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N - Doped Carbon Wrapped Polyoxometalate Derived from POM-
IL Hybrid: A Heterogeneous Catalyst for the Synthesis of
Coumarin Derivatives under Solvent-Free Conditions

Meenakshi Ramalingam,® Chandhru Mani,” Sundar Manickam,*® Kutti Rani Srinivasalu

Abstract: Vanadium substituted Keggin type polyoxometalate
loaded N-doped carbon was prepared from polyoxometalate ionic
liquid hybrid by carbonization process. The decomposition of organic
part generates various functional groups leaving polyoxometalate
part intact. The catalyst was characterized by elemental analysis,
FTIR, MAS ®C NMR, XPS and electron microscopy studies. The
presence of carboxylic acids, aromatic and hetero-aromatic groups
in the catalyst was confirmed by "®C NMR. The high resolution C1s
and O1s XPS analysis further confirmed the presence of these
groups. Various oxidation states of nitrogen were confirmed by
deconvoluted N1s XPS spectra. Pyridine adsorption study confirms
the presence of Bronsted and Lewis acid sites in the catalyst.

Layered structure of the catalyst was confirmed by HR TEM analysis.

The hybrid material displayed excellent catalytic activity towards the
synthesis of coumarin derivatives under solvent-free conditions.

Introduction

Polyoxometalates (POMs) are nano sized metal oxide clusters
of late transition metal ions with acidic and redox properties ™.
The acidic and redox properties of POMs are easily tuned by
varying the hetero or addenda atoms under optimized pH
conditions. The structural multiplicity of these materials makes
them attractive catalysts for various organic transformations like,
epoxidations, esterification, condensation and oxidation
reactions. Although, polyoxometalates are excellent catalyst for
various organic reactions, their catalytic activities are restricted
due to their formation of secondary aggregates in water.
Moreover, the recovery and reusability of the catalysts are highly
questionable as most of the polyoxometalates are highly water
soluble. In order to overcome these obstacles, heterogenization
of polyoxometalates on porous solids, surface modified solids
etc. leads to an increase in its specific surface area and hence
an increase in the catalytic activity “.. Also, the easy recovery
and better reusability of heterogenized polyoxometalates makes
them efficient catalysts for many liquid phase organic reactions.

In recent years, carbonaceous materials produced by
hydrothermal carbonization (HTC) are found to be a versatile
and efficient support for various organic transformations.
Su et. al., reported the N- functionalized onion-like carbon
(NOLC) supported H3sPW1,049 as an effective catalyst for ester
hydrolysis /. Zhang et. al., reported that the low loading (5-15%)
of HsPWi204 in NOLC are efficient oxidative esterification
catalyst. The better dispersion of the catalyst increases the
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efficiency and  reusability .  Vanadium  substituted
phosphomolybdate supported on to carbon derived from potato
was reported by Rafiee et.al. The material was found to be
excellent catalyst for oxidative desulfurization with recyclability
upto 4 cycles . Co-POM supported mesoporous carbon nitride
was found to be efficient water oxidation catalyst than
conventional Co-based oxidation catalyst . The high surface
area of the catalyst enhances the dispersion of Co-POM and
also prevents the deactivation. Wang et. al., reported new hybrid
material composed of POM-IL hybrid and N-doped mesoporous
carbon . The hybrid material showed good catalytic activity
towards liquid phase hydroxylation of benzene. Mo,C
encapsulated N-doped carbon prepared by carbonization of
polyoxometalate exchanged ionic copolymer was reported by
Leng et. al. The catalyst displayed good catalytic activity on
dehydrogenation of benzyl alcohols to yield selective aldehydes.
Recently, the same group reported the Mo.N nanoparticles
embedded in nitrogen carbon matrix derived from ionic liquids-
POM hybrids found to be an efficient catalyst for the
condensation of aldehydes and amines ..

Coumarin is a naturally occuring benzopyrone class of
compounds predominantely found in Rutaceae, Umbelliferae,
Clusiaceae, Guttiferae families. As they are found in natural
sources, they do possess various biochemical activities like
antimicrobial, anticancer, anti-HIV, anticoagulants and
antioxidant ). Moreover, coumarin derivatives are widely used in
various industries like food, pharmaceuticals, cosmetics!'”.
Since they show high blue-green fluorescence under UV
radiaitions, they are used as tunable laser dyes in optics''". The
well known protocol for the synthesis of coumarins is Pechmann
condenstion. The condensation involves the reaction between
phenols and active methylene compounds in presence of
Bronsted or Lewis acid catalysts. As most of the heteropoly
acids are Bronsted acids, Keggin type POM, H3PMo01204,
H3PW12040, their ammonium salts and silica supported have
been used as a catalyst for the synthesis of coumarin'?. The
Wells-Dawson  catalyst  HgP2Ws062.24H,0"!  and silica
supported " was reported as an efficient catalyst for the
coumarin synthesis. Heeravi et.al., compared the catalytic
activity of various heteropoly acids and found Pressylar type
POM was efficient interms of high yields and shorter reaction
time!"™®.. The same group reported the synthesis of 3-carboxylic
acid and 3-acetyl coumarins by the condensation of o-hydroxy
benzaldehydes and malonic acids!"®. Huang et. al., reported the
HsPW1204 supported polyvinylpyrrolindone as a effective
catalyst for the synthesis of coumarin derivatives!'”. The
supported catalyst showed better conversion and better
recyclability. Ranga Rao et.al., reported the synthesis of
derivatives of coumarin catalyzed by H3sPW1,040 modified SBA-
15 under microwave condition!®.

Herein, we synthesized N-doped carbon  wrapped
polyoxometalate by hydrothermal method using methyl octyl
imidazolium trivanado phosphotungstate hybrid material as
precursor. The catalytic activity of prepared catalyst was studied
by condensation of resorcinol and ethyl acetoacetate under
solvent free condition as model reaction.
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Scheme 1: Schematic representation for the preparation of PV;Wy@NC

Results and Discussion

Polyoxometalate wrapped N-doped carbon was prepared using
two step procedure as illustrated in the Scheme 1. In the first
step, the exchange of potassium ions in PV3WgO4o by methyl
octyl imidazolium cations leads to the formation of organic
inorganic hybrid material. The material will be designated
hereafter as OMPV3;Ws throughout the manuscript. The complete
exchange of potassium ions by imidazolium cations was
successful as evidenced from elemental analysis (Table 1). The
as-prepared organic inorganic hybrid was calcined at 350°C
under air atmosphere resulting in the formation of
polyoxometalate encapsulated N-doped carbon hybrid
(PV3Wy@NC) as a black material. From Table 1, it is evident
that the percentage of carbon, hydrogen and nitrogen content
decreases, mainly due to the carbonization of organic moiety
leading to the formation of oxy-functionalized groups.

Table 1. Elemental analysis of OMPV3;Wg and PV;W,@NC

S. No Compounds % C (calc) % H (calc) % N (calc)

1.0 OMPV;3Wy 23.14 3.74 4.31
(23.69) (3.81) (4.6)

2.0 PVsWs@NC 5.62 1.17 1.41

FTIR spectra of OMPV3;Wsy (Figure 1a) shows intense and
multiple characteristic vibrational frequncies of both organic and
inorganic moieties. It can be observed that vibrations of organic
functionalities are observed in the region above 1500cm™ while
the metal-oxygen stretching vibrations of [PV3WgO40]® anion are
usually observed in the region of 700-1200 cm™. The IR
spectrum of OMPV3;Wy showed vibrations at 1079 cm™,
1051 cm™, 944 cm™, 872 cm™ and 778 cm™ which corresponds
to the vas(Verown=Ot), Vsym(Verown=Ot), Vas(W-O), vas(W-O-W) and
vas(W-Oe-W) respectively!'?. The stretching vibrations of octyl
methyl imidazolium groups was found in the region 2800 - 3200
cm™. The octyl C-H group stretching vibrations are observed at
2922 and 2853 cm” while imidazolium =C-H stretching
vibrations are seen at 3060 and 3100 cm™. The carbonization of
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OMPV;3Wy leads to the structural deformation in the organic
moiety. This can be easily identified by the decrease in
intensities of vibrational frequencies (Figure 1b). The shoulder
peak at 1700cm™ and also a broad peak at 3500cm™ can be
attributed to the presence of carboxylic acid groups formed due
to oxidation of alkyl chains during calcination. From Figure 1b it
is observed that the characteristic peaks of PV3WyO4o remains
unaltered.

(a)
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Figure 1. FTIR spectra of (a) OMPV;Wy; (b) PV;W,@NC

The chemical environment of carbon moiety around PV3;Wg
polyoxometalate after carbonization was identified using '*C
MAS NMR. Usually, the imidazolium and octyl groups of the
OMPV;3Ws resonate at 130 and 50 ppm respectively. As shown
in Figure 2, the spectrum of PV3Wo@NC shows common
functional groups as broad peaks at 190, 129, 75 and 20ppm
which indicate the formation of new functionalities after
carbonization. The resonant peak at 190ppm is assigned to
carboxylic acid groups. The high intense peak centered at
129ppm corresponds to the formation of non-oxygenated sp?
hybridized carbons of large aromatic networks with heteroatom.
The sp® carbon bonded to heteroatoms resonates between 50 -
90 ppm while peak resonating in the region 0 - 40ppm is due to
sp® carbon bonded to aromatics and heteroatomatics 2. From
the "*C MAS NMR spectrum it is inferred that decomposition of
alkyl chain leads to the formation of aromatic systems with
oxygenated carbon species along with carboxylic acid group.

Cumrnaﬁcf
heteroaromatie

carboxylic CR-('II’;-O

Caliphatic

Figure 2. "*C MAS solid state NMR spectrum of PVsWe@NC after
carbonization at 350°C

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

XPS analysis was performed to probe the nature and oxidation
states of elements on the surface of the catalyst. The survey
scan spectrum of the PV3sWo@NC is shown in Figure 3a. The
high resolution of core level C1s spectrum (Figure 3b) is
deconvoluted into 4 peaks. The binding energy at 284.65 eV
attributed to C-C/C=C and 285.34 eV assigned to sp® C-N
bonding in heteroaromatic moiety 1. The higher binding energy
peak at 286.43 eV and 288.38 eV corresponding to the carbon
bonded to hzydroxyl groups and carboxylic acid groups
respectively *?.. Upon deconvolution of N1s high resolution
spectra, four peaks were observed at 397.08, 399.08, 401.08
and 403.08 eV (Figure 3c) and they are attributed to pyridinic N,
pyrrolic N, graphitc N and pyridinic-N-oxide respectively .
The core level O1s spectrum (Figure 3d) has been
deconvoluated into four peaks: 530.27, 531.41, 532.56, and
534.08 eV and they are associated with M-O bonds, carbonyl
C=0, C-OH and COOH bonds respectively.
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The surface morphology of the OMPV;Wgyand PV3;Ws@NC was
characterized by FESEM and the representative micrographs
are shown in Figure 4. The SEM micrograph of the OMPV3Wjq
(Figure 4a) shows the clusters of cuboidal particles with sharp
edges. The octyl imidazolium groups encapsulating the
polyoxometalate self assemble to form cuboidal like structure.
After carbonization, the complete disintegration of ordered
structure leading to the formation of irregular nano clusters with
different particle sizes could be observed (Figure 4b). The high
resolution TEM images of PVsWs@NC (Figure 5a, b) shows
linearly ordered polyoxometalate anion (dark area) encapsulated
by carbon layers (grey area).
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290 288 286
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(d) 01s

Intensity (a.u)

T T . T g
534 532 530 528
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Figure 3: XPS survey spectrum of (a) PV;Ws@NC, (b) high resolution XPS of C1s, (c) N1s and (d) O1s
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Furthermore, pyridine adsorption study was performed to
confirm the nature of acidic sites in the catalyst. Figure 6
showed the peaks at 1632, 1606, 1532, 1480 and 1445 cm™.
The stretching vibrations of pyridinium ions (Bronsted acidity)
are seen at 1632 and 1532 cm™" while the pyridine coordinated
to metal ions (Lewis acidity) are observed at 1608 and
1445 cm™. The band at 1481 cm™ is the combined band of
pyridine bonded to both Brénsted and Lewis acid sites .
Vanadium ions in the PV3Ws anion are responsible for the Lewis
acid sites and the carboxylic acid groups generated during the
carbonization process are accountable for Bronsted acidity.

Figure 4. FESEM image of (a) OMPV;3;Wy; (b) PVsW@NC
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Carbon layers

Figure 5. HRTEM image of (a) PV;W,@NC
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Figure 6. Pyridine-adsorption spectrum of PV;W,@NC
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Based on above characterization analysis, the possible organic
moiety of the catalyst has been formulated as shown in Figure 7.

HO. E 5 HOOC.

pyrrolic N

@ COOH

Figure 7. Possible structure of the PV;W,@NC

Table 2. Comparative study of various catalysts used for synthesis of
7-hydroxy-4-methylcoumarin®

S. No Catalysts Time (mins) Yield (%)h
1.0 PVsWs@NC 300 97
2.0 Catalyst free 300 0
3.0 KsPVsWo 300 15
4.0 OMPV; Wy 300 10
5.0 H3PW;2040° 30 9501201
6.0 H3PW2040 — ZrO, ¢ 480 5817
7.0 30% H3PW;2040— SN0, ° 120 7879
8.0 H3PW12040— PVP' 180 96"

[a] Resorcinol 2mmol, ethyl acetoacetate : resorcinol = 1.1, 0.2g of
catalyst, 120°C, [b] GC yield, [c] resorcinol 1mmol, methyl acetoacetate :
resorcinol = 1, 2mol% of catalyst, 130°C, [d] resorcinol 10mmol, methyl
acetoacetate : resorcinol = 1.5, 0.2g of catalyst, 130°C, [e] resorcinol
10mmol, ethyl acetoacetate : resorcinol = 2, 0.1g of catalyst, 120°C,
[f] resorcinol 0.1mol, ethyl acetoacetate : resorcinol = 1.3, 1g of catalyst,
toluene, 100°C,

Catalytic activity

OH
o o
. M PV;Wy@NC N
o N 120°C
'OH

Solvent free cond. HO' o o

Scheme 2: synthesis of 7-hydroxy -4-methyl coumarin

The synthesis of coumarin derivatives by the condensation of
resorcinol and ethyl acetoacetate was chosen as a model
reaction to test the catalytic activity of the PV;We@NC (Scheme
2). Table 2 shows the catalytic activity of PV;Wy@NC in
comparison with free phosphotungstic acid and supported
catalyst. The present catalyst, PV;Wy@NC gives the high yield
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of 7-hydroxy-4-methylcoumarin (97%) after 5 hrs at 120°C
(Table 2, entry 1). When the same reaction was performed
without the aid of catalyst no product was observed (Table 2,
entry 2). Similarly, the precursor polyoxometalates;
KePV3Wy and OMPV3;Wsy also gave poor yield under identical
reaction conditions (Table 2, entry 3&4). These studies
confirmed that the condensation reaction is mainly influenced by
the carboxylic acid sites in the catalyst formed during the
carbonization process. The HzPW1,040 catalyst showed a yield
of 95% coumarin in lesser reaction time (Table 2, entry 5). The
phosphotungstic acid supported catalyst with high substrate to
catalyst ratio (Table 2, entry 6, 7& 8) gave variable results
interms of yield and catalyst loading. From the table 2, it is
evident that PV3sWy@NC has similar activity with higher reaction
times compared to that of supported catalysts.

Table 3. PV;Wy@NC catalysed synthesis of coumarin derivatives under
solvent free conditions *

S. Phenol

: b
No derivatives Product % yield
OH "
OH
1.0 o o 92
OH
OH
AN
2.0 o7
OH HO o” o
OH
HO S
3.0 86
o O
OH
OH
=
4.0 HO o o 76
OH
N o W o W
HO OH HO oo
OH
N
6.0 o6
OH HO 0" "o

[a] Resorcinol 2mmol, ethyl acetoacetate : resorcinol = 1.1, 0.2g of catalyst,
120°C, 5hrs, [b] GC yield, [c] catalyst reused twice.
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Inorder to evaluate the versatility of the catalyst, substrate
generality  was performed using combinations  of
dihydroxybenzene derivatives and ethyl acetoacetate. In all the
cases studied, the reaction was successful with good to
excellent yields of corresponding coumarins. The results
obtained are as shown in Table 3. It could be noted that
resorcinol (Table 3, entry 2) gives better yield when compared to
hydroquinone and catechol (Table 3, entry 3&1). It is due to the
strong resonance effect of m-hydroxy group on the substrate.
The vyield is considerably low when electron releasing
substituent (-CH3) is present either in o- or m- positions to
phenolic -OH groups. Steric hinderance of 0-CHjs results in the
low conversion for 2-methyl resorcinol (Table 3, entry 4). Similar
case was observed for 5-methyl resorcinol (Table 3, entry 5)
where the presence of —CH3;in meta-position decreases the rate
of attack of phenolic —OH group on carbonyl group of B-keto
esters 7],

As far as the mechanisnistic aspect of the condensation reaction
is concerned, the first step is the Bronsted acid sites catalyzed
transesterification reaction between resorcinol and ethyl
acetoacetate followed by intramolecular hydroxyalkylation
leading to the formation of cyclic intermediate. The presence of
nitrogen atoms improves the basicity of the catalyst and
facilitates the abstraction of protons in the final dehydration step.

The reusability study was performed to test the efficiency and
robustness of the catalyst. The catalyst after the reaction was
recovered by centrifugation and reused for the catalytic reaction.
When compared to the fresh catalyst, the catalytic activity of the
reused catalyst reduced from 97 to 88% after two runs (Table 3,
entry 6). This decrease in activity could be ascribed to the
deactivation of Bronsted acid sites during the subsequent runs.
As the interactions between PV3;Wy and N-doped carbon weak,
there is a possibility of carbon leaching during recovery process.
The FTIR of reused catalyst (Figure 8) showed most of the
stretching vibrations of POMs are strong and undisturbed which
indicates inorganic anion, i.e. PV3WyO40 group are intact and
stable, while broadening of peaks was observed in the organic
part of the catalyst.

The efficiency and robustness of the catalyst can be improved
by increasing the number of alkyl chains in the ionic liquid
group’s thereby increasing carbon content or minimizing the loss
of organic moiety during carbonization process. On the other
hand, substituting POMs with high oxidation potential to promote
synergistic effects of both Bronsted and Lewis acidity

(b)

% Transmittance

(a)

T T

T v T T
750 1500 2250
Wave number (cm'1)

Figure 8. FTIR spectra of (a) Fresh PV;W,@NC
(b) Reused PV;Wo@NC
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Conclusions

In conclusion, we have prepared phosphovanadotungstate
loaded N doped carbon catalyst by simple metathesis followed
by carbonization. The prepared catalyst was characterized by
elemental analysis, FTIR and morphology studies. The structure
of the catalyst was evaluated by MAS *C NMR and XPS
analysis. Bronsted and Lewis acid behavior was studied using
pyridine adsorption analysis. The catalyst showed excellent yield
for unsubstituted resorcinol while moderate yield was obtained
for substituted compounds. The control experiments showed
that the catalysis was mainly governed by Brénsted acid sites
formed in the support during carbonization. The catalyst could
be reused twice with little loss in activity.

Experimental Section

Materials and methods:

N-Methyl imidazole and 1-bromooctane were purchased from Sigma
Aldrich. Sodium tungstate, phosphoric acid (85 weight %), glacial acetic
acid, sodium metavanadate and potassium chloride were purchased from
Merck. Dihydroxy compounds and ethyl acetoacetate were purchased
from Avra chemicals and used as such without any purification. Methyl
octyl imidazolium bromide, potassium trivanadium phosphotungstate,
methyl octyl imidazolium trivanadotungstate hybrid were prepared as per
process given in the literature.*®

Measurements

Elemental analysis was performed using a German Elemental vario
micro cube. The IR spectra of the samples were recorded in the ATR
mode with a Jasco FT/IR-6300 instrument in the 4000400 cm™" range.
BC  solid-state  MAS NMR experiments were acquired on a
Bruker DPX-200 (200MHz) (7 T) spectrometer using 4 mm zirconia
rotors as sample holders, spinning at MAS rate nMAS = 14 kHz.
The chemical shift reference was tetramethylsilane (TMS; d =
0 ppm). 'H t; relaxation time was set to 3 s. Proton-to-carbon
CP MAS was used to enhance carbon sensitivity with a cross
polarisation time equal to 1 ms. X-ray photoelectronspectra was
recorded with an ESCA-3 Mark |l spectrometer (VGScientific Ltd., UK)
with Al-Ka (1486.6 eV) radiation as the source.Spectra were referenced
to the binding energy of C1s (285 eV). Scanning electron microscope
images were acquired with a JEOL FESEM 6700F electron microscope.
Transmission electron microscopy (TEM) was performed with a JEOL
model JEM-2100 electron microscope operated at an accelerating
voltage of 200 kV. The pyridine adsorption studies were performed using
diffuse reflectance infrared Fourier transform (DRIFT). The catalyst was
mixed with dry pyridine and excess pyridine was removed by drying the
sample at 120°C under vacuum for 2hrs. After cooling the catalyst to
room temperature, the FTIR was recorded for the pyridine adsorbed
catalyst. The product from catalytic study was analysed using gas
chromatography (Shimadzu 2014) with use of a capillary column (Rtx-5,
30 m x 0.32 mm ID x 1 ym) and FID detector. Nitrogen was used as the
carrier gas at a flow rate of 37.1 mL min~" and a column flow of 1.1 mL
min~". The products were confirmed by GC-MS (Perkin—Elmer). A Clarus
680 chromatograph with capillary column (Elite-5MS, 30 m x 0.25 mm ID
x 250 ym df) connected to a Clarus 600 (El) mass spectrometer.

Preparation of PV;Wy@NC:
59 of methyl octyl imidazolium trivanado phosphotungstate was calcined

at 350°C under air atomsphere for 1 hour. After calcination, 2.0 g of
catalyst was obtained as a black solid.
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Synthesis of 7-Hydroxy -4-Methyl Coumarin : General procedure

0.2g of PV3Wy@NC catalyst was added to the reaction mixture
containing resorcinol (2mmol) and ethyl acetoacetate (2.2mmol). The
reaction mixture was heated to 120°C for 5hrs. After 5 hrs, 10ml
chloroform was added to remove the catalyst by centrifugation. The
organic layer obtained was washed with brine solution and dried using
sodium sulphate. The chloroform solution was filtered and analysed for
products by gas chromatography.
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