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ABSTRACT: An in-depth experimental and computational study
to rationalize the mechanism underlying the gold-catalyzed
intramolecular hydroalkylation of ynamides to indenes is reported.
Evaluating the reactivity of a set of deuterated ynamides and gold
complexes allowed to get valuable insights into the mechanism of
this reaction, while DFT calculations allowed to determine a
plausible reaction pathway for this unprecedented transformation.
This pathway involves the activation of the ynamide followed by a
[1,5]-hydride shift from the highly reactive, in situ generated
keteniminium ion, and a subsequent cyclization before deprotona-
tion followed by a final protodeauration. According to DFT
calculations, the initial [1,5]-hydride shift was identified as the rate-
determining step of the reaction mechanism. Additionally,
computational studies allowed to rationalize the differences in reactivity of various ynamides and the pivotal role of gold
complexes in the catalysis of this reaction.

■ INTRODUCTION
Indenes are especially attractive targets in organic synthesis
due to their widespread occurrence in biologically active
molecules and their applications in many areas of science. This
scaffold can indeed be found at the core structure of a range of
naturally occurring molecules displaying antitumoral,1 anti-
microbial2 and fungicidal3 activities, among many others.
These bicyclic fused carbocycles have in addition found a
variety of applications in materials science as well, for instance
in the fields of solar cells4 and fluorescent materials.5 They are
also useful ligands in organometallic chemistry, as highlighted
by the use of transition metal-indenyl complexes for the
preparation of many small molecular scaffolds6 and its
application to the development of efficient polymerization
processes.7 An impressive array of methods has therefore been
developed for their synthesis, enabling the preparation of a
broad variety of indenes with various substituents and
substitution patterns and from a variety of starting materials.8

The two most common and general approaches rely on
intramolecular Friedel−Crafts type and transition-metal
catalyzed reactions, starting from bifunctional substrates
containing an arene and an alkene, an allene, an alkyne or a
propargylic alcohol. In the case of transition-metal catalyzed
indene syntheses, most processes reported to date rely either
on a C(sp2)−H activation of the arene in the starting material
with palladium or rhodium complexes, or on the activation of
the double/triple bond by π-acidic gold complexes. Recently,

gold catalysis could be successfully and elegantly extended to
the activation of ynamides,9 versatile building blocks in organic
synthesis,10 which notably led us to develop a novel synthesis
of 2-amino-indenes 211 based on a formal gold-catalyzed
intramolecular hydroalkylation from suitably substituted
ynamides 1.12

This reaction proved efficient and enabled the synthesis of a
variety of 2-amino-indenes from readily available ynamides
under practical and user-friendly conditions since the
cyclization only requires catalytic amounts of a NHC-gold
catalyst, IPrAuNTf2, overnight at room temperature in
dichloromethane. Its mechanism however remains rather
elusive. The most probable mechanistic scenario would first
involve the generation of a highly reactive keteniminium ion
313 upon activation of the starting ynamide 1 by the gold
catalyst followed by [1,5]-hydride shift14 leading to a benzylic
carbocation 4, which could trigger a subsequent cyclization and
a final [1,2]-hydride shift or a deprotonation followed by
protodeauration, ultimately affording 2-aminoindene 2 after
release of the cationic gold species (Scheme 1). This proposed
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mechanism is however fully speculative and we now report
extensive mechanistic studies based on a combined exper-
imental and theoretical approach leading to a precise overview
of the reaction mechanism and enabling the rationalization of
the observed reactivity.

■ RESULTS AND DISCUSSION
Deuterium Labeling Experiments. Our study was

initiated with deuterium labeling experiments to probe the
intramolecular nature of the hydride transfer. In this
perspective, deuterated ynamide 1aD, bearing a deuterium
atom at the benzylic position, was first prepared (Scheme 2).

The synthesis of this substrate starts from commercially
available bromobenzyl alcohol derivative 5, which, upon
reaction under reductive deoxygenation with a combination
of deuterated trifluoroacetic acid and triethylsilane, provided
an inseparable mixture of the desired deuterated substrate 6
along with styrene derivative 7, resulting from a competing
elimination under acidic conditions. A subsequent treatment of
this mixture with meta-chloroperbenzoic acid enabled the
epoxidation of undesired alkene 7 to the corresponding
epoxide 8, which could be separated from the desired

deuterated compound 6 at this stage. Formylation of this
compound through a bromine−lithium exchange upon
reaction with n-butyllithium and subsequent trapping with
DMF next afforded the corresponding aldehyde 9 without
erosion of the deuterium content, which was next converted to
gem-dibromoalkene 10 by a Ramirez olefination. A final
copper-catalyzed cross-coupling reaction with oxazolidine-2-
one under our previously reported conditions15 using a
combination of copper(I) iodide and N,N’-dimethylethylenedi-
amine (DMEDA) as the ligand in the presence of cesium
carbonate finally gave the desired ynamide 1aD with an
excellent deuteration level (>95%D).
With this ynamide 1aD selectively deuterated at the position

from which the [1,5]-hydride shift would occur, we next
engaged it under our optimized conditions for the intra-
molecular hydroalkylation involving 5 mol % of the gold
catalyst IPrAuNTf2 in dichloromethane at room temperature
for 20 h (Scheme 3, top). Under these conditions, we could

mostly observe a migration of the deuterium atom from the
benzylic position to the double bond in the corresponding
indene 2aD that was obtained with 80% deuteration, the partial
loss of deuterium most certainly arising from a gold-catalyzed
hydrogen/deuterium exchange from the aromatic to the vinylic
positions after the cyclization since the level of deuteration is
not affected by traces of water. In any case, and despite the
partial loss of deuterium, the cyclization of 1aD to 2aD confirms
the migration of the hydrogen atom at the benzylic position in
the starting ynamide, this hydrogen atom being found on the
alkene moiety in the indene resulting from the intramolecular
hydroalkylation. Comparing the rates of the hydroalkylation
from 1a and 1aD moreover revealed a kinetic isotopic effect of
8.4.
To confirm the intramolecular nature of this deuterium shift,

we next performed a crossover experiment by reacting a
mixture of deuterated and undeuterated ynamides 1aD and 1b
under our optimized conditions (Scheme 3, bottom). The
corresponding indenes 2aD and 2b could be separated by flash
chromatography and hence carefully analyzed for their
deuterium contents. Here again, a loss of deuterium was
observed from 1aD, which can be rationalized as above, but the
absence of deuterium in 2b strongly supports the intra-
molecular nature of the [1,5]-hydride shift.

Scheme 1. Potential Mechanism Involved in the Synthesis of
Indenes via a Gold-Catalyzed Intramolecular
Hydroalkylation of Ynamides

Scheme 2. Synthesis of Deuterium-Labelled Ynamide 1aD

Scheme 3. Deuterium Migration, Kinetic Isotopic Effect and
Crossover Experiments
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With this important information at our disposal, we next
focused our efforts in getting additional insights into the
mechanism of the gold-catalyzed intramolecular hydroalkyla-
tion of ynamides, notably through extensive computational
studies.
Computational Studies for the Overall Mechanistic

Pathway. To get a deeper understanding of the reaction
mechanism and the factors governing the reactivity of the gold-
catalyzed intramolecular hydroalkylation of ynamides, DFT
calculations were performed with the Gaussian 09 software
package using the B3LYP functional augmented with a damped
empirical dispersion term (D3) using the solvation model
(SMD) with dichloromethane (DCM) as solvent. The SDD
basis set (Stuttgart/Dresden ECP) was used for Au and this
basis is augmented by an additional f-type polarization function
for Au with ζ = 1.050. The standard 6-311+G(d,p) basis set
was used for all other atoms. The gold catalyzed intramolecular
hydroalkylation of ynamide 1a using IPrAuNTf2 as the gold
catalyst was selected as the model reaction for these studies.
Similar studies have shown that the anion has a little impact on
the reaction,16 and thus, cationic IPrAu+ was employed as the
active catalyst in this study (Figure S22). All Gibbs free
energies are relative to the energy of IPrAu+ and 1a.
We initially focused on the elucidation of the general

reaction mechanism, which, as mentioned above, supposedly
involves five pivotal steps: (a) a complexation of the gold-
catalyst with the starting ynamide, (b) a [1,5]-hydride shift, (c)
a cyclization event, d) a [1,2]-hydride shift17 and (e) a final
elimination of the gold(I) catalyst or, alternatively for the last
two steps, (d’) the loss of a proton followed by (e’)
protodeauration. The catalytic intramolecular hydroalkylation
of ynamide 1a starts with the complexation of IPrAu+ to 1a,
generating gold-keteniminium ion INT1, with an exergonicity
of 20.6 kcal/mol and characterized by Au−C bond distances of
2.18 and 2.50 Å. The natural bond orbital (NBO)18 analysis
revealed a bond order of 1.231 for the C−N bond in INT1 in

contrast to 1.084 for ynamide 1a (1.31 vs 1.35 Å),19

highlighting a partial “iminium” nature of INT1 (see Table
S1). Gold-keteniminium ion INT1 then undergoes a [1,5]-
hydride shift via TS1, with an activation barrier of 14.4 kcal/
mol, leading to benzylic carbocationic gold adduct INT2. A
closer look at TS1 reveals that the length of the C···H bond
being broken changes from 1.09 Å in INT1 to 1.36 Å in TS1,
whereas the length of the C···H bond being formed is 1.28 Å,
the charge distribution in INT2 being moreover more
consistent with a [1,5]-hydride shift rather than a [1,5]-
hydrogen shift. Another plausible route from INT1 involving a
[1,4]-hydride shift was also investigated but it was found to be
less favorable by 11.2 kcal/mol, thus showing the [1,5]-hydride
shift as the preferential pathway and rationalizing the selectivity
observed experimentally. The Gibbs free energy of activation
needed for the [1,5]-hydride shift in the absence of the gold
catalyst (red pathway in Figure 1) via TS1′ was shown to be as
high as 40.1 kcal/mol, suggesting that this pathway is not
possible kinetically and highlighting the key role of the catalyst
for this transformation. C···H bond breaking and forming
distances for the uncatalyzed [1,5]-hydride shift (TS1′) were
found to be 1.24 and 1.28 Å, respectively. Regarding the
catalytic process, a subsequent cyclization of carbocationic
intermediate INT2 by intramolecular addition of the vinyl-gold
moiety to the tertiary carbocation results in the formation of
the five-membered ring in INT3 via TS2, with a very low
activation Gibbs free energy of 1.0 kcal/mol. For this step, the
distance between the two carbon atoms between which a bond
is being formed is of 2.29 Å in TS2, and the resulting bicyclic
intermediate INT3 is formed exergonically by 15.6 kcal/mol.
The low-energy-demanding and exergonic cyclization step
drives the reaction and overcomes the slightly endergonic
[1,5]-hydride shift. After cyclization, a slight change in the
length of the Au−C bond could be noted, this length being of
2.07 Å before the cyclization and shortened to 2.01 Å in INT3.
Following this cyclization, INT3 could undergo a [1,2]-

Figure 1. Relative Gibbs free energies (in kcal/mol) of the intermediates for the gold-catalyzed (blue and green pathways) and noncatalyzed (red
pathway) cyclization of ynamides to indenes. Bond distances given in Å.
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hydride shift via TS3 with an activation Gibbs free energy of
22.4 kcal/mol to form gold-product complex INT4, which is
the resting state of the catalytic cycle. NBO analysis revealed a
bond order for the C−N bond of 0.958 in INT4, similar to the
value of 0.949 in INT3 (1.45 vs 1.43 Å). Alternatively, the
elimination of a proton followed by protodeauration from
INT3 was also investigated. DFT calculations indicated that
this process could be possible by a proton migration involving
TS4 and TS5 facilitated by the Tf2N− anion. All of these
intermolecular processes are quite facile via the intermediacy of
INT5. Deprotonation of INT3 assisted by the Tf2N− anion
delivers INT5 via TS4 with an activation Gibbs free energy of
10.6 kcal/mol to form gold complex INT5 via an almost
thermoneutral step, and a subsequent protodeauration delivers
the final product 2a via INT4. The corresponding TS5 was
located in a very flat energy surface, and the protodeauration
appeared to be practically barrierless. The protodeauration step
would occur via TS5 with a barrier of 0.4 kcal/mol, affording
INT4 with high exergonicity, and would be followed by a
slightly endergonic catalyst transfer between INT4 and
substrate 1a to yield gold−alkyne complex INT1 and indene
2a. Thus, according to the two possible pathways from INT3,
i.e., the [1,2]-hydride shift and a subsequent elimination vs the
elimination of the proton followed by the protodeauration, the
latter would occur through a low barrier and is believed to be
part of the overall mechanism of the gold-catalyzed intra-
molecular hydroalkylation of ynamides.
The overall Gibbs free energy change of the reaction ΔGrxn

is −49.6 kcal/mol (calculated from the Gibbs free energy
difference between ynamide 1a and indene 2a). According to
the Gibbs free energy profile, the reaction from TS1 is
irreversible, as all the subsequent TS are lower in energy and
the reaction from INT1 would evolve toward the low energy
demanding TS2 to deliver INT3 in a highly exergonic step.
Comparing the different elementary steps and transition states
involved in this reaction (TS1, TS2, TS4 and TS5, Figure 2),
the [1,5]-hydride shift (TS1) is the rate-determining step
(RDS) for the overall indene formation, which is in line with
the highest computed barrier for this step (ΔG⧧ = 14.4 kcal/
mol) and in agreement with the primary kinetic isotopic effect
of 8.4 measured (Scheme 3, top).
For the sake of comparison, the reaction profile was also

investigated using acid catalysis (Table S2), and an activation
barrier of 17.2 kcal/mol was computed for the rate-
determining step. This result also shows that the gold catalyst
significantly favors the [1,5]-hydride shift step (energy barrier
lowered by 8.5 kcal/mol), which is in adequation with the
previously obtained results for the triflic acid-catalyzed reaction

(52% 1H NMR yield)12 compared to the AuIPrNTf2-catalyzed
one (94% 1H NMR yield).
Compared Reactivity of Gold Catalysts. During the

optimization of the gold-catalyzed intramolecular hydro-
alkylation of ynamides, we noted that its efficiency was, quite
logically, strongly dependent on the nature of the gold catalyst.
We thus next attempted to rationalize these results by a
comparative computational study for the rate-determining
[1,5]-hydride shift step (TS1) of the reaction. N-Heterocyclic
carbene (NHC)−gold complex IPrAuNTf2 notably displayed a
superior activity compared to that of Ph3PAuNTf2, with 2a
being obtained in 94% and 60% NMR yields, respectively
(Table 1, entries 1 and 2). To investigate this difference of

reactivity, both catalytic cycles were computed: as shown in
Table 1, the barrier for the [1,5]-hydride shift (TS1) with the
IPr ligand is calculated to be 14.4 kcal/mol, while it increases
to 23.9 kcal/mol with triphenylphosphine as the ligand, these
calculated barriers being consistent with the experimentally
observed yields. The charge on the carbon atom α to the
nitrogen atom in INT1 is of 0.280 e with IPr but of −0.051 e
with Ph3P, whereas they are of 0.134 and −0.077 e at TS1,
respectively. For the reaction involving Ph3PAuNTf2, the
stronger Lewis acidic character makes the Au center more
positively charged (0.331 e for Ph3PAu+ vs 0.298 e for IPrAu+),
destabilizing the transition state of the [1,5]-hydride shift.
When switching to the IMes ligand, an identical energy barrier

Figure 2. Optimized calculated geometries for the transition states involved in the gold-catalyzed cyclization process. Relative Gibbs free energies
given in kcal/mol.

Table 1. Experimental Versus Calculated Observed
Reactivity of Various Gold-Complexesa

Entry LAu ΔGTS1 (kcal/mol) Yieldexp (%)
b

1 IPrAu 14.4 94
2 Ph3PAu 23.9 60
3 XPhosAu 12.5 97
4 JohnPhosAu 11.3 85
5 SPhosAu 12.3 82
6 MorDalPhosAu 13.5 87
7 IMesAu 14.4 93
8 BrettPhosAu 12.5 84

aRelative Gibbs free energies for the rate-determining [1,5]-hydride
shift (TS1) given in kcal/mol. bDetermined by 1H NMR analysis
using 1,1,2,2-tetrachloroethane as internal reference.
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profile was obtained, which is also consistent with the
experimental yield obtained (93%, Table 1, entry 7). Several
phosphines were also evaluated, and the corresponding Gibbs
free energies of the transition states compared. In all cases
studied, similar barriers were computed and the [1,5]-hydride
shift step (TS1) was systematically found to be the rate-
determining step of the overall process. Optimized structures
for the rate-determining step of the process (TS1) of various
gold-complexes at the described level of theory are shown in
Table S3.
For the rest of gold complexes evaluated, the yields after

20 h at room temperature were similar, as also inferred from
the comparison of the barriers observed for the computed
transition states. Noteworthy, the Gibbs activation barriers can
be correlated to the reaction kinetics but in our case, all
reactions were performed under thermodynamic conditions,
i.e., long reaction times (20 h). Thus, a correlation between
reaction rates and barriers cannot be expected given that the
yields obtained at 20 h are not representative of the reaction
rates. This comment can be applied for all the substrates,
according to the barriers we can predict that the reaction will
occur or not (if the barrier is too high) but not compare
reaction yields at 20 h.
Influence of the Ynamide Substitution on the 1,5-

Hydride Shift. Besides the marked influence of the nature of
the gold catalyst, the nature, substitution pattern and electronic
properties of the starting ynamide also have an impact on the
efficiency of the gold-catalyzed intramolecular hydroalkylation.
In this perspective, we next focused on getting a better
understanding of the influence of the nature of the starting
ynamides and the prerequisites for their hydroalkylation to be
operative.
The nature of the substituent at the benzylic position

involved in the hydride shift was therefore investigated, both
experimentally and theoretically (Scheme 4). A substituted

benzylic position proved to be beneficial for the [1,5]-hydride
shift of the catalytic intramolecular hydroalkylation of
ynamides. Indeed, while a tertiary position such as an isopropyl
(1a) is suitable for the hydride-shift to be operative, a
secondary one such as an ethyl group (1c) is also suitable,
resulting however in a lower yield (40%) and leading to the
isomerized product. From a computational point of view,
replacing the isopropyl group by an ethyl group results in an
increase of the RDS barrier of 2.7 kcal/mol for the [1,5]-
hydride shift step (TS1) and a decreasing of 5.6 kcal/mol for
the deprotonation step (TS4). The absence of a substituent
inhibited the hydroalkylation since no reaction was observed
starting from o,o′-xylyl-ynamide 1d or o-tolyl-ynamide 1e
which were both fully recovered at the end of the reaction. For
those two ynamides 1d and 1e, only traces of the
corresponding indenes 2d and 2e could be obtained when
employing higher reaction temperature of 80 °C in 1,2-
dichloroethane. This lack of reactivity can be rationalized from
the high activation barrier of 38.0 kcal/mol for TS1 calculated
when starting from o,o′-xylyl-ynamide 1d. For ynamide 1e, the
free activation barrier for TS1 was found to be 23.5 kcal/mol.
The methyl group in 1d most likely forces the gold complex to
bind to the alkyne with a different angle (Au−C−Ar 130°
compared to 124−125° in 1a, 1c and 1e, see Table S4),
resulting in a more distorted TS and, hence, in a higher energy
barrier. These high barriers are in line with the use of longer
reaction times and higher temperatures to observe traces of 2d
and 2e. Other ynamides having substituted tertiary positions
with groups such as a cyclohexane or a cyclic acetal (not
shown) showed affordable barriers similar to that of ynamide
1a, in line with the previously experimentally observed yields.12

For all ynamides studied, the RDS was found to be the initial
[1,5]-hydride shift step and the final protodeauration step
occurs with high exergonicity via TS5, with activation barriers
lower than 1.0 kcal/mol for ynamides 1d,e.
The analysis of the noncovalent interactions (NCIs) for TS1

corresponding to the 1,5-hydride shift from compounds 1a, 1c,
1d and 1e was also performed and results are displayed in
Figure 3. A clear interaction between the four isopropyl groups
on the aromatic rings of the Au-NHC ligand and the gold atom
can be observed. The isopropyl group in ynamide 1a allows for
a conformation in TS1−1a with more favorable NCI
interactions compared to TS1−1c (Figure 3). The isosurfaces
of NCI interactions were processed with an isovalue of 0.6, and
showed a weak CH−π stacking interaction (with distances in
the 3.30−3.40 Å range) between the phenyl ring of the
substrate and phenyl of the NHC ligand for compounds 1a, 1c
and 1e. This CH−π stacking interaction is more favorable in
TS1−1a and is absent in compound 1d, which shows instead a
CH3−π stacking interaction. As ynamide 1d has the higher
barrier for TS1, it is believed that this CH−π stacking
interaction participates in lowering the barrier for the 1,5-
hydride shifts. Additionally, the incipient positive charge at the
benzylic position is significantly less stabilized in 1d (lacking
the adjacent methyl groups) compared to 1a or 1c.
Finally, the Activation Strain Model (ASM)20 was used to

further evaluate the relative contributions of the strain and
interaction terms and get insights into the influence of the
ynamide substitution on the 1,5-hydride shift at TS1.
According to this model, the optimized transition state
structure is separated into two fragments (distorted ynamide
and distorted gold catalyst), and the energy difference between
the distorted fragments and the geometries of the fragments in

Scheme 4. Influence of the Ynamide Substitution on the
Observed Reactivity; Relative Gibbs Free Energies Given in
kcal/mola,b,c

aIsolated yields. bDetermined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as internal reference. cReaction performed in 1,2-
dichloroethane at 80 °C.
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the initial INT1 complex is defined as the distortion energy.
The difference between the activation energy and the total
distortion energy corresponds to the interaction energy. This
model has been successfully applied to rationalize the reactivity
of cycloadditions, substitution and elimination reactions and
transition metal catalyzed reactions.21 The corresponding
values for strain energy of the ynamide (ΔEDIST(ynamide)), strain
energy of the gold-catalyst (ΔEDIST(Au)), interaction energy
(ΔEINT) and activation energy (ΔE‡) are shown in Figure 4. In

this case, the gold-catalyst distortion energy (ΔEDIST(Au)) is
small and very similar for the four ynamides studied, i.e., the
distortion induced by the coordination of the ynamide to the
gold-catalyst does not result in significant changes in the
electronic structure of the catalyst. However, significant
differences can be found in the ynamide distortion energy
(ΔEDIST(ynamide)) and its contribution to the electronic energy
activation (ΔE‡) is mainly associated with the deformation of
the alkene part of the indene. Comparatively, ynamides 1a and
1c have similar distortion energies, while ynamides 1d and 1e
show higher ones, and, interestingly, ynamides 1a and 1c have
earlier TS according to H···C bond forming distances than
ynamides 1d and 1e. The interaction energy term (ΔEINT) for
TS1 remains close for all ynamides, differing only by 2−3 kcal/
mol. It is slightly more stabilizing for ynamides 1a and 1d,

being the most favorable for ynamide 1d; however, it cannot
compensate the strong destabilizing value of the total
distortion energy. The higher interaction energy for 1a and
1d can be attributed to the oxazolidinone and the indene
fragment being perpendicular and might result in a more
favorable orbital interaction.
To avoid the ASM values being skewed by the position of

the transition states,22 we also performed the analyses along
the reaction coordinate, in this case the C···H bond forming
distance (Figure 5). Differences in the distortion energy were

observed, the distortion energy for the reaction involving 1a
being lower along the complete reaction coordinate than for
other ynamides. The variation of the interaction energy was in
addition similar for the four ynamides studied. It is fairly
obvious that the reactivity differences between ynamides
comes from the significant differences in the distortion energy
between reactants along the reaction coordinate, as both
reactions show similar interaction energies. Thus, this study
suggests thar the reactivity is mainly controlled by the
distortion energy.

■ CONCLUSIONS
In conclusion, a combined experimental and computational
approach enabled to elucidate the mechanism associated with
the gold-catalyzed intramolecular hydroalkylation of ynamides
to 2-aminoindenes. This process involves a highly reactive
gold-keteniminium ion, which significantly lowers the Gibbs
free energy barriers required for the first step of this reaction,
i.e., the [1,5]-hydride shift from the benzylic position. The
latter, occurring before the cyclization event, was identified to
be the rate-determining step of the reaction. The substitution
pattern of the benzylic position of the starting ynamide was
also proven to be critical for the [1,5]-hydride shift, lower
energy barriers being correlated with a substituted and
electron-rich benzylic position. This study should hopefully
guide more rational approaches for the design and the
development of reactions involving keteniminium ions starting
from readily available and versatile ynamides.

■ EXPERIMENTAL SECTION
General Information. All reactions were carried out in

oven-dried glassware under an argon atmosphere employing
standard techniques in handling air-sensitive materials.

Figure 3. NCI isosurfaces (isovalue at 0.6) associated with TS1 for
compounds 1a, 1c, 1d and 1e. NCI interactions are shown in green,
steric effects in red.

Figure 4. Analysis of distortion, interaction, and activation (blue:
distortion energy of ynamides, green: distortion energy of Au-catalyst,
red: interaction energy, black: activation energy). Energies are given
in kcal/mol.

Figure 5. Activation strain diagrams for TS1 of compounds 1a, 1c, 1d
and 1e along the reaction coordinate projected onto the C···H bond
stretch.
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All solvents were reagent grade. Dichloromethane was
freshly distilled from calcium hydride under argon. Tetrahy-
drofuran was freshly distilled from sodium/benzophenone
under argon. 1,4-Dioxane and DMF were used from
commercially available argon-filled sealed bottles with
molecular sieves.
[1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene][bis-

(trifluoromethanesulfonyl)imide]gold(I) (IPrAuNTf2) (95%
p u r i t y ) , ( 2 - d i c y c l o h e x y l p h o s p h i n o - 2 ′ , 4 ′ , 6 ′ -
triisopropylbiphenyl)[bis(trifluoromethanesulfonyl)imide]-
gold(I) (XPhosAuNTf2) (95% purity), [2-(di-tert-
butylphosphino)biphenyl][bis(trifluoromethanesulfonyl)-
imide]gold(I) (JohnPhosAuNTf2) (97% purity), and
Ph3PAuNTf2 (95% purity) were purchased from Merck and
used as supplied. (2-Dicyclohexylphosphino-2′ ,6′-
dimethoxybiphenyl)[bis(trifluoromethanesulfonyl)imide]gold-
(I) (SPhosAuNTf2) (98% purity) and [di(1-adamantyl)-2-
morpholinophenylphosphine][bis(trifluoromethanesulfonyl)-
imide]gold(I) (MorDalPhosAuNTf2) (95% purity) were
purchased from Strem Chemicals and used as supplied. [2-
(Dicyclohexylphosphino)-3,6-dimethoxy-2′,4′,6′-triisopropyl-
1,1′-biphenyl][bis(trifluoromethanesulfonyl)imide]gold(I)
(BrettPhosAuNTf2) and [1,3-bis(2,4,6-trimethylphenyl)-
imidazol-2-ylidene][bis(trifluoromethanesulfonyl)imide]gold-
(I) (IMesAuNTf2) were prepared according to previously
reported literature procedures.23,24

Ynamides 1a, 1b, 1c, 1d and 1e were prepared according to
a previously described procedure.12

Reactions were magnetically stirred and monitored by thin
layer chromatography using Merck-Kieselgel 60F254 plates.
Flash chromatography was performed with silica gel 60
(particle size 35−70 μm) supplied by Merck. Yields refer to
chromatographically and spectroscopically pure compounds
unless otherwise stated.
Proton NMR spectra were recorded using an internal

deuterium lock at ambient temperature on Bruker 300 MHz,
Varian 400 MHz or Varian 600 MHz spectrometers. Internal
reference of δH 7.26 was used for CDCl3. Data are presented as
follows: chemical shift (in ppm on the δ scale relative to δTMS =
0), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
quint. = quintuplet, sext. = sextuplet, sept. = septuplet, m =
multiplet, br. = broad, app. = apparent), coupling constant (J/
Hz) and integration. Resonances that are either partially or
fully obscured are denoted obscured (obs.). Carbon-13 NMR
spectra were recorded at 100 MHz using CDCl3 (δC 77.16) as
internal reference. Phosphorus-31 NMR spectra were recorded
at 121 MHz using phosphoric acid (δp 0.00) as external
reference. Fluorine-19 NMR spectra were recorded at 376
MHz using fluorobenzene (δF −113.15) as internal reference.
Infrared spectra were recorded on a Bruker Alpha (ATR).

High-resolution mass-spectra in positive mode were recorded
using a 6520 series quadrupole time-of-flight (Q-TOF) mass
spectrometer (Agilent) fitted with a multimode ion source.
1-Bromo-2-(propan-2-yl-2-d)benzene 6.25 To a solu-

tion of 2-(2-bromophenyl)propan-2-ol 5 (2.11 g, 9.8 mmol) in
anhydrous dichloromethane (16 mL) under argon was added
trifluoroacetic acid-d (3.8 mL, 49.2 mmol) and the resulting
mixture was stirred at room temperature for 5 min before
adding triethyl(silane-d) (2.0 mL, 12.8 mmol). The resulting
mixture was stirred at room temperature for 16 h. The reaction
mixture was then quenched with a 1 M aqueous solution of
NaOH and extracted three times with dichloromethane. The
combined organic layers were dried over MgSO4, filtered and

concentrated under reduced pressure. The crude residue was
finally purified by flash column chromatography over silica gel
(petroleum ether) to afford an inseparable mixture of desired
product 6 and side-product resulting from elimination 7 (6/7:
70/30 1H NMR ratio) (1.38 g). For the second step, meta-
chloroperbenzoic acid (70% w/w, 779 mg, 3.2 mmol) then
solid sodium hydrogen carbonate (355 mg, 4.2 mmol) were
added to a solution of the previously obtained mixture of 6 and
7 in anhydrous dichloromethane (11 mL) under argon. The
resulting mixture was stirred at room temperature for 16 h and
was then quenched with deionized water before being
extracted twice with dichloromethane. The combined organic
layers were dried over MgSO4, filtered and concentrated under
reduced pressure. The crude residue was finally purified by
flash column chromatography over silica gel (petroleum ether)
to afford the desired deuterated product 6 as an oil. Yield: 40%
(787 mg, 3.9 mmol), > 95%D (calculated by integration of the
residual signal in the 1H NMR spectrum). 1H NMR (400
MHz, CDCl3): δ 7.54−7.52 (m, 1H), 7.29−7.27 (m, 2H), 7.04
(ddd, J = 8.0, 5.7, 3.3 Hz, 1H), 1.24 (t, J = 1.0 Hz, 6H);
13C{1H} NMR (100 MHz, CDCl3): δ 147.4, 132.9, 127.8,
127.8, 126.8, 124.4, 32.6 (t, J = 20 Hz, C−D), 22.8.; IR (neat):
νmax 2961, 2872, 1471, 1435, 1024, 751, 657 cm−1; ESIHRMS
m/z calcd for C9H10DBrK [M+K]+ 239.9718, found 239.9714.
2-(Propan-2-yl-2-d)benzaldehyde 9. To a solution of 1-

bromo-2-(propan-2-yl-2-d)benzene 6 (700 mg, 3.5 mmol) in
THF (7 mL) was added a 2 M solution of n-butyllithium in
hexanes (1.9 mL, 3.9 mmol) dropwise at −78 °C under argon.
The resulting mixture was then stirred at −78 °C for 30 min
before adding DMF (408 μL, 5.3 mmol) dropwise. The
resulting mixture was then allowed to slowly warm up to room
temperature and further stirred for 1 h. The reaction mixture
was then quenched with deionized water and extracted three
times with diethyl ether. The combined organic layers were
dried over MgSO4, filtered and concentrated under reduced
pressure. The crude residue was finally purified by flash
column chromatography over silica gel (petroleum ether/
EtOAc: 98/2) to afford the desired product 9 as a colorless
liquid. Yield: 92% (481 mg, 3.2 mmol), > 95%D (calculated by
integration of the residual signal in the 1H NMR spectrum).
1H NMR (400 MHz, CDCl3): δ 10.36 (s, 1H), 7.82 (dd, J =
7.7, 1.5 Hz, 1H), 7.56 (dd, J = 7.7, 1.7 Hz, 1H), 7.46 (dd, J =
7.9, 1.1 Hz, 1H), 7.35 (td, J = 7.5, 1.2 Hz, 1H), 1.30 (t, J = 0.8
Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 192.5, 151.5,
134.2, 133.1, 131.7, 126.3, 126.2, 27.4 (t, J = 20 Hz, C−D),
23.9; IR (neat): νmax 2960, 2872, 1691, 1600, 1461, 1250,
1196, 757 cm−1; ESIHRMS m/z calcd for C10H12DO [M +
H]+ 150.1024, found 150.1019.
1-(2,2-Dibromovinyl)-2-(propan-2-yl-2-d)benzene 10.

To a solution of tetrabromomethane (2.12 g, 6.4 mmol) in
dichloromethane (20 mL) under argon was added a solution of
triphenylphosphine (3.15 g, 12.0 mmol) dropwise using an
addition funnel at 0 °C for 30 min (the reaction medium
progressively turned orange). A solution of aldehyde 9 (400
mg, 2.7 mmol) in dichloromethane (5 mL) was then added to
the reaction mixture at 0 °C, and the mixture was allowed to
warm up to room temperature and stirred for 3 h
(precipitation in the reaction medium quickly occurs).
Petroleum ether was then added and the reaction mixture
was next filtered over a plug of Celite, rinsed with petroleum
ether, and the filtrate was concentrated under reduced pressure
to afford the desired product 10, that could be used for the
next step without further purification, as a clear liquid. Yield:
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77% (631 mg, 2.07 mmol), > 95%D (calculated by integration
of the residual signal in the 1H NMR spectrum). 1H NMR
(400 MHz, CDCl3): δ 7.56 (s, 1H), 7.36−7.32 (m, 1H), 7.31−
7.29 (m, 2H), 7.20 (ddd, J = 8.0, 6.7, 1.7 Hz, 1H), 1.22 (t, J =
0.8 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 146.6,
137.2, 134.6, 129.2, 129.0, 125.8, 125.3, 92.2, 30.1 (t, J = 19
Hz, C−D), 23.3; IR (neat): νmax 2959, 2835, 1479, 1258, 1083,
885, 856, 795, 754 cm−1; ESIHRMS m/z calcd for
C11H12DBr2+ [M + H]+ 305.9421, found 305.9425.
3-{[2-(Propan-2-yl-2-d)phenyl]ethynyl}oxazolidin-2-

one 1aD. A 15 mL oven-dried pressure tube was charged with
dibromoalkene 10 (492 mg, 1.61 mmol), oxazolidine-2-one
(93 mg, 1.07 mmol), copper iodide (25 mg, 0.13 mmol), N,N′-
dimethylethylene-1,2-diamine (210 μL, 0.19 mmol) and
cesium carbonate (1.4 g, 4.28 mmol). The tube was fitted
with a rubber septum, evacuated under high vacuum and
backfilled with argon three times. Anhydrous dioxane (3 mL)
was next added, the rubber septum was replaced by a Teflon-
coated screw cap and the resulting suspension was stirred at 80
°C for 72 h. The reaction mixture was then cooled down to
room temperature, filtered over a plug of Celite, rinsed with
EtOAc, and the filtrate was concentrated under reduced
pressure. The crude residue was finally purified by flash
column chromatography over silica gel (petroleum ether/
EtOAc: 80/20) to afford the desired product 1aD as a clear oil.
Yield: 40% (99 mg, 0.43 mmol), > 95%D (calculated by
integration of the residual signal in the 1H NMR spectrum).
1H NMR (400 MHz, CDCl3): δ 7.43−7.39 (m, 1H), 7.30−
7.25 (m, 2H), 7.12 (ddd, J = 7.7, 5.6, 3.1 Hz, 1H), 4.52−4.48
(m, 2H), 4.04−4.00 (m, 2H), 1.26 (s, 6H); 13C{1H} NMR
(100 MHz, CDCl3): δ 155.9, 150.4, 132.3, 128.7, 125.6, 125.1,
121.0, 82.4, 70.1, 63.1, 47.2, 31.3 (t, J = 20 Hz, C−D), 23.1; IR
(neat): νmax 2988, 1748, 1565, 1550, 1470, 1404, 1231, 1115,
1099, 744, 643 cm−1; ESIHRMS m/z calcd for C14H15DNO2
[M + H]+ 231.1238, found 231.1236.
[2-(Di-tert-butylphosphino)-2′,4′,6′-triisopropyl-3,6-

dimethoxy-1,1′-biphenyl][bis(trifluoromethane-
sulfonyl)imide]gold(I) (tBuBrettPhosAuNTf2). A suspen-
sion of 2-(di-tert-butylphosphino)-2′,4′,6′-triisopropyl-3,6-di-
methoxy-1,1′-biphenyl (tBuBrettPhos, 268 mg, 0.5 mmol) and
AuCl(SMe)2 (147 mg, 0.5 mmol) in anhydrous dichloro-
methane (2.5 mL) under argon was stirred at room
temperature for 1 h. The reaction mixture was then
concentrated under reduced pressure to afford the desired
intermediate chloride gold complex, pure enough to be used as
such without further purification, as a white solid. Yield:
quantitative (385 mg, 0.5 mmol). The crude complex (179 mg,
0.25 mmol) was then added to a solution of silver
bis(triflimide) (97 mg, 0.25 mmol) in dichloromethane (5
mL) under argon and the resulting mixture was stirred at room
temperature in the dark for 1 h. The reaction medium was then
filtered over a plug of Celite, rinsed with dichloromethane, and
the filtrate was concentrated under reduced pressure to afford
the desired gold bis(triflimide) complex that can be used
without further purification, as a white solid. Yield: quantitative
(65 mg, 0.25 mmol). Mp: 188 °C; 1H NMR (400 MHz,
CDCl3): δ 7.03 (s, 2H), 7.00 (d, J = 9.1 Hz, 1H), 6.94 (dd, J =
9.0, 3.3 Hz, 1H), 3.83 (s, 3H), 3.52 (s, 3H), 3.00 (sept., J = 6.9
Hz, 1H), 2.34 (sept., J = 6.7 Hz, 2H), 1.43 (s, 9H), 1.39 (s,
9H), 1.28 (obs. d, 6H), 1.28 (d, J = 6.7 Hz, 6H), 0.86 (d, J =
6.6 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 154.6,
153.4 (d, J = 12 Hz), 149.9, 146.2, 139.8 (d, J = 16 Hz), 130.9
(d, J = 8 Hz), 122.1, 119.5 (d, J = 38 Hz), 113.8, 109.1 (d, J =

5 Hz), 54.7, 54.2, 40.4 (d, J = 26 Hz), 40.3, 34.1, 32.5 (d, J = 8
Hz), 31.0, 25.4, 24.5, 24.3; 31P NMR{1H} (121 MHz, CDCl3):
δ 70.3; 19F NMR (376 MHz, CDCl3): δ −76.1; IR (neat): νmax
2959, 1416, 1235, 1190, 1129, 949, 614 cm−1; ESIHRMS m/z
calcd for C33H49AuF6NO6PS2 [M]+ 961.2303, found 961.2253.
General Procedure for the Gold-Catalyzed Cycliza-

tion of Ynamides to Indenes. An oven-dried 5 mL round-
bottom flask was charged with the ynamide (250 μmol) and
gold-complex catalyst (5 mol %, 13 μmol) and fitted with a
rubber septum before being evacuated under high vacuum and
backfilled with argon three times. Freshly distilled dichloro-
methane (3 mL) was next added, and the resulting mixture was
stirred at room temperature for 20 h. The reaction mixture was
then concentrated under reduced pressure and the resulting
crude residue was analyzed by 1H NMR after addition of an
internal standard (1,1,2,2-tetrachloroethane, 0.5 equiv., 13 μL)
and/or finally purified by flash column chromatography over
silica gel to afford the desired 2-aminoindene.
2-(2-Oxooxazolidin-3-yl)-1,1-dimethyl-1H-indene 2a.

Prepared according to general procedure using IPrAuNTf2 (22
mg) as catalyst and ynamide 1a (115 mg, 500 μmol). Yield:
77% (88 mg, 384 μmol). Solvent system for flash column
chromatography: petroleum ether/EtOAc: 80/20. Pale yellow
solid. Mp: 104 °C; 1H NMR (400 MHz, CDCl3): δ 7.25−7.12
(m, 4H), 6.34 (s, 1H), 4.50−4.45 (m, 2H), 4.07−4.01 (m,
2H), 1.56 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ
154.9, 151.3, 151.0, 140.0, 126.9, 124.8, 120.9, 120.5, 114.2,
61.8, 49.8, 46.8, 24.0; IR (neat): νmax 2962, 2926, 2869, 1747,
1564, 1470, 1403, 1343, 1263, 1212, 1114, 1052, 745, 644
cm−1; ESIHRMS m/z calcd. for C14H16NO2 [M + H]+
230.1176, found 230.1177.
2-(2-Oxooxazolidin-3-yl)-1,1-dimethyl-1D-indene

2aD. Prepared according to general procedure using
IPrAuNTf2 (11 mg) as catalyst and ynamide 1aD (58 mg,
250 μmol). Yield: 87% (50 mg, 217 μmol), 80%D (calculated
by integration of the residual signal in the 1H NMR). Solvent
system for flash column chromatography: petroleum ether/
EtOAc: 80/20; White solid. Mp: 83 °C; 1H NMR (400 MHz,
CDCl3): δ 7.24−7.22 (m, 1H), 7.21−7.17 (m, 2H), 7.16−7.12
(m, 1H), 6.35 (s, 0.2H), 4.49−4.45 (m, 2H), 4.05−4.01 (m,
2H), 1.55 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ
154.9, 151.1, 150.9, 139.9, 126.8, 124.7, 120.8, 120.4, 113.8 (t,
J = 26 Hz, C−D), 61.8, 49.7, 46.7, 23.9; IR (neat): νmax 2964,
2869, 2256, 1770, 1479, 1203, 1095, 1034, 756 cm−1;
ESIHRMS m/z calcd for C14H15DO2 [M + H]+ 231.1238,
found 231.1236.
2-(2-Oxooxazolidin-3-yl)-5-methoxy-1,1-dimethyl-

1H-indene 2b. Prepared according to general procedure
using IPrAuNTf2 (9 mg) as catalyst and ynamide 1b (52 mg,
200 μmol). Yield: 85% (44 mg, 170 μmol). Solvent system for
flash column chromatography: petroleum ether/EtOAc: 80/
20. Off-white solid. Mp: 155 °C; 1H NMR (400 MHz,
CDCl3): δ 7.11 (d, J = 8.2 Hz, 1H), 6.77 (d, J = 2.4 Hz, 1H),
6.68 (dd, J = 8.2 and 2.4 Hz, 1H), 6.32 (s, 1H), 4.49−4.45 (m,
2H), 4.06−4.01 (m, 2H), 3.80 (s, 3H), 1.52 (s, 6H); 13C{1H}
NMR (100 MHz, CDCl3): δ 159.2, 154.9, 152.2, 143.2, 141.3,
121.3, 114.0, 110.0, 106.5, 61.8, 55.6, 49.2, 46.6, 24.2; IR
(neat): νmax 2987, 2920, 2328, 1739, 1569, 1472, 1408, 1300,
1215, 1150, 1111, 857, 798, 623 cm−1; ESIHRMS m/z calcd.
for C15H18NO3 [M + H]+ 260.1281, found 260.1284.
2-(2-Oxooxazolidin-3-yl)-1-methyl-3H-indene 2c. Pre-

pared according to general procedure using IPrAuNTf2 (22
mg) as catalyst and ynamide 1c (108 mg, 500 μmol). Yield:
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40% (43 mg, 200 μmol). Solvent system for flash column
chromatography: petroleum ether/EtOAc: 80/20. Pale green
solid. Mp: 117 °C; 1H NMR (400 MHz, CDCl3): δ 7.37 (d, J
= 7.3 Hz, 1H), 7.33−7.27 (m, 2H), 7.23−7.16 (m, 1H), 4.52−
4.46 (m, 2H), 4.05−3.99 (m, 2H), 3.63 (app. q, J = 1.9 Hz,
2H), 2.13 (t, J = 2.0 Hz, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ 156.1, 145.3, 139.4, 135.7, 128.8, 126.6, 125.0,
123.4, 118.9, 62.4, 46.9, 37.4, 10.9; IR (neat): νmax 2925, 2868,
1740, 1471, 1403, 1359, 1225, 1205, 1115, 1086, 1035, 752,
717 cm−1; ESIHRMS m/z calcd. for C13H17N2O2 [M + NH4]+
233.1285, found 233.1286.
Computational Details. All DFT-calculations were

performed using Gaussian 09, Revision D.01.26 The geometry
optimization and frequency analysis were performed using the
B3LYP functional augmented with a damped empirical
dispersion term (D3).27 The SDD basis set (Stuttgart/Dresden
ECP) was used for Au and this basis is augmented by an
additional f-type polarization function for Au with ζ = 1.050.28
The standard 6-311+G(d,p) basis set was used for all other
atoms.29 In all cases, the default integral grid (Ultrafine Grid)
was employed. Frequency calculations were performed in order
to obtain thermal corrections (298 K) and to confirm the
nature of the stationary points (minima with no imaginary
frequency or transition states with one imaginary frequency).
All transition states were optimized using the default Berny
algorithm implemented in the Gaussian 16 code.30 For
transition state structures, IRC calculations were undertaken
to confirm that the transition states were connected to the
correct minima.31 The solvent effects (dichloromethane) were
evaluated implicitly by a self-consistent reaction field (SCRF)
approach for all the intermediates and transition states, using
the SMD continuum solvation model.32 Unless specified
otherwise, ΔG was used throughout the text. The geometries
were realized using CYLview20, Build 0001.33 Noncovalent
interactions analysis was performed using the Multiwfn
program34 and visualized by visual molecular dynamics
software (VMD).35 Validation of the computational model
and method was done for the key step. Calculations of relative
solvation Gibbs free energies were done with different DFT
functionals (wB97xD, M06-2X and BP86) and yielded similar
barriers (see Table S5).
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Evano, G. Straightforward Synthesis of Indenes by Gold-Catalyzed
Intramolecular Hydroalkylation of Ynamides. ACS Org. Inorg. Au
2022, 2, 53−58.
(13) For reviews on keteniminium ions in organic synthesis, see:
(a) Theunissen, C.; Thilmany, P.; Lecomte, M.; Evano, G.
Keteniminium Ions: Unique and Versatile Reactive Intermediates
for Chemical Synthesis. Synthesis 2017, 49, 3183−3214. (b) Made-
laine, C.; Valerio, V.; Maulide, N. Revisiting Keteniminium Salts:
More than the Nitrogen Analogs of Ketenes. Chem. − Asian J. 2011,
6, 2224−2239.
(14) For literature concerning the use of keteniminiums through
reactions involving hydride-shift, see: (a) Kramer, S.; Odabachian, Y.;
Overgaard, J.; Rottländer, M.; Gagosz, F.; Skrydstrup, T. Taking
Advantage of the Ambivalent Reactivity of Ynamides in Gold
Catalysis: A Rare Case of Alkyne Dimerization. Angew. Chem., Int.
Ed. 2011, 50, 5090−5094. (b) Laub, H. A.; Evano, G.; Mayr, H.
Hydrocarbation of C≡C Bonds: Quantification of the Nucleophilic
Reactivity of Ynamides. Angew. Chem. Int. Ed. 2014, 53, 4968−4971.
(c) Theunissen, C.; Métayer, B.; Henry, N.; Compain, G.; Marrot, J.;
Martin-Mingot, A.; Thibaudeau, S.; Evano, G. Keteniminium Ion-
Initiated Cascade Cationic Polycyclization. J. Am. Chem. Soc. 2014,
136, 12528−12531. (d) Adcock, H. V.; Chatzopoulou, E.; Davies, P.
W. Divergent C-H Insertion−Cyclization Cascades of N-Allyl
Ynamides. Angew. Chem. Int. Ed. 2015, 54, 15525−15529.
(e) Zhao, Q.; Gagosz, F. Synthesis of Allenamides and Structurally
Related Compounds by a Gold-Catalyzed Hydride Shift Process. Adv.
Synth. Catal. 2017, 359, 3108−3113. (f) Lecomte, M.; Evano, G.
Harnessing the Electrophilicity of Keteniminium Ions: A Simple and
Straightforward Entry to Tetrahydropyridines and Piperidines from
Ynamides. Angew. Chem. Int. Ed. 2016, 55, 4547−4551.
(15) (a) Coste, A.; Karthikeyan, G.; Couty, F.; Evano, G. Copper-
Mediated Coupling of 1,1-Dibromo-1-alkenes with Nitrogen
Nucleophiles: A General Method for the Synthesis of Ynamides.
Angew. Chem. Int. Ed. 2009, 48, 4381−4385. (b) Theunissen, C.;

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09973
ACS Omega 2024, 9, 51690−51700

51699

https://doi.org/10.1016/j.nanoen.2016.04.048
https://doi.org/10.1021/ol403157j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol403157j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol403157j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201203148
https://doi.org/10.1002/adfm.201203148
https://doi.org/10.1002/adfm.201203148
https://doi.org/10.1021/am201075y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am201075y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am201075y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja908602j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja908602j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201001122
https://doi.org/10.1002/adfm.201001122
https://doi.org/10.1002/adfm.201001122
https://doi.org/10.1039/c000092b
https://doi.org/10.1039/c000092b
https://doi.org/10.1002/anie.201609054
https://doi.org/10.1002/anie.201609054
https://doi.org/10.1002/ejic.201290020
https://doi.org/10.1002/ejic.201290020
https://doi.org/10.1002/ejic.201290020
https://doi.org/10.1016/j.jorganchem.2010.11.012
https://doi.org/10.1016/j.jorganchem.2010.11.012
https://doi.org/10.1021/om100556y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100556y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/138527206777435508
https://doi.org/10.2174/138527206777435508
https://doi.org/10.2174/138527206777435508
https://doi.org/10.1002/ejic.200400214
https://doi.org/10.1002/ejic.200400214
https://doi.org/10.1016/S0010-8545(02)00201-1
https://doi.org/10.1016/j.apcata.2013.04.021
https://doi.org/10.1016/j.apcata.2013.04.021
https://doi.org/10.1016/j.apcata.2013.04.021
https://doi.org/10.1021/cr9804700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9804700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9804700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr940442r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr940442r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0010-8545(98)00220-3
https://doi.org/10.1016/S0010-8545(98)00220-3
https://doi.org/10.1002/anie.199511431
https://doi.org/10.1002/anie.199511431
https://doi.org/10.1002/chem.201503933
https://doi.org/10.1002/chem.201503933
https://doi.org/10.1002/ejoc.201901425
https://doi.org/10.1002/tcr.202100159
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1021/cr100003s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100003s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0032-1317880
https://doi.org/10.1055/s-0032-1317880
https://doi.org/10.1002/chem.200801457
https://doi.org/10.1002/chem.200801457
https://doi.org/10.1002/chem.200801457
https://doi.org/10.1002/chem.200801457
https://doi.org/10.1002/chem.201403040
https://doi.org/10.1002/chem.201403040
https://doi.org/10.1002/chem.201403040
https://doi.org/10.1021/ol901033h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol901033h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8OB02359J
https://doi.org/10.1039/C8OB02359J
https://doi.org/10.1039/C8OB02359J
https://doi.org/10.1002/adsc.201801606
https://doi.org/10.1002/adsc.201801606
https://doi.org/10.1002/adsc.201801606
https://doi.org/10.1002/adsc.201900427
https://doi.org/10.1002/adsc.201900427
https://doi.org/10.1021/acs.joc.6b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsorginorgau.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsorginorgau.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0036-1588452
https://doi.org/10.1055/s-0036-1588452
https://doi.org/10.1002/asia.201100108
https://doi.org/10.1002/asia.201100108
https://doi.org/10.1002/anie.201100327
https://doi.org/10.1002/anie.201100327
https://doi.org/10.1002/anie.201100327
https://doi.org/10.1002/anie.201402055
https://doi.org/10.1002/anie.201402055
https://doi.org/10.1021/ja504818p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504818p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201507167
https://doi.org/10.1002/anie.201507167
https://doi.org/10.1002/adsc.201700615
https://doi.org/10.1002/adsc.201700615
https://doi.org/10.1002/anie.201510729
https://doi.org/10.1002/anie.201510729
https://doi.org/10.1002/anie.201510729
https://doi.org/10.1002/anie.200901099
https://doi.org/10.1002/anie.200901099
https://doi.org/10.1002/anie.200901099
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Thilmany, P.; Lahboubi, M.; Blanchard, N.; Evano, G. Discussion
Addendum for: Synthesis of Ynamides by Copper-Mediated Coupling
of 1,1-Dibromo-1-alkenes with Nitrogen Nucleophiles. Preparation of
4 -M e t h y l -N - ( 2 - p h e n y l e t h y n y l ) -N - ( p h e n y l m e t h y l ) -
benzenesulfonamide. Org. Synth. 2019, 96, 195−213.
(16) Duan, Y.; Liu, Y.; Bi, S.; Ling, B.; Jiang, Y.-Y.; Liu, P.
Theoretical Study of Gold-Catalyzed Cyclization of 2-Alkynyl-N-
propargylanilines and Rationalization of Kinetic Experimental
Phenomena. J. Org. Chem. 2016, 81, 9381−9388.
(17) Wang, T.; Hashmi, S. K. 1,2-Migrations onto Gold Carbene
Centers. Chem. Rev. 2021, 121, 8948−8978.
(18) Foster, J. P.; Weinhold, F. Natural hybrid orbitals. J. Am. Chem.

Soc. 1980, 102, 7211−7218.
(19) Mayer, I. Bond order and valence indices: a personal account. J.

Comput. Chem. 2007, 28, 204−221.
(20) Bickelhaupt, F. M.; Houk, K. N. Analyzing Reaction Rates with
the Distortion/Interaction-Activation Strain Model. Angew. Chem., Int.
Ed. 2017, 56, 10070−10086.
(21) (a) Fernández, I. Understanding the Reactivity of Fullerenes
Through the Activation Strain Model. Eur. J. Org. Chem. 2018, 2018,
1394−1402. (b) Hansen, T.; Vermeeren, P.; de Jong, L.; Bickelhaupt,
F. M.; Hamlin, T. A. SN versus SN′Competition. J. Org. Chem. 2022,
87, 8892−8901. (c) Hansen, T.; Roozee, J. C.; Bickelhaupt, F. M.;
Hamlin, T. A. How Solvation Influences the SN versus E2
Competition. J. Org. Chem. 2022, 87, 1805−1813. (d) Escorihuela,
J.; Wolf, L. M. Computational Study on the Co-Mediated Intra-
molecular Pauson-Khand Reaction of Fluorinated and Chiral N-
Tethered 1,7-Enynes. Organometallics 2022, 41, 2525−2534.
(e) Escorihuela, J. A Density Functional Theory Study on the
Cobalt-Mediated Intramolecular Pauson-Khand Reaction of Enynes
Containing a Vinyl Fluoride Moiety. Synthesis 2023, 55, 1139−1149.
(22) (a) Fernández, I.; Bickelhaupt, F. M. The activation strain
model and molecular orbital theory: understanding and designing
chemical reactions. Chem. Soc. Rev. 2014, 43, 4953−4967.
(b) Vermeeren, P.; van der Lubbe, S. C. C.; Fonseca Guerra, C.;
Bickelhaupt, F.; Hamlin, T. A. Understanding chemical reactivity
using the activation strain model. Nat. Protoc. 2020, 15, 649−667.
(23) For the synthesis of BrettPhosAuNTf2, see: Cai, J.; Wang, X.;
Qian, Y.; Qiu, L.; Ju, W.; Xu, X. Gold-Catalyzed Oxidative
Cyclization/Aldol Addition of Homopropargyl Alcohols with Isatins.
Org. Lett. 2019, 21, 369−372.
(24) For the synthesis of IMesAuNTf2, see: Pazǐcky,́ M.; Loos, A.;
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