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Preface

The homogeneous platinum- and gold-catalyzed transformation of unsaturated

precursors is a very active area in the field of catalysis research. Indeed information

about new novel reactions and modified, improved, metal complexes is published

every week. These findings involve interesting and sometimes surprising changes in

the molecular connectivity, which can often be applied to a growing number of

applications in total synthesis.

The rapid expansion of this field is due to the peculiar Lewis acid properties of

the concerned metals. The alkynophilic character of these soft metals and the p-acid
carbophilic activation of unsaturated groups promote the intra- or intermolecular

attack of nucleophiles to form carbon-carbon and carbon-heteroatom bonds.

The pioneering efforts in this area in the early 1990s utilized simple metal salts,

such as halides because of their apparent insensitivity under aqueous conditions

and ability to successfully promote a diversity of synthetic transformations. But

a decade later, Au(I) cationic species have proven to be superb catalysts. The

chemistry of p-complexes of gold finally underwent an explosive growth when

novel complexes were used successfully as catalysts for a rapidly growing number

of important reactions or transformations of alkynes, alkenes and allenes.

These catalysts allow us to overcome additional problems associated with other

metal complexes that also promote the same transformations, such as Hg salts, since

they are considered essentially nontoxic. Furthermore, they combine high affinity to

the p system with the advantages of a kinetically labile carbon-metal bond that can

be readily cleaved under the reaction conditions. These reactions provide an atom-

economical entry into functionalized cyclic and acyclic scaffolds useful for the

synthesis of natural and non-natural products under mild conditions with excellent

chemoselectivity and high synthetic efficiency.

Although this protocol gives rise to a wide range of transformations and shows

a large versatility, an array of mechanistic hypotheses has been formulated to account

for the results, leading many times to a diversity of mechanistic proposals for the

same reaction. Therefore, a mechanistic interpretation is needed to direct and im-

prove a given process. The theoretical underpinnings have been considered recently

and, despite computational analyses being less abundant, they have become a useful
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tool for rationalizing the role of the molecular structure of precursor and catalyst

and accounting for the versatility of these reactions.

In this book, we provide a perspective on the mechanisms as suggested by

theoretical calculations and discuss the most significant physical features and

results obtained in this fascinating research area. In particular, the description of

the probable intermediates, given their transient nature, has provided critical infor-

mation about the reaction pathways.

The layout of this book is as follows. Chapter 1 presents an overview of the

theoretical properties of the reactant complexes and of the nature of the likely key

reaction intermediates. It is focused on the results reported on the structure, bonding

and reactivity. A correlation of the catalytic behavior with the available structural

data, coordination chemistry, and reactivity patterns, including relativistic effects,

is provided which allows the underlying principles of catalytic carbophilic activa-

tion by p-acids to be formulated.

In Chapter 2 a review of the recent and seminal advances in 1,n-enynes cyclo-
isomerization reactions in the presence of carbophilic transition metals is described.

These compounds have emerged as highly useful and important precursors for this

synthetic protocol. The recent mechanistic insights, the enantioselective versions

and the applications in total synthesis are highlighted.

Chapter 3 analyzes the rearrangement of propargylic esters, a block of essential

and versatile precursors. The description of different mechanisms taken from the

recent literature in which stereoselectivity, with special focus on chirality transfer

and memory of chirality phenomena, is shown. The chapter starts with reactions

involving simpler rearrangements and adds steps until more complex reaction

cascades with highly functionalized substrates.

Chapter 4 focuses on N-heterocyclic carbenes (NHC), a family of complexes as

effective alternatives to classical tertiary phosphines as catalysts in transition metal

catalyzed transformations. The rapid development of this area is a result of synergic

interactions between experimental and computational chemists. The authors detail

how computer modeling has proven extremely useful to rationalize the experimen-

tal data and to accelerate the pace at which this chemistry is being developed.

Chapter 5 provides an insight into the activation of allenes and allenynes by gold

complexes toward nucleophilic attack. It is focused on the various possible geo-

metries of allene-gold species. While some retain the stereochemical information of

the starting optically active allenes, others may lose it by planarization. To shed

light on this, the factors governing axial-to-center chirality transfer are described.

Some concepts are illustrated by selected examples of transformations analyzed

computationally.

Chapter 6 shows how computational studies can be a useful complementary tool

to experimental methodology. In this case, In the elucidation of mechanisms and

regioselectivity of heterocyclization of allenes catalyzed by late transition metals.

Finally, the theoretical analyses of the reaction mechanisms for gold-catalyzed

cycloaddition reactions involving allenes and dienes have been assessed in the

Chapter 7. This family of reactions gives different products, six- and seven-mem-

bered rings depending on the nature of the catalyst. According to the published
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theoretical studies, the mechanisms proposed for the [4Cþ3C] and [4Cþ2C]

intramolecular cycloadditions are detailed.

We have tried to cover the most relevant computational studies on the main

topics in this research area, from the physical properties of the noble-metal catalysts

to the most important transformations catalyzed by them. In some cases this has

required more detailed theoretical chapters. Other topics have focused more on the

practical application of computational chemistry as a valuable and complementary

tool to the experimental research.

We sincerely appreciate and acknowledge the first-class contributions of the

authors who collaborated in producing this book and the encouragement, help and

support of the team at the publisher, Springer.

Spain Elena Soriano

May 2011 José Marco-Contelles
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Structure, Bonding, and Reactivity of Reactant

Complexes and Key Intermediates

Elena Soriano and José Marco-Contelles

Abstract Complexes of Pt and Au (gold(III) and cationic gold(I)) have shown an

exceptional ability to promote a variety of organic transformations of unsaturated

precursors due to their peculiar Lewis acid properties: the alkynophilic character

of these soft metals and the p-acid activation of unsaturated groups promotes

the intra- or intermolecular attack of a nucleophile. In this chapter we summarize

the computational data reported on the structure, bonding, and reactivity of the

reactant p-complexes and also on the key intermediate species.
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1 Introduction

Transition metals exhibit significant efficacy for catalyzing the formation of carbon–

carbon and carbon–heteroatom bonds, and in particular, Pt and Au (gold(III) and

cationic gold(I)) show an exceptional capacity to promote a growing variety of

organic transformations of unsaturated precursors. These processes result from the

unique ability of these metal species to activate carbon–carbon multiple bonds as

soft, carbophilic Lewis acids, thus promoting the intra- or intermolecular attack of a

nucleophile.

In this chapter we describe the electronic factors that explain the reactivity of the

catalyst systems and their behavior as “soft” Lewis acids, hence preferentially

activating “soft” electrophiles such as p-systems. The increase of electrophilicity

resulting from the coordination of the p-acceptor ligand at the metal center triggers

the intra- or intermolecular attack of nucleophiles such as alkene, allene, arene

groups or heteroatoms.

In the last few years, many comprehensive reviews have appeared on different

aspects of homogeneous noble metal catalysis and its applications in organic

synthesis. The reader is directed to them to get a more detailed view on the subject

(for recent reviews, see [1–7], for a review on computational results, see [8]).

Here we present a brief review on theoretical studies carried out to describe

structure, bonding, and reactivity of the reactant p-complexes, mainly alkynes

and also alkenes. For theoretical studies on other types of catalyzed reactions

concerning allenes, see other chapters within this special issue.

Moreover, given the size of the systems considered in the calculations, the

majority of the studies have been carried out within the framework of DFT. There-

fore, we will not describe any methodological issues because our main interest is on

the chemical concepts obtained from the calculations. When necessary, methodology

issues will be mentioned for specific cases.

2 Theoretical Considerations

2.1 Relativistic Effects

The electronic configuration of gold(0) is 5d106s2, which would justify the relative

stability of gold(I) compounds, with ten electrons in a closed set of 5d orbitals.

Gold has an electrochemical potential which is the lowest of any metal. This

means that gold in any cationic form will accept electrons from virtually any

reducing agent to form metallic gold. It is the most electronegative of all metals,

which confirms its noble character.

Post-lanthanide elements, such as platinum and gold, contain a large number

of protons in their atomic nuclei. Therefore, the electrons move in a field of very

high nuclear charge, which leads to velocities approaching that of light and,

2 E. Soriano and J. Marco-Contelles



consequently, they have to be treated according to Einstein’s theories of relativity.

This is particularly true for electrons that are in s orbitals, which have wavefunc-

tions that correspond to a finite electron density at the atomic nucleus, but it is less

important for electrons in p or d orbitals. Electrons moving at a speed close to the

speed of light cannot be treated in terms of classical physics, but they are assigned a

relativistic mass that is larger than the mass of the electron at rest. Therefore, the

term relativistic effect refers to any phenomenon resulting from the need to take

into account velocity as significant relative to the speed of light. The effect on the 6s

electrons, in the post-lanthanide elements, is that the orbital radius is contracted and

the distance of the electron from the nucleus is reduced. In addition, these electrons

have greater ionization energies. For compounds of the neighboring element plati-

num (and also mercury), relativistic effects are still large [9], but are expected to be

smaller compared to similar compounds of gold.

Some of the consequences of this effect in gold chemistry are: (1) a marked

reduction in the lengths of covalent bonds involving gold atoms is often found, and

the covalent radius of gold is smaller than that of silver; likewise, the relativistic

contraction of the 6s orbital results in greatly strengthened Au-L bonds, where L is the

ligand [10]; (2) the small difference in energy between the s, p and d orbitals leads to
the efficient formation of linear two-coordinate complexes in gold(I), in contrast with

the prevalence of tri- and tetracoordinate Cu(I) and Ag(I) complexes [11, 12]; (3) the

destabilization of the 5d orbitals allows the easy formation of the oxidation state III in

gold to be explained; (4) tendency for Au–Au interactions to be stabilizing of the order

of hydrogen bonds; this property is known as aurophilicity [13].
Theoretical calculations have played a key role in understanding the origin of

these properties and also in the development of gold chemistry. Bonding between

closed-shell atoms was successfully traced in several early theoretical investiga-

tions by extended H€uckel quantum chemical calculations [14–16]. Based on the

hybridization concept, the nature of the bonding interaction could be qualitatively

rationalized. The introduction of relativistic effects in more advanced calculations

has shown that bonding between closed-shell metal atoms or ions may be strongly

enhanced by these effects [17–27]. Since relativistic effects have been known to

reach a local maximum for gold, aurophilicity was accepted as a logical conse-

quence of these contributions. In fact, aurophilic bonding was considered as an

effect based largely on the electron correlation of closed-shell components, similar

to van der Waals interactions but unusually strong [24, 25]. All these studies have

consistently shown that calculations will only reproduce the attractive forces

between the gold atoms if relativistic effects are included.

2.2 Theoretical Chemistry of Gold: Differences
from Neighbor Elements

In the last 30 years, the chemistry of gold has undergone an expansion as not only

well-established areas of research have been developed, but also new innovative

Structure, Bonding, and Reactivity of Reactant Complexes and Key Intermediates 3



approaches have enabled the progress of other fields of research. The metal and

its complexes also have special characteristics that make them suitable for

several uses. Gold presents special characteristic features that make it unique,

such as high chemical and thermal stability, softness, and high electrical conduc-

tivity. These attributes give rise to a variety of relevant applications [28]. For

example, gold is an essential element for nanoscale electronic devices because it

is resistant to oxidation and mechanically robust. Gold compounds have been used

successfully for the treatment of rheumatoid arthritis [29–31]. Gold is also an

outstanding element for use as a heterogeneous catalyst operating at ambient

temperature because it is catalytically active at low temperature (200–350 K,

compared with Pd and Pt at 400–800 K) [32]. However, in the last few years

several uses in homogeneous catalysis and in a wide variety of organic transforma-

tions have been reported [1–8].

Among the gold species, the chemistry of gold(I) is by far the most developed.

It is difficult to say which types of complexes are more stable and important for

gold. Those of phosphine or polyphosphine ligands have been studied in depth, as

have organometallic gold complexes or species with chalcogenolate or chalcogen-

ide ligands. The chemistry of gold(I) complexes is dominated by linear two-

coordinate complexes of the form [AuXL] most notably in phosphane complexes

[33–35]. Although higher coordinate gold–phosphane complexes are known, gold

is the least predisposed amongst the Group 11 elements to increase its coordination

number any further [12, 36].

Despite being known for a long time, [AuXL] complexes have returned to

prominence because they display short intermolecular gold–gold contacts that

associate the monomeric units. These aurophilic interactions, together with other

secondary bonds such as hydrogen bonds, play a role in determining the solid state

arrangement of Au(I) complexes. These Au. . .Au interactions generally occur

perpendicular to the principle axis of the linearly arranged two-coordinate Au(I)

centers, with typical values ranging from 2.75 to 3.4 �Å [37]. The binding energies

of such metallophilic contacts are comparable to that of a prototypical hydrogen

bond, despite the fact that both metal centers carry charges of the same sign and

have no valence electrons available to make covalent bonds. According to Pyykk€o,
the simplest picture to describe aurophilicity is “just another dispersive (van der

Waals) interaction”, but a (virtual) charge transfer, again enhanced by relativistic

effects, was invoked to explain this seeming contradiction [25]. The pronounced

“aurophilicity” of gold directs the formation of a large number of gold clusters and

diverse supramolecular aggregates with a variety of coordination numbers and

geometries [12, 25, 36, 38–42]. The formation of aggregates with gold–gold

bonds and nanoparticles is currently an active area of research.

The main and practical consequence of the limited coordination modes observed

in Au(I) chemistry is the need to abstract a ligand from neutral bicoordinate Au(I)

species so as to induce catalytic reactivity. Theoretical studies have indicated that,

as a comparison, the Au 5d electrons are of greater energy than the Cu 3d electrons

due to decreased electron/electron repulsion in the diffuse 5d orbitals, resulting in

less nucleophilic metal species that do not tend to undergo oxidative addition [43].
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Computational and experimental results on reductive elimination from Au(III)LR3

complexes have revealed that such process seems disfavored [44, 45]. These evi-

dences are consistent with the reactivity of Au(I) and Au(III) complexes, which do

not readily cycle between oxidation states. In this context, the redox stability of

Au(I) species implies tolerance to oxygen and hence allows the development of

modes of reactivity under ambient conditions by precluding the well-known oxida-

tive addition/reductive elimination cycles common to other late transition-metal

catalysis, such as Pd-catalysis.

3 Reactivity and Selectivity in Homogeneous Catalysis

Catalytic organometallic chemistry represents a powerful tool in the development

of efficient strategies for the stereocontrolled synthesis of complex functionalized

hetero- and carbocycles [46]. The transition metals from groups 10–12 exhibit

significant efficacy for catalyzing the formation of carbon–carbon and carbon-

heteroatom bonds. In particular, complexes and salts derived from Pt and Au

(gold(III) and cationic gold(I)) have shown an exceptional ability to promote a

variety of organic transformations of unsaturated precursors as homogeneous

catalyst (Scheme 1) [1–8]. These processes result from the peculiar Lewis acid

properties of these metals: the alkynophilic character of these soft metals and the p-
acid activation of unsaturated groups promote the intra- or intermolecular attack of

a nucleophile.

The isolation and characterization of Zeise’s salt, K[PtCl3(C2H4)], the first well-

defined organometallic compound prepared [47] and model of a p complex,

provided direct evidence for the ability of Pt(II) to remove electron density from

ethylene, thereby rendering it susceptible to nucleophilic attack [48–50]. This

insight provided the impetus for the development of numerous platinum and

palladium catalyzed reactions. In contrast, homogeneous Au(I) and Au(III) com-

plexes have only recently emerged as highly competent and selective catalysts for

the activation of p-bonds [1–8].
Although the pioneering efforts in this area employed simple metal salts, such as

halides (PtCl2 and AuCl3) due to their apparent insensitivity under aqueous condi-

tions and ability to promote a diversity of transformations, Au(I) cationic species

have proven to be superb catalysts for both carbon–carbon and carbon–heteroatom

bond formations. Because the activation process invokes electrophilicity enhance-

ment, a move toward cationic metal templates, which may be stabilized by a

suitable spectator ligand (phosphane, N-heterocyclic carbene, pyridine derivative),

results in increased activity. Among the cationic phosphine Au(I) species, R3PAuX

(X ¼ trifluoromethanesulfonate (�OTf) or other weakly coordinating counterions),

formed in situ by the abstraction of Cl� from R3PAuCl by AgX or by the proto-

nolysis of R3PAuCH3 with acid, show superior catalytic activity for a series of C–C

bond-forming reactions.
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These late-transition metal complexes also combine high affinity to the p
system with the advantages of a kinetically labile carbon–metal bond that can be

readily cleaved under the reaction conditions, thus ensuring efficient turnover [3].

Therefore, these reactions provide an atom-economical entry into functionalized

cyclic and acyclic scaffolds useful for the synthesis of natural and non-natural

products under mild conditions with excellent chemoselectivity and high synthetic

efficiency.

During the last years an explosive increase of interest in Au and Pt catalysis has

taken place, thus becoming an extremely dynamic and innovative field of catalysis

research. In this context, rationalization of the reactivity and selectivity observed is

usually based on qualitative concepts such as steric bulk, electronic influence of

the ligands, acidity of the bonds to be broken, etc. However, these valuable tools

to build a qualitative picture lack the required quantitative aspects to draw effec-

tively the subtle influences of the ligand set, the metal, and the substituents on the

reactants.

Z Z

Z

RCH2R

Z

CH2R

Z = (CH2)2

Z

Z

Z

OR′

R
R

R′O

+ H

COOMe

CH2R

Z = (CH2)n
n = 1-4

Z = O, NTs

Scheme 1 Example of the versatility of the Au and Pt-catalyzed cycloisomerization of polyun-

saturated precursors (1,6-enynes)
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Computational studies of the structure and reactivity of organometallic com-

plexes have now proven to be an essential tool in homogeneous catalysis [51–56].

A wealth of comparative studies has now established density functional theory

(DFT) as a reliable method to study organometallic reactivity [57, 58] (for an

interesting paper on the application of DFT methodology in the design of Au-

catalyzed transformations, see [59]). In addition, the increase in computing power

has allowed us to model systems closer to the actual experimental situation.

For gold-catalysis, oxidation state can induce different reaction paths. Thus, it

was observed that the regioselectivity was reversed for the intermolecular hydro-

arylation of alkynes with arenes in the presence of Au(I) as opposed to Au(III) [60,

61]. The metal-p-complex may evolve through the usual carbenoid species

(Scheme 2, path a) or also via back-donation down through a 1,2-shift (hydride,

halide, etc.) that results in the formation of a metal–vinylidene complex (Scheme 2,

path b). Then the carbon atom bound to the metal center, rather than that at the

vicinal position, would suffer initial nucleophilic attack. The generation of vinyl-

idenes from alkynes has been described for other metals [62–64], but has recently

been evidenced to play a role in the platinum and gold catalysis.

An example of the dichotomy in the catalytic behavior of Au(I) and Au(III) can

be seen in the synthesis of phenanthrenes from biaryls bearing a halo-alkyne moiety

[61]. As AuCl3 is less able to back-donate, the reactive intermediate undergoes a

Friedel–Crafts type hydroarylation of the triple bond. In contrast, the more electron-

rich AuCl back-donates to a degree sufficient to enable a vinylidene pathway to

become active, thereby resulting in the formation of the regioisomeric phenan-

threne (Scheme 3). Theoretical studies on these mechanisms corroborate this

proposed explanation and reveal a kinetic preference for the formation of the

[M]

[M]

a

b

[M]

[M]•

• •

H

+
+

+

+

Scheme 2 Possible evolutions of a metal-n-complex

X
X

X

AuCl (5 mol % )AuCl3 (5 mol % ) 

Scheme 3 Dichotomy in the catalytic behavior of Au(I) and Au(III) in the synthesis of phenan-

threnes
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vinylidene intermediate for the AuCl-catalyzed transformation (energy difference

of 6.6 kcal mol�1, B3LYP/LANL2DZ(Au)) [65].

Although it is supposed that no conventional redox chemistry is involved in gold

catalysis, some ambiguity can remain as to the actual nature of the active species

(Au(I) or Au(III)). On the one hand, it has been proposed that Au(I) can dispropor-

tionate in situ to Au(0) and Au(III) [66]. On the other hand, there is evidence that

unsaturated substrates might lead to an in situ reduction of Au(III) to Au(I) [67].

Interestingly, a recent computational study on the catalytic performance of Au

complexes in different oxidation states (as AuCl and AuCl3) in the cycloisomeriza-

tion of a-aminoallenes as well as the effects of the counterion on the catalytic

activities has concluded that the Au(III)-catalyzed path does not involve an oxida-

tion state change from Au(III) to Au(I). These calculated results rationalize the

experimental findings and overthrow the previous conjecture about Au(I) serving as

the catalytically active species for Au(III)-catalyzed transformation [68].

The complexes of transition metals can act as bifunctional Lewis acids activat-

ing, in addition of C–C, multiple bonds via p-binding, generating s-complexes with

heteroatoms, as conventional Lewis acids, such as BF3, do [69]. Accordingly, the

oxophilic character of gold complexes and their activation of oxygen compounds

have also been explored. Hence, it is thought that a proper choice of a Lewis acid,

which may exhibit a dual role, can lead to the activation of both C–C and C–X

multiple bonds in a single transformation [70, 71]. A study on this subject with gold

(III) has been recently reported by Jin and Yamamoto [72].

Gevorgyan and co-workers have also observed from a study on a bromoallenyl

ketone an enhanced oxophilic behavior for gold(III) with respect to the more

carbophilic gold(I), namely, with Au(I) a product consistent with activation of the

allene was observed, whereas with Au(III) the product formed was consistent with

activation of the ketone moiety [73]. Calculations by Straub support this notion of

functional group discrimination and indicate that Au(III) exhibits a thermodynamic

preference for aldehyde over alkyne coordination by 21.3 kJ mol�1 [74]. However,

this preference does not preclude Au(III)-catalyzed transformations that proceed

through alkyne activation pathways. Nolan, Maseras, and co-workers have recently

reported an experimental and computational study on the Au(I)-catalyzed forma-

tion of a,b-unsaturated carbonyl compounds from propargylic acetates in the

presence of water, and their results suggest a preferred catalytic cycle featuring a

transfer of the OH moiety bound to the gold center to the triple bond to form a gold

allenolate [75]. There are other recent examples in the literature on the activation of

oxygen compounds by gold(I), most of them dealing with carbonyl compounds [76,

77], but also with epoxides [78, 79], where the catalyst acts as a Lewis acid and as a

result promotes the inter- or intramolecular nucleophilic attack. Remarkably, a

recent computational study in the rearrangement of (3-acyloxyprop-1-ynyl)oxi-

ranes [80] to functionalized divinyl ketones under gold(I) catalysis (B3LYP/6-

311G(d,p), LANL2TZ(f) level of theory), suggested that all the groups act in

synergy, and sequential gold coordination to the CC p-system and the lone pairs

of oxygen is needed for the transformation [81].
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Additionally, ligand effects can influence reaction outcome. The relativistic

bond contractions are sensitive to the nature and electronegativity of the ligand,

as one might expect. For example, they are much more pronounced for a bound

phosphane than for a chloride ligand [12, 36], a fact with potential implications for

catalysis. Au(I)-phosphine species are well studied [12, 82], offering a tunable

ligand set for optimizing catalyst reactivity. In the Au(I)-catalyzed ring expansion

of propargylcyclopropanols, [(4-CF3-C6H4)3P]AuCl was shown to be superior to

other Au-phosphines [83]. Buchwald-type ligands were most effective in the

intramolecular hydroamination of allenes [84], whereas N-heterocyclic carbene

(NHC) ligands were optimal for an indene synthesis [85].

4 Bonding Properties of the Reactant Complexes

As noted above, the coordinating behavior of these late transition metals can be

accounted for by relativistic effects: relativity causes the contraction of the atomic

s orbitals and expansion of the atomic d and f orbitals, because of an increased

shielding effect by the contracted core. These effects lead to higher ionization

potentials, strong acidity, and a net contraction and strengthening of the M–L

bonds. It is worth mentioning that this effect is dependent on the nature and electro-

negativity of the ligand. The decreased electron/electron repulsion in the diffuse 5d

orbitals qualitatively explains the chemically soft character of these transition metals

[6]. Thus, the complexes may be considered as “soft” Lewis acids, preferentially

activating “soft” electrophiles such as p-systems.

4.1 Metal–Alkene Complexes

The electrophilic activation of alkenes by transition-metal catalysts such as Pt, Au,

or Pd is a fundamental step in a rapidly growing number of catalytic processes.

Although palladium is the best known metal for this purpose, the special properties

of its third-row cousin platinum (strong metal–ligand bonds and slow substitution

kinetics) have enabled the development of transformations that are initiated by

addition to the activated C¼C bonds nitrogen, oxygen, and phosphorus nucleo-

philes, as well as alkene or arene nucleophiles [86].

The bonding in these metal–ethylene complexes can be described by the

Dewar–Chatt–Duncanson model [87, 88] as a synergistic combination of s-donor
and p-acceptor interactions between the metal and the ethylene p-system (Fig. 1a)

[89]. Figure 1b shows the limiting bonding schemes in which the ethylene–metal-ion

interaction is weak and typically dominated by the ethylene-to-metal-ion s-donation
(leading to the T-shaped structure) (bottom). At the other extreme (Fig. 1b, top),
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s-donation and, more importantly, the metal-ion-to-ethylene p-back-donation is

dominant, and it results in a metallacyclopropane ring structure and a C¼C bond

with a bond order approaching unity. Note that both the s-donor and p-back-
bonding contributions lead to the lengthening of the C¼C bond. Thus, metal–ethy-

lene adducts should show C¼C distances that are longer than that of free ethylene,

although the extent of lengthening depends on a number of factors such as the charge

on the metal and the nature of any auxiliary ligands.

4.2 Metal–Alkyne Complexes

While these catalysts have been used with some success to activate alkenes, dienes,

and allenes (see other chapters within this special issue), the most important

application concerns the activation of alkynes. The C–C triple bond alkyne func-

tional group is characterized by two orthogonal p‐bonds, high in energy, that easily
interact with the d orbitals in transition metals (electrophiles). At the same time, the

LUMO in alkynes is low in energy, which allows the attack of strong nucleophiles.

When the alkyne is activated by coordination to the electrophilic metal complex, it

may undergo easier attack of weaker nucleophiles.

To shed light into the bonding of these complexes, computational studies

using bond decomposition energy analysis reveals roughly similar contributions

to electrostatic and covalent (s-donor and p-back-bonding components) bonding

interactions, and a very slightly higher electrostatic terms is observed [90–92].

Alkynes interact with gold and platinum through the s overlap of a p orbital with

an empty d orbital on the metal with the appropriate symmetry. In addition, back‐
donation of a filled orbital on the metal to the corresponding alkyne in plane p//*
takes place. Other contributions to the bonding can involve the orthogonal p⊥ and

p⊥* orbitals donating charge (p symmetry) and accepting it (d symmetry, very

HH
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a bFig. 1 (a) Schematic
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weak interaction due to low overlap) from orbitals at the metal center, respectively

(Fig. 2). Generally, the s interaction makes the largest contribution to bonding,

followed by the in plane p// back-donation, a much smaller p⊥‐ligand donation to

the metal and a negligible metal‐p⊥* back-donation, making alkynes in gold(I) and

platinum(II) complexes good s donors and only weak p acceptors.

Gold frequently exhibits a higher catalytic activity than platinum and, therefore,

transformations catalyzed by Pt(II) are usually carried out at higher temperatures

than the Au(I) catalyzed counterparts. Sometimes both types of catalysts lead to

different products [93–95], and sometimes they afford the same products following

different reaction mechanisms [96, 97]. The differences in mechanism usually obey

the difference in electrophilicity of the catalytic species. Gold complexes being

more electrophilic, they tend to displace the system towards more cationic key

intermediates (in the carbene‐carbocation continuum), resulting preferentially in

cation cyclizations and cationic rearrangements over the C‐H insertions and cyclo-

propanations through carbenoid key intermediates (in the carbene‐carbocation
continuum) favored by platinum.

A recent relativistic ab initio study of model gold (AuCl3) and platinum

(PtCl2(H2O))‐alkyne complexes in the catalysis of nucleophilic additions to alkyne,

where both metals show similar steric effects and possess a d8 electron configura-

tion, assigns the difference in their reactivity to differences in the metal d popula-

tions in the outer valence space, resulting in large structural changes in the LUMOs.

Gold complexes exhibit a high LUMO density on carbon together with considerably

low LUMO energies, both favoring nucleophilic attack, while platinum complexes

have higher energy LUMOs and no LUMO density on carbon, leading to a less

favorable overlap with a nucleophilic frontier orbital [98].

Numerous experimental and theoretical investigations support the intuitive view

that a positive charge on the metal center results in enhanced electrophilicity of the

bound p ligand relative to the neutral analogs [99]. That is to say, catalysts imparting

higher charge density onto the ligated p-system lead to higher rates, which explains
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why cationic Pt templates [100] and, notably, cationic gold complexes turn out to be

particularly effective.

It is also worth mentioning at this point that catalysts favoring ligation of a single

p-system should be more reactive, which may be another reason why LAu+ con-

stitutes a privileged catalyst fragment as it will bind to only one p ligand, in contrast

to Pt(II) or Au(III).

4.3 Preference for Alkyne Group

A remarkable property of these catalyzed reactions is the preference of the metal

complexes for activating alkyne over alkene moieties and other functional groups.

This effect is known as alkynophilicity.
Studies on Au+–ethylene and Au+–ethyne bonding indicate a greater stabilization,

by 10 kcal mol�1 for the ethylene complex over the ethyne p-complex [92, 101].

Because Au(I) apparently does not selectively complex alkynes over other p-systems,

the observed reactivity is supposedly kinetic in origin. That is, the pronounced

alkynophilicity of the late transition metal catalysts likely reflects the discrimination

by the incoming nucleophile in selecting between activated electrophiles and the

preference for attack at the coordinated triple bond [3, 6].

On the basis of the soft nature of these metals, one might expect orbital rather

than charge interactions to dominate in binding to an unsaturated C–C fragment

[102]. The lowest unoccupied molecular orbital (LUMO) contains the p*-metal

(back-donation) interaction. Hence, such selectivity can be understood by taking

into account the LUMO energy for the catalyst coordinated to ethyne and ethylene.

The former shows a LUMO energy lower than the latter (by 0.39 and 0.37 eV, for

PtCl2 and AuPH3
+, respectively), a gap slightly lower than that for the uncoordi-

nated organic fragments (by 0.62 eV). Consequently, the p-M-alkyne complexes

are more electrophilic than the p-M-alkene complexes, so the orbital overlap with

the nucleophile should be more efficient.

5 Structure of M-Alkyne and M-Alkene Reactant Complexes

As noted above, binding of metal complex to the alkene appears as thermody-

namically favored over the alkyne moiety. However, indirect evidence suggests

that it is coordination to the alkyne unit that triggers the subsequent chemical

transformation. In this context, complexes of metal acetylides are known in the

literature (for several trigonal planar Au(I) complexes coordinated to organome-

tallic 1,4-diynes, see [103]; see also [104]; for a gold(I)-[2]catenane containing a

linear (Z1-alkyne)-Au-(Z2-alkyne) moiety [105]; for a supramolecular complex

containing a linear (Z1-alkyne)-Au-(Z2-alkyne) moiety [106]; and also [107]), but

very few gold (for a linear N-heterocyclic carbene-Au-(Z2-alkyne) that has been
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characterized by NMR and IR spectroscopy, see [108]; [109]; for two trigonal

planar strained cycloheptyne-Au(I) complexes [110]; for some neutral and cationic

14-electron gold alkyne p complexes [111])1 and platinum [3] complexes of

regular alkynes have been isolated in pure form. In the case of Pt complexes,

the alkyne adopts a perpendicular arrangement to the plane defined by the L3Pt
2+

fragment. In the case of gold, the dicoordinated gold(I) complexes adopt a

linear geometry, the second stabilizing ligand being either a phosphane [102] or

an N-heterocyclic carbene [111].

The p-complexation of C¼C or C�C bonds at Au(I) and Au(III) centers (for a

mini-review on coinage-metal–ethylene complexes, see [112], for a review on gold

Z2-coordination to unsaturated and aromatic hydrocarbons [113]) with an incom-

plete residual ligand sphere L is the crucial step of the activation of the substrates.

However, few species of this type could be directly observed or isolated for further

investigation. For alkenes, although the experimental [114–116] and computation-

ally estimated (MP2 and CCSD(T) levels [66, 75]) bond dissociation energy values

(BDE) of M+–C2H4 (M ¼ Cu, Ag, Au) are relatively high, and M–C2H4 adducts

are expected to be thermodynamically stable, the labile nature of the metal–ethylene

interaction has plagued the isolation of “bottle-able” coinage-metal–ethylene com-

pounds for many years.

Besides electronic and energetic properties, complex formation alters the struc-

tures of the metal fragment and the ligand. The Dewar–Chatt–Duncanson model

predicts an elongation of the double or triple C–C bonds due to the net shift of

electron density from the bonding p orbital into the antibonding p* orbital. A partial

pyramidalization (of alkenes) or bending (of alkynes) then occurs as a consequence

of the ensuing rehybridization. Hence, the degree of distortion from the geometry of

the unbound ligand may be taken as an observable indication for the degree of back-

bonding in the structure of the complex.

Zeise’s salt (1, Fig. 3) is considered a prototype of complexes of transition

metals with unsaturated hydrocarbons. It was recognized early on that the complex-

ation of an olefin to a metal center such as platinum leads to a significant activation

of the C¼C multiple bond, which provides a basis for metal catalysis of olefin

transformations. The structural parameters (F ¼ 90.0� and sight elongation of the

C¼C upon coordination) [117] and theoretical calculations [118] suggest that

ethylene acts as a strong s-donor but very weak p-acceptor. Remarkably, only

minor structural changes are observed upon formal replacement of the olefin by

either a terminal or internal alkyne (Fig. 3) [119] (for a review, see [120]).

For a long time, p-complexes of gold in any of its oxidation states were ignored

because of the unknown stoichiometry, low stability, and limited relevance, and

thus the common gold halides AuX and AuX3 surprisingly appeared to show no

reactions similar to those of its Pt or Pd neighbors. It was not until the 1990s that the

structural chemistry of (alkyne)gold compounds was clarified, mainly in work on

the oligomeric gold(I) alkynyls (RC�CAu)n by Mingos et al. [105], on the

1For a 14-electron Au(I)-phosphine-(Z2-alkyne) complex, see [102].
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interaction of diacetylene “pincers” with gold salts by H. Lang et al. [103, 104], and

on the complexation of cyclic functional alkynes by AuCl by Schulte and Behrens,

providing insight into a variety of bonding modes [110]. In these compounds, the

C�C triple bond lengths of the ligands are generally elongated quite considerably,

e.g., from 1.194 to 1.259 �Å, upon complexation of O2S(CH2CMe2)2C2 to AuCl,

and the n(C�C) stretching vibration is lowered from 2,188 to 1,930/1,910 cm�1

(Fig. 4). In addition, a significant reduction of the C�C–C angle (values between

160� and 168� for coordinated alkynes vs 175–180� for free alkynes) is also observed.
Overall, with alkynes, the critical Au–C distances are about 2.10 �Å, associated with

lengthened C�C distances of ca. 1.23 �Å.
For alkenes, the range of the Au–C distances in the complexes is more variable

(between 2.20 and 2.30 �Å) and consequently a larger spread of C¼C distances of

1.40 � 0.05 �Å are observed [113].

It should be noted that for a long time there was no evidence for p-complexation

of gold in any of its oxidation states to neutral arenes such as benzene. The first

examples indeed were reported only very recently, while analogs with copper

[121–123] and silver [124, 125] had been known for at least half a century. For

arenes the Au–C distances are well beyond 2.30 �Å and depend on the different

hapticities (Z1–Z3), associated with intra-ring C–C distances at ca. 1.425 �Å. Not
surprisingly, therefore, the deviation from linearity of the alkynes is more dramatic

than that from planarity of the alkenes, which suggests that a description of the

former as metallacyclopropenes is more justified than that of the latter as metalla-

cyclopropanes (Fig. 5).

Recently, Toste and Shapiro have isolated and characterized, by X-ray crystal-

lography, linear (Z2-alkyne)- and (Z2-alkene)-Au(I)-phosphine dimeric complexes

(4, Fig. 4) [102], and Dias et al. have synthesized and characterized a linear gold(I)

complex featuring a simple, unstrained alkyne (3-hexyne) bonded to AuCl

(5, Fig. 4) [109]. Other structurally characterized gold alkyne complexes are 6
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(Fig. 4) and 7 (Fig. 4), each incorporating a highly strained cycloalkyne as ligand

[110].

F€urstner and co-workers have reported the structure and bonding properties for a
series of complexes formed by coordination of the unstrained cyclododecyne to

either the neutral AuCl or to two different cationic [Au–NHC]+ moieties (8–10,

Fig. 6) [111].
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Computational studies on model complex–ligand systems indicate that the transi-

tion state for nucleophilic addition reactions is distorted regarding the ground-state.

That is, even if a partial slipped ground-state (Z2 structure for symmetric p ligand)

is expected for asymmetric p ligands, the pertinent transition state is far from a

Z2 structure. It is now widely accepted that slippage of the MLn fragment along the

axis of the bound alkyne or alkene accompanies ligand activation [126] (the role of

slippage has been reconfirmed by Car-Parrinello molecular dynamics calculations;

see [127]). The electrophilicity is enhanced upon Z2–Z1 deformation, as relaxation

of the symmetry allows mixing of previously orthogonal orbitals and facilitates

charge transfer from the nucleophile to the p ligand and finally to the metal center,

especially in cationic complexes (Fig. 7) [128–130]. In other words, it is the partial
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Fig. 6 Structural changes imposed on cyclododecyne by either the neutral [AuCl] or the cationic

[Au(NHC)]+ fragment; d refers to the C�C bond length, F denotes the C�C–CH2– bond angle
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a CC unsaturated group
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slippage away from the symmetrical Z2 coordination in the transition state which

engenders productive overlap of the orbitals of the nucleophile with the distorted

p system. Overall, p-acidic metal fragments can be regarded as the “soft” counter-

parts to the conventional Lewis acids. Interactions between alkynes or alkenes

with “p acidic” metal fragments result in a larger loss of p-electron density than is

gained through back-donation; also, electrostatic contributions to bonding are

essential.

The main structural characteristics of the electrophilic complexes resulting from

interaction between alkynes or alkenes with p-acidic metal fragments are: (1)

elongation of the C–C bond in the coordinated vs the free ligand; (2) configuration

of the carbon atoms is changed from trigonal planar and linear toward pyramidal

and bent, for alkyne and alkene ligands, respectively; (3) rehybridization of the

unsaturated C atoms; (4) low inherent barriers for the rotation of the ligand around

the metal–ligand centroid axis.

A recent experimental and computational study (BP86/def2-TZVP level) by

F€urstner et al. on the structure and bonding of 14 electrons gold alkyne p complexes

with a variety of gold(I) species (neutral and cationic complexes, 8–10 in Fig. 6)

and the pertinent comparison with the uncomplexed alkyne (cyclododecyne) have

shown that p!s* donation clearly dominates over d!p* back-donation, and thus

explains the highly electrophilic character of the alkyne within the coordination

sphere of the Au(I) fragment [111]. These observations agree with previous theo-

retical results (B3LYP/LANL2DZ(Au), ccpVDZ(C,H), and AUG-ccpVDZ(Cl)

levels of theory) by Dias et al. on the Au(I) chloride complex coordinated to the

simple, unstrained 3-hexyne (5, Fig. 4) [109]. Likewise, Toste et al. have isolated,

characterized by X-ray crystallography and analyzed by DFT approach (B3PW91/

LANL2DZ(Au), LANL2DZdp(Si,P), ccpVDZ(C,H)) the structure of a phosphine

Au(I) p complex (4, Fig. 4) [102], and, in this context, phosphine-Au(I)-chloride

complexes (Ph3PAuCl), as 16-electron complexes upon alkyne coordination, are

typically much less catalytically active than their cationic analogs and must be

activated by addition of a silver salt (such as AgSbF6), which serves to remove the

chloride ligand and replace it with a less coordinating counteranion. Second order

perturbative analysis on the related Ag(I) and Cu(I) complexes revealed that p!s*
donation is of the largest magnitude for Au, as is metal d!p* back-donation. For

all three metals, s-donation to the metal dominates, augmenting the electrophilicity

of the alkyne, although the difference between the two bonding interactions is the

largest for Au.

While most of these observations are not very different from those of p-com-

plexes of the neighboring elements of gold (Pd, Pt, Ag), differences in coordination

numbers and oxidation states, which inter alia have their origin in particularly

strong relativistic effects, provide gold species with their special reactivity proper-

ties. In its standard environment, gold(I) has the lowest possible coordination

number, lower than Pt(II) or Pd(II), which gives substrates ready access to the

metal center. Hence, the specific electrophilic nature of LAu+ units is governed by

only one ligand L and thus can easily be tuned by a suitable combination of steric

and donor/acceptor properties and by the choice of the counterion and the solvent.
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Biphenyl-substituted phosphines and NHC ligands induce greater reactivity and

modulate selectivity among competing reaction pathways [131].

6 Structure and Bonding of Key Intermediates: Carbene Versus

Carbocation Model

On the basis of the versatility, reactivity, and selectivity patterns observed in this

synthetic protocol, several mechanistic pathways and bonding models for key

intermediates have been proposed, including intermediates ranging from metal

carbenes to metal-stabilized carbocations.

The electrophilic activation of the triple bond by the catalyst generates, as

described above, highly electrophilic species and triggers the nucleophilic attack

of other functionalities. An asymmetric alkyne implies two differently activated

carbon positions, which accounts for the high versatility found in this field, although

other structural factors come into play. Theoretical calculations have shown that the

nucleophilic attack of an alkene onto a Pt-alkyne complex can take place through

exo-dig or endo-dig pathways (Scheme 4) upon slippage of the Z2-coordinated

alkyne, to afford the key cyclopropyl metallocarbenoid intermediates [132]. The

involvement of these structures (very recently a gold-carbene complex has been

isolated in the gas phase [133]) was previously speculated on the basis of trapping

reactions [134].
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Despite gold carbenes have been usually proposed as key reactive intermediates,

very little data relative to their characterization and reactivity have been reported to

date [133], as only the synthesis of Au(I) carbenes in the gas phase along with their

reactivity in the presence of alkenes (Scheme 5) have been reported. Gold complex

11 reacts with the phosphonium salt [Ph3PCH2Ph]BF4 to generate the gold ylide

adduct 12. Later, a submission of this species to electrospray ionization and

detection of the ion corresponding to the gold benzylidene complex 13 by tandem

mass spectroscopy have been carried out. The value predicted by DFT calculations

using the M06-L functional is in agreement with the experimental activation

energy. Introduction of alkenes into the ion guide allowed the assessment of the

reactivity of these transient species. Upon generation and selection of complex ion

13 in the presence of 1,2-dimethoxyethene, the formation of three signals can be

observed: (1) the first signal corresponding to the 1:1 adduct of the two reactants has

been assigned either to the Z2-complex 14 or to the metalacyclobutane 15; (2) the

second signal corresponds to the gold methoxylidene carbene complex 16 – its

formation is indicative of the existence of an alkene metathesis reactivity; (3) the

third signal corresponds to the (NHC)Au cation 17 formed upon loss of both the

benzylidene and the dimethoxyethene moieties from the gold complex 14/15 and

has been proposed to account for a competitive cyclopropanation pathway. To sum
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mass spectroscopy data [133]
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up, the nature of the synthesized carbene is demonstrated by its characteristic

reactivity with olefins, including cross-metathesis and cyclopropanation.

F€urstner was first to propose that these key intermediates can be described in

terms of either cationic or carbenoid resonance extremes (Scheme 6) depending on

the metal template [3]. Thus, while calculations show a short C–Pt(II) bond

(1.88–1.90 Å), resembling a double bond, the C–Au(I) bond length (2.02–2.04 Å)

falls within the range for a single bond. A priori, the gold intermediates may thus be

more appropriately described as gold-stabilized carbocations rather than “gold-

carbenes”.

On the other hand, gold catalysis has been applied successfully to transforma-

tions that are traditionally carried out with carbene systems [135–138]. In this

regard, it should be noted that the widespread formation of cyclopropanes, which

is frequently invoked as an indication of the carbene character of the reactive

intermediate species, in the reaction between activated alkynes and alkenes, can

also occur in a stepwise, nonconcerted fashion via charged intermediates [139].

Therefore, the nature of bonding in these intermediates remains unclear and is

still material of intense debate.

It has been observed that Fischer-carbene complexes of chromium, molybde-

num, and tungsten readily undergo carbene transfer on reaction with gold salts, thus

indicating that the gold–carbene complexes are thermodynamically highly stable

[140, 141]. Both Au(I)– as well as Au(III)–carbene complexes are known, and in

the former case show the expected linear coordination geometry (Fig. 8) [142].

However, it has been deduced from the molecular structures in the solid state (18/

19, Fig. 8) that the C–Au “carbene” bond shows single – rather than double bond

character [143]. In fact, the bond length (2.067(4) �Å) even exceeds that of some

prototypical C(sp2)–Au single bonds; hence, considerable partial positive charge

will reside on the “carbenoid” C atom [144]. Moreover, it has been described that

the C–N distance which is relatively short ([145]; for a theoretical analysis of the

bonding situation in NHC–AuX complexes, see [146]; [147]), thus indicating that
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Scheme 6 Resonance forms for the intermediate formed by nucleophilic attack of an alkene over

an activated alkyne
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Fig. 8 Structure of a Fischer-

type gold “carbene”
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the stabilization of the “carbene” is due mainly to the pp–pp interaction with

the heteroatom. However, as the nitrogen substitution induces electronic effects

on the complex, this model cannot be considered fully satisfactory (Fig. 8).

The data accumulated suggest that the conceivable cationic and carbene

extremes make very different contributions to the actual character of the reactive

intermediates.

Ab initio calculations involving multireference configuration interaction [148]

and DFT [149] levels of theory of [M¼CH2]
+ systems have shown that carbenes of

the 5d transition metals are distinguished by particularly high bond energies, which

is maximum for Pt. Thereby, the bonding situation for platinum and gold is close

to a purely dative case [148]. If seen within the framework of the Dewar–Chatt–

Duncanson model, the overlap between a lone pair of electrons on a singlet

methylene entity with an empty (hybrid) orbital on the metal has s symmetry.

This dative bond is counterbalanced by overlap of a metal dxz orbital with the empty

px orbital of the ligand to form the p bond. In other words, Au as well as Pt can

engage in electron back-donation from the metal atom to a carbene ligand. This

picture contrasts the low ability of the same metal templates to back-donate into the

p* orbital of an alkyne or alkene ligand. Hence, gold and platinum fragments

activate a C�C triple (double) bond toward nucleophilic attack yet are able to

stabilize incipient “carbene intermediates.”

On other hand, one must also bear in mind that, in the case of gold, the acute

different size of the frontier orbitals in relation to those of carbon might preclude

significant back-donation from the metal to the ligand, rendering a dipolar bonding

picture more likely than a carbon–metal “double bond.”

To get deeper insights into the nature of the chemical bond in gold-carbenes,

Frenking and co-workers [146] analyzed mixed carbene–halogen and bis(carbene)

complexes at the BP86 level of theory using an energy decomposition analysis

(EDA) with the simple imidazol-1-ylidene as model carbene ligand. They con-

cluded that, although the metal–ligand p-back-bonding interaction is not “negligi-

ble” compared to the s-interaction, it usually constitutes less than 20% of the total

orbital interaction energy which in turn, however, accounts for only 22–25% of the

total attractive interaction between the metal and this ligand. These results are

consistent with those observed by Meyer on tris(carbene) ligand systems using a

“fragment approach” [150]. Energy decomposition analysis indicates that p-bond-
ing in such gold carbene complexes is responsible for ca. 15% of the total orbital

interaction.

In support of these findings, Jacobsen compared (at BP86 level of DFT) N- and

P-heterocyclic carbenes and found that cationic complexes of Au form stronger

bonds than neutral ones [151]. In addition, methyl substituents on the nitrogens of

NHCs increase the metal–carbene bond strength by 25–35 kJ mol�1 and, although

PHCs (P-heterocyclic carbenes) form bonds comparable in strength to NHCs, they

are better p-acceptors and the p-bonding makes up a larger percentage of the total

orbital contribution (“intrinsic bond strength”) – up to 45% compared to less than

20% when considering NHCs.
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Other interesting computational analysis has been reported by Pyykk€o and

Runeberg [152] who, working at the BP86 level of theory, have compared the

bonding dissociation energy of Au+–L and ClAu–L systems for a chosen series of

ligands, L. The two sets of calculations indicate virtually the same trend with the

NHC ligands top of the scale and the cyclic diphosphinocarbenes (PHCs) filling the

second position (for an interesting review on the latest computational studies on

gold, see [153]).

In the last year, theoretical investigations [154] and experimental observations

[155] have further polarized the discussion surrounding the carbenoid or cationic

character of organogold species, mostly in support of their carbocationic character.

Thus, recent NMR spectroscopic data [156] by F€urstner et al. support this proposal.
They analyzed the synthesis of stabilized gold allylic carbocations by the reaction

of acetalcyclopropenes with cationic [(PPh3)Au]NTf2 complex. Formation of the

vinylaurate (Z)-21 has been characterized by 1H and 13C NMR spectroscopies.

Isomerization to the diastereoisomer (E)- has been observed by temperature dependent

NMR measurements and corresponds to a barrier of rotation of about 30 kcal mol�1.

Their findings have suggested a rapid rotation about the C2–C3 bond on the NMR

timescale, and that the C1–C2 rather than the C2–C3 bond has a very high degree of

double-bond character, results inconsistent with a carbene structure of type 20 and

compatible with a delocalized allylic carbenium cation of type 21 (Fig. 9).

A recent computational study by Toste et al. based on the same arguments,

namely the estimation of molecular structure and energetics [154], has also shed

light onto this duality carbene/carbocation. Barrier to bond rotational energies have

been estimated as descriptors to evaluate the strength of p-bonds. At the same time,

they validated the M06 functional of DFT by comparison with the F€urstner’s results
described above as appropriate theoretical methodology. In this sense, it was
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concluded that other usual functionals like B3LYP or BP86 are unable to resolve

the effects of different Au ligands.

While the results on the barrier to bond rotation energy confirm the conclusion of

F€urstner and co-workers [156] that the gold moiety has little effect on the barrier to

rotation in (Z)-21 (1.4 kcal mol�1 higher than for free-metal structure 22, Fig. 9),

this conclusion only appears valid in the presence of the highly carbocation-

stabilizing oxygen atoms. When these heteroatoms are absent, the effect of the

gold moiety is clearly large (8.1 kcal mol�1 lower for the cationic metal-free

structure 24 than for 23). Therefore, the reactivity of these key intermediates

seems highly dependent upon the carbene substituents.

The computed differences in structural parameters (gold–carbon bond length)

and NPA charges agree with the increased barrier to C2–C3 bond rotation in 23

(Fig. 9). To verify these conclusions, the authors confirmed experimentally a

difference in reactivity since 25 reacts as a gold-stabilized carbocation, whereas

23 react more as a gold-stabilized carbene. Furthermore, in the latter case, the yield

of the reaction was highly dependent on the ancillary ligand, so the authors also

examined the effect of this ligand on the nature of the Au–C1 bond [157].

An electron-withdrawing ligand such as P(OMe)3 diminishes the electron den-

sity on the metal center, weakens the p-back-donation to the Ca, and thus leads to

carbocationic reactivity, while a good s-donating ligand such as an N-heterocyclic
carbene increases the electron density on the gold(I) center and allows a better

p-back-donation to the Ca, thus favoring a carbene reactivity. Remarkably, this

mechanistic rationale has been confirmed experimentally [154].

Focusing on the bonding properties, the components of the L–Au–C bonding are

(Fig. 10): (1) a three-center–four-electron s-hyperbond (where hyperbond refers to
bonding beyond the reduced 12-electron valence space) formed for the P–Au–C

triad as [P:Au–C ↔ P–Au:C] (or C–Au–C triad for the NHC ligand) [158] – this

bonding interaction implies that the Au–C1 bond order decreases with increasing

trans ligand s-donation (trans influence); (2) the metal center forms two p-bonds
by donation from perpendicular filled d-orbitals into empty p-acceptors on the
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Fig. 10 Schematic

representation of the most

important bonding
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ligand and C1, so they both compete for electron density from gold. Accordingly, p-
acidic ligands decrease back-donation to the substrate, resulting in longer Au–C1

bonds, while p-donating ligands (as chloride) increase back-donation to C1, result-

ing in a very short Au–C. Therefore, p-acidic ligands are expected to increase

carbocation-like reactivity by decreasing gold-to-C1 p-donation.
In general, the strength of the back-donation to C1 is dependent on both ligand

and the electrophilicity of the p-acceptor on C1.

To sum up, the authors suggest that the reactivity in gold(I)-coordinated

carbenes is best accounted for by a continuum ranging from a metal-stabilized

singlet carbene to a metal-coordinated carbocation. The position of a given gold

species on this continuum is largely determined by the carbene substituents and the

ancillary ligand.

Finally, it should be emphasized that the influence of the heteroatom substituents

inducing the system toward the cationic form may be assisted by the aurophilicity

[156]. Alkenylgold species with a heteroatom substituent are thought to be key

intermediates in gold-catalyzed additions of protic nucleophiles to alkynes. F€urstner
et al. have proposed that the scarcity of such compounds likely lies in the non-

innocence of the neighboring heteroatom, which may enforce the uptake of a second

gold fragment with formation of robust species with a gem-digold unit adjacent to a
largely cationic center [159]. Related gem-digold intermediates have been proposed

recently by Houk et al. [160] whose calculations reveal that, in gold-catalyzed

cycloisomerization reactions of 1,5-allenynes, a mechanism via nucleophilic addi-

tion of an allene double bond to a gold-complexed gold acetylide is more likely than

oxidative cyclization or simple nucleophilic addition to gold-complexed substrate.

7 Conclusions

Transition metals exhibit significant efficacy for catalyzing the formation of

carbon–carbon and carbon–heteroatom bonds and, in particular, Pt and Au (gold

(III) and cationic gold(I)) show an exceptional capacity to promote a growing

variety of organic transformations of unsaturated precursors. These processes result

from their unique ability to activate carbon–carbon multiple bonds as soft, carbo-

philic Lewis acids, thus promoting the attack of a nucleophile.

In this chapter, we have provided an overview of the structure, bonding proper-

ties, and reactivity for the main reactant complexes and key intermediates involved

in the most important transformations promoted by Pt and Au of unsaturated

precursors, on the basis of computational studies performed in the last few years.

A correlation of the catalytic behavior with the available structural data, coordina-

tion chemistry, and reactivity patterns, including relativistic effects, is provided

which allows the underlying principles of catalytic carbophilic activation by

p-acids to be formulated.

We have described the electronic factors that explain the reactivity of the

catalyst systems and their behavior as “soft” Lewis acids, hence preferentially
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activating “soft” electrophiles such as p-systems. The increase of electrophilicity

resulting from the coordination of the p-acceptor ligand at the metal center triggers

the intra- or intermolecular attack of nucleophiles such as alkene, heteroatom,

allene, or arene groups, which can occur by exo- or endo- pathways.

The differences in the operating mechanism sometimes found for platinum and

gold usually obey the difference in electrophilicity of the catalytic species. Gold

complexes being more electrophilic, they tend to displace the system in the

carbene‐carbocation continuum towards more cationic species, resulting preferen-

tially in cation cyclizations and cationic rearrangements over the C‐H insertions and

cyclopropanations (carbenoid derived products) favored by platinum.

The notable chemo-, regio-, and stereoselectivity of these transformations can be

accounted for by structural and electronic effects on the key steps, so the computa-

tional methodology currently represents a valuable tool for the development of a

solid conceptual framework and a better understanding of these processes.
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Cycloisomerization of 1,n-Enynes Via
Carbophilic Activation

Patrick Yves Toullec and Véronique Michelet

Abstract Metal-catalyzed cycloisomerization of 1,n-enynes has appeared as a

highly attractive methodology for the synthesis of original carbo- and heterocycles.

This chapter intends to propose an overview of the recent and seminal advances in

1,n-enynes cycloisomerization reactions in the presence of carbophilic transition

metals. The recent mechanistic insights, the enantioselective versions, and the

applications in total synthesis are highlighted.
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1 Introduction

Metal-catalyzed cycloisomerization reactions of 1,n-enynes have appeared as con-

ceptually and chemically highly attractive processes as they contribute to the thrill

towards atom economy and offer the opportunity to develop new reactions [1–8].
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Although various reaction mechanisms including metallacycles, hydrometalation or

metathesis of enynes and relying on the specific reactivities of transition metal

complexes have been reported over the years, the recent upsurge of interest asso-

ciated with the studies involving carbophilic Lewis acids such as gold or platinum

(for representative examples and seminal references, see [9–29]) has opened the way

to the development of families of highly active and selective catalysts presenting a

unique reactivity. A wide variety of carbo- and heterocycles presenting a high degree

of structural complexity can be formed using these new catalytic systems. The

emergence of sophisticated theoretical DFT studies has contributed to the under-

standing of plausible reaction pathways and to the optimization or design of highly

efficient catalysts [30]. This highlight aims at presenting the mechanistic rationale

associated with carbophilic Lewis catalysts in the context of their reactivity in the

presence of 1,n-enyne substrates. The skeletal rearrangements will be presented

putting the stress on similarities between transition metals, following the reaction

type in the absence and then presence of nucleophiles. The formation of 1,3-dienes

and 1,4-dienes will be followed by the reactivity of activated alkenes and then the

synthesis of bicyclic derivatives. The presence of internal or external nucleophiles

has led to the discovery of novel rearrangements, which will be then presented. The

development of enantioselective variants of these transformations [31–33] along with

their applications in natural products synthesis [18] will also be discussed. The

reactions implying propargylic esters [34, 35] will not be presented.

2 Carbophilic Lewis Acids: Reactivity Principles

At the initial stage of all mechanisms invoked in the literature to explain enyne

cycloisomerization reactions in the presence of carbophilic late transition metals,

the Z2-coordination of the alkyne moiety by the metal complex activates the C–C

unsaturated bond (Scheme 1, intermediate 1) (for an excellent review dealing with

gold Z2-coordination to unsaturated hydrocarbons, see [36]). Since the pioneering

[M] –[M] –[M]

–[M]

–[M]

[M]

1 2 3

4

5 6

+

+

+

+

Scheme 1 General mechanism for the metal-catalyzed addition of an alkene to an alkyne
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studies of Utimoto on the hydroalkoxylation [37] and hydroamination [38] of

alkynes catalyzed by gold complexes, the anti nucleophilic attack of a large variety
of nucleophiles has been investigated in the presence of “soft” carbophilic transi-

tion metal Lewis acids. Alkenes can act as nucleophiles, the net anti addition of an

alkene either intra- or intermolecularly by an outer-sphere mechanism results, upon

slippage (for a theoretical investigation of p-systems slippage, see [39]) of the

Z2-coordinated alkyne, in the formation of a vinylmetal intermediate 2 possessing a

carbocation at the d position. This non-classical organometallic cation can best

be viewed as a delocalized three center cation 3 whose mesomeric extremes can

also be seen as cyclobutyl carbocation 4 or cyclopropyl carbocation 5. The latter

form has often been described as a cyclopropyl carbene 6 or more cautiously as

a cyclopropyl carbenoid as the involvement of metal to carbon back donation is

still a matter of debate. The cationic to carbenoid controversy arises from the

possibility of observing reaction products that are best understood by one of the

two ways to describe the bonding properties of these intermediates but is to some

extent artificial.

Recent reports from the literature deal with the isolation and characterization of

Pt(II)- or Au(I)-alkyne complexes (Fig. 1). In the case of Pt complexes, the alkyne

adopts a perpendicular arrangement to the plane defined by the L3Pt
2+ fragment. In

the case of gold, the dicoordinated gold complexes adopt a linear geometry, the

second stabilizing ligand being either a phosphane [40, 41] (for recent NMR studies

highlighting a carbophilic modulation of cationic Au complexes, see [42]) or an N-
heterocyclic carbene [43]. X-ray analyses of complexes 7–11 show only marginal

C�C bond shortening compared to the free alkyne but significant reduction of the

C�C–C angle (values between 160� and 168� for coordinated alkynes vs 175–180�

for free alkynes). Theoretical calculations also support a good s-donation from the

Au
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Fig. 1 Examples of Pt(II)- and Au(I)-Z2-alkynyl complexes
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alkyne to the metal center and a relatively weak p-back donation from the metal to

the alkyne, resulting in a depletion of the electron density on the alkyne. Compari-

son of the data for Au with the related ones for Ag and Cu complexes [40] high-

lights the superior activation obtained with cationic Au complexes and the superior

electrophilicity of the coordinated alkyne.

The involvement of cyclopropyl carbocation 5 or the cyclopropyl carbene 6

(Scheme 1), revealing the nature of the carbon-metal bond, has recently been under

debate in the literature, the discussion being concentrated on gold complexes. The

selectivity observed in domino enyne cycloisomerization/nucleophile addition has

led F€urstner and coworkers [44, 45] to invoke a mechanistic rationale involving a

concerted transition state analogous to that involved in carbocation-induced polyene

cyclization reactions (see Sect. 4.1) [46–48]. The authors also support their hypothe-

sis by discussing structural parameters associated with the crystal structure analysis

of the Fisher-type gold carbene 12 [49] (Fig. 2). The reported bond lengths are

consistent with the existence of an Au–C single bond and are best described as

gold iminium species 13. As the nitrogen substitution induces electronic effects in the

complex, this model cannot be considered as satisfactory for a comparison with

enyne cycloisomerization intermediates depicted in Scheme 1. Nevertheless, crystal-

lographic data seem to favor the involvement of intermediate 5.

To get further insight into the bonding situation of gold “carbenoid” species, the

group of F€urstner then investigated the synthesis of stabilized gold allylic carboca-

tions by the reaction of acetalcyclopropenes such as 14 with cationic [(PPh3)Au]

NTf2 complex [50] (Scheme 2). Formation of the vinylaurate (Z)-15 is cleanly

observed at�78 �C and has been characterized by 1H and 13C NMR spectroscopies

(1). Isomerization to the diastereoisomer (E)-15 has been observed by temperature

dependent NMR measurements and corresponds to a barrier of rotation of about

30 kcal mol�1. These data are consistent with the observation on the NMR

timescale of a delocalized allylic carbenium structure 16 whereas the carbene

form 17 has no significant contribution. This understanding of the bonding situation

of compounds of general formula (LAu-CRR’)+ has been further supported by the

group of Toste [51] (Scheme 2). Using DFT calculations, the authors have shown

that the bonding model involved in Au(I) carbenoids is strongly affected by both the

substitution pattern of the organic moiety and the stereoelectronic parameters of the

second coordinating ligand L on the gold center. The authors propose a bonding

model, defined as a “double half bond” as both s-donation and p-back donation as

defined by the Chatt–Duncanson model are involved, but both contributions are

relatively weak. The authors have studied analogous structures of 15. Bond lengths

Cl – Au Cl – Au–
N N+

12 13Fig. 2 Fisher-type gold

carbene
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and charge distributions are clearly indicative of respectively a vinyl aurate com-

plex 18 when g-stabilizing groups are present (i.e., methoxy substituents) and an

Z1-allyl complex 19 when g-destabilizing groups are present.

DFT calculations and correlations of the theoretical data with experimental ones

have also pointed out the strong influence of the ligand on Au(I) cationic complex

[51] (Scheme 3). An electron-withdrawing ligand such as P(OMe)3 diminishes the

electron density on the metal center, weakens the p-back donation to the Ca, and

thus leads to carbocationic reactivity (complex 20), whereas a good s-donating
ligand such as an N-heterocyclic carbene increases the electron density on the Au(I)
center and allows a better p-back donation to the Ca, thus favoring a carbene

O O PPh3PAuNTf2
CD2Cl2, –78 °C

(Ph3P)Au

O
O

Au(PPh3)

OO
–NTf2
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O O
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O + O
CO2MeMeO2C
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Scheme 2 Reaction of acetalcyclopropene with cationic Au(I) complex
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Scheme 3 Influence of the ligand on cationic Au(I) carbene complexes
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reactivity (complex 21). This mechanistic rationale is, remarkably, confirmed when

the two aforementioned types of complexes are reacted with cyclopropene 22 and

1,2-diphenylethene. Whereas the use of the P(OMe)3Au cation only leads to

polymerization (2), the (NHC)Au+ cation 23 gives the cyclopropanation product

in 80% yield and excellent diastereoselectivity (3).

Gold carbenes being highly reactive intermediates, very little data relative to

their characterization and reactivity have been reported in the literature. Recently

the group of Chen [52–54] reported the synthesis of Au(I) carbenes in the gas phase

along with their reactivity in the presence of alkenes (Scheme 4). Gold complex 24

reacts with the phosphonium salt [Ph3PCH2Ph]BF4 to generate the gold ylide

adduct 25. Upon submission of this species to electrospray ionization, detection

of the ion corresponding to the gold benzylidene complex 26 by tandem mass

spectroscopy has been accomplished. Introduction of alkenes into the ion guide

allowed the assessment of the reactivity of these transient species. Upon generation

and selection of ion 26 in the presence of 1,2-dimethoxyethene, formation of three

signals is observed. The first signal corresponding to the 1:1 adduct of the two

reactants has been assigned either to the Z2-complex 27 or to the metalacyclobutane

28. The second signal corresponds to the gold methoxylidene carbene complex 29.

Its formation is indicative of the existence of an alkene metathesis reactivity

unprecedented in gold catalysis. The third signal corresponds to the (NHC)Au

cation 30 formed upon loss of both the benzylidene and the dimethoxyethene

moieties from the gold complex 27/28 and has been proposed to account for
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Scheme 4 Synthesis and reactivity of Au(I) carbenes in the gas phase
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a competitive cyclopropanation pathway, well described for Au(I) species in

solution (see (3) and Sect. 4.2.1).

According to all these recent data, the specific behavior of Au complexes is

offering the complete array of intermediate reactivity between the two mesomeric

extremes 5 and 6 representing respectively the carbocationic and carbenic rendi-

tions. The reactivity in a given organic transformation catalyzed by gold can be

explained preferentially by one of the two canonical pictures depending on the

substitution pattern of the organic substrate or the stereoelectronic parameter of the

metal fragment LnM.

3 Enyne Cycloisomerization Reactions in the Absence

of Nucleophiles

3.1 Formation of Dienes

3.1.1 Formation of 1,3-Dienes

The first report ([55]; earlier on, the group of Murai stated in a paper devoted to a

Ru-catalyzed skeletal rearrangement of 1,6- and 1,7-enynes to 1-vinylcycloalkanes :

“Interestingly, some other metal halides such as [RhCl(CO)2]2, ReCl(CO)5, [IrCl

(COD)]n, PtCl2, and AuCl3 can cause a similar skeletal reorganization and some of

these complexes exhibited characteristic substrate specificity.”, see [56]) of the

transformation of an enyne in the presence of a carbophilic Lewis acid catalyst

dates from 1996, when the group of Murai treated 1,6-enyne 32 with 5 mol% PtCl2
in toluene at 80 �C [57] (Scheme 5). Cyclization occurs via the 5-exo mode of

cyclization to give 1,3-diene 33 in 86% yield. Since this seminal contribution, various

metal salts or complexes have been evaluated in this reaction. Pt(II) [58] including a

E

E

32

PtCl2 (4 mol %)
(4)

(5)

toluene, 80 °C
3 h, 86 %

E

E

33

E

E

34
E = CO2Et

E = CO2Et

PtCl2 (4 mol %)

E

E

Me

35b

Me
E

E

Me

35a
+

toluene, 80 °C
3 h, 84 %

35 a / 35 b: 1 / 8

Scheme 5 Cycloisomerization of 1,6-enynes leading to 1,3-dienes
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dicationic one [59], Pt(IV) [60], Rh(II) [61], Ir(I) [62], Hg(II) [63], Au(I) or Au(III)

[64–66], In(III) [67], and Ga(III) [68] catalysts have shown very high activities,

allowing the reaction to be run at room temperature or below.

In the case of disubstituted alkynes, the cycloisomerization leads to a mixture of

two different isomers depicted as “single cleavage” 40 and “double cleavage” 43

skeletal rearrangement products (Scheme 6). The “single to double cleavage”

products ratio proved to be dependent on the metal catalyst used. The regiochemical

outcome of this transformation has been confirmed by 2H- and 13C-labeling experi-

ments [69]. Based on the experimental data collected [70] and DFT calculations

independently realized by Soriano, Marco-Contelles and Echavarren groups [30,

71, 72] (for a discussion on 1,6-enynes bearing propargylic carboxylate moiety, see

[73]), a mechanistic rationale has been proposed. The formation of “single cleav-

age” and “double cleavage” dienic products involves a competition between two

different pathways. At the initial stage of the catalytic cycle, Z2 coordination of the

alkynyl function by the metal fragment initiates the anti attack of the alkene

nucleophile. The cyclopropanation step occurs via the 5-exo mode of cyclization

to give the cyclopropyl carbene intermediate 37. A first 1,2-alkyl shift leads to the

formation of the zwitterionic cyclobutane 38. Depending on the nature of the alkene

substitution, this species can either evolve by fragmentation through path a to give

complex 39 or by a second 1,2-alkyl shift through path b to form the cyclopropyl

intermediate 41. Ring opening of this cyclopropyl zwitterion gives the carbene 42

that upon 1,2-hydride shift and elimination furnishes the double cleavage product

43. Recent theoretical studies also compared the performance of homogeneous vs

heterogeneous catalysis for the cycloisomerization of 1,6-enynes [74]. The authors

showed that the activation of akynyl substrates has a kinetic origin in the homoge-

neous case and a thermodynamic origin in the heterogeneous case.
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In the presence of cationic Au(I) species, the 6-endo mode of cyclization can

be observed as a major path for specific 1,6-enynes [75]. The electronic nature of

the C4 substituents plays a key role in orienting the regioselectivity of the

cyclization event (Scheme 7). Whereas the malonate substrate 44 is cycloisome-

rized in the presence of 2 mol% [(PPh3)Au(NCCH3)] (SbF6) at 0
�C in 97% yield

with an exo/endo ratio of 1/4, the bissulfone 45 is transformed to the dienic

products 47a,b in 100% yield with an exo/endo selectivity of 10/1 under the

same conditions. According to the same methodology, the synthesis of indenes

and naphthalenes has been successfully described starting from aromatic enynes.

Silyl enol ether 48 has been converted to the silyl-protected 1-naphthol 49 in 94%

yield upon reaction in toluene at 90 �C in the presence of 8 mol% PtCl2 (7) [76].

This methodology has been applied to the synthesis of a family of acridine

derivatives using Rh(I) catalysts [77]. Enyne 50 reacts in the presence of a

combination of PPh3AuCl and AgOTf in dichloromethane at room temperature

to give a mixture of 5-exo and 6-endo products 51a,b in a 4/1 ratio (8) [78].

Me

H

Me Me

+

OH

2.5 mol % PPh3AuCl
2.5 mol %  AgOTf

1 mol % PPh3AuCl
1.2 mol %  AgOTf

CH2Cl2, RT, 18 h
84 %

Me

E
(6)

(7)

(8)

(9)

E

CH2Cl2, 0 °C, 30-60 min
100 %

44 E = CO2Me
45 E = SO2Ph

E = CO2Me
E = SO2Ph

E

E
E

E +

OTBS

C6H13

C6H13

OTBS

8 mol % PtCl2

toluene, 90 °C
94 %

48 49

50

52 53

CH2Cl2, RT, 90 min
80 %

51a, b 5-exo / 6-endo
4/1

46a, b 1 / 4 5-exo / 6-endo
47a, b 10 / 1 5-exo / 6-endo

2 mol %
[(PPh3)Au(NCCH3)]SbF6

Scheme 7 Cycloisomerization of 1,6- and 1,5-enynes leading to dienes and indenes and naphtha-

lenes
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Similar results were obtained in the preparation of tetrahydronaphthalenes start-

ing from 3-hydroxy-5-en-1-ynes 52, taking advantage of the quaternary alcohol at

the propargylic position [79].

The cycloisomerization of 1,5-enynes and more specifically of N-alkenyl alky-
nylamides (54 and 56) was recently reported [80] (Scheme 8, (10, 11)). 2-Pyridones

are formed in moderate to high yields in the presence of cationic Au(I) catalysts

following a 6-endo mode of cyclization. The same group recently described an

asymmetric version of this transformation leading to axially chiral 2-pyridones 57

using a combination of the bidentate phosphorus ligand 58 and the dicationic

palladium precursor [Pd(CH3CN)4](BF4)2.

This type of skeletal rearrangements has not been limited to 1,5- or 1,6-enynes,

and has been reported in the case of 1,7-enynes in the presence of gold and platinum

catalysts (Scheme 9). Bissulfone-based enyne 59 cyclizes in a 6-exo fashion when

reacted in the presence of a cationic Au(I) catalyst to furnish the vinylcyclohexene

product 60 in 98% yield (12) [81]. This result is in agreement with the exclusive

involvement of the single cleavage pathway in the case of 1,7-enynes. In the case of

1,7-enynes, which contain an aromatic ring and a benzylic leaving group in the

tether such as 61, the cycloisomerization reaction led to vinylnaphthalene 62 in

97% yield in the presence of PtBr2 at 120
�C for 15 h [82].

The mechanism proposed involves the initial formation of a cyclobutene inter-

mediate 63 by a formal [2 þ 2] cycloaddition (see Sect. 3.3.2 for the carbophilic

Lewis acid-catalyzed formation of such intermediates) which would thermally

rearrange to give the 1,3-diene 64 after cyclobutene ring opening; methanol elimi-

nation and aromatization leading to 62 (13). Skeletal rearrangement has most

notably found applications in macrocyclic synthesis. Under optimized reaction

conditions in the presence of PtCl2 as a catalyst, the synthesis of the 12-membered

ring 66 was performed in 80% yield (Scheme 10, (14)) [83]. The reaction is rather

versatile as the cyclization of carbon-, oxygen-, and nitrogen-tethered substrates

lead to the corresponding bicyclic compounds in high yields (15).

BnN (10)
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BnN Ph

O
5 mol % [(PPh3)AuCl]

5 mol % AgBF4

CH2ClCH2Cl, RT
30 min, 89 %
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O
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6 mol % (S)-Xylyl-Segphos

N
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OMe

O

57

PAr2
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(S)-Xylyl-Segphos
Ar = 3,5-Me2C6H3

O

O

O

O
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54 55

CH2ClCH2Cl, RT
24 h, 96 %
94 % ee

Scheme 8 Cycloisomerization reaction of N-alkenyl alkynylamides
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This strategy has been applied to the construction of the bicyclic unit of

prodiginine antibiotics such as streptorubin B 70 [83], metacycloprodigiosin 71

[83], or roseophilin 69 [84] (Fig. 3).

The group of Sarpong exploited the Ga(III)-catalyzed skeletal rearrangement of

enynes [85] and presented applications to the total synthesis of (�)-salviasperanol

74 [86] or (�)-icetexone [87] (Scheme 11, (16)). Treatment of alkynyl indene 72

with 20 mol% GaCl3 in benzene at 40 �C gives cycloheptatriene 73 in 90% yield.

Me

PhO2S
(12)

(13)

PhO2S

PhO2S
PhO2S

Me
2 mol %

[(PPh3)Au(NCCH3)]SbF6

CH2Cl2, RT, 5 min
98 %

60 E/Z : 9/1

61 62

PtBr2 (1 mol%)

1,4-dioxane
120°C, 15h

97%

63 64

OMe

OMe OMe

59

n-C3H7

n-C3H7
n-C3H7

n-C3H7

Scheme 9 Cycloisomerization reaction of 1,7-enynes
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toluene, 80°C
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PtCl2 (4 mol %)
(14)

(15)
toluene, RT

99%

TBSO
TBSO

67 68

Scheme 10 Synthesis of macrocycles
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3.1.2 Formation of 1,4-Dienes

In contrast to the numerous palladium-catalyzed Alder-ene methodologies sup-

ported by palladacyclopentene or hydropalladation/carbopalladation mechanisms

[4, 8], only rare reports of carbophilic Lewis acid-based systems have been

reported. Echavarren and coworkers [88] have described the cycloisomerization

of 1,6-enynes, such as 75, to give a mixture of 1,4-dienes 76a and 76b by using

PtCl2 as a catalyst in acetone at 70 �C (Scheme 12). This type of transformation is

limited to trisubstituted alkenes. In complete analogy with the selectivity observed

in the Pd-catalyzed reaction, a good regioselectivity for the b-hydride elimination

step in favor of diene 76a is observed. It was recently reported that bismuth(III)

chloride (20 mol%) was an efficient catalyst for this transformation [89].

The 5-exo cyclization process may be followed by some hydride shift instead of

elimination to form dienes (Scheme 13). For example, the cycloisomerization of

enyne 77 afforded the cyclic allene 78 in 75% yield and implied a 1,5-H migration,

which is favored by the presence of an electron-rich group at the propargylic

position [90].
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Nitrogen-tethered 1,6-enynes are generally transformed to dienes via a 6-endo
cycloisomerization process [64–66]. An enantioselective variant of this transfor-

mation was reported on 80 (Scheme 14, (19)) [91, 92]. In the presence of the mo-

nometallic complex [((R)-MOP)AuCl 82] or the bimetallic complex [((R)-BINAP)
(AuCl)2 83] in combination with AgOTf in CH2Cl2, tetrahydropyridine 81 is

obtained in good yields and modest enantioselectivities.

Remarkably, the 10-endo cycloisomerization of a 1,9-enyne 84 was described

under forcing conditions (Scheme 15), thus demonstrating that carbophilic Lewis

acid catalysts can lead to the formation of large ring systems such as 85 [93].

Dake et al. applied this transformation in their total synthesis of (þ)-fawcettidine

88 (Scheme 16) [94]. This cycloisomerization once again highlights the functional

group tolerance of the platinum-catalyzed methodology as neither the amide nor the

thiocarbamate reacted under the reaction conditions. The 1,5-enyne 86 was cleanly

transformed to the tricycle 87 in 87% yield in the presence of PtCl2 in toluene at

90 �C (21).

The group of Echavarren has also investigated the possibility of using allylsilane

and allylstannanes as alkene partners in the cycloisomerization of 1,6- and 1,7-

enynes [95, 96]. In acetone at reflux, a silylated enyne, such as 89, is transformed in

the presence of 5 mol% PtCl2 to the 1,4-diene 90 in 94% yield (Scheme 17, (22)).

The reaction proceeds with an anti stereoselectivity, thus indicating a mechanism

based on the nucleophilic attack of the allylsilane fragment on a Z2-coordinated

alkyne function. The allylstannane-substituted enyne 91 is transformed in the

E
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E

E

E

E
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+
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Scheme 12 Cycloisomerization of 1,6-enynes leading to dienes
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Scheme 13 Example of hydride shift instead of elimination to form diene
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presence of [(PPh3)3AgOTf] in a 5-exo manner at 70 �C in toluene to the vinyl-

stannane cyclopentane 92 in 90% yield (23) [97]. It is noteworthy that 1,7-enynes

are well tolerated and the corresponding stannane is formed following a 6-exo
cyclization. An enantioselective variant of this transformation has been reported

using complex 93. In toluene at 50 �C, product 92 has been isolated after 30 min in

91% yield and 78% ee.
The authors propose a mechanism relying on the initial Z2-coordination of the

alkyne moiety by the silver complex, followed by an anti nucleophilic attack of

the alkene function to form transiently the cyclopropyl carbene 96. Elimination of

the trialkylstannyl cation would release the 1,4-dienyl-silver complex 97. Stannyl-

desilveration completes the catalytic cycle and regenerates the cationic silver

complex 94 (Scheme 18).

In 2004, Kozmin and coworkers introduced a general method for the synthesis of

1,4-cyclohexadienes from silyloxy-5-en-1-ynes (Schemes 19 and 20) [98]. Sub-

strate 98 reacted at room temperature in the presence of 1 mol% AuCl to give diene

99 as a single isomer in 93% yield (24). The reaction is limited to silyloxyalkynes

whereas terminal or trisubstituted alkene functions are well tolerated. Later on, the

same group reported the use of PtCl2 in the same reaction under forcing conditions

(10 mol% catalyst, 80 �C, 66% yield) [99]. It is noteworthy that, when the

3-position of the enyne is fully substituted, elimination occurs to give 1,3-diene

101 via a sequence involving b-hydride abstraction and elimination (25). In this

latter case, the substitution pattern of the alkyne is much broader as terminal and

alkyl- or aryl-substituted ones are well tolerated.

89 90SiMe3

PhO2S
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PhO2S
PhO2S
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17h, 94%

Me

MeO2C
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toluene, 70 °C, 30 min
90 %

SnBu3

SnBu3
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30 min
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78 % ee

91 92
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(22)
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Scheme 17 Cycloisomerization of allylsilanes and allylstannanes
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The formation of 1,4-diene can be rationalized according to the following

mechanism (Scheme 20).

The activation of the alkyne leads to the cyclopropyl carbene 103, which under-

goes a 1,2-alkyl shift (and not a hydride migration), giving the zwitterionic species

104. Two more 1,2-alkyl shifts then afford the six-membered ring carbene 106.

Depending on the substituents, the elimination step alternatively allowed the

formation of 1,3-diene or 1,4-diene 107.

MeO2C

MeO2C

MeO2C

MeO2C

MeO2C
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Me

[Ag(L)]+
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9192
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Scheme 18 Mechanistic rationale
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Scheme 19 Cycloisomerization of 1,5-enynes leading to dienes
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3.2 Conia Ene Type Reactions

The first report of the metal-catalyzed addition of an electron rich alkene to an

alkyne dates from 1983 when the group of Conia (Scheme 21) [100] reported the

cyclization of e-acetylenic carbonyl compounds in the presence of a catalytic

amount of HgCl2 and a Brønsted acid. The combination of the two catalysts is a

prerequisite to obtain a high activity. The cycloisomerization occurs in a 5-exo
mode of cyclization to give methylene cyclopentanes such as 109a resulting from a

C-alkylation of the triple bond (26). The proposed mechanism relies on the addition

of the enol form of the carbonyl nucleophile (including ketones, 1,3-diketones, and

b-ketoesters) on the alkyne activated towards nucleophilic attack by the mercury

metal center. In 2004, Toste and coworkers [101] reported the superior reactivity of

Au(I) catalysts. In the presence of 1 mol% (PPh3)AuOTf, b-ketoester 108b is

transformed to 109b in 94% yield at room temperature in 15 min. Deuteration

experiments are consistent with a mechanism involving an anti nucleophilic attack
of the enol on the Z2-coordinated alkyne. The same group [102] subsequently

described the 5-endo cyclization of the d-acetylenic carbonyl compounds.

The use of bulky triethynyl-based phosphines as superior ligands for the 6-exo and
6-endo cycloisomerization allowed b-ketoester 110 to be converted to cyclohexane

111 in quantitative yield (27). The use of PPh3 on the triflimidate gold catalyst instead

of ligand 112 allows the formation of 111 in only 3% yield [103, 104]. In an effort to

develop an enantioselective variant of the Conia-ene reaction, the introduction of a

dual system consisting of a dicationic palladium-(DTBM-SEGPHOS 115) complex,
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Scheme 20 Mechanistic rationale
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ytterbium triflate, and excess acetic acid was particularly efficient and led to the

exo-methylene cyclopentanes in up to 89% enantiomeric excess (Scheme 22) [105].

The Lewis acid/Brønsted acid couple Yb(OTf)3/acetic acid was essential to obtain

high yields.

The generation of enamine intermediates, as an alternative to enols, has also

been envisioned starting from aldehydes in the presence of a secondary amine

(Scheme 23) [106]. A dual catalyst consisting of an Au(I) cationic complex,

[(PPh3Au)3O](BF4) and cyclohexyl isopropyl amine, enables the cycloisomerization

of substrate 116 to the cyclopentane 117 in 71% yield (29).

The scope of the reaction was broadened in the presence of an indium catalyst

instead of gold, which allowed the cyclization of various a-disubstituted aldehydes

such as 118 on alkynes in good to excellent yield (30) [107].

Silyl enol ethers have emerged as excellent nucleophiles that may add to Z2-

metal-alkyne intermediate (Scheme 24). The synthesis of carbonyl substituted

cyclopentene from silyloxyenynes such as 119 was indeed reported, the 5-endo
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O
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Scheme 21 Cycloisomerization reaction of alkynyl-b-ketoesters
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mode of cyclization being selectively observed for the 1,5-enynes (31), whereas

the 5-exo mode of cyclization is favored for the 1,6-enynes [108]. The presence of

a protic oxygen nucleophile (water or methanol) as an additive is a prerequisite for

the efficiency of the transformation. Its role is to prodemetalate the vinylaurate

intermediate and to trap the trialkylsilyl fragment. This strategy has also been

employed to synthesize the bicyclic core of the [n, 3, 1]alkanones such as 121

[109]. Optimal yields are obtained with an Au(I) cationic catalyst possessing a

bulky biphenyl-based monodentate ligand (32).

The palladium-(DTBM-SEGPHOS) complex was also successfully employed in

the asymmetric Conia ene type reaction involving silyl enol ethers as nucleophile
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reaction partners (Scheme 25) [110]. It allowed the construction of quaternary

carbon centers in 95% enantiomeric excess. The geometry of the alkene and the

nature of the trialkylsilyl group have a strong influence on the enantioselectivity of

the transformation.

These methodologies have been successfully applied respectively to the diaster-

eoselective and enantioselective total syntheses of (þ)-lycopladine A 126 [108],

platencin 128 [111], and (�)-laurebiphenyl 127 [110] (Fig. 4).

3.3 Formation of Bicyclic Derivatives Via Cycloisomerization
Reactions

3.3.1 Bicyclopropane Formation

In 1995, a seminal contribution was reported by Blum et al. for the synthesis of

cyclopropane-annulated dihydropyrans, such as 130, starting from allyl propargyl

ethers, e.g., 129, in the presence of a catalytic amount of PtCl4 (Scheme 26) [112].

Later on, the scope of this transformation was highly expanded using PtCl2 at 80
�C

in toluene to nitrogen-tethered enynes (which could be converted to the [4,1,0]-

bicycloheptenes), and to enol ethers as alkene partners in the cycloisomerization

reaction [70, 83, 113, 114]. This methodology was also extended to the case of 1,5-

enynes (35, 36). For example, 3-hydroxylated 1,5-enyne 133 participates to the

cycloisomerization process and afforded bicyclic ketone such as (�)-sabinone 134

I
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Me Et2O / CH3CO2H 100:1
RT, 12 h, 96%
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Scheme 25 Asymmetric version of the cycloisomerization of silyloxyenynes
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[115, 116]. The cyclization proceeds nicely in benzene at 60 �C to give the product

in 78% yield. Due to their superior carbophilic character, cationic Au(I) complexes

indeed catalyze the same reaction under milder conditions (room temperature,

1–3 mol% catalyst, 5 min) [117]. The functionalized substrate 135 is cleanly

transformed to the corresponding bicyclo[3.1.0]hexene 136 in 96% yield.

The cycloisomerization reactions are generally substrate-dependent and often

lead to a mixture of products resulting from competitive reaction paths. In the case

of the enyne 137 [118] (Scheme 27), the formation of three different products is

observed when treated at�20 �C in dichloromethane with a combination of 2 mol%

(PPh3)AuCl and 2 mol% AgBF4. The bicyclopropane 139 is obtained as a minor

product whereas 1,3-dienes 138 and 140 resulting from skeletal rearrangement (see

Sect. 3.1.1) form predominantly.

The mechanism of the formation of bicyclo[3.1.0]hexenes and bicyclo[4.1.0]

heptenes transformation has been studied by Soriano et al. [119] by using computa-

tional methods in the case of 1,6-enynes. The initial postulated step of the catalytic

cycle is the Z2 coordination of the alkyne moiety to the platinum metallic center.

Nucleophilic anti attack of the alkene group in a 6-endo fashion results in the

formation of the cyclopropyl carbene 142 stereospecifically. A 1,2-hydride shift to

give the zwitterionic intermediate 143 and elimination complete the catalytic cycle,

which was corroborated by some recent DFT calculations [120] (Scheme 28).

In the case of 1,6-enynes, when a carbon atom replaces the heteroatom-tether,

the 5-exo cycloisomerization process is generally predominant (see the previous

Sect. 3.1 on the formation of dienes) and the reaction may be driven towards the

129
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formation of bicyclic cyclopropanes by modifying the substitution of the enyne.

Some interesting rearrangements have indeed been described in the presence of

platinum [115, 121], gold [90], or bismuth [122] complexes (Scheme 29). The

formation of functionalized bicyclo[4.1.0]hexanes such as 145 has been performed

in the presence of 5 mol% PtCl2 in toluene at 80
�C and the bicyclic derivative 145

was isolated in 89% yield [121]. Substrate 146 cyclized in 1,2-dichloroethane at

80 �C in 60 min to give the alkynylbicyclohexene 147 in 85% yield in the presence

of a combination of 5 mol% Bi(OTf)3 and 5 mol% 2,20-bipyridine (35) [121]. This
latter example is particularly impressive as it is a rare example of 5-exo cycloi-

somerization mode with an N-tethered 1,6-enyne. Another enyne such as 148,

bearing a heteroatom at the propargylic position, was, for example, classically

transformed to bicyclic derivative 149 [121]. The authors propose a dual complex-

ation of bismuth catalyst to the alkyne and the alcohol, which would be followed by

the addition of the alkene, a second cyclization, and then deprotonation to give the

129130

O

Ph

O
Ph

Ph
H

[Pt]
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alkynyl function. The whole process could be considered as a dehydrative alky-

nylcyclopropanation.

Metal carbenoid intermediates associated with carbophilic Lewis acid can also

induce a variety of alkyl shift rearrangements, one of the first examples being

reported for the synthesis of bicyclo[3.1.0]hexanes (Scheme 30) [117].

The transformation of the cyclobutane-containing 1,5-enyne 150 afforded the

tricyclic product 151 in 72% yield in the presence of [(PPh3)AuBF4] catalyst (41).

A recent investigation of the factors favoring the 1,2-alkyl shift has been conducted

[123] and shows that the spatial proximity between the gold carbenoid (structure

152) bond and respectively the C–C and C–H bonds present in the enyne is the key

parameter governing the selectivity. Whereas spiro-cyclobutane and cyclopentane

at the 3-position of the enyne lead to alkyl shift rearrangements, larger rings such as

spirocycloheptane and spirocyclooctane 154 induce a C–H insertion reaction (42).

Another particularly elegant example of 1,2-alkyl shift during the cycloisomeriza-

tion process, has been described for the cyclization of 5-en-1-yn-3-ols in the

presence of Cu(I) catalysts (Scheme 31) [124–126]. The reaction of an enyne

such as 156 in toluene at 70 �C for 4 h with 1 mol% of [Cu(CH3CN)4](BF4) leads

to the formation of the tetracyclic ketone 157. Upon alkynophilic activation by the

Cu catalyst, the alkene function attacks to form the cyclopropyl carbene 158, which

upon 1,2-alkyl shift and protodemetalation gives the strained ketone 157.

The first report of an enantioselective version of the cycloisomerization reaction

of 1,6-enynes to form bicyclo[4.1.0]heptenes has been introduced by the group of

Shibata [127]. The authors proposed a catalytic system consisting of [{IrCl(cod)}2],

AgOTf, and Tol-BINAP 162 under an atmosphere of CO. The substrate scope of the

reaction is rather limited as only the rearrangements of nitrogen-tethered enynes

OBn
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Z / E = 7 / 1 H

NTs

Ph

OH

C3H7

5 mol % Bi(OTf)3
5 mol % 2,2′-bipyridine

CH2ClCH2Cl,
80 °C, 1 h, 85 %

NTs

H

C3H7

Ph

EtO2C

EtO2C EtO2C

EtO2C

OBn

NTs OBn

5 mol % PtCl2

toluene
80 °C, 87 %

N

H

Ts OBn

144 145

146 147

148 149

(38)

(39)

(40)

Scheme 29 Formation of bicyclo[4.1.0]hexanes

Cycloisomerization of 1,n-Enynes Via Carbophilic Activation 53



possessing a methyl substituent on the alkyne such as 160 and an internal aryl group

on the alkene have been investigated. Good to excellent yields and enantioselec-

tivity excesses between 35% and 78% are reported (Scheme 32).

The past 3 years have seen other catalytic systems appeared, based on platinum

[128, 129], gold [130], and rhodium [131] catalysts (Scheme 33). Various nitrogen-

tethered 1,6-enynes have been cyclized in the presence of a square-planar dicationic

platinum catalysts. Taking advantage of the mechanistic rationale that postulates

the involvement of a single coordination site, the authors tailored a chiral environ-

ment by combining a bidentate and a monodentate ligand around the complex 165

and showed that the best asymmetric induction is in toluene at 80 �C as bicyclo

[4.1.0]heptene 164a is obtained in 90% yield and 96% ee [128]. The groups of

Nishimura and Hayashi [131] recently applied this strategy to the rhodium-cata-

lyzed (for a related non-asymmetric rhodium-catalyzed cycloisomerization of 1,6-

enynes, see [132]) cycloisomerization of nitrogen-tethered 1,6-enynes (45). In the

presence of a combination of a chiral electron-poor diene 166, an achiral monopho-

sphine such as PPh3 and a cationic Rh(I) center formed from the corresponding

chloride precursor and NaBArF4, the enyne 163b is cleanly transformed in dichlo-

roethane at 50 �C to the bicyclic product 164b in 94% yield and 80% ee. An
asymmetric Au(I)-catalyzed synthesis of bicyclo[4.1.0]heptene derivatives has also

been developed by Michelet et al. [130] The chiral catalyst formed from the

bimetallic complex 167 and AgOTf allows the transformation of nitrogen-tethered

enyne 163a, in toluene at 60 �C, both yield and enantioselectivity being remarkably

increased with temperature.

It is noteworthy that these asymmetric cycloisomerization reactions could be

extended to oxygen-tethered 1,6-enynes in the case of rhodium and gold catalysts
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only (Scheme 34). The enyne 168 was for example cleanly transformed to the

corresponding bicyclic product 169 in moderate yield and 96% ee. The bicyclic

derivative 171 was obtained in good yield and enantiomeric excess (47).

[Cu]+

HO

1 mol %
(CH3CN)4Cu(BF4)

toluene, 70°C, 4h
85%

O
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Scheme 31 Example of 1,2-alkyl shift rearrangements
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3.3.2 Bicyclobutene Formation

The formation of cyclobutenes has been investigated in the presence of various

electrophilic complexes, both in the case of 1,n-enynes [70, 133–137], and 1,7-

enynamides [138–141] (Scheme 35). This formal [2 þ 2]-cycloaddition allowed,

for example, the cyclization of enyne 172 to tricyclic alkene 173 in the presence of

10 mol% of gallium chloride [133]. F€urstner et al. [133] presented a study outlining
the importance of substituent effects on the selectivity of the reaction. As the

transformation was assumed to proceed through the intermediacy of the cationic

cyclobutane 176, incorporation of stabilizing aryl groups at the terminal position of

the alkyne function should favor the invoked pathway (49). Furthermore, using

PtCl2 as a catalyst precursor, the authors identified a strong accelerating effect

obtained when the reaction is conducted under an atmosphere of CO. This behavior

is explained by the increase of electrophilicity resulting from the coordination of a

p-acceptor ligand at the platinum metal center. Under the optimized conditions,

enyne 174 was converted to the tricyclic product 175 in 91% yield. A very high

activity was once again observed in the presence of cationic gold complexes and the

cycloisomerization of enyne 177 afforded the bicyclic derivative 178 in 94% yield

[135] (50). The influence of the length of the tether is also crucial for the fate of the

cycloisomerization. Whereas bicyclobutene are generally observed as minor by-

products in the case of 1,6-enynes, they become the major product in the case of

the 1,7- and 1,8-enynes. The bicycle 180 was isolated in 90% yield upon cycloi-

somerization of the dienyne 179 in the presence of a Au(I)bistriflimidate complex

181 at room temperature (51). It is noteworthy that these cyclobutene products have

long been postulated as intermediate in the reaction of formation of 1,3-diene by

single or double cleavage pathways (see Sect. 3.1). Computational results predict a

rather high activation barrier for the conrotatory opening of the cyclobutene [71].

The isolation of cyclobutene products from reaction along with the formation of

skeletal rearrangement products at�60 �C in the presence of cationic Au(I) catalysts

or at higher temperature in the presence of Pt(II) complexes clearly discard such an

hypothesis [71].
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The case of 1,7-enynamides such as 182 was particularly original as their

cyclization gave rise to various bicyclic enamines such as 183 in the presence of

PtCl2 in toluene at 80 �C [138] (Scheme 36). Soriano et al. thoroughly studied the

cycloisomerization of 1,6- and 1,7-enynamides, providing a unified mechanistic

picture and showing the importance of the heteroatom attached to the alkynyl

moiety on the polarization of the triple bond and therefore on the outcome of this

formal [2 þ 2] cycloaddition [142]. This methodology could be extended to the

case of 1,6-enynamides using Au(I) catalysts, where the reaction proceeded at room

temperature and was exploited to synthesize cyclobutanone 185 upon subsequent

hydrolysis, due to the ring strain, of the cyclobutene intermediate [140]. Using

substrates possessing a substituent either at the 4- or 5-position of the enyne such as

184, the reaction occurs with good diastereoselectivity and leads to the cyclobutane

185 with 65% yield.
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3.3.3 Formation of Variable Sized Cycles Via Rearrangements

The cycloaddition of enynes bearing a cyclotriene moiety was recently studied

in the presence of electrophilic catalysts [143] (Scheme 37). A formal [6 þ 2]

cycloaddition was observed in the presence of either PtCl2 or AuCl3 as catalysts.

The cycloisomerization of trienyne 186 led to the selective formation of 187 via

presumably an exocyclic cyclization followed by a “concerted” electron redistribu-

tion releasing the cyclic triene in 94% yield (54). The synthetic potential of ring

systems and their reactivity may also vary for similar substrates. A recent example

is the cycloisomerization of dienyne 188, reacting according to a formal [4 þ 2]

cycloaddition catalyzed by gold complexes [144]. Changing the substrate slightly

(54)

(55)

(56)
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allowed a completely different outcome as substrate 190 was transformed to diene

191 via a cycloisomerization reaction followed by a Cope rearrangement [145]

(56). It is noteworthy that similar reactivity was observed in the presence of gold

cationic complex despite a lower yield.

The cycloisomerization of 3-silyloxy-1,5-enynes in the presence of Au(I) and Pt

(II) complexes could be associated with a domino pinacol rearrangement [146]

(Scheme 38). Substrate 192 is reacted in the presence of 10 mol% [(PPh3)AuCl],

5 mol% AgSbF6, and 1.1 equiv. of iso-propyl alcohol to give the formyl-substituted

cyclopentene 193 in 95% yield. The mechanism proceeds through an initial 6-endo
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cyclization of the 1,5-enyne to give the vinyl aurate intermediate 194, followed by a

1,2-alkyl shift migration to give the product upon protodesilylation. This method-

ology was applied to the total synthesis of (�)-ventricos-7(13)-ene [147]. The

cyclopropyl alcohol containing 1,6-enyne 196 is transformed to the tricyclic ketone

197 in 87% yield under very mild conditions (58). The reaction proceeds via a 6-exo
cyclization to give the vinyl aurate intermediate 198, followed by a 1,2-alkyl shift

and protodemetalation to furnish 197.

4 Domino Enyne Cycloisomerization-Nucleophile Addition

Reaction

4.1 Oxygen Nucleophiles

The first report [148–150] of the transformation of an enyne in the presence of an

oxygen nucleophile dates from 1997, when Genêt and coworkers discovered the

hydroxycyclization of allylpropargylethers implying the addition of water at the

benzylic position and the cyclization of the enyne (Scheme 39).

The enyne 200 was transformed into the alcohol 201 in the presence of a system

consisting of Pd(OAc)2 and a water-soluble ligand (TPPTS 202: sodium salt of

triphenylphosphinotrimetasulfonate) in a dioxane/water mixture. This process was

shown to be completely diastereospecific and led to various tetrahydrofurans in

moderate to good yields. Whereas activities and substrate scope remained limited

with Pd catalysts, the group of Echavarren [88, 151] expanded the scope of the

reaction using platinum catalysts. A large variety of carbon-, oxygen-, and nitro-

gen-tethered enynes possessing substituted double bonds have been engaged and

were efficiently transformed according to a 5-exo mode to the corresponding

alcohols, ethers, and esters. For example, enynes 203 and 205 were treated with

5 mol% of PtCl2 in methanol under reflux to give carbocyclic ethers 204 and 206 in

good yields. In the case of gem-disubstituted alkenes such as 205, a different

regioselectivity was observed as six-membered carbocycles such as 206 resulting

from a 6-endo cyclization are isolated in good to excellent yields (61). The

reaction was also extended to enynes bearing an enol ether function as the alkene

partner and led to the preparation of functionalized acetals [152]. Since these

pioneering studies, these domino processes have been described with a variety of

transition metal Lewis acids including Hg [153], Ru [154], but none surpassed the

outstanding reactivity obtained with the alkynophilic Au catalysts. The reaction

proceeds at room temperature, in the presence of 1–3 mol% of either an Au(I) [63,

64, 66, 155] or Au(III) [88, 156, 157] source. As observed for Pt systems, the weak

oxophily of these acids allows the reaction to proceed in pure alcohol solvents.

It is noteworthy that the reaction can also be performed intramolecularly and the

ether 208 was for example obtained in 76% yield (62). Other nucleophiles such

as carboxylic acids can be used, the reaction being totally diastereospecific
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and occurring via a concerted transition state 211 analogous to that involved

in carbocation-induced polyene cyclization reactions. The (E)-derivative 209

was efficiently cyclized leading to the trans bicyclic lactone 210, whereas the

(Z)-isomer gave rise to the cis isomer [44]. For a recent asymmetric version of

polycyclization reactions implying carboxylic acid, phenol and aromatic rings as

nucleophile, see [158] (63).

The hydroxy- and alkoxycyclization reactions are not limited to 1,6-enynes,

depending on the substitution pattern of the starting 1,5-enyne, 5-endo- or 6-endo-
cyclization is observed for a variety of substrates (Scheme 40). The treatment of
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enyne 212 in the presence of 5 mol% of AuCl3 in acetonitrile afforded the bicyclic

ether 213 in 92% yield [159]. The synthesis of dihydropyrans possessing an acetal

or an hemiacetal function such as 215was particularly original starting from an enol

ether as alkene partners (65) [160] and was achieved in a diastereoselective manner

in the presence of an Au(I) trimer. The scope of oxygen nucleophile partners in

the case of 1,5-enynes has also been extended to secondary alcohols and phenols

[161, 162] (66, 67) and to the synthesis of polysubstituted aromatic rings [163].

1,7-Enynes have also been shown to react in the presence of alcohols and water to

give the corresponding adducts [81, 156].

Interestingly, the cycloisomerization of phenol-substituted dienynes was recently

investigated and, according to a biomimetic process, allowed the 6-endo-dig cycliza-
tion of the phenols [162] (Scheme 41). In the presence of 1 mol% [(PPh3)AuNTf2],

substrate 220 furnishes the tetracyclic ether 222 as a single isomer in 50% yield.

On the basis of deuterium labeling experiments [164], DFT calculations [30, 64,

71, 88, 119, 152], and mass spectroscopy analysis [165] the authors invoked a
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mechanistic rationale based on the initial formation of an electrophilic p-alkyne-
metal complex 223 (Scheme 42). In the case of 1,6-enynes, nucleophilic attack of

the alkene moiety can occur by 5-exo-dig or 6-endo-dig pathways to give respec-

tively cyclopropyl carbenes 224 and 225. The opening of the cyclopropane ring and

rearrangement of the metal complex 224 upon anti addition of the oxygen nucleo-

phile can take place at either carbone a or b to lead selectively to the vinyl metal

intermediates 226 and 227. Whereas an intermediate analogous to 225 has already

been invoked in related transformations in the absence of nucleophile (see

Sect. 3.3.1), very few reports dealing with the formation of ethers resulting from

the 6-endo type cyclization have appeared [152]. Protodemetalation completes the

catalytic cycle (for a rare example of characterization of a vinylmetal intermediate,

see [166]).

The first highly enantioselective hydroxycyclization of 1,6-enynes was reported

in 2004 by Genêt, Gladiali, and Michelet [167] (Scheme 43). A dicationic platinum

complex prepared in situ from PtCl2, 3 equiv. of (R)-Ph-binepine 232 (for recent

reviews, see [168–170]), an electron-rich phosphane of narrow bite angle, and

2.5 equiv. of AgSbF6 catalyzes the reaction of enyne 230 to alcohol (þ)-231 in a

O
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dioxane/H2O mixture (6:1), the product being obtained in 94% yield and 85% ee
(69). In the case of Au(I) catalysts, a promising enantiomeric excess was obtained

in the presence of the (R)-Tol-binap-gold chloride complex 235 but the scope was

limited to the carbon-bridged derivative 233. The methoxycyclization product (�)-

234 was isolated in 52% yield and 94% ee [171] (for a recent enantioselective

of functionalized indenes, see [172]. Other approaches involving the in situ prepa-

ration of the (phosphine)Au(I) complexes from AuCl3 [173] or the use of chiral

N-heterocyclic carbene gold complexes [174] have resulted in moderate enantios-

electivities.

The alkoxycyclization reaction has so far received little attention in total syn-

thesis (Fig. 5). Nevertheless, seminal contributions appeared regarding the synthe-

sis of complex synthons of synthetic relevance towards natural products such as

podophyllotoxin 236 [150] (and analogs), or dictamnoside E 237 [161]. An original

and biomimetic approach to synthesis of hydroquinone-containing sesquiterpenes

such as chromazonarol 238 has also been described [162].
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Carbonyl derivatives have also been shown to exhibit a good reactivity in enyne

cycloisomerization as an oxygen nucleophile, especially in the presence of weakly

oxophilic Au(I) Lewis acids (Scheme 44). The formation of the tricyclic ether 240

was disclosed upon submission of the enyne 239 to a catalytic amount of AuCl

[175]. The mechanism of this transformation is postulated to involve the nucleophilic

attack of the carbonyl oxygen in an anti fashion on the cyclopropyl carbene

intermediate 241. The vinylaurate oxonium cation 242 resulting from this initial

attack thus reacts via a Prins reaction to give the carbocationic gold–alkyl complex

243. Elimination regenerates the gold catalyst and releases 240.

This methodology has been applied intermolecularly and was completely selec-

tive in the presence of an Au(I) catalyst with increased steric hindrance 247 [176]

(Scheme 45).

When substrate 244 is placed at �40 �C in the presence of the cationic Au(I)

catalyst 247 and 2 equiv. of the hindered aldehyde 245, the dihydropyrane 246 is

formed in 85% yield. The reactivity and product distribution may depend on the

catalyst. Indeed, alternatively, when enyne 248 is treated with the gold catalyst 79

in the presence of the same aldehyde (2 equiv.), the diene 249 is selectively

obtained in 91% yield (73). The mechanism would imply the formation of

the 5-exo cyclopropyl carbene 250, which would be trapped by the aldehyde

(Scheme 45). A Prins cyclization would then lead to the cationic intermediate

252, which upon path a or b would give 253 or 254.

A variety of other behavior has been observed in the case of the intermolecular

cycloisomerization of enynes with carbonyl nucleophiles. The reaction between

1,6-enynes with a terminal alkene group and carbonyl compounds in the presence

of cationic Au(I) complexes was reported [177] (Scheme 46).

When 5 equiv. of benzaldehyde are used, enyne 44 is cleanly converted to the

ether 255 in the presence of a catalyst formed from a combination of [(PPh3)AuCl]
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and AgSbF6. The mechanistic rationale [178] implies the initial formation of the

cyclopropyl carbene 256 upon nucleophilic attack of the alkene on the Lewis-

coordinated alkyne. Skeletal rearrangement leads to the formation of carbene 257

and is followed by nucleophilic attack of the carbonyl function giving the oxonium

258. The subsequent attack of the alkene function in an intramolecular fashion then

results in the formation of the gold-alkyl complex. Cyclopropanation and elimina-

tion of the gold cationic active species complete the catalytic cycle. Under the same

conditions, the reactivity of enyne 230 bearing a substituted alkenyl side chain was

different [178]. The formation of dioxolane 259 corresponding to an addition of two

aldehydes to the enyne 230 was observed, the mechanism not being discussed by

the authors (75). The domino cycloisomerization-Prins reactions were recently

applied to the enantioselective synthesis of (þ)-orientalol F 260, (�)-pubinernoid

B 261, and (�)-englerins A 262 and B 263 [179–181] (Fig. 6).

One unique report has described the use of sulfoxides as oxygen nucleophiles in

1,6-enyne cycloisomerization (Scheme 47). In the presence of a combination of

[IPrAuCl] 264 and AgSbF6, the oxygen tethered enyne 200 reacts with Ph2SO

(2 equiv.) to give the bicyclic aldehyde 265 in 94% yield [182]. It is noteworthy that

the cyclopropyl aldehyde had been observed at around 10% yield in the presence of

palladium and platinum catalysts under organoaqueous conditions [88, 164]. The

proposed mechanism for this transformation implies an initial attack of the sulfox-

ide on the carbene of a cyclopropyl carbene analog of 224 (Scheme 42). Elimina-

tion produces diphenyl sulfide and 265, via a formal transfer of an oxene fragment,

and regenerates the cationic gold catalyst.
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4.2 Carbon Nucleophiles

4.2.1 Alkene as Nucleophiles

Alkenes can react, either intra- or intermolecularly, with late transition metal

carbenoids resulting from the cycloisomerization event, leading to complex

polycyclic structures. The first report of trapping of a cyclopropyl carbene inter-

mediate via an intramolecular cyclopropanation dates from 1998 when Murai and

coworkers [183] described the formation of the tetracyclic structure 267 upon

submission of dienyne 266 to a catalytic amount of PtCl2 in toluene at 80 �C
(Scheme 48).

This type of transformation has led to the synthesis of highly functionalized

polycyclic structures in a completely diastereoselective manner. This methodol-

ogy has been developed with other enynes such as dienyne 268, which upon

reaction with PtCl2 in toluene at 80
�C afforded polycyclic 269 in 68% yield [184]

(78). The mechanism of this transformation has recently been studied using

computational tools [72, 185]. The authors demonstrated that the cyclization

pathway is favored for polyenyne precursors bearing a hydroxylic or ether

group at the propargylic positions by the presence of the remaining alkenyl

moiety. The superior reactivity of cationic Au(I) species in these transformations

has been demonstrated and quantitative yields are obtained at room temperature

for substrates similar to that tested by Murai’s group [186]. The specific case of

1,6-enyne 270 is particularly revealing regarding the complexity and difference of

reactivity depending on the substrate [187] (Scheme 48, (79)). The cyclopropyl

carbene 272, formed upon anti nucleophilic attack of the alkene function on the

activated alkyne, reacts intramolecularly by 1,5-migration of the methoxy group

on the cyclopropane ring in an anti fashion. Skeletal rearrangement then furnishes

the carbene 274, which evolves classically towards the tricyclic ether 271. Upon

submission of dienyne 275 to cycloisomerization in the presence of the gold-N-
heterocyclic carbene complex, the tetracyclic structure 276 is formed in 89%

isolated yield [188]. This transformation has recently been shown to proceed

efficiently in the presence of Ir catalysts under harsher conditions; see [189]

(80). It corresponds to the formal cyclopropanation of the two alkenyl functions

at both ends of the alkyne and most probably involves a cyclopropyl carbene

resulting from a 5-exo mode of cyclization.

This type of transformation can also be performed in an intermolecular fashion

[190] (Scheme 49). In the presence of 5 equiv. of norbornene and catalyst IMe-

sAuSbF6 at �50 �C, enyne 230 is cleanly transformed to the bicyclopropane 279 in

93% yield. Depending on the substitution pattern of the enyne partner, the carbenoid

species can be trapped by the external alkene nucleophile. Cyclopropane 281 is

obtained in 91% yield when enyne 205 is reacted with cyclohexene (5 equiv.) in the

presence of 2 mol% of the N-heterocyclic gold catalyst (82).
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4.2.2 Aromatic Rings as Nucleophiles

In 2005, the intramolecular domino hydroarylation/cycloisomerization of 1,6-

enynes catalyzed by cationic Au(I) species was reported [191] (Scheme 50).

Enyne 282, possessing an aryl substituent on the alkyne, cyclizes to give the

tricyclic carbocycle 284 in 86% yield. Whereas this transformation can be viewed

as a [4 þ 2] cycloaddition, the mechanism has been proposed to proceed via

a cyclopropyl carbene. Stabilization of the developing positive charge at the alkene

terminal position turns to be a key parameter to achieving a good chemoselectivity

in favor of the aromatic ring nucleophilic addition. This methodology has recently
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been applied to the cyclizations of 1-aryl-6,8-dien-1-ynes [192]. The intermolecular

reaction has then been introduced [193–195], implying a wide range of electron-

rich aromatic systems including anisole derivatives or indoles and pyrroles. The

presence of cation-stabilizing groups at the terminal position of the alkene is

a prerequisite to obtaining good yields. Deuterium labeling experiments as well

as the diastereospecificity of the transformation supports a mechanism similar to

that operating in the alkoxycyclization of enynes [196].
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A strong influence of the stereoelectronic parameters of the ligand coordinated to

the gold atom on the course of the reaction was also observed [194, 195]. Whereas

the hydroarylation/cycloisomerization proceeds via the anti attack on the cyclopro-
pane ring in the presence of a triarylphosphite-based catalyst leading to product

289, the nucleophile addition takes place at the carbene carbon to give bicyclopro-

pane 290 in the presence of N-heterocyclic carbene-based catalyst (85).

The bulky triarylphosphite-based catalyst also induces a reversal of regioselec-

tivity of the cyclization event for some selected substrates [197] (Scheme 51).

Enyne 291 is transformed to the cycloadduct 292 in 96% yield at room temperature

in 8 h. The product is formed upon initial 6-endo cyclization followed by the

isomerization of the alkene to the internal position. This reaction was extended to

the case of enyne possessing an enamide function as alkene moiety [198, 199] (87).

Enynes, such as 293, having electron-rich aromatic or heteroaromatic ring systems

on the alkyne cyclize in the presence of PtCl2 in refluxing toluene in a 6-endo
fashion to give polycycles (e.g., 294) in good yields.

An elegant intramolecular domino hydroarylation/cycloisomerization of 1,5-

enynes [200] and 1,5,9-dienynes [201] was described in the presence of a catalytic

amount of mercury salts (Scheme 52). The reaction proceeds with diastereospeci-

ficity and moderate to excellent yields for, respectively, dienynes and enynes using
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Hg(OTf)2 (for a recent account on the applications of Hg(OTf)2, see [202]) under

very mild conditions.

The first asymmetric version of the hydroarylation/cyclization reaction was

described in 2008 by the group of Michelet [203] using dicationic platinum

catalysts. As the reaction involves a single coordination site on the catalyst, the

authors postulate that a square-planar dicationic complex coordinated by three

monodentate phosphine ligands can create an optimum chiral environment around

the metal (Scheme 53). The combination of PtCl2 and AgSbF6 with 3 equiv. of Ph-

binepine 232 gives the best results. In a typical experiment, the reaction of enyne

230 with 3 equiv. of N-methyl indole in dioxane at 60 �C with 5 mol% of

the catalyst combination leads to cyclopentane product 297 in 96% yield and

95% ee (89). Remarkably, the observation that a combination of 1 equiv. of Ph-

binepine 232 and 1 equiv. of diphenylphosphinoethane induces a similar level of

enantioselection that the system involving 3 equiv. of Ph-binepine (91% vs 95%

ee) is paving the way for the development of a combinatorial design of Pt-based

chiral catalysts. An enantioselective version using Au(I) bimetallic complexes has

also been described using a combination of the complex 167 based on a crowded

electron-rich atropisomeric chiral diphosphine ligand and silver triflate [204] (90,

91). The domino hydroarylation/cycloisomerization reaction of 1,6-enynes takes

place under milder reaction conditions than with the dicationic Pt system due

to the higher carbophilicity of Au(I) Lewis acids. The reaction proceeds either
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intra- or intermolecularly to give cycloadducts in good yields and excellent

enantioselectivities. Steric hindrance on the tether plays a pivotal role in obtaining

high enantioselectivities.

4.2.3 Other Carbon Nucleophiles

1,3-Dicarbonyl compounds, present mainly in their enol form, can also play the role

of carbon nucleophiles at the 2-position [195] (Scheme 54). Dibenzoylmethane

reacts with enyne 298 in the presence of Au(I) catalyst via a 5-exo-dig cyclization

pathway to give the diketone 303 in 84% yield. Allylsilanes such as 305 were also

examined as nucleophilic partners: using the same conditions, moderate yields of

1,6-dienes (306) were obtained (93).

4.3 Nitrogen Nucleophiles

The domino intramolecular hydroamination/cycloisomerization of 1,5-enynes was

the first report dealing with nitrogen as nucleophile [159] (Scheme 55). In the

presence of either AuCl3 or a catalytic system consisting of (PPh3)AuCl

and AgClO4, enynes such as 307 or 309 are respectively transformed to the

corresponding bicyclic pyrrolidine products 308 and 310 in 82% and 81% yields

(94, 95).

The intermolecular version of this reaction was introduced later [205]

(Scheme 56). Weakly nucleophilic amines including sulfonamides, carbamates

and electron-poor anilines can be introduced with success on a variety of 1,6-

enynes. In a typical experiment, substrate 230 is reacted with 3 equiv. of the
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AgSbF6 in dioxane. The cycloisomerization product 315 is obtained as a single

diastereoisomer in all enyne/amine combinations tested with an anti selectivity.
The authors showed a strong influence of the solvent on the chemoselectivity.

Bicyclo[4.3.0]nonanes products may also be synthesized starting from 1,5-dienynes

and are obtained in moderate yields as a single diastereoisomer [206] (98).
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5 Conclusion

The carbophilic Lewis acid activation concept has proved to be highly valuable for

the rearrangement of enynes within the past 10 years. Various 1,n-enynes have been
cyclized in the presence of metal complexes such as platinum, gold, indium,

gallium, etc., complexes. The general pathway implies the activation of the alkyne

moiety followed by the addition of the alkenyl part as a nucleophile. Depending on

the substrates, the solvent, and the metal, various functionalized carbo- or hetero-

cycles have been prepared with a high level of diversity and complexity compared

to the simplicity of the 1,n-enynes. The emergence of theoretical studies has played

a crucial role in interpreting the experimental results and moreover in stimulating

new transformations. Platinum and gold catalysts have been the “rising stars” for

the discovery of novel rearrangements and have opened great opportunities, both

for fundamental research and for application in the total synthesis of biologically

active or natural products. Of particular note is the extraordinary activity of silver

and copper catalysts, which open new perspectives in catalysis. The past few years

have seen several breakthroughs coming in asymmetric catalysis: although substan-

tial efforts have been made, it is still essential to develop strategic asymmetric

protocols that are general and applicable to various structural types. The success of

this later area will probably need some further insights in the implied mechanism

and intermediates and may be solved thanks to a complementary experimental/

theoretical/analytical teams’ collaborations.
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187. Jiménez-Núñez E, Raducan M, Lauterbach T, Molawi K, Solorio CR, Echavarren AM

(2009) Angew Chem Int Ed 48:6152

188. Kim SM, Park JH, Choi SY, Chung YK (2007) Angew Chem Int Ed 46:6172

189. Sim SH, Lee SI, Park JH, Chung YK (2010) Adv Synth Catal 352:317
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DFT-Based Mechanistic Insights into Noble

Metal-Catalyzed Rearrangement of Propargylic

Derivatives: Chirality Transfer Processes

Olalla Nieto Faza and Angel R. de Lera

Abstract Cascade transformations of enynes and propargylic acyl derivatives trig-

gered by the p-acid activation of the alkyne by gold or platinum catalysts can afford

diverse and complexmolecular skeletons under mild conditions in an atom-econom-

ical manner. Often the rearrangements benefit from additional roles of the metal,

either activating other functional groups and/or organizing the intermediates for

further reactions. Mechanistic insights gleaned from kinetic and labeling studies

have been complemented by quantum chemical calculations for different substrates

and reaction types, which show some common features that can be traced back to the

combination of the propargylic system and the noble metal catalyst. Among other

results, theoretical studies of the reactivity of some systems revealed the prevalence

of very low barriers for the bond-forming/bond-breaking processes along complex

multistep mechanistic manifolds. As a consequence, the barriers corresponding to

conformational changes (single bond rotations, helix inversions. . .) of the inter-

mediates acquire unexpected importance. Thus, memory of chirality in reactions of

enantiopure substrates is preserved, in some cases, in formally planar intermediates

that however do not undergo conformational scrambling. In this chapter we will

review how computational chemistry continues to play a key role in our understand-

ing and interpretation of the catalytic cycles of complex transformations catalyzed

by gold and platinum, in particular those involving transfer of chirality.
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1 Introduction

In this work we provide an account of recent developments in the understanding of

the mechanisms of gold- and platinum-catalyzed rearrangements of propargylic

derivatives. Although intermolecular reactions are also described in some instances,

we will focus on intramolecular rearrangements as the gate to the stereoselective

generation of complexity. The use of molecular modeling techniques, especially

density functional theory (DFT), has provided an invaluable tool to help in the

elucidation of these mechanisms and afforded otherwise difficult to gather structural

and energetic information about the main intermediates involved in these reaction

paths, a knowledge that is more needed than ever, as the scope of p-acid catalysis is
daily expanding, as is the need to design new catalysts for new, more controlled

processes.

Accordingly, this review is divided into four main sections. The starting point is a

general introduction on the scope of noble metal-catalyzed rearrangements and the

general trends that have already been established, focusing on why gold and

platinum display their characteristic reactivity towards alkynes and the systematic

ways to exploit this in synthesis. Subsections are included to summarize the DFT

techniques more extended for this kind of mechanistic studies and the three main

strategies that can be used to generate selectivity. Then follows the core of the

review, with the description of different mechanisms taken from the recent literature

in which stereoselectivity, with special focus on chirality transfer and memory of

chirality phenomena, is achieved. When possible, examples where DFT has played

an important role in the characterization of mechanisms are given preferential

attention, since they represent light points that help guide us in the sometimes

confusing open reaction manifolds and a powerful tool in the systematization of
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knowledge. The presentation has been organized using a bottom-up approach,

starting with reactions involving simpler rearrangements (although some of this

simplicity is lost upon a closer look at many of them) and adding steps until we reach

the more complex reaction cascades with very functionalized substrates that interact

with the metal catalysts in many different ways along the reaction paths. A short

conclusion section is added at the end to summarize the main points arising from this

description and hopefully provide some new insights that could guide further

discussion.

More recently, many comprehensive reviews have appeared on different aspects

of noble metal catalysis and its use in the generation of complexity. The reader is

directed to them to get a more complete view on the subject (for recent reviews, see

[1–11]).

2 Reactivity of Propargylic Systems in the Presence

of Noble Metals

2.1 Metal-Alkyne Bonding: Metal as a Lewis Acid

Alkynes are among the most popular substrates in homogeneous gold and platinum

catalysis. The C–C triple bond functional group is characterized by two orthogonal

p-bonds, high in energy, that easily interact with the d orbitals in transition metals

(electrophiles). At the same time, the LUMO in alkynes is low in energy, which allows

the attack of strong nucleophiles. If the alkyne is activated by coordination to the

electrophilic metal complex, it becomes susceptible to attack by weaker nucleophiles,

opening the door to a very rich reactivity involving the formation of new C–C, C–O,

C–N, or C–S bonds. Thus, among the variety of catalytic transformations in which

alkynes are involved – cycloadditions and cyclooligomerizations with compounds

with p-systems (CO2, CO, alkenes, alkynes, allenes, aldehydes and ketones, imi-

nes. . .), carbonylations or coupling with different carbon or heteroatom fragments,

etc., – one of themost rapidly developing fields in catalysis research is the electrophilic

activation of p systems using noble metals complexes. Gold and platinum (the main

interests of this review chapter) have jumped into the spotlight during the last decade

as activators of carbon–carbon p-bonds functioning as soft, carbophilic Lewis acids in
reactions that achieve large increases in molecular complexity under mild conditions,

compatible with a wide range of functional groups.

These properties that set apart gold and platinum from other transition metals are

the consequence of relativistic effects, which lead to contraction of the 6s orbitals
and expansion of the d and f orbitals due to the resultant increased shielding of the

contracted core. The former causes higher ionization potentials, stronger metal-

ligand bonds, and high acidity (contraction of the valence s and p orbitals is

associated to a relatively low-lying LUMO) and the latter a decreased electron–

electron repulsion on the d orbitals which leads to softness and less nucleophilic
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metal species for which neither oxidative addition nor reductive elimination (key

steps in classical organometallic catalytic cycles) are very common [12].

Computational studies of the bonding in noble metal-alkyne complexes have

been carried out, the results of which can be crudely summarized in the general

picture in Scheme 1.

Bond decomposition analysis attributes roughly equal contributions to electro-

static and covalent bonding interactions (slightly higher electrostatic terms [13–16]

and references therein). Alkynes bond with gold and platinum through the s
overlap of a p orbital with an empty d orbital on the metal with the appropriate

symmetry, but also through back donation of a filled orbital on the metal to the

corresponding alkyne in plane p//*. Other contributions to the bonding can involve

the orthogonal p⊥ and p⊥* orbitals donating charge (p symmetry) and accepting it

(d symmetry, very weak due to low overlap) from orbitals at the metal center,

respectively. Usually, the s interaction makes the largest contribution to bonding,

followed by the in plane p// back donation, a much smaller p⊥-ligand donation to

the metal, and a negligible metal-p⊥* back donation, making alkynes in gold(I) and

platinum(II) complexes good s donors and only weak p acceptors.

metal alkyne

empty

dz
2

full alkyne

π// -orbital

LM

metal alkyne

metal alkynemetal alkyne

full

dxz

empty alkyne

π//
∗-orbital

empty
dyz

full alkyne
π⊥-orbital

LM

full
dxy

empty alkyne
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πσ

π

δ

Scheme 1 Qualitative orbital diagram of the interactions between a generic alkyne and a

transition metal. The relative strength of the interactions is proportional to the arrow width
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Usually Pt(II) catalyzed transformations are carried out at higher temperatures

than their Au(I) catalyzed counterparts; sometimes they lead to different products

[17–19] and sometimes they afford the same products following different mechan-

isms [20, 21].

A recent relativistic ab initio study of model gold and platinum–alkyne com-

plexes ascribes the difference in their reactivity (gold usually more reactive than

platinum) to very different metal d populations in the outer valence space, result-

ing in large structural changes in the LUMOs. Gold complexes display high

LUMO density on carbon and low LUMO energies, both favoring nucleophilic

attack, while platinum complexes have higher energy LUMOs and no LUMO

density on carbon, leading to a less favorable overlap with a nucleophilic frontier

orbital [22].

The differences in mechanism usually obey the difference in electrophilicity of

the catalytic species. Gold complexes being more electrophilic, they tend to dis-

place the system in the carbene–carbocation continuum towards more cationic

species, resulting preferentially in cation cyclizations and cationic rearrangements

over the C–H insertions and cyclopropanations (carbenoid derived products)

favored by platinum [20, 21].

2.2 Start of the Catalytic Cycle: Gold-Alkyne Complexes

Despite the activity and vitality of this field, and the wealth of experimental and

theoretical results available on reactivity, not many gold or platinum alkyne com-

plexes have been isolated in pure form. Computational and experimental studies on

these complexes, however, suggest that the electronic properties of the ligands

attached to the metal can modulate its effect on the structure of the coordinated

alkyne [16, 23, 24].

It is noteworthy that, in the presence of several unsaturations in the substrate, the

metal preferentially activates alkynes over alkenes. Since studies on Au+–ethylene

and Au+–ethyne bonding estimate at around 10 kcal/mol the stabilization of the

former compared with the latter, preferential coordination of the metal to alkynes

cannot be invoked to explain this alkynophilicity of gold and platinum [15, 25]

which is expected to have a kinetic origin. This kinetic origin can be explained by a

better overlap of the nucleophile with the lower energy LUMO in alkyne complexes

which makes the alkyne complexes more reactive.

2.3 Propargylic Esters and Enynes

One of the main advantages of the reactivity of the metals under study is the

compatibility with a wide range of functional groups and the diversity of reaction
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paths available for the rearrangement of different substrates. However, this wide

applicability and the remarkable increase in complexity that these mechanisms

provide somewhat complicate the systematic description of the catalytic cycles

initiated by gold or platinum p-acid activation of alkynes, for the product is heavily
dependent on the backbone and the functionalization of the substrate. The fact that

an activated alkyne presents two activated carbon positions that can be non-sym-

metric only adds to the diversity of the products.

But even if systematization is difficult when looking at the products of these

transformations, synergy between experimental and computational work has

provided very useful compilations of reactivity patterns, among which those for

propargylic esters and enynes are the most widely used. These mechanisms rely on

the increased electron delocalization provided by the expanded 5d orbitals (this

reactivity goes beyond that promoted by simple acid catalysis) that results in the

generation of a series of cationic or carbenoid derivatives at the start of complex

reaction cascades and rearrangements.

Enynes are interesting substrates for gold and platinum-catalyzed rearrange-

ments, since they provide at the same time the alkyne to be activated and the

nucleophilic alkene that is going to attack it. The intramolecular nature of this

reaction allows the facile production of complex cyclic building blocks, and func-

tionalization on the backbone can lead to further reactivity and added complexity on

the product [3, 6].

Scheme 2 displays an outline of the main reaction paths available for a

general 1,6-enyne. After metal coordination to the alkyne 2.1, nucleophilic

attack of the neighboring alkene can proceed through exo-dig or endo-dig
paths to afford cyclopropyl carbenoid intermediates (2.3 and 2.4). Theoretical

calculations, together with trapping experiments and the experimental product

distributions, support this step as entry to the mechanism [6]. In absence of other

nucleophiles, the skeletal rearrangement of these intermediates is the default

mechanism. This rearrangement, however, can follow different paths, depending

on substitution, on the presence of heteroatoms on the main chain and on the

metal used.

When Pt(II) is used (the same products can be obtained with gold catalysts), the

most common mechanism is the 5-exo-dig cyclization, followed by ring expansion

to yield a metal-coordinated cyclobutene ring (2.8). Conrotatory ring opening of

this cyclobutene intermediate results in a diene that could be thought of as the result

of a metathesis reaction. Another path that could lead to a diene involves the ring

opening of the cyclobutene concerted with a C–H insertion and followed by a [1,2]-

hydrogen shift [21].

With Au(I), the formation of dienes, however, has been shown through compu-

tational studies to proceed via a [1,2]-alkyl shift (before the formation of the

cyclobutene) resulting in a carbocation that then evolves into the diene after

metal elimination (single cleavage to 2.5). Another mechanistic possibility involves

a dyotropic rearrangement to a new carbene which then loses an a-hydrogen and

protodemetallates to the diene (double cleavage, 2.6).
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The formation of the Alder-ene product (2.7) is explained by the opening of the

cyclopropyl ring and deprotonation of the resultant carbocation.

Propargylic esters are readily available synthetic scaffolds that can be easily

bedecked with additional functional groups on the core structure. This versatil-

ity allows them to participate in a wide variety of intramolecular rearrangements

that afford highly functionalized products through different manifolds. Many

papers have reviewed the reactivity of these systems when submitted to gold

catalytic conditions ([11, 26, 27] and references therein), and their results can

be elegantly summarized in the “golden carrousel” proposed by Correa et al.

(Scheme 3) [26]. This scheme displays a series of structures close in energy

(in a bracket of 10 kcal/mol) that can be interconverted through low-energy

reaction barriers (the highest value calculated for the model system is about

7 kcal/mol). From initial gold p-coordination to the alkyne (3.2), the system can

suffer either a 1,2- or a 1,3-carboxyl migration that result in a gold carbenoid/

carbocation (3.4) or a gold-coordinated allene (3.6), respectively. Subsequent 1,2-

or 1,3-shifts would close the circle connecting the carbene/carbocation with the

allene or the latter with the original alkyne (3.2). Thus, three different reactivity

paradigms are available for propargylic esters in these catalytic conditions: direct

nucleophilic attack on the activated unsaturation in 3.2, cationic processes starting

from 3.4, or allene chemistry starting from 3.6. The choice of an exit of this

cycle or another depends on the structure of the substrate and the functional

groups present.
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Scheme 2 Reaction paths open to a generic enyne under p-acid activation by gold or platinum
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2.4 Mechanistic Considerations: Carbene–Carbocation
Continuum

On the basis of these and other reactivity patterns, both gold carbenes and gold-

stabilized carbocations have been proposed as intermediates in gold-catalyzed

mechanisms.

As an example, in studies about gold-catalyzed enyne cycloisomerizations, the

cyclopropyl structure of some of the products, accompanied by mechanistic studies

using deuterium labeling, strongly suggests the intermediacy of gold carbene

species [28–30]. The recent report of an enyne cycloisomerization terminated by

sp3 C–H bond insertion strongly points toward carbene intermediates as well [31].

Scheme 3 The “golden carrousel” [26], a summary of the different intermediates involved in the

metal-catalyzed reactivity of propargyl esters and the mechanisms that allow their interconversion.

This catalytic cycle is accessible to both alkynes or allenes and can be exited through three

reactivity paradigms that correspond to formal activated alkynes, activated allenes, and metal-

stabilized carbocationic/carbenoid species
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Other examples, however, support the description of these key intermediates as

nonclassical carbocations based on substituent effects on regioselectivity, trapping

experiments, or NMR studies of model systems [32–34].

The products of many gold-catalyzed reactions are compatible with mechan-

isms that involve either carbene or carbocationic intermediates, as in the exam-

ple of the gold(I)-catalyzed tandem reactions initiated by 1,2-indole migration

described by Sanz et al. (see below) [35], where the cyclization step after the

indole migration can be thought of as the electrocyclization of a gold–pentadie-

nyl cation system or the insertion of a carbene into a C–H bond. Thus, besides

labeling experiments, in situ spectroscopic techniques, identification of second-

ary products, and trapping of intermediates, computational chemistry remains an

invaluable tool for the characterization of the electronic structure of these key

highly reactive intermediates. Beyond a mere academic exercise, these kinds of

mechanistic insights can provide the knowledge base needed to tailor both

substrates and catalysts to favor the desired outcome in complex synthesis,

further refining the already impressive existent set of reactions.

Relying heavily on computation to help rationalize experimental findings,

Benitez et al. [36] have recently published a paper that somehow lays this contro-

versy to rest. Studying barriers to bond rotation in carbenoid/carbocationic species

and activation barriers for cyclopropanation reactions, they propose that the

carbon–gold bond in these species can be described as a point in a continuum

ranging from a gold-stabilized singlet carbene to a metal-coordinated carbocation.

This point can be displaced on the scale by the substituents on the substrate and the

ligand on the metal, and is reflected on the susceptibility of the system to different

reactivity models (Scheme 4).

[M]

[M] [M] [M]

+

+

+

–––

[M]

carbocation

carbene

Scheme 4 Mesomeric forms of the product of the attack of an alkene to an activated alkyne. The

resultant species can be thought of as either a carbocation or a carbene. The different limit

structures proposed for the carbocation can be used to explain many of the rearrangements of

these intermediates
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2.5 Synthetic Relevance – Domino Processes: Generation
of Complexity

As stated above, gold and platinum catalysis on propargylic systems is often the

starting point for complex domino processes that result in large increases in

complexity in simple one-pot conditions. Some of these syntheses have been

developed ad hoc in routes to natural products, other have been explored to provide

synthetic scaffolds for more general uses. Besides the manifolds already described,

a wealth of new transformations are available where different intra- and intermo-

lecular nucleophiles are used to attack the activated alkyne. An interesting strategy

in the design of tandem reactions is to use a metal-catalyzed reaction that generates

new functional groups that can be subject to a second or third metal-catalyzed step

[1, 7, 10, 37]. Although essentially carbophilic in nature, gold and platinum com-

plexes have a non-negligible affinity towards heteroatoms, that has also been the

object of recent interesting developments [38–40].

This dual character can lead to reactivity patterns where sequential gold p-
coordination to unsaturations and s-coordination to heteroatoms are involved in

more complex transformations [41, 42].

2.6 Computational Studies: Technical Aspects and Relevance

In the reviews by Pyykk€o, covering the computational chemistry of gold much

information can be garnered about state of the art computational approaches used to

account for different properties of this metal and its compounds [43–45]. The work

by Pernpointner et al. [22] also points towards the need to use relativistic calcula-

tions in gold and platinum complexes to account for their electronic structure,

whose special features stem, as stated above, from relativistic effects. However,

even if some of the conclusions of most of the general reviews on the modeling of

transition metal-catalyzed reaction mechanisms can be extrapolated [46–48], there

is a dearth of information on the best computational treatment for gold and platinum

homogeneous catalytic cycles, specially taking into account the relevance of

relativistic effects to their chemistry.

In most of the literature surveyed, the computational method of choice is DFT

[49], allying some account of electron correlation with a reasonable computational

cost. The most popular functional is, by far B3LYP [50, 51], and the choice of basis

sets is usually 6-31G(d) for main group atoms, and an electron core potential (ECP)

with its associated basis set for the heavy metals. Among the ECPs used (in order to

reduce the computational cost associated with the high number of core electrons in

late transition metals and to incorporate in a parametric way some relativistic

effects), LANL2DZ [52] is the most common, with some instances of SDD [53],

and BP86 [50, 54] with the LACVP family of basis sets (a combination of Pople’s with

LANL2DZ effective core basis sets) is also common among the users of Jaguar.
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In most recent papers, the need for more accurate results has led to larger basis sets

being used, at least in single point energy corrections (triple zeta basis with generous

inclusion of diffuse and polarization functions), but also for geometry optimizations,

and it is expected that the success of the new generation of hybrid functionals, such

as M06 [55] and further development of basis sets and ECPs [56], will also extend

their application in this field.

The choice of this level of theory is usually supported by some general bench-

mark calculations on sample systems and by the good agreement between the

conclusions and predictions from computational studies and the experimental find-

ings at the bench. However, many authors seem to rely just on the “everyone else is
doing it” argument and use these computational methodologies as established

protocols without a second thought.

As an example of not so common benchmarking, MP2 and B3LYP calculations

with the same basis set and ECP have been carried out by Soriano et al. for the exo
and endo addition of ethene to PtCl2-activated propyne. The variations in the

geometries of minima and transition states are not large, even if DFT yields longer

forming bonds (~0.1 Å) and shorter C–Pt distances in the carbene structures

(~0.06 Å) [57]. Even if the activation energies are somewhat higher for MP2

(~3 kcal/mol), the reaction energy and the relative barriers for the two alternative

paths don´t change with the two approaches, thus not altering the qualitative me-

chanistic picture obtained with the less costly method. This semiquantitative level

of accuracy in the computed energies is enough for the most general mechanistic

discussions, but this approach has to be taken with care when subtle differences

come into play, such as in dealing with substituent effects or competing reaction

paths that are close in energy.

In their description of the bonding model in gold carbenes, for example, Benitez

et al. show that M06 (with Hay Wadt pseudopotential and LACV3P++**(2f)//

LACVD** for gold, and 6-311++G**//6-31G** for main group atoms) is able to

reproduce correctly the effect of the different electron donating properties of gold

ligands on the experimental bond rotation barriers of gold carbenoid species, while

B3LYP and BP86 fail at this task [36].

Thus, although the correspondence of calculated data with the available experi-

mental evidence gives us confidence in the common methodologies used, they

should be applied with care when dealing with new phenomena or when an accurate

description of bonding or subtle interactions is required.

2.7 Opportunities and Challenges of Chirality Transfer

Because of this veritable explosion of results describing new reactions through

homogeneous gold and platinum catalysis, it was easy to forget the earlier initial

success of some enantioselective reactions [58] and the development of stereose-

lective versions seemed to lag behind for some time.
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However, the fact that these reactions often proceed with very good selectivities,

resulting in complex structures of controlled stereochemistry, is receiving more and

more attention. The field has revived and novel examples of stereoselective gold-

catalyzed reactions are frequently described in the literature [59, 60].

Diastereo and enantioselective homogeneous gold and platinum-catalyzed reac-

tions can be achieved through three different strategies:

1. Chiral ligands on the metal center [4, 61]. Ito et al. [58] started the homogeneous

catalytic gold rush with their description of the first asymmetric aldol reaction

using a gold(I) complex. For a long time after this first example, however, the

use of chiral ligands on gold complexes was not fully explored, under the belief

that, due to the linear geometry at the metal center, which places the stereogenic

elements far from the reaction site, it would not be the most efficient strategy.

Nevertheless, plenty of examples are being developed where this is not an

impediment as in the enantioselective hydroalkoxylation of allenes [62, 63],

hydrogenation of alkenes[64], cycloadditions [65], olefin cyclopropanation [66],

enyne cycloisomerization [67], etc.

2. Chiral counter-ions. Through ion-pair formation in the hydroalkoxylation of

allenes, Toste et al. have developed the concept of using a chiral counter-ion, not

directly attached to the metal, to achieve stereocontrol in gold catalysis [68], but,

although very promising [69, 70], especially when chiral ligands and chiral

anions are combined in a synergistic strategy, the scope of the method has not

yet been completely explored. Among recent advances are the work of

Zuccaccia et al., who have shown (combining NMR spectroscopy and DFT

calculations) that the relative orientation of the counterion in cationic gold

complexes can be tuned by the choice of the ligand, opening another way of

control on the properties and activity of this kind of catalysts, (BF4
� locates to

the side of the styrene moiety in [(PPh3)Au(4-Me-styrene)]BF4, while it prefers

the vicinity of NHC (1,3-bis(di-iso-propylphenyl)-imidazol-2-ylidene) when it

is used as the gold ligand in [(NHC)Au(4-Me-styrene)]BF4) [71].

3. Transfer of chiral information from the substrate to products. The transfer of

chiral information between a stereogenic center or axis in the substrate and a

center in the product remains the most widely reported strategy for performing

stereoselective gold-catalyzed reactions. Allenes are common chiral groups

involved in chirality transfer, as exemplified in the transformation of b-hydroxy-
or amino-allenes into dihydropyrans and tetrahydropyridines [72] or of a-
hydroxy allenes into dihydrofurans [73]. However, many examples are being

developed where the configuration of an alcohol, ester, or ether function, or even

an epoxide, determines the configuration of a new center created in the reaction,

such as the enantioselective propargyl Claisen rearrangement [74], the tandem

Claisen rearrangement–heterocyclization used in the synthesis of dihydropyrans

[75], the synthesis of spiropyranones from epoxyalkynes [76], or the Rauten-

strauch reaction [17].

These possibilities, together with the compatibility of p-acid catalysis with

different functional groups and reaction conditions, allow for very interesting
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developments in the design of efficient catalytic transformations. The work by

Belot et al. [77] on the synthesis of tetrahydrofurans (see Scheme 5) elegantly

combines organocatalysis with gold catalysis in a tandem one-pot process. In a first

step, an enantiopure pyrrolidine derivative (5.3) catalyzes the asymmetric conju-

gated addition of the enol form of an aldehyde (5.1) to a nitroolefin (5.2), while the

resultant adduct (5.4) undergoes a gold-catalyzed acetalization/cyclization through

activation of the alkyne. In the first step two stereocenters are generated and the

chiral information is preserved in the second. A similar strategy is developed in the

highlights on binary catalytic systems by Hashmi and Hubbert [78].

3 General Mechanisms

In this review we will focus on chirality transfer processes in gold- and platinum-

catalyzed rearrangements of propargylic derivatives, and on how DFT calculations

can provide insight into the mechanisms that lead to stereoselection. The aim is to

provide an overview of the most common reactivity paradigms with detailed

description of selected examples that will allow systematization of the general

principles underlying these phenomena and the harnessing of the available knowl-

edge to design better catalytic systems with the desired properties.

Thus we will deal with the stereoselective versions of the reactions depicted in

Schemes 6 and 7.

Scheme 6 represents the reaction paths available for a propargylic enol ether or

ester (6.1) under noble metal catalysis that will be discussed. Some of these

transformations can be integrated into the general scheme for propargyl esters

discussed in the Introduction (see Scheme 3), while others are more specific for

certain substrates.

After the first coordination step, a different path opens for enolethers or esters

(6.2): the former can experience a propargylic Claisen rearrangement followed by a

Grob-like fragmentation leading to 3,4-pentadienal (6.4), whereas the latter can

evolve through nucleophilic attack of a lone pair of the oxygen in the carboxylate to

the activated alkyne. Depending on the alkyne position attacked, a five- (6.5) or six-

membered (6.11) ring intermediate is formed that can afterwards rearrange to either

a carbocation/carbenoid species (6.6) or to an acetoxyallene (6.12), again through

Ph

NO2

N
H
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Scheme 5 One-pot organocatalysis/gold-catalysis sequence [77]
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a Grob-like transformation. These intermediate species, starting from 1,2- or 1,3-

carboxylate migration, can experience further transformations, depending on their

base structure and the nature of R1, R2, R3, and R4 groups: metala-(iso)-Nazarov

reactions when one of the substituents is a vinyl group, other pericyclic reactions of

polyenes or vinylallenes, or simple nucleophilic additions.
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Scheme 7 shows the reaction paths that can be followed by propargyl 1,4-, 1,5-,

and 1,6-enyne esters. After metal activation, the alkyne can suffer the nucleophilic

attack of either the carbonyl oxygen (7.3) or the neighboring unsaturation (7.6). The

result is a carbenoid species whose evolution will be determined by the molecular

skeleton and the substituents it supports. In the upper part of the scheme, the

nucleophilic attack of the oxygen is followed by 1,2-carboxyl migration and

subsequent insertion of the resultant carbenoid in the unsaturated C–C bond to

afford bicyclo[4.1.0] derivatives (7.4). This same scaffold can be obtained by direct

cyclopropanation on the alkene and further migration of the carboxyl group on the

carbenoid structure. From this last intermediate, other metathesis-type and polycy-

clic products can also be obtained.

4 Cyclopropanation Reactions

We will start our discussion of stereoselective gold and platinum-catalyzed reac-

tions of propargyl systems in a radial approach, starting from the first step in the

catalytic cycles, and gradually adding circles of complexity.

The first step in many of the noble metal-catalyzed reactions of polyunsaturated

systems, and the only available when there are no other external or internal nucleo-

philes, is the intramolecular cyclopropanation. This skeletal rearrangement is very

common, both as the key step in transformations affording bicyclo[4.1.0]heptene

derivatives and as the entry point to a metal carbenoid/carbocation manifold.

One of the first reports of this kind of reactivity accompanied by computational

studies is the work by Marion et al. on the gold and platinum-catalyzed rearrange-

ment of enynyl esters [28, 79]. In these papers the authors describe the catalyzed

cycloisomerization of a dienyne with an acetate group on the propargylic position

(8.1). The key to the interesting reactivity of this system is its double character as a

1,5- and 1,6-enyne, which leads to mixtures of bicyclic compounds 8.2, 8.3, and 8.4

(see Scheme 8). The most puzzling data obtained from studies on the reactivity of

this precursor (8.1) are the fact that, with platinum, bicyclo[4.1.0]heptene 8.2 is

obtained as the main product, with 8.3 as a byproduct, and some erosion in the

enantiomeric excess with respect to the ee of the reactant when an enantioenriched

mixture of 8.1 is used (38–42% ee in the product vs 66% in the reactant). When gold

is used as catalyst, although the formation of 8.2 and 8.3 is still observed, the new

bicyclo[3.1.0]hexene 8.4 is the major product. Although no chirality transfer can be

found in the reported transformations, we decided to include the studies on this

system here as both an example of the structural variability to be found in this kind

of rearrangements and as a reminder of the power of interpretation that only the

combined use of laboratory experiments and molecular modeling can afford.

The catalytic cycle starts with coordination of 8.1 to the metal and subsequent

nucleophilic attack of the C6–C7 alkene to the terminal carbon on the activated

alkyne. From this point there are several paths available that could lead to the

formation of the observed products. Many of the relevant steps can be traced back
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to the “golden carousel” in Scheme 3. DFT calculations show that, from the two

reaction paths that could lead to 8.2, the [1, 2]-acetate shift on 8.1, followed by

cyclopropanation of the resultant carbenoid, is preferred by 14 kJ/mol over the

reverse sequence of nucleophilic attack of the C6–C7 alkene to the terminal

position of the activated alkyne and [1,2]-acyl migration on the resultant bicyclic

intermediate. The formation of 8.3 follows a similar path involving the alternative

instead. Again, the preferred path is [1,2]-migration followed by cyclopropanation,

now with an 18 kJ/mol difference between the competing rate-limiting steps in the

two paths. The formation of 8.4 is not so straightforward, and at least three paths

can be proposed for it. The intervention of allene 8.6, however, is needed in the

three of them. The calculations show that the preferred path for this transformation

involves the formation of the allenyl ester 8.6 through [1,3]-migration on 8.1, and

subsequent cyclization between the allene and the alkene part of the 1-acetoxy-1,2,5-

triene branch. Rearrangement of structures such as 8.11 or 8.14 and the resultant

product distributions support the predictions of DFT. Worthy of note is the fact that

the competition between acetate and alkene migration in these processes is very
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dependent on the choice of metal ligand, a point not always properly treated in

simulations.

Another example of cyclopropanation rearrangements in 1,5-enynes can be

found in the use of the Rautenstrauch cyclopropanation reaction in the synthesis

of cubebol by Fehr et al. [80, 81] and F€urstner et al. [82]. The stereoselectivity of

this process is a clear example of chirality transfer where the chiral information of

the stereogenic center at C3 in the reactant is passed onto the configuration of the

new stereocenters in the product.

From the experimental data in Scheme 9, it can be seen that this chirality transfer

is not complete, since there is some erosion of the enantiomeric excess in the

products. However, racemization is not involved in this loss of ee, since the

enantiomeric excesses of the products remain constant during the reaction, and

can only be attributed to deficiencies in the stereocontrol mechanism.

Prior to this work it was considered that the mechanism for the gold or platinum-

catalyzed cycloisomerizations of secondary enynol esters involved an initial [1,2]-

acyl shift followed by cyclopropanation of the resultant carbene. But the selectivity

of this reaction is not compatible with such a reaction path, because a vinyl carbene

intermediate would imply planarization of the stereocenter in the substrate before

the stereocenters in the cyclopropyl fragment are generated, denying the possibility

of chirality transfer in this system.

The results from the experiments carried out by Fehr et al. [80, 81] and F€urstner
et al. [82] strongly suggested that the correct sequence is the nucleophilic attack of

the alkene to the activated alkyne to afford an electrophilic cyclopropyl carbene,

which subsequently reacts with the acetate moiety to generate the product. But it
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Scheme 9 Representation of the synthetic route to (�)-cubebol starting from propargylic-1-5-

enyne esters [80–82]
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was the computational DFT study of the reaction mechanism for this transformation

performed by Soriano et al. [83] that confirmed these hypotheses (see Scheme 10).

The calculations show that the cycloisomerization of 10.1 proceeds preferen-

tially from the “top face,” albeit with a very small difference with respect to the

activation barrier of the alternative “bottom face” attack, which explains the

formation of both (6R)-10.2 and (6S)-10.2.
It is in the following step that the transfer of chiral information takes place.

There are two different paths available for the evolution of 10.2: [1,2]-acyl shift or

[1,2]-H shift that will result in the formation of 10.3 and 10.4, respectively. For

(6R)-10.2 the most favorable process now is a [1,2]-H shift (18.78 vs 20.87 kcal/

mol) while for (6S)-10.2 the acyl shift is preferred (19.22 vs 24.45 kcal/mol). The

product ratios calculated from these values match well those found in the experi-

mental setups. The calculations predict that the degree of stereoselectivity depends

on the structure of the substrate, that the diastereoselectivity of the cyclopropana-

tion step depends on subtle intramolecular steric interactions, and that the efficiency

of the chirality transfer depends on the different susceptibilities of (6R)-10.2 and

(6S)-10.2 to [1,2]-H and [1,2]-acyl migration. On this line, the linear structure of the

gold(I) catalyst can be expected to result in less steric hindrance for the acyl

migration (from both faces), making this process more competitive than with the

T-shaped PtCl2 catalyst, supporting the experimental findings.
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[83]. On the right the transition structure for the transition state corresponding to the cyclopropa-

nation step for (S)-10.1 is represented as a Newman projection
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In the paper by F€urstner et al. [82], the authors use these findings about the

reactions involved in the synthesis of (�)-cubebol to address the making of

the skeleton of another natural product (2-sesquicarene) and explore new aspects

of the stereoselectivity of these rearrangements.

To close this section we will include two examples of ligand-induced stereo-

selectivity in enyne cycloisomerizations, transformations that are useful but not

very common [63].

The simplest of them is the intermolecular gold(I)-catalyzed stereoselective

olefin cyclopropanation developed by Johansson et al. [66]. Already the nonster-

eoselective version of this reaction is interesting (see Scheme 11, (11.1)), since

gold-catalyzed intermolecular cyclopropanation reactions are not so common. The

steric model to explain the cis preference for the cyclization is also applicable to

the equivalent intramolecular processes. Once this reaction was well optimized, the

authors proceeded to develop its enantioselective version, which they achieved by

testing different chiral phosphine ligands (see Scheme 11, (11.2)). The results are
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Scheme 11 Inter- and intramolecular olefin cyclopropanation reactions. The first was used to

optimize the reaction, the latter to build on these results to provide enantioselective versions of this

transformation through the use of chiral gold ligands [66, 84]
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satisfactory, although there is ample room for improvement, with better results for

the bulkier aromatic groups, as expected from the chirality induction strategy used.

The enantioselective cycloisomerization of chiral, racemic propargylic esters by

Watson et al. [84], an intramolecular version of the former (see Scheme 11, (11.3)),

uses chiral ligands on gold to achieve moderate to good enantiomeric excesses

depending on ligand and solvent (from 20% to 90% with xylyl-BINAP). This

transformation occurs through a different sequence of steps from that of the Rau-

tenstrauch cyclopropanation: initial formation of a carbenoid through [1,2]-acyl

migration, followed by cyclopropanation on the alkene. Since the substrates used

are 1,7- or 1,8-enynes, this reaction represents a good synthetic tool for obtaining

functionalized medium-sized rings, which are often challenging to build.

5 Configurational Stability of Allenes

A common intermediate in many chirality transfer processes starting from pro-

pargylic esters are allenes, usually the product of a [1,3]-acyl migration. The transfer

of chiral information would then travel from the stereogenic center in the reactant to

the axial configuration of the allene and from there to one or more stereogenic

centers with controlled configuration in the product, a center-to-axis-to-center

chirality transfer. For this transfer to be efficient, these allene intermediates must

present certain configurational stability, something that is not always achieved due

to the many existing exit points from this species in the catalytic manifold consid-

ered, some of which involve planarized carbocation or carbene intermediates. An

example of how to limit allene epimerization to ensure high levels of axis-to-center

chirality transfer is described in the study on the gold-catalyzed cycloisomerization

of a-hydroxyallenes to 2,5-dihydrofurans by Deutsch et al. [85], where the authors

try to reduce the Lewis acidity of the gold catalyst, changing the solvent, and using

different additives so that the zwitterionic intermediates (12.3) are disfavored

(Scheme 12).

When the propargylic carboxylate is at the end of the conjugated chain of an

enyne, instead of between the reactive unsaturations, it allows the usual cyclopro-

panation to proceed through a slightly different mechanism belonging to the same

manifold as the reactions in the previous section. In the reaction described by Buzas

et al. [86] for the cycloisomerization of 5-en-2-yn-1-yl acetates 13.1 to afford
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Scheme 12 General metal-catalyzed allene epimerization through a carbocationic intermediate.

Other more complex mechanisms can also be responsible for this loss of configurational stability
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bicyclo[3.1.0]hexenes 13.2 and eventually 2-cycloalken-1-ones, the catalytic cycle

(see Scheme 13) starts with gold coordination to the alkyne, followed by the

formation of a gold-activated allene (13.3) through a [3,3]-sigmatropic shift ([1,3]-

acyl migration). This allene is then attacked by the alkene, resulting in the formation

of a cationic vinyl gold species (13.4) embedded in a six-membered ring that then

collapses to the cyclopropyl carbene (13.5). The reaction ends when bicyclo[3.1.0]

hexene (13.2) is produced after a [1,2]-hydride shift that regenerates the catalyst.

The uses of such a transformation rely on the complex bicyclic structure generated

and the acetoxy functionality at the ring junction, which can be precursor to further

transformations. In the case of enantioenriched substrates (see Scheme 13), there is a

faithful transfer of chiral information from the substrate (99% ee) to the product

(90% ee) through the configuration of the allene intermediate in what could be

considered a good example of center-to-axis-to-center chirality transfer.

Other examples of allene-mediated chirality transfer from propargylic esters are

rather impressive in the complexity of the polycyclic structures generated. Among

these examples we have highlighted the gold-catalyzed synthesis of 2,3-indoline-

fused cyclobutanes [87], and the platinum-catalyzed 2,3-indoline-fused

cyclopentenes [88] depicted in Scheme 14. The mechanism postulated for the first

transformation starts with the alkyne activation by gold on 14.1 followed by a [3,3]-

rearrangement of the acetoxy group that leads to the allenyl ester 14.4. This allene

intermediate can, in its turn, be activated by gold producing oxonium ion 14.6 with

gold S-trans to R2 in order to minimize allylic strain. Cyclization of this oxonium ion

and subsequent trapping of the iminium ion with the alkenylgold affords alkylide-

necyclobutane 14.2 stereoselectively.

When the gold catalyst is replaced by platinum, the mechanism changes and a

cyclopentene is produced instead, in an uncommon display of divergent reactivity
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Scheme 13 Enantioselective cycloisomerization of a propargyl enyne proceeding through an

allene intermediate [86]
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between cationic gold(I) and PtCl2. The first steps of the mechanism do not change

with respect to the gold version, until oxonium 14.10 (equivalent to 14.6) is formed.

Instead of undergoing a cyclization to an alkylidenecyclobutane, this intermediate

proceeds through a 5-exo cyclization to the Pt-carbenoid 14.12 that could be

interpreted as a 1,3-dipolar cycloaddition. Hydride migration and demetalation

afford the cyclopentene product 14.9.

6 Nucleophilic Additions

In this section we will address another entry point for gold- or platinum-catalyzed

mechanisms: direct attack of a heteroatom nucleophile on the metal-activated

alkyne.

There are plenty of versions of these kinds of processes that proceed in either intra-

or intermolecular fashion. In the following lines we will focus on some keynote

stereoselective examples that highlight relevant mechanistic issues that can deter-

mine their outcome and/or be elevated to the status of general rules or trends.
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Platinum(II) reacts at the b-position through a carbenoid intermediate while gold(I) acts through

the nucleophilicity at the a-position [87, 88]
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One of the most popular reactions in this family is the use of metal catalysis to

activate alkynes towards the nucleophilic attack of a tethered heteroatom to afford

heterocycles in much milder conditions than most alternatives [89, 90]. The nucle-

ophile can be the oxygen of alcohols, carbonyls, carboxylic acids, amides, etc., a

nitrogen in amines and amides, a sulfur, etc. Although the field is very active and

new reactions still appear every day, methodology has reached maturity, and is of

wide applicability nowadays in the synthesis of furans, pyrroles, and thiophenes

from heteroatom-substituted propargylic alcohols [91], oxazoles and oxazines from

N-propargyl carboxamides, [92], pyrazolidines, isoxazolidines and tetrahydrooxa-

zines from hydrazine and hydroxylamine nucleophiles [69], lactones from carbox-

ylic acids [93], oxazolidinones from alkynylamines [94], sulfur heterocycles from

sulfoxide-tethered enynes [95], etc.

After the discovery of a gold(I)-catalyzed Claisen rearrangement (6.2–6.3 in

Scheme 6), nucleophilic addition to the resultant oxocarbenium intermediate (15.3

in Scheme 15) was proposed as a strategy for the synthesis of dihydropyrans from

enol ethers by Serry et al. [75]. However, the capture of this intermediate can be

competitive with the rearrangement to the allene 15.4, which would then favor the

5-exo-dig cyclization, instead of regenerating 15.3. When the nucleophile used to

trap 15.3 is a tethered alcohol, this reaction stereoselectively produces spiroketals

(15.2) with complete chirality transfer. This high diastereoselectivity (14:1 d.r.) and

complete enantioselectivity can be explained by resorting to two competing

mechanisms where the initial Claisen rearrangement determines the relative con-

figuration of C1 and C4 in intermediate 15.3 (see Scheme 15), which, in turn,

control either the configuration of allene 15.4 (which then reverts to 15.3 through a

Grob-like fragmentation) or that of the final product.
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Another example of chirality transfer in more or less straightforward nucleo-

philic attacks to the activated alkyne is provided by Barluenga et al. in their

enantioselective gold- and platinum-catalyzed tandem intramolecular hydroalkox-

ylation–hydroarylation reactions [96] and the related gold- or platinum-catalyzed

tandem hydroalkoxylation–Prins cyclization transformations [97]. When chiral

alkynols such as 16.1 (Scheme 16) are used as substrates, the reaction affords in

very high yields enantiopure bicyclo[3.3.1]nonanes. The mechanism proposed in

Scheme 16 explains the formation of the two new rings through an initial 6-exo-
cycloisomerization where the nucleophilic alcohol attacks the metal-activated

alkyne. Protodemetalation of 16.4 affords the enol ether 16.5, which upon metal

coordination to the C–C double bond is subjected to another nucleophilic attack of

the phenyl group. It is in this last step (the formation of 16.7) that the new

stereocenters are generated, with configurations that are determined by the axial

disposition of the aryl group needed for the cyclization. Intermediate 16.8 (analo-

gous to 16.6), with a methyl group in a pseudoaxial position, is the key to this

faithful chirality transfer from the stereogenic center in 16.1 to the new centers in

16.2. DFT calculations show that this intermediate is lower in energy than other

conformers with the methyl group in pseudo-equatorial position.

As described for other families of metal-catalyzed reactions, some of these

transformations, such as the gold-catalyzed synthesis of pyrazolidines, isoxazoli-

dines, and tetrahydrooxazines by attack of a hydrazine or hydroxylamine nucleo-

phile to an allene, can be made enantioselective by the use of a chiral ligand [69].

7 Pericyclic Reactions

Although “pericyclic” is far from the first adjective that comes to mind when

referring to transition metal-catalyzed processes, the polyunsaturated compounds

that are often used as substrates with gold and platinum complexes generate charged
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intermediates that can be assimilated to derivatives of pentadienyl or heptatrienyl

cations, vinylallenes, etc. As a result the reactions starting from these intermediates

can, in many cases, be considered (at least formally) as pericyclic. Gold activation

has revived the already explored rich thermal reactivity of vinylallenes and larger

conjugated systems which are both reactants and intermediates in these processes

[98, 99]. Several gold versions of pericyclic reactions that start with the activation of

enynes [100], diene allenes [101], ene allenes [102], as well as yne allenes [103],

have already been described.

An enantiopure phosphine ligand induces the generation of enantioenriched

benzopyrans 17.2 containing quaternary stereocenters by carboalkoxylation of

propargyl esters 17.1 (Scheme 17). A tandem [2,3]/[3,3]-rearrangement through

17.6 was considered among other mechanisms to explain the rearrangement of the

allylic oxonium intermediate 17.4. This proposal was discarded for not being

compatible with the observed reaction of benzylic systems and for the lack of

reactivity of unsubstituted allyl ethers. A direct formal [1,4]-sigmatropic rearrange-

ment was also unlikely since substituted systems underwent inversion of the allyl

moiety. Therefore, a mechanistic proposal that includes the addition of the nucleo-

philic allyl ethers toward the electrophilic gold(I)-carbenoid intermediate 17.3 and

the reaction of an allyl carbocation with a chiral allylgold(I) intermediate 17.5,

generated from a gold(I)-stabilized vinylcarbenoid, was considered as more likely

for this cascade process [104].

The electrocyclic reactions of propargyl-activated systems by noble metal catal-

ysis will be encountered as elementary steps following the formation of conjugated

cationic species. Although other variants are possible, the examples described thus

far belong to the class of 4pe� electrocyclization reactions of pentadienyl cations

and analogous systems (Scheme 18). Depending upon their precursors and method

of generation, these systems might contain noble metals in the periphery of the
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cyclic array and in these cases the metals stabilize the positive charge either in the

pentadienyl cation or in the allyl cation after cyclization. For the discussion that

follows, it is convenient to illustrate the structural diversity of the cyclizing species,

including the special designation when the noble metal is present at particular

locations. Scheme 18 describes the three main variants (resonance forms are not

indicated) grouped according to the analogy to the parent pentadienyl cations 18.1,

Nazarov 18.2, or iso-Nazarov analogs 18.3 [105–109]. The systems differ by the

presence of the metal at the termini of the allyl/pentadienyl cation (odd) or at the

internal (even) positions. We have already reported computational studies of

pentadienyl cation cyclizations [110, 111], as well as metal variants of the Nazarov

and iso-Nazarov reactions [18].

Moreover, since the product of the electrocyclic reaction is another charged

system (an allyl/benzyl cation) the cyclopentannelation is usually accompanied by

cascade reactions that follow patterns of reactivity typical of (oxo)carbenium

ions [112].

The gold version [17] of the Rautenstrauch rearrangement [113] provides a more

convenient access to cyclopentenones 19.2 from 1-ethynyl-2-propenyl acetates

(pivaloates) 19.1 than the parent Pd-mediated process [113], since the milder

condition of the former are compatible with substitutions at the acetylenic and

olefinic positions (Scheme 19). Experiments with diastereomerically-enriched sub-

strates already suggested that the stereochemistry of the starting ester influenced

that of the product. Moreover, the rearrangement of enantioenriched substrates such

as 19.7 (98% ee) afforded compounds with preservation of the enantiomeric purity

(19.8, 96% ee). To explain the Au(I)-catalyzed chirality transfer of enantioenriched
propargyl pivaloates, it was proposed that the 1,2-acyl migration followed by a C–C

bond-forming process takes place either before or in concert with the cleavage of

the stereogenic C–O bond as shown in transition state 19.5 in order to avoid the

formation of discrete pentadienyl cations [17].

We have computationally examined (Scheme 20) the mechanistic issues of the

gold variant of the Rautenstrauch rearrangement [18]. Our results confirm as most

likely the formation of a discrete vinylgold intermediate 20.4 upon complete transfer
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of the acetate (pivaloate) group to the gold-activated alkyne 20.2 by anti addition.
Since the C–C bond formation event follows the Au(I)-induced pivaloyl transfer to

the vicinal Csp atom, the chiral information must be preserved on the helicity of the

formal 1-aura-2-acetoxypentadienyl cation intermediate 20.4. This center-to-helix-

to-center chirality transfer requires that both the helix interconversion and the

pivaloyl rotation should be disfavored relative to cyclization. The calculations are

consistent with this scenario: the cyclization of the pentadienyl cation intermediate

(P)-20.4-anti to (S)-20.5 is of lower energy than the conformational changes that can

either invert the helicity (h-ts) or switch the orientation of the acetate (r-ts) from anti
to syn, leading eventually to the cyclopentenone (R)-20.6, the enantiomer of the

experimentally observed product (Scheme 20). Thus, the chiral information present

in the original enyne is conveyed through 20.3 to the pentadienyl cation (P)-20.4-
anti, where it is stored in the helicity of the main carbon chain. The concurrent

existence of a barrier to cyclization lower than that corresponding to the inversion of

the helix (h-ts) ensures the faithful transfer of this information to the final product

(S)-20.6 (Scheme 20).

The role of AuCl(PPh3)/AgSbF6 as dual alkyne and allene activators allows the

preparation of 2-aura-pentadienyl cations 21.3 via Au(I)-catalyzed tandem [3,3]-

rearrangement of enynyl acetates 21.1 and the in situ generated allenyl acetate

(Scheme 21). Electrocyclic ring closure of 21.3 forms the gold-stabilized cyclo-

pentenyl cation 21.4, or its Au carbenoid form, which undergoes regioselective

[1,2]-hydride shift or E1-type elimination assisted by H2O, and deauration/proton-

ation of the alkenylgold intermediate 21.5. The sequence allows the preparation of

cyclopentenones 21.2 from enynyl acetates 21.1 via tandem Au(I)-catalyzed [3,3]-

rearrangement and 2-aura-Nazarov reaction. Moreover, the presence of the noble

metal drives the position-controlled synthesis of cyclopentenones due to the stabi-

lization of the intermediate allyl cation, thus solving one of the main limitations of

the Nazarov cyclization [114].
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DFT calculations (Scheme 22) confirmed the general mechanism proposed and

helped clarify the intriguing role of water in this process, which has also been

documented in other gold-catalyzed rearrangements [115]. In addition to showing

that the [3,3]-rearrangement can occur stepwise with activation free energies below

10 kcal/mol for each step, the calculations predict an energy of activation for the

water-mediated 2-aura-Nazarov electrocyclic ring-closure reaction of only 3.2 kcal/

mol in CH2Cl2 (5.5 kcal/mol in gas phase). The [1,2]-hydride shift becomes then

the rate-limiting step, with a computed activation free energy of 20.2 kcal/mol in

anhydrous CH2Cl2, 16.4 kcal/mol when water is present and 13.0 kcal/mol with a

three-water cluster as the catalyst. Water was proposed to mediate an enzyme-like

proton shuttle occurring in a two-step deprotonation/protonation process (via 22.5

and 22.6), with the acetoxy group in the substrate acting as either a proton acceptor

when one water molecule is involved or a proton relay stabilizer with a water

cluster [116].

The aura-Nazarov cyclization has been proposed as key step in the rearrange-

ment with ring expansion promoted by gold(I)/silver(I) catalysts of aryl ynylidene-

cyclopropanes 23.1 [117]. In this occasion, the 6-exo-dig cyclization of the

activated alkyne by addition of the alkylidenecyclopropane affords the cyclopro-

pylcarbinyl cation 23.3, possibly stabilized through back-bonding from gold. The

ring expansion generates the bridgehead carbocation 23.4, which exhibits the

electronic features of a substrate for the gold version of the Nazarov reaction

(Scheme 23). Tetracycles 23.2 are obtained in good to excellent yields as single

diastereomers, and enantioenriched when a chiral nonracemic gold catalyst (R)-
xylSDP(AuCl)2/AgSbF6 23.7 is used.

In certain substrates, the noblemetal variants of the 4p-e� electrocyclic reactions can

enter into competition. Sanz et al. found that upon treatment with the bis(trifluorome-

thanesulfonyl)imidate triphenylphosphine gold complex [AuNTf2(Ph3P)], a propargylic
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indole group could undergo a [1,2]-migration reaction similar to that of propargylic

carboxylates or propargylic sulfides. Depending upon the presence of an aryl or an

alkyl group at the propargylic position, 3-(1H-inden-2-yl)-1H-indole 24.4 or

3-(inden-2-yl)indole 24.2 were selectively obtained (Scheme 24) [35].

Our computational studies with model systems confirmed the proposed overall

mechanistic picture, summarized in Scheme 25. It comprises three major steps: (1)

X

X

35-91%

P(xyl)2AuCl
P(xyl)2AuCl

[Au]

CO2Et

CO2Et

X = H

H
[Au][Au]

EtO2C

EtO2C
EtO2C

EtO2C
EtO2C

EtO2C

EtO2C
EtO2C

EtO2C

EtO2C

X = H, Me, Hal

[Au]

+

+

+
+

23.1

23.2

23.3 23.4 23.5 23.6

23.7

X = o -I, 82 % ee
with ligand 23.7

CH2Cl2, 23 °C, 1-14 h

[AuCl(PPh3)] (5 mol %)
AgSbF6 (5 mol %)

Scheme 23 Involvement of alkylidenecyclopropanes in the capture of gold-activated alkynes and

aura-Nazarov cyclization [117]

N
R1

R4

R3

N
R1

R4
R3 Ph

R2

R2

[AuNTf2(Ph3P)] (5 mol%)

CH2Cl2, reflux, 55-87%

N
R1

R4

N
R1

R4
R5

R2

R2

[AuNTf2(Ph3P)] (5 mol%)

CH2Cl2, 23 °C, 50-79% R5

R3

R6

R6

R3

24.1

24.2

24.3
24.4

Scheme 24 Gold-induced migration of indole rings in propargylic systems [35]

110 O.N. Faza and A.R. de Lera



the electrophilic addition of the gold-activated alkyne to the indole ring with

formation of an alkylidenecyclopropane intermediate, (2) its further evolution

by torquoselective ring opening to a gold carbocation/carbenoid, and (3) the

4pe�-electrocyclic ring closure of the gold-stabilized carbocation species following
alternatively the gold variants of the Nazarov or iso-Nazarov reactions [118].

Starting from 25.1 and 25.2, the cascade process starts with capture at C20 of the
gold-activated alkyne by nucleophilic attack of the indole C3 position, resulting in

the formation of a new C�C bond through an early transition state of low-energy

(4.26 kcal/mol for ts25.1 and 6.15 kcal/mol for ts25.2). The alkylidenecyclopro-

pane intermediate 25.4 (featuring an elongated C3–C10 bond length of 1.62 Å),

which could be characterized for the model system with alkyl substituents, rapidly

undergoes C3–C10 scission. Intermediate 25.4 is then connected to the aura-“car-

benoid” 25.5 through ts25.4 in the rate-limiting step of the tandem rearrangement.

In this transition state the alkylidene group on the cyclopropane ring smoothly

rotates to avoid the steric interaction between the phenyl and the indole rings in

25.5. This rotation of the C10–C20–C30–Ph dihedral is coupled with the ring opening
in 25.4 and this rearrangement determines both the helicity (P from the arbitrary

configuration of 25.2) and the Z geometry of the olefin in the gold-containing

pentadienyl cation. The aura-Nazarov process from 25.5 to 25.6 benefits from the

proximity of the C10–C20 olefin and the terminal phenyl group in the conformation

adopted by 25.5 after the indole migration is complete and occurs with a 10.88 kcal/

mol reaction barrier.

The evolution of 25.8 takes place by aura-iso-Nazarov cyclization, the alternative

electrocyclic ring closure involving the phenyl ring cis to the gold-containing carbon
atom within the gold-stabilized a,b-unsaturated pentadienyl cation. This intermedi-

ate features a Z double bond and an s-cis conformation of the adjacent bond due

to the torquoselective outwards rotation of the bulky phenyl group on C10 in the

4-electron ring opening of 25.4. This rotation of the bulky phenyl group away from

the indole, after the initial anti-p gold alkyne coordination, can easily be ascribed to
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steric effects. The computed energy values for these transition states confirm that the

aura-iso-Nazarov is favored over the alternative aura-Nazarov reaction channel

available from the twisted s-cis conformation of 25.8. The energy barrier for the

favored cyclization of 25.8, 9.42 kcal/mol, is 2.29 kcal/mol lower than the alterna-

tive ring closure that would involve the external Ph group (11.71 kcal/mol). More-

over, it is 3.67 kcal/mol more favorable than yet another aura-iso-Nazarov reaction

available from the initial syn coordination of gold to the alkyne.

In order to expand the range of applications of the Rautenstrauch reaction and

obtain five-, six-, and also seven-membered-ring vinyl acetates, the homologous

Au-catalyzed rearrangement of 1-cyclopropyl tertiary propargylic esters was stud-

ied by Nevado et al. [119, 120]. At the outset the presence of a cyclopropyl ring

could stabilize nonclassical carbonium ions as intermediates (see resonance struc-

tures 26.3 and 26.8) and therefore provide ring systems from 5 to 8 atoms

(Scheme 26). However, the process is selective and provides cyclohexadienyl

acetates 26.2 from terminal propargylic acetates 26.1 and acetoxy-alkylidene

cyclopentenes 26.6 from the internal counterparts 26.5 [119, 120].
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Moreover, optically active substrates 27.1 and 27.3 (99% ee) underwent cycloi-
somerization using AuCl3 or [Au(PPh3)]SbF6, respectively, as the catalyst to

provide after methanolysis (R)-27.2 (87% ee) and acetylcyclopentenone (R)-27.4
(89% ee) with good chirality transfer. The authors disfavor mechanisms of chirality

transfer under the control of the stereogenic propargyl ester unit as reported for the

systems above [18], since other stereocenters present in the substrates might impact

on the stereochemical outcome. Alternatively, the participation of species (carbene,

nonclassical carbonium ion complex or vinyl/gold unit species as the intermediate)

that display a certain configurational stability and store the stereochemical infor-

mation throughout the reaction before transfer to the product upon cyclization, was

proposed (Scheme 27).

Based on these precedents, the gold-induced rearrangement of the related

3-cyclopropyl propargylic carboxylates 28.1 (Scheme 28) provided 5-(E)-alkyli-
dene cyclopentenyl acetates in a highly stereocontrolled manner [120]. The selec-

tion of substituents at the cyclopropyl ring provided the handle to favor the

cyclopentannulation over the formation of a-ylidene-b-diketones following acetate
fission, first reported by Zhang et al. [121]. DFT calculations support the interme-

diacy of gold-stabilized “nonclassical carbocationic” (carbonium ion) species and

revealed the intrinsic stereospecific nature of these processes (Scheme 28). Accord-

ing to the calculations presented in Scheme 28, the formation of an “allene”

structure with gold coordinated to the more external double bond and the four

allenyl substituents disposed perpendicularly, and its isomerization to the inter-

nally-activated position with gold coordinated to the central carbon atom of the

allene are easily affordable for secondary propargylic acetates 28.1. The cyclization

to the alkylidene cyclopentenyl acetate from 28.5 involves two adjacent transition
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99 % de; 60:40 dr
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Scheme 27 Enantioselective and divergent homo-Rautenstrauch reactions [119]
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states without any discrete intermediate in the reaction profile. The first transition

state, which is higher in energy (19.9 kcal/mol) leads to species 28.7 that can be

described as a gold-stabilized nonclassical carbocation. Furthermore, the geometry

of the alkylidene olefin is under kinetic control. Computations on the alternative

diastereomeric transition states confirmed this outcome, although the E product

(28.8) is also thermodynamically more stable.

For the tertiary acetate 29.1 the steric hindrance caused by the presence of two

methyl groups at the propargylic position makes competitive the mechanisms along

the 1,3- and 1,2-migration paths (Scheme 29).

In principle the reaction should be stereospecific since the ring opening of the

cyclopropyl ring via gold-stabilized carbocations takes place with retention of

configuration. However, in contrast with the results of the 1-cyclopropyl propargyl

acetates positional isomers (Scheme 27), the cycloisomerization of enantioenriched

secondary and tertiary substrates 30.1 and 30.3 (d.r. 1:1, 99% de) with a variety of

gold complexes afforded, after methanolysis, alkylidenecyclopentanones 30.2 and

30.4, respectively, in 61% ee in the best case (Scheme 30). The failure to achieve

complete chirality transfer starting from enantiopure substrates was ascribed to a

competing gold-triggered cyclopropyl ring opening/ring closure prior to the cycli-

zation event. Mauleón et al. also showed that scrambling in the cis-1-cyclopropyl
propargyl acetates (but not in the trans isomers) at both propargyl and cyclopropyl

positions takes place before the cyclization is complete [122].

A computational study shed some light onto the configurational instability of the

intermediates. Cyclopropyl ring opening provides the high-energy intermediate

31.2, which, upon C–C rotation, generates the cis isomer with activation barriers

comparable to those of the cyclopentannulation process (Scheme 31). Therefore,
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although the cycloisomerization is an intrinsically stereospecific process, a com-

petitive epimerization at the cyclopropyl moiety via species such as 31.2 can erode

the chirality transfer of these transformations.

Toste et al. described an intramolecular carboalkoxylation of alkynyl ethers (32.1)

by trapping with a benzyl alcohol the activated alkyne to afford a vinylgold interme-

diate and providing an entry into functionalized indenyl ethers from benzylic ethers,

thus avoiding other less-productive pathways such as protonation (Scheme 32).

Interestingly, enantioenriched indenyl ethers were obtained by memory of chirality

of the stereogenic benzyl center. The cyclization of a helical gold allyl benzyl cation

32.7 was proposed to explain the stereoselective rearrangement [123].

Our computational analysis of the reaction mechanism revealed unexpected

avenues (Scheme 33) [124]. The Z cationic gold-alkylideneisobenzofuran interme-

diate 33.3 is formed first by addition of the alkoxy oxygen in 33.2 to the syn-
coordinated gold-activated alkyne. This intermediate advances in the cycle through

the b branch in Scheme 33, since the combined barriers for the interconversion of

the two conformers (ts33.3a–33.3b) and for the C3–O bond cleavage on 33.3b

(ts33.3b–33.4b) are 4.12 kcal/mol lower than the barrier for the corresponding

bond cleavage in 3a (ts33.3–33.4a). Thus pentadienyl cation 33.4b with the minus
helix and out vinyl group arises by bond rotations upon the opening of intermediate
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33.3b in the rate-limiting step in the mechanism (low barrier of 8.25 kcal/mol). The

preferred clockwise rotation (about 110�) of the C5–C6 bond of 33.4b results in a

formal inversion of the helix (now the methoxy group is replaced by the vinyl gold

as part of the helix, and 33.5b sports a plus helicity) and leaves the in s-gold-
coordinated alkene in the appropriate conformation for subsequent bond formation.

A conrotatory four-electron electrocyclization or the nucleophilic attack of an

electron-rich alkene on an allyl–benzyl cation, both favored by the helical confor-

mation of 33.5b, are feasible mechanisms for an almost barrierless cyclization

(0.53 kcal/mol for ts33.5b–33.6b). Our previous results on the effect of a donor

substituent on C6 (OMe) and an alkene gold on Nazarov-like reactions are consistent

with these findings [110, 111]. Likewise, previous computations on the iso-Nazarov

cyclization in hydroxyheptatrienyl cations justify the torquoselectivity (preference for

ts33.5b–33.6b over ts33.5a–33.6a) as a result of the destabilizing effect of an inwards
vinyl substituent on one terminus of the cyclizing pentadienyl cation [110].

This system of chirality transfer is robust, and relies on the interplay between

both the helicity of the pentadienyl cation intermediate and the s-cis or s-trans
conformation of the allyl substituent. The plus helix in 34.5b, which is a result of

the minus helix in 34.4b, which stems in its turn from the puckering of the

alkylideneisobenzofuran ring in 34.3b, determines the rotation taking place at the

cyclizing termini and the R configuration of C7 in 34.6b as a result (Scheme 34). For

a given rotation (that is, for a given helix), the configuration of C3 will depend on

the conformation of the allyl group, with s-trans and a plus helix leading to R
configuration at C3. The opposite configuration of both elements results in the

same enantiomer after the release of gold. However, the inversion of only one of

the elements, namely a rotation of the C2–C3–C4–C5 dihedral (switch from s-cis to
s-trans) or an inversion of the pentadienyl cation helicity through a planar transition
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state on 34.4 or 34.5, would result in the loss of optical purity of the reactants. The

high activation energies of these two processes ensure the fidelity of the chiral

information flow from 34.1 to 33.7 via 34.6b [124].

8 Complex Reaction Cascades

Malacria et al. developed a new synthesis of polycyclic compounds from propargyl

acetates and vinyl allenes involving up to three Au(I)-catalyzed elemental steps:

[3,3]-rearrangement, 2-aura-Nazarov reaction, and electrophilic cyclopropanation

(Scheme 35). The mechanistic rationale, supported by DFT computations, starts

with the isomerization of propargyl acetates to 3-acetoxy 1,2,4-trienes followed by

coordination of gold to the allene to give the substrate for the 2-aura-Nazarov as a

mixture of diastereomers (35.2 and 35.3), with the alkyl-out isomer more stable by

2.9 kcal/mol than the in counterpart. The acetoxy 2-aura-Nazarov cyclization leads

to a gold-carbenoid 35.4 via a transition state that is located 7.8 kcal/mol above the

starting pentadienyl cation 35.3. The concerted electrophilic cyclopropanation

requires 10.2 kcal/mol and affords stereoselectively compound 35.5. Migration of

gold to the acetoxy group is barrierless, and the sequence is completed by decom-

plexation from 35.6 to recycle the catalyst [125].

The structure of these gold-activated allene complexes has been much debated,

and their consideration as allyl cations (pentadienyl cations for vinylallenes), bent

allenes, or other resonance forms has been proposed [125, 126]. DFT computations
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predict that the 2-aura-Nazarov cyclizations connect the gold carbenoid to a

nonplanar species complexed at C2 [126]. Moreover, the rate of racemization of

the allene through inversion of configuration occurs via planar transition states that

are more difficult to reach when the allenes are more substituted [126]. Allylic

interactions disfavor planar conformations for these species so the chiral informa-

tion should be preserved in the chiral axis of the vinylallene intermediates.

These studies also revealed that only two (out of the four possible) diastereo-

meric bent allene structures with anti orientation of the vinyl group relative to gold

are competent in the 2-aura-Nazarov cyclization and lead to the same enantiomer

via torquoselective ring closure in opposite directions. Therefore, enantioenriched

ene vinylallenes appropriately substituted can afford tetracyclic products with good

transfer of chirality. Likewise, the precursor propargylic substrates also undergo

enantioselective cycloisomerizations (Scheme 36) [126].

Additional computational studies revealed the structural factors affecting the

mechanistic dichotomies in these ene vinylallenes (Scheme 37). The coordination

of gold to vinyl allenes may give rise to two types of reactive complexes, 37.6 and

37.2, which will enter into competition to follow an electrocyclic reaction (and

hence cyclopropanation and b-hydride elimination) or a [4 + 2] cyclization, respec-

tively [127]. Cycloaddition of the tetrasubstituted allenes with monosubstituted

olefins generates bicyclic compounds 37.3 via concerted asynchronous gold-cata-

lyzed processes. For the pentadienyl cations, the formation of a cyclopentenylidene

gold species is followed by diastereoselective intramolecular cyclopropanation

giving 37.9 with a short tether, but may also give rise to compounds of type 37.8

via b-elimination with a longer alkyl chain.

Relative energy values for the unsubstituted model system are shown in

Scheme 37. Computations predict that the 2-aura-Nazarov reaction is rather insen-

sitive to the length of the tether, but it is favored with a substituent at the enyne. The

stability of the gold-activated allene that reacts via [4 + 2]-cycloaddition also

depends upon the substitution pattern and increases for R2 ¼ Me. The transition

states for the 2-aura-Nazarov reaction are much lower in energy than those of the

intramolecular Diels–Alder cycloaddition, which is consistent with the failure to
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obtain the cycloadduct with R1 ¼ H. The difference ranges from values as low as

2.5 kcal/mol (R1 ¼ R3 ¼ Me, R2 ¼ H) up to 18.2 kcal/mol (R1 ¼ R3 ¼ H,

R2 ¼ Me). Upon formation of the gold-stabilized allyl cation, the cyclopropanation

is the preferred pathway, whereas the b-hydride elimination is even slower with

R2 ¼ Me [127].

Within these comprehensive studies on the reactivity of enynes with AuCl(PPh3)

and AgSbF6 the proposal that bicyclic compounds such as 38.2 and 38.5 were

obtained by a [4 + 2]-cycloaddition between the diene moiety and the olefin could

be confirmed thanks to the reluctance of compound 38.4, which displays one more
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carbon in the tether and no gem-dimethyl substitution, to cyclize under the gold-

catalyzed conditions (Scheme 38). Heating the acetoxyvinylallene 38.4 in toluene

to obtain 38.5 provided an indirect evidence of its mediation in the formation of the

bicyclic product [127].

Computations provided quite similar barrier heights of �23 kcal/mol for several

[4 + 2]-cycloaddition processes irrespective of the length of the tether (n ¼ 1 or 2)

or the substitution at the allene (R1) or at the internal carbon of the 1,3-diene (R2) by

methyl groups. The transition states (ts37.6, Scheme 37), where gold is coordinated

at the terminal double bond of the 1,3-diene, revealed an almost concerted asyn-

chronous cyclization with formation of the bond between the external carbons of

the substrate preceding the one at the internal allene carbon.

Other competing reactions were discovered upon activation of ene vinylallenes

with gold catalysts [127]. The ring expansion to 39.5 by carbocation 1,2-rearrange-

ment and the ring fusion to 39.8 are also available to the same cyclopentenylidenes

intermediates 39.3 and their occurrence depends upon the ring size (Scheme 39).

Ring expansion by 1,2-rearrangement of the carbenium ion is favored with small

rings (n ¼ 1 or 2), as also reported by Toste and coworkers [128]. With larger rings

(n ¼ 4 or 5), ring fusion by unusual 1,3-C–H insertion to give 39.8 is observed.

Lastly, with a six-membered ring (n ¼ 3), a proton transfer gives rise to a spiro-

cyclopentadiene 39.7. DFT computations for the ring fusion and ring expansion

agree well with the findings. For model systems using Au(PMe3)
+ as activator the

transition state energy for the ring fusion path increases from 16.4 to 29.6 kcal/mol

whereas those corresponding to ring expansions decrease from 26.0 to 11.9 kcal/

mol as the ring size decreases. For large systems (n ¼ 3), the activation energies are

similarly high (above 22 kcal/mol), thus allowing the alternative protodeauration to

occur [127].

Sarpong et al. developed an efficient synthesis of cyclopentenones 40.2 contain-

ing a tertiary stereocenter from epoxide propargylic esters 40.1 using PtCl2.
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Scheme 38 Selective intramolecular Diels–Alder cycloaddition of tertiary propargylic acetates

and isolation of the ene acetoxy-vinylallenes intermediate [127]
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This unprecedented pentannulation (Scheme 40) was conceived to result from a Pt-

catalyzed 5-exo-dig cyclization to afford zwitterion 40.4 or metallocarbenoid 40.5,

which is then captured by the epoxide affording the strained intermediate 40.6

which rapidly evolves to 2H-pyran 40.7, in equilibrium with the ring-opened

tautomer 40.8 via an oxa-6p electrocyclization [129].

In fact, intermediate 2H-pyran 41.2 was isolated in one case (Scheme 41), thus

lending support to the proposed mechanism up to this point. The subsequent
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cyclization of the acetoxy dienone 40.8 to the pentannulated product 40.2 was consid-

ered as a variant of a stereoselective conrotatory 4pe� electrocyclic ring closure with

concomitant acyl shift via the presumed intermediate 40.9 (Scheme 40) [129].

Our examination of the mechanism of this reaction confirmed the overall picture

proposed by Sarpong, and moreover revealed other subtle factors that impinge on

the stereoselectivity of the transformation and the potential transfer of chirality

(Scheme 42). The cascade reaction starts with the formation of a p complex

between PtCl2 and 42.1, a species 42.2 with the metal coordinated simultaneously

to the alkyne and to the oxirane oxygen. Acyloxy 1,2-migration provides platinum

carbenoid species 42.4. The intramolecular nucleophilic attack of the oxirane leads

to the bicyclic oxonium ion 42.5 that undergoes a facile ring expansion to 2H-pyran
42.6 [130].

Of particular interest in our proposal is the occurrence of a series of conforma-

tional changes and metal migrations with non-negligible barriers, which are critical

for the stereochemical analysis. The chiral information in the two stereogenic

carbons of the oxirane in 42.1 determines both the configuration of the stereocenter

in 42.6 and the coordination of platinum on the b side of the flat dihydropyran ring.

A direct retro-electrocyclization reaction on 42.6, that could be followed by a

Nazarov-like ring-closing of the resultant pentadienone, would involve a reaction

barrier of 19.56 kcal/mol (or 19.71 kcal/mol if there is no coordination to plati-

num) and afford a diastereomer of the reaction product (path shown in light gray in

Scheme 42). At this point of the mechanism, two factors arise that suggest an

alternative pathway: the most stable conformation for the 2H-pyran ring is 42.8,

with PtCl2 coordinated to the 2H-pyran and carboxyl oxygens (instead of one of

the unsaturations), and this coordination also leads to the lowest barrier for the

retroelectrocyclization. This coordination of the metal makes 42.8 deviate from

planarity with a 2H-pyran oxygen with larger sp3 character that induces a ring

puckering that places the methyl substituent on the stereogenic center in a pseu-

doaxial conformation. This axial conformation of the methyl group minimizes the
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Scheme 41 Involvement of 2H-pyran intermediates in the platinum(II)-catalyzed rearrangement

of epoxide propargyl acetates to cyclopentenones [129]
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1,2-allylic strain found in planar 42.6 and is the key element in the memory of

chirality in the overall transformation. Thus, the configuration of this stereogenic

center, together with the associated “downwards” ring-puckering, result in the

inwards rotation of the methyl group upon ring-opening and a plus helix in the

dienone 42.9. This helicity of a formally planar intermediate is then preserved in a

series of metal migrations on the dienone scaffold from 42.9 up to 42.11 (since the

steric strain of the corresponding planar transition structures precludes its inver-

sion) and determines the preferred platinum-assisted iso-Nazarov conrotation of

42.11 to afford the heavily substituted cyclopentenyl cation 42.12 with a deter-

mined relative configuration of its two stereocenters.

Product 42.14 is then obtained after acetyl migration and demetalation on 42.12.

Besides the generation of a key C–C bond, the iso-Nazarov reaction determines the

configuration of the stereogenic centers in the product. A single diastereomer of

Scheme 42 Complexity in number of steps and noble metal multiple roles in the platinum(II)-

catalyzed rearrangement of epoxide propargyl acetates to cyclopentenones [130]
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42.12 is formed from the helicity of 42.11 and the adherence to the conrotatory

paths for a four-electron process predicted by the Woodward–Hoffmann rules.

Of special relevance is the persistence of this helical conformation through all

the changes between 42.9 and 42.11, which can be traced back to the configuration

of the starting oxirane 42.1. Thus, the chiral information in 42.1, apparently lost

upon the nucleophilic attack in ts42.5–42.6, is preserved in the preferred confor-

mation of 42.8, which, in its turn, results in torquoselectivity on the retroelectro-

cyclization in ts42.8–42.9, with the preferred disrotation leading to both the Z
alkene and a P configuration of the resultant helical pentadienyl frame and thence

to the configuration of the cyclopentenone product of a metal-assisted iso-Nazarov

process [130].

9 Conclusions

When working with enyne or propargylic acyl derivatives as precursors in gold and

platinum-catalyzed transformations, the diversity and complexity of the reorgani-

zations and further reactions that can take place can be at the same time extremely

interesting and overwhelming.

The first, in terms of the sheer diversity of accessible structural motifs and rich

functionalization that can be achieved under mild reaction conditions, the second in

terms of the heavy dependence of the final outcome on the structure of the substrate

which, in some cases, can render predictions very difficult. That is why mechanistic

insights into the reaction paths followed during these transformations are essential

for the systematization, and predictability needed for the optimization of these

reactions and their inclusion in the common set of synthetic methods for organic

synthesis. The transient nature of many of the intermediates makes their characteri-

zation difficult, and the many bifurcations of some complex reaction paths make

problematic the accurate analysis of the experimental data that can be collected.

DFT calculations or other molecular modeling techniques are extremely useful in

discerning between competing mechanisms, describing intermediates or, in general,

simply providing a step-by-step account of the structural and energetic changes

along the reaction coordinate. The synergy between theory and experiment in this

kind of reaction has already fostered large leaps in understanding and is expected to

continue to do so, as the models, algorithms, and available computing power evolve.

From the research presented in this review, we can extract some general con-

clusions that seem to pervade all the mechanistic discussions considered thus far.

The first is the key importance of charge in synthetic design. This is not a new

concept, already elaborated by Overman in 1992 [112]; introduction of a charged

atom into a molecular skeleton undergoing bond reorganization usually lowers the

activation energy of the process, which leads to milder reaction conditions and

greater selectivities. Even if the controversy between carbene and carbocationic

structures is not settled (with evidence regularly coming out favoring one or the

other extreme of the continuum), the p-acid activation of the alkyne as a starting
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point for the catalytic cycles and the positive charge on the reorganizing chain at

least in some of the limit forms corresponding to a Lewis description of the inter-

mediates make it not too risky to affirm that charge is an important driving force

behind these transformations. The fact that gold sometimes shows higher reactivity

than platinum in analogous transformations could also be attributed to the displace-

ment towards the carbene end of the scale of the platinum-stabilized intermediates,

reinforcing the cationic character of much of the reactivity reported here.

A second important point is the effect of the noble metals on the transition state

energies. It is generally accepted that platinum and gold act as soft carbophilic Lewis

acids and, as such, activate alkynes to all sorts of nucleophilic attacks. However, from

the reactions reviewed, it is made clear that their function in some systems goes well

beyond that of a generic Lewis acid (in others actually it does not, and some of them

can also proceed through general acid catalysis or with other transition metals, such

as copper). In some of the cascade reactions we have studied, the metal is needed at

various points of the reaction, either sequentially activating different functional

groups [42] or providing through coordination the structural framework [130] needed

to hold in place and direct towards reaction the desired functional groups. In this last

case, the metal could even increase some of the reaction barriers along the path with

respect to the noncatalyzed version [130], balancing this with the inherently catalyzed

nature of the process and the lowering of other barriers further along the reaction

path, where this transition state organization is key.

In pericyclic reactions, transition metals can affect the barriers in the same way as

other substituents with similar electronic demands. In electrocyclizations the metal,

besides being key to the generation of conjugation and charge, is going to determine

where this charge is located on the chain and lower the barriers to cyclization

accordingly, in the same way as an oxygen atom would do in a Nazarov reaction.

We would like to include a cautionary note regarding the interpretation of

reactivity patterns inferred from the results of DFT calculations. In most cases,

just to calculate the stationary points along a determined reaction path is not overly

challenging, but there are several pitfalls along the way. The first, as stated at the

beginning of this chapter, is using a model that is not appropriate for the description

of the phenomena under study. Another problem is taking into account all poten-

tially competitive paths, something that requires at the same time some experience

with the usual complex manifolds for these systems and also the ability to go

beyond them. In some occasions, just the neglect of a conformational change or

an equivalent assumption about a process with a low-energy barrier that would be

completely safe in more conventional systems, can here dramatically alter the

conclusions of a study. And then there is the difficulty inherent in the accurate

description of the elementary reactions involved in a mechanism, for which some

advanced techniques are usually needed. One example of such a problem would be

the characterization of the key cyclization steps in some gold-catalyzed reactions

[18, 118, 124] as ionic or pericyclic processes.

In the Rautenstrauch reaction (Scheme 20) [18], examination of electronic and

aromaticity properties of the cyclizing systems indicate that this reaction would be

best classified as the intramolecular attack of a nucleophile (an enol acetate with some
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additional charge donation from the gold complex) to an allyl cation, although it

keeps some features of purely pericyclic reactions, such as a NICS [131] of �8 ppm

[18]. In the carboalkoxylation of alkynyl ethers (Scheme 33) [124], however, the

maximum NICS value of ts33.5b–33.6b is considerably lower (�6 ppm compared

to �8 ppm), and much lower than the NICS values found for purely pericyclic

processes (�11 ppm) [131]. This can be explained through both the polarization

induced by the methoxy group and by the Au–C bond and through the reluctance of

the benzene ring to compromise its aromaticity if too involved in the charge

delocalization over the pentadienyl system. Analysis of the anisotropy of the

induced charge density (ACID) also points towards a borderline mechanism, with

the presence of a small ring current (with a low critical isosurface value of 0.030). The

analysis of the aromaticity of the transition structures for the cyclizations in the aura-

Nazarov and iso-aura-Nazarov reactions reported by Sanz et al. [35] after the indole

migration is consistent with the consideration of the processes as pericyclic reactions.

The NICS at the ring center of ts25.5–25.6 (�10.4 ppm) and at the ring center of

ts25.8–25.9 (�9.2 ppm) indicates their aromatic character and therefore the rearran-

gements can be considered as 4pe�-electrocyclic processes (Scheme 25) [118].

Already mentioned is also the unprecedented importance of the barriers

corresponding to conformational changes (single bond rotations, helix inversions...)

on the intermediates for transfer of stereochemical information/memory of chiral-

ity. Since these reactions are characterized by having very low barriers for the

chemical (bond-forming/bond-breaking) steps in the mechanism, occasionally chi-

ral information is preserved in a formally planar intermediate that is not long-lived

enough to undergo conformational scrambling. This results in stepwise reactions

sometimes confused with concerted processes, and wrong assumptions being made

about the reaction mechanism if only information from the products is obtained.

As reports of unprecedented gold- and platinum-catalyzed transformations and

also of traditional reactions that are made more efficient, more versatile, and more

selective by the use of these metals are being constantly received, there are three

ideas that can summarize the messages of this review chapter: p-acid catalysis leads
to diversity in atom-economic reactions under mild reaction conditions; stereose-

lectivity is desired and when carefully sought using catalyst or reactant engineering

is often achieved; these advances are not made by chance, and the designing of new,

more efficient processes is rooted in a deep knowledge of mechanism, for which the

information provided by calculations is invaluable.
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N-Heterocyclic Carbene Complexes of Au, Pd,

and Pt as Effective Catalysts in Organic

Synthesis
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Abstract N-Heterocyclic carbenes (NHC) have been developed in the last 20 years as
effective alternatives to classical tertiary phosphines in transition metal-catalyzed

transformations. The rapid development of this area is a result of synergistic interac-

tions between experimental and computational chemists. Indeed, computer modeling

has proven extremely useful in rationalizing large amount of experimental data, and

thus has permitted to accelerate the pace at which this chemistry has been developed.

In this review, we will discuss catalytic transformations involving NHC-containing

gold, platinum, and palladium complexes. Particular attention is drawn to the funda-

mental insights that computational chemistry provided to rationalize mechanistic

aspects of these processes.

Keywords Computational chemistry � Homogeneous catalysis � N-Heterocyclic
carbenes � Reaction pathways � Transition metal catalysis
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1 Introduction

It is difficult not to overemphasize the impact that N-heterocyclic carbene ligands
(NHC) have had in organic and organometallic chemistry. Less than 20 years

have passed since the seminal report of Arduengo and co-workers of a stable

crystalline carbene in 1991 [1], and already catalysts containing them can be

purchased on an industrial scale for a number of rather different chemical

transformations.

The discovery of stable NHCs, of course, opened the route to an explosion of

studies devoted to the synthesis of new NHCs, to their characterization, and to their

use as ligands in transition metal complexes [2–10]. The unexpected surprise was

that NHCs ligands could easily replace tertiary phosphines, and that NHC-based

catalysts were very stable under many catalytic conditions, although they present

a carbene functionality. This ability initiated impressive academic and industrial

efforts, and as a result a great number of effective NHC-bearing catalysts, with very

different structures, have been designed. In many cases these catalysts exhibited

better activity than the corresponding phosphine-based catalysts, the most notable

examples being in the field of Ru-catalyzed olefins metathesis [11–17], Ir-catalyzed

hydrogenation [18, 19], Pd-catalyzed cross-coupling reactions [20–22], and Au-

catalyzed reactions [23–25]. Furthermore, the existence of H atoms in the 4 and

5 positions of the saturated imidazolin-2-ylidene ring is a key structural feature for

the introduction of asymmetry in the NHC ring, which opens the possibility of chiral

NHCs in asymmetric synthesis [14, 26–29].

The success encountered by NHCs is often attributed to their strong s-donating
ability that allows formation of very strong NHC-metal bonds and prevents catalyst

decomposition [9, 30, 31]. Moreover, the impressive number of applications is

possible because NHC ligands have rather flexible architectures whose stereoelec-

tronics can be modified to a large extent, thus giving the possibility of an accurate

tuning of the catalytic activity. In this review, which is not exhaustive, we will

report on the fundamental insights that the theoretical community (often supported

by experimental groups) has contributed to improve our understanding of NHCs in

late transition metal catalysis [10]. Specifically, we describe here some applications

of NHCs in gold, palladium and platinum catalysis.

2 Gold

Gold catalysis has emerged in the last few years as the most intriguing source of

novel catalytic transformations of interest to the organic community [32, 33]. The

first NHC–Au complex was isolated in 1973 [34], but it is only recently that these

compounds, mainly as gold(I) species of formula [(NHC)AuCl], have gained in

popularity, taking advantage of straightforward synthetic routed developed recently

[35]. The importance acquired by NHC–Au catalysis has been reviewed recently by
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Nolan and co-workers, who published a comprehensive review on the topic that

included reference up to early 2008 [36]. The rapid advance in Au-assisted catalysis

has certainly benefited from mechanistic insights provided by the theoretical

community, and in this review we will describe some exemplary cases where

computational chemistry unraveled unexpected reaction pathways or provided

support to the mechanistic hypothesis originating from the analysis of the catalytic

and synthetic experiments. In particular, we will focus on Au-promoted enyne

cycloisomerizations, and alkene and propargylic ester activation.

2.1 Reactivity of Propargylic Esters and Related
Reactions: The “Golden Carousel”

Propargylic esters, where the ester moiety usually performs a 1,2- or 1,3-shift upon

electrophilic activation of the alkyne (see Fig. 1), have recently emerged as a

special class of substrates [37, 38]. In fact, the intramolecular attack of the ester

function, far from inhibiting their reactivity, triggers further carbene- and allene-

based transformations.

Recently Correa et al. reported a DFT study on the activation of propargylic

acetate by a gold(I) catalyst containing the IMe NHC ligand (IMe ¼ 2,3-dimethy-

limidazol-2-ylidene), proposing that the three species can interconvert easily to

form a “golden carousel”; see Fig. 2 [24]. Starting from 1, the carboxylic O atom

can promote the 5-exo-dig attack of to the C2 atom of the alkynyl group leading to

the five-membered cyclic intermediate 1–2, which presents a single Au–C s-bond.
Intermediate 1–2 can further evolve, via a ring-opening reaction, into the Au–vinyl

carbenoid intermediate 2 which is only 0.4 kcal/mol less stable than the starting

Au-coordinated ester 1. The overall 1 ! 2 skeletal rearrangement corresponds to

the 1,2-shift of the carboxylic group from the propargylic position to the internal C2
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Fig. 1 Schematic representation of the basic skeleton conversions of propargylic esters
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atom of the alkynyl group. Intermediate 2 is the gate to the carbene type reactivity

of the starting propargylic ester structure.

The second 1,2-shift starts with the 5-exo-trig attack of the carboxylic O atom of

2 at the C1 atom of the alkynyl group, leading to the five-membered cyclic

intermediate 2–3. Then, the Au shift towards the nearby C2 sp2 atom causes the

ring opening of 2–3, leading to the Au-allene species 3. In this species, which is

roughly 8 kcal/mol more stable than intermediate 1, the Au center can coordinate

equally well to both the C¼C moieties of the allene functionality. Intermediate 3 is

the gate to the allene type reactivity of the starting propargylic ester structure.

However, the DFT calculations also indicated that the Au-coordinated pro-

pargylic ester 1 can be transformed into the most stable Au-allene species 3 through

a shorter reaction pathway corresponding to a direct 1,3-shift. In fact, the 6-endo-
dig attack of the carboxylic O atom of 1 to the C1 atom of the alkynyl group leads to

the six-membered cyclic intermediate 1–3, which can further evolve, via a ring

opening step, into the Au-allene species 3.

Comparison between the reaction pathways corresponding to a double 1,2-shift

and to the direct 1,3-shift suggested that the double 1,2-shift 1 ! 2 ! 3 route is

somewhat preferred since the highest transition state along this pathway (transition

state 2–3 ! 3) is lower in energy than the highest transition state along the direct

1,3-shift pathway (transition state 1 ! 1–3). Nevertheless, the small preference for

Fig. 2 Schematic representation of the energetics associated with the 1 ↔ 2 ↔ 3 ↔ 1 equilib-

rium. Energies, in parenthesis and in kcal/mol, are calculated relative to 1. Numbers close to the
arrows represent the energy of the transition state connected with that reaction step
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the double 1,2-shift route, roughly 2–3 kcal/mol, indicates that different Au ligands

and/or substrates could modify this conclusion.

Overall, the DFT calculations were fundamental in illuminating that all reaction

steps around the golden carousel of Fig. 2 present rather accessible energy barriers

both in the forward and in the backward direction, and that there is not a remarkably

more stable structure where the system collapses, and that would determine the

overall reactivity. Indeed, the chemical picture that emerged from the calculations

is that of a rapid equilibrium between all key intermediates. Of course, this picture

is valid for the simple propargylic ester skeleton 1, and it is clear that different Au

ligands and/or substrates could modify this preference for the double 1,2-shift. This

could explain the experimentally observed preference for 1,2- or 1,3-shift as a

function of the substrate structure [39–43]. The exact way off the golden carousel

depends on the energy barriers associated with reactions involving intermediates 1,

2, and 3 and leading to products irreversibly.

The catalytic cycle of Fig. 2 was also investigated by replacing the NHC ligand

by a phosphine, namely PMe3. This indicated that potentially relevant differences

induced by NHC and PR3 are connected to the most stable intermediate around the

cycle. In the presence of the IMe ligand the most stable intermediate along the cycle

is 3, while in the presence of PMe3 intermediate 1–2, the energetic antipodes of 3, is

comparable in energy. This suggests that in the case of NHC ligands, intermediate 3

could be the preferential way off the cycle, with an allene-based reactivity. Differ-

ently, in the case of phosphines, the almost isoenergetic intermediates 1 and 2,

which are easily accessible from the relatively stable 1–2 intermediate, could

represent the preferential ways off the cycle.

The golden carousel of Fig. 2 constitutes the first step towards the construction of

more complex structures. This is well exemplified in the cyclization of the dyenine

4 into the mixture of products 5, 6, and 7 of Fig. 3.

Experimental results indicated that NHCs proved more selective than phos-

phines for the synthesis of the unexpected product 7 [23, 44], the formation of

which was not easy to rationalize with the accepted mechanistic pathways.

A combined experimental/mechanistic study by Nolan and Cavallo showed that 5

and 6 were likely formed via 1,2-migration of the acetate group of 4, while 7 would

be produced via an unprecedented 1,3-OAc shift to form the allene-ene intermedi-

ate 8 first, as suggested by the golden carousel, followed by a cyclization and 1,2-

OAc shift of 8 leading to 7. This hypothesis, which translates the apparent 1,2-OAc

shift from 4 to 7 into a 1,3-OAc migration followed by a 1,2-OAc “retromigration”,

O O

•
O

O

[Au]

64 5

O

O

O

O

O

O+ + [Au]

7 8

Fig. 3 Schematic representation of the two possible routes to the cyclized product 5, 6, and 7
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is supported by the experimental evidence that cyclization of the allenenyl acetate

8 afforded with a greater proportion 7 over 5 and 6 [25].

Still on the reactivity of propargylic esters, Maseras and Nolan reported an

experimental and computational study on the formation of a,b-unsaturated ketones

and aldehydes from propargylic acetates in the presence of water, which was found

to be crucial to achieve this transformation [45]. DFT calculations were fundamen-

tal to screen among a number of possible reaction mechanism, and to converge

to that shown in Fig. 4. The first step of the mechanism supported by the DFT

calculations corresponds to the unprecedented transfer of the OH fragment bound to

gold center in 10 to the alkynyl functionality of 9 with formation of the Au-

allenolate 12 and release of a HCOOH molecule. The second and final step of the

catalytic cycle was found to be the attack of a water molecule to 12 with release of

the a,b-unsaturated ketone 13. The rate limiting step of the catalytic cycle was

found to be formation of the Au-allenolate 12 via transition state 11–12 and the

relatively low barrier of 20.6 kcal/mol, while attack of a water molecule to 12

occurs with the negligible barrier of 1.4 kcal/mol only [45].

2.2 Alkenes and Allenes Reactivity

The first report involving NHC–Au complexes in alkene activation appeared in

2006 by Peris, Fernandez, and co-workers [46]. Immediately after, allylic esters

also appeared as an interesting class of compounds in the context of gold catalysis

[47, 48]. In fact, allylic rearrangement provides an efficient and atom-economical

access to primary oxo derivatives.

Nolan and co-workers proposed that the rearrangement of allylic acetates

involves a p-activation/oxo cyclization sequence [49]; see Fig. 5. From the com-

parison of the experimental results achieved with different NHC ligands they

concluded that the key parameter to rationalize these transformations was the steric

hindrance of the ligand, rather than its electronic properties. In particular, they

proposed that a bulky ligand would shield the cationic gold center more efficiently

than a smaller ligand, thus preventing catalyst decomposition.

Since other hypotheses could be envisaged for the mechanism of allylic esters

isomerization [48], this transformation was recently the subject of a detailed DFT
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H
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Fig. 4 Schematic representation of the energetics associated with the 9–13 transformation.

Energies, in parenthesis and in kcal/mol, are calculated relative to separated 9 + 10
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study by Maseras and co-workers [50]. They first investigated the uncatalyzed

14–15 reaction and calculated that, in this case, the transformation occurs in one

step via a six-membered transition state and with the relatively high barrier of

31.7 kcal/mol; see Fig. 5. Analysis of the atomic charges, and of the length of the

breaking and forming bonds at the transition state, suggested that the transition state

can be viewed as an anionic acetate fragment interacting with a positive carboca-

tion. Then they analyzed the reaction with the simple (NHC)–Au+ catalyst, and they

compared a system with the relatively unhindered IMe NHC ligand, with a system

presenting the bulky ItBu NHC ligand; again see Fig. 5. After alkene coordination

to the gold catalyst, 16 in Fig. 5, the reaction proceeds through an intramolecular

nucleophilic attack of the carbonyl O atom on the C–C double bond that, through

transition state 16–17 roughly 14–15 kcal/mol above 16, leads to the six-membered

1,3-acetoxonium intermediate 17, roughly 10 kcal/mol above 16. This intermediate

evolves, through transition state 17–18, roughly 10–11 kcal/mol above 16, into

intermediate 18 that corresponds to the rearranged product coordinated to the gold

catalyst. Comparison of the results obtained with the two NHC ligands indicated

that the bulkiness of the NHC ligands has a negligible influence on the energetics of

this transformation, further supporting the hypothesis that the lower experimental

performances of systems presenting an unhindered NHC ligands could be due to the

lower stability with respect to decomposition of the corresponding catalytically

active [(NHC)Au+][BF4
�] cationic adduct [51].

In the same paper they also considered the effect of the BF4
� counterion

showing that the anion interacts with the cationic systems by making hydrogen

bonds with the organic substrate, but the effect on the energy profile was found to be

negligible. The authors concluded that the anion is always able to find an appropri-

ate position in the environment of the cationic system, resulting in similar electro-

static interactions along the whole reaction pathway.

The same group investigated the intermolecular hydroalkoxylation of allenes by

methanol [52], see Fig. 6, reporting on the mechanistic aspects of this reaction, with

a particular focus on regioselectivity. They showed that the most favored reaction

pathway corresponds to a nucleophilic attack of MeOH to a gold(I)-coordinated

allene, which occurs irreversibly [53]. The rate-limiting step was found to corre-

spond to the initial attack of the alcohol on the allene, through transition states

22–23 and 25–26; see Fig. 6. This initial step leads to the formation of the Au-s-
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Fig. 5 Schematic representation of the energetics associated with the 14–15 transformation.
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alkenyl intermediates 23 and 26, both of them more stable than the starting

complex. Proton transfer assisted by an additional MeOH molecule, through transi-

tion states 23–24 and 26–27, leads to the coordinated products 24 and 27, followed

by Au dissociation that leads to the observed products. The overall process is

calculated to occur with retention of the alkene geometry.

Interestingly, calculations predicted that the rate-limiting initial attack of MeOH

to the coordinated allene occurs preferentially at the methylated end of the allene,

which is in contrast with the experimental data that resulted in the preferential

formation of the allylic ether 21 rather than 20. Since allene hydroalkoxylation was

calculated to be irreversible (both 20 and 21 are roughly 25 kcal/mol more stable

than the initial allene 19), a viable explanation considered product isomerization;

see Fig. 7. The proposed pathway for the NHC–Au catalyzed allylic ether isomeri-

zation was calculated to start with coordination of the C¼C double bond to gold,

structures 24 and 27 in Fig. 7, which activates the alkene to nucleophilic attack from

MeOH. This step is aided by hydrogen bonding to the allylic oxygen, and occurs

through rather low energy cyclic transition states; see structures 27–28 and 28–24 in

Fig. 7. Attack of either regioisomeric allylic ethers forms a central chair-shaped

cyclic intermediate 28, which allows the interconversion of the products, finally

yielding the more stable regioisomer. In conclusion, based on DFT calculations the

authors were able to demonstrate that the two regioisomeric products are in

equilibrium, and as a result only the most stable one, corresponding to alkoxylation

in the terminal position, is observed experimentally.

Computational studies have also focused on the reactivity of bisallenes. In

particular, Chung and co-workers recently reported a mixed experimental and

computational paper on N-tethered 1,5-bisallenes cyclization in presence of an

Au(I) catalyst containing the IPr NHC ligand [54]. Interestingly, bisallenes such
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as 29 are converted principally into the 6,7-dimethylene-3-azabicyclo[3.1.1]hep-

tane skeleton 30, with the simple heterocycle 31 as a minor product. DFT calcula-

tions on a simplified model were fundamental to suggest a stepwise mechanism

proceeding with the initial formation of a Z1-allenyl gold(I) complex, such as 32,

followed by sequential carbon–carbon bond formations through the unprecedented

intermediate 33, leading finally to the azabicyclo product 34. The rate limiting step

is the formation of the novel intermediate 33 (Fig. 8).

2.3 Ion Paring in Gold Complexes

Generally, gold catalysts are introduced in the reaction media in the form of a

chloride salt that then reacts with silver tetrafluoroborate. The positive charge of the
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catalyst, and the usually low polarity of the solvent, means that the reacting system

is likely associated with a tetrafluoroborate anion after the precipitation of silver

chloride. Ion paring have been found to play a role in gold catalyzed reactions that

involve the activation of unsaturated carbon–carbon bonds [33, 55, 56]. However,

the anion–cation interaction in gold(I) complexes has rarely been investigated from

a theoretical point of view [57, 58]. Probably the first report is that of Macchioni

and co-authors, who reported a mixed NMR and computational study concerning

the determination of the relative cation–anion orientations in the two complexes

[(PPh3)Au(4-Me-styrene)][BF4
�] which is an example of a phosphine-based

gold(I) catalyst, and [(IPr)Au(4-Me-styrene)][BF4
�], which is an example of an

NHC-based gold(I) catalyst. By combination of NMR measurements and accurate

theoretical modeling, they concluded that the counterion in phosphine-based

styrene–gold(I) catalyst is in the near proximity of the metal center, interacting

actively with the substrate (see structure 35 in Fig. 9), whereas in the examined

NHC-based styrene–gold(I) catalyst the counterion resides mainly far away from

the gold site (see structure 36 in Fig. 9). The preferential position of the counterion

seems to be tunable through the choice of the ancillary ligand, and DFT calculations

were fundamental to rationalize the role of electrostatic properties in determining

the preferential ion pair geometry. Of course, these conclusions could open the way

to greater control of the properties and activity of these catalysts, and are in good

agreement with the fact that counterion effects in gold(I) catalyzed activation of

unsaturated substrates are much more frequent when phosphines [59–62] are used

as ancillary ligand vs NHCs [52].

3 Palladium

NHC–palladium complexes are, undoubtedly, among the most commonly used

transition metal catalysts for homogeneous catalysis. This class of complexes has

notably allowed major breakthroughs in C–C and C–N forming cross-coupling

reactions [63–68]. This success has overshadowed other interesting applications
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Fig. 9 Schematic representation of the geometries of ion pairs based on phosphine and NHC gold

cationic complexes in combination with BF4
�
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of (NHC)Pd systems such as, for example, oxidations. Herein we will describe

some of the applications where computational chemistry has provided experimen-

tally relevant insights.

3.1 Pd-Catalyzed Aerobic Oxidations

Although challenging, Pd-catalyzed aerobic oxidation is a versatile method for the

selective oxidation of organic molecules and makes use of molecular oxygen as the

oxidant [69–73]. The reaction mechanism is considered to be a two-stage mecha-

nism consisting of Pd(II)-mediated oxidation of the substrate followed by dioxygen

oxidation of Pd(0), and computational chemistry has been extremely useful in

providing a detailed understanding of the catalytic cycle.

Focusing on the use of NHC–Pd(OAc)2 (Ac ¼ acetate) complexes for aerobic

oxidation of alcohols to carbonyl compounds as an exemplary case [74, 75], Fig. 10

displays the mechanism initially postulated. The first step is substrate coordination

to the starting complex 37 with concomitant loss of water, followed by an intramo-

lecular deprotonation to generate the alkoxide intermediate 40. The next step is

a b-hydride transfer that leads to the Pd-hydride intermediate 41. Reductive elimi-

nation of acetic acid from 41 leads to the Pd(0) species 42, that can either

decompose or can be trapped and oxidized by molecular oxygen to give the

peroxocomplex 43. Protonation of 43 would give back the initial complex 38

closing the catalytic cycle. This mechanistic proposal has been studied by several

research groups in order to validate and understand it fully [74–83].

In particular, Sigman and co-workers calculated that, under optimal conditions, the

rate-limiting step is the generation of intermediate 41 [78]. In case of the oxidation of

sec-phenylethyl alcohol, the geometry of transition state 40–41 correlates very well
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with that of a product-like transition state. Geometry analysis of 40–41 reveals that

the distance between H1 and Pd is only 1.60 Å (see Fig. 11), indicating that the

hydride is nearly completely transferred to the Pd center. Comparison of the

calculated free energy barrier for b-H transfer with that calculated for the deuter-

ated analog resulted in a rather large kinetic isotope effect, 3.8, in good agreement

with the experimental value of 5.5, further supporting the overall mechanistic

picture.

Further calculations indicated that in 40 the acetate counterion is in the coordi-

nation sphere of the Pd square planar complex, weakly chelated via the carbonyl

oxygen. In transition state 40–41 the acetate counterion rotates out of the plane

during the b-hydride elimination with a gain in rotational degrees of freedom. This

result fits very well with the experimental activation parameters at 50 �C. The DS 6¼

contribution is close to unity for the oxidation of sec-phenylethyl alcohol and
largely positive for the oxidation of 2-decanol and benzyl alcohol. The positive

DS 6¼ values indicate that there is less “organization” in the transition state with

respect to intermediate 40.

The interaction of the Pd center with O2 was also modeled in detail. Stahl et al.
investigated the fundamental reaction between dioxygen and Pd(0) complexes (i.e.,

systems that resemble intermediate 42) [80]. They showed experimentally that the

oxidation proceeds smoothly for a bis-NHC complex. Then they clarified the

mechanism of the reaction between (IMe)2Pd(0) and O2 to yield (IMe)2Pd(II)

(Z2-O2) computationally (see Fig. 12). First they evaluated the thermodynamic

driving force for the oxygenation of 44. The DG of the reaction was calculated in

the gas phase and in several different solvents. The reaction was found to be

endoergonic by 3.6 kcal/mol in the gas phase, but increasingly favorable in solvent

with increasing polarity (see Fig. 12). This strong solvent effect was correlated to

the significant dipole moment associated with the dioxygen complex 45 relative to

the negligible dipole moment in 44. The DG of oxidation was evaluated, also
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Fig. 11 Key geometries of the b-H transfer step in the Pd-catalyzed oxidation of alcohols
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replacing the IMe ligands with phosphine ligands, namely PMe3. In the case of

(PMe3)2Pd, coordination of oxygen was calculated to be considerably less favor-

able, +10.3 and �2.8 kcal/mol in the gas phase and in acetonitrile, respectively,

relative to complex 44. This sharp difference between NHC and phosphine was

ascribed to the stronger s-donor character of NHC ligands relative to phosphines, a

conclusion supported by natural population analysis that revealed that the peroxo

oxygen atoms of the NHC complex possess a greater negative natural charge than

those of the PMe3 complex.

After investigating the thermodynamics of Pd(0) oxygenation, they turned their

attention to the reaction mechanism. The proposed reaction pathway is displayed in

Fig. 13. Molecular O2 approaches the Pd center end-on and forms the Pd(Z1-O2)

adduct 46 in which the NHC ligands are still trans to each other. The next step is

isomerization into the Pd(Z1-O2) cis complex 47. This step proceeds with a barrier

of about 8 kcal/mol. Complex 47, 6.0 kcal/mol above 46, exhibits an O–O bond

length of 1.32 Å and was described as a Pd(I) superoxide adduct with an open-shell

triplet configuration. Formation of the second Pd–O bond from 47 requires a spin-

crossover from the triplet to the singlet electronic surface. Once this crossing has

occurred, formation of the second Pd–O bond, leading to the Pd(Z2-O2) complex 45

proceeds without an energy barrier.

The unrestricted DFT calculations provided relevant insights into the energetics

and the mechanism of oxygenation of (NHC)2–Pd(0) complexes. The discovery that

the thermodynamics of oxygen coordination depends strongly on solvent polarity

not only resulted in the detection of reversible oxygenation of (IMe)2Pd(0), but also

has implications on the conditions under which the reaction is normally performed.

In fact, the non-polar solvents commonly used in catalysis potentially enhance the

chances of O2 dissociation that contributes to catalyst decomposition.

Stahl et al., instead, studied the insertion of molecular O2 into a Pd(II)–hydride

bond to produce a P(II)–OOH hydroxide species [83]. Competition between the two

reaction pathways shown in Fig. 14 was investigated.

The first pathway, labeled as the hydrogen atom abstraction pathway, starts

with interaction of the O2 molecule in the triplet state to extract the H atom of the

Pd-hydride species 48, to arrive at intermediate 49 that lies 19.1 kcal/mol above

48. At this point, with a concerted rearrangement of the hydroperoxide group,

intermediate 49 collapses into the closed shell Pd–hydroperoxide complex 50,
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Fig. 13 Schematic representation of the energetics associated with the oxygenation of the

(IMe)2–Pd(0) complex. Energies, in parenthesis and in kcal/mol, are calculated relative to 44 + O2
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with an energy gain of 14.1 kcal/mol. The alternative reaction pathway, labeled as

the reductive elimination pathway, starts with reductive elimination of AcOH

from 48 to yield 44, 2.8 kcal/mol lower in energy, followed by O2 oxidative

addition to 45, with an energy gain of 4.3 kcal/mol, and completes with AcOH

addition leading to the final hydroperoxide 50. The two reaction pathways were

found to be in competition, although the authors speculated that the elimination

reaction pathways should be the working pathway under the typical conditions

used for this reaction [83].

The peculiar ability of Pd(0) complexes to activate small but fundamental

primary building blocks, such as O2, was also evidenced by the ability of (IPr)Pd

(PCy3) to activate molecular H2 to form unprecedented trans Pd–dihydride com-

plexes by Nolan and co-workers [84]. The thermodynamics of this transformation

was investigated computationally. The initial coordination of molecular hydrogen

to the starting (IPr)Pd(PCy3) complex 51 leads to the Pd–H2 molecular adduct 52,

which is 3.4 kcal/mol above 51. This complex can both isomerize to the nearly

isoenergetic cis Pd–(H)2 dihydride complex 53, or to the more stable trans Pd–(H)2
complex 54 (Fig. 15)
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3.2 Pd-Catalyzed Cross Coupling Reactions

Palladium catalyzed cross-coupling reactions for the construction of carbon–carbon

and carbon–heteroatom bonds provide convenient routes allowing the synthetic

chemist to access a vast number of complex molecules and materials [63–68]. The

traditional mechanism of Pd-catalyzed cross-coupling reactions involves three

discrete steps. The catalyst is a Pd(0) complex, and the first step typically is the

oxidative addition of a carbon–halide compound that transfers the first fragment to

the Pd center to form a Pd(II) species. The second step is the transfer of the second

fragment to the Pd(II)-alkyl complex, and offers a variety of solutions (alkene,

alkyl–ZnBr, alkyl–NH2, as a few examples), which results in different types of

cross-coupling. After the second fragment has also been loaded onto the Pd(II)

center, the last step is the reductive elimination of the cross-coupling product with

regeneration of Pd(0) catalyst. The relevance of Pd-mediated cross-coupling reac-

tions has led to a number of computational studies that provided many insights into

the mechanics of this class of reactions [85–91], although phosphine-based systems

have been investigated in greater detail [80, 92–108]. Here we focus on those

studies in which the complete catalytic cycle was investigated.

Focusing on the Heck reaction, Hu et al.modeled the cross-coupling of PhBr and

CH2¼CH2 promoted by PdL2 catalysts where L is a phosphine or a NHC ligand or

an abnormal NHC ligand coordinated to the Pd center through the C5 carbon atom

(see Fig. 16) [90]. They found that the rate-limiting step is the oxidative addition of

PhBr to the starting species 55 to form the square planar intermediate 56. For

ethylene insertion into the Pd–Ph bond two pathways were examined. In the former,

named the neutral pathway, dissociation of the L1 ligand occurs prior to ethylene

coordination, leading to intermediate 57, while in the latter, named the cationic

pathway, dissociation of Br� occurs prior to ethylene coordination, leading to

intermediate 58. Calculations indicated that the two pathways are not dramatically

different in energy, although the phosphine-based system was calculated to have a

higher tendency to react through the neutral pathway due to the easier dissociation

of PMe3 from the Pd center relative to dissociation of a NHC ligand. Minor

differences were calculated for the system containing the abnormal NHC ligand

relative to the system with two IMe NHC ligands. In all cases, ethylene insertion

from both 57 and 58 presents a sizeable energy barrier, while the following b-H
elimination from 59 to yield 60 and release the product was calculated as a rather

easy step [90].
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Fig. 15 Schematic representation of the energetics associated with the hydrogenation of the (IPr)

Pd(PCy3) complex 51. Energies, in parenthesis and in kcal/mol, are calculated relative to 51 + H2
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Another completely modeled catalytic cycle based on NHC–Pd complexes is the

Negishi alkyl–alkyl cross-coupling reaction. In their study, Chass et al. used the real
sterics of IPr and IXy NHC ligands (see Fig. 17), which allowed clarification of the

key role of the NHC bulkiness in determining chemical behavior [89].

The first remarkable result was that, contrary to what is generally accepted for

other cross-coupling reactions involving aryl-halides, the oxidative addition step, in

this case the addition of EtBr to the starting Pd complex 61, leading to intermediate

62, is not rate-determining. Rather, rate-determining is the transmetallation step

from intermediate 62 to give the dialkyl intermediate 63, from which reductive

elimination of the alkane closes the catalytic cycle. This study also provided some

insight into the role of the NHC bulkiness. The increased bulkiness of the i-Pr
ortho-groups in the IPr NHC ligand results in increased steric pressure in the first

coordination sphere of the metal, which helps the reductive elimination step with

product release from 63, and it was suggested to reduce unproductive b-H elimina-

tion from the alkyl intermediate, with release of an alkene. This would explain the
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experimental finding that the reaction is very selective towards alkyl–alkyl coupling

with IPr, whereas alkene is the major product with IXy [89].

Arylamination is another class of NHC–Pd catalyzed cross-coupling reaction

whose complete catalytic cycle was investigated. Specifically, Green et al.modeled

the amination of PhCl by PhNH2 (see Fig. 18) [91]. First, calculations indicated that

the reactive species is the mono-carbene (NHC)Pd complex 64, since the Pd center

of the parent bis-carbene (NHC)2Pd complex is too electron rich to undergo

oxidative addition. After addition of PhCl to 64 the system collapses into the

T-shaped intermediate 65, which can still coordinate a PhNH2 molecule to yield

intermediate 66. Extraction of HCl from 66 with a base KOtBu is this case leads to

intermediate 67 from which the arylaminated product is released via a reductive

elimination step that closes the catalytic cycle. Also, oxidative addition, in the case

of PhCl to 64, is rate-determining compared to the subsequent reductive elimination

of Ph2Nh from 67. Interestingly, the steric bulkiness of the ItBu NHC ligand

reduces the energy barrier of the oxidative addition of PhCl compared to the

same barrier in the presence of the IMe ligand [91].

3.3 Reactivity Involving the Pd–NHC Bond

While the NHC ligand in Pd-catalysts is normally a spectator ligand, in some

instances it can be directly involved in the reactive event. For example, the reductive

elimination of 2-hydrocarbyl-imidazolium salts from hydrocarbyl-palladium com-

plexes bearing NHC ligands represents an important deactivation route of NHC–Pd

catalysts. McGuiness and co-workers were the first to associate the facile decompo-

sition of hydrocarbyl palladium complexes and the elimination of a 2-substituted

imidazolium salt (see Fig. 19) to a decrease in catalytic efficacy [109].
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An extensive study on the alkyl-carbene elimination from carbene/diphosphine

and carbene/diphosphites hydrocarbyl–Pd(II) complexes has been reported by

Cavell and co-workers [110]. They first considered a simplified model of the

catalyst where the tertiary phosphine ligands were replaced by simple PH3 groups,

68 in Fig. 20. In principle, two reaction pathways are possible. In the former,

pathway I in Fig. 20, reductive elimination occurs after dissociation of one phos-

phine. In the latter, pathway II in Fig. 20, reductive elimination occurs without

phosphine dissociation. Focusing on pathway I, dissociation of one phosphine from

68 is of course an endothermic process and leads to the T-shaped complex 69.

Reductive elimination of 2-methylimidazolium through transition state 69–70

requires an energy barrier of only 14.3 kcal/mol, and the system collapses into

complex 70, with a strong interaction between the 2-methylimidazolium fragment

and the Pd center. Complex 70 evolves into the final products through a relatively

low barrier of some 11 kcal/mol, with simultaneous coordination of a free PH3

molecule. The overall activation barrier for this pathway has been calculated to be

35.1 kcal/mol.
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Fig. 19 Elimination of 2-methylimidazolium from a methyl NHC–Pd complex
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Focusing on the concerted pathway II, the first step is the formation of the three-

centered intermediate 72 that occurs through transition state 68–72 and an energy

barrier of 22.3 kcal/mol. This indicates that the concerted pathway is favored by

12.8 kcal/mol with respect to the dissociative one. Natural bond order analysis

indicated an extensive involvement of the p(p) orbital on the carbene in the

transition state (see Fig. 21). On closer examination, in the transition state 68–72,

there is a mixing between the p(p) orbital of Ccarbene, the orbital of Cmethyl, and the d

orbitals of Pd (dxy). It is this mixing that allows the formation of the Ccarbene–Cmethyl

bond.

The energetics of the reductive elimination were also calculated by replacing the

model PH3 ligands with the bulkier and representative P(OPh)3 phosphites. As a

result of the different steric and electronic impact of P(OPh)3 the activation barrier

for the concerted reductive elimination decreases from 22.3 kcal/mol with PH3 to

14.1 kcal/mol with P(OPh)3. As is typical in organometallic catalysis, sterically

demanding ligands result in an increased steric pressure in the first coordination

sphere of a highly coordinated metal, which promotes reductive elimination [110].

Based on this study, Yates and co-workers calculated the effect of the

N-substituents of the NHC fragment on the stability of (NHC)-Pd-hydrocarbonyl

complexes to reductive elimination [111]. Their calculations clearly showed that

complexes containing NHC ligands that bear branched-alkyl N-substituents should

be the most resistant to reductive elimination, due to their electron donating

capacity, and were found to be significantly more stable to reductive elimination

than those complexes with electron withdrawing carbene N-substituents (i.e.,

chloride).

4 Platinum

Compared to Au and Pd, applications of NHC–Pt complexes in catalysis are less

explored. Nonetheless, NHC–Pt complexes have shown outstanding catalytic activ-

ity in the field of olefins hydroxylation [112–115], and have shown promising

results in the reductive cyclization of dienes [116], in the cycloisomerization of

enynes [117], and in the hydroboration of alkenes [118]. For this reason, it is clear
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state of the reductive

elimination 68–72
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that only a few computational efforts have been made in the field, and some of them

have mostly focused on side reactions or structural characterization.

For example, the reactivity of NHC ligands bound to a Pt center was investigated

by Nolan and Cavallo who reported on the insertion of an NHC fragment into the

Pt–olefin bond [119]. The preparation of the (NHC)2PtCl2 potential catalyst from

the (hexadiene)PtCl2 precursor in THF leads to the surprising insertion of the NHC

molecule into the Pt–olefin bond. Computational work clarified the exact mecha-

nism of NHC insertion. Basically, three possible pathways for this transformation

(see Fig. 22) were investigated. Pathway I assumes an intermolecular attack of a

free NHC molecule on one of the C¼C bond of the Pt complex 73. Instead,

pathways II and III both assume first the displacement of a C¼C bound in 73 by

an NHC molecule to give complex 75, which can undergo intramolecular attack of

the coordinated NHC ligand to the nearby C¼C bound (pathway II), or intermolec-

ular attack of a second NHC molecule to the C¼C trans to the coordinated NHC

ligand (pathway III).

Pathway I starts from complex 73 and proceeds through transition state 73–74

and an energy barrier of 4.3 kcal/mol to product 74 that is 39.5 kcal/mol more stable

than the starting materials. Pathways II and III start both from 75, in which an NHC

ligand has displaced one of the C¼C double bonds of the coordinated hexadiene

from the Pt center. The intramolecular pathway II leads to the formation of 74 in a
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single step, through transition state 75–74 and a barrier of 39.8 kcal/mol. Finally,

the intermolecular pathway III, in which a free NHC molecule attacks the coordi-

nated C¼C double bond of 75, leads to 76 through transition state 75–76 and a

barrier of 7.6 kcal/mol. Dissociating an NHC ligand, with an energy cost of

47.3 kcal/mol leads from 76 to the final complex 74. Based on these results the

authors concluded that the preferred pathway is an intermolecular rather than

intramolecular process. Further, calculations clearly showed that the intermediate

leading to the final product is complex 75.

Recently, Marinetti and co-workers reported mixed experimental and computa-

tional work on an NHC/diphosphine Pt(II) complex that was shown to be active in

the cycloisomerization reaction of a N-tethered enyne such as 77; see Fig. 23 [117].

The most relevant feature of this reaction is that the catalyst combines a chiral

diphosphine ligand with an NHC ligand, which allows the isolation of axially

chiral, configurationally stable, Pt complexes. These complexes were tested in the

enantioselective cycloisomerization of 77 to yield 78 with reasonably good enan-

tiomeric excesses (up to 73%) but also indicated that the axial configuration of the

Pt complexes is likely to be lost during the cycloisomerization reaction. In order to
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Fig. 23 Schematic representation of enyne cycloisomerization promoted by NHC–Pt complexes

Pt

N

N

R1

R2

80

PMe2

Me2P

R

R

+

Pt

N

N

R1

R2

81

PMe2

Me2P

R

R

2+

I

Pt
P P

I

N

N

R1

R2

Pt
P P

I

N

N

R2

R1

**

Pt
P P

I

*

N
N

R1

R2

Pt
P P

N

N

R1

R2

*

Pt
P P

*

NN
R1 R2

Pt
PP

N

N

R2

R1

*

‡

‡

Enantiomer A*

Enantiomer A*

Enantiomer A

Enantiomer A

Fig. 24 Schematic representation of Pt-complexes active in the cycloisomerization of N-tethered

enyne 77, and of the proposed mechanism of epimerization of the Pt complexes

N-Heterocyclic Carbenes Complexes of Au, Pd, and Pt 151



investigate the configurational stability of these complexes, the possible epimeriza-

tion pathways in the starting complex 80 and in the putative active species 81 that

originates from dissociation of the iodine ligand were examined; see Fig. 24.

Preliminary calculations on a model system bearing a symmetrical NHC ring

(R1¼R2¼H) indicated that the most viable pathway for epimerization in 80 is

rotation of the NHC ligand around the Pt–C bond, while for 81 a pathway through

a Y-shaped transition state with a migration (coined as a swing) of the NHC ligand

to the empty coordination site is slightly preferred. In both cases the energy barrier

amounts to only 3–4 kcal/mol. Increasing the bulkiness of one of the N-substituents

of the NHC ligand (R2¼H) resulted in an energy barrier of roughly 20 kcal/mol for

rotation around the Pt–C bond in 80, while the barrier for the migration (swing)

pathway of 81 is substantially unchanged [117]. These results were in qualitative

agreement with the observed easy epimerization of the tricoordinated Pt(II) com-

plexes generated after removal of the iodine ligand.

5 Conclusions

In conclusion, we can state that the assistance and guidance of computational

experiments has permitted us to understand fundamental processes and delineate

possible reaction pathways explaining stoichiometric and catalytic reactions

mediated by late transition metal–NHC systems. The examples provided are clear

examples that a mix of computational and synthetic analyses are complimentary.

For these reasons, we foresee continued synergy between computational and

synthetic/catalytic chemists.
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Activation of Allenes by Gold Complexes:
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Abstract This review provides an insight into the activation of allenes by gold

complexes toward nucleophilic attack. The various possible geometries of allene–

gold species, from Z2-allenes to Z1 allylic cations, are described. From the data

collected in the literature, it is clear that all of these intermediates have been met

during computational analysis of reaction mechanisms. While some retain the

stereochemical information of the starting optically active allenes, others may

lose it by planarization. To shed light on that matter, the factors governing axial-

to-center chirality transfer are described. Some concepts are illustrated by selected

examples of catalytic transformations, the mechanisms of which have been studied

computationally.
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List of Abbreviations

Ac Acetyl

Alk Alkyl

biPh Biphenyl

Bu Butyl

ee Enantiomeric excess

IPr Bis(2,6-diisopropylphenyl)-imidazol-2-ylidene

Me Methyl

mol Mole(s)

NHC N-Heterocyclic carbene
Ph Phenyl

PNB p-Nitrobenzoate
t-Bu tert-Butyl
Tf Triflate

Ts Tosyl

1 Introduction

Allenes are versatile substrates that are widely used in transition and main group

metal-catalyzed reactions. In that respect, numerous examples of gold-catalyzed

transformations involving allenes have been reported (for selected reviews on gold-

catalyzed transformations, see [1–11]). Their unique bonding situation comprising

two perpendicular p systems allows the formation of up to four regioisomeric

Z2 complexes of type I, depending on the substitution pattern (Fig. 1) (for reviews

on transition metal-allene complexes, see [12, 13]). The peculiar sp-hybridized
central carbon can also give rise to Z1 s-complexes, extreme cases being gold-

stabilized allylic cations of type II or carbenes of type III (for experimental

evidence of the coordination of Cu, Ag, and Au to allene central carbon, see [14]).

The complexation of gold onto allenes activates them towards the addition of

oxygen-, nitrogen-, or carbon nucleophiles [1–11]. For instance, alcohols, amines,

and electron-rich arenes can add to the external or central carbons to furnish

hydroalkoxylation, hydroamination, or hydroarylation products (Fig. 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

•

Au

+

I II
R2 R3

R4R1
R1R1

R2 R3

R4
R4

Au+

R2 R3

+ –

III

•
Au+ Au+

R1

R2 R3

R4
or

Fig. 1 Various coordination modes of allenes
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other end (Fig. 3). Thus, allenes can also be activated as formal 3-carbon dipoles in

[3Cþn] cycloaddition reactions.1 The isolated product will then depend on the

evolution or trapping of the resulting cyclic carbene. On the other hand, the cationic

intermediate resulting from the first nucleophilic attack can be trapped by nucleo-

philes such as alcohols, amines, or arenes.

In this contribution, we will cover the gold-catalyzed transformations involving

allene substrates that have been investigated by means of computational studies.

Because some of these transformations will be the subject of other chapters of this

book, only selected features related to the present discussion will be mentioned.

Among the transformations that will not be covered in detail herein, there are the

[4CþnC] (n ¼ 2 or 3) cycloaddition of allenedienes (for combined experimental

and theoretical studies, see [16, 17]), all reactions involving [3,3]-sigmatropic

rearrangement through allenic esters (for a selected theoretical study, see [18]; for

a combined experimental and theoretical study, see [19]), and the heterocyclization

of allenes (for a selected combined experimental and theoretical study, see [20]; for

a selected theoretical study, see [21]). Also, the reactions in which the allenes only

serve as nucleophiles, such as in cycloisomerization of allenynes (for combined

•

Au+

H-Y Y+

Au

Y+

or

Au

(Y = OR, NR2, Ar)

Y

H

Y

or

H
H H

Fig. 2 Prototypical addition of H-Y on a complexed allene bond

Au+

+ –

X
+

–

X X

Au+
Au+

[3C+2]

carbene trapping

Au

+X

H-Y
H

X

(Y = OR, NR2, Ar)

cation trapping

(X = C, O)

Y

Fig. 3 Prototypical addition of a p-system on a complexed allene generating a gold-stabilized

carbene or a vinyl-gold species

1The [3þ2] cycloaddition could be considered as a metalla-TMM, in analogy with [15].
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experimental and theoretical studies, see inter alia [22, 23]; for the competition

between allene and alkyne activation, see [24]) have been deliberately put aside.

Thus, this chapter will focus on the cycloisomerization of vinyl-, homoallyl-, and

allenylallenes, as well as the hydrative cyclization of allenynes (to the best of our

knowledge, the gold-catalyzed transformations of allylallenes were not studied

computationally; see [25, 26]).

2 Structure and Bonding of Au-Allene Complexes

The first part of this section describes the various species that have been computed

using model allenes and LAuþ fragments, that is Z2-allene gold complexes and

gold-stabilized allylic cations. Because the formation of the latter type of inter-

mediates may cause the loss of the stereochemical information of the starting

allene, a discussion about chirality transfers will follow as the second part.

2.1 h2-Allene Complexes Versus Allylic Cations

Throughout this section we will use the following descriptors to account for the

geometry of the complexes (Fig. 4): the length of the complexed allene bond (d),

the angle between the two allene bonds (a), the angle defined by the gold center and
the two carbon atoms of the complexed allene bond (b), and the absolute value of

the dihedral angle defined by the bonds between the allene substituents pointing

anti to gold and the terminal allene carbons (g). In case of doubt, d and b always

concern the right hand side of the molecule drawn.

To the best of our knowledge, no X-ray diffraction study regarding Z2-allene

gold complexes has been reported (for X-ray structures of platinum-allene com-

plexes, see inter alia [27, 28]). However, the reaction of tetramethyltetraaminoal-

lene with Au(PPh3)
þ led to isolation and X-ray characterization of the allylic cation

1, in which gold is coordinated to the central allene carbon (Fig. 5) [29]. The

peculiar structure of this species was considered as a prototype of carbodicarbene-

gold complex, a new kind of ligand that is receiving much attention on both

experimental and theoretical levels [30–35].

In spite of the lack of X-ray derived geometries, the literature is rich in calcu-

lated structures, many of them being slipped Z2-allene complexes of type I (for the

concept of slippage, see [36, 37]). In the typical one 2 depicted below (Fig. 6) [23],

Au

L

1

2
3

4

5

d (Å) = C3C4
α (°) = C2C3C4
β (°) = AuC3C4
γ (°) = C5C4C2C1

Fig. 4 Geometrical

parameters used in this

chapter
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the complexed allene bond is shorter than in the carbodicarbene complex 1, the

allene is less bent, and the dihedral angle is larger.

On the other hand, an extreme case would be a planar allylic cation such as 3,

with geometrical features similar to 1 yet with a g angle close to 0. Such species

have been computed as well [38]. They show the most severely bent allene frame-

works (shortest a angle).

Based on the geometrical data gleaned in the literature (see all specific examples

shown above and below, and [39, 40]), especially the g angle, it would be tempting

to divide allene–gold complexes into those three categories (Fig. 7): Z2-allene

complexes I such as 2, twisted allylic cations II such as 1 (also referred to as

bent-allene complexes), and planar allylic cations II’ such as 3. However, inspec-

tion of the other geometrical parameters suggests that there is rather a continuum, at

least between twisted and planar allylic cations.

The twist angle g can be related to the allylic strain. While with two face-to-face

hydrogen atoms, planar allylic cations such as 6 converge as minimum (Fig. 8), two

face-to-face methyl groups move away from each other during optimization, giving

rise to a twisted allylic cation such as 5 [38].

As far as allenyl esters are concerned, the moderate allylic strain generated by

the sp3-hybridized oxygen atom of the carboxyl group and the hydrogen atom leads

to slightly twisted allylic cations such as 7 (Fig. 9), exhibiting g angles around

25–30� [41]. As expected, the replacement of this hydrogen by a methyl group as in

8 induces a much larger twist angle (55–60�), yet smaller than in the case of two

methyl groups (65�, see 5 in Fig. 8).

Transitions states have been located for the transformation of species of type I

into II or II’. For instance, the Z2-allene complex 9 (Fig. 10) rearranges into the

planar allylic cation 3 at a low enthalpic cost of 2.4 kcal mol�1 [38]. In addition, the

transformation of 10 into the twisted allylic cation 11 requires only 0.1 kcal mol�1

of enthalpy of activation.

•
Me2N

Me2N NMe2

NMe2

Au

+
Me2N

Me2N NMe2

NMe2

PPh3

1

(Ph3P)Au+
d (Å) = 1.4069
α (°) = 118.47
β (°) = 120.46 (av)
γ (°) = 62.02

Fig. 5 Key geometrical parameters obtained from the X-ray diffraction study of complex 1

Au+

H

PH3 Au

+
H

Me

H

OAc

2 3

d (Å) = 1.3683
α (°) = 155.67
β (°) = 82.16
γ (°) = 78.17

PMe3

d (Å) = 1.3999
α (°) = 110.65
β (°) = 123.19
γ (°) = 0.01

Fig. 6 Computational levels: left: B3LYP/LANL2DZ(Au)/6-31+G*(C, H, P); right: B3LYP/
LANL2DZ(Au)/6-31G**(C, H, O, P)
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Interestingly, the easily formed allylic cation 3 is the ground state of the system.

The consequence of this rearrangement on the racemization of allenes under gold

catalysis will be discussed in Sect. 2.2.

Au+ Au

+

I II

Au

+

II¢

•

Au+

L L L

L

twisted allylic cation
(or bent-allene complex)

planar allylic cation

or

η2-allene
complex

d (Å) = 1.37-1.42
α (°) = 110-119
β (°) = 119-123
g (°) = 0-30

d (Å) = 1.36-1.42
α (°) = 117-140
β (°) = 114-123
g (°) = 42-65

d (Å) = 1.33-1.40
α (°) = 129-167
β (°) = 69-108
g (°) = 78-90

Fig. 7 Ranges of values for key geometrical features extracted from the literature

Br3
Au

+

4 5

H H

H
H

AuBr3AuBr3

+

6H H

d (Å) = 1.3578
α (°) = 165.98
β (°) = 74.93
g (°) = 83.91

d (Å) = 1.3555
α (°) = 140.72
β (°) = 109.60
g (°) = 65.76

d (Å) = 1.3866
α (°) = 115.71
β (°) = 122.15
g (°) = 0.81

Fig. 8 Gold complexes of 1,3-dimethylallene (computational level: B3LYP/LANL2DZ(Au)/

6-31G**(C, H, Br))

Au

O H

Me
+

7

MeAcO

Me
Au

8

+

L L

L = N N

MeO MeO

O
d (Å) = 1.3642
α (°) = 123.84
β (°) = 121.40
g (°) = 54.24

d (Å) = 1.3702
α (°) = 115.26
β (°) = 121.03
g (°) = 29.01

Fig. 9 Computational level: B3LYP/LANL2DZ(Au)/6-31G*(C, H, O, N)
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In the cyclopropylallenyl ester series, it was also found that the formation of

allylic cations was exergonic and proceeded via low-lying transition states (Fig. 11)

[42]. For instance, the Z2-allene complex 12 rearranges with a barrier of

5.7 kcal mol�1 into the almost planar allylic cation 13, slightly more stable by

3.8 kcal mol�1 (Fig. 11).

H
•

H

OAc
Me

Au+ Au

H

Me

H

OAc
+

9 (4.2)
3 (0.0)

+2.4

PMe3
PMe3

d (Å) = 1.3652
α (°) = 147.85
β (°) = 88.02
g  (°) = 87.95

d (Å) = 1.3999
α (°) = 110.65
β (°) = 123.19
g (°) = 0.01
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Fig. 10 Interconversion between gold complexes of an allenyl ester (computational level:

B3LYP/LANL2DZ(Au)/6-31G**(C, H, O, P); relative enthalpies in kcal mol�1; the barrier

heights from left to right are indicated over the equilibrium arrows)

AcO

•
H

Au+ Au

OAc H
+

13 (–3.8)

+5.7

PPh3 PPh3

Ph Ph

d (Å) = 1.4001
α (°) = 131.30
β (°) = 106.02
g (°) = 93.99

d (Å) = 1.3904
α (°) = 119.00
β (°) = 119.54
g (°) = 28.51

12 (0.0)

Fig. 11 Interconversion between gold complexes of a cyclopropyl allene (computational level:

B3LYP/LACVP(Au)/6-31G**(C, H, O, P)//PB (CH2Cl2); relative Gibbs energy in kcal mol�1; the

barrier height from left to right is indicated over the equilibrium arrow)

Activation of Allenes by Gold Complexes: A Theoretical Standpoint 163



Similarly, complex 14 transforms exothermically into the virtually planar allylic

cation 15 via a transition state lying 3.4 kcal mol�1 above the ground state (Fig. 12)

[41]. The latter rearranges in a slightly exothermic fashion into the most severely

twisted allylic cation 16 at an enthalpic cost of 3.1 kcal mol�1.

Two independent studies on allenediene systems allow one to gain some insight

into ligand effects (Table 1) [16, 17]. In this particular series, the transformation of

Z2-allene complexes of type 17 into gold-stabilized allylic cations 18 is moderately

exergonic to quite endergonic. In terms of kinetics, it is somewhat faster with

phosphines and phosphites than with an N-heterocyclic carbene.
Although quite difficult to rationalize, one can infer that the steric bulk of the

ligand plays a role in determining the g twist angle. Probably in order to minimize

the steric hindrance between the substituents at L and those of the allylic cation

pointing toward gold, the P(t-Bu)2(o-biphenyl) containing complex 18 displays the

largest g angle of the series (Fig. 13).

The apparent ease by which Z2-allene gold complexes rearrange into planar or

virtually planar allylic cations implies that the stereochemistry of the starting allene

is not expected to persist. However, gold-catalyzed reactions in which enantioen-

riched allenes transform into enantioenriched products have been reported, suggest-

ing that a given reaction of a Z2-allene complex can be even faster than the

formation of planar allylic cations. It could also be that twisted (chiral) allylic

cations are involved. A discussion about this phenomenon is provided below.

2.2 Consequences on Chirality Transfers

Electrophilic activation of optically active allenes by transition metal complexes is

a well-established strategy to generate enantioenriched products (for recent reviews

on stereoselective gold catalysis involving allenes, see [43, 44]). In that respect,

chiral a- and b-hydroxyallenes or -aminoallenes can be cyclized in the presence of

gold(I) or gold(III) salts into the corresponding five- and six-membered hetero-

cycles with axis-to-center transfer of chirality, (for selected examples, see [45–55])
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•
Me

H
Au+ Au

OAc H

Me
+

14 (0.0) 15 (–4.8)

H

AcO Me
Au
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+

L L L

+3.1

L =

N N

d (Å) = 1.3636
α (°) = 117.27
β (°) = 122.43
g (°) = 42.05

d (Å) = 1.3700
α (°) = 116.36
β (°) = 122.09
g (°) = 28.60

d (Å) = 1.3533
α (°) = 159.43
β (°) = 76.90
g (°) = 80.45

Fig. 12 Interconversion between gold complexes of a cyclopropyl allene (computational level:

B3LYP/LANL2DZ(Au)/6-31G**(C,H,O,N)//IEF-PCM(CH2Cl2); relative enthalpies in kcalmol�1;

the barrier heights from left to right are indicated over the equilibrium arrows)
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even in intermolecular versions [56, 57]. Whether the nucleophile attacks a species

of type I, II, or II’ is of prime importance to account for the transfer of chirality

(Fig. 14). Indeed, although the stereochemical information is maintained in allene

complexes of type I, it is lost when planar allylic cations II’ are formed. Even if

these species are not strictly planar, their rotation barrier is so low that racemization

of the starting allene is expected to be much faster than any other reaction process

Table 1 Ligand effect in the rearrangement of Z2-allene complexes into allylic cations

Au+

Au

+

H

L

LR

R R

R

17 (0.0)

18

TS17-18

N NNHC:

L PH3 PMe3 PPh3 P(t-Bu)2
(o-biPh)

P(OMe)3 P(OPh)3 NHC

R ¼ H
DETS17-18 5.2 – – – 5.1 – 8.4

DE17-18 �0.6 – – – �0.3 – 5.6

17

d (Å) 1.3696 – – – 1.3628 – 1.3609

a (�) 155.03 – – – 157.07 – 158.14

b (�) 82.52 – – – 80.94 – 78.71

g (�) 77.01 – – – 77.82 – 76.72

18

d (Å) 1.4079 – – – 1.4093 – 1.4104

a (�) 118.56 – – – 118.29 – 116.45

b (�) 121.39 – – – 120.89 – 122.82

g (�) 8.56 – – – 9.91 – 3.38

R ¼ CO2Me
DGTS17-18 – 5.5 – – – – –

DG17-18 – 6.3 11.8 5.2 – �2.39 –

17

d (Å) – 1.3582 1.3536 1.3553 – 1.3641 –

a (�) – 159.20 165.07 159.01 – 154.14 –

b (�) – 80.11 77.78 76.72 – 80.28 –

g (�) – 78.50 78.26 74.92 – 77.30 –

18

d (Å) – 1.4110 – 1.4014 – 1.4051 –

a (�) – 116.52 – 116.62 – 118.35 –

b (�) – 122.48 – 120.71 – 121.73 –

g (�) – 0.04 – 13.91 – 5.59 –

Relative energies in kcal mol�1. Computational level: R ¼ H: B3LYP/LANL2DZ(f)(Au)/6-31G*

(C, H, P, O, N)//CPCM(CH2Cl2)/LANL2DZ(f)/6-311++G**; R ¼ CO2Me: M06/LACVP**(Au)/

6-31G*(C, H, P, O)//LACV3P++**(2f)/6-311++G**/PB(CH2Cl2).
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(see below) (for examples of gold-catalyzed epimerization of allenes, see inter alia

[58, 59]). On the other hand, twisted allylic cations II are chiral species which keep

the memory of the chirality of the starting material. Concerted racemization of such

complexes is expected to be easier than that of Z2-allene complexes, but more

difficult than that of virtually planar allylic cations, leaving a good chance for

another elementary step to take place.

(NHC)-18
(γ = 3.38°)

P(t-Bu)2(o -biPh)-18
(γ = 13.91°)

Fig. 13 Influence of the gold ligand on the geometries of Z1-allenediene complexes
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Fig. 14 Gold complexes of 1,3-dimethylallene
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In the specific case of 1,3-dimethylallene and Au(PMe3)
þ, the complexes 19 and

20 were found to be more stable than the allylic cation 21 (Fig. 15) [38]. The latter

was the only C2-coordinated compound which converged as a minimum. The other

possible geometries of this kind were obtained as transition states. The 90� shift of
the gold atom when going from (R)-19 to (R)-20 is achieved through a type II

transition state and requires 5.7 kcal mol�1 of enthalpy of activation.

On the other hand, the planar transition state TS(R)19-(S)19, which allows the

stereomutation of the starting allene, lies 18.2 kcal mol�1 above the minimum. Also

the inversion of (R)-20 can be achieved through the less hindered planar transition

state TS(R)20-(S)20 lying 9.8 kcal mol�1 above the minimum. Apart from these two

concerted racemization processes, the stereochemistry of the allene can also be lost

when forming the planar cation 21, through a twisted transition state lying

7.9 kcal mol�1 above 20.

Thus, with this simple unfunctionalized disubstituted allene, coordination to the

central carbon atom is enthalpically disfavored, and the concerted racemizations

require quite high enthalpies of activation. This may account for the good chirality
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Me
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+ 9.8
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α = 128.01 °
γ = 54.24 °

α = 116.12 °
γ = 0.02 °

α = 148.93 °
γ = 77.80 °

α = 111.82 °
γ = 0.07 °

Fig. 15 Interconversion between gold complexes of 1,3-dimethyl allene ([Au] ¼ Au(PMe3);

computational level: B3LYP/LANL2DZ(Au)/6-31G**(C, H, P); relative enthalpies in kcal mol�1;

the barrier heights from left to right and up to down are indicated in parentheses)
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transfers observed with 1,3-dialkyl or 1-phenyl-3-alkyl allenes [56, 57], the nucle-

ophilic addition being faster than these competitive processes.

However, the presence of an electron-donating group at the allene can modify

this trend. For instance, Fig. 16 shows all possible complexes of a given allenyl

acetate. Within this family, 8 of the 12 possible candidates converged as minima.

The allylic cation 3 is now the ground state of the system, all other isomers being at

least 3.0 kcal mol�1 less stable. The participation of the oxygen atom to the

conjugation is clearly revealed by the short C3O distance of 1.31 Å. It is worthy

of note that two other C2-coordinated allenes are more stable (25) or of similar

energy (11) compared to the most stable Z2-allene complex 22.

All species are connected via low-lying transition states, two examples being

shown on Fig. 10. The racemization of complexes 24 and 25, which are not strictly

planar but very close to planarity, requires only 0.1 and 0.01 kcal mol�1 respec-

tively of enthalpy of activation. For this reason, all allylic cations exhibiting modest

g twist angles have been depicted as planar species throughout this chapter.

Interestingly, the 45� shift of the metal from the Z2 allene complex 10 to the twisted

allylic cation 11 is also straightforward (Fig. 10, DH298
{ ¼ 0.1 kcal mol�1). On the

other hand, the 90� rotation of the CHOAc group converting 9 into 3 requires

2.4 kcal mol�1 of enthalpy of activation (Fig. 10). It is also worth mentioning that

the stereochemistry of the twisted allylic cation 11 may also invert via a planar

transition state (Fig. 17).
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α = 110.65 °
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27[a] 28[a] 29[a] 11(3.9)

26[a]

α = 132.68 °
γ = 59.25 °

Fig. 16 Various coordination modes of (R)-buta-1,2-dienyl acetate to gold (I) ([Au] ¼ Au

(PMe3); relative enthalpies in kcal mol�1; [a] these species did not converge and collapsed to the

corresponding planar or twisted C2-coordinated compound)
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The case of vinyl allenes was also investigated (Fig. 18). The allylic cation 31

was obtained as the ground state. Again, the conjugation was obvious from the

C3C4 bond length of 1.43 Å. Thus, these species can also be considered as

pentadienyl cations exhibiting helical chirality [60]. In contrast with the 1,3-

dimethyl allene system described above, although slightly less stable than the Z2-

coordinated allene, the bent structures 32 and 33 could be modeled.

Importantly, no more planar structure could be modeled in the case of trisubsti-

tuted allenes (Fig. 19). Besides, the ground states are now twisted complexes such

as 35 or 38.

Therefore, it seems quite clear that the 1,3-allylic strain is a critical feature to

ensure chirality transfer because it prevents the formation of planar cations and also

slows down the racemization of allenes. Because twisted structures retain the

stereochemical information of the substrate, a reaction that requires the formation

of C2-coordinated allenes may give rise to a transfer of chirality. This transfer

should be even more efficient as the substitution of the allene increases (see next

paragraph).
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Fig. 17 Racemization of a twisted allylic cations ([Au] ¼ Au(PMe3); relative enthalpies in

kcal mol�1; the barrier height is indicated over the equilibrium arrow)
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Fig. 18 Selected examples of gold complexes of disubstituted hexa-1,3,4-triene ([Au] ¼ Au

(PMe3); relative enthalpies in kcal mol�1)
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3 Reaction Mechanisms

Having described the various species that have been computed between allenes and

LAuþ fragments, wewill now focus on their involvement in chemical transformations.

3.1 Cycloisomerization of Ene-Vinyl Allenes

The gold(I)-catalyzed cycloisomerization of ene-vinyl allenes allows the formation

of polycyclic compounds in a highly diastereoselective fashion [61, 62]. For

instance, in the presence of AuCl(PPh3)/AgSbF6 (2 mol%), ene-vinyl allenes

40–42 and 46–48 cyclized in 10–30 min at room temperature (40–42) or 0 �C
(46–48) to give the desired tricyclic compounds (Fig. 20).

Propargyl acetates such as 52–56, 62, and 63 undergo the same kind of transfor-

mation (Fig. 21).

In this case, allenyl esters are formed in situ via a well-known rearrangement,

notably being catalyzed by gold (see [18] and references therein). This transforma-

tion provides in situ the vinyl allene moiety exhibiting the required substitution

pattern for the next step (Fig. 22).

The mechanism has been studied by DFT computations [61]. The first transition

state connects the gold-stabilized cyclopentenylidene B with the twisted species A

similar to those described in the previous section (Fig. 23). Because of the analogy

between these complexes and pentadienyl cations, this process can also be viewed

as a metalla-Nazarov cyclization (for reviews on the Nazarov cyclization, see

[63–67]; for selected representative examples of catalyzed Nazarov reactions, see

[67–73]). Next, the gold carbene B is trapped by the pendant C¼C bond to furnish
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Fig. 19 Selected examples of gold complexes of trisubstituted hexa-1,3,4-triene ([Au] ¼ Au

(PMe3); relative enthalpies in kcal mol�1)
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the cyclopropyl ring of C (electrophilic cyclopropanation). As expected, when

starting from trisubstituted allenes (see Sect. 2), the intermediate allylic cation A

is not planar and thus keeps the stereochemical information.

Of the four possible twisted geometries, only those with the vinyl group anti to
the metal fragment are reactive relatively to the cyclization process (Fig. 24).

Figure 25 shows the cyclization of the allylic cation 68, ground state of the

system, and that of 66, 3.0 kcal mol�1 less stable. From the former, the formation of

the gold-stabilized carbene 67 requires only 7.6 kcal mol�1 of enthalpy of activa-

tion. Interestingly, any of these two diastereomers should lead to the same enantio-

mer after cyclization; therefore an efficient transfer of chirality is expected, at least

if the cyclization is faster than the racemization of the twisted intermediates.

To verify this hypothesis experimentally, gold(I)-catalyzed cycloisomerizations

of optically active ene-vinyl allenes were attempted (Fig. 26) [38, 61]. In (S)-69,
because the allene moiety is only disubstituted, the formation of achiral planar

allylic cations is expected to be straightforward, leading to a racemic product.

Indeed, its transformation furnished the tetracyclic compound 70 in 87% yield

and 0% enantiomeric excess. Based on a chiral GC-analysis of an aliquot of the

reaction mixture taken after 10 min, it was clear that the starting compound was

already completely racemized. A similar loss of stereochemical information was
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Fig. 20 Au(I)-catalyzed cycloisomerization of ene-vinyl allenes
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observed during the gold(I)-catalyzed cycloisomerization of disubstituted vinyl

allenes into cyclopentadienes [74].

On the other hand, the cyclizations of the trisubstituted allene (R)-71 gave rise to
a perfect transfer of chirality (Fig. 26). Under the same experimental conditions,

efficient chirality transfers were also observed during the cycloisomerization of the

OR2

R2O

HH
R1
R1

AcO
R3

R2

R2

R3

R3

R1

R1

R1

R3R2R1

R3

R2

R2

R1

CH2Cl2, rt, 10 min

OAc

n
n

n Yield(%)

1
1
1
1
2

92
92
97
95
88

52
53
54
55
56

H
H

Me
Me
Me

Me
H
H
H
H

H
H
H

Me
H

Acetate Product

57
58
59
60
61

AuCl(PPh3) / AgSbF6 (2 mol %)

AuCl(PPh3) / AgSbF6 (2 mol %)

CH2Cl2, rt,10 min

62 (R1 = H, R2 = Ac)
63 (R1 = Me, R2 = PNB)

64, 98 %
65, 96 %

Fig. 21 Au(I)-catalyzed cycloisomerization of enyl acetates

OAc
R

n

•
R

AcO
M n

Fig. 22 3,3-Rearrangement

of propargyl acetates into

allenyl acetates

Au+

n
n

n

R
R R

H H H
•

HR

n

1
23

[Au]

+

A B C

[Au+]

–[Au+]

Fig. 23 Cycloisomerization of ene-vinyl allenes (R ¼ H, Me, OAc)

172 M. Malacria et al.



propargylic esters (R)-75 and (R)-77. This result is not surprising since these

substrates rearrange into trisubstituted allenyl esters before cyclization.

Thus, in a reaction which transits through allylic cations, the stereochemical

information can persist and be transferred nonetheless. With allenes as starting mate-

rial, the best chance to achieve such a transfer is to use at least trisubstituted substrates.

3.2 Cycloisomerization of 1-Aryl-1-allene-6-enes

As a second example of activation of allenes toward the nucleophilic attack of a

double bond, we have chosen the formal intramolecular [3þ2] cycloaddition of 1-

aryl-1-allene-6-enes [75]. The treatment of these substrates with [PPh3AuCl]/

AgSbF6 leads to cis-fused dihydrobenzo[a]fluorenes (Fig. 27).
trans-Cyclohexenyl compounds could also be isolated sometimes and proved to

be plausible intermediates en route to the cis-fused products (Fig. 28).

This finding suggests that the first cyclization occurs at the allene by a 6-endo
attack of the remote double bond to give cation B (Fig. 29). This step could be

modeled, yielding transitions states of similar energy for the cis and the trans
cyclizations. The trans cation was found to be slightly more stable than the cis;
however, the following Friedel–Crafts type cyclization is kinetically favored in the

case of the cis cation. The high cis-selectivity for the final products was attributed to
the intervention of adventitious acid.

Because the coordinates of the computed intermediates were not provided, we

cannot comment on the geometries. The nature of the ligand used on the gold atom

during the calculations was not specified either.

3.3 Hydrative Carbocyclizations of Allenynes

It was reported that, in the presence of water, gold may trigger the nucleophilic

attack of alkynes onto allenes [76]. This case is interesting since, in the absence of
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Fig. 24 Diastereomeric allene gold complexes
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water, the reverse process is typically observed, i.e., the activation of alkynes

toward the nucleophilic attack of an allene [22–24]; for the role of water in Pt-

catalyzed cycloisomerization of enynes, see [77]. This unexpected type of reactivity

was unearthed within the 1,4- and 1,6-allenyne series (Fig. 30). In such cyclizations,

water attacks regioselectively at the terminal alkyne carbon, while the internal
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Fig. 26 Gold(I)-catalyzed cycloisomerization of enantioenriched ene-vinyl allenes ([a] the enan-

tiomeric excess could not be determined)
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H

•
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H
R2

R1

R2

R1

R2

R1

S

S

87 (42 %)
88 (53 %)

85 (R = Me)
86 (R = nPr)

CH2Cl2, 25 °C, 0.5 h

PPh3AuCl (5 mol %)
AgSbF6 (5 mol %)

79 (R1 = F, R2 = H)
80 (R1 = H, R2 = F)
81 (R1 = OMe, R2 = H)

82 (82 %)
83 (79 %)
84 (81 %)

CH2Cl2, 25 °C, 0.5 h

PPh3AuCl (5 mol %)
AgSbF6 (5 mol %)

Fig. 27 Au(I)-catalyzed intramolecular [3+2] cycloadditions of 1-aryl-1-allene-6-enes
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alkyne carbon attacks the allene. Cyclic ketones are formed with moderate to good

levels of diastereoselectivity.

Interestingly, chirality transfers were achieved when starting from enantioen-

riched allenes (Fig. 31). In agreement with the conclusions reached in Sect. 2.2, the

disubstituted allene (S)-106 suffers racemization subsequently with the reaction

•

CH2Cl2, 25 °C, 0.5 h
H

89 90
Cl

Cl

H

+

91

Cl

PPh3AuCl (5 mol %)
AgSbF6 (5 mol %)

90 : 91 = 1.6 : 1 (67 %)

Fig. 28

•

H

H
+

[Au+]

[Au]

[Au]

+

A

B

C

cis-B

trans-B

(0.0)

12.4

12.5 12.4

10.8

28.2

19.5 20.9

12.2

H

–[Au+]

trans-C

cis-C

D

Fig. 29 Proposed mechanism, energy profile (kcal.mol�1) (computational level B3LYP/

LANL2DZ)
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R1

R2

•
R3

+ H2O

Ph3PAuCl (5 mol %)
AgOTf (5 mol %)

1, 4-dioxane, 100 °C

R2
R3

O

R1

R2
R3

R1

O

+

anti / syn

100 (R1 = Ph, R2 = H, R3 = Ph)
101 (R1 = 3-thienyl, R2 = H, R3 = Ph)
102 (R1 = Ph, R2 = Me, R3 = 4-MeOC6H4)

•

R1

R1

R2

R2

Ph

Ph3PAuCl (5 mol %)
AgOTf (5 mol %)

wet CH2Cl2
Ph

O

syn / anti

92 (R1 = Me, R2 = H)
93 (R1 = nBu, R2 = H)
94 (R1 = Me, R2 = Me)
95 (R1 = nBu, R2 = Me)

96 (65 %, 5.1)
97 (78 %, 1.5)
98 (80 %, 5.1)
99 (75 %, 6.7)

103 (73 %, 5.1)
104 (55 %, 9.1)
105 (83 %, 1.3)

Fig. 30 Au(I)-catalyzed hydrative cyclizations of 1,4- and 1,6-allenynes

wet CH2Cl2, 25 °C
8 h, 78 %

Ph3PAuCl (5 mol%)
AgOTf (5 mol%)

Ph3PAuCl (5 mol%)
AgOTf (5 mol%)

1,4-dioxane, 90°C
2h, 80%nBu

•

H
Ph nBu nBu

nBunBu

Ph Ph

O + O

•

Ph

nBu

Ph

O

+
Ph

O

107-syn (57 % ee)(S)-106 (98 % ee)

109-syn (58 % ee)(S )-108 (59 % ee)

107-anti (67 % ee)
(2 : 1)

(2 : 1)

109-anti (58 % ee)

Fig. 31 Hydrative cyclization of enantioenriched allenynes
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process, and therefore the chirality transfer is moderate in this case. In contrast, the

disubstituted allene framework of (S)-108 allows perfect transfer of the stereochem-

ical information to the reaction product.

The proposed mechanism for this transformation involves the formation of an

allene gold complex, a 5-exo attack of the triple bond to form an aryl-stabilized

vinyl cation, and the trapping of the latter by water. It was partially validated by a

theoretical study on a model 1,6-allenyne (Fig. 32) [76]. Again, no coordinates were

reported, so we cannot comment on the geometries. Nevertheless this mechanism

leads to trans double bond as kinetically and thermodynamically preferred over the

cis pathway.

3.4 Transformation N-Tethered of 1,5-Bisallenes into
6,7-Dimethyl-3-azabicyclo[3.1.1]heptanes

Azadimethylbicyclo[3.1.1]heptanes have been prepared by means of gold-cata-

lyzed cycloisomerization of bisallenes with an N-R tether. This unprecedented

framework exhibits two exocyclic double bonds (Fig. 33) [78].

The mechanism was thoroughly studied by DFT computations. The preferred

pathway is a stepwise process depicted below (Fig. 34). The first transition state is

•
Ph

HR

[Au+]

•
Ph

H
R

[Au+]

A′

•
Ph

H

Ph

+[Au+]

A

Ph+

+

Ph

[Au]

H

Ph

[Au]

H
Ph

B

B′

0.0

– 49.0

–55.3

–39.8

–46.9

–48.2
–54.1

Fig. 32 Proposed mechanism, energy profile (kcal.mol�1) ([Au] ¼ AuPH3; computational level

B3LYP/LANL2DZ)
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a planar allylic cation which lies 28.9 kcal mol�1 above the starting complex where

gold is coordinated to the central allene carbon in an almost perfect Z2-fashion, both

Au�C bonds being 2.34 Å. The intermediate resulting from this 6-endo attack of

the uncomplexed allene internal double bond is a new type of long-range gold-

stabilized carbocation. This T-shaped intermediate brings closer together the vinyl-

gold moiety with the carbocation, allowing, through a second transition state lying

at 14.5 kcal mol�1, the formation of the cyclobutyl ring.

•

NR1

•

R2

R3 NR1

R2

R3

toluene, 75 °C, 0.5 h

111 (96 %)

112 (93 %)

113 (74 %)

[Au(IPr)Cl] (10 mol %)
AgBF4 (10 mol %)

108 (R1 = Ts, R2 = R3 = H)

109 (R1 = Ph, R2 = H, R3 = Me)

110 (R1 = Ts, R2 = Me, R3 = Ph)

Fig. 33 Au(I)-catalyzed cycloisomerization of 1,5-bisallenes

[Au]

H

H
+

α = 118.51 °
γ = 0.45 °

α = 167.88 °
γ = 78.75 °

N
H

N
H

• •
[Au+]

N
H

Au
L

+

0.0 –1.3

28.9

14.5

–27.4

N
H

[Au+]

2.07
2.29

Fig. 34 Proposed mechanism, energy profile (kcal mol�1) ([Au] ¼ Au(imidazol-2-ylidene;

computational level B3LYP/LANL2DZ(Au)/6-31G(d)(N, H, C))
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4 Conclusions

This compilation of computational studies related to gold-catalyzed transformation of

allenes clearly shows the involvement of Z2-allene gold complexes as starting points

of reaction mechanisms. As such, the activated allene is prone to nucleophilic attack.

However, one has to keep in mind thatZ2-allene gold complexes easily rearrange into

allylic cations, which can also undergo nucleophilic attack or cycloaddition reactions.

The interconversion between these two kinds of species is often kinetically and

thermodynamically favorable. Intuitively, it is tempting to discard allylic cations

from reaction mechanisms which allow axial-to-center chirality transfer, because

allylic cations are reputed to be planar achiral species. However, the 1,3-allylic strain

may prevent planarity, giving rise to chiral Z1 intermediates. The racemization

process of such twisted species may be slow enough to allow a bond formation to

take place at one or two allene carbons. If not formed as minima, allylic cations may

also be encountered as transition states in which, depending on the substitution

pattern of the starting allene, the stereochemical information may be saved or lost.
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9. Jiménez-Núñez E, Echavarren AM (2008) Chem Rev 108:3326–3350

10. Belmont P, Parker E (2009) Eur J Org Chem 6075–6089

11. Garcia P, Malacria M, Aubert C, Gandon V, Fensterbank L (2010) ChemCatChem 2:493–497

12. Jacobs TL (1982) In: Landor SR (ed) The chemistry of the allenes, vol 2. Academic Press,

London, p 277

13. Shaw BL, Stringer AJ (1973) Inorg Chim Acta Rev 7:1

14. Chenier JHB, Howard JA, Mile B (1985) J Am Chem Soc 107:4190–4191

15. Trost BM, Chan DMT (1983) J Am Chem Soc 105:2315–2325
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Abstract Regiocontrolled metal-catalyzed preparations of enantiopure tetrahydro-

furans, dihydropyrans, and tetrahydrooxepines have been developed starting from

g-allenols derived from 4-oxoazetidine-2-carbaldehydes and D-glyceraldehyde.

Regioselectivity control in the O–C functionalization of g-allenols can be achieved
through the choice of catalyst, protecting group, or tether. Because of the increasing

power and availability of computers, and the simultaneous development of well-

tested and reliable theoretical methods, the use of computational chemistry as an

adjunct to experimental research has increased rapidly. Computational studies can

be carried out to assist in understanding experimental data, such as the exploration

of reaction mechanisms that are not readily studied by experimental means. As a

consequence, density functional calculations were performed to predict the regios-

electivity of the g-allenol cycloetherification to the five-, six-, and seven-membered

oxacycles on the basis of the tether nature, the presence of a protecting group,

and characteristics of the metals, and to gain insight into the mechanism of the

oxycyclizations. The interactions between computational and experimental chem-

istry are often brief. However, it should be desirable to keep this close association

for long periods. This chapter must be considered as an interesting symbiotic

relationship on the field of organic synthesis using metal (Au, Pd, and Pt) catalysis.
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1 Introduction

In the nineteenth century, organic chemistry was primarily an experimental, empir-

ical science. Throughout the twentieth century, the emphasis has been continually

shifting to a more theoretical approach. The term theoretical chemistry may be

defined as the mathematical description of chemistry. The term computational

chemistry is usually used when a mathematical method is sufficiently well devel-

oped that it can be automated for implementation on a computer. As a technique,

computational chemistry has the advantage of producing answers cheaply and

quickly (compared to, e.g., thermodynamic measurements), and for hypothetical

structures, like transition states. This is a point of concern at the same time because

it is both easy to make errors that remain undetected and often difficult to judge the

significance of a result. As a consequence, a key question that an experimental

chemist in collaboration with a theoretical chemist must face up to is: must we

assume that any computed number is exact?

On the other hand, tetrahydrofuran, dihydropyran, and oxepane ether rings are

ubiquitous structural units that are extensively encountered in a number of biologi-

cally active natural products and functional molecules, and therefore their stereo-

controlled synthesis remains an intensive research area (for selected reviews, see

[1–6]). Allene heterocyclization chemistry has attracted considerable attention in

recent years (for general and comprehensive reviews, see [7–9]). However, regios-

electivity problems are significant (endo-trig vs exo-dig vs endo-dig vs exo-trig
cyclization) (Scheme 1). Intramolecularization of the reactions, usually by placing

the group at such a distance that five- or six-membered rings are formed, should

automatically solve the positional selectivity problems because larger rings are

unfavored. In particular, transition metal-catalyzed reactions of a-allenols leading
to heterocyclization products have attracted a great deal of interest (for a review,

see [10]; for selected examples of Ag-mediated heterocyclizations of a-allenols,
see [11, 12]; for selected gold-catalyzed cyclizations of a-allenols, see [13, 14–17];
for selected Pd-catalyzed cyclizative coupling reactions of a-allenols, see [18, 19]; for
Ag- and Pd-promoted heterocyclizations of a-allenols, see [20]; [21]). However,

relatively little work has been performed on intramolecular cyclizations of g-allenols
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(for Au-catalyzed cyclizations of g-allenols, see [22]; for Au- and Pt-mediated

oxycyclization of g-allenols, see [23]; for Ag- and Sn-catalyzed cyclizations of

g-allenols, see [24]).
The regioselectivity of the metal-catalyzed cyclizations of g-allenols derived

from 4-oxoazetidine-2-carbaldehydes and D-glyceraldehyde will be discussed in

this chapter. The regioselectivities observed in these reactions were substantially

different, and suggested that the regioselectivity was strongly modulated by the

nature of the metal (gold vs palladium vs lanthanum), by the status of the hydroxyl

group in the g-allenol (i.e., free or protected), or by the g-allenol tether nature. On
the other hand, very few aspects of organic chemistry can be computed exactly, but

almost every aspect of organic chemistry may be described in a qualitative or

approximate quantitative computational scheme. Often a qualitative or approximate

computation can give useful insight into organic chemistry if we understand what it

tells us and what it doesn’t. The fact that the agreement of theoretically predicted

and experimentally observed selectivities for the gold-, palladium-, and platinum-

catalyzed oxycyclization reactions of g-allenols was very good in all cases clearly

points to a beneficial collaboration between experimental and computational

chemists.

2 Metal-Catalyzed Heterocyclization Reactions

of 2-Azetidinone-Tethered g-Allenols

2.1 Experimental Study

First, the general reactivity of 2-azetidinone-tethered g-allenols toward the regio-

selective hydroalkoxylation reaction was tested with substrate 1a by the use of

[PtCl2(CH2¼CH2)]2, AgNO3, AuCl, and AuCl3 as catalysts. [PtCl2(CH2¼CH2)]2

XH
•

XH

XH

MLn

MLn–1

MLn–1

MLn–1

MLn–1

MLn–1

MLn

X

X

X

X

X

•

•

Scheme 1 Possible regioisomers observed in the heterocyclization of allenes using metal catalysis
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and AgNO3 afforded rather low yield or disappointing diastereomeric mixture of

bicycle 2a. Although AgNO3 was less diastereoselective than [PtCl2(CH2¼CH2)]2
(60:40 vs 100:0), it was a more efficient catalyst affording adduct 2a in reasonable

yield. Gratifyingly, it was found that Au salts were effective as 5-exo selective

hydroalkoxylation catalysts (for selected reviews on gold catalysis, see [25–31]).

AuCl3 was selected as catalyst of choice because of its superior performance

(Scheme 2). No regioisomeric products were detected, giving exclusively the

fused five-membered oxacycle. The formation of all carbon quaternary centers in

an asymmetric manner is one of the most difficult problems in organic chemistry,

not least because the process requires the creation of a new C–C bond at a hindered

center. Thus, compounds 2 are remarkable since they bear a quaternary stereocen-

ter. Qualitative homonuclear NOE difference spectra allowed the assignment of the

stereochemistry at the newly formed stereocenter of tetrahydrofurans 2.

Having found a solution for the 5-exo selective hydroalkoxylation, the more

intricate heterocyclizative problem associated with tuning of the regioselectivities

of g-allenols was examined next. It should be mentioned that one of the challenges

for modern synthesis is to create distinct types of complex molecules from identical

starting materials based solely on catalyst selection. Specifically, subjection of

the g-allenol 1a to the lanthanide amide-catalyzed protocol did afford dihydropyran

3a (Scheme 3), the nucleophilic attack taking place at the central allene carbon via a
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Scheme 2 Heterocyclization reaction of g-allenol derivatives 1a–c under gold-catalyzed hydro-

alkoxylation conditions
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Scheme 3 Lanthanum-promoted preparation of six-membered oxacycles 3a and epim-3a. Reagents
and conditions: (i) 5 mol% La[N(SiMe3)2]3, toluene, reflux. TBS ¼ tert-butyldimethylsilyl
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6-endo cyclization (for the sole report on lanthanide-catalyzed hydroalkoxylations

of allenols; see [32]). In addition, partial epimerization was observed through the

isolation of epim-3a. Worthy of note, the PdII-catalyzed cyclizative coupling

reaction of g-allenols 1a, 1b, and 1d with allyl halides gave impressive yields (up

to 94%) of the desired seven-membered adducts 4a–e (Scheme 4) as the sole

products, resulting from a 7-endo oxycyclization.1 Notably, the judicious choice

of catalyst (Au, La, or Pd) allows modulation the ring size (five, six, or seven) of the

fused oxacycle.

Having demonstrated the stability of the benzoate and TBS-protective groups to

the AuIII- or PdII-catalyzed conditions, it was decided to see whether (methoxy-

methyl)oxy substitution has a beneficial impact on the cyclization reactions. In the

event, MOM cleavage was observed to an appreciable extent during the reaction of

methyl-g-allenols 1a and 1ewith allyl bromide in the presence of PdCl2 (Scheme 5).

Surprisingly, the PdCl2-catalyzed reaction between allyl bromide and phenyl-g-
allenols 1f and 1g afforded the dihydrofurans 6a and 6b, corresponding to the

heterocyclizative coupling of the MOM-deprotected a-allenols (Scheme 5). Inter-

estingly, when both methyl- and phenyl-g-allenols 1a, 1e, and 1f were treated with

AuCl3 the 2,5-dihydrofurans 7a–c were the sole products (Scheme 6). These

transformations may involve a chemoselective (5-endo-trig vs 7-endo-trig) allenol
oxycyclization with concomitant MOM ether deprotection.

Taking into account the above results, it was decided to test whether the metal-

catalyzed preparation of bicycles 2 and 4 can be directly accomplished from MOM

protected g-allenol derivatives 8. In the event, MOM ethers 8a, 8b, 8c, and 8d

remained unaltered in the presence of PdCl2 and allyl bromide. In contrast, when
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4a R3 = TBS, Y = H (83 %)

Scheme 4 Palladium-promoted preparation of seven-membered oxacycles 4a–e. Reagents and

conditions: (i) 5 mol% PdCl2, DMF, RT. PMP ¼ 4-MeOC6H4. TBS ¼ tert-butyldimethylsilyl

1The Pd-catalyzed cyclizative coupling reaction of g-allenols with allyl halides has not yet been

reported. For its pioneered used in a-allenols, see [18].

Heterocyclization of Allenes Catalyzed by Late 187



allenic MOM ethers 8a, 8b, 8c, and 8d were treated with AuCl3, the 5-exo mode

completely reverted to a 7-endo cyclization to afford bicycles 9a–d and 10 in fair

yields (Scheme 7). It seems that the reactivity in this type of AuIII-catalyzed

reactions is determined by the presence or absence of a methoxymethyl protecting

group at the g-allenol oxygen atom, as the free g-allenols 1a–c gave 5-exo hydro-

alkoxylation, while MOM protected g-allenol derivatives 8a, 8b, 8c, and 8d

exclusively underwent a 7-endo oxycyclization. Thus, it has been demonstrated

that regioselectivity control in the metal-catalyzed O–C functionalization of

g-allenols can be achieved both through the choice of catalyst (Au vs La vs Pd)

as well as through the nature of the g-allenol (free vs protected). It appears to be the
first time that such an effect has been reported.

According to the Au- and Pd-catalyzed results, the heterocyclization reaction is

very sensitive to the presence of the MOM ether functionality. To expand further

the utility of the metal-catalyzed cycloetherification, allenes incorporating a

(methoxymethyl)oxy group were studied under the lanthanide amide methodology.
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Scheme 5 Palladium-catalyzed heterocyclization reaction of g-allenol derivatives 1a, and 1e–g.
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CO2Me
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Along the line of this research, the La-catalyzed reaction of MOM-protected

g-allenols 8a, 1a, and 1f was investigated. When compound 8a was submitted to

the lanthanide amide conditions, the starting material remained unaltered even after

2 days of reaction. When the reaction of methyl-allene 1a was conducted in the

presence of a catalytic amount of La[N(SiMe3)2]3, the MOM-free seven-membered

adduct 11 was exclusively obtained (Scheme 6).2 Intrigued by this unusual out-

come, we set out to perform the lanthanum-catalyzed reaction of phenyl-allene 1f.

With this consideration in mind, the C-methyl group on allene was replaced by

a sterically more demanding C-phenyl group which, based on the above Au- and

Pd-results, was anticipated not to change the electronic property of the propa-

1,2-dienyl moiety significantly. However, to our delight, the reaction proceeded

smoothly to afford the strained tricycle 12 in a remarkably high isolated yield of

77%; additionally, a small amount (7% yield) of the dihydropyran 3b was observed

(Scheme 8). Thus, by a subtle variation in the substitution pattern of the allene

component (Ph vs Me), the La-preferential formation of the seven-membered

regioisomer can be reversed.

To understand the highly regio- and diastereoselective nature of these metal-

catalyzed transformations, a theoretical study on the ring-closure steps of free and

protected azetidin-2-one tethered g-allenols 1 and 8 was undertaken.

2.2 Computational Study

With regard to computational methods, density functional theory (DFT) calcula-

tions were performed using the Gaussian 03 package [33]. The hybrid functional
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Scheme 7 AuIII-catalyzed heterocyclization reaction of MOM protected g-allenol derivatives 8a,
8b, 8c, and 8d. Reagents and conditions: (i) 5 mol% AuCl3, CH2Cl2, RT. MOM ¼ MeOCH2

2The preferential regioselective 7-endo cyclization here differs markedly from that of the only

reported La-mediated oxycyclization of a g-allenol, namely the 6-endo/6-exo cyclization of hexa-

4,5-dien-1-ol leading to 6-methyl-3,4-dihydro-2H-pyran and 2-methylenetetrahydro-2H-pyran as

a 4:1 mixture. See [32].
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B3LYP of Becke Lee, Yang, and Parr was used [34, 35]. The 6-34G(d) basis set was

used for main-group atoms, while the metal centers Au, Pd, and La have been

described by LANL2DZ basis set [36], where the innermost electrons are replaced

by a relativistic ECP and the valence electrons are explicitly treated by a double-z
basis set. The optimized geometries were characterized by harmonic analysis, and

the nature of the stationary points was determined according to the number of

negative eigenvalues of the Hessian matrix. The intrinsic reaction coordinate (IRC)

pathways from the transition structures have been followed using a second-order

integration method to verify the connections with the correct local minima [37, 38].

The reported energies, enthalpies, and free-energies include the vibrational gas-

phase zero-point energy term and thermal corrections, respectively. Solvent effects

have been obtained through single-point calculations on the gas-phase optimized

geometries. The Conductor Polarizable Continuum Model (CPCM) [39] as imple-

mented in the Gaussian 03 package has been used, with the parameters chosen by

default. CH2Cl2, DMF, and toluene were selected as model solvents, with a

dielectric constant e ¼ 8.93, 39.0, and 2.38, respectively. Natural bond orbital

(NBO) analyses (NBO Version 3.1, Glendening ED, Reed AE, Carpenter JE,

Weinhold F. For original literature, see [40, 41]) have been performed by the

module NBO v.3.1 implemented in Gaussian 03 to evaluate the NPA charges at

the optimization level.

To get insights into the factors that control the regioselectivity of the transition

metal catalyzed cyclization and the role of substituents, a theoretical study has been

carried out on different precursors. Taking into account the experimental observa-

tions and the computational resources, precursors I–III (see below) were selected

as theoretical models for the gold- and palladium-catalyzed reactions. In order to
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elucidate general mechanistic aspects of the intramolecular lanthanide-catalyzed

hydroalkoxylation/cyclization of g-allenols 4, to determine factors that govern the

observed high regio- and stereoselectivity as well as to highlight the role of

substituents, we have performed a computational study on the hydroalkoxylation

of precursors I, II, and IV (Fig. 1) as theoretical models. Additionally, we have

selected La[N(SiH3)2]3 complex to simulate the precatalyst species.

The above experimental results suggest a different activation of the allene

moiety by complexation with the catalyst. Unfortunately, the computed NPA

charges on the reactant complex I-AuCl3 and I-PdCl2 reveal a similar trend.

Thus, complexation on proximal allenic double bond (mode a, Fig. 2) induces a

higher electrophilic character over C3 (Table 1, see also Fig. 3 for orbital topology),

hence preferentially promoting a 5-exo-trig cyclization. Because of the hindrance
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•

1
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56

R2O

OR1

R3
I: R1 = TMS; R2 = H; R3 = Me

II: R1 = MOM; R2 = H; R3 = Me

III: R1 = COPh; R2 = MOM; R3 = Me 

IV: R1 = MOM; R2 = H; R3 = Ph

Fig. 1 Structures for the selected theoretical model precursors

mode a

mode b

Fig. 2 Optimized structures of the reactant complexes. Mode a refers to coordination of the

proximal allene C¼C, and b to coordination of the distal C¼C. Hs have been omitted for clarity
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between the catalyst and TMS group, the allene moiety coordinates the metal center

only through C2 (Au–C2 ¼ 2.211 Å), forming a slipped Z1–reactant complex,

I-AuCl3, whereas the less sterically demanding PdCl2 forms a Z2-complex by

coordination of C2 and C3 (2.057 and 2.279 Å, respectively). The engagement of

the distal allenic double bond (mode b, Fig. 2) enhances the electrophilic character

at the central allene carbon C2 (Table 1). The lower steric hindrance induced by the

methyl substituent allows the formation of a more symmetric complex with the

gold-catalyst (Au–C1 ¼ 2.283, Au–C2 ¼ 2.489 Å). In the case of the complex

formed by p-coordination of the proximal allenic double bond, the net charge

transfer from the p-system to the catalyst is slightly larger than that computed

from the distal bond (MCln, Table 1), which makes a more electrophilic allene

moiety (mainly at C3).

On the basis of these electronic data, these binding modes would promote

preferably the 5-exo-trig or 6-exo-dig cyclization by intramolecular nucleophilic

addition over alternative paths, to form tetrahydrofuran or dihydropyran-skeletons,

respectively. However, the fact that divergent results are observed suggests that

other factors must come into play. First, studies have been focused on the AuCl3-

catalyzed cycloisomerization of I. The computed energy values clearly reveal a

kinetic preference for the formation of the fused-tetrahydrofuran scaffold (Table 2).

Thus, the free energy barrier to reach the transition structure TSI-5 is 5.1 and

8.2 kcal mol�1 lower than the corresponding transition structure for the addition

Table 1 NPA atomic charges on the reactant complexes. The charge for the uncomplexed

precursor is also shown to appreciate the effect of the catalyst

Mode C1 C2 C3 C4 C5 C6 O M MCln

– – �0.495 +0.072 �0.122 +0.091 �0.073 +0.026 �0.738 – –

a AuCl3 �0.386 �0.188 +0.158 +0.065 �0.075 +0.027 �0.740 +0.996 �0.319

a PdCl2 �0.418 �0.012 +0.050 +0.083 �0.076 +0.028 �0.738 +0.716 �0.339

b AuCl3 �0.473 +0.133 �0.065 +0.108 �0.066 +0.029 �0.764 +1.011 �0.297

b PdCl2 �0.428 +0.057 �0.065 +0.104 �0.064 +0.029 �0.763 +0.719 �0.289

Mode a: coordination of the proximal allene C¼C; b: coordination of the distal C¼C

Fig. 3 Topology of the acceptor molecular orbital LUMO on the complexed structures precursor

of I according to the mode of coordination a (left) and b (right)
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to the central (TSI-6) and terminal allene carbon (TSI-7), respectively (Fig. 4). These

results agree with experimental evidence.

From a thermodynamic viewpoint, the formation of the tetrahydrooxepine

intermediate (INI-7) is slightly more exothermic than the formation of the tetrahy-

drofuran (INI-5) and dihydropyran (INI-6) intermediates. In this regard, the most

stable structure in the gas phase is the tetrahydrofuran complex, but solvent effects

exert greater influence on the stabilization of the seven-membered ring. The transi-

tion structures and subsequent intermediates show the formation of a weak hydrogen

bond between one of the chloride ligands and the acidic hydroxyl-hydrogen (for

TS1–5, TS1–6, TS1–7: 2.240, 3.793, 2.242 Å; for IN1–5, IN1–6, IN1–7: 1.790, 1.691,

1.875 Å). This interaction slightly stabilizes the structures as compared with non-

hydrogen-bonded structures (when this alternative is possible). The fact that the

cyclization generates a quaternary center in an asymmetric manner when a 5-exo-
cyclization route is followed is due to steric effects in the transition state. Thus, while

TSI-5 lacks unfavorable steric interactions, the formation of the epimer proceeds

through a transition structure, TSI-5’ (Fig. 5), exhibiting a distortion of the allenic

group in order to alleviate the steric interaction with the protons at the lactam ring

(distance terminal allenic proton-lactam proton ¼ 2.034 Å in TSI-5’, shorter than

sum of van der Waals radii, vs distance methyl proton-lactam proton ¼ 2.307 Å in

TSI-5). This effect results in a transition structure 5.3 kcal mol�1 higher in energy

than TSI-5, which accounts for the observed stereoselectivity.

The higher stability of the transition structure TSI-5, and hence the kinetic

preference for the formation of the five-membered oxacycle, is mostly due to the

electronic effects described above. In addition, steric hindrance imposed by the

TMS protecting group plays a significant role. As can be seen in Fig. 4, the bulky

TMS group on the tether center causes compression of the internal angle

(C3–C4–C5 ¼ 108.2�) to relieve the steric pressure with the allenic moiety and

lactam ring, so the reactive centers at the ends of the system aremoved closer together,

thus favoring the cyclization and improving the reaction rate (Thorpe–Ingold effect).

In contrast, the formation of the larger seven-membered ring proceeds through

a transition structure TSI-7 where the methyl substituent can rest in the same plane

as the TMS group. This conformation is reached without angle compression; in fact,

Table 2 Enthalpy and free energy in the gas phase, and free energy in solution (kcal mol�1) for

the cyclization of I by alternative regioisomeric 5-exo-trig, 6-exo-dig, and 7-endo-trig paths

AuCl3 PdCl2

DHgas DGgas DGsol DHgas DGgas DGsol

I-MCln 0.0 0.0 0.0 0.0 0.0 0.0

TSI-5 3.7 6.1 1.9 6.2 7.5 4.8

INI-5 �4.0 �2.7 �5.5 �2.8 �1.2 �2.3

TSI-6 8.3 9.6 7.0 15.2 15.9 9.5

INI-6 �3.5 �2.6 �5.8 �2.1 �0.8 �1.9

TSI-7 14.2 15.0 10.1 15.9 17.9 11.2

INI-7 �3.2 �2.5 �10.0 �1.5 0.1 �2.2
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it proceeds with an angle opening (C3–C4–C5 ¼ 119.7�) since the ring strain

imposed by the lactam and endocyclic alkene group restrains the tether flexibility

and the interaction between reactive centers. It should be noted, however, that a ring-

puckering change upon optimization to the intermediate, INI-7, is observed to relieve

steric congestion in the cyclized adduct (Fig. 4).

Protonolysis of the s-carbon–gold bond would yield the bicycle type 5 with

simultaneous regeneration of the AuIII-species. This process may proceed

through two conceivable paths from the vinyl-Au complex INI-5: via direct 1,3-H

shift (path a), or through a stepwise migration assisted by the catalyst (path b)
(Scheme 9).

TSI-5 INI-5

TSI-6 INI-6

TSI-7 INI-7

Fig. 4 Optimized structures of the transition structures and intermediates for the oxycyclization

step following alternative paths
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The results, summarized in Table 3, clearly point to the stepwise mechanism as

the most likely route. It should be noted that the first step is nearly thermoneutral

and takes place with a negligible activation barrier (DGsol ¼ 0.3 kcal mol�1)

affording an intermediate, INHb, which still exhibits a strong Au–Cl interaction

(2.559 Å). This suggests that the ligand remains partially attached to the metal

along the assisted H-shift. The last step could then be the cleavage of the Au–C

bond by HCl, to liberate the bicycloadduct. Thus, the formation of the C–H bond

and regeneration of the catalyst proceeds in a highly exothermic step through the

transition structure TS2Hb, which involves a free energy barrier of 7.0 kcal mol�1.

TSI-5 TSI-5′

H–H = 2.307 Å H–H = 2.034 Å

Fig. 5 Transition structures for the 5-exo-trig cyclization, showing critical steric interactions

which account for the observed stereochemistry
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The direct transformation (path a), via TSHa, requires a free energy of activation

considerably higher (DG#
sol ¼ 19:8 kcal mol�1). Therefore, the stepwise path is

predicted to be considerably favored (by 13.1 kcal mol�1) over the concerted

path, which hence can be ruled out as operative. Overall, the 1,3-H shift is a

strongly exothermic process (�22.3 kcal mol�1), pointing to a somewhat irrevers-

ible character.

To sum up, the AuIII-catalyzed cyclization of g-allenol I (Fig. 6) takes place

regio- and stereoselectively through a 5-exo hydroalkoxylation because of a kinetic
preference governed by electronic and steric factors.

Table 3 Free energy differences in solution (in kcal mol�1) for the 1,3-H shift from the 5-exo and
7-endo cyclized adducts

AuCl3 PdCl2

n ¼ 5 n ¼ 7 n ¼ 5 n ¼ 7

INI-n 0.0 (�5.5) 0.0 (�10.0) 0.0 (�2.3) 0.0 (�2.2)

TSHa 19.8 (14.3) 19.2 (9.2) 20.8 (18.5) 21.3 (19.1)

TS1Hb 0.3 (�5.2) 0.4 (�9.6) �0.1 (�2.4) �0.4 (�2.6)

INHb �0.3 (�5.8) �0.9 (�10.6) �0.2 (�2.5) �0.5 (�2.7)

TS2Hb 6.7 (1.2) 8.6 (�2.4) 7.0 (4.7) 8.8 (6.6)

Product �22.3 (�27.8) �19.6 (�29.6) �19.7 (�22.0) �16.0 (�18.2)

Free energy differences relative to the reactant complex are shown in parenthesis
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Thus, a possible pathway for the achievement of bicyclic tetrahydrofuran type

2 from g-allenol Imay initially involve the formation of a complex I-AuCl3 through

coordination of the gold trichloride to the proximal allenic double bond. Next,

regioselective 5-exo oxyauration forms zwitterionic species INI-5. Loss of HCl

followed by protonolysis of the carbon–gold bond of INHb affords product type

2 and regenerates the gold catalyst (Scheme 10).

The PdII-catalyzed cyclizative coupling reaction of g-allenols 1 with allyl

halides gave the tetrahydrooxepine-b-lactams 4 (Scheme 4), resulting from a

7-endo oxycyclization. However, the computed results for the plausible cyclization

modes on the allenol model I show the same trend as that seen before for the AuIII-

catalyzed process, namely, a kinetic preference for the 5-exo-trig cyclization,

although the 7-endo-trig cyclization proceeds with a barrier only 6.4 kcal mol�1

higher (vs DG#
sol ¼ 8:2 kcal mol�1 for AuIII-catalysis). This poorer kinetic prefer-

ence may be due to a lower polarization of the allene upon p-coordination to the

metal (Table 1). In this context, every alternative process has been explored to

determine the factors that promote the 7-endo over the 5-exo cyclization and the

allyl coupling over the H-shift.

While the transition structure for the 5-exo-trig cyclization appears slightly later
for the PdII- than for the AuIII-catalyzed process (2.429 vs 2.457 Å, respectively),
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the alternative 7-endo-trig is earlier (2.055 vs 1.942 Å, respectively). Likewise,

the transition structures (very weak for TSI-6) and subsequent intermediates show

the formation of a hydrogen bond between the closest halide ligand and the

hydroxyl-proton (for TSI-5, TSI-6, TSI-7: 2.177, 2.607, 2.145 Å; for INI-5, INI-6,

INI-7: 1.708, 1.707, 1.741 Å), which is stronger (shorter) than for the related

AuIII-complexed structures. This effect makes the first event of the 1,3-H shift

(formation of INHb intermediate, path b, Scheme 1) a barrierless step (Table 3).

Although pallada-tetrahydrooxepine and pallada-furan intermediates show equiv-

alent structural and energetic properties, initial efforts have been focused on the

former; discussion on the latter is presented below. The HCl formed shows a

higher enlargement of the Pd–Cl (hence, weaker interaction) as compared with

the same state INI-7 for the Au counterpart (DdM–Cl ¼ 0.10 vs 0.06 Å, respec-

tively; for optimized structures and selected geometric parameters for AuIII and

PdII-mediated protonolysis of INI-7), which suggests an easier HCl release. The

final formation of the C–H bond and regeneration of the catalyst requires over-

coming a low energy barrier, 8.3 kcal mol�1. Figure 7 depicts the optimized

geometries for the protonolysis process of INI-7 catalyzed by AuCl3, according to

the two proposed reaction paths in Scheme 9. For a comparison, Table 4 sum-

marizes the evolution of the most relevant structural parameters along the reaction

coordinate for both paths for the protonolysis of INI-7 mediated by AuCl3 and

PdCl2.

Alternatively, the presence of an allyl halide promotes a coupling reaction by

trapping with the intermediate INHb. This process should be favored by the easy

HCl release/metal decoordination. Furthermore, a close inspection of the vinyl-

intermediates INI-n suggests that this reaction would take place more favorably for

the pallada-tetrahydrooxepine that for the pallada-furan intermediate because of a

lower steric hindrance around the reactive centers. The allyl coupling with the

alkenyl PdII intermediate occurs by insertion of the C¼C bond of allylic halide to

give a s-C–Pd intermediate, which then undergoes a trans b-elimination affording

the oxepane product (Fig. 8) ([42]; for studies onPdII-catalyzed coupling-cyclization

of a- or b-amino allenes with allylic halides, see [43–45]). The weakly Pd-

coordinated HCl in INHb can be easily displaced by the incoming allyl bromide in a

fast ligand-interchange displacement mechanism, which yields the Z2-complex

IN1AL upon p-coordination to the metal. The alkene in this Z2-complex may

adopt four perpendicular conformations [46, 47], relative to the Pd–C(alkenyl)

vector, involving different orientations of the methyl bromide moiety.3 Herein,

only the conformation giving rise to the lowest energy profile for the insertion,

where the –CH2Br rests on the opposite side of the ring and endocyclic oxygen is

shown. The p-coordination gives rise to symmetrical Pd–alkene bonds [Pd–C

(H2) ¼ 2.246andPd–C(H) ¼ 2.264 Å],andalengthenedC¼Cbond(Dd ¼ 0.044 Å

3In addition to these perpendicular conformations, four parallel structures with the C¼C parallel to

the s-Pd–C bond could also be envisioned. However, in these cases the local minima either do not

exist at all or are so shallow that the geometry optimizations eventually lead to the perpendicular

complexes.
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from the uncomplexed precursor to IN1AL). The formation of this Z2-complex is

exothermic by �7.5 kcal mol�1. The coordinated alkene undergoes a 2,1-insertion

into the Pd–alkyl bond in a stepwise process (the regioselectivity found here is quite

similar to those found in the insertion reactions of alkenes with many neutral PdII

complexes [48]; It can readily be explained by a polarization of the p-orbital in
alkene toward the CH2 group [49]), that proceeds through the formation of a Pd-

complex IN2AL. This intermediate is formed via TS1AL, where the four atoms

TSHa

Scheme 1, path a

a

b

INHbTS1Hb TS2Hb

Scheme 1, path b

Fig. 7 Optimized geometries for AuIII-mediated protonolysis process following a concerted (path
a) or stepwise route (path b)

Table 4 Selected optimized structural parameters (in Å) for the AuIII- and PdII-mediated proto-

nolysis of INI-7 according to the paths a and b proposed in Scheme 9

AuIII PdII

O–H C2–H H–Cl Au–Cl O–H C2–H H–Cl Pd–Cl

IN1-7 1.044 3.000 1.875 2.495 1.103 2.493 1.741 2.457

TSHa 1.345 1.465 2.762 2.391 1.320 1.493 2.842 2.396

TS1Hb 1.367 2.558 1.466 2.521 1.136 2.518 1.678 2.469

INHb 1.617 2.667 1.365 2.556 1.685 2.730 1.349 2.558

TS2Hb 3.425 1.524 1.536 2.524 3.429 1.453 1.577 2.489

Type 7 3.423 1.090 2.655 2.387 3.413 1.090 2.761 2.330
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forming new bonds (Pd–C ¼ 2.079 and C–C ¼ 2.097 Å) are roughly planar (devi-

ation of 8.2�). Intriguingly, a cis-trans isomerization of the chloride ligand takes

place to reach the transition state, probably in order to reduce the back-bonding

interaction and favor the Pd–C bond formation. A moderate activation barrier is

found for this elementary step (11.6kcalmol�1), being the formationof the palladacy-

clobutanecomplexfavoredfromathermodynamicalviewpoint(�9.7kcalmol�1).

The cycloalkene fragment in the Pd-complex IN2AL still appears strongly,

though asymmetrically, bound to the metal (Pd–C2 ¼ 2.169, Pd–C3 ¼ 2.232 Å),

so the intermediate shows a distorted square-planar geometry around the metal with

a vacant position trans to the new s-Pd–C bond. Then, the intermediate IN2AL may

suffer a b-heteroatom elimination ([50–57]; for the stereoselectivity of b-hetero-
atom elimination, see [58–61]) to give the coupling product type 4 regenerating the

active catalyst PdCl2. Here, the liberated HCl play a very important role in

promoting the dehalopalladation and inhibiting the b-H elimination [56, 62]. It

has been postulated that halide ions would assist the b-heteroatom elimination

through an E2-like mechanism promoted by halide ion coordination to Pd [63].

This trans b-elimination step takes place via TS2AL, where the lengths of the
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forming and breaking bonds (2.481 Å for the Pd–Cl bond, 2.088 Å for the Br–C) on

one hand, and enlargement of the Pd–alkene distance (2.703 and 3.205 Å) and

advanced opening of the tetracycle (C–C–C ¼ 113.2�) on the other indicate a large
asynchronicity. The formation of the diene product thus proceeds in a final exo-

thermic step by surmounting a low activation barrier (5.1 kcal mol�1). Figure 9

shows the optimized structures for the olefin insertion and b-dehalopalladation
processes. Alternatively, a syn b-dehalopalladation might be envisaged, in analogy

with the b-H-elimination in related PdII-promoted processes (for a computational

study, see [64]). Nevertheless, the computed results indicate that this pathway is

less favored from a kinetic viewpoint since the transition structure to the metalla-

cyclobutane intermediate is 5.2 kcal mol�1 higher in energy that the equivalent for

the alternative b-dehalopalladation.
Scheme 11 outlines a mechanistic proposal for the achievement of compounds

type 4. Initial PdII-coordination to the 1,2-diene moiety gave an allenepalladium

complex I-PdCl2. Species I-PdCl2 suffers an intramolecular cycloetherification

reaction to give the intermediate palladatetrahydrooxepine INI-7, which reacted

with allyl bromide via IN1AL to form intermediate IN2AL. A trans b-heteroatom
elimination generates tetrahydrooxepine-b-lactams type 4 with concomitant regen-

eration of the PdII species (Scheme 11).

IN1AL

TS2AL

TS1AL

IN2ALtype 4-
PdCl2

Fig. 9 Optimized structures for the PdII-allyl coupling. Some Hs have been omitted for clarity
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It is worth noting that the cyclization/coupling process affords cycloadducts 4

from a 7-endo-trig cyclization instead of that from the kinetically preferred 5-exo-
trig-cyclization intermediate. This latter plausible mechanism, however, has been

found to involve a highly congested transition structure for the olefin insertion

(Fig. 10), which accounts for the rather high activation barrier for this step

(25.4 kcal mol�1), 14.8 kcal mol�1 higher than that from the seven-membered
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ring intermediate. Therefore, given that the cyclization and HCl formation are

likely reversible processes under the reaction conditions, it could be argued that

the kinetic preference for the coupling event from the seven-membered ring relative

to other cyclic adducts and also to the protonolysis of the metal–carbon bond, along

with the greater stability of the coupling product vs H-shift adduct, should funnel

the reaction toward the observed product.

Protection of the a-hydroxyl functionality with an MOM moiety has been

shown to induce a different process when AuCl3 is used as catalyst (Scheme 6):

g-allenols 1 are transformed into dihydrofurans 7 by a chemoselective 5-endo-trig
cyclization over the ether protecting group. On the basis of these experimental

findings, a calculation has been carried out on the g-allenol model II. The

optimized structures are depicted in Fig. 11. In this case, the results suggest

that the formation of the gold–dihydrofuran intermediate complex INII-5endo is

kinetic and thermodynamically favored over the competing 5-exo-trig and 7-

endo-trig cyclization (Table 5).

The active participation of the protecting group as nucleophilic entity is due to

stereoelectronic and thermodynamic effects. The reaction takes place through a

planarized five-membered cyclic transition structure,TSII-5endo, as dihedral angle values

highlight (C1–C2–C3–C4 ¼ 1.4�, C2–C3–C4–O ¼ –12.2�, C3–C4–O–C1 ¼ 13.2,

C4–O–C1–C2 ¼ 11.5, O–C1–C2–C3 ¼ 6.1�, see Fig. 12). The metal lies in the

C1–C2–C3 allene plane (0.8� in TSII-5endo vs 6.1� and 17.8� in TSII-5 and

TSII-7, respectively) which enhances the electrophilic activation of C1. The

conformation in TSII-5endo, easily reached with small structural distortion from

the reactant complex, allows an effective orbital overlap between the lone-pair

orbital n and p* orbital and charge transference to the electrophilic fragment,

which results in a stabilization of the transition state as compared with alternative

Fig. 10 Transition structure

for the alternative allyl-

coupling with the 5-exo
cyclized intermediate
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routes. It should be noted that the bulky a-substituent in g-allenol I would

preclude the effective interaction between the activated allene carbon and the

oxygen atom. Additionally, as can be deduced from Table 5, the formation of the

Table 5 Enthalpy and free energy differences in gas and in solution

for the competing AuIII-catalyzed cyclization modes of g-allenol II
DH DG DGsol

II-AuCl3 0.0 0.0 0.0

TSII-5 3.5 6.9 7.9

INII-5 �3.4 �0.4 0.3

TSII-7 12.5 15.8 14.1

INII-7 �1.8 1.0 �0.2

TSII-5endo 5.1 4.2 6.9

INII-5endo �2.9 �3.5 �12.7

II-AuCl3
TSII-5endo INII-5endo

II-AuCl3 TSII-5 INII-5

II-AuCl3 TSII-7 INII-7

Fig. 11 Optimized structures of the AuIII-catalyzed cyclization step of g-allenol II following the

competing 5-endo-trig, 5-exo-trig, and 7-endo-trig modes
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fused bicycle is associated with a less favored entropy contribution than the non-

fused dihydrofuran (DS#II-5 ¼ �7.9, DS#II-7 ¼ �11.2, and DS#II-5endo ¼ +2.9

cal mol�1K�1, respectively). It leads to a lower free energy of activation to

achieve TSII-5endo than other transition structures. Also, it implies that the

formation of INI-5endo has a thermodynamic driving force greater than that

corresponding to the transformation into the alkenyl palladium intermediates

INII-5 or INII-7 (Fig. 12).

According to the results detailed above, the regioselectivity of the AuIII-cata-

lyzed cyclization of g-allenols 4 mainly depends on two factors: the electronic

properties of the acceptor carbon atom of the allene induced by the catalyst, and the

structural properties of the a-substituent.
In sharp contrast, protection of the g-hydroxyl group inhibits the 5-exo cycliza-

tion, being the 7-endo mode, the operative pathway, to yield fused tetrahydroox-

epines 9 (Scheme 7). To shed light on this result, both cyclization modes have been

explored for precursor III. In this case, the calculations provide a clear picture and

indicate that the 5-exo-trig cyclization transition structure TSIII-5 is 5.1 kcal mol�1

less stable than the 7-endo cyclization TSIII-7 due to strong steric effects. The

intramolecular attack on the internal allenic carbon is inhibited by steric hindrance
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between the (methoxymethyl)oxy group and the catalyst (Fig. 13). A comparison

with the preferential 5-exo transition structure of I (TSI-5) reveals that TSIII-5 not

only lacks the stabilizing H-bond interaction between the hydroxyl and the ligand

catalyst found inTSI-5, but also shows a destabilizing steric interaction owing to the

protecting group. The O–C3 distance in TSIII-5 is shorter (2.384 Å) than in TSI-5
(2.457 Å), which further enhances the steric repulsion, as indicated by the deviation of

themetal from the p-plane (9.7� vs 0.1� inTSI-5) and the torsion of the C1–C2–C3–C4
angle (41.4� vs �7.1� in TSI-5). Thus the transition structure is achieved with a

higher structural distortion from ideal values. The subsequent alkenyl gold

intermediate INIII-5 should be formed by opening of the C1–C2–C3–C4 dihedral

angle as the O–C3 distance decreases, but this torsion would increase the strong

steric congestion between the catalyst or the alkene fragment. In fact, the calculations

reveal that TSIII-5 evolves to a highly unstable uncyclized intermediate

(O–C3 ¼ 2.367), only 0.01 kcal mol�1 more stable than TSIII-5, so it must revert to

the reactant Au-complex, which funnels the reaction toward the formation of the

tetrahydrooxepine

The pathway proposed in Scheme 12 looks valid for the formation of products

type 9 from MOM protected g-allenol derivative III. It could be presumed that

the initially formed allenegold complex III–AuCl3 undergoes an intramolecular

attack (7-endo vs 5-exo oxyauration) by the (methoxymethyl)oxy group, giving

rise not to species INIII-5 but to the tetrahydrooxepine intermediate INIII-7.

Protonolysis of the carbon–gold bond linked to an elimination of methoxymetha-

nol would then liberate the bicycle type 9 with concomitant regeneration of

the AuIII species. Probably the proton in the last step of the catalytic cycle

comes from the trace amount of water present in the solvent or the catalyst. In

the presence of MOM group, 5-exo cyclization falters. As calculations reveals, 5-

exo oxyauration via INIII-5 is restricted by the steric hindrance between the

(methoxymethyl)oxy group and the substituents at the quaternary stereocenter.

With the aim of trapping the organogold intermediate to confirm the mecha-

nism of this reaction, deuterium labeling studies with deuterium oxide were

performed. Under the same conditions but with the addition of 2 equiv. of

D2O, heterocyclization reaction of MOM protected g-allenol 8a catalyzed by

AuCl3 in dichloromethane afforded [4-D]-9a in 48% yield, indicating that a

Fig. 13 Comparison between the transition structures TSI-5 and TSIII-5
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deuterium atom was incorporated at the alkenyl carbon (Scheme 13). The fact

that the AuCl3-catalyzed conversion of allenol 8a into bicycle 9a in the presence

of 2 equiv. of D2O afforded [4-D]-9a, as judged by the disappearance of the peak

at 6.35 ppm in the 1H NMR spectrum, which is the signal of the proton H4 on the

2-oxa-8-azabicyclo[5.2.0]non-4-en-9-one (9a), suggests that deuterolysis of the

carbon–gold in species type INIII-7 has occurred. Along with the clarification of

the reaction mechanism, it should point out at the same time that, although metal-

catalyzed oxycyclization reactions of allenes are well-known in hydroxyallenes,

heterocyclization of alkoxyallenes is not an easy task and still remains a real

challenge.
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3 Metal-Catalyzed Heterocyclization Reactions of g-Allenols
Derived from D-Glyceraldehyde

3.1 Experimental Study

From the above results for 2-azetidinone-tethered g-allenol precursors, it is

revealed as an initially kinetically favored 5-exo-trig cyclization whereas the 7-

endo-trig cyclization mode appeared as a less favorable route (activation barrier

6–8 kcal mol�1 higher), in part because the ring strain imposed by the b-lactam ring

and endocyclic alkene group restrains the tether flexibility and the successful

interaction between reactive centers. Therefore attention should also be directed

to the influence of the nature of the tether between the allene moiety and the

functionality.

In order to address the role of the tether, the reactivity of g-allenols lacking a

b-lactam ring toward the regioselective metal-mediated heterocyclization reaction

was tested with substrate 13. Treatment of g-allenol 13 with AgNO3 in THF–H2O

(1:1) at reflux temperature furnished the desired tetrahydrooxepine 14 although

only in modest yield (38%), the best cycloisomerization result being obtained

on using AuCl3 (5 mol%) (Scheme 14). The preferential regioselective

7-endo cyclization here differs markedly from that of the reported Au-mediated

oxycyclization of g-allenols [22, 65], namely a 5-exo cyclization leading to

2-vinyltetrahydrofurans. Interestingly, a similar regioselectivity is observed with

[PtCl2(CH2¼CH2)]2 as the catalyst (the only available Pt-mediated oxycyclization

of a g-allenol is the 6-exo cyclization of 2,2-diphenyl-hexa-4,5-dien-1-ol leading

to 6-methyl-3,3-diphenyl-3,4-dihydro-2H-pyran; see [23]). However, product 14

is not detected, its isomer 15 being the sole reaction product. Conjugation of the

double bond with the lone pair of the oxygen atom under Pt-catalyzed conditions

is believed to promote the formation of 15. The PdCl2-catalyzed reaction between

allyl bromide and g-allenol 13 afforded the tetrasubstituted tetrahydrooxepine

16 in a totally regioselective fashion (Scheme 15), as was observed for the related

b-lactam precursor [65].4 Next, it was decided to test whether a related transfor-

mation could be accessible through the palladium(II)-catalyzed oxybromination

of g-allenol 13. Indeed, bromotetrahydrooxepine 17 was achieved as single

isomer in reasonable yield (Scheme 14). Of special interest is the reversal on

the regioselectivity in the nucleophilic insertion of g-allenol 13, by comparison

with the recently reported cyclization of simple g-allenic alcohols under

similar Pd–Cu bimetallic reaction conditions (these authors obtained bromoalk-

enyl tetrahydrofurans, while in the current report a bromotetrahydrooxepine was

obtained [66]).

4These are the first examples of Pd-catalyzed cyclizative coupling reaction of acyclic-tethered

g-allenols with allyl halides. For its pioneered used in a- and b-allenols, see [18].
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All of these metal-catalyzed transformations may involve a chemoselective

(7-endo-trig vs 6-endo-dig vs 5-exo-trig) g-allenol cycloetherification.

3.2 Computational Study

With regard to computational methods, all stationary points were located and

characterized at the DFT level by means of the B3LYP hybrid functional using

the Gaussian 03 program package [67]. The gold, platinum, and palladium atoms

were described by a double-z basis set with the effective core potential of Hay and

Wadt (LANL2DZ) [68], and the 6-31G(d) basis set [69–73] was used for the other

elements. The optimized geometries were characterized by harmonic analysis, and
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Scheme 14 Metal-promoted preparation of tetrahydrooxepines 14–17. Reagents and conditions:
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the nature of the stationary points was determined according to the number of

negative eigenvalues of the Hessian matrix. In several cases, the IRC pathways

from the transition structures have been followed by using a second-order integra-

tion method to verify the proper connections with reactants and products [37, 38].

The reported enthalpies and free-energies include the thermal corrections. Relative

enthalpies and free-energies (298 K, kcal mol�1) are provided in the manuscript.

Solvent effects were allowed for through single-point calculations on the gas-phase

optimized geometries. The CPCM [39] as implemented in the Gaussian 03 package

was used, with the parameters chosen by default. CH2Cl2 and DMF were selected as

model solvents, with dielectric constants e ¼ 8.93 and 39.0, respectively. NBO

analyses [40, 41] were performed with the module NBO v.3.1 implemented in

Gaussian 03 to evaluate the NPA charges and Wiberg bond indexes (WBIs) at the

optimization level.

Aiming to shed some light onto the dependence of the regioselectivity with the

tether, a computational study of the possible competing cycloetherification routes

has been carried out. g-Allenol V (Fig. 14) has been selected as theoretical model, a
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Scheme 15 Mechanistic explanation for the AuIII-catalyzed hydroalkoxylation reaction of

g-allenol V
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closely related structure to the parent precursor 13, in order to include main effects

and optimize computational resources.

The coordination of an allene to a metal may lead to several types of structures.

For the model system V, two Z2 complexes involving one of the C¼C bonds have

been found, 18a and 18b (Fig. 14), whose properties depend on the substitution

pattern of the allene [74]. Thus, the p-coordination of the proximal C¼C leads to a

partially Z1 slipped reactant complex to reduce steric repulsion with the methyl

substituent, as the M–C distances and computed WBI suggest (Table 6). On the

contrary, the coordination of the distal double bond drives to an almost symmetric

Z2 structure for the three catalysts, showing also higher WBI, i.e., more significant

bonding, and globally shorter M–C lengths. These results point to stronger coordi-

nation and more stable complexes, supported by the calculated free energy differ-

ence between both types of coordination modes. The data summarized in Table 6

also suggest that the PdCl2 generates a more electron-deficient allene fragment,

probably due to the lack of a trans ligand and, hence, back-bonding donation from

the metal.

Alternative conformations of the starting complexes, such as s�allylic cation

structures [74], could not be optimized as minima but were obtained as transition

states. Therefore, it can be stated that the ground state for the complexes is the form

18b. These similar trends for the catalytic systems suggest the same activation

mode of the allene moiety upon complexation with the metal. The free energy

differences computed for the intramolecular nucleophilic addition to the allene

following the plausible heterocyclization paths are depicted in Table 7 and

Fig. 15 (for AuCl3).

OCOPh OCOPh OCOPh

V

HO HO HO

OAc
•

OAc OAc

[M] [M]

18a 18b

• •

Fig. 14 Structure of g-allenol V as selected theoretical model for computational studies

Table 6 NPA charge, bond lengths, Wiberg bond index of the M–C interactions, and free energy

differences between complexes of type a and b

MLx NPA

charge

MLx

Cn–Cn+1

(Å)

M–Cn

(Å)

M–Cn+1

(Å)

Wiberg

bond

index

Wiberg

bond

index

DGa

(kcal mol�1)

18a AuCl3 �0.335 1.389 2.205 2.800 0.309 0.078

PtCl2(CH2CH2) �0.196 1.378 2.165 2.603 0.355 0.194

PdCl2 �0.326 1.403 2.035 2.366 0.492 0.351

18b AuCl3 �0.268 1.356 2.291 2.464 0.258 0.168 �3.1

PtCl2(CH2CH2) �0.167 1.363 2.211 2.284 0.353 0.307 �9.5

PdCl2 �0.304 1.385 2.124 2.121 0.480 0.428 �10.8

Free energy differences relative to 18a
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Table 7 Enthalpies and free energy in the gas phase, and free energy in solution (kcal mol�1) for

the cyclization of V by alternative regioisomeric 5-exo-trig, 6-exo-dig, and 7-endo-trig hetero-

cyclization pathways

AuCl3 PtCl2(CH2CH2) PdCl2

DHgas DGgas DGsol DHgas DGgas DGsol DHgas DGgas DGsol

18b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

TS15 6.6 8.6 4.9 15.5 17.6 15.2 14.6 16.0 15.3

IN15 �7.3 �3.7 �12.5 2.9 6.4 4.2 �2.8 0.0 1.4

TS16 3.9 6.5 2.5 11.0 13.7 13.6 11.3 13.1 16.2

IN16 �21.9 �18.5 �26.5 �8.3 �5.5 �6.9 �17.7 �16.0 �10.4

TS17 5.1 6.6 2.2 11.3 14.2 13.5 12.2 12.3 13.9

IN17 �4.9 �0.9 �11.2 5.8 7.8 2.7 �0.4 2.3 2.6

18b

TS15 IN15

TS16 IN16

18a

TS17 IN17

Fig. 15 Optimized structures of the transition structures and intermediates for the AuCl3 hetero-

cyclization step following alternative paths
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The computed energy values reveal that the 5-exo-trig cyclization (transition

structure TS15) takes place with a higher activation barrier than the 6-exo-digmode

(TS16), which in turn proceeds with a higher barrier than the 7-endo-trig cyclization
(TS17). Furthermore, this tendency is systematically shown by the three catalyst

systems. This kinetic preference contrasts sharply with that estimated for the

precursors bearing a b-lactam ring as tether part, since the energy of activation

increased progressively with the ring-size and the formation of the fused-tetrahy-

drofuran scaffold was clearly favored.

From a thermodynamic viewpoint, the formation of the dihydropyran interme-

diate (IN16) is more exothermic than the formation of the tetrahydrofuran (IN15)

and tetrahydrooxepine (IN17) intermediates. These divergences between both kinds

of precursors can be easily understood by a close inspection of the transition

structures. Focusing on the dihedral angle O(H)–C–C–C for the three alternative

cyclizations for the three catalysts and comparing them with the b-lactam precur-

sor, critical differences can be observed (Table 8). The restraint imposed by theb-lactam
forces an eclipsed conformation for both the transition and intermediate fused structures,

whereas for the acyclic precursor the transition state can be reached through a lower

energy staggered conformation because of the improved tether flexibility. This effect

not only reduces drastically the energy barrier for the cycloetherifications but also the

6-exo-dig and 7-endo-trig cyclization become the kinetically preferred pathways. In

addition, TS16 and TS17 evolve to the metalla-alkenyl intermediates IN16 and IN17,

respectively, where the dihydropyran and tetrahydrooxepine rings formed adopt the

lowest energy conformation, i.e., half-chair [75, 76] and chair [77, 78], respectively.

In summary, the calculated energy values indicate that the 7-endo-cycloether-
ification is kinetically favored over alternative cyclization modes, although TS16
for the 6-exo mode is only slightly less stable than TS17. Even if these data agree

with experimental evidence, the low energy difference between TS16 and TS17
does not justify the manifest regioselectivity. Therefore, the full reaction profiles

for all the catalytic systems have been examined.

Table 8 Dihedral angle O(H)–C–C–C for the first step (in degrees). The values for the AuCl3-

mediated reaction of the b-lactamic structure are also shown for comparative purposes

HH

O
H

H

OAc
H

HO
H

AuCl3 AuCl3 PtCl2(CH2CH2) PdCl2
TS15 0.3 58.8 64.2 61.3

IN15 3.7 31.3 32.2 31.4

TS16 7.3 71.0 70.2 71.3

IN16 1.0 63.7 64.0 63.4

TS17 21.2 64.9 61.2 56.0

IN17 2.5 57.8 56.9 57.6
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The alkenyl-metal intermediates IN1n show the formation of a hydrogen bond

between one of the chloride ligands and the acidic hydroxylic hydrogen [1.75–1.85,

1.75–1.86, and 1.76–1.77 for AuCl3, PtCl2(CH2CH2), and PdCl2, respectively],

which promotes the proton shift and protonolysis of the s-carbon–metal bond to

afford the cyclized product (a plausible direct 1,3-hydrogen shift was previously

ruled out on the basis of the high energy barrier [79]). The formal 1,3-H migration is

therefore assisted by the catalyst and takes place through two steps: formation of

HCl and cleavage of the M–C bond through protonolysis by HCl to liberate the

cycloadduct and regenerate the active catalyst. The first is a barrierless step when

thermal corrections to the energy are taken into account. This step yields a transient

intermediate structure (IN2n; for instance, for AuCl3-catalyzed processes, see

Fig. 16) where the HCl formed remains weakly coordinated to the metal, thus

promoting the last step.

The final step proceeds through the early four-membered ring transition structure

TS2n that still exhibits short M–C and Cl–H breaking bonds and a large C–H

forming bond (Table 9). This step is slightly exothermic whatever the catalyst. The

free energy barrier required to reach the transition state for the seven-membered

OCOPh

[Au]HO

OAc

O

[Au]

[Au] ‡

‡

OCOPhH

OAc

O
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+
H
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–10.0
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9.1
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18b-Au

TS17-Au

IN17-Au

IN27-Au

–26.5 –24.9
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–17.6

–10.6
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Fig. 16 Free energy profile (kcal mol�1) for the transformation of g-allenol V into the tetrahy-

drooxepine P7 (black line). Formation of the alternative five- (blue) and six-membered ring (red)
cyclic ethers are shown for comparison
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ring intermediate, TS27, is lower than for the six-membered ring counterpart, TS26
(Table 10). That is, TS27 is more stable than TS26, probably because a stronger s-
Csp2–H bond is being formed. In this context, the high barrier computed for the

protonolysis of the vinyl-metal intermediates IN15 (TS25, Table 10) is remarkable,

in contrast to the b-lactam counterpart. To check whether it is due to steric

repulsions with the bulky ester, we estimated the activation barrier for its epimer

IN15’ lacking this effect. The pertinent transition structure TS25’ is even less stable

(0.9 kcal mol�1) than TS25 because of steric interactions with endocyclic protons in

a puckered, highly functionalized, tetrahydrofuran ring. The full free energy pro-

files for the formation of tetrahydrofuran, dihydropyran, and tetrahydrooxepine

frameworks are depicted together in Fig. 16 for comparative purposes. The data

are in good agreement with experimental observations as they indicate a kinetically

favored formation of the tetrahydrooxepine skeleton.

All these data point out that a possible pathway for the AuCl3-catalyzed formation

of the tetrahydrooxepine derivative from g-allenol V might thus initially involve the

formation of a complex 18b through coordination of the gold trichloride to the distal

allenic double bond. Next, a regioselective 7-endo oxyauration through nucleophilic

addition to the terminal allenic carbon forms the alkenyl–Au intermediate IN17.

A subsequent loss of HCl and rate-limiting protonolysis of the carbon–gold bond

provides the tetrahydrooxepine and regenerates the gold catalyst (Scheme 15).

The computed results for the plausible PtII-catalyzed heterocyclizations for

allenol V show the same trend to that seen before for the AuIII-catalyzed process,

namely, a kinetic preference for the nucleophilic addition to the terminal Csp2-

allene carbon (7-endo-trig heterocyclization mode, Table 7). Likewise, the transi-

tion structure for the rate-limiting protonolysis step for the seven-membered, TS27,

is more stable than those for the dihydropyran (TS26) and tetrahydrofuran (TS25)

cycloadducts (Table 10). One might expect, therefore, the favored formation of the

same oxacycle P7. However, experimental results showed that product 14 is not

Table 9 Key structural parameters (measured in Å) for the protonolysis step

AuCl3 PtCl2(CH2CH2) PdCl2

Cl–H M–Cl C–H Cl–H M–Cl C–H Cl–H M–Cl C–H

TS25 1.592 2.516 1.435 1.594 2.501 1.458 1.607 2.493 1.401

P5 2.652 2.394 1.088 2.907 2.376 1.087 3.021 2.335 1.085

TS26 1.567 2.534 1.508 1.529 2.502 1.626 1.654 2.431 1.470

P6 3.372 2.370 1.096 3.339 2.364 1.096 3.215 2.318 1.095

TS27 1.506 2.550 1.535 1.498 1.514 1.602 1.547 2.502 1.469

P7 2.686 2.390 1.090 2.814 2.386 1.091 2.812 2.330 1.089

Table 10 Free energy differences (in kcal mol�1), relative to the starting complex 18b, for the

protonolysis step

AuCl3 PtCl2(CH2CH2) PdCl2

n ¼ 5 n ¼ 6 n ¼ 7 n ¼ 5 n ¼ 6 n ¼ 7 n ¼ 5 n ¼ 6 n ¼ 7

TS2n 12.3 9.1 8.6 22.3 18.5 17.9 19.2 15.5 14.7

Product �17.6 �27.0 �10.6 �9.4 �26.9 �6.9 �2.5 �12.1 �3.5
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detected in the Pt-catalyzed reaction of g-allenol 13 (Scheme 14), its isomer 15

being the sole reaction product. Conjugation of the double bond with the lone pair

of oxygen atoms under Pt-catalyzed conditions might be evoked to account for the

formation of this structure. So the role of the catalyst in this divergence was

questioned.

Coming back to the theoretical model, the transformation of P7 into P7’ involves

a formal 1,3-hydrogen migration. This process can be viewed as two consecutive

1,2-H shift steps rather than a direct 1,3-H shift (Fig. 17). In this context it has been

found to be a rather synchronous transition structure (C–H breaking bond ¼ 1.406,

C–H forming bond ¼ 1.470 Å), TS37, where the moving atom establishes an H-

bond with the catalyst (1.849 Å). This effect stabilizes the transition structure,

giving rise to a moderate activation barrier (17.3 kcal mol�1) to be overcome.5

5An alternative transition structure has been located lacking this H-bond between the ligand and

the moving hydrogen, that lies 16.2 kcal mol–1 above TS37.

TS37

TS57 IN47

P7

IN37 TS47

TS67

P7′

Fig. 17 Optimized structures of the stepwise hydrogen shift involved in the isomerization of P7

into P7’. A three-step Pt-mediated mechanism is favored over the alternative uncatalyzed two-step

mechanism through TS67. Most of the Hs have been omitted for the sake of clarity
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The pertinent IRC calculations have verified that TS37 connects P7 with IN37 in an

endothermic, reversible step (8.8 kcal mol�1). Finally, it has been proposed that the

last 1,2-H migration may be a stepwise process taking place assisted by the metal

center via b-H elimination. Mechanistic studies on transition-metal-catalyzed b-H
elimination processes [80–82] have revealed that they can proceed through four-

membered ring intermediate structures [83, 84] in which H coordinates to a metal

center before bC–H bond dissociation takes place. Nevertheless, the long Pt···H

distance (2.945 Å) suggests that IN37 should not be a marked b-agostic structure

[85]. The transition structure involved in this step, TS47, exhibits the lengthening of

the Pt–C (2.304 Å) and C–H (1.201 Å) breaking bonds and shortening of the Pt–H

(2.179 Å) and C–C (1.449 Å) bonds. Detailed examination of the imaginary fre-

quency mode confirms that the most important geometric change takes place on

the H atom between the C atom and the metal center. Then TS47 evolves to the

platinahydride intermediate IN47 where the complete migration of H from the

methylene moiety (C–H 3.113 Å) to Pt (Pt–H 1.535 Å) has taken place.

The last step could therefore drive to the isomer P7’ from the IN47 intermediate

through the transition state TS57, as confirmed by IRC analysis. This transition

structure shows the H approaching to C by closure of the C–Pt–H bond angle (from

83.7� in IN47 to 25.9�). It should be noted that a weak Pt–O interaction between the

catalyst and the benzylic oxygen atom is detected along the stepwise 1,2-H shift

(2.994, 2.723, and 2.367, for IN47, TS57, and P7’, respectively), due to the

oxophilic nature of the Pt, which likely stabilizes TS57 and accounts for the stability

of the complexed P7’ and, amazingly, the chirality at the new stereocenter. This

step is exothermic and the barrier to attain TS57 is low (4.4 kcal mol�1 from IN47).

Otherwise, the uncatalyzed 1,2-shift from IN37 has been estimated to proceed

through a high energy transition structure (TS67) lying 22.2 and 28.3 kcal mol�1

above TS47 and TS57, respectively. These data support the stepwise 1,2-H migra-

tion assisted by the metal complex. Figure 18 outlines the free energy profile for the
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Fig. 18 Free energy profile [kcal mol�1] for the Pt-catalyzed transformation of g-allenol V into

the tetrahydrooxepine P7’
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transformation of g-allenol V into the tetrahydrooxepine P7’ (cyclic ether of type

15, Scheme 14).

According to these results, a likely pathway for the achievement of tetrahy-

drooxepine of type 15 (Scheme 14) initially involves the formation of a p-complex

18b through coordination of the metal to the distal diene moiety of g-allenol. Next,
a kinetically preferred 7-endo heterocyclization to form species IN17 is followed by

1,3 hydrogen shift affording the p-complexed oxacycle P7. This tetrahydrooxepine

scaffold isomerizes to P7’ through a 1,2-hydrogen migration, assisted by a halide

ligand, a Pt-catalyzed b-hydrogen elimination to generate the platinahydride inter-

mediate IN47, and a final protonolysis step (Scheme 16). The P7 à P7’ isomeriza-

tion is not observed under AuCl3 catalysis, probably due to the fact that gold shows

7-endo
oxyplatination
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Scheme 16 Mechanistic explanation for the PtII-catalyzed hydroalkoxylation reaction of

g-allenol V
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no tendency to undergo b-hydride elimination reactions; indeed, gold-hydrides are

a rare species and difficult to access [86, 87]. Thus, even if the formation of IN37 is

possible, as long as it is reversible and the subsequent b-H elimination is blocked,

the reaction stops once P7 has been generated.

The Pd-catalyzed heterocyclization also shows the same regioselectivity as that

observed under Au- and Pt-catalysis, i.e., the initial 7-endo-trig cyclization takes

place preferentially by nucleophilic addition of the hydroxylic oxygen to the

activated terminal allene carbon (Table 7). In the same way, the transition structure

for the protonolysis step for the seven-membered cycloadduct, TS27, appears about

1 and 4.5 kcal mol�1 below the related for the dihydropyran (TS26) and tetrahydro-

furan (TS25) scaffolds, respectively. However, the presence of an allyl halide

alternatively promotes a coupling reaction by trapping of the kinetically preferred

alkenyl-Pd intermediate IN7-Pd. This process is favored by the easy HCl release

from the coordination to the metal center [Pd–Cl(H) ¼ 2.592 Å in IN27-Pd vs

2.487 Å in IN17-Pd]. As noted above, the cyclization intermediates IN1n show the

shortest H–Cl distances for Pd as catalyst. The allyl coupling with the alkenyl PdII

intermediate occurs through a three-step mechanism: (1) ligand displacement from

the metal coordination sphere, (2) insertion into the allylic halide C¼C bond to give

a s-C–Pd intermediate, and (3) trans b-elimination to afford the oxepane product

(Fig. 19). The Pd-coordinated HCl is easily displaced by the incoming allyl bromide

in a fast ligand-interchange displacement mechanism to yield the Z2-complex

IN1Al upon p-coordination of the C–C double bond to the metal. This coordination

gives rise to almost symmetrical Pd–alkene bonds [Pd–C(H2) 2.221 and Pd–C(H)
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intermediate IN27 is shown in blue for comparison
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2.252 Å], and a lengthened C¼C bond (Dd 0.049 Å on going from the uncoordinated

precursor to the p-complex IN1Al). This step is exothermic (by 11.2 kcal mol�1), and

requires a low activation barrier to succeed (5.3 kcal mol�1).

The coordinated alkene undergoes a 2,1-insertion into the Pd–alkyl bond in a

stepwise process6 that proceeds through the formation of a Z2-Pd-complex (Pd–C

2.203 and 2.282 Å), IN2Al. This intermediate is formed via the four-membered ring

TS1Al, in which the four atoms forming new bonds (Pd–C 2.077 and C–C 2.133 Å)

are roughly planar (deviation of 7.4�). A cis/trans isomerization of the chloride

ligand takes place to reach the transition state, probably in order to reduce the back-

bonding interaction and to favor the Pd–C bond formation. Likewise, a moderate

activation barrier is found for the insertion of the allylic bromide into the Pd–C

bond (13.6 kcal mol�1), the formation of IN2Al being favored from a thermody-

namic viewpoint (�10.6 kcal mol�1). The Z2-Pd-complex then suffers a b-hetero-
atom elimination7,8 to give the coupling product and the active catalyst PdCl2. As

has been noted, the liberated HCl plays a key role in promoting the dehalopallada-

tion and inhibiting the usual b-H elimination (see footnote 7).9 Lu et al. have

postulated that halide ions would assist the b-heteroatom elimination, through an

E2-like mechanism promoted by halide ion coordination to Pd.10 Accordingly, the

trans b-elimination step takes place via TS2Al, that exhibits an advanced tetracycle

opening (forming bond Pd–Cl ¼ 2.466 and breaking bond C–Br ¼ 2.097 Å, open-

ing of the bond angle C–C–C ¼ 115.6�). This transition structure finally drives to

the dienic product. The b-dehalopalladation proceeds in an exothermic step by

surmounting a low activation barrier (4.8 kcal mol�1).

The free energy profile is shown in Fig. 19 and reveals similar features to that

computed for 2-azetidinone-tethered methyl-g-allenols. Thus, the Pd-catalyzed

cyclizative coupling reaction between g-allenols and allyl halides is a kinetic and

thermodynamically favored process over the cyclization, and proceeds through a

common 7-endo-oxypalladation followed by a stepwise energy-downhill coupling

with the alkene.

The proposed mechanism is summarized in Scheme 17. Initial coordination of

the distal allene bond of the precursor to the catalyst provides the allenepalladium

complex 18b-Pd. This starting complex undergoes an intramolecular cycloether-

ification reaction to give the palladatetrahydrooxepine IN17, that easily releases

HCl providing IN27. A subsequent displacement from the metal coordination

sphere of the HCl by allyl bromide gives intermediate IN1Al, which after insertion

of the allylic chain and trans b-heteroatom elimination generates tetrahydrooxepine

of type 16 (Scheme 17) with concomitant regeneration of the Pd-catalyst.

6The regioselectivity found here is quite similar to those found in the insertion reactions of alkenes

with many neutral PdII complexes. See [48, 49].
7See [50–57].
8For the stereoselectivity of b-heteroatom elimination, see [58–61].
9See [62].
10See [63].
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4 Conclusion

In summary, regiocontrolled gold-, platinum-, lanthanum-, and palladium-

catalyzed heterocyclization reactions of g-allenols derived from 4-oxoazetidine-

2-carbaldehydes and D-glyceraldehyde leading to a variety of enantiopure tetrahy-

drofurans, dihydropyrans, and tetrahydrooxepines have been developed.Besides,

DFT calculations were performed to obtain insight on various aspects of this

reactivity of g-allenols. Calculations methods predicted a tether-, a protecting

group-, and a metal-dependent heterocyclization for g-allenols. These theoretical

predictions are fully confirmed by the experimental results. Recently, synthetic
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chemists have shown an increased interest in the use of computational chemistry as

a tool, next to spectroscopic and other physical techniques. Mostly what we are

after is an explanation for both experimental product ratios and mechanistic ratio-

nalization. The results presented herein may encourage the dialog between syn-

thetic chemists and our more theoretical colleagues, throwing some light on the

search for transition states and the comparison between the activation energies

obtained for alternative reactions.
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38. González C, Schlegel HB (1990) J Chem Phys 94:5523

39. Barone V, Cossi M (1998) J Phys Chem A 102:1995

40. Reed AE, Weinhold F (1983) J Chem Phys 78:4066

41. Reed AE, Curtiss LA, Weinhold F (1988) Chem Rev 88:899

42. Prasad JS, Liebeskind LS (1988) Tetrahedron Lett 29:4257

43. Ma S, Gao W (2000) Tetrahedron Lett 41:8933

44. Ma S, Yu F, Gao W (2003) J Org Chem 68:5943

45. Ma S, Yu F, Li J, Gao W (2007) Chem Eur J 13:247

46. Michalak A, Ziegler T (1999) Organometallics 18:3998

47. Deeth RJ, Smith A, Brown J (2004) J Am Chem Soc 126:7144

48. Michalak A, Ziegler T (2000) Organometallics 19:1850

49. Cabri W, Candiani I (1995) Acc Chem Res 28:2

50. Harrington PJ, Hegedus LS, McDaniel KF (1987) J Am Chem Soc 109:4335

51. Francis JW, Henry PM (1991) Organometallics 10:3498

52. Kimura M, Horino Y, Mukai R, Tanaka S, Tamaru Y (2001) J Am Chem Soc 123:10401

53. Ozawa F, Okamoto H, Kawagishi S, Yamamoto S, Minami T, Yoshifuji M (2002) J Am Chem

Soc 124:10968

54. Manabe K, Kobayashi S (2003) Org Lett 5:3241

55. Kabalka GW, Dong G, Venkataiah B (2003) Org Lett 5:893

56. Yoshida M, Gotou T, Ihara M (2004) Chem Commun 1124

57. Liu G, Lu X (2001) Org Lett 3:3879

58. Frost CG, Howarth J, Williams JMJ (1992) Tetrahedron Asymmetry 3:1089

59. Daves GD Jr (1990) Acc Chem Res 23:201

60. Zhu G, Lu X (1995) Organometallics 14:4899

61. Alcaide B, Almendros P, Martı́nez del Campo T (2006) Angew Chem Int Ed 45:4501

62. Lu X, Zhu G, Wang Z (1998) Synlett: 115, and references therein

63. Zhang Z, Lu X, Xu Z, Zhang Q, Han X (2001) Organometallics 20:3724

64. Balcells D, Maseras F, Keay BA, Ziegler T (2004) Organometallics 23:2784

65. Alcaide B, Almendros P, Martı́nez del Campo T, Soriano E, Marco-Contelles JL (2009) Chem

Eur J 15:1901
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1 Introduction

Cycloaddition reactions have been used as key steps in innumerable syntheses for

more than a century and therefore can be considered as one of the most useful

organic reactions [1]. Most classical cycloadditions are pericyclic reactions as they

involve cyclic transition states and a concerted rearrangement of the electrons that

causes s- and p-bonds to break and form simultaneously. In the case of carbon

unsaturated systems, most cycloadditions have involved the use of alkenes and/or

dienes as reactants. However, in the last two decades cycloadditions of allenes have

grown considerably [2, 3].

Some reviews and monographs on the chemistry of allenes have been published

in the last 10 years [4–6]. Allenes have a unique reactivity as p-conjugated systems

since they are cumulated dienes. In addition they can be chiral species if the four

substituents are different, and this property provides additional bonus from the

synthetic point of view. Particularly relevant is the chemistry of allenes involving

transition metal catalyzed processes, most of them consisting of metalation and

cyclization reactions [7].

Several transition metals can activate C–C multiple bonds. Special mention

must be made of Pt- and especially Au-complexes that show higher and better

activity compared to complexes of other previously used metals [8, 9]. The

increasing relevance of gold catalysis over the last 10 years is reflected by the

number of reviews that have appeared in the literature in a short period

(2006–2008) [8–15]. This special reactivity of gold complexes can be related to

their coordination characteristics and reluctance to undergo redox processes, as

well as to the relativistic effects present in gold [16, 17]. In this sense, Pt and Au

complexes activate C–C multiple bonds towards nucleophilic attacks because there

is a good s-interaction from the p system to the metal, but a small p back-donation

of the metal to the unsaturated unit. Hence, the multiple bond becomes more

electrophilic [8].

This kind of activation drives a variety of interesting and otherwise unfeasible

transformations. However, nowadays experimental studies of the reaction mecha-

nism are scarce [18, 19], and seriously hampered by the impossibility of isolating

reaction intermediates. Regarding theoretical studies, although they are not very

numerous yet, they are increasing quite rapidly [20–25]. One of the controversial

points about Au-catalyzed reaction mechanisms has to do with the nature of the

crucial species that has been proposed as intermediate in several transformations: a

gold-carbene or gold-stabilized carbocation (Fig. 1) [8, 26–29].

R

L AuL Au

R

R RFig. 1 Scheme of the two

discussed structures to

describe the Au–C bond

usually proposed as

intermediate in several

Au-catalyzed reactions
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Here we present a brief review of theoretical studies carried out to elucidate the

mechanisms of Au-catalyzed cycloadditions involving allene subunits. For theoret-

ical studies on other types of Au-catalyzed reactions concerning allenes see [30–37]

and other chapters within this special issue.

2 Interaction Between Gold and Allenes

The coordination of alkynes and alkenes to a cationic Au metal center involves a

Z2 mode. The principal interaction occurs between the p-orbital of the multiple bond

and vacant 6s/6p orbitals of the metal center. In contrast, the interaction of an allene

moiety to a metal center may occur in different ways but can be classified as two types

[38]:Z2 complexes involving one of the two C¼C bonds (as alkynes and alkenes) and

species in which only the central allene carbon is directly coordinated to the metal

center (Fig. 2). Depending on the substituents on the allene, different structures of

each category can be formed. For instance, structure I represents a similar contribu-

tion of the two carbon atoms of the double bond in the coordination with the metal

center, but distorted structures with a major contribution of central or external carbon

can be favored by the presence of electron-donating or electron-withdrawing groups,

respectively. The second category can also be represented by different structures such

as s-allylic cations II, zwitterionic carbenes III, or Z1-coordinated bent allenes IV.

Remarkably, if the allene is chiral, the stereochemical information is conserved if the

interaction gives structures of type I or Z1-coordinated bent allenes IV. However, the

chirality of the allene is lost in structures of types II and IIIwith the three carbons and

their substituents in the same plane.

To understand better the driving forces of this interaction, Malacria and cow-

orkers carried out a computational study in 2008 on the interaction of allenes with

gold complexes [38]. Their results suggest that the adopted structures resulting

from the interaction between the allene subunit and gold are very dependent on the

nature of the allene substituents as well as on the properties of the particular gold

complex employed.

For instance, relative energy of the species formed by the interaction among 1,3-

dimethyl allene and AuPMe3 or AuBr3 were analyzed (Fig. 3a,b). The interaction of

the allene with both complexes gives Z2-structures (type I) 1a and 1b, and two

different isomers very close in energy, 2a and 2b. Moreover, s-allylic cations (type II)
3a and 3b were also observed. Interestingly, this type of structure is more stabilized

•

Au+ Au+Au Au+

•

[Au]+

III IVIII

Fig. 2 Scheme of the possible structure representation for the interaction of an allene moiety and a

gold metal center
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for the AuBr3 system 3b than for AuPMe3 3a, with relative energies of 2.1 and

6.1 kcal/mol, above the most stable isomer (1b and 1a), respectively. A Z1-coordi-

nated bent allene (type IV) 4b was observed in the AuBr3 system but not with

cationic AuPMe3.

The effect of the allene substituents in the interaction with AuPMe3 was also

analyzed by replacing a methyl group in the allene moiety by acetate. Interestingly,

the ground state for this systemwas as-allylic cation structure (type II) 1c.Most stable

of the other minima obtained are indicated in Fig. 3c. The relative stability of the

allylic cation structure 1cwith regard to theZ2-coordinated structure 3c (3.8 kcal/mol)

can be explained in terms of electron-donor characteristics of the acetate group,

confirmed by the short C–O distance of 1.31 Å in species 1c.

It is noteworthy that some recent theoretical studies have shown that allenic

species, not observed experimentally, could be key intermediates for some Au-

catalyzed isomerization and cycloaddition reactions of unsaturated systems [39–43].

One example is the reactivity of a propargylic ester with two cationic AuL

catalysts (L¼PMe3 and 2,3dimethylimidazol-2-ylidene Ime, Fig. 4) [42]. Three

key intermediates were identified (i-1, i-2, i-3), along with the reaction pathways

interconnecting each other. Gold propargylic ester species i-1 can evolve to gold

vinyl carbenoid species i-2 through a 1,2-acyl migration, whereas a 1,3-acyl migra-

tion gives rise to the gold allene species i-3. The theoretical calculations also showed

that a second 1,2-acyl migration can interconnect i-2with i-3. Analysis of the energy

barriers and the energy values of all the intermediates allow one to conclude that the

three key species i-1, i-2, and i-3 are in rapid equilibrium. The authors introduced

the term “golden carousel” in order to describe such behavior. Interestingly, the

allene i-3 intermediate is more stable than i-1 and i-2, by approximately 8 kcal/mol.

This could suggest that intermediate i-3 acts as a reservoir of active species.

H H

MeMe
Au

H H

MeMe

Au+ H H

MeMe
Au+

 Au = [AuPMe3]+

Au = AuBr3

H H

MeMe
Au-

Me Me
HH

Au

H H

MeMe Au

Me H
MeH Au

1b
0.0 (Type I) 

2b
0.4 (Type I) 

3b
2.1 (Type II) 

4b
3.5 (Type IV) 

Au = [AuPMe3]+

H H

OAcMe
Au

OAc H

MeH
Au

H H
OAc

Me

+Au
Me OAc

HH
Au+

1c
0.0 (Type II) 

2c
3.0 (Type II) 

3c
3.8 (Type I) 

4c
3.9 (Type IV) 

2a
1.0 (Type I) 

3a
6.1 (Type II) 

1a
0.0 (Type I) 

a

b

c

Fig. 3 Structures of the localizedminima for the different gold-allene systems (energies in kcal/mol)
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These similar relative energies are in concordance with the variety of products that

have been observed within this kind of catalysis.

In 2009, a similar theoretical analysis was presented by the same authors for the

Au-catalyzed reaction of dienyne 1 (Fig. 5) [43]. Products 2–4 were observed in

different ratio depending on the catalyst. Their calculations indicate that this catalytic

reaction involves several competitive reactions pathways. A mechanism via a gold

vinyl carbenoid (such as i-2) can explain the formation of products 2 and 3, whereas a

pathway with a gold allene intermediate (such as i-3) was proposed for the formation

of product 4. Therefore, metal-allene intermediates seem to be involved in this kind

of isomerizations catalyzed by gold complexes.

A gold(I)-catalyzed rearrangement of acyloxypropargyl oxiranes was described by

Faza, Soriano, de Lera, and coworkers [39]. The theoretical mechanistic study of

reactant 5 (Fig. 6) indicated that several gold catalyzed isomerizations are energeti-

cally accessible; all these mechanisms go through different allenic intermediates. The

calculations indicate that three different mechanisms can explain the formation of 6

through some rearrangement steps. Figure 6 shows the initial key intermediates for

the different mechanisms: the initial coordination of the triple bond to themetal center

gives rise an allenic intermediate i-4, by a 1,3-ester migration, or through a carbenic

intermediate i-5, by a 1,2-ester migration. Additionally, the oxirane activation by the

Au-complex can evolve to the allenic intermediate i-6 that might also afford 6 after

1,2-shift

1,3-shift

1,2-shift

L =  PMe3

N N

O

O

L-Au
0.4

i-2

O

OL-Au---

0.0
i-1

O

O

L-Au

i-3
-8.1

Å

Å

Å

Fig. 4 Scheme of the three localized intermediates of the interaction of a propargylic ester with

Au complexes. Zero point corrected energies in solution for Au Ime system, in kcal/mol

OAc

OAc AcO AcO

41 32

Cat.

Fig. 5 Scheme of the Au-catalyzed reaction of the dienyne 1
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several steps. The preferred mechanism (1,3 ester migration) for this facile synthetic

transformation involves a sequence of more than eight steps with all the functional

groups in the substrate playing a crucial and synergistic role.

3 Gold-Catalyzed Cycloadditions Between Allenes and Dienes

3.1 [4C þ 3C] Cycloadditions

In 2008, Mascareñas and co-workers developed a new [4C þ 3C] intramolecular

cycloaddition of allenedienes (7) to synthesize seven-membered ring subunits (8)

based on a Pt(II)-catalyzed process [44]. One year later they also demonstrated that

the same reactions can also be performed using Au(I) catalysts, under milder

conditions (Fig. 7) [45].

One of the key features of these methods is the ability of Pt and Au complexes to

form allylic cationic species i-7 from non functionalized allenes (Fig. 8) [46, 47]. This

allylic cation moiety participates as three carbon-2p-electron component in the

subsequent [4C þ 3C] cycloaddition with the diene. Hence, the number of electrons

involved in this cycloaddition are six [4pe� þ 2pe�], similar to the well-known

Diels–Alder reaction. As for a common Diels–Alder reaction, this [4C þ 3C] cyclo-

addition involves the formation of two s-carbon bonds by rearrangement of three

p-bonds. However, a seven-membered ring is formed, i-8. Intermediate i-8

can be stabilized by retrodonation of the metal center to the former central-carbon

of the allene, a situation that can be understood as a metal-carbene or a metal-

stabilized carbocation.

O

O
O

O

O

O

O
O

AcO

AuL

AuL

OAc

AuL

O

OAc

5

i-4

i-5

i-6

6

1,3-ester 
migration

1,2-ester 
migration

oxirane
activation

Fig. 6 Simplified scheme of the three possible mechanisms for the Au-catalyzed rearrangement of

reactant 5
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A mechanistic analysis of the Au-catalyzed [4C þ 3C] intramolecular cycload-

dition of allenediene 7’ was carried out using DFT methods. Figure 9 shows the

model system used in the calculations, which were carried out with AuCl, AuCl3,

Au(NHC), and PtCl2 complexes as catalysts [45].

The results suggest analogous mechanisms for all of these catalysts. The cata-

lytic cycle is shown in Fig. 10. The mechanism starts with the Z2-coordination (type

I) of one of the two double bonds of the allene 7’ to the metal center. Both species A

and A’ evolve to a s-allylic cation B (type II) that allows the subsequent concerted

[4C þ 3C] intramolecular cycloaddition step forming the heptacyclic structure C.

The last step is a 1,2-H shift leading to a new double C–C bond coordinated to the

metal center (D). The catalytic cycle is closed by product (8’) decoordination and

catalyst regeneration.

Intermediates A and A’ were localized for all the catalysts, and the energy

difference between them is relatively small, within a range of 2.5 kcal/mol. Hence,

there is an equilibrium between both coordination modes. For most of the catalysts,

A’ is the most stable intermediate. However, the formation of the allylic cation

intermediate B is more accessible from the species A. The transition state of this

process adopts a slipped Z1-coordination to the central carbon atom of the allene

(type II”). Intermediate B evidences a s-allylic cation structure (type II) with an

+

[M]

R

R

[M] R
R

[4C+3C]
R

R

Cat.

[4e-+2e-]

i-7 i-8

E

E

E

E

E

E

7

8

Fig. 8 Scheme of the electronic rearrangement of the Au- and Pt-catalyzed [4C+3C] cycloaddi-

tion

Me

Me
Me

Me

8'7'

N N

Au

AuNHC =

AuCl, AuCl3, PtCl2,

Fig. 9 Scheme of the model

reactions theoretically

analyzed

R

R
R

R
 [Au] 10%

87

E
E

E

E

CH2Cl2, RT

Fig. 7 General scheme of the experimental Au-catalyzed [4C+3C] cycloaddition

Gold-Catalyzed Cycloadditions Involving Allenes 231



angle close to 120� between the three allene carbons. Moreover, the planarity around

the allene moiety, including the three methyls and hydrogen substituents, is also

observed (Fig. 11).

The [4C þ 3C] intramolecular cycloaddition is a concerted and diastereoselec-

tive process. All the attempts to localize a stepwise mechanism or a minimum with

only one C–C bond formed were unsuccessful. The cycloaddition can take place in

two different arrangements of the diene over the metal-allyl moiety giving rise to

diastereoisomeric cycloadducts, Cexo and Cendo. The transition states leading to

these two diastereoisomers can be depicted as exo- or endo-like structures (Fig. 12).
These two pathways were explored in the case of the PtCl2-catalyzed process. The

energy barrier of the ts2 endo-like cycloaddition is 5.7 kcal/mol higher than that of

the ts2 exo-like. According to the experimentally observed diastereoselectivity, the

exo-like pathway is clearly favored, as the endo product was not observed. Interest-
ingly, the endo-like transition state shows that in this conformation the cycloaddi-

tion would take place in an asynchronous manner, with the external C–C bond

H
M

M

M

M M

A

7'8'

D

C B

A'

M

[4C+3C]
cycloaddition

allylic cation 
formation

1,2-hydrogen
 shift ts1ts3

ts2

Fig. 10 Catalytic cycle proposed from the theoretical analysis for the [4C+3C] cycloaddition
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being more formed (2.259 Å) than the internal one (2.562 Å) (Fig. 12). The major

stability of the exo-like process probably stems from steric effects. Moreover the

Cendo and Dendo intermediates are ~2 kcal/mol and ~6 kcal/mol less stable than

their exo-like counterparts, respectively. With regard to Au catalysts, a similar

situation is expected. Thus, the most favored transition states corresponded to an

exo-like concerted cycloaddition and all of them were found to be highly synchro-

nous, except for Au(NHC) (Table 1).

The [4C þ 3C] cycloaddition forms the bicyclic intermediate C with the afore-

mentioned C–M bond type that can be defined as gold stabilized cation or gold

carbene. In this sense, and being aware of the actual controversy on the nature of

Fig. 11 Geometries of A, ts1 and B for AuCl3 and Au(NHC). Angle formed by the three allene

carbons and dihedral Au–C–C–CH3 are shown (angles in degrees)

PtCl2

PtCl2

Me

Me

Me

Me

++

++

ts2 endo-like

ts2 exo-like C exo-like

C endo-like

Fig. 12 Geometries of exo and endo-like ts2 and C intermediate for PtCl2 system, (distance in Å)
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the bond of these species [26–29], it is worth noting that C intermediates showed

a shorter C–M bond than the precursor intermediate B, therefore supporting some

double bond nature of C (Table 1). The biggest difference in C–M value (0.111 Å)

was observed in the case of PtCl2. This is also in agreement with the well acce-

pted higher ability of Pt compared to Au of stabilizing and forming carbenic C¼M

bonds [48].

The 1,2-H shift is a one-step process for all the catalysts studied by these authors

except for Au(NHC) system. In this latter case the carbene intermediate C evolves

to a different conformer C’ (through transition state ts3’), prior to undergoing the

1,2-H migration, which eventually occurs through transition state ts3 (Fig. 13).

The principal difference between both conformers, C and C’, can be described by

the H–C–C–M dihedral angle: 161.1� for intermediate C and 91.2� for C’ (Fig. 13).
In any case, the barrier for the formation of D from C’ is rather low (3.3 kcal/mol).

Thus, in practice, the process from C to D could be also considered as a single step

process with Au(NHC).

The conformational change observed for the Au(NHC) system is also required

for the 1,2-H shift (ts3) with the others catalysts, as can be deduced from their

respective transition states ts3 (Table 2). Hence, this conformational change seems

to be required for the 1,2-H shift, in order to optimize the interaction between the 1s
hydrogen orbital and the free 2pz orbital of the carbene. The H–C–C–M dihedral

values of C and ts3 for all the catalyst are shown in Table 2. As can be deduced

from this data, the dihedral angle in ts3, corresponding to the 1,2-H migrations is

almost identical for all catalysts, close to 90�, and just slightly bigger for PtCl2.

The energy profiles for AuCl, AuCl3, Au(NHC), and PtCl2 are shown in Fig. 14

(formation of C’ is omitted since it doesn’t change the general mechanistic analysis

nor the overall energy barriers of the process). The energy barriers of the allylic

cation formation (ts1), [4C þ 3C] cycloaddition (ts2) and 1,2-H shift or (ts3) are

shown in Table 3.

The energy barriers for the allylic cation formation and the relative stability of

intermediate B showed that this process is very dependent on the nature of the

catalyst. This step involves an increase of the electron density on the metal center.

Accordingly, the more the complex is electron-accepting, the easier the process.

Hence, the lowest barrier for AuCl3 compared with AuCl is reasonable. The low

barriers and the relative stability of intermediate C ensure a fast and irreversible

[4C þ 3C] cycloaddition step for all the catalysts.

Table 1 Distances of the two forming C–C bonds of the [4Cþ3C] cycloaddition transition state

ts2 and the C–M bonds for intermediates B and C (distances in Å)

C–Cdist on ts2 exo-like C–Mdist

Internal External Difference B C Difference

AuCl 2.378 2.353 0.025 2.048 1.972 0.076

AuCl3 2.436 2.464 �0.028 2.069 2.028 0.041

Au(NHC) 2.448 2.292 0.156 2.081 2.047 0.034

PtCl2 2.390 2.417 �0.027 1.959 1.848 0.111
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According to these authors, the 1,2-H-shift has the highest energy barrier for

all the analyzed catalysts (AuCl, AuCl3, Au(NHC), PtCl2). However, in the case

of a family of [AuPR3]
+ catalysts, and considering DG, Benitez et al. have found

that the [4C þ 3C] cycloaddition can be rate-determining [49]. The relative

energy barriers of the different catalysts are in agreement with the experimental

observation: the reaction catalyzed by PtCl2, which exhibits the highest energy

barrier, usually requires high temperatures, whereas a good conversion was

obtained for AuCl and AuCl3 catalysts at room temperature. For Au(NHC), that

exhibits the smallest barrier of 8.6 kcal/mol, the reaction can be carried out at 0 �C
in less than 1 h.

Fig. 13 Geometries of the species involved on the 1,2-hydrogen shift for Au(NHC) catalyst. The

H–C–C–M dihedral values are shown (angles in degrees)

Table 2 Values of the H–C–C–M dihedral parameter for C conformers and 1,2-H-shift transition

state ts3 (angles in degrees)

C ts3’ C’ ts3

AuCl 157.4 – – 88.3

AuCl3 150.7 – – 88.1

Au(NHC) 161.1 107.3 91.2 88.0

PtCl2 114.1 – – 92.5
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Therefore, Au-catalysts are more active than PtCl2, and the cationic species Au

(NHC) is the most effective from those computationally studied. The different

behavior between Au and Pt halides catalysts could be traced to the formation of a

stronger carbene-Pt bond which implies a major relative stability of intermediate C

and hence a lower reactivity because of the higher energy barrier for the subsequent

1,2-H shift.

3.2 [4C þ 2C] Cycloadditions

It has been experimentally shown that, for the reaction of specific allenedienes

with Au-complexes equipped with more electron-accepting ligands such as phos-

phites and phosphoramidites, the major reaction product becomes the [4C þ 2C]

cycloadduct 9 instead of the [4C þ 3C] adduct 8 (Fig. 15). The formation of these

adducts as well as their relative proportions depends on the substrate (the 4 þ 2

Fig. 14 Energy profile for all the analyzed catalyst (relative gas phase electronic energies in kcal/mol)

Table 3 Relative energy barriers for each one of the three reaction steps (relative gas phase

electronic energies in kcal/mol)

ts1 ts2 ts3

AuCl 13.7 2.0 14.6

AuCl3 0.7 1.4 12.3

Au(NHC) 6.3 3.1 8.6

PtCl2 8.0 1.1 25.6
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requires disubstitution of the allene), reaction conditions and specific catalyst

employed [50].

Several reaction pathways for the formation of the [4C þ 2C] adduct were

analyzed by Montserrat et al. by means of DFT calculations, using [(MeO)3PAu]
+

as model catalyst and allenediene 7’, with two methyl substituents at the distal

position of the allene, as model substrate (Fig. 16) [50].

A stepwise process involving a carbocationic intermediate E that in principle

could evolve to any of both products (8’ or 9’) was evaluated (Fig. 17). An analogous

Fig. 15 General scheme of the observed experimental [4+3] and [4+2] cycloadditions catalyzed

by Au-complexes with strong electron-acceptor ligands. Selected experimentala examples. aCon-

ditions: (ArO)3PAuCl (10mol%) and AgSbF6 (10mol%) in CH2Cl2 (0.15M) at 0 �C for 1 h. bRatio

determined by 1H-NMR in the crude reaction mixtures. cIsolated yields. d5 min at�15 �C. e40 min

at 0 �C

H

H

H

7' 9'8'

[AuP(OMe)3]+

Fig. 16 Scheme of the model reaction theoretically studied to explore the different mechanisms

that lead to 8’ and 9’
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intermediate including a benzylic cation, rather than the allylic one of E, was

proposed to be an intermediate in Au-catalyzed [2 þ 2] cycloaddition of allenes

[51]. However, in spite of an intensive theoretical exploration of the potential surface,

such intermediate E or related species could not be located, presumably due to the

instability of the nonsubstituted allylic cation structure E. In all the attempts, the

activation of 7’ leads to B which undergoes a concerted [4C þ 3C] cycloaddition,

with a very low energy barrier.

Interestingly, the experimental [4C þ 2C] cycloadduct product 9 showed the

same stereochemistry (hydrogens in trans) as the [4C þ 3C] cycloaddition pro-

ducts 8 [44, 45, 50]. Moreover, preliminary attempts to develop asymmetric Au(I)-

catalyzed cycloaddition using chiral phosphoramidites as gold ligands showed that

both [4C þ 3C] and [4C þ 2C] products were obtained with equal enantiomeric

excess [50]. Hence, the formation of both products must have a common diastereo

and enantio determining mechanistic step. These facts together with the low

barriers found for the formation of the [4C+3C] cycloaddition suggested that the

[4C+2C] product 9’, as well as the [4C+3C] cycloadduct 8’, could be formed after

the initial [4C+3C] cycloaddition step from B. Indeed the calculations showed that

1,2-alkyl migration on the cycloheptenyl carbene intermediate C can be a pathway

competitive with the 1,2-H shift, thus leading to 9’. This step implies a ring

contraction in the carbene intermediate C and would provide the [4C+2C] species

F (Fig. 18). Similar conclusions were also assumed by Benitez et al.[49].

The energy profile for the [AuP(OMe)3]
+-catalyzed reaction is shown in Fig. 19.

The formation of the allylic cation and subsequent [4C+3C] cycloaddition convey low

energy barriers. The structure of the transition state ts2 showed that the cycloaddition

[Au]

+

H

H

E
H

H

H

9'8'7'

Fig. 17 Scheme of a hypothetical intermediate for the [4C+2C] cycloaddition mechanism

Cat.

[Au]
[Au]
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B C
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1,2-H shift

ring 
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[Au]

D
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Fig. 18 Scheme of the theoretical proposal mechanism for the formation of the [4C+3C] and

[4C+2C] products
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process is quite asynchronous. TheC–C bond distances are dC–Cinternal ¼ 2.055 Å and

dC–Cexternal ¼ 2.730 Å.

Intermediate C is a key divergent point. On one hand it can provide the seven-

membered ring adduct by means of a 1,2-H-shift. As in the case of the Au(NHC)

catalyst, this process takes place in two steps: a preliminary conformational change

(C’ for the Au(NHC) system) and the hydrogen shift. Analogously, the barrier for

the latter is also very low, 2.2 kcal/mol, and can be considered as a single step.

The transition state for 1,2-H shift (ts3) showed a value of 87.2� for the dihedral

H–C–C–M (Fig. 20). On the other hand it can lead to [4+2] adducts by means of a

ring contraction process. The transition state for the required 1,2-alkyl-migration

(ts4) has a conformation similar to that present in intermediateC (the dihedral angle

for structures C and ts4 are 160.9� and 166.3�, respectively). In ts4 the cycloheptyl
subunit is being broken (dC–Cbroken ¼ 2.033 Å) and the distance of the forming

C–C bond to obtain the cyclohexyl is relatively short (dC–Cforming ¼ 1.908 Å)

(Fig. 20).

Table 4 shows the energy barriers for the two competitive steps (1,2-H shift and

1,2-alkyl migration) for different Au-complexes. In concordance with the experi-

mental observations, an electron-acceptor ligand at gold ([AuP(OMe)3]
+) favors

the 1,2-alkyl migration compared to the 1,2-H shift. Conversely, with the electron-

donor N-heterocyclic carbene ligand (Au(NHC)) the 1,2-H-shift is energetically

favored.

Benitez et al. also performed a theoretical analysis of these reaction mechan-

isms [49], and reported an analog mechanism for the [4C+3C] cycloaddition of

allenedienes. Importantly, their results with a more hindered phosphine ligand

Fig. 19 Energy profile of the reaction of 7’ with [AuP(OMe)3]
+ catalyst (relative gas phase

electronic energies in kcal/mol)
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(P(t(Bu)2Ph) suggested that steric effects can affect the Au–C bonding properties

and therefore the reactivity of the process and the ratio of [4+2] and [4+3] adducts.

Regarding the nature of the Au–C bond on carbene intermediate C, a natural bond

orbital (NBO) analysis showed that the Au–carbene bond is formed by weak s and

p components. The s-interaction takes place between the C sp2 lone pair over-

lapping with the 6s gold orbital, which is partially populated by donation of the

ligand. The p-component is a donation from a dp Au-orbital to the empty pp-orbital
on a carbon atom. As a conclusion from the combination of theoretical and experi-

mental results, these authors suggest that the 1,2-alkyl migration is relatively

insensitive to the electronic ligand effect, whereas 1,2-H-shift is affected by the

increased population of the C pp-orbital, partially full by donation from the Au

dp-electrons. The steric properties of the ligand seem to be a key factor determining

this donation from the dpAu-orbital to the C- pp-orbital, thus affecting the products
ratio.

The theoretical calculations carried out byMonserrat et al. are consistent with the

experimental observations that the NHC type of ligands with high donor character

the reaction prefers to evolve by conformational change and 1,2-H migration to give

cycloheptenyl systems. On the other hand, acceptor ligands like triarylphosphites

Fig. 20 Geometries of transition states of the 1,2-hydrogen shift (ts3) and 1,2-alkyl migration

(ts4) for ([AuP(OMe)3]
+ analyzed system (angles in degrees, distances in Å)

Table 4 Energy barriers of the competitive pathways, 1,2-H-shift and 1,2-C-migration for the

analyzed Au-catalyst (relative gas phase electronic energies in kcal/mol)

ts3 ts4 Difference

AuP(OMe)3 10.3 8.6 �1.7

AuPH3 8.1 8.5 0.4

AuCl 14.6 17.7 3.1

Au(NHC) 8.7 10.8 2.1
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give rise to a lower energy barrier for the ring contraction step. This donor-acceptor

explanation for the [4+3]/[4+2] dichotomy is also fully consistent with recent

experiments published by Furstner et al. on the behavior of NHC-carbene ligands

with similar s-donating properties but different p-acceptor character [52].
The effect of allene substituents on these two competitive pathways was also

analyzed [50]. Experimental data suggest that decreasing the substitution leads to a

lower reactivity, so that unsubstituted allenes remain unaltered when submitted to

the reaction conditions. The theoretical analysis of a reactant analog to 7’ lacking the

methyl groups in the terminal allene position, 10’, revealed that the [4C+3C]

cycloaddition could take place in a single step that couples the allene activation

and the [4+3] cycloaddition (Fig. 21). Nevertheless, this direct [4C+3C] cyclo-

addition for this non-substituted substrate 10’ is higher in energy (energy barrier

of 6.8 kcal/mol) than that required for reactant precursor 7’. This different behavior

can be explained in terms of a higher difficulty for the formation of the allylic cation

due to the lower capacity of less substituted carbons to stabilize positive charges.

The 1,2-H shift and the competitive 1,2-alkyl migration steps could be computa-

tionally located. The energy barrier of the 1,2-H shift pathway was 11.1 kcal/mol,

similar to those for 7’ (10.3 kcal/mol). However, the energy barrier of 1,2-alkyl

migration pathway was 23.8 kcal/mol, and hence the process is clearly less favor-

able than for 7’ (8.6 kcal/mol). According to these values, the formation of the [4+2]

cycloadducts seems to be strongly dependent on the ability of allene distal sub-

stituents to stabilize the positive charge that is being generated at this carbon center

during the 1,2-alkyl migration (ts4). This stabilization is obviously higher when this

carbon has two alkyl groups, and decreases with the number of alkyl substituents.

Au= [AuP(OMe)3]+

[4C+3C]
[4C+2C]

[Au]

0.0

6.8

ts2

10’

ts4

ts3

–22.8

–11.7

1.0

–45.9

–48.4

H

H

[Au] H
HH

[Au]

H

[Au] H H

H H

H

H

H

Fig. 21 Energetic profile founded for the reaction with the non-substituted allene (relative gas

phase electronic energies in kcal/mol)
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4 Other Cycloadditions Involving Allenes

This section is devoted to Au-catalyzed cycloadditions between allenes and alkenes

whose mechanisms have been theoretically analyzed.

A gold-catalyzed intramolecular [3þ2] cycloaddition of 1-aryl-1-allene-6-enes

to give cis-fused products was recently reported by Liu and coworkers (Fig. 22a)

[53]. In the case of substrate 11, products 12, 13, and 14 were experimentally

observed (Fig. 22b). The authors carried out a mechanistic DFT study to evaluate

the observed [3þ2] cis-stereoselectivity of product 12.

The proposed mechanism starts with coordination of the disubstituted double

bond of the allene to the metal center to give complex i-9 (Fig. 23). This interme-

diate evolves through an intramolecular 6-endo-dig cyclization by nucleophilic

attack of the internal carbon of the alkene. This step can give a mixture of cationic

R3

R1 R2

H

R3

R2
R1

AuI

cis-fused

H H H

Cat.

11 12 13 14

b

a

+ +

Fig. 22 General reaction for Au-catalyzed [3+2] cycloaddition of 1-aryl-1-allene-6-enes
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trans-12
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Fig. 23 Calculated intermediates for the stepwise [3+2] cycloaddition. Zero point energy barriers

in kcal/mol [53]
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intermediates cis-i-10 and trans-i-10. The calculations indicate that indeed a

mixture of cis-i-10 and trans-i-10 isomers can be formed, as the energy barriers

are similar (12.4 kcal/mol and 12.5 kcal/mol, respectively), as well as their relative

stability (trans-i-10 is 1.6 kcal/mol more stable than cis-i-10). Both intermediates

can form the cis-i-11 or trans-i-11 adducts through an intramolecular arylation

process (formally the whole process is a [3þ2] cycloaddition). However, the cis-
pathway is clearly favored over the trans-, the energy barriers being 7.1 and

17.4 kcal/mol, respectively. These results follow the experimental trend since the

trans-isomer was never observed.

Surfing through the literature one can find other cycloaddition reactions that

involve the participation of allene and alkene moieties, though the allene is not

formally present in the starting material. Propargyl acetates 15 evolve through an

Au-catalyzed [3,3] rearrangement into allenyl acetate intermediate i-12 (Fig. 24).

The reaction mechanism of this rearrangement was theoretically analyzed by

Malacria and coworkers [54]. This is a clear example of the relatively easy

interconversion between propargylic acetates and allenyl species, as previously

commented on (Fig. 4). The allene intermediate i-12 exhibits different reactivity

depending on the number of substituents R1, R2, and R3 (methyls or hydrogens) and

the length of the (n ¼ 1,2). Three products 16, 17, and 18 were isolated. The first

one implies a [4+2] cycloaddition, whereas additional rearrangements are necessary

to obtain the other two products.

The gold catalyzed reaction of allenyl acetate species i-12 was theoretically

analyzed, and calculations led to propose the mechanism shown in Fig. 25. The

coordination of gold to the allenic intermediate i-12 may give rise to two different
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Fig. 24 Scheme of the Au-catalyzed reaction of propargyl acetate 15 and structure of the

proposed allenic intermediate i-12 [54]
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intermediates: complexes of type i-13 with the alkene coordinated, or i-15 with

allene coordination. In turn, i-13 can evolve through a [4+2] cycloaddition that

forms a bicyclic intermediate i-14. On the other hand, i-15 is structurally similar

to a bent-allene (type II”, Fig. 2) that retains the chirality of the starting allene.

A Nazarov-like cyclization of i-15 forms the cyclopentenylidene i-16. The presence

of the alkene group allows the electrophilic cyclopropanation forming the species

i-17 as a competitive pathway of the 1,2-hydride migration that forms species i-18

when R1¼H.

Regarding the [4þ2] cycloaddition process, a reaction mechanism was compu-

tationally found with or without the assistance of the catalyst. The energy barriers

(enthalpies at 298 K) of the uncatalyzed pathway were relatively high, over

23 kcal/mol independent of the substituents. The Au-catalyzed pathway reduced

the energy barrier of this process by ~4 kcal/mol, except for R2¼Me. Both cyclo-

addition pathways take place in a concerted asynchronous manner forming first the

bond between the external carbons of the alkenes, followed by the other with the

central allene carbon.

The relative stability of i-13 and i-15 is similar, so the chemoselectivity of this

reaction is determined by the relative energy barriers of the [4þ2] cycloaddition

and the Nazarov-like cyclization steps. Table 5 shows the difference values calcu-

lated for the energy barriers of both competitive [4þ2] cycloaddition and cycliza-

tion pathways, depending on R1, R2, R3 for n ¼ 1 (no dependence on the length

chain was observed). The calculations found that the cyclization step is favored

over the cycloaddition. Then, although the products of both competitive pathways

were observed experimentally, the theoretical study predicts only formation of

products 17 and 18. However, the experimental observed trend with the substituents

is consistent with the calculations. The cycloaddition pathway is favored when the

allene is tetrasubstituted R1¼Me, and the vinyl moiety is monosubstituted R2¼H;

otherwise the formation of cyclopentadiene i-16 is clearly favored (Table 5).
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Fig. 25 Scheme of the proposed mechanism via the allenic intermediate i-12 for the Au-catalyzed

reaction of propargyl acetate 15 [54]

244 S. Montserrat et al.



5 Concluding Remarks

The analysis of the reaction mechanisms for gold-catalyzed cycloaddition reactions

by means of theoretical methods involving allenes has been assessed in the present

chapter. The complexation of the allene moiety to the metal center is always

described as the first step towards its reactivity. Regarding this interaction between

gold(I)-complexes and allenes, several isomers with relatively similar energies can

be formed. The stability of these species is highly dependent on both the allenic

substituents and the nature of the ligands at gold. Therefore, the participation of

different allenic intermediates is crucial to understanding the extensive reactivity

observed in these gold-catalyzed processes.

One of the most important gold-catalyzed cycloadditions is that involving

allenes and dienes. This reactivity is shown to give different products, six- and

seven-membered rings depending on the nature of the catalyst. According to the

theoretical studies, the mechanism proposed for the [4Cþ3C] intramolecular cyclo-

addition has three main steps: (1) allene coordination of the catalyst and formation

of an allylic cation, (2) cycloaddition leading to a seven-membered ring intermedi-

ate, and (3) 1,2 H-shift and formation of the [4Cþ3C] cycloaddition product.

The reaction mechanism for the formation of the [4Cþ2C] product is shown to

be rather similar, sharing the two initial steps (1) and (2) that provide the seven-

membered ring intermediate. The difference is introduced in the third step. This

reaction step (3) involves a ring contraction (1,2 alkyl migration, instead of a 1,2

H-shift) giving rise to the six-membered ring cycloaddition product. The preferred

formation of 4þ3 or 4þ2 adducts can be certainly controlled by modifying the

Table 5 Differences between the energy barriers of the two competitive pathways [4+2] cyclo-

addition and cyclization for a sort of reactants depending on the substituted R1, R2 and R3.

Catalyzed by Au(PMe2Ph) calculated enthalpy differences at 298 K in kcal/mol

R1 R2 R3 DDH298(ts-cyclization favored)
#

H H H 11.5

Me H H 5.2

H Me H 18.2

H H Me 10.4

Me H Me 2.5

H Me Me 17.3
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characteristics of the gold ligand. Therefore more electron-donor ligands like NHC

favor the 4+3 pathway whereas electronacceptor triphosphite type of ligands favor

the ring contraction process leading to the formal [4þ2] adducts.

Theoretical analysis of other gold-catalyzed reactions involving allenes and

alkenes has provided an explanation of the chemo- and stereoselectivity observed.

Theoretical studies have also shown the implication of allenes as intermediates in

gold-catalyzed reactions of other precursors such as propargylic derivatives.

To conclude, theoretical analyses of gold-catalyzed processes are still scarce,

although they have witnessed an important impulse in recent years. In general the

theoretical calculations have been quite consistent with the experimental results and

helped to propose mechanistic alternatives and explain reactivity behavior. No

doubt the use of increasingly sophisticated theoretical tools will be of great help

to advance further new gold-catalyzed processes and refine those already deve-

loped. In particular, the rich and diverse reactivity of allenes in gold-catalyzed

reactions promises to take advantage of the theoretical progress.
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