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ABSTRACT: Herein, the synthesis of graphitic carbon nitride (g-C5N,) e e e catalyst
via the simple heating of cheap and readily available urea as the starting RI\, < ble and cavir friendly 2,
material has been reported. The catalytic activity of the prepared g-C;N, @L s i
was investigated for the synthesis of chromeno[2,3-b]pyridine and w
benzylpyrazolyl coumarin derivatives in an ethanol medium. The reactions Rl}/ oAby NI,
were performed under mild conditions to achieve widely functionalized
target products in a one-pot operation. The as-synthesized g-C;N,, being a s
heterogeneous catalyst, demonstrates excellent recyclability up to the Sth \©
consecutive run without a significant decrease in its catalytic activity and OHC:@ ™
N

yield of the product. A gram-scale reaction was performed to demonstrate =~ 10"y
the industrial applications of the present protocol. The green chemistry
metrics such as environmental factor (E-factor), atom economy (AE),
carbon efficiency (CE), and reaction mass efficiency (RME) were
calculated and found to be very close to the ideal values. Additionally, operation simplicity, wide substrate scope, easy reusability
of the catalyst, and avoidance of metal contamination in the products drive the process toward green and sustainable development.
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B INTRODUCTION and hydrogen production.”'> However, the application of
graphitic carbon nitride in multicomponent reactions is an
emerging area yet to be explored vigorously whose benefits
might lead to never-ending synthetic practice.
Chromeno(2,3-b]pyridine, a fused heterocyclic compound
primarily consisting of chromene and a pyridine ring in a single
molecule, has captivating features, motivatin(g researchers to
perform a considerable number of studies.'” These hetero-
cycles are endowed with significant biological properties such
as antibacterial, antiproliferative, antirheumatic, antiarthritic,
antiasthmatic, hypotensive, and chemotherapeutic proper-
ties.'”~** Few among many of the reported biologically active
chromeno[2,3-b]pyridine libraries have been illustrated in
Figure 1. Several synthetic methodologies are emerging for the
synthesis of chromeno(2,3-b]pyridines, but minimum synthetic
reports are available utilizing salicylaldehydes, malononitrile,
and thiophenols as precursors. Moreover, these reported
synthetic procedures for chromeno[2,3-b]pyridines rely on a

The growing interest in graphitic carbon nitride (basically
composed of carbon and nitrogen groups) in the arena of
catalysis has contributed enormously to the research
community in recent times." This metal-free and polymeric
natured g-C;N, has emerged with an intense area of research,
which embraces outstanding features owing to its high
chemical and thermal stability, extreme hardness, base-
functionalized surface, good photocatalytic character, and
earth abundancy.”™ The tri-s-triazine unit as well as the
high thermal and hydrothermal stability possessed by the
structure of graphitic carbon nitride makes it insensitive to
acidic and alkaline atmospheres as well.’~® Moreover, it
possesses Lewis and Bronsted basic functionalities, z-bonds,
and a functionalized N-rich group that render it a promising
catalyst and catalyst support for many organic transformations.
Besides its catalytic behavior, it has applications in solar cells,
optical devices, biomedicines, etc.”™!! Owing to its astounding
properties, graphitic carbon nitride, through its exotic perform-
ances, has emerged to be a prominent catalyst in replacing Received:  September 20, 2022
innumerable mundane methods of organic synthesis. More- Accepted:  November 30, 2022
over, it has been an attractive candidate to complement Published: December 13, 2022
graphene in catalytic aspects.® Furthermore, some of the

reported notable reactions catalyzed by g-C;N, are oxygen

reduction,'” transesterifications, '’ photodegradation of dyes,14
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Figure 1. Biologically active chromeno[2,3-b]pyridines.
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Figure 2. Structures of some selected biologically relevant (a) coumarin- and (b) pyrazolone-based compounds.

Scheme 1. Schematic Representation of the Synthesis of g-C;N,
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method based on harsh and uneconomical reaction conditions,
such as usage of a metal catalyst such as ZrP,0.>* or Sn0O,”*
employment of a base such as Et;N*® or K,CO5,*® and usage of
an acid like chitosan-functionalized citric acid”” as a catalyst,
resulting in prolonged reaction time and difficulty in catalyst
separation and recyclability. These drawbacks in these
methodologies necessitate a new, greener, and sustainable
method to eliminate the traditional practice.

Likewise, pyrazolones and 3-substituted 4-hydroxycoumarin,
particularly 3-benzyl substituted 4-hydroxycoumarin deriva-
tives, assemble in the main core structure of various medically
viable drug molecules present in various natural products.”®
Warfarin, coumatetralyl, carbochromen, phenprocoumon, and
bromadialone (Figure 2a) are some of the important 3-
substituted 4-hydroxycoumarin scaffolds that exist in many
natural products and exhibit various biological activities such as
anticoagulant,29 anti-HIV,*® antiviral,®’ antioxidant,** and
anticancer activities.*> Similarly, the pyrazolone nucleus is a

prominent pharmacophore that manifests a broad spectrum of
pharmacological properties such as antitumor, anti-inflamma-
tory, antibacterial, gastric secretion stimulatory, analgesic, and
antipyretic properties.”* ** Edaravone (MCI-186) is a food
and drug administration (FDA)-approved pyrazolone drug
used for the treatment of ischemic stroke and amyotrophic
lateral sclerosis (ALS) (Figure 2b). Additionally, they also act
as a potent Chkl kinase inhibitor.>”~*' Therefore, a single
nucleus constituting both 3-benzyl substituted 4-hydroxycou-
marin and pyrazolone moieties might lead to some integrated
biological properties in synthetic medicinal chemistry. To date,
only a few methodologies have been reported for the
development of such benzylpyrazolyl coumarin derivatives.
However, the major disadvantages of these protocols are the
use of corrosive and unrecyclable homogeneous acid catalysts
like glacial acetic acid,** 2-aminoethanesulfonic acid,*® Ca-
(OTf),,** and NbCl™ and the use of expensive heterogeneous
catalysts like ZrO, nanoparticles®® and Nb-Zr/KIT-6."

https://doi.org/10.1021/acsomega.2c06070
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Therefore, the synthesis of such aforementioned biologically
relevant heterocyclic compounds by the combination of MCR
and carbon-based metal-free catalysts would be highly
desirable. In this article, we demonstrated the catalytic
application of g-C;N, as a metal-free heterogeneous catalyst
for the synthesis of chromeno[2,3-b]pyridines and benzylpyr-
azolyl coumarin derivatives via a one-pot multicomponent
reaction under sustainable conditions.

B RESULTS AND DISCUSSION

Graphitic carbon nitride has been synthesized and charac-
terized by various spectroscopic techniques such as Fourier
transmission infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), powdered X-ray
diffraction (PXRD), and thermogravimetric analysis (TGA).
The schematic representation of the preparation of graphitic
carbon nitride is shown in Scheme 1.

FT-IR spectroscopy was carried out to analyze the functional
groups of as-synthesized graphitic carbon nitride (Figure 3).
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Figure 3. FT-IR spectrum of g-C3N,.

The FT-IR spectrum of g-C;N, showed intense bands at 1630
and 1569 cm™" corresponding to the stretching vibration of the
C=N group. Other bands obtained at 1405, 1322, and 1235
cm™" can be ascribed to the aromatic C—N stretching
vibrations. A sharp band observed at 808 cm™ corresponds
to the repeating units of triazine moieties in graphitic carbon
nitride. Furthermore, the broad bands obtained at 3285—3161
cm™' can be assigned to the stretching of —NH, or =NH
groups in the graphitic carbon nitride.*”

Furthermore, the morphology of the prepared graphitic
carbon nitride was investigated by SEM and TEM analyses,
and the obtained images are shown in Figure 4. The SEM
image of g-C;N, (Figure 4a) shows a collapsed and
agglomerated sheet-like crumbled structure. The TEM images
(Figure 4b,c) show a close-packed sheet-like morphology, and
the obtained results are in good agreement with the reported
ones.”® The selected-area electron diffraction (SAED) pattern
shown in Figure 4d shows the amorphous nature of the
catalyst. Figure 4e shows the EDX spectrum of g-C;N,, which
distinctly shows the presence of constituent elements such as
carbon and nitrogen in the prepared g-C;N, catalyst.

The PXRD pattern of g-C;N, shows a strong peak at 13.1
and 27.4°, which agrees with the reported values correspond-
ing to the (100) and (002) diffraction planes, as shown in
Figure 5a."” The thermal stability of the prepared graphitic
carbon nitride was also investigated by thermogravimetric
analysis (TGA), and the obtained result is presented in Figure
Sb. From Figure Sb, the first break in the curve at 150 °C is
expected due to the intercalated water molecules present in the
synthesized g-C;N,. The major break in the curve is noticed
from 502 to 744 °C, which displays the decomposition of the
graphitic carbon nitride framework, which is also in good
agreement with the literature.*®>® Therefore, in terms of
thermal stability, graphitic carbon nitride is expected to be
highly stable and can be used below 500 °C.

Figure 4. SEM image (), TEM images (b, c), SAED pattern (d), and EDX image (e) of g-C;N,.
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As the aim for the successful synthesis of the catalyst was
accomplished by the above-supported characterization data,
the catalytic property of g-C;N, was scrutinized via a one-pot,
multicomponent synthesis of chromeno[2,3-b]pyridine deriv-
atives. In the initial study, the prospective of the catalyst was
analyzed by executing salicylaldehyde (1 mmol), malononitrile
(2 mmol), thiophenol (1 mmol), and g-C;N, under different
reaction conditions (Table 1). The detailed investigation for
the optimization of the solvent, time, and temperature has

Table 1. Optimization of Reaction Conditions for the
Synthesis of Chromeno[2,3-b]pyridine Derivatives”

: S NH

2

CHO SH CN
@ + 2 <CN + e | t
OH CN 0”7 >N “NH,
1a 2a 3a 4a

catalyst temperature time yield

entry (mg) solvent F °C) (h) (%)"
1 nil EtOH 25 10 nil
2 nil EtOH reflux 3 17
3 10 SFRC 80 3 30
4 10 DMF 100 3 19
S 10 1,4-dioxane 100 3 22
6 10 H,0 100 3 20
7 10 PEG-400 100 3 78
8 10 EG 100 3 74
9 10 EtOH reflux 3 84
10 10 EtOH 25 24 32

11 10 EtOH 40 3 trace
12 10 EtOH 60 3 42
13 10 EtOH reflux 2 58
14 10 EtOH reflux 4 84
15 12 EtOH reflux 3 84
16 8 EtOH reflux 3 78
17 6 EtOH reflux 3 74
18 4 EtOH reflux 3 68
19 2 EtOH reflux 3 S1

“Reaction conditions: salicylaldehyde (la, 1 mmol), malononitrile
(2a, 2 mmol), thiophenol (3a, 1 mmol), g-C;N,, and solvent (S mL).
PIsolated yield.
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been thoroughly illustrated in Table 1. A blank experiment was
performed without the catalyst at room temperature (25 °C)
applying EtOH as the solvent for 10 h, and no product
formation was observed. Again, the same reaction was
performed under the reflux condition, which rendered 17%
yield of chromeno[2,3-b]pyridine in 3 h. Therefore, realizing
the need of a catalyst, the model reaction was set with g-C;N,
in ethanol. It is of note that, on increasing the reaction
temperature from 25 °C to reflux, the yield of the reaction
enhanced proportionally. A maximum of 84% vyield was
noticed under the reflux condition for 3 h. The reaction time
was also increased to 4 h, but no increment in the product
yield was noticed and the yield was found to be 84%. Then, the
effects of various solvents such as dimethylformamide (DMF),
1, 4-dioxane, H,O, ethylene glycol, and poly(ethylene glycol)
(PEG-400) on product yields were scrutinized under the
heating condition (Table 1). H,0, DMF, and 1,4-dioxane
provided unsatisfactory yields (20, 19, and 22%) at 100 °C.
Furthermore, green solvents such as EG and PEG-400 resulted
in good yields of the products at 100 °C, i.e., 74 and 78%,
respectively (Table 1). Under the solvent-free reaction
condition (SFRC), only 30% vyield of the desired product
was obtained at 80 °C. Therefore, EtOH was chosen as the
solvent of choice. Again, envisaging the catalyst concentration,
it was found that 10 mg would be the established condition of
the catalyst concentration (Table 1). Low catalyst loading (2—
8 mg) produced less yields, but no improvement was noticed
with a high catalyst loading (12 mg). Furthermore, several
other catalysts such as r-proline, sodium acetate (NaOAc),
Cs,CO;, and urea were examined for the model reaction,
which produced the product in 46, 28, 48, and 32% yields,
respectively (Table 2). Furthermore, the structure of
compound 4a was established by analyzing FT-IR, 'H, and
3C NMR spectroscopies.

With the optimized reaction conditions in hand, we then
examined the scope and generality of the reaction to synthesize
diversely functionalized chromeno[2,3-b]pyridine derivatives
using various salicylaldehydes (both substituted and unsub-
stituted), thiophenols (substituted and unsubstituted), and
benzyl thiol; the results are presented in Table 3.
Salicylaldehyde with no substitution was found to undergo
the reaction smoothly and afforded the corresponding
products 4a and 4b in 84 and 87% yields, respectively
(Table 3). Similarly, salicylaldehyde, bearing both electron-

https://doi.org/10.1021/acsomega.2c06070
ACS Omega 2022, 7, 48087—-48099
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Table 2. Comparison of Different Catalysts”

entry catalyst (10 mg) time (h) yield (%)°
1 L-proline 3 46
2 NaOAc 3 28
3 Cs,CO,4 3 48
4 urea 3 32
s g-CoN, 3 84

“Reaction conditions: salicylaldehyde (la, 1 mmol), malononitrile
(2a,2 mmol), thiophenol (3a, 1 mmol), catalyst (10 mg), and EtOH
(5 mL). “Isolated yield.

donating and electron-withdrawing groups, was also found to
react well and furnished the products in good yields (Table 3).
However, disubstituted salicylaldehyde such as 3,5-dichlor-
osalicylaldehyde showed a slightly lower reactivity and gave the
corresponding products (4i and 4j) in 76 and 77% yields
(Table 3). On the other hand, benzyl thiol reacted slowly and
offered a slightly lower yield of the desired products (4g, 4h,
and 4m, Table 3) compared to aromatic thiols bearing
electron-donating groups or no substitution. The detailed
characterization data of the compounds (4a—n) are presented
in the Supporting Information.

To describe the sustainability and impact of the present
protocol on the environment, some of the green chemistry

Table 3. Synthesized Chromeno[2,3-b]pyridine Derivatives™"”

CHO

SEEEIa®
R{ OH N R
1 2 s

g-C3N,, EtOH

3-4.5 h, reflux o

A, .. O

@fff[ w ®
NH, H;CO 07 "N

I\
Z
H,CO 07 N7 NH,

NH,
4a,3 h, 84% 4b,3 b, 87% 4¢,3h,85% 4"’335";183;/0"/
3.5h, 84% 3.5h, 87% 3.5h,85% ] °
S NH, S NH,
CN CN S” NH, T
| B | A oN NN
P P N |
0~ N7 NH, 0~ N7 "NH, _
OCH, OCH, H;CO 07 "N” "NH, Sen o N NH;
4e,3 h, 82% 41,3 h, 88% 4g,3 h, 68"? 3 4h,3 h, 64%
3.5h,90% 3.5h,88% 4.5h,79% 4.5h, 78%
H,C
@\ \©\ ©\ e
S NH, S NH, S NH, \©\
Br. CN S NH,
cl NN d NN N
| | | Br NCN
= Z L~ I
0~ "N7 "NH, 0~ “N7 "NH, 0~ "N7 "NH, _
. N7 ONH,
Cl 4, 3h, 72% €l 4, 3n, 68% 4k, 3 h, 79% 41, 3h,77%
4h,76% 4h,77% 3.5h,81% 4h,83%
sE NH,

4m, 3 h, 69% 4n,3 h, 76%

4.5 h, 74%

3.5h,80%

S NH,

0,N | NN
Z

07 N7 NH

“Reaction conditions: salicylaldehyde (1, 1 mmol), malononitrile (2, 2 mmol), thiophenol (3, 1 mmol), g-C;N, (10 mg), and EtOH (S mL) were

refluxed for 3—4.5 h under constant stirring. bIsolated yield.

48091

https://doi.org/10.1021/acsomega.2c06070
ACS Omega 2022, 7, 48087—-48099


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06070/suppl_file/ao2c06070_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06070?fig=tbl3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

metrics such as environmental factor (E-factor), atom
economy (AE), carbon efficiency (CE), and reaction mass
efficiency (RME) were analyzed for one of the synthesized
compounds (4a) under the optimized reaction condition
(Table 1), and it was found to possess close values with the
ideal green chemistry metrics. The obtained results are
presented in Table 4 (the detailed calculation is provided in
the Supporting Information).

Table 4. Calculation of Green Chemistry Metrics

serial no. green chemistry metrics ideal value  product (4a)
1 E-factor 0 0.25
2 atom economy (AE) 100% 95%
3 carbon efficiency (CE) 100% 84%
4 reaction mass efficiency (RME) 100% 80%

Proposed Mechanism of the Reaction. A suitable
mechanistic pathway has been proposed for graphitic carbon
nitride catalyzed one-pot synthesis of chromeno[2,3-b]pyridine
derivatives (Scheme 2). It was supposed that the primary
amine groups of graphitic carbon nitride facilitated the reaction
between salicylaldehyde (1) and malononitrile (2) through
Knoevenagel condensation to form the intermediate (I), which
undergoes intramolecular cyclization to furnish the iminochro-
mene intermediate (II). On the other hand, g-C;N, converts
thiophenols or benzyl thiols to their corresponding thiophen-
oxide ions by abstraction of the —SH proton. This
thiophenoxide anion then attacks iminochromene via the
Michael fashion and generates the phenylsulfanyl chromene
(IV) intermediate. Again, phenylsulfanyl chromene (IV) was
reacted with another malononitrile molecule (2) to produce
the intermediate (V). Aromatization of the piperidine ring of
intermediate (V) afforded the desired chromeno[2,3-b]-
pyridines (4).

Gram-Scale Synthesis of Chromeno[2,3-b]pyridine.
To display the industrial application of the present protocol,
gram-scale synthesis of chromeno[2,3-b]pyridine was explored
(Scheme 3). A typical experiment was carried out by reacting

salicylaldehyde (1a, 10 mmol), malononitrile (2a, 20 mmol),
thiophenol (3a, 10 mmol), g-C;N, (100 mg), and EtOH (50
mL) for 3 h under the refluxing condition (Scheme 3). After
purification without using column chromatography, the
chromeno[2,3-b]pyridine (4a) was obtained in 82% yield.
The excellent yield allowed this methodology to be used at the
industrial level.

A comparative table of various reported catalysts with that of
graphitic carbon nitride has been listed in Table S (Table $
reports the synthesis of compound 4a). The reported
procedure for the synthesis of chromeno[2,3-b]pyridine (4a)
utilizes homogeneous bases and uneconomical metal catalysts.
Separation and reusability are the major drawbacks of utilizing
homogeneous catalysts. Although heterogeneous catalysts are
used for the synthesis of chromeno[2,3-b]pyridine, the cost
factor and metal contamination in the product as well as in the
environment are the limitations that are to be noted.
Therefore, employing g-C;N, as a catalyst would be a
remarkable aspect in the synthesis of chromeno[2,3-b]-
pyridines as it is inexpensive, metal-free, heterogeneous, easily
reusable, and avoids metal contamination in the final products.
Hence, the present methodology is economically and environ-
mentally viable.

Encouraged by the successful preparation of chromeno[2,3-
b]pyridine derivatives in good to high yields, the catalytic
application of graphitic carbon nitride was further investigated
toward the synthesis of benzylpyrazolyl coumarin derivatives
(Table 6). To understand the optimum reaction conditions
with regard to solvent, time, temperature, and amount of
catalyst, phenyl hydrazine (Sa), ethyl acetoacetate (6a),
benzaldehyde (7a), and 4-hydroxycoumarin (8a) were chosen
as the model substrates (Table 6). Initially, the reaction was
performed with g-C;N, (10 mg) as a catalyst under solvent-
free heating reaction condition (SFRC), but a low amount of
yield (32%) was furnished, which further led to the study of
different solvent conditions. Therefore, to obtain high yields, a
series of green solvents such as ethylene glycol (EG),
poly(ethylene glycol) (PEG), H,O, EtOH, and EtOH/H,0O
(1:1) mixture were implemented under the heating condition

Scheme 2. Proposed Mechanism for the Synthesis of Chromeno[2,3-b]pyridine Derivatives

N N
N NC R % ! I Na
e CN OH N _ NZUSN _
YoON HK R s S A R
Lo .C 2 CN NZ SN NG
N=" N SN o) H H | | }TJ ' HQ
| | n OH o] Cs _Ca !
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Scheme 3. Gram-Scale Synthesis of Chromeno[2,3-b]pyridine

: S NH

2

CHO SH
CN -C5N, (100 CN
@: LN ©' &N, (100 mg) A
EtOH, reflux, 3 h P
OH = (0] N NH,
1a 2a 3a 4a
10 mmol 20 mmol 10 mmol 2.831¢g

Table 5. Comparative Table of the Reported Catalyst with
That of g-C;N, for the Synthesis of Chromeno[2,3-
b]pyridine (4a)

yield
entry catalyst solvent temperature time (%)
1 ZrP,0,” ethanol reflux S0 min 90
2 chitosan@citric  ethanol reflux 35 min 92
acid
3 Fe;0,@ ethanol:H,0 reflux 45 min 94
SiO,-NH,"' (1:1)
4 pyridine® ethanol reflux 2—6h 75
5 K,CO.* ethanol:H,0 reflux 3h 92
(1:1)
6  EtN” ethanol reflux 3-35h 86
7 SnO NPs™* ethanol reflux 60 88
8 gCN, ethanol reflux 3h 84

(60 °C), rendering 68, 38, 68, 76, and 70% yields, respectively,
in S h (Table 6). Therefore, applying EtOH as a solvent of
choice, the impact of temperature (30—70 °C) on the model
reaction was analyzed. It was observed that the best yield of
product was obtained at 60 °C. Further, a decrease in
temperature deteriorated the yield, whereas an increase in
temperature had no significant impact on the yield of product

formation. In addition, the reaction was conducted under
varied catalyst concentrations (0—15 mg) (Table 6). To our
observation, 10 mg of the catalyst was the optimum condition
producing 76% yield in S h, and a significant decrease in the
yield percentage was obtained on decreasing the catalyst
concentration and no remarkable increase in yield was
achieved on increasing the catalyst concentration (Table 6).
Again, the reaction time was also increased to 6 h, but no
improvement in product yield was observed and the yield was
found to be 76%. Moreover, various catalysts such as Et;N,
Na,CO;, Cs,CO; and L-proline were examined for the
aforementioned synthesis, which gave only 59, 54, 62, and
23% yields, respectively, under the optimized condition (Table
7).

Again, the structure of compound 9a was established by
analyzing FT-IR, 'H, and *C NMR spectroscopies.

Under the optimized reaction conditions, a wide range of
benzylpyrazolyl coumarin derivatives was synthesized using
phenyl hydrazine (Sa, 1 mmol), ethyl acetoacetate (6a, 1
mmol), aldehydes (7a, 1 mmol), and 4-hydroxy coumarin (8a,
1 mmol) in EtOH at 60 °C utilizing 10 mg of the catalyst. A
variety of substituted and unsubstituted aromatic aldehydes
containing electron-withdrawing and -donating groups were

Table 6. Optimization of Reaction Conditions for the Synthesis of Benzylpyrazolyl Coumarin Derivatives”

L

PhNHNH, +
0~ "OEt
Sa 6a
entry catalyst (mg) solvent
1 10 SFRC
2 10 EG
3 10 PEG
4 10 H,0
N 10 EtOH
6 10 EtOH
7 10 EtOH:H,O (1:1)
8 10 EtOH
9 10 EtOH
10 10 EtOH
11 8 EtOH
12 S EtOH
13 15 EtOH
14 nil EtOH
15 10 EtOH

CHO OH
@ Cfi @
+ _—
S
(6) o
Ta 8a

temperature (°C) time (h) yield (%)”
60 N 32
60 S 68
60 S 38
60 S 68
60 S 76
60 6 76
60 S 70
60 4 67
50 6 69
30 18 62
60 5 72
60 S 58
60 S 76
60 S 24
70 S 76

“Reaction conditions: phenyl hydrazine (Sa, 1 mmol), ethyl acetoacetate (6a, 1 mmol), benzaldehyde (7a, 1 mmol), and 4-hydroxycoumarin (8a, 1

mmol), g-C;N,, and solvent (3 mL). bIsolated yield.
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Table 7. Comparison of Different Catalysts”

entry catalyst (10 mg) time (h) yield (%)°
1 Et;N S 59
2 Na,CO, S 54
3 Cs,CO,4 5 62
4 L-proline S 23
s gC,N, s 76

“Reaction conditions: phenyl hydrazine (5a, 1 mmol), ethyl
acetoacetate (6a, 1 mmol), benzaldehyde (7a, 1 mmol), and 4-
hydroxycoumarin (8a, 1 mmol), catalyst (10 mg), and solvent (3
mL). “Isolated yield.

examined for the synthesis of the said compounds (Table 8).
Aromatic aldehydes having electron-withdrawing groups such
as nitro (—=NO,), cyano (—CN), chloro (—Cl), and bromo
(—Br) at different positions of the ring were well tolerated in
the reaction and furnished the corresponding products in good
yields. However, aromatic aldehydes having electron-donating
groups such as methoxy (—OMe) and methyl (—CHj;) groups
required a longer reaction time to afford the desired products
in moderate yields (Table 8). Moreover, disubstituted
benzaldehyde and 2-napthaldehyde were also found to react
smoothly to give the products in 76 and 72% yields,

Table 8. Substrate Scope”

P OH
NN g-C3Ny(10 mg)
RNHNH, + e
02 Ok 07 g EtOH, 60°C
5-7h
5 6
OH o
—Ph
O
0" o H
9a, 5 h, 76% 9b, 5 h, 80% 9¢, 5 h, 74%
6h,76%

6 h, 80%

9f,5h, 67%

0,
9¢,4.5 h, 83% T b 73%

5h, 83%

9j,5h, 60%
7h, 68%

9i,5h, 72%
6 h, 75%

6 h, 78%

9h, 5 h, 69 %

9g,5 h, 62%
£: 5 W, Do 6 h,72%

7h,70%

9K, 5 h, 64%
7h, 70%

91,5h,76%
6h,76%

N

N

H

N-
!
Ph

9m, 5 h, 66%
6 h, 70%

“Reaction conditions: phenyl hydrazine (5, 1 mmol), ethyl acetoacetate (6,
C;N, (10 mg), EtOH (3 mL), 60 °C for 5—7 h.
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Scheme 4. Possible Mechanism for the g-C;N, Catalyzed Synthesis of Benzylpyrazolyl Derivatives

Ny

N
Ar
(0) [0) (0) 0]

7
8 I

OH Ar 0

N—Ph
= 0 0 NH

respectively (Table 8). Interestingly, when terepthaldehyde
was used in the reaction, a bis-product was obtained in 70%
yield (Table 8). The detailed characterization data for the
formation of all of the said compounds (9a—m) are presented
in the Supporting Information.

A possible mechanism for the g-C;N, catalyzed synthesis of
benzylpyrazolyl coumarin derivatives is presented in Scheme 4.
Initially, phenyl hydrazine (S) reacts with ethyl acetoacetate
(6) in the presence of the g-C;N, catalyst to form the
pyrazolone ring (II). Then, g-C;N, catalyzed the Knoevenagel
reaction between 4-hydroxycoumarin (8) and aromatic
aldehyde (7) furnishing the intermediate (IIT). Then, Michael
addition between (III) and (II) catalyzed by g-C;N, generated
a new intermediate (IV), which undergoes tautomerization to
afford the desired benzylpyrazolyl coumarins (9).

Reusability Test. Reusability of the catalyst is an important
factor from the economic as well as sustainable point of view.
Therefore, the reusability study of the g-C;N, catalyst was
examined for the synthesis of chromeno(2,3-b]pyridine under
the optimized reaction conditions (Table 1). After completion,
the reaction mixture was filtered. As both the product and the
catalyst are solid, the residue was again dissolved in DMF (3
mL). In DMF, the product is soluble but the catalyst is not;
therefore, it was again filtered. The collected catalyst was then
washed with water (3 X 10 mL), EtOH (2 X 10 mL), and
diethyl ether (2 X S mL). Finally, the catalyst was dried and
utilized in the next set of reaction under the same optimized
reaction condition (Table 1). Furthermore, after separation of
the catalyst, 4 mL of H,O was added to the filtrate (DMF
solution), which resulted in precipitation of the product. The
obtained precipitate was filtered and washed with H,O, which
was again dried to yield the pure chromeno[2,3-b]pyridine
product. The experiment was repeated for five consecutive
runs, and each run provided a good yield of the product, which
showed almost no significant loss in the catalytic activity of g-
C;N, (Figure 6). After completion of the reusability test, the
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84 84
82 82 30

Yield (%)

1 2 3 4 5
No. of runs

Figure 6. Reusability of the catalyst.

reused catalyst was executed for characterization by FT-IR
(Figure 7a), TGA (Figure 7b), SEM (Figure 8a), and TEM
(Figure 8b) analyses. It was witnessed that the catalyst was able
to maintain the morphology and functionalities as the reused
and fresh data were in good agreement with each other. On the
other hand, a slight decrease in thermal stability of the reused
g-C;N, (TGA analysis) was observed.

B CONCLUSIONS

A new methodology has been developed for the synthesis of
biologically relevant chromeno[2,3-b]pyridine and benzylpyr-
azolyl coumarin derivatives via an efficient and heterogeneous
graphitic carbon nitride catalyst. In this work, a metal-free,
highly stable, and polymeric natured graphitic carbon nitride
(g-C5N,) was synthesized via simple heating of urea. The
prepared g-C;N, was comprehensively characterized by SEM,
TEM, EDX, PXRD, FT-IR, and TGA analyses. The prepared
g-C;N, showed brilliant catalytic activity toward the synthesis
of chromeno(2,3-b]pyridines and benzylpyrazolyl coumarin
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Figure 7. FT-IR spectrum (a) and TGA thermogram (b) of the reused g-C;N,.
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Figure 8. SEM image (a) and TEM image (b) of the reused g-C;N,.

derivatives under mild reaction conditions. Various reported
procedures utilize homogeneous acids, bases, and expensive
metal catalysts for the aforementioned synthesis, whereas our
present report has eliminated all of these issues and provided
an efficient pathway to synthesize the desired products in good
yields under metal-free reaction conditions without the use of
additives such as acids and bases. Moreover, the reusability
study showed that the catalyst can be reused up to five times
without significant loss in its catalytic activity and yield of the
product. Gram-scale synthesis was also performed to highlight
the importance of the present protocol at the industrial level.
Furthermore, this methodology offers column-free purification
of chromeno([2,3-b]pyridine derivatives. The other advantages
of the present method involve (1) use of cheap and readily
available starting materials, (2) easy synthetic procedure for
catalyst preparation, (3) wide substrate scope, and (4)
avoidance of metal contamination in the product as well as
in the environment. Moreover, the calculated values of green
chemistry metrics are very close to the ideal values, making the
methodology sustainable and environmentally viable.

B EXPERIMENTAL SECTION

Materials and Methods. Melting points were determined
in open capillaries and are uncorrected. Infrared (FT-IR)
spectra were recorded on a Bruker Alpha II system (vmax in
cm™) on KBr disks. '"H NMR and *C NMR (400, 500 MHz
and 100, 125 MHz, respectively) spectra were recorded on
Bruker Avance II-400 and JEOL JNM ECS400 spectrometers
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in DMSO-dg and CDCI, (chemical shifts in § with TMS as the
internal standard). High-resolution mass spectrometry
(HRMS) spectra were recorded on a Waters Xevo-G2-XS
QT of Mass spectrometer. Transmission electron microscopy
(TEM) images were recorded on a JEOL JSM 100CX.
Scanning electron microscopy (SEM) and energy-dispersive X-
ray (EDX) were recorded on a JSM-6360 (JEOL).
Thermogravimetric analysis (TGA) was recorded on a Perkin
Elmer Precisely STA 6000 simultaneous thermal analyzer.
Powder XRD was recorded on a 9 kW powder X-ray diffraction
system (make: Rigaku Technologies, JAPAN, model: Smar-
tlab). Silica gel G (E-Merck, India) was used for TLC. Hexane
refers to the fraction boiling between 60 and 80 °C.
Synthesis of Graphitic Carbon Nitride (g-C;N,).* A total
of 10 g of urea was placed in a covered ceramic crucible and
heated in a muffle furnace at a temperature of 550 °C for 3 h.
After continuous heating for 3 h, the muffle furnace was
allowed to be cooled to room temperature, which resulted in
the formation of a yellowish mass. The obtained yellowish
mass was ground to a fine powder. It was then washed with
nitric acid (0.1 mol L™") and deionized water to remove any
residual alkaline impurities (e.g., ammonia) adsorbed on the
surface of g-C;N,. In the final step, it was dried at 80 °C for 24
h to obtain the pure form of graphitic carbon nitride.
Synthesis of Chromeno[2,3-b]pyridine Derivatives (4a—
n). In a 25 mL round-bottomed flask, a mixture of
salicylaldehydes (1, 1 mmol), malononitrile (2, 2 mmol),
and g-C;N, (10 mg) was added to S mL of ethanol and
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refluxed for 10 min; after that, thiophenol (3, 1 mmol) was
added to the same reaction mixture and refluxed. The
formation of the product was continuously monitored by
thin-layer chromatography (TLC). After completion, the
precipitate was isolated by filtration. Then, the isolated residue
was dissolved in DMF (3 mL) and filtered, and the catalyst was
recovered. The filtrate was treated with H,O (4 mL), which
resulted in the precipitation of the products. The desired
product (4) was then purified by filtration and washing the
residue with H,O (3 X 10 mL) and finally dried under
vacuum.

Synthesis of Benzylpyrazolyl Coumarin Derivatives (9a—
m). In a 25 mL round-bottomed flask, a mixture of phenyl
hydrazine (5, 1 mmol), ethyl acetoacetate (6, 1 mmol), g-C;N,
(10 mg), and 3 mL of EtOH was taken and stirred at 60 °C for
2 h. After that, aromatic aldehydes (7, 1 mmol) and 4-hydroxy-
coumarin (8, 1 mmol) were added to the same reaction vessel,
and the reaction mixture was further stirred at 60 °C. After
completion of the reaction (TLC), the solvent was removed by
filtration and the residue was dissolved in hot methanol (10
mL), which was then filtered to separate the catalyst. Finally,
the filtrate was evaporated to dryness and the crude residue
was purified by column chromatography over silica gel (60—
120 mesh) using ethyl acetate/hexane as the eluent.

Spectral Data of Selected Compounds. 4-Diamino-5-
(phenylthio)-5H-chromeno[2,3-b]pyridine-3-carbonitrile
(4a).” Orange solid. IR (KBr): 3430, 3354, 2203, 1627, 1404
cm™,

'H NMR (CDCl, + DMSO-d, 400 MHz): § = 7.27—7.21
(m, 2H, Ar—H), 7.19 (t, ] = 7.6 Hz, 1H, Ar—H), 7.09=7.05
(m, 3H, Ar—H), 6.83 (s, 2H, NH,), 6.79—6.74 (m, 3H, Ar—
H), 629 (s, 2H, NH,), 5.70 (s, 1H, C—H).

13C NMR (DMSO-d,, 100 MHz): § = 160.2, 160.1, 156.9,
151.3, 136.4, 131.1, 130.3, 129.9, 129.3, 129.1, 128.8, 128.7,
124.1, 122.2, 117.0, 116.2, 86.6, 70.7, 43.2.

4-((4-Hydroxy-2-oxo-2H-chromen-3-yl)(phenyl)methyl)-5-
methyl-2-phenyl-1H-pyrazol-3(2H)-one (9a).*? White solid.
IR (KBr): 3087, 1654, 1620, 1566, 1494, 1188, 1039, 753
cm™,

'H NMR (DMSO-d,, 500 MHz): 5 = 7.74 (d, J = 7.0 Hz,
1H, Ar—H), 7.64 (d, ] = 7.5 Hz, 2H, Ar—H), 7.53 (brs, 1H,
Ar—H), 7.45 (brs, 2H, Ar—H), 7.31-7.18 (m, SH, Ar—H),
7.13 (d, ] = 5.5 Hz, 3H, Ar—H), 5.64 (s, 1H, C—H), 2.33 (s,
3H, OCH,).

13C NMR (DMSO-d,, 125 MHz): § = 164.7, 164.1, 152.4,
147.4, 140.0, 135.7, 132.3, 129.7, 128.6, 127.2, 127.1, 126.4,
1242, 121.2, 118.6, 116.3, 107.0, 105.8, 34.1, 10.9.
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