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characterized with various techniques (XRD, ICP-AES, 
SEM,  N2 adsorption–desorption, TGA) and displayed 
excellent activities and selectivities. Moreover, the crys-
talline structure was preserved and the catalysts could be 
reused at least four times with negligible loss of activity.

Abstract Three different bimetallic zinc-cobalt zeolitic 
imidazolate frameworks (ZIFs) were successfully synthe-
sized at room temperature in water through a green and 
simple procedure and tested as catalysts for the Knoev-
enagel condensation reaction between p-Br-benzaldehyde 
and malononitrile as model reaction. The materials were 
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1 Introduction

Knoevenagel condensation reaction between a carbonyl 
group and a methylene-activated group is known as a pow-
erful tool in organic chemistry to form new C–C bonds and 
applied widely in pharmaceutical intermediates synthesis 
[1]. One of the major drawbacks of the aforementioned 
reaction is the employment of conventional homogeneous 
catalyst such alkali metal hydroxides and organic bases [2, 
3], with consequent difficulties in separation and recycling 
and production of large amounts of waste. For this reason, 
many efforts have been done towards the implementation 
of heterogeneous catalysts for this reaction with the explicit 
advantages in terms of ease of separation, recycling, 
cleaner products and minimum waste.

Many examples can be found of solid heterogeneous 
catalysts for the Knoevenagel condensation which include 
amino-functionalized mesoporous silica [4], diamine-
functionalized mesopolymers [5], amine-functionalized 
mesoporous zirconia [6], superparamagnetic mesoporous 
Mg–Fe bi-metal oxides [7], mesoporous titanosilicate 
[8], basic MCM-41 silica [9], acid–base bifunctional 
mesoporous MCM-41 silica [10] and zeolites [11]. In 
the past few years, a new class of ordered materials has 
emerged. Metal organic frameworks (MOFs) have been 

identified as crystalline structures and widely employed 
for many different applications such as gas separation and 
storage [12–15], sensors [16], drug delivery and catalysis 
[17–20]. Compared to the conventional microporous and 
mesoporous materials, MOFs exhibited a flexible rational 
design, which can be controlled trough the size and func-
tionalization of the organic linker [21, 22]. Metal organic 
frameworks have also been reported as active catalysts for 
the Knoevenagel condensation [23–25] Recently, a new 
subclass of MOFs called zeolitic imidazolate frameworks 
(ZIFs) have attracted considerable attention since, resem-
bling the typical channel structure of zeolites, ZIFs can 
combine both properties of MOFs and zeolites in one mate-
rial. Being also environmentally friendly, since their syn-
thesis can easily be carried out in water [26, 27], these new 
crystalline materials are potential candidates as catalyst for 
industry, in which nowadays the minimization of the chem-
ical waste is a utmost important feature to achieve.

Only limited literature employing ZIFs as active catalyst 
for the Knoevenagel condensation has been provided till 
now [28–31]. Tran et al. for example, employed the ZIF-8 
for the same reaction and found that the catalytic system 
provided high conversion, although after the first cycle it 
decreased dramatically [31]. Another recent report showed 
the catalytic activity of ZIF-8 in the synthesis of cyanoacr-
ylates and 3-cyanocoumarins, achieving excellent yields 
although higher reaction times and temperatures had been 
used [32]. We believe that having two different metal sites 
with different coordination behaviour may enhance the 
reaction rate, since the synergistic effect of the two metals 
plays a key role on the activation of the substrates. This idea 
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is also supported by a recently published article in which a 
bimetallic ZIF (ZnCo-ZIF) was successfully employed for 
the synthesis of cyclic carbonates, starting from epoxides 
and carbon dioxide as substrates, outperforming all the 
catalysts already reported for the reaction [33]. Hence our 
goal was to evaluate the activity and the selectivity of three 
different new bimetallic Zn@ZIF-67. Excellent conversions 
were generated at room temperature and the Zn@ZIF-67 
catalysts retained their crystalline structure and were able 
to be reused at least four times without significant loss of 
activity.

2  Results and Discussion

2.1  Characterization

The synthesis of the catalysts was achieved using cobalt 
nitrate and zinc nitrate as metal sources and 2-methylimi-
dazole as ligand, following the procedure reported by Qin 
et al. [34] The textural properties of the three Zn@ZIF-67 
were analyzed by X-ray diffraction (XRD), thermal analy-
sis (TGA), Fourier transform infrared (FTIR),  N2 adsorp-
tion–desorption and scanning electron microscopy (SEM). 
The metal content of Zn@ZIF-67 samples (before and 
after reaction) was analyzed by inductively coupled plasma 
atomic emission analyses spectroscopy (ICP-AES). The 
XRD patterns are shown in Fig. 1.

The two sharp peaks below and above 10 degrees con-
firms the crystallinity of the structure suggesting that the 
synthesized frameworks possess the same sodalite topology 
of ZIF-8. Furthermore, the material was homogeneously 
distributed and no segregation of cobalt or zinc clusters 

was observed, proving the fact that Zn ions can substitute 
Co ions in the lattice, in which the two metals are likely to 
interact well, since the ionic radii of Zn-ions and Co-ions 
are comparable (0.74 and 0.72 Å respectively). Moreover, 
no alteration or damage was found for the as-synthesized 
Zn@ZIF-67, proving the homogeneous nature of the net-
work. The FT-IR (Fig. 2) analysis also confirmed the struc-
tural similarity between the bimetallic and monometallic 
ZIFs (ZIF-8 and ZIF-67).

The spectra report typical bands at 1350–1500 cm−1 for 
all samples that are assigned to the stretching vibration of 
the imidazole ring, while the bands observed in the region 
of 1000–1350 cm−1 are attributed to the plane vibration of 
the imidazole ring. The bands below 800 cm−1 are attrib-
uted to the out-of-plane vibration of the imidazole ring, 
whereas the bands at 400 cm−1 are assigned to the metal-N 
stretching.

Consistent with the XRD patterns, SEM images, 
depicted in Fig.  3, also proved the crystallinity of the as-
synthesized ZIFs.

The resulting particles adopted a well-defined truncated 
rhombic dodecahedral morphology. The SEM images 
clearly demonstrate that the nanoparticles are homogene-
ously dispersed and that the crystalline morphology of the 
recycled samples is preserved. Preservation of the mor-
phology and thus the composition is also confirmed by 
ICP-AES, showing that negligible leaching occurred during 
the reaction and proving that the desired metal molar ratios 
were successfully achieved (Table 1).

TGA-DSC analysis disclosed no substantial differ-
ences between the three Zn@ZIF-67 materials, suggest-
ing the similarity of the networks and indicating that their 
crystalline structures are stable up to 400°, with a slight 
mass loss for the 25Zn@ZIF-67 and 50Zn@ZIF-67 due 

Fig. 1  XRD patterns comparison of Zn@ZIF-67 Fig. 2  FT-IR spectra comparison of the as-synthesized ZIFs
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to the evaporation of the solvent molecules and possible 
unreacted 2-methylimidazole molecules (see Supporting 
information).

As expected for the  N2 adsorption–desorption analysis, 
the properties of the three Zn@ZIF-67 materials are simi-
lar and comparable to the isotherms of ZIF-8 and ZIF-67 
(Table 2).

All three as-synthesized Zn@ZIF-67 materials exposed 
a type I isotherm (see Supporting information), which 
can be related to the microporous nature of the materials. 
At relative high pressures very small loops are present, 

suggesting that the three Zn@ZIF-67 materials possess 
a small percentage of mesoporous domains. Interestingly, 
the surface area decreases with the increasing of the Zinc 
content. This effect may be due to the different growth of 
the particles in the as-synthesized materials: bigger parti-
cles lead to smaller surface areas. The highest surface area 
was found for 10Zn@ZIF-67, with 1881 and 2021 m2/g for 
BET and Langmuir respectively, which is consistent with a 
recent paper in which a series of bimetallic ZIFs have been 
synthesized [35], although the materials in this study (espe-
cially the 10 and 25%) present an higher surface area.

Fig. 3  SEM images of fresh 
(a–c) and spent (d–f) of 10Zn@
ZIF-67, 25Zn@ZIF-67 and 
50Zn@ZIF-67 respectively

Table 1  ICP-AES analysis for 
Zn@ZIF-67

10Zn@ZIF-67 25Zn@ZIF-67 50Zn@ZIF-67

Fresh Recycled Fresh Recycled Fresh Recycled

Zn 3.33 3.30 7.14 7.09 13.72 13.70
Co 24.46 24.41 20.14 20.12 14.22 14.20
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2.2  Catalytic Studies

In order to assess the activity of three Zn@ZIF-67 mate-
rials, the Knoevenagel condensation reaction between 

p-Br-benzaldehyde and malononitrile was selected as 
model reaction (Fig. 4).

Compared with the previous reports the substrate 
amount used in this study was twice the amount as has 
been reported [30]. The reaction was studied at room tem-
perature and the kinetics of the reaction were monitored 
by withdrawing aliquots from the reaction mixture at the 
desired time intervals (50  µL) and analyzed by GC. The 
results are presented in Fig. 5 and Table 3.

A blank test without catalyst was performed to under-
stand the reactivity of the substrates however no product 
could be detected. Subsequently, homogeneously catalyzed 
reactions with the metal salts were screened to test their 
activity. A conversion of 11% after 90  min was achieved 
when a mixture of the metal salts, Co(NO3)2·6H2O and 
Zn(NO3)2·4H2O was applied. Thereafter, ZIF-8 and ZIF-
67 were tested in order to assess the activity of the single 
metal ZIFs, see Table 3. While ZIF-8 reached a conversion 
of 37% after 90 min, the cobalt counterpart achieved 91% 
conversion within the same time window. The difference in 
activity between ZIF-8 ad ZIF-67 can be observed already 
from the beginning of the reaction, at 5 and 10 min the con-
version of p-Br-benzaldehyde is twice as high for ZIF-67 
compared to ZIF-8. Comparing the three different Zn@
ZIF-67, the best performing Zn@ZIF-67 corresponds to 
the molar ratio Co:Zn of 9:1, Fig. 5. Introducing the cata-
lyst to the reaction mixture, high conversions are achieved, 
e.g. after the first minute 33% conversion is obtained. 
Within 45 min complete conversion was obtained, tackling 
all other systems. Considering the other two bimetallic ZIF 
systems, 25Zn@ZIF-67 and 50Zn@ZIF-67, the increment 
of the zinc content in the lattice did not cause any beneficial 
effect to the reaction rate, proceeding slower even though 
after 90  min the conversion of 90 and 83% respectively 
were obtained which are comparable with the 10Zn@

Table 2  Summarized surface 
areas and porosity properties for 
ZIF-8, ZIF-67 and Zn@ZIF-67

Sample ZIF-8 10Zn@ZIF-67 25Zn@ZIF-67 50Zn@ZIF-67 ZIF-67

BET  (m2/g) 1131 1881 1726 1447 1888
Langmuir  (m2/g) 1153 2021 1725 1450 1996
External surface area  (m2/g) 129 103 41 100 55
Pore volume  (cm3/g) 0.58 0.63 0.72 0.70 0.71
Pore size (Å) 12.93 12.68 12.60 12.72 12.55

Fig. 4  Knoevenagel condensa-
tion of p-Br-benzaldehyde and 
malononitrile

Fig. 5  Kinetic plots of the different catalysts for Knoevenagel con-
densation of p-Br-benzaldehyde with malononitrile

Table 3  Catalytic data of the catalyst screening

Reaction conditions: 3.9  mmol aldehyde, 7.2  mmol malononitrile, 
2.5 mol% catalyst

Catalysts Time (min) Conversion Selectivity

ZIF-67 90 91.13 >99
10Zn@ZIF-67 45 97.36 >99
25Zn@ZIF-67 90 83.21 >99
50Zn@ZIF-67 90 82.92 >99
ZIF-8 90 37.42 >99
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ZIF-67. The reason of this behavior could be surmised by 
taking in consideration the two different electronic environ-
ments that the two metal atoms, Zn and Co, posses. It is 
known that Zn(II) species possess strong Lewis acid prop-
erties, while for cobalt, originating its acidity from Co(II) 
and Co(III) species, exerts a milder acidic behavior than the 
counterpart, as supported by TPD analysis reported by Chi-
zallet et al. [36]. Yang et al. as well proved this behaviour 
[37] as reported for the synthesis of ethylmethylcarbonate. 
Exhibiting different  CO2 and  NH3 desorption properties, 
zinc showed a broader desorption peak at 440  °C, while 
for cobalt a sharp peak at 330° was observed. Hence, the 
substrate mildly coordinates to Co-species and is more apt 
to desorb at the end of the catalytic cycle. For this reason, 
increasing the percentage of zinc in the as-synthesized ZIFs 
decreases the rate of reaction and consequently the overall 
activity of the catalyst.

2.3  Effect of the Solvent

The influence of the solvent was also investigated since het-
erogeneous catalyzed reactions can be the extremely sen-
sitive to the solvent [38, 39]. Four different solvents with 
increasing polarity were selected [toluene, tetrahydrofuran 
(THF), methanol (MeOH), dimethylsulfoxide (DMSO)]. 
The obtained results are displayed in Fig. 6.

Different results are reported in literature regarding the 
solvent influence on the condensation reaction. For exam-
ple, MacQuarrie and co-workers reported that non-polar 
solvents resulted in the optimum catalytic performance 
[40], while Gaston et al. reported an enhanced reaction rate 
using polar solvents, while non-polar solvents had a nega-
tive effect on the overall activity of the catalyst [41, 42]. 
In these work the obtained results indicate that a higher 

reaction rate is attained when the polarity of the solvent 
increased with the following observed trend in catalytic 
activity: toluene < THF < MeOH ≅ DMSO. This effect can 
be rationalized taking in consideration the nature of the 
catalyst and the mechanism of the reaction. Since Zn@ZIF-
67 is hydrophobic, increasing the polarity of the reaction 
medium may encourage the polar substrates to leave the 
catalyst and transfer into the reaction media. On the other 
hand, the reaction mechanism is based on a nucleophilic 
addition–elimination following the  SN1 path in which the 
carbocation and the nucleophile are stabilized by the sol-
vent hydrogen bonds. For this reason, since these two 
effects are synergistic, the reaction readily occurs in MeOH 
and DMSO, achieving quantitative conversion after 15 min. 
It is noteworthy to mention that even though the conver-
sions are comparable, a higher reaction rate was achieved 
using DMSO (75% conversion after 1  min) and could be 
due to the solvatation of the substrate, which in MeOH is 
much more sterically hindered and therefore less reactive, 
see Fig. 7.

From the comparison of the obtained TOFs using dif-
ferent solvents, it is obvious that a higher reaction rate is 
achieved applying DMSO. Therefore, a polar solvent could 
stabilizes the carbocation and enhances the nucleophilicity 
of the malononitrile. However, the issue is still under fur-
ther investigations to confirm the trend.

2.4  Effect of the Substrate

Kinetic plots for the Knoevenagel condensation of dif-
ferent substrates in toluene catalyzed by 10Zn@ZIF-67. 
Having determined the influence of the polarity of dif-
ferent solvents, the catalytic performance of Zn@ZIF-67 
applying different substrates bearing both electron-with-
drawing (activating) and electron-donating (deactivating) 
groups was investigated. A series of different substrates 
in combination with malononitrile were employed for the 

Fig. 6  Solvents effect on the Knoevenagel condensation of p-Br-ben-
zaldehyde with malononitrile
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Knoevenagel condensation and the obtained results are 
given in Table 4.

The kinetic plots given in Fig.  8 demonstrate an unex-
pected behavior for the different substrates that can be 
explained based on the different substituents present on the 
phenyl ring, see Table 5.

Since electron-withdrawing and electron-donating 
groups are present on the applied substrates the different 
effect these moieties exert on the carbonylic carbon has to 
be considered. Firstly the electronegativity plays an impor-
tant role on the activation of the substrate. A more electron-
egative substituent present on the phenyl ring of the sub-
strate will result in a higher polarization of the electronic 
cloud and consequently drained the electron density from 
the aldehyde carbon, which becomes more electrophilic 
and apt to react with the activated methylene group of the 
malononitrile. Secondly, the presence of a hydroxyl group 
e.g. salicylaldehyde affects the reaction rate since the unco-
ordinated metal sides present in the framework can coor-
dinate with the oxygen atoms and hinders the nucleophile 
attack on the carbonyl group. A comparison of 10Zn@
ZIF-67 with other reported heterogeneous catalysts clearly 
demonstrates that nearly all of them require higher temper-
ature and all the reported systems necessitate a longer reac-
tion time to achieve good yields. A more detailed study of 
Table 4 reveals that the reported metal organic frameworks 
all demand the presence of basic moieties such as primary 
amines to be able to activate the methylene nucleophile, 
while for the new catalyst, 10Zn@ZIF-67 the synergistic 
role played by the uncoordinated metal nodes (defects) and 
the uncoordinated imidazole ligands on the activation of 
the malononitrile requires milder basic conditions to exert 
the catalytic activity.

2.5  Recyclability Studies

When employing a solid catalyst, a crucial point that 
needs to be taken in consideration is whether possible spe-
cies could migrate into the reaction medium and affects 
the reaction rate by homogeneous contributions. Hence, 
the catalyst was recovered and reused to test its stability. 
10Zn@ZIF-67 can catalyze the Knoevenagel condensation 

Table 4  Comparison of the initial TOFs for reported ZIFs  catalysts26 
and Zn@ZIF-67 for the Knoevenagel condensation reaction

Catalyst Solvent TOF  (s−1)

ZIF-8 THF 12
ZIF-8 Toluene 5
ZIF-8 EtOAc 4
ZIF-9 THF 16
ZIF-9 Toluene 14
ZIF-9 EtOAc 5
ZIF-10 THF 48
ZIF-10 Toluene 24
ZIF-10 EtOAc 12
10Zn@ZIF-67 THF 111
10Zn@ZIF-67 Toluene 721
10Zn@ZIF-67 MeOH 534
10Zn@ZIF-67 DMSO 2279

Table 5  Obtained results for Knoevenagel condensation using differ-
ent substrates catalyzed by 10Zn@ZIF-67

Substrate Conversion Selec�vity

50,02 >99

53,79 >99

19,56 >99

92,43 >99

38,33 >99

Substrate: 3.8  mmol; malononitrile: 7.2  mmol; catalyst: 2.5  mol% 
based on the aldehyde, reaction time: 90 min.

Fig. 8  Kinetic plots for the Knoevenagel condensation of different 
substrates in toluene catalyzed by 10Zn@ZIF-67
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reaction at least four times without significant loss of activ-
ity. This recycling study demonstrates that high conversion 
can still be achieved and no homogeneous leached species 
contributes to the catalytic performance. Furthermore, the 
crystalline structure of 10Zn@ZIF-67 was retained, as con-
firmed by the XRD (see Supporting information), SEM and 
ICP analysis. The results of the recycling study are depicted 
in Fig. 9.

2.6  Mechanism

To interpret the mechanism of the Knoevenagel conden-
sation between p-Br-benzaldehyde and malononitrile, the 
external active sites are to be taken in consideration, as 
already reported by Chizallet and coworkers. [36] They 
found that at ambient temperature and pressure, the active 
sites located on the external surface are likely to be Zn(II) 
and Zn(III) together with OH and NH groups. Therefor 
in this study, it is reasonable to believe that the reaction 
occurs on the uncoordinated surface species, which are 
readily available to react in the presence of the substrate. 
Consequently, a plausible mechanism could involve the 
interaction between the Co and the Zn species in a syner-
gistic adsorption of the aldehyde compound through the 
coordination of the oxygen, which attracts the electronic 
density and activates the carbonyl carbon making it par-
tially positively charged and apt it to the nucleophilic attack 
of the malononitrile. The dicyano derivative, on the other 
hand, is activated by the coordination of the metal ions 
with the N atoms of the malononitrile, inducing the depro-
tonation of the –CH2– by non-coordinated 2-methylimida-
zole ligands, in which the α-H of the methylene group is 
much more positively charged and exhibit stronger acidity 
[43]. The coordination of the aldehyde would occur most 

likely on the zinc atoms, since the coordination bond that 
is generated between the d orbitals and the p orbitals of the 
substrates is much stronger than with the cobalt, as proved 
by the study of Gao and coworkers [37]. Finally the last 
step occurs, and while losing a molecule of water, simulta-
neously the C=C bond is formed, releasing the product and 
closing the catalytic cycle (Fig. 10).

3  Experimental

All chemicals were purchased from Aladdin Chemical Co. 
and Sigma-Aldrich and used without any further purifica-
tion unless otherwise noted.

3.1  Zn-ZIF-67 Synthesis

Zn@ZIF-67 was synthesized at room temperature accord-
ing to the procedure reported for ZIF-67 [34] using zinc 
nitrate tetrahydrate [Zn(NO3)2·4H2O] cobalt nitrate hexa-
hydrate [Co(NO3)2·6H2O], and 2-methylimidazole as 
ligand. The desired amount of cobalt nitrate was dis-
solved in 8  mL of ultrapure  H2O and mixed with a solu-
tion of Zn(NO3)2·4H2O in 8 mL of ultrapure  H2O, obtain-
ing three different final molar ratios Zn:Co of 1:9; 2.5:7.5; 
5:5 respectively. Another solution of 67 mmol of 2-methyl 
imidazole in 8 mL of water was prepared and subsequently 
added to the metal solution resulting in a instant precipi-
tation of the product. The mixture was then stirred vigor-
ously for 4 h. Afterwards, the precipitates were separated 
by centrifugation at 8000  rpm and washed with methanol 
three times. The solid crystals were dried at room tempera-
ture in a vacuum oven for 12 h. The catalyst was activated 
at 150 °C, for 3 h under vacuum before use.

Fig. 9  Catalyst recycling stud-
ies using Zn@ZIF-67 as catalyst 
for the Knoevenagel condensa-
tion of p-Br-benzaldehyde and 
malononitrile
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3.2  Catalytic Studies

In a typical procedure reported by Phan’s research group 
[30] (although the quantities have been doubled in order 
to overcome aliquots withdrawn problems during the reac-
tion), 3.8 mmol of p-Br-benzaldehyde was transferred in a 
two-neck round bottom flask and dissolved in 5 mL of tolu-
ene. Another solution containing 7.6  mmol of malononi-
trile in 5 mL of toluene was prepared and transferred in the 
previous solution achieving a total volume of 10 mL. After 
the introduction of 2.5 mol% of catalyst based on the alde-
hydes substrates (the initial time for the reaction) the mix-
ture was let to react for 90 min while aliquots were with-
drawn at different time intervals and analyzed them by GC. 
At the end of the reaction the catalyst was then separated 
by centrifugation and washed several times with methanol 
and dried at 80 °C under vacuum.

3.3  Characterization Methods

The characterization of Zn@ZIF-67 was performed by 
XRD (Bruker D8 advance diffractometer, Bragg–Brentano 
geometry) using a Cu Kα radiation source (λ = 1.54056 Å) 
at 40 kV and 45 Ma. The data were collected at a 5°  s−1 
scanning speed. Gas adsorption–desorption isotherms and 
pore size distributions of products were measured using the 
volumetric method on a Micrometrics instrument (ASAP 
2020 analyzer).  N2 and  CO2 gas with purity of 99.999% 
was applied for the measurements. For degassing of the 
samples, the samples were evacuated at 200  °C under 

vacuum for 200  min. The micropore surfaces were ana-
lyzed using the Brunauer–Emmett–Teller (BET) and Lang-
muir methods. The linearized BET and Langmuir equations 
were fit to data within the range 0.003 < P/P0 < 0.05. The 
morphology of Zn-ZIF-67 was measured using a FE-SEM 
(FEI Nova 600). Thermal analysis (TGA) was performed 
on a Netzsch STA 409 thermal analyzer. A certain amount 
of compound was placed inside a crucible and heated from 
room temperature to 800 °C under a flow of nitrogen gas. 
The FI-IR was performed with a Bruker Vertex 80 V FT-IR 
spectrometer. Substrate conversions were determined by 
GC (Agilent) with a HP-5 column and a flame ionization 
detector; the temperature program for the GC analysis 
was as follow: 60–150  °C at 20°  min−1, at 150  °C the T 
was held for 1 min and then heated from 150 to 160 °C at 
1° min−1 and held for 1 min.

4  Conclusions

In summary, it is demonstrated in this study that three dif-
ferent bimetallic Zn@ZIF-67 are highly potent heteroge-
neous catalyst for the Knoevenagel condensation between 
benzaldehyde derivatives and malononitrile. The catalysts 
were tested using p-Br-benzaldehyde as model substrate 
and displayed excellent conversion and selectivity. Fur-
thermore, the catalytic materials could be recycled up to at 
least four times without considerable loss of activity while 
maintaining their crystalline structure. In comparison with 
other different reported catalysts, the Zn@ZIF-67 materials 

Fig. 10  Schematic representation of the mechanism for the Knoevenagel condensation reaction catalyzed by Zn@ZIF-67
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exhibited higher reaction rates and excellent activities, 
which make them potent candidates to be employed in 
organic chemistry to achieve the synthesis of new car-
bon–carbon bonds.
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