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Use of Gold Nanoparticles in the Synthesis of Heterocyclic Compounds
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Abstract: Nanoparticles have been proven to be efficient catalysts for a variety of chemical reactions,
with added advantages such as the reuse of catalysts, increasing the scale of reactions employing con-
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tinuous flow techniques, and simple separation of the reaction milieu, making them green, efficient,
and lucrative choices. Over the last decade, gold nanoparticles (AuNPs) have appeared as promising
and efficient catalysts in the field of sustainable organic synthesis.On the other hand, heterocycles are
significant scaffolds in a variety of natural products and other biologically active molecules, as well as
useful compounds for organic and material chemistry. Therefore, the progress of proficient techniques
for the synthesis of heterocyclic compounds is always of major significance. This mini-review focuses
on some of the most important AuNPs catalyzed heterocyclic compound synthesis processes. Wherever
essential, the exclusivity of the approaches has been discussed by emphasizing substrate diversity, se-
lectivity, product yields, and mechanistic features.
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1. INTRODUCTION

Heterocycles and their synthesis, transformation, and
characteristics are very important in organic chemistry. The
majority of medicines, natural products, agrochemicals, addi-
tives, conductive polymers, and other products contain het-
erocyclic moiety(s) [1-5]. New therapeutic compounds are
often designed to increase ligand efficacy by improving their
pharmacokinetic profile. At least one heterocyclic ring can
be found in around 70% of all medicines and agrochemicals.
The primary reason for the enormous usefulness of heterocy-
cles in pharmaceuticals is due to drug heterocyclic scaffold,
which frequently has a favourable influence on its synthetic
accessibility and physicochemical characteristics, bringing
lipophilicity and solubility values into the ideal balanced
range in terms of absorption and bioavailability. As a result,
researchers are always looking for novel and efficient heter-
ocyclic compound synthesis methods.

In recent years, the area of nanocatalysis has exploded,
incorporating the use of nanomaterials as catalysts in a varie-
ty of homogeneous and heterogeneous conditions [6]. Na-
nomaterials have very high efficacy as compared to typical
catalysts because of their enhanced activity, specificity, su-
perior stability, minimal energy usage, and extended shelf
life. Because of their tiny size (about 10-80 nm) and form,
they have a high surface-to-volume ratio, which results in
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distinct and massive changes in the material physicochemical
characteristics [7, 8].

Metal nanoparticles (MNPs) have a lot of promise in
fields like medicine and catalysis [9, 10]. MNP greater sur-
face area has a beneficial effect on reaction rate, which is the
primary reason for the increased catalytic activity of these
NPs. MNP catalysis allows for quick and selective chemical
conversions with good yields, as well as easy catalyst separa-
tion and recovery [11].

Particularly, AuNPs as catalysts have drawn the scientific
community's attention due to their remarkable catalytic ac-
tivity, specificity, stability, and reusability in catalytic pro-
cesses [12-15]. In recent years, a series of books and review
articles addressing gold catalyzed organic processes have
been published [16-21]. Several comprehensive reviews on
AuNP catalysis have covered the physical properties and
analysis of AuNPs, as well as the formation of various car-
bon-heteroatom bonds.

Gold is an important catalyst for the formation of carbon-
carbon and carbon-heteroatom bonds (C-O, C-N, and C-S)
through the addition of unsaturated reactive n-bonds by suit-
able nucleophiles. This brief overview highlights several key
findings on the employment of AuNPs as efficient catalysts
for the formation of heterocyclic compounds. After careful
analysis of literature reports on this area over the last ten
years, only significant discoveries have been highlighted
here. The major goal of this review is to offer a foundation
for ongoing research into AuNPs for the production of novel
heterocycles.

© 2023 Bentham Science Publishers
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2. AuNPs CATALYZED HETEROCYCLES SYNTHE-
SIS

Because of their well-defined electrical and physical
properties, AuNPs have generated considerable attention. The
tiny size of AuNPs (1-100 nm) and hence the high surface-to-
volume ratio distinguish them. Their physical and chemical
properties may be modified to meet the criteria for size, com-
position, and shape, as well as high resilience and specialized
target-binding qualities. Because of the features mentioned
above, AuNPs are one of the most frequently used nano-
materials for catalytic reactions, imaging, illness diagnostics,
and gene expression [22-28].

3. SYNTHESIS OF NITROGEN-HETEROCYCLES

Nitrogen-based heterocyclic chemistry is a prominent and
distinct domain of modern organic chemistry, with substan-
tial research devoted to the production of new compounds
and composites. The quest for novel therapeutic drugs has
been assisted by the N-heterocyclic frameworks' great struc-
tural diversity in terms of pharmacokinetics and other physi-
cochemical characteristics [29]. The study and development
of nitrogen-based molecules for medical purposes is now a
fast-expanding and active area of research.

Indoles are important heterocycles with distinct proper-
ties due to the existence of an electron-rich pyrrole ring,
which may bind noncovalently with the other molecules
through hydrogen bonding via the NH group and n-n stack-
ing [30, 31]. Tokunaga and coworkers described an AuNPs
catalyzed one-pot hydrogenation followed by a cyclization
reaction of (2-nitrophenyl)alkynes 1 to produce indoles de-
rivatives 2 [32]. Two methods were used to synthesize the
indoles 2. The first technique uses Fe,O5 supported AuNPs
to catalyze the reaction of (2-nitrophenyl)alkynes 1 to the
synthesis of indoles 2 in a single step (Scheme 1). The se-
cond technique uses a two-step reaction in one pot where the
first phase is carried out at 60°C with 2.0 MPa H, for 1 h,
followed by H, release at 0.1 MPa pressure. The reaction
mixture is then heated for 1 h at 120°C in the second stage.
The second approach produces somewhat higher yields
compared to the first approach. A diverse array of alkynes 1
bearing bulky groups, like p-Tol, tert-Bu, and cyclohexenyl,
have undergone the reaction to generate the respective in-
doles 2 in good yields under the optimum conditions. Con-
versely, an electron- deficient group substituted on the al-
kyne, for example a trifluoromethylphenyl, produced moder-
ate yields of the corresponding indoles. On the other hand,
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an alkyne containing a TMS group was not compatible with
the reaction and resulted in the complete decomposition of
starting materials. It was found that the yield of the expected
product 2 was unaffected by substituents on the benzene
ring. In their study, gold particles with an average diameter
of 2-3 nm were seen in TEM pictures of the Au/Fe,O5 cata-
lysts. After the catalytic process, the size of the gold particles
marginally increased. Actually, the catalysts that had been
used previously had slightly lower activity and provided a
product with low yields. The performance might be negative-
ly impacted by a small change in the catalyst condition along
with the size of the gold nanoparticles.

Quinolines have received a lot of interest because of their
wide variety of pharmacological properties [33-35]. In 2011,
Che and coworkers published a novel one-pot method for
accessing nitrogen-containing heterocycles 5 and 7 through
an AuNPs catalyzed reaction of anilines 4 and polycyclic
aromatic amines 6 with aldehydes 3 in toluene at 110°C with
oxygen as an oxidant (Scheme 2) [36]. A range of electron-
donating functional groups onanilines 4 gave good yields of
the desired products 5 under the optimum reaction condi-
tions. On the other hand, electron-deficient substituents have
a negative impact on the yield of the product formed. Hydro-
cinnamaldehyde and aldehydes with high boiling points were
revealed to be suitable substrates with excellent yields. Bulky
anilines were found to be appropriate for the synthesis of
polycyclic quinolines 7 under these reaction conditions and
produced the required product in good yields. The marking
indicates the connection points in product 7. The image ob-
tained using transmission electron microscopy (TEM)
showed that the spherical AuNPs were equally dispersed
over the silica surface. The average AuNPs had a diameter of
27.7 £ 2.9 nm and a dispersion of 10.5%, respectively. The
distinct diffraction spots in the supported AuNPs' fast-
Fourier transform (FFT) images further demonstrated the
single crystal structure and outstanding crystallinity of the
AuNPs. The identification of Au, Si, and O peaks during
energy-dispersive X-ray (EDX) microanalysis provided more
evidence that Au was present on silica. The easy recovery of
the catalyst, which can be successfully reused for the next
seven consecutive cycles without the substantial defeat of
catalytic activity, is another benefit of this protocol.

Iborra and co-workers described the AuNPs catalyzed
synthesis of quinoxalines 10 from the reaction of o-phenyl-
enediamines 8 and glycols or vicinal diols 9 at 140°C in
the absence of base (Scheme 3) [37]. The catalyst reusability
was investigated for as far as four catalytic cycles; and after
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R' = Ph, p-Tol, 4-MeOCgH,, 4-FCgH,, 4-CF3CgHy, t-Bu, Cy, cyclohexenyl, TMS

R2=H, Me

Method I: H, (2 MPa), Au/ Fe,O3 (5.0 atom % Au/(Au +Fe), 2.3 mol % Au/1), 120°C, 1 h
Method II: H, (2 MPa), Au/ Fe,03(5.0 atom % Au/(Au +Fe), 2.3 mol % Au/1), PhMe, 60°C,
1 h then H, (0.1 MPa), PhMe, 120°C, 1 h

Scheme 1. AuNPs catalyzed synthesis of indoles 2.
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Scheme 2. AuNPs catalyzed synthesis of quinolines 5 and 7.
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Scheme 3. AuNPs catalyzed preparation of quinoxalines 10.
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R® = CO,Me, CO,Et

Scheme 4. AuNPs catalyzed synthesis of 1,2,3-triazoles 13 and 15.

the fourth cycle, the catalytic activity was decreased, as de-
termined by percent conversion to the final product 10.

1,2,3-Triazoles are important heterocyclic structures that
may be found in a variety of compounds and have a wide
range of therapeutic uses [38]. In 2013, Muthusubramanian
and coworkers used AuNPs supported on nanoporous titania
for the synthesis of 1,2,3-triazoles 13 and 15 in an aqueous
medium [39]. [34+2] Cycloaddition reaction was accomplished
by reactingsubstituted phenacyl azides 11 with acetylenes 12
in water or in a tert-BuOH/H,O mixture with the omnipres-
ence of Au/Ti0O,, yielding 1,4-disubstituted 1,2,3-triazoles 13
as the only regioisomer (Scheme 4). In this reaction, the utili-
zation of symmetrical internal alkynes 14 wasalso investigat-
ed. In contrast to the noncatalytic process, it was discovered
that the omnipresence of the Au/TiO, catalyst resulted in
good yields of products 15 in a short reactiontime. This im-
provement in product yield can be ascribed to the gold al-
kynophilic property, which activates the internal alkyne, re-

sulting in a faster reaction rate. The porous architecture of
the Au/TiO, nanospheres, generated by the aggregation of
TiO; nanoparticles of roughly 10 nm, is clearly visible in the
TEM picture. The HRTEM images of the Au/TiO, nano-
spheres demonstrate the dispersion of Au nanoparticles with
a size of 5 nm on the porous TiO, surface. The EDAX spec-
tra verified that Au was present in the porous TiO, matrix.

In 2013, Lopez-Sanchez, Helaja, and coworkers reported
the synthesis of indoles 17 in good yields by the cycloisom-
erization process of 2-alkynylanilines 16 in the presence of
carbon supported AuNPs as catalyst (Scheme 5) [40]. Sub-
strate molecules with different substituent on the alkynes
and/or aryl rings performed the cycloisomerization process
in good to excellent yields under the optimal reaction condi-
tions. The presence of an electron-withdrawing substituent
R' in the starting molecules 16 reduced reactivity and cata-
lytic efficiency, whereas the presence of an electron-donor p-
methoxyphenyl group as R' enhanced reactivity and catalytic
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efficiency. The employment of an aliphatic alkyne, on the
other hand, resulted in low yields of the desired product and
had a negative impact on catalytic activity. The catalytic
activity on anilines 16 was shown to be enhanced by the
presence of a chlorine substituent (R?) at the C-4 or C-5 at-
oms. Except for 2-alkynyl-4-nitroanilines, the majority of the
substrates produced good yields of the expected product 17.

_ R Au/C
N Z (0.5-2.5 wt %) Rzmw
R PhMe Z N
NH; 90-120 °C, 24-48 h H
16 17
17 examples
26-99%

R! = n-Pr,Ph, 4-MeOCgH,, 4-MeCqHj, 4-FCgHs,
4-NO,CgHj, 4-COMeCgH,, 2-H,NCgH,, 2-Py
RZ = H, 4-Cl, 5-Cl, 4-n-Pr, 4-NH,

Scheme 5. AuNPs catalyzed synthesis of functionalized indoles 17.

Furthermore, employing 2,2'-(1,3-butadiyne-1,4-diyl)-
bisaniline (18) as a starting material, an unusual synthesis of
cyclooctatetraene condensed with four indole rings 19 was
performed. In comparison to the afore-mentioned cycloi-
somerization reaction of 2-alkynylanilines 16, this reaction
needed high catalyst loading (5 wt%) and a higher tempera-
ture to complete (Scheme 6).

NH, HoN
@ _ @ AUIC (5 Wt %)
— \_7/ o-xylene
18 120°C, 72 h

39%

Scheme 6. AuNPs catalyzed synthesis of cyclooctatetraene con-
densed indole 19.

In many commercialized medicines and therapeutic
prospects, benzoxazole and benzimidazole cores are fre-
quent structural components [41, 42]. Wang and coworkers
demonstrated a very nice synthesis of benzoxazoles 22 and
benzimidazoles 24 containing substituents at 2-position [43].
2-Substituted benzoxazoles 22 were selectively synthesized
using Au/TiO; as a catalyst in the reaction of 2-nitrophenols
20 (X = 0O) and alcohols 21 (Scheme 7). Substituted benzylic
alcohols 21 provide good yields of the required products 22
under the optimized reaction conditions. The reaction rate is
slowed by the steric hindrance of the substituents in the
ortho position of the benzene ring. The benzene ring was
replaced with a naphthalene ring, resulting in high yields of
the desired product. On the phenyl ring of nitrophenol 20
(X = 0), the presence of either electron-donating or electron-
withdrawing groups was well tolerated. O-nitroanilines 20
(X = N) and benzyl alcohols 23 were transformed into
2-arylbenzimidazoles 24 in high to good yields under identical
reaction conditions employing toluene or water as a solvent.
Surprisingly, using N-methyl-o-nitroaniline as a substrate
increased product yield. The authors studied the reusability
of the catalyst and found that the activity of the Au/TiO,
catalyst was reduced after the completion of six catalytic
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cycles. The merits of this protocol are that in this reaction, no
additional additives, oxidants, or reductants are required.

Because of their presence in a variety of natural products
and drug-like compounds, spiroindolines have generated a
lot of attention. Under microflow conditions, Van der Eyck-
enand coworkers demonstrated an efficient synthesis of spi-
roindolines 26 catalyzed by supported AuNPs through cycloi-
somerization and the construction of C-C bond [44]. In their
protocol, a ball-milling technique was used to make the het-
erogeneous gold catalyst Au@AIl-SBA1S5. In a microreactor
filled with Au@AI-SBA15, the sterically restricted Ugi-
adducts 25 were cyclized to spiroindolines 26 at 120°C in an
aqueous EtOH solvent, with hexafluoroisopropyl alcohol
(HFIP) as a proton transporter (Scheme 8). Substrates 25 with
aliphatic and aromatic substituents gave good to excellent
yields of the respective spiroindolines 26 under the optimized
reaction conditions. As R* substituents, p-methoxybenzyl and
other aliphatic moieties were tolerated well. The inclusion of
a tert-Bu or a Cy group as an R’ substituent results in high
product yields. The impact of water on the reaction selectivity
was also studied, with results suggesting that the presence of
water speeds up the proto-decoordination of the AuNPs, pro-
moting the synthesis of spiroindolines 26 by enhancing the
catalytic process. The authors found that after extended usage,
catalyst deactivation was observed. The Au@AISBA1S cata-
lytic bed did not exhibit any obvious leaching. Their findings
suggest that the catalyst species is deactivated by two addi-
tional mechanisms: first, the oxidation of Au(0) to Au(IIl),
and second, the agglomeration of gold nanoparticles.

The three-component coupling process of phenylacety-
lene (27), dichloromethane (DCM, 28), and cyclic amines
29 was described for the synthesis of propargylamines 30
using AuNPs supported ceria-catalyzed AHA (Alkyne-
Halomethane-Amine) coupling (Scheme 9) [45]. However,
only a small number of substrates were examined for AHA
coupling, with the catalyst being recycled just three times
and yields ranging from 30 to 53%. From a mechanistic
standpoint, DCM (28) reacts with amine 29 to produce a
Mannich base, which then forms chloromethanamine via the
removal of HCl. Propargylamines 30 are formed when the
Mannich base reacts with arylacetylene 27 adsorbed on the
catalyst surface. TEM, DRX, and DR-UV visible spectros-
copy were used to investigate the catalyst species, and con-
sistent distribution of 2-4 nm-sized gold particles was found
on the ceria.

The synthesis of quinolines and pyridocoumarins from
propargylamines by AuNPs supported on TiO, was docu-
mented by Litinas and coworkers [46]. As a consequence of
treating 6-propargylaminocoumarins 31 in 1,2-dichloroethane
(DCE) with Au-TiO, at 70°C for 48 h, good yields of the de-
sired products 32 were obtained. 6-Endo-dig cyclization and a
1,3-H shift were used to interpret the reaction. The use of wa-
ter as a solvent resulted in reduced product yields. In addition,
the reaction may be carried out on various supported AuNPs,
such as Au-Al,O;, which was equally effective. On the other
hand, the reaction of N-propargylanilines with Au-TiO, for 3
days resulted in modest yields of the expected products as well
as considerable quantities of dimerized products (Scheme 10).
The commercially available 1% gold on TiO, and 1% gold
on Al,O3; nano-catalyst were used in this protocol.
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R? = Me, t-Bu, n-Pent, Cy, Ph, 2-MeCgH,, 3-MeCgH,, 4-MeCgH,,
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Scheme 7. AuNPs catalyzed synthesis of benzoxazoles 22 and benzimidazoles 24.
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Scheme 8. AuNPs catalyzed synthesis of spiroindolines 26.

28
27 29
Z= CH2, O
n=0,1
Scheme 9. AuNPs catalyzed synthesis of propargylamines 30.
P
Z R3 | A R3
HN N Au-TiO, (1.8 mol %) N e
(CICH,),, 70°C, 24 h
R1 (0] O R1 (@) O
R2 R?
31 32

R'=R2=H, alkyl, fused ring
R3=H, COOMe

up to 98%

Scheme 10. AuNPs catalyzed synthesis of pyridocoumarins 32.

Scheme 11 depicts a mechanistic scenario for the hy-
droarylation of alkynes by Friedele-Crafts catalysed by cati-
onic Au' or Au" species present in Au/TiO, to produce fused
pyridocoumarins or quinolines from N-propargylanilines.
Through a 6-endo-dig cyclization, the activated alkyne-Au-
n-complex B's electrophilic aromatic substitution by the
electron-rich arene produced the vinyl-Au intermediate C.
Under catalyst regeneration, the dihydroquinoline derivative

z
C= - v )

N*'n

H

Au/CeO, (80 mg/mol)
DUB (2 equiv)

MeCN
65°C, 24-48 h 30
3 examples
53-60%

D was produced via a 1,3-H shift. The products E were pro-
duced solely by the air-oxidation of D.

Hashmi and coworkers compared homogeneous and het-
erogeneous gold catalysts for the cyclization of w-alkynyl-
furans as compound 33 to phenols [47]. The Au/CeO, catalyst
showed significant activity, yielding approximately 100%
phenol 34 after 20 h. However, using CDCl; as a solvent re-
sulted in gold leaching. As a result, CD;CN was selected as
the solvent to retain the reaction heterogeneity and to provide
the required product 34 in 100% yield (Scheme 12). Despite
this, leaching analysis revealed a gold concentration in the
solution of about 25 ppm. The turnover number (TON) was,
on the other hand, comparable to that of homogeneous gold
catalyzed processes [48]. The surface Au(Ill) of AuNPs is
thought to be responsible for their activity, which is compa-
rable to that of homogeneous gold catalysts in which Au(III)
is the active catalytic component.

In 2014, Jonnalagadda and co-workers reported a gold
nanoparticle catalysed one-pot, four-component reactions
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Scheme 11. Mechanism of AuNPs catalyzed synthesis of quinolines.

involving malononitrile 35, ammonium acetate 36, ketones
37 and different benzaldehydes 38, an effective route to
highly substituted pyridines (Scheme 13) [49]. In this proto-
col, MgO-supported Au nanoparticles were used as a cata-
lyst. The advantages of this strategy are quick reaction times,
excellent yields, and simple workups. Additionally, Au/MgO
catalysts may be employed again for six successive cycles
without significantly losing their catalytic activity. Scanning
electron microscopy (SEM) was used to characterise the
morphology of the synthesised Au/MgO catalyst. Mesopo-
rous entities were identified as particles of uniform size and
shape with typical morphology.

N Au/CeO, (1.8 wt %)
| NTs
O NTs CD4CN, 60°C
_ 3 ’
= OH
33 34
100%

Scheme 12. AuNPs catalyzed synthesis of phenol 34.

By directly reducing HAuCl4*3H,0, Tran and co-workers
prepared gold nanocrystals in a variety of shapes, including
nanospheres, nanostars, and nanorods, which they then used
as catalysts in a one-pot, three-component Biginelli reaction
[50]. Among them, the gold nanorod solution showed excel-
lent catalytic performance. With the use of ethyl acetoace-
tate, benzaldehyde derivatives, and urea, Au nanorod
colloids catalyzed the reaction for the synthesis of 3,4-
dihydropyrimidin-2 (1H)-ones with good yields in short
reaction times (Scheme 14). This catalytic system worked
well with benzaldehyde derivatives that have both electron-

CHO
CN le)
N
<CN + Me)K/Me + | » + CH3COONH,
R 36
35 37 38

Scheme 13. AuNPs catalyzed synthesis of pyridines 39.

donating and electron-withdrawing groups. Although in their
study, the authors did not comment on the probable mecha-
nism, they did mention the recyclability and reusability of
the catalytic system.

Organic processes assisted by microwaves have higher
yields, less byproducts, faster reaction, and occasionally al-
tered selectivity. In fact, microwaves may be used to execute
novel reactions and conditions that are not possible with
normal heating. Gold catalyzed organic transformations un-
der microwave irradiation were one of the growing fields in
organic synthesis, since various important molecules were
successfully prepared with good efficiency in less time [51].
Very recently, Librando and co-workers have reported the
microwave-assisted TiO, supported gold nanoparticle cata-
lyzed one-pot three-component (alkyne 43, organohalide 44,
and sodium azide) reactions to yield the corresponding tria-
zoles 45 (Scheme 15) in moderate yields, after 15 minutes,
using a mixture of water and acetonitrile at MW (30 W,
150°C) and 1 mol% of catalyst loading [52]. The catalyst
was recovered and reused up to five consecutive cycles, alt-
hough with a loss of activity due to the increase of gold na-
noparticle size. In view of the advantages, the current meth-
od displays several merits, including the utilisation of inex-
pensive and readily available materials, mild reaction condi-
tions, easy operation, and the recyclability of the catalyst.

4. SYNTHESIS OF OXYGEN-HETEROCYCLES

Many naturally occurring, therapeutically active com-
pounds contain oxygen-based heterocycles as common struc-
tural elements. Then there are five- and six-membered oxacy-
cles like tetrahydropyrans, dihydropyrans, tetrahydrofurans,

Au/MgO (10 mg/ mol’) NC

EtOH, 70°C

R =H, 4-OMe, 4-Br, 2-Cl
85-95 %
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X
R
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1-4 h, 80- 110 °C

R =H, 4-OMe, 4-Me, 4-Br, 4-Cl, 4-NO,,
3-Br, 3-Cl, 2-Br, 2-Cl

85-95 %

Scheme 14. AuNPs catalyzed synthesis of 3,4-dihydropyrimidin-2 (1H)-ones 42.

Scheme 15. AuNPs catalyzed synthesis of triazoles 45.
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°N
45
10 examples

39-79 %

R1 = H, OMe, F
R, = H, 2-Br, 2-NO,, 3-Br,
3:NO,, 4-NO,

47

12 examples
53-73%

R? = Me, OMe, cyclohexyl, Ph, 4-Me-CgHy, 4-OMe-CgH,, 4-CI-CgH,, Bn, 2-naphthyl

Scheme 16. AuNPs catalyzed synthesis of 3-alkylidene-1-oxa-2,5-disilacyclopentanes 47.

1. R°R3SiH, (2.5 equiv)

Au/TiO, (1.2 mol%) R® o .le
Rl benzene, 25°C RZ.Si_SLRZ
o 2. H,0, 25°C, 1 h 1
R
48 49
18 examples
48-69%

R' = n-Bu, 4-Cl-n-Bu, cyclopropyl, 2-bromoethyl, Bn, PhOCH,, Ph,
4-Me-C5H4, 4-OMe-C6H4, 4-F-CGH4, 4-Br-CsH4, 2-Me-4-OMe-C6H3

R2, R® = Me, Et, Ph

Scheme 17. AuNPs catalyzed synthesis of 2,5-dihydro-1,2,5-oxadisiloles 49.

or various forms of y- and 8-lactones that have a high occur-
rence in medically and biologically significant natural
and non-natural products. The one-pot synthesis of new
3-alkylidene-1-oxa-2,5-disilacyclopentanes 47 from allenes
46 and diethylsilane using AuNPs supported TiO, (Au/TiO,)
catalyzed regioselective dehydrogenative 1,2-disilylation was
described (Scheme 16) [53]. Its application in C-C bond-

forming Hiyama-type reactions for the synthesis of arylolefins
was also described by Stratakis and co-workers. They also
reported utilising Au/TiO, as a catalyst in the cis-1,2-
dehydrogenative disilylation of alkynes for the synthesis of
2,5-dihydro-1,2,5-oxadisiloles 49 (Scheme 17) from alkynes
48 and disubstituted silanes in benzene solvent at 25°C fol-
lowed by catalyzed hydrolysis with water [54].



Use of Gold Nanoparticles in the Synthesis of Heterocyclic Compounds
Au/TiO,(1.2 mol%)

o
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Scheme 18. AuNPs catalyzed synthesis of benzopyrans 51 and 52.
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Scheme 19. AuNPs catalyzed synthesis of furan 54.

AcOH (1 equiv.)

54
54-96 %

o R O
CN AUNPS@RGO-SH(0.22% ) Ncm
UV <CN * H,0, reflux, 25-160 min 4\
55 35 56 ¢
15-95 %

R= n-Pr, n-Bu, CGH5, 4-N(Me)2-CSH4, 2-C|-CSH4, 3-C|-06H4, 4-C|-CSH4,
3'OMe'C6H4,3'Br-CGH4,4-F-CﬁH4, 4-Me-C6H4, 2-OH-5-B|'-CBH3,
5-methyl-furan-2-yl, thiophene=2-yl

Scheme 20. AuNPs catalyzed synthesis of tetrahydro-4H-chromenes 57.

Cyclic ethers are a prevalent type of oxygen-containing
heterocyclic molecule and are found in a wide range of natu-
rally occurring biologically and medicinally active chemicals
[55]. Cyclic ethers are important components for the devel-
opment of prospective medicinal molecules, as seen by a
large number of FDA-approved cyclic ethers, including me-
dicinal compounds. Additionally, they are commonly found
as important structural components in synthetic agrochemi-
cals and drugs. Thus many methods are available in the liter-
ature for the synthesis of ethers, including dehydration of
alcohols [56], metathesis [57], red-ox strategy [58] and em-
ploying organometallic chemistry [59]. In 2011, Stratakis
and coworkers reported utilizing gold supported on TiO, to
cycloisomerize or oxidative dimerize propargyl ethers [60].
The reaction of phenyl propargyl ether (50) with Au/TiO, in
DCE at 70°C resulted in an 82% yield of two products, with
the bicyclic product 51 being the main product (83%) and
the dimerized product 52 being produced at a low yield
(17%) (Scheme 18). The suggested mechanism entails the
formation of an auric-monocyclic intermediate to yield a
cyclized product. On the other hand, the auric-monocyclic
intermediate can combine with another molecule of propar-
gyl ether to yield a diorganogold intermediate, which then
leads to a dimerized product.

Recently, Zorba and co-workers have reported a ligand-
less gold nanoparticle catalyzed cycloisomerization of con-
jugated allenones 53 for the synthesis of functionalized fu-
rans 54 in excellent yields (Scheme 19) under mild reaction
conditions [61]. In this protocol, 1% gold nanoparticles sup-

ported on TiO, were used in the presence of one equivalent
of acetic acid. The acid accelerated the rate of the reaction
(from 1 hour to 10 minutes). Mechanistic studies with
CD;COOD revealed that, unlike cationic Au(I) or Au(III)
catalysis, the acid does not participate in the proto-
deauriation steps, indicating that gold and proton exchange
occurs very quickly in the chemisorbed gold nanoparticles
cyclized intermediate. This catalytic process finds that the
catalyst is completely heterogeneous, recyclable, and reusa-
ble for several runs.

In 2018, Naeimi and co-workers demonstrated a sustain-
able and efficient method for the synthesis of tetrahydro-4H-
chromenes using gold nanoparticles supported on thiol-
functionalized reduced graphene oxide (AuNPs@RGO-SH)
as a suitable catalyst for the reaction of substituted benzalde-
hyde and malononitrile in an aqueous medium under reflux
conditions (Scheme 20) [62]. Atomic force microscopy
(AFM), field emission scanning electron microscopy (FE-
SEM), FT-IR spectroscopy, thermal gravimetric analysis
(TGA), and XRD were used to analyse the self-developed
catalysts. The authors also found that the catalyst can be re-
used up to six times without significant loss of catalytic ac-
tivity.

Conjugated ynones are a special type of structural motif
that possesses impressive chemical versatility [63]. They are
significant Michael species and exhibit high reactivity in
cycloaddition as well as cyclocondensation reactions with a
variety of nucleophiles. Many crucial organic functional
groups and scaffolds may be formed from conjugated
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R1, R2 = H, C6H5, 4-Me-CsH4, 4-OM8-C6H4, 13 eXampIeS

4-F-CgHy4, n-Pn, cyclopropyl, cyclohexenyl

Scheme 21. AuNPs catalyzed synthesis of y-pyrones 59.

ynones. Stratakis and co-workers have reported an elegant
method for the synthesis of y-pyrones 59 from skipped
diynones 58 in the presence of gold nanoparticles supported
on TiO, as a suitable catalyst in aqueous dioxane solvent
(Scheme 21) [64]. The reaction proceeds through Au/TiO,
catalyzed activation of the triple bond followed by hydration
and 6-endo cyclization. Interestingly, these results differed
from the homogeneous gold(I) catalyzed hydration of
diynones, which results in isomeric 3(2H)-furanones via 5-
exo cyclization [65]. This may be due to following the reac-
tions into two different mechanistic pathways with Au (I)
and Au NPs catalysts.

CONCLUSION

The synthesis of heterocyclic compounds by AuNPs was
summarized using various protocols. Fast and green synthet-
ic techniques exploiting microflow conditions have revealed
significant possibilities for the preparation of heterocycles
employing NPs as a suitable catalyst. The soft carbophilic
characteristic of gold, which triggers alkyne for subsequent
reactions, makes homogeneous gold catalysis significant. On
the other hand, in the case of alkyne activation, the heteroge-
neous gold catalysis appears to be underestimated due to a
debate on active gold species in AuNPs. The AuNPs cata-
lyzed heterocyclic compound synthesis techniques are envi-
ronmentally benign and offer numerous benefits, including
fasterreaction rates, greater yields, a simplified workup pro-
cedure, and catalyst recyclability. It is quite confident that
NPs catalyzed reactions have enormous potential for the syn-
thesis of various heterocycles and will attract organic chem-
ists' interest. In the near future, rapid growth in NPs cata-
lyzed reactions is highly desirable.
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