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ARTICLE INFO ABSTRACT

The outstanding basicity of negative charged Lindqvist type Polyoxoniobate K;HNbO;413H,0 (Nbe) have been
proved experimentally as well as by theoretical NBO calculations, the results insights high electron density on
terminal and bridging oxygen atoms of niobate anion. The most negative Natural Bond Orbital charge (NBO) of
oxygen in Nbg is —1.001, which is a much more negative value than those reported in other polyoxometalates,
that corroborates its high basicity thus likely to be employed as a strong base catalyst. Experimental study
suggests that Nbg can efficiently catalyze Knoevenagel condensation of various carbonyl compounds with active
methylene compounds neglecting the steric and electronic effect of aromatic aldehydes under mild conditions.
Kinetic test shows that Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate exhibits second-
order kinetics in the presence of Nbe and the calculated activation energy is 43.3 kJ mol ~'. Meanwhile, a proper
mechanism according to the NBO study speculates that the most negative charged terminal oxygens in Nbg
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would be pivotal in this transformation.

1. Introduction

Olefination is one of the most fundamental reactions where the
products exert enormous importance on organic synthesis [1]. As a kind
of C=C bonds-forming reactions, Knoevenagel condensation reaction is
a crucial method to produce olefins using active methylene group re-
activity with diverse functional groups via the coupling reaction of
carbonyl compounds in the presence of base catalysts along with the
loss of molecular H,O in the suitable reaction conditions. This reaction
is of prime importance in many significant areas of research like
synthesis of various reaction intermediates, products for perfumes,
calcium antagonists, polymers and in pharmaceutical industries [2,3].
Traditionally, the solid bases [4,5], Lewis acids [6,7], and organome-
tallic compounds [8,9] were applied as catalysts in the process, while
they are lack in their efficiency, robustness, and recyclability [10].
Therefore, considerable research efforts have been focused on this re-
action by using various catalysts, such as metal-organic frameworks
[11,12], ionic liquid [13], molecular complexes [14] and etc.

Polyoxometalates (POMs) as a class of anionic metal-oxide clusters
mainly obtained by the condensation reaction of corresponding oxysalts
or metallic oxides. Structurally, POMs are constructed by the corner-,
edge-, or face-shared fashion of metal oxide polyhedral (MO,: M = W',
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Mo"", V¥, NbY, Ta", etc., and x = 4-7), thus leading to provides novel
building units for the assembly of larger systems [15-17]. Moreover,
POMs have exhibited remarkable performance in many fields, such as
fluorescence [18], magnetism [19], drugs [20], electrochemistry [21],
and especially in catalysis [22-25]. To date, many applications invol-
ving POMs incorporated V¥, Mo"", and W"! were investigated in various
types of catalytic reactions including acid catalysis [26-29], oxidation
catalysis [30-34], photocatalysis [35-37] and electro-catalysis [38-41]
mainly due to their redox tunable behavior, low pH stability, high
thermal resistivity and photoelectric behaviors [42]. However, there
were few reports which deals on the basic catalytic performance of
POMs [43-45]. In general, it is well known that POMs possess strong
acidity thus the weak basicity of their conjugate base restricts to sup-
port them as outstanding base catalysts. Actually, outstanding works on
Knoevenagel condensation reaction have shown that polyoxotungstates
(POTs) exhibited fascinating performance in this process. Mizuno et al.
firstly reported the superior catalytic reactivity of alkaline dis-
ilicoicosatungstates [H(y-SiW10032)2(11-0)417 ~ than the acidic di [{y-
SiW10035(H20)2}2(1-0)21*~ for Knoevenagel condensation reaction in
the similar reaction conditions[46]. Subsequently, Mizuno and cow-
orkers revealed that [y-H,GeW;4036]® can act as an efficient base
catalyst for Knoevenagel condensation [47]. Later, Song et al. also
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explored highly charged tri-lacunary polyanoins i.e. NagH[A-PWy03,4]
and NagH[B-PWg034] as catalysts for cyanosilylation and Knoevenagel
condensation reactions, respectively [48]. Beside these, it is well
documented that POTs supported on graphene oxide [49] and LDH
(Layered double hydroxides) [50] also show excellent performance as
the catalyst for Knoevenagel condensation. However, polyoxoniobates
(PONs) as an important subclass of POMs have been investigated re-
latively in synthetic chemistry but it is seldom explored in catalysis.
Hence, it is significant to open a new way for their applications in
catalytic direction.

According to literatures, more electronegative oxygen atoms pro-
vide higher basicity in POMs, which could be approximately deduced
by comparison of their “charge-density” as: Charge-density (charge/
atom) = (anionic charge of the POM)/(number of non-hydrogen atoms
of the POM) [51,52]. From the charge-density of conventional PONs
and POTs: [NbgO;0]®~ (0.32), [TizNbgOss]®~ (0.21), [Nb;oO24]1°~
(0.16),  [SiNb150401*®~  (0.30), [(PO,)sPNbsO3,1'°~  (0.28),
[H2Si4Nb16056]'* ™ (0.18), [We010]*~ (0.08), [SiW15040]*" (0.075),
[SiW1103018~ (0.16), [PW0341°~ (0.20), it is obvious that PONs
possess higher charge-density than POTs. However, to date, only two
works were reported on PONs catalyzed Knoevenagel condensation
reaction: Tsukuda et al. reported that the (TMA)g[Nb;(025] can be re-
garded as an efficient base catalyst for this process [51]; Wang et al.
discovered Na;6[SiNb;5,040] as a base catalyst for catalyzing CO, cy-
cloaddition and Knoevenagel condensation [53]. Notably, [NbgO1018~
shows the highest charge-density in these compounds including
[SiNb120401*®~ and [Nb;q025]1°~, which suggests the wonderful basi-
city of [NbgO15]18~ which facilitates them as the best candidates for
Knoevenagel condensation reaction. In addition, K;HNbgO19'13H,0
(Nbe) is easily prepared with high yield, which may provide the po-
tential catalytic use in its application.

Herein, we employed Nbg as a base catalyst in Knoevenagel con-
densation reaction, which exhibited excellent catalytic performance for
the condensation of various aldehydes and ketones at mild reaction
conditions. Furthermore, theoretical calculation for the basicity of
[NbgO15]%~ and the comparison with other POMs (including PONs and
POTs) was also executed by density functional theory (DFT). On the
basis of DFT calculations results, it can be concluded that the most
negative NBO (Natural Bond Orbital) charge in [NbgO14]%~ is —1.001
which is much higher than the NBO charge of WO,2~ (the index of
strong basicity which is —0.934 [53]) and other POMs. Moreover, the
terminal oxygens possess more negative charge than bridging oxygens
with in [NbgO;0]%~, which can be regarded as the basic catalytic sites
in the catalytic reaction.

2. Results and discussion
2.1. Basicity study

According to the literature, the basic active sites are located at the
oxygen atom on the surface of POMs, and the higher negatively charged
polyanions may possess stronger basicity [51]. Herein, the basicity of
Nbg was investigated by NBO and compared with other three poly-
anions (WgO10>": We; Nb1gO26°7: Nbyg; SiW12040* 70 SiWyo). As
shown in Fig. 1a, the oxygen atoms charge in Nbs by NBO analysis are
divided into five species corresponding to the values —0.809, —0.859,
—0.869, —0.975, —1.001, where red rhombuses and blue circles re-
presented the charge of terminal oxygens and bridging oxygens in Nbyg,
respectively. Obviously, the terminal oxygens possess more negative
charge than bridging oxygens with in Nbg, which is different from Nb, ¢
but the same to SiNb;,040'®~ (SiNb;5) [51,53]. Additionally, there is
the comparison of the most negative charge among Nbe and three above
polyanions in Fig. 1b, where the data spots presented the most negative
charge in these compounds. The results showed that the most negative
charge of Nbg is much higher than those of W¢Oi02~ (—0.719),
Nb;10028°~ (—0.884), SiW;,*~ (—0.750). It must be mentioned that
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the NBO charges of oxygen atoms in Nbg are even more negative than
the one (—0.934) in WO,>~, which imply that the superior basicity of
Nbg is likely to be used as the base catalyst.

2.2. Catalysis

Considering the splendid basicity of Nbe has, it was employed as a
base catalyst for Knoevenagel condensation reaction. Initially, the
condensation reaction of benzaldehyde with ethyl cyanoacetate was
carried out with different catalysts. The results of parallel experiments
have been presented in Table 1, which have shown that there was little
reactivity of this transformation in the absence of catalyst (entry 1).
However, there was a great improvement in yield of product with
NaOH loading in this system (entry 2), which has implied that the
process benefited from basicity. Therefore, the lacunary POTs (entries
5, 7,11, 12) are more active than the plenary ones (entries 8, 9, 10, 13).
In addition, precursors of Nbg (NbyOs, NbyO5xH,0) have no obvious
activity for the reaction. Strikingly, Nbe has exhibited the best catalytic
performance for the reaction at the same conditions, which is in good
consistent with its splendid basicity.

2.3. Influence of different factors on the process

To our best knowledge, reaction temperature, dosage of catalyst,
raw ratio and solvents all play critical roles in this process, which were
investigated in detail via the condensation reaction of benzaldehyde
with ethyl cyanoacetate as the model reaction catalyzed by Nbg in
various conditions. As shown in Fig. 2a, when 0.1 mol% catalyst was
employed, 91% of yield for the reaction could be obtained. Moreover,
the increase of yield would continue by the addition of the mass
loading. Obviously, more catalytic dosage would improve the reaction
rate. As to the effect of temperature, the results of condensation of
benzaldehyde with ethyl cyanoacetate were studied at different tem-
peratures shown in Fig. 2b. From 25 °C to 40 °C, there is a remarkable
improvement in the yield of product. With the increase of temperature
going on from 40 °C to 60 °C, there is also an enhancement of product
and when the temperature comes to 60 °C, the highest yield of product
was obtained corresponding to the yield of 98%. Considering the effect
of raw ratio, the results of 0.6: 1, 0.8:1, 1:1 and 1.2:1 (donor: acceptor)
have been presented in Fig. 2¢, which showed that any ratio could be
quicker to reach the limitation of the reaction than expected 1:1. Given
that solvents also have an effect on this reaction, consequently, several
contrast experiments were performed in various solvents. As the results
shown in Fig. 2d, the catalyst in C;HsOH has the best performance for
the process where an excellent yield of 98% has been obtained.
Meanwhile, Nbg also exhibited good yield although the reaction took
place in various solvents, which suggested that Nbg could be regarded
as a wonderful catalyst for processing the Knoevenagel condensation of
benzaldehyde with ethyl cyanoacetate.

2.4. Kinetic study

In order to obtain the kinetic parameters of the reaction, several
catalytic experiments were performed by mixing catalyst, benzaldehyde
and ethyl cyanoacetate in ethanol at different times and temperatures.
Fig. 3a—d are the plots obtained for the yield of product and C/
[Co(Co — Q)] as the function of reaction time, where C is the corre-
sponding concentration of benzaldehyde transformed to product at time
t and initial concentration of benzaldehyde is Cy. As indicated by stars
in Fig. 3a—d, they fall into the quasi-linear plot of reaction time and C/
[Co(Co — C)], which reveals that the reaction catalyzed by Nbg exhibits
second-order kinetics for the Knoevenagel condensation. The different
rate constants (k;, k2, ks, ks) were determined at corresponding tem-
perature (25 °C, 40 °C, 50 °C, 60 °C, respectively) according to Egs. (1)
and (2), which have been calculated as follows: k; = 0.03551 (mol/
L)~ Y(min) ™', kz = 0.08954 (mol/L)”'(min) "' ks = 0.14981 (mol/



Q. Xu et al.

(a)

-1.00
-0.95

-0.90

NBO charge

-0.85 1

-0.80

-0.75

Oxygens in th()l;"

Fig. 1. (a) The NBO charges of oxygens in Nbg; (b) the comparison of Nbs, W, Nbyg, SiW;,. (Nb: purple, W: blue, Si: green, O:

Table 1
Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate was per-
formed with various catalysts.

o

| ,LCOOEt COOEt
EjJ +{ — N + H0

CN CN

Entry Catalyst Yield"/%
1° - 4.4
2 Nb,Os 6.3
3 Nb,0sxH,0 10
4 NaOH 93
5 KgSiW1o 84
6 K,HNbgO1 o 98
7 NagHPW¢Os4 86
8 H3PW;1,040 11
9 K3AsW15049 11
10 HeP2W15062 14
11 Na;2P,W150s6 68
12 NagPoW12042 84
13 KsBW15040 9

@ Reaction conditions: catalyst 5pmol, benzaldehyde 1 mmol, ethyl cyanoa-
cetate 1 mmol, ethanol 1 mL, temperature 60 °C, reaction time 2 h.

b GC yields for target product ethyl (E)-acyanocinnamate were based on
methylbenzene as internal standard. All of the products were identified by
GC-MS spectra and GC spectra.

L)~ Y(min) "' k4 = 0.21875 (mol/L) ™ (min)~'. Moreover, the calcu-
lated activation energy (Ea = 43.3kJmol ') of the Knoevenagel con-
densation of benzaldehyde with ethyl cyanoacetate was obtained ac-
cording to the Arrhenius equation (Egs. (3) and (4)), which was shown
in Fig. 3e and f detailed.

dC/dt =k (Co — C)? @
C/[Co (Co — O] =kt (2)
k = Aexp (—Ea/(RT)) 3)
Ink = InA — Ea/RT @

2.5. Scope of substrate

Encouraged by the aforementioned results, Knoevenagel condensa-
tion of various aldehydes and ketones with ethyl cyanoacetate and
malononitrile catalyzed by Nbg have been investigated in C,HsOH. As
can be seen from Tables 2 and 3, various substrates including aldehydes
and ketones were used to investigate the applicability of Nbe, whose
results identified that Nbg have exhibited remarkable catalysis for
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Fig. 2. (a) The polts of amout of catalyst versus time; (b) the polts of tem-
perature versus time; (c) the polts of raw ratio versus time; (d) the histogram of
yield in different solvents GC yield for target product ethyl (E)-acyanocinna-
mate. All of the products were identified by GC-MS spectra and '"H NMR
spectra.

Knoevenagel condensation of various functional groups (electron-do-
nating and electron withdraw) substituted benzaldehydes with ethyl
cyanoacetate (Table 2, entry 1-14) or malononitrile (Table 3, entry
1-13). Specifically, yield of =95% were achieved for the condensation
of substituted benzaldehydes and hexahydrobenzaldehyde with ethyl
cyanoacetate at the ortho-, meta- and para-positions, respectively
(Table 2, entry 1-12) and completely neglected the steric effect and
electronic effect, which exhibits outstanding universality for substituted
benzaldehydes. Nevertheless, the condensation of ketone with ethyl
cyanoacetate only obtained the yield of 38% and 48% (Table 2, entry
13-14).

Malononitrile as similar nucleophile shows stronger reactivity than
ethyl cyanoacetate in the present of Nbg, leading to the yield of 99% for
Knoevenagel condensation of benzaldehyde with malononitrile at room
temperature after 45 min. Moreover, this successful approach towards
Knoevenagel condensation with malononitrile showed that the won-
derful catalysis could be performed with other substituted benzalde-
hydes, hexahydrobenzaldehyde and ketones after prolonging the reac-
tion time (Table 3, entry 13-14). Meanwhile, on the basis of these
results, we can conclude that aldehydes are more active than ketones in
the transformation.
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Table 2

Knoevenagel condensation of various substrateswith ethyl cyanoacetate inthe

presence of Nbyg,

Entry  Acceptor Product Yield"/%
1° k0 R, =Cl R R, =Cl 99
2 ©) Ry = NO, m Ry = NO, 99
3 Rs = CH50 a Rs = CHsO0 99
4 § Ri=cl R N Ry =Cl 99
5 “\d R, = NO, \©/\'/ R,=NO, 99
6 In R, = X COOEL R, = 98
7 /©) Ry =Cl . ,©/Y R, =Cl 99
8 R R; = Br R; = Br 99
9 R4 = CH; R4 = CH; 98
10 Rs = CH;0 Rs = CH;0 97
11 Re = NO, Re=NO, 98
12 O/§“ m(wm 98
N
13 (] COOEt 48
& o<
14 o Il 38
(j &r()()h

@ Reaction conditions: catalyst 5pumol, benzaldehyde 1 mmol, ethyl cyanoa-
cetate 1 mmol, ethanol 1 mL, temperature 60 °C, reaction time 2 h.
> GC yield for target product.

2.6. Comparison of different catalysts for Knoevenagel condensation
reaction

In addition, a comparison of the efficiency of Nbg with previously
reported catalysts for the Knoevenagel condensation was presented in
Table 4. The results have shown that although many previously re-
ported catalysts displayed good catalysis for Knoevenagel condensation,
most of the reported catalytic systems need higher temperature and
longer time to obtain excellent catalytic performance, where Nbg has a
better economic substitute as to save time and resources. Ideally, 1:1
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Table 3

Knoevenagel condensation of various substrates with malononitrile in the

presence of Nbg.
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Entry Acceptor Product Yield“/%
1° &g R; =Cl ® ‘ Ry =Cl 100
2 Ry = NO, XY Ry =NO, 97
3 R,=H o R,=H 99
4 . 8 R, =Cl R ~" Ry=al 100
5 \©) Ry = NO, & R, =NO, 100
6 o Ry = " Ry = 9%
7 /©) R, =Cl N R, =Cl 100
8 R R; = Br Rs = Br 100
9 R4 = CH, R,=CH; 98
10 Rg = NO, Re=NO, 99
11 OAU O/Ym 95
12!; 0 N 99
'CN
13 88

@ Reaction conditions: catalyst 5pmol, benzaldehyde 1 mmol, ethyl cyanoa-
cetate 1 mmol, ethanol 1 mL, temperature 25 °C, reaction time 45 min.

b Reaction conditions: catalyst 5 umol, benzaldehyde 1 mmol, malononitrile
1 mmol, ethanol 1 mL, temperature 25 °C, reaction time 3 h.

¢ GC yield for target product.

Table 4
The comparison of the efficiency of Nbe with previously reported catalysts for
the Knoevenagel condensation.

Catalyst Donor: Temp./°C  Time/h Yield/% Ref.
Acceptor
Nbg 1:1 60 2 98 This
work

MgsAl-PW , 1.5:1 60 6 > 99 [50]

Na;6SiNb;12049 1:1 70 2 97 [53]

(TMA)6[Nb;0025]-6H20 1:1 70 24 88 [51]

[Nmm-PDO][OAc] 1:1 It 6 96 [10]

NagH[A-PW4Oa4] 1.5:1 It 6 80 [48]

ED-MIL-101 1:1 80 19 97 [54]

ED-MIL-101(D) 1:1 80 7 97

APS-MIL-101 1:1 80 19 96

UPC-30 1:1 rt 5 94 [55]

aminopropyl-functionalized  1:1 82 36 94 [56]
MCM

organic-inorganic hybrid 1.1:1 130 2 > 99 [57]
silica material

DMAN/Si02 1:1.14 60 6 > 99 [58]

stoichiometry should be the best choice than any proportion. Therefore,
on the basis of these findings, it has been confirmed that Nbg as a robust
basic catalyst has presented high efficiency for catalyzing Knoevenagel
condensation.

2.7. Recyclability

The reusability of catalyst was evaluated by using Nbg (20 mg) to
catalyze Knoevenagel condensation of benzaldehyde (1 mmol) with
ethyl cyanoacetate (1 mmol) at 60 °C in 2 h.

Subsequently, insoluble Nbg can be recovered easily from the mix-
ture of solvent/substrates/catalyst by filtration at the end of every
cycle. Besides, traces of Nb in the filtrate have not been detected by
inductively coupled plasma spectrometer(ICP), which also shows it
exhibited as a good heterogeneous catalyst. Organic compounds were
removed completely by solvent evaporation at 60 °C leading to the
catalyst left in the tube then after washed three times by alcohol. The
infrared spectrum of Nbg after every cycle was used to analyze catalyst
composition, followed by a duplicate test mainly proceeded with the
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Fig. 4. The histogram of yield of product for reused catalyst.
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unchanged catalyst. The results for recyclability of Nbg have been
shown in Table S3, which indicated that there is a yield of 90% even at
fourth run. Unfortunately, the infrared spectrum of reused catalyst in
Fig. S2 revealed that Nbe has changed after the third run, which is
corresponding to the results in Fig. 4 and the changes for the traces of
Nb after the third catalytic recycle (Nb, 54.63%).

2.8. Mechanism study

Although there is no clear reaction pathway, a proposed plausible
mechanism for Knoevenagel condensation of aldehydes with active
methylene compounds has been presented in Scheme 1 [13]. Terminal
oxygens in Nbg exhibit more negative NBO charges corresponding to
the higher basicity, hence, we speculated that the reactions are likely
proceeded by the general base mechanism [44]. As Scheme 1 shows,
the O atom in Nb=0 is considered to carry off one acidic proton from
the active methylene compounds to produce the corresponding carba-
nion which is regarded as a nucleophile used to attack C atom in al-
dehyde group to generate new C—C bond. The alkoxide ions would
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capture the proton from the protonated catalyst leading to the B-hy-
droxyl compounds and regenerative catalyst. Finally, the product will
be obtained in dependence on the dehydration of (-hydroxyl com-
pounds.

3. Materials and methods
3.1. Materials

All of the reagents used were of analytical grade and obtained from
commercial sources without further purification. K;HNbgO;9:13H,0
was prepared using literature methods and characterized by IR spec-
troscopy and X-ray powder diffraction [59]. All of the reactants were
purchased from J&K Chemical.

3.2. Catalyst synthesis

K;HNbgO1913H,0 was prepared according to the literature and
characterized by IR spectrum (Fig. S1) and X-ray powder diffraction. In
a typical procedure, commercial Nb,Os (13.3 g) was added to the melt
KOH in a nickel crucible. The melt was cooled down to room tem-
perature and added 100 mL deionized water in the nickel crucible after
heating 30 min. Followed by filtration of the above mixture and then
putting the solution in refrigerator at 0°C after 12h will lead to the
solid (some crystals) which can be obtained via filtration. Finally, the
solid was washed with 1:1 (V/V) ethanol-water and dried in vacuo
resulting solid was denoted as Nbg. Elemental analysis (%) caled for
Nbg: Nb, 40.70. Found: Nb, 39.57. The polyanion of one above crystal
in obtained solid has been identified as Lindqvist Nbg by X-ray single
crystal diffraction, whose polyhedron view has been shown in Fig. S3a.
Furthermore, the XRD pattern in Fig. S3b of the obtained solid is in
coincidence with the simulated XRPD patterns of Nbg implying that the
sample for catalysis is pure.

Nb=0

CN
“\\‘\H
N R
CN
| \\\\\\\ H
H \R

Scheme 1. Proposed mechanism for Knoevenagel condensation of aldehydes with active methylene compounds.
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3.3. General procedure for the Knoevenagel condensation

The aldehydes (1 mmol), active methylene compounds (1 mmol),
catalyst (0.5 mol%) and solvent (1 mL) were added into a tube at room
temperature. The reaction mixture was stirred and heated at the pre-
scribed conditions on the parallel reactor. The product carried on
qualitative detection by GC-MS and the yield was monitored by GC.
Followed by using ethanol to wash the catalyst 3 times and then dried
in vacuo at 60 °C.

3.4. Characterization

IR spectra were recorded on a Bruker VERTEX 70 IR spectrometer
(using KBr pellets) in the range of 4000-400 cm™'. X-ray powder dif-
fraction (XRPD) data were recorded on a Bruker AXS D8 Advance dif-
fractometer (Bruker, Karlsruhe, Germany) with Cu Ka radiation in the
angular range 20 = 5°-45° at 293 K.

3.5. Calculations

The structure of four POMs are optimized by using Becke’s three-
parameter nonlocal-exchange functional with the nonlocal correlation
functional of Lee-Yang-Parr method [60,61]. The 6-31G(d) basis set is
used for atoms of O and Si. The heavy atoms of Nb and W are described
with LANL2DZ basis set, which obtained from the EMSL data base
[62,63]. The harmonic vibrational frequencies are also performed at
the same level to affirm the stationary points as minima. The Cartesian
coordination of compounds and their lowest five frequencies are listed
in Tables S1-S5. The bond lengths agree well with the corresponding
experimental values error within 5%, indicating that the calculated
geometries are reliable. On basis of the optimized structures, the loca-
lized charges of the atoms are acquired by utilizing Natural population
analysis (NPA), which is shown in Fig. 1. Herein the B3LYP method has
been also used. In order to obtain more reliable results, the basis set of
6-31 +G(d) is utilized for O and Si, and LANL2TZ(f) is used for de-
picting Nb and W atoms. It can be seen that NPA charges of Nbg. The
whole calculations are carried out by using Gaussian 09 software.

4. Conclusion

In this work, we reported that Nbg can be used as an efficient Lewis
base catalyst for Knoevenagel condensation. Theoretical calculation
shows that Nbg could be an important candidate as the strong base
catalyst due to its highly negative charge (—1.001) which is higher
than the index of high basicity (—0.934, the high charge density cal-
culated by density functional theory). As expected, it is in a good
agreement commensurate with the theory and experimental results:
Knoevenagel condensation reactions were catalyzed by Nbg which has
presented =95% of products, devoid of any influence of the steric and
electronic effect of aromatic aldehyde. Kinetic study shows that the
Knoevenagel condensation exhibits second-order kinetics in the pre-
sence of Nbg. A proper mechanism was presented to speculate the re-
action process based on the NBO analysis. Moreover, high efficiency,
recyclability and easy production of Nbe provide more possibility for its
future application.
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