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Abstract 
 

Gold was considered for a long time to be an inert metal and was only in 1986 that the first 

homogeneous gold-catalyzed transformation was reported. In our laboratory, we isolated a 

surprisingly stable vinyl complex that resulted from an unexpected 1,2-silyl migration while 

working on a gold(I)-catalyzed reaction for the synthesis of polyprenylated polycyclic 

acylphloroglucinols (PPAPs). We herein report the isolation of a variety of organogold species 

where we could control the silyl migration based on the nature of the silyl group installed on the 

terminal alkyne. Silyl groups bearing an aromatic ring inhibited the silyl migration while the 

aliphatic silyl group afforded the 1,2-silyl migrated adduct. After mechanistic investigation of this 

intriguing migration, we believe that this process goes through a relatively rare gold vinylidene 

intermediate. More than 15 organogold complexes were isolated in good yield and characterized 

by x-ray crystallography. Investigation of their reactivity led to the formation of C(sp3)C(sp2) 

bonds using electrophilic reagents without the use of Pd-based catalysts. 

 

 We have also developed a new gold(I)-catalyzed dehydro Diels-Alder reaction using a 

simple monocyclic silyl enol ether. This methodology proceeds effectively with a wide scope by 

the use of [JackiephosAu(NCMe)]SbF6 in toluene. This methodology was then applied to the 
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synthesis of magellanine, an architecturally complexed angular natural product isolated in 1976 

from the club moss Lycopodium Magellanicum. The key step precursor was rapidly constructed 

via a Mitsunobu/Diels-Alder reaction that generated the requisite   carboxaldehyde. The dehydro 

Diels-Alder reaction afforded the molecular skeleton of magellanine diastereoselectively in 91% 

yield . The synthesis was successfully accomplished in 11 steps demonstrating the ability of the 

gold(I) salt to rapidly construct complex molecules. 
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Since the discovery of salvinorin A, a lot of efforts were exerted in order to optimize the 

biological activity for treatment of central nervous system disorders. Development of a new 

synthetic routes to salvinorins are essential to afford novel functionalized analogues. The decalin 

framework of salvinorin A was assembled with a Diels-Alder reaction with Et2AlCl followed by 

a gold(I)-catalyzed 6-endo-dig carbocyclization with [JohnphosAu(NCMe)]SbF6. Further 

functionalization afforded an elaborated intermediate which possesses the correct stereochemistry 

of the natural product. Following these promising results, efforts are currently in progress for the 

completion of the total synthesis. 
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CHAPTER 1 
Introduction to gold catalysis 

1.1 Physical properties of gold(I) 

Due to the molten properties of early Earth, it is thought that much of the planet’s gold 

sank into the planetary core.1 Thus, much of the gold that is present in the Earth’s crust and mantle 

today was delivered to Earth by asteroid impacts during the Late Heavy Bombardment period, 

approximately 4 billion years ago. As a result, humans currently have limited access to small 

portions of the gold contained within the Earth’s crust. The first documented human-made gold 

artifact was found in the Varna Necropolis, Bulgaria; it is believed to be from the 4th millennium 

BC.2a For ages, gold in its pure form was admired for its bright, soft, and malleable properties 

along with its resistance towards oxidation. In 2017, a total of 190,040 tonnes of gold were 

estimated to be mined from the Earth’s crust. Nowadays, the world’s distribution of gold is 

estimated to be about 48% jewellery, 21% in investment, and 17% in industry.2b Gold is also the 

subject of many misconceptions. For example, gold is considered a rare element, but it is more 

abundant than palladium, platinum, rhodium, and many other precious metals. 

Along with gold’s19 rarity, it was considered to be an inert metal and consequently, the 

first chemical transformations of gold salts was not reported before the late 20th century. The 

benefits of gold as a homogeneous catalyst for the synthesis of fine chemicals have emerged in a 

spectacular fashion.3 With the atomic number of 79, gold has the following electronic 

configuration: [Xe]4f145d106s1, with most stable oxidation states being 0, +1, and +3. The 

remarkable reactivity of gold salts was attributed to its relativistic effect.4 The effect takes place 
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when the electron velocity becomes close to the speed of light. According to Dirac’s theory, the 

increased velocity of the s and p electrons of gold results in a gain of mass. Since, the Bohr radius 

of an electron is inversely proportional to the mass of an electron, the resulting mass increases lead 

to energetic stabilization and radial contraction of the s and p orbitals. Consequently, this creates 

a stronger shielding of the nucleus and results in less attraction of the f and d orbitals. Hence, the 

described destabilization leads to the expansion of the f and d orbitals, as illustrated in Figure 1.1.  

 

Figure 1.1- Consequences of the relativistic effect on orbitals 
 

Although the relativistic effects have consequences on the p and f orbitals, the 6s and 5d 

orbitals are responsible for most of the chemical reactivity and physical properties observed with 

gold complexes. For instance, the excitation of the filled 5d orbital occurs with a band gap of 2.38 
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eV; blue light is therefore absorbed which explains the bright yellow colour of gold.  Moreover, 

the contraction of the valence s orbital leads to the soft Lewis-acidity of Au(I) complexes due to 

the low-lying lowest unoccupied molecular orbital (LUMO) (Scheme 1.1).  In addition, the over- 

sized d orbitals allow the delocalization of electron density, explaining the ability of Au(I) 

complexes to stabilize nearby cationic charges by backdonation.  

 

Scheme 1.1 - Lewis acidity and backdonation ability of Au(I) 
 

 

1.2 General reactivity of gold(I) 

 The robustness, versatility, and the unique π-acidity of gold makes it a superior choice for 

activation of alkyne, allene, and alkene moieties as compared to other group 11 metals.4d The 

chemoselectivity of transformations mediated by Au(I) complexes allow reactivity to occur under 

mild conditions and also minimizes the need for protecting groups manipulation.  Generally, the 

catalytic cycle for the functionalization of alkyne 1.2.2 by cationic gold salt 1.2.1 to give the Au-

complexed 1.2.3 starts with π-activation of the substrate 1.2.2 (Scheme 1.2).5 The electron deficient 
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alkyne complex 1.2.3 is now susceptible to outer-sphere attack by adequate nucleophiles such as 

alcohols, amines, π-bonds, and N-oxides. The addition will generate the trans alkynyl-gold 

intermediate 1.2.5 which is now subject to protodemetallation with release of the final product 

1.2.6 and regenerates the active gold specie 1.2.1.  

 

Scheme 1.2- General catalytic cycle for alkyne functionalization using gold(I) salts 
 

1.3 Effect of counterions and ligands in gold(I) catalysis 

In 1986, Ito and Hayashi reported the first chemical reaction performed with homogeneous 

gold(I) catalysis.6 More than one decade later the first examples of alkyne activation  by gold(I) 

salts were reported by Teles7 and Tanaka.8 Since these discoveries, the groups of Fürstner, Toste, 
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Echavarren, Gagosz, Blum, Hammond, Hashmi, and Zhang (just to name a few) have significantly 

contributed to the expansion and understanding of gold(I) catalyzed organic transformations.3 

 

Figure 1.2- General correlation of ion pairing with reactivity 
 

The ligand and counterion adorned on the gold(I) salts have significant impacts on 

efficiency and regioselectivity of gold(I) transformations. Many researchers have demonstrated 

the importance of the counterion in gold-catalyzed processes and all came to similar conclusions.9 

AuCl could be used to catalyze transformations but could not efficiently activate π-bonds. The 

non-cationic character reduces the Lewis acidity, thus requires harsh conditions and in-situ 

activation to form the cationic gold salt. Cationic metal catalysts exist as an ion pair rather than 

“free” ions. Consequently, there is a charge separation between Au+ and X during the activation 

of substrates. In general, a catalyst that contains a weakly coordinating counterion such as SbF6
-

will exhibit stronger Lewis acidity and higher reactivity, as illustrated in Figure 1.2.  

So far, we have highlighted the importance of the counterion and omitted the crucial role 

of ligands in gold(I)-catalyzed process. A detailed study by Xu and Hammond demonstrated the 

importance of the ligand’s electronic properties with Au(I) in each stage of a gold catalyzed 

reaction.10  Most gold(I)-catalyzed transformations (alkyne activation shown) proceed through 

three major stages: 1) electronic activation of the alkyne; 2) protodeauration to regenerate the 

cationic gold species; 3) degradation of the gold catalyst (Scheme 1.3).  
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Scheme 1.3- Stages according to Xu and Hammond 
 

Ligands which adorn gold cationic species have significant impacts on the rate of each 

stage. Stage 1: the study reveals that on less activated substrates combined with a weak nucleophile 

(a relatively slow reaction), electron poor ligands will accelerate the overall rate of the reaction. 

An electron deficient ligand will enhance the cationic gold character, resulting in better affinity 

for the π-bond and in a higher turn over frequency (TOF). Therefore, a ligand such as L1 (Figure 

1.3) will be benefit for such chemical transformations.11 Stage 2: in the case of slow 

protodeauration of the vinyl gold intermediate, usually caused by electron withdrawing properties 

or stabilization by the substrate, a different ligand should be used. In this scenario, the vinyl gold 

could be observed by NMR spectroscopy and occasionally chromatographically stable. To 

circumvent low turnover, a more electron rich ligand such as tricyclohexyl phosphine L2 
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accelerates the protodeauration step.12 Stage 3: the third situation is considered a fast deactivation 

of the gold catalyst. More elaborated complexes are then necessary to avoid degradation of the 

gold catalysts to Au(0). It was reported that n2-interactions, such as those from Buchwald-type 

ligands, afford a higher stability by the biphenyl moiety, as illustrated by the structure of 

Jackiephos (L3).13 Counterions can also play an important role in the degradation of catalyst. In 

response to these limitations, Gagosz and co-workers developed a more thermally stable catalyst 

bearing the NTf2 anion.14 

 

Figure 1.3- Ligand structures that modulate different stages of gold-catalyzed reactions 
 

N-Heterocyclic carbene (NHC) ligands can also be installed on Au(I) to generate another 

interesting class of complexes. They differ by their electronic properties; NHCs are good σ-donors 

that result in less π-backdonation in comparison with phosphine ligands. Examples of 

regioselective transformations using carbene ligands will be discussed later in this chapter.   

 

1.4 Activation of alkynes for the construction of molecular complexity 

A broad variety of chemical reactions have been developed over the past two decades.3 

This section will mostly focus on the different categories of transformations using gold catalysis. 

In each section, the first reported transformation, a regioselective transformation by ligand 
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modulation, and an application in synthesis will be presented, if available. Practicality and 

efficiency of gold salts in the catalysis of key transformations is demonstrated by the substantial 

amount of total syntheses of natural products reported, where several examples are illustrated in 

Figure 1.4.15 

HO

Isofregenedol (1.4.e)

O
OH

OO

Hyperforin (1.4.f)

O O

O

O

O

OH

CO2Me

MeO
OPiv

MeO2C

OH

Bryostatin (1.4.c)

O

O
HO

O

OH O

O

O O

O

H H

H H

H

H
OH

H
OH

Okadaic acid (1.4.g)

O O

Neurymenolide (1.4.b)

O

O

N
H

HO

OH O

OH

OH

OMeOOMe

OH

Psymberin (1.4.d)

N

N

O

CO2Me
H

H

H

OMe

Quinocarcin (1.4.h)

N

O

H

H

HO

Fawcettimine (1.4.o)

H

Ventricosene (1.4.q)

N
H

H

Daphenylline (1.4.s)

O

NOH

O

O

Sieboldine (1.4.r)

OH

H

Epiglobulol (1.4.p)

H

H

H

Capnellene (1.4.t)

O
O

CO2H

OH

C5H11

O
MeO2C

Berkelic acid (1.4.j)

O

O

OMe

MeO

O

Pimpinellin (1.4.k)

N

O

O

HO

OMe

MeO

Decinine (1.4.n)

N

HN

O

O

O

HOH

NHMe

Citrinadine B (1.4.m)

O

O

O

O

O H

OH

Triptolide (1.4.l)

Lycopladine A (1.4.a)

H

O

OH

N

O

O

H

O

O

Ph

O

OH

Englerin A (1.4.i)

 

Figure 1.4 - Total syntheses using gold catalysis 
 

1.4.1  Addition of ROH nucleophiles 

Due to the relativistic effect, gold salts possess high π-affinity and low oxophilicity and are 

able to activate C-C in the presence of H2O and alcohols.  The first examples of alcohol and water 

additions into alkynes using gold salts were reported in 1998 by the group of Tales and Tanaka 
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(Scheme 1.4).7-8 The Markovnikov-type addition was observed by the formation of 1.4.2 and 1.4.4.   

It was proposed that the transformation proceeded first by the in-situ formation of a cationic gold 

species, which then activated the alkyne. Methanol addition followed by protodeauration afforded 

the enol ether and then hydrolysis led to the ketone.  In contrast with previous work, this 

methodology doesn’t require toxic reagents such as Hg(I) salts under acidic conditions.16  

 

Scheme 1.4 - Hydration of alkynes with Au(I) 
 

 The efficiency of gold-catalyzed hydroxylation of alkynes in presence of various functional 

groups was demonstrated by Trost in 2008.15c The C-ring formation of bryostatin 1.4.c via a 

challenging gold-catalyzed 6-endo-dig carbocyclization is shown in Scheme 1.5. The 

transformation of 1.4.5 proceeded smoothly using an in-situ activated cationic gold species to 

afford the dihydropyran 1.4.6 in 73% yield. The selectivity for the 6-endo-dig pathway over the 5-

exo-dig cyclization is presumably mediated by the Markovnikov-type addition on the polarized 

alkyne. Notably, due to the Lewis acidity of the catalyst in presence of water, the methyl ketal 

moiety was hydrolyzed under these reaction condition. 
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Scheme 1.5 - Total synthesis of (±)-bryostatin 6  
 

 
1.4.2 Addition of R2NH nucleophiles 

Since 1987 gold(III)-catalyzed hydroamination of terminal alkynes has been known,17 

however, it was not until 2003 that Hayashi and Tanaka developed the first gold(I)-catalyzed 

intermolecular amination of alkynes 1.4.8 with anilines 1.4.9 to form imines 1.4.10 and 1.4.11, 

respectively (Scheme 1.6).18 Cationic gold salts have a stronger azaphilicity than oxophilicity. 

Therefore, more nucleophilic anilines react slowly which could be explained by catalyst poisoning, 

caused by the active site of the gold complex being coordinated by the nitrogen atom. Preferably, 
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less nucleophilic N-nucleophiles should be used in gold(I)-catalyzed transformations to maximize 

reactivity. 

 

Scheme 1.6 - Gold(I)-catalyzed intermolecular hydroamination 
 

 In 2009, the group of Medio-Simónn demonstrated the divergent preparation of 1.4.13 and 

1.4.14 could be accomplished from 1.4.12 through modification of the ligands’ electronic 

properties using 1-(o-ethynylarul)ureas, (Scheme 1.7).19 They have reported that either 6-exo or 5-

endo-dig gold-mediated cyclizations could be performed using different activation modes. 

 

Scheme 1.7 - Ligand-controlled gold-catalyzed reaction of ureas 
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When NHC-stabilized gold(I) complexes were used, the process went through the known 

π-activation mode and led to the formation of 1.4.13 via nucleophilic attack of N-3.  On the other 

hand, activation of 1.4.12 proceeded through a dual σ,π-activation mode employing P(t-Bu)3 as 

the ligand to favour the N-1 attack, generating 1.4.14 selectively. 

The ability of gold(I) to construct nitrogen containing heterocycles has been demonstrated 

in many total syntheses. For instance, Ohno and co-workers reported an efficient application of 

gold(I)-catalyzed intramolecular hydroamination in the total synthesis of (-)-quinocarcin 

(1.4.h).15h Amine 1.4.15 was converted into 1.4.16 through in situ iminium reduction (Scheme 1.8). 

The amine 1.4.15 in the presence of [L5AuMeCN]SbF6 lead exclusively to the 6-endo-dig product. 

The 5-exo-dig product was not observed due to the ring strain found in the product.  

 

Scheme 1.8 - Synthesis of (-)-quinocarcin 
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1.4.3 Conia-ene type reactions 

Conia-ene type reactions are also catalyzed by gold(I), which can be considered as the 

cyclization of 1,6-enynes via the corresponding enol tautomer, as illustrated in Scheme 1.9. In 

2004, Toste reported a Conia-ene reaction catalyzed by [PPh3Au]Cl and AgOTf.20 The ß-ketoester 

1.4.17 in equilibrium with its enol form 1.4.18 underwent gold(I)-catalyzed cyclization to  afford 

1.4.19 in 94% yield. The intramolecular cyclization of the enol onto the unactivated alkyne 

proceeded selectively via a 5-exo-dig pathway. Notably the 6-endo-dig carbocyclization pathway 

was not observed due to Markovnikov type addition with Au(I). 

 

Scheme 1.9- Gold-catalyzed Conia-ene reaction of ß-ketoesters 
 

Silyl enol ethers can react in a similar way to ß-ketoesters for their addition onto alkynes.21 

In 2011, Barriault et al. reported a ligand-controlled carbocyclization of 1.4.20 (Scheme 1.10).22  

 

Scheme 1.10 - Regioselective cyclization of silyl enol ethers 
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The electron rich NHC ligand (L4) led preferentially to the 5-exo-dig product 1.4.21 

whereas using a bulkier phosphine ligand (L6) favoured the 6-endo-dig product 1.4.22. The 

divergence in pathway while using more hindered phosphine ligands was attributed to the distorted 

linearity of the L-Au-X bond at the transition state.23 Therefore, diminishing the ligand’s ability to 

stabilize the gold(I) intermediate by backdonation and consequently, proceeded through a more 

likely cationic process.  

The efficiency and application of Conia-ene type reactions have been demonstrated 

through the total synthesis of the polycyclic alkaloid (+)-lycopladine A (Scheme 1.11).15a 

Treatment of the monocyclic silyl enol ether 1.4.23 with [PPh3Au]Cl/AgSbF6 undergoes 5-endo-

dig cyclization to afford the desired polycyclic compound 1.4.24, as the sole diastereomer. 

Subsequent Suzuki coupling followed by electrocyclization produced to the desired (+)-

lycopladine A. 

 

Scheme 1.11 - Total synthesis of (+)-lycopladine 
 

1.4.4 Cycloisomerization-type reactions 

1,n-Enynes represent an important structural motif for construction of molecular 

complexity. The first example of this kind was reported in the 1980s using a palladium-based 

catalyst.24 In contrast with palladium or platinum, gold(I)-catalyzed alkyne transformations go 
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through n2-alkyne activation, which is then susceptible to nucleophilic attack. In absence of an 

internal or external nucleophile, enynes such as 1.4.25 generate products derived from different 

skeletal rearrangements (Scheme 1.12).25 As a general pathway, enyne 1.4.25 will undergo 5-exo-

dig or 6-endo-dig carbocyclizations to form 1.4.26 or 1.4.27, respectively. On one hand, 

protodeauration of 1.4.27, bicyclo[4.1.0]heptene derivative 1.4.28 will be observed.  

 

Scheme 1.12 - General pathways for cycloisomerization of 1,6-enynes 
 

Alternatively, isomerization of the gold(I) carbene 1.4.27 by ring expansion of the cyclopropane 

moiety could afford the cyclobutene 1.4.29. On the other hand, a single-cleavage skeletal 

rearrangement via the opening of 1.4.26 would generate 1.4.30 and/or 1.4.31. Moreover, the 

intermediate 1.4.26 could undergo a double cleavage rearrangement, which would lead to 1.4.33 
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after protodeauration. It is important to note that 5-exo-dig adduct is usually the predominant 

product observed in gold(I)-catalyzed processes. 6-endo-dig carbocyclization could also be 

achieved by careful choice of the ligand on the gold complex. Gold(I) carbenoid intermediates, as 

shown in the structure of 1.4.26, have been subject to much debate in the literature. It is important 

to emphasize that these types of species (1.4.26, 1.4.27, and 1.4.32) show highly delocalized 

structures and are strongly dependent on the nature of the R-groups (surrounding functionality) 

along with the ligand found on gold. π-Backdonation of gold(I) to the carbon center is generally 

poor and is shown in the structure of 1.4.34, which is probably more adequate.26 There are few 

complexes containing relatively short AuC bonds that exhibit carbene-like structures that have 

been characterized, as illustrated by 1.4.26.27 

 

Scheme 1.13- Regioselective double cycloisomerization of 1,11-dien-3,9-diynes 
 

 Fine tuning of the steric and electronic proprieties of the gold catalyst can drastically affect 

the selectivity during the cycloisomerization reaction. As illustrated in Scheme 1.13, Chan’s group 
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reported the selective preparation of tricyclic bridged hexenone (1.4.37) and heptenone (1.4.38) 

from 1,11-dien-3,9-diyne 1.4.36.28 It is proposed that 1.4.36 undergoes 1,3-acyloxy 

migration/metallo-Nazarov cyclization to generate the common intermediate 1.4.39. Using 

[L5AuNCMe]SbF6 complex, the carbocyclization of cyclopentadiene 1.4.39 proceeded in a 5-exo-

dig manner to generate 1.4.37.  Interestingly, when using a more sterically hindered complex such 

as [L6AuNCMe]SbF6, the reaction undergoes a selective 6-endo-dig cyclization. 

 Since 2006, Echavarren and co-workers demonstrated the remarkable application of 

gold(I)-catalyzed cycloisomerizations29 by successfully accomplishing numerous total syntheses 

such as (+)-oriental F, pubinernoid B, and (-)-englerin A.15i-30 The oxatricyclic sesquiterpene (-)-

englerin A, isolated from the African plant Phylanthus enfleri, has been prepared using the linear 

precursor 1.4.42 (Scheme 1.14). Upon treatment with [L4AuNCMe)SbF6 the carbocyclization took 

place to afford 1.4.43 in 58% yield.  

 

Scheme 1.14 - Total synthesis of (-)-englerin A 
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 It was proposed that the activation of the 1,5-enyne moiety on 1.4.42 by the cationic gold(I) 

complex formed the cyclopropyl metal carbene intermediate 1.4.44 through a 5-exo-dig cyclization 

(Scheme 1.15). Nucleophilic opening of the cyclopropane ring 1.4.44 by the carbonyl group then 

formed the oxonium cation 1.4.45, which gave the key intermediate 1.4.43 after an intramolecular 

Prins-type reaction followed by protodeauration.  

 

Scheme 1.15 - Proposed mechanism for the formation of the oxatricyclic core 
 

 

1.5 Binuclear Au(I) in photoredox catalysis 

In the last decade, photoredox catalysis has emerged as an efficient tool for the construction 

of CC bonds.  These light-enabled methods use photoactive transition-metal complexes and 

organic-based dyes, which upon irradiation undergo oxidative or reductive quenching mechanisms 

to generate carbon-centered radicals through single electron transfer (SET). In 1989, Che and co-

workers reported that binuclear gold complexes such as [Au2(-dppm)2]Cl2, possess unique 

photoluminescent properties.31 Following their work, Barriault’s group32 and others33 have 

demonstrated that such complexes can be used as photoredox catalysts in chemical 

transformations. It was demonstrated that the first excited state of [Au2(-dppm)2]Cl2 (1.5.1) was 

a superior reductant than  other typical ruthenium- and iridium-based photoredox catalysts, 

allowing the cleavage those of nonactivated CBr bonds.  
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The first application of the binuclear gold(I) complex in photoredox catalysis was 

demonstrated by the intramolecular cyclization of bromoalkene 1.5.2 (Scheme 1.16).32a Control 

experiments demonstrated that every reaction component was necessary for the reaction to occur. 

In addition, they validated that popular photocatalysts such as Ir(ppy)3 and [Ru(bpy)3](Cl)2 were 

ineffective to reduce the CBr bonds under standard conditions. 

 

Scheme 1.16- Photoredox cyclizations with binuclear gold complex 
 

Once irradiated with the proper wavelength, the photoexcited gold complex can reduce 

CBr bonds through a single electron transfer process (SET) to generate the corresponding carbon-

centered radical.  Mechanistic studies revealed that this process can proceed either via an inner-

sphere oxidative or reductive quenching cycle.32e From mechanistic insights, they proposed that 

the photoexitation of the catalyst 1.5.1 with UVA would generate a covalent bond between the two 

gold atoms to form 1.5.4 (Scheme 1.17)4c which could then reduce the C-Br of 1.5.2 via SET to 

generate the carbon-centered radical 1.5.5 (oxidative quenching cycle). The latter would undergo 

an intramolecular cyclization to create the new C(sp3)C(sp2) bond in 1.5.3.  Concomitant 



 
20 

 

oxidation of the tertiary amine and reduction of the [Au-Au]3+ complex would regenerate the 

photocatalyst 1.5.1. 

 

Scheme 1.17 - Proposed oxidative quenching catalytic cycle 
 

Barriault and co-workers demonstrated the efficiency of their method in the synthesis of 

(±)-triptolide (Scheme 1.18).32c Reaction of 1.5.7 under optimal conditions followed by the 

addition of H2SO4 led to the formation of the tetracycle 1.5.8 in 64% yield. The product was 

converted into a late-stage intermediate, thus completing the formal synthesis of the natural 

product in 9 steps. 

 

Scheme 1.18 - Total synthesis of (±)-triptolide 
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1.6 Conclusion 

We clearly see a rapid expansion in the field of homogeneous gold catalysis over the past 

three decades. Many types of transformations were developed using various nucleophiles such as 

alcohols, amines and π-bonds. Standard inter- or intramolecular addition, cycloisomerisation or 

Conia-ene type reaction have been reported. Regioselective transformations were also achieved 

via the judicious choice of the ligand complexed on gold. The efficiency of Au(I)-catalyzed 

reactions was demonstrated by the synthesis of complex natural products. Using dimeric gold 

species in a photoredox system is also a relatively new field and was applied to the synthesis of 

triptolide.  
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CHAPTER 2 
Isolation and reactivity of vinylgold complexes 

2.1 Introduction to vinylgold 

In general, complexes of organogold intermediates undergo relatively fast 

protodemetalation processes during typical gold Lewis acid catalyzed transformations (vide 

supra), which also regenerates the cationic gold species. In very rare cases, these intermediates 

can be isolated and characterized.34 Hammond35, Gagné36 and Hashmi37 reported the first 

chromatographically stable vinylgold complexes (Scheme 2.1). Preliminary results by Hammond 

in 2008 show that the organogold 2.1.2 were isolated upon treatment of the allenoates 2.1.1 with 

a cationic gold(I) salt. Shortly after Hammond’s results were published, Gagné’s group was able 

to isolate vinylgold 2.1.4 from the intramolecular hydroarylaton reaction of allene 2.1.3.  

 

Scheme 2.1 - The first isolated vinylgold intermediates 
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Hashmi identified that the cyclization of the substituted alkyne 2.1.5 under basic condition 

afforded another type of stable vinylgold intermediates, 2.1.6 and 2.1.7. Interestingly, the 

unsubstituted terminal alkyne 2.1.5 led to the 5-exo-dig product 2.1.6 while a methyl substituent 

generated the 6-endo-dig product 2.1.7 under identical reaction conditions. Isolation of such 

intermediates, supported the hypothesized mechanism of gold-catalyzed processes and have 

provided a fertile playground for new reaction discovery such as palladium coupling with 

organogold complexes.38 

Blum and co-workers performed kinetic experiments in order to rationalize the stability of 

such species.39 They synthesized several organogold complexes to compare the effect of the 

complex’s hybridization and substitution to their rate of protodemetalation (Scheme 2.2). The 

unexpected stability of 2.1.8a was attributed to the electron-deficient lactone system, which would 

make the subsequent protodeauration more difficult.  

Ph3P Au R Ph3P Au

2.1.8 2.1.9

HCl Et2O

CD2Cl2
RH

2.1.10

H

O
O

PPh3Au
PPh3Au CO2Me

CO2Me

PPh3Au CO2Me

2.1.8a
krel = 0.015

2.1.8b
krel = 0.082

2.1.8c
krel = 0.78

PPh3Au CH3 PPh3Au tBu PPh3Au

2.1.8d
krel = 0.35

2.1.8e
krel = 0.46

2.1.8f
krel = 1.5

Ph3P Au H Ph3P Au CH3 Ph3P Au OMe

2.1.8g
krel = 1.0

2.1.8h
krel = 1.3

2.1.8i
krel = 2.2  

Scheme 2.2 - Relative rate of protodeauration 
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The electronic nature of the aromatic substituents was also investigated (2.1.8g-i) and 

demonstrated that electron rich phenyl rings generated 2.1.10 at a faster rate, which is consistent 

with the previous hypothesis that electron-donating substituents lead to faster protodeauration 

processes. These studies also revealed a strong correlation between hybridization and kinetic 

basicity with the organogold complex’s stability, in the following trend: sp3 < sp < sp2 (aryl), as 

observed with compounds 2.1.8d < 2.1.8e < 2.1.8g. The basicity of the conjugate acid follows a 

different trend which suggests that hyperconjugation in the π-system results in stabilization of the 

protodeauration transition-state, thus explaining the incremental changes in rate. 

 

2.2 Unexpected vinylgold intermediates 

 In 2009, our group developed a mild and efficient method using cationic phosphinogold(I) 

species to generate bicyclo[3.3.1]alkenones 2.2.2 from enol ethers 2.2.1 (Scheme 2.3).40   

 

Scheme 2.3 - Total synthesis of polycyclic prolynated acylphloroglucinol (PPAPs) 
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This method was successfully applied in the concise total syntheses of biologically active 

polyprenylated polycyclic acylphloroglucinols (PPAPs) such as papuaforin A (2.2.3), papuaforin 

B (2.2.7), papuaforin C (2.2.4), hyperforin (2.2.5) and nemorosone (2.2.6).41 

During these syntheses, we investigated the gold(I)-catalyzed 6-endo-dig carbocyclization 

of 2.2.8 containing a substituted TBS-alkyne to produce the bridgehead ketone 2.2.9 (Scheme 2.4). 

Based on previous results, we anticipated that alkyne substitution would not affect the cyclization 

process.  Against all odds, we isolated a very small quantity of a surprisingly stable vinylic gold 

intermediate 2.2.10 that resulted from an unexpected 1,2-silyl migration along with starting 

material (>90%). From that result, we were then interested in the mechanism of this migration with 

the hope of taking advantage of this strategy to assess vinylgold stability and developping new 

transformations. 

 
 

Scheme 2.4 - A chromatographically stable vinylgold complex 
 

2.3 Substrate preparation 

To further understand the nature of the 1,2-silyl migration and stability of the vinylgold 

complex, we synthesized several substrates having steric and electronic variants. An array of silyl 

groups was installed on the terminal alkyne as well as changing the bulkiness of the initial core 

(Scheme 2.5). From the commercially available protected propargyl alcohol 2.3.1, silyl 
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substituents were introduced using n-BuLi and the corresponding chlorotrialkylsilanes to generate 

2.3.2ag in good yields. After deprotection of the pyran moiety and oxidation of the resulting 

alcohol by PCC, the volatile aldehydes 2.3.4ag were ready to be used in the aldol addition 

transformations. 2-Methyl cyclohexanone was deprotonated with a sub-stoichiometric amount of 

LDA and heated at reflux to favor the formation of the thermodynamic enolate, where the reaction 

intermediates were treated with various aldehydes 2.3.4. After oxidation of the -hydroxyketone 

intermediates with Dess-Martin periodinane followed by silyl enol ether formation, compounds 

2.3.6ah were obtained in good yields. These substrates comprised the preliminary scope for the 

investigation of the effect of the silyl substituent on the gold-catalyzed transformation. 

R2.3.2a, R = TBS, 98%
2.3.2b, R = TES, 97%
2.3.2c,R = TMS, 98%
2.3.2d, R = TiPS, 98%
2.3.2e, R = DMPS, 85%
2.3.2f, R = DPS, 43%
2.3.2g, R = TPS, 93%

OTHP OTHP

R

OH

2.3.3a, R = TBS, 96%
2.3.3b, R = TES, 62%
2.3.3c, R = TMS, 89%
2.3.3d, R = TiPS, 77%
2.3.3e, R = DMPS, 85%
2.3.3f, R = DPS, 81%
2.3.3g, R = TPS, 74%

n-BuLi, RCl, THF pTSA, MeOH, 65 oC

H R

O

H

2.3.5a, R' = H, R = TBS, 72%
2.3.5b, R' = H, R = TES, 21%
2.3.5c, R' = H, R = TMS, 49%
2.3.5d, R' = H, R = TiPS, 50%
2.3.5e, R' = H, R = DMPS, 18%
2.3.5f, R' = H, R = DPS, 26%
2.3.5g, R' = H, R = TPS, 66%
2.3.5h, R' = CH3, R = TBS, 68%

LDA, THF, - 78 oC

2.3.4a, R = TBS, 95%
2.3.4b, R = TES, 96%
2.3.4c, R = TMS, 95%
2.3.4d, R = TiPS, 95%
2.3.4e, R = DMPS, 99%
2.3.4f, R = DPS, 94%
2.3.4g, R = TPS, 98%

PCC, DCM, NaOAc

O

OTBSO

R

OO

R
2.3.6a, R' = H, R = TBS, 93%
2.3.6b, R' = H, R = TES, 87%
2.3.6c, R' = H, R = TMS, 71%
2.3.6d, R' = H, R = TiPS, 86%
2.3.6e, R' = H, R = DMPS, 82%
2.3.6f, R' = H, R = DPS, 82%
2.3.6g, R' = H, R = TPS, 92%
2.3.6h, R' = CH3, R = TBS, 75%

Et3N, DCM, TBSOTf

i)

ii) Dess-Martin, DCM

R'

R' R'

2.3.1

 

Scheme 2.5 - Substrate preparation bearing different silyl substituents 
 

Moreover, we synthesized another set of substrates possessing a more hindered core 

(Scheme 2.6). The sterically congested ketone 2.3.8, with a gem-dimethyl functionality, was 
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prepared following a known procedure.41a Using a similar approach to the previously developed 

method (Scheme 2.5), the substituted enone 2.3.7 was treated with LDA and 2.3.4 for aldol addition 

followed by 1,4-addition of a methyl group. Further oxidation and silyl ether formation afforded 

the substrates 2.3.9a-d and 2.2.8.  

 

Scheme 2.6 - Preparation of sterically hindered substrates 
  

2.4 Optimization and substrate scope 

Intrigued by the vinylgold complex, we further investigated this transformation by first 

performing an optimization of the organogold formation using a model substrate 2.3.6a. As a first 

step, we performed the reaction using a stoichiometric amount of gold complex [L5AuNCMe]SbF6 

in dichloromethane (Table 2.1).  After 30 minutes, enol ether 2.3.6a was fully converted to afford 

the vinylgold intermediate 2.4.1a in 32% yield along with a significant amount of hydrolyzed enol 

ether product 2.3.5a (>50%, entry 2). Unfortunately, lowering or increasing the temperature led to 

lower yields (entries 1 and 3). To prevent the hydrolysis of 2.3.6a, the reaction was carried out in 

the presence of various bases (1 equivalent) such as K2CO3, Et3N, and proton sponge (entries 46). 

In all of these cases, only starting material was recovered. Interestingly, this transformation does 
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not require basic conditions to prevent protodeauration.35,38a,42 Catalyst ‘poisoning’ might explain 

the absence of product using such reaction conditions. An increase in the amount of 2.3.6a from 

1.0 to 3.3 equivalents gave 2.4.1a in 84% yield (entries 79). [11] Substituting the DCM solvent for 

acetone, DCE or THF reduced the amount of product that was isolated (entries 1012).  

Table 2.1 - Optimization of vinylgold formation 
 

 

One can imagine that the vinylgold stability is attributed to the electron-deficient moiety 

of the complex, which has also been proposed by Hammond et al.43 To further understand and 

optimize the formation of the vinylic gold species, other ligands were examined.  Organogold 
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compounds bearing carbene and phosphine ligands, 2.4.1b and 2.4.1c, were isolated in 63% and 

70% yields, respectively.  Migration of the tert-butyldimethylsilyl group was observed in each 

case and was unaffected by the type of ligand. All of the structures were confirmed by single 

crystal X-ray diffraction. 

 

Scheme 2.7 - Ligand optimization in the isolation of vinylgold species with 1 equivalent of 
[LAuNCMe]SbF6 and 3.3 equivalents of 2.3.6a. 
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Scheme 2.8 – Controlled 1,2-silyl migration 
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The optimized conditions were then applied to a wider variety of R3Si-alkynes. At first 

glance, we found that the selectivity of the 1,2-shift was controlled by the nature of the silyl group.  

Noteworthy, a selective 1,2-migration/cyclization proceeded in good yields in a sterically 

demanding environment (Scheme 2.8).  For example, chromatographically stable vinylgold 

complexes 2.4.1d-h were isolated as the exclusive regioisomers.  The replacement of TMS on the 

alkyne by a TES group had no effect on the reaction yield; organogold complexes 2.4.1f and 2.4.1i 

were obtained in 77% and 83% yields respectively.  Increasing the R3Si bulkiness led to a 

significant decrease in yield since 2.4.1e was isolated in 35% yield.  Surprisingly, the treatment of 

2.3.6e afforded a separable mixture of 2.4.1k (27%) and 2.4.2a (20%).  When the silicon group  

posseses two phenyl substituents (DPS), only the non-migrated product 2.4.2b was isolated in 25% 

yield. Moving from DPS to TPS, only the non-migrated products 2.4.2c and 2.4.2d were produced 

in 98% and 40% yields, respectively.  These results clearly demonstrated that the nature of the 

silicon group on the alkyne dictates the 1,2-silyl migration. The electron deficient and hindered 

silyl groups led preferentially to the non-migrated products.  The mechanistic aspects of this 

transformation will be discussed in the following section. All of the structural features of the 

organogold complexes mentioned above were confirmed by single crystal X-ray diffraction and 

NMR spectroscopic analysis. 

 

2.5 Mechanistic insights 

Independent studies from Fürstner44 and Gervorgyan45 reported gold(I/III)-catalyzed 

cascade cycloisomerizations that involved 1,2-migration of halides and silicon groups. It was 

proposed that the migration proceeds through the formation of a gold vinylidene intermediate. 

There are many examples of intermediates proceeding through alkyne-vinylidene complexes for 
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W, Ru, Rh, Mo, Ir, Co, Re and Mn complexes,46 however, few examples exist with Au 

complexes.47 In specific cases, the migration can proceed via the generation of a gold carbenoid 

species.48 To the best of our knowledge, the isolation of intermediates during processes involving 

a silyl rearrangement has yet to be reported. 

To gain more insight on the cascade 1,2-migration/cyclization, we performed crossover 

experiments using 2.3.6a and 2.3.9a.  Only cyclized products 2.4.1a and 2.4.1g were observed in 

the crude reaction mixture (Scheme 2.9).  The 1,2-migration must then proceed through an 

intramolecular process.  

 

Scheme 2.9 - Crossover experiment 
 

In addition, we envisaged the possibility that the isolated mixture of 2.4.1k and 2.4.2a 

(Scheme 2.8) could be the result of a thermodynamic equilibrium. The resubmission of 2.4.1k did 

not led to a combination of 2.4.1k and 2.4.2a. Since no interconversion was observed, it confirms 

that the 1,2-silyl migration occurred prior to the carbocyclization (Scheme 2.10).  
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Scheme 2.10 - Experiment for interconversion of 2.4.1k and 2.4.2a 
 

 In light of these results, one can conclude that the 1,2-silyl migration 1) occurs mainly 

with aliphatic silyl groups at the terminal position, 2) proceeds via an intramolecular process, and 

3) occurs before the bridged core formation. Therefore, we propose two distinct pathways to 

explain the formation of 2.4.1 and 2.4.2 (Scheme 2.11).  

 

Scheme 2.11 - Proposed mechanisms 
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Activation of the alkyne moiety would first generate 2.5.1 which could undergo conventional 6-

endo-dig carbocyclization to generate 2.4.1. On the other hand, 2.5.1 could go through the 

formation of a gold(I) vinylidene intermediate 2.5.2 with trialkylsilyl substituents on the terminal 

alkyne. With electron rich silyl groups, the existence of such vinylidene could be favored by the 

silicon hyperconjugation stabilization, also called beta-silicon effect,49 of the ß-carbocation found 

on the resonance structure 2.5.3. Upon cyclization and protodeauration, 2.4.2 is observed. 

 

2.6 Reactivity of vinylgold  

We took advantage of the synthesis of these vinyl gold complexes to further explore their 

chemical reactivity (Table 2.2).  Recently, it was shown that new CC bonds could be generated 

through Pd-catalyzed cross-coupling reactions of vinylgold species with aryl and alkyl halides.50 

We identified Pd(OAc)2 (5 mol%) and tricyclohexylphosphine (15 mol%) in PhCF3 at 100 °C to 

be the optimal conditions for cross-coupling reactions.  Under these conditions, the organogold 

complex 2.4.1a was converted to 2.6.1a in 83% yield (entry 1). To our surprise, 2.4.2c proved to 

be inert under these conditions; only starting material was recovered.  One might suggest that the 

transmetalation process is thwarted by steric congestion at the CAuL1 bond.  Initial results 

showed that vinylgold complex 2.4.1a can also participate in Pd-catalyzed allylic cross-coupling 

reactions. However, thorough control experiments demonstrated that the allylation reaction 

proceeded in the absence of Pd catalyst; heating of 2.3.6a and 2.4.2a in PhCF3 in the presence of 

allylbromide gave bridgehead ketones 2.6.1b and 2.6.2b in 75% and 65% yields, respectively 

(entry 2).  These results are in contrast with previous findings.50a-c Other electrophiles such as 

propargyl bromide, methyl iodide and ethyl iodide provided the corresponding ketones 2.6.1c-e 

and 2.6.2ce in 32%-98% yields (entries 35).  Treatment of 2.3.6a and 2.4.2c with electrophilic 
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fluorinating agents proved to be more challenging.  Vinylfluor 2.6.1f was obtained in 33% yield 

whereas the conversion of 2.4.2c gave a complex mixture (entry 6).50j As expected, halogenation 

reactions using NBS and NIS provided the desired halogenated bridgehead ketones 2.6.1e, 2.6.1f, 

2.6.2e and 2.6.2f in quantitative yields (entries 7 and 8). 

Table 2.2 – Vinylgold complexes cross-coupling reaction[a] 

O

O

TPS
R

O

O

AuL
TBS

Br

Br

I

H3C
I

H3C

NIS

NBS

NFSI

I

Br

F

I

2.6.1d (98)

2.6.1e (92)

2.6.1b (75)

2.6.1c (63)

2.6.1h (98)[d]

2.6.1g (98)[d]

2.6.1f (33)[d]

RX Product 2.6.1 (%)[b]

2.6.1a (83)[c]

Entry

4

5

2

3

1

8

7

6

O

O

R
TBS

O

O

TPS
LAu

2.4.1a 2.6.1 2.4.2c 2.6.2

2.6.2d (98)

2.6.2e (97)

2.6.2b (84)

2.6.2c (32)

2.6.1h (98)[d]

2.6.2g (98)[d]

2.6.2f (--)[d]

2.6.2 (%)[b]

2.6.2a (--)[c]

[a] RX, PhCF3, 100
oC, 24h. [b] Isolated yield. [c] Pd(OAc)2 (5 mol%), PCy3 (15 mol%).

[d] Acetone, 35 oC.  
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2.7 Synergistic dual-catalysis with Au and Pd 

We were interested to investigate a synergistic dual-catalytic system using gold and 

palladium in order to directly convert 2.7.2 into 2.7.9 (Scheme 2.12). This process would start by 

the activation of the substrate 2.7.2 by a cationic gold species 2.7.1, which would generate the 

vinylgold 2.7.3. Oxidative insertion of Pd(0) into an aryl halide followed by transmetallation with 

2.7.3 give rise to the intermediate 2.7.8 and the gold halide 2.7.4. The desired product 2.7.9 will 

be obtained after reductive elimination of 2.7.8 and the active cationic gold catalyst 2.7.1 will be 

regenerated using a silver salt as an halogen savenger. 

 

Scheme 2.12 - Synergistic dual catalysis with Au and Pd 
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 We attempted this dual catalysis process using AgSF6 combined with a catalytic amount 

of [L5AuNCMe]SbF6, and our optimal conditions for the vinylgold transmetalation (Scheme 2.13). 

To our surpise no desired product was observed and the 6-endo-dig adduct 2.7.10 was isolated in 

60% yield.  

 

Scheme 2.13 - First attempt of dual-catalysis 
 

Since the non-migrated silyl 2.7.10 has never been observed during our previous 

investigation, we hypothesized that a side reaction was occuring with AgSbF6. Treatment of 2.3.6a 

with AgSbF6 in PhCF3 at 100 oC confirmed that the formation of 2.7.10 was catalyzed by the silver 

salt (Scheme 2.14).   

 

Scheme 2.14 - Control experiment 
 

 Hydrolysis of the TBS enol ether 2.3.6a was problematic during our experiments, thus we 

opted for the more resistant TIPS enol ether 2.7.11 (Scheme 2.15). Other types of halogen 

scavengers were tested for the in-situ regeneration of the cationic gold species and to avoid the 
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undesired product 2.7.10. NaSbF6, KSbF6, NaOTf, KOTf salts were investigated for the dual-

catalyzed process. We found that using two equivalents of KSbF6 led to our highest isolated yield. 

A modest 30% yield of the desired product 2.6.1a was obtained, implying low turnover number of 

the catalysts. The main problem remains the hydrolysis of the starting material 2.7.11.  

OTIPSO

TBS KSbF6 (2 equiv), PhI,

PhCF3, 100
oC, 20 h

Pd(OAc)2 (5 mol%)
PCy3 (15 mol%)

[L5AuNCMe]SbF6 (5 mol%)

30%2.7.11 2.6.1a

O

O

Ph
TBS

 

Scheme 2.15 - Optimized conditions 
 

Alternatively, one can imagine that treatment of Pd(0) with PhOTf instead of PhI will result 

in the formation of a gold cationic species after transmetalation. Unfortunately, no desired product 

was observed using PhOTf.  

Although our work with Au(I) has not been a success, many other synergistic dual-catalysis 

processes with gold and other transiton metals have been reported.50-51 

 

2.8 Conclusions  

In summary, we reported the isolation of 15 new bicyclo[3.3.1]nonane organogold 

complexes characterized by X-ray crystallography. Access to these atomospherically and 

chromatographically stable vinylgold complexes was possible via a silyl rearrangement, which 

was regioselective according to the substituent of the silyl group. TBS and TPS groups offer the 

best yields for the rearranged and not-rearranged products, respectively. Assessment of the 
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chemical properties of these organogold complexes showed that they participated in Pd-catalyzed 

aryl cross-coupling reactions.  It also led to the formation C(sp3)C(sp2) bonds using electrophilic 

reagents without the use of Pd-based catalysts. We have also been able to use a synergistic Au/Pd 

dual-catalysis system for the formation of functionalized bridged carbocycles. However, low 

yields was observed due to the degradation of the starting material. 
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CHAPTER 3 
Gold(I)-catalyzed [4+2] cycloaddition and its applications 

to the synthesis of magellanine  

3.1 Introduction to gold(I)-catalyzed dehydro Diels-Alder reaction 

The development of new transformations for the efficient synthesis of architecturally 

complex scaffolds via operationally simple and practical protocols is of paramount importance in 

organic synthesis.52 In this regard, the specific affinity of cationic gold complexes for -systems 

and their ability to stabilize neighboring cationic charges have stimulated the development of 

efficient and reliable methods for the construction CC bonds.53 The cycloaddition between an 

enyne 3.1.1 and an olefin 3.1.2, known as the dehydro Diels-Alder reaction (DDA), is an expedient 

process for the synthesis of cyclohexadienes 3.1.4 and related carbocycles (Scheme 3.1).54 While 

the thermal DDA reaction is well documented, the use of transition metals to catalyze this reaction 

remains marginal.55 

 

Scheme 3.1 - General dehydro Diels-Alder reaction (DDA) 
 

In pioneering work, Echavarren and co-workers56 reported the Au(I)-catalyzed cyclization 

of arylenynes/dienynes 3.1.5 to give substituted dihydronaphthalenes 3.1.7 through a stepwise 

process involving a cyclopropyl gold(I)-carbene intermediate 3.1.6 (Scheme 3.2). Following 
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Echavarren’s work, Gagosz’s group developed a new low-cost catalyst, [PPh3Au]NTf2, possessing 

a better reactivity to catalyze identical transformations.57  

 

Scheme 3.2 – Echavarren’s gold(I)-catalyzed intramolecular [4+2] cycloadditions 
 

A year later, Lin’s group developed a similar cycloisomerization process using 

cyclohexadiene 3.1.5 for the formation of tetracyclic 3.1.7 (Scheme 3.3).58 The proposed 

mechanism goes through a similar pathway in which the internal aryl attacks the stabilized carbene 

intermediate 3.1.6 followed by aromatization to produce 3.1.7. Moreover, an enantioselective 

variant of this transformation was developed in 2009 by Michelet and co-workers using chiral 

phosphine ligands.59 

 

Scheme 3.3 – Tetracycle formation via cyclization of 1-aryl-6,8-dien-1-ynes 
 

It was not until 2013 that the Barriault group reported a ligand-controlled cyclization of the 

silyl enol ether 3.1.8 (Scheme 3.4).60 Following their work on regioselective 6-endo-dig 
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carbocyclizations, they identified that 3.1.9 was formed exclusively using [L6AuNCMe]SbF6 with 

DCM as the solvent. On the other hand, with a carbene type ligand adorned on gold, 

[L4AuNCMe]SbF6, the tricyclic compound 3.1.11 was observed. In contrast with previous work 

by Echavarren and others, the product undergoes aromatization via elimination of the silyl ether 

through the intermediate 3.1.12.  

 

Scheme 3.4 - Domino cyclization for the synthesis of polyaromatic heterocycles 

 
All these transformations inspired us to develop a methodology for the synthesis of structurally 

more complexed scaffolds. 

 
3.2 Formation of angular cores via a gold(I)-catalyzed carbocyclization 

A substantial number of bio-active natural products having angular skeletons have been 

reported in the literature.61  For instance, some structurally interesting natural products are 

highlighted in Figure 3.1. The vast majority of gold-catalyzed carbocyclizations have been 
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designed for the formation of fused polycyclic compounds.  There is a conspicuous paucity of 

gold(I)-catalyzed process for the construction of fused angular cores. To this end, we were 

interested to develop a novel gold(I)-catalyzed cycloisomerization processes for the formation of 

such scaffolds and demonstrate its synthetic utility in the synthesis of a complex natural product.  

 

Figure 3.1 - Natural products possessing a polycyclic angular core 
 

3.2.1 Hypothesis 

We envisaged the synthesis of the angular framework from the monocyclic silyl enol ether 

3.2.2 as a model substrate. Upon exposure to cationic gold(I) species, enol ether 3.2.2 could 

undergo a 5-exo-dig carbocyclization to generate the cyclopropyl carbene intermediate 3.2.3, 

which could be in equilibrium with 3.2.4. A second cyclization event would take place to produce 

a stabilized allylic carbocation 3.2.5. One can imagine that deprotonation from the primary or 

secondary carbon would generate 3.2.6 and 3.2.7, respectively. Alternatively, a 6-endo-dig 

cyclization of the silyl enol ether 3.2.2 could be observed. Following this pathway, the 
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cyclopropyl-bearing intermediate 3.2.8, in equilibrium with the oxonium cation intermediate 3.2.9, 

would be produced. After a Prins-type cyclization, the cationic compound 3.2.10 should be 

formed. Analogous to the 5-exo-dig pathway, deprotonation from either the primary or secondary 

carbon followed by protodeauration would lead to the exo- or the endo-cyclic diene 3.2.11 and 

3.2.12. In principle, proper manipulation of the reaction conditions and the use of specific cationic 

gold(I) catalysts could favour each pathway.  

 

Scheme 3.5 - Envisaged gold(I)-catalyzed process for the construction of angular core 
 

 



50 
 

3.2.2 Substrate preparation 

A variety of substrates were prepared in order to investigate the functional group tolerance 

and limitations of the gold(I)-catalyzed process. We first synthesised the substituted ethyl alpha-

propargyl malonate moiety (Scheme 3.6). An array of vinyl bromides or aryl halides 3.2.14 were 

added to the alkyne 3.2.13 using the Sonogashira cross-coupling reaction. Substituted vinyl groups 

(3.2.15a-e) and electron rich aromatic rings (3.2.15f-g) were added in good yields (54-93%). 

 

Scheme 3.6 - Synthesis of substituted propargyl malonates 
 

 A formal 1,4-addition of the deprotonated malonate chain 3.2.15 through the use of 

dimethyl sulfide and triisopropylsilyl triflate provided the desired precursors 3.2.17a-j (Scheme 

3.7). We immediately noticed that this reaction is highly sensitive to temperature. The intermediate 

formed by the addition of DMS to the enal 3.2.16 with TIPSOTf could decompose rapidly if the 

deprotonated malonate chain 3.2.15 is not pre-cooled and slowly added along the flask. 

Nonetheless, we have been able to prepare precursors of various ring sizes 3.2.17a-d in moderate 
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to excellent yields (42-94%). Moreover, 1-cyclopentene-1-carboxaldehyde was chosen as the core 

structure to install all of the substituted propargyl malonate chains (3.2.15b-g). Silyl enol ethers 

3.2.17e-j were all observed in good yield (77-94%). Exclusive formation of the E-enol was 

obtained in all cases. We were then ready to attempt the gold(I)-catalyzed dehydro Diels-Alder 

reaction. 

 

Scheme 3.7 – Precursors synthesis for the gold(I)-catalysed transformation 
 

3.2.3 Optimization and substrate scope 

Preliminary results obtained by Geneviève Bétournay62 demonstrated that triisopropylsilyl 

enols were more resistant towards decomposition under the gold(I)-catalyzed reaction condition 
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and afforded a better conversion. At first glance, using the [L4AuNCMe]SbF6 catalyst, we 

observed the desired product in 95% yield with a inseparable mixture of 3.2.18, 3.2.19 and 3.2.20 

in a 6:6:1 ratio (Scheme 3.8). She identified that; 1) toluene was the best solvent, 2) the reaction 

could proceed under ambient atmosphere, and 3) solvent does not need to be free of water 

contamination. We were satisfied to observe that the described product distribution because it 

confirms several aspects of the envisaged reaction mechanism (Scheme 3.5). 6-Membered ring 

formation is usually more challenging to achieve using gold(I) catalysis, thus it was not surprising 

to observe the 5-exo-dig products 3.2.18 and 3.2.19 as the major outcome. 

 

Scheme 3.8 – Model substrate investigation by Geneviève Bétournay 
 

In all cases, only one diastereomer was observed. We thought that this could arise from the 

difference in energy of the two possible transition states (3.2.21 and 3.2.22) during the second 

carbocyclization (Figure 3.2). The path leading to 3.2.21 would be lower in energy, notably 

because of the steric interaction between the bulky silyl ether group and the cis-fused carbocycles 

found on 3.2.22. 
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Figure 3.2 - Proposed transition state for the diastereoselectivity found in the isolated products 
 

Although the product distribution gives us information about the mechanistic process, it is 

not very synthetically practical. We were interested to selectively form either 3.2.18 or 3.2.19. We 

hypothesised that we could favor the formation of one of the two product by addition of a base 

(entries 2-4, Table 1). All of these attempts failed to selectively favor 3.2.18 or 3.2.19; one can 

presume that the amine bases occupied the gold active site and neutralize its reactivity. 

Table 3.1 – Cycloisomerization optimization 
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Since endo-cyclic olefins are known to be more thermodynamically stable,63 we envisaged the 

possibility of in-situ isomerization of 3.2.19 into 3.2.18 by adding an acid upon completion of the 

reaction. No isomerization was observed with an acidic aqueous work-up (entry 5). One can 

imagine that the acid was not in physical contact with the products being in the organic layer, 

which does not allow the isomerization event to occur.  Addition of a soluble acid in toluene was 

key for the isomerization to proceed (entries 6-9). We were pleased to observe complete 

conversion of 3.2.19 by the addition of camphor-10-sulfonic acid (entry 9).   

 

Figure 3.3 - Additives used in Table 3.1 
 

 With the solvent and additive established for the exclusive formation of 3.2.18 and 3.2.20, 

we then attempted to eliminate the 6-endo-dig adduct by a ligand optimization for the Au(I) 

catalyst (Table 3.2).  The catalyst loading was decreased to 1 mol% in order to identify the catalyst 

with the highest turn over number. L10 adorned on gold(I) was leading to a complex mixture of 

products (entry 1). On the other hand, L4, L5, L6 and L8 produced the desired products in good 

conversions but mediocre selectivities (entries 2-5).  Interestingly, with [PPh3Au]NTf2 and 

[L9AuNCMe]SbF6, the regioselectivity of the transformation was optimal but incomplete 

conversion was obtained (entries 6 and 7). We were satisfied to observe a great conversion and 

selectivity using L3 (entry 8). We hypothesized that the electron deficient ligand, having a higher 

π-acidity, could withdraw the electron density from the alkyne and selectively polarize the 

nucleophilic attack by the silyl enol ether to the 5-exo-dig cyclization. Therefore, this beneficial 
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interaction explains the higher turnover number before the catalyst deactivates through other 

processes. This explanation would involve that activation of the alkyne is the rate determination 

step, which we can’t confirm based on the results we have. After optimization of the additive and 

ligand, we were glad to obtain a perfectly controlled diastereoselectivity (>20:1) and 

regioselectivity (>20:1) with sole formation of the endo-cyclic olefins (>20:1). 

Table 3.2 - Ligand optimization for the DDA reaction 
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 After the establishment of the optimized conditions, we examined the broad applicability 

of the Au(I)-catalyzed DDA reaction. Several enynes 3.2.17a-j were subjected to the reaction 

conditions (Scheme 3.9). The model substrate 3.2.17a gave the angular compound 3.2.18 in 96% 

isolated yield. Cyclization of 3.2.17b (n = 2, R1 = H and R2 = Me) and 3.2.17c (n = 3, R1 = H and 

R2 = Me) provided the desired tricycles 3.2.18b and 3.2.18c in 79% and 61% yields, respectively.  

It is worth noting that the cyclization of enynes having terminal substituents 3.2.17f (R1 = Me and 

R2 = H) and 3.2.17h (R1 = Ph and R2 = H) afforded the desired tricycles 3.2.18d and 3.2.18e having 

four contiguous stereogenic centers in 91% and 81% yields, respectively.  

 

Scheme 3.9 - Substrate scope for gold(I)-catalyzed carbocyclization 
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With regards to the cyclization of 3.2.17e and 3.2.17d, we found that the use of 

[L4AuNCMe]SbF6 led to full conversion and the desired angular cores 3.2.18f and 3.2.18g were 

generated in 93% yield as the sole diastereomer in both cases. However, Au(I)-catalyzed DDA of 

3.2.17g containing a cyclohexenyl unit gave tetracycle 3.2.18h in 86% yield as a 1:1 mixture of 

diastereomers. Cyclization of alkyne having a furyl group gave the cycloadduct 3.2.18i in 89% 

yield.  Interestingly, the cyclization of 3.2.17j using [L3AuNCMe]SbF6 gave the naphthalene 

derivative 3.2.23 in 74% yield, presumably through a cationic [1,2]-shift (Scheme 3.10) whereas 

the cyclization with [L4AuNCMe]SbF6 provided the desired compound 3.2.18j in 91% yield. Both 

reactions were performed without the subsequent addition of CSA. 

 

 Scheme 3.10 - Proposed mechanism for the formation of the naphthalene derivative  
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3.2.4 Double bond isomerization 

We were interested to get more information about the kinetics of the gold(I)-catalyzed 

dehydro Diels-Alder reaction. Therefore, we performed a study monitoring the reaction progress 

using NMR spectroscopic analysis with the model substrate 3.2.17a (Scheme 3.11). We replaced 

the toluene for deuterated benzene (C6D6) and added an equivalent of mesitylene as the internal 

standard. Reaction conditions are not identical but similar enough to give important information 

about the transformation. 

 

Scheme 3.11 - Reaction condition for NMR experiment 
 

Aliquots were taken at different time interval and analyzed by NMR spectroscopy to 

quantify the amount of 3.2.18 and 3.2.19 generated (Figure 3.4). At first glance, a significant 

induction period (5 minutes) was noticed for the reaction to begin.  One can attribute the delay of 

the reaction to the dissociation of the acetonitrile ligand adorned on the gold(I) thereby liberating 

a coordination site on the metal. Once the reaction started we observed that the cycloadduct 3.2.18 

was formed at a faster rate than the adduct 3.2.19. Therefore, the kinetic product is the endo-cyclic 

olefin 3.2.18, under this reaction condition.  Since the starting material and the product were 
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undistinguishable by TLC, the reactions were always stirred for 16 hours prior to purification. In 

this NMR study, we quickly noticed that the transformation was completed at 60 minutes. Since 

no further conversion was observed after a prolongated stirring, the CSA was added at 90 minutes 

to allow the isomerization event to occur. After stirring for 30 minutes, all of the exo-cyclic olefins 

3.2.19 were converted into the more thermodynamically stable tricyclic product 3.2.18 without 

affecting the overall yield of the transformation.  

 

Figure 3.4 - Reaction progress quantified by NMR analysis 
 

3.3 Magellanine and related alkaloids 

Lycopodium alkaloids of the fawcettimine family such as magellanine (3.3.1), 

magellaninone (3.3.2), and paniculatine (3.3.3) were isolated in the 1970’s by the group of Castillo 

and co-workers64 (Figure 3.5). These three natural products possess an interesting 6-5-5-6 

tetracyclic angular core and mostly differ by their oxidation state at the C-5 and C-11 position. 

Magellanine (3.3.1) was isolated in 1976 from the club moss Lycopodium Magellanicum and 

possesses 6 contiguous stereogenic centers including one quaternary at the tricyclic ring junction. 
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The structurally compact skeleton of 3.3.1 and its congeners have made an appealing and 

challenging target for the synthetic organic chemists.  Seven total syntheses of magellanine have 

been reported and they will be discussed in the following section. 

MeN
H O

HO

MeN
H O

HHO

Magellanine (3.3.1) Magellaninone (3.3.2) Paniculatine (3.3.3)

MeN
H OH

HO

 

Figure 3.5 - Structures of magellanine, megallaninone and paniculatine 
 

3.3.1 Previous synthetic forays of magellanine and its congeners 

  In 1993, Larry E. Overman reported the first enantioselective synthesis of magellanine 

(3.3.1) and magellaninone (3.3.2) (Scheme 3.12).65 After a 1,2-addition of the vinyllithium 3.3.4 

to ketone 3.3.5, the resulting tertiary alcohol intermediate was converted in few steps to the 

precursor 3.3.6. Upon treatment with SnCl4 the key step compound 3.3.6 underwent a domino 

Prins-pinacol reaction to produce the tetracyclic product 3.3.8 in 57% yield with a diastereomeric 

ratio of 2:1 having both the correct stereochemistry at the ring junction. Both diastereomers were 

carried further in the synthesis to afford magellanine (3.3.1) as the major product in 26 steps. The 

minor isomer was recuperated and converted into magellaninone (3.3.2) by a subsequent oxidation. 
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Scheme 3.12 - Prins-pinacol rearrangement by Overman 
 

In the same year, Paquette and co-workers reported the racemic synthesis of magellanine 

and magellaninone.66 After formation and elimination of the mesylate on the alcohol 3.3.10, an 

enone was formed in order to react with 3.3.9. The corresponding enolate of 3.3.9 was generated 

under basic condition to undergo a double Michael ring annulation with the α,ß-unsaturated ketone 

which rapidly led to the tricyclic system 3.3.12 in 56% yield. Further functional group 

manipulation afforded magellanine in 31 steps. 

 

Scheme 3.13 - Formal [4+2] cycloaddition by Paquette's and co-workers 
 

In 2002, Liao`s group developed a very efficient and concise racemic synthesis of 

magellanine (Scheme 3.14).67 Their work started by the use of a masked o-benzoquinone which is 

generated in-situ from 3.3.13 and traps smoothly with cyclopentadiene to provide 3.3.14. The   

stereoselective Diels-Alder reaction generated four of the six contiguous stereocenters found on 
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magellanine. Upon irradiation with a fluorescent lamp, the bridged compound 3.3.14 undergoes a 

oxa-di-π-methane (ODMP) rearrangement to afford the tetracyclic intermediate 3.3.15 in excellent 

yield.  The total synthesis was accomplished in only 14 steps from the acetovanillone 3.3.13. 

 

Scheme 3.14 – Key steps by Liao 
 

 Takahashi and Ishizaki accomplished a racemic formal synthesis of magellanine in 28 steps 

(Scheme 3.15).68 The angular core was prepared from the monocyclic enyne 3.3.16 using a 

Pauson-Khand reaction. The diastereomeric mixture of 3.3.16 led to 3.3.17a and 3.3.17b with 

different isolated yields. It is believed that one diastereomer goes through a more congested 

transition state, leading to 3.3.17b in lower yield. 3.3.17b was converted into 3.3.17a using a 

Mitsunobu reaction.  

 

Scheme 3.15 – Pauson-Khand key step by Takahashi 
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Mukai reported the enantioselective total synthesis of magellanine, magellaninone and 

paniculatine based on two Pauson-Khand reactions (Scheme 3.16).69 From the linear 1,6-enyne 

3.3.18, the bicyclic enone 3.3.19 was isolated in excellent yield. After a series of functional group 

manipulations, 3.3.20 was obtained in good yields. Submission of 3.3.20 under similar reaction 

conditions provided the tetracyclic enone 3.3.21 in 79% yield. From this route, 43 steps were 

required to synthesis enantiomerically pure magellanine.  

 

Scheme 3.16 - Pauson-Khand reaction key steps by Mukai 
 

In 2014, the relatively short enantioselective preparation of the tetracyclic alkaloid natural 

products 3.3.1 was accomplished by Yang and co-workers (Scheme 3.17).70  In contrast with other 

works, the nitrogen was installed at a much earlier stage during the synthesis.  The precursor 3.2.22 

was treated with t-BuOK in toluene and a smooth aldol cyclization occurred to yield the tetracyclic 

3.2.23 with an excellent site- and stereo-selectivity. The formal synthesis of magellanine was 

completed in 25 steps by the interception of an intermediate prepared by Liao’s group.67 
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Scheme 3.17 - Site specific aldol reaction by Yang 
 

  The shortest synthesis of magellanine was reported by Yan and co-workers in 2015 

(Scheme 3.18).71 The tetracyclic molecular framework was prepared using a Heck type coupling 

reaction. Upon treatment of the pseudo halide 3.2.24 with palladium, an oxidative insertion of the 

Pd(0) took place followed by carbopalladation and ß-hydride elimination in order to generate 

3.2.25 in good yield. This concise approach required only 13 steps to prepare magellanine. 

 

Scheme 3.18 - Palladium catalyzed olefin insertion by Yan 
 

 A specific preparation of paniculatine was reported by Sha in 1999,72 where many other 

researchers attempted to complete the synthesis of magellanine. Construction of the molecular 

skeleton was reported by Crimmins,73 Meyers,74  Mehta75 and Sarpong.76 Investigation and 

completion of the synthesis by few of these groups is still in progress and will not be discussed in 

this chapter. 
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3.3.2 Our retrosynthetic approach 

To further demonstrate its synthetic utility, we applied the Au(I)-catalyzed dehydro Diels-

Alder reaction to a concise synthesis of magellanine 3.3.1. The key strategic disconnections made 

on 3.3.1 involved a carefully orchestrated CC bond formation sequence. As such, the Au(I)-

catalyzed DDA reaction of 3.3.25 would forge the C and D ring of 3.3.1 (Scheme 3.19). The 

cycloadduct precursor 3.3.25 could arise from a stereoselective 1,4-conjugate addition between 

enal 3.3.26 and a substituted malonate chain. Moreover, the enal 3.3.26 would be derived from the 

cis-decalin 3.3.27 after oxidative cleavage of the alkene followed by aldol condensation. Finally, 

the bicyclic fragment 3.3.27 would be assembled by a Diels-Alder reaction from 3.3.28. 

 

Scheme 3.19 - Retrosynthetic approach of (±)-magellanine 
 

 During the development of the shortest synthesis of magellanine, we focused primarily on 

efficient routes to prepare the enal 3.3.26. The three main pathways explored will be discussed in 

the following sections. 
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3.3.3 Route A : Enal synthesis trough Lewis acid-catalyzed [4+2] 

During her M.Sc. in the laboratory of Professor Louis Barriault, Geneviève Bétournay 

developed the first preparation of the Michael acceptor 3.3.36 (Scheme 3.20).62 It began with the 

installation of a tosyl group on the homoallylic alcohol 3.3.28 followed by a nucleophilic 

substitution with sodium azide to produce 3.3.30 in 78% yield over two steps. Reduction of the 

azide with LiAlH4 afforded the amine in 68% yield. It is important to notice that no purification 

was performed until the formation of the homoallylic amine 3.3.31, which was purified by 

distillation. Treatment of the amine 3.3.31 with acryloyl chloride generated the compound 3.3.32 

in 73% yield.  

 

Scheme 3.20 – Geneviève Bétounay’s approach to the synthesis of enal 3.3.36 
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 The amide 3.3.32 was well suited for a Lewis acid-catalyzed intramolecular [4+2] 

cycloaddition. 3.3.32 in the presence of indium(III) triflate in water and isopropanol at 50 °C 

afforded the exo-Diels-Alder adduct 3.3.33 selectively. Notably, due to the tension during the 

transition state, the endo-adduct was not observed.77 Unfortunately, this reaction could not be 

scaled up greater than 2 g of the starting amide 3.3.32 without significantly diminishing the isolated 

yield. The lactam was then reduced to the amine and was protected employing tosyl chloride to 

afford 3.3.34 in 79% yield. Under Lemieux-Johnson oxidation reaction conditions, the cleavage 

of the alkene 3.3.34 was observed in good yield to afford the unstable dialdehyde 3.3.35. The crude 

reaction mixture was carried forth to the aldol condensation with a catalytic amount of piperidine 

and acetic acid under reflux using a Dean-Stark apparatus. Finally, the enal 3.3.36 was prepared 

in 9 steps from the alcohol 3.3.28 with an overall yield of 16% (Scheme 3.21). Although we 

obtained the desired intermediate 3.3.36, we pursued alternative routes to reduce the number of 

synthetic steps. 

 

Scheme 3.21 - Overview of the route A 
 

3.3.4 Route B : Enal synthesis trough dehydrogenative Diels-Alder 

In 2011, White and co-workers developed an interesting dehydrogenative Diels-Alder 

reaction.78 A selected example of this methodology is highlighted in Scheme 3.22, which is 

structurally similar to 3.3.32. They identified that a catalytic amount of Pd(II)/benzyl-sulfoxide in 
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combination with p-NO2BzOH was used for the formation of a π-allyl-Pd species in order to 

produce the diene intermediate. An internal oxidant, such as 2,6-Me2BQ, was added to the reaction 

mixture to regenerate the active Pd(II) species. The bulky 2,6-diemethyl-1,4-benzoquinone was 

used to prevent a possible quinone Diels-Alder reaction with the diene intermediate.  

 

Scheme 3.22 - Dehydrogenative Diels-Alder reaction by Christina White 
 

 Drawing inspiration from this work, we attempted to apply this methodology for the 

preparation of enal 3.3.36 (Scheme 3.23). From the commercially available 1-amino-5-hexene 

3.3.40, the linear amide 3.3.41 was obtained after acylation with acryloyl chloride.  At first glance 

we were disappointed to observe no conversion when 3.3.41 was submitted to the optimal 

condition developed for the dehydrogenative Diels-Alder reaction. Alternatively, the tosyl- and 

Boc- protectedamides were investigated. Only the tert-butyloxycarbonyl-protected amide 3.3.42 

led to the desired cycloadduct 3.3.43, which could not be separated from the side products 

generated by the reaction. The crude reaction mixture was then treated with trifluoroacetic acid 

(TFA) which produced the known bicyclic lactam 3.3.33 in 51% isolated yield over 2 steps. The 

carbamate group was removed since it was sensitive to the reaction conditions employed later in 

the synthesis. Following the same procedure as previously describe in Scheme 3.21, the lactam 

3.3.33 was reduced and protected with tosyl chloride. Oxidative cleavage of the alkene 3.3.34 
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afforded the dialdehyde 3.3.35 which was submitted under aldol condensation to produce the 

carboxaldehyde 3.3.36. 

 

Scheme 3.23 - Dehydrogenative Diels-Alder reaction approach 
 

 Unfortunately, because of the unexpected protection and deprotection steps of the Boc 

group, the Michael acceptor (3.3.36) was prepared in eight steps rather then six from the 

commercially available amine 3.3.40 (Scheme 3.24). This new pathway was one step shorter with 

a slightly better overall yield, in comparison with the previously developed Route A. As such, we 

continued to investigate shorter routes to the desired enal 3.3.36. 
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Scheme 3.24 - Overview of the route B 
 

3.3.5 Route C : Enal synthesis trough one-pot Mitsunobu/Diels-Alder reaction  

The two previous approaches (Route A and B) were still not able to satisfy our goal for a 

rapid synthesis of magellanine. Therefore, we revised and carefully analyzed the pitfalls from these 

pathways. In Route A, the homoallaylic alcohol 3.3.28 had to be tosylated in order to be displaced 

by an azide that is further reduced with LiAlH4. These step-intensive transformations are not 

optimal for constructive bond formation. One can imagine that in a Mitsunobu reaction79 the 

alcohol 3.3.28 would be in-situ converted into a good leaving group (Scheme 3.25). The 

nucleophile partner from that reaction would be the commercially available tosylated allylamine 

3.3.44, which would immediately form the carbon-nitrogen bond. The sulfonamide 3.3.44 

possesses an acidic proton for the Mitsunobu reaction to proceed and will have the advantage of 

avoiding the reduction and protection of the lactam 3.3.33. This new approach between 3.3.28 and 

3.3.44 would then afford 3.3.45. Since the carbonyl is not present on the intermediate 3.3.45, Lewis 

acid-catalyzed cycloaddition will not be feasible. A thermal Diels-Alder would have to be 

developed. This new route would be an aggressive approach to rapidly access the isoquinoline 

derivative 3.3.34.  
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Scheme 3.25 - Hypothetical Mitsunobu/Diels-Alder reaction sequence 
 

Driven by this challenge, we attempted to perform the two reactions in one step. For such 

a process, compatible solvents for both transformations had to be identified, thus a parallel 

optimization of the Mitsunobu and the Diels-Alder reaction was necessary (Table 3.3). We were 

pleased to observe the formation of 3.3.45 in 69% yield using DIAD/PPh3 in tetrahydrofuran (entry 

1). After purification of the sulfonamide 3.3.45, the thermal Diels-Alder reaction proceeded very 

slowly in refluxing toluene (72h, entry 2). Changing the toluene for higher boiling point solvent, 

such as o-xylene, led to an increment in rate of the Diels-Alder reaction with a slightly better yield 

(entry 3). Addition of radical inhibitors, such as BHT, during the cycloaddition transformations is 

known to avoid polymerization of the alkenes precursors.80 In our case, 20 mol% of BHT had a 

beneficial impact on the yield of the cycloaddition, affording 3.3.34 in 95% yield (entry 4). Our 

efforts then focused on increasing the yield of the Mitsunobu transformation using a high boiling 

point solvent. Unfortunately, the Mitsunobu reaction led to very low yields in toluene (entry 5). 

After screening of a few reagents, we found that the use of TMAD/PBu3 in toluene gave the desired 

intermediate 3.3.45 in 72% yield (entry 6). 
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Table 3.3 - Optimization of the Mitsunobu and Diels-Alder reaction 
 

 

 From this point, we were excited to try the two reactions sequentially without midway 

purification (Scheme 3.26). Therefore, the alcohol 3.3.28 was submitted under the optimized 

Mitsunobu reaction condition in o-xylene and then refluxed with 20 mol% of BHT. This reaction 

proceeded as expected and could be scaled up to 10 g in order to obtain 3.3.34 in 70% isolated 

yield with a diastereomeric ratio of 1.6:1. After Lemieux-Johnson oxidative cleavage of the decalin 

3.3.34 followed by aldol condensation afforded 3.3.36. 
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Scheme 3.26 - Optimized route of enal preparation 
 

 This route proves to be more efficient to the other pathways developed for the synthesis of 

the enal 3.3.36. From the homoallylic alcohol 3.3.28, it requires only three steps for the multi 

gram-scale preparation of the Michael acceptor in 38% overall yield (Scheme 3.27).   

 

Scheme 3.27 - Overview of route C 
 

3.3.6 End game: Total synthesis of (±)-magellanine 

From the carboxaldehyde 3.3.36, the synthesis was continued by the 1,4-addition of the 

substituted malonate chain 3.2.15a to obtain the diastereomerically pure silyl enol ether 3.3.46 in 
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81% isolated yield. The addition of 3.2.15a occurred on the less hindered convex face of the 

bicyclic enal 3.3.36. Moreover, the Z-silyl enol ether was not observed which could be explained 

by the favored formation of the less sterically congested E-silyl enol ether 3.3.46.  As expected, 

under the optimized gold(I)-catalyzed DDA reaction conditions, the precursor 3.3.46 underwent 

smooth and selective formation of the tetracyclic compound 3.3.47. It is important to emphasize 

the practicality of this transformation; the bench stable catalyst could be manipulated without 

special precautions and the reaction can be performed using unpurified solvent. The catalyst is 

simply added to the starting material in toluene and stirred overnight under ambient atmosphere. 

It is remarkable that in only five chemical transformations, all of the necessary carboncarbon 

bonds of magellanine were constructed. 

 

Scheme 3.28 - Key steps of the tetracyclic core formation 
 

Next, functional group manipulation remained to generate the alcohol at the C-5 position, 

the enone at the C-11 position, and the tertiary amine. Removal of TIPS group on 3.3.47 with 

TBAF followed by the addition of LiOH and water, the mixture was heated to 140°C yielding the 

corresponding carboxylic acid 3.3.48 as the sole diastereomer in 92% yield over two steps (Scheme 

3.29).  Dess-Martin oxidation of the free alcohol afforded ketone 3.3.49 in 87% yield. We then 
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attempted to selectively reduce the alkene at the ß-position of the carboxylic acid. After several 

unsuccessful attempts, we opted to reduce both alkenes with Adam’s catalyst (PtO2).  Pleasingly, 

a selective hydrogenation on the convex face was accomplished affording 3.3.50 in 84% yield. It 

is important to note that only the platinum dioxide from Alfa Aesar company led to complete 

alkene reduction and reproducible results.  

At this point, the carboxylic acid moiety was converted to a secondary alcohol through a 

Barton-McCombie oxygenative decarboxylation developed by Zard and co-workers.81 A modified 

‘one-pot’ variant of this transformation, reported by Martin,82 was used to convert 3.3.50 into the 

alcohols 3.3.51 and 3.3.52 in 57% yield (d.r. = 1:1). A cursory inspection of the reaction 

mechanism reveals the formation of a secondary carbon-centered radical which is trapped with 

molecular oxygen to produce a peroxide.  The latter was then reduced using triphenylphosphine to 

afford the desired alcohols 3.3.51 and 3.3.52. The undesired diastereomer 3.3.51 was then 

converted to the desired 3.3.52 using a Mitsunobu protocol.67 

 

Scheme 3.29 – Functional group manipulation for (±)-magellanine synthesis 
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Analogous to the synthesis of magellanine by Yang,70 the sulfonamide 3.3.52 was reduced 

with Na/naphthalene and in-situ submission to their described reductive amination conditions 

afforded the tertiary amine 3.3.53 (Scheme 3.30). The installation of the enone was achieved using 

Takahashi’s protocol.68 First, addition of LDA and TMSCl gave the corresponding silyl ether 

which upon exposure to a second equivalent of LDA and the Mukaiyama reagent83 followed by an 

acidic work-up afforded the (±)-magellanine 3.3.1 in 64% yield. The total synthesis of (±)-

magellanine was then accomplished in only 11 steps. Spectral data were identical to those reported 

in the literature. Using the protocol developed by Overman,65 the final step of (±)-magellaninone 

could be achieved from 3.3.1 using a Jones oxidation reaction, which is the shortest formal 

synthesis of that natural product. 

 

 

Scheme 3.30 - Last steps of (±)-magellanine synthesis 
 

3.4  Conclusion 

In summary, we have developed an innovative and operationally facile methodology for the 

formation of carbocycles via a gold(I)-catalyzed cycloaddition. This reaction grants access to 

various complex angular fused-ring systems in high diastereoselectivities. The practicality of this 

Au(I)-catalyzed transformation was validated in the total synthesis of ()-magellanine which was 
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accomplished in only 11 steps from hexa-3,5-dien-ol; one of the shortest total syntheses known to 

date. Further applications of this transformation in natural product synthesis are currently ongoing 

and will be reported in due course. 

 

Figure 3.6 - Strategic disconnections of (±)-magellanine synthesis 
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CHAPTER 4 
Towards the total synthesis of salvinorin A 

4.1 Introduction 

Salvinorin A was isolated and named in 1982 by Alfredo Ortega from the Salvia divinorum 

plant.84 The chemical structure of the natural product was determined using a combination of 

spectroscopic analysis and was shown to contain a bicyclic diterpene core (Figure 4.1). In 1983, 

independent studies by Valdés reported the isolation of analogues from the same plant which were 

named divinorin A and divinorin B.85 The naming was latter changed to salvinorin A and B,86 

respectively. Salvinorin C was also isolated from the same group in 2001.87 Many other variants 

of these diterpenes were reported and to date, 9 different salvinorins have been identified.88 

Salvinorin A possesses a highly oxidized and condensed molecular framework. The trans-

neoclerodane diterpenoid have seven stereogenic centers where two of them are quaternary. 

 

 

Figure 4.1 - Structure of salvinorin A-C 
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4.1.1 Structural features and biological properties 

 It was found by Bégin and co-workers that salvinorin A possesses a very sensitive 

epimerizable center (Scheme 4.1).89 Once treated with a strong base, such as DBU, the trans-

lactone under goes epimerization to form the more thermodynamically stable cis-lactone with a 

2.5:1 ratio.90 Due to the strong 1,3-diaxial repulsion between the two axial methyl groups, the epi-

salvinorin A is favored and unfortunately, lacks biological activity. This undesirable conversion 

has to be taken into consideration for synthetic preparation of the active ingredient. 

 

Scheme 4.1 - Epimerization of salvinorin A 
 

Salvia divinorum plant was formerly used as an entheogen by indigenous Mazatec shamans 

in Mexico.91 Salvinorin A was found to be the active ingredient amongst all the other salvinorins 

biosynthesized by the plant and is responsible for the dissociative hallucinogenic side effect. At 

this time, it is the most potent naturally occurring hallucinogen.92 This trans-neoclerodane 

diterpenoid is the first non-alkaloid compound reported to be a kappa opioid receptor agonist. In 

contrast with morphine which acts on delta opioid receptors, kappa opioid receptors are not 

associated with physical dependence side effects. Salvinorin A is highly specific to kappa receptor 

(EC50 = 2.2 nM) with a very low affinity for delta (EC50 = >10 000 nM) and mu opioid receptors 

(EC50 = 2860 nM).93 It is importance to note that epi-salvinorin A (EC50 = 531 nM)89 and de-
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acetylated analogue salvinorin B (EC50 = 371 nM)94 are devoid of high affinity for the kappa opioid 

receptors. Therefore, deacetylation or epimerization under physiological conditions completely 

neutralize the biological activity of Salvinorin A, which explains the short duration of action of 

the ingredient (2-20 minutes).95 Because of the latter bioactivity, salvinorin A is a promising lead 

for the therapeutic treatment of CNS disorders, including depression, pain, and drug addiction.96 

 

4.1.2 Structure-affinity relationship (SAR) 

Extensive studies achieved the understanding of how salvinorin A was binding to kappa 

opioid receptors. A wide variety of single-point mutant and chimeric opioid receptors were 

prepared to evaluate and localize the ligand-binding site of this unique lipophilic KOPr agonist. 

Several different hypotheses based on the mutagenesis approach and molecular-modeling were 

reported.97 In 2012, a more refined model for the salvinorin A binding-site interactions were 

proposed (Figure 4.2).98 It was observed that the C315, T111 and Y313 motif are crucial to 

maintain high affinity to 4.1.1. In addition, exposure of KOPr to an analogue possessing a 

thiocyanate group rather than a 2-acetoxy moiety produces irreversible binding of the C315. 

 

Figure 4.2 - Salvinorin A proposed binding site  
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 Several synthetic analogues of salvinorin A were prepared using a semi-synthesis approach 

to further understand and optimize the biological activity.99 Structural modifications were limited 

to the accessible functional groups such as the 2-position acetoxy group, the 4-position 

carbomethoxy group, the 17-position carbonyl and the furan ring. Although, interesting 

observations were made and are summarized in Figure 4.3. 

 

Figure 4.3 – Structural modification tolerance from the structure-activity relationship 
 

Many efforts were made in order to identify a more potent kappa opioid receptor agonist. 

During these works, two other potent ingredients were identified with interesting analgesic 

properties (Figure 4.4), 2-mexothymethyl salvinorin B (4.1.5, MOM-Sal B) and 22-

thiocyanatosalvinorin A (4.1.6, RB-64). MOM-sal B was identified to posses a longer lasting 

duration of action and to be five-fold more potent with an EC50 of 0.6 nM.100 On the other hand, 

RB-64 exhibited irreversible binding to the kappa-opioid receptor.101  
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Figure 4.4 - Structure comparison of salvinorin A with MOM-Sal B and RB-64 
 

4.1.3 Biosynthesis 

NMR and mass spectroscopy analysis of the incorporated radio labelled [1-13C]-D-glucose 

4.1.7 to the plant tissue revealed the biogenic origins of salvinorin A (Scheme 4.2).102 It was 

hypothesized that the biosynthesis of salvinorin A could go through two different pathways; the 

1-deoxy-D-xylulose-5-phosphate pathway (DOXP) or the mevalonate pathway (MAV). In 2007, 

Zjamiony developed a method for the in vitro tissue culture of Salvia divinorum in order to 

efficiently incorporate 4.1.7. The radio labelled isopentenyl pyrophosphate (IPP) 4.1.8 or 4.1.9 

would then be generated from 4.1.7 via the DOXP (green labelled) or the MAV (blue labelled) 

pathway, respectively. The 13C enriched IPP 4.1.8 or 4.1.9 (5 carbon unit) will produce 

geranylgeranyl pyrophosphate (GGPP) 4.1.10 (20 carbon unit). A diterpene synthase produces a 

labdanyl cation 4.1.11 from GGPP 4.1.10, which is subsequently rearranged.  A sequence of 1,2-

hydride and methyl shifts from 4.1.11 forms the clerodienyl intermediate 4.1.12. Oxygenation, 

acylation, and methylation reactions are then required to produce salvinorin A (4.1.1). NMR and 

mass spectroscopy analysis of the incubated leaf extract with the 13C enriched glucose 

demonstrated the incorporation of IPP originated from the DOXP pathway rather than the classic 

mevalonate pathway. 
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Scheme 4.2 - Simplified biosynthetic pathway for salvinorin A 
 

4.1.4 Previous synthetic approaches 

Despite the wide variety of analogues synthesized via a semi-synthetic approach, it 

provides a limited array of structural modification. The development of readily diversifiable 

synthetic routes to salvinorins are in need for the preparation of novel functionalized analogues 

that cannot be derived from the natural product. In 2007, Evans and co-workers accomplished the 

first enantioselective total synthesis of salvinorin A (Scheme 4.3).90 The tricyclic core of this KOPr 

agonist was prepared by a transannular Michael reaction cascade of the bisenone 4.1.13. Treatment 

of 4.1.13 with TBAF afforded the tricyclic scaffold 4.1.14 as a single diastereomer in quantitative 
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yield. Further reduction of the enol and functional group manipulation afforded 8-epi-salvinorin 

A 4.1.4 as the major adduct, which appears to be predominant under kinetic and thermodynamic 

control. Nonetheless, the total synthesis required 29 steps to afford enantiomerically pure 

salvinorin A. 

 

Scheme 4.3 – Synthesis of salvinorin A by Evans 
  

 From the fairly advanced Wieland-Miescher ketone derivative, Hagiwara was able to 

complete the total synthesis of salvinorin A.103 A selective hydroxylation produced 4.1.15 which 

was carried on for the synthesis (Scheme 4.4).  Reductive alkylation of the enone 4.1.15 in liquid 

ammonia afforded the substituted decalin 4.1.16. Following by a series of other transformations 

involving protection and deprotection at many stages afforded salvinorin A. A revised synthetic 

approach was reported a year later where synthesis was accomplished in 18 steps.104 

 

Scheme 4.4 - Synthesis of salvinorin A by Hagiwara 



87 
 

 
 Forsyth and co-workers took advantage of the practical intramolecular Diels-Alder reaction 

(IMDA) for the construction of the 6-6 fused bicyclic system (Scheme 4.5).105 The exo-selective 

IMDA of 4.1.17 occurred in refluxing dichlorobenzene and led to 4.1.18 in 90% isolated yield. 

During their synthetic investigation they also faced an epimerization issue at the C-8 position, as 

previously reported by Evans. However, a short racemic synthesis was achieved in 18 steps. 

 

Scheme 4.5 - Synthesis of salvinorin A by Forsyth 
 

 More recently, Metz have used a different disconnection strategy by using two 

intramolecular Diels-Alder (IMDA) reactions for the construction of the tricyclic framework 

(Scheme 4.6).106 The first key transformation involves the diastereoselective formation of the endo-

cycloadduct 4.1.20 by heating 4.1.19 in chlorobenzene. The second intramolecular Diels-Alder 

cycloaddition of intermediate 4.1.21 took place in similar reaction conditions, affording the 

salvinorin-like compound 4.1.22 as the major diastereomer. The latter was converted to the natural 

product along with epi-salvinorin A 4.1.4.  Using this approach, salvinorin A was assembled in 18 

steps, which constitutes one the shortest routes to the natural product. 
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Scheme 4.6 - Synthesis of salvinorin A by Metz 
 

 Other synthetic analogues of the salvinorins were prepared using different strategic bond 

disconnections and led to several compounds that maintain strong KOPr agonism.107 

 

4.2 Progress towards salvinorin A 

Despite the fact that many total syntheses of salvinorin A were accomplished, they all 

suffer from obtaining epi-salvinorin A as a by product of the synthesis which is a consequence of 

establishing the C-8 stereocenter at a late stage. We thought we could use a different approach and 

set the stereochemistry at a much earlier stage in the synthesis. In order to afford a new synthetic 

approach, we revised an existing methodology that was developed in our laboratory. 

 

4.2.1 Retrosynthetic analysis 

Owing to the facile epimerization at C-8 (cf. Scheme 4.1), the lactone moiety on 4.1.1 

would be installed at a late stage by the cyclization of an alkoxide onto the nitrile 4.2.1 (Scheme 

4.7). One can imagine that the aldehyde group on 4.2.1 would come from the opening of the lactol 
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4.2.2. The latter would be obtained through a light-enabling radical cyclization using dimeric 

gold(I) complexes. The bromoacetal 4.2.3 would arise from acetalization of the secondary alcohol 

4.2.4, which would be the result of an epoxide opening. Using a selective 6-endo-dig 

carbocyclization that we developed with a monomeric gold(I) Lewis acid catalyst, 4.2.6 would 

originate from the silyl enol ether 4.2.7. Finally, cyclic silyl enol ether 4.2.7 would be the result of 

an intermolecular Diels-Alder reaction (IMDA) between diene 4.2.8 and methyl acrylate.  

 

Scheme 4.7 - Retrosynthetic analysis of salvinorin A 
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4.2.2 Synthesis of the diene and Diels-Alder cycloaddition 

The preparation of the diene 4.2.8 started with 2-butynoic acid 4.2.9 which, upon treatment 

with sodium iodide in acetic acid, generated the compound 4.2.10 in near quantitative yield without 

purification (Scheme 4.8).108 Optimization of the Negishi-type coupling led to the substituted 

alkene 4.2.11 in 85% yield. The organozinc reagent from the iodo alkyne 4.2.12 was formed with 

zinc dust and both were used in excess in order to quench the acid proton of 4.2.10, where the 

remaining zincate undergoes transmetalation with a palladium species. Exclusive formation of the 

Z-alkene was observed in dimethylformamide.109 The ketone 4.2.13 was obtained from the 

carboxylic acid 4.2.11 with an excess amount of methyl lithium in diethyl ether. Silyl enol ether 

formation with triisopropyl silyl triflate was performed and afforded 4.2.8 in 98% yield. All these 

chemical transformations were carried out on multi-gram scale. 

 

Scheme 4.8 - Synthesis of the diene 4.2.8 
 

 With the diene 4.2.8 in hand, we were ready to investigate the intermolecular Diels-Alder 

reaction with methyl acrylate (Table 4.1). At first glance no conversion was observed using 
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thermal conditions (entries 1 and 2). On the other hand, addition of ethylaluminum sesquichloride 

led to complete conversion and good regioselectivity, but lacked diastereoselectivity (entries 3 and 

4).  We were satisfied to observe the exclusive formation of the endo-cycloadduct 4.2.7 using a 

substoichiometric amount of diethyl aluminum chloride (entry 5). Increasing the equivalence of 

the Lewis acid had a beneficial effect on the yield of the transformation (entry 6 and 7). It is 

important to note that scaling up the reaction had a negative impact on the diastereomeric ratio of 

the cycloadducts and on the conversion of starting material 4.2.8. We eventually observed that 

trace amounts of water was necessary for the reaction to proceed. Using non-distilled (not dry) 

solvent and no flame-dried glassware led to reproducible results on larger scale. However, the 

active catalyst species remains unknown. 

 
Table 4.1 - Optimization of the Diels-Alder cycloaddition 
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4.2.3 Decalin formation via a 6-endo-dig gold(I)-catalyzed carbocyclization   

Based on previous observations and expertise with gold(I) catalysis, we were aware of 

some possible side products that could arise from the carbocyclization of 4.2.8 (Scheme 4.9). 

Ideally, the silyl enol ether would undergo the 6-endo-dig cyclization via 4.2.15 which would 

generate 4.2.6 after protodeauration of the intermediate 4.2.16. Alternatively, the activated 

complex 4.2.15 could lead to the 5-exo-dig vinyl gold 4.2.17 which would produce 4.2.18. 

Moreover, a competitive hydride shift could occur with 4.2.17 leading to the allene 4.2.19.  

 

Scheme 4.9 - Possible products from 4.2.8 
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Using ligand L6 adorned on the gold(I) centre, known to catalyze regioselectivity 6-endo-

dig carbocyclization,110 a mixture of 4.2.19, 4.2.18 and 4.2.6 was obtained (Table 4.2). A solvent 

optimization was performed and the 6-endo product 4.2.6 was favored in most cases. We observed 

that acetone and halogenated solvents provided a slightly superior selectivity for this 

transformation (entries 5-8). Using a mixture of DCM:acetone was even better at an optimal 

solvent ratio of 20:1 (entries 9-11). 

Table 4.2 - Solvent optimization of the gold-catalyzed carbocyclization 
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 According to our previous study, we found that L6 was generally the best ligand to use for 

such regioselective reactions. In some cases, specific substrates were falling out of the trend so we 

decided to explore more gold(I) complexes to further increase the formation of the desired 6-endo 

adduct 4.2.6 (Table 4.3).  

Table 4.3 - Ligand optimization 
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We rapidly noticed that L4, L3 and L8 were not optimal for the formation of 4.2.6 (entries 

13). Interestingly, L11 and L9 gave a better ratio towards the desired decalin 4.2.6 (entries 5 and 

6). L10 was more selective with a ratio of 0:27:73 favoring the cycloadduct 4.2.6 but suffered from 

poor conversion. Surprisingly the best ligand for this transformation was L5 which is not consistent 

with our previous findings (entry 8). We hypothesized that this transformation is more substrate 

specific than we would have imagined. Nonetheless, careful column purification of the reaction 

mixture led to the isolation of 4.2.6 in 76% yield from two grams of the silyl enol ether 4.2.8. 

 

4.2.4 Enone functionalization 

Moving forward in the synthesis, the alkene 4.2.8 was ready to be submitted under 

epoxidation reaction conditions (Table 4.4).  

Table 4.4 - Epoxidation of 4.2.8 
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The challenge of this transformation resides in the selective epoxidation of the more 

hindered concave face of 4.2.8. We first observed that with m-CPBA reagent, the epoxide was 

obtained with a ⁓1:1 to 1:2 mixture of 4.2.20 and 4.2.5 (entries 1-4). This result was a complete 

surprise for us.  Based on literature precedent and typically with cis-decalin substrates,111 we had 

expected a better selectivity where the major product 4.2.20 would have originated from an 

epoxidation on the most accessible face of the molecule.  Other reagents were then examined.  Due 

to the short half-life of dimethyldioxirane (DMDO),112 we opted for an in-situ formation of the 

reagent using a combination of oxone and acetone which slightly favored the formation of the 

epoxide 4.2.20 (entry 5). The best condition was a mixture of formic acid and hydrogen peroxide 

for the in-situ preparation of performic acid.113 The epoxide 4.2.5 was isolated on a gram scale 

with 81% yield (entry 6). The structure was also confirmed by x-ray crystallography. These results 

were surprising and did not follow the expected trend according to bulkiness of the epoxidizing 

reagent. Due to the peroxyacid reagents which favor the reactivity at the more hindered concave 

face, one can hypothesize that the carbonyl at the ß-position of the alkene could act as a directing 

group for the epoxidation reaction (Figure 4.5). Therefore, we propose that the peroxyacid can add 

on the carbonyl of 4.2.8 to form the intermediate 4.2.21 which would lead to the desired product 

4.2.5. Alternatively, hydrogen bonding of the acid with the ketone could explain the observed 

selectivity, as shown by the complex 4.2.22. This type of ketone-directed epoxidation was firstly 

reported by Armstrong and Wood in 1994.114  

 

Figure 4.5 - Proposed complexes for the selective epoxidation 
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 Taking advantage of this result, we pursued the synthesis using epoxide 4.2.5.  The latter 

was then opened using DBU yielding the allylic alcohol 4.2.4 in 88% (Scheme 4.10). The 

secondary alcohol could also be prepared in one step from the alkene 4.2.8 by sequential addition 

of formic acid/H2O2 and DBU. This ʺone potʺ transformation afforded the desired enone 4.2.4 in 

61% yield. Upon treatment with NBS and vinyl ethyl ether, the α-bromo acetal 4.2.3 was isolated 

in 96% yield as a 1:1 mixture of inseparable diastereomers.  

 

Scheme 4.10 - Preparation of the α-bromo acetal 4.2.3 
 

 We took advantage of the alcohol stereochemistry aimed at directing the radical cyclization 

of the bromo acetal on the top face of the enone 4.2.3. This 5-exo-trig cyclization would set the 

quaternary center with the proper configuration. For this transformation, we first investigated a 

more conventional approach using AIBN as the radical initiator in combination with Bu3SnH, 

which plays the role of hydrogen donor and enables the chain propagation reaction (entry 1, Table 

4.5). The reaction went to full conversion and the cyclic acetal 4.2.2 was isolated in 85% yield as 

a 1:1 mixture of diastereomers at the acetal position. Notably, the trans-decalin was formed 
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selectively due to the thermodynamic stability of the trans-ring junction in combination with the 

hydrogen atom abstraction of 4.2.23 via the less hindered face. This transformation lacks 

practicality since AIBN and the Bu3SnH had to be separately added via a syringe pump over one 

hour to a refluxing mixture of the starting material 4.2.3 in benzene. Moreover, the usage of 

stochiometric amount of Bu3SnH is not environmentally friendly. We decided to carry out 

photoredox gold(I)-catalyzed processes, recently developed in our laboratory (cf. Chapter 1). The 

reagents were simply dissolved in pre-degassed acetonitrile and the mixture was irradiated with 

365 nm LEDs. The desired tricycle 4.2.2 was isolated in 87% yield using 7.5 mol% of the dimeric 

gold(I) catalyst (entry 3). In this transformation, diisopropylethylamine (DIPEA) plays the roles 

of hydrogen donor as well as sacrificial reductant to turnover the photoredox catalyst. 

 

Table 4.5 - Optimization of the radical cyclization 
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4.2.5 Exploring the reactivity of the acetal / lactol 

Four stereocenters are now established on 4.2.2 but the furan and the lactone moiety remain 

to be installed. One can imagine that the acetal 4.2.2 in presence of water and protic acid would 

generate the corresponding 1,4-hydroxyaldehyde 4.2.24 (Scheme 4.11). Unfortunately, the desired 

compound 4.2.24 could not be obtained using a wide variety of acids in combination with different 

solvents. The lactol 4.2.25 was the major adduct from those transformations and isolated in 87% 

yield withno trace of the aldehyde 4.2.24 using p-TSA in refluxing THF:H2O. 1,4 and 1,5-

hydroxyaldehyde are known to be in equilibrium with the closed lactol form, usually favoring the 

more thermodynamically stable cyclic structure.115  

 

Scheme 4.11 - Lactol vs 1,4-hydroxyaldehyde 
 

It was previously reported that in many cases, the minor 1,4-hydroxyaldehyde (in 

equilibrium with the lactol) can be converted to the desired product using irreversible 

transformations.116 As shown in Scheme 4.12, we examined a few chemical transformations to trap 

the aldehyde 4.2.24. All attempts to intercept the presumably existent 1,4-hydroxyaldehyde 4.2.24 

failed. Formation of a leaving group (4.2.26), Wittig reaction (4.2.27), nucleophilic addition 

(4.2.28) or trans-acetalization (4.2.29) were unsuccessful to afford any of the desired products. 
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Scheme 4.12 - Attempts to trap the opened lactol 4.2.25 
 

 Although, we were successful in obtaining the oxidized 4.2.25 from PCC to form the 

lactone 4.2.30 in 91% yield (Scheme 4.13). We tackled a chemoselective addition of the 3-

bromofuran on 4.2.30, and being out of luck, our trials led to a complex mixture of products. We 

were satisfied to succeed in the formation of a dithiane 4.2.32 from the cyclic acetal 4.2.2. With a 

stochiometric amount of boron trifluoride and 1,3-propanedithiol, the secondary alcohol was 

finally accessible on 4.2.32, which was isolated in 90% yield. The stereochemistry was confirmed 

by X-ray crystallography. 
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Scheme 4.13 - Successful transformations from 4.2.25 or 4.2.2 
 

4.2.6 En route towards the synthesis of salvinorin A 

We opted to continue the synthesis from the dithioacetal 4.2.32 since the secondary alcohol 

is now exposed for derivatization. Forming a leaving group from the alcohol was not an easy task. 

After screening various reagents, we identified that deprotonation with n-BuLi was necessary to 

form the tosylated compound 4.2.33 in 65% yield (Scheme 4.14). It is important to note that we 

have never been able to obtain the mesylate or triflate using classical reaction conditions. From 

4.2.33, we then tried to install the nitrile by a substitution reaction with KCN, NaCN, Bu4NCN, 

and acetone cyanohydrin (ACH). None of these reactions led to the desired intermediate 4.2.34. 

Only starting material or the elimination product was observed from those attempts. Moreover, 

Mitsunobu type reaction conditions117 were attempted to directly convert 4.2.32 into 4.2.34 but 

failed. 
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Scheme 4.14 - Attempts to form a nitrile at the C-8 position 
 

 We hypothesized that the dithioacetal was interfering with the transformation by being too 

hindered to allow the substitution of 4.2.33. Therefore, we investigated another route in which the 

dithiane would not be present during the substitution and hopefully installing the nitrile 

successfully. Alternatively, an acetyl group could be installed on 4.2.32 in 95% yield using acetic 

anhydride and triethylamine (Scheme 4.15). The dithiane was easily removed in quantitative yield 

using methyl iodide and calcium carbonate to finally reveal the aldehyde 4.2.36. The furan moiety 

was installed using a protocol developed by Sibi118 and modified by Forsyth,105 to afford the 

diastereomerically pure lactol 4.2.38 in 70% yield via 4.2.37. The resulting quaternary alcohol was 

protected with TESCl followed by removal of the acetate group to give compound 4.2.40 in 66% 

isolated yield. Tosylation with NaHMDS gave the intermediate 4.2.41 which was then ready to be 

substituted by a nitrile source. Much to our chagrin, the nucleophilic substitution on 4.2.41 did not 

lead the desired product 4.2.42; only starting material was recovered.  All attempts to force the 

reaction under thermal conditions resulted in the elimination of the tosyl group.  
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Scheme 4.15 - Incorporation of the furan moiety and attempt to install the nitrile 
 

 The last few steps from 4.2.32 (Scheme 4.15) were not optimal in terms of the required 

amount of chemical transformations since it possesses many protection/deprotection steps. We 

obviously encountered the same issues of substitution on the secondary alcohol. Presumably the 

quaternary center next to the alcohol was problematic and makes the substitution a very 

challenging step.  
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We attempted to substitute the alcohol at an earlier stage during the synthesis (Scheme 

4.16). The enone 4.2.4 was treated with methanesulfonic anhydride and led to 4.2.43 in full 

conversion. The crude reaction mixture was used for the subsequent substitution reaction due to 

degradation on silica gel of the mesylate 4.2.43.  Unfortunately, similar problems were observed 

as previously described. The compound 4.2.43 was either eliminating or degrading using various 

reaction conditions for the substitution. We hypothesized that the elimination was favored due to 

the conjugated alkenes formed.  

 

Scheme 4.16 - Substitution from the enone 4.2.4 
 

4.3 Future work 

The formation of the nitrile at the C-8 was problematic in all the pathways investigated. 

As a future work, the nitrogen will be installed at an earlier stage (Scheme 4.17). From the decalin 

4.2.8, aziridination119 of the alkene could be performed rather than epoxidation in order to generate 

4.2.45. Opening of the aziridine 4.2.45 could be accomplished similarly to the epoxide and would 

result in the formation of the formate 4.2.46. From there, an isonitrile could be generated and 

rearranged to the nitrile 4.2.47.120 1,4-Addition of a vinyl group onto the enone 4.2.47 would arise 

to the intermediate 4.2.48.  
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Scheme 4.17 - Alternative preparation of salvinorin A 
 

Analogous to the work of Shenvi,107c a Heck type reaction could be performed to install 

the furan moiety 4.2.49. Hydrolysis of the nitrile 4.2.49 under acidic conditions could also catalyse 

the Markovnikov-type cyclization to produce the lactone 4.2.50. The tricycle 4.2.50 has been 

prepared by Higawara103 and elaboration of this route would be a formal synthetic approach 

towards salvinorin A 4.1.1. It requires three steps to install the O-acetyl group but we believe it 

could be potentially accomplished in one step using Mn(OAc)3.121 
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4.4 Conclusion 

In conclusion, we demonstrated the efficiency of Diels-Alder cycloaddition and the 

gold(I)-catalyzed 6-endo-dig carbocyclization for the formation of the decalin framework. 

Photoredox catalysis with gold(I) dimers was also proven to be useful for the construction of the 

C-9 quaternary center. Key disconnections of the salvinorin A skeleton are highlighted in Scheme 

4.18 illustrating the remaining bonds to construct in red.  

 

Scheme 4.18 – Summary of the current approach 
 

The decalin 4.2.4 was efficiently prepared in 22% overall yield from the commercially 

available (Z)-3-iodobut-2-enoic acid 4.2.10. Five constructive bonds were made during these six 

steps. On the other hand, it required nine steps for the synthesis of the intermediate 4.2.41, where 

only three constructive bonds were formed.  More research is underway for the completion of the 

natural product. The proposed route in section 4.3 Future work will be investigated and could 

potentially result in the synthesis of salvinorin A in only 12 steps. We are enthusiastic and 

confident to finish this synthetic approach and to publish our work in broad readership journal.  
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CHAPTER 5 
Conclusion 

The field of homogenous gold-catalyzed transformation is relatively new and has rapidly 

grown since the first report of its kind in 1986. Many researchers have taken advantage of the soft 

π-Lewis-acidity of gold, caused by the relativistic effect, for the activation of an unsaturated 

moiety such as alkyne. The work described in the previous chapters focus on the construction of 

architecturally complex molecules using gold(I)-catalyzed transformations. With the development 

of these methodologies with gold salts, we were able to catalyze the regioselective 

carbocyclization of silyl enol ethers onto alkynes by the judicious choice of the ligand adorn on 

gold. Utilization of these methodologies resulted in the preparations of functionalized bridged, 

angular and fused polycyclic compounds.  

In chapter 2, we isolated new chromatographically stable organogold complexes from a 

Conia-ene type reaction in the formation of bridged carbocycles. We observed that the trialkyl silyl 

substituent on a terminal alkyl resulted in an unexpected 1,2-silyl migration while silyl with phenyl 

groups undergo the standard 6-endo-dig. Mechanistic studies led us to propose a relatively rare 

vinylidene intermediate during the silyl migration. Further investigation of the reactivity of these 

vinylgold led to the formation of C(sp2)-C(sp3) bond using various electrophilic reagents. 

Synergistic dual catalysis with Au and Pd was also achieved for the construction of functionalized 

bridged carbocycles.   

Inspired by the work of Echavarren and co-workers for the cycloisomerization of enyne, 

in chapter 3, we developed a creative way to generate angular framework from monocyclic silyl 
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enol ethers. Isomerization of the alkene was accomplished using camphor-10-sulfonic acid which 

led to the sole formation of the more thermodynamically stable endo-cyclic olefin.  The ligand on 

gold(I) was also investigated for the regioselectivity, where [JackiephosAuNCMe]SbF6 was 

identified to be optimal to generate the 5-exo-dig product. These reactions conditions were applied 

to a wide variety of substrates affording the desired product in good yield and diastereoselectivity. 

This methodology was then applied to the synthesis of (±)-magellanine, a structurally compact 

tetracyclic angular alkaloid. The success of this synthesis is attributed to a Mitsunobu/Diels-alder 

sequence and to our gold(I)-catalyzed methodology to rapidly access the angular framework. The 

total synthesis of (±)-magellanine was achieved in 11 steps and 5% overall yield; the shortest 

known to date. 

In chapter 4, the total synthesis of the biologically active trans-neoclerodane diterpenoid 

(±)-salvinorin A was attempted. A [4+2] cycloaddition followed by a challenging regioselective 

6-endo-dig carbocyclization with Au(I) rapidly forged the A and B ring of the natural product. A 

presumably ketone directed epoxidation afforded an homoallylic alcohol after the opening of the 

epoxide, which was used to direct a second carbocyclization using photoredox catalysis.  Au(I) 

photoredox catalytic system was shown to be a good alternative to the more toxic and traditional 

Bu3SnH/AIBN reagents for the formation of carbon center radical from non-activated carbon-

bromide bonds. With this approach, we successfully constructed most of the carbon-carbon bonds 

found in (±)-salvinorin A. Completion of this natural product is currently in progress as proposed 

at the end of the chapter 4. 
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CHAPTER 6 
Additional information 

6.1 Claims to original research 

- Synthesis, characterization and isolation of new vinylgold complexes. 

- Optimization of the vinylgold formation. 

- Identification and screening of the terminal silyl groups for a controlled 1,2-silyl migration. 

- Additional support for a gold vinylidene formation. 

- Construction of C(sp3)-C(sp2) bonds from vinylgolds using electrophilic reagents. 

- Optimization of a new methodology for angular core formation including the 

cycloisomerization and the catalyst screening process. 

- Investigation and preparation of the scope for the synthesis of an angular framework. 

- Optimization and investigation of different routes for the synthesis of magellanine. 

- Development of the shortest synthesis of magellanine know to date. 

- Application of the gold(I)-catalyzed 6-endo-dig carbocyclization to the synthesis of the 

salvinorin A molecular core. 

- Optimization and exploration of new synthetic pathways towards salvinorin A. 

 

6.2 Publications from this work 

- P. McGee, G. Bellavance, L. Korobkov, A. Tarasewicz, L. Barriault, ʺSynthesis and 

Isolation of Organogold Complexes via a Controlled 1,2-Silyl Migrationʺ, Chem. Eur. J., 

2015, 1, 9662-9665. 
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- P. McGee, G. Bétournay, F. Barabé, L. Barriault, ʺAn 11-Step Total Synthesis of 

Magellanine Through a Gold(I)-Catalyzed Dehydro Diels-Alder Reactionʺ, Angew. Chem. 

Int. Ed. 2017, 56, 6280-6283. 

- P. McGee, J. Brousseau, L. Barriault, ʺDevelopment of New Gold(I)-Catalyzed 

Carbocyclization and their Application in the Synthesis of Natural Productsʺ, Isr. J. Chem. 

2017, 57, 1-11. 

 

6.3 Oral presentations 

- 26th Quebec-Ontario Mini-Symposium on Bioorganic and Organic Chemistry 

(QOMSBOC), ʺSynthesis of angular and fused carbocycles with Au(I) catalystʺ, 2015.  

- 98th Canadian Chemical Conference and Exhibition (CSC), ̋ Synthesis of angular and fused 

polycyclic cores with Au(I) catalystʺ, 2015.   

- 24th Quebec-Ontario Mini-Symposium on Bioorganic and Organic Chemistry 

(QOMSBOC), ʺSynthesis of angular polycyclic molecules with Au(I) catalystʺ, 2013.  

 

6.4 Poster presentations 

- Gordon Research Conferences: Natural product and Bioactive compound (GRC), ʺGold 

catalysis: synthesis of magellanine and salvinorin Aʺ, 2016. 

- The International Chemical Congress of Pacific Basin Societies (PacifiChem), ʺFormation 

of angular and fused carbocyclesʺ, 2015. 

- 16th Symposium on the Latest Trends in Organic Synthesis (LTOS-16), ʺAu(I) catalysis: 

formation of angular and fused carbocyclesʺ,2014. 

- International Symposium on Homogeneous Catalysis (ISHCXIX), ʺAu(I) catalysis: 

formation of angular and fused carbocyclesʺ, 2014. 



114 
 

- Ottawa-Carleton Chemistry Symposium (OCCI), ʺAu(I) catalysis: formation of angular 

and fused carbocycles ʺ, 2014. 

- 24th Quebec-Ontario Mini-Symposium on Bioorganic and Organic Chemistry 

(QOMSBOC), ʺDevelopment of a novel synergic dual-catalyzed reaction with Au(I) and 

Pdʺ, 2013. 

- 96th Canadian Chemical Conference and Exhibition (CSC). ʺEfforts in the total synthesis 

of magellanine and progress towards a synergic dual-catalysis with gold and palladiumʺ, 

2013. 

- Ottawa-Carleton Chemistry Symposium (OCCI), ʺEfforts in the total synthesis of 

Magellanine and progress towards a synergic dual-catalysis with gold and palladiumʺ, 

2013. 

- Synthesis Day at University of Ottawa, ʺProgress towards development of a new dual-

catalysed reaction with gold and palladium using a vinyl-gold intermediateʺ, 2012. 
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CHAPTER 7 
Experimental procedures 

 

All reactions were performed under nitrogen or argon atmosphere in flame-dried 

glassware equipped with a magnetic stir bar and a rubber septum, unless otherwise 

indicated.  All other commercial reagents were used without purification, unless otherwise 

noted.  Reactions were monitored by thin layer chromatography (TLC) analysis of aliquots 

using glass sheets pre-coated (0.2 mm layer thickness) with silica gel 60 F254 (E. Merck).  

Thin layer chromatography plates were viewed under UV light and stained with 

phosphomolybdic acid or p-anisaldehyde staining solution.  Column chromatographies 

were carried out with silica gel 60 (230-400 mesh, Merck).  1H and 13C NMR spectra were 

recorded in deuterated solvents, on Bruker AMX 300 MHz, Bruker AMX 500 MHz and 

Bruker AMX 400 MHz spectrometers.  IR spectra were recorded with a Bomem 

Michaelson 100 FTIR spectrometer.  HRMS were obtained on a Kratos Analytical Concept 

instrument (University of Ottawa Mass Spectrum Centre). 

 

7.1  Isolation and reactivity of vinylgold complexes 

This section includes all characterization of Chapter 2. 

 

7.1.1 Silylation of the terminal alkynes for the preparation of 2.3.2 
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General procedure (GP1):  THP-protected propargyl alcohol (71.3 mmol) in THF (25 

ml) at -40 oC and was stirred for 2 hours. The corresponding silyl chloride (85.6 mmol) 

was added at -78 oC and the reaction mixture was stirred for 1 hour at -78 oC and then 3 

hours at room temperature. The reaction mixture was then quenched with saturated NH4Cl 

and the aqueous layer was extracted with Et2O (2 x 25ml). The combined organic layer 

was dried over anhydrous MgSO4, filtered and the solvent was evaporated under reduce 

pressure. The crude was purified by flash column chromatography on silica gel (eluted with 

hexane:EtOAc (97:3)) to give the desired compound as a colorless oil.  

 

 

tert-butyldimethyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2a) 

Synthesized according to GP1 (98%). Spectroscopic data recorded were consistent with 

that reported previously.122 

 

 

triethyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2b) 

Synthesized according to GP1 (97%). Spectroscopic data recorded were consistent with 

that reported previously.122 
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trimethyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2c) 

Synthesized according to GP1 (98%). Spectroscopic data recorded were consistent with 

that reported previously.122 

 

 

triisopropyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2d) 

Synthesized according to GP1 (98%). Spectroscopic data recorded were consistent with 

that reported previously.122 

 

 

dimethyl(phenyl)(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2e) 

Synthesized according to GP1 (85%). Spectroscopic data recorded were consistent with 

that reported previously.122 
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tert-butyldiphenyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2f) 

Synthesized according to GP1 (43%). Spectroscopic data recorded were consistent with 

that reported previously. 122 

 

 

triphenyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (2.3.2g) 

Synthesized according to GP1 (93%). Spectroscopic data recorded were consistent with 

that reported previously. 122 

 

7.1.2 Removal of THP protecting groups on 2.3.2 

General procedure (GP2): p-TSA (0.57 mmol) was added to the protected propargyl 

alcohol (57.34 mmol) in methanol (60 ml) and was refluxed overnight. The solvent was 

evaporated and the residue was dissolved in ethyl acetate (60 ml) and water (60 ml). The 

aqueous phase was extracted with EtOAc (2 x 50 ml) and the combined organic phase was 

dry over anhydrous MgSO4. After filtration, the solvent was evaporated under reduce 

pressure and the crude product was purified by flash column chromatography on silica gel 

(eluted with hexane:EtOAc (95:5)) to give the desired propargyl alcohol as a colorless oil. 
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3-(tert-butyldimethylsilyl)prop-2-yn-1-ol (2.3.3a) 

Synthesized according to GP2 from 2.3.2a (96%). Spectroscopic data recorded were 

consistent with that reported previously.. 122 

 

 

3-(triethylsilyl)prop-2-yn-1-ol (2.3.3b) 

Synthesized according to GP2 from 2.3.2b (97%). Spectroscopic data recorded were 

consistent with that reported previously..122 

 

 

3-(trimethylsilyl)prop-2-yn-1-ol (2.3.3c) 

Synthesized according to GP2 from 2.3.2c (89%). Spectroscopic data recorded were 

consistent with that reported previously. 122 

 

 

3-(triisopropylsilyl)prop-2-yn-1-ol (2.3.3d) 
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Synthesized according to GP2 from 2.3.2d (77%). Spectroscopic data recorded were 

consistent with that reported previously. 122 

 

 

3-(dimethyl(phenyl)silyl)prop-2-yn-1-ol (2.3.3e) 

Synthesized according to GP2 from 2.3.2e (85%). Spectroscopic data recorded were 

consistent with that reported previously. 122 

 

 

3-(tert-butyldiphenylsilyl)prop-2-yn-1-ol (2.3.3f) 

Synthesized according to GP2 from 2.3.2f (81%). Spectroscopic data recorded were 

consistent with that reported previously.. 122 

 

 

3-(triphenylsilyl)prop-2-yn-1-ol (2.3.3g) 

Synthesized according to GP2 from 2.3.2g (74%). Spectroscopic data recorded were 

consistent with that reported previously. 122 
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7.1.3 Oxidation of the propargylic alcohols 2.3.3 

General procedure (GP3): Pyridinium chlorochromate (50.82 mmol) was added to the 

propargyl alcohol (33.88 mmol) with silica (11g) and sodium acetate (5.08 mmol) in DCM 

(40 ml) at room temperature and the reaction mixture was stirred for 4 hours. The resulting 

brown solution was filtrated over cotton and the filtrate was passed on a silica plug with 

DCM (250 ml). Solvent was evaporated carefully and the resulting aldehyde was obtained 

as a colorless oil.  

 

 

3-(tert-butyldimethylsilyl)propiolaldehyde (2.3.4a) 

Synthesized according to GP3 from 2.3.3a (95%). Spectroscopic data recorded were 

consistent with that reported previously.122 

 

3-(triethylsilyl)propiolaldehyde (2.3.4b) 

Synthesized according to GP3 from 2.3.3b (96%). Spectroscopic data recorded were 

consistent with that reported previously.122 
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3-(trimethylsilyl)propiolaldehyde (2.3.4c) 

Synthesized according to GP3 from 2.3.3c (95%). Spectroscopic data recorded were 

consistent with that reported previously.122 

 

 

3-(triisopropylsilyl)propiolaldehyde (2.3.4d) 

Synthesized according to GP3 from 2.3.3d (95%). Spectroscopic data recorded were 

consistent with that reported previously.122 

 

 

3-(dimethyl(phenyl)silyl)propiolaldehyde (2.3.4e) 

Synthesized according to GP3 from 2.3.3e (99%). Spectroscopic data recorded were 

consistent with that reported previously.122 
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3-(tert-butyldiphenylsilyl)propiolaldehyde (2.3.4f) 

Synthesized according to GP3 from 2.3.3f (94%). Spectroscopic data recorded were 

consistent with that reported previously.122 

 

 

3-(triphenylsilyl)propiolaldehyde (2.3.4g) 

Synthesized according to GP3 from 2.3.3g (98%). Spectroscopic data recorded were 

consistent with that reported previously.122 

 

7.1.4 Aldol reaction and Dess-Martin oxidation for the formation of 2.3.5 

General procedure (GP4): 2-Methylcyclohexanone (33.82 mmol) was added to LDA 

(30.44 mmol) in THF (165 ml) at -78 oC and the reaction was warmed to room temperature 

and then heated at reflux for 5 hours. Cooled down to -78 oC and then the corresponding 

aldehyde (2.3.4a-f, 38.9 mmol, diluted in 10 ml of THF) was added via a cannula. The 

mixture was stirred for 15 minutes and then quenched with diluted NH4Cl. The aqueous 

layer was extracted with EtOAc (2 x 25ml) and then the combined organic layer was dried 

over anhydrous MgSO4, filtered and the solvent was evaporated under reduce pressure. 

Dess-Martin periodinane (16.8 mmol) was added to the crude of alcohol (9.31 mmol) 

diluted in DCM (50 ml). The reaction was let stir at room temperature for 30 minutes and 

then 100 ml of 50 % Na2S2O3 (sat.) and 50 % NaHCO3 (5 %) was added. Stir vigorously 
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for 60 minutes and the aqueous phase was extracted with DCM (50 ml). The combined 

organic phase was dried over MgSO4 and filtrated through cotton. The solvent was then 

remove under reduce pressure and the crude product was purified by flash column 

chromatography on silica gel (eluted with hexane:ethyl acetate (96:4)) to give the 

corresponding diketone. 

 

 TBS

O O

 

2-[3-(tert-butyldimethylsilyl)prop-2-ynoyl]-2-methylcyclohexan-1-one (2.3.5a) 

Synthesized according to GP4 from 2.3.4a (3.8g 72 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.68-2.59 (m, 1 H), 2.50-2.44 (m, 2 

H), 2.07-1.95 (m, 1 H), 1.78-1.58 (m, 3 H), 1.58-1.47 (m, 1 H), 1.30 (s, 3 H), 0.96 (s, 9 H), 

0.18 (s, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.44 (C), 188.20 (C), 100.40 (C), 

99.92 (C), 63.82 (C), 41.32 (CH2), 37.64 (CH2), 27.52 (CH2), 25.93 (3xCH3), 22.59 (CH2), 

20.80 (CH3), 16.57 (C), -5.30 (2xCH3). 

HRMS (EI) m/z calcd for C16H26O2Si [(M-C4H9)+] 221.0992, found 221.0998. 

FTIR (Neat, cm-1): υ = 2931 (s), 2364 (m), 1720 (s), 1666 (s). 

 

TES

O O
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2-methyl-2-[3-(triethylsilyl)prop-2-ynoyl]cyclohexan-1-one (2.3.5b) 

Synthesized according to GP4 from 2.3.4b (3.6g 21 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.66-2.58 (m, 1 H), 2.50-2.39 (m, 2 

H), 2.05-1.94 (m 1 H), 1.76-1.57 (m, 3 H), 1.56-1.41 (m, 1 H), 1.28 (s, 3 H), 0.98 (t, J 

=7.90 Hz, 9 H), 0.64 (q, J =7.82 Hz, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.55 (C), 188.31 (C), 100.45 (C), 

99.89 (C), 63.87 (C), 41.22 (CH2), 37.60 (CH2), 27.54 (CH2), 22.43 (CH2), 20.78 (CH3), 

7.35 (3x CH3), 3,80 (3x CH2). 

HRMS (EI) m/z calcd for C16H26O2Si [(M-C2H5)+] 249.1305, found 249,1314. 

FTIR (Neat, cm-1): υ = 2936 (s), 2357 (m), 1737(s), 1678 (s). 

 

 

2-methyl-2-[3-(trimethylsilyl)prop-2-ynoyl]cyclohexan-1-one (2.3.5c) 

Synthesized according to GP4 from 2.3.4c (1.3g, 21 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.61-2.53 (m, 1 H), 2.46-2.36 (m, 2 

H), 2.03-1.91 (m, 1 H), 1.75-1.57 (m, 3 H), 1.54-1.44 (m, 1 H), 1.24 (s, 3 H), 0.20 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.32 (C), 188.72 (C), 102.35 (C), 

99.44 (C), 63.51 (CH2), 41.38 (CH2), 37.74 (CH2), 27.95 (CH2), 22.86 (CH2), 21.05 (CH3). 

-0.36 (3xCH3). 
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HRMS (EI) m/z calcd for C13H20O2Si 236.1233, found 236.1228. 

FTIR (Neat, cm-1): υ = 2938 (s), 2149 (m), 1722 (s), 1667 (s), 1551 (m). 

 

TIPS

O O

 

2-methyl-2-{3-[tris(propan-2-yl)silyl]prop-2-ynoyl}cyclohexan-1-one (2.3.5d) 

Synthesized according to GP4 from 2.3.4d (1.6g, 50 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.67-2.60 (m, 1 H), 2.47-2.39 (m, 2 

H), 2.03-1.95 (m, 1 H), 1.75-1.58 (m, 3 H), 1.55-1.46 (m, 1 H), 1.27 (s, 3 H), 1.15-1.02 (m, 

21 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.32 (C), 188.11 (C), 101.98 (C), 

99.44 (C), 64.24 (C), 42.10 (CH2), 38.11 (CH2), 26.86 (CH2), 22.86 (CH2), 20.73 (CH3), 

18.51 (6xCH3), 11.25 (3xCH). 

HRMS (EI) m/z calcd for C19H32O2Si [(M-C4H9)+] 277.1618, found 277.1639. 

FTIR (Neat, cm-1): υ = 2941 (s), 2357 (m), 1733 (s), 1666 (s). 

 

DMPS

O O

 

2-{3-[dimethyl(phenyl)silyl]prop-2-ynoyl}-2-methylcyclohexan-1-one (2.3.5e) 

Synthesized according to GP4 from 2.3.4e (600mg, 18 % yield) 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.61-7.57 (m, 2 H), 7.44-7.37 (m, 3 

H), 2.67-2.59 (m, 1 H), 2.50-2.43 (m, 2 H), 2.06-1.96 (m, 1 H), 1.78-1.61 (m, 3 H), 1.58-

1.49 (m, 1 H), 1.31 (s, 3 H), 0.50 (s, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.50 (C), 188.17 (C), 134.46 (C), 

133.72 (2xCH), 130.11 (CH), 128.20 (2xCH), 100.39 (C), 99.47 (C), 63.97 (C), 42.23 

(CH2), 37.62 (CH2), 27.52 (CH2), 22.31 (CH2), 20.72 (CH3), -1.69 (2xCH3). 

HRMS (EI) m/z calcd for C18H22O2Si is 298.1389, found 298.1403. 

FTIR (Neat, cm-1): υ = 2937 (m), 2361 (m), 1720 (s), 1667 (s). 

 

DPS

O O

 

2-[3-(tert-butyldiphenylsilyl)prop-2-ynoyl]-2-methylcyclohexan-1-one (2.3.5f) 

Synthesized according to GP4 from 2.3.4f (2.1g, 26 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.78-7.72 (m, 4 H), 7.48-7.38 (m, 6 

H), 2.77-2.70 (m, 1 H), 2.55-2.49 (m, 2 H), 2.08-2.00 (m, 1 H), 1.81-1.65 (m, 3 H), 1.64-

1.56 (m, 1 H), 1.40 (s, 3 H), 1.13 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.34 (C), 187.96 (C), 135.52 

(4xCH), 131.19 (2xC), 130.18 (2xCH), 128.08 (4xCH), 102.67 (C), 96.91 (C), 64.04 (C), 

41.27 (CH2), 37.50 (CH2), 27.52 (CH2), 26.99 (3xCH3), 22.44 (CH2), 20.78 (CH3), 18.88 

(C). 

HRMS (EI) m/z calcd for C26H30O2Si [(M-C4H9)+]  345.1305, found 245.1332. 
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FTIR (Neat, cm-1): υ = 2934 (m), 2357 (m), 1700 (s), 1653 (s). 

 

TPS

O O

 

2-methyl-2-[3-(triphenylsilyl)prop-2-ynoyl]cyclohexan-1-one (2.3.5g) 

Synthesized according to GP4 from 2.3.5g (1.5g, 66 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.68-1.64 (m, 6 H), 7.52-7.41 (m, 9 

H), 2.76-2.68 (m, 1 H), 2.53-2.47 (m, 2 H), 2.07-1.97 (m, 1 H), 1.80-1.65 (m, 3 H), 1.64-

1.55 (m, 1 H), 1.40 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.36 (C), 188.14 (C), 135.61 

(6xCH), 131.32 (3xC), 130.64 (3xCH), 128.33 (6xCH), 102.53 (C), 96.30 (C), 64.02 (C), 

41.20 (CH2), 37.56 (CH2), 27.47 (CH2), 20.77 (CH3), 20.43 (CH2). 

HRMS (EI) m/z calcd for C28H26O2Si is 422.1702, found 422.1714. 

FTIR (Neat, cm-1): υ = 2935 (m), 1716 (s), 1662 (s). 

 

 

2-[3-(tert-butyldimethylsilyl)prop-2-ynoyl]-2,6-dimethylcyclohexan-1-one (2.3.5h) 

Synthesized according to GP4 from 2.3.4a (410mg, 59 %). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.62 (dq, J=14.0, 2.9 Hz, 1 H), 2.52 

(q, J=6.6 Hz 1 H), 2.05-1.97 (m, 1 H), 1.77-1.62 (m, 2 H), 1.45 (td, J=13.7, 4.6 Hz, 1 H), 

1.33 (td, J=12.9, 4.4 Hz, 1 H), 1.26 (s, 3 H), 1.02 (d, J=6.6 Hz, 3 H), 0.93 (m, 9 H), 0.15 

(s, 3 H), 0.14 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 209.52 (C), 188.08 (C), 100.41 (C), 

100.07 (C), 64.21 (C), 45.20 (CH), 37.98 (CH2), 36.78 (CH2), 25.96 (3xCH3), 22.61 (CH2), 

21.05 (CH3), 16.55 (C), 14.80 (CH3), -5.27 (2xCH3). 

HRMS (EI) m/z calcd for C17H28O2Si [(M-C4H9)+] 235.1149, found 235.1136. 

FTIR (Neat, cm-1): υ = 2931 (s), 2149 (w), 1720 (s), 1667 (s), 1451 (m). 

 

7.1.5 Aldol reaction for the formation of 2.3.8 

General procedure (GP5): 2.5M n-Butyllithium (3.52 mL, 8.46 mmol) was added to a of 

diisopropylamine (0.87 g, 8.86 mmol) in THF (30 mL) at -78 °C. The reaction was stirred 

for 30 minutes and then 3,6-dimethylcyclohex-2-enone (1.00 g, 8.05 mmol) was added. 

The solution was stirred for 30 minutes at -78 °C, C1-C7 (9.66 mmol) was added to the 

mixture and then brought to room temperature for 1 hour. A saturated solution of NH4Cl 

(30 mL) was then added. The aqueous layer was extracted with ethyl actetate and the 

combined organic phase was dried with MgSO4. The organic phase was then purified by 

flash chromatography on silica gel with ethyl acetate to hexanes (20:80) to give the desired 

compound. 
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2-[1-hydroxy-3-(trimethylsilyl)prop-2-yn-1-yl]-2,5,5-trimethylcyclohexan-1-one 

(2.3.8a′′) 

Synthesized according to GP5 from 2.3.4c (0.85g, 64 % yield), major diastereoisomer: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.78 (s, 1 H), 4.58 (s, 1 H), 2.52-2.39 

(m, 1 H), 2.37-2.23 (m, 1 H), 1.97 (s, 3 H), 1.98-1.96 (m, 1 H), 1.86-1.74 (m, 1 H), 1.24 (s, 

3 H), 0.16 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.68 (C), 162.97 (C), 125.03 (CH), 

102.76 (C), 90.62 (C), 68.45 (CH), 46.19 (C), 31.13 (CH2), 28.09 (CH2), 24.06 (CH3), 

15.05 (CH3), -0.13 (3xCH3). 

HRMS (EI) m/z calcd for C14H22O2Si is 250.1389, found 250.1349. 

FTIR (Neat, cm-1): υ = 3415 (w), 2970 (w), 2366 (w), 1634 (s), 838 (s). 

 

 

2-[3-(tert-butyldimethylsilyl)-1-hydroxyprop-2-yn-1-yl]-2,5,5-trimethylcyclohexan-

1-one (2.3.8b′′) 

Synthesized according to GP5 from 2.3.4a (0.93g, 81 % yield), major diastereomer: 

TBS

O OH
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.79 (s, 1 H), 4.61 (s, 1 H), 2.53-2.40 

(m, 1 H), 2.36-2.24 (m, 1 H), 2.02-1.97 (m, 1 H), 1.97 (s, 3 H), 1.89-1.73 (m, 1 H), 1.26 (s, 

3 H), 0.93 (s, 9 H), 0.11 (s, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.55 (C), 162.89 (C), 125.07 (CH), 

103.49 (C), 88.88 (C), 68.47 (CH), 46.32 (C), 31.19 (CH2), 28.08 (CH2), 26.12 (3xCH3), 

24.06 (CH3), 16.54 (C), 15.18 (CH3), -4.64 (CH3), -4.68 (CH3). 

HRMS (EI) m/z calcd for C17H28O2Si [(M-C4H9)+] 235.1149, found 235.1139. 

FTIR (Neat, cm-1): υ = 3458 (m), 2948 (m), 1647 (s) . 

 

 

2-[1-hydroxy-3-(triphenylsilyl)prop-2-yn-1-yl]-2,5,5-trimethylcyclohexan-1-one 

(2.3.8c′′) 

Synthesized according to GP5 from 2.3.4g (0.76g, 51 % yield), major diastereomer: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.67-7.61 (m, 6 H), 7.46-7.34 (m, 9 

H), 5.82 (s, 1 H), 4.77 (d, J =2.2 Hz, 1 H), 4.31 (d, J =2.5, 1 H), 2.51-2.37 (m, 1 H), 2.34-

2.23 (m, 1 H), 2.05-1.88 (m, 2 H), 1.97 (s, 3 H), 1.33 (s, 3 H)  . 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.20 (C), 163.03 (C), 135.56 

(6xCH), 133.27 (3xC), 129.98 (3xCH), 127.99 (6xCH), 125.06 (CH), 107.91 (C), 85.87 

(C), 68.73 (CH), 46.65 (C), 31.04 (CH2), 28.05 (CH2), 24.10 (CH3), 15.60 (CH3). 

HRMS (EI) m/z calcd for C29H28O2Si is 436.1859, found 436.1828. 
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FTIR (Neat, cm-1): υ = 3397 (m), 2954 (m), 1635 (s), 696 (s). 

 

7.1.6 Conjugated addition and oxidation to produce 2.3.8 

General procedure (GP6): Copper iodide (1.302 g, 6.84 mmol) was added to a round 

bottom flask and THF (25 mL) was added afterwards. Starting material (1.00 g, 3.42 mmol) 

and dimethysulfide (2.5 mL) was added to the solution and was stirred until all copper 

iodide was dissolved. The solution then was cooled to 0 °C. 3M Methylmagnesium 

bromide (4.79 mL, 14.36 mmol) was added slowly over 90 minutes. Once the addition had 

completed, the reaction mixture was stirred for 5 hours. A saturated solution of NH4Cl (50 

mL) was then added. The aqueous layer was extracted with ethyl acetate and ether. The 

combined organic phase was dried with MgSO4, passed through a celite plug and the 

solvent was evaporated. To the crude oil was added Dess-Martin Periodinane (1.65 g, 3.89 

mmol) and DCM (7 mL). The reaction mixture was stirred for 1 hour. A 50:50 mixture of 

5% NaHCO3 (3.5 mL) and Na2O3S2 (3.5 mL) was added and stirred for 30 min. The 

aqueous layer was extracted with DCM and the combined organic phase was dried with 

MgSO4.The organic phase was then purified by flash chromatography on silica gel with 

ethyl acetate to hexanes (4:96) to give the desired compound. 

 

 

2,5,5-trimethyl-2-[3-(trimethylsilyl)prop-2-ynoyl]cyclohexan-1-one (2.3.8a) 
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Synthesized according to GP6 from 2.3.8a′′ (0.62g, 65 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.59 - 2.51 (m, 1 H), 2.33 (d, J = 13.4 

Hz, 1 H), 2.18 (dd, J = 13.5, 2.1 Hz, 1 H), 1.68 – 1.61 (m, 2 H), 1.52 - 1.45 (m, 1 H), 1.28 

(s, 3 H), 1.01 (s, 3 H), 0.88 (s, 3 H), 0.23 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.31 (C), 187.98 (C), 101.51 (C), 

99.28 (C), 62.57 (C), 53.9 (CH2), 36.67 (C), 35.38 (CH2), 32.88 (CH2), 30.84 (CH3), 26.09 

(CH3), 20.39 (CH3), -0.84 (3x CH3). 

HRMS (EI) m/z calcd for C15H24O2Si [(M-CH3)+] 249.1305, found 249.1299. 

FTIR (Neat, cm-1): υ = 2923 (s), 1722 (s), 1674 (s), 1046 (m). 

 

 

2-[3-(tert-butyldimethylsilyl)prop-2-ynoyl]-2,5,5-trimethylcyclohexan-1-one (2.3.8b) 

Synthesized according to GP6 from 2.3.8b′′ (0.81g, 82 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.59-2.52 (m, 1 H), 2.35 (d, J = 13.5 

Hz, 1 H), 2.19 (dd, J = 13.5, 2.2 Hz, 1 H), 1.69 - 1.63 (m, 2 H), 1.52 - 1.44 (m, 1 H), 1.29 

(s, 3 H), 1.02 (s, 3 H), 0.95 (s, 9 H), 0.88 (s, 3 H), 0.18 (s, 3 H), 0.17 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.12 (C), 187.84 (C), 100.46 (C), 

100.03 (C), 62.67(C), 54.02 (CH2), 36.77 (C), 35.43 (CH2), 32.88 (CH2), 31.08 (CH3), 

25.93 (3xCH3), 25.87 (CH3), 20.48 (CH3), 16.63 (C), -5.28 (2xCH3). 
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HRMS (EI) m/z calcd for C18H30O2Si [(M-CH3)+] 291.1775, found 217.1742. 

FTIR (Neat, cm-1): υ = 2933 (s), 1722 (s), 1666 (s), 1045 (m). 

 

 

2,5,5-trimethyl-2-[3-(triphenylsilyl)prop-2-ynoyl]cyclohexan-1-one (2.3.8c) 

Synthesized according to GP6 from 2.3.8c′′ (0.52g, 82 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.65-7.60 (m, 6 H), 7.51 - 7.40 (m, 9 

H), 2.63 (dd, J = 12.5, 4.0 Hz, 1 H), 2.37 (d, J = 13.6 Hz, 1 H), 2.22 (dd, J = 13.6, 2.1 Hz, 

1 H), 1.73 (d, J = 12.3 Hz, 1 H), 1.68 (,d J= 12.3 Hz, 1H) 1.53-1.48 (m, 1 H), 1.37 (s, 3 H), 

0.99 (s, 3 H), 0.91 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.08 (C), 187.73 (C), 135.60 

(6xCH), 131.31 (3xC), 130.58 (3xCH), 128.29 (6xCH), 102.57 (C), 96.25 (C), 62.80 (C), 

53.99 (CH2), 36.76 (C), 35.41 (CH2), 32.91 (CH2), 30.84 (CH3), 26.15 (CH3), 20.45 (CH3) 

HRMS (EI) m/z calcd for C30H30O2Si is 450.2015, found 450.2062. 

FTIR (Neat, cm-1): υ = 2964 (s), 1716 (s), 1676(s), 1429 (m), 1118 (s). 
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(2.3.9d, R = TMS and 2.3.8e, R = TBS) Synthesized according to following literature.123 

7.1.7 Silyl enol ether formation 

General procedure (GP7): t-butyldimethylsilyl triflate (10.24 mmol) was added to the 

corresponding diketone (5.12 mmol) and Et3N (15.36 mmol) in DCM (30 ml) at room 

temperature. The mixture was heated at reflux overnight and then a solution of saturated 

NaHCO3 (25 ml) was added. The aqueous layer was extracted with DCM (2 x 25ml). 

The combined organic layer was dried over anhydrous MgSO4, filtered and the solvent 

was evaporated under reduce pressure. The crude product was purified by flash column 

chromatography on silica gel (eluted with benzen:hexane (30:70)) to give the desired silyl 

enol ether. 

 

TBS

TBSO O

 

3-(tert-butyldimethylsilyl)-1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-

en-1-yl}prop-2-yn-1-one (2.3.6a) 

Synthesized according to GP7 from 2.2.5a (4.5g, 93 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.87 (dd, J = 4.9, 3.3 Hz, 1 H), 2.17-

2.03 (m, 3 H), 1.74-1.67 (m, 1 H), 1.58-1.48 (m, 2 H), 1.29 (s, 3 H), 0.96 (s, 9 H), 0.86 (s, 

9 H), 0.17 (s, 3 H), 0.16 (s, 3 H), 0.15 (s, 3 H), 0.12 (s, 3 H). 



136 

 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm =191.24 (C), 151.07 (C), 103.19 (CH), 

101.67 (C), 96.36 (C), 54.14 (C), 33.90 (CH2), 25.98 (3xCH3), 25.59 (3xCH3), 24.07 (CH2), 

20.06 (CH3), 18.80 (C), 18.15 (CH2), 16.71 (C), -4.36 (CH3), -4.95 (CH3), -5.16 (CH3), -

5.22 (CH3). 

HRMS (EI) m/z calcd for C22H40O2Si2 is 392.2567, found 392.2531. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1660 (s), 1244 (m). 

 

TES

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-(triethylsilyl)prop-

2-yn-1-one (2.3.6b) 

Synthesized according to GP7 from 2.3.5b (0.24g, 87 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.85 (dd, J = 4.6, 3.4 Hz, 1 H), 2.18-

2.00 (m, 3 H), 1.73-1.64 (m, 1 H), 1.57-1.46 (m,  2 H), 1.28 (s, 3 H), 0.98 (t, J = 8.0 Hz, 9 

H), 0.84 (s, 9 H), 0.63 (q, J = 8.0 Hz. 6 H), 0.14 (s, 3H), 0.10 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.31 (C), 151.14 (C), 103.17 (CH), 

102.16 (C), 95.79 (C), 54.11 (C), 34.00 (CH2), 25.56 (3xCH3), 24.13 (CH2), 20.17 (CH3), 

18.83 (CH2), 18.07 (C), 7.34 (3xCH2), 3.90 (3xCH2), -4.58 (CH3), -4.84 (CH3). 

HRMS (EI) m/z calcd for C22H40O2Si2 is 392.2567, found 392.2550. 

FTIR (Neat, cm-1): υ = 2934 (w), 2357 (m), 1703 (s), 1646 (s). 
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TMS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-

(trimethylsilyl)prop-2-yn-1-one (2.3.6c) 

Synthesized according to GP7 from 2.3.5c (1.4g, 71 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.86 (dd, J = 4.8, 3.4 Hz, 1 H), 2.15-

2.02 (m, 3 H), 1.73-1.64 (m, 1 H), 1.57-1.46 (m, 2 H), 1.29 (s, 3 H), 0.86 (s, 9 H), 0.21 (s, 

9 H), 0.16 (s, 3H), 0.13 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.39 (C), 151.07 (C), 103.15 (CH), 

101.19 (C), 97.99 (C), 53.98 (C), 34.03 (CH2), 25.65 (3xCH3), 24.23 (CH2), 20.49 (CH3), 

19.06 (C), 18.17 (CH2), -0.53 (3xCH3), -4.63 (2xCH3) 

HRMS (EI) m/z calcd for C19H34O2Si2 is 350.2097, found 350.2103. 

FTIR (Neat, cm-1): υ = 2934 (m), 2364 (m), 1686 (s), 1646 (s), 1250 (m). 

 

TIPS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-[tris(propan-2-

yl)silyl]prop-2-yn-1-one (2.3.6d) 

Synthesized according to GP7 from 2.3.5d (1.9g, 86 % yield). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.86 (t, J =3 .8 Hz, 1 H), 2.23-2.01 

(m, 3 H), 1.74-1.65 (m, 1 H), 1.58-1.46 (m, 2 H), 1.28 (s, 3 H), 1.12-1.04 (m, 21 H), 0.84 

(s, 9 H), 0.15 (s, 3 H), 0.10 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.01 (C), 151.19 (C), 103.27 (CH), 

102.99 (C), 94.90 (C), 54.33 (C), 33.87 (CH2), 25.56 (3x CH3), 24.15 (CH2), 20.14 (CH3), 

18.78 (CH2), 18.51 (6 x CH3), 18.02 (C), 11.13 (3 x CH), -4.19 (CH3), -5.10 (CH3) 

HRMS (EI) m/z calcd for C25H46O2Si2 [(M-C4H9)+]  377.2327, found 377.2358. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1653 (s), 1250 (m). 

 

DMPS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-

[dimethyl(phenyl)silyl]prop-2-yn-1-one (2.3.6e) 

Synthesized according to GP7 from 2.3.5e (0.69g, 82 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.65-7.62 (m, 2 H), 7.42-7.36 (m, 3 

H), 4.90 (dd. J = 4.8, 3.3 Hz, 1 H), 2.20-2.04 (m, 3 H), 1.76-1.67 (m, 1 H), 1.60-1.49 (m, 

2 H), 1.33 (s, 3 H), 0.86 (s, 9 H), 0.48 (s, 3 H), 0.47 (s,  3 H), 0.14 (s, 3 H), 0.13 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.23 (C), 151.05 (C), 135.25 (C), 

133.82 (2xCH), 129.84 (CH), 128.01 (2xCH), 103.14 (CH), 102.40 (C), 95.43 (C), 54.22 

(C), 33.91 (CH2), 25.60 (3xCH3), 24.08 (CH2), 20.12 (CH3), 18.86 (CH2), 18.11 (C), -1.38 

(CH3), -1.51 (CH3), -4.61 (CH3), -4.72 (CH3). 
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HRMS (EI) m/z calcd for C24H36O2Si2 is 412.2254, found 412.2282. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1680 (s), 1244 (m). 

 

DPS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-(tert-

butyldiphenylsilyl)prop-2-yn-1-one (2.3.6f) 

Synthesized according to GP7 from 2.3.5f (2.2g, 82 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.80-7.76 (m, 4 H), 7.44-7.35 (m, 6 

H), 4.95 (dd, J = 5.1, 3.0 Hz, 1 H), 2.31-2.07 (m, 3 H), 1.80-1.71 (m, 1 H), 1.62-1.53 (m, 

2 H), 1.34 (s, 3 H), 1.10 (s, 9 H), 0.85 (s, 9 H), 0.10 (s, 3 H), 0.07 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 190.84 (C), 151.12 (C), 135.64 

(4xCH), 131.86 (C), 131.82 (C), 129.89 (2xCH), 127.86 (4xCH), 104.56 (C), 103.42 (CH), 

92.53 (C), 54.50 (C), 33.78 (CH2), 27.02 (3xCH3), 25.60 (3xCH3), 24.10 (CH2), 19.95 

(CH3), 18.89 (C), 18.74 (CH2), 18.05 (C), -4.08 (CH3), -5.24 (CH3). 

HRMS (EI) m/z calcd for C32H44O2Si2 is 516.2880, found 516.2873. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1660 (s), 1244 (m). 

 

TPS

TBSO O
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1-{2-[(tert-butyldimethylsilyl)oxy]-1-methylcyclohex-2-en-1-yl}-3-

(triphenylsilyl)prop-2-yn-1-one (2.3.6g) 

Synthesized according to GP7 from 2.3.5g (1.5g, 92 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.69-7.66 (m, 6 H), 7.49-7.44 (m, 3 

H), 7.42-7.38 (m, 6 H), 4.94 (dd, J = 4.9,3.2 Hz, 1 H), 2.29-2.09 (m, 3 H), 1.79-1.70 (m, 1 

H), 1.63-1.52 (m, 2 H), 1.36 (s, 3 H), 0.83 (s, 9 H), 0.11 (s, 3 H), 0.00 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.01 (C), 151.10 (C), 135.69 

(6xCH), 131.98 (3xC), 130.35 (3xCH), 128.11 (6xCH), 104.50 (C), 103.21 (CH), 92.00 

(C), 54.49 (C), 33.77 (CH2), 25.57 (3xCH3), 24.09 (CH2), 19.97 (CH3), 18.76 (CH2), 18.02 

(C), -4.51 (CH3), -4.97 (CH3). 

HRMS (EI) m/z calcd for C34H40O2Si2 is 536.2567, found 536.2568. 

FTIR (Neat, cm-1): υ = 2927 (m), 2360 (m), 1658 (s), 1245 (m). 

 

TBS

TBSO O

 

3-(tert-butyldimethylsilyl)-1-{2-[(tert-butyldimethylsilyl)oxy]-1,3-dimethylcyclohex-

2-en-1-yl}prop-2-yn-1-one (2.3.6h) 

Synthesized according to GP7 (refluxed in DCE) from 2.3.5h (0.41g, 75 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 2.12-1.95 (m, 3 H), 1.59 (s, 3 H), 

1.58-1.44 (m, 3 H), 1.31 (s, 3 H), 0.94 (s, 9 H), 0.89 (s, 9 H), 0.14 (s, 3 H), 0.13 (s, 3 H), 

0.12 (s, 3 H), 0.06 (s, 3 H). 
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13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 192.00 (C), 143.29 (C), 113.44 (C), 

102.13 (C), 97.10 (C), 54.05 (C), 35.67 (CH2), 31.17 (CH2), 26.12 (3x CH3), 25.69 (3x 

CH3), 20.83 (CH3), 18.86 (CH2), 18.54 (CH3), 17.60 (C), 16.65 (C), -3.08 (CH3), -3.71 

(CH3), -5.20 (2x CH3). 

HRMS (EI) m/z calcd for C23H42O2Si2 [(M-C4H9)+]  349.2014, found 349.2032. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1653 (s). 

 

TMS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1,4,4-trimethylcyclohex-2-en-1-yl}-3-

(trimethylsilyl)prop-2-yn-1-one (2.3.9a) 

Synthesized according to GP7 from 2.3.8a (0.63g, 49 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.63 (s, 1 H), 2.29 (td, J=12.4, 2.4 Hz, 

1 H), 1.53 - 1.38 (m, 3 H), 1.26 (s, 3 H), 1.07 (s, 3 H), 1.01 (s, 3 H), 0.86 (s, 9 H), 0.21 (s, 

9 H), 0.17 (s, 3 H), 0.14 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.21 (C), 149.51 (C), 114.20 (CH), 

100.95 (C), 97.20 (C), 54.09 (C), 33.28 (CH2), 32.33 (C), 31.31 (CH3), 30.59 (CH2), 29.21 

(CH3), 25.58 (3x CH3), 19.51 (CH3), 18.10 (C), -0.74 (3xCH3), -4.72 (CH3), -4.77 (CH3) 

HRMS (EI) m/z calcd for C21H38O2Si2 is 378.2410, found 378.2408. 

FTIR (Neat, cm-1): υ = 2954 (m), 2366 (m), 1677 (s), 1654 (s). 
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TBS

TBSO O

 

3-(tert-butyldimethylsilyl)-1-{2-[(tert-butyldimethylsilyl)oxy]-1,4,4-

trimethylcyclohex-2-en-1-yl}prop-2-yn-1-one (2.3.9b) 

Synthesized according to GP7 from 2.3.8b (0.23g, 72 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.62 (s, 1 H), 2.33-2.24 (m, 1 H), 

1.50-1.39 (m, 3 H), 1.26 (s, 3 H), 1.07 (s, 3 H), 1.01 (s, 3 H), 0.95 (s, 9 H), 0.86 (s, 9 H), 

0.17 (s, 3 H), 0.15 (s, 6 H), 0.12 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 190.98 (C), 149.54 (C), 114.40 (CH), 

101.77 (C), 95.95 (C), 54.08 (C), 33.25 (CH2), 32.33 (C), 31.39 (CH3), 30.64 (CH2), 29.34 

(CH3), 26.05 (3x CH3), 25.59 (3xCH3), 19.59 (CH3), 18.08 (C), 16.66 (C), -4.28 (CH3), -

5.10 (2xCH3), -5.12 (CH3). 

HRMS (EI) m/z calcd for C24H44O2Si2 is 420.2880 found 420.2788. 

FTIR (Neat, cm-1): υ = 2939 (m), 1681 (s), 1652 (s). 

 

TPS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1,4,4-trimethylcyclohex-2-en-1-yl}-3-

(triphenylsilyl)prop-2-yn-1-one (2.3.9c) 

Synthesized according to GP7 from 2.3.8c (0.41g, 72 %). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.66-7.62 (m, 6 H), 7.47 - 7.35 (m, 9 

H), 4.66 (s, 1 H), 2.38-2.29 (m, 1 H), 1.48-1.42 (m, 3 H), 1.31 (s, 3 H), 0.99 (s, 3 H), 0.90 

(s, 3 H), 0.82 (s, 9 H), 0.09 (s, 3 H), 0.06 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 190.75 (C), 149.30 (C), 135.68 

(6xCH), 131.91 (3xC), 130.28 (3xCH), 128.08 (6xCH), 114.65 (CH), 104.05 (C), 91.77 

(C), 54.21 (C), 33.20 (CH2), 32.31 (C), 31.41 (CH3), 30.58 (CH2), 29.27 (CH3), 25.57 

(3xCH3), 19.62 (CH3), 18.05 (C), -4.31 (CH3), -5.14 (CH3). 

HRMS (EI) m/z calcd for C36H44O2Si2 is 564.2880 found 564.2895. 

FTIR (Neat, cm-1): υ = 2927 (m), 1681 (s), 1654 (s). 

 

TMS

TBSO O

 

1-{2-[(tert-butyldimethylsilyl)oxy]-1,4,4-trimethyl-5-(prop-2-en-1-yl)cyclohex-2-en-

1-yl}-3-(trimethylsilyl)prop-2-yn-1-one (2.3.9d) 

Synthesized according to GP7 from 2.3.8d (0.45g, 90 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm  = 5.76-5.66 (m, 1 H), 5.04-4.97 (m, 2 

H), 4.65 (s, 1 H), 2.32-2.25 (m, 1 H), 2.05 (dd, J =14.0, 2.2 Hz, 1 H), 1.64-1.55 (m, 3 H), 

1.30 (s, 3 H), 1.04 (s, 3 H), 0.87 (s, 9 H), 0.83 (s, 3 H), 0.23 (s, 9 H), 0.18 (s, 3 H), 0.17 (s, 

3 H). 
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 13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 191.13 (C), 148.78 (C), 137.92 (CH), 

117.39 (CH), 115.88 (CH2), 101.15 (C), 98.98 (C), 53.77 (C), 39.91 (CH), 36.65 (CH2), 

35.06 (C), 34.19 (CH2), 29.29 (CH3), 25.72 (3xCH3), 23.18 (CH3), 22.34 (CH3), 18.18 (C), 

-0.75 (3xCH3), -4.21 (CH3), -4.95 (CH3). 

HRMS (EI) m/z calcd for C24H42O2Si2  [(M-C4H9)+]  361.2014, found 361.2039. 

FTIR (Neat, cm-1): υ = 2957 (m), 2354 (m), 1650 (s), 827 (s). 

 

TBS

TBSO O

 

3-(tert-butyldimethylsilyl)-1-{2-[(tert-butyldimethylsilyl)oxy]-1,4,4-trimethyl-5-

(prop-2-en-1-yl)cyclohex-2-en-1-yl}prop-2-yn-1-one (2.2.8) 

Synthesized according to GP7 from 2.3.8e (0.31g, 88 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm  = 5.75-5.66 (m, 1 H), 5.03-4.96 (m, 2 

H), 4.65 (s, 1 H), 2.30-2.25 (m, 1 H), 2.07 (dd, J = 14.2, 2.6 Hz, 1 H), 1.64-1.50 (m, 2 H), 

1.37-1.29 (m, 1 H), 1.32 (s, 3 H), 1.02 (s, 3 H), 0.96 (s, 9 H), 0.87 (s, 9 H), 0.82 (s, 3 H), 

0.18 (s, 3 H), 0.17 (s, 9 H). 

 13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 190.72 (C), 148.66 (C), 137.86 (CH), 

117.55 (CH), 115.99 (CH2), 101.72 (C), 97.59 (C), 53.83 (C), 39.99 (CH), 36.56 (CH2), 

35.04 (C), 34.13 (CH2), 29.27 (CH3), 26.07 (3xCH3), 25.76 (3xCH3), 23.21 (CH3), 22.48 

(CH3), 18.18 (C), 16.64 (C), -4.27 (CH3), -4.84 (CH3), -5.12 (2xCH3). 
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HRMS (EI) m/z calcd for C27H48O2Si2 is 460.3193, found 460.3235. 

FTIR (Neat, cm-1): υ = 2929 (m), 2358 (w), 1672 (s), 823 (s) . 

 

7.1.8 Vinylgold formation 

General procedure (GP8): Add LAu(I) (0.2 mmol) to the silyl enol ether (0.61 mmol) 

diluted in freshly distilled DCM (4 ml) at room temperature and stirred for 30 minutes. 

Evaporate the solvent under reduce pressure and the crude product was purified by flash 

column chromatography on silica gel (eluted with hexane:ethyl acetate (90:10)) to give the 

desired vinyl gold species as a white solid. 

 

L =
P

tBu tBuO

O

LAu
TBS

 

[3-(tert-butyldimethylsilyl)-5,8,8-trimethyl-4,9-dioxo-7-(prop-2-en-1-

yl)bicyclo[3.3.1]non-2-en-2-yl]gold[di-tert-butyl(2-phenylphenyl)phosphine] (2.2.10) 

Synthesized according to GP8 from 2.2.8 (59 mg, 50 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.89 (t, J = 6.9 Hz, 1H), 7.48-7.38 (m, 

3 H), 7.22-7.12 (m, 3H), 7.03 (d, J = 7.5 Hz,  1H), 6.92 (7, J = 7.4 Hz, 1H), 5.61-5.50 (m, 

1 H), 4.93-4.88 (m, 2 H), 3.37 (d, J = 7.5 Hz, 1H), 2.17-2.12 (m,  1 H), 1.89 (dd, J = 13.4, 
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4.2 Hz, 1 H), 1.66-1.35 (m, 2 H), 1.47 (d, J  = 14.2 Hz, 9 H),  1.39 (d, J = 14.5 Hz, 9 H), 

1.20 (s, 3 H), 1.19 (s, 3 H), 0.84 (s, 12 H), 0.36 (s, 3 H), 0.22 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 220.65 (d, J = 111.9 Hz, C), 210.65 

(d, J = 3.3 Hz, C), 204.83 (d, J = 13.2 Hz, C), 150.18 (d, J = 15.5 Hz, C), 147.09 (d, J = 

4.7 Hz, C), 142.28 (d, J = 5.2 Hz, C), 137.36 (CH), 134.65 (CH), 133.21 (d, J = 7.5 Hz, 

CH), 130.04 (d, J = 2.3 Hz, CH), 129.17 (CH), 129.12 (CH), 129.04 (CH), 128.43 (CH), 

127.89 (d, J = 33.4 Hz, C), 127.58 (CH), 126.28 (d, J = 5.2 Hz, CH), 115.97 (CH2), 75.57 

(CH), 61.31 (C), 42.88 (CH2), 41.74 (C), 37.68 (CH), 36.84 (d, J = 11.8 Hz, C), 36.66  (d, 

J = 9.9 Hz, C), 33.80 (CH2), 30.77 (d, J = 7.0 Hz, 3xCH3), 30.54 (d, J = 7.1 Hz, 3xCH3), 

28.81 (CH3), 27.96 (3xCH3), 21.73 (CH3), 17.99 (C), 15.84 (CH3), 1.39 (CH3), -2.34 (CH3) 

HRMS (ESI) m/z calcd for C41H60O2PSiAu  [(M+Na+]  863.3652, found 863.3663. 

FTIR (Neat, cm-1): υ = 2960 (m) 1704 (s), 1631 (s), 904 (s), 731 (s). 

M.p. (Dec. 231 ºC). 

 

O

O

LAu
TBS

L = P
tBu tBu

 

[3-(tert-butyldimethylsilyl)-5-methyl-4,9-dioxobicyclo[3.3.1]non-2-en-2-yl]gold[di-

tert-butyl(2-phenylphenyl)phosphine] (2.4.1a) 

Synthesized according to GP8 from 2.3.6a (215 mg, 84 % yield). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm  = 7.92-7.87 (m, 1 H), 7.52-7.42 (m, 3 

H), 7.24-7.20 (m, 3 H), 7.13-7.07 (m, 2 H), 3.55-3.52 (m, 1 H), 2.02-1.96 (m, 1 H), 1.87-

1.78 (m, 2 H), 1.54-1.46 (m, 2 H), 1.44 (d, J = 1.5 Hz, 9 H), 1.40 (d, J = 1.5 Hz, 9 H), 1.38-

1.28 (m, 1 H), 1.17 (s, 3 H), 0.86 (s, 9 H), 0.34 (s, 3 H), 0.21 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 219.56 (d, J = 109.8 Hz, C), 213.52 

(d, J=3.3 Hz, C), 205.26 (d, J = 12.7 Hz,  C), 150.08 (d, J = 15.9 Hz, C), 145.07 (d, J=5.1 

Hz, C), 142.52 (d, J = 5.2 Hz, C), 134.57 (CH), 133.42 (d, J = 7.6 Hz, CH), 130.07 (d, J = 

2.0Hz, CH), 129.23 (CH), 129.21 (CH), 128.96 (CH), 128.62 (CH), 127.78 (d, J  = 33.9 

Hz, C), 127.48 (CH), 126.41 (d, J = 5.1 Hz,  CH), 62.13 (CH), 61.96 (C), 42.04 (CH2), 

37.55 (d, J = 20.3 Hz, C), 36.70 (d, J = 17.9 Hz, C), 30 .76 (d, J = 6.2 Hz, 3xCH3), 30.70 

(d, J = 6.4 Hz, 3xCH3), 30.38 (CH2), 28.12 (3xCH3), 18.02 (CH2), 17.72 (C), 16.00 (CH3), 

0.35 (CH3), -2.17 (CH3). 

HRMS (EI) m/z calcd for C36H52O2P1Si1Au1 [(M-C4H9)+] is  715.2424, found 715.2472. 

FTIR (Neat, cm-1): υ = 2927 (m), 1703 (s), 1086 (s). 

M.p. (Dec. 215 ºC). 

 

O

O

LAu
TBS

L =

N

N
iPr

iPr

iPr

iPr  

[3-(tert-butyldimethylsilyl)-5,8,8-trimethyl-4,9-dioxobicyclo[3.3.1]non-2-en-2-

yl]gold[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene] (2.4.1b) 
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Synthesized according to GP8 from 2.3.6a (22 mg, 63 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.49 (t, J = 7.8 Hz, 2 H), 7.32-7.27 

(m, 4 H), 7.19 (s, 2 H), 3.17-3.14 (m, 1 H), 2.66-2.57 (m, 4 H), 1.74-1.68 (m, 1 H), 1.62-

1.58 (m, 1 H), 1.34 (d, J = 6.8 Hz, 6 H), 1.30 (d, J = 6.8 Hz, 6 H), 1.21 (d, J = 6.8 Hz, 6 

H), 1.18 (d, J = 6.8 Hz, 6 H), 1.15-1.08 (m, 2 H), 1.00 (s, 3 H), 0.91-0.80 (m, 2 H), 0.65 (s, 

9 H), -0.09 (s, 3 H), -0.24 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 216.5 (C), 214.4 (C), 204.5 (C), 194.3 

(C), 146.5 (C), 145.6 (2xC), 145.5 (2xC), 134.7 (2xC), 130.4 (2xCH), 124.2 (2xCH), 124.1 

(2xCH), 123.3 (2xCH), 62.3 (CH), 62.2 (C), 41.9 (CH2), 30.4 (CH2), 28.8 (2xCH), 28.7 

(2xCH), 28.0 (3xCH3), 24.5 (2xCH3), 24.5 (2xCH3), 23.9 (2xCH3), 23.8 (2xCH3), 17.9 

(CH2), 17.2 (C), 16.1 (CH3), -1.0 (CH3), -2.4 (CH3). 

HRMS (ESI) m/z calcd for C43H61O2N2SiAu is 862.4168, found 862.4193. 

FTIR (Neat, cm-1): υ = 2962 (m), 2927 (m), 1708 (s), 1635 (s), 1458 (s). 

M.p. (Dec. 254 ºC) . 

 

O

O

LAu
TBS

L3 = P
tBu tBu

 

[5,8,8-trimethyl-4,9-dioxo-2-(triphenylsilyl)bicyclo[3.3.1]non-2-en-3-yl]gold[ 

di-tert-butyl[1-(naphthalen-1-yl)naphthalen-2-yl]phosphine] (2.4.1c) 
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Synthesized according to GP8 from 2.3.6a (69 mg, 70 % yield), mixture of diastereomer 

(1:1). 

Diastereomer 1: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 8.10-7.09 (m, 11 H), 6.87 (d, J =9.4 

Hz, 1 H), 6.73 (d, J =9.2 Hz, 1 H), 3.65 (s, 1 H), 1.96-1.26 (m, 6 H), 1.48 (d, J =14.9 Hz, 

9 H), 1.42 (d, J =14.4 Hz, 9 H),  1.21 (s, 3 H), 0.71 (s, 9 H), 0.04 (s, 3 H), -0.79 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 219.55 (d, J  = 110.1 Hz, C), 213.60 

(d, J = 3.4 Hz, C), 205.27 (d, J = 13.1 Hz, C), 147.43 (d, J = 15.9 Hz, C), 144.96 (d, J = 

5.6 Hz, C), 136.52 (d, J = 7.1 Hz, C), 134.40 (d, J = 8.4 Hz, C), 133.94 (C), 133.69 (d, J = 

1.7 Hz, C), 133.32 (C), 129.88 (CH), 129.28 (CH), 128.90 (CH), 128.74 (CH), 128.30 (d, 

J = 1.2 Hz, CH), 127.80 (CH), 127.39 (CH), 127.17 (d, J = 34.0 Hz, C), 127.14 (d, J = 5.1 

Hz, CH), 126.75 (CH), 126.42 (CH), 126.24 (CH), 125.94 (CH), 125.88 (CH),  62.29 (CH), 

62.19 (C), 42.15 (CH2), 37.94 (d, J  = 20.2 Hz, C), 36.58 (d, J = 17.5 Hz, C), 31.28 (d, J = 

7.5 Hz, 3xCH3), 30.87 (d, J = 6.7 Hz, 3xCH3), 30.35 (CH2), 27.94 (3xCH3), 17.97 (CH2), 

17.66 (C), 16.07 (CH3), -1.27 (CH3), -2.72 (CH3). 

Diastereomer 2: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm  = 8.10-7.09 (m, 11 H), 6.89 (d, J =8.9 

Hz, 1 H), 6.70 (d, J =8.7 Hz, 1 H), 2.18 (s, 1 H), 1.96-1.26 (m, 6 H), 1.49 (d, J =14.4 Hz, 

9 H), 1.39 (d, J =14.4 Hz, 9 H), 1.12 (s, 3 H), 0.82 (s, 9 H), 0.40 (s, 3 H), 0.08 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 218.93  (d, J = 110.6 Hz, C), 213.50 

(d, J = 3.8 Hz, C), 205.24 (d, J = 13.2 Hz, C), 147.37 (d, J = 15.5 Hz, C), 145.31 (d, J = 

5.1 Hz, C), 136.42 (d, J = 6.6 Hz, C), 134.35 (d, J = 9.0 Hz, C), 133.65 (2xC), 133.40 
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(C),130.08 (CH), 129.95 (CH), 128.72 (CH), 128.59 (CH), 128.23 (d, J = 1.2 Hz, CH), 

127.78 (CH), 127.39 (CH), 127.08 (d, J = 5.9 Hz, CH), 126.94 (d, J = 33.0 Hz, C), 126.73 

(CH), 126.10 (CH), 126.00 (CH), 125.97 (CH), 125.88 (CH), 61.94 (C), 60.23 (CH), 41.89 

(CH2), 37.45 (d, J = 17.9 Hz, C), 37.29 (d, J  = 17.0 Hz, C), 31.36 (d, J = 7.1 Hz, 3xCH3), 

30.94 (d, J = 7.10 Hz, 3xCH3), 30.27 (CH2), 28.31 (3xCH3), 17.87 (CH2), 17.60 (C), 16.13 

(CH3), 0.14 (CH3), -1.9 (CH3). 

HRMS (EI) m/z calcd for C44H56O2PSiAu is 872.3453, found 872.3431. 

FTIR (Neat, cm-1): υ = 2927 (m), 1708 (s), 1635 (s), 1458 (s). 

M.p. (Dec. 256 ºC). 

 

L =
P

tBu tBuO

O

LAu
TBS

 

[3-(tert-butyldimethylsilyl)-1,5-dimethyl-4,9-dioxobicyclo[3.3.1]non-2-en-2-

yl]gold[di-tert-butyl(2-phenylphenyl)phosphine] (2.4.1d) 

Synthesized according to GP8 from 2.3.6h (52 mg, 55 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.93-7.89 (m, 1 H), 7.49-7.42 (m, 2 

H), 7.33-7.17 (m, 6 H), 1.86-1.82 (m, 1 H), 1.76-1.72 (m, 1 H), 1.54-1.49 (m, 3 H), 1.47 

(d, J = 4.8 Hz, 9 H), 1.43 (d, J = 4.9 Hz, 9 H), 1.35 (s, 3 H), 1.27-1.24 (m, 1 H), 1.14 (s, 3 

H), 0.82 (s, 9 H), 0.38 (s, 3 H), 0.31 (s, 3 H). 
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13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 223.10 (d, J = 107.6 Hz, C), 214.72 

(d, J = 4.3 Hz, C), 205.68 (d, J = 12.3 Hz, C), 149.80 (d, J = 15.6 Hz, C), 145.98 (d, J = 

4.2 Hz, C), 142.10 (d, J = 5.2 Hz, C), 134.91 (CH), 133.66 (d, J = 7.5 Hz, CH),  130.04 (d, 

J = 2.4 Hz, CH), 129.80 (br.s, 2xCH), 128.60 (br.s, 2xCH), 127.84 (d, J = 30.4 Hz, C), 

127.31 (CH), 127.80 (C), 126.34 (d, J = 5.2 Hz, CH), 60.95 (C), 58.41 (d, J = 1.4 Hz, C), 

41.27 (CH2), 39.09 (CH2), 37.74 (d, J = 15.2 Hz, C), 37.27 (d, J = 18.4 Hz, C), 30.86 (d, J 

= 6.6 Hz, 3xCH3), 30.79 (d, J = 7.4 Hz, 3xCH3), 28.42 (3xCH3), 19.07 (CH2), 17.76 (C), 

16.68 (CH3), 0.61 (CH3), -0.44 (CH3). 

HRMS (ESI) m/z calcd for C37H54O2PSiAu is 786.3296, found 786.3263. 

FTIR (Neat, cm-1): υ = 2997 (m), 1686 (s), 1089 (s). 

M.p. 183-185 oC. 

 

L =
P

tBu tBuO

O

LAu
TBS

 

[3-(tert-butyldimethylsilyl)-5,8,8-trimethyl-4,9-dioxobicyclo[3.3.1]non-2-en-2-

yl]gold[di-tert-butyl(2-phenylphenyl)phosphine] (2.4.1e) 

Synthesized according to GP8 from 2.3.9b (27 mg, 35 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.90 (t, J = 7.0 Hz,, 1 H), 7.49-7.41 

(m 3 H), 7.24-7.13 (m, 3 H), 7.05-7.02 (m, 1 H), 6.95 (t, J = 7.4 Hz, 1 H), 3.38 (d, J = 2.4 

Hz, 1 H), 1.80-1.76 (m, 1 H), 1.62-1.56 (m, 2 H), 1.47 (d, J = 14.3 Hz, 9 H), 1.39 (d, J = 
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14.5 Hz, 9 H), 1.20 (s, 3 H), 1.13 (s, 3 H), 1.05-1.00 (m, 1 H), 0.97 (s, 3 H), 0.85 (s, 9 H), 

0.35 (s, 3 H), 0.19 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 221.4 (d, J = 111.1 Hz, C), 211.39 

(d, J = 3.3 Hz, C), 205.17 (d, J = 13.3 Hz, C), 150.21 (d, J = 16.3 Hz, C), 146.59 (d, J = 

4.7 Hz, C), 142.25 (d, J = 5.2 Hz, C), 134.64 (CH), 133.64 (d, J = 7.6 Hz, CH), 130.02 (d, 

J = 2.2 Hz, CH), 129.25 (CH), 129.12 (CH), 129.02 (CH), 128.43 (CH), 127.88 (d, J = 33.4 

Hz, C), 127.57 (C), 126.25 (d, J = 5.7 Hz, C), 73.92 (CH), 60.00 (C), 39.95 (C), 37.37 

(CH2), 36.86 (d, J = 20.2 Hz, C), 36.68 (d, J = 17.8 Hz, C), 31.63 (CH2), 30.75 (d, J = 7.1 

Hz, 3xCH3), 30.63 (CH3), 30.58 (d, J = 7.1 Hz, 3xCH3), 28.02 (3xCH3), 26.93 (CH3), 17.97 

(C), 15.88 (CH3), 1.32 (CH3), -2.43 (CH3). 

HRMS (EI) m/z calcd for C38H56O2PSiAu is 800.3453, found 800.3469. 

FTIR (Neat, cm-1): υ = 2923 (m), 1708 (s), 1635 (s), 1465 (s). 

M.p. (Dec. 186 ºC). 

 

L =
P

tBu tBuO

O

LAu
TMS

 

[5-methyl-4,9-dioxo-3-(trimethylsilyl)bicyclo[3.3.1]non-2-en-2-yl]gold[di-tert-

butyl(2-phenylphenyl)phosphine] (2.4.1f) 

Synthesized according to GP8 from 2.3.6c (21 mg, 77 % yield). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.89 (t, J = 7.2 Hz, 1 H), 7.50-7.40 

(m, 3 H), 7.25-7.17 (m, 3 H), 7.13-7.07 (m, 2 H), 3.50-3.48 (m, 1 H), 1.99-1.93 (m, 1 H), 

1.86-1.76 (m, 2 H), 1.50-1.45 (m, 2 H), 1.43 (d, J = 4.0 Hz, 9 H), 1.39 (d, J = 4.2 Hz, 9 H), 

1.34-1.28 (m, 1 H), 1.17 (s, 3 H), 0.25 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 217.34 (d, J = 109.6 Hz, C), 213.78 

(d, J = 3.7 Hz, C), 205.33 (d, J = 12.9 Hz, C), 150.16 (d, J = 16.6 Hz, C), 147.40 (d, J = 

5.1 Hz, C), 142.69 (d, J = 5.5 Hz, C), 134.69 (CH), 133.14 (d, J = 7.7 Hz, CH), 130.19 (d, 

J = 1.9 Hz, CH), 129.34 (CH), 129.11 (CH), 129.01 (CH), 128.77 (CH), 127.94 (d, J = 33.7 

Hz, C), 127.62 (CH), 126.57 (d, J = 5.2 Hz, CH), 62.22 (C), 61.94 (CH), 41.90 (CH2), 

37.56 (d, J = 19.7 Hz, C), 36.97 (d, J = 18.3 Hz, C), 30.90 (d, J = 4.4 Hz, 3xCH3), 30.83 

(d, J = 4.4 Hz, 3xCH3), 30.25 (CH2), 18.03 (CH2), 16.03 (CH3), 1.92 (3x CH3). 

HRMS (ESI) m/z calcd for C33H46O2PSiAu is 730.2670, found 730.2657. 

FTIR (Neat, cm-1): υ = 2943 (m), 1699 (s), 1633 (s), 1085 (m). 

M.p. (Dec. 219 ºC). 

 

L =
P

tBu tBuO

O

LAu
TMS

 

[5,8,8-trimethyl-4,9-dioxo-3-(trimethylsilyl)bicyclo[3.3.1]non-2-en-2-yl]gold[di-tert-

butyl(2-phenylphenyl)phosphine] (2.4.1g) 

Synthesized according to GP8 from 2.3.9a (34 mg, 74 % yield). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.91-7.87 (m, 1 H), 7.49-7.42 (m, 2 

H), 7.39 (t, J = 7.7 Hz, 1 H), 7.23-7.15 (m, 3 H), 7.02 (d, J=7.7 Hz, 1 H), 6.95 (t, J = 7.5 

Hz, 1 H), 3.30 (d, J=2.5 Hz, 1 H), 1.78-1.72 (m, 1 H), 1.65-1.50 (m, 3 H), 1.46 (d, J=14.4 

Hz, 9 H), 1.39 (d, J=14.5 Hz, 9 H), 1.20 (s, 3 H), 1.09 (s, 3 H), 0.96 (s, 3 H), 0.24 (s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 219.36 (d, J = 111.7 Hz, C), 211.2 

(d, J = 3.3 Hz, C), 204.7 (d, J = 13.1 Hz, C), 150.18 (d, J = 16.0 Hz, C), 149.02 (d, J = 4.8 

Hz, C), 142.32 (d, J = 5.6 Hz, C), 134.64 (CH), 133.11 (d, J = 7.5 Hz, CH), 130.02 (d, J = 

1.9 Hz, CH), 129.09 (CH), 129.03 (CH), 128.76 (CH), 128.62 (CH), 127.81 (d, j = 33.3 

Hz, C), 127.64 (CH), 126. 28 (CH), 73.36 (CH), 60.45 (C), 39.56 (C), 36.88 (d, J = 19.2 

Hz, C), 36.78 (CH2), 36.70 (d, J = 16. Hz, C), 31.47 (CH2), 30.7 (d, J = 7.1 Hz, 3xCH3), 

30.61 (CH3), 30.60 (d, J = 7.2 Hz, 3xCH3), 26.77 (CH3), 15.89 (CH3), 2.28 (3x CH3) 

HRMS (ESI) m/z calcd for C35H50O2PSiAu is 58.2983, found 758.2966. 

FTIR (Neat, cm-1): υ = 2923 (m), 1704 (s), 1627 (s), 1454 (m). 

M.p. (Dec. 185 ºC). 

 

L =
P

tBu tBuO

O

LAu
TMS

 

[5,8,8-trimethyl-4,9-dioxo-7-(prop-2-en-1-yl)-3-(trimethylsilyl)bicyclo[3.3.1]non-2-

en-2-yl]gold[di-tert-butyl(2-phenylphenyl)phosphine] (2.4.1h) 

Synthesized according to GP8 from 2.3.9d (20 mg, 69 % yield). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.91-7.87 (m, 1H), 7.48-7.42 (m, 2 

H), 7.37 (t, J = 7.5 Hz, 1H), 7.23-7.15 (m, 3H), 7.02 (d, J = 7.7 Hz, 1H), 6.94 (d, J = 7.5 

Hz, 1H), 5.62-5.53 (m, 1 H), 4.95-4.89 (m, 2 H), 3.29 (d, J = 2.7 Hz, 1H), 2.15-2.11 (m,  1 

H), 1.86 (dd, J = 13.0, 2.5 Hz, 1 H), 1.58-1.51 (m, 2 H), 1.46 (d, J=14.3 Hz, 9 H),  1.39 (d, 

J=14.5 Hz, 9 H), 1.20 (s, 3 H), 1.16 (s, 3 H), 0.91-0.85 (m, 1 H), 0.83 (s, 3 H), 0.24 (s, 9 

H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 218.42 (d, J = 112.7 Hz, C), 210.70 

(d, J = 3.4 Hz, C), 204.38 (d, J = 13.2 Hz, C), 150.30 (d, J = 16.6 Hz, C), 149.89 (d, J = 

4.8 Hz, C), 142.45 (d, J = 5.3 Hz, C), 137.56 (CH), 134.76 (CH), 133.27 (d, J = 7.4 Hz, 

CH), 130.14 (d, J = 2.2 Hz, CH), 129.18 (CH), 129.12 (CH), 128.95 (CH), 128.77 (CH), 

127.91 (d, J = 33.6 Hz, C), 127.76 (CH), 126.38 (d, J = 5.1 Hz, CH), 115.79 (CH2), 75.09 

(CH), 61.86 (C), 42.53 (CH2), 41.59 (C), 37.48 (CH), 36.99 (d, J = 13.2 Hz, C), 36.80  (d, 

J = 11.3 Hz, C), 33.77 (CH2), 30.90 (d, J = 7.2 Hz, 3xCH3), 30.7 (d, J = 7.0 Hz, 3xCH3), 

28.91 (CH3), 21.83 (CH3), 15.95 (CH3), 2.35 (3xCH3). 

HRMS (ESI) m/z calcd for C38H54O2PSiAu is 798.3296, found 798.3286. 

FTIR (Neat, cm-1): υ = 2923 (s), 1701 (s), 1627 (s), 1461 (m). 

M.p. (Dec. 222 ºC). 

 

O

O

LAu
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[5-methyl-4,9-dioxo-3-(triethylsilyl)bicyclo[3.3.1]non-2-en-2-yl]gold[di-tert-butyl(2-

phenylphenyl)phosphine] (2.4.1i) 

Synthesized according to GP8 from 2.3.6b (64 mg, 83 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.90-7.86 (m, 1 H), 7.51-7.41 (m, 3 

H), 7.25-7.17 (m, 3 H), 7.13-7.05 (m, 2 H), 3.48-3.46 (m, 1H), 1.99-1.93 (m, 1 H), 1.84-

1.75 (m, 2 H), 1.48-1.43 (m, 2 H), 1.43 (d, J = 2.6 Hz, 9 H), 1.38 (d, J = 2.4 Hz, 9 H), 1.32-

1.27 (m, 1 H), 1.14 (s, 3 H), 0.90-0.83 (m, 12 H), 0.76-0.68 (m, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 218.73 (d, J = 109.7 Hz, C), 213.75 

(d, J = 3.1 Hz, C), 205.29 (d, J = 13.2 Hz, C), 150.09 (d, J = 16.5 Hz, C), 144.53 (d, J = 

5.2 Hz, C), 142.42 (d, J = 5.7 Hz, C), 134.62 (CH), 133.08 (d, J = 7.5 Hz, CH), 130.07 (d, 

J = 1.9 Hz, CH), 129.12 (2xCH), 128.87 (CH), 128.66 (CH), 127.67 (d, J = 33.5 Hz, C), 

127.61 (CH), 127.43 (CH), 61.98 (CH), 61.87 (C), 41.83 (CH2), 37.56 (d, J = 20.3 Hz, C), 

36 .76 (d, J = 18.4 Hz, C), 30.75 (d, J = 6.6 Hz, 3xCH3), 30.48 (CH2), 30.43 (d, J = 7.0 Hz, 

3xCH3), 17.99 (CH2), 16.00 (CH3), 7.82 (3xCH3), 5.07 (3xCH2). 

HRMS (ESI) m/z calcd for C36H52O2PSiAu is 772.3140, found 772.3169. 

FTIR (Neat, cm-1): υ = 2941 (m), 1703 (s), 1093 (s). 

M.p. (Dec. 204 ºC). 

 

O

O

LAu
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L =
P

tBu tBu

 



157 

 

[5-methyl-4,9-dioxo-3-[tris(propan-2-yl)silyl]bicyclo[3.3.1]non-2-en-2-yl]gold[di-

tert-butyl(2-phenylphenyl)phosphine] (2.4.1j) 

Synthesized according to GP8 from 2.3.6d (34 mg, 30 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm  = 7.94-7.90 (m, 1 H), 7.67-7.62 (m, 1 

H), 7.50-7.43 (m, 2 H), 7.29-7.19 (m, 4 H), 7.10-7.07 (m, 1 H), 3.58-3.56 (m, 1 H), 2.04-

1.98 (m, 1 H), 1.89-1.83 (m, 2 H), 1.77 (sept, J = 7.5 Hz, 3 H), 1.50-1.47 (m, 1 H), 1.42 (d, 

J = 11.4 Hz, 9 H), 1.39 (d, J = 11.7 Hz, 9 H), 1.15 (s, 3 H), 1.06-1.04 (m, 2 H), 1.00 (d, J 

= 7.5 Hz, 9 H), 0.99 (d, J=7.5 Hz, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm  = 218.07 (d, J = 109.8 Hz, C), 213.69 

(d, J = 3.3 Hz, C), 206.00 (d, J = 13.3 Hz, C), 150.26 (d, J = 15.6 Hz, C), 143.78 (d, J = 

5.8 Hz, C), 142.28 (d, J = 5.3 Hz, C), 134.95 (CH), 133.59 (d, J = 7.3 Hz, CH), 130.19 (d, 

J = 2.2 Hz, CH), 129.53 (CH), 129.25 (CH), 129.12 (CH), 128.85 (CH), 127.96 (CH), 

127.36 (d, J = 32.7 Hz, C), 126.38 (d, J = 5.1 Hz, CH), 61.93 (C), 61.62 (CH), 41.12 (CH2), 

38.04 (d, J = 19.8 Hz, C), 36.82 (d, J = 18.0 Hz, C),  31.07 (d, J = 6.5 Hz, 3xCH3), 30.17 

(d, J = 6.95 Hz, 3xCH3), 29.72 (CH2), 19.52 (3xCH3), 19.31 (3xCH3), 18.08 (CH2), 16.22 

(CH3), 12.66 (3xCH3). 

HRMS (ESI) m/z calcd for C39H58O2PSiAu is 814.3609, found 814.3639. 

FTIR (Neat, cm-1): υ = 2931 (m), 1696 (s), 1089 (s). 

M.p. (Dec. 180 ºC). 
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L = P
tBu tBu

O

O

LAu
DMPS

 

 [3-[dimethyl(phenyl)silyl]-5-methyl-4,9-dioxobicyclo[3.3.1]non-2-en-2-yl]gold[di-

tert-butyl(2-phenylphenyl)phosphine] (2.4.1k) 

Synthesized according to GP8 from 2.3.6e (20 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.87-7.83 (m, 1 H), 7.54-7.52 (m, 2 

H), 7.47-7.40 (m, 3 H), 7.27-7.11 (m, 7 H), 7.06-7.04 (m, 1 H), 3.53-3.51 (m, 1 H), 2.05-

1.98 (m, 1 H), 1.87-1.77 (m, 2 H), 1.72-1.43 (m, 3H), 1.39 (d, J = 14.3 Hz, 9 H), 1.29 (d, 

J = 14.8 Hz, 9 H), 1.12 (s, 3 H), 0.54 (s, 3 H), 0.50 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm  219.27 (d, J = 108.8 Hz, C), 213.55 

(d, J = 3.3 Hz, C), 204.79 (d, J = 12.7 Hz, C),  150.01 (d, J = 16.0 Hz, C), 145.24 (d, J = 

4.7 Hz, C), 142.55 (d, J = 5.2 Hz, C), 141.60 (C), 134.58 (CH), 133.83 (2xCH), 133.06 (d, 

J = 7.6 Hz, CH), 130.10 (d, J = 1.9 Hz, CH), 129.21 (CH), 129.06 (CH), 128.95 (CH), 

128.70 (CH), 127.79 (CH), 127.70 (d, J = 35.9 Hz, C), 127.63 (CH), 127.11 (2xCH), 

126.49 (d, J = 5.2 Hz, CH), 61.99 (C), 61.89 (CH), 41.79 (CH2), 37.46 (d, J = 20.4 Hz, C), 

36.77 (d, J = 18.4 Hz, C), 30.74 (d, J = 7.1 Hz, 3xCH3), 30.61 (d, J = 7.1 Hz, 3xCH3),  

30.37 (CH2), 18.04 (CH2), 15.88 (CH3), 2.24 (CH3), 0.76 (CH3). 

HRMS (ESI) m/z calcd for C38H48O2PSiAu is 792.2827, found 792.2801. 

FTIR (Neat, cm-1): υ = 2993 (w), 1693 (s), 1669 (s), 1086 (s). 
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[2-[dimethyl(phenyl)silyl]-5-methyl-4,9-dioxobicyclo[3.3.1]non-2-en-3-yl]gold[di-

tert-butyl(2-phenylphenyl)phosphine]  (2.4.2a) 

Synthesized according to GP8 from 2.3.6e (14 mg, 27 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.89-7.84 (m, 1 H), 7.59-7.35 (m, 6 

H), 7.23-7.05 (m, 7 H), 3.44-3.42 (m, 1 H), 1.99-1.91 (m, 1 H), 1.87-1.75 (m, 2 H), 1.65-

1.45 (m, 3 H), 1.42-1.36 (m, 18 H), 1.15-1.14 (m, 3 H), 0.41-0.39 (m, 3 H), 0.34-0.32 (m, 

3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm  215.60 (C), 213.79 (C), 204.84 (d, J = 

57.6 Hz, C), 150.11 (d, J = 5.8 Hz, C), 143.41 (C), 142.85 (C), 142.51 (C), 134.57 (2xCH), 

132.98 (d, J = 8.0 Hz, CH), 132.88 (d, J = 8.0 Hz, CH), 130.03 (d, J = 6.6 Hz, CH), 129.23 

(d, J = 7.1 Hz, CH), 129.07 (CH), 128.91 (CH), 128.67 (2xCH), 128.30 (d, J = 25.7 Hz, 

C), 127.59 (CH), 127.29 (CH), 126.45 (CH), 62.01 (d, J = 38.2 Hz, C), 61.62 (d, J = 7.0 

Hz, CH), 41.95 (CH2), 41.49 (CH2), 37.51-36.68 (m, 2xC), 30.81-20.32 (m, 6xCH3), 29.73 

(CH2), 29.57 (C), 15.75 (d, J = 28.1 Hz, CH3), 12.85 (CH3), 4.74 (d, J = 12.1 Hz, CH3). 

HRMS (ESI) m/z calcd for C38H48O2PSiAu is [(M+Na+] 815.2821, found 815.2725. 

FTIR (Neat, cm-1) : υ = 2993 (w), 1693 (s), 1669 (s), 1086 (s). 

M.p. 50-53 ºC. 
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L =
P

tBu tBuO

O

DPS
LAu

 

[2-(tert-butyldiphenylsilyl)-5-methyl-4,9-dioxobicyclo[3.3.1]non-2-en-3-yl]gold[di-

tert-butyl(2-phenylphenyl)phosphine] (2.4.2b) 

Synthesized according to GP8 from 2.3.6e (13 mg, 25 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.82-7.78 (m, 1H), 7.65-7.63 (m, 2H), 

7.40-7.32 (m, 4H), 7.27-7.22 (m, 6H), 7.21-7.17 (m, 3H), 7.15-7.09 (m, 3H), 3.54-3.52 (m, 

1H), 2.04-99 (m, 1H), 1.70-1.57 (m, 2H), 1.52-1.49 (m, 2H), 1.47-1.44 (m, 1H), 1.34 (s, 

3H), 1.32-1.28 (m, 9H), 1.26 (s, 9H), 0.91-0.78 (m, 9H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 213.36 (C), 209.26 (C), 189.1 (d, J = 

104.6 Hz, C), 158.90 (C), 150.00 (d, J = 15.0 Hz, C), 142.46 (C), 137.21 (CH), 136.70 

(2xCH), 136.62 (d, J = 41.7 Hz, C), 134.50 (CH), 133.11 (CH), 129.66 (CH), 129.50 (CH), 

129.06 (C), 128.59 (d, J = 9.3 Hz, CH), 128.33 (C), 128.08 (CH), 127.35 (4xCH), 127.15 

(4xCH), 126.27 (CH), 125.94 (CH), 62.82 (C), 55.26 (CH), 42.52 (CH2), 37.90 (C), 36.18 

(C), 30.84 (3xCH3), 30.21 (3xCH3), 30.05 (3xCH3), 29.75 (CH2), 19.33 (C), 17.95 (CH2), 

17.03 (CH3). 

HRMS (ESI) m/z calcd for C46H56O2PSiAu is 896.3453, found 896.3432. 

FTIR (Neat, cm-1): υ = 3072 (w) 2927 (m) 1669 (s) 1653 (s) 1086 (s). 

M.p. (Dec. 267 ºC). 
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O

O

TPS
LAu

L =
P

tBu tBu

 

[5-methyl-4,9-dioxo-2-(triphenylsilyl)bicyclo[3.3.1]non-2-en-3-yl]gold[di-tert-

butyl(2-phenylphenyl)phosphine (2.4.2c) 

Synthesized according to GP8 from 2.3.6g (290 mg, 98 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.72-7.68 (m, 1H), 7.61-7.58 (m, 6H), 

7.44-7.01 (m,  17H), 3.02-3.00 (m, 1H), 2.11-2.05 (m, 1H), 1.87-1.74 (m, 1H), 1.52-1.39 

(m, 4H), 1.35 (s, 3H), 1.19-1.00 (m, 9H), 0.79-0.63 (m, 9H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 213.46 (C), 208.18 (C), 191.72 (d, J 

= 103.7 Hz, C), 156.91 (d, J= 4.1 Hz, C), 150.11 (d, J = 15.7 Hz, C), 142.82 (d, J = 5.5 Hz, 

C), 136.91 (6xCH), 136.01 (3xC), 134.76 (CH), 133.21 (d, J = 5.5 Hz,, CH), 129.65 (CH), 

129.62 (d, J = 2.2 Hz, CH), 129.43 (CH), 129.10 (3xCH), 128.66 (CH), 128.25 (CH), 

128.20 (d, J = 32.3 Hz, C), 127.39 (6xCH), 126.14 (CH), 126.05 (CH), 63. 41 (C), 54.69 

(d, J = 7.3 Hz, CH), 42.49 (CH2), 37.32 (d, J = 20.3 Hz, C), 36.53 (d, J=18.3 Hz, C), 30.50 

(d, J = 7.0 Hz, 3xCH3), 30.24 (d, J = 7.5 Hz, 3xCH3), 30.20 (CH2), 18.04 (CH2), 17.10 

(CH3). 

HRMS (ESI) m/z calcd for C48H52O2PSiAu is 916.3140, found 916.3127. 

FTIR (Neat, cm-1): υ = 1716 (s), 1643 (s), 1427 (s). 

M.p. (Dec. 258 ºC). 
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L =
P

tBu tBuO

O

TPS
LAu

 

[5,8,8-trimethyl-4,9-dioxo-2-(triphenylsilyl)bicyclo[3.3.1]non-2-en-3-yl]gold[ 

di-tert-butyl(2-phenylphenyl)phosphine] (2.4.2d) 

Synthesized according to GP8 from 2.3.9c (29 mg, 40 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.26 (t, J = 6.9 Hz, 1H), 7.63-7.14 (m, 

22H), 7.10-7.06 (m, 1H), 3.00 (s, 1H), 1.99-1.86 (m, 2H), 1.76-1.66 (m, 1H), 1.47-1.41 (m, 

1H), 1.32 (s, 3H), 1.09-0.85 (m,, 9H), 0.80-0.49 (m, 9 H), 0.63 (s, 3H), 0.55 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 211.55 (C), 207.93 (C), 193.51 (d, J 

= 103.0 Hz, C), 157.85 (C), 149.94 (d, J = 15.6 Hz, C), 142.60 (d, J = 5.2 Hz, C), 137.28 

(6xCH), 136.4 (3xC), 134.69 (CH), 133.28 (d, J = 7.5 Hz, CH), 130.13 (CH), 129.56 (d, J 

= 1.9 Hz, CH), 129.37 (CH), 128.74 (3xCH), 128.47 (CH), 127.93 (d, J = 31.5 Hz, C), 

127.78 (CH), 127.17 (6xCH), 126.55 (CH), 125.92 (d, J = 5.3 Hz, CH), 64.71 (d, J = 7.2 

Hz, CH), 61.71 (C), 38.62 (C), 37.35-37.16 (m, C), 36.82 (CH2), 36.50-36.26 (m, C), 31.70 

(CH2), 30.47 (d, J = 6.7 Hz, 3xCH3), 30.09 (d, J = 6.7 Hz, 3xCH3), 29.19 (CH3), 25.93 

(CH3), 17.11 (CH3). 

HRMS (ESI) m/z calcd for C50H56O2PSiAu is 944.3453, found 944.3487. 

FTIR (Neat, cm-1): υ = 1716 (s) 1643 (s) 1427 (s). 

M.p. (Dec. 228 ºC). 
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7.1.9 Transmetalation of vinylgold with palladium 

General procedure (GP9): In a sealed cap vial, 10L1 (1 mmol) was added to Pd(OAc)2 

(0.05 mmol), PCy3 (0.1 mmol), PhBr (1.5 mmol) in PhCF3 (10 ml) at room temperature 

and the solution was degassed with argon for 10 minutes. The reaction mixture was allowed 

to be heat at 100 oC for 24 hours and then solvent was evaporated under reduce pressure. 

The crude product was purified by flash column chromatography on silica gel (eluted with 

hexane:EtOAc (95:5)) to give the desired product. 

 

O

O

Ph
TBS

 

3-(tert-butyldimethylsilyl)-1-methyl-4-phenylbicyclo[3.3.1]non-3-ene-2,9-dione 

(2.6.1a) 

Synthesized according to GP9 from 2.4.1a (11 mg, 83 % yield). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.39-7.35 (m, 3 H), 7.18-7.13 (m, 2 

H), 3.39 (dd, J = 3.8, 3.2 Hz, 1 H), 2.11-2.05 (m, 1 H), 1.99-1.60 (m, 5 H), 1.24 (s, 3 H), 

0.89 (s, 9 H), -0.20 (s, 3 H), -0.58 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 211.17 (C), 205.03 (C), 168.58 (C), 

141.13 (C), 140.96 (C), 128.45 (CH), 128.18 (2xCH), 127.11 (2xCH), 58.67 (CH), 61.61 

(C), 42.35 (CH2), 29.70 (CH2), 28.56 (3xCH3), 18.33 (CH2), 17.73 (C), 16.01 (CH3), -2.29 

(CH3), -2.66 (CH3). 
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HRMS (EI) m/z calcd for C22H30O2Si1 [(M-CH3)+] is 339.1775, found 339.178. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1660 (s). 

 

7.1.10  Alkylation of vinylgold 

General procedure (GP10): In a sealed cap vial, compound 10L1 or 14j (20 mg) was 

diluted with PhCF3 (0.2 ml), 5 equivalents of the alkylating agent was added and the 

reaction mixture was heated at 100 ºC for 24h or until no more starting material was seen 

by TLC analysis. The solvent was evaporated under reduce pressure and the crude mixture 

was purified by flash column chromatography on silica gel (eluted with hexane:EtOAc 

(~90:10)) to give the desired alkylated product. 

 

O

O

TBS

 

3-(tert-butyldimethylsilyl)-1-methyl-4-(prop-2-en-1-yl)bicyclo[3.3.1]non-3-ene-2,9-

dione (2.6.1b) 

Synthesized according to GP10 from 2.4.1a (9 mg, 75 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.72 (dddd, J=17.3, 10.0, 7.5, 4.9 Hz, 

1 H), 5.21 (dd, J=10.1, 1.1 Hz, 1 H), 5.10 (dd, J=17.2, 1.2 Hz, 1 H), 3.41-3.33 (m, 2 H), 
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2.98 (dd J=14.8, 7.5 Hz, 1 H), 2.02-1.90 (m, 3 H), 1.62-1.49 (m, 3 H), 1.17 (s, 3 H), 0.94 

(s, 9 H), 0.24 (s, 3 H), 0.20 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.8 (C), 205.1 (C), 167.9 (C), 140.1 

(C), 133.1 (CH), 119.2 (CH2), 60.9 (C), 54.0 (CH), 42.1 (CH2), 40.6 (CH2), 30.9 (CH2), 

27.6 (3xCH3), 18.6 (CH2), 18.2 (C), 15.9 (CH3), -0.9 (CH3), -0.16 (CH3). 

HRMS (EI) m/z calcd for C19H30O2Si1 is 318.2015, found 354.2007. 

FTIR (Neat, cm-1): υ = 2935 (m), 1728 (s), 1659 (s), 1086 (s). 

 

O

O

TBS
.  

3-(tert-butyldimethylsilyl)-1-methyl-4-(propa-1,2-dien-1-yl)bicyclo[3.3.1]non-3-ene-

2,9-dione (2.6.1c) 

Synthesized according to GP10 from 2.4.1a (13 mg, 63 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.56 (t, J = 6.5 Hz, 1 H), 5.22 (dd, J 

= 6.6, 14.8 Hz, 1 H), 5.18 (dd, J = 6.6, 14.8 Hz, 1 H),  3.66-3.64 (m, 1 H), 2.02-1.91 (m, 3 

H), 1.62-1.54 (m, 3 H), 1.18 (s, 3 H), 0.94 (s, 9 H), 0.27 (s, 3 H), 0.22 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 212.70 (C), 211.23 (C), 204.15 (C), 

159.99 (C), 139.75 (C), 95.26 (CH), 79.43 (CH2), 61.51 (C), 52.03 (CH), 41.94 (CH2), 

32.10 (CH2), 27.51 (3xCH3), 18.81 (CH2), 18.40 (C), 16.04 (CH3), -0.42 (CH3), -1.48 

(CH3)  
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HRMS (EI) m/z calcd for C19H28O2Si is 316.1859, found 316.1866. 

FTIR (Neat, cm-1): υ = 2927 (m), 2854(m), 1731 (s), 1654 (s). 

 

O

O

TBS
 

3-(tert-butyldimethylsilyl)-1,4-dimethylbicyclo[3.3.1]non-3-ene-2,9-dione (2.6.1d) 

Synthesized according to GP10 from 12.4.1a (11 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.15 (t, J=3.5 Hz, 1 H), 2.12 (s, 3 H), 

2.04-1.93 (m, 3 H), 1.61-1.48 (m, 3 H), 1.17 (s, 3 H), 0.94 (s, 9 H), 0.24 (s, 3 H), 0.19 (s, 

3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 211.1 (C), 204.3 (C), 167.5 (C), 139.2 

(C), 60.9 (C), 57.6 (CH), 41.9 (CH2), 30.6 (CH2), 27.5 (3xCH3), 24.2 (CH3), 18.6 (CH2), 

18.4 (C), 16.0 (CH3), -0.8 (CH3), -1.8 (CH3). 

HRMS (EI) m/z calcd for C17H28O2Si [(M-CH3)+] is 277.1618, found 277.1620. 

FTIR (Neat, cm-1): υ = 2935 (m), 2854 (m), 1728 (s), 1654 (s). 

 

O

O

TBS
 

3-(tert-butyldimethylsilyl)-4-ethyl-1-methylbicyclo[3.3.1]non-3-ene-2,9-dione (2.6.1e) 
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Synthesized according to GP10 from 2.4.1a (12 mg, 92 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.32 (t, J = 3.4 Hz, 1 H), 2.63 (qd, 

J=13.2, 7.4 Hz,  1 H), 2.22 (qd, J=13.2, 7.5 Hz,  1 H), 2.02-1.95 (m, 3 H), 1.62-1.52 (m, 3 

H), 1.17 (s, 3 H), 1.13 (t, J=7.5 Hz, 3 H), 0.93 (s, 9 H), 0.24 (s, 3 H), 0.19 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 211.0 (C), 205.3 (C), 172.4 (C), 138.5 

(C), 60.8 (C), 53.9 (CH), 42.0 (CH2), 31.2 (CH2), 29.5 (CH2), 27.6 (3xCH3), 18.5 (CH2), 

18.2 (C), 15.9 (CH3), 12.8 (CH3), -0.9 (CH3), -1.6 (CH3). 

HRMS (EI) m/z calcd for C18H30O2Si [(M-C4H9)+] is  249.1305, found 249.1337. 

FTIR (Neat, cm-1): υ = 2933 (m), 1726 (s), 1658 (s), 1461(m). 

 

O

O

F
TBS

 

3-(tert-butyldimethylsilyl)-4-fluoro-1-methylbicyclo[3.3.1]non-3-ene-2,9-dione 

(2.6.1f)  

Synthesized according to GP10 from 2.4.1a (6 mg, 33 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.43 (dt, J=13.3, 3.4 Hz, 1 H), 2.24-

2.17 (m, 1 H), 2.06-1.95 (m, 2 H), 1.77-1.69 (m, 2 H), 1.65-1.57 (m, 1 H), 1.20 (s, 3 H), 

0.91 (s, 9 H), 0.23 (s, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.3 (J=12.6 Hz, C), 201.0 (J=25.7 

Hz, C), 181.0 (J=292 Hz, C), 121.3 (J=21.5 Hz, C), 61.1 (J=4.3 Hz, C), 52.2 (J=27.7 Hz, 
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CH), 41.9 (CH2), 30.1 (J=3.7 Hz, CH2), 26.8 (3xCH3), 18.5 (CH2), 17.6 (C), 16.0 (CH3), -

3.7 (J=5.9 Hz, CH3), -4.0 (J=2.8 Hz, CH3). 

HRMS (EI) m/z calcd for C16H25O2SiF [(M-C4H9)+] is 239.0898, found 239.0900. 

FTIR (Neat, cm-1): υ = 2927 (m), 1739 (s), 1670 (s), 1612 (s). 

 

O

O

Br
TBS

 

4-bromo-3-(tert-butyldimethylsilyl)-1-methylbicyclo[3.3.1]non-3-ene-2,9-dione 

(2.6.1g)  

Synthesized according to GP10 from 2.4.1a (9 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.69 (t, J = 3.7 Hz, 1 H), 2.31-2.23 

(m, 1 H), 2.04-1.89 (m, 2 H), 1.69-1.55 (m, 3 H), 1.18 (s, 3 H), 0.97 (s, 9 H), 0.36 (s, 3 H), 

0.25 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.2 (C), 201.0 (C), 156.6 (C), 145.1 

(C), 63.4 (CH), 61.4 (C), 42.3 (CH2), 30.9 (CH2), 27.7 (3x CH3), 18.8 (C), 18.3 (CH2), 16.0 

(CH3), -0.5 (CH3), -1.6 (CH3). 

HRMS (EI) m/z calcd for C16H25O2SiBr [(M-C4H9)+] is 299.0097, found 299.0119. 

FTIR (Neat, cm-1): υ = 2939 (m), 1737 (s), 1666 (s), 1542 (s). 
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O

O

I
TBS

 

3-(tert-butyldimethylsilyl)-4-iodo-1-methylbicyclo[3.3.1]non-3-ene-2,9-dione (2.6.1h) 

Synthesized according GP10 from 2.4.1a (11 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.91 (dd, J = 4.1, 3.1 Hz, 1 H), 2.28-

2.21 (m, 1 H), 2.05-1.98 (m, 1 H), 1.88-1.78 (m, 1 H), 1.67-1.51 (m, 3 H), 1.18 (s, 3 H), 

0.99 (s, 9 H), 0.40 (s, 3 H), 0.25 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.1 (C), 200.6 (C), 152.5 (C), 136.6 

(C), 68.8 (CH), 61.9 (C), 42.2 (CH2), 31.05 (CH2), 28.2 (3xCH3), 19.1 (C), 18.2 (CH2), 

16.0 (CH3), 0.37 (CH3), -1.0 (CH3). 

HRMS (EI) m/z calcd for C16H25O2SiI [(M-C4H9)+] is  346.9959, found 3346.9893. 

FTIR (Neat, cm-1): υ = 2927 (m), 1737 (s), 1666 (s), 1108 (s). 

 

O

O

TPS  

1-methyl-3-(prop-2-en-1-yl)-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione 

(2.6.2b)  

Synthesized according to GP10 from 2.4.2c (13 mg, 65 % yield) 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.55-7.52 (m, 6 H), 7.48-7.43 (m, 3 

H), 7.41-7.37 (m, 6 H), 5.19 (ddt, J = 17.1, 10.3, 6.4 Hz, 1 H), 4.59 (dd, J = 10.2, 1.6 Hz, 

1 H), 4.31 (dd, J = 17.4, 1.6 Hz, 1 H), 3.39-3.36 (m, 1 H), 3.12 (ddt, J = 14.4, 6.4, 1.5 Hz,  

1 H), 3.05 (dd, J = 14.4, 6.4 Hz, 1 H), 2.08-2.03 (m, 1 H), 1.82-1.54 (m, 5H), 1.24 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.32 (C), 201.16 (C), 151.42 (C), 

150.99 (C), 136.16 (6xCH), 133.51 (CH), 132.38 (3xC), 130.25 (3xCH), 128.30 (6xCH), 

116.55 (CH2), 62.34 (C), 52.59 (CH), 42.27 (CH2), 36.67 (CH2), 30.04 (CH2), 17.48 (CH2), 

15.97 (CH3). 

HRMS (EI) m/z calcd for C31H30O2Si is 462.2015, found 462.2041. 

FTIR (Neat, cm-1): υ = 2935 (m), 1724 (s), 1666 (s), 1427 (s). 

 

O

O

TPS

.

 

1-methyl-3-(propa-1,2-dien-1-yl)-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione 

(2.6.2c)  

Synthesized according to GP10 from 2.4.2c (9 mg, 33 %), inseparable mixture with the 

protodeaurated product. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.53-7.51 (m, 6 H), 7.49-7.47 (m, 3 

bvcH), 7.41-7.36 (m, 6 H), 5.82 (t, J = 6.8 Hz, 1 H), 4.73 (dd, J = 13.0, 6.8 Hz, 1 H), 4.68 
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(dd, J = 13.1, 6.8 Hz, 1 H), 3.42 (t, J = 3.2 Hz, 1 H), 2.02-1.97 (m, 2 H), 1.67-1.61 (m, 4 

H), (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 212.64 (C), 209.64 (C), 199.64 (C), 

151.45 (C), 144.85 (C), 136.16 (6xCH), 132.11 (3xC), 130.95 (3xCH), 128.31 (6xCH), 

88.90 (CH), 75.34 (CH2), 62.51 (C), 53.00 (CH), 42.72 (CH2), 30.53 (CH2), 17.73 (CH2), 

16.19 (CH3). 

HRMS (EI) m/z calcd for C31H28O2Si is 460.1859, found 460.1857. 

FTIR (Neat, cm-1): υ = 2948 (w), 1726 (s), 1670 (s), 908 (s), 729 (s). 

 

O

O

TPS  

1,3-dimethyl-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione (2.6.2d)  

Synthesized according to GP10 from 2.4.2c (17 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.54-7.50 (m, 6 H), 7.48-7.43 (m, 3 

H), 7.42-7.37 (m, 6 H), 3.35-7.32 (m, 1 H), 2.08-2.02 (m, 1 H), 1.75 (s, 3 H), 1.66-1.54 (m, 

5 H), 1.27 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.37 (C), 201.79 (C), 150.56 (C), 

148.88 (C), 135.93 (6xCH), 132.47 (3xC), 130.17 (3xCH), 128.32 (6xCH), 62.24 (C), 

52.44 (CH), 42.36 (CH2), 29.97 (CH2), 18.55 (CH3), 17.58 (CH2), 16.09 (CH3) 

HRMS (EI) m/z calcd for C29H28O2Si is 436.1859, found 436.1860. 
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FTIR (Neat, cm-1): υ = 2939 (m) 1724 (s) 1666 (s) 1427 (s). 

 

O

O

TPS  

3-ethyl-1-methyl-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione (2.6.2e) 

Synthesized according to GP10 from 2.4.2c (10 mg, 97 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.56-7.52 (m, 6 H), 7.48-7.42 (m, 3 

H), 7.41-7.37 (m, 6 H), 3.34 (t, J = 3.5 Hz, 1 H), 2.34 (qd, J = 13.7, 7.2 Hz, 1 H), 2.24 (dd, 

J = 13.6, 7.1 Hz, 1 H), 2.07-2.00 (m, 1 H), 1.81-1.54 (m, 5 H), 1.24 (s, 3 H), 0.37 (t, J = 

7.2 Hz, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.5 (C), 201.3 (C), 154.5 (C), 150.0 

(C), 136.1 (6xCH), 132.6 (3xC), 130.1 (3xCH), 128.2 (6xCH), 62.4 (C), 52.3 (CH), 42.3 

(CH2), 30.0 (CH2), 26.3 (CH2), 17.4 (CH2), 16.0 (CH3), 11.7 (CH3). 

HRMS (EI) m/z calcd for C30H30O2Si is 450.2015, found 450.2031. 

FTIR (Neat, cm-1): υ = 2933 (m), 1724 (s), 1666 (s), 1429 (s). 

 

O

O

TPS
Br

 

3-bromo-1-methyl-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione (2.6.2g) 
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Synthesized according to GP10 from 2.4.2c (11 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.59-7.56 (m, 6 H), 7.49-7.44 (m, 3 

H), 7.42-7.38 (m, 6 H), 3.42 (t, J = 3.3 Hz, 1 H), 2.15-2.09 (m, 1 H), 1.89-1.78 (m, 1 H), 

1.77-1.61 (m, 4 H), 1.32 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.0 (C), 193.9 (C), 156.8 (C), 137.5 

(C), 136.1 (6xCH), 131.3 (3xC), 130.3 (3xCH), 128.3 (6xCH), 62.8 (C), 54.9 (CH), 42.4 

(CH2), 29.7 (CH2), 17.5 (CH2), 16.5 (CH3). 

HRMS (EI) m/z calcd for C28H25O2SiBr is 500.0807, found 500.0772. 

FTIR (Neat, cm-1): υ = 2927 (m), 1731 (s), 1683 (s), 1431 (s). 

 

O

O

TPS
I

 

3-iodo-1-methyl-4-(triphenylsilyl)bicyclo[3.3.1]non-3-ene-2,9-dione (2.6.2h) 

Synthesized according to GP10 from 2.4.2c (12 mg, 98 % yield) 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.61-7.57 (m, 6 H), 7.50-7.45 (m, 3 

H), 7.43-7.38 (m, 6 H), 3.43 (dd, J = 4.2, 2.7 Hz, 1 H), 2.13-2.07 (m, 1 H), 1.84-1.53 (m, 

5 H), 1.33 (s, 3 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.7 (C), 195.3 (C), 163.7 (C), 136.3 

(6xCH), 131.3 (3xC), 130.3 (3xCH), 128.3 (6xCH), 122.2 (C), 62.0 (C), 56.1 (CH), 42.6 

(CH2), 29.7 (CH2), 17.7 (CH2), 16.9 (CH3). 
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HRMS (EI) m/z calcd for C28H25O2SiI is 548.0668, found 548.0676. 

FTIR (Neat, cm-1): υ = 2366 (m), 1731 (s), 1681 (s), 1108 (s), 689 (s). 

 

7.1.11 Other side products 

P

tBu

Au

tBu

I

 

Side product from GP9 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.87 (t, J = 7.6 Hz, 1 H) 7.57-7.50 (m, 

3 H) 7.46 (t, J=7.64 Hz, 2 H) 7.30-7.27 (m, 1 H) 7.10 (d, J=7.4 Hz, 2 H) 1.44 (s, 9 H), 1.40 

(s, 9 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm  = 150.13 (J = 40.7 Hz, 2xC) 142.28 (J 

= 7.00 Hz, C) 133.97 (J = 1.8 Hz, 2xCH) 133.31 (J = 7.4 Hz, CH) 130.53 (J = 2.2 Hz, 

2xCH) 129.20 (J = 4.4 Hz, CH) 128.41 (CH)  126.75 (J = 6.3 Hz, CH) 126.32 (C) 38.26 

(d, J = 20.7 Hz, 2xC) 30.92 (d, J = 7.0 Hz, 6xCH3). 

HRMS (EI) m/z calcd for C22H31PAuI is 622.0560, found 622.0605. 

FTIR (Neat, cm-1): υ = 2961 (w), 670 (m), 606 (m). 

 

O

O

TBS  
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Compound 2.7.10 

Side product from dual-catalysis 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.65 (s, 1H), 3.48 (dd, J = 4.4, 2.7 

Hz, 1H), 2.00 (tt, J = 9.0, 3.7 Hz, 2H), 1.92 – 1.79 (m, 1H), 1.69 – 1.52 (m, 3H), 1.21 (s, 

3H), 0.90 (s, 9H), 0.19 (s, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = δ 209.91 (C), 201.38 (C), 162.61 

(C), 140.11 (CH), 62.44 (C), 52.20 (CH), 41.59 (CH2), 30.00 (CH2), 26.66 (3xCH3), 17.50 

(C), 17.23 (CH2), 15.46 (CH3), -6.24 (CH3), -6.49 (CH3). 

HRMS (EI) m/z calcd for C16H26O2Si is 278.1702, found 278.1719. 

FTIR (Neat, cm-1): υ = 2927 (m), 2357 (m), 1660 (s).  

 

7.2  Gold(I)-catalyzed [4+2] and its application to the synthesis of 
magellanine 

This section includes all characterization of Chapter 3. 

7.2.1 Sonogashira coupling for the formation of 3.2.15 

General procedure (GP11): Copper iodide (215 mg, 1,13 mmol) and Pd(PPh3)4 (653 mg, 

0.6 mmol) was added to diethyl propargyl malonate (5.6 g, 28.2 mmol) in THF (94 ml, 0.3 

M). DIPEA (15.8 ml, 113 mmol) and vinyl halide (42.2 mmol) was then added and the 

reaction mixture and was heated at 50 °C for 2 hours.  A dry pack was performed and then 
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the crude product was purified by flash column chromatography on silica gel (eluted with 

hexanes:EtOAc (98:2 to 95:5)) to give the desired enyne. 

 

 

Diethyl (4-methylpent-4-en-2-yn-1-yl)propanedioate (3.2.15a) 

Synthesized according to GP11 from 2-bromopropen (5.2 g, 87%). Spectroscopic data 

recorded were consistent with that reported previously.124 

 

 

Diethyl pent-4-en-2-yn-1-ylpropanedioate (3.2.15b) 

Synthesized according to GP11 from vinyl bromide (0.96 g, 85%). Spectroscopic data 

recorded were consistent with that reported previously.125 

 

 

Diethyl (4E)-hex-4-en-2-yn-1-ylpropanedioate (3.2.15c) 

Synthesized according to GP11 using trans-bromopropene (0.79 g, 74%).  
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.05 (dq, J = 15.8, 6.8 Hz, 1 H), 5.41 

(dq, J = 15.8, 1.9 Hz, 1 H), 4.21 (dq, J = 7.1, 0.53 Hz, 4 H), 3.53 (t, J = 7.8 Hz, 1 H), 2.86 

(dd, J = 7.7, 2.0 Hz, 2 H), 1.73 (dd, J = 6.8, 1.8 Hz, ,3 H), 1.27 (t, J = 7.1 Hz, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 168.1 (2xC), 139.2 (CH), 110.6 (CH), 

83.4 (C), 81.0 (C), 61.7 (2xCH2), 51.6 (CH), 19.4 (CH2), 18.5 (CH3), 14.1 (2xCH3). 

HRMS (EI) m/z calcd for C13H18O4 [M+]: 238.1205; found: 238.1206. 

FTIR (neat, cm-1): = 2961 (m), 2358 (w), 1729 (s), 1145 (s). 

 

EtO2C

CO2Et

 

Diethyl [3-(cyclohex-1-en-1-yl)prop-2-yn-1-yl]propanedioate (3.2.15d) 

Synthesized according to GP11 using 1-bromocyclohexene  (0.86 g, 54%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.00-5.97 (m, 1 H), 4.21 (dd, J = 7.1, 

1.1 Hz, 4 H), 3.53 (t, J = 7.8 Hz, 1 H), 2.87 (d, J = 7.8 Hz, 2 H), 2.06-2.01 (m, 4 H), 1.61-

1.51 (m, 4 H), 1.27 (t, J = 7.1 Hz, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 168.1 (2xC), 134.2 (CH), 120.5 (C), 

84.3 (C), 82.4 (C), 61.6 (2xCH2), 51.7 (CH), 29.3 (CH2), 25.5 (CH2), 22.3 (CH2), 21.5 

(CH2), 19.4 (CH2), 14.1 (2xCH3). 

HRMS (EI) m/z calcd for C16H22O4 [M+]: 278.1518; found: 278.1521. 

FTIR (neat, cm-1): = 2965 (m), 2368 (w), 1728 (s), 1163 (m). 
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EtO2C

CO2Et

 

Diethyl [(4E)-5-phenylpent-4-en-2-yn-1-yl]propanedioate (3.2.15e) 

Synthesized according to GP11 using trans-bromostyrene  (1.39 g, 93%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.36-7.24 (m, 5 H), 6.87 (d, J = 16.2 

Hz, 1 H), 6.10 (dt, J = 16.2, 2.2 Hz, 1 H), 4.24 (q, J = 7.1 Hz, 4 H), 3.60 (t, J = 7.7 Hz, 1 

H), 2.96 (dd, J = 7.7, 2.1 Hz, 2 H), 1.29 (t, J = 7.1 Hz, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 168.1 (2xC), 141.0 (CH), 136.3 (C), 

128.7 (2xCH), 128.5 (CH), 126.2 (2xCH), 108.1 (CH), 87.7 (C), 81.6 (C), 61.8 (2xCH2), 

51.5 (CH), 19.7 (CH2), 14.1 (2xCH3). 

HRMS (EI) m/z calcd for C18H20O4 [M+]: 300.1361; found: 300.1349. 

FTIR (neat, cm-1): = 2938 (m), 2364 (w), 1731 (s), 750 (m). 

 

 

Diethyl [3-(5-methylfuran-2-yl)prop-2-yn-1-yl]propanedioate (3.2.15f) 

Synthesized according to GP11 using 2-iodo-4-methylfuran (0.44 g, 80%). Spectroscopic 

data recorded were consistent with that reported previously.125 
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Diethyl [3-(3,5-dimethoxyphenyl)prop-2-yn-1-yl]propanedioate (3.2.15g) 

Synthesized according to GP11 using dimethoxyiodobenzene  (1.49 g, 89%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.61 (d, J = 2.3 Hz, 2 H), 6.40 (d, J = 

2.3 Hz, 1 H), 4.24 (dq, J = 7.1, 0.8 Hz, 4 H), 3.75 (s, 6 H), 3.64 (t, J = 7.8 Hz, 1 H), 2.99 

(d, J = 7.8 Hz, 2 H), 1.28 (t, J = 7.2 Hz, 6 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 168.1 (2xC), 160.5 (2xC), 124.5 (C), 

109.5 (2xCH), 101.5 (CH), 85.1 (C), 82.4 (C), 61.8 (2xCH2), 55.4 (2xCH3), 51.4 (CH), 

19.4 (CH2), 14.1 (2xCH3).  

HRMS (EI) m/z calcd for C18H22O6 [M+]: 334.1416; found: 334.1451. 

FTIR (neat, cm-1): = 2948 (m), 2360 (w), 1731 (s), 1585 (s), 1153 (s). 

 

7.2.2 Preparation of 3.2.17 via conjugated 1,4 addition 

General procedure (GP12): To a solution of carboxaldehyde D (2.1 mmol) in THF (14 

mL) at -78 °C was added TIPSOTf (3.3 mmol) dropwise. After stirring for 30 minutes, 

dimethyl sulfide (4.2 mmol) was added dropwise along the side of the flask. The reaction 

mixture was stirred at -78 °C for 60 minutes.  In another flask, the desired malonate chain 

C or 17 (4.2 mmol) in THF (3 ml) was added to LiHMDS (4.6 mmol in 4 ml of THF) at 0 
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°C. This solution was cooled to -78 °C and then added dropwise along the side of the flask 

to the reaction mixture containing aldehyde C at -78 °C. The reaction mixture was warmed 

up to room temperature and stirred overnight.  An aqueous saturated solution of NaHCO3 

was then added and the mixture was extracted with diethyl ether (3X) and the combined 

organic layers were dried over MgSO4, filtered and concentrated. The residue was purified 

by flash chromatography (2% ethyl acetate in hexanes) to afford the desired product (815 

mg, 1.7 mmol) as a colorless oil. 

 

 

Compound 3.2.17a 

Synthesized according to GP12 from 3.2.15a and 1-cyclopentene-1-carboxaldehyde 

(3.61g, 71%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.49-6.48 (m, 1H), 5.17-5.16 (m, 1H), 

5.13-5.12 (m, 1H), 4.26-4.11 (m, 4H), 3.44-3.40 (m, 1H), 3.06 (d, J = 17.1 Hz, 1H), 2.88 

(d, J = 17.1 Hz, 1H), 2.57-2.48 (m, 1H), 2.06-1.94 (m, 3H), 1.82 (t, J = 1.2 Hz, 3H), 1.61-

1.46 (m, 2H), 1.25 (t, J = 7.1 Hz, 6H), 1.17-1.05 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.3 (C), 135.6 (CH), 

126.8 (C), 122.5 (C), 120.9 (CH2), 84.7 (C), 84.7 (C), 61.3 (CH2), 61.2 (CH2), 60.6 (C), 
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43.8 (CH), 29.6 (CH2), 27.5 (CH2), 25.0 (CH2), 23.9 (CH2), 23.5 (CH3), 17.8 (3xCH3), 17.8 

(3xCH3), 14.0 (CH3), 14.0 (CH3), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C28H46O5Si [M+]: 490.3115; found: 490.3084. 

FTIR (neat, cm-1): = 2966 (m), 2337 (w), 1726 (s), 1182 (s). 

 

 

Compound 3.2.17b 

Synthesized according to GP12 from 3.2.15a and 1-cyclohexene-1-carboxaldehyde (0.43 

g, 94%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.41 (s, 1H), 5.13-5.11 (m, 1H), 5.10-

5.09 (m, 1H), 4.27-4.06 (m, 4H), 3.01-2.99 (m, 1 H), 2.96 (d, J = 16.8 Hz, 1H), 2.87 (d, J 

= 16.8 Hz, 1H), 2.52 (dt, J = 13.7, 3.88 Hz, 1H), 2.12-2.06 (m, 1H), 1.81-1.71 (m, 2H), 

1.79-1.78 (m, 3H), 1.57-1.45 (m, 2H), 1.24 (t, J = 7.2 Hz, 3H), 1.23 (t, J = 7.2 Hz, 3H), 

1.15-1.03 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.7 (C), 170.5 (C), 136.1 (CH), 

126.8 (C), 120.7 (CH2), 118.1 (C), 85.0 (C), 84.6 (C), 61.4 (CH2), 61.2 (CH2), 59.6 (C), 

40.9 (CH), 29.2 (CH2), 29.5 (CH2), 25.7 (CH2), 23.6 (CH2), 23.5 (CH3), 22.7 (CH2), 17.8 

(6xCH3), 14.0 (CH3), 13.9 (CH3), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C29H48O5Si [M+]: 504.3271; found 504.3288. 
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FTIR (neat, cm-1): = 2919 (m), 2332 (w), 1426 (s), 1164 (s). 

 

 

Compound 3.2.17c 

Synthesized according to GP12 from 3.2.15a and 1-cycloheptene-1-carboxaldehyde (0.18 

g, 42%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.41 (s, 1H), 5.15-5.14 (m, 1H), 5.12-

5.10 (m, 1H), 4.24-4.08 (m, 4H), 2.97-2.92 (m, 1H), 2.93 (d, J = 17.0 Hz, 1H), 2.86 (d, J 

= 17.0 Hz, 1H), 2.57 (dd, J = 4.4, 11.0 Hz, 1H), 2.22 (quint, J = 7.1 Hz, 1H), 1.81 (t, J = 

1.3 Hz, 3H), 1.80-1.56 (m, 4H), 1.25 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 7.1 Hz, 3H), 1.20-1.08 

(m, 3H), 1.08-1.04 (m, 20 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.1 (C), 170.1 (C), 139.7 (CH), 

126.9 (C), 120.8 (CH2), 118.8 (C), 84.9 (C), 84.7 (C), 61.1 (CH2), 61.1 (CH2), 60.8 (C), 

45.0 (CH), 31.9 (CH2), 29.3 (CH2), 28.1 (CH2), 26.1 (CH2), 25.8 (CH2), 24.8 (CH2), 23.6 

(CH3), 17.8 (3xCH3), 17.8 (3xCH3), 14.0 (CH3), 14.0 (CH3), 12.0 (3xCH). 

HRMS (EI) m/z calcd for C30H50O5Si [M+]: 518.3428; found: 518.3409. 

FTIR (neat, cm-1): = 2919 (m), 2384 (w), 1729 (s), 1182 (s). 
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Compound 3.2.17d 

Synthesized according to GP12 from 3.2.15a and acrolein (0.71 g, 65%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.42 (dt, J = 11.8, 1.1 Hz, 1H), 5.18-

5.16 (m, 1H), 5.14-5.12 (m, 1H), 4.77 (dt, J = 11.8, 8.0 Hz, 1 H), 4.22-4.14 (m, 4H), 2.88 

(s, 2 H), 2.64 (dd, J = 8.1, 1.1 Hz, 2H), 1.83 (dd, J = 1.5, 1.0 Hz, 3 H), 1.24 (t, J = 7.2 Hz, 

6H), 1.16-1.08 (m, 3H), 1.07-1.04 (m, 18H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.0 (2xC), 144.2 (CH), 126.8 (C), 

121.0 (CH2), 103.2 (CH2), 84.6 (C), 83.7 (C), 61.4 (2xCH2), 57.4 (C), 30.4 (CH2), 23.6 

(CH3), 23.1 (CH2), 17.7 (6xCH3), 14.1 (2xCH3), 12.0 (3xCH).   

HRMS (EI) m/z calcd for C25H42O5Si [M+]: 450.2802: found: 450.2687. 

FTIR (neat, cm-1): = 2961 (m), 2311 (w), 1737 (s), 1180 (s). 

 

 

Compound 3.2.17 
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Synthesized according to GP12 from 3.2.15c and 1-cyclopentene-1-carboxaldehyde (0.38 

g, 77%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.47-6.46 (m, 1H), 5.67 (ddt, J = 17.6, 

11.6, 2.1 Hz, 1H), 5.49 (dd, J = 17.5, 2.3 Hz, 1H), 5.36 (dd, J = 11.1, 2.3 Hz, 1H), 4.22-

4.09 (m, 4H), 3.42-3.39 (m, 1H), 3.03 (dd, J = 17.3, 2.1 Hz, 1H), 2.87 (dd, J = 17.2, 2.2 

Hz, 1H), 2.54-2.47 (m, 1H), 2.03-1.90 (m, 3H), 1.59-1.44 (m, 2H), 1.23 (t, J = 7.2 Hz, 3H), 

1.23 (t, J = 17.1 Hz, 3H), 1.14-1.03 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.3 (C), 135.6 (CH), 

126.2 (C), 122.4 (CH2), 117.2 (CH), 86.3 (C), 82.2 (C), 61.3 (CH2), 61.2 (CH2), 60.6 (C), 

43.9 (CH), 29.6 (CH2), 27.6 (CH2), 25.1 (CH2), 23.9 (CH2), 17.8 (3xCH3), 17.8 (3xCH3), 

14.0 (CH3), 14.0 (CH3), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C27H44O5Si [M+]: 476.2958; found: 476.3000. 

FTIR (neat, cm-1): = 2995 (m), 2332 (w), 1729 (s), 1172 (s). 

 

  

Compound 3.2.17f 

Synthesized according to GP12 from 3.2.15c and 1-cyclopentene-1-carboxaldehyde (0.27 

g, 52%). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.48-6.46 (m, 1H), 6.00 (dq, J = 15.8, 

6.8 Hz, 1H), 5.39 (dq, J = 15.8, 1,9 Hz, 1H), 4.22-4.08 (m, 4H), 3.42-3.38 (m, 1H), 3.00 

(dd, J = 17.0, 1.9 Hz, 1H), 2.85 (dd, J = 17.0, 1.9 Hz, 1H), 2.54-2.47 (m, 1H), 2.03-1.90 

(m, 3H), 1.71 (dd, J = 6.9, 1.7 Hz, 3H), 1.71-1.58 (m, 2H), 1.23 (t, J = 7.2 Hz, 6H), 1.14-

1.03 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.4 (C), 138.7 (CH), 

135.6 (CH), 122.4 (C), 110.8 (CH), 83.6 (C), 82.1 (C), 61.3 (CH2), 61.2 (CH2), 60.7 (C), 

43.8 (CH), 29.6 (CH2), 27.6 (CH2), 25.1 (CH2), 23.9 (CH2), 18.4 (CH3), 17.8 (3xCH3), 17.8 

(3xCH3), 14.1 (CH2), 14.0 (CH2), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C28H46O5Si [M+]: 490.3115; found: 490.3074. 

FTIR (neat, cm-1): = 2940 (m), 2342 (w), 1724 (s), 1185 (s). 

 

 

Compound 3.2.17g 

Synthesized according to GP12 using 3.2.15d and 1-cyclopentene-1-carboxaldehyde (0.34 

g, 78%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.49-6.47 (m, 1H), 5.96-5.93 (m, 1H), 

4.23-4.10 (m, 4H), 3.43-3.39 (m, 1H), 3.03 (d, J = 17.1 Hz, 1H), 2.85 (d, J = 17.1 Hz, 1H), 
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2.54-2.46 (m, 1H), 2.04-1.93 (m, 7H), 1.60-1.46 (m, 6 H), 1.23 (t, J = 7.1 Hz, 6H), 1.15-

1.03 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.5 (2xC), 135.6 (CH), 133.7 (CH), 

122.5 (C), 120.7 (C), 85.4 (C), 82.5 (C), 61.3 (CH2), 61.1 (CH2), 60.7 (C), 43.7 (CH), 29.6 

(CH2), 29.3 (CH2), 27.5 (CH2), 25.5 (CH2), 25.1 (CH2), 23.9 (CH2), 22.3 (CH2), 21.5 (CH2), 

17.8 (3xCH3), 17.8 (3xCH3), 14.1 (CH3), 14.0 (CH3), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C\31H50O5Si [M+]: 530.3428: found 530.3390. 

FTIR (neat, cm-1): = 2945 (m), 2358 (w), 1729 (s), 1177 (s). 

 

 

Compound 3.2.17h 

Synthesized according to GP12 from 3.2.15e and 1-cyclopentene-1-carboxaldehyde (0.50 

g, 87%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.33-7.20 (m, 5H), 6.81 (d, J = 16.3 

Hz, 1H), 6.51-6.50 (m, 1H), 6.08 (dt, J = 16.2, 2.1 Hz, 1H), 4.25-4.12 (m, 4H), 3.47-3.43 

(m, 1H), 3.11 (dd, J = 17.3, 2.2 Hz, 1H), 2.94 (dd, J = 17.3, 2.2 Hz, 1H), 2.57-2.49 (m, 

1H), 2.07-1.93 (m, 3H), 1.62-1.45 (m, 2H), 1.25 (t, J = 7.1 Hz, 6H), 1.14-1.03 (m, 21H). 
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13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.3 (C), 140.7 (CH), 

136.4 (C), 135.7 (CH), 128.7 (2xCH), 128.4 (CH), 126.1 (2xCH), 122.4 (C), 108.4 (CH), 

82.6 (C), 80.0 (C), 61.4 (CH2), 61.3 (CH2), 60.7 (C), 43.4 (CH), 29.6 (CH2), 27.6 (CH2), 

25.4 (CH2), 23.9 (CH2), 17.8 (3xCH3), 17.8 (3xCH3), 14.1 (CH3), 14.0 (CH3), 12.0 (3xCH). 

HRMS (EI) m/z calcd for C33H48O5Si [M+]: 552.3271; found: 552.3291. 

FTIR (neat, cm-1): = 2950 (m), 2368 (w), 1724 (s), 1193 (s). 

 

 

Compound 3.2.17i 

Synthesized according to GP12 from 3.2.15f and 1-cyclopentene-1-carboxaldehyde (0.39 

g, 93%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.50-6.49 (m, 1H), 6.31 (d, J = 3.2 

Hz, 1H), 5.89-5.87 (m, 1H), 4.24-4.11 (m, 4H), 3.47-3.43 (m, 1H), 3.15 (d, J = 17.2 Hz, 

1H), 2.99 (d, J = 17.3 Hz, 1H), 2.56-2.49 (m, 1H), 2.23 (s, 3H), 2.07-1.93 (m, 3H), 1.63-

1.45 (m, 2H), 1.24 (t, J = 7.2 Hz, 6H), 1.14-1.03 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.3 (C), 170.2 (C), 152.9 (C), 135.7 

(CH), 135.4 (C), 122.3 (C), 115.4 (CH), 106.6 (CH), 89.6 (C), 74.2 (C), 61.5 (CH2), 61.3 
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(CH2), 60.6 (C), 43.9 (CH), 29.6 (CH2), 27.6 (CH2), 25.2 (CH2), 23.9 (CH2), 17.8 (3xCH3), 

17.7 (3xCH3), 14.0 (CH3), 14.0 (CH3), 13.7 (CH3), 12.0 (3xCH).  

HRMS (EI) m/z calcd for C30H46O6Si [M+]: 530.3064; found: 530.3072. 

FTIR (neat, cm-1): = 2955 (m), 2337 (w), 1731 (s), 1180 (s). 

 

 

Compound 3.2.17j 

Synthesized according to GP12 from 3.2.15g and 1-cyclopentene-1-carboxaldehyde (0.57 

g, 94%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.51-6.50 (m, 1H), 6.58 (d, J = 2.4 

Hz, 2H), 6.37 (t, J = 2.3 Hz, 1H), 4.27-4.11 (m, 4H), 3.74 (s, 6H), 3.50-3.45 (m, 1H), 3.13 

(d, J = 17.2 Hz, 1H), 2.96 (d, J = 17.1 Hz, 1H), 2.57-2.49 (m, 1H), 2.08-1.95 (m, 3H), 1.63-

1.46 (m, 2H), 1.25 (t, J = 7.1 Hz, 3 H), 1.24 (t, J = 7.1 Hz, 3H), 1.15-1.03 (m, 21H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.3 (C), 160.4 (2xC), 

135.6 (CH), 124.8 (C), 122.5 (C), 109.5 (2xCH), 101.2 (CH), 85.4 (C), 83.4 (C), 61.4 

(CH2), 61.3 (CH2), 60.7 (C), 55.4 (2xCH3), 43.9 (CH), 29.7 (CH2), 27.6 (CH2), 25.0 (CH2), 

23.9 (CH2), 17.8 (3xCH3), 17.8 (3xCH3), 14.1 (CH3), 14.0 (CH3), 12.0 (3xCH). 

HRMS (EI) m/z calcd for C33H50O7Si [M+]: 586.3326; found: 586.3278. 
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FTIR (neat, cm-1): = 2940 (m), 2337 (w), 1729 (s), 1151 (s).  

 

7.2.3 Gold(I)-catalyzed [4+2] cycloaddition 

General procedure (GP13): To a solution of the silyl enol ether in toluene (0.05 M) was 

added [LAuNCMe][SbF6] (1 mol%). After stirring at room temperature for 16 hours, CSA 

(1 equivalent) was added to the reaction mixture and stirred for 1 hour. The solvent was 

evaporated under reduce pressure and the crude mixture was purified by flash 

chromatography (3% ethyl acetate in hexanes) to provide the desired product. 

 

 

Compound 3.2.18a 

Synthesized according to GP13 using 3.2.17a (47 mg, 96%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.92 (s, 1H), 5.27 (s, 1H), 4.28-4.02 

(m, 5H), 3.54 (d, J = 8.2 Hz, 1H), 2.18 (d, J = 7.3 Hz, 1H), 1.94-1.86 (m, 1 H), 1.73 (s, 

3H), 1.72-1.64 (m, 1H), 1.59-1.50 (m, 3H), 1.45-1.34 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H), 

1.20 (t, J = 7.1 Hz, 3H), 1.10-1.05 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.2 (C), 171.1 (C), 149.7 (C), 139.9 

(C), 118.9 (CH), 118.8 (CH), 73.1 (CH), 71.3 (C), 64.5 (C), 61.4 (CH2), 61.0 (CH2), 48.7 
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(CH), 40.1 (CH2), 31.4 (CH2), 29.5 (CH2), 25.1 (CH2), 23.2 (CH3), 18.3 (3XCH3), 18.3 

(3XCH3), 14.2 (CH3), 14.1 (CH3), 13.0 (3XCH).   

HRMS (EI) m/z calcd for C28H46O5Si [M+]: 490.3115; found: 490.3127. 

FTIR (neat, cm-1): = 2945 (m), 1731 (s), 1096 (s). 

 

 

Compound 3.2.18b 

Synthesized according to GP13 using 3.2.17b (39.5 mg, 79%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.94 (s, 1H), 5.31 (s, 1H), 4.26-4.10 

(m, 4H), 4.00(dd, J = 5.9, 10.0 Hz, 1H), 3.10 (d, J = 6.2 Hz, 1H), 2.41 (dd, J = 10.2, 17.5 

Hz, 1H), 2.23 (dd, J = 5.4, 17.8 Hz, 1H), 2.14-1.80 (m, 5H), 1 .76 (s, 3H), 1.53-1.46 (m, 

1H), 1.42-1.37 (m, 1H), 1.28-1.22 (m, 6H), 1.14-1.08 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 172.2 (C), 171.2 (C), 153.0 (C), 139.4 

(C), 119.9 (CH), 118.4 (CH), 79.4 (CH), 67.9 (C), 61.4 (CH2), 61.3 (CH2), 50.2 (C), 48.4 

(CH), 39.1 (CH2), 27.9 (CH2), 23.5 (CH2), 23.1 (CH3), 21.5 (2xCH2), 18.4 (3xCH3), 18.3 

(3xCH3), 14.1 (CH3), 13.9 (CH3), 13.3 (3xCH).  

HRMS (EI) m/z calcd for C26H41O5Si [M+ -C3H7]: 461.2717; found 461.2768. 

FTIR (neat, cm-1): = 2950 (m), 1726 (s), 1091 (s). 
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Compound 3.2.18c 

Synthesized according to GP13 using 3.2.17c (30.5 mg, 61%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.90 (s, 1H), 5.30 (s, 1H), 4.27-4.08 

(m, 4H), 3.91 (dd, J = 5.4, 1.4 Hz, 1H), 3.43 (dd, J = 5.6, 10.6 Hz, 1H), 2.39 (dd, J = 10.4, 

10.7 Hz, 1H), 2.21 (dd, J = 5.3, 17.8 Hz, 1H), 2.14-2.05 (m, 2H), 1.91-1.84 (m, 2H), 1.76 

(s, 3H), 1.66-1.57 (m, 2H), 1.54-1.38 (m, 4H), 1.26 (t, J = 7.2 Hz, 3H), 1.23 (t, J = 7.1 Hz, 

3H), 1.14-1.09 (m, 21H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 172.0 (C), 171.4 (C), 152.3 (C), 139.1 

(C), 119.1 (CH), 118.5 (CH), 79.2 (CH), 71.0 (C), 61.3 (CH2), 61.1 (CH2), 57.9 (C), 50.7 

(CH), 39.8 (CH2), 32.2 (CH2), 30.4 (CH2), 29.8 (CH2), 25.1 (CH2), 24.1 (CH2), 22.9 (CH3), 

18.3 (3xCH3) 18.2 (3xCH3) 14.1 (CH3), 14.1 (CH3), 13.2 (3xCH). 

HRMS (EI) m/z calcd for C30H50O5Si [M+]: 518.3428; found 518.3415. 

FTIR (neat, cm-1): = 2924 (m), 1726 (s), 1052 (s). 

 

E
E

TIPSO

H  
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Compound 3.2.18d 

Synthesized according to GP13 using 3.2.17f (45.5 mg, 91%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.11 (dd, J = 2.7, 9.5 Hz, 1H), 5.56 

(dd, J = 2.5, 9.6 Hz, 1H), 5.41 (s, 1H), 4.50-4.06 (m, 4H), 3.76 (d, J = 8.3 Hz, 1H), 3.52 

(d, J = 8.4 Hz, 1H), 2.37-2.30 (m, 1H), 2.02-1.93 (m, 1H), 1.76-1.66 (m, 1H), 1.60-1.35 

(m, 4H), 1.27 (t, J = 7.1 Hz, 3H), 1.22 (t, J = 7.1 Hz, 3H), 1.16-1.10 (m, 24 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.0 (C), 170.7 (C), 149.2 (C), 137.8 

(CH), 121.5 (CH), 121.0 (CH), 80.2 (CH), 71.7 (C), 65.6 (C), 31.4 (CH2), 61.1 (CH2), 48.8 

(CH), 39.5 (CH), 31.3 (CH2), 29.9 (CH2), 24.8 (CH2), 18.9 (CH3) 18.6 (3XCH3), 18.6 

(3XCH3), 14.2 (3XCH), 14.2 (CH3), 14.1 (CH3). 

HRMS (EI) m/z calcd for C28H46O5Si [M+]: 490.3115; found: 490.3080. 

FTIR (neat, cm-1): = 2950 (m), 1737 (s), 1099 (s). 

 

 

Compound 3.2.18e 

Synthesized according to GP13 using 3.2.17h (40.5 mg, 81%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.27-7.16 (m, 5H), 6.20 (dd, J = 2.7, 

9.7 Hz, 1H), 5.57 (dd, J = 2.3, 9.6 Hz, 1H), 5.50 (s, 1H), 4.31-4.08 (m, 5H), 3.52 (d, J = 

8.4 Hz, 1H), 3.41 (dt, J = 2.5, 8.5 Hz, 1H), 2.18-2.10 (m, 1H), 1.79-1.68 (m, 1H), 1.65-
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1.40 (m, 4H), 1.27 (t, J = 7.2 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H), 0.93 (d, J = 7.5 Hz, 9H), 

0.91 (d, J = 7.6 Hz, 9H), 0.53 (septet, J = 7.6 Hz, 3H).  

1 3C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.9 (C), 170.7 (C), 148.9 (C), 

142.9 (C), 136.4 (CH), 129.5 (2xCH), 128.2 (2xCH), 126.9 (CH), 121.7 (CH), 121.5 (CH), 

80.0 (C), 71.7 (C), 66.2 (C), 61.5 (CH2), 61.1 (CH2), 52.8 (CH), 49.0 (CH), 31.4 (CH2), 

30.1 (CH2), 24.9 (CH2), 18.7 (3xCH3), 18.4 (3xCH3), 14.2 (CH3), 14.1 (CH3), 14.0 (3xCH).  

HRMS (EI) m/z calcd for C33H48O5Si [M+]: 552.3271; found: 552.3254. 

FTIR (neat, cm-1): = 2924 (m), 1734 (s), 1096 (s). 

 

 

Compound 3.2.18f 

Synthesized according to GP13 using 3.2.17e (46.5 mg, 93%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.17 (dd, J = 2.4, 9.6 Hz, 1H), 5.73 

(ddd, J =2.4, 5.4, 9.6 Hz), 5.41 (s, 1H), 4.30-4.05 (m, 5H), 3.59 (s, J = 8.2 Hz, 1H), 2.38 

(ddt, J = 1.0, 5.7, 18.0 Hz, 1H), 220 (ddt, J = 2.4, 9.7, 18.0 Hz, 1H), 1.97-1.89 (m, 1H), 

1.77-1.68 (m, 1H), 1.62-1.53 (m, 2H), 1.46-1.41 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H), 1.22 (t, 

J = 7.1 Hz, 3H), 1.13-1.04 (m, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.0 (C), 170.8 (C), 149.2 (C), 130.6 

(CH), 123.1 (CH), 121.1 (CH), 73.2 (CH), 71.2 (C), 64.9 (C), 61.4 (CH2), 61.1 (CH2), 48.9 
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(CH), 35.1 (CH2), 31.0 (CH2), 29.3 (CH2), 25.0 (CH2), 18.3 (3xCH3), 18.2 (3xCH3), 14.2 

(CH3), 14.1 (CH3), 13.0 (3xCH).  

HRMS (EI) m/z calcd for C24H37O5Si [M+ -C3H7]: 433.6736: found: 433.2394. 

FTIR (neat, cm-1): = 2945 (m), 1724 (s), 1096 (s). 

 

 

Compound 3.2.18g 

Synthesized according to GP13 using 3.2.17d (46.5 mg, 93%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.00 (s, 1H), 5.47 (d, J = 2.0 Hz, 1H), 

4.23-4.12 (m, 4H), 3.75 (ddd, J = 6.0, 10.3, 15.1 Hz, 1H), 2.92 (d, J = 7.0 Hz, 12. 7 Hz, 

1H), 2.87-2.91 (m, 1H), 2.30-2.23 (m, 2H), 2.00 (d, J = 8.9 Hz, 12.8 Hz, 1H), 1.78 (s, 3H), 

1.26-1.21 (m, 6H), 1.07 (s, 21H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.8 (C), 170.9 (C), 146.8 (C), 141.5 

(C), 119.1 (CH), 119.0 (CH), 74.0 (CH), 65.8 (C), 61.4 (CH2), 61.3 (CH2), 50.7 (CH), 41.8 

(CH2), 38.0 (CH2), 25.6 (CH3), 18.2 (3xCH3), 18.2 (3xCH3), 14.1 (2xCH3), 12.7 (3xCH).  

HRMS (EI) m/z calcd for C22H35O5Si [M+ -C3H7]: 407.2248; found: 407.2263. 

FTIR (neat, cm-1): = 2935 (m), 1731 (s), 1104 (s). 
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Compound 3.2.18h 

Synthesized according to GP13 from 3.2.17g (43 mg, 86%). 

Mixture of diasteriomers (1:1:1): 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.89 (s, 2H), 5.64 (s, 1H), 5.40 (s, 

1H), 5.32 (s, 1H), 5.32 (s, 1H), 4.28-4.01 (m, 12H), 3.87 (d, J = 10.5 Hz, 1H), 3.77 (d, J = 

7.9 Hz, 1H), 3.51 (d, J = 7.1 Hz, 1H), 3.46 (d, J = 8.1 Hz, 1H), 3.22 (dd, J = 4.2, 8.2 Hz, 

1H), 3.15 (d, J = 14.6 Hz, 1H), 2.57 (d, J = 2.36 Hz, 1H), 2.36-1.35 (series of m, 45H), 

1.26-1.15 (m, 18H), 1.15-1.10 (m, 63H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.4 (C), 171.3 (C), 171.2 (C). 171.0 

(C), 170.9 (C), 170.4 (C)¸ 149.4 (C), 148.9 (C)¸148.4 (C)¸147.1 (C), 143.9 (C), 137.1 (C)¸ 

123.9 (CH), 121.0 (CH), 119.8 (CH), 119.6 (CH), 116.1 (CH), 114.8 (CH), 80.0 (CH), 79.5 

(CH), 75.1 (CH), 65.1 (C), 64.5 (C), 63.5 (C), 61.3 (CH2), 61.3 (CH2), 61.1 (CH2), 61.2 

(CH2), 61.0 (2xCH2), 59.3 (C)¸ 51.2 (CH), 50.0 (CH), 48.6 (CH), 47.3 (CH), 46.9 (CH), 

41.3 (CH), 40.5 (CH2), 36.1 (CH2), 35.3 (CH2), 35.0 (CH2), 32.7 (CH2), 31.8 (CH2), 31.5 

(CH2), 31.3 (CH2), 31.0 (CH2), 29.9 (CH2), 29.3 (CH2), 28.8 (CH2), 27.4 (CH2), 27.3 (CH2), 

27.2 (CH2), 26.9 (CH2), 26.1 (CH2), 25.7 (CH2), 25.7 (CH2), 25.0 (CH2), 22.7 (CH2), 18.6 

(3xCH3), 18.6 (3xCH3), 18.6 (3xCH3), 18.6 (3xCH3), 18.4 (3xCH3), 18.3 (3xCH3), 14.4 

(3xCH), 14.2 (3xCH), 14.1 (2xCH3), 14.1 (2xCH3), 13.7 (2xCH3), 13.2 (3xCH).  
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HRMS (EI) m/z calcd for C28H43O5Si [M+ -C3H7]: 487.2874; found: 487.2880. 

FTIR (neat, cm-1): = = 2929 (m), 1731 (s), 1456 (m), 1211 (s). 

 

 

Compound 3.2.18i 

Synthesized according to GP13 from 3.2.17i (44.5 mg, 89%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.99 (s, 1H), 5.91 (d, J = 2.6 Hz, 1H), 

5.56 (s, 1H), 4.24-4.13 (m, 4H), 3.21-3.14 (m, 2H), 2.74-2.67 (m, 2H), 2.26 (s, 3H), 1.88-

1.80 (m, 1H), 1.73-1.65 (m, 1H), 1.61-1.55 (m, 1H),  1.29-1.18 (m, 3H), 1.26 (t, J = 7.1 

Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H)’ 1.17-1.12 (m, 18H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.3 (C), 170.0 (C), 149.9 (C), 147.8 

(C), 146.5 (C), 122.6 (C), 109.1 (CH), 106.3 (CH), 75.9 (CH), 64.9 (C), 63.5 (C), 61.4 

(CH2), 61.2 (CH2), 49.7 (CH), 37.4 (CH2), 32.7 (CH2), 31.2 (CH2), 27.5 (CH2), 18.4 

(3xCH3), 18.3 (3xCH3), 14.1 (CH2), 14.1 (CH2), 13.9 (CH3), 13.3 (3xCH).  

HRMS (EI) m/z calcd for C28H41O6Si [M+ -C2H5]: 501.2678; found: 500.9783. 

FTIR (neat, cm-1): = 2955 (m), 1726 (s), 1050 (s). 
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Compound 3.2.18j 

Synthesized according to GP13 from 3.2.17j (45.5 mg, 91%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.30 (d, J = 2.4 Hz, 1H), 6.12 (d, J = 

2.4 Hz, 1H), 5.96 (d, J = 2.5 Hz, 1H), 5.47 (s, 1H), 4.26-4.12 (m, 4H), 3.76 (s, 3H), 3.70 

(s, 3H), 3.34 (t, J = 8.6 Hz, 1H), 3.20 (dd, J = 2.6, 15.6 Hz, 1H), 2.72 (d, J = 15.6 Hz, 1H), 

2.47-2.41 (m, 1H), 1.94-1.86 (m, 1H), 1.82-1.71 (m, 1H), 1.59-1.50 (m, 2H), 1.39-1.30 (m, 

3H), 1.27 (t, J = 7.1 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H), 1.16 (d, J = 7.6 Hz, 9H), 1.13 (d, J 

= 7.6 Hz, 9H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.2 (C), 170.2 (C), 159.1 (C), 158.9 

(C), 150.1 (C), 137.8 (C), 118.6 (C), 118.5 (CH), 103.4 (CH), 98.2 (CH), 78.1 (CH), 64.4 

(C), 61.3 (CH2), 61.1 (CH2), 60.4 (C), 55.2 (CH3), 55.1 (CH3), 48.9 (CH), 38.1 (CH2), 

32.00 (CH2), 31.8 (CH2), 27.1 (CH2), 18.9 (3xCH3), 18.5 (3xCH3), 14.2 (2xCH3), 14.1 

(3xCH). 

HRMS (EI) m/z calcd for C30H43O7Si (-C3H7): 586.3326; found: 586.3293. 

FTIR (neat, cm-1): = 2945 (m), 1729 (s), 1141 (s). 
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Compound 3.2.23 

Synthesized according to GP13 from 3.2.17j (26.5 mg, 76%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.33 (s, 1H), 6.66 (d, J = 204 Hz, 1H), 

6.40 (d, J = 2.4 Hz, 1H), 4.35-4.22 (m, 2H), 4.14-4.01 (m, 2H), 3.87 (s, 3H), 3.84 (s, 3H), 

3.84-3.79 (m, 1H), 3.65 (dd, J = 6.2, 18.8 Hz, 1H), 3.55 (d, J = 16.1 Hz, 1H), 3.27 (dd, J = 

16.0, 1.2 Hz, 1H), 3.14-3.04 (m, 1H), 2.31-2.25 (m, 1H), 2.22-2.16 (m, 1H), 1.89-1.80 (m 

1H), 1.31 (t, J = 7.1 Hz, 3H), 1.30-1.26 (m, 1H), 1.16 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.6 (C), 170.3 (C)¸ 159.5 (C), 157.0 

(C)¸139.1 (C)¸137.2 (C), 136.1 (C)¸ 131.2 (C), 119.7 (C), 119.2 (CH), 99.7 (CH), 97.8 

(CH), 64.9 (C), 61.3 (CH2), 60.9 (CH2), 55.2 (CH3), 55.2 (CH3), 48.6 (CH), 39.7 (CH2), 

28.3 (CH2), 25.2 (CH2), 24.6 (CH2), 14.1 (CH3), 14.1 (CH3). 

HRMS (EI) m/z calcd for C24H28O6 [M+]: 412.1886; found 412.1807. 

FTIR (neat, cm-1): = 2937 (m), 1728 (s), 1241 (s), 1157 (s). 

 

7.2.4 Synthesis of magellanine: Route A 
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(E)-Hexa-3,5-dienyl 4-methylbenzenesulfonate (3.3.29) 

To a flask containing alcohol 3.3.28 126 (12.8 g, 0.130 mol) in triethylamine (73 mL) was 

added TsCl (27.6, 0.145 mol) at 0 °C in portions over 15 minutes. The mixture was left to 

stir at room temperature overnight then was poured into water and extracted three times 

with ether. The combined organic extracts were washed twice with 1M HCl, once with 

sat. aqu. NaHCO3 and once with brine, then dried over MgSO4 and concentrated to yield 

the tosylated alcohol 3.10 (26.1 g, 79%) as an orange oil. The crude product was used 

without further purification. Spectroscopic data recorded were consistent with that 

reported previously.127 

 

 

(E)-6-Azidohexa-1,3-diene (3.3.30) 

Sodium azide (3.94 g, 60.6 mmol) was added to a solution of tosylate 3.3.29 (10.2 g, 40.4 

mmol) in DMSO (48.0 mL). The mixture was stirred at room temperature overnight and 

was then diluted with water at 0 °C and extracted three times with ether. The combined 

ethereal layers were washed with water and with brine, dried with MgSO4 and 

concentrated to give azide 3.11 (4.95 g, 99%) as an orange oil. The crude product was used 

in the following step without further purification. Spectroscopic data recorded were 

consistent with that reported previously.128 

 

 

(E)-Hexa-3,5-dien-1-amine (3.3.31) 
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LiAlH4 (4.33g, 0.108 mol) was added to ether (1.0 L) in a flask which was then brought to 

0 °C. Azide 3.3.30 (12.7 g, 0.103 mol) was added slowly and the mixture was left to stir at 

room temperature for 4 hours. The reaction mixture was quenched with aqueous sodium 

L-tartrate (25 g/L) at 0 °C and was left to stir at room temperature for 1.5 hours. The phases 

were separated and the aqueous layer was extracted 3 times with ether. The combined 

organic layers were washed with brine, dried with MgSO4 and concentrated, affording the 

crude amine 3.3.31 as a yellow oil. The crude product was distilled (heat gun, ≤ 2 Torr) to 

a colourless oil (6.82 g, 68%). Caution should be exercised during the distillation as over-

heating of this product can result in polymerization. Spectroscopic data recorded were 

consistent with that reported previously.128 

 

 

(E)-N-(Hexa-3,5-dienyl)acrylamide (3.3.32) 

Triethylamine (1.5 mL,10.6 mmol) was added to a flask containing amine 3.3.31 (940 mg, 

9.67 mmol) in DCM (22 mL) at room temperature. This mixture was then added slowly 

and along the side of the flask to a solution of acryloyl chloride (0.79 mL, 9.67 mmol) in 

DCM (22 mL) at -78 °C. This transparent yellow reaction mixture was then left to warm 

to room temperature and stirred for 4 hours, then sat. aqu. NaHCO3 was added and the 

mixture was extracted 3 times with ethyl acetate. The combined organic layers were 

washed with brine, dried with MgSO4 and concentrated under reduced pressure. Flash 

chromatography (40% ethyl acetate in hexanes) gave amide 3.3.32 (1.07 g, 73%) as a 

colourless oil. Polymerization of this compound was observed with a sample of lesser 
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purity stored in the fridge. Spectroscopic data recorded were consistent with that reported 

previously.129 

 

 

(±)-(4aR,8aS)-2,3,4,4a,8,8a-Hexahydroisoquinolin-1(7H)-one (3.3.33) 

This experiment was performed with glassware which was not flame dried and was not 

kept under an argon atmosphere. In(OTf)3 (375 mg, 0.668 mmol) was added to a flask 

containing amide 3.3.33 (505 mg, 3.34 mmol) in a mixture of distilled water (40 mL) and 

isopropanol (6.5 mL). The mixture was brought to 50 °C and stirred overnight. The reaction 

mixture was then brought to room temperature and extracted three times with ethyl acetate. 

The combined organic layers were washed with brine and dried with MgSO4 and 

concentrated in vacuo to give lactam 3.3.33 as a pale-yellow solid (360.1 mg, 71%). 

Recrystallization from THF and Et2O gave 3.3.33 as white crystals. Attempts at scaling up 

this transformation to more than 2 g of amide 3.3.32 resulted in significantly decreased 

yields. Spectroscopic data recorded were consistent with that reported previously.129 

 

 

(±)-(4aR,8aS)-2-Tosyl-1,2,3,4,4a,7,8,8a-octahydroisoquinoline (3.3.34) 

LiAlH4 (1.06 g, 2.66 mmol) was added to THF (67 mL) in a flask which was then brought 

to 0 °C. Lactam 3.3.33 (1.83 g, 12.1 mmol) in THF (93 mL) was added slowly and the 
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mixture was left to stir at room temperature overnight. The reaction mixture was quenched 

with aqueous sodium L-tartrate (25 g/L) at 0 °C and was left to stir at room temperature 

for 1 hour and 30 minutes. The phases were separated and the aqueous layer was extracted 

3 times with ethyl acetate. The combined organic layers were washed with brine, dried 

with MgSO4 and concentrated. The crude was carried on without further purification. To a 

flask containing the amine in pyridine (6.8 mL) was added TsCl (2.54 g, 13.3 mmol) at 0 

°C in portions over 15 minutes. The mixture was left to stir at room temperature overnight, 

and then poured into water and extracted three times with ethyl acetate. The combined 

organic extracts were washed twice with 2M HCl, once with sat. aqu. NaHCO3 and once 

with brine, then dried over MgSO4 and concentrated. Flash chromatography (15% Et2O 

in hexanes) yielded the tosylated amine 3.3.34 (2.77 g, 79% over 2 steps) as a white 

crystalline solid. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.60 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 

8.1 Hz, 2H), 5.62-5.58 (m, 1 H), 5.43 (ddt, J = 10.0, 3.8, 1.9 Hz, 1H), 3.19-3.07 (m, 2H), 

2.79 (dd, J = 11.4, 3.8 Hz, 1H), 2.66-2.61 (m, 1H), 2.40 (s, 3H), 2.11-2.03 (m, 1H), 2.02-

1.89 (m, 3H), 1.85-1.66 (m, 2H), 1.64-1.43 (m, 2H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 143.3 (C), 133.5 (C), 129.6 (CH), 

129.6 (2xCH), 127.7 (2xCH), 127.5 (CH), 49.5 (CH2), 45.0 (CH2), 33.3 (CH), 32.9 (CH), 

29.4 (CH2), 24.0 (CH2), 23.2 (CH2), 21.5 (CH3). 

HRMS (EI) m/z calcd for C16H21NO2S [M+]: 291.1293; found 291.1276. 

FTIR (neat, cm-1): = 3017 (m), 2925 (m), 2838 (m), 1489 (s). 
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(±)-3-(3-oxopropyl)-1-Tosylpiperidine-4-carbaldehyde (3.3.36)  

To a flask containing quinoline 3.3.34 (5 g, 17.16 mmol) in a solvent mixture of THF (160 

mL) and water (54 mL) was added a solution of osmium tetroxide (4% wt in water, 5.45 

mL, 0.85 mmol). After stirring for 5 minutes at room temperature, NMO (60% in water, 

8.04 g, 34.3 mmol) was added. Once all starting material was judged consumed by TLC, 

NaIO4 (11 g, 51.5 mmol) was added to the reaction mixture. The reaction mixture was 

monitored by TLC and upon completion, an aqueous solution of 20% Na2S2O3 was added. 

The aqueous layer was extracted 3 times with diethyl ether and the combined organic layers 

were washed with 20% Na2S2O3, brine, dried over MgSO4 and concentrated in vacuo 

(rotary evaporator water bath temperatures ≤ 40 °C) to give the crude dialdehyde. The latter 

was dissolved in benzene (500 mL) and piperidine acetic acid salt was added (250 mg, 1.7 

mmol). The flask was equipped with a Dean-Stark and a reflux condenser, and the solution 

was heated to reflux for about 1 hour or until all starting material was consumed by TLC. 

The resulting orange solution was washed twice with each 2N HCl, sat. aq. NaHCO3 and 

brine. The organic layer was dried MgSO4, filtered and concentrated. Purification by flash 

chromatography (30% to 50% ethyl acetate in hexanes) afforded the enal 3.3.36 (3.83 g, 

73%) as viscous oil. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 9.70 (s, 1H), 7.61 (d, J = 8.2 Hz, 2H), 

7.31 (d, J = 8.2 Hz, 2H), 6.66 (s, 1H), 3.23-3.16 (m, 1H), 3.14-3.08 (m, 1H), 2.95-2.90 (m, 
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1H), 2.81 (ddd, J = 3.6, 8.9, 12.1 Hz, 1H), 2.64-2.55 (m, 3H), 2.42 (s, 3H), 2.32-2.26 (m, 

1H), 2.06-1.98 (m, 1H), 1.77-1.69 (m, 1H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 189.58 (CH), 154.01 (CH), 147.00 

(C), 143.58 (C), 133.48 (C), 129.75 (2xCH), 127.58 (2xCH), 46.87 (CH2), 44.01 (CH2), 

42.66 (CH), 37.04 (CH), 31.71 (CH2), 26.44 (CH2) 21.54 (CH3).  

HRMS (EI) m/z calcd for C16H19NO3S [M+]: 305.1086; found 305.1067.  

FTIR (neat, cm-1): 2930 (m), 2857 (w), 1678 (s).  

 

7.2.5 Synthesis of magellanine: Route B 

 

N-(hex-5-en-1-yl)acrylamide (3.3.41) 

Triethylamine (3.54 mL,25.4 mmol) was added to a flask containing amine 3.3.40 (2.1 g, 

21 mmol) in DCM (50 mL) at room temperature. This mixture was then added slowly and 

along the side of the flask to a solution of acryloyl chloride (1.9 mL, 23.3 mmol) in DCM 

(50 mL) at -78 °C. The reaction mixture was then left to warm to room temperature and 

stirred for 4 hours, then sat. aqueous NaHCO3 was added and the mixture was extracted 3 

times with dichloromethane. The combined organic layers were washed with brine, dried 

with MgSO4 and concentrated under reduced pressure. Flash chromatography (40% ethyl 

acetate in hexanes) gave amide 3.3.41 (2.46 g, 76%) as a colourless oil.  



205 

 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.25 (dd, J = 17.0, 1.6 Hz, 1H), 6.09 

(dd, J = 17.0, 10.2 Hz, 1H), 5.91 (br.s, 1H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.60 (dd, 

J = 10.2, 1.6 Hz, 1H), 4.99 (dq, J = 17.2, 1.7 Hz, 1H), 4.94 (ddt, J = 10.1, 2.2, 1.2 Hz, 1H), 

3.31 (q, J = 7.1, 5.8 Hz, 2H), 2.16 – 1.91 (m, 2H), 1.61 – 1.48 (m, 2H), 1.48 – 1.26 (m, 

2H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 165.61 (C), 138.37 (CH), 130.97 

(CH), 126.16 (CH2), 114.82 (CH2), 39.46 (CH2), 33.33 (CH2), 28.99 (CH2), 26.16 (CH2). 

HRMS (EI) m/z calcd for C9H15NO1 [M+]: 153.1154; found 154.1272.  

FTIR (neat, cm-1): 3278 (s), 3075 (m), 2930 (s), 1654 (s), 1544 (s).  

 

 

tert-butyl acryloyl(hex-5-en-1-yl)carbamate (3.3.42) 

Boc2O (2.85 g, 13 mmol) was added to the amide 3.3.41 (1g, 6.5 mmol) and DMAP (80 

mg, 0.7 mmol) and stirred overnight. The reaction mixture was quenched with sat. aqueous 

NaHCO3 and extracted three times with dichloromethane. The combined organic layers 

were washed with brine, dried with MgSO4 and concentrated under reduced pressure. Flash 

chromatography (8% ethyl acetate in hexanes) gave the carbamate 3.3.42 (1.64 g, 98%) as 

a colourless oil. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.98 (dd, J = 16.9, 10.4 Hz, 1H), 6.28 

(dd, J = 16.9, 1.8 Hz, 1H), 5.79 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.66 (dd, J = 10.4, 1.8 
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Hz, 1H), 5.00 (dq, J = 17.1, 1.7 Hz, 1H), 4.94 (ddt, J = 10.2, 2.3, 1.3 Hz, 1H), 3.71 – 3.59 

(m, 2H), 2.25 – 1.94 (m, 2H), 1.63 – 1.54 (m, 2H), 1.52 (d, J = 1.3 Hz, 9H), 1.44 – 1.30 

(m, 2H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 168.61 (C), 146.75 (C), 138.51 (CH), 

131.68 (CH), 127.33 (CH2), 114.67 (CH2), 85.18 (C), 44.66 (CH2), 33.38 (CH2), 28.21 

(CH2), 27.42 (3xCH3), 26.17 (CH2). 

HRMS (EI) m/z calcd for C14H23NO3 [M+ -C4H9]: 196.0979; found 196.0941.  

FTIR (neat, cm-1): 3076 (w), 2978 (w), 1727 (s), 1682 (s), 1138 (s).  

 

 

(±)-(4aR,8aS)-3,4,4a,7,8,8a-hexahydroisoquinolin-1(2H)-one (3.3.33) 

The amide 3.3.42 (1 g, 3.95 mmol), Pd[1,2-bis(benzylsulfinyl)ethane](OAc)2  (210 mg, 0.4 

mmol), 2,6-Me2BQ (1.34 g, 9.9 mmol) and p-nitrobenzoic acid (66 mg, 0.03 mmol) were 

dissolved in DCE (3 ml) and heated in an oil bath at 45°C for 48 hr. Upon completion, the 

dark red reaction mixture was filtered through a short silica plug, eluting with ~5 mL 

EtOAc and concentrated in vacuo a crude oil. The crude reaction mixture was dissolved in 

DCM (10 ml) and TFA (0.84 ml 11 mmol) was added. The reaction mixture was stirred 

overnight and quenched with sat. aqueous NaHCO3. The aqueous layer was extracted three 

times with DCM. The combined organic layers were washed with brine, dried with MgSO4 

and concentrated under reduced pressure. Purification by flash chromatography (20% 
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EtOAc/hexanes) produced the cis-decalin 3.3.33 as a clear oil (305 mg, 2.0 mmol, 51% 

yield). Spectroscopic data recorded were consistent with that reported previously.129 

7.2.6 Synthesis of magellanine: Route C 

 

(E)-N-allyl-N-(hexa-3,5-dien-1-yl)-4-methylbenzenesulfonamide (3.3.45) 

Tributylphosphine (1.17 mL, 4.72 mmol) was added to a solution of 

tetramethylazodicarboxamide (0.813 g, 4.72 mmol) in toluene (15 mL) at room 

temperature. After stirring for 30 minutes, N-allyl-4-methylbenzenesulfonamide (1 g, 4.72 

mmol) was added in portion and stirred for 10 minutes. Alcohol 3.3.28 (0.42 mg, 4.3 mmol) 

was then added and the reaction mixture was stirred overnight. The reaction mixture was 

filtrated and the solvent was evaporated under reduced pressure. The crude residue was 

purified by flash chromatography (20% to 25% diethyl ether in hexanes) to afford 

compound 3.3.45 (0.894 g, 76%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.69 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 

8.0 Hz, 2H), 6.24 (dt, J = 16.9, 10.3 Hz, 1H), 6.03 (dd, J = 15.3, 10.4 Hz, 1H), 5.77 – 5.45 

(m, 2H), 5.26 – 4.89 (m, 4H), 3.81 (d, J = 6.4 Hz, 2H), 3.26 – 3.01 (m, 2H), 2.42 (s, 3H), 

2.31 (qd, J = 7.3, 1.3 Hz, 2H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 143.20 (C), 137.16 (C), 136.77 (CH), 

133.24 (CH), 133.16 (CH), 130.49 (CH), 129.68 (2xCH), 127.18 (2xCH), 118.81 (CH2), 

115.98 (CH2), 50.76 (CH2), 46.75 (CH2), 31.76 (CH2), 21.50 (CH3). 
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HRMS (EI) m/z calcd for C16H21NO2S [M+ -C9H14N]: 155.0167; found 155.0166.  

FTIR (neat, cm-1): 2975 (w), 1598 (w),  1340 (s), 1153 (s), 659 (s). 

 

 

 

(±)-2-Tosyl-1,2,3,4,4a,7,8,8a-octahydroisoquinoline (3.3.34) 

Tributylphosphine (28.9 mL, 117 mmol) was added to a solution of 

tetramethylazodicarboxamide (19.3 g, 112 mmol) in o-xylene (340 mL) at room 

temperature. After stirring for 30 minutes, N-allyl-4-methylbenzenesulfonamide (28g, 132 

mmol) was added in portion and stirred for 10 minutes. Alcohol  3.3.28 5 (10 g, 101 mmol) 

was then added and the reaction mixture was stirred overnight. BHT (4.45 mg, 20 mmol) 

was added and the reaction mixture was heated at reflux for 16 hours. The resulting mixture 

was filtrated and the solvent removed under reduced pressure.  The crude residue was 

purified by flash chromatography (20% to 25% diethyl ether in hexanes) to afford quinoline 

3.3.34 (20.7 g, 70%) as a white solid containing a mixture of 2 diastereomers (1.6:1).  

Major: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.60 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 

8.1 Hz, 2H), 5.62-5.58 (m, 1 H), 5.43 (ddt, J = 10.0, 3.8, 1.9 Hz, 1H), 3.19-3.07 (m, 2H), 

2.79 (dd, J = 11.4, 3.8 Hz, 1H), 2.66-2.61 (m, 1H), 2.40 (s, 3H), 2.11-2.03 (m, 1H), 2.02-

1.89 (m, 3H), 1.85-1.66 (m, 2H), 1.64-1.43 (m, 2H). 
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13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 143.3 (C), 133.5 (C), 129.6 (CH), 

129.6 (2xCH), 127.7 (2xCH), 127.5 (CH), 49.5 (CH2), 45.0 (CH2), 33.3 (CH), 32.9 (CH), 

29.4 (CH2), 24.0 (CH2), 23.2 (CH2), 21.5 (CH3). 

Minor: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.62 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 

8.1 Hz, 2H), 5.62-5.58 (m, 1 H), 5.39 (dq, J = 9.8, 1.8 Hz, 1H), 3.85 (dquint, J = 11.5, 2.0 

Hz, 1H), 3.71 (ddd, J = 10.8, 3.3, 1.6 Hz, 1H), 2.40 (s, 3H), 2.24 (td, J = 12.1, 2.7 Hz, 1H), 

2.11-2.03 (m, 2H), 2.02-1.89 (m, 1H), 1.85-1.66 (m, 1H), 1.64-1.43 (m, 3H), 1.38 (dq, J = 

12.3, 4.3 Hz, 1H), 1.23-1.12 (m, 1 H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 143.2 (C), 133.5 (C), 129.6 (3xCH), 

127.6 (2xCH), 127.4 (CH), 51.8 (CH2), 46.9 (CH2), 39.9 (CH), 38.8 (CH), 31.3 (CH2), 26.1 

(CH2), 25.3 (CH2), 21.5 (CH3). 

HRMS (EI) m/z calcd for C16H21NO2S [M+]: 291.1293; found 291.1276. 

FTIR (neat, cm-1): = 3017 (m), 2925 (m), 2838 (m), 1489 (s). 

 

 

(±)-3-(3-oxopropyl)-1-Tosylpiperidine-4-carbaldehyde (3.3.36)  

To a flask containing quinoline 21 (5 g, 17.16 mmol) in a solvent mixture of THF (160 

mL) and water (54 mL) was added a solution of osmium tetroxide (4% wt in water, 5.45 

mL, 0.85 mmol). After stirring for 5 minutes at room temperature, NMO (60% in water, 
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8.04 g, 34.3 mmol) was added. Once all starting material was judged consumed by TLC, 

NaIO4 (11 g, 51.5 mmol) was added to the reaction mixture. The reaction mixture was 

monitored by TLC and upon completion, an aqueous solution of 20% Na2S2O3 was added. 

The aqueous layer was extracted 3 times with diethyl ether and the combined organic layers 

were washed with 20% Na2S2O3, brine, dried over MgSO4 and concentrated in vacuo 

(rotary evaporator water bath temperatures ≤ 40 °C) to give the crude dialdehyde. The latter 

was dissolved in toluene (500 mL) and piperidine acetic acid salt was added (250 mg, 1.7 

mmol). The flask was equipped with a Dean-Stark and a reflux condenser, and the solution 

was heated to reflux for about 1 hour or until all starting material was consumed by TLC. 

The resulting orange solution was washed twice with each 2N HCl, sat. aq. NaHCO3 and 

brine. The organic layer was dried MgSO4, filtered and concentrated. Purification by flash 

chromatography (30% to 50% ethyl acetate in hexanes) afforded the enal 3.3.36 (2.84 g, 

54%) as viscous oil. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 9.70 (s, 1H), 7.61 (d, J = 8.2 Hz, 2H), 

7.31 (d, J = 8.2 Hz, 2H), 6.66 (s, 1H), 3.23-3.16 (m, 1H), 3.14-3.08 (m, 1H), 2.95-2.90 (m, 

1H), 2.81 (ddd, J = 3.6, 8.9, 12.1 Hz, 1H), 2.64-2.55 (m, 3H), 2.42 (s, 3H), 2.32-2.26 (m, 

1H), 2.06-1.98 (m, 1H), 1.77-1.69 (m, 1H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 189.58 (CH), 154.01 (CH), 147.00 

(C), 143.58 (C), 133.48 (C), 129.75 (2xCH), 127.58 (2xCH), 46.87 (CH2), 44.01 (CH2), 

42.66 (CH), 37.04 (CH), 31.71 (CH2), 26.44 (CH2) 21.54 (CH3).  

HRMS (EI) m/z calcd for C16H19NO3S [M+]: 305.1086; found 305.1067.  

FTIR (neat, cm-1): 2930 (m), 2857 (w), 1678 (s).  
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7.2.7 End game: Total synthesis of (±)-magellanine 

 

Compound 3.3.46 

A first solution was prepared as follows: To a solution of enal 3.3.36 (2.06 g, 6.75 mmol) 

in THF (45 mL) at -78 °C was added TIPSOTf (2.72 mL, 10.3 mmol). After stirring for 30 

minutes, dimethyl sulfide (1 mL,13.5 mmol) was added dropwise along the side of the 

flask. This solution was stirred at -78 °C for 60 minutes, then the second solution was 

added. This second solution was prepared by adding a solution of the malonate 3.3.15a 

(3.22 g, 13.5 mmol) in THF (20 mL) to a suspension of LiHMDS (2.49 g, 14.85 mmol) in 

THF (20 mL) at -78 °C. The second solution was stirred at 0 °C for 10 minutes, and then 

added to the first solution at -78 °C, dropwise and along the side of the flask. The reaction 

mixture was warmed over night, starting from -78 °C and left to warm, then was quenched 

with sat. aq. NaHCO3. The mixture was extracted with ethyl acetate (3X), and the 

combined organic layers were dried over MgSO4, filtered and concentrated. Purification 

by flash chromatography (5%, 10% and 15% ethyl acetate in hexanes) afforded the desired 

product 3.3.46 (3.82 g, 81%) as a sticky oil. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.61 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 

8.2 Hz, 2H), 6.57 (s, 1H), 5.12-5.11 (m, 2H), 4.24-4.04 (m, 4H), 3.60 (d, J = 11.4 Hz, 1H), 

3.47 (d, J = 11.8 Hz, 1H), 3.05 (d, J = 17.3 Hz, 1H), 3.02 (s, 1H), 2.84 (d, J = 17.2 Hz, 

1H), 2.50 (ddd, J = 2.5, 10.3, 17.4 Hz, 1H), 2.44-2.40 (m, 1H), 2.42 (s, 3H), 2.32-2.13 (m, 
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3H), 2.01-1.93 (m, 1H), 1.86-1.80 (m, 1H), 1.78 (s, 3H), 1.52 (ddd, J = 4.0, 11.9, 134 Hz, 

1H), 1.23 (t, J = 7.1 Hz, 3H), 1.20 (t, J = 7.2 Hz, 3H), 1.17-1.10 (m, 3H), 1.10-1.06 (m, 

18H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 170.4 (C), 170.3 (C), 143.3 (C), 138.5 

(CH), 133.2 (C), 129.5 (2xCH), 127.7 (2xCH), 126.5 (C), 121.3 (CH2), 118.9 (C), 85.2 (C), 

84.0 (C), 61.4 (CH2), 61.4 (CH2), 60.1 (C), 50.3 (CH), 47.0 (CH2), 45.7 (CH2), 39.8 (CH), 

35.2 (CH), 29.0 (CH2), 28.0 (CH2), 24.7 (CH2), 23.5 (CH3), 21.5 (CH3), 17.8 (3xCH3), 17.8 

(3xCH3), 14.0 (CH3), 13.9 (CH3), 12.3 (3xCH).  

HRMS (EI) m/z calcd for C35H50NO7SSi [M+ -C3H7]: 656.3072; found 656.3089  

FTIR (neat, cm-1): = 2943 (w), 2867 (m), 2219 (m), 1729 (s), 1668 (s), 1484 (m).  

 

 

Compound 3.3.47 

Synthesized according to GP13 from 3.3.46 (5 g, 91%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.60 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 

8.1 Hz, 2H), 5.91 (s, 1H), 5.29 (s, 1H), 4.26-4.00 (m, 5H), 3.73-3.70 (m, 1H), 3.26 (d, J = 

11.9 Hz, 1H), 3.26 (s, 1H), 2.42 (s, 3H), 2.40-2.20 (m, 5H), 2.12-1.98 (m, 2H), 1.75 (s, 

3H), 1.48-1.36 (m, 3H), 1.19 (t, J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H), 1.16-1.13 (m, 

21H). 
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13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.0 (C), 170.5 (C), 149.7 (C), 143.1 

(C), 140.3 (C)¸133.5 (C), 129.5 (2xCH), 127.7 (2xCH), 119.0 (CH), 118.5 (CH), 72.4 

(CH), 71.5 (C), 64.9 (C)¸61.5 (CH2), 61.0 (CH2), 53.2 (CH), 46.5 (CH2), 46.1 (CH2), 40.9 

(CH), 40.3 (CH2), 35.5 (CH), 28.9 (CH2), 26.2 (CH2), 23.0 (CH3), 21.5 (CH3), 18.3 

(3xCH3), 18.2 (3xCH3), 14.1 (CH3), 14.1 (CH3), 13.4 (3xCH). 

HRMS (EI) m/z calcd for C35H50NO7SSi [M+ -C3H7]: 656.3072; found 656.3438. 

FTIR (neat, cm-1): = 2955 (m), 1726 (s), 1154 (s), 1093 (s).  

 

 

Compound 3.3.48 

TBAF (13.13 mL, 13.13 mmol, 1M in THF) was added to a solution of 3.3.47 (6.13 g, 8.75 

mmol) in THF (4 mL) at room temperature and the reaction mixture was heated at 60 °C 

for 3 hours. The mixture was added to a solution of LiOH (5.51 g, 131 mmol) in THF:H2O 

(1:1, 175 mL) in a sealed tube and the mixture was heated to 140 °C. After stirring for 

overnight, the mixture was acidified with HCl 2N and extracted with ethyl acetate (3X). 

The combined organic layers were dried over MgSO4, filtered and concentrated. The 

residue was purified by flash chromatography (60% to 80% ethyl acetate in hexanes) 

afforded the diastereomerically pure alcohol 3.3.48 (3.57 g, 92%) as a sticky oil. 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.61 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 

8.1 Hz, 2H), 5.89 (s, 1H), 5.23 (d, J = 2.0 Hz, 1H), 3.84 (dd, J = 5.8, 10.1 Hz, 1H), 3.75-

3.71 (m, 1H), 3.67 (d, J = 11.9 Hz, 1H), 3.24 (s, 1H), 2.55 (d, J = 4.2 Hz, 1H), 2.45-2.41 

(m, 1H), 2.42 (s, 3H), 2.27-2.08 (m, 6H), 1.75 (s, 3H), 1.67-1.61 (m, 1H), 1.55-1.50 (m, 

1H), 1.35 (dd, J = 5.5, 11.3 Hz, 1H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 179.5 (C), 149.2 (C), 143.3 (C), 139.3 

(C), 133.4 (C), 129.6 (2xCH), 127.6 (2xCH), 118.6 (CH), 117.8 (CH), 72.0 (CH), 63.5 

(C)¸58.9 (CH), 53.3 (CH), 46.8 (CH2), 46.1 (CH2), 44.8 (CH), 39.1 (CH2), 35.4 (CH), 28.9 

(CH2), 25.6 (CH2), 22.9 (CH3), 21.5 (CH3). 

HRMS (EI) m/z calcd for C24H29NO5S [M+]: 443.1766; found 443.1811. 

FTIR (neat, cm-1): = 3166 (m), 2368 (s), 1599 (m), 1151 (s), 1043 (s).  

 

 

Compound 3.3.49 

Dess-Martin periodinane (3.1 g, 7.2 mmol) was added to a solution of alcohol 3.3.48 (2.67 

g, 6.03 mmol) in DCM (12 mL). The mixture was stirred 40 minutes and then quenched 

with an aqueous solution of Na2S2O3:NaHCO3 5% (1:1, 60 mL). The mixture was stirred 

for 1 hour and then extracted with DCM (3x). The combined organic layers were dried 

over MgSO4, filtered and concentrated. The residue was purified by flash chromatography 
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(40% to 50% ethyl acetate in hexanes with 1% AcOH) to provide the desired product 3.3.49 

(2.4 g, 91%) as a sticky oil. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.59 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 

8.2 Hz, 2H), 6.11 (s, 1H), 5.30 (d, J = 1.6 Hz, 1H), 3.72 (d, J = 11.4 Hz, 1H), 3.63 (d, J = 

12.0 Hz, 1H), 3.29-3.21 (m, 2H), 3.18 (d, J = 5.5 Hz, 1H), 2.71 (d, J = 21.0 Hz, 1H), 2.45-

2.41 (m, 1H), 2.42 (s, 3H), 2.26-2.18 (m, 1H), 2.12-1.91 (m, 3H), 1.84 (s, 3H), 1.82-1.77 

(m, 1H), 1.73-1.67 (m, 1H), 1.61 (dq, J = 4.3, 12.5 Hz, 1H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.8 (C), 179.3 (C), 146.6 (C)¸143.5 

(C), 138.4 (C), 133.2 (C), 129.6 (2xCH), 127.6 (2xCH), 119.2 (CH), 119.0 (CH), 70.4 

(C)¸56.7 (CH), 49.3 (CH), 46.3 (CH2), 45.8 (CH2), 44.0 (CH2), 43.98 (CH), 37.5 (CH2), 

36.0 (CH), 25.9 (CH2), 22.7 (CH3), 21.5 (CH3).  

HRMS (EI) m/z calcd for C24H27NO5S [M+]: 441.1610; found 441.1554. 

FTIR (neat, cm-1): = 2954 (m), 1704 (s), 1697 (s), 1159 (s), 1091 (m).  

 

 

Compound 3.3.50 

Platinum oxide (Alfa Aesar, 467 mg, 2.06 mmol) was added to a solution of diene 3.3.49 

(910 mg, 2.06 mmol) in EtOAc : EtOH (5 mL : 20 mL) and was stirred overnight under 1 

atm of H2. The reaction mixture was then purged with argon, filtrated over cotton to remove 
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the platinum oxide and evaporated under vacuo. Purification of the crude material by flash 

chromatography (10% to 30% acetone in toluene) gave the desired product (782 mg, 85%) 

as a white solid. 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.60 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 

8.1 Hz, 2H), 3.68-3.59 (m, 2H), 2.96 (d, J = 10.0 Hz, 1H), 2.72 (ddd, J = 1.8, 6.4, 18.0. Hz, 

1H), 2.47 (dd, J = 3.6, 11.9 Hz, 1H), 2.36 (s, 3H), 2.36-2.00 (m, 8H), 1.75-1.65 (m, 3H), 

1.50-1.32 (m, 3H), 1.31-1.22 (m, 2H), 0.98 (d, J = 6.6 Hz, 3H), 0.91-0.83 (m, 2H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 213.4 (C), 180.3 (C), 143.2 (C), 133.2 

(C)¸129.6 (2xCH), 127.6 (2xCH), 63.9 (C)¸53.1 (CH), 49.1 (CH), 48.9 (CH), 46.3 (CH), 

45.8 (CH2), 45.7 (CH2), 41.5 (CH), 39.6 (CH), 38.0 (CH2), 37.4 (CH2), 36.3 (CH2), 28.3 

(CH), 25.7 (CH2), 21.9 (CH3), 21.5 (CH3).  

HRMS (EI) m/z calcd for C24H31NO5S [M+]: 445.1923; found 445.1971. 

FTIR (neat, cm-1): = 2987 (m), 1695 (s), 1336 (s), 1151 (s). 

 

 

Compound 3.3.51 and 3.3.52 

To a suspension of the acid 3.3.50 (100 mg, 0.22 mmol) in dry THF (1 mL) and toluene (5 

mL) at 0 oC was added ethylchloroformate (0.024 mL, 0.25 mmol) and N-

methylmorpholine (0.025 ml, 0.22 mmol). The cooling bath was removed, and the mixture 
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was stirred 15 minutes at room temperature. The reaction mixture was recooled to 0 °C 

before addition of 2-Mercapto-4-methylthiazole 3-oxide (36 mg, 0.25 mmol) and 

triethylamine (0.034 mL, 0.25 mmol). The mixture was stirred at 0 °C for 5 min, tert-

dodecylmercaptan (0.21 mL, 0.9 mmol) was added, and the solution was irradiated with a 

365 nm LED for 30 minutes while bubbling oxygen. Triphenylphosphine (68 mg, 3.4 

mmol) was then added and the solution was stirred for 30 minutes. The solution was 

concentrated under reduced pressure. Purification by flash chromatography (30% to 60% 

ethyl acetate in hexane) afforded 3.3.51 (23.5 mg, 26%) and alcohol 3.3.52 (26.9 mg, 29%). 

Compound 3.3.51: 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.59 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 

8.1 Hz, 2H), 3.75-3.69 (m, 1H), 3.62-3.58 (m, 1H), 3.54 (d, J = 11.9 Hz, 1H), 2.71 (ddd, J 

= 201, 6.6, 17.8 Hz, 1H), 2.52-2.48 (m, 2H), 2.42 (s, 3H), 2.26-1.95 (m, 7H), 1.87-1.73 (m, 

3 H), 1.63-1.46 (m, 2H), 1.14-1.05 (m, 1H), 0.97 (d, J = 6.6 Hz, 3H), 0.95-0.87 (m, 1H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 214.0 (C), 143.4 (C), 133.3 (C), 129.6 

(2xCH), 127.6 (2xCH), 77.5 (CH), 63.0 (C), 58.0 (CH), 46.3 (CH2), 46.1 (CH), 45.8 (CH2), 

45.7 (CH2), 43.3 (CH2), 40.4 (CH), 39.6 (CH2), 37.7 (CH2), 37.2 (CH), 28.6 (CH), 26.2 

(CH2), 22.1 (CH3), 21.5 (CH3).  

HRMS (EI) m/z calcd for C23H31NO4S [M+]: 417.1974; found 417.1854. 

FTIR (neat, cm-1): = 2952 (m), 1697 (s), 1332 (m), 1161 (s).  

Compound 3.3.52: 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.60 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 

8.0 Hz, 2H), 4.22-4.19 (m, 1H), 3.65-3.61 (m, 1H), 3.51 (d, J = 11.6 Hz, 1H), 2.75-2.69 

(m, 2H), 2.49-2.42 (m, 2H), 2.42 (s, 3H), 2.33-2.23 (m, 1H), 2.13 (dt, J = 4.0, 11.3 Hz, 

1H), 2.06-1.77 (m, 6H), 1.61-1.52 (m, 2H), 1.25-1.16 (m, 2H), 0.97 (d, J = 6.5 Hz, 3H), 

0.87-0.76 (m, 1H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 214.4 (C), 143.3 (C), 133.2 (C), 129.5 

(2xCH), 127.6 (2xCH), 73.3 (CH), 64.4 (C)¸ 54.1 (CH), 46.4 (CH2), 46.1 (CH2), 46.1 

(CH2), 46.0 (CH2), 44.8 (CH2), 38.8 (CH), 38.8 (CH2), 37.5 (CH2), 36.9 (CH), 28.7 (C), 

26.3 (CH2), 22.1 (CH3), 21.5 (CH3). 

HRMS (EI) m/z calcd for C23H31NO4S [M+]: 417.1974; found 417.1976. 

FTIR (neat, cm-1): = 3471 (m), 2925 (m), 1733 (s), 1154 (s).  

 

 

Compound 3.3.53 

A solution of compound 3.3.52 (49 mg, 0.12 mmol) in 1, 2-dimethoxyethane (3 mL) was 

cooled at -78 °C and a solution of sodium naphthaleide (0.48 mL, 0.24 mmol, 0.5 M in 

DME) (previously prepared from naphthalene (516 mg, 4.0 mmol) and sodium (71 mg, 3.0 

mmol) was added until the complete consumption of the starting material (monitored by 

TLC). Immediately thereafter, the reaction mixture was poured into a solution of 
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acetonitrile/acetic acid (1.2 mL, V:V=10:1) and allowed to  warm-up to rt (2 min). A 

solution of formaldehyde (0.5 ml, 35% wt. solution in water) was then added and the 

mixture was stirred for 2 hours followed by NaBH3CN (37 mg, 0.58 mmol). After stirring 

for 18h at rt, NaOH (2M) was added and the mixture was extracted with CHCl3 (20 mL, 

x3).  The combined organic layers were washed with brine, dried and concentrated under 

vacuo. The residue was purified by silica gel column chromatography (5% to 10% CHCl3 

in MeOH with 1% NH2OH) to afford the amine 3.3.53 (24 mg, 74%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.29-4.26 (m, 1H), 2.84-2.68 (m, 4H), 

2.58-2.51 (m, 1H), 2.47-2.40 (m, 2H), 2.38 (s, 3H), 2.30-2.10 (m, 4H), 2.00-1.66 (m, 7H), 

1.34-1.25 (m, 1H), 0.96 (d, J = 6.6 Hz, 3H), 0.86-0.76 (m, 1H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 214.8 (C), 73.0 (CH), 64.5 (C)¸55.5 

(CH2), 54.1 (CH2), 53.0 (CH), 46.2 (CH3), 46.0 (CH2), 45.8 (CH), 43.9 (CH2), 40.2 (CH2), 

39.5 (CH), 37.7 (CH), 36.2 (CH), 29.0 (CH), 26.0 (CH2), 22.2 (CH3). 

HRMS (EI) m/z calcd for C17H27NO2 [M+]: 277.2042; found 277.2058. 

FTIR (neat, cm-1): = 3317 (m), 2941 (m), 1691 (s), 1020 (s).  

 

 

Magellanine (3.3.1) 
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A freshly prepared solution of LDA (0.06 mL, 1M in THF) was added to a solution of 

3.3.53 (8 mg, 0.075 mmol) in THF (0.4 ml) at 0 °C. The reaction mixture was stirred for 

10 minutes and TMSCl (0.005 ml, 0.003 mmol) was added.  After stirring for 1 hour at 0 

°C, a second addition of LDA (0.06 mL, 1M in THF at -78 °C) was added followed by the 

addition of the Mukaiyama salt 30 (12 mg, 0.06 mmol). The mixture was stirred for 6 h 

and then the reaction mixture was quenched by the addition of HCl 2N.  After stirring for 

30 minutes, a solution of NaOH 2N was added until pH˃7 and the aqueous phase was 

extracted with DCM (3x). The combined organic layers were dried over MgSO4, filtered 

and concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (5% to 10% CHCl3 in MeOH with 1% NH2OH) to afford (±)-magellanine 

(3.3.1) (5 mg, 64%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.87 (s, 1H), 4.21 (dd, J = 3.8, 6.2 Hz, 

1H) 2.77-2.62 (m, 4H), 2.51 (ddd, J = 6.4, 6.4 12.7 Hz, 1H), 2.32-1.87 (m, 7H), 2.21 (s, 

3H), 1.92 (s, 3H), 1.70-1.53 (m, 4H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 203.3 (C), 158.1 (C), 125.7 (CH), 

72.0 (CH), 61.0 (C), 59.4 (CH), 56.4 (CH2), 55.2 (CH2), 46.7 (CH3), 41.9 (CH2), 41.3 (CH), 

40.3 (CH), 37.3 (CH2), 36.9 (CH), 30.4 (CH2), 26.8 (CH2), 24.5 (CH3). 

HRMS (EI) m/z calcd for C17H25NO2 [M+]: 275.1885; found 275.1872. 

FTIR (neat, cm-1): = 2914 (m), 1637 (s), 1436 (m), 1230 (m), 727 (s). 

 

 

 



221 

 

Magellanine 1H Comparison: 
 

300 MHz 
(Paquette)  

500 MHz 
(Mukai)  

600 MHz 
(Yang) 

400 MHz 
(Yan) 

400 MHz 
(This Work) 

5.86      
(br s, 1H) 

5.87  
(s, 1H) 

5.86  
(s, 1H) 

5.85  
(s, 1H) 

5.87  
(s, 1H) 

4.23-4.18 
 (m, 1H) 

4.23-4.19 
(m, 1H) 

4.21  
(dd, J = 6.5, 4.4 

Hz, 1H) 

4.20-4.17 
(m, 1H) 

4.21  
(dd, J = 6.2, 3.8 

Hz, 1H) 

2.80-2.57 
(m, 5H) 

2.77-2.60 
 (m, 4H) 

2.86-2.71  
(m, 2H) 

2.73-2.45 
 (m, 5H) 

2.77-2.62 
 (m, 4H) 

  
2.71-2.59 
 (m, 2H) 

  

2.51 
(ddd, J = 12, 7, 7 

Hz, 1H) 

2.51 
(ddd, J = 12.7, 

6.3, 6.3 Hz, 1H) 

2.56-2.46 
(m, 1H) 

2.73-2.45 
 (m, 5H) 

2.51  
(ddd, J = 12.7, 

6.4, 6.4 Hz, 1H) 

2.30-1.50 (series 
of m, 10 H) 

2.32-1.88 
(m, 7H) 

2.40-2.29 
(m, 2H) 

2.23-1.85 
 (m, 5H) 

2.62-1.87  
(m, 7H) 

2.20 
 (br s, 3H) 

2.20  
(s, 3H) 

2.30-2.19 
 (m, 6H) 

2.17  
(s, 3H) 

2.21 
 (s, 3H) 

  
2.18-1.98 
 (m, 5H) 

  

1.92  
(br s, 3H) 

1.93  
(s, 3H) 

1.93  
(s, 3H) 

1.90  
(s, 3H) 

1.92 
 (s, 3H) 

  
1.90-1.79  
(m, 1H) 

  

 
1.71-1.52 
 (m, 4H) 

1.75-1.56 
 (m, 4H) 

1.70-1.45 
 (m, 7H) 

1.70-1.53  
(m, 4H) 
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Magellanine 13C Comparison: 
 

62.5 MHz 
(Paquette) 

125.7 MHz 
(Mukai) 

150 MHz 
(Yang)  

101 MHz 
(Yan)  

101 MHz 
(This Work) 

203.2 203.3 203.3 203.5 203.3 

158.0 158.0 158.3 158.2 158.1 

125.7 125.7 125.6 125.5 125.7 

72.1 72.0 71.8 71.6 72.0 

61.0 61.0 61.0 60.9 61.0 

59.6 59.6 59.0 59.7 59.4 

56.5 56.5 56.1 56.5 56.4 

55.4 55.4 54.8 55.4 55.2 

46.9 46.9 46.5 46.8 46.7 

41.9 41.9 42.0 41.8 41.9 

41.4 41.4 41.1 41.2 41.3 

40.2 40.3 40.4 40.1 40.3 

37.3 37.3 37.3 37.2 37.3 

37.0 37.0 36.7 36.8 36.9 

30.4 30.4 30.3 30.4 30.4 

27.0 27.0 26.5 26.9 26.8 

24.5 24.5 24.5 24.4 24.5 
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7.3 Towards the total synthesis of salvinorin A 

This section includes all characterization of Chapter 4. 

7.3.1 Synthesis of the diene and Diels-Alder cycloaddition  

HO

O

I  

(Z)-3-iodobut-2-enoic acid (4.2.10) 

2-butynoic acid (23.7 g, 281 mmol) was added to sodium iodide (67.6 g, 457 mmol) in 

acetic acid (103 ml) and heated at 120 oC for 3 hours. The reaction mixture was cooled 

down and H2O (500ml) and Et2O (500ml) was added. Sodium sulfite monobasic was added 

until the mixture turned pale yellow and the aqueous layer was extracted 3 times with ether.  

The combined organic layers were then dried over MgSO4, filtered and concentrated under 

reduced pressure to afford pure 4.2.10 as a white solid (57 g, 97 %). Spectra match values 

reported in the literature.130 

 

 

(Z)-3-methylhept-2-en-5-ynoic acid (4.2.11) 

1,2-dibromoethane (0.56 ml, 6.5 mmol) was added to zinc dust (12.7 g, 193 mmol) in THF 

(16 ml) and heated at 70 oC for 2 minutes. TMSCl (0.45 ml, 4.8 mmol) was slowly added 
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to the mixture at room temperature and stirred for 15 minutes. A solution of 5-iodopent-2-

yne 131 (4.2.12, 18.8g, 97 mmol) in THF (16 ml) was then added slowly and the temperature 

was controlled with a water bath at room temperature (exothermic reaction). The mixture 

was heated at 40 oC for 16 hours and settle down for 1 hour without stirring. The surfactant 

was then transferred to a solution of 4.2.10 (6.8 g, 32 mmol) in DMF (32 ml) follow by the 

addition of Pd(PPh3)4 (1.85 g, 1.6 mmol). The reaction mixture was stirred over night and 

quenched with HCl (1M) follow by the addition of diethyl ether. The organic layer was 

extracted with NaOH 1M (3x) and the insoluble zinc residue was filtrated over cotton. The 

mixture was then acidified with concentrated HCl and extracted with EtOAc (3x). The 

combined organic layers were then dried over MgSO4, filtered and concentrated under 

reduced pressure to afford 4.2.11 as a white off solid (4.25 g, 87 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.78 – 5.55 (m, 1H), 2.79 (t, J = 7.4 

Hz, 2H), 2.33 (tq, J = 7.5, 2.6 Hz, 2H), 1.98 (d, J = 1.4 Hz, 3H), 1.76 (t, J = 2.6 Hz, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 171.66 (C), 161.86 (C), 116.58 (CH), 

78.22 (C), 76.37 (C), 32.77 (CH3), 25.92 (CH2), 17.67 (CH3), 3.42 (CH2).  

HRMS (EI) m/z calcd for C9H12O2 [M+]: 152.0837; found 152.0860. 

FTIR (neat, cm-1): = 2922 (s), 2854 (m), 1686 (s), 1637 (s). 

 

 

(Z)-4-methyloct-3-en-6-yn-2-one (4.2.13) 
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4.2.11 (2.6 g 17.1 mmol) was added to MeLi (29.7 ml, 1.38 M, 41 mmol) in THF (170 ml) 

at – 78 oC and brought to room temperature for 2 hours. The reaction mixture was quenched 

with sat. NH4Cl and extracted with Et2O (3x). The combined organic layers were then dried 

over MgSO4, filtered and concentrated under reduced pressure. The residue was purified 

by silica gel column chromatography (5% to 7% EtOAc in hexane) to afford the ketone 

4.2.13 (1.82 g, 71%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 6.09 (s, 1H), 2.71 (t, J = 7.3 Hz, 2H), 

2.30 (ddt, J = 7.4, 4.9, 2.6 Hz, 2H), 2.15 (s, 3H), 1.92 (d, J = 1.4 Hz, 3H), 1.74 (t, J = 2.6 

Hz, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 198.09 (C), 157.42 (C), 124.76 (CH), 

78.50 (C), 76.06 (C), 32.90 (CH2), 31.67 (CH3), 25.91 (CH3), 17.60 (CH2), 3.44 (CH3). 

HRMS (EI) m/z calcd for C10H14O [M+]: 150.1045; found 150.1055. 

FTIR (neat, cm-1): =2919 (w), 2987 (w), 1686 (s), 1614 (s), 1173 (s). 

 

 

(Z)-triisopropyl((4-methylocta-1,3-dien-6-yn-2-yl)oxy)silane (4.2.8) 

Triisopropylsilyl triflate (6.48 ml, 24.09 mmol) was added to 4.2.13 (1.81 g, 12.05 mmol) 

and Et3N (5 ml, 36 mmol) in DCM (60 ml) at room temperature. The mixture was stirred 

overnight and then a solution of saturated NaHCO3 (25 ml) was added. The aqueous layer 

was extracted with DCM (3x). The combined organic layer was dried over anhydrous 
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MgSO4, filtered and the solvent was evaporated under reduce pressure. The crude was 

purified by flash column chromatography on basified silica gel (1% Et3N in hexane) to 

give the desired silyl enol ether 4.2.8 (3.6 g, 98%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.61 (s, 1H), 4.27 (s, 1H), 4.19 (s, 

1H), 2.60 (dd, J = 8.3, 7.4 Hz, 2H), 2.24 (ddt, J = 11.3, 7.5, 2.5 Hz, 2H), 1.77 (d, J = 1.5 

Hz, 3H), 1.76 (t, J = 2.5 Hz, 3H), 1.29 – 1.17 (m, 3H), 1.15 – 1.05 (m, 18H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 155.50 (C), 138.60 (C), 124.31 (CH), 

94.10 (CH2), 78.91 (C), 75.71 (C), 32.29 (CH2), 24.25 (CH3), 18.02 (6xCH3), 17.93 (CH2), 

12.91 (3xCH), 3.45 (CH3). 

HRMS (EI) m/z calcd for C19H34OSi [M+]: 306.2379; found 306.2401. 

FTIR (neat, cm-1): =2944 (m), 2866 (s), 1014 (s), 679 (s). 

 

7.3.2 Preparation of allylic alcohol 4.2.4 

 

Compound 4.2.7 

Et2AlCl (1M) was added to 4.2.8 (1.6 g, 5.3 mmol) and methyl acrylate (0.71 ml, 7.9 mmol) 

in DCM (25 ml) at -78 oC. The reaction mixture was slowly warmed up to -30 oC and 

quenched with Et3N:H20 (20 ml) once the reaction mixture was completed by TLC. The 

aqueous layer was extracted with DCM (3x). The combined organic layer was dried over 
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anhydrous MgSO4, filtered and the solvent was evaporated under reduce pressure. The 

crude was purified by flash column chromatography on silica gel (1% to 3% EtOAc in 

hexane) to give the desired silyl enol ether 4.2.7 (1.69 g, 81%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.54 (d, J = 1.8 Hz, 1H), 3.68 (s, 3H), 

2.39 (dd, J = 12.2, 3.1 Hz, 1H), 2.30 – 1.86 (m, 6H), 1.82 (ddd, J = 7.0, 5.6, 3.7 Hz, 1H), 

1.77 (t, J = 2.5 Hz, 3H), 1.51 (ddd, J = 13.6, 11.8, 4.4 Hz, 1H), 1.19 – 1.11 (m, 3H), 1.09 

– 1.07 (m, 18H), 0.93 (s, 3H). 

 13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 174.72 (C), 150.23 (C), 111.66 (CH), 

79.54 (C), 75.19 (C), 51.27 (CH3), 45.49 (CH), 41.42 (CH2), 37.50 (C), 28.95 (CH2), 24.87 

(CH3), 22.25 (CH2), 17.97 (6xCH3), 13.94 (CH2), 12.60 (3xCH), 3.52 (CH3). 

HRMS (EI) m/z calcd for C23H40O3Si [M+]: 392.2747; found 392.2743. 

FTIR (neat, cm-1): = 2932 (s), 2866 (s), 1735 (s), 1195 (s). 

 

 

Compound 4.2.6 

[L5AuNCMe]SbF6 (167 mg, 0.22 mmol) was added to 4.2.7 (1.69 g, 4.33 mmol) in 

DCM:acetone (20:1, 20 ml) and stirred overnight. The solvent was evaporated under 

reduced pressure and the residue was purified by flash column chromatography on silica 

gel (5% to 8% EtOAc in hexane) to give the desired decalin 4.2.6 (969 mg, 76%). 



228 

 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.80 – 5.46 (m, 1H), 3.70 (s, 3H), 2.92 

(dd, J = 10.6, 4.3 Hz, 1H), 2.81 – 2.69 (m, 1H), 2.53 – 2.21 (m, 3H), 2.20 – 1.95 (m, 3H), 

1.63 (ddd, J = 13.6, 5.9, 3.9 Hz, 1H), 1.58 – 1.54 (m, 3H), 1.28 (ddd, J = 13.6, 9.6, 6.2 Hz, 

1H), 0.99 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 212.38 (C), 174.27 (C), 128.89 (C), 

123.32 (CH), 62.35 (CH3), 51.51 (CH), 44.36 (CH), 38.80 (C), 38.15 (CH2), 32.74 (CH2), 

24.65 (CH2), 22.56 (CH3), 22.34 (CH2), 21.73 (CH3). 

HRMS (EI) m/z calcd for C14H20O3 [M+]: 236.1412; found 236.1418. 

FTIR (neat, cm-1): = 2953 (m), 2255 (w), 1709 (s), 1705 (s), 729 (s). 

 

 

Compound 4.2.18 

Side product during the formation of 4.2.6 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.48 (qq, J = 6.9, 2.2 Hz, 1H), 3.65 

(s, 3H), 3.02 (s, 1H), 2.64 (dd, J = 7.8, 5.9 Hz, 1H), 2.56 – 2.28 (m, 5H), 2.13 – 1.95 (m, 

2H), 1.83 (ddd, J = 12.8, 8.8, 5.4 Hz, 1H), 1.44 (dq, J = 7.0, 2.0 Hz, 3H), 0.97 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 211.14 (C), 174.13 (C), 138.59 (C), 

120.88 (CH), 63.28 (CH3), 51.50 (CH), 49.98 (C), 45.96 (C), 37.79 (CH2), 36.48 (CH2), 

29.77 (CH2), 25.24 (CH2), 22.16 (CH3), 14.38 (CH3). 

HRMS (EI) m/z calcd for C14H20O3 [M+]: 236.1412; found 236.1373. 



229 

 

FTIR (neat, cm-1): = 2950 (m), 2251 (w), 1732 (s), 17007 (s), 1154 (s). 

 

 

Compound 4.2.19 

Side product during the formation of 4.2.6 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.86 – 4.56 (m, 2H), 4.24 – 4.03 (m, 

1H), 3.66 (s, 3H), 2.58 – 2.39 (m, 2H), 2.32 (dd, J = 12.8, 2.9 Hz, 1H), 2.25 – 2.00 (m, 

2H), 1.70 – 1.41 (m, 3H), 1.41 – 1.23 (m, 2H), 1.20 (s, 3H), 1.10 – 0.99 (m, 21H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 202.19 (C), 175.23 (C), 104.20 (C), 

77.16 (CH2), 67.94 (CH3), 55.62 (CH), 51.15 (CH), 44.99 (C), 43.61 (CH), 37.16 (CH2), 

28.96 (CH2), 26.75 (CH2), 22.79 (CH3), 18.93 (CH2), 18.18 (6xCH3), 12.28 (3xCH). 

HRMS (EI) m/z calcd for C23H40O3Si [M+]: 392.2747; found 392.2755. 

FTIR (neat, cm-1): = 2943 (s), 2865 (s), 1736 (s), 1045 (s). 

 

 

Compound 4.2.5 

30% H2O2 (5.4 ml, 42 mmol) was added via a syringe pump to a solution of 4.2.6 (2.46 g, 

10.4 mmol) and formic acid (1.74 ml, 62 mmol) in DCM (100 ml) over 5 hours. The 
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mixture was then stirred overnight at room temperature and water (100 ml) was added. The 

aqueous layer was extracted with DCM (3x). The combined organic layer was dried over 

anhydrous MgSO4, filtered and the solvent was evaporated under reduce pressure. The 

crude was purified by flash column chromatography on silica gel (10% to 20% EtOAc in 

hexane) to give the pure desired epoxide 4.2.5 (2.11 g, 81%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.65 (s, 3H), 3.55 – 3.38 (m, 1H), 3.07 

(d, J = 5.6 Hz, 1H), 2.64 – 2.49 (m, 1H), 2.39 (ddt, J = 14.0, 4.0, 1.6 Hz, 1H), 2.35 – 2.17 

(m, 2H), 2.09 – 1.92 (m, 3H), 1.68 – 1.57 (m, 1H), 1.21 (s, 3H), 1.11 – 0.98 (m, 1H), 0.89 

(s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.95 (C), 174.02 (C), 61.34 (CH), 

59.08 (CH3), 57.93 (C), 51.40 (CH), 42.66 (CH), 39.23 (CH2), 38.35 (C), 32.65 (CH2), 

24.27 (CH2), 24.01 (CH3), 22.23 (CH3), 20.73 (CH2). 

HRMS (EI) m/z calcd for C14H20O4 [M+ +Na+]: 275.1262; found 275.1238. 

FTIR (neat, cm-1): = 2941 (m), 1731 (s), 1702 (s), 1209 (s). 

 

 

Compound 4.2.20 

Side product during the formation of 4.2.5 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.67 (s, 3H), 3.04 (t, J = 1.9 Hz, 1H), 

2.87 (dd, J = 12.5, 3.9 Hz, 1H), 2.54 – 2.42 (m, 2H), 2.40 – 2.19 (m, 2H), 2.08 (ddt, J = 
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13.5, 12.7, 4.8 Hz, 1H), 2.02 – 1.93 (m, 2H), 1.34 – 1.20 (m, 2H), 1.19 (s, 3H), 0.89 (s, 

3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 209.46 (C), 173.51 (C), 62.67 (CH), 

59.24 (CH3), 55.08 (C), 51.65 (CH), 43.73 (CH), 39.65 (CH2), 36.51 (C), 28.77 (CH2), 

24.09 (CH2), 22.81 (CH3), 21.64 (CH3), 20.72 (CH2). 

HRMS (EI) m/z calcd for C14H20O4 [M+]: 252.1362; found 252.1346. 

FTIR (neat, cm-1): = 2934 (m), 2331 (w), 1732 (s), 1711 (s), 1210 (m). 

 

 

Compound 4.2.4 

Method A: DBU (10 ml, 67 mmol) was added to 4.2.5 (2.1 g, 8.3 mmol) in DCM (40 ml) 

and stirred for 16 hours. A saturated solution of NH4Cl was added and the aqueous layer 

was extracted with DCM (3x). The combined organic layer was dried over anhydrous 

MgSO4, filtered and the solvent was evaporated under reduce pressure. The crude was 

purified by flash column chromatography on silica gel (40% to 60% EtOAc in hexane) to 

give the desired alcohol 4.2.4 (1.85 g, 88%). 

Method B: 30% H2O2 (0.11 ml, 0.76 mmol) was added via a syringe pump to a solution 

of 4.2.6 (45 mg, 0.19 mmol) and formic acid (0.032 ml, 1.14 mmol) in DCM (1.9 ml) over 

3 hours. The reaction mixture was stirred for 16 hours and DBU (0.29 ml, 1.9 mmol) was 

added. 16 hours later a saturated solution of NH4Cl was added and the aqueous layer was 
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extracted with DCM (3x). The combined organic layer was dried over anhydrous MgSO4, 

filtered and the solvent was evaporated under reduce pressure. The crude was purified by 

flash column chromatography on silica gel (40% to 60% EtOAc in hexane) to give the 

desired alcohol 4.2.4 (29 mg, 61%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 3.99 (t, J = 3.2 Hz, 1H), 3.69 (s, 3H), 

2.74 (dd, J = 12.8, 3.7 Hz, 1H), 2.58 (ddd, J = 14.6, 4.7, 1.9 Hz, 1H), 2.37 (ddd, J = 14.6, 

13.2, 7.1 Hz, 1H), 2.30 – 2.16 (m, 1H), 2.08 – 1.98 (m, 1H), 1.97 – 1.88 (m, 1H), 1.86 (s, 

3H), 1.84 – 1.73 (m, 2H), 1.53 – 1.39 (m, 1H), 1.04 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.04 (C), 173.68 (C), 140.92 (C), 

137.68 (C), 67.95 (CH), 52.49 (CH3), 51.54 (CH), 41.80 (CH2), 40.33 (C), 30.26 (CH2), 

26.97 (CH2), 23.84 (CH2), 18.75 (CH3), 18.62 (CH3). 

HRMS (EI) m/z calcd for C14H20O4 [M+]: 252.1362; found 252.1372. 

FTIR (neat, cm-1): = 3445 (m), 2926 (m), 1723 (s), 1679 (s), 1147 (s). 

 

7.3.3 Exploring the reactivity of the acetal / lactol  

 

Compound 4.2.3 
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Ethyl vinyl ether (0.03 ml, 0.3 mmol) was added to NBS (57 mg, 0.3 mmol) in DCM (0.4 

ml) at 0 oC and stirred for 1 hour. 4.2.4 (50 mg, 0.2 mmol) was added and the reaction 

mixture was stirred at room temperature for 16 hours. The solvent was evaporated under 

reduce pressure follow by the addition of Et2O (10 ml). The organic layer was washed with 

water and brine. The organic layer was dried over anhydrous MgSO4, filtered and the 

solvent was evaporated under reduce pressure. The crude was purified by flash column 

chromatography on basified silica gel (20% EtOAc in hexane with 1% Et3N) to give the 

desired acetal 4.2.3 as a 1:1 mixture of diastereomer (75 mg, 96%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.77 – 4.69 (m, 2H), 3.90 (q, J = 2.2 

Hz, 1H), 3.75 (t, J = 3.1 Hz, 1H), 3.73 – 3.56 (m, 10H), 3.46 – 3.37 (m, 2H), 3.41 – 3.30 

(m, 2H), 2.76 (ddd, J = 12.8, 4.6, 3.8 Hz, 2H), 2.56 (ddd, J = 14.8, 5.0, 2.0 Hz, 2H), 2.38 

(dddd, J = 14.7, 13.3, 7.2, 3.2 Hz, 2H), 2.21 (qd, J = 13.3, 4.9 Hz, 2H), 2.07 – 1.85 (m, 

5H), 1.83 (s, 3H), 1.83 (s, 3H), 1.73 – 1.51 (m, 2H), 1.50 – 1.36 (m, 2H), 1.23 (dt, J = 7.0, 

4.0 Hz, 6H), 1.06 – 1.00 (m, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 205.20 (C), 205.11 (C), 173.67 (C), 

173.62 (C), 142.20 (C), 141.96 (C), 135.64 (C), 135.52 (C), 103.12 (CH), 100.23 (CH), 

75.28 (CH), 72.58 (CH), 62.15 (CH2), 62.09 (CH2), 52.29 (CH3), 52.28 (CH3), 51.53 (CH), 

51.52 (CH), 41.85 (CH2), 41.81 (CH2), 40.29 (C), 40.25 (C), 32.14 (CH2), 32.01 (CH2), 

30.47 (CH2), 30.17 (CH2), 24.51 (CH2), 23.95 (CH2), 23.93 (CH2), 22.72 (CH2), 18.72 

(CH3), 18.63 (CH3), 18.60 (CH3), 18.52 (CH3), 15.33 (CH3), 15.13 (CH3). 

HRMS (ESI) m/z calcd for C18H27BrO5 [M+ +Na+]: 427.0919; found 427.0942. 

FTIR (neat, cm-1): = 2970 (m), 2945 (m), 1731 (s), 1691 (s), 1009 (s) 
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Compound 4.2.2 

[Au2(dppm)2]Cl2 (570 mg, 0.56 mmol) was added to 4.2.3 (1.8 g, 4.6 mmol), DIPEA (4 

ml, 5 mmol) in degassed MeCN (30 ml) and irradiated with 360 nm LED for 16 hours. The 

reaction mixture was quenched with H2O and extracted with DCM (3x). The combined 

organic layers were dried over anhydrous MgSO4, filtered and the solvent was evaporated 

under reduce pressure. The crude was purified by flash column chromatography on silica 

gel (20% EtOAc in hexane) to give the desired cyclic acetal 4.2.2 as a 1:1 mixture of 

diastereomer (1.30 g, 87%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.02 – 4.94 (m, 2H), 3.81 – 3.59 (m, 

9H), 3.51 (t, J = 2.8 Hz, 1H), 3.46 – 3.31 (m, 2H), 3.16 (s, 1H), 2.65 (dt, J = 12.6, 3.4 Hz, 

2H), 2.40 (dddd, J = 14.7, 13.4, 5.2, 1.9 Hz, 2H), 2.33 – 2.08 (m, 7H), 2.05 – 1.90 (m, 3H), 

1.89 – 1.68 (m, 5H), 1.59 (dd, J = 14.3, 4.4 Hz, 1H), 1.34 – 1.20 (m, 9H), 1.16 (dt, J = 7.1, 

3.2 Hz, 6H), 1.01 (s, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 209.40 (C), 208.99 (C), 173.77 (C), 

173.58 (C), 102.96 (CH), 102.59 (CH), 84.60 (CH), 81.18 (CH), 63.54 (CH2), 63.28 (CH2), 

59.98 (CH3), 58.37 (CH3), 55.22 (CH), 54.91 (CH), 51.38 (CH), 51.36 (CH), 50.25 (CH2), 

49.27 (CH2), 42.05 (C), 41.59 (CH2), 41.53 (CH2), 40.97 (C), 40.89 (C), 39.31 (C), 31.99 
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(CH2), 31.82 (CH2), 24.72 (CH2), 24.64 (CH2), 21.19 (CH2), 20.50 (CH3), 20.36 (CH2), 

19.80 (CH3), 15.63 (CH3), 15.37 (CH3), 15.27 (2xCH3). 

HRMS (EI) m/z calcd for C18H28O5 [M+]: 324.1937; found 324.1957. 

FTIR (neat, cm-1): = 2931 (m), 1731 (s), 1708 (s), 995 (s). 

 

 

Compound 4.2.25 

p-TSA (60 mg, 0.3 mmol) was added to 4.2.2 (100 mg, 0.3 mmol) in THF:H2O (1:1, 1.5 

ml) and refluxed for 3 hours. The reaction mixture was quenched with saturated NaHCO3 

and extracted with DCM (3x). The combined organic layers were dried over anhydrous 

MgSO4, filtered and the solvent was evaporated under reduce pressure. The crude was 

purified by flash column chromatography on silica gel (70% EtOAc in hexane) to give the 

desired cyclic acetal 4.2.25 (77 mg, 87%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 5.50 – 5.34 (m, 1H), 3.84 (d, J = 2.6 

Hz, 1H), 3.66 (s, 3H), 2.96 (d, J = 3.5 Hz, 1H), 2.70 (ddd, J = 12.9, 3.5 Hz, 1H), 2.43 (ddt, 

J = 10.9, 5.6, 2.2 Hz, 1H), 2.36 – 2.13 (m, 3H), 2.02 – 1.91 (m, 1H), 1.89 – 1.71 (m, 3H), 

1.63 – 1.54 (m, 1H), 1.34 (s, 3H), 1.31 – 1.25 (m, 1H), 1.02 (s, 3H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 208.97 (C), 173.59 (C), 97.12 (CH), 

81.59 (CH), 59.83 (CH3), 54.90 (CH), 51.50 (CH), 51.34 (CH2), 42.70 (C), 41.58 (CH2), 

40.98 (C), 31.77 (CH2), 24.63 (CH2), 20.47 (CH2), 19.87 (CH3), 15.30 (CH3). 
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HRMS (EI) m/z calcd for C16H24O5 [M+ -OH]: 279.1596; found 279.1600. 

FTIR (neat, cm-1): = 3430 (s), 2926 (m), 1723 (s), 1709 (s), 999 (s). 

 

 

Compound 4.2.30 

PCC (30 mg, 0.13 mmol) was added to 4.2.25 (20 mg, 0.068 mmol) and SiO2 (30 mg) in 

DCM (0.34 ml). The reaction mixture was stirred for 3 hours and filtrated over cotton. The 

residue was evaporated under reduced pressure and purified by flash column 

chromatography on silica gel (40% to 60% EtOAc in hexane) to give the desired lactone 

4.2.30 (18 mg, 91%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.13 (s, 1H), 3.66 (s, 3H), 2.67 (dd, J 

= 13.0, 3.6 Hz, 1H), 2.53 (d, J = 17.5 Hz, 1H), 2.48 – 2.40 (m, 1H), 2.39 – 2.26 (m, 2H), 

2.24 – 2.10 (m, 2H), 2.09 – 1.93 (m, 2H), 1.90 – 1.69 (m, 2H), 1.42 (s, 4H), 1.06 (s, 3H).  

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 207.62 (C), 176.60 (C), 173.19 (C), 

84.90 (CH), 58.39 (CH3), 54.24 (CH), 51.58 (CH), 47.35 (CH2), 41.09 (CH2), 40.28 (C), 

40.24 (C), 31.29 (CH2), 24.34 (CH2), 20.04 (CH2), 19.75 (CH3), 14.94 (CH3). 

HRMS (EI) m/z calcd for C16H22O5 [M+]: 294.1467; found 294.1444. 

FTIR (neat, cm-1): = 2940 (m), 1760 (s), 1700 (s), 1727 (s), 1160 (s),. 
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Compound 4.2.32 

BF3-Et2O (0.23 ml, 1.85 mmol) was added to 4.2.2 (200 mg, 0.62 mmol) and 1,3-

propanedithiol (0.19 ml, 1.85 mmol) in DCM (3 ml) at 0 oC. The reaction mixture was 

stirred for 1 hour at 0 oC and 30 minutes at room temperature. The reaction mixture was 

quenched with sat. NaHCO3 stirred for 30 minutes. The aqueous layer was extracted with 

DCM (3x). The combined organic layers were dried over anhydrous MgSO4, filtered and 

the solvent was evaporated under reduce pressure. The crude was purified by flash column 

chromatography on silica gel (20% to 40% EtOAc in hexane) to give the desired compound 

4.2.32 (215 mg, 90%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.07 (dd, J = 6.4, 3.0 Hz, 1H), 3.66 

(s, 3H), 3.66 – 3.63 (m, 1H), 3.00 – 2.87 (m, 2H), 2.85 – 2.73 (m, 2H), 2.70 – 2.61 (m, 2H), 

2.40 – 2.32 (m, 2H), 2.24 – 1.95 (m, 5H), 1.92 – 1.79 (m, 2H), 1.75 – 1.58 (m, 2H), 1.29 

(s, 3H), 1.27 – 1.18 (m, 1H), 1.06 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 210.25 (C), 173.62 (C), 71.30 (CH), 

58.98 (CH3), 55.56 (CH), 51.38 (CH), 44.46 (CH2), 42.60 (CH2), 42.30 (C), 41.39 (CH), 

40.24 (C), 31.48 (CH2), 31.26 (CH2), 31.19 (CH2), 25.84 (CH2), 25.10 (CH2), 24.30 (CH2), 

18.66 (CH3), 15.94 (CH3). 

HRMS (EI) m/z calcd for C19H30O2S2 [M+]: 386.1586; found 386.1598. 
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FTIR (neat, cm-1): = 3462 (m), 3947 (m), 2362 (m), 1727 (s), 1707 (s), 669 (s). 

 

 

Compound 4.2.33 

n-BuLi (0.12 ml, 0.28 mmol) was added to 4.2.32 (50 mg, 0.13 mmol) in THF (0.65 ml) at 

-78 oC and stirred for 5 minutes. TsCl (37 mg, 0.19 mmol) was added and the reaction 

mixture was warmed at room temperature. The reaction mixture was quenched with sat. 

NaHCO3 and the aqueous layer was extracted with EtOAc (3x). The combined organic 

layers were dried over anhydrous MgSO4, filtered and the solvent was evaporated under 

reduce pressure. The crude was purified by flash column chromatography on silica gel 

(20% to 30% EtOAc in hexane) to give the desired compound 4.2.33 (46 mg, 65%). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.89 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 

8.0 Hz, 2H), 4.58 – 4.46 (m, 1H), 4.20 (dd, J = 7.5, 4.6 Hz, 1H), 3.66 (s, 3H), 3.08 – 2.83 

(m, 1H), 2.82 – 2.63 (m, 4H), 2.46 (s, 3H), 2.30 (ddd, J = 13.4, 5.2, 1.9 Hz, 1H), 2.12 (qd, 

J = 13.5, 5.2 Hz, 1H), 2.02 – 1.72 (m, 6H), 1.48 (dd, J = 15.2, 4.5 Hz, 1H), 1.43 (s, 3H), 

1.33 – 1.20 (m, 4H), 1.03 (s, 3H). 

HRMS (EI) m/z calcd for C26H36O6S3 [M+]: 540.1674; found 540.1674. 

FTIR (neat, cm-1): =2953 (m), 1735 (s), 1711 (s), 1237 (s), 1044 (s). 
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7.3.4 En route towards the synthesis of salvinorin A 

 

Compound 4.2.35 

Ac2O (0.13 ml, 1.3 mmol) was added to 4.2.32 (170 mg, 0.44 mmol), DMAP (11 mg, 0.08 

mmol) and Et3N (0.25 ml, 1.75 mmol) in DCM (2.2 ml) and stirred for 16 hours. The 

reaction mixture was quenched with H2O and extracted with DCM (3x). The combined 

organic layers were dried over anhydrous MgSO4, filtered and the solvent was evaporated 

under reduce pressure. The crude was purified by flash column chromatography on silica 

gel (20% to 30% EtOAc in hexane) to give the desired compound 4.2.35 (179 mg, 95 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 4.72 (dd, J = 3.4, 2.2 Hz, 1H), 3.94 

(t, J = 5.0 Hz, 1H), 3.65 (s, 3H), 2.86 (dddd, J = 14.5, 12.2, 4.2, 2.5 Hz, 2H), 2.77 – 2.63 

(m, 2H), 2.51 (s, 1H), 2.46 – 2.29 (m, 2H), 2.23 – 2.10 (m, 1H), 2.09 (s, 3H), 2.05 – 1.91 

(m, 3H), 1.86 – 1.66 (m, 4H), 1.55 (dd, J = 14.9, 4.6 Hz, 1H), 1.38 (s, 3H), 1.33 – 1.17 (m, 

2H), 1.04 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 209.24 (C), 173.25 (C), 170.26 (C), 

75.03 (CH), 59.81 (CH3), 55.77 (CH), 51.54 (CH), 44.40 (CH2), 42.47 (CH2), 42.14 (C), 

41.97 (CH), 39.16 (C), 32.03 (CH2), 31.57 (CH2), 31.50 (CH2), 25.77 (CH2), 25.13 (CH2), 

21.71 (CH3), 21.65 (CH2), 19.02 (CH3), 15.88 (CH3).  

HRMS (EI) m/z calcd for C21H32O5S2 [M+]: 428.1691; found 428.1698. 
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FTIR (neat, cm-1): = 2947 (m), 2358 (m), 1728 (s), 1726 (s), 1715 (s), 1239 (s). 

 

 

Compound 4.2.36 

MeI (2.06 ml, 16.6 mmol) was added to 4.2.35 (178 mg, 0.415 mmol), CaCO3 (750 mg, 

7.5 mmol) in MeCN (20 ml) and H2O (20 ml) and was vigorously stirred for 16 hours. The 

reaction mixture was quenched with saturated NH4Cl and extracted with DCM (3x). The 

combined organic layers were dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduce pressure. The crude was purified by flash column chromatography 

on silica gel (40% to 50% EtOAc in hexane) to give the desired compound 4.2.37 (145 mg, 

99 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 9.70 (dd, J = 3.2, 2.3 Hz, 1H), 4.69 

(t, J = 2.7 Hz, 1H), 3.68 (s, 3H), 2.82 – 2.68 (m, 2H), 2.52 – 2.36 (m, 4H), 2.28 – 2.13 (m, 

1H), 2.05 (s, 4H), 1.96 – 1.85 (m, 1H), 1.82 – 1.71 (m, 2H), 1.46 (s, 3H), 1.40 – 1.31 (m, 

1H), 1.09 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 209.43 (C), 201.13 (CH), 173.17 (C), 

169.83 (C), 76.96 (CH), 58.02 (CH3), 55.54 (CH), 52.43 (CH2), 51.59 (CH), 41.87 (C), 

41.83 (CH2), 39.66 (C), 32.12 (CH2), 25.38 (CH2), 21.74 (CH2), 21.23 (CH3), 20.82 (CH3), 

15.99 (CH3). 

HRMS (EI) m/z calcd for C18H26O6 [M+ -O]: 324.1937; found 324.6226. 
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FTIR (neat, cm-1): = 2951 (m), 1729 (s), 1711 (s), 1706 (s), 1232 (s). 

 

 

Compound 4.2.38 

(3-furyl)Ti(OiPr)3
132 (0.72 ml, 0.3 mmol) was slowly added to 4.2.37 (50 mg, 0.15 mmol) 

and (R)-BINOL (2 mg, 0.007 mmol) in THF (3 ml) at 0 oC and stirred for 3 hours. The 

reaction mixture was quenched with 1M NaOH and extracted with EtOAc (3x). The 

combined organic layers were dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduce pressure. The crude was purified by flash column chromatography 

on silica gel (20% to 30% EtOAc in hexane) to give the desired compound 4.2.38 (42 mg, 

70 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.46 – 7.31 (m, 2H), 6.34 (dd, J = 1.8, 

0.9 Hz, 1H), 5.14 (ddd, J = 12.0, 2.0, 0.8 Hz, 1H), 4.56 (t, J = 2.7 Hz, 1H), 3.64 (s, 3H), 

2.23 (dd, J = 12.9, 2.7 Hz, 1H), 2.17 – 1.95 (m, 6H), 1.89 – 1.56 (m, 7H), 1.51 (d, J = 0.9 

Hz, 3H), 1.48 – 1.39 (m, 1H), 1.33 – 1.24 (m, 1H), 1.22 (s, 3H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 173.98 (C), 170.38 (C), 142.93 (CH), 

138.83 (CH), 127.24 (C), 108.66 (CH), 97.35 (C), 76.16 (CH), 61.35 (CH), 56.80 (CH3), 

51.10 (CH), 48.85 (CH), 44.35 (CH2), 40.98 (CH2), 37.09 (C), 36.29 (C), 35.24 (CH2), 

22.23 (CH2), 21.72 (CH2), 21.56 (CH3), 21.23 (CH3), 15.42 (CH3). 
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HRMS (EI) m/z calcd for C22H30O7 [M+]: 406.1992; found 406.1982. 

FTIR (neat, cm-1): = 3483 (m), 1936 (m), 1726 (s), 1707 (s), 1237 (s), 1022 (s). 

 

 

Compound 4.2.39 

4.2.38 (50 mg, 0.123 mmol) was slowly added to NaHMDS (30 mg, 0.16 mmol) in THF 

(1.2 ml) at -78 oC and stirred for 30 minutes. TESCl (0.04 ml, 0.246 mmol) was then added 

and the mixture was brought to room temperature. The reaction mixture was quenched with 

sat. NaHCO3 and extracted with Et2O (3x). The combined organic layers were dried over 

anhydrous MgSO4, filtered and the solvent was evaporated under reduce pressure. The 

crude was purified by flash column chromatography on basified silica gel (5% to 10% 

EtOAc in hexane with 1% Et3N) to give the desired compound 4.2.39 (60 mg, 94 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.35 (t, J = 1.7 Hz, 1H), 7.32 – 7.29 

(m, 1H), 6.33 (dd, J = 1.8, 0.9 Hz, 1H), 4.96 (d, J = 11.1 Hz, 1H), 4.54 (t, J = 2.7 Hz, 1H), 

3.64 (s, 3H), 2.23 (dd, J = 12.9, 2.8 Hz, 1H), 2.06 (s, 3H), 2.05 – 1.85 (m, 2H), 1.84 – 1.55 

(m, 5H), 1.48 (d, J = 0.8 Hz, 3H), 1.44 – 1.35 (m, 1H), 1.35 – 1.23 (m, 2H), 1.20 (s, 3H), 

0.98 (dt, J = 15.9, 7.9 Hz, 10H), 0.77 – 0.69 (m, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 174.17 (C), 170.54 (C), 142.88 (CH), 

138.79 (CH), 127.43 (C), 108.68 (CH), 99.31 (C), 76.53 (CH), 61.69 (CH), 56.96 (CH3), 



243 

 

51.17 (CH), 50.34 (CH), 44.24 (CH2), 39.87 (CH2), 37.25 (C), 36.18 (C), 35.52 (CH2), 

22.25 (CH2), 21.97 (CH2), 21.33 (CH3), 21.31 (CH3), 15.63 (CH3), 6.58 (3xCH3), 5.80 

(3xCH2). 

HRMS (EI) m/z calcd for C28H44O7Si [M+ -C2H5]: 491.2465; found 491.2445. 

FTIR (neat, cm-1): =2952 (m), 1732 (s), 1240 (s). 

 

 

Compound 4.2.40 

K2CO3 (20 mg, 0.139 mmol) was added to 4.2.39 (60 mg, 0.115 mmol) in MeOH (1.2 ml) 

at room temperature and stirred for 24 hours. The mixture was filtrated and concentrated 

under reduce pressure followed by the addition of H2O and extraction with DCM (3x). The 

combined organic layers were dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduce pressure. The crude was purified by flash column chromatography 

on basified silica gel (20% to 30% EtOAc in hexane with 1% Et3N) to give the desired 

compound 4.2.40 (36.2 mg, 66 %). 

1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.36 (s, 1H), 7.35 (s, 1H), 6.38 (t, J = 

1.4 Hz, 1H), 4.97 (dd, J = 12.0, 2.1 Hz, 1H), 3.64 (s, 3H), 3.32 (t, J = 2.7 Hz, 1H), 2.24 

(dd, J = 12.9, 2.9 Hz, 1H), 2.19 – 1.83 (m, 4H), 1.75 (dt, J = 13.9, 3.8 Hz, 1H), 1.69 (s, 
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1H), 1.67 – 1.45 (m, 3H), 1.44 – 1.38 (m, 3H), 1.39 – 1.31 (m, 1H), 1.24 (dd, J = 12.8, 2.1 

Hz, 1H), 1.19 (s, 3H), 1.00 (t, J = 7.9 Hz, 9H), 0.81 – 0.65 (m, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 174.42 (C), 142.83 (CH), 139.01 

(CH), 127.62 (C), 108.93 (CH), 99.44 (C), 74.50 (CH), 61.67 (CH), 56.91 (CH3), 51.11 

(CH), 49.09 (CH), 44.40 (CH2), 39.97 (CH2), 37.37 (C), 37.00 (C), 34.78 (CH2), 25.16 

(CH2), 22.01 (CH2), 21.58 (CH3), 15.69 (CH3), 7.29 (3xCH3), 6.34 (3xCH2). 

HRMS (EI) m/z calcd for C26H42O6Si [M+]: 478.2751; found 478.2739. 

FTIR (neat, cm-1): = 3500 (m), 2952 (s), 2361 (w), 1731 (s), 968 (s). 

 

MeO2C

H
OTs

O
TESO

O

 

Compound 4.2.41 

4.2.40 (12 mg, 0.025 mmol) was added to NaHMDS (7 mg, 0.38 mmol) in THF (0.25 ml) 

at -78 oC and stirred for 20 minutes. TsCl (10 mg, 0.05 mmol) was added and the reaction 

mixture was warmed at room temperature. The reaction mixture was quenched with sat. 

NaHCO3 and the aqueous layer was extracted with EtOAc (3x). The combined organic 

layers were dried over anhydrous MgSO4, filtered and the solvent was evaporated under 

reduce pressure. The crude was purified by flash column chromatography on silica gel 

(10% to 20% EtOAc in hexane) to give the desired compound 4.2.41 (11 mg, 70%). 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm = 7.77 (d, J = 8.3 Hz, 2H), 7.35 (t, J = 

1.7 Hz, 1H), 7.28 (d, J = 8.0 Hz, 2H), 7.16 (dt, J = 1.7, 0.9 Hz, 1H), 6.21 (dd, J = 1.9, 0.8 

Hz, 1H), 4.82 (d, J = 11.9, 1.6 Hz, 1H), 4.23 – 4.11 (m, 1H), 3.63 (s, 3H), 2.42 (s, 3H), 

2.22 (dd, J = 12.9, 2.8 Hz, 1H), 2.10 – 1.82 (m, 3H), 1.79 – 1.56 (m, 6H), 1.55 (s, 1H), 1.39 

(s, 3H), 1.16 (s, 3H), 0.98 (t, J = 7.9 Hz, 9H), 0.85 (dd, J = 13.1, 2.1 Hz, 1H), 0.77 – 0.64 

(m, 6H). 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm = 174.09 (C), 144.61 (C), 142.71 (CH), 

138.98 (CH), 134.27 (C), 129.81 (2xCH), 127.81 (2xCH), 127.00 (C), 108.83 (CH), 99.20 

(C), 86.32 (CH), 61.29 (CH), 56.43 (CH3), 51.17 (CH), 49.66 (CH), 44.18 (CH2), 39.72 

(CH2), 36.99 (C), 36.85 (C), 34.75 (CH2), 23.20 (CH2), 21.91 (CH2), 21.59 (CH3), 21.19 

(CH3), 15.68 (CH3), 7.23 (3xCH3), 6.29 (3xCH2). 

HRMS (EI) m/z calcd for C33H48O8SSi [M+ -C2H5]: 603.2448; found 603.2454. 

FTIR (neat, cm-1): = 2952 (m), 2361 (w), 1731 (s), 1177 (s), 595 (s). 
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