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A GO-Cu(l)Br nanocatalyst has been prepared, and applied for the
synthesis of bis(indolyl)methanes. The catalyst is highly effective,
is required in much lower amount (0.05 mol%), and is recyclable
up to six reaction cycles without loss in activity. The synthesized
compounds have been screened for their in vitro anti-HIV activity,
and compound 3d has shown significant anti-HIV-1 effect.
Molecular modelling of 3d with reverse transcriptase enzyme has
been carried out to understand its binding mechanism to the
active enzyme site.

Bis(indolyl)methanes (BIMs) are biologically significant
molecules, and are found in many plant and marine sources.’
They are known to possess various therapeutic effects such as
antimicrobial,2 antifungal,3 antiandrogenic,4 growth
promoting,5 and anticancer activities.®’ Synthetic BIMs have
been used not only for biological applications but also as dyes,
and colorimetric sensors.® Due to the potent biological profile
of BIMs, continuous efforts have been dedicated towards the
development of efficient strategies for their synthesis. Most of
the synthetic routes employ homogenous catalysis involving
electrophilic substitution reaction of indole with carbonyl
compounds. A variety of protic and Lewis acid catalysts have
been reported for mediating this synthesis.9 Although
homogeneous catalysis is quite advantageous in terms of
product yield and efficiency, it suffers from limitations of
catalyst recovery and problem of residual catalyst in the
synthesized molecules.® Therefore, extension of these
methods for large-scale synthesis becomes a matter of
environmental and economic concern. The use of supported
catalysts offers an attractive solution owing to their easy
separation, convenient handling, non-toxic nature, and ability
to be reused.'* Some of the solid supported catalytic systems
used for the synthesis of BIMs include amberlyst-lS,12
cellulose, poly (ethylene glycol)13 and silica.™ In recent years
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graphene oxide (GO) has been recognized as an attractive
support for heterogeneous nanocatalysis owing to its unique
physical and chemical properties such as large surface area,
good chemical stability, high absorption coefficient, and
excellent conductivity.15 It has a two-dimensional sp2 -
hybridized carbon structure functionalized with epoxide,
hydroxyl and carboxyl groups. GO supported catalysts have
been developed for cross-coupling reactions,16 oxygen
reduction reaction,17 epoxidation of alkenes,18 reduction of
nitrophenol,19 click reaction®® etc. In our efforts directed
towards developing efficient catalysis using copper
palladium, we prepared a novel nanocatalytic system
comprising of graphene oxide supported Cu(l)Br. The catalyst
was tested for its efficacy by employing it for the synthesis of
bis(indolyl)methane derivatives. Further, the synthesized 3-3’
linked BIMs were screened for their anti HIV activity.
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Scheme 1. Schematic representation of the synthesis of GO-CuBr nanocatalytic system.

A modified Hummer’s method was used to synthesize GO from
graphite, the details are given in ESIt.** GO supported CuBr
nanocatalyst was prepared using cuprous oxide, followed by
treatment with HBr in glacial acetic acid (Scheme 1). The
catalyst was isolated and characterised for the presence of
various chemical functionalities by PXRD, FTIR, and RAMAN
spectroscopy (Fig. 1). Fig. 1la shows the comparative PXRD
patterns for graphite, graphene oxide and GO-CuBr
nanocomposite. The original graphite powder showed a sharp
characteristic diffraction peak at 26=26.5°, corresponding to
the (002) crystal plane. After the oxidative treatment of
graphite, the (002) diffraction peak shifted to lower angle at
26=10.5° corresponding to (001) plane, indicating the
formation of graphene oxide. Complete disappearance of
graphite peak confirmed the successful total conversion of
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graphite to graphene oxide. The GO—CuBr composite showed
four characteristic diffraction peaks of CuBr at 27.2, 45.1, 53.4,
and 65.6 corresponding to (111), (220), (311) and (400) planes
respectively (face centered cubic, JCPDS card no. 77-1997). The
peak of GO was not observed in the XRD of GO-CuBr
nanocomposite since the regular stack of GO was destroyed by
intercalation of CuBr NPs.
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Fig. 1 a) PXRD, b) FTIR, c) RAMAN spectra of graphite, GO, and GO-CuBr, d) recycling of
GO-CuBr as catalyst.

Fig. 1b compares the FTIR patterns of graphite, GO and GO—
CuBr. The oxidation of graphite powder leads to introduction
of various functional groups, the nature of which could be
determined by FTIR. Appearance of an intense and broad peak
at 3419 cm™ was attributed to the stretching mode of O-H
bond, and revealed the abundance of hydroxyl groups in GO. A
strong absorption band at 1727 cm™ (C=0) represented
carboxylic acid and carbonyl groups while the characteristic
band of C=C appeared at 1627 cm™, Furthermore, the bands at
1222 cm™ and 1064 cm™ indicated the presence of C—OH and
C-0O (epoxy) groups, respectively in GO. All these peaks
confirmed the successful transformation of graphite into GO.
On incorporating CuBr to GO, two major differences were
observed in the spectra. The first was the decrease in intensity
of carbonyl peak at 1727 cm™ and the second was the
appearance of an intense peak at 1143 em™ corresponding to
the C—0O bond. Both these changes suggested the bonding of
copper to carbonyl group of GO and introduction of partial
single bond character in it.

As depicted by Raman (Fig. 1c), D band at 1350 cm?tand G
band at 1580 cm™ corresponding to typical features of GO was
observed. In the next step, the reduction in the intensity of D
band, complimented with an enhancement in the G band
intensity suggested the prevalent metal—carbon interactions in
GO—CuBr.
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Fig. 2 a) SEM and b) TEM images of GO-CuBr nanocatalytic system.

The morphological and structural features of the
nanocomposite were determined by SEM and TEM analysis
(Fig. 2). A uniform distribution of CuBr NPs on the surface of
the GO nanosheets with an average particle size of around 10
nm was observed. The energy dispersive X-ray (EDX)
spectroscopy further confirmed the presence of copper and

bromine on GO surface (Fig. S1).

Table 1 Synthesis of BIMs using GO-CuBr nanocatalyst.”

R

N Go-Cubr
+ R'CHO >
N 50°C, 1h O
2

R=H, alky!
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J
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N\ N- NNy NNy
N N
N N
39, 89% 3r, 82% 1y 3s.86% N 3t,81%

&g
N

3p,87%

“Reaction conditions: Isolated yield, 1 (2.0 equiv., 1.88 mmol), 2 (1.0 equiv., 0.94
mmol), GO-CuBr (0.05 mol%) at 50 °C for 1 h.

The catalytic potential of the prepared GO—CuBr nanocatalyst
was determined by using it for the synthesis of
bis(indolyl)methanes, as shown in Table 1. A model reaction
between benzaldehyde (1 equiv.), and indole (2 equiv.) in the
presence of 5 mol% GO-CuBr at 50 °C vyielded 3,3'-
(phenylmethylene) bis(1H-indole) 3m as the sole product in
92% yield under solvent-free conditions. We were delighted to
see that reducing the catalyst loading to 2 mol%, 1 mol%, 0.5
mol% and 0.05 mol% did not affect the product vyield,
demonstrating the efficacy of the nanocatalyst in mediating
the electrophilic substitution reaction of indole with aldehyde.
However, further reduction in the amount of catalyst to 0.025

This journal is © The Royal Society of Chemistry 20xx
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mol% decreased the yield to 77%, while no product was
observed in the absence of the catalyst. To explore the
generality of the reaction, various indoles and aldehydes were
chosen as substrates. It was found that with N-substituted as
well as unsubstituted indoles, high yield of BIMs was obtained.
Similarly, both methoxy and bromo substituents on the indole
ring gave high yield of the corresponding BIM derivatives.
Bromo group was found to be intact in the product, thus
providing a handle for further derivatisation of the molecule
(3b, 3e, 3g, 3j, 3l, 3r and 3t). Various aliphatic (3a-3l) and
aromatic (3m-3t) aldehydes were screened, and were found to
exhibit a similar reactivity towards indole. Electron donating
methyl substituent (3n) as well as electron withdrawing nitro
substituent (30) on the aldehyde well-tolerated the reaction
conditions, and similar yield of the corresponding products
was obtained. The substrate scope was further extended to
heterocyclic aldehydes. It was found that the reaction went
well with 2-furan and 2-thiophene aldehydes, and the
corresponding heteroaryl substituted BIMs (3p-3t) were
obtained in high yields.

Table 2 In vitro cytotoxicity and anti HIV-1 activity of the synthesized compounds using
TZM-bl cells based assay”

S. No. Sample TZaM-bI cells (uM) ] T
Code CCso 1C5o

1 3a 71.9+0.4 NS
2 3b 30.5+14.3 22.4+8.0 1.35
3 3c 127.4+0.1 55.6 2.29
4 3d 67.6+0.4 0.7 +0.03 95.04
5 3e 8.4+0.2 NS -
6 3f 853+1.1 44.2£0.03 1.93
7 3g 135.5+8.1 NS -
8 3h 38.1+0.1 41.0+2.9 0.92
9 3i 65.0+1.1 34.9+6.6 1.86
10 3j 30.6+0.7 67.5+9.1 0.45
11 3k 40.5+0.5 NS -
12 3l 35.8+0.3 443+6.4 0.81
13 3m 48.7+1.5 NS -
14 3n 43.1+1.7 NS -
15 30 46.0+1.2 44.4+£55 1.03
16 3p 56.4+0.7 NS -
17 3q 60.9 +0.8 NS -
18 3r 455+0.4 NS -
19 3s 92.6+14 31424 2.95
20 3t 34.9+0.6 NS -

CCsp: The cytotoxic concentration of the compound that caused the reduction of
viable cells by 50%. bICSO: The concentration of the compound that resulted in
50% inhibition of HIV-1 infection. All data presented are average of 3
independent experiments performed in duplicates. “Tl: Therapeutic index, it is
CCsp /1Cso. NS: Not significant.

Next, the reusability of the catalyst was determined. After
completion of the reaction, dichloromethane was added to the
reaction mixture to dissolve the product. The insoluble catalyst
was separated from the reaction mixture by centrifugation,
washed with dichloromethane, and dried at 50 °C in the oven.
The recovered catalyst was used for the next batch of reaction,
and was found to be potentially active up to six cycles (Fig. 1d).
In the seventh recycle though, product 3m was obtained with
a 13% reduction in yield.

This journal is © The Royal Society of Chemistry 20xx
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Human immunodeficiency virus (HIV) is a lentivirus that causes
one of the most challenging diseases of the current time,
acquired immunodeficiency syndrome (AIDS). According to a
report of the Joint United Nations Program on HIV/AIDS,
approximate 34 million people in the world are living with HIV
with no promising treatment. Therefore, the development of
effective, safe, and affordable anti-HIV drugs is highly
desirable. There are only a few literature reports that reveal
bisindole nucleus to possess anti-HIV properties.22 This
inspired us to synthesize bisindole derivatives, and evaluate
the anti-HIV activity of the synthesized library of 3-3’ linked
BIMs.

The inhibitory activity of the compounds is sometimes a result
of their toxic effects, and therefore might resemble an
inaccurate conclusion. Prior to the analysis of anti-HIV activity,
compounds 3a-3t were tested in vitro for their cytotoxicity
using MTT assay23 and the results are summarized in Table 2.
The CCsy value indicates the cytotoxic concentration of the
compound leading to 50% reduction in cell viability. Out of the
20 compounds evaluated by MTT assay, five compounds 3g,
3¢, 3s, 3f and 3a showed CCsy values of more than 70 puM.
Subsequently, we examined the in vitro inhibition of HIV-1
infection by reporter-gene based cell assay system using TZM-
bl cells for the compounds (3a-3t), and calculated ICs, values
as described previously24 (Table 2). While all compounds
showed a positive anti-HIV-1 effect, the maximum activity was
exhibited by 3d. It showed the IC5y value of 0.712 + 0.035 pM,
which is considerably significant compared to 1Csy values of
other compounds ranging between 22.46 to 67.51 uM. In the
final in vitro drug efficacy analysis, we evaluated the
therapeutic index (TI) of these compounds, which is a measure
of the amount of drug that causes the therapeutic effect to the
amount that causes toxicity. The Tl value for 3d was the
highest (95.04) among all the synthesized molecules, clearly
distinguishing it to be a potent anti-HIV-1 molecule. Overall,
these studies reveal that the synthesized library can inhibit
HIV-1 infection, and may be a useful lead for the design and
development of new anti-HIV drugs.

To rationalize the results of the in-vitro biological assays and
understand the binding ability of these molecules with reverse
transcriptase enzyme, we decided to perform a molecular
modelling analysis of compounds 3a—3t. The docking analysis
was carried out using the Swissdock webserver (The Molecular
Graphics Laboratory, Scripps Research Institute). Swissdock
binding energy scores ranging from -8.32 to -7.09 kcal mol™
were obtained for all the compounds, which is very close to
the control nevirapine (-8.62 kcal molfl), suggesting that the
tested compounds might be functioning by inhibiting the
enzyme. According to the inhibition results and binding
energy, 3d was selected as a typical ligand. The 2D and 3D
pictures of 3d and nevirapine binding with reverse
transcriptase enzyme are illustrated in Fig. 3.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 2D model for binding mode of a) 3d and b) nevirapine into the binding site of
reverse transcriptase enzyme; 3D model for binding mode of c) 3d and d) nevirapine

into the binding site of reverse transcriptase enzyme.

For compound 3d, the amino acids Pro95, Leul00, Lys101,
Lys103, Vall06, Vall179, Tyrl81, Tyrl88, Phe227, Leu234,
Pro236 and Tyr318 are showing hydrophobic interactions (Fig.
2a) which are very similar to the nevirapine interactions.” The
amino acid residues composing the non-nucleoside binding
site for nevirapine are mainly hydrophobic. Figure 3b shows
the binding site of RT complexed to the control NNRTI
nevirapine. Furthermore, it is clearly evident from the 3D
model that compound 3d interacts with the same binding
pocket of the reverse transcriptase enzyme where nevirapine
also binds. The docking analysis showed that the orientations
of the lead compound nevirapine, and 3d are similar in the
binding pocket of reverse transcriptase enzyme (Fig. 3c and
3d). Thus, the binding energy and hydrophobic interactions
with amino acids in active site of the target enzyme are in
good agreement with the observed anti HIV-1 activity of 3d.
Conclusions

In summary, we have prepared GO-CuBr nanocomposite, and
demonstrated it as a highly efficient catalyst for the synthesis
of BIMs. The catalyst is required in very low amount, gives high
yield of products, and is recyclable. Furthermore, compound
3d has been established as a potent anti HIV-1 drug via TZM-bl
cells based assay and molecular modelling analysis.
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A reusable nanocatalytic system comprising of Cu(l)Br decorated on graphene oxide has been
prepared and applied for an efficient synthesis of bis(indolyl)methanes, bringing down the catalyst
requirement to 0.05 mol% only. The synthesized compound 3d shows significant anti-HIV activity.
Molecular modeling of 3d with reverse transcriptase enzyme has been carried out to understand its
binding mechanism to the active enzyme site.
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