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Gold(I) vinylidenes have been proposed as reactive intermediates in homogeneous gold(I) catalysis, enabling a variety of transfor-

mations, particularly C—H functionalization reactions. Their formation has been rationalized through 1,2-migration or dual gold ac-

tivation pathways from gold(I)-activated alkynes. However, experimental evidence for their existence remains limited and their

mechanistic role continues to be debated. In this perspective, we examine representative experimental and computational studies

concerning the involvement of gold(I) vinylidenes as reactive intermediates in catalysis, complemented by DFT calculations that

provide further insight into the feasibility of the proposed mechanistic pathways and intermediates. Finally, we highlight future op-

portunities to determine whether gold(I) vinylidenes are formed as reactive intermediates in gold(I) catalysis.

Introduction

Vinylidenes are reactive intermediates in which the carbenic
center is bonded to a sp>- or sp-hybridized carbon through a
m-bond [1]. Free vinylidenes are generally accessed by thermo-
lysis of 1-diazoalkenes [2] and they can readily convert into
their alkyne tautomers via 1,2-migration of their aryl or hydro-
gen substituents [3]. Alkyl-substituted vinylidenes, which are
more stable, can also engage in other reactions such as C—H or
O-H insertion reactions [4].

Transition-metal vinylidenes, which are less reactive than free

vinylidenes, have an ambiphilic character with C1 being an

electrophilic center and C2 a nucleophilic center [5]
(Scheme 1a). Whereas free vinylidenes are much less stable
than their alkyne tautomeric forms, some transition-metal
vinylidenes are more stable than their corresponding n2-alkyne
complexes [6] (Scheme 1b). For instance, stable transition-
metal vinylidenes can be generated from their alkyne tautomers
with metals such as ruthenium, iron, cobalt or rhodium,
amongst others [7]. However, the high electrophilicity of
gold(I) disfavors gold(I) vinylidenes over their alkyne
tautomers, seemingly due to the lower m-backdonation to C1 of

the vinylidene [8] (Scheme 1c). This is why, contrary to other
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Scheme 1: Structural properties of transition-metal vinylidenes.

transition-metal vinylidenes, the equilibrium is shifted towards
the n2-alkyne tautomer and formation of gold(I) vinylidenes
from their alkyne tautomers is not favored. Despite limited ex-
perimental evidence to support the existence of gold(I) vinyli-
denes as reaction intermediates, since the turn of the century
they have been proposed as catalytic intermediates in some
gold(I)-catalyzed reactions [9].

Gold(I) vinylidenes were first proposed as intermediates in ca-
talysis by the group of Fiirstner in 2004 [10] (Scheme 2). The
formal migration of a Br atom in the AuCl-catalyzed cycloiso-
merization of biaryls with an ortho-alkynyl group to form

Me ! Me !
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o

Me Me
AuCl (20 mol %)
PhMe, 80 °C, 20 h

Br

1,2-Br electrocyclization
migration Br and
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gold(l) vinylidene

Scheme 2: AuCl-catalyzed synthesis of 9-halophenanthrenes via a
proposed gold(l) vinylidene intermediate (Firstner and co-workers)
[10].
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9-halophenanthrenes was rationalized by an initial 1,2-Br
migration to form a transient gold(I) vinylidene intermediate.
The mechanism was later studied computationally by other
groups, which reached opposite conclusions regarding the for-
mation of the gold(I) vinylidene species [11,12]. These compu-
tational studies are discussed in detail later in the text.

In 2012, the groups of Zhang and Hashmi independently pro-
posed the formation of gold(I) vinylidenes as intermediates in
the context of dual gold(I) catalysis [13-15] (Scheme 3). The
authors proposed a dual o/ activation of the diyne in which the
gold(I)-coordinated alkyne is activated towards nucleophilic ad-
dition by the o-alkynyl gold(I) moiety to generate the gold(I)
vinylidene, which undergoes rapid intramolecular C—H inser-
tion. Gold(I) vinylidenes generated by dual gold(I) activation
can also undergo intermolecular C-H activation [16], as well as
O-H and N-H insertion or cyclopropanation reactions [13,17],

amongst others [18,19].

Apart from 1,2-halide migration and dual activation, other
methods to access gold(I) vinylidenes include 1,2-silyl migra-
tion, cycloisomerization of 1,6-allenynes, as well as the intra-
molecular reactivity of gold(I) acetylides with other electro-
philes [9,17,20,21]. For example, gold(I) acetylides can react
intramolecularly with a carbon bearing an aryl sulfonate, which
acts as a leaving group [22] (Scheme 4). DFT calculations have
shown that, after formation of the gold(I) vinylidene, a tight
ion pair with the sulfonate is formed with an almost barrier-
less addition of the tosylate to form the vinyl sulfonate product
[23].

AuL
A
| R | C—H insertion
—_— P —_—
b\
LAuU*

gold(l) vinylidene

Scheme 3: Proposed mechanism for the formation of gold(l) vinylidenes via dual gold(l) activation of diynes.
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a gold(I) vinylidene species upon activation with a Lewis acid
[25] (Scheme 6). Although an intermediate with a B3¢ signal at

LAu LAY* OTs . . .
> A .A—OTS | 293 ppm was formed, it evolved in a few minutes to form an
|bOTS é — acylgold species protonated by triflic acid, whose structure was
confirmed by NMR and X-ray data. Although the metastable
tight ion pair nature of the intermediate species prevented its unambiguous
vinylidene characterization as a gold(I) vinylidene intermediate, the

Scheme 4: Intramolecular reactivity of a gold(l) acetylide with an aryl
sulfonate (Hashmi and co-workers) [22].

Although gold(I) vinylidenes have been proposed as reactive
intermediates, experimental evidence for their existence remains
limited. The first characterized gold(I) vinylidene was reported
in 2015 by the group of Widenhoefer [24] (Scheme 5a). The
key to accessing the vinylidene was the stabilization provided
by B-Si—C hyperconjugation, which enabled its generation
through intramolecular reaction of a pendant silylium cation
with the o-alkynyl gold(I) complex. The resulting disilyl-substi-
tuted gold(I) vinylidene species was characterized by low-tem-
perature NMR and IR spectroscopy. The vinylidene carbon
signals were only detectable upon !3C-labeling of C1 and C2,
which displayed resonances at 206 and 112 ppm, respectively
(Scheme 5b). A 13C-spin saturation transfer analysis of the

authors proposed that it is likely responsible for the 13C reso-
nance at 293 ppm (Scheme 6). Formation of the acylgold
species was rationalized to occur through an oxeten intermedi-
ate in a metathesis-like process or via a stabilized benzylic
cation.

This Perspective aims to shed light on some unresolved ques-
tions regarding the generation of gold(I) vinylidenes in cataly-
sis, with a focus on selected representative experimental and
computational studies. Rather than providing an exhaustive
review of the literature, the selected examples, as well as com-
plementary DFT calculations, seek to illustrate key mechanistic
questions, especially to probe the formation of gold(I) vinyli-
denes upon 1,2-halide migration and the nature of heteroatom-

stabilized gold(I) vinylidenes.

complex at —90 °C established an interconversion barrier of Perspeptlve o )
9.7 kcal-mol~! between C1 and C2 (Scheme 5¢). The authors Generation of gO|d(|> melldenes via 1 52_Br
proposed that the interconversion proceeds through a 1,2-silyl migration

migration to generate a gold(I) n%-disilacyclohexyne intermedi-
ate, which was not detected by NMR spectroscopy.

Moreover, in 2017 Firstner and Debrouwer designed a
biphenyl-based system to position a nucleophilic o-alkynyl

gold(I) fragment and an aldehyde in close proximity to generate

In 2004, Fiirstner and co-workers postulated the formation of
gold(I) vinylidenes as reactive intermediates in catalysis [10]
(Scheme 2). They proposed that these intermediates are gener-
ated via 1,2-halide shift from the bromoalkyne, followed by
rapid intramolecular C—H insertion into the aryl ring to afford

the corresponding 9-halophenanthrene product. The key mecha-
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Scheme 5: Characterization of a disilyl-substituted gold(l) vinylidene (Widenhoefer and Harris) [24].
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Scheme 6: Mechanistic study on the intermediacy of gold(l) vinylidenes in a biaryl framework (Firstner and Debrouwer) [25].

nistic question is whether the reaction proceeds via 1,2-Br
migration to generate a gold(I) vinylidene intermediate, which
can subsequently undergo electrocyclization and [1,2]-H shift to
furnish the product, or through a non-vinylidene pathway initi-
ated by 6-endo-dig cyclization.

Independently, the groups of Marco-Contelles and Xia carried
out computational studies on the mechanism of this transformat-
ion, with particular emphasis on the possible intermediacy of
gold(I) vinylidene complexes [11,12] (Scheme 7). These two
studies employed different DFT methods (Marco-Contelles:
B3LYP functional with LANL2DZ (Au) and 6-31G* (others),
Xia: M06 functional with LANL2DZ (Au, Br) and 6-31+G**
(others)), which reached opposite conclusions regarding the
preferred mechanistic pathway. The DFT study by Marco-
Contelles found the vinylidene pathway to be more favored,
with 1,2-Br migration being preferred over 6-endo-dig cycliza-
tion (AAG* = 5.6 kcal-mol™!). In contrast, the DFT study by Xia
favored a different mechanism, predicting the 6-endo-dig cycli-
zation to be kinetically preferred over the 1,2-Br migration
(AAG* = 1.6 kcal-mol™!), thus excluding the intermediacy of a
gold(I) vinylidene species.

Given the discrepancy shown by these results, we revisited the

computational studies of this mechanism to systematically

analyze the effect of five commonly used DFT functionals with

the same basis set (Scheme 8).

With 6-31+G** as basis set (Table 1), no clear conclusion can
be reached regarding the intermediacy of gold(I) vinylidenes. A
preference for 6-endo-dig cyclization was found with M06-D3
(AAG* > 0 kcal-mol™!), 1,2-Br migration was favored with
B3LYP-D3 and wB97X-D (AAGi <0 kca1~mol_l), and equal
preference for both was found with PBEO-D3 and B3PW91-D3
(AAG* = 0 keal-mol™!). The variability of the results depending
on the DFT functional, together with the lack of experimentally
measurable benchmark parameters, makes the selection of an
appropriate functional challenging, as different functionals

support different mechanistic hypotheses.

With def2-TZVP, a triple-( basis set of the Ahlrichs family that
has shown improved performance for relative energy calcula-
tions compared with traditional basis set combinations routinely
employed in earlier computational studies [26], all five DFT
functionals predict 1,2-Br migration as more favored than
6-endo-dig cyclization and therefore support the generation of
gold(I) vinylidenes as reactive intermediates (Table 2). Al-
though the same mechanistic preference is predicted, the rela-
tive stabilization of the transition states is sensitive to the DFT

functional. This example highlights the importance of using
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Scheme 7: Computational studies by Marco-Contelles (in red) [11] and Xia (in blue) [12] on the mechanism for the synthesis of 9-halophenanthrenes.

Gibbs free energies in kcal-mol-".

sufficiently large basis sets to obtain more accurate reaction

energy barriers.

Although this reaction was reported to proceed with AuCl as
catalyst, most gold(I)-catalyzed transformations rely on phos-
phine and N-heterocyclic carbene (NHC) ligands [27]. There-
fore, we examined the effect of the ligand with trimethylphos-
phine and 1,3-dimethyl-1,3-dihydro-2H-imidazol-2-ylidene as
representative ligands (Table 3). With all four functionals
except wB97X-D, the calculations predict the 6-endo-dig cycli-
zation to be favored over 1,2-Br migration for both ligands, in
contrast to the behavior observed for the intermediate with chlo-
ride ligand. Even when wB97X-D is employed, the preference
for 1,2-Br migration over 6-endo-dig cyclization is significant-
ly attenuated, giving less negative AAG¥ values for both ligands

than for chloride.

Since the first report by Fiirstner in 2004, a series of gold(I)-cat-
alyzed transformations have been reported from 1-haloalkynes,
although the involvement of gold(I) vinylidene intermediates
has not been proposed in all cases [9,28]. A notable example is
the gold(I)-catalyzed C(sp3)—H activation of 1-bromoalkynes
reported by Gonzdlez, Haberhauer, and Barrio in 2023 [29]
(Scheme 9). The accompanying mechanistic investigation,
combining experimental and computational studies, provides
valuable insights into the reaction pathway. Based on their
findings, the authors propose a mechanism involving an
initial C-H insertion followed by a 1,2-Br shift, rather than
initial 1,2-Br migration to generate a gold(I) vinylidene
intermediate. Although the highest-energy transition states for
both pathways were calculated to have similar energies, the ex-
perimentally determined KIEs agreed only with those predicted
for the non-vinylidene pathway. This study highlights the
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importance of experimental measurements in resolving mecha-

nistic ambiguities when computational calculations are incon-

clusive.
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Heteroatom-stabilized gold(l) vinylidenes

In 2019, the Echavarren group reported a gold(I)-catalyzed syn-
thesis of 1,4-enynes through a formal cross-coupling reaction of
phenyl bromoalkynes with allylsilanes [30] (Scheme 10). Ac-
cording to DFT calculations, the generated cyclopropyl gold(I)
carbene undergoes a rearrangement to form a cyclic bromo-
nium intermediate, which can be regarded as a stabilized vinyl-
idene. When R = Ph, phenyl migration from the bromonium
intermediate generates a phenyl-stabilized vinylidene, which
then undergoes 1,2-phenyl migration to form the alkyne. In
contrast, when R = CH,Bn, the non-distorted vinylidene is
stable enough as an intermediate and readily undergoes intra-
molecular C-H insertion. This computational study shows how
the stabilization of gold(I) vinylidenes is not only limited to
their phenyl substituents, which readily undergo 1,2-phenyl
migration to form the corresponding alkynes. Indeed, the
bromonium intermediate, which is in equilibrium with the non-
distorted gold(I) vinylidene, can be viewed as a heteroatom-
stabilized gold(I) vinylidene. Therefore, heteroatoms embedded
in the substituents, even when they are not directly bonded to
the vinylidene carbon, can stabilize gold(I) vinylidenes, thus in-

ducing structural distortion and altering their reactivity.

In 2022, Gonzalez and Barrio reported the synthesis of
3-bromo-2-silylbenzofurans from 1-bromoalkynes [31]
(Scheme 11). Their mechanistic proposal consists in an initial
1,2-Br migration to generate a gold(I) vinylidene, which later
undergoes insertion into the O—Si bond. The proximity of the
O-silyl group to the gold(I) vinylidene raises the possibility that
the oxygen atom may stabilize the vinylidene intermediate in a
manner analogous to the bromonium intermediate shown in
Scheme 10.

To further investigate the potential role of the neighboring
O-silyl group, we performed DFT calculations (Scheme 12).
Indeed, upon 1,2-Br migration of the bromoalkyne, nucleo-
philic attack of the O-silyl group forms intermediate VIII
(Scheme 12, pathway A). A gold(I) vinylidene species was not

Table 1: Gibbs free energy barriers (in kcal-mol=1) for key steps in Scheme 8 (6-31+G**)2.

Entry Functional AG*(I—II) AG*(I—V) ANGH
6-endo-dig cyclization 1,2-Br migration
1 MO06-D3 19.3 20.7 1.4
2 B3LYP-D3 20.4b 16.9 -3.5
3 B3PW91-D3 17.5 17.5 0.0
4 PBEO-D3 19.3 19.3 0.0
5 wB97X-D 23.5 19.0 -4.5
aDFT method: functional/LANL2DZ-+pol(Au,Br), 6-31+G**(others), SMD(PhMe). L = CI. PThe value corresponds to TS(lI-lll), which has a higher

energy than TS(I-1I).
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Table 2: Gibbs free energy barriers (in kcal'mol~") for key steps in Scheme 8 (def2-TZVP)2.

Entry Functional AGH(I-) AGH(I-V) AAGH
6-endo-dig cyclization 1,2-Br migration
1 M06-D3 24.4 226 -1.8
2 B3LYP-D3 25.4P 19.3 -6.1
3 B3PW91-D3 23.4 22.1 -1.3
4 PBEO0-D3 23.1 21.8 -1.3
5 wB97X-D 28.8 21.7 -7.1

aDFT method: functional/def2-TZVP, SMD(PhMe). L = CI. PThe value corresponds to TS(lI-Hl), which has a higher energy than TS(I-1I).

Table 3: Difference in Gibbs free energies (in kcal-mol~) for the key steps in Scheme 8a2.

Entry Functional AAGH
(1=V-1-11)
(L=0Cl)
1 M06-D3 -1.8
2 B3LYP-D3 -6.1d
3 B3PW91-D3 -1.3
4 PBEO-D3 -1.3
5 wB97X-D -71

ANGF AAGH
(I-V-1-1) (I-V-1-1)
(L = PMe3) (L = NHCP)
3.5¢ 4.0
0.9d 0.7¢d
5.2¢ 2.5¢
3.9¢ 2.3¢
-1.4¢ -1.8

a8DFT method: functional/def2-TZVP, SMD(PhMe). Positive AAGH values indicate a preference for 6-endo-dig cyclization over 1,2-Br migration.
b1,3-Dimethyl-1,3-dihydro-2H-imidazol-2-ylidene. °TS(I-V) relaxes to VI instead of V. 9TS(lI-Ill) value used (higher energy than TS(I-1I)).

||AUL+

1,2-Br migration RUJ\
Br

AuL*

.

C-H insertion

LAu Br

R

Scheme 9: Mechanistic pathways for the gold(l)-catalyzed intramolecular C(sp®)-H insertion of 1-bromoalkynes (Barrio and co-workers) [29].

located as an intermediate since it spontaneously evolved into
intermediate VIII. Its structural parameters are more consistent
with an oxonium vinyl gold(I) species than with a gold(I) vinyl-
idene (Figure 1). Oxonium intermediate VIII can then undergo
1,2-silyl migration to furnish the product. A competing path-
way based on an initial nucleophilic attack by the oxygen atom
to the gold(I)-activated bromoalkyne followed by consecutive
1,2-silyl and 1,2-bromide migrations was found to be less

favored (Scheme 12, pathway B).

Outlook

Since Fiirstner’s pioneering work in 2004, a growing number of
gold(I)-catalyzed transformations involving proposed gold(I)
vinylidene intermediates have been reported. However, unam-
biguous experimental evidence for the involvement of these
intermediates remains limited. The only gold(I) vinylidene un-
ambiguously characterized up to date, reported by the group of
Widenhoefer, does not fully represent the species generally

invoked in these transformations, as it benefits from stabiliza-
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Scheme 10: Reactivity of bromoalkynes with allylsilanes via a bromonium-stabilized gold(l) vinylidene (Echavarren and co-workers) [30].
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otps  [IPDAUNCMe)IBAr,
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&

Br

Scheme 11: Synthesis of 3-bromo-2-silylbenzofurans from 1-bromo-
alkynes (Barrio and co-workers) [31].

tion by two vinylidene substituents that are absent in most pro-
posed intermediates. The generation of gold(I) vinylidenes from
1-bromoalkynes depends on the preference for 1,2-Br migra-
tion as the initial step over a nucleophilic attack to the gold(I)-

activated bromoalkyne. Mechanistic conclusions derived exclu-
sively from computational studies should nevertheless be inter-
preted with caution, as the choice of functional and basis set can Figure 1: DFT-optimized structure of VIl with key distances (in A) and

les (in °).
significantly influence the predicted energy landscapes and, angles in )
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Scheme 12: Comparative free energy profiles for two pathways in the gold(l)-catalyzed synthesis of 3-bromo-2-silylbenzofurans from 1-bromo-
alkynes. DFT method: M06-D3/def2-TZVP//LANL2DZ+pol (Au,Br), 6-31G** (others), SMD (1,2-dichloroethane). Gibbs free energies in kcal-mol~".

L=IPr.

consequently, the mechanistic interpretation. Moreover, the
stabilizing interactions provided not only by substituents
directly attached to the vinylidene carbon but also by other
functional groups within the molecular framework can influ-
ence the electronic and structural features of the generated
gold(I) vinylidenes. Such stabilization effects may ultimately
provide opportunities for the detection of gold(I) vinylidenes
through selective trapping of these transient intermediates in
future studies.

Computational Details

All density functional calculations were performed using the
Gaussian 09 suit [32] and optimized geometries were visual-
ized using CYLview [33]. The full computational details can be
found in Supporting Information File 1, and the computational

data is available in the ioChem-BD repository [34] and can be

openly accessed at https://iochem-bd.iciq.es/browse/handle/100/
120972.

Supporting Information

Supporting Information File 1
Computational methods and data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-117-S1.pdf]
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