#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Stepwise alkyne insertion in Au(i) acetylides:

i") Check for updates‘
influence of the nuclearity

Cite this: Chem. Sci., 2025, 16, 4684

Juan Cayuela-Castillo, @2 Francisco J. Fernandez-de-Cordova, 2
Matthew S. See, ©° Israel Fernandez 2 *< and Pablo Rios & *@

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The reaction between NHC-supported (NHC = N-heterocyclic carbene) gold() trimethylsilylacetylide
complexes with NHC gold() hydroxide species renders different symmetrical homobimetallic Au
complexes. These compounds readily undergo migratory insertion of DMAD (dimethyl
acetylenedicarboxylate) at 25 °C to give the corresponding bimetallic enyne products. On the contrary,
monometallic analogues require much more forcing conditions (excess of DMAD and temperature =110
°C) to give the same transformation. Experimental and computational studies reveal that the second
metal fragment is responsible for the enhanced nucleophilicity of the reactive carbon atom of the
acetylide C=C bond, which initially leads to a more favorable interaction with DMAD in the rate-
determining step of an unprecedented, stepwise mechanism where the lability of the Au—C bonds plays
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Introduction

Since the first observation that cationic gold(r) complexes elec-
trophilically activate unsaturated C-C bonds upon binding,* the
utilization of gold(r) in homogeneous catalysis has grown
exponentially over the last couple of decades. The m-coordina-
tion renders the system susceptible to nucleophilic attack and
has led to a myriad of organic transformations.> This process
typically requires a vacant position at the cationic gold(i) species
for coordination of the m-substrate, which would imply that
neutral, coordinatively saturated gold() complexes are, in
principle, unreactive, according to this reactivity pattern.
However, recent discoveries have demonstrated that these types
of gold compounds can also undergo elementary steps typical of
transition metals, such as oxidative addition, reductive elimi-
nation, and/or migratory insertion.’ In the latter case, only a few
examples have been published.* In 2007, Sadighi and co-
workers described the reversible insertion of different internal
alkynes into the gold-fluorine bond of SIPrAuF (SIPr = 1,3-
bis(2,6-diisopropylphenyl)imidazolin-2-ylidene) to give the
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insertion of other substrates such as heterocumulenes.

corresponding ¢rans product.* The proposed mechanism
involves fluoride displacement by the alkyne followed by
nucleophilic addition to the coordinated triple bond, thus
explaining the trans orientation. Conversely, the first example of
a syn insertion was reported by Amgoune and Bourissou, where
phosphine-supported gold(i) silyl species yielded B-silyl vinyl-
gold products in a stereo- and regioselective manner.® Notably,
replacing the phosphine fragment with an NHC ligand gave rise
to the insertion product with opposite regioselectivity,
presumably due to steric factors.” Nonetheless, the majority of
the examples described in the literature require electron-
deficient alkynes such as DMAD for a successful migratory
insertion event, some of which are summarized in Fig. 1.
Indeed, IPrAuH (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene) does not react with 3-hexyne or diphenylacetylene, but
it cleanly reacts with DMAD, giving the corresponding vinylgold
complex with a trans arrangement of the ester groups (Fig. 1A).%
This is unusual given that the rest of the examples exhibit a cis
geometry. Based on kinetic and computational studies, Miqueu,
Amgoune and Bourissou proposed a two-step mechanism for
the DMAD insertion into Au-Si bonds, where the alkyne first
coordinates to gold (m-complex) followed by a concerted cis
insertion step (Fig. 1B). However, this species is accompanied
by an approximately equal amount of the Au-P insertion
product. This complex seems to be the result of phosphine
dissociation, Michael addition to DMAD, and attack of the
resulting phosphonium enolate to the gold silyl fragment.® The
non-innocent character of Au-P bonds in the insertion of
alkynes was also reported by Kuniyasu and Kambe for (Ph;P)
AuSPh species. Instead of observing the expected Au-S insertion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Examples of Au() complexes derived from DMAD insertion.

product (in agreement with their previous results with Pd and
Pt), the zwitterionic alkenylphosphorus species depicted in
Fig. 1C was regioselectively obtained, attributed to a concerted
inner-sphere attack of PPh; to the alkyne moiety bound to
gold.* Similarly, Stockland Jr and co-workers observed Z-vinyl-
gold formation upon DMAD insertion on gold(i) phosphite
compounds (Fig. 1D)." While all these examples provide
detailed and useful information about alkyne insertion into Au-
X (X = H or heteroatom) bonds, they are all restricted to
monometallic gold(1) complexes. Considering the role of
bimetallic species in catalysis," especially in the case of digold
complexes,” it seems necessary to develop dinuclear architec-
tures to study the factors governing this elementary step in
organogold systems. To this end, bimetallic gold acetylides
supported by NHC ligands (NHC-Au-C=C-Au-NHC) were
chosen as platforms for this study. Dinuclear gold(i) acetylides
have been known for several decades, and their photophysical
properties have been studied in detail because of the interest in
C,-bridged multinuclear inorganic species from the point of
view of molecular electronics and nonlinear optical materials.**
However, the reactivity of dinuclear gold(1) acetylides remains
essentially underexplored, which sharply contrasts with lighter
group 11 congeners such as Cu,C,, an active catalyst for
a number of ethynylation processes (i.e., Reppe chemistry).'®

Herein, we present the preparation and characterization of
digold(i) acetylides and their reactivity with DMAD. While
a subtle modification on the ligand scaffold results in different
kinetics of insertion, a pronounced disparity in reaction rates is
observed between bi- and monometallic complexes. A ration-
alization for this different behavior is provided based on
Density Functional Theory (DFT) calculations, as well as an
unprecedented, stepwise mechanism for the alkyne insertion
into the Au-C bonds of the synthesized complexes. In light of
the enhanced reactivity exhibited by the bimetallic species,
a variety of substrates was also investigated.

Results and discussion
Synthesis and initial reactivity studies

Initial synthetic studies were carried out with gold(1) species
supported by the IPr ligand. The utilization of IPrAuX species is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of bimetallic acetylides 7 and 8. Isolated yields in
parentheses.

based on their wide applicability, their ease of preparation,*®
and the stronger bond of NHCs with gold compared to phos-
phine ligands. Similar to previous studies reported for copper(i)
species,"” the introduction of a trimethylsilylacetylene fragment
on gold would provide the C, fragment together with a leaving
group that can be displaced by an appropriate nucleophilic Au(i)
synthon. This approach would constitute a modular synthetic
pathway for bimetallic Au(r)-based acetylides, thus avoiding
acetylene gas' and opening the possibility of developing
unsymmetrical complexes. Starting from chloride complex 1*¢
(Scheme 1), addition of LiC=CSiMe; in toluene resulted in the
precipitation of LiCl together with the formation of a soluble
alkynyl complex 3, which could be isolated as a colorless solid in
91% isolated yield. Diagnostic evidence for the formation of the
desired product was observed by NMR (resonances at 0.05 and
—25.8 ppm in the 'H and *°Si-'"H HMBC spectra, respectively)
and IR spectroscopy (vc—c = 2054 cm™'). Additionally, crystals
of 3 suitable for single-crystal X-ray diffraction were obtained
from a n-pentane solution at —30 °C, allowing for the confir-
mation of the expected assignment (see ESIT). From complex 3,
the formation of a bimetallic acetylide was pursued using
IPrAuOH 5" so that the formation of Me;SiOH acts as a driving
force in the transformation. Initially, no reaction takes place at
25 °C according to the 'H NMR spectrum of the reaction

Fig. 2 Solid-state structure of bimetallic acetylide 7 (50% probability
ellipsoids). H atoms are omitted and 2,6-diisopropylphenylgroups are
represented as capped sticks for clarity.
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Scheme 2 Exploratory reactivity studies between acetylide 7 and
alkynes.

mixture. However, heating the solution to 100 °C for 15 h led to
the complete consumption of both reagents in favor of a new
symmetrical species, in line with the expected bimetallic
complex 7 (Scheme 1). Structural confirmation came from
single-crystal X-ray diffraction analysis of colorless crystals
grown from diffusion of n-pentane into a benzene solution of 7
(Fig. 2). The solid-state structure exhibits an almost coplanar
orientation of the IPr imidazole rings (£N1-C2-C2'-N1' =
12.7(3)°) and a linear arrangement along the acetylide axis
(£C2-Au1-C1 and £ Au1-C1-C1’' =175°). The Au1-C1 and C1-
C1’ bond distances (1.991(3) and 1.194(3) A, respectively) fall
within the range observed for other bimetallic Au(i) acetylides."
The centrosymmetric character of 7 leads to a silent vc—=¢
stretch by IR spectroscopy, yet Raman measurements exhibit
a strong peak at 2012 cm ™', in good agreement with phosphine-
supported analogues.** Reactivity studies were conducted with 7
and alkynes with different electronic properties (Scheme 2). An
excess (4 equiv.) of 3-hexyne did not react with 7 after 16 h at 80 ©
C in C¢Dg (Fig. S627), which is in stark contrast to that observed
by Sadighi and co-workers for Au-F species.® On the other hand,
acetylene gas (1.5 bar) cleanly reacts with 7 under similar (80 °C
in C¢Dg) reaction conditions to selectively yield the terminal
alkyne complex IPrAuCCH (9),"° confirmed by an independent
synthesis using 1 and MgBrCCH (Fig. S637). Although this
reaction has not been explored in detail, the initial steps of this
transformation might find their origin in the acidity of the
acetylene C-H bonds*® and the increased electron density of the
m-system of 7. Indeed, a related bimetallic Au(i) acetylide
complex exhibits up to four T-shaped and orthogonal C-H:- 7
interactions between the triple bond and the C-H bond of four
CHCI; molecules.** The authors attributed these strong inter-
actions to the acidity of the C-H bonds of the solvent and the
electron richness of the alkyne provided by the donation of the
gold atoms. Therefore, an electron-deficient alkyne such as
DMAD was investigated next, based on the examples described
in Fig. 1. Addition of DMAD to complex 7 in C¢De at 25 °C
resulted in the progressive formation of two new sets of signals
in the '"H NMR spectrum for the IPr ligands in a 1:1 ratio,
consistent with the unsymmetrical product 10 (Scheme 2).
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Fig. 3 Solid-state structure of bimetallic enyne 10 (50% probability
ellipsoids). H atoms are omitted and 2,6-diisopropylphenylgroups are
represented as capped sticks for clarity.

These resonances are accompanied by two new singlets at 3.1
and 3.5 ppm integrating for 3 protons each, which suggests the
incorporation of 1 equiv. of DMAD into the unsymmetrical
structure. The reaction can be accelerated by heating the
mixture to 60 °C, leading to the full consumption of 7 in favor of
the aforementioned signals of complex 10. Vapor diffusion of n-
pentane into the reaction mixture at 25 °C afforded colorless
crystals suitable for single-crystal X-ray analysis. Fig. 3 shows
the solid-state structure of the insertion product 10, revealing
a bimetallic enyne structure with a cis orientation of the IPrAu
fragments and ester groups, in line with the majority of exam-
ples described in Fig. 1 (C-C bond distances (C1-C2 = 1.20(1) A,
C2-C3 = 1.442(8) A, C3-C4 = 1.34(1)) and angles (£ C1-C2-C3
=173.9(8)°, £ C2-C3-C4 = 122.2(6)°)). Leveraging the synthetic
strategy employed for the preparation of 7 (Scheme 1), the
synthesis of a different bimetallic Au(r) acetylide complex was
pursued. In order to evaluate the effect of the -electron density
on the insertion of DMAD, a minimal structural modification
was carried out to modify the electronic properties of the NHC
ligand while keeping the steric demand around the AuCCAu
moiety unaltered. To this end, acetylide 8 was envisaged
(Scheme 1).>* Complex 8 is identical to 7, yet the IPr backbone
has been replaced by the saturated version SIPr, which would, in
principle, increase the electron density of the C=C bond.** The
trimethylsilylacetylide gold(r) precursor 4 was obtained in very
good yield (88%) from the corresponding chloride complex 2.
Then, bimetallic assembly was carried out by reaction with
SIPrAuOH species 6 upon heating, as depicted in Scheme 1.
Bimetallic acetylide 8 was isolated as colorless crystals in 84%
yield after layering n-pentane over a THF solution of the
complex at 25 °C. "H NMR analysis of the isolated material
agrees well with the expected product (Fig. S147), and single-
crystal X-ray diffraction analysis allows its identification in the
solid state, as depicted in Fig. 4. Similar to species 7, complex 8
possesses a coplanar orientation of the imidazole moieties
(4£N1-C2-C2'-N1" = 1.8(2)°). Nevertheless, the longer C=C
bond distance in the solid-state structure (1.215(3) A) and lower
vo=c Stretch (2003 cm ', Raman spectroscopy) compared to 7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Solid-state structure of bimetallic acetylide 8 (50% probability
ellipsoids). Most of the H atoms are omitted and 2,6-diisopropylphe-
nylgroups are represented as capped sticks for clarity.

point to a slightly weaker triple bond (vide infra). "H NMR
analysis of the reaction mixture between 8 and DMAD reveals
progressive transformation to an unsymmetrical species 11, as
evidenced by the two sets of imidazole and ester resonances in
a 1:1 ratio. Further characterization experiments of 11 are in
agreement with the insertion of 1 equivalent of DMAD, similar
to that observed for complex 7 (Fig. S20 and S217)

Kinetic studies: ligand and nuclearity effects

In order to investigate further details of the DMAD insertion,
kinetic studies were performed. Initial experiments were con-
ducted in C¢Dg with parent acetylide 7 under pseudo-first-order
conditions ([DMAD] = 10 equivalents), which indicate that the
reaction is first-order with respect to the bimetallic complex (see
ESI}). Determination of k,ps at different temperatures (25, 30, 35
and 40 °C) and Eyring analysis afforded an activation enthalpy
AH* = 18.1 (£0.3) kcal mol " and a negative activation entropy
AS* = —15.0 (£1.0) cal mol™* K, the latter suggesting an
associative process in the rate-determining step (Fig. 5). The
activation Gibbs free energy determined by this method is AG*
(298 K) = 22.6 (0.1) kcal mol . Within the pseudo-first order
regime, the determination of k,,s was carried out using
different concentrations of DMAD. A linear correlation was
observed after plotting ks vs. [DMAD] (Fig. S78%), indicating
that the reaction is first order in each component and sug-
gesting a bimolecular mechanism (vide infra). Thus, the second
order rate constant could be determined, with a value of k = 3.9
x107*M s

Whereas the activation parameters above are similar to those
observed for a concerted insertion mechanism of DMAD in
a Au(i) complex,®>'® computational evidence suggests this does
not seem to be the case (vide infra). Similar experiments were
conducted with bimetallic acetylide 8 (see ESIt). Complex 8
engages in a slower insertion reaction (Fig. 5A, purple trace),
despite the stronger c-donating character of the SIPr ligand,
which suggests that m-backbonding from Au(i) to the NHC
ligands is playing a non-negligible role.> A AG* value of 23.2
(20.1) keal mol " was obtained from this kinetic analysis. These

P
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results are in agreement with the spectroscopic and crystallo-
graphic data described above regarding the strength of the
C=C bond.

The examples reported in the literature for DMAD insertion
on Au(i) are not appropriate for comparison due to the different
nature of the ligands around the metal and the lack of bime-
tallic systems (Fig. 1). This prompted us to investigate the effect
of the nuclearity on systems related to the synthesized dinuclear
acetylides and compare the impact that one or two gold atoms
may have on the insertion reaction. To this end, non-aryl
complexes 3 and 4 (precursors to acetylides 7 and 8) and
aromatic alkynyl complex IPrAuCCPh (12) were examined in the
insertion of DMAD (Scheme 3). Gratifyingly, monometallic
complexes 3, 4, and 12 insert DMAD in a similar fashion to the
examples described above, yielding the corresponding Z-enyne
products as the main species, as ascertained by multinuclear
NMR and single-crystal X-ray diffraction studies (see ESIY).
However, far more forcing experimental conditions were

Chem. Sci., 2025, 16, 4684-4694 | 4687
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alkynyl

required for the reactions to reach completion. In all cases, an
excess of DMAD had to be added and the reaction mixtures had
to be heated up to 110 °C in toluene in order to show evolution.
Kinetic studies were carried out with species 4 under pseudo-
first-order conditions ([DMAD] = 10 equivalents) in p-xylene-
dio at 120 °C, indicating that the insertion is first order in the
Au(1) complex.? At this temperature, ks values similar to those
observed for bimetallic complex 8 at 25 °C were obtained (Table
S21), along with a AG* (393 K) = 30.6 (£0.3) kcal mol ™.
Therefore, these results suggest that the second NHC-Au frag-
ment in the bimetallic acetylides greatly facilitates the insertion
reaction in comparison to the monometallic analogues (Fig. 6).

Extension of the scope

Based on the superior reactivity displayed by bimetallic acety-
lide complex 7, different reaction conditions and substrates
were explored (Table S1t). First, DMAD and 3-hexyne were
investigated under more forcing reaction temperatures, namely
150 °C (mesitylene as solvent) and 120 °C (toluene as solvent)
respectively. While the former experiment resulted in the partial

f%} eooc. SOOMe
7 e p

N DMAD T/NA_
LyAu=R —> - Au R

vieZ
L/~

14: NHC = SIPr, R = SiMe;
10: NHC = IPr, R = AulPr

N
4: NHC = SIPr, R = SiMe;

7:NHC = IPr, R = AulPr

0,012 @

N\,

o
o
-

o
8

* 4 (at 120 °C)
*7 (at 25 °C)

[Complex] (M)
i g

o
(=]
o
~n

o

0 10000

20000
t(s)

30000 40000

Fig. 6 Comparison between bimetallic complex 7 and monometallic
species 4: plot of [complex] vs. time.
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decomposition of the complex, the latter did not show any
evolution by "H NMR spectroscopy. Similarly, diphenylacetylene
did not lead to any insertion event, as well as 1-phenylprop-1-
yne (Ph-C=C-Me). However, introduction of electron-
withdrawing groups -COOMe on the para positions of the
diphenylacetylene backbone resulted in reactivity with complex
7; however, multiple unidentified products were observed even
at 25 °C. A similar outcome was obtained when using methyl 2-
butynoate (Me-C=C-COOMe) at 120 °C (Fig. S66 and S677).
Considering that the acidity of the methyl group might give rise
to deprotonation processes and subsequent side-reactions, this
fragment was replaced by a phenyl ring in methyl phenyl-
propiolate (Ph-C=C-COOMe). Heating this reaction mixture in
toluene to 120 °C selectively yielded insertion product 16
(Scheme 4), as determined by NMR spectroscopy. In addition,
the regioselectivity of the insertion reaction was established by
single-crystal X-ray diffraction analysis (see ESIt). Conversely,
monometallic derivative 12 did not show any evolution under
these conditions (10 equiv. of alkyne and 120 °C), which, again,
manifests the beneficial role of the second metal in this type of
reaction. As a matter of fact, only bimetallic compound 7 reac-
ted with CS, to give the monoinsertion product 17 (Scheme 4).
The connectivity of 17 was ascertained by X-ray diffraction
studies on crystals grown from vapor diffusion of diethyl ether
into a MeCN solution of the complex (Fig. 7). The formation of
a Au-S bond may be a driving force for this transformation,
which motivated the exploration of a different, sulfur-
containing substrate. Indeed, when electron-deficient 4-(tri-
fluoromethyl)phenyl isothiocyanate (10 equiv.) was added to
a toluene solution of 7, rapid (30 min) conversion to a new
unsymmetrical species was observed at 25 °C by 'H NMR
spectroscopy. Multinuclear NMR and IR spectroscopy and
combustion analysis indicate that the product corresponds to

Ph

MeOOC.__
[N
u Au__N
S
Ph—=—COOMe o
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Toluene (&2%)
E 120°C
N N cs N Y —Au—
[ P-Au——=au— ] 2 [ »—Au—s N
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Scheme 4 Extension of the reactivity scope of acetylide species 7.
Isolated yields in parentheses.
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Fig. 7 Solid-state structure of complex 17 (50% probability ellipsoids).
H atoms are omitted and 2,6-diisopropylphenylgroups are repre-
sented as capped sticks for clarity. Only one disorder component of
the structure is shown.

the monoinsertion derivative 18 (Scheme 4). Heating the reac-
tion mixture to 120 °C did not lead to clear, further reactivity as
species 18 was still the main product after 17 h and the "’F{'"H}
NMR spectrum reveals the presence of numerous resonances,
which suggests partial decomposition (Fig. S681). Monometallic
compound 12 also exhibited reactivity with 4-(trifluoromethyl)
phenyl isothiocyanate, albeit at 120 °C using a 10-fold excess of
reagent (when 1 equiv. was employed, ca. 20% conversion was
observed after 3 days at 120 °C). Unfortunately, the high solu-
bility of the product in apolar (n-pentane or hexamethyldisi-
loxane) and polar (MeCN or MeOH) solvents prevented its
isolation from the excess of isothiocyanate, precluding its
further characterization. Nonetheless, mass spectrometry
analysis (Fig. S45t) points to a product with two equivalents of
isothiocyanate per IPr ligand. Last, CO, and N-N'-dicyclohex-
ylcarbodiimide were also investigated, but they did not react
with 7 or 12 under the experimental conditions tested.

Mechanistic studies

In order to understand the role of the second metal atom in the
process, the reaction mechanism with DMAD was investigated

A)

Fig. 8 Frontier molecular orbitals of DMAD (A, LUMO) and 7 (B,
HOMO).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by means of experimental and computational tools. Simple
frontier molecular orbital (FMO) analysis of parent acetylide 7
and DMAD was performed on DFT-optimized structures* to
gather information related to the interaction between both
compounds. As depicted in Fig. 8, the LUMO of DMAD consists
of an antibonding combination of p orbitals of the triple bond,
and the HOMO of 7 is mostly located on the acetylenic 7t-system
with a clear contribution of the adjacent gold atoms. Thus,
interaction between these two species would involve electron
density donation from the alkyne in 7 to DMAD (i.e., a Michael-
type nucleophilic addition), debilitating the C=C bond of the
organic fragment. This analysis suggests that blocking the -
system in 7 should inhibit DMAD insertion. For this reason,
trinuclear complex 19 was synthesized by mixing 7 and
IPrAuOTf in THF as shown in Fig. 9 (top). X-ray quality crystals
of this material were obtained from the vapor diffusion of n-
pentane into a THF solution of 19 at —30 °C, which allowed for
the determination of its structure in the solid state (Fig. 9,
bottom). As expected, the third IPrAu fragment establishes -
bonding with the triple bond, which leads to the bending of the
AuCCAu axis, as judged by the £ Au1-C1-C1’ and ZAul’-C1'-
C1 angles ca. 164°. This deformation is likely caused by the
steric demand of the three IPr ligands. Notably, a very slight
elongation of the triple bond (1.226(5) A) is observed compared
to 7. Addition of DMAD to complex 19 does not show any
evolution at 25 or 100 °C by "H NMR spectroscopy, in line with
the lack of availability of the C=C bond in 19 (Fig. S64%).
However, this observation also implies that a potential equi-
librium 19 < 7 + IPrAuOTf does not seem to be taking place

—| ot

Au }@r

~ ‘Au

@ A%j | PrAuOTf \Q{ Au

)>—Au
N TH F

4 o

Fig. 9 (Top) Synthesis of trinuclear species 19. (Bottom) Solid-state
structure of 19 (50% probability ellipsoids). H atoms and tri-
fluoromethanesulfonate anion were omitted, and 2,6-diisopropyl-
phenylgroups were represented as capped sticks for clarity.
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since free acetylide 7 readily reacts with DMAD. ESI-MS
supports this hypothesis since the mass spectrum only
exhibits a parent ion peak with the expected m/z and isotope
distribution pattern (Fig. S447). On the other hand, the "H NMR
spectrum of 19 at 25 °C reveals only one set of resonances for all
three IPr ligands (Fig. S391), suggesting rapid exchange between
the © and o-bonding modes of the acetylide fragment. Variable
temperature "H NMR spectra were acquired in THF-dg from 25 ©
C to —95 °C (Fig. S427), and coalescence phenomena were
observed at approximately —75 °C. Unfortunately, no slow
exchange was observed within the temperature range deter-
mined by the solvent, which precluded the extraction of a rate
constant. Nonetheless, a transition state connecting the struc-
ture depicted in Fig. 9 and a gem-digold acetylide species was
found leading to a rather low barrier of 3.6 kcal mol ™', which is
consistent with the observed fast exchange (Fig. S931) and that
proposed by Widenhoefer and co-workers.” These findings
highlight the labile character of the Au-C bonds in this type of
complexes, which seems to be an essential feature in the
mechanism proposed for the insertion of DMAD (vide infra).
The mechanism of the reaction between 7 and DMAD was also
explored by DFT methods. Starting from 7 and DMAD as energy
reference, the first step of the mechanism involves the forma-
tion of the van der Waals encounter complex 7-DMAD, which
lies 3.0 kcal mol ™" above the separate reactants due to entropic
reasons. From this point, initial approaches involved approxi-
mation of DMAD to different regions of the acetylide complex
via relaxed potential energy surface scans to find a concerted
insertion process (e.g. formation of Au-C and C-C bonds in the
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same step), similar to those proposed by Amgoune and Bour-
issou® or Kuniyasu and Kambe.* All our attempts were fruitless
in this regard; however, they led to a different, unprecedented
stepwise mechanism depicted in Fig. 10. In the first step of this
reaction profile, the HOMO of complex 7 interacts with the
LUMO of DMAD via TS1, a saddle point located 19.5 kcal mol *
above the energy reference. This reaction is the rate-
determining step of the entire process, with an activation
Gibbs energy close to that determined experimentally
(22.6 kecal mol™"). Likewise, the enthalpy difference of this
barrier (15.9 keal mol ') is close to the value determined by "H
NMR spectroscopy (18.2 kecal mol ). This key saddle point, TS1,
is associated with both the approach of DMAD and the forma-
tion of what will be the single C-C bond in the enyne structure
of 10. In this species, the C---C bond-forming distance is 2.05 A,
and DMAD is no longer linear based on C(O)-C-C angles of
~134°, implying a marked sp® hybridization of the carbon
atoms (Fig. 11, top). This transition state leads to Intl-trans,
which consists of a o,m-digold complex, similar to those re-
ported by Widenhoefer,”® Nolan*® and Echavarren.>” Based on
this structure, this initial step can be viewed as the DMAD-
promoted displacement of one IPrAu moiety from its o-bond
with the C,>~ fragment to the w-coordination in Int1-trans. The
geometry of the latter species can be regarded as a zwitterionic
structure with a cationic IPrAu group bound to the triple C=C
bond (Fig. 10, purple arrow) and featuring a dicoordinate, sp*
carbanion (green arrow). From Intl-trans, the cationic [IPrAu]”
moiety can migrate to this sp> carbon atom to yield the insertion
product. However, this step would afford the E-enyne complex

30 +
: : «— 195
20 )}AHJ:A«{(N (3 2) | 1
i o
[oF q» /L(>
10 R=COOMe TS1 »\_fAu
3.0 QN N? Ts3
T o (-12.7)
g -5.3
£ 7+DMAD  /'DMAD 7.2 7.0
— (Encounter ~La * (-23.6)
§ complex) - (-24.0) (-24.1)
B MeOOC,
v -10 / / / / = Au—«:]
= Me00C—
3 N /@4
[ 3 -
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ﬁ‘ \ z/] ‘/"s ¢ Y
¢! 3
-30 ]
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-40

Fig. 10 Computed Gibbs energy profile in benzene for the reaction between 7 and DMAD. Relative Gibbs energies computed at 298 Kand 1 M
are given in kcal mol™. The Gibbs energy of 7 + DMAD has been taken as zero energy. Enthalpy values (at 298 K and 1 atm) are highlighted in
green. All data have been computed at the SMD-MO6L-D3/def2-TZVPP//SMD-MO06L-D3/6-31G(d,p)&SDD(+f) level.
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(Top) Representation of the transition state of the rate-determining step of each mechanism, where the dashed line (chemical figure) and

the green dots (3D image of TS1) represent the key C---C distance that changes along the reaction coordinate. The distortion of the DMAD
molecule is evident since it is no longer linear (£ C(O)-C-C = 134° and C=C = 1.28 A vs. 175° and 1.21 A in free DMAD). In addition, a slight

distortion is observed in the Z Au—-C=C angle (165.9° vs. 178.3° in 7)".

(Bottom) Comparative activation strain analysis (a) and energy decom-

position analysis (b) of the reaction of DMAD with 7 (solid lines) and 12 (dashed lines) along the reaction coordinate projected onto the C---C
bond-forming distance. All data have been computed at the ZORA-M06L-D3/DZP//SMD-M06L-D3/6-31G(d,p)&SDD(+f) level.

instead of the observed Z isomer. Expectedly, this migration is
10 kcal mol " more energy demanding (AGi = 5.4 keal mol %,
Fig. S911) than the analogous migration leading to the Z-
product (vide infra) in accordance with the experimental
observations. Therefore, an isomerization step from Int1-trans
is necessary. This takes place through TS2, lying 1.1 kcal mol ™"
above the energy reference, where a linear C(O)-C-C(C)
arrangement (178.3 °C) is observed, which evolves to Int1-cis,
1.5 keal mol ! more stable than its trans isomer. This species
possesses both ester groups in a cis orientation, and places both
gold atoms in close contact (Au---Au distance of 3.11 A) where
metalophilic interactions might be present.”® These interac-
tions might be involved in the stabilization of Int1-cis, unlike
analogous intermediates where there is only one metal
(Fig. S92t). Despite that, a different, almost isoenergetic
conformer Int2 was located, which preorganizes the molecule
for the final [IPrAu]’ migration step. The most noticeable
change in this structure is the rotation of the DMAD fragment
from Intl-cis (where both ester groups were located in a plane
perpendicular to the [IPrAu]’ moiety) to Int2 (where the DMAD
backbone and the gold atom are in the same plane). This
arrangement facilitates the transition metal fragment migration
from the C=C bond to the sp® atom through TS3, only
1.7 keal mol ™" above the reagents. This saddle point involves

© 2025 The Author(s). Published by the Royal Society of Chemistry

a 5-membered metallacycle and directly affords the Z-enyne
species 10, 32.9 kcal mol " more stable than acetylide 7 + DMAD
reactants. Not surprisingly, an analogous mechanism was also
found for monometallic species 12 (Fig. $921), where the
approach of DMAD is also the rate-determining step. None-
theless, the Gibbs free energy barrier required for this key step
is comparatively much higher (AG* = 27.4 keal mol ), in good
agreement with the more forcing experimental conditions
required for the reaction to occur. Moreover, the regioselectivity
observed for complex 16 is in agreement with the proposed
mechanism (see Fig. S94t1). While the aforementioned
computed profiles are consistent with the experimental results,
further computational analysis was carried out to understand
the factors behind the observed enhanced reactivity of the
bimetallic system, i.e., why the second IPrAu fragment facili-
tates the insertion reaction to the extent described above. To
this end, we first applied the Activation Strain Model (ASM)* of
reactivity to compare the initial step involving the addition of
DMAD to both the parent bimetallic complex 7 and its mono-
metallic counterpart 12. This analysis decomposes the elec-
tronic energy (AE) into two terms, namely the strain (AEgyain)
that results from the distortion of the individual reactants and
the interaction (AE;,) between the deformed reactants along
the reaction coordinate defined, in this case, by the C---C bond-
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forming distance. Fig. 11a shows the corresponding Activation
Strain Diagrams (ASDs) from the initial stages of the trans-
formation up to the respective transition states. From the data
in Fig. 11a, it becomes evident that the lower barrier computed
for the reaction involving 7 does not originate from the strain
term, which is actually less destabilizing for the reaction
involving the monometallic complex, but exclusively from the
stronger interaction between the deformed reactants along the
entire reaction coordinate. The origin of the computed stronger
interaction for the 7 + DMAD reaction can be further analyzed
by means of the Energy Decomposition Analysis (EDA)
method.*® This approach involves decomposing the interaction
AE;,: between the reactants into the following, physically
meaningful energy terms: the classical electrostatic interaction
(AVelstat), the Pauli repulsion (AEp,yy;) arising from the repulsion
between occupied closed-shell orbitals of both deformed reac-
tants, the orbital interaction (AE,,) that accounts for charge
transfer and polarization, and the dispersion interactions
(AEgisp) coming from dispersion forces. As depicted in Fig. 11b,
which graphically shows the evolution of the EDA terms along
the reaction coordinate from the initial stages of the processes
up to the respective transition states, the stronger (i.e., more
stabilizing) interaction between the reactants computed for the
reaction involving the bimetallic system mainly results from
both stronger electrostatic and orbital interactions, particularly
at the transition state region. For instance, at the same
consistent C---C bond-forming distance of 2.1 A, AVigrar =
—65.5 keal mol™* and AE,,, = —64.1 keal mol ™" for the reaction
involving 7, whereas much lower values were computed for the
analogous DMAD + 12 reaction (AVesae = —53.2 keal mol " and
AE,, = —46.8 keal mol ™). The stronger electrostatic interac-
tions can be ascribed to the stronger polarization induced by
the IPrAu fragment in 7 compared to the phenyl group in 12, as
confirmed by the higher negative NBO-charge computed at the
carbon atom adjacent to the reactive carbon (—0.55¢ vs. —0.14e,
for 7 and 12, respectively).*

In turn, the origin of the more stabilizing AE,, can be found
by applying the Natural Orbital for Chemical Valence (NOCV)*>
extension of the EDA method. Within this approach, the main

AE(p4) = —27.7 kcal/mol
(12 + DMAD)

AE(p4) = —40.0 kcal/mol
(7 + DMAD)

Fig. 12 Contour plots of the NOCV deformation densities p (isosur-
face value of 0.001 a.u.) and the associated energies AE(p) (at
a consistent C---C bond-forming distance of 2.1 A) for the main orbital
interaction occurring in the reaction of DMAD with 7 (left) and 12
(right). The electronic charge flows from red to blue. All data were
computed at the ZORA-MO6L-D3/DZP//SMD-M06L-D3/6-31G(d,p)
&SDD(+f) level.
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orbital interactions contributing to the total AE,,, term can be
visualized and also quantified. As expected from our initial FMO
analyses (vide supra), the EDA-NOCV method identifies the
electron flow from the w(HOMO) of the metal complex to the
7*(LUMO) of DMAD as the main orbital interaction in this
transformation (Fig. 12). Notably, this T7(HOMO) — w*(LUMO)
molecular orbital interaction is significantly stronger, i.e., more
stabilizing, for the process involving the bimetallic system (see
the corresponding stabilizing energies computed at a consistent
C--C bond-forming distance of 2.1 A). Therefore, the ASM-
EDA(NOCV) analysis suggests that the enhanced reactivity of
the bimetallic system, compared to its monometallic counter-
part, finds its origin in the significant polarization induced by
the IPrAu fragment onto the reactive C=C bond which results
in stronger electrostatic and orbital (t(HOMO) — m*(LUMO))
interactions with the DMAD reactant and ultimately, in the
observed lower addition barrier.

Conclusions

In summary, a modular synthetic strategy for the preparation of
bimetallic Au(r) acetylides has been described. Whereas only
symmetrical digold complexes have been explored in this work,
this route opens the door to the development of unsymmetrical
derivatives or heterobimetallic species, which is currently an
ongoing research direction in our laboratory. The synthesized
symmetrical digold acetylides and monometallic alkynyl
analogues selectively insert DMAD to yield the corresponding Z
enyne products; however, much more forcing conditions are
necessary when only one metal is employed (110 °C vs. 25 °C).
This pronounced disparity has been studied in detail through
experimental and computational methods, leading to a step-
wise mechanism, which differs from previously reported
examples for insertion on gold(i) complexes. Two key aspects of
this mechanism are evident: (1) the presence of a second gold
fragment stabilizes both the transition state and intermediate
species due to the increased electron donation to the alkyne
fragment (although aurophilic contacts might also play a role in
some of them (e.g. Intl-cis)). This supply of electron density
facilitates the initial interaction with DMAD and subsequently
keeps the cationic IPrAu moiety bound to the m-system. (2)
Certain lability of the Au-C bonds is necessary so that DMAD
can displace one IPrAu fragment from ¢ to w-coordination, and
ease the migration of Au from sp to sp” carbon atoms. The
balance of these two aspects accounts for the mild conditions
observed for the insertion reaction in the bimetallic complexes
and provides new knowledge of the role that two metals play in
the case of digold-mediated organic transformations.
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