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ic behaviors of assembled
organogold(I) clusters derived from enyne
cyclization†

Qian Liu, Xiao-Yi Zhai, Rui-Jun Jian and Liang Zhao *

Homogeneous gold catalysis has attractedmuch recent attention due to diverse activation modes of gold(I)

towards unsaturated organic groups. Because of attractive aurophilic interaction, structural transformations

of metalated species into high nuclear clusters are often proposed in gold catalysis, while to date little is

known about their assembly behaviors and catalytic activity. In this work, based on stoichiometric Au(I)-

mediated enyne cyclization reactions, we achieve a discrete vicinal dicarbanion-centered Au4
intermediate and three assembled Au11, Au28, and Au14 clusters held together by several aryl

dicarbanions. Spectral monitoring, kinetic and theoretical investigations confirm that these discrete and

assembled intermediates display four different pathways upon catalyzing the cyclization reaction of the

same 1,5-enyne substrate. The discrete Au4 cluster undergoes a full protodeauration process to generate

active [Au(PPh3)]
+ species for catalytic use. In contrast, the net-like Au11 cluster experiences a substrate-

induced dissociation to generate a semi-stable Au10 unit and an active [alkyne-Au(PPh3)]
+ fragment for

further transformation. The dumbbell-like Au28 cluster is prone to cleavage of the central Au–Au linkage

and each Au14 moiety exposes a coordination unsaturated site to activate a substrate molecule.

However, the synthetic closed-Au14 cluster with full ligand protection is no longer catalytically active.
Introduction

Structural evolution of catalytically active species widely exists
in transition metal-catalyzed reactions.1–3 Therein, mono-
nuclear coordination metal catalysts experience the dissocia-
tion of labile ligands to recombine as polynuclear active species
or undergo reduction by substrates, ligands, solvents, or addi-
tives to in situ generate metal clusters or even nanoclusters.4–10

Not only can they directly activate substrates by exposing coor-
dination unsaturated metal sites,11,12 but they can also act as
a reservoir to dissociate into smaller clusters as real active
species for catalytic use.13–15 Such metal clusters and nano-
clusters show high diversity in nuclearity numbers, charges,
congurations and peripheral ligands, promisingly allowing
screening of highly active species to achieve excellent efficiency
and selectivity.16,17 Therefore, the exploration of catalytically
active cluster species is of great signicance to reveal detailed
mechanisms and discover novel organic transformations.

In general, active metal cluster species are in situ generated
during the induction period of metal-catalyzed reactions, which
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are highly reactive and temporarily stabilized by reactants or
additional ligands along with coordinative solvents as identied
by mass spectroscopy.5,18,19 However, metalated products
formed in the late stage of catalytic reactions have been rarely
explored regarding their particular role as catalytically active
species. In this context, a vast number of Au(I)-catalyzed reac-
tions bear much attention20–22 because attractive aurophilic
interaction between closed-shell d10 Au(I) atoms facilitates the
formation of polyaurated reaction intermediates.23–30 As gold(I)
complexes act as a superior Lewis acid to activate unsaturated
p-systems,31 coordination of a substrate to Au(I) followed by the
attack of a nucleophile oen generates isolable organogold
intermediates. They are generally believed to undergo a subse-
quent protodeauration process to output desired organic
products and regenerate gold(I) catalytic species.32–34 However,
some isolated organogold intermediates featuring gem-diau-
rated motifs have been found resistant to the protodeauration-
driven recycling process.35–37 Therefore, structural evolution and
catalytic activity investigations of metalated organic
compounds based on stoichiometric gold-mediated organic
transformations may provide new insights into the mechanism
of Au(I) catalysis.

Herein, we report the isolation and structural characteriza-
tion of a series of differently assembled organogold clusters
based on Au(I)-mediated enyne cyclization reactions (Scheme 1).
By using different s-aurated enyne substrates, we obtain
a discrete vicinal dicarbanion-bonded tetragold complex
Chem. Sci., 2024, 15, 11311–11320 | 11311
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Scheme 1 Assembly and catalytic behaviors of organometallic
clusters.
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[Au4(PPh3)4(L
OMe)][NTf2]2 (2a, LOMe = 1,3-dimethoxyphenan-

threne diide, and NTf2 = bis-(triuoromethanesulfonyl)imi-
date) and two assembled clusters [Au11(PPh3)6(L

Ph)4][NTf2]3 (2b,
LPh = 1-phenylnaphthalene diide) and [Au28(PPh3)8(L

Me)12]
[NTf2]4 (2c, LMe = 1-methylnaphthalene diide). Moreover, 2b
can undergo further transformation to form a tetradecanuclear
cluster [Au14(PPh3)5(L

Ph)6][NTf2]2 (2d). These discrete and
assembled intermediates display four different pathways upon
catalyzing the cyclization reaction of a 1,5-enyne substrate. 2a
undergoes a full protodeauration to generate unsaturated
[Au(PPh3)]

+ species for catalytic use. As for 2b, a substrate-
induced dissociation of the net-like Au11 core leads to a semi-
stable Au10 unit and an active [alkyne-Au(PPh3)]

+ fragment for
further transformation (pathway I in Scheme 1). The Au10
cluster recombines with the recycling [Au(PPh3)]

+ unit to recover
the Au11 core. In contrast, 2c initiates the catalytic reaction by
exposing an unsaturated site through the cleavage of a Au–Au
linkage in the dumbbell-like Au28 core (pathway II in Scheme 1).
Lastly, the closed tetradecanuclear cluster 2d with full ligand
protection has no catalytic capacity.

Results and discussion
Synthesis and assembly of organogold(I) clusters

In view of the reported reaction pathway for enyne cyclization
reactions,38we herein select s-aurated alkyne compounds 1a, 1b
and 1c as substrates. As 1a was treated with a stoichiometric
amount of [PPh3Au](NTf2) in 1,2-dichloroethane (DCE), the
solution colour gradually changed from light yellow to yellow
brown. Electrospray ionization mass spectroscopy (ESI-MS) of
the reaction mixture revealed four peaks corresponding to
polymetalated species [Au4(PPh3)4(L

OMe)]2+, [Au3(PPh3)3(-
LOMe)]+, [Au3(PPh3)2(L

OMe)]+, and [Au2(PPh3)2(L
OMeH)]+ (LOMe =

1,3-dimethoxyphenanthrene diide) (Fig. S1†). Further screening
suggested that the optimized 1 : 3 ratio of 1a and [PPh3Au](NTf2)
gave a satisfactory isolated yield (35%) for the yellow crystalline
compound 2a. The formula of 2a was determined as
11312 | Chem. Sci., 2024, 15, 11311–11320
[(AuPPh3)4(L
OMe)][NTf2]2 by single-crystal X-ray diffraction

analysis (Fig. 1a). 2a has a phenanthrene dianionic center in
a m4-C,C-h

2,h2 mode to bind with a buttery-shaped tetranu-
clear ring, which is further strengthened by a close Au–O
interaction (2.7570(3) Å). The two carbanionic centers each
attach to a gem-digold unit with the Au–C bond lengths in the
range of 2.108(14)–2.214(12) Å, a bit longer than that of the re-
ported CAu2 species.27,28,39–41 The Au–Au distances of the Au4
unit can be classied into two shorter edges (2.7825(8) and
2.7859(8) Å) and two longer ones (2.9791(7) and 3.0472(8) Å).
The crystal structure of 2a is in good agreement with the
detailed proton and phosphorus atom assignments as shown in
the 1H and 31P NMR spectra (Fig. S4†). To understand the
detailed electronic structure of 2a, we performed adaptive
natural density partitioning (AdNDP) analysis.42 The AdNDP
analysis explores that the [C2Au4] unit of 2a is composed of two
s-type 3c–2e and one pseudo-p-type 6c–2e bonds. These nd-
ings imply that the cluster formation is promoted by aurophilic
interaction and multi-centered bonding between the 6s group
orbitals of gold atoms and the 2p orbitals of carbon atoms
(Fig. S6†).

Next, we investigated the transformation of 1b as a repre-
sentative alkenyl substrate. Under the same synthetic condi-
tions as those for 1a, the solution of 1b turned brownish. The in
situ ESI-MS analysis showed three distinct peaks, namely
[Au2(PPh3)2(L

PhH)]+, [Au3(PPh3)2(L
Ph)]+, and [Au3(PPh3)3(L

Ph)]+

(LPh = 1-phenylnaphthalene diide). However, no peaks corre-
sponding to a similar tetranuclear cluster structure as observed
in 2a were detected (Fig. S7†). Diffusion of diethyl ether into the
brown solution deposited orange crystals of 2b, whose molec-
ular formula was identied as [Au11(PPh3)6(L

Ph)4][NTf2]3 by
single-crystal X-ray diffraction analysis. As shown in Fig. 1b and
S8,† 2b shows a net-like Au11 structure that comprises four
vicinal dicarbanion-bonded Au4 quadrilaterals (I–VI) fused
together by sharing ve gold atoms. The remaining six
unshared gold atoms are coordinated by a PPh3 ligand each.
Owing to steric hindrance, the four 1-phenylnaphthalene
groups are alternatively located above (II and IV) and beneath (I
and III) the extended Au11 plane. Therein, the Au–C bonds are in
the range of 2.125(5)–2.193(6) Å (average 2.157 Å), comparable
to the average bond length of 2a. Notably, in comparison with
the Au–Au distances of 2a, 2b has a shorter Au–Au edge in
a CAu2 moiety (average 2.714 Å), suggesting the formation of
more robust gem-digold units. In addition, besides the low
abundance peak of [Au11(PPh3)6(L

Ph)4]
3+ in the ESI-MS spectrum

of 2b, a few prominent peaks were observed in the spectrum,
indicating the presence of missing PPh3 or [Au(PPh3)]

+ species
(Fig. S9†). This observation suggests that 2b readily undergoes
dissociation into smaller fragments under the conditions of
mass spectroscopy. In contrast, the 1H NMR spectrum of 2b
reveals a series of ne splitting peaks ranging from 5.8 to
8.9 ppm, and the 31P NMR spectrum shows two peaks at 32.23
and 36.88 ppm corresponding to two inequivalent PPh3 ligands
as shown in the crystal structure of 2b (Fig. S10†). This evidence
demonstrates that the structure of 2b in solution is consistent
with its crystal structure.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis, crystal structures and assembled patterns of (a) discrete vicinal dicarbanion-bonded tetragold cluster 2a, (b) net-like cluster 2b,
and (c) dumbbell-like cluster 2c. Hydrogen atoms, phenyl groups of PPh3 ligands and peripheral NTf2

− counter anions are omitted for clarity.
Color coding: Au, orange and purple; C, gray; O, red; P, green.
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To further understand the inuence of ligands on cluster
assembly, a new alkenyl substrate 1c was introduced. In this
case, the alkenyl a-position is substituted with a less bulky
methyl group. This modication allows for a comparison of the
ligand effect on the cluster assembly, providing insights into
how different ligands impact the formation and structure of the
clusters. The in situ ESI-MS analysis of the reaction mixture
revealed several major peaks that can be assigned to bi- or tri-
nuclear species such as [Au2(PPh3)2(L

MeH)]+ and [Au3(PPh3)3(-
LMe)]+ (Fig. S12†). Surprisingly, we also observed a minor peak
© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponding to a high-nuclear assembled species [Au14(-
PPh3)4(L

Me)6]
2+. X-ray crystallographic analysis of the acquired

complex 2c revealed its molecular formula as [Au28(PPh3)8(-
LMe)12][NTf2]4. 2c consists of two identical [Au14(PPh3)4(L

Me)6]
2+

(MeAu14) fragments linked by a Au–Au linkage (3.0108(8) Å) and
strengthened by two-fold p–p stacking between methylnaph-
thalenes (DV–V0 = 3.965 Å and DVI–VI0 = 3.867 Å, Fig. 1c and S13†).
Theoretical studies show that these interactions provide
a stabilization energy of 22.7 kcal mol−1 (Fig. S14†). In view of
the fact that the common Au–Au bond dissociation energy is
Chem. Sci., 2024, 15, 11311–11320 | 11313
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Fig. 2 (a) The 2b-to-2d transformation and crystal structure of 2d. Phenyl groups of PPh3 ligands, hydrogen atoms, and peripheral NTf2
− counter

anions are omitted for clarity. Color coding: Au, yellow; C, gray; P, green. (b) (Left) The in situ ESI mass spectra of the crossover experiment
between 2b and 1b0, and (right) ESI-MS of deposited microcrystals.
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about 5–15 kcal mol−1,24 we conjecture that the p–p stacking of
methylnaphthalene is an essential factor for stabilizing the
dimeric form of 2c (Fig. S15†).43 Each closed-MeAu14 fragment is
formed through the assembly of four vicinal dicarbanion-
bonded Au4 quadrilaterals (I, IV, V and VI) and two comple-
mentary Au3 triangles (II and III) by sharing gold atoms. Addi-
tionally, two PPh3-bonded gold atoms are attached to the
fragment. This arrangement of shared gold atoms and bonding
interactions contributes to the overall structure and stability of
the MeAu14 fragment. In contrast to the assembled structure of
2b, 2c has slightly long Au–Au edges (average 2.730 and 3.084 Å
for CAu2 units and cross-unit edges, respectively) as well as long
Au–C bonds (average 2.163 Å). The ESI-MS spectrum of 2c dis-
played two dicationic cluster ion peaks at m/z = 2323.6321 and
2454.6816 that can be assigned to [Au14(PPh3)4(L

Me)6]
2+ and

[Au14(PPh3)5(L
Me)6]

2+ (MeAu14-PPh3), respectively (Fig. S16†). The
obtained result indicates that the central Au–Au linkage in 2c is
susceptible to cleavage and thus yields two MeAu14 fragments.

Based on the discrete cluster structure in 2a and assembled
structures in 2b and 2c, we speculate that the driving force for
assembly may originate from electronic properties of different
in situ generated vicinal dicarbanions. It is expected that the
moderate electron-donating ability of LPh and LMe relative to
LOMe makes it insufficient to stabilize four positive [AuPPh3]

+

units and causes further assembly of discrete aryl dianion-
centered polygold units by sharing gold atoms. This assump-
tion is also supported by the calculated atomic dipole moment
corrected Hirshfeld population (ADCH) charges of two central
11314 | Chem. Sci., 2024, 15, 11311–11320
carbons in the basic [C2Au4] units of 2a, 2b and 2c. The sum of
charges for 2a, 2b and 2c is −0.556, −0.422 and −0.174,
respectively, suggesting that the electronic nature of organic
skeletons indeed has an important inuence on the assembly of
[C2Au4] units. In addition, previous studies have illustrated that
a gem-diaurated species decomposes into [Au(PPh3)2]

+ in the
solution state.35,44 Combined with in situ ESI-MS spectra, we
propose that 1b and 1c rst generate discrete [C2Au3] units, and
free [Au(PPh3)]

+ seizes the PPh3 ligand on [C2Au3] to lead to
[Au(PPh3)2]

+ and expose a Au site. The latter coordination
unsaturation facilitates the occurrence of assembly.

In view of the open structure of 2b relative to the closed
architecture of 2c, we speculate that the gold atoms in 2b may
also be accessible as a Lewis acid.45–49 We then employed 2b to
activate the s-aurated substrate 1b. The 1H NMR monitoring
showed gradual disappearance of the alkenyl proton doublets of
1b at 5.73 and 5.39 ppm (Fig. S21†). This process is accompa-
nied by colour change from orange to deep red. Subsequently,
diffusion of diethyl ether into the deep red solution led to red
crystals of 2d with the formula [Au14(PPh3)5(L

Ph)6][NTf2]2
(Fig. 2a). The closed-Au14 cluster core in 2d is very similar to the
MeAu14 of 2c. Of note, all dianionic centers adopt a m3-C,C-h

1,h2

mode to form several [C2Au3] units. Thus, the structure of 2d
can be envisioned as six [C2Au3] units fused together by sharing
nine gold atoms. To complete the structure, vacant vertices of
the fused cluster are lled with three equatorial and two axial
[AuPPh3]

+ units (Fig. S22†). In comparison with 2a–2c, short Au–
C distances (average 2.121 Å) in 2d indicate strong interaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) 1H NMRmonitoring of the 2b-catalyzed cyclization reaction. Red and blue lines represent the proton NMR peaks of 2b and the alkyne
substrate, respectively. (b) Pseudo-first-order kinetic curves dependent on the concentration of 2b. (c) Kinetic curves of 2b dependent on the
catalyst concentration. (d) Proposed mechanism for the cyclization reaction catalyzed by 2b.
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between organic skeletons and the central gold cluster core.
Due to the existence of a tight layer of ligand protection, 2d no
longer has the ability to activate 1b towards further structural
transformation.

To further investigate the detailed construction process of 2d,
we performed a crossover experiment by using 2b to activate the
tolyl-substituted substrate 1b0. The in situ ESI-MS spectrum
discloses that 1b0 undergoes a similar cyclization to yield a tolyl-
[C2Au3] species. Meanwhile, 2b disrupts its assembled structure to
regeneratemany Ph-substituted [C2Au3] fragment species (Fig. 2b).
Furthermore, diffusion of diethyl ether into the resulting maroon
solution deposited crimson microcrystals. ESI-MS analysis on the
microcrystal sample showed a normal distribution of Au14 nano-
clusters with a random combination of Ph- and tolyl-substituted
[C2Au3] from 6 : 0 to 1 : 5 (Fig. 2b). We thus conceive that 2b
actually serves as a metastable species to dissociate and activate
the transformation of substrates. Then, the newly formed Ph-
substituted [C2Au3] units plus the dissociated species of 2b
promote the formation of the closed-cluster product 2d.

Catalytic behaviors of organogold clusters

Inspired by the above 2b-mediated cyclization of 1b and 1b0, we
then tried to clarify the catalytic possibility of 2a–2d in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
cyclization reaction of 1,5-enynes. 2a–2d show a typical
buttery-shaped, net-like, dumbbell-like and closed cluster
structure, respectively. Upon the use of 3 mol% 2a as catalyst,
the cyclization of 1-ethynyl-2-(1-phenylvinyl)benzene (3) took
place smoothly, which nally shows a high conversion ratio
(>99%) and yields a mixture of two products 4 and 5 in a ratio of
4.5 : 1. Such selectivity is similar to the catalytic result (a 4 : 1
mixture) based on a mononuclear gold(I) catalyst.38 In the
absence of 3, 2a kept its structure intact and stable as shown in
the 1H NMR monitoring (Fig. S24†). Nevertheless, the moni-
toring further showed that along with the catalytic reaction the
characteristic peaks of 2a gradually disappeared and the pro-
todeaurated product 1,3-dimethoxyphenanthrene was simulta-
neously detected (Fig. S25†). Previous studies have revealed that
the gem-diaurated species oen experience the dissociation of
a gold unit followed by protonolysis of the remaining Au–C
bond to release organic products and recycle the mononuclear
gold(I) catalytic species.36 We thus believe that 2a undergoes
a similar protodeauration process to generate [Au(PPh3)]

+ units
as a true catalytic species.

The 2b-catalyzed cyclization of 3 also resulted in a mixture of
4 and 5 in a 4 : 1 ratio. However, in contrast to the full proto-
deauration process of 2a, chemical shis of 2b in 1H and 31P
Chem. Sci., 2024, 15, 11311–11320 | 11315

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01618a


Table 1 The catalytic reaction results of 2a–2d

Entry Cluster Conversion (%) Selectivity (4/5) TON

1 2a >99 4.5 : 1
2 2b >99 4 : 1 403
3 2c >99 2 : 1 341
4 2d 0 0
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NMR spectra showed negligible change (Fig. 3a and S28†). Aer
the reaction, 2b could be recovered as a crystalline solid in
a yield of 32%. Surprisingly, the catalyst loading can be lowered
to 0.2 mol% such that the reaction proceeds with a turnover
number (TON) of 403 (Fig. S29†). Subsequent kinetic studies
based on 1H NMR monitoring indicated that the decline of the
alkyne proton signal at 2.97 ppm obeys pseudo-rst-order
kinetics. Along with the increase in catalyst loading from 1%
to 5%, it also follows a rst-order kinetic relationship depen-
dent on the concentration of 2b (Fig. 3b and c). Thus, the
reaction orders of both substrate and catalyst are determined as
one. We then employed ESI-MS to trace the entire reaction to
make clear the true catalytic species. In order to avoid the
interference of the organic skeleton of 2b with the catalytic
product of 3, a tolyl-substituted substrate 30 was used for
a crossover experiment. The detection of a typical gem-diaurated
species (m/z values of 1135.2021) as shown in many mono-
nuclear gold-based catalysis demonstrates that [Au(PPh3)]

+ may
be the true catalytically active species (Fig. S30†). Accordingly,
we conceive that a substrate molecule rst attaches onto the
Au11 kernel and then induces its dissociation to generate
a [alkyne-Au(PPh3)]

+ fragment and a Au10 unit. The former
adduct further undergoes a 6-endo-dig or 5-exo-dig cyclization to
give organic products. Aer the catalytic transformation, the
Au10 intermediate combines with the post reaction free
[Au(PPh3)]

+ unit by aurophilic interaction to rebuild the Au11
compound 2b (Fig. 3d and S31†).

As for the 2c-catalyzed cyclization reaction (3 mol%), it dis-
played a very high conversion close to 100% and a 2 : 1 mixture
of 4 and 5. The unchanged chemical shis and 17% crystal
recovery of 2c imply a catalytic process similar to that the 2b-
based one (Fig. S32†). And with 0.2 mol% loading of the cata-
lyst, the TON of this reaction is 341 (Fig. S33†). However, 1H
NMR kinetic studies revealed that the 2c-catalyzed reaction is
a good t with a pseudo-rst-order of the substrate but a half-
order with the catalyst concentration (Fig. S34†). As shown in
the ESI-MS spectrum of 2c (Fig. S16†), 2c is prone to dissociating
into two MeAu14 and thereby exposes an unsaturated coordina-
tion site. During the catalytic reaction, the methyl proton signal
of 2c at 2.67 ppm changed from broad to narrow (Fig. S32†),
Fig. 4 Proposed mechanism for the activation of 3 by 2c.

11316 | Chem. Sci., 2024, 15, 11311–11320
which is probably ascribed to the conformational adjustment
along with the cleavage of 2c to MeAu14. In addition, ESI-MS
monitoring of the reaction mixture clearly shows character-
istic signals of the dissociated species MeAu14 (m/z 2323.6966)
and MeAu14-PPh3 ([Au14(PPh3)5(L

Me)6]
2+, m/z 2454.7042) and no

peaks corresponding to any gem-diaurated species. The latter
implies that no mononuclear gold species dissociate from 2c
(Fig. S35†). Consequently, we assume that the catalytic cycle of
the dumbbell-like cluster 2c is initiated by the cleavage of the
central Au–Au linkage to produce two MeAu14 units, each of
which exposes a coordination unsaturated site to activate the
alkyne group and complete the cyclization reaction (Fig. 4 and
S36†).

In contrast, despite having a similar tetradecanuclear kernel
as MeAu14, the closed-cluster 2d has no catalytic activity for 3
and other 1,5-enyne substrates (Fig. S37†). In view of the
composition difference between MeAu14 and 2d, we believe that
such catalytic inertness of 2d should be ascribed to the loss of
unsaturated Au site due to strong coordination of a PPh3 ligand.
Combining the above experiments, the catalytic performances
of 2a–2d are summarized in Table 1.
DFT calculations and mechanistic insight

To further rationalize our proposed mechanisms for the cata-
lytic reactions of 2a–2c, we then performed density functional
theory (DFT) calculations to complement experimental kinetic
studies. The geometry optimizations and single point energy
calculations for the three catalytically active clusters and their
intermediates in the respective key steps were conducted. First,
we investigated the dissociation of a [Au(PPh3)]

+ or PPh3 moiety
from 2a–2c. In addition, the pathway for the dissociation of 2c
into two MeAu14 units was considered as well (Fig. S38†). The
calculated results suggest that the PPh3 ligands strongly attach
onto each metal cluster core with a very high dissociation
energy (77.8–88.6 kcal mol−1). Although the dissociation energy
of a [Au(PPh3)]

+ species out from the cluster cores of 2a–2c is
relatively small (29.6–47.6 kcal mol−1), such a process is still
energetically unfavored.

In accordance with the proposed mechanisms vide supra, we
then designed new possible intermediates of the 2a and 2b-
catalyzed reactions by dissociating a [alkyne-Au(PPh3)]

+ species
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DFT results for energies (kcal mol−1) of intermediates of 2a–2c
according to the proposed mechanisms. (a) The calculated interme-
diate structures of 2a and 2b in the catalytic cyclization of enyne
substrates. Only one dissociating site is shown here, and the other sites
are shown in Fig. S39.† (b) Comparison of the energy differences for
different activation types.
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(type I in 2a-I and 2b-I) or replacing a PPh3 on the cluster core by
an alkyne substrate molecule (type II in 2a-II and 2b-II),
respectively (Fig. 5a and S39†). Also, there are two chemically
non-equivalent Au sites in each cluster structure that need to be
considered. They are labelled as L(le)/R(right) in 2a and L(le)/
M(middle) in 2b. As shown in Fig. 5b, the process to obtain the
intermediate 2b-I by forming a [alkyne-Au(PPh3)]

+ species is
exothermic, while the formation of the PPh3-replaced interme-
diate 2b-II needs a high energy of around 30 kcal mol−1. Such
a 2b-I-based reaction pathway and cyclization reaction selec-
tivity (Fig. S40 and S41†) are in agreement with the above
experimental studies. Similar calculation studies on 2a show
the same trend in terms of energy requirements. Moreover, the
formation of the favored 2a-I possibly causes a subsequent
protodeauration process to sequentially cleave the remaining
carbon-polymetallic bonding and generate [AuPPh3]

+ species
for catalytic use. As for the 2c-based transformation, the
binding of an alkyne molecule with MeAu14 largely compensates
the energy requirement for the Au28-to-

MeAu14 dissociation in 2c
by breaking the central Au–Au linkage, nally reducing the
single point energy change to−46.4 kcal mol−1 (Fig. 5b). Hence,
these cluster intermediates with different architectures experi-
ence distinct bond breaking modes (Au–C and Au–Au for 2a and
2b; Au–Au for 2c) in the same catalytic system, nally resulting
in distinct catalytic pathways.

Conclusions

In summary, with the isolation of four vicinal dicarbanion-
bonded organometallic clusters 2a–2d from the cyclization of
aurated enynes, we demonstrate that organogold clusters
© 2024 The Author(s). Published by the Royal Society of Chemistry
generated from the reaction transformation can be further
assembled into nano-sized polynuclear clusters to function as
catalytically active species. With the combination of detailed
NMR kinetic monitoring, ESI-MS spectra, and DFT calculations,
we illustrate that multiple aurophilic interactions and carbon–
gold multi-center bonding in assemblies provide signicant
support for the stabilization of active intermediates. The
differently assembled structures experience distinct pathways
in the catalytic cyclization of enyne substrates. The dumbbell-
like cluster 2c tends to break the central Au–Au linkage to
expose a catalytic site, while the net-like cluster 2b drives the
reaction by dissociating an [alkyne-Au(PPh3)]

+ adduct from its
Au11 cluster core. The poor catalytic activity of the closed cluster
2dmay provide a rationale for catalyst deactivation in transition
metal catalysis. Compared with the well-established synthesis
of gold nanoclusters by reduction, this work presents a novel
assembly pathway based on stoichiometric gold(I)-mediated
reactions. The assembly behavior observed in this context
should also be taken into consideration when studying other
systems with metallophilic interactions. Not only the eld of
gold catalysis, but other transition metal catalytic systems also
require the scrutiny of such catalytically active organometal
species.

Experimental
Materials and methods

20-Iodoacetophenone, o-iodobenzophenone, 1-bromo-2-
iodobenzene, 2-iodobenzoyl chloride and AgNTf2 were
purchased from Energy Chemical. Anhydrous tetrahydrofuran
and Au(PPh3)Cl were purchased from J&K Scientic. All other
reagents and solvents were used without further purication.
1H, 13C and 31P NMR were carried out on a JEOL ECX-400 MHz
instrument. High resolution electrospray ionization mass
spectrometry (ESI-MS) spectra were obtained on a Thermo
Scientic Exactive Orbitrap instrument. The synthesis of s-
aurated substrates 1a–1c and 1,5-enyne substrates 3–30 is
included in the ESI.†

Synthesis of complex 2a ([Au4(PPh3)4(L
OMe)][NTf2]2). A 1,2-

dichloroethane solution (0.3 mL) of AgNTf2 (11.64 mg, 0.03
mmol) was mixed with a 1,2-dichloroethane solution (0.3 mL) of
PPh3AuCl (14.85 mg, 0.03 mmol) and stirred at room tempera-
ture for 3 min. The supernatant was collected by centrifugation
and was then added into a 1,2-dichloroethane (0.2 mL) solution
of substrate 1a (6.9 mg, 0.01 mmol). The mixture was further
stirred for 8 hours and the solution color changed from light
yellow to dark brown. Aer ltration, the ltrate was diffused
using diethyl ether to obtain yellow crystals 2a in 35% yield (9.2
mg). High-resolution ESI-MS: m/z = 1036.1708 for
[Au4(PPh3)4(L

OMe)]2+.
Synthesis of complex 2b ([Au11(PPh3)6(L

Ph)4][NTf2]3). The
synthetic procedure is similar to that of 2a but with 1b (6.6 mg,
0.01 mmol) instead of 1a. Aer ltration and diffusion, orange
crystals of 2b were obtained in 21% yield (2.8 mg). High-
resolution ESI-MS: m/z = 1515.8289 for [Au11(PPh3)6(L

Ph)4]
3+.

Synthesis of complex 2c ([Au28(PPh3)8(L
Me)12][NTf2]4). The

synthetic procedure is similar to that of 2a but with 1c (6.0 mg,
Chem. Sci., 2024, 15, 11311–11320 | 11317
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0.01 mmol) instead of 1a. Aer ltration and diffusion, crimson
crystals of 2c were obtained in 13% yield (1.1 mg). High-
resolution ESI-MS: m/z = 2323.6321 for [Au14(PPh3)4(L

Me)6]
2+.

Synthesis of complex 2d ([Au14(PPh3)5(L
Ph)6][NTf2]2). In

a 5 mL glass bottle, a mixture of substrate 1b (6.6 mg, 0.01
mmol) and cluster 2b (2.69 mg, 0.0005 mmol) was dissolved in
anhydrous 1,2-dichloromethane (0.5 mL). The resulting mixture
was stirred at room temperature for two days. Aer ltration,
red crystals of 2d were obtained by diffusing diethyl ether into
the ltrate. Yield: 40% (1.0 mg) based on cluster 2b. High-
resolution ESI-MS: m/z = 2640.2459 for [Au14(PPh3)5(L

Ph)6]
2+.
Computational details

Structures of all these clusters for calculation were built on the
basis of single-crystal structures. Due to the huge system and
the limitation of computing resources, the free energy calcula-
tion was replaced by single point energy. Geometry optimiza-
tions and single point energy calculations for all compounds
were performed using the ORCA 5.0.2 program.48,49 Geometry
optimizations for the compounds considered here were opti-
mized with the hybrid functional B3LYP50,51 with Grimme
GD3(BJ) dispersion correction52,53 and the def2-SVP basis set.54,55

Single point energy was calculated based on the optimized
structures with the hybrid functional B3LYP with Grimme
GD3(BJ) dispersion correction and a def2-SVP basis set for C, H,
P and def2-TZVP basis set54,55 for Au. To speed up the calcula-
tions, density tting together with the chain of spheres
approximations as implemented in ORCA (RIJCOSX)56was used,
with the auxiliary basis def2/J.57 The geometry of models was
visualized using CYLview20 soware.58

Molecular thermochemistry properties of mononuclear
species were evaluated using the Gaussian 09 program.59

Geometry optimizations as well as frequency calculations for all
mononuclear species considered here were optimized with the
hybrid functional B3LYP50,51 with Grimme GD3(BJ) dispersion
correction52,53 and the def2-SVP basis set.54,55 Geometric opti-
mizations were performed without restriction in the experi-
mental solvent dichloromethane. The integral equation
formalism polarizable continuum (IEFPCM) solvation model
with SMD radii60 was used for solvent effect corrections. The
optimized structures were conrmed to have no imaginary
vibrational mode for intermediates and only one imaginary
vibrational mode for each transition state. Transition states
were further conrmed by connecting proper stationary points
through intrinsic reaction coordinate (IRC) calculations.
Thermal corrections were obtained by frequency calculations
using the same method on optimized structures within the
harmonic potential approximation under 298.15 K and 1 atm
pressure. Single point energy was calculated based on the
optimized structures with the hybrid functional B3LYP with
Grimme GD3(BJ) dispersion correction and a def2-TZVP basis
set.54,55 AdNDP analysis42 was performed using NBO 6.0 61 and
Multiwfn 3.8 soware.62 Hirshfeld,63 Mulliken, and ADCH64

atomic charges were calculated using Multiwfn 3.8 soware.
The molecular orbitals and AdNDP orbitals were visualized
using Multiwfn 3.8 and VMD 1.9.3.65
11318 | Chem. Sci., 2024, 15, 11311–11320
Data availability
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