to be a 1:1 mixture of THF and water, approximately 3 equivalents of NaIO4 and l.5 

mol% of OsO4. The aldehyde product 46, however, was found to be somewhat unstable, and 

degraded rapidly upon silica gel chromatography. As a result, this product was carried on as 

crude material to the following step without purification. 



37 

 

 

 

O O
O O

O

OsO4, NaIO4

0°C to RT

Solvent

45 46  

Figure 2.7. Optimized oxidative cleavage conditions to access aldehyde 46. 

 

Entry Solvent Concentration 

/M 
Eq. 

NaIO4 

Mol% 
OsO4 

Yield /  
(crude) 

1 EtOAc/H2O 
(1:1) 

0.01 3.1 2.3 75 

2 EtOAc/H2O 
(2.5:1) 

0.1 3.4 0.9 83 

3 THF/H2O 
(1:1) 

0.1 2.8 1.5 88 

Table 1. Optimization of oxidative cleavage reaction of allyl acetonide 45 using osmium tetroxide 

and sodium periodate. 

 

2.3.2 Grignard Addition and Cyclopropanation 

In theory, the Grignard addition desired for this synthesis (Figure 2.8) was very simple. 

The required Grignard reagent, isopropenylmagnesium bromide, is commercially available 

and a vast body of literature precedent existed to support this transformation.
53

 However, this 

reaction proved difficult in practice. Initial attempts – using THF solvent at 0°C – yielded a 

crude mixture which was difficult to purify due to severe streaking during silica gel column 

chromatography. After purification, the yield was poor - 35% from acetonide 45. Early 

scale-up attempts were disastrous – the yield dropped to 14%. Suspecting that the basicity of 

the organomagnesium species was causing degradation of 46, an organocerium species was 

prepared in situ following a previously reported procedure by our group.
54

 This protocol 

improved the yield to 45% but was difficult to reproduce on scale. Finally, by omitting 

cerium, switching solvents to Et2O and dropping the reaction temperature to -78°C, the yield 

was improved. We succeeded in isolating 47 as a 1:1 mixture of diastereomers in 68% yield 

over two steps after purification, which was much cleaner than our earlier efforts. This yield 

was reproducible on multi-gram scale. 
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The cyclopropanation of 47 with diiodomethane occurred very cleanly. An initial attempt 

using zinc-copper couple – the classical Simmons-Smith reagent – yielded only degradation, 

but employing Et2Zn worked extremely well – 97% on the first attempt. No chromatography 

was required for purification of 48. This reaction proved reproducible and robust - the use of 

diethylzinc as a premade solution or neat reagent proved inconsequential to the outcome of 

the reaction. Interestingly, this cyclopropanation reaction is reported to be highly 

diastereoselective;
55

 the oxygen moiety is known to coordinate to the zinc species and direct 

the facial selectivity of cyclopropanation. Our results are in agreement with this report, as we 

observed only two diastereomers both on TLC and in the NMR spectra – diastereomers were 

generated by the previous Grignard reaction. At this point, we had established a robust and 

scalable procedure to access the substrate for the Brady-Julia reaction, and began our 

investigation of this key transformation. 

 

 

Figure 2.8. Optimized procedure for  Grignard addition of isopropenylmagnesium bromide to 

aldehyde 46 to access diastereomeric alcohol 47 and Simmons-Smith cyclopropanation with 

diethylzinc to access cyclopropane 48. 
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2.3.3 Brady-Julia Olefination 

The one-pot bromination-ring opening-elimination of cyclopropylcarbinols to form 

homoallylic bromides is a lesser-known transformation in synthetic organic chemistry. It 

was first described by Brady and co-workers in 1968.
56

 In this publication, the authors 

describe this transformation as a modification to the Julia reaction, hence the moniker 

“Brady-Julia Olefination”. Brady and colleagues document the high propensity of this 

reaction to form homoallylic bromides with excellent E-selectivity, which no doubt attracted 

the attention of the van Tamelen group and, likewise, us. This transformation is known to 

occur under a variety of conditions (HBr
56

 or MgBr2
57

) but the most often-used (and highest 

yielding) method uses PBr3, pyridine base and ZnBr2. In some cases, an additional source of 

bromide ion is present, often LiBr. The literature describe that exposure of the alcohol to 

PBr3 forms the bromocyclopropane, which is then opened upon exposure to the Lewis acidic 

conditions afforded by the ZnBr2. The additional bromide ion provided by LiBr is thought to 

assist in the nucleophilic ring-opening step, as illustrated in Figure 2.9. 

 

Figure 2.9. Accepted mechanism of Brady-Julia olefination of secondary cyclopropylcarbinols.  

 

The high stereoselectivity of this transformation originates from the transition state 

geometry of the cyclopropyl group upon ring opening (denoted by double dagger in Figure 

2.9). Attack of bromide
 
occurs in a pseudo-antiperiplanar fashion to the leaving group, 

therefore if we examine the transition state geometry in a Newman projection, two such 

projections can be drawn (Figure 2.10). Projection A leads to formation of the E product, 

and projection B leads to the Z product. It is clear that projection B contains a highly 

unfavourable eclipsing interaction between the R group and the cyclopropane ring. As a 

result, the A pathway is lower in energy, and thus the E product is formed preferentially. 
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Figure 2.10. Newman projections for determination of the stereochemical outcome of the Brady-

Julia olefination. 

 

This reaction held much promise, since the van Tamelen group had already utilized it in 

their landmark formal synthesis of triptolide. However, all attempts to carry out this reaction 

failed. The desired product was never observed in the 
1
H NMR of the crude reaction 

mixture. We suspect that the reactions conditions required for this transformation were too 

acidic, leading to loss of the protecting group and further degradation. This suspicion was 

confirmed by performing a synthesis of van Tamelen’s cyclopropylcarbinol 17 and 

attempting the same reaction with that substrate. The known homoallylic bromide 18 was 

indeed detected in the crude reaction mixture. However, we elected to not pursue this 

reaction further. 
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2.4 Orthoester Rearrangement and Homologation 

After the failure of the Brady-Julia route, we revisited the literature in search of another 

method to access trisubstituted alkenes which would suit our purpose. In a short time, we 

came across the Johnson-Claisen orthoester rearrangement reaction. This transformation 

attracted our attention because we already had access to the desired precursor: isopropenyl 

alcohol 47. Using this, we could easily access the unsaturated ester 51 (Scheme 2.2). 

Unfortunately, this ester is not in the correct position for our desired target, so we sought out 

a synthetic route to perform a one carbon homologation. Known methods exist for a one-pot 

homologation of esters – the Kowalski ester homologation
58

 and the Arndt-Eistert 

homologation
59

 – but these reactions are known to be operationally complex, highly 

temperature sensitive and, in the case of the Arndt-Eistert reaction, utilize dangerous 

reagents such as diazomethane. A simpler, yet longer homologation route was investigated, 

accessing the homologated t-butyl ester 55 via reduction, cyanation, hydrolysis and 

esterification (Scheme 2.2). At that point, a number of methods were available to us for 

installation of either an acetyl group to access 50 or direct formation of the allene 38 via 

alkynylation and subsequent isomerization. 

 

2.4.1 Orthoester Rearrangment 

The Johnson-Claisen rearrangement is mechanistically related to the ubiquitous Claisen 

rearrangement with which it shares its name; it features a [3,3]-sigmatropic rearrangement of 

a 1,5-diene to yield a γ-δ-unsaturated carbonyl compound. However, the true substrate for 

this rearrangement, 2.11-2, is formed in situ, as it is a relatively unstable species (Figure 

2.11). The 1,5-diene is formed by heating the allylic alcohol starting material with a trialkyl 

orthoacetate (commonly trimethyl orthoacetate) with a catalytic amount of a weak organic 

acid – commonly propionic acid. The acid present triggers the formation of an oxonium 

species, which is attacked by the alcohol and, after a proton shift and loss of methanol, forms 

intermediate 2.11-2. This species is primed for rearrangement, which, given the high 

temperatures employed in this reaction, occurs rapidly, forming the desired E-alkene. This 

high E-selectivity originates from the energy difference present in the two  
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possible chair-like transition states through which the [3,3]-sigmatropic rearrangement 

occurs. Transition state 2.11-4 is configured such to place its substituents in equatorial 

positions, whereas 2.11-5 contains an unfavourable pseudo-1,3-diaxial interaction between 

the groups denoted R2 and OR, increasing the energy of this transition state. This energy 

difference is dramatic for secondary allylic alcohol precursors (R1 ≠ H), heavily favouring 

transition state 2.11-4 and the E-alkene product. We were successful in performing this 

rearrangement in our synthesis using trimethyl orthoacetate, cleanly affording the desired 

ester 51 in 78% yield. No other alkyl orthoacetates were attempted, as the identity of the 

ester group was irrelevant for the subsequent reactions. We were also able to perform this 

reaction neat in trimethyl orthoacetate, as it was a suitable high-boiling solvent for this 

transformation. 

J-C
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OO

O O
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Reduction

OO

OH

OO

CN

Cyanation
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OO
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Hydrolysis
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Scheme 2.2. Proposed Johnson-Claisen rearrangement and homologation to access desired β-

ketoester 50 or allenoate 38. 
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Figure 2.11. Mechanistic explanation of E-selectivity in the Johnson-Claisen rearrangement of 

secondary allylic alcohols. 
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Figure 2.12. Optimized conditions for the Johnson-Claisen orthoester rearrangment reaction. 

 

2.4.2 One-Carbon Homologation 

The route proposed for the homologation of 51 is lengthy, with five total steps. However, 

each step is operationally simple and well known, thus we hoped this would grant us a 

useable pathway to access the desired allenoate target and test the cyclization. 

Reduction 

 

The initial transformation we desired was reduction of the ester to a primary alcohol. 

This was easily accomplished by using the strong reducing agent LiAlH4. Exposure of 51 to 
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LiAlH4 at 0°C in THF for one hour afforded complete conversion to the alcohol 52, which 

was isolated in 72% yield (Figure 2.13). 

 

Figure 2.13. Reduction of ester 51 to primary alcohol 52 with LiAlH4. 

 

Tosylation 

 

Conversion of a primary alcohol to a sulfonate ester is a simple and ubiquitous reaction 

in synthetic organic chemistry. This transformation was required as part of this 

homologation procedure to convert the alcohol into a better leaving group for the subsequent 

cyanation reaction. Treatment of 52 with p-toluenesulfonyl chloride in the presence of TEA 

and DMAP cleanly converted the alcohol to tosylate 2.14-1 (Figure 2.14). This product, 

however, was not isolated, as we found that it was somewhat unstable on silica gel. As such, 

it was carried on as crude material to the next reaction in sequence. 

 

Figure 2.14. Tosylation of primary alcohol 52 with p-toluenesulfonyl chloride, triethylamine and 

DMAP to access sulfonate ester 2.14-1. 
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Cyanation 

 

The next reaction in the homologation sequence is a simple SN2 displacement of the 

tosylate group with a cyanide group. Typical procedure for this transformation is heating of 

the tosylate in the presence of a cyanide salt (usually sodium or potassium cyanide) at high 

temperatures. DMSO is a common solvent choice for this reaction, as it is a polar, aprotic 

solvet that readily solubilizes the cyanide salt and easily accommodates the high reaction 

temperature. These exact conditions worked perfectly for our purposes. Refluxing 2.14-1 

with 1.2 equivalents of KCN in DMSO for four hours cleanly afforded the desired product 

53 in 94% yield over two steps (Figure 2.14, Figure 2.15). 

 

Figure 2.15. Nucleophilic cyanation of tosylate 2.14-1 to access primary nitrile 53. (Structure) 

 

Hydrolysis 

 

Hydrolysis of a nitrile to a carboxylic acid is typically performed by heating the substrate 

in aqueous strong acid or strong base. Considering the known acid sensitivity of the 

acetonide protecting group, strong base was the preferred method for this synthesis. In the 

presence of excess potassium hydroxide, heating nitrile 53 in a 4:1 mixture of ethanol and 

water for 20 hours led to complete consumption of the starting material. Aqueous workup in 

basic conditions, followed by acidification and re-extraction isolated the desired product 

cleanly in 58% yield (Figure 2.16). This yield was somewhat disappointing, but we did not 

spend any time to optimize this transformation. 
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Figure 2.16. Basic hydrolysis of alkyl cyanide 53 to access carboxylate 54. 

 

Esterification 

 

Classical esterification conditions involve prolonged exposure of the carboxylate 

precursor to heat and strong acid – commonly sulfuric acid. These conditions are undesirable 

for this substrate due to the aforementioned acid sensitivity. Moreover, these conditions are 

not applicable for the formation of tert-butyl esters; tert-butanol is a very poor nucleophile 

and, as such, is unable to undergo esterification in the usual way. Fortunately, an alternative 

method exists for this process. Esterification of carboxylic acids to tert-butyl esters can be 

performed in the presence of di-tert-butyl carbonate (Boc2O) and catalytic magnesium 

chloride at room temperature, using Boc2O as the source of the t-butyl group.
60

 Exposing 54 

to these conditions gave clean conversion to the t-butyl ester 55 in 86% yield, thus 

completing the homologation. Any remaining starting material was easy to recover and 

resubmit to the reaction conditions. 

  

Figure 2.17. Esterification of carboxylate 54 with Boc2O and MgCl2 to access homologated ester 55. 
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2.4.3 Attempted Acetylation and Conclusions 

After completing the five-step homologation, we were left with only a small amount of 

material, and as such concluded that it was a lengthy, linear and low-yielding method to 

access ester 55. Acknowledging that it was unlikely to be the final synthetic method, we 

began an investigation into methods to acetylate 55 to access β-ketoester 50. A number of 

acetylating reagents were investigated, including common reagents such as acetyl chloride 

and acetic anhydride to unusual ones such as N-acetylbenzotriazole.
61

 None of these 

acetylating agents yielded the desired product. No reaction was observed with acetic 

anhydride and N-ABT; acetyl chloride yielded what we suspect was the O-acetylated 

product 2.18-1 rather than the C-acetylated product – a known side reaction with this type of 

transformation.
62

 This undesired product was not fully characterized. These disappointing 

acetylation results combined with the low yields of the homologation procedure drove us to 

seek a more concise method to access our desired target. 

 

Figure 2.18. Unintended O-acetylation of tert-butyl ester 55 with acetyl chloride.  

 

2.5 Global Cross-Metathesis 

After the disappointing and lengthy homologation route, we turned our attention to 

seeking a more expedient method to access the desired β-ketoester 50. Revisiting our 

retrosynthetic analysis (Figure 2.3), we decided to investigate the possibility of synthesizing 

the central alkene using an olefin cross-metathesis process. The synthesis of trisubstituted 

alkenes with cross-metathesis is well documented in the literature
63,64

 and the subject has 
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attracted much attention in recent years for its atom economy and functional group 

tolerance.
65

 The synthesis of trisubstituted alkenes with high E-selectivity, however, remains 

highly substrate-dependent: typically, only coupling partners with considerable steric bulk at 

the allylic position or α,β-unsaturated carbonyl compounds give synthetically useful E/Z 

ratios.
64

 

The substrates for the desired cross-metathesis (Scheme 2.3) featured neither of these 

characteristics, so we accepted that optimizing the E/Z ratio would present a challenge – 

typically, without any steric or electronic driving force, cross-metathesis reactions yield 

thermodynamic E/Z ratios, in the range of 1.5:1 to 4:1
66

. On the upside, we recognized that 

this metathesis process would, in theory, be selective for the desired product (50), as the 

starting material 45 is a type I alkene for second-generation metathesis catalysts and the 

coupling partner 56 is a type III alkene. The desired product is, according to the literature, a 

type IV alkene, and as such should constitute a thermodynamic minimum for the reaction, 

funneling both reactants into the desired product. 

 

Scheme 2.3. Proposed cross-metathesis of type I olefin 45 with type III olefin 56 to 

access β-ketoester 50 

 

This thermodynamic control of ruthenium-catalyzed metathesis reactions is outlined in 

Figure 2.19. In addition to a direct cross-metathesis to form the desired product, 50 can be 

accessed in a two-part metathesis cascade. Type I alkene 45 can undergo rapid self-

metathesis to form homodimer 2.19-1. This homodimer constitutes a type II alkene, which is 

still reactive to further metathesis reactions, a phenomenon known as secondary metathesis. 

The homodimer can react in a cross-metathesis with 56 to form the desired product. In this 

manner, the desired product should be formed in a highly selective manner. In comparison, 

the type III partner does not undergo homodimerization
64

 and is available to react 
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exclusively to form the desired product. With the theoretical limits of the reaction well 

understood, we then moved on to the synthesis of the type III coupling partner. 

 

 

Figure 2.19. Thermodynamic control of cross-metathesis between type I alkene 45 and type III 

alkene 56. 45 is able to homodimerize to form 2.19-1, which can react via secondary metathesis with 

56, forming 50. 

 

2.5.1 Synthesis of Type III partner and Proof of Concept 

The synthesis of homoallylic β-ketoester 56 proved very simple. Conversion of 

inexpensive 3-methyl-3-buten-1-ol (2.20-1) to the iodide 2.20-2 proceeded smoothly using 

Appel conditions: triphenylphosphine, imidazole, and iodine (Figure 2.20).
67

 This product 

was volatile, and as such was used without further purification to alkylate tert-butyl 

acetoacetate. This reaction was accomplished under slightly unconventional conditions – 

potassium tert-butoxide in tert-butanol
68

 - but was nevertheless successful, affording 56 in 

52% yield over two steps (Figure 2.21). 
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Figure 2.20. Conversion of 3-methyl-3-buten-1-ol to iodide 2.20-2 via the Appel reaction. 

 

 

Figure 2.21. Alkylation of tert-butyl acetoacetate with iodide 2.20-2 to access type III metathesis 

partner 56. 

 

Subjecting 56 to typical cross-metathesis conditions (5 mol% Grubbs II, DCM, reflux) in the 

presence of two equivalents of type I partner 45 yielded a mixture of products on TLC. The 

type III partner was not fully consumed and a substantial amount of Type II homodimer was 

present. However, we were pleased to discover that the desired product was also produced 

and was isolated in 16% yield as a 2:1 E/Z mixture (Figure 2.22). 

 

Figure 2.22. Initial results of cross-metathesis of 45 and 56 with the 2
nd

 generation Grubbs catalyst. 

 

2.5.2 Optimization 

Encouraged by our initial success, we pushed forward to optimize this cross-metathesis 

reaction (Table 2). We first tested the effect of degassing the dichloromethane solvent, as the 

presence of oxygen is known to accelerate degradation of the active catalytic species (Entry 
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2). This did not appear to improve the result, despite running the reaction over several days. 

Unsurprisingly, it did not have a detrimental effect on the result either, and as such we opted 

to degas the reaction mixtures for most of our attempts. Interestingly, increasing the loading 

of Grubbs II appeared to have a detrimental effect on the yield and this drop in yield was 

consistent when we switched solvents to toluene and increased temperature. (Entries 3-4). 

Subjecting the 2
nd

 generation Grubbs catalyst to high temperatures is known to accelerate 

decomposition so we switched catalysts to the 2
nd

 generation Hoveyda-Grubbs catalyst, 

which possesses better thermal stability.
69

 This catalyst was inactive at the reflux 

temperature of DCM (Entry 5), but performing the reaction toluene dramatically improved 

the yield to 39% (Entry 6). We attempted to reproduce these results under rigourous Schlenk 

conditions, decreasing catalyst loading and increasing the A:B ratio, but the yield from this 

attempt was a mediocre 15% (Entry 7). Further optimization of this reaction under Schlenk 

conditions was not performed as it was operationally complicated and not amenable to scale-

up. An attempted 0.5 g scale-up of the successful conditions resulted in a modest yield of 

24% (Entry 8). 

Consulting the literature again, we learned of the existence of a modified Hoveyda-

Grubbs catalyst which featured a bulkier NHC ligand and was reported to be more efficient 

for the synthesis of trisubstituted olefins by cross-metathesis.
70

 Testing this catalyst in our 

synthesis required switching back to DCM and lower temperatures, as these were the 

suggested conditions. Entries 9 and 10 of Table 2 outline our attempts made with this 

catalyst – both demonstrated a decreased yield compared to the standard Hoveyda catalyst in 

toluene. Finally, we investigated an unusual combination of solvents for metathesis 

reactions: running this reaction in 1:1 THF/toluene gave similar yields as most attempts, but 

the E/Z ratio increased from 2:1 to 4:1 (Entry 11). This was a very exciting result, as it 

effectively doubled the yield of our desired E product compared to similar yields in previous 

trials. We were able to increase the yield to 22% (Entry 12) but were unfortunately unable to 

reproduce or surpass the 39% yield obtained previously. We performed one final test, 

running this reaction under microwave conditions (Entry 13), but this yielded poor results. 

Despite extensive optimization, we were, regrettably, unable to achieve good results with 

this global cross-metathesis method. However, over the course of the optimization, we were 

able to collect a reasonable amount of the desired product and the inseparable Z isomer. Both 
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these materials were of acceptable purity for continuation of the synthesis, testing the desired 

allene formation reaction and for some initial investigation of the proposed gold cyclization. 

 

Entry A:B Catalyst Mol % 
catalyst 

Solvent* T /°C Reaction 

time (h) 
AB yield 

1 2:1 G2 5 DCM 40 24 16 

2 2:1 G2 7 DCM(dg) 40 96 13
a 

3 2:1 G2 8 DCM 40 18 7
 c 

4 2:1 G2 10 PhMe(dg) 80 18 11.6 

5 3:1 HG2 7 DCM(dg) 40 18 0 

6 2:1 HG2 5 PhMe(dg) 110 18 39 

7 9:1 HG2 1 PhMe(dg) 110 84 15
b,d 

8 3:1 HG2 5 PhMe(dg) 110 18 24
e 

9 3:1 iPr-HG2 5 DCM(dg) 40 48 13.4 

10 3:1 iPr-HG2 5 DCM(dg) 40 72 18 

11 3:1 HG2 5 THF/PhMe 80 24 17
f 

12 2:1 HG2 2 THF/PhMe 85 72 22
f 

13 2:1 HG2 9 THF/PhMe µw 3.5 6
f 

Table 2. Optimization of global cross-metathesis reaction. All yields are isolated yields reported as a 

2:1 E/Z mixture unless otherwise indicated. G2 = Grubbs 2nd generation catalyst, HG2 = Hoveyda-

Grubbs 2nd generation catalyst, iPr-HG2 = Hoveyda-Grubbs 2nd generation catalyst with IPr NHC 

ligand. *(dg) indicates that the reaction mixture was degassed prior to heating. 
a
Type I partner was 

added over 5 hours. 
b
Type I partner added over 12 hours. 

c
Catalyst was added over 5 hours. 

d
Reaction 

performed under Schlenk conditions. 
e
Reaction performed on 500mg scale. 

f
Product isolated as a 4:1 

E/Z mixture. 

 

2.5.3 Initial attempts at Allene synthesis 

With the material collected over the course of optimizing the global cross-metathesis 

method, we turned our attention towards the synthesis of the desired allenoate 38. The 

precedent for this transformation was set by Maity and Lepore in 2007
50

 where they 

documented clean conversion of a series of substituted β-ketoesters to the corresponding 2,3-

allenoates in moderate to good yields. Their publication reported a one-pot transformation 

involving formation of an external enol triflate 2.23-2 under basic conditions, and then a 
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subsequent deprotonation and elimination of the triflate group to form the desired product 

(Figure 2.23). 

 

 

Figure 2.23. One-pot synthesis of 2,3-allenoates from substituted β-ketoesters as described by Maity 

and Lepore. 

 

 

Figure 2.24. Two-step triflate formation and subsequent elimination protocol to access allenoate 38. 

 

Our initial attempts to reproduce this procedure met with little success: the only product 

isolated from the reaction mixture was suspected to be the internal enol triflate 57 (Figure 

2.24). Further attempts yielded small amounts of 38 (< 2%) but 57 remained the major 

product. Fortunately, we discovered that this species could be isolated and resubmitted to the 

second set of reaction conditions to afford the desired product 38. This two-step procedure 
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was sufficient for the time being, and we performed some optimization of the reaction 

conditions: formation of 57 was performed using sodium hydride, yielding the internal enol 

triflate in 78% yield (86% brsm). This material could be converted to the desired allenoate in 

73% yield by exposure to the second half of the aforementioned one-pot protocol. 

During the optimization, we learned that this reaction is highly temperature-sensitive. 

Quenching of the reaction from -78° directly into an ice-cold mixture of diethyl ether and 

saturated aqueous ammonium chloride provided the desired product, but allowing the 

mixture to warm to 0°C before quenching yielded a different, unidentified product – we 

suspected this may be the isomeric alkyne 58, but exposure of this unknown product to basic 

conditions did not form the allene as would be expected.
50

 

An alternative one-pot approach to accessing allene 38 was also explored, using an enol 

phosphonate intermediate in place of an enol triflate. This method is known for the 

formation of allenes from isolated ketones and also from 1,3-diketones, but not from β-

ketoesters.
71

 Initial attempts with these conditions (Figure 2.25) yielded similar, but slightly 

improved results to the Maity and Lepore method. Small amounts of the desired allenoate 

were formed, along with a similar amount of recovered starting material. The majority of 

material present appeared to be the intermediate enol phosphonate 59. We did not pursue this 

method further. 

 

 

Figure 2.25. Alternative one-pot method for allene synthesis via intermediate enol phosphonate 59. 
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2.5.4 Initial work with Gold 

The proposed gold cyclization, as described in section 1.2, was inspired by a publication 

from the Gouverneur group; as such, once we had precursor 38 in our possession, we 

attempted the exact conditions described in the aforementioned paper as a starting point in 

the investigation of the key step (Figure 2.26). To our dismay, these conditions yielded only 

degradation of the starting material and no product of any kind of was detectable. 

 

 

Figure 2.26. Failure of original Gouverneur conditions for the proposed gold cyclization cascade 

reaction. 

 

In an attempt to understand the cause of this degradation, we tried to break the cascade 

down into individual reactions and analyze each part. We understood that the proposed 

cascade would commence with a gold(I)-catalyzed cyclization of the allenoate to form a γ-

butenolide, as described in section 1.2.1. We performed two parallel attempts at this 

cyclization using AuCl and AuCl3, both of which are known catalysts for this reaction.
44,48

 

To our surprise, we isolated a mixture of products, both the desired butenolide 60 and the 

deprotected butenolide 61 (Figure 2.27). From this result, we hypothesized that the acetonide 

group was sensitive to the Lewis acidity of gold(I) and gold(III), and that the deprotected 

diol underwent further degradation in the presence of SelectFluor. 
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Figure 2.27. Au(I)/Au(III) catalyzed butenolide cyclization with unexpected deprotection of 

acetonide group. 

 

To test this hypothesis, we performed a series of stability tests as described in Table 3. 

Subjecting the allenoate 38 to PPh3AuNTf2 in the absence of SelectFluor
®

 yielded only the 

deprotected allenoate 62 (Figure 2.28): no traces of cyclized product were detected in the 
1
H 

NMR. This deprotected allenoate, when exposed to only SelectFluor, degraded rapidly, 

confirming our hypothesis. Interestingly, the protected allenoate was stable to SelectFluor in 

the absence of gold – no degradation was observed. Finally, we exposed the cyclized, 

protected butenolide to SelectFluor, where a slow degradation of the starting material was 

observed, suggesting that this intermediate is potentially unstable to the cyclization 

conditions as well.  

 

Figure 2.28. Deprotection of 38 to allenoate diol 62 upon exposure of 38 to the Gagosz catalyst in 

acetonitrile and water. 
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Entry Substrate Conditions* Result 

1 38 PPh3AuNTf2 Deprotection to 62 

2 38 SelectFluor No reaction 

3 62 SelectFluor Degradation 

4 60 SelectFluor Slow degradation 

Table 3. Stability study of allenoate 38 to gold(I) and Selectfluor. *All reactions were run in 

ACN/H2O (0.05M) at RT. 

 

 

2.6 Selection of a new protecting group 

After conducting stability studies of the acetonide protecting group, we concluded that 

this protecting group was insufficiently stable for the proposed gold-catalyzed cyclization 

cascade. As a result, we were forced to re-think our synthetic strategy. We proposed a 

number of alternative protecting groups for the 1,3-diol moiety (Figure 2.29): bis-benzyl 

ether 63, methylene acetal 64, bis-MOM ether 65, and bis-methyl ether 66. 

 

 

Figure 2.29. Proposed alternative protecting groups for the phenolic/benzylic diol system. 

 

Of these ideas, we decided that the bis-MOM ether protecting group 65 was likely to be the 

least stable due to the known deprotection methods - strong Brønsted acids
52

 - and as such, it 

was quickly rejected.  
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2.6.1 Bis-benzyl ether 

We attempted to synthesize the bis-benzyl derivative 63 first, as this protecting group is 

known to be stable to nearly all conditions save for hydrogenolysis, thus the group should be 

stable to our gold conditions.
52

 Unfortunately, our efforts towards this bis-benzylation 

yielded poor results, consisting of mixed mono-benzylated products – either the phenol or 

the benzylic alcohol were protected, but not both. This is likely due to the strong steric 

influence imposed by one benzyl group upon the unprotected hydroxyl moiety. 

 

2.6.2 Methylene acetal 

Both the methylene acetal and bis-methyl ether derivatives (64 and 66, respectively) are 

known to be very robust and, as such, are difficult to remove without using harsh reagents 

such as BBr3.
52

 The robustness of these groups was, at this point, highly attractive, as we 

desired a protective group that would remain intact when exposed to the Lewis acidic nature 

of cationic gold. The methylene acetal was investigated first. Consulting the literature, we 

first attempted to install this group using a modified set of acidic conditions, similar to those 

used to install the original acetonide group: excess dimethoxymethane in the presence of 

catalytic p-toluenesulfonic acid and lithium bromide.
72

 This reaction, unexpectedly, yielded 

the incorrect product 67, featuring a mono-methylation at the benzylic position (Figure 

2.30). We proposed that the dimethoxymethane used contained a large amount of methanol 

that reacted with a benzylic carbocation formed in situ to form the undesired product. 

 

 

Figure 2.30. Unexpected mono-methylation of diol 43 while attempting to form methylene acetal 67 

under acidic conditions. 
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After the failure of the acidic method, we turned to a base-induced, phase-transfer method 

using dibromomethane as the methylene source. The first protocol we investigated utilized a 

water/1,4-dioxane solvent mixture at high temperatures in the presence of excess sodium 

hydroxide and catalytic tetrabutylammonium iodide (Figure 2.31).
73

 This method was 

successful in producing the desired methylene acetal 64, albeit in low yields. We attempted 

to improve upon this result using a modified set of conditions – water and DCM at 50°C 

using CTAB as a phase-transfer catalyst,
74

 but we observed low conversion to product. 

Additionally, 64 proved difficult to purify on column chromatography.  

 

 

Figure 2.31. Successful installation of methylene acetal protecting group under basic phase-transfer 

conditions. 

 

2.6.3 Bis-methyl ether 

The low yield and complicated purification of 64 pushed us towards the bis-methyl ether 

protective group. We expected these groups to be much simpler to install, due to the vast 

literature precedence for methylations of alcohols at ambient temperatures. On our first 

attempt, we were successful in synthesizing bis-methyl ether 66 from a crude sample of diol 

43 under basic conditions (Figure 2.32). 

 

 

Figure 2.32. Base-mediated bis-methylation of diol 43 with iodomethane. 
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We quickly investigated the compatibility of telescoping this methylation with the initial 

two synthetic steps as per section 2.2. This methylation protocol proved viable and high 

yielding – we were able to access the methylated product 66 in 78% yield over the three 

steps, only requiring chromatographic purification of the final product.  

 

Figure 2.33. Telescoped multigram-scale three-step synthesis of bis-methyl ether 66. 

 

With hindsight from the failed acetonide protecting group, we decided to investigate the 

stability of the protecting group to gold(I) immediately. To our delight, when we exposed 66 

to the Gagosz catalyst in ACN and water (Figure 2.34), no reaction whatsoever was 

observed over several days, suggesting that the bis-methyl ether groups possessed good 

stability to gold(I) salts.  

 

Figure 2.34. Stability test of bis-methyl ether protecting group with the Gagosz gold catalyst. 

 

 

2.7 Cross Metathesis-Wittig-Hydroboration Route 

With a new, stable protecting group in our possession, we returned to the drawing board 

to seek a simple and reliable method to access the allenoate cyclization precursor. Drawing 

on the knowledge we gained from the global cross metathesis method, we elected to utilize a 

cross-metathesis again to establish the E-trisubstituted alkene. In this case, however, we 

elected to use methacrolein as the metathesis partner, due to its low cost, availability and 

functionality (Scheme 2.4).  From the α,β-unsaturated aldehyde 68 generated in this step, we 
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envisioned doing a methylene Wittig reaction to form the E-1,3-diene 69, which would 

afford the two-carbon linker group between the alkene and the β-ketoester functionality. 

From there, we proposed a selective hydroboration-oxidation protocol of the terminal alkene 

to access the homoallylic alcohol 70, at which point the primary hydroxyl group could be 

converted to a leaving group and subsequently displaced to form 72. 

 

Scheme 2.4. Cross-Metathesis-Wittig-Hydroboration route to access dimethylated β-ketoester 72. 

 

2.7.1 Cross-Metathesis with Methacrolein 

Olefin cross-metathesis of type I alkenes such as 66 with methacrolein is well-

documented in the metathesis literature.
64

  This transformation is known to proceed in good 

yields and with synthetically useful E/Z selectivity, typically favouring the E geometry in a 

9:1 ratio or greater.
64

 There are, however, some issues to consider for the scale-up of 

metathesis processes, chiefly among which is the high cost of the catalysts. As such, the 

main area of focus in the optimization of this cross-metathesis was in reducing the catalyst 
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loading while maximizing yield. Typical conditions for this transformation would involve 

refluxing a mixture of 66 for ca. 18-24 hours with excess methacrolein (≥9 equivalents) in 

the presence of 5 mol% Grubbs 2 in DCM. Our goal was to reduce the catalyst loading to 

below 1% and reduce the reaction time to minimize degradation of the aldehyde product. 

These two goals are typically opposing forces – reducing catalyst loading leads to increased 

reaction times – and to circumvent this problem we sought a method to accelerate the 

reaction. 

Bruce Lipshutz and his research group at the University of California Santa Barbara have 

recently developed some interesting methodology for improving the rates of olefin 

metathesis reactions. In 2011, they reported a method to accelerate the rates of CM processes 

with enones, acrylates, and acrylic acids by introducing copper(I) iodide as a co-catalyst and 

running the reactions in Et2O, an uncommon solvent for olefin metathesis reactions.
75

 This 

caught our attention and we investigated the applications of this protocol to our synthesis. 

On the first try, we achieved a reasonable 60% yield of 68 reproducing the Lipshutz 

conditions: 2 mol% Grubbs II, 3 mol% CuI, 0.1 M in Et2O at reflux for three hours. We 

noted that the conversion of this reaction was not absolute, but the unreacted 66 was easy to 

remove with chromatography. Optimization and scale-up of this reaction proceeded very 

well (Table 4). The reaction appeared to perform best on a 2 g scale (Entry 1), where it 

reached 73% yield. However, the yield did not decrease dramatically up to a 10 g scale, 

where we were still able to reliably run this process at 67% isolated yield using only 0.9 

mol% loading of Grubbs II.  

 

 

Figure 2.35. Optimization protocol for the cross-methathesis of 66 with methacrolein, catalyzed by 

the 2nd generation Grubbs catalyst. 
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Entry Scale 
/g 66 

Mol% 

G2/CuI 
Catalyst addition Total reaction 

time (h) 
% Yield* 

1 2.0 1.0/2.4 2 portions/1 h 2.5 73 

2 3.5 1.0/2.3 4 portions/2 h 2.5 66 

3 4.1 1.0/2.4 4 portions/2 h 2.5 61 

4 5.0 1.0/2.0 4 portions/1 h 2.5 69 

5 10.2 0.9/2.0 3 portions/2 h 4 67 

Table 4. Optimization and scale-up of cross-metathesis of 66 with methacrolein. *Isolated yields. All 

reactions proceeded with <100% conversion. Remaining 66 not recovered. 

During optimization of this reaction, we deduced that the benzylic ether moiety is able to 

coordinate to the ruthenium centre, forming 5-membered chelate 2.36-1 (Figure 2.36). We 

noticed, when running the reaction in degassed ether, the formation of a dark green colour in 

the reaction mixture. This colour was nearly identical to that of the 2
nd

 generation Hoveyda-

Grubbs catalyst 2.36-2, which features a 5-membered chelate as well. We did not attempt to 

isolate and characterize this species, but it is clear from a visual comparison of the proposed 

chelate 2.36-1 to the Hoveyda catalyst 2.36-2 that they share a great deal of structural 

characteristics. 

 

Figure 2.36. Proposed in situ-generated chelate 2.36-1 and 2nd generation Hoveyda-Grubbs catlalyst  

2.36-2. 

 

2.7.2 Wittig Olefination to access 1,3-diene 

The Wittig olefination reaction is one of the best-known and most widely used synthetic 

organic transformations. As a result, when we investigated the literature for precedence of 

performing a methylene Wittig olefination for this synthesis (Figure 2.37), we were 
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inundated with procedures.
76

 Many procedures utilized n-butylithium (n-BuLi) as a base at 

low temperatures to form the active phosphorus ylide reagent, and as such we began our 

investigation with this base (Table 5). Initial results were disappointing: the desired 1,3-

diene 69 was isolated in sub-40% yields. Switching to potassium tert-butoxide yielded 

similarly poor results. Finally, using KHMDS returned a good result. Using this base also 

allowed for an extremely operationally simple reaction: the base could be added as a solid to 

a slurry of aldehyde and MePPh3I at room temperature and, within 20 minutes, the product 

could be cleanly isolated in nearly quantitative yield. Moreover, these conditions proved 

highly robust and reproducible on multi-gram scale, varying only ±3% in yield. 

 

Entry Base (eq.) Temperature Isolated Yield 

1 n-BuLi*(1.05) 0°C 39.7% 

2 n-BuLi* (1.25) -10°C 37% 

3 KOtBu* (3.15) 0°C 24% 

4 KHMDS** (1.15) 25°C 93% 

Table 5. Optimization of Wittig olefination of 68 to produce 1,3-diene 69. *n-BuLi and KOtBu were 

added as solutions in hexanes and THF, respectively. **KHMDS was added as a solid. 

 

 

Figure 2.37. Optimized procedures for Wittig olefination of aldehyde 68 to access diene 69. 

 

2.7.3 Hydroboration-Oxidation of Diene 

Hydroboration and oxidation of an alkene is another ubiquitous reaction in synthetic 

organic chemistry. Our intended application, however, is substantially less common: the 

selective hydroboration of a 1,3-diene to access a homoallylic alcohol requires particular 

conditions to achieve the desired results (Figure 2.38). Literature precedence for this 

transformation does exist, however, describing success in similar hydroboration/oxidation 
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processes using 9-BBN
77

 or an in situ generated dicyclohexylborane (Cy2BH)
78

. We first 

attempted this transformation with a solution of commercially available 9-BBN - 0.5M in 

THF. The desired product was not identified in the crude reaction mixture. However, 

generating Cy2BH in situ followed by introducing the substrate 69 proved highly effective, 

cleanly producing the desired homoallylic alcohol 70 after oxidative workup in 98% yield. 

We noticed that while the oxidative workup of hydroboration reactions is usually performed 

at low temperatures, our process required heat to go to completion – reflux at 55-60°C for 

two hours. Like the two previous steps, this process was also highly scalable, maintaining 

this near-quantitative yield on multi-gram scale. 

 

Figure 2.38. Hydroboration-oxidation of 1,3-diene 69 with in situ generated dicyclohexylborane and 

oxidative workup to access homoallylic alcohol 70. 

 

2.7.4 Accessing Allene target 

With the alcohol 70 in our possession, accessing the allene target was only three synthetic 

steps away. The first two steps we directed towards accessing β-ketoester 72 via formation 

of a leaving group and displacement under basic conditions. We selected a methanesulfonate 

ester (mesylate) as the leaving group of choice: the formation of mesylates from primary 

alcohols is known to proceed in excellent yields and is often the leaving group of choice for 

alkylations of similar malonate substrates.
79

 Formation of the mesylate was straightforward: 

complete consumption of the alcohol was achieved using MsCl and TEA in DCM at 0°C. 

We did not isolate 71, but, following a brief aqueous workup, carried it on as crude material 

to the alkylation step (Figure 2.39). 
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Figure 2.39. Mesylation and alkylation synthetic process. Mesylate 71 was worked up by aqueous 

extraction and drying under vacuum. Sodium enolate 2.39-2 was prepared and used as a solution in 

THF. 

To perform the alkylation, we prepared a solution of the sodium enolate of t-butyl 

acetoacetate in THF, and then added the crude mesylate to this mixture. We also added a 

catalytic amount of potassium iodide to the reaction mixture before heating.
79

 This induces 

an in situ Finkelstein reaction, displacing the mesylate with an iodide, which in turn is 

displaced by the enolate nucleophile. Addition of such halide salts are reported to improve 

the yield of this type of alkylation with mesylate or tosylate leaving groups.
79

 Selective 

mono-alkylations of enolates are difficult reactions to optimize and often the crude reaction 

mixtures contain both mono- and di-substituted products. Any excess base in solution is able 

to re-form the enolate of a mono-substituted acetoacetate, enabling it to react with another 

equivalent of electrophile (Figure 2.40). As a result, many of these “malonate” or 
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“acetoacetate” type alkylations have low synthetic efficiency, often peaking at 50% yield. 

We were delighted, then, to isolate the desired product 72 in 42% yield on our first attempt. 

Further attempts demonstrated that this yield was reproducible on multi-gram scale, albeit 

with a slight reduction in yield. (38% yield over 2 steps) 72 also proved difficult to purify, as 

the chromatographic separation of this product from acetoacetate starting material 2.39-1 

was very small. This was partially rectified by distilling off most of the remaining 

acetoacetate at high temperature under vacuum (bp = 71-72°C at 11mm Hg), but multiple 

chromatographic separations were often required to isolate pure 72. 

 

Figure 2.40. Selectivity difficulties in "malonate-type" alkylation reactions of β-ketoesters. After an 

initial alkylation, reformation of a mono-substituted enolate can result in formation of dialkylated 

product, reducing synthetic efficiency. 

 

With experience of this difficult allene formation gained previously (Section 2.5.3), we 

approached the synthesis of this allene cautiously. Re-investigating the Maity and Lepore 

conditions,
50

 we were surprisingly able to access the desired allene in 53% yield on our first 

attempt. This yield was, however, difficult to reproduce, with future attempts and scale-up 

only reaching 40-45% yield. Often, some of the β-ketoester starting material could be 

recovered, increasing the effective reaction yield by 10-20%. This transformation has a 

significant flaw that we encountered in late spring and early summer 2012. The reaction is 

extremely moisture sensitive to such extent that an increase in atmospheric humidity within 

the laboratory had a highly detrimental effect on the result. Yields of this reaction 
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plummeted to 0-5%, combined with severe degradation of the starting material such that 

none could be recovered from the reaction mixture. However, during dry seasons this 

reaction was reproducible in the range of 40-45% yield on gram scale. 

 

 

Figure 2.41. Successful one-pot allene formation following the Maity and Lepore method. 

 

2.8 Investigations into the Oxidative Gold Cyclization 

With the new, stable protecting group in place, we returned to the Gouverneur gold 

cyclization conditions to attempt our cyclization reaction. We were dismayed to find that, 

upon exposure to the conditions as per Figure 2.42, the starting material degraded in a 

similar fashion as with the acetonide protecting group. This time, we knew that the 

protecting group was stable to the reaction conditions, so this result prompted us to 

scrutinize the proposed mechanism (Section 2.1.1, Figure 2.1) to identify potential causes of 

this failed reaction and, in turn, sites for further investigation. 

 

 

Figure 2.42. Failure of Gouverneur conditions to cyclize dimethyl-protected allenoate 73. 
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We identified three stages in the proposed key step where problems could arise (Scheme 

2.5). First, the lactonization of the allenoate starting material to access 74 is the first entry 

point for the catalytic cycle and is known to proceed at varying rates in different solvents, as 

well as with electron-rich and electron-poor Au(I) species. Investigation and optimization of 

both these parameters was required (Equation 1). Second, the Gouverneur mechanism 

describes the oxidation of the vinyl gold(I) species 75 occurring before protodeauration. This 

conflicts with the literature, where it has been documented that the protodeauration of Au(I) 

cyclizations of allenoates proceeds rapidly.
80

 To study vinyl gold species 75 and the 

oxidation process, we desired a method to synthesize 75 and exposed it to a variety of 

oxidants (Equation 2). Finally, once oxidation of the vinyl gold species occurred, we 

proposed either a coordination of the internal alkene to the gold, triggering a nucleophilic 

attack from the aromatic ring, or a direct attack of the alkene onto gold, forming a 

carbocation. We proposed studying a model substrate 76 to study and compare these two 

proposed mechanistic pathways (Equation 3). 

 

Scheme 2.5. Stages of proposed gold cyclization cascade to be investigated and optimized. (1): Gold-

catalyzed butenolide cyclization of 73 to access 74. (2): Isolation and oxidation of the vinyl gold 

species 75. (3): Synthesis and studies of model substrate 76.  
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2.8.1 Gold(I) Catalyzed Butenolide Cyclization 

For our study of the gold(I)-catalyzed lactonization process, we primarily wished to 

investigate the effect of varying the reaction solvent. Gouverneur and co-workers reported 

their gold cyclization reaction in acetonitrile and water – a solvent mixture in which 

SelectFluor is highly soluble. Typically, this type of cyclization is performed in 

dichloromethane, in which SelectFluor is insoluble. While studying solvent effects we also 

screened several different gold species to examine any electronic effects on this reaction. 

The results are summarized in Table 6. We found that this reaction proceeded remarkably 

well in the presence of ligandless gold(I) chloride and gold(III) chloride using DCM solvent. 

In fact, adding any ligand appeared to retard the reaction substantially, as treating 73 with 

the Gagosz catalyst in DCM (Entry 3) afforded the product in only 58% yield. Entry 4 is of 

particular interest: exposing 73 to the Gagosz catalyst in acetonitrile and water – the 

Gouverneur conditions minus any oxidant – yielded no reaction and complete recovery of 

the starting material. We also found that using a more activated catalyst such as 

JohnPhosAuSbF6 (Entry 5) or a highly electron poor phosphite catalyst (tBu2PhO)3AuNTf2 

(Entry 6) afforded, respectively, low yields or complete degradation of the starting material 

(Figure 2.43). 

 

Entry Gold species (mol%) Solvent % Yield 

1 AuCl (10) DCM 90
a 

2 AuCl3 (10) DCM 72
a 

3 PPh3AuNTf2 (10) DCM 58
b 

4 PPh3AuNTf2 (10) ACN/H2O 0 

5 JohnPhosAuSbF6 (5) DCM <30 

6 (tBu2PhO)3AuNTf2 (5) DCM -
c 

Table 6. Solvent and catalyst screening for gold-catalyzed butenolide formation from allenoate 73. 
a
NMR Yield, 

b
Isolated yield, 

c
Degradation of starting material observed. 
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Figure 2.43. Cationic gold(I) catalysts utilized during screening of conditions for butenolide 

construction. 

 

The data described in Table 6, particularly entry 4, cast doubt on the validity of the 

mechanism proposed by the Gouverneur group. If the gold(I) species catalyzes the 

butenolide formation and is oxidized afterwards to gold(III), the cyclization must be 

sufficiently rapid as to outcompete premature gold oxidation by SelectFluor. We have 

demonstrated that this cyclization is extremely slow in the solvent system required. 

Interestingly, the Gouverneur group observed a similar result: in the supporting information 

for their 2010 publication, they note that the butenolide cyclization catalyzed by 

PPh3AuNTf2 in ACN/H2O is extremely slow, affording only 46% of the desired product 

after six days at room temperature, compared to 91% achieved over 16 hours if the reaction 

was run in DCM.
48

 The exact nature of this mechanism is questionable, as both gold(I) and 

gold(III) species could be involved in this first stage of the cyclization.  

 

 

2.8.2 Isolation of the Vinyl Gold Intermediate and Oxidant 

Screening 

While the mechanism for butenolide construction is somewhat ambiguous in terms of 

which oxidation state is catalyzing the reaction, there is little doubt that the proposed cascade 

process to form the tetracycle requires the formation of a gold(III) species. We set out to 

synthesize and isolate the vinyl gold species 75 in order to study the gold(I-III) oxidation 

process. 
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Isolation of the Vinyl Gold Complex 

 

Typical procedures for the synthesis of stable vinyl gold complexes of the type required 

involve exposing the allenoate precursors to a stoichiometric amount of a ligand-bound 

gold(I) species under anhydrous conditions.
81

 These conditions are designed to minimize or 

eliminate the presence of water – the chief agent responsible for protodeauration – leading to 

the butenolide product 74 (Scheme 2.6). Our initial efforts towards the vinyl gold species 

were disappointing (Table 7, Entries 1-3): submitting allenoate 73 to known conditions 

resulted in a mixture of products containing predominately the protodeaurated product.  

 

Scheme 2.6. Possible products of attempted vinyl gold synthesis: desired organogold product 75 and 

protodeaurated species 74. 

 

Upon further investigation of the literature, we discovered that the isolation of a vinyl 

gold-butenolide species accessed from a terminal allene (i.e. featuring a CH2 group at the 3-

position adjacent to the carbon bearing the gold) had never been reported. We suspected that 

this lack of any steric presence at this position increased the rate of protodeauration of the in 

situ generated vinyl gold complex, making it more difficult to isolate. The presence of a tert-

butyl ester in 73 also presented some difficulties. The Hammond group at the University of 

Louisville, Kentucky reported that these types of allenoates tended to afford lower yields of 

vinyl gold product than ethyl or benzyl analogues.
82

 Considering the character of the tert-

butyl group, this result is not surprising. Upon lactonization, the tert-butyl group will rapidly 

dissociate from the parent molecule as a tert-butyl cation, which is able to lose a proton to 

form isobutylene. This proton is able to induce protodeauration, causing erosion of the yield 

of the desired vinyl gold species. We were thrilled, then, to find that introducing an excess of 

a hindered pyridine base as an acid scavenger afforded clean 75 in 52% yield with no trace 
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of the protodeaurated compound.
83

 Further optimization of these conditions allowed us to 

increase the isolated yield to 77.3% simply by extending the reaction time (Figure 2.44, 

Table 7 Entries 4-6). Chromatography of the product was very simple and we isolated pure 

75 as a white semi-crystalline solid. We made numerous attempts to obtain a fully crystalline 

form of 75 in order to record an X-ray crystal structure, but were unsuccessful. Nevertheless, 

we are happy to report the first successful synthesis of a room-temperature stable γ-

butenolide-organogold product from a terminal allenoate precursor. 

 

 

Figure 2.44. Optimized conditions for synthesis and isolation of vinyl gold complex 75 using 2,6-di-

tert-butyl-4-methylpyridine as an acid scavenger. 

 

Entry Gold(I) 

Species 

Additive Reaction 

Time 

Major 

Product 

Isolated 

Yield # 

1 PPh3AuOTf* - 5 mins 74 - 

2 PPh3AuNTf2 - 5 mins 74 - 

3 JohnPhosAuSbF6 - 60 mins 74 - 

4 PPh3AuOTf* Py 5 mins 75 52 

5 PPh3AuNTf2 Py 5 mins 75 52 

6 PPh3AuNTf2 Py 105 mins 75 77 

Table 7. Optimization of the synthesis and isolation of vinyl gold species 75. Py = 2,6-di-t-butyl-4-

methylpyridine. *Generated in situ from PPh3AuCl and AgOTf. 

 

Oxidation Study 

 

Once we had established a reproducible process for accessing 75, we began our 

investigation of the gold(I-III) oxidation process. The oxidants we selected to screen were 
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also studied in the Gouverneur paper,
48

 so we were able to directly compare any results we 

obtained. We also investigated other solvents or solvent mixtures such as DCM and 

THF/water. We employed the addition of sodium carbonate (Na2CO3) as an additive to 

reactions using SelectFluor to sequester any HF potentially released during the reaction.
84

 

Finally, we attempted to employ an anionic phase transfer reagent to help solubilize 

SelectFluor in DCM.
85

 The results are summarized in Table 8. 

 

Entry Oxidant
a 

Solvent Additive Temperature Results 

1 PhI(OAc)2 DCM - RT SM + Dimer 2.45-1 

2  ACN/H2O - RT 2.45-1 

3 tBuOOH DCM - RT NR 

4 Ph2SO DCM - RT NR 

5  ACN/H2O - RT NR 

6 NFSI
b 

DCM - RT NR 

7  ACN/H2O - RT Degradation 

8 Oxone ACN/H2O - RT Degradation 

9 SelectFluor ACN/H2O - RT Degradation 

10  ACN/H2O Na2CO3 RT Degradation 

11  THF/H2O - RT Slow degradation 

12  THF/H2O Na2CO3 RT to 40°C NR 

13  THF/H2O Na2CO3 60°C Slow degradation 

14  DCM KBARF
c 

RT Degradation 

Table 8. Oxidant screening for gold(I-III) oxidation of vinyl gold species 75. 
a
2-3 equivalents of 

each oxidant used respective to vinyl gold. 
b
NFSI = N-fluorobenzenesulfonamide. 

c
KBARF = 

Potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. 

 

Figure 2.45. Dimeric butenolide 2.45-1 resulting from treatment of 75 with PhI(OAc)2. 
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From the oxidation data collected, one important datum stood out: we did not observe any 

protodeauration occurring in any of the trials. This was quite unexpected, as we anticipated 

observing some traces of butenolide 74 in the crude NMR of some trials. The remainder of 

the data unfortunately provided little insight into the mechanism of this reaction. Using a 

hypervalent iodine species resulted in dimerization of the butenolides, a result also observed 

by Gouverneur.  No reaction was observed using diphenyl sulfoxide (Ph2SO) or NFSI, 

which also agrees with the results from Gouverneur. Using SelectFluor alone, again only 

degradation of the starting material was observed, regardless of solvent choice. However, the 

rate of degradation was retarded using a THF/water solvent system. The addition of sodium 

carbonate had no effect on the reaction in acetonitrile, but in THF, we observed complete 

suppression of the degradation: only starting material was recovered after stirring at room 

temperature for 16 hours. Heating the reaction mixture to 60°C did induce degradation, but 

the mixture was stable to 40°C. We were able to reproduce this suppression of degradation 

when the allenoate starting material was subjected to gold(I) and SelectFluor in THF and 

Na2CO3 (Figure 2.46). The origin of this stability afforded by adding Na2CO3 is unclear. 

 

 

Figure 2.46. Suppression of degradation by Na2CO3 upon exposure of allenoate 73 to Gagosz 

catalyst and SelectFluor in THF/water solvent system. 

 

Conclusions of Oxidation Study 

 

The results of the oxidant screening were disappointing. No meaningful data were 

collected to begin drawing conclusions on the mechanism of this reaction, nor were any of 

the degradation products successfully identified to elucidate any possible side reactions. 

However, some inferences can be made regarding the chemistry at work here: Exposure of 
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the vinyl gold species to oxidants such as SelectFluor and PhI(OAc)2 causes further 

reactivity, which suggests that the gold(I) is, in fact, being oxidized to gold(III) by these 

reagents. As a result, we concluded that the most likely downfall of the proposed cyclization 

cascade is in the cascade itself. Earlier, we proposed two potential mechanisms for this 

cascade process to form the tetracycle (Figure 2.1), one via activation of the alkene by 

coordination to gold and the other via direct nucleophilic attack onto the organogold(III) 

species. We concluded that the key to understanding this reaction must lie in this final 

aspect. 

 

2.8.3 Model Substrate Studies 

To study the final stage of the proposed cyclization mechanism, we elected to synthesize 

a model substrate lacking the aromatic moiety. This would potentially allow us to 

differentiate between our two proposed mechanisms and help understand why we had been 

unable to isolate any products – desired or otherwise – from our previous attempts. 

 

Figure 2.47. Model substrate for studying the oxidative gold cyclization reaction and the potential 

for alkene coordination or nucleophilic attack. 

 

Fortunately, the synthesis of this allenoate 76 was trivial, as the β-ketoester precursor 56 

had been previously synthesized in large quantities for use in the global cross metathesis 

method (Section 2.5.1). Allene formation was conducted as before and we isolated 76 in 

39% yield (Scheme 2.7). If our proposed cyclization cascade was, in fact, viable, we 

anticipated that we should be able to isolate some product from exposing this model 

substrate to the Gouverneur conditions. We performed this experiment and, after normal 

workup, we examined the crude 
1
H NMR and observed no discernible products whatsoever. 

From this result, we were forced to accept the disappointing conclusion that our proposed 
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oxidative gold(I-III) catalyzed cascade cyclization reaction was, to the best of our 

knowledge, not possible. 

 

 

Scheme 2.7. Synthesis of model substrate for gold cyclization (76) via β-ketoester 56 and attempted 

gold-catalyzed oxidative cyclization under the Gouverneur conditions. 

 

 

2.9 Unexpected Radical Cyclization 

After disappointing results from the proposed oxidative gold cyclization method, we 

began to consider alternative methods of forming the tetracyclic core of triptolide. Since we 

still possessed a reasonable supply of the vinyl gold species 75, we decided to investigate the 

possibility of performing a radical cyclization to form the tetracyclic core. We envisioned 

transforming the vinyl gold species into a halogen, which would be an appropriate functional 

group handle for generation of a vinyl radical which, in theory, could be used to form the 

desired tetracycle 79 (Scheme 2.8). This transformation has been reported previously in 

modest yield using elemental iodine.
82

 We wanted to avoid any potential side reactions with 

the internal alkene, so we initially investigated using N-iodosuccinimide as the electrophile. 

We were able to achieve this transformation in excellent yield using one equivalent of NIS in 

acetone (Figure 2.48). Unknown to us at the time, these reaction conditions had never been 

reported for the synthesis of vinyl halides from vinyl gold species. We then began to 

investigate potential conditions for carrying out this proposed radical redox cyclization 

cascade. 
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Figure 2.48. Transformation of vinyl gold complex 75 to iodobutenolide 77 using NIS. 

 

 

Scheme 2.8. Proposed radical cyclization cascade triggered by vinyl radical formation from a 

halobutenolide precursor 77 or 78. 

 

Radical cyclizations with alkenes are ubiquitous synthetic organic transformations,
86

 and 

a number of methods exist for generation of such radicals from vinyl halides. A popular, 

classical method involves the use of an organotin species such as tributyltin hydride and an 

initiator such as azobisbutyronitrile (AIBN)
87

. This method, however, suffers from the 
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generation of a stoichiometric amount of toxic tin waste and is rapidly losing favour in the 

synthetic organic chemistry community. Samarium(II) iodide is also commonly applied to 

generate these types of radicals, but is expensive and often required in superstoichiometric 

amounts, thus it suffers from poor atom economy and similar generation of metal waste.
88

 A 

new and promising field in radical chemistry is the generation of radicals through the use of 

photoredox catalysts, which generate radicals in the presence of light and, typically, an 

amine base. Two prime examples of such catalysts are tris(bipyridine)-ruthenium(II)chloride 

(Ru-bipy) and fac-tris[2-phenylpyridinato-C,N]iridium(III) (Ir-ppy) (Figure 2.49). These 

photoredox catalysts have demonstrated great potential for catalyzing a vast scope of organic 

transformation, including halide reductions,
89

 cycloadditions,
90

 intermolecular cross-

coupling reactions,
91

 functional group interconversions
92

 and intramolecular radical 

cyclizations.
93

 An example of a catalytic cycle and mechanism for a photoredox radical 

cyclization is shown in Figure 2.50. These photosensitive metal complexes have 

demonstrated remarkable efficacy in catalyzing radical reactions under mild conditions and 

with high yield and selectivity. The current mindset of designing “green” chemistry 

processes has also cast a positive light on this family of reactions.
94

 

 

 

Figure 2.49. Tris(bipyridine)ruthenium(II)chloride (Ru-bipy) and fac-tris[2-phenylpyridinato-C-

N]iridium(III) (Ir-ppy) photoredox catalysts. 
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Figure 2.50. Representative catalytic cycle of a photoredox radical cyclization of an indole. [O] 

represents a one-electron oxidation process.
94

 Ru(bpy)3 = tris(bipyridine)Ruthenium(II)  

 

2.9.1 Proposed Photochemical Cyclization 

The timing of this investigation proved extremely convenient, as our postdoctoral fellow 

at the time, Dr. Guillaume Révol, along with Terry McCallum, an undergraduate summer 

student, had recently undertaken a new project studying light-promoted radical cyclization 

and coupling reactions with a novel gold-centered photoredox catalyst.
95

 Their work had 

demonstrated some positive initial results, so we decided to try out their conditions with 

iodobutenolide 77. Experiments thus far
96

 had demonstrated that the catalyst is activated by 

ultraviolet light, and preliminary trials had performed best when exposed to direct sunlight 

using degassed acetonitrile as the reaction solvent and DIPEA as the base (Figure 2.51). We 

elected to try this method, hopeful that we could still accomplish this formal synthesis using 

a gold-catalyzed cyclization cascade. The reaction was performed in a sealed Pyrex tube as 

per Figure 2.52. Prior to light exposure, the reaction mixture was clear and colourless, but 

quickly turned yellow once exposed to sunlight. 



81 

 

 

 

 

Figure 2.51. Proposed photoredox cyclization from iodobutenolide 77 to proposed tetracycle 79 

using a gold species [Au] upon exposure to UV light. 

 

 

Figure 2.52. Setup of photochemical cyclization reaction. The left image is immediately after initial 

exposure to sunlight. The right image is after 2.5 hours of exposure to sunlight. 

Workup of this reaction was simple; concentration of the reaction mixture and dilution 

with diethyl ether precipitated out any catalyst, which could be removed – and theoretically 

recovered – by filtration. To our surprise, the crude NMR of the reaction mixture appeared 

relatively clean and exhibited only two aromatic C-H signals. We anticipated this resonance 

pattern for a successful cyclization (Figure 2.53), as the diol relative 12 is known
27

 and 

features two aromatic protons, resonating at 6.85 ppm and 7.14 ppm.  

 

 

Figure 2.53. Aromatic 
1
H NMR signals of proposed tetracycle 79 and known tetracyclic diol 12. 
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In addition, the crude reaction mixture appeared to contain two diastereomers, which we 

also expected in the desired product, as we had not specifically defined the configuration at 

the benzylic position. The majority of the 
1
H NMR spectrum was difficult to process and has 

not yet been fully deduced. We were, however, able to extract some evidence from the 

spectra that support our proposed product: diol 12 features a characteristic splitting pattern 

for the proton HX (2.78 ppm) indicated in Figure 2.55. We observed a similar splitting 

pattern in our NMR spectra, where a proton resonating at 2.8 ppm splits into a doublet with a 

J value of 13.2 Hz. The protons on the adjacent carbon sit at approximately 90° and 180° 

dihedral angle to HX which, according to the Karplus equation (Figure 2.54), causes the 

observed 13 Hz splitting of the proton at 180° dihedral angle, residing in a pseudo 1,2-

diaxial relationship. The proton at 90° dihedral angle does not split with HX according to this 

equation. HRMS analysis of the product after chromatography – a white, waxy solid – 

clearly demonstrated the molecular ion of the desired product, which provides good evidence 

of a successful radical cyclization. More spectral data is required to confirm the correct 

structure, which is ongoing in the Barriault group. 

 

��∅� = � cos
 ∅ + �cos
∅ + 
 

Figure 2.54. Karplus Equation for estimation of 
3
JH-H coupling constants in NMR spectrometry, 

where ∅ is the dihedral angle between the two atoms in question; A, B and C are empirically defined 

parameters depending on the atoms in question 

 

 

Figure 2.55. 1,2-diaxial coupling between HX and Hax in our proposed tetracycle and known 

structural relative. 
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2.9.2 Possible Mechanisms 

This mechanism of this photoredox cyclization is simple to elucidate, as the mechanisms 

of similar photredox catalysts like Ru-bipy and Ir-ppy have been studied in detail.
89-94

 The 

metal catalyst – in an excited state after absorbing a photon of light – donates an electron 

into the carbon-halogen bond, forming a vinyl radical and oxidizing the catalyst. The catalyst 

is regenerated via reduction mediated by the amine base. Once formed, the vinyl radical 

reacts in an intramolecular cyclization with the internal alkene as per Scheme 2.8, generating 

a tertiary radical via a 6-endo-trig process. A 5-exo-trig pathway is inherently possible as 

well (Figure 2.56). In many cases of gold catalysis, this route occurs preferentially over the 

6-endo due to enhanced kinetics of the 5-exo reaction.
86

 We believe that, for this cyclization, 

the 6-endo route dominates due to the possible chair-like transition state which is available 

exclusively through this pathway. A number of radical-mediated cascade cyclizations have 

been reported
97

 with exclusive 6-endo selectivity, citing this transition state as the key factor 

in this high selectivity, including the Yang synthesis
27

 of triptolide. We therefore conclude 

that this cyclization cascade is, in all likelihood, highly selective for the 6-endo pathway. At 

this time, however, we cannot unequivocally confirm the absence of the 5-exo pathway as 

we have not yet fully characterized the isolated product. 

 

Figure 2.56. Potential 5-exo- and 6-endo-trig cyclization pathways for the vinyl radical 2.55-1, 

giving rise to radical intermediates 2.55-2 and 2.55-3. 

 

After this first cyclization, two potential mechanistic pathways are possible to form the 

final ring. A continuation of the radical mechanism is one possibility, where an analogous 

cyclization occurs with the aromatic ring – again in a 6-endo fashion – producing the desired 

tetracycle after rearomatization. A more likely mechanism, however, is that the tertiary alkyl 

radical is quenched by a 1-electron oxidation, forming a tertiary carbocation. This cation is a 
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prime electrophile for a Friedel-Crafts-type arylation, again forming the desired tetracycle. 

This mechanism is documented for other photoredox catalysts, due to the redox potential of 

the photocatalyst.
93

 Fortunately, both mechanisms yield the same final product, so 

differentiating between them is unnecessary. If a carbocation does form, however, we 

propose that it must be extremely short-lived, as we did not observe any formation of 

product 80, which would result from trapping of the cation by a molecule of acetonitrile 

which, as the solvent, is present in large excess in the reaction mixture (Figure 2.57). This 

process is known as the Ritter reaction.
59

 Since the radical cyclization was not performed 

under strict anhydrous conditions, water was likely present in the reaction mixture – a 

requirement for the Ritter reaction. 

 

 

Figure 2.57. Intermolecular carbocation trapping by acetonitrile and water to form amide 80 via the 

Ritter reaction. 

 

2.9.3 Control Studies: Current and Future Work 

In order to establish the efficacy of our bimetallic gold catalyst in this cyclization 

cascade, we have designed a series of experiments that must be performed in the future. 

Alkyl, alkenyl, alkynyl, and aryl iodides are generally known to be light sensitive, and the 

direct photolysis of vinyl iodides with UV light to form vinyl radicals has been reported on a 

number of occasions.
98

 As such, a control study must be performed using a catalyst-free 

sample as a baseline to ascertain the rate enhancement – if any – of our catalyst.  

In addition, the effect of different halogen precursors must be studied. We were able to 

perform the cyclization on the vinyl bromide 78, which was accessed from vinyl gold 

species 75 using N-bromosuccinimide in acetone in an analogous procedure to the formation 

of 77. The yield of 78 was lower than that of the vinyl iodide and some protodeauration was 
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observed. This was primarily due to the quality of the NBS – it was not recrystallized prior 

to use, and likely contained some residual HBr. 

 

 

Figure 2.58. Synthesis of bromobutenolide 78 from vinyl gold species 75 using NBS. 

Interestingly, after exposing 78 to the radical cyclization conditions alongside the iodide, 

we found that 78 afforded a smoother reaction in equal time: both the TLC and 
1
H NMR of 

the crude reaction mixture appeared cleaner. This suggests that iodobutenolide 77 suffers 

from some degradation in the presence of UV light. Vinyl bromides are known to have 

higher stability to light, and this promising result offers support that our catalyst does afford 

a significant rate enhancement over baseline degradation. It is not a complete control study, 

however. To study the activity of the catalyst further, we wish to synthesize the 

chlorobutenolide 81 as well. Currently, the bromobutenolide 78 should work as a suitable 

and stable model for further study. 

 

Figure 2.59. Proposed synthesis of chlorobutenolide 81 for further study of catalyst activity. 

The number of photoredox catalysts in the literature today presents a particular challenge 

for our new catalyst: how does its reactivity compare to the well-established ruthenium and 

iridium catalysts? We plan to study this by running parallel trials, exposing 78 to Ru-bipy 

and Ir-ppy photoredox conditions in addition to our gold catalyst and directly compare the 

results of each trial. 



86 

 

 

 

 

Current/Future Substrate Catalyst Result 

Current 77 [Au] Cyclization, some degradation 

Current 78 [Au] Clean cyclization 

Future 77 None Pending 

Future 81 [Au] Pending 

Future 78 Ru-bipy Pending 

Future 78 Ir-ppy* Pending 

Future 78 Other photocatalysts Pending 

Table 9. Summary of current and future work to study the photoredox radical cyclization and study 

the reactivity of [Au] compared to other photoredox catalysts.*Other Ir-centered photocatalysts have 

been reported. These will be investigated in due course. 

 

2.10 Synthetic Route Revisions 

While we believe we have found strong evidence for the successful synthesis of the 

tetracyclic core of triptolide, the current synthetic method suffers in a number of key aspects. 

The formation of the halobutenolide substrate for the radical cyclization currently requires a 

stoichiometric amount of gold, as we access the vinyl gold complex 75 as an intermediate. 

This is expensive and highly impractical, so we sought a way to circumvent this problem. 

Also, the current route is linear and features two late-stage low-yielding steps – the β-

ketoester alkylation and allene formation. Finding alternative methods for one or both of 

these steps would be highly advantageous to improve the elegance and overall yield of the 

synthesis. 

 

2.10.1 Direct Synthesis of halobutenolide 

The direct formation of halobutenolides from 2,3-allenoates or allenoic acids has been 

previously reported via a number of protocols. The first method we attempted for this 

transformation is direct exposure of allenoates 73 and 76 to a stoichiometric amount of 

halogen source such as Br2, I2, NBS or NIS (Figure 2.60). Literature precedent for this 
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transformation exists on substrates without other competing nucleophiles, such as alkenes. 

Unfortunately, our substrate does contain an alkene, which posed a potential cross-reactivity 

problem. Our suspicions were confirmed, as exposing substrates 73 or 76 to I2, NBS or NIS 

in a variety of solvents produced a number of products, none of which were the desired 

halobutenolides (Table 10). We propose that the allene is too electron poor to act as the 

primary coordination site for the halogen, and as such the richer alkene reacts preferentially 

over the allene. We did not observe this cross-reactivity with the vinyl gold species 75 due to 

the nucleophilic carbanion character of the carbon bearing the gold. 
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Figure 2.60. Attempts to access halobutenolides from allenoates 73 and 76 using electrophilic halide 

sources "X". 

 

Entry Substrate X Solvent 

1 73 I2 ACN 

2   DCM 

3 76 NBS H2O 

4   ACN 

5  I2 ACN/H2O 

6  NIS Acetone 

7   ACN 

Table 10. Failed attempts at halobutenolide formation using electrophlic halogenation and 

lactonization in the absence of gold. 

 

We also investigated the gold-catalyzed cyclization of allenoates, introducing an 

electrophilic halogen source as well to trap the in situ formed vinyl gold species, forming the 

desired halobutenolide and regenerating the gold catalyst. We envisioned performing the 

reaction under identical conditions to those used for the isolation of the vinyl gold species, 
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but using a catalytic amount of gold and a source of electrophilic iodine (Figure 2.61). These 

attempts were unsuccessful, so we tested a more active biarylphosphine catalyst, 

JohnPhosAuSbF6 and also attempted this cyclization with the bimetallic gold catalyst used in 

the photoredox cyclization. These attempts were entirely unsuccessful; no trace of product 

was detected in any of the trials outlined in Table 11. We propose that catalyst turnover was 

hindering reaction progress, as counterion exchange with halide could occur in solution; 

halogen counterions are known to depress the reaction rates of cationic gold species in 

comparison to non-coordinating anions.
99
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Figure 2.61. Attempts to access halobutenolides using a catalytic amount of gold and NIS to trap the 

vinyl gold species via iododauration. 

 

Entry R Au Additive Solvent 

1 Ar PPh3AuNTf2 - DCM 

2  JohnPhosAuSbF6 Py DCM 

3   Py Acetone 

4 H PPh3AuNTf2 Py DCM 

5  [(dppm)AuCl]2 - Acetone 

6   - CH3CN 

Table 11. Failed attempts at a gold-catalyzed cyclization, trapping in situ-formed vinyl gold species 

with N-iodosuccinimide to access iodobutenolide 

 

The final method we pursued in our search for a more efficient butenolide synthesis was 

utilizing copper(II) halides to mediate the allenoate cyclization. A clean and high-yielding 

synthesis of bromo- and chlorobutenolides from 2,3-allenoic acids and allenoates has been 

previously reported by Ma and Wu using a stoichiometric amount of CuBr2 and CuCl2 under 

aqueous conditions.
100

 We attempted the synthesis of both halobutenolides using a model 
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substrate (Figure 2.62, Table 12) but to no avail: no trace of the desired product was detected 

in the reaction mixture by 1H NMR.  

 

 

Figure 2.62. Attempts to access halobutenolides using copper(II) halides to induce lactonization. 

 

Entry Cu(II) source Result 

1 CuBr2 Degradation 

2 CuCl2•H2O Degradation 

Table 12. Failed attempts at conducting copper(II)halide-mediated synthesis of bromo- and 

chlorobutenolides from model substrate 76. Reactions were performed at 80-85°C in sealed vials. 

 

2.10.2 Redesigning the Synthesis 

After the failure of all our attempts to circumvent the isolation of the vinyl gold 

intermediate, we were forced to conclude that the current synthetic route did not allow us to 

avoid this particular step. We then turned our attention to designing a new synthetic route to 

bypass the allene entirely or, failing that, access the allene in fewer synthetic steps, 

bypassing the current low-yielding steps. 

Tetronic Acid coupling 

 

The first revised route we investigated involved bypassing the allenoate species entirely, 

accessing a 3-substituted tetronic acid derivative instead. We envisioned accessing these 

tetronic acid derivates via an ester coupling reaction of a homoallylic carboxylate 82, 

followed by an in situ Fries-type rearrangement and subsequent reduction with sodium 

cyanoborohydride (NaCNBH3), as reported by the Baati group in 2011.
101

 The 4-hydroxyl 

group could then be transformed into a triflate
101

 or halogen
102

 - suitable substrates for 

photoredox cyclization – following known procedures (Scheme 2.9). 
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Scheme 2.9. Proposed tetronic acid coupling, reduction and halide formation from carboxylate 

starting material 82. 

The literature precedent for this synthetic route was extremely promising, as the Baati 

group had performed the coupling/rearrangement reaction on a β−γ-unsaturated carboxylate, 

a similar substrate to ours in terms of sensitivity to isomerization (Figure 2.63).
101

 This was 

encouraging for us, as we feared that the basic conditions required for the ester coupling 

reaction would cause alkene isomerization to the α,β-unsaturated species. Baati and co-

workers did not report the mechanism of the reduction process, but it is simple to deduce 

(Figure 2.64): The ketotetronic acid 2.63-1, formed after the Fries rearrangement, is reduced 

to alcohol 2.63-2 by NaCNBH3. The acidic conditions cause protonation of this alcohol, 

generating a reasonable leaving group, which is expelled to form an unsaturated ketoester. 

This species is an excellent Michael acceptor, and is readily reduced by NaCNBH3 via a 1,4-

hydride addition to form the desired product.  

 

 

Figure 2.63. Literature precedent for coupling of a β−γ-unsaturated carboxylate to tetronic acid via a 

two-step coupling/Fries rearrangement and reduction protocol. 
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Figure 2.64. Proposed mechanism of reduction of ketotetronic acid 2.63-1 by two equivalents of 

NaCNBH3 in acidic conditions 

We successfully synthesized the substrate for this coupling reaction via oxidation of 

homoallylic alcohol 70 (Figure 2.65). We initially attempted the oxidation following an 

unusual protocol designed for substrates sensitive to isomerization, utilizing a catalytic 

amount of sodium dichromate and nitric acid and stoichiometric periodate.
103

 This protocol 

yielded the desired product in 31% yield. A slightly higher yield of 43% was obtained using 

the Jones reagent, and with substrate in hand we pushed forward to attempt the coupling 

reaction. Unfortunately, NMR analysis of the crude reaction mixture did not suggest a 

successful reaction. Upon further analysis, we concluded that the predominant component in 

the reaction mixture was the conjugated isomer of the starting material (Figure 2.66). This 
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was extremely disappointing for us, as the literature suggested that this procedure was 

tolerant to homoallylic carboxylate substrates. 

 

Figure 2.65. Oxidation procedures performed on homoallylic alcohol to access carboxylate 82. 

 

 

Figure 2.66. Undesired formation of conjugated isomer of starting carboxylate during attempted 

tetronic acid coupling. 

 

Exploiting the Potential of the Hydroboration 

 

After the failure of the tetronic acid coupling, we elected to seek a shorter method of 

accessing the allenoate 73. We considered the current synthetic route – particularly the diene 

hydroboration – and we considered methods of exploiting the inherent reactivity of the in 

situ generated alkylborane. The current route generates a reactive carbon-boron bond that is 

wasted in the oxidative workup and must be re-activated by formation of a leaving group. 

We envisioned utilizing the reactive borane character to perform further chemistry without 

quenching the borane. We investigated two borane coupling reactions: a B-alkyl Suzuki 

reaction and an uncommon borane-alkyne coupling process. 

One of the most widely used transformations involving carbon-boron bonds in modern 

synthetic organic chemistry is the Suzuki-Miyaura coupling reaction. This palladium-

catalyzed reaction is most commonly used with alkyl, alkenyl or aryl boronic acids and 
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esters, but is also reported with alkyl boranes, where it gained the name of B-alkyl Suzuki-

Miyaura reaction. This transformation was first reported in 1989 by Suzuki and Miyaura, 

who reported this reaction as an efficient method of performing selective sp
3
-sp

2
 couplings 

under mild conditions, in good yields and with high selectivity.
104

 Alkylboranes, they 

reported, are sensitive to β-hydride elimination, but this proclivity could be tamed with the 

use of a palladium precatalyst such as [1,1-bis(diphenylphosphino)ferrocene]- 

dichloropalladium(II) [PdCl2(dppf)]. They also studied the effect of various hydroboration 

reagents, concluding that alkyl-9-BBN and alkyldicyclohexylboranes gave similarly good 

yields of coupled products. Suzuki and Miyaura concluded that the rate of transmetallation 

of primary alkyl groups is substantially faster than that of secondary alkyl groups, such that 

they did not observe any coupling of secondary alkyl boranes. The reaction proved highly 

robust in the presence of various bases, solvents, coupling partners and temperatures. Since 

its discovery, the B-alkyl Suzuki reaction has been utilized in numerous total syntheses; 

these applications are summarized in a 2001 review by Danishefsky.
105

 We envisioned 

utilizing this coupling reaction with the in situ-generated alkylborane 86 and bromoallenoate 

87 - synthesized according to literature procedures
106

 – to access ethyl allenoate 88 as per 

Scheme 2.10. 

 

 

Scheme 2.10. Proposed B-alkyl Suzuki coupling between alkylborane 86 and bromoallenoate 87. 

 

Following the literature precedent, we opted to avoid the use of strong bases such as 

sodium hydroxide due to the potential for ester saponification. We also selected PdCl2(dppf) 

as the catalyst of choice and a THF/DMF/water solvent system, as the use of these 

components have been reported extensively in the literature.
105

 We performed numerous 

attempts at this coupling reaction, primarily screening base, temperature, additives and 
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degassing of the reaction mixture (Table 13). Consulting the literature, we found only one 

report of a Suzuki coupling to a haloallenoate, where the authors reported that the use of 

silver oxide as the base was beneficial to the coupling reaction.
107

 Unfortunately, we were 

not able to detect the product in any of the trials.  

 

Entry Pd source Base Additive Temperature 

1 PdCl2(dppf) K2CO3 - RT 

2* PdCl2(dppf) K2CO3 - 50°C 

3* PdCl2(dppf) K2CO3 AsPh3 RT 

4* PdCl2(dppf) Ag2O AsPh3 RT 

5* PdCl2(dppf) Cs2CO3 AsPh3 50°C 

6 PdCl2(dppf) K3PO4 - RT 

7 PdCl2(PPh3)2 K3PO4 - RT 

Table 13. Conditions attempted for the B-alkyl Suzuki-Miyaura coupling of alkylborane 86 and 

bromoallenoate 87. *Reaction solutions were degassed by sparging with Ar for 15 minutes prior to 

mixing. 

 

Our final attempt to improve the synthesis also involved utilizing the inherent reactivity 

of the alkylborane. We discovered an interesting publication by Masuda et al. where they 

reported the coupling of a terminal alkyl or vinyl borane with a terminal alkyne, mediated by 

copper(II) acetate.
108

 This coupling reaction was demonstrated with good functional group 

tolerance towards carbonyls and even free alcohols. We envisioned coupling 86 with ethyl 

propargyl carbonate 89 to access enyne 90. This substrate is primed to undergo a known Pd-

catalyzed carbonylation reaction to form the desired 2,3-allenoate 88 (Scheme 2.11).
109,110

 

The difficulty posed by this proposed route was the lack of a published experimental 

procedure for the key alkyne-borane coupling. Masuda and co-workers report the use of two 

mole equivalents of copper(II) acetate, 0.25 mole equivalents of copper(II)acetoacetonate to 

perform the coupling, the use of THF and DMA as the solvent, reaction temperature, and 

rough workup, but they do not report a full experimental procedure or a mechanism.
108

 The 

authors propose the generation of an organocopper species via transmetallation of the 

alkylborane, but offer no evidence to support this. In a footnote, they also mention that the 

addition of galvinoxyl, a radical scavenger, significantly hinders the coupling reaction, 
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suggesting a radical-type mechanism. We elected to pursue this reaction and devise our own 

procedure en route. 

86 +
O

O

O Cu(OAc)2 (2 eq)
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O O

O O

O

Pd(PPh3)4
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O O

. O

O

89
90

88

 

Scheme 2.11. Proposed Cu(II) mediated/catalyzed alkyne-borane coupling to access 

alkynylcarbonate 90 and subsequent Pd-catalyzed carbonylation to access allenoate 88. 

 

We synthesized propargyl carbonate 89 via literature procedures
111

 and began our 

investigation of the coupling process (Table 14). Our first attempt (adding copper and 89 to a 

solution of borane 86) yielded the correct product, but in extremely low yield; the major 

components in the reaction mixture were starting material and homoallylic alcohol 70, 

resulting from oxidation of the alkylborane. We found that reversing the order of addition, 

adding borane to a solution of carbonate and copper, was deleterious to the reaction. Our 

best yield was obtained by diluting a THF solution of alkylborane with DMA, then adding 

neat carbonate and copper directly to the reaction mixture – we isolated the desired product 

in 16% yield. Again, the oxidation product 70 was present in the reaction mixture as well, 

suggesting that the coupling reaction was slow. We attempted running the coupling at 

slightly elevated temperature, increasing the stoichiometry of alkyne coupling partner or 

copper species, increasing concentration and changing solvent composition but were sadly 

unable to reproduce our results. The slight success of this reaction encouraged us that this 

unusual coupling process was feasible, but we did not have the time to study it in further 

detail. 
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Entry Eq. 

alkyne 

Mole eq. Cu THF:DMA 

ratio 

Concentration 

(M) 

Addition 

order 

Result 

Cu(OAc)2 Cu(acac)2 

1 1.2 2.3 0.35 3:2 0.5 A 5% 

2 1.5 2.1 0.30 3:2 0.5 B 0 

3 1.5 2.0 0.5 1:1 0.5 C 16% 

4 1.5 2.0 0.5 1.25:1 0.5 C 7
d,e 

5 2.9 3.1 0.38 1:2 0.1 C Deg. 

6 1.2 2.0 0.30 1:5 0.1 C 0 

7 1.2 2.0 0.30 4:1 0.5 C 0 

8 1.2 2.0 0.30 5:1 0.5 C 0 

Table 14. Attempted optimization of copper(II)-mediated alkyne-borane coupling reaction. Deg. = 

degradation was observed. A=added a solution of alkyne and copper in DMA to borane solution in 

THF. B=added solution of borane to a solution of copper and alkyne in DMA. C=added DMA, 

followed by neat alkyne and copper to a solution of borane in THF.
d
Borane solution was degassed by 

sparging prior to adding other reagents.
e
Reaction was warmed to 45°C. 

 

Over the course of the optimization, we were able to isolate a small amount of the 

alkynyl carbonate product 90, which allowed us to try the carbonylation reaction. The 

mechanism of this reaction is, fortunately, known, and we learned that the alkyl group on the 

allenoate product originates from the alcoholic solvent and that the selection of this alcohol 

is known to affect the reaction rate. Poorly nucleophilic alcohols such as tert-butanol require 

elevated temperatures (100°C) and prolonged reaction times to undergo this 

carbonylation.
109

 In the interest of preserving our small stock of starting material, we elected 

to run the reaction in ethanol, which is much more nucleophilic and allows this reaction to 

occur more readily. We were only able to conduct a single trial of this reaction, which we 

performed at 60°C under a 400 psi atmosphere of carbon monoxide. We were able to 

identify the desired product in the reaction mixture, and isolated it in low yield. This result 

was highly encouraging and we have little doubt this yield could be greatly improved with 

little effort. We suspected that the ethyl allenoate would be equally effective in the synthesis 

and isolation and the vinyl gold species, and we confirmed this with a small-scale trial. 
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Future work 

 

We have demonstrated a proof of concept that the inherent reactivity of the in situ-

generated alkyldicyclohexylborane 86 can be exploited in a cross-coupling process with 

terminal alkynes to access disubstituted alkynes such as 90. This sp-sp
3
 coupling reactivity is 

largely unexplored in the literature, but has the potential to be very powerful, as it bridges 

two of the most common families of cross-coupling reactions, the Suzuki-Miyaura reaction 

and the Sonogashira reaction. We were able to achieve a successful cross-coupling reaction 

in 16% yield, but, with further study, the yield of this reaction could surely be improved 

dramatically. The subsequent carbonylation step to access allenoate 88 also holds much 

promise and has not been optimized for use in this synthesis. Reduction in reaction 

temperature is likely a key factor to improving the yield of 88. 

Based on the knowledge we gained from these recent revisions to the synthetic route, we 

propose another modification to the synthetic route. We propose a B-alkyl Suzuki coupling 

reaction of alkylborane 86 with bromotetronic acid 91 to access the coupled product 84. We 

believe that our B-alkyl Suzuki coupling failed due to the instability of the bromoallenoate 

coupling partner or to cross-reactivity of the bromoallenoate with the palladium catalyst. 

Bromotetronic acid 91 is a known, stable compound and can be synthesized easily on gram-

scale.
112,113

 Furthermore, it does not contain any reactive functional groups which would 

promote untoward side reactions. Literature precedent for B-alkyl Suzuki reactions with 

similar bromide coupling partners describes couplings occurring at room temperature with 

the use of mild bases such as potassium or caesium carbonate or potassium phosphate 

tribasic.
105

 The success of this coupling process would bypass the entire β-

ketoester/allene/vinyl gold sequence, vastly improving the yield of the synthesis and 

removing the requirement of a stoichiometric amount of gold. It would also allow for easy 

access to a variety of halogens or pseudohalogens (OMs, OTs, OTf) for in-depth study of the 

radical cyclization process. If this synthetic route is indeed successful, we would also be able 

to return to using the acetonide protecting group, as we would no longer use any strongly 

acidic conditions during this synthesis. This would greatly facilitate the endgame of the 
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synthesis, as we have yet to investigate methods to cleave the bis-methyl ether protecting 

groups to access our true desired product 12. 

 

 

Scheme 2.12. Proposed B-alkyl Suzuki-Miyaura coupling of alkylborane 86 with bromotetronic acid 

91. Base = K2CO3, Cs2CO3 or K3PO4. 

 

2.11 Summary and Outlook 

Our initial goal of accessing the tetracyclic core of 1 via an oxidative cyclization cascade 

unfortunately did not pan out. Time after time, our attempts met with failure and we were 

sadly unable to gain any insight into the workings of the process, unable to even identify any 

of the degradation products. Investigating this route, however, bore certain fruits. We 

succeeded in synthesizing the vinyl gold species 75, which is the first reported vinyl gold 

complex of its type synthesized from a terminal allene. Our ability to access this substrate 

gave us the starting block to access the family of halobutenolides 77, 78, and, in the future, 

81. Inadvertently, we also discovered a hitherto unknown method for forming these 

halobutenolides from vinyl gold species such as 75. These halobutenolide substrates were 

critical to the investigation of our newly discovered photoredox catalyst and its potential to 

induce intramolecular radical cyclizations. Our study of this photoredox cyclization is 

incomplete, but the data we have collected thus far are extremely promising. We believe that 

we have been successful in accessing the tetracyclic core of triptolide via a photoredox 

radical cyclization cascade of 77 and 78. Further study of this reaction is still required to 

confirm the structure of the product and investigate the substrate scope of the reaction. With 

the synthetic revisions discussed in section Error! Reference source not found., we 

demonstrated some methods for potential dramatic improvements to the synthetic route. The 
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culmination of these ideas has resulted in a promising cross-coupling method from 

alkylborane 86 and bromotetronic acid 91. This method has great potential to improve this 

synthesis and allow us to study the radical cyclization in detail. 

 

 

 

Claims to Original Research 

 

1. The first synthesis and isolation of a vinyl-gold butenolide species from cyclization 

of a terminal 2,3-allenoate. 

2. The first reported use of N-iodosuccinimide and N-bromosuccinimide to transform 

a vinyl gold species to a vinyl iodide or bromide, respectively. 
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3 Experimental Procedures and 

Supporting Information 

 

 

2-Hydroxy-3-isopropyl-benzaldehyde (44): 

A dry 1L side-arm round-bottom flask equipped with a wide-bore condenser was 

charged with 2-isopropylphenol (25.0 mL, 180 mmol), 400 mL dry THF, MgCl2 (26.24 g, 

270.1 mmol) and TEA (50.5 mL, 362 mmol). The mixture was stirred at room temperature 

for 15 minutes, by which time a pale blue/white colour had formed. To this mixture was 

added solid paraformaldehyde (32.95 g, 1.043 mol) and the resultant slurry was warmed 

slowly to reflux with stirring. As it warmed, the suspension turned dark blue, then green, 

then bright yellow once reflux was attained. Reflux was continued for 1 hour until TLC 

showed complete consumption of starting phenol. At this point, the reaction mixture was 

cooled to room temperature and poured into 700 mL of 5% aqueous HCl. The pale yellow, 

cloudy mixture was stirred for 2 hours, then extracted with 5x100 mL Et2O. The combined 

organic fractions were washed twice with brine, dried with MgSO4 and concentrated to an 

orange oil. The residue was flushed through a plug of silica gel with Et2O and concentrated 

in vacuo to isolate the title compound as a yellow oil. Spectral information matches that of a 

previously reported characterization
i
. Product was used directly to synthesize 43 without 

further purification. 

 

 

 

 

                                                 
i Knight, P.D. et al. J. Organomet. Chem. 2003, 683, 103-113 
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(±)-2-(1-Hydroxy-but-3-enyl)-6-isopropyl-phenol (43): 

A 1 L round-bottom flask was charged with 44 (crude, ~180 mmol), 400 mL THF 

and 250 mL saturated aqueous ammonium chloride. The biphasic mixture was cooled in an 

ice-water bath and zinc dust (23.57 g, 360.6 mmol) was added. With vigorous agitation, allyl 

bromide (32 mL, 367 mmol) was charged to the reaction mixture via an addition funnel over 

30 minutes. After addition completed, the mixture was warmed to room temperature over 1.5 

hours until TLC showed complete consumption of the aldehyde. The heterogeneous mixture 

was filtered through a Celite pad to remove Zn and NH4Cl solids and the filtrate was diluted 

with 100 mL Et2O to cause layer separation. The aqueous fraction was extracted twice with 

200 mL Et2O, then the combined organic fractions were washed twice with brine, dried with 

anhydrous Na2SO4 and concentrated to a yellow oil, which was used without further 

purification to access either 45 or 66. A small portion was purified by column 

chromatography on silica gel (4:1 Hexanes:Et2O) to isolate the title compound as a 

colourless oil. IR (neat, cm
-1

) 3525 (br, sh), 3375 (br), 3077 (w), 3047 (w), 1642 (m), 1593 

(m), 920 (s), ; 
1
H NMR (400 MHz, CDCl3) δ = 8.20 (s, 1 H), 7.16 (t, J = 4.7 Hz, 1 H), 6.83 

(d, J = 4.9 Hz, 2 H), 5.94 - 5.81 (m, 1 H), 5.30 - 5.21 (m, 2 H), 4.87 (ddd, J = 2.1, 4.6, 9.0 

Hz, 1 H), 3.37 (spt, J = 6.9 Hz, 1 H), 2.69 (d, J = 2.4 Hz, 1 H), 2.68 - 2.56 (m, 2 H), 1.26 (d, 

J = 6.9 Hz, 3 H), 1.25 (d, J = 7.0 Hz, 3 H); 
13

C NMR (101 MHz, CDCl3) δ = 152.9 (C), 

136.5 (C), 134.0 (CH), 125.7 (CH), 125.5 (C), 124.5 (CH), 119.5 (CH2), 119.4 (CH), 75.1 

(CH), 41.9 (CH2), 26.5 (CH), 22.7 (CH3), 22.6 (CH3). HRMS (EI) m/z calcd for C13H18O2 

(M)
+
 206.1307, found 206.1310. 
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(±)-4-Allyl-8-isopropyl-2,2-dimethyl-4H-benzo[1,3]dioxine (45): 

Crude 43 was dissolved in 40 mL of 2,2-dimethoxypropane (326.1 mmol) in a 250 

mL round-bottom flask. To this solution was added p-toluenesulfonic acid monohydrate 

(250 mg, 1.31 mmol) and the resulting yellow solution was stirred at room temperature for 2 

hours until TLC showed complete consumption of the diol. The reaction was quenched by 

addition of 100 mL saturated aqueous NaHCO3; the layers were separated and the aqueous 

fraction extracted twice with 100 mL Et2O. The combined organic fractions were washed 

with brine, dried with MgSO4 and concentrated. The residue was flushed through a plug of 

silica gel with dichloromethane to obtain racemic 45 (16.54 g, 67.1% over 3 steps) as a 

yellow oil which was used without further purification. A pure sample was obtained by 

column chromatography on silica gel (4:1 hexanes:Et2O) to isolate a colourless oil. IR (neat, 

cm
-1

) 3077 (w), 1640 (m), 1592 (m), 916 (s) 
1
H NMR (400 MHz, CDCl3) δ = 7.11 (dd, J = 

1.9, 7.3 Hz, 1 H), 6.93 (ddd, J = 0.7, 2.0, 7.7 Hz, 1 H), 6.89 (t, J = 7.4 Hz, 1 H), 5.93 (tdd, J 

= 6.7, 10.3, 17.1 Hz, 1 H), 5.16 (qd, J = 1.7, 17.2 Hz, 1 H), 5.09 (tdd, J = 1.2, 2.1, 10.2 Hz, 1 

H), 4.98 (dd, J = 3.6, 7.5 Hz, 1 H), 3.26 (spt, J = 6.9 Hz, 1 H), 2.76 (ddddd, J = 1.2, 1.7, 3.6, 

6.5, 14.9 Hz, 1 H), 2.57 (ddddd, J = 1.2, 1.7, 6.5, 7.5, 15.0 Hz, 1 H), 1.63 (s, 3 H), 1.49 (s, 3 

H), 1.24 (d, J = 7.0 Hz, 3 H), 1.20 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 

148.6 (C), 136.6 (C), 134.6 (CH), 124.5 (CH), 122.6 (C), 121.8 (CH), 119.9 (CH), 117.0 

(CH2), 99.1 (C), 69.5 (CH), 39.7 (CH2), 28.4 (CH3), 26.6 (CH3), 22.9 (CH3), 22.0 (CH3). 

HRMS (EI) m/z calcd for C16H22O2 (M)
+
 246.1620, found 246.1631. 
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(±)-(8-Isopropyl-2,2-dimethyl-4H-benzo[1,3]dioxin-4-yl)-acetaldehyde (46): 

A mixture of 45 (0.52 g, 2.1 mmol) in 50 mL of 1:1 THF:H2O was stirred and cooled 

to 0° C in the dark. To this was added NaIO4 (1.26 g, 5.89 mmol) and OsO4 (4% wt. aqueous 

solution, 0.2 mL, 0.03 mmol). The reaction mixture was stirred overnight in the dark, slowly 

warming to room temperature. The resultant yellow heterogeneous mixture was filtered 

through a pad of Celite to remove the white precipitate and the filtrate was diluted with 10 

mL Et2O to separate the layers. The aqueous fraction was extracted twice with 20 mL Et2O, 

the combined organic fractions washed twice with 5 mL saturated aqueous Na2SO3 to 

remove remaining osmium, then once with saturated NaHCO3, once with brine, and dried 

with MgSO4 and concentrated to isolate the title compound as a dark yellow/orange oil 

which was used immediately in the subsequent reaction without further purification.  
1
H 

NMR (300 MHz, CDCl3) δ = 9.77 (t, J = 2.2 Hz, 1 H), 7.13 (dd, J = 1.6, 7.5 Hz, 1 H), 6.95 - 

6.86 (m, J = 7.4, 7.4 Hz, 1 H), 6.82 (ddd, J = 0.8, 1.6, 7.7 Hz, 1 H), 3.24 (spt, J = 7.1 Hz, 1 

H), 1.60 (s, 3 H), 1.51 (s, 3 H), 1.23 (d, J = 6.9 Hz, 3 H), 1.19 (d, J = 6.9 Hz, 3 H).  

 

 

(±)-11-(8-Isopropyl-2,2-dimethyl-4H-benzo[1,3]dioxin-4-yl)-3-methyl-but-3-en-2-ol 

(47): 

To a solution of isopropenylmagnesium bromide (120 mL, 0.5 M in THF) – cooled 

in a -78°C dry ice-acetone bath – was charged slowly a solution of aldehyde 46 (~47 mmol) 

in Et2O (100 mL) via cannula. Addition rate was metered by watching dry ice bath for 

bubbling, slowing addition if bubbling became vigorous. The reaction mixture was stirred at 

-78°C for 20 minutes, then warmed to room temperature and stirred 4.5 hours. The resultant 

cloudy yellow mixture was cooled in an ice-water bath and quenched by addition of 50 mL 
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saturated aqueous NH4Cl. After layer separation, the aqueous phase was extracted twice with 

100 mL Et2O. The combined organic fractions were washed with brine, dried with MgSO4 

and concentrated. The residue was chromatographed on silica gel with 1% Et2O in DCM to 

isolate 47 as a yellow, waxy oil as a mixture of diastereomers (9.32 g, 68% yield over 2 

steps). IR (neat, cm
-1

) 3368 (br), 3072 (m), 1652 (m), 1592 (m), 906 (s). 
1
H NMR (400MHz, 

CDCl3) δ = 7.11 (dd, J = 1.6, 7.4 Hz, 1 H), 6.90 (t, J = 7.4 Hz, 1 H), 6.85 (ddt, J = 0.8, 1.6, 

7.6 Hz, 1 H), 5.22 (dd, J = 3.1, 7.5 Hz, 1 H), 5.11 (dd, J = 2.6, 10.2 Hz, 1 H), 5.05 (d, J = 0.8 

Hz, 1 H), 4.87 (d, J = 1.5 Hz, 1 H), 4.47 (dd, J = 2.9, 9.1 Hz, 1 H), 4.26 (d, J = 9.0 Hz, 1 H), 

3.24 (spt, J = 13.9 Hz, 1 H), 2.28 - 1.90 (m, 2 H), 1.83 - 1.73 (m, 3 H), 1.82 - 1.73 (m, 3 H), 

1.63 (s, 3 H), 1.64 - 1.60 (m, 3 H), 1.52 - 1.47 (m, 3 H), 1.52 - 1.47 (m, 3 H), 1.23 (d, J = 7.0 

Hz, 3 H), 1.23 (d, J = 7.0 Hz, 3 H), 1.21 - 1.16 (m, J = 6.9 Hz, 3 H), 1.18 (d, J = 7.0 Hz, 3 

H); 
13

C NMR (101MHz, CDCl3) δ = 148.5, 147.9, 147.1, 146.7, 136.9, 136.8, 124.9, 124.7, 

122.3, 122.0, 121.5, 120.3, 120.3, 111.3, 110.1, 99.1, 99.0, 75.4, 71.9, 70.9, 68.5, 41.3, 39.9, 

28.6, 28.5, 26.6, 22.9, 22.8, 22.1, 22.0, 21.7, 18.7, 17.7. HRMS (EI) m/z calcd for C18H26O3 

(M)+ 290.1882, found 290.1878. 

 

 

(±)-2-(8-Isopropyl-2,2-dimethyl-4H-benzo[1,3]dioxin-4-yl)-1-(1-methyl-cyclopropyl)-

ethanol (48): 

 A dry round-bottom flask under argon was charged with 47 (0.467 g, 1.61 mmol) and 

10 mL dry CH2Cl2. The mixture was cooled to -15°C in an ice/acetone bath and a solution of 

diethylzinc (1M in hexanes, 8 mL, 8 mmol) was added dropwise, followed by 

diiodomethane (0.6 mL, 8.33 mmol). The resultant solution was stirred, slowly warming to 

room temperature over 3 hours, and then stirred an additional hour at room temperature. The 

mixture was quenched with saturated aqueous NH4Cl, diluted with Et2O and the layers were 

separated. The organic fraction was washed with saturated Na2SO3, NaHCO3 and brine, then 

dried with MgSO4 and concentrated to isolate 12 as a pale yellow, waxy oil (0.4703 g, 

96.1%, mixture of diastereomers). IR (neat, cm
-1

): 3465br, 3066, 2993, 2960, 2870. 
1
H NMR 
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(300 MHz, CDCl3) δ ppm 0.16 - 0.65 (m, 4 H) 1.09 (s, 3 H) 1.15 - 1.27 (m, 6 H) 1.49 (s, 3 

H) 1.62 (s, 3 H) 1.80 - 2.14 (m, 1 H) 2.19 - 2.37 (m, 1 H) 2.70 (s, 1 H) 3.08 (d, J=9.63 Hz, 1 

H) 3.14 - 3.35 (m, 2 H) 5.11 (dd, J=10.38, 2.27 Hz, 1 H) 5.23 (dd, J=6.67, 3.23 Hz, 1 H) 

6.80 - 6.96 (m, 2 H) 7.05 - 7.17 (m, 1 H).
 13

C NMR (76 MHz, CDCl3) δ = 148.6, 147.8, 

136.8, 136.7, 124.8, 124.6, 122.5, 122.1, 121.6, 120.3, 120.2, 99.0, 98.9, 74.2, 70.9, 68.5, 

40.0, 39.0, 28.5, 28.4, 26.6, 26.5, 22.9, 22.8, 22.0, 21.9, 21.8, 21.6, 20.3, 20.1, 17.7, 17.5, 

12.5, 12.3, 10.4, 10.2. HRMS (EI) m/z calcd for C19H28O3 (M)+ 304.2038, found 304.20294 

 

 

(±)-(E)-Methyl 6-(8-isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-4-methylhex-

4-enoate (51): 

To a solution of 47 (0.274 g, 0.945 mmol) in trimethylorthoacetate (11 mL, 10 

mmol) was added propionic acid (0.03 mL, 0.4 mmol) and the mixture was heated to reflux 

for 12 hours. The clear, yellow solution was then cooled to room temperature. Ethyl acetate 

was added and the mixture was washed twice with 1M HCl, once each with saturated 

aqueous NaHCO3 and brine. The combined organic fractions were dried with MgSO4 and 

concentrated in vacuo to isolate 51 as a pungent yellow oil (0.254 g, 78%). IR (neat, cm
-1

): 

2960, 2867, 1742. 
1
H NMR (400 MHz, CDCl3) δ = 7.08 (dd, J = 1.8, 7.3 Hz, 1 H), 6.92 - 

6.88 (m, 1 H), 6.86 (t, J = 7.5 Hz, 1 H), 5.30 (t, J = 6.2 Hz, 1 H), 4.91 (dd, J = 3.9, 7.3 Hz, 1 

H), 3.65 (s, 3 H), 3.23 (sxt, J = 7.0 Hz, 1 H), 2.67 (ddd, J = 4.0, 6.7, 15.4 Hz, 1 H), 2.46 

(ddd, J = 6.7, 7.0, 15.4 Hz, 1 H), 2.42 - 2.36 (m, 2 H), 2.35 - 2.26 (m, 2 H), 1.64 (s, 3 H), 

1.60 (s, 3 H), 1.46 (s, 3 H), 1.23 (d, J = 6.9 Hz, 3 H), 1.18 (d, J = 6.9 Hz, 3 H). 
13

C NMR 

(101 MHz, CDCl3) δ = 173.9, 148.6, 136.5, 135.4, 124.4, 123.0, 121.8, 121.0, 119.9, 99.1, 

69.8, 51.5, 34.7, 34.1, 33.0, 28.5, 26.6, 22.9, 22.0, 22.0, 16.4. HRMS (EI) m/z calcd for 

C21H30O4 (M)+ 346.2144, found 346.2156 
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(±)-(E)-6-(8-Isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-4-methylhex-4-en-1-ol 

(52): 

 To a suspension of LiAlH4 (129.6 mg, 3.24 mmol) in 8 mL dry THF at 0°C was 

added dropwise a solution of methyl ester 51 (2.72 mmol) in 5 mL dry THF. The mixture 

was stirred for 1 hour at 0°C, and then quenched by the slow addition of a saturated aqueous 

solution of Rochelle salt. The layers were separated and the aqueous fraction extracted three 

times with ethyl acetate. The combined organic fractions were washed with water and brine, 

then dried with Na2SO4, filtered and concentrated. The residue was purified by flash column 

chromatography on silica gel with 20% Ethyl acetate/hexane to isolate 0.6264 g of a pale 

yellow oil. (72.3% yield) IR (neat, cm
-1

): 3384br, 2966, 2939. 
1
H NMR (400 MHz, CDCl3) δ 

= 7.09 (dd, J = 2.0, 7.3 Hz, 1 H), 6.91 (dd, J = 2.0, 7.5 Hz, 1 H), 6.87 (t, J = 7.5 Hz, 1 H), 

5.31 (t, J = 6.5 Hz, 1 H), 4.94 (dd, J = 3.7, 7.3 Hz, 1 H), 3.56 (dt, J = 1.3, 6.2 Hz, 2 H), 3.24 

(spt, J = 6.9 Hz, 1 H), 2.68 (ddd, J = 3.4, 7.4, 14.9 Hz, 1 H), 2.51 (td, J = 7.4, 14.9 Hz, 1 H), 

2.10 (t, J = 7.1 Hz, 2 H), 1.65 (quin, J = 6.8 Hz, 2 H), 1.60 (s, 3 H), 1.46 (s, 3 H), 1.23 (d, J 

= 7.0 Hz, 3 H), 1.18 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 148.6, 137.3, 

136.5, 124.4, 122.9, 121.8, 120.7, 119.9, 99.1, 69.9, 62.6, 36.6, 34.0, 30.2, 28.4, 26.6, 22.9, 

22.0, 21.9, 16.2. HRMS (EI) m/z calcd for C20H30O3 (M)
+
 318.2194, found 318.21969. 

 

 

(±)-(E)-7-(8-Isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-5-methylhept-5-

enenitrile (53): 

 To a solution of 52 (2.52 g, 7.91 mmol) in 30 mL DCM at room temperature was 

charged p-toluenesulfonyl chloride (1.853 g, 9.52 mmol), TEA (1.37 mL, 9.83 mmol), and 
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DMAP (99.2 mg, 0.81 mmol). The mixture was stirred overnight (ca. 15h) at room 

temperature, and then poured into 50 mL water. The layers were separated and the aqueous 

fraction extracted 3 times with DCM (60 mL total). The combined organic fractions were 

washed with brine, dried with Na2SO4 and concentrated in vacuo to isolate the sulfonate 

ester 2.14-1. 

 To a solution of 2.14-1 (2.50 g, 5.30 mmol) in 20 mL DMSO was added solid 

potassium cyanide (0.425 g, 6.52 mmol) and the reaction mixture was heated to 90°C for 4 

hours. After cooling to room temperature, 50 mL saturated aqueous sodium carbonate was 

added to quench the reaction and the resulting mixture was poured into 100 mL Et2O. The 

fractions were separated (3 layers total: ether, DMSO and sat. aqueous NaHCO3) and the 

ether fraction set aside. The aqueous and DMSO layers were extracted with Et2O 3x (150 

mL total) and the combined ether fractions were washed with water and brine, then dried 

with Na2SO4 and concentrated. The residue was flushed through a plug of silica gel with the 

following: 3 volumes petroleum ether to remove low polarity by-products, then with 2-3 

volumes 20-50% Et2O/pet ether to recover the title compound, which was isolated after 

concentration as a yellow oil (1.624 g, 94% yield). IR (neat, cm
-1

): 2867, 2246, 1457. 
1
H 

NMR (400 MHz, CDCl3) δ = 7.09 (dd, J = 3.6, 5.6 Hz, 1 H), 6.91 - 6.83 (m, 2 H), 5.25 (t, J 

= 6.5 Hz, 1 H), 4.98 (dd, J = 3.7, 6.5 Hz, 1 H), 3.23 (spt, J = 6.9 Hz, 1 H), 2.67 (ddd, J = 3.4, 

7.4, 14.6 Hz, 1 H), 2.55 (td, J = 7.4, 14.6 Hz, 1 H), 2.10 (t, J = 6.5 Hz, 2 H), 2.08 - 1.94 (m, 

2 H), 1.69 (sxtd, J = 7.0, 13.8 Hz, 2 H), 1.60 (s, 6 H), 1.46 (s, 3 H), 1.23 (d, J = 7.0 Hz, 3 H), 

1.18 (d, J = 6.9 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 148.7, 136.6, 134.3, 124.5, 

122.7, 122.3, 121.8, 119.9, 99.0, 69.7, 38.1, 33.7, 28.5, 26.6, 23.1, 22.9, 22.0, 21.9, 15.9, 

15.4. HRMS (EI) m/z calc for C21H29NO2 (M)
+
 327.2198, found 327.21867. 
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(±)-(E)-7-(8-Isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-5-methylhept-5-enoic 

acid (54): 

 To a solution of 53 (1.62 g, 4.96 mmol) in 25 mL EtOH, 6 mL H2O was added solid 

KOH (2.54 g, 45.3 mmol) and the mixture heated to reflux, stirring for 20 hours. The 

mixture was then cooled to room temperature and poured into a biphasic mixture of 75 mL 

Et2O, 50 mL water. The organic phase was extracted 3x with 30 mL 15% aq. NaOH. The 

combined aqueous fractions were acidified to pH 2 with 2M HCl and this cloudy white 

mixture was extracted with EtOAc (3 x 100 mL). The combined organic fractions were 

washed with water and brine, dried with Na2SO4, filtered and concentrated to isolate 54 as a 

reddish oil (0.9898 g, 58% yield). IR (neat, cm
-1

): 3400br, 2962, 2867, 1557. 
1
H NMR (400 

MHz, CDCl3) δ = 7.08 (dd, J = 1.9, 7.3 Hz, 1 H), 6.91 (dd, J = 1.9, 7.3 Hz, 1 H), 6.86 (t, J = 

7.3 Hz, 1 H), 5.26 (t, J = 7.0 Hz, 1 H), 4.93 (dd, J = 3.7, 7.3 Hz, 1 H), 3.23 (spt, J = 7.0 Hz, 

1 H), 2.68 (ddd, J = 3.5, 6.0, 14.8 Hz, 1 H), 2.49 (td, J = 7.2, 14.9 Hz, 1 H), 2.23 (t, J = 6.5 

Hz, 2 H), 2.05 (t, J = 7.1 Hz, 2 H), 1.73 (quin, J = 7.3 Hz, 2 H), 1.62 (s, 3 H), 1.60 (s, 3 H), 

1.46 (s, 3 H), 1.22 (d, J = 7.1 Hz, 3 H), 1.17 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, 

CDCl3) δ = 136.5, 124.4, 121.8, 121.0, 119.9, 99.1, 69.9, 34.2, 28.5, 26.6, 22.9, 22.0, 16.1. 

HRMS (EI) m/z calcd for C21H30O4 (M)
+
 346.2144, found 288.1701 (M-58)

+ 
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(±)-(E)-tert-Butyl-7-(8-isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-5-

methylhept-5-enoate (55): 

 To a solution of 54 (663.2 mg, 1.914 mmol) and Boc2O (896 mg, 4.11 mmol) in t-

butanol (0.4 mL, 4.18 mmol) was added solid MgCl2 (27 mg, 0.278 mmol) and the mixture 

was stirred at 40°C overnight. The reaction was quenched by the addition of water and the 

resulting biphasic mixture was extracted 3x with EtOAc. The combined organic fractions 

were washed twice with water, once with brine, then dried with Na2SO4, filtered and 

concentrated. The residue was chromatographed on silica gel with 20%-100% 

EtOAc/hexane to isolate the desired ester as a viscous yellow oil (658.6 mg, 85.5% yield). 

IR (neat, cm
-1

) 2970, 2935, 2867, 1734. 
1
H NMR (400 MHz, CDCl3) δ = 7.08 (dd, J = 1.7, 

7.3 Hz, 1 H), 6.91 (dd, J = 1.7, 7.6 Hz, 1 H), 6.87 (q, J = 7.4 Hz, 1 H), 5.26 (t, J = 7.1 Hz, 1 

H), 4.91 (dd, J = 3.9, 7.4 Hz, 1 H), 3.23 (spt, J = 7.1 Hz, 1 H), 2.68 (ddd, J = 4.0, 7.0, 15.2 

Hz, 1 H), 2.47 (td, J = 7.1, 15.2 Hz, 1 H), 2.12 (dt, J = 2.7, 7.5 Hz, 2 H), 2.02 (t, J = 7.3 Hz, 

2 H), 1.67 (quin, J = 7.4 Hz, 2 H), 1.62 (s, 3 H), 1.60 (s, 3 H), 1.48 - 1.46 (m, 3 H), 1.46 - 

1.43 (m, 9 H), 1.23 (d, J = 7.0 Hz, 3 H), 1.18 (d, J = 7.1 Hz, 3 H). 
13

C NMR (101 MHz, 

CDCl3) δ = 173.3, 148.6, 136.5, 136.3, 124.4, 123.1, 121.8, 121.0, 119.9, 99.1, 79.8, 69.9, 

38.9, 34.6, 34.2, 28.5, 28.1, 26.6, 23.1, 22.9, 22.0, 16.1. HRMS (EI) m/z calcd for C25H38O4 

(M)
+
 402.2770, found 402.27434. 
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(±)-tert-Butyl-2-acetyl-5-methylhex-5-enoate (56): 

 2.20-1: To a solution of PPh3 (15.98 g, 56.9 mmol) and triethylamine (8.0 mL, 57.4 

mmol) in 150 mL DCM at 0°C was added solid iodine (6.1 6 g, 24.16 mmol) portionwise. 

The mixture was stirred for 25 minutes, by which time a yellow slurry had formed. To this, 

3-methyl-3-buten-1-ol (5.9 mL, 56.7 mmol) was charged dropwise, and then the mixture was 

allowed to warm to ambient temperature and stir 4-5 hours in the dark. At this time, TLC 

showed complete consumption of the alcohol starting material. Most of the DCM was 

removed on a rotary evaporator (700 mbar, 35°C) - Caution: product is volatile! – and pet 

ether was added to precipitate out PPh3O. The solids were removed via filtration through a 

Celite pad and the filtrate was concentrated again. This precipitation, filtration, concentration 

process was repeated once more to isolate the title compound as a pale pink oil (9.26 g, 83% 

yield), which was used without further purification to access 56. 

 To a solution of potassium t-butoxide (5.10 g, 44.07 mmol) in tBuOH (70 mL) at 

room temperature was added t-butyl acetoacetate (7.7 mL, 45.5 mmol) dropwise, whereby a 

solid mixture formed. The mixture was warmed slightly to melt the solid and the crude 

iodide 2.20-1 was charged dropwise via syringe. The reaction was heated to reflux (~80-

85°C), stirred overnight, then cooled to room temperature. Water was added to dissolve any 

solids present and the mixture was acidified with 1M HCl until the orange colour 

disappeared (pH=1). The layers were separated and the aqueous fraction extracted 3x with 

Et2O (150 mL total). The combined organic fractions were washed with 50% brine/water 

and brine, dried with Na2SO4 and concentrated. The residue was chromatographed on silica 

gel with 5% ethyl acetate/hexanes to isolate the title compound as a yellow oil (6.23 g, 52% 

yield over 2 steps). IR (neat, cm
-1

): 2979, 2937 
1
H NMR (400 MHz, CDCl3) δ = 4.76 (d, J = 

1.0 Hz, 1 H), 4.70 (d, J = 1.0 Hz, 1 H), 3.33 (t, J = 7.3 Hz, 1 H), 2.23 (s, 3 H), 2.05 - 1.91 

(m, 4 H), 1.72 (s, 3 H), 1.48 (s, 9 H). 
13

C NMR (101 MHz, CDCl3) δ = 203.5, 168.9, 144.4, 

111.1, 81.9, 60.0, 35.2, 28.9, 27.9, 25.8, 22.1. HRMS (EI) m/z calcd for C13H22O3 (M)
+
 

226.1569, found 153.0938 (M-73) 
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(±)-tert-Butyl-2-acetyl-7-(8-isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-5-

methylhept-5-enoate (4:1 E/Z ratio) (50): 

Charged a clean, dry 25 mL round bottom flask with 15.7 mg of the 2
nd

 generation 

Hoveyda-Grubbs catalyst (0.025 mmol). To this, a solution of 45 (526.6 mg, 2.14 mmol) and 

56 (236.2 mg, 1.04 mmol) in 5 mL THF, 5 mL toluene was charged via cannula. The 

resulting mixture was heated to reflux (87°C) for 72 hours then cooled, concentrated and 

passed through a plug of silica gel with DCM to remove catalyst. The filtrate was 

concentrated again and the residue chromatographed on silica gel with 5-15% ethyl 

acetate/hexanes. The title compound was isolated as a 4:1 E/Z mixture as a clear, pale yellow 

oil (102 mg, 22% yield, mixture of diastereomers). IR (neat, cm
-1

): 2694, 2937, 2869, 1737, 

1716. 
1
H NMR (400 MHz,CDCl3) δ = 7.08 (d, J = 7.3 Hz, 1 H), 6.91 (td, J = 1.8, 7.6 Hz, 1 

H), 6.86 (dt, J = 1.1, 7.6 Hz, 1 H), 5.24 (t, J = 6.8 Hz, 1 H), 4.92 (dd, J = 3.1, 7.2 Hz, 1 H), 

3.32, 3.27 (t, J = 7.2 Hz, 1 H), 3.23 (spt, J = 7.0 Hz, 1 H), 2.75 - 2.61 (m, 1 H), 2.49 (ddd, J 

= 6.8, 7.1, 14.7 Hz, 1 H), 2.17 (s, 3 H), 1.98 (m, 2 H), 1.95 - 1.85 (m, 2 H), 1.63 (m, 3 H), 

1.60 (s, 3 H), 1.47 (s, 9 H), 1.46 (s, 3 H), 1.22 (d, J = 6.9 Hz, 3 H), 1.17 (d, J = 6.9 Hz, 3 H). 

13
C NMR (101 MHz,CDCl3) d = 203.8, 169.0, 148.5, 136.5, 135.8, 135.7, 124.4, 122.9, 

122.9, 121.8, 121.8, 121.7, 121.6, 119.9, 99.1, 81.6, 69.8, 69.7, 59.4, 59.1, 37.1, 37.0, 34.0, 

34.0, 29.3, 29.2, 28.5, 27.9, 27.9, 26.6, 26.5, 26.0, 25.9, 23.0, 23.0, 22.0, 21.9, 21.9, 16.0, 

16.0. HRMS (EI) m/z calcd for C27H40O5 (M)
+
 444.2876, found 444.2828 
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(±)-tert-Butyl-7-(8-isopropyl-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-yl)-5-methyl-2-

vinylidenehept-5-enoate (4:1 E:Z ratio) (38): 

To a suspension of NaH (40.8 mg, 1.02 mmol) in 4 mL dry Et2O at 0°C was added a 

solution of 50 (181.6 mg, 0.408 mmol)  in 4 mL dry Et2O dropwise. The resulting solution 

was stirred for 30 minutes, then trifluoromethanesulfonic anhydride (1.05 eq.) was added 

dropwise. The mixture was stirred for 1 hour at 0°C, 1 hour at RT, then quenched by 

addition of saturated aqueous NH4Cl. Separated layers, extracted aqueous fraction twice with 

Et2O. Washed combined organic fractions with 1M HCl and brine. Dried with MgSO4 and 

concentrated to isolate enol triflate 57 as a yellow oil, which was used without further 

purification. 

To a solution of LiHMDS (0.121 g, 0.701mmol) in 2 mL dry THF at -78°C was 

added a solution of 57 (199 mg, 0.347 mmol) in 2 mL dry THF. The yellow solution was 

stirred 1 hour at -78°C, then HMPA (0.24 mL, 1.38 mmol) was added and stirring continued 

at -78°C 1 hour. A ZnCl2 solution (1M in Et2O, 0.9 mL) was added, then the mixture was 

stirred a final hour at -78°C and quenched by pouring the cold reaction mixture quickly into 

a biphasic mixture of saturated aqueous NH4Cl and Et2O at 0°C. The phases were separated 

and the aqueous fraction extracted twice with Et2O. The combined organic fractions were 

washed with brine, dried with MgSO4 and concentrated. The residue was purified by 

chromatography on silica gel with 2% ethyl acetate/hexanes to isolate 108 mg of the title 

compound as a pale yellow oil (57% over 2 steps). 
1
H NMR (400 MHz, CDCl3) δ = 7.08 (d, 

J = 7.3 Hz, 1 H), 6.93 (dd, J = 1.5, 7.8 Hz, 1 H), 6.86 (t, J = 7.5 Hz, 1 H), 5.31 (t, J = 7.3 Hz, 

1 H), 5.07 (t, J = 2.9 Hz, 1 H), 5.04 (t, J = 2.9 Hz, 2 H), 4.90 (dd, J = 4.0, 7.5 Hz, 1 H), 4.88 

(dd, J = 3.8, 7.4 Hz, 1 H), 3.24 (spt, J = 7.1 Hz, 1 H), 2.69 (ddd, J = 3.8, 6.9, 15.3 Hz, 1 H), 

2.46 (td, J = 7.4, 14.3 Hz, 1 H), 2.33 - 2.23 (m, 2 H), 2.23 - 2.10 (m, 2 H), 1.73 (d, J = 1.1 

Hz, 1 H), 1.65 (s, 2 H), 1.60 (s, 3 H), 1.50 - 1.44 (m, 12 H), 1.23 (d, J = 7.0 Hz, 3 H), 1.18 
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(d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 213.7, 213.7, 166.5, 148.5, 136.4, 

136.2, 124.4, 123.2, 121.9, 121.8, 121.6, 121.0, 119.9, 101.4, 101.3, 99.1, 80.7, 78.6, 70.0, 

69.9, 38.0, 34.3, 34.1, 30.8, 28.5, 28.1, 26.6, 26.5, 23.4, 22.9, 22.0, 22.0, 16.3.  

 

 

(±)-4-Allyl-8-isopropyl-4H-benzo[d][1,3]dioxine (64): 

 A 100 mL round bottom flask was charged with diol 43 (0.74 g, 3.59 mmol), 

dibromomethane (10 mL, 142.1 mmol), tetrabutylammonium iodide (267 mg, 0.71 mmol) 

and 30 mL 1,4-dioxane. The resulting mixture was heated to 80-100°C, at which point a 

solution of NaOH (3.6 g, 90 mmol) in 25 mL water was charged over 30 minutes. The 

reaction mixture was stirred vigorously overnight, cooled to RT, and then the layers were 

separated. The aqueous fraction was extracted 3x with Et2O and the combined organic 

fractions washed 3x with water, once with brine, then dried with MgSO4 and concentrated. 

The residue was chromatographed on silica gel with 3% ethyl acetate/hexanes and the title 

compound was isolated as a colourless oil (231.5 mg, 29.5% yield). 
1
H NMR (400 MHz, 

CDCl3) δ = 7.12 (dd, J = 2.1, 7.1 Hz, 1 H), 6.93 (t, J = 7.6 Hz, 1 H), 6.90 (dd, J = 2.3, 7.7 

Hz, 1 H), 5.94 (tdd, J = 6.8, 10.3, 17.1 Hz, 1 H), 5.36 (d, J = 5.7 Hz, 1 H), 5.20 (d, J = 5.7 

Hz, 1 H), 5.20 (ddd, J = 1.7, 3.4, 17.0 Hz, 1 H), 5.15 (tdd, J = 1.1, 2.0, 10.3 Hz, 1 H), 5.05 

(dd, J = 3.5, 8.5 Hz, 1 H), 3.27 (spt, J = 6.9 Hz, 1 H), 2.78 - 2.68 (m, 1 H), 2.65 - 2.55 (m, 1 

H), 1.23 (d, J = 7.0 Hz, 18 H), 1.22 (d, J = 7.0 Hz, 6 H). 
13

C NMR (101 MHz, CDCl3) δ = 

150.2, 136.7, 134.2, 124.5, 124.2, 122.7, 120.9, 117.6, 89.3, 74.6, 40.2, 26.3, 22.7, 22.5. 

HRMS (EI) m/z calcd for C14H18O2 (M)
+
 218.1307, found 218.1290. 

 

 

(±)-1-Isopropyl-2-methoxy-3-(1-methoxybut-3-enyl)benzene (66): 

 (Telescoped from commercial 14). To a suspension of NaH (18.37 g, 459 mmol) in 

250 mL dry THF at 0°C was added dropwise a solution of freshly prepared crude 43 (≤ 
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152.6 mmol) and iodomethane (40 mL, 640 mmol) in 60 mL THF. The resulting solution 

was stirred 30 minutes at 0°C, then warmed to RT and stirred overnight. The mixture was 

poured into 500 mL saturated aqueous NH4Cl, then the layers separated and the aqueous 

fraction extracted twice with Et2O (250 mL total). The combined organic fractions were 

washed with brine, dried with MgSO4 and concentrated. The residue was chromatographed 

on a short silica gel column with 4% ethyl acetate/hexanes to isolate the title compound as a 

colourless oil (28.85 g, 78% yield over 3 steps from 14). IR (neat, cm
-1

): 3070, 2961, 2820, 

1455. 
1
H NMR (400 MHz, CDCl3) δ = 7.24 (dd, J = 2.0, 7.3 Hz, 1 H), 7.21 (dd, J = 2.1, 7.3 

Hz, 1 H), 7.15 (t, J = 7.6 Hz, 1 H), 5.87 (tdd, J = 7.1, 10.2, 17.3 Hz, 1 H), 5.14 - 5.00 (m, 2 

H), 4.61 (dd, J = 5.0, 8.0 Hz, 1 H), 3.76 (s, 3 H), 3.33 (spt, J = 7.0 Hz, 1 H), 3.25 (s, 3 H), 

2.60 - 2.49 (m, 1 H), 2.49 - 2.39 (m, 1 H), 1.26 (d, J = 6.9 Hz, 6 H), 1.24 (d, J = 6.9 Hz, 6 

H). 
13

C NMR (101 MHz, CDCl3) δ = 141.7, 135.4, 126.0, 124.7, 124.5, 116.5, 62.3, 56.7, 

42.0, 29.1, 26.2, 24.1, 23.9. HRMS (EI) m/z calcd for C15H22O2 (M)
+
 234.1620, found 

193.1231 (M-41) 

 

OO

OH  

(±)-(E)-5-(3-Isopropyl-2-methoxyphenyl)-5-methoxy-2-methylpent-2-enal (68): 

A solution of 66 (1.9945 g, 8.51 mmol) and methacrolein (4.4 mL, 42.7 mmol) in 50 

mL dry Et2O was degassed by bubbling argon through the solution with stirring for 30 

minutes. To this solution was added half of a mixture of Grubbs 2
nd

 Generation Catalyst 

(72.3 mg, 0.0852 mmol total) and CuI (39.0 mg, 0.205 mmol) and the mixture was heated to 

reflux for 1 hr. At this point, the rest of the catalyst mixture was added and the mixture 

refluxed for another 1.5 hrs, after which time TLC showed the reaction was complete. The 

mixture was cooled to RT, quenched with 10 mL ethyl vinyl ether, stirred 10 minutes, then 

concentrated. The residue was chromatographed on silica gel (neutralized with Et3N) with 5-

10% EtOAc/Hexanes to isolate the title compound as a yellow oil. (1.7251g, 73.3% yield) 

1
H NMR (400 MHz, Benzene-d6) δ = 9.32 (s, 1 H), 7.30 (dd, J = 1.9, 7.3 Hz, 1 H), 7.09 (dd, 

J = 2.2, 7.7 Hz, 1 H), 7.05 (t, J = 7.4 Hz, 1 H), 6.35 (dt, J = 1.4, 7.3 Hz, 1 H), 4.57 (dd, J = 
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4.7, 8.0 Hz, 1 H), 3.41 - 3.39 (m, 3 H), 3.30 (spt, J = 7.1 Hz, 1 H), 3.07 (s, 3 H), 2.68 - 2.48 

(m, 2 H), 1.58 (d, J = 1.3 Hz, 3 H), 1.17 (t, J = 7.1 Hz, 6 H). 
13

C NMR (101 MHz, Benzene-

d6) δ = 194.3, 156.2, 149.9, 142.5, 141.2, 135.0, 126.9, 125.6, 125.2, 77.6, 62.2, 57.0, 37.8, 

26.9, 24.7, 24.1, 9.6. 

 

 

(±)-(E)-1-Isopropyl-2-methoxy-3-(1-methoxy-4-methylhexa-3,5-dienyl)benzene (69): 

To a suspension of methyltriphenylphosphonium iodide (5.28 g, 13.3 mmol) in 130 

mL dry THF at 0°C was added solid KHMDS (2.4082 g, 11.47 mmol). The resulting yellow 

suspension was warmed to RT and stirred 30 minutes. At this point, a solution of aldehyde 

68 (2.7415 g, 9.92 mmol) in 20 mL THF was charged via cannula at RT, forming a thick 

yellow/white slurry. This mixture was stirred 20 minutes, then poured into 400 mL hexanes, 

forming a white slurry. The solids were removed by filtration through a pad of Celite and the 

filtrate was concentrated and chromatographed on a short silica gel column, eluting with 5% 

EtOAc/Hexane. The title compound was isolated as a clear, colourless oil (2.531 g, 93%). 
1
H 

NMR (400 MHz, CDCl3) δ = 7.25 (dd, J = 1.9, 7.3 Hz, 1 H), 7.21 (dd, J = 2.0, 7.7 Hz, 1 H), 

7.15 (t, J = 7.5 Hz, 1 H), 6.39 (dd, J = 10.7, 17.4 Hz, 1 H), 5.61 (t, J = 7.2 Hz, 1 H), 5.08 (d, 

J = 17.4 Hz, 1 H), 4.93 (d, J = 10.7 Hz, 1 H), 4.60 (dd, J = 5.4, 7.7 Hz, 1 H), 3.75 (s, 3 H), 

3.33 (spt, J = 6.9 Hz, 1 H), 3.26 (s, 3 H), 2.68 - 2.49 (m, 2 H), 1.67 (s, 3 H), 1.27 (d, J = 7.0 

Hz, 3 H), 1.24 (d, J = 7.1 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 155.4, 141.7, 141.5, 

135.5, 134.7, 129.1, 125.9, 124.7, 124.5, 110.8, 77.6, 62.2, 56.8, 36.5, 26.2, 24.2, 23.8, 11.7. 
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(±)-(E)-6-(3-Isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-en-1-ol (70): 

To a solution of BH3·DMS (0.98 mL, 9.71 mL) in 33 mL dry THF at 0°C was added 

cyclohexene (1.96 mL, 19.4 mmol) slowly over ca. 5 minutes. The resulting mixture was 

stirred 1hr at 0°C, by which time a white slurry had formed. To this was added a solution of 

diene 69 (2.531 g, 9.23 mmol) in 25 mL dry THF quickly via syringe and the mixture was 

stirred overnight, slowly warming to RT, forming a clear solution. This solution was re-

cooled to 0°C and quenched by addition of 30 mL of a 2M aqueous solution of NaOH – 

slowly at first, though little effervescence occurred – and 13 mL of a 35 wt. % aqueous 

solution of H2O2. A reflux condenser was equipped to the flask and the mixture was heated 

to 55°C for 3 hours, adding a second 13 mL portion of H2O2 through the condenser after 1.5 

hours. The mixture was then cooled to RT, diluted with water and extracted 3x with Et2O. 

The combined organic fractions were washed with brine, dried with Na2SO4 and 

concentrated. The residue was purified by column chromatography on a short silica gel 

column with 20% EtOAc/Hexane. Isolated 70 as a clear, colourless oil (2.65 g, 98.3%). IR 

(neat, cm
-1

): 3391br, 2937, 2860. 
1
H NMR (400 MHz, CDCl3) d = 7.26 (dd, J = 2.2, 7.4 Hz, 

1 H), 7.21 (dd, J = 2.3, 7.4 Hz, 1 H), 7.16 (t, J = 7.4 Hz, 1 H), 5.26 (t, J = 7.1 Hz, 1 H), 4.54 

(t, J = 6.8 Hz, 1 H), 3.75 (s, 3 H), 3.66 - 3.51 (m, 2 H), 3.31 (spt, J = 6.9 Hz, 1 H), 3.27 (s, 3 

H), 2.58 (ddd, J = 6.8, 7.1, 14.4 Hz, 1 H), 2.39 (ddd, J = 6.8, 7.1, 14.4 Hz, 1 H), 2.26 - 2.09 

(m, 2 H), 2.00 (br. s, 1 H), 1.39 (s, 3 H), 1.27 (d, J = 7.0 Hz, 3 H), 1.22 (d, J = 6.9 Hz, 3 H).
 

13
C NMR (101 MHz, CDCl3) d = 155.0, 141.7, 134.7, 133.6, 126.0, 125.0, 124.4, 123.2, 

77.6, 62.1, 59.6, 56.7, 42.7, 36.6, 26.1, 24.3, 23.8, 15.5.HRMS (EI) m/z calcd for C18H28O3 

(M)
+
 292.2038, found 260.1757 (M-32) 
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(±)-(E)-6-(3-Isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-enyl 

methanesulfonate (71): 

To a solution of 70 (4.25 g, 14.55 mmol) and Et3N (3.0 mL, 21.5 mmol) in 50 mL 

dry CH2Cl2 at 0°C was added methanesulfonyl chloride (1.8 mL, 23.2 mmol) dropwise. The 

resulting solution was stirred at 0°C for 2 hours, then poured into 50 mL ice water. After 

layer separation, the aqueous phase was extracted 3x with DCM and the combined organic 

fractions washed with 50% saturated brine, dried with Na2SO4, and concentrated. The crude 

mesylate was used directly in the subsequent reaction without further purification. 

 

 

(±)-(E)-tert-Butyl-2-acetyl-8-(3-isopropyl-2-methoxyphenyl)-8-methoxy-5-methyloct-5-

enoate (72): 

 To a suspension of NaH (1.69 g, 42.18 mmol) in 80 mL dry THF at 0°C was added 

dropwise t-butyl acetoacetate (7.5 mL, 44.32 mmol). The resultant yellow solution was 

warmed to RT and stirred 1 hour, then 40 mL DMF, a solution of mesylate 71 (14.55 mmol, 

0.5M in THF) and KI (775 mg, 4.67 mmol) were charged sequentially to the reaction 

mixture, which was then heated to 70°C overnight. The mixture was cooled to RT, quenched 

with saturated aqueous NH4Cl, then extracted 3x with Et2O. The combined organic fractions 

were washed twice with water, once with brine, dried with Na2SO4 and concentrated. 

Residual acetoacetate was removed by vacuum distillation at ~100°C and the residue was 

chromatographed on silica gel with 7% ethyl acetate/hexanes. The title compound was 
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isolated as a yellow oil (2.41 g, 38% over 2 steps from 70). IR (neat, cm
-1

): 2968, 2827, 

1737, 1715. 
1
H NMR (400 MHz, CDCl3) δ = 7.23 (dd, J = 1.9, 7.3 Hz, 1 H), 7.20 (dd, J = 

1.9, 7.3 Hz, 1 H), 7.13 (t, J = 7.5 Hz, 1 H), 5.24 (d, J = 5.5 Hz, 1 H), 4.58 - 4.51 (m, 1 H), 

3.75 (s, 3 H), 3.30 (spt, J = 7.1 Hz, 2 H), 3.24 (s, 3 H), 2.42 (d, J = 5.5 Hz, 2 H), 2.20 (d, J = 

3.7 Hz, 3 H), 2.00 - 1.92 (m, 2 H), 1.92 - 1.84 (m, 2 H), 1.47 (d, J = 3.2 Hz, 9 H), 1.26 (d, J 

= 6.9 Hz, 3 H), 1.22 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 203.7, 169.0, 

169.0, 155.4, 155.4, 141.6, 141.6, 135.6, 134.9, 125.8, 125.8, 124.6, 122.1, 122.1, 81.7, 77.9, 

62.2, 59.9, 59.9, 56.7, 37.1, 36.1, 36.1, 29.0, 28.9, 27.9, 26.2, 24.2, 23.8, 23.8, 15.8, 15.8. 

HRMS (EI) m/z calcd for C26H40O5 (M)
+
 432.2876, found 327.1971 (M-105) 

 

 

(±)-(E)-tert-Butyl-8-(3-isopropyl-2-methoxyphenyl)-8-methoxy-5-methyl-2-

vinylideneoct-5-enoate (73): 

 To a solution of LiHMDS (104.1 mg, 0.6035 mmol) in 1 mL THF at -78°C was 

charged dropwise a solution of 72 (117 mg, 0.2705 mmol) in 2.7 mL THF. The resulting 

yellow solution was stirred 45 minutes at -78°C, then Tf2O (1 mL of a 0.29M solution in 

Et2O) was slowly added over 15 minutes. Stirring was continued at -78°C for 1 hour, then 

another solution of LiHMDS (114.5 mg, 0.6637 mmol) in 2 mL THF was charged and the 

reaction stirred for 45 minutes. HMPA (0.17 mL, 0.98 mmol) was added to the reaction 

mixture, which was stirred another 45 minutes, then ZnCl2 (1M solution in Et2O, 0.67 mL) 

was added and the reaction stirred a final hour at -78°C. The reaction was quenched by 

pouring into a cold (0°C) biphasic mixture of saturated aqueous NH4Cl and Et2O. This 

biphasic mixture was separated and the aqueous fraction extracted twice with Et2O. The 

combined organic fractions were washed with brine, dried with MgSO4 and concentrated. 

The residue was chromatographed on silica gel with 2% EtOAc/hexanes to isolate 73 as a 

colourless oil (59.1 mg, 52.7% yield). IR (neat, cm
-1

): 3435, 2968, 2818, 1969, 1939, 1701. 
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1
H NMR (400 MHz, CDCl3) δ = 7.24 (dd, J = 2.0, 7.4 Hz, 1 H), 7.20 (dd, J = 2.1, 7.6 Hz, 1 

H), 7.13 (t, J = 7.4 Hz, 1 H), 5.27 (t, J = 6.6 Hz, 1 H), 5.03 (dt, J = 1.0, 3.0 Hz, 2 H), 4.55 

(dd, J = 5.4, 7.9 Hz, 1 H), 3.75 (s, 3 H), 3.32 (spt, J = 7.0 Hz, 1 H), 3.24 (s, 2 H), 2.52 - 2.35 

(m, 2 H), 2.25 (d, J = 9.1 Hz, 2 H), 2.10 (t, J = 8.3 Hz, 2 H), 1.54 (s, 3 H), 1.47 (s, 9 H), 1.26 

(d, J = 6.9 Hz, 3 H), 1.23 (d, J = 6.9 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 213.7, 

166.5, 155.4, 141.6, 136.2, 135.0, 125.8, 124.6, 124.6, 121.3, 101.4, 80.7, 78.5, 77.9, 62.2, 

56.7, 38.1, 36.1, 28.1, 26.7, 26.2, 24.2, 23.9, 16.1. HRMS (EI) m/z calcd for C26H38O4 (M)
+
 

414.2770, found 326.1879 (M-88) 

 

 

 

(±)-(E)-3-(6-(3-Isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-enyl)furan-

2(5H)-one (74): 

 To 73 (22.1 mg, 0.0533mmol) in a sealed glass vial was charged a solution of AuCl 

(1.5 mg, 0.0065 mmol) in 1mL DCM (containing ~0.01 mL H2O). The resulting solution 

was stirred at RT for 6 hours, then concentrated in vacuo. 
1
H NMR analysis of the residue 

showed >90% conversion, so the residue was chromatographed on silica gel with 10% 

EtOAc/hexanes to isolate 74 as a waxy, colourless oil. No yield recorded. IR (neat, cm
-1

): 

3490, 2966, 2936, 1761, 1756, 1751. 
1
H NMR (400 MHz, CDCl3) δ = 7.20 (dd, J = 1.9, 6.9 

Hz, 1 H), 7.22 (dd, J = 2.0, 7.0 Hz, 2 H), 7.13 (t, J = 7.4 Hz, 1 H), 7.06 (t, J = 1.7 Hz, 1 H), 

5.27 (dt, J = 1.2, 7.1 Hz, 1 H), 4.74 (q, J = 2.0 Hz, 2 H), 4.55 (dd, J = 5.4, 7.6 Hz, 1 H), 3.75 

(s, 3 H), 3.32 (spt, J = 6.8 Hz, 1 H), 3.24 (s, 3 H), 2.53 - 2.36 (m, 4 H), 2.24 (t, J = 7.7 Hz, 2 

H), 1.56 (s, 3 H), 1.26 (d, J = 7.0 Hz, 3 H), 1.23 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, 

CDCl3) δ = 174.4, 155.4, 144.3, 141.7, 135.2, 134.8, 133.9, 125.9, 124.6, 124.5, 122.0, 77.8, 

70.1, 62.2, 56.7, 37.1, 36.0, 26.2, 24.2, 23.8, 23.4, 16.0. HRMS (EI) m/z calcd for C22H30O4 

(M)
+
 358.2144, found 326.1872 (M-32) 
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(±)-(E)-4-[(Triphenylphosphino)gold]-3-(6-(3-isopropyl-2-methoxyphenyl)-6-methoxy-

3-methylhex-3-enyl)furan-2(5H)-one (75): 

 To a solution of 73 (321 mg, 0.770 mmol) in 20 mL dry DCM was added 2,6-di-tert-

butyl-4-methylpyridine (771 mg, 3.75 mmol) and (PPh3AuNTf2)2•PhMe (605.1 mg, 0.770 

mmol Au). This solution was stirred at RT for 1.75 hours, then silica gel was added and the 

slurry concentrated to a dry-pack, which was chromatographed on silica gel with 10-30% 

EtOAc/hexanes to isolate 75 as a semicrystalline white solid (486 mg, 77.3% yield). 
1
H 

NMR (300 MHz, CDCl3) δ = 7.59 - 7.43 (m, 15 H), 7.21 (dd, J = 2.1, 7.2 Hz, 1 H), 7.17 (dd, 

J = 2.1, 7.7 Hz, 1 H), 7.10 (t, J = 7.6 Hz, 1 H), 5.30 (t, J = 7.3 Hz, 1 H), 4.86 (s, 1 H), 4.52 

(dd, J = 5.8, 8.0 Hz, 1 H), 3.71 (s, 2 H), 3.31 (spt, J = 7.2 Hz, 1 H), 3.20 (s, 2 H), 2.54 - 2.35 

(m, 4 H), 1.54 (s, 3 H), 1.23 (t, J = 7.2 Hz, 6 H). 
13

C NMR (101 MHz, CDCl3) δ = 141.6, 

136.8, 135.1, 134.3, 134.1, 131.5, 130.2, 129.7, 129.3, 129.2, 125.7, 124.5, 121.0, 77.9, 62.2, 

56.7, 40.3, 36.3, 26.2, 24.1, 23.9, 16.3. 
31

P NMR (122 MHz, CDCl3) δ = 44.20. 

 

 

 

tert-Butyl 5-methyl-2-vinylidenehex-5-enoate (76): 

 To a solution of LiHMDS (2.08 g, 12.0 mmol) in THF (0.36M) at -78°C was charged 

56 (1.24 g, 5.47 mmol) dropwise. The resulting yellow solution was stirred for 45 minutes at 

-78°C, then Tf2O (0.95 mL, 5.59 mmol) was added dropwise over 5 minutes. Stirring was 

continued for 1 hour at -78°C, then another solution of LiHMDS (1.05 g, 6.09 mmol) in THF 
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(1M) was added. Stirring was continued at -78°C for 30 minutes, then HMPA (3.4 mL, 19.5 

mmol) was added and the mixture stirred for another 30 minutes. A solution of ZnCl2 (1M in 

Et2O, 6.6 mL) was added and the mixture was stirred a final 30 minutes at -78°C. The 

reaction was quenched by pouring into a cold (0°C) biphasic mixture of saturated aqueous 

NH4Cl and Et2O. Layers were separated and the aqueous fraction extracted twice with Et2O. 

The combined organic fractions were washed with brine, dried with MgSO4 and 

concentrated. The residue was purified by column chromatography on silica gel with 2% 

EtOAc/hexanes to isolate 76 as a colourless oil (444 mg, 39% yield). 
1
H NMR (400 MHz, 

CDCl3) δ = 5.08 (t, J = 2.9 Hz, 2 H), 4.77 - 4.66 (m, 2 H), 2.39 - 2.26 (m, 2 H), 2.21 - 2.10 

(m, 2 H), 1.74 (s, 3 H), 1.48 (s, 9 H). 
13

C NMR (101 MHz, CDCl3) δ = 213.6, 166.4, 145.0, 

110.4, 80.8, 78.7, 36.0, 28.1, 26.3, 22.4. 

 

 

 

(±)-(E)-4-Iodo-3-(6-(3-isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-

enyl)furan-2(5H)-one (77): 

 To a solution of 75 (148.9 mg, 0.1823 mmol) in 5 mL acetone was added N-

iodosuccinimide (44.8 mg, 0.193 mmol) in one portion. The resulting solution was stirred at 

RT 10 minutes, by which time TLC showed complete consumption of starting material. The 

mixture was concentrated, then flushed through a silica gel plug with 20% EtOAc/hexanes. 

After concentration, 77 was isolated as a colourless, waxy oil (82.7 mg, 93.6% yield). 
1
H 

NMR (400 MHz, CDCl3) δ = 7.25 - 7.17 (m, 2 H), 7.17 - 7.11 (m, 1 H), 5.24 (t, J = 6.9 Hz, 1 

H), 4.73 (s, 2 H), 4.54 (dd, J = 5.5, 7.4 Hz, 1 H), 3.75 (s, 3 H), 3.33 (spt, J = 6.9 Hz, 1 H), 

3.24 (s, 3 H), 2.51 - 2.33 (m, 4 H), 2.26 - 2.14 (m, 2 H), 1.62 - 1.58 (m, 3 H), 1.26 (d, J = 6.9 

Hz, 3 H), 1.24 (d, J = 6.9 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 169.9, 155.4, 141.7, 
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138.4, 134.9, 134.9, 125.9, 124.6, 124.5, 122.4, 114.2, 77.7, 76.3, 62.2, 56.7, 36.6, 36.2, 

26.2, 25.6, 24.2, 23.9, 16.2. 

 

 

(±)-(E)-4-Bromo-3-(6-(3-isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-

enyl)furan-2(5H)-one (78): 

Experimental procedure as per the synthesis of 77, utilizing N-bromosuccinimide as 

the halogen source. Incomplete conversion and some protodeauration were observed by 

TLC, likely due to residual HBr in the commercial N-bromosuccinimide, which was not 

recrystallized before use. The title compound was isolated as a colourless, waxy oil (17.2 

mg, 45.6% yield). 
1
H NMR (400 MHz, CDCl3) δ = 7.25 - 7.18 (m, 2 H), 7.13 (t, J = 7.6 Hz, 

1 H), 5.24 (t, J = 6.9 Hz, 1 H), 4.74 (s, 2 H), 4.54 (dd, J = 5.5, 7.5 Hz, 1 H), 3.75 (s, 3 H), 

3.32 (spt, J = 7.0 Hz, 1 H), 3.24 (s, 3 H), 2.50 - 2.33 (m, 4 H), 2.27 - 2.17 (m, 2 H), 1.60 (s, 3 

H), 1.26 (d, J = 7.0 Hz, 3 H), 1.23 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 

166.7, 155.4, 134.9, 124.6, 124.5, 122.3, 77.7, 72.8, 62.2, 56.7, 36.4, 36.2, 26.2, 24.2, 23.9, 

23.3, 16.0. 

 

 

 

(±)-(3bR,9bS)-7-Isopropyl-5,6-dimethoxy-9b-methyl-3b,4,5,9b,10,11-

hexahydrophenanthro[2,1-c]furan-1(3H)-one (79): 

 A solution of either 77 or 78 and [Au] (10 mol%) in acetonitrile (0.05 M) was 

degassed by sparging with Ar at RT for 15 minutes in a sealed Pyrex tube equipped with a 
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septum. DIPEA (2 equivalents) was charged to the reaction mixture, which was then taken 

outdoors and exposed to sunlight (Moderate to High UV Index) for 2.5 hours. Upon 

exposure to light, the solution turned from colourless to yellow (77) or orange (78) within 2 

minutes. After the reaction was deemed complete, the mixture was concentrated, then 

reconsititued in Et2O, whereby a white precipitate formed. This precipitate was removed by 

filtration through a plug of silica gel, washing with Et2O. After concentration of the filtrate, 

the residue was chromatographed on silica gel with 30% EtOAc/hexanes to isolate a white, 

waxy solid believed to be 79. Diastereomer 1: 
1
H NMR (300 MHz, CDCl3) δ = 7.27 (d, J = 

8.4 Hz, 1 H), 7.17 (d, J = 8.4 Hz, 1 H), 4.95 (td, J = 3.0, 16.5 Hz, 1 H), 4.74 (br. dd, J = 3.0, 

16.5 Hz, 1 H), 4.64 (td, J = 3.0, 9.4 Hz, 1 H), 3.85 (s, 3 H), 3.49 (s, 3 H), 3.34 (spt, J = 7.0 

Hz, 1 H), 2.85 (d, J = 13.1 Hz, 1 H). Diastereomer 2: 
1
H NMR (300 MHz, CDCl3) δ = 7.24 

(d, J = 8.7 Hz, 1 H), 7.14 (d, J = 8.7 Hz, 1 H), 5.00 (dd, J = 4.5, 16.2 Hz, 1 H), 4.65 (br. d, J 

= 15.7 Hz, 1 H), 4.42 (t, J = 3.9 Hz, 1 H), 3.79 (s, 3 H), 3.42 (s, 3 H), 3.31 (spt, J = 7.2 Hz, 2 

H). 
13

C NMR (mixture of diastereomers) (DEPT-135) (126 MHz, CDCl3) δ = 127.3, 127.3, 

123.3, 121.7, 120.8, 77.2, 71.9, 71.5, 71.1, 70.9, 70.5, 70.4, 62.5, 62.3, 56.6, 56.4, 39.2, 36.6, 

36.0, 35.4, 32.1, 31.9, 31.8, 30.0, 29.7, 26.2, 26.0, 25.9, 25.4, 25.1, 24.1, 24.0, 23.8, 22.7, 

18.3, 17.9, 17.5, 14.1 HRMS (EI) m/z calcd for C22H28O4 (M)
+
 356.1988, found 356.1988  

 

 

 

(±)-(E)-6-(3-Isopropyl-2-methoxyphenyl)-6-methoxy-3-methylhex-3-enoic acid (82): 

 A solution of alcohol 70 (857 mg, 3.12 mmol) in 20 mL acetone at 0°C was titrated 

with a solution of Jones’ Reagent until an orange colour persisted in solution. The resulting 

mixture was stirred at RT for 30 minutes, then quenched by addition of 10 mL methanol, 

whereby the mixture turned dark green. The mixture was filtered to remove suspended 

solids; the filtrate was diluted with water (3 volumes), and extracted twice with EtOAc. The 

combined organic fractions were washed with brine, dried with Na2SO4 and concentrated. 
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The residue was chromatographed on silica gel with 10-40% EtOAc/hexanes to isolate 82 as 

a yellow, viscous oil (411 mg, 43% yield). 
1
H NMR (300 MHz, CDCl3) δ = 7.24 (dd, J = 

2.2, 7.4 Hz, 1 H), 7.21 (dd, J = 1.9, 8.4 Hz, 1 H), 7.14 (t, J = 7.6 Hz, 1 H), 5.42 (t, J = 7.6 

Hz, 1 H), 4.58 (dd, J = 5.6, 7.4 Hz, 1 H), 3.75 (s, 3 H), 3.32 (spt, J = 6.9 Hz, 1 H), 3.25 (s, 3 

H), 3.03 (s, 2 H), 2.63 - 2.35 (m, 2 H), 1.62 (d, J = 1.0 Hz, 3 H), 1.26 (d, J = 6.9 Hz, 3 H), 

1.23 (d, J = 6.9 Hz, 3 H) 

 

 

(±)-(E)-Ethyl-9-(3-isopropyl-2-methoxyphenyl)-9-methoxy-6-methylnon-6-en-2-ynyl 

carbonate (90): 

 A 0.5M solution of Cy2BH was prepared by charging cyclohexene (0.41 mL, 4.00 

mmol) to a solution of BH3•DMS (0.2 mL, 1.99 mmol) in THF at 0°C, stirring 1 hour to 

complete reaction – a white slurry indicated successful formation of Cy2BH. To this slurry 

was charged a solution of diene 69 (520 mg, 1.9 mmol) as a 1M solution in THF. The 

reaction mixture was warmed to RT and stirred for 3.5 hours. To this mixture, 4mL N,N-

dimethylacetamide was charged and the mixture re-cooled to 0°C, at which time 89 (370 mg, 

2.89 mmol), Cu(OAc)2•H2O (774.9 mg, 3.80 mmol) and Cu(acac)2 (249.6 mg, 0.95 mmol) 

were charged consecutively to the reaction mixture. The resulting blue-green slurry was 

warmed to RT and stirred overnight. The reaction was quenched by pouring into a saturated 

aqueous solution of Borax (20 mL) and stirring 2 hours at RT. The resulting slurry was 

diluted with H2O to dissolve solids and extracted 3x with EtOAc. The combined organic 

fractions were washed with 1M HCl and brine, dried with Na2SO4 and concentrated. The 

residue was chromatographed on silica gel with 10% EtOAc/hexanes to isolate 90 as a clear, 

pale yellow oil (122.6 mg, 16% yield). 
1
H NMR (400 MHz, CDCl3) δ = 7.25 - 7.17 (m, 2 H), 

7.16 - 7.08 (m, 1 H), 5.27 (t, J = 6.6 Hz, 1 H), 4.70 (t, J = 2.0 Hz, 2 H), 4.55 (dd, J = 5.4, 7.5 

Hz, 1 H), 4.27 - 4.17 (m, 2 H), 3.76 - 3.70 (m, 3 H), 3.32 (spt, J = 6.9 Hz, 1 H), 3.26 - 3.19 

(m, 3 H), 2.53 - 2.33 (m, 2 H), 2.32 - 2.23 (m, 2 H), 2.22 - 2.12 (m, 2 H), 1.51 (s, 3 H), 1.32 

(t, J = 7.2 Hz, 3 H), 1.26 (d, J = 7.1 Hz, 3 H), 1.23 (d, J = 7.1 Hz, 3 H). 
13

C NMR (101 MHz, 
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CDCl3) δ = 155.4, 154.7, 141.6, 135.2, 134.8, 125.8, 124.6, 121.8, 88.2, 77.8, 73.6, 64.3, 

62.2, 56.8, 56.0, 38.3, 36.0, 26.2, 24.2, 23.8, 17.9, 15.9, 14.2. 

 

 

(±)-(E)-Ethyl 8-(3-isopropyl-2-methoxyphenyl)-8-methoxy-5-methyl-2-vinylideneoct-5-

enoate (88): 

 Pd(PPh3)4 (40mg, 0.035mmol) was charged to a solution of 90 (172mg, 0.427mmol) 

in 2 mL benzene and 1 mL 99% ethanol in an autoclave glass liner, forming an orange 

solution. The autoclave was assembled and the atmosphere purged with CO five times, then 

pressurized to 400 psi with CO. The autoclave was then placed in a 50°C oil bath and stirred 

overnight. The resulting dark red solution was concentrated, reconstituted in hexanes, then 

filtered and concentrated again. 
1
H NMR of the residue showed multiple products, including 

the desired allenoate. The residue was chromatographed on silica gel with 2-5% 

EtOAc/hexanes to isolated 88 as a colourless oil (~5% yield, unoptimized). Note: this yield 

could likely be improved by running the reaction at lower temperatures, as these allenoates 

are temperature sensitive. IR (neat, cm
-1

): 3431, 2960, 2822, 1745, 1714. 
1
H NMR (400 

MHz, CDCl3) δ = 7.23 (dd, J = 2.0, 7.3 Hz, 1 H), 7.20 (dd, J = 1.8, 7.7 Hz, 1 H), 7.13 (t, J = 

7.5 Hz, 1 H), 5.27 (t, J = 6.7 Hz, 1 H), 5.09 (t, J = 2.7 Hz, 2 H), 4.55 (dd, J = 5.3, 7.6 Hz, 1 

H), 4.20 (q, J = 7.1 Hz, 2 H), 3.74 (s, 3 H), 3.32 (spt, J = 6.9 Hz, 1 H), 3.24 (s, 3 H), 2.52 - 

2.35 (m, 2 H), 2.35 - 2.26 (m, 2 H), 2.16 - 2.05 (m, 2 H), 1.54 (s, 3 H), 1.29 (t, J = 7.3 Hz, 3 

H), 1.26 (d, J = 7.2 Hz, 3 H), 1.23 (d, J = 7.0 Hz, 3 H). 
13

C NMR (101 MHz, CDCl3) δ = 

213.8, 167.2, 155.4, 141.6, 136.0, 134.9, 125.8, 124.6, 124.6, 121.4, 100.0, 79.0, 77.9, 62.2, 

60.9, 56.7, 37.9, 36.1, 26.5, 26.2, 24.1, 23.8, 16.1, 14.2. HRMS (EI) m/z calcd for C24H34O4 

(M)
+
 386.2457, found 326.1879 (M-60) 
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