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Introduction

According to the Brazilian Metallurgy and Mining
Company (CBMM), Brazil holds 85% of the world’s
niobium reserves (730000 tons), followed by Canada
with 1600000 tons. The niobium mine production is
estimated to be 69100 tons annually worldwide,
being 60700 tons produced in Brazil [1]. The great
biocompatibility, lower toxicity of niobium, and high
strength promote the development of new artificial
implants in orthopedic and dental materials [2—4]. In
terms of compound compositions, four different
charge states are described for niobium: 0 (Nb),
2 + (NbO), 4 + (NbO,), and 5 + (Nb,Os). Because of
its electronic structure and coordination number, the
most stable oxidation state is 5 + , as in the niobium
pentoxide (Nb,Os) which is one of the most attractive
niobium compounds [5]. Due to its special variety of
electrotonic structure, niobium-based nanomaterials
have proven to be an important component in cat-
alytic applications, such as oxidation of cyclohexene,
oxidation of glycerol, and in the production of acrylic
acid [6, 71.

In this context, Nb,Os nanomaterials are exten-
sively employed and their synthesis can be provided
by Sol-Gel, polymeric precursor, co-precipitation,
and hydrothermal methods [8-11]. The polymor-
phism of Nb,Os can be controlled by changing the
method for its synthesis and variation parameters
that include type of Nb precursor, solvent, precipi-
tating agent, pressure, and principally, temperature,
in which until 900 °C T-Nb,Os is mostly observed,
between 900 and 1100 °C, the M-Nb,Os phase is
preferentially formed, and above 1100 °C, the
H-NDb,Os is achieved [12, 13]. However, some other
compounds can be obtained from the Nb,Os, which
can act as starting material to produce other oxides
and compounds, including niobium halides, niobic
acid, and niobates that are strongly effective for cat-
alytic applications, due to their special performances
and stabilities [14-16]. In this sense, sodium niobate
(NaNbOj3) has attracted special attention and has
been synthesized by different methods, such as Sol-
Gel, solid-state, microemulsion-mediated, solvother-
mal, and hydrothermal processes. Different Nb-
sources are employed in this way, for example, Nb
powder, Nb(OC,Hs)s, and Nb,Os. Among the above-
mentioned protocols, hydrothermal method is con-
sidered one of the best options for the synthesis of
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NaNDbOs;. In this case, H,O, Nb,Os, and NaOH are
employed as reactants at relatively low temperatures
(~ 100 — ~ 200 °C) [17-21]. In this type of method,
temperature and NaOH concentration are pointed as
the key elements for the preparation of NaNbOj;
nanoparticles displaying well-defined and controlled
morphologies and sizes. By the variation on these
parameters, it is possible to synthesize NaNbOj;
nanorods, nanosheets, and nanocubes, for example
[22, 23].

It is well-established that NaNbOj; exhibits
orthorhombic distorted perovskites structure, anti-
ferroelectric properties at room temperature, and
photochemical activity, which justify its utilizations
in a variety of technological applications, in which
these properties are demanded [18, 24]. However,
NaNbO; nanoparticles have also been applied in
heterogeneous catalysis as a catalyst by itself, such as
NaNbO; nanowires [25], and also as support for the
incorporation of active sites leading to the formation
of nanocomposites, such as Ru/NaNbO; [26] and
Ag/NaNbOj;. [24] Within this context, we present
herein the preparation of NaNbOj; nanoplates using a
commercial Nb,Os as starting material via a
hydrothermal process. Considering our research
interest in the synthesis, structural features, and
biological activities of indandiones and isobenzofu-
ranones [27-41], the catalytic performance of
NaNbOj; nanoplates was evaluated in condensation
reactions for the preparation of 2-arylidene indan-1,3-
diones and functionalized C-3 isobenzofuran-1(3H)-
ones. Besides, the efficiency of NaNbO;z; nanostruc-
ture catalyst was also evaluated in the synthesis of
Meldrum’s acid derivatives, and the results are
discussed.

Experimental section
Materials and instrumentation

Analytical grade indan-1,3-dione (CoHgO,, 97%,
Sigma-Aldrich), hydrated niobium acid (Nb,Os-nH,.
O, 81%, CBMM), 2-carboxy benzaldehyde (phtha-
laldehydic acid) (CgHgOs, 97%, Sigma-Aldrich),
Meldrum'’s acid (C¢HgO4, 98%, Sigma-Aldrich),
4-chloro benzaldehyde (CIC¢H4,CHO, 97%, Sigma-
Aldrich), 4-bromo benzaldehyde (BrCH,CHO, 99%,
Sigma-Aldrich), 4-nitro benzaldehyde (O,NC¢H,4.
CHO, 98%, Sigma-Aldrich), 4-fluoro benzaldehyde
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(FCcH4,CHO, 98%, Sigma-Aldrich), 4-methoxy ben-
zaldehyde (CH;O0C¢H4CHO, 98%, Sigma-Aldrich),
benzaldehyde (CesH4CHO, > 99%, Sigma-Aldrich),
4-hydroxy benzaldehyde (HOCH,CHO, 98%,
Sigma-Aldrich),  3,4,5-trimethoxy  benzaldehyde
(CH30);CcH4CHO, 98%, Sigma-Aldrich), 2-hydroxy
benzaldehyde (HOC:H,CHO, 98%, Sigma-Aldrich),
3-hydroxy benzaldehyde (HOC¢sH4,CHO, > 99%,
Sigma-Aldrich), 4-hydroxy-3-methoxy benzaldehyde
(HOCgH3(OCH3)CHO, 97%, Sigma-Aldrich), 1,3-cy-
clohexanedione (C¢HgO,, 97%, Sigma-Aldrich),
5-methyl-1,3-cyclohexanedione  (C;H;00,,  98%,
Sigma-Aldrich), 5,5-dimethyl-1,3-cyclohexanedione
(dimedone) (CgH1,0,, 95%, Sigma-Aldrich), and 1,3-
cyclopentanedione (CsHO,, 97%, Sigma-Aldrich)
were used as received. The solvents (ethanol, C,H¢O,
99%; hexane, C¢Hjs—a mixture of isomers; ethyl
acetate, C4;HgO,, 99.5%; dichloromethane, CH,Cl,,
99.5%; acetone, C3HeO, 99.5%) were purchased from
Vetec, Brazil.

The scanning electron microscopy (SEM) images
were obtained using a JEOL field emission gun
electron microscope JSM6330F operated at 5 kV.
Energy dispersive spectroscopy (EDS) analyses and
scanning transmission electron microscopy (STEM)
images were obtained using a Tescan VEGA 3 LMU
scanning electron microscope operated at 20 kV.
High-resolution transmission electron microscopy
(HRTEM) images were obtained using an FEI TEC-
NAI T20 scanning electron microscope operated at
200 kV. The samples were prepared by drop-casting
an aqueous suspension containing the structure over
a cooper grid or over a silicon wafer, followed by
drying under ambient conditions. X-ray diffractom-
etry (XRD) measurements were performed on a
Rigaku model Miniflex equipment using a CuKa
radiation (B0 kV, 15 mA, A=0.15418 nm). The
diffraction patterns were measured between 10° and
90° 20 with a step size of 0.02° 26. The textural
properties of the materials were determined from N,
adsorption/desorption  isotherms, Micrometrics
ASAP 2020 surface area analyzer and porosity ana-
lyzer equipment. The samples were pretreated at
300 °C for 2 h, and then degassed under vacuum. The
values of the specific surface areas were determined
from the Brunauer-Emmett-Teller (BET) equation.
The total pore volume was determined by the
adsorption isotherms using the model proposed by
Barrett-Joyner-Halenda (BJH). Hydrogen tempera-
ture-programmed reduction (H,-TPR) analyses were
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performed using a Micrometrics Chemisorb 2705
equipment. In the analyses, 50 mg of material was
used at a temperature ramp of 25 to 1100 °C at
10 °C min~! and a flow of 30 mL min~! of 5% H,/
N,. Samples were pretreated at 200 °C for 2 h under
He flow. The surface basicity was determined by
temperature-programmed desorption of CO, (CO,-
TPD) in a multipurpose unit with a Pfeiffer Vacuum
Prisma detector mass spectrometer. Typically, 0.1 g
of solid material was dried with He flow at 200 °C for
0.5 h and then cooled down to room temperature.
The solid was reduced with H, flow at 500 °C for 1 h,
then kept with He flowed for 1 h and cooled down to
room temperature. CO, was adsorbed with a CO,
flow at room temperature for 0.5 h. The catalysts
were cleaned with He flow for 1 h. Finally, the tem-
perature ramp of 25 to 800 °C at 20 °C min~' was
utilized. The surface acidity was determined by
temperature-programmed desorption of NH; (NH3-
TPD) in a multipurpose unit with a Pfeiffer Vacuum
Prisma detector mass spectrometer. Typically, 0.1 g
of solid material was dried with He flow at 200 °C for
0.5 h and then cooled down to room temperature.
The solid material was reduced with H, flow at
500 °C for 1 h, then kept with He flowed for 1 h and
cooled down to room temperature. NH; was adsor-
bed with a 4% NH;/He flow at room temperature for
0.5 h. The solid material was treated with He flow for
1 h. Finally, the temperature ramp of 25 to 800 °C at
20 °C min~" was employed.

'H-NMR (300 MHz) and "“C-NMR (75 MHz)
spectra were recorded on a Varian Mercury 300
instrument. 'H-NMR (400 MHz) and '>C-NMR
(100 MHz) spectra were acquired on Bruker
AVANCE DRX 400 spectrometer. 'H-NMR
(200 MHz) and "C-NMR (50 MHz) spectra were
acquired on Bruker AVANCE DPX 200 spectrometer.
For the NMR spectrum acquisition, CDCl3;, MeOH-d,,
and DMSO-d; were used as solvents. NMR data are
presented as follows: chemical shift (6) in ppm,
number of hydrogens, multiplicity, | values in Hertz
(Hz). Multiplicities are shown as the following
abbreviations: s (singlet), d (doublet), dd (doublet of
doublets) dd,, (apparent doublet of doublets), t (tri-
plet), brs (broad singlet), t,, (apparent triplet), t (tri-
plet), and m (multiplet). IR spectra were obtained
using Varian 660-IR equipped with GladiATR scan-
ning from 4000 to 500 cm™'. Analytical thin-layer
chromatography analysis was conducted on alu-
minum backed pre-coated silica gel plates using
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different solvent systems and was visualized using
UV light. Reactions heated via microwave irradiation
were conducted in a CEM Discover microwave
reactor. Melting points were determined using
MQAPF-301 melting point apparatus and were not
corrected.

Synthesis of NaNbO; nanoplates

Niobium-based nanostructured catalyst was pre-
pared using a procedure similar to that described by
Dos Reis et al. [42] In a typical procedure, 2.00 g of
commercial powdered Nb,OsnH,O and 25 mL of
10 mol L' NaOH aqueous solution were added to a
glass pressure vessel. After sealing the vessel, the
mixture was heated at 150 °C under vigorous stirring
for 72 h. After this period, the mixture was cooled
down to room temperature and then washed with
distilled water and vacuum filtered. To the obtained
solid, 500 mL of aqueous HCI solution was added
(pH = 2), and the resulting mixture was stirred for
24 h. After this period, the mixture was centrifuged,
and the resulting solid was washed up three times
with HCI (pH =2) and three times with distilled
water and oven-dried at 110 °C for 2 h.

Synthesis of indan-1,3-dione derivatives

Synthesis of 2-(4-chlorobenzylidene)-1H-indene-1,3(2H)-
dione (1)

Indan-1,3-dione (150 mg, 1.00 mmol), 4-chloro ben-
zaldehyde (144 mg, 1.00 mmol), and nanostructured
NaNbO; (13.0 mg, 0.0800 mmol) were added to a
sealed tube (10 mL). The reaction mixture was irra-
diated in the microwave reactor at 85 °C with a ramp
time of 2 min, medium agitation, and using a closed
system for 10 min. The reaction was monitored by
thin-layer chromatography. After the completion of
the reaction, dichloromethane was added to the
mixture, followed by simple filtration. Compound 1
was obtained as a yellow solid in 70% yield (189 mg,
0.703 mmol) after recrystallization from dichlor-
omethane-ethanol (1:1 v v™'). The structure of 1 is
supported by the following data.

Mp 175.9-177 °C (Lit.: 176.3-177.8 °C) [32]. IR
(ATR) v: 3091, 3064, 1725, 1918, 1887, 1725, 1684, 1576,
1071, 732, 427 cm™'. "TH-NMR (300 MHz, CDCl,) §:
747 2H, d, | = 8.4 Hz), 7.81-7.83 (3H, m), 7.99-8.01
(2H, m), 8.41 2H, d, | = 8.4 Hz). ">*C-NMR (75 MHz,
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CDCl,) ¢6: 123.39, 123.41, 129.1, 1294, 131.5, 135.3,
135.5, 139.5, 140.1, 142.5, 145.1, 188.9, 189.9.

Synthesis of indan-1,3-dione derivatives 2-11

A similar procedure to that described for the prepa-
ration of 1 was utilized to synthesize compounds 2-
11. The structures of these compounds are supported
by the following data.

2-(4-nitrobenzylidene)-1H-indene-1,3(2H)-dione

(2)  Yellow solid, Mp 232.9-233.7 °C (Lit.: 233.1-
233.6 °C) [32]. IR (ATR) v: 3112, 3050, 1980, 1941,
1731, 1687, 1586, 1513, 1345, 855 cm™'. 'H-NMR
(300 MHz, DMSO-dy) 6: 7.93 (1H, s), 7.96-8.04 (4H,
m), 8.33 2H, d, | = 9.0 Hz), 8.58 (2H, d, | = 9.0 Hz).
3C.NMR (75 MHz, DMSO-d,) §: 123.79, 123.86, 132.9,
134.6, 136.7, 136.8, 138.9, 140.2, 142.0, 142.6, 149.3,
188.6, 189.2.

2-(4-bromobenzylidene)-1H-indene-1,3(2H)-dione

(3) Yellow solid, Mp 169.8-170.5 °C (Lit.: 169.7—
170.3 °C) [32]. IR (ATR) v: 3091, 3060, 1893, 1853,
1724, 1684, 1573, 1069, 827, 504 cm~'. 'H-NMR
(300 MHz, CDCl3) §: 7.63 2H, d, ] = 8.7 Hz), 7.79 (1H,
s), 7.81-7.83 (2H, m), 7.99-8.02 2H, m), 8.32 2H, d,
J =8.7 Hz). ®*C-NMR (75 MHz, CDCl;) o: 123.41,
123.43, 128.3, 129.6, 131.9, 132.1, 135.4, 135.5, 140.1,
142.5, 145.2, 188.9, 189.9.

2-(4-methoxybenzylidene)-1H-indene-1,3(2H)-dione

(4) Yellow solid, Mp 155.5-156.6 °C. (Lit.: 155.3-
156.8 °C) [32]. IR (ATR) v: 3074, 2981, 2933, 1972,
1941, 1716, 1677, 1505, 1428, 1264, 1174, 1023, 837,
728 cm ™. "H-NMR (300 MHz, CDCl3) 6: 3.90 (3H, s),
7.00 2H, d, ] = 9.0 Hz), 7.76-7.80 2H, m), 7.83 (1H, s),
7.93-8.00 (2H, m), 8.53 (2H, d, ] = 9.0 Hz). >*C-NMR
(75 MHz, CDCly) 6: 55.6, 114.4, 123.0, 126.4, 126.5,
134.8, 135.0, 137.1, 139.9, 142.3, 146.8, 164.0, 189.4,
190.7.

2-(4-hydroxybenzylidene)-1H-indene-1,3(2H)-dione

(5) Yellow solid, Mp 235.7-236.2 °C. (Lit.
235.8-236.0 °C) [32]. IR (ATR) v: 3363-3025 (broad
band), 2954, 2885, 2024, 1976, 1716, 1656, 1553, 1512,
1206, 737 cm™'. 'H-NMR (300 MHz, DMSO-d) &:
6.92 (2H, d,] = 8.7 Hz),7.72 (1H, s), 7.86-7.92 (4H, m),
850 (2H, d, ] =8.7 Hz), 10.86 (1H, s). *C-NMR
(75 MHz, DMSO-d,) 6: 116.4,123.1, 123.2, 125.0, 125.6,
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135.8, 135.9, 138.0, 139.6, 142.0, 146.7, 163.7, 189.4,
190.4.

2-(4-hydroxy-3-methoxybenzylidene)-1H-indene-1,3(2H)-
dione (6) Yellow solid, Mp 215.5-216.2 °C (Lit.:
215.6-216.4 °C) [32]. IR (ATR) v: 3550-3401 (broad
band), 2981, 2942, 1911, 1870, 1707, 1655, 1562, 1299,
1137, 1019, 730 em™". "H-NMR (300 MHz, DMSO-dj)
0: 3.90 (3H, s), 6.93 (1H, d, ] = 8.4 Hz), 7.72 (1H, s),
7.86-7.94 (5H, m), 8.68 (1H, d, | = 1.8 Hz). >*C-NMR
(75 MHz, DMSO-dg) 6: 56.1, 116.1, 117.2, 123.1, 123.2,
1254, 125.5, 132.1, 135.8, 135.9, 139.6,142.1, 147.3,
147.8, 153.7, 189.6, 190.4.

2-benzylidene-1H-indene-1,3(2H)-dione (7)  Yellow
solid, Mp 150.6-151.1 °C. (Lit.: 150.6-150.8 °C) [32].
IR (ATR) v: 3087, 3056, 2021, 1976, 1724, 1684, 1611,
1574, 1007, 827, 732, 583 cm'. '"H-NMR (300 MHz,
CDCly) 6: 7.48-7.58 (3H, m), 7.78-7.84 2H, m), 7.89
(1H, s), 7.98-8.04 (2H, m), 8.44-8.46 (2H, m). > C-NMR
(75 MHz, CDCl,) d: 123.3, 123.4, 128.8, 129.2, 133.1,
133.2, 134.1, 135.1, 135.3, 140.0, 142.5, 146.9, 188.9,
190.2.

2-(3 4,5-trimethoxybenzylidene)-1H-indene-1,3(2H)-dione
(8) Orange solid, Mp 185.5-185.9 °C (Lit.: 185.4—
185.6 °C) [32]. IR (ATR) v: 3104, 2998, 2977, 2933,
1990, 1963, 1714, 1677, 1560, 1497, 1306, 1126,
731 em ™! 'TH-NMR (300 MHz, CDCl,) 8: 3.98 (3H, s),
3.99 (6H, s), 7.78-7.81 (3H, m), 7.95 (2H, s), 7.97-7.99
(2H, m). ®*C-NMR (75 MHz, CDCl;) &: 56.3, 61.0,
112.0, 123.1, 123.2, 127.7, 128.4, 135.0, 135.2, 139.8,
142.4, 143.0, 147.3, 152.8, 189.4, 190.4.

2-(4-fluorobenzylidene)-1H-indene-1,3(2H)-dione

(9) Yellow solid, Mp 179.8-181.2 °C (Lit.: 181.7 °C)
[32]. IR (ATR) v: 3070, 3039, 1986, 1967, 1727, 1686,
1617, 1198, 834, 731 cm™'. 'H-NMR (300 MHz,
CDCl3) ¢6: 7.18 (2H, t.,, | =87 Hz), 779 (1H, ),
7.80-7.83 (2H, m), 7.96-8.03 (2H, m), 8.52 (2H, dd.p,
J; = 8.7 Hz, ], = 5.6 Hz). "*C-NMR (75 MHz, CDCl,)
5:116.1 d, }Jc.r = 21.8 Hz), 123.32, 123.34, 128.6, 129.6
d, Yer=30Hz), 1353, 1354, 1369 @ ]c
F=90Hz), 140.0, 1424, 1454, 1656 d, 'Jc.
r = 255.8 Hz), 189.1, 190.1.

2-(3-hydroxybenzylidene)-1H-indene-1,3(2H)-dione
(10)  Yellow solid, Mp 212.0-212.8 °C (Lit.: 212.1-
212.8 °C) [31]. IR (ATR) v: 3232, 2898, 2844, 1997,
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1972, 1717, 1662, 1575, 1452, 1387, 855, 736 cm™!. 'H-
NMR (300 MHz, DMSO-d,) 6: 7.03 (1H, d, | = 8.1 Hz),
7.35 (1H, t.p, ] =7.9 Hz,), 7.73 (1H, s), 7.83 (1H, 4,
] = 7.7 Hz), 7.92-7.99 (4H, m), 8.02 (1H, s). >*C-NMR
(75 MHz, DMSO-d,) 6: 120.1, 121.2, 123.5, 123.6, 125.9,
129.5, 130.2, 134.4, 136.3, 136.4, 139.9, 142.4, 146.3,
157.8, 188.9, 189.9.

2-(2-hydroxybenzylidene)-1H-indene-1,3(2H)-dione

(11) Yellow solid, Mp 182.2-182.5 °C (Lit.: 182.1-
182.3 °C) [31]. IR (ATR) v: 3349-2991 (broad band),
1994, 1959, 1713, 1667, 1565, 1457, 1272, 1152, 848,
731 cm™'. "TH-NMR (300 MHz, DMSO-d;) 9: 6.90-7.00
(2H, m), 7.42-7.47 (1H, m), 7.89-7.93 (4H, m), 8.31
(1H, s), 8.87 (1H, d, ] = 7.9 Hz), 10.85 (1H, s). *C-
NMR (75 MHz, DMSO-d) d: 116.4,119.4,120.3, 123.3,
123.4, 127.5, 133.6, 136.1, 136.2, 136.5, 139.8, 140.3,
142.2, 160.4, 189.3, 190.4.

Synthesis of C-3 functionalized isobenzofuran-1(3H)-ones

Synthesis of 3-(2-hydroxy-4,4-dimethyl-6-oxo-cyclohexen-
1-yl)isobenzofuran-1(3H)-one (12) The phthalaldehy-
dic acid (154 mg, 1.00 mmol), the 5,5-dimethylcyclo-
hexane-1,3-dione (147 mg, 1.00 mmol), and the
nanostructured ~ NaNbOj;  catalyst  (13.0 mg,
0.0800 mmol) were added to a sealed tube (10 mL).
The mixture was irradiated in the microwave reactor
at 85 °C with a ramp time of 2 min, medium stirring,
and using a closed system for 10 min. The reaction
was monitored by thin-layer chromatography. After
completion of the reaction, ethyl acetate was added to
the reaction mixture followed by simple filtration.
The resulting material was recrystallized from ethyl
acetate. Compound 12 was obtained in 83% yield
(223 mg, 0.830 mmol). The structure of 12 is sup-
ported by the following data.

White  solid, Mp  211.3-212.1°C  (Lit:
212.1-213.0 °C) [29]. IR (ATR) v: 2962, 2934, 2884,
2535 (broad band), 1763, 1569, 1382, 1321, 1121, 1059,
942, 738, 694, 613, 574 cm~'. 'H-NMR (400 MHg,
MeOH-dy) 6: 1.09 (6H, s), 2.35 (4H, s), 6.70 (1H, s), 7.31
(1H,d,] =7.6 Hz),7.50 (1H, t,] = 7.6 Hz), 7.66 (1H, ¢,
J=76Hz), 781 (1H, d, ]|=7.6Hz). “C-NMR
(100 MHz, MeOH-d,) ¢: 28.5, 33.1, 47.9, 76.6, 110.1,
122.6, 125.8, 128.2, 129.5, 135.2, 152.4, 174.2, 188.9.

Synthesis of C-3 functionalized isobenzofuran-1(3H)-ones
13-16 A similar procedure to that described for the
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preparation of 12 was utilized to synthesize com-
pounds 13-16. The structures of these compounds are
supported by the following data.

3-(2-hydroxy-5-oxocyclopent-1-enyl)isobenzofuran-1(3H)-
one (13) White solid, Mp 206.2—207.1 °C (Lit.
203.6—205.2 °C) [29]. IR (ATR) v: 2987, 2930, 2370
(broad band), 2366, 2339, 1763, 1648, 1557, 1368, 1281,
1048, 963. "H-NMR (200 MHz, CDCl; 4+ DMSO-dj)
2.27 (4H, brs), 6.07 (1H, s), 7.11 (1H, d, ] = 7.2 Hz),
7.23-7.45 (2H, m), 7.62 (1H, d, | = 7.2 Hz). *C-NMR
(50 MHz, CDCl; 4+ DMSO-dg) o: 31.8, 74.5, 112.6,
123.3, 126.0, 127.5, 129.7, 134.9, 150.1, 172.2, 197.3.

2-(3-0x0-1,3-dihydroisobenzofuran-1-yl)-1H-indene-
1,3(2H)-dione (14) Brown solid, Mp 214.9-216.3 °C
(Lit.: 214.0-215.3 °C) [29]. IR (ATR) v: 3068, 2922,
1770, 1741, 1702, 1266, 1221, 1054 cm™'. "H-NMR
(400 MHz, CDCl; + DMSO-ds) o: 412 (1H, d,
] =24 Hz),6.20 (1H, d, ] = 2.4 Hz), 7.84 (m, 8H). *C-
NMR (100 MHz, CDCl; + DMSO-ds) d: 55.0, 77.3,
124.2, 123.1, 123.6, 125.3, 125.8, 129.5, 134.4, 136.1,
142.1, 142.5, 147 .4, 169.4, 194.9, 196.3.

3-(2-hydroxy-6-oxocyclohex-1-enyl)isobenzofuran-1(3H)-
one (15) White solid, Mp 217.6-218.3 °C (Lit.:
217.5-218.0 °C) [29]. IR (ATR) v: 2960, 2917, 2887,
2555 (broad band), 1758, 1565, 1380, 1281, 1056, 1025,
944 cm™". "H-NMR (400 MHz, DMSO-de) 6: 1.83-1.91
(2H, m), 2.26-2.45 (4H, m), 6.59 (1H, s), 7.30 (1H, d,
J=7.6 Hz), 7.50 (1H, dd, ] =7.6, 7.2 Hz), 7.65 (1H,
dd,J=76,72Hz),7.78 (1H,d, ] = 7.6 Hz). >*C-NMR
(100 MHz, DMSO-d,) o: 20.1, 32.6, 74.3, 109.1, 121.4,
124.2, 126.5, 128.0, 133.6, 150.7, 170.7, 188.0.

3-(2-hydroxy-4-methyl-6-oxocyclohex-1-enyl)isobenzofu-
ran-1(3H)-one (16) White solid, Mp 190.1-190.5 °C
(Lit.: 189.2 — 191.6 °C) [29]. IR (ATR) v: 2960, 2917,
2886, 2565 (broad band), 1757, 1564, 1380, 1281, 1060,
944, 787, 740, 690, 538. "H-NMR (400 MHz, MeOH-d,)
0:1.08 BH, d, | = 4.8 Hz), 2.13-2.55 (5H, m), 6.69 (2H,
s), 731(1H, d, J=7.6Hz), 749 (1H, dd, J=7.6,
72 Hz), 7.64 (1H, dd, ] =7.6, 7.2 Hz), 7.81 (1H, d,
J = 7.6 Hz). >*C-NMR (100 MHz, MeOH-d,) &: 21.0,
29.5,42.2,76.6, 110.8, 122.7, 125.7, 128.2, 129.5, 135.2,
152.4, 174.2, 189.7.
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Synthesis of the Meldrum’s acid derivatives

5-(4-chlorobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-
dione (17) Meldrum’s acid (147 mg, 1.00 mmol),
4-chlorobenzaldehyde (144 mg, 1.00 mmol), and
nanostructured NaNbO; (13.0 mg, 0.0800 mmol)
were added to a sealed tube (10 mL). The reaction
mixture was irradiated in the microwave reactor at
85 °C with a ramp time of 2 min, medium agitation,
and using a closed system for 5 min. The reaction
was monitored by thin-layer chromatography. After
the completion of the reaction, dichloromethane was
added to the mixture, followed by simple filtration.
Compound 17 was obtained as a white solid in 61%
yield (161 mg, 0.612 mmol) after recrystallization
from dichloromethane-ethanol (1:1 vv™'). The
structure of 17 is supported by the following data.

Mp 161.1-162.0 °C. IR (ATR) v: 3008, 2991, 2954,
2858, 2011, 1932, 1764, 1730, 1618, 1584, 1403, 1281,
1192, 1030, 933, 822, 793, 417 cm '. 'H-NMR
(300 MHz, DMSO-dy) o: 1.74 (6H, s), 7.56 (2H, d,
] =84 Hz), 8.02 2H, d, ] = 8.4 Hz), 8.34 (1H, s). 1°C-
NMR (75 MHz, DMSO-d,) 8: 27.4, 105.3, 116.6, 129.0,
131.2, 135.1, 138.0, 155.8, 160.1, 162.0.

Synthesis of the Meldrum’s acid derivatives 18—21 A
similar procedure to that described for the prepara-
tion of 17 was utilized to synthesize compounds 18—
21. The structures of these compounds are supported
by the following data.

5-(4-bromobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-
dione (18) White solid, Mp 161.1-162.0 °C. IR (ATR)
v: 3008, 2946, 2912, 2863, 1932, 1774, 1732, 1490, 1403,
1312, 1264, 1123, 1012, 970, 875, 732, 458 cm™'. 'H-
NMR (300 MHz, DMSO-de) 6: 1.74 (6H, s), 7.71 (2H, d,
] =84 Hz), 792 2H, d, ] = 8.4 Hz), 8.33 (1H, s). °C-
NMR (75 MHz, DMSO-de) o: 27.6, 105.1, 116.8, 127 4,
131.5, 131.9, 134.9, 155.8, 159.8, 162.8.

5-(4-fluorobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-

dione (19) White solid, Mp 157.8-158.4 °C. IR (ATR)
v: 3012, 2960, 2919, 2858, 1972, 1769, 1732, 1510, 1311,
1200, 1069, 1017, 970, 831, 541, 444 cm™'. "H-NMR
(300 MHz, DMSO-dg) d: 1.74 (6H, s), 7.35 QH, t,
] =87Hz), 814 (2H, m), 836 (1H, s). C-NMR
(75 MHz, DMSO-dg) d: 27.4, 105.1, 105.5, 115.5 (d, %]
r=3.8Hz), 116.1 d, ’Jcr = 21.8 Hz), 129.0, 136.6 (d,
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er=9.8 Hz), 156.0, 161.6 (d, 'Jcr = 239.3 Hz),
164.8.

5-(4-methoxybenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-
dione (20) Yellow solid, Mp 122.8-123.5°C. IR
(ATR) v: 2994, 2942, 2844, 1990, 1976, 1709, 1571, 1427,
1370, 1281, 1161, 1015, 930, 835, 795 cm~'. 'H-NMR
(300 MHz, DMSO-dy) o: 1.72 (6H, s), 3.86 (3H, s), 7.07
(2H, d, ] = 8.7 Hz), 8.21 (2H, d, | = 8.7 Hz), 8.29 (1H,
5). >*C-NMR (75 MHz, DMSO-dg) d: 27.6, 56.4, 104.6,
112.0, 114.9, 125.0, 137.6, 157.2, 160.7, 163.7, 164.4.

2,2-dimethyl-5-(3 4,5-trimethoxybenzylidene)-1,3-diox-
ane-4,6-dione (21) Orange solid, Mp 157.8-158.9 °C.
IR (ATR) v: 3002, 2981, 2950, 2836, 1972, 1713, 1563,
1426, 1394, 1183, 1015, 933, 862, 792 cm~!. 'H-NMR
(300 MHz, DMSO-d,) 6: 1.73 (6H, s), 3.78 (3H, s), 3.80
(6H, s), 7.67 2H, s), 8.29 (1H, s). >C-NMR (75 MHz,
DMSO-d;) o0: 27.3, 56.6, 60.8, 104.8, 112.7, 114.2, 122.4,
143.0, 152.8, 157.2, 160.4, 163.5.

Synthesis of 3-carboxy coumarin (22)

Meldrum’s acid (147 mg, 1.00 mmol), 2-hydroxy
benzaldehyde (122 mg, 1.00 mmol), and nanostruc-
tured NaNbOj; (13.0 mg, 0.0800 mmol) were added to
a sealed tube (10 mL). The reaction mixture was
irradiated in the microwave reactor at 85 °C with a
ramp time of 2 min, medium agitation, and using a
closed system for 10 min. The reaction was moni-
tored by thin-layer chromatography. After the com-
pletion of the reaction, dichloromethane was added
to the mixture, followed by simple filtration. Com-
pound 22 was obtained as a white solid in 82% yield
(156 mg, 0.821 mmol) after recrystallization from
dichloromethane-ethanol (1:1 v v ). The structure of
22 is supported by the following data.

White solid, Mp 190.3-191.5 °C (Lit.: 191.0-

192.0 °C) [33]. IR (ATR) v: 3060, 2919, 2778, 1976,
1736, 1672, 1606, 1565, 1416, 1225, 1040, 826, 792, 644,
467 em~'. 'H-NMR (300 MHz, DMSO-dy) o:
7.35 — 7.42 (2H, m), 7.70 (1H, t, | = 7.8 Hz), 7.88 (1H,
d, ] = 7.8 Hz). >*C-NMR (75 MHz, DMSO-d,) : 116.6,
118.4, 118.7, 125.2, 130.7, 134.8, 149.1, 155.0, 157.2,
164.7.
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Results and discussion

For the development of a high-performance catalytic
process, our initial focus was the synthesis of an
original catalyst based on Nb, which had a high
capacity to promote condensation reactions of
organic compounds. To this end, as shown in Fig. S1,
we employed a hydrothermal route inspired by the
process reported by Dos Reis to obtain nanostruc-
tures based on TiO, nanowires with precise control of
their properties [42]. Thus, using a commercial nio-
bium oxide, Nb,Os-nH,O (supplied by CBMM), as a
starting material, NaNbOj; nanoplates with well-de-
fined and controlled shapes and narrow size distri-
bution could be successfully obtained, as shown in
Fig. 1, which depictes the scanning electron micro-
scopy (SEM), scanning transmission electron micro-
scopy (STEM), dark field STEM, and elemental
mapping of Nb, O, and Na images for the obtained
NaNbO; nanoplates. For comparison, the same
analyses were carried out for the commercial Nb,.

First of all, it can clearly be noted that the com-
mercial Nb,Os-nH,O catalyst presented typical fea-
tures of commercial solid oxides (SiO,, TiO,, CeO,,
among others) [43, 44], which includes the poor
control over shape and size, and no morphological
definition (Fig. S2A-G). On the other hand, as
depicted in the EDS elemental maps for Nb (red,
Fig. S2H) and O (green, Fig. S2I), both Nb and O were
uniformly distributed in all Nb,Os-nH,O structure
without the presence of any other element in its
composition, as indicated by the EDS spectra
obtained from a set of particles (Fig. S2G). However,
as illustrated by the images in Fig. 1, using the
hydrothermal method, NaNbO; nanoplates display-
ing well-defined sizes and shapes were obtained,
illustrating the robustness of our employed protocol.
The obtained nanoplates were 55.7 £+ 39.3 nm in
width and > 0.4 um in length, as depicted in the
histograms of size distribution (Fig. S3). As observed
in the SEM (Fig. 1a), bright field STEM (Fig. 1b), dark
field STEM (Fig. 1c), HRTEM (Figs. 1d—f), and EDS
elemental mapping of Na (Fig. 1h), Nb (Fig. 1i), and
O (Fig. 1j) images, it is observed that the obtained
NaNbO; structure is comprised by a set of nanoplates
superimposed on each other. However, through
ultrasound washing and redispersion, it was possible
to separate the nanoplates individually and observe
their structural, dimensional, and morphological
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Figure 1 SEM a, STEM dark field b, STEM bright field ¢, HRTEM d—f, EDS elemental mapping g—j images, and EDS spectrum k for
the NaNbOj; nanoplates.

Counts per second (eV)

characteristics. Herein, as shown in Figs. 1h—j, all Na,
Nb, and O atoms were uniformly distributed along
the entire NaNbO; structure indicating the successful
combination of these elements in the NaNbO; nano-
plates, which is consistent with the formation of a
solid solution displaying a uniform composition
without any elemental segregation throughout the
particle length [45].

XRD patterns for the commercial Nb,Os-nH,O and
the obtained NaNbO; nanoplates are shown in
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Fig. 2a. Herein, the diffractogram for the commercial
Nb,Os-nH,0 (red curve) presented a typical behavior
of mostly amorphous structures with two broad
peaks related to N,Os-based phases [46]. On the other
hand, the obtained NaNbO; nanoplates (black curve)
presented a well-defined profile composed of peaks
assigned to only NaNbOj crystalline phases without
any detected impurities, in agreement with the EDS
images and spectra (Figs. 1Th-k) [22].
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Figure 2 XRD patterns a, H,- —— NaNbO, nanoplates —— Nb,0..nH,0
TPR profiles b, CO, (a) (111) (b) 840°C
desorption profiles ¢, and NH; (110)
desorption profiles d for the
commercial Nb,Os (red) and
the NaNbOj; nanoplates
(black).
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Figure 2b shows the H-TPR profiles for the com-
mercial Nb,Os5nH,O and the obtained NaNbO;
nanoplates. In the profile for the commercial Nb,Os.
nH,O, we could observe three peaks of H, con-
sumption centered at 510, 620, and 870 °C assigned to
the reduction in surface and bulk Nb,Os species [47].
In contrast, in the profile obtained for the NaNbOj;
nanoplates, we could observe only two peaks of H,

Temperature (° C)

consumption centered at 580 and 840 °C assigned to
the reduction in surface and bulk Nb species,
respectively. When comparing the two profiles, we
can notice a significant increase in the relative
intensity of the highest temperature peak in the
NaNbO; nanoplates, indicating an increase in the
amount of oxidizable Nb sites inside and, conse-
quently, in the reduction in oxidizable Nb sites at the
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surface. This behavior can be observed if the surface
area of the material is decreased during the conver-
sion process from Nb,Os-nH,O to NaNbOj_ Since the
conversion is carried out under relatively severe
conditions of temperature and pressure, it can lead to
the sintering of the starting material, forming a
material with less porosity and, consequently, pre-
senting a smaller surface area, as shown in the N,
physisorption analyses (Table 1) [48-50]. Here, the
hydrothermal processing in the presence of NaOH at
150 °C of commercial Nb,Os-nH,O led to its conver-
sion into a distinct compound, in which Na™ ions
were incorporated into the final structure of the
material which, in turn, had an effect similar to a
sintering, with a significant reduction in its porosity,
as observed in the microscopy images (Figs. 1 and
52). This effect led to a drastic reduction in the
porosity and specific surface area of NaNbO; nano-
plates. However, a surprising behavior in the acidity
and surface basicity measured by CO,-TPD (Table 1,
Fig. 2c) and NH;-TPD (Table 1, Fig. 2d) of these
materials overcame the effect of the specific surface
area in the catalytic tests.

As given in Table 1, NaNbO; nanoplates had a
greater number of basic sites compared to commer-
cial Nb,Os-nH,0 through CO,-TPD analyses (0.3 and
0.2 umol CO, per gram of NaNbOj; and Nb,Os-nH,0,
respectively). However, the inverse tendency was
observed in the measurements of the number of acid
sites through the NH;-TPD analyses, in which
NaNbOj; nanoplates had a number of acid sites of
20.3 umol.gfl and the commercial Nb,Os-nH,O had
a significantly higher number of acid sites corre-
sponding to 55.9 umol.g™'. This effect can be
explained based on Wulff’s principle, which indicates
that the surface properties of a given material are
strongly dependent on its morphology [51]. This
postulate was verified experimentally and also

J Mater Sci (2022) 57:1669-1688

theoretically through simulation and computational
modeling, which revealed the direct influence on the
surface acidity and basicity of nanomaterials with
different morphologies [52, 53]. Gianmario Martra
[54] published a study based on HRTEM analysis and
FTIR spectroscopy, in which the number and the
intensity of acidic and basic Lewis sites on the surface
of TiO, particles with distinct morphologies were
determined. In this study, a precise relationship
between surface morphology and acidic/basic
behavior was successfully established, indicating that
high-acid Lewis metallic ions are preferentially
exposed in regular surface planes similar to prismatic
plates, which corroborates the results observed in
Fig. 2D. Here, although the total number of acidic
sites of NaNbO; nanoplates was significantly lower
than commercial Nb,Os-nH,O (Table 1), it could be
observed that the NHj; desorption peaks for the
nanoplates occurred at higher temperatures (205, 500
and 890 °C). On the other hand, the commercial
Nb,Os-nH,O sample presented a single NHj; des-
orption peak at 315 °C, which indicates that the
Lewis acid sites present in the nanoplates have a
higher intensity than its commercial Nb,Os-nH,O
counterpart. This property, in turn, has a direct effect
on the performances of these materials in catalytic
applications, as they are phenomena that can direct
specific reaction pathways, being more or less active
based on the level of acidity and basicity, considering
the type of site required by the application of interest.
Here, specifically, we are interested in condensation
reactions, which involve an aldehyde adsorption step
on the catalyst surface (Figs. 3, 4, 5 and 6). Thus, for
this reaction, a catalyst with highly strong acid sites is
preferably required. A stronger acidity facilitate the
adsorption of the aldehyde on the surface of the
catalyst. Due to the differences in the acidity levels of
the catalysts in question, differences in catalytic

Table 1 Surface properties of the Nb-based catalysts measured by N, physisorption and CO,-TPD and NH3-TPD

Sample N, physisorption CO,-TPD NH;-TPD
Surface Average pore diameter (A) Pore CO, desorbed NH; desorbed
area volume (umol.g™ b (umol. gl)
m® g™ (cm’.g™")

Nb,Os-nH,0 155.6 3.7 0.119 0.2 55.9

commercial

NaNbO; nanoplates 4.4 12.6 0.014 0.3 20.3

@ Springer



J Mater Sci (2022) 57:1669-1688 1679

Figure 3 Proposed mechanism for niobium-catalyzed Knoevenagel reaction between indan-1,3-dione and different aldehydes.
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Figure 4 Proposed mechanism for the synthesis of C-3 functionalized isobenzofuran-1(3H)-ones 12-16.

performance were observed, and this parameter was  surface area. In fact, during the investigation of the
appointed as the predominant among the possible condensation reactions discussed ahead, the perfor-
effects in the reactions of interest, such as the specific mance of NaNbO; nanostructured as catalysts was
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Meldrum’s acid
derivatives

Figure 5 Proposed mechanism for the synthesis of Meldrum’s acid derivatives 17-21.

Figure 6 Mechanism
proposal for the preparation of
22 from Meldrum’s acid and
2-hydroxy benzaldehyde.

CLt,

3-carboxy coumarin

superior as compared to the commercial Nb,Os-nH,O
(which is composed of Nb,Os particles connected).
We believed that this fact is related to the intrinsic
nature of the materials, being the acidity levels of the
catalysts the predominant parameter related to the
efficiency of them.

Once obtained, we turned our attention to evaluate
the performance of the NaNbO; nanostructured in
condensation reactions. The first investigated of these
processes corresponded to the Knoevenagel conden-
sation between indan-1,3-dione and aldehydes to
afford 2-arylidene indan-1,3-diones. The indan-1,3-
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dione and its derivatives are valuable synthetic pre-
cursors that have been widely applied for the pro-
duction of dyes [55], semiconductors [56],
heterocycles [57, 58], and pharmaceuticals [59].
Indan-1,3-dione derivatives present several biological
activities such as antitumoral [60], anticoagulant [61],
anti-inflammatory [62, 63], neuroprotective [64], and
antimicrobial [65]. Besides, compounds presenting
the indan-1,3-dione core has been isolated from nat-
ure [66, 67] and displaying important bioactivities
[68, 69]. Our research group has been interested in the
chemistry as well as biological profile of indan-1,3-
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dione derivatives. Recently, we have described the
preparation and antiviral evaluation of 2-arylidene
indan-1,3-diones [32]. In view of the importance of
indan-1,3-dione derivatives as building blocks as well
as their biological profile, the development of
methodologies to prepare these derivatives is of rel-
evance. Herein, we found that NaNbO; nanostruc-
tured is a useful catalyst to prepare 2-arylidene
indan-1,3-diones via Knoevenagel condensation
between indan-1,3-dione and several aldehydes.
After optimization of the reaction conditions, it was
found that the indan-1,3-dione derivatives could be
obtained with good yields by running the reactions
under microwave irradiation and using 8 mol% of
catalyst (Table 2).

As given in Table 2, indandione derivatives with
different substitution patterns for the aromatic ring of
the arylidene portion were prepared in only 10 min
under microwave irradiation conditions. The reac-
tions were conducted without the presence of solvent
and compounds containing electron-withdrawing
and electron-donating groups attached to the aryli-
dene portion were obtained with synthetic useful
yields. All the derivatives were purified via recrys-
tallization procedures. For the sake of completeness,
spectroscopic data (IR and NMR) which confirmed
the identity of the compounds are provided.

Table 2 NaNbOs-catalyzed
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To demonstrate the catalytic effect of NaNbOj3, a
reaction between 4-chloro benzene and indan-1,3-
dione were carried in the absence of the catalyst. The
corresponding 2-arylidene indan-1,3-dione derivative
(compound 1 in Table 2) was obtained with lower
yield (57%) and higher reaction time (45 min).

The reusability of NaNbO; catalyst was investi-
gated. The reaction between 4-chloro benzaldehyde
and indan-1,3-dione was used in the recycling study,
and the results are given in Table 3. After each run,
the catalyst was separated by adding dichlor-
omethane to the reaction mixture which, in turn, was
submitted to centrifugation. The recovered catalyst
was dried and then reused. As can be seen, the effi-
ciency of the catalyst was not diminished after three
cycles, being the product 1 obtained with significant
yield in each cycle.

Even though a mechanistic investigation was not
carried out, a proposed mechanism for the NaNbO;-
catalyzed Knoevenagel condensation for the prepa-
ration of 2-arylidene indan-1,3-diones is shown in
Fig. 3.

Another class of compounds that have attracted the
attention of several research groups, including our-
selves [29-41, 46-48], is the isobenzofuran-1(3H)-
ones. They present as common structural feature a y-
lactone fragment fused to a benzene ring. Isobenzo-
furanones are useful building blocks in organic

Knoevenagel condensation for 9 ? Ar

the preparation of 2-arylidene ©:§ R AGHO NaNbOj3 (8 mol%) (j:?j

indan-1,3-diones MW, 85 °C,10 min

O (0]

Indan-1,3-dione 1-11
Compound Ar Yield (%)*
1 4-chlorophenyl 70
2 4-nitrophenyl 79
3 4-bromophenyl 74
4 4-methoxyphenyl 70
5 4-hydroxyphenyl 74
6 4-hydroxy-3-methoxyphenyl 75
7 phenyl 57
8 3,4,5-trimetoxyphenyl 81
9 4-fluorophenyl 75
10 3-hydroxyphenyl 65
11 2-hydroxyphenyl 78

* The reactions were run using aldehyde (1.00 mmol) and indan-1,3-dione (1.00 mmol). The yields

were determined after purification of the compounds by recrystallization
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Table 3 Results of the reuse

J Mater Sci (2022) 57:1669-1688

Yield (%)

of NaNbO; catalyst in the 7 Mo o .
reaction involving indan-1,3- . NaNbOs O. O
dione and 4-chloro MW, 10 min N
benzaldehyde 0 Cl 0 "

Cycle Amount of catalyst (g)

1 0.0132

2 0.0124

3 0.0115

74
70
72

Reactions were run utilizing 4-chlorobenzaldehyde (1.00 mmol) and indan-1,3-dione (1.00 mmol)

* The yields were determined after recrystallization of the product 1

synthesis (as in the Houser annulation) [70] and
display important biological activities [29]. In view of
their relevance, the development of synthetic
methodologies to prepare them is of potential inter-
est. In the present investigation, a series of C-3
functionalized isobenzofuran-1(3H)-ones was
obtained via the NaNbOs-catalyzed condensation

Table 4 Preparation of C-3

reactions involving 2-carboxy benzaldehyde (phtha-
laldehydic acid) and different f-diketones (Table 4).

The functionalized isobenzofuran-1(3H)-ones were
obtained with satisfactory yields ranging from 63 to
83% after 10 min of reaction. The conditions used to
run the reactions were identical to that used in the
preparation of compounds 1-11. The structure of

functionalized isobenzofuran- 2
1(3H)-ones via niobium- ©E§o
catalyzed condensation SH

reactions between

hthalaldehydi id
phthalaldehydic acid and f- prihaaicenydic ad

o)

- . @;(owl + o§<\/<
|
o]

NaNbO; (8 mol%)
- .

MW, 85 °C, 10 min

diketones Compound

/

(@]
oY

'
\

Yield (%)*

12

13

14

15

16

(o] 83

(o] 63
e

(@] 69

O 63
Os@

(o] 71

o
I
@

Reactions were carried out using 1.00 mmol of phthalaldehydic acid and 1.00 mmol of f-diketone

"The yields were calculated after purification of the compounds by recrystallization
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isobenzofuranones 12-16 were confirmed based on
IR and NMR spectroscopic data.

Running the reaction between phthalaldehydic
acid and 5,5-dimethyl-1,3-cyclohexadione (dime-
done) without the presence of the catalyst resulted in
the formation of compound 12 in 59% after 40 min of
reaction. This fact demonstrate the catalytic effect of
NaNDbQO; in the reactions involved in the synthesis of
C-3 functionalized isobenzofuran-1(3H)-ones.

The reaction involved in the preparation of
isobenzofuranone 12 was chosen to investigate the
possibility of catalyst reuse. The results in Table 5
demonstrate that the catalyst can be reused without
significant loss of performance.

Figure 4 shows the mechanistic proposal for the
formation of C-3 functionalized isobenzofuran-1(3H)-
ones in the presence of the NaNbO; catalyst.

The use of NaNbO; nanoplates as catalyst was also
demonstrated in the preparation of Meldrum’s acid
derivatives bearing arylidene functionalities as given
in Table 6.

The series of Meldrum’s acid derivatives were
obtained with yields ranging from 61 to 90% and
within 5-10 min and had their structures confirmed
by IR and NMR spectroscopies. When the reaction for
the preparation of compound 17 was run in the
absence of the catalyst, the time was six times longer
(30 min), and the product yield after recrystallization
significantly decreased (only 32%). The same reaction
was used to investigate the reutilization of the
NaNbO; catalyst, and the results are shown in
Table 7. As can be observed, the catalyst can be
reused without substantial decrease in activity.

Table 5 Results of the reuse
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It is very likely that the mechanism involved in the
synthesis of Meldrum’s acid derivatives (Fig. S4) is
similar to the one proposed for the preparation of
2-arylidene indan-1,3-diones. Meldrum’s acid
derivatives are very important compounds in organic
synthesis since they can react with several nucle-
ophiles and electrophiles giving rise to several
important organic compounds that are useful in the
context preparation of, for example, pharmaceuticals
[71].

As one last transformation in which the NaNbO;
herein described was utilized is related to the
preparation of a carboxy coumarin. Within this con-
text, a mixture of Meldrum’s acid and 2-hydroxy
benzaldehyde was microwave irradiated for 10 min
in the presence of NaNbOj which led to the forma-
tion of coumarin 22, which was obtained in good 82%
yield. Figure 6 shows the mechanism proposal for the
formation of compound 22.

Coumarin is a privileged scaffold that is very
useful in the design and development of bioactive
compounds.[72-74].

Conclusion

In summary, it was demonstrated that a well-defined
NaNbO; catalyst could be obtained from Nb,Os.
nH,0 via a hydrothermal process. The NaNbOj; is an
efficient catalyst in condensation reactions used for
the preparation of indan-1,3-diones, isobenzofura-
nones, and Meldrum’s acid derivatives. A carboxy
coumarin was also synthesized by means of a con-
densation reaction between Meldrum’s acid and

of NaNbOj; catalyst in the
reaction involving
phthalaldehydic acid and
dimedone

% —

NaNbO3
0
MW, 85 °C 10 min o

O
phthalaldehydic acid
(12)
Cycle Amount of catalyst (g) Yield (%)*
1 0.0132 83
2 0.0124 81
3 0.0105 79

Reactions were carried out with phthalaldehydic acid (1.00 mmol) and dimedone (1.00 mmol)

? The yields were determined after recrystallization of the product
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reaction involved in the | Ar
i ’ i o (e}
prepara.tlon of Meldrum’s acid OWO NaNbO, ﬁ)if
derivatives 0. 0 +  ArCHO 0. 0
< MW, 85 °C ><
Meldrum’s acid
17-21

Compound Ar Reaction time (min) Yield (%)*
17 4-chlorophenyl 5 61
18 4-bromophenyl 5 71
19 4-fluorophenyl 10 74
20 4-methoxyphenyl 10 87
21 3,4,5-trymethoxyphenyl 10 90

The reactions were run with aldehyde (1.00 mmol) and Meldrum’s acid (1.00 mmol)

* The yields were determined after purification of the compounds by recrystallization

Table 7 Preparation of

compound 17 and results of
the catalyst reuse experiments

Cl

CHO
o 0]
NaNbO,
+ >
OXO MW, 85 °C, 5 min OXO
Cl
Meldrum’s acid
(7
Cycle Amount of catalyst (g) Yield (%)*
1 0.0132 61
2 0,0115 62
3 0,0102 59

Reactions were run with Meldrum’s acid (1.00 mmol) and 4-chloro benzaldehyde (1.00 mmol)

*Yields obtained after recrystallization

2-carboxy benzaldehyde. All of these compounds
could be successfully obtained in condensation reac-
tions in which solvent was not used. Another
important feature is that the compounds could be
purified by simple recrystallization procedures.
Finally, the reusability of the catalyst was demon-
strated in the condensation reactions.
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