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Abstract

The aim of this Ph.D. work was to develop new cycloisomerization reactions
through activation of alkynes with gold complexes. We were first interested in
1,6-enynes and their direct conversion into allenes through 1,5-hydride or ester
migration processes. By the use of appropriate propargylic functional groups, we
could reach this goal. During the course of this study, it was observed that
O-tethered 1,6-enynes carrying a strained cycloalkane at the propargylic position
could undergo a cyclopropanation/ring expansion cascade reaction. This
rearrangement was employed as the starting point in the design of a new
macrocycle synthesis. We then turned our attention to the cycloisomerization of
diynes involving as the first step of the process the rearrangement of one alkyne
partner into an allene thanks to a gold-catalyzed 1,3-shift of a propargylic ester.
A new cycloisomerization pattern featuring a 1,5-carbonyl transfer was thus
disclosed, giving rise to unprecedented cross-conjugated diketones. To conclude,
we investigated the gold-catalyzed cycloisomerization mechanism of 1,6-enynes
and questioned the intermediacy of gold acetylides. By means of NMR and mass
spectrometry analysis, theoretical treatment, and solution experiments, we were
able to rule out the involvement of these species in the catalytic cycle.
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General Introduction: Gold, a Powerful
Tool for the Activation of C–C
Multiple Bonds

The end of the twentieth century has seen a growing number of reports on
transition metal-based catalysis published in the scientific literature. These
methodologies have been the object of intensive studies and still raise the interest
of many research groups around the world as well as companies from the chemical
industry, as they represent an expedient way to molecular complexity from simple
building blocks. Examples include alkene metathesis and cross-coupling, two
fields of organometallic catalysis that have emerged in the second half of the last
century and were both awarded Nobel prizes. Most of the metal catalyzed
processes discovered during this period rely on mid-to-late transition metal
catalysts (eg. Ru, Rh, Ir, Pd). They often involve two different oxidation states of
the considered metal in the catalytic cycle, the switch from one to the other being
permitted by oxidative additions or reductive eliminations, which are two-
electrons red-ox processes.

From the 1990s, significant results on homogeneous platinum and gold
catalysis, dealing with the functionalization of carbon–carbon unsaturations were
reported. They deeply contrast with the above-mentioned chemistry of cross-
coupling, as these reactions are red-ox neutral. They can be seen, yet in an
extremely simplified manner, as a Lewis acid/base interaction between the metallic
center and the multiple bond, resulting in the consideration of monocoordinated
metal-substrate adducts in the drawing of mechanistic rationales. This introduction
will briefly present the possibilities offered by gold and platinum complexes in
terms of catalysis, and underline the concepts at stake to understand the particular
reactivity of these metals.

Implication of Relativistic Effects in the Coordination
Chemistry of Gold and Platinum Salts to C–C
Multiple Bonds

In homogeneous catalysis, gold is mainly used in complexes of +1 or +3 oxidation
states. While gold(I), which features filled 5d orbitals, is mainly encountered as
divalent complexes with linear geometry, gold(III) (5d8) adopts a square planar

xvii



configuration. The same geometry is observed for the isoelectronic platinum(II)
complexes which are the most used as catalysts. Both gold(III) and platinum(II)
complexes are preferentially obtained as tetracoordinated compounds. Plati-
num(IV) (5d6) is octahedral. Historically, the first transition metal complex with an
unsaturated hydrocarbon is Zeise’s salt K[PtCl3(C2H4)] [1]. Its true nature was
unraveled latterly, and it is with the advent of X-ray diffraction at the beginning of
the 1950s that its structure was finally elucidated [2]. This will raise a series of
interrogations about the nature of bonding between a metal center and the carbon–
carbon multiple bond, and intense research from both the coordination and
theoretical chemistry sides have bloomed from this period (Scheme 1).

In the 1950s, Dewar, Chatt and Duncanson devised a qualitative model
accounting for the bonding situation of transition metal complexes with alkenes or
alkynes based on the consideration of four couples of orbitals of different
symmetry that overlap to form the complex [3, 4]. The four components that
contribute to the bond between a metal and an alkyne are highlighted in Scheme 2.

In-plane interactions represent the major contributions of this bonding situation:
a r-symmetric bond emerge from overlapping of alkyne’s pz and metal’s dz2 .
In this case, alkyne’s electrons are delocalized toward the metallic center.
A p-symmetric bond is formed by fusion of metal’s dxz and alkyne’s p*z which can
be seen as a back-donation from the metal onto the alkyne. With alkyne, a third
component is at stake as the out-of-plane py orbital can participate to the alkyne-
to-metal donation by forming another p-symmetric bond. Finally, the fourth
component, of d symmetry, represents a little contribution in bonding as metal’s
dxy and alkyne’s p*y orbitals weakly overlap. Rehybridization will ensue, as a
consequence of the depletion of the bonding p orbitals in favor of the antibonding
one, thanks to metal back-donation. This model thus predicts an elongation of the
C–C bond, as well as a loss of linearity or planarity of the considered alkyne or
alkene form. It is readily applicable to gold and platinum, but is nonetheless not
enough to explain the particular reactivity displayed by these metals.

The outstanding reactivity of gold and platinum homogeneous catalysts finds
another explanation by taking into account relativistic effects [5]. Due to the great
velocity of electron orbiting around heavy nucleus, the theory of relativity predicts
that their mass will considerably increase, and inversely, their radius will decrease.
This results directly in a greater ionization energy and a contraction of s and p
orbitals, and consequently by the expansion of d and f orbitals that are better
shielded by the former. These effects reach a peak for platinum, gold, and mercury,
and the stabilization of their valence orbitals gives these metals a high

PtCl
Cl

Cl
H H

H H

K

Scheme 1 Zeise’s salt
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electronegativity (gold, with an electronegativity of 2.4 according to Pauli’s scale,
is the most electronegative transition metal). Besides, the electrons of the diffuse
5d orbital are better held due to decreased electron repulsion, resulting in a low
nucleophilicity of gold and platinum species and their propensity to avoid
oxidative addition. This is well illustrated by the difference between organocop-
per(I) and organogold(I) complexes, the former being readily oxidized to a
copper(III) species while the latter is relatively inert [6]. Likewise, reductive
elimination from gold(III) is quite disfavored [7, 8]. These phenomena are
consistent with the rare observation of red-ox cycles with these metals, and their
relative tolerance to oxygen, particularly with gold(I). Again, keeping in mind the
DCD model (Scheme 2), the amplified energy difference between the s and d
orbitals results in a weak back-donation from the metal to the ligand, as pointed
out by theoretical investigations on the [Au(C2H2)]+ fragment. They revealed that
the r interactions were the most prominent and contribute to almost two-thirds of
the whole bonding.1 Thus, the interaction of an alkyne or an alkene with platinum
or gold approaches the purely donor–acceptor case described by the Lewis theory
of acid/base behavior. This means that gold (and platinum) complexes can be seen
as soft Lewis ‘‘p-acids’’: their complexation to a C–C multiple bond will deprive
the latter of a part of its electron density and engender a partial positive charge on
it, as electron back-donation from the metal is poorly effective (but however must
not be neglected). The unsaturated hydrocarbon ligand is thus made sensitive to
any nucleophilic attack. Structural and spectroscopic data correlate well this fact,
as X-ray diffraction studies of gold(I) or platinum(II) bound alkenes or alkynes

x

y
z

dxy

dyz

dxz

dz2

*y

y

*z

z

metal alkyne

M

M

M

M

y

z

Scheme 2 The qualitative Dewar–Chatt–Duncanson (DCD) model for a metal–alkyne bond
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revealed a very slight distortion of the unsaturated hydrocarbon’s geometry and
small changes in the stretching frequencies were observed by IR absorption.
It accounts well for a limited population of the p antibonding orbital.2

The Concept of Alkynophilicity

In many cases of gold-catalyzed reactions, a competitive issue can arise, as both an
alkyne and an alkene are present in the reaction mixture. The observation of a
preferred alkyne over alkene activation is quite intriguing as gold was shown to
build stronger bonds with alkenes than alkynes (See footnote 1). In fact, this
phenomenon has a kinetic origin, as activated alkyne LUMOs are relatively low in
energy compared to the alkene case [12]. This results in a favored attack on
alkynes and accounts for this observed ‘‘alkynophilicity.’’

Reactivity of C–C Multiple Bonds Upon Gold
or Platinum Catalysis

In our view, the most significant and seminal example of the practical application
of these catalysts is the addition of water or alcohols to alkynes. This reaction was
previously known to work well upon mercury(II) catalysis, in place of simple
Brønsted acids that usually require harsh conditions and present as a major

PhPh

LAuMe HX+

LAu X

CH4

Ph

OMe
Ph

Scheme 3 Alkoxylation of alkynes with cationic gold(I)

[Au]

NuH

[Au]

NuH

[Au]

Nu

H

Nu-H +H

[Au]

NuH

Scheme 4 Generic mechanism for the nucleophilic addition of NuH onto a C–C multiple bond
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drawback, numerous side reactions. Furthermore, mercury(II) salts are toxic, and
their related reaction with olefins are plagued by the formation of stable
alkylmercury bonds, which renders such reaction stoichiometric in mercury. The
replacement of mercury by gold(I), carried out by the team of Teles from BASF,
demonstrates well the power of this metal to activate alkynes. Taking into account
that linear gold(I) complexes are reticent to coordinate a third ligand, they
generated in situ cationic phosphine gold(I) species by protonolysis of a C(sp3)–Au
bond and could perform very efficiently the nucleophilic addition (Scheme 3).

This paved the way for the use of cationic gold(I) salts as catalysts of choice for
the activation not only of alkynes but also other C–C multiple bonds. Although
platinum was also shown to display similar reactivity, gold overtook this field of
catalysis thanks to its greater activity. A generic mechanistic pathway can be
drawn for such reactions (Scheme 4).

First, complexation of the metal center causes a lowering of the electron density
at the unsaturation and renders it electrophilic. The nucleophilic attack is then
permitted by ‘‘slippage’’ of the metal fragment along the ligand’s axis.3 This g2 to
g1 deformation considerably enhances the electrophilicity of the bound C–C
multiple bond as it favors, by this slight change of orbitals’ geometry, the charge
transfers from the nucleophile. It is now widely accepted that this occurs in an anti
fashion. Concomitantly, with the formation of the C–Nu bond is formed a r C-
metal bond resulting in vinyl- or alkylgold species. The occurrence of such
intermediates was recently demonstrated with their isolation in the gold series.4

The carbon-metal bond in these g1-complexes is quite labile and readily react with
electrophiles, frequently a proton.5 This last step has for consequence the
regeneration of the active catalytic species.

This kind of reaction was successfully performed on alkenes, alkynes, and
allenes with various heteroatomic or carbon nucleophiles, and will not be detailed
further in this introduction.6
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Chapter 1
Gold- and Platinum-Catalyzed
Reactions of Enynes

In this chapter we will introduce the reactivity of enynes toward gold catalysis. As
many examples of gold-catalyzed enyne cycloisomerizations have been reported in
the literature, we will only focus on examples we found relevant in view of the
results that will be presented in the following chapters.

1.1 Introduction

Synthetic methodologies aimed at the synthesis of functionalized and/or func-
tionalizable cyclic compounds have always been of particular interest for the
synthetic chemist. In his continuing effort to try to be equal to, or even better than
Nature for the synthesis of complex molecules, the organic chemist has known
how to overcome many problems raised by the complexity of some molecular
structures. Among them, the development of reliable and efficient synthesis of
cyclic and polycyclic compounds remains maybe one of the most important
challenges. Through the last 40 years, transition metal catalysis has emerged as a
powerful tool for the formation, in a selective manner and with limited by-prod-
ucts, of carbon-carbon and carbon-heteroatom bonds that would be much more
difficult, even impossible to achieve with conventional organic reagents alone or
by thermal rearrangements. In this field, the metal-catalyzed cycloisomerization
reactions of 1,n-enynes have emerged as a unique, conceptually and highly
attractive tool for the synthesis of a broad range of cyclic compounds in a very
easy one-pot process. Since the pioneering studies with palladium processed by the
team of Trost in the mid-80s, several metals have been identified as excellent
candidates for catalyzing these reactions, allowing the discovery of new reactions
and contributing to answer to the constant demand of atom-economic reactions.

A. Simonneau, Gold-Catalyzed Cycloisomerization Reactions Through Activation
of Alkynes, Springer Theses, DOI: 10.1007/978-3-319-06707-0_1,
� Springer International Publishing Switzerland 2014
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1.2 From Alder-Ene to Skeletal Reorganization
in the Metal-Catalyzed 1,6-Enyne Cycloisomerization
Reactions

From a historical point of view, the first metal-catalyzed cycloisomerization of
enynes 1 was performed using palladium(II) catalysts and led to Alder-Ene
products 2 [1], the latter being generally obtained by thermal isomerizations at
high temperatures and on a limited range of substrates [2, 3]. The reaction was
proposed to occur through a palladium(IV)-metallacycle 3 after coordination of
both alkene and alkyne to the metal center, which formation is accompanied by a
two electrons oxidation of the metal. A b-hydride elimination gives birth to
vinylpalladium complex 4 which evolves through reductive elimination into
Alder-Ene product 2, concomitant with Pd(II)-catalyst regeneration (Scheme 1.1).

From this work will follow a series of investigations on related substrates, led
by many research teams around the world, employing different metals and
experimental conditions that allowed the discovery of new cyclization patterns and
new mechanisms. As well, the decoration of the starting enyne with functional
groups such as alcohols, aldehydes, ethers, alkenes or alkynes was often shown to
have a dramatic influence on the reaction outcome and brought more complexity to
the synthesized compound. Without going further into details, as some relevant
reviews will fulfil this duty [4–6], three major mechanistic pathways rapidly
emerged from the experimental observations made by different teams:

(i) the metallacyclopentene pathway,
(ii) the vinylmetal pathway,

(iii) the p-allylmetal pathway,

each being depicted in Scheme 1.2. The first one has been explained above with
the example of palladium-catalyzed Alder-ene reaction disclosed by the group of
Trost. Scheme 1.2 adds the regioselectivity issue of the b-hydride elimination that
can lead to two different products 5 and 6 and was shown to obey to stereoelec-
tronic factors [7].

The chemistry of metallacycles is very rich and will not be further developed in
this chapter, but one can cite insertion reaction occurring on these intermediates,
such as the Pausond-Khand reaction with carbon monoxide, or electrophilic
cleavage. Several metals were shown to display this reactivity apart from palla-
dium.1 The vinylmetal pathway, again discovered by the team of Trost [11] with
in situ generated palladium(II) hydride catalysts has for main difference with the
metallacyclopentene pathway to maintain the oxidation state of the metal. The first
step is a metallation step occurring at the triple bond of the system to give vinyl-
metal intermediate 7, then followed by a carbometallation step in which the carbon-
carbon bond is formed. The resulting intermediate 8 then undergoes b-hydride

1 Seminal report with Co: [8]. With Rh: [9, 10].
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elimination to give cyclized products 9 and/or 10. This pathway can be also
encountered with nickel-chromium and ruthenium catalysts.2 To finish, the last
pathway features the occurrence of a p-allylmetal intermediate 11 generated
through activation of an allylic C–H bond. A carbometallation step then occurs
affording vinylmetal intermediate 12 which subsequently undergoes reductive
elimination to yield cyclized product 13. This cycloisomerization pathway, to the
best of our knowledge, has only been observed in the enyne series with ruthenium
catalysts. However, it was disclosed that rhodium catalysts were able to activate an
allylic chlorine-carbon bond and then trigger an enyne cycloisomerization through
a p-allylmetal pathway [14]. It is worth citing that recently a pathway involving a
rhodium vinylidene was also evidenced, yet leading to other types of products [15].

While studying a novel electrophilic palladium catalyst for cycloisomerization
of enynes, Trost and his team stumbled upon an intriguing cyclized compound 16
which skeletal reorganization could not be explained by classic metallacycle or
vinylmetal pathways (Scheme 1.3) [16]. To account for the formation of diene 16,
named ‘‘metathesis product’’ as similar products were obtained by Katz and
Sivavec upon catalysis with a Fischer-type tungsten carbene complex [17], it was
initially postulated that it could arise from a reductive elimination on metallacycle
17 leading to cyclobutene 18 which subsequent thermal, conrotatory opening could
deliver compound 16 (Scheme 1.3).3

However, 2H- and 13C-labelling studies have shown that two different kinds of
rearranged dienes 20 and 21 are obtained, arising from either a single cleavage of
the double bond or a double cleavage of both the double and the triple bond
(Scheme 1.4) [20]. To explain this, another pathway was hypothesized, relying on
the rearrangement of the palladacyclopentene 22 into cyclopropylcarbene 23.

X

R
1

X

R

[PdII]

[PdIV]X

R
H

H

X

R

[PdIV]
H

X

R

H

2, 64-80%

(Ph3P)2Pd(OAc)2 (5 mol%)

C6D6 C
X = C(CO2Me)2

[PdII]

3

4

Scheme 1.1 PdII-catalyzed cycloisomerization of 1,6-enynes

2 Seminal report with Ni–Cr: [12]. With Ru: [13].
3 Cyclobutenes could have been isolated in some cases, see: [18, 19].
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The latter would undergo successive rearrangements through 23 and 24 to lead
to carbene 25. A 1,2-H shift/elimination sequence then allows regeneration of the
catalyst and release of the formal metathesis product 21 [20]. This mechanism sets
the basis to explain the skeletal rearrangement of enynes promoted by other
electrophilic metal salts. The team of Trost and Hashmi latterly evidenced the
implication of species 23 [21–23]. The use vinyl substituted enyne 26 in the
presence of a 1,3-diene allowed them to obtain product 27 arising from a [4 + 2]
cycloaddition of vinyl carbene 28 with the propargylic double bond of the diene
(Scheme 1.5).
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1.3 Skeletal Rearrangements of Enynes with p-Acidic
Metals

1.3.1 Early Works

Along the 90s decade, inspired by the pioneering studies of Trost, many research
groups have shown that several non-alkylidene metal complexes are able to pro-
mote the formal metathesis of enynes. Again, intensive mechanistic studies clearly
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Scheme 1.3 Formation of an unexpected product
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Scheme 1.4 Mechanism attesting to the formation of double cleavage metathesis products

1.3 Skeletal Rearrangements of Enynes with p-Acidic Metals 5



separate the metathesis process with carbene-based catalysts [17, 24–30] from the
one with electrophilic complexes, which has thus been named ‘‘skeletal rear-
rangement’’ or ‘‘skeletal reorganization’’ instead of ‘‘metathesis’’. The first team to
report an efficient and selective skeletal reorganization of 1,6- and 1,7-enynes was
the group of Chatani and Murai with the use of catalytic ruthenium dimer
[RuCl2(CO)3]2 under an atmosphere of CO [31]. They noticed that the presence of
both CO and a halide was crucial for the reaction to proceed. Interestingly, Murai
and Chatani added at the end of their manuscript that rhodium, rhenium, iridium,
platinum and gold chloride salts also caused similar skeletal reorganization.
Shortly after, they published a complete study with platinum dichloride
(Scheme 1.6) [32].

The reaction of ester-substituted enyne 32 showed that two mechanisms were at
stake in the skeletal reorganization of enynes as a mixture of single and double
cleavage products 33 and (E)-34 (Z)-34 was obtained. This result was confirmed
with deuterium-labelled enyne D2-30 upon platinum catalysis, this last experiment
showing with product 36 that a 1,2-H shift was involved in its formation
(Scheme 1.7).

Unlike the mechanism proposed by Trost with palladium(II) catalysts, the
mechanism proposed by Murai for electrophilic metal complexes does not involve
a metallacycle. He proposed, as the initial step, a single g-complexation of the
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Scheme 1.5 Evidence for a cyclopropylcarbene intermediate: a [4 + 2] cycloaddition trapping
strategy
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metal to the alkyne, this complex would then evolve into a slipped g-alkyne
complex 37 bearing a positive charge at the b position. The proposition of such
carbocationic intermediate followed the observation by the group of Dixneuf of
propargylic arenes 1,2-migrations triggered by ruthenium complexation onto an
alkyne, and was rationalized by the occurrence of such slipped structures [33].
Slipped complex 37 would subsequently be transformed into the ‘‘bis-carbene’’
species 38 which undergoes cyclopropanation with the double bond to lead to
cyclopropylcarbene intermediate 39 as proposed by Trost (Scheme 1.8).

Intramolecular trapping by a pendant double bond, through submitting substrate
40 to electrophilic ruthenium, platinum and rhodium complexes, latterly evidenced
the involvement of carbene 39 [34]. This experiment allowed Murai and Chatani to
get complex fused tetracyclic compounds like 41 and settled the validity of the
cyclopropylcarbene as intermediate in the skeletal reorganization of enynes
(Scheme 1.9).

The team of Fensterbank, Malacria and Marco-Contelles latterly applied a
similar strategy. They employed ‘‘branched’’ dienynes like 42 and showed, upon
platinum catalysis, that the putative cyclopropylplatinacarbene could be trapped in
a comparable manner to Murai’s dienyne 40 to get polycyclic adducts 43
(Scheme 1.10) [35].

Some years after their study on platinum, Chatani and Murai reported two
iridium(I) complexes, [IrCl(CO)3]n and [IrCl(cod)]2 to be efficient catalysts for the
skeletal reorganization of 1,6- and 1,7-enynes [36]. Within this short period, other
groups, notably Fürstner’s, Echavarren’s and Inoue’s ones, brought considerable
insights to the understanding of skeletal rearrangement of enynes catalyzed by
platinum then gold, finally found to be the ultimate catalyst for this reaction (and
many others).
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Scheme 1.7 Single and double cleavage products in the skeletal rearrangement of 1,6-enynes
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1.3.2 Mechanistic Investigations with Platinum

Following Murai and Chatani’s studies, the group of Fürstner employed the PtCl2-
catalyzed skeletal rearrangement of 1,6-enynes as a key step in the total synthesis
of streptorubin B and metacycloprodigiosin alkaloids [37]. As they run the cy-
cloisomerization reaction of precursor 44 on a large scale, they could isolate low
amounts of minor byproducts 46–50 that shed light on the reaction mechanism
(Scheme 1.11).

They thus proposed a ‘‘nonclassical’’ homoallyl-cyclopropylmethyl-cyclobutyl
cation4 as reactive intermediate. Its formation is explained by the coordination of
platinum onto the triple bond that triggers nucleophilic attack from the alkene
partner, based on the idea that alkynes coordinated to platinum(II) had been shown
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Scheme 1.8 Formation of cyclopropylcarbene through a slipped g-alkyne complex
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Scheme 1.9 Carbene trapping by cyclopropanation

4 First description of nonclassical cation: [38]. Introduction of the term: [39, 40].
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to display an electrophilic character,5,6 (Scheme 1.12). This mechanistic rationale
allowed them to account for the formation of compounds 45–50, the minor
products arising from reaction with traces of water. In a later article, they showed
that the skeletal rearrangement was also effective with terminal alkynes and car-
bon-tethered enynes [42, 43].

The groups of Echavarren and Inoue then made their own contribution to the
understanding of the mechanism as they brought supplementary evidences to the
cationic intermediate hypothesized by Fürstner. They both simultaneously pro-
posed the occurrence of a cyclopropylcarbene intermediate. Whereas Echavarren
came to this conclusion as he was working on PtCl2-catalyzed alkoxycyclization
and Alder-Ene reactions of 1,6-enynes (vide infra) [44, 45] with DFT calculations
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Scheme 1.10 Trapping of carbene intermediates
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Scheme 1.11 Skeletal rearrangement accompanied by minor by-products en route to streptoru-
bin B

5 This fact was also enforced by some effective skeletal reorganization promoted by either a
Lewis or a Brønsted acid.
6 For a review see: [41].
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giving support, Inoue showed on the basis of 2H- and 13C-labelling experiments
that single and double cleavage skeletal rearrangement products of 1,6-enynes
could be obtained upon catalysis with electrophilic, dicationic platinum complex
[Pt(dppp)(PhCN)2](BF4)2 (Scheme 1.13) [46].

According to these results, he also invoked cationic intermediates to account for
his observations. The mechanistic model proposed for the skeletal reorganization
was thus magnified and has since been adopted and confirmed by numerous
computational and experimental studies. It explains well a myriad of transforma-
tions relying on carbophilic activation of enynes by extension of the underlying
principles, either with electrophilic salts of other transition metal such as gold (vide
infra), gallium, [47] indium, [48] iridium, [36] ruthenium [31, 34] and rhodium [49,
50]. In view of the results collected by Fürstner and Inoue [37, 42, 46] and further
studies by Echavarren, [44, 51] the carbene nature is a pertinent description of the
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Scheme 1.12 A nonclassical carbocation intermediate in the Pt-catalyzed skeletal rearrangement
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Scheme 1.13 Single and double cleavage skeletal reorganization of 1,6-enynes upon dicationic
Pt(II) catalysis
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reactive intermediates in the platinum series. However, in the gold series, theo-
retical and experimental studies have shown its considerable cationic character, so
that a debate will ensue on the genuine nature of the intermediates involved in the
cycloisomerization of enynes with strongly electrophilic gold complexes. We will
briefly present this controversy in Sect. 2.3.2, but we will keep the term ‘‘carbene’’
for intermediates F, I, L or M (Scheme 1.14).

From a practical point of view, the model depicted in Scheme 1.14 is in total
adequacy with the results obtained by Inoue: single cleavage products are selec-
tively obtained when stabilizing substituents are placed at the alkene terminus to
give stability to cation M, whereas acetylenic substituents stabilizing cation L will
favor double cleavage. In a general manner, the outcome of many reactions of
enynes activated with carbophilic metals could be predicted by considering the
most stable cationic resonance structure among all those depicted in Scheme 1.14.

X

[M]

X

[M]

X

[M]

X

[M]

X

[M]

X

[M]

X

[M]

XX

[M]
[M]

X

[M]

X

[M]

X

[M]

X

[M]

X

[M]

X

[M]

H H

1,2-H shift

then
elimination

X

double
cleavage

X

[M]

X

elimination

single
cleavage

D

E

F

G H

I

J

K

K

L

M

Scheme 1.14 Interpretation of metal-activated enynes in the sense of a nonclassical carbocation
and mechanism of single and double cleavage postulated by Inoue
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1.3.3 Skeletal Rearrangement of 1,6-Enynes
with Gold Catalysts

1.3.3.1 Endo- and Exo-Skeletal Rearrangement

In 2004, Echavarren reported cationic gold(I) catalysts to be powerful complexes for
the skeletal rearrangement of enynes 57 to give 1,3-dienes 58 (Scheme 1.15) [52].

These species were generated by chloride abstraction from a phosphinegold
chloride complex by the use of silver salts [53], or by protonolysis of the related
methyl complex [54–56]. They are isolobal to the H+ ion [57, 58] so they cannot
coordinate to both the alkene and the alkyne, ruling out competition of metalla-
cyclic intermediates. DFT calculations with [Au(PH3)]+ showed that a highly
polarized (g-alkyne) gold complex was formed displaying a substantial electron
deficiency on the alkyne’s internal carbon, which echoes back the propositions
made by Murai and Fürstner with platinum (vide supra). The latter then evolves to
cyclopropylcarbene I (Scheme 1.14) with lower activation energy than calculated
with platinum for the same step, explaining room temperature procedures with
cationic gold. Among all the 1,6-enynes Echavarren and his team have tested,
enynes 30 and 60 gave unprecedented six-membered rings compounds 59 and 61
respectively, arising from a 6-endo-dig skeletal rearrangement (Scheme 1.16).
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On the basis of DFT calculations and labelling experiments, Echavarren pro-
posed the following mechanisms to account for the formation of endo- [59] and
exocyclic [60] skeletal rearrangement. Complexation of gold(I) leads to cyclo-
propylcarbene I through a 5-exo-dig cyclization, by anti attack of the double bond,
resulting in an anti geometry for I. The latter displays a very distorted structure in
which the C2–C6 bond conjugated with the carbene is particularly long, while C1–
C2 has more alkene character, so that I can also be seen as a gold(I)-stabilized
homoallylic cation I’ (Scheme 1.17).7

Unlike Inoue, who proposed a stepwise evolution from I to M or L through
intermediate K (Scheme 1.14), DFT calculations showed that cyclopropylcarbene
Ia evolves directly to intermediate Ma. Elimination of gold then furnishes the
single cleavage product. For double cleavage products, carbene Ib suffers a con-
certed dyotropic rearrangement [62, 63] to give carbene Lb, the latter evolving to
double cleavage product through a 1,2-H shift/elimination sequence. It is worth
noting that in the gold series, this product is obtained with complete stereose-
lectivity, which is not the case with cationic platinum as the other isomer is
obtained predominantly (Scheme 1.13). The studies on the endocyclic skeletal
rearrangement led to the conclusions that it was occurring preferentially with
unsubstituted enynes bearing weak electron-withdrawing substituents at the tether.
Again, the favored pathway, according to DFT calculations, starts from cyclo-
propylcarbene I on which ring opening gives cation N. Gold elimination then
furnishes the endo product (Scheme 1.18).

In addition, this DFT study has shown the feasibility of the skeletal rear-
rangement process without intermediacy of cyclobutenes as Trost initially pro-
posed. Although some of them have been isolated as major products in 1,n-enyne
cycloisomerizations (n = 6–8), [18, 19, 59, 64–68] they are thermally stable,
which rule out their involvement in the mechanism leading to skeletal rear-
rangement products. Further DFT and experimental studies have revealed that in
the case of 1,7-enynes, the formation of cyclobutene 62 was favorable and
occurred through nucleophilic attack of the double bond in a syn fashion giving a
cyclopropylcarbene I with a syn geometry (Scheme 1.19) [59].
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Scheme 1.17 Cyclopropyl
carbene with homoallylic
cation-like structure

7 For a study on the influence of alkene substituents on the structure of this intermediate see:
[61].
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1.3.3.2 Carbene or Cation?

The nature of intermediate I was a matter of debate to determine which repre-
sentation, a gold carbene or a gold capped carbocation, was the closest to the real
bonding situation [69, 70]. We have seen above that intermolecular trapping with a
pendant double bond to form cyclopropanes brought evidences of carbene inter-
mediates in the platinum series [34, 35, 71]. Similar experiments were carried out
by the team of Echavarren with spectator alkenes in either intra- or intermolecular
fashion [72–74]. Stereochemistry of the tetracyclic products obtained by intra-
molecular trapping confirmed the favored anti geometry adopted by carbene
I. Interestingly, they were also able to trap intermolecularly carbene intermediates
of type L, thus providing compelling evidence for the existence of such inter-
mediates in the skeletal rearrangement of enynes. The high degree of stereo-
specificity of the cyclopropanation is in good agreement with carbene chemistry.
Gold carbene were also encountered in solution by reaction of a cationic NHC
gold(I) complex with ethyl diazoacetate, [75] or in the gas phase by decomposition
in a mass spectrometer of a phosphonium ylide gold complex [76, 77]. In both
cases, these entities were shown to display classic carbene reactivity, the most
representative being cyclopropanation of olefins. However, structural data of
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isolated Fischer-type gold carbenes shows particularly long C–Au bonds with very
little double bond characters. This is more consistent with the metal-stabilized
carbocation representation.8 The teams of Fürstner [82] and Toste [83] both
studied model systems with gold to get insight in the nature of the proposed
intermediates, not only in the enyne cycloisomerization reaction, but also in many
other gold or platinum catalyzed reactions that will not be detailed here. Without
detailing their results, the conclusions of these studies reject neither one nor the
other representation. The carbene or cationic nature of the intermediates is
dependent from the chemical environment of the ‘‘carbene’’ carbon, but also from
the ligand carried by the metal center (Scheme 1.20). Thus, the carbene and cation
representations are nothing but two extremes of the bonding situation.

1.4 Gold- and Platinum-Catalyzed Cycloisomerizations
of Enynes Without Skeletal Rearrangement

1.4.1 Alder-Ene Reaction

The Alder-Ene reaction of enynes with p-acidic transition metals is a rare event, as
skeletal rearrangement is often the observed outcome. However, this pathway was
encountered when cycloisomerization reactions were performed in polar solvents
with enynes whose alkene moiety is carrying at least two substituents. Thus, it was
possible to obtain Alder-Ene products 65 and 66 from enyne 63 with both platinum
and gold catalysts (Scheme 1.21). However, deuterium-labelling experiments
shown that a different mechanism was at stake for each metal [44, 45, 84]. While
platinum-catalyzed Alder-Ene reaction occurs through a platinacycle, the gold-
catalyzed process likely involves cationic intermediates.

Recently, the team of Chung has shown that the formal Alder-Ene reaction of
1,6-enynes with gold was a general process for heteroatom-tethered enynes
bearing non-terminal alkynes and a prenyl double bond [85]. Attempts to render
this reaction enantioselective with chiral gold catalysts resulted in low enantio-
meric excesses. Formal Alder-Ene products were also obtained using 1,6-enynes
bearing allylsilanes or—stannanes [86]: activation of the alkyne triggers nucleo-
philic attack of the electron rich olefin concomitant with departure of the Si or Sn
atom. The resulting vinylmetal species is subsequently quenched by a proton
source present in the reaction mixture. Although efficient, this reaction has for
major shortcoming to be not atom-economical.

8 Selected examples: [78–81].
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1.4.2 Reactions Involving Enols and Enol Ethers

The addition of b-ketoesters to alkynes with cationic gold(I) has been disclosed by
Toste and his team [87, 88], and represents the most efficient version of the Conia-
Ene reaction.9 This transformation can be seen as intramolecular addition of the
enol of the ketoester moiety with onto the activated alkyne in 67, proceeding endo-
or exocyclically to give rise to a vinylgold species. Protonolysis of the latter
furnishes the five-membered ring derivatives 68 (endo) and 69 (exo) and regen-
erates the catalyst (Scheme 1.22).

An analogous reaction was achieved with compounds 69a,b bearing iodoalkynes
and silyl enol ethers in place of ketoesters.10 Cyclized compound 70a was
employed in the enantioselective synthesis of alkaloid (+)-licopadine [103], while
70b is a key intermediate en route to (+)-fawcettimine (Scheme 1.23) [104].11

1.4.3 Cyclopropanation Reactions: Endocyclic Au and Pt
Carbene Intermediates

1.4.3.1 1,6-Enynes

In 1994, Blum and co-workers discovered a new and intriguing rearrangement of
allyl propargyl ethers 72 into bicyclo[3.1.0]heptene derivatives 73. The proposed
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9 Leading references: [89–100].
10 A similar reactivity with related substrates was observed with W(CO)5(thf), probably through
the same type of intermediates: [101, 102].
11 Similar products were obtained with silyl ketene amides and carbamates: [105].
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mechanism to account for their observation was assumed (erroneously) to rely on a
g-allenyl platinum complex formed after tautomery of the triple bond [106]. Few
years later, the group of Echavarren [44, 45] and Fürstner [43, 44] came upon a
similar rearrangement with platinum chloride salts, mainly when heteroatoms were
introduced as tether (Scheme 1.24). They therefore expanded its scope and drew a
new mechanistic rationale in accordance with the deuterium labelling experiments.
It was assumed that the key intermediate was the F resonance form of the
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nonclassical cation (Scheme 1.14), whose carbene character makes it able to
undergo a rapid 1,2-H shift [107], presumably assisted by the presence of the
heteroatom in the 3 position.

Deuterium labelling experiments or reaction in presence of D2O [43] supported
Fürstner’s arguments, and DFT calculations led by Soriano and Marco-Contelles
further confirmed this rationale [108]. Like cyclopropylcarbene of type I, the
structure of carbenes F is very distorted, the C1–C2 bond displaying a strong
double bond character whereas cyclopropane bonds are very elongated
(Scheme 1.25). Aside from platinum,12 many other metals were able to promote
this rearrangement: gold, [52] 13 rhodium, [49, 50, 115] gallium [116] and iridium
[117–119].
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The team of Echavarren has shown that oxygen-tethered alkynylenol ethers 82
were good candidates toward this kind of reaction [120]. Platinum and gold are
both good catalysts for this rearrangement, allowing access to tricycles 83. The
synthetic potential of such structures is well illustrated by the several acidic and
oxidative rearrangements these compounds could undergo to give polycyclic
molecules 84–87 with relatively good yields, including the formation of seven-
membered rings 86 through cyclopropane opening (Scheme 1.26).

In some cases, with gold catalyst 63 and substrates 88, a different reaction
outcome was observed that can only be explained by an endocyclic opening of the
cyclopropane in F through a synergistic action of the enol ether oxygen and the
cationic gold center. Products 89 and 90 were therefore the first examples where
carbocation E (Scheme 1.14) is the best description of the reactive intermediate,
its formation being allowed by the stabilizing effect of the heteroatom and the
strong electrophilicity of cationic gold(I) catalyst 63 (Scheme 1.27) [121].

Recently, the team of Chung designed an elegant tandem reaction based on a
platinum-catalyzed cyclopropanation of 1,6-enynes [122]. Substituting the exter-
nal position of either the alkene or the alkyne (or both) allowed them to perform in
a one-pot process a thermal Cope rearrangement of divinylcyclopropane moieties
after a platinum-promoted cycloisomerization, to get bridged or fused bicyclic
structures containing a seven-membered ring. Application of endo cyclopropana-
tion was also successfully applied by GSK to the total synthesis of GSK1360707,
an antidepressive drug candidate (Scheme 1.28) [123, 124].

This synthetic strategy using as a key step the cycloisomerization of enyne 91
into 92 greatly improved the overall yield of the synthesis compared to the pat-
ented precedents. Very recently, the team of Fürstner reported an optimized and
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highly enantioselective synthesis of this drug, using chiral cationic gold(I) cata-
lysts with phosphoramidite ligands [125].

1.4.3.2 1,5-Enynes

Unlike 1,6-enynes in which the intermediacy of two different carbenes I and F is
possible in reactions catalyzed by gold or platinum, only endo cyclization is
possible for 1,5-enynes. Indeed, an exo process would result in a highly strained
bicyclo[2.1.0]pentanyl carbene intermediate, which is obviously not favorable. In
2004, the groups of Fürstner [126] and Malacria/Fensterbank [127] independently
reported the gold and platinum cycloisomerization of 3-hydroxy-1,5-enynes 93
and 94 (Scheme 1.29).14 They could have obtained bicyclo[3.1.0] frameworks, a
structural motif frequently encountered in natural terpenes such as sabinone. The
latter team even designed an elegant transannular version with macrocyclic enynes
such as 95, giving easy access to the tricyclo[5.3.0.0.1,8]undecane skeleton (96),
which can be found in various natural products [129]. Either free alcohols or alkyl-
or silyl-protected ones reacted in this fashion, and the reaction was found ste-
reospecific, as (Z) and (E) isomers of styryl precursors gave distinct diastereoi-
somers [127].

The team of Toste showed the same year that the presence of a hydroxy group
at the propargylic position was not crucial to achieve the same cycloisomerization
with cationic gold(I) catalysts. Their study demonstrated that not only excellent
chirality transfers were possible starting from enantioenriched enyne 98, but also
that it was possible to switch from 1,2-H shift to 1,2-alkyl shift at the end of the
mechanism by introducing quaternary centers at the propargylic position. They
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Scheme 1.27 Cyclizations of O-tethered alkynyl enol ethers where E is the reactive intermediate

14 3-hydroxy-1,5-allenynes reacted similarly with Pt: [128].
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thus were able to isolate tricyclic products 101a,b resulting from a tandem cy-
cloisomerization-ring enlargement process [130] (Scheme 1.29).15 Interestingly,
when seven-membered rings were placed at the propargylic position instead of
four- or five-membered ones in 98 (n = 4), the ring enlargement process was not
observed but an insertion of the gold carbene into a neighboring Csp3–H bond of
the propargylic cycloalkane rather took place.16

A 1,2-alkyl shift was also proposed in the mechanism of the copper-catalyzed
cycloisomerization of 1,5-enyne 102 bearing a tertiary alcohol at the propargylic
position to account for the formation of bridged tetracyclic ketone 103
(Scheme 1.31) [136].

The reaction described above (Schemes 1.29, 1.30, 1.31) paved the way for a
now rich chemistry of 1,5-enynes toward transition metal catalysis. In fact, before
Fürstner’ and Malacria/Fensterbank’ studies, only scattered reports could be found
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15 Other ring-enlargement triggered by complexation of gold onto an alkyne: [131–133].
16 Reference [134]. DFT calculations: [135].
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in the literature, [101, 102, 137–139] unlike those related to 1,6-enynes. Since the
early 2000s, the number of studies on these substrates has bloomed, mainly with
electrophilic metal salts. Different reactivities were disclosed that will not be
further detailed in this manuscript and because they are not essential for the
understanding of the results presented in this manuscript. At least can be cited
skeletal rearrangement [140–142], endo cyclizations [143, 144] and pinacol
rearrangements [145, 146].

1.5 Trapping of Cationic Intermediates: Au- or Pt-
Catalyzed Cyclization Reactions of Enynes
in the Presence of Nucleophiles

The following section will briefly present some examples where the highly cationic
nature of intermediates in the gold- and platinum-catalyzed cyclization reactions of
enynes is well illustrated, through their reaction with various nucleophiles.
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1.5.1 Addition of Oxygen and Nitrogen Nucleophiles

The hydroxycyclization of 1,6-enynes was first disclosed with palladium by the team
of Genêt [147–149]. Some years later, Echavarren showed that platinum dichloride
in refluxing methanol was a superior catalysts for both alkoxy- and hydroxycycli-
zations of 1,6-enynes [44, 45]. Although other catalysts were found efficient to
achieve this reaction [150–152], the most competitive catalysts are cationic gold(I)
complexes giving clean reactions at room temperature [52, 153]. Both products of
exo- (104a–c) and endo-trig (105a) cyclization can be obtained, the outcome being
directed by cation-stabilizing groups on the alkene that will direct the nucleophilic
attack on cyclopropylcarbene I (path a or b, Scheme 1.32). Water can also act as
nucleophile as illustrated by product 104b. The reaction is stereospecific as (E) and
(Z) isomers of internal double bonds will each give distinct diastereoisomers.

Intramolecular versions were developed [153], and a good enantiomeric excess
was reached through the use of chiral bimetallic catalysts (Scheme 1.33).17 Inter-
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17 References [154–156]. See also with Pt: [157].

1.5 Trapping of Cationic Intermediates 23



and intramolecular hydro- or alkoxycyclizations were also achieved in the 1,5-
enyne series,18 through a mechanistically similar process. The addition of nitrogen
nucleophiles has been less explored but some reports exist with both 1,5- [160] and
1,6-enynes [161], the aminocyclization reaction remaining closely related to the
alkoxycyclization reaction. Intramolecular trapping of cationic intermediates was
also achieved with carboxylic acids similarly to the gold-catalyzed reaction of 106
[162]. In this remarkable study, the analogy with acid-catalyzed polyene cycli-
zation was drawn, which further revealed the highly cationic nature of reactive
intermediates in gold-catalyzed enyne cycloisomerization reactions.

To finish with this section, it is worth saying that inter- and intramolecular
addition of carbonyl compounds to enynes was also achieved through Prins-type
reactions [163–166]. The mechanism is quite more complex and the outcome is
substrate dependant. This methodology, which will not be further detailed in this
manuscript, was successfully applied in its intramolecular version to the total
synthesis of (+)-orientalol F [167] and (-)-englerin A [168].

1.5.2 Addition of Carbon Nucleophiles

1.5.2.1 Intermolecular Reactions

Nucleophilic attack at cyclopropylcarbene intermediate I was also achieved with
carbon nucleophiles. The groups of Michelet and Echavarren were the first to
report the successful addition of indoles to 1,6-enyne 110 to obtain products 111–
112 [169–172]. Interestingly, addition onto carbene carbon was also observed,
preferentially when bulky donor ligands were employed (path b, Scheme 1.34).
The use of electrophilic catalyst 111 allowed them to promote this reaction with a
high regioselectivity along path b (Scheme 1.34).
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Scheme 1.33 Intramolecular and assymetric versions of alkoxycyclizations of 1,6-enynes

18 Intramolecular alkoxycyclizations: [157, 158]. Intermolecular alkoxycyclizations: [159].
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This reaction works well with other electron-rich arenes, but also with allyl-
silanes and acetoketone derivatives [173]. Sporadically, other intermediates could
have been trapped such as G or H, mainly with enynes bearing non-terminal
alkynes (not depicted), and L (see Schemes 1.14, 1.19) in the case of enyne 19
(Scheme 1.35).

1.5.2.2 Intramolecular Reactions

Formal [4 + 2] adducts 117–118 were obtained when 1,6-enynes bearing aryl or
alkenyl substituents 115–116 were submitted to catalytic amounts of cationic
gold(I) salts [67] (Scheme 1.36).

The reaction is general and works well on a broad range of precursors. The
mechanism was proposed on the basis of DFT calculations and cyclopropylcar-
bene Ic was found to be the key intermediate in this cyclization reaction. Its
opening leads to aryl-stabilized p-cation Jc where the stereochemical information
of the double bond is retained. A Friedel-Crafts type reaction then occurs ste-
reospecifically, giving Wheland intermediate 119. Proton loss followed by pro-
todeauration finally yields the polycyclic compound 118 [174]. This concept was
also further applied to a gold-catalyzed enantioselective polycyclisation reaction
of polyene-ynes [175].
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1.6 Influence of Propargylic Free or Protected Hydroxy
Substituents

1.6.1 Propargylic Esters

1.6.1.1 Mechanistic Considerations

The chemistry of 1,n-enynes bearing an ester group in the 3 position is very rich
and bloomed after the observation by our team [35] that reaplacing the methyl
protecting group on precursor 42 by an acyl could lead to a divergent reaction
outcome. We, and a couple of years later, Fürtsner [126], initially postulated to

E

E

N
H

(1.1 equiv.)
111 (5 mol%)

CH2Cl2, rt

19

E

E

H
N

114, 56%

[Au]
E

E
via

L
NuH

Scheme 1.35 Trapping of intermediate L with indole

X

R2
R1

R3

X

R2 R1

R3

H

63 or 111 (2-5 mol%)

CH2Cl2, rt

MeO2C

MeO2C
Ph 63 (2 mol%)

CH2Cl2, rt

MeO2C

MeO2C
H

Ph

115

116

117, 77%

118, 60-99%

X = C(CO2Me)
R1, R2 = H, Me, Ph

R3 = H, Me, Ph, OMe, CN, NO2

X
R2

R1

[Au]
Ar

H

[Au]

X

R2

R1

R3
X

R2 R1

[Au]

H

R3

[Au]

-[Au]

Jc

Ic
119

Scheme 1.36 Formal [4 + 2] cycloaddition by trapping of carbocation Jc

26 1 Gold- and Platinum-Catalyzed Reactions of Enynes



account for the formation of products 121, 122 and 124, that complexation of the
alkyne triggers a 5-exo-dig cyclization of the ester’s carbonyl oxygen to give
dioxolium intermediate of type O, which subsequently rearranges into carbene P.
Cyclopropanation of neighboring olefin thus lead to compounds 121, 122 or 124.
(Scheme 1.37).

This rearrangement, in fact, knows precedents: Rautenstrauch, in the 80s, also
proposed carbene P as a putative intermediate in the mechanism of formation of
cyclopentenones from 1,4-enynyl acetates [176], and Ohloff, in the 70s, observed
cycloprane compounds where the acetate has shifted when submitting 1,6-enynyl
acetates to ZnCl2 [177]. This rearrangement is thus coined as the ‘‘Ohloff-Rau-
tenstrauch’’ rearrangement. One can notice that it represents an easier way to
access compounds that are usually obtained by classical carbene methodologies
starting from a-diazoketone substrates.

In the course of the total synthesis of (-)-cubebol and related terpenes, the teams
of Fürstner [178] and Fehr [179, 180] observed with platinum catalysts that the
configuration of the propargylic ester in compound 125 could influence the ste-
reochemical outcome of the reaction. As the occurrence of planar carbene P was
inconsistent with these results, they both proposed a mechanism where cyclization
takes place prior to ester migration through cyclopropylcarbene Q, as illustrated in
Scheme 1.38.

Calculations led by Soriano and Marco-Contelles came to further confirm this
rationale, even if they did not exclude the fact that formation of carbene P could
compete due to weak differences in the energy barriers [181, 182]. However, in the
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intermolecular case19 where entropic factors govern, the rearrangement into free
carbene P precedes the cyclopropanation step [188]. Other studies with platinum
have shown that another pathway could compete leading to allenyl ester S [189]
through dioxolium R. Such species display reactivities that will be detailed in
Chap. 3. 6-Endo-dig cyclization of the carbonyl oxygen onto the activated alkyne
leading to R mainly occurs when R3 = alkyl or aryl substitutents, which stabilize
positive charges at C1, although other factors can be at stake [190]. On the
opposite, esters [191] or halides [192] will strongly disfavor this pathway. It is
worth noting that the formation of allenyl esters was already realized in the late
50s upon silver catalysis (Scheme 1.39).20

The numerous studies that have been published until nowadays about the use of
propargylic esters in enyne systems upon p-acidic transition metal catalysis
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19 With Ru: [183–186]. This study shows that the use of enantioenriched propargyglic acetates
results in racemic cyclopropane, but good ees were obtained using chiral gold catalysts. See also:
[187].
20 References [193–195]. See also: [196–198].
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revealed that several competing pathways can take place. It is reasonable to say
that the overcoming of one over the others is highly dependent on the substrate, but
catalysts and reaction conditions can play a role as well [199–201].

1.6.1.2 The Gold Catalysis Case

Early experiments by our team has shown that the situation in gold catalysis is
more complex. Investigation of the behaviour of dienyne 120 with gold catalyst
led to the observation of a third product 128, which becomes major when cationic
NHC gold(I) catalyst 129 was used (Scheme 1.40, top) [202].

Theoretical studies show that a ‘‘golden carousel’’ interconnects the gold-
complexed propargylic ester, carbene P and allenyl ester S through 1,2- or 1,3-
OAc shifts in a rapid equilibrium (Scheme 1.40, bottom); [203, 204] it is thus
unsurprising to observe compound 128, which stems from a formal [3 + 2]
cycloaddition of an allene-ene intermediate of type S [205]. Oxygen labelling
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studies have shown a high degree of label scrambling in the resulting enol esters
what is consistent with the calculated carousel [204]. The formation of 121 and
122 when the related allenyl ester of 120, 130, was submitted to gold catalysts is
another proof of the reversibility of the OAc shifts (Scheme 1.41) [204].

Unlike platinum catalysts, the rearrangement of propargylic acetates was shown
to favorably occurs before cyclopropanation what correlates well with poor or no
chirality transfers observed with enantioenriched 120. It is worth adding that
calculated structure of gold carbene P suggests that it is close to a gold-stabilized
allyl cation [203]. This is consistent with the relative easiness of nucleophilc attack
at the C1 position of carbene P.21 The cationic rendition is also well illustrated by
studies led by Toste and Nevado where cation-stabilizing substituents were
introduced at the propargylic position (Scheme 1.42). They thus were able to
perform respectively the Rautenstrauch rearrangement of vinyl propargyl pivaloate
131 into 13222 and homo-Rautenstrauch rearrangement of quaternary cyclopropyl
propargyl acetate 133 into 134, respectively [214]. Besides, these studies highlight
the ‘‘nonclassical’’ character of cationic intermediates involoved in these pro-
cesses, as they kept memory of the chiral information of the starting material,
allowing a high degree of chirality transfer.

5 mol% Ph3PAuSbF6

CH3 C, 12 h

PivO

H

O

131, 93% ee 132, 86%, 91% ee

O
O

[Au]

t-Bu

H
[Au]

PivO

[Au]

O

[Au]

Ot-Bu

-[Au]
-PivOHH2O

OAc
(S)

(S)

AuCl3
(5 mol%)

CH2Cl2, rt

OAc

K2CO3

MeOH

O

133 134, 87% ee

Toste

Nevado

[Au]

OAc
H

Scheme 1.42 Examples illustrating the cationic rendition of gold-activated propargylic esters

21 Selected examples with Pt: Ref. [168] and also [206, 207]. With Au: [208–211].
22 Reference [212]. For a theoretical study see: [213].
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1.6.2 Propargylic Ethers and Alcohols

1.6.2.1 1,2-H Shift on Cyclopropylcarbene I

Keeping in mind that heteroatoms might facilitate a 1,2-H shift onto a neigh-
bouring carbene (see Sect. 3.3), the team of Michelet, Chen and Zhang explored
the reactivity of 1,6-enynes bearing an external propargylic alcohol or ether
assuming that such substrate should undergo a rapid 1,2-H shift onto carbene I to
give bicyclo[3.1.0]hexane derivatives [215]. They successfully implemented their
concept and obtained bicyclic molecules 136 displaying a cyclopropylenol ether
(or a b-cyclopropylaldehyde in the case of free alcohols). For this purpose, they
submitted malonate-tethered 1,6-enynes 136 to catalytic amounts of platinum
dichloride (Scheme 1.43). However, heteroatom-tethered enynes did not react
along this new cycloisomerization pattern, and classic bicyclo[4.1.0]heptene
skeletons arising from a favored endocyclic carbene of type F were obtained (not
depicted).

It is worth adding that similar substrates where R1 is an acetyl substituent were
also explored toward cationic gold(I) catalysis, leading to comparable products.

EtO2C

EtO2C
OR1

R2

R3

PtCl2 (5 mol%)

C

EtO2C

EtO2C
H

OR1

R3

R2

R1 = H, Me, Bn, TBS
R2, R3 = H, Me, Ph135 136, 42-95%

1/1 < E/Z ratio <1/0

EtO2C

EtO2C
H

R3

R2

[Pt]
H

OR1

Id

via

Scheme 1.43 Cycloisomerization of 1,6-enynes bearing external propargylic alcohol or ethers
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Cyclopropylcarbene Id was also invoked in the catalytic cycle, but in this case a
1,2-OAc shift onto the carbene is preferred over a 1,2-H shift [216].

1.6.2.2 1,5-Migration of Ethers and Hydroxy Group

Coordination of gold on a triple bond was also shown to promote the migration of
adjacent hydroxy and ether groups. Hydroxy-, silyloxy- or alkoxylated enynes 137
with a (E) double bond geometry submitted to catalytic amounts of 64 were
rearranged stereoselectively and stereospecifically into tricyclic scaffolds 138
where a 1,5-migration of the oxygenated group has operated [217]. (Z) precursors
gave products with inverted configuration at the carbon carrying the oxygen. In
both cases, minor products 138’ arising from endo cyclopropanation were also
obtained. The mechanism is supposed to occur through cyclopropyl gold carbene
Ie. Thanks to its cationic nature, the OR group could then migrate at the cyclo-
propyl head carbon to give oxonium intermediate 139, which subsequently opens
to give allylgold cation 140 (Scheme 1.44). Deuterium labelling experiments have
shown that this process was intramolecular. A final cyclopropanation allows the
formation of the bicyclo[5.1.0]octane skeleton.

Another 1,5-migration was also observed by Liang and co-workers in the
cycloisomerization of 1,6-enynes 141 bearing a hydroxy group at the external
propargylic position [218]. The reaction was carried out in the presence of silver(I)
salts which are not commonly used in metal catalyzed cycloisomerization reaction
of enynes.23 As the reaction products can roughly be seen as 1,5-migration prod-
ucts, we chose to present this reaction in this section. It is besides important for the
experimental results described below. Reaction products are exocyclic allenes 142,
a rarely encountered cyclization pattern of 1,6-enynes (Scheme 1.45).24

Regarding to the mechanism, no literature report invokes cyclopropylcarbenes
as reactive intermediates in silver catalyzed processes. However, the reaction
outcome can be explained by the involvement of such species. From If, intra-
molecular cyclopropane opening could lead to 143, which can then undergo either
demetallation/fragmentation giving 142, or a simple protodemetallation to give

X R1

R3
R2 OH

AgSbF6 (10 mol%)

CH2Cl2 C
X

OH

R1
R3

R2

X = NTs, O
R1 = aryl, furyl
R2, R3 = H, alkyl,

141 142, 54-94%

Scheme 1.45 Allene
synthesis though
Ag-catalyzed enyne
cyclization reactions

23 Some examples are described in the following review: [219].
24 Comparable products were also obtained from the cyclization of 1,6-enynes with stoiechio-
metric amounts of TiCl4: [220].
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144. The non-observation of the latter decridibilizes such mechanism. Otherwise,
intermolecular trapping of If by a water molecule could lead to 145, and sub-
sequent demetallation/dehydration furnish exocyclic allene 142 (Scheme 1.46).

As the reaction needs traces of water to be performed, the authors rather
inclined toward the last hypothesis than for an intramolecular shift of the hydroxy
group. Nonetheless, no labelling experiments were carried out to confirm this
assumption.

1.7 Allenynes: A Particular Case of Enynes

Following the seminal works of Trost on enynes, allenynes rapidly emerged as
powerful substrates for the discovery of new cycloisomerization reactions [221].
The exploration of such substrates toward p-acidic transition metals began in our
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Scheme 1.46 Mechanistic hypothesis accounting for the formation of 138
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Scheme 1.47 Different reaction outcomes depending on the catalysts in the cycloisomerization
of 1,6-allenyne 146
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laboratory, first with platinum catalysis [222] and then with gold [223]. Will
follow a plethora of reports in this field, which reflect, like enynes, a high substrate
and catalyst dependancy [221]. An exhaustive description of these works is out of
the scope of this chapter. However, a focus on our work seems pertinent to briefly
illustrate the power of such substrates and point out the common points and
differences with enynes in the mechanistic rationales. It is moreover valuable in
view of the results presented in Chaps. 3 and 4. The reactivity of 1,6-allenyne
substrate 146 has been investigated with various platinum and gold catalysts, and
the results are summarized in Scheme 1.47. In our first study, we hypothesized the
occurrence of platinacyclopentene in the mechanistic pathway, which was further
supported by DFT calculations [224]. However, such mechanistic rational is
inconsistent in the case of gold(I), gold(III) and platinum(IV), these catalysts being
particularly reticent to give rise to metalacyclic intermediates.

While studying gold catalyst, our team noticed that the presence of chloride
ligand on the platinum and gold complexes had a dramatic impact on the reactivity:
chloride-containing catalysts allowed the formation of hydrindiene product 147,
while cationic, phosphine-ligated catalysts resulted in the selective formation of an
isomeric mixture of formal Alder-ene regioisomers 148.25 Switching to methyl-
substituted alkyne substrate 149 allowed the discovery of a third cycloisomerization
pathway affording vinylallene 150 which is effective either with gold or platinum
chloride salts or cationic halide-free complexes (Scheme 1.48).
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or AuCl, AuCl3, [Au(PPh3)]SbF6

    CH2Cl2, rt
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149 150, 79-92%

Scheme 1.48 Formation of vinyl allenes in the case of acetylenic methyl precursors
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25 Ligand effects in gold catalysis have been recently reviewed, see: [225].
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The proposed mechanisms, supported by a computational study, starts for each
product by a 6-exo-dig cyclization triggered by gold complexation onto the
alkyne,26 giving birth to a stabilized allylic carbocationic intermediate 151/153,
respectively. Then, depending on the substrate and the catalyst, diverging
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1.3 (0.3)

-20.9
(-24.2)

-11.9
(-13.2)

-38.7
(-37.5)

-10.2
(7.8)

-28.0
(-21.2)

-14.4

-50.4

-23.3

-73.7

H

AuCl3148

AuCl3

H
152

H

Au

H

Cl

Cl2

153 AuCl2

154 + HCl AuCl2

155 + HCl

Scheme 1.50 Energy profile [kcal mol-1] for the transformation of 147 into hydrindiene 155
calculated for M = AuCl3 (and AuPH3
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Scheme 1.51 Tandem cyclization/Friedel-Crafts reaction of phenyl-substituted 1,6-allenynes

26 Gold’s ‘‘alkynophilicity’’ results in a preferred reaction of activated alkynes rather than
activated allenes. However, some reports dealing with allenynes are consistent with initial
activation of the allene, see: [226–228]. See also ref. [128].
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pathways were unveiled with DFT calculations. The Alder-Ene products were
computationally reachable if R = H and their formation would proceed through a
direct 1,5-proton shift. Vinylallene 154 is also obtained in a single step by a 1,5-
hydride shift (Scheme 1.49).

As only chloride-containing catalysts could promote the formation of hydrin-
diene products, a mechanistic rationale was proposed involving isomerization of
the vinyl metal species 148 followed by elimination of HCl (Scheme 1.48). The
next step is a 5-endo carboauration which after protolysis with HCl delivers the
final product and restores the catalytic species (Scheme 1.50).

This cationic manifold echoes back the mechanisms of cycloisomerization of
enynes with gold and particularly in this case a direct parallel can be drawn with
the gold-catalyzed Alder-ene of enynes (compare products 65, Scheme 1.20 and
148, Scheme 1.47) [84, 85]. Although no intermediates similar to cyclopropyl-
carbenes were invoked in this case, intermediates similar to D, E, F, G resulting
from endo cyclization (Schemes 1.14, 1.25) were proposed in the cycloisomer-
ization of heteroatom tethered 1,6-allenynes upon platinum catalysis [229].

Trapping of cationic intermediates was achieved with deuterated methanol and
evidenced by intramolecular Friedel-Crafts reaction (Scheme 1.51), in a closely
similar manner than Echavarren did in the 1,6-enynes series (see Sect. 4.2.2, Refs.
[67, 174]).

1.8 Conclusion

Activation of enynes by electrophilic metal salts has raised considerable interest
from the community of synthetic chemists. The high reactivity of such compounds
coupled to the easiness of their ‘‘decoration’’ with a variety of functionnal groups has
allowed the discovery of a lot of cyclization reactions leading to complex cyclic and
polycyclic frameworks, which have sometimes been applied in the total synthesis of
natural products [37, 103, 104, 167, 168, 178–180, 230]. All these compounds often
arise from common intermediates, which can be seen as a cyclopropylcarbenes
I or F, originating from a 5-exo-dig or a 6-endo-dig cyclization of the activated
enyne, respectively. Both nonetheless display a highly cationic character, and this
duality is well illustrated by the reactions presented above.
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Chapter 2
New Advances in the Gold-Catalyzed
Cycloisomerization Reactions of Enynes:
1,5-hydride Shifts and Access
to Ketomacrolactones

In this chapter will be presented some new results obtained in the field of gold
catalyzed cycloisomerizations of 1,6-enynes. A new reaction based on a 1,5-
hydride shift process has been disclosed, allowing the formation of functionalized
allenes. The end of this chapter gathers some results we got toward the synthesis of
macrocyles using a gold catalyzed cycloisomerization reaction of oxygen-tethered
1,6-enynes. Before the results being described and discussed, we will briefly
introduce other gold catalyzed reactions that feature 1,5-hydride shifts.

2.1 Introduction

2.1.1 Bibliography

2.1.1.1 C(sp3)-H Functionalization Through 1,5-hydride Shifts

Methodologies allowing the direct functionalization of relatively unreactive C–H
bonds have raised a growing interest from the organic chemists community, as it
facilitates the formation of C–C and C-heteroatom bonds without requiring a
prefunctionalized C–X bond (X = halogens, triflates…).1 The majority of these
methodologies deals with C(sp2)–H bonds, even if recently some promising cat-
alytic systems have emerged toward the activation of the strong C(sp3)-H bond.
In general, they rely on the direct insertion of a metal into the desired C–H bond.
However, a turn in this chemistry appeared in 2005 with the work of Sames and
co-workers [6–8]. They proposed an alternative approach based on an initial
activation of an unsaturation by an electrophilic metal catalyst that triggers the
cleavage of a C–H bond in 1,5-relationship to the activated p-system.2

1 For a selection of recent reviews on C-H bond functionalization, see: [1–4]. See also [5].
2 For a review gathering some examples of this type of reaction see: [9].

A. Simonneau, Gold-Catalyzed Cycloisomerization Reactions Through Activation
of Alkynes, Springer Theses, DOI: 10.1007/978-3-319-06707-0_2,
� Springer International Publishing Switzerland 2014
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The resulting ate-complex 1 then reacts intramolecularly on the electrophilic
position generated by the departure of the H atom to form a C–C bond (Scheme 2.1).

Although the reaction is limited due to its intramolecular character and requires
the presence of a stabilizing group (mainly heteroatoms such as O or N), this
strategy allows the activation of sterically hindered C(sp3)–H bonds, a strong
limitation in the direct metal insertion based processes. Some examples are pre-
sented in Scheme 2.2, and it is worth adding that aryl can also play the role of the
stabilizing group, rather than nitrogen or oxygen.

2.1.1.2 Related Reactions Catalyzed by Gold and Platinum

Given the fact that gold and platinum are excellent and selective activators of C–C
unsaturations, the transposition of the Sames’ strategy into the realm of gold and
platinum catalyzed reactions came naturally. Indeed, these metals efficiently
promoted the 1,5-migration of an hydride onto an activated triple bond when
starting from precursors 6 and 8,3 resulting in products 7, 9, 10 of formal alkyne
hydroalkylation (Scheme 2.3).

The gold version of this rearrangement can be plagued by side reactions,4 and a
selectivity issue between 5-exo (such as 9) or 6-endo products (such as 10) is also
met, mainly due to steric interactions. The proposed mechanism starts complex-
ation by the electrophilic metal center onto the alkyne that triggers the 1,5-hydride
shift.5 The C-C bond formation occurs at the resulting vinylmetal species 11 in a
5-exo manner, to give carbene 12. Then, depending on steric factors that allow the
requisite conformation of carbene 12, a 1,2-H or a 1,2-alkyl shift takes place,
leading to products 7/9 or 10, respectively (Scheme 2.4).

The team of Gagosz further extended this rearrangement to propargyl ethers 13
and thus disclosed a practical method for the synthesis of substituted allenes 14
[12]. In this case the vinylgold species 15 rather undergoes a gold elimination
concomitant with the adjacent C–O bond cleavage, leading to the obtention of
substituted allene 14 and benzaldehyde as products (Scheme 2.5).

It is worth noting that substrates similar to 13 with R1 = ester gave endo
hydroalkylation products upon the conditions reported in Scheme 2.3. This
mechanistic divergence still lacks rationalization. The team of Gagosz also
developed the allenic version of the hydroalkylation reaction depicted in
Scheme 2.3 [13]. This study also features a comparison with strong Brønsted
acids. The latter were shown to give a different outcome than gold, though able to
perform the 1,5-migration process (Scheme 2.6).

The postulated mechanism starts with activation of the allene inducing the
migration of the hydride a to the oxygen atom. From intermediate 19 two different
pathways are then likely to occur: with gold, carbometalation of the oxonium

3 With Pt(IV): [10].
4 With cationic Au(I): [11].
5 Sames also invoked the possibility of a platinum vinylidene, see Ref. [10].
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moiety can take place giving complex 20, on which a gold-triggered furan opening
allows rearrangement into 18 through allylic carbocation 21. On the other hand,
the pathway leading to product 17 involves the nucleophilic attack of the double
bond in 19 onto the oxonium to produce carbocation 22 (which may evolve to 20
through gold elimination). The latter, depending on the catalyst, furnishes the spiro
compound 17 in a one or two steps sequence. Neither 17 nor 18 rearranged into the
other upon gold or acid catalysis, which is consistent with such mechanistic
divergence (Scheme 2.7).
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Scheme 2.1 Sames’ strategy for the activation of C(sp3)–H bonds
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Scheme 2.2 Examples of the indirect C(sp3)–H functionalization strategy developed by Sames

X

N
CBz

N

X

CBz

PtI4 (5 mol%)

CH3CN C

6 7, 68%

X

O

[L1Au(MeCN]SbF6
(4 mol%)

MeNO2 C O

X

O

X
H

H

H

H
8 9, 81% 10, 14%

X = CO2Me

i-Pr

i-Pr
i-Pr

P
Cy

Cy
L1 =

Scheme 2.3 1,5-hydride shifts onto a Pt- or Au-activated C–C triple bond
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Cationic intermediates generated in gold catalysis can also react with a hydride
through 1,5-intramolecular migration providing the design of the substrate allows
it. This concept was successfully realized in an enantioselective version by the
team of Zhang, starting from compound 23 (Scheme 2.8) [14, 15].

The mechanism of this reaction begins with the activation of the triple bond by
cationic gold that induces a 5-endo nucleophilic attack of the neighboring carbonyl

X

Y [M]H

X

Y H
[M] Y

H

H

H

Y
H

H

Y
H

H5-exo

1,2-H
shift

1,2-alkyl
shift

11 12
[M]

H

Scheme 2.4 Mechanism of the Pt- or Au-catalyzed hydroalkylation
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Scheme 2.5 Synthesis of allenes through 1,5-hydride shift/aldehyde elimination sequence
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Scheme 2.6 Gold and acid catalyzed hydroalkylation of allenes
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oxygen. The resulting stabilized carbocation 25 and the hydride a to nitrogen are in
1,5 relationship, therefore a migration process is likely to occur, leading to
iminium 26. The latter then reacts with the nucleophilic C-Au bond to form the
seven-membered ring in an enantioselective manner and regenerates the catalyst
(Scheme 2.9).

It is worth mentioning that a 1,6-hydride shift was proposed to occur in a
particular case of enynes cycloisomerization upon platinum catalysis [16]. 1,5-
sigmatropic shifts were also catalyzed by this metal [17]. 1,3-Hydride shifts onto
platinum or gold carbenes have been more frequent [18, 19], and a sporadic
example of a 1,5-hydride shift onto a platinum carbene has been reported to this
date by the team of Oh [20].6

16
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Scheme 2.7 Mechanism for the Au- or acid-catalyzed hydroalkylation of allenes
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Scheme 2.8 Zhang’s enantioselective Au-catalyzed functionalization of C(sp3)–H bonds

6 See also Ref. [21].
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2.1.2 Presentation and Objectives of the Project

As we were interested in the formation of allenes through gold-catalyzed processes
for the development of tandem reactions, the direct transformation of enynes into
allenes appeared to us as a promising tool. In view of our own results in the 1,6-
allenyne series [22, 23], those of Liang and co-workers [24] and those presented
above, we sought it was possible to obtain allenes upon gold catalysis, based on a
1,5-shift of an external propargylic substituent that could occur on an intermediate
cyclopropylcarbene.

Considering cyclopropylcarbene 27, several competitive processes could be at
stake: a donor Y substituent could promote either a 1,2-H shift (path a,
Scheme 2.10) to give a bicyclo[3.1.0]hexane derivative 28 [26] or a 1,5-H shift
onto the cyclopropane head carbon to lead to exocyclic allene 29 (path b). If Y is
also a good leaving group, its own migration could also be envisioned (path c). To
enhance the carbocationic character of the cyclopropane head carbon and thus, to
increase the chance to perform selectively the 1,5-migration process, geminal
substitution at the external olefinic carbon should be decisive.

Below are presented the results we obtained in the development of such reaction.

2.2 Validation of Our Hypothesis: Synthesis of Allenes
Through a Gold-Catalyzed Cyclization
and/or 1,5-migration Processes

2.2.1 Synthesis of Test Substrates and Reactivity

We first assessed 1,6-enyne substituted at the external propargylic position by a
primary, a secondary or a tertiary alcohol 31–33, and displaying a prenyl group to
give better chances to perform the migration process. The synthesis of such pre-
cursors was straightforward starting from commercially available dimethylprop-
argyl malonate 34 (Scheme 2.11). Deprotonation of the latter using sodium
hydride in the presence of dimethallyl bromide furnishes 1,6-enyne 35. Reduction

OPh

N

O
Br

[Au]

N

O
Br

O
Ph

[Au]

H

N

O
Br

O
Ph

[Au]

H
24

5-endo 1,5-H
shift -[Au]

25 26

Scheme 2.9 Mechanism of Zhang’s Au-catalyzed functionalization of C(sp3)–H bonds
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of the gem-diester moiety with lithium aluminium hydride followed by transace-
talization with 2,2-dimethoxypropane led to dioxane tethered enyne 37. Then,
formation of the lithium acetylide by treatment with n-butyllithium followed by
addition onto either formaldehyde, valeraldehyde or acetone gives 1,6-enyne
precursors 31, 32 or 33, respectively.

With these substrates in hand, we could assess their reactivity toward gold
catalysis. We chose cationic gold(I) catalyst 38 [25] to carry out the experiment,

X R
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H

[Au]

X

[Au]
Y

H
R

H

27
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b
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H

H
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Y

X
H
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-dig

28

29

30

Scheme 2.10 Anticipated mechanistic scenarii
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Scheme 2.11 Synthesis of test substrates 31–33
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on one hand for practical reason because it is air-stable and easy to handle and on
the other hand, it has been shown to be very efficient in promoting various enyne
rearrangement. Its cationic nature also avoids recourse to silver salts which have
been shown to promote cyclization reactions on related substrates [24]. Submis-
sion of 31 to catalytic amounts of 38 gave after 12 h at room temperature a mixture
of products 39 and 40 (Scheme 2.12).

The mechanism accounting for the formation of 39 and 40 is depicted below.
Complexation of gold onto the triple bond triggers the formation of cyclopro-
pylgold carbene 41. The latter can then evolve along two different pathways:
nucleophilic attack of the free hydroxy group onto C6 delivers vinylgold oxonium
42 which after protodeauration gives dihydropyranyl derivative 40 (path a,
Scheme 2.13).

The mechanism leading to 39 is somewhat original. Formation of this product
can only be explained by a 1,5-hydride shift from the propargylic position to C6.
This process was most probably made possible by assistance of the hydroxy group
whose non bonding electron pairs can delocalize into the r-antibonding orbital of
the adjacent C–H bond. Gold-complexed allenol 43 is thus formed which upon
decoordination/ tautomerization delivers aldehyde 39 (path b). The discovery of
this new rearrangement of enynes prompted us to explore the scope and optimize
this process.

O

O

OH

P Au NCCH3
t-Bu

t-Bu

SbF6

(2 mol%)

CH2Cl2, rt, 12 h O

O O

O

O

O

31

38

39, 40%
Z/E ratio = 1:1

40, 20%

Scheme 2.12 Au-catalyzed cycloisomerization of 1,6-enyne 31
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Precursor 32 gave a comparable yield of 1,5-hydride shift product upon
catalysis with 38, nonetheless the amount of dihydropyranyl derivative 45 was
more than doubled. Unsurprisingly, substrate 33 that does not have any hydrogen
at the external propargylic position reacted only along path a, nonetheless with
harscher conditions than for 31 and 32 (Scheme 2.14).

To prevent nucleophilic attack from the oxygen, we then synthesized a series of
O-protected substrates, assuming they would exclusively react along path b.

2.2.2 Oxygen-Protected Precursors

Starting from alcohols 31 and 32, we synthetized a range of ester and silyl
protected precursors. Acylation or benzoylation were realized with the acetic
anhydride or p-nitrobenzoyl chloride (PNBCl) in the presence of triethylamine and
4-dimethylaminopyridine, and allowed us to obtain precursors 47–49. Silylation of
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Scheme 2.14 Reaction of substrates 32 and 33 with catalyst 38
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31 under classical conditions led to compound 50. Alkylethers were not explored,
as we assumed the risk to see them react similarly to benzylether derivatives upon
platinum catalysis [26].

We then submitted precursors 47–50 to our reaction conditions. We were
pleased to find that substrate 47 gave selectively the product of 1,5-hydride shift 51
in a satifying 75 % yield and in a 1:1 diastereomeric ratio (Scheme 2.16).

The preferred nucleophilic attack of the double bond over acetate migration is
quite surprising, but consistent with the observation made by Gung on similar
substrate 52 [27]. In his case, the olefin is monosubstituted and formation of
cyclopropylcarbene prevails over any acyloxy migration process.7 A 1,2-OAc shift
ends the catalytic cycle, thus delivering bicyclo[3.1.0]hexane compound 53
(Scheme 2.17). Therefore, the importance of using prenyl substituents is decisive
to render the 1,5-hydride shift favourable rather than 1,2-OAc shift.

Secondary esters 48 and 49 both led to unseparable 1:1 mixtures of compounds
resulting of either a 1,5-hydride shift (55 and 56) or a 1,5-carbonyloxy shift (57
and 58). As it was anticipated in Scheme 2.10, when the propargylic substituent is
a good leaving group, competition between hydride or the latter migration could
take place. Each product of the mixture was separated after methanolysis of the
ester groups, leading to the corresponding ketone 59 or alcohol 60 (Scheme 2.18).
Finally, no products that could arise from an initial rearrangement of the

OAc
38

(2 mol%)

CH2Cl2, rt, 12 h

O

O

O

O

OAc

47 51, 75%
dr 1:1

Scheme 2.16 Efficient and selective 1,5-hydride shift

E

E
n-Pr

OAc

E

E

AcO

n-Pr

H

L4AuCl/AgSbF6
(2.5 mol%)

CH2Cl2, rt, 1 h
E = CO2Me

i-Pr

i-Pr

i-Pr

i-Pr
N NL4 =

E

E
H

[Au]

n-Pr

OAc
52 53

1,2-OAc
shift -[Au][Au]

Scheme 2.17 Gung’s study on a related system: importance of the prenyl substituent

7 However, as discussed in Chap. 1, Sect. 1.5.1, formation of 53 can also arise from a 1,2-OAc
shift/cyclopropanation sequence, but it was not evoked by the authors.
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propargylic ester (refer to Chap. 1, Sect. 1.5.1) were observed in the reactions of
compounds 47 and 49.

Silyl-protected substrate 50 did not undergo any 1,5-migration process, but
selectively rearranged into bicyclo[3.1.0]hexane derivative 61 bearing a double
bond of (Z) configuration (Scheme 2.19). This time, the 1,2-hydride shift/gold
elimination process seems kinetically more favourable than any other process.
This result could have been foreseen in view of Michelet’s study with closely
similar precursor, nonetheless with platinum(II) catalysis [26]. The selectivity
toward the (Z) isomer is also consistent with her study, although she did not give
any explanation for this phenomenon. It can reasonably be assumed that it resides
in steric factors according to the model depicted in Scheme 2.19. In view of the
above described results, a fine tuning between the leaving ability and the electron

O

O
n-Bu

OR
38

(2 mol%)

CH2Cl2, rt, 12 h

O

O

OR

OR

O

O

n-Bu

R = Ac, 48
R = PNB, 49

n-Bu

1:1 mixtures,
dr = 1:1 for each compound

R = Ac

R = PNB

total yields

55
56

57
58

83%

79%

K2CO3,
MeOH

O

O
O

n-Bu

OH

O

O

n-Bu

59 60

Scheme 2.18 Competition between 1,5-hydride or 1,5-carbonyloxy shift

OTBDMS

H
O

O

38
(2 mol%)

CH2Cl2, rt, 1 h

O

O

OTBDMS

H

50 61, 80%

H

[Au]

H

OTMS

H H

[Au]

H

H

OTMS Z productE product

Scheme 2.19 Bicyclo[3.1.0]hexane compound formation from silyl-protected precursor 164
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withdrawing character of the protected hydroxy group at the external propargylic
position seems to be the key to selectively perform a 1,5-hydride shift.

We then thought about benzyl and allyl as acetylenic substituents. They are
clearly not leaving groups, and delocalization of their p-electrons into the
r-antibonding orbital of the vinylic or benzylic C-H bond could maybe help to
the realization of a 1,5-hydride migration process.

2.2.3 Vinyl and Benzyl Groups as Propargylic Substituents

Benzyl derivative 62 was synthesized by treatment of 1,6-enyne 37 with
n-butyllithium followed by addition of benzyl bromide. We also synthesized allyl
and methallyl precursors 63 and 64 starting from malonate-tethered enyne 63
through palladium-free Sonogashira conditions (Scheme 2.20) [28].

We were pleased to find that submission of substrates 62–64 to catalytic
amounts of 38 resulted in a clean conversion to the corresponding aryl- and
vinylallenes 65–67 arising from a gold-catalyzed cyclization/1,5-hydride shift
process (Scheme 2.21). Again, no diastereoselectivity was attained. Intriguingly,
whereas vinylallenes of type 67 have been shown in the literature to undergo a
Nazarov-type reaction upon gold or platinum catalysis, leading to cyclopentene
derivatives [18, 29, 30], a prolonged reaction time of 67 resulted only in a complex
mixture of unidentified products.

To further validate our proposed mechanism, we synthetized the deuterated
analogue of 62, D2-62, by reaction of 1,1-dideuteroallyl bromide with the corre-
sponding lithium acetylide of 62 (60 % yield). When this substrate was reacted
with 2 mol% of 38, fully deuterated products D2-65 was obtained. We also per-
formed a deuterium scrambling experiment to confirm the intramolecular nature:

O

O

n-BuLi (1.1 equiv.)
C to rt

then

(4 equiv.),
C to rt

Br Ph

O

O
Ph

37 62, 55%

MeO2C

MeO2C

Br
R

(3 equiv.)
CuI (0.3 equiv.)

TBAI (0.3 equiv.)
K2CO3 (2 equiv.)

DMF, rt

MeO2C

MeO2C

35 R = H, 63, 89%
R = Me, 64, 87%

R

Scheme 2.20 Synthesis of 1,6-enynes bearing allyl and benzyl acetylenic substituents

54 2 New Advances in the Gold-Catalyzed Cycloisomerization Reactions of Enynes



equimolar amounts of substrates D2-62 and 63 were mixed together in a dichlo-
romethane solution and submitted to the gold catalyst. A 1:1 mixture of product
D2-65 and 66 was obtained, the latter exhibiting no deuterium incorporation while
it was superior than 98 % for D2-65, thus proving the intramolecular character of
the migration process (Scheme 2.22).

2.3 Substrate Scope and Limitations

2.3.1 Carbon-Tethered Enynes

Encouraged by our preliminary results with carbon-tethered enynes, we next
attempted to extend the scope of this new rearrangement to styryl precursors and
1,7-enynes. For this purpose we synthetized enynes 68 and 69 from propargyl-
malonate 34 through a similar sequence of organic reactions than for the synthesis
of 37 (Scheme 2.23).

O

O
Ph

D

O

O

Ph38
(2 mol%)

CH2Cl2, rt, 12 h

D2-62
(> 98% D)

D2-65, 72%, dr 1:1
(> 98% D)

D
D D

D2-62 + 63
(1:1 mixture)

idem
D2-65 (>98% D) + 64 (0% D)

(1:1 mixture)

Scheme 2.22 Deuterium-labelling experiments

O

O
Ph O

O

Ph38
(2 mol%)

CH2Cl2, rt, 12 h

MeO2C

MeO2C
R

ibid.
MeO2C

MeO2C

R

62 65, 75%, dr 1:1

R = H, 63
R = Me, 64

R = H, 66, 71%, dr 1:1
R = Me, 67, 71%, dr 1:1

Scheme 2.21 Synthesis of aryl- and vinyl-allenes by a Au-catalyzed cyclization/1,5-H shift
tandem reaction
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Enynes 68 and 69 were alkylated under classical conditions using n-butyllith-
ium followed by addition of valeraldehyde. Subsequent acetylation furnished
acetate precursors 70 and 71 (Table 2.1).

A benzyl derivative was also synthetized by alkylation with benzyl bromide,
delivering 1,7-enyne precursor 72 (Scheme 2.24).

When submitted to cationic gold(I) catalyst 38 in dichloromethane at rt, styryl
precursor 70 was totally recovered after 12 h. The use of harscher conditions
resulted in full conversion of the starting material within 5 h, but unfortunately a
complex mixture of unseparable products was obtained (Scheme 2.25).

1,7-enynes precursors 71 and 72 both gave disappointing results. When sub-
mitted to catalyst 38, substrate 71 led to a complex, unseparable mixture of
unidentified compounds. Lowering the temperature to 0 �C slowed down con-
version, but a mixture was still obtained. Precursor 72 was unreactive under the
normal conditions. Harscher ones (dichloroethane, 60 �C) allowed full conversion
of the starting material within 4 h, however NMR of the crude mixture revealed a
complete decomposition of the starting material (Scheme 2.26).

Clearly, the 1,5-migration process is strongly limited by the length of the tether
and the nature of the double bond. The 1,5-relationship of the hydride toward its
acceptor seems to be determinant, as suggest our results on 1,7-enynes 71 and 72.
The disappointing reactivity of styryl precursor could find explanations in steric
repulsions avoiding the hydride and the benzylic cation to have the requisite
geometry for the 1,5-migration process. Carbon-tethered enynes were abandoned,
and we next focused our study on heteroatom-tethered enynes.

2.3.2 Heteroatom-Tethered 1,6-enynes

As a starting point to the synthesis of heteroatom-tethered enynes, we synthetized
various propargyl alcohols or amines. The precursor of N-tethered enynes we used

MeO2C

MeO2C NaH
C to rt

LiAlH4
Et2O C34

1.

2.

Br R1

R2
n

R1

R2

OH

HO
n

R1

R2

n

OMeMeO

PTSA

CH2Cl2, rt

O

O

Ph

O

O

O

O

68, 40% (3 steps) 69, 41% (3 steps)

Scheme 2.23 Synthesis of substrates 68 and 69
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was N-tosyl propargyl amine 73 obtained in one step in 89 % yield by tosylation of
commercially available propargyl amine (Scheme 2.27).

Propargyl alcohols 74–76 were prepared in excellent yields by addition of lithium
acetylides onto aldehydes or ketones. Propargyl alcohol 76 was subsequently desi-
lylated under classical methanolysis conditions to give precursor 77 (Table 2.2).

Propargyl amine and alcohols 73–75 and 77 were next alkylated by treatment
with sodium hydride and an allyl bromide in 73–83 % yield. 1,6-Enynes 78–80
bearing a terminal alkyne can be further functionalized at the acetylenic position.
Precursor 81 displays an alkyl-substituted triple bond, so that we can check the

Br Ph

72, 60%

O

O

Ph

C to rt

O

O

n-BuLi1.

2.

69

Scheme 2.24 Synthesis of benzyl-substituted 1,7-enyne precursor 72

Ph

O

O

OAc

n-Bu

70

38
(2 mol%)

CH2Cl2, rt ,12h

ClCH2CH2Cl
C, 5 h

complex
mixture

P Au NCCH3
t-Bu t-Bu

SbF6

38

SM

Scheme 2.25 Failure to promote the cycloisomerization of styryl precursor 70 through 1,5-
migration

71

O

O
n-Bu

OAc

72

O

O

Ph 38
(2 mol%)

CH2Cl2, rt, 12 h

complex
mixture

38
(2 mol%)

ClCH2CH2Cl,
C, 4 h

decomposition

Scheme 2.26 Failed
attempts to promote 1,5-
migration on 1,7-enynes

S
O

O
Cl

(1.1 equiv.)
NEt3 (1.1 equiv.)

CH2Cl2 C to rt
73, 89%

H2N TsHN

Scheme 2.27 Synthesis of
N-tosyl propargyl amine 73
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possibility of a 1,5-hydride shift without the assistance of an adjacent p-donor
group. Enyne 82, bearing a mono-substituted olefin, will allow us to test the limit
of the 1,5-migration process as well (Table 2.3).

Terminal alkynes in enynes 78–80 were alkylated with valeraldehyde upon
treatment with n-butyllithium, and subsequent acetylation furnished cyclization
precursors 83–85, the latter bearing a quaternary propargylic center (Table 2.4).

Benzyl derivatives 86 and 87 were also synthetized starting from enynes 79 and
80, respectively (Table 2.5).

Finally, substrate 88 with a methylene cyclohexane moiety was synthetized.
Wittig-Horner olefination of cyclohexanone followed by reduction using LAH
furnished allylic alcohol 89. Alkylation of the latter with propargyl bromide and
subsequent alkylation of the acetylenic position gave enyne precursor 88
(Scheme 2.28).

We then assessed the reactivity of substrates 81–88 when submitted to catalytic
amounts of catalyst 38. n-Butyl precursors 81 and 82 both rearranged into bicy-
clo[4.10]heptene skeletons 90 and 91, the latter with ring expansion of the
cyclopentane framework (Scheme 2.29).

The cycloisomerization of 81 into 89 clearly demonstrates that the presence of an
adjacent p-donor group is critical to perform the 1,5-hydride shift. Thus, it is not
surprising that enyne 82, bearing a mono-substituted olefin, reacts in a similar
manner. The mechanism of this transformation is detailed in the box of Scheme 2.29
and involves an endo cyclopropylcarbene 92 (refer to Sect. 1.3.3 of Chap. 1). The
latter would then undergo a 1,2-alkyl shift/ring expansion followed by gold elimi-
nation consistent with precedents in the 1,6- and 1,5-enynes series (ibid.).

O-acyl precursors 83–85 gave contrasting results. N-tethered substrate 83 was
unreactive under the classical gold catalysis conditions. When switching to har-
scher ones (refluxing dichloroethane), a complex mixture of unseparable products
was obtained (Scheme 2.30).

O-tethered substrate 84 led selectively upon cationic gold(I) catalysis to allene 93
arising from a 1,5-acetate shift process. This is in sharp contrast with carbon-tethered
substrate 47 also bearing a primary acetate at the external propargylic position that
gave selectively a 1,5-hydride shift product (Scheme 2.16). This example is a nice
illustration of a mechanistic divergence directed by the tether (Scheme 2.31).

Enyne 85 bearing a quaternary propargylic center exhibited a particular reac-
tivity when submitted to catalyst 38, as diene 94 was obtained in quantitative yield
with a (E)/(Z) ratio of 1:0.4 (Scheme 2.32).

As we detected a downfield signal in the 1H NMR of the crude mixture, we
assumed that this product could arise from a gold-triggered elimination of 3,3-
dimethylacrolein. This process would be possible if a 1,5-hydride shift occurs from
the allylic position onto the external carbon of the triple bond, leading to vinylgold
oxonium 95. Gold elimination would then take place concomitant with elimination
of 3,3-dimethylacrolein, to lead to allene 96. A 3,3-sigmatropic shift, probably
gold-catalyzed, would finally deliver the mixture of dienes 92 through dioxonium
intermediate 97 (Scheme 2.33).
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O

n-Bu

82

38
(2 mol%)

CH2Cl2, rt, 6 h

O

n-Bu

91, 60%

O
n-Bu

81

38
(2 mol%)

CH2Cl2, rt, 1 h

O
n-Bu

90, 90% P Au NCCH3
t-Bu

t-Bu

SbF6

38

O
n-Bu

[Au]

O
n-Bu

[Au]

O

[Au]
n-Bu

89
-[Au]

92

Scheme 2.29 Cycloisomerization of enynes 81 and 82 into fused polycyclic compound 90 and 91

Table 2.5 Benzylation of the acetylenic position of enynes 79-80

O

R1
R2

n-BuLi

C to rt

Br Ph

1.
2.

O

R1
R2

Ph

O
Ph

O
Ph

O

O

79

80

86 (56%)

87 (56%)

Enyne Product (yield)

1

2

Entry

O
OH

P
OEt

OO
EtO

EtO Br

(1.5 equiv.)
NaH (1.2 equiv.)

C to rt

LiAlH4
Et2O C to rt

89, 46% (2 steps)

NaH
C to rt

Br Ph

O

88, 40% (2 steps)

Ph

1.

2. n-BuLi

C to rt

1.

2.
3.

Scheme 2.28 Synthesis of substrate 88 bearing a methylene cyclohexane
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TsN n-Bu

OAc
38

(2 mol%)

CH2Cl2, rt, 12 h

ClCH2CH2Cl,
C, 4 h

SM

complex
mixture

83

Scheme 2.30 Failed attempts to cyclize N-tethered precursor 83

O

84

OAc

OAc
O

38
(2 mol%)

CH2Cl2, rt, 12 h

93, 75%

Scheme 2.31 Cyclization of O-tethered enyne 84 through a 1,5-OAc shift process

85

O n-Bu

OAc

38
(2 mol%)

CH2Cl2, rt, 12 h

AcO n-Bu

94, quant.
E/Z = 1:0.4

Scheme 2.32 Particular reactivity of substrate 85 bearing a quaternary propargylic center

O
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O

[Au]

H

- O
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CHOAc(n-Bu)

H

n-Bu
O

O [Au]

O
O

[Au]
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n-Bu
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OAc

n-Bu n-Bu

OAc

n-Bu

OAc

Scheme 2.33 Mechanistic hypothesis accounting for the formation of product 92
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Gratifyingly, benzyl derivative 86 was cleanly converted to cyclized compound
98 through a 1,5-hydride shift upon gold catalysis, in 90 % yield. However, enyne
87 bearing a quaternary propargylic center selectively rearranged into allene 99.
This product presumably arise from a mechanistic sequence similar to the one
leading to allene 96 in the rearrangement of enyne 85 into diene 94 (Scheme 2.34).

These examples show that two 1,5-hydride shift processes can compete when
using O-tethered enynes, one leading to compounds 94 or 99, the other leading to
98. The nature of the internal propargylic center has a dramatic influence in the
overcoming of one pathway over the other.

When reacted with a catalytic amount of 38, substrate 88 led, within a short
reaction time, to a 3:2 mixture exocyclic allene 100 and endo cyclization product
101, the allene derivative being, once more, obtained as a 1:1 mixture of diaste-
reoisomers (Scheme 2.35).

This last example suggests that using trisubstituted, sterically hindered double
bond may rise issues of selectivity, endo cyclization becoming competitive with
1,5-hydride migration.

87

O Ph 38
(2 mol%)

CH2Cl2, rt, 6 h

Bn
H

99, 57%

O Ph

86

38
(2 mol%)

CH2Cl2, rt, 12 h

O

Ph

98, 90%
dr 1:1

Scheme 2.34 Reactivity of benzyl derivatives 86 and 87

O

88

Ph
38

(2 mol%)

CH2Cl2, rt, 1 h

O

O PhPh

100, 49%
dr 1:1

101, 32%

Scheme 2.35 Competition between endo cyclization and 1,5-hydride shift in the cycloisomer-
ization of 88
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2.3.3 Rearrangement of Propargyl Ethers into Allenes

Another 1,5-hydride migration process was disclosed, leading to diene 94 or allene
99 (vide supra). A study of its scope was started with propargyl ethers 102 and 103
bearing a quaternary propargylic center. They were synthetized from propargyl
alcohol 77 through a Williamson reaction/alkylation sequence (Table 2.6).

The reactivity of propargyl ethers 102 and 103 and 87 when submitted to
catalyst 38 are summarized in Table 2.7. Precursor 102 was unreactive under
room-temperature conditions. Running the reaction in refluxing dichloroethane led
to 104 resulting from methanol elimination as the single product (70 % yield).
Benzyl ether 103 cleanly afforded allene 99 in 47 % yield, however conversion

Table 2.6 Synthesis of propargyl ethers 102 and 103

HO RO
PhR-X

NaH
C to rt

n-BuLi

C to rt
Br Ph

1.

2.

Entry R-X Product (yield, 2 steps)

then

MeI

Br Ph
BnO

Ph

MeO
Ph

1

2

102 (32%)

103 (10%)

Table 2.7 Reactivity of propargyl ethers 87, 102 and 103 toward gold catalysis

RO
Ph

102, R = Me

103, R = Bn

38
(2 mol%)

Ph

ClCH2CH2Cl,
C, 5 h

CH2Cl2, rt, 12 h

Bn
H

99

70% -

104

- 47% (90% brsm)

87, R = CH2Cl2, rt, 6 h 57%

Propargyl ether Conditions Yield
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was incomplete. As a matter of comparison, dimethallyl precursor 87 reacted faster
under room-temperature conditions.

During the course of this study, another team reported the direct formation of
allenes from benzyl propargyl ethers with cationic gold(I) catalysts through the
same process as described above (Scheme 2.5) [12]. Therefore, we did not go
further into the examplification of this reactivity.

2.3.4 Conclusions and Perspectives

This overall study has shown that the gold catalyst could promote different, sub-
strate-dependant rearrangements on the enyne precursors that have been tested.
These rearrangements can enter in competition as illustrated by the example
depicted in Scheme 2.35. The tether, the external propargylic substituent and the
nature of the double bond have an influence on the reactivity preference of a
considered substrate. One study still have to be done, dealing with the catalyst’s
influence. For example, we noticed that enyne 86 behaved differently in the
presence of a platinum catalyst (Scheme 2.36).

In an attempt to render the 1,5-hydride shift process enantioselective with a
chiral bimetallic gold complex [31], a formal Alder-ene product was selectively
obtained (Scheme 2.37). This clearly shows that the nature of the catalyst is also at
stake in these processes.

O Ph

86

PtCl2 (2 mol%)

C, 20 h
O

105, 94%

Ph38
(2 mol%)

CH2Cl2, rt, 12 h
O

Ph

98, 90%
dr 1:1

Scheme 2.36 Distinct mechanistic pathways between 38 and PtCl2

MeO2C

MeO2C

63

P(xylyl)2

P(xylyl)2

L4 =

MeO2C

MeO2C

106, 64%
[ ]D20 = + 0.6 (c 1.58, CHCl3)

ee nd

L4(AuCl)2 (1 mol%)
AgSbF6 (2 mol%)

CH2Cl2, rt, 12 h

Scheme 2.37 Alder-ene product reaction upon catalysis with a chiral bimetallic gold complex
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2.4 Synthetic Strategy Toward Macrolactones Based
on a Gold-Catalyzed Enyne Cycloisomerization

2.4.1 Generality of the Endo Cyclization/Ring Expansion
of Oxygen-Tethered 1,6-enynes

2.4.1.1 Catalyst Optimization

We briefly looked at the scope of the reactivity displayed by enynes 81 and 82
upon gold catalysis. First, we optimized the reaction of 82 with cationic gold(I)
catalyst 38, running it on a larger scale within a shorter time. We also screened
other catalysts, and intriguingly, platinum chloride salts showed no activity toward
this cycloisomerization process (Table 2.8, entries 1–3), as well as neutral gold(I)
and gold(III) salts, giving sometimes elimination product 121 (entries 4–5).

Pentamethylcyclopentadienyl iridium chloride dimer, which was recently
shown by our group to perform endo cycloisomerization of nitrogen- and oxygen-
tethered enynes, [32] was also inactive (entry 11). However, other cationic gold(I)
complexes were able to promote endo cyclization. Among them, catalyst 38 and
L5Au+ with a bulky donor ligand, the latter being generated by chloride
abstraction in presence of silver hexafluoroantimonate, were found to be the most
efficient. It is worth noting that bulkiness of the ligand seems to play a role, as tri-
tert-butylphosphine allows the reaction to proceed with efficiency. According to
these results, we kept either 38 or L5Au+ as catalysts of choice to perform this
rearrangement.

2.4.1.2 Reaction Scope

We then synthetized a series of oxygen-tethered 1,6-enynes starting from different
commercial cycloalkanones. A two-step sequence consisting of addition of a
lithium acetylide onto the carbonyl moiety of the cycloalkanone followed by
alkylation with an alkyl bromide in refluxing THF furnish the targeted enyne.
According to this procedure, 1,6-enynes 108–114 were synthetized from either
cyclobutanone (Scheme 2.38, 108–110) or cyclopentanone (111–114) in yields
ranging from 63 to 86 %. We first focus on precursors bearing non terminal
alkyne, substituted by various alkyl groups, such as n-butyl (109 and 110),
cyclopropyl (108, 111–113) and isopropyl (114).

Four membered-ring precursors 108–110 reacted well when submitted to cat-
alyst 38, and cleanly afforded compounds 115–117 in good yields (Table 2.9).

Enyne 108 and 110 cleanly afforded in good isolated yields fused tricyclic
compounds 115 and 117, respectively (entries 1 and 3). Cycloisomerization
product of 109, 116 was isolated in a lower yields (entry 2). Apolar by-products,
which were not isolated, formed during the reaction. The poor diastereoselectivity
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O

n

R1
Br

R2

R3

n-BuLi 

C to rt

n

HO

R1

NaH 

C to 

n

O

R2

R3

R1

O O

n-Bu
O

n-Bu

108, 63% 109, 77% 110, 86%

O

111, 78%

O

112, 61%

O

113, 67%

O

114, 75%

Scheme 2.38 Synthesis of enynes precursors with a quaternary propargylic center

Table 2.9 Cycloisomerization/ring expansion of enynes 108-110 catalyzed by cationic gold(I)

O
R1

O

O
n-Bu

O
n-Bu

O

R2

R3

R1
38

(2 mol%)

CH2Cl2, rt, time

R2
R3

O

O

n-Bu

O
n-Bu

108

109

110

115 (81%)

116 (51%, dr 3:2)

117 (85%)

Enyne Time Product (yield)

4 h

6 h

6 h

Entry

1

2

3
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in this last example suggests that a planar carbocation corresponding to an opened
form of the intermediate endo cyclopropylcarbene might be involved (see Chap. 1,
Sect. 1.3.3).

On the opposite, five-membered ring derivatives 111–114 gave contrasting
results. For these enyne precursors, catalyst L5Au+ with a NHC ligand gave better
results than catalyst 38 (Table 2.10). While enyne 114 reacted well in the presence
of catalyst L5Au+ (77 % yield, entry 4), substrates with acetylenic cyclopropyl
substituents were more capricious. For example product 119 issued from the
cycloisomerization of 112 was formed with unidentified polar by-products and was
isolated in a poor 37 % yield (entry 2).

In only 2 h, 111 led to a mixture of products from which a major one was
isolated and assigned to structure 137 after full-NMR analysis. A mechanistic
proposal accounting for the formation of 118 would involve a vinyl cyclopropane
rearrangement [33–37]8 on cycloisomerization compound 123 leading to the
strained tricyclic intermediate 124. An elimination step would finally lead to
compound 118 (Scheme 2.39).

Why this divergence in the reaction outcome is observed remains unanswered.
Probably the poor yield of 119 could result from this side reaction, however the
related alcohol was not isolated. Regarding to precursor 113, a considerable
amount of allene 121 was detected in the crude reaction mixture after 2 h at room
temperature with catalyst L5Au+, starting material being totally consumed. It is
likely that this by-product arise from the 1,5-hydride shift/aldehyde elimination
reaction that was discussed above (Sect. 1.2.2). This process might be favored in
the presence of a prenyl double bond. Only 12 % of the desired cycloisomerized
product 120 was isolated (Table 2.10, entry 3). Formation of allenes could pos-
sibly be responsible for the moderate yield obtained in the cycloisomerization of
enyne 109 (Table 2.9, entry 2).

We next turned our attention to precursors remaining unsubstituted at the
acetylenic position. We synthetized enynes 125–127 starting from commercially
available cycloalkanones (Table 2.11). Alkynylation using n-butyllithium in the
presence of trimethylsilyl acetylene followed by desilylation under classical
methanolysis afforded propargyl alcohols 128–130. This two steps sequence
worked quite well except the addition onto indanone (entry 2) which proved to be
difficult (41 % yield), probably because dehydration of alcohol 129 might occur.
Final alkylation in DMF delivered the O-tethered 1,6-enynes 125–127. In the case
of substrates 125 and 126, an impurity remained after column chromatography that
could be eliminated by Kugelrohr distillation, but seriously decreasing the overall
yield (entries 1 and 2).

The results of the gold-catalyzed rearrangements of enynes 125–127 are sum-
marized in Table 2.12. Gold-catalyzed reaction of 125 led to a mixture of

8 See also: [37].
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cyclopropanation/ring expansion product 130 and skeletal rearrangement product
131 (entry 1). Enyne 126 produced an unseparable mixture of several compounds
when submitted to catalyst 38, in which the ring expansion product 132 was the
major component. Purification by flash column chromatography did not allowed
the isolation of pure 132, but the yield could be assessed by 1H NMR of the
fraction containing the cyclized compound (entry 2). The crude reaction mixture
resulting from submission of enyne 127, bearing a prenyl double bond, to catalyst
38, did not reveal any ring expansion product at all. In place, skeletal rearrange-
ment compounds 133 and 134 were isolated in 11 and 58 % yield, respectively
(entry 3).

These results clearly indicate that skeletal rearrangement enters in competition
with endo cyclopropanation for 1,6-enynes bearing no acetylenic substituents
(entries 1 and 3). They are sometimes exclusive as demonstrated with the cyclo-
isomerization of 127, bearing a prenyl double bond (entry 3).9

2.4.2 Access to Ketomacrolactones from Ring-Expansion
Products

The platinum- and gold-catalyzed cycloisomerization of 1,6-enynes into bicy-
clo[3.1.0]heptene derivatives, through an endocyclic cyclopropylcarbene, was
rarely applied to natural and/or biologically active compounds [39–41]. By our
side, we envisionned the possible access to ketomacrolatones from of cycloiso-
merization/ring expansion products by realizing first the oxidative cleavage of the
enol ether, followed by cyclopropane opening (Scheme 2.40).

It is worth noting that the 5-ketodecalactone skeleton we could obtain by this
synthetic sequence is found in some natural products of biological interest, such as
diplodialide D, sporostatin and xestodecalactone A (Scheme 2.41).

In order to validate our approach, we chose 91 as a model substrate. The
oxidative cleavage of its enol ether moiety was successfully realized using either
pyridinium chlorochromate [42] or a combination of ruthenium dioxide and
sodium periodate, [43] and 10-membered ring lactone 136 was isolated in similar
yields (Table 2.13).

O

111

O

O
H

123 124

HO

118

[Au]

Scheme 2.39 Mechanistic rationale for the cycloisomerization of 111

9 For a study where prenyl double bonds showed distinct behaviors, see Ref. [38].
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Encouraged by these results, we applied these oxidation conditions to the
mixture from which we were not able to isolate 133, the cycloisomerization
product of 126. We expected that the polar ketolactone thus obtained could be
easily separated from the other unidentified components of the mixture. However,
a totally different outcome was reached with enol ether 133, and aromatized
naphthyl derivative 136 was obtained, in excellent yield with ruthenium dioxide.
When ozone was used as the oxidant, only a mixture of products from which 137
could be isolated in poor yield. To the best of our knowledge, such reaction had
never been reported. It seems that aromaticity of the final compound may act as a
driving force that discriminates oxidative cleavage of the double bond in favor of
aromatization (Table 2.14).

We then tried several methods to open the cyclopropane in compound 136. We
assumed that the presence of a carbonyl group in a position might facilitate its
opening through radical-based methodologies. We first tried a photochemical
procedure consisting in irradiation in the presence of NEt3 and LiClO4, reported by
Cossy et al. [44]. Unfortunately, in these conditions, the starting material was
totally recovered (Scheme 2.42).

Several reports describe samarium diiodide as a good reductor of cyclopropyl
ketones. We tried the conditions reported by the team of Motherwell (SmI2, HMPT
in THF) [45] and this time the starting material was fully consumed, but led to the
linear carboxylic acid derivative 138 (Scheme 2.43).

O

R n
O

O

O

R

n

O O

O

R
Enol ether
oxidization

Cyclopropane
opening

n

n = 1, 2

Scheme 2.40 Envisionned approach to the 5-ketodecalactone and 6-ketoundecalactone
skeletons

Table 2.13 Oxidative cleavage of enol ether 91

O

n-Bu

91

O

O

O
n-Bu

136

Conditions

PCC (4 equiv.), Celite
CH2Cl2, rt

RuO2 (5 mol%), NaIO4 (4 equiv.)
CCl4/H2O 1:1

58%

59%
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Although the cyclopropane was indeed opened, product 138 was certainly not
the one expected. The following mechanism can account for the formation of this
product: first, reaction of samarium diiodide with the keto group generates ketyl
radical 139, and cyclopropane opening led to the corresponding enolate 158. A fast
reduction of the secondary radical then occurs, accompanied by departure of the
carboxylate group to lead, after protonation, to acid derivative 156 (Scheme 2.44).

Clearly the fast reduction of radical 158 must be avoided to get selectively the
product of cyclopropane opening. This could be achieved if a good hydrogen
donor is present in the reaction mixture. For this purpose the use of the com-
bination of tributyltin hydride and azo-isobutyronitrile (AIBN) appeared as a

O

O

O
HO

diplodialide D

O

O

O
HO

HOO

O

O
HO

HO

sporostatin xestodecalactone A

Scheme 2.41 Natural products exhibiting the 5-ketodecalactone skeleton

O

O

O
n-Bu

136

NEt3 (10 equiv.)
LiClO4 (1 equiv.)

MeCN, h , 254 nm
SM

Scheme 2.42 Failed attempt
to open cyclopropane in 136
photochemically

O

O

O
n-Bu

136

SmI2 (3.3 equiv.)
HMPT (6.7 equiv.)

C

O

OH
O

n-Bu

138, 69%

Scheme 2.43 Reaction of cyclopropylketolactone 136 with SmI2

136
SmI2 O

O

O
n-Bu

139

I2Sm

O

O

O
I2Sm

O

O

O
I2Sm

n-Bu n-Bu

SmI2

140 141

H
138

Scheme 2.44 Mechanism accounting for the formation of 138
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satisfying option [46]. Application of these reaction conditions to 136 gratify-
ingly led to the desired 11-membered ring lactone 142. Let us underline that full
conversion was not reached, but the reaction conditions have not been optimized
to date (Scheme 2.45). Thus, our approach was validated starting from model
substrate 91.

2.4.3 Perspective: Toward the Total Synthesis
of Diplodialide D

We envisioned a possible total synthesis of diplodialide D through the below
depicted retrosynthetic analysis: the aimed 5-ketodecalactone could be built from
cyclopropyl ketone 143 by a sequence of deprotection and cyclopropane opening
steps. 143 would result from the oxidative cleavage of enol ether 144, the latter
coming from the gold-catalyzed cyclosomerization of enyne 145 (Scheme 2.46).

Therefore, we started the synthesis of enyne 163. Cyclobutanone 164 was first
synthetized through a one-pot procedure by reaction of trichloroacetyl chloride and
vinyl acetate in the presence of copper and zinc [47]. Addition of trimethylsilyl
lithium acetylide furnished alcohol 165 in an acceptable yield, which relative syn
configuration was addressed according to literature precedents (Scheme 2.47) [48–
50].

The functionalization of alcohol 147–145 proved to be difficult. Classical
conditions involving deprotonation of the alcohol and alkylation with an alkyl
bromide were dispelled as competitive SN2’ could lead to a mixture of products.
Several methodologies based on Lewis acid-assisted propargylic substitution were
reported in the literature, but either sodium tetrachloroaurate, [51] copper bromide
[52] or bismuth chloride [53] resulted in recovery of the starting material, even at
higher temperature than used in the original reports. Another procedure was
reported by the team of Toste that did not rely on a Lewis acid activation but is
supposed to proceed through an allenic intermediate resulting from the 3,3-sig-
matropic shift of an oxopropargyloxyrhenium species [54]. Unfortunately, these
new conditions failed to give the desired product (Scheme 2.48).

Other possibilities could be enviosionned for the synthesis of 145: other Lewis,
and even Brønsted acid could be assessed, and the Nicholas reaction could also be
a solution. Otherwise, direct allylation via a p-allyl transition metal complex can

O

O

O
n-Bu

136

Bu3SnH (2.5 equiv.)
AIBN (1 equiv.)

C, 5 h

O

O

O
n-Bu

142, 65%
(73% brsm)

Scheme 2.45 Successful
opening of cyclopropane 136
to the 5-ketoundecalactone
skeleton
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also be envisionned. For time reason, all these methods have not been tried.
However, to get an idea of the behaviour of enynes of type 145 bearing a
substituted cyclobutane ring, we synthetized enynes 148–150. Propoargyl alcohol
was first desilylated using potassium fluoride, and classic alkylation in the pres-
ence of sodium hydride furnished enyne 148. Further steps allowed variation of the
hydroxy protecting group (Scheme 2.49).

The submission of these precursors to gold catalysts gave unfortunately dis-
appointing results (Table 2.15). Hydroxy-protected enynes 148 and 150 reacted
slowly, and gave skeletal reorganization products 151 and 152 in moderate yields
(entries 1 and 3). Catalyst 38 was inactive toward enyne 150, but cationic gold(I)
catalyst [Ph3PAu]NTf2 led to complete conversion overnight. Only traces of cy-
clopropanic products could be observed in the crude reaction mixtures of 148 and
150 that we did not manage to isolate. Regarding enyne 149, its reaction with

O

O

O
HO

diplodialide D

O

O

OPGO H

H O
PGO

H

H

O

PGO

143 144 145

Scheme 2.46 Retrosynthetic analysis of diplodialide D

OAc

Cl3C

O

Cl
+

POCl3 (0.1 equiv.)
Cu powder (1 equiv.)

Zn (2 equiv.) O

AcO

146, 10-15%

TMS

(1.2 equiv.)
n-BuLi (1.1 equiv.)

C to rt
AcO

HO

TMS

147, 47%
dr > 25:1

AcOMe, rt

Zn (2 equiv.)
AcOH

1.

2.

Scheme 2.47 Toward the synthesis of enyne 147
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cationic phosphinegold(I) catalyst 38 led to an unseparable, complex mixture of
unidentified compounds (Table 2.15).

These results predict a consequent work of optimization for the gold-catalyzed
key-step en route to diplodialide D. A fine tuning between the catalyst, the
hydroxy-protecting group and the reaction conditions should be found to promote
the desired, selective cyloisomerization of these cyclobutane-based enynes.

2.5 Conclusion and Perspectives

This work on 1,6-enynes enlightens and illustrates well the ‘‘substrate depen-
dency’’ frequently met in the cycloisomerizations of enynes upon carbophilic
activation. It is further amplified if working with substrates decorated with various
functional groups inserted at key position in the enyne backbone. To our part, we
disclosed that donor groups at the external propargylic position could promote a
1,5-migration process triggered by the 5-exo cyclization of a prenyl double bond
onto the gold-activated alkyne. Interesting findings were also done with oxygen-
tethered enynes: with prenyl double bonds, a 1,5-hydride shift followed by dim-
ethylacrolein elimination can give rise to allene, while inserting a strained
cycloalkane at the internal propargylic position can lead to products of endo
cyclization with expansion of the strained ring. Synthetic value was brought to
these products, as they were efficiently transformed into ketomacrolactones.
A total synthesis of natural product diplodialide D was begun. To put an end to this
chapter, we would like to give a prospect for the 1,5-migration process. Consid-
ering acrylate derivative 153 or geraniol-based enyne 154, a gold-catalyzed 1,5-
migration should give rise to the corresponding 1,7-allenene compounds
(Scheme 2.50). Gold is also known to promote the [2 + 2] cycloaddition of
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Scheme 2.49 Synthesis of 1,6-enynes 148–150
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allenenes. It would be therefore possible that, at this stage, these allenenes
underwent a [2 + 2] cycloaddition, thus leading to tricyclic compounds 155–157,
which skeletons resemble to those of some members of the caryophyllane family
(Scheme 2.50, box). To go further, it would be also possible after isomerization
and oxidative cleavage of the double bond to access the bicyclo[8.2.0]dodecane
skeleton of raoulic acid (Scheme 2.50, box).
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Chapter 3
Synthesis of Polyconjugated Bis-Enones
Through a Gold-Catalyzed 1,3-Acyloxy
Migration-Cyclization-1,5-Acyl Shift
Cascade Reaction

The following part will deal with a new reaction we designed in our laboratory.
Initial gold catalyzed rearrangement into an allenyl ester triggers a series of
elementary steps to fully rearrange the starting material. Before the results being
presented and discussed, we will shortly introduce the reactivities accessible from
allenyl esters upon gold catalysis and focus on their use in allenyne-type
cycloisomerizations.

3.1 Introduction

3.1.1 Bibliography

3.1.1.1 Allenyl Esters and Gold Catalysis: Generation and Reactivity

We have seen in Chap. 1 that propargylic esters could rearrange upon gold or
platinum catalysis in two manners affording a metal carbene, mainly in the case of
terminal alkynes, or an allenyl ester (Scheme 3.1). The rearrangement of propar-
gylic acetates into allenyl esters offers a myriad of possible further reactivity, as
allene species are known to be activated by p-acidic transition metal such as gold [1].

The bonding mode of gold to allenyl esters has been the subject of a compu-
tational and experimental study in our group [2], which disclosed the g1,
C2-coordination mode to be the most favored. These gold complexes exhibit a
more or less distorted allylic cation structure, depending on the allenyl ester
substitution pattern (for practical reason we decided to represent it as depicted in
Scheme 3.1). The delocalized cation character of these complexes makes them
prompt to undergo a variety of rearrangements/reactions. For example, Zhang has
shown it was possible to access Knoevenagel products through a 1,3-acyl shift
upon cationic gold(I) catalysis (Scheme 3.2) [3]. Propargylic acetate 1 is first
rearranged into allenyl ester 4 which upon gold coordination can evolve to the

A. Simonneau, Gold-Catalyzed Cycloisomerization Reactions Through Activation
of Alkynes, Springer Theses, DOI: 10.1007/978-3-319-06707-0_3,
� Springer International Publishing Switzerland 2014
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reactive oxonium 5. Reaction between the r Au–C bond with the neighboring
carbonyl results in strained oxetanium 6 which opening delivers Knoevenagel
compound 3. In hydrated conditions, intermediate 5 can also be hydrolyzed by a
molecule of water to furnish a,b-unsaturated ketones and acetic acid [4, 5].

The cationic character of the gold complexed allenyl ester is also illustrated by
the opening of small strained rings linked to the propargylic position, as studied by
Gevorgyan [6] and Nevado [7–9] (Scheme 3.3).

Starting from the gold-complexed allenyl ester, the appearance of a formal
positive charge at C1 in Gevorgyan’s case triggers a Wagner-Meerwein rear-
rangement giving diene 8 after proton elimination/deauration. In Nevado’s case,
the formal positive charge at C3 is responsible for the opening of the cyclopropane
ring in TS13-10 that leads to cyclopentene derivative 10 (Scheme 3.4). It is worth
noting that in Nevado’s study, chirality transfers from the cyclopropane configu-
ration to the final product have been observed, thanks to the ‘‘nonclassical’’
character of the gold stabilized cation TS13-10 that retains the chiral information.
However, competition with the cyclopropane opening leading to a ‘‘classic’’ car-
bocation prevented the transfer to be complete.

Activation of one double bond of the allenyl ester make it sensitive to nucle-
ophilic attack at one of the two external carbons,1 giving rise to hydroalkoxylation,
hydroamination and hydroarylation products (Scheme 3.5).2

With p-systems as nucleophiles (alkenes, dienes, alkynes, allenes, ketones…),
the formation of a bond at the external allene carbon may be followed, in a
stepwise or asynchronous concerted fashion, by the creation of a second C–C bond
at the other end (Scheme 3.6). Thus, allenyl esters can also be activated as formal
3-carbon dipoles of type 14 in [3C + n] cycloaddition reactions.3 The isolated
product will then depend on the evolution or trapping of the resulting cyclic
carbene 16.4 On the other hand, the cationic intermediate 15 can be trapped by
nucleophiles such as alcohols, amines or arenes.

Allenyl esters, as electron rich allenes, can also act as nucleophiles in gold-
catalyzed reactions, when a neighbouring gold-activated triple bond is present on
the molecule, resulting in an allenyne-type reactivity (see Chap. 1, Sect. 1.6).

O
O

[M]
R

O O

[M]
R

O
[M]

O

R1 2 3
Scheme 3.1 Rearrangement
of propargylic esters into
allenyl esters

1 To the best of our knowledge, the only example of nucleophilic attack at the central carbon
atom of the allenyl ester was reported in the hydration of a-acyloxy-a-alkynyl silanes, thanks to
the b-silicon effect, see: [10].
2 Selected examples, O-nucleophiles [11, 12], N-nucleophiles [13], C-nucleophiles [14, 15].
3 Selected examples, [2 + 2] [16], [3 + 2] [17], [4 + 3] [18, 19], Nazarov [20].
4 For intramolecular trapping of this carbene with double bonds in the metala-Nazarov reaction
of vinyl allenyl esters, see: [21, 22].
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3.1.1.2 Allenyl Esters as Nucleophiles in Allenynes Systems

The first example where allenyl esters displayed this reactivity was performed by
our team with platinum (Scheme 3.7) [23].

Starting from diynyl ester 17, a platinum-catalyzed 1,3-OAc shift generates
allenynyl ester 19 which undergoes cycloisomerization to furnish bicyclic deriv-
ative 20. Subsequent methanolysis furnish ketone 18.
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Scheme 3.2 Au-catalyzed rearrangement of propargylic acetates through a 1,3-acyl shift
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Scheme 3.3 Opening of small ring through rearrangement of propargylic acetates
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A couple of years later, Toste and co-workers developed a tandem process
based on the same strategy, starting from ene-diynes 21 and leading to aromatic
ketones 22 (Scheme 3.8) [24]. Better yields were obtained by the use of silver salts
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Scheme 3.4 A cationic interpretation for the mechanisms leading to 8 and 10
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Scheme 3.5 Nucleophilic attack onto a gold activated allenyl ester

R R'
OAc

H [Au]

H
R

[Au] OAc

R' H
R

[Au] OAc

R'

X
R

X

[Au]

H

R'
OAc

R
X

[Au]

H

R'
OAc

X

[Au]

H
R

R'
OAc

Nu H R
X

R'
OAc

H

Nu

H

Nu = alcohol, amine, Ar

161514

Scheme 3.6 Reaction of a gold activated allenyl ester with p-systems
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but the team of Oh have shown that gold(III) salts in combination with triphen-
ylphosphine was also a efficient catalytic system for this reaction [25].

This transformation is the first efficient transition metal-catalyzed equivalent of
the Myers-Saito cyclization that consists in the thermal cyclization of (Z)-allene-
ene-yne systems 23 through 1,4-biradical intermediates 24 (Scheme 3.9).5,6

The mechanism begins with allenyl-ester 25 generation upon p-Lewis acid
catalysis (Scheme 3.10). Then, upon activation of the triple bond, a 6-endo
cyclization takes place affording naphthyl metal oxonium 26 which is further
hydrolyzed to give aromatic ketone 22 and acetic acid. The use of MgO In Toste’s

R3

OR

R1

R2

AgSbF6 (5 mol%)
PPh3 (2 mol%)

MgO (1.5 equiv)
CH2Cl2, rt

or NaAuCl4 (3 mol%)
PPh3 (3 mol%)

DCE, RT
51-94%

O

R1

R2

R3

21
R = Piv or Ac

R1 = H, Me, Bu

22
R2 = H, cyclopropyl, n-Bu, Ph, Naph

R3 = H, OMe, Cl, CF3

Scheme 3.8 Synthesis of aromatic ketones with silver or gold catalysts

Myers-Saito cyclization
of yne-ene-allene:

23 24

Scheme 3.9 Myers-Saito
rearrangement

MeO
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2. K2CO3, MeOH
          32%

MeO
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MeO
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K2CO3, MeOH[Pt] 1,3-OAc shift

allenyne
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Scheme 3.7 Diynyl esters for in situ generation of allenynyl esters followed by allenyne-type
cyclization

5 Mo-mediated carbonylation of allenyl arene-ynes gave by-products derived from the Myers-
Saito rearrangement, see [26].
6 For seminal works on the Myers-Saito rearrangement, see [27, 28].
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conditions is aimed at scavenging this equivalent of released acid at the end of the
catalytic cycle. The reaction is not limited to phenyl-tethered substrates, which can
be replaced by either pyrroles [24] or simple double bonds [29].

A similar approach for the construction of aromatic rings was lately designed
by Liang, which relies on the coupling of a 1,6-enyne cycloisomerization and a [3,
3] sigmatropic rearrangement of a propargylic ester (Scheme 3.11).

It is worthy to note that this is a rare case of platinum superiority over gold in a
cycloisomerization reaction involving a 3,3-sigmatropic shift of a propargylic
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Scheme 3.11 Liang’s synthesis of aromatic ketones
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acetate, the latter (cationic and neutral gold(I), gold(III)) only leading to traces of
desired product and/or decomposition [30]. This allowed them to obtain bicyclic
compounds 28 through a two-sequences mechanism. After generation of allenyl
ester 29, the cyclization of the 1,6-enyne moiety occurs, giving rise to a cyclo-
propyl platinum carbene 30 that further rearranges7 to give carbocation 31. Finally,
elimination of platinum gives the formal Diels-Alder adduct 32, which is con-
verted into aromatic ketone 28 through an isomerization/aromatization sequence
accompanied by a loss of acetic acid.

The group of Oh also explored the reactivity of diynyl esters toward gold
catalysis. Thus, they were able to cyclize 1,6-diynyl acetates 33 into 2,3-
bis(alkylidene)cycloalkanones 34 in the presence of phosphinegold(I) salts
(Scheme 3.12). Again, a tandem 1,3-OAc shift/allenyne cyclization pathway is
responsible for the formation of the cyclic ketone. Upon activation of the triple
bond by gold, nucleophilic attack from the electron-rich allene occurs in a 6-exo-
dig manner to give delocalized acylium 35. Then, hydrolysis and protodeauration
afford the desired diene 34. Interestingly, when a third carbon-carbon non-terminal
triple bond was added to the cyclization precursor the authors obtained fused
tricyclic compounds arising from a further intramolecular [4 + 2] cycloaddition/
oxidation sequence.

In the continuity of this work, Oh’s group studied 1,7-diynyl esters 36 bearing
this time the migrating acetate in internal position [32]. The outcome of the
reaction, using the same catalytic system, was directed towards formal [2 + 2]
cycloaddition products 37 (Scheme 3.13).

The reaction mechanism is not clear and the authors were not able to state for
the most probable pathway. They yet proposed a direct [2 + 2] cycloaddition
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Scheme 3.12 Ketone synthesis through a tandem 1,3-OAc shift/allenyne cyclization pathway

7 Comparable intermediates were invoked in the intramolecular Diels-Alder reaction of
dienynes, see [31].
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pathway from the allenynyl-ester 38 to cyclobutenylidene 39, followed by
hydrolysis, but no experimental evidence of this intermediate was collected.
Thoughtfully, one can imagine that a gold-promoted 7-endo-dig cyclization could
take place affording delocalized carbocation 40. The latter is probably in equi-
librium with cyclopropylcarbene 41 and with the two bicyclic intermediates 42
and 43. Carbocation 42, relatively stable due to its possible delocalization to
aromatic R2 group, could evolve, through gold elimination, to product 39.
Otherwise, acylium 43 could undergo hydrolysis and subsequent protodeauration
would give the bicyclo[3.2.0]ketone 37 (Scheme 3.13).
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The team of Schreiber reported an elegant application of tandem 1,3-OAc shift/
cyclization to build a large library of small molecules. Starting from propargyl
propiolates 44, they elaborated 3 different strategies to get diversely functionalized
a-pyrones and/or polyconjugated dienones, from the same intermediate 46 arising
from 6-endo cyclization of the in situ generated allenyne 45 (Scheme 3.14) [33, 34].

The first strategy (path a) is a simple cycloisomerization leading to triene 47
after a proton elimination/protodeauration sequence. The second and third strat-
egies consist in performing a nucleophilic addition either on the exocyclic double
bond (path b) to give a substituted a-pyrone 48, or on the carbonyl moiety which
results in cycle opening and affords bis-enone 49 (Scheme 3.14). For this purpose,
nucleophiles such as alcohols and electron-rich aromatics were introduced in the
reaction mixture, allowing the synthesis of compounds 48 and 49 in a one-pot
process. Favoring either path a or path b was achieved by fine tuning of the
reaction conditions (Scheme 3.15).

In 2009, Oh reported the gold-catalyzed hydrative rearrangement of 1,1-die-
thynylcarbinol acetates 50 into cyclopentenones 51 [35] or allenone 52, depending
on the temperature, the catalyst loading and the reaction time (Scheme 3.16).
Allenone 52 did not furnish cyclopentone 51 when submitted to the gold catalyst.
Nonetheless both products 51 and 52 share the first steps of the rearrangement
mechanism. First, a 1,3-OAc shift of the propargyl acetate gives rise to a 1,3-
allenyne system 53. Activation of the triple bond by gold then induces oxacycli-
zation that generates the cationic 1,3-dioxolium intermediate 54. Subsequent
nucleophilic attack by a molecule of water and protodemetallation lead to inter-
mediate 55. Then, depending on conditions, the latter can evolve into two different
manners: kinetic conditions furnish allenone 52 after opening of the dioxole ring
(path a), while thermodynamic conditions afforded cyclopentenone 51 (path b).
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O
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Scheme 3.15 The conditions tuning drives the reaction outcome in Schreiber’s work
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This thermodynamic product probably originates from a 5-endo-dig cyclization
upon activation of the allene by gold giving intermediate 56, which undergoes
protodemetallation to deliver cyclopentenone 51 (Scheme 3.16).

The group of Shi recently disclosed an interesting hydrative rearrangement of
3-acyloxy-1,6-diynes 57 leading to substituted pyrrolidine derivatives 58
(Scheme 3.17) [36]. Nonetheless, in view of deuterium labelling experiments, it
seems that the propargyl acetate acts as an a,b-unsaturated ketone precursor through
hydrolysis of acyloxonium intermediate 60. The cyclization would then occur by
nucleophilic attack of enol onto the remaining triple bond activated by gold in 61.
This represents a new way to perform tandem reactions by the mean of propargylic
acetates but strictly speaking is not an allenyne cycloisomerization-type reaction.
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Scheme 3.16 Kinetic versus thermodynamic conditions in the rearrangement of diethynylcarb-
inol acetates
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To end with this bibliographical section, it is worth adding that allenynyl esters
generated from diynyl esters with AuCl3 were employed in rhodium catalyzed
Pauson-Khand reaction and lead to fused tricyclic compound 64.8 Nonetheless they
were isolated prior to submission to the rhodium catalysts (Scheme 3.18) [42].

3.1.2 Presentation and Objectives of the Project

We have seen above the potential of propargylic esters to generate allenes in situ
by the means of gold catalysis, which can then be involved in a further metal-
catalyzed process. More precisely, they are practical tools to generate in situ

TsN
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ClCH2CH2Cl C, 24 h
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Scheme 3.17 Synthesis of pyrrolidines from 3-acyloxy-1,6-diynes in hydrative conditions

O O

OAc

H

62, dr 4:1

TMS

AuCl3
(10 mol%)

toluene, rt, 4 h

O O TMS

OAc

63, quant.
dr 1.3:1

[RhCO2Cl2]2
(10 mol%)

CO (1 atm.)
toluene

C, 19 h
O O

AcO

O
TMS
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Scheme 3.18 Use of allenynyl esters in Pauson-Khand reactions

8 Selected reviews: [37–41].
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allenyne systems. In view of the reports of Toste on ene-diyne precursors, we
assumed that the double bond tethering the two alkyne partners would bias the
reaction toward the formation of aromatic ketones (Scheme 3.8). We began our
study with related substrates where no unsaturation was introduced in the tether.
Below are presented our results in the study of such system (Scheme 3.19).

3.2 First Results

3.2.1 Synthesis of the Precursors

The synthesis of diyne precursors was started with the preparation of a-alkylated
ketones 65–69, starting from commercially available cycloalkanones. Protection of
the carbonyl moiety was realized with N,N-dimethylhydrazine, and alkylation of
the resulting hydrazone was preformed by treatment with n-butyllithium followed
by addition of silylated propargyl bromide. Final hydrolysis of the hydrazone with
aqueous HCl afforded the desired ketones in excellent overall yields (Table 3.1).

Ketones 65–69 were next converted into propargyl alcohols by addition of
various lithium acetylides. Acetylation under classical conditions followed by
desilylation using potassium fluoride furnished the desired 3-acyloxy-1,6-diyne
precursors 70–84, of various ring sizes and acetylenic substituents, as mixtures of
diastereomers (Scheme 3.20).

The synthesis of acyclic precursors was realized from pent-4-yn-1-ol, which
was monosilylated at the acetylenic position by double deprotonation with
n-butyllithium, addition of two equivalent of trimethylsilyl chloride and sub-
sequent treatment with aqueous HCl. Oxidation of the resulting alcohol, operated
with pyridinium chlorochromate, furnished aldehyde 85. Various lithium
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Scheme 3.19 Objectives of the project
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acetylides were added on 85 with good yields and alcohols 86–89 were obtained in
80–88 % (Table 3.2).

From alcohol 86, we synthesized precursor 90 through a two-step acetylation/
desilylation sequence 52 % yield over two steps (Scheme 3.21). Another acyclic
precursor, bearing a quaternary acetate was synthesized according the following
procedure: 3-oxo butyric acid methyl ester was treated with two equivalent of
sodium hydride and two equivalent of propargyl bromide. The crude dialkylated
compound was then submitted to Krapcho’s decarboxylation conditions to give
diyne 91. Addition of phenylacetylene lithium acetylide was performed on the
crude product, and the resulting alcohol was converted into acetate 95 following
the same conditions described above, in 75 % yield for these 4 steps
(Scheme 3.21).

We thus were able to synthesize a broad range of substrates for our study,
according to simple and well-working procedures. Exploration of the potential of
these substrates toward cycloisomerization reactions using gold catalysts was first
run with compound 76.

Table 3.1 Synthesis of a-propargylated ketones 65–69

O

H2NNMe2

Br
TMS

n C
then

HCl aq.

(1.2 equiv.)

1.

2.

3.

O

TMS
n n

Entry Ketone Product (yield, 3 steps)

O

O

O

O

O
O

O

O

O

O

O
O

O
O

TMS

TMS

TMS

TMS

TMS

1
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4
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65 (85%)

66 (88%)

67 (88%)

68 (91%)

69 (95%)
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Scheme 3.20 Cyclic precursors to be tested

Table 3.2 Synthesis of acyclic precursors 86–89

n-BuLi (2.1 equiv.)
TMSCl (2.2 equiv.)

C to rt

PCC, CH2Cl2, rt

TMS

R
n-BuLi

C

R

TMS
HO

HCl aq.

1.

2.

3.

OH O

R Product (yield)85, 68% (2 steps)

Ph

n-Bu

t-Bu

86 (88%)

87 (85%)

88 (87%)

89 (80%)
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3.2.2 Catalyst Optimization

We were pleased to find that precursor 76 underwent a rapid and clean conversion
into cross-conjugated dicarbonyl compound 93 at our first attempts with cationic
gold(I) catalysts (Table 3.3).

While the presence of two carbonyl functionalities could be evidenced by 13C
NMR, the rest of the structure was assigned on the basis of 2D spectroscopic
studies and nOe experiments (vide infra). Cationic gold(I), generated in situ by
reaction of a silver(I) salt with a triphenylphosphinegold(I) chloride complex
quantitatively converted the substrate into diketone 93 (Table 3.3, entry 1), which
was isolated spectroscopically pure by simple filtration of the reaction mixture on
a small plug of silica gel. Silver alone was not efficient and slowly decomposes the
starting material (entry 2), thus proving its exclusive chloride abstraction role.
Triphenylphosphinegold(I) chloride was inactive in the absence of silver salts
(entry 3). On the opposite, commercial cationic gold(I) salts such as Echavarren’s
catalyst [43] (entry 4) and Gagosz’ catalysts [44, 45] [Ph3PAu]NTf2 (entry 4)
proved to be highly efficient for this transformation as full conversion was reached
in 40 min at room temperature, and products were isolated in almost quantitative
yields. Neutral gold(I), gold(III), platinum(II) and platinum(IV) chloride salts were
also assessed for this rearrangement and although the reaction occurred, they yet
provided inferior results (Table 3.4).

With decided to keep either triphenylphosphinegold chloride in combination
with silver hexafluoroantimonate and catalyst 94 as catalytic systems to extend the
scope of the reaction.

3.2.3 Reaction Scope

Substrate with alkyl or phenyl acetylenic substituents promptly rearranged in our
optimized conditions within less than 1 h (Table 3.5). Thus, five-membered ring
precursors 72–74 were converted into cross conjugated products 95–97 in good to
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Scheme 3.21 Synthesis of acyclic precursors 90 and 92
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excellent yields (entries 1–3). Similarly, six-membered ring substrates behaved
well and afforded the expected products (entries 4–7). The presence of a methylene
acetal on the ring did not influence the reaction outcome (entries 5–7). Seven-
membered ring precursor 84 delivered dicarbonyl compound 102 in an excellent
94 % yield (entry 8). As well, acyclic tertiary acetate 90 was cyclized into 103 in
good yield under our reaction conditions (entry 9). nOeSY experiments on com-
pound 98 (entry 4) allowed us to see through-space interaction between the protons
of the acyl group and the protons of the two sp3-carbons of the five membered-ring
backbone, thus validating the exocyclic double bond of (E)-geometry.

Four-membered ring derivatives 70–71 led to disappointing results, and
exposure to gold catalysts for 20 h resulted in their slow decomposition
(Scheme 3.21). The ring strain inherent to cyclobutane derivatives probably pre-
vents the cyclizing partners (a triple bond and an allenyl ester, vide infra) to get
close enough to each other and the cyclization to occur (Scheme 3.22).

Table 3.3 Catalyst screening: gold(I) and silver(I)

P Au NCCH3
t-Bu

t-Bu
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CH2Cl2
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C)
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40 min

99
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Table 3.4 Catalyst screening: halide salts of gold and platinum
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Table 3.5 Catalytic rearrangement of substrates 72–75, 78, 79, 81, 84 and 90
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Trimethylsilyl- or hydrogen-substituted propargylic acetates 80 and 104 resulted in
no reaction. For the former, formation of an allenyl ester is not favorable as it
would involve the appearance, through gold coordination, of a formal positive
charge a to the silicon atom. The latter, synthesized by desilylation of 79 under
classical conditions (78 % yield) is probably rearranged into a gold carbene
through a 1,2-acyloxy shift rather than into an allenyl ester which formation is
necessary for the cycloisomerization process to take place (vide infra).

We were pleased to find that this new cycloisomerization reaction was tolerant
of functional groups (Table 3.6). Silylether precursor 77 delivered the cyclized
compound 105 in an almost quantitative yield (entry 1). The reaction also tolerates

Table 3.6 Functional group tolerance of the new reaction
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well the presence of other carbon-carbon multiple bonds (entries 2–4). Substrate
83 bearing an alkene moiety was converted into the cross conjugated product 106
in 70 % yield. Likewise, precursor 83 carrying a silyl-protected alkyne reacted
well (entry 3), and so did substrate 92 bearing a spectator terminal alkyne (entry
4). The results described above show that the reaction is very general and can lead
to a broad range of cross-conjugated dicarbonyl compounds. Moreover, the pro-
cess is fast and often high-yielding. With all these results in hand, we then came to
the investigation of the mechanism.

3.3 Mechanistic Investigations

3.3.1 First Mechanistic Rationale

The first mechanism we proposed to account for the formation of cross-conjugated
diketones is depicted in Scheme 3.23. We believed that rearrangement of the
propargylic acetate E into allenylester F occurred prior to cyclization. Then,
coordination of gold to the pendant triple bond on F could then trigger cylization
from the electron-rich allene onto the activated alkyne in a 5-exo-dig manner to
afford vinylgold species H. Subsequently, the p-systems of the vinylgold and the
acyl substituent could react together to result in the 1,5-acyl transfer. Release of
diketone J would follow gold decoordination in I.

1,3-OAc shift
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[Au]

R

O+

O

O
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O
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Scheme 3.23 Our first mechanistic proposal
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However, two questions raised from this proposal:

(i) is the acyl transfer intra- or intermolecular? Indeed, because of the (E)-ste-
reochemistry of the exocyclic double bond, an intramolecular shift may seem
difficult;

(ii) is the acyl transfer stepwise or concerted?

Moreover, this mechanism hardly accounts for the complete stereoselectivity of
this process. To find answers to these questions, we set up a series of experiments.

3.3.2 Toward an Intramolecular Acyl Transfer

To shed light on the inter- or intramolecular character of the acyl transfer, we ran the
following experiment: cationic gold(I) catalyst 94 was added to a dichloromethane
solution of labelled compound D3-75 and precursor 77. After 2 h both compound were
totally consumed and cyclized products were isolated. No deuterium scrambling was
observed, what accounted for an intramolecular mechanism (Scheme 3.24).

We then drew a stereoselectivity model, supposing a stepwise acyl transfer on
H giving rise to cations K/K0 (Scheme 3.25). K and K0 are both in a favorable
conformation for gold elimination to give compound J, as the C-Au r bond is
coplanar with the vacant p orbital. However, conformation K that leads to
(Z)-J suffers from more steric repulsions than K0 on which gold elimination will
drive to (E)-J. Equilibration between conformations K and K0 should thus be
displaced in favor of K0, and could explain the observed stereoselectivity. As no
trace of compounds (Z)-J was observed among all the cyclization reactions we
performed, we decided to investigate this mechanism by the means of quantum
mechanics computations to shed light on this stereoselectivity issue.

3.3.3 DFT Calculations

Prof. V. Gandon ran DFT computations, carried out using the B3LYP functional. The
free enthalpy profile of the reaction is depicted in Scheme 3.26, and energies are
given in kcal�mol-1. According to calculation, the first step, starting from allenynyl
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Scheme 3.24 Deuterium labelling experiment
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ester G, is a low energy demanding, outer-sphere 5-exo-dig cyclization that gives
vinylgold species H in an exothermic manner. A C–C bond rotation on H leads to
reactive conformation H0, an almost thermoneutral process. In H0, the p orbitals at the
terminal carbons of the p system are well oriented for an efficient overlap. 1,5-acyl
migration to give the final product (E)-J can take place in a concerted, asynchronous
fashion through a transition state lying 7.8 kcal�mol-1 above H0. This process is
accompanied by the liberation of 28.3 kcal�mol-1 (Scheme 3.26).

Thus, these calculations show the feasibility of an intramolecular 1,5-acyl shift
giving rise to a (E)-exocyclic double bond, the weak energy barriers accounting
well for a process occurring at room temperature. The Au–C bond is cleaved by
the acylium in a stereoselective fashion, the electrophile being delivered intra-
molecularly. The formation of the (Z) stereoisomer would require either an
unfavorable inner sphere 5-exo-dig cyclization or the isomerization of the vinyl-
gold moiety in H, which is kinetically very difficult to achieve [46]. The stereo-
chemical outcome is therefore dictated by the cyclization step. Cationic
intermediates K, K0 we proposed in our initial model (Scheme 3.28) could not be
modelled as such structure converged to a coordinated double bond as in J dis-
playing a pronounced ‘‘slipped’’ gold fragment but nonetheless ruling out any
possibility of bond rotation.
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109
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Scheme 3.27 Decomposition of a silyl-substituted substrate
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Scheme 3.28 Synthesis of a methyl-substituted substrate
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3.4 Broadening the Scope of the Reaction

3.4.1 Non-terminal Alkynes

In view of the mechanism we proposed, it would be predictable that substituting
the free alkyne will result in difficulties at the acyl transfer step. Our experimental
results confirmed this fact. When submitted to cationic gold(I) catalysis, silyl
alkyne compound 109 slowly decomposed (Scheme 3.27).

We switched to methyl-substituted triple bonds, and performed the synthesis of
substrate 111 (Scheme 3.28). Commercially available cyclohexanone was quan-
titatively converted into the corresponding hydrazone by addition of N,N-
dimethylhydrazine. a-Alkylated ketone 110 was obtained upon treatment of the
hydrazone with n-butyllithium followed by addition of 1-bromobut-2-yne (76 %
yield, 3 steps). Recovery of the carbonyl function was performed by acidic
hydrolysis using aqueous HCl. Addition of n-hexyne lithium acetylide on ketone
110 and subsequent acetylation under classical conditions furnished the desired
precursor 111 bearing a methyl-substituted alkyne in 43 % yield over the last two
steps and 80:20 diastereomeric ratio.

Submission of substrate 111 to our optimized conditions resulted in low con-
version, but full conversion was reached in 24 h in refluxing dichloromethane.1 H
NMR of the crude material revealed a complex mixture from which 29 % of
cyclized product 112 were isolated (Scheme 3.29).

As we have supposed, this reaction, although possible, is rendered difficult by
using disubstituted alkynes.

OO

n-Bu
AcO

n-Bu
94

(2 mol%)

CH2Cl2, , 24 h

111 112, 29%

P Au NCCH3
t-Bu

t-Bu

SbF6

94

Scheme 3.29 Cycloisomerization of the methyl-substituted precursor 114

O

R

O
A

A = H  or LA

O

R

O
A

O

R

O
A

O

R

O

4 -electro-
cyclization 127

Scheme 3.30 Possible Nazarov pathway for products 122–126
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3.4.2 Acryloyl and Benzoyl Derivatives

As our new cascade reaction worked well with acyl precursors, we investigated the
transfer other carbonyl groups. For this purpose benzoyl and acryloyl derivatives
were synthesized from alcohols 86–89 and 113–114 in a two-steps sequence
(Table 3.7). Thus, p-Nitrobenzoyl derivative 115 was prepared from 3-hydroxy-1,6-
diyne 113 (57 % yield, two steps, entry 1), and substrate 116 bearing an acrylate
moiety was obtained from propargyl alcohol 114 in 72 % yield and 90:10 diaste-
reomeric ratio (entry 2). A series of acyclic precursors 117–120 carrying a methac-
ryloxy group was also synthesized from alcohols 86–89 (entries 3–6).

To our delight, these benzoyl and acryloyl derivatives 115–120 were cleanly
converted within 1 h into the desired cyclized products 121–126 in good to

Table 3.7 Synthesis of substrates 115–120

TMS

HO Ph

O
O

O Ph

O
O

O

O2N

115 (57%)
dr 85:15

HO
Ph

TMS

O
Ph

116 (72%)
dr 90:10

R1

TMS
HO

R2COCl, NEt3, cat. DMAP
CH2Cl2, rt.

KF, DMSO

1.

2.

HO R1

TMS

O R1

R2

O

Entry Alcohol Acyl chloride Product (yield, 2 steps)

R1 = Ph
n-Bu

t-Bu

86
87
88
89

Cl

O

O2N

Cl

O

Cl

O

113 (dr 85:15)

114 (dr 90:10)

O

R1 = Ph
n-Bu

t-Bu

117 (46%)
118 (53%)
119 (54%)
120 (47%)

R1

OO

1

2

3
4
5
6

Ph

O

O

BF3 OEt2 (0.4 equiv.), (ClCH2)2, 

or PTSA (0.2 equiv.), toluene, 

complex
mixtures

123

Scheme 3.31 First attempts to rearrange compound 123 under Nazarov conditions
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excellent yields (Table 3.8). These compounds feature a highly cross-conjugated
skeleton that is rarely encountered in the literature.

The conjugated skeleton displayed by compounds 121–126 makes them inter-
esting candidates to be tested toward nucleophilic attack, thanks to their extended
Michaël acceptor structure. As well, the cross-conjugation of two carbonyl groups
and three carbon-carbon double bonds could raise interrogations about the
potential of such compounds to undergo cationic rearrangements promoted either
by a Brønsted or a Lewis acid (LA). For example, one can imagine that the
divinylketone moiety of diketones 122–126 could undergo a conrotatory 4p-
Nazarov electrocyclization,9 thus allowing access to spiroketones such as 127
(Scheme 3.30). We decided to focus our attention toward the latter rearrangement,
using compound 123 as test substrate.

Unfortunately, Brønsted (PTSA) or Lewis (BF3•OEt2) acid conditions failed to
give satisfying results and led to complex mixtures of unidentified products
(Scheme 3.31).

Nonetheless, flash chromatography of both crude mixtures allowed isolation of
what was supposed to be a cycloisomerization product of 123, still bearing two
carbonyl groups,10 in 15–20 % yield. During purification of these mixtures, we

Table 3.8 Rearrangement of substrates 115–120 in the presence of cationic gold(I) catalysts

O Ph

O
O

O

O2N

115
dr 85:15

O
Ph

116
dr 90:10

O

R1 = Ph
n-Bu

t-Bu

117
118
119
120

R1

OO

O

OPh

O
O

O

NO2

Ph O

OR1

O

121 (99%)

122 (66%)

O R1

R2

O
Catalyst (2 mol%)

CH2Cl2, rt, 1 h

R1 O

O

R2

R1 = Ph
n-Bu

t-Bu

123 (98%)
124 (64%)
125 (99%)
126 (99%)

Entry

1

2

3
4
5
6

Ph3PAuCl
AgSbF6

94

94

Product (yield)Substrate Catalyst

9 For recent reviews on Nazarov cyclization, see [47–50].
10 According to 1H, 13C NMR and mass spectrometry.

3.4 Broadening the Scope of the Reaction 109



realized that eluting a TLC spot of a solution of 123 with dichloromethane led to
the appearance of a spot having the same Rf than the unknown product. We thus
came to the conclusion that the smooth acidic mixture of silica and dichloro-
methane could perform selectively the rearrangement of 123. To our great plea-
sure, heating a dichloromethane solution of 123 with 100 equivalents of silica in a
sealed tube à 70 �C for 3 days allowed the exclusive formation of this unknown
compound. Structure elucidation of the latter was achieved by X-ray diffraction
analysis of monocrystals obtained by slow evaporation of a 8/1.5/0.5 hexane/
diethyl ether/dichloromethane solution and revealed that this product was nor-
bornene derivative 128 (Scheme 3.32 and Table 3.9). The relative tricy-
clo[4.3.0.03,7]nonane skeleton has been trivially named ‘‘brexane’’ due to its
bridge involving an exo-norbornyl bond [51]. Interestingly, the 4-brexene skeleton
displayed by compound 128 is encountered in key intermediates toward the total
synthesis of natural compounds (±)-sativene and (±)-sativendiol [52–55].

Similarly, cross-conjugated dicarbonyl compounds 125 and 126 could have
been rearranged under the optimized acidic conditions into 4-brexene derivatives
129 and 130 in 100 and 55 % yield, respectively (Table 3.9).

Tricyclic skeletons of compounds 139–141 presumably arise from an intra-
molecular Diels-Alder (IMDA) reaction involving a 5-substituted cyclopentadiene
intermediate 131, generated by an acid-promoted double bond isomerization of the

Scheme 3.32 X-ray
diffraction study of product
128. Anisotropic
displacement parameters are
drawn at the 50 % probability
level and hydrogen atoms are
omitted for clarity

Table 3.9

O
O

R

SiO2 (100 equiv.)

CH2Cl2 C
sealed tube, 2-3 d. RO

O

130 (55%)

R = Ph

t-Bu

123

125

126

Substrate Product (yield)

128 (75%)

129 (quant.)
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cyclopentenylidene moiety (Scheme 3.33). As 5-, 1- and 2-alkyl substituted cy-
clopentadienes all readily interconvert by 1,3-hydrogen shift (for example, the
equilibrium concentrations of 5-, 1- and 2-methylcyclopentadiene at 20 �C are 1,
44 and 55 % respectively [56]), the exclusive observation of products 128–130
resulting from the IMDA of 5-substituted cyclopentadiene 131 raises questions.

Previous works conducted on the IMDA of homoallyl-substituted cyclopent-
adienes to obtain 4-brexene11 derivatives explained this selectivity by the highly
strained character of the alternative cycloaddition transition states. Thus, it is
impossible for 2- or 1-substituted cyclopentadienes 143 and 144 to undergo
IMDA. As a result, and according to the Curtin-Hammett principle [61], tricyclic
adducts 145 and 146 were never observed upon heating of homoallyl-substituted
cyclopentadienes. Displacement of the tautomeric equilibrium by continuous
conversion of 142 led to the formation of a single brexene-type product
(Scheme 3.34).

To finish, the regioselectivity of the reaction is well explained by the theory of
frontier orbitals [62, 63]. Regarding the intramolecular Diels-Alder of 2,4-pent-
adienal and 2-methylacrolein as a model [64], the HOMO and LUMO’s Hückel

H
isomerization

O
O

R

intramolecular
Diels-Alder

R

O
O

OR

O
O

O

R

131

Scheme 3.33 Hypothesized pathway to explain formation of products 128–130
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O

R

O
O

R

O
O

R
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133

IMDA OR

O

O

R
O

R
O

O
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134

135

IMDA

X

IMDA

X

Scheme 3.34 Only one possible IMDA pathway

11 See Ref. [57] and also [58–60].

3.4 Broadening the Scope of the Reaction 111



atomic coefficients reveal that HOMO/LUMO’s great lobes interactions will favor
the observed cycloaddition regioselectivity in both cases (Scheme 3.35). If the
interaction of HOMO 1 and LUMO 2 is considered, the desired regioselectivity is
ensured by orbital control, through overlap of the methyl lobe on methylacroleine
with the one at C3 in pentadienal’s LUMO. In the other case, only one overlapping
situation is possible, also leading to the right regioselectivity.

3.4.3 Perspective: Alkynoyl and Allenoyl Derivatives

Encouraged by the good results obtained with acryloyl precursors, we decided to
explore the potential of alkynoyl and allenoyl derivatives toward this reaction. We
thus synthesized the alkynoyl derivatives 136 and 137 according to the following
procedures (Table 3.10). 3-Hydroxy-1,6-diynes 86 and 88 were first desilylated
under methanolysis conditions. For the esterification step the Steglich conditions
were chosen, as the use of chloride was plagued by 1,4-addition of chloride onto
the alkynyl ester, resulting in inseparable mixtures. However these conditions did
not prove to be efficient. The reaction was not total with pentynoic acid and ester
136 was isolated in 53 % yield over two steps (76 % brsm, entry 2). When the
reaction was ran with alcohol 88 and 3-trimethylsilylpropynoic acid, a mixture of
starting material 88, ester 137 and unknown by-products was obtained from which
the desired ester was isolated in only 18 % yield (entry 1).

O

O

O

O

0.859

-0.358

0.709

-0.241

2-methylacryloine 2,4-pentadienal

HOMO 1

HOMO 2

LUMO 1

LUMO 2

HOMO 1 LUMO 2+
Diels-Alder

O

Oor

HOMO 2 LUMO 1+

3

Scheme 3.35 Prediction of regioselectivity with the frontier orbital theory
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To synthesize an allenoyl derivative, the use of a Wittig reaction between a
phosphorus ylide and a ketene was envisioned [65–70]. Alcohol 88 was first
esterified with bromoacetyl bromide and subsequently converted into phospho-
nium salt 138 by reaction with triphenylphosphine in acetonitrile (53 %, 2 steps).
Deprotonation with sodium hydroxide to generate the phosphorus ylide was fol-
lowed without purification by a Wittig reaction with ketene generated in situ from
acyl chloride and triethylamine. Allenoyl derivative 139 was thus obtained in
80 % yield over the last two steps. Subsequent desylilation using potassium
fluoride afforded the desired precursor 140 in 63 % yield (Scheme 3.36).

With this triad of substrates in hand, we then looked at their behavior toward
gold(I) catalysis to check if they could undergo the cyclization/acyl transfer cas-
cade reaction (Table 3.11). Silicon-protected precursor 147, unfortunately, led to a
complex mixture of products (entry 1). On the opposite, we were pleased to find
that 2-pentynoate derivative 148 reacted the desired way with 4 mol% of catalyst
97.12 Intriguingly, this compound led to a mixture of (E)/(Z) exocyclic double
bonds. Isomers (E)-141 and (Z)-141 were separated by flash chromatography and
the double bond geometry was ascertained by nOeSY experiments, which showed
a strong through-space interaction between the aromatic core and the ethyl on
(Z)-255. This last result is not consistent with our previous findings and their
rationalization. Indeed, 1,5-acyl transfer is streospecific and only (E) product
should have been obtained. Here, the major product is the (Z) product, which is

Table 3.10 Synthesis of substrates 136 and 137

K2CO3 (3 equiv.)
MeOH

EDCI, cat. DMAP
CH2Cl2 C to rt

TMS
HO

Ph

TMS
HO

R1

TMS
HO

O

HO
R2

1.

2.

R1

OO

R2

Entry Alcohol Acid Product (yield, 2 steps)

O

HO
TMS

O

HO

OO

TMS

Ph

OO

1

2

88

86

136 (18%)

137 (53%)

12 In previous tests with 2 mol% of the catalyst, the conversion was blocked at about 50 %.
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Table 3.11 Rearrangement of substrates 136, 137 and 140 with catalyst 94

complex
mixture

O

Ph

O

Ph

O O

(E)-141 (Z)-141
(98%, E/Z 2:3)

Ph

O
O

142 (74%)140

OO

TMS

Ph

OO

136

137

Ph
OO

O R1

R2

O
94 (4 mol%)

CH2Cl2, rt, 1 h

R1 O

O

R2

Entry Product (yield)Substrate

1

2

3a

nOe

P Au NCCH3
t-Bu

t-Bu

SbF6

94

a 2 mol% of catalyst were used

Ph

TMS
HO

86

Br
Br

O

CH2Cl2, rt, 4 d.

PPh3 (1.2 equiv.)
MeCN, rt, 24 h.

Ph

TMS
O

138, 53% (2 steps)

Br

Ph

TMS
O

139, 80% (2 steps)

KF

DMSO

140, 63%

138

1.NaOH 1.2M/CH2Cl2
separatory funnel

2. AcCl (2 equiv.)
    NEt3 (2.1 equiv.)

CH2Cl2, rt, 12 h.

1.

2.

O

Ph3P

O
Ph

OO

Scheme 3.36 Synthesis of allenoyl derivative 140
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also the most sterically hindered. The parameters controlling this reaction outcome
are not clear and deserve investigations, but it can be assumed that the activated
alkyne could probably play a role. At what stage, however, the two different
isomers are formed remains uncertain: during the 1,5-shift or once the cyclization
is over, by simple double bond isomerisation? To finish, allenoyl derivative 151
displayed a remarkable reactivity as it led to the unexpected compound 157 in the
presence of 2 mol% of catalyst 97 in 3 h (74 %, entry 3).

The proposed mechanism of this reaction starts with the rearrangement of the
precursor through the cyclization/1,5-acyl shift cascade we disclosed to afford
intermediate 143 (Scheme 3.37). The allenyl ketone moiety is subsequently acti-
vated by gold and cyclised into a furan through carbene intermediate 144 [71, 72].

3.5 Conclusion

The potential of propargylic acetates to discover new tandem reactions with gold,
platinum, copper and recently, rhodium [73–76], is no more debatable, as many
publications report the use of this functional group to generate reactive carbenes or
allenyl esters. Our group, in the early 2000, re-discovered the Ohloff-Rautenstr-
ausch rearrangement with platinum and exploited it for the discovery of new
reactions. We kept our interest toward this synthetic tool while we switched to
gold catalysis, and interesting reactivities and cascade processes were discovered.
Among them, the tandem cyclization/1,5-acyl transfer reaction of allenynyl ester,
generated in situ by 1,3-acyloxy shift of a propargylic acetate moiety, adds to the
now important number of transition-metal catalyzed processes involving such
moieties. The special feature of this reaction is a rarely encountered acyl shift from
an acyloxonium onto a nucleophilic vinylgold, whose modalities were investigated
by the means of DFT computations. It allowed us, with the discovery of a ste-
reospecific and concerted acyl shift, to explain the total stereoselectivity of the

140
[Au]

i)  1,3-OAc shift
ii) cyclization/
   1,5-acyl shift

O

Ph

O

[Au]

143

5-endo-
dig

O

Ph

O

[Au]

O

Ph

O

[Au]

H

-[Au]
Ph

O
O

142

144

Scheme 3.37 Proposed mechanism attesting for furan formation
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process. This reaction was successfully extended to acryloyl, alkynoyl and allenoyl
derivatives. We have shown that cyclised acryloyl precursors could be rearranged
into complex 4-brexene skeletons through a 1,3-H shift/intramolecular Diels-Alder
sequence. Finally, allenoyl derivatives led one-pot to furan-containing conjugated
molecules, thanks to a further, gold-catalyzed cycloisomerization of the in situ
generated allenyl ketone, thus showing the possibility to involve one of the car-
bonyl group in another gold-catalyzed process.
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Chapter 4
Tracking Gold Acetylides in Gold(I)
-Catalyzed Cycloisomerization Reactions
of 1,6-Enynes

In this last chapter, we will question the intermediacy of gold acetylides in the
gold(I)-catalyzed cycloisomerization of 1,6-enynes, as such intermediates have
been postulated to intervene in some gold-catalyzed processes involving free
alkynes. This study has been conducted as a joint project with mass spectrometry
specialists and theoretical chemists.

4.1 Introduction

4.1.1 Bibliography

We have seen in the introduction of this manuscript how relativistic effects are at
the origin of the fantastic ability of gold to activate p systems and stabilize cationic
intermediates, properties that are relevant in the field of organic chemistry.
However, another consequence of these effects has not been evoked, as it is mainly
an observation that emerged from the field of coordination chemistry: ‘‘aurophi-
licity’’, or the tendancy for Au-Au interactions to be stabilizing on the order of
hydrogen bonds, as illustrated in the chemistry of polyaurated coordination
compounds [1].1 Until recently, this phenomenon has not been taken into account
since gold-catalyzed reactions are run with monometallic complexes in rather
dilute media.

4.1.1.1 Gem-Diaurated Intermediates in Gold-Catalyzed Reactions

In, the majority of gold catalyzed reactions, the proposed mechanisms involve the
nucleophilic attack at a metal activated C–C unsaturations. This results either in an
alkyl- or a vinylgold complex. The isolation of such organogold species resulting

1 For a review, see: [2].

A. Simonneau, Gold-Catalyzed Cycloisomerization Reactions Through Activation
of Alkynes, Springer Theses, DOI: 10.1007/978-3-319-06707-0_4,
� Springer International Publishing Switzerland 2014
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from these processes confirmed this proposal.2 The catalyst is then regenerated by
protonolysis of the C-Au bond. However, some recent reports have laid the doubt
on these now commonly accepted intermediates, as theoretical and experimental
evidences of the occurrence of gem-diaurated species in some gold catalyzed
organic reactions were reported.

The propensity of vinylgold resulting from the nucleophilic addition to allenes
and alkynes to bind another cationic gold(I) fragment resulting in a gem-diaurated
species has been recently provided by the teams of Gagné [7, 8] and Fürstner [9]
(Scheme 4.1). The former observed the formation of diaurated species 3 while
monitoring by 31P NMR the intramolecular hydroarylation of allenes, [10] and
selectively synthetized this complex by reacting vinylgold 2 with 1 equivalent of
cationic gold. The team of Fürstner studied the gem-diauration of vinylgold 4 that
one can see as the result of nucleophilic attack of ethanol onto a gold activated
alkyne. Likewise, they noticed that 4 readily binds another gold fragment to lead to
diaurated species 5. However, the relative stability of these species, notably toward
protolytic cleavage, makes them unlikely intermediates in gold-catalyzed reactions
that exhibit quite high turnovers. Therefore, 3 and 5 are rather considered as
catalyst resting states. It is worth adding that similar three-centers two-electrons
digold complex were already characterized, yet without any connection to the gold
catalysis field [11, 12].3

4.1.1.2 Dual Activation of a Gold Acetylide in Cycloisomerization
Reactions

The experimental and theoretical studies on the gold-catalyzed cycloisomerization
reaction of 1,5-allenynes into formal Alder-ene products (Scheme 4.2) conducted
by Houk and Toste was the first report proposing the intervention of diaurated
species along the catalytic cycle [14].

As they noticed the inertness of non-terminal alkynes, as well as exchange of
acetylenic deuterium, the authors suggested the occurrence of gold acetylides in
the catalytic cycle. According to DFT calclulations, its formation is thermody-
namically favorable, and moreover this species can easily binds another gold
fragment to lead to diaurated compound 8 (Scheme 4.3).

The cyclization starting from digold complex 8 was shown more favorable than
starting from a mono-activated allenynes. The nucleophilic attack of the external
allenic double bonds on the dually activated alkyne lead to the gem-diaurated
intermediate 9, which upon proton transfer produces a three-centers two-electrons
digold complex 10 similar to those characterized by Gagné and Fürstner. The
viability of an intermediate gold acetylide was confirmed by reacting a previously

2 Alkylgold complexes from alkenes: [3] Vinylgold complexes from allenes: [4] Vinylgold
complexes from alkynes: [5, 6].
3 For a review, see: [13].
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synthetized one with catalytic amounts of gold(I), which produced the Alder-ene
product. Although no experimental evidences were collected on such diaurated
species, some recent reports have however shown the ability of gold acetylides to
evolve into polynuclear species upon coordination of another [Ph3PAu]+ or
[(Ph3P)2Au]+ fragment [15, 16].

On the same basis than Toste and Houk, the intermediacy of gold acetylides has
also been proposed in the cycloisomerization of diynes: non-terminal alkyne were
unreactive and partial deuterium exchange at the acetylenic position was observed
on either the starting material and the cyclized compound (Scheme 4.4) [17].

Two mechanisms were proposed to account for the formation of ten-membered
ring cycloalkyne 12 from diyne 11. Both start with the evolution of a gold com-
plexed alkyne into gold acetylide 13. At this point, the coordination of a second
gold center on either the free alkyne or the gold acetylide would give birth to two
distinct mechanistic pathways. In path a, a nucleophilic attack from the gold
acetylide onto the gold activated free alkyne in 14 would furnish diaurated
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Scheme 4.2 Au-catalyzed cycloisomerization of 1,5-allenynes
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intermediate 15, which upon gold elimination evolves into vinylgold 18. In path b,
the second gold fragment would activate the gold acetylide moiety and trigger a
nucleophilic attack onto the latter to produce gem-diaurated species 17, which

H

O
AuPH3

AuPH3H3PAu

H

+

O
AuPH3

H3PAu

AuPH3 H3PAu

O
AuPH3

HH3PAu

H3PAu

O
AuPH3

H

+ + +
AuPH3

G = 0.0
Gsolv = 0.0

G = 37.4
Gsolv = 21.8

G = 2.2
Gsolv = -6.7

G = 1.2
Gsolv = -6.4

Ph3PAu AuPPh3

AuPPh3

Ph3PAu

AuPPh3

Ph3PAu
H2C

H

AuPPh3
Ph3PAu

H

Ph3PAu AuPPh3

8
G = 1.2

TS8-9
G = 21.1

9
G = 8.2

TS9-10
G = 19.5
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G = -27.9

C-C bond
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1,5-hydrogen
shift

H
Catalyst
transfer

+19.9

-12.9

+11.3
-47.4

Scheme 4.3 Formation of a reactive digold complex in the catalytic cycle of the Alder-ene
reaction of 1,5-allenynes. Energies are given in kcal.mol-1
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(4 mol%)
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11 12, 98%

Scheme 4.4 Cycloisomerization reaction of diynes
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echoes back the proposal of Toste and Houk. A stereospecific protodeauration
leads to 18, which links paths a and b together. A final protodeauration delivers the
cyclized compound 12 (Scheme 4.5).

4.1.1.3 Gold Acetylides in Acetylenic Functionalization Reactions

The team of Corma also proposed the intermediacy of gold acetylides in the gold
catalyzed bromination of terminal alkynes in the presence of NBS, and brought
compelling evidences to support this hypothesis (Scheme 4.6) [18].

The gold acetylide 21 was shown to react either with NBS or NHS to give
respectively 20 or 19. Interestingly, the protonolysis reaction slightly accelerated
in the presence of catalytic amounts of the cationic gold(I) catalyst, a fact that
would be consistent with a ‘‘dual activation’’ mechanism as proposed by Toste and
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HNTf2

-HNTf2
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X [Au] X [Au]
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X = C(CO2Me)2
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Scheme 4.5 Two possible mechanisms in the cyclization of diynes
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Scheme 4.6 Au-catalyzed
bromination of terminal
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Houk. However, the isolated complex 22 showed no reactivity toward NHS, which
dispelled this hypothesis (Scheme 4.7).

To finish, it is worth adding that some reports exist on gold catalyzed Sono-
gashira-type cross-coupling [19–21]. If there is still a debate on the role of pal-
ladium impurities [22] and gold nanoparticles [23] in such processes, the
occurrence of gold acetylides along the catalytic cycle was of course proposed.
Some comparable methodologies were developed where the gold(I)/gold(III)
redox cycle was forced thanks to the use of stoiechiometric oxidants [24–27].
Spectroscopic evidences on the occurrence of gold acetylide 23 during the gold
catalyzed ethynylation of arenes were collected by the group of Nevado [26]. They
could detect 31P and 1H NMR signals matching those of the independently syn-
thetized acetylide 23. They thus proposed two mechanisms for this coupling
process, involving the above mentioned gold acetylide (Scheme 4.8) and differing
on the role of the hypervalent iodine reagent.

4.1.2 Presentation and Objectives of the Project

The ability of gold(I) to easily insert into acetylenic C–H bonds raises some
questions about the occurrence of gold acetylides in every gold catalyzed process
involving a free alkyne. The study of Toste and Houk on the gold catalyzed
cycloisomerization of 1,5-allenynes shows that their formation is thermodynami-
cally favored, and they readily bind another gold fragment to give birth to a
reactive species that evolves into gem-diaurated species along the catalytic cycle.
Belonging to the vast area of 1,n-enyne cyclization reactions, this study thus lays
some doubt on the now commonly accepted mechanisms that generally involve
coordination of gold on the free alkyne followed by nucleophilic attack of the
neighboring double bond. Our study simply questions the validity of such species

21

AuP(t-Bu)3

NXS (1 equiv.)
[(t-Bu)3PAu]NTf2

(n mol%)

CD3CN, rt, 24 h

X

X = Br, 20
X = H, 19

X n NMR yield

Br 0 100%

H 0 15%

H 10 25%

AuPH(t-Bu)3
(t-Bu)3PAu

22

NHS (1 equiv.)

CD3CN, rt, 20 h
X

19

Scheme 4.7 Reactivity of
Au acetylide 21 and diAu
complex 22 toward bromo-
and protolysis
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in the cycloisomerization of 1,6-enynes. For this purpose we have called upon
theoretical treatment through DFT computations, NMR spectroscopy and mass
spectrometry, and solution experiments.

4.2 Preliminary Results with 1,6-Enynes

4.2.1 Catalysts Assessment

We decided to focus on 1,6-enynes 24 and 25 as they are readily accessible and
serve as generic substrates in many experimental and theoretical studies on such
substrates. As a background study, their reactivity toward three gold catalysts was
assessed in deuterated chloroform. Enynes 24–25 were synthetized according to
reported procedures depicted in Scheme 4.9, starting from diethylmalonate 26.
Subsequent alkylations of the latter furnished enyne 24 with a gem-diester group as
tether. Dimethoxy enyne 25 was prepared from 24 by reduction of the ester groups
followed by protection of the alcohol functions.

With these substrates in hand, we submitted them to cationic gold(I) catalysts
27, [28, 29] 284 and 29 [30] (Table 4.1). As it is commonly observed with these
substrates, endo products 30/31 are the major ones, accompanied by varying
amounts of formal metathesis products 32/33. Echavarren’s catalyst 29 has shown

OMe

MeO OMe

+ H Z

Ph3PAuCl (5 mol%)
PhI(OAc)2 (1.5 equiv)

NaHCO3 (1 equiv)
C, 12 h

Z = vinyl, aryl, ketone,
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AuI
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AuI
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AuIII
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Ar

Ar
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[I]
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Ar

[I]

AuI

Z

PhI(OAc)2

PhI
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addition

 elimination

25-75%

23

Scheme 4.8 Nevado’s ethynylation of electron-rich arenes

4 First synthesis: [32]. Use in catalysis: [33]. See also ref. [14].
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the better activity and produced high yields of cyclized compounds within 1 h at rt,
starting from either 24 or 25. Gagosz’ catalyst 27 was highly active and selective
for malonate tethered enyne 24, but, for unknown reasons, gave inferior results
with dimethoxy precursor 25. Finally, oxonium complex 28 is a poorly active
catalyst for the cycloisomerization of 1,6-enynes, as heating is needed to perform
the reaction, which is incomplete after several hours.

4.2.2 Mass Spectrometry Analysis

In many cases in organometallic catalysis, a comprehensive study of the consid-
ered process is supported by spectroscopic analysis, labelling studies and/or the-
oretical treatment. Less developed is the mass spectrometry (MS) approach. Since
the development of the electrospray (ESI) technique that allows the intact transfer
of molecular ions from a dilute solution directly to the gas phase through a gentle
ionization,5 a growing number of studies have relied on this technique, coupled to
a mass spectrometer, to get insight in mechanistic intermediates [31]. This tech-
nique is ideal when the species of interest is already present in ionic form in
solution, which is frequently the case in gold(I) catalysis, and the soft ionization
process allows to keep the catalyst’s coordination sphere intact. Thanks to mass
spectrometry techniques, it is also possible to isolate the ion to be studied, and
operate collisions with other molecules. Collision induced dissociation (CID) is
employed to get thermochemical parameters by collision with an argon atom of
known energy, and collision activated reaction (CAR) allows reactivity studies in
the gas phase of the isolated ion, by collision with neutral molecules. In our
laboratory, this approach, combined with DFT calculations, helped to confirm the
crucial role of water traces in the cationic Pt(II)-catalyzed cycloisomerization
reaction of enynes [36]. We therefore decided to take advantage of the ESI-MS
technique to get in-depth understanding of the intermediates involved in the
gold(I) catalyzed skeletal rearrangement of enynes. For this purpose, we used a
modified triple-quadrupole mass spectrometer (Scheme 4.10) [37, 38].

EtO2C

CO2Et
NaH

C to rt

26

Br

Br

EtO2C

EtO2C

24, 52% (2 steps)

LAH
Et2O C to rt

MeI, NaH
C to rt

25, 79% (2 steps)
NaH

C to rt

1.

2.

1.

2.

MeO

MeO

Scheme 4.9 Synthesis of the ‘‘test’’ 1,6-enynes 24 and 25

5 According to a complicated process involving charged droplet formation, fission, and field
desorption, see: [34, 35].
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The analyte is injected into the instrument via a syringe pump and pumped
through a narrow, stainless steel capillary. A high voltage of 3 or 4 kV is applied
to the tip of the capillary, which is situated within the ionisation source of the mass
spectrometer. As a consequence of this strong electric field, the sample emerging
from the tip is dispersed into an aerosol of highly charged droplets, a process that
is aided by a co-axially introduced nebulizing gas flowing around the outside of the
capillary. This gas, usually nitrogen, helps to direct the spray emerging from the
capillary tip towards the mass spectrometer. The charged droplets diminish in size
by solvent evaporation, assisted by a warm flow of nitrogen known as the drying
gas, which passes across the front of the ionisation source. The ions produced in
the electrospray source are transmitted into an intermediate vacuum region through
a heated capillary where desolvation is completed, and from there through a small
aperture into the analyser of the mass spectrometer, which is held under high
vacuum. They first cross hexapole H0 which is connected to a gas inlet to perform
collision with neutral gaseous reagents. Ions pass then into the first quadrupole
analyzer Q1 in which the ions or reaction products can be selected and separated
for a subsequent reaction. The mass-selected ions are then passed into a collision
cell H2 where they can react again with neutral reagent gases, and then mass-
analyzed in the second quadrupole Q3. High-resolution measurements at Q3 exit
were acquired with a recent ultra-high resolution mass spectrometer, the hybrid
linear ion trap LTQ-Orbitrap.

We engaged enyne 25 with catalysts 27–29, in solution in CDCl3, into this mass
spectrometer. With catalyst 27 and 28, we observed the rapid and abundant formation
of a peak at m/z = 1,099, corresponding to the formula [25-H + (Ph3PAu)2] +
(25-Au2). With catalyst 29, the same type of adduct was also observed with a rela-
tively high abundance, at m/z = 1,171 (25-Au2

0) (Scheme 4.11).
The observation of these ions could suggest the formation of diaurated com-

plexes similar to those proposed by Toste and Houk, by coordination of a cationic
gold fragment to a gold acetylide (Scheme 4.12).

We thus synthetized gold acetylides 24-Au and 25-Au in order to submit them
to the same mass spectrometry conditions and compare the experiments spectra.
They were synthetized by treating Ph3PAuCl with three equivalent of the lithium

Scheme 4.10 The modified triple quadrupole mass spectrometer
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acetylide of 24 or 25 (Scheme 4.13). The structure of 25-Au was ascertained by
the means of X-ray diffraction.

We engaged 25-Au in the ESI source in a CDCl3 mixture with either catalysts
27–29 or AgSbF6. We also noticed the formation of ions 25-Au2 and 25-Au2

0,
while with AgSbF6 a dinuclear silver-gold 25-AuAg complex was observed. The
isolated ions were submitted to CID experiments, which resulted in all cases in the
detection of metallic ions ligated by the two phosphines (Scheme 4.14).

The neutral counterpart lost in each case correspond to the formula
[25-H + Au], but its structure remained unknown. DFT computations at the
B3LYP/LANL2DZ(Au)/6-31G(d,p) level of theory were carried out by Prof.
V. Gandon to learn more about the nature of this counterpart. Thermodynamic
results using hept-1-en-6-yne 34 and PH3 as model have shown that either the naked
gold acetylide 35 or its related chelate 36 require prohibitive energies to be formed
upon dissociation in the CID conditions. However, the formation of the cyclized
form of the enyne bound to one gold atom 37 is endergonic by only 6.0 kcal.mol-1,
which suggests that the neutral counterpart could be 37 (Scheme 4.15).

All these data tended to suggest the formation of gold acetylides and their
corresponding diaurated species in the reaction mixture. However, nothing indi-
cates that they are really implicated in the catalytic cycle of the cycloisomerization
of 1,6-enynes, and moreover, the observation of such species could simply arise
from the instrument used for such measurements, which makes hazardous the
transposition of these results to a solution phase catalytic event. It therefore
appeared obvious that more accurate data could be gleaned from NMR monitoring.

25

25-Au2
[25 - H + (PPh3Au)2]+

m/z 1099

25-Au2'
[25 - H + ((biph)(t-Bu)2PAu))2]+

m/z 1171

OMeOMe

29

30

(+
) 

E
S

I i
n

fu
si

o
n

 in
 C

D
C

l 3

27

Scheme 4.11 Observation of diaurated adducts in mass spectrometry conditions
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4.3 Solution and NMR Monitoring Experiments

4.3.1 Study with Free Enyne 25

The NMR monitoring of the reaction of 24/25 with 1 equivalent of catalyst 27 or
29 could not be achieved, even at low temperature (-60 �C) because cycloiso-
merization took place at once. Catalyst 28 appeared as a good candidate as it
requires heat to perform the cycloisomerization of 1,6-enynes. Thus, we followed
the evolution of a solution of 25 with 0.33 equivalent of 28 in CDCl3 by the means
of 1H and 31P NMR. After 5 min the signal of the free enyne were still clearly
visible in 1H NMR, but a new compound 38 exhibiting downfield shifted

AuClPPh3
X

n-BuLi
(3 equiv.)

C to rt
2-3 h

X
AuPPh3

1 equiv. 3 equiv. X = C(CO2Et)2, 24-Au, 37%
X = C(CH2OMe)2, 25-Au, 83%

X-ray structure
of 25-Au

Scheme 4.13 Synthesis of gold acetylides
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propargylic protons (2.16–2.69 ppm) and a priori no acetylenic proton was also
present. A broad peak at 1.64 ppm was also observed, which strongly diminished
in intensity upon addition of D2O to the mixture, suggesting complexed water. 31P
NMR showed a single peak at 38.4 ppm, the signal of catalyst 28 at 23.9 ppm
being no longer visible (Scheme 4.16).

We assumed from these data that this unknown compound 38 could be the
[25-Au2]BF4 species we observed by mass spectrometry. To validate this
hypothesis, we reacted gold acetylide 25-Au with one equivalent of the pre-gen-
erated cationic gold(I) salt [Ph3PAu]BF4 in CDCl3 and monitored this reaction by
NMR. We noticed after 5 min the formation of a new complex, while 25-Au signals
completely disappeared. Again, a strong downfield shifting of the propargylic
signals (2.39–2.80 ppm) was recorded in 1H NMR, and a single peak at 37.1 was
visible in 31P NMR. Clearly digold complex [25-Au2]BF4 was formed in the NMR
tube, but its spectroscopic profile did not match the one of 38 (Scheme 4.17).

A close look on the 25:38 ratio by varying the amount of catalyst 28 mixed with
enyne 25 in the NMR tube brought more suggestive data on the actual structure of
37. When reacting enyne 25 with 0.33 equivalent of 28, the 25:38 ratio was about
1:1 based on the integration of the propargylic protons and remained unchanged
after 1 h. Increasing the amount of catalyst 28 to 0.5 equivalent lead to complete
consumption of the free enyne 25 after 1 h, and only 38 is observed in both 1H and
31P NMR. When 0.66 or 1 equivalent is added, only 38 is visible in 1H NMR but
31P NMR revealed that a proportion of 28 was unreacted. Thus, at least 0.5
equivalent of catalyst is necessary to reach full consumption of enyne 25 and its
clean conversion into 38 with no 28 remaining. This corresponds to a enyne:gold
ratio of 2:3, which made us assume that 38 could possibly be the trinuclear dimer
depicted in Scheme 4.18. This assumption is also consistent with the 1:1 ratio
deducted from the integration of the propargylic protons in the experience
25 + 0.33 equiv. of 28 described above.

AuPH3

AuPH3
Au(PH3)2

+

Au

G = 42.2

+
Au

G = 58.8

+
Au

G = 6.0

34-Au2

35

36

37

Scheme 4.15 Calculated free energies of dissociation (kcal.mol-1)
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Scheme 4.16 NMR monitoring of 25 + 0.33 equiv. of 28 in CDCl3

Scheme 4.17 Formation of a diaurated complex upon coordination of a cationic gold(I) center
onto a gold acetylide
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This structure can be seen as two gold acetylides sharing the same
[Ph3PAu]+ fragment. This complex could have been isolated as a white, air-stable
solid by evaporation of the CDCl3 solution and precipitation in Et2O. However, all
attempts to grow crystals to confirm this structure by an X-ray diffraction study
have failed. The non-observation of 38 by mass spectrometry (only 25-Au2 was
observed) presumably arises from its fragility in the previously used ESI condi-
tions. This was confirmed by using a low ‘‘cone voltage’’ (diminishing the voltage
in the ESI chamber to get smoother ionization conditions). A peak at m/z = 1,739
corresponding to the formula [225-2H + 3AuPPh3]+ was now observed. Using
deuterated 25, the formation of 38 appeared slower (25:38 ratio of 95:5 after
5 min, compared to 34:66 without deuterium), the kinetic isotope effect being
consistent with a deprotonation of the acetylenic position.

The solution obtained by reacting 25 and 0.33 equivalent of 28 furnished, upon
heating at 50 �C during 24 h, a mixture of free enyne 25, 38 and cylization
compounds 32, 33 in a 25:38:32:33 ratio of 27:32:32:9 (Scheme 4.19). Compared
to the 25:38 ratio of 34:66 before heating, one can notice that the amount of dimer
38 is almost constant, which strongly support the fact that 38 is not an intermediate
in the cycloisomerization of enynes, and discredit the intermediacy of gold acet-
ylides in this process. To further confirm this hypothesis, we decided to study the
reactivity of gold acetylides 24-Au and 25-Au.

4.3.2 Reactivity of Gold Acetylides

Gold acetylides 24-Au and 25-Au were submitted to 5–100 mol% of catalyst 27 or
28. No cycloisomerization products were detected even after several hours in
refluxing CDCl3. We noticed however the fast formation of digold complexes [24-
Au2]NTf2 and [25-Au2]NTf2 while monitoring the reactions of 24-Au and 25-Au
with stoichiometric amounts of catalyst 27 at rt in CDCl3 (Scheme 4.20), but the
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Scheme 4.18 Proposed structure of complex 38
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absence of cyclized compounds in the reaction mixture further discredited the
intermediacy of gold acetylides in the catalytic cycle.

Based on the computations led by Tost and Houk, Prof. V. Gandon was able to
model the formation of gold acetylide and digold complex with catalyst 27

X

27 (5 mol%)
or 28

(5 mol% to 100 mol%)

CDCl3,
up to 50 h

AuPPh3
no cyclization

products detected

X = C(CO2Et)2, 24-Au
X = C(CH2OMe)2, 25-Au

X
AuPPh3

27
(1 equiv.)

CDCl3, rt, 5 min
X

NTf2

X = C(CO2Et)2, 24-Au
X = C(CH2OMe)2, 25-Au

[24-Au2]NTf2, 100% NMR yield
[25-Au2]NTf2, 100 % NMR yield

AuPPh3

AuPPh3

Scheme 4.20 Reactivity of the gold acetylides

Scheme 4.19 Formation of cyclized compounds from a 34:66 mixture of 37 and 25 upon heating

134 4 Tracking Gold Acetylides in Gold(I)-Catalyzed Cycloisomerization Reactions



(Scheme 4.21, box) and the energy profile of the cyclization starting either from
the monocoordinated enyne or from the diaurated complex (Scheme 4.21).

As noticed by Toste and Houk, the formation of a gold acetylide is favorable, as
well as the coordination of a second gold fragment onto the latter. However, the
energy profiles reveal that higher energy barriers have to be crossed in ‘‘digold’’
path. The theory thus predicts a favored ‘‘monogold’’ cyclization pathway.
Intriguingly, in the latter case, the rearrangement of the nonclassical cation from B0

to D0 occurred through a five-membered ring intermediate C0 rather than a six-
membered one, as modeled in the single activation pathway.

The great affinity of cationic gold(I) for a gold acetylide was also well illus-
trated experimentally: free enyne 24 or 25 was mixed with 5 mol% of its corre-
sponding acetylide in either dichloromethane or deuterated chloroform. Then,
5 mol% of catalyst 27 were added to the solution. After 1 h, no cycloisomerization
could be detected in the reaction mixture, but adding extra 5 mol% of 27 resulted
in clean conversion of the free enyne (Scheme 4.22). Thus, complexation of a
cationic gold fragment results in a catalytically unactive species, at least at rt.

Considering the work of Toste and Houk, it can be argued that a proton source
is needed to complete the catalytic cycle. In their article, this role is held by the
acetylenic proton of a free allenyne. Thus, in the 1,6-enyne series, the cycloiso-
merization reaction of a mixture of enynes 24 or 25 with D-39 should result in a
certain level of deuterium scrambling if a mechanism involving gold acetylides is
operative. However, no deuterium exchange was observed using catalyst 30
(Scheme 4.23).

Clearly in this process the enyne cannot act as a proton donor. The unreactivity
of gold acetylides and their related diaurated complexes is quite intriguing, as

AuPH2 H3PAu

G = 0.0 G = 17.5 G = -1.0 G = 1.7

+ 2 H3PAuNTf2
NTf2

+ H3PAuNTf2

+ H3PAuNTf2

+ HNTf2

AuPH2

NTf2

H3PAu

+ HNTf2

AuPH3

H

H

AuPH3

AuPH3H3PAu

17.5

24.4

5.2

1.7

19.4

10.9

AuPH3
H3PAu

H3PAu
H3PAu

27.5

17.4

22.9

-18.0

-22.4

9.210.9

15.7

H3PAu

H3PAu

AuPH3

NTf2

H3PAu

A

B

C

D

A'

B'

C'

D'

Scheme 4.21 Mono versus dual activation: DFT computations (energies given in kcal.mol-1)
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complex 38, which resembles the structure of diaurated complexes [24-Au2]NTf2

and [25-Au2]NTf2, do furnish cyclized compounds upon heating. The major dif-
ference between the trinuclear complex 38 and his parent diaurated ones is that its
formation is accompanied by the appearance in 1H NMR of a broad peak at
1.64 ppm that suggests complexed water. This could finally act as the proton
source in the cycloisomerization promoted by catalyst 28.

4.4 Investigations on the Origin of the Diaurated Species

4.4.1 Mass Spectrometry Analysis

Recent literature reports by Nolan and co-workers have shown that gold(I)
hydroxide species 42 [39] could readily insert into an acetylenic C–H bond to
produce gold acetylides [40]. This species was shown by DFT to possibly form
from cationic NHC gold(I) and water and to be key intermediates in the gold-
catalyzed hydrative synthesis of enones and enals from propargylic acetates [41] or
propargylic alcohols [42]. An in-depth study of the solution behaviour of such
species revealed that protonolysis of a gold hydroxy species can lead to a [{IP-
rAu}2(l-OH)]+ complex 43 [43]. The latter can be seen as a reservoir of what is
supposed to be the catalytically active species in gold catalyzed processes, say,
[IPrAu]+. Upon acidic treatment, it can easily release [IPrAu]+, while the reaction
of [IPrAu]+ with water inversely furnish 43 [44] (Scheme 4.24).

X + X
AuPPh3

27
(5 mol%)

100 mol% 5 mol%

X
traces of
cyclised
enyne

27
(5 mol%)

X = C(CO2Et)2, 24
X = C(CH2OMe)2, 25

24-Au
25-Au

CDCl3
CH2Cl2

30, 70%
32, 70%

Scheme 4.22 Greater affinity of Au(I)+ for Au acetylides inhibits the cycloisomerization
reaction of enynes

X

X = C(CO2Et)2, 24
X = C(CH2OMe)2, 25

MeO2C

MeO2C

D

D-39

+

27
(5 mol%)

CH2Cl2, rt X
MeO2C

MeO2C
D+

30, 78%
32, 70%

D-40, 73-75%
(100% D)

Scheme 4.23 Deuterium scrambling experiment
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This study suggests that in the presence of water, cationic gold(I) complexes
can readily bind H2O to form complex such as 43. In an environment containing
traces of water and acid, one can reasonably envision equilibrium between species
42–43. That is why we wondered if one of these could not be responsible for the
occurrence of diaurated complexes 24-Au2 and 25-Au2 we observed in MS con-
ditions. Preliminary confirmation came after a closer look at the recorded MS
spectra of 25 + 27/28/29 solutions. With catalyst 27 or 28, the protonated gold
hydroxide [Ph3PAuOH]H+ (m/z = 477) was weakly observed, as well as
[(biphenyl)(t-Bu)2PAuOH]H+ (m/z = 513) with catalyst 29. With the first two
catalysts, we also noticed a peak at m/z = 935 corresponding to complex
[(Ph3PAu)2OH]+, the phosphine equivalent of 43. The parent complex [{(biphe-
nyl)(t-Bu)2PAu}2OH]+ (m/z = 1,007) was found more abundant in the analysis of
the solution of 25 + 29, and he was accompanied by an ion at m/z = 1,189 that
corresponds to the [25 + [{(biphenyl)(t-Bu)2PAu}2OH]+ adduct. This ion was
shifted to m/z = 1,190 using deuterated 25, whereas the m/z = 1,171 ion corre-
sponding to 25-Au2

0 was unchanged. Although not categorical, these data support
the structure we proposed for the diaurated complexes and suggest the involve-
ment of gold hydroxy species in their formation.

By using CH3CN, a coordinating solvent, to infuse a solution of 25 + 28 in the
ESI source, we noticed this time the peak of 25-Au2 displayed relatively low
intensity. Adding 5 % of water to the solution dramatically increased its intensity,
while a peak at m/z = 1,117, potentially corresponding to [25 + (Ph3PAu)2OH]+

was now weakly observed, which further support the role of water in the obser-
vation of diaurated species.

2 IPrAuOH + HBF4 [IPrAu]BF4 + IPrAuOH

IPrAu
O

AuIPr

H
BF4

HBF4S / H2OS = water miscible
organic solvent (THF)

2 [IPrAu]BF4 + H2O

2 [IPrAu]BF4

CH2Cl2/H2O -HBF4

42
43

i-Pr

i-Pr

i-Pr

i-Pr

N NIPr =

Scheme 4.24 Solution behaviour of gold(I) hydroxide and related species investigated by Nolan
and coll.
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4.4.2 Theoretical Investigations

Prof. V. Gandon compared by the means of DFT various routes to [{H3PAu}2(l-
OH)]+ complex to see if in the phosphine series the formation of such species was
possible. Its formation is thermodynamically favored by reaction of two [H3PAu]+

fragments with two molecules of water, as well by acidic hydrolysis of catalyst 28.
In the latter case, this process is strongly exothermic (Scheme 4.25).

We next had a look at the formation of diaurated species 33-Au2 from a
thermochemical point of view, with hept-1-en-6-yne 34 and PH3 as model, starting
either from [H3PAu]+, [(H3PAu)3O]+ or [(H3PAu)2OH]+, with water as proton
acceptor in the former case (Scheme 4.26).

With [H3PAu]+, the formation of complexed alkyne is strongly exothermic, but
the subsequent formation of gold acetylide 34-Au is made difficult by a substantial
endothermicity. However, the observed affinity of LAu+ fragments for gold
acetylides was well reproduced computationally, as illustrated by the exothermi-
city of the last step leading to 34-Au2. Starting from [(H3PAu)3O]+ (a simplified
28), the first complexation could be achieved if 42.3 kcal.mol-1 are furnished to the
system, which is in sharp contrast compared to the first row of Scheme 4.26 and
probably arises from the need to break a Au-O bond. Form there, the formation of
34-Au is exothermic, and we noticed in this case that the diaurated species 34-Au2

is found less stable than the corresponding acetylide. The overall process, unlike
with [H3PAu]+, is slightly endothermic and correlates well the results obtained by
modelling by Toste and Houk with 1,5-allenynes. Finally, with [(H3PAu)2OH]+ as
the gold source, the dissociation/alkyne complexation as well as gold acetylide
formation are both quite endothermic processes, but the overall process leading to
34-Au2 is exothermic by 10.3 kcal.mol-1. In view of these theoretical results, our
hypothesis that diaurated species could arise from gold hydroxy species, formed by
interaction of cationic gold(I) fragments and adventitious water, seems plausible.
More precisely, the formation of dinuclear species could in fact involve complexes
of type [(LAu)2OH]+.

2 H3PAu + 2 H2O (H3PAu)2OH + H3O

(H3PAu)3O + H2O (H3PAu)2OH + H3PAuOH

(H3PAu)3O + H3O (H3PAu)2OH H3PAuOH2
+

G = -24.8

G = 14.1

G = -50.0

Scheme 4.25 Thermodynamic data on the formation of [(H3PAu)2OH]+
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4.5 Preliminary Results with Allenynes

4.5.1 Reactivity of 1,6-Allenynes with Gold Catalyst 38

We then turned our attention toward allenynes, to come closer to Toste’s and
Houk’s study. Our study on enynes revealed that gold acetylides are most likely
not cyclization intermediates, but their formation could occur, and is favored by
traces of water. This is in contrast with Toste’s and Houk’s observation that 1,5-
allenyne acetylides reacted with gold catalyst 28 to give Alder-Ene products,
which is not our case. We synthesized 1,6-allenynes 44 and 45 we used in a
previous study [45, 46]. 1,6-Allenyne 44 was synthesized through a linear pro-
cedure from commercially available dimethyl propargylmalonate. Alkylation with
propargyl bromide in the presence of sodium hydride was followed by reduction of
the ester groups using lithium aluminium hydride. Final alkylation with methyl
iodide furnished diyne 46. Addition of the mono lithium acetylide of 46 onto
acetone and subsequent acetylation of the resulting alcohol produces acetate 49

H3PAu

G = 0.0 G = -33.0 G = 24.4 G = -35.1

+ 2 H3PAu

+ H2O

AuPH3

+ H3PAu

+ H2O

+ H3PAu

+ H3O

H3PAu

H3PAu

+ H3O

H3PAu

G = 0.0 G = 42.3 G = 3.4 G = 3.8

AuPH3

H3PAu

H3PAu

+ (H3PAu)3O + (H3PAu)2O + (H3PAu)2OH + H3PAuOH

H3PAu

G = 0.0 G = 26.9 G = 20.2 G = -10.3

AuPH3

H3PAu

H3PAu

+ (H3PAu)2OH + H3PAuOH + H3PAuOH2 + H2O

34

34

34

34-Au

34-Au

34-Au

34-Au2

34-Au2

34-Au2

Scheme 4.26 Theoretical study on the formation of diaurated species (free energies in
kcal.mol-1)
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(55 %, 2 steps). SN20 using in situ synthetized dimethylcuprate reagent gives the
desired allenyne 44 in 96 % yield (Scheme 4.27).

Allenyne 45 was synthetized through a convergent procedure. From propargyl
alcohol derivative 50. Protection of 2,2-methylbutynol with dihydropyrane is
followed by addition of the lithium acetylide of the resulting THP-protected
propargylic alcohol 48 onto formaldehyde. Subsequent treatment with lithium
aluminium hydride furnishes allenic alcohol 49. The mesylate of 49 is then reacted
with deprotonated propargyl malonate to give allenyne 50 in 98 % yield. The
synthesis ends with a reduction/alkylation sequence to afford dimethoxy derivative
45 (Scheme 4.28).

The reactivity of allenynes 44 and 45 with catalyst 28 are reported in
Scheme 4.29. Both substrates gave formal Alder-ene compounds and their double
bonds isomers (51 and 53) as major (44) or exclusive (45) products. Intriguingly,
allenyne 44 also delivered small amounts of hydrindiene 55, a compound that is
expected to form exclusively with chloride containing catalysts [46].

CO2Me

MeO2C

NaH 
C to rt
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O

Ac2O, NEt3, cat. DMAP
CH2Cl2, rt

OAc

47, 55% (2 steps)

CuI (3 equiv.)
MeMgBr (3 equiv.)
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C

LiAlH4
Et2O C

MeO

MeO
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C to rt

MeO

MeO
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MeO
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Scheme 4.27 Synthesis of 1,6-allenyne 44
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49 MeO2C

MeO2C
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MeO

MeO

45, 84% (2 steps)
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n-BuLi, CH2O
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Scheme 4.28 Synthesis of 1,6-allenyne 45
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4.5.2 Reactivity of 1,n-Allenyne Gold Acetylides

We next decided to check the reactivity of the corresponding gold acetylides. As a
starting point of this study, we attempted to reproduce Toste’s and Houk’s results
in the 1,5-allenyne series. 1,5-allenyne 54 was prepared from ethyl hydro cinna-
mate 56, which was first alkylated in the presence of LDA and propargyl bromide.
The resulting a-alkylated ester was then reduced using LAH, affording alcohol 57.
A two-step sequence consisting in oxidization of 57 followed by addition of the
in situ generated propyne lithium acetylide furnished propargyl alcohol 58.
Mesylation of the latter and addition of methyl cuprate furnished allenyne 54 in
84 % yield (Scheme 4.30).

1,5-Allenyne 55 was prepared from aldehyde 64 which synthesis has been
described in Chap. 3, according to a comparable procedure than for 54 (Scheme 4.31).

Ph OEt

O

LDA
Br

LiAlH4
Et2O C

Ph OH

56 57, 60% (2 steps)

PCC
CH2Cl2, rt

Br
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C

C to rt
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2.

1.

2.
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OH

58, 41% (2 steps)

MsCl, NEt3
C to rt

1.
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C

2.

Ph
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Scheme 4.30 Synthesis of 1,5-allenyne 54
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Scheme 4.29 Reactivity of 1,6-allenyne 44–45 with catalyst 28
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Their reactivity with gold catalyst 28 was rapidly checked, and the clean for-
mation of Alder-ene product was observed, as Toste and Houk did, in 99 % yield
assessed from the NMR of the reaction mixture (Table 4.2).

We then prepared the gold acetylides of allenynes 44–45 and 54–55, in order to
check their behaviour in the presence of catalyst 28. This was done according to
the same procedure than for the synthesis of enyne acetylides 24-Au and 25-Au,
using n-butyllithium and triphenylphophine gold chloride. Acetylides 44/45-Au
and 54/55-Au were obtained in good yields after precipitation in CHCl3/hexane
(Table 4.3).

The results of Toste and Houk were totally reproducible in our hands, and 1,5-
allenynes gold acetylides 54-Au/55-Au furnished the Alder-Ene products 61 and
62, respectively, upon catalysis with complex catalyst 28 (Scheme 4.32).

Contrastingly, the gold acetylides of 1,6-allenynes 44-Au/45-Au did not give
any Alder-Ene products or hydrindiene when submitted to 5 mol% of catalyst 28.
While 45-Au was totally recovered after 12 h in refluxing CDCl3, 44-Au sur-
prisingly furnished cycloadduct 63 in 55 % isolated yield (Scheme 4.33).

To this date we have no explanation of this reactivity dichotomy between 42
and 42-Au. The [2 + 2] cycloaddition of allenyne to cyclobutenes has already

Table 4.2 Cycloisomerizations of 1,5-allenynes 54–55 with gold catalyst 28

61 (99%)

Ph Ph

62 (99%)

X 28 (5 mol %)

CDCl3, , 12h

Entry 1,5-allenyne Product (NMR yield)

54

1

55

2

TMS

Br

n C

MsCl, NEt3, CH2Cl2, rt

TMS

60, 63% (3 steps)

KF

DMSO, rt

55, 44%

O

CuI, MeMgBr, LiBr
C

1.

2.

3.

59

Scheme 4.31 Synthesis of 1,5-allenyne 55
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been reported and is known to occur under thermal conditions. We thus checked
the stability of 42-Au and 42 in refluxing chloroform. The starting material was
totally recovered after 12 h in the case of 42-Au, and 42 led to a inseparable
mixture of unidentified compounds, probably arising from allene decumulation but
no [2 + 2] adduct was detected (Scheme 4.34).

Gold catalysis, as well as a gold atom as acetylenic substituent is therefore
required to perform this reaction.

4.5.3 Preliminary Results in Mass Spectrometry

We carried out ESI experiments as above. Allenyne 44 was introduced in infusion
in CDCl3 with catalyst 28, and similar observations than for 1,6-enynes were
made. Among the resulting peaks, two of them caught our attention: a first one at

Table 4.3 Synthesis of gold acetylides 44-Au, 45-Au, 54-Au and 55-Au

AuPPh3

n-BuLi (1 equiv.)
AuClPPh3 (0.33 equiv.)

C

Ph

54

55

Ph

54-Au (74%)

55-Au (67%)

AuPPh3

AuPPh3

MeO

MeO

MeO

MeO

44

45

MeO

MeO

AuPPh3

MeO

MeO

AuPPh3

44-Au (55%)

45-Au (74%)

Allenyne Product (yield)Entry

1

2

3

4
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m/z = 1,153 corresponding to [44–H + (Ph3PAu)2]+, and a second one at m/
z = 1,171 corresponding to [44 + (Ph3PAu)2OH]+ (Scheme 4.35, I). Again,
collision induced dissociation (CID) applied to m/z = 1,153 led to m/z = 721
([Ph3P)2Au]+), as in the case of enynes. If so, the neutral counterpart could be a
cyclic vinylgold as shown before (see Scheme 4.15). On replacing catalyst 28 by
27 ([Ph3PAu]NTf2), we found again the peaks at m/z = 1,153 and 1,171, the latter
being in this case less abundant (Scheme 4.35, II). Thus, in a similar fashion to
enyne 25, allenyne 44 gives rise to a diaurated species as stable adduct (m/
z = 1,153) and an adduct with [(Ph3PAu)2OH]+.
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Scheme 4.32 Reactivity of 1,5-allenynes gold acetylides 54-Au and 55-Au
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4.6 Conclusion

This study has shown that gold acetylides are not viable intermediates in the gold
catalyzed cycloisomerization of 1,6-enynes, and preliminary results on 1,6-al-
lenynes indicates that they are not likely to occur in their cycloisomerization
reactions. These conclusions, however, are in sharp contrast with the ones of Toste
and Houk in the 1,5-allenyne series, as substantial experimental and theoretical
evidences of their involvement in the formal Alder-Ene of 1,5-allenynes have been
collected. The explanation of such mechanistic dichotomy in these closely related
reactions has, to this date, no explanation. Aside from these unanswered questions,
we have shown that gold acetylides and their corresponding diaurated species
could form in the reaction mixture, provided a source of cationic gold(I) is
employed as well as substrates bearing a terminal alkyne. Traces of water in the
considered solution would greatly favor their formation.
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General Conclusion

This Ph.D. work was initially aimed at the discovery of new and original methods
to form C–C bonds through activation of triple bonds by gold complexes. Our
study started first in the 1,6-enyne series. The behavior of this kind of substrates
toward transition metal catalysis has been intensively studied since the pioneering
studies led by Trost in the 80s. With the emergence of gold and platinum catalysis
in the early 2000s, the rearrangement of enynes has experienced a revival. In our
group, we discovered that oxygenated propargylic substituents had a dramatic
influence on the cycloisomerization process. This work has brought its
contribution in the study of this trend, as we disclosed that unprecedented
migration processes from the external propargylic position to a carbocation in 1,5
relationship were possible. The conditions for such a process to occur is the use of
prenyl double bonds, which guarantee the stabilization of the carbocation acceptor,
and a p-donor substituent (like a hydroxy group) at the external propargylic
position. A fine-tuning of these parameters is crucial to avoid the other cyclization
pathways to overcome. Thus, we were able to cycloisomerize 1,6-enynes into
functionalized allenes, provided the substrate carries the appropriate chemical
functionalities [1].

The endo cyclopropanation of enyne can give rise to cycle extension if a small
ring is placed at the internal propargylic position. This rearrangement served as a
starting point to the synthesis of macrocyclic skeletons encountered in nature [2].

In the group, we were also interested in the gold and platinum cyclization of
allenynes, a particular case of enyne. The development of a cascade reaction where
the allene moiety is generated in situ by the mean of the rearrangement of a
propargylic ester was envisioned. In this case, we observed that the acyloxy moiety
could fragment after C–C bond formation and give rise to a 1,5-acyl transfer
process [3]. This allowed the access to highly conjugated dicarbonyl compounds.
The scope was broadened to other type of esters such as acrylate. In this case, the
resulting products could be rearranged upon acidic conditions into complex
polycyclic skeletons. With an allenoate ester, the resulting allenyl ketone readily
cyclized, leading to the isolation of a furan-containing compound.

To finish, we conducted an investigation on the role of gold acetylides in C–C
bond forming reaction involving terminal alkynes. This study was a joint research
program with theoretical chemists and mass spectrometry specialists. It was shown
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in the case of enynes that such species could form in solution, probably by
assistance of adventitious water as revealed by computations and mass
spectrometry, and they favorably bind another gold atom to evolve into
polynuclear species. However, the data collected from theory and experiment
did not support acetylides or resulting polynuclear species as viable intermediates
in the gold-catalyzed cycloisomerization of enynes, but rather as catalyst resting
states [4].

[Au]

[Au]

[Au]

[Au]

[Au]
[Au]

Cycloisomerization 
products

cyclization

gold
acetylide
formation

Scheme 4 Possible evolution of a gold-complexed enyne: cyclization versus gold acetylide
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Experimental Section

General Remarks

Unless special mention, all reactions were carried out under an anhydrous
atmosphere of argon. Glassware was flame-dried under an argon gas flow prior to
use. Anhydrous solvents were systematically used unless otherwise indicated.

Solvents and Reagents

Following solvents and reagents were systematically distilled under an anhydrous
and inert atmosphere prior to use.

• THF and Et2O were distilled over sodium/benzophenone,
• Et3N and DCM were distilled from CaH2,

• toluene was distilled over a Na/K amalgam.

n-Butyllithium was purchased as 2.5 M solutions in hexanes and titrated before
use. NaH was purchased as a 60 % suspension in mineral oil. Triphenylphosphinegold
chloride 98+ % was purchased from Strem, [bis(trifluoromethanesulfonyl)imidate]
(triphenyl-phosphine)gold (2:1 toluene adduct) and (Acetonitrile)[(2-biphenyl)
di-tert-butylphosphine]gold(I) hexafluoroantimonate were purchased from Aldrich
and silver hexafluoroantimonate(V) 99 % was obtained from Alfa Aesar.

Thin Layer Chromatography

Thin layer chromatographies were performed on Merck silica gel 60 F 254 and
revealed with ultra-violet lamp (k = 254 nm) and by dipping in p-anisaldehyde,
phosphomolybdic acid prepared solution and heating.
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Flash Chromatography

Silica gel Merck Geduran SI 60 Å (35–70 lm) was used for column
chromatography.

Infra-Red Spectroscopy

IR spectra were recorded on a Tensor 27 (ATR diamond) Brucker spectrometer. IR
are reported as characteristic bands (cm-1) in their maximal intensity.

Nuclear Magnetic Resonance

NMR spectra (1H, 13C, 31P, DEPT, COSY 1H–1H and 1H–13C, NOE) were
recorded at room temperature on 300 or 400 MHz AVANCE Bruker
spectrometers. 1H NMR spectra are referenced at 7.26 ppm for CDCl3 and
7.16 ppm for C6D6. 13C NMR spectra are referenced at 77.16 ppm for CDCl3 and
128.62 ppm for C6D6. Chemical shifts are given in ppm. Coupling constants
(J) are given in Hertz (Hz). The letters m, s, d, t, q, quint, sept, bs, bd mean
respectively multiplet, singlet, doublet, triplet, quadruplet, quintuplet, septuplet.
The letter b mean the signal is broad.

Melting Point

The melting points reported were measured with a SMP3 Stuart Scientific melting
point apparatus or on a Wagner and Munz HEIZBANK Kofler bench and were
uncorrected.

High Resolution Mass Spectra

High Resolution Mass Spectra (HRMS) were performed by Laboratoire Structure
et Fonction de Molécules Bioactives (UPMC).

Optical Rotation

Optical rotations were determined using a Perkin Elmer 343 polarimeter.
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General Procedures

GP1. The catalyst (2 mol%) was added to a solution of the substrate in anhydrous
DCM. The mixture was stirred at rt. The reaction progress was monitored by TLC.
When the reaction was complete, the mixture was filtered through a short pad of
silica. The solvent was removed under vacuum, and purification by flash
chromatography afforded the cycloisomerization product.
GP2. The catalyst (2 mol%) was added to a solution of the substrate in anhydrous
toluene. The mixture was stirred at 80 �C. The reaction progress was monitored by
TLC. When the reaction was complete, the mixture was filtered through a short
pad of silica. The solvent was removed under vacuum, and purification by flash
chromatography afforded the cycloisomerization product.
GP3. LAuCl (2 mol%) was added to a solution of AgSbF6 (2 mol%) in anhydrous
DCM (0.025 M). The mixture was stirred for 5 min and the substrate was added.
The reaction was followed by TLC. When the reaction was complete the mixture
was filtered through a short pad of silica. The solvent was then evaporated under
vacuum, and purification by flash chromatography afforded the cycloizomerization
products.

Experimental Section Related to Chap. 2

MeO2C

MeO2C
(1.5 equiv.)

NaH (1.1 equiv.)

C to rt

Br
MeO2C

MeO2C

OH

HO

LiAlH4
(2.5 equiv.)

Et2O C

36, 87%35, quant.

OMeMeO

(1.1 equiv.)
PTSA (cat.)

CH2Cl2, rt

O

O

37, 78%

BuLi (1.1 equiv.)
C to rt

then

(2 equiv.)
C to rt

R1 R2

O

O

O

OH

34

R1R2

To a suspension of NaH (1.29 g, 31.8 mmol, 1.1 equiv.) in THF (50 mL) is added
dropwise at 0 �C propargyl malonate 34 (5 g, 29.4 mmol, 1 equiv.). The reaction
mixture is stirred for 5 min at 0 �C and then dimethallyl bromide (4.1 mL,
35.3 mmol, 1.2 equiv.) is added. The solution is allowed to warm at rt and stirred
overnight, and quenched with a saturated aqueous NH4Cl solution. The aqueous
layer is extracted with Et2O (2 9 40 mL), and the combined organic extracts are
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washed with brine and water, dried over MgSO4, filtered and the solvent removed
under reduced pressure. The crude enyne 35 is engaged in the next step without
purification.

To a suspension of LAH (1.2 g, 31.5 mmol, 2.5 equiv.) in Et2O (13 mL) is
added dropwise at 0 �C enyne 35 (3 g, 12.6 mmol, 1 equiv.). The mixture is
allowed to warm to rt and stirred for 4 h, then cooled down to 0 �C and quenched
by a dropwise addition of a saturated aqueous solution of MgSO4 until the
aluminium salts have been hydrolyzed. The mixture is then filtered over a short
pad of silica/celite, the remaining solids are washed with Et2O, and the filtrate
evaporated under reduced pressure to afford diol 36 in pure form as a colorless oil
in 87 % yield.

To a solution of diol 36 (1.97 g, 11.0 mmol, 1 equiv.) and 2,2-
dimethoxypropane (1.7 mL, 13.9 mmol, 1.1 equiv.) in CH2Cl2 (20 mL) is added
PTSA (0.13 g, 0.7 mmol, 0.05 equiv.), and the resulting mixture is stirred
overnight at rt. The solution is quenched with a saturated aqueous NaHCO3

solution, and the aqueous layer extracted with CH2Cl2. the combined organic
extracts are washed with water, dried over MgSO4, filtered and the solvent
removed under reduced pressure. The crude product is purified by flash column
chromatography over silica gel using 14:1 PE/Et2O as eluent to afford pure enyne
37 as a colorless oil in 78 % yield.

1H NMR (300 MHz, CDCl3) d 5.06 (t, J = 7.4 Hz, 1H), 3.63 (s, 3H), 2.32 (s,
1H), 2.09 (d, J = 7.7 Hz, 2H), 2.03–1.92 (m, 1H), 1.70 (s, 2H), 1.62 (s, 2H), 1.38
(s, 5H).

13C NMR (75 MHz, CDCl3) d 135.5, 117.9, 98.1, 81.2, 70.8, 66.8 (2C), 36.3,
31.0, 26.1, 25.6, 22.4, 22.2, 18.0.

IR (neat) v = 1452, 1371, 1228, 1195, 1103, 1067, 829, 631 cm-1.
To a solution of enyne 37 (189 mg, 0.85 mmol, 1 equiv.) in THF (2 mL) is

added dropwise at -78 �C n-BuLi (1.7 M in hexanes, 0.55 mL, 0.93 mmol,
1.1 equiv.). The mixture is allowed to warm to rt within 1 h then cooled down
again at -78 �C, and the aldehyde/ketone (1.70 mmol, 2 equiv.) is added
dropwise. The mixture is allowed to warm to rt and stirred for 2 h. The solution is
then quenched with a saturated aqueous NH4Cl solution and the aqueous layer is
extracted with Et2O. The combined organic extracts are washed with brine and
water, dried over MgSO4, filtered and the solvent removed under reduced pressure.
The crude product is purified by flash column chromatography over silica gel
gradient mixtures of pentane and diethyl ether as eluent to afford the pure alcohol.
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Colorless oil, 71 %. 1H NMR (400 MHz, CDCl3) d 5.06 (m, 1H), 4.24 (s br,
2H), 3.63 (s, 4H), 2.40 (t, J = 2.4, 2H), 2.07 (d, J = 8.0, 2H), 1.73 (br, OH), 1.71
(s, 3H), 1.63 (s, 3H), 1.40 (s, 3H), 1.39 (s, 3H).

13C NMR (100 MHz, CDCl3) d 135.4, 117.7, 98.1, 83.0, 80.9, 66.8 (2C), 51.3,
36.4, 31.0, 25.9 (2C), 22.6, 21.6, 17.9.

IR (neat) v = 3391, 2964, 2860, 1451, 1194, 1062, 827 cm-1.
HRMS calculated for [C15H24O3Na]+: 275.1617, found: 275.1615.

Colorless oil, 85 %. 1H NMR (400 MHz, CDCl3) d 5.07 (m, 1H), 4.33 (m, 1H),
3.63 (s, 4H), 2.35 (d, J = 1.6, 2H), 2.09 (d, J = 8.0, 2H), 1.93 (br, OH), 1.71 (s, 3H),
1.68 (m, 2H), 1.63 (s, 3H), 1.40 (s, 3H), 1.39 (s, 3H), 1.36 (m, 4H), 0.89 (t, J = 7.2, 3H).

13C NMR (100 MHz, CDCl3) d 135.4, 117.9, 98.0, 84.0, 81.7, 66.7 (2C), 62.6,
37.9, 36.4, 31.0, 27.4, 25.5, 25.1, 22.6, 22.4, 22.1, 17.9, 14.0.

IR (neat) m = 3402, 2956, 2859, 1452, 1371, 1227, 1101, 828 cm-1.
HRMS calculated for [C19H32O3Na]+: 331.2244, found: 331.2239.

Colorless oil, 88 %. 1H NMR (400 MHz, C6D6) d 5.02–4.95 (m, 1H),
3.59–3.51 (s, 4H), 2.29–2.17 (s, 2H), 2.05–1.95 (d, J = 7.8 Hz, 2H), 1.76–1.69 (s,
1H), 1.66–1.60 (d, J = 1.4 Hz, 3H), 1.59–1.52 (m, 3H), 1.43–1.37 (s, 6H),
1.32–1.31 (s, 3H), 1.31–1.30 (s, 3H).
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Prepared according to GP1, colorless oil, 40 % (Z/E ratio 1:1). 1H NMR
(400 MHz, CDCl3) d 9.88 (m, 1H), 6.00 and 5.95 [(d, J = 8.0) and (d, J = 7.2),
1H], 3.78–3.46 (m, 4H), 3.24 (m, 1H), 2.65 (m, 1H), 2.32 (m, 1H), 1.91 (m, 1H),
1.75 (m, 2H), 1.42 (m, 6H), 0.95–0.77 (m, 6H).

13C NMR (100 MHz, CDCl3) d 191.5, 190.6, 172.3, 172.2, 125.7, 124.6, 98.2,
98.1, 69.5, 69.3, 67.4, 67.3, 49.9, 45.4, 43.8, 40.7, 39.7, 38.6, 34.2, 33.1, 31.1,
29.8, 25.0, 24.9, 22.6, 22.5, 21.3, 21.1, 17.4, 16.5.

IR (neat) v = 2990, 2859, 1672, 1383, 1198, 829 cm-1.
HRMS calculated for [C15H24O3Na]+: 275.1617, found: 275.1616.

Prepared according to GP1, colorless oil, 20 %. 1H NMR (400 MHz, CDCl3) d
5.41 (br s, 1H), 4.10 (m, 2H), 3.71–3.53 (m, 4H), 2.50 (m, 1H), 2.29 (d,
J = 16 Hz, 1H), 2.19 (d, J = 16 Hz, 1H), 1.98 (dd, J = 12.8, 8, 1H), 1.40 (m,
1H), 1.42 (s, 6H), 1.25 (s, 3H), 1.03 (s, 3H).

13C NMR (100 MHz, CDCl3) d 138.3, 116.0, 97.9, 72.4, 69.6, 68.5, 61.3, 46.6,
39.7, 38.2, 34.6, 29.2, 24.4, 23.2, 18.2.

IR (neat) m = 2928, 2854, 1453, 1368, 1092, 830 cm-1.
HRMS calculated for [C15H24O3Na]+: 275.1617, found: 275.1616.

Prepared according to GP1. Colorless oil, 39 % (Z/E ratio 1:1). 1H NMR
(400 MHz, CDCl3) d 6.13 (dd, J = 4.6, 2.4, 1H), 3.84 (d, J = 11.2, 1H),
3.58–3.47 (m, 3H), 3.03 (d, J = 20.0, 1H), 2.68 (m, 1H), 2.44 (t, J = 7.2, 2H),
2.27 (dt, J = 19.6, 2.8, 1H), 2.13–2.01 (m, 2H), 1.67–1.48 (m, 3H), 1.43 (s, 3H),
1.41 (s, 3H), 1.40–1.24 (m, 2H), 0.98 (d, J = 6.8, 3H), 0.91 (t, J = 7.6, 3H), 0.77
(d, J = 6.8, 3H).

13C NMR (100 MHz, CDCl3) d 201.0, 166.4, 120.4, 98.1, 69.8, 67.6, 50.0,
44.1, 41.1, 40.5, 31.8, 29.8, 26.6, 26.4, 22.6, 21.7, 21.4, 16.4, 14.0.

IR (neat) m = 2958, 2931, 2872, 1709, 1199, 1031, 830 cm-1.
HRMS calculated for [C19H32O3Na]+: 331.2249, found: 331.2255.
The two minor diastereomers of 44 and 45 could not be separated from each other.
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Prepared according to GP1, colorless oil, 46 % (dr [ 25:1). 1H NMR
(400 MHz, CDCl3) d 5.37 (quint., J = 2.4, 1H), 4.00–3.94 (m, 1H), 3.71–3.53
(m, 4H), 2.48–2.40 (m, 1H), 2.34–2.25 (m, 1H), 2.21–2.15 (m, 1H), 1.94 (dd,
J = 12.8, 8.4, 1H), 1.53–1.45 (m, 2H), 1.42 (s, 6H), 1.38–1.30 (m, 4H), 1.24 (s,
3H), 1.04–1.01 (m, 1H), 1.02 (s, 3H), 0.89 (t, J = 6.8, 3H).

13C NMR (100 MHz, CDCl3) d 138.6, 120.1, 98.0, 73.2, 70.1, 69.8, 68.8, 47.0,
39.9, 38.3, 35.6, 34.7, 29.6, 27.4, 24.5, 23.5, 23.0, 19.0, 14.2.

IR (neat) m = 2922, 2853, 1713, 1372, 1197, 829 cm-1.
HRMS calculated for [C19H32O3Na]+: 331.2249, found: 331.2244.

Prepared according to GP1, colorless oil, 40 %. 1H NMR (400 MHz, CDCl3) d
5.47–5.39 (m, 1H), 3.75–3.55 (m, 3H), 2.52–2.32 (m, 1H), 2.29–2.12 (d,
J = 17.2 Hz, 1H), 2.04–1.90 (dd, J = 12.8, 8.6 Hz, 1H), 1.81–1.64 (d,
J = 18.5 Hz, 1H), 1.50–1.40 (s, 4H), 1.25–1.25 (s, 3H), 1.25–1.24 (s, 2H),
1.22–1.19 (s, 2H), 1.10–1.04 (s, 2H).

13C NMR (100 MHz, CDCl3) d 136.5, 125.3, 98.0, 73.9, 72.4, 69.7, 68.4, 46.5,
40.3, 38.5, 35.2, 32.1, 30.4, 29.3, 24.1, 23.8, 22.6.

IR (neat) m = 2963, 1258, 1010 cm-1.
HRMS calculated for [C17H28O3Na]+: 303.1931, found: 303.1927.

To a stirred solution of the alcohol (1 mmol, 1.0 equiv.), Et3N (0.4 mL,
3 mmol, 3 equiv.) and 4-DMAP (12 mg, 0.1 mmol, 0.1 equiv.) in CH2Cl2
(10 mL) was added acetic anhydride (0.19 mL, 2 mmol, 2 equiv.) at 0 �C. The
solution was then allowed to warm to rt and was stirred further until completion
(3–4 h at rt). The reaction was quenched with aqueous saturated NH4Cl solution
and the resulting aqueous layer was extracted with CH2Cl2. The combined organic
layers were washed with brine, dried over anhydrous Na2SO4, filtered and
evaporated to give crude acetate as oil. Purification was achieved by flash column
chromatography on silica gel (PE/Et2O gradient).
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Colorless oil, 88 %. 1H NMR (400 MHz, CDCl3) d 5.06 (m, 1H), 4.64 (t,
J = 2, 2H), 3.63 (s, 4H), 2.38 (t, J = 2.4, 2H), 2.07 (d, J = 7, Hz, 2H), 2.05 (s,
3H), 1.71 (s, 3H), 1.62 (s, 3H), 1.39 (s, 3H), 1.38 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.3, 135.5, 117.7, 98.0, 84.2, 76.5, 66.7
(2C), 52.7, 36.4, 31.0, 26.0, 25.8, 22.6, 21.8, 20.7, 17.8.

IR (neat) m = 2935, 1746, 1438, 1218, 1023 cm-1.
HRMS calculated for [C17H26O4Na]+: 317.1723, found: 317.1719.

Colorless oil, 86 %. 1H NMR (400 MHz, CDCl3) d 5.33 (dt, J = 6.8, 1.6, 1H),
5.07 (dt, J = 8.0, 1H), 3.63 (s, 4H), 2.33 (s, 2H), 2.10 (d, J = 7.6, 2H), 2.04 (s,
3H), 1.74 (m, 2H), 1.73 (s, 3H), 1.63 (s, 3H), 1.40 (s, 3H), 1.39 (s, 3H), 1.33 (m,
4H), 0.89 (t, J = 6.4, 3H).

13C NMR (100 MHz, CDCl3) d 170.0, 135.3, 117.8, 98.0, 84.0, 81.7, 66.7
(2C), 64.5, 36.4, 34.8, 31.0, 27.2, 26.0, 25.1, 22.6, 22.4, 22.2, 21.0, 17.9, 13.9.

IR (neat) m = 2990, 2861, 1739, 1370, 829 cm-1.
HRMS calculated for [C21H34NaO4]+: 373.2349, found: 373.2342.

To a stirred solution of alcohol 32 (1 mmol, 1.0 equiv.), Et3N (0.3 mL,
2.1 mmol, 2.1 equiv.) and 4-DMAP (12 mg, 0.1 mmol, 0.1 equiv.) in CH2Cl2
(10 mL) was added para-nitrobenzoyl chloride (242 mg, 1.3 mmol, 1.3 equiv.) at
0 �C. The solution was then allowed to warm to rt and was stirred further until
completion (3–4 h at rt). The reaction was quenched with aqueous saturated
NH4Cl solution and the resulting aqueous layer was extracted with CH2Cl2. The
combined organic layers were washed with brine, dried over anhydrous Na2SO4,
filtered and evaporated to give crude acetate as oil. Purification was achieved by
flash column chromatography on silica gel (PE/Et2O gradient) to afford pure ester
49 as a colorless oil in 86 % yield. 1H NMR (400 MHz, CDCl3) d 8.28 (m, 2H),
8.21 (m, 2H), 5.60 (m, 1H), 5.05 (m, 1H), 3.64 (s, 2H), 3.63 (s, 2H), 2.38 (d,
J = 2.0, 2H), 2.80 (d, J = 7.6, 2H), 1.88 (m, 2H), 1.70 (s, 3H), 1.60 (s, 3H), 1.48
(m, 2H), 1.39 (s, 3H), 1.38 (m, 2H), 1.35 (s, 3H), 0.92 (t, J = 7.2, 3H).
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13C NMR (100 MHz, CDCl3) d 163.7, 150.6, 135.6, 135.5, 130.8 (2C), 123.5
(2C), 117.7, 98.0, 83.7, 79.7, 66.7 (2C), 66.3, 36.5, 34.8, 31.0, 27.3, 26.0, 25.4,
22.6, 22.2, 22.1, 17.9, 13.9.

IR (neat) m = 2956, 2862, 1753, 1443, 1212, 867 cm-1.
HRMS calculated for [C26H35NaO6]+: 480.2356, found: 480.2351.

To a solution of alcohol 31 (125 mg, 0.5 mmol, 1 equiv.) in 5 mL of CH2Cl2
were added Et3N (0.35 mL, 2.57 mmol, 5 equiv.), DMAP (6.3 mg, 0.05 mmol,
0.1 equiv.) and tert-butyldimethylsilyl chloride (115 mg, 0.75 mmol, 1.5 equiv.).
The solution was stirred at rt overnight and was quenched with saturated NH4Cl
solution and extracted with CH2Cl2. The combined organic layers were washed
with brine, dried over MgSO4 and evaporated to give crude 50. Purification by
flash chromatography on silica gel (PE/Et2O 99/1) gives 166 mg of pure 50 (91 %
yield) as a colorless oil. 1H NMR (400 MHz, CDCl3) d 5.08 (t, J = 8 Hz, 1H),
4.30 (t, J = 2 Hz, 2H), 3.65 (d, J = 11.6 Hz, 2H), 3.62 (d, J = 11.6 Hz, 2H), 2.34
(t, J = 2 Hz, 2H), 2.11 (d, J = 7.6, 2H), 1.72 (s, 3H), 1.64 (s, 3H), 1.40 (s, 3H),
1.39 (s, 3H), 0.90 (s, 9H), 0.10 (s, 6H).

13C NMR (100 MHz, CDCl3) d 135.3, 118.0, 97.9, 81.6, 81.2, 66.8 (2C), 51.9,
36.4, 30.9, 26.0, 25.8 (3C), 25.1, 22.7, 22.4, 22.5, 18.3, 17.9 (2C).

IR (neat) m = 2954, 2857, 1472, 1452, 1252, 1066, 831 cm-1.
HRMS calculated for [C21H38NaO3Si]+: 389.2482, found: 389.2478.

Prepared according to GP1, colorless oil, 75 % (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 7.34 (m, 1H), 3.63 (m, 4H), 2.58 (m, 2H), 2.19 (m, 1H), 2.10 (s, 3H),
1.84 (m, 1H), 1.39 (m, 6H), 1.23 (m, 2H), 0.93–0.79 (m, 6H).

13C NMR (100 MHz, CDCl3) d 186.9, 186.6, 168.8, 168.7, 121.3, 120.7,
111.8, 111.7, 98.0 (2C), 69.2 (2C), 67.5, 67.4, 48.5, 47.8, 40.8, 40.7, 40.2, 40.1,
34.3, 33.5, 30.6, 30.1, 24.3, 24.2, 23.3, 23.2, 21.1 (2C), 20.9 (2C), 18.3, 17.7.

IR (neat) m = 2955, 2858, 1750, 1383, 1199 cm-1.
HRMS calculated for [C17H26O4Na]+: 317.1723, found: 317.1721.
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Prepared according to GP1, colorless oil, 42 % (dr 1:1, isolated as a 1:1 mixture
with 57). 1H NMR (400 MHz, CDCl3) d 3.66 (m, 4H), 2.62 (m, 1H), 2.47 (d,
J = 16.0, 1H), 2.21 (m, 3H), 2.10 (s, 3H), 1.91 (m, 2H), 1.42–1.21 (m, 10H),
0.93–0.81 (m, 9H).

13C NMR (100 MHz, CDCl3) d 188.1, 168.8, 125.3, 117.7, 97.9, 69.3, 67.6,
48.1, 40.7, 39.7, 34.0, 31.3, 30.4, 28.4, 23.9, 23.6, 22.0, 21.0 (2C), 18.0, 13.8.

IR (neat) m = 2955, 2858, 1751, 1382, 1198, 831 cm-1.
HRMS calculated for [C21H34O4Na]+: 373.2349, found: 373.2343.

Prepared according to GP1, colorless oil, 40 % (dr 1:1, isolated as a 1:1 mixture
with 58). 1H NMR (400 MHz, CDCl3) d 8.27–8.19 (m, 4H), 3.62 (m, 4H), 2.67
(m, 1H), 2.56 (dd, J = 15, 4, 1H), 2.31 (m, 3H), 1.86 (m, 2H), 1.43–1.22 (m, 11H),
0.91–0.77 (m, 9H).

13C NMR (100 MHz, CDCl3) d 187.8, 187.7, 162.6, 162.3, 150.5 (2C), 135.7
(2C), 130.8 (4C), 125.6, 124.8, 123.4 (4C), 119.0 (2C), 97.9 (2C), 69.2 (2C), 67.5,
67.4, 48.3, 47.8, 40.7 (2C), 40.0, 39.8, 34.0, 33.7, 31.7, 31.3, 30.4, 30.3, 28.7, 28.4,
24.2, 23.9, 23.5, 23.3, 22.0 (2C), 21.2, 21.0, 18.1 (2C), 13.8 (2C).

IR (neat) m = 2955, 2860, 1733, 1528, 1318, 1089, 716 cm-1.
HRMS calculated for [C26H35NO6Na]+: 480.2356, found: 480.2345.
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To a mixture of 55/57 or 56/58 in MeOH (0.5 M) is added K2CO3 (3 equiv.).
After stirring for 2 h, about 90 % of the solvent is removed under reduced
pressure, and the resulting solution is diluted with water and Et2O. The aqueous
layer is extracted twice with Et2O and the combined organic extracts are washed
with brine and water, dried over MgSO4 and evaporated under reduced pressure.
Purification by flash chromatography on silica gel using gradient mixtures of
pentane/Et2O as eluent afforded ketone 59 and alcohol 60.

Colorless oil, 80 % from 55. 1H NMR (400 MHz, CDCl3) d 3.65 (d, J = 11.2,
2H), 3.60 (d, J = 11.2, 2H), 3.08 (s, 2H), 2.62 (h, J = 7.2, 1H), 2.36 (t, J = 7.2,
2H), 2.29 (s, 2H), 2.13 (s, 2H), 1.51 (m, 2H), 1.41 (s, 6H), 1.27 (m, 2H), 0.96 (d,
J = 6.8, 6H), 0.87 (t, J = 7.2, 3H).

13C NMR (100 MHz, CDCl3) d 208.6, 143.4, 124.1, 97.7, 69.3, 43.6, 42.9,
41.8, 38.7, 38.5, 27.0, 25.8, 24.8, 22.8, 22.3, 21.1 (3C), 13.8.

IR (neat) m = 3150, 2890, 1731, 1176, 1012 cm-1.
HRMS calculated for [C19H32O3Na]+: 331.2249, found: 331.2253.

Colorless oil, 82 % from 56. 1H NMR (400 MHz, CDCl3) d 5.20 (m, 1H), 3.63
(m, 4H), 2.82 (m, 1H), 2.44 (m, 1H), 2.18 (m, 2H), 1.98–1.89 (m, 2H), 1.42–1.17
(m, 18H), 0.89 (m, 3H).

13C NMR (100 MHz, CDCl3) d 199.2, 198.6, 102.9, 102.4, 98.0 (2C), 93.6,
93.4, 69.2 (2C), 67.3, 67.2, 51.9, 51.5, 41.0 (2C), 39.9, 39.8, 35.4 (2C), 31.5, 30.9,
29.2, 28.9, 27.9 (2C), 25.2 (2C), 25.1, 24.2, 23.9, 23.6, 23.6, 22.2 (2C), 22.1, 13.9
(2C).

IR (neat) m = 3312, 2866, 1377, 1145, 798 cm-1.
HRMS calculated for [C19H32O3Na]+: 331.2249, found: 331.2243.
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Prepared according to GP1, colorless oil, 80%. 1H NMR (400 MHz, CDCl3) d
6.13 (d, J = 6 Hz, 1H), 4.44 (d, J = 6 Hz, 1H), 3.66 (d, J = 11.2, 1H), 3.61 (d,
J = 11.2, 1H), 3.58 (d, J = 11.2, 1H), 3.55 (d, J = 11.2, 1H), 1.95–1.85 (m, 2H),
1.54 (d, J = 14 Hz, 1H), 1.38 (s, 6H), 1.20 (m, 2H), 0.98 (s, 3H), 0.96 (s, 3H), 0.92
(s, 9H), 0.11 (s, 6H).

13C NMR (100 MHz, CDCl3) d 139.4, 112.1, 97.5, 69.6, 67.5, 49.7, 39.0, 35.9,
35.0, 32.7, 27.7, 25.9, 25.6 (3C), 24.4, 24.4, 24.2, 23.5, 18.1, 16.2.

IR (neat) m = 3293, 2857, 1649, 1380, 864 cm-1.
HRMS calculated for [C21H38NO3SiNa]+: 389.2482, found: 389.2477.

To a solution of enyne 37 (189 mg, 0.85 mmol, 1 equiv.) in THF (2 mL) is
added dropwise at -78 �C n-BuLi (1.7 M in hexanes, 0.55 mL, 0.93 mmol,
1.1 equiv.). The mixture is allowed to warm to rt within 1 h then cooled down
again at -78 �C, and benzyl bromide (0.4 mL, 3.40 mmol, 4 equiv.) is added
dropwise. The mixture is allowed to warm to rt and stirred for 2 h. The solution is
then quenched with a saturated aqueous NH4Cl solution and the aqueous layer is
extracted with Et2O. The combined organic extracts are washed with brine and
water, dried over MgSO4, filtered and the solvent removed under reduced pressure.
The crude product is purified by flash column chromatography over silica gel
gradient mixtures of pentane and diethyl ether as eluent to afford pure 62 as a
colorless oil, 55 % yield. 1H NMR (400 MHz, CDCl3) d 7.30 (m, 5H), 5.12 (t,
J = 7.6, 1H), 3.70 (d, J = 11.6, 2H), 3.65 (d, J = 11.6, 2H), 3.59 (t, J = 2.4, 2H),
2.36 (t, J = 2.4, 2H), 2.14 (d, J = 7.6, 2H), 1.73 (s, 3H), 1.63 (s, 3H), 1.42 (s, 3H),
1.40 (s, 3H).

13C NMR (100 MHz, CDCl3) d 137.4, 135.2, 128.4 (2C), 127.8 (2C), 126.4,
118.1, 97.9, 80.2, 78.8, 66.9 (2C), 36.5, 31.1, 26.1, 25.2, 25.0, 22.9, 22.7, 17.9.

IR (neat) m = 2989, 2361, 1452, 1195, 827 cm-1.
HRMS calculated for [C21H28O2Na]+: 335.1981, found: 335.1977.

To a stirred solution of propargyl malonate derivative (1 g, 4.2 mmol, 1 equiv.)
in dry DMF (5 mL, 0.1 M) under argon were sequentially added K2CO3 (1.16 g,
8.4 mmol, 2 equiv.), tetrabutylammonium iodide (465 mg, 1.3 mmol, 0.3 equiv.),
and copper(I) iodide (240 mg, 1.3 mmol, 0.3 equiv.) at room temperature. After
15 min, allyl bromide (1.1 mL, 12.6 mmol, 3 equiv.) was added. The reaction
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mixture was stirred for 24 h. Then it was poured into water and extracted with
Et2O. The combined organic layers were washed with a saturated aqueous sodium
chloride solution, dried over MgSO4, filtered and the solvents were removed under
reduced pressure. The residue was purified by flash column chromatography
(Silica gel, PE/Et2O 95:5) to give the desired product as a colorless oil in 89 %
yield. 1H NMR (400 MHz, CDCl3) d 5.77 (m, 1H), 5.27 (m, 1H), 5.08 (m, 1H),
4.92 (m, 1H), 3.72 (s, 6H), 2.90 (m, 2H), 2.78 (m, 4H), 1.70 (s, 3H), 1.65 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.7 (2C), 136.2, 132.7, 117.2, 115.8, 79.3,
70.8, 57.4, 51.9 (2C), 30.6, 25.8, 22.5 (2C), 17.8.

IR (neat) m = 2953, 1735, 1199, 1056 cm-1.
HRMS calculated for [C16H22O4Na]+: 301.1411, found: 301.1408.

Prepared according to the same procedure than for 63, using methallyl bromide
in place of allyl bromide, colorless oil, 87 %. 1H NMR (400 MHz, CDCl3) d 4.90
(m, 2H), 4.79 (m, 1H), 3.71 (s, 6H), 2.83 (s br, 2H), 2.78 (m, 4H), 1.74 (s, 3H),
1.68 (d, J = 1, 3H), 1.63 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.7 (2C), 140.7, 136.5, 117.2, 111.3, 80.1,
76.8, 57.4, 52.5 (2C), 30.8, 27.4, 25.9, 22.9, 21.9, 17.8.

IR (neat) m = 2953, 1736, 1377, 1199, 1055 cm-1.
HRMS calculated for [C17H24O4Na]+: 315.1567, found: 315.1563.

Prepared according to GP1, colorless oil, 75 % (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 7.27 (m, 5H), 6.16 (m, 1H), 3.70 (m, 4H), 2.73 (m, 1H), 2.54 (m, 1H),
2.30 (m, 1H), 1.95–1.80 (m, 2H), 1.45 (s, 3H), 1.43 (s, 3H), 1.27 (m, 1H),
0.96–0.89 (m, 6H).

13C NMR (100 MHz, CDCl3) d 200.0, 199.4, 135.6 (2C), 128.5 (4C), 126.6
(6C), 108.8 (2C), 98.0 (2C), 96.1 (2C), 69.3 (2C), 67.7, 67.5, 48.0, 47.0, 41.1, 41.0,
39.1, 38.9, 34.8, 34.6, 31.2, 31.0, 24.1 (2C), 23.4 (2C), 21.1 (2C), 18.9, 18.4.

IR (neat) m = 2990, 2855, 1949, 1495, 1382, 1281, 732 cm-1.
HRMS calculated for [C21H28O2Na]+: 335.1981, found: 335.1978.
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Prepared according to GP1, colorless oil, 71 % (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 6.13 (dt, J = 17.2, 10.0, 1H), 5.85 (m, 1H), 5.14 (dd, J = 17.0, 4.0, 1H),
4.94 (dd, J = 10.0, 6.8, 1H), 3.73 (m, 6H), 3.03–2.92 (m, 2H), 2.66 (m, 1H), 2.43
(dd, J = 12.8, 7.6, 1H), 1.89 (q, J = 12.0, 1H), 1.76 (m, 1H), 0.94–0.83 (m, 6H).

13C NMR (100 MHz, CDCl3) d 201.3 (2C), 171.8 (4C), 133.4 (2C), 115.2
(2C), 104.7 (2C), 97.0 (2C), 59.0 (2C), 52.7 (4C), 47.7 (2C), 38.9 (2C), 35.8 (2C),
29.8 (2C), 20.9, 20.6, 18.1 (2C).

IR (neat) m = 2954, 1732, 1433, 1243, 898 cm-1.
HRMS calculated for [C16H22O4Na]+: 301.1411, found: 301.1405.

Prepared according to GP1, colorless oil, 71 % (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 5.95 (m, 1H), 4.88 (m, 1H), 4.79 (m,1H), 3.72 (m, 6H), 3.00 (m, 2H),
2.64 (m, 1H), 2.41 (m, 1H), 1.91-1.70 (m, 5H), 0.96-0.86 (m, 6H).

13C NMR (100 MHz, CDCl3) d 201.1, 199.3, 171.8 (4C), 141.8, 140.2, 113.5,
113.1, 106.9, 106.4, 100.9, 100.0, 59.3, 59.1 52.7 (4C), 47.9 (2C), 39.5 (2C), 36.1,
35.7, 30.9, 30.7, 22.1, 21.1, 20.7, 19.9, 19.5, 18.6.

IR (neat) m = 2955, 1731, 1433, 1242, 898 cm-1.
HRMS calculated for [C17H24O4Na]+: 315.1567, found: 315.1563.

Prepared according to the same procedure than for 62, using dideuterobenzyl
bromide in place of benzyl bromide, colorless oil, 60 %. 1H NMR (400 MHz,
CDCl3) d 7.30 (m, 5H), 5.12 (m, 1H), 3.71 (d, J = 11.2, 2H), 3.65 (d, J = 11.6, 2H),
2.37 (s, 2H), 2.15 (d, J = 8.0, 2H), 1.74 (s, 3H), 1.64 (s, 3H), 1.43 (s, 3H), 1.41 (s, 3H).

13C NMR (100 MHz, CDCl3) d 137.3, 135.2, 128.4 (2C), 127.8 (2C), 126.4,
118.1, 97.9, 80.1, 78.7, 66.8 (2C), 36.4, 31.0, 26.0, 25.1 (m, CD2), 25.0, 22.8, 22.6,
17.8.

IR (neat) m = 2988, 2363, 1448, 1190, 825 cm-1.
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HRMS calculated for [C21H26D2O2Na]+: 337.2107, found: 337.2098.

Prepared according to GP1, colorless oil, 72 % (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 7.29 (m, 5H), 3.76–3.68 (m, 4H), 2.74 (m, 1H), 2.52 and 2.57 [(d,
J = 16.4, 1H-dias(1)), (d, J = 16.4,1H-dias(2)), 1H], 2.37 and 2.29 [(d, J = 15.6,
CH-dias(1)), (d, J = 16.4, CH-dias(2)), 1H], 1.90 (m, 1H), 1.46 (s, 3H), 1.45 (s,
3H), 1.26 (m, 1H), 0.96 (s, 3H), 0.93 and 0.90 [(s, CH3-dias(1)) and (s, CH3-
dias(2), 3H].

13C NMR (100 MHz, CDCl3) d 200.1, 199.7, 135.7 (2C), 128.6 (4C), 126.7
(6C), 108.9 (2C), 98.1 (2C), 96.1 (m, C-D, 2C), 69.5 (2C), 67.9, 67.7, 48.1, 47.1,
41.2, 41.1, 39.3, 39.0, 34.9, 34.7, 30.7 (m, C-D, 2C), 24.3 (2C), 23.6 (2C), 21.2,
21.1, 18.9, 18.5.

IR (neat) m = 2991, 2852, 1953, 1496, 1381, 733 cm-1.
HRMS calculated for [C21H26D2O2Na]+: 337.2107, found: 337.2096.

The first step of the synthesis of 70 was realized according to the same
procedure than for 35, using cinnamyl bromide in place of dimethallyl bromide.
The following steps are identical to those leading to 48 from 35. Colorless oil. 1H
NMR (400 MHz, CDCl3) d 7.32 (dt, J = 15.2, 7.3 Hz, 4H), 7.22 (t, J = 7.1 Hz,
1H), 6.48 (d, J = 15.6 Hz, 1H), 6.15 (dt, J = 15.6, 7.7 Hz, 1H), 5.36 (t,
J = 6.6 Hz, 1H), 3.70 (s, 4H), 2.40 (d, J = 1.8 Hz, 2H), 2.34 (d, J = 7.7 Hz, 2H),
2.07 (s, 3H), 1.80–1.71 (m, 2H), 1.44 (s, 3H), 1.42 (s, 3H), 1.48–1.29 (m, 4H), 0.91
(t, J = 7.1 Hz, 3H).

The first step of the synthesis of 71 was realized according to the same
procedure than for 35, using 5-bromo-2-methyl-2-pentene in place of dimethallyl
bromide. The following steps are identical to those leading to 48 from 35.
Colorless oil. 1H NMR (400 MHz, CDCl3) d 5.35 (t, J = 6.8 Hz, 1H), 5.14–5.02
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(m, 1H), 3.64 (s, 4H), 2.49 (s, 2H), 2.05 (s, 3H), 2.01–1.86 (m, 2H), 1.79–1.65 (m,
2H), 1.69 (s, 3H), 1.61 (s, 3H), 1.41 (s, 3H), 1.40 (s, 3H), 1.47–1.29 (m, 4H), 0.91
(t, J = 7.0 Hz, 3H).

The first step of the synthesis of 72 was realized according to the same
procedure than for 35, using 5-bromo-2-methyl-2-pentene in place of dimethallyl
bromide. The following steps are identical to those leading to 62 from 35.
Colorless oil. 1H NMR (400 MHz, CDCl3) d 7.39–7.28 (m, 4H), 7.27–7.20 (m,
1H), 5.14–5.07 (m, 1H), 3.74–3.64 (m, 4H), 3.61 (s, 2H), 2.52 (s, 2H), 1.98 (q,
J = 7.4 Hz, 2H), 1.70 (s, 3H), 1.61 (s, 3H), 1.43 (s, 3H), 1.42 (s, 3H), 1.47–1.34
(m, 2H).

13C NMR (100 MHz, CDCl3) d 137.5, 131.8, 128.5 (2C), 127.9 (2C), 126.5,
124.3, 98.1, 80.0, 78.8, 67.4 (2C), 35.5, 33.0, 26.7, 25.8, 25.3, 22.5, 21.5, 21.1,
17.6.

IR (neat) m = 2917, 2863, 1454, 1373, 1262, 1200, 1075, 832, 730, 698 cm-1.
HRMS calculated for [C22H30NaO2]+: 349.2138, found: 349.2138.

To a suspension of NaH (1.1 equiv.) in the appropriate solvent (THF or DMF,
0.5 M) is added dropwise at 0 �C the propargyl alcohol/amine (1 equiv.). The
reaction is stirred at 0 �C form 5 min, and the allyl bromide derivative is added.
The mixture is stirred overnight and then quenched with a saturated aqueous
NH4Cl solution. The aqueous layer is extracted with Et2O, and the combined
organic extracts are washed with brine and water, dried over MgSO4, filtered and
the solvent removed under reduced pressure. The crude product is purified by flash
column chromatography over silica gel gradient mixtures of pentane and diethyl
ether as eluent to afford the pure enyne.

The reaction was performed in DMF, colorless oil, 79 %. 1H NMR (300 MHz,
CDCl3) d 7.70 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.3 Hz, 2H), 4.90–5.30 (m, 1H),
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4.05 (d, J = 2.2 Hz, 2H), 3.80 (d, J = 7.4 Hz, 2H), 2.40 (s, 3H), 1.97 (t, J = 2.3 Hz,
1H), 1.70 (s, 6H).

The reaction was performed in THF, colorless oil, 83 %. 1H NMR (300 MHz,
CDCl3) d 5.31–5.37 (m, 1H), 4.13 (d, J = 2.3 Hz, 2H), 4.06 (d, J = 7.1 Hz, 2H),
2.41 (t, J = 2.3 Hz, 1H), 1.76 (d, J = 1.0 Hz, 3H), 1.71 (d, J = 1.0 Hz, 3H).

13C NMR (75 MHz, CDCl3) d 138.0 (C), 120.1 (CH), 79.8 (C), 73.9 (CH),
65.7 (CH2), 56.5 (CH2), 25.6 (CH3), 17.8 (CH3).

The reaction was performed in THF. Colorless oil, 72 %. 1H NMR (300 MHz,
CDCl3) d 5.06 (t, J = 7.4 Hz, 1H), 3.63 (s, 3H), 2.32 (s, 1H), 2.09 (d, J = 7.7 Hz,
2H), 2.03–1.92 (m, 1H), 1.70 (s, 2H), 1.62 (s, 2H), 1.38 (s, 5H).

13C NMR (75 MHz, CDCl3) d 135.5, 117.9, 98.1, 81.2, 70.8, 66.8 (2C), 36.3,
31.0, 26.1, 25.6, 22.4, 22.2, 18.0.

IR (neat) m = 2933, 2858, 1447, 1074, 1020, 947, 649, 624 cm-1.

The reaction was performed in THF. Colorless oil, 79 %. 1H NMR (400 MHz,
CDCl3) d 5.30 (dddt, J = 7.0, 5.6, 2.8, 1.4 Hz, 1H), 4.05 (t, J = 2.2 Hz, 2H), 3.98
(d, J = 7.1 Hz, 2H), 2.18 (tt, J = 7.0, 2.1 Hz, 2H), 1.70 (s, 3H), 1.65 (s, 3H),
1.50–1.32 (m, 4H), 0.86 (t, J = 7.2 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 137.8, 120.6, 86.7, 76.2, 65.7, 57.4, 30.7, 25.8,
21.9, 18.5, 18.0, 13.6.

IR (neat) m = 2959, 2932, 2872, 2238, 1717, 1673, 1453, 1379, 1250, 1136,
1066 cm-1.

HRMS calculated for [C12H20NaO]+: 203.1406, found: 203.1410.
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The reaction was performed in THF. Colorless oil, 73%. 1H NMR (400 MHz,
CDCl3) d 5.97 (ddt, J = 17.2, 10.3, 5.6 Hz, 1H), 5.29 (dq, J = 17.3, 1.8 Hz, 1H),
5.13 (dq, J = 10.3, 1.3 Hz, 1H), 4.10 (dt, J = 5.6, 1.5 Hz, 2H), 2.23 (t,
J = 6.9 Hz, 2H), 1.92–1.81 (m, 2H), 1.74–1.38 (m, 9H), 1.33–1.23 (m, 1H), 0.92
(t, J = 7.2 Hz, 3H).

13C NMR (75 MHz, CDCl3) d 136.1, 115.9, 86.4, 81.4, 74.0, 65.9, 64.4, 37.7,
31.1, 25.7, 23.1, 22.0, 18.4, 13.7.

IR (neat) m = 2932, 2858, 2238, 1647, 1447, 1126, 1066, 916 cm-1.
HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1558.

Prepared from enyne 78, through an identical two-step procedure than the one
leading to 47 from 37. Colorless oil. 1H NMR (400 MHz, CDCl3) d 7.76 (d,
J = 8.3 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 5.12 (m, 2H), 4.13 (d, J = 1.7 Hz,
2H), 3.81 (d, J = 7.4 Hz, 2H), 2.45 (s, 3H), 2.04 (s, 3H), 1.75 (s, 3H), 1.68 (s, 3H),
1.51 (qt, J = 13.4, 6.4 Hz, 2H), 1.35–1.14 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H).

Prepared from enyne 79, through an identical two-step procedure than the one
leading to 47 from 37. Colorless oil. 1H NMR (400 MHz, CDCl3) d 5.30 (m, 1H),
4.69 (t, J = 1.6, 2H), 4.13 (t, J = 2.0, 2H), 4.01 (d, J = 7.2, 2H), 2.07 (s, 3H),
1.73 (s, 3H), 1.67 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.2, 138.4, 120.1, 83.1, 80.0, 66.1, 56.9,
52.3, 25.8, 20.7, 18.0.

IR (neat) m = 2935, 2855, 1746, 1376, 1223 cm-1.
HRMS calculated for [C11H16O3Na]+: 219.0992, found: 219.0989.
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Prepared from enyne 80, through an identical two-step procedure than the one
leading to 47 from 37. Colorless oil. 1H NMR (400 MHz, CDCl3) d 5.42 (t,
J = 6.6, 1H), 5.36 (t, J = 7.2, 1H), 4.07 (d, J = 6.6, 2H), 2.07 (s, 3H), 1.94–1.91
(m, 2H), 1.74 (s, 3H), 1.69 (s, 3H), 1.80–1.23 (m, 14H), 0.91 (t, J = 7.2, 3H).

13C NMR (100 MHz, CDCl3) d 209.2, 170.1, 136.7, 121.7, 86.8, 73.5, 64.4,
60.1, 37.4 (2C), 34.8, 27.4, 26.0, 25.6, 23.1 (2C), 22.4, 21.2, 18.1, 14.1.

IR (neat) m = 2934, 2861, 1741, 1231 cm-1.
HRMS calculated for [C20H32NaO3]+: 343.2244, found: 343.2239.

Prepared from enyne 79, through the same procedure than the one leading to 62
from 37. Colorless oil. 1H NMR (400 MHz, CDCl3) d 7.32–7.21 (m, 5H), 5.35 (t,
J = 8.0, 1H), 4.17 (t, J = 2.4, 2H), 4.05 (d, J = 7.2, 2H), 3.65 (s, 2H), 1.75 (s,
3H), 1.68 (s, 3H).

13C NMR (100 MHz, CDCl3) d 138.2, 136.8, 128.6 (2C), 128.1 (2C), 126.9,
120.6, 84.2, 78.6, 66.1, 57.6, 25.9, 25.3, 18.2.

IR (neat) m = 2912, 2851, 1495, 1453, 1064, 728, 695 cm-1.
HRMS calculated for [C15H18NaO]+: 237.1250, found: 237.1254.

Prepared from enyne 80, through an identical two-step procedure than the one
leading to 62 from 37. Colorless oil. 1H NMR (400 MHz, CDCl3) d 7.33 (m, 4H),
7.23 (m, 1H), 5.37 (tt, J = 7.0, 1.5 Hz, 1H), 4.12 (d, J = 6.8 Hz, 2H), 3.68 (s,
2H), 1.99–1.90 (m, 2H), 1.73 (s, 3H), 1.66 (s, 3H), 1.70–1.48 (m, 10H).

13C NMR (100 MHz, CDCl3) d 137.2, 136.4, 128.6 (2C), 128.0 (2C), 126.6,
122.0, 84.2, 83.6, 74.0, 60.0, 37.7 (2C), 26.0, 25.8, 25.3, 23.2 (2C), 18.2.

IR (neat) m = 2932, 2857, 1706, 1449, 1063, 730, 696 cm-1.
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HRMS calculated for [C20H26NaO]+: 305.1876, found: 305.1880.

To a solution of NaH (2.45 g, 61.1 mmol, 1.2 equiv.) in THF (40 mL) is added
dropwise triethyl phosphonoacetate (15.2 mL, 76.4 mmol, 1.5 equiv.). The
reaction is stirred for 20 min at rt and then cooled down to 0 �C.
Cyclohexanone is added dropwise, and the mixture is stirred overnight. The
solution is quenched with a saturated aqueous NH4Cl solution, and the aqueous
layer is extracted with Et2O. The combined organic extracts are washed with brine
and water, dried over MgSO4, filtered and the solvent removed under reduced
pressure. Distillation under reduced pressure afforded the desired acrylate
derivative (90 �C, 5 mm Hg) in 71 % yield.

To a suspension of LAH (2.75 g, 72.5 mmol, 2 equiv.) in Et2O (70 mL) is
added dropwise at 0 �C the acrylate derivative (6.1 g, 36.3 mmol, 1 equiv.). The
mixture is allowed to warm to rt and stirred for 4 h, then cooled down to 0 �C and
quenched by a dropwise addition of a saturated aqueous solution of MgSO4 until
the aluminium salts have been hydrolyzed. The mixture is then filtered over a short
pad of silica/celite, the remaining solids are washed with Et2O, and the filtrate
evaporated under reduced pressure to afford the desired alcohol in pure form as a
colorless oil in 82 % yield.

O-alkylation of the resulting alcohol was performed through a similar procedure
than for the preparation of enynes 78-82, using propargyl bromide in place of allyl
bromide derivatives, and final benzylation of the acetylenic position was realized
in an identical manner than for the synthesis of 62 from 37, affording the desired
enyne as a colorless oil in 40 % yield over two steps. 1H NMR (400 MHz,
CDCl3) d 7.32 (m, 5H), 5.30 (dt, J = 7.2, 0.8, 1H), 4.19 (t, J = 2.4, 2H), 4.10
(J = 7.2, 2H), 3.66 (s, 2H), 2.20 (m, 2H), 2.14 (s br, 2H), 1.56 (m, 6H).

13C NMR (100 MHz, CDCl3) d 145.9, 136.6, 128.5 (2C), 127.9 (2C), 126.6,
117.1, 84.0, 78.6, 65.0, 57.2, 37.1, 29.0, 28.5, 27.8, 26.7, 25.2.

IR (neat) m = 2924, 2850, 1494, 1068, 803 cm-1.
HRMS calculated for [C18H22NaO]+: 277.1563, found: 277.1560.

Prepared according to GP1, colorless oil, 90 %. 1H NMR (400 MHz, CDCl3) d
6.23 (d, J = 6.4, 1H), 4.75 (dd, J = 6, 0.8, 1H), 4.00 (d, J = 3.2, 2H), 1.31 (m,
6H), 1.20 (s, 3H), 1.02 (s, 3H), 0.88 (t, J = 7, 3H), 0.72 (t, J = 3.2, 1H).
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13C NMR (100 MHz, CDCl3) d 140.7, 104.0, 60.8, 33.0, 29.9, 29.4, 27.6, 22.9
(2C), 22.4, 17.1, 14.1.

IR (neat) m = 2924, 2860, 1644, 1459, 1240, 736 cm-1.
HRMS calculated for [C12H20ONa]+: 203.1414, found: 203.1418.

Prepared according to GP1, colorless oil, 60 %. 1H NMR (400 MHz, CDCl3) d
4.08 (dd, J = 10.9, 4.8 Hz, 1H), 3.75 (dd, J = 10.9, 3.3 Hz, 1H), 2.25–2.13 (m,
1H), 2.06–1.89 (m, 4H), 1.69–1.46 (m, 4H), 1.35–1.20 (m, 4H), 1.16–1.08 (m,
1H), 0.94–0.84 (m, 3H), 0.75–0.62 (m, 1H), 0.67 (dd, J = 8.0, 3.8 Hz, 1H), 0.48
(t, J = 3.9 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 146.7, 110.7, 65.9, 35.1, 29.7, 27.5, 25.1, 23.4,
23.1, 23.1, 21.3, 20.4, 18.6, 14.3.

IR (neat) m = 2923, 2857, 1675, 1457, 1382, 1196, 1152, 1031, 1009 cm-1.
HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1562.

Prepared according to GP1, colorless oil, 75 %. 1H NMR (400 MHz, CDCl3) d
4.85 (m, 2H), 4.33 (m, 2H), 3.88 (d, J = 5.2, 2H), 3.64 (m, 1H), 1.95 (s, 3H), 1.49
(s, 3H), 1.47 (s, 3H).

13C NMR (100 MHz, CDCl3) d 200.6, 170.4, 100.4, 83.7, 78.5, 70.7, 69.9,
50.9, 24.1, 23.3, 22.4.

HRMS calculated for [C11H16O3Na]+: 219.0992, found: 219.0993.

Prepared according to GP1, colorless oil, quantitative (Z/E ratio 0.4:1).
(Z)-diastereomer: 1H NMR (CDCl3, 400 MHz) d 5.97 (d, J = 11.6, 1H), 5.44

(dt, J = 7.6, 11.6, 1H), 2.18–2.12 (m, 4H), 2.14 (s, 3H), 2.07 (t, J = 5.6, 2H),
1.65–1.49 (m, 6H), 1.41–1.30 (m, 4H), 0.89 (t, J = 6.8, 3H).

13C NMR (100 MHz, CDCl3) d 169.2, 136.8, 134.0, 130.2, 120.5, 31.9, 29.6,
29.0, 27.9, 27.4, 27.2, 26.5, 22.6, 20.9, 14.1.
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IR (neat) m = 1753 cm-1.
(E)-diastereomer (colorless oil): 1H NMR (CDCl3, 400 MHz) d 6.28 (d,

J = 15.2, 1H), 5.55 (dt, J = 6.8, 15.2, 1H), 2.30 (t, J = 5.2, 2H), 2.20 (s, 3H),
2.13–2.04 (m, 4H), 1.59–1.52 (m, 6H), 1.40–1.26 (m, 4H), 0.88 (t, J = 7.2, 3H).

13C NMR (100 MHz, CDCl3) d 169.1, 137.7, 129.9, 129.1, 120.4, 32.5, 31.6,
29.0, 28.6, 27.5, 27.1, 26.5, 22.4, 20.6, 14.0.

IR (neat) m = 1757 cm-1.
HRMS calculated for [C15H24O2Na]+: 259.1674, found: 259.1672.

Prepared according to GP1, colorless oil, 90 % (dr 1:1). 1H NMR (CDCl3,
400 MHz) d 7.34–7.18 (m, 5H), 6.30 (m, 1H), 4.52–4.39 (m, 2H), 4.03 (m, 1H),
3.82–3.75 (m, 1H), 2.92–2.83 (m, 1H), 1.95–1.85 (m, 1H), 1.03–0.95 (m, 6H).

13C NMR (100 MHz, CDCl3) d 196.6, 196.1, 135.1 (2C), 128.8 (4C), 127.0
(2C), 126.9 (4C), 108.0 (2C), 98.4, 98.3, 72.3, 72.1, 69.8, 69.7, 51.0, 49.9, 31.1,
30.6, 20.9 (2C), 20.0, 19.7.

IR (neat) m = 2958, 2869, 1956, 1496, 1460, 1064 cm-1.
HRMS calculated for [C15H19O]+: 215.1436, found: 215.1430.

Prepared according to GP1, colorless oil, 57 %. 1H NMR (400 MHz, CDCl3) d
7.35–7.18 (m, 5H), 5.17 (ddq, J = 6.8, 4.4, 2.1 Hz, 1H), 3.34 (d, J = 6.6 Hz, 2H),
1.66–1.39 (m, 10H).

13C NMR (100 MHz, CDCl3) d 199.3, 141.1, 128.7 (2C), 128.4 (2C), 126.0,
103.2, 88.5, 36.5, 31.8 (2C), 27.5 (2C), 26.3.

Prepared according to GP1, colorless oil, 49% (dr 1:1). 1H NMR (400 MHz,
CDCl3) d 7.30 (m, 5H), 6.30 (m, 1H), 4.41 (m, 2H), 3.99 (m, 1H), 3.82 (m, 1H),
2.87 (m, 1H), 1.73 (m, 1H), 1.56 (m, 5H), 1.17 (m, 5H).
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13C NMR (100 MHz, CDCl3) d 196.4, 195.8, 135.0 (2C), 128.6 (4C), 126.9
(2C), 126.8 (4C), 107.8, 107.6, 98.1 (2C), 72.2, 72.1, 69.6, 69.4, 50.1, 49.1, 41.3,
40.4, 31.2 (2C), 30.0 (2C), 26.4 (6C).

IR (neat) m = 3030, 2849, 1954, 1598, 1447, 1063, 691 cm-1.
HRMS calculated for [C18H23O]+: 254.1670, found: 254.1678.

Prepared according to GP1, colorless oil, 32 %. 1H NMR (400 MHz, CDCl3) d
7.27 (m, 5H), 6.21 (dd, J = 6.4, 2.0, 1H), 4.77 (d, J = 6.4, 1H), 4.13 (d, J = 11.6,
1H), 4.04 (m, 1H), 2.99 (d, J = 15.0, 1H), 2.86 (d, J = 15.0, 1H), 1.60 (m, 6H),
1.48 (m, 4H), 1.00 (d, J = 4.4, 1H).

13C NMR (100 MHz, CDCl3) d 141.0, 140.6, 128.8 (2C), 128.1 (2C), 125.7,
103.9, 60.8, 38.3, 35.4, 33.9, 29.0, 27.5, 26.6, 26.5, 26.0, 23.2.

IR (neat) m = 2918, 2848, 1643, 1443, 1234, 1015, 697 cm-1.
HRMS calculated for [C18H22ONa]+: 277.1565, found: 277.1570.

Prepared from 1-ethynylcyclohexanol 77. O-alkylation was performed through
a similar procedure than for the preparation of enynes 78–82, using methyl iodide
in place of allyl bromide derivatives, and final benzylation of the acetylenic
position was realized in an identical manner than for the synthesis of 62 from 37,
affording the desired propargylic ether as a colorless oil in 32 % yield over two
steps. 1H NMR (400 MHz, CDCl3) d 7.44–7.33 (m, 4H), 7.31–7.24 (m, 1H), 3.72
(s, 2H), 3.44 (s, 3H), 2.05–1.89 (m, 3H), 1.78–1.50 (m, 7H), 1.42–1.30 (m, 1H).

13C NMR (100 MHz, CDCl3) d 132.5, 128.6 (2C), 127.9 (2C), 126.7, 83.6,
77.9, 58.9, 50.8, 37.1 (2C), 25.7, 25.2, 23.0 (2C).

HRMS calculated for [C16H20NaO]+: 251.1406, found: 251.1411.

Prepared from 1-ethynylcyclohexanol 77. O-alkylation was performed through
a similar procedure than for the preparation of enynes 78–82, using benzyl
bromide in place of allyl bromide derivatives, and final benzylation of the
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acetylenic position was realized in an identical manner than for the synthesis of 62
from 37, affording the desired propargylic ether as a colorless oil in 10 % yield
over two steps. 1H NMR (400 MHz, CDCl3) d 7.41–7.29 (m, 8H), 7.28–7.21 (m,
2H), 4.67 (s, 2H), 3.70 (s, 2H), 1.98 (d, J = 5.3 Hz, 2H), 1.78–1.66 (m, 4H),
1.66–1.47 (m, 4H).

13C NMR (75 MHz, CDCl3) d 139.63, 137.11, 128.61 (2C), 128.37 (2C),
127.96 (2C), 127.84 (2C), 127.31, 126.66, 93.69, 84.14, 74.43, 65.58, 37.74 (2C),
25.71 (2C), 25.26, 23.09 (2C).

IR (neat) m = 2933, 2857, 1704, 1495, 1452, 1063, 1027, 937, 730, 694 cm-1.
HRMS calculated for [C22H24ONa]+: 327.1719, found: 327.1717.

Prepared according to GP1, colorless oil, 41 %. 1H NMR (400 MHz, CDCl3) d
7.39–7.28 (m, 4H), 7.27–7.19 (m, 1H), 6.09 (dt, J = 4.0, 2.1 Hz, 1H), 3.73 (s, 2H),
2.18–2.14 (m, 2H), 2.13–2.05 (m, 2H), 1.68–1.55 (m, 4H).

13C NMR (101 MHz, CDCl3) d 137.3, 134.0, 128.6 (2C), 128.0 (2C), 126.6,
121.0, 84.6, 77.5, 29.7, 25.8, 25.7, 22.5, 21.7.

Prepared according to GP2, colorless oil, 94 %. 1H NMR (400 MHz, CDCl3) d
7.34–7.29 (m, 2H), 7.27–7.19 (m, 3H), 6.20 (d, J = 6.3 Hz, 1H), 4.76
(d, J = 6.3 Hz, 1H), 4.13–3.95 (m, 2H), 2.91 (s, 2H), 1.29 (s, 3H), 1.16 (s, 3H),
0.98 (d, J = 4.2 Hz, 1H).

13C NMR (75 MHz, CDCl3) d 140.9, 140.4, 128.9 (2C), 128.3 (2C), 125.9,
103.9, 60.5, 39.2, 29.9, 28.4, 23.7, 22.6, 17.2.

HRMS calculated for [C15H18NaO]+: 237.1250, found: 237.1248.

Prepared according to GP3, colorless oil, 64 % [a]D
20 = +0.6 (c 1.58, CHCl3).

1H NMR (400 MHz, CDCl3) d 5.72 (ddt, J = 16.4, 10.1, 6.3 Hz, 1H), 5.43
(t, J = 7.2 Hz, 1H), 5.00–4.87 (m, 2H), 4.75 (d, J = 24.5 Hz, 2H), 3.71 (s, 3H),
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3.70 (s, 3H), 3.36 (t, J = 8.4 Hz, 1H), 2.99 (dt, J = 15.4, 2.3 Hz, 1H), 2.85 (d,
J = 15.3 Hz, 1H), 2.69 (ddd, J = 13.4, 8.7, 1.9 Hz, 1H), 2.65 (t, J = 6.7 Hz, 2H),
1.99 (dd, J = 13.2, 8.5 Hz, 1H), 1.67 (s, 3H).

13C NMR (100 MHz, CDCl3) d 172.0, 171.9, 145.9, 140.2, 136.7, 122.9,
114.7, 111.4, 59.2, 52.8, 52.8, 47.3, 42.9, 40.0, 32.7, 19.4.

IR (neat) m = 1730, 1435, 1247, 1201, 1166, 895 cm-1.
HRMS calculated for [C16H22NaO4]+: 301.1410, found: 301.1414.

Prepared according to GP1, colorless oil, 33 %. 1H NMR (400 MHz, CDCl3) d
5.93 (dt, J = 3.7, 2.0 Hz, 1H), 2.46–2.34 (m, 4H), 2.32 (t, J = 7.0 Hz, 2H), 1.88
(p, J = 7.5 Hz, 2H), 1.57–1.36 (m, 4H), 0.92 (t, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 136.1, 125.2, 91.7, 77.9, 36.8, 33.2, 31.1, 23.4,
22.1, 19.3, 13.8.

To a solution of alkyne (1.2 equiv.) in THF (0.5 M) is added dropwise at
-78 �C n-butyllithium (1.1 equiv.). The mixture is allowed to warm to rt within
1 h, then cooled down again to -78 �C and the ketone (1 equiv.) is added
dropwise. The resulting solution is warmed up to rt and stirred for 2 h. The
reaction mixture is then quenched with a saturated aqueous NH4Cl solution, and
the aqueous layer is extracted with Et2O. The combined organic extracts are
washed with brine and water, dried over MgSO4, filtered and the solvent removed
under reduced pressure to afford the crude alcohol, which is engaged in the next
step without purification. O-alkylation was performed through a similar procedure
than for the preparation of enynes 78–82.

Colorless oil, 63 % over two steps. 1H NMR (400 MHz, C6D6) d 5.95 (ddt,
J = 17.3, 10.5, 5.7 Hz, 1H), 5.30 (dq, J = 17.3, 1.8 Hz, 1H), 5.19–5.08 (m, 1H),
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3.96 (dt, J = 5.7, 1.4 Hz, 2H), 2.32–2.12 (m, 4H), 1.91–1.69 (m, 2H), 1.28
(tt, J = 8.1, 5.0 Hz, 1H), 0.81–0.75 (m, 2H), 0.71–0.65 (m, 2H).

13C NMR (100 MHz, CDCl3) d 135.3, 116.8, 86.3, 77.8, 65.5, 36.3 (2C), 13.4,
8.5 (2C), -0.3.

IR (neat) m = 2991, 2942, 2858, 2232, 1732, 1648, 1423, 1360, 1275, 1246,
1133, 1028, 919 cm-1.

HRMS calculated for [C12H16NaO]+: 199.1093, found: 199.1090.

Colorless oil, 77 % over two steps. 1H NMR (200 MHz, CDCl3) d 5.85–5.47
(m, 2H), 3.91 (d, J = 5.3 Hz, 2H), 2.34–2.13 (m, 6H), 1.92–1.74 (m, 2H), 1.70
(d, J = 5.0 Hz, 3H), 1.57–1.16 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 129.4, 128.0, 85.5, 81.7, 72.8, 65.2, 59.9, 36.4
(2C), 31.0, 22.1, 18.6, 18.0, 13.8, 13.4.

IR (neat) m = 2935, 2860, 1458, 1272, 1246, 1127, 965 cm-1.
HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1566.

Colorless oil, 86 % over two steps. 1H NMR (200 MHz, CDCl3) d 4.93
(d, J = 28.4 Hz, 1H), 3.86 (s, 2H), 2.35–2.10 (m, 6H), 1.97–1.67 (m, 2H), 1.77
(s, 3H), 1.57–1.31 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 142.8, 111.8, 85.4, 81.7, 73.0, 68.3, 36.2 (2C),
31.0, 22.1, 20.0, 18.6, 13.7, 13.4.

IR (neat) m = 2933, 2860, 1456, 1272, 1246, 1129, 1042, 895 cm-1.
HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1565.

Colorless oil, 78 % over two steps. 1H NMR (400 MHz, CDCl3) d 5.94 (ddd,
J = 17.1, 10.7, 5.2 Hz, 1H), 5.27 (dd, J = 17.2, 1.7 Hz, 1H), 5.12
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(d, J = 10.4 Hz, 1H), 4.08–3.98 (m, 2H), 2.02–1.92 (m, 2H), 1.88–1.77 (m, 2H),
1.77–1.63 (m, 4H), 1.31–1.20 (m, 1H), 0.80–0.72 (m, 2H), 0.69–0.61 (m, 2H).

13C NMR (100 MHz, CDCl3) d 135.9, 116.2, 80.7, 78.1, 67.9, 65.9, 39.9 (2C),
23.5 (2C), 8.5 (2C), -0.4.

IR (neat) m = 2963, 2872, 2234, 1730, 1424, 1359, 1187, 1060, 1029, 917,
812 cm-1.

HRMS calculated for [C13H18NaO]+: 213.1250, found: 213.1250.

Colorless oil, 61 % over two steps. 1H NMR (400 MHz, CDCl3) d 4.98–4.96
(m, 1H), 4.83 (d, J = 0.8 Hz, 1H), 3.91 (s, 2H), 2.03–1.93 (m, 2H), 1.85–1.76 (m,
2H), 1.75 (s, 3H), 1.74–1.63 (m, 2H), 1.30–1.21 (m, 2H), 0.94–0.80 (m, 1H),
0.79–0.72 (m, 2H), 0.68–0.61 (m, 2H).

13C NMR (100 MHz, CDCl3) d 143.3, 111.4, 88.3, 80.6, 77.0, 68.7, 39.8 (2C),
23.5 (2C), 20.0, 8.5 (2C), -0.4.

IR (neat) m = 2956, 2855, 2235, 1657, 1451, 1360, 1187, 1091, 1051, 1028,
978, 938, 895, 812 cm-1.

HRMS calculated for [C14H20NaO]+: 227.1406, found: 227.1404.

Colorless oil, 67 % over two steps. 1H NMR (300 MHz, CDCl3) d 5.40–5.29
(m, 1H), 4.01 (d, J = 7.0 Hz, 2H), 1.97 (dd, J = 11.9, 5.1 Hz, 2H), 1.90–1.77
(m, 2H), 1.77–1.59 (m, 4H), 1.74 (s, 3H), 1.70 (s, 3H), 1.33–1.19 (m, 1H),
0.81–0.70 (m, 2H), 0.70–0.61 (m, 2H).

13C NMR (100 MHz, CDCl3) d 136.47, 121.87, 88.32, 80.37, 77.22, 61.35,
39.84 (2C), 26.03, 23.43 (2C), 18.13, 8.45 (2C), -0.34.

IR (neat) m = 2965, 2873, 2235, 1717, 1449, 1381, 1231, 1148, 1071 cm-1.
HRMS calculated for [C15H22NaO]+: 241.1563, found: 241.1560.
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Prepared according to GP1, colorless oil, 81 %. 1H NMR (400 MHz, CDCl3) d
4.07 (dd, J = 10.6, 1.5 Hz, 1H), 3.95 (dd, J = 10.5, 2.8 Hz, 1H), 2.71–2.55 (m,
1H), 2.52–2.38 (m, 1H), 2.36–2.16 (m, 2H), 1.87–1.74 (m, 2H), 1.16 (tt, J = 8.1,
5.1 Hz, 1H), 0.99 (ddd, J = 10.1, 5.0, 2.2 Hz, 1H), 0.61 (dd, J = 8.8, 4.2 Hz, 1H),
0.54–0.47 (m, 1H), 0.44–0.35 (m, 1H), 0.35–0.24 (m, 1H), 0.05 (dq, J = 9.5,
5.3 Hz, 1H), -0.06 (dq, J = 9.9, 5.2 Hz, 1H).

13C NMR (101 MHz, CDCl3) d 147.4, 114.5, 64.8, 31.1, 29.7, 19.7, 19.4, 19.1,
16.8, 13.1, 2.4, 1.7.

IR (neat) m = 3003, 2953, 2872, 1739, 1321, 1129, 1072, 1015, 956,
823 cm-1.

HRMS calculated for [C12H16NaO]+: 199.1093, found: 199.1098.

Prepared according to GP1, colorless oil, 51 %. 1H NMR (400 MHz, CDCl3) d
4.27 (major dias, dd, J = 11.4, 5.0 Hz, 1H), 4.15 (minor dias, d, J = 10.6 Hz,
1H), 4.04 (major dias, d, J = 11.3 Hz, 1H), 3.96 (minor dias, dd, J = 10.6,
2.9 Hz, 1H), 2.51–2.09 (major + minor, m, 4H), 1.89–1.62 (major + minor, m,
2H), 1.38–1.16 (major + minor, m, 6H), 1.07 (minor dias, d, J = 6.3 Hz, 3H),
0.99–0.80 (major + minor, m, 3H {major 1H, minor 2H}), 0.89 (major dias, d,
J = 7.3 Hz, 3H), 0.87 (major + minor, t, J = 5.4 Hz, 3H), 0.72–0.68 (major dias,
m, 1H).

13C NMR (101 MHz, CDCl3) major + minor d 149.6, 148.3, 114.4, 106.7,
64.6, 63.5, 36.7, 31.2, 31.2, 30.5, 30.1, 30.1, 29.9, 29.8, 29.4, 28.9, 26.2, 25.8,
23.3, 23.1, 22.4, 21.9, 21.0, 19.3, 19.3, 14.3, 13.8, 8.5.

IR (neat) m = 2955, 2927, 2858, 1692, 1465, 1095, 1022, 1003, 791 cm-1.
HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1567.

Prepared according to GP1, colorless oil, 85 %. 1H NMR (400 MHz, CDCl3) d
3.98 (d, J = 10.6 Hz, 1H), 3.71 (d, J = 10.3 Hz, 1H), 2.49–2.13 (m, 4H),
1.87–1.75 (m, 2H), 1.41–1.22 (m, 4H), 1.13 (s, 3H), 0.90 (t, J = 7.0 Hz, 3H), 0.87
(d, J = 4.0 Hz, 1H), 0.45 (d, J = 3.7 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 148.7, 105.0, 70.0, 43.5, 42.5, 35.2, 31.0, 30.8,
29.7, 25.8, 23.4, 19.9, 16.3, 14.2.

IR (neat) m = 2930, 2858, 1684, 1466, 1378, 1179, 1079, 1048, 1023,
962 cm-1.
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HRMS calculated for [C14H22NaO]+: 229.1563, found: 229.1562.

Prepared according to GP2, colorless oil, 50 %. 1H NMR (400 MHz, CDCl3) d
5.72–5.48 (m, 1H), 3.84–3.78 (dd, J = 10.9, 4.2 Hz, 1H), 3.75–3.69 (dd, J = 10.9,
6.1 Hz, 1H), 2.96–2.90 (m, 1H), 2.65–2.57 (m, 2H), 2.40–2.32 (m, 2H), 2.20–2.12
(dd, J = 13.6, 4.7 Hz, 1H), 1.97–1.82 (m, 3H), 1.80–1.71 (ddd, J = 13.2, 8.3,
5.0 Hz, 1H), 0.70–0.65 (m, 2H), 0.57–0.50 (td, J = 5.2, 2.4 Hz, 2H).

13C NMR (100 MHz, CDCl3) d 143.9, 139.1, 134.2, 126.0, 64.9, 40.0, 33.8,
32.4, 27.9, 23.6, 11.2, 5.6, 5.5.

Prepared according to GP2, colorless oil, 37 %. 1H NMR (400 MHz, CDCl3) d
3.78 (d, J = 10.2 Hz, 1H), 3.53 (d, J = 10.2 Hz, 1H), 2.56–2.45 (m, 1H),
2.27–2.13 (m, 1H), 1.99–1.92 (m, 2H), 1.71–1.61 (m, 2H), 1.52–1.43 (m, 2H), 1.17
(s, 3H), 0.94–0.81 (m, 2H), 0.68 (d, J = 4.3 Hz, 1H), 0.67–0.59 (m, 1H),
0.43–0.34 (m, 1H), 0.31 (d, J = 4.3 Hz, 1H), 0.23–0.15 (m, 1H), 0.12–0.02 (m,
1H).

13C NMR (100 MHz, CDCl3) d 145.1, 113.9, 68.8, 28.0, 27.7, 26.0, 24.9, 24.1,
23.6, 22.9, 18.4, 15.4, 10.3, 5.1, 3.8, 1.2.

HRMS calculated for [C14H20NaO]+: 227.1406, found: 227.1408.

Prepared according to GP2, colorless oil, 12 %. 1H NMR (400 MHz, CDCl3) d
4.06 (dd, J = 11.7, 7.2 Hz, 1H), 3.79 (dd, J = 11.7, 3.9 Hz, 1H), 2.47–2.36 (m,
1H), 2.00–1.91 (m, 1H), 1.88–1.79 (m, 1H), 1.75–1.63 (m, 3H), 1.61–1.40 (m,
3H), 1.18 (s, 3H), 1.11–1.04 (m, 1H), 1.03 (s, 3H), 0.71 (dd, J = 7.1, 3.9 Hz, 1H),
0.57–0.43 (m, 2H), 0.21 (dq, J = 8.9, 4.8 Hz, 1H), 0.16–0.10 (m, 1H).

13C NMR (100 MHz, CDCl3) d 145.8, 109.2, 62.8, 28.0, 27.3, 27.2, 26.0, 25.0,
23.5, 23.3, 22.6, 17.4, 11.3, 7.2, 4.3.

Experimental Section 181



HRMS calculated for [C15H22NaO]+: 241.1563, found: 241.1564.

Prepared according to GP2, colorless oil, 48 %. 1H NMR (400 MHz, CDCl3) d
5.92 (s, 1H), 2.43–2.34 (m, 2H), 1.91–1.80 (m, 2H), 1.36 (ddd, J = 13.2, 8.4,
5.1 Hz, 1H), 0.83–0.76 (m, 2H), 0.74–0.68 (m, 2H).

Prepared according to GP2, colorless oil, 77 %. 1H NMR (400 MHz, CDCl3) d
4.13 (dd, J = 11.0, 5.5 Hz, 1H), 3.68 (dd, J = 11.0, 4.0 Hz, 1H), 2.29–2.17
(m, 1H), 2.02–1.93 (m, 3H), 1.86 (p, J = 6.8 Hz, 1H), 1.74–1.61 (m, 2H),
1.60–1.39 (m, 2H), 1.19–1.12 (m, 1H), 0.91 (d, J = 6.8 Hz, 3H), 0.86
(dd, J = 8.2, 4.1 Hz, 1H), 0.69 (d, J = 6.9 Hz, 3H), 0.35–0.27 (m, 1H).

13C NMR (100 MHz, CDCl3) d 147.7, 111.8, 67.0, 28.9, 27.7, 25.9, 23.6, 23.0,
20.9, 19.2, 17.6, 16.2, 13.2.

IR (neat) m = 2927, 2870, 1736, 1671, 1462, 1383, 1020, 802 cm-1.
HRMS calculated for [C13H20NaO]+: 215.1406, found: 215.1401.

O

n

TMS

n-BuLi
C to rt

n

HO (1.2 equiv.)
NaH (1.1 equiv.)

NaI (0.2 equiv.)
C to rt

n

O

R

K2CO3, MeOH

Br R

R
R1.

2.

To a solution of trimethylsilyl acetylene (1.2 equiv.) in THF (0.5 M) is added
dropwise at -78 �C n-butyllithium (1.1 equiv.). The mixture is allowed to warm
to rt within 1 h, then cooled down again to -78 �C and the ketone (1 equiv.) is
added dropwise. The resulting solution is warmed up to rt and stirred for 2 h. The
reaction mixture is then quenched with a saturated aqueous NH4Cl solution, and
the aqueous layer is extracted with Et2O. The combined organic extracts are
washed with brine and water, dried over MgSO4, filtered and the solvent removed
under reduced pressure to afford the crude alcohol, which is engaged in the next
step without purification.

To a solution of the propargyl alcohol in MeOH (0.5 M) is added K2CO3

(3 equiv.). After stirring for 2 h, about 90 % of the solvent is removed under
reduced pressure, and the resulting solution is diluted with water and Et2O.
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The aqueous layer is extracted twice with Et2O and the combined organic extracts
are washed with brine and water, dried over MgSO4 and evaporated under reduced
pressure to afford the pure alcohol. O-alkylation was performed through a similar
procedure than for the preparation of enynes 78–82.

Colorless oil, purified by Kugelrohr distillation (110 �C, 20 mmHg), 43 % over
three steps. 1H NMR (300 MHz, CDCl3) d 6.04–5.85 (ddd, J = 17.1, 10.7,
5.2 Hz, 1H), 5.36–5.24 (dd, J = 17.2, 1.7 Hz, 1H), 5.16–5.11 (dd, J = 10.4,
1.8 Hz, 1H), 4.12–4.01 (dt, J = 5.5, 1.4 Hz, 2H), 2.47 (s, 1H), 2.10–1.85 (m, 4H),
1.83–1.67 (m, 4H).

13C NMR (75 MHz, CDCl3) d 136.1, 115.9, 86.4, 81.4, 74.0, 65.9, 64.4, 37.7,
31.1, 25.7, 23.1, 22.0, 18.4, 13.7.

HRMS calculated for [C10H14NaO]+: 173.0937, found: 173.0934.

Colorless oil, purified by Kugelrohr distillation (180 �C, 20 mmHg), 22 % over
three steps. 1H NMR (400 MHz, CDCl3) d 7.21–7.15 (m, 4H), 5.93 (ddt,
J = 17.2, 10.9, 5.5 Hz, 1H), 5.26 (dq, J = 17.2, 1.7 Hz, 1H), 5.13 (dq, J = 10.4,
1.5 Hz, 1H), 4.20 (dt, J = 5.5, 1.5 Hz, 2H), 3.36 (s, 4H), 2.48 (s, 1H).

13C NMR (100 MHz, CDCl3) d 140.0, 135.0, 127.0, 124.7, 116.8, 85.1, 80.2,
73.1, 66.7, 46.7.

IR (neat) m = 1089, 1059, 920, 741, 634 cm-1.
HRMS calculated for [C14H14NaO]+: 221.0937, found: 221.0940.

Colorless oil, 67 % over three steps (dr [ 25:1). 1H NMR (300 MHz, CDCl3)
d 5.83–5.73 (m, 2H), 5.39–5.30 (m, 1H), 4.04 (dd, J = 10.6, 7.0 Hz, 1H), 3.88
(dd, J = 10.7, 7.2 Hz, 1H), 3.28–3.17 (m, 1H), 3.16–3.04 (m, 1H), 2.87–2.73
(m, 1H), 2.66 (ddd, J = 12.0, 7.9, 2.8 Hz, 1H), 2.58 (s, 1H), 2.44 (dd, J = 17.4,
10.1 Hz, 1H), 1.97 (dd, J = 12.2, 6.1 Hz, 1H), 1.74 (s, 3H), 1.67 (s, 3H).
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13C NMR (75 MHz, CDCl3) d 136.8, 133.8, 132.9, 120.9, 87.1, 73.1, 70.2,
61.7, 48.4, 43.3, 37.9, 32.3, 25.9, 18.2.

IR (neat) m = 3300, 2933, 2857, 1444, 1211, 1118, 1074, 1021, 701, 653,
619 cm-1.

HRMS calculated for [C14H18NaO]+: 225.1250, found: 225.1256.

Prepared according to GP2, colorless oil, 65 %. 1H NMR (400 MHz, CDCl3) d
3.94 (dd, J = 10.5, 2.0 Hz, 1H), 3.83 (dd, J = 10.5, 3.0 Hz, 1H), 2.12 (td,
J = 6.1, 5.7, 2.8 Hz, 2H), 1.95–1.85 (m, 2H), 1.70–1.48 (m, 4H), 1.45–1.36 (m,
1H), 0.97 (td, J = 8.4, 4.3 Hz, 1H), 0.82 (td, J = 8.1, 4.0 Hz, 1H), 0.64 (q,
J = 4.3 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 144.8, 110.4, 63.7, 28.6, 27.1, 23.2, 23.1, 16.1,
11.9, 10.8.

HRMS calculated for [C10H14NaO]+: 173.0937, found: 173.0934.

Prepared according to GP2, colorless oil, 18 %. 1H NMR (400 MHz, CDCl3) d
6.22 (d, J = 10.0 Hz, 1H), 5.83 (d, J = 10.1 Hz, 0H), 4.93 (s, 1H), 4.79 (s, 1H),
4.21 (t, J = 2.3 Hz, 5H), 2.00–1.88 (m, 3H), 1.85–1.67 (m, 10H).

13C NMR (101 MHz, CDCl3) d 145.6, 127.2, 127.1, 108.9, 84.8, 61.1, 53.6,
36.4, 36.4, 23.8.

HRMS calculated for [C10H14NaO]+: 173.0937, found: 173.0936.

Prepared according to GP1, colorless oil, 62 % (NMR yield using sulfolene as
standard). 1H NMR (400 MHz, CDCl3) d 7.18–7.10 (m, 4H), 4.07 (dd, J = 10.5,
1.9 Hz, 1H), 3.96 (dd, J = 10.5, 3.0 Hz, 1H), 3.59 (td, J = 5.2, 2.5 Hz, 2H), 3.34
(qt, J = 20.4, 5.2 Hz, 2H), 1.57–1.45 (m, 1H), 1.16 (td, J = 8.2, 4.7 Hz, 1H), 0.94
(td, J = 8.0, 4.2 Hz, 1H), 0.76 (q, J = 4.4 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 142.1, 134.2, 133.8, 128.5, 128.1, 126.0,
125.9, 107.8, 63.9, 34.2, 31.8, 15.9, 12.3, 10.1.
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HRMS calculated for [C14H14NaO]+: 221.0937, found: 221.0938.

Prepared according to GP1, colorless oil, 58 % (dr [ 25:1). 1H NMR
(400 MHz, CDCl3) d 6.47 (d, J = 10.3 Hz, 1H), 5.88–5.72 (m, 3H), 4.07 (s,
2H), 3.52 (t, J = 8.5 Hz, 1H), 3.31 (s, 1H), 2.98–2.85 (m, 1H), 2.51 (dd, J = 12.9,
8.5 Hz, 1H), 2.34 (dd, J = 17.2, 9.5 Hz, 1H), 2.13 (s, 3H), 2.01 (dd, J = 12.9,
4.3 Hz, 1H), 1.84 (s, 3H).

13C NMR (100 MHz, CDCl3) d 133.5, 132.8, 132.7, 128.17, 124.8, 124.3,
77.8, 60.4, 46.9, 40.3, 39.7, 32.9, 22.9, 22.4.

IR (neat) m = 2928, 1753, 1215, 1067, 959, 717 cm-1.
HRMS calculated for [C14H18NaO]+: 225.1250, found: 225.1245.

Prepared according to GP1, colorless oil, 11 % (dr [ 25:1). 1H NMR
(400 MHz, CDCl3) d 5.88–5.83 (m, 1H), 5.80 (dq, J = 4.7, 2.3 Hz, 1H), 5.76
(dd, J = 2.7, 1.4 Hz, 1H), 5.55 (s, 1H), 4.69 (d, J = 13.5 Hz, 1H), 4.60 (d,
J = 13.5 Hz, 1H), 3.11–3.04 (m, 1H), 2.99–2.91 (m, 1H), 2.74 (ddt, J = 17.0, 5.2,
2.2 Hz, 1H), 2.61 (ddd, J = 13.1, 8.1, 1.5 Hz, 1H), 2.38 (ddq, J = 17.0, 9.3,
1.9 Hz, 1H), 1.95–1.88 (m, 1H), 1.92 (s, 3H), 1.85 (s, 3H).

13C NMR (100 MHz, CDCl3) d 141.6, 140.1, 134.1, 132.2, 120.3, 116.0, 91.1,
75.3, 46.6, 41.8, 39.1, 33.6, 27.3, 20.4.

HRMS calculated for [C14H18NaO]+: 225.1250, found: 225.1251.

(i) To a solution of pyridinium chlorochromate (314 mg, 1.45 mmol, 4 equiv.)
and celite (270 mg) in dichloromethane (3.5 mL) is added dropwise a
solution of bicyclic enol ether 91 (75 mg, 0.36 mmol, 1 equiv.) in 0.5 mL of
dichloromethane. The mixture is stirred at rt and the reaction progress is
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monitored by TLC. Once the starting material is totally consumed, the
solution is filtered on a short pad of silica and the dark brown deposit is
washed several times with ether. The filtrate is evaporated under reduced
pressure and the resulting brown oil is purified by flash column
chromatography (pentane/AcOEt 85:15) to afford ketolactone 136 as
colorless oil in 58 % yield.

(ii) To a solution of bicyclic enol ether 91 (81 mg, 0.39 mmol, 1 equiv.) and
ruthenium dioxide (2.6 mg, 0.02 mmol, 0.05 equiv.) in a 1:1 mixture of
carbon tetrachloride/water (8 mL) is added sodium periodate (334 mg,
1.56 mmol, 4 equiv.). The reaction is stirred at rt overnight, and then
extracted 3 times with dichloromethane. The combined organic extracts are
dried over magnesium sulfate, filtered and the solvent removed under
reduced pressure. The crude product is purified by flash column
chromatography (pentane/AcOEt 85:15) to afford ketolactone 136 as
colorless oil in 59 % yield. 1H NMR (400 MHz, CDCl3) d 4.48 (dd,
J = 11.7, 6.1 Hz, 1H), 3.83 (dd, J = 11.8, 6.4 Hz, 1H), 2.83 (ddd, J = 16.7,
10.0, 2.1 Hz, 1H), 2.46–2.33 (m, 2H), 2.28 (td, J = 8.4, 3.2 Hz, 2H),
1.97–1.85 (m, 1H), 1.85–1.76 (m, 1H), 1.74–1.62 (m, 2H), 1.57–1.46 (m,
2H), 1.33–1.12 (m, 4H), 0.89–0.80 (m, 1H), 0.84 (t, J = 6.9 Hz, 3H), 0.75
(q, J = 3.5 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 209.4, 172.7, 63.3, 39.8, 36.6, 36.2, 34.8, 29.8,
28.4, 22.8, 22.8, 22.5, 18.4, 14.0.

IR (neat) m = 2928, 2861, 1730, 1696, 1231, 1032 cm-1.
HRMS calculated for [C14H22NaO3]+: 261.1461, found: 261.1464.

Prepared according to the same procedures than for 136 (i) 54 %, (ii) 82 % or
(iii) Ozone is bubbled in a 0.1 M solution of 133 in a 4:1 mixture of
dichloromethane/methanol at -78 �C. When the solution becomes blue, ozone
bubbling is removed and the solution is allowed to warm up to rt under a
continuous flow of air. Once the mixture is decolorated, the solvent is removed ant
the crude oil is purified by flash column chromatography (pentane/AcOEt 85:15)
to afford ketolactone 137 as a white solid in 22 % yield. 1H NMR (400 MHz,
CDCl3) d 7.74–7.63 (m, 2H), 7.68 (s, 1H), 7.39–7.28 (m, 2H), 7.19 (s, 1H), 4.41
(dd, J = 10.5, 0.9 Hz, 1H), 3.97 (dd, J = 10.5, 1.5 Hz, 1H), 2.21 (td, J = 8.5,
4.4 Hz, 1H), 1.80 (tdt, J = 8.2, 5.4, 1.4 Hz, 1H), 1.17 (q, J = 5.2 Hz, 1H),
1.14–1.06 (m, 1H).

13C NMR (100 MHz, CDCl3) d 151.7, 132.7, 129.8, 128.9, 126.8, 126.6,
125.4, 124.2, 112.7, 63.4, 17.6, 13.6, 9.9, 1.2.

IR (neat) m = 2924, 2855, 1744, 1455, 1268, 991, 917, 875, 747 cm-1.
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HRMS calculated for [C14H12NaO]+: 219.0780, found: 219.0783.

Samarium metal (242 mg) is recovered by THF (15 mL), and subsequently are
added 416 mg (1.47 mmol) of diiodoethane. The solution is sonicated until it takes
a dark blue color (about 1.5–2 h), then cooled down to 0 �C and anhydrous HMPA
(dried over activated molecular sieve, 0.512 mL, 2.95 mmol, 6.68 equiv.) is
added, followed by dropwise addition of a solution of cyclopropylketone 154
(105 mg, 0.44 mmol, 1 equiv.) in 10 mL of THF. The mixture is stirred at 0 �C for
45 min and quenched with a saturated aqueous solution of NaHCO3. The aqueous
layer is extracted twice with Et2O, the combined organic extracts dried over
MgSO4, filtered and the solvent removed under reduced pressure. The crude
product is purified by flash column chromatography (pentane/AcOEt 3:2) to afford
acid 156 as yellow oil in 69 % yield. 1H NMR (300 MHz, CDCl3) d 9.67 (br s,
1H), 5.67 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H), 5.06–4.91 (m, 2H), 2.52 (ddd,
J = 13.7, 7.9, 5.9 Hz, 1H), 2.45–2.30 (m, 4H), 2.30–2.22 (m, 1H), 2.20–2.07 (m,
1H), 1.66–1.49 (m, 5H), 1.45–1.09 (m, 6H), 0.85 (t, J = 7.1 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 213.8, 179.6, 135.8, 116.8, 52.0, 42.2, 36.0,
34.0, 31.2, 29.6, 24.3, 22.9, 22.8, 14.0.

IR (neat) m = 2932, 1707, 917 cm-1.
HRMS calculated for [C14H24NaO3]+: 263.1618, found: 263.1618.

A solution of cyclopropylketone 136 (40 mg, 0.17 mmol, 1 equiv.), Bu3SnH
(0.113 mL, 0.42 mmol, 2.5 equiv.) and AIBN (recrystalized from acetone, 28 mg,
0.17 mmol, 1 equiv.) in benzene (1.7 mL) is heated in a sealed tube for 5 h. The
solution is evaporated under reduced pressure and the crude oil is purified by flash
column chromatography (pentane/AcOEt 85:15) to afford ketolactone 142 as
colorless oil in 65 % yield (73 % brsm). 1H NMR (300 MHz, CDCl3) d 4.24–4.13
(m, 1H), 4.02–3.90 (m, 1H), 2.61 (ddd, J = 17.7, 10.3, 2.4 Hz, 1H), 2.54–2.32 (m,
3H), 2.30–2.16 (m, 1H), 2.08–1.44 (m, 8H), 1.37–1.12 (m, 4H), 0.86 (t,
J = 6.8 Hz, 3H).

13C NMR (75 MHz, CDCl3) d 213.4, 173.6, 65.2, 52.1, 39.9, 34.3, 33.2, 29.7,
29.3, 25.9, 22.9, 22.9, 21.5, 14.0.
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IR (neat) m = 2932, 1730, 1246, 1171, 1041 cm-1.

Over 4 h is added via a dropping funnel a solution of trichloroacetyl chloride
(Aldrich, 12.3 mL, 20.0 g, 110 mmol) and phosphorus oxychloride (1.0 mL,
1.69 g, 11 mmol, 0.1 equiv.) in anhydrous methyl acetate (100 mL) to a
suspension of zinc dust (14.2 g, 220 mmol, 2 equiv.), copper powder (7.0 g,
110 mmol, 1 equiv.) and vinyl acetate (50 mL, 47.4 g, 550 mmol, 5 equiv.) in
anhydrous methyl acetate (100 mL) at rt. The mixture was stirred for 12 h after
addition was completed. Zinc dust (14.2 g, 220 mmol, 2 equiv.) was then added
and the mixture was cooled to 0–5 �C. Acetic acid (45 mL) was added dropwise at
a rate to keep the internal température \10 �C. After addition was complete, the
mixture was stirred for 3 h at rt, concentrated to remove ca. 90 % of the methyl
acetate, and stirred for 12 h at rt. The mixture was then diluted with heptane
(40 mL) and methyl acetate (40 mL), and filtered to remove the solids. The solids
were washed with methyl acetate (2 9 20 mL) and the yellow/brown filtrate was
quenched with a 10 % aqueous solution of NaHCO3. The organic layer is washed
with brine and water, dried over MgSO4, filtered and the solvent removed under
reduced pressure. The crude product is purified by flash column chromatography
(pentane/AcOEt 85:15) to afford 3-acetoxycyclobutanone as a yellow oil, 13 %
yield.

Alkynylation of 3-acetoxycyclobutanone with trimethylsilyl acetylene was
realized identically as reported in the synthesis of enynes 125–127 (47 % yield).
To a solution of the resulting alcohol (547 mg, 2.42 mmol, 1 equiv.) in DMSO
(5 mL) is added KF (561 mg, 9.68 mmol, 4 equiv.) and few drops of water. The
reaction mixture is stirred at rt for 1 h, then diluted with 5 mL of water and 10 mL
of Et2O. The aqueous layer is extracted twice with Et2O (15 mL), and the
combined organic extracts are washed with brine and water, dried over MgSO4,
filtered and the solvent removed under reduced pressure to afford 3-acetoxy-1-
ethynylcyclobutanol as a yellow oil (290 mg, 78 %).

To a solution of NaH (68 mg, 2.83 mmol, 1.5 equiv.), NaI (28 mg, 0.19 mmol,
0.1 equiv.) and allyl bromide (0.65 mL, 7.52 mmol, 4 equiv.) in DMF (5 mL) is
added at 0 �C via a canula a solution of 3-acetoxy-1-ethynylcyclobutanol (290 mg,
1.88 mmol, 1 equiv.) in DMF (5 mL). The resulting solution is stirred at rt for
18 h, then quenched with water (2 mL). The aqueous layer is extracted with Et2O
(3 9 5 mL), and the combined organic extracts are washed with water and brine,
dried over MgSO4, filtered and the solvent removed under reduced pressure. The
crude product is purified by flash column chromatography (pentane/ Et2O 8:2) to
afford enyne 148 in pure form as a colorless oil in 63 % yield (dr [ 25:1).
1H NMR (400 MHz, CDCl3) d 5.94 (ddt, J = 17.0, 11.2, 5.7 Hz, 1H), 5.38–5.29
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(m, 1H), 5.19 (d, J = 10.4 Hz, 1H), 4.93 (p, J = 7.3 Hz, 1H), 4.04–4.02 (m, 2H),
2.91 (ddd, J = 10.0, 7.1, 2.9 Hz, 2H), 2.54 (s, 1H), 2.35 (ddd, J = 10.4, 7.7,
2.8 Hz, 2H), 2.04 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.6, 134.5, 117.5, 84.3, 74.0, 66.2, 65.8,
61.6, 44.4, 21.0.

HRMS calculated for [C11H14NaO3]+: 217.0835, found: 217.0839.

Prepared from enyne 148 through the same procedure than for the synthesis of
59 and 60. Colorless oil, quantitative yield. 1H NMR (400 MHz, CDCl3) d 5.95
(ddt, J = 17.1, 10.4, 5.7 Hz, 1H), 5.32 (dq, J = 17.2, 1.6 Hz, 1H), 5.18 (dq,
J = 10.4, 1.3 Hz, 1H), 4.32–4.19 (m, 1H), 4.02 (dt, J = 5.7, 1.4 Hz, 2H),
2.89–2.78 (m, 2H), 2.50 (s, 1H), 2.27–2.16 (m, 2H), 1.84 (d, J = 5.7 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 134.6, 117.3, 84.9, 73.4, 66.1, 66.0, 60.1, 47.3
(2C).

To a solution of alcohol 149 (157 mg, 1.03 mmol, 1 equiv.) in DMF are added
imidazole (84 mg, 1.24 mmol, 1.2 equiv.) and tert-butyldiphenylsilyl chloride
(340 mg, 1.24 mmol, 1.2 equiv.). The reaction mixture is stirred at rt overnight then
quenched with water. The aqueous layer is extracted three times with diethyl ether,
and the combined organic extracts are washed with water and brine, dried over
MgSO4 and filtered. The solvent is removed under reduced pressure and the silyl
ether is obtained spectroscopically pure in 98 % yield as colorless oil. 1H NMR
(400 MHz, CDCl3) d 7.66–7.62 (m, 3H), 7.46–7.35 (m, 7H), 5.95 (ddt, J = 17.2,
10.4, 5.7 Hz, 1H), 5.32 (dq, J = 17.2, 1.6 Hz, 1H), 5.18 (dq, J = 10.4, 1.3 Hz, 1H),
4.26–4.15 (m, 1H), 3.98 (dt, J = 5.7, 1.4 Hz, 2H), 2.65 (ddd, J = 11.7, 6.0, 2.6 Hz,
2H), 2.37 (s, 1H), 2.36–2.30 (m, 2H), 1.07 (s, 3H), 1.03 (s, 6H).

13C NMR (100 MHz, CDCl3) d 135.6 (4C), 135.3, 135.0, 134.7, 134.0, 129.8,
127.9, 127.8 (4C), 117.3, 85.2, 73.2, 66.1, 64.9, 60.5, 47.5, 26.8 (2C), 26.7, 19.1 (3C).
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Prepared according to GP1, colorless oil, 53 % (dr [ 25:1). 1H NMR
(400 MHz, CDCl3) d 6.21–6.14 (m, 1H), 5.88–5.80 (m, 1H), 5.03 (s, 1H),
4.90–4.81 (m, 2H), 4.23 (td, J = 2.1, 1.1 Hz, 2H), 2.76–2.67 (m, 2H), 2.35–2.26
(m, 2H), 2.05 (s, 3H).

13C NMR (100 MHz, CDCl3) d 170.8, 144.2, 127.8, 125.9, 108.9, 71.2, 61.8,
61.4, 41.0 (2C), 21.1.

HRMS calculated for [C11H14NaO3]+: 217.0835, found: 217.0834.

Prepared according to GP1, colorless oil, 40 %. 1H NMR (400 MHz, CDCl3) d
7.69–7.62 (m, 4H), 7.47–7.33 (m, 6H), 6.12–6.04 (m, 1H), 5.85–5.77 (m, 1H), 4.66
(d, J = 5.8 Hz, 2H), 4.23–4.21 (m, 2H), 4.10 (p, J = 7.1 Hz, 1H), 2.51–2.43
(m, 2H), 2.36–2.26 (m, 2H), 1.03 (s, 9H).

13C NMR (101 MHz, CDCl3) d 144.8 (2C), 135.6 (4C), 134.2, 129.8 (2C),
127.9, 127.8 (4C), 125.9, 108.4, 70.1, 61.4, 60.7, 44.1 (2C), 26.7, 19.1 (3C).

HRMS calculated for [C25H30NaO2Si]+: 413.1907, found: 413.1910.

Experimental Section Related to Chap. 3
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N,N-dimethylhydrazine (1.15 mL, 15 mmol, 3 equiv.) was added to the ketone
(5 mmol, 1 eq) at rt. The reaction mixture was stirred overnight, quenched with
saturated NH4Cl, and extracted with diethyl ether. The combined organic extracts
were washed with brine, dried over magnesium sulfate and filtered. The solvent
was removed by rotary evaporation. The residue was engaged in the next step
without further purification.

Hydrazone (5 mmol, 1 equiv.) was diluted in 5 mL of THF under argon. Then,
n-butyllithium (2.4 mL, 5.5 mmol, 1.1 equiv, 2.3 M in hexane) was added to the
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solution at -78 �C. The mixture was stirred at this temperature for 1 h. The
bromide (1.25 g, 6 mmol, 1.2 equiv.) was added to the solution, which was
allowed to stir at rt overnight. The reaction mixture was quenched with 2 M
aqueous HCl and stirred for 2 h, then extracted with diethyl ether. The combined
organic extracts were washed with brine, dried over magnesium sulfate and
filtered. The solvent was removed by rotary evaporation. The crude ketone was
engaged in the next step without further purification.

Yellow oil, 88 %.1H NMR (300 MHz, CDCl3) d 2.59 (d, J = 16.3 Hz, 2H),
2.34 (d, J = 17.0 Hz, 4H), 2.06 (s, 2H), 1.79 (s, 1H), 0.13 (s, 9H).

Yellow oil, 88 %.1H NMR (300 MHz, CDCl3) d 2.68 (dd, J = 17.2, 4.0 Hz,
1H), 2.55–2.37 (m, 3H), 2.32 (dd, J = 13.1, 5.5 Hz, 1H), 2.20 (dd, J = 17.2,
9.0 Hz, 1H), 2.14–2.04 (m, 1H), 1.98–1.81 (m, 1H), 1.80–1.58 (m, 2H), 1.48–1.28
(m, 1H), 0.14 (s, 9H).

Brown solid, 91 %. 1H NMR (300 MHz, CDCl3) d 4.17–3.88 (m, 4H),
2.90–2.49 (m, 3H), 2.48–2.16 (m, 3H), 2.16–1.89 (m, 2H), 1.89–1.61 (m, 1H), 0.11
(s, 9H).

13C NMR (75 MHz, CDCl3) d 209.3, 107.4, 104.7, 86.4, 64.9, 64.7, 45.6, 39.5,
38.1, 34.7, 19.9, 0.2 (3C).

IR (neat) m = 2958, 2175, 1715, 1250, 1051, 840, 760, 643 cm-1.
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Yellow oil, 95 %. 1H NMR (300 MHz, CDCl3) d 2.78–2.64 (m, 1H),
2.61–2.38 (m, 3H), 2.30 (dd, J = 17.1, 8.7 Hz, 1H), 2.08–1.95 (m, 1H), 1.96–1.76
(m, 3H), 1.75–1.58 (m, 1H), 1.52–1.25 (m, 3H), 0.14 (s, 9H).

To a stirred solution of alkyne (2.2 mmol, 1.1 equiv.) in 22 mL of THF under
argon at -78 �C was added dropwise n-butyllithium (1.2 mL, 2.8 mmol, 1.4 eq,
2.4 M in hexane). After 1 h, the ketone (2 mmol, 1 equiv.) was added to the
solution. The reaction was allowed to warm up to RT and stirred for 2 h. The
reaction mixture was quenched with saturated NH4Cl and extracted with diethyl
ether. The combined organic extracts were washed with brine, dried over
magnesium sulfate and filtered. The solvent was removed by rotary evaporation.
The crude propargyl alcohol was engaged in the next step without further
purification.

To a stirred solution of alcohol (1 mmol, 1.0 equiv.), Et3N (0.53 mL, 4 mmol,
4 equiv.) and 4-DMAP (12 mg, 0.1 mmol, 0.1 equiv.) in CH2Cl2 (10 mL) was
added acetic anhydride (0.38 mL, 4 mmol, 4 equiv.) at 0 �C. The solution was
then allowed to warm to rt and was stirred further until completion (3–4 h at rt).
The reaction was quenched with aqueous saturated NH4Cl solution and the
resulting aqueous layer was extracted with CH2Cl2. The combined organic layers
were washed with brine, dried over anhydrous MgSO4, filtered and evaporated to
give crude acetate as oil. Purification was achieved by flash column
chromatography on silica gel (PE/Et2O gradient).

To a solution of the silylated alkyne in DMSO (0.5 M) are added few drops of
water and potassium fluoride (4 equiv.). The reaction is stirred at rt during 2–4 h
and then diluted in diethyl ether. The resulting mixture is washed twice with water
and dried over MgSO4. The solvent is evaporated under reduced pressure and the
crude product purified by flash column chromatography over silica gel using
gradient mixtures of pentane and diethyl ether.

Products 70–84 were obtained as mixture of diastereomers (dr assessed by 1H
NMR) in 36–56 % overall yield.

Colorless oil (75:25 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
7.51–7.41 (m, 2H), 7.38–7.27 (m, 3H), 2.84–2.71 (m, 1H), 2.69–2.51 (m, 2H),
2.39–2.26 (m, 1H), 2.23–2.09 (m, 2H), 2.06 (s, 3H), 1.98–1.92 (m, 1H), 1.78–1.62
(m, 1H).

13C NMR (100 MHz, CDCl3) d 169.1, 132.0, 128.7 (2C), 128.3 (2C), 122.3,
87.7, 85.8, 82.1, 75.1, 69.0, 45.3, 34.0, 21.4, 21.2, 20.4.
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HRMS calculated for [C17H16NaO2]+: 275.1043, found: 275.1040.

Colorless oil (75:25 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
2.74–2.55 (m, 1H), 2.54–2.33 (m, 2H), 2.31–2.14 (m, 3H), 2.13–1.98 (m, 1H), 2.02
(s, 3H), 1.95–1.89 (m, 1H), 1.65–1.54 (m, 1H), 1.55–1.45 (m, 2H), 1.46–1.34 (m,
2H), 0.91 (t, J = 7.2 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 169.4, 88.8, 82.5, 75.2, 73.2, 72.9, 68.7, 45.1,
34.3, 30.8, 22.1, 21.5, 21.1, 18.7, 13.8.

IR (neat) m = 3293, 2956, 1743, 1368, 1226, 1089, 1030, 630 cm-1.
HRMS calculated for [C15H20NaO2]+: 255.1356, found: 255.1360.

Yellow solid (87:13 mixture of diastereomers), mp = 64 �C. 1H NMR
(400 MHz, CDCl3) d 7.44–7.42 (m, 2H), 7.31–7.29 (m, 3H), 2.75 (ddd, J = 16.2,
3.8, 2.7 Hz, 1H), 2.53 (ddd, J = 13.6, 8.4, 6.7 Hz, 1H), 2.48–2.41 (m, 1H), 2.36
(ddd, J = 16.2, 10.3, 2.6 Hz, 1H), 2.21–2.07 (m, 2H), 2.06 (s, 3H), 1.96 (t,
J = 2.6 Hz, 1H), 1.88–1.70 (m, 2H), 1.60 (m, 1H).

13C NMR (100 MHz, CDCl3) d 169.4 (C), 131.8 (CH), 128.5 (CH), 128.2
(CH), 122.5 (C), 87.7 (C), 86.4 (C), 83.2 (CH), 82.9 (C), 68.9 (CH), 48.9 (CH),
39.6 (CH2), 28.4 (CH2), 21.7 (CH3), 21.3 (CH2), 20.8 (CH2).

IR (neat) m = 633, 690, 756, 1014, 1232, 1366, 1740, 2230, 2874, 2958, 3295.
HRMS calculated for [C18H18O2Na]+: 289.1199, found: 289.1198.

White solid (80:20 mixture of diastereomers), mp = 45 �C. 1H NMR
(400 MHz, CDCl3) d 2.61 (ddd, J = 16.4, 4.1, 2.7 Hz, 1H), 2.41–2.25 (m, 2H),
2.24–2.14 (m, 1H), 2.11–1.98 (m, 2H), 2.00 (s, 3H), 1.93 (t, J = 2.7 Hz, 1H),
1.80–1.62 (m, 2H), 1.53–1.43 (m, 1H), 1.31–1.21 (m, 1H), 0.76 (ddd, J = 7.2, 6.5,
3.8 Hz, 2H), 0.69–0.64 (m, 2H).
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13C NMR (100 MHz, CDCl3) d 169.6 (C), 91.9 (C), 83.6 (C), 83.0 (C), 72.4
(C), 68.7 (CH), 48.9 (CH), 39.6 (CH2), 21.9 (CH3), 21.3 (CH2), 20.8 (CH2), 8.7
(CH2), 8.6 (CH2), 0.29 (CH).

IR (neat) m = 697, 1021, 1244, 1371, 1723, 2232, 2342, 2360, 2874, 2966,
3007, 3243.

HRMS calculated for [C15H18O2Na]+: 253.1199, found: 253.1202.

Orange oil (87:13 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
2.64 (ddd, J = 16.0, 3.7, 2.6 Hz, 1H), 2.40 (ddd, J = 13.8, 8.4, 6.6 Hz, 1H),
2.36–2.18 (m, 4H), 2.10–1.98 (m, 2H), 2.01 (s, 3H), 1.94 (t, J = 2.6 Hz, 1H),
1.81–1.64 (m, 2H), 1.57–1.34 (m, 5H), 0.90 (t, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 169.7 (C), 88.7 (C), 83.7 (C), 83.1 (C), 77.3
(C), 68.6 (CH), 48.8 (CH), 39.6 (CH2), 30.9 (CH2), 28.3 (CH2), 22.1 (CH2), 21.9
(CH2), 21.2 (CH2), 20.8 (CH2), 18.6 (CH3), 13.7 (CH3), one carbone missed due to
overlapping.

IR (neat) m = 628, 1012, 1038, 1229, 1366, 1742, 2119, 2873, 2933, 2957,
3292.

HRMS calculated for [C16H22O2Na]+: 269.1512, found: 269.1517.

Colorless oil (67:33 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
7.44 (dt, J = 8.0, 3.5 Hz, 2H), 7.33–7.27 (m, 3H), 2.96–2.84 (m, 1H), 2.76
(dt, J = 16.7, 3.1 Hz, 1H), 2.33–2.12 (m, 2 H), 2.07 (s, 1H), 2.05 (s, 2H), 1.98
(t, J = 2.6 Hz, 1H), 1.80–1.55 (m, 4H), 1.52–1.29 (m, 3H).

13C NMR (100 MHz, CDCl3) d 169.2 (C), 132.0 (CH), {128.7 (CH), 128.6
(CH)}, {128.4 (CH), 128.3 (CH)}, {122.7 (C), 122.6 (C)}, 89.1 (C), 85.5 (C), 83.6
(CH), 79.9 (C), {69.3 (C), 69.2 (C)}, {46.2 (CH), 46.1 (CH)}, {36.4 (CH2), 34.9
(CH2)}, {28.5 (CH2), 26.2 (CH2)}, {25.2 (CH2), 24.7 (CH2)}, {23.8 (CH2), 21.3
(CH2)}, {22.2 (CH3), 21.9 (CH3)}, {20.4 (CH2), 20.3 (CH2)}.

IR (neat) m = 690, 756, 1015, 1223, 1366, 1443, 1490, 1740, 2118, 2859,
2933, 3294.
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HRMS calculated for [C19H20O2Na]+: 303.1356, found: 303.1358.

Pale yellow solid (85:15 mixture of diastereomers), mp = 81 �C. 1H NMR
(400 MHz, CDCl3) d 7.46–7.42 (m, 2H), 7.32–7.28 (m, 3H), 4.03–3.93 (m, 4H),
2.90 (td, J = 12.8, 3.7 Hz, 1H), 2.76 (td, J = 16.4, 2.7 Hz, 1H), 2.39–2.23
(m, 2H), 2.17 (td, J = 14.2, 3.2 Hz, 1H), 2.06 (s, 3H), 1.99 (t, J = 2.8 Hz, 1H),
1.97–1.83 (m, 1H), 1.82–1.70 (m, 2H), 1.62–1.51 (m, 1H).

13C NMR (100 MHz, CDCl3) d 169.1 (C), 131.9 (CH), 128.7 (CH), 128.2
(CH), 122.1 (C), 107.4 (C), 89.0 (C), 84.2 (C), 82.6 (C), 78.2 (C), 69.6 (CH), 64.6
(CH2), 64.3 (CH2), 43.6 (CH), 36.5 (CH2), 33.0 (CH2), 32.2 (CH2), 21.9 (CH3),
20.0 (CH2).

IR (neat) m = 918, 1221, 1364, 1444, 1491, 1741, 2117, 2227, 2892, 2954,
3253 cm-1.

HRMS calculated for [C21H22O4Na]+: 361.1410, found: 361.1413.

Pale yellow oil (96:4 mixture of diastereomers). 1H NMR (400 MHz, CDCl3)
d 7.73–7.68 (m, 4H), 7.46–7.38 (m, 6H), 4.41 (s, 2H), 4.01–3.91 (m, 4H),
2.80–2.75 (m, 1H), 2.63 (td, J = 17.1, 3.2 Hz, 1H), 2.29–2.21 (m, 1H), 2.17–2.06
(m, 2H), 2.01 (s, 3H), 1.98 (t, J = 2.5 Hz, 1 H), 1.86-1.58 (m, 4 H), 1.06 (s, 9 H).

13C NMR (100 MHz, CDCl3) d 169.0 (C), 135.6 (CH), 133.1 (C), 133.0 (C),
129.9 (CH), 127.8 (CH), 107.4 (C), 87.5 (C), 82.7 (C), 80.0 (C), 77.8 (C), 69.5
(CH), 64.5 (CH2), 64.3 (CH2), 43.4 (CH), 36.2 (CH2), 32.8 (CH2), 32.0 (CH2),
26.7 (CH3), 21.9 (CH3), 19.8 (CH2), 19.2 (CH2).

IR (neat) m = 1111, 1280, 1428, 1472, 1744, 2120, 2859, 2888, 2932, 2958,
3052, 3304 cm-1.
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HRMS calculated for [C32H38O5SiNa]+: 553.2386, found: 553.2385.

White solid (dr [ 25:1), mp = 73 �C. 1H NMR (400 MHz, CDCl3) d
3.99–3.88 (m, 4H), 2.76–2.69 (m, 1H), 2.63 (dt, J = 17.1, 2.9 Hz, 1H),
2.27–2.16 (m, 1H), 2.15–2.03 (m, 2H), 1.99 (s, 3H), 1.96 (t, J = 2.5 Hz, 1H),
1.88–1.65 (m, 3H), 1.58 (t, J = 22.5 Hz, 1H), 1.20 (s, 9H).

13C NMR (100 MHz, CDCl3) d 168.9 (C), 107.5 (C), 98.1 (C), 82.8 (C), 78.0
(C), 73.6 (C), 69.4 (CH), 64.5 (CH2), 64.2 (CH2), 43.4 (CH), 36.5 (CH2), 33.0
(CH2), 32.2 (CH2), 30.8 (CH3), 27.5 (C), 22.0 (CH3), 19.8 (CH2).

IR (neat) m = 931, 1018, 1108, 1228, 1366, 2120, 2230, 2870, 2964,
3262 cm-1.

HRMS calculated for [C19H26O4Na]+: 341.1723, found: 341.1724.

White solid (83:17 mixture of diastereomers), mp = 119 �C. 1H NMR (400
MHz, CDCl3) d 4.00–3.92 (m, 4H), 2.78–2.74 (m, 1H), 2.69–2.63 (m, 1H),
2.27–2.07 (m, 3H), 2.02 (s, 3H), 1.97 (t, J = 2.5 Hz, 1H), 1.88 (s, 3H), 1.80–1.52
(m, 4H).

13C NMR (100 MHz, CDCl3) d 169.3 (C), 107.5 (C), 85.3 (C), 82.7 (C), 78.3
(C), 74.2 (C), 69.4 (CH), 64.5 (CH2), 64.3 (CH2), 43.5 (CH), 36.3 (CH2), 32.9
(CH2), 32.1 (CH2), 22.0 (CH3), 19.8 (CH2), 3.7 (CH3).

IR (neat) m = 985, 1046, 1230, 1370, 1440, 1743, 2117, 2240, 2889, 2937,
2962, 3272 cm-1.

HRMS calculated for [C16H20O4Na]+: 299.1254, found: 299.1251.
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White solid (81:19 mixture of diastereomers), mp = 79 �C. 1H NMR
(400 MHz, CDCl3) d 3.99–3.91 (m, 4H), 2.80–2.75 (m, 1H), 2.70–2.64
(m, 1H), 2.28–2.21 (m, 1H), 2.19–2.09 (m, 2H), 2.02 (s, 3H), 1.97
(t, J = 2.6 Hz, 1H), 1.90–1.85 (m, 1H), 1.81–1.55 (m, 3H), 0.17 (s, 9H).

13C NMR (100 MHz, CDCl3) d 169.3 (C), 107.4 (C), 94.4 (C), 82.5 (C), 77.9
(C), 76.7 (C), 69.4 (CH), 64.5 (CH2), 64.3 (CH2), 43.2 (CH), 36.4 (CH2), 32.7
(CH2), 32.1 (CH2), 21.9 (CH3), 19.8 (CH2), 0.1 (CH3).

IR (neat) m = 843, 1250, 1369, 1740, 2119, 2168, 2874, 2892, 2957,
3256 cm-1.

HRMS calculated for [C18H26O4SiNa]+: 357.1492, found: 357.1489.

Pale yellow oil (94:6 mixture of diastereomers). 1H NMR (400 MHz, CDCl3)
d 3.99–3.88 (m, 4H), 2.75–2.54 (m, 2H), 2.17–1.99 (m, 3H), 1.97–1.89 (m, 4H),
1.86–1.75 (m, 1H), 1.72–1.49 (m, 3H), 1.25–1.18 (m, 1H), 0.76–0.69 (m, 2H),
0.65–0.59 (m, 2H).

13C NMR (100 MHz, CDCl3) d 169.1 (C), 107.4 (C), 93.0 (C), 82.7 (C), 78.1
(C), 70.1 (C), 69.5 (CH), 64.5 (CH2), 64.2 (CH2), 43.4 (CH), 36.4 (CH2), 33.0
(CH2), 32.1 (CH2), 21.9 (CH3), 19.8 (CH2), 8.6 (CH2), 8.5 (CH2), 0.5 (CH).

IR (neat) m = 934, 1230, 1366, 1430, 1742, 2117, 2240, 2881, 2956,
3272 cm-1.

HRMS calculated for [C18H22O4Na]+: 325.1410, found: 325.1406.

Yellow oil (93:7 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
6.13–6.10 (m, 1H), 4.00–3.85 (m, 4H), 2.81–2.77 (m, 1H), 2.70–2.65 (m, 1H),
2.31–2.05 (m, 7H), 2.01 (s, 3H), 1.97 (t, J = 2.3 Hz, 1H), 1.91–1.64 (m, 3H),
1.62–1.51 (m, 5H).

13C NMR (100 MHz, CDCl3) d 169.1 (C), 136.0 (CH), 130.0 (C), 107.5 (C),
90.9 (C), 82.8 (C), 81.3 (C), 78.4 (C), 69.4 (CH), 64.5 (CH2), 64.3 (CH2), 43.5

Experimental Section 197



(CH), 36.4 (CH2), 33.0 (CH2), 32.1 (CH2), 29.1 (CH2), 25.6 (CH2), 22.2 (CH3),
21.9 (CH2), 21.4 (CH2), 19.9 (CH2).

IR (neat) m = 935, 1111, 1230, 1365, 1645, 1740, 2117, 2885, 2954,
3260 cm-1.

HRMS calculated for [C21H26O4Na]+: 365.1725, found: 365.1728.

Pale yellow oil (97:3 mixture of diastereomers). 1H NMR (400 MHz, CDCl3)
d 3.95–3.89 (m, 4H), 2.78–2.69 (1H), 2.66–2.59 (m, 1H), 2.26–2.04 (m, 7H),
2.01–1.93 (m, 4H), 1.90–1.59 (m, 4H), 1.58–1.43 (m, 6H), 0.10 (s, 9H). 13C NMR
(CDCl3) d 169.0 (C), 107.4 (C), 89.6 (C), 84.4 (C), 82.7 (C), 78.2 (C), 77.5 (C),
75.2 (C), 69.4 (CH), 64.5 (CH2), 64.2 (CH2), 43.4 (CH), 36.4 (CH2), 33.0 (CH2),
28.2 (CH2), 28.1 (CH2), 28.0 (CH2), 21.9 (CH3), 19.8 (CH2), 19.7 (CH2), 18.6
(CH2), 0.1 (CH3), one carbon missed due to overlapping. IR (neat) m = 840, 1230,
1367, 1745, 2119, 2172, 2238, 2936, 3282 cm-1.

HRMS calculated for [C25H36O4SiNa]+: 451.2275, found: 451.2270.

Pale yellow oil (8:2 mixture of diastereomers). 1H NMR (400 MHz, CDCl3) d
7.46–7.41 (m, 2H), 7.31–7.26 (m, 3H), 2.85–2.79 (m, 0.5H), 2.65–2.57 (m, 0.5H),
2.38–2.06 (m, 3H), 2.05 (s, 2H), 2.04 (s, 2H), 2.00–1.96 (m, 1H), 1.90–1.72
(m, 2H), 1.70–1.52 (m, 4H), 1.51–1.39 (m, 2H).

13C NMR (100 MHz, CDCl3) d 169.0 (C), {131.9 (CH), 131.8 (CH)}, 128.4
(CH), {128.2 (CH), 128.1 (CH)}, 122.6 (C), {90.3 (C), 89.9 (C)}, {85.4 (C), 85.3
(C)}, 84.2 (C), {79.9 (C), 79.3 (C)}, 68.8 (CH), 50.4 (CH), 40.3 (CH2), 38.1
(CH2), {28.6 (CH2), 28.3 (CH2)}, {27.4 (CH2), 26.9 (CH2)}, 22.4 (CH2), {22.2
(CH3), 21.8 (CH3)}, {21.6 (CH2), 21.4 (CH2)}.

IR (neat) m = 896, 1264, 1421, 1737, 2227, 2860, 2933, 2987, 3054,
3302 cm-1.
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HRMS calculated for [C20H22O2Na]+: 317.1512, found: 317.1508.

To a solution of 4-pentynol (5.9 g, 70 mmol, 1 equiv.) in THF (100 mL) is
added dropwise at -78 �C n-butyllithium (2.5 M in hexanes, 60 mL, 147 mmol,
2.1 equiv.). The mixture is slowly allowed to warm to rt, then cooled down again
to -78 �C. Freshly distilled TMSCl (20 mL, 154 mmol, 2.2 equiv.) is added
dropwise to the mixture, which is then allowed to warm to rt and stirred for 2 h.
The mixture is then quenched with a 3 M HCl aqueous solution, and the resulting
biphasic system is vigorously stirred for 3 h. The aqueous layer is extracted twice
with Et2O, and the combined organic extracts are washed with brine, dried over
anhydrous MgSO4, filtered and evaporated to give 5-trimethylsilyl-4-pentynol in
pure form in quantitative yield.

5-Trimethylsilyl-4-pentynol (4 g, 25.6 mmol, 1 equiv.) is added dropwise at rt
to a suspension of PCC (8.3 g, 38.4 mmol, 1.5 equiv.) in CH2Cl2 (60 mL). The
reaction mixture is stirred at rt for 2 h, then diluted with Et2O and filtered over
silica/celite. The solids are washed several times with Et2O, and the filtrate is
concentrated under reduced pressure. Purification by flash column chromatography
over silica gel using a 8:2 mixture of pentane/Et2O afforded pure 5-trimethylsilyl-
4-pentynal in 68 % yield over two steps. Alkynylation of the aldehyde was
realized with phenyl acetylene according to the same procedure than for the
synthesis of precursors 70–84. Yellow oil, 88 %. 1H NMR (400 MHz, CDCl3) d
7.37–7.29 (m, 5H), 4.76 (q, J = 6.2 Hz, 1H), 2.59–2.41 (m, 2H), 2.13
(d, J = 5.7 Hz, 1H), 2.02 (q, J = 7.0 Hz, 2H), 0.16 (s, 9H).

Alkynylation of 5-trimethylsilyl-4-pentynal was realized with 1-hexyne
according to the same procedure than for the synthesis of precursors 70–84.
Yellow oil, 85 %. 1H NMR (400 MHz, CDCl3) d 4.53–4.43 (m, 1H), 2.50–2.31
(m, 2H), 2.21 (td, J = 7.0, 2.0 Hz, 2H), 1.95–1.82 (m, 3H), 1.54–1.36 (m, 4H),
0.91 (t, J = 7.2 Hz, 3H), 0.15 (s, 9H).
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Alkynylation of 5-trimethylsilyl-4-pentynal was realized with
cyclopropylacetylene according to the same procedure than for the synthesis of
precursors 70–84. Yellow oil, 87 %. 1H NMR (400 MHz, CDCl3) d 4.46 (qd,
J = 6.2, 1.7 Hz, 1H), 2.49–2.27 (m, 2H), 1.92–1.83 (m, 4H), 1.30–1.18 (m, 1H),
0.81–0.74 (m, 2H), 0.71–0.64 (m, 2H), 0.14 (s, 9H).

Alkynylation of 5-trimethylsilyl-4-pentynal was realized with 3,3-dimethyl-1-
butyne according to the same preocedure than for the synthesis of precursors
70–84. Yellow oil, 80 %. 1H NMR (400 MHz, CDCl3) d 4.48 (q, J = 6.1 Hz,
1H), 2.51–2.29 (m, 2H), 1.92–1.86 (m, 3H), 1.22 (s, 9H), 0.15 (s, 9H).

Acetylation of the propargyl alcohol 86 and final desilylation of the alkyne were
realized in the same manner than for the synthesis of precursors 70–84.

Yellow oil. 1H NMR (400 MHz, CDCl3) d 7.46–7.42 (m, 2H), 7.34–7.27
(m, 3H), 5.72 (t, J = 6.5 Hz, 1H), 2.49–2.38 (m, 1H), 2.12 (s, 3H), 2.15–2.07
(m, 3H), 2.00 (t, J = 2.7 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 169.9 (C), 132.0 (CH), 128.8 (CH), 128.4
(CH), 122.2 (C), 85.7 (C), 82.8 (C), 77.4 (CH), 69.3 (C), 63.5 (CH), 33.9 (CH2),
21.2 (CH3), 14.7 (CH2).

IR (neat) m = 639, 690, 756, 1021, 1370, 1443, 1491, 1740, 2120, 2936,
3294 cm-1.

HRMS calculated for [C15H14O2Na]+: 249.0886, found: 249.0888.

To a stirred solution of NaH (176 mg, 4.4 mmol, 1.1 equiv, 60 % dispersion in
mineral oil) in 15 mL of DMF at 0 �C under argon was added dropwise 3-oxo-
butyric acid methyl ester (960 mg, 2 mmol, 1 equiv.). After 30 min, propargyl
bromide (0.64 mL, 6 mmol, 3 equiv., 80 %wt in toluene) was added to the
solution. Then, the reaction was stirred at rt overnight. LiCl (336 mg, 8 mmol,
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4 equiv.) was added to the solution and the reaction mixture was refluxed for 3 h
until completion of the reaction. The mixture was quenched with saturated NH4Cl
and extracted with diethyl ether. The combined organic extracts were washed with
brine and dried over magnesium sulfate and filtered. The solvent was removed by
rotary evaporation. The crude product was engaged in the next step without further
purification.

Alkynylation of the resulting ketone 91 and subsequent acetylation of the
resulting propargylic alcohol were performed through the same procedures than
for compounds 70–84.

Pale yellow oil, 75 % yield over 4 steps. 1H NMR (400 MHz, CDCl3) d
7.46–7.39 (m, 2H), 7.30–7.25 (m, 3H), 2.78–2.71 (m, 1H), 2.69–2.54 (m, 3H),
2.51–2.45 (m, 1H), 2.06–2.02 (m, 5H), 1.86 (s, 3H).

13C NMR (100 MHz, CDCl3) d 168.9 (C), 131.8 (CH), 128.6 (CH), 128.2
(CH), 122.2 (C), 87.4 (C), 87.0 (C), 82.2 (2C), 77.6 (C), 70.2 (CH), 70.1 (CH),
45.7 (CH), 24.3 (CH3), 22.0 (CH3), 19.0 (CH2), 18.5 (CH2).

IR (neat) m = 1229, 1366, 1740, 2119, 2236, 2930, 3293 cm-1.
HRMS calculated for [C19H18O2Na]+: 301.1204, found: 301.1206.

Prepared according to GP3, 99 %. Yellow solid, mp = 137 �C. 1H NMR
(400 MHz, CDCl3) d 7.89–7.85 (m, 2H), 7.65–7.59 (m, 1H), 7.51–7.46 (m, 2H),
6.05 (s, 1H), 4.03–3.95 (m, 4H), 3.47 (ddd, J = 20.2, 7.0, 2.1 Hz, 1H), 3.19–3.11
(m, 1H), 2.74 (td, J = 19.9, 2.6 Hz, 1H), 2.40–2.34 (m, 2H), 2.25–2.18 (m, 1H),
2.12 (s, 3H), 1.84–1.77 (m, 1H), 1.59–1.48 (m, 2H).

13C NMR (100 MHz, CDCl3) d 198.6 (C), 195.1 (C), 166.1 (C), 162.8 (C),
137.2 (C), 136.9 (C), 134.1 (CH), 129.3 (CH), 128.9 (CH), 116.5 (CH), 107.9 (C),
64.6 (CH2), 64.5 (CH2), 43.9 (CH), 42.3 (CH2), 38.1 (CH2), 34.2 (CH2), 31.4
(CH3), 25.6 (CH2).

IR (neat) m = 1045, 1214, 1577, 1655, 2948 cm-1.
HRMS calculated for [C21H22O4Na]+: 361.1410, found: 361.1410.
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Prepared according to GP1, 80 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
7.81–7.76 (m, 2H), 7.58 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.7 Hz, 2H), 6.31
(s, 1H), 3.62 (ddd, J = 19.1, 6.9, 1.6 Hz, 1H), 3.20 (d, J = 7.0 Hz, 1H), 2.69 (dt,
J = 19.3, 3.3 Hz, 1H), 2.16 (s, 3H), 2.33–1.93 (m, 4H), 1.28–1.15 (m, 2H).

13C NMR (100 MHz, CDCl3) d 198.9 (C), 194.2 (C), 181.6 (C), 166.9 (C),
138.2 (C), 133.6 (C), 133.4 (C), 129.3 (CH), 128.8 (CH), 117.2 (CH), 53.1 (CH),
37.8 (CH2), 31.8 (CH2), 30.8 (CH2), 27.5 (CH2), 26.3 (CH3).

IR (neat) m = 693, 727, 912, 1219, 1360, 1448, 1578, 1595, 1654, 1716, 2867,
2954 cm-1.

HRMS calculated for [C18H18O2Na]+: 289.1199, found: 289.1202.

Prepared according to GP1, 98 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
6.72 (s, 1H), 3.51 (ddd, J = 18.8, 6.9, 1.6 Hz, 1H), 3.10–2.99 (m, 1H), 2.75–2.66
(m, 2H), 2.49 (ddd, J = 13.2, 7.3, 3.8 Hz, 1H), 2.14 (s, 3H), 2.22–1.96 (m, 4H),
1.22–1.07 (m, 2H), 1.05–0.96 (m, 1H), 0.96–0.83 (m, 2H).

13C NMR (100 MHz, CDCl3) d 199.1 (C), 198.9 (C), 184.3 (C), 165.2 (C),
134.3 (C), 117.8 (CH), 53.4 (CH), 37.6 (CH2), 31.8 (CH2), 30.6 (CH2), 27.8 (CH2),
27.6 (CH3), 21.0 (CH), 11.9 (CH2), 10.9 (CH2).

IR (neat) m = 732, 1188, 1278, 1358, 1576, 1656, 2866, 2955 cm-1.
HRMS calculated for [C15H18O2Na]+: 253.1199, found: 253.1194.

Prepared according to GP1, 73 %. Brown oil. 1H NMR (300 MHz, CDCl3) d
6.97 (s, 1H), 3.59 (ddd, J = 18.6, 7.0, 1.5 Hz, 1H), 3.07 (m, 1H), 2.79–2.57
(m, 4H), 2.53–2.40 (m, 1H), 2.17 (s, 3H), 2.30–1.92 (m, 3H), 1.68–1.55 (m, 2H),
1.45–1.30 (m, 2H), 1.29–1.17 (m, 1H), 0.93 (t, J = 7.4 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 199.5 (C), 199.2 (C), 184.2 (C), 165.2 (C),
133.1 (C), 118.1 (CH), 54.0 (CH), 42.7 (CH2), 37.5 (CH2), 31.9 (CH2), 30.6 (CH2),
28.4 (CH2), 28.2 (CH2), 25.9 (CH3), 22.4 (CH2), 14.0 (CH3).

IR (neat) m = 1186, 1357, 1577, 1672, 2869, 2932, 2956.
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HRMS calculated for [C16H22O2Na]+: 269.1512, found: 269.1510.

Prepared according to GP1, 75 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
7.87 (d, J = 7.2 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H), 5.80
(s, 1H), 3.55 (ddd, J = 20.0, 6.8, 1.9 Hz, 1H), 3.09 (brs, 1H), 2.75
(d, J = 15.6 Hz, 1H), 2.57–2.32 (m, 2H), 2.27–2.12 (m, 1H), 2.08 (s, 3H),
2.07–1.94 (m, 1H), 1.88–1.73 (m, 2H), 1.65–1.34 (m, 2H), 1.31–1.10 (m, 1H).

13C NMR (100 MHz, CDCl3) d 198.4 (C), 195.5 (C), 169.4 (C), 163.2 (C),
137.4 (C), 135.9 (C), 133.9 (CH), 129.4 (CH), 128.8 (CH), 116.0 (CH), 46.6 (CH),
38.6 (CH2), 35.4 (CH2), 31.5 (CH3), 29.3 (CH2), 27.0 (CH2), 25.3 (CH2).

IR (neat) m = 689, 724, 1176, 1212, 1359, 1370, 1446, 1570, 1656, 2851,
2924 cm-1.

HRMS calculated for [C19H20O2Na]+: 303.1356, found: 303.1355.

Prepared according to GP3, 97 %. White solid, mp = 115 �C. 1H NMR
(400 MHz, CDCl3) d 5.74 (s, 1H), 4.00–3.93 (m, 4H), 3.36 (ddd, J = 19.7, 6.8,
2.0 Hz, 1H), 3.05–2.95 (m, 1H), 2.60 (td, J = 20.0, 2.4 Hz, 1H), 2.46–2.37
(m, 2H), 2.14 (s, 3H), 2.14–2.07 (m, 1H), 1.89–1.84 (m, 1H), 1.63–1.54 (m, 1H),
1.38 (t, J = 12.7 Hz, 1H), 1.18 (s, 9H).

13C NMR (100 MHz, CDCl3) d 213.6 (C), 197.9 (C), 163.6 (C), 160.5 (C),
139.3 (C), 116.2 (CH), 108.0 (C), 64.6 (CH2), 64.5 (CH2), 45.0 (C), 43.5 (CH),
42.1 (CH2), 38.0 (CH2), 34.2 (CH2), 31.4 (CH3), 26.8 (CH3), 25.9 (CH2).

HRMS calculated for [C19H26O4Na]+: 341.1723, found: 341.1718.
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Prepared according to GP3, 98 %. Yellow solid, mp = 97 �C. 1H NMR
(400 MHz, CDCl3) d 6.29 (s, 1H), 4.05–3.98 (m, 4H), 3.42 (ddd, J = 20.8, 7.3,
2.3 Hz, 1H), 3.10–3.00 (m, 1H), 2.91–2.84 (m, 1H), 2.63 (td, J = 20.8, 2.7 Hz,
1H), 2.55 (dt, J = 13.5, 4.4 Hz, 1H), 2.43 (s, 3H), 2.23 (s, 3H), 2.21–2.14 (m, 1H),
2.00–1.94 (m, 1H), 1.65 (dt, J = 14.4, 5.0 Hz, 1H), 1.46 (t, J = 6.8 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 200.6 (C), 198.4 (C), 166.6 (C), 161.2 (C),
138.7 (C), 116.3 (CH), 107.8 (C), 64.6 (CH2), 64.5 (CH2), 43.9 (CH), 42.1 (CH2),
37.9 (CH2), 34.3 (CH2), 31.6 (CH3), 31.5 (CH3), 25.5 (CH2).

IR (neat) m = 930, 1120, 1195, 1363, 1432, 1576, 1678, 2890, 2926,
2952 cm-1.

HRMS calculated for [C16H20O4Na]+: 299.1259, found: 299.1257.

Prepared according to GP3, 90 %. Yellow solid, mp = 109 �C. 1H NMR
(400 MHz, CDCl3) d 6.32 (s, 1H), 4.01–3.95 (m, 4H), 3.40 (ddd, J = 19.9, 7.0,
2.1 Hz, 1H), 3.06–2.92 (m, 2H), 2.61 (td, J = 20.0, 2.6 Hz, 1H), 2.51
(dt, J = 14.2, 5.5 Hz, 1H), 2.19 (s, 3H), 2.17–2.10 (m, 2H), 1.96–1.90 (m, 1H),
1.67–1.58 (m, 1H), 1.42 (t, J = 12.8 Hz, 1H), 1.27–1.21 (m, 2H), 1.07–1.01
(m, 2H).

13C NMR (100 MHz, CDCl3) d 202.7 (C), 198.5 (C), 166.6 (C), 161.5 (C),
139.1 (C), 116.3 (CH), 107.9 (C), 64.6 (CH2), 64.5 (CH2), 43.8 (CH), 42.1 (CH2),
37.9 (CH2), 34.4 (CH2), 31.6 (CH3), 25.5 (CH2), 22.6 (CH), 12.7 (CH2), 12.5
(CH2).

IR (neat) m = 1045, 1192, 1391, 1575, 1657, 1675, 2891, 2968 cm-1.
HRMS calculated for [C18H22O4Na]+: 325.1410, found: 325.1407.

Prepared according to GP1, 94 %. Yellow oil. 1H NMR (300 MHz, CDCl3) d
7.89–7.83 (m, 2H), 7.63–7.56 (m, 1H), 7.50–7.43 (m, 2H), 5.78 (s, 1H), 3.44 (ddd,
J = 20.3, 6.8, 1.8 Hz, 1H), 3.11–3.01 (m, 1 H), 2.73 (d, J = 19.5, 1H), 2.53–2.32
(m, 2H), 2.05 (s, 3H), 2.04–1.80 (m, 1H), 1.80–1.70 (m, 2H), 1.67–1.26 (m, 5H).

13C NMR (75 MHz, CDCl3) d 198.5 (C), 196.5 (C), 171.0 (C), 163.6 (C),
139.1 (C), 136.6 (C), 134.0 (CH), 129.4 (CH), 128.9 (CH), 115.4 (CH), 49.4 (CH),
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40.3 (CH2), 35.2 (CH2), 31.4 (CH3), 30.8 (CH2), 30.5 (CH2), 28.9 (CH2), 26.4
(CH2).

IR (neat) m = 1172, 1227, 1374, 1448, 1570, 1662, 2247, 2852, 2921,
3261 cm-1.

HRMS calculated for [C20H22O2Na]+: 317.1512, found: 317.1511.

Prepared according to GP3, 81 %. Orange oil. 1H NMR (300 MHz, CDCl3) d
7.85 (dd, J = 8.2, 1.3 Hz, 2H), 7.60 (ddd, J = 8.6, 2.4, 1.2 Hz, 1H), 7.49 (t,
J = 7.8 Hz, 2H), 7.09 (s, 1H), 6.76 (s, 1H), 3.29 (dd, J = 5.1, 2.4 Hz, 2H), 2.81
(dd, J = 5.0, 2.7 Hz, 2H), 2.25 (s, 3H).

13C NMR (75 MHz, CDCl3) d 199.1 (C), 193.3 (C), 161.1 (C), 156.9 (CH),
143.6 (C), 138.0 (C), 133.4 (CH), 129.5 (CH), 128.7 (CH), 118.5 (CH), 32.8
(CH2), 32.0 (CH2), 31.9 (CH3).

IR (neat) m = 670, 693, 715, 859, 968, 1201, 1270, 1591, 1653, 2341, 2361,
2923, 3058 cm-1.

HRMS calculated for [C15H14O2Na]+: 249.0886, found: 249.0890.

Prepared from 80 under classical desilylation conditions with KF in DMSO
(76 % yield). White solid (86:14 mixture of diastereomers), mp = 119 �C. 1H
NMR (400 MHz, CDCl3) d 3.94–3.85 (m, 4H), 2.77–2.70 (m, 1H), 2.65–2.57 (m,
2H), 2.20–1.99 (m, 3H), 1.98 (s, 3H), 1.93 (t, J = 2.5 Hz, 1H), 1.87–1.74 (m, 1H),
1.70–1.54 (m, 3H).

13C NMR (100 MHz, CDCl3) d 169.1 (C), 107.2 (C), 82.3 (C), 78.7 (C), 77.4
(CH), 74.5 (C), 69.7 (CH), 64.5 (CH2), 64.3 (CH2), 43.1 (CH), 36.1 (CH2), 32.6
(CH2), 31.9 (CH2), 21.8 (CH3), 19.6 (CH2).

IR (neat) m = 975, 1146, 1230, 1310, 1369, 1439, 1739, 2108, 2876, 2951,
3241 cm-1.
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HRMS calculated for [C15H18O4Na]+: 285.1103; found: 285.1107.

Prepared according to GP3, 95 %. Brown solid, mp = 65 �C. 1H NMR
(400 MHz, CDCl3) d 7.74–7.67 (m, 4H), 7.43–7.25 (m, 6H), 5.93 (s, 1H), 4.44
(s, 2H), 3.97–3.93 (m, 4H), 3.30 (dd, J = 20.6, 7.1, 2.5 Hz, 1H), 3.01–2.91
(m, 1H), 2.55 (dt, J = 14.2, 5.5 Hz, 1H), 2.39–2.25 (m, 2H), 2.08 (s, 3H),
2.08–2.03 (m, 1H), 1.79–1.75 (m, 1H), 1.43–1.20 (m, 2H), 1.09 (s, 9H).

13C NMR (100 MHz, CDCl3) d 201.9 (C), 198.4 (C), 166.2 (C), 161.9 (C),
136.6 (C), 135.8 (CH), 135.7 (CH), 132.8 (C), 132.7 (C), 130.2 (CH), 128.0 (CH),
115.9 (CH), 107.9 (C), 70.7 (CH2), 64.7 (CH2), 64.6 (CH2), 44.1 (CH), 42.1 (CH2),
38.1 (CH2), 34.5 (CH2), 31.7 (CH3), 26.8 (CH3), 25.3 (CH2), 19.4 (C).

IR (neat) m = 903, 1113, 1363, 1428, 1472, 1578, 1716, 2252, 2932 cm-1.
HRMS calculated for [C32H39O5Si]+: 531.2561, found: 531.2557.

Prepared according to GP3, 70 %. Yellow oil. 1H NMR (300 MHz, CDCl3) d
6.77 (s, 1H), 5.96 (s, 1H), 4.04–3.93 (m, 4H), 3.41 (ddd, J = 20.0, 6.8, 2.0 Hz,
1H), 3.10–3.00 (m, 1H), 2.64 (td, J = 20.0, 2.4 Hz, 1H), 2.54–2.48 (m, 1H),
2.40–2.31 (m, 3H), 2.29–2.23 (m, 2H), 2.16 (s, 3H), 1.90–1.84 (m, 1H), 1.72–1.62
(m, 4H), 1.55 (dt, J = 13.4, 5.0 Hz, 1H), 1.43 (t, J = 12.7 Hz, 2H).

13C NMR (100 MHz, CDCl3) d 198.6 (C), 196.6 (C), 163.9 (C), 163.5 (C),
146.2 (CH), 140.5 (C), 137.4 (C), 116.1 (CH), 108.2 (C), 64.8 (CH2), 64.7 (CH2),
43.7 (CH), 42.4 (CH2), 38.2 (CH2), 34.3 (CH2), 31.6 (CH3), 26.6 (CH2), 25.6
(CH2), 22.6 (CH2), 21.9 (CH2), 21.7 (CH2).

IR (neat) m = 1066, 1118, 1202, 1574, 1631, 1671, 2855, 2924 cm-1.
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HRMS calculated for [C21H26O4Na]+: 365.1725, found: 468.1423.

Prepared according to GP3, 99 %. Pale yellow oil. 1H NMR (400 MHz,
CDCl3) d 6.12 (s, 1H), 4.01–3.97 (m, 4H), 3.37 (ddd, J = 20.8, 7.3, 2.1 Hz, 1H),
3.05–2.95 (m, 1H), 2.76–2.69 (m, 1H), 2.67–2.56 (m, 2H), 2.50 (dt, J = 14.8,
5.7 Hz, 1H), 2.25–2.19 (m, 2H), 2.19 (s, 3H), 2.16–2.11 (m, 1H), 1.95–1.89
(m, 1H), 1.36–1.70 (m, 9H), 0.13 (s, 9H).

13C NMR (CDCl3) d 204.0 (C), 198.2 (C), 165.1 (C), 161.8 (C), 139.0 (C),
115.9 (CH), 107.8 (C), 107.1 (C), 84.6 (C), 64.6 (CH2), 64.5 (CH2), 44.0 (CH2),
43.8 (CH), 42.1 (CH2), 37.9 (CH2), 34.4 (CH2), 31.6 (CH), 28.4 (CH2), 25.4
(CH2), 23.5 (CH2), 19.7 (CH2), 0.1 (CH3).

IR (neat) m = 839, 1046, 1119, 1247, 1357, 1430, 1577, 1675, 2171,
2949 cm-1.

HRMS calculated for [C25H36O4SiNa]+: 451.2281, found: 365.1728.

Prepared according to GP3, 80 %. Yellow oil. 1H NMR (400 MHz, CDCl3) d
8.01–7.94 (m, 2H). 7.66–7.57 (m, 1H), 7.52–7.42 (m, 2H), 5.91 (s, 1H), 3.45 (ddd,
J = 20.8, 7.5, 2.2 Hz, 1H), 3.14–3.01 (m, 2H), 2.60–2.50 (m, 2H), 2.10 (s, 3H),
2.01 (t, J = 2.5 Hz, 1H), 1.83 (s, 3H).

13C NMR (100 MHz, CDCl3) d 205.3 (C), 198.9 (C), 162.6 (C), 162.1 (C),
136.9 (C), 134.6 (CH), 130.1 (CH), 129.9 (CH), 116.5 (CH), 77.6 (C), 70.9 (CH),
47.6 (CH), 37.4 (CH2), 32.0 (CH3), 22.3 (CH2), 15.7 (CH3), one C unobserved.

IR (neat) m = 1165, 1223, 1357, 1448, 1575, 1663, 2116, 2914, 3261 cm-1.
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HRMS calculated for [C19H18O2Na]+: 301.1204, found: 301.1206.

Prepared similarly to compounds 70–84 but deuterated anhydride acetic was
used in the acetylation step. Colorless oil (67:33 mixture of diastereomers). 1H
NMR (400 MHz, CDCl3) d 7.44 (dt, J = 8.0, 3.6 Hz, 2H), 7.33–7.28 (m, 3H),
2.95–2.84 (m, 1H), 2.76 (dt, J = 16.7, 3.0 Hz, 1H), 2.34–2.05 (m, 2H), 2.04–1.89
(m, 1H), 1.98 (t, J = 2.6 Hz, 1H), 1.80–1.55 (m, 4H), 1.53–1.28 (m, 2H).

13C NMR (100 MHz, CDCl3) d 169.2 (C), 132.0 (CH), {128.6 (CH), 128.5
(CH)}, {128.4 (CH), 128.3 (CH)}, {122.6 (C), 122.6 (C)}, {89.1 (C), 88.8 (C)},
{86.1 (C), 85.5 (C)}, {83.6 (CH), 83.5 (CH)}, {79.8 (C), 76.5 (C)}, {69.3 (C), 69.2
(C)}, {46.2 (CH), 46.1 (CH)}, {36.4 (CH2), 34.9 (CH2)}, {28.5 (CH2), 26.2
(CH2)}, {25.2 (CH2), 24.7 (CH2)}, {23.8 (CH2), 21.3 (CH2)}, {20.4 (CH2), 20.3
(CH2)}, CD3 was not observed.

IR (neat) m = 690, 756, 1069, 1227, 1443, 1490, 1737, 2118, 2859, 2933,
3295 cm-1.

HRMS calculated for [C19H17D3O2Na]+: 306.1544, found: 306.1536.

Prepared according to GP1, 70 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
7.87 (d, J = 7.2 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 2H), 6.02
(s, 1H), 3.45 (ddd, J = 20.0, 6.9, 2.1 Hz, 1H), 2.86–2.67 (m, 2H), 2.40
(dd, J = 13.9, 1.8 Hz, 1H), 2.28–2.17 (m, 1H), 2.02 (ddd, J = 13.8, 9.5,
4.3 Hz, 1H), 1.89–1.77 (m, 2H), 1.53–1.38 (m, 1H), 1.35–1.13 (m, 2H).

13C NMR (100 MHz, CDCl3) d 198.8 (C), 195.6 (C), 169.5 (C), 163.4 (C),
137.5 (C), 136.0 (C), 134.0 (CH), 129.0 (CH), 128.9 (CH), 116.1 (CH), 46.7 (CH),
38.7 (CH2), 35.5 (CH2), 30.7 (q, CD3), 29.4 (CH2), 27.1 (CH2), 25.4 (CH2).

IR (neat) m = 2958, 2855, 1660, 1569, 1448, 1372, 1263, 1214, 1179, 1023,
905, 882, 728 cm-1.
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HRMS calculated for [C19H17D3O2Na]+: 306.1544, found: 306.1538.

Colorless oil (87:13 mixture of diastereomers). 1H NMR (200 MHz, CDCl3) d
7.46–7.38 (m, 2H), 7.32–7.26 (m, 3H), 2.85–2.67 (m, 1H), 2.61–2.28 (m, 3H),
2.26–2.02 (m, 2H), 2.04 (s, 3H), 1.93–1.57 (m, 2H), 0.14 (s, 9H).

13C NMR (100 MHz, CDCl3) d 188.9, 138.4, 132.0 (2C), 128.6, 128.3 (2C),
87.8, 83.1, 72.3, 69.4, 67.5, 49.2, 39.7, 28.5, 22.3, 21.9, 21.5, 0.3 (3C).

IR (neat) m = 2925, 2176, 1741, 1682, 1236, 1194, 1147, 1014, 846, 747,
697 cm-1.

HRMS calculated for [C21H26NaO2Si]+: 361.1594, found: 361.1591.

Prepared similarly to compounds 70–84, but 1-bromo-2-butyne was used in the
alkylation step. Colorless oil (81:19 mixture of diastereomers). 1H NMR
(300 MHz, CDCl3) d 2.71 (m, 1H), 2.60 (m, 1H), 2.24 (t, J = 6.9 Hz, 2H),
2.13–2.03 (m, 2H), 2.00 (s, 3H), 1.88–1.83 (m, 1H), 1.80 (t, J = 2.4 Hz, 3H),
1.75–1.15 (m, 10H), 0.91 (t, J = 7.2 Hz, 3H).

13C NMR (75 MHz, CDCl3) d 169.3 (C), 89.7 (C), 80.1 (C), 78.2 (C), 76.3 (C),
76.1 (C), 46.4 (CH), 36.5 (CH2), 30.9 (CH2), 28.5 (CH2), 25.2 (CH2), 23.7 (CH2),
22.2 (CH3), 22.1 (CH2), 20.4 (CH2), 18.5 (CH2), 13.6 (CH3), 3.6 (CH3).

IR (neat) m = 2932, 2859, 1744, 1448, 1366, 1225, 1014 cm-1.
HRMS calculated for [C18H26O2Na]+: 297.1825, found: 297.1820.

The catalyst (2 mol%) was added to a solution of substrate 114 in anhydrous
DCM. The mixture was stirred at 45 �C. After 24 h, the reaction was complete and
the mixture was filtered through a short pad of silica. The solvent was removed
under vacuum, and purification by flash chromatography afforded the
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cycloisomerization product as an orange solid, obtained in 27 % yield,
mp = 94 �C. 1H NMR (400 MHz, CDCl3) d 2.57–2.44 (m, 3H), 2.24 (s, 3H),
2.36–1.73 (m, 4H), 1.88 (s, 3H), 1.86–1.69 (m, 2H), 1.63–1.52 (m, 2H), 1.42–1.23
(m, 6H), 0.92 (t, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 210.0 (C), 201.8 (C), 143.2 (C), 137.3 (C),
135.0 (C), 129.9 (C), 45.0 (CH2), 35.9 (CH), 34.4 (CH2), 32.7 (CH2), 30.5 (CH2),
29.9 (CH3), 26.0 (CH2), 25.5 (CH2), 25.1 (CH2), 22.4 (CH2), 17.4 (CH3), 14.0
(CH3).

IR (neat) m = 2927, 2857, 1697, 1668, 1552, 1447, 1353, 1257, 1236, 1176,
1145 cm-1.

HRMS calculated for [C18H26O2Na]+: 297.1825, found: 297.1823.

To a stirred solution of alcohol 113 (400 mg, 1.35 mmol, 1.0 equiv.), Et3N
(0.56 mL, 4.05 mmol, 3 equiv.) and 4-DMAP (15.5 mg, 0.1 mmol, 0.1 equiv.) in
CH2Cl2 (4 mL) was added 4-nitrobenzoyl chloride (630 mg, 3.38 mmol,
1.3 equiv.) at 0 �C. After addition, the solution was allowed to warm to rt and
was stirred further until completion (1 h at rt). The reaction was quenched with
aqueous saturated NH4Cl solution and the resulting aqueous layer was extracted
with CH2Cl2. The combined organic layers were washed with brine, dried over
anhydrous Na2SO4, filtered and evaporated to give the crude ester as an oil.
Purification was achieved by flash column chromatography on silica gel (pentane/
AcOEt 85:15) to give pure ester 115 (340 mg, 57 %). Yellow solid, mp = 123 �C.
1H NMR (400 MHz, CDCl3) d 8.21 (d, J = 8.1 Hz, 2H), 7.96–7.89 (m, 4H),
7.67–7.62 (m, 1H), 7.55–7.50 (m, 2H), 6.82 (s, 1H), 4.05–3.98 (m, 4 H), 3.72–3.63
(m, 1 H), 3.35–3.20 (m, 1 H), 2.94 (dd, J = 20.4, 2.4 Hz, 1H), 2.46–2.42 (m, 2H),
2.31–2.25 (m, 1H), 1.88–1.83 (m, 1H), 1.65–1.54 (m, 2H).

13C NMR (75 MHz, CDCl3) d 194.7 (C). 188.8 (C), 169.1 (C), 167.6 (C),
149.7 (C), 144.3 (C), 137.3 (C), 137.2 (C), 134.2 (CH), 129.3 (CH), 129.0 (CH),
128.8 (CH), 123.7 (CH), 112.3 (CH), 107.8 (C), 64.7 (CH2), 64.6 (CH2), 44.2
(CH), 42.4 (CH2), 38.9 (CH2), 34.2 (CH2), 26.0 (CH2).

IR (neat) m = 1100, 1305, 1431, 1520, 1731, 2227, 2938, 3283 cm-1.
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HRMS calculated for [C26H23NO6Na]+: 468.1423, found: 468.1423.

To a stirred solution of alcohol 114 (400 mg, 1.50 mmol, 1.0 equiv.), Et3N
(0.63 mL, 4.51 mmol, 3 equiv.) and 4-DMAP (21 mg, 0.15 mmol, 0.1 equiv.) in
CH2Cl2 (4 mL) was added acryloyl chloride (0.31 mL, 3.76 mmol, 2.5 equiv.) at
-20 �C. After addition, the solution was stirred below 0 �C until completion
(1–3 h). The reaction was quenched with aqueous saturated NH4Cl solution and
the resulting aqueous layer was extracted with CH2Cl2. The combined organic
layers were washed with brine, dried over anhydrous MgSO4, filtered and
evaporated to give the crude ester as an oil. Purification was achieved by flash
column chromatography on silica gel. Desilylation was carried similarly than in
the synthesis of compounds 70–84 using KF in DMSO.

Yellow solid, 72 % over two steps, mp = 74 �C (90:10 mixture of
diastereomers). 1H NMR (400 MHz, CDCl3) d 7.43 (dt, J = 5.5, 2.1 Hz, 2H),
7.32–7.27 (m, 3H), 6.40 (dd, J = 17.3, 1.4 Hz, 1H), 6.11 (dd, J = 17.3, 10.5 Hz,
1H), 5.82 (dd, J = 10.5, 1.4 Hz, 1H), 2.78 (ddd, J = 16.4, 4.2, 2.7 Hz, 1H),
2.64–2.45 (m, 2 H), 2.39 (ddd, J = 16.4, 10.1, 2.6 Hz, 1H), 2.27–2.07 (m, 2H), 1.97
(t, J = 2.6 Hz, 1H), 1.90–1.72 (m, 2H), 1.63 (ddd, J = 17.3, 12.9, 9.2 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 164.7 (C), 132.0 (CH), 130.8 (CH2), 129.1
(CH), 128.6 (CH), 128.3 (CH), 122.6 (C), 88.0 (C), 86.3 (C), 83.3 (C), 83.2 (C),
69.0 (CH), 49.1 (CH), 39.8 (CH2), 28.6 (CH2), 21.5 (CH2), 20.9 (CH2).

IR (neat) m = 632, 690, 756, 808, 872, 968, 982, 1036, 1180, 1267, 1402, 1727,
2119, 2231, 2360, 2874, 2957, 3297 cm-1.

HRMS calculated for [C19H18O2Na]+: 301.1199, found: 301.1198.

Prepared from alcohol 86 through a similar synthetic sequence than for 114,
using methacryloyl chloride in place of acryloyl chloride. Colorless oil, 46 % over
two steps. 1H NMR (400 MHz, CDCl3) d 7.47–7.40 (m, 2H), 7.35–7.27 (m, 3H),
6.18 (s, 1H), 5.78 (t, J = 6.4 Hz, 1H), 5.62 (t, J = 1.6 Hz, 1H), 2.46 (m, 2H),
2.22–2.11 (m, 2H), 2.01 (t, J = 2.7 Hz, 1H), 1.98 (s, 3H).

13C NMR (100 MHz, CDCl3) d 166.2 (C), 136.1 (C), 132.0 (CH), 128.8 (CH),
128.4 (CH), 126.4 (CH2), 122.2 (C), 85.9 (C), 85.8 (C), 82.8 (C), 69.3 (CH), 63.6
(CH), 33.9 (CH2), 18.4 (CH3), 14.7 (CH2).
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IR (neat) m = 3294, 2936, 1740, 1491, 1443, 1370, 1223, 1021, 756, 690,
636 cm-1.

HRMS calculated for [C17H16O2Na]+: 275.1043, found: 275.1037.

Prepared from alcohol 87 through a similar synthetic sequence than for 114,
using methacryloyl chloride in place of acryloyl chloride. Colorless oil, 53 % over
two steps. 1H NMR (400 MHz, CDCl3) d 6.11 (dd, J = 1.5, 1.0 Hz, 1H), 5.56
(p, J = 1.5 Hz, 1H), 5.49 (tt, J = 6.3, 2.0 Hz, 1H), 2.34 (tt, J = 7.0, 2.7 Hz, 2H),
2.18 (td, J = 7.0, 2.0 Hz, 2H), 2.07–1.96 (m, 2H), 1.95 (t, J = 2.7 Hz, 1H), 1.93
(dd, J = 1.4, 1.0 Hz, 3H), 1.50–1.41 (m, 2H), 1.41–1.31 (m, 2H), 0.88
(t, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CDCl3) d 166.3 (C), 136.2 (C), 126.0 (CH2), 87.0 (C),
82.9 (C), 69.1 (CH), 63.6 (CH), 34.2 (CH2), 30.6 (CH2), 22.0 (CH2), 18.5 (CH2),
18.4 (CH3), 14.6 (CH2), 13.6 (CH3).

IR (neat) m = 2958, 2932, 1720, 1451, 1323, 1289, 1150, 1031, 1010, 942,
813, 637 cm-1.

HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1351.

Prepared from alcohol 88 through a similar synthetic sequence than for 114,
using methacryloyl chloride in place of acryloyl chloride. Colorless oil, 54 % over
two steps. 1H NMR (300 MHz, CDCl3) d 6.13 (dq, J = 1.9, 0.9 Hz, 1H), 5.58
(p, J = 1.6 Hz, 1H), 5.49 (td, J = 6.3, 1.8 Hz, 1H), 2.39–2.31 (m, 2H), 2.05–1.93
(m, 6H), 1.30–1.19 (m, 1H), 0.81–0.73 (m, 2H), 0.73–0.65 (m, 2H).

13C NMR (101 MHz, CDCl3) d 166.4 (C), 136.3 (C), 126.2 (CH2), 90.1 (C),
83.0 (C), 72.1 (C), 69.1 (CH), 63.7 (CH), 34.2 (CH2), 18.4 (CH3), 14.7 (CH2), 8.5
(2 CH2), -0.4 (CH).

IR (neat) m = 3295, 2245, 1719, 1637, 1433, 1323, 1289, 1151, 1051, 1023,
973, 944, 897, 813, 642 cm-1.

HRMS calculated for [C14H16O2Na]+: 239.1043, found: 239.1036.
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Prepared from alcohol 89 through a similar synthetic sequence than for 114, using
methacryloyl chloride in place of acryloyl chloride. Colorless oil, 47 % over two steps.
1H NMR (300 MHz, CDCl3) d 6.13 (s, 1H), 5.60–5.57 (m, 1H), 5.53 (t, J = 6.3 Hz,
1H), 2.36 (ddd, J = 8.7, 5.3, 2.4 Hz, 2H), 2.06–1.93 (m, 6H), 1.21 (s, 9H).

13C NMR (101 MHz, CDCl3) d 166.3 (C), 136.4 (C), 126.0 (CH2), 95.2 (C),
83.2 (C), 75.3 (C), 69.0 (CH), 63.6 (CH), 34.3 (CH2), 31.0 (CH3), 27.5 (C), 18.5
(CH3), 14.6 (CH2).

IR (neat) m = 2970, 1722, 1323, 1290, 1265, 1154, 1025, 943, 634 cm-1.
HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1350.

Prepared according to GP3, 99 %. Yellow solid, mp = 123 �C. 1H NMR
(400 MHz, CDCl3) d 8.21 (d, J = 8.1 Hz, 2H), 7.96–7.89 (m, 4H), 7.67–7.62
(m, 1H), 7.55–7.50 (m, 2H), 6.82 (s, 1H), 4.05–3.98 (m, 4H), 3.72–3.63 (m, 1H),
3.35–3.20 (m, 1H), 2.94 (dd, J = 20.4, 2.4 Hz, 1H), 2.46–2.42 (m, 2H), 2.31–2.25
(m, 1H), 1.88–1.83 (m, 1H), 1.65–1.54 (m, 2H).

13C NMR (75 MHz, CDCl3) d 194.7 (C). 188.8 (C), 169.1 (C), 167.6 (C),
149.7 (C), 144.3 (C), 137.3 (C), 137.2 (C), 134.2 (CH), 129.3 (CH), 129.0 (CH),
128.8 (CH), 123.7 (CH), 112.3 (CH), 107.8 (C), 64.7 (CH2), 64.6 (CH2), 44.2
(CH), 42.4 (CH2), 38.9 (CH2), 34.2 (CH2), 26.0 (CH2).

IR (neat) m = 1100, 1305, 1431, 1520, 1731, 2227, 2938, 3283 cm-1.
HRMS calculated for [C26H23NO6Na]+: 468.1423, found: 468.1423.

Prepared according to GP1, 66%. Yellow solid, mp = 95 �C. 1H NMR
(300 MHz, CDCl3) d 7.78 (d, J = 7.8 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45
(t, J = 7.7 Hz, 2H), 6.54 (s, 1H), 6.39 (dd, J = 17.5, 10.5 Hz, 1H), 6.13
(d, J = 17.4 Hz, 1H), 5.64 (d, J = 10.6 Hz, 1H), 3.67 (ddd, J = 19.1, 6.7, 1.3 Hz,
1H), 3.29–3.14 (m, 1H), 2.75 (dt, J = 19.3, 3.1 Hz, 1H), 2.31–2.19 (m, 1H),
2.18–2.06 (m, 2H), 2.06–1.94 (m, 2H), 1.22 (qd, J = 11.9, 9.8 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 194.1 (C), 190.3 (C), 182.4 (C), 168.9 (C),
138.5 (CH), 138.2 (C), 133.9 (C), 133.4 (CH), 129.2 (CH), 128.7 (CH), 126.6
(CH2), 115.2 (CH), 53.1 (CH), 38.1 (CH2), 30.7 (CH2), 27.5 (CH2), 26.4 (CH2).
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IR (neat) m = 635, 672, 695, 723, 869, 1112, 1213, 1290, 1364, 1399, 1447,
1567, 1650, 2248, 2957 cm-1.

HRMS calculated for [C19H18O2Na]+: 301.1199, found: 301.1200.

Prepared according to GP1, 98 %. Brown solid, mp = 68 �C. 1H NMR
(400 MHz, CDCl3) d 7.82–7.77 (m, 2H), 7.59–7.53 (m, 1H), 7.47–7.41 (m, 2H),
7.24 (t, J = 2.4 Hz, 1H), 7.04 (t, J = 2.8 Hz, 1H), 5.87 (s, 1H), 5.64–5.61
(m, 1H), 3.28 (dt, J = 7.6, 2.5 Hz, 2H), 2.76 (td, J = 5.0, 2.7 Hz, 2H), 1.90
(s, 3H).

13C NMR (100 MHz, CDCl3) d 193.3 (C), 193.0 (C), 161.9 (C), 156.7 (CH),
146.4 (C), 143.9 (C), 138.0 (C), 133.2 (CH), 129.4 (CH), 128.6 (CH), 123.1 (CH2),
114.4 (CH), 32.7 (CH2), 32.0 (CH2), 18.0 (CH3).

IR (neat) m = 1652, 1590, 1447, 1368, 1351, 1270, 1174, 1094, 932, 868, 714,
694, 668 cm-1.

HRMS calculated for [C17H16O2Na]+: 275.1043, found: 275.1042.

Prepared according to GP1, 64 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
7.72 (s, 1H), 7.43 (s, 1H), 5.97 (s, 1H), 5.67 (s, 1H), 3.22–3.11 (m, 2H), 2.77–2.69
(m, 2H), 2.69–2.62 (m, 2H), 1.91 (s, 3H), 1.66–1.56 (m, 2H), 1.39–1.27 (m, 2H),
0.90 (t, J = 7.3 Hz, 3H).

13C NMR (CDCl3) d 198.9 (C), 193.5 (C), 160.2 (C), 157.4 (CH), 146.5 (C),
143.4 (C), 123.1 (CH2), 115.4 (CH), 40.7 (CH2), 32.2 (CH2), 32.0 (CH2), 26.4
(CH2), 22.4 (CH2), 18.0 (CH3), 14.0 (CH3).

HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1358.

Prepared according to GP1, 99 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
7.65 (t, J = 2.5 Hz, 1H), 7.56 (t, J = 2.9 Hz, 1H), 5.95 (s, 1H), 5.66 (dd, J = 1.4,
0.8 Hz, 1H), 3.23–3.18 (m, 2H), 2.73–2.68 (m, 2H), 2.35 (tt, J = 7.8, 4.6 Hz, 1
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H), 1.91 (dd, J = 1.3, 0.9 Hz, 3H), 1.13 (dq, J = 7.0, 3.7 Hz, 2H), 0.94 (dq,
J = 11.3, 3.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) d 198.5 (C), 193.5 (C),
160.4 (C), 157.3 (CH), 146.5 (C), 144.5 (C), 123.1 (CH2), 115.2 (CH), 32.4 (CH2),
32.1 (CH2), 19.4 (CH), 18.1 (CH), 11.5 (2CH2).

IR (neat) m = 1663, 1587, 1392, 1368, 1257, 1108, 1092, 952, 923, 875,
810 cm-1.

HRMS calculated for [C14H16O2Na]+: 239.1043, found: 239.1037.

Prepared according to GP1, 99 %. Brown oil. 1H NMR (400 MHz, CDCl3) d
6.75 (t, J = 2.8 Hz, 1H), 6.62 (t, J = 2.4 Hz, 1H), 5.82 (s, 1H), 5.62 (dd, J = 1.4,
0.7 Hz, 1H), 3.14–3.09 (m, 2H), 2.67 (td, J = 4.6, 2.3 Hz, 2H), 1.89 (dd, J = 1.3,
0.9 Hz, 3H), 1.20 (s, 9H).

13C NMR (100 MHz, CDCl3) d 209.5 (C), 192.7 (C), 164.3 (C), 147.3 (CH),
146.4 (C), 144.9 (C), 122.8 (CH2), 113.3 (CH), 45.0 (C), 32.8 (CH2), 31.0 (CH2),
26.7 (CH3), 18.0 (CH3).

IR (neat) m = 2967, 1685, 1650, 1577, 1477, 1456, 1367, 1303, 1281, 1193,
1096, 997, 933, 902, 858, 658 cm-1.

HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1353.

To a solution of the polyconjugated diketone 123 (0.1 mmol) in 2.5 mL of
CH2Cl2 were added 600 mg (10 mmol) of silica. The mixture was heated at 70 �C
in a sealed tube for 2–3 days and then, filtered over a short pad of silica eluted with
diethyl ether. The crude material was purified by flash column chromatography
(pentane/AcOEt 3:1) to obtain the desired product in pure form, 75 % yield.
Orange solid, mp = 92 �C. 1H NMR (300 MHz, CDCl3) d 8.05–8.01 (m, 2H),
7.54 (ddt, J = 5.4, 4.2, 2.1 Hz, 1H), 7.47–7.40 (m, 2H), 6.63 (dd, J = 5.7, 3.0 Hz,
1H), 6.16 (d, J = 5.7 Hz, 1H), 3.02–2.98 (m, 1H), 2.83 (s, 1H), 2.26–2.11 (m, 2H),
1.84 (dd, J = 12.9, 4.6 Hz, 1H), 1.12 (s, 3H), 0.96 (dd, J = 12.9, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) d 213.2 (C), 200.2 (C), 140.2 (CH), 136.9 (C),
133.1 (CH), 130.5 (CH), 129.5 (CH), 128.5 (CH), 73.8 (C), 60.8 (CH), 55.6 (C),
45.8 (CH), 39.4 (CH2), 35.8 (CH2), 12.5 (CH3).

IR (neat) m = 706, 833, 906, 1051, 1063, 1241, 1284, 1447, 1597, 1660,
1748 cm-1.
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HRMS calculated for [C17H16O2Na]+: 275.1043, found: 275.1039.

Prepared according to the same procedure than for 128, quantitative yield.
Brown oil. 1H NMR (400 MHz, CDCl3) d 6.66 (dd, J = 5.7, 2.6 Hz, 1H), 6.22
(d, J = 6.0 Hz, 1H), 2.70 (br s, 2H), 2.18 (tt, J = 7.8, 4.6 Hz, 1H), 2.12
(d, J = 3.5 Hz, 2H), 1.80 (dd, J = 12.9, 4.2 Hz, 1H), 1.02 (s, 3 H), 1.09–0.83
(m, 5H).

13C NMR (100 MHz, CDCl3) d 213.5 (C), 209.6 (C), 142.9 (CH), 128.5 (CH),
75.1 (C), 58.9 (CH), 54.4 (C), 45.5 (CH), 40.0 (CH2), 35.7 (CH2), 19.5 (CH), 12.0
(CH3), 11.7 (CH2), 11.4 (CH2).

IR (neat) m = 2959, 1749, 1682, 1446, 1383, 1236, 1215, 1191, 1076, 1056,
944, 750, 731 cm-1.

HRMS calculated for [C14H16O2Na]+: 239.1043, found: 239.1034.

Prepared according to the same procedure than for 128, 55 %. Brown oil. 1H
NMR (300 MHz, CDCl3) d 6.53 (dd, J = 5.8, 3.0 Hz, 1H), 6.26 (d, J = 5.8 Hz,
1H), 2.71–2.61 (m, 2H), 2.09 (m, 2H), 1.70 (dd, J = 13.0, 4.7 Hz, 1H), 1.21
(s, 9H), 0.95 (s, 3H), 0.84 (dd, J = 12.9, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) d 213.8 (C), 213.0 (C), 140.5 (CH), 128.6 (CH),
74.2 (C), 59.4 (CH), 56.1 (C), 45.5 (CH), 45.3 (C), 39.3 (CH2), 35.4 (CH2), 27.1
(CH3), 12.2 (CH3).

IR (neat) m = 2962, 1749, 1677, 1479, 1460, 1367, 1138, 1056, 1025, 914,
733 cm-1.

HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1348.
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To a solution of alcohol 88 (139 mg, 0.96 mmol, 1 equiv.) in MeOH is added
K2CO3 (400 mg, 2.88 mmol, 3 equiv.). After stirring for 2 h, about 90 % of the
solvent is removed under reduced pressure, and the resulting solution is diluted with
water and Et2O. The aqueous layer is extracted twice with Et2O and the combined
organic extracts are washed with brine and water, dried over MgSO4 and evaporated
under reduced pressure to afford the pure alcohol as colorless oil in 98 % yield.

To a solution of the alcohol (92 mg, 0.62 mmol, 1 equiv.),
trimethylsilylpropynoic acid (132 mg, 1.93 mmol, 1.5 equiv.) and DMAP
(8 mg, 0.06 mmol, 0.1 equiv.) in CH2Cl2 (3 mL) is added at 0 �C EDCI
(143 mg, 0.75 mmol, 1.2 equiv.). The mixture is stirred at rt overnight, then
quenched with brine. The aqueous layer is extracted with CH2Cl2, and the
combined organic extracts are washed with a saturated aqueous solution of
NaHCO3, dried over MgSO4 and filtered. The solvent is removed under reduced
pressure and the residue is purified by flash column chromatography to yield the
desired product in 18 % yield. 1H NMR (400 MHz, CDCl3) d 4.44 (ddd, J = 7.2,
5.9, 1.7 Hz, 1H), 2.33–2.25 (m, 2H), 1.92 (t, J = 2.7 Hz, 1H), 1.87–1.78 (m, 2H),
1.27–1.18 (m, 1H), 0.77–0.71 (m, 2H), 0.68–0.61 (m, 2H), 0.15 (s, 9H).

13C NMR (101 MHz, CDCl3) d 207.7, 88.4, 83.9, 76.2, 72.9, 71.6, 68.6, 61.5,
37.6, 14.6, 8.2, 8.1, 0.3 (3C), -0.4.

IR (neat) m = 3307, 2959, 1599, 1490, 1251, 1088, 1068, 978, 838, 753, 689,
630 cm-1.

HRMS calculated for [C15H20O2Na]+: 255.1356, found: 255.1348.

Prepared according to the same procedure than for 136 replacing
trimethylsilylpropynoic acid by pent-2-ynoic acid, 53 % (78 % brsm). 1H NMR
(400 MHz, CDCl3) d 7.44 (dd, J = 7.6, 1.9 Hz, 2H), 7.36–7.28 (m, 3H), 5.76 (t,
J = 6.5 Hz, 1H), 2.45 (td, J = 6.9, 2.6 Hz, 2H), 2.37 (q, J = 7.5 Hz, 2H), 2.15 (p,
J = 6.9 Hz, 2H), 2.00 (t, J = 2.6 Hz, 1H), 1.22 (t, J = 7.5 Hz, 3H).

13C NMR (101 MHz, CDCl3) d 152.6, 131.9 (2C), 128.8, 128.3 (2C), 121.9,
91.8, 86.5, 84.8, 82.4, 72.1, 69.4, 64.7, 33.6, 14.6, 12.5, 12.5.

IR (neat) m = 3297, 2234, 1711, 1232, 1047, 751, 636 cm-1.
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To a solution of alcohol 86 (750 mg, 2.93 mmol, 1 equiv.) in CH2Cl2 (30 mL),
is added dropwise at 0 �C bromoacetyl bromide (0.512 mL, 5.86 mmol, 2 equiv.).
The mixture is stirred at rt for 4 d, then quenched with a 10 % aqueous solution of
K2CO3. The aqueous layer is extracted with CH2Cl2, and the combined organic
extracts are washed with brine, dried over MgSO4 and filtered. After removal of
the solvents under reduced pressure, the crude residue is purified by flash column
chromatography (PE/AcOEt 95:5 to 9:1) to yield the desired bromoacetate
derivative in 55 % yield as a brown oil. 1H NMR (300 MHz, CD3CN) d 7.44 (dd,
J = 7.3, 2.1 Hz, 2H), 7.36–7.28 (m, 3H), 5.74 (t, J = 6.4 Hz, 1H), 3.88 (s, 2H),
2.49 (t, J = 7.5 Hz, 2H), 2.15 (q, J = 6.8 Hz, 2H), 0.87 (q, J = 6.7, 5.8 Hz, 1H),
0.16 (s, 9H).

To a solution of the bromoacetate (465 mg, 1.2 mmol, 1 equiv.) in MeCN
(91 mL) is added PPh3 (388 mg, 1.5 mmol, 1.2 equiv.). The reaction mixture is
stirred at rt for 24 h, and then the solvent is removed under reduced pressure to
give a brown foaming solid. The latter is washed twice with Et2O to give
phosphonium salt 138 as a brown solid in quantitative yield. 1H NMR (400 MHz,
CD3CN) d 7.92–7.76 (m, 10H), 7.71–7.61 (m, 7H), 7.43–7.30 (m, 6H), 5.56
(t, J = 6.4 Hz, 1H), 5.47–5.24 (m, 2H), 2.37–2.15 (m, 2H), 1.84 (q, J = 7.4 Hz,
2H), 0.10 (s, 9H).31P NMR (162 MHz, CD3CN) d 21.8 (t, J = 26.4 Hz).

13C NMR (101 MHz, CD3CN) d 164.3, 136.1 (d, J = 2.8 Hz, 3C), 134.9
(d, J = 10.8 Hz, 6C), 134.27 (d, J = 19.6 Hz, 3C), 132.6 (2C), 130.9
(d, J = 13.2 Hz, 6C), 130.1, 129.5 (2C), 122.1, 119.1, 106.1, 87.2, 86.2, 85.2,
66.4, 34.0, 32.5, 32.0, 16.1, 0.0 (3C).

Phosphonium salt 138 (495 mg, 0.77 mmol, 1 equiv.) is diluted in CH2Cl2 and
the solution is introduced in a small separatory funnel. 1.3 mL of a 1.2 M aqueous
solution of NaOH (1.55 mmol, 2 equiv.) is then added, and the biphasic system is
shaken vigorously. The aqueous layer is extracted with CH2Cl2, and the combined
organic extracts are dried over MgSO4 and filtered. Removal of the solvent under
reduced pressure affords a brown oil, which is diluted in CH2Cl2 (8 mL). NEt3 is
added to the solution, followed by dropwise addition of acyl chloride at rt. The
resulting mixture is stirred at rt overnight, and then filtered on short plug of silica
using a 2:1 mixture of pentane/Et2O as eluent. Allenic derivative 155 is obtained
pure as a brown oil in 80 % yield. 1H NMR (400 MHz, CDCl3) d 7.46–7.42
(m, 2H), 7.34–7.28 (m, 3H), 5.73 (t, J = 6.4 Hz, 1H), 5.68 (t, J = 6.5 Hz, 1H),
5.26 (d, J = 6.6 Hz, 2H), 2.51–2.44 (m, 2H), 2.17–2.09 (m, 2H), 0.15 (s, 9H).
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13C NMR (101 MHz, CDCl3) d 216.3, 164.6, 132.1 (2C), 128.8, 128.4 (2C),
122.2, 105.4, 87.8, 86.1, 85.7, 85.6, 79.7, 64.0, 34.1, 16.0, 0.2 (3C).

Desylilation was performed under classical conditions using KF in DMSO.
Brown oil, 63 %. 1H NMR (400 MHz, CDCl3) d 7.46–7.42 (m, 2H), 7.34–7.28
(m, 3H), 5.77 (t, J = 6.4 Hz, 1H), 5.68 (t, J = 6.5 Hz, 1H), 5.26 (d, J = 6.5 Hz,
2H), 2.47–2.41 (m, 2H), 2.18–2.10 (m, 2H), 2.00 (t, J = 2.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) d 216.4, 164.7, 132.1 (2C), 128.9, 128.4 (2C),
122.2, 87.8, 86.1, 85.6, 82.8, 79.7, 69.4, 63.9, 33.9, 14.7.

IR (neat) m = 3296, 2232, 1969, 1715, 1244, 1149, 854, 757, 690, 636 cm-1.

Prepared according to GP1, 39 %. 1H NMR (400 MHz, CDCl3) d 7.81–7.76
(m, 2H), 7.65–7.55 (m, 1H), 7.51–7.42 (m, 2H), 6.95 (t, J = 2.9 Hz, 1H), 6.18
(t, J = 2.3 Hz, 1H), 3.08–2.98 (m, 2H), 2.83–2.74 (m, 2H), 2.62 (q, J = 7.4 Hz,
2H), 1.19 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCl3) d 192.8, 188.8, 163.2, 155.6, 142.5, 138.1,
133.2, 129.4 (2C), 128.7 (2C), 99.2, 94.3, 90.7, 38.9, 31.7, 31.1, 8.5.

Prepared according to GP1, 59 %. 1H NMR (400 MHz, CDCl3) d 7.85–7.79
(m, 2H), 7.63–7.57 (m, 1H), 7.53–7.43 (m, 2H), 7.10 (t, J = 2.8 Hz, 1H), 6.80
(t, J = 2.4 Hz, 1H), 3.35–3.27 (m, 2H), 2.81 (dq, J = 4.7, 2.5 Hz, 2H), 2.36
(q, J = 7.5 Hz, 2H), 1.19 (t, J = 7.5 Hz, 3H).
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13C NMR (101 MHz, CDCl3) d 193.02, 177.42, 162.78, 157.44, 143.74,
137.88, 133.46, 129.58 (2C), 128.71 (2C), 120.75, 93.96, 83.11, 33.02, 32.34,
12.95, 12.91.

Prepared according to GP1, 74 %. 1H NMR (400 MHz, CDCl3) d 7.88–7.83
(m, 2H), 7.62–7.54 (m, 1H), 7.50–7.42 (m, 2H), 7.41 (d, J = 1.6 Hz, 1H), 6.82 (t,
J = 2.4 Hz, 1H), 6.62 (t, J = 2.8 Hz, 1H), 6.42 (dd, J = 3.3, 1.8 Hz, 1H), 6.26 (d,
J = 3.3 Hz, 1H), 3.12–3.02 (m, 2H), 2.83–2.73 (m, 2H).

13C NMR (101 MHz, CDCl3) d 194.2, 154.3, 148.4, 144.2, 142.6, 141.7,
138.5, 133.0, 129.6 (2C), 128.5 (2C), 111.7, 110.6, 108.9, 32.1, 30.5.

X-ray structure of compound 128

Scheme 5 Structure of compound 128 in the solid-state. Anisotropic displacement parameters
are drawn at the 50 % probability level and hydrogen atoms are omitted for clarity
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Table 1 Crystal structure information:

Formula C17H1602

Crystal class Monoclinic Space group P 21/c

a 20.7922(8) Alpha 90
b 8.9315(3) Beta 110.436(1)
c 14.7308(5) Gamma 9
Volume 2563.42(16) Z 8
Radiation type Mo Ka Wavelength 0.71073
q 1.31 Mr 504.63
l 0.084 Temperature (K) 200(2)
Size 0.08 9 0.12 9 0.20
Colour Colourless Shape Plate
Cell from 593 reflections Theta range 4–28
Diffractometer type APEX2 Scan type 2 Theta/OMEG
Absorption type Multi-scan Transmission range 0.97 0.99
Reflections measured 24983 Independent reflections 6784
Rint 0.02 Theta max 29.14
Hmin, Hmax -28 28
Kmin, Kmax -11 12
Lmin, Lmax -20 19
Refinement on Fsqd
R[I [ 2r(I)] 0.043 WR2(all) 0.126
Max shift/su 0.0007
Delta Rho min -0.20 Delta Rho max 0.40
Reflections used 6766
Number of parameters 344 Goodness of fit 0.947

Table 2 Fractional atomic coordinates for C17H16O2

Atom x/a y/b z/c U(eqv)

C(1) 0.98207(5) 0.78181(11) 0.36047(8) 0.0227
C(2) 1.05734(5) 0.76066(11) 0.41192(8) 0.0224
C(3) 1.09520(6) 0.65413(12) 0.38298(8) 0.0248
C(4) 1.16591(6) 0.64570(13) 0.42981(9) 0.0294
C(5) 1.19843(6) 0.74094(14) 0.50687(10) 0.0339
C(6) 1.16093(6) 0.84593(14) 0.53696(9) 0.0337
C(7) 1.09045(6) 0.85693(13) 0.48891(9) 0.0282
C(8) 0.93460(5) 0.64881(11) 0.32637(7) 0.0205
C(9) 0.90499(6) 0.61984(12) 0.21391(8) 0.0250
C(10) 0.85905(6) 0.75333(14) 0.17045(8) 0.0304
C(11) 0.83472(5) 0.80261(13) .25268(8) 0.0269
C(12) 0.86114(5) 0.68455(12) 0.33132(8) 0.0232
C(13) 0.81875(6) 0.54563(13) 0.27869(9) 0.0309
C(14) 0.86505(6) 0.47867(13) 0.22530(8) 0.0293
C(15) 0.91939(7) 0.39392(13) 0.30357(9) 0.0317

(continued)
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Table 2 (continued)

Atom x/a y/b z/c U(eqv)

C(16) 0.95924(6) 0.49399(12) 0.36426(8) 0.0269
C(17) 0.85688(7) 0.72245(14) 0.42902(9) 0.0329
C(21) 0.51156(5) 0.78664(11) 0.37950(7) 0.0228
C(22) 0.43621(5) 0.76225(11) 0.35398(8) 0.0227
C(23) 0.40123(6) 0.85038(13) 0.39999(8) 0.0286
C(24) 0.33084(6) 0.83177(14) 0.37729(10) 0.0337
C(25) 0.29531(6) 0.72825(14) 0.30778(10) 0.0337
C(26) 0.32960(6) 0.64158(12) 0.26075(9) 0.0297
C(27) 0.40015(5) 0.65725(11) 0.28467(8) 0.0245
C(28) 0.55938(5) 0.65461(11) 0.39016(7) 0.0199
C(29) 0.58985(6) 0.63150(12) 0.30724(7) 0.0239
C(30) 0.63603(6) 0.76643(13) 0.31341(8) 0.0288
C(31) 0.66029(5) 0.80813(12) 0.42085(8) 0.0262
C(32) 0.63230(5) 0.68668(12) 0.46945(7) 0.0222
C(33) 0.67460(6) 0.54909(13) 0.45600(9) 0.0282
C(34) 0.62916(6) 0.48804(12) 0.35488(8) 0.0274
C(35) 0.57409(6) 0.40043(12) 0.37640(9) 0.0289
C(36) 0.53440(5) 0.49854(12) 0.39995(8) 0.0244
C(37) 0.63621(6) 0.71711(15) 0.57203(8) 0.0318
O(1) 0.95826(4) 0.90865(9) 0.34766(7) 0.0339
O(2) 0.79740(5) 0.90725(11) 0.25123(7) 0.0387
O(11) 0.53503(4) 0.91346(9) 0.39428(7) 0.0346
O(12) 0.69878(5) 0.90907(11) 0.46004(7) 0.0382

Table 3 Interatomic distances (Å) for C17H16O2

C(1)–C(2) 1.4936(14) C(1)–C(8) 1.5137(14)

C(1)–O(1) 1.2243(13) C(2)–C(3) 1.3932(14)
C(2)–C(7) 1.3980(15) C(3)–C(4) 1.3910(15)
C(4)–C(5) 1.3904(18) C(5)–C(6) 1.3874(18)
C(6)–C(7) 1.3906(16) C(8)–C(9) 1.5743(14)
C(8)–C(12) 1.5867(14) C(8)–C(16) 1.5121(14)
C(9)–C(10) 1.5221(16) C(9)–C(14) 1.5508(16)
C(10)–C(11) 1.5314(16) C(11)–C(12) 1.5203(15)
C(11)–O(2) 1.2100(14) C(12)–C(13) 1.5621(15)
C(12)–C(17) 1.5108(15) C(13)–C(14) 1.5594(16)
C(14)–C(15) 1.5065(17) C(15)–C(16) 1.3294(16)
C(21)–C(22) 1.4940(14) C(21)–C(28) 1.5149(14)
C(21)–O(11) 1.2224(13) C(22)–C(23) 1.3972(15)
C(22)–C(27) 1.3964(15) C(23)–C(24) 1.3928(17)
C(24)–C(25) 1.3859(19) C(25)–C(26) 1.3903(18)
C(26)–C(27) 1.3908(15) C(28)–C(29) 1.5736(14)
C(28)–C(32) 1.5839(14) C(28)–C(36) 1.5119(14)
C(29)–C(30) 1.5237(15) C(29)–C(34) 1.5498(15)

(continued)
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Table 3 (continued)

C(1)–C(2) 1.4936(14) C(1)–C(8) 1.5137(14)

C(30)–C(31) 1.5298(16) C(31)–C(32) 1.5229(15)
C(31)–O(12) 1.2100(14) C(32)–C(33) 1.5636(15)
C(32)–C(37) 1.5094(15) C(33)–C(34) 1.5575(16)
C(34)–C(35) 1.5092(16) C(35)–C(36) 1.3300(15)

Table 4 Bond angles (�) for C17H16O2

C(2)–C(1)–C(8) 121.03(9) C(2)–C(1)–O(1) 119.40(9)

C(8)–C(1)–O(1) 119.56(9) C(1)–C(2)–C(3) 122.34(9)
C(1)–C(2)–C(7) 117.76(9) C(3)–C(2)–C(7) 119.83(10)
C(2)–C(3)–C(4) 119.83(10) C(3)–C(4)–C(5) 120.02(10)
C(4)–C(5)–C(6) 120.46(10) C(5)–C(6)–C(7) 119.67(11)
C(2)–C(7)–C(6) 120.16(10) C(1)–C(8)–C(9) 116.64(8)
C(1)–C(8)–C(12) 110.70(8) C(9)–C(8)–C(12) 93.00(8)
C(1)–C(8)–C(16) 119.84(9) C(9)–C(8)–C(16) 101.29(8)
C(12)–C(8)–C(16) 111.99(8) C(8)–C(9)–C(10) 105.74(8)
C(8)–C(9)–C(14) 92.71(8) C(10)–C(9)–C(14) 113.65(9)
C(9)–C(10)–C(11) 102.98(9) C(10)–C(11)–C(12) 105.78(9)
C(10)–C(11)–O(2) 126.51(11) C(12)–C(11)–O(2) 127.45(11)
C(8)–C(12)–C(11) 101.66(8) C(8)–C(12)–C(13) 101.70(8)
C(11)–C(12)–C(13) 100.46(9) C(8)–C(12)–C(17) 117.80(9)
C(11)–C(12)–C(17) 116.39(9) C(13)–C(12)–C(17) 116.11(9)
C(12)–C(13)–C(14) 102.37(8) C(9)–C(14)–C(13) 101.01(8)
C(9)–C(14)–C(15) 101.80(9) C(13)–C(14)–C(15) 103.70(10)
C(14)–C(15)–C(16) 107.56(10) C(8)–C(16)–C(15) 108.38(10)
C(22)–C(21)–C(28) 120.34(9) C(22)–C(21)–O(11) 119.89(9)
C(28)–C(21)–O(11) 119.74(9) C(21)–C(22)–C(23) 118.26(9)
C(21)–C(22)–C(27) 122.01(9) C(23)–C(22–C(27) 119.71(10)
C(22 –C(23)–C(24) 119.84(11) C(23)–C(24)–C(25) 120.10(11)
C(24)–C(25)–C(26) 120.38(10) C(25)–C(26)–C(27) 119.79(11)
C(22)–C(27)–C(26) 120.16(10) C(21)–C(28)–C(29) 116.69(8)
C(21)–C(28)–C(32) 111.12(8) C(29)–C(28)–C(32) 93.15(7)
C(21 –C(28)–C(36) 119.52(9) C(29)–C(28)–C(36) 101.41(8)
C(32)–C(28)–C(36) 111.63(8) C(28)–C(29)–C(30) 105.43(8)
C(28)–C(29)–C(34) 92.79(8) C(30)–C(29)–C(34) 113.90(9)
C(29)–C(30)–C(31) 103.15(9) C(30)–C(31 –C(32) 105.72(9)
C(30)–C(31)–O(12) 126.82(11) C(32)–C(31)–O(12) 127.16(11)
C(28)–C(32)–C(31) 101.93(8) C(28)–C(32)–C(33) 101.56(8)
C(31)–C(32)–C(33) 100.13(8) C(28)–C(32)–C(37) 118.29(9)
C(31)–C(32)–C(37) 116.53(9) C(33)–C(32)–C(37) 115.62(9)
C(32)–C(33)–C(34) 102.49(8) C(29)–C(34)–C(33) 101.04(8)
C(29)–C(34)–C(35) 101.82(9) C(33)–C(34)–C(35) 103.41(9)
C(34)–C(35)–C(36) 107.37(9) C(28)–C(36) –C(35) 108.52(9)
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Table 5 Anisotropic thermal parameters for C17H16O2

Atom u(11) u(22) u(33) u(23) u(13) u(12)

C(1) 0.0198(5) 0.0216(4) 0.0266(5) -0.0018(4) 0.0080(4) -0.0003(4)
C(2) 0.0186(4) 0.0214(4) 0.0261(5) 0.0008(4) 0.0064(4) -0.0003(4)
C(3) 0.0233(5) 0.0220(5) 0.0282(5) 0.0003(4) 0.0078(4) 0.0012(4)
C(4) 0.0227(5) 0.0263(5) 0.0384(6) 0.0039(4) 0.0096(4) 0.0045(4)
C(5) 0.0217(5) 0.0339(6) 0.0390(6) 0.0045(5) 0.0015(5) 0.0012(4)
C(6) 0.0281(6) 0.0337(6) 0.0319(6) -0.0047(5) 0.0011(5) -0.0034(5)
C(7) 0.0260(5) 0.0270(5) 0.0297(5) -0.0045(4) 0.0074(4) -0.0002(4)
C(8) 0.0203(4) 0.0196(4) 0.0211(4) -0.0010(3) 0.0066(4) -0.0006(3)
C(9) 0.0289(5) 0.0259(5) 0.0212(5) -0.0023(4) 0.0099(4) 0.0004(4)
C(10) 0.0341(6) 0.0322(5) 0.0227(5) 0.0033(4) 0.0072(4) 0.0036(5)
C(11) 0.0197(5) 0.0288(5) 0.0291(5) -0.0015(4) 0.0045(4) 0.0006(4)
C(12) 0.0215(5) 0.0255(5) 0.0238(5) -0.0035(4) 0.0092(4) -0.0031(4)
C(13) 0.0266(5) 0.0306(5) 0.0357(6) -0.0069(5) 0.0112(5) -0.0089(4)
C(14) 0.0337(6) 0.0260(5) 0.0270(5) -0.0081(4) 0.0089(4) -0.0051(4)
C(15) 0.0401(6) 0.0221(5) 0.0340(6) -0.0007(4) 0.0143(5) -0.0013(4)
C(16) 0.0302(5) 0.0225(5) 0.0274(5) 0.0026(4) 0.0095(4) 0.0024(4)
C(17) 0.0364(6) 0.0373(6) 0.0307(6) -0.0058(5) 0.0190(5) -0.0035(5)
C(21) 0.0203(5) 0.0221(5) 0.0236(5) -0.0021(4) 0.0047(4) 0.0014(4)
C(22) 0.0201(5) 0.0209(4) 0.0258(5) 0.0011(4) 0.0062(4) 0.0028(4)
C(23) 0.0289(5) 0.0275(5) 0.0292(5) -0.0012(4) 0.0097(4) 0.0064(4)
C(24) 0.0303(6) 0.0350(6) 0.0400(6) 0.0041(5) 0.0176(5) 0.0098(5)
C(25) 0.0214(5) 0.0325(6) 0.0480(7) 0.0094(5) 0.0131(5) 0.0042(4)
C(26) 0.0222(5) 0.0237(5) 0.0388(6) 0.0026(4) 0.0050(4) -0.0006(4)
C(27) 0.0220(5) 0.0211(5) 0.0285(5) 0.0002(4) 0.0064(4) 0.0015(4)
C(28) 0.0186(4) 0.0197(4) 0.0205(4) -0.0003(3) 0.0056(4) 0.0012(3)
C(29) 0.0275(5) 0.0245(5) 0.0202(4) -0.0010(4) 0.0087(4) 0.0006(4)
C(30) 0.0319(6) 0.0295(5) 0.0279(5) 0.0022(4) 0.0142(4) -0.0027(4)
C(31) 0.0210(5) 0.0275(5) 0.0303(5) -0.0006(4) 0.0093(4) -0.0006(4)
C(32) 0.0187(4) 0.0260(5) 0.0200(4) -0.0006(4) 0.0044(4) 0.0007(4)
C(33) 0.0220(5) 0.0294(5) 0.0318(5) 0.0031(4) 0.0077(4) 0.0063(4)
C(34) 0.0296(5) 0.0251(5) 0.0304(5) -0.0012(4) 0.0139(4) 0.0052(4)
C(35) 0.0339(6) 0.0210(5) 0.0321(5) 0.0002(4) 0.0116(5) 0.0008(4)
C(36) 0.0244(5) 0.0227(5) 0.0252(5) 0.0010(4) 0.0076(4) -0.0018(4)
C(37) 0.0306(6) 0.0412(6) 0.0209(5) -0.0028(4) 0.0057(4) -0.0022(5)
O(1) 0.0241(4) 0.0214(4) 0.0530(5) -0.0013(3) 0.0094(4) 0.0015(3)
O(2) 0.0287(4) 0.0382(5) 0.0455(5) -0.0012(4) 0.0083(4) 0.0118(4)
O(11) 0.0268(4) 0.0219(4) 0.0499(5) -0.0058(3) 0.0068(4) -0.0010(3)
O(12) 0.0319(5) 0.0379(5) 0.0447(5) -0.0086(4) 0.0132(4) -0.0126(4)
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Table 6 Hydrogen atoms fractional atomic coordinates for C17H16O2

Atom x/a y/b z/c U(iso)

H(31) 1.0727 0.5863 0.3319 0.0418(8)
H(41) 1.1919 0.5741 0.4089 0.0418(8)
H(51) 1.2468 0.7346 0.5383 0.0418(8)
H(61) 1.1837 0.9099 0.5912 0.0418(8)
H(71) 1.0643 0.9305 0.5082 0.0418(8)
H(91) 0.9390 0.6010 0.1861 0.0418(8)
H(101) 0.8838 0.8306 0.1527 0.0418(8)
H(102) 0.8211 0.7244 0.1143 0.0418(8)
H(131) 0.8119 0.4760 0.3235 0.0418(8)
H(132) 0.7748 0.5746 0.2337 0.0418(8)
H(141) 0.8421 0.4244 0.1672 0.0418(8)
H(151) 0.9240 0.2875 0.3081 0.0418(8)
H(161) 0.9971 0.4714 0.4223 0.0418(8)
H(171) 0.8113 0.7417 0.4233 0.0418(8)
H(172) 0.8845 0.8094 0.4547 0.0418(8)
H(173) 0.8747 0.6411 0.4726 0.0418(8)
H(231) 0.4259 0.9245 0.4469 0.0418(8)
H(241) 0.3066 0.8918 0.4089 0.0418(8)
H(251) 0.2472 0.7148 0.2918 0.0418(8)
H(261) 0.3048 0.5722 0.2124 0.0418(8)
H(271) 0.4238 0.5955 0.2538 0.0418(8)
H(291) 0.5558 0.6165 0.2448 0.0418(8)
H(301) 0.6736 0.7392 0.2943 0.0418(8)
H(302) 0.6113 0.8459 0.2739 0.0418(8)
H(331) 0.7183 0.5770 0.4573 0.0418(8)
H(332) 0.6787 0.4759 0.5055 0.0418(8)
H(341) 0.6531 0.4366 0.3198 0.0418(8)
H(351) 0.5690 0.2937 0.3739 0.0418(8)
H(361) 0.4963 0.4751 0.4196 0.0418(8)
H(371) 0.6828 0.7347 0.6116 0.0418(8)
H(372) 0.6099 0.8040 0.5729 0.0418(8)
H(373) 0.6190 0.6342 0.5960 0.0418(8)
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Experimental Section Related to Chap. 4

Diethylmalonate 26 (0.45 mL, 2.9 mmol) was added to a suspension of NaH
(0.14 g, 2.9 mmol) in THF (40 mL) at 0 �C, under an argon atmosphere and the
solution was stirred for 15 min at rt. Propargyl bromide (0.6 g, 2.9 mmol) was
added and stirring was kept on for an additional 3 h. After dilution with ether
(30 mL), the solution was washed with a saturated NH4Cl solution (3 9 50mL)
and the aqueous phase was further extracted with ether (3 9 40mL). The
combined organic layers were dried over anhydrous MgSO4, then concentrated in
vacuo. The reaction residue was purified by silica gel chromatography (AcOEt/
pentane, 5:95) affording the desired product in 54 % yield.

Diethyl 2-(prop-2-ynyl)malonate was added to a suspensionof NaH (1.1 equiv.)
in THF (0.5 M) at 0 �C, under an argon atmosphere and the solution was stirred
for 15 min at room temperature. Allyl bromide (1.2 equiv.) was added and stirring
was kept on for an additional 3 h. After dilution with ether, the solution was
washed with a saturated NH4Cl solution (3 9 50 mL) and the aqueous phase was
further extracted with ether. The combined organic layers were dried over
anhydrous MgSO4, then concentrated in vacuo. The reaction residue was purified
by silica gel chromatography (AcOEt: pentane, 5:95) affording the desired enyne
24 in 97 % yield. 1H NMR (300 MHz, CDCl3) d 5.66–5.57 (m, 1H), 5.33–4.98
(m, 2H), 4.19 (q, J = 7.1 Hz, 4H), 2.89–2.79 (m, 4H), 2.01 (t, J = 2.5 Hz, 1H),
1.24 (t, J = 7.1 Hz, 6H).

13C NMR (75 MHz, CDCl3) d 169.8 (2C), 131.9 (CH), 119.9 (CH2), 79.0 (C),
71.5 (CH), 61.7 (2CH2), 56.7 (C), 36.5 (CH2), 22.7 (CH2), 14.2 (2CH3).

IR (neat) m = 2982, 2936, 2587, 1734, 1214, 1192, 926 cm-1.

To a suspension of LAH (1.2 g, 31.5 mmol, 2.5 equiv.) in Et2O (13 mL) is
added dropwise at 0 �C enyne 24 (3 g, 12.6 mmol, 1 equiv.). The mixture is
allowed to warm to rt and stirred for 4 h, then cooled down to 0 �C and quenched
by a dropwise addition of a saturated aqueous solution of MgSO4 until the
aluminium salts have been hydrolyzed. The mixture is then filtered over a short
pad of silica/celite, the remaining solids are washed with Et2O, and the filtrate
evaporated under reduced pressure to afford the diol in pure form as a colorless oil
in 87 % yield. 1H NMR (300 MHz, CDCl3) d 5.95–5.67 (m, 1H), 5.26–5.02
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(m, 2H), 3.61 (br, 4H), 2.93 (br s, 2H), 2.25 (dd, J = 8.3, 2.7 Hz, 2H), 2.22–2.09
(m, 2H), 2.02 (dd, J = 3.5, 1.9 Hz, 1H).

13C NMR (75 MHz, CDCl3) d 133.3 (CH), 118.8 (CH2), 81.0 (C), 71.0 (CH),
67.2 (2CH2), 42.1 (C), 36.1 (CH2), 21.5 (CH2).

IR (neat) m = 3412, 3065, 3001, 2971, 1458, 1023, 973 cm-1.
The diol (2.4 g, 15.8 mmol, 1 equiv.) was added to a suspension of NaH

(1.325 g, 33.1 mmol, 2.1 equiv.) in THF (30 mL) at 0 �C, under an argon
atmosphere and the solution was stirred for 15 min at rt. Methyl iodide (2.16 mL,
34.7 mmol, 2.2 equiv.) was added and stirring was kept on for an additional 3 h.
After dilution with ether (30 mL), the solution was washed with a saturated NH4Cl
solution and the aqueous phase was further extracted with ether. The combined
organic layers were dried over anhydrous MgSO4, then concentrated in vacuo. The
reaction residue was purified by silica gel chromatography (Et2O/pentane, 1:99)
affording the desired enyne 25 in 90 % yield. 1H NMR (400 MHz, CDCl3) d 1.97
(t, J = 1.8 Hz, 1H), 2.17 (dt, J = 7.5, 1.2 Hz, 2H), 2.21 (d, J = 1.8 Hz, 2H), 3.25
(d, J = 2.1 Hz, 4H), 3.33 (s, 6H), 5.05–5.15 (m, 2H), 5.80 (ddt, J = 10.2, 17.1,
7.5 Hz, 1H).

13C NMR (100 MHz, CDCl3) d 22.0, 36.2, 41.7, 59.3, 70.1, 74.2, 81.2, 118.1,
133.7.

IR (neat) m = 3292, 2934, 2876, 2100, 1641, 1452, 1200, 1109, 914 cm-1.

Prepared according to GP1. 1H NMR (400 MHz, CDCl3) d 6.14 (dt, J = 2.0,
10.0 Hz, 1H), 5.77 (dt, J = 0.8, 8.8 Hz, 1H), 4.90 (dt, J = 0.8, 6.0 Hz, 2H),
4.21–4.10 (m, 4H), 2.85 (t, J = 1.4 Hz, 2H), 2.68–2.66 (m, 2H), 1.22
(t, J = 7.2 Hz, 6H). Other spectral data identical to those reported [5].

Prepared according to GP1. 1H NMR (400 MHz, CDCl3) d 6.47 (dd, J = 10.8,
17.6 Hz, 1H), 5.57 (brs, 1H), 5.11 (d, J = 6.4 Hz, 1H), 5.08 (s, 1H), 4.20
(q, J = 7.2 Hz, 4H), 3.12 (brs, 2H), 3.09 (brs, 2H), 1.25 (t, J = 7.2 Hz, 6H). Other
spectral data identical to those reported [6].
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Prepared according to GP1. 1H NMR (400 MHz, CDCl3) d = 6.12
(dt, J = 2.0, 9.6 Hz, 1H), 5.69 (dt, J = 3.6, 9.6 Hz, 1H), 4.84 (s, 1H), 4.79
(s, 1H), 3.31 (s, 6H), 3.21 (s, 2H), 3.20 (s, 2H), 2.26 (t, J = 1.6 Hz, 2H), 2.04
(d, J = 1.6 Hz, 2H).

13C NMR (100 MHz, CDCl3) d 141.3, 128.9, 127.7, 112.4, 75.9 (2C), 59.5
(2C), 38.8, 35.4, 29.8.

HRMS calculated for [C13H18NaO4]+: 261.1097, found: 261.1101.

This product could not be separated from 32. 1H NMR (400 MHz, CDCl3) d
6.50 (dd, J = 10.8, 17.2 Hz, 1H), 5.57 (s, 1H), 5.04 (d, J = 6.8 Hz, 1H), 5.00 (s,
1H), 3.35 (s, 6H), 2.31 (s, 2H), 2.29 (s, 2H).

In a dry Schlenk apparatus under argon was dissolved 0.9 mmol of enyne 24 in
12 mL of THF. The solution was cooled down to 0 �C then 0.9 mmol of n-BuLi
(2.25 M in hexanes, 380 lL) was added. A brown color could appear. The mixture
was stirred at 0 �C for 10 min, then 0.3 mmol of AuClPPh3 was added. The
reaction was warmed up to room temperature and allowed to stir for 3 h, after what
the reaction was quenched with 6 mL of a saturated aqueous solution of NH4Cl.
The organic layer was removed under vacuum, then 12 mL of CH2Cl2 were added.
The aqueous layer was extracted with CH2Cl2, and the combined organic extracts
were dried over MgSO4. After removal of the solvent, a gum was obtained that can
be purified in several manners: direct precipitation in CHCl3/hexane followed by
filtration on a fritted glass and washing with hexane, slow precipitation in a 5:95
CHCl3/hexane mixture at –25 �C when the direct precipitation was not effective,
flash chromatography on neutral alumina in a 1:1 pentane/CH2Cl2 mixture if the
afore mentioned precipitation techniques were not able to furnish the acetylide
with the desired purity. Any attempt to purify the acetylide on silica gel led to
decomposition (PPh3 observed). Pale yellow solid, 37 % upon precipitation in
CHCl3/hexane at –25 �C. 1H NMR (400 MHz, CDCl3) d 7.56–7.40 (m, 15H),
5.75 (dq, J = 10.0, 7.4 Hz, 1H), 5.20 (d, J = 17.0 Hz, 1H), 5.09 (d, J = 10.1 Hz,
1H), 4.26–4.15 (m, 4H), 2.99 (d, J = 1.8 Hz, 2H), 2.93 (d, J = 7.4 Hz, 2H), 1.25
(t, J = 7.1 Hz, 6H).

13C NMR (100 MHz, CDCl3) d 170.6 (2C), 134.5 (d, J = 13.8 Hz, 6C), 132.9,
131.6 (3C), 129.2 (d, J = 11.2 Hz, 6C), 119.2, 61.5 (2C), 57.6, 36.7, 24.3, 14.3
(2C).

31P NMR (162 MHz, CDCl3) d 42.8.
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IR (neat) m = 692, 710, 742, 754, 921, 998, 1018, 1101, 1187, 1210, 1435,
1731, 2360 cm-1.

HRMS calculated for [C31H32O4AuNaP]+: 719.1596, found: 719.1604.

Prepared according to the same procedure than for 24-Au, using enyne 25 in
place of 24. White solid, 83 % upon precipitation in CHCl3/hexane. 1H NMR (400
MHz, CDCl3) d 7.55–7.42 (m, 15H), 5.93–5.82 (m, 1H), 5.11 (d, J = 17.1 Hz,
1H), 5.05 (d, J = 10.0 Hz, 1H), 3.36 (s, 4H), 3.34 (s, 6H), 2.40 (s, 2H), 2.27
(d, J = 7.5 Hz, 2H).

13C NMR (100 MHz, CDCl3) d 134.9 (3C), 134.5 (d, J = 13.7 Hz, 6C), 131.6,
131.2 (d, J = 21.9 Hz, 3C), 129.2 (d, J = 11.2 Hz, 6C), 117.6, 75.0 (2C), 59.4
(2C), 41.9, 36.6, 23.8.

31P NMR (162 MHz, CDCl3) d 42.9.
IR (neat) m = 649, 710, 750, 917, 997, 1101, 1435, 1479, 2341, 2360.
HRMS calculated for [C29H32O2AuNaP]+: 663.1698, found: 663.1703.

An oven-dried round-bottom flask was introduced in a glove box and was
loaded with Ph3PAuCl (7.3 mg, 14.7 lmol) and AgBF4 (2.9 mg, 14.7 lmol). The
solids were dissolved in 0.2 mL of distilled and degassed CDCl3 and the solution
was stirred for 5–10 min. The supernatant was then added via a syringe through a
UptidiscTM PTFE (13 mm/0.45 lm) syringe filter to a solution of 25-Au (10 mg,
14 lmol) dissolved in 0.2 mL of CDCl3. The mixture was stirred for 5 min. The
formation of the digold complex was checked by 31P NMR. A minor residual peak
was always observed in 31P NMR which was attributed to (Ph3P)2AuBF4 in
analogy with the previous observations made by Fürstner and co-workers in their
study of gem-diaurated species.1H NMR (400 MHz, CDCl3) d 7.67–7.41
(m, 30H), 5.84–5.74 (m, 1H), 5.15–5.04 (m, 2H), 3.34–3.28 (m, 4H), 3.25
(s, 6H), 2.80 (s, 2H), 2.25 (d, J = 7.6 Hz, 2H).

13C NMR (100 MHz, CDCl3) d 134.2 (d, J = 13.7 Hz, 12C), 133.6, 132.6
(6C), 129.8 (d, J = 11.7 Hz, 12C), 118.7, 74.3 (2C), 59.5 (2C), 42.4, 36.7, 25.5.
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31P NMR (162 MHz, CDCl3) d 37.1 (2P).

In round-bottom flask was introduced [(Ph3PAu)3O]BF4 (54 mg, 0.037 mmol,
0.5 equiv.)1 and CDCl3 (3 mL). Enyne 1 (13 mg, 0.074 mmol, 1 equiv.) was then
dissolved in the solution, and the mixture took instantaneously a pale yellow color.
Formation of the trigold complex was checked by 1H and 31P NMR and complete
disappearance of the free enyne and gold complex was observed after 30 min. 1H
NMR (400 MHz, CDCl3) d 7.57–7.37 (m, 45H), 5.82 (dq, J = 10.1, 7.5 Hz, 2H),
5.15–5.02 (m, 4H), 3.33 (q, J = 9.2 Hz, 8H), 3.28 (s, 12H), 2.70 (br s, 4H), 2.27
(d, J = 7.5 Hz, 4H).

13C NMR (100 MHz, CDCl3) d 134.2 (d, J = 13.7 Hz, 18C), 133.9 (9C),
132.44 (9C), 129.7 (d, J = 11.7 Hz, 18C), 128.8 (2C), 118.5 (2C), 74.5 (4C), 59.5
(4C), 42.3 (2C), 36.64 (2C), 24.7 (2C).

31P NMR (162 MHz, CDCl3) d 38.3 (3P).
HRMS calculated for [C76H79Au3O4P3]+: 1739.4188, found: 1739.4181.

The gold acetylide (14 lmol) was dissolved in 0.2 mL of CDCl3. A solution of
Ph3PAuNTf2 (2:1 toluene adduct, 14 lmol in 0.2 mL of CDCl3) was added to the
former solution. The mixture was stirred for 5 min. The formation of the digold
complex was checked by 31P NMR. A minor residual peak was always observed in
31P NMR which was attributed to (Ph3P)2AuNTf2 in analogy with our previous
observations in the generation of [25-Au2]BF4. Any attempt to precipitate or
crystallize the digold complex failed. 1H NMR (400 MHz, CDCl3)
d = 7.44–7.37 (m, 30H), 5.68–5.63 (m, 1H), 5.19 (dd, J = 16.9, 1.7 Hz, 1H),
5.10 (dd, J = 10.1, 1.7 Hz, 1H), 4.18–4.07 (m, 4H), 3.47 (s, 2H), 2.90 (d, J = 7.4
Hz, 2H), 2.35 (toluene), 1.21 (t, J = 7.1 Hz, 6H).

13C NMR (100 MHz, CDCl3) d = 169.2 (2C), 134.0 (d, J = 13.7 Hz, 12C),
133.1 (6C), 132.8 (d, J = 5.6 Hz, 6C), 131.2, 129.8 (d, J = 11.9 Hz, 12C), 129.2

1 Addition of only 0.33 equiv. led to a mixture of free enyne and trigold complex
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(toluene), 128.4 (toluene), 127.9 (not attributed), 125.4 (toluene), 120.8, 62.4 (2C),
57.0, 36.9, 31.7, 25.4, 21.6 (toluene), 14.2 (2C).

31P NMR (162 MHz, CDCl3) d = 36.1 (2P).

Prepared according to the same procedure than [24-Au2]NTf2, using acetylide
25-Au in place of 24-Au. 1H NMR (400 MHz, CDCl3) d = 7.57–7.39 (m, 30H),
7.28–7.15 (m, toluene), 5.82–5.72 (m, 1H), 5.14–5.03 (m, 2H), 3.32 (q,
J = 9.2 Hz, 4H), 3.24 (s, 6H), 2.96 (s, 2H), 2.35 (toluene), 2.27 (d, J = 7.6 Hz,
2H).

13C NMR (100 MHz, CDCl3) d = 134.0 (d, J = 13.7 Hz, 12C), 133.1 (6C),
132.8 (d, J = 5.6 Hz, 6C), 129.9 (d, J = 11.8 Hz, 12C), 129.2 (toluene), 128.4
(toluene), 128.1, 119.1, 74.0 (2C), 59.5 (2C), 42.6, 36.7, 25.4.

31P NMR (162 MHz, CDCl3) d = 36.4 (2P).

A solution of enynes 24 or 25 (0.19 mmol) and D-39 (40 mg, 0.19 mmol) in
DCM (6 ml) was prepared. Then [PPh3AuNTf2x0.5toluene] (3 mg, 0.004 mmol)
was added at room temperature and the reaction was stirred for 1 h. After filtration
through a silicon pad and evaporation of the solvent, the obtained products were
separated by column chromatography using pentane:diethylether =8:2 as eluent.
30 or 32 was obtained as colourless oil in 70-78 % yield and D-40 as a colorless oil
in 73 % yield (29 mg, 0.14 mmol). 1H NMR (400 MHz, CDCl3) d 6.17–6.13 (m,
1H), 4.93–4.92 (m, 2H), 3.72 (s, 6H), 2.88 (t, J = 1.4 Hz, 2H), 2.69 (d,
J = 1.2 Hz, 2H).

13C NMR (75 MHz, CDCl3) 171.4, 138.8, 128.6, 126.3 (t, J = 22.5 Hz),
113.6, 53.9, 52.7, 35.8.

HRMS calculated for [C11H13O4D]+: 211.0954, found: 211.0944.
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To a suspended solution of sodium hydride (60 %, 6.67 g, 166.3 mmol) in THF
(100 mL) at 0 �C was dropped a mixture of dimethyl malonate (10 g, 75.7 mmol)
and propargyl bromide (80 % in toluene, 16.9 mL, 151.4 mmol) in THF (60 mL).
The mixture was stirred 2 h at 0 �C and overnight at room temperature. Then the
reaction mixture was quenched by brine (20 mL). The mixture was diluted with
diethyl ether (50 mL) and the layers were separated. The aqueous layer was
extracted with ethyl ether (2 9 40 mL). The combined organic layers were dried
over magnesium sulfate, and the solvents were removed on rotary evaporator.
Final purification was achieved by precipitation in n-hexanes to yield a yellowish
powder (15.26 g, 97 %).

The diester was reduced and the resulting diol alkylated through a similar two-
step sequence than the one leading to 25 from 24 (92 % over two steps).

1H NMR (CDCl3, 400 MHz) d 3.31 (s, 4H), 3.29 (s, 6H), 2.30 (d, 4H, J = 2.1
Hz), 1.74 (t, 2H, J = 2.1 Hz).

To a solution of 46 (2 g, 11.1 mmol, 1 equiv.) in THF (100 mL) at –78 �C was
dropped via syringe n-butyllithium (2.5 M in hexanes, 4.4 mL, 11.1 mmol,
1 equiv.). The resulting solution was stirred at –78 �C for 2 h, and then acetone
(0.81 ml, 11.1 mmol, 1 equiv.) was added dropwise. The reaction mixture was
allowed to warm up to rt and stirred for 2 h, then quenched with water. The
mixture was diluted with diethyl ether (20 mL) and the layers were separated. The
aqueous layer was extracted with Et2O. The combined organic layers were dried
over magnesium sulfate, and the solvents were removed on rotary evaporator.
Final purification was achieved by flash column chromatography on silica gel
(Pentane/Et2O 3:2) to give the propargylic alcohol as a colorless oil in 58 % yield.

To a stirred solution of the propargylic alcohol (410 mg, 1.72 mmol,
1.0 equiv.), Et3N (0.96 mL, 6.88 mmol, 4 equiv.) and 4-DMAP (20 mg, 0.17
mmol, 0.1 equiv.) in CH2Cl2 (5 mL) was added acetic anhydride (0.65 mL,
6.88 mmol, 4 equiv.) at 0 �C. The solution was then allowed to warm to rt and was
stirred further until completion (3–4 h at rt). The reaction was quenched with
aqueous saturated NH4Cl solution and the resulting aqueous layer was extracted
with CH2Cl2. The combined organic layers were washed with brine, dried over
anhydrous Na2SO4, filtered and evaporated to give crude acetate as oil.
Purification was achieved by flash column chromatography on silica gel (PE/
Et2O gradient) to afford the acetate as a colorless oil, 94 % yield. 1H NMR
(400 MHz, CDCl3) d 3.34 (s, 4H), 3.34 (s, 6H), 2.35–2.29 (m, 4H), 2.01 (s, 3H),
1.96 (t, J = 2.4 Hz, 1H), 1.64 (s, 6H).
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In an oven-dried round-bottom flask are introduced CuI (790 mg, 4.14 mmol, 3
equiv.) and LiBr (360 mg, 4.14 mmol, 3 equiv.). The solids are dried under
vacuum at 70 �C for 2 h, then recovered with 20 mL of anhydrous THF. The
solution is cooled down to -78 �C, and MeMgBr is added dropwise. The resulting
black mixture is stirred at -78 �C for 2 h. Acetate 49 (386 mg, 1.38 mmol,
1 equiv.) in solution in 5 mL of THF is then added dropwise at -78 �C. The
reaction mixture is allowed to warm up to rt and stirred for 20 h, then quenched
with a 1:1 mixture of a saturated aqueous solution of NH4Cl and a 30 % aqueous
solution of NH3 (20 mL). The resulting mixture is extracted with Et2O, and the
combined organic extracts are washed with brine, dried over MgSO4 and the
solvent removed by rotary evaporator. Rapid purification on a short pad of silica
using pentane/Et2O 95:5 as eluent afforded the desired allenyne 44 as a colorless
oil in 96 % yield. 1H NMR (400 MHz, CDCl3) d 3.34 (s, 6H, CH3O), 3.33 (s, 4H,
CH2O), 2.31 (d, J = 2.6 Hz, 2H), 2.05 (s, 2H, CH2), 1.97 (t, J = 2.6 Hz, 1H, CH),
1.69 (s, 3H, CH3), 1.67 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3) d 201.1 (Callene), 92.8 (CH2–C–CH3), 92.5
(C(CH3)2), 81.7 (Calkyne), 74.2 (2C, CH2O), 69.9 (CH), 59.2 (2C, CH3O), 42.3 (C),
35.5 (CH2), 30.4 (CH2), 22.2 (CH3), 22.0 (CH3), 20.9 (CH3).

IR (neat) m = 3308, 2940, 1540 cm-1.

2-methyl-3-butyn-2-ol 50 (10 g, 0.118 mol) was solubilized in dry CH2Cl2
(100 mL) and cooled to 0 �C. DHP (11 mL, 0.118 mol) was added and then a
catalytic amount of APTS (1 g). The reaction mixture was stirred 2 h and
quenched by brine (10 mL). The organic layer was washed several times with
brine (3 9 15 mL) and then with water (15 mL). The organic layer was dried over
magnesium sulfate, and the solvents were removed on rotary evaporator to yield
the protected alcohol (16.85 g, 85 %).

Protected alcohol (5 g, 29.6 mmol) was dissolved in THF (20 mL) and cooled
to –78 �C. n-BuLi (2.3 M, 19.3 mL, 44.3 mmol) was then added with a syringe.
The reaction mixture was stirred for 15 min, and formaldehyde (3.6 g, 11.8 mmol)
was added. The mixture was stirred and allowed to reach room temperature. The
reaction was quenched with a saturated solution of NH4Cl. The organic layer was
washed several times with brine (3 9 15 mL) and then with water (15 mL). The
organic layer was dried over magnesium sulfate, and the solvents were removed on
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rotary evaporator to yield the desired propargyl alcohol (5.2 g, 88 %). This
compound was used in the following step without any further purification.

The alcohol (5.2 g, 26.1 mmol) in solution in ether (50 mL) was carrefully
dropped, at 0 �C over a solution of LiAlH4 (2 g, 52.2 mmol) in ether (60 mL). The
reaction was stirred 30 min at this temperature and then refluxed for 5 h. The
reaction mixture was cooled to roomtemperature diluted in dry ether, quenched (at
0 �C) by a saturated solution of sodium sulfate until the formation of a white
precipitate and filtered over celite. The solid was washed with ether (2 9 20 mL)
and solvents were evaporated under reduce pressure to yield the corresponding
alcohol 52 (1.911 g, 75 %). 1H NMR (200 MHz, CDCl3) 5.17 (m, 1H), 4.09 (d,
2H, J = 5.6 Hz), 3.64 (t, 1H, J = 6.5 Hz), 1.75 (d, 3H, J = 2.9 Hz).

To a solution of alcohol 52 (1.28 g, 13 mmol, 1 equiv.) and NEt3 (2 mL,
14.3 mmol, 1.1 equiv.) is added at 0 �C mesyl chloride. After 1 h, the reaction
mixture is filtered on a short plug of silica, and the filtrate is evaporated under
reduced pressure. The crude mesylate is engaged in the following step without
purification.

Malonate 44 (1.98 g, 10 mmol) in solution in THF (15 mL) is dropped, at room
temperature, over a solution of NaH (60 %, 0.420 g, 10.5 mmol) in THF (15 mL). The
reaction mixture was stirred for 1 h and the mesylate of 52 (10 mmol) was added via a
syringe. The reaction is stirred for 24 h. and quenched with brine (5 mL). The mixture
was diluted with diethyl ether (20 mL) and the layers were separated. The aqueous
layer was extracted with ethyl ether (2 9 20 mL). The combined organic layers were
dried over magnesium sulfate, and the solvents were removed. Purification was
achieved by flash column chromatography on silica gel using 8:2 PE/diethyl ether as
the eluent to give 53 (1.65 g, 59 %) as a colorless oil. 1H NMR (400 MHz, CDCl3) d
4.80–4.74 (m, 1H), 4.24–4.16 (m, 4H), 2.86 (d, 2H, J = 2.8 Hz), 2.71 (d, 2H,
J = 7.6 Hz), 1.98 (t, 1H, J = 2.8 Hz), 1.65 (d, 6H, J = 7.1 Hz).

13C NMR (100 MHz, CDCl3) d 204.1 (Callene), 169.9 (2CO), 95.5 (C), 82.4
(CHallene), 79.1 (C), 71.2 (C), 61.7 (2CH2), 57.1 (C), 32.5 (CH), 22.5 (CH2), 20.6
(2CH3), 14.2 (2CH3). IR (neat) 2982, 2935, 2123, 1969, 1734 cm-1.

Reduction of the gem-diester group in 50 and subsequent alkylation of the diol
were performed through identical procedures than those leading to 25 from 24
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(84 % over two steps). 1H NMR (400 MHz, CDCl3) d 4.87 (m, 1H, H2), 3.33
(s, 6H, H5), 3.28 (s, 4H, H4), 2.23 (d, 2H, J = 2.6 Hz, H6), 2.04 (d, 2H,
J = 8.0 Hz, H3), 1.94 (t, 1H, J = 2.6 Hz, H7), 1.67 (d, 6H, J = 2.8 Hz, H1).

13C NMR (100 MHz, CDCl3) d 204.2 (Callene), 94.0 (C), 83.8 (CH), 81.5
(Calkyne), 74.5 (2CH2), 70.3 (CH), 59.6 (2CH3), 42.3 (C), 32.5 (CH2), 22.2 (CH2),
20.9 (2CH3).

IR (neat) m = 2117, 1968 cm-1.

Prepared according to GP1 in refluxing CDCl3, 85 %, colorless oil. 1H NMR
(400 MHz, CDCl3) d 5.22 (s, 1H, =CH, endo), 5.10–5.09 (m, 1H, CH3C=CHH,
exo), 5.06–5.05 (m, 1H, CH3C=CHH, endo), 4.83 (s, 1H, =CHH, exo), 4.73 (s,
1H, =CHH, exo), 4.63–4.62 (m, 1H, CH3C=CHH, exo), 4.60–4.59 (m, 1H,
CH3C=CHH, endo), 3.32 (s, 6H, MeO, exo), 3.31 (s, 6H, MeO, endo), 3.24 (AB,
J = 8.6 Hz, 2H, CH2O, endo), 3.20 (s, 4H, CH2O, exo), 3.19 (AB, J = 8.6 Hz,
2H, CH2O, endo), 2.25 (s, 2H, CH2, exo), 2.08 (s, 2H, CH2, endo), 2.02 (s, 2H,
CH2, exo), 1.78 (s, 3H, CH3, exo), 1.76 (s, 3H, CH3, endo), 1.72 (s, 3H, CH3,
endo), 1.70 (d, J = 1.2Hz), 3H, CH3, endo), 1.69 (s, 3H, CH3, exo).

13C NMR (100 MHz, CDCl3) d 144.1 (C), 143.8 (C), 140.8 (C), 136.0 (C),
134.5 (C), 134.0 (C), 129.7 (C), 127.4 (C), 122.8 (=CH, endo), 114.9
(CH3C=CH2, exo), 114.6 (CH3C=CH2, endo), 110.4 (s, 1H, =CH2, exo), 76.0
(2C, CH2O, exo), 75.2 (2C, CH2O, 3a’’), 59.5 (2C+2C, MeO, exo+ endo), 40.3 (C,
one isomer), 38.7 (C, other isomer), 36.6 (CH2, exo), 36.4 (CH2, exo), 34.3 (CH2,
3a’’), 24.1 (CH3, endo), 23.2 (CH3, exo), 21.0 (CH3), 20.5 (CH3), 20.4 (CH3).

IR (neat) m = 3077, 2978, 2919, 2886, 2824, 1644, 1625, 1606, 1447,
1376 cm-1.

Prepared according to GP1 in refluxing CDCl3, 15 %, colorless oil. 1H NMR
(400 MHz, CDCl3) d 5.41 (bs), 3.30 (s, 3H), 3.28 (s, 3H), 3.19 (d, 2H, J =
1.5 Hz), 3.13 (s, 2H), 2.83 (qd, 1H, J = 7.1, 6.6 Hz), 2.64 (dd, 1H, J = 16.8,
6.6 Hz), 2.18 (s, 2H), 2.00 (1H, J = 16.9 Hz), 1.90 (d, 1H, J = 16.8 Hz, H7), 1.88
(1H, J = 16.9 Hz), 1.70 (s, 3H), 1.00 (d, 3H, J = 7.1 Hz). 13C NMR (100 MHz,
CDCl3) d 143.3 (C), 138.5 (C), 125.2 (CH), 120.3 (C), 76.5 (CH2), 75.9 (CH2),
59.6 (CH3), 59.5 (CH3), 40.1 (CH2), 39.5 (C), 36.0 (CH2), 33.2 (CH), 29.5 (CH2),
21.7 (CH3), 19.4 (CH3).
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IR (neat) m = 2953, 2918, 2888, 2846, 1476, 1446, 1116, 1105 cm-1.

Prepared according to GP1 in refluxing CDCl3, 15 %. Colorless oil, isolated in
mixture with low amounts of other unidentified products, after column
chromatography (Pentane/Et2O 98:2). 1H NMR (400 MHz, CDCl3) d = 6.51
(d, J = 10 Hz, 1H), 5.49 (d, J = 10 Hz, 1H), 5.08 (d, J = 1.2 Hz, 1H), 4.91 (d,
J = 2.4 Hz, 1H), 3.33 (s, 6H), 3.32 (s, 2H), 3.31 (s, 2H), 2.26 (s, 2H), 1.95 (s, 3H),
1.84 (s, 3H).

13C NMR (100 MHz, CDCl3) d = 141.9, 130.6, 128.8, 127.3, 114.3, 75.8
(2C), 59.5 (2C), 44.0, 38.6, 23.1, 20.6.

HRMS calculated for [C14H22O2Na]+: 245.1517, found: 245.1524.

To diisopropylamine (15.4 mL, 110 mmol) was added n-butyllithium (2.5 M in
Hexanes, 42.0 mL, 105 mmol) at -78 �C with stirring, then THF (100 mL) was
added to dissolve all the solids generated. To this LDA solution was added ethyl
hydrocinnamate (17.8 mL, 100 mmol) in 30 min. After 1 h, propargyl bromide
(80 % in toluene, 11.7mL, 105 mmol) was added dropwise. The resulting mixture
was kept at -78 �C for 2 h and warmed to 25 �C over 1 h. The reaction was
quenched with saturated aqueous NH4Cl, and extracted three times with EtOAc.
The combined organic layers were separated, washed with 2 M aqueous HCl,
saturated aqueous NaHCO3 and brine, dried over MgSO4, filtered, and concentrated
in vacuo to afford the desired ester (21.2 g, 98 %) as a clear orange yellow liquid. A
solution of the ethyl ester (2.16 g, 10.0 mmol) in Et2O (10 mL) was added to a
stirred suspension of LAH (0.40 g, 10.0 mmol) in Et2O (10 mL) at 0 �C. After
stirring for 30 min, the reaction mixture was quenched with saturated aqueous
NH4Cl, treated with 2 M aqueous HCl to dissolve the aluminum precipitate, and
extracted with EtOAc. The combined organic layers were separated, washed with
saturated aqueous NaHCO3 and brine, dried over MgSO4, filtered, and concentrated
in vacuo. Flash chromatography (20 % EtOAc/Hexanes) afforded the desired
alcohol 57 (1.05 g, 60 % for 2 steps) as a light yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.10–7.36 (m, 5H), 3.70 (dd, J = 11.0 and 5.0 Hz, 1H), 3.65 (dd,
J = 11.0 and 6.5 Hz, 1H), 2.74 (dd, J = 13.5 and 7.0 Hz, 1H), 2.69 (dd, J = 13.5
and 8.0 Hz, 1H), 2.31 (ddd, J = 17.0, 6.0 and 3.0 Hz, 1H), 2.23 (ddd, J = 17.0, 6.0
and 3.0 Hz, 1H), 2.04 (t, J = 3.0 Hz, 1H), 2.04 (m, 1H), 1.71 (s, br, 1H).

13C NMR (100 MHz, CDCl3) d 140.0, 129.4, 128.7, 126.4, 82.6, 70.5, 64.7,
41.9, 36.7, 20.0.
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IR (neat) m = 3364, 3296, 2115, 1030, 743, 701 cm-1.

To a solution of PCC (2 equiv.) in CH2Cl2 (0.5 M) is added alcohol 57 at rt.
The reaction mixture is stirred at rt for 2 h and then filtered over a short pas of
silica. The solids are washed several time with Et2O, then the filtrate evaporated
under reduced pressure and the crude mixture is purified by flash column
chromatography using gradient mixtures of pentane/Et2O to afford the desired
aldehyde in 71 % yield.

n-BuLi (1.25 M in hexane, 2.2 ml, 2.73 mmol) was slowly added to a solution
of bromopropene (0.17 ml, 1.92 mmol) in THF (2.5 mL) at -78 �C. After stirring
for 2 h a solution of the aldehyde (211 mg, 1.24 mmol) in THF (2 ml) was added
and the solution was warmed to room temperature over 1 h. The reaction was
quenched with sat. NH4Cl and extracted with diethyl ether. Drying with MgSO4

and evaporating the solvent resulted in crude alcohol 58, which was purified by
column chromatography using hexane/AcOEt 7:3 as eluent. The pure product was
obtained in 58 % yield (150 mg, 0.71 mmol) as a yellow oil.

1H NMR (300 MHz, CDCl3) d 7.32–7.22 (m, 5H), 4.48 (m, 1H), 3.0–2.7 (m,
2H), 2.5–2.2 (m, 2H), 2.06 (m, 2H), 1.92 (s, 3H).

IR (neat) m = 3250, 2900, 2115, 1952, 1602, 1485, 1450, 1025 cm-1.

To a solution of alcohol 58 (1 equiv.) and NEt3 (1.1 equiv.) is added at 0 �C
mesyl chloride. After 1 h, the reaction mixture is filtered on a short plug of silica,
and the filtrate is evaporated under reduced pressure. The crude mesylate is
engaged in the following step without purification.

Allenyne 54 was synthetized from the mesylate of 58 through the same
procedure than for 44. 1H NMR (400 MHz, CDCl3) d 7.31–7.25 (m, 2H),
7.22–7.15 (m, 3H), 5.02–4.94 (m, 1H), 2.82 (dd, J = 13.6, 7.0 Hz, 1H), 2.70 (dd,
J = 13.6, 7.4 Hz, 1H), 2.52 (q, J = 7.0 Hz, 1H), 2.23 (d, J = 2.6 Hz, 1H), 2.21
(dd, J = 2.6, 0.8 Hz, 1H), 2.02 (t, J = 2.6 Hz, 1H), 1.62 (d, J = 2.9 Hz, 3H), 1.60
(d, J = 2.9 Hz, 3H). Other spectral data identical to those reported.
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Prepared according to the same procedure than for 24-Au, using allenyne 54 in
place of 24. White solid, 74 % upon precipitation in CHCl3/hexane. 1H NMR
(400 MHz, CDCl3) d 7.57–7.40 (m, 15H), 7.31–7.20 (m, 4H), 7.20–7.11 (m, 1H),
5.10–5.00 (m, 1H), 3.03–2.97 (dd, 1H, J = 6, 16 Hz), 2.73–2.65 (dd, 1H, J = 8,
13.6 Hz), 2.42–2.30 (m, 2H), 1.68–1.60 (d, 3H, J = 2.8 Hz), 1.60–1.54 (d, 4H,
J = 3.2 Hz).

13C NMR (100 MHz, CDCl3) d 201.8, 141.5, 134.9, 134.7, 132.0, 130.9,
130.4, 129.9, 129.7, 129.6, 128.5, 126.1, 96.5, 92.5, 54.6, 54.3, 54.0, 53.7, 53.5,
41.6, 40.6, 26.1, 21.0, 20.9.

31P NMR (162 MHz, CDCl3) d 42.1. Other spectral data identical to those
reported

Allenyne 58 was synthetized from aldehyde 64 through an identical procedure
than for 54 followed by desilylation of TMS-protected allenyne 68 using KF in
DMSO (28 % over 3 steps). 1H NMR (400 MHz, CDCl3) d 5.05–4.98 (m, 1H),
2.30–2.23 (m, 2H), 2.23–2.15 (m, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.69 (s, 3H), 1.69
(s, 3H). Other spectral data identical to those reported.

Prepared according to the same procedure than for 24-Au, using allenyne 55 in
place of 24. White solid, 67 % upon precipitation in CHCl3/hexane. 1H NMR
(400 MHz, CDCl3) d 7.56–7.37 (m, 15H), 5.11–5.03 (m, 1H), 2.44 (t, J = 7.5 Hz,
2H), 2.28–2.20 (m, 2H), 1.68 (s, 3H), 1.67 (s, 3H).

13C NMR (100 MHz, CDCl3) d 201.9, 143.9, 134.5 (d, J = 13.9 Hz, 6C),
131.6, 130.1 (d, J = 55.6 Hz, 3C), 129.2 (d, J = 11.3 Hz, 6C). 125.2, 88.2, 30.1,
20.9, 20.2.

HRMS calculated for [C27H26AuNaP]+: 601.1330, found: 601.1333.

Prepared according to GP1 in refluxing CDCl3, 99 %, colorless oil. 1H NMR
(400 MHz, CDCl3) d 7.31–7.25 (m, 2H), 7.22–7.24 (m, 3H), 5.97 (s, 1H), 5.14
(s, 1H), 5.07 (s, 1H), 5.02 (s, 1H), 4.87 (s, 1H), 3.06–2.98 (m, 1H), 2.79–2.58
(m, 3H), 2.33 (ddt, 1H, J = 16, 3.5, and 2.2 Hz), 1.91 (s, 3H).
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13C NMR (100 MHz, CDCl3) d 151.8, 145.8, 140.9, 139.6, 138.8, 129.1,
128.5, 126.2, 114.7, 103.7, 44.4, 42.2, 38.8, 23.2. Other spectral data identical to
those reported.

Prepared according to GP1 in refluxing CDCl3, 99 %, colorless oil. 1H NMR
(400 MHz, CDCl3) d 6.06 (s, 1H), 5.11 (s, 1H), 5.06 (s, 1H), 5.02 (s, 1H), 4.89 (s,
1H), 2.66–2.60 (m, 2H), 2.44–2.39 (m, 2H), 1.92 (s, 3H).

13C NMR (100 MHz, CDCl3) d 152.9, 146.2, 139.0, 136.5, 114.2, 102.9, 32.0,
30.2, 23.3. Other spectral data identical to those reported.

Prepared according to the same procedure than for [24-Au2]NTf2, using
acetylide 42-Au in place of 24-Au, then heating of the CDCl3 solution at 70 �C for
12 h. 1H NMR (400 MHz, CDCl3) d 6.00 (s, 1H, C=CH), 3.31 (s, 6H, OCH3),
3.20 (s, 4H, CH2OMe), 2.05 (d, J = 1.2 Hz, 2H, CH2C=CH), 1.92 (s, 2H,
CH2MeC=C), 1.59 (s, 3H, CH3C=C), 1.27 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3) d 143.74 (C), 142.97 (C), 136.72 (CH), 111.16
(C), 76.48 (2CH2), 59.59 (2CH3), 50.90 (C), 41.66 (C), 34.64 (CH2), 26.86 (CH2),
25.24 (2CH3), 17.53 (CH3).

HRMS calculated for [C15H24NaO2]+ 259,1669, found: 259,1667.
X-ray structure of compound 25-Au

Scheme 6 Structure of compound 25-Au in the solid-state. Anisotropic displacement parameters
are drawn at the 50 % probability level and hydrogen atoms are omitted for clarity
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