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Gold nanoparticles stabilized by PEG-tagged imidazolium salts as 

recyclable catalysts for the synthesis of propargylamines and the 

cycloisomerization of γ-alkynoic acids 

Guillem Fernández,a Laura Bernardo,a Ana Villanueva,a and Roser Pleixats*a 

We report the synthesis of PEGylated imidazolium (bromide and tetrafluoroborate) and tris-imidazolium (bromide) salts 

containing triazole linkers, and their use as stabilizers for the preparation of water-soluble gold nanoparticles by reduction 

of tetrachloroauric acid with sodium borohydride. The nanomaterials have been characterized. The X-Ray Photoelectron 

Spectroscopy (XPS) indicated the presence of Au(I) and Au(0) species, the oxidized form being more abundant in the 

nanomaterial derived from the tris-imidazolium bromide. The catalytic activity of these gold nanoparticles has been proved 

in the A3 coupling between carbonyl compounds, terminal alkynes and amines to afford propargylamines, and in the 

cycloisomerization of γ-alkynoic acids to enol lactones. The nanomaterial derived from the PEG-tagged tris-imidazolium 

bromide provided the best performance and it has been recycled in both reactions (up to four and six runs) taking advantage 

of its solubility properties.

Introduction 

The studies on the synthesis, properties and potential applications of 

gold nanoparticles (Au NPs) have provided an exponentially 

increasing number of publications in the last two decades. The huge 

research efforts of the chemical community on this type of 

nanomaterials are mostly due to the particular stability, low toxicity 

and biocompatibility of Au NPs as well as to their size-related 

electronic and optical properties (quantum-size effect) and their high 

surface-to-volume ratio. Thus, applications in diverse areas have 

been described, such as biomedicine,1 chemical and biological 

sensing,2 and catalysis.3 In the field of catalysis, gold nanoparticles 

have been mainly reported for selective hydrogenations and other 

reduction reactions,3a-f, 3h-I, 3k and for oxidative transformations.3a, 3c-

d, 3f-g, 3j Other less explored processes include C-C coupling,3c-d, 3f-g, 3k-l 

hydrosilylation3f and alkyne activation.3b, 3f-g, 3l-m 

Small-size metal nanoparticles are generally expected to give better 

catalytic performance4 because of the higher surface area, 

maximizing the fraction of metal atoms on the surface of the 

nanocatalyst. However, thermodynamics favour the bulk metal and 

facile aggregation of the nanoparticles occurs in solution, which lead 

to diminished catalytic activity over time. The main strategy to 

overcome this problem consists in supporting the gold nanoparticles 

in a suitable inorganic matrix.3a,3e,3h-k Less common in the case of gold 

is the avoidance of the agglomeration of soluble colloids with 

effective stabilizers added during the preparation process,3d, 5 

including polymers.6 The nature of the protecting agent determines 

the solubility of the gold nanoparticles. Thus, a suitable choice of the 

stabilizer may provide Au NP soluble in organic, fluorous or aqueous 

medium and may even enable the recycling.  

Our group has been interested in the catalytic applications of soluble 

metal nanoparticles. In this sense, we have reported palladium,7 

nickel8 and platinum9 nanoparticles stabilized by tris-imidazolium 

salts bearing long hexadecyl chains soluble in some organic solvents 

as catalysts for C-C bond forming reactions,7a-b selective reduction of 

nitroarenes8 and stereoselective hydrosilylation of internal 

alkynes.7c, 9 However, we were not able to find a reproducible and 

satisfactory protocol for the obtention of gold nanoparticles with 

these type of stabilizers. Moreover, we have also developed PEG-

tagged stabilizers using copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) chemistry, which have been used in the preparation of 

water-soluble palladium nanoparticles10 for cross-coupling reactions, 

rhodium nanoparticles11 for the hydrosilylation of alkynes and gold 

nanoparticles12 for the reduction of nitroarenes. The 

polyoxyethylenated substrates featured three PEG chains bound to a 

central three-fold symmetric core with a benzene10 or triazine11, 12 

ring in the center of the core. 

Then, we have envisaged the design of new substrates for the 

stabilization of gold nanoparticles that combine some structural 

features of both types of the aforementioned capping agents, 

namely imidazolium and tris-imidazolium salts bearing 

polyoxyethylenated chains through triazole-containing linkers (S1A-

B and S2 in Figure 1). The imidazolium moieties would provide 

electrostatic interactions and coordinating nitrogens of triazole rings 

would enhance the stabilizing properties. Moreover, the hydrophilic 

PEGylated counterparts would contribute to the electrosteric 

stabilization and to the tuning of the solubility of the substrates and 
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the resulting metal nanoparticles (solubility in water, insolubility in 

diethyl ether).  

 

Figure 1. PEG-tagged imidazolium salts as stabilizers for gold nanoparticles 

We present herein the synthesis of the stabilizers S1A-B and S2, the 

preparation and characterization of gold nanoparticles and their use 

as recyclable catalysts in two organic transformations, namely the A3 

coupling between aldehydes, terminal alkynes and amines to afford 

propargylamines, and the cycloisomerization of γ-alkynoic acids to 

enol lactones, less explored with Au NPs than other types of 

reactions.3b, 3f, 3l-m 

Stabilizers S1A and S1B were designed in order to explore the effect 

of two different counteranions for the same imidazolium cation, and 

the bromides S1A and S2 would allow us to investigate the effect of 

the cation. 

Results and Discussion 

Preparation of PEG-tagged imidazolium salts 

The synthesis of the stabilizers S1A-B (Figure 1, bromide and 

tetrafluoroborate as counter anion, respectively) is summarized in 

Scheme 1.  

 

Scheme 1. Preparation of PEG-tagged imidazolium salts S1A-B. 

A mixture of N-(trimethylsilyl)imidazole and excess of propargyl 

bromide was heated in toluene at 50 ºC following a described 

method13 affording 1a as an hygroscopic solid (94%). Treatment of 

this imidazolium bromide with sodium tetrafluoroborate in acetone 

at room temperature gave the imidazolium tetrafluoroborate 1b 

(91%).13 Finally, S1A-B were obtained (86 and 84% yield, 

respectively) through a copper-catalyzed [3+2] cycloaddition 

reaction14 between the alkyne-derivatized imidazolium salts 1a-b 

and the PEGylated azide 210b, 11 in methanol at room temperature by 

a modification of a described procedure.15  

On the other hand, the synthesis of the PEG-tagged tris-imidazolium 

salt S2 was accomplished as outlined in Scheme 2. 
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Scheme 2. Preparation of PEG-tagged tris-imidazolium salt S2. 

The reaction of the C3-symmetric tris-imidazole 316, 7a with excess of 

propargyl bromide in a 2:1 mixture of toluene/acetonitrile at 50 ºC 

afforded the tris-imidazolium salt 4 (63%) as an hygroscopic solid. It 

was insoluble in dichloromethane, chloroform, acetone, diethyl 

ether and acetonitrile, slightly soluble in ethanol and methanol, and 

very soluble in water and dimethyl sulfoxide. A three-fold copper-

catalyzed azide-alkyne cycloaddition (CuAAC) between the trialkyne 

4 and the azide 2 in methanol/water 1:1 at 50 ºC was performed to 

give the desired stabilizer S2 (79%).  

Preparation and characterization of gold nanoparticles 

The bottom-up procedures are preferred over the top-down 

approach for the formation of Au NPs, the former consisting mainly 

of chemical methods,3k, 17 with the reduction of gold salts being the 

most common.  

Imidazolium salts have been described as capping agents in the 

synthesis of Au NPs.18 In order to enhance the stabilizing properties, 

very often coordinating groups (amino, thiol,...) are introduced in the 

cationic moiety or the imidazolium salt is part of a polymer. NHC-

protected gold nanoparticles have also been reported,15, 19 which 

were obtained from organometallic NHC-Au(I) complexes15, 19b, 19e-g 

or by using N-heterocyclic carbenes (NHC), in situ or previously 

formed from the corresponding imidazolium salts.19c, 19d, 19h  

We have prepared gold nanoparticles by a chemical reduction of 

tetrachloroauric acid trihydrate with sodium borohydride in water at 

room temperature in the presence of the corresponding stabilizer 

S1A-B or S2 (entries 1-3, Table 1). In all cases a molar ratio Au:S of 

1:0.3 was used, which was found convenient for other type of PEG-

tagged ligands.12 Upon addition of an excess of NaBH4 (6.7 mol per 

mol of Au), the reaction mixture underwent a colour change from 

light yellow to dark red. No precipitate of bulk gold was formed after 

stirring overnight. After filtration of the reaction mixture through a 

Millipore filter, the filtrate was extracted with dichloromethane. 

Upon removal of the solvent, the corresponding nanomaterial was 

obtained as a dark maroon solid. The Au NPs were soluble in water, 

tetrahydrofuran, dichloromethane and chloroform and insoluble in 

diethyl ether and hexane.  

TEM analysis confirmed the formation of spherical and well-

dispersed nanoparticles of mean diameters from 4.5 to 5.6 (entries 

1-3, Table 1). Selected TEM and high-resolution (HR) TEM 

micrographs, and the corresponding size distributions histograms of 

the materials are shown in Figure 2. The yield with respect to the 

initial amount of Au used was calculated on the basis of elemental 
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analysis of gold in the nanomaterials (inductively coupled plasma, 

ICP) (Table1).  

 

 

Table 1. Preparation of Au NPs stabilized by S1A-B and S2.[a] 

Entry S 
Diameter[b] 

(nm) 

% Au Yield[d] 

(%) 
Nanomaterial 

theor expt[c] 

1 S1A 5.2 ± 3 11.6 10.9 79 M1A 

2 S1B 4.5 ± 2 11.6 9.5 69 M1B 

3 S2 5.6 ± 1.5 7.5 6.9 69 M2 

4[e] S2 3.3 ± 1.4 7.5 8.2 74 M2’ 

[a] Molar ratio Au:S:NaBH4 =1: 0.3: 6.7; [Au] = 0.6 mM. [b] Mean diameter by TEM. 

[c] Determined by ICP. [d] Based on amount of HAuCl4 used. [e] Molar ratio 

Au:S:NaBH4 =1: 0.3: 20. 

 

Figure 2. TEM images and the corresponding size distribution histograms of 

materials (a)-(b) M1A, (c)-(d) M1B, (e)-(f) M2 

The Energy-Dispersive X-ray Spectroscopy (EDS) data of M1B is given 

as a representative example in Figure 3 and confirms the presence of 

gold.  

 

 

 

 

 

Figure 3. EDS spectrum of Au NPs (M1B). 

The experimental interplanar distances measured by electron 

diffraction (ED) were close to those expected for the face-centered 

cubic (fcc) gold lattice (Table 2). 

 

 

However, the X-ray photoelectron spectrum (XPS) of the material M2 

in the Au 4f region (Figure 4) indicated a mixture of two valence 

states of gold. It exhibited a doublet at 83.8 and 87.5 eV for the Au 

4f7/2 and Au 4f5/2, respectively, corresponding to Au(0).20 

Additionally, another doublet at 85.1 and 88.8 eV is attributed to Au 

4f7/2 and Au 4f5/2 of Au(I).20a Considering the possibility that not all 

the gold(III) had been completely reduced, although an excess of 

sodium borohydride was used, we performed a similar experiment 

but adding a much higher amount of NaBH4 (20 mol per mol of Au) 

18g to obtain M2’. These Au NPs gave a mean particle size of 3.3 nm 

and a gold content of 8.2% by ICP-OES (entry 4, Table 1; see TEM 

image and size distribution histogram of M2’ in figure S1 of 

supporting information). Unexpectedly, the XPS spectrum of M2’ 

was similar to that of M2 and displayed signals for both Au(I) and 

Au(0) species, even with slightly higher intensity of Au(I) doublet with 

respect to that corresponding to Au(0). In contrast, according to the 

XPS spectra of M1A and M1B, both species were present in these 

nanomaterials, but Au(0) predominated (see XPS spectra of M2’, 

M1A, M1B in figure S2 in supporting information). Alternative 

Table 2. Electron diffraction pattern of M1B 

 

h k l 

dhkl (nm) 

Exper. Theor. 

(111) 0.2293 0.2355 

(200) 0.2040 0.2040 

(220) 0.1426 0.1442 

(311) 0.1203 0.1230 
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explanations for the observation of Au+ species in XPS should then 

arise. One of them would be the formation of an oxidized layer on 

the surface of the particles. It has been described that the surface of 

some imidazolium ionic liquids-stabilized metal nanoparticles is 

more susceptible to oxidation in air than the bulk metal, the presence 

of such oxidized layer enhancing the stability of the particles.21 

Another option is the formation of Au(I) nanoparticles, species which 

have been described to be produced in situ from the reduction of an 

Au(III) complex in a catalytic A3 coupling reaction.20a A third 

possibility is the generation of a gold(I) complex of type NHC-Au-X 

through deprotonation of the acidic hydrogen at the C2 position of 

the imidazolium moiety by a hydride anion of the reducing agent 

used in excess. The resulting NHC ligand would coordinate to Au(I) 

intermediate derived from partial reduction of the gold(III) 

precursor. Although NaBH4 has been reported by some authors to 

reduce NHC-Au(I) complexes to the corresponding NHC-stabilized Au 

NP,19e-f a recent article19g describes the presence of Au(0) and Au(I) 

species by XPS after treatment of the complex with excess of this 

reducing agent (20 mol-equiv). In that case, the values of Au 4f 

signals for the NHC-Au-Cl complex (86.3 and 90.0 eV) and the formed 

NHC-Au(I) NPs (86.2 and 89.9 eV) do not differ significantly, but as 

they could not detect a significant amount of Cl by XPS, they discard 

the presence of the complex. The exact nature of these Au(I) species 

still remains unsolved.19g In the present work, we have detected 

signals of Cl 2p in the XPS of M2 (which were not clearly seen in M2’) 

that would have the origin on the gold precursor (see figure S3 in 

supporting information). We could not clearly identify Br by XPS 

neither in the nanomaterials M2/M1A nor in the stabilizers S2/S1A, 

probably due to the low percentage of this element in the high 

molecular weight stabilizers. On the other hand, XPS of the N 1s has 

been claimed to evidence the formation of NHC-capped Au(0) 

nanoparticles from the reduction of imidazolium-AuX4 salts with 

NaBH4 (a shift from 401.6 for imidazolium bromide to 400.2 for the 

Au NPs capped by NHC).19h In our case, the N1s photopeaks were very 

weak and the smaller differences in the positions of the signals 

makes it difficult to draw conclusions.  

On the other hand, the counterion effect was evident in the 

appearance of the 1H NMR spectra of the Au NPs M1A and M2 

derived from the bromide salts S1A and S2, respectively, and M1B 

derived from the tetrafluoroborate S1B (see figure S4 in supporting 

information). Only the signals of methyl and methylene groups of the 

PEGylated chains were clearly observed in M1A and M2 (and also in 

M2’). In contrast, the 1H NMR spectrum of M1B presented all the 

absorptions of the free stabilizer, including the proton at C2 of the 

imidazolium ring appearing at 9.12 ppm, but the signals of the other 

protons of imidazole, triazole and the methylene group between 

both rings are splitted. The broadening and disappearance of 

absorptions of some protons would be in line with a stronger 

stabilizer-metal surface interaction in the case of bromide salts.22 

This indicates that the heterocycle is close to the surface of the 

metal, but it is not conclusive with respect to its nature: imidazolium 

or carbene. We observed a similar phenomenon in the 1H NMR 

spectra of Pd NPs stabilized by iodide and tetrafluoroborate tris-

imidazolium salts containing hexadecyl chains.7a  

Thus, the formation of a mixture of Au(0) and Au(I) NPs seems more 

likely in our case, but we cannot conclusively rule out the presence 

of a certain amount of NHC-Au-Cl complex in M2.  

 

Figure 4. XPS spectrum of M2 in the Au 4f region. 

In the UV-Vis spectra of all the Au NPs, we observed the appearance 

of a broad shoulder (centered at 519 nm for M2) representing the 

localized surface plasmon resonance (LSPR) band (Figure 5).  

Figure 5. LSPR band in the UV-Vis spectrum of M2. 

Activity of gold nanoparticles in the synthesis of propargylamines 

by a three-component coupling reaction 

Propargylamines23 are valuable and versatile synthetic building 

blocks for the preparation of several types of N-containing 

heterocycles24 and for the manufacturing of natural and 

pharmaceutical products.25 The conventional method for the 

synthesis of propargylamines consists in the nucleophilic attack 

of lithium acetylides (or the Grignard reagents) to imines. To 

avoid the use of stoichiometric organometallic reagents, which 

require strictly moisture-free conditions and the protection of 

sensitive functional groups, an alternative atom-economical 

approach has been developed, namely the catalytic three-

component reaction between aldehydes, amines and terminal 

alkynes (A3 coupling).26 Catalysis of this transformation by Au(I) 

or Au(III) species has been documented,3b,20a,26,27 which involves 

the formation of metal acetylide upon deprotonation. The 
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proposed mechanism entails the intermediacy of a π-metal-

alkyne complex that makes more acidic the acetylenic proton 

for subsequent abstraction and formation of the σ-metal 

complex, which would react with the imine or iminium ion. In 

situ formation of Au(0)27a or Au(I)20a nanoparticles from the 

gold(I)/gold(III) complexes has been claimed in some cases. 

Zhang and Corma reported in 2008 that Au NPs supported on 

ceria or zirconia catalyze the A3 coupling very efficiently.28 They 

postulated that Au(III)/Au(I) species stabilized by the support 

were the active catalytic sites. Gold catalysts immobilized in 

metal-organic frameworks (MOFs) containing Au(0) NPs and a 

fraction of Au3+ species have also been used for the synthesis of 

propargylamines.29 Other recent examples of gold 

nanoparticles in different supports as heterogeneous catalysts 

for this three-component reaction have been found in the 

literature.20b, 20d, 30 In one case, the A3-multicomponent reaction 

was performed as a two-step process,30a and in two other cases 

under photochemical activation.20d, 30e Some of these authors 

have confirmed a zerovalent state for the gold nanoparticles by 

XPS analysis.20b,20d,30d,30f-h However, scarce precedents exist 

with non-supported Au(0) NPs,31 two of them using aqueous 

extracts of flowers31a, 31b and another one involving a reverse 

micelle system with Triton X-100 as surfactant.31c Oxidized 

copper nanoparticles32 and Ag NPs33 have also been reported to 

catalyze the A3 coupling reaction.  

Taking the reaction of benzaldehyde, 5a (1 mmol), morpholine, 

6a (1.3 mmol) and phenylacetylene, 7a (1.3 mmol) as a model, 

initial attempts with M1A-B and M2 (at 0.5 mol% of Au loading) 

were performed in water at 100 ºC (in open or closed vessels) 

under two different concentrations (0.3 and 1 M). No evolution 

was observed with M1A-B after one day and the reaction was 

sluggish with M2. Fortunately, the propargylamine 8aaa was 

satisfactorily obtained with M2 under neat conditions at 100 ºC 

in a closed vessel (84% by 1H NMR) (Scheme 3). 

Next, we investigated the performance of M2 using other cyclic 

and acyclic secondary amines such as piperidine, 6b, N-

benzylmethylamine, 6c, diethylamine, 6d, and pyrrolidine, 6e, 

affording good yields of the products 8aba, 8aca, 8ada and 

moderate yield of 8aea. Nanomaterials M1A and M1B were 

found to be less active than M2 and provided 8aba in 58 and 

36% yield, respectively, under the same conditions. The catalyst 

M2 was recovered in the synthesis of 8aca by precipitation with 

diethyl ether, centrifugation and decantation, and was 

successfully reused for three more consecutive runs (97, 93 and 

89% yield) (Scheme 3). Unexpectedly, the XPS of the recycled 

M2 showed a lower proportion of Au(I) species than the fresh 

one, which could explain the slight decrease in activity upon 

reuse (see figure S3 in supporting information). 

 

Scheme 3. A3 coupling between aldehydes, amines and alkynes catalysed by 

Au NPs.[a, b] 

Aromatic aldehydes with electrondonor groups, such as p-

methylbenzaldehyde, 5b, and p-methoxybenzaldehyde, 5c, 

reacted successfully with piperidine, 6b, and phenylacetylene, 

7a, giving rise to 8bba and 8cba in 98 and 85% yields, 

respectively. In contrast, the reaction of p-nitrobenzaldehyde 

with the same reagents occurred with low conversion (not 

isolated). The treatment of benzaldehyde, 5a, and piperidine, 

6b, with cyclohexylacetylene, 7b, gave also a poor result (8abb, 

20%). The electronic effect of substitution on the aryl ring of the 

alkyne was investigated by treating benzaldehyde, 5a, and 

piperidine, 6b, with p-methoxyphenylacetylene, 7c, and p-

fluorophenylacetylene, 7d, to afford 8abc and 8abd in 94 and 

54% yields, respectively. Aliphatic aldehydes such as n-butanal, 

5d, and n-decanal, 5e, reacted also well with piperidine, 6b, and 

phenylacetylene, 7a, to give 8dba and 8eba in 89 and 83% 

yields, respectively (Scheme 3).  

Page 5 of 12 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

R
oc

he
st

er
 o

n 
3/

23
/2

02
0 

11
:4

8:
25

 A
M

. 

View Article Online
DOI: 10.1039/D0NJ00284D

https://doi.org/10.1039/d0nj00284d


ARTICLE Journal Name 

6 

 

Please do not adjust margins 

Please do not adjust margins 

Cyclic (cyclohexanone, 9a, cyclopentanone, 9b) and acyclic (3-

pentanone, 9c) ketones were also coupled with secondary 

amines (morpholine, 6a, piperidine, 6b) and phenylacetylene, 

7a, at 100 ºC in the absence of solvent (Scheme 4). Catalyst M2 

exhibited higher activity than M1A and M1B in the formation of 

10aba (97%, 70% and 30% yield) (Scheme 4). 

 

Scheme 4. A3 coupling between ketones, amines and alkynes catalysed by 

Au NPs.[a, b] 

The differential reactivity of M2, M1A and M1B in the A3 

coupling processes may be attributed, in part, to the content of 

monovalent Au(I) in the nanomaterials (as shown in the XPS 

spectra, M2 contains the higher amount of Au+ species and 

shows better catalytic activity than M1A/M1B for 8aba and 

10aba). Moreover, an influence of the structural features of 

cationic and anionic moieties of the stabilizers has also been 

found (if we compare the yields for 8aba and 10aba, M2 with 

tris-imidazolium cation gives better performance than M1A 

with imidazolium cation, and M1A with bromide anion is better 

as catalyst than M1B with tetrafluoroborate anion). Thus, the 

sum of the three factors seem to determine the catalytic 

performance. In fact, the effect of the anion (halide or 

tetrafluoroborate) in the catalytic activity of Pd NPs stabilized 

by other tris-imidazolium salts had also been previously 

observed.7a,7c 

The three-component coupling of benzaldehyde, 

phenylacetylene and piperidine to give 8aba has been described 

with commercial AuCl (1 mol%, water, 100 ºC, 12 h, 99 % 

conversion), AuX3 (X = Cl, Br; 1 mol%, water, 100 ºC, 12 h, 100 

% conversion). Under analogous conditions, with commercial 

Au(0) sponge (3 mol%, water, 100 ºC, 12 h), there was no 

conversion.27c Solvent effects were found for the same reaction 

performed with commercial AuClPPh3 (1 mol%, 24 h) giving 

variable conversions (75% in water at 100 ºC; 100% in 2,2,2-

trifluoroethanol at 60 ºC).27d 

 

Activity of gold nanoparticles in the cycloisomerization of γ-

alkynoic acids into enol-lactones. 

The cycloisomerization of γ-alkynoic acids into γ-alkylidene 

lactones has been accomplished under catalysis by NHC-Au(I) 

complexes34 among other metal species.35 Michelet has 

described the activity of heterogeneous gold catalysts 

supported in zeolite beta-NH4
+ in this transformation, cationic 

gold species being proposed to play a key role (in situ XPS).36 

More recently, Bäckvall has reported this reaction by using 

Au(0) nanoparticles supported in siliceous mesocellular foam 

and mesoporous silica nanoparticles.37 Other 

cycloisomerization processes with substrates bearing an alkyne 

or allene moiety have been performed with supported gold 

NPs,38 including aryl propargyl ethers,38a 1,6-enynes,38b 2-

alkynylanilines,38c Ugi adducts,38d,e conjugated allenones,38f 

propargylic ureas,38g and allenoic acids.38h 

After some experimentation, the cycloisomerization of 4-

pentynoic acid (11a, [11a] = 0.15 M) to the lactone 12a was best 

performed in a 1:1 water/toluene mixture at room temperature 

under catalysis by Au NPs (1 mol% Au loading) (Scheme 5). 

These biphasic conditions had been applied satisfactorily to this 

transformation when using water-soluble34a and silica-

supported NHCAuCl34c complexes. The use of a wrist-type 

shaker stirring (rocking mixer vibromatic) enable an optimal 

mixing of the immiscible layers, which is not achieved by 

standard magnetic stirring. To our delight, the five-membered 

enol-lactone 12a (5-exo-dig product) was formed in a nearly 

quantitative yield with M2. With the other nanocatalysts longer 

reaction times were required for completion of the reaction 

(99% yield of 12a after 2 h for M1A, 97% after 3 h for M1B). 

Moreover, M2 could be recycled successfully up to six runs (99, 

96, 92, 95, 90, 88% yield) (Scheme 5). As the Au NPs remained 

in the aqueous phase (dark maroon colour) and the product in 

the organic phase (colourless), a simple decantation allowed 

the separation and we directly reused the aqueous layer in the 

subsequent cycle. 
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Scheme 5. Cycloisomerization of γ-alkynoic acids catalysed by Au NPs.[a, b] 

Encouraged by these results, other alkynoic acids 11b-c were 

subjected to the title reaction under the same conditions. The 

monomethyl ester 11b cycloisomerized to the α-disubstituted 

lactone 12b (92, 65 and 53% yield with M2, M1A and M1B, 

respectively, after 24 h) and the dipropargylmalonic acid 11c 

afforded the spiranic dilactone 12c (95%, 48 h, M2) through a 

double cycloisomerization process. It is worth to mention the 

chemoselectivity offered by the catalysts in this biphasic 

medium, as byproducts derived from alkyne hydration were not 

observed despite the presence of water. 

An interesting extension of this work to be undertaken in the 

future is the study of other substrates/nucleophiles, such as the 

cycloisomerization of allenoic acids38h or the intramolecular 

addition of alcohols to alkynes, alkenes and allenes.35b  

Conclusions 

We have synthesized new imidazolium (S1A-B, bromide and 

tetrafluoroborate) and tris-imidazolium (S2, bromide) salts 

bearing polyoxyethylenated chains through triazole-containing 

linkers. We have used them as stabilizers for the preparation of 

water-soluble gold nanoparticles, M1A-B and M2, by reduction 

of tetrachloroauric acid with sodium borohydride in water at 

room temperature. The nanomaterials have been characterized 

(TEM, EDS, ED, XPS, UV-Vis, ICP-OES). The XPS spectra indicated 

the presence of two valence states of gold, namely Au(I) and 

Au(0), the oxidized form being more abundant in M2 than in 

M1A-B. The 1H NMR spectrum of M1B clearly shows the 

presence of the C-2 imidazolic proton. In the case of M1A and 

M2, the absence of this and other protons of the core of the 

stabilizers indicates a more strong interaction with the gold 

surface. The catalytic activity of these nanomaterials has been 

tested in the A3 coupling between aldehydes (and ketones), 

terminal alkynes and amines under neat conditions to afford 

propargylamines, and in the cycloisomerization of γ-alkynoic 

acids to enol lactones in a biphasic system toluene-water at 

room temperature. M2 was found to be the best catalyst and it 

has been recycled in both reactions (up to four and six runs, 

respectively) taking advantage of its solubility in water and 

insolubility in diethyl ether. 

Experimental Section 

Experimental details 

Commercial reagents were used directly as received. Milli-Q water 

and HPLC grade solvents were used in the preparation and 

purification of products. The NMR spectra were recorded with 

Bruker Avance DRX-250 (250 MHz for 1H), Bruker Avance DPX-360 

MHz (360 MHz for 1H) and Bruker Avance III 400SB (400 MHz for 1H) 

spectrometers. ICP-OES measurements of gold content were carried 

out at the Servei d’Anàlisi Química of the Universitat Autònoma de 

Barcelona with a Perkin-Elmer instrument, model Optima 4300DV. 

High resolution mass spectra were performed at the Servei d’Anàlisi 

Química of the Universitat Autònoma de Barcelona using a Bruker 

Daltoniks MicroTOFQ spectrometer (Bremen, Germany) equipped 

with an ESI inlet. Absorption spectra were recorded on an Agilent 

8453 spectrophotometer by using 1 cm thick quartz cuvettes. TEM, 

ED and EDX analyses were performed at the Servei de Microscòpia of 

the Universitat Autònoma de Barcelona, with a JEOL JEM-2011 model 

instrument operating at 200 kV. The nanoparticle sizes were 

determined by measuring 500-1000 particles using Image J (Fiji) 

program and were subsequently averaged to produce the mean NP 

diameter. XPS measurements were performed at room temperature 

with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH, 

Berlin, Germany) in ultra-high vacuum conditions (base pressure of 

5x10-10 mbar) using monochromatic Al Kalpha radiation (1486.74 eV) 

as excitation source. The PEGylated azide 2,10b, 11 the C3-symmetric 

tris-imidazole 3,7a, 16 and diynes 11c,34c 11d39 were prepared as 

described previously. 

Synthesis of 1,3-di(2-propyn-1-yl)imidazolium bromide 1a 

Propargyl bromide (17.8 mL; 80 wt% in toluene; d = 1.335 g/mL; 160 

mmol) was added into a round bottom flask containing N-

(trimethylsilyl)imidazole (7.34 mL; 7.013 g; 50 mmol) under inert 

atmosphere. The mixture was heated under stirring at 50 ºC. Upon 

completion of the reaction (24 h) the solid obtained was filtered, 

washed with Et2O (3 x 30 mL) and dried under vacuum. The product 

1a was obtained as a white hygroscopic solid (10.59 g; 94 %; mp 123-

125 ºC). 1H NMR (250 MHz, CD3CN) δ (ppm): 9.49 (s, 1H, NCHN), 7.60 

(s, 2H, NCH=CHN), 5.17 (d, J = 2.5 Hz, 4H; 2 x CH2C≡CH), 3.06 (t, J = 

2.5 Hz, 2H, 2 x CH2C≡CH). 13C NMR (62.5 MHz, CD3CN) δ (ppm): 123.4 

(NCHN), 118.3 (NCH=CHN) (masked by solvent), 78.4 (CH2C≡CH), 75. 

5 (CH2C≡CH), 40.2 (NCH2C≡CH). HRMS-ESI (m/z) calculated for 

C9H9N2
+: 145.0760; found: 145.0761. 

Synthesis of 1,3-di(2-propyn-1-yl)imidazolium tetrafluoroborate 1b 

A mixture of 1a (2.88 g, 12.8 mmol) and NaBF4 (1.41 g, 12.84 mmol) 

in acetone (30 mL) was stirred at room temperature. After 24 h of 

reaction the mixture was filtered and the resultant solid was washed 

with Et2O (2 x 50 mL). All of the organic layers were combined and 

the solvent was evaporated under reduced pressure. The product 1b 

was obtained as a pale yellow solid (2.71 g, 91 %, mp 66 - 68 ºC; lit.13 
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mp 67 ºC). 1H NMR (250 MHz, CD3CN) δ (ppm): 8.81 (s, 1H, NCHN), 

7.55 (s, 2H, NCH=CHN), 5.03 (d, J = 2.5 Hz, 4H; 2 x CH2C≡CH), 3.05 (t, 

J = 2.5 Hz, 2H, 2 x CH2C≡CH). 13C NMR (62.5 MHz, CD3CN) δ (ppm): 

136.6 (NCHN), 123.5 (NCH=CHN), 78.5 (CH2C≡CH), 75.2 (CH2C≡CH), 

40.3 (NCH2C≡CH). 

Synthesis of PEG-tagged stabilizer S1A 

Imidazolium salt 1a (0.30 g, 1.33 mmol), azide 2 (3.63 g, 1.78 mmol), 

sodium ascorbate (0.14 g, 0.76 mmol) and copper(II) sulfate 

pentahydrate (0.089 g, 0.35 mmol) were dissolved in methanol (10 

mL), previously degassed, and the solution was purged with N2 flow 

for 10 min. The mixture was stirred in the dark, at room temperature, 

for 24 h under inert atmosphere. Then the solvent was evaporated 

under reduced pressure and the solid residue was dissolved in water. 

The aqueous layer was extracted with CH2Cl2 (4 x 20 mL) and the 

organic phase was washed with water (4 x 20 mL), dried with 

anhydrous Na2SO4 and filtered. The solvent was evaporated under 

reduced pressure obtaining S1A as a pale brown solid (3.13 g, 86%). 
1H NMR (250 MHz, CDCl3) δ (ppm): 10.51 (s, 1H, NCHN), 8.37 (s, 2H, 

NCH=CHN), 7.59 (s, 2H, 2 x triazole-H), 5.67 (s, 4H, 2 x NCH2-triazole), 

4.55 (t, J = 5 Hz, 4H, 2 x NCH2-PEG), 3.94-3.65 (m, 2 x CH2 PEG chains), 

3.40 (m, 6H, 2 x OCH3). MS-ESI-TOF (m/z): peaks between 3519.3 and 

4445.0 corresponding to [M]+ separated by 44 D (CH2CH2O); the most 

intense peak at 4047.7 (86 CH2CH2O units + C9H9N8 nitrogen-rich core 

+ 2 CH3). 

Synthesis of PEG-tagged stabilizer S1B 

Imidazolium salt 1b (55 mg, 0.22 mmol), azide 2 (883 mg, 0.43 mmol), 

sodium ascorbate (34.9 mg, 0.18 mmol) and copper(II) sulfate 

pentahydrate (21.5 mg, 0.09 mmol) were dissolved in methanol (10 

mL), previously degassed, and the solution was purged with N2 flow 

for 10 min. The mixture was stirred in the dark, at room temperature, 

for 3 days under inert atmosphere. Then the mixture was filtered 

through Celite and washed with MeOH (20 mL) and CH2Cl2 (20 mL). 

The organic phase was dried with anhydrous Na2SO4, filtered and the 

solvent was evaporated under reduced pressure. The obtained 

residue was washed with Et2O and dried under vacuum obtaining 

S1B as a pale yellow solid (783 mg, 84 %). 1H NMR (360 MHz, CDCl3) 

δ (ppm): 9.19 (s, 1H, NCHN), 8.25 (s, 2H, NCH=CHN), 7.54 (s, 2H, 2 x 

triazole-H), 5.52 (s, 4H, 2 x NCH2-triazole), 4.56 (t, J = 5 Hz, 4H, 2 x 

NCH2-PEG), 3.87 – 3.44 (m, 2 x CH2 PEG chains), 3.37 (m, 6H, 2 x 

OCH3). MS-ESI-TOF (m/z): peaks between 3474.3 and 4267.1 

corresponding to [M]+ separated by 44 D (CH2CH2O); the most 

intense peak at 3870.4 (82 CH2CH2O units + C9H9N8 nitrogen-rich core 

+ 2 CH3). 

Synthesis of 1,1’,1’’-[(2,4,6-trimethylbenzene-1,3,5-triyl)-

tris(methylene)]tris(3-propargyl-1H-imidazol-3-ium) bromide 4 

Propargyl bromide (1.4 mL; 80 wt% in toluene; d = 1.335 g/mL; 15.7 

mmol) was added to a solution of 3 (0.452 g; 1.25 mmol) in a 2:1 

toluene/acetonitrile mixture (9 mL). The reaction mixture was stirred 

at 50 ºC under inert atmosphere for 24 h. Then Et2O was added until 

a fine solid precipitated, which was separated by decantation, 

washed with Et2O and dried to obtain 4 (0.77 g, 63 %). 1H NMR (360 

MHz, (CD3)2SO) δ (ppm): 9.28 (s, 3H, N=CHN), 7.88 (s, 3H, C=CHN), 

7.81 (s, 3H, C=CHN), 5.59 (s, 6H, CH2), 5.24 (s, 6H, CH2), 3.82 (s, 3H, 

≡CH), 2.30 (s, 9H, CH3). 13C NMR (360 MHz, (CD3)2SO) δ (ppm): 141.2 

(Ph), 135.7 (N=CN), 129.3 (Ph), 122.9 (NCH=), 122.3 (NCH=), 78.7 (-

C≡), 76.3 (≡CH), 48.0 (CH2), 16.4 (CH3). HRMS-ESI-TOF (m/z) 

calculated for C30H33Br2N6
+: 635.1128; found: 635.1115. 

Synthesis of PEG-tagged stabilizer S2 

Tris-imidazolium salt 4 (0.201 g, 0.28 mmol), azide 2 (1.883 g, 0.92 

mmol), sodium ascorbate (0.131 g, 0.663 mmol) and copper(II) 

sulfate pentahydrate (0.077 g, 0.308 mmol) were dissolved in a 

previously degassed 1:1 MeOH:water mixture (3.2 mL). The solution 

was purged with a N2 flow for 10 min and then was stirred in the dark 

at 50 ºC for 24 h under inert atmosphere. The mixture was 

centrifuged and the methanol from the supernatant was evaporated 

at reduced pressure. The aqueous residue was extracted with CH2Cl2 

(4 x 20 mL) and the organic phase was washed with water (3 x 20 mL). 

Then, the organic layer was dried over anhydrous Na2SO4, filtered 

and the solvent was evaporated to obtain a brownish oily residue. 

Then, Et2O was added until a solid was precipitated, which was 

filtered and washed with Et2O to obtain S2 (1.504 g, 79 %, mp = 52 - 

53 ºC). 1H NMR (360 MHz, CDCl3) δ (ppm): 10.21 (br s, 3H, N=CHN), 

8.29 (br s, 3H, NCH=), 7.89 (br s, 3H, C=CHN), 7.56 (br s, 3H, C=CHN), 

5.75 (br s, 6H, CH2), 5.62 (br s, 6H, CH2), 4.54 (m, 6H), 3.90-3.38 (m, 

CH2 of PEG chains), 3.38 (s, 9H, -OCH3), 2.43 (br s, 9H, -CH3). MS-

MALDI-TOF (m/z): peaks between 1685.650 (33 CH2CH2O units + 

C30H33N15 nitrogen-rich core + 3 CH3) and 2253.907 (46 CH2CH2O 

units + C30H33N15 nitrogen-rich core + 3 CH3) corresponding to [M]3+ 

separated by 44 D (CH2CH2O unit); the most intense peak at 1903.742 

(38 CH2CH2O units + C30H33N15 nitrogen-rich core + 3 CH3). 

Synthesis of Au NPs M1A stabilized by S1A 

Stabilizer S1A (77.5 mg; 0.018 mmol) and tetrachloroauric acid 

trihydrate (24 mg; 0.06 mmol) were dissolved in distilled water (100 

mL) under inert atmosphere to afford a yellow solution. Then, 4 mL 

of 0.1 M NaBH4 solution (0.4 mmol) were added dropwise for 2 min. 

The reaction mixture turned deep red and was stirred at room 

temperature overnight. After this time, the mixture was filtered 

through a Milli-Pore filter (0.2 µm, nylon) and then extracted with 

CH2Cl2 (6 x 30 mL). The organic phase was dried over anhydrous 

Na2SO4, filtered and then the solvent was evaporated to obtain the 

Au NPs M1A as a dark red powder (85.6 mg, 10.9 % Au (ICP-OES), 

79 % yield according to the starting Au). 

Synthesis of Au NPs M1B stabilized by S1B 

Stabilizer S1B (77.6 mg; 0.018 mmol) and tetrachloroauric acid 

trihydrate (24 mg; 0.06 mmol) were dissolved in distilled water (100 

mL) under inert atmosphere to afford a yellow solution. Then, 4 mL 

of 0.1 M NaBH4 solution (0.4 mmol) were added dropwise for 2 min. 

The reaction mixture turned deep red and was stirred at room 

temperature overnight. After this time, the mixture was filtered 

through a Milli-Pore filter (0.2 µm, nylon) and then extracted with 

CH2Cl2 (6 x 30 mL). The organic phase was dried over anhydrous 

Na2SO4, filtered and then the solvent was evaporated to obtain the 

Au NPs M1B as a dark red powder (85.5 mg, 9.5 % Au (ICP-OES), 

68.7 % yield according to the starting Au). 

Synthesis of Au NPs M2 stabilized by S2 

Stabilizer S2 (133.6 mg; 0.02 mmol) and tetrachloroauric acid 

trihydrate (23.6 mg; 0.06 mmol) were dissolved in distilled water 
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(100 mL) under inert atmosphere to afford a yellow solution. Then, 4 

mL of 0.1 M NaBH4 solution (0.4 mmol) were added dropwise for 2 

min. The reaction mixture turned deep red and was stirred at room 

temperature overnight. After this time, the mixture was filtered 

through a Milli-Pore filter (0.2 µm, nylon) and then extracted with 

CH2Cl2 (6 x 30 mL). The organic phase was dried over anhydrous 

Na2SO4, filtered and then the solvent was evaporated to obtain the 

Au NPs M2 as a dark red powder (117.9 mg, 6.9 % Au (ICP-OES), 

68.8 % yield according to the starting Au). 

General procedure for the synthesis of propargylamines via A3 

coupling between aldehydes, secondary amines and alkynes  

Aldehyde (1 equiv), secondary amine (1.3 equiv), alkyne (1.3 equiv) 

and Au NPs (0.5 mol% Au) were mixed into a sealed tube in the 

absence of solvent. The mixture was stirred at 100 ºC for 24 h. After 

that time, 1 equiv of 4-methoxyphenol as internal standard was 

added and the yield of propargylamine was determined by 1H RMN. 

In order to isolate the product, water was added to the mixture and 

the solution was extracted with Et2O (3 x 5 mL). The organic layer was 

dried over anhydrous Na2SO4, filtered and the solvent evaporated 

under reduced pressure. A sample of pure product was obtained 

after flash chromatography on alumina (10:0.1 hexane:EtOAc). For 

the recycling of the catalyst, the Au NPs were recovered by addition 

of diethyl ether to the crude mixture, centrifugation and 

decantation. The solid insoluble in diethyl ether was reused in the 

next run. The ethereal phase was washed with water, dried over 

anhydrous Na2SO4 and the solvent was evaporated to give the 

corresponding propargylamine. 

General procedure for the synthesis of propargylamines via A3 

coupling between ketones, secondary amines and alkynes  

Ketone (1.3 equiv), secondary amine (1 equiv), alkyne (1.3 equiv) and 

Au NPs (0.5 mol % Au) were mixed into a sealed tube in the absence 

of solvent. The mixture was stirred at 100 ºC for 24 h. After that time, 

1 equiv of 4-methoxyphenol was added as internal standard and the 

yield of propargylamine was determined by 1H RMN. In order to 

isolate the product water was added to the mixture and the solution 

was extracted with Et2O (3 x 5 mL). The organic layer was dried over 

Na2SO4, filtered and the solvent evaporated under reduced pressure. 

A sample of pure product was obtained after flash chromatography 

on alumina (10:0.1 hexane:EtOAc). 

General procedure for the cycloisomerization of γ-alkynoic acids 

into enol lactones 

To a biphasic system of toluene/water 1:1 (1 mL), the corresponding 

γ-alkynoic acid (0.15 mmol) and Au NPs (1 mol %, 0.0015 mmol of 

Au) were added. The resulted mixture was stirred with a wrist type 

laboratory shaker apparatus at room temperature until complete 

conversion of alkynoic acid (monitored by 1HNMR using 4-

methoxyphenol as internal standard). The organic phase was then 

separated and the aqueous layer was washed with Et2O (3x1 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered 

and the solvent was evaporated. The obtained residue was then 

purified by flash chromatography (hexane: AcOEt, 80:20) to obtain 

the desired enol lactone. 
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