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ABSTRACT: A hexaphenylbenzene (HPB)-based derivative bear-
ing thiol groups has been designed and synthesized that undergoes
aggregation-induced emission enhancement in mixed aqueous
media to form rodlike fluorescent aggregates. These rodlike
aggregates behave as a “not quenched” probe for the detection of
silver ions and further act as reactors and stabilizers for reducing-
agent-free preparation of blue luminescent silver nanoclusters at
room temperature. The utilization of fluorescent supramolecular
aggregates for the preparation of Ag NCs in mixed aqueous media
is unprecedented in the literature. Moreover, the wet chemical
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method that we are reporting in the present paper for the

preparation of luminescent silver nanoclusters is better than the other methods reported in the literature. Further, these in situ
generated Ag NCs showed exceptional catalytic activity in the preparation of pyrroles involving cocyclization of isocyanides and
terminal alkynes. Interestingly, the catalytic efficiency of in situ generated Ag NCs was found to be better than the other catalytic

systems reported in the literature.
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1. INTRODUCTION

Pyrrole and its derivatives are of great use in organic synthesis
and in material science. The five-membered heterocyclic core is
a building block of various natural products, pharmaceuticals,
agrochemicals, and alkaloids." Thus, various approaches have
been developed for the construction of pyrrole derivatives. The
conventional methods for the synthesis of pyrroles require the
presence of a strong base, expensive catalyst, and high
temperature.” Recently, “click” reaction between terminal
alkynes and isocyanides have been developed as a straightfor-
ward and convenient strategy for the development of pyrrole
derivatives.> However, most of these reports suffer from
limitations such as use of a high loading of expensive metal
salts as catalyst, nonreusable catalyst, longer reaction time, and
high reaction temperature. Hence, the development of an
efficient, atom-economic, and environmentally friendly ap-
proach for the preparation of pyrroles is still a challenge.

One of the aims of our research program is the development
of fast, reductant-free, facile methods for the preparation of
different types of metal nanoparticles, viz., pa.lladium,5 gold,6
copper,” mercury,” and iron oxide.” The catalytic efficiency of
these nanoparticles was then utilized for various organic
transformation, viz., reduction of p-nitrophenol and p-nitroani-
line to p-aminophenol5 and p-phenylenediamine,6 click syn-
thesis of triazoles,” Beckmann rearrangement8 of aldoximes/
ketoximes to primary/secondary amides, and Sonogashira
coupling” reactions, respectively. Recently, from our laboratory
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we reported the development of supramolecular assemblies
based on different scaffolds, viz., pentacenequinone, hexaphe-
nylbenzene, and perylenebisimide bearing aldehyde groups,
which served as reactors and stabilizers for the preparation of
nonluminescent silver nanoparticles (Ag NPs, size >2 nm)."’
However, nonluminescent Ag nanoparticles have limited
applications, as these cannot be used for fluorescence lifetime
imaging or tracking in live cells and are unable to exhibit
fluorescence resonance energy transfer (FRET). Keeping this in
view, we were then interested in the development of fluorescent
supramolecular aggregates, which could act as reactors and
stabilizers for the preparation of luminescent Ag NPs, and for
this purpose, we have designed and synthesized hexaphenyl-
benzene (HPB) derivative 3, having thiol groups at the
periphery. We have chosen the HPB moiety because of its
known aggregation-induced emission enhancement'"'? (AIEE)
characteristics in aqueous media. The soft imino and thiol
groups have been incorporated to increase the affinity of the
molecule toward soft metal ions like silver."’ Interestingly,
rodlike fluorescent supramolecular aggregates of HPB deriva-
tive 3 exhibited “no quenching” response toward silver ions in
aqueous media and served as reactors and stabilizers for the
preparation of very small silver nanoclusters (Ag, NCs, size <2
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Table 1. Click Synthesis of Pyrroles by the Cocyclization of Terminal Alkynes (4a—h) and Ethyl 2-Isocyanoacetate (5)

Catalyzed by Ag NCs (0.5 mol %)
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nm) rather than Ag NPs. Among different metal nanoclusters,
silver nanoclusters (Ag NCs), due to their exceptional
photostability and bright fluorescence in solution phase, have
found applications in biolabeling and FRET and for creating
luminescent patterns.M_27 Further, preparation of Ag NCs
requires special efforts to avoid self-aggregation, which leads to
the formation of nonfluorescent silver nanoparticles. In the
recent past, various methods to produce luminescent Ag
nanoclusters stabilized by a variety of protecting ligands such as
polymers, dendrimers, peptides, and DNA oligonucleotides
have been developed.”*~** However, most of these methods
have their own limitations of requiring photoirradiation,*’ an
external reducing agent,44’45 longer reaction time,*¢ high
temperature,%’47 and incubation in dark.*' In this context,
the reductant-free wet chemical method that is being reported
in the present paper for the preparation of luminescent Ag NCs
is better than the other reported methods™™* (Supporting
Information, Table SS). Furthermore, in situ generated, highly
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stabilized Ag NCs showed excellent catalytic efficiency in the
preparation of pyrroles by click reaction (cocyclization) of
isocyanides with terminal alkynes (Table 1). To the best of our
knowledge, this is the first report where aggregates of a
hexaphenylbenzene derivative have been utilized for the
preparation of blue luminescent silver nanoclusters (Ag;
NCs) that then have been used as a catalyst for the preparation
of pyrrole derivatives by cocyclization of isocyanides with
terminal alkynes. Interestingly, the catalytic efficiency of the Ag
NCs was found to be better than the other catalytic systems
reported in the literature (Supporting Information, Table S6).

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of HPB Derivative
3. [1 + 2]-Condensation of hexaphenylbenzene derivative 1'°
with 2-aminothiophenol 2 in THF:EtOH (4:6) at 80 °C
afforded the desired product 3 in 89% yield (Scheme 1).
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Scheme 1. Synthesis of Hexaphenylbenzene-Based
Derivative 3
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The structure of compound 3 was confirmed from its
spectroscopic and analytical data (Supporting Information,
Figures $30—33). The 'H NMR spectrum of compound 3
showed two singlets at 8.78 and 3.52 ppm, corresponding to
imino and SH proton, respectively; six doublets at 8.24, 8.07,
7.91, 7.59, 7.25, and 7.00 ppm; four triplets at 7.84, 7.50, 7.39,
and 7.08; and a multiplet at 6.91—6.88 ppm, corresponding to
aromatic protons. The *C NMR spectrum of 3 showed peaks
at 160.9 and 156.7 ppm due to imino carbons and peaks at
1432, 1404, 136.8, 136.4, 132.1, 131.4, 130.1, 128.1, 127.8,
1272, 126.8, 126.6, 125.6, 125.3, 123.1, and 118.2 ppm
corresponding to other aromatic carbons. The FT-IR spectrum
of compound 3 exhibits two distinct stretching bands at 1602
and 2580 cm™' corresponding to the C=N and SH groups,
respectively. In the ESI-MS spectrum of compound 3, a base
peak appeared at 979.4329 (m/z) corresponding to [M + Na]™.
These spectroscopic data confirm the structure 3 for this
compound.

2.2. AIEE Behavior of Derivative 3. A solution of
compound 3 in ethanol exhibits an absorption band at 324 nm
due to the z—z* transition in the UV—vis spectrum. On
increasing water fractions up to 80% (volume fraction) to the
ethanol solution, the entire absorption spectra gradually
increased with a slight red shift (~6 nm) in the absorption
band from 324 to 330 nm along with the appearance of a level-
off tail in the visible region (Figure 1A). An emission band

appeared at 385 nm (® = 0.06) in the fluorescence spectrum of
a solution of compound 3 in ethanol when excited at 330 nm.
On increasing the water fraction up to 80% (volume fraction)
to the ethanol solution of 3, the emission band is red-shifted to
405 nm with an enhancement in the emission intensity (® =
0.45) (Supporting Information, Figure S1A) and quantum yield
(®) (Supporting Information, Figure S1B). The absorption
and fluorescence studies suggest the formation of aggregates in
mixed aqueous media. The shape of the aggregates was found
to be rodlike, as observed in the scanning electron microscopic
image (SEM) of derivative 3 in H,O/EtOH (8:2, v/v) (Figure
1B,C and Supporting Information, Figure S2). The dynamic
light scattering (DLS) studies also indicate the presence of rod-
shaped aggregates of average length in the range of 600 nm
(Supporting Information, Figure S3).

Further, the fluorescence intensity of compound 3 gradually
increased with increasing fractions of glycerol in ethanol
solution (Supporting Information, Figure S4). We also carried
out concentration-dependent fluorescence studies of com-
pound 3 in ethanol. These studies indicate nonlinear
enhancement in fluorescence intensity with increasing concen-
tration (Supporting Information, Figure S5). We also studied
the effect of temperature on the fluorescence behavior of
compound 3 in the H,O/EtOH (8:2, v/v). It was found that
the fluorescence intensity decreases gradually with the rise in
temperature from 25 to 75 °C (Supporting Information, Figure
S6). These studies confirm the aggregation-induced emission
enhancement characteristics of derivative 3.

The time-resolved fluorescence spectrum of derivative 3 in
ethanol exhibits a single-exponential lifetime (z = 0.37 ns),
whereas upon addition of water fractions the fluorescence decay
of derivative 3 becomes biexponential (7, = 1.35 ns)
(Supporting Information, Figure S7). These studies indicate
that the difference between fluorescence radiative rate
constants*”** (k;) of derivative 3 in ethanol (0.16 x 10° s™')
and in H,0/EtOH (8:2, v/v) (0.33 X 10° s7!) is very small;
however, the nonradiative decay constant (k,) decreased
significantly from 2.54 X 10° to 0.4 X 10° s™' (Supporting
Information, Table S1). On the basis of these studies, we
propose that the deactivation of nonradiative decay due to
restriction of the intramolecular rotational relaxation of the
rotors linked to the core is the principal reason for the observed
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Figure 1. (A) UV—vis spectra showing the change in absorbance of compound 3 (5.0 #M) in H,0/EtOH mixture (0—80% volume fraction of water
in EtOH). The scanning electron micrographs showing the rod-shaped aggregates with scale bars of (B) 1 ygm and (C) 200 nm. (D) Confocal image
showing blue luminescent aggregates of 3. (E) Polarized optical microscopic image of derivative 3 at room temperature through cross-polarizing

filters.
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AIEE phenomena in the case of derivative 3. The confocal
microscopy image of compound 3 in the H,O/EtOH (8:2, v/v)
clearly indicates the presence of blue luminescent aggregates
(Figure 1C). Furthermore, the polarized optical microscopy
(POM) image of derivative 3 shows birefringence at room
teDm)perature, thus suggesting an ordered morphology (Figure
1D).

We also carried out concentration-dependent 'H NMR
studies of derivative 3, which showed a downfield shift of 0.22
and 0.14 ppm for —SH and imino protons, respectively,
indicating the presence of intermolecular hydrogen bonding
between the molecules of derivative 3. Further, an average
upfield shift of 0.08 ppm was observed in the case of protons
corresponding to the HPB moiety (Supporting Information,
Figure S8). This upfield shift of aromatic protons is attributed
to the intermolecular 7—n stacking between the HPB-based
molecules. All these studies clearly indicate the AIEE
characteristics of derivative 3.

2.3. Preparation of Silver Nanoclusters Utilizing
Aggregates of Derivative 3. Since compound 3 contained
imine and thiol moieties, which are known to have interaction
with metal ions, we studied the molecular recognition behavior
of compound 3 with different metal ions, such as Ag®, Hg*,
Au"’*, Zn2+, Cu2+, Fe2+’ Fe3+} C02+, Pb2+, Ni2+, Pd2+, Cd2+, Ba2+,
Mg2+, and AI**, as their perchlorate/chloride and nitrate salts
(AgNO;) by UV—vis and fluorescence spectroscopy (Support-
ing Information, Figures S9 and S10). Upon gradual addition of
Ag* ions (0—60 equiv) to the solution of 3 (5 uM) in H,0/
EtOH (8:2, v/v), the absorption band at 330 nm is gradually
blue-shifted to 300 nm within the first 30 min due to the
interaction of aggregates of derivative 3 with Ag" ions (Figure
2).*’ Interestingly, after 30 min, the formation of new bands
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Figure 2. (A) UV—vis spectra of compound 3 (5.0 yM) in H,0/
EtOH (8:2, v/v) in the presence of Ag" ions (0—60 equiv) within 240
min; the inset shows the enlarged absorption bands at 495 and 625
nm. (B) Color change from colorless to yellow 240 min after of
addition of 60 equiv of Ag" ions.

was observed at 415, 495, and 625 nm in the UV—vis spectra.
The intensity of the bands at 415, 495, and 625 nm gradually
increased with time (up to 240 min) (Figure 2A).

The band at 625 nm may be attributed to the interplasmon
coupling® and interband transitions (4d valence band to the
Ssp conduction band) during Ag NCs formation, and the broad
band in the 340—360 nm region also suggests the formation of
heptamer silver (Ag;) nanoclusters.”’ Thus, the bands at 415,

495, and 625 nm and broad band in the 340—360 nm region
indicate the formation of Ag, NCs.>** A color change from
colorless to yellow observable to the naked eye accompanied
these spectral changes (Figure 2B). The rate constant for the
formation of Ag NCs was found to be 5.55 X 107> min™"
(Supporting Information, Figure S11).

2.4. Luminescence Behavior of Silver Nanoclusters.
Upon addition of Ag* ions (60 equiv) to the solution of
aggregates of 3, the emission band at 405 nm gradually
decreases and red shifts to 415 nm within 60 min (Figure 3A).
This red shift in emission band is attributed to the interactions
between the aggregates of derivative 3 and Ag* ions.”*** After
60 min of Ag* ions addition, a new band appeared at 465 nm,
and its emission intensity gradually increased (® = 0.66, 240
min) (Supporting Information, Figures S12 and S13)
accompanied by a color change from deep blue to blue-
green, which is clearly visible to the naked eye under 365 nm
UV light (Figure 3A, inset). On the other hand, the
fluorescence spectra of derivative 3 in the presence of Ag*
ions also showed an emission band at 465 nm upon excitation
at three different wavelengths (340, 350, and 360 nm)
(Supporting Information, Figure S14). Further, we recorded
the excitation spectrum of the solution of aggregates of 3 and
Ag" ions for the emission at 465 nm. The excitation spectrum
of the emission at 465 nm showed a broad peak at 345 nm,
which overlaps significantly with the UV—vis absorbance and
excitation (4., = 330 nm) spectrum, suggesting that Ag NCs are
contributing to the emission enhancement at 465 nm
(Supporting Information, Figure $15).””*”%° A linear quench-
ing efficiency plot was obtained in the case of aggregates of
derivative 3 in the presence of Ag" ions (60 equiv) with a
Stern—Volmer constant (K,,) of 5.6 X 10* M™" (Supporting
Information, Figure S16). The detection limit of aggregates of
derivative 3 for Ag" ions was found to be 150 nM (Supporting
Information, Figure S17). We also tested the fluorescence
behavior of aggregates of derivative 3 toward other metal ions,
such as Hg*, Au*, Zn*', Cu®*, Fe’*, Fe’*, Co*, Pb*", Ni*,
Cd*, Pd*, Ba®*, Mg**, and AI** ions, as their chloride (silver as
AgNO;) and perchlorate salts under the same conditions as
used for Ag" ions, but no considerable change in fluorescence
intensity was observed (Supporting Information, Figures S18
and S19), which indicates that the aggregates of derivative 3 are
selective for Ag" ions only. This selectivity is due to the
presence of soft imino and thiol moieties in derivative 3, which
interact selectively with soft Ag" ions among various other
metal ions tested.”’

We also studied the interaction between silver ions and
derivative 3 by time-resolved fluorescence spectroscopy
(Supporting Information, Figure $20). In the absence of Ag*
ions, derivative 3 exhibits a biexponential lifetime (11%, 7, =
0.69 and 89%, 7, = 1.99 ns) in H,O/EtOH (8:2, v/v) when
measured at 465 nm, whereas in the presence of Ag* ions (60
equiv) after 60 min, the fluorescence decay of derivative 3
becomes triexponential. This result indicates the formation of
additional unique species in the presence of Ag® ions. Further,
after 60 min, the amplitude of the shorter component gradually
decreased (1.15%, 7, = 0.33; 5.21%, 7, = 1.15 ns), whereas the
amplitude of the longer component dramatically increased
(93.64%, 73 = 11.7 ns).>® Additionally, in the presence of Ag*
ions, the major fraction (93.64%) of the molecules decay
through the slower pathway (7;) due to the significant decrease
in the nonradiative rate constant (Supporting Information,
Table S2). The enhancement in decay rate may be attributed to
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Figure 3. (A) Fluorescence spectra of compound 3 (S5 #M) showing the response to the Ag* ions (0—60 equiv) in H,O/EtOH (8:2, v/v) mixture
buffered with HEPES (pH 7.05 and 4., = 330 nm); the inset shows the fluorescence change of 3 before (a) and after (b) the addition of Ag* ions (60
equiv, 240 min). (B) Confocal image showing green luminescent Ag, NCs. (C) Polarized optical microscopic image of derivative 3 in the presence
of Ag” ions at room temperature through cross-polarizing filters; the inset shows the formation of silver nanoclusters by aggregates of 3.

the increase in the radiative rate by the local field enhancement
of the silver nanoclusters.

The image of compound 3 under the confocal microscope in
H,O/EtOH (8:2, v/v) in the presence of silver ions clearly
indicates the presence of green luminescent particles (Figure
3B).>”>® Furthermore, the image of compound 3 under
polarized optical microscope (POM) containing Ag NCs
showed greenish yellow birefringence (Figure 3C). These
results clearly indicate the formation of luminescent Ag NCs.
Further, the in situ generated Ag NCs are visibly stable at room
temperature for several weeks.

2.5. Characterization of Silver Nanoclusters (Ag; NCs).
To get further insight into the mechanism and the effect of
ligand concentration on the formation of silver nanoclusters, we
carried out FT-IR, DLS, high-resolution transmission electron
microscopic (HRTEM), and powder X-ray diffraction (XRD)
studies of aggregates of derivative 3 in the presence of Ag* ions
by mixing them in 1:1 and 1:2 ratio, respectively. The FT-IR
spectrum of the sample obtained after evaporation of the
solution of derivative 3 and Ag" ions mixed in 1:1 ratio showed
a shift in peak corresponding to thiol groups from 2580 to 2549
cm™" (Supporting Information, Figure S21ab). On the other
hand, the IR studies of the same sample prepared by mixing 3
and Ag” ions in 1:2 ratio showed the absence of a peak at 2580
cm™" corresponding to thiol groups and a shift in the peak
corresponding to imino groups from 1602 to 1585 cm™}, which
clearly indicates the interaction of silver ions with compound 3
through sulfur and imino nitrogen atoms (Supporting
Information, Figures S21c and S22). Further, in the '"H NMR
spectrum of this sample, the peak at 3.52 ppm corresponding to
thiol groups disappeared and an average upfield shift of 0.14
ppm was observed in the signals corresponding to imino
protons and aromatic protons (Supporting Information, Figure
$23 and Table S3).

On the basis of these results, we believe that upon addition of
Ag" ions to the solution of aggregates of 3 in 1:2 ratio, Ag" ions
interact with the sulfur and imino nitrogen atoms of compound
3 to enter into a network of interconnected aggregates and get
reduced to Ag(0), and S—Ag covalent bonds were formed in
the nanoclusters.””*”%° Further, the DLS studies of the sample
obtained by mixing aggregates of 3 and Ag" ions in 1:1 ratio
showed the presence of Ag NCs in the range of 4 nm
(Supporting Information, Figure S24a); however, the DLS
studies of sample obtained by mixing 3 and Ag" ions in 1:2
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ratio showed the presence of much smaller sized particles
having a hydrodynamic diameter in the range of 0.4—1.8 nm
(average diameter ~1 nm) (Supporting Information, Figure
$24b).°"%* The powder XRD pattern of the sample with 1:1
ratio of aggregates of derivative 3 and Ag" ions showed sharp
peaks as the larger particles (4.0 nm) show a distinct diffraction
pattern (Supporting Information, Figure S25c). However, the
XRD of the sample with 1:2 ratio of aggregates of derivative 3
and Ag" ions showed the presence of broad peaks in the range
of 10°—30° (26 values) corresponding to derivative 3 with the
broad peaks located at 26 values of 38.24°, 44.15°, 64.44°, and
77.42° corresponding to the face-centered cubic (fcc) lattice of
Ag (Supporting Information, Figure $25a,b).'%**%* The SEM
images of derivative 3 in the presence of Ag" ions in H,O/
EtOH (8:2, v/v) solution showed the formation of nanoclusters
on the surface of the aggregates of 3 (Figure 4A,B). The result
of energy-dispersive X-ray (EDX) showed the presence of the
Ag element, in which the peaks located between 2 and 4 keV
are directly related to the characteristic K and L lines of silver
(Supporting Information, Figure $26). The TEM images of the
sample having a 1:1 ratio of aggregates of derivative 3 and Ag"
ions showed larger nanoparticles (Figure 4C,D), although a

Figure 4. (A) SEM images of aggregates of derivative 3 on the
addition of Ag" ions and (B) in the presence of Ag NCs. (C—F) TEM
images showing Ag nanoclusters: (C, D) sample prepared by mixing
aggregates of 3 and Ag" ions in 1:1 ratio, the circles showing the
aggregates of clusters, and (E, F) sample prepared by mixing
aggregates of 3 and Ag” ions in 1:2 ratio.
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Scheme 2. Probable Schematic Presentation of Formation of the Silver Nanocluster (Ag, NCs) from the Mixture of Ag* Ions

and the Aggregates of Derivative 3 in H,O/EtOH (8:2, v/v)

-

“H
b
\

\

1 =

H,0:EtOH

a
C
AgNO;

(8:2)

solution of aggregates of 3 in the presence of silver ions in 1:2
ratio showed the presence of smaller-sized particles (diameters
range from 0.6 to 1.8 nm and average diameter ~1.1 nm); thus,
lattice spacing was not clear (Figure 4E,F and Supporting
Information, Figure $27a,b).° For the selected-area electron
diffraction (SAED) pattern, the diffraction rings can be indexed
as (111), (200), (220), (311), and (222) reflections of the fcc
lattice of silver nanoclusters (Supporting Information, Figure
$27¢).*” Further, the Raman-scattering spectrum of Ag NCs
(1:2) suggests that peaks located at 614, 774, 1184, 1312, 1362,
1510, 1572, and 1650 cm™! are corresponding to derivative 3
and peaks located at 269, 147, and 52 cm™ belong to Ag NCs
(Supporting Information, Figure $28).°7°% From these results,
we may conclude that there is a partial interaction between the
aggregates of derivative 3 and Ag" ions when mixed in a 1:1
ratio, showing incomplete conversion to Ag NCs, but upon
changing the ratio to 1:2, complete conversion was observed
and much smaller sized Ag NCs (<2 nm) were formed. Thus,
the fluorescent supramolecular aggregates of derivative 3
function as reactors and stabilizers for the preparation of blue
luminescent silver nanoclusters at room temperature.

2.6. Characterization of Silver Nanocluster (Ag; NCs)
by ESI-MS Analysis. A molecular ion peak was found at m/z
2291.8297 (labeled i; see Supporting Information, Figure $29a)
as a member of one isotope cluster among a series of similar,
less-intense clusters that are spaced regularly (labeled i—vii) in
the ESI-MS spectrum (in the negative ion mode) of silver
nanoclusters (Supporting Information, Figure S29). The 0.5
spacing of the isotopes indicates that the ionized clusters bear
—2 charge (z); the m/z values of the peaks therefore represent
true molecular jon mass, which for the base peak of 2291.8297
correlate very well with the theoretical exact mass of [Ag;L,]*"
(theoretical molecular weight 2291.8236, deviation 0.0061,
where L = CgH,gN,S,, FW 956.3259). This arrangement is
supported by the excellent match of the theoretical and
experimental isotopic distributions (Supporting Information,
Figure S29b,c). The surrounding peaks (Supporting Informa-
tion, Figure $29a) correspond to the following ions: [Ag,L, —
H + Na]*™ (2301.4625, labeled ii), [Ag,L, — 2H + 2Na]*~
(2312.8051, labeled iii), [Ag,L, — 3H + 3Na]?~ (2323.2959,
labeled iv), [Ag,L, — 4H + 4Na]*~ (2334.7870, labeled v),
[Ag,L, — SH + SNa]>~ (2345.7780, labeled vi), [Ag,L, — 6H +

22791

6Na]*™ (2356.7690, labeled vii). The assignments are also
supported by their isotopic distribution patterns as well as the
11 Da spacing [(mNa — mH)/z]. The ESI-MS experiments
confirmed that the cluster is composed of seven silver
atoms.””>” These results suggest that the silver ions interacted
within the aggregates of derivative 3, resulting in the formation
of Ag; NCs (Scheme 2).

2.7. Purification of Ag NCs by the Phase Transfer
Method. Further, the solution of in situ generated Ag NCs
(2 nm) may also contain silver nanoparticles (plasmon
particles of >2 nm, nonfluorescent) and silver ions. The
separation of the silver nanoparticle impurities was achieved by
the phase transfer method (Figure SA,B).”” The addition of

Figure S. (Left) Aqueous solution of silver nanoclusters and
nanoparticles under visible light (A) and under 365 nm UV light
(B). (Right) After addition of toluene phase and shaking, the
nanoparticles are located at the interface and the nanoclusters are
located in the toluene phase (upper phase) under visible light (C) and
under 365 nm UV light (D).

toluene followed by vigorous shaking resulted in the separation
of the nanoclusters from the nanoparticles. The yellow silver
nanoclusters were transferred to the toluene phase (upper
layer), the black silver nanoparticles were transferred to the
interface of water—toluene, and the silver ions remained in the
water phase (Figure SC,D). After one phase transfer cycle, we
carried out fluorescence studies of the toluene phase, and an
enhancement of 1.8-fold was observed. This result indicates the
separation of Ag NCs from Ag NPs.

2.8. Catalytic Activity of Ag NCs for the Synthesis of
Pyrroles. Having characterized the Ag NCs, we then examined
the catalytic activity of the in situ generated Ag NCs in the
cocyclization reaction of terminal alkynes (4a—h) with
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isocyanides (5) for the preparation of pyrroles.” To investigate
the catalytic efficiency of in situ generated Ag NCs, we begin
with the reaction of 4a and § as a model reaction (Scheme 3).

Scheme 3. Cycloaddition of Alkynes 4a—h and Ethyl 2-
Isocyanoacetate (5)“

Ag NCs (0.5 mol%) R
— EtO N © — > EtO /\
R=="H € DMF, 80°c N
4a-h 60-120 min o H

5 6a-h

“Reaction conditions: 4a—h (1 mmol), 5§ (1.5 mmol) and Ag NCs
(0.5 mol %) as a catalyst in DMF (3 mL) at 80°C under N,
atmosphere for 60—120 min.

The reaction between 1 mmol of phenylacetylene (4a) and
1.5 mmol of ethyl 2-isocyanoacetate (S) in N,N-dimethylfor-
mamide (DMF) at 80 °C in the presence of 0.5 mol % Ag NCs
(100 pL, H,O/EtOH, 8:2, v/v) furnished the target compound
6a in 80% yield. Even lowering the reaction temperature to 50
°C did not reduce the yield of the target product; however,
longer reaction time was required. To study the scope of the
reaction, different types of alkynes were used. The results of
these reactions are summarized in Table 1. Interestingly, in the
presence of only 0.5 mol % Ag NCs, all these reactions
proceeded smoothly with a variety of aryl-substituted terminal
alkynes. Though the differences were minor, electron-rich
alkynes generally gave higher yields of the products, while in
case of alkynes with electron-deficient groups, lower yields were
obtained. We believe that more eficient interaction of electron-
rich alkynes with Ag NCs is the reason for the relatively higher
yields obtained in the case of electron-rich alkynes. All the
products were isolated and characterized by 'H NMR and "*C
NMR spectroscopy (Supporting Information, Figures S34—
$49). Thus, from a synthetic point of view, this protocol
exemplifies a simple, efficient, and atom economic way to
construct multifunctional heterocyclic compounds rapidly in
good yields with high selectivity.

To investigate the catalytic efliciency of the in situ generated
Ag NCs, we have used different concentrations of Ag NCs to
carry out the cocyclization reaction of 4a and 5 (see Supporting
Information, Table S4). It was observed that when 0.5 mol % of
Ag NCs was used, the yield was 80% with a turnover frequency
(TOF) of 8 h™" and the reaction was complete in 2 h. However,
at a higher concentration of Ag NCs (1 mol %), the yield was
81% in 2 h with a TOF of 4.05 h™". At a lower concentration of
Ag NCs (0.1 mol %), the yield was 72% in 12 h with a TOF of
6 h™. From the above discussion, it is clear that the best results
are obtained when 0.5 mol % of Ag NCs is used. The use of
catalyst in such an extremely small quantity has never been

successful for cocyclization reactions before the present study.
Further, we have used 0.5 mol % of Ag NCs prepared by mixing
the aggregates of derivative 3 and Ag" ions in 1:2 ratios for the
preparation of pyrrole 6a, but no significant change was
observed in catalytic efficiency of Ag NCs with the sample
prepared by mixing the aggregates of derivative 3 and Ag" ions
in 1:1 ratios (Supporting Information, Table S4, entry 7).

2.9. Mechanism of Pyrroles Synthesis Catalyzed by
Ag NCs. A probable reaction mechanism for the synthesis of
pyrroles is given in Scheme 4. In the presence of Ag NCs
catalyst, Ag NCs—acetylide complex (7) and Ag NCs—
isocyanide complex (8) are formed. Subsequently, the cyclo-
addition between complexes 7 and 8 afford the key
intermediate complex 9. Finally, protonation followed by
tautomerization furnish the pyrrole derivatives (6a—h). Further,
the reusability of the Ag NCs catalyst was investigated under
the conditions as given in Table 1 (entry 1). In the first cycle,
the products were obtained in quantitative yields with complete
conversion of reactants. Further, the resulting reaction mixture
containing Ag NCs catalysts was then exposed to the same
reaction for the next catalytic sequence by adding phenyl-
acetylene (4a) and ethyl 2-isocyanoacetate (5), and it was
observed that the Ag NCs can be reused as catalysts at least
three times without significant loss of catalytic activity.

3. CONCLUSIONS

To conclude, a hexaphenylbenzene-based derivative 3
appended with thiol moieties has been designed and
synthesized that exhibited AIEE characteristics and formed
rodlike fluorescent aggregates in mixed aqueous media. These
aggregates served as reactors and stabilizers for the formation of
well-defined, monodisperse, blue luminescent silver nano-
clusters (Ag7 NCs) in aqueous medium at room temperature.
These in situ generated silver nanoclusters showed excellent
catalytic activity in the click synthesis of pyrroles (6a—h) by the
cocyclization of terminal alkynes and isocyanides.

4. EXPERIMENTAL SECTION

4.1. General Experimental Methods and Materials.'> The
general experimental methods, quantum yield calculations, and
materials used are same as reported earlier by us.'> The TEM images
were recorded using a HR-TEM-JEM 2100 microscope. The FT-IR
spectra were recorded using a VARIAN 660 IR spectrometer. Raman
spectra were recorded with a Raneshaw inVia reflex micro-Raman
microscope.

4.2. UV-Vis and Fluorescence Titrations.'* A 0.956 mg portion
of compound 3 was dissolved in 1.0 mL of dry THF to prepare 1.0 mL
of 107 M stock solution; 15 L of this stock solution was further
diluted with 585 uL of EtOH and 2.4 mL of HEPES buffer (0.05 M,
pH 7.05) to prepare 3 mL of 5.0 M solution of derivative 3 in H,0/
EtOH (8:2, v/v), and this solution was used for each UV—vis and
fluorescence experiment. Aliquots of freshly prepared standard

Scheme 4. Proposed Mechanism for the Silver-Nanocluster-Catalyzed Cycloaddition of Terminal Alkynes (4a—h) with Ethyl 2-

Isocyanoacetate (5)
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solutions of metal perchlorates [M(ClO,),; M = Ag*, Hg**, Au**, Zn*",
Cu®, Fe**, Fe¥, Co®, Pb?*, Ni**, Pd*, Cd**, Ba>, Mg’*, and AI*'; x =
1-3] and metal chlorides (MCly; Y = 1-3) in distilled water and
AgNO; in EtOH (107'-107° M) were added to 3 mL solution of
compound 3 in quartz cuvettes and spectra were recorded.

4.3. Synthesis of Silver Nanoclusters. Sample Prepared in 1:1
Ratio. To 1.0 mL of compound 3 solution (0.15 mM) in H,O/EtOH
(8:2, v/v) was added 1.0 mL of an aqueous solution of AgNO; (0.15
mM). The reaction mixture was stirred at room temperature, and after
1.5 h, the color of the solution mixture changed from colorless to
yellow, which gradually darkened within 4 h, and thereafter, the
formation of luminescent silver nanoclusters takes place.

Sample Prepared in 1:2 Ratio. To 1.0 mL of compound 3 solution
(0.075 mM) in H,O/EtOH (8:2, v/v) was added 1.0 mL of an
aqueous solution of AgNO; (0.15 mM). The reaction mixture was
stirred at room temperature, and after 1 h, the color of solution
mixture changed from colorless to yellow, which gradually darkened
within 4 h, and thereafter, the formation of luminescent silver
nanoclusters takes place.

A 100 pL (0.5 mol %) portion of this Ag NCs solution was used as a
catalyst in each reaction.

4.4. Synthesis of HPB Derivative 3. To a solution of 2-
aminothiophenol 2 (0.018 g, 0.148 mmol) in THF:EtOH 4:6 (10 mL)
was added a solution of HPB aldehyde 1'° (0.05 g, 0.067 mmol) in
THFE:EtOH 4:6 (10 mL). The reaction mixture was stirred at 80 °C
for 10 min, and thereafter, it turned turbid. The reaction mixture was
cooled and methanol was added to separate a solid, which was filtered
and recrystallized from methanol to afford the colorless compound 3
in 89% yield (0.058 g) (Scheme 1): mp >280 °C; 'H NMR (500
MHz, CDCL, ppm) & = 8.78 (s, 2H, HC=N), 8.24 (d, ] = 10 Hz, 2H,
ArH), 8.07 (d, ] = 10 Hz, 4H, ArH), 7.91 (d, ] = 10 Hz, 2H, ArH),
7.84 (t, ] = 10 Hz, 2H, ArH), 7.59 (d, ] = 10 Hz, 4H, ArH), 7.50 (t, ] =
7.5 Hz, 2H, ArH), 7.39 (t, ] = 7.5 Hz, 2H, ArH), 7.25 (d, ] = 10 Hz,
4H, ArH), 7.08 (t, ] = 7.5 Hz, 2H, ArH), 7.00 (d, ] = 10 Hz, 4H, ArH),
6.91-6.89 (m, 16H, ArH) 3.52 (s, 2H, SH); *C NMR (125 MHz,
CDCl,;, ppm) & = 160.9, 156.7 (HC=N), 143.2, 140.4, 136.8, 136.4,
132.1, 1314, 130.1, 128.1, 127.8, 127.2, 126.8, 126.6, 125.6, 125.3,
123.1, 118.2; ESI-MS caled for CgHygN,S, 979.3151, found m/z
979.4329 [M + NaJ*; FT-IR (KBr) v, (cm™)) = 1602 (>C=N) and
2580 (—SH). Anal. Calcd for CgH,sN,S,: C, 85.32; H, 5.05; N, 2.93.
Found: C, 85.33%; H, 5.04%; N, 2.92%.

4.5. General Procedure for the Preparation of Pyrrole. A
mixture of arylalkynes 4a—h (1 mmol), ethyl 2-isocyanoacetate (5)
(1.5 mmol), and Ag NCs (0.5 mol %) as a catalyst in DMF (3 mL)
was stirred at 80 °C for 1-2 h under N, atmosphere. After the
completion of the reaction (TLC), the solvent was removed under
reduced pressure to obtain a residue to which water was added. The
aqueous layer was extracted with chloroform (3 X 20 mL). The
combined chloroform fractions were washed with water, dried over
anhydrous Na,SO,, and distilled under reduced pressure to yield a
solid residue. The pyrrole derivatives 6a—h were thus isolated in good
yields by column chromatography using hexane/ethyl acetate (8:2) as
an eluent. The structures of all the compounds (6a—h) were
confirmed from their spectroscopic and analytical data (Supporting
Information, Figures $34—S49).

Compound 6a. "H NMR (300 MHz, CDCl,, ppm) & = 9.86 (s, 1H,
NH), 7.51 (d, ] = 6 Hz, 2H, ArH), 7.40—7.31 (m, 3H, ArH), 7.02 (t, J
= 4.5 Hz, 1H, ArH), 6.38 (t, ] = 4.5 Hz, 1H, ArH), 428 (q, ] = 4.5 Hz,
2H, O—CH,—CH,), 1.31 (t, ] = 6 Hz, 3H, O—CH,—CHj,); *C NMR
(75 MHz, CDCl,, ppm) 6 = 169.0 (CO), 139.6, 139.2, 132.1, 128.7,
128.5, 1282, 122.1, 1202, 117.2, 114.0, 60.2, 14.1.

Compound 6b. 'H NMR (300 MHz, CDCl;, ppm) § = 10.02 (s,
1H, NH), 7.45 (d, ] = 6 Hz, 1H, ArH), 7.34 (d, ] = 6 Hz, 1H, ArH),
498 (q, ] = 9 Hz, 2H, O—CH,—-CH,), 145 (t, ] = 3 Hz, 3H, O—
CH,—CHj;), 0.27 (s, 9H, SiMe,); *C NMR (75 MHz, CDCl,, ppm) &
= 161.7 (CO), 133.3, 131.7, 131.4, 123.1, 51.0, 14.1.

Compound 6¢. "H NMR (300 MHz, CDCl,;, ppm) & = 11.02 (s,
1H, OH), 9.86 (s, 1H, NH), 7.64 (d, ] = 6 Hz, 1H, ArH), 7.53 (d, ] =
6 Hz, 1H, ArH), 4.26 (q, ] = 3 Hz, 2H, O—CH,—CHj,), 1.38 (, ] = 4.5
Hz, 3H, O—CH,—CHj), 1.30 (s, 6H, HOCMe,); *C NMR (75 MHz,

CDCly, ppm) 6 = 166.6 (CO), 138.6, 134.6, 128.6, 126.0, 62.4, 60.5,
30.6, 14.3.

Compound 6d. "H NMR (300 MHz, CDCly, ppm) 6 = 9.89 (s, 1H,
NH), 7.78 (d, ] = 6 Hz, 1H, ArH), 7.50 (d, ] = 6 Hz, 2H, ArH), 7.38
(d,J = 6 Hz, 2H, ArH), 7.00 (d, ] = 9 Hz, 1H, ArH), 4.10 (q, ] = 3 Hz,
2H, O—CH,—CH,), 1.81 (t, J = 3 Hz, 3H, O—CH,—CH,;); *C NMR
(75 MHz, CDCl,, ppm) & = 174.8 (CO), 138.7, 137.2, 131.8, 128.6,
126.1, 116.6, 113.8, 49.2, 17.4.

Compound 6e. "H NMR (300 MHz, CDCl,, ppm) & = 9.74 (s, 1H,
NH), 7.86 (d, ] = 6 Hz, 1H, ArH), 7.74 (d, ] = 6 Hz, 2H, ArH), 7.53
(d,J = 6 Hz, 2H, ArH), 6.73 (d, ] = 2 Hz, 1H, ArH), 4.16 (q, ] = 6 Hz,
2H, O—CH,—CHj,), 1.11 (t, ] = 7.5 Hz, 3H, O—CH,—CH,); *C
NMR (75 MHz, CDCl,;, ppm) 6 = 166.6 (CO), 149.0, 137.6, 134.1,
129.6, 126.0, 1232, 117.4, 107.9, 62.3, 17.5.

Compound 6f. "H NMR (300 MHz, CDCl;, ppm) & = 10.18 (s,
1H, NH), 7.90 (d, ] = 3 Hz, 1H, ArH), 7.57 (d, ] = 3 Hz, 2H, ArH),
7.46 (d, ] = 3 Hz, 2H, ArH), 7.21 (d, ] = 3 Hz, 1H, ArH), 4.15 (q, ] =
4.5 Hz, 2H, O—CH,—CH,), 3.85 (s, 3H, OMe), 1.26 (t, ] = 3 Hz, 3H,
0O-CH,—CHj,); *C NMR (75 MHz, CDCl;, ppm) § = 174.9 (CO),
138.6, 137.9, 136.1, 128.2, 126.0, 123.5, 112.0, 62.2, 60.3, 17.5.

Compound 6g. '"H NMR (300 MHz, CDCl,, ppm) 6 = 9.49 (s, 1H,
NH), 7.95 (d, ] = 6 Hz, 1H, ArH), 7.68 (d, ] = 6 Hz, 2H, ArH), 7.48
(d, ] = 6 Hz, 2H, ArH), 6.70 (d, ] = 6 Hz, 1H, ArH), 4.31 (q, ] = 4.5
Hz, 2H, (O—CH,—CHj,), 2.79 (s, 3H, CH;) 1.32 (t, ] = 4.5 Hz, 3H,
(O—CH,—CH,); *C NMR (75 MHz, CDCl,, ppm) § = 166.6 (CO),
139.1, 138.7, 137.6, 134.1, 128.8, 126.0, 123.6, 123.2, 117.4, 60.5, 30.6,
17.5.

Compound 6h. "H NMR (300 MHz, CDCl,, ppm) 6 = 9.67 (s, 1H,
NH), 7.86 (d, ] = 9 Hz, 1H, ArH), 7.63 (d, ] = 6 Hz, 2H, ArH), 7.48
(d, ] = 6 Hz, 2H, ArH), 6.60 (d, ] = 6 Hz, 1H, ArH), 5.83 (s, 2H,
NH,), 498 (q, ] = 9 Hz, 2H, (O—CH,—CHj,), 1.31 (t, ] = 6 Hz, 3H,
(O—CH,—CH;); *C NMR (75 MHz, CDCl,, ppm) § = 162.5 (CO),
144.9, 134.0, 129.6, 125.9, 123.1, 117.3, 107.9, 60.4 (O—CH,—CHj,),
142 (O—CH,—CH,).
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