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ABSTRACT: Ultrasmall gold nanoparticles (NPs) stabilized in networks by
polymantane ligands (diamondoids) were successfully used as precatalysts for
highly selective heterogeneous gold-catalyzed dimethyl allyl(propargyl)-
malonate cyclization to 5-membered conjugated diene. Such reaction usually
suffers from selectivity issues with homogeneous catalysts. This control over
selectivity further opened the way to one-pot cascade reaction, as illustrated
by the 1,6-enyne cycloisomerization−Diels−Alder reaction of dimethyl allyl
propargyl malonate with maleic anhydride. The ability to assemble
nanoparticles with controllable sizes and shapes within networks concerns
research in sensors, medical diagnostics, information storage, and catalysis
applications. Herein, the control of the synthesis of sub-2-nm gold NPs is
achieved by the formation of dense networks, which are assembled in a single
step reaction by employing ditopic polymantanethiols. By using 1,1′-
bisadamantane-3,3′-dithiol (BAd-SH) and diamantane-4,9-dithiol (DAd-
SH), serving both as bulky surface stabilizers and short-sized linkers, we
provide a simple method to form uniformly small gold NPs (1.3 ± 0.2 nm to
1.6 ± 0.3 nm) embedded in rigid frameworks. These NP arrays are organized
alongside short interparticular distances ranging from 1.9 to 2.7 nm. The analysis of gold NP surfaces and their modification were
achieved in joint experimental and theoretical studies, using notably XPS, NMR, and DFT modeling. Our experimental studies and
DFT analyses highlighted the necessary oxidative surface reorganization of individual nanoparticles for an effective enyne
cycloisomerization. The modifications at bulky stabilizing ligands allow surface steric decongestion for the alkyne moiety activation
but also result in network alteration by overoxidation of sulfurs. Thus, sub-2-nm nanoparticles originating from networks building
create convenient conditions for generating reactive Au(I) surface single-sitesin the absence of silver additivesuseful for
heterogeneous gold-catalyzed enyne cyclization. These nanocatalysts, which as such ease organic products separation, also provide a
convenient access for building further polycyclic complexity, owing to their high reactivity and selectivity.

KEYWORDS: nanocatalysts, enyne cyclization, gold sub-2-nm nanoparticles, diamondoids

■ INTRODUCTION

The synthesis and reactivity of gold nanoparticles (NPs) and
small-size clusters have been the focus of topical studies
because of their size-dependent chemical and electrochemical
reactivity, which is useful for a variety of applications.1−7 As
the NP diameter decreases, their surface area-to-volume ratio
(S/V) increases, leading to vastly different properties and
reactivity.8−12 Sub-2-nm-sized13,14 NPs have attracted great
interest since their properties bridge the gap between
molecule-like and bulk-like behavior.15−20 Nanocatalysts
based on ultrasmall NPs and used under heterogeneous
conditions are expected to provide new or alternative reactivity

and selectivity compared to molecular catalysts,8−14 in addition
to easier separation of products.
On the other hand, the ability to assemble NPs with

controllable sizes and shapes within networks is a current issue
which concerns frontier areas of research in sensors, medical
diagnostics, information storage, and metal catalysis.21−26 In
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this context, a challenge is the accurate control of network
architectures that conserves nanometer-size for individual NPs.
A variety of relevant strategies have been proposed, among
which were employed preformed gold colloids with inter-
particle linking agents such as functionalized polymers and
dendrimers,21,22,27 multidentate thioether ligands as molecular
mediators,23−26 or the in situ stabilization of NPs from
bidentate sulfides, thiols, or thiolates.28−31 The chemical
nature of the surface-stabilizing agents and interparticle linkers
is crucial for the final structure and properties of the networks
and individual NPs.28,32 The vast majority of interparticle-
linking agents employed are flexible, fairly long, organic
molecules. They eventually incorporate polyfunctionalized
supramolecular structures based on sp2-C-hybridized carbon
material, such as fullerenes or cyclodextrins, for instance.33−35

Despite this variety of building elements in NP networks
construction, the control of dense sub-2-nm NP networks with
short interparticular distances in the range of the particle
diameter is still lacking. We envisioned that such materials
would be of potential interest as nanocatalysts for several
reasons: (i) the synthesis of NP networks may be an efficient
and simple means for controlling the growth of small particles;
(ii) these networks would probably provide additional stability
to individual NPs and their surface; (iii) with partial solubility
or swelling ability, NP networks may provide interparticular
confinement and geometric constraint to adjust selectivity in
catalysis, like in MOFs, zeolite, and molecular cavitands.36−41

We postulated that the use of short, bulky, rigid interparticle
linkers may facilitate the design of such a type of dense NP
networks. Mechanically rigid sp3-C-hybridized carbon materi-
als, the so-called diamondoids,42−44 are essentially hydrogen-
terminated nanosized diamonds, thermodynamically extremely
stable structures. Few adamantane derivatives have been used
as sp3-C-based building blocks for constructing high-symmetry
directional materials.45,46 We investigated herein the use of
higher rank polymantanes, i.e. rigid diamantane derivative and
more flexible related bis-adamantane, for stabilizing gold NPs.
By using ditopic polymantane (or diamondoid) thiol ligands,
we provide the conditions for control in weaving dense
networks of ultrasmall gold NPs. We achieved DFT modeling
of NP structures and network linking by using a [Au38] core
model decorated with thiol-bisadamantane accounting for sub-
2-nm gold NPs. The simulation revealed that corner sites are
the most favorable for the adsorption of the linking thiols, and,
accordingly, the interparticle linkage is achieved from corner to
corner. The ultrasmall gold NPs were used as precatalysts for
heterogeneous gold-catalyzed dimethyl allyl(propargyl)-
malonate cyclization, unlike most other catalysts in this
enyne-type cyclization in a highly selective manner providing
the 5-membered conjugated diene.47−54 A surface activation of
sub-2-nm gold NP networks is necessary for generating active
Au(I). The resulting nanocatalyst showed an improved and
inversed selectivity in the enyne cycloisomerization compared
to homogeneous catalysts. DFT investigation focused on the
early step of the catalytic process, indicates that the oxidation
of the NPs is at the origin of a strong surface reorganization
that opens to a less hindered environment around gold,
notably by overoxidation of sulfur atoms. Experimental
investigations (XPS, TEM, solution and solid state NMR)
are in full agreement with computation. This reorganization is
needed for the alkyne adsorption and its activation. This
reorganization induces an instability of the network but
provides specific surface active sites for achieving the selective

cycloisomerization. The high selectivity obtained opens the
way to further heterogeneous one-pot cascade reactions.

■ RESULTS AND DISCUSSION

Functionalized Polymantanes as Surface Stabilizing
Ligands and Network Cross-linkers

In the search for assembling NPs within networks with
controllable sizes and shapes, the choice of the organic linker is
essential to reach high performance materials, including
controlled dimension, high periodicity, and thermal and
chemical stability. Adamantane derivatives may favor these
essential features.45 We selected higher rank ditopic
adamantane derivatives (polymantane dithiols) as linkers to
control the construction of dense sub-2-nm NPs networks with
short interparticle distances. The synthesis of 1,1′-bisadaman-
tane-3,3′-dithiol (BAd-SH) and diamantane-4,9-dithiol (DAd-
SH) was achieved following literature methods (Figure
1).55−57

For comparative purposes, we also employed 4-amino-
thiophenol (HATP) and adamantanethiol (Figure 1, Ad-SH)
to stabilize the Au NPs (see details in the Supporting
Information (SI), Figures S1−S6 and Schemes S1−
S2),34,58−62 Ad-SH, serving as a pertinent model for the
studies, focused on discrete small clusters and NPs.63−66

Gold Nanoparticle Network Synthesis and
Characterization

Preliminary studies established that gold NPs are accessible by
using adamantanethiol Ad-SH as ligand, which led to small
NPs with sizes ranging from 3.3 ± 0.4 nm to 1.6 ± 0.4 nm,
depending on the ratio of ligand used. However, the use of
polymantanethiols was found to be very profitable in terms of
controlling growth size and NP distribution homogeneity
(details in SI, Figures S7−S11 and Table S1). This encouraged
us to use BAd-SH and DAd-SH in the NP synthesis in the
absence of any additional surface stabilizing monodentate
ligand (HTAP or Ad-SH). The influence of ligand steric
demands on the stabilization of the surface during NPs growth
has been studied,28−32 and intricate ligand exchanges may
involve both stabilizers and linkers. Hence, the synthesis of
size-controlled sub-2-nm NP networks was successively
achieved in the absence of additional monodentate ligands
for surface stabilization. TEM characterizations of gold NP
networks assembled by using various ratios of polymantane/
HAuCl4·3H2O (i.e. 1.5, 0.5, and 0.1 equiv related to
HAuCl4.3H2O) are illustrated in Figure 2. By using 1.5 equiv
of ligand BAd-SH (Figure 2a: BAd-S@AuNPs 150%) a dense
network of NPs with average size around 1.3 ± 0.2 nm was
obtained, in which a center to center distance of about 2.3 nm
was estimated from TEM images (Figure S11C). A drastic
decrease of BAd-SH ligand to 0.5 equiv (Figure 2b: BAd-S@
AuNPs 50%) or 0.1 equiv (Figure 2c: BAd-S@AuNPs 10%)
led to a progressive growth of the NP size (1.5 ± 0.2 nm and

Figure 1. Surface stabilizing and cross-linking ligands.
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4.1 ± 1.8 nm, respectively) accompanied by a detrimental
increase of size distribution (Figures S11A, S11B), while the
network arrangement is globally conserved. A similar trend was
observed from network synthesis by using 1.5 equiv of ligand
DAd-SH (Figure 2d: DAd-S@AuNPs 150%). A homogeneous
distribution of NP sized 1.6 ± 0.4 nm (as shown in (Figure 2)
formed a network with a 2.5 nm average distance as measured
in TEM images (Figure S10C). The use of smaller amounts of
ligand DAd-SH (0.5 equiv) was found to markedly decrease
the network density (Figure 2e: DAd-S@AuNPs 50%) while
the NP diameter remains ca. 1.7 ± 0.3 nm. A 0.1 equiv of DAd-
SH was found to be detrimental regarding the formation of
ultrasmall size gold particles and their narrow distribution
(Figure 2f: DAd-S@AuNPs 10%, 3.2 ± 1.9 nm and Figure
S10A). Small angle X-ray scattering (SAXS) analyses were
performed on BAd-S@AuNPs 150% and DAd-S@AuNPs

150% (Figures 3 and 4 and SI). The scattering intensity profile
shows an increase of intensity at smaller q values, which is
consistent with a system of dispersed NPs.67 At higher q values
a clear signal is observed at 0.32 Å−1 for BAd-S@AuNPs 150%
(Figure 3b) and 0.25 Å−1 for DAd-S@AuNPs 150% (Figure
4b). These contributions are attributed to periodic distances
existing center to center between the gold NPs. The distance
was calculated as 2π/qmax = 1.96 nm for BAd-S@AuNPs 150%
and 2.46 nm for DAd-S@AuNPs 150%. These values are
consistent with a very dense arrangement of the sub-2-nm gold
NPs, which is slightly more compact in the case of BAd-S@
AuNPs 150% compared to DAd-S@AuNPs 150%. These
values satisfactorily correlate the TEM measurements in which
NP interparticle distances were estimated at ca. 2.0−2.3 nm
and 2.5−2.7 nm (see Figures S11 and S10), respectively. SAXS
measurements in the solid state also correlate DFT gas phase

Figure 2. TEM images (scale bar 20 nm) of Au NPs stabilized by 1.5 (150%), 0.5 (50%), and 0.1 (10%) equiv of BAd-S (a−c) or of DAd-S (d−f).

Figure 3. BAd-S@AuNPs 150%: (a) TEM image (scale bar 20 nm), (b) SAXS analysis, and (c) correlated view of the network local dimension
using NPs average size (TEM) and the optimized structure of ditopic ligand BAd-SH.
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geometry optimization for the ditopic ligands (vide inf ra). The
spatial distance between sulfur atoms in ditopic linker BAd-SH
was found ranging between 0.77 and 0.94 nm, depending on
the mutual position of the sulfur groups (tuned by rotation
around the adamantyl units bond). For the diamantane
dithiolate rigid ligand a sulfur separation of 0.83 nm was
calculated. By taking into account the gold NP average
diameter size, a consistent network local dimension view is
depicted in Figures 3c and 4c.
We examined the interaction between sulfur-functionalized

polymantane ligands and gold surfaces by using solution and
solid-state NMR. A solid sample of Ad-S@AuNPs 150% (TEM
Figure S8C) was dispersed in CDCl3, and the resulting stable
colloidal solution of discrete NPs was analyzed by 1H NMR
(Figure S12). The coordination of sulfur with gold NPs was
confirmed by a significant shift of thiol vicinal protons Ha from
1.93 to 2.23 ppm in Ad-S@AuNPs 150% compared with Ad-
SH. This effect was observed also with tertiary carbon protons
Hb, for which a smaller shift was noted from 2.02 to 2.09 ppm.
This shift is related to an electronic transfer from sulfur to gold
surface that was further confirmed by surface photoelectron
spectroscopy (see XPS below). The 1H NMR signals for
colloidal solutions of Ad-S@AuNPs 150% were also found to
be enlarged, notably for Ha proximate to the gold surface.
These large signals are consistent with the presence of various
distinct and structurally related colloidal species. Conversely,
the networks based on BAd-SH and DAd-SH were found
mostly insoluble or giving unstable colloidal solutions after
sonic dispersion; thus, solid-state NMR studies were
conducted. As a benchmark, the 13C CP MAS spectrum of
Ad-S@AuNPs 50% NPs was in excellent agreement with that
of the Ad-SH ligand alone (Figure S13), with the broadening
of the signals in the presence of the NPs also being classical
due to structural surface heterogeneity. Consistently, the 13C
signals between 42 and 48 ppm were the most broadened by
the binding to the Au NP surface since they correspond to
carbons proximate to the sulfur atoms coordinated to gold.
Moreover, the coordination also induces a slight high
frequency shift of these carbon signals. The excellent match
between the 13C CP MAS spectrum of the polymantane
ligands alone and at the surface of the gold NPs was confirmed
with the analysis of BAd-S@AuNPs 50% (Figures S14 and
S16), in which the most affected broadened signals were those
around 45−50 ppm. The analysis of the set of NP samples
DAd-S@AuNPs 150%, DAd-S@AuNPs 50%, and DAd-S@

AuNPs 10% established a similar surface stabilization with
diamantanethiolate (Figures S15 and S17). The signal
corresponding to the two apical quaternary sulfur-bonded
carbons at 41 ppm is the most impacted in this series and
showed a better definition for smaller NPs having a higher
ligand content. This corresponds to particles having narrower
size distribution, in full agreement with TEM analysis.
X-ray photoelectron spectroscopy (XPS) was performed on

BAd-SH and DAd-SH thiols as benchmarks and on NPs
networks BAd-S@AuNPs 150% and DAd-S@AuNPs 150%.
Survey XPS spectra (Figures S18−S20) and high resolution
spectra focused on S 2p and Au 4f (Figures S21−S23) indicate
that thiolate bonding to gold induces a shift of the S 2p peak at
lower energy compared to corresponding thiols (Δ = −0.53 eV
for BAd-S@AuNPs 150% and Δ = −0.35 eV for DAd-S@
AuNPs 150%). The Au 4f peak is shifted at higher energy
compared to metallic bulk Au(0) (Δ = +0.35 eV for BAd-S@
AuNPs and Δ = +0.54 eV for DAd-S@AuNPs 150%).44 The
Au 4f core level for BAd-S@AuNPs 150% and DAd-S@AuNPs
150% indicated Au 4f7/2 peaks around 84.6−84.9 eV with a
curve fitting into two contributions (Figure 5). Au 4f7/2 values
between 84.0 and 83.5 eV binding energy are attributable to
Au(0) in nanoparticles,68,28−30 while higher bonding energy
values around 85.0 eV correspond to partly oxidized gold and
are observed in the case of Au(I) surface interaction with
thiolate ligands.34 Table S2 summarizes bonding energies for
curve fitting and the ratio of Au(0) (located mostly in the
bulk) over oxidized gold (located at the NPs surface). For
BAd-S@AuNPs 150% curve fitting of Au 4f7/2 at 84.6 eV gives
a balanced contribution of Au(0) (84.2 eV)/Au(I) (85.0 eV)
attributable to gold surface atoms interacting with thiolate
groups (Figure 5, 48:52 Au0/AuI), consistent with ultrasmall
sub-2-nm particles (1.3 nm). For DAd-S@AuNPs 150% a
similar trend is observed for Au 4f7/2 centered at 84.9 eV, with
a dominant contribution of oxidized gold (85.1 eV) over the
core Au(0) at 84.2 eV (Figure 5, 40:60 Au0/AuI).69−74 This
effect is attributed to a stronger electronic influence of
diamantyl thiolate.44

BAd-SH and DAd-SH both display a S 2p peak located at
163.5 eV, attributed to their thiol function (Table S2 and
Figure 6). Comparatively, this peak was shifted to 163.0 and
163.2 eV in BAd-S@AuNPs 150% and DAd-S@AuNPs 150%,
respectively. This lower binding energy shift is consistent with
thiolates attached to the gold surface. The decomposition of
the S 2p peak for BAd-S@AuNPs 150% and DAd-S@AuNPs

Figure 4. DAd-S@AuNPs 150%: (a) TEM image (scale bar 20 nm), (b) SAXS analysis, and (c) correlated view of the network local dimension
using NPs average size (TEM) and the optimized structure of ditopic ligand DAd-SH.
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150% (Figure 6) fitted a four components attribution in which
two peaks S 2p3/2 at 162.7 eV and S 2p1/2 at 163.9 eV are
attributed to thiolates attached to the gold surface. In addition,
two peaks S 2p3/2 (163.3 eV) and S 2p1/2 (164.5 eV)
correspond to unbounded thiols, indicating that polymantane
ligands serve either as linker or as monodentate stabilizer to
NPs. Consistently, DFT analysis (see below) excluded a
bidentate coordination of the short-size rigid ligands at a single
particle surface, due to unfavorable thermodynamics. The ratio
thiolate/thiol indicated that BAd-S is a more suitable linker

(Table S2, ratio thiolate/thiol = 1.04) than the more rigid and
less easily deprotonated DAd-S (Table S2, ratio thiolate/thiol
= 0.54). Clearly, as a more flexible linker BAd-S adapts itself
more easily to gold NP surfaces during the NP growth process
and consequently stabilizes smaller particles in denser
networks.
Modeling of Nanoparticle Structures and Network Linking

We focused our DFT surface modeling studies on the BAd-SH
ligand in interaction with gold NPs, in agreement with catalytic
performances in selective enyne cycloisomerization (see
below). We used a [Au38] core for accounting for the
experimental sub-2-nm size of gold particles. The optimized
structure from Aikens75 that appeared to be the most stable
structure (see Table S3) was used as the NP model.76 This
core model presents a length of 1.42 nm and a width of 1.11
nm, in fairly good agreement with the size of the formed NPs.
This core can be almost fully decorated with BAd-S ligands
(see Figure 7 for a molecular representation, and the SI for

computational details). The thiolates formation from thiols is
spontaneously achieved when the −SH group approaches the
gold NP surface.
To estimate the interparticle distance in the networks, we

first investigated the favored bonding mode of a single BAd-S
group on the [Au38] core, and we thereafter determined the
most stable configuration when this ligand is bridging two gold
nanoparticles. The adsorption of a single BAd-S group on a

Figure 5. High-resolution XPS spectra at the Au 4f (4f5/2 and curve
fitting at 4f7/2) binding energy of BAd-S@AuNPs 150% and DAd-S@
AuNPs 150% (normalized with curve fitting of the Au 4f7/2 peak).

Figure 6. High-resolution XPS spectra at the S 2p binding energy of
BAd-S@AuNPs 150% and DAd-S@AuNPs 150% (normalized with
curve fitting of the S 2p3/2 and S 2p1/2 peaks).

Figure 7.Molecular structure of [Au38] NPs with surface stabilized by
monoligated polymantane BAd-S (top), and two NPs interparticular
bridging corner to corner by BAd-S ditopic linker (bottom), from
DFT calculations. Sulfur atoms are yellow, and gold atoms are ocher
on the facet and corner sites.
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primary model combining a [Au38] core saturated by S−CH3
groups presents three distinct binding sites. Two sites
correspond to sulfur atoms at corner gold of the NPs and
one at the gold site occupying the middle of the longest facet.
The most favorable bonding mode of BAd-S on our model
corresponds to corner gold positions (Figure 7). The energy
difference for accessing the middle facet gold sites is however
fairly weak and inferior to 4 kcal mol−1. For linking two NPs,
the most stable configuration is achieved between two sulfur
atoms at corner gold sites (Figure 7). Accordingly, the two NP
centers are then separated by a distance of 2.34 nm. A facet-to-
facet bridging is calculated to be ca. 8 kcal mol−1 higher in
energy. This corresponds to NP center−center distances of
1.91 nm, which is in agreement with the distance obtained
from SAXS analysis.
To investigate the electronic structures of the NPs fully

covered with BAd-S groups, we have considered Bader charges
(Figure S24 and Table S4). Gold surface atoms were found to
be slightly electron-deficient by an average loss of less than
0.1e− per atom, which is consistent with the XPS analyses.
Conversely, the core Au atoms in the “bulk” do not transfer
charges (Figure S24 and Table S4). Thus, DFT calculations
evidenced the versatility of BAd-S groups in monodentate
coordination to nanoparticles, pointing out the role of corner
positions for stabilizing the surfaces, without ruling out
occasional facet stabilization. The chelation of a BAd-S
group at a single gold NP surface in a bidentate coordination
was found to be strongly unfavorable. Interparticle linking via
sulfur atoms attached to corner and facet sites is feasible,
yielding distances which fully correlate with the experimental
data.

ICP-AES, Gas Sorption, and Thermogravimetric Analysis

The gold and sulfur content in the materials was determined
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Figure S25 and Table S5). The sub-2-nm NPs
arranged in networks from ditopic BAd-SH and DAd-SH
employed at 0.5 and 1.5 equiv incorporate 3.30 to 5.70 wt % of
S, with high gold content between 30 and 45 wt %,
respectively.77 Notably, by using 0.5 equiv (50% ligand) and
1.5 equiv of ligand (150%) the global Au/S ratio remains
quasi-constant while the ligand amount used was tripled
(Figure S25). This confirms that 50% thiolate ligand is near
the threshold of ligand incorporation and that the materials
prepared with 150% equiv are saturated by organic thiolates.
This is consistent with the similar NP size and networks
obtained when these amounts of ligand are used for synthesis.
Gas sorption analyses were achieved by nitrogen adsorption/
desorption experiments at 77 K, and the surface area was
determined following the BET method (Figure S26, Table S6).
Individual NPs (Ad-S@AuNPs 50%) formed from adamanta-
nethiol are nonporous (SBET < 13.0 m2 g−1). Conversely, a
significant mesoporosity was observed in the NP networks.
The surface area of DAd-S@AuNPs 50% was found to be SBET
= 55.3 m2 g−1, and the total mesopore volume Vmeso = 0.12 cm3

g−1.
In the case of the BAd-S@AuNPs 50% network, we

observed a lesser SBET = 18.5 m2 g−1 with a smaller
mesoporosity with Vmeso = 0.06 cm3 g−1.45,78 Because of its
higher rigidity, DAd-S arranges porous NP networks with a
higher SBET. The thermogravimetric analysis (TGA, Figure
S27) under air indicated that Ad-S@AuNPs 50% and BAd-S@
AuNPs 50% are thermally stable up to 100 °C and gradually

decomposed upon temperature increasing, with a better
resistance for the BAd-S@AuNPs 50%.79 The gold NP
network DAd-S@AuNPs 50% was found thermally stable up
to 400 °C.
Catalytic Studies

Cycloisomerization of 1,6-enynes is a valuable strategy for the
atom-economic synthesis of highly functionalized cyclic
structures.47,80 Such fine chemistry cyclization presents a
great interest to be transferred into heterogeneous conditions
since the resulting products give the opportunity to further
engage cascade reactions,81−84 which is an approach that
remains underexploited in heterogeneous catalysis. The
reactivity of heterogeneous nanocatalysts in 1,6-enyne metal-
catalyzed cyclization is mostly unknown. We assumed that sub-
2-nm gold particles might be ideal for combining high
reactivity and selectivity.
1,6-Enynes cycloisomerization is strongly dependent on the

alkene and alkyne connector and on the substituents hold at
the alkyne moiety. Several research groups have reported that
dimethyl allyl(propargyl)malonate is a specifically challenging
substrate in terms of product selectivity.47−52,85−94 Under
homogeneous conditions, this cyclization gives various
mixtures of five- and six-membered dienes A and B (Scheme
1) from cationic Au(I) Lewis acids obtained via anion

metathesis using silver salts. Conversely, TiO2-supported
gold catalysts (Au 1.2 mol %) mostly favored 5-exo cyclization
mode to give A; unfortunately, the nature of the heterogeneous
catalyst is unknown.52 The general pathways proposed for the
formation of cyclic dienes A and B are summarized in Scheme
1.47−52 Following the activation of the alkyne, the electrophilic
center Cβ of the alkyne is attacked by C2 of the alkene in a 5-
exo-dig process generating a five-membered cycle ultimately
leading to the conjugated diene A.
In the 6-endo-dig process the C2 attacks the Cα of the

alkyne, which forms the six membered ring of the compound
B. Stimulated by these results, we investigated dimethyl
allyl(propargyl)malonate cycloisomerization, first under vari-
ous homogeneous conditions and then using ultrasmall gold
NPs stabilized by polymantane ligands under heterogeneous
conditions.
Dimethyl Allyl(propargyl)malonate Cyclization from
Homogeneous Au(I) Catalysts

Echavarren et al. achieved intramolecular cycloisomerization of
dimethyl allyl(propargyl)malonate by using a catalytic system

Scheme 1. Selectivity Trends in Gold(I)-Catalyzed
Cyclization of Dimethyl Allyl(propargyl)malonate
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combining Ph3PAuCl and AgSbF6 at 0 °C for a conversion of
77% with a 1/7 ratio of A/B after 20 min (Table S7, entry
1).48 We confirmed these results and obtained at 20 °C a total
conversion of dimethyl allyl(propargyl)malonate with the same
A/B ratio = 1/7 in only 5 min (Table S7, entry 2). However,
in our hands, over a longer reaction time, this ratio was found
to be modified, yielding after 15 min an A/B ratio = 4/1, with
the additional formation of side-products in high yield (Figures
S28−S31). In their studies of gold-catalyzed intermolecular
addition of carbonyl compounds to 1,6-enynes, Helmchen et
al. reported that the six-membered diene B (Scheme 1) was
unstable at room temperature and gave rise to unidentified side
products (C) in the presence of cationic gold,93 possibly
polymers.95 We also observed the total disappearance of
product B after 2 h of reaction at 20 °C, with the formation of
species difficult to characterize (Table S7, entry 3),93 but
which formation fully arises from the degradation of B (see
monitoring experiments Figures S29−S31). We also tested a
set of molecularly defined ferrocenylphosphine aurophilic
digold(I) chloride complexes as homogeneous catalysts
(Table S7, entries 4−6) that we previously identified as
pertinent cycloisomerization promotors.96,97 These catalysts
also achieved the rapid (5 min) but unselective formation of
compounds A and B (A/B = 2/1), with the latter being found
similarly unstable along time. Our approach under homoge-
neous conditions confirmed that dimethyl allyl(propargyl)-
malonate is a challenging substrate for selective cyclo-
isomerization, but also because of the high reactivity of B
under the conditions used. This lack of selectivity toward diene
A and the concurrent formation of the unstable diene B clearly
hampered further processing of cascade reactions often
accessible in conjugated dienes homogeneous chemistry.

Gold Nanocatalysts for Dimethyl Allyl(propargyl)malonate
Cyclization

Dimethyl allyl(propargyl)malonate cycloisomerization under
heterogeneous conditions was tested, using either discrete NPs
Ad-S@AuNPs 150% or sub-2-nm NP networks BAd-S@
AuNPs 50% and DAd-S@AuNPs 50% (Au 5 mol %) in DCE
at 70 °C in the absence of silver salts. No reaction was
observed after 16 h. Assuming that catalytically active surface
cationic gold(I) species were insufficiently present and/or
inaccessible, we achieved further oxidation process on Ad-S@
AuNPs 150%, BAd-S@AuNPs 50%, and DAd-S@AuNPs 50%.
The gold NPs were treated with the organic oxidation agents
phenyliodine(III) diacetate (PIDA, 70 °C, 18 h)98 or meta-
chloroperoxybenzoic acid (m-CPBA)99 at 20 °C for 2 h,
avoiding the addition of silver salts. To the best of our
knowledge, little is known on the effects of such type of
oxidative treatment on thiolated Au NPs.100−108 We analyzed
by XPS the resulting materials, as exemplified for the oxidized
Ox-DAd-S@AuNPs 50% (Figure 8). Treatment with m-CPBA
was preferred to PIDA because of milder reaction conditions.
However, the oxidation was in both cases detrimental for
network integrity (see Figures S32 and S33 and the DFT
discussion below on the NP surface reorganization).
The comparison of the bonding energy at S 2p and Au 4f7/2

before and after oxidation is indicative of significant changes at
the surface of the NPs. The S 2p peak of DAd-S@AuNPs 50%
initially located at 163.22 eV was strongly shifted to higher
energy (169.86 eV) after the oxidation process. This binding
energy is attributed to sulfur overoxidation to sulfoxides and
sulfones (SOx).74 Identical analyses were obtained for Ox-

BAd-S@AuNPs 50% (Figure S23). NMR analysis, mass, and
DFT (see below) consistently confirmed the sulfur oxidation
to −SO2 sulfonyl species for the polymantane ligands.
The Au 4f7/2 shows also a shift about 0.3 eV toward higher

binding energy (from 84.9 to 85.2 eV), which consistently
suggests a stronger Au(I) surface contribution and the
presence of cationic gold species. This was also observed in
the case of the formation of Ox-BAd-S@AuNPs from BAd-S@
AuNPs (Figure S23). By using these oxidized Au NPs, we
achieved cycloisomerization of dimethyl allyl(propargyl)-
malonate with a full conversion and a total selectivity in the
stable diene A (Figure 9 and Figure S34).

Table 1 illustrates the activity of the nanocatalysts. While
nonoxidized materials were completely unreactive (entries 1−
3), under identical reaction conditions the materials treated
with oxidant showed moderate to high activity, pleasingly
forming the diene A with a total selectivity. The gold NPs
originally stabilized by adamantanethiolate Ox-Ad-S@AuNPs
150% led to 20% conversion in diene A (entry 4). A
conversion of 77% in A was achieved using Ox-Ad-S@AuNPs
50% (entry 5) while Ox-Ad-S@AuNPs 10% reached only 30%
conversion (entry 6). The similar high selectivity observed
arguably suggests similar cyclization mechanism occurring at
the surface of the gold NPs.
Compared to the activity found for the most productive in

the adamantyl series (Ox-Ad-S@AuNPs 50%), the NPs
originally prepared as networks from polymantanethiols were
found to be more active catalysts. Thus, by using m-CPBA in
the oxidation step, the resulting Ox-BAd-S@AuNPs 50% and
Ox-DAd-S@AuNPs 50% gave 99% and 95% conversion,
respectively (entries 7 and 8). The harsher oxidation
conditions using PIDA gave no benefit on catalysis (entries 9

Figure 8. High-resolution XPS spectra (normalized) at the S 2p and
Au 4f binding energies of DAd-S@AuNPs 50% (black curves) and
Ox-DAd-S@AuNPs 50% (red curves).

Figure 9. Cycloisomerization of dimethylallyl(propargyl)malonate to
A using oxidized gold NPs, and cascade Diels−Alder reaction to D.
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and 10). We obtained similar selectivity but slightly lower
activity (60 to 80%) by using Ox-BAd-S@AuNPs 150% and
Ox-DAd-S@AuNPs 150%, while conversely the conversion
dropped below 50% by using Ox-BAd-S@AuNPs 10% and Ox-
DAd-S@AuNPs 10% analogs.
We achieved several verification experiments using hetero-

geneous and homogeneous catalysts (Table 2), related to our

present most active and selective systems Ox-BAd-S@AuNPs
50% and Ox-DAd-S@AuNPs 50%. In the absence of oxidative
treatment, the activities of Au/TiO2 and Au/C were very low
at 2 mol % catalyst amount in DCE a ̀ 70 °C for 16 h, with an
exclusive conversion in A of 10% and 7%, respectively (Table
2, entries 1−2). Compared to polymantane systems, these
commercial gold nanocatalysts, similarly treated with m-CPBA,
also gave significantly lower conversions (respectively 28% and
7%, entries 4−5) with in addition a decreased selectivity in A
(90%) because of the formation of unidentified side-products.
Notably, compared to homogeneous systems, the selectivity
toward A was also favored from commercial heterogeneous
supported gold nanocatalysts.

The use of ditopic ligands BAd-SH and DAd-SH for
synthesizing molecular complexes was attempted and found to
be very difficult since insoluble products are formed (in
chlorocarbons DCM, DCE, chloroform, but also in DMSO,
THF, cyclohexane, pentane, heptane, diethyl ether, ethanol,
methanol, i-propanol, toluene, etc.) by reacting them with
Au(I) precursor ClAuSMe2, either under thiol conservation
conditions (neutral) or thiolate formation conditions (basic),
and also either targeting mononuclear or dinuclear complexes.
Therefore, the comparison of these ligands used as stabilizing
“molecular complexes” is rather uncertain (oligomeric species
and mixtures are probably at the origin of the products
insolubility). However, thiolate-like complexes BAd-S-[Au2]
and DAd-S-[Au2] can be formed and used as-prepared for
catalysis (Table 2, entries 5−6). Clearly, neither the conversion
(below 65%) nor the selectivity for diene A (below 85%)
matches the performances associated with homogeneous
systems (Table S7) or heterogeneous polymantane nano-
catalysts.
Cascade reactions help build molecular complexity and favor

both atom-economy and reduction of waste.109−111 Gold(I)-
catalyzed cascade reactions involving activated alkyne have
been developed with both nucleophilic and electrophilic
reagents,110 and cyclization−(hetero)-Diels−Alder tandem
reaction can form fused cyclic organic structures.81−84 The
high selectivity toward the formation of diene A that was
achieved with the polymantane gold NPs gave us the
opportunity to further perform a one-pot cascade process
based on Diels−Alder reaction. This was achieved by
introducing maleic anhydride as additional reagents. Ox-BAd-
S@AuNPs 50% and Ox-DAd-S@AuNPs 50% (5 mol % Au
total) both achieved the 1,6-enyne cycloisomerization−Diels−
Alder cascade reaction of dimethyl allyl propargyl malonate
with maleic anhydride at 70 °C (16 h) in DCE and
quantitatively provided the tricyclic compound D (Figure 9
and Figures S35 and S36). A related three-component tandem
ring closing metathesis−Diels−Alder reaction was reported
using a ruthenium catalyst.112,113 However, this cascade
reaction involving a 5-exo dig 1,6-enyne-cyclization to three-
fused rings of D type was not described before using gold(I)
catalyst. As the more robust nanocatalyst, Ox-DAd-S@AuNPs
50% was separated by centrifugation, and reused as such, to
quantitatively give compound D in a second cascade run with
the same performance. Postcatalysis TEM analysis of the
catalysts did not reveal significant evolution. However, the
postoxidation analysis of the NPs (Figures S32 and S33)
indicated that this step induces network degradation with gold
NP aggregation (10−50 nm). NPs of small size, sub-2-nm, are
still present in large amount and are credited for the high
reactivity. Consequently, we investigated in more detail the NP
surface modification occurring upon oxidation with the help of
computational tools, and in relation with effective catalytic
reactivity and network degradation.

NP Surface Reorganization for Selective Catalysis

We used DFT calculations to investigate the initial step of
dimethylallyl(propargyl)malonate cycloisomerization, i.e. the
necessary substrate coordination to fully decorated gold NPs.
Previous related studies by Tang and Zhang concerned DFT
calculations detailing mechanistic pathways for dimethyl
allyl(propargyl)malonate cycloisomerization selectivity on
bare [Au38] cluster models.114 An approach describing more
realistically the present nanocatalysts should include ligand

Table 1. Cycloisomerization of Dimethylallyl(propargyl)-
malonate Using Au NPs Organohybrid Materialsa

Entry Catalyst Conv. (%) Selectivity in Ab

1 Ad-S@AuNPs 150% 0 /
2 BAd-S@AuNPs 50% 0 /
3 DAd-S@AuNPs 50% 0 /
4 Ox-Ad-S@AuNPs 150% 20 >99
5 Ox-Ad-S@AuNPs 50% 77 >99
6 Ox-Ad-S@AuNPs 10% 30 >99
7 Ox-BAd-S@AuNPs 50% 99c >99
8 Ox-DAd-S@AuNPs 50% 95c >99
9 Ox-BAd-S@AuNPs 50% 98d >99
10 Ox-DAd-S@AuNPs 50% 75d >99

aConditions: 5 mol % Au total (2−3.5 mol % Au surface estimation
for sub-2-nm NPs depending on shape model), dichloroethane (DCE,
0.09 mmol in substrate), 70 °C, 16 h. Conversion and selectivity were
determined from 1H NMR in triplicate experiments. bDiene B is not
detected or in trace amounts. cOxidation by m-CPBA, 2 h at 20 °C.
dOxidation by PIDA, 18 h at 70 °C.

Table 2. Cycloisomerization of Dimethylallyl(propargyl)-
malonate Using Commercially Available Au/TiO2 (1%) and
Au/C (5%) and Thiolate Dinuclear Complexes BAd-S-[Au2]
and DAd-S-[Au2]

a

Entry Catalyst Conv. (%) Selectivity in Ab

1 Au/TiO2 10 >99
2 Au/C 7 >99
3 Ox-Au/TiO2 28c 90
4 Ox-Au/C 7c 90
5 BAd-S-[Au]2 48 82
6 DAd-S-[Au]2 61 76

aConditions: See Table 1. Conversion and selectivity were
determined from 1H NMR in duplicate experiments. bSelectivity
decrease is due to the formation of B and various evolution products
(details in the SI). cOxidation by m-CPBA, 2 h at 20 °C. Thiolate
complexes BAd-S-[Au2] and DAd-S-[Au2] were formed from prior
thiol deprotonation with triethylamine and further 1:2 mol mixture
with ClAuSMe2. Because of their insolubility in all common organic
solvents they were mainly characterized by EA and ICP-AES (Au, S)
confirming digold formation per ligand.
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interaction with the gold NP surface and thus the alkyne
activation process in the presence of the stabilizing ligands
(Au38SL24 model). We used an advanced model combining a
[Au38] core stabilized at saturation with 18 BAd-S groups and
six H−S, which still avoided steric clash, thus accounting for a
total number of 968 atoms to describe the NP structure.
On this model of sub-2-nm BAd-S@AuNPs, we originally

identified several possible activation sites that correspond to
gold atoms already partially oxidized due to their interactions
with BAd-S thiolate. Among them, the site we named Au(25)
(Figure 10, top) is of particular interest since it corresponds to

an archetypal gold atom that was pushed out from the NP
surface due to the “staple effect”.31,115 For Au(25) type sites,
only a single nearest Au atom is found at center to center
distances Au−Au = 2.93 Å, while all other Au neighbors are
located at distances superior to 3.70 Å. In addition, Au(25)
also interacts with two sulfur atoms with bond lengths Au−S =
2.32 Å.
First, in the investigation of NP surface activation of alkynes

all our attempts to adsorb the substrate on the stabilized
surface of the BAd-S@AuNP model invariably failed. Steric
effects added to poor interaction between the substrate and the
weakly oxidized gold atoms on the surface always pushed away
the dimethylallyl(propargyl)malonate. The DFT local surface
approach, in this regard, corroborates the experimental
investigation in which no enyne cyclization occurred on the
originally formed very stable NP networks.
We thus took into account the oxidation step achieved on

the NPs originally formed. A full transformation of BAd-S
ligands at the gold surface into BAd-SO2 sulfonyl species

correlated the experimental XPS analysis (Figure 8). As a
result, the bare Au(25) site, which was originally only slightly
oxidized with a depletion of 0.1 electron per atom, as indicated
in Bader charges analysis (Table S4), further loses electronic
density because of its new environment including now two
oxygen atoms at short distances, Au−O = 2.00 Å (Figure 10,
bottom). This also resulted in a shorter distance, Au−Au =
2.88 Å, with the nearest neighbor. The change within Au(25)
coordination is a major local reorganization of the surface that
also opens to a less sterically hindered environment around
gold: this by remoteness of the two polymantane fragments
attached to the oxidized sulfur atom.
Following this oxidative reorganizing at Au(25), upon

interaction with dimethylallyl(propargyl)malonate, we found
a stabilized coordination of the molecule by its alkyne triple
bond on this specific gold site (Figure 11a and Figures S37 and
S38a).

Upon coordination of alkyne, Au(25) remains attached to a
single sulfur atom with a bond length d Au−S = 2.30 Å, while
two Au−C bonds (d Au−C = 2.14 and 2.30 Å) are formed and
a sulfonyl polymantane ligand leaves the first coordination
sphere of Au(25). The nearest Au neighbor is now found at a
distance of 4.37 Å. In this process, the changes in coordination
of the sulfonyl polymantanes at Au(25) from two oxygen
atoms (Figure 10, bottom) to a single sulfur (Figure 11) have
important consequences: they both open up a supplementary
coordination site and decoordinate the second polymantane
ligand. The adsorption energy (Eads) of this initial step was
found at −17.9 kcal mol−1, in reasonable agreement with
calculated values obtained for alkyne adsorption on a free
surface of the naked [Au38] cluster (−13.4 kcal mol−1).114

Figure 10. Perspective views of the environment of site Au(25) in
sub-2-nm BAd-S@AuNPs: before (top) and after (bottom) the
oxidation process. Gold atoms are in ocher, sulfur in yellow, oxygen in
red. The backbone of BAd groups is described as brown lines. Figure 11. Au(25) site reorganized in sub-2-nm Ox-BAd-S@AuNPs

for coordination of dimethylallyl(propargyl)malonate: (a) adsorption
mode by the alkyne (Eads = −17.9 kcal mol−1), (b) adsorption mode
by the olefin (Eads = −12.9 kcal mol−1). Gold atoms are in ocher,
sulfur in yellow, oxygen in red, carbon in brown, hydrogen in gray.
The backbone of BAd groups is described as brown lines.
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Notably, the activation of the alkyne CC triple bond occurs
already at this early stage, since a slight increase of the bond
length, d = 1.24 Å (vs d = 1.20 Å for the freestanding
molecule), and a CC−H angle of 164° are achieved.
Interestingly, this angular change (and activation) is also
favored by the hydrogen bonding C−H···O (d = 2.00 Å)
involving the terminal hydrogen of the alkyne and the oxygen
atom of the second remote sulfonyl polymantane initially
attached to the Au(25) site. An important consequence of this
reactivity is the loss by release from Au(25) of a O2S−
polymantane ligand, which can reasonably account for gold NP
destabilization and network breaking along the course of this
reaction. The literature report on calculations from naked
[Au38] indicated that the adsorption of the substrate via either
the triple or double bond was competitive and that bidentate
adsorption of the substrate via both the alkyne and olefin
groups was also possible.114 These two latter situations were
also tested on our oxidized Au38SL24 model, as depicted in
Figure 11b (Figure S38b and Figure S38c for bidentate
adsorption), and they were not found to be favorable options.
Indeed, the adsorption via the olefin double bond is
energetically higher (Eads = −12.9 kcal mol−1) than via the
triple bond (Eads = −17.9 kcal mol−1). The bidentate mode is
fully excluded since it yields a positive adsorption energy Eads =
+3.9 kcal mol−1. By analogy with the general reaction
mechanisms proposed (Scheme 1), the favored adsorption
mode Figure 11a corresponds to the starting geometry
postulated from the 5-endo cyclization path.

■ CONCLUSION

Nanocatalysts based on gold nanoparticles stabilized by
polymantane ligands were used for a highly selective enyne
cycloisomerization that is not achieved in homogeneous
conditions using gold molecular catalysts. The full selectivity
reached in cyclization further opens the way to rare
heterogeneous one-pot cascade reaction, as illustrated by 1,6-
enyne cycloisomerization−Diels−Alder reaction of dimethyl
allyl propargyl malonate with maleic anhydride. An innovative
network formation approach was used for the synthesis of sub-
2-nm gold NPs (1.3 to 1.6 nm), using short-sized rigid ditopic
ligands based on functionalized diamondoids, which served as
both surface stabilizers and linkers. The analysis of NP and
networks formation, and the detailed characterization of gold
NP surfaces were achieved in joint experimental and
theoretical approaches. DFT modeling of NP structures and
network linking was achieved using a [Au38] core model fully
decorated with bis-adamantanethiol for accounting for the
experimental sub-2-nm size of gold particles. Experimental
studies and DFT analysis highlighted the necessary oxidative
surface reorganization for enyne cycloisomerization. In the
initial step of enyne activation, the fluxionality of sulfur and
oxygen bonding at gold active sites, from sulfonyl fragments, as
well as the presence of alkyne-activating external C−H···O
hydrogen bonding is crucial for the activity and selectivity of
the gold nanocatalysts.

■ EXPERIMENTAL SECTION

Surface Stabilizing Ligands and Network Cross-linkers
(Full Details in SI)

The 1,1′-bisadamantane linker was prepared from homocoupling of 1-
bromoadamantane using metallic sodium. The 1,1′-bisadamantane-
3,3′-diol was synthesized from dibromination followed by hydrolysis.

The diamantane-4,9-diol was achieved from direct oxidation of the
commercial diamantane. Both diols were treated by thiourea to obtain
the thiouronium salts that were protonated to obtain the
corresponding thiols. We also employed 4-aminothiophenol
(HATP) and adamantanethiol (Ad-SH) to stabilize Au NPs.

General Procedure for the Preparation of Au NPs (Full
Details in the SI)
Tetrachloroauric acid trihydrate (20 mg, 1 equiv, 51 μmol) was
dissolved in 5 mL of THF. This mixture and a lithium borohydride
solution (0.20 mmol, 4 equiv, 50 μL of a 4 M commercial solution, in
5 mL of THF) were added simultaneously dropwise over 15 min with
two syringes to a 100 mL two necked round-bottom flask containing a
stirred solution of ligand (in 5 mL THF) at 0 °C. After the end of the
addition of LiBH4 and HAuCl4·3H2O, the mixture was left under
stirring vigorously for 5 h (from 0 °C to RT). For samples with Ad-
SH ligand, THF was removed by rotary evaporation and ethanol was
added. The solid was washed with ethanol two times and was
collected by centrifugation (5 min, 5000 rpm). For the ligands DAd-
SH and BAd-SH, the solid materials obtained were washed two times
with each solvent successively: THF, ethanol, and dichloromethane,
and then dried under vacuum for 30 to 60 min.

Heterogeneous Catalysis
Au NPs (1 mg of Au, based on ICP analysis) were dispersed in 1.5
mL of DCE by sonication for 5 min. To this suspension, 15 mg of m-
CPBA (0.09 mmol, 17 equiv) was introduced and the reaction
mixture was stirred for 2 h at RT. The oxidized AuNPs were isolated
by centrifugation (5000 rpm for 2 min), rinsed three times by DCE,
and used directly in the catalytic tests. The commercial gold
nanocatalyst tested references are Au/TiO2: Gold 1% on titanium
dioxide extrudates (AUROlite Au/TiO2); CAS: 7440-57-5; Supplier:
Strem Chemicals; Supplier ref: 79-0165. URL: https://www.strem.
com/catalog/v/79-0165/25/gold_7440-57-5 and Au/C: Gold nano-
particles, 5% on carbon black (surfactant and reactant-free); CAS:
7440-57-5; Supplier: Strem Chemicals; Supplier ref: 79-0926. URL:
https://www.strem.com/catalog/v/79-0926/.

General Instrumentation (Full Details in the SI)
XPS experiments were performed with a Versaprobe PHI 5000
apparatus. Transmission electron microscope (TEM) observations
were performed on a JEOL JEM-2100F microscope operating at 200
kV. NMR spectra were recorded on a Bruker Avance III 500
spectrometer. Small-angle X-ray scattering (SAXS) was achieved on a
Nanostar (Bruker Co) and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on iCAP7400 DUO (Thermo-
Scientific).

DFT Modeling of Nanoparticle Structures and Network
Linking (Full Details in the SI)
Calculations were performed using the Vienna ab initio simulation
package VASP, which employs the full-potential projector augmented
waves (PAW) framework. Exchange-correlation effects were approxi-
mated using the PBE functional and applied in spin-polarized
calculations. Bader charge analysis was used to estimate charge
transfer, while VESTA was used to create atomic structure
representation. Geometry optimizations were performed using the
Gaussian suite of program. The PM6 semiempirical approach was
used to obtain a preoptimized structure.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.0c00062.

Detailed experimental procedures, characterization of
compounds, full computational details, and complemen-
tary data (TEM microscopy, NMR, XPS, ICP, DSC,
SAXS, homogeneous and heterogeneous complementary
catalysis investigation). (PDF)
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