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ABSTRACT

We have developed a facile approach for the synthesis of Ag NPs decorated reduced
graphene oxide (Ag NPs/rGO) composite via novel chemical route. This synthetic protocol
coalesce protection, reduction and functionalization of graphene oxide in one step. The as
prepared Ag NPs/rGO composite has been characterized by TEM, XRD, SEM, XPS, EDX,
UV-Vis, CV, Raman and FT-IR spectra. The results showed that plenty of Ag NPs (~28 nm)
are homogeneously distributed onto the surface of rGO. Further, catalytic applications of this
fascinating nanomaterial have been utilized for the chemoselective synthesis of pyrrolo[2,3,4-
kl]acridin-1-ones via ring-opening sequence or amidic C-N bond cleavage of isatin. The Ag
NPs/rGO composite possesses assets of both Ag NPs and graphene based material, thus,
provided enhanced surface acidity with good dispersion capability that usually lacks in Ag
NPs alone. After completion of catalytic reaction, Ag NPs/rGO composite could be easily
recovered by simple filtration and recycled for 7 times without significant loss in catalytic
activity. The recycling and hot-filtration experiments proved the high stability and no
leaching of the synthesized nanomaterial during the catalytic process. Furthermore, proposed
protocol showed excellent results in terms of green metric parameters confirming the
effectiveness and profound appeal of protocol.
KEYWORDS: Pyrrolo[2,3,4-kl]acridin-1-ones, Microwave irradiation, Ag NPs/rGO
composite, Chemoselective synthesis, Green metrics.
1. INTODUCTION

Pyrroles are found in a wide variety of bioactive natural products and compounds of
current therapeutic interest. These compounds exhibit remarkable biological properties such
as antimicrobial, antioxidant, anti-HIV and antifungal activity, cyclooxygenase-2 (COX-2)
inhibitors, antagonists of the gonadotropin-releasing hormone (GnRH) receptor, etc.' Their

potential applications are also explored in the field of advanced optoelectronic materials.
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Besides, acridine nuclei substituted with various heterocyclic rings is center of interest
in medical sciences. It founds in an intriguing array of pharmaceutically and naturally
occurring products exhibiting a wide spectrum of biological and therapeutic properties. These
moieties show antibacterial, trypanocidal, and antimalarial activities.” Some drugs possessing
acridine nuclei also inhibit the growth of cancerous cells via binding to DNA and act as
potent anticancer drugs." Furthermore, acridine derivatives play particular roles in
biocatalysis as they serve as haptens of catalytic antibody 9D9.°

A pyrroloacridine nucleus which accumulates pyrrole as well as acridine moieties
integrates the properties of both and their synergism in a single nucleus results in the
formation of some worthwhile molecules from the biological point of view (Fig. 1).
Derivatives of pyrroloacridine exhibit promising biological activities such as anthelmintic
and anticancer activity.6 Further, pyrroloacridine compounds are found as the tetracyclic

cores in metabolites from marine sources such as plakinidines A—C and alpkinidines.
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Fig. 1 Several representative bioactive pyrroles and acridines.
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These examples emphasize the vital importance of pyrroloacridines as key
pharmacophores in bioactive molecules. But as illustrated in Fig. 2, only a few reports are
available for the synthesis of pyrroloacridine skeletons: (a) multi step synthesis from
proﬂavine;g"‘ (b) condensation of 1,3-cyclohexanedione with 2-amino-2’-acetamido-
acetophenone;8b (c) condensation of 4,5,6,7-tetrahydroindol-4-ones with anthranilonitrile;8c

(d) oxidation of 2-acetyl-3 -nitrodiphenylamine;*® (e) condensation of 5-amino-2-

methylindole with o-halobenzoic acids,* and (f) reactions of isatins with enaminones® ™,
(o)
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Fig. 2 Previously used methods for the synthesis of acridine derivatives.
However, these methodologies suffer from some shortcomings due to their restricted

8a,8c-e

efficacy i.e. multistep processes, use of corrosive and toxic 1reagents,82"e high reaction

temperature, long reaction time, non-compatible solvents and low yields,Sb’gf'g unavailable

8 etc. Moreover, the recovery of used catalyts is not so good and has

starting materials,
reduced turn over frequency (TOF) which adversely affects the economic as well as the
ecofriendly nature of these reported methodologies. Although, deliberated modifications have

been documented by using ionic liquid,9 but it requires tedious preparation methods.
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Moreover, their environmental safety is still arguable due to their corrosive, non bio-
degradable and toxic nature.'® Further, the substrate applicability of the engaged protocol was

limited.” These downsides inspired us to reinvestigate this transformation.

Improvement in sustainability of chemical processes can efficiently be achieved by
means of process intensification through catalysis.11 In this direction, the one-pot procedures
linked with some competent catalytic systems have become a vital area of research in organic
chemistry since they allow the lessening of energy consuming steps such as separation,
identification and purification of intermediates.'> Also, they improve atom economy and
lower the E factors and raw materials consumption.13 Considering this model, challenges for
one-pot transformations are foccused on the design of highly selective catalysts with well-

recognised isolated active sites.

Recently, the use of carbon nanomaterials in catalysis has grown importance and
dominated advances in nanoscience.'* Among them nanosheets has opened a new route for
the use of two dimensional carbon materials as catalytic supports due to their oxidative
resistance for chemical reactions, high electrical and thermal conductivities, good water-
dispersion, great mechanical strength, easy availability in bulk quantities, huge specific
surface area and presence of reactive oxygen functional groups i.e. hydroxy, carbonyl,
carboxylic acid group, etc.” Taking full advantage of the surface functional groups, as well
as large specific surface area and stability, graphene oxide (GO) nanosheetshas allowed
researchers to design and develop countless combinations of GO-based materials.'® Toward
this end, recent studies have endeavored to anchor noble metallic nanoparticles on GO

nanosheets for enhanced physical and chemical properties.'”

Among the noble metals, silver nanoparticles have become the focus of intensive
research due to their catalytic properties for some important organic reactions.'® Further,
silver nanoparticles are also studied for the catalytic reactions involving activation of
carbonyl group.” Additionally, they are promising candidate for optical, electrical and
electronic applications.20 Currently, most of the applications of silver nanoparticles are
explored as antibacterial agents in biotechnology, bioengineering, textile engineering, water
treatment, and silver-based consumer products.21 A desire to exploit the unique catalytic
properties of Ag NPs led us to synthesize Ag NPs on GO sheets. We believe that the hybrid

material of Ag NPs, where a layered material like GO is used as active support, can provide
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large surface area and stability with good dispersion capability that usually lacks in Ag NPs

alone and thus enhance its catalytic activity.

Therefore, in the course of our research efforts for the development of efficient
methods for heterocyclic synthesis and nanocatalysts preparation,22 we wish to report herein
the synthesis of highly stable and recyclable Ag NPs/rGO composite and its catalytic
applications for the chemoselective synthesis of pyrrolo[2,3,4-k/]acridin-1-ones by one pot
reaction of dimedone, various anilines and isatins via ring opening sequence and
intramolecular cyclization under microwave irradiation (Scheme 1). Literature survey reveals
that similar type of reaction succession of 1,3-diketones, aromatic amines and isatins
capitulated different type of products instead of pyrrolo[2,3,4-k[]acridin-1-ones.” This fact

resulted in our enthusiasm for exclusive formation of the pyrrolo[2,3,4-k/]acridin-1-one

derivatives.
R—
o) NH, o \\ /
0]
R—'\ (0] N Ag NPs/rGO composite
N N + | X + Me g PO* >
H R' Me [0} EtOH/MW Me _ I
la-p 2a-p 3 M gap

Scheme 1: Ag NPs/rGO composite catalyzed synthesis of pyrrolo[2,3,4-kl]acridin-1-ones.

2. RESULTS AND DISCUSSION
2.1. Synthesis and characterization of catalyst

In present study, we combined the concepts of Ag NPs (high catalytic activity) with
GO (large surface area and good electrical conductivity). The Ag NPs/rGO composite was
synthesized by an effective and fast one-pot chemical route incorporating the simultaneous
reduction GO and preparation of Ag NPs on its surface. The advantages of this method lies in
its simplicity, cost effectiveness, environment friendliness, easier scaling up for large scale
synthesis while avoiding the use of high pressure, temperature and toxic chemicals. The
morphology and structure of the prepared Ag NPs/rGO composite were characterized by
TEM, XRD, SEM, XPS, EDX, UV-Vis, Cyclic voltammetery, Raman and FT-IR spectra,
which confirmed the successful preparation of the Ag NPs/rGO composite.

Fig. 3 shows the XRD patterns of (a) graphene oxide, (b) reduced graphene oxide and
(c) Ag NPs/rGO composite. In Fig. 3a the characteristic (001) diffraction peak of graphene

oxide is clearly observed. In the XRD pattern of reduced graphene oxide, the characteristic
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(002) diffraction peak of rGO is appeared and characteristic peak of GO does not reappear
which reveals that the reduction of GO sheets has been successfully accomplished (Fig. 3b).
The successful modification of Ag NPs on rGO sheets is indicated by the XRD pattern of Ag
NPs on rGO sheets (Fig. 3c). Using Scherrer’s formula, the particle crystalline size of Ag
NPs in Ag NPs/rGO composite was calculated to be 20 nm.

Furthermore, apparent diffraction peaks of graphene oxide (Fig. 3a) were not
observed in the as-synthesized composites. It might be due to the facts that- (i) the content of
graphene oxide is relatively lower and diffraction signals of silver cover up those of the

carbon sheets; (ii) the exfoliation of graphene oxide.**
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Fig. 3 XRD patterns of (a) graphene oxide, (b) reduced graphene oxide and (c) Ag
NPs/rGO composite.
Fig. 4 shows the typical SEM images of as-prepared (a) graphene oxide, (b) reduced
graphene oxide and (c) Ag NPs/rGO composite. It is clearly seen in Fig. 4a that the surface of

GO sheets displayed a typical crumpled and wrinkled behavior due to the deformation upon
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exfoliation and restacking processes. The rGO nanosheets are layer structured having
irregular overlapping of sheets and illustrate further exfoliation during the reduction of GO

into rGO (Fig. 4b). It can be observed from Fig. 4c that Ag NPs are well decorated on rGO

sheets.
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Fig. 4 SEM image of as-prepared (a) graphene oxide, (b) reduced graphene oxide and
(c) Ag NPs/rGO composite.

Fig. 5a shows the typical TEM image of the Ag NPs/rGO composite, in which a
number of small black dots are observed on the rGO sheets. These dots are approximately 28
nm in size and irregular in shape. It demonstrates the formation of Ag NPs well decorated on
rGO sheet. For comparison, we also prepared Ag NPs separately from same procedure but
without GO and the TEM image is shown in Fig. 5b. Generally, the aggregation of Ag NPs

leads to a significantly decreased surface area, which means, if un-protected, Ag NPs
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aggregate spontaneously. In this experiment, the oxygen-containing groups on GO sheets
supply chemical active centers for Ag deposition. Ag NPs can be deposited on both sides of
these sheets (as revealed by SEM and TEM images). Ag NPs are well separated from each
other and distributed randomly on the rGO sheets. Highly dispersed Ag NPs on supports with

larger surface area are beneficial to improve the catalytic activity.

56 nm som ' (b)

Fig. 5 TEM image of as-prepared (a) Ag NPs/rGO composite and (b) Ag NPsk.

The reduction of GO and formation of GO or Ag NPs/rGO composite was further
confirmed by X-ray photoelectron spectroscopic (XPS) measurements (Fig. 6). The
deconvoluted C 1s spectra of GO shows three peaks at 284.1, 285.0 and 286.1 eV which
corresponds to the C=C/C-C, C-O and C(epoxy)/ C=0O functionalities respectively (Fig.
6a).”*** While a notable decrease in the intensity of the peaks of C—O and C(epoxy)/ C=0
functionalities in the C1s XPS spectra of rGO (Fig. 6b) and Ag NPs/rGO composite (Fig. 6¢)
is observed which confirms the efficient reduction of GO. In the Ag 3d XPS core level
spectra of Ag NPs/rGO composite, the signals at 368.1 and 374.1 eV are observed due to Ag
3ds;, and Ag 3ds;, respectively which suggests the formation of metallic Ag NPs on the rGO
nanosheets (Fig. 6d).”° These results confirm the successful reduction of GO and formation

of Ag NPs on rGO sheets.
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Fig. 6 C 1s XPS spectra of (a) GO and (b) rGO and (c¢) Ag NPs/rGO composite, and
(d) Ag 3d XPS spectrum of Ag NPs/rGO composite.

The energy-dispersive X-ray (EDX) spectrum of graphene oxide, reduced graphene
oxide and Ag NPs/rGO composite is shown in Fig. 7. The EDX analysis revealed that the
composition of GO sheets mostly consisted of C and O (70 wt% C and 30 wt% O) (Fig. 7a)
and show quite good or almost similar results as compared to reported Hummers or modified
Hummers method in which KMnO, was utilized as an oxidizing agent.”® These analytical
results prove the oxidizing efficiency of our protocol since we have not used KMnO, during
the oxidation of graphite flakes. From the EDX spectrum of rGO (Fig. 7b), the decreased
oxygen content (81 wt% C and 19 wt% O) proves the successful reduction of GO into rGO.
Fig. 7c confirms the presence of C, O, and Ag in synthesized Ag NPs/rGO composite (45
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10

wt% C, 9 wt% O and 46 wt% Ag). The signals of C and O elements originated from the rGO

sheets and signals of Ag element resulted from the decorated sliver NPs.
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(c)
Fig. 7 EDX spectrum of (a) graphene oxide, (b) reduced graphene oxide and (c) Ag
NPs/rGO composite.
Typical features for the GO in Raman spectra (Fig. 8) are the G band around 1600 cm”
" and the D band around 1350 cm”. The G band is usually assigned to the first-order
scattering of the E,, phonons of sp” C atoms; the D band is the breathing mode of the k-point
phonons of Ay, symmetry.27 Due to the surface-enhanced Raman scattering (SERS) activity
of Ag NPs,”” both the Raman intensities of the D and G bands clearly increased for Ag
NPs/rGO composite which indicates that Ag NPs have been successfully deposited on rGO

sheets. The result of Raman spectra is in agreement with the previous conclusion from EDX.

Curve a: GO
D Band Curve b: AgirGO

INTENSITY (a.u.)

z T T T F T T T T T I
1200 1300 1400 1500 1600 1700 1800
RAMAN SHIFT cm1

Fig. 8 Raman spectra of GO (curve a) and Ag NPs/rGO (curve b) composite.

The successful preparation of Ag NPs/rGO composite was also confirmed by UV—Vis
absorption spectra. Fig. 9 shows the UV-Vis absorption spectra of GO dispersion, Ag NPs
and Ag NPs/rGO composite. The UV-Vis spectrum of GO shows two peaks at 237 nm and
310 nm (low intensity) corresponding to m-n transitions of aromatic C-C bond and n-m
transitions of C-O bond in GO, respectively (curve a). It can be clearly seen that the
absorption peak gradually shows red-shifts from 237 to 272 nm for Ag NPs/rGO composite
(curve b). Additionally, a new absorption band appears at 430 nm ascribes to the
characteristic of the colloidal Ag surface plasmon resonance band, indicating the formation of

Ag NPs (curve b) which is in conformity with the UV-Vis spectra of Ag NPs (curve c).
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Fig. 9 UV-Vis absorption spectra of (a) GO, (b) Ag NPs/rGO composite and (c) Ag NPs.

The presence of Ag in synthesized Ag NPs/rGO composite was also confirmed by
results obtained from cyclic voltammetery analysis. Fig. 10 shows the electrocatalytic
responses of GO and Ag NPs/rGO composite at pH 12.0. Apparently, the response of GO is
pretty weak. The Ag NPs/rGO composite shows remarkable current peak at about 7.9 pA in
intensity at -0.44 V which confirmed the presence of Ag in Ag NPs/rGO composite.
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Fig. 10 Cyclic voltammetries (CVs) of GO and Ag NPs/rGO composite at pH 12.0.
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FTIR spectra of GO, rGO and Ag NPs/rGO composite are shown in Fig. 11. It can be
seen from FTIR spectra of GO (Fig. 11a) that the peak due to -OH stretching vibrations is
observed at 3680 cm”. The peaks at 1360 cm™ and 1070 cm™ can be assigned to the
deformation vibration of O—H and stretching vibration of C—O, respectively. Characteristic
peak of C=0 stretching observed at 1724 cm’. Further, a broad peak at around 1220 cm’
corresponds to C—O—C vibration. Four absorption peaks from 1480 to 1630 cm™ arises due to
the aromatic C=C stretching of GO sheet. In the FTIR spectrum of rGO and Ag NPs/rGO
composite (Fig. 11b and 11c), the peaks are relatively weak as compared to GO. The FTIR
results demonstrate that the GO have been successfully exfoliated and strong interactions

may exist between Ag NPs and surface functional groups of rGO sheets.*®

drUBILSUBLL

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber{cmt)

Fig. 11 FT-IR spectra of (a) GO, (b) rGO and (c) Ag NPs/rGO composite.

2.2. Catalytic performance for the chemoselective synthesis of pyrrolo[2,3,4-kl]acridin-
1-one

At the outset of this study, our efforts were directed to find an appropriate reaction
condition to perform the proposed reaction. Synthesis of pyrroloacridine derivatives from the
one pot reaction involving dimedone, anilines and isatins is not straightforward, competitive
formation of other products were found to be a potential problem and an issue not attended so
far. The present study highlights the influence of the Ag NPs/rGO composite in controlling
the selective formation of pyrroloacridine derivatives. We commenced our study by
evaluating the efficiency of MW for the model reaction of isatin (2.0 mmol), dimedone (2.0

mmol) and toludene (2.0 mmol) in ethanol without using any catalyst. It was found that under
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these conditions (400 W at 70 °C for 60 min.), a mixture of products is formed which is
insignificant from scientific as well as economic point of view. However, the results
demonstrated the need of a catalyst for selectivity in product formation. In order to set up the
real effectiveness of catalyst for the chemoselective synthesis of 4b, same model reaction was
examined with different catalysts in ethanol and the results are summarized in Table 1.

Several acidic catalysts such as acetic acid, trifluoroethanol and p-TSA catalyzed the
reaction with lower yields (Table 1, entry 1, 2 and 3). The use of Ag salts also showed
relatively low activities (Entry 4, yield of 4b = 31%). However, with Ag NPs the reaction
proceeded smoothly to afford the corresponding product in moderate yield (Table 1, entry 5).
Further experiments confirmed that GO as well as rGO sheets were also able to give good
yields of the product 4b (Table 1, entry 6 and 7). To facilitate the catalyst recovery and
prevent their aggregation in reaction mixture Ag NPs were immobilized on rGO support via
the one-pot reduction of Ag salt and GO. It was found that the best result in terms of turnover
frequency (TOF: expressed as the number of moles of product produced per gram of catalyst
used per min)® could be achieved by using Ag NPs/rGO composite as a catalyst (4 wt%
loading). When the Ag NPs/rGO composite was used, the activity was settled up to (TOF)
28.16 x 10” mol g'1 min™". It can be imagined that, except the connection parts between Ag
NPs and graphene-based sheets, most surfaces of these attached nanoparticles are exposed to
the environment. Additionally, the free surface acidic groups of graphene-based sheets assist
in the catalytic course of action.” Hence, higher catalytic activity was observed with Ag
NPs/rGO composite. It is clearly revealed from Table 1 that 4 wt% of catalyst loading was
sufficient to catalyze the reaction, excessive amount of catalyst did not affect the yield
remarkably. Further, we have also analyzed the results in terms of amount of Ag loading in
Ag NPs/rGO composite. Here, we have prepared different Ag NPs/rGO composites
possessing different amount of Ag loading (According to EDX analysis 39 wt%, 46 wt%, 52
wt%). The best results were observed when we used 4 wt % of the Ag NPs/rGO composite
containing 46 % of Ag loading.

Table 1. Comparison of catalytic activity of Ag NPs/rGO composite with other catalytic
systems for the synthesis of pyrrolo[2,3,4-kl]acridin-1-one derivatives (4b)."

Page 14 of 27
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Me
0 NH, 0 Q 0
©jlg=0 + + Ag NPs/rGO composite !
N xz o EtOH/MW Me ]
Me Me N
1 2b 3 4b
Entry Condition Time Yield(%)"™  E-factor TOF (x 10" mol
(min) g'1 min™)!!

1 AcOH (10 wt%) 70 26 16.82 0.084
2 TFE (10 wt%) 45 30 14.46 0.151
3 p-TSA (10 wt%) 25 51 8.09 0.464
4 AgNO3(10 wt%) 60 31 13.95 0.118
5. Ag NPs(10 wt%) 40 45 9.31 0.256
6 GO (10 wt %) 30 56 7.28 0.424
7 rGO (10 wt%) 30 53 7.76 0.401
8 Ag NPs/rGO (10 wt%) 2 93 3.99 10.56
9 Ag NPs/rGO (4 wt%) 2 93 3.99 28.16
10.  AgNPs/rGO (4 wt%)'® 70 72 7.91 0.805

[a] Reactions are performed on a 1:1:1 ratio of isatin, dimedone, toludene in EtOH under microwave irradiation (MW power
400 W at 70 °C). [b] Isolated yield. [c] In conventional condition. [d] TOF is defined as the number of moles of product
produced per gram of catalyst used per min.

The superiority of ethanol as solvent as compared to other commonly employed
solvents is quite clearly evident from the results summarized in Table 2. The enhanced
activity of Ag NPs/rGO composite could be attributed to its good dispersion in ethanol, high
Ag NPs dispersion on rGO and suitable functional groups on carbon materials.

Table 2. Effect of solvent on the synthesis pyrrolo[2,3,4-kl]acridin-1-one derivatives (4b)™

Entry Solvent Time (min) Yield (%)™
1 Methanol 2 35
2 AcOH 2 55
3 Acetonitrile 2 42
4 DMF 2 18
5 THF 2 Traces of product

6 CH,CL, 2 Traces of product
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7 Water 2 51
8 Ethanol 2 93

[a] Reactions are performed on a 1:1:1 ratio of isatin, dimedone, toludene and 4 wt% of Ag NPs /rGO composite under
microwave irradiation (MW power 400 W at 70 °C). [b] Isolated Yield
The results obtained for the synthesis of 4b encouraged us to further explore the

applicability of the Ag NPs/rGO composite for the chemoselective synthesis of pyrrolo[2,3,4-
kl]acridin-1-one derivatives (Table 3). To study the scope and limitations of this protocol, we
have employed a wide range of aryl amines (2) and isatins (3). For precursors 2 and 3 bearing
either electron-donating or electron-withdrawing substituent on the aryl ring, the reactions
proceeded very smoothly to provide the corresponding pyrrolo[2,3,4-kl]acridin-1-one
derivatives (4). The electronic factor of aromatic ring showed almost no effect on the yields.

Table 3. Synthesis of pyrrolo[2,3,4-kl]acridin-1-one derivatives

Me Cl F,

Q .,
N (o}
N
Me < | |
Me N Me Me
SN ! Me SN

42 (89 %) Me 4493 %)
EF.=4.39, AE.=85.79 % 3 %
¢ 4b (93 % 4c (90 %) EF. =394, AE.=8643 %
EF.=399, AE.=8629 % EF. =392, A.E. = 8699 %

\:\< 0 :<\ 0
N N
Br Br Br
Me < Me < Me |
Me N Me N Me N

de (01 % 4f (90 %) 4g O1 %) 4h (90 %)
EF.=3.46,A.E. =88.23 % EF.=3.39,AE. = 8858 % EF.=3.19,A.E. =89.06 % EF. =295, AE. =89.96 %

Me cl Br

F
F
% % e ' %
g
Me N

4i (93 %)
4k (92 %) 4191 %)
EF.=3.94, AE. = 8643 % <
’ EF.= 389 AE 8689% EF.=3.64, AE.=8753 % E.F.=331,A.E =88.68 %
Me Cl Br.
0
0 0 N
N N
Me
NO, Me M ]
Me S | Me o | ¢ N
Me N Me N Me N
4m 89 %) 4n (90 %) 40 (92 %) 4p (89 %)
EF.=3.74,A.E.=87.70 % EF.=350,A.E. = 88.26 % EF.=3.30,AE.= 8858 % EF.=421,AE.=8629 %

E.F. = E-factor, A.E. = Atom Economy
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It is imperative to mention that the protocol is highly product selective, affording only
desired product (pyrrolo[2,3,4-k/]acridin-1-ones); surprisingly, (1-5) (Fig. 12) were not

observed in detectable amounts at all.

Fig. 12 Other possible products

The structure of the products 4a-p was confirmed by IR, 'H, ®C NMR and mass
spectrometric studies. All the data were in agreement with their structures. For instance, the
IR spectra of the product 4b showed characteristic bands at 1655 cm™ corresponding to the
C=N group in the cyclic ring system. In '"H NMR, singlet at & 1.24 ppm was assigned to the
methyl protons attached to cyclic sp’ C-atom. Singlet at & 3.13 ppm was assigned to
methylene protons while characteristic singlet at § 5.51 ppm was assigned to the vinylic (=C-
H) proton. Signals of eight protons of the two aromatic moieties were assigned accordingly
with appropriate chemical shift value and coupling constants. The BC NMR spectrum of 4b
demonstrated signals at 5 166.8 and 137.5 ppm due to C=0 and =CH-C-N group respectively
in the tri cyclic ring system. The mass spectrum of 4b showed a molecular ion peak at 340
M.

IR spectrum shows the lack of -NH group along with the appearance of a signal due
to C=N in synthesized motif further ruled out the formation of other products instead of
pyrrolo[2,3,4-kl]acridin-1-one derivatives. This was also confirmed by the '"H NMR spectrum
in which no signals of -NH proton was observed. Furthermore, the absence of characteristic
peak of spiro carbon in BC NMR spectrum ruled out the formation of spiro products. To

further confirm the structure, the X-ray diffraction analysis of the product 4b was carried out.
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As expected, the structure was pyrrolo[2,3,4-kl]acridin-1-one, and the concerned crystal

structure is shown in Fig. 13.

Fig. 13 Crystal structure of 4b (CCDC 1401824).

Plausible mechanism

A proposed reaction mechanism for this three-component reaction is outlined in
Scheme 2. The reaction may proceed via any of the two possible pathways as represented in
Scheme 2. Ag NPs/rGO composite can serve as an acidic catalyst for the two possible

pathways (Path a and b). The literature survey reveals™ "¢

that dimedone is not only a
Knoevenagel reagent but also it adds easily to electron-poor olefinic bond in the Michael
addition fashion leading to the formation of bis-hydroxy compounds. If this reaction would
commence through the initial formation of Knoevenagel intermediate (W), then it would
certainly yield other products (Path a). However, in our case pyrrolo[2,3,4-k/]acridin-1-one
derivatives were solely obtained for all occasions. Therefore, it can be said that the reaction
was not going through the Knoevenagel intermediate (W). A reasonable mechanism for the
formation of the products was speculated with the initial formation of enaminone (X)
catalyzed by Ag NPs/rGO composite (Path b). Then, isatin reacted with enaminone (X) in
further step affording the intermediate (Y). Intermediate (Y) gives a new intermediate (Z) by
losing a H>O molecule. Z induces an amidic C-N bond cleavage or ring-opening sequence of

isatin to give the intermediate (Z’). This intermediate undergoes cyclization reaction to afford

the corresponding pyrrolo[2,3,4-k[Jacridin-1-one.
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0 NH, o
X X
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Path a Ag NPs/rGO composite Path b
=0

Ag NPs/rGO composite

Scheme 2: Mechanistic pathway for the synthesis of pyrrolo[2,3,4-kl]acridin-1-one.

2.3. Heterogeneous nature and recyclability of the catalyst

The heterogeneous nature of the catalytic system was confirmed by performing the
hot filtration test.”’ For this purpose, the model reaction was performed again under the
optimized conditions. After 1 min, the catalyst was separated from the reaction mixture
through hot filtration at approximately 40% conversion. Then the reaction was continued
with the filtrate for another 25 min and conversion was monitored for every 3 min. It was
observed that further increment in conversion was not observed even after 25 min. These
results proved that the reaction was occurring only due to the presence of Ag NPs/rGO
composite. It also showed that Ag was not detached from the catalyst during reaction.

Further, ICP-AES analysis was performed on the filtrate which showed that there was no
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metallic leaching in the filtrate. This whole experiment confirms the heterogeneous nature of
the catalytic system and presence of strong interactions between Ag NPs and surface
functional groups of rGO sheets. Therefore, it can be said that the synthesized Ag NPs/ rGO
composite is quite stable and catalyze the condensation reaction of dimedone, anilines and
isatins persuasively.

Recycling experiments were performed by the condensation of dimedone, toludene
and isatin in ethanol as the model reaction. The reaction was carried out by using 4 wt% of
catalyst and the experiments were suitably scaled up. When the reaction was completed, the
resulting solid precipitate was filtered and dried along with the Ag NPs/rGO composite.
Then, the solid precipitate was dissolved in acetone and the catalyst was recovered by
filtration. The catalyst was washed with acetone and reused in subsequent 7 reaction cycles

without any significant loss in its catalytic activity (Fig. 14).

Reaction cycle Z

Fig. 14 Recyclability of Ag NPs/rGO composite.

3. EXPERIMENTAL SECTION
3.1. General

All the chemicals used were of research grade (purchased from Sigma Aldrich and
Acros) and used without further purification. IR spectra were recorded on a Shimadzu FT IR-
8400S spectrophotometer using KBr pellets. 'H and C NMR spectra were recorded in
CDClI3; and DMSO-ds using TMS as an internal standard on a Bruker spectrophotometer at
400 and 75 MHz respectively. Mass spectrum of representative compound was recorded on
JEOL SX-102 spectrometer at 70 eV. The microwave-assisted reactions were carried out in a
MAS-II microwave oven (2450 MHz, Sineo Microwave Chemistry Technology Company,
Shanghai, China) with a maximum power output of 1000 W. This system is equipped with a
power and temperature feedback control switch.

3. 2. Preparation of graphene oxide (GO)
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Graphene oxide (GO) was prepared by oxidizing graphite flakes using modified
Hummer’s method.* Concentrated H,SO, (69 mL) was added to 3.0 g (1 wt equiv) of
graphite flakes. This mixture was cooled to 0 °C using ice bath and put on vigorous stirring
for 1 hour. After that black slurry was formed. Added 1.5 g of NaNOs (0.5 wt equiv) to it
slowly (in 25-30 min) and whole assembly was continued for room temperature stirring for 1
hour. Added 135 mL of water to it and stirred at 80 °C for 30 minutes. Then this material was
poured into 410 mL of water with constant stirring (at room temperature). After that, 20 ml of
H,0, was added to it gently. The resulting mixture was filtered, washed with deionized water
and centrifuged (10000 rpm for 15 min twice). The supernatant was discarded and black
colored sediment was collected. This sediment was then washed with deionized water, dil.
HCI and ethanol respectively. During each washing, the mixture was centrifuged (10000 rpm
for 15 min) and the supernatant decanted away. The obtained black solid material was dried
under vacuum for 20 h to give 1.8 g of GO.

3.3. Synthesis of Ag NPs/rGO composite

Ag NPs/rGO composite was synthesized by one-pot chemical route. Firstly, 200 mg
as prepared GO was dispersed in 200 mL deionized water and ultrasonicated for 10 min using
an ultrasonic probe. The obtained dispersion was centrifuged at 10000 rpm for 15 min to
remove any un-exfoliated GO. Then, desired amount of AgNOs (150 mg, 200 mg and 250
mg) was dissolved in the GO dispersion and whole material was put on room temperature
stirring for 30 min. After that, 20 mL hydrazine hydrate (5 mol L") solution was added
slowly to it and the mixture was shifted to reflux at 90 °C under continuous mechanical
stirring for 8 h. The obtained precipitate was separated by centrifugation (10000 rpm for 15
min) and washed with deionized water, then dried under vacuum. Consequently, three sets of
Ag NPs/rGO composites were obtained containing different amount of Ag loading (39 wt%,
46 wt%, 52 wt%). For comparison, we have also prepared rGO (without Ag) by the reduction
of GO by same procedure without using AgNOs.

3.4. Catalyst characterization

The size and morphology of the synthesized material was observed by transmission
electron microscopy (TEM) using a JEOL 1011 at an accelerating voltage of 200kV. X-ray
diffraction (XRD) measurements for phase determination were recorded by Philips powder
diffractometer (PW3040/60) with Cu K, radiation (1.54060nm) operating in a continuous
mode to collect 20 values with a scan rate of 0.02°/min. SEM and EDX measurements of the

synthesized material was performed using a FEI Quanta 200F SEM and Bruker SEM fitted
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with an EDX. X-ray photoelectron spectra (XPS) were measured on a commercial SPECS
spectrometer (Germany), equipped with an Al-Ka X-ray source (1486.5eV). The UV-Vis
spectra were recorded using Ocean optics USB 2000 spectrophotometer in the solution form.
All electrochemical experiments were performed with a CHI electrochemical analyzer, USA
model no. 1230A (SR 400). The Raman spectra were recorded by micro-Raman spectrometer
(Jobin Yvon Horibra LABRAM-HR visible 400-1100 nm).
3.5. General procedure for the synthesis of pyrrolo[2,3,4-kl]acridin-1-one derivatives

Isatin (2 mmol), dimedone (2 mmol), aniline derivative (2 mmol) and 4 wt% of Ag
NPs/rGO composite (4 wt% with respect to the reactants used: see ESI) in ethanol (3 mL)
was introduced in a 10 mL round-bottom flask. The flask was placed in the microwave cavity
and the reaction mixture was irradiated at 70 C for 2 min. using a maximum power of 400W.
The complete conversion of the starting materials into products was checked and proved by
TLC (Benzene: Ethyl acetate- 8:2). When the reaction was completed, the resulting solid
precipitate was filtered and dried along with the catalyst. Then, the solid precipitate was
dissolved in acetone and the catalyst was recovered by filtration. This solution was
concentrated at room temperature to generate the crude product. The crude product was
purified by crystallization from ethanol.
4. Conclusions

In summary, we have demonstrated that catalytically active Ag NPs/rGO composite
can be prepared by a facile and scalable chemical route. The results from TEM, XRD, SEM,
XPS, EDX, UV-Vis, cyclic voltammetery, Raman and FT-IR spectra proved that method was
a feasible and reliable route to reduce GO and prepare Ag NPs on its surface via one pot
process. The successful in situ growth of Ag NPs onto the surface of rGO leads to the
formation of stable nano-material Ag NPs/rGO composite with remarkable and durable
catalytic activity for the chemoselective synthesis of pyrrolo[2,3,4-kl]acridin-1-ones via the
one pot reaction of dimedone, various anilines and isatins in ethanol. The reaction proceeds
via amidic C-N bond cleavage or ring-opening sequence of isatin and showed remarkable
selectivity for pyrrolo[2,3,4-kl]acridin-1-ones over other products. The catalytic activity of
Ag NPs/rGO composite was about 35-fold higher under microwave irradiation as compared
to conventional techniques. The catalyst was very stable and could be easily separated from
the products and reused for 7 times with superior activity. Excellent results were obtained
when the reactions were analyzed using green chemistry metrics.
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