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Abstract 

Gold catalysis has become an important tool to achieve highly chemoselective p-acid activation. 

Exceptional reactivity and selectivity are often encountered under mild reaction conditions. 

These properties have made gold(I) complexes suitable catalysts for tremendous applications in 

the total synthesis of natural products. The first chapter will highlight a number of total syntheses 

using gold catalysis as a key step.  

 

The second chapter will cover our application of the gold(I)-catalyzed 6-endo-dig 

carbocyclization for the synthesis of bridgehead-substituted scaffolds and its use toward the 

synthesis of PPAP natural products. This research has opened our eyes to the utility of 

biphenylphosphine ligands, particularly JohnPhos, in gold(I)-catalysis. 

 

The reactivity and selectivity exhibited by gold(I) complexes is modulated by the nature of the 

ancillary ligand. Recent research rationalizes the impact of these ligands on the divergent 

reactivity observed between cationic and carbenoid intermediates. Our desire to favor the 6-

endo-dig pathway has led us toward the discovery of another example of the diagonal reactivity 

that NHC carbene and biphenylphosphine ligands can bring to gold(I)-catalysis. Chapter three 

will explain the development of a selective gold-catalyzed synthesis of fused carbocycles 

.   

Our selective divergent synthesis of fused carbocycles, combined with the DielsïAlder reaction, 

has brought new synthetic opportunities. Chapter four will describe our approach toward the 

synthesis of various polycyclic diterpene-related frameworks. Starting with a unique linear 

precursor, we have developed a new ñone-potò process for the synthesis of three different 

polycyclic compounds related to the terpenoid family. The facile modulation of the linear 

precursor and the use of different dienophiles during the DielsïAlder reaction could enable the 

synthesis of diverse polycyclic analogues based on three principal frameworks.  

 

The gold(I)-catalyzed synthesis of fused carbocycles reached some limitations during our study. 

Regioselective control was found to be substantially more challenging, with terminal alkynes or 

alkynes bearing a sterically and electronically neutral methyl substituent. In chapter five, we will 



 III 

discuss how the complementarity of silver(I) catalysis to gold(I) catalysis enabled the selective 

divergent synthesis of three different fused carbocycles from a unique precursor. Moreover, 

copper(I) catalysis has given access to the 6-endo-dig pathway on terminal alkynes without the 

formation of a vinylidene intermediate. 
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Chapter 1 

Gold(I) -Catalysis as a Highly Chemoselective Lewis p-Acid in Total 

Synthesis of Complex Natural Products 
 

1.1 Introduction  

Complexity and selectivity are two words that perfectly reflect the modern goals of 

synthetic chemistry. The synthesis of extremely complex architectural structures is now routine 

in academic laboratories, and organic chemists design novel and powerful catalytic tools to 

achieve mechanistically complex and selective transformations.
1
 Recent methodological 

advancements in organocatalysis, photocatalysis, and metal-catalyzed transformations have 

enabled new reactivity and disconnections that allow shortened, robust, and efficient synthetic 

routes. The important impact of metal-catalyzed transformations on the formation of carbonï

carbon bonds in the art of total synthesis can be demonstrated by the work of recent Nobel 

laureates: one for ruthenium-catalyzed olefin metathesis and the other for palladium-catalyzed 

cross-coupling reactions. While catalysis has focused primarily on the chemistry of these main 

transition metals, almost all metals are known to be active in a catalytic transformation. Gold is 

one of the last metals to undergo extensive investigation and emerged rapidly as one of the most 

powerful catalytic tools in organic chemistry.
2 

The reason for the extended neglect of gold 

catalysis is difficult to understand, considering that since the beginning of civilization gold has 

accompanied mankind in a variety of day-to-day activities.
3
 Goldôs economic and social values 

hinge on its prestige and durability. Some of the oldest and most beautiful art pieces are made of 

gold. Due to its durability, rarity, divisibility, and fungibility, gold was an early form of currency 

for many civilizations. Moreover, recent monetary systems are still based on the gold standard, 

which tends to accentuate its stability and value in our mind.  

After more than a decade of extensive investigation, homogeneous gold catalysis has 

allowed unprecedented access to highly chemoselective p-lewis acid reactivity.
2
 Gold 

complexes, with their high oxidation potentials, are far less prone to redox chemistry. Thus, 

gold(I) processes are found to proceed with greater selectivity and under milder reaction 

conditions than other transition metal complexes.
3
  

http://en.wikipedia.org/wiki/Fungibility
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Additionally, gold(I) processes can be conducted at lower temperatures and in the presence of 

water and air. Superior catalytic activity exhibited by gold complexes in p-lewis acid reactivity 

and its potential to stabilize cationic intermediates can be rationalized by relativistic effects.
4
 

Other ñabnormalò electronic properties, including the high electronegativity and electron affinity, 

the large ionization potentials, and other physical properties such as its color also can be 

explained by relativistic effects. Relativistic effects in chemistry can be attributed qualitatively to 

the high speed of the electrons as they move near a heavy nucleus. The consequent mass increase 

will lead to an energetic stabilization and radial contraction of the s and p orbitals. The 

contraction of these orbitals brings a better shielding of the nucleus, thus leading to an energetic 

destabilization and expansion of d and f orbitals. These two relativistic effects are significant 

only in some heavy metals but reach a maximum in the periodic table with the electronic 

configuration of gold. This electronic perturbation results in a much smaller band gaps (2.38 eV) 

than with other metals, allowing blue visible light to be absorbed and produce its golden color. 

The relativistic contraction of the 6s orbital provides an explanation for the superior p-acidity of 

gold complexes, while energetic destabilization and expansion of the 5d orbital allows the 

delocalization of electronic density into carbon-based orbitals of sufficiently low energy, 

particularly into an empty orbital of a carbocation. This provides a rationalization for the 

carbenoid behavior often observed with gold complexes, and this effect depends highly on the 

nature of the ligand on the gold complex. Another consequence of the relativistic effects on gold 

complexes resides in its preference to adopt a linear, bicoordinate geometry. This last effect has 

provided spectacular ligand impacts on the outcome of the catalyzed reactions but has 

significantly increased the difficulty for asymmetric induction during the development of 

enantioselective transformations.  

 

1.2 Gold(I)-catalysis in total synthesis of natural products 

In the past decade, gold catalysis has been billed as one of the most important 

breakthroughs in organic synthesis.
2
 Due to their selectivity, efficiency, robustness, and 

versatility, gold complexes are suitable catalysts for important applications in the total synthesis 

of natural products.
5 

In fact, these highly chemoselective Lewis p-acid catalysts, which 

demonstrate reactivity under very mild conditions, tolerate  the presence of various functional 

groups, minimizing protecting group manipulations.  
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Moreover, gold catalysts allow a rapid increase in molecular complexity and induce a high level 

of atom economy. Complex mechanistic cascades and chemoselective p-activation allow unique 

disconnections that often result in shorter and more efficient synthetic routes. The following 

section will highlight a number of total syntheses using homogeneous gold catalysis as the key 

step and will illustrate the wide utility of these catalysts. Syntheses that are closely related to the 

work described in this thesis will be presented first, followed by syntheses that undergo a 

mechanistically complex gold catalyzed cascade and finally syntheses where highly 

chemoselective p-activation is needed. A brief overview of essential concepts will reveal the 

synthetic potential of gold catalysis in the description of the presented examples. 

 

1.3 Gold-Catalyzed Conia-ene and related reactions 

Gold catalysts act as soft Lewis acids and activate alkynes to allow nucleophilic 

additions. Cyclic enol ethers were found to be great nucleophilic partners and allow mild 

formation of carbon-carbon bonds. Toste and coworkers developed a gold catalyzed version of 

the Conia-ene reaction and extended the reaction scope to silyl enol ethers.
6 

The utility of this 

new transformation was demonstrated by his group during the asymmetric synthesis of two 

Lycopodium alkaloids: lycopladine A and fawcettimine. Later, Nicolaou and coworkers used a 

gold(I)-catalyzed Conia-ene cyclization of a silyl enol ether (1.01) to construct [3.2.1]-bicyclic 

enone (1.02) in their route toward platencin.
7
 On the other hand, enamines are not often used in 

gold catalysis, but Dake developed an equivalent strategy for the synthesis of fawcettimine. 

Cyclic enamine (1.03) was used as the nucleophilic partner and the transformation was catalyzed 

by a platinum complex.
8
 Although this carbocyclization tolerates the formation of a quaternary 

center at the ring junction, only the synthesis of cyclopentene is reported, limiting the synthetic 

utility of these transformations. 
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Scheme 1.01 Total synthesis of platencin, lycopladine, and fawcettimine via 5-exo/endo-dig 

                      gold(I)-catalyzed carbocyclization (Conia-ene) 

Zhang and coworkers recently designed a cascade for the synthesis of three different 

drimane-type sesquiterpernes.
9
 When diynes (1.07) were submitted to IPr gold(I) complex, a 5-

endo-dig heterocyclization took place between the carboxylic acid and the first alkyne. This 

afforded cyclic enol ether (1.08), which is well set up to undergo a second cyclization. The 6-

exo-dig carbocyclization allowed the formation of decalin compound (1.09), a common 

intermediate in the synthesis of the three natural products (Scheme 1.02). Interestingly, the 

presence of a strong s-donor NHC ligand (IPr ) on the gold complex was necessary to achieve 

the transformation with moderate yield. 

 
Scheme 1.02 Total synthesis of antrocin and related members via a 5-endo-dig gold(I)-catalyzed 

                       heterocyclization/6-exo-dig carbocyclization cascade by Zhang 

The last synthesis that inspired our work is based on the related platinum catalyzed 

process. A readily available enaminyne precursor (1.10) allows the stereoselective synthesis of 

the tetracyclic core (1.13) of the alkaloid nakadomain A.
10

 An N-acyliminium ion (1.11), 

generated in situ upon addition of an enamide on an activated alkyne, triggers a Fridel-Crafts 

type cyclization leading to a formal [3+2] cycloaddition. The final two rings were formed by ring 

closing metathesis (RCM), using Grubb's first and second generation catalysts. 
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Scheme 1.03 Total synthesis of nakadomarin A via a platinum catalyzed formal [3+2] 

                      cycloaddition by Zhai 

 

1.4 Gold-catalyzed mechanistically complex reaction cascade 

The next syntheses will highlight mechanistically complex cascades initiated by gold 

catalysis. Upon p-activation of an alkyne, highly reactive cationic intermediates are generated. 

These can be designed to undergo further known cationic processes and lead to polycyclic 

structures relevant to the synthesis of natural products. Toste reported an early example of this 

concept for the synthesis of ventricosene.
11

 After the initial 6-exo-dig cyclization of enyne (1.14), 

the tertiary carbenium (1.15) undergoes a stereoselective semi-pinacolic rearrangement 

delivering cyclobutanone (1.16) in high yield. The final angular triquinane system was then 

addressed via a second ring expansion. 

 
Scheme 1.04 Total synthesis of ventricosene via a gold(I)-catalyzed 1,6 enyne  

                      cycloisomerizatiom/semi-pinacolic rearrangement cascade by Toste 

An illustration of mechanistically complex cationic cascades was reported by Malacria 

during the synthesis of capanelle.
12 

A gold catalyzed rearrangement converts propargyl acetate 

(1.17) into acetoxy-allene (1.18), which is activated by the same catalyst to generate cationic 

intermediate (1.19). Electrocyclic Nazaroz cyclization of intermediate (1.19) delivers gold 

carbenoid intermediate (1.20), which undergoes a cyclopropanation with the tethered alkene. The 

resulting product (1.21) isolated in 90% yield was finally elaborated into the linear triquinane 

capanellene.
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Scheme 1.05 Total synthesis of capanelle via 1,3 propargyl acetate shift/Nazarov  

                      cyclization/cyclopropanation cascade by Malacria 

Propargyl acetates also can be mild synthetic alternatives to diazo compounds and 

participate in a cyclopropanation reaction. Professor Nevado developed an enantioselective 

intermolecular cyclopropanation of vinyl gold carbenoid (1.24), which was the result of a gold-

catalyzed 1,2 acetate shift of propargyl pivaloate (1.22), followed by a homo-Cope 

rearrangement.
13

 After in situ hydrolysis and equilibration, the thermodynamically favored 

ketone (1.26) could be isolated in 68% yield and over 90% ee. Cycloheptenone (1.26) is an 

advanced intermediate in the formal enantioselective synthesis of frondosins A.  

 
Scheme 1.06 Total synthesis of frondosin A via 1,2propagyl acetate shift/ intermolecular  

                      cyclopropanation/homo-Cope rearrangement by Nevado 

Echavarren, a pioneering researcher in gold(I)-catalyzed cycloisomerizations of enynes, 

used a pendant carbonyl to a 1,6-enyne to trap the cationic intermediate (1.28) generated after the 

first carbonïcarbon bond. The addition of the oxygen to the tertiary carbocation (1.28) led to 

cyclic oxocarbenium (1.30), which underwent a Prins type cylization to afford oxatricycle (1.31) 

containing a bridged furan ring. This formal [3+2] dipolar cycloaddition built the tricyclic core 

during the enantioselective synthesis of englerin A and orientalol F.
14

 Maôs group reported the 

same key step for the synthesis of englerin A.
15

 Its substrate was analogous to enyne (1.27) 

without the protected tertiary alcohol.  
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These studies revealed the synthetic importance of this functional group. Substrate (1.27) 

undergoes a more selective and efficient gold catalyzed process and the resulting tertiary alcohol 

in tricycle (1.31) furnishes a good synthetic handle to finish the synthesis of both natural 

products.  

 
Scheme 1.07 Total synthesis of (-)-englerin A via 1,6-enyne cycloisomerization/Prins type 

                      cyclization cascade by Echavarren 

 

1.5 Highly chemoselective Lewis acid p-activation of alkyne 

The last examples are mechanistically less complex, but the chemoselectivities 

encountered are of paramount importance for the transformation of such advanced intermediates 

that are surrounded by a high density of functional groups. The high chemoselectivity not only 

allows selective transformation of complex molecules containing various functional groups, but 

also reduces the use of multiple protecting groups. A Claisen rearrangement was used to merge 

two fully functionalized units for the total synthesis of azadiractin.
16

 The Claisen rearrangement 

of propargylic enol ether (1.32) could be achieved thermally, under microwave irradiation, at 185 

°C, but the notably mild conditions render the gold catalyzed method much more robust and 

attractive in preparative terms.  

 
Scheme 1.08 Total synthesis of azadiractin via 3,3 sigmatropic rearrangement by Ley 
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The total synthesis of bryostatin 16 by Trost and his coworkers provides more evidence 

of the high chemoselectivity which can be achieved via gold catalysis.
17 

Despite the gold-

catalyzed step being late in the synthesis and the fact that macrocycle (1.34) is crowded with 

oxygen functionalities and unsaturated moieties, only one protecting group is needed. Since the 

product (1.35) is highly sensitive to acid, the selective 6-endo-dig cyclization, which forms the C 

ring of bryostatin 16, is accomplished in a buffered solution allowing the isolation of sensitive 

macrocycle (1.35) in good yield.  

Scheme 1.09 Total synthesis of bryostatin 16 via 6-endo-dig gold(I)-catalyzed  

                      hydroalkoxycyclization by Trost  

Transformations that form polycyclic furans and pyrans play an important role in total 

synthesis, as these motifs are frequently found in biologically active natural products.
18

 As seen 

in Scheme 1.09, after the initial carbon-oxygen bond, an enol moiety is obtained. Under acidic 

conditions another heterocyclization can happen, and thus an alkyne can be synthetically 

equivalent to a ketone in a spiroketalization process. The use of robust alkynes brings 

unambiguous synthetic advantages: first, as an easy modular disconnection and, second, as a way 

to avoid the need for protection and activation, which are strategies typically encountered in 

carbonyl chemistry. During the formal synthesis of azaspiracid, the use of an alkyne in (1.36) 

instead of a ketone as the precursor for the ketal functionality eliminates the risk of alkene 

isomerization and/or conjugation.
19

 After a 6-exo-dig heterocyclization to furnish cyclic enol 

(1.37), an acid-promoted spiroketalization, followed by the loss of dimethyl ether, afforded the 

desired tetracyclic core (1.38). The diastereoselectivity in the ketal formation is based on 

thermodynamic control. 
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Scheme 1.10 Total synthesis of azaspiracid via gold(I)-catalyzed spiroketalization by Forsyth 

The gold-catalyzed additions of oxygen nucleophiles to carbonïcarbon multiple bonds is 

a significant synthetic strategy for generating polyheterocycles, in particular cyclic spiroketals. 

Even two gold-catalyzed spiroketalizations were applied as key steps in the formal total 

synthesis of okadaic acid (Scheme 1.11).
20

 Cyclic ether (1.39) enables the formation of 5,6-

membered ring spiroketal (E-D), while linear precursor (1.41) allowed selective formation of the 

6,6-membered ring spiroketal (A-B). For cyclic ether (1.39), even under acid-free conditions, 

parts of the anisylidene group were deprotected. But, the in situ cleavage, based on the Lewis 

acidity of the gold catalyst, had no negative effect on the catalysis and subsequent full 

deprotection with additional tosic acid furnishes spiroketal (1.40) in good yield. For the second 

ketal precursor, 1,3-anti- and 1,3-syn-triols (1.41) and (1.42) were obtained as epimers during 

their synthesis and both of them were subjected to the gold catalyst. The relative configuration 

was found to be important for the selectivity of the reaction. While the anti-triol (1.41) delivered 

the desired spiroketal (1.43) as the exclusive product, three different products were obtained in 

the case of syn-diol (1.42). For this precursor, the major pathway derived from an initial 5-exo-

dig cyclization and both epimers of the spiroketal (1.44) were obtained in a ratio of 7.6:1.  

 
Scheme 1.11 Formal synthesis of okadaic acid via gold(I)-catalyzed spiroketalization by Forsyth
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The most recent application of spiroketalization in a highly complex environment was 

presented by the Fürstner group during its synthesis of the antimitotic macrolide Spirastrellolide 

F methyl ester.
21

 After macrocyclization via an alkyne metathesis to access compound (1.45), a 

two-step procedure allows formation of the second spiroketal moiety of the desired compound 

and delivers, in 50% yield, the macrocycle (1.46). Like the gold-catalyzed step of the azaspiracid 

synthesis (Scheme 1.10), addition of acid and heating were necessary for the addition of the 

sterically-hindered secondary alcohol. Interestingly, in this case, a Buchwald-type ligand was the 

best choice for addressing the desired selectivity in the gold catalyzed heterocyclization.  

Scheme 1.12 Total synthesis of spirastrelloide F methyl ester via a gold(I)-catalyzed  

                      carbocyclization by Fürstner 
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Chapter 2 
 

Polycyclic Polyprenylated Acylphloroglucinols 
 

2.1 Introduction to PPAPs: chemical structures and biological activities 

Polyprenylated polycyclic acylphloroglucineols (PPAPs) are a large family of natural 

products, which includes more than 200 members that have been discovered to date. Most of 

these compounds were isolated from plants and trees from Clusiaceae (Guttiferae), a family of 

plants that includes more than 37 genera and 1600 species.
1
 This family of natural products 

possesses a wide range of biological activities like antibiotic, antiseptic, anti-HIV, anti-

inflammatory, anti-neurodegenerative, antioxidant, anticancer or antidepressant properties.
2
 

Although few  bicyclo[3.2.1]octane-2,4,8-trione central core are found like enaiemone B (2.11) 

and ialibinone A (2.12), most of these compounds have highly oxygenated and densely 

functionalized bicyclo[3.3.1]nonane-2,4,9-trione core. 

 
Figure 2.01 Structures of selected PPAPs along with their reported biological activities 
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The bicycle framework is usually decorated with prenyl, geranyl and acyl side chains. In 

some of these compounds further cyclization takes place between the ß-diketone and the pendant 

olefinic groups, forming secondary ring systems on the bicyclic core and leading to 

adamantanes, dihydrofurano or pyrano-fused cyclic substructures as found in compounds (2.01, 

2.02, 2.03, 2.08, 2.09, 2.10 and 2.12). Hyperibone K (2.09) and its regioisomer pluketione A 

(2.10) are examples of rare adamantane-containing natural products.
3
 

Based on the position of the acyl group relative to the quaternary center on the bicyclic 

core and on the proposed biosynthesis, the members of the PPAP family have been categorized 

into three classes: type A, type B and type C. Type A structures, exemplified by nemorosone 

(2.05), are the most common and comprise more than a hundred known structures. This family 

bears the acyl group at the bridgehead position adjacent to the quaternary centers. Type B 

compounds, such as clusianone (2.06), are approximately half as prevalent as those of type A and 

the acyl group is located at the a-position to the b-hydoxyenone. Type C structures are the least 

common and bear the acyl group at the opposite bridgehead position relative to the quaternary 

center (Figure 2.02). The question if the structure of type C has been correctly determined is still 

under debate.
4
 After all, this type of PPAP does not derive from the same biosynthetic 

intermediate as type A and B. Their broad biological activities combined with their unique and 

challenging structural features have made some of these molecules a prestigious target in the 

field of total synthesis of complex natural products. 

 
Figure 2.02 Type A, B, C PPAPs 

St John's wort (Hypericum perforatum extracts) was used by the ancient Greeks as a 

remedy for many skin injuries, burns and neuralgia.
5
 These herbal extracts are currently used in 

some countries for the treatment of mild depression, anxiety, and sleep disorders, especially for 

children. Hyperforin (2.07), the active ingredient in St-Johnôs wort, is also known for its 

antibacterial properties and has recently been a promising candidate for the treatment of cancer.
6
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Another important target of the type A scaffold is garsubellin A (2.08), a natural product noted 

for its activities against neurodegenerative diseases. In fact, recent studies have shown that 

garsubellin A (2.08) induces the biosynthesis of acetylcholine, a neurotransmitter that, at low 

concentrations, can lead to Alzheimerôs disease.
7
 Simple PPAPs are also interesting, such as 

nemorosone (2.05), which exhibits antimicrobial, cytotoxic, and antioxidant activities, while 

clusianone (2.06) a type B PPAP, is known for its anti-HIV activity.
8
 

 

2.2 Biosynthesis of PPAPs 

PPAPs are biosynthetically derived from less complex monocyclic polyprenylated 

acylphloroglucinols (MPAPs) (2.15), which are found in many plants from the Myrtaceae and 

Cannabinaceae families. MPAPs are reported to show antimicrobial, antifungal, and antifeedant 

activity.
9
 MPAPs are derivatives of acylphloroglucinols (2.14) which contain an acyl group and 

two or three 3-methyl-2-butenyl (prenyl) side chains. The acylphloroglucinol moiety could be 

constructed biosynthetically via a polyketide pathway, with the attachment of one acyl-CoA 

group and three malonyl-CoA groups to furnish polyketide (2.13).
10

 An enzyme-assisted 

Dieckmann condensation and aromatization produce acylphloroglucinols derivatives (2.14).   

 

 

Scheme 2.01 Biosynthesis of type A, B and C PPAPs 

Further electrophilic substitution reactions on acylphloroglucinol moiety with dimethylallyl 

diphosphate (DMAPP), involving prenyltransferase enzyme, result in the formation of 

acylphloroglucinol MPAPs (2.15) and later in b-acids precursors (2.16). Cuesta-Rubio proposed 
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a mechanism for the cyclization of MPAPs to type A and type B PPAPs via a common b-acids 

intermediate (2.16).
11

 The dimethylallyl pyrophosphate (DMAPP) make a carbon-carbon bond 

with one prenyl unit of the geminal diprenyl groups of the b-acids, resulting in one of two stable 

tertiary carbocation intermediates (2.17) and (2.19).  Addition of the C1 enol moiety on the 

carbocation (2.17) would give type A PPAPs (2.18) and the addition of the C5 enol would result 

in type B PPAPs (2.19). Type C PPAPs may be made biosynthetically from a different set of 

MPAPs (2.21) having a quaternary center attached to the acyl group instead of a prenyl group.  

Reaction with prenyl pyrophosphate (DMAPP) will lead to a tertiary carbocation intermediate 

(2.22) and the resulting addition of C3 from the cationic intermediate would result in type C 

PPAP (2.23). Interestingly, MPAPs are an a-acid (2.15) and are converted during the brewing 

process into an iso-a-acids (2.24), the compound that is responsible for the flavor and bitter taste 

of beer.
12

 

 

2.3 Previous synthetic works towards PPAP 

The complex molecular framework of PPAPs, combined with their promising therapeutic 

potential has drawn attention from several research groups.
2
 Many groups, including our own, 

have succeeded in completing the total synthesis of several PPAPs. Considering the enormous 

work done in the scientific community to this end, and the fact that most strategies and 

methodologies developed for the construction of the bicycle[3.3.1]nonane system have been 

reviewed, only landmark examples highlighting the progressive achievements toward this large 

family of natural products will be presented.
13

  

In 1999, Professor K. C. Nicolaou and his team were the first group to report a synthetic 

route towards garsubellin A (2.08) employing a selenocyclization approach (Scheme 2.02).
14

 

This first route counts 24 synthetic steps and lead to an advanced intermediate (2.25).  At first 

glance, this intermediate seemed more complex than the natural product targeted, however, all 

the necessary synthetic handles to complete the synthesis were installed. No further reports using 

this strategy have been reported to date. In 2005, Nicolaou and co-workers disclosed an acid-

catalyzed Michael/Aldol sequence to rapidly access the bicyclic scaffold of PPAPs and 

cogeners.
15

 Treatment of cyclic b-ketoester (2.26) and methacrolein with triflic acid afforded the 

annulation product as a mixture of diastereoisiomers, both of which could be converted into 

bridged triketone (2.27) as a single diastereoisomer in the subsequent oxidation step using -
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Dess  Martin periodinane (DMP). This process gives an overall yield of 51% over two steps and 

allowed the simultaneous generation of the two bridgehead quaternary centers. Treatment of the 

bicyclic triketone (2.27) with KHMDS and phenylselenide bromide, followed by oxidation with 

m-CBPA and subsequent elimination, gave an enone which was readily converted into an eight-

membered ring lactam (2.28). This interesting rearrangement is mediated by an OsO4 

dihydroxylation and the resulting scaffold is found in some natural products such as 

perforatumone (2.28).
15b 

 
Scheme 2.02 Nicolaou's intermediate and Michael/aldol/ring expansion oxydation strategy 

In 2001, Iwasawa published an interesting tungsten-catalyzed 6-endo-dig 

carbocyclisation between a silyl enol ether and a substituted alkyne to access the bridged bicyclic 

ketone (2.30) in 70% yield.
16

 This transformation passes through a vinylidene intermediate 

(2.29a), limiting the substitution of the alkyne to iodide and hydrogen. This work was not 

relevant for its synthetic access to PPAPs, but was an important foundation for our work 

described herein. As this work is closely related to ours, the mechanism will be discussed in 

greater detail in the following chapter. 

Scheme 2.03 Iwasawa's methodology: tungsten-catalyzed 6-endo-dig carbocyclization 

The first tandem bond forming disconnection was reported by the Stoltzôs group, 

employing an Effenberger cyclization (Scheme 2.04).
17

 This strategy has become one of the 

most popular approaches for this class of molecules and some total syntheses using this strategy 
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will be discussed in the next section. Stolz et al. demonstrated that it was possible to form the 

bicyclic skeleton (2.32) in 84% yield using an excess of enol ether (2.31) with malonyl 

dichloride as the limiting reactant. In order to access PPAPs, an excess of valuable enol ether 

(2.33) was not favorable and therefore they modified the procedure to use only one equivalent of 

enol ether (2.33). It is important to underline that, even the intermediate (2.33) does not possess 

the bridgehead substituent, the bicyclo[3.3.1]nonane (2.34) core was only isolated in a modest 

yield of 36%. Interestingly, the cyclisation was diastereoselective and only the anti-isomer at the 

prenyl side chain was formed, which turned out to be real synthetic advantage for the 

construction of PPAPs. The lower yield shows that the cyclization is more difficult when the 

gem-dimethyl moiety is present on the enol ether ring (2.33­2.34)  

Scheme 2.04 Stoltz's approach: the Effenberger cyclization 

In 2002, Shibasaki and co-workers reported synthetic studies towards the synthesis of 

naturally occurring PPAPs (Scheme 2.05).
18

 Their approach utilized a one-pot Michael addition-

elimination between 1,3-diketone (2.35) and cis-chloroacrylate, which did not give the desired 

bicycle (2.38), but instead the bicyclic lactone (2.36). 
18a,b

 A subsequent sequence of six steps 

afforded the aldehyde (2.37), which was further transformed into the desired bicyclic compound 

(2.38). An aluminum(III)-mediated aldol cyclization followed by an oxidation and a subsequent 

elimination furnished enone (2.38).  Deprotection of the diol and a Wacker type cyclization 

provides the tricyclic furan (2.39). The advanced intermediate (2.40) was obtained from a Stille 

coupling and was only missing one prenyl side chain.  

Scheme 2.05 Shibasaki's approach: Michael/Dieckman/aldol strategy 
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The construction of PPAPs framework using an intramolecular [3+2] cycloaddition 

between an allene and a nitrile oxide was reported by Young and co-workers (Scheme 2.06).
19

 

Treatment of compound (2.41) with phenyl isocyanate and triethylamine induces the 

cycloaddition and created the bridged bicylic framework. The synthesis was further carried out 

by reductive cleavage of the isoxazoline (2.42) to afford enamine (2.43).  

Scheme 2.06 Young's approach: an allene-nitrile oxyde [3+2] cycloaddition 

George Kraus and his group published three distinct strategies to quickly access the 

bicyclo[3.3.1]nonane core (Scheme 2.07).
20

 In 2003, they showed that it is possible to make the 

bridged bicyclic ring system using a manganese-mediated oxidative free radical cyclization.  A 

simple b-keto ester (2.44) was converted into bicycloalkene (2.45) via an intramolecular 6-endo-

trig carbocyclisation using manganese acetate and copper acetate. Treatment of bicycloalkene 

(2.45) with NBS led to the dibromide intermediate (2.46). Further addition of NBS gave a 

tribromide intermediate which was transformed into bromoenone (2.47) in the presence of 

aqueous acetic acid at 115 °C. In 2005, they employed an addition-elimination strategy using 

diacetoxyvinyl sulfone as a double Michael acceptor to form the bicyclic ring system (2.49). A 

subsequent treatment of bicycloalkane (2.49) with sodium amalgam gave compound (2.50). In 

2008, Kraus reported an original strategy to access an advanced intermediate towards the 

synthesis of papuaforin A (2.01). The key bonds were made by a Michael addition of methyl 

acrylate to b-ketoester (2.51) followed by a Birch reduction cyclization to afford bicyclic diol 

(2.52) in 85% yield. The diol (2.52) was oxidized and the resulting diketone was readily 

converted to the corresponding silyl enol ether. The latter was treated with NBS in refluxing 

carbon tetrachloride to furnish a-bromoenone (2.53) which, after two steps, was converted to 

hemiacetal (2.54).  The last compound (2.54) is the most advanced intermediate towards the 

synthesis of papuaforin A published by this group (2.01)  

.
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Scheme 2.07 Overview of Krausôapproaches 

In 2003, Grossman et al. reported the construction of the bicyclo[3.3.1]nonane ring core 

of PPAPs (2.58) via an intramolecular aldol reaction of cis-enal (2.57).
21

 The bridged bicyclic 

ring precursor (2.57) was prepared via a four steps sequence.  First, a reaction of alkynylation 

between b-ketoester (2.55) and alkynyltributyltin in the presence of Pb(OAc)4 gave compound 

(2.56).  An acid-mediated acetal deprotection of acetal (2.56) followed by a syn hydrosilylation 

using Co2(CO)6 complex produced E-a-silyl enealdehyde (2.57). Finally, an acid-mediated aldol-

cylisation provided the bridged bicycle (2.58).  

Scheme 2.08 Grossmanôs approach: the alkynylation/aldol strategy 

Mehta and coworkers investigated four different strategies for the formation of 

bicyclo[3.3.1]nonane core, however only two approaches will be highlighted.
22

 Initially, they 

were using a palladium(II)-catalyzed Kende cyclisation. Starting from ɻ-pinene (2.59), this 

approach was the first reported enantiospecific synthesis of a fully advanced intermediate of a 

PPAP family member.  In subsequent work, Mehta and co-workers used a DIBAL-H mediated 

reduction of a ring fused lactone (2.63) to initiate a thermodynamically-controlled retro-aldol 

aldol cascade to generate the advanced bicyclic intermediate (2.64) in 45% over two steps. 
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In order to access an higher oxidation state bridged bicycle, Metha also investigated the 

Effenberger cyclization. 
22d

 

Scheme 2.09 Overview of Mehta's approaches 

 

2.4 Total synthesis of PPAPs 

A decade after Nicolaou had reported the synthesis of the first fully functionalized 

advanced synthetic intermediate (2.25), five research groups have succeeded in synthesizing only 

three PPAPs. Early efforts relied on the formal annulation of a three-carbon bridge onto a 

polyfunctionalized cyclohexanone derivative to afford the bicyclic framework. The highly 

oxygenated framework and the two bridgehead quaternary carbons revealed some difficulties in 

using this linear and modular strategy. Long and tedious functional group manipulations are 

often needed to access these complex bicyclic frameworks from an over-simplified model system 

and the adjustment of the desired oxidation state can be long-winded. However, the latest 

versions of this strategy appear promising, while recent efforts have decreased the number of 

steps compared to earlier attempts. Moreover, this synthetic strategy offer the opportunity to 

further incorporate almost any side chain that may be required, at any position, in order to access 

a variety of analogues using the same approach. The second general strategy is the alkylative 

dearomatization of substituted phenols. At first glance, this strategy appears more attractive as 

higher overall yields are observed and as this approach is closely related to the natural pathway. 

Furthermore, the biomimetic dearomatization strategy could take advantage of the hidden 

symmetry within the targeted molecule to drastically shorten the number of synthetic steps. The 

only issue is that these convergent syntheses are more limited in the number of different  
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analogues easily accessible with the same synthetic strategy. However, recent developments 

have allowed the synthesis of more members of the family and the challenging structure of 

hyperforin (2.07) has been made successfully twice already. The target that initially captured the 

attention of the synthetic community was garsubellin A (2.08), independently attained in 2005 by 

the groups of professor Shibasaki and professor Danishefsky.
18c,25a

 A year later, the group of 

Simpkins reported a formal synthesis using the popularized Effenberger cyclization. In the 

following years, nemorosone (2.05), clusianone (2.06) and hyperforin (2.07) emerged as popular 

synthetic targets; clusianone (2.06) is at the top of the list with seven syntheses reported.  In this 

section, we will cover almost all the total syntheses published to date with the exception of those 

of garsubellin A (2.08).  

 

2.5 Total synthesis of PPAPs: first synthetic strategy 

After the landmark study by Stolz, the Effenberger cyclization became one of the most 

popular strategies to access PPAP natural products.
23

 Three different groups have reported the 

synthesis of clusianone using this method. Simpkins was the most active researcher in this field 

and report the synthesis of nemorose (2.05) as well as an enansioselective synthesis of 

clusianone (2.06).
23a,b 

Each group started their synthesis with a sequence originally developed by 

Stork and Danheiser to access cylohexenone (2.65) or (2.70).
24

  

 
Scheme 2.10 Resume of Effenberger cyclization for the total synthesis of clusianone (2.06) and  

                      nemorosone (2.05) 
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After the formation of corresponding silyl enol ether (2.66), 2.68) or (2.71), the key    

Effenberger cyclization with malonyl dichloride was performed.

Marazano reported the shortest synthesis and the only annelation with prenyl substituents at both 

bridgehead carbons, which led to bicycle (2.69).
23c

 For the others, functionalization of the second 

bridgehead carbon was performed after the formation of the bicyclo[3.3.1]nonanone core. 

Enantioselective syntheses of PPAPs had also been reported using the Effenberger cyclization 

strategy (Scheme 2.11). While Simpkins developed a late asymmetric prenylation of the 

advanced intermediate (2.67), Coltart employed an asymmetric a-alkylation of chiral cyclic N-

aminocarbamate derived hydrazones (2.73) to install the prenyl unit.
23e,f 

Scheme 2.11 Overview of the successful Effenberger cyclization for the enantioselective total  

                      synthesis of clusianone (2.06) 

Professor Shibasaki has been one of the most prolific contributors in this area, with the 

synthesis of the two most challenging targets, garsubellin A (2.08) and hyperforin (2.07) 

(Scheme 2.12 and 2.13).
18c,e 

While the publication of both syntheses was a landmark in the field 

of PPAP synthesis, Shibasakiôs syntheses highlights the difficulties in constructing  such 

polysubstituted cyclohexanone, in particular due to the necessary substitution of both 

bridgeheads, and due to the robustness of the annelation method required to tolerate a sterically 

hindered environment. In the case of garsubellin A (2.08), a fifteen step sequence was necessary 

to access diene (2.79), which upon treatment with 2
nd

 generation Hoveyda-Grubbs catalyst, gave 

the corresponding bridgehead ketone.
18c

 A subsequent allylic oxidation using Bartonôs selenium 

oxidation procedure and followed by a deprotection of the MOM-ether afforded cyclohexenone 

(2.80). This advanced intermediate (2.80) was converted to garsubellin A (2.08) in five further 

steps in 11% overall yield.  
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Scheme 2.12 Ring closing metathesis for the total synthesis of garsubellin A (2.08) by Shibasaki  

Nearly thirty years after its initial isolation, a fifty step asymmetric synthesis of 

hyperforin (2.07) was disclosed by Shibasaki (Scheme 2.13).
18e

 The synthesis began with an 

asymmetric DielsïAlder reaction between silyl enol ether (2.81) and  oxazolidinone acrylamide, 

promoted by cationic ironïpybox complex (2.82), to afford polysubstituted cyclohexane (2.83) in 

excellent yield and enantiomeric excess (93%, 96% e.e.). The latter compound was converted to 

cyclohexanone (2.84) after a series of functional group manipulations and protections. Despite 

the lengthy synthetic sequence that merely introduced an additional isopropyl group, the six step 

transformation of (2.84) to (2.85) proceeded with 58% overall yield.  

Scheme 2.13 Intramolecular aldol reaction for the total synthesis of ent-hyperforin (2.07) by 

                      Shibasaki  

Sixteen more steps were necessary to install the allyl and prenyl side chains and to form 

the bicyclic core (2.87) via an aldol reaction.  From this advanced intermediate (2.88), they 

concluded the first synthesis of ent-hyperforin (2.07) in twenty-one additional steps.   
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Although it may seem as a synthetic tour de force, the presence of numerous protecting groups 

and tedious oxidation state manipulations plagues the practicality of this synthesis. 

The last synthesis, based on the bridegehead annelation of a polyfunctionalized 

cyclohexanone derivative, possessed a significantly reduced number of steps to achieve its target.  

While the synthesis developed by Plietker seems limited to alkyl groups on the bridgehead 

substituents, it is a short and high-yielding synthetic approach which is quite generally applicable 

towards trans-type B PPAPs (Scheme 2.14).
25

 The key step consists of a Dieckman 

condensation of a congested  cyclohexanone (2.94) to construct fully substituted bridgehead 

scaffolds bearing the correct oxidation state.  The Dieckman precursor (2.94) was assembled via 

a tandem Michael addition/Knoevenagel condensation. This modular synthetic approach enabled 

the total synthesis of three natural products (2.03), (2.97) and (2.98) and two non-natural 

products (2.95) and (2.96). 

 
Scheme 2.14 Dieckmann condensation for the total synthesis of five different PPAPs by Plitker 

 

2.6 Total synthesis of PPAPs: second synthetic strategy 

The second general synthetic strategy is the alkylative dearomatization of substituted 

phenols, a biomimetic synthetic approach which has allowed the shortest synthesis of clusianone 

(2.06) to date, completed by Professor Porco.
27a

 This strategy was initiated by Professor 

Danishefsky, another prolific contributor to this area, with the synthesis of garsubellin A (2.08), 

clusianone (2.06) and nemorosone (2.05).
 26

 While Danishesfky used the same synthetic strategy 

for all three targets, only the syntheses of clusianone (2.06) and nemorosone (2.05), which used 

differentiation of non-conventional carbanions, will be presented (Scheme 2.15).
 26a,b

 The 

divergent synthesis starts with 3,5-dimethoxyphenol (2.99), which undergoes a double 

palladium(0)-catalyzed allylation followed by a cross methathesis reaction with 2-methylbut-2-
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ene. A further monodemethylation afford dearomatized gem-diprenyllated product (2.100) in 

33% yield over three steps. The common intermediate (2.102) that served as the branching point 

for the two naturally occurring PPAPs was constructed by an iodine-induced cyclization method 

developed by this research group during the synthesis of garsubellin A (2.08). Due to the lack of 

the furano-fused ring that provides further rigidity to the molecule, this transformation was less 

selective on monocyclic compound (2.100) and led to the desired bicycle in a moderate 32% 

isolated yield. It is important to note that, a more selective transformation was carried out during 

the synthesis of garsubellin A (2.08).
26c 

Finally, the Danishefsky group was able to generate, 

exploit and differentiate non-conventional carbanions and finish both syntheses from a common 

intermediate (2.102). Six more steps were needed to correctly add the acetophenone and the 

prenyl side chains in order to access clusianone (2.06) and seven more steps were needed to add 

these two substituents in an inverse order and access nemorosone (2.05). 

Scheme 2.15 Differention of non-conventional carbanions for the divergent synthesis of  

                   clusianone (2.06) and nemorsone (2.05) by Danishefsky 

Inspired by biosynthetic considerations, Porco conceived an ingenious and highly 

expedient synthetic approach to the synthesis of PPAPs.
27

 In this approach, an alkylation 

dearomatization/annulation strategy was developed to directly access the bicyclic core structure 

of the PPAPs from clusiaphenone B (2.106). The reaction between a bis-Michael acceptor and 

clusiaphenone B (2.106) led to an annulated product, which was readily methylated with 

TMSCHN2 and isolated in 54% yield over two steps.  
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Conversion of the aldehyde in the compound (2.107) into the remaining prenyl side chain was 

executed through a four steps sequence and finalized the synthesis of clusianone (2.06). 

 
Scheme 2.16 Alkylative dearomatization/annulation reaction for the synthesis of clusianone  

                      (2.06) by Porco 

Three years later, using the same synthetic approach, Porco and co-workers achieved an 

enantioselective synthesis of the adamantane-containing PPAP natural product, hyperibone K 

(2.09) (Scheme 2.17).
27b

 An asymmetric dearomatization/alkylation sequence was investigated 

under phase-transfer conditions in the presence of a cinchona alkaloid as the chirality inducer.  

Dimeric cinchona alkaloid (chiral PTC) was identified as the most effective catalyst, which, in 

combination with heptanoate aldehyde, furnished adamantane (2.111) in 71% yield and 90% e.e.  

This asymmetric transformation leads to bicyclic intermediate (2.110), which is the epimer of 

bicyclic (2.107). This epimeric aldehyde (2.110) is well oriented to undergo another carbon-

carbon bond formation and generated the adamantane ring (2.11). Two additional steps were 

required to install the last vinyl moiety and finish the synthesis of hyperibone K (2.09). 

 
Scheme 2.17 Alkylative dearomatization/annulation reaction for the enantioselective synthesis of  

                       hyperibone K (2.09) by Porco 

In order to access the isomeric adamantane natural product pluketione A (2.10), Porco 

had developed a site-selective dearomatization/annulation of a clusiaphenone B derivative 

(2.112).
27c

 A methyl ether protected clusiaphenone B (2.112) was employed with the intention  
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that the alkylation dearomatization sequence would take place at the C5 and C1 rather than at the 

C5 and C3. It was found that the masked hydroxyl group at C5 disfavors carbon-carbon bond 

formation at C3. Thus, treatment of compound (2.112) with LiHMDS in the presence of a bis-

Michael acceptor afforded the monoalkylated dearomatized product (2.113) in 90% yield. 

Exposure of intermediate (2.113) to concentrated HCl eventually led to the production of 

adamantane (2.115) in 75% yield as a single diastereoisomer. The synthesis of pluketione A 

(2.10) was completed almost in the same way as hyperibone K (2.09) with the addition of the last 

vinyl side chain. 

 
Scheme 2.18 Alkylative dearomatization/annulation reaction for the synthesis of pluketione A  

                     (2.10) by Porco 

Recently, Shair reported a short and elegant enantioselective synthesis of hyperforin 

(2.07) (Scheme 2.19).
28

 This last synthetic approach could be seen as a combination of the two 

general synthetic strategies.  While they did not perform the dearomatization of a symmetric 

aromatic intermediate, they exploited the latent symmetry of intermediate (2.118) which also 

allowed them to incorporate some elements of modularity during the synthesis. After two 

alkylations of cyclohexadiene (2.117), the bicyclic bridgehead scaffold (2.101) was obtained via 

the Lewis acid mediated opening of epoxide (2.118). After oxidation and functional groups 

manipulation, intermediate (2.120) is set up for an allyl radical addition. Protection of the 

vinyligous ester moiety afforded intermediate (2.121) which is only missing the acyl bridgehead 

group. Contrary to Danishefsky's and Simpkins' synthesis, functionalization of the bridgehead 

carbon was accomplished in a one-pot reaction and subsequent deprotection delivered hyperforin 

(2.07) over 14 steps from cyclohexadiene (2.117). Due to the adjacent quaternary center, 

functionalization of this last bridgehead carbon remains the biggest challenge in the synthesis of 

PPAPs. 
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Scheme 2.19 Enantioselective total synthesis of hyperforin (2.07) by Shair  
 

2.7 Previous work towards the synthesis of PPAPs in the Barriault lab 

Numerous synthetic efforts have been made to achieve the synthesis of PPAPs, resulting 

in innovative synthetic strategies to access the bridged bicyclic core and in new methodologies 

for sterically hindered C-C bond forming reactions. Comparing the structural similarities 

between the PPAPs, one could deduce that the wide range of biological properties of these 

compounds arise from small variations. Their common bicyclic framework can be viewed as a 

tridimensional structure that helps to arrange the corresponding tethers in the accurate 

orientation. As this remarkable structure-activity relationship is still misunderstood, the 

development of a general and efficient synthetic strategy to prepare most members of the family 

and elaborate a natural-unnatural library of compounds is of paramount importance. 

Prior to the work on gold(I)-catalysis, our group tackled the synthesis of a member of the 

PPAP family, garsubullin A (2.08), using a Prins-Pinacol approach (Scheme 2.20). A former 

group member, Mélina Girardin, synthesized the tricycle bridged core of garsubellin A (2.08) via 

an ingenious Prins-Pinacol cascade.
29

 The acetal (2.122) was exposed to tin(IV) chloride to 

afford the bicyclo[3.3.1]nonane (2.125) in 78% yield. After acetal opening, the resulting 

oxocarbenium (2.123) undergoes a Prins cyclization leading to the tertiary carbocation (2.124). 

The latter rearranges to compound (2.125) via a semi-pinacolic rearrangement. This domino 

process quickly delivers the tricyclic core of garsubellin A (2.08). This strategy is particularly 

adapted for garsubellin A (2.08), but was not of general applicability to generate the bicyclic 

scaffold for the whole PPAPs family. 
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Scheme 2.20 Prins-Pinacol strategy towards the tricyclic bridge core of garsubellin A  

The discovery of a novel gold(I)-catalyzed benzannulation by Christiane Grisé-Bard (Ph. 

D. student), which generates functionalized tetrahydronaphthalenes, developed in our group an 

interest for the field of gold catalysis.
30

 Rapidly, the Barriault group hypothesized that gold(I) 

catalysis could be very useful in producing sterically hindered bridged bicylic scaffolds (Scheme 

2.21). Taking advantage of the afýnity of phosphino gold(I) salts for triple bonds, we envisioned 

a gold(I)-catalyzed 6-endo-dig carbocyclization of cyclic silyl enol ethers  to synthesize bicyclic 

bridgehead ketones.  Initial work done by Geneviève Bétournay (honors student), revealed that 

the gold(I)-catalyzed carbocyclization of silyl enol ether (2.127a) gave the desired product 

(2.128a) in 18% yield under microwave condition. Interestingly, allene (2.129) was isolated in 

78% yield . The major product of the reaction, compound (2.129), was the result of a formal 

sigmatropic shift of the alkyne. 

Scheme 2.21 Preliminary result in the synthesis of bridged carbocycles via a gold(I)-catalyzed 

                      6-endo-dig carbocylization 

 

2.8 Catalyst and reaction condition optimization 

With this result in our hands, we next examined various catalyst, solvent and reaction 

conditions. The results are shown in Table 2.01.
31 

Treatment of silyl enol ether (2.127a) with 5 

mol % of triphenylphosphinegold(I) chloride and 10% of water in DCM at room temperature 

gave the bridged ketone (2.128a) in low conversion (30%) (entry 1). The major by-product was 

the ketone (2.131) resulting from the hydrolysis of silyl enol ether (2.127a).  
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The side product (2.130) was also isolated in significant quantity.  The latter is the result of a 

competing triple bond hydration.  The replacement of triphenylphosphine by triethylphosphine 

dramatically improved the chemoselectivity (30:1) and the conversion (76%) (entry 2). 

Moreover, the choice of ligand, solvent and counterions seemed to be play a key role in the 

reaction selectivity (entries  3-8).  After considerable experimentation, we found that the use of 

(acetonitrile)[(2-biphenyl)di-tert-butylphosphine]gold(I) hexafluoroantimonate (L1aAu+) (5 

mol%) in acetone afford the desired product (2.128a) in 90% isolated yield (entry 8).
32

 

Table 2.01 Optimization of the 6-endo-dig carbocylization toward the synthesis of bridged  

                   carbocycles 

Surprisingly, the air stable JohnPhosGold(I) complex (L1aAu+), developed by 

Echavarren and co-workers, gave mainly the hydration product (2.130) in dichloroethane (entry 

5). It is important to outline that the question of the reproducibility of this transformation could 

be an interesting issue. Indeed at the time that this research was done, we were not aware of the 

important aspect of the water and we did not try to use dry or wet dichloromethane to observe the 

impact on the chemoselectivity (entry 5). However, this aspect will become important for more 

challenging gold(I) catalyzed reactions (see  chapters 4 and 5).  Various solvents are suitable for 

this transformation, but additional experiments demonstrated that acetone was the optimal  



Polycyclic Polyprenylated Acylphloroglucinols 

 

32 
 22 

solvent for this process and 2 mol% of catalyst can be used without diminishing the conversion. 

With efficient and mild reaction conditions in hand, we examined the scope and limitations of 

the reaction. 

Scheme 2.22 Two synthetic sequences, R1 and R2 substitutions on the bridged carbocycles 

The preparation of the bridged carbocyles is presented in Scheme 2.22. The synthesis of 

silyl enol ether (2.127) began with commercially available cycloalkanone (2.132a), which 

underwent an acylation with sodium hydride and diethylcarbonate in refluxing THF. The 

installation of the propargyl unit was accomplished using very mild reaction conditions, cesium 

carbonate in acetone at room temperature. The conversion of ketone (2.133a) to the 

corresponding silyl enol ether (2.127) was performed using tert-butyldimethylsilyl triflate and 

triethylamine in dichloromethane. In order to synthesize the substrate with the corresponding R2 

tethered, we started the synthesis with readily available a-substituted cyclohexanone (2.139). 

The ketone (2.133b) was also prepared via an acylation reaction and nucleophilic addition to 

propargyl bromide. An excess of potassium hydride in refluxing THF with dimethylcarbonate 

already present was necessary to effectively trap the kinectic enolate before thermodynamic 

equilibrium. The formation of silyl enol ether (2.127) proved to be more difficult to perform. It 

was necessary to use potassium hydride in refluxing THF for the deprotonation followed by the 

addition of triethylsilyl chloride to obtain the desired enol ether (2.127). Having established a 

concise route to prepare the silyl enol ethers (2.127) embedded with R1 and R2 substituents, the 

mechanism and scope of the 6-endo-dig carbocyclization was then investigated.  
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2.9 Scope and mechanism of the gold(I)-catalyzed 6-endo-dig carbocyclization 

for the synthesis of bridged carbocycles 

A cursory inspection of the mechanism reveals that the Au(I)-carbocyclization can 

operate via four distinct pathways.  In path A, a 6-endo-dig carbocyclization generates 

intermediate (2.135) which upon protodeauration and hydrolysis gives the desired compound 

(2.128). Conversely, a competititve 5-exo dig cyclization can lead to compounds (2.130) and 

(2.143) via vinyl gold(I) intermediates (2.140) and (2.142) respectively (path B and C).  It was 

suggested that the formation of the secondary product (2.130) comes from an intramolecular 

addition of the ester instead of an intermolecular addition of water on the alkyne. Finally, the 

interaction of the triple bond and the gold(I) catalyst can result into the formation of a vinylidene 

complex (2.137), which undergoes a 6-endo-dig carbocyclization to give the 

bicyclo[3.3.1]nonanone (2.139) where the alkyne substituent has migrated to the internal carbon. 

Deuteration of vinyl gold(I) species can determine effectively which mechanism between path A 

and D is in operation during our gold(I)-catalyzed carbocyclization. Even the cyclization 

tolerates alkyl and aryl functionalities for the R2 substituent without migration, we did not rule 

out the possibility of the reaction occurring via pathway D. As we will see later, this pathway can 

be accessible when a good migratory group is present on the triple bond, such as an iodide.  

 
Scheme 2.23 Proposed mechanistic pathways for the gold(I)-catalyzed carbocyclization 

Although several methods have been developed to construct carbon bridged carbocyles 

of-medium sized rings, most of them are specific to a particular scaffold. Consequently, the first 

variation in the scope that we performed was the size of the  ring template (Table 2.02).  With 

silyl enol ether (2.127b), (2.127c) and (2.127d), we demonstrated that bicyclo[2.3.1]octanone 

(2.128b), bicyclo[4.3.1]decanone (2.128c), and bicyclo[5.3.1]undecanone (2.128d) could be 
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accessed efficiently via the gold(I)-catalyzed carbocyclization with 85%, 82% and 98% 

respectively (entries 1, 2 and 3). These results demonstrated unequivocally that bridged bicyclic 

frameworks of various sizes could be generated efficiently by this method. Interestingly, 

cyclization on ring sizes of odd number (5 & 7) required acetonitrile as solvent instead of 

acetone in order to obtain better chemoselectivity. As previous work in the field of gold(I)-

catalysis focused primarily on terminal alkynes, we next examined the substitution of the triple 

bond. To our delight, methyl and phenyl substituents were well tolerated and yielded to the 

bicyclic ketone (2.128e) and (2.127f) in 92% and 88% respectively. 

Table 2.02 Scope of the 6-endo-dig carbocyclization: R1 substitution 

In the context of its application to the total synthesis of natural polycyclic polyprenylated 

acetylphloroglucins (PPAPs), we further probed the scope of this transformation with substrates 

possessing tetrasubstituted enol ether to afford bicycles with two bridgehead quaternary centers 

(Table 2.03). With this goal in mind, we used methyl and allyl substituents, as is found in natural 

PPAP, and isolated the corresponding bicyclo[3.3.1]nonanone (2.128g) and (2.128h) in 91% and 

87% yields respectively. In order to increase the steric environment during the catalytic process 

and push the limits of our carbocyclization, we prepared various substrates possessing both 

substituents at R1 and R2 positions.  
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Gratifyingly, the cyclization worked as well as anticipated (entries 3 and 4). Even the addition of 

a strong electron withdrawing group at the para position of the aromatic ring did not affect the 

regioselectivity (entry 6). The results displayed in Table 2.03 show the attractive aspect of this 

method, which relies on the ability to easily construct bicyclo[m.n.1]alkanones, bearing two 

bridgehead quaternary carbon centers, under mild reaction condition. 

Table 2.03 Scope of the 6-endo-dig carbocyclization: R1 and R2 substituted bicyclic ketone 

The cyclization using propargylic iodide and bromide such as (2.127m) and (2.127o) was 

then investigated (Scheme 2.24 and 2.25). Treatment of the iodide derivative (2.127m) under 

standard conditions produced the desired ketone (2.128m), along with an isomeric product in 

ratio of 2.1:1 (91% yield).  In our original communication, we identified the side product as 

being ketone (2.143m).  However, further experimental evidences confirmed that this compound 

was misassigned and the correct structure is that of compound (2.139m).
33 

It formation could be 

explained by the generation of the vinylidene intermediate (2.144) and migration of the iodide to 

the internal carbon. After carbon-carbon bond formation and protodeauration, the bicyclic 

(2.139m) can be isolated. Therefore, the competitive path B, resulting from a 5-exo-dig 

cyclization, was never observed for these bridged bicyclic scaffolds. 
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Scheme 2.24 Gold(I)-catalyzed 6-endo-dig carbocyclization of iodoalkyne 

The effect of the solvent on these competing pathways was then investigated. The 

replacement of acetone by benzene as solvent gave similar results, while the occurrence of the p-

acid pathway is slightly enhanced (entry 2). Surprisingly, the use of chloroform gave great 

selectivity for the desired vinyl iodide (2.128m), while in MeOH the vinylidene pathway was 

preferentially followed, favoring the formation of vinyl iodide (2.139m) (entries 3 and 4).  

Table 2.04 Gold(I)-catalyzed 6-endo-dig carbocyclization of iodoalkynes  

The formation of a quaternary center during the cyclization had no effect on whether the 

solvent favored a competitive pathway (entries 5-8), but the enhancement of steric hindrance 
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seemed to slow down the cyclization of the classic p-acid intermediate. To our delight, the 

Au(I)-catalyzed cyclization of the bromoalkyne (2.127o) gave the vinyl bromide (2.128o) with 

both bridgehead substituents in 93% yield as the sole isomer (Scheme 2.25). This last 

satisfactory result concluded our preliminary investigation on model compounds.   

  
Scheme 2.25 Gold(I)-catalyzed 6-endo-dig carbocyclization of bromoalkyne  

Owing to the mild and efficient reaction condition, we were thrilled to apply the Au(I)-

catalyzed cyclization toward the total synthesis of complex PPAPs (Scheme 2.26).  One can 

recognize that an intermediate such as (2.147) could act as a common bridehead ketone for the 

modular synthesis of various PPAPs such as papuaforin A (2.01) and nemorosone (2.05). This b-

ketoenol (2.147) could come from an allylic oxidation of a well substituted cycloalkene (2.148). 

This latter compound could be obtained via our gold(I)-catalyzed 6-endo-dig carbocyclization 

between an alkyne and a silyl enol ether. The compound (2.149) could be derived from a 1-4 

methyl cuprate addition and enolate trapping with a defined aldehyde. Finally, the synthesis of 

enone (2.150) would follow a synthetic sequence developed by Storke and Danheiser for the 

synthesis of multi-functional cyclohexenone.  

 
Scheme 2.26 Our gold(I)-catalyzed retrosynthetic analysis of the PPAP family 

 

2.10 Synthesis of an advanced intermediate towards synthesis of PPAPs 

We started our synthesis with a sequence developed by Storke and Danheiser for the 

synthesis of poly-functionalized cyclohexenone (Scheme 2.27).
24

 Treatment of commercially 
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available diketone (2.152) with sulfuric acid in refluxing methanol gives the corresponding 

vinylogous ester, which is subsequently allylated by deprotonation with LDA and treatment of 

the resulting enolate with allyl bromide. The addition of methyllithium to the vinylogous ester 

(2.151) led to a [1,3]-ketone transposition. Two subsequent alkylations installed the first 

quaternary center in 58% yield over two steps. 

 
Scheme 2.27 First synthetic route, failure of the one-pot conjugate cuprate addition and  

                      aldolisation 

While we were not able to repeat the work of Shibasaki on sterically crowded enone 

(2.154), we tried the one-pot cuprate addition and enolate trapping on a less functionalized 

intermediate (2.153).
18c 

Shibaski reported the transformation of enone (2.153) to ketone (2.157) 

on a forty gram scale with a more than acceptable yield of 76%. We repeated this protocol and 

we even modified it to facilitate the formation of the second carbon-carbon bond, but we were 

not able to efficiently replicate this manipulation and produce enough material to continue the 

synthesis further.  We succeeded, to the best of our capacity, to protect the alcohol (2.157) with 

TIPSOTf and perform a mono-alkylation on ketone (2.158) to access ketone (2.159).  

 
Scheme 2.28 Unsuccessful functionalization of the carbon adjacent to the quaternary center



Polycyclic Polyprenylated Acylphloroglucinols 

 

39 
 22 

The problem was the formation of the second carbon-carbon bond and not the addition of 

the cuprate to the enone. Thus, we decided to explore other avenues such as a kinetically-

controlled acylation of a-monosubstituted ketone (2.160) (Scheme 2.28). With the collaboration 

of co-op student Gabriel Bellavance, we screened numerous conditions and unfortunately never 

observed acylation at the desired carbon (2.163). Even upon changing the nature of the base, the 

kind of the electrophile or the solvent, we only observed competition between O-acylation 

(2.161) and C-acylation on the thermodynamic side of the ketone (2.162). The thermodynamic 

and kinetic reactivity of ketones can normally be controlled on a-monosubstituted 

cycloalkenones; however the quaternary center beta to the carbonyl perturbs this simple analysis. 

In our case, insertion of the gem-dimethyl on the cyclohexanone template prevents the carbon-

carbon bond formation, which would generate the desired substituted cyclohexanone (2.163). 

Finally after much deliberation, we decided to defer the installation of this substituent 

until after the cyclization and perform directly a dialkyaltion on enone (2.153). The first 

alkylation occurred with LDA and MeI and the second with LDA and propargyl bromide, 

furnishing the enone (2.164) in 68% yield over two steps and in a diastereoisomeric ratio of 3: 1 

in favor of the desired one. A conjugate cuprate addition followed by the formation of the silyl 

enol ether gave monocyclic intermediate (2.165) in good yield. Our gold(I) catalyzed 6-endo-dig 

carbocyclization provided the advanced bridged bicyclic intermediate (2.166) in 84% yield. 

Scheme 2.29 Successful sequence towards the synthesis of an advanced bicyclic intermediate 

With this developed synthetic sequence, we have stereoselectively accessed the bicyclic 

advanced intermediate (2.166) in eight steps and 33% overall yield. This accomplishment proves 

the utility of the gold(I)-catalyzed 6-endo-dig carbocyclization towards the total synthesis of 

PPAP natural products. However, two major challenges remain to overcome for the synthesis of 

PPAPs: 1) the functionalization of bridgehead carbons adjacent to the quaternary center and 2) 

the selective oxidation of the cyclic alkene.  
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At this time, the second challenge was briefly investigated but without any significant findings, 

just the anticipated difficulties. As the application of our methodology to the synthesis of fused 

carbocycles was more than interesting, my research was guided towards a better understanding 

of gold(I) catalysis and my synthetic endeavor towards papuaforin A (2.01) ends with the 

advanced intermediate (2.166). However, Gabriel Bellavance succeeded with a similar approach 

to synthesize more than four members of the PPAP family. 

 
Scheme 2.30 X-ray of bridged bicyclic ketone (2.166) and unaddressed challenges 

 

2.11 Summary of the gold(I)-catalyzed synthesis of bridged carbocycles 

In summary, we have developed a mild and efýcient method to generate 

bicyclo[m.3.1]alkenones using JohnPhos
 
gold(I) complex (L1aAu+) as catalyst. The attractive 

features of this method reside in its ability to construct carbon bridged-medium rings of various 

sizes and to install two quaternary carbon centers adjacent to the bridgehead ketone. This 

methodology has enabled us to synthesize an advanced intermediate in our efforts towards the 

natural product papuaforin A (2.01). 
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Chapter 3 

Selective Divergent Synthesis of Fused Carbocycles via a Gold(I)-

Catalyzed Carbocyclization 
 

3.1 Introduction to the cycloisomerization of 1,6-enynes 

By virtue of their unique ability to chemoselectively activate carbonïcarbon triple bonds 

as soft Lewis acids combined with its ability to stabilize cationic intermediates, gold(I) 

complexes are highly efficient catalysts for the discovery of novel selective transformations.
1
 

Gold(I)-catalyzed reactions offer milder reaction conditions and better selectivity than previously 

developed transition metal catalyzed transformations, thus allowing greater functional group 

tolerance.  One of the most studied branches of research in this fast growing field is the 

cycloisomerization of enynes.
2
  The impressive structural diversity that can be generated and the 

significant increase in molecular complexity bring enormous synthetic potential to this 

transformation.
3
  One of the greatest challenges in developing cycloisomerization reactions is 

achieving selectivity between all the possible mechanistic pathways.  Pathway divergence is a 

fascinating aspect of the cycloisomerization reactions that has helped to better understand the 

mechanistic subtleties of gold(I)-catalyzed  reactions and has also provided a perfect platform for 

the design of new ligands. 

The remarkable diversity of cyclic structures that can be accessed from a common 1,6-

enyne precursor activated by a soft Lewis acid is highlighted by the large number of possible 

resonance structures and intermediates accessible. (Scheme 3.01).
4 

Hypothetically, 

cyclopropane, cyclobutane, cyclopentane, cyclohexane and even cycloheptane can be generated 

through this process. The activation of the triple bond of enyne (3.01) by a soft Lewis acid will 

induce a carbon-carbon bond formation via a competitive 5-exo-dig or 6-endo-dig pathway. The 

5-exo-dig cyclization of substrate (3.01) gives metal stabilized homoallylic cation (3.03). The 

resulting cationic intermediate can be depicted by three major resonance forms (3.03), (3.04) and 

(3.05). The filled d orbital of the metal can participate in back bonding to stabilize the cationic 

charge resulting in cyclopropylcarbene, (3.04) or the positive charge can be centered on the alpha 

carbon in ionic representation (3.05).  
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Both of these reaction intermediates can be trapped in a subsequent reaction.
5
  Further skeletal 

rearrangements of (3.03), (3.04) and (3.05) lead to three different dienes as illustrated by 

intermediates (3.06), (3.09) and (3.10). Opening of cyclopropyl (3.05) can generate another 

homoallylic carbocation, (3.17), where the carbocycle is now a six-membered ring. Products 

resulting from this mechanistic intermediate are often believed to be the result of a 6-endo-dig 

cyclization since they are similar to the products obtained from the endocyclic pathway such as 

intermediate (3.16).  The 6-endo-dig cyclization generates cationic intermediate (3.11), which 

can also be represented as a cyclopropyl carbene (3.14). However, products resulting from this 

pathway are generally less common in the literature and appear limited to specific substrates.  

 
Scheme 3.01 Possible intermediates in metal-catalyzed cycloisomerizations of 1,6-enynes 

 

3.2 Bonding in gold(I)-catalysis 

The reactivity and selectivity exhibited by gold(I) complexes is highly modulated by the 

nature of the ancillary ligand. Recent research rationalizes the impact of these ligands on the 

divergent reactivity observed between cationic and carbenoid intermediates.
6
 Knowledge of the 

nature of the bonding and the effect of the electronic properties of the ligand on the metal center 

in gold(I) intermediates such as (3.03), (3.04) and (3.05) are of paramount importance for the 

improvement of the selectivity of such catalysts. Toste has suggested that the reactivity in 

gold(I)-coordinated carbenes are best accounted for by a continuum ranging from a metal-
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stabilized singlet carbene to a metal-coordinated carbocation.
7
 The state of a given gold(I) 

species on this continuum is largely determined by the substrate functionality as well as the 

electronic properties of the ancillary ligand. The bonding situation in these carbenoid 

intermediates has been depicted by three major resonance structures: a vinyl gold(I) homoallylic 

carbocation (3.03), a carbene with a goldïcarbon double bond (3.04) or a stabilized carbocation 

with a goldïcarbon single bond  (3.05).  After conducting experimental and computational 

studies, Toste has proposed a bonding model where the carbonïgold bond in these intermediates 

is comprised, to varying degrees, of both ů- and ́ -bonding.  However, the overall bond order is 

generally less than or equal to 1 and the ́ -bonding is the major contribution to the gold(I)-carbon 

bond.  The depiction of a gold-stabilized carbene with a goldïcarbon double bond should not be 

taken as an indication of a bond order of two, but rather a means to indicate that both ů and ́  

components of the bonding are present (Figure 3.01). 

Figure 3.01 A bonding model for triad ligand-goldïcarbene complexes 

The ligandïgoldïcarbene bonding triad can be divided into three components (Figure 

3.01). The ů-bonding is mainly composed of a three-center/four-electron hyperbond.  This 

situation results from the Pauli Exclusion Principle and the only vacant orbital on gold being the 

6s. The p-bonding consists of electron donation of two orthogonal d orbitals of gold into 

p-acceptor orbitals of the ligand and/or the carbene. These two bonds compete for electron 

density and, therefore, have an indirect effect on each other. The bonding model for gold 

stabilized carbenes shown in Figure 3.01 proposes that these intermediates possess highly 

electron-deficient a-carbons that are stabilized, to varying degrees, by back-donation from the 
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metal to the vacant p-orbital of the carbene. This electron deficiency reduces donation from the 

filled sp
2
 hybridized orbital of the carbene to the metal, therefore minimizing goldïcarbon ů-

bonding. Thus, this model suggests that the conversion of the vinyl-gold intermediate (3.03) into 

a gold stabilized carbene (3.04) during a cycloisomerization reaction occurs with an electronic 

enhancement of the goldïcarbon ́ -bonding and a reduction of the ů-component of the bond.  

 

3.3 General ligand effects in gold(I)-catalysis 

The bonding model shown in Figure 3.01 can be used to predict the effect of the 

electronic properties of ancillary ligands on the reactivity of related gold(I) complexes. As a 

consequence of the linear biscoordinate geometry of gold(I) complexes and of the resulting trans 

effect, strongly s-donating ligands with neutral or low p-acidity decrease the s-donation of the 

goldïcarbon bond. This effect increases its bond order and consequently increases the gold-

carbon bond length. On the other hand, the p-contribution to the gold-carbon bond reaches a 

maximum and thereby increases carbene-type reactivity. To date, the best family of ligands 

possessing these electronic properties are N-heterocyclic carbenes (NHC). The first NHC-

Gold(I) complexes were synthesized by Nolan in 1999 and the molecular structure of ligand IPr  

is presented in Figure 3.02.
8
 NHC ligands are strongly s-donating, only weakly p-acidic and 

their gold(I) complexes exhibit excellent carbene-type reactivity such as in cyclopropanation 

reactions. In contrast, p-acidic ligands are expected to decrease p-donation from the gold to the 

carbon, thereby increasing carbocation-type reactivity.   

Figure 3.02 Four ligands used to modulate the electronic property of gold(I) complexes 

A good example of a p-acidic ligand is triphenylphosphite ((PhO)3P) and gold(I) 

complexes with this type of ligand will favor a more cationic pathway. Phosphine ligands, such 

as triphenylphosphine (PPh3), fall between these two extremes.
9  
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Bulky biphenyl phosphines based on Buchwald-type ligands, represented by JohnPhos in Figure 

3.02, promote more cationic pathway than standard phosphines.
10

 In these complexes, a weak 

interaction between the metal and the second phenyl force the ligandïgoldïcarbon bond angle to 

divert from the ideal angle of 180°. The geometric distortion of these complexes does not 

influence the s-component of the bonding but could decrease orbital overlap between the d 

orbitals of the gold atom and the empty p orbital of the carbon. This structural feature decreases 

the stabilization of the cationic charge by the gold(I) complex and thereby disfavors carbenoid 

reactivity.  This last hypothesis, which involves a complementary reactivity between NHC 

ligands and biphenylphosphine ligands, guided us through most of our research.  

 
Figure 3.03 Catalytic cycle of the gold(I)-catalyzed cycloisomerization of 1,6-enynes 

A recent study has demonstrated that the electronic properties of the ligand can also 

impact the reaction kinetics.
11

 A brief analysis of the catalytic cycle will uncover the complexity 

associated with gold catalysis, as well as demonstrate the importance of understanding the 

mechanism of the reaction.  Most gold-catalyzed reactions undergo through three principal steps 

(Figure 3.03). The first step is (a) complexation of the gold(I)-complex to the alkyne to form p-

complex (3.02). Kinetic preference is neither encountered in favor of the alkyne nor the alkene; 

the chemoselective addition of a nucleophile to alkynes but not to alkenes is not based on a 

preference in the coordination step but on significant differences in the reactivity of these two p 

complexes. The LUMOs energy levels of alkynes are intrinsically lower than those of alkenes 

(by ~0.5 eV). The second step is (b) the nucleophilic addition onto the activated complex (3.02), 

generating a vinyl gold intermediate (3.03). For cycloisomerization reactions, an intramolecular 

alkene is used as the nucleophile. The vinyl gold intermediate (3.03/3.04) can be depicted by two 
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extreme resonance forms which are represented in Figure 3.03. Each form has been trapped with 

an external nucleophile to furnish final products (3.18) and (3.19).
15,16  

In addition, this step is 

often accompanied by rearrangement of the skeleton where a significant further increase in 

molecular complexity and structural diversity can be obtained.  In some cases, the second step 

(b) is the rate limiting step and electron deficient ligand on the catalyst will accelerate the 

reaction by increasing the electrophilic property of the related complex.  The final step is (c) the 

neutralization of the cationic charge by a nucleophile or via proton elimination and 

protodeauration, which liberates the product and regenerates the active gold catalyst. Contrary to 

what was initially assumed to be a fast process, protodeauration is often the rate determining 

step.
12

 It was recently demonstrated that an electron rich ligand would accelerate protodeauration 

and consequently increase the rate of the reaction.
11

 It is noteworthy that the electrophilic 

activation and nucleophilic additions are rarely the rate limiting steps. However, they can be rate 

limiting steps when weak nucleophiles are used, or during a cationic promoted migration of 

alkyls or hydrides, or when allenes are used as electrophiles. In the later cases, p-acidic ligands 

will accelerate the rate of the reaction by forming a more electrophilic complex.
11

  

 

3.4 Ligand effect in the gold(I)-catalyzed cycloisomerization of 1,6 enynes 

A staggering diversity of gold(I)-catalyzed skeletal rearrangements have been discovered 

for substituted and tethered 1,6-enynes with the product distribution generally appearing to be 

substrate-, rather than catalyst-, dependent.
2
  However, some interesting ligand effects have been 

observed for the cycloisomerization of 1,6-enynes. In 2004, Echavarren reported the 

cycloisomerization and methoxycyclization of 1,6-enynes of terminal alkynes catalyzed by 

triphenylphosphinegold(I) complexes (Scheme 3.02).
13

 Depending on the reaction conditions, 

either skeletally-rearranged product (3.25) or methanol-trapped product (3.24) could be isolated 

in high yield from the same enyne (3.23). 

 
Scheme 3.02 Echavarren`s cycloisomerization and methoxcyclisation of 1,6-enyne (3.23) 
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In 2005, Echavarren and co-workers described the synthesis of a series of new gold(I) complexes 

equipped with Buchwald-type phosphines.
14

 These complexes enhance the catalytic activity; the 

reaction time being up to eight times shorter in the case of the methoxycyclization, affording 

cyclopentene (3.24) over thirty minutes (Scheme 3.02). These bulky ligands increase the 

stability of these complexes resulting in a much slower decay of the active species.
11

  These new 

catalysts were also able to promote a novel process, which corresponded to a formal [4+2] 

cycloaddition of alkenes with enynes or aryl alkynes to generate products containing an 

hydrindane framework (Scheme 3.03). After an initial carbon-carbon bond formation via a 5-

exo-dig cyclization, tertiary carbocation (3.27) underwent an intramolecular Friedel-Crafts-type 

cyclization with the diene moiety. The resulting allylic carbocation (3.29) can be represented by 

two resonance forms: (3.29) and (3.30). Consequently to the positive charge that is more 

stabilized on the tertiary carbon; the bicyclic diene (3.31) was isolated as a sole isomer.  

 
Scheme 3.03 Echavarrenôs gold(I)-catalyzed formal [4+2] cycloaddition 

In order to prove the existence of extreme carbene and cationic resonance forms, as 

depicted by structures (3.35) and (3.33), trapping experiments have been conducted on the 1,6-

enynes (3.32) (Scheme 3.04).
15

 In the case of carbenoid (3.35), this intermediate must exhibit 

reactivity that is similar to that of a free carbene, such as in cyclopropanation reactions. Thus, the 

intermolecular trapping of the proposed cyclopropyl carbenoid intermediate (3.35) with olefins 

has been investigated. Echavarren has found that the gold(I)-catalyzed cyclization of enyne 

(3.32), using triphenylphosphine (PPh3) as the ligand, gave cycloproponation adduct (3.36) as the 

major product in 66% yield (entry 1). Phosphite ligand [(2,4-(tBu)2PhO)3P] and biphenyl 

phosphine ligand JohnPhos exhibited only modest selectivity in differentiating between skeletal 

rearrangement and intermolecular cyclopropanation pathways (entries 2 and 3). 
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 As mentioned previously, steric effects can be responsible of the cationic reactivity of the 

electron rich JohnPhos phosphine ligand. In contrast, carbenoid reactivity was almost the 

exclusive pathway when strong s-donnor NHC ligand IMes was used and afforded the 

intermolecular cyclopropanation adduct (3.38) in 93% yield by trapping with norbornylene 

(entry 4). 

Scheme 3.04 Ligand effect in the cyclopropanation of a cyclopropyl carbene intermediate 

Another interesting study is the intermolecular trapping of 1,6-enynes carried out with 

indole as nucleophile.
16

 Rather than observing ligand-dependent competition between the 

nucleophilic addition and skeletally rearranged products, Echavarren observed the competitive 

formation of regioisomeric products arising from the trapping of either homoallyilic cationic 

vinyl gold intermediate (3.40) or cyclopropyl gold(I)-stabilized carbocation (3.42). Contrary to 

the NHC IPr ligand which favor the formation of the cyclopropyl carbenoid adduct (3.44), 

biphenylphosphine JohnPhos and phosphite ligand (2,4-(tBu)2PhO)3P provided adduct (3.43), 

resulting from the addition of indole to the homoallylic cation (3.40), as the major product.  

Scheme 3.05 Ligand effect in the nucleophilic trapping of cationic vinyl gold (3.40) and  

                      cyclopropyl carbene intermediate (3.42)
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3.5 Competitive pathways: 5-exo-dig vs 6-endo-dig cyclization 

While most recent efforts have tried to understand and control the divergent reactivity of 

the intermediate resulting from the 5-exo-dig pathway, the 6-endo-dig pathway has not received 

the same interest.
17

 Although this latter pathway has been encountered in the literature, the 

narrow reaction scope and the limited influence of the ligand on the outcome of the reactions 

seemed to restrict severely the use of this reaction in synthesis. However, some interesting 

examples exploiting the competitive 6-endo-dig pathway can be found in the gold(I)-catalyzed 

carbocyclization of 1,6-enynes. Further intermolecular nucleophilic trapping studies on 1,6-

enynes were carried out with internal alkynes by Echavarren.
18

 Interestingly, the addition of the 

nucleophile does not trap an intermediate in the formal [4+2] cycloaddition pathway; instead, the 

indole adds onto an intermediate in the endocyclic pathway to afford cyclohexene (3.46). The 

successful addition of indole to enyne (3.45) is quite remarkable because without an external 

nucleophile, compound (3.45) is known to rapidly give tricyclic compound (3.47) via an initial 

5-exo-dig cyclization (Scheme 3.06).  

Scheme 3.06 Nucleophilic trapping of intermediate in the endocyclic pathway  

The endocyclic pathway can also be accessed by changing the tether between the alkyne 

and the alkene. Usually, the tether is used to facilitate the synthesis of the substrate and, at the 

same time, increase the rate of the cyclization via the Thorpe-Ingold effect. The fact that the 

tether has an incredible effect on the regioselectivity of the cyclization is more surprising. 

Compounds (3.48) with a malonate linker allow the formation of the formal [4+2] cycloadduct 

(3.49) via the usual 5-exo-dig cyclization, while compound (3.50) with a N-tosylamine tether 

furnish cyclopropyl bicyle (3.51).
13,18

 Moreover, the use of simple Ph3PAuCl in the presence of 

AgOTf provides 6-endo-dig cyclization product (3.52) in 97% yield. The outcome of the reaction 

with the N-tosylamine linker can be rationalized by stereoelectronic effects. The addition of 

nitrogen in the tether is not, as it appears, so innocent; the carbon-nitrogen bond possesses a s-

star orbital of lower energy compare to the orbital of the corresponding carbon-
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carbon bond.
19

 This empty orbital of lower energy can interact with the newly formed gold-

carbon s-bond, as depicted in the transition state of the 6-endo-dig cyclization of compound 

(3.54). Thus, stereolectronic effects stabilize the transition state of the endocyclic pathway and 

therefore, change the traditionally observed pathway.  

Scheme 3.07 Stereoelectronic effects favoring the 6-endo-dig over the 5-exo-dig pathway 

These last two examples as well as the development of our synthetically useful 6-endo-

dig carbocyclization to access PPAP frameworks brought us to reflect on the rules that govern 

these competitive cyclizations. The Baldwin rules are known to be a concise set of guidelines 

attempting to rationalize the selectivity observed in competitive cyclizations.
20

 Baldwin 

postulated that ring closures were favored to occur ñwhen the length and nature of linking chains 

enable the terminal atom to achieve the required trajectoriesò for the bond formation. Similarly, 

disfavored reactions are a consequence of severe distortion of bond angles and distances to reach 

the optimal trajectories. Baldwin suggested that favorable trajectories are dependent on the 

hybridization of carbons involved in the cyclization. For the addition on sp carbon, the 

hybridization of our interest, Baldwin proposed an acute angle of attack (Figure 3.04). He based 

his model on the general predominance of endo ring closures for diagonal systems in comparison 

to tetragonal systems. However, the acute angle of attack does not comply with molecular orbital 

predictions, which suggest an obtuse angle of attack in order to be correctly aligned with the ˊ* 

orbital of the alkyne.
21

 According to higher level calculations, the obtuse angle is indeed the 

preferred angle, although it varies according to the nucleophile and whether the transition state 

(T.S.) is considered as an early T.S. (Ŭ = ~115Á) or a late T.S. (Ŭ  = ~130Á).
22

 Thus, a better 

trajectory for the addition on the alkyne is provided by the obtuse approach, which is analogous 

to the Burgi-Dunitz trajectory for addition on a carbonyl.  
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These findings also corroborate stereoelectronic considerations as the obtuse approach minimizes 

interaction of the incoming nucleophile with the nodal plane of ˊ*-orbital. When these 

considerations are put in the context of an intramolecular digonal cyclization, the obtuse angle of 

attack would imply stereoelectronic preference for the exo trajectory over the endo trajectory. 

Figure 3.04 Baldwinôs original and revised geometry of nucleophilic additions on sp carbon 

As the ring size increases, the obtuse angle of attack in an endo-type cyclization becomes more 

favorable and starts to compete with the exo-type cyclization; this is the case for 6-endo-dig 

processes although 5-exo-dig cyclizations are typically preferred. On the other hand, 

thermodynamic considerations should favor the 6-endo-dig cyclization.
23

 Thermodynamic 

contributions are not negligible even when reactions proceed under kinetic control. In fact, 

thermodynamic factors may relax stereoelectronic requirements therefore modifying kinetic 

predispositions of the Baldwin rules. Based on Marcusô theory, favorable thermodynamic 

contributions can effectively reduce the activation energy of a process, it is nonetheless  

inappropriate to compare the preference of the nucleophileôs trajectories of two processes (exo vs 

endo) when their exothermicities are different.
24

 This can effectively happen during the 

formation of an aromatic six-membered ring. Structural aspects have a tremendous impact on the 

predisposition of a molecule to undergo 5-exo or 6-endo-dig cyclizations. Internal strain also 

plays an important role in the case of fused ring systems. It is also noteworthy that the 6-endo-

dig cyclization will generally be preferred when the cyclization product contains internal strain.
25 

While intrinsic stereoelectronic preferences for exo-dig ring closures can be overshadowed by 

additional factors, such as polarization of the -́system and thermodynamic effects, substrates 

including these bias factors will not be discussed in the following selected examples of 6-endo-

dig cyclizations.
26 
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3.6 Gold(I)-catalyzed Conia-ene reaction 

The representation of pentynyldimalonate (3.61) in its enol form illustrates the close 

proximity of the Conia-ene reaction with the cycloisomerization of 1,6-enynes (Figure 3.05). 

The Conia-ene reaction is an intramolecular thermal or Lewis acid catalyzed Ene reaction of 

unsaturated ketones, in which the carbonyl functionality serves as the ene component, via its enol 

tautomer, and the olefinic moiety serves as the enophile. Readily enolized ɓ-ketoesters were used 

in this reaction and later, the corresponding silyl enol ethers were used as well. However, thermal 

Conia-ene reactions usually require harsh conditions, thus the racemization of the product and/or 

the isomerization of the exo olefin can occur, when it is not just the decomposition of the starting 

material. The thermal version was discovered by Conia in the late 1960ôs and was initially 

proposed to proceed via a concerted pericyclic transition state.
28

  

 

Figure 3.05 Resume of catalysts used for the 5-exo-dig Conia-ene cyclization of terminal alkyne  

                    tethered ɓ-ketoesters 

Recently, a number of metal-catalyzed reactions that are carried out under mild 

conditions have been devised for the preparation of carbocycles (Figure 3.05).
29

 On a simple 

substrate such as pentynylmalonate (3.61), catalytic deprotonation with sodium hydride in 

refluxing THF allowed the transformation and afforded the cyclopentene (3.62) in 79% yield 

(condition a).
29a

 Stoichiometric formation of aluminum, titanium or zinc enolates also produced 

cyclization product (3.62) (condition d, g and j).
29d,j,i

 Malacria and coworkers reported that 

under photolysis conditions, in refluxing benzene, CpCo(CO)2 promoted the 5-exo-dig 

carbocyclization of (3.61) (condition b).
29b

 Under basic conditions, a variety of other metals 

such as Mo(II), Cu(I) and Pd(0) also catalyzed the Conia-ene reaction of ɓ-ketoester (3.61) 
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(condition c, f and i).
29c,f,i

 Milder reaction conditions were developed using Ni(II)/Yb(III), 

In(III) or Au(I) catalysts (condition e, h and k).
29e,h,k

 

In 2004, Toste's group reported the gold(I)-catalyzed Conia-ene cyclization of various  b-

ketoesters for the synthesis of cyclopentenes via two modes of cyclization: 5-endo-dig and 5-

exo-dig carbocyclization (Scheme 3.08).
29k 

To their delight, triphenylphosphinegold(I) chloride 

with silver triflate catalyzed the cyclization of b-ketoester (3.61) and provided cyclopentene 

(3.62) over 15 minutes in 94% yield with only 1% catalyst loading. The 5-endo-dig cyclization 

needed more catalyst loading (5%), but substitution at the end of the triple bond was well 

tolerated, affording cyclopentenes (3.66) or bicyclopentenes (3.68) in good to excellent yields.  

Scheme 3.08 Gold(I)-catalyzed Conia-ene reaction of b-ketoester and silylenol ethers 

However, the 5-exo-dig cyclization of non-terminal alkynes produced less than 10% of the 

desired cyclopentene (3.64). Two years later, Toste and coworkers reported that, with an increase 

in catalyst loading, silyl enol ethers (3.69) and (3.71) could be used as nucleophile.
30

 Finally in 

2007, Lee and Lee demonstrated that heating enables the 5-exo-dig cyclization of internal 

alkynes and isolated in modest yield bicycle (3.74), which had undergone an olefin isomerization 

and conjugation to the ketone.
31 

Toste has proposed that these reactions proceed via nucleophilic 

addition of the enol moiety onto the gold(I)-activated alkyne (Scheme 3.09). They validated the 

trans-addition mechanism using alkyne (3.79) to generate deuterium labeled cyclopentene 

(3.81).  


