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Small gold nanoparticles for tandem
cyclization/reduction and cyclization/
hydroalkoxylation reactions

Check for updates

Kristína Plevová, Véronique Michelet & Sylvain Antoniotti

With peculiar structural features at the surface of small metal nanoparticles, some discrete sites can
display catalytic behaviour similar to what could be observed with mononuclear metal catalysts in
solution. We have studied the transfer of two catalytic tandem reactions from homogeneous to
heterogeneous conditions. Tandem cyclisation/reduction of ortho-alkynyl benzaldehyde derivatives
was successfully achievedwith Au nanoparticles over TiO2 (AuNPs/TiO2) in the presence of Hantzsch
ester with 45-98% yields for 15 examples (average yield: 70.4%). Similarly, tandem cyclisation/
hydroalkoxylation of ortho-alkynyl benzaldehyde derivatives was successfully achieved with Au NPs/
TiO2 in methanol or other alcohols with 62-96% yields for 17 examples (average yield: 84.9%). The
application potential of this catalytic system was demonstrated with the total synthesis of a bioactive
isochromene derivative featuring one of the developed reactions as the key step and the
implementation of the tandem cyclisation/hydroalkoxylation in a continuous flow reactor, scaling up
the reaction by a factor of 10 without loss of efficiency.

Although early reports on the use of gold in catalysis by Hutchings and
Haruta described both the use of gold nanoparticles and gold salts1–3, the
rush observed in the last decades has massively focused on homogeneous
gold catalysis4–9. Heterogeneous gold catalysis, either by heterogenization of
gold complexes through immobilisation techniques or by using gold
nanoparticles as catalysts10–13, has begun to receive renewed attention more
recently.

A major objective of transferring a reaction from homogeneous to
heterogeneous protocols is the associated practical advantages such as
facilitated recyclingof the catalysts andeasier implementation incontinuous
flow with fixed-bed catalytic reactors14. Beyond the higher surface-to-
volume ratios and some physicochemical features of the supports (typically
MOx like TiO2, Al2O3, ZnO for inorganic supports) that influence reaction
mechanisms (e.g., Brönsted or Lewis acidity, formation of intermediates
covalently bound to the support, or redox reactions), it is increasingly
documented that small nanoparticles exhibit particular features at their
surface such as steps, edges and corners where catalysis is taking place15–18.
Metal nanoparticles with controlled shapes, such as crystal structures and
planes, can nowbe produced reliablywith lowdispersity19. The same applies
to bimetallic nanoparticles existing either as alloy, core-shell, near surface
alloy or doped metal objects20.

More specifically in the case of Au NPs, singularised atoms such as
adatoms (adsorbed atoms), although considered at the 0 oxidation state, can
behave as cationic species by delocalisation of electrons within the particle,

and although without bearing a formal charge have a catalytic activity similar
to that of homogeneous mononuclear gold complexes21–23. At even lower
sizes, gold nanoclusters consisting of 3–10 atoms were reported to be highly
active in the hydration of alkynes with a turnover number of 10−7 17,24. This
finding revealed the most intimate missing link between homogeneous and
heterogeneous gold catalysis, althoughmany chemists familiar with the use of
gold salts in catalysis had already noticed the purple colouring of the reaction
mixture suggesting the formation of such nanoclusters/nanoparticles.

In the early 2010s, the use of commercial nanoparticles in relatively
sophisticated reactions appeared in the literature25,26, although at that time
knowledge of the connection to structural features at the nanoparticle
surface and ideas of adatomswere notwidespread.AuNPswith a size below
3 nm have been successfully used in cycloisomerisation of 1,6-enynes27, and
even involved in a cascade Diels-Alder reaction28. In the latter example, the
surface was functionalized with bulky thiols ligands and intentionally oxi-
dised to provide formal cationic gold species at the surface, stabilised by
ditopic polymantane sulfonate anions that also prevent these very small
nanoparticles from aggregating.

There is still a gap, however, betweenhomogeneous andheterogeneous
catalysis, and transfer from the former to the latter is generally achieved at
the expense of yields, energy demand, substrate scope or applicability. We
have been working in our laboratory on gold catalysis either under homo-
geneous conditions29–32 or under heterogeneous conditions using supported
gold nanoparticles in tandem or sequential one-pot schemes that exploit
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small nanoparticles33–35 or larger ones36, which behave more as stabilising
surfaces for intermediates than actual catalysts, lowering the energy barrier
to reach a given transition state. In the present paper, we describe our results
of tandem reactions at the surface of small AuNPs (<3 nm), inspiredbyAu-
catalysed processes such as the cyclisation/reduction37 and Pd-catalysed
cyclisation/hydroalkoxylation38 of ortho-alkynyl benzaldehyde derivatives.
These approaches were then successfully applied to a short total synthesis of
an isochromene derivative of biological interest. The methods developed
were also implemented in a continuous flow reactor to demonstrate their
potential for scaling up.

Considering the recent progress in the understanding of the catalytic
activity of small nanoparticles and inspired by previous work reported by
one of us, we first investigated the possibility of activating ortho-alkynyl
benzaldehyde substrates to trigger a cyclisation/reduction sequence and
access valuable 1H-isochromene derivatives37. We had in hand Au NPs on
various supports and performed TEM analysis to check the shape, size and
dispersity (see Supplementary Information, SI).

Results and discussion
In order to find the optimal reaction conditions for the cyclisation/reduction
sequence, 2-(phenylethynyl)benzaldehyde (1a) was selected as a model sub-
strate and Hantzsch ester (HEH) was used as the reducing agent (Table 1, for
more details on the optimisation see SI). The screening of conditions started
with small gold nanoparticles (Au NPs) supported on different types of inor-
ganic oxides such as TiO2, Al2O3 or ZnO (Table 1, entries 1-3). LargerAuNPs
were also tested but gave poor or no results (see SI). The best result in terms of
selectivity, conversionandyieldwasobtainedwhenAuNPs/TiO2wasusedas a
catalyst (Table 1, entry 3). It isworthmentioning that, even though the reaction
could lead to the formation of 6-endo or 5-exo cyclisation products, our
reaction under these conditions was found to be exclusively 6-endo
selective. To increase the reaction yield, screening of other solvents
was performed (Table 1, entries 4-7). The best result remained that
with toluene at 80 °C (Table 1, entry 3). An interesting result was
obtained with MeOH as the solvent, with the formation of a mixture
of two products—reduction product 2a and hydroalkoxylation pro-
duct 3a (Table 1, entry 7).

The desired 1H-isochromene 2a was thus obtained as the single pro-
duct, the reaction thereby proceeding with 100% 6-endo selectivity, with
100% conversion and 69% yield after isolation. This result prompted us to
prepare a library of suitable substrates 1a-o by using Sonogashira cross-
coupling starting from the corresponding commercially available ortho-
bromobenzaldehyde derivatives with variations both at the benzaldehyde
motif and the aryl substituent (see SI). These substrates reacted smoothly
under our optimised conditions to deliver the expected products 2a-o in 45-
98% yield (Fig. 1). The desired 1H-isochromene derivatives 2a-o were
obtained as a single product, the reaction thereby proceeding again with
100% 6-endo selectivity.

Electronic effects of substituents R1 on benzaldehyde as well as R2 on
the aryl moiety influenced the electrophilicity of both alkyne carbon atoms.
The presence of electron-donating groups on the benzaldehyde moiety
(Fig. 1, products 2b, 2d, 2e) increased the electronegativity of both the
aldehydic carbonyl function and the alkyne, thus favouring the reaction.
Substitution of the aryl moiety with electron-withdrawing groups (Fig. 1,
product 2j) should increase the electrophilicity of the vicinal alkyne carbon
atom and thus favour a 5-exo attack39. On the contrary, the reaction led
again to the exclusive formation of the 6-endo product 2j, albeit in lower
yield (55%). In the case of aliphatic substituents attached directly to alkyne,
full conversion of substrates was achieved after 1 h, but products 2n and 2o
were isolated in 45% and 57% yield, respectively. Lower yields could be
explained by the instability of these substrates under the relatively high
temperature (80 °C) that is crucial for this transformation to be successful
(for optimisation, see SI). Introduction of a pyridine motif, of -NO2 or -CN
substituents at the para position of the aryl moiety was detrimental to the
reaction, presumably due to the formation of complexes between Au NPs
and nitrogen atoms (not shown, see SI)39.

Negative controls confirmed the catalytic role of Au NPs, and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) titration of
residual homogeneous gold species in the reactionmixture was found to be
0.3 ppm, thereby ruling out the hypothesis of hiddenhomogeneous catalysis
by erosion of the AuNP surface (see SI). Observations of fresh and used Au
NPs/TiO2 samples by STEM-HAADF-BF did not identify any differences
between the two, suggesting the catalytic material was unchanged at the
nanometric scale (see SI). Activation of the triple bond of our substrates at
the Au NP surface to allow for the nucleophilic attack of the carbonyl
function was thus effective. Encouraged by this result observed during
optimisation (Table 1, entry 7), we decided to further exploit this reactivity
by introducing MeOH as the nucleophile instead of HEH to potentially
catalyse a cyclisation/hydroalkoxylation sequence (Fig. 2).

Similar reactivity was described under homogeneous conditions with
Pd(OAc)2

38, AgSbF6
40 or CuI41,42 as the catalyst. Interestingly, Belmont’s

work40 also described the very poor activity of Au as the catalyst for this
sequence. In the context of all published results, we were very pleased to
observe that under our optimised conditions using Au NPs/TiO2 and
MeOH as nucleophile and solvent, the reaction proceeded smoothly, and
the corresponding ketals 3a-o were isolated in excellent yields (Fig. 3).

The reaction tolerated electron-donating groups very well and deliv-
ered the products 3a-o in an exclusively 6-endo selective manner. In some
cases, full conversion of the starting material in MeOH was not achieved,
even after prolonged reaction times (formore details see SI). In these cases, a
lower solubility of the substrate in MeOH was observed, so the reaction
protocol was modified (Fig. 2, products 3e-h, 3j, 3k). Different combina-
tions of solvents were tested, and the best result was obtained when a
mixture of DMF/MeOH (1:1) was used. We note that the reaction, using
both protocols, did not require any additional purification.

If methanol was replaced by another alcohol such as ethanol, iso-
propanol or cyclohexanol, the reaction led to the formation of the expected
6-endo products 4a-6a inmoderate to excellent yields (Fig. 4). In the case of
secondary alcohols, slightly longer reaction times were required to achieve
full conversion. To enlarge the scope, we also tested the secondary alcohol as
the reagent. Different loads of cyclohexanol (1.2, 4 and 5 equiv.) in DMF
were tested, but unfortunately, after 4 h only traces of product were
observed. If the reaction time was extended overnight, only the decom-
position of the starting material 1a was observed.

In contrast with the previous reaction using HEH, which is poorly
soluble in toluene, using MeOH as both the solvent and the nucleophile
resulted in a particularly simple protocol. The reaction could thus easily be
transferred to a continuous flow reactor. A fixed-bed catalytic column was
assembled with 5 g of Au NPs/TiO2. In the optimised conditions (see SI for
optimisation), a residence time of 3.3 min was observed at the steady state
and 2 g of product 3awas easily isolated in 87% yield (Table 2). The reaction
was thus found tobe linearly scalable by a factor of 10, and the target product
3a was obtained in higher yields than in batch reactions.

The isochromene motif is frequently observed in natural products
sometimes showing interesting biological properties such as antibacterial,
antifungal, antitumoral or antimicrobial activity (Fig. 5).

The most popular method to access the isochromene motif, from the
perspective of atom economy, is the use of transition metal-catalysed
cyclisation of ortho-alkynylarylaldehydes or ortho-alkynylbenzylalcohols.
The heterogenous catalysis we have developed could be an attractive
alternative to this homogeneous catalysis.

The optimised reaction conditions were thus applied as a key step in
total synthesis of methyl 1,5,8-trimethoxy-1H-isochromene-3-carboxylate
10—a known compound for antitumor activity against breast cancer
(Fig. 6)43. First, protection of aldehyde 7 was performed, which led to the
formation of the corresponding acetal, then ortho-lithiationwas followedby
reaction with 1,2-diiodoethane to give the 2-iodo-3,6-dimethox-
ybenzaldehyde 8 in 33% yield over three steps. Halogenated benzaldehyde 8
was then used in the Sonogashira coupling reaction with TMS-acetylene,
followed byTMS removal to give the terminal alkyne.Deprotonation of this
alkyne with nBuLi was firstly performed with unprotected aldehyde as
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previously reportedbut unfortunately in ourhands, the reactiondidnot lead
to the desiredproduct. Thus, protection of the aldehyde by acetalization had
to be incorporated into the reaction scheme. Acetal was then subjected to
deprotonation of the terminal alkyne with nBuLi, followed by reaction with
methyl chloroformateproceeding smoothly to the target propiolate9 in 11%
yield over five steps. The last step in our total synthesis was the tandem
cyclisation/hydroalkoxylation reaction catalysed by Au NPs supported on
TiO2. After 3 h, full conversion of starting material 9 was observed and the

reaction led to formation of target product10 in 75%yield. In contrast to the
previous results, the reaction was not exclusively 6-endo selective, 6-endo
and 5-exo cyclisation products being formed in the ratio 2:1.

Taking advantage of the peculiar morphology and properties of small
gold nanoparticles (<3 nm), we have successfully transferred two tandem
reactions from homogeneous to heterogeneous conditions. Tandem cycli-
sation/reduction of ortho-alkynyl benzaldehyde derivatives was achieved
with Au NPs/TiO2 in the presence of Hantzsch ester with 45-98% yields in

Fig. 1 | Scope of the reaction with variations of R1, R2 and R3 substituents.AuNPs/TiO2-catalysed cyclisation/reduction of ortho-alkynyl benzaldehyde derivatives in the
presence of HEH.
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Fig. 3 |AuNPs/TiO2-catalysed cyclisation/hydroalkoxylation of ortho-alkynyl benzaldehyde derivatives inMeOH. *Amixture of DMF/MeOH= 1:1 was used as a solvent.

Fig. 2 | An optimised isolated yield of 74% was
observed. Optimised conditions for the cyclisation/
hydroalkoxylation sequence of 1a catalysed by Au/
TiO2 in methanol.
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15 examples (average yield: 70.4%). Tandem cyclisation/hydroalkoxylation
of ortho-alkynyl benzaldehyde derivatives was achieved with Au NPs/TiO2

inmethanol and other alcohols with 62–96% yields in 17 examples (average
yield: 84.9%). Besides its efficiency and sustainable profile (atom economy,
waste prevention, safety), the practical potential of this catalytic system was
demonstrated through the total synthesis of a bioactive isochromene fea-
turingoneof thedeveloped reactions as thekey stepand the implementation
of tandem cyclisation/hydroalkoxylation in a continuous flow reactor,
scaling up the reaction by a factor of 10 without loss of efficiency. The
development of such approaches could be of great interest in the future for
applications of homogeneous gold catalysis which bring valuable funda-
mental knowledge but rarely find practical application. Homogeneous gold
catalysis would thus remain a powerful discovery tool, while heterogeneous
catalysis with small gold nanoparticles could be incorporated into sustain-
able processes for applications.

Methods
All solvents and reagents are commercially available from Sigma Aldrich or
TCI and were used without additional purification unless otherwise
mentioned.

Reactions were carried under inert atmosphere using balloon filed
with N2. Reactions were monitored by thin-layer chromatography (TLC)
carried out on silica plates, visualised by irradiation with UV light in
combination with p-anisaldehyde or KMnO4 solution. The solution of p-
anisaldehyde have been prepared with 135mL of absolute ethanol, 5mL of
concentrated sulfuric acid, 1.5 mL of glacial acetic acid and 3.7mL of p-
anisaldehyde vigorously stirred and stored in a jar covered with an alumi-
nium foil.

Purifications of products have been performed over silica gel (Sigma-
Aldrich, pore size 60Ȧ, 230-400 mesh particle size, 40–63 µm particle size),
or alumina (Sigma-Aldrich, activated, neutral, Brockmann Activity I).

1H and 13C NMR spectra were recorded on Bruker
AV400 spectrometer system 400 (400MHz for 1H nuclei and 100MHz for
13 C nuclei). Chemical shifts are reported in δ units using parts per million
(ppm). Signals are referenced to TMS as an internal standard. Coupling
constants (J) are given in Hz and multiplicity is abbreviated as follows:
s=singlet, d=doublet, t=triplet, q=quadruplet, quint=quintuplet, hex-
t=hextuplet, hept=heptuplet and m=multiplet.

Gas chromatography coupled with Mass Spectrometry (GC-MS) was
performed on Agilent model 7820 A and MS5977B using SAPIENS-5MS

Table 2 | Cyclisation/hydroalkoxylation of 1a catalysed by Au/TiO2 in methanol in a continuous flow reactor

Entry 1a Yield 6-endo/5-exo 3a:3a‘

1[a] 1 mmol 77% >99:0

2 1mmol 83% >99:0

3 2mmol 86% >99:0

4 9.7mmol 87% >99:0
[a]Flow: 2mL/min.

Fig. 4 | Examples of primary and secondary alcohols used as both the solvent and nucleophile are presented. Au NPs/TiO2-catalysed cyclisation/hydroalkoxylation of
ortho-alkynyl benzaldehyde derivatives with various alcohols as nucleophiles.

https://doi.org/10.1038/s42004-024-01336-7 Article

Communications Chemistry |           (2024) 7:248 6

www.nature.com/commschem


Fig. 5 | These examples show the diversity and
interest of isochromene derivatives as bioactive
molecules. Naturally occurring bioactive iso-
chromene compounds.

Fig. 6 | Total synthesis of 10 with the cyclisation/hydroalkoxylation sequence as
the key step.Reagents and conditions: a) 1,3-propanediol (4 equiv.), (MeO)3CH (1.1
equiv.), TBATB (1 mol%), rt, 3 h; b) nBuLi (1.5 equiv., 2.5 M in hexanes), benzene/
hexane (1:3, 0.1 M, dry), −10 °C, 2 h; then 1,2-diiodethane (2 equiv.), THF (1M,
dry), −10 °C-rt, overnight; c) 36% HCl (60 equiv.), THF (0.18 M), 0 °C-rt, 4 h; d)
trimethylsilylacetylene (1.2 equiv.), Pd(PPh3)2 (2.5 mol%), CuI (1.5 mol%), toluene/

Et3N = 3:1 (0.2 M, dry), rt, overnight; e) K2CO3 (10 mol%), MeOH (0.25M, dry), rt,
2 h; f) 1,3-propanediol (4 equiv.), (MeO)3CH (1.1 equiv.), TBATB (1 mol%), rt, 3 h;
g) nBuLi (3 equiv., 2.5 M in hexanes), THF (0.18M, dry), −78 °C, 1 h, then methyl
chloroformate (6 equiv.), −78 °C-rt, 1 h; h) 36% HCl (60 equiv.), THF (0.18M),
0 °C-rt, 4 h.
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(Teknokroma) capillary column (5%diphenyl-95%dimethylpolysiloxane,
10m*0.1 nm*0.1 µm).

Synthesis of compounds 2a-o via Au NPs/TiO2-catalysed cycli-
sation/reduction sequence
The corresponding aldehyde 1a-o (0.5mmol, 1 equiv.), 1% Au NPs/TiO2

(245.7mg, 2.5mol%) and Hantzsch ester (151.9mg, 0.6mmol, 1.2 equiv.,)
was diluted in anhydrous toluene (2mL, 0.25M) under N2 (Fig. 1a). This
prepared heterogenous reactionmixture was placed into preheated oil bath
(80 °C) and stirred until the aldehyde 1a-owas fully consumed—usually 2 h
(reaction was followed by TLC and GC-MS as well). Once reaction was
completed, the heterogenous mixture was cooled to room temperature
(Fig. 1b),filtered over short pad of SiO2 by using of EtOAc (20mL) as eluent
(Fig. 1c). (EtOAc was selected as a solvent, to be sure, that all formed
products will be collected). Solvent was then evaporated under reduced
pressure and crude was analysed by 1H NMR. The crude reaction mixture
was then purified by SiO2 column chromatography (eluent is specified for
each compound).

Synthesis of compounds 3a-m via Au NPs/TiO2-catalysed cycli-
sation/hydroalkoxylation sequence
The corresponding aldehyde 1a-m (0.5mmol, 1 equiv.), 1%AuNPs/TiO2

(245.7mg, 2.5 mol%) was diluted in anhydrous MeOH or MeOH/DMF
1:1 (2mL, 0.25M) under N2 (Fig. 2a). This prepared heterogenous
reaction mixture was placed into preheated oil bath (70 °C) and stirred
until the aldehyde 1a-m was fully consumed—usually 2 h (reaction was
followed by TLC and GC-MS as well). Once the reaction was completed,
the heterogenous mixture was cooled to room temperature (Fig. 2b),
filtered over short pad of SiO2 by using of EtOAc (20mL) as eluent
(Fig. 2c). Crude was then diluted with toluene (3mL) and evaporated
(procedure was repeated 4× to remove all traces of DMF, when applic-
able). Solvent was then evaporated under reduced pressure and product
3a-m was isolated and fully characterised, with no necessity of further
purification.

General procedure in flow conditions
The flow reactor set-up is shown in S.I. The set-up consists of a pump
(Vapourtec R4 unit), an automated two-inlet valve (part of the
Vapourtec R2C+ unit) allowed for rapid switching from pure solvent to
the solution containing the dissolved reagent and a glass heated reactor
(charged with Au NPs/TiO2, 5 g). The reactor volume was determined
by measuring the mass difference between reactor containing only cat-
alyst and after filling with MeOH giving the volume of the reactor 5 mL.
A back-pressure regulator device (Vapourtec, 8 bars) was installed to
control the internal pressure of the system. PTFE tubing kit was selected
for its thermal resistance, its flexibility and its high chemical resistance.
The temperature in the reactor during the reaction is estimated to 70 °C
based on temperature measurements taken between the reactor and the
glass assy. Before the reaction the flow device was flushed with MeOH
and the temperature was adjusted to 70 °C. Once a constant temperature
of the solvent (flow rate 1.5 mL/min) was reached, a solution of aldehyde
1a (9.7 mmol, 2 g) dissolved in anhydrous MeOH (0.1 M, 97 mL) was
pumped through the system. The collection was performed during the
steady state and the mixture analysed via TLC and GC/MS detector.
Solvent was then evaporated under reduced pressure and product 3awas
isolated and fully characterised, with no necessity for further
purification.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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