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ABSTRACT: Cul/CSP nanocomposites were found to be HO R

. . = N, ~R
efficient and recyclable nanocatalysts for one-pot synthesis of || N N
aminoindolizines via A3 coupling reaction in the presence of " | (N
ethylene glycol (EG) as a recyclable solvent. In contrast, 1 ~ N2
chalcones were isolated when the reaction was performed in \\
the presence of secondary amines such as piperidine, 3- Ar | 4 Ar

3 Aminioindolizines

methylpiperidine, pyrrolidine, and piperazine under solvent
free conditions. The Cul/CSP was recycled for five times
without significant loss in its catalytic activity. The anomalous
selectivity in the formation of aminoindolizines and chalcones
was dependent on solvents and secondary amines used for the s
reaction. The present methodology is facile and follows green Heterocyclic chalcones
principles with higher atom economy (94%) and smaller E-

factor (0.06).
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B INTRODUCTION investigated as catalysts for the multicomponent organic
synthesis.

Carbon spheres (CSP) have been considered as sustainable
Multicomponent reactions (MCR) promoted by recyclable

catalyst supports for various metal NPs with specific catalytic

properties and greatly widen their utility in the fields of nanocatalysts under green reaction conditions provide an
nanocatalysis." The CSP could be prepared by various efficient tool for the sustainable synthesis of heterocycles.”!
methods,” and the hydrothermal carbonization from glucose Indolizines are unique N-fused heterocycles and have been
as a carbon source without using any template is the simple and found in pharmacological relevance molecules with a wide

green method.”” During the hydrothermal carbonization
process, glucose was first polymerized as a polysaccharide in
water, and then formed small spheres with inner cores of a
completely carbonized hydrophobic carbon layer and the outer
surface with an incompletely carbonized hydrophilic poly-
saccharide layer.® Amphiphilic carbon spheres (CSP) are
readily dispersible in various solvents of different polarities
without any prior surface modifications.” The outer poly-
saccharide surface of CSP has many functional groups such as
hydroxyl, carboxylic, and aldehyde groups, which are suitable
for the stabilization of various metal NPs.*~'" Recently, Pd/
CSP composites were found to be efficient amphiphilic 24 a N /_/_ NC>
catalysts for Heck, Ullmann, Suzuki—Miyaura, and selective =7 E'N \NJ @?—@—o

partial hydrogenation reactions in aqueous medium.”~"* To = 0 S

date, copper/CSP composites have been reported for very Anti-tubercular Histamine H3 receptor antagonist
limited applications such as surface-enhanced Raman scattering
substrate,” efficient anodes for lithium-ion batteries,'® or CSP

range of biological activities (Figure 1).*”
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Figure 1. Biologically active indolizine scaffolds.

as a template for synthesis of porous CuO hollow spheres.'”"®

However, although Cul alone'” or Cu NPs stabilized on various Received: April 20, 2015
supported materials”® has been found potential applications in Revised:  August 8, 2015
the field of nanocatalysis, Cul/CSP composites have not been Published: September 4, 2015
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Figure 2. Schematic representation for the preparation of Cul/CSP nanocomposites.

Among the various known methodologies for the synthesis of
indolizines,”~>” one-pot three component reaction between
pyridine-2-carboxaldehyes, secondary amines, and phenyl-
acetylenes via A3 coupling followed by cycloisomerization is
one of the efficient approaches. To date, very limited catalytic
systems have been developed for the synthesis of amino-
indolizines via A3 coupling strategy.”* >* Alonso et al. reported
the use of CuO/Cu,0O/activated charcoal (Cu NPs/C) as a
heterogeneous catalyst for solvent-dependent synthesis of
indolizines and chalcones.”® However, this method has
advantages over the reported homogeneous catalysis such as
usage of low catalyst loading, simple work up procedure etc.
But it has a drawback of catalyst recyclability due to the
leaching of Cu NPs from its carbon support and usage of toxic
organic solvents. Still, there is a need for developing truly
recyclable heterogeneous catalysts under green reaction
conditions. With this background, and as a part of our onﬁoing
research toward green chemistry and nanocatalysis,*™"" we
herein report the facile one-pot synthesis of aminoindolizines
using Cul/CSP nanocomposites with anomalous selectivity
under green conditions.

B RESULTS AND DISCUSSION

Cul/CSP nanocomposites were synthesized by refluxing the
mixture of Cul and carbon spheres (CSP) in ethanol as shown
in Figure 2. The CSP were prepared by hydrothermal
carbonization of glucose at 180 °C by following the literature
procedure.’ Next, the Cul was stabilized on polysaccharide
surface of CSP by mixing of Cul and CSP in equal ratios in
ethanol at conventional reflux conditions (Figure 2).

The Cul/CSP nanocomposites were characterized by using
various techniques such as powder X-ray diffraction (PXRD),
Fourier transform infrared spectroscopy (FT-IR), scanning
electronic microscopy (SEM), transmission electronic micros-
copy (TEM), thermal gravimetric analysis (TGA), X-ray
photoelectron spectra (XPS), inductively coupled plasma
atomic emission spectroscopy (ICP-AES), etc. The powder
XRD of Cul/CSP composites revealed the existence of
crystalline Cul with phases (111), (200), (220), (311),
(222), (400), (331), and (420) of corresponding diffraction
peaks at 26 are 25.36, 29.36, 42.16, 49.89, 52.29, 61.08, 67.48,
and 69.48, respectively (JCPDS, 06-0246), as shown in Figure
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3. The average crystalline size of Cul NPs was calculated by

using Scherrer equation and found to be 13 nm.
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Figure 3. PXRD of Cul/CSP composites.

The functional groups of CSP and Cul/CSP composites
were characterized by using FT-IR spectra as shown in Figure
4.° The broad band at 3405 cm™" corresponds to the hydroxyl
functionalities on the surface of CSP. The presence of carbonyl
(C=0) and unsaturated (C=C) groups were conformed
from the bands at 1701 and 1614 cm™ respectively, and these
groups support the concept of aromatization of glucose during
hydrothermal treatment. Moreover, the presence of —C—OH
(1190 cm™), and glycosidic —C—O—C— linkages (1099
cm™") were also conformed from FT-IR technique as shown in
Figure 4. The existences of these functional groups on carbon
framework of CSP improve the stability of Cul NPs on its
surface.

The surface and internal morphologies of Cul/CSP nano-
composites were characterized from SEM and TEM,
respectively (Figure S). Figure Sa shows the surface
morphology of CSP as spheres with various sizes, and the
SEM image of Cul/CSP show the existence of spheres,
distorted spheres, and cubes of various size ranges from 2 to 8
um (Figure Sb). It is also showing the existence of Cul NPs on
the surface and in between the various carbon spheres. The
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Figure 4. FT-IR of (a) CSP and (b) Cul/CSP nanocomposites.
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Figure 5. SEM images of (a) CSP and (b) Cul/CSP; and TEM images
(¢, d) of Cul/CSP (inset of d is SAED of Cul).

internal morphology of Cul/CSP reveals that the assembling of
porous rods in the spherical shape and the length of these rods
varies from 100 to 320 nm (Figure Sc). The porous and
crystalline nature of carbon and Cul NPs (inset of Figure 5d)
were conformed from TEM and SAED, respectively (Figure
5d).

The oxidation state of copper in Cul/CSP composites was
determined from X-ray photoelectron spectra (XPS) as shown
in Figure 6. The presence of Cu(+1) was conformed from the
binding energies at 932 and 620 eV corresponds to Cu(+1),,
and I(—1), respectively.” The binding energy peak at 284 eV
corresponds to carbon content (C;5) of CSP and (see the
Supporting Information).*®

The thermal decomposition of Cul/CSP composites was
studied by TGA and DTG analysis in the temperature range
from 100 to 800 °C at the rate of 10 °C per minute under
nitrogen atmosphere as shown in Figure 7. The weight loss at
the temperature range 200—270 °C is about 13.59% due to the
loss of surface hydroxyls and water molecules in the CSP of
composite nanoparticles. In the second step, the maximum
weight loss is about 30.7% at the temperature range 350—360
°C, which due to the combustion of amorphous carbon. The
final weight loss of 48.4% at the temperature range from 390 to
560 °C is may be a response to decomposition of Cul and
some residual carbon (Figure 7).
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Figure 6. X-ray photoelectron spectrum (XPS) of Cul/CSP
nanocomposites.
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Figure 7. TGA and DTG analysis of Cul/CSP composites.

The EDAX elemental analysis of Cul/CSP composites
reveals the presence of Cu in 14.4 at. % and iodide was found to
be 11.7 at. % as shown in Figure 8. The sum of copper (Cu'*)
and iodide (I7) was calculated as 26.1 at. % and the remaining
approximately 74.0 at. % mainly belongs to carbon and
polysaccharide functional groups (carbon 68.16 at. % and
oxygen 5.74 at. %). The average weight percentage of copper in
Cul/CSP was found to be 19.10 wt %. The weight percentage
of copper in Cul/CSP composites was calculated from ICP-
AES analysis and found to be 19.70 wt %, which is almost
inconsistent with EDAX analysis.

Cul/CSP Composites as Nanocatalysts for Synthesis of
Aminoindolizine. Initially, the model reaction was performed
among pyridine-2-carboxaldehyde (1a), morpholine (2a), and
phenylacetylene (3a) using S mg of Cul/CSP catalyst in the
presence various solvents at different temperatures as shown in
Table 1.

To our delight, the desired aminoindolizine (4aa) was
obtained selectively in excellent yield in the presence of either
all solvents such as toluene, DMSO, DMF, water, glycerin, EG
or neat conditions at temperatures from 60 to 100 °C (Table 1,
entries 1—9). However, the reactions were sluggish at room
temperature in the presence of either EG or neat conditions
(entry 10). The model reaction was performed either in the
presence of bulk Cul alone or physical mixture of bulk Cul and
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Figure 8. EDAX elemental analysis of Cul/CSP composites.
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Table 1. Optimization Study for Cul/CSP Catalyzed
Synthesis of Aminoindolizine (4aa)“

Catalyst

X CHO O >
o0 = 0y
N Solvent, Temp.
1 2a 3a 42 "
temp. time yield of 4aa
entry catalyst solvent (°Cc (h) (%)

1 Cul/CSP toluene 100 3 83

2 Cul/CSP DMSO 100 3 86

3 Cul/CSP DMF 100 3 82

4 Cul/CSP water 100 3 90

S Cul/CSP glycerin 100 2 88

6 Cul/CSP EG 100 0.5 94

7 Cul/CSP EG 80 0.5 94

8 Cul/CSP EG 60 0.5 94

9 Cul/CSP neat 60 1 90

10 Cul/CSP EG/neat rt 10 trace

11 Cul (bulk) EG 60 10 60

12 Cul (bulk) + CSP  EG 60 6 75

13 csp EG 60 24 no product

14 no catalyst EG 60 24 no product

“Reaction conditions: pyridine-2-carboxaldehye 1 (1 mmol), morpho-
line 2a (1 mmol), phenylacetylene 3 (1 mmol), and Cul/CSP catalyst
(5 mg), solvent (3 mL) were stirred at appropriate temperature.

CSP to afford the product in moderate to good yields in longer
reaction times of 6—10 h (entries 11 and 12). But when the
reaction was performed using either CSP alone as a catalyst or
without any catalyst, the product formation was not observed
even after 24 h (entries 13 and 14). The results reveal that EG
and neat conditions at 60 °C were the best to afford the
product (4aa) in excellent yield in short reaction time (Table 1,
entries 6—9).

The generality of the present method was studied with the
wide range of substrates including pyridine-2-carboxaldehye,
various alkynes including phenylacetylenes (3a—3d) and ethyl
propiolate (3e), and secondary amines such as morpholine,
thiomorpholine, phenylpiperazine, 1-(o-tolyl)piperazine, 3-

2400

metylpiperidine, piperidine, and N-methylaniline as shown in
Scheme 1.

Scheme 1. Cul/CSP Catalyzed One-Pot Synthesis of
Aminoindolizine Derivatives

N—R
CHO
| N R _R? — CullCSP catal. (3 mg) “Z Y=
ZN + N + SN
EGor neat, 60 °C
1 2 3 4 F

R = CgHs (3a); 4-OMeCgH, (3b); 4-MeCsH, (3c); 4-FCqHy (3d); CO,EL (3e)

O O¢

2b

h
/ \ Me Me
N NH /
] \ / HN\
N N
Me H H Ph

2d

p
|
N

N
H

2a 2c 2e 2f 2g

To our delight, almost all screened substrates underwent
smooth cycloisomerization to afford the aminoindolizines
exclusively in 75% to 95% yields in EG solvent as shown in
Table 2. However, it is interesting to see that the product
formation was dependent on secondary amines under solvent
free conditions. Aminoindolizines were obtained as major
products in the presence of secondary amines such as
morpholine (2a), thiomorpholine (2b), phenylpiperazine
(2¢), 1-(o-tolyl)piperazine (2d), and N-methylaniline (2g)
(Table 2). Heterocyclic chalcones (Sa—5c) were obtained as
major products in the presence of 3-metylpiperidine (2e),
piperidine (2f), pyrrolidine (2h), and piperazine (2i) as shown
in Table 4.

With these interesting results in our hand, we further
investigated the effect of solvents on the selectivity of chalcone
and aminoindolizine formation in the presence of piperidine as
shown in Table 3. Heterocyclic chalcone Sa was obtained in
75% and 90% conversions with exclusive E-stereochemistry in
the presence of water and neat conditions, respectively (Table
3, entries 1 and 5). Aminoindolizine (4fa) was observed in 90%
and 85% conversions in the presence of EG and PEG
respectively (entries 2 and 3). However, the conversions of
chalcone (5a) and aminoindolizine (4fa) were observed in the
equal ratio (50:50%) in the presence of glycerin (entry 4).
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Table 2. Cul/CSP Catalyzed Synthesis of Aminoindolizine Derivatives in EG and Solvent Free Conditions

0 0

% % %

4aa
EG; Yield, 92%
Neat; Yield, 90%

S,

EG; Yield, 92%
Neat; Yield, 89%

S

; ; ®;
- N= Zh— )
SN / N / 7 Y=
N2 Y
o
EtO
4be
4bd F 4ca

EG; Yield, 85%
Neat; Yield, 88%

EG; Yield, 90%
Neat; Yield, 75%

EG; Yield, 95%
Neat; Yield, 82%

0

EG; Yield, 91%
Neat; Yield, 95%

i

N

S

N
7 =
N Y

4bc Me
EG; Yield, 89%
Neat; Yield, 83%

®
h—
EtO ©
4ae

EG; Yield, 90%
Neat; Yield, 85%

Ph
/
N

N q
2 7 =
N Y X N /

[¢)
EtO
4cb 4ce

OMe
EG; Yield, 89% EG; Yield, 92%
Neat; Yield, 86% Neat; Yield, 84%

Ph
/
N

Q Q = Q Q

»

' = =

N 7 N % X N /

4da 4db 4dc
OMe

EG; Yield, 91%
Neat; Yield, 76%

O/Me

-

/

EG; Yield, 93%
Neat; Yield, 80%

=

/

2
N

z
N

z
N

4ea

4ed F 4fa

EG; Yield, 87%
Neat; Yield, 18%

EG; Yield, 85%
Neat; Yield, 20%

EG; Yield, 88%
Neat; Yield, 81%

o O

-

/

EG; Yield, 75%
Neat; Yield, 10%

@%%

EG; Yield, 95%
Neat; Yield, 82%

EG; Yield, 92%
Neat; Yield, 86%

N—Ph N—Ph

EG; Yield, 90%
Neat; Yield, 83%

EG; Yield, 92%
Neat; Yield, 80%

When the reaction was performed in the absence of catalyst, the

reaction was sluggish (Table 3, entry 6).
Furthermore, we studied the effect of remaining secondary

amines such as 3-metylpiperidine (2e), pyrrolidine (2h), and
piperazine (2i) on the selectivity of product formation under
solvent free condition as shown in Scheme 2 and Table 4. To
our delight, all these secondary amines (2e, 2f 2h, 2i) afforded
chalcones $a, Sb, and Sc in good to excellent yields of 75—93%
(Table 4).
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Next, the green and sustainability factors such as atom
economy and E-factor of present method were calculated for
the model reaction between pyridine-2-carboxaldehyde (1a),
morpholine (2a), and phenylacetylene (3a) to afford the
aminoindolizine (4aa). The results indicate that the present
method follows green chemistry principles with smaller E-factor
as 0.06 and high atom economy (AE) as 94% (see the
Supporting Information for calculations). Moreover, the
comparative study of Cul/CSP catalyst with the reported
methods clearly indicates the superiority of present method in

DOI: 10.1021/acssuschemeng.5b00701
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Table 3. Effect of Solvents on the Selectivity of Chalcone (5a) and Aminoindolizine (4fa)”

[o]
CHO Piperidine =
S \\Ph - A
+
ZN N
CullCSP catal. (3 mg) Z g Y
(-]
1 3a Solvent, 60 °C 5a afa "
conversions (%)
entry solvent time (min) Sa LD
1 water 180 75 15
2 EG 30 trace 90
3 PEG 60 trace 85
4 glycerin 120 S0 30
S neat 45 90 10
6 neat” 120

“Reaction conditions: pyridine-2-carboxaldehye 1 (1 mmol), piperidine 2d (1 mmol), phenylacetylene 3a (1 mmol), and Cul/CSP catalyst (S mg)
were stirred under neat conditions at 60 °C. “Conversions are calculated from 'H NMR of reaction mixtures. “Reaction was performed without

catalyst.

Scheme 2. Synthesis of E-Selective Heterocyclic Chalcones

CHO =
| N Rl _R? ___ CuliCS catal. (3 mg) | N Ar
AT A= ZN
Neat, 60 °C
1 2 3a 5a-5¢
H
M
TQ QO L
N N N N = OMeCgH, (3b)
2e 2f 2h 2i = MeCgH, (3¢)

Table 4. Cul/CSP Catalyzed Synthesis of Chalcones under
Solvent Free Conditions

entry  amines (2) Ar (3) chalcones (5)  yield of 5 (%)
1 2e CHs Sa 78
2 2e OMeCgH, sb 75
3 of CH; Sa 90
4 of OMeCH, sb 85
7 of MeCeH, sc 87
8 2h CeH, Sa 97
9 2i CeH; Sa 79
10 2i OMeCH, sb 75

“Reaction conditions: pyridine-2-carboxaldehye 1 (1 mmol), amines
2d/2e/2f (1 mmol), phenylacetylenes 3 (1 mmol), and Cul/CSP
catalyst (S mg) were stirred under neat conditions at 60 °C.

terms of selectivity, recyclability, and green and mild reaction
conditions as shown in Table 5.

The plausible mechanism for the formation of amino-
indolizine via A3 coupling followed by cycloisomerization is
well-known in the literature.”*™** Very recently, Alonso et al.
reported synthetic and mechanistic studies on the solvent-
dependent Cu NPs/C catalyzed formation of aminoindolizine
and chalcones.”® They have demonstrated the formation of
propargyl amines (A3 product) as intermediate for amino-
indolizine using GC—MS analysis. The X-ray structure of
chalcone and reaction mechanism for the formation of chalcone
was determined from isotopic-labeling experiments.”® To
understand the detailed mechanism, we would be pursuing
the theoretical studies for Cul/CSP catalyzed formation of

2402

Table S. Comparative Study of Various Catalysts for the
Synthesis of Aminoindolizine (4aa)

S. yield of recycle of
No. catalyst solvent 4aa (%) refs catalyst
1 Znl, toluene 90 29 no
2 Cu NPs/C DCM 74 28, 30 no
3 CuCl PEG 96 31 no
4 Cul” toluene 96 32 no
N Fe(acac), TBAOH 83 33 no
DMSO
6 AgBF, toluene 89 34 no
7 NaAuCl;2H,0  neat 95 35 no
8 Cul/CSP EG 92 present yes
study

“Cul reported as homogeneous catalyst for coupling reaction among
methyl N-allyl-1-formyl-9H-p-carboline-3-carboxylate, morpholine,
and phenyl acetylene.

aminoindolizine and chalcones with dependence on secondary
amines and solvents.

We performed recyclability experiments to study the
advantage of the Cul/CSP nanocomposite catalyst over the
physical mixture of Cul (bulk) and CSP. The recyclability of
Cul/CSP catalyst was studied for a model reaction to afford
aminoindolizine (4aa) in the presence of EG under optimized
reaction condition as shown in Figure 9. After completion of
reaction, water was added to the reaction mixture to recover
EG from aqueous layer. Next, ethanol was added to the
reaction mixture to separate the solid Cul/CSP NPs from
organic layer by centrifuge. The catalyst was washed several
times with ethanol and dried at 90 °C in oven for 10 h. The
recovered Cul/CSP catalyst and EG solvent were reused in
model reaction to afford the product in 90% yield, and the
procedure was repeated for four more times and it was found
that there was no significant loss in its catalytic activity (Figure
9). But the reutilization of physical mixture was inefficient due
to leaching of Cul or catalyst poisoning.”®

Furthermore, we studied the heterogeneity of model reaction
for the synthesis of 4aa in water as a solvent at 90 °C by hot
filtration test experiment. The reaction was stopped at 50%
conversion of starting materials that is in 30 min and filtered
out the catalyst from reaction mixture. The filtrate was further

DOI: 10.1021/acssuschemeng.5b00701
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Figure 9. Recyclable study of Cul/CSP catalyst for synthesis of (4aa).

continued with stirring at 90 °C for 10 h, and the reaction did
not proceed indicating that no catalytically active Cu remained
in the filtrate. The filtrate was analyzed from ICP-AES to study
the presence of copper at the ppm level, but we did not observe
any Cu content in it. The hot filtration test and ICP-AES
analysis results revealed that there was no leaching of Cul NPs
from the CSP support.

B CONCLUSION

In summary, we have developed a facile and green protocol for
one-pot synthesis of aminoindolizines and chalcones from the
same reactants with anomalous selectivity dependent on
secondary amines and solvents. Ethylene glycol was the best
recyclable solvent to afford the aminoindolizines exclusively
from wide range of substrates. However, the selectivity in the
product formation depends on the secondary amines used in
the reaction under solvent free conditions. Heterocyclic
chalcones with E-stereochemistry were obtained in excellent
yield in the presence of 3-methylpiperidine, piperidine,
pyrrolidine, and piperazine. The present protocol follows
green and sustainable principles with higher atom economy
(94%), and a smaller E-factor (0.06). Moreover, the Cul/CSP
catalyst was recycled for five times without significant loss in its
catalytic activity.

B EXPERIMENTAL SECTION

Typical Procedure for Synthesis of Cul/CSP Composites.
Glucose (6 g) was dissolved in distilled water (60 mL), and the
resulted clear solution was added to 600 mg of Ph;P in a Teflon
container of 100 mL capacity in stainless steel autoclave. The reaction
was maintained at 180 °C for 6 h, and then cooled to room
temperature. The dark precipitate of carbon spheres was collected by
centrifugation and washed several times with ethanol. The carbon
spheres were dried in a vacuum oven at 80 °C for 6 h. The freshly
prepared carbon spheres (200 mg) and Cul (200 mg) were mixed in a
100 mL round-bottomed flask containing 40 mL of ethanol. The
reaction mixture was sonicated for 60 min and followed by reflux at 90
°C for 2 h. The resulting Cul/carbon sphere (Cul/CSP) composites
were collected by centrifugation and were dried at 80 °C under
vacuum.

General Procedure for Synthesis of Aminoindolizines (4)
and Chalcones (5). A mixture of pyridine-2-carboxaldehye 1 (1
mmol), secondary amines 2 (1 mmol), phenylacetylenes 3 (1 mmol),
and Cul/CSP catalyst (S mg) was stirred at 60 °C in ethylene glycol

2403

(2 mL) or solvent free conditions until the reaction was completed as
monitored by TLC. After completion of the reaction, ethanol was
added to the mixture and the catalyst was separated from the organic
layer by centrifugation. The recovered catalyst was washed with
ethanol for 3—4 times to remove all adsorbed organic substrates from
its surface and dried at 80 °C in a vacuum oven to reuse it in further
cycles. The organic layer was evaporated, and the crude products were
purified by flash chromatography.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.5b00701.

Characterization of recycled Cul/CSP composites such
as PXRD, SEM, TEM, and XPS of fresh and recycled
catalyst, green metric calculations; '"H NMR, F NMR,
and "*C NMR spectral data and spectra of all compounds
(PDEF).
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