Chapter 5

Chapter 5

Applied Catalysis A, General 643 (2022) 118767

Contents lists available at ScienceDirect

Applied Catalysis A, General

journal homepage: www.elsevier.com/locate/apcata

Check for
updates

An avenue to Chan-Lam N-arylation by Cu(0) nanoparticles immobilized
graphitic carbon-nitride oxide surface

Rakhee Saikia *, Purna K. Boruah ”, Sahid Mostak Ahmed *, Manash R. Das *¢, Ashim J. Thakur?,
Utpal Bora™
* Department of Chemical Sciences, Tezpur University, Napaam, Tezpur, Assam 784028, India

b Advanced Materials Group, Materials Sciences and Technology Division, CSIR-North East Institute of Science and Technology, Jorhat 785006 Assam, India
€ Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

$) J I
PEG 400

Mw

36 examples
(55-93%)

(anilines, azoles, indoles)

ABSTRACT: This chapter reports the immobilization of Cu(0) nanoparticles (NPs) with an
average size of 7-8 nm on a template-free carbon-nitride oxide surface (g-CsN4O) in
water medium. The heterogeneous surface containing Cu(0) NPs offers Lewis basic
sites, which facilitate Chan-Lam N-arylation of anilines, azoles and indoles with
phenylboronic acids. Moderate to excellent yields (55-93%) of synthetically and
pharmaceutically important N-arylanilines, N-aryl-1H-imidazoles,
N-aryl-1H-benzimidazoles and N-aryl-1H-indoles are obtained. The reaction takes
place under heterogeneous catalysis and the catalyst can be reused up to five catalytic
cycles of the reaction. The stability of Cu(0) on the g-CsN4O surface, utilization of
greener solvents for syntheses and extension of scope of Chan-Lam cross-coupling
reaction through the introduction of Cu(0) NPs catalysis are some of the significant

achievements of this work.
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5. Copper (zero) nanoparticles in Chan-Lam cross-coupling reaction

5.1 Introduction

The pioneering discovery of a mild Cu-mediated cross-coupling between arylboronic
acids and —-NH, —OH or -SH nucleophiles, independently reported by Chan [1], Evans [2]
and Lam [3-4] led to rapid growth in C-N bond transformation. Although
Ullmann/Goldberg reactions are step economical in terms of the use of aryl halides as
the arylating partner, they heavily rely on “expensive metal catalysis—high temperature”
reaction conditions. On the other hand, Chan-Lam cross-coupling requires “ambient
temperature catalysis—open flask” conditions. This powerful nucleophile-nucleophile
(oxidative) cross-coupling employs “air stable” boronic acids as the arylating partner
and displays wide substrate scope with a much easier “open-flask” approach (ambient
temperature, mild base and run in air) [5-9]. Though the utilization of arylboronic acids,
primarily synthesized from aryl halides may be a matter of concern, recent reports have
suggested that arylboronic acids can be prepared directly through C-H borylation of
arenes [10,11]. Apart from aryl amines, the scope of the reaction also extends to other
heteroatom nucleophiles like alkyl amines [12], alcohols [13], ammonia [14], guanidines
[15,16], hydrazines [17,18], sulphonamides [19,20] and several others [21-23].
However, a significant challenge of the classical Chan-Lam cross-coupling is with
arylboronic acids bearing an electron-withdrawing substituent which is attributed to the
difficulty in formation of the key ‘arylCu(lll) intermediate’ [24]. The reaction is
additionally guarded by the limitations of high reaction time, use of excess arylboronic
acids, need for additives (molecular oxygen, pyridine-N-oxide, TEMPO) and possibility of
a number of side reactions [25].

After the first report of a catalytic version of Chan-Lam cross-coupling by Collman,
several attempts have been made by various research groups over the years to broaden
the scope of Chan-Lam cross—coupling reaction [26-31]. An obvious choice of catalyst is
the economically viable and easily available Cu, amidst other available transition metals

like Ni, which is also reported to facilitate Chan-Lam cross-coupling [32-35].
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5.2 Heterogeneous catalysis in Chan-Lam cross-couplings

Of several possibilities, heterogeneous adaptations of Cu are far more preferred by
virtue of its easy recoverability and reusability [36-40]. In this regard, several
heterogeneous catalysts have been developed to achieve efficient Chan-Lam cross-
couplings. Some examples are CoFe;04@SiO2-NH»-furfural-Cu(OAc), nano magnetic
catalyst [36], Cu(ll)-B-cyclodextrin complex [38], MCIP [39], Cu@Fe304-TiO>-L-dopa
[40], GO@AF-SB Cu [41], N-enriched GO/Cu [42], Cu@PI-COF [43] etc. However, most

of them faced some common challenges:

a) The catalysts are synthesized through complex multi-step procedures which may

be difficult to reproduce in the laboratory;

b) Stabilizing and binding agents are required for supporting metal nanoparticles

on the catalyst surface;
c¢) Many ligands/reagents are expensive and hard-to-find;

d) The syntheses of substrates with the help of the developed catalysts are mostly

base-dependent;

e) Most catalysts are restricted to a substrate scope of Chan-Lam N-arylation of

anilines and azoles only.

In the quest for robust and cleaner catalytic materials [44], polymeric graphitic carbon
nitride (g-CsN4) surfaces have attracted much attention on account of its suitability in
sustainable chemistry [45]. Graphitic carbon nitride (g-C3Na4) is a polymeric material
consisting mainly of C, N and a small amount of H. The atoms are linked based on
heptazine (or tri-s-triazine) units and poly (triazine imide) units (Figure 5.1). The most
thermally (up to 600 °C in air) and chemically stable (resistant to acids, bases and
organic solvents) of all carbon nitrides, g-CsNs is expected to be a conjugated two-
dimensional polymer of carbon, nitrogen and some hydrogen and tends to form -
conjugated planar layers held by weak van der Waals forces of attraction, similar to that
in graphite [46,47]. To note, the notation “g-C3sN4” is actually non-stoichiometric and is

simultaneously used to mean both the nanosheets and the bulk material.
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Figure 5.1 Formation of graphitic carbon nitride from s-triazine and tri-s-triazine

There have been several attempts to optimize the properties of g-C3Ns through

functionalization of its surface with oxygen. The presence of oxygen within the

polymeric matrix of g-CsN4 imparts Brgnsted acidity in addition to the inherent Lewis

basicity of the surface [48]. It also generates additional active sites and imparts a good

dispersion of the material in water, which is otherwise insoluble in most organic

solvents. The m-conjugated planar layers are expected to assist in anchoring the

substrate. It is believed to provide sites for the dispersion of “active” metal species at

the metal-surface boundary and facilitate the redox behaviour of metal NPs. The

substitution of “N” by “O” in the polymer matrix is easy (Figure 5.2).
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Figure 5.2 Possible replacements of oxygen atom in graphitic carbon nitride surface

Extensive studies have shown that “O” can substitute (i) the N-atoms “connecting” the

heptazine rings or, (ii) the carbon/nitrogen atoms “forming” the heptazine rings or, (iii)
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the surface amino groups, which can further transform to —OH groups and enhance the
hydrophilicity of the material [49]. The catalytic potential of oxidised g-CsN4 has been
widely explored as a photo-catalyst, in environmental remediation, hydrogen evolution,
hydrogenation and singlet oxygen generation [50-54]. With the rise of extravagant
catalysts for C-N bond formation reactions, we have chosen a graphitic carbon nitride
oxide surface (g-C3N40) and have laid emphasis on the following points for the synthesis
of the catalytic material:

I.  To employ non-toxic and readily available starting materials for the catalyst
synthesis with the formation of minimum by-products at the end of the
reaction.

Il.  Use of organic and non-toxic reducing agent for metal nanoparticles.

lll.  Use of green and biodegradable stabilizing agents for the catalysts.
IV.  To promote base-free N-arylation whenever possible.

V.  Toensure maximum recyclability and reusability of the catalyst.
5.3 Results and Discussion

In this chapter, we have discussed a facile synthesis of Cu(0)/g-CsN4O in which Cu(0)
NPs were dispersed on the surface of g-CsN4O using an aqueous solution of L-ascorbic
acid. The g-C3N4O surface was obtained through microwave irradiation of guanidine
hydrochloride [55] and polyethylene glycol (PEG) 400, without the use of additional
oxidizing agents. The as-synthesized Cu(0)/g-C3sN4sO was utilized in the Chan-Lam N-
arylation of anilines, imidazoles/benzimidazoles and Indoles with arylboronic acids. The
catalyst could be credited for a simple preparation route involving microwave
irradiation [56] and participation of the N-rich sites as Lewis bases in achieving the

desired transformation.

5.3.1 Characterization of the Catalyst

Due to the presence of excess oxygen on the surface, g-CsN4O is water-soluble and its
spectral properties vary significantly from g-C3N4, as is evident from the following
discussion. The graphitic sheet is not formed in the absence of PEG, which suggests that
PEG plays an important role in formation of the oxygenated sheet. On account of such

properties, the surface of g-C3sN4O is chosen as a heterogeneous support for Cu(0) NPs.
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The bulk morphology of Cu(0)/g-CsN4O is studied by high resolution transmission
electron microscope (HRTEM) (Figure 5.3). The TEM images suggest decoration of
spherical Cu(0) NPs on the surface of g-C3sN4O (Figure 5.3a). HRTEM image of Cu(0) NPs
shows the presence of lattice fringes with an interlayer spacing of 0.205 nm (Figure
5.3b). The Selected Area Electron Diffraction (SAED) pattern analysis of Cu(0)/g-CsN4O
indicates the crystalline nature of Cu(0) NPs (Figure 5.3c). The lattice planes (111), (200)
and (220) obtained in the SAED pattern belong to the crystal lattice of Cu(0) NPs which
correlates with the powder X-ray diffraction (p-XRD) pattern (Figure 5.4b). The particle
size distribution histogram shows Cu(0) NPs in an average size range of 7-8 nm (Figure
5.3d). The p-XRD patterns of g-C3N4O and Cu(0)/g-C3sN4O indicates significant changes in
the graphitic structure after immobilization of the Cu(0) NPs on the g-C3N4O surface

(Figure 5.4).

10

3 5 6 7 8 9
2 1/nm . Particle Size (nm)

Figure 5.3 TEM images of: (a) Cu(0) NPs decorated on g-CsN4O surface; (b) HRTEM
image of Cu(0)/g-CsN4O (inset shows the lattice fringes); (c) SAED pattern for Cu(0)/g-
C3N40; (d) Particle size distribution curve of Cu(0)/g-CsN4O

The graphitic stacking pattern in oxidized carbon nitride is commonly characterized by
two values of the d(002) plane [57]. In addition to a broadened (002) graphitic peak at
20 = 27.2° (d = 0.329 nm), the strong diffraction peak at 20 = 32.7° (d = 0.273 nm)

denotes a reduction in the interplanar distance between the melem planes on oxidation
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[58] (Figure 5.4a). A diminished (100) peak indicates the replacement of some carbon
atoms in the heptazine ring with oxygen in g-CsN4O [59]. The diffraction peak at 20 =
23.1° (d = 0.384 nm) is attributed to PEG [60]. The p-XRD pattern of Cu(0)/g-CsN4sO
(Figure 5.4b) gives prominent indication of the formation of Cu(0) with sharp diffraction
peaks at 20 = 43.4° (d = 0.208 nm), 20 = 50.6° (d = 0.180 nm) and 26 = 74.2° (d = 0.127
nm) indexed as (111), (200) and (220) crystal planes of metallic Cu(0) respectively
(JCPDS Card No-85-1326). A high loading and high crystallinity of Cu(0) NPs diminish the
intensity of graphitic surface peaks in the p-XRD pattern of the synthesized Cu(0)/g-
C3N4O [61]. A comparative FT-IR analysis of g-CsN4O and Cu(0)/g-CsN4O (Figure 5.5a)

shows changes in the intensities of bare g-CsN4O after immobilization of the Cu(0) NPs.
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Figure 5.4 p-XRD pattern of (a) bulk g-CsN4O; (b) Cu(0)/g-CsN4O

The sharp absorption bands at around 3000-3100 cm™ can be assigned to the N-H
stretching modes while the stretching vibrations at 1647, 1408 and 1080 cm™ can be
assigned to both the aromatic C=N and C=0 heterocyclic motifs, N-O and C-O bonds,
respectively. The breathing mode of heptazine unit at 807 cm™ confirms the presence of
the tri-s-triazine unit in both g-CsN4O and Cu(0)/g-CsN4O [48,59]. UV-Vis spectral
analysis (Figure 5.5b) of Cu(0)/g-CsNsO also reveals changes in the characteristic
absorption bands of g-C3sN4O which indicates the blue shift of m—> n* transition from
220 nm to deep UV region and n—>mn* transition from 332 nm to 254 nm. Further
evidence of the formation of Cu(0)/g-CsN4O is the broad and continuous SPR peak of
Cu(0) around 550 nm which transcends to near-IR region [62]. EDX spectrum of Cu(0)/g-
C3N4O confirms the presence of Cu (Figure 5.5c). Peaks for Cu are observed at 0.9297
keV (Cuia1,2), 8.0478 keV (Cuka1,2) and 8.9052 keV (Cuksi1) respectively [63]. ICP-AES

analysis of Cu(0)/g-CsN4O reveals 6.02 wt% of Cu(0) deposition on the g-C3sN4O surface.
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The surface area and porosity of the synthesized Cu(0)/g-CsN4O are measured by N3
adsorption-desorption analysis at 77 K. The N; adsorption-desorption isotherm (Figure
5.5d) corresponds to a Type-IV isotherm, typical of porous materials with a H4
hysteresis loop. According to BET analysis, the surface area (Sger) of g-C3sN4O and that of
the synthesized Cu(0)/g-CsN4O are found to be 39.293 m?/g and 21.823 m?/g
respectively, which is larger than that of traditional bulk g-CsN4 [64-65].

(a) Cu(0)/g-CN,0

p—
O
—

«— M->n* transition

spr peak for Cu(0)

8-C,N,0

Cu(O)/g-C!N‘O

n->n* transition
c-o

% Transmittance (a.u.)
Absorbance (a.u)

heptazine|
unit g-C3N4z0
N-H 374

N-O

4000 3500 3000 2500 2000 1500 1000 200 300 400 500 600 700 800
Wavenumber (cm‘l) Wavelength(nm)
0.6
( d) 20
Y 0.008
Bisl T
b in.ws
>~ S0.004
§ 3 0.003 \\"—’4_
0.002
5101 W
B A o i i
o
g 5 —— Adsorption
2 —<— Desorption
>
0+==

) 2 4 & & 10 2 1 6 B8 N 0.0 0.2 0.4 0.6 0.8 1.0
FlScale 12574 ts Cursor. 0000 ke Relative Pressure (P/P )

Figure 5.5 (a) FT-IR spectra of [red: bulk g-C3N4O; blue: Cu(0)/g-CsN4O]; (b) UV-Vis
absorption spectra of [red: bulk g-CsN4O; blue: Cu(0)/g-CsN40] in EtOH; (c) EDX plot of
Cu(0)/g-CsN40; (d) N, adsorption-desorption isotherm of Cu(0)/g-CsN4O at 77 K (inset

shows the pore size distribution curve of Cu(0)/g-C3sN40).

The pore size distribution calculated from desorption loop of the isotherm by the BJH
method, indicates the mesoporous nature of Cu(0)/g-CsNsO with a pore volume of
0.286 cc/g and pore radius of 1.37 nm, respectively [66-67].

The elemental composition and their state in Cu(0)/g-CsN40 is investigated by XPS. The
full scan survey XPS spectrum of Cu(0)/g-CsNsO is shown in Figure 5.6a. The sharp
binding energy peaks at 285, 399, 531 and 932.5 eV corresponds to the C, N, O and Cu
elements of Cu(0)/g-C3N4O respectively. The deconvoluted Cu 2p XPS spectrum depicts
peaks with binding energies at 932.2 and 951.9 eV that belong to the Cu 2ps/; core level

and Cu 2px core level spin-orbit splitting respectively (Figure 5.6b). These are suggestive
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of the presence of Cu(0) on the surface of g-CsN4O. Subsequently, the C 1s XPS
spectrum shows four peaks with binding energies at 284.8, 287, 287.9 and 289.2 eV
(Figure 5.6c). The peaks are assigned to C-C/C=C, C-N/C=N, C=0 and O=C-OH bonds
respectively. The bonds attributed to C=C and C=N are that of the sp? carbon atom in
the s-triazine ring. The high-resolution N 1s spectrum is deconvoluted to three distinct

peaks at 399.2, 400.7 and 401.6 eV.
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Figure 5.6 (a) Full scan survey XPS spectrum of Cu(0)/g-CsN4O and the corresponding
high-resolution deconvoluted XPS spectra of (b) Cu 2p; (c) C 1s; (d) N 1s; (e) O 1s and (f)
deconvoluted Cu LMM Auger spectrum of Cu(0)/g-C3N4O

These are attributed to pyridine-like sp? (C=N-C) nitrogen of the triazine ring, the
nitrogen atom which is trigonally bonded to the carbon atom in the C-N network
(N—(C3)) and the C-N-H bond, respectively (Figure 5.6d) [68]. The high-resolution O 1s
spectrum is fitted with three binding energy peaks at 531.4, 532.6 and 404 eV
attributed to the O=C-0OH, C=0 and C-0 groups respectively (Figure 5.6e) [48]. Figure
5.6f shows the deconvoluted Auger Cu 2p LMM spectrum of Cu(0)/g-C3sN4O. The fitting
of Cu LMM Auger spectrum is performed by three peaks with kinetic energies of 914,
917.1 and 918.5 eV, corresponding to Cu(l), Cu(ll) and Cu(0) species respectively. The
sharp kinetic energy peak obtained at 918.5 eV confirms the formation of Cu(0) on the

g-C3N40 surface [69]. The low intensity peaks obtained for Cu(l) and Cu(ll) at the
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deconvoluted Cu LMM Auger spectrum are due to the partial oxidation of Cu(0) during
the XPS sample preparation.

Inspired by the stability and sustainability of Cu(0)/g-CsN4O, we employed it in the
Chan-Lam cross-coupling of phenylboronic acids with anilines (Table 5.2),

1H-imidazoles and 1H-benzimidazoles (Table 5.4) and Indoles (Table 5.6).

5.3.2 Optimization of reaction conditions

For the initial screening of reaction conditions, 4-Methoxyphenylboronic acid (1a) and
aniline (2b) were taken as model substrates (Table 5.1). At first, they were reacted with
1 wt% (0.075 mol% of Cu) of Cu(0)/g-CsN4O and K>COs in water at room temperature
and open air condition (Table 5.1, entry 1). Phenylboronic acid was completely
consumed in 6 h and two products were obtained. The expected Chan-Lam product
was obtained in 78% vyield and the collateral C-C coupling product in 20% yield. To
improve the obtained yield of the N-arylated product and minimize the homocoupling
of phenylboronic acids, the reaction was monitored by altering the reaction conditions.
Increasing the amount of catalyst to 2 wt% (0.14 mol% of Cu) did give us better results
(Table 5.1, entry 2), but further increase to 3 wt% (0.208 mol% of Cu) and 5 wt% (0.35
mol% of Cu) gave us similar yields of the same product (Table 5.1, entries 3 and 4).
Protic solvents like isopropanol and methanol and aprotic solvents like acetonitrile and
DMSO were screened for the arylation reaction (Table 5.1, entries 5-8). The progress of
the reaction was either similar or slightly better than that in water. It did not proceed in
toluene (Table 5.1, entry 9). Inorganic bases like K2COs, NaOH, KO'Bu and organic bases
like DABCO, and EtsN gave similar yields of the desired product (Table 5.1, entries 10-
13). Encouraged by the presence of basic surface sites on g-CsN4O, we also tested the
reaction in base-free conditions. Unexpectedly, the catalyst showed better activity in
the absence of a base (Table 5.1, entry 15). Also, the formation of the C-C coupling
product was greatly diminished. The absence of an external base probably limits the
coupling of phenylboronic acids in the presence of Cu [70]. An increase in temperature,
however, could not increase the yield of the N-aryl product further (Table 5.1, entries

16 and 17).

168



Chapter 5

Table 5.1 Investigation of reaction conditions for the Chan-Lam N-arylation of aniline
(2b) with 4-Methoxyphenylboronic acid (1a).[?!

H

/©/ @/ _Cu(0)/g-C4N,O _ /@ N\©
solv?né er]ase ~o
3a

Entry Cu(0)/g-CsN4O (Wt%) Base Solvent Yield™ (%)
1 1 K.COs Water 78
2 2 K.COs Water 80
3 3 K2COs Water 75
4 5 K.COs Water 75
5 2 K2COs isopropanol 75
6 2 K2COs Methanol 82
7 2 K.COs CHsCN 64
8 2 K.COs DMSO 75
9 2 K2COs Toluene NR
10 2 DABCO Water 56
11 2 NaOH Water 55
12 2 KO'Bu Water 55
13 2 EtsN Water 50
14 2 - Methanol 85
15 2 - Water 93
16! 2 - Water 90
17t 2 - Water 87

[BIReaction conditions: 4-Methoxyphenyl boronic acid, 1a (1 mmol), Aniline, 2b (0.8 mmol), solvent (4 mL),
room temperature, 6 h; Pllsolated yield based on Aniline, 2b [ [YReaction temperature was maintained

at 40 °C and 60 °C respectively; NR- no reaction

5.3.3 Substrate scope study

The optimized reaction conditions were employed in the study of Chan-Lam N-arylation
of anilines. Table 5.2 reflects the wide substrate scope of our methodology. Various o-,
m- and p-substituted arylboronic acids (1) have reacted with differently substituted
anilines (2) under the optimized reaction condition (Table 5.1, entry 15) to give the
respective N-aryl product (3a-n) in moderate to good vyields (55-93%). The

unsubstituted N-arylaniline (3b) was obtained in a good yield of 81%. Electron donating
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groups (EDGs) like 4-OMe (3a, 3i, 3k, 3l), 4-Et (3c) on the phenylboronic acid had
shown a higher reaction rate in comparison to those with electron withdrawing groups
(EWGs) like 3-CF3 (3e). But the reaction did not proceed with phenylboronic acids
bearing strongly withdrawing groups like —NO; and —CN [31]. Substrates like
Naphthalene-2-boronic acid (3d) and 2-Methoxypyridine-5-boronic acid (3f) were also
tolerated. In case of anilines, the protocol not only endured anilines with EDGs (3i, 3j)
and EWGs (3n), but their scope also extended to sterically hindered 2,4-Dimethylaniline
(3k), benzylamine (3l) and that bearing electron withdrawing —NO; group (3n) in 55%,
72% and 65% yields respectively. Anilines with weakly deactivating —Br group (3g, 3h)

also gave the corresponding N-arylated product in good yields.

Table 5.2 Scope exploration of the Chan-Lam N-arylation of anilines (2) with

phenylboronic acids (1).[!

OH
() BeoH ) NH2 cu(0)/g-CoN,0 (2 wt%)
* H,0, t, 6 h

OO0 oo o “@ “@

3a, 93%®! 3b, 81%!! 3¢, 87%!! 3d, 75%!!
(TOF(h™")ITON = 65.3/392)

U0 L0 o,

3e, 78% 3f, 79%!° 39, 75%
3h, 72% 85%]°] 3j, 80% , 55%!°]
H H H
o Oo0U gt
=
o o NO
31,72% 3m, 70% 3n, 65%[°!

llReqction conditions: Arylboronic acid, 1 (1 mmol), aniline, 2 (0.8 mmol), Cu(0)/g-CsN4O (2 wt%), H,0 (4
mL), room temperature, 6 h; Isolated yield based on 2; PIC-C coupling product observed in addition to

the N-aryl product; “reaction time extended to 10 hours.
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5.3.4 Mechanism Study

The involvement of a Cu(0) NPs in our protocol may slightly differ the proposed
mechanistic route from the classical approach. A series of controlled reactions was
carried out to confirm the involvement of “Cu(0)/g-CsN4O system” in the formation of
N-aryl products (Scheme 5.1). It was observed that the reaction did not proceed with
the bare support (g-C3N4O) indicating the inefficiency of bulk g-CsN4O alone, while it
proceeded faintly (35% of 3a) in the presence of CuCl,. The combination of CuCl+g-
C3N40 also produced a low product yield, which proved the efficiency of Cu(0)

supported g-C3N40 in the reaction medium.

g- C3N4O )
no reaction
reaction condition

H

O @
{j (j e O
O @ )

3a, 35%

H
2 CuCly + g-C3N,0 N
reaction condition
AN

O
(without reducing agent) 3a, 35%

Scheme 5.1 Study of controlled reactions
5.3.5 Plausible Mechanism

Based on the above observations, the plausible mechanism is shown in Figure 5.7. The
Cu(0) nanoparticles (NPs) stabilized on the surface of g-C3sN4O acts as a pre-catalyst and

III

undergoes “gradual” oxidation to Cu(ll) [71]. During the reaction, Cu(0) NPs are slowly
oxidized to Cu(ll) which facilitates the Chan-Lam cross-coupling reaction through the
regular reaction pathway involving transmetallation and disproportionation. The
basicity of the nitrogen atoms on the surface of g-CsN4O facilitates deprotonation of the
amine [48,72]. The aryl group of the phenylboronic acid then adds to the Cu(ll) centre
on the surface of g-CsN4O at the stage of transmetallation [73]. Here, water plays a

crucial role in generating the tetrahedral [ArB(OH)s]~ anion on interaction with

phenylboronic acid [74-75]. The Cu(ll) species then undergoes the rate-determining
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disproportionation step to the Cu(lll) intermediate, leading to facile reductive
elimination of the product (3) [76]. After reductive elimination of the product, the
resulting Cu(l) are re-oxidized to Cu(ll) on the surface of g-CsN4O and the catalytic cycle
goes on. The stabilization of Cu(0) NPs on the surface of g-CsN4O is a crucial factor for
the reaction. The oxidation of Cu(0) to Cu(ll) must take place in a “controlled” manner.
That is why, when most of the Cu(0) NPs are oxidized to Cu(ll) after the fifth run of the

catalyst, the reaction yield significantly decreases to 85%.

85

(A)

ArNH, ,{ Oxidation
2

Oxidation

reductive
elimination

(D)

@c.0 cu(l) cun @ cuny

Figure 5.7 Plausible Mechanism

The catalyst was tested for heterogeneity (Refer section 5.3.8.4 for details) and was
successfully reused up to the fifth cycle (Figure 5.8) without significant loss of catalytic
activity. The TON and TOF of the catalyst was found to be 392 and 65.3 h™! respectively
[77-79].

172




Chapter 5

Kinetic study of the catalyst (GC analysis) was performed under the optimized reaction
condition (Table 5.1, entry 15). It shows that the catalyst was fairly stable up to five runs
of the reaction (Figure 5.9). Gradual deactivation may occur due to oxidation of Cu or
subsequent loss of active sites. Further, XPS studies were carried out for the reused
catalyst after the fifth run to study the oxidation state of Cu after reuse. Figure 5.10a
shows the high resolution deconvoluted XPS spectrum of Cu 2p. The high-resolution Cu
2p spectrum fitted with four different peaks corresponds to the spin-orbit splitting of
Cu 2p3/2 and Cu 2p1/2 respectively. The peaks obtained at binding energies of 932.1 and
951.9 eV belongs to Cu(0) and that at 933.5 and 953.5 eV belongs to Cu(ll). Besides, two
“shakeup” satellite peaks at around 942 eV and 961.1 eV indicated the presence of
Cu(ll) ions due to partial oxidation of Cu(0) to Cu(ll) in Cu(0)/g-C3N4O during the Chan-
Lam N-arylation reaction. The high-resolution deconvoluted O 1s spectrum was
obtained with three binding energy peaks at 531.4 eV, 532.5 eV and 534 eV
corresponding to O=C-OH, C=0 and C-OH groups, respectively (Figure 5.10b). The
increase in intensity of the peak attributed to C—-OH group in the recycled catalyst also
confirmed the partial oxidation of Cu(0) after the fifth run. Figure 5.10c shows the
deconvoluted Auger Cu 2p LMM spectrum of the reused catalyst after the fifth run. The
fitting of Cu LMM Auger spectrum was performed by three peaks similar to the fresh
catalyst, corresponding to Cu(l), Cu(ll) and Cu(0) species, respectively. The sharp kinetic
energy peak obtained at 917.1 eV confirmed the oxidation of Cu(0) to Cu(ll) on the g-

C3N40 surface after the fifth run.
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Figure 5.8 Recyclability of Cu(0)/g-CsN4O
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Figure 5.9 Study of stability (time-resolved) of the catalyst Cu(0)/g-C3N4O.
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Figure 5.10 High-resolution deconvoluted XPS spectra of (a) Cu 2p and (b) O 1s of
recycled Cu(0)/g-CsN4O catalyst; and (c) deconvoluted Cu LMM Auger spectrum of
recycled Cu(0)/g-C3N4O catalyst after the fifth run.

5.3.6 Extension of scope of reaction

With encouraging results in hand, the scope of Cu(0)/g-CsNsO was extended to the
Chan-Lam cross-coupling of phenylboronic acids with 1H-imidazoles and 1H-
benzimidazoles. Various reaction conditions were examined and the results are listed in
Table 5.3. With 4-Methoxyphenylboronic acid (1a) and 4(5)-Methyl-1H-imidazole (4a)
as the model substrates, the highest yield was obtained under a base-free condition in
methanol (Table 5.3, entry 6). Inspired by the ability of imidazoles to also act as bases
[80-81], our initial investigation began in a base-free condition. Different polar and non-
polar solvents were screened under base-free conditions (Table 5.3, entries 1-5). It was
seen that the reaction proceeded fairly in polar protic solvents like methanol and polar

aprotic solvents like acetonitrile and DMSO. But, it did not show any results in water
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and toluene, probably due to their low solubility in these solvents. Similar to anilines,
only 2 wt% (0.15 mol% of Cu) of the catalyst was sufficient to catalyze the cross-
coupling of the model substrates at ‘open-flask’ room temperature condition in
methanol (Table 5.3, entries 6 and 7). The reaction was also tested in the presence of a
number of bases (Table 5.3, entries 8-11). The addition of inorganic bases like K,COs3,
NaOH and organic bases like DABCO and EtsN produced yields which were similar to
that obtained without base (Table 5.3, entries 1-7). A rise in temperature did not affect

the yield of the N-aryl product (Table 5.3, entries 12 and 13).

Table 5.3 Investigation of reaction conditions for the Chan-Lam N-arylation of 4(5)-

Methyl-1H-imidazoles (4a) with 4-Methoxyphenylboronic acid (1a).?!

o r
B« N\/)‘
/@, oH | HNX  Cu(0)/g-CaN,0 /@
—_—
solvent, rt, 6 h

1a 4a 5a

Entry Cu(0)/g-CsN40 (wt%) Base Solvent Yield™® (%)

1 1 - Water No reaction

2 1 - Methanol 83

3 1 - CHsCN 68

4 1 - DMSO 73

5 1 - Toluene NR

6 2 - Methanol 91

7 3 - Methanol 90

8 2 K,CO3 Methanol 85

9 2 DABCO Methanol 82

10 2 NaOH Methanol 75

11 2 EtsN Methanol 87
12U 2 - Methanol 90
13l 2 - Methanol 85

LlReaction conditions: 4-Methoxyphenylboronic acid, 1a (1 mmol), 4(5)-Methyl-1H-imidazole, 4a (0.8
mmol), solvent (4 mL), room temperature, 6 h; Plisolated yield based on 4a; [“Reaction temperature

was maintained at 40 °C and 60 °C respectively
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With the optimized reaction conditions, the substrate scope of N-arylation of
1H-imidazoles and 1H-benzimidazoles are presented in Table 5.4. As shown, a decent
range of N-aryl-1H-imidazoles and N-aryl-1H-benzimidazoles (5a-1) were obtained in
moderate to good yields (70-91%). It was seen that phenylboronic acid with an EDG
such as 4-OMe, 3-Me, 2-Me (5a, 5b, 5g, 5i) produced greater yields of the N-arylated
product than with EWGs like 3-NO; and 3-CN (5h and 5j). The presence of weakly
deactivating —F group on the phenylboronic acid (5f) had also successfully given the N-
arylated product in 88% yield. The absence of electronic effect decreased the yield of
the unsubstituted product to 70% (5c). On the other hand, 1H-imidazoles with only
EDGs were tested under this protocol. 1H-benzimidazole and 2-amino-
1H-benzimidazole were also N-arylated (5k and 5l) under the optimized reaction
condition with 75% and 78% yield respectively. In case of 2-Amino-1H-benzimidazole,

the N'-arylated product was produced exclusively (5I).

Table 5.4 Scope exploration of the Chan-Lam N-arylation of 1H-imidazoles and 1H-

benzimidazoles (4) with phenylboronic acids (1).1!

OH
B on , RE-R" CU(0)ig-CoN,O (2 wi%)
@ | MeOH, r.t., 6 h
H
1 4
\gN —
0 I® 7 ® Y S
5a, 91% 5b, 89% 5¢, 70% 5d, 76%
N e r
N
= = N\/) N\/)s
oY o @
F CH NO,
5e, 79% 5, 88% 59, 83% 5h, 76%
F ) N N
NS ©: > ©: DH—NH,
@ “ “
CH3 Ph Ph
5i, 80% 5,, 72% 5k, 75% 51, 78%

l[lReaction conditions: Arylboronic acid, 1 (1 mmol), Azole, 4 (0.8 mmol), Cu(0)/g-CsN4O (2 wt%), MeOH (4

mL), room temperature, 6 h; Isolated yield based on 4.
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Surprisingly, when 2-amino-1H-benzimidazole was tested with the optimized reaction
condition of anilines (Table 5.1, entry 15), N-diaryl-2-Amino-1H-benzimidazole (5m) was
obtained as the major product (Scheme 5.2). Such di-aryl-C-amino-NH-azoles have
widespread occurrence in pharmaceuticals, agro-chemicals and biologically active

scaffolds [36].

N O
N B« 8 @[ D—NH
©: Sy + ©/ OH Cu(0)/g-C5N,4O (2 wi%) N
water, rt, 12 h
“ O
4 1b

5m, 45%

Scheme 5.2 N,N’-diarylation of 2-Aminobenzimidazole

To further expand the horizon of Cu(0)/g-CsN40, it was also tested in the N-arylation of
Indoles with phenylboronic acids as the arylating source. Pharmaceutically significant N-
arylindoles can act as angiotensin II-1 antagonists, antipsychotic agents and serve as
intermediates for the synthesis of other biologically active scaffolds [82]. The reaction
conditions for the synthesis of N-arylindoles were optimized and the results are shown
in Table 5.5. The model substrates, phenylboronic acid (1b) and indole (6a) were
subjected to different polar/non-polar solvents (Table 5.5, entries 1-5), different
catalyst loadings (Table 5.5, entries 6-8) and different organic/inorganic bases (Table
5.5, entries 10-14). Polar solvents, other than water, raised the yield of N-arylation,
while non-polar solvents like toluene could not afford the desired product (Table 5.5,
entry 1-5). Among the screened solvents, DMSO gave the highest yield of 40% (Table
5.5, entry 4). To the best of our knowledge, DMSO plays a role in increasing the acidity
of the N-H proton through its strong H-bond accepting ability [83]. The arylation
reaction was first screened with 1 wt% of the catalyst, Cu(0)/g-CsN4O. Thereafter, the
effect of increase in catalyst loading on the arylation reaction was monitored. It was
seen that 3 wt% of the catalyst gave highest yield of the arylated product (Table 5.5,
entries 6-8). While, temperature played a crucial role in raising the yield of N-arylindole
(Table 5.5, entries 9 and 10), K.COs proved to be most effective among different bases
like NaOH, DABCO, KO'Bu and EtsN for the arylation reaction (Table 5.5, entries 10-14).

Unlike previous N-nucleophiles, only 35% of the desired product was obtained under
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base-free reaction conditions, probably due to lower acidity of the indole N-H proton
(pKa = 16.97) [84]. Subjected to all the above, the optimized reaction condition was
fixed at 80 °C with 3 wt% (0.33 mol% of Cu) of Cu(0)/g-CsN4O in DMSO (Table 5.5, entry
10).

Table 5.5 Investigation of reaction conditions for the Chan-Lam N-arylation of Indole

o
OH . \ Cu(0)/g- C3N4O N
Solvent, base
rt, 6 h

(6a) with phenylboronic acid (1b).[!

6a 7a

Entry Cu(0)/g-CsN40 (wt%) Base Solvent Yield™ (%)
1 1 K>COs Water NR
2 1 K,COs3 Methanol 30
3 1 K,CO3 ACN 33
4 1 K,CO3 DMSO 40
5 1 K,COs Toluene NR
6 2 K,CO3 DMSO 42
7 3 K,CO3 DMSO 45
8 5 K,CO3 DMSO 48
gld 3 K,COs DMSO 75
10! 3 K,CO3 DMSO 87
111 3 DABCO DMSO 80
12U 3 NaOH DMSO 77
13 3 KO'Bu DMSO 75
141 3 EtsN DMSO 80
15 3 - DMSO 35

[BIReaction conditions: Phenylboronic acid, 1b (1 mmol), Indole, 6a (0.8 mmol), base (1 equiv.), solvent (4
mL), 80 °C, 6 h; Plisolated yield based on 6a [ [{IReaction temperature was maintained at 60 °C and 80 °C

respectively.

The best reaction condition was utilized to generate a wide substrate scope of N-

arylindoles (Table 5.6). Variously substituted N-aryl indoles (7a-i) were obtained in

178



Chapter 5

moderate to good yields (60-87%). As evident from Table 5.6, when unsubstituted
phenylboronic acid was reacted with indole, 87% of the N-arylated product (7a) was
obtained. Phenylboronic acids with EDGs like 3—-Me, 4-OMe and 4-Et gave very good
yields of N-arylindoles (7f, 7i). However, when phenylboronic acids with EWGs like
3-CF; and 4-CN were employed for arylation, the vyields of the subsequent N-
arylindoles were significantly lowered (7g, 7h). Similarly, indoles with EDGs (7c, 7d)
reacted smoothly in comparison to those with EWGs (7b). To our surprise, Indole
nucleus with a weakly deactivating —Br group at the 7™ position (7e) was also arylated
exclusively. All the observations were in agreement with the effect of electronic factors
in the Chan-Lam cross-coupling of N-nucleophiles. Owing to the pharmaceutical
significance of N-arylindoles, the above methodology was applied on a 10 mmol scale.
The desired N-arylated indole was generated in 83% vyield (Table 5.6). This scale-up

attempt depicted the efficacy of the catalyst on a gram scale.

Table 5.6 Scope exploration of the Chan-Lam N-arylation of Indoles (6) with

B oH A, _Cu(0)/g-C3N40 (3 wi%) N

+ N K,CO3, DMSO
H
1

phenylboronic acids (1).[!

6 hr, 80 °C

7a, 87% 7b, 82% 7c, 85% 7d, 75% 1 7e, 70% (b1l
Br CHs CH,
N N N N

0)
/ CN

0,
7f, 80% 79, 65% 7h, 60% [PLC] 7i, 88% 7a,1.28 g, 83%

gram scale experiment
lBlReaction conditions: arylboronic acid 1 (1 mmol), 6 (0.8 mmol), Cu(0)/g-CsN4O (3 wt%), K,COs (1 equiv.),
DMSO (4 mL), 80 °C, 6 h; P!Reaction proceeded until 8 hrs; [IC-C coupling product obtained; Isolated yield

based on 6.
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A comparative study of Cu(0)/g-CsN4sO with some previously reported catalysts
employed in the Chan-Lam N-arylation of anilines with Phenylboronic acids is shown in
Table 5.7. It is evident that the present heterogeneous catalyst (Cu(0)/g-C3N40) exhibits
a decent TOF(h™!)/(TON).

Table 5.7 Comparative study of Cu(0)/g-CsN4O w.r.t. other benchmark catalysts for the

Chan-Lam arylation of anilines with phenylboronic acids developed in recent years.[?

Entry Catalyst TOF (h!)/TON values
1 Cu@Fe304-TiO,-L-dopa 16.3/48.4
2 Cu@PI-CO 18.0/144.3
3 CoFe;04,@Si0,-NH,-Furfural-Cu(OAc), 41.6/208
4 N-enriched GO/Cu 32/48
5 GO@AF-SB Cu 0.12/1.5
6 Cu(0)/g-CsN4O 65.3/392

[2lTON and TOF are calculated based on the amount of ‘Cu’ present on the surface

Combined with all the above mentioned merits, the developed material proves to be an
efficient heterogeneous catalyst for Chan-Lam N-arylation under the optimized

protocols.
5.3.7 Conclusion

We have successfully developed a Cu(0) NPs—based heterogeneous catalyst, Cu(0)/g-
C3N4O to foster the Chan-Lam cross-coupling reaction of arylboronic acids with different
nitrogen nucleophiles. The catalyst could be easily prepared in water and the
preparation methodology involved a mild reducing agent. The n-bonded layered
configuration of g-CsN4O was utilized to anchor a high loading of desired Cu(0) NPs on
the surface and stabilized them up to five reaction cycles without significant oxidation.
Heterogeneity of the easily synthesizable Cu(0)/g-C3N4O surpassed tedious workups and
allowed easier separation from the reaction medium. Our protocol also had the
advantage of achieving a base-free N-arylation of anilines and azoles in lesser catalytic
quantities. We believe that our methodology has extended the scope of Chan-Lam N-

arylation reaction through the introduction of a Cu(0) NPs catalytic route and has raised
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its applicability in synthetic organic chemistry with a simple “heterogeneous” Cu(0)-

catalytic system.
5.3.8 Experimental section

5.3.8.1 General information

All the chemicals used for the reactions were procured commercially and used without
further purification. The progress of the reaction was monitored through thin layer
chromatography on Merck Kieselgel Silica gel 60F;s4 plates using short wave UV light
(A=254 nm). The products were purified by column chromatography using Silica gel (60-
120 mesh and 100-200 mesh). The identification of the purified products was done by
NMR spectroscopy. The *H and '3C NMR spectra were recorded on a 400 MHz JEOL
NMR spectrometer (400 MHz for *H and 100 MHz for *3C). Chemical shifts for both *H
(61) and 3C (6¢) NMR are assigned in parts per million (ppm) using TMS (0 ppm) as the
internal reference and CDCl; and DMSO-ds as solvent (CDCls: 6y = 7.25 ppm and 6¢ =
77.1 ppm; DMSO-ds: 61 = 2.5 ppm, DMSO-ds absorbed water = 3.3 ppm and 6¢ = 40.0
ppm). The multiplicities of the signals are assigned as: s = singlet, d = doublet, t = triplet,
br = broad and m = multiplet. X-ray photoelectron spectroscopy (XPS) and auger
measurements were carried out using a Thermo-Scientific ESCALAB Xi+ spectrometer
having a monochromatic Al Ka X-ray source (1486.6 eV) and a spherical energy analyzer
that operates in the CAE (constant analyzer energy) mode using the electromagnetic
lens mode. The CAE for survey spectra is 100 eV and that for high-resolution spectra is
50 eV. TEM images were obtained on a JEM-2100 instrument with an accelerating
voltage of 200 kV in 50 V steps. Prior to imaging, the materials were dispersed in
ethanol by the ultrasonication method and the resultant ink was drop-cast on the
carbon foil supported on the Cu grid. Infrared spectra were recorded with a Nicolet
Impact 1-410 FT-IR spectrometer as KBr diluted discs. UV-Vis experiments were
performed with Shimadzu, UV-2550 spectrophotometer. The spectra were recorded by
dispersing the catalyst sample in ethanol. p-XRD patterns of the samples were recorded
on a Bruker AXS model D8 focus instrument with a Cu Ko (A = 0.15418 nm) radiation
source in the 29 range of 10-80° with a step size of 0.05° s™. N, adsorption/desorption

isotherms were collected on a Quantachrome Instrument (model: Nova 1000e) at -196
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°C (liguid nitrogen temperature). The specific surface areas of the ECs were determined
by the Brunauer-Emmett-Teller (BET) method using multi-point BET data at a relative
pressure (P/P,) region of 0.02-0.35. The sample was degassed at 100 °C for 5 hours prior
to analysis. The pore size distribution of the ECs was determined following the Barrett-
Joyner-Halenda (BJH) method in the same instrument. Yields of the kinetic study were
determined by GC by comparison to anisole (internal standard) from appearance of

product.

5.3.8.2 Catalyst preparation
a) Preparation of g-CsN4O

Guanidine hydrochloride (5 mmol, 0.475 g) dissolved in 10 mL distilled water was
taken in a 250 mL conical flask. To this, 0.5 mL of polyethylene glycol (PEG) 400 was
added under stirring at room temperature. The reaction flask was then placed in a
microwave reactor at 600 W for 5 min and 2 min sequentially. The reaction flask was
then allowed to cool and the resultant black/brown residue was diluted with 50 mL
water. After that, the diluted residue was sonicated for 10 min and filtered to yield a
yellow fluorescent solution of g-CsN4O (Figure 5.11a). The g-CsN4O was obtained as a
transparent yellow filtrate with a solid concentration of 22 mg/mL. Finally, the sample

was lyophilized to obtain a light yellow solid of g-CsN4O (Figure 5.11b).
b) Preparation of Cu(0)/g-C3N4sO

In a 100 mL round bottomed flask, 0.1 g of CuCl, was taken and dissolved in 20 mL
distilled water. To it, 25% aqueous ammonia was added dropwise under stirring, until a
deep blue colouration persists in the solution. It was followed by dropwise addition of
0.1 mL PEG-400, 5 mL of the freshly prepared g-CsN4O and 0.2 g of ascorbic acid
(saturated solution in water) sequentially to the stirring solution. The resultant reaction
mixture was then refluxed for about 8 hours until a dark-red precipitate of Cu(0)/g-
C3N4O was obtained. The precipitate was first separated by centrifugation and then
washed with water (5 times) and ethanol (5 times). It was kept to dry in a vacuum
desiccator overnight (Figure 5.11c). The prepared Cu(0)/g-CsNsO was confirmed by
different characterization techniques and employed in the Chan-Lam cross-coupling of a

variety of N-nucleophiles.
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Figure 5.11 (a) bulk g-CsN40O; (b) Lyophilized g-C3N4O; (c) Cu(0)/g-C3N4O
5.3.8.3 General experimental procedure

A. General procedure for N-arylation of anilines (3)

QH H
B NH, N
OH Cu(0)/g-C5N4O (2 wt%)
. sonoewn (@) 1@
1 2 3

In a 50 mL round-bottomed flask with a magnetic stirring bead, 2 wt% (0.0023 g) of

Cu(0)/g-CsN40 in 4 mL water was sonicated for 2 min. To it, phenylboronic acid, 1 (1
mmol) and aniline, 2 (0.8 mmol) were added. The reaction mixture was then stirred in
open air at room temperature for 6-16 h. Progress of the reaction was monitored using
TLC. After completion of reaction time, the resulting reaction mixture was extracted in
ethyl acetate and concentrated on a rotary evaporator under reduced pressure. It was
purified by column chromatography using ethyl acetate-hexane as an eluent to obtain

the pure product (3).

B. General procedure for N-arylation of imidazoles (5)

OH
2
Bvom  RZ R Cu(0)g-CoNiO (2 with) ) R
(A7) 0 MeOH, rt., 6 h N
H R
1 4 5

In @ 50 mL round-bottomed flask with a magnetic stirring bead, 2 wt% (0.0021 g) of
Cu(0)/g-C5N40 in 4 mL methanol was sonicated for 2 min. To it, phenylboronic acid, 1 (1
mmol) and azole, 4 (0.8 mmol) were added. The reaction mixture was then stirred in
open air at room temperature for 6 h. Progress of the reaction was monitored using

TLC. After completion of reaction time, the resulting reaction mixture was washed with
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distilled water, extracted in ethyl acetate and concentrated under reduced pressure. It
was purified by column chromatography using ethyl acetate-hexane as an eluent to

obtain the pure product (5).

C. General procedure for N-arylation of indoles (7)

2,
@ ~OH Q A _Cu(0)/g-C3N4O (3 wt%) N
+ N K,CO3z, DMSO

H 6 hr, 80 °C
1 6 7

In a 50 mL round-bottomed flask with a magnetic stirring bead, 3 wt% (0.0032 g) of
Cu(0)/g-CsN40 in 4 mL DMSO was sonicated for 2 min. To it, phenylboronic acid, 1 (1
mmol), indole, 6 (0.8 mmol) and K>COs (1 equiv., 1 mmol, 0.138 g) were added. The
reaction mixture was then stirred under reflux conditions in a pre-heated oil bath at 80
°C. Progress of the reaction was monitored using TLC. After completion of reaction
time, the resulting reaction mixture was washed with ice-cold water, extracted in ethyl
acetate and concentrated under reduced pressure. It was purified by column

chromatography using ethyl acetate-hexane as an eluent to obtain the pure product (7).
5.3.8.4 Heterogeneity of Cu(0)/g-CsNsO

To determine the active catalyst in the N-arylation of anilines, Cu(0)/g-CsN4O (2 wt%)
was first sonicated in 4 mL water and then stirred for 3 hours. After 3 hours, the catalyst
was separated through centrifugation and the supernatant reaction mixture was
filtered. To the filtrate, 4-Methoxyphenylboronic acid, 1a (1 mmol) and aniline, 2b (0.8
mmol) was added and the reaction was allowed to stir under open air room
temperature conditions for another 3 hours. GC-MS analysis of the crude reaction
mixture detected ~1% of C-C coupling product. ICP-AAS analysis of the filtrate detected
a leaching value of 1.6 ppm of Cu, which is insignificant. The above observations
strongly support the heterogeneity of Cu(0)/g-CsN4O and that the N-arylation reaction

takes place efficiently under heterogeneous catalysis.
5.3.8.5 Recyclability test

In a 100 mL round-bottomed flask with a magnetic stirring bead, Cu(0)/g-CsN4O (0.0135

g) in 30 mL water was sonicated for 10 min. To it, 4-Methoxyphenylboronic acid, 1a (7
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mmol, 1.0592 g) and aniline, 2a (5.6 mmol, 525 uL) were added. The reaction mixture
was then stirred in open air at room temperature for 6 h. After completion of reaction
time, the Cu(0)/g-CsN4O was separated by centrifugation and the resulting supernatant
reaction mixture was filtered and extracted in ethyl acetate and concentrated on a
rotary evaporator under reduced pressure. The N-aryl product (3a) was isolated
through column chromatography using ethyl acetate-hexane as an eluent in 93% yield.
The recovered catalyst was washed with ethanol and left to dry in a vaccum dessicator
overnight. For the subsequent runs, the recovered Cu(0)/g-CsN4O (which was left to dry)
and the reagents were weighed accordingly. The recyclability tests were continued until

the fifth run when there was a significant decrease in yield.
5.3.8.6 Kinetic Study of the catalyst

Kinetic study of the catalyst was done through GC analysis and the samples were
prepared as per the general experimental procedure A and 4-Methoxyphenylboronic
acid, 1a (1 mmol) and aniline, 2b (0.8 mmol) were taken as the substrates. Yields were

determined by comparison to anisole (internal standard) from appearance of product.

5.3.9 NMR spectral analysis of N-aryl nitrile derivatives:

5.3.9.1 'H and *3C NMR spectral analysis of N-arylanilines (3)

4-Methoxy-N-phenylaniline (3a)

LSO

H
N
\© as a light yellow oil, Yield: 93% (148 mg); *H NMR (400 MHz, DMSO-

Synthesized as per the general experimental procedure A; obtained

3a ds): 61 (ppm) 3.66 (s, 3H), 6.66 (t, J = 8.0 Hz, 1H), 6.82 (d, J = 8.0 Hz,

2H), 6.88 (d, J = 8.0 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 7.11 (t, J = 8.0

Hz, 2H), 7.81 (br s, 1H); 3C NMR (100 MHz, DMSO-ds): &¢ (ppm)

55.7, 115.0, 115.2, 118.7, 120.8, 129.6, 136.6, 145.6, 154.3.

Spectroscopic data was consistent with literature [37].
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Diphenylamine (3b)

sae

Synthesized as per the general experimental procedure A; obtained
as a colourless solid, Yield: 81% (110 mg); *H NMR (400 MHz, DMSO-
ds): 61 (ppm) 6.78 (t, J = 8.0 Hz, 2H), 7.05 (d, J = 8.0 Hz, 4H), 7.19 (d, J
= 8.0 Hz, 4H), 8.14 (br s, 1H); 13C NMR (100 MHz, DMSO-ds): 8¢ (ppm)
117.2, 120.1, 129.6, 143.9. Spectroscopic data was consistent with
literature [37].

4-Ethyl-N-phenylaniline (3c)

L0

3c

Synthesized as per the general experimental procedure A; obtained
as a light yellow oil, Yield: 87% (137 mg); *H NMR (400 MHz, DMSO-
ds): 6+ (ppm) 1.11 (t, J = 8.0 Hz, 3H), 2.47-2.51 (m, 2H), 6.72 (t, J =
8.0 Hz, 1H), 6.97 (d, J = 8.0 Hz, 4H), 7.03 (d, J = 8.0 Hz, 2H), 7.15 (t, J
= 8.0 Hz, 2H), 7.96 (br s, 1H); 13C NMR (100 MHz, DMSO-ds): &¢
(ppm) 16.3, 28.0, 116.4, 118.0, 119.5, 128.8, 129.6, 135.8, 141.4,

144.5. Spectroscopic data was consistent with literature [43].

N-phenylnapthalen-2-amine (3d)

H

0 ©

3d

Synthesized as per the general experimental procedure A;
obtained as a colourless solid, Yield: 75% (131 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 6.85 (t, J = 8.0 Hz, 1H), 7.18 (t, /= 8.0 Hz,
3H), 7.25 (t, J = 8.0 Hz, 3H), 7.33 (t, J = 8.0 Hz, 1H), 7.43 (br s, 1H),
7.64 (d, J = 8.0 Hz, 1H), 7.69-7.75 (m, 2H), 8.38 (s, 1H); *C NMR
(100 MHz, DMSO-ds): 6c (ppm) 109.4, 117.8, 120.4, 120.7, 123.3,
126.7, 126.7, 127.9, 128.6, 129.3, 129.7, 134.9, 141.8, 143.5.

Spectroscopic data was consistent with literature [35].

N-phenyl-3-(trifluoromethyl)aniline (3e)

F3C\© HO

3e

Synthesized as per the general experimental procedure A;

obtained as a colourless solid, Yield: 78% (148 mg); *H NMR (400

MHz, DMSO-ds): 61 (ppm) 6.89 (t, J = 8.0 Hz, 1H), 7.03 (d, J = 8.0
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Hz, 1H), 7.09 (d, J = 8.0 Hz, 2H), 7.23-7.28 (m, 4H), 7.37 (t, / = 8.0
Hz, 1H), 8.50 (br s, 1H); 13C NMR (100 MHz, DMSO-ds): 8¢ (ppm)
112.0, 115.6, 118.7, 119.4, 121.7, 123.0, 123.4, 126.1, 129.8,
130.4, 130.8, 142.5, 145.2. Spectroscopic data was consistent
with literature [32].

6—Methoxy-N-phenylpyridin-3-amine (3f)

Synthesized as per the general experimental procedure A; obtained
® \O as a yellow oil, Yield: 79% (126 mg), *H NMR (400 MHz, DMSO-dé):
3f 61 (ppm) 3.77 (s, 3H), 6.68-6.74 (m, 2H), 6.85 (d, J = 8.0 Hz, 2H),

7.12-7.15 (m, 2H), 7.45-7.48 (m, 1H), 7.87 (br s, 1H), 7.92-7.97 (m,
1H); 3C NMR (100 MHz, DMSO-ds): &c (ppm) 53.5, 87.2, 111.0,
115.2, 119.2, 129.7, 132.1, 134.2, 137.9, 145.3, 159.0.

Spectroscopic data was consistent with literature [86].

4-Bromo-N-phenylaniline (3g)

Synthesized as per the general experimental procedure A; obtained

H
N
© \©\ as a yellow oil, Yield: 75% (149 mg), *H NMR (400 MHz, DMSO-ds):
Br
3g 6+ (ppm) 6.82 (t, J = 8.0 Hz, 1H), 6.95-6.98 (m, 2H), 7.03 (d, J = 8.0

Hz, 2H), 7.20 (t, J/ = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 8.28 (br s,
1H); 3C NMR (100 MHz, DMSO-ds): 6¢ (ppm) 110.5, 117.8, 118.5,
120.9, 129.7, 132.3, 143.1, 143.5. Spectroscopic data was

consistent with literature [28].

2-Bromo-N-phenylaniline (3h)

Synthesized as per the general experimental procedure A; obtained

Br
H
N
© \© as a light yellow oil, Yield: 72% (143 mg); *H NMR (400 MHz, DMSO-
ah ds): 61 (ppm) 6.79-6.85 (m, 2H), 6.99 (d, J = 8.0 Hz, 2H), 7.17-7.23

(m, 4H), 7.46 (br's, 1H), 7.55 (d, J = 8.0 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds): 6c (ppm) 114.8, 118.4, 120.0, 121.1, 123.0, 128.9, 129.6,
133.7, 141.9, 143.7. Spectroscopic data was consistent with

literature [43].
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Bis(4-methoxyphenyl)amine (3i)

SO T,

3i

Synthesized as per the general experimental procedure A;
obtained as a colourless solid, Yield: 85% (156 mg); *H NMR
(400 MHz, DMSO-ds): 6+ (ppm) 3.64 (s, 6H), 6.77 (d, J = 8.0 Hz,
4H), 6.89 (d, J = 8.0 Hz, 4H), 7.48 (br s, 1H); 3C NMR (100 MHz,
DMSO-ds): &¢ (ppm) 55.7, 115.0, 118.5, 138.5, 153.3.

Spectroscopic data was consistent with literature [85].

4-Methoxy-N-phenylaniline (3j)

H
O/
3j

Synthesized as per the general experimental procedure A;
obtained as a colourless solid, Yield: 80% (127 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 3.67 (s, 3H), 6.66 (t, J = 8.0 Hz, 1H),
6.81-6.88 (m, 5H), 7.00 (d, J = 8.0 Hz, 2H), 7.11 (t, J = 8.0 Hz, 2H),
7.77 (br s, 1H); 3C NMR (100 MHz, DMSO-ds): &¢ (ppm) 55.7,
115.0, 115.3,118.7, 120.9, 129.6, 136.6, 145.6, 154.3.

Spectroscopic data was consistent with literature [12].

N-(4-methoxyphenyl)-2,4-dimethylaniline (3k)

Synthesized as per the general experimental procedure A;
obtained as a colourless liquid, Yield: 55% (100 mg); *H NMR
(400 MHz, DMSO-ds): 6+ (ppm) 2.10 (s, 3H), 2.15 (s, 3H), 3.64

(s, 3H), 6.74 (s, 1H), 6.79 (t, J = 8.0 Hz, 4H), 6.84-6.87 (m, 2H),
6.90 (br s, 1H); 13C NMR (100 MHz, DMSO-ds): é¢ (ppm) 18.4,
20.7, 55.6, 114.9, 118.0, 119.3, 127.3, 128.2, 129.6, 131.8,
138.8, 140.8, 153.4. Spectroscopic data was consistent with
literature [87-88].
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N-Benzyl-4-methoxyaniline (3I)

" Synthesized as per the general experimental procedure A;
N._Ph
/@ ~ obtained as a yellow oil, Yield: 72% (122 mg); *H NMR (400
~N
© al MHz, DMSO-de): 61 (ppm) 3.57 (s, 3H), 4.16 (s, 2H), 5.74 (br s,

1H), 6.49 (d, J = 8.0 Hz, 2H), 6.62-6.65 (m, 2H), 7.15-7.18 (m,
1H), 7.25 (d, J = 8.0 Hz, 2H), 7.30 (t, J = 8.0 Hz, 2H); 3C NMR
(100 MHz, DMSO-ds): 6¢c (ppm) 47.8, 55.8, 113.8, 115.0, 127.0,
127.7, 128.7, 141.0, 143.4, 151.2. Spectroscopic data was

consistent with literature [89].

N-(4-methoxyphenyl)pyridin-2-amine (3m)

H Synthesized as per the general experimental procedure A;
NN
- /@ | /\ obtained as a light yellow oil, Yield: 70% (112 mg); *H NMR (400
0
3m MHz, DMSO-ds): 61 (ppm) 3.66 (s, 3H), 6.59-6.62 (m, 1H), 6.68

(d, J= 8.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 2H), 7.44 (t, J = 8.0 Hz, 1H),
7.49 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 8.0 Hz, 1H), 8.72 (br s, 1H);
13C NMR (100 MHz, DMSO-ds): 6¢ (ppm) 55.7, 110.3, 114.0,
114.3, 120.5, 135.3, 137.5, 147.7, 154.1, 156.8. Spectroscopic

data was consistent with literature [90].

4-Nitro-N-phenylaniline (3n)

Synthesized as per the general experimental procedure A;

H
N
© \©\ obtained as a yellow solid, Yield: 65% (111 mg); *H NMR (400
NO
an | MHz, DMSO-ds): 64 (ppm) 7.00-7.04 (m, 2H), 7.07 (d, J = 8.0 Hz,

1H), 7.20 (d, J = 8.0 Hz, 2H), 7.34 (t, J = 8.0 Hz, 2H), 8.04 (d, J = 8.0
Hz, 2H), 9.25 (br s, 1H); 3C NMR (100 MHz, DMSO-ds): &¢ (ppm)
113.7, 121.2, 123.9, 126.7, 130.0, 138.3, 140.5, 151.3.

Spectroscopic data was consistent with literature [37].

5.3.9.2 'H and 3C NMR spectral analysis of N-arylazoles (5)

189




Chapter 5

1-(4-Methoxyphenyl)-4-methyl-1H-imidazole (5a)

Synthesized as per the general experimental procedure B;
obtained as a light yellow oil, Yield: 91% (136 mg); *H NMR (400
MHz, DMSO-ds): 64 (ppm) 2.12 (s, 3H), 3.72 (s, 3H), 6.97 (d, J =
8.0 Hz, 2H), 7.24 (s, 1H), 7.43 (d, J = 8.0 Hz, 2H), 7.96 (s, 1H); 13C
NMR (100 MHz, DMSO-ds): &c (ppm) 14.0, 55.8, 114.9, 115.2,
122.0, 130.9, 135.1, 138.5, 158.2. Spectroscopic data was

consistent with literature [91].

1-(4-Methoxyphenyl)-2-methyl-1H-imidazole (5b)

Synthesized as per the general experimental procedure B;
obtained as a light yellow oil, Yield: 89% (134 mg); *H NMR (400
MHz, CDCl3): 64 (ppm) 2.28 (s, 3H), 3.81 (s, 3H), 6.91-6.95 (m, 4H),
7.14-7.17 (m, 2H); 13C NMR (100 MHz, DMSO-ds): ¢ (ppm) 13.8,
55.9, 115.0, 121.5, 127.1, 127.4, 131.0, 144.3, 159.2.

Spectroscopic data was consistent with literature [92].

1-Phenyl-1H-imidazole (5c)

9
&

5¢c

Synthesized as per the general experimental procedure B;
obtained as a colourless oil, Yield: 70% (81 mg); *H NMR (400
MHz, CDCl3): 6y (ppm) 7.37-7.40 (m, 4H), 7.48 (t, J = 8 Hz, 2H),
7.94 (s, 1H), 8.07 (d, J = 8 Hz, 1H); *3C NMR (100 MHz, DMSO-ds):
6c (ppm) 118.5, 120.8, 127.3, 130.3, 130.4, 136.0, 137.4.

Spectroscopic data was consistent with literature [30].

1-Phenyl-2-methyl-1H-imidazole (5d)

Synthesized as per the general experimental procedure B;
obtained as a light yellow oil, Yield: 76% (96 mg); *H NMR (400
MHz, CDCls): 61 (ppm) 2.32 (s, 3H), 6.96-6.99 (m, 2H), 7.24 (d, J =
8.0 Hz, 2H), 7.38 (t, J = 8.0 Hz, 1H), 7.44 (t, J = 8.0 Hz, 2H); 3*C NMR
(100 MHz, DMSO-de): 6c (ppm) 13.8, 121.2, 125.5, 127.6, 128.3,
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130.0, 138.0, 144.2. Spectroscopic data was consistent with
literature [91-92].

4-Methyl-1-phenyl-1H-imidazole (5e)

C

N
-

5e

Synthesized as per the general experimental procedure B;
obtained as a light yellow oil, Yield: 79% (99 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 2.12 (s, 3H), 7.27 (t, J = 8 Hz , 1H), 7.38
(s, 1H), 7.42-7.46 (m, 2H), 7.55 (d, J = 8 Hz, 2H), 8.09 (s, 1H); 3C
NMR (100 MHz, DMSO-de): 6c (ppm) 14.1, 114.6, 120.3, 126.9,
130.3, 135.1, 137.5, 138.9. Spectroscopic data was consistent with

literature [30].

1-(4-Fluorophenyl)-4-methyl-1H-imidazole (5f)

Synthesized as per the general experimental procedure B;
obtained as a colourless oil, Yield: 88% (155 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 2.11 (s, 3H), 7.31 (d, J = 8.0 Hz, 2H), 7.36

(s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 8.04 (s, 1H); 3C NMR (100 MHz,
DMSO-ds): 6¢ (ppm) 14.0, 114.9, 117.0, 122.5, 134.1, 135.3, 138.8,

162.0. Spectroscopic data was consistent with literature [93].

1-(3-Methylphenyl)-2-methyl-1H-imidazole (5g)

Synthesized as per the general experimental procedure B; obtained as
a colourless oil, Yield: 83% (114 mg); *H NMR (400 MHz, CDCls): &4
(ppm) 2.28 (s, 3H), 2.35 (s, 3H), 6.92-6.95 (m, 2H), 7.01 (d, J = 8.0 Hz,
2H), 7.16 (s, 1H), 7.28 (t, J = 8.0 Hz, 1H); 3C NMR (100 MHz, DMSO-
ds): 6c (ppm) 13.9, 21.2, 121.2, 122.6, 126.0, 127.6, 128.9, 129.7,
138.0, 139.7, 144.1. Spectroscopic data was consistent with literature
[91].
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1-(3-Nitrophenyl)-4-methyl-1H-imidazole (5h)

Synthesized as per the general experimental procedure B; obtained
as a yellow solid, Yield: 76% (123 mg); *H NMR (400 MHz, DMSO-
ds): 81 (ppm) 2.12 (s, 3H), 7.61 (s, 1H), 7.71 (t, J = 8.0 Hz, 1H), 8.03
(d, J = 8.0 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 8.25 (s, 1H), 8.35 (s, 1H);
13C NMR (100 MHz, DMSO-de): 6c¢ (ppm) 14.0, 100.0, 114.8, 121.3,
126.3, 126.4, 131.7, 138.3, 149.2. Spectroscopic data was consistent

with literature [94].

1-(2-Methylphenyl)-4-methyl-1H-imidazole (5i)

Synthesized as per the general experimental procedure B; obtained
as a colourless oil, Yield: 80% (110 mg); *H NMR (400 MHz, CDCls):
&1 (ppm) 2.11 (s, 3H), 2.14 (s, 3H), 6.99 (s, 1H), 7.20 (d, J = 8.0 Hz,
1H), 7.27 (d, J = 8.0 Hz, 1H), 7.32 (t, J = 8.0 Hz, 2H), 7.62 (s, 1H); 13C
NMR (100 MHz, DMSO-de): 6¢ (ppm)13.9, 17.9, 117.5, 126.6, 127.4,
128.7, 131.6, 133.4, 137.1, 137.6. Spectroscopic data was consistent

with literature [93].

3-(4-Methyl-1H-imidazol-1-yl)benzonitrile (5j)

Synthesized as per the general experimental procedure B;
obtained as a light yellow oil, Yield: 72% (105 mg); *H NMR (400
MHz, CDCls): 61 (ppm) 2.36 (s, 3H), 7.00-7.05 (m, 2H), 7.54 (d, J =
8.0 Hz, 1H), 7.59 (s, 1H), 7.63 (d, J/ = 8.0 Hz, 1H), 7.71 (d, J = 8.0 Hz,
1H); 3C NMR (100 MHz, DMSO-ds) é¢ (ppm) 14.1, 113.0, 118.4,
128.0, 129.1, 130.5, 131.3, 132.1, 138.9. Spectroscopic data was

consistent with literature [95].
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1-Phenyl-1H-benzo[d]imidazole (5k)

Ph
5k

Synthesized as per the general experimental procedure B; obtained
as a colourless oil, Yield: 75% (116 mg); *H NMR (400 MHz, DMSO-
ds): 61 (ppm) 7.25-7.27 (m, 2H), 7.42 (d, J = 8.0 Hz, 1H), 7.51-7.55 (m,
3H), 7.59 (t, J = 8.0 Hz, 2H), 7.76-7.79 (m, 1H), 8.52 (s, 1H); 13C NMR
(100 MHz, DMSO-ds) 8¢ (ppm) 111.1, 120.5, 123.0, 124.1, 128.1,
130.5, 133.6, 136.5, 143.8, 144.4. Spectroscopic data was consistent

with literature [30].

1-Phenyl-1H-benzol[d]imidazol-2-amine (5l)

N
Crp
N

Ph
51

Synthesized as per the general experimental procedure B; obtained
as a colourless solid, Yield: 78% (130 mg); '*H NMR (400 MHz,
CDCl3): 64 (ppm) 5.88 (br s, 2H), 6.96-7.03 (m, 2H), 7.14 (t, J = 8.0
Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 2H), 7.50 (d, J =
8.0 Hz, 1H), 7.56-7.59 (m, 2H); 13C NMR (100 MHz, CDCls) ¢ (ppm)
108.6, 115.8, 120.3, 122.4, 126.7, 129.1, 130.5, 134.6, 140.9.

Spectroscopic data was consistent with literature [34].

N-1-diphenyl-1H-benzo[d]imidazol-2-amine (5m)

Synthesized as per the general experimental procedure A;
obtained as a colourless solid, Yield: 60% (103 mg); *H NMR (400
MHz, DMSO-de): 61 (ppm) 6.89 (t, J = 8.0 Hz, 2H), 6.97 (t, J = 8.0
Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 7.24 (t, J = 8.0 Hz, 2H), 7.43 (d, J =

8.0 Hz, 1H), 7.52 (t, J = 8.0 Hz, 3H), 7.62 (t, J = 8.0 Hz, 2H), 7.75

(d, J = 8.0 Hz, 2H), 8.61 (br s, 1H); 3C NMR (100 MHz, DMSO-ds)
6c (ppm) 108.7, 117.0, 118.8, 120.9, 121.6, 122.2, 127.9, 128.9,
129.1, 130.7, 135.2, 141.3, 142.4, 150.3. Spectroscopic data was

consistent with literature [96].

5.3.9.3 IH and 13C NMR spectral analysis of N-arylindoles (7)

193




Chapter 5

1-Phenyl-1H-indole (7a)

D
O

7a

Synthesized as per the general experimental procedure C; obtained
as a colourless solid, Yield: 87% (134 mg); *H NMR (400 MHz,
DMSO-ds): 81 (ppm) 6.67 (d, J = 8.0 Hz, 1H), 7.10 (t, J = 8.0 Hz, 1H),
7.15 (t, J = 8.0 Hz, 1H), 7.32-7.37 (m, 1H), 7.50-7.53 (m, 5H), 7.59 (d,
J=8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H); 3C NMR (100 MHz, DMSO-
des) 6¢c (ppm) 104.0, 110.8, 120.7, 121.5, 122.8, 124.3, 126.9, 128.9,
129.6, 130.3, 135.6, 139.6. Spectroscopic data was consistent with

literature [97].

5-Nitro-1-Phenyl-1H-indole (7b)

O

7b

Synthesized as per the general experimental procedure C;
obtained as a yellow solid, Yield: 82% (156 mg); *H NMR (400
MHz, DMSO-ds): 6+ (ppm) 6.93 (d, J = 8.0 Hz, 1H), 7.41-7.45 (m,
1H), 7.53-7.57 (m, 5H), 7.84 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 8.0 Hz,
1H), 8.59 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, DMSO-ds) &¢
(ppm) 106.2, 111.3, 118.0, 118.4, 124.8, 128.0, 128.9, 130.5,
132.9, 138.3, 138.5, 141.9. Spectroscopic data was consistent

with literature [97].

3-Methyl-1-Phenyl-1H-indole (7c)

Synthesized as per the general experimental procedure C;
obtained as a colourless oil, Yield: 85% (141 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 2.28 (s, 3H), 7.09 (t, J = 8.0 Hz, 1H),
7.15 (t, J = 8.0 Hz, 1H), 7.29-7.33 (m, 1H), 7.39 (s, 1H), 7.49-7.52
(m, 5H), 7.56 (d, J = 8.0 Hz, 1H); *C NMR (100 MHz, DMSO-ds) ¢
(ppm) 9.9, 110.7, 112.5, 119.1, 119.6, 120.2, 121.6, 122.9, 123.8,
126.2, 130.0, 130.3, 135.6, 139.7, 157.1. Spectroscopic data was

consistent with literature [98].
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2-Methyl-1-Phenyl-1H-indole (7d)

O

7d

Synthesized as per the general experimental procedure C;
obtained as a colourless oil, Yield: 75% (124 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 2.23 (s, 3H), 6.38 (s, 1H), 6.96-7.01 (m,
3H), 7.39 (d, J = 8.0 Hz, 2H), 7.46 (t, J = 8.0 Hz, 2H), 7.56 (t, J = 8.0
Hz, 2H); 13C NMR (100 MHz, DMSO-ds) 6¢ (ppm) 13.6, 101.7,
110.1, 119.9, 120.3, 121.5, 128.1, 128.3, 130.2, 137.2, 137.7,

138.02. Spectroscopic data was consistent with literature [97].

7-Bromo-1-(m-tolyl)-1H-indole (7e)

Synthesized as per the general experimental procedure C;
obtained as a yellow oil, Yield: 70% (160 mg); *H NMR (400 MHz,
CDCl3): 64 (ppm) 2.41 (s, 3H), 6.63 (d, J = 8.0 Hz, 1H), 6.99 (t, J =
8.0 Hz, 1H), 7.17-7.20 (m, 3H), 7.23 (s, 1H), 7.31 (d, J = 8.0 Hz,
1H), 7.36 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H); 13C NMR (100
MHz, CDCls) éc (ppm) 21.4, 102.8, 104.4, 120.4, 121.1, 125.7,
127.3,128.1, 128.80, 129.3, 131.5, 132.0, 133.4, 138.3, 139.6.

5-Bromo-1-(4-methoxyphenyl)-1H-indole (7f)

Br:
\©f\3
N

9

O
/

7

Synthesized as per the general experimental procedure C;
obtained as a light yellow oil, Yield: 80% (193 mg); *H NMR (400
MHz, DMSO-ds): 6+ (ppm) 3.77 (s, 3H), 6.61 (d, J = 8.0 Hz, 1H), 7.06
(d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 1H), 7.30-7.33 (m, 1H), 7.40
(d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H);
13C NMR (100 MHz, DMSO-ds) 6¢ (ppm) 56.0, 102.9, 112.7, 112.9,
115.4, 123.5, 125.0, 126.0, 130.7, 131.0, 132.06, 134.8, 158.5.

Spectroscopic data was consistent with literature [99].
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3-Methyl-1-(3-(trifluoromethyl)-phenyl)-1H-indole (7g)

Cry

79

Q\Cﬂ,

Synthesized as per the general experimental procedure C;
obtained as a colourless oil, Yield: 65% (143 mg); *H NMR (400
MHz, DMSO-ds): 61 (ppm) 2.28 (s, 3H), 7.10-7.13 (m, 1H), 7.17-
7.20 (m, 1H), 7.30-7.37 (m, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.56-7.62
(m, 2H), 7.80 (s, 1H), 7.86 (d, J = 8.0 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds) ¢ (ppm) 9.8, 113.4, 123.2, 124.1, 125.3, 126.0, 126.2,
127.6, 129.9, 130.2, 130.6, 131.6, 135.5, 140.1, 140.4, 156.9.

Spectroscopic data was consistent with literature [98].

4-(3-Methyl-1H-indol-1-yl)benzonitrile (7h)

Synthesized as per the general experimental procedure C;
obtained as a light yellow oil, Yield: 60% (111 mg); *H NMR (400
MHz, DMSO-ds): &+ (ppm) 2.17 (s, 3H), 5.39 (s, 2H), 6.94 (t, J = 8.0
Hz, 1H), 7.07 (t, J = 8.0 Hz, 1H), 7.18 (s, 1H), 7.31 (d, J = 8.0 Hz, 1H),
7.41 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz,
1H); 13C NMR (100 MHz, DMSO-ds) 8¢ (ppm) 10.0, 109.1, 110.4,
111.7, 118.6, 119.0, 119.2, 121.7, 125.3, 126.9, 128.9, 136.4,

136.8. Spectroscopic data was consistent with literature [100].

1-(4-Ethylphenyl)-1H-indole (7i)

CR

7i

Synthesized as per the general experimental procedure C;
obtained as a colourless oil, Yield: 88% (155 mg); *H NMR (400
MHz, DMSO-de): 64 (ppm) 1.20 (t, J = 8.0 Hz, 3H), 2.65 (q, J = 8.0
Hz, 2H), 6.64 (d, J = 8.0 Hz, 1H), 7.07 (t, J = 8.0 Hz, 1H), 7.14 (t, J =
8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.43-7.49 (m, 3H), 7.57 (d, J =
8.0 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H); *C NMR (100 MHz, DMSO-ds)
6c (ppm) 16.1, 28.2, 103.7, 110.8, 120.6, 121.4, 122.7, 1243,
129.0, 129.4, 135.6, 137.3, 142.6. Spectroscopic data was

consistent with literature [101].
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5.3.10 Representative ‘H and 13C NMR spectra of N-aryl derivatives:
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